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Abstract 

N-heterocyclic carbene (NHC) borane systems have become an important topic in main group 

chemistry. Finding uses as catalysts, coordinators for radical polymerizations, and reagents in a variety of 

reactions, NHCs have become a very important ligand for fundamental research. However, there have been 

relatively few studies on NHC-boranes over the last fifty years. This thesis will make new strides in the 

understanding and reactivity of NHC-boranes with UV light.  

 Modeling after a previous result, NHC-BH3 systems were investigated for their photoreactivity. 

The systems investigated were found to decompose under irradiation.  

 The systems were shifted to NHC-BH2R where the R group has a -hydrogen relative to the boron 

center. When exposed to UV light a facile reaction occurred, akin to a -hydrogen elimination reaction. 

The resulting products are an NHC-BH3 and the corresponding alkene from the elimination. 

 BMes2 moieties chelated by an NHC were synthesized, analogous to previous work. When 

irradiated by UV light, mesitylene was eliminated, yielding a new B-C -bond. This new system contains 

an imbedded 1,3-azaborine within its multicyclic structure and is the first example of this type. When the 

precursor was heated, the boron moiety was eliminated and the ring closed to make a new 1H-imidazo[1,2-

a]indole. This new compound shows a striking similarity to pyrido[2,1-a]isoindole (iczH). Like iczH, there 

is a new highly nucleophilic carbon center at the apex of the new 5-membered ring. 

 Due to synthetic ease, iczH was selected to test nucleophilicity in place of the 1H-imidazo[1,2-

a]indole. The reactivity of iczH as a nucleophile was explored with a variety of transition metals and main 

group elements. A normal adduct was formed when reacted with a platinum(II) center, while an 6 complex 

was formed with  a chromium(0) center. When iczH was reacted with group 11 metals(I), a redox reaction 

took place, producing the solid metal, protonation iczH, and a dimer of iczH. A chlorophosphines was found 

to be very reactive with iczH once again resulting in protonated iczH while also producing an icz-

functionalized phosphine. Despite the HOMO residing on the carbon of the icz unit, the phosphorous atom 
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(dominant in HOMO-1) was still the favoured nucleophile when reacted with borane, producing a new 

borane-phosphine adduct. These new compounds were fully characterized by NMR and X-ray 

crystallographic analysis. 
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Chapter 1 

Introduction 

1.1 Lewis Acid and Base Chemistry 

The concept of Lewis acid and base chemistry is one of the most fundamental components 

in chemistry. Originally proposed by G. N. Lewis in 1923,1 the same year that Brønsted and Lowry 

introduced their acid/base theory,2a, 2b it wasn’t until 1930 that Lewis’ more general theory became 

influential.3 Working on the simple concept of Lewis style bonding, a Lewis acid is a substance 

that accepts an electron pair, while a Lewis base donates an electron pair (Figure 1.1).3  

 

Figure 1.1. Comparison between general Brønsted/Lowry and Lewis acid-base models. In the 

schemes above, B represents a base and A represents an acid. 

These can often be synonymous with electrophile and nucleophile, respectively. The most 

simple reaction that occurs between a Lewis acid and a Lewis base is the formation of an adduct of 

the two, where A is a Lewis acid, B: is a Lewis base, and A–B is their adduct.3 Depending on the 

nature of the Lewis acid and base, the adduct may be zwitterionic in character, but there is always 

charge conservation between the two and their respective product.3 

Lewis acids include main group species that have incomplete octets (e.g. borane), metal 

species that have available d-orbitals for bonding, electron deficient centers that can rearrange -

bonding to accommodate a nucleophile (e.g. carbon dioxide), or species that can expand their 



 

2 

 

valence shell, involving higher energy orbitals (e.g. tetrafluorosilane).3 Lewis bases can include 

nearly anything with an available lone pair, or donation from electron density over -bonds.3  

There are three primary reaction types that occur between Lewis acids and bases: 

complex/adduct formation, displacement, and metathesis.3 The first type of reaction, 

complex/adduct formation, was stated earlier and is the simple reaction of the Lewis base donating 

an electron pair into the Lewis acid, and a new bond being formed between the two. If the acid and 

base are neutral then the resulting adduct will be zwitterionic. Should one or both species be 

charged, the adduct will bear the sum of charges between the two. The next type of reaction is a 

displacement. Here, the Lewis acid is already forming an adduct with a Lewis base. Introduction 

of a new more nucleophilic Lewis base leads to a displacement of the old Lewis base and a new 

adduct is formed. This process can also work in reverse, by adding a strong Lewis acid to an adduct 

and replacing the old Lewis acid. Finally, there is metathesis or double displacement. In a 

metathesis, two different adducts are reacted together to give the alternate adducts. This process is 

often aided by having one of the new adducts become insoluble or by simply having the product 

adducts be more compatible than the reactants (Figure 1.2). 

 

Figure 1.2. Three standard Lewis acid-base reactions. 1. Complex/adduct formation. 2. 

Displacement. 3. Metathesis. In the schemes above, B represents a base and A represents an acid. 

Especially for displacement and metathesis style reactions, a certain level of predictability 

is needed. The nucleophilicity and electrophilicity play an important role, but that is not the only 

factor that determines which acids and bases bind with one another. These factors are known as the 
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hard-soft acid-base principle.3 A “soft” acid or base tends to be a more polarizable center (such as: 

alkyl phosphines, alkyl sulfides, carbon monoxide, mercury(II), platinum(II), and boranes) whereas 

“hard” acids and bases are much less polarizable and bonding has more ionic or dipole-dipole 

character (such as: fluoride, nitrates, amines, protons, scandium(III), beryllium(II), and 

trifluoroborane). Generally, a “soft” acid will prefer to bind with a “soft” base over a “hard” base, 

likewise a “hard” acid prefers a “hard” base. These simple principles allow predictability in 

planning displacement and metathesis reactions. An empirical method to classify whether a Lewis 

acid is “hard” is by studying the equilibrium constant (Kf) between the acid and the halide ions: 

fluoride, chloride, bromide, and iodide. If the affinity for binding iodide is much greater than 

fluoride and the trend down the group is fairly steep then the acid is considered soft. Likewise, the 

reverse trend indicates a hard acid. A similar experiment can be performed by reacting a Lewis acid 

with the following neutral ligands: alkyl phosphines, alkyl amines, alkyl sulfides, and ethers. By 

testing the thermodynamic stability of the adducts formed between the Lewis acid and the ligands 

the “hardness” or “softness” of the acid can be determined. The phosphine being the softest ligand 

will be more stable when bound to “soft” acids, whereas the ethers are harder and bind more 

strongly to “hard” acids. 

A more recent oddity in acid/base chemistry has been the so-called frustrated Lewis pair 

(FLP). Popularized by Stephan and co-workers, FLPs are a mixture of a Lewis acid and Lewis base 

(either with both centers on the same molecule or on separate molecules) that do not form an adduct 

with one another, and remain reactive towards other substrates.74 Early examples from Stephan and 

co-workers utilized bulky phosphines and boranes with the highly bulky and electron withdrawing 

pentafluorophenyl groups. These systems were able to split dihydrogen at room temperature as well 

as activate a number of other small molecules.4 
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1.2 N-Heterocyclic Carbenes 

1.2.1 Fundamental Understanding of Carbenes 

Carbenes are a form of neutral carbon center that contains two covalent bonds. This 

bonding arrangement results in two valence electrons not involved in bonding. In the standard 

VSEPR model, the simplest carbene, :CH2 (methylene), can be visualized as an sp2 hybridized 

species in a bent geometry. The two unbound electrons exist within the remaining sp2 orbital and 

the non-hybridized p-orbital. Due to the low energy gap between these orbitals, the electrons tend 

exist in a triplet ground state, where one electron resides in the p orbital and the other in the sp2 

orbital. While methylene favours the triplet form there is a secondary state, where the electrons are 

paired in the sp2 orbital, called the singlet state.5 

:CH2-like carbenes are frequently used in organic synthesis, however, the high reactivity 

requires the carbene to be generated in situ. Carbenes of this variety will dimerize to form alkenes 

if generated without a substrate. Generally, if the sp2-p energy gap is less than 1.5 eV, the carbene 

will favour the triplet state, whereas if the gap is 2 eV or greater the singlet state is favoured.6 

Generating carbenes with differing pendant groups attached to the carbene carbon will affect the 

electronics of the carbon center. Particularly, π-donating elements will push electron density into 

one of the -orbitals and as a result the energy level of the p-orbital is raised, making the triplet 

state less favoured. Likewise, many of these -donors will lower the energy of the sp2 orbital 

through inductive effects. Overall, this leads to a stabilization of singlet state orientation of the 

electrons and the carbon reacts more like a Lewis base. A depiction of these possible frontier 

orbitals and electronic configurations can be seen in Figure 1.3. 
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Figure 1.3. Frontier orbital and electronic configurations for triplet (left) and singlet (right) 

carbene. 

When carbenes are used in organometallic chemistry, they are treated as two distinct 

classes. These classes are Schrock and Fischer type carbenes named after their discoverers, Richard 

Schrock7 and Ernst Fischer.8 Both carbene metal complexes are often depicted as having a metal-

carbon double bond. Schrock type carbenes follow similarly to classic carbenes, having the CR2 

arrangement, where R represents alkyl groups. These carbenes typically are found bound to high 

oxidation state metals and the carbene is treated as a -2 ligand via the ionic method of counting. 

Schrock type carbenes retain a fair deal of nucleophilicity leading to facile insertion reactions.9 

These carbenes are famously featured as one of the active sites in Grubbs’ catalysts for olefin 

metathesis (Figure 1.4).10  



 

6 

 

 

Figure 1.4. General binding structure of a Schrock carbene. Both the carbene and the metal 

contribute an electron to the  and the -bond. 

Alternatively, Fischer type carbenes tend to have stabilizing atoms donating into the p-

orbital in order to favour the singlet orientation. These carbenes tend to bind to low oxidation state 

metals with a high electron density at the metal. As such, they are analogous to carbonyl groups as 

ligands, having a strong dative interaction with the metal and a degree of -back bonding to add 

stability. Overall, Fischer carbenes are treated as neutral ligands and are electrophilic, and prone to 

attack from other nucleophiles (Figure 1.5).11  

 

Figure 1.5. General binding structure of a Fischer carbene. The carbene is stabilized in the singlet 

state with -donation. The carbene contributes a lone pair for the -bond and metal provides two 

electrons, via backbonding, to form a -bond. 

For a time, these carbenes were often synthesized on the metal center rather than addition 

of the native ligand to the metal itself. Eventually a new class of carbenes would begin to emerge, 

N-Heterocyclic carbenes (NHCs).  
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1.2.2 History of N-Heterocyclic Carbenes 

The earliest NHC reported was derived from imidazoline.12 However, in generating the 

carbene, it swiftly dimerized like classical carbene, as shown in Figure 1.6. This led to 

implementation of stable imidazolium salt precursors that could react directly with metals and their 

pendant ligands, such as diacetyl mercury shown in Figure 1.6.13 This method was reliable but 

limited the scope of what could be accessed.  

 

Figure 1.6. Examples of early NHC dimerization (top) and use of imidazolium salt precursors 

(bottom). 

Arduengo and co-workers were the first to introduce an NHC that could persist in the free 

carbene form without dimerizing. At the time, it was believed that the steric bulk of large adamantly 

groups functionalizing the nitrogens was required to prevent dimerization.14 It was only after this 

first example of “bottleable” carbene, that more examples with less encumbered groups (often aryl 

groups) began to emerge15 (Figure 1.7) and allowed for much more extensive study with these 

neutral ligands, often on par with phosphines for binding character.16 
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Figure 1.7. Examples of different stable NHCs. From left to right IAd, IpTol, IMes, MeIMe. 

1.2.3 N-Heterocyclic Carbenes as a Ligand in Main Group and Transition Metal Chemistry 

Primarily, NHCs have been used in organometallic chemistry.17 Even before free-NHCs 

were isolated, NHC-metal complexes were synthesized through alternative methods, as discussed 

in the previous section. One of the most prevalent uses of NHCs has been incorporation in catalytic 

systems. A common example of an NHC containing catalytic system is Grubbs’ 2nd generation 

catalyst18 and subsequent variants.19 The NHC was used to replace one of the phosphines in the 1st 

generation catalyst, increasing the activity of the catalyst. NHCs have also been featured in many 

palladium based cross-coupling catalysts20 as well as heterogeneous catalysis with nanoparticles 

(Figure 1.8).21  
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Figure 1.8. Schemes for three NHC stabilized catalytic systems. a) Shows the process of olefin 

metathesis using Grubbs’ 2nd generation catalyst. b) Shows an NHC stabilized palladium pre-

catalyst and the subsequent catalytic cross-coupling. c) Shows an NHC stabilized ruthenium 

nanoparticle which, when under 3 bar of H2(g) acts as a catalytic hydrogenating agent. 

NHCs have also played a large role in the coordination of main group species. This 

stabilization has included monoatomic22 and diatomic23 species as well as stabilizing exotic 

oxidation states of various main group elements (Figure 1.9).24 
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Figure 1.9. Examples of exotic NHC stabilized main group systems. 

Some such exotic systems have been achieved with NHC-boranes.25 By virtue of having a 

neutral lone pair, NHCs and trivalent boron usually form neutral complexes. A neutral NHC-BH3 

can be post functionalized using I2 to replace a boron bound hydrogen.26 This is followed up with 

nucleophilic substitution26 or lithium halogen exchange and reaction with an electrophile.27 

However, NHCs have been used to stabilize borenium cations,28 boryl radicals,29 and even boryl 

anions (Figure 1.10).30  
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Figure 1.10.  Schemes depicting the functionalization of NHC-BH3 as well as routes to NHC 

stabilized borenium cations, boryl anions, and boryl radicals. 

Beyond usual Lewis acid/base chemistry, NHCs and highly acidic, sterically encumbered 

boranes have been used by Stephan to form frustrated Lewis pairs.31 Combining ItBu, a highly 

encumbered NHC, with tris(pentafluorophenyl)borane does not form the standard Lewis adduct at 

low temperatures. Instead, the two molecules can activate small molecules, such as H2 (Figure 

1.11). 

 

Figure 1.11. Frustrated Lewis pair chemistry using ItBu as the bulky Lewis base. 
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Robinson and co-workers used NHCs to stabilize the reduction of tribromoborane with 

potassium graphite (KC8) to form a H2B-BH2 and a HB=BH moiety, sandwiched between two 

carbenes.32 Unfortunately for Robinson, no evidence for a boron-boron triple bond was detected. 

A few years later, Braunschweig and coworkers used the same precursors and were able to obtain 

a boron-boron triple bond using excess sodium naphthalenide (Figure 1.12).33 

 

Figure 1.12. Synthetic routes to B-B double and triple bonds. 

1.3 Photoactivity of Boron Compounds 

The use of boron containing molecules for photochemical processes has been an interesting 

and exotic field for many years. Early observations by Grisdale and Williams describe the 

photoreactivity of sodium tetraphenylborate under 254 nm light in water under either ambient air 

or oxygen free environments.34 The result of each reactions yielded biphenyl l-phenyl-1,4-

cyclohexadiene and sodium diphenyloxoborate. However, the oxygen free system also produced 

3-phenyl-1,4-cyclohexadiene and l-phenyl-1,3-cyclohexadiene.   (Figure 1.13).  



 

13 

 

 

Figure 1.13. Resulting photoproducts of the exposing an aqueous solution of sodium 

tetraphenylborate to UV light under an atmosphere of ambient air or nitrogen. Note that these are 

not balanced reactions and represent only the species that were detected by the authors.32 

Deeper study into a mixed tetraarylborates allowed the authors to begin to elucidate the 

possible mechanism over a series of papers.35a,b Using deuterium labeling and changing up the aryl 

groups, the authors proposed the cleavage of a phenyl radical from the boron center followed by 

insertion into a secondary aryl ring. This is followed by the formation of a bicyclic boron bridged 

intermediate. These intermediates would then be able to rearrange to form different isomers. A 

diagram of this proposed mechanism can be seen in Figure 1.14.   

 

Figure 1.14. Proposed pathway for photoreactivity of potassium dimesityldiphenylborates as 

outlined by Gisdale and Williams. The radical portion of this mechanism is no longer supported by 

subsequent literature.  
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The same authors would then use photochemistry to form BX-heterocycles, where X = 

NH, O, or S.36 Beginning from the boron-X coordination, a biaryl bond is formed with the help of 

an iodide. Indeed, the resulting heterocycle where X=NH forms a BN-azaborophenanthrene, a class 

of structures discussed previously. It was also shown that N-m-xylylaminodiphenylborane could 

achieve a similar structure in the presence of iodine and UV radiation by eliminating methane to 

form the carbon-carbon bond.37 These heterocycles decomposed into boronic acid and the 

subsequent amine (Figure 1.15). 

 

Figure 1.15. Two photosynthetic routes to form a 9,10-azaboraphenanthrene. 

Soon after the pioneering work done by Grisdale and Williams, Eisch and co-workers 

proposed a new mechanism after they ran the photoreaction of sodium tetraphenylborate in polar 

aprotic solvents (THF and DME) followed by the addition of diphenylacetylene.38 Addition of 

diphenylacetylene produced a boririne species. This led the authors to propose photoreaction 

produced a diphenylborene anion (Figure 1.16).  
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Figure 1.16. Proposed pathway for the photoreaction of sodium tetraphenylborate asoutlined by 

Eisch and co-workers. Photolysis first produces a diphenylborene anion, followed by quenching 

with diphenylacetylene to form a boririne species. 

Over a decade later, Schuster and co-workers sought out to investigate the mechanism 

further and developed a new interpretation of previous results along with their own observations. 

When the photoreaction of sodium tetraphenylborate is done in THF or acetonitrile under inert 

conditions, it was found that a deep red solution is formed containing a clearly tetracoordinate 

boron species (11B NMR = -27.3 ppm).39a Though they were unable to isolate that species, an 

analogous system was devised where one of the phenyl groups on the borate was replaced with p-

biphenyl.39b From this new system the expected borirane anion intermediate was isolated and 

crystallized. The authors go on to suggest that the formation of this borirane is due to excited-state 

C-C coupling of a biradical (Figure 1.17), followed by a similar walking mechanism proposed by 

Grisdale and Williams. 

 

Figure 1.17. Proposed pathway for the photoreaction of sodium tetraphenylborate as outlined by 

Schuster and co-workers. Excitation of the species leads to C-C coupling followed by 

rearrangement to give the final isolable borirane species. 

An early discovery made in the Wang group was the photoisomerization of chelated boron 

systems.40 When a phenylpyridine N^C chelated dimesitylboron compound was exposed to UV 
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light an isomerization occurred that broke the phenyl carbon-boron bond to instead bind into the 

mesityl ring, similar to the chemistry shown by Grisdale and Williams as well as Schuster. The 

aromaticity of this mesityl ring is interrupted and the π-density shifts to form a bond with the boron, 

maintaining a four-coordinate center. This process is thermally reversible, and the isomer is oxygen 

sensitive (Figure 1.18).  

 

Figure 1.18. Photoisomerization of a phenylpyridine N^C chelate of dimesitylborane and the 

oxygen driven decomposition. 

Further investigation of this phenomenon led to an exchange of the pyridyl ligand for a 

carbon based neutral donor, the N-heterocyclic carbene (NHC).41
 NHCs are much stronger σ-

donors than standard pyridines and offer new pathways in chemistry. Beginning with 1-phenyl-3-

methylimidazole and benzimidazole, the same bonding motif was used to create chelation of the 

same boron center. In this case, the same isomerization took place under 300 nm light, however, 

when further exposed to 350 nm light it continues to isomerize. The structure that was isolated from 

this photoreaction is of a similar form to the starting material. However, the activated mesityl ring 

has migrated to the phenyl ring. The phenyl ring subsequently rotated and the boron inserted into 

an ortho C-H bond. Computations on this mechanistic pathway indicate that this new rearrangement 

proceeds via a “borylene” style intermediate, followed by a rotation of the phenyl ring and a 

deprotonation/coordination event (Figure 1.19). 
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Figure 1.19. Photoisomerization of a 1-phenyl-3-methylimidazole C^C chelate of dimesitylborane 

and further isomerization at a different wavelength. 

Due to the intriguing findings of this bonding motif, a new variation was devised, spacing 

the boron and phenyl portions to be a single carbon unit. Following the original study, a 

tolylpyridine was used and an N^C chelate.42
 While studying the response to UV light, a new 

phenomenon was discovered. Rather than a photoisomerization, a photoelimination across the B-

CH2 unit was observed. The result is the elimination of mesitylene and the formation of a boron-

carbon double bond. The remaining molecule is an azaboraphenanthrene, with an imbedded 1,2-

azaborine (Figure 1.20). This is the first example of this particular B-N placement and this style of 

photoelimination is the first of its kind to be observed. 

 

Figure 1.20. Photoelimination of a tolylpyridine N^C chelate of dimesitylborane resulting in an 

azaboraphenanthrene. 

