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Abstract 

Siloles, or silacyclopentadienes and other group 14 metalloles are structurally 

analogous to their all-carbon analogue, cyclopentadiene, except for the heavy group 14 

element (i.e., Si, Ge, Sn, and Pb) in the 1-position.  The placement of the heavy element 

in this position allows for unique properties, such as high electron affinity, mobility, and 

bathochromically shifted optical spectra, as compared to cyclopentadienes, and the 

relatively low-lying lowest-unoccupied molecular orbital (LUMO) helps to account for 

these properties.  The substituents about the silole have a significant impact on the 

electronics and properties observed, with 2,5-substituents inducing the most substantive 

changes. Even as many 2,5-substituents are known, and could possess potential to bind to 

metal cations, very few reports to date have studied metal binding effects on the 

optoelectronics of siloles. 

The goal of this investigation is to synthesize siloles with 2,5-substituents that could 

potentially coordinate metal centers, and study the optical changes upon addition of metal 

solutions.  Several symmetric 2,5-substituted siloles were synthesized and characterized 

by various means, and showed modest to significant changes upon addition of metal 

centers. The most significant changes were observed with a p-dimethylaminophenyl 

substituted silole. The binding of this silole was studied in further detail through 

spectrophotometric titration, which suggested two binding events occurring at different 

locations on the silole.  These studies also reveal the binding constant of the second, 

weaker binding event.  The results of the studies suggest an appropriate explanation from 

the phenomenon of photoinduced-charge transfer, to which metal cations can 

significantly interfere, and helps to explain the changes in the spectral data observed. 
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Additionally, the crystal structures of a series of germoles and germafluorenes have 

been acquired, and their packing affects with respect to potential for aggregation-induced 

emission studies are explored.  The attempted synthesis of siloles with potential for “off-

on” fluorescent behavior upon exposure to metals, as well as asymmetric 2,5-substituted 

siloles with coordinative ability, are also addressed, and briefly discussed. 
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Chapter 1. Introduction 

Siloles, or 1-silacyclopentadienes, are a class of fluorescent molecules that have 

received significant interest.
1
 They are related to the all-carbon analogue, 

cyclopentadiene, and the general structure is provided in Figure 1-1.  Though typically 

the 2,5- and 3,4-substituents are equivalent, up to all of the substitutions can be 

inequivalent; however, inequivalent 1,1-positions are more common due to the relatively 

facile adjustment of precursors compared to the other positions.  Because of their unique 

electronics, siloles closely related cyclic organosilicon species have found in diverse 

applications such as organic field-effect transistors (OFETs),
2
 organic light-emitting 

diodes,
3
 photovoltaics,

4
 and sensors.

5
  This chapter gives a general synthetic history of 

siloles, a discussion of the unique optoelectronic phenomena of siloles compared to the 

all-carbon analogues, and finally an overview of siloles and their coordination to metal 

ions; the latter subject concerns the research object of this manuscript.  Included in the 

discussion of metal coordination with siloles is an overview of the concept of 

photoinduced-charge transfer (PCT), which is important for explaining some of the 

changes in optical spectral properties of siloles upon interaction with metal centers 

(Chapter 3). 
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Figure 1-1. The general structure of a) silole, and b) cyclopentadiene.  The general 

substituents, denoted by “R”, are subscripted by the positional numeration typically 

employed for siloles. 

1.1. Synthetic Overview of group 14 metalloles, including siloles. 

Corey gives a comprehensive overview of the synthesis of siloles;
1c

 some of the 

more common reactions for synthesizing siloles, related metalloles, and important 

precursors are addressed briefly in this section. 

1.1.1. Early synthesis of siloles and other metalloles. 

Main group-containing metalloles were first synthesized by Leavitt et al. in 1959,
6
 

with the first silole being synthesized by Braye and Hübel one year later.
7
 A decade later, 

Curtis synthesized a series of siloles and analogous germoles using a similar synthetic 

protocol,
8 

which is described in Scheme 1-1, and is sometimes referred to as “the Curtis 

method”.
1c

   

 

Scheme 1-1. The synthetic route employed for most early siloles, germoles, and 

other main-group metalloles.
6,7,8
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All of these early syntheses, as shown above, used the same lithiated species, 1,4-

dilthio-1,2,3,4-tetraphenyl-1,3-butadiene, reacted with a dichlorometallane species in a 

salt-metathesis reaction to generate the desired metalloles.  If the metallane is substituted 

with four chlorides, as were some of the reagents used in the above studies, then the 

spirocycle could be formed, and could be the major product if the metallane was added to 

the dilithiobutadiene solution.  Curtis was able to minimize the amount of spirogermole 

formed by modifying the procedure to add the dilithiospecies into a diethyl ether solution 

of germanium tetrachloride,
8
 reversing the addition that prior researchers had used.  The 

1,1-dichlorogermole formed precipitates in diethyl ether, preventing its subsequent 

reaction with additional dilithiobutadiene to form the spirocycle.  The related 1,1-

dichlorosilole would not be reported until much later,
9
 as it would generally continue to 

react with the dilithiobutadiene under standard addition procedures, forming the 

spirocycle.  Special modifications are necessary to successfully synthesize the 1,1-

dichlorosilole from this route; for example, adding silicon tetrachloride to a frozen matrix 

of the dilithiobutadiene in diethyl ether, followed by slowly warming to room 

temperature, allowed the silicon tetrachloride to have slow access to the 

dilithiobutadiene, allowing for successful synthesis of the 1,1-dichlorosilole.
10

  

Additionally, it is noted here that the procedure to make the dilithiobutadiene precursor 

requires special considerations for optimizing reaction yields; these are addressed in 

Section 2.2.1; Chapter 2 includes synthesis of 1,1-dialkynylgermoles, of which the 

precursor reported by Curtis, 1,1-dichloro-2,3,4,5-tetraphenylgermole,
8
 is used 

extensively. 



4 

 

1.1.2. Synthesis of siloles and precursors from metallacycle intermediates. 

Another route commonly taken in forming siloles and other metalloles employs the 

synthesis of 1,4-dihalobutadienes, which are usually then lithiated, and reacted with the 

dichlorometallane in a salt-metathesis reaction (Scheme 1-2). The reaction to generate the 

requisite dihalobutadiene can be achieved through two routes, and both involve early 

transition metal intermediates. 

  

Scheme 1-2. Synthesis of metalloles from dihalobutadienes. 

One method to form the necessary dihalobutadiene involves the synthesis of an 

intermediate titanacycle through the reaction of titanium isopropoxide with alkynes; two 

alkynes coordinate to the reduced titanium, and the alkynes are oxidatively coupled 

forming the metallacycle, which is then quenched with the halogen (bromine or iodine) to 

achieve the dihalobutadiene.
11

 The reaction is depicted in Scheme 1-3.  Following this 

synthesis, the dihalobutadiene can then be reacted as shown in Scheme 1-2. 

 

Scheme 1-3. The synthesis of dihalobutadiene precursors via a titanacycle 

intermediate.
11

 



5 

 

Another method to form the dihalobutadiene involves the synthesis of a 

zirconacycle, where zirconocene dichloride (Cp2ZrCl2) is reduced with n-BuLi to form a 

low valent complex (“Cp2Zr”) that efficiently coordinates two alkynes, oxidatively 

cyclizes,
12

 and is quenched with iodine to form a diiodobutadiene,
13

 which can be 

lithiated and reacted with dichlorometallanes as in Scheme 1-2.  A depiction of this 

reaction is given in Scheme 1-4.  

 

Scheme 1-4. The synthesis of dihalobutadiene precursors via a zirconacycle 

intermediate.
12,13

 

Fagan’s group also demonstrated that germoles could be formed by a direct reaction 

of the zirconacycle with a dichlorogermane,
14

 but this reaction does not proceed with 

dichlorosilanes.  

1.1.3. The Tamao procedure for synthesis of 2,5-aryl-3,4-diphenylsiloles. 

Another avenue for synthesis of siloles was discovered by Tamao’s group, where a 

silane with two phenylethynyl-substituents could be reductively cyclized using an excess 

of lithium naphthalenide, thus giving a 2,5-dilithio-3,4-diphenylsilole (Scheme 1-5).
15

 

The dilithio-silole is believed to be formed by the radical coupling of a diradical 

intermediate, itself formed through addition of the silane into an “electron pool” created 

from the lithium naphthalenide.  Interestingly, this proceeds in an endo-endo cyclization, 

where the carbons tether away from the silicon center and places the cyclizing metal 

(lithium) without the cyclized ring; this is exactly opposite behavior compared to the 
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much more common exo-exo mode,
15

 which tethers the carbons of the diyne such that the 

metal is within the ring system (e.g., the titanacycle and zirconacycle systems above). 

 

Scheme 1-5. The mechanism proposed for the formation of the silole through 

reductive cyclization.
15

 

The 2,5-dilithiosilole species could then serve a platform for several manipulations, 

most of which involved electrophile reaction with this species.
15

  For example, after 

quenching the dilithiosilole solution to remove excess lithium naphthalenide, bromine 

could be added to make the 2,5-dibromosilole, which then acts as a typical aryl bromide, 

serving as a cross coupling partner with (tributyltin)acetylides under Stille conditions to 

give the 2,5-dialkynylsilole in excellent yields.
15,16

  

By far the most often used derivative of the Tamao method in use today involves a 

transmetallation of the dilithiosilole with ZnCl2 or ZnCl2(TMEDA), and then reacting the 

newly formed 2,5-dizincsilole with aryl halides under Negishi conditions
12

 to form 2,5-

aryl-3,4-diphenylsiloles (Scheme 1-6); this method too was reported by Tamao’s group,  

using common aryl halides to develop a series of such siloles.
17

  

 

Scheme 1-6. The Tamao synthesis, using ZnCl2(TMEDA) and cross-coupling under 

Negishi conditions.
17
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Early syntheses involving the dilithiosilole involved quenching the excess lithium 

naphthalenide with bulky chlorosilanes, such as triphenylchlorosilane or tert-

butyldiphenylchlorosilane, followed by transmetallation with ZnCl2(TMEDA).
16,17

 

However, it was then discovered that ZnCl2(TMEDA) itself could be used for both the 

quenching and transmetallation species. Thus, quenching the reaction mixture with 

approximately four equiv of ZnCl2(TMEDA) based on starting bis(phenylethynyl)silane 

allowed excellent yields of the cross-coupled product, without having to address siloxane 

contamination from the chlorosilane quenching agents.
17

  This method for developing 

2,5-arylsiloles is by far the most used for the Tamao procedure presently, and enjoys 

broad applications;
1c

 it is also the method used for much of the synthetic efforts for 

compounds in Chapter 3.  

1.2. The optoelectronics of siloles, and the effect of substitution thereon. 

Siloles have long been studied for their unique optical and electronic qualities.
1
 

Compared to related cyclopentadienes, siloles and heavier group 14 metalloles have 

bathochromic shifts in their absorption and fluorescence spectra.  The reason now 

accepted for these effects is that the LUMO of siloles is greatly stabilized in energy 

compared to the all-carbon analogues.
18

 A qualitative representation of this overlap is 

provided in Figure 1-2.   
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Figure 1-2. A qualitative drawing of the HOMO-LUMO portion of the molecular 

overlap of the silylene and butadiene portions of the silole ring, along with orbital phases 

and their symmetries; this shows the stabilizing effect that the silylene has on the LUMO 

(The figure is an adaptation from Ref. 18)  

The silylene σ* orbital shown in drawing matches the symmetry (2b1) of the π* 

orbital of the butadiene fragment; in addition, the energies are close enough for efficient 

interaction, resulting in the stabilizing effect.  In comparison, the σ* orbital of the carbene 

moiety in cyclopentadiene is much too high in energy to interact with the butadiene; thus, 

no stabilization is possible, resulting in wider bandgaps and higher energy absorption and 

emission spectra.
19
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1,1-dimethyl-2,3,4,5-

tetraphenylsilole 

1,1-dimethyl-2,3,4,5-

tetraphenylcyclopentadiene 

HOMO 

 
-5.38 eV 

 
-5.12 eV 

LUMO 

 
-1.63 eV 

 
-1.08 eV 

Bandgap 3.75 eV 4.04 eV 

Table 1-1. The calculated probability density, energies, and bandgaps between the 

HOMO and LUMO orbitals for 1,1-dimethyl-2,3,4,5-tetraphenylsilole and -

cyclopentadiene.  The geometry was minimized using semi-empirical methods (PM3), 

while the energy was minimized using DFT calculations (B3LYP/6-31G*). 

Wavefunction Spartan ’0420 computational chemistry software was used for these 

calculations. 

This is also graphically represented in Table 1-1, in which our group calculated the 

probability density of the HOMO and LUMO for a more realistic 1,1-dimethyl-2,3,4,5-

tetraphenylsilole and -cyclopentadiene. The HOMO of each looks very similar, with all 

of the probability on the butadiene ring, as shown by Tamao’s group.
18

  The LUMO for 

each, however, is significantly different about the pentadienyl ring system.  The silole has 
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appreciable probability density distributed across the silicon center due to the σ* 

interaction, whereas none exists in the cyclopentadiene fragment. 

The values for the silole calculated above in Table 1-1 compare well to an analogous 

tolyl-substituted silole reported by Tracy’s group.
21

 His group also determined the 

bandgaps electrochemically and optically, and found that the calculations actually 

suggest slightly larger bandgap values than those obtained in other methods, by roughly 

0.3 eV.  Nevertheless, the significantly lower LUMO in siloles and other heavy group 14 

metalloles allows for many unique properties, including a high electron affinity,
22 

which 

allows them, for example, to be easily reduced to anions and dianions in the presence of 

alkali metals.
1a,23

  

Marder’s group provides a good overview of the substituent effect on the electronics 

of siloles;
24

 these subsections below summarize and supplement his review. 

1.2.1.  Substituents at the 1,1-position. 

The alteration of substituents at the silicon atom (1,1-position) generally seems to 

bring about slight changes, which Tamao’s group has shown through Hartree-Fock 

calculations to be inductive in nature; significantly electronegative groups tend to cause a 

slight bathochromic shift in the optical spectra because of their ability to affect the σ* of 

the silylene unit and thus slightly stabilize the LUMO of the silole.
25

 In the same work, a 

series of differing substitutions at the 1,1-position of a 2,5-bis(trimethylsilyl)-3,4-

dimethylsilole were performed, and the 1,1-difluorosilole was found to have the lowest 

energy absorption λmax value (318 nm), while the 1,1-dihydridosilole was found to have 

the highest (305 nm).
25

 Our own group’s investigations into a series of different 

substitutions at the 1,1-position of a 2,3,4,5-tetraphenylgermole found similar modest 
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changes in the absorption maxima,
26

 suggesting this phenomenon is general to group 14 

metalloles. 

1.2.2. Substituents at the 3,4-position. 

Not as many studies have been performed for a systematic determination of the 

effect of 3,4-substiutional changes and their effects on the electronics of the silole, partly 

due to the challenges in synthesizing differently-substituted siloles at this position.
24

 

Marder reported the synthesis of both 2,3,4,5-tetrafluorenyl- and 2,5-difluorenyl-3,4-

diphenylsiloles (Figure 1-3).
27

 Though the fluorenyl substituent has an extended π-

conjugated system compared to the phenyl-substituent, comparison of the 3,4-diphenyl 

substituted silole with the 3,4-difluorenyl-substituted silole yielded little difference in 

HOMO/LUMO values.
27

 This is partly due to the orthogonal arrangement of the π-

systems of the 3,4-substituent and the silole ring; at the torsional angles typical of 

siloles,
1c

 the π-systems of each are not in alignment symmetrically.  Therefore, modest 

inductive effects appear to dominate the electrical contributions of this group, as was the 

case for 1,1-substituents. 

 

Figure 1-3. The siloles synthesized by Marder’s group to determine the effect of 

conjugation of substituents at the 3,4-position.
27 

Though substituents at this position do not contribute greatly to the electronics of the 

silole, they can make a significant impact on the quantum yields of siloles in solution and 

in the solid state.  Smaller substituents at these positions, such as hydrogen, allow for 
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high quantum yields in solution.
11 

Moderately bulky substituents at this position, such as 

phenyl groups, yield siloles with relatively low quantum yields in solution, but aggregate 

in such a way that they exhibit high quantum yields as solids.  This effect is generally 

opposite of the behavior of most fluorophores, and has been coined as “aggregation-

induced emission” (AIE); the phenomenon has led to broad applications for the detection 

of various properties and molecules.
28

 To understand the mechanism behind AIE, Yin et 

al. investigated the degree of emissive and nonemissive relaxation to the ground state of 

two siloles,
29

 shown in Figure 1-4. 

 

Figure 1-4. The siloles investigated theoretically by Yin et al.
29

  

The diisopropylphenyl-substituent was expected to be able to rotate much less freely 

than the phenyl-substituent, and the barrier to free rotation for the former was indeed 

high. Along with this lowered rotational ability, it was found that the diisopropylphenyl-

substituent also was much more liable to undergo radiative (or emissive) relaxation to the 

ground state (i.e., a higher quantum yield in solution).  The radiationless relaxation of the 

phenyl-substituted silole was found to be 2-3 orders of magnitude greater than the 

radiative decay rate.
29

 Thus, the free rotation of the phenyl groups in the solution phase, 

and the subsequent increase in radiationless relaxation, is the cause behind the lowered 

quantum yields in solution, while the arrangement thereof is also the reason behind the 

high quantum yields in the solid state, due to the prevention of π-stacking.
28
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1.2.3. Substituents at the 2,5-position. 

Compared with the other positions discussed above, substitution at the 2,5-position 

has the most dramatic impact to the overall electronics of the silole.
24

 Because changing 

the substitution at these positions separately has been made possible through the 

development of the Tamao method,
15,17

 research on the effect of substitution on the 

electronics of the silole has been extensive.
1c,24

  From the large amount of data gathered, 

it has been found that there are three factors that combined can affect the optoelectronic 

properties of siloles, and these are discussed below. 

One substituent property that affects the electronics of siloles at this position is the 

degree of conjugation. Figure 1-5 shows the comparison of the 2,3,4,5-tetraphenylsilole 

with 2,5-bis(biphenyl)-3,4-diphenylsilole,
17

 along with their respective optical data.  

Increasing the degree of conjugation leads to bathochromic shifts in the optical spectra, 

so long as the other properties discussed below are not significantly changed. 

 

Figure 1-5. The comparison of the degree of conjugation of the 2,5-substituents, and 

its effect on the optical spectra obtained.
17

 

Another substituent property that effects the optoelectronics is the dihedral angle.  A 

comparison is shown as an example in Figure 1-6. Though the naphthyl-substituent might 

be initially expected to also cause a bathochromic shift in the optical spectra due to 

increased conjugation, the spectra actually absorb and emit at a higher energy.  
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Presumably, the sterics of the naphthyl-substituent causes an increase in the dihedral 

angle, reducing the degree of π-overlap between the substituent and the silole ring, and 

thus causing a hypsochromic shift in the optical spectra.
24

 

 

Figure 1-6. Comparison of the phenyl substituent to the naphthyl substituent, the 

latter showing a hypsochromic shift due to the increased dihedral angle.
17 

The third factor that affects the optoelectronics of siloles from the 2,5-position is the 

degree of π-resonance contribution of the silole.  Both strong π-donors (such as p-Me2N-

phenyl) and strong π-acceptors (such as p-O2N-phenyl) induce large bathochromic shifts 

in the spectra (Figure 1-7), the former also allowing for facile oxidation, whereas the 

latter yields facile reduction, compared to the unsubstituted phenyl-silole.
24

 

 

Figure 1-7. The effect of strong π-donors and acceptors on the optical spectra of 

siloles.
17
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1.3. Overview of siloles and their coordination to metal centers. 

1.3.1. Siloles and group 14 metalloles as cyclopentadienyl analogues. 

The first interest of siloles and heavier group 14 metalloles as ligands was in trying 

to replicate the behavior of cyclopentadiene, in order to determine the degree of 

aromaticity present in heavier analogues of cyclopentadiene.  Indeed, one of the 

motivations behind Curtis’ synthesis of germoles and siloles (Section 1.1.1) initially was 

to siloles and germoles into ions, and reacting them with iron chloride to make the silole 

and germole analogues of ferrocene.
8
 However, the reactions reported in his account did 

not yield the sandwich complex, but rather the germole-hydride.  Nevertheless, 

investigations by other researchers continued, and found initial success at forming 

discrete silole-metal complexes,
30

 for example, through reaction of 2,3,4,5-

tetraphenylsiloles with iron(0) carbonyl complexes to generate η
4
-sandwich complexes 

(Scheme 1-7).
31

 

 

Scheme 1-7. The reaction of a several siloles with iron carbonyl to generate the η
4
-

complex.
31 

Carré et al. reported 2,5-diphenylsiloles and their use as ligands.  Reaction of 1,1-

dimethyl-2,5-diphenylsilole with nickel(acetylacetonate)2 and triethylaluminum gave the 

sandwich complex bis(silole)nickel (Scheme 1-8);
32

 however, the crystal structure 

obtained of this complex indicated the silole was 20° out of plane from the butadiene 

moiety, suggesting η
4
-complexation of the siloles to the metal center.  
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Scheme 1-8. The synthesis of the bis(η
4
-silolyl)nickel complex reported by Carré et 

al.
32

 

Most early attempts yielded complexes that were only η
4
-coordinated with the 

butadiene backbone of the silole ring, rather than η
5
-coordinated as is the case with 

cyclopentadienyl-substituents.  Several years after the reports above, Tilley’s group 

reported the first germole with properties suggestive of η
5
-coordination as a mixed 

sandwich complex with ruthenium,
33

  followed shortly thereafter by an analogous mixed 

sandwich complex, (2,3,4,5-tetramethylsilolyl)(Cp*)Ru (Scheme 1-9), with a crystal 

structure showing a planar silole as a ligand, also suggestive of η
5
-coordination; the 

complex was formed by oxidative addition of the silole to a ruthenium complex 

precursor, followed by removal of the methoxy groups from the ruthenium, and finally 

reduction with sodium borohydride (Scheme 1-9).
34

 

Several years after these reports, Tilley's group also reported another synthesis of 

siloles that were η
5
-coordinated with hafnium centers and lithium in a “tri-sandwich 

complex”;
35

 however, attempts at isolating non-lithiated products from this species 

caused the formation of more common η
4
-coordinated siloles. 

 

Scheme 1-9. The synthesis of the first η
5
-coordinated silole complex. 
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1.3.2.  Platinum centers covalently bound to the 2,5-position of silole. 

Despite the significant electronic effects imparted on siloles from the 2,5-

substituents, there has been comparatively little study on coordination or attachment of 

metal center to 2,5-substituents.  The covalent attachment of platinum to 2,5-

alkynylphenyl substituents is discussed briefly in this section. 

 

Figure 1-8. The a) poly(platinayne) polymer and b) its monomeric analogue.
37

 

The research of Wong’s group focuses on the synthesis of poly(platinumacetylenes), 

where terminal acetylenes containing aromatic spacers are attached covalently to 

platinum phosphine centers, with the spacer chosen for the ultimate aim of lowering the 

bandgap of these metallopolymers.
36

 They were able to achieve this by using a silole as 

the aromatic spacer (Figure 1-8), forming both the polyplatinayne and the monomeric 

analogue.
37 

  

Due to the high electron affinity of siloles,
22

 it was found that the band gap for the 

monomer and the polymer were 2.18 eV and 2.10 eV, respectively; the slightly smaller 

value for the polymer is attributed to the much greater extension of the conjugation.
37

  

The value obtained for the polymer using the silole as a spacer greatly reduces the 
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bandgap compared to other spacers, from a reduction of 0.6 eV for the thiophenyl group 

to 1.0 eV for the diphenylsilyl group.
37

 

1.3.3. Metal coordination to 2,5-substituents.  

As mentioned above, though 2,5-substituents have significant electronic impact on 

the properties of siloles (Section 1.2.3),  and many siloles have been made that could 

have coordinative ability (e.g., bipyridyl and amine-substituents),
1c,17

 there have been 

relatively few studies on the coordination of metal centers to 2,5-substituents.  Several 

studies outlining the field are summarized below. 

To our knowledge, the earliest account of metal coordination dealing specifically 

with 2,5-substituents was work by Wang’s group on the coordination of zinc to two 2,5-

functionalized siloles, which are shown in Figure 1-9.
38

  While the primary goal of the 

research was to develop materials for use in OLEDs, the response in the optical spectra 

for each species was observed in response to coordination by zinc(II).   

Both substituents A and B contain nitrogens that have potential to bind to metal 

centers.  Based on the optical spectra observed, coordination of zinc(II) to the silole with 

substituent B (n=1) induces a hypsochromic shift in the absorbance (by 20 nm) and 

fluorescence (by 19 nm) spectra.  Based on the crystal structure obtained of the zinc(II) 

coordinated compound, the 2,5-aryl rings have a larger torsional angle with the silole 

ring.  The authors suggest that this might be explained by the metal reducing the overall 

conjugation of the molecule on coordination, which causes the removal of electronic 

communication between the 2,5- substituents and the silole core, increasing the bandgap 

and thus raising the energy of both the absorption and emission bands.
38 
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Figure 1-9. The siloles studied by Wang’s group.
38

 

Very shortly after the report above, Gerbier’s group reported the optical properties of 

the same compound (Figure 1-9B, n=1) of which Wang obtained a crystal structure.  

Gerbier compared the silole with the silole and a solution of ZnCl2 and CuCl2.
39

  

Dramatic differences in the fluorescence spectra were observed.  Addition of ZnCl2 

caused an increase in emission intensity, but not a significant shift in wavelength, as was 

reported by Wang for Zn(OTf)2 salts (vide infra).  When CuCl2 was added, however, the 

fluorescence of the silole was almost completely quenched; the weak fluorescence bands 

were also significantly shifted to shorter wavelengths.
39

 

 

Figure 1-10. Some of the phosphine-linked siloles synthesized by our group.  For 

siloles A-E, the phosphine oxide was also synthesized.
40 
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Recently, our group took interest in siloles with coordinating ability, synthesizing a 

series of phosphine-linked siloles and studying their effects on coordination with 

platinum and gold centers.
40 

 The siloles synthesized are shown in Figure 1-10. 

Though the coordination of B to platinum centers induced modest shifts in the optical 

spectra,
40a

 coordination of the same compound to gold centers caused an appreciable 

hypsochromic shift in the absorption spectrum (by 19 nm), and a large hypsochromic 

shift in the emission spectrum (by 87 nm).
40b

 

  Very recently, Tang’s group reported the synthesis of two terpyridine-substituted 

siloles (Figure 1-11).
41

 They tested these siloles against a range of metal centers, with a 

notable enhancement of the fluorescence of the bis(terpyridine) silole when coordinated 

with zinc; determination of the stoichiometry through Job’s Method suggested a 1:1 

binding mode, which in the case of the bis(terpyridine)silole means that an oligomeric 

species had formed.  The oligomer causes reduced solubility, and this aggregation is 

likely the cause of the enhanced fluorescence due to the AIE effect.
5a,28

 

 

Figure 1-11. The terpyridine siloles synthesized by Tang’s group.  Compound A 

showed good selective fluorescence enhancement in the presence of zinc(II).
41
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Our group has also reported on the interactions of several siloles in solution with 

Ni(II), Cu(II), and Hg(II) metal centers; this research is also covered in Chapter 3 of this 

thesis.
42

 

1.4. Overview of the photoinduced charge-transfer effect (PCT). 

Some fluorophores have electronics in them that can be considered to have “donor” 

and “acceptor” moieties.  Donor ends typically consist of amines, where the lone pair of 

the nitrogen atom is π-symmetric with the aromatic system of fluorophore.  Acceptor 

ends are much more varied, and many times consist of the fluorophore itself; typically the 

acceptor moiety has more of a π-withdrawing drawing effect, consisting of π-symmetric 

substituents that, through resonance, tend to retain more partial electron density from the 

fluorophore. Many times, the electronics of the fluorophore are such that the accepting 

moiety is the fluorophore itself.
43 

 

During the process of excitation for these molecules, there is a momentary transfer of 

charge from the donor to the acceptor portions of the fluorophore.  This results in a 

partial positive charge on the donor, and a partial negative charge on the acceptor, in the 

excited state (Figure 1-12).  This process of charge transfer in the excited state is known 

as photo-induced charge transfer, or PCT.
43

  This charge transfer in the excited state has 

the effect of inducing bathochromic shifts in optical spectra, as a notable example. 
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Figure 1-12. A schematic representation of a donor-acceptor fluorophore undergoing 

photoinduced-charge transfer upon excitation.
42

 

As the PCT effect is highly sensitive to the nature of both the donor and acceptor 

moieties, a metal center binding to either side can be expected to alter the optoelectronics 

of the fluorophore significantly; indeed, extensive research into the effect of coordination 

on PCT has shown this to be true.
43

  The cation generally can bind to the donor or 

acceptor moieties, and the optical changes observed will vary greatly depending on where 

binding occurs.  If the cation binds to the donor end, the lone pairs that contributed to the 

charge transfer in the excited state are now contributing to the binding; thus, the charge 

transfer is mitigated, leading to hypsochromic shifts in optical spectra, and a lower molar 

absorptivity, compared to the unbound fluorophore.  Intuitively, binding to the acceptor 

portion of the fluorophore brings about opposing effect.  When the cation binds here, the 

acceptor moiety can be considered to have a more “positive-like” state in the ground 

state, and when excitation and subsequent charge transfer occurs, the charge difference 
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across the fluorophore is greater; therefore, the effects of PCT are amplified, causing 

further bathochromic shifts and higher molar absorptivities, compared to the unbound 

fluorophore.  A depiction of each event is listed in Figure 1-13. 

