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Abstract 
 
 

The field of Green Chemistry seeks to reduce the risks and environmental impact 

associated with chemicals and chemical processes. To serve as guidelines for this 

purposeful design, Anastas and Warner introduced the 12 Principles of Green Chemistry.  

One of these principles, catalysis, is key as the use of chemical catalysts eliminates waste 

that would result from the use of stochiometric amounts of reactant. Many of the most 

successful and widespread redox catalysts in industry today feature precious heavy 

transition metals, such as palladium and rhodium, though the toxicity and environmental 

impact of these metals is undesirable. In contrast to these expensive transition metals, the 

base main group metal indium possesses several characteristics that make it appealing for 

green catalysis. Indium compounds are relatively non-toxic and have potential use as Lewis 

acid catalysts in aqueous solution.  Indium is typically trivalent and not intrinsically redox 

active, which necessitates the design of indium compounds in lowered oxidation states to 

impart redox activity. The current work seeks to synthesis and characterize the novel redox 

active diindane [(NCN)2In2(naphth)] (1) which will ultimately be tested as a redox active 

green catalyst. The synthetic routes explored and the structural characterization of the novel 

compounds (NCN)InBr2 (6) and [(NCN)In]2(naphth)2 (8) are reported. 
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1. Introduction 
 

1.1 Green Chemistry 
 
The concept of Green Chemistry was first articulated in the 1990s and has since 

become a major area of research. A multitude of programs and government initiatives have 

followed, all with the purpose of sustainable design.1 The chemical industry has 

traditionally been viewed as having harmful effects on both human health and the 

environment, so much so that the general public has come to associate the term “chemical” 

with “toxic”. The established practice to reduce risks associated with chemical processes 

is the creation of rules and regulations regarding circumstantial factors: the use, treatment, 

and disposal of chemicals.2 In contrast, Green Chemistry seeks to reduce risk by designing 

chemicals and processes that are intrinsically less harmful than traditional methods. In 

other words, chemistry that is “benign by design”.3 To serve as a guideline for this 

purposeful design the twelve principles of Green Chemistry were introduced in 1998 by 

Paul Anastas and John Warner (Figure 1).1 
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Figure 1: The twelve principles of Green Chemistry defined by Anastas and Warner.1 

 

These twelve principles of Green Chemistry provide a framework through which 

existing chemical processes may be critiqued and novel processes designed with conscious 

attention to their overall environmental impact. This, along with other metrics such as the 

E-factor developed by Roger Sheldon are used to evaluate the amount of waste produced 

by a chemical process and emphasize that it is better to prevent production of pollution 

rather than treat waste.3  

 

Development of new pharmaceuticals is a major area of research that has the 

potential to alleviate human suffering through the development of novel drugs. However, 

due to the complicated synthetic routes and high purity required in the manufacturing 

process the pharmaceutical industry produces the highest ratio of waste to product of all of 

chemical manufacturing sectors.4,5 Industry’s efforts to reduce waste within existing 
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synthetic routes highlight the effectiveness of the twelve principles of Green Chemistry. 

For example, the original synthesis for sildenafil citrate (Viagra) required the use of 

chlorosulfonic acid in a synthetic step after crystallization of an intermediate. The 

placement of this chlorosulfonation step requires additional purification and multiple 

solvent exchanges which is both wasteful and energy intensive.5 The initial linear synthesis 

was replaced by an improved convergent synthesis which sees the chlorosulfonation step 

performed prior to crystallization, which purifies the product. The improvements to the 

synthesis of sildenafil citrate also eliminate the need for the harmful chlorinated solvents 

and volatile organic solvents originally used. Diethyl ether, chlorinated solvents, methanol 

and acetone used in the original synthesis are replaced in favour of the greener solvents 

water and ethyl acetate.5 This improved synthesis has lowered the solvent waste/ kg 

product from 1300 L/kg to 7 L/kg, as well as increasing yields of product.5  

 

The success of this improved Viagra synthesis shows that through conscious 

selection of solvents and by designing processes that may be carried out with green solvents 

one can make existing industrial processes more environmentally friendly as well as more 

profitable. Pfizer, the manufacturer of sildenafil citrate, recognized these benefits and has 

developed a series of solvent selection guidelines for medicinal chemistry. These 

guidelines prioritize safety and environmental impact rather than speed and reliability 

which are traditionally the only metric on which solvents were judged.6   

 

The improved synthesis of Viagra also highlights that through proper 

implementation of the twelve principles of Green Chemistry both economic and 
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environmental benefits can be achieved; synergistic effects rather than compromises. It has 

been found that reducing metrics associated with chemical waste can lower manufacturing 

costs, and potentially incentivise industry sectors to implement Green Chemistry in their 

synthetic processes.3 However, a number of barriers impede wholesale implementation of 

these Green Chemistry development methods. Current laws tend to punish industries who 

generate pollution that exceeds a cap rather than rewarding implementation of cleaner 

processes.2 Furthermore, if a new green process is found it must have sufficient chemical 

and economic advantage to warrant the cost to replace the existing system. This 

replacement must also be able to be implemented quickly to maximize profits within the 

lifetime of a patent.2 Despite these challenges Green Chemistry remains a valuable area of 

research with great potential in the coming decades.  

 

1.2 Catalysis  
 

Of the twelve principles of Green Chemistry, the most pertinent to this study is 

catalysis. Catalysis is one of the most effective ways of reducing waste in industrial 

processes as it avoids the need for stoichiometric amounts of reagents.1 The use of catalysts 

prevents the generation of stochiometric amounts of inorganic waste that would otherwise 

be produced by reactions with elemental metals, metal hydrides, oxides, or acids.3 The 

economic and environmental advantages provided by catalysts has led to their widespread 

adoption in industry, with over 90% of all industrial processes containing a catalytic step.7  

  

Another example within the pharmaceutical industry highlights the effectiveness of 

catalysis in increasing the atom economy of a reaction. Atom economy is a principle that 