An analogous study was done with bipyridine to create this bonding motif followed by 

N^C chelation of a platinum center.43
 The two major observations were that chelates with the new 

ligand can be reacted with lower energy light (requiring 350 nm light rather than 300 nm light) and 

that reaction occurred at a much faster rate. This is attributed to the geometry of the precursor being 

restricted when the platinum is introduced, resulting in a structure that more resembles the 

calculated transition state of the photoelimination (Figure 1.21). 
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Figure 1.21. Calculated reaction pathway for the elimination of a methylbipyridine N^C chelate of 

dimesitylborane and the comparison of the geometry of a platinum chelated system of the same 

ligand. Calculations were performed for the thermal elimination pathway (in black) with the 

presumed photo pathway (in blue) overlayed. The transition state structure depicted was only 

calculated for the thermal transition state.  

1.4 Azaborines 

Aromatic heterocycles have become a thriving topic in inorganic chemistry. Molecules that 

are isoelectronic to organic systems with the replacement of two carbon atoms with a boron and a 

nitrogen atom are developing a growing interest in the field. These BN heterocycles have been 

developed in a variety of structural modifies and arrangements. One focus of research of BN 
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heterocycles is on azaborines. Isostructural and isoelectronic with benzene, azaborines can exist in 

three unique isomers based on the relative position of the boron and nitrogen atom. 

Computational analysis of B,N-dihydro-azaborines has uncovered that 1,2-azaborines, 

containing an adjacent BN moiety, are the most stable isomer.44 The 1,4-azaborine was found to be 

less stable than the 1,2-azaborine by 22 kcal mol-1 (92 kJ mol-1) and the 1,3-azaborine was less 

stable by an extra 7.6 kcal mol-1 (31.8 kJ mol-1). The stability of the 1,2-isomer can be attributed to 

the complementary σ and π interactions between the boron and nitrogen atoms. In the other isomers 

this interaction is not present leading to decreased stability and polarization in the π orbitals. 

However, in contrast to the relationship in stability, the 1,3-azaborine shows the most aromatic 

character, followed by the 1,2-azaborine then the 1,4-azaborine (Figure 1.22). 

 

Figure 1.22. General structure of the three azaborine isomers and their relative stability and 

aromaticity as determined through computational methods. 

While the computations were performed on the all-hydrogen analogues, 1,2-dihydro-1,2-

azaborine is currently the only one of the three that has ever been synthesized and isolated.45 

However, it remains a highly moisture and oxygen sensitive compound. The 1,3-azaborines and 

1,4-azaborines rely on steric and electronic stabilization as well as multicyclic structures to aid in 

stability.  

The earliest reported synthetic routes to azaborines came from Dewer and co-workers in 

1958.46 By reacting 2-phenylaniline with boron trichloride the aminoborane adduct is formed. 

Followed by Friedel-Crafts cyclization and nucleophilic exchange, the 9,10-azaboraphenanthrene 

was synthesized, with a variety of substitutions on the boron center. The nitrogen center could be 

further functionalized via deprotonation and substitution of an electrophile (Figure 1.23).47 
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Figure 1.23. Synthetic scheme for the formation of functionalized 9,10-azaboraphenanthrene. 

A year later, Dewar and co-workers published the first BN-naphthalene derivatives.48
 

Reacting 2-aminostyrene with boron trichloride produced the 2-chloro-1,2-azaboranaphthalene. 

The B-Cl bond led to customizable functionalization with a variety of groups and was sensitive to 

water, leading to an oxygen bridged dimer (Figure 1.24). While the functionalized systems were 

water tolerant, they were not very water soluble, a quality the authors desired to further investigate 

biological properties. 

 

Figure 1.24. Synthetic scheme for the formation of functionalized 1,2-azaboranaphthalene and 

hydrolysed “B-O-B” equivalent. 

Dewar and co-workers would go on to synthesize the 9,10-BN-naphthalene.49 This BN-

naphthalene was later reacted with malonaldehyde bis(diethylacetal) and trifluoroacetic acid to 

form BN-phenalenium, which is only stable at temperatures below -78 °C (Figure 1.25).50 
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Figure 1.25. Synthetic scheme for the formation of 9,10-azaboranaphthalene and further to 

azaboraphenalenium. 

In the 1960s, two routes to substituted 1,2-azaborine analogues were discovered 

independently by Dewar and White. Dewar’s method involved desulfurization of a thiophene fused 

azaborine with Raney nickel.51 In contrast, White took a more direct approach by starting with the 

aliphatic precursor and dehydrogenating it with palladium.52 Many attempts were made to 

synthesize the parent 1,2-dihydro-1,2-azaborine, but Dewar concluded it was too unstable and 

prone to polymerize (Figure 1.26).53 

 

Figure 1.26. Two synthetic strategies for producing functionalized 1,2-azaborines. 

A few more examples were produced in this time period, building off of the ground work set by 

Dewar and White, resulting in a modest library of derivatives of the 1,2-azaborine.54 

 In 2000, Ashe and co-workers developed a new synthetic method for developing 1,2-

azaborines involving a ring closing metathesis followed by oxidation with dichloro-5,6-dicyano-

1,4-benzoquinone (DDQ).55 All the pioneering work relied on reactions that required extreme 

temperatures, while the method developed by Ashe could be performed at mild temperatures with 
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good yield. This was swiftly followed by a second method from Ashe, using a ring expansion from 

the BN-cyclopentadiene anion (Figure 1.27).56 

 

Figure 1.27. A ring-closing and ring-opening metathesis route for the formation of functionalized 

1,2-azaborine. 

Ashe and co-workers continued to explore the aromatic character of the azaborines relative 

to phenyl systems in the same molecule. They went on to test the 6-hapticity qualities of azaborines 

with tris(acetonitrile)tricarbonylchromium. When reacting B-phenylazaborine with the chromium 

precursor was tested, it was found that complexation of each ring was selective based on reaction 

temperature.57 Higher temperatures favoured phenyl coordination (thermodynamic product), while 

milder temperatures favoured the coordination of the heterocycle (kinetic product). Deprotonation 

of the nitrogen reverses this dependence (Figure 1.28). These experiments show that the azaborine 

is not as good a π-ligand as the all-phenyl analogues, however, this trend can be reversed in simple 

systems for the anionic versions of the heterocycles. 
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Figure 1.28. Demonstration of kinetic versus thermodynamic coordination of Cr(CO)3 with B-

phenyl-1,2-azaborine. 

A few years later, the more complex B-phenylazaboronaphthalene was tested and it was 

found that at elevated temperatures (140 °C), the chromium binds to the B-phenyl ring, and at 50 

°C it binds to the benzoid half of the azaboronaphthalene.58 Upon deprotonation, no haptotropic 

migration was observed and no other condition allowed for the chromium to bind to the BN ring 

(Figure 1.29). 
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Figure 1.29. Demonstration of coordination of tricarbonylchromium Cr(CO)3 with B-phenyl-1,2-

azaboranaphthalene. 

However, when the molecule was simplified to BN-naphthalene,58 initial coordination 

occurred on the all carbon ring. Once treated with a base to deprotonate the nitrogen, a haptotropic 

migration was viewed upon heating, where the chromium is bound to the azaborine. Methylation 

of the nitrogen results in decomplexation indicating the parent BN-naphthalene cannot support this 

bonding motif (Figure 1.30). 

 

Figure 1.30. Demonstration of coordination of tricarbonylchromium with 1,2-azaboranaphthalene. 
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Liu and co-workers continued these ring-closing/dehydrogenation methods to expand the 

various functionalities of azaborines and test their use in biological systems.59 They went on to be 

the first to isolate the parent 1,2-dihydro-1,2-azaborine by installing the nitrogen bound hydrogen 

while the heterocycle was bound to tricarbonylchromium followed by ligand exchange to obtain 

the free compound (Figure 1.31). 

 

Figure 1.31. Synthetic pathway to free 1,2-dihydro-1,2-azaborine via a tricarbonylchromium  

support. 

Systems that contain 1,4-azaborines within a multicyclic structure have also been 

synthesized. Kawashima and co-workers developed a synthetic method that relied on lithium 

halogen exchange to install boron moieties in the appropriate locations to create a 9,10-

azaboraanthracene, the central ring being a 1,4-azaborine (Figure 1.32).60 The major goal of these 

works were to create materials for organic light emitting diodes (OLEDs). These methods, while 

successful at creating materials for the target, would not be suitable for creating free 1,4-azaborines 

as they rely on flanking aryl rings. To date, free monocyclic 1,4-azaborines have not been 

synthesized.  

 

Figure 1.32. Synthesis of a 9,10-azaboraanthracene. 
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One of the most exciting and recent accomplishments of Liu and co-workers is the only 

published synthetic method for producing 1,3-azaborines.61 The process uses similar methods as 

for the 1,2-azaborine schemes. The major synthetic concern lies in the precursor for ring closing, 

which relies on creating a stanyl amine undergoing lithium-tin exchange to coordinate the boron 

portion. Further functionalization of the boron was achieved by installation of a tert-butyl ester 

leaving group and reaction with a strong nucleophile (Figure 1.33). 

 

Figure 1.33. Synthetic pathway to a functionalized 1,3-azaborine. 

1.5 Pyrido[2,1-a]isoindole 

The investigation of novel ligand types often leads to new and exciting chemistry.62 Despite 

being known since 1966,63a there exist only a handful of studies on pyrido[2,1-a]isoindole (or 

isocarbazole, iczH).64−68 This is quite surprising, considering the unique electronic structure of iczH 

(Figure 1.34). Due to its additional zwitterionic resonance form, the carbon atom at position 6 of 

iczH possesses significant electron density and is therefore highly nucleophilic, with reactivities 

resembling those of N-heterocyclic carbenes.  
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Figure 1.34. Resonance depiction for the nucleophilic nature of iczH and the HOMO diagram of 

iczH indicating high electron density at the 6-position. 

As mentioned earlier, the first synthetic route to producing iczH was discovered in 1966 

by Fozard and Bradsher, and later expanded upon the next year.63 This method began with N-benyl-

2-bromopyridinium which, when irradiated with UV light, yields pyrido[2,1-a]isoindolium 

bromide. This salt was then reacted with aqueous sodium carbonate, resulting in a yellow 

precipitate that was collected and identified as iczH (Figure 1.35).  

 

Figure 1.35. Early synthesis of iczH via photo reaction of N-benyl-2-bromopyridinium and 

subsequent deprotonation. 

Despite this discovery, no further investigations into iczH were published until 1985 by 

Kajigaeshi and coworkers.64 In this work, a new synthetic route was devised beginning with ethyl 

2-(2-pyridyl)benzoate which was reduced to 2-(2-pyridyl)benzyl alcohol with LiAlH4. This was 

followed by an acid driven ring closing with HBr to produce the same pyrido[2,1-a]isoindolium 

bromide salt (Figure 1.36). This work goes on to explore the 1,3-dipolar cycloaddition properties 

of iczH, using dimethyl maleate at 0 °C to synthesize the new heterocycle. This species could be 

either warmed to room temperature, resulting in the corresponding Michael adduct, or reacted with 

chloranil (tetrachloro-1,4-benzoquinone) to aromatize the heterocycle (Figure 1.37).  
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Figure 1.36. New synthetic route to [iczH2][Br], using the reduction of ethyl 2-(2-pyridyl)benzoate 

and subsequent bromination. 

 

 

Figure 1.37. Reactivity of iczH with dimethyl maleate, further transformed by warming to room 

temperature or aromatizing with chloranil (tetrachloro-1,4-benzoquinone). 

This was further explored in 2002 by Voitenko and coworkers using maleimide.65 A single 

equivalent of maleimide led to the Michael adduct, but a second caused a ring opening reaction to 

take place (Figure 1.38). These 1,3-dipolar cycloadditions were expanded to include alkynes by 

Mitsumori and coworkers using benzyne and 2-ethynylpyridine (Figure 1.39).66  
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Figure 1.38. Reactivity of iczH with one and two equivalents of maleimide. 

 

Figure 1.39. Reactivity of iczH with alkynes via benzyne or 2-ethynylpyridine. 

These results were the basis for one of the Wang group’s projects involving iczH, wherein boron 

functionalized alkynes were used to create new luminescent aromatic heterocycles (Figure 1.40).67  

 

Figure 1.40. Reactivity of iczH with boron functionalized alkynes and subsequent aromatization 

with DDQ (2,3-dichloro-5,6-dicyano-1,4-benzoquinone). 

The Wang group has also explored the 1,1-hydroboration of iczH after witnessing the 

reverse reaction when thermalizing N^C chelates of BR2.68 It was in this study that a normal adduct 

of iczH and HB(C6F5)2 was isolated and it was posed that this was the initial step in the 1,1-
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hydroboration pathway (Figure 1.41). This example shows the nucleophilic potential of iczH, both 

as a ligand and for activating molecules in novel ways. 

 

Figure 1.41. Reactivity of iczH and bis(pentafluorophenyl)borane to give an adduct at room 

temperature and subsequent 1,1-hydroboration product after heating. 

1.6 Scope of Thesis 

This work describes the exploration of photoreactivity of NHC-boron systems using a 

variety of boron substituents and binding modes. The thesis will also investigate the photo and 

thermal pathway of an NHC derived boron chelate. Finally, this work will also cover the 

nucleophilicity of pyrido[2,1-a]isoindole with main group and transition metal centers. 

Chapter 2 describes the photoreactivity of two types of NHC-boranes, NHC-BH3 and 

NHC-BH2R. Chapter 3 describes how an NHC derived C^C chelated BR2 moiety reacts under UV 

light and, when exposed to high temperatures, results in two separate products. Finally, Chapter 4 

describes the exploration of iczH as a neutral and anionic ligand for main group and transition metal 

chemistry, expanding the breadth of knowledge on the little studied compound. 
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1.7 List of New Compounds and Important Known Compounds 

1.7.1 New Compounds in This Thesis 

Structure Abbreviation Structure Abbreviation 

 

2.1 

 

2.2 

 

2.3 

 

3.1 

 

3.2 

 

3.3 

 

3.4 

 

3.5 
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3.6 

 

4.1 

 

4.2 

 

4.3 

 

4.4 

 

4.5 

 

4.6 

 

4.7 

 

1.7.2 Known Compounds Featured in This Thesis 

Structure Abbreviation (Ref) Structure Abbreviation (Ref) 

 

NHC1 (69, 70)* 

 

NHC2 (69, 70)* 
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IMesBH3 (71) 

 

IPrBH3 (72) 

 

B1 (73)   

 

B2 (74) 

 

B3 (70)  

 

L1 (71,72)   

 

L2 (75,76)   

 

iczH (77)  

* While these compounds are currently unpublished, they are simple iterations on highly published 

methods. The references provided feature the two major steps used in preparation. 
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Chapter 2 

Photoreactivity of N-Heterocyclic Carbene Borane Adducts 

2.1 Introduction 

In relation to the work published on tolylpyridine derived N^C chelates of boron moieties,1 

a former group member obtained an as-of-yet unpublished result when exposing a solution of 2-

tolylpyridine-borane to 300 nm light. Based on a high-resolution mass spectrum, a trimer of the 

parent compound was detected, implying the elimination of dihydrogen (Figure 2.1). The resulting 

product has a novel and highly interesting structure for device work in optoelectronics.2  

 

Figure 2.1. The proposed photochemical pathway for the trimer product obtained from the 

photolysis of the solution of 2-tolylpyridine-borane at 300 nm light. 

Unfortunately, this product was only obtained as a minor product and was not very soluble. 

Based on this result, a method was devised to replicate this chemistry by changing the parent ligand 

to something with higher modularity for functional groups and solubility. N-heterocyclic carbenes 

(NHCs) were selected as the primary ligand to achieve this, due to the variety of synthetic routes 

and a multitude of positions that could be functionalized.3 The core structure of NHCs requires the 

standard five-membered heterocycle as well as one of the nitrogen group to be an aryl group with 
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an ortho-methyl group (Figure 2.2). With those components in place, the rest of the structure could 

be varied. The other nitrogen group could be functionalized by alkyl or aryl groups. The backbone 

could be saturated, unsaturated, or functionalized further, and the aryl group with the ortho-methyl 

could have other functional groups at the remaining positions. This degree of modularity, as well 

as the strong σ donation, makes NHCs an appealing choice for attempting this chemistry. 

 

Figure 2.2. Scheme for the photoreaction of a general NHC-BH3. The lower scheme shows the 

proposed pathways for stepwise dehydrogenation and finally trimerization. 

 Independent of this work, Dr. Dennis Curran reached out to suggest the possibility of 

photoelimination for some his NHC boranes4 based on their similarity with some of the photoactive 

boron chelates published by the Wang group. Some of his previously published compounds5 were 

sent to permit the investigation of their UV reactivity and that part of the work is also summarized 

here. Figure 2.3 shows all compounds that will be investigated in this chapter. 
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Figure 2.3. All compound which will be studied in this chapter for their photoreactivity towards 

300 nm light. 

2.2 Experimental Section 

2.2.1 General Considerations 

All experiments were performed under a nitrogen atmosphere unless otherwise noted, 

where solvents were purified using appropriate drying agents and freshly distilled prior to use. The 

1H, 13C, 11B, 2D-COSY, 2D-NOESY, 2D-HSQC, and 2D-HMBC NMR spectra of all the 

compounds were recorded on a Bruker Avance 400 MHz spectrometer. UV/Vis spectra were 

recorded using a Varian Cary 50 UV/Vis absorbance spectrophotometer. HRMS for the 

photoreaction of 2.2 were measured by a Micromass/Waters GCT time of flight (TOF) mass 

spectrometer and a Thermo Scientific Orbitrap Velos Pro mass spectrometer. 
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2.2.2 Synthesis of NHC1 

In a 100 mL Schlenk flask, 1.173 g (7.82 mmol) of 2,5-xylylboronic acid and 

0.639 g (9.39 mmol) of imidazole were dissolved in 40 mL of methanol along with 

0.108 g (0.755 mmol) of copper(I) oxide (Cu2O). The reaction was allowed to stir while 

open to atmosphere overnight after which the volatiles were removed in vacuo. The 

crude product was separated by flash column chromatography with a 30:70 

hexanes:ethyl acetate mixture as eluent. The remaining 1.119 g (85%) of the coupled product was 

obtained and carried through to the next reaction. To a 50 mL round bottom flask, 1.119 g (6.50 

mmol) of N-p-xylylimidazole was added and dissolved in 25 mL of THF. To this solution, 0.4 mL 

(6.43 mmol) of iodomethane was added and the mixture was stirred overnight. Volatiles were then 

removed in vacuo, leaving a filmy residue, which was left to stand open overnight after which a 

white crystalline material formed. Once scraped from the walls of the flask, 2.041 g (65%) of the 

imidazolium salt NHC1 was collected and used without further purification. Methods used in this 

synthesis were derived from existing methods in the literature.6a,b 1H NMR (300 MHz, CDCl3): = 

2.24 (s, 3H, ArCH3), 2.34 (s, 3H, ArCH3), 4.28 (s, 3H, NCH3), 7.25 (m, 2H, ArH), 7.29 (s, 1H, 

ArH), 7.48 (d, 1H, 3JHH=1.7 Hz, imidazole CH), 8.01 (d, 1H, 3JHH=1.7 Hz, imidazole CH), 9.82 

ppm (s, 1H, imidazole CH).  

2.2.3 Synthesis of NHC2 

In a 50 mL Schlenk flask, 1.672 g (11.15 mmol) of 2,5-xylylboronic acid 

and 1.794 g (15.19 mmol) of benzimidazole were dissolved in 20 mL of methanol 

along with 0.102 g (0.713 mmol) of copper(I) oxide (Cu2O). The reaction was 

allowed to stir at reflux while open to atmosphere overnight after which the 

volatiles were removed in vacuo. The crude product was separated by flash 

column chromatography with a 50:50 hexanes:ethyl acetate mixture eluent as 

eluent. The remaining 1.09 g (41%) of the coupled product was obtained and carried through to the 
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next reaction. To a pressure tube, 1.09 g (4.90 mmol) of N-p-xylylbenzimidazole was loaded and 

dissolved in 10 mL of toluene. To this solution, 2.8 mL (24.65 mmol) of 1-iodobutane was added 

and the tube was sealed. The reaction was heated to 150 °C and allowed to stir overnight. A red oil 

began to form at the base of the flask throughout the reaction. The solution was then cooled and 

the liquid layer was decanted away. The oil was extracted with acetone and collected in a round 

bottom flask. Volatiles were removed in vacuo and the orange residue was dissolved in minimum 

methanol before adding diethyl ether to precipitate the red oil, which solidified as ether was added 

further. The mixture was filtered and the red-orange solid was washed with hexanes and toluene. 