 

Figure 1-13. A representation of the effects of cation binding to the “donor” or 

“acceptor” moieties of the fluorophore.  Also included in the figure are a summary of the 

effects observed in each situation.
43

 

An example of a molecule that exhibits this effect on binding to calcium is known as 

Indo-1, a commercially available fluorescent calcium sensor.
44

  The structure is shown in 

Figure 1-14.  Upon binding to calcium (which is very strong from the chelating ligand 

structure on the donor end), the lone pairs of the nitrogen on the donor side are restricted 

from undergoing PCT across the fluorophore, and therefore, the absorbance and 

fluorescence maxima are hypsochromically shifted compared to the unbound fluorophore 

by 18 and 65 nm, respectively.
44

  This concept of PCT becomes particularly important for 

explaining the causal factors behind the optical changes of some of the siloles studied in 

Chapter 3. 
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Figure 1-14. The structure of the calcium detection fluorophore Indo-1, which shows 

hypsochromic shifts in optical spectra upon binding, a hallmark of the PCT effect. 

1.5. Statement of the problem. 

There are many avenues for research into the optical, structural and electronic effects 

of siloles and other group 14 metalloles.
1,28

  During the course of this research two 

classes of group 14 metalloles were studied. Germoles, and their structural related 

analogues germafluorenes, became a focus of our group from our desire to determine to 

what degree they could exhibit the phenomenon of aggregation-induced emission (AIE), 

which was already well-established for siloles.
28

 Though there are several 

characterization methods important to AIE studies, the molecular structures of these 

compounds, and their packing behavior in the crystal lattice, have proved to be vital 

pieces of information to explain the high quantum yields AIE-active molecules in the 

crystalline/solid state.
28

  Therefore, Chapter 2 of this thesis addresses the crystal 

structures and packing behavior of several germafluorenes, as well as a series of 

differently-substituted 1,1-germoles synthesized by our group.
26

  The crystal structures 

are then assessed for any potential intermolecular interactions, particularly for the 

presence or absence of π-π stacking effects. 

Substituent effects at the 2,5-positions of siloles have been extensively studied,
24

 and 

even though many of the substituents chosen seem to have good potential to act as 

ligands to metal centers, there have been relatively few studies on metal binding to these 
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positions, and subsequent optical changes.
38-41

  Therefore, Chapter 3 details the synthesis 

and molecular structures of several symmetric 1,1-dimethyl-2,5-substituted-3,4-

diphenylsiloles, along with their characterization by numerous means.  The synthesis of 

siloles using the Tamao method can cause some yield-limiting byproducts to occur; these 

byproducts are herein extensively characterized, along with a discussion of possible 

alterations to the procedure to ensure the best possible yields. Additionally, the 

interaction of the symmetric siloles with Ni(II), Cu(II), and Hg(II) in solution are 

investigated by UV-visible and fluorescence spectroscopy, along with a discussion on the 

potential causes of the changes observed, which include mechanisms related to PCT.
42

  

Additionally, spectrophotometric titrations are performed on one silole with Hg(II) in 

order to quantitatively determine the binding characteristics between the silole and metal.  

The attempted syntheses of asymmetric siloles, as well as a benzylquinolate silole 

envisioned to have “off-on” capabilities, are also discussed.   
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Chapter 2. Results and Discussion – 1,1-disubstituted germoles and 

germole-like compounds: Structural Characterization and Aggregation-

Induced Emission 

 

2.1. General Introduction 

Group 14-metalloles, particularly those including heavier group 14 elements (Figure 

2-1), enjoy broad research regarding their synthesis, reactivity, and especially study of 

their unique optoelectronic properties.
1
 While siloles have been studied at length ever 

since interest was renewed following Tamao’s extremely useful syntheses of 2,5-

substituted siloles,
2
 the related germoles (i.e., metalloles with a germanium at the 1-

position) remain relatively much less studied. 

 

Figure 2-1. General structure for a group 14 metallole. 

While studying some well-known siloles, Tang and co-workers discovered their 

unique attribute of aggregation-induced emission (AIE);
3
 the siloles were found to be 

weakly emissive in the solution phase, but the emission increased in the solid state, 

which could be demonstrated by decreasing the compound’s solubility through 

introduction of an anti-solvent.  This behavior is unusual in that fluorophores typically 

fluoresce strongly in the solution state, but this emission is quenched significantly when 

in the solid state.  The reverse in behavior for siloles is due mainly to two factors: the 

difference in substituent rotational motion in the solution and solid state (referred to as 
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restricted intramolecular rotation, or RIR), and the non-planarity of packing in the 

crystalline/solid state, and are discussed briefly below.  

The phenyl substituents on the siloles, particularly at the 3,4-positions, play a 

significant role in the degree of radiationless relaxation to the ground state upon 

excitation; when in solution, these groups are free to rotate, and this rotation causes the 

excited-state metallole to relax through this movement.  When the silole is in the solid 

state, this rotation is greatly mitigated, and as such the radiationless pathway is prevented, 

forcing the excited-state silole to relax to the ground state through a radiative pathway 

(i.e., fluorescence potential greatly increases).
4
 

The fluorescence potential in siloles in the solid state is also more fully realized than 

other fluorophores because of non-planar arrangement of the molecule.  Classical 

fluorophores are generally planar molecules, as the planarity imparts a rigidity that allows 

for high radiative emission. This planarity, however, also allows for the parallel stacking 

of molecules in the solid/crystalline state, and this arrangement can cause the 

development of excimers that can relax through mostly non-radiative means.  This 

combined affect is known colloquially as aggregation-caused quenching (ACQ).
5
 It was 

later found that siloles in particular have significantly higher yields than most other 

fluorophores in the solid state.  The arrangement of the substituents on the silole, 

particularly the phenyl groups at the 2,3,4,5-positions (Figure 2-2) disallows for any 

significant parallel orientation between the π-system of the molecules (which, along with 

interplanar distance, is the main requirement for π-stacking quenching effects to occur). 

Our group decided to work on germoles, which are analogous to siloles except for 

the placement of germanium at the 1-position instead of silicon.  It was noticed that 
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several known crystal structures exhibited similar substituent arrangements; given that 

they are generally less studied than siloles, we desired to investigate the structures of 

several known and new germanium compounds in order to determine how germoles 

behaved similarly or differently to siloles that exhibited AIE. 

 

Figure 2-2. A crystal structure of 1-methyl-1,2,3,4,5-pentaphenylsilole, which shows 

the arrangement of the substituents preventing parallel orientation of the π-system 

intermolecularly.
6
 

2.2. Synthesis and spectral characterization of germoles and their precursors. 

2.2.1 Generation of lithiated compounds for synthesis of germoles. 

Many of the compounds that were investigated were variations of the 2,3,4,5-

tetraphenylgermole, where the exocyclic substituents at the germanium center (1-

position) were varied.  Most of the germoles studied have identical 1,1-substituents, 

though some were synthesized that have differing substituents here and have a slightly 

different synthesis.  All syntheses based on the tetraphenyl system, however, require the 

generation of 1,2,3,4-tetraphenyl-1,4-dilithio-1,3-butadiene (L1), generated from 

diphenylacetylene (tolan) and lithium under inert atmosphere in diethyl ether (Et2O) 

(Equation 2-1). 
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Equation 2-1. Synthesis of the key dilithiobutadiene intermediate L1. 

The reaction for the dilithio- intermediate has a distinct history of being fickle, with 

researchers in the early- to mid-20
th

 century studying its formation and byproducts in 

significant detail;
7
 a reading of different literature accounts show that conversions, 

reaction times, and appearance of the mixture varied from group to group.  The primary 

difficulty of the reaction is in the isomerization of the product on extended reaction times 

or (more commonly) excess lithium; in such cases the main product formed is (on 

alcoholysis) 1,2,3-tetraphenyl naphthalene (L2).  A representation of this conversion is 

shown in Equation 2-2.   

 

Equation 2-2. Isomerization of the desired precursor yields the unwanted 

naphthalene compound.
8
 

Interestingly, other researchers as well as our group have noted that the two 

compounds, L1 and lithio-L2, are never seen as mixtures.
7b,8

 This suggests that excess 

lithium, or a solvent with significant donation ability such as THF,
8
 can catalytically 

drive the conversion, which, once started, cannot be reversed.  Therefore, a method was 

developed to optimize the conversion to the desired compound L1, while minimizing the 
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chances for isomerization to the undesired material, as well as estimating the time to 

complete reaction in order to reduce the number of aliquots needed.  Figure 2-3 shows an 

example of the method, where several aliquots were taken early in the reaction, the 

percent conversion by GC versus time was plotted, and a fit curve was applied to estimate 

approximate completion.   

 

 

Figure 2-3. Example of the plots used to estimate completion time of the reaction to 

synthesize L1. 

During the course of reaction attempts, the most optimal conditions that gave 

reproducibly high conversions were determined as follows: the amount of lithium added 

should never exceed one equiv of diphenylacetylene (an excess of diphenylacetylene is 

acceptable and can ensure that the material does not convert to unwanted side products).  

Diethyl ether is the best choice for solvent in the reaction as well as the quenching 

dihalometallane. Good results are obtained if the reaction is allowed to occur at room 

temperature.  Heating the material gave a significant amount of solvolyzed precursor as 
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1,2,3,4-tetraphenyl-1,3-butadiene, and using THF during reaction
8
 gave a complex 

mixture on quenching with group-14 chloride.  It should also be noted that the reaction 

typically had an induction period, with the conversion accelerating until completion; 

therefore, aliquots must be taken, at least for the first few hours, in order to determine the 

appropriate time for quenching. The induction period varied at each attempt, sometimes 

significantly. 

2.2.2. Synthesis and characterization of 1,1-dichloro-2,3,4,5-tetraphenylgermole, G1. 

 

Equation 2-3. Synthesis of G1. 

Synthesis. Once the precursor L1 is successfully synthesized, the preparation of the 

germole that serves as a precursor to other 1,1-disubstituted germoles, 1,1-dichloro-

2,3,4,5-tetraphenylgermole (G1), can be carried out using the method developed by 

Curtis.
9
  Originally, it was reported that addition of germanium(IV) chloride to the slurry 

of L1 was unsuccessful in synthesizing G1;
7b

 however, Curtis reversed this addition, 

giving good yields on workup for the target compound (Equation 2-3).  The benefit of 

this route is that G1 is poorly soluble in ether, so the product crashes out of solution 

immediately as a bright yellow powder and limits its further reaction with additional L1 

towards the other two chlorine atoms on the germanium center.  Once the reaction was 

complete, the material could be isolated through evacuation of the ether, dissolving the 

material in dichloromethane, and filtering off the lithium salts; concentration of the 

filtrate followed by cooling in a freezer precipitated pure large crystals of G1 in several 
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crops. The reaction scales well and was repeated on several scales up to 20 g theoretical 

yield with yields ranging from 50-75%.  Notably, isolation of G1 could be done in open 

air, and the compound exhibits unexpected air/moisture stability in the solid state, as well 

as moderate stability in solution.  This stability is counter to the silicon analogue of G1, 

1,1-dichloro-2,3,4,5-tetraphenylsilole,
10

 which requires that, for both its synthesis and 

isolation, the system remain stringently free of moisture; it is only moderately stable to 

moisture in the atmosphere as a solid, and decomposes rapidly in solution on exposure to 

moisture in the environment. 

Characterization. Once G1 was isolated, it was characterized by NMR and melting 

point, the latter of which agreed well with the literature.
9
 The 

1
H NMR spectrum (Figure 

A-1) displays a complex mixture of signals in the aromatic region; the integration, which 

matches the ratio expected for tetraphenyl-substituted metalloles (16:4, total of 20 

protons expected), and the region of the shifts observed are generally suggestive of G-1.  

The 
13

C{
1
H} spectrum (Figure A-2) displays 10 signals as expected from the symmetry 

within G1, and more importantly exhibits a shift at 150.1 ppm, which is an identifying 

shift of group 14 metalloles and corresponds to the 3,4-carbons in the germole ring.  A 

melting point was also obtained (198–201 °C), and this agreed reasonably well the 

melting point reported by Curtis (197–199°C).
9
 Once the synthesis of G1 was confirmed, 

it was then used as the precursor for the 1,1-disubstituted germoles prepared by our group 

(Section 2.2.3). 
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2.2.3. Synthesis of 1,1-disubstituted-2,3,4,5-tetraphenylgermoles. 

 

Equation 2-4. General route for the synthesis of the 1,1-disubstituted germoles in 

this study. 

The optimized synthesis of G1 allowed for a useful precursor that could be easily 

modified.  This research project focuses on germanium-carbon bond formation by a facile 

salt metathesis reaction of a lithium acetylide with G1 to form 1,1-diethynyl-substituted 

2,3,4,5-tetraphenylgermoles; yields for these compounds ranged from 44-70%.  The 

germoles synthesized for this project initially were chosen for their abilities to potentially 

coordinate to metal centers, or could be synthesized as precursors to do so, and are shown 

in Figure 2-4. 

 

Figure 2-4. Germoles synthesized for this study. 

The compounds G2 and G3 have pyridine moieties for binding, and G4 contains the 

diphenylphosphino- moiety that has been shown to be a good choice of substituent on 

siloles for coordination with platinum and gold centers by our group.
11
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The compound G5
12

 was synthesized as a precursor for extending the coordinating 

substituents outward away from the germole moiety, as a way of removing potential 

steric strain on coordination; Sonogashira coupling was performed on 1-ethynyl 

substituted siloles with aryl iodides to achieve similar results.
13

  In our hands, 

Sonogashira coupling with (4-bromophenyl)diphenylphosphine produced no reaction, 

and attempts to lithiate at the terminal ethynyl carbons in order to perform a nucleophilic 

aromatic substitution on the same aryl bromide yielded a complex mixture (Scheme 2-1). 

 

Scheme 2-1. Attempted routes to coupling G5 with (4-bromophenyl)-

diphenylphosphine. 

Isolation. The germoles G2 to G5 were initially purified by column 

chromatography, and further purified for additional analysis (e.g., X-ray crystallography 

and elemental analysis) by crystallization from solvents, as needed.  Experimental 

Section 4.1 details these isolation procedures.   The pyridinyl-substituted germoles G2 

and G3 needed more polar solvents (dichloromethane and methanol, respectively) in 

order to begin elution from the silica gel column.  This allowed for efficient isolation of 

the targets with less than typical amounts (ca. 60 g/g of compound) of silica gel. 

Characterization: NMR. The germoles G2 to G5 were all characterized by 
1
H 

NMR and 
13

C{
1
H}, as well as 

31
P{

1
H} for G4 (Figure A-3 to Figure A-9, Figure A-10, 

Figure A-11). The 
1
H NMR for these compounds all contained complex aromatic 
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resonances.  Compounds G2 and G3 also had shifts downfield of those expected for 

metalloles, with resolved coupling patterns indicative of their substitution. Compound 

G5
12

 also included a terminal alkyne shift at 2.63 ppm, at an integration ratio close to the 

typical value of terminal acetylenes.  The 
13

C{
1
H}  NMR shifts, broadly considered, 

match up to expected shift counts, with the identifying 3,4-carbon shifts on the germole 

ring present at ca. 155 ppm, with G2 and G3 having resonances also in that region 

(assigned to the pyridine ring). Initially, G4 has more shifts than expected, but this is due 

to 1-2 bond coupling between the carbon and phosphorus atoms, the latter of which is a 

100% abundant NMR-active nucleus (
31

P).  An expanded spectrum of the alkynyl-carbon 

region is provided in Figure 2-5 to demonstrate this phenomenon. 

 

Figure 2-5. Expanded 
13

C{
1
H} NMR spectrum of G4 demonstrating the 

31
P-

13
C 

coupling; shifts are assigned to the ethynyl carbons on G4. 
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Characterization: UV-vis and Fluorescence. Compounds G2 to G4 were 

characterized by UV-vis and fluorescence spectroscopies, along with quantum yield 

determinations (relative to 9,10-diphenylanthracene), in order to gauge the effect that 

various 1,1-substituents had on these parameters.
14

 The data for these germoles is 

provided in Table 2-1. 

Compound Abs. λmax, nm Em. λmax, nm ΦF, %
a
 

G2 368 487 0.63 

G3 369 486 0.67 

G4 369 487 0.71 

 

Table 2-1. Optical data for germoles G2 to G4. 

 
a
With reference to 9,10-diphenylanthracene. 

The optical data reveal little change in the values, even with significant changes in 

the substituent electronic properties, as well as the overall steric bulk of each substituent.  

These modest changes in the optical properties on varying 1,1-substituents were noted for 

siloles;
15

 the influence was mainly attributed to subtle inductive effects that changed the 

electronics of the silole slightly and becomes much less influential as the substituents are 

more remote from the silole ring.  The optical data acquired for this study and by other 

researchers in our group
14

 would suggest that this explanation also carries over for 

germoles. 

2.2.4. Preliminary study of coordination of G4 with (COD)PtCl2. 

The germoles synthesized in this study were initially chosen for their potential to 

coordinate to metal centers, with the intent to study this coordination structurally.  As an 

example of this, we chose to initially study G4, as its phosphine substituents would be a 
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good potential ligand for, e.g., platinum and palladium centers.  Our group studied siloles 

substituted with diphenylphosphino- groups para to the silole ring, and observed optical 

changes upon coordination to platinum and gold centers.
16

 The compound G4 was 

reacted with 1 equiv of (COD)PtCl2 in a dichloromethane solution, and stirred overnight 

under argon, in a standard ligand substitution reaction of the labile cyclooctadiene for a 

strongly bound phosphine (Figure 2-6).   

 

Figure 2-6.  The reaction of (COD)PtCl2 with G4. 

This yielded a light yellow powder that was significantly insoluble in a range of 

solvents.  A 
31

P{
1
H} NMR Spectrum (Figure A-12) was taken of the material in CDCl3 (a 

large number of scans were taken in order to get an acceptable signal).  The spectrum 

indicates that, for what could dissolve in solution, there seems to be only one phosphorus 

environment, downfield of the “free” germole with obvious platinum satellites; all of 

these would be expected for metal coordination and matches behavior characterized by 

our group for phosphine-linked siloles and metal centers.
16b

 The shift of the peak in the 

spectrum (-9.2 ppm) and the 
1
JPtP coupling constant (3673 Hz) very closely match a 

related complex, cis-Cl2Pt(Ph2P-C≡C-Ph)2, whose analogous data are -10.8 ppm and 

3765 Hz, respectively.
17

 Therefore, our tentative assignment based on the NMR data is of 

a cis species of the phosphorus-coordinated G4 with the platinum center, possibly 
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oligomeric due to the poor solubility and single phosphorus environment, and a 

representative figure for the geometry is provided in Figure 2-7. 

 

Figure 2-7.  The proposed geometry and composition of the product of G4 and 

(COD)PtCl2, based on 
31

P{
1
H} data. 

2.3. SEM study on the effect of cooling a melt on crystallinity and optical properties.   

Tang’s group noted for related siloles that the degree of crystallinity in the solid state 

could induce small hypsochromic or bathochromic shifts from the amorphous sample, 

and demonstrated this through exposing an amorphous thin film to solvent vapors and 

showing more crystalline features on removal from the vapors.
18

  

One way to control the crystallinity of the sample is to melt amorphous material, and 

vary the degree of cooling.  For an example, a sample of G2 was dissolved in 

dichloromethane and the solution was deposited on a smooth quartz surface, and then 

allowed to evaporate into a thin film.  Several films were made in order to vary the 

degree of cooling.  Sample 1 was left unheated as a control. Sample 2 was heated in a 

muffle furnace at 20 °C/min to 235 °C, and then cooled at 2 °C/min to room temperature.  

Sample 3 was heated at the same rate to 235 °C, cooled to 190 °C, and then removed 

from the heat. 
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 The solid samples were analyzed for fluorescence by a Varian Cary Eclipse 

fluorospectrometer, collecting in the fluorescence mode.  All samples were excited at 372 

nm, and emission was monitored at 400-700 nm.  The results are shown in Figure 2-8.  

 

Figure 2-8. Normalized fluorescence spectra of G2 after two different cooling 

modes from a melt of a thin film, and an additional thin film were no heating was 

performed. 

As can be seen in Figure 2-8, the emission for the slowly cooled sample (Sample 2) 

shows a hypsochromic shift from the initial amorphous sample (ca. 20 nm), while the 

quickly cooled sample (Sample 3) shows a similar emission maximum but a broader peak 

than the amorphous material.  This phenomenon was also observed for related silole 

systems, suggesting that increased crystallinity can induce small electronic changes in the 

molecules.
6
 

The data above suggests that the slowly cooled sample is likely more crystalline than 

the quickly cooled sample.  In order to confirm this, SEM imaging was performed on 

each of the samples.  As the compound is non-conductive, each sample had to be coated 

in gold using a Hummer 6 Sputtering System, after being evacuated for several hours.  

The coated samples were analyzed using a JEOL 6320F Field Emission SEM.  After 

standard startup and alignment procedures, each sample was imaged by attempting 

Slowly cooled 

Quickly cooled 
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several different parameters.  The best images were acquired at working distances of 8 

and 15 mm, using an accelerating voltage of 15 kV.  The resulting images are shown in 

Figure 2-9, Figure 2-10, and Figure 2-11. 

 

 

Figure 2-9. Sample 1 at magnifications of a) 25X and b) 250X.  Images acquired 

using an acceleration voltage of 15 kV, a working distance of 15 mm, a probe current 

setting of #3, an aperture setting of #3, and using the lower SE detector. 

 

Figure 2-10. Sample 2 at magnifications of a) 250X and b) 5000X.  Images acquired 

using an acceleration voltage of 15 kV, a working distance of 15 mm, a probe current 

setting of #3, an aperture setting of #3, and using the lower SE detector. 
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Figure 2-11. Sample 3 at magnifications of a) 250X and b) 7500X.  Images acquired 

using a) an acceleration voltage of 15 kV, a working distance of 15 mm, a probe current 

setting of #3, an aperture setting of #3, and using the lower SE detector; b) an 

acceleration voltage of 15 kV, a working distance of 8 mm, a probe current setting of #3, 

an aperture setting of #3, and using the upper SE detector. 

As can be seen in the above figures, there is a definite change in the appearance of 

the samples.  Sample 1 is completely amorphous; even at very high magnifications no 

crystalline features could be detected.   Sample 2 is the most crystalline, with needle-

shaped microcrystals easily shown.  Sample 3, as suspected, shows an intermediate stage 

of crystal formation.  The macrostructure looks rather amorphous, but upon increasing 

the magnification (Figure 2-11b), some secondary features are noticeable, as if crystal 

growth was arrested and small globular surfaces formed instead.  The intermediate nature 

of the solid might explain the broadened emission; if G2 was polymorphous in Sample 2, 

the emission might be a combination of emissions from several polymorphs of the same 

material.  By comparison, emission spectra of Samples 1 and 3 are significantly sharper, 

indicating a more ordered crystal structure for Sample 3 and a well-averaged environment 

for Sample 1. 
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2.4. X-ray crystallography of 2,3,4,5-tetraphenyl-1,1-disubstituted germoles. 

2.4.1. General comments on molecular structures. 

In addition to the tetraphenyl-substituted compounds shown above, our group also 

synthesized a series of other similar compounds with even more variations at the 1,1-

positions.  Figure 2-12 shows the range of compounds synthesized; all but the thiophenyl-

substituted germole was characterized structurally in this study (it having been 

characterized by another researcher in our group), and each compound is addressed 

individually below (data reference for compounds G2-G14 is included in Table A-1). 

Most of the crystal mounting, centering, and data collection and reduction were 

performed with the assistance of Teresa Bandrowsky, while the data solution and 

refinement was performed by this researcher.  Generally, the bond distances and other 

parameters were within the expected range for germoles,
19

 and selected measurements for 

the structures can be found in Sections 5.3.1 in the Appendix. 

 

Figure 2-12. The additional tetraphenylgermoles studied crystallographically. 

Refinements were performed using the ShelX package;
29

 as such, terms used to 

describe restraints and special refinement instructions are alluded to below; a brief 

description of the instructions used in refinement are therefore presented herein.
20

 A 

PART instruction in SHELXL is used to model disorder, and accounts for electron 

density from a disordered portion of the molecule from two or more orientations.  
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Generally the occupancies are linked such that the total occupancy of all disordered 

sections adds to unity.  A DELU instruction applies a restraint on atoms in a bond such 

that the components of the anisotropic parameters of these atoms are similar with a 

defined standard of deviation (i.e., the elipses are oriented along a similar direction, 

commonly called a “rigid bond” restraint).  A DFIX restraint restricts the distance 

between atoms to a certain value, within a standard of deviation set by the operator.  An 

ISOR restraint restricts the anisotropically modeled atoms to behave as approximately 

isotropic, within a standard of deviation set by the operator.  A DANG restraint restricts 

the distance of atoms connected by an intermediate atom, and is used to set the angle 

formed by these atoms within a standard of deviation set by the operator.  An AFIX 

constraint sets the arrangement of a group of atoms to a particular geometry, e.g., t-butyl 

groups, benzene rings, and others. 

Compounds G2 (Figure A-49) and G3 (Figure A-50) yielded very crystalline 

material on slow crystallization from diffusion of hexane into a dichloromethane solution, 

and the structural and refinement details (Table A-1) indicate strong, highly resolved 

data.   

Compound G4 (Figure A-51) also crystallized well from slow evaporation of a 

diethyl ether solution.  Its data were collected at room temperature; therefore, the ellipses 

(indicating 50% probability of electron density at each atom, Figure A-51) are notably 

expanded compared to the others taken at lower temperature.  Also likely because of the 

temperature of collection, some resolvable disorder exists, including the phosphorus atom 

and a phenyl ring at one of the diphenylphosphino- moieties (P1 and C33–C38).  These 

atoms were therefore split into separate parts (using PART).   Initial refinements included 
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the AFIX 66 constraint at the phenyl rings (i.e., a regular hexagon) until the model was 

further settled, and was then removed in the final refinement stages. The occupancies 

between these two parts were linked, a DELU restraint was applied to each disordered 

phenyl ring, and finally refined to a ratio of ca. 58:42, improving the ultimate R1 to 

3.90% (initially from more than 5%).  

Compound G6 (Figure A-52) was crystallized from a THF/methanol solution by 

slow diffusion.  Therefore, the compound crystallized with THF in the lattice in a ratio of 

1:1 G6/THF (Figure A-52). Initial refinements assumed one orientation of the THF 

molecule; however, refinement would not converge, and there existed significant electron 

density about the THF molecule (ca. 3 e Å
-3

).  It was suspected that this electron density 

could indicative of a disordered THF molecule, so the largest unassigned peak was 

assigned as the oxygen of the disordered THF, and additional unassigned peaks of 

appropriate geometry were assigned to the carbon atoms of the disordered THF.  The 

disorder was modeled using the PART function, and the occupancies of the two parts 

were linked.   The DFIX and ISOR restraints were applied to restrain the disordered THF 

molecule to chemically sensible geometries. This greatly improved the residual density 

value (0.65 e Å
-3

, more closely matching the magnitude of the hole value), and 

significantly improved the model overall, decreasing R1 from 5.43% to 3.92%.  The 

disordered THF molecule refined to ratio of its parts of 58:42. 

Crystals for compound G7 (Figure A-53) were difficult to obtain, but ultimately a 

small crystal was isolated that proved suitable for crystallography.   Usable reflections 

could only be collected out to 2θ = 34°, and the relatively high R(int) value is indicative 

of the weakly diffracting data.  Nevertheless, the model was refined adequately with the 
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limited data available, enough to firmly establish connectivity (Figure A-53).  The 

asymmetric unit contains 3 molecules of G7, and overall Z = 12.  Platon
21

 ADDSYM was 

performed on the model to ensure no additional symmetry was missed in initial 

refinements; the calculations did not suggest any higher symmetry space groups. 

Compound G8 (Figure A-54) crystallized very well from a slow evaporation of a 

dichloromethane/hexanes mixed-solvent system.  The reflection data were strong, 

indicated by a high I/σ(I) =28.2, and was solved and refined well in the triclinic P-1 space 

group. 

Crystals of G9 (Figure A-55) were also difficult to crystallize; plate-like crystals 

ultimately formed after several months of very slow evaporation from a capped vial.  

Nevertheless, obtaining a suitable crystal for diffraction still proved a challenge, and the 

data collected on the crystal chosen was of moderate quality.  Usable reflections could be 

collected past 2θ = 50°, but the R(int) = 0.0707 indicates moderate diffraction quality.  

The structure was solved with 2 molecules of G9 in the asymmetric unit.  The Olex2 

software package
24

 indicated a centrosymmetric space group could be possible (P2/c), but 

the structure was unsolvable in this space group.  There remains some high electron 

density near each molecule (3 e Å
-3

), and very weak residual electron density peaks 

indicate an arrangement that closely resembles the germole ring, and immediate 

substituents attached to it; this is probably a result of the weak data collected. 

Compound G10 (Figure A-56) solved and refined well from good reflection data. 

Disorder was apparent on the -CF3 substituents.  The fluorine atoms were split and 

assigned to different PART fragments, and the C-F distances were restrained using DFIX 

restraints.  The restraints ISOR and DANG were also used during refinement for the 
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disordered groups.  Once the disorder was addressed, the model refined well, with the 

two separate -CF3 groups at each 1,1-subsituent refining to a ratio of 52:48. 

Compound G11 (Figure A-57) also crystallized well, and good reflection data were 

obtained.  The structure was solved in the non-centrosymmetric (polar) space group Cc 

(Flack parameter = 0.390(19) ). 

Compound G12 (Figure A-58) crystallized well, with good reflection data.  The 

structure was solved and refined in the triclinic space group P-1. 

Compound G13 (Figure A-59) was solved and refined in the monoclinic P21/c space 

group, and contains two molecules in the asymmetric unit.  The data were of moderate 

quality, as indicated by the R(int) value; however, usable reflections were collected to 2θ 

= 50.28°, and the model refined well with the data obtained.  This compound was 

synthesized as a precursor to cross-couple with various aryl-halides for differing 

functionalization, in a route similar to the analogous silole.
13

 

Compound G14 (Figure A-60) also refined in the monoclinic P21/c space group.  