 15 

prioritizes incorporating the maximum amount of atoms from the reactants into the final 

product.1 Ibuprofen is a very commonly used over the counter anti-inflammatory 

painkiller. The original synthesis of the drug utilized six steps featuring stochiometric 

amounts of reagent and resulted in an atom economy of only 40%. The company BHC 

designed a new Ibuprofen synthesis featuring three catalytic steps. This improved atom 

economy to 80% while also managing to recover greater than 99% of the HF catalyst, 

which can then be reused.8  

 

Many of the most successful catalysts currently employed in industry feature 

transition metals. Precious heavy metals such as palladium, platinum, gold, and rhodium 

have been mainstays in the field while lighter earth abundant metals such as iron, copper 

and nickel are receiving increased interest due to their relative abundance and perceived 

lower toxicity.9 Several properties of all transition metals make them suitable to use in 

catalytic transformations. The tendency of transition metal complexes to undergo 

reversible oxidation state changes and their ability to facilitate π-bond activation, allow 

them to interact with a variety of common organic functional groups in selective catalytic 

reactions.10 The ability of transition metal catalysts to undergo reversible redox reactions 

and then be regenerated at the end of the catalytic cycle is illustrated in Figure 2 with 

Wilkinson’s catalyst. 
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Figure 2: The catalytic cycle of Wilkinson’s catalyst, a rhodium-based catalyst. The 

intrinsic redox activity of rhodium allows for reversible redox reactions with regeneration 

of the catalyst at the end of the cycle.11  

 

Both light and heavy transition metals are suitable for use with a vast array of 

ligands, and tend to form complexes that are relatively stable to oxidative corrosion under 

ambient conditions.10 Palladium catalysts used in cross coupling reactions find applications 

in the pharmaceutical and fine chemical industries and their impact exemplifies these 

positive qualities. A drawback to these palladium-based catalysts is they require a 

purification step to reduce metal contamination, increasing both produced waste and cost 

of manufacturing.3 Ruthenium-based catalysts have likewise found widespread 

applications as robust catalysts used in olefin metathesis. As with the palladium catalysts, 

the use of ruthenium in the pharmaceutical industry requires careful management of 
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ruthenium by-products which can be difficult to remove and require costly and wasteful 

purification steps.12 These issues arise in the use of all precious metal catalysts, which has 

motivated the search for catalysts that are less harmful to human health and therefore have 

higher levels of acceptable residual metal content.10 

 

As well as being toxic to humans, the use of precious transition metals also raises 

a number of environmental concerns. As the name suggest, these precious transition metals 

are relatively scarce which causes them to be expensive and unsustainable in the long term. 

A number of key metals used in catalysts including ruthenium, platinum, palladium, and 

iridium are considered to be at risk of depletion. Demand for these precious metals has 

increased in recent years, further accelerating their consumption. As these precious metals 

deplete from the Earth’s crust, the mining process becomes less efficient, which makes it 

both more wasteful and more expensive.10 Environmental pollution of platinum group 

elements from catalytic converters in automobiles is an example of the negative impact 

these precious transition metals can have. These metals are released during automobile 

operation and may have negative effects on human health and the environment as the 

accumulate over time.13 

 

As previously mentioned, response to the depletion of precious transition metals 

has been an increased desire to utilize first row transition metals in catalytic systems. 

Metals such as nickel, copper, and iron, all of which are traditionally viewed as less toxic, 

are also more sustainable alternatives than their heavier analogues.9,10 However, the use of 

first row transition metals are not without negative environmental impact. Leaching is 
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observed for all types of catalysts and leads to the release of metal ions into the environment 

and may cause formation of nanoparticles.9 These metal by-products are difficult to remove 

once contamination occurs and represent a clear environmental and health issue. The ideal 

green catalyst would therefore be benign to both human health and the environment, 

capable of undergoing reversible redox reactions, and have a cheap, sustainable feedstock.  

 

1.3 Indium 
 

Indium possesses a number of characteristics that make it an appealing choice for 

use in green catalysts. Indium compounds have been noted for their low toxicity and 

potential use as Lewis acid catalysts in aqueous solution.14 Their use in aqueous solution 

is beneficial as aprotic organic solvents are required in water sensitive processes, though 

the volatility, flammability, and potential for environmental release of these solvents is 

undesirable from an environmental perspective.6 Protic solvents such as water or alcohols, 

are much greener and the development of catalysts which are tolerant to these solvents is 

an important aspect of Green Chemistry.15  

 
1.4 Lewis Acid Indium Catalysts 
 

As with the other group 13 elements, the most stable oxidation state of indium is 

+3. Trivalent indium species feature an empty p-orbital that allows the compounds to act 

as Lewis acids. Indium Lewis acid catalysts have been found to mediate a variety of organic 

reactions and hold a number of advantages over traditional aluminum Lewis acids, 

including greater functional group tolerance and reduced sensitivity to water.16 The use of 

indium-based Lewis acids in ring opening polymerization reactions illustrates these 

positive qualities. Numerous indium (III) Lewis acids have been found to catalytically 
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mediate the polymerization of various cyclic esters with reduced moisture sensitivity and 

toxicity to their aluminum counterparts. Furthermore, indium-based Lewis acid catalysts, 

such as the indium-salen complex shown in Figure 3 have been found to be more effective 

than the industry standard tin (II) octanoate catalyst.17,18  

 

 

Figure 3: The success of indium-based Lewis acid catalysts used in ring opening 

polymerization reactions highlights the potential of indium compounds as green catalysts. 