Once dried, 1.23 g (61%) of the orange benzimidazolium salt NHC2 was collected.6a,b 1H NMR 

(400 MHz, CDCl3): = 1.01 (t, 3H, 3JHH=7.3 Hz, CH3), 1.52 (m, 2H, CH2), 2.11 (m, 2H, CH2), 2.15 

(s, 3H, ArCH3), 2.41 (s, 3H, ArCH3), 4.97 (t, 2H, 3JHH=7.5 Hz, CH2), 7.36 (m, 4H, ArH), 7.64 (dd, 

1H, 3JHH=8.3, 7.3 Hz, ArH), 7.71 (dd, 1H, 3JHH=8.3, 7.3 Hz,  ArH), 7.84 (d, 1H, 3JHH=8.3 Hz, ArH), 

10.88 ppm (s, 1H, imidazole CH). 

2.2.4 Synthesis of 2.1 

To a dry Schlenk flask, 0.785 g (2.50 mmol) of NHC1 was loaded and 

placed under a nitrogen atmosphere. Added to the flask was 40 mL of dry degassed 

THF and the slurry was chilled to 0 °C. Once cooled, 2.5 mL of 1.0 M (2.5 mmol) 

potassium tert-butoxide was added dropwise to the mixture and it was allowed to stir 

for 45 minutes cold and 45 minutes further at room temperature. The flask was 

cooled to 0 °C and 2.5 mL of 1.0 M (2.5 mmol) borane-THF solution was added dropwise and the 

mixture was allowed to stir for 30 minutes while cold and a further 2 hours at room temperature. 

Volatiles were then removed in vacuo and the residue was extracted with DCM. The slurry was 

passed through a filter with a celite plug and the collected solution was dried in vacuo. From the 

flask, 0.472 g (94%) of 2.1 was collected and no further purification was used. X-ray quality 

crystals were grown from a concentrated DCM solution via slow evaporation.  1H NMR (400 MHz, 
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C6D6): = 1.81 (br q,  1JBH=88.3 Hz, 3H, BH3), 2.00 (s, 3H, ArCH3), 2.02 (s, 3H, ArCH3), 3.20 (s, 

3H, NCH3), 5.81 (d, 1H, 3JHH=2.0 Hz, imidazole CH), 5.98 (d, 1H, 3JHH=2.0 Hz, imidazole CH), 

6.78 (s, 1H, ArH), 6.87 (d, 1H, 3JHH=7.8 Hz, ArH), 6.93 ppm(d, 1H, 3JHH=7.8 Hz, ArH). 11B NMR 

(128 MHz, C6D6): = -35.8 ppm (q, 1JBH=88.7 Hz).  

2.2.5 Synthesis of 2.2 

To a dry Schlenk flask, 0.540 g (1.38 mmol) of NHC2 was loaded and 

placed under a nitrogen atmosphere. Added to the flask was 25 mL of dry 

degassed THF and the slurry was chilled to 0 °C. Once cooled, 1.6 mL of 1.0 

M (1.6 mmol) potassium tert-butoxide was added dropwise to the mixture and 

it was allowed to stir for 45 minutes while cold and 45 minutes further at room 

temperature. The flask was cooled to 0 °C and 1.6 mL of 1.0 M (1.6 mmol) 

borane-THF solution was added dropwise and the mixture was allowed to stir for 45 minutes while 

cold and overnight at room temperature. Volatiles were then removed in vacuo and the residue was 

extracted with DCM. Volatiles were then removed in vacuo and the residue was extracted with 

DCM. The slurry was passed through a filter with a silica gel plug and the collected solution was 

dried in vacuo. The residue was purified by flash column chromatography with a 50:50 hexanes: 

DCM eluent. From the flask, 0.312 g (86%) of 2.2 was collected. 1H NMR (400 MHz, C6D6): = 

0.81 (t, 3H, 3JHH=7.4 Hz, CH3), 1.24 (m, 2H, CH2), 1.77 (td, 2H, 3JHH=7.7 Hz, CH2), 1.93 (s, 3H, 

ArCH3), 2.02 (s, 3H, ArCH3), 2.01 (br q,  1JBH=89.2 Hz, 3H, BH3), 4.30 (m, 2H, CH2), 6.64 (d, 1H, 

3JHH=8.1 Hz, ArH), 6.83 (s, 1H, ArH), 6.86 (dd, 1H, 3JHH=8.1, 7.6 Hz, ArH), 6.90 (d, 1H, 3JHH=8.1 

Hz, ArH), 6.95 (d, 1H, 3JHH=7.8 Hz, ArH), 6.97 (dd, 1H, 3JHH=7.8, 7.6, Hz, ArH), 7.01 ppm (d, 1H, 

3JHH=8.1 Hz, ArH). 11B NMR (128 MHz, C6D6): = -35.4 ppm (q, 1JBH=89.2 Hz).  
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2.2.6 Photoreaction of 2.1, 2.2, IMesBH3, and IPrBH3 

Approximately 10 mg of compound was loaded into a quartz NMR tube and dissolved in 

0.7 mL of dry and degassed C6D6. The cap was wrapped multiples times with parafilm and Teflon 

tape. The 1H NMR spectrum of the sample was taken and the solution was irradiated with 300 nm 

light for 24 hour intervals. Aluminum foil was wrapped around the cap used to minimize 

degradation of the seal. 1H NMR spectra were taken in between the intervals. While small 1H NMR 

signals for dihydrogen were observed, the only meaningful signals were attributed to the free aryl 

ring of the NHC used in the experiment. 

2.2.7 Synthesis of 2.3 

To a quartz NMR tube, 25 mg (0.0624 mmol) of B1 was loaded and 

dissolved in 0.7 mL of d6-benzene and capped with a robust NMR lid and sealed 

with parafilm and Teflon tape. A proton and boron NMR spectra was taken as 

a baseline for B1 before exposing the solution to 300 nm light for 30 minutes. 

After exposure all the material had converted to the new product 2.3. 1H NMR 

(400 MHz, C6D6): = 1.06 (d, 6H, 3JHH=7.1 Hz, CH3), 1.08 (d, 12H, 3JHH=6.8 Hz, CH3), 1.38 (d, 6H, 

3JHH=7.1 Hz, CH3), 1.41 (br q, 3H,  1JBH=86.6 Hz, BH3), 1.41 (d, 6H, 3JHH=6.8 Hz, CH3), 1.42 (d, 

6H, 3JHH=6.8 Hz, CH3), 2.03 (m, 6H, CH3), 2.67 (sept, 1H, 3JHH=6.8 Hz, CHMe2), 2.71 (sept, 1H, 

3JHH=7.1 Hz, CHMe2), 2.88 (sept, 1H, 3JHH=6.8 Hz, CHMe2), 5.00 (m, 2H, =CH2), 6.28 (d, 1H, 

3JHH=1.9 Hz, imidazole CH), 6.31 (d, 1H, 3JHH=1.9 Hz, imidazole CH), 7.06 (t, 1H, 3JHH=4.5 Hz, 

ArH), 7.11 (dd, 1H, 3JHH=7.8, 1.5 Hz, ArH), 7.13 (dd, 1H, 3JHH=7.8, 1.5 Hz, ArH),7.15 (d, 2H, 

3JHH=4.5 Hz, ArH), 7.25 (t, 1H, 3JHH=7.8 Hz, ArH),. 11B NMR (128 MHz, C6D6): = -35.1 ppm (q, 

1JBH=86.6 Hz).  

2.2.8 Photoreaction of B2 and B3 

Approximately 10 mg of compound was loaded into a quartz NMR tube and dissolved in 

0.7 mL of dry and degassed C6D6. The cap was wrapped multiples times with parafilm and Teflon 
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tape. The 1H NMR spectrum of the sample was taken and the solution was irradiated with 300 nm 

light. Aluminum foil was wrapped around the cap used to minimize degradation of the seal. 1H 

NMR spectra were taken in at particular moments: 30 minutes, 2.5 hours, 8 hours, 12.5 hours, and, 

in the case of B3, 2 days and 4 days. Both experiments had signals consistent with IMe-BH3. The 

experiment with B2 contained signals assigned to E and Z stilbene, as well as the photoproduct 

phenanthrene. The experiment with B3 contained signals for 2,3-dimethylbut-1-ene and 2,3-

dimethylbut-2-ene in a 6:1 ratio.  

2.2.9 X-ray Crystallographic Analysis. 

Single crystals of 2.1 and 2.3 were obtained from solutions of either DCM or THF by slow 

evaporation. The crystals were mounted on glass fibers and the data were collected on a Bruker 

Apex II single-crystal X-ray diffractometer with graphite-monochromated MoKa radiation, 

operating at 50 kV and 30 mA, and at 180 K. Data were processed on a PC with the aid of the 

Bruker SHELXTL software package (version 6.14) and corrected for absorption effects. All the 

structures were solved using direct methods. The crystals of 2.1 belong to the orthorhombic space 

group P212121, while those of 2.3 belong to the monoclinic space group P21/c. The data were 

collected and processed by Dr. Suning Wang and are listed in Tables 2.1 through 2.4. 
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Table 2.1. Crystallographic Data for Compounds 2.1 and 2.3. 

Compound 2.1 2.3 

Formula C12H17BN2 C27H37BN2 

FW 200.08 400.40 

Space Group P2(1)2(1)2(1) P2(1)/c 

a, Å 6.7160(8) 16.386(5) 

b, Å 7.3010(8) 7.038(2) 

c, Å 24.074(3) 23.642(8) 

, ° 90 90 

, ° 90 93.623(5) 

, ° 90 90 

V, Å3 1180.4(2) 3352.9(9) 

Z 4 4 

Dcalc, Mg•m3 1.126 0.997 

T, K 180(2) 243(2) 

, mm-1 0.066 0.056 

2max, ° 27.148 27.07 

Reflns measured 5858 21640 

Reflns used (Rint) 2567 (0.0307) 5920 (0.1022) 

Parameters 141 302 

Final R values   

    I>2(I)]:   

    R1,a wR2
b 0.0460, 0.1042 0.0962, 0.2164 

R values (all data):   

    R1,a wR2
b 0.0681, 0.1163 0.2466, 0.2758 

Goodness-of-fit on F2 1.084 1.084 

  a R1 = Σ(|F0| - |Fc|) / Σ|F0|  
   b wR2 = [Σw [(F0

2-Fc
2)2] / Σ[w(F0

2)2]]1/2  

  w = 1 / [2(F0
2) + (0.075P)2], where P = [Max (F0

2, 0) + 2Fc
2] / 3 
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Table 2.2. Non-hydrogen atomic coordinates for compound 2.1. 

 x y z U(eq) 

B(1) 8372(5) 7721(4) 1698(1) 32(1) 

N(1) 7708(3) 4519(3) 2171(1) 32(1) 

N(2) 8955(3) 4293(3) 1354(1) 29(1) 

C(1) 8369(4) 5534(3) 1744(1) 28(1) 

C(2) 8644(4) 2522(3) 1544(1) 36(1) 

C(3) 7866(4) 2669(3) 2054(1) 39(1) 

C(4) 6934(5) 5249(4) 2690(1) 44(1) 

C(5) 9837(4) 4711(3) 824(1) 29(1) 

C(6) 8692(4) 4464(3) 353(1) 34(1) 

C(7) 9479(5) 4811(3) -170(1) 40(1) 

C(8) 11441(5) 5404(4) -202(1) 44(1) 

C(9) 12573(5) 5617(4) 275(1) 43(1) 

C(10) 11817(4) 5262(3) 802(1) 33(1) 

C(11) 8223(6) 4574(4) -684(1) 62(1) 

C(12) 13078(5) 5444(4) 1312(1) 49(1) 
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Table 2.3. Non-hydrogen atomic coordinates for compound 2.3. 

 x y z U(eq) 

B(1) 7072(3) 7495(5) 958(2) 84(2) 

N(1) 7189(2) 11257(4) 1034(1) 65(1) 

N(2) 8097(2) 9729(4) 1537(1) 61(1) 

C(1) 7436(2) 9460(4) 1169(1) 59(1) 

C(2) 7681(2) 12576(5) 1311(2) 72(1) 

C(3) 8248(2) 11647(5) 1622(2) 79(1) 

C(4) 8576(2) 8208(5) 1804(2) 64(1) 

C(5) 9217(2) 7487(5) 1529(2) 69(1) 

C(6) 9680(3) 6072(7) 1812(2) 113(2) 

C(7) 9523(4) 5484(7) 2341(3) 131(3) 

C(8) 8875(3) 6201(8) 2588(2) 127(2) 

C(9) 8363(3) 7588(6) 2330(2) 88(1) 

C(10) 6484(2) 11714(5) 648(2) 69(1) 

C(11) 5743(3) 12003(6) 876(2) 96(1) 

C(12) 5072(3) 12432(6) 489(3) 114(2) 

C(13) 5174(4) 12565(6) -70(3) 121(2) 

C(14) 5909(3) 12345(6) -278(2) 116(2) 

C(15) 6610(3) 11882(6) 77(2) 91(1) 

C(16) 9411(3) 8119(7) 942(2) 104(2) 

C(17) 10084(3) 9573(9) 968(2) 157(2) 

C(18) 9576(3) 6499(10) 542(2) 184(3) 

C(19) 7635(4) 8365(12) 2620(2) 141(2) 

C(20) 6958(18) 7450(50) 2916(15) 210(18) 

C(21) 7900(30) 10100(50) 2976(17) 200(20) 

C(20A) 7161(13) 6500(30) 2734(9) 188(9) 

C(21A) 7910(20) 9430(40) 3162(11) 193(12) 

C(22) 7434(3) 11569(9) -174(2) 115(2) 

C(23) 7764(5) 13398(12) -357(3) 221(4) 

C(24) 7476(5) 9869(10) -523(3) 211(3) 

C(25) 5633(3) 11803(10) 1491(3) 134(2) 

C(26) 5291(5) 10134(11) 1672(3) 215(4) 

C(27) 5377(5) 13604(12) 1736(3) 272(5) 
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Table 2.4. Selected Bond lengths [Å] and angles [°] for compounds 2.1 and 2.3. 

Compound 2.1 

 

B(1)-C(1)  1.601(3) C(5)-C(6)  1.382(3) 

N(1)-C(1)  1.343(3) C(5)-C(10)  1.390(4) 

N(1)-C(3)  1.383(3) C(6)-C(7)  1.390(4) 

N(1)-C(4)  1.455(3) C(7)-C(8)  1.389(4) 

N(2)-C(1)  1.362(3) C(7)-C(11)  1.506(4) 

N(2)-C(2)  1.387(3) C(8)-C(9)  1.385(4) 

N(2)-C(5)  1.439(3) C(9)-C(10)  1.389(4) 

C(2)-C(3)  1.340(4) C(10)-C(12)  1.500(4) 

  
  

C(1)-N(1)-C(3) 111.0(2) C(6)-C(5)-C(10) 122.5(2) 

C(1)-N(2)-C(2) 110.5(2) C(5)-C(6)-C(7) 120.6(3) 

N(1)-C(1)-N(2) 104.8(2) C(8)-C(7)-C(6) 117.8(3) 

N(1)-C(1)-B(1) 127.2(2) C(9)-C(8)-C(7) 120.7(3) 

N(2)-C(1)-B(1) 128.0(2) C(8)-C(9)-C(10) 122.3(3) 

C(3)-C(2)-N(2) 106.6(2) C(9)-C(10)-C(5) 116.1(2) 

C(2)-C(3)-N(1) 107.1(2) 
  

 

Compound 2.3 

 

B(1)-C(1)  1.576(5) C(11)-C(25)  1.484(7) 

N(1)-C(1)  1.360(4) C(15)-C(22)  1.526(6) 

N(1)-C(2)  1.369(4) C(16)-C(17)  1.503(6) 

N(1)-C(10)  1.462(4) C(16)-C(18)  1.517(6) 

N(2)-C(1)  1.358(4) C(19)-C(20)  1.496(17) 

N(2)-C(3)  1.385(4) C(19)-C(21)  1.527(19) 

N(2)-C(4)  1.448(4) C(22)-C(24)  1.458(7) 

C(2)-C(3)  1.321(4) C(22)-C(23)  1.472(7) 

C(5)-C(16)  1.509(5) C(25)-C(26)  1.381(7) 

C(9)-C(19)  1.515(7) C(25)-C(27)  1.466(7) 

    
C(1)-N(1)-C(2) 111.1(3) C(17)-C(16)-C(18) 112.2(5) 

C(1)-N(2)-C(3) 110.9(3) C(17)-C(16)-C(5) 111.1(3) 

N(2)-C(1)-N(1) 103.6(3) C(5)-C(16)-C(18) 114.1(5) 

N(2)-C(1)-B(1) 126.6(3) C(24)-C(22)-C(23) 121.3(5) 

N(1)-C(1)-B(1) 129.8(3) C(24)-C(22)-C(15) 114.4(5) 

C(3)-C(2)-N(1) 107.7(3) C(23)-C(22)-C(15) 109.8(6) 

C(2)-C(3)-N(2) 106.8(3) C(26)-C(25)-C(27) 118.8(6) 
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C(21A)-C(19)-C(20A) 113.1(16) C(26)-C(25)-C(11) 117.4(6) 

C(9)-C(19)-C(20A) 100.8(9) C(27)-C(25)-C(11) 111.1(6) 

C(9)-C(19)-C(21A) 111.2(16)   
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2.3 Results and Discussion 

2.3.1 Photoreactivity of Non-symmetrical NHC Boranes 

Based on the tolylpyridine results described in the introduction to this chapter, the first 

target NHC was designed to be as similar as possible its tolylpyridine counterpart. An asymmetric 

NHC, where one of the N groups was a methyl group and the other was a 2,5-dimethylphenyl 

group, was selected (compound NHC1). It was decided to keep the backbone unsaturated for 

synthetic ease. Coupling of the aryl boronic acid and imidazole was accomplished using cuprous 

oxide as a catalyst while open to air.6  

Quaternization of the second nitrogen position was then accomplished with iodomethane 

to give the imidazolium salt. The salt was subsequently deprotonated with potassium tert-butoxide 

and quenched with borane-THF solution to give the desired NHC borane, 2.1 (Figure 2.4). X-ray 

quality crystals were grown from slow evaporation of a DCM solution and the X-ray structure is 

shown in Figure 2.5. All bond lengths are standard for an NHC-BH3. 

 

Figure 2.4. Scheme for the synthesis of NHC1 followed by synthesis of 2.1. 
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Figure 2.5. Crystal structure of compound 2.1 with 35% thermal ellipsoids and labeling schemes. 

Compound 2.1 was dissolved in dry degassed d6-benzene in a glove box and loaded into a 

quartz NMR tube. The tube was covered with a more robust cap that was then wrapped with both 

parafilm and Teflon tape to minimize any leaking. 1H NMR spectra were then taken for the baseline 

and the top was wrapped in aluminum foil to prevent photo-degradation of the seal. The sample 

was placed in the photoreactor where it was irradiated with 300 nm light for 24 hour increments. 

In between these increments the sample was removed from the reactor and the NMR spectra were 

recorded. 

 Following two weeks of exposure to 300 nm light, the 1H NMR spectrum showed minimal 

change, leaving a fair amount of starting material (Figure 2.6). However, a low intensity signal of 

4.47 ppm, consistent with dihydrogen in d6-benzene, was detected. Likewise, two intense signals 

at 6.98 ppm and 2.14 ppm were present, consistent with free p-xylene. Along with those signals, 

there was a precipitate at the bottom of the NMR tube. Unfortunately, the solid could not be 

identified due to insolubility, though it is likely to be a decomposition product. The result was 

troublesome as it did not seem to indicate that the target trimer was produced, other than the very 

minimal presence of dihydrogen. 
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Figure 2.6. Time evolution of a solution of 2.1 in d6-benzene exposed to 300 nm light as shown in 

the 1H NMR spectra. The bottom spectrum is before irradiation while the top spectrum is after two 

weeks of irradiation. The signals at 6.98 ppm and 2.14 ppm represent p-xylene. The signal at 4.47 

ppm, while very low intensity, matches dissolved dihydrogen. 11B NMR not shown, as no new 

signals appeared. Also shown is the reaction scheme for this photoreaction. 

Based on these first results a new NHC (NHC2) was devised, designed to combat the issues 

previously faced. First, the imidazole was expanded to benzimidazole to red shift the absorption 

and allow for faster photoreactions. Second, the alkyl N-group was changed from a methyl to an n-

butyl group to add solubility and hopefully detect the other products of the photoreaction. Synthesis 

of 2.2 was very similar to 2.1 (Figure 2.7).  
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Figure 2.7. Scheme for the synthesis of NHC2 followed by synthesis of 2.2. 

The coupling reaction utilized the same catalytic method as NHC1 with benzimidazole in 

place of imidazole and heating to 65 °C. The quaternization required 1-iodobutane and heating at 

150 °C in toluene in a sealed tube. The final step to deprotonate and add borane was identical to 

2.1. When 2.2 was put through the same conditions as 2.1, a much faster reaction took place.  

Over the course of a week, nearly all the signals for the starting material had disappeared 

in the 1H NMR spectrum and a number of new low intensity signals were observed (Figure 2.8). 