The R(int) value indicated moderate data quality (due to the temperature controller 

having an error around 75% collection), but the model solved and refined well with the 

data available, with 98.9% completeness.  This structure was synthesized as a precursor 

in order to functionalize the germole through a hydrogermylation reaction of alkynes, 

similar in approach to reactions performed with the analogous silole by Trogler’s group.
22

 

Some averaged measurements of the germoles above were compared to the 

Cambridge Structural Database data of other known germacyclopentadienes.
23

 The 

averaged angle between the germanium and the carbons directly bonded to it on the 

germole ring were 91.3°, matching the average value from the database at 91.3°. The 
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average C=C and C-C bond lengths for the germoles in this study are 1.358 and 1.518 Å, 

respectively, which are both close matches to the CSD data of 1.350 and 1.507 Å, if not 

slightly longer.  The average magnitude of the torsions for the 2,5-phenyl and 3,4-phenyl 

groups was 34.8° and 63.8°, respectively; these are both agreeable with the analogous 

torsions of siloles, being ~30° and ~70°, respectively.
6
 

2.4.2. Packing arrangements of the tetraphenylgermoles. 

As previously discussed, the arrangement of the 2,3,4,5-tetraphenyl-substituents of  

siloles proved to significantly affect the packing in their crystal structures, and also 

prevented the parallel arrangement of silole molecules that otherwise would have 

decreased their emission quantum yield in the solid state (through aggregation-caused 

quenching, or ACQ).
6
  Moreover, these fluorescent molecules undergo a hypsochromic 

shift upon increasing crystallinity, which again is opposite behavior to most 

chromophores. In the SEM study performed above (Section 2.3), it was observed that the 

slowly cooled sample underwent the same hypsochromic shift, and this correlated to an 

increased crystallinity upon analysis by SEM.  Therefore, understanding the packing 

arrangement of these compounds in the crystalline state is important to explain this 

behavior. 

The packing of these molecules is mainly guided by the propeller-shaped 

arrangement of the phenyl substituents.  For example, Figure 2-13 demonstrates this 

orientation for G2. 
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a) 

 
 

b) 

 
 

Figure 2-13. The structure of G2, with the perspective a) perpendicular to the 

germole ring, and b) parallel to the germole ring, the latter of which demonstrates the 

propeller-like arrangement of the 2,3,4,5- phenyl substituents. Hydrogens have been 

removed for clarity 

It should be noted that almost all of the tetraphenyl-substituted germoles in this 

structural study had a similar arrangement of the phenyl substituents, except for G14,
9
 

which curiously has the 2,3- phenyl groups rotating in the opposite direction as the 4,5-

phenyl groups. This is depicted in Figure 2-14.  The main difference between this 

compound and the other germoles studied is that only one exocyclic substituent at the 

germanium center has significant steric influence; therefore, this unsymmetric influence, 

upon crystallization, may be involved in the unique arrangement due to packing 

considerations. 
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a) 

 
 

b) 

 

 

  

Figure 2-14. The structure of G14, with the perspective a) perpendicular to the 

germole ring, and b) parallel to the germole ring, the latter of which demonstrates the 

unique opposing arrangement of the 2,3,4,5- phenyl substituents. Hydrogens have been 

removed for clarity. 

In a similar way to many analogous 2,3,4,5-tetraphenylsiloles,
6
 the phenyl 

substituents on the germoles studied seem to influence crystallization in a way that 

minimizes any parallel arrangement of aromatic groups, and as a consequence would 

likely limit any π-π stacking and exciplex formation as noted for many planar 

fluorophores.  An example of this effect is provided in Figure 2-15, which shows the 

arrangement of G8 in the crystal lattice, and also shows the minimal parallel aryl group 

interactions intermolecularly.  This is the main cause for both crystallization enhanced 

emission and absence of aggregation-caused quenching in this class of molecules. 
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Figure 2-15. The extended packing for the G8 lattice, which shows minimal parallel 

interactions between aryl groups, which limits π-π interactions in the solid state (a main 

requirement for ACQ). 

The Olex2 crystallography software program
24

 includes a tool for searching for π-

systems, and whether or not these have any potential for interaction intermolecularly (the 

tool is referred to in the program as “Analyze π-π interactions”).  In the case of G8, this 

tool also did not discover any π-π interactions with the usual requirements,
25

 which 

reflects the qualitative inspection of the crystal packing.  The closest distance between the 

centroids of the germole 5-membered rings in G8 is 7.4 Å, which is much too far away 

for any significant interactions. Most of the germoles studied indicated no aryl group 

interactions, except, for instance, the pyridine-substituted germoles, including G2, where 

the pyridine ring is within the required distance from a phenyl group on another molecule 
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in the crystal (at 3.44 Å); however, the non-parallel arrangement suggests that this 

interaction is weak, and could possibly be a consequence of crystal packing (Figure 2-

16). 

 

Figure 2-16. The closest aryl group interaction in G2. The non-parallel arrangement 

indicates any π-interactions are weak, if not non-existant (some measurements are 

included in the Figure). 

2.5. X-ray crystallography of differently substituted germafluorenes. 

2.5.1. General comments on molecular structures. 

In addition to study of tetraphenyl-substituted germoles, our group also has studied 

another class of cyclic germanium compounds referred to as germafluorenes, which are 

analogous to fluorene, where a germanium atom replaces the carbon at the 9-position 

(Figure 2-17).  These molecules were synthesized in a similar fashion to related 

silafluorenes;
26

 the optical spectra of which were found to be similarly red-shifted 

(compared to fluorene) due to the special orbital overlap conveyed by the silicon center, 

similar to the effect seen on siloles. Most of the crystal mounting, centering, and data 
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collection and reduction were performed with the assistance of Teresa Bandrowsky, 

while the structure solution and refinement was performed by this researcher.  Generally, 

the bond distances and other parameters were within the expected range, and selected 

measurements for the structures can be found in Sections 5.3.2 in the Appendix. 

 

Figure 2-17. The fundamental structure of germafluorene, as analogous to the all-

carbon analogue, fluorene. 

During the course of study by our group, four germafluorene molecules were 

synthesized that were suitable for study by X-ray crystallography.  These are depicted in 

Figure 2-18.  Compounds G15 and G16 were both synthesized from the precursor 

germafluorene G17 using Sonogashira conditions and the appropriate terminal 

acetylene.
27

 Compound G18 was synthesized as a precursor for which Sonogashira 

conditions could be applied to functionalize the germafluorene core at the 3,6-position 

with acetylene-based groups, in order to study optoelectronic changes comparing 

between these and the 2,7-substituted analogues such as G15 and G16.  The individual 

molecular structures obtained are described below. 

 

Figure 2-18.  The germafluorenes that were determined by X-ray crystallography for 

this study. 



55 

 

Compound G15 (Figure A-61), like the biphenyl-substituted germole G7, proved 

difficult to crystallize, but a crystal of adequate quality was obtained, and the structure 

was able to be solved.  The data for G15 in Table A-2 show that the crystal was only just 

suitable enough to obtain connectivity; the R(int) value (0.2036), combined with the 

significant difference between R1(I>2σ) and R1(all data) (10.82% and 26.67%, 

respectively), indicates weakly diffracting data.  This may also explain the large 

deviations from expected angle for the sp carbons to the germafluorene core (164° and 

173°, ca. 175° for similarly substituted group 14 fluorenes
28

).  The torsions of the 

methoxy- substituents are very small, and in plane with the germafluorene core. The 

phenyl groups directly attached to the sp carbons are also close to planar with the core, 

while the most removed phenyl substituents begin to display some twisting.  These 

substituent arrangements become important for considerations on the packing ability of 

this molecule (vide infra). 

Compound G16 (Figure A-62), as opposed to the germafluorene above, was 

crystallized and gave strong diffraction data, as indicated by its values in Table A-2. The 

structural model as solved has the germanium atom on a special position (½, y, ¼; 

y=0.780467) with C2 site symmetry; the structure, therefore, has only half of the 

molecule in the asymmetric unit.  The molecular structures displayed, e.g. Figure A-62, 

are symmetrically generated to reveal the full molecule, as suggested by the numbering of 

the atoms.  The molecule is considerably planar, with the trifluoromethylphenyl- 

substituent in plane with the germafluorene core, and as was the case with G15, has 

important considerations in packing.  The trifluoromethyl-substituent  is relatively 
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ordered compared to those of G10; no disorder instructions were necessary for 

refinement. 

Compound G17 (Figure A-63) was the precursor used to synthesize both G15 and 

G16, and was crystallized from a cross-coupling reaction mixture, and the crystal chosen 

for analysis yielded good diffraction data, crystallizing in the monoclinic space group 

P21/c.  The methoxy-substituents are in the plane of the germafluorene core, as indicated 

by the small torsion angles observed (less than 10° in magnitude for both), and are 

similarly arranged to the subsequently synthesized germafluorenes above. 

Compound G18 is another germafluorene synthesized such that the bromo- 

substituents are at the 3,6-positions, instead of the 2,7-positions, and replace the 

methoxy-substituents of the previous germafluorenes. The diffraction data suggest an 

intermediate quality compared to other germafluorenes studied.  The structural model 

solved and refined with 2 molecules in the asymmetric unit, also in the monoclinic space 

group P21/c.  It should be noted that the second weight parameter in the ShelXL
29

 

refinement is very large (ca. 92.1); the PLATON-based IUCr checkcif utility
30

 suggested 

possible twinning could explain this; however, both the TwinRotMatrix package included 

in the PLATON
21

 executable and the twinning analysis included in Olex2
24

 did not 

suggest alternatives that significantly improved this parameter. The mostly likely cause is 

the intermediate quality of the crystals chosen for diffraction. 

2.5.2. Packing arrangement of the germafluorenes studied. 

The packing arrangement of the germafluorenes is also of interest because of future 

potential applications for AIE active compounds.  Therefore, an analysis of any potential 

π-stacking interactions can be used to anticipate their utility in this regard, as well as 
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offering useful data to improve their performance.  The packing of each molecule will be 

described briefly below. 

Both germafluorenes G15 and G16 are considerably planar molecules.  An analysis 

of the distances between the closest arrangements for these molecules in the lattice will 

reveal if there are any potential π-π interactions.  The closest packing arrangement for 

G16 is provided in Figure 2-19 as an example, with two orientations. 

a) 

 
b) 

 
 

Figure 2-19. Two views, a) perpendicular to the germafluorene core and b) parallel 

to the germafluorene core, of the closest packing arrangement between two molecules of 

G16 in the crystal lattice.  Hydrogens are removed for clarity.  
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The germafluorene cores are offset from one another in order to minimize steric 

repulsion from the out-of-plane phenyl substituents on the germanium atom.  These 

phenyl groups are also angled towards opposite directions from one another for this 

reason.  Olex2 was used to calculate the mean plane of the germafluorenes for distance 

analysis.  Accounting for the shift in the planes, the distance between the two was 3.67 Å, 

which is probably representative of the average distance between the π-systems of the 

two molecules overall, and is within the range of 3–4 Å required for π-π interactions; the 

two molecular planes are also parallel to each other, which is another requirement. Olex2 

also detected additional potential π-π interactions between the outermost phenyl groups 

of adjacent molecules.  The angle between the planes indicates that these are close to 

parallel (ca. 10° between planes), with an average distance of 3.8 Å.  This interaction is 

depicted in Figure 2-20, and also explains the higher degree of twisting for this outer 

phenyl group versus the same substituent on the opposing side of the molecule. 

 

Figure 2-20.  A depiction of G16, enlarged to show the additional potential π-

interaction site.  Hydrogens are removed for clarity, and a line indicating the distance 

measured is included. 
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Additional optical spectroscopic analysis would be required to determine if this 

arrangement in the crystalline state could potentially cause aggregation-caused 

quenching, or is a coincidence of packing effects.  Additional substitution at the 

germafluorene core would potentially be necessary in order to break this parallel 

arrangement by increasing steric repulsion between germafluorene cores in a method 

similar to the 2,3,4,5-tetraphenyl systems above. 

The closest packing arrangement of G17 is depicted in Figure 2-21, and is similar in 

arrangement the prior two germafluorenes, with the germafluorene cores staggered and 

phenyl groups opposed so as to minimize steric repulsion intermolecularly.  Figure 2-21b 

gives a more readily apparent depiction of the oppositely oriented phenyl groups at the 

germanium center that was exhibited for the prior germafluorenes.   

a) 

 
 

b) 

 

Figure 2-21. Two views, a) perpendicular to the germafluorene core and b) parallel 

to the germafluorene core, of the closest packing arrangement between two molecules of 

G17 in the crystal lattice.  Hydrogens are removed for clarity. 
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The intermolecular distance between the planes of the germafluorene core in G17, 

accounting for the offset, is 3.45 Å, which is closer than the previous examples, probably 

because the bromine substituent is considerably less sterically demanding than the 

trifluoromethylphenyl substituent as above.  However, Figure 2-21a indicates that these 

molecules may be offset enough to limit π-π interactions. 

Compound G18 packs slightly differently than the other germafluorenes studied, as 

show in Figure 2-22.  The 3,6-bromo substituents are oriented such that they are close to 

one another, forming a “channel” arrangement that extends throughout the extended 

packing of the molecule.  Instead of packing such that the phenyl groups are alternately 

opposed, as with the other germafluorenes studied, G18 packs such that the two most 

closely packed germafluorenes have their phenyl substituents staggered on the same side, 

as indicated in Figure 2-22.  The distance between the planes formed by the 

germafluorene core, as calculated by Olex2, is 3.6 Å, around the same value as the other 

germafluorenes studied. 

 

Figure 2-22. The packing arrangement of G18 in the crystal lattice. 



61 

 

2.6. Summary 

Several new 2,3,4,5-tetraphenylgermoles, with 1,1-substituents chosen for their 

potential behavior as ligands to metal centers, were synthesized and fully characterized 

by multinuclear NMR, UV-vis, and fluorescence spectroscopies, X-ray crystallography, 

and elemental analysis. A study of crystallization-enhanced emission was performed on 

G2 via scanning electron microscopy analysis of several melts cooled at different rates.   

The slowly cooled melt showed much more crystalline features, along with a blue shift in 

the solid fluorescence spectrum as was observed for several analogous 

tetraphenylsiloles.
5
  

Along with the tetraphenylgermoles synthesized for this study, our group synthesized 

a series of other germoles with various 1,1-substituents.  All of the germoles synthesized 

were able to be characterized crystallographically, and generally yielded good structures, 

except for G7 and G9, the structures of which were only of appropriate quality to 

establish connectivity.  Additionally, the packing of the germoles in the crystal lattice 

was investigated in order to confirm the absence of any potential π-π interactions; 

generally, the structures were found to pack in such a way as to limit the close contact of 

the germole ring system in a similar fashion to related silole systems.
6
 

Four new germafluorene compounds were also synthesized by our group, and 

characterized crystallographically for this study.  Compound G15 gave rather poor data, 

but was enough to establish connectivity of the molecule.  Compounds G16 and G17 

crystallized well with strong data, while G18 gave data quality intermediate between G15 

and G16/G17, enough to establish the connectivity but not without some special 

parameters in refinement (vide supra). The packing of this class of compounds was also 
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analyzed to compare similarities and differences with the tetraphenylgermole class 

compounds.  As analyzed here, all compounds were found to pack in a stacked 

arrangement, due to their relatively planar structures.  The closest packed intermolecular 

distances ranged from 3.45 – 3.8 Å, within the distance for potential π-π interactions, 

along with having a parallel arrangement of the π-system.  Additional studies would be 

needed to confirm the presence or absence of these effects in relation to fluorescence 

quenching in the solid state.  
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Chapter 3. Results and Discussion – Siloles with 2,5-subsituents have 

coordinative ability, and their interactions with metal cations 

 

3.1. General Introduction. 

As described in Chapter 1, siloles (or 1-silacyclopentadienes, Figure 2-1, M=Si), 

have unique optical features that are also heavily dependent on the nature of their 

substituents; in particular, the substituents at the 2,5-positions have a dramatic effect on 

the ultimate properties observed.
1
 Changing the π-symmetric electron-donating or –

withdrawing ability of substituents at this position can, for example, shift the λmax of the 

absorption and emission.  Tamao’s group, in some of their initial investigations of 

altering silole 2,5-substitution, found that the ultimate absorption and emission spectra 

could shift by ca. 100 nm (Figure 3-1), and differently substituted siloles could be made 

using similar conditions to easily make a wide library of compounds.
2
  

 

Figure 3-1. Two of the siloles synthesized by Tamao, along with their optical λmax 

values, demonstrating the range of values obtained.
2
 

Because of the rich electronic variations that siloles present, we desired to investigate 

several changes in optoelectronic properties upon interaction with metal ions.  A 

significant amount of substituents that affect the properties of the silole can also be 

envisioned to have some coordinating ability to metal ions.  Appreciable changes in 



65 

 

properties can then be explored for potential chemosensor applications.  Though covalent 

coordination of metal centers directly to the silole ring, both in η
4
 and η

5
 modes, have 

been known for many years,
3
 coordination of metals at groups bound to the 2,5- positions 

have been a relatively recent development.  Wang and co-workers reported the synthesis 

of two siloles with nitrogen containing substituents that could coordinate to zinc,
4
 and a 

short time later Gerbier’s group reported one of the same siloles (A, Figure 3-2) along 

with optical data on coordination with both zinc and copper;
5
 the compound exhibited 

stark differences in fluorescence depending on the metal center employed. When Zn(II) 

solution was added to a solution of A the fluorescence was slightly enhanced, however 

when Cu(II) was added, the fluorescence was almost entirely quenched. 

 

Figure 3-2. The bipyridyl amine substituted silole that was studied by Wang and 

Gerbier.
4,5

 

Recently, Tang and co-workers synthesized a terpyridine-substituted silole that 

showed selective fluorescent enhancement for zinc.
6
 Our group has also investigated 

some phosphine-linked siloles and their optical changes upon coordination to gold and 

platinum.
7
 Some subtle changes with platinum were observed, however gold was found 

to cause appreciable hypsochromic shifts upon coordination.  

This chapter addresses the preparation of some known and new siloles chosen for 

their potential to bind to metal cations, or as precursors to do so, along with optical 
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spectra outlining the differences in the changes observed based on the metal and silole 

employed.  For our initial studies the perchlorate salts of nickel(II), copper(II), and 

mercury(II) were chosen in order to study the effects of paramagnetic or heavy atom 

species.  The synthesis, characterization, and metal interaction studies are described in 

their respective sections below. 

3.2. Synthesis and Characterization of Symmetrical 2,5-Substituted Siloles 

 

Equation 3-1. Tamao’s synthesis of 2,5-substituted siloles.
2,8 

The one-pot synthesis of 2,5-aryl-3,4-diphenylsiloles was discovered and developed 

by Tamao.
2,8

 The synthesis typically begins with dimethylbis(phenylethynyl)silane, 

added as a solution to a pre-made solution of lithium naphthalenide in an inert 

atmosphere.  This allows for a unique endo-endo intramolecular reductive cyclization to 

yield the intermediate dilithio-silole. This process is mechanistically shown in Equation 

3-2. 

 

Equation 3-2.  The mechanism for the intramolecular cyclization of 

dimethylbis(phenylethynyl)silane by lithium naphthalenide.
2
 

The excess of lithium naphthalenide causes the immediate formation of the 

intermediate diradical, which then couples itself to ultimately form the dilithio-silole.  As 

this is a radical-based reaction, an aryl group, almost always phenyl, must be present on 
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the silane in order for the reaction to proceed.  It was generally found that absent these 

aryl groups, the reaction mixture would be complex.
2
 It is thought that the aryl groups 

stabilize the diradical species long enough to complete the coupling step.  Importantly, 

the silane must be added to a large excess of lithium naphthalenide.  If reaction is 

reversed, or if the amount of naphthalenide is stoichiometric, a monoradical species is 

formed that is ultimately unstable; the only characterizable product was formed by 

cleavage of the silicon-carbon bond as lithio-phenylacetylene.
2
   Not only is the synthesis 

complicated in itself, the nature of reagents used is also critical, particularly the 

grade/additives in the lithium.  Pagenkopf noted, in his group’s detailed experimental 

observations of the synthesis of 2,5-dibromo-siloles using the Tamao cyclization 

procedure,
9
 that lithium without additional sodium content (0.5-1.0%) caused the reaction 

to fail.  In our group’s research on this class of compounds, lithium with copper added as 

stabilizer was also found to cause this cyclization to fail. After the addition of zinc(II) 

chloride or (N,N,Nʹ,Nʹ-tetramethylethylenediamine)zinc(II) chloride (ZnCl2(TMEDA) ), 

the reaction usually is found to proceed smoothly under standard Negishi conditions.
10

  

3.2.1.  Difficulties with the Tamao procedure and characterization of byproducts 

Because the reaction to make these is one-pot, there are several areas that need to be 

optimized and monitored to ensure the best possible yields.  During the course of study in 

synthesizing several compounds using this procedure, several aspects of the reaction 

yielded peculiar byproducts, leading to low yields that necessitated a study into their 

formation, and possible causes thereof.  These studies, as well as representative 

characterization methods used during assignment of these byproducts, are addressed in 

this section. 
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Most of the optimization and characterization was performed en route to 

synthesizing compound S6 (originally reported by Tamao
2
), which was to be an 

intermediate in further modifications at the benzylic position (vide infra).  The synthesis 

was performed using the standard Tamao procedure (Equation 3-1), using 4-iodotoluene 

as the cross-coupling reagent in the Negishi step. 

 

Figure 3-3. Molecular structure of S6. 

During initial syntheses of S6, yields would generally be limited to approximately 

30%, despite changing several of the parameters in the cross-coupling step, such as 

reaction time.  Moreover, analysis of the crude material by 
1
H NMR typically showed 

three distinct shifts in the Si-Me region (i.e., between 0-0.8 ppm).  Generally, the 

integrations of these would be close to 1:1:1.  Figure 3-4 shows an example of the crude 

NMR in the Si-Me proton region. 
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Figure 3-4.  Expanded Si-Me region of a crude 
1
H NMR of S6. 

Assuming that the most downfield shift of these three peaks is the silole (0.50 ppm, 

in the above figure, 0.47 ppm in the purified spectrum in Figure A-30), the integrations of 

these three shifts, which all are indicative of Si-Me compounds due to the small 
2
J silicon 

satellites (7 Hz), suggest that the other upfield shifts at 0.41 and 0.35 are potentially 

incompletely-reacted byproducts or byproducts from decomposition.  The ratios of 

integration would also explain the cause behind the limited yields initially observed. 

To identify these byproducts further, and to relate their probable structures with 

pitfalls in the reaction, GC-MS of the crude mixture was performed after filtration 

through a silica gel plug. An example of the analysis is shown in Figure A-40 through 

Figure A-45.  The naphthalene (Figure A-40) and S6 (Figure A-45) retentions are easily 

identified by their chromatogram M
+
 traces (128 and 442 m/z, respectively).   The 

retention at 7.57 (Figure A-41) had a chromatogram trace with an apparent M
+
 signal of 

182 m/z. This matched the molecular weight of the “homocoupled” byproduct, 4,4ʹ-
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dimethylbiphenyl; these homocoupled species are common Negishi cross-coupling 

reactions.
11

 A large secondary signal at 167 m/z is 15 m/z less than the parent ion, 

indicative of a loss of a methyl group.   

The next major retention in the chromatogram has a parent ion of 262 m/z (Figure A-

42).  This is two mass units greater than the silane starting material, 

dimethylbis(phenylethynyl)silane.  This is assigned as a “partially reduced” silane, where 

only one triple bond of the starting material reduced to a double bond (adding two 

protons), and the complete cyclization was arrested (Equation 3-3).  It is not clear exactly 

why this partially reduced species arises from the reaction mixture; it was found in almost 

every silole produced using the Tamao procedure and analyzed by GC-MS.  Some of our 

analyses indicated trace amounts of butylated hydroxytoluene (BHT), which is the 

stabilizer supplied with our THF, and surprisingly seems to have co-distilled somewhat 

with the THF.  In significant enough quantities, this may arrest cyclization, as BHT is a 

radical inhibitor, and the cyclization depends on the intermediate formation of a diradical 

species.   

 

Equation 3-3. The proposed route for formation of the “partially reduced” silane. 

The next noteworthy retention in the GC-MS occurs near 10 min (Figure A-43), and 

has an m/z value of 280, 18 units higher than the “partially reduced” species.  Originally 

it was hypothesized that this species was a hydroxylated analogue of the partially reduced 
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species; however, another species, the “partially coupled” silane (vide infra), also would 

at times have analogue 18 mass units higher present, indicating that the formation of this 

byproduct might be more general.  In some preliminary investigations of formation of a 

2,5-p-aniline substituted silole, some crystals of a byproduct were isolated.  X-ray 

crystallography of this species revealed a silanol had formed, likely via hydrolysis of a 

partially coupled mono-zinc silole. 

 

Figure 3-5. The a) crystal structure of the hydrolyzed silole byproduct, and b) the 

molecular drawing thereof.  Hydrogens are removed except for the vinyl, amine, and 

silanol positions. 

This hydrolyzed analogue of the partially reduced silane produced in synthesizing 

S6, therefore, is probably not generated directly from the lithiation step, but from the 

dizinc-silole intermediate; this reaction pathway is shown in Equation 3-4. 

 

Equation 3-4. The route proposed for the hydrolyzed product with an m/z of 280. 

The next significant retention peak is at 12 min, having an m/z value of 352.  This 

value matches well to the “partially coupled” product shown below.  The product is 
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suspected to be formed from a reaction of the partially reduced species with 

ZnCl2(TMEDA), followed by cross-coupling Negishi conditions (Equation 3-5). 

 

 Equation 3-5. Proposed reaction route for formation of the “partially coupled” 

species, with a molecular weight of 352 amu. 

Therefore, the reaction step that seems to affect the yield the most in this sequence is 

the first step, i.e., the reductive cyclization of the silane using lithium naphthalenide.  

Though initial reports claim an addition time for the silane to the naphthalenide solution 

of less than 5 min,
2
 Pagenkopf et al report a time of 20 min at minimum is needed for 

addition; at the scales in the their procedure, this works out to an approximate drip rate of 

1 drop/sec or slower.
9
 They also report that any addition rate faster than this seems to 

greatly reduce yield.
9
  Though they do not characterize the byproducts formed from failed 

reactions in their report, it appears plausible that too quick an addition does not allow 

sufficient time for the silane to complete the reductive cyclization, as a significant excess 

of the reducing naphthalenide solution was already reported to be necessary for 

successful cyclization.
8
  An addition rate that is too rapid might make the local 

concentration of the silane momentarily too high for efficient conversion, leading the 

partially reduced species, and subsequently the partially coupled species described in the 

above account. Therefore, later reactions performed using the Tamao route reduced the 

rate of addition of the silane, and this generally improved yields to around 50-60%. 
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Additionally, optimizing the preparation of the lithium naphthalenide solution was 

necessary in order to reliably achieve these yields.  Many accounts report simple stirring 

of lithium wire and naphthalene under inert conditions for ca.5 h was sufficient for the 

formation of the naphthalenide solution; however, in our hands, the yields obtained for 

siloles generated using this method proved highly variable.  Pagenkopf also noted such 

fickle behavior in his report on the reductive cyclization.
9
 One way to greatly improve the 

synthesis of the required naphthalene was through sonication, as reported by Pagenkopf.
9
 

The vessel containing lithium (of appropriate composition, vide supra), naphthalene, and 

dry THF was sonicated in a sonicating bath for at least 1 h.  Pagenkopf reported that the 

mixture was titrated after 1 h in order to confirm complete reaction; for the reactions 

completed in this report, a sonication time of 2 h was generally sufficient to form the 

naphthalenide without titration, in order to reproducibly form the target siloles in 

sufficient yields.  

Another issue faced occasionally throughout the Tamao silole synthesis was gelation 

of the solution upon addition of ZnCl2(TMEDA), which would sometimes make the 

suspension viscous enough that rotation of the magnetic stir bar was arrested.  The 

reagents used to this point were carefully purified (through recrystallization of the solids 

and distillation of the THF), so it appeared impurities seemed unlikely be the cause. 

Ultimately, however, the gelation was determined to be caused by trace amounts of 

TMEDA left from the synthesis of ZnCl2(TMEDA), even though the sample was 

recrystallized several times.
12

 A sample of the material that caused gelation in a prior 

reaction was oven dried for several days at 70 °C.  This same material ceased to cause 

gelation in further reactions.  If the noticeable odor of TMEDA is present, it is likely 
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enough to cause gelation, and further oven drying is needed.  Gelation was also noticed 

during the synthesis of the precursor material 4-bromo-1,2-bis(methylthio)benzene, 

which requires addition of TMEDA to cold solution containing n-butyllithium.
13

 

Therefore, it appears that TMEDA, or potentially an impurity contained therein, interacts 

with organolithium species in a way that causes temporary polymerization and increased 

viscosity. 

If gelation did occur during the Tamao silole synthesis, the suspension was treated 

with a sonicating bath for several seconds until the viscosity was reduced, and then the 

reaction sequence was continued.  Also noteworthy was the observation that yields 

generally did not suffer greatly if gelation occurred, indicating that this process is not 

necessarily due to degradation or decomposition of the active organozinc intermediates. 

3.2.2. Synthesis and General Comments. 

After the various steps in the Tamao procedure where optimized, several siloles were 

synthesized and characterized by NMR and other methods (vide infra).  The siloles that 

were synthesized and fully characterized are shown below in Figure 3-6; Siloles S3,
2
 

S4,
14

 and S6
2
 are known compounds; siloles S1 and S2 have been reported by our 

group.
15
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Figure 3-6. The siloles synthesized and fully characterized for study. 

In general, the compounds were purified by silica gel, either through a full column or 

silica gel plug.  The compounds were then further purified via recrystallization, typically 

by either slow evaporation or slow diffusion of an anti-solvent through a solution of the 

silole.  Siloles S1 and S2 were also characterized by elemental analysis and the values 

obtained agreed well with predicted values.  The melting points of the new siloles S1, S2, 

and S5 were also taken, and were found to be in the general silole range (ca. 200 °C), and 

of narrow temperature range, indicative of their purity (Section 4.2.2). Both siloles S2 

and S3 tended to precipitate out on the silica gel column prior to elution; the use of 

significantly polar solvents (e.g., ethyl acetate) was needed in order to redissolve the 

solids and make elution possible.  This solidification was actually beneficial in that most 

of the other byproducts eluted much earlier in the columning procedure.  Compound S3 

was also further purified through trituration of the deep yellow-orange powder with 

diethyl ether, from which a dark red-brown supernate was removed, yielding pure S3.  