The compound shown contains a chiral salen ligand and outperforms the industry standard 

catalyst tin (II) octanoate.18 

 
1.5 Organoindium Compounds 
 

Organoindium compounds are well known in the literature and have found a variety 

of applications in organic synthesis, with perhaps the most notable being indium mediated 

allylation reactions.19 The majority of these organoindium compounds feature indium in 

the +3 oxidation state, are relatively stable to both air and moisture, and are unreactive to 

important functional groups such as halides, esters, ketones, and hydroxyl groups.19 These 
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qualities make organoindium compounds an attractive choice over other organometallic 

species whose use would necessitate protection and deprotection of the aforementioned 

functional groups and greater care to exclude moisture from the reaction. These 

organoindium compounds and their by-products are also generally less toxic than other 

organometallic reagents commonly used in organic synthesis.19  

 

Though indium-based Lewis acids can be used in catalytic amounts, the 

applications of redox active organoindium compounds have been mostly limited to use in 

stochiometric quantities rather than as catalysts. As indium is not intrinsically redox active, 

redox activity must be imparted either through the use of redox active ligands or through 

the design of compounds that feature indium in a lowered oxidation state.20 Relative to the 

lighter group 13 analogues, indium has increased stability in oxidation states lower than 

+3, with many examples of In(I) and In(II) compounds existing in the literature. Indium(I) 

compounds have been found to undergo oxidation reactions, with the product nearly always 

being an In(III) species (Figure 4).20  

 

 

Figure 4: Oxidation of the In(I) compound η!-CpIn to the In(III) compound η"-CpInI2.21  
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Indium(I) compounds have also been shown to undergo reversible reduction 

reactions in solution through cyclic voltammetry.22 Indium(II) compounds are also known 

to readily undergo oxidation and reduction reactions to the more stable In(I) and In(III) 

species.20 The reactivity of these compounds means that mono-nuclear In(II) compounds 

are not stable under standard conditions.  

 

1.6 Diindanes 
 
1.6.1 Stability of Diindanes 
 

A well-documented way to synthesize stable In(II) complexes is to design 

organometallic compounds that feature an indium-indium bond. Pardoe and Downs have 

compiled a list of diindane compounds in a comprehensive review article on the topic.20 

The diindane bond is weak and must be protected to prevent disproportion to In(I) and 

In(III) products. Disproportion is breakage of the diindane bond that results in 

disassociation of the two indium atoms (Figure 5). 

 

 

Figure 5: Disproportion of the diindane resulting in formation of a In(I) and In(III) 

species.20 

 

Protection of the diindane bond is achieved either through the use of sterically bulky 

ligands or polydentate ligands which coordinate to the indium center.20 When designing 
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organometallic catalysts, ligands must be carefully chosen as overly bulky ligands will 

impede formation of the diindane.18 The ligand [(C6H3)-2,6-(CH2NMe2)2] (NCN) has been 

found to stabilize mononuclear indium compounds through coordination of a pair of amine 

groups to the metal center (Figure 6). The action of the amine arms chelating to the metal 

centre has led to this ligand being colloquially referred to as a pincer ligand.23 

 

Figure 6: Pictured is (NCN)InCl2. The ligand NCN stabilizes indane centres through the 

coordination of a pair of amine groups.  

 

1.6.2 Synthesis of Diindanes  
 

Diindanes may be formed in a number of ways including metathesis reactions with 

In2Br4, reactions with In(I) halides, or reduction of trivalent indium species.20 Reduction 

of trivalent indium species are of particular interest to the current study. Figure 7 shows 

the diindane formed from the reduction of (NCN)InCl2. Reduction of indium by the 

dilithium salt of diisopropylaminoborole results in the formation of a diindane bond which 

is stabilized by the NCN pincer ligand.23  
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Figure 7: Reduction of (NCN)InCl2 by the borole reducing agent Li2[C4H4BN(iPr)2] to 

produce the diindane [(NCN)InCl]2.23 

 

Veith et al. synthesized the diindane [(MeSi)2(NtBu)4]In-In[(NtBu)4(SiMe)2] 

through reduction of [(MeSi)2(NtBu)4]InCl using the reducing agent sodium naphthalide 

(Figure 8).24 

 

 

Figure 8: Formation of the diindane [(MeSi)2(NtBu)4]In-In[(NtBu)4(SiMe)2] through 

reduction of [(MeSi)2(NtBu)4]InCl by sodium naphthalide.24 

 

Fryzuk et al. similarly reduces an In(III) compound using potassium graphite as a 

reducing agent to synthesize the diindane syn-[P2N2]In-In[P2N2] [P2N2 = 

PhP(CH2SiMe2NSiMe2CH2)2PPh] from [P2N2]InCl (Figure 9).25 

In

NMe2

NMe2

Cl
Cl2

In In

Cl

Cl
N

N

N

N

+ B N2

THF
12 h

Li2
-2 LiCl

-2 Li[C4H4BN(iPr)2]

In Cl

N

N
Si

Si
N NtBu

Me

Me
tBu

tBu

tBu In

N

N
Si

Si
N NtBu

Me

Me
tBu

tBu

tBu In

N

N
Si

Si
NtBuN

Me

Me
tBu

tBu

tBu
2 Na Naphthalide

2
-2 NaCl

-2 Naphthalene



 24 

 

Figure 9: Synthesis of the diindane syn-[P2N2]In-In[P2N2] [P2N2 = 

PhP(CH2SiMe2NSiMe2CH2)2PPh] through reduction of [P2N2]InCl using the reducing 

agent potassium graphite.25  

 

1.6.3 Reactivity of Diindanes  
 

Diindane compounds have been found to undergo a variety of redox, addition, and 

metathesis reactions which may indicate that diindanes have potential as synthetic 

precursors or catalysts.20 Diindanes react readily with small molecules as these species may 

insert or interact with the diindane bond in a redox reaction. Various isonitrile species have 

been found to form adducts with diindanes to generate In(II) species with retention of the 

diindium bond (Figure 10). 26 

 

Figure 10: Various isonitriles may be inserted into the diindane with retention of the 

indium-indium bond to give an In(II) species (R = CMe3, C6H5).26  
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The heavier chalcogens have also been found to react with diindanes via chalcogen 

insertion into the indium-indium bond yielding chalcogen bridged dinuclear In(III) 

compounds (Figure 12).27 

 

 

Figure 11: Sulfur, selenium, and tellurium may be inserted into the diindane bond by 

reaction of triethylphosphonium chalcogenides with the In(II) diindane. Products are bent 

In(III) species with bridging chalcogen atoms between the indium atoms.27 

 

Despite their potential, diindane compounds have not found widespread use as they 

lack the robustness of other organoindium compounds. As outlined previously, the 

diindane bond is weak and exposure to air and moisture may lead to disproportion.20 A 

further complication is that previously reported oxidative addition reactions with small 

molecules are not reversible, which leads to diindanes being used in stochiometric rather 

than catalytic quantities.20 To be an effective catalytic system, the diindane molecule must 

undergo a redox reaction followed by reformation of the indium-indium bond, making the 

process reversible.  