However, these signals are complex multiplets and appeared along the entire spectral window. Due 

to the sheer complexity and low intensity of the signals, the side products were not able to be 

identified. Along with these small signals, once again a small amount of dihydrogen at 4.47 ppm 

and p-xylene at 6.98 ppm and 2.14 ppm were observed. Unfortunately, even with the use of mass 

spectroscopy, the structures responsible for these extra signals were not able to be identified. It 

would appear that the primary photoreaction for NHC-boranes is cleavage of the N-aryl group and 

subsequent decomposition. 
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Figure 2.8. Time evolution of a solution of 2.2 in d6-benzene exposed to 300 nm light as shown in 

the 1H NMR spectra. The bottom spectrum is before irradiation while the top spectrum is after two 

weeks of irradiation. The signals at 6.98 ppm and 2.14 ppm represent p-xylene. The signal at 4.47 

ppm matches dissolved dihydrogen. The insert is the evolution of the 11B NMR over the same time 

interval. A very small signal is present at -24 ppm after irradiation, though was not identified. Also 

shown is the reaction scheme for this photoreaction. 

In a final effort to confirm this result, IMesBH3 and IPrBH3 were obtained from a 

collaborator, Dr. Dennis Curran. In both cases, signals were once again observed in the 1H NMR 

for a small amount of dihydrogen, along with mesitylene or 1,3-diisopropylbenzene respectively. 

From these final experiments, it’s clear that NHC-boranes exposed to 300 nm light in solution will 
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lead to the elimination of an arene group native to the NHC and subsequent decomposition of the 

remaining fragment (Figure 2.9). It is likely that the elimination involves a hydride shift from the 

boron center to the aryl group, causing the elimination and leaving an unstable fragment behind to 

further react with itself in solution. 

 

Figure 2.9. General scheme for the irradiation with 300 nm light of NHC-boranes in a C6D6 

solution. 

There are currently no certain explanations for the small presence of dihydrogen, as it is 

difficult to quantify in this fashion.  

2.3.2 Photoreactivity of NHC-BH2R 

After being contacted by Dr. Dennis Curran about the similarities between our chelates and 

some of the products his lab has produced, he offered to send a sample of his C^C chelated BH2 

moiety, derived from IPr (B1).4 B1 was a by-product of reduction of the IPr adduct of 

dichloroborane by lithium di-tertbutylbiphenylide. Surprisingly, B1 was very quick to react under 

irradiation of 300 nm light. Within 30 minutes, a nearly complete conversion of the chelate was 

observed (Figure 2.10). Many diagnostic factors were observed in the 1H NMR and 11B NMR. The 

most telling factor was seen in the 11B NMR, where the signal shifted upfield from -24 to -35 ppm 

and went from being a triplet to a quartet. It was clear that the boron moiety went from a -BH2 to a 

-BH3. Also telling was the presence of vinyl protons at 5.0 ppm. A methyl singlet at 2.0 ppm was 

found to have minor long-range coupling with the vinyl proton in the COSY spectra. From this 

evidence, it was deduced that a proton shift had occurred, leading to the loss of a methyl proton, 
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breaking of the C-B bond between the bridging isopropyl and the boron unit, and protonation of 

the boron unit to yield a new asymmetric NHC-BH3 system, 2.3.  
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Figure 2.10. Time evolution of a solution of B1 in d6-benzene exposed to 300 nm light as shown 

in the 1H NMR spectra. The lower spectrum is before irradiation while the upper spectrum is after 

30 minutes of irradiation, which is the spectrum of 2.3. Top: Aromatic region, with 11B NMR inset. 

Bottom: Aliphatic region, with a 2D-COSY insert depicting the H-L coupling cross-peak. Also 

shown is the reaction scheme for this photoreaction. 
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This structure was confirmed by X-ray crystallography, though the structure obtained does contain 

a high degree of disorder in one of the isopropyl groups (Figure 2.11). 

 

Figure 2.11. Crystal structure of compound 2.3 with 35% thermal ellipsoids and labeling schemes. 

The mechanism for the reaction of B1 to 2.3 can be visualized to be akin to a -hydrogen 

elimination style of reaction. If this hypothesis were true, then we expect to see a similar reaction 

with other NHC-BH2R systems, regardless of chelation effects, so long as -hydrogens were 

present, relative to the boron unit (Figure 2.12). 

 

Figure 2.12. Synthetic scheme and proposed mechanism for the transformation of B1 to 2.3 in the 

presence of 300 nm light. 



 

62 

 

After contacting Dr. Curran and discussing these findings and conclusions, he graciously 

provided two systems with which to study this hypothesis, N-dimethylimidazole-1,2-

diphenylethylborane (B2) and N-dimethylimidazole-1,1,2-trimethylpropylborane (B3).5 Both 

systems were considerably slower to react, as their absorption overlap with the 300 nm light source 

was not as efficient as B1. However, reactions were observed over time and, in both the reaction 

of B2 and B3, the formation of IMe-BH3, a highly diagnostic product of the predicted reaction, was 

observed. Likewise, other products were observed which confirmed the hypothesis. In the reaction 

of B2, both E and Z isomers of stilbene were observed in 1H NMR as the reaction proceeded 

however, Z-stilbene was showing up at much lower integrations than the E isomer. Along with 

these signals, phenanthrene was also identified. Since phenanthrene is a known irreversible 

photoproduct of Z-stilbene, Z-stilbene was not being produced to the same degree as E-stilbene due 

to the secondary reaction. By the time most of the starting material was used up there was little to 

no trace of Z-stilbene to be characterized (Figure 2.13). Having a degree of photoisomerization 

about the C-C double bond and the side product of phenanthrene meant that preference for one 

isomer could not be identified. The summary of this reaction is shown in the 1H NMR analysis in 

Figure 2.13. 
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Figure 2.13. Time evolution of a solution of B2 in d6-benzene exposed to 300 nm light as shown 

in the 1H NMR spectra. The lower spectrum is before irradiation while the upper spectrum is after 

12.5 hours of irradiation. Also shown is the synthetic scheme for the irradiation with 300 nm light 

of B2 in C6D6 leading to the elimination IMe-BH3 of a mixture of E/Z stilbene as well as the 

secondary photoproduct of phenanthrene via Z-stilbene. 

For the photoreaction of B3, two alkene products alongside IMe-BH3, 2,3-dimethylbut-1-

ene and 2,3-dimethylbut-2-ene can be seen. The first alkene arises when the -hydrogen elimination 

occurs on one of the methyl groups, whereas the second occurs when the elimination comes from 

the isopropyl portion. An approximate 6:1 ratio of the alkenes proportional to the number of 

available protons to react was observed. This result implies only a statistical bias for the reaction 

to occur with no real favoring for substitution of the final product. However, further experiments 

would be required to ensure this is a consistent phenomenon. The summary for this reaction and 

the corresponding 1H NMR spectrum is shown in Figure 2.14. 
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Figure 2.14. Time evolution of a solution of B3 in d6-benzene exposed to 300 nm light as shown 

in the 1H NMR spectra. The lower spectrum is before irradiation while the upper spectrum is after 

four days of irradiation. Also shown is the synthetic scheme for the irradiation with 300 nm light 

of B3 in C6D6 leading to the elimination of alkenes and IMe-BH3.  

2.3.3 Conclusions 

In summation, it was found that, while a preliminary result for tolylpyridine-boranes 

implied otherwise, the photoreaction of NHC-BH3 compounds only yields loss of one of the aryl 

rings pendant to the imidazole, leading to decomposition of the remaining fragment. This 

phenomenon was observed using both asymmetric and symmetric NHCs as parent ligands. 

However, NHC-BH2R compounds have an alternate pathway if the R group contains a -hydrogen 

with respect to the boron center. This R group will undergo a -hydrogen style elimination, leaving 

an NHC-BH3 unit and forming a new double bond in the R group. This study was done in 

collaboration with Dr. Dennis Curran, providing the NHC-BH2R precursors for study. A chelated 
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system with an IPr framework (B1) led to a new vinyl group within one of the isopropyl groups. 

Meanwhile, B2 and B3 were used to producing respective alkenes from this -hydrogen style 

elimination, leaving IMe-BH3. While novel, these results have yet to be published. 
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Chapter 3 

Thermal and Photolytic Transformation of NHC–B,N-Heterocycles: 

Controlled Generation of Blue Fluorescent 1,3-Azaborinine Derivatives 

and 1H-Imidazo[1,2-a]indoles by External Stimuli 

3.1 Introduction 

A previous group member discovered the UV driven photoelimination of N^C chelated 

boron systems using tolylpyridine as the parent ligand for the chemistry.1 The heterocyclic linkage 

that is formed when creating these chelates is the key to this reaction. The CH2 and BMes2 

connection is set up to perform the photoreaction. A hydrogen atom on the carbon and a mesityl 

group on the boron are near the transition state geometry for elimination. Owing to the results and 

success of the N^C chelate boron systems and their subsequent reactivity when exposed to UV 

light, analogues of these systems were devised using N-heterocyclic carbenes in place of the pyridyl 

Lewis bases (Figure 3.1). This change was expected to alter the electronics on the boron center, as 

NHCs are generally stronger donors than pyridine structures.2 The same reactions were expected 

to take place in the presence of high intensity UV light leading to elimination of the aryl group 

pendant to the boron center and a hydrogen atom bound to the neighboring carbon. This final 

photoelimination product would have an embedded 1,3-azaborine – the first example of this 

structure existing within a multicyclic structure. Concurrent to this study, the thermal pathway of 

the N^C chelates was established by co-workers.3 This led to the elimination of the whole boron 

center and aryl groups, along with the neighboring hydrogen atom, forming a new interior 5-

membered ring and producing pyrido[2,1-a]isoindole. This reaction was found to be the inverse 

1,1-hyrdoboration and could be reversed at lower temperatures. The same pathway was also studied 

on the NHC derivatives designed for the previous photoelimination study. 
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Figure 3.1 Top: General scheme for photo and thermal reaction pathways of tolylpyridine 

supported N^C chelates of boron moieties. Bottom: General scheme for this work, the photo and 

thermal reaction pathways of NHC supported C^C chelates of boron moieties.  

3.2 Experimental Section 

3.2.1 General Considerations 

All experiments were performed under a nitrogen atmosphere unless otherwise noted, 

where solvents were purified using appropriate drying agents and freshly distilled prior to use. The 

1H, 13C, 11B 2D-COSY, 2D-NOESY, 2D-HSQC, and 2D-HMBC NMR spectra of all the 

compounds were recorded on a Bruker Avance 400 MHz spectrometer. Excitation and emission 

spectra were recorded using a Photon Technologies International QuantaMaster Model 2 

spectrometer, while UV/Vis spectra were recorded using a Varian Cary 50 UV/Vis absorbance 

spectrophotometer. HRMS for 3.1, 3.2, 3.3, and 3.4 were measured by a Micromass/Waters GCT 

time of flight (TOF) mass spectrometer and a Thermo Scientific Orbitrap Velos Pro mass 

spectrometer. MS scans were acquired at an orbitrap resolution of 60000 for an m/z range from 150 

to 2000. Elemental analyses were performed at the elemental analysis laboratory, University of 

Montreal, Montreal, Quebec, Canada. 
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3.2.2 Synthesis of NHC imidazolium salts L1 and L2 

Compounds L1 and L2: The imidazolium salts L1 and L2 

were prepared according to previously reported procedures,4, 5 

with the substitution of trimethylsilyl chloride for HCl in dioxane 

as a source of non-aqueous HCl. L1: 2.17 (s, 12H, ArCH3), 2.37 

(s, 6H, ArCH3), 7.08 (s, 4H, ArH), 7.61 (s, 2H, imidazole CH), 

11.05 ppm (s, 1H, imidazole CH). L2: 1H NMR (400 MHz, CDCl3): = 2.06 (s, 6H, ArCH3), 2.13 

(s, 12H, ArCH3), 2.34 (s, 6H, ArCH3), 7.04 (s, 4H, ArH), 10.82 ppm (s, 1H, imidazole CH). 

 

3.2.3 Synthesis of 3.1 

To a dry 100 mL Schlenk flask 503 mg (1.47 mmol) of L1 was loaded 

and placed under a nitrogen atmosphere. Dry degassed THF (50 mL) was added 

by cannula to form a white slurry. The slurry was chilled to -78°C in a dry-

ice/acetone bath and n-butyl lithium (1.6 M) in hexanes (1.00 mL, 1.6 mmol) 

was added dropwise. The reaction mixture was stirred for 30 minutes in the cold 

bath followed by 2 hours at room temperature to generate the free carbene. The 

flask was then cooled back to -78 °C followed by addition of 0.97 mL of freshly 

distilled TMEDA (6.47 mmol) and 1.00 mL of 1.6 M n-butyl lithium. After stirring for 2 hours at 

-78°C, 473 mg of dimesitylfluoroborane (1.76 mmol) was added to the flask. The reaction mixture 

was finally stirred for 3 hours before warming to room temperature and stirring overnight. The 

resulting mixture was quenched with water and extracted with diethyl ether. The organic extract 

was dried over magnesium sulfate followed by removing volatiles in vacuo. The resulting solid 

was dissolved in a minimum amount of diethyl ether and the solid was precipitated by addition of 

hexanes. The solid was collected by vacuum filtration and 723 mg (89%) of 3.1 was collected. X-

ray-quality crystals were grown using a saturated solution of THF layered with hexanes. 1H NMR 
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(400 MHz, C6D6): = 1.67 (s, 3H, ArCH3), 1.68 (s, 3H, ArCH3), 1.85 (s, 3H, ArCH3), 2.04 (s, 3H, 

ArCH3), 2.07 (s, 3H, ArCH3), 2.08 (s, 3H, ArCH3), 2.08 (s, 3H, ArCH3), 2.13 (s, 3H, ArCH3), 2.17 

(s, 3H, ArCH3), 2.46 (s, 3H, ArCH3), 2.84 (d, 1H, 3JHH=12.0 Hz, B-CH2), 2.88 (s, 3H, ArCH3), 3.06 

(d, 1H, 3JHH= 12.0 Hz, B-CH2), 5.78 (d, 1H, 3JHH=4.0 Hz, imidazole CH), 5.97 (s, 1H, ArH), 6.18 

(s, 1H, ArH), 6.48 (s, 1H, ArH), 6.52 (s, 1H, ArH), 6.52 (s, 1H, ArH), 6.62 (d, 1H, 3JHH=4.0 Hz, 

imidazole CH), 6.72 (s, 1H, ArH), 6.73 (s, 1H, ArH), 6.73 ppm (s, 1H, ArH). 11B NMR (128 MHz, 

C6D6): = -11.2 ppm. 13C {1H} NMR (100 MHz, C6D6): = 19.4 (ArCH3), 19.4 (ArCH3), 20.3 

(ArCH3), 21.1 (ArCH3), 21.2 (ArCH3), 21.3 (ArCH3), 21.4 (ArCH3), 24.3 (ArCH3), 25.2 (ArCH3), 

28.0 (ArCH3), 28.2 (ArCH3), 33.8 (located by HSQC, B-CH2), 120.3 (imidazole CH), 121.6 

(imidazole CH), 125.6 (ArC), 3 ArCH located under the solvent signal via HSQC, 129.0 (ArCH), 

129.0 (ArCH), 129.3 (ArCH), 130.6 (ArCH), 131.1 (ArCH), 131.8 (ArC), 132.2 (ArC), 133.3 

(ArC), 133.4 (ArC), 134.9 (ArC), 136.3 (ArC-N located by HMBC), 137.4 (ArC), 138.6 (ArC), 

139.0 (ArC), 141.6 (ArC), 142.2 (ArC), 143.4 (ArC), 144.0 (ArC-B located by HMBC), 145.7 

(ArC), 150.7 ppm (ArC-B located by HMBC). HRMS (EI) Calc’d for C39H45N3.4 [M + H]+: 

552.3683, found: 552.3673. Anal. Calc’d for C39H45N3.4: C 84.77, H 8.21, N 5.07; found: C 84.66, 

H 8.33, N 5.11. 

3.2.4 Synthesis of 3.2 

Compound 3.2 was prepared analogously to 3.1 using L2 as the 

imidazolium salt precursor, and it was obtained in 31% yield. 1H NMR (400 

MHz, C6D6): = 1.28 (s, 3H, imidazole-CH3), 1.62 (s, 3H, ArCH3), 1.69 (s, 3H, 

imidazole CH3), 1.73 (s, 3H, ArCH3), 1.91 (s, 3H, ArCH3), 2.01 (s, 3H, ArCH3), 

2.08 (s, 3H, ArCH3), 2.10 (s, 3H, ArCH3), 2.12 (s, 3H, ArCH3), 2.19 (s, 3H, 

ArCH3), 2.19 (s, 3H, ArCH3), 2.46 (s, 3H, ArCH3), 2.68 (d, 1H, 3JHH=4.0 Hz, 

B-CH2), 2.85 (s, 3H, ArCH3), 3.06 (d, 1H, 3JHH=14.0 Hz, B-CH2), 6.00 (s, 1H, ArH), 6.18 (s, 1H, 

ArH), 6.53 (s, 1H, ArH), 6.55 (s, 1H, ArH), 6.57 (s, 1H, ArH), 6.71 (s, 1H, ArH), 6.72 (s, 1H, ArH), 
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6.72 ppm (s, 1H, ArH). 11B NMR (128 MHz, C6D6):  = -9.9 ppm. 13C {1H} NMR (100 MHz, 

C6D6): = 8.9 (imidazole CH3), 10.8 (imidazole CH3), 19.0 (ArCH3), 19.8 (ArCH3), 19.8 (ArCH3), 

21.2 (ArCH3), 21.3 (ArCH3), 21.4 (ArCH3), 21.4 (ArCH3), 24.3 (ArCH3), 25.6 (ArCH3), 28.1 

(ArCH3), 28.1 (ArCH3), 34.5 (located by HSQC, B-CH2), 125.0 (imidazole C), 126.0 (imidazole 

C), 127.6 (ArC), 127.9 (ArCH), 4 ArCH located under the solvent signal by HSQC), 129.4 (ArCH), 

130.6 (ArCH), 130.9 (ArCH), 131.0 (ArC), 131.5 (ArC), 132.6 (ArC), 133.1 (ArC), 134.1 (ArC), 

136.3 (ArC), 137.4 (ArC), 138.4 (ArC), 139.4 (ArC), 141.3 (ArC), 142.3 (ArC), 145.7 (ArC), 145.8 

(ArC), 150.4 ppm (ArC-B located by HMBC). HRMS (EI) Calc’d for C41H49N3.4 [M + H]+: 

580.3996, found: 580.4015. Anal. Calc’d for C41H49N3.4: C 84.81, H 8.51, N 4.82; found: C 84.63, 

H 8.75, N 4.89.  

3.2.5 General experimental procedure for the preparation of 3.3 and 3.4 

A NHC–BMes2 chelate (25 mg) was loaded into a J. Young NMR tube in a nitrogen 

atmosphere glovebox. Distilled d6-benzene (0.7 mL) was added and the tube was capped and 

sealed. The tube was exposed to 300 nm UV light for three days with brief interruptions to monitor 

the NMR spectra. At this point, there was an approximate 1:1 ratio of starting material and product. 

No further irradiation led to more conversion. 3.3 was isolated (details in the next section) while 

3.4 was characterized as a mixture, using 2D NMR for assignment. 

3.2.6 Synthetic details and characterization of 3.3 

The NMR tube was reintroduced to the glovebox and the solution was 

allowed to slowly evaporate.  The resulting residue was washed with a small 

amount of benzene and decanted away from the remaining crystalline solid. 12 

mg (48%) remained and was found to be the pure azaborinine 3.3. X-ray quality 

crystals were grown from a concentrated solution of THF allowed to evaporate 

slowly to half volume then chilled to -35 °C. Further reactions were performed at 

elevated scale, using freshly distilled THF and a glass Teflon Schlenk tube. The 
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solution was isolated in the same fashion and yields were near 50%, in line with the conversion 

limits. 1H NMR (400 MHz, C6D6): = 1.77 (s, 6H, ArCH3), 2.04 (s, 3H, ArCH3), 2.26 (s, 3H, 

ArCH3), 2.30 (s, 6H, ArCH3), 2.31 (s, 3H, ArCH3), 2.54 (s, 3H, ArCH3), 6.22 (d, 1H, 3JHH=4.0 Hz, 

imidazole CH), 6.43 (s, 2H, ArH), 6.66 (s, 2H, ArH), 6.71 (s, 1H, ArH), 7.46 (s, 1H, BCH), 7.60 

(s, 1H, ArH), 8.04 ppm (d, 1H, 3JHH=4.0 Hz, imidazole CH). 11B NMR (128 MHz, C6D6):  = 28.0 

ppm. 1H NMR (400 MHz, THF-d8):  = 1.84 (s, 6H, ArCH3), 1.94 (s, 6H, ArCH3), 2.11 (s, 3H, 

ArCH3), 2.14 (s, 3H, ArCH3), 2.35 (s, 3H, ArCH3), 3.01 (s, 3H, ArCH3), 6.37 (s, 2H, ArH), 6.55 

(s, 2H, ArH), 6.72 (s, 1H, B-CH), 6.76 (s, 1H, ArH), 7.25 (s, 1H, ArH), 7.47 (d, 1H, 3JHH=4.0 Hz, 

imidazole CH), 8.88 ppm (d, 1H, 3JHH=4.0 Hz, imidazole CH). 11B NMR (128 MHz, THF-d8): = 

26.4 ppm. 13C {1H} NMR (100 MHz, THF-d8):  = 18.2 (ArCH3), 20.8 (ArCH3), 20.8 (ArCH3), 

21.1 (ArCH3), 24.8 (ArCH3), 25.1 (ArCH3), 117.8 (imidazole CH), 122.6 (imidazole CH), 125.4 

(ArC), 125.8 (ArCH), 126.3 (ArCH), 126.6 (ArC), 127.4 (ArCH), 127.4 (B=CH), 128.83 (ArCH), 

133.123 (ArC), 133.83 (ArC), 134.73 (ArC), 135.73 (ArC), 138.63 (ArC), 138.83 (ArC), 139.93 

(ArC), 140.4 ppm (ArC-B located via HMBC). HRMS (EI) Calc’d for C41H43.2N4 [M + H]+: 

432.2742, found: 433.2748.  