Additionally, the standard quenching of the crude reaction mixture with 1 M HCl 

appeared to cause protonation of the amine groups in S3, as the aqueous layer on workup 

had clear plate-like crystals that, on basification, yielded a bright yellow powder of S3, 
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which was extracted and combined with the other fractions in the organic layer of the 

aqueous extraction.  Generally, purification for the other siloles in this study was less 

intensive than for S2 and S3, and column chromatography followed by recrystallization 

yielded very pure compounds.  Section 4.2.2 details the isolation of the individual siloles. 

Compound S3 was also synthesized using a modified Tamao procedure, using an 

adaptation from the work of Knochel and Kienle,
16

 which detailed the use of 2-

iodopropane to greatly accelerate Negishi reactions.  The authors propose that the 

iodopropane co-catalyst causes a radical organopalladium species to catalyze the reaction 

at much greater rates than traditionally observed (e.g., 5 min instead of at least 12 h). 

Generally, degassed iodopropane was added to the zinc species, the contents were stirred 

for several minutes, and then the palladium catalyst and the cross-coupling aryl halide 

were added.  The palladium catalyst chosen for this alternate synthesis was (dppf)PdCl2, 

the large bite angle of which allows for efficient coupling of traditionally difficult 

systems,
17

 e.g., deactivated aryl halides such as 4-bromo-N,N-dimethylaniline, the 

precursor used for S3.  When 2 equiv of degassed 2-iodopropane was added to the 

solution containing the dizinc intermediate (Equation 3-1), the appearance of the mixture 

changed from a black suspension to a deep red solution after 5 min of reaction.  Addition 

of (dppf)PdCl2 and 4-bromo-N,N-dimethylaniline to this solution cause another color 

change to deep brown/black, which changed to black with intense yellow overtones after 

several hours at rt.  This was refluxed overnight to ensure complete reaction.  Isolation of 

the silole indicated slightly improved overall yields, with less apparent homocoupled 

product noticeable by NMR analysis of the crude product.  The successful synthesis of 
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S3, along with the apparent faster reaction times at rt, might warrant further study of this 

alternate reaction method for silole synthesis. 

3.2.3. Characterization of the siloles by NMR spectroscopy 

All of the pure siloles, S1 through S6, were characterized by 
1
H and 

13
C{

1
H} NMR 

spectroscopy (Figure A-17 to Figure A-30), except for S6; the 
1
H NMR and GC-MS 

spectra were acquired for general purity considerations. The important shifts are 

described in Table 3-1; known values are also listed and compared to the values obtained 

in this study. Additionally, the 
29

Si{
1
H} NMR (DEPT) data have been reported for the 

new compounds S1, S2, and S6, and the shifts are between 0-10 ppm, and within the 

range of the resonances reported for similar siloles.
7
  The identifying shifts in the 

1
H 

NMR spectrum included the methyl group resonances at the silicon center, the methyl 

group resonances at the 2,5-substituents for S2, S3, S5, and S6, and the downfield shifted 

aromatic resonances for the bipyridine moiety in S4.  The aromatic region was usually 

complicated from the 3,4-phenyl substituents, as well as the aromatic protons on the 2,5-

position, though integration helped to reveal whether the assignments were accurate.  The 

important identifying resonances in the 
13

C{
1
H} NMR included the 3,4-carbons 

(sometimes referred to as the β-carbons), typically around 150 ppm, and the SiMe 

carbons, typically around –3 ppm, as well as the methyl carbons on the 2,5-substituents.   
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1
H NMR Data 

Silole Shift (ppm), Integration (literature value, if applicable) Assignment 

S1 0.48, 6H SiMe 

S2 

2.44, 6H  

1.97, 6H 

0.51, 6H 

SMe 

SMe 

SiMe 

S3 
2.89, 12H (lit.

2
 2.87)  

0.51, 6H (lit.
2

 0.49) 

NMe 

SiMe 

S4 

8.67, 8.42, 8.10, 7.85, 7.39,7.30; 12H 

(lit.
14a

 8.68-8.66, 8.44-8.41, 8.10, 7.87-7.82, 7.39, 7.38-7.32) 

0.80 

(lit.
14a

 0.79) 

pyH 

 

SiMe 

S5 

4.35, 4H 

3.37, 6H 

0.46, 6H 

benzylH 

OMe 

SiMe 

S6 
2.25, 6H (lit.

2
 2.24) 

0.47, 6H (lit.
2
 0.45) 

tolylH 

SiMe 
13

C{
1
H} NMR Data 

Silole Shift (ppm) Assignment 

S1 
156.0 

–4.0 

β-carbon 

SiMe 

S2 

154.4 

16.5 

15.7 

–3.1 

β-carbon 

SMe 

SMe 

SiMe 

S3 

151.8 (lit.
2
 151.6) 

40.5 (lit.
2
 40.4) 

–2.6 (lit.
2
 –2.7) 

β-carbon 

NMe 

SiMe 

S4 
155.4 (lit.

14a
 155.6) 

–2.2 (lit.
14a

 –2.3) 

β-carbon 

SiMe 

S5 

154.1 

74.8 

58.4 

–3.7 

β-carbon 

benzyl-carbon 

OMe 

SiMe 

 

Table 3-1. Selected 
1
H and 

13
C{

1
H} NMR data and assignments, and literature 

values for known siloles. 

 The values reported in the literature match those of the known siloles, as 

characterized in this research project, very well. 
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3.2.4. Characterization of the siloles by optical spectra 

The UV-visible and fluorescence spectra and quantum yields for the new siloles S1 

and S2 were recorded and are listed in Table 3-2. Also listed are the optical spectral data 

for known siloles S3 and S4 along with the literature values. 

Compound 
λmax, absorbance 

(nm) 
log ε 

λmax, fluorescence 

(nm) 
Φf, % 

S1 365 4.12 482 0.25
b
 

S2 390 4.29 511 1.58
c
 

S3
d
 

415 

(423) 

4.32 

(4.33) 

549 

(529) 
(0.251) 

S4 
382 

(386)
 e
 

3.99 
472 

(489)
 e
 

(<0.1)
f
 

 

Table 3-2.  UV-visible and fluorescence spectral data for the reported compounds.
a
 

a
Spectral data from siloles in a 1:1 mixture of CH2Cl2/MeOH, 5×10

-5
 M. 

b
With reference 

to 9,10-diphenylanthracene. 
c
With reference to fluorescein. 

d
Literature values are listed in 

parentheses, see Ref. 2. 
e
Literature values are listed in parentheses, see Ref. 14a. 

f
Literature values are listed in parentheses, see Ref. 14c. 

The optical data of S1 indicate that the cyano- substituent has a relatively modest 

effect on the electronics of the silole; comparing to 1,1-dimethyl-2,3,4,5-tetraphenylsilole  

(TPS, abs. λmax = 358 nm, fl. λmax= 488 nm),
18

 there is a 7 and 12 nm bathochromic shift 

in the absorbance and fluorescence λmax values, respectively.  This corroborates with the 

very similar structural features of S1 and TPS (vide infra).  It appears that the cyano- 

substituent is not suitably positioned to be an effective π-withdrawing group (relative to 

the 2,5-phenyl moieties); the ability to either be a π-donor or -acceptor has the most effect 

on the electronics of siloles.
1
 Tang’s group used dicyanovinyl substitution, allowing the 

withdrawing cyano- groups to interact more effectively with the π system of the silole; 
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this group affected significant bathochromic shifts relative to the parent silole TPS.
19

 The 

moderate communication of the cyano- group in S1 will also be addressed in the metal 

interaction section (vide infra). 

The optical spectra of S2 show further shifts to lower energy compared to S1.  In 

solution, the largest contribution to this observation is likely the modest donating ability 

of the lone pairs of the sulfurs on the methylthio- substituents.  The related methoxy 

substituent, situated para to the silole ring on the 2,5-phenyl groups, induces a 

bathochromic shift of 12 nm in the absorption λmax compared to the methyl analogue for 

this reason.
2
 Compound 2 also exhibits a significantly higher solution quantum yield. 

While higher steric hindrance from a methylthio- group meta to the silole could help 

explain this observation,
20

 the solid state arrangement of this substituent, preferring an 

orientation that suggests some interaction with the 3,4-phenyl groups (Figure 3-7), could 

also help explain this increase. 

Siloles S3 and S4 both were characterized by UV-vis and fluorescence 

spectroscopy and agreed reasonably well with the literature values. The slight differences 

in λmax of the absorbance and fluorescence are most likely from differences in solvent 

polarity (literature sources used chloroform
2
 for S3 and THF

14a
 for S4).  Compound S3 

exhibits significant bathochromic shifts from TPS due to the strong π-symmetric 

donating ability of the dimethylamino- substituent.
1
 Compound S4 exhibits a redshift in 

the absorbance maximum compared to TPS, but a fluorescence blueshift.  In the known 

crystal structure,
14c

 the torsional angles between the silole core and the adjoining pyridine 

moieties in S4 are between 26
o
  and 36

o
, in the approximate range of the silole structures 

presented herein.  Therefore, the extended conjugation brought on by the bipyridine 
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moiety does not significantly affect the electronics of the silole, probably due to its own 

strong tendencies as a π-accepting unit.  The siloles containing 2,5-di(pyridine-3-yl) and 

2,5-di(pyridine-2-yl) groups
2
 also affected a slight bathochromic shift in the absorbance 

spectrum and had little effect on the fluorescence spectrum compared to TPS. 

3.2.5. X-ray crystallography of symmetric siloles. 

Crystals of sufficient quality for the new siloles S1, S2, and S5 were grown by slow 

evaporation or slow diffusion (see Experimental Section, Section 4.2.2).  Compound S2 

refined with 3 molecules of dichloromethane per molecule of S2. The structures were 

solved and refined to reasonable geometries and residual electron densities.  Table A-3 in 

the appendix lists the crystallographic data for compounds S1, S2, and S5.   

The molecular structures of S1, S2 and S5 are shown in Figure 3-8.  Compound S1 

exhibits a structure that is very similar to the unsubstituted-phenyl compound TPS.
19

  

Both compounds exhibit the propeller-like arrangement characteristic of 2,3,4,5-

tetraphenylsiloles and their analogues.
19

 Given that the cyano- substituent on the 2,5-

phenyl groups is para to the silole ring, steric influence on the geometry is minimal.  The 

magnitude of the phenyl torsion angle for S1 at the 2,5- positions is 36.5
o
 and 53.7

o
, 

while for TPS they are 34.8
o
 and 48.8

o
.
19

 The torsional angles at the 2,5- positions of S2, 

however, are slightly smaller, with a magnitude of 28
o
.  Counter to an assumption that S2 

would pack to minimize steric strain, the methylthio substituent meta to the silole ring 

turns toward the 3,4-phenyl groups.  Based on steric assumptions alone, this observation 

is unexpected.  Though hydrogen atom positions are calculated, the difference Fourier 

map suggests that the hydrogen atoms on the thio- methyl groups are accurately placed; 

one of these atoms is oriented towards the centroid of the 3,4-phenyl rings in a manner 
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that suggests some possible C-H···π interactions.
21

  A depiction of this interaction is 

shown in Figure 3-7, where only the hydrogen on the thiomethyl group that could 

potentially be interacting with the 3,4-phenyl substituents is shown with appropriate 

measurements in the drawing.  The distance (3.073 Å) is on the higher end of the typical 

range of values found (average of 2.75 Å for sp
3
-CH/π interactions

21
), but the [C-

H/normal of π system] angle (151.52°) compares closely with the average of crystal 

structures in this system (148°).
21

 This interaction is rather weak on its own (most times 

weaker than the classic X-H-X hydrogen bond system), however the intramolecular 

arrangement between substituents likely helps to enforce the orientation of the molecule 

in the crystal structure.   

 

Figure 3-7. A selected portion of S2 that shows potential C-H/π interactions. 

Compound S2 also has a larger torsional magnitude of the 3,4-phenyl substituents 

(64.0
o
) compared to S1 (56.5

o
), perhaps to accommodate for the thiomethyl substituent.  

These observations, viz., the smaller 2,5- torsional angle and weak intersubstituent 

interactions, may help explain some of the photometric data recorded for S2 (vide supra). 
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Compound S2 crystallized with three dichloromethane solvent molecules per molecule.  

One chlorine atom on one solvent molecule was disordered; this was addressed by 

refinement of the chlorine molecules over two positions at a ratio of 93:7 of their partial 

occupancies.  Another dichloromethane molecule has a chlorine atom that was 

symmetrically generated and the special position constraints were suppressed; the 

molecule also has partial occupancy of 0.5.  EADP constraints were employed on the 

chlorine atoms.  The silicon atom in S2 is on a special position with C2 symmetry; for 

figures displayed in this manuscript, the molecule was grown from the asymmetric unit. 

 

Figure 3-8. The crystal structures of a) S1, b) S2, and c) S5.  Selected measurements 

for each compound are given in section 5.3.3 in the Appendix. 

The compound S5 was originally synthesized as a precursor to attempt synthesis of 

an α-bromotolyl substituted silole (Section 3.3), and crystals of sufficient quality for 

a) 

 

c) 

 
b) 
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crystallography were acquired (Figure 3-8c).  As was the case for the prior siloles, the 

propeller arrangement of the 2,3,4,5-aryl groups was retained for S5.  Compared to TPS, 

this compound has a smaller absolute torsional angle of the 2,5-aryl groups (27 and 32°), 

and the 3,4-phenyl groups also have a smaller absolute torsional angle (68° and 60°, 

versus 71° and 69° for TPS
19

).  Inspection of the crystal packing by the structure does not 

suggest intramolecular C-H/π interactions, as was the case for S2; the methoxymethyl 

substituent is too small, and too far removed from the rest of the molecule for these types 

of interactions.  Compound S2 has a thiomethyl group in the meta position that allows for 

an orientation that might take advantage of the C-H/π interaction (vide supra), whereas 

with S5 the orientation of the methoxymethyl-group para to the silole core prevents such 

intramolecular weak interactions. There is some short contact (i.e., sum of van der Waal 

radii, as measured by the visualization program Mercury) between the oxygen atom and a 

hydrogen atom of the 3,4-phenyl group on an adjacent molecule, though this might be 

due to simple packing effects. 

3.3. Attempted preparation of α-quinolate substituted 2,5-tolylsilole. 

  

Scheme 3-1.  The attempted preparation routes for C from pre-formed siloles S5 and 

S6. 

During our investigations of siloles that could interact with metal cations, our group 

desired to make siloles that had potential to have quenched fluorescence absent of metal 
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ions, due to photo-induced or other charge transfer effects (Section 1.4).  Upon 

coordination, the metal changes the electronics or structure of the ligand that originally 

quenched the fluorophore emission.  This is colloquially referred to as an “off-on” metal 

detection system.
22

 An example of this system is a coumarin-quinolate fluorophore, 

linked together via a non-conjugated C-O bond; this non-conjugation is generally 

considered important so that the fluorophore and quenching moiety remain electronically 

separate systems.  The system showed good fluorescence enhancement, even towards 

paramagnetic ions that typically cause fluorescence quenching.
23

 

Silole Conditions Reference 

S5 BBr3 (1.5 eq), –78 °C, inert atm. 24 

S6 NBS (2.2 eq), CCl4, AIBN, reflux 25 

S6 Br2, H2O/dichloromethane 1:1, 23W CFL, 48 h 26 

S6 NaBr (2.2 eq), H2SO4 (2 eq), H2O2 (3 eq), CHCl3, 24 h 27 

S6 H2O2 (2.1 eq), HBr (2.2 eq), H2O, 23W CFL, 24 h 28 

S6 BBr3, cyclohexane/dichloromethane 1:1, 48 h 29 

S6 NBS (2.2 eq), H2O, 23W CFL, 48 h 30 

S6 NBS (2.2 eq), EtOAc, 23W CFL, 24 h 31 

   

Table 3-3. Conditions used to attempt the conversion of siloles S5 or S6 into the α-

bromotolylsilole B (Scheme 3-1). References for the procedures are listed in the Table. 

Therefore, our group endeavored to use similar synthetic techniques, using a 2,3,4,5-

tetraaryl silole as the fluorophore and, initially, 8-oxyquinolate as the 

quenching/coordinating site; the quinolate was also used as the quenching/coordinating 

site in Feng’s work.
23

 Initial synthetic procedure to synthesize the quinolate-substituted 

silole C are detailed in Scheme 3-1, where siloles S5 or S6 were to be converted into the 
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α-brominated-2,5-tolylsilole B, followed by reaction with 8-hydroxyquinolate and base to 

obtain the target compound C.  Unfortunately, numerous conditions for bromination were 

attempted, but none of the reaction methods used yielded clean or isolable conversions to 

silole B.  The reaction conditions and their references are listed in Table 3-3. 

The reaction of S5 with BBr3 yielded clear, crystalline needles on slow diffusion of 

hexanes into a dichloromethane solution of the reaction product.  Comparison of the 

spectra by NMR (Figure 3-9) shows that the crystalline product does not have the 

resonances related to the SiMe or OMe protons in S5; however, there is a resonance at 

6.25 ppm that is in the range and integration value of 1,3-butadienes, formed by cleavage 

of the SiMe2 moiety from the silole ring.
2
  The presence of only benzyl protons (and 

absence of benzyl alcohol protons) suggests that the OMe moiety did react with BBr3 to 

yield the desired benzyl bromide, but the reagent continued to react with the silole ring 

itself to cleave the ring and form the butadiene.  The structure assigned of this compound 

D is inset in Figure 3-9. 

Most of the bromination conditions attempted for S6 yielded complex mixtures, with 

broad, at times featureless resonances in the 
1
H NMR, indicative of polymerization.  It 

appears that the extended bromination conditions that the silole was subjected to cause 

decomposition and polymerization of the species.  Some analyses also indicated presence 

of butadiene contamination, which is only possible from cleaving the Si-C bond with the 

silole, which also occurred with S5 and BBr3 (vide supra). Pyridinium tribromide was 

used as a bromination agent to convert trimethylsilyl positions at the 2,5-positions of the 

silole to bromo-substituents;
32 

the Si-C bond, therefore, perhaps cannot withstand 
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cleavage from the conditions listed in Table 3-3, even the relatively strong bonding 

within the silole ring. 

 

Figure 3-9. A stacked 
1
H NMR spectrum comparing the silole S5 with the product 

generated from reaction with BBr3.  The assigned structure of this product (D) is inset. 

The precursor compound, 8-((4-bromobenzyl)oxy)quinoline, SP2, was also 

synthesized as an alternate reaction pathway to ultimately synthesize C.  Section 4.2.1 

details the synthesis of this precursor, essentially an SN2 reaction of 4-bromobenzyl 

bromide with the potassium quinolate (Equation 3-6).   



88 

 

 

Equation 3-6.The synthesis of SP2. 

The potassium carbonate was initially slow to react to deprotonate the 8-

hydroxyquinoline, therefore it was necessary to heat and sonicate these two compounds 

in order to ensure complete reaction.  The yellow potassium quinolate color changed to a 

deep red upon addition of the benzyl bromide solution in dichloromethane, and this again 

changed to purple on filtration and concentration.  The compound was recrystallized from 

methanol to give pure SP2. Analyses of the 
1
H (Figure A-15) and 

13
C{

1
H} NMR (Figure 

A- 16) spectra, along with the sharp melting point at 124–126 °C, indicate that the 

white/purple crystalline solid was pure SP2.   

This compound was reacted with the dizinc intermediate in the standard Tamao 

procedure (Equation 3-1) in order to attempt to make the quinolate-benzylsilole C. 

Analysis by 
1
H NMR spectroscopy indicated potential synthesis of C due to a resonance 

at 0.45 ppm, within the range of SiMe resonances for siloles; however, isolation of the 

compound proved to be difficult.  The species appeared to decompose when attempts 

were made to purify it by column chromatography.  Efforts to isolate the species of 

interest have as of yet failed. 
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3.4. Synthesis of unsymmetric silole precursors and attempted preparation of 

asymmetric siloles. 

Both strong π-donors (such as –NMe2 groups) and π-acceptors (such as –NO2 

groups) at the 2,5-positions can affect the electronics of siloles,
1
 as discussed in the 

introduction.  Therefore, combining these two types of substituents across the silole unit 

should have significant effects on the electronics of siloles, creating a “π-donor/π-

acceptor” system.  Pagenkopf was able to develop a synthesis for unsymmetric siloles 

that was able to realize these unsymmetric siloles, by first synthesizing an unsymmetric 

2,5-dihalo silole (AP1), which was then reacted with under modified Sonogashira 

conditions to generate unsymmetric donor-acceptor siloles;
33

 this synthesis is detailed in 

Scheme 3-2. 

 

Scheme 3-2. The synthetic route for unsymmetric donor-acceptor siloles.
33

 

Within the results and discussion section of a later publication using the same 

precursor AP1, Pagenkopf noted that the Sonogashira conditions typically employed, i.e., 

using both THF and triethylamine as solvents, generated complex reaction mixtures; it 

seems that THF might be unstable with regards to the reagents used.
34

  Unfortunately, the 

experimental sections of both papers
33,34

 explicitly specify that THF and triethylamine 
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were used, which is a direct contradiction to what was stated in the results and 

discussion.  This generally made reproduction of their work, already challenging due to 

the absence of light required, virtually impossible, until THF was removed from the 

Sonogashira steps.  Still, the reaction proved fickle; the results of the synthesis attempts, 

and characterization of the precursors needed, are discussed below. 

Given our group’s interest in siloles as ligands for metal centers,
7,15

 we desired to 

take advantage of the unique electronic arrangement offered by this unsymmetric silole 

arrangement, by having one position of the silole ring as a strong metal binding site (e.g., 

a bipyridine moiety), and the other site having either π-donating or accepting moieties, in 

order to study the effect of metal ligation on the efficiency of, for example, charge-

transfer across the molecule.  Some targets we desired to synthesize are listed in Figure 3-

10. Unfortunately, it was not possible to obtain isolable yields of these desired products 

(due to the inaccurately reported reaction solvents, vide supra), even as some resonances 

in the crude NMR spectra taken showed trace amounts could have potentially been 

formed. 

 

Figure 3-10. Some desired unsymmetric silole targets, with potential to bind to 

metal centers. 

Synthesis and characterization of AP1, the unsymmetric di-halosilole precursor. 

The synthesis of 2-chloro-5-iodo-3,4-diphenyl-1,1-dimethylsilole, AP1, is outlined in 
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Scheme 3-2.
33

 The synthesis begins in the same manner as the Tamao route (Equation 3-

1), with the dimethylbis(phenylethynyl)silane being reductively cyclized using lithium 

naphthalenide. From here, the dilthio-silole formed is quenched and transmetallated with 

anhydrous ZnCl2 in THF, instead of solid ZnCl2(TMEDA).  After this reaction step, the 

flask must be wrapped in foil, and the lights turned off, as AP1 is rather light sensitive.  

The reagent N-chlorophthalimide (ca. 1.1 equiv) is used to exchange one of the organo-

zinc positions with chloride; N-chlorosuccinimide gave fickle results for this purpose.
33

  

The addition must also be made slowly over the course of 1 h at –78 °C; quicker addition 

rates significantly impact yields.  After stirring for an additional 30 min, iodine is then 

added as a solid.  From this point, the reaction is worked up in the normal aqueous 

procedure for halogenation reactions (half-saturated NH4Cl, half-saturated Na2S2O3, 

brine, and drying over MgSO4).  The material is filtered through a very short pad of silica 

to remove the magnesium salts (washing with ethyl acetate to ensure complete passage), 

the solvents are removed by rotary evaporation with the flask wrapped in foil, and the 

solid is redissolved in 20% dichloromethane in hexanes and again filtered through silica 

to remove the phthalimide byproduct.  The literature states a 10% solution of 

dichloromethane in hexanes is sufficient;
33

 however, in our hands this could not remove 

the target AP1 in a reasonable  amount of time or solvent.  The more polar system 

reported here appears to still leave the phthalimide insoluble, while being able to filter 

AP1 formed much more quickly.  The solvent is again removed by rotary evaporation, 

yielding an off-white solid that can then be analyzed and used in cross-coupling 

reactions.  Though naphthalene is still in the solid, it generally is innocuous in the next 



92 

 

steps; extensive attempts at removal of naphthalene also could potentially incur 

decomposition of AP1.   

All of the reaction and workup must be done with the lab lights out, and as much 

daylight blocked from windows as possible.  Pagenkopf reports AP1 as very light 

sensitive, and in our own hands this was the case as well.  Exposure of NMR samples for 

a few minutes to direct sunlight evoked a pale pink discoloration to the solution, evidence 

of the weak C-I bond cleaving, and general decomposition.  The steps during reaction and 

removal of solvents at the rotary evaporator also have the flasks wrapped in foil as a 

further precaution.  Generally it was not found necessary to wrap the aqueous workup or 

filtration glassware in foil, as long as much light as possible was excluded from the room, 

and work was done quickly. 

To confirm that AP1 was formed, 
1
H NMR analysis was performed (Figure A-31), 

along with other analytical methods described below.  The naphthalene present in the 

mixture serves as a convenient internal standard; most of the naphthalene from the 

naphthalenide step in the reaction is retained through workup, so integration of one of the 

two multiplets of naphthalene and the integration of the AP1 SiMe resonance (at 0.45 

ppm) is compared with the equivalents of naphthalene and silane the reaction started 

with.  For example, if 4.5 equiv of naphthalene to silane was used, then one of the 

multiplets of naphthalene would be expected to have an integration ratio of (4.5*4) to 6 

(18 to 6) of the SiMe protons for a complete conversion.  From this comparison, yields 

for AP1 ranged from 40-75%.    

Analysis of the 
13

C{
1
H} NMR spectrum (Figure A-32) indicated thirteen peaks for 

the silole, besides the three large peaks for the naphthalene.  The large number of 
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resonances is due to the unsymmetric nature of AP1, causing chemical inequivalency of 

the carbons.  Several resonances of the spectrum could be identified.  The peaks at 161 

and 154 ppm are likely the β-carbons of the silole ring, again showing two peaks due to 

chemical inequivalency.  The SiMe resonance at -6.2 ppm is slightly more upfield than 

2,5-aryl substituted carbons, perhaps due to the iodine present, which provides for 

additional shielding from magnetic anisotropy of the many electrons in the atom (also 

sometimes called the “heavy atom effect”).  This effect likely can be used to assign the 

shift of an aromatic resonance at 95 ppm, which is assigned to the carbon on the silole 

ring that is substituted with iodine, for the same reason as above. 

GC-MS analysis yielded several peaks, representing the naphthalene, the target 

material, and several others relating to decomposition species due sensitivity of the 

compound towards the high inlet temperature necessary for gas chromatography.  

Nevertheless, the target retention peak of AP1 was acquired, displaying its molecular ion 

(m/z of 422, Figure A-46) in the chromatogram. 

Synthesis of the terminal akynyl precursors for cross-coupling with AP1. Once 

the synthesis of AP1 was made reproducible in our hands, the next objective was to 

synthesize the appropriate terminal alkynes for the unsymmetric siloles desired (Figure 3-

10).  These are displayed below in Figure 3-11.   

 

 

Figure 3-11. The terminal alkynes synthesized for initial study. 
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All of the precursors, AP2,
35

 AP3,
36

 and AP4,
37

 are known in the literature, but the 

synthesis for each was modified (see Section 4.3).  Typically the catalyst, (dppf)PdCl2 

(SP1), was employed in 1-2 mol %, along with a copper iodide co-catalyst with similar 

loadings (solvent of diisopropylamine or diisopropylamine/THF), in order to couple the 

aryl halide with (trimethylsilyl)acetylene to form the trimethylsilyl-protected precursor of 

the terminal acetylene.  This was then deprotected with potassium fluoride in a 1:1 

mixture of THF and methanol to give the target terminal acetylene.  The reaction 

procedure is shown in Scheme 3-3. 

 

Scheme 3-3. The synthesis of the terminal alkynes used for study.   

The reactions generally proceeded in high yields, both for the Sonogashira cross-

coupling step and the deprotection step.  Upon degassing the reaction solution, some 

reaction was noted immediately.  While AP2 and AP3 reactions were also heated to 

ensure complete reaction, the cross-coupling of p-iodonitrobenzene and 

trimethylsilylacetylene to form AP4 caused a noticeable exotherm when the components 

were mixed together, and began precipitating out the amine salt byproduct immediately, 

to the point that additional THF was added to allow for stirring. Generally, deactivated 

arenes such as nitrobenzenes are much more reactive in Pd-based oxidative 

addition/reductive elimination reactions than other species,
38

 and explains the high 

reactivity observed here. 



95 

 

Generally, upon filtering the contents of the Sonogashira reactions to remove metal 

salts, the crude product precipitated as a crystalline solid upon removal of the solvents.  

Analysis of the crystalline material obtained by 
1
H NMR spectroscopy (Section 5.1.4) 

shows that the product in almost exclusively the desired TMS-protected precursors; the 

only byproduct noticeable is the bis(trimethylsilyl)diacetylene (Scheme 3-3), which is 

observed at around 0.19 ppm in the NMR spectrum.  The product likely formed because 

2 equiv were used per equiv of the aryl halide, for optimal yields. It was not necessary to 

attempt to remove this byproduct, as its subsequent deprotection would yield diacetylene, 

volatile enough to be removed from the reaction mixture on evaporation. 