 

1.7 Current Study 
 

The focus of the current study was to synthesize and characterize a novel redox 

active diindane compound [(NCN)2In2(naphth)] (1) (Figure 12). The chosen ligand to 
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stabilize the indium centres for the diindane bond is the pincer ligand NCN (Figure 6). The 

indium atoms of the diindane will also be bridged via a 1,8-naphthalene ligand (naphth) so 

that the close proximity of the two atoms will encourage the reformation of the indium-

indium bond after redox reaction. This would therefore make the breaking and subsequent 

reformation of the bond a reversible process and be a major step towards diindane catalysis. 

Naphthalene is a desirable bridging ligand as the polyaromatic nature of the compound will 

maintain a rigid structure and ensure the indium atoms retain the correct bonding geometry. 

Novel diindanes will be characterized with 1H and 13C{1H} NMR spectroscopy, elemental 

analysis, melting point, FT-IR and FT-Raman spectroscopy, and X-ray crystallography. 

The redox activity of these compounds will be tested with cyclic voltammetry and through 

oxidation with diphenyl disulfide.  

 

 

Figure 12: The target molecule of the study. Each indium atom is in the +2-oxidation 

state, potentially imparting redox activity to the molecule.  
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2. Experimental 
 
2.1 General Methods and Considerations. 
 
2.1.1 Instrumentation  
 

Air and moisture sensitive reactions were carried out under dinitrogen atmosphere 

using an Innovative Technology glovebox and standard Schlenk line techniques. NMR 

spectra was collected using a Varian Mercury 200 MHz+ Spectrometer at 25 °C. Melting 

point of synthesized compounds was carried out using a Electrothermal MEL-TEMP. 

Single-crystal X-ray crystallography was performed by Dr. Jason Masuda at Saint Mary’s 

University.  

 

2.1.2 Reagents 
 

Anhydrous toluene (99.8%), anhydrous tetrahydrofuran (THF) (≥99.9%. inhibitor-

free), anhydrous diethyl ether (≥99.7%), and anhydrous hexane (95%) were obtained from 

Sigma Aldrich and dried with molecular sieves and sodium metal. Indium (III) chloride 

anhydrous powder (98%), n-butyllithium (1.6M in hexanes), dimethylamine (2.0 M in 

THF) N-bromosuccinimide (NBS), K-Selectride (1.0 M in THF), and 2,2’-azobis(2-

methylpropionitrile) (AIBN) were obtained from Sigma Aldrich and used as received. 2-

bromo-m-xylene, and 1,8-dibromonaphthalene were obtained from TCI America and used 

as received.  
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2.2 Synthesis of C6H3Br-2,6-(CH2Br)2 (2) 
 

2.2.1 Synthesis of C6H3Br-2,6-(CH2Br)2 (2) Using Ultraviolet Light28 
 

A solution of 2-bromo-m-xylene (24.93 g, 0.135 mmol), N-bromosuccinimide 

(48.43 g, 0.272 mmol) and AIBN (catalytic amount) in CCl4 (150 mL) was irradiated with 

ultraviolet light and refluxed for 3 h. The reaction was then filtered, and the filtrate 

concentrated via rotary evaporation to give a white slurry. This was then recrystalized by 

dissolving in hot hexane (150 mL) and cooling to -15 °C to yield colourless needles. Yield: 

19.170 g, 55.91 mmol, 41%. 1H-NMR (CDCl3, ppm): 7.44-7.13 (m, 3H), 4.65 (s, 4H) 

(Appendix 1).  

 

2.2.2 Synthesis of C6H3Br-2,6-(CH2Br)2 (2) Using Infrared Light29 
 

2-bromo-m-xylene (22.206 g, 120.00 mmol) and N-bromosuccinimide (46.956 g, 

264.00 mmol) were added to methyl acetate (600 mL) to give a white slurry. This solution 

was irradiated with a 75 W infrared light bulb for 16 h resulting in a clear, pale-yellow 

solution. The solvent was removed via rotary evaporation and the resulting pale-yellow 

solid was extracted with boiling hexane (2 x 300 mL) and gravity filtered. Cooling the 

solution to -15 °C yielded colourless needles. Yield: 27.611 g, 80.53 mmol, 67%. 1H-NMR 

(CDCl3, ppm): 7.44-7.20 (m, 3H), 4.65 (s, 4H) (Appendix 2).  

 

2.3 Synthesis of (NCN)Br (3)30 
 

C6H3Br-2,6-(CH2Br)2 (2) (10.8 g, 31.5 mmol) and Me2NH (2 M in THF, 130 mL, 

260 mmol) were added to Et2O (300 mL), cooled to 0 °C and stirred for 16 h. The solvent 

was then removed via rotary evaporation to give a yellow-white solid. This solid was then 
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treated with a 2 M NaOH solution (100 mL) and the product extracted with hexane (2 x 

100 mL). The yellow solution was then dried with MgSO4, filtered, and concentrated to an 

orange oil with a rotary evaporator. The product was then flash distilled at 90 °C under 

vacuum to give a yellow oil. Yield: 6.466 g, 23.84 mmol, 84%. 1H-NMR (CDCl3, ppm): 

7.39-7.13 (m, 3H), 3.54 (s, 4H), 2.30 (s, 12H) (Appendix 3). 

 
2.4 Synthesis of (NCN)InCl2 (4)31 
 

Under an atmosphere of dinitrogen, n-butyllithium (1.6 M in hexanes, 4.6 mL, 7.37 

mmol) was added dropwise to a solution of (NCN)Br (3) (1.997 g, 7.37 mmol) in THF (30 

mL) at 23 °C to produce a dark green solution which gradually became orange as it was 

stirred over 1 h. This solution was then added to a solution of InCl3 (1.60 g, 7.37 mmol) in 

THF (30 mL) at 23 °C. This clear amber solution was stirred for 16 h and the solvent 

removed under reduced pressure to give an orange gel. Toluene (10 mL) was added, the 

solution was filtered, and the solvent removed under reduced pressure to give a yellow 

solid. The product was washed with hexane (10 mL) and the hexane removed to give a 

beige powder. Yield: 1.172 g, 3.108 mmol, 42%. 1H-NMR (CDCl3, ppm): 7.29 (t, J=7.6 

Hz, 1H), 7.04 (d, J=7.8 Hz, 1H), 3.60 (s, 4H), 2.51 (s, 12H) (Appendix 4).   