3.2.7 Synthetic details and characterization of 3.4 

Compound 3.4 could not be isolated; however, it’s 1H chemical shifts 

were assigned from the 50:50 conversion mixture by 2D NMR experiments. 

Assignments for 3.4: 1H NMR (400 MHz, C6D6): = 1.49 (s, 3H, imidazole 

CH3), 1.75 (s, 3H, imidazole CH3), 2.01 (s, 6H, ArCH3), 2.04 (s, 3H, ArCH3), 

2.16 (s, 6H, ArCH3), 2.26 (s, 3H, ArCH3), 2.28 (s, 3H, ArCH3), 2.45 (s, 3H, 

ArCH3), 6.42 (s, 2H, ArH), 6.64 (s, 2H, ArH), 6.69 (s, 1H, ArH), 7.24 (s, 1H, B-

CH), 7.54 ppm (s, 1H, ArH). 11B [1H] NMR (128 MHz, C6D6):  = 27.3 ppm. HRMS (EI) Calc’d 

for C32H37BN2 [M + H]+: 460.3056, found: 460.2977. 
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3.2.8 General experimental procedure for the preparation of 3.5 and 3.6 

The NHC–BMes2 chelates (ca. 50 mg) and distilled toluene (ca. 10 mL) were loaded into 

a Teflon capped Schlenk tube in a nitrogen atmosphere glovebox. The tubes were then sealed, 

removed from the glovebox and heated to 220 °C for three days. After cooling to room temperature, 

the solvent was removed under reduced pressure and the Schlenk tubes were brought back into the 

glovebox. Both 3.5 and 3.6 were recrystallized from acetonitrile at -35 °C. For absorption and 

fluorescence experiments, solution concentrations of 10-5 M in THF were prepared in a nitrogen 

atmosphere glovebox and placed in an air-tight cuvette. 

3.2.9 Characterization of 3.5 

1H NMR (400 MHz, C6D6): = 1.99 (s, 6H, ArCH3), 2.12 (s, 3H, ArCH3), 

2.48 (s, 3H, ArCH3), 2.50 (s, 3H, ArCH3), 5.56 (s, 1H, ArH), 6.04 (d, 1H, 

3JHH=2.3 Hz, imidazole CH), 6.73 (s, 1H, ArH), 6.74 (s, 2H, ArH), 7.02 (d, 1H, 

3JHH=2.3 Hz, Imidazole-CH), 7.38 ppm (s, 1H, ArH). 13C {1H} NMR (100 MHz, 

C6D6):  = 17.8 (ArCH3), 18.4 (ArCH3), 21.0 (ArCH3), 22.1 (ArCH3), 69.3 

(ArCH), 107.9 (ArCH), 117.5 (ArCH), 119.4 (ArCH), 119.8 (ArCH), 120.8 (ArC), 

123.6 (ArC), 129.6 (ArCH), 130.1 (ArC), 134.0 (ArC), 134.7 (ArC), 137.0 (ArC), 138.4 (ArC), 

142.8 ppm (N-C-N). HRMS (ESI) Calc’d for C21H22N2 [M + H]+: 302.1783, found: 302.1789. 

3.2.10 Characterization of 3.6 

1H NMR (400 MHz, C6D6): = 1.65 (s, 3H, ArCH3),1.96 (s, 6H, ArCH3), 

2.13 (s, 3H, ArCH3), 2.20 (s, 3H, ArCH3), 2.52 (s, 3H, ArCH3), 2.65 (s, 3H, 

ArCH3), 5.59 (s, 1H, ArH), 6.78 (s, 2H, ArH), 6.79 (s, 1H, ArH), 7.43 ppm (s, 

1H, ArH). 13C {1H} NMR (100 MHz, C6D6):  = 9.0 (ArCH3), 13.3 (ArCH3), 17.3 

(ArCH3), 20.8 (ArCH3), 21.5(ArCH3), 23.2 (ArCH3), 69.1 (ArCH), 112.6 (ArC), 

117.5 (ArCH), 119.6 (ArC), 121.0 (ArCH), 122.5 (ArC), 124.9 (ArC), 129.2 
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(ArC), 129.4 (ArC),132.6 (ArC), 135.2 (ArC), 137.7 (ArC), 138.2 (ArC), 143.5 ppm (N-C-N). 

HRMS (ESI) Calc’d for C23H26N2 [M + H]+: 330.2096, found: 330.2091. 

3.2.11 X-ray Crystallographic Analysis. 

Single crystals of 3.1, 3.2, 3.3, 3.5, and 3.6 were obtained from either DCM and hexanes 

or benzene and hexanes by slow evaporation of the solvent mixture. The crystals were mounted on 

glass fibers and the data were collected on a Bruker Apex II single-crystal X-ray diffractometer 

with graphite-monochromated MoKa radiation, operating at 50 kV and 30 mA, and at 180 K. Data 

were processed on a PC with the aid of the Bruker SHELXTL software package (version 6.14) and 

corrected for absorption effects. All the structures were solved using direct methods. The crystals 

of 3.1 and 3.5 belong to the orthorhombic space group P212121, while those of 3.2 and 3.6 belong 

to the monoclinic space groups P21/n and P21/c, respectively. The crystals of 3.3 belong to the 

triclinic space group Pī. The data were collected and processed by Dr. Suning Wang and are listed 

in Tables 3.1 through 3.7. 
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Table 3.1. Crystallographic Data for Compounds 3.1, 3.2, 3.3, 3.5 and 3.6. 

Compound 3.1 3.2 3.3 3.5 3.6 

Formula C39H45BN2 C41H49BN2 C30H33BN2 C21H22N2 C23H26N2 

FW 552.58 580.63 432.39 302.41 330.46 

Space Group P2(1)2(1)2(1) P2(1)/n P-1 P2(1)2(1)2(1) P2(1)/c 

a, Å 12.9207(12) 13.940(2) 8.2097(14) 7.9052(2) 8.6465(2) 

b, Å 14.0222(13) 10.5549(16) 8.2252(14) 13.0273(5) 15.9218(3) 

c, Å 17.7632(17) 23.468(4) 18.409(3) 16.0225(6) 14.1408(3) 

, ° 90 90 84.775(2) 90 90 

, ° 90 103.833(2) 79.812(2) 90 102.845(2) 

, ° 90 90 86.349(3) 90 90 

V, Å3 3218.3(5) 3352.9(9) 1216.9(4) 1650.05(10) 1898.02(7) 

Z 4 4 2 4 4 

Dcalc, Mg•m3 1.14 1.15 1.18 1.217 1.156 

T, K 180(2) 180(2) 180(2) 180(2) 180(2) 

, mm-1 0.065 0.065 0.068 0.071 0.067 

2max, ° 27.14 27.20 27.32 27.11 27.17 

Reflns measured 12828 36905 13838 8465 11478 

Reflns used (Rint) 
6835 

(0.0285) 

7424 

(0.1595) 

5389 

(0.0978) 

3587 

(0.0412) 

4191 

(0.0316) 

Parameters 390 411 306 213 233 

Final R values      

    I>2(I)]:    
  

    R1,a wR2
b 

0.0481, 

0.1071 

0.0687, 

0.1508 

0.0687, 

0.1508 

0.0464, 

0.0951 

0.0493, 

0.1297 

R values (all data):    
  

    R1,a wR2
b 

0.0690, 

0.1187 

0.1945, 

0.2098 

0.1945, 

0.2098 

1.0700, 

0.1069 

0.0781, 

0.1505 

Goodness-of-fit on F2 1.055 0.936 0.92 1.028 1.038 

  a R1 = Σ(|F0| - |Fc|) / Σ|F0|  
   b wR2 = [Σw [(F0

2-Fc
2)2] / Σ[w(F0

2)2]]1/2  

  w = 1 / [2(F0
2) + (0.075P)2], where P = [Max (F0

2, 0) + 2Fc
2] / 3 
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Table 3.2. Non-hydrogen atomic coordinates for compound 3.1. 

 x y z U(eq) 

B(1) 8063(2) 4114(2) 1576(1) 29(1) 

N(1) 7264(1) 5122(1) 332(1) 37(1) 

N(2) 8805(1) 4559(1) 237(1) 33(1) 

C(1) 8622(2) 3124(1) 1252(1) 29(1) 

C(2) 8020(2) 4679(1) 742(1) 30(1) 

C(3) 7582(2) 5243(2) -409(1) 45(1) 

C(4) 8534(2) 4894(2) -472(1) 41(1) 

C(5) 9674(2) 3352(1) 944(1) 29(1) 

C(6) 10576(2) 2881(2) 1152(1) 34(1) 

C(7) 11530(2) 3135(2) 856(1) 37(1) 

C(8) 11579(2) 3893(2) 364(1) 41(1) 

C(9) 10713(2) 4410(2) 145(1) 37(1) 

C(10) 9760(2) 4104(1) 432(1) 30(1) 

C(11) 10843(2) 5271(2) -352(1) 52(1) 

C(12) 12495(2) 2568(2) 1060(2) 54(1) 

C(13) 8916(2) 4539(1) 2201(1) 27(1) 

C(14) 9593(2) 5327(1) 2117(1) 33(1) 

C(15) 10377(2) 5509(2) 2638(1) 36(1) 

C(16) 10533(1) 4960(2) 3273(1) 35(1) 

C(17) 9847(2) 4217(2) 3385(1) 32(1) 

C(18) 9061(1) 4005(1) 2874(1) 27(1) 

C(19) 8372(2) 3175(1) 3096(1) 35(1) 

C(20) 9529(2) 6061(2) 1491(1) 48(1) 

C(21) 11401(2) 5167(2) 3818(1) 50(1) 

C(22) 6869(2) 4043(2) 1922(1) 31(1) 

C(23) 6218(2) 3228(2) 1902(1) 35(1) 

C(24) 5194(2) 3270(2) 2158(1) 43(1) 

C(25) 4759(2) 4095(2) 2446(1) 48(1) 

C(26) 5407(2) 4869(2) 2518(1) 46(1) 

C(27) 6437(2) 4861(2) 2275(1) 36(1) 

C(28) 7042(2) 5763(2) 2399(1) 46(1) 

C(29) 6544(2) 2254(2) 1615(1) 41(1) 

C(30) 3621(2) 4155(2) 2642(1) 70(1) 

C(31) 6248(2) 5447(2) 569(1) 40(1) 

C(32) 5424(2) 4807(2) 522(1) 40(1) 

C(33) 4451(2) 5124(2) 744(1) 54(1) 

C(34) 4300(2) 6070(2) 971(1) 69(1) 

C(35) 5127(3) 6688(2) 959(1) 70(1) 
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C(36) 6112(2) 6405(2) 746(1) 55(1) 

C(37) 6982(3) 7120(2) 698(2) 78(1) 

C(38) 5551(2) 3832(2) 190(1) 46(1) 

C(39) 3228(2) 6379(3) 1236(2) 107(2) 
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Table 3.3. Non-hydrogen atomic coordinates for compound 3.2. 

 x y z U(eq) 

B(1) 5130(3) 8029(3) 2078(2) 35(1) 

N(1) 4912(2) 6144(2) 2878(1) 34(1) 

N(2) 4640(2) 5614(2) 1971(1) 34(1) 

C(1) 4811(2) 6653(3) 2331(1) 32(1) 

C(2) 5837(2) 7372(3) 1673(1) 39(1) 

C(3) 4692(2) 4480(3) 2286(1) 38(1) 

C(4) 4844(2) 4820(3) 2854(1) 36(1) 

C(5) 5170(2) 6637(3) 1194(1) 36(1) 

C(6) 4514(2) 5773(3) 1345(1) 36(1) 

C(7) 3737(2) 5222(3) 938(1) 40(1) 

C(8) 3678(3) 5517(3) 353(1) 46(1) 

C(9) 4331(3) 6322(3) 175(2) 44(1) 

C(10) 5065(2) 6883(3) 601(2) 43(1) 

C(11) 2949(3) 4399(3) 1089(2) 52(1) 

C(12) 4224(3) 6614(4) -468(2) 61(1) 

C(13) 4969(3) 4034(3) 3393(1) 50(1) 

C(14) 4694(3) 3195(3) 2032(2) 48(1) 

C(15) 5093(2) 6781(3) 3440(1) 35(1) 

C(16) 6075(2) 6957(3) 3749(1) 39(1) 

C(17) 6234(3) 7507(3) 4302(2) 50(1) 

C(18) 5462(3) 7848(3) 4550(2) 52(1) 

C(19) 4504(3) 7604(3) 4229(2) 49(1) 

C(20) 4297(2) 7060(3) 3677(1) 38(1) 

C(21) 3250(2) 6726(3) 3367(2) 47(1) 

C(22) 5659(3) 8436(4) 5155(2) 83(2) 

C(23) 6921(2) 6467(3) 3521(2) 49(1) 

C(24) 5679(2) 8968(3) 2627(1) 35(1) 

C(25) 6711(2) 9199(3) 2823(1) 40(1) 

C(26) 7085(3) 10014(3) 3293(2) 47(1) 

C(27) 6489(3) 10644(3) 3589(2) 47(1) 

C(28) 5485(3) 10450(3) 3400(1) 44(1) 

C(29) 5085(2) 9650(3) 2935(1) 38(1) 

C(30) 3962(2) 9579(3) 2772(1) 44(1) 

C(31) 6923(3) 11535(3) 4089(2) 68(1) 

C(32) 7494(2) 8653(3) 2539(2) 53(1) 

C(33) 4252(2) 8781(3) 1591(1) 37(1) 

C(34) 4550(2) 9797(3) 1268(2) 41(1) 

C(35) 3903(3) 10355(3) 790(2) 50(1) 
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C(36) 2939(3) 9967(3) 590(1) 48(1) 

C(37) 2621(3) 9024(3) 906(2) 45(1) 

C(38) 3241(2) 8448(3) 1397(1) 37(1) 

C(39) 2704(2) 7517(3) 1706(1) 44(1) 

C(40) 5589(3) 10344(3) 1416(2) 54(1) 

C(41) 2268(3) 10565(4) 53(2) 70(1) 
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Table 3.4. Non-hydrogen atomic coordinates for compound 3.3. 

 x y z U(eq) 

B(1) 7521(3) 8154(3) 2042(1) 27(1) 

N(1) 8529(2) 5344(2) 1578(1) 26(1) 

N(2) 6318(2) 5212(2) 2442(1) 28(1) 

C(1) 7426(2) 6289(2) 2048(1) 26(1) 

C(2) 8877(2) 8747(2) 1478(1) 31(1) 

C(3) 6693(3) 3662(2) 2217(1) 38(1) 

C(4) 8024(3) 3733(2) 1685(1) 37(1) 

C(5) 9905(2) 5997(2) 1078(1) 24(1) 

C(6) 10016(2) 7718(2) 1028(1) 28(1) 

C(7) 11362(2) 8396(2) 525(1) 31(1) 

C(8) 12552(2) 7463(2) 112(1) 31(1) 

C(9) 12426(2) 5766(2) 201(1) 31(1) 

C(10) 11152(2) 4999(2) 671(1) 27(1) 

C(11) 11253(2) 3147(2) 719(1) 38(1) 

C(12) 13977(2) 8231(3) -409(1) 44(1) 

C(13) 6325(2) 9245(2) 2606(1) 27(1) 

C(14) 6929(2) 9916(2) 3183(1) 30(1) 

C(15) 5851(3) 10728(2) 3719(1) 34(1) 

C(16) 4172(3) 10965(2) 3701(1) 33(1) 

C(17) 3599(2) 10410(2) 3107(1) 33(1) 

C(18) 4635(2) 9574(2) 2566(1) 28(1) 

C(19) 3897(2) 9076(2) 1926(1) 38(1) 

C(20) 3014(3) 11803(3) 4301(1) 49(1) 

C(21) 8761(2) 9852(3) 3221(1) 42(1) 

C(22) 4983(2) 5599(2) 3037(1) 26(1) 

C(23) 3355(2) 5552(2) 2934(1) 31(1) 

C(24) 2116(2) 6047(2) 3500(1) 35(1) 

C(25) 2464(2) 6555(2) 4150(1) 32(1) 

C(26) 4112(2) 6474(2) 4252(1) 30(1) 

C(27) 5391(2) 5977(2) 3705(1) 26(1) 

C(28) 7153(2) 5823(2) 3839(1) 34(1) 

C(29) 1099(3) 7194(3) 4732(1) 47(1) 

C(30) 2899(3) 4985(3) 2242(1) 47(1) 

 

 

 



 

81 

 

Table 3.5. Non-hydrogen atomic coordinates for compound 3.5. 

 x y z U(eq) 

N(1) 756(2) 4478(1) 8566(1) 26(1) 

N(2) 2338(2) 3080(1) 8592(1) 29(1) 

C(1) 2336(2) 4109(1) 8773(1) 27(1) 

C(2) 3350(3) 4873(2) 9077(1) 30(1) 

C(3) 754(3) 2837(2) 8263(1) 33(1) 

C(4) -218(3) 3676(2) 8243(1) 31(1) 

C(5) 715(2) 5525(1) 8733(1) 26(1) 

C(6) 2343(2) 5779(1) 9053(1) 26(1) 

C(7) 2639(3) 6814(1) 9267(1) 30(1) 

C(8) 1382(3) 7538(2) 9158(1) 31(1) 

C(9) -205(3) 7237(2) 8844(1) 33(1) 

C(10) -579(2) 6238(2) 8625(1) 30(1) 

C(11) -2281(3) 5928(2) 8288(2) 40(1) 

C(12) 1709(3) 8652(2) 9364(2) 41(1) 

C(13) 3767(2) 2405(1) 8622(1) 27(1) 

C(14) 3796(3) 1626(1) 9214(1) 29(1) 

C(15) 5161(3) 951(1) 9204(1) 31(1) 

C(16) 6456(2) 1035(1) 8624(1) 30(1) 

C(17) 6380(3) 1825(2) 8044(1) 29(1) 

C(18) 5055(3) 2521(1) 8028(1) 28(1) 

C(19) 4980(3) 3352(2) 7375(1) 37(1) 

C(20) 2405(3) 1515(2) 9852(1) 40(1) 

C(21) 7921(3) 301(2) 8623(2) 40(1) 
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Table 3.6. Non-hydrogen atomic coordinates for compound 3.6. 

 x y z U(eq) 

N(1) 7583(1) 4231(1) 339(1) 32(1) 

N(2) 8151(2) 2878(1) 277(1) 39(1) 

C(1) 7562(2) 3471(1) 801(1) 35(1) 

C(2) 6988(2) 3536(1) 1624(1) 40(1) 

C(3) 8563(2) 3281(1) -517(1) 37(1) 

C(4) 8216(2) 4106(1) -495(1) 34(1) 

C(5) 6979(2) 4841(1) 889(1) 32(1) 

C(6) 6617(2) 4400(1) 1688(1) 37(1) 

C(7) 5974(2) 4846(1) 2364(1) 44(1) 

C(8) 5689(2) 5694(1) 2255(1) 45(1) 

C(9) 6052(2) 6100(1) 1455(1) 41(1) 

C(10) 6697(2) 5702(1) 759(1) 35(1) 

C(11) 7025(2) 6206(1) -67(1) 45(1) 

C(12) 4986(3) 6185(1) 2969(2) 64(1) 

C(13) 9284(2) 2798(1) -1208(1) 48(1) 

C(14) 8456(2) 4761(1) -1195(1) 44(1) 

C(15) 8420(2) 2012(1) 548(1) 37(1) 

C(16) 9806(2) 1792(1) 1214(1) 40(1) 

C(17) 10050(2) 947(1) 1445(1) 44(1) 

C(18) 8979(2) 333(1) 1030(1) 44(1) 

C(19) 7605(2) 579(1) 384(1) 45(1) 

C(20) 7288(2) 1417(1) 138(1) 41(1) 

C(21) 5755(2) 1684(1) -527(1) 55(1) 

C(22) 11000(2) 2448(1) 1664(1) 54(1) 

C(23) 9283(3) -586(1) 1275(2) 61(1) 
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Table 3.7. Selected Bond lengths [Å] and angles [°] for compounds 3.1, 3.2, 3.3, 3.5, and 3.6. 