Attempted Sonogashira coupling of AP1 with terminal alkynes. With the 

terminal alkynes in hand, and the synthesis of AP1 optimized, the Sonogashira cross-

coupling of the AP1 in naphthalene (vide supra) with the alkynes was attempted.  At 

first, replication of conditions reported in the experimental sections of Pagenkopf’s work 

was attempted (Scheme 3-2).
33,34 

A solution of the AP1/naphthalene reaction mixture in 

degassed THF(8 mL)/triethylamine (2 mL) was added to a mixture containing Pd(PPh3)4 

(10 mol %), ZnCl2 (1 M in THF, 1.5 equiv), and the “acceptor” alkyne (1.1 equiv, e.g., 

AP4).  The vessel was wrapped in foil, and the reaction was brought to 40 °C using a 

rheostat-controlled oil bath.  The reaction was allowed to stir under inert atmosphere for 

12 h, then the “donor” alkyne (1.0 equiv, e.g., AP2) was added neat under a flow of 

argon, and the reaction was stirred for 17 h more at 70 °C.  The equivalencies listed are 

based on the estimated NMR yield of AP1.  The zinc(II) chloride used in this reaction 

plays the part of co-catalyst, instead of the more traditional copper(I) iodide. Crude NMR 
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spectra were highly complicated; no identifiable resonances for intact siloles were 

generally found. 

Several reaction conditions were altered to try to improve the outcome.  A few 

palladium catalysts commonly used in cross-coupling conditions were tried:  Pd(PPh3)4, 

Pd(PPh3)2Cl2, and (dppf)PdCl2.  Copper(I) iodide was also used, instead of zinc(II) 

chloride.  The reaction times were altered, and both shortening and lengthening the times 

of cross-coupling was investigated.  None of the adjustments attempted seemed to 

improve the outcomes.  Unfortunately, these were all tried in THF, which was mentioned 

as an aside by Pagenkopf (vide supra) to give complex reaction products, so the main 

cause of the issues faced with the reaction likely overrode whatever adjustments that 

were investigated. 

Later reactions removed THF as a solvent, and were performed in neat triethylamine 

or diisopropylamine.  The crude reaction mixtures were still complex as investigated by 

NMR spectroscopy, but some SiMe resonances suggestive of silole formation appeared, 

but the yields based on integration compared with naphthalene suggested that these 

unconfirmed species were less than 5% of the product formed, not enough to be isolated.   

More recently, addition of a very small amount of isopropanol to the reaction was 

attempted in order to more efficiently reduce the palladium(II) catalysts used into the 

active palladium(0) species.
39

 Column chromatography of the crude product from this 

reaction isolated a fraction that yielded solid which was very insoluble in chloroform.  

Moreover, this solid noticeably fluoresced a bright red in the solid state but did not 

fluoresce in dichloromethane solution; this fluorescence behavior is one of the hallmark 

characteristics of 3,4-phenyl-substituted siloles.
40
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This material crystallized from a slow evaporation of a dichloromethane solution to 

give orange needle-shaped crystals.  The cell determination of the material was 

performed; unfortunately it turns out to match the cell parameters almost exactly of the 

dichloromethane solvate of trans-PdI2(PPh3)2.
41

  The authors of that study were 

attempting to perform Suzuki coupling with a diodobinaphthyl species.   The compound 

is likely a byproduct of the oxidative addition of the catalytically-active palladium(0) 

species, where two molecules of AP1 oxidatively add to the palladium center, and then 

eliminate to leave the diiodopalladium complex.  Nevertheless, the positive indication 

that AP1 is undergoing oxidative addition with palladium after addition of isopropanol 

might warrant further study with greater additions of the alcohol. 

3.5. Study of interactions of S1-S4 with Ni(II), Cu(II), and Hg(II) ions.  

Compounds S1-S4 were tested with nickel(II), copper(II), and mercury(II) 

perchlorate salts.  Copper(II) was chosen because of its paramagnetic nature; typically 

paramagnetic ions cause significant quenching, and we desired to determine to what end 

this occurred with these compounds.  Nickel(II) also has some known quenching 

ability,
42 

 given its ability to form diamagnetic or paramagnetic complexes.  The 

mercury(II) was chosen for several reasons.  Being an environmentally harmful ion, 

potential for selective and sensitive detection has been a steady area of research.
43

 Also, it 

too is generally seen as an efficient quencher due to the phenomenon known colloquially 

as the “heavy-atom effect”.
44 

As shown below, these metal ions have differing abilities to 

quench (or enhance) fluorescence based on the 2,5-substituent chosen. 
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3.5.1. UV-vis and fluorescence studies.
15

 

Figure 3-12 shows the results of each silole upon interaction with 10 equiv of the 

metal ion.  For clarity, the absorbance and emission spectra of S3 with the metals were 

separated. Also tested were 1, 2, and 5 equiv, and these spectra are shown in the 

Appendix (Section 5.4).  During these experiments, the total concentration of silole in the 

system was kept constant at 5 × 10
-5

 M, and the ratio of the volume of silole solution (in 

dichloromethane) to metal solution (in methanol) was also 2 mL to 2 mL in order to 

directly compare the changes on using different metals and different equivalencies.  

Equivalencies of the metal solution were adjusted by changing the concentration of the 

metal perchlorate in methanol.  In order to get an accurate representation of the silole in 

the absence of metal ion, the spectrum of each silole was measured with 1:1 

dichloromethane/methanol to keep the concentration and overall solvent polarity 

constant.   

Compound S1 showed slight changes overall in the optical spectra (Figure 3-12a).  

The absorbance λmax upon addition of the metals is essentially unchanged.  This suggests 

that, through the combination of the slight communication of the cyano-substituent and 

the general lability of the group with metal ions, the metal ions studied here do not have 

significant contribution to the ground state of the silole.  The fluorescence spectrum with 

the metal ions showed variable differences, from none with copper(II) to the most with 

mercury(II).   Interestingly, the fluorescence features are preserved between nickel(II) 

and mercury(II), and there is no quenching with 10 equiv of copper(II).  The slight 

hypsochromic shift in the fluorescence data along with no discernible changes in the 

absorbance spectrum might indicate some excited-state de-coordination is occurring,
45

 as 
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the changes in the overall electronics of the system for this phenomenon generally 

reflects the observed data for S1. 

Silole S2 was synthesized to affect some selectivity among the metals studied. 

The absorbance spectrum of S2 also exhibits little change in the presence of the metal 

ions (Figure 3-12b), indicating that the metals involved do not change the electronics of 

the silole core significantly.  The fluorescence is unaffected by both nickel(II) and 

copper(II), but there is significant quenching of the emission from mercury(II).  It should 

be noted that quenching was not appreciable on S2 until 10 equiv of mercury(II) were 

added (Figure A-79). Complexes containing the di(methylthio)phenyl moiety with 

mercury ions and compounds are known elsewhere,
46

 but the reported spectra here 

suggest that even binding to mercury on S2 is rather labile.  Nevertheless, the selectivity 

of the methylthio-substituents for mercury(II), as predicted by the well-known Pearson 

acid base theory (HSAB theory),
47

 could make analogues based on S2 a useful template 

for selective detection of this ion. 

 Silole S3 has the most significant spectral changes of any in the sample of siloles 

studied herein.  With all metals studied, there is a relatively intense absorption peak ca. 

85 nm lower in energy than the parent silole (Figure 3-12c).  Notably, a smaller peak ca. 

65 nm higher in energy also exists in all cases.  The local maxima for the silole with each 

metal do not vary greatly; this suggests that the new transitions are mainly due to 

electronic changes in the silole.  Figure 3-13 shows an example of S3 with various 

equivalents of copper.  From this plot the two new absorption bands seem to appear at the 

same time.  In a preliminary titration experiment (Figure 3-14), THF was used for both 

the silole and metal solutions in order to determine the effects on coordination with a 
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more coordinating solvent.  The blue shifted peak in this experiment appears first, with a 

similar relative intensity as before, but the lower energy band appears after much more 

metal ion solution has been added, and at a much lower intensity.   

 

Figure 3-12.The optical spectra of S1-S4 and the mixtures with 10 equiv of the 

metal perchlorate; the color correspondence is: mercury(II) (red), copper(II) (blue), 

nickel(II) (green), pure silole (black).  a) The UV-Vis (dashed) and fluorescence (solid) 

spectra of S1 with metal solutions. b) The UV-Vis (dashed) and fluorescence (solid) 

spectra of S2 with metal solutions. c) The UV-Vis spectra of S3 with metal solutions. d) 
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The fluorescence spectra of S3 with metal solutions. e) The UV-Vis (dashed) and 

fluorescence (solid) spectra of S4 with metal solutions.  The wavelengths for 

fluorescence excitation are: 365 nm (S1), 390 nm (S2), 415 nm (S3), and 383 nm (S4). 

Hence, the blue shifted absorption is considerably less dependent on the solvent, 

but the low-energy band greatly depends on the solvent’s coordinating ability.  From this 

data, both bands can be attributed to interaction of S3 with the metal ion.  The reduced 

intensity, higher energy band (compared to S3) is characteristic of reducing the donating 

abilities of amino-substituents (a photoinduced charge transfer, or PCT, effect);
48

 the 

absorption λmax is now much closer to that of TPS, suggesting deactivation of the amino- 

group due to coordination.  The increased intensity of the lower energy band in non-

coordinating solvents also indicates some manipulation of the PCT effect, but through 

interaction with the acceptor (i.e., the silole ring) by making the PCT from the amino 

group to the silole more efficient, and thus increasing the absorption coefficient.
48 

   

 

Figure 3-13. Compound S3 (5×10
-5

 M in dichloromethane) with 1-10 equiv of 

copper(II) perchlorate solution (in methanol). 
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Given that the silole ring and accompanying aromatics of the “acceptor” region 

will likely coordinate with ions through arene interactions, the decrease in intensity in 

THF can be justified, as this coordination mode can be considered more labile than amine 

coordination, and will be much more affected by the competing coordinating ability of 

the solvent. 

 

Figure 3-14. Selected titration data of a solution of S3 in THF (6 × 10
-5

 M), titrated 

with 1.3 × 10
-2

 M mercury(II) perchlorate solution in THF.  The values in parentheses in 

the legend represent the equivalencies of mercury(II) in solution. 

The fluorescence spectrum of 3 with the metals has notable differences upon 

changing the cation studied.  Every metal ion studied induces a similar hypsochromic 

shift in the fluorescence maximum, suggesting that this change is again due to 

coordination to, and deactivation of, the amino- donating group;
48

 this shift to higher 

energy corresponds to the initial higher energy shift of S3 in THF after addition of metal 

ion solution (Figure 3-14).  However, the “acceptor-bound” bathochromic shift in the 

UV-visible spectrum of S3 (Figure 3-12c) does not seem to have a correlated shift in the 

fluorescence spectrum; this is possibly due to the nature of the intra-ligand charge 
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transfer on excitation. While nickel(II) and copper(II) exhibit a lower intensity than S3, 

mercury(II) is exceptional in its significant increase in the fluorescence intensity.  Part of 

this difference might be due to self-absorption of the fluorescence by the absorbance 

band near 500 nm, shown in the UV-visible spectrum (Figure 3-12c), which is more 

intense for copper(II) and nickel(II).  The increase in intensity on addition of mercury(II) 

to S3 could be due to oligomeric species, as S3 has two possible coordinating amino- 

subsitutients.  An increase in the quantum yield on addition of zinc(II) to a terpyridine- 

substituted silole, reported by Yin et al, was attributed to oligomer formation that would 

reduce intramolecular rotations and thus decrease the amount of non-radiative decay.
6
 

 The UV-visible spectrum of S4 (Figure 3-12e) follows a similar trend as the other 

siloles, in that differences among the metal ions are slight with regard to λmax values.  In 

all cases, a new band appears at ca. 315 nm.  Though this band is higher in energy than 

the silole absorbance at 383 nm, it has a significant increase in intensity, which more 

closely matches the pure silole peak at 275 nm.  Pyridine-based groups are considered 

stronger π-acceptors than siloles,
6
 and therefore this metal-induced shift is likely from the 

higher energy pure silole band.  These factors combined suggest that the metal-silole 

band is, again, a consequence of the metal binding to the bipyridine moieties and making 

intramolecular PCT more efficient by increasing the accepting ability of those moieties.
48

  

The fluorescence spectra with each metal shows that there is very significant quenching.  

The UV-visible spectrum indicates the silole band completely disappears, and therefore 

excitement at the silole peak probably causes a charge transfer to the bipyridine moiety 

such that fluorescence is attenuated.  Bipyridine is a chelating ligand, and so coordination 

to each ion with S4 is very efficient; the fluorescence quenching for copper(II) and 
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mercury(II) is very similar even at 2 equiv (see Figure A-90 and Figure A-91), with 

nickel(II) exhibiting less quenching (Figure A-89).  The exception for nickel(II) is most 

likely due to its relatively slow ligand exchange kinetics, as ligand exchange of the hexa-

methanol complex of nickel(II) is approximately four orders of magnitude slower than 

the copper(II) complex.
49

 

3.5.2. Spectrophotometric titration study of S3 with Hg(II) 

Of the four siloles studied for interactions with metal salts, silole S3 showed the most 

dramatic changes (Figure 3-12).  In different solvent systems, these new absorption bands 

brought on by interaction with metal centers showed remarkably different behavior, 

particularly for the lower energy band ca. 500 nm (Figure 3-13 and Figure 3-14).  In 

order to further understand the binding of the metal centers to S3, several 

spectrophotometric titrations were carried out, and are described below. 

The standard representation for a 1:1 metal:ligand binding event is described by the 

following equation:
50

 

    

      
          (1) 

Where A0 is the absorbance of the ligand absent any metal, Alim is the absorbance at 

maximum saturation, K1 is the binding constant, and cM is the overall concentration of the 

cation at a given absorbance (assuming that the amount of free metal is much larger than 

the amount bound to the ligand).  In order to make this equation more amenable to 

analysis, it is rearranged, such that: 

      
           

      
     (2) 
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To make the equation more general, one can also fit multiple metal to ligand binding 

events such that: 

  
           

 

       
     (3) 

Where n represents the number of metals binding to a ligand.
50

  Therefore, K1 is the 

binding constant of one metal center to one ligand, K2 is the binding constant of 2 metal 

centers to one ligand, etc.  Thus, a plot of the absorbance as a function of the cation 

concentration would yield a fit curve that, when the difference is minimized against the 

data, yields the constants A0, Alim, and Kn. The fit curves and graphs generated in this 

section were calculated and displayed using SigmaPlot (version 11) graphing software. 

 

Figure 3-15. The absorbance versus mercury(II) concentration, along with the 1:1 

and 2:1 Hg(II):S3 fit curves, for the titration in dichloromethane/methanol.  Statistical 

data is provided Figure A-93 after in the appendix (Section 5.4.2). 

Our initial titrations simulated the solvent conditions of the qualitative spectra 

obtained for S3 and Hg(II) (Section 3.5.1), where a solution of Hg(II) perchlorate in 
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methanol (1.5 × 10
-2

 M) was titrated into a solution of S3 in dichloromethane (1.0 × 10
-4

 

M, 3 mL).  All of the spectra collected for this run are displayed in Figure A-92 in the 

appendix.  From this data, we extracted the absorbance values at one wavelength (503 

nm), and plotted these values against their respective values of [Hg(II)].  This graph, 

along with the fit curves employed (using Equation 3 above), is displayed in Figure 3-15. 

Our initial assumption was that the mercury would bind to either one or both of the 

dimethylamino moieties on S3, so we wanted to model both one-cation binding and two-

cation binding with S3, and to determine which would more accurately model the data 

observed.  Equation 3 above could also give us some idea for the binding affinity by 

calculating Kn from the experimental data.   

 The data in Figure 3-15 initially provides for smooth changes that are especially 

agreeable with a two-cation binding event, but on larger concentrations of Hg(II), the 

data begins to have large deviations from any fit curve.  The R
2
 value for at two-cation 

event (0.9750) are slightly better than for the single cation binding event (0.9703), but 

this deviation makes the model for the fit curves unreliable.  Nevertheless, rough 

estimates for the binding (see Figure A-93 and subsequent statistical data for details) 

based on the assumed model show a K1 of (1.5 ± 0.3) × 10
3
 M

-1
 (if one-cation binding is 

assumed), and a K2 of (4.8 ± 0.8) × 10
6
 M

-2
 (if two-cation binding is assumed).  Two-

cation binding, according to Equation 3 above, is dependent on the square of the metal 

concentration; that K2 is approximately double the squared value of K1 at least suggests a 

similar binding “strength” for each system. 

Though the binding constants could be approximated, the quality of the data, 

particularly at higher [Hg(II)], makes the model potentially unreliable.  It was then 
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hypothesized that the mixed solvent system could be a contributing factor for this 

unreliable data.  As the methanol solution of Hg(II) was added, the solvent polarity was 

changing due to the added methanol.  This could be alleviated by using a solvent system 

in which both S3 and Hg(II) were soluble.  Ultimately, THF was able to satisfy this 

requirement.  In addition, THF is a much more coordinating solvent than 

dichloromethane, so the added competition for binding may help shed light on the 

coordinative environment of the metal at S3. 

Several titrations were attempted at varied concentrations, with the goal of having 

most of the low energy absorption (ca. 500 nm) within the Beer-Lambert region of 

absorbance (i.e., between 0.2 and 0.8); a concentration of 1.5 × 10
-4

 M for the S3 

ultimately had the best absorption response during titration.  The raw spectral data is 

shown in Figure A-94.  Upon increasing the concentration of Hg(II), the initial silole 

absorption at 415 nm decreases in intensity rapidly.  This is replaced with an absorption 

band at ca. 355 nm, at 70% intensity of the original silole peak. Further increasing the 

concentration of Hg(II) causes this band to slowly reduce in intensity, while the low-

energy band slowly begins to increase in intensity, approaching a maximum intensity of 

approximately 20% of the original silole band; the intensity is much lower in THF than in 

dichloromethane/methanol, and the proposed reason for the decreased intensity is 

discussed in Section 3.5.1. 

The data at 503 nm was again extracted for in order to attempt to model the 

interaction of Hg(II).  This is shown in Figure 3-16, along with the fit curves representing 

a one-cation and a two-cation binding model.  The data obtained for this titration appears 

much less variable than the data obtained for the titration performed in dichloromethane 
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/methanol.  There is some significant difference apparent in the fit curves used, as well. 

The R
2
 value for the one-cation binding system (0.9618) is much lower than that of the 

two-cation binding system (0.9903).  This could suggest that at least two metals are 

binding on the silole molecule. The one-cation fit curve does not seem to fit the data at 

all, but the two-cation fit curve seems to fit the data enough to give a reasonable estimate 

of the binding constant, which was calculated in SigmaPlot to be (1.4 ± 0.1) × 10
6
 M

-2
.  

The standard of deviation for this result is much lower, representative of the better quality 

data obtained.  The value of the binding constant is also 3.5 times lower than the system 

in dichloromethane/methanol; this agrees well with the much reduced intensity of the 

lower energy band in THF. 

 

Figure 3-16.  The titration data extract from the raw data (Figure A-94) at 503 nm.  

The total [Hg
2+

] was calculated from the initial volume of S3 (3 mL), plus the volume 

added by the titrant (i.e., Hg(II) perchlorate in THF). The fit curves for one-cation and 

two-cation binding are displayed, along with their R
2
 values in the legend. 
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However, the explanation offered above might not fully address the binding effects 

occurring with S3, as the Equation 3 listed above only really addresses a concurrent 

binding event with metal centers.
50

 From the titration experiment conducted in THF 

(Figure A-94), it is clearly apparent that there are two separate species of coordinated S3.  

The higher-energy band at 355 nm appears before the lower-energy band at 500 nm, and 

the higher-energy band also decreases in intensity as it increases for the lower-energy 

band.  Figure 3-17 displays the data extracted at 355 nm to show this increase, and then 

decrease, in intensity. 

 

Figure 3-17. The titration data extract from the raw data (Figure A-94) at 355 nm.  

The total [Hg
2+

] was calculated from the initial volume of S3 (3 mL), plus the volume 

added by the titrant (i.e., Hg(II) perchlorate in THF). 

The portion of the titration where the higher-energy band is increasing appears 

essentially linear (except for the initial, “pure silole” data point), and is followed by a 

sharp turnaround to decreasing intensity.  This transition also occurs at around 4 × 10
-4
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M, which is roughly double the concentration of the silole (1.5 × 10
-4

 M).  The linearity 

of the increase, the hypsochromic shift and lower intensity,
48

 and the concentration at 

which the intensity is decreasing all suggest very strong binding to the dimethylamino-

substituents, which behaves as a “π-donor” in free S3.  After this, a much weaker binding 

event occurs, and due to the bathochromic shift, it is believed to be somewhere along the 

silole ring or the arene substituents. 

Therefore, the binding after 4 × 10
-4

 M must be analyzed separately, as if the 

strongly coordinated dimercury-S3 was now behaving itself as a ligand.  This would 

effectively remove the same amount of mercury from solution, causing each 

measurement to have less free cation in solution.  The “corrected” graph is displayed in 

Figure 3-18, statistical data is posted subsequent to this same graph as Figure A-97. 

 

Figure 3-18. The plot of absorbance versus the concentration of Hg(II), after 

subtracting 4 × 10
-4

 M to account for the previously coordinated Hg(II) (see text). 
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The R
2
 value obtained by this corrected graph (0.9981) suggests that the coordination 

of Hg(II) (and likely the other metals studied in Section 3.5.1) are modeled very well 

using the one-cation binding event.  The fit curve generated from data in this graph shows 

a binding constant of 1320 ± 58 M
-1

, which surprisingly matches closely with the one-

cation binding constant for the dichloromethane/methanol system above, though the 

binding constant shown here has a significantly smaller standard of deviation (again due 

to the better data obtained). 

The coordination study in THF demonstrated that the binding of metal cations to S3 

occurs in two steps: first, the metals bind to the dimethylamino-substituents on S3, and 

second, a third cation binds to the π-system of the silole itself, possibly through the 

butadiene moiety of the silole ring, as it is generally the more “π-accepting” moiety on 

the molecule.  This stepwise binding is described pictorially in Scheme 3-4. This also 

could potentially help to explain the strong intensity in dichloromethane/methanol in the 

initial study using different equivalents with the same volume (Section 3.5.1).  Because, 

for example, the solution containing ten equiv of the metal was much more concentrated, 

more of the trimetal-coordinated S3 species would form because of the higher probability 

of three metal centers being close enough to form the complex nearly simultaneously. 

 

Scheme 3-4.  A representation of the metal binding sites as suggested through the 

spectrophotometric titration studies. 
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3.6. Preliminary calculations of S3 with varying stoichiometries of metal 

coordination. 

Section 3.5.2 outlined the likely modes of binding of S3 with mercury(II), with the 

metal center coordinating first to the two nitrogen atoms, inducing a hypsochromic shift 

in absorbance, followed by coordination to the acceptor portion of the silole (i.e., the 

diene of the silole ring), which causes a bathochromic shift in absorbance.  All of the 

metals exhibited similar optical changes upon addition to S3 (Section 3.5.1); therefore, 

the mode of binding for S3 to metal centers is likely general, with most of the electronic 

changes occurring within the silole itself. The change to both lower and higher energies 

are indicative that photoinduced charge transfer (PCT, Section 1.4)
48

 occurs in free S3 

and is adjusted upon binding to the donor end (dimethylamino-substituent) or the 

acceptor moiety (silole ring).  In order to investigate the electronics of this transition 

further, some initial calculations were performed using Wavefunction’s Spartan ’04 

package.  Copper(II) was chosen as the metal center employed in order to ease the 

calculation, as very heavy atoms such as mercury require both pseudopotential 

corrections, as well as relativistic corrections.  The free compound S3, as well as the 

donor-bound dicopper complex S3+2Cu, and the acceptor-bound tricopper complex 

S3+3Cu, were all minimized to equilibrium geometry using DFT (B3LYP functional and 

6-31G* basis set), which has been used successfully for other siloles.
51

  The complex 

S3+3Cu initially had problems obtaining SCF convergence, so to aid calculation several 

options in the program were flagged to increase tolerance such that the model would 

finish.  These were also set for the other compounds studied, in order to try to limit as 

many variables as possible.  Solvents had to be omitted due to memory constraints, so the 
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results obtained thus far are more for comparative, or relative results, not absolute.  The 

results of the calculation are shown in Table 3-4.  The free silole exhibits HOMO and 

LUMO in the range of other siloles studied,
51,52

 but are slightly destabilized, which is as 

expected for the strongly π-donating dimethylamino-substituent. 
1
 As metal coordination 

increases on S3+2Cu and S3+3Cu, a large stabilization of the HOMO and LUMO values 

is calculated. 

Cmpd. HOMO LUMO Eg 

S3 

 
-4.38 eV 

 
-1.22 eV 

3.16 eV 

S3+2Cu 

 
-15.61 eV 

 
-12.68 eV 

2.93 eV 

S3+3Cu 

 
-20.81 eV 

 

 
-18.04 eV 

 

2.77 eV 

Table 3-4.  The probability densities of the HOMO and LUMO orbitals for S3, 

S3+2Cu, and S3+3Cu.  Calculation details are outlined in the text.  Hydrogen atoms have 

been omitted for clarity. 
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For compound S3+2Cu, the HOMO probability density looks very much unchanged, 

qualitatively; most of the density is still within the 2,5-aryl groups and the butadiene of 

the silole ring.  The only difference noticeable, besides the largely stabilized energy, is 

that there is some probability density present on the copper atoms, indicative of the 

interaction with nitrogen lone pairs, which helps to justify the initial hypsochromic shift 

in the titration experiment (PCT effects).  Additionally, the LUMO of the compound 

shows a significant removal of probability density away from the silicon center.  As the 

silylene σ* molecular orbital is necessary for the bathochromic shift in the silole optical 

spectra,
53

 its noticeable absence in the contribution to the LUMO may also help to 

explain the hypsochromic shift.  Surprisingly, the bandgap (Eg) is calculated to be slightly 

lower for this complex than free S3.  While this may indicate that the model predicts a 

lower energy absorption band for the complex, these are ground state calculations; PCT, 

which is invoked to explain this model, also relies on interactions or lack thereof in the 

excited state.  To this end, UV-vis simulations were attempted as they can account for 

excited states more thoroughly, but unfortunately could not be completed due to memory 

constraints on our hardware. 

Complex S3+3Cu also minimized such that much of the probability density 

remained on the silole core.  The added copper at the silole ring, however, also has 

significant amounts of density, indicative of an appreciable interaction between the silole 

ring and the copper.  In comparison to the HOMO in S3+2Cu, S3+3Cu has much less 

density at the coppers centers coordinated at nitrogen, which suggests that the binding of 

copper to the silole ring directly alters the energy such that orbital interaction of the other 

two coppers centers is limited.  The LUMO of the complex shows an even more dramatic 
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shift to the copper center at the silole ring, which is predicted as a part of PCT,
48

 as 

interactions with accepting portions of the fluorophore should show a larger charge 

separation by including the di-positive cation in the total.  

3.7. Summary 

Several known and new siloles were synthesized for their potential as ligands to 

metal centers, or as intermediates to form other systems, and were characterized by 

multinuclear NMR, UV-vis and fluorescence spectroscopies, elemental analysis, and/or 

X-ray crystallography.  The optical spectra of S1-S4 were studied with 1-10 equiv of 

Ni(II), Cu(II), and Hg(II) solutions, and changes were monitored. Compound S1 showed 

very slight changes mainly to the relatively weak binding ability of the cyano-substituent 

towards the metal centers studied.  Compound S2 showed very small changes, but the 

fluorescence of the molecule was selectively quenched when in the presence of ten equiv 

of the mercury(II), demonstrating some modest selectivity.  Compound S3 showed the 

most dramatic changes in spectra on metal binding, as two new bands appeared that were 

indicative of their binding positions; the changes were similar with all metals studied, 

suggesting that the optoelectronic modifications were more affected on the silole itself.  

Compound S4 showed some hypsochromic shifts in absorption upon binding likely due 

to the increased torsional angle caused by coordination of the metal ion with the 

bipyridine moieties, and showed efficient quenching of fluorescence upon coordination 

with all the metals studied. 

Compounds S5 and S6 were synthesized  with hopes of converting them to a α-

bromotolylspecies that could be reacted with phenoxides to form “off-on” metal detecting 

molecules through interrupting photoinduced charge transfer.  Multiple bromination 
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conditions were attempted with S6, but all conditions that were attempted could not 

cleanly convert this silole.  Alkyl-methoxy substituents, such as those on S5, have been 

known to react with BBr3 to form brominated products; however, action of this 

brominating reagent on S5 yielded a butadiene compound through silole ring cleavage 

caused by the aggressive BBr3 reagent. An alternative route was developed, using the 

bromobenzyl-quinolate substituted compound SP2 to attempt direct formation of the 

targeted silole by the Tamao procedure, but isolation of the material has not yet been 

achieved. 

The successful synthesis of the 2,5-dihalo- unsymmetric silole AP1 was carried out 

in order to attempt a cross-coupling reaction with synthesized terminal acetylenes AP2 to 

AP4, under Sonogashira conditions.  All precursors were successfully synthesized, but 

the reaction to couple them together in hopes of generating unsymmetric siloles that 

could bind to metals proved to be troublesome.  Part of the reason was an inaccurately 

reported experimental by other researchers that made synthesis impossible. Later 

attempts showed a palladium byproduct that suggested that the compound could react 

with the active palladium(0) species. 

The crystal structures of S1, S2, and S5 were obtained and generally refined with 

low residual electron densities.  Compound S2 had an arrangement of its methylthio-

substituents that suggested some C-H/π interactions were assisting and/or directing 

crystallization; analysis of the geometry shows that this could be reasonable, even though 

the distance measured is larger than many of those interactions. 

Further study was pursued in the binding environment of S3 with metals, via 

spectrophotometric titration of the silole with a mercury(II) solution.  Initially the 
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procedure was performed using dichloromethane/methanol for the silole and mercury(II) 

solutions, respectively; however, using THF for both of these compounds gave better 

data.  The THF-based titration revealed that the two bands observed, at ca. 355 and 503 

nm, are in fact different species. The higher energy band is likely due to metals binding to 

the “donor” ends of the silole (–NMe2 groups), while the lower energy band seems to be 

caused by weak coordination of a third metal center to the π-system of the silole itself. 