 

2.5 Attempted Synthesis of [(NCN)InCl]2(naphth) (5) 
 

Under an atmosphere of dinitrogen, n-butyllithium (1.6 M in hexanes, 1.2 mL, 1.98 

mmol) was added dropwise to a solution of 1,8-dibromonaphthalene (0.285 g, 0.99 mmol) 

in THF (20 mL) at -90 °C to give a clear yellow solution. This solution was stirred for 1 h 

before being added to a solution of (NCN)InCl2 (4) (0.750 g, 1.98 mmol) in THF (20 mL) 

at -90 °C. The reaction mixture was allowed to warm to 23 °C over 1 h then heated to reflux 
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for 16 h resulting in a purple tinged, amber solution. The solvent was then removed under 

reduced pressure resulting in a yellow-brown gel. This crude product was extracted into 

toluene (10 mL) and filtered. The filtrate was concentrated to 1 mL and layered with hexane 

yielding beige powder.  

 

2.6 Synthesis of Li2(naphth)(TMEDA) (7) 
 

Under an atmosphere of dinitrogen, n-butyllithium (1.6 M in hexanes, 15 mL, 24.39 

mmol) was added dropwise to a solution of 1,8-dibromonaphthalene (3.170 g, 11.09 

mmol), and tetramethylethylenediamine (TMEDA) (3.092 g, 26.61 mmol) in hexane (45 

mL) at -90 °C resulting in a bright yellow solution. The reaction mixture was allowed to 

warm slowly over 1.5 h during which it turned cloudy yellow. The solvent was then 

decanted resulting in a grey solid. This crude product was then washed with hexane (2 x 

50 mL) and gravity filtered. The product was dried under vacuum yielding a yellow 

pyrophoric powder. Yield: 1.526 g, 5.954 mmol, 54 %. 1H-NMR (THF-d8, ppm): 8.09 (d, 

J=4.4 Hz, 2H), 7.46 (d, J=7.0 Hz, 2H), 7.12 (t, J=5.9 Hz, 2H), 2.32 (s, 4H), 2.14 (s, 12H) 

(Appendix 5).  

 

 
2.7 Synthesis of [(NCN)In]2(naphth)2 (8) 
 

Under an atmosphere of dinitrogen, a solution of (NCN)InCl2 (4) (0.755 g, 1.98 

mmol) in THF (10 mL) was added dropwise to a solution of Li2(naphth)(TMEDA) (7) 

(0.2533 g, 0.99 mmol) in THF (10 mL) at -90 °C resulting in an orange solution. The cold 

bath was removed after 1 h and the reaction mixture stirred for 16 h. The solvent was then 

removed under reduced pressure resulting in an orange gel. This was extracted into toluene 
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(2 x 5 mL) and filtered to remove LiCl. The solution was concentrated to 4 mL and placed 

at -15 °C yielding beige crystals. Yield: 0.167 g, 0.193 mmol, 39%. 1H-NMR (CDCl3, 

ppm): 7.68-7.56 (m, 8H), 7.27-7.14 (m, 6H), 7.00 (d, J=7.4 Hz, 4H), 3.37 (s, 8H), 1.64 (s, 

24H) (Appendix 6). 13C{1H}-NMR (CDCl3, ppm): 162.5, 160.6, 148.7, 146.2, 138.3, 

134.3, 128.1, 126.4, 125.6, 124.2, 124.1, 66.4, 63.7, 46.4. (Appendix 7). FT-IR (cm-1): 

3036 m, 2988 w, 2955 w, 2861 m, 2826 s, 2784 m (Appendix 8). FT-Raman (cm-1): 3039 

vs, 2992 w, 2957 w, 2888 w, 2830 m, 2786 m (Appendix 9). Melting Point: 257.4-258.6 

°C.  

 

2.8 Attempted Synthesis of [(NCN)InCl]2 (9) 
 

Under an atmosphere of dinitrogen, K-Selectride (1.0 M in THF, 1.2 mL, 1.2 mmol) 

was added dropwise to a solution of (NCN)InCl2 (4) (0.447 g, 1.17 mmol) in THF (10 mL) 

at -90 °C to form a yellow solution. The solution was allowed to warm to -10 °C over a 

period of 3 h before removal of the solvent under reduced pressure resulting in a grey gel. 

The product was extracted into toluene (10 mL), and the solution filtered to produce a 

yellow filtrate. The solvent was removed under vacuum and the product dissolved in THF 

(1 mL), layered with pentane (3 mL) and let sit at 23 °C yielding colourless crystals. Yield: 

0.071 g, 0.104 mmol, 18 %. 1H-NMR (CDCl3, ppm): 7.14 (t, J=9.8, 2H), 7.00 (d, J=7.6, 

4H), 3.59-3.49 (m, 8H), 2.48 (s, 24H) (Appendix 10).  
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3. Results and Discussion 
 

3.1 Synthesis of C6H3Br-2,6-(CH2Br)2 (2) 
 
3.1.1 Synthesis of C6H3Br-2,6-(CH2Br)2 (2) Using Ultraviolet Light 
 

Initial attempts to synthesis C6H3Br-2,6-(CH2Br)2 (2) were adapted from a 

literature procedure in which 2-bromo-m-xylene, NBS, and AIBN are refluxed in CCl4.28 

This reaction in the absence of UV light and radical initiator did not yield the desired 

product. It was found that UV light was necessary to initiate the free radical bromination 

(Scheme 1).30 This adapted synthesis resulted in poor yields (26-41%) and incomplete 

reaction of the starting material. The hexane extraction resulted in colourless needles of 2 

when cooled, with the unreacted 2-bromo-m-xylene remaining in solution. Attempts to 

reuse recovered 2-bromo-m-xylene resulted in a mixture of the intended tribromide product 

2 and the pentabromide C6H3Br-2,6-(CHBr2)2. In the 1H-NMR spectrum of C6H3Br-2,6-

(CHBr2)2 the C6H3 signal appears as a doublet at 8.04 ppm. When crystalized from hexane 

solution 2 appears as colourless needles while C6H3Br-2,6-(CHBr2)2 appears as a clumped 

white solid. Attempts to separate these products using column chromatography were 

unsuccessful. Initial attempts at this synthesis used old samples of NBS which was 

coloured yellow, and AIBN. Attempting the reaction with newly purchased NBS which 

was coloured white, and AIBN resulted in increased yields (41-47%).   
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Scheme 1: Synthesis of C6H3Br-2,6-(CH2Br)2 (2) from 2-bromo-m-xylene and NBS 

using ultraviolet light and AIBN to initiate radical reaction.  