Compound 3.1 

 

B(1)-C(22)  1.663(3) N(1)-C(31)  1.452(3) 

B(1)-C(1)  1.668(3) N(2)-C(2)  1.365(2) 

B(1)-C(13)  1.675(3) N(2)-C(4)  1.390(2) 

B(1)-C(2)  1.680(3) N(2)-C(10)  1.431(2) 

N(1)-C(2)  1.368(2) C(1)-C(5)  1.501(3) 

N(1)-C(3)  1.388(3) C(3)-C(4)  1.329(3) 

  
  

C(22)-B(1)-C(1) 118.65(17) C(2)-N(2)-C(4) 111.50(16) 

C(22)-B(1)-C(13) 112.72(15) C(2)-N(2)-C(10) 122.44(15) 

C(1)-B(1)-C(13) 103.87(15) C(4)-N(2)-C(10) 126.01(16) 

C(22)-B(1)-C(2) 108.87(16) C(5)-C(1)-B(1) 109.92(15) 

C(1)-B(1)-C(2) 95.91(14) N(2)-C(2)-N(1) 103.69(16) 

C(13)-B(1)-C(2) 116.03(16) N(2)-C(2)-B(1) 119.75(16) 

C(2)-N(1)-C(3) 110.42(17) N(1)-C(2)-B(1) 135.03(17) 

C(2)-N(1)-C(31) 129.26(16) C(4)-C(3)-N(1) 108.04(17) 

C(3)-N(1)-C(31) 120.32(16)   

 

Compound 3.2 

 

B(1)-C(24)  1.659(5) N(2)-C(3)  1.399(4) 

B(1)-C(33)  1.664(5) N(2)-C(6)  1.449(4) 

B(1)-C(1)  1.669(5) C(2)-C(5)  1.495(4) 

B(1)-C(2)  1.675(5) C(3)-C(4)  1.349(4) 

N(1)-C(1)  1.367(4) C(3)-C(14)  1.481(4) 

N(1)-C(4)  1.401(4) C(4)-C(13)  1.487(4) 

N(1)-C(15)  1.449(4) C(5)-C(10)  1.388(4) 

N(2)-C(1)  1.369(4)   

    

C(24)-B(1)-C(33) 112.1(3) C(1)-N(2)-C(3) 112.4(2) 

C(24)-B(1)-C(1) 111.0(3) C(1)-N(2)-C(6) 119.6(3) 

C(33)-B(1)-C(1) 116.4(2) C(3)-N(2)-C(6) 127.8(3) 

C(24)-B(1)-C(2) 117.6(3) N(1)-C(1)-N(2) 103.1(3) 

C(33)-B(1)-C(2) 104.1(2) N(1)-C(1)-B(1) 134.3(3) 

C(1)-B(1)-C(2) 94.8(2) N(2)-C(1)-B(1) 120.1(3) 

C(1)-N(1)-C(4) 111.4(3) C(5)-C(2)-B(1) 107.4(2) 

C(1)-N(1)-C(15) 129.0(3) C(4)-C(3)-N(2) 105.7(3) 

C(4)-N(1)-C(15) 119.6(3)   
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Compound 3.3 

 

B(1)-C(2)  1.457(3) C(2)-C(6)  1.425(2) 

B(1)-C(1)  1.540(3) C(3)-C(4)  1.333(3) 

B(1)-C(13)  1.595(3) C(5)-C(6)  1.418(2) 

N(1)-C(1)  1.389(2) C(5)-C(10)  1.420(2) 

N(1)-C(4)  1.400(2) C(6)-C(7)  1.419(2) 

N(1)-C(5)  1.425(2) C(7)-C(8)  1.368(2) 

N(2)-C(1)  1.375(2) C(8)-C(9)  1.399(3) 

N(2)-C(3)  1.376(2) C(9)-C(10)  1.380(2) 

N(2)-C(22)  1.448(2)   

    

C(2)-B(1)-C(1) 110.81(16) C(3)-N(2)-C(22) 123.55(15) 

C(2)-B(1)-C(13) 125.64(17) N(2)-C(1)-N(1) 105.01(14) 

C(1)-B(1)-C(13) 123.51(17) N(2)-C(1)-B(1) 132.07(16) 

C(1)-N(1)-C(4) 108.37(14) N(1)-C(1)-B(1) 122.85(16) 

C(1)-N(1)-C(5) 123.06(14) C(6)-C(2)-B(1) 124.13(17) 

C(4)-N(1)-C(5) 128.56(15) C(4)-C(3)-N(2) 107.72(17) 

C(1)-N(2)-C(3) 110.48(15) C(3)-C(4)-N(1) 108.38(16) 

C(1)-N(2)-C(22) 125.91(14)   
 

Compound 3.5 

 

N(1)-C(1)  1.379(2) C(3)-C(4)  1.336(3) 

N(1)-C(5)  1.391(2) C(5)-C(10)  1.393(3) 

N(1)-C(4)  1.397(2) C(5)-C(6)  1.424(3) 

N(2)-C(1)  1.372(2) C(6)-C(7)  1.411(3) 

N(2)-C(3)  1.395(2) C(7)-C(8)  1.381(3) 

N(2)-C(13)  1.432(2) C(8)-C(9)  1.407(3) 

C(1)-C(2)  1.367(3) C(9)-C(10)  1.380(3) 

C(2)-C(6)  1.424(3)   

    

C(1)-N(1)-C(5) 108.43(16) N(2)-C(1)-N(1) 106.85(15) 

C(1)-N(1)-C(4) 109.14(15) C(1)-C(2)-C(6) 105.43(17) 

C(5)-N(1)-C(4) 142.40(17) C(4)-C(3)-N(2) 109.84(17) 

C(1)-N(2)-C(3) 107.54(16) C(3)-C(4)-N(1) 106.62(17) 

C(1)-N(2)-C(13) 126.40(16) N(1)-C(5)-C(6) 106.06(16) 

C(3)-N(2)-C(13) 125.53(15) C(10)-C(5)-C(6) 123.58(18) 

C(2)-C(1)-N(2) 141.86(19) C(7)-C(6)-C(5) 117.35(18) 

C(2)-C(1)-N(1) 111.29(16) C(2)-C(6)-C(5) 108.78(16) 
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Compound 3.6 

 

N(1)-C(1)  1.377(2) C(4)-C(14)  1.484(2) 

N(1)-C(5)  1.4149(19) C(5)-C(10)  1.398(2) 

N(1)-C(4)  1.4199(19) C(5)-C(6)  1.423(2) 

N(2)-C(1)  1.367(2) C(6)-C(7)  1.402(2) 

N(2)-C(3)  1.407(2) C(7)-C(8)  1.375(3) 

N(2)-C(15)  1.435(2) C(8)-C(9)  1.398(2) 

C(1)-C(2)  1.367(2) C(8)-C(12)  1.508(3) 

C(2)-C(6)  1.420(2) C(9)-C(10)  1.388(2) 

C(3)-C(4)  1.348(2) C(10)-C(11)  1.495(2) 

C(3)-C(13)  1.485(2)   

    

C(1)-N(1)-C(5) 107.28(13) C(2)-C(1)-N(1) 112.55(14) 

C(1)-N(1)-C(4) 108.63(12) C(1)-C(2)-C(6) 104.90(14) 

C(5)-N(1)-C(4) 144.09(13) C(4)-C(3)-N(2) 109.21(14) 

C(1)-N(2)-C(3) 107.94(13) C(3)-C(4)-N(1) 106.52(13) 

C(1)-N(2)-C(15) 125.24(13) C(10)-C(5)-C(6) 121.73(14) 

C(3)-N(2)-C(15) 126.61(13) N(1)-C(5)-C(6) 105.68(13) 

N(2)-C(1)-C(2) 139.77(15) C(7)-C(6)-C(5) 118.83(15) 

N(2)-C(1)-N(1) 107.69(13) C(2)-C(6)-C(5) 109.60(14) 
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3.2.12 Computational Analysis 

All calculations were performed using density functional theory (DFT) with hybrid 

functional B3LYP6–8 implemented in Gaussian 09 package6 by Soren Mellerup. Geometry 

optimizations were carried out with standard 6-31g* basis set. Frequency calculations were 

performed at the same level of theory as the geometry optimizations to obtain zero-point energies 

(ZPE) and to confirm the nature of stationary points. The reaction path calculations were started 

from the transition state structure following the vector with a negative eigenvalue in forward and 

reverse directions, using the intrinsic reaction coordinate (IRC) approach.7 The IRC provides the 

minimum energy path connecting the two local minima of the reactant and product sides via a given 

transition-state structure. This allows for easy understanding of complicated multistep mechanisms 

as a set of simple elementary reaction steps. On the basis of the optimized geometries, more 

accurate energies were obtained by performing single point calculations with a larger basis set, 6-

31g**. To consider the solvent effects, the toluene solvent was employed by using the conducting 

polarizable continuum model (C-PCM).8 TD-DFT calculations were performed using the 

previously optimized geometries at the B3LYP/6-311g** level of theory with the C-PCM solvent 

model for THF. 

3.3 Results and Discussion 

3.3.1 Synthesis and structures of B,N-Heterocycles 

The initial targets devised for this work were asymmetric NHCs, designed to most closely 

mimic the work done with pyridine donors. The chosen NHCs contained a methyl group and either 

a 2-tolyl or a 2,5-xylyl group appending the nitrogens around the imidazolium center. However, 

when attempting to chelate the boron moiety with these NHCs via twofold lithiation in the presence 

of TMEDA, none of the desired product was obtained. It is now believed that the N-methyl group 

outcompetes the aryl methyl groups for deprotonation, however, at the time the failure was 

attributed to the formation of abnormal carbenes on the backbone of the imidazole.9 Based on this 
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assumption, a new NHC was selected with symmetrical mesityl groups on the flanking nitrogens 

and methyl groups on the backbone (L2). The methyl groups were chosen so they would prevent 

the formation of abnormal carbenes. Meanwhile, the mesityl groups were chosen because all ortho 

positions are methyl groups and any of these methyl groups could be the site of deprotonation in 

the designed preparation and yield the same product. Along with L2, L1 was also selected due to 

its ease of synthesis and to probe the hypothesis that abnormal carbene generation may be an issue. 

The imidazolium salts L1 and L2 were prepared according to previously reported procedures.4, 5 

L2 was more challenging to synthesize, as the diimine precursor is prone to reverse reaction in 

acidic environments, leading to analinium salts and butanedione being formed. This required an 

extra step in purification to separate the analinium salts from the imidazolium salts and, thus, L2 

has much lower yields than L1. 

Two new NHC-supported B,N-heterocycles, 3.1 and 3.2, were prepared according to the 

procedures shown in Figure 3.2. The B,N-heterocycle 3.1 was prepared in excellent yield (89%) by 

doubly deprotonating L1 with 2.2 equivalents of n-butyl lithium in the presence of TMEDA and 

subsequently quenching the reaction with 1.2 equivalents of dimesitylfluoroborane. The same 

procedure was also employed in the synthesis of 3.2, albeit with a decrease in yield (31%). 

Alternative and more cumbersome strategies, such as reacting the free NHC of L2 with 1.1 

equivalents of n-butyllithium, followed by the addition of dimesitylfluoroborane, did not result in 

a better yield of isolated 3.2. In both cases, the products can be isolated via flash column 

chromatography, however, a less costly method was devised by using hexanes to force precipitation 

out of concentrated THF solutions after extraction. This result greatly implied that the original 

concern with abnormal carbene formation was not founded and rather another factor caused the 

initial targets to fail. 
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Figure 3.2. Synthetic scheme for the reaction of L1 and L2 into 3.1 and 3.2, respectively. 

The new B,N-heterocycles are oxygen and moisture-stable; however, 3.2 was found to 

degrade in the presence of chloroform, cleaving and protonating the B–CH2 bond, forming an 

NHC–BMes2 borenium adduct (Figure 3.3).10 

 

Figure 3.3. Degradation of 3.2 in CDCl3, as see in the 1H NMR spectra. Over the course of 24 

hours, 3.2 (bottom spectra) reacted with the CDCl3 to form a borenium adduct (top spectra). 

Compounds 3.1 and 3.2 are white solids and colorless in solution. They are fully 

characterized by 1H, 13C, and 11B NMR spectroscopy, as well as HRMS and elemental analysis. 

The X-ray crystal structures of 3.1 and 3.2 are shown in Figure 3.4. The B–CH2 bond lengths (B1–
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C2) were found to be 1.668(3) Å and 1.675(5) Å, respectively. The B–NHC bond lengths (B1–C1) 

are 1.680(3) Å and 1.669(5) Å respectively, within the typical bond length range for NHC–boron 

adducts in a tetrahedral environment.11 Both the B–Mes bond lengths and 11B NMR chemical shifts 

for each of these two molecules are similar at around 1.67 Å and -11 ppm, respectively. One of the 

mesityl rings bound to the boron center in 3.1 and 3.2 displays significant intramolecular π-stacking 

interactions with the mesityl appended to the N atom of the NHC. As a consequence of the 

congestion in 3.1 and 3.2, the rotation of all mesityl groups is highly restricted in solution and all 

protons on the mesityl rings display distinct and well-resolved chemical shifts in their 1H NMR 

spectra at ambient temperature. Furthermore, the two CH2 protons display a distinct AB splitting 

pattern that is due to the asymmetric and congested environment around the B atom in 3.1 and 3.2. 

The second mesityl group on boron is approximately perpendicular to the molecular plane and is 

close to the cis-H atom of the CH2 unit (CMes•••H=2.82 Å and 2.86 Å in 3.1 and 3.2 respectively). 

The key structural difference between 3.1 and 3.2 is the different degree of π-conjugation between 

the imidazolyl ring and the C10/C6 (3.1/3.2) benzene ring, as indicated by the torsion angle ((C4-

N2-C10-C9) for 3.1) between these two rings (39.9° for 3.1 and 54.2° for 3.2). By comparing the 

angles of 3.1 to that of 3.2, the extra methyl groups on the NHC backbone of 3.2 clearly impose 

additional steric constraints to the system and may be responsible for the acid sensitivity and the 

lower yield of this compound. The computationally optimized geometry of each precursor was 

found to be in excellent agreement with the crystallographic data. 
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Figure 3.4. Crystal structure of compound 3.1 (left) and 3.2 (right) with 35% thermal ellipsoids 

and labeling schemes. 

One other target was devised to test the different pathways seen in this work and that in 

Chapter 2. A symmetrical NHC with 2,6-diethylphenyl groups was synthesized to be the bridging 

case between the photoelimination and photo-induced hydrogen elimination. However, owing to 

the difficulty in deprotonating the CH2 of the ethyl group, no chelate was ever detected over 

multiple attempts. 

3.3.2 Photoelimination of the B,N-heterocycles and Formation of 1,3-azaborinine 

Derivative 

When excited at 300 nm in dry degassed benzene under a nitrogen atmosphere, the B,N-

heterocycles 3.1 and 3.2 slowly eliminate a molecule of mesitylene and convert into new blue 

luminescent 1,3-azaborinine derivatives 3.3 and 3.4 (Figure 3.5).  
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Figure 3.5. Synthetic scheme for the reaction of 3.1 and 3.2 into 3.3 and 3.4, respectively, with the 

use of 300 nm light to drive the photoelimination process. 

The investigation of the photoreaction by NMR spectroscopy showed a steady and clean 

conversion of the B,N-heterocycles towards the photoproducts until it reaches about 50% (Figure 

3.6). After this point, prolonged irradiation does not change the ratio of the starting material and 

the azaborinine product.  

 

Figure 3.6. Top: Time evolution of the photoreaction of 3.1 with 300 nm light converting to 3.3 in 

d6-benzene as seen in the 1H NMR spectra. a) shows aromatic region and b) shows aliphatic region. 
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Bottom: Time evolution of the photoreaction of 3.2 with 300 nm light converting to 3.4 in d6-

benzene as seen in the 1H NMR spectra.  c) shows aromatic region and d) shows aliphatic region. 

Compounds 3.3 and 3.4 show a characteristic 11B NMR signal around 27 ppm, similar to 

those observed in the previously reported 1,3-azaborinine.12 Owing to solubility similarities 

between the B,N-heterocycle and the azaborinine product, only 3.3 was successfully isolated from 

the reaction mixture via careful washes with benzene. The complete 1H NMR spectral assignment 

for 3.4 was achieved with the aid of 2D NMR data.  

Compound 3.3 is surprisingly stable under ambient conditions, as evidenced by the 

observation that the solution of 3.3 in C6D6 showed no visible degradation by 1H NMR spectrum 

over a week of exposure to air and moisture (Figure 3.7). This unexpected stability of 3.3 could be 

attributed to the extended pi-conjugation and the presence of the bulky mesityl on the boron atom.  

 

Figure 3.7. Time evolution for the 1H NMR spectra of 3.3 in d6-benzene showing the air and 

moisture stability of 3.3 at ambient temperature. The lower spectrum shows pure 3.3. The upper 

spectrum shows the same solution after being exposed to ambient air and moisture, shaken multiple 

times, and left for two days. 

The structure of 3.3 was established by single-crystal X-ray diffraction analysis (Figure 

3.8). The two mesityl rings have a similar intramolecular π-stacking interaction as observed in 3.1. 

The fused imidazo-B,N-naphthalene is essentially coplanar, as indicated by the small torsion angle 

(C4-N2-C10-C9) of 9.7°. The transformation from 3.1 to 3.3 may be visualized as the elimination 
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of the perpendicular mesityl ring with the cis-H atom of the CH2 group. The B1–C1 and B1–C2 

bond lengths (1.540(3) Å and 1.457(3) Å) in 3.3 are much shorter than those in 3.1 and vary 

considerably, implying reduced delocalization with the rest of the ring. In the previously reported 

1,3-azaborinine,12 this was not observed as both B-C bond lengths were found to be similar 

(1.526(2) Å and 1.525(2) Å).  

 

Figure 3.8. Crystal structure of compound 3.3 with 35% thermal ellipsoids and labeling schemes. 

As shown by the UV/Vis and fluorescence spectral tracking of the conversion from 3.1 into 

3.3 (Figure 3.9), the 1,3-azaborinine product 3.3 has a distinct low-energy absorption band at the 

300–420 nm region with well-resolved vibrational features. Furthermore, 3.3 also displays a 

distinct blue fluorescence peak at max ≈ 430 nm (= 0.08), which is in sharp contrast to 3.1 that 

is very weakly fluorescent with max=375 nm. Similar spectral changes were also observed for the 

conversion of 3.2 into 3.4 (Figure 3.9). The absorption and emission max of 3.4 are red-shifted 

compared to that of 3.3, which agrees well with their calculated absorption spectra (Figure 3.10). 

In the DFT-optimized structures of the 1,3-azaborinines, the torsion angle between the imidazolyl 

ring and the benzene ring follows the order of 3.4 (36.4°)>3.3 (14.7°).  
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Figure 3.9. a) Time evolution for the exposure of 3.1 (1x10-5 M in THF) to 300 nm light over time 

converting to 3.3 as seen in the UV/Visible spectra. b) Time evolution for the exposure of 3.1  

(1x10-5 M in THF) to 300 nm light over time converting to 3.3 as seen in the fluorescence spectra. 

c) Time evolution for the exposure of 3.2 (1x10-5 M in THF) to 300 nm light over time converting 

to 3.4 as seen in the UV/Visible spectra. d) Time evolution for the exposure of 3.2 (1x10-5 M in 

THF) to 300 nm light over time converting to 3.4 as seen in the fluorescence spectra. 

In contrast to the tolylpyridyl BMes2 chelate analogs that undergo an efficient 

photoelimination upon irradiation at 300 nm converting into B,N-phenanthrenes (PE ≈0.044),1,3 

the conversion of 3.1 and 3.2 into 3.3 and 3.4, respectively, under the same conditions is much less 

efficient with PE <0.001. This can be attributed to the fact that the tolylpyridyl analogues have 

strong absorption in the 270–400 nm region, while the NHC-supported B,N-heterocycles 3.1 and 

3.2 primarily absorb in the UV with very weak absorption near the excitation wavelength of 300 

1 hour 

1 hour 

2 hours 

2 hours 
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nm. From their predicted UV/Vis spectra (Figure 3.10 and 3.12), the major orbital contributions to 

the maximum absorption of 3.1 and 3.2 are the HOMO-4→LUMO and HOMO-3→LUMO 

transitions, respectively. In both cases, the HOMO-x orbitals possess significant electron density 

from one of their B-CMes  bonds, while the LUMO orbitals are all situated on the NHC backbone 

(*). Thus, excitation near these maxima should cause the B-CMes  bonds to weaken and ultimately 

result in the anticipated photoelimination. The TD-DFT computational results suggest that 

HOMO→LUMO transitions are responsible for the lower energy absorption bands of 3.3 and 3.4 

as they possess the highest oscillator strengths (Figure 3.12). The HOMO and LUMO diagrams for 

3.1 and 3.2 are shown in Figure 3.11 and for 3.3 and 3.4 are shown in Figure 3.13. 