Preliminary computational studies performed on S3 with varying coordinations of copper 

also suggest, through the manipulations of the probability densities of the HOMO and 

LUMO, that the electronics are altered upon coordination in a way that is indicative of a 

charge transfer process.  
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Chapter 4. Experimental Section 

 

General Remarks. Unless otherwise indicated, synthetic reactions were performed 

under an inert atmosphere of argon with flame-dried glassware, using standard Schlenk 

techniques.  The solvents; dichloromethane, ethyl acetate, diethyl ether, hexanes, 

chloroform, THF, methanol, and toluene were purchased from Fisher Chemical or Sigma-

Aldrich, and were used as received unless noted below.  For air- and moisture-sensitive 

reactions, THF and diethyl ether were dried over activated 4 Å sieves over several hours 

and then freshly distilled from Na/9-fluorenone under argon prior to use. Chloroform-d 

and was purchased from Cambridge Isotope Labs and dried over sieves prior to use.  The 

compounds 3-ethynylpyridine, 2-ethynylpyridine, 6-bromo-2,2ʹ-bipyridine, 

trimethylsilylacetylene, lithium metal (wire, in oil), n-butyllithium in hexanes (1.6 and 

2.5 M), 4-bromo-N,N-dimethylaniline, (4-bromobenzyl)methyl ether, diphenylacetylene, 

N-chlorophthalimide, germanium(IV) chloride, 4-bromobenzyl bromide, 

ethynylmagnesium bromide (0.5 M, THF), 8-hydroxyquinoline,4-bromobenzonitrile,4-

iodotoluene, 1-iodo-4-nitrobenzene, 1-bromo-4-(methoxymethyl)benzene, copper(I) 

iodide were purchased from Sigma-Aldrich and used as received.  Phenylacetylene was 

purchased from GFS Chemicals and was used as received.  Triethylamine (Acros 

Organics), diisopropylamine (Acros Organics), and N,N,Nʹ,Nʹ-

tetramethylethylenediamine (TMEDA, Sigma-Aldrich) were dried over potassium 

hydroxide, distilled, and stored over potassium hydroxide for moisture-sensitive 

reactions. Dichlorodimethylsilane was purchased from Sigma-Aldrich, distilled over 

anhydrous potassium carbonate under argon, and stored under argon prior to use. Lithium 
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metal (pellets, 0.5-1% sodium content) was purchased from Sigma-Aldrich and 

introduced into the drybox, where it was weighed into vials for individual reactions. 

Zinc(II) chloride for air/moisture-sensitive reactions was purchased from Sigma-Aldrich 

and was flame-dried under vacuum until completely melted, then introduced to the 

glovebox, where it was ground with a mortar and stored; for individual reactions, the 

material was weighed in the glovebox into a suitable container. Naphthalene (Fisher) was 

recrystallized from ethanol. Silica gel (Premium Rf, 200-400 mesh, 60 Å porosity) was 

purchased from Sorbent Technologies, Inc. Methanol for optical spectra experiments 

(spectrophotometric grade) was purchased from Sigma-Aldrich and used as received. 

Dichloromethane for optical spectra experiments (spectrophotometric grade) was 

purchased from Acros Organics and used as received.  Dichloro(1,5-

cyclooctadienyl)palladium(II) ((COD)PdCl2) was generously donated from Professor 

Gordon Anderson’s laboratory. 

Many precursor compounds were synthesized from standard literature procedures, 

including 1,1’-bis(diphenylphosphino)ferrocene (dppf),
1
 ethynyldiphenylphosphine,

2
 1,1-

dichloro-2,3,4,5-tetraphenylgermole,
3
 bis(phenylethynyl)dimethylsilane,

4
 4-bromo-1,2-

bis(methylthio)benzene,
5
 dichlorobis(triphenylphosphine)palladium(II),

6
 

ZnCl2(TMEDA),
7
 and 4-iodo-N,N-dimethylaniline.

8
  

NMR spectra were recorded on a Bruker Avance-300 MHz or Bruker ARX-500 

MHz instrument at ambient temperature. Spectroscopic data were recorded at 300 MHz 

or 500 MHz, respectively for 
1
H, 75 MHz or 125 MHz, respectively for 

13
C, 121 or 202 

MHz, respectively for 
31

P, and 99 MHz for 
29

Si.  Chloroform-d is the NMR solvent used, 

unless otherwise indicated, and all 
1
H and 

13
C NMR spectra were referenced to residual 
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protic solvent.  
29

Si{
1
H} (DEPT) spectra are externally referenced to tetramethylsilane.  

31
P{

1
H} spectra are referenced to external phosphoric acid.  Chemical shifts are reported 

in parts per million (ppm), with coupling constants reported in Hertz (Hz).  Gas 

chromatography experiments were performed using a Shimadzu GC-14A gas 

chromatograph; GC-MS analyses employed a Hewlett Packard Model 5988A GC-MS 

instrument.  Melting points were determined on a Mel-Temp capillary melting point 

apparatus and are uncorrected.  UV-visible spectroscopic data were collected on a Cary 

(Varian) 50 Bio UV-visible spectrometer. Fluorescence spectra were recorded on a Cary 

(Varian) Eclipse fluorescence spectrometer.  Quartz cuvettes were used for optical 

spectra data collection.  SEM images were acquired on a JEOL JSM-6320F instrument.  

Elemental analysis determinations were performed by Atlantic Microlabs, Inc., Norcross, 

GA. 

X-ray determination of compounds. Crystals with appropriate dimensions were 

mounted on a glass capillary in a random orientation.  Preliminary examination and data 

collection were performed using a Bruker Kappa Apex II charge coupled device (CCD) 

detector system single-crystal X-ray diffractometer using an Oxford Cryostream LT 

device; data were collected at 100 K unless otherwise stated, using graphite-

monochromated Mo Kα radiation (λ = 0.71073 Å) from a fine focus sealed X-ray tube 

source.  Preliminary unit cell constants were determined using a set of 36 narrow frame 

scans.  Data sets consist of combinations of φ scan frames with a typical scan width of 

0.5° and an exposure time of 5-15 s/frame at a crystal to detector distance of 4.0 cm.  The 

collected frames were integrated using an orientation matrix determined from the narrow 

frame scans.  Apex II and SAINT software packages were used for data collection and 
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integration.  Systematic errors in the data were corrected using the SADABS, based on 

the Laue symmetry using equivalent reflections. 

Structure solutions were typically carried out using SHELXS
9
 or the solution 

software provided in OLEX2,
10

 and refinement was performed against the reduced data 

using SHELXL,
9
 using the OLEX2 graphical interface software.

10
  The structures were 

refined with full matrix least-squares refinement by minimizing Σw-(Fo
2
 – Fc

2
)
2
.  All non-

hydrogen atoms were refined to convergence.  Detailed crystallographic data and 

structural refinement details for individual structures are provided in Chapter 5, Section 

5.3, Table A-1 and Table A-2. 

4.1. Synthesis and reactivity of several 1,1-disubstituted germoles. 

Preparation of 1,1-dichloro-2,3,4,5-tetraphenylgermole, G1.  The title compound 

was prepared according to a modified literature procedure.
3
 To dessicate 

diphenylacetylene (7.0 g, 39 mmol) in dry diethyl ether (16 mL) was added lithium wire 

(0.27 g, 6.0 cm, 39 mmol) under a steady flow of argon gas. Within thirty minutes, the 

reaction mixture changed from yellow to reddish brown to a dark brown color. Aliquots 

of the reaction mixture were quenched into vials containing water and hexanes at every 

hour, with the organic layer isolated and filtered for GC monitoring of the conversion to 

1,4-dilithio-1,2,3,4-tetraphenylbuta-1,3-diene.  The reaction was stirred for a total of 6.5 

h, at which time the reaction contained a dark brown solution with a yellow precipitate.  

This suspension was cannulated into a solution of germanium(IV) chloride (4.2 g, 19.5 

mmol) in dry diethyl ether (167 mL), and the solution immediately turned bright yellow, 

with mild refluxing. This solution was allowed to stir overnight.  The diethyl ether was 

removed by vacuum, and the contents were redissolved in dichloromethane (100 mL).  
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The suspension was filtered to remove lithium salts, and the filtrate was concentrated to 

half the original volume using rotary evaporation.  On cooling at -20 °C overnight, large 

yellow crystals of the title compound precipitated.  The solid was filtered, washed with 

cold diethyl ether, and air dried.  Subsequent crystallizations of the filtrate yielded several 

crops of G1 (7.4 g, 15 mmol, 75%). Mp: 198−201 °C (lit.
3
 197–199 °C). The reaction 

was repeated up to scales of 20 g theoretical yield, with yields ranging from 50–75%.  
1
H 

NMR (500 MHz): δ 7.23-7.09 (m, 16H), 6.90-6.88 (m, 4H). 
13

C{
1
H} NMR (126 MHz): δ 

150.1, 136.7, 134.8, 132.9, 129.7, 129.6, 128.5, 128.2, 127.8, 127.6. 
1
H (Figure A-1) and 

13
C{

1
H} (Figure A-2) spectra are included in the appendix (Chapter 5). 

Preparation of 1,1-bis(3-pyridinylethynyl)-2,3,4,5-tetraphenylgermole, G2.
11 

 To 

a flame dried Schlenk flask containing 3-ethynylpyridine (0.20 g, 1.9 mmol) in dry THF 

(6 mL) was added n-butyllithium (0.73 mL, 1.8 mmol, 2.5 M) dropwise at -78 °C, and 

the solution was stirred for 15 min to generate the lithiated alkyne.  This suspension was 

syringed into a solution of G1 (0.48 g, 0.96 mmol) in dry THF (9 mL) at once with quick 

stirring.  The solution darkened very slightly, and a salt was formed almost immediately.  

The solution was stirred overnight. 

The solvents were removed by rotary evaporation, and the resulting mixture was 

purified on a silica gel column (2:1 diethyl ether/hexanes, followed by dichloromethane 

rinse). Initial fractions contained mostly 3-ethynylpyridine and G1.  After the 

dichloromethane rinse, the fractions were mainly the target product.  In these fractions, 

solvents were removed by rotary evaporation, and the material was isolated as the target 

compound after being crystallized by a slow diffusion of hexane into dichloromethane 

solution to give large yellow crystals of G2 (0.36 g, 0.57 mmol, 59%). The reaction was 
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repeated several times on a similar scale, and yields typically were around 60%. Mp: 

220–221.5 °C. 
1
H NMR (300 MHz): δ 8.76 (dd, J = 2, 0.7 Hz, 2H), 8.56 (dd, J = 5, 1.7 

Hz, 2H), 7.81 (dt, J = 8, 1.9 Hz, 2H), 7.29–7.03 (m, 16H), 6.91–6.86 (m, 4H). 
13

C{
1
H} 

NMR (125 MHz): δ 153.5, 153.1, 149.5, 139.3, 138.5, 137.7, 135.5, 129.9, 129.8, 128.3, 

128.0, 127.0, 126.9, 123.1, 119.7, 104.0, 89.7. Anal. Calcd for C42H28GeN2: C, 79.65; H, 

4.46. Found: C, 79.18; H, 4.36. 
1
H (Figure A-3) and 

13
C{

1
H} (Figure A-4) spectra are 

included in the appendix (Chapter 5). 

Preparation of 1,1-bis(2-pyridinylethynyl)-2,3,4,5-tetraphenylgermole, G3.
11

  To 

a 25 mL Schlenk flask was added 2-ethynylpyridine (0.22 g, 2.1 mmol) in dry THF (2 

mL).  To this solution was added n-butyllithium (0.85 mL, 2.1 mmol, 2.5 M) dropwise at 

-78 °C, and the solution was stirred for 15 min to generate the lithiated alkyne.  This 

suspension was syringed into a solution of G1 (0.50 g, 1.0 mmol) in dry THF (6 mL) at 

once with quick stirring.  The solution darkened very slightly, and after 30 minutes 

became light, opaque, and yellow.  The lithium chloride precipitate was filtered off, and 

the solution was concentrated giving a yellow solid.  The solid was purified on a silica 

gel column (methanol), and the solvents were removed to yield a crystalline yellow solid 

of G3 (0.45 g, 0.71 mmol, 66 %).  X-ray quality crystals were grown from a slow 

diffusion of hexanes into a dichloromethane solution of G3.  Mp: 260 °C (dec). 
1
H NMR 

(300 MHz): δ 8.59 (ddd, J = 4.9, 1.7, 0.9 Hz, 2H), 7.66 (td, J = 7.7, 1.8 Hz, 2H), 7.54 (dt, 

J = 7.8, 1.1 Hz, 2H), 7.29–7.19 (m, 6H), 7.15–7.02 (m, 10H), 6.90–6.84 (m, 4H). 

13
C{

1
H} NMR (75 MHz): δ 153.8, 150.4, 142.9, 138.9, 137.9, 136.6, 135.7, 130.2, 130.2, 

128.5, 128.4, 128.2, 127.1, 127.0, 124.0, 105.9, 86.6. Anal. Calcd for C42H28GeN2: C, 
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79.65; H, 4.46. Found: C, 79.39; H, 4.91. 
1
H (Figure A-5) and 

13
C{

1
H} (Figure A-6) 

spectra are included in the appendix (Chapter 5). 

Preparation of 1,1-bis((diphenylphosphino)ethynyl)-2,3,4,5-tetraphenylgermole, 

G4.
11

 A solution of ethynyldiphenylphosphine (0.51 g, 2.4 mmol) in THF (5 mL) was 

cooled to 0 °C.  To this solution was added n-butyllithium (3 mL, 7.50 mmol, 2.5 M) 

dropwise.  The solution turned deep brown and was allowed to stir for 30 min at 0 °C.  A 

solution of G1 (604 mg, 1.21 mmol) in dry THF (10 mL) was added to the first solution 

dropwise at 0 °C, and was allowed to come to room temperature.  The solvents were 

removed by rotary evaporation, and the viscous residue was subjected to silica column 

chromatography (2:1 hexanes/toluene).  After removal of solvents, the yellow viscous 

residue solidified on standing to give the title compound (0.45 g, 0.53 mmol, 44%) as a 

yellow solid. X-ray quality crystals were grown by slow evaporation of a diethyl ether 

solution. Mp: 154.5–156 °C. 
1
H NMR (500 MHz): δ 7.58–7.53 (m, 8H), 7.34–7.24 (m, 

14H), 7.23–7.19 (m, 4H), 7.16–7.13 (m, 6H), 7.10–7.05 (m, 6H), 6.89 (dd, J = 8, 1.7 Hz, 

4H). 
13

C{
1
H} NMR (125 MHz): δ 153.4, 138.5, 137.6, 135.7, 135.5 (d, JPC = 6 Hz), 

132.7 (d, JPC = 21 Hz), 130.0, 129.9, 129.2, 128.8 (d, JPC = 8 Hz), 128.2, 127.9, 126.9, 

126.8, 107.2 (d, JPC = 18 Hz), 106.5 (d, JPC = 3 Hz). 
31

P{
1
H} NMR (202 MHz): δ –32.2. 

Anal. Calcd for C56H40GeP2: C, 79.36; H, 4.76. Found: C, 79.69; H, 5.06. 
1
H (Figure A-

7), 
13

C{
1
H} (Figure A-8), and 

31
P{

1
H} (Figure A-9) NMR spectra are included in the 

appendix (Chapter 5). 

Preparation of 1,1-bis(ethynyl)-2,3,4,5-tetraphenylgermole, G5.
12

 A solution of 

ethynylmagnesium bromide (5.8 mL, 2.7 mmol, 0.47 M) was added to a solution of G1 

(0.68 g, 1.4 mmol) in dry THF (20 mL). The solution was allowed to stir for 2 hours, 
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before being checked by TLC.  The solution was quenched by adding 2 drops of water, 

and the solvent was evaporated.  The residue was subjected to silica column 

chromatography (toluene/hexanes), the product was isolated as 1,1-diethynyl-2,3,4,5-

tetraphenylgermole (0.45 g, 0.95 mmol, 70% yield). 
1
H NMR (300 MHz): δ 7.23–7.03 

(m, 16H), 6.90–6.84 (m, 4H), 2.63 (s, 2H). 
13

C{
1
H} NMR (126 MHz): δ 153.6, 138.4, 

137.4, 134.9, 129.8, 129.7, 128.2, 127.9, 127.0, 126.9, 95.9, 81.4. 
1
H (Figure A-10) and 

13
C{

1
H} (Figure A-11) spectra are included in the appendix (Chapter 5). 

Reaction of G4 with (1,5-cyclooctadienyl)PtCl2.  The compound G4 (59 mg, 0.070 

mmol) was dissolved in dichloromethane (5 mL), and sparged for 5 minutes with argon.  

To this stirring solution was added (1,5-cyclooctadienyl)platinum(II) chloride (26 mg, 

0.070 mmol) in dichloromethane (5 mL).  The solution was stirred for 17 h under argon.  

The solvents were evaporated, yielding a pale yellow solid that was poorly soluble in 

chloroform, diethyl ether, and THF.  
1
H NMR (500 MHz): δ 7.48–7.43 (m, 6H), 7.24–

7.17 (m, 6H), 7.09–6.92 (m, 26H), 6.78–6.73 (m, 4H). 
31

P{
1
H} NMR (202 MHz): δ –9.2 

(s, with satellites, 
1
JPtP = 3673 Hz).  The NMR data is indicative of a cis- P-Pt-P species. 

The 
31

P{
1
H} (Figure A-12) NMR spectrum is included in the appendix (Chapter 5). 

4.2. Synthesis of symmetrical 2,5 substituted siloles. 

4.2.1. Synthesis of precursors and starting materials to symmetrical 2,5 substituted 

siloles. 

Synthesis of [1,1ʹ-bis(diphenylphosphino)ferrocene]palladium(II) chloride, 

CH2Cl2 adduct, SP1.
13

 To a solution of (COD)PdCl2 (3.1 g, 5.6 mmol) in CH2Cl2 (150 

mL) was added a solution of 1,1ʹ-bis(diphenylphosphino)ferrocene (1.6 g, 5.6 mmol) in 

CH2Cl2 (50 mL) dropwise over the course of 10 min, under air.  The solvents were 
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evaporated, and the solid was triturated with diethyl ether to yield a red micro-crystalline 

solid of the title compound (4.2 g, 5.1 mmol, 91% assuming a 1:1 CH2Cl2 adduct).  
1
H 

NMR (300 MHz): δ 7.96–7.84 (m, 8H), 7.53–7.35 (m, 12H), 5.30 (s, CH2Cl2), 4.39 (s, 

4H), 4,19 (s, 4H). 
31

P{
1
H} NMR (121 MHz): δ 34.0 (lit. 34.5

13b
). 

1
H (Figure A-13) and 

31
P{

1
H} (Figure A-14) NMR spectra are included in the appendix (Chapter 5). 

Synthesis of 8-((4-bromobenzyl)oxy)quinoline, SP2.  Potassium carbonate (1.5 g, 

11 mmol) and 8-hydroxyquinoline (1.5 g, 10 mmol) were combined in methanol (75 mL) 

and sonicated (in an ultrasonic bath) and heated several times to ensure full dissolution of 

the solids, yielding a yellow solution.  To this stirring solution was added 4-bromobenzyl 

bromide (2.7 g, 11 mmol) in CH2Cl2 (20 mL) at once.  The solution darkened to red over 

a period of 30 min.  After stirring overnight, the solvents were evaporated, and the 

residue was redissolved in ethyl acetate, filtered to remove potassium bromide salts, and 

the solvents were evaporated yielding a purple residue.  This residue was recrystallized 

from hot methanol (70 mL), and filtered to yield purple/white crystals of the target 

compound (1.9 g, 6.1 mmol, 59%). Mp. 124–126 °C. 
1
H NMR (300 MHz): δ 8.88 (dd, J 

= 4.2, 1.8 Hz, 1H), 8.05 (dd, J = 8.3, 1.8 Hz, 1H), 7.42–7.25 (m, 7H), 6.89 (dd, J = 6.5, 

2.4 Hz, 1H), 5.30 (s, 2H). 
13

C{
1
H} NMR (75 MHz) δ  154.1, 149.6, 140.5, 136.1, 131.9, 

129.6, 128.9, 126.6, 121.8, 120.3, 109.9, 70.1. 
1
H (Figure A-15) and 

13
C{

1
H} (Figure A- 

16) NMR spectra are included in the appendix (Chapter 5). 

4.2.2. Synthesis of some symmetric siloles. 

Preparation of 2,5-bis(p-cyanophenyl)-1,1-dimethyl-3,4-diphenylphenylsilole, 

S1.
14

 Lithium pellets (55 mg, 7.9 mmol), naphthalene (1.1 g, 8.6 mmol) and dry THF (12 

mL) were combined and sonicated
4
 for 2 h to form a deep-green solution of lithium 



129 

 

naphthalenide. A solution of bis(phenylethynyl)dimethylsilane (0.50 g, 1.9 mmol) in dry 

THF (8 mL) was added dropwise to the solution over 15 min by an addition funnel.  This 

mixture was stirred for 20 min and cooled to 0 °C.  Then, ZnCl2(TMEDA) (2.1 g, 8.3 

mmol) was added as a solid at once, followed by additional dry THF (15 mL).  If gelation 

occurred (vide supra), the contents were sonicated for several seconds in a sonicating 

bath. After stirring for 1.5 h, 4-bromobenzonitrile (0.73 g, 4.0 mmol) and Pd(PPh3)2Cl2 

(60 mg, 0.085 mmol) were successively added, and the mixture was refluxed overnight.  

The solution was quenched with 1 M HCl. The aqueous layers were combined, extracted 

with Et2O (2 x 20 mL), and the organics were combined, washed with water, sodium 

bicarbonate solution, brine, and dried with MgSO4. The solution was filtered, the solvents 

were removed by rotary evaporation, and the crude mixture was subjected to silica gel 

column chromatography (hexanes then hexanes/Et2O, 10:1) to obtain compound 1 as 

yellow powder (0.35 g, 40% yield). Mp: 229–230 °C.  X-ray quality crystals were 

obtained by slow evaporation of an Et2O solution of 1 at room temperature. 
1
H NMR 

(500 MHz):  δ 7.43–7.39 (m, 4H, ArH), 7.09–6.98 (m, 10H, ArH), 6.75–6.73 (m, 4H, 

ArH), 0.48 (s, 6H, SiMe).  
13

C{
1
H} NMR (125 MHz):  δ 156.2, 144.9, 141.7, 137.4, 

132.1, 129.8, 129.3, 127.9, 127.2, 119.3, 109.3, –4.0. 
29

Si{
1
H} NMR (99 MHz): δ 9.3. 

Anal. Calcd for C32H24N2Si: C, 82.72; H, 5.21. Found: C, 82.51; H, 5.14. 
1
H (Figure A-

17), 
13

C{
1
H} (Figure A-18), and 

29
Si{

1
H} (Figure A-19) NMR spectra are included in the 

appendix (Chapter 5). 

Preparation of 2,5-bis(3,4-di(methylthio)phenyl)-1,1-dimethyl-3,4-

diphenylsilole, S2.
14

  Lithium pellets (55 mg, 7.9 mmol), naphthalene (1.1 g, 8.6 mmol) 

and dry THF (8 mL) were combined and sonicated
4
 for 1 h, then stirred overnight, to 
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form a deep-green solution of lithium naphthalenide. A solution of 

bis(phenylethynyl)dimethylsilane (0.51 g, 1.9 mmol) in dry THF (12 mL) was added 

dropwise to the solution over 15 min by an addition funnel.  This mixture was stirred for 

10 min and cooled to 0 °C.  Then, ZnCl2(TMEDA) (2.1 g, 8.3 mmol) was added as a 

solid at once, followed by additional dry THF (15 mL). After stirring for 1.5 h, 

Pd(PPh3)2Cl2 (77 mg, 0.11 mmol) was added as a solid, followed by 4-bromo-1,2-

bis(methylthio)benzene (0.99 g, 4.0 mmol) as a neat liquid, under an argon flow.  The 

mixture was refluxed overnight, and then quenched with degassed 1 M HCl solution.  

The phases were separated, and the aqueous layer was extracted with ethyl acetate (2 x 30 

mL).  The organic solutions were combined, washed with brine, dried with MgSO4, 

filtered, and the solvents were evaporated.   

The material was dry-loaded onto a silica gel column (hexane/ethyl acetate 3:1).  The 

target compound solidified on the column; after removing other byproducts, ethyl acetate 

was run on the column to remove the target compound, which was isolated as a yellow 

powder.  Slow diffusion of methanol into a CH2Cl2 solution yielded X-ray quality needles 

of the target compound (0.58 g, 51% yield). Mp: 187–189 °C. 
1
H NMR (500 MHz):  δ 

7.05–7.03 (m, 8H), 6.86 (dd, J = 6.86, 1.85 Hz, 2H), 6.84–6.81 (m, 4H), 6.64 (d, J = 1.85 

Hz, 2H), 2.44 (s, 6H), 1.97 (s, 6H), 0.51 (s, 6H). 
13

C{
1
H} NMR (125 MHz):  δ 154.4, 

140.6, 139.2, 137.4, 137.2, 134.0, 130.1, 128.1, 126.67, 126.64, 126.60, 126.58, 16.5, 

15.7, –3.1. 
29

Si{
1
H} NMR (99 MHz):  δ 7.9. Anal. Calcd for C34H34S4Si: C, 68.18; H, 

5.72. Found: C, 68.10; H, 5.67. 
1
H (Figure A-20), 

13
C{

1
H} (Figure A-21), and 

29
Si{

1
H} 

(Figure A-22) NMR spectra are included in the appendix (Chapter 5). 
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Preparation of 1,1-dimethyl-2,5-bis[p-(N,N-dimethylamino)phenyl]-3,4-

diphenylphenylsilole, S3.
15

  Lithium pellets (53 mg, 7.6 mmol), naphthalene (1.2 g, 9.2 

mmol) and dry THF (9 mL) were combined and sonicated
4
 for 2 h to form a deep-green 

solution of lithium naphthalenide. A solution of bis(phenylethynyl)dimethylsilane (0.49 

g, 1.9 mmol) in dry THF (8 mL) was added dropwise to the solution over 30 min by an 

addition funnel.  This mixture was stirred for 20 min and cooled to 0 °C.  Then, 

ZnCl2(TMEDA) (2.2 g, 8.5 mmol) was added as a solid at once, followed by additional 

dry THF (15 mL). After stirring for 1.5 h, 4-bromo-N,N-dimethylaniline (0.80 g, 4.0 

mmol) and Pd(PPh3)2Cl2 (83 mg, 0.12 mmol) were successively added under a flow of 

argon, and the mixture was refluxed overnight. 

The reaction was quenched with 1 M HCl solution. The products were first extracted 

with ethyl acetate (2 x 20 mL). Plate-like crystals began to precipitate from the aqueous 

layer; to test for possible product protonation, 2 M NaOH was added.  A yellow solid 

precipitated, which was extracted with dichloromethane (3 x 30 mL), and the organics 

were combined.  The solvents were evaporated, and the residue was dry-loaded onto a 

silica gel column (hexanes then hexanes/ethyl acetate 1:1). The solvents were evaporated, 

and the residue was triturated with diethyl ether in small batches, and centrifuged to 

compact the yellow powder, which was separated from the brown-red supernate.  This 

yellow powder was identified by NMR to be the target compound (0.50 g, 1.0 mmol, 

51%).  
1
H NMR (500 MHz):  δ 7.06–7.01 (m, 6H), 6.89–6.81 (m, 8H), 6.52–6.48 (m, 

4H), 2.89 (s, 12 H), 0.51 (s, 6H).  
13

C{
1
H} NMR (125 MHz):  δ 151.8, 148.4, 140.5, 

139.2, 130.3, 130.2, 128.0, 127.7, 125.9, 112.1, 40.5, –2.6. 
1
H (Figure A-23) and 

13
C{

1
H} 

(Figure A-24) NMR spectra are included in the appendix (Chapter 5). 
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Alternative preparation of S3. Lithium (55 mg, 7.9 mmol), naphthalene (1.1 g, 8.9 

mmol) and dry THF (9 mL) were combined and sonicated
4
 for 3 h, and stirred overnight, 

to form a deep-green solution of lithium naphthalenide. A solution of 

bis(phenylethynyl)dimethylsilane (0.50 g, 1.9 mmol) in dry THF (6 mL) was added 

dropwise to the solution over 30 min by an addition funnel.  This mixture was stirred for 

20 min and cooled to 0 °C.  Then, ZnCl2(TMEDA) (2.1 g, 8.2 mmol) was added as a 

solid at once, followed by additional dry THF (15 mL).  After stirring for 1.5 h at rt, 

degassed 2-iodopropane
16

 (0.4 mL, 4.0 mmol) was added, and the solution changed from 

black to deep red.  The vessel was wrapped in foil, and 4-bromo-N,N-dimethylaniline 

(0.81 g, 4.0 mmol) and Pd(PPh3)2Cl2 (67 mg, 0.10 mmol) were successively added under 

a flow of argon.  Upon addition of the catalyst, the solution changed from deep red to 

dark brown/black over the course of 5 minutes.  The solution was then refluxed 

overnight. 