 

3.1.2 Synthesis of C6H3Br-2,6-(CH2Br)2 (2) Using Infrared Light 
 

To eliminate the need for the expensive and the environmentally harmful solvent 

CCl4, an alternative synthetic method for 2 was found which eliminates the need for 

chlorinated solvent (Scheme 2).29 This procedure uses a 75 W infrared bulb which, along 

with wrapping the round bottom flask with aluminum foil, provides the heat to bring the 

solution to reflux. The solution of NBS and 2-bromo-m-xylene appears as a white slurry 

which becomes a clear pale-yellow solution after the 16 h stir. Removal of the solvent 

results in a dull yellow powder which can then be extracted into boiling hexane and gravity 

filtered. The product readily crystalizes when cooled to give colourless needles. The 

product was collected after 24 h to give a 67% yield. Further cooling of the reaction 

solution yields a small amount of light pink solid. The 1H-NMR spectrum of this material 

shows that it is a mixture of 2 and C6H3Br-2,6-(CHBr2)2, again showing that the reaction 

produces small amounts of pentabromide as a side product. 
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Scheme 2: Synthesis of C6H3Br-2,6-(CH2Br)2 (2) from 2-bromo-m-xylene and NBS 

using infrared light.  

  

3.2 Synthesis of (NCN)Br (3) 
 

(NCN)Br (3) can be synthesized from the reaction of dimethyl amine and 2 in 

diethyl ether (Scheme 3).30 The reaction mixture is cloudy white and forms a white 

precipitate as the reaction proceeds. Removal of the solvent results in white-yellow solid 

which is then treated with NaOH solution and extracted into hexane. This yellow solution 

is then dried with MgSO4 and concentrated down to an orange oil. The product is then 

distilled under vacuum at 90 °C to give a yellow or orange oil. The literature procedure 

reports the product as a colourless oil which could indicate that there are bromine 

impurities present in the distilled product.30 A second distillation would likely remove these 

impurities. Yields are good for this reaction (55-86%) and increase as the reaction is scaled 

up.  

 

 

Scheme 3: Amination of C6H3Br-2,6-(CH2Br)2 (2) to synthesize (NCN)Br (3). 
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3.3 Synthesis of (NCN)InCl2 (4) 
 

It is reported that (NCN)InCl2 (4) can be synthesized from 3 and InCl3 in hexane.31 

It was found that both the starting material and product do not dissolve into hexane or 

diethyl ether and instead form suspensions. Therefore, the synthesis was attempted in 

hexane, THF and toluene with identical reaction condition to determine the ideal solvent. 

Yields were 34% for hexane, 38% for THF, and 42% for toluene. It was determined that 

THF was the best choice of solvent as it can dissolve both the starting material and the 

product (Scheme 4). After stirring for 16 h the solvent was removed under vacuum to give 

the crude product as an orange gel. The original literature procedure for this reaction calls 

for the product to be sublimed from the crude material.31 It was found that though 

sublimation produces pure product, it is time intensive and produces yields too low to be a 

viable source of starting material (8-9%). It was determined that an extraction of the 

product from the crude material was necessary. The product was extracted into toluene and 

filtered to remove LiCl produced by the reaction. The solvent was then removed to produce 

a clumpy orange solid. Washing this solid with hexane followed by removal of the hexane 

under vacuum produces fine beige powder. Yields for this reaction in THF with toluene 

extraction are 30-59% with yields again increasing as the reaction is scaled up. 
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Scheme 4: In situ generation of (NCN)Li from (NCN)Br (3) and n-butyllithium and 

subsequent reaction with InCl3 to form (NCN)InCl2 (4). 

 

3.4 Attempted Synthesis of [(NCN)InCl]2(naphth) (5) 
 

Initial attempts to synthesize [(NCN)InCl]2(naphth) (5) involved generating 

Li2(naphth) in situ by reacting 1,8-dibromonaphthalene with two equivalents of n-

butyllithium at 23 °C followed by reaction with (NCN)InCl2 (4). Again, it was found that 

THF was the preferred solvent for this reaction as the products and starting materials are 

insoluble in hexane and diethyl ether and instead form suspensions. Initial trials had a 

theoretical yield of 400 mg of 5 and attempts to crystallize the product out of a solution of 

toluene, and toluene with hexane layering were unsuccessful. When the reaction yield was 

doubled to 800 mg, layering a 1 mL toluene solution with hexane saw formation of beige 

crystals. These crystals were determined to be (NCN)InBr2 (6) by X-ray crystallography 

(Section 3.8). 
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energy to form 5. Attempts to crystallize the resulting product from toluene, toluene with 

hexane layering, and DCM were unsuccessful. Removal of the solvent gave a beige powder 

and a brown gel suggesting that there were multiple products. 1H-NMR data does not show 

evidence of the naphth ligand with only the NCN peaks appearing. It was determined that 

it is necessary to isolate Li2(naphth) rather than generating it in situ. 

 

 

Scheme 5: Attempted synthesis of [(NCN)InCl]2(naphth) (5). Attempts to generate 

Li2(naphth) in situ and subsequently react it with (NCN)InCl2 (4) were unsuccessful and 

instead resulted in generation of (NCN)InBr2 (6).  
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TMEDA is associated with each molecule of 7. The ethanol cold bath used was cooled to 

-90 °C which rises to -30 °C after the reaction mixture stirs for 1.5 h. The solvent was then 

removed under vacuum and the product was washed with hexane. The wash is coloured, 

which lessens with each successive wash. The product was then dried under vacuum. The 

resulting yellow powder readily ignites when exposed to air. When stored in an uncovered 

flask the material touching the sides of the vessel turn purple indicating that the compound 

is light sensitive. When stored in a vial wrapped in aluminum foil the yellow colour does 

not degrade with time.  