  

Figure 3.10. Left: Predicted UV/Visible spectrum of 3.1 (first 15 excited states); B3LYP/6-

311+(d,p) IEFPCM (Integral Equation Formalism Polarizable Continuum Model)  = THF. Right: 

Predicted UV/Visible spectrum of 3.2 (first 15 excited states); B3LYP/6-311+(d,p) IEFPCM = 

THF. 

 

Figure 3.11. HOMO diagram of A) 3.1 C) 3.2. LUMO diagram of B) 3.1 D) 3.2. 
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Figure 3.12. Left: Predicted UV/Visible spectrum of 3.3 (first 15 excited states); B3LYP/6-

311+(d,p) IEFPCM = THF. Right: Predicted UV/Visible spectrum of 3.4 (first 15 excited states); 

B3LYP/6-311+(d,p) IEFPCM = THF. 

 

Figure 3.13. HOMO diagram of A) 3.3 C) 3.4. LUMO diagram of B) 3.3 D) 3.4. 

Given that the HOMO and LUMO orbitals are both localized on the embedded 1,3-

azaborinine, the blue fluorescence of these compounds has been attributed to –* transitions of 

the polycyclic conjugated azaborinine derivatives. The computed Gibbs free energy change of the 

photoelimination reaction is negative in each case, suggesting that the photoelimination reaction is 

most likely irreversible. Therefore, it is proposed that the origin for the near 50% conversion of 3.1 

and 3.2 into 3.3 and 3.4 is due to the greater molar absorptivity of the azaborinine products in the 

300 nm region, which begin to dominate the absorption events as their concentration increases.  

To evaluate the aromaticity of 3.3 and 3.4, the nucleus independent chemical shifts 

(NICS)13 were computed (Figure 3.14). Despite the torsional strain of these molecules owing to 

steric requirements of the mesityl groups, the six-membered 1,3-azaborinine rings all possess 

negative values similar to those previously reported.12 Furthermore, the two remaining rings of 
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these polycyclic compounds also possess negative NICS values in the range typical for benzene13 

and imidazole,14 suggesting delocalization of the electron density throughout all three ring systems. 

  

Position NICS(0) NICS(1)  Position NICS(0) NICS(1) 

(a) -11.2946 -7.9569  (a) -10.6990 -7.8916 

(b) -5.7691 -7.4443  (b) -4.6776 -7.0782 

(c) -8.3877 -9.5283  (c) -7.6162 -8.9452 

Figure 3.14. Left: Calculated NICS(0) and NICS(1) values for 3.3. Right: Calculated NICS(0) and 

NICS(1) values for 3.4. 

3.3.3 Thermal elimination of the B,N-heterocycles and Formation of 1H-imidazo[1,2-

]indole Derivative 

To examine if the NHC-supported B,N-heterocycles undergo thermal elimination as 

observed for the tolylpyridyl-supported B,N-heterocycles, compounds 3.1 and 3.2 were subjected 

to heating in C6D6 in a sealed J. Young NMR tube and the thermal reaction was monitored by 1H 

NMR spectroscopy. Surprisingly, both compounds undergo a clean thermal reaction, converting 

completely and exclusively into new species at about 200-220 °C (oil bath temperature). The 

thermal products were determined to be the 1-mesityl-1H-imidazo[1,2-a]indole derivatives 3.5 and 

3.6 respectively (Figure 3.15), along with the quantitative formation of HBMes2 (existing as both 

monomer and dimer in solution).  
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Figure 3.15. Synthetic scheme for the reaction of 3.1 and 3.2 to 3.5 and 3.6, respectively.  

Unlike the tolylpyridyl-supported systems that display competing and often reversible 

thermal elimination pathways,3 the NHC-supported 3.1 and 3.2 eliminate dimesitylborane 

exclusively, irreversibly, and at much lower temperatures. To date, 3.5 and 3.6 are the only known 

examples of 1H-imidazo[1,2-a]indoles that do not have carboxylate substituents on the imidazole 

or indole ring to stabilize the molecule. The clean and quantitative formation of these rare 

compounds via thermal elimination of the borane chelate molecules provides a new and convenient 

method for preparing 1H-imidazo[1,2-a]indole and its derivatives. The scope and utility of this new 

synthetic method will be further explored in future work. Compounds 3.5 and 3.6 are stable under 

ambient conditions for days and were fully characterized by NMR, HRMS, and single-crystal X-

ray diffraction analyses. The crystal structures of 3.5 and 3.6 (Figure 3.16) exhibit typical bond 

lengths and angles as expected for 1H-imidazo[1,2-a]indole derivatives.  
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Figure 3.16. Crystal structure of compound 3.5 (top) and 3.6 (bottom) with 35% thermal ellipsoids 

and labeling schemes.  

The chemical shift of the proton on the C2 atom (as labeled in the crystal structure) in 3.5 

and 3.6 appears at about 5.60 ppm in d6-benzene, which is similar to that reported for ethyl-1-

methyl-1H-imidazo[1,2-a]indole-3-carboxylate (5.80 ppm in d1-chloroform),15 while the 13C 

chemical shift of C2 appears at about 70.0 ppm. These NMR data indicate that the C2 atom of 3.5 

and 3.6 has a high concentration of electron density, which is corroborated by the calculated HOMO 

of the molecules, and suggests significant nucleophilic character at this site much like the 

isoelectronic analogue pyrido[1,2-a]isoindole.3 Both 3.5 and 3.6 are weakly fluorescent with max 

= ~350 nm, originating from a charge transfer from the conjugated imidazoindole plane to the 

pendant mesityl ring (Figures 3.17 and 3.18). The HOMO and LUMO diagrams for 3.5 and 3.6 are 

shown in Figure 3.19. 
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Figure 3.17. UV/Visible absorption (solid) and normalized fluorescence (dashed) spectra of 3.5 

(blue) and 3.6 (red) in toluene at 1x10-5 M. 

 

Figure 3.18. Left: Predicted UV/Visible spectrum of 3.5 (first 15 excited states); B3LYP/6-

311+(d,p) IEFPCM = THF. Right: Predicted UV/Visible spectrum of 3.6 (first 15 excited states); 

B3LYP/6-311+(d,p) IEFPCM = THF. 
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Figure 3.19. HOMO diagram of A) 3.5 C) 3.6. LUMO diagram of B) 3.5 D) 3.6. 

3.3.4 Mechanistic Investigation of the Thermal/Photo Elimination Pathways. 

To understand the formation of each distinct product by photolytic or thermal elimination 

of 3.1 and 3.2, detailed computational investigations based on density functional theory (DFT)15-17 

were performed for 3.1 by a group member, Soren Mellerup. The MesH versus HBMes2 elimination 

pathways were examined as both direct (no or one intermediate involved) and indirect (multiple 

intermediates involved) elimination to determine which presented the series of lowest energy 

transformations. For HBMes2 elimination, the indirect pathway involving four intermediates has 

been found to be the most energetically favorable, while for MesH elimination the direct pathway 

involving the transition state TS’ was found to be the most favorable. The energies and the 

structures of the key intermediates/transition state for the indirect HBMes2 elimination and the 

direct MesH elimination are shown in Figure 3.20.  
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Figure 3.20. Potential energy surface at B3LYP/6-31g** level for the two elimination pathways of 

the B,N-heterocycle 3.1 in toluene. The energies [kJ mol-1] of the intermediates (Int1–Int4), 

transition states (TS1–TS4, TS’), and products (3.3 and 3.5) relative to the reactant 3.1 as well as 

some key structures are shown. 

Overall for 3.1, the indirect HBMes2 elimination is favored by about 50 kJ mol-1 over the 

direct MesH elimination in terms of activation barrier, which is consistent with experimental 

observation. In the indirect elimination pathway as illustrated in Figure 3.20, the CNHC-B bond in 

the reactant 3.1 is about 0.01 Å longer than the other three C-B bonds at B3LYP/6-31g* level of 

theory. In the calculated pathway, HBMes2 elimination takes place in a stepwise fashion, which is 

initiated by the elongation of the CNHC-B bond. The transition state TS1 lies 53 kJmol-1 above the 

reactant, and its structure (B•••C distance 2.63 Å) is closely related to that of Int1. Next, one H 

atom is abstracted from the CH2 group, which is still bound to the BMes2 moiety, by the now free 

carbene to give the six-membered- ring transition state TS2 and ultimately Int2. Subsequent attack 

of the CH onto the central carbon of the imidazolium ring results in the formation of the stable Int3, 

which is followed by H atom migration to the BMes2 moiety via TS4 to produce int4, the rate-

determining step of the reaction with a barrier height of 146 kJ mol-1. Int4 may be described as an 

adduct of 3.5 with HBMes2, an analogue of the previously observed HBR2 adduct with pyrido[1,2-

3.3 + MesH 

3.5 + HBMes2 

3.1 
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]isoindole.3 Finally, the C-B bond of Int4 dissociates into 3.5 and HBMes2 by overcoming a very 

small barrier (<10 kJ mol-1). For MesH elimination, the calculated pathway proceeds via a 

concerted mechanism in which the transition state of this process (TS’) shows one H atom of the 

CH2 group is almost extracted by the Mes radical, with the CMes•••H distance of 1.62 Å and the 

Cmethylene•••H of 1.28 Å, respectively. As such, this concerted elimination of MesH from the NHC-

supported B,N-heterocycle is likely accessible by the light-stimulated process through the excited 

state. It is worth noting that the formation of 3.5+HBMes2 is calculated to be less 

thermodynamically favorable compared to the formation of 3.3+MesH by about 88 kJ mol-1. A 

summary of the mechanistic pathway is depicted in Figure 3.21.  

 

Figure 3.21. Proposed mechanism involving four intermediates in the indirect elimination of 

HBMes2 from 3.1, based on calculations. 

These results suggest that both reactions are thermodynamically allowed in the forward 

direction, but most likely forbidden in the reverse direction as a direct result of the substantial 

barriers associated with these processes (222 kJ mol-1 and 357 kJ mol-1, respectively). This is also 

in line with the experimental findings, as the addition of HBMes2 to the 1H-benzimidazo[1,2-

a]indole 3.5 or MesH addition to the 1,3-azaborinine 3.3 were not observed at all.  

int3 

 

int4

 

 

 
int1 

int2 

 

int1 

 

3.1 

 

3.5 
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3.4 Conclusions 

The B,N-Heterocycles 3.1 and 3.2 were synthesized as NHC analogs to previous work 

using tolylpyridine ligands. 3.1 and 3.2 were shown to have dual reactive pathways when exposed 

to either UV light or high temperatures. When irradiated with light, an elimination of “HMes” 

across a B-C bond was observed, leading to the formation of a new B-C double bond and producing 

an imbedded 1,3-azaborine within the heterocyclic framework. These two azaborinines, 3.3 and 

3.4, were found to be in good agreement with the 1,3-azaborines published by Lui and co-workers. 

When chelate systems are exposed to temperatures around 220 °C, elimination of boron center and 

ring contraction to form novel 1H-imidazo[1,2-a]indoles (3.5 and 3.6) are observed. These systems 

have similar properties to the analogous pyrido[2,1-a]isoindole where electron density is much 

higher at the carbon at the apex of the new 5-membered ring. This work was published in 

Chemistry, a European Journal18 in 2015 and was designated a hot paper. 
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Chapter 4 

Binding Modes and Reactivity of Pyrido[2,1‑a]isoindole as a Neutral 

Carbon Donor with Main-Group and Transition-Metal Elements 

4.1 Introduction 

After the discovery that N^C chelates of boron moieties with tolylpyridine ligands could 

be thermally transformed into pyrido[2,1‑a]isoindole (iczH), the molecule became a great interest 

in the Wang lab. Of particular interest was the reverse to the thermal elimination, a 1,1-

hydroboration, which could be achieved at milder heating conditions between R2BH and iczH.1 

One such result, using bis(pentafluorophenyl)borane led to a stable adduct at room temperature and 

1,1-hydroboration at elevated temperatures, inspired the idea that iczH could be used as a ligand in 

transition metal and main group chemistry. Visualization of the donation properties of iczH can be 

seen in the DFT calculated HOMO, where a great deal of electron density is found on the 6-position 

of the heterocycle. This can be further visualized via resonance form, drawn to give a negatively 

charged lone pair on the carbon paired with a positively charged nitrogen center to give an overall 

neutral donor. A general scheme for how this nucleophilicity will be utilized is shown in Figure 

4.1.  

 

Figure 4.1. General scheme for the proposed relativity of iczH with transition metal and main 

group centers. 
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The electronic character of this molecule is similar to the NHC supported nucleophilic 

olefins produced by Rivard and co-workers.2 In fact, the NHC analog to iczH, discussed in Chapter 

3, is a variation on the nucleophilic olefin that has been incorporated in the heterocyclic structure. 

To date, very little research has been performed on this molecule outside of the recent 

advances within the Wang group. Despite the nucleophilic nature of this carbon being known, no 

exploration was done to investigate its prospects as a ligand. In this work, the utility of iczH as a 

ligand in both transition metal (such as Pt, Cr, Zn, Ga, Be, Al, Sn, W, and Rh) and main group 

chemistry (such as P, Si, and B) is explored. Difficulties and limitations encountered throughout 

the project will be discussed.  

4.2 Experimental Section 

4.2.1 General Considerations 

All experiments were performed under a nitrogen atmosphere unless otherwise noted, 

where solvents were purified using appropriate drying agents and freshly distilled prior to use. The 

1H, 13C, 11B 2D-COSY, 2D-NOESY, 2D-HSQC, and 2DHMBC NMR spectra were recorded on a 

Bruker Avance 400 MHz spectrometer. Excitation and emission spectra were recorded using a 

Photon Technologies International QuantaMaster Model 2 spectrometer, while UV/Visible spectra 

were recorded using a Varian Cary 50 UV/Vis absorbance spectrophotometer. Solution quantum 

yields for 4.4, 4.6, and 4.7 were calculated using optically dilute solutions (A ≈ 0.1) relative to 

quinine sulfate.3 The quantum yield of iczH was obtained directly on a Hamamatsu Quantaurus-

QY spectrometer. High-resolution mass spectra (HRMS) were obtained using a Micromass GCT 

TOF-EI mass spectrometer. IR spectra were obtained on a Bruker Alpha Diamond ATR IR 

spectrometer. Elemental analyses were performed at the elemental analysis laboratory, University 

of Montreal, Montreal, Quebec, Canada. Pyrido[2,1-a]isoindole,4 PtCl2(SMe2)2,5 and 

(CH3CN)3Cr(CO)3
6 were prepared according to literature procedures, while [Cu(CH3CN)4][PF6] 

was purchased from Sigma-Aldrich. The purity of all new compounds has been established by 
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NMR following recrystallization in a N2-filled glovebox. For compounds 4.1, 4.2, and 4.4 their 

purity was also confirmed by elemental analysis.  

4.2.2 Synthesis of 4.1 

To a vial containing 211 mg (0.54 mmol) of dichlorobis(dimethyl 

sulfide) platinum dissolved in 7 mL of DCM was added a 3 mL solution of 

DCM containing 101 mg (0.60 mmol) of iczH. The mixture was stirred for 4 h 

at room temperature. Hexanes were layered over the solution and allowed to 

diffuse slowly overnight. Dark orange crystals of 4.1 formed and were collected by filtration (233 

mg, 78% yield). 1H NMR (400 MHz, CD2Cl2): δ = 9.40 (d, 1H, 3J = 6.4 Hz), 8.17 (m, 2H), 8.01 (d, 

1H, 3J = 7.5 Hz), 7.94 (d, 1H, 3J = 7.7), 7.86 (s, 1H, 2JHPt = 194.5 Hz), 7.69 (dd, 1H, 3J = 7.7, 7.2 

Hz), 7.61 (dd, 1H, 3J = 7.3, 6.4 Hz), 7.51 (dd, 1H, 3J = 7.5, 7.2 Hz) 2.17 (s, 3H, 3JHPt = 56 Hz), 2.03 

(s, 3H, 3JHPt = 54 Hz) ppm. Anal. Calc’d. for C14H15Cl2NPtS: C, 33.95; H, 3.05; N, 2.83; S, 6.47. 

Found: C, 33.91; H, 2.87; N, 2.71; S, 6.33. 

4.2.3 Synthesis of 4.2 

To a THF solution containing 49 mg (0.29 mmol) of iczH was added 

76 mg (0.29 mmol) of tris(acetonitrile)tricarbonyl chromium, and the 

mixture was stirred for 4 h at room temperature. The volatiles were removed, 

yielding 87 mg (97%) of NMR-pure 4.2 as a red solid. X-ray-quality crystals 

were obtained by cooling a concentrated solution of 4.2 in DCM to -35 °C. 1H NMR (400 MHz, 

CD2Cl2): δ = 8.29 (d, 1H, 3J = 6.0 Hz), 7.98 (d, 1H, 3J = 7.7 Hz), 7.41 (s, 1H), 7.12 (m, 2H), 6.76 

(d, 1H, 3J = 6.5 Hz), 6.40 (d, 1H, 3J = 6.8 Hz), 5.69 (dd, 1H, 3J = 6.5, 6.0 Hz), 5.39 (dd, 1H, 3J = 

6.8, 6.0 Hz) ppm. 13C{1H} NMR (100 MHz, CD2Cl2): δ = 212.1, 148.8, 140.0, 125.6, 120.6, 118.4, 

118.3, 118.0, 101.1, 94.0, 87.6, 87.0, 82.8. Anal. Calc’d. for C15H9CrNO3: C, 59.41; H, 2.99; N, 

4.62. Found: C, 58.61; H, 2.70; N, 4.48.  
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4.2.4 Synthesis of 4.3 

To a J. Young NMR tube, 13 mg (0.08 mmol) of iczH was loaded along 

with 22 mg (0.16 mmol) of zinc(II) chloride and the solids were dissolved in 0.7 

mL of d3-acetonitrile. A reaction was observed instantly via 1H NMR and 

identified as the protonated version of iczH with a counter ion of zinc(II) 

trichloride, a side product from trace water present. The solution was heated at 80 °C for 5 hours, 

after which a new product was observed by NMR. Analyzing the NMR signals, via 1H NMR, 2D-

COSY, and 2D-HSQC, the new product is consistent with the simple adduct of iczH with zinc(II) 

chloride, 4.3. Despite multiple attempts, 4.3 could not be isolated. 1H NMR (400 MHz, CD3CN):  

= 8.88 (d, 1H, 3JHH=7.6 Hz), 8.33 (d, 1H, 3JHH=7.8 Hz), 8.25 (d, 1H, 3JHH=8.1 Hz), 7.94 (d, 1H, 

3JHH=8.1 Hz), 7.86 (s, 1H), 7.61 (dd, 1H, 3JHH=8.1, 7.8 Hz), 7.48 (dd, 1H, 3JHH=7.8, 7.6 Hz), 7.36 

(m, 2H) ppm. 

4.2.5 Synthesis of 4.4 

To a THF solution of 307 mg (1.83 mmol) of iczH was added 404 mg 

(1.08 mmol) of tetrakis(acetonitrile)copper hexafluorophosphate at ambient 

temperature. The solution instantly became dark green. Copper metal began 

to form a mirror on the glass wall of the vial used for the reaction and a dark 

precipitate began to form, later identified as [iczH2][PF6] mixed with Cu(0). The reaction mixture 

was stirred for 5 h before the solvent was removed in vacuo. The residue was extracted with toluene 

(15 mL), and the dark solid was removed by filtration. The toluene in the filtrate was removed in 

vacuo, and the residue was extracted with hexanes (15 mL). After the solvent was removed in 

vacuo, an orange solid was obtained and found to be pure compound 4.4 by NMR (116 mg, 0.35 

mmol, 72% relative to one quarter of the initial mols of iczH). Crystals suitable for X-ray 

crystallographic analysis were obtained by cooling concentrated hexanes solutions to -35 °C. 1H 

NMR (400 MHz, C6D6): δ = 8.18 (d, 1H, 3J = 8.0 Hz), 7.88 (d, 1H, 3J = 8.6 Hz), 7.42 (d, 1H, 3J = 
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8.3 Hz) 7.30 (dd, 1H, 3J = 8.3, 6.5 Hz), 7.25 (dd, 1H, 3J = 8.0, 6.5 Hz), 7.24 (d, 1H, 3J = 6.8 Hz), 

6.57 (dd, 1H, 3J = 8.6, 6.8 Hz), 6.36 (dd, 1H, 3J = 6.8 Hz) ppm. 13C{1H} NMR (100 MHz, C6D6): δ 

= 125.5, 124.7, 123.7, 122.2, 121.1, 119.9, 119.6, 118.4, 118.1, 117.9, 115.4, 114.2 ppm. Anal. 

Calc’d. for C24H16N2: C, 86.72; H, 4.85; N, 8.43. Found: C, 86.66; H, 4.73; N, 8.42. 