The black (with deep yellow overtones) mixture was quenched with 50 mL of 1 M 

HCl, extracted with ethyl acetate (2 x 20 mL).  The aqueous layer was basified as above 

for S3, extracted with additional ethyl acetate (2 x 20 mL), and the organics were 

combined, washed with brine, and then dried over MgSO4, filtered, and the solvents were 

evaporated. The residue was subjected to silica gel chromatography (hexanes then 

hexanes/ethyl acetate 1:1). The solvents were evaporated, and the residue was triturated 

with diethyl ether in small batches, and centrifuged to compact the yellow powder, which 

was separated from the brown-red supernate.  NMR analysis indicated synthesis of the 

target compound (0.52 g, 1.0 mmol, 54%). 
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Preparation of 1,1-dimethyl-2,5-bis[2,2ʹ-bipyridin-6-yl]-3,4-

diphenylphenylsilole, S4.
17

 Lithium wire (28 mg, 7.9 mmol), naphthalene (0.68 g, 5.3 

mmol) and dry THF (5 mL) were combined and sonicated
4
 for overnight, and stirred for 

30 minutes, to form a deep-green solution of lithium naphthalenide. A solution of 

bis(phenylethynyl)dimethylsilane (0.25 g, 0.97 mmol) in dry THF (6 mL) was added 

dropwise to the solution over 30 min by an addition funnel.  This mixture was stirred for 

30 min and cooled to 0 °C.  Then, ZnCl2(TMEDA) (1.2 g, 4.6 mmol) was added as a 

solid at once, followed by additional dry THF (7 mL).  After stirring for 1.5 h at rt, 6-

bromo-2,2ʹ-bipyridine (0.46 g, 0.039 mmol) and Pd(PPh3)2Cl2 (27 mg, 0.039 mmol) were 

successively added under a flow of argon.  The mixture was refluxed overnight.  The 

solvents were then evaporated, and the residue was dry-loaded onto a column 

(hexanes/ethyl acetate 9:1).  The fractions containing the target were combined, and the 

silole was crystallized from the eluent by slow-evaporation yielding the title compound 

(0.22 g, 39%). 
1
H NMR (500 MHz):  δ 8.67 (ddd, J = 4.65, 1.83, 0.91 Hz, 2H), 8.42 (dt, J 

= 7.85, 1.36 Hz, 2H), 8.10 (dd, J = 7.85, 0.91 Hz, 2H), 7.85 (td, J = 7.85, 1.83 Hz, 2H), 

7.39 (t, J = 7.85 Hz, 2H), 7.30 (ddd, J = 7.45, 4.67, 0.91 Hz, 2H), 7.17–7.14 (m, 6H), 

7.00–6.97 (m, 4H), 6.58 (dd, J = 8.11, 0.86, 2H), 0.80 (s, 6H). 
13

C{
1
H} NMR (125 MHz):  

δ 157.7, 156.9, 156.1, 155.4, 149.2, 144.3, 139.8, 137.0, 136.5, 129.4, 128.4, 126.9, 

123.6, 123.2, 121.2, 118.1, –2.2. 
1
H (Figure A-25) and 

13
C{

1
H} (Figure A-26) NMR 

spectra are included in the appendix (Chapter 5). 

Preparation of 1,1-dimethyl-3,4-diphenyl-2,5-bis[p-

(methoxymethyl)phenyl)silole, S5. Lithium pellets (53 mg, 7.6 mmol), naphthalene (1.2 

g, 9.0 mmol) and dry THF (9 mL) were combined and sonicated
4
 for 2 h to form a deep-
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green solution of lithium naphthalenide. A solution of bis(phenylethynyl)dimethylsilane 

(0.50 g, 1.9 mmol) in dry THF (10 mL) was added dropwise to the solution over 30 min 

by an addition funnel.  This mixture was stirred for 20 min and cooled to 0 °C.  Then, 

ZnCl2(TMEDA) (2.2 g, 8.5 mmol) was added as a solid at once, followed by additional 

dry THF (15 mL). After stirring for 1.5 h, 1-bromo-4-(methoxymethyl)benzene (0.82 g, 

4.1 mmol) and  Pd(PPh3)2Cl2 (81 mg, 0.12 mmol) were successively added under a flow 

of argon.  The mixture was refluxed overnight.  The solvents were removed and the 

material was dry-loaded onto a silica gel column (hexanes/ether 10:1 to 1:1) to isolate the 

target compound (0.48 g, 0.96 mmol, 50%) as a crystalline solid.  X-ray quality crystals 

were grown from slow evaporation of a diethyl ether solution of S5.  Mp: 134–135 °C.  

1
H NMR (500 MHz):  δ 7.11–7.08 (m, 4H), 7.02–6.97 (m, 6H), 6.92–6.89 (m, 4H), 6.82–

6.78 (m, 4H), 4.35 (s, 4H), 3.37 (s, 6H), 0.46 (s, 6H). 
13

C{
1
H} NMR (125 MHz): δ 154.1, 

141.6, 138.9, 135.4, 130.1, 130.0, 127.7, 127.6, 126.3, 74.8, 58.4, –3.7. 
29

Si{
1
H} NMR 

(99 MHz): δ 5.4. 
1
H (Figure A-27), 

13
C{

1
H} (Figure A-28), and 

29
Si{

1
H} (Figure A-29) 

NMR spectra are included in the appendix (Chapter 5). 

Preparation of 1,1-dimethyl-3,4-diphenyl-2,5-(p-tolyl)silole, S6.
15

  Lithium pellets 

(55 mg, 7.9 mmol), naphthalene (1.2 g, 9.3 mmol) and dry THF (10 mL) were combined 

and sonicated
4
 for 2 h to form a deep-green solution of lithium naphthalenide. A solution 

of bis(phenylethynyl)dimethylsilane (0.50 g, 1.9 mmol) in dry THF (7 mL) was added 

dropwise to the solution over 30 min by an addition funnel.  This mixture was stirred for 

40 min and cooled to 0 °C.  Then, ZnCl2(TMEDA) (2.1 g, 8.3 mmol) was added as a 

solid at once, followed by additional dry THF (15 mL). After stirring for 1.5 h, 4-

iodotoluene (0.86 g, 4.0 mmol) and Pd(PPh3)2Cl2 (70 mg, 0.10 mmol) were successively 
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added under a flow of argon.  The mixture was refluxed overnight.  The reaction was 

quenched with 1 M HCl, and the aqueous layer was separated and washed with diethyl 

ether (2 x 20 mL).  The organic layers were combined and washed with water, sodium 

bicarbonate solution, brine, and dried with MgSO4. After filtration, the solvents were 

evaporated and the residue was subjected to silica gel column chromatography (hexanes, 

then hexanes/ether 10:1) to isolate the target compound as a yellow solid.  The solid was 

further purified by recrystallization by a slow evaporation of a diethyl ether solution of 

S6. 
1
H NMR (300 MHz):  δ 7.04–6.98 (m, 6H), 6.95–6.90 (m, 4H) 6.84–6.78 (m, 8H), 

2.25 (s, 6H), 0.47 (s, 6H). GC–MS m/z (% relative intensity, ion): 442 (100, M
+
), 443 

(39, M+1). The 
1
H (Figure A-30) NMR spectrum and the MS chromatogram (Figure A-

39) are included in the appendix (Chapter 5).  

4.3. Synthesis of unsymmetrical silole precursors. 

Formation of 2-chloro-5-iodo-1,1-dimethyl-3,4-diphenylsilole, AP1.  The 

compound was synthesized according to a modified literature procedure.
18

 Lithium 

pellets (34 mg, 4.9 mmol), naphthalene (0.62 g, 4.8 mmol) and dry THF (7 mL) were 

combined and sonicated
4
 for 2 h, and stirred for 20 min, to form a deep-green solution of 

lithium naphthalenide. A solution of bis(phenylethynyl)dimethylsilane (0.25 g, 0.97 

mmol) in dry THF (10 mL) was added dropwise to the solution over 30 min by an 

addition funnel.  This mixture was stirred for 30 min.  At this point, the flask was 

wrapped in foil, and the room lights were switched off for the remainder of the reaction 

and workup.  The vessel was brought to –78 °C using a dry ice/acetone bath, and N-

chlorophthalimide (0.20 g, 1.1 mmol) in dry THF (25 mL) was added slowly dropwise 

over the course of 45 min by an addition funnel.  Stirring was continued for an additional 
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30 min, and then iodine (0.46 g, 1.8 mmol) was added as a solid to the solution at –78 °C 

under an argon flow.  The solution was stirred for 1 h at –78 °C, and then poured cold 

into a rapidly stirring half-saturated NH4Cl solution (25 mL).  The aqueous layer was 

separated, extracted with diethyl ether (2 x 30 mL), and the organics were washed in half-

saturated sodium thiosulfate solution (25 mL), brine (2 x 25 mL), and dried with MgSO4 

(the flask was wrapped in foil during drying).  The pale yellow solution was filtered 

through a silica plug (ethyl acetate), and the solvents were removed by rotary evaporation 

with the flask covered in foil (using a tepid water bath).  

The yellow-orange solid was redissolved in 20% CH2Cl2/hexanes, and the off-white 

suspension of phthalimide was filtered off using a silica plug.  Additional 20% 

CH2Cl2/hexanes (50 mL) was run on the plug to ensure removal of the product.  The 

solvents were removed by rotary evaporation with the flask covered in foil, and the pale 

yellow solids were analyzed by NMR for conversion, with yields of the target compound 

ranging from 40–75% based on the naphthalene integration. The NMR spectra reported 

below are for the mixture, as the compound’s general light sensitivity precludes its 

further isolation, and the main byproduct (naphthalene) is innocuous in further reactions. 

1
H NMR (300 MHz):  δ 7.90–7.82 (m, naphthalene), 7.53–7.46 (m, naphthalene), 7.20–

7.13 (m, 6H), 6.99–6.93 (m, 4H), 0.45 (s, 6H). 
13

C{
1
H} NMR (75 MHz): δ 161.0, 153.8, 

140.0, 136.0, 135.6, 134.1, 133.5 (naphthalene), 129.3, 128.8, 128.0 (naphthalene), 127.7, 

127.6, 125.9 (naphthalene), 123.4, 95.2, –6.15. GC–MS m/z (% relative intensity, ion): 

424 (8, M + 2), 422 (21, M
+
), 93 (100, SiClMe2

+
, decomp). 

1
H (Figure A-31) and 

13
C{

1
H} (Figure A-32) NMR spectra, and the MS chromatogram (Figure A-46) are 

included in the appendix (Chapter 5). 
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Preparation of 4-ethynyl-N,N-dimethylaniline, AP2.
19

 In a Schlenk flask were 

combined 4-iodo-N,N-dimethylaniline (2.0 g, 8.1 mmol), (dppf)PdCl2•CH2Cl2 (0.26 g, 

0.32 mmol), copper iodide (0.12 g, 0.65 mmol), and the flask was purged with a positive 

flow of argon for 20 min.  Degassed diisopropylamine (16 mL) was added, and the 

solution turned yellow.  Degassed trimethylsilylacetylene (1.6 g, 16 mmol) was added by 

syringe at once.  The solution turned blue, and then brown; a precipitate formed within 10 

minutes at rt.  Dry THF (8 mL) was added, and the solution was stirred at rt for 2 hours 

prior to being refluxed overnight.  Hexanes (20 mL) were added to the mixture at rt, then 

the contents were filtered through a short silica gel plug, and rinsed through with ethyl 

acetate (30 mL).  The solvents were evaporated to yield a dark brown crystalline solid 

that was confirmed by NMR to be the TMS-protected precursor of AP2 (1.6 g, 7.4 mmol, 

91%). 
1
H NMR (300 MHz): δ 7.39–7.30 (m, 2H), 6.63–6.52 (m, 2H), 2.96 (s, 6H), 0.23 

(s, 9H). 
13

C{
1
H} NMR (75 MHz): δ 150.3, 133.3, 111.7, 110.0, 106.7, 91.3, 40.3, 0.4.  

GC–MS m/z (% relative intensity, ion): 217 (56, M
+
), 202 (100, M – CH3), 101 (35, M – 

N(CH3)2 – TMS). 
1
H (Figure A-33) and 

13
C{

1
H} (Figure A-34) NMR spectra, and the 

MS chromatogram (Figure A-47) are included in the appendix (Chapter 5). 

The product containing mostly the protected target was dissolved in THF (30 mL) 

and MeOH (30 mL), and KF (3.0 g, 51.6 mmol) was added under air.  The solution was 

stirred for 2 d at rt, and the solvents were evaporated, and the mixture was redissolved in 

ethyl acetate (100 mL) and filtered through a silica plug.  The solvents were evaporated 

to yield a dark brown crystalline solid that was confirmed by GC-MS to be the target 

compound AP2. GC–MS m/z (% relative intensity, ion): 145 (94, M
+
), 144 (100, M – H), 
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129 (25, M – H – CH3), 101 (35, M – N(CH3)2).  The MS chromatogram (Figure A-48) is 

included in the appendix (Chapter 5). 

Preparation of 6-ethynyl-2,2ʹ-bipyridine, AP3.
20

 In a Schlenk flask were 

combined 6-bromo-2,2ʹ-bipyridine (1.0 g, 4.3 mmol), (dppf)PdCl2•CH2Cl2 (0.14 g, 0.17 

mmol), copper iodide (0.049 g, 0.26 mmol), and the flask was purged with a positive 

flow of argon for 20 min.  Degassed diisopropylamine (18 mL) was added, followed by 

degassed trimethylsilylacetylene (0.84 g, 8.5 mmol), and the solution changed from 

orange-yellow to dark brown.  On heating to ca. 60 °C, a precipitate began to form, and 

the reaction was stirred for 2 d.  The solvents were afterwards evaporated, and 

redissolved in hexanes/diethyl ether 1:1, and filtered on a silica plug.  The solvents were 

again evaporated to yield a crystalline material, confirmed by NMR to be the TMS-

protected precursor of AP3 (0.75 g, 3.0 mmol, 70%) . 
1
H NMR (300 MHz): δ 8.67 (d, J = 

4.1 Hz, 1H), 8.48 (d, J = 8.0 Hz, 1H), 8.37 (d, J = 8.0 Hz, 1H), 7.82 (td, J = 8.0, 1.7 Hz, 

1H), 7.79 (t, J = 8.0 Hz, 1H), 7.50 (d, J = 8.0 Hz, 1H), 7.33 (dd, J = 6.6, 5.0 Hz, 1H), 

0.29 (s, 9H). 
13

C{
1
H} NMR (75 MHz): δ 156.5, 155.4, 149.2, 142.6, 137.1, 137.1, 127.8, 

124.2, 121.8, 120.7, 111.4, 104.1, 94.8, –0.1. 
1
H (Figure A-35) and 

13
C{

1
H} (Figure A-

36) NMR spectra are included in the appendix (Chapter 5). 

The product containing the protected target was dissolved in THF (38 mL) and 

MeOH (38 mL), and KF (0.26 g, 4.5 mmol) was added under air. The solution was stirred 

for 2 d at rt, and the solvents were evaporated, and the mixture was redissolved in ethyl 

acetate (120 mL) and filtered through a silica plug.  Evaporation of the solvents yielded 

light-brown crystalline material that was confirmed by NMR to be the target product 

AP3. 
1
H NMR (300 MHz): δ 8.67 (d, J = 4.7 Hz, 1H), 8.48 (d, J = 8.0 Hz, 1H), 8.41 (d, J 
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= 8.0 Hz, 1H), 7.82 (td, J = 8.0, 1.6 Hz, 1H), 7.80 (t, J = 7.6 Hz, 1H), 7.51 (d, J = 7.6 Hz, 

1H), 7.32 (dd, J = 6.8, 4.9 Hz, 1H), 3.19 (s, 1H). 
1
H (Figure A-35) and 

13
C{

1
H} (Figure 

A-36) NMR spectra are included in the appendix (Chapter 5). 

Preparation of 1-ethynyl-4-nitrobenzene, AP4.
21

 In a Schlenk flask were 

combined 1-iodo-4-nitrobenzene (2.0 g, 8.0 mmol), (dppf)PdCl2•CH2Cl2 (0.20 g, 0.17 

mmol) and copper iodide (0.061 g, 0.32 mmol), and the flask was purged with a positive 

flow of argon for 10 min.  Degassed diisopropylamine (20 mL) was added, followed by 

degassed trimethylsilylacetylene (1.6 g, 8.5 mmol).  The reaction developed heavy 

precipitate and was noticeably exothermic within 2 min.  The solution was sonicated 

briefly to break up the solids and aid stirring. The mixture was stirred at rt over 2 d.  The 

solvents were evaporated, and run through a short silica plug (hexanes/ethyl acetate 1:1).  

The solvents were evaporated to yield a dark brown oil that solidified to large crystals on 

standing.  The solids were redissolved in MeOH (40 mL) and THF (40 mL), and KF 

(0.72 g, 12 mmol) was added.  The solution was stirred overnight, and the solvents were 

evaporated.  The residue was filtered through a silica plug (hexanes/ethyl acetate 2:1), 

and the solvents were evaporated from the filtrate to yield an orange powder that was 

confirmed by NMR as the target compound AP4. 
1
H NMR (300 MHz): δ 8.23 – 8.17 (m, 

2H), 7.67 – 7.61 (m, 2H), 3.36 (s, 1H). The 
1
H (Figure A-38) NMR spectrum is included 

in the appendix (Chapter 5). 
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5.1. NMR Spectra of compounds. 

5.1.1. NMR spectra of several 1,1-disubstituted germoles. 
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Figure A-1. 
1
H NMR spectrum of G1.  
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Figure A-2. 
13

C{
1
H} NMR of G1. 
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Figure A-3. 
1
H NMR spectrum of G2. 
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Figure A-4. 
13

C{
1
H} NMR of G2. 
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Figure A-5. 
1
H NMR spectrum of G3. 
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Figure A-6. 
13

C{
1
H} NMR of G3. 
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Figure A-7. 

1
H NMR spectrum of G4. 
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Figure A-8. 
13

C{
1
H} NMR of G4.  
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Figure A-9. 

31
P{

1
H} NMR of G4. 
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Figure A-10. 
1
H NMR spectrum of G5.  
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Figure A-11.  

13
C{

1
H} NMR of G5. 
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Figure A-12. 
31

P{
1
H} NMR of the reaction of G4 with (COD)PtCl2. 
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5.1.2. NMR spectra of symmetrical silole precursors. 

 

Figure A-13.  
1
H NMR of SP1. 
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Figure A-14. 
31

P{
1
H} NMR of SP1. 
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Figure A-15. 
1
H NMR of SP2. 
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Figure A- 16. 
13

C{
1
H} NMR of SP2. 
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5.1.3. NMR spectra of symmetrical siloles. 

 

Figure A-17. 
1
H NMR of S1. 
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Figure A-18. 
13

C{
1
H} NMR of S1. 
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Figure A-19. 
29

Si{
1
H} NMR of S1. 
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Figure A-20. 
1
H NMR of S2. Spinning sidebands are present ±20 Hz of each peak. 
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Figure A-21. 
13

C{
1
H} NMR of S2. 
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Figure A-22. 
29

Si{
1
H} NMR of S2. 
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Figure A-23. 

1
H NMR of S3. 
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Figure A-24. 
13

C{
1
H} NMR of S3. 
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Figure A-25. 
1
H NMR of S4. 
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Figure A-26. 
13

C{
1
H} NMR of S4. 
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Figure A-27. 
1
H NMR of S5. 
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Figure A-28. 
13

C{
1
H} NMR of S5. 
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Figure A-29. 
29

Si{
1
H} NMR of S5. 
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Figure A-30. 
1
H NMR of S6. 
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5.1.4. NMR spectra of unsymmetrical silole precursors. 

 

Figure A-31. 
1
H NMR of the crude material of AP1. 
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Figure A-32. 
13

C{
1
H} NMR of the crude material of AP1. 
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Figure A-33. 
1
H NMR spectrum of the TMS-protected precursor of AP2. 
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Figure A-34. 
13

C{
1
H} NMR spectrum of the TMS-protected precursor of AP2. 
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Figure A-35. 
1
H NMR spectrum of the TMS-protected precursor of AP3. 
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Figure A-36. 
13

C{
1
H} NMR spectrum of the TMS-protected precursor of AP3.  
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Figure A-37. 
1
H NMR spectrum of AP3. 
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Figure A-38. 
1
H NMR of AP4. 
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5.2. MS Spectra and Chromatograms of compounds. 

5.2.1. MS of symmetrical siloles. 

 

Figure A-39. MS Chromatogram of S6. 
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Figure A-40. A GC-MS chromatogram of the crude mixture in a reaction to 

synthesize S6; the assigned structure is inset.  Retention time for the species is 4.54 min. 



190 

 

 

Figure A-41. A GC-MS chromatogram of the crude mixture in a reaction to 

synthesize S6; the assigned structure (“homocoupled”) is inset.  Retention time for the 

species is 7.57 min. 
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Figure A-42. A GC-MS chromatogram of the crude mixture in a reaction to 

synthesize S6; the assigned structure (“partially reduced”) is inset.  Retention time for the 

species is 9.08 min. 
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Figure A-43. A GC-MS chromatogram of the crude mixture in a reaction to 

synthesize S6; the assigned structure (“partially reduced + 18”) is inset.  Retention time 

for the species is 9.93 min. 
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Figure A-44. A GC-MS chromatogram of the crude mixture in a reaction to 

synthesize S6; the assigned structure (“partially coupled”) is inset.  Retention time for the 

species is 12.01 min. 
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Figure A-45. A GC-MS chromatogram of the crude mixture in a reaction to 

synthesize S6; the assigned structure (target compound, S6) is inset.  Retention time for 

the species is 14.00 min. 
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5.2.2. MS of unsymmetrical siloles and precursors. 

 

Figure A-46. MS Chromatogram of AP1. 
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Figure A-47. MS Chromatogram for TMS-protected precursor of AP2. 
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Figure A-48. MS Chromatogram of AP2. 
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5.3. X-ray crystal structures of compounds. 

5.3.1. X-ray crystallography of 2,3,4,5-tetraphenyl-1,1-disubstituted-germoles. 

 

Figure A-49. Molecular structure of G2 (with ellipsoids shown at the 50% 

probability level).   

Hydrogen atoms have been removed for clarity. Selected bond distances (Å), angles 

(deg), and torsions (deg): Ge1–C1 = 1.940(1), Ge1–C4 = 1.930(2), C4–C3 = 1.361(2), 

C3–C2 = 1.507(2), Ge1–C31 = 1.904(1), Ge1–C29 = 1.892(2), C31–C32 = 1.202(2), 

C29–C30 = 1.203(2); C1–Ge1–C4 = 91.50(6), C29–Ge1–C31 = 105.54(6), Ge1–C1–C2 

= 106.1(1), Ge1–C4–C3 = 106.5(1);  Ge1–C4–C23–C28 = -30.4(2), Ge1–C1–C5–C6 = -

39.0(2), C1–C2–C11–C16 = -67.2(2), C4–C3–C17–C22 = -56.6(2). 
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Figure A-50.  Molecular structure of G3 (with ellipsoids shown at the 50% 

probability level). 

Hydrogen atoms have been removed for clarity. Selected bond distances (Å), angles 

(deg), and torsions (deg): Ge1–C1 = 1.9318(9), Ge1–C4 = 1.926(1), C4–C3 = 1.355(1), 

C3–C2 = 1.355(1), Ge1–C31 = 1.9003(9), Ge1–C29 = 1.895(1), C31–C32 = 1.198(1), 

C29–C30 = 1.188(1); C1–Ge1–C4 = 91.57(4), C29–Ge1–C31 = 104.95(4), Ge1–C1–C2 

= 106.33(6), Ge1–C4–C3 = 106.37(7);  Ge1–C4–C23–C28 = -27.4(1), Ge1–C1–C5–C6 = 

-46.6(1), C1–C2–C11–C16 = -67.0(1), C4–C3–C17–C22 = -59.0(1). 
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Figure A-51. Molecular structure of G4 (with ellipsoids shown at the 50% 

probability level). 

Hydrogen atoms and disorder at one diphenylphosphine moiety have been removed 

for clarity. Selected bond distances (Å), angles (deg), and torsions (deg): Ge1–C1 = 

1.940(3), Ge1–C4 = 1.929(3), C4–C3 = 1.349(4), C3–C2 = 1.517(4), Ge1–C31 = 

1.897(3), Ge1–C29 = 1.904(3), C31–C32 = 1.202(4), C29–C30 = 1.194(4); C1–Ge1–C4 

= 91.48(12), C29–Ge1–C31 = 105.52(12), Ge1–C1–C2 = 106.5(2), Ge1–C4–C3 = 

106.52(2);  Ge1–C4–C23–C24 = -48.6(6), Ge1–C1–C5–C6 = -35.7(3), C1–C2–C11–C12 

= -56.7(2), C4–C3–C17–C22 = -63.4(3). 

  



201 

 

 

Figure A-52. Molecular structure of G6 (with ellipsoids shown at the 50% 

probability level). 

Hydrogen atoms and disordered atoms about the THF molecule have been removed 

for clarity. Selected bond distances (Å), angles (deg), and torsions (deg): Ge1–C1 = 

1.941(2), Ge1–C4 = 1.932(2), C4–C3 = 1.362(3), C3–C2 = 1.519(3), Ge1–C31 = 

1.892(2), Ge1–C29 = 1.890(2), C31–C32 = 1.208(3), C29–C30 = 1.210(3); C1–Ge1–C4 

= 91.31(9), C29–Ge1–C31 = 106.9(1), Ge1–C1–C2 = 106.9(1), Ge1–C4–C3 = 107.0(1), 

C36–O1–C45 = 118.2(2), C42–O2–C46 = 116.7(2);  Ge1–C4–C23–C28 = 51.8(3), Ge1–

C1–C5–C6 = 39.2(3), C1–C2–C11–C12 = 57.4(3), C4–C3–C17–C22 = 54.8(3). 
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Figure A-53. Molecular structure of G7 (with ellipsoids shown at the 50% 

probability level). 
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Figure A-54. Molecular structure of G8 (with ellipsoids shown at the 50% 

probability level). 

Hydrogen atoms have been removed for clarity. Selected bond distances (Å), angles 

(deg), and torsions (deg): Ge1–C1 = 2.071(2), Ge1–C4 = 1.952(2), C4–C3 = 1.430(2), 

C3–C2 = 1.589(2), Ge1–C31 = 1.919(2), Ge1–C29 = 1.891(2), C31–C32 = 1.229(2), 

C29–C30 = 1.220(3); C1–Ge1–C4 = 93.78(6), C29–Ge1–C31 = 104.85(7), Ge1–C1–C2 

= 105.3(1), Ge1–C4–C3 = 103.1(1);  Ge1–C4–C23–C28 = -30.2(2), Ge1–C1–C5–C6 = -

35.8(2), C1–C2–C11–C12 = -71.3(2), C4–C3–C17–C22 = -61.1(2). 
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Figure A-55. Molecular structure of G9 (with ellipsoids shown at the 50% 

probability level). 
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Figure A-56. Molecular structure of G10 (with ellipsoids shown at the 50% 

probability level). 

Hydrogen atoms and disorder at –CF3 groups have been removed for clarity. 

Selected bond distances (Å), angles (deg), and torsions (deg): Ge1–C1 = 1.945(3), Ge1–

C4 = 1.944(3), C4–C3 = 1.354(5), C3–C2 = 1.520(5), Ge1–C31 = 1.898(4), Ge1–C29 = 

1.898(4), C31–C32 = 1.198(6), C29–C30 = 1.199(6); C1–Ge1–C4 = 91.2(1), C29–Ge1–

C31 = 105.4(2), Ge1–C1–C2 = 106.6(2), Ge1–C4–C3 = 106.7(2);  Ge1–C4–C23–C28 = 

29.7(5), Ge1–C1–C5–C6 = 45.0(5), C1–C2–C11–C12 = 64.4(5), C4–C3–C17–C22 = 

66.5(5). 
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Figure A-57. Molecular structure of G11 (with ellipsoids shown at the 50% 

probability level). 

Hydrogen atoms have been removed for clarity. Selected bond distances (Å), angles 

(deg), and torsions (deg): Ge1–C1 = 1.923(5), Ge1– C4 = 1.955(5), C4–C3 = 1.343(7), 

C3–C2 = 1.512(8), Ge1–C31 = 1.894(4), Ge1–C29 = 1.896(5), C31–C32 = 1.217(6), 

C29–C30 = 1.190(7); C1–Ge1–C4 = 91.5(2), C29–Ge1–C31 = 109.4(2), Ge1–C1–C2 = 

107.1(3), Ge1–C4–C3 = 105.6(3), C36–O1–C45 = 117.6(4), C42–O2–C51 = 116.9(4);  

Ge1–C4–C23–C28 = 15.2(7), Ge1–C1–C5–C6 = 16.1(6), C1–C2–C11–C12 = 66.6(7), 

C4–C3–C17–C22 = 64.1(7). 
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Figure A-58. Molecular structure of G12 (with ellipsoids shown at the 50% 

probability level). 

Hydrogen atoms have been removed for clarity. Selected bond distances (Å), angles 

(deg), and torsions (deg): Ge1–C1 = 1.943(1), Ge1–C4 = 1.944(1), C4–C3 = 1.356(2), 

C3–C2 = 1.511(2), Ge1–C31 = 1.892(2), Ge1–C29 = 1.893(1), C31–C32 = 1.208(2), 

C29–C30 = 1.208(2); C1–Ge1–C4 = 91.78(6), C29–Ge1–C31 = 106.03(6), Ge1–C1–C2 

= 105.6(1), Ge1–C4–C3 = 106.1(1);  Ge1–C4–C23–C28 = 39.8(2), Ge1–C1–C5–C10 = 

29.4(2), C1–C2–C11–C12 = 64.6(2), C4–C3–C17–C22 = 76.2(2). 
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Figure A-59. Molecular structure of G13 (with ellipsoids shown at the 50% 

probability level). 
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Figure A-60. Molecular structure of G14 (with ellipsoids shown at the 50% 

probability level). 

Hydrogen atoms have been removed for clarity. Selected bond distances (Å), angles 

(deg), and torsions (deg): Ge1–C1 = 1.945(2), Ge1–C4 = 1.944(2), C4–C3 = 1.355(3), 

C3–C2 = 1.512(3), Ge1–C29 = 1.931(2; C1–Ge1–C4 = 89.9(1), C29–Ge1–H1 = 

106.1(9), Ge1–C1–C2 = 107.5(2), Ge1–C4–C3 = 108.3(2);  Ge1–C4–C23–C28 = -

30.4(3), Ge1–C1–C5–C6 = 32.4(3), C1–C2–C11–C12 = 64.3(3), C4–C3–C17–C22 = -

68.5(3) . 
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Table A-1. Crystallographic data and structure refinement details for the 2,3,4,5-

tetraphenylgermoles in this study. 
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Table A-1 (cont’d).  
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5.3.2 X-ray crystallography of differently substituted germafluorenes. 

 

Figure A-61. Molecular structure of G15 (with ellipsoids shown at the 50% 

probability level). 