 

 

Scheme 6: Synthesis of Li2(naphth)(TMEDA) (7) from 1,8-dibromonaphthalene, n-

butyllithium, and TMEDA. Though an excess of TMEDA is used per molecule of n-

butyllithium added, 1H-NMR shows that only a single TMEDA is bound per molecule of 

7. 

 

3.6 Synthesis of [(NCN)In]2(naphth)2 (8) 
 

Li2(naphth)(TMEDA) (7) was reacted with (NCN)InCl2 (4) in 1:2 ratio in THF at  

-90 °C in an attempt to synthesize [(NCN)InCl]2(naphth) (5) (Scheme 7). The solvent was 

removed under vacuum and the product dissolved in toluene to allow separation of the LiCl 

by-product. The product was then crystalized by concentrating and cooling the resulting 

solution. The 1H-NMR spectrum of the crystalline product indicated that 5 was successfully 

+

Br Br

n-BuLi2
Hexane

Li Li

2.4 N
N

+

(TMEDA)

1.5 h

(7)
-2 BuBr



 39 

made. X-ray crystallography data showed that the crystalline material was 

[(NCN)In]2(naphth)2 (8) (Section 3.8) indicating that the steric bulk of the NCN ligand is 

not sufficient to prevent multiple 1,8-naphthalide molecules from reacting with 4. This 

structure is similar to what was observed by Hoefelmeyer et al. for the reaction of InCl3 

with 7 in the presence of pyridine to produce [InCl(pyr)2]2(naphth)2 (Figure 13).34 Yields 

are low for the synthesis of 8 as 7 was reacted with two equivalents of 4 to yield a 1:1 

product. This leads to naphthalene being a limiting reagent and unreacted excess 4 staying 

in solution and appearing in 1H-NMR spectrum (Appendix 6).  

 

  

Scheme 7: Synthesis of [(NCN)In]2(naphth)2 (8) from Li2(naphth)(TMEDA) (7) and 

(NCN)InCl2 (4).  
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Figure 13: The structure of [InCl(pyr)2]2(naphth)2 as observed by Hoefelmeyer et al. 

 
3.7 Attempted Synthesis of [(NCN)InCl]2 (9) 
 

As intermediate 5 could not be prepared, an alternative synthetic route was devised 

which involves the synthesis of the diindane [(NCN)InCl]2 (9) followed by reaction with 

7. Experimental details for the synthesis of 9 are based on those described by Lomeli et 

al.23 K-Selectride (potassium tri(sec-butyl)borohydride) is chosen as a reducing agent as it 

has been shown to reduce bismuth compounds with similar polydentate ligands.35 Addition 

of K-Selectride to a clear solution of 4 in THF at -90 °C (Scheme 8) yields a cloudy yellow 
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opaque grey upon warming which suggests reduction of 4 to elemental indium. Removal 

of the solvent under vacuum followed by extraction into toluene and filtration removes this 

grey solid from the solution leaving yellow filtrate. Removal of toluene from the filtrate 

produced a thick green-grey solution. The 1H-NMR spectrum of the green-grey solution 

shows large amount of tri-sec-butyl borane and small amounts of the NCN ligand.  

 

In In ClCl
pyr

pyr

pyr

pyr

C1 C9

N1
C11 C19

N2 N4

N3
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This reaction was attempted a second time with the solution left to stir over cold 

bath to prevent reduction of indium. After 3 h the bath temperature had risen to -10 °C and 

the solution began to turn an opaque green-grey. The solvent was removed under vacuum 

to give a grey gel. This was extracted into toluene and filtered to remove grey solid from a 

yellow filtrate. Removal of toluene produced a small amount of white solid in a yellow 

solution. The 1H-NMR spectrum of the product again shows large amount of tri-sec-butyl 

borane produced from K-Selectride and small amounts of the NCN ligand suggesting that 

this remaining solution is liquid tri-sec-butyl borane. When this solution was dissolved in 

1 mL of THF and layered with pentane colourless crystals were produced at 23 °C. The 

1H-NMR spectrum of the product (Appendix 10) shows that the aryl and methyl peaks shift 

relative to the 1H-NMR spectrum of 4 (Appendix 4). The C6H3CH2 peak of the NCN ligand 

now appear as a multiplet rather than a singlet, suggesting that the bonds are now locked 

in place resulting in inequivalence between the two hydrogen atoms. This evidence 

suggests that 9 was made successfully. 

 

Scheme 8: Synthesis of [(NCN)InCl]2 (9) from (NCN)InCl2 (4) using K-Selectride as a 

reducing agent.  

 
3.8 X-Ray Crystal Structures 
 

The X-ray crystal structures of (NCN)InBr2 (6) and [(NCN)In]2(naphth)2 (8) are 

shown in Figure 14 and Figure 15, respectively. The preliminary structure of 6 features 

In

NMe2

NMe2

Cl
Cl B-

H

K+

+
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3 h

22

(4) (9)
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Cl

Cl
N

N

N

N
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-2 H2
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indium in a distorted trigonal bipyramidal bonding arrangement with equatorial bonds to 

the C1 of the NCN ligand and two bromine atoms, with the coordinating nitrogen atoms 

from the NCN ligand occupying axial positions.  

 

Figure 14: X-ray crystal structure of (NCN)InBr2 (6). 