4.2.6 Synthesis of 4.5 

To a J. Young NMR tube, 15 mg (0.09 mmol) of iczH was loaded with 15 

mg (0.09 mmol) of cyclopentadienyldimethylgallium and the solids were dissolved 

in 0.7 mL of d8-toluene. The solution was heated at 80 °C for 5 days, after which a 

new product was observed by NMR along with the presence of unbound 

cyclopentadiene. By analyzing the NMR signals, via 1H NMR and 2D-COSY, the new product is 

consistent with the replacement reaction leading to free cyclopentadiene and icz functionalized 

dimethylgallium, 4.5. Despite multiple attempts, 4.5 could not be isolated. 1H NMR (400 MHz, d8-

toluene):  = 8.93 (d, 1H, 3JHH=6.3 Hz), 7.89 (d, 1H, 3JHH=7.3 Hz), 7.53 (d, 1H, 3JHH=7.3 Hz), 7.28 

(dd, 1H, 3JHH=7.3, 7.9 Hz), 7.34 (d, 1H, 3JHH=8.2 Hz),  6.99 (obscured by starting material and 

detected through 2D-COSY, 1H), 6.77 (dd, 1H, 3JHH=8.2, 6.5 Hz), 6.56 (dd, 1H, 3JHH=6.5, 6.3 Hz), 

-0.4 (br s, 6H) ppm. 

4.2.7 Synthesis of 4.6 

Reactant ratios chosen for optimum purification. A 153 mg portion 

(0.92 mmol) of iczH was loaded into a Schlenk flask along with 176 mg (0.82 

mmol) of Proton Sponge (i.e., 1,8-bis(dimethylamino)naphthalene). The 

mixture was dissolved in 100 mL of diethyl ether. A 0.18 mL portion (0.97 

mmol) of chlorodiphenylphosphine was added dropwise to this solution, and a white precipitate 

was observed immediately. The reaction mixture was stirred for 3 hours at ambient temperature. 

After filtration, the filtrate was evaporated to dryness, giving 292 mg (91%, relative to iczH) of 4.6 

as a yellow solid which was found to be pure by NMR. X-ray-quality crystals were obtained by 
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cooling concentrated hexanes solutions to -35 °C. 1H NMR (400 MHz, C6D6): δ = 8.62 (dd, 1H, 3J 

= 7.1 3JHP = 3.5 Hz), 8.01 (d, 1H, 3J = 8.1 Hz), 7.80 (d, 1H, 3J = 8.1 Hz), 7.66 (d, 1H, 3J = 8.1), 7.43 

(m, 4H), 7.25 (dd, 1H, 3J = 8.1, 7.1 Hz), 7.14 (dd, 1H, 3J = 8.1, 7.1 Hz), 6.98 (m, 6H), 6.49 (dd, 1H, 

3J = 8.1, 7.1 Hz), 6.30 (dd, 1H, 3J = 7.1 Hz) ppm. 13C{1H} NMR (100 MHz, C6D6): δ = 135.4 (d, 

2JCP = 5.9 Hz), 132.3 (d, 2JCP = 18.3 Hz), ∼131.2 (via HMBC), 128.7 (d, 3JCP = 6.6 Hz), ∼128.1 (via 

HSQC), 126.0, 124.3, 119.8, 119.6, 118.9, 118.1, 116.7, 115.1, ∼103.4 (via HMBC) ppm. 31P{1H} 

NMR (161 MHz, C6D6): δ = -37.6 ppm. HRMS (EI): calc’d. for C24H19NP [M + H]+ 352.1255, 

found 352.1259. 

4.2.8 Synthesis of 4.7 

A 48 mg portion (0.14 mmol) of 4.6 was loaded into a Schlenk flask 

and dissolved in 50 mL of THF.  To the solution was added 0.15 mL (0.15 

mmol) of a 1.0 M solution of borane-dimethyl sulfide adduct dropwise. The 

fluorescence of the solution changed from green to blue. The reaction mixture 

was stirred for 3 h before the volatiles were removed and the crude mixture was brought into a 

glovebox. The contents were dissolved in THF and transferred to a vial. Volatiles were again 

removed in vacuo to give 48 mg (95%) of 4.7 as a yellow solid, which was found to be pure by 

NMR. X-ray-quality crystals were grown by cooling a concentrated THF solution to -35 °C. 1H 

NMR (400 MHz, C6D6): δ = 9.28 (d, 1H, 3J = 7.1 Hz), 7.90 (d, 1H, 3J = 7.6), 7.68 (m, 4H), 7.54 (d, 

1H, 3J = 8.6 Hz), 7.09−6.98 (m, 5H), 6.93 (m, 4H), 6.48 (dd, 1H, 3J = 8.6, 6.8 Hz), 6.31 (dd, 1H, 3J 

= 7.1, 6.8 Hz), 3.01−2.17 (m, 3H) ppm. 13C{1H} NMR (100 MHz, C6D6): δ = 135.4, 133.2 (d, 2JCP 

= 10.2 Hz), 132.1 (d, 1JCP = 2.2 Hz), 131.2 (d, 5JCP = 2.9 Hz), 130.4, 129.8, 129.2 (d, 3JCP = 10.2 

Hz), 127.0, 120.1, 120.0, 119.8, 119.8, 119.0, 118.3, 118.0, 116.1 ppm. 31P{1H} NMR (161 MHz, 

C6D6): δ = 5.8 ppm. 11B{1H} NMR (128 MHz, C6D6): δ = -34.1 ppm. HRMS (EI): Calc’d for 

C24H22BNP [M + H]+ 366.1583, found 366.1593.  
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4.2.9 X-ray Crystallographic Analysis 

The crystal data of 4.1, 4.2, 4.4, 4.6, and 4.7 were collected on a Bruker D8-Venture 

diffractometer with Mo target at 180 K. Data were processed on a PC with the aid of the Bruker 

SHELXTL software package and corrected for absorption effects.7 The data were collected and 

processed by Dr. Suning Wang and are listed in Tables 4.1 through 4.7.  

Table 4.1. Crystallographic Data for Compounds 4.1, 4.2, 4.4, 4.6 and 4.7. 

Compound 4.1 4.2 4.4 4.6 4.7 

Formula C14H15Cl2NPtS C15H9CrNO3 C24H16N2 C24H18NP C24H21BNP 

FW 495.32 303.23 332.41 351.65 365.20 

Space Group P-1 P2(1)/n C2/c P-1 P-1 

a, Å 10.8606(3) 8.8771(3) 22.4597(12) 8.8835(2) 9.4552 (2) 

b, Å 15.2944(4) 14.9442(5) 7.2353(4) 12.9891(2) 10.4469(2) 

c, Å 19.0708(6) 9.3604(3) 10.4680(7) 16.9506(3) 11.7119(2) 

, ° 81.347(2) 90 90 69.9640(10) 90.9360(10) 

, ° 79.838(2) 90.892(2) 106.122(4) 88.8130(10) 109.8320(10) 

, ° 88.6486(19) 90 90 81.3560(10) 114.8320(10) 

V, Å3 3082.58(15) 1241.61(7) 1634.18(17) 1815.66(6) 971.27(3) 

Z 8 4 4 4 2 

Dcalc, Mg•m3 2.135 1.622 1.351 1.285 1.249 

T, K 180(2) 180(2) 180(2) 180(2) 180(2) 

, mm-1 9.571 0.926 0.080 0.158 0.149 

2max, ° 54.322 58.874 52.128 54.298 54.422 

Reflns measured 37692 8488 6393 22236 12188 

Reflns used (Rint) 
13442 

(0.0615) 

2947 

(0.0398) 

1606 

(0.0490) 

7816 

(0.0249) 

4297 

(0.0254) 

Parameters 700 181 119 469 245 

Final R values      

    I>2(I)]:      

    R1,a wR2
b 

0.0461,  

0.0910 

0.0433, 

0.0872 

0.0596, 

0.1432 

0.0419, 

0.1008 

0.0381, 

0.0928 

R values (all data):      

    R1,a wR2
b 

0.0879,  

0.1069 

0.0716, 

0.0976 

0.0953, 

0.1647 

0.0585, 

0.1113 

0.0441, 

0.0972 

Goodness-of-fit on F2 0.973 1.039 1.055 1.046 1.050 

  a R1 = Σ(|F0| - |Fc|) / Σ|F0|  
   b wR2 = [Σw [(F0

2-Fc
2)2] / Σ[w(F0

2)2]]1/2  

  w = 1 / [2(F0
2) + (0.075P)2], where P = [Max (F0

2, 0) + 2Fc
2] / 3 
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Table 4.2. Non-hydrogen atomic coordinates for compound 4.1. 

 x y z U(eq) 

Pt(1) 8450(1) 3241(1) 514(1) 29(1) 

Pt(2) 2033(1) 4462(1) 3309(1) 29(1) 

Pt(3) 5887(1) 8431(1) 2087(1) 27(1) 

Pt(4) 2599(1) 540(1) 2626(1) 32(1) 

Cl(1) 8965(2) 3254(2) -705(1) 44(1) 

Cl(2) 7785(2) 3212(2) 1736(1) 38(1) 

Cl(3) 2496(2) 5668(2) 2438(1) 35(1) 

Cl(4) 1549(3) 3288(2) 4217(1) 48(1) 

Cl(5) 4862(2) 7439(1) 3053(1) 31(1) 

Cl(6) 7040(3) 9355(2) 1154(1) 49(1) 

Cl(7) 2448(3) 473(2) 1446(1) 48(1) 

Cl(8) 2661(2) 652(2) 3816(1) 39(1) 

S(1) 474(2) 3941(2) 2774(1) 39(1) 

S(2) 9678(3) 2008(2) 776(2) 55(1) 

S(3) 4672(2) 7954(2) 1321(1) 35(1) 

S(4) 3938(7) 1694(5) 2081(4) 54(2) 

S(5) 4586(4) 1252(3) 2398(2) 28(1) 

N(1) 7251(7) 4985(5) 791(4) 28(2) 

N(2) 4420(8) 4339(5) 3902(5) 43(2) 

N(3) 6480(7) 8832(5) 3487(4) 28(2) 

N(4) 1081(7) -903(4) 3589(4) 27(2) 

C(1) 7360(9) 4344(6) 279(5) 31(2) 

C(2) 6054(8) 4061(6) 363(5) 27(2) 

C(3) 5513(9) 3509(6) -29(5) 35(2) 

C(4) 4253(9) 3342(6) 154(5) 41(3) 

C(5) 3519(9) 3684(6) 719(6) 45(3) 

C(6) 4048(8) 4233(6) 1108(5) 34(2) 

C(7) 5297(9) 4427(6) 911(5) 32(2) 

C(8) 6071(8) 5010(6) 1175(5) 33(2) 

C(9) 5821(9) 5597(6) 1688(5) 36(2) 

C(10) 6778(9) 6101(6) 1800(5) 37(2) 

C(11) 7963(10) 6053(7) 1406(6) 45(3) 

C(12) 8183(9) 5500(6) 894(6) 38(2) 
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C(13) 11113(10) 2095(8) 176(7) 70(4) 

C(14) 9041(15) 1123(9) 457(12) 153(9) 

C(15) 3318(8) 4931(6) 3857(5) 33(2) 

C(16) 2814(7) 4954(5) 4614(4) 20(2) 

C(17) 1763(10) 5391(7) 4861(6) 48(3) 

C(18) 1387(10) 5340(7) 5596(7) 51(3) 

C(19) 2046(10) 4808(7) 6058(5) 46(3) 

C(20) 3069(9) 4347(7) 5815(6) 40(2) 

C(21) 3434(8) 4427(6) 5066(5) 33(2) 

C(22) 4475(8) 4052(6) 4618(5) 32(2) 

C(23) 5418(9) 3471(6) 4823(5) 35(2) 

C(24) 6288(9) 3213(6) 4281(6) 40(3) 

C(25) 6253(10) 3521(7) 3567(6) 44(3) 

C(26) 5318(9) 4087(6) 3366(5) 38(2) 

C(27) 454(11) 4550(8) 1908(6) 58(3) 

C(28) 937(12) 2885(7) 2544(7) 65(4) 

C(29) 7055(8) 8830(6) 2723(4) 26(2) 

C(30) 8135(8) 8233(6) 2785(5) 29(2) 

C(31) 9057(9) 7979(6) 2247(5) 36(2) 

C(32) 9926(9) 7368(7) 2463(6) 45(3) 

C(33) 9931(9) 7029(6) 3187(5) 36(2) 

C(34) 9042(9) 7299(6) 3723(5) 34(2) 

C(35) 8140(8) 7909(6) 3499(5) 30(2) 

C(36) 7095(8) 8291(6) 3940(5) 28(2) 

C(37) 6687(8) 8206(6) 4679(5) 32(2) 

C(38) 5635(9) 8665(6) 4928(5) 38(2) 

C(39) 5028(9) 9200(6) 4445(5) 35(2) 

C(40) 5441(9) 9269(6) 3724(5) 33(2) 

C(41) 4626(10) 8787(7) 554(5) 50(3) 

C(42) 3070(9) 7982(7) 1729(6) 46(3) 

C(43) 1049(8) -279(6) 2918(5) 30(2) 

C(44) -131(8) 191(6) 3118(4) 25(2) 

C(45) -739(9) 828(6) 2705(5) 34(2) 

C(46) -1860(9) 1162(6) 3020(6) 43(3) 

C(47) -2332(9) 899(7) 3740(6) 42(3) 
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C(48) -1762(8) 284(6) 4166(5) 33(2) 

C(49) -659(8) -82(5) 3842(5) 25(2) 

C(50) 134(8) -767(6) 4127(5) 27(2) 

C(51) 63(9) -1273(6) 4798(5) 34(2) 

C(52) 941(9) -1916(6) 4895(5) 36(2) 

C(53) 1915(9) -2035(6) 4340(5) 35(2) 

C(54) 1964(9) -1519(6) 3691(5) 34(2) 

C(55) 5225(11) 1389(9) 1495(7) 77(4) 

C(56) 4375(12) 2311(8) 2615(7) 84(5) 
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Table 4.3. Non-hydrogen atomic coordinates for compound 4.2. 

 x y z U(eq) 

Cr(1) 6253(1) 3113(1) 2487(1) 22(1) 

O(1) 9435(3) 3423(2) 1587(2) 44(1) 

O(2) 5557(3) 1985(1) -66(2) 47(1) 

O(3) 7167(3) 1433(2) 4014(2) 50(1) 

N(1) 7627(3) 4699(1) 5583(2) 26(1) 

C(1) 8199(4) 3289(2) 1939(3) 29(1) 

C(2) 5843(3) 2422(2) 928(3) 30(1) 

C(3) 6812(3) 2089(2) 3441(3) 31(1) 

C(4) 5749(3) 3939(2) 4508(3) 25(1) 

C(5) 4502(3) 3375(2) 4102(3) 29(1) 

C(6) 3864(3) 3485(2) 2739(3) 28(1) 

C(7) 4534(3) 4082(2) 1756(3) 30(1) 

C(8) 5802(3) 4575(2) 2099(3) 30(1) 

C(9) 6361(3) 4570(2) 3526(3) 25(1) 

C(10) 7523(3) 5032(2) 4224(3) 28(1) 

C(11) 8619(3) 4968(2) 6662(3) 34(1) 

C(12) 8558(4) 4560(2) 7947(3) 36(1) 

C(13) 7501(4) 3879(2) 8198(3) 38(1) 

C(14) 6512(3) 3621(2) 7139(3) 33(1) 

C(15) 6585(3) 4021(2) 5819(3) 26(1) 
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Table 4.4. Non-hydrogen atomic coordinates for compound 4.4. 

 x y z U(eq) 

N(1) 4293(1) 1197(3) 7627(2) 33(1) 

C(1) 4666(1) 2567(3) 7323(2) 27(1) 

C(2) 4268(1) 3907(3) 6610(2) 19(1) 

C(3) 4399(1) 5537(4) 6031(3) 32(1) 

C(4) 3926(1) 6613(4) 5338(3) 38(1) 

C(5) 3304(1) 6128(4) 5182(3) 39(1) 

C(6) 3165(1) 4536(4) 5748(3) 34(1) 

C(7) 3644(1) 3394(4) 6468(2) 26(1) 

C(8) 3661(1) 1669(4) 7105(2) 26(1) 

C(9) 3206(1) 486(4) 7322(3) 33(1) 

C(10) 3375(1) -1099(4) 8032(3) 40(1) 

C(11) 4006(1) -1554(4) 8552(3) 38(1) 

C(12)  4458(1) -435(4) 8367(2) 32(1) 
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Table 4.5. Non-hydrogen atomic coordinates for compound 4.6. 

 x y z U(eq) 

P(1) 1852(1) 8690(1) 405(1) 27(1) 

P(2) 6412(1) 8307(1) 5127(1) 30(1) 

N(1) 3737(2) 8862(1) -975(1) 34(1) 

N(2) 8241(2) 8992(1) 6106(1) 30(1) 

C(1) 2936(2) 8189(1) -327(1) 26(1) 

C(2) 3052(2) 7178(1) -462(1) 19(1) 

C(3) 2439(2) 6219(1) -18(1) 29(1) 

C(4) 2717(2) 5322(2) -272(1) 35(1) 

C(5) 3610(2) 5346(2) -972(1) 38(1) 

C(6) 4220(2) 6267(2) -1414(1) 34(1) 

C(7) 3934(2) 7211(1) -1171(1) 27(1) 

C(8) 4358(2) 8275(2) -1495(1) 28(1) 

C(9) 5228(2) 8792(2) -2184(1) 36(1) 

C(10) 5442(2) 9858(2) -2342(1) 42(1) 

C(11) 4802(2) 10438(2) -1816(1) 43(1) 

C(12) 3972(2) 9953(2) -1144(1) 36(1) 

C(13) 54(2) 8174(1) 352(1) 28(1) 

C(14) -729(2) 7620(2) 1045(1) 34(1) 

C(15) -2133(2) 7320(2) 938(1) 40(1) 

C(16) -2762(2) 7565(2) 151(1) 39(1) 

C(17) -1991(2) 8118(2) -541(1) 43(1) 

C(18) -605(2) 8426(2) -443(1) 38(1) 

C(19) 2650(2) 7795(1) 1445(1) 26(1) 

C(20) 3813(2) 6899(2) 1582(1) 30(1) 

C(21) 4398(2) 6287(2) 2388(1) 36(1) 

C(22) 3834(2) 6560(2) 3065(1) 38(1) 

C(23) 2696(2) 7458(2) 2939(1) 40(1) 

C(24) 2118(2) 8071(2) 2135(1) 35(1) 

C(25) 7577(2) 8120(1) 6032(1) 28(1) 

C(26) 8092(2) 7196(1) 6745(1) 23(1) 

C(27) 7841(2) 6083(2) 6999(1) 31(1) 

C(28) 8544(2) 5337(2) 7720(1) 35(1) 

C(29) 9505(2) 5654(2) 8222(1) 36(1) 
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C(30) 9758(2) 6725(2) 8001(1) 32(1) 

C(31) 9053(2) 7512(1) 7254(1) 26(1) 

C(32) 9150(2) 8641(1) 6845(1) 28(1) 

C(33) 9971(2) 9394(2) 7009(1) 37(1) 

C(34) 9862(2) 10456(2) 6457(1) 44(1) 

C(35) 8911(2) 10792(2) 5732(1) 43(1) 

C(36) 8122(2) 10078(2) 5561(1) 36(1) 

C(37) 7549(2) 7497(2) 4568(1) 30(1) 

C(38) 8971(2) 6869(2) 4844(1) 33(1) 

C(39) 9793(2) 6341(2) 4353(1) 42(1) 

C(40) 9210(2) 6426(2) 3582(1) 49(1) 

C(41) 7809(3) 7046(2) 3302(1) 58(1) 

C(42) 6991(2) 7586(2) 3783(1) 47(1) 

C(43) 4936(2) 7447(2) 5591(1) 30(1) 

C(44) 3975(2) 7773(2) 6151(1) 38(1) 

C(45) 2804(2) 7197(2) 6505(1) 49(1) 

C(46) 2539(2) 6302(2) 6298(1) 49(1) 

C(47) 3461(2) 5979(2) 5736(1) 46(1) 

C(48) 4659(2) 6545(2) 5383(1) 37(1) 
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Table 4.6. Non-hydrogen atomic coordinates for compound 4.7. 

 x y z U(eq) 

P(1) 483(1) 2264(1) 7440(1) 22(1) 

B(1) -1236(2) 667(2) 6133(2) 30(1) 

N(1) -342(1) 4429(1) 6649(1) 23(1) 

C(1) 939(2) 4014(1) 7094(1) 23(1) 

C(2) 2432(2) 5195(1) 7128(1) 23(1) 

C(3) 4136(2) 5452(2) 7480(1) 29(1) 

C(4) 5296(2) 6754(2) 7400(1) 35(1) 

C(5) 4853(2) 7838(2) 6965(2) 39(1) 

C(6) 3232(2) 7624(2) 6613(1) 34(1) 

C(7) 2012(2) 6305(2) 6691(1) 25(1) 

C(8) 275(2) 5813(1) 6392(1) 25(1) 

C(9) -816(2) 6