Hydrogen atoms have been removed for clarity. Selected bond distances (Å), angles 

(deg), and torsions (deg): Ge1–C1 = 1.93(1), Ge1–C12 = 1.93(1), Ge1–C44 = 1.95(1), 

Ge1–C50 = 1.92(1); C12–Ge1–C1 = 88.8(5), C50–Ge1–C44 = 111.8(5), C4–O1–C42 = 

116.0(8), C9–O2–C43 = 117.5(8); C8–C9–O2–C43 = -2(1), C5–C4–O1–C42 = -3(2), 

C12–Ge1–C50–C51 = 102(1), C1–Ge1–C44–C49 = 53(1). 
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Figure A-62. Molecular structure of G16 (with ellipsoids shown at the 50% 

probability level). 

Hydrogen atoms have been removed for clarity. Selected bond distances (Å), angles 

(deg), and torsions (deg): Ge1–C1 = 1.941(2), Ge1–C17 = 1.943(2); C1–Ge1–C1 = 

89.18(8), C17–Ge1–C17 = 106.61(9), C4–O1–C16 = 117.3(2); C1–Ge1–C17–C18 = -

13.2(2), C3–C4–O1–C16 = -0.5(3), C4–C5–C9–C10 = 5.8(2). 
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Figure A-63. Molecular structure of G17 (with ellipsoids shown at the 50% 

probability level). 

Hydrogen atoms have been removed for clarity. Selected bond distances (Å), angles 

(deg), and torsions (deg): Ge1–C1 = 1.941(2), Ge1–C12 = 1.948(3), Ge1–C15 = 

1.951(3), Ge1–C21 = 1.947(3), C3–Br1 = 1.887(2), C10–Br2 = 1.892(2); C1–Ge1–C12 = 

88.5(1), C15–Ge1–C21 = 107.7(1), C4–O1–C14 = 117.8(2), C9–O2–C13 = 118.0(2); 

C5–C4–O1–C14 = -2.7(4), C8–C9–O2–C13 = 9.8(4), C1–Ge1–C15–C16 = 28.2(3), 

C12–Ge1–C21–C26 = -53.9(3). 

  



215 

 

 

Figure A-64. Molecular structure of G18 (with ellipsoids shown at the 50% 

probability level). 
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Table A-2. Crystallographic data and structure refinement details for the substituted 

germafluorenes in this study. 

  

 G15 G16 G17 G18 

formula C54H38O2Ge C44H28GeO2F6 C26H20O2GeBr2 C24H16Br2Ge 

fw 791.43 775.25 596.83 536.78 

cryst size/mm 0.163 × 0.161 × 

0.036 

0.269 × 0.121 × 

0.082 

0.36 × 0.346 × 

0.328 

0.417 × 0.238 × 

0.167 

cryst syst monoclinic monoclinic monoclinic monoclinic 

space group P21/c C2/c P21/c P21/c 

a/Å 11.293(2) 25.7576(9) 9.2118(2) 6.2877(4) 

b/Å 11.867(3) 11.1305(4) 22.2149(4) 41.708(3) 

c/Å 29.487(6) 13.6310(5) 11.4542(2) 16.1732(10) 

α/deg 90.00 90.00 90.00 90.00 

β/deg 91.754(7) 114.1283(19) 98.4790(10) 103.459(4) 

γ/deg 90.00 90.00 90.00 90.00 

V/Å
3
 3949.7(14) 3566.5(2) 2318.36(8) 4124.9(5) 

Dcalcd/g cm
-3

 1.331 1.444 1.710 1.729 

Z 4 4 4 8 

abs coeff/mm
-1

 0.819 0.928 4.789 5.366 

2θ range/deg 3.6 to 50.14° 3.46 to 52.76° 3.66 to 56.62° 1.96 to 51° 

reflns 

collected/indep 

reflns 

29136/7006 

[R(int) = 

0.2036] 

29612/3653 

[R(int) = 

0.0442] 

38857/5681 

[R(int) = 

0.0469] 

87640/7557 

[R(int) = 

0.0971] 

abs correct multi-scan multi-scan multi-scan multi-scan 

max. and min. 

transm 

0.7452 and 

0.6342 

0.7454 and 

0.6681 

0.7457 and 

0.5290 

0.7452 and 

0.4742 

final R indices 

[I>2σ(I)] 

0.1082 0.0323 0.0294 0.0973 

wR2 0.2519 0.0782 0.0660 0.1683 

largest diff peak 

and hole/e Å
-3

 

2.61 and -1.05 0.60 and -0.50 0.92 and -0.48 2.20 and -1.68 
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5.3.3. X-ray crystallography of symmetric 2,5-substituted siloles 

 

Figure A-65. Molecular structure of S1. Hydrogen atoms have been removed for 

clarity. Thermal ellipsoids are drawn at the 50% probability level.  

Selected bond distances (Å), angles (deg), and torsions (deg) for S1: Si1‒C1 = 

1.873(1), Si1‒C2 = 1.859(1), Si‒C3 = 1.883(1), Si‒C6 = 1.880(1), C3‒C4 = 1.366(1), 

C5‒C6 = 1.361(1), C31‒N2 = 1.146(2), C32‒N1 = 1.150(2); C3‒Si1‒C6 = 91.54(4), C2‒

Si1‒C1 = 110.09(5), C10‒C32‒N1 = 179.4(1), C28‒C31‒N2 = 177.3(2); C12‒C7‒C3‒

C4 = -36.5(2), C3‒C4‒C13‒C14 = -58.2(1), C6‒C5‒C19‒C24 = -56.5(1), C5‒C6‒C25‒

C26 = -53.7(1).  
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Figure A-66. Molecular structure of S2. Hydrogen atoms and solvent molecules 

have been removed for clarity, and the full molecule was symmetrically generated from 

the asymmetric unit. Thermal ellipsoids are drawn at the 50% probability level.  

Selected bond distances (Å), angles (deg), and torsions (deg) for S2: Si1‒C1 = 

1.873(4), Si1‒C2 = 1.887(3), C2‒C3 = 1.362(4), C3‒C3 = 1.500(5), C8‒S1 = 1.768(3), 

S1‒C16 = 1.798(4); C1‒Si1‒C1 = 108.7(2), C2‒Si1‒C2 = 92.1(1), Si1‒C2‒C3 = 

107.4(2), C8‒S1‒C16 = 103.1(2), C7‒S2‒C17 = 102.4(2); Si1‒C2‒C4‒C5 = -28.0(4), 

C2‒C3‒C10‒C11 = -64.0(4), C9‒C8‒S2‒C17 = -11.5(3). 
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Figure A-67. Molecular structure of S5. Hydrogen atoms have been removed for 

clarity. Thermal ellipsoids are drawn at the 50% probability level. 

Selected bond distances (Å), angles (deg), and torsions (deg) for S5: Si1–C1 = 

1.872(1), Si1–C4 = 1.876(2), Si1–C33 = 1.858(2), Si1–C34 = 1.858(2), C4–C3 = 

1.361(2), C3–C2 = 1.510(2); C1–Si1–C4 = 92.53(7), C33–Si1–C34 = 110.84(9), Si1–

C1–C2 = 107.5(1), C29–O1–C31 = 112.7(1), C30–O2–C32 = 112.1(1);  C2–C1–C5–C10 

= -31.6(2), C1–C2–C11–C12 = -68.2(2), C4–C3–C17–C22 = -60.2(2), C3–C4–C23–C24 

= -27.1(3) 
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Table A-3.  Crystallographic data and structure refinement details for the symmetric 

siloles in this study. 

  

 S1 S2 S5 

formula C32H24N2Si C37H40Cl6S4Si C34H34SiO2 

fw 464.62 853.72 502.70 

cryst size/mm 
0.54 × 0.56 × 

0.59 

0.095 × 0.100 

× 0.558 
0.468 × 0.412 × 

0.326 

cryst syst orthorhombic orthorhombic monoclinic 

space group Pbca Pbcn Pn 

a/Å 18.8812(4) 27.5566(19) 6.7424(6) 

b/Å 13.8509(3) 14.5109(9) 21.6480(17) 

c/Å 19.7703(4) 9.9159(6) 9.8503(9) 

α/deg 90 90 90.00 

β/deg 90 90 107.869(4) 

γ/deg 90 90 90.00 

V/Å
3
 5170.36(19) 3965.1(4) 1368.4(2) 

Dcalcd/g cm
-3

 1.1937 1.430 1.220 

Z 8 4 2 

abs coeff/mm
-1

 0.113 0.702 0.115 

2θ range/deg 4.12 to 63.0 5.20 to 53.74 3.76 to 56.72° 

reflns 

collected/indep 

reflns 

88966/8602 
[R(int) = 

0.0967] 

13225/2520 
[R(int) = 

0.1905] 

25826/3411 

[R(int) = 

0.0247] 

abs correct multi-scan multi-scan multi-scan 

max. and min. 

transm 

0.7462 and 

0.6701 

0.9363 and 

0.6955 
0.7457 and 

0.7076 

final R indices 

[I>2σ(I)] 
0.0413 0.0606 0.0265 

wR2 0.1081 0.1428 0.0698 

largest diff peak 

and hole/e Å
-3

 
0.49 and -0.18 1.06 and -0.73 0.20 and -0.17 
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5.4. UV-vis and fluorescence spectra with Ni(II), Cu(II), and Hg(II). 

5.4.1. Interactions of metal salts with the siloles listed. 

 

Figure A-68. UV-vis spectra of silole S1 with 1-10 equiv of Ni(II) perchlorate, 1:1 

dichloromethane/methanol mixture, and total silole concentration is 5 × 10
-5

 M. 

 

Figure A-69. UV-vis spectra of silole S1 with 1-10 equiv of Cu(II) perchlorate, 1:1 

dichloromethane/methanol mixture, and total silole concentration is 5 × 10
-5

 M.  
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Figure A-70. UV-vis spectra of silole S1 with 1-10 equiv of Hg(II) perchlorate, 1:1 

dichloromethane/methanol mixture, and total silole concentration is 5 × 10
-5

 M. 

 

Figure A-71. Fluorescence spectra of silole S1 with 1-10 equiv of Ni(II) perchlorate, 

1:1 dichloromethane/methanol mixture, and total silole concentration is 5 × 10
-5

 M. 

Excitation at 365 nm. 
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Figure A-72. Fluorescence spectra of silole S1 with 1-10 equiv of Cu(II) 

perchlorate, 1:1 dichloromethane/methanol mixture, and total silole concentration is 5 × 

10
-5

 M. Excitation at 365 nm. 

 

Figure A-73. Fluorescence spectra of silole S1 with 1-10 equiv of Hg(II) 

perchlorate, 1:1 dichloromethane/methanol mixture, and total silole concentration is 5 × 

10
-5

 M. Excitation at 365 nm. 
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Figure A-74. UV-vis spectra of silole S2 with 1-10 equiv of Ni(II) perchlorate, 1:1 

dichloromethane/methanol mixture, and total silole concentration is 5 × 10
-5

 M. 

 

Figure A-75. UV-vis spectra of silole S2 with 1-10 equiv of Cu(II) perchlorate, 1:1 

dichloromethane/methanol mixture, and total silole concentration is 5 × 10
-5

 M. 
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Figure A-76. UV-vis spectra of silole S2 with 1-10 equiv of Hg(II) perchlorate, 1:1 

dichloromethane/methanol mixture, and total silole concentration is 5 × 10
-5

 M. 

 

Figure A-77. Fluorescence spectra of silole S2 with 1-10 equiv of Ni(II) perchlorate, 

1:1 dichloromethane/methanol mixture, and total silole concentration is 5 × 10
-5

 M. 

Excitation at 390 nm. 
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Figure A-78. Fluorescence spectra of silole S2 with 1-10 equiv of Cu(II) 

perchlorate, 1:1 dichloromethane/methanol mixture, and total silole concentration is 5 × 

10
-5

 M. Excitation at 390 nm. 

 

Figure A-79. Fluorescence spectra of silole S2 with 1-10 equiv of Hg(II) 

perchlorate, 1:1 dichloromethane/methanol mixture, and total silole concentration is 5 × 

10
-5

 M. Excitation at 390 nm. 
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Figure A-80. UV-vis spectra of silole S3 with 1-10 equiv of Ni(II) perchlorate, 1:1 

dichloromethane/methanol mixture, and total silole concentration is 5 × 10
-5

 M. 

 

Figure A-81. UV-vis spectra of silole S3 with 1-10 equiv of Cu(II) perchlorate, 1:1 

dichloromethane/methanol mixture, and total silole concentration is 5 × 10
-5

 M. 
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Figure A-82. UV-vis spectra of silole S3 with 1-10 equiv of Hg(II) perchlorate, 1:1 

dichloromethane/methanol mixture, and total silole concentration is 5 × 10
-5

 M. 

 

Figure A-83. Fluorescence spectra of silole S3 with 1-10 equiv of Ni(II) perchlorate, 

1:1 dichloromethane/methanol mixture, and total silole concentration is 5 × 10
-5

 M. 

Excitation at 415 nm. 
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Figure A-84. Fluorescence spectra of silole S3 with 1-10 equiv of Cu(II) 

perchlorate, 1:1 dichloromethane/methanol mixture, and total silole concentration is 5 × 

10
-5

 M. Excitation at 415 nm. 

 

Figure A-85. Fluorescence spectra of silole S3 with 1-10 equiv of Hg(II) 

perchlorate, 1:1 dichloromethane/methanol mixture, and total silole concentration is 5 × 

10
-5

 M. Excitation at 415 nm. 
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Figure A-86. UV-vis spectra of silole S4 with 1-10 equiv of Ni(II) perchlorate, 1:1 

dichloromethane/methanol mixture, and total silole concentration is 5 × 10
-5

 M. 

 

Figure A-87. UV-vis spectra of silole S4 with 1-10 equiv of Cu(II) perchlorate, 1:1 

dichloromethane/methanol mixture, and total silole concentration is 5 × 10
-5

 M. 
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Figure A-88. UV-vis spectra of silole S4 with 1-10 equiv of Hg(II) perchlorate, 1:1 

dichloromethane/methanol mixture, and total silole concentration is 5 × 10
-5

 M. 

 

Figure A-89. Fluorescence spectra of silole S4 with 1-10 equiv of Ni(II) perchlorate, 

1:1 dichloromethane/methanol mixture, and total silole concentration is 5 × 10
-5

 M. 

Excitation at 383 nm. 
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Figure A-90. Fluorescence spectra of silole S4 with 1-10 equiv of Cu(II) 

perchlorate, 1:1 dichloromethane/methanol mixture, and total silole concentration is 5 × 

10
-5

 M. Excitation at 383 nm. 

 

Figure A-91. Fluorescence spectra of silole S4 with 1-10 equiv of Hg(II) 

perchlorate, 1:1 dichloromethane/methanol mixture, and total silole concentration is 5 × 

10
-5

 M. Excitation at 383 nm. 
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5.4.2. Titration spectra and related calculations. 

 

Figure A-92. The raw spectral data of titration of 1× 10
-4

 M S3 in dichloromethane 

with 1.5 × 10
-2

 M Hg(II) perchlorate solution. Annotations are added to indicate the 

appearance or disappearance of absorption bands. The legend to the right lists the volume 

of Hg(II) solution added that corresponds to the line in the graph. 

  

Figure A-93. The titration data extracted from the raw data (Figure A-92) at 503 nm.  

The total [Hg
2+

] was calculated from the initial volume of S3 (3 mL), plus the volume 

added by the titrant (i.e., Hg(II) perchlorate in MeOH). 
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The statistical data for 1:1 S3:Hg(II) for Figure A-93. 
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The statistical data for 2:1 S3:Hg(II) for Figure A-93. 
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Figure A-94. The raw spectral data of titration of 1.5 × 10
-4

 M S3 in THF with 1.5 × 

10
-2

 M Hg(II) perchlorate solution (also in THF). Annotations are added to indicate the 

appearance or disappearance of absorption bands. The legend to the right lists the volume 

of Hg(II) solution added that corresponds to the line in the graph. 
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Figure A-95. The titration data extracted from the raw data (Figure A-94) at 503 nm.  

The total [Hg
2+

] was calculated from the initial volume of S3 (3 mL), plus the volume 

added by the titrant (i.e., Hg(II) perchlorate in THF). 

 

Figure A-96. The titration data extracted from the raw data (Figure A-94) at 355 nm.  

The total [Hg
2+

] was calculated from the initial volume of S3 (3 mL), plus the volume 

added by the titrant (i.e., Hg(II) perchlorate in THF). 
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The statistical data for 1:1 S3:Hg(II) for Figure A-95. 
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The statistical data for 2:1 S3:Hg(II) for Figure A-95. 
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Figure A-97. The plot of absorbance versus the concentration of Hg(II), after 

subtracting 4 × 10
-4

 M to account for the previously coordinated Hg(II) (see Section 

3.5.2). 
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The statistical data for 1:1 S3:Hg(II) for Figure A-97. 
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Chapter 6. Addendum: Platinum and Palladium complexes for use as 

Precursors for M-Sn nanoparticles. 

6.1. Background 

Prior to our interest in the coordinative abilities of siloles, our group desired to make 

preformed complexes containing platinum and tin, with the intention to thermolyze these 

complexes, which would remove the light atoms from the ligands, and thus leaving 

behind PtSn nanoparticles that would have the exact Pt:Sn stoichiometry of the complex 

prior to thermolysis.  These nanoparticles, with ideally a more homogenous distribution 

than standard syntheses, were then to be tested as a material for use in a methanol fuel 

cell, as tin added to platinum helps to mitigate the poisoning of the fuel cell, compared to 

just using platinum.
1
 Some initial studies of the reaction of a platinum(0) complex with 

diphenylstannane yielded a complex similar to silicon-platinum dimers studied by our 

group and others (Scheme 6-1).
2
 

 

Scheme 6-1. The complex synthesized for preliminary thermolysis studies. 

Thermolysis of the preformed catalyst showed the formation of PtSn nanoparticles, 

but the particles were only part of a non-homogenous distribution.  Therefore, we desired 

to make platinum or palladium complexes containing tin in multiple geometries, in order 

to assess the performance of these complexes or clusters for homogeneity on thermolysis.  

Several different routes are described in this section, with an informal description of their 

synthesis, isolation and characterization of any products formed. 
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6.2. Insertion of tin chloride into a platinum or palladium-chloride bond 

6.2.1. Introduction 

One of the most facile ways to generate platinum-tin precursors is through the 

insertion of tin(II) chloride into a platinum-chloride bond.  Interest in this reaction 

extends back many years, ever since the discovery that tin(II) chloride greatly accelerated 

the carbonoylation of aryl- and alkyl-platinum chloride complexes.
3
 Holt et al. published 

a comprehensive review of transition metal-tin chemistry, of which insertion of tin(II) 

chloride into many types of bonds is discussed at length.
4
  The mechanism for insertion 

of tin into platinum-chloride bonds in particular was not elucidated until several years 

later, with Rocha and De Almeida performing an ab initio study of tin(II) chloride 

insertion into the cis-Pt(PH3)2Cl2.  They found that the transition was a 3-membered 

intermediate of the tin, platinum, and chloride bonds, with the chloride bonds of the 

tin(II) pointed away from the platinum in the transition state.  As others have noted,
4
 the 

theoretical investigation revealed the resultant trichlorostannyl- ligand to be a strong 

trans-director, more so than even the phosphine, as the molecule was found to easily 

isomerize into the trans-isomer.
5
  A depiction of this process is shown in Scheme 6-2. 

 
Scheme 6-2. The mechanism of insertion of tin(II) chloride into the Pt-Cl bond.

5
 

6.2.2. Synthetic efforts with tin(II) chloride insertion. 

Our own efforts into research on insertion reactions to generate trichlorostannyl-

ligated metal centers began with preformed platinum chloride complexes, generously 

donated by Anderson’s group.  We desired to synthesis trichlorostannyl-platinum 
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complexes as a potential precursor for generation of stannacubane structures (Scheme 6-

3), via a Wurtz-type coupling reaction with sodium or other reductant. 

 

Scheme 6-3. Our planned reaction sequence upon isolation of a trichlorostannyl-

platinum complex. 

One of the first reactions attempted was with trans-bis(tricyclohexylphosphine)-

platinum(II) chloride.  Initially, we attempted the reaction with two equivalents of tin(II) 

chloride per equivalent of metal complex (i.e., one tin chloride for each Pt-Cl bond).  

31
P{

1
H} NMR analysis of this mixture indicated only trace amounts of the product may 

have formed, with the vast majority being starting material. Momeni et al. reported that 

the insertion of tin(II) chloride is actually reversible; even at up to five equivalents of 

tin(II) chloride to (Ph3P)2PtCl2, some evidence of the platinum complex starting material 

is apparent in solution.
6
  Use of acetone or other oxygen containing solvent caused even 

further dissociation.
6b

 

Later attempts at this insertion reaction involved use of trans-(Ph3P)2Pt(H)Cl. It was 

initially thought that having only one chloride in the complex might make identification 

of products easier, as well as make the reaction kinetics more straightforward.  Another 

advantage of this system was the platinum hydride; being the only environment upfield in 

the 
1
H NMR, it provided a rather isolated handle to monitor reaction progress.  Though 

several equivalents were again needed to ensure complete conversion, the hydride signal 

showed both the 
2
JP-H and 

1
JPt-H. Though there are two NMR active nuclei for tin (

117
Sn 
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and 
119

Sn, 7.68% and 8.59% abundance, respectively), the coupling constant was too 

small at two bonds to measure.  Figure 6-1 shows the 
1
H NMR of the trichlorostannyl 

product in the hydride region, exhibiting the satellites explained above. 

 

Figure 6-1. The hydride region of the product of trans-(Ph3P)2Pt(H)Cl and tin(II) 

chloride. The structure and coupling constants are inset. 

The prior reactions both needed significant excesses of tin(II) chloride in order to 

ensure full conversion to the trichlorostannyl complex.  This would obviously complicate 

subsequent Wurtz type reactions, but attempts to purify the complexes from the excess 

tin(II) chloride by, e.g., recrystallization failed; generally the only crystalline product 

obtained was the starting material, possibility due to the reversibility of the insertion.  
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Therefore, we decided to try a new system. Desirable properties of this system would 

include: only one equivalent of tin(II) chloride, the insertion reaction would be relatively 

irreversible, other ligands at the metal center would make the overall complex neutral (for 

subsequent Wurtz reactions), and a good yield, if possible.  The system that was then 

investigated was (Fmes)Pd(COD)Cl,
7
 where Fmes = 2,4,6-tris(trifluoromethyl)phenyl-. 

The Fmes ligand was found to have significant hypercoordinate stabilizing ability, via the 

pendant fluorides, for a series of group 14 halide complexes.
8
 Indeed, the authors of the 

Fmes-palladium paper also indicate such effects through crystal structures obtained.
7
  It 

was thought that these assisting properties of the ancillary fluorides might help to 

strengthen the Pd-Sn bond through an inductive effect.  The authors also report the 

syntheses of Fmes-Pd complexes with (phosphine)PdCl2 complexes; however, the 

synthesis usually have both Fmes and bis(Fmes) palladium complexes as products, which 

are difficult to separate.  On the other hand, the (Fmes)Pd(COD)Cl species could be 

synthesized as only the mono-Fmes species, due to the relative bulkiness of 

cyclooctadiene.
7
 An additional benefit of this system is the fluorine atoms on the Fmes, 

which provide an isolated environment to monitor products by 
19

F{
1
H} NMR 

spectroscopy. 

The generation of the requisite lithiated Fmes species is straightforward: to one 

equivalent of 1,3,5-tris(trifluoromethyl)benzene in dry diethyl ether is added slightly less 

than one equivalent of n-BuLi at –78 °C. It is important to use an excess of FmesH, as 

using an excess of BuLi might cause explosive formation of LiF.
9
 The resulting lithiated 

Fmes is combined with 0.5 equivalents of (COD)PdCl2, reacted for 2 h, and the solvents 

were removed under reduced pressure.  The residue was extracted with dichloromethane, 
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and hexanes were added.  Cooling in a –20 °C freezer gave a light yellow solid in low 

yield (20 %). 

 Once the (Fmes)Pd(COD)Cl product was confirmed by 
1
H and 

19
F{

1
H} NMR 

spectroscopy, it was then reacted with 2 equivalents of tin(II) chloride.  A 
19

F{
1
H} NMR 

spectrum of the resulting solid shows both the ortho and para trifluoromethyl positions, 

with the ortho positions exhibiting 
5
JSn-F coupling at 80 Hz (Figure 6-2). 

 

Figure 6-2. 
19

F{
1
H} NMR spectrum of (FMes)Pd(COD)Cl. 

The above reaction still required an excess of tin(II) chloride, but the identification 

of the products was relatively straightforward due to the fluorine NMR analysis.  An 

exchange of the cyclooctadiene ligand with phosphine was attempted, but for unknown 

reasons, the product appeared to have decomposed, giving a mixture by NMR analysis. 
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6.2.3. Summary 

The insertion reaction of tin(II) chloride with a range of complexes was attempted.  

For all species examined, an excess of tin(II) chloride was necessary in order to realize 

full conversion to the trichlorostannyl-metal complexes.  This has the downside of 

limiting the utility of any trichlorostannyl-complex formed due to the contamination and 

difficult removal of excess tin(II) chloride.  Future reactions in this regard would have to 

find systems were the insertion is irreversible, and only one equivalent of tin(II) chloride 

per metal-chloride bond, to ease purification.  Another issue possibly complicating the 

research is the relative lability of the trichlorostannyl- ligand; this is especially true for 

platinum complexes.
4
  Thus, a method of developing strong platinum-tin bonds for this 

ligand would also be necessary. 

6.3. Attempted preparation of platinum-tin halide clusters. 

6.3.1. Introduction 

Another avenue that was explored for the preparation of appropriate precursors for 

thermolysis was to synthesize platinum-tin clusters, which researches have studied even 

before the single insertion of tin(II) chloride.
10

  Generally, a platinum salt (Pt(II) or 

Pt(IV)) complex was reacted with tin(II) chloride in a hydrochloric acid solution or 

acetone.  Then, a bulky neutral ligand or bulky cation was added (such as 

tetralkylammonium or tetraarylphosphonium salts), based on the charge of the platinum-

tin clusters generated.
10,11 

Species generated from these reactions were usually complex, 

and were highly dependent on the concentrations of the reagents, and the concentration of 

the acid, if the reaction was performed in acidic media.
11a

 Nevertheless, researchers were 

at times able to isolate the main species of a reaction mixture for further analysis.  For 
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example, Lindsey reported the reaction of platinum(II) chloride and tin(II) chloride in 

acetone under an inert atmosphere, which after reaction with tetraethylammonium 

chloride precipitated out a residue identified as tetraethylammonium 

hexachlorostannate(IV), and evaporation of the extracts from the above solid yielded a 

triplatinum compound, assigned as [(NEt4)]4[Pt3Sn8Cl20]•(acetone) based on EA and IR 

analysis.  The reaction is shown in Scheme 6-4.  Based on the products isolated, the 

tin(II) chloride participates in a redox reaction to generate the platinum-tin cluster and the 

hexachlorostannate(IV) anion.
10

 

 

Scheme 6-4. The balanced redox reaction of platinum(II) chloride and tin(II) 

chloride to form the triplatinum-tin cluster.
10 

6.3.2. Attempted synthesis of a platinum tin cluster. 

Four our research into platinum-tin clusters, an attempt to reproduce the reactions of 

Lindsey et al. was performed (Scheme 6-4).  Thus, platinum(II) chloride was combined 

with tin(II) chloride in acetone under argon overnight, followed by filtration of the red 

solution directly into a degassed ethanol solution of tetraethylammonium chloride. 

Several attempts produced no discernible reaction products; however, using a different 

sample of platinum(II) chloride allowed for the exothermic behavior on combination with 

tin(II) chloride at the beginning of the reaction, as noted in the literature.
10

  Attempted 

workup of the latter reaction yielded a brown residue, which was recrystallized from 
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acetone to give light brown crystalline blocks; these were analyzed by powder XRD to be 

the hexachlorostannate(IV) salt. Evaporation of the supernatant yielded additional 

crystalline material that was analyzed by 
119

Sn{
1
H} NMR spectroscopy, and is shown in 

Figure 6-3. The splitting pattern does not look like the one expected for three platinum 

centers contained in a single complex, as the coupling constants are small and not of the 

correct intensity ratio, except for the first obvious coupling constant at 16 kHz (
1
JPt-Sn). It 

was suspected that this species could simply be a monomeric [Pt(SnCl3)x]
n-

 complex 

based on the splitting pattern observed.   

 

Figure 6-3. The 
119

Sn{
1
H} NMR spectrum of the crystalline species obtained from 

the reaction mixture reported in this section. 
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It was first suspected that the signals were due to the formation of [Pt(SnCl3)4]
2-

, 

however the coupling constants reported for that complex are significantly different than 

the constants observed here, and are 30 kHz and 1835 Hz for the 
1
JPt-Sn values and the 

2
JSn-Sn values, respectively.

12
   

After further research, the complex that most closely matched the splitting pattern 

and coupling constants observed was actually the five-coordinate [Pt(SnCl3)5]
3-

 

complex.
13

  The literature values for the coupling constants are 16 kHz and 6230 Hz for 

the 
1
JPt-Sn values and the 

2
JSn-Sn values, respectively, which is almost an exact match for 

the data in Figure 6-3; however, the literature reports a shift of -387 ppm from 

tetramethylstannane, while we report a shift of -128 ppm.  This shift difference could be 

due to a calibration error on either machine, or both, but the splitting pattern and coupling 

constants are almost identical, therefore, our assignment is for the 5-coordinate 

trichlorostannylplatinate complex. 

6.3.3. Summary 

An attempt was made to replicate some prior work with platinum-tin clusters in order 

to evaluate their effectiveness for generating PtSn nanoparticles; the work was chosen for 

the relative simplicity of the reagents and conditions.  Though the reaction observations 

matched literature reports on both the color of the solution and the exotherm that 

developed, the only isolable species were the hexachlorostannate(IV) salt and the 

pentakis(trifluorostannyl)platinate(II) complex.  Further attempts at the reaction will 

likely have to investigate variations of caution with respect to the inert atmosphere, as 

well as assessing the purity of the reagents used. 
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