 

The solid-state structure of 8 shows In in a distorted trigonal bipyramidal bonding 

arrangement. Each indium atom is bonded to C1 of the NCN ligand as well as two naphth 

ligands. The nitrogen atoms of the NCN amine groups again occupy the axial positions. 
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Figure 15: X-ray crystal structure of [(NCN)In]2(naphth)2 (8). Selected bond distances (Å) 

and angles (°): In1-C1 = 2.150(9), In1-C11 = 2.170(8), In1-C21 = 2.165(8), In1- N1 = 

2.610(8), In1-N2 = 2.568(8), In2-C9 = 2.181(9), In2-C19 = 2.181(9), In2-C33 = 2.21(6), 

In2-N3 = 2.63(6), In2-N4 = 2.49(2), C1-In1-C11 = 143.4(3), C1-In1-C21 = 109.6(3), C11-

In1-C21 = 107.0(3), N1-In1-N2 = 144.8(3), C9-In2-C19 = 143.8(3), C9-In2-C33 = 

108.0(8), C19-In2-C33 = 108.2(8), N3-In1-N4 = 141.4(5) 

 

As previously mentioned, the solid-state structure of 8 is similar to what is seen in 

[InCl(pyr)2]2(naphth)2 as synthesized by Hoefelmeyer et al. (Figure 13).34 In 

[InCl(pyr)2]2(naphth)2 indium is a distorted trigonal bipyramidal structure with equatorial 

bonds to a chlorine atom and two naphthalide ligands. Axial positions are occupied by 

nitrogen atoms from pyridine. Table 1 compares the bond lengths of these compounds and 

Table 2 the bond angles.  
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Table 1: Comparisons of bond distances (Å) of 8 and [InCl(pyr)2]2(naphth)2.34 

 8 [InCl(pyr)2]2(naphth)2 

In1-C1 2.150(9) 2.163(3) 

In1-C11 2.170(8) 2.174(3) 

In1-N1 2.610(8) 2.524(2) 

In1-N2 2.568(8) 2.468(2) 

 

 

 

Table 2: Comparisons of bond angles (°) of 8 and [InCl(pyr)2]2(naphth)2.34 

 8 [InCl(pyr)2]2(naphth)2  

C1-In1-C11 143.4(3) 153.3(1) 

N1-In1-N2 144.8(3) 163.48(7) 

 

4. Conclusion 
 
 

Reliable synthetic procedures were developed for the synthesis of C6H3Br-2,6-

(CH2Br)2 (2), (NCN)Br (3), (NCN)InCl2 (4), Li2(naphth)(TMEDA) (7), and 

[(NCN)In]2(naphth)2 (8) and these products were fully characterized. It was determined 

that it was necessary to isolate 7 for further reaction rather than generating it in situ. 

Attempts to produce [(NCN)InCl]2(naphth) (5) instead generated [(NCN)In]2(naphth)2 (8), 

indicating that the steric bulk of the NCN ligand is insufficient to prevent reaction with 
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multiple naphthalide ligands. An alternate synthetic route to the target diindane is therefore 

required. This alternate synthetic route sees synthesis of the diindane [(NCN)InCl]2 (9) 

followed by reaction with 7 to generate the target diindane [(NCN)2In2(naphth)] (1). 

Preliminary evidence suggests 4 may be reduced to 9 using K-Selectride.  

 

5. Future Directions 
 
 

In the future (NCN)InCl2 (4) and Li2(naphth)(TMEDA) (7) will be reacted in a 1:1 

ratio to develop an improved procedure for the synthesis of the novel compound 

[(NCN)In]2(naphth)2 (8). The pure product will then be characterized using elemental 

analysis. A reliable synthetic procedure for [(NCN)InCl]2 (9) must be developed that 

prevents reduction of 4 to elemental indium. Once this compound is isolated and 

characterized it must be reacted with 7 to yield the target diindane [(NCN)2In2(naphth)] 

(1). A synthetic work up for 1 must be developed which produces crystals suitable for 

structural analysis using single crystal X-ray crystallography. 1 will then be fully 

characterized and tested for redox activity using cyclic voltammetry and for reactivity with 

disulfides.  
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7. Appendix 

 

Figure A.1: 1H-NMR spectrum in CDCl3 of C6H3Br-2,6-(CH2Br)2 (2) produced from 
reaction with ultraviolet light. 
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Figure A.2: 1H-NMR spectrum in CDCl3 of C6H3Br-2,6-(CH2Br)2 (2) from reaction with 
infrared light. 
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Figure A.3: 1H-NMR spectrum of (NCN)Br (3) in CDCl3. 
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Figure A.4: 1H-NMR spectrum of (NCN)InCl2 (4) in CDCl3. 

AR
M

-0
1-

40
 

Sa
m

pl
e 

Na
m

e 
AR

M
-0

1-
40

 
Pu

lse
 s

eq
ue

nc
e 

PR
O

TO
N 

Te
m

pe
ra

tu
re

 
25

 
St

ud
y 

ow
ne

r 
st

ud
en

t 
Da

te
 c

ol
le

ct
ed

 
20

21
-0

2-
10

 
So

lve
nt

 
cd

cl
3 

Sp
ec

tro
m

et
er

 
M

37
64

-m
er

cu
ry

20
0 

O
pe

ra
to

r 
st

ud
en

t 

Da
ta

 fi
le

 /h
om

e/
st

ud
en

t/v
nm

rs
ys

/d
at

a/
Re

dm
on

d/
AR

M
-0

1-
40

_2
02

10
21

0_
03

/P
RO

TO
N_

01
.fi

d
Pl

ot
 d

at
e 

20
21

-0
3-

08

AR
M

-0
1-

40
 

pp
m

1
2

3
4

5
6

7

1.12

1.56

4.00

11.28

7.056
7.252

7.260
7.287

7.293
7.326

7.019
7.015

3.600

2.512

2.340

Pl
ot

na
me

: 
AR

M-
01

-4
0_

NM
R

  



 55 

 
Figure A.5: 1H-NMR spectrum of Li2(naphth)(TMEDA) (7) in THF-d8. 
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Figure A.6: 1H-NMR spectrum of [(NCN)In]2(naphth)2 (8) in CDCl3. 
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Figure A.7: 13C{1H}-NMR spectrum of [(NCN)In]2(naphth)2 (8) in CDCl3. 
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Figure A.8: FT-IR spectrum of [(NCN)In]2(naphth)2 (8). 
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Figure A.9: FT-Raman spectra of [(NCN)In]2(naphth)2 (8). 
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Figure A.10: 1H-NMR spectrum of [(NCN)InCl]2 in CDCl3 (9). 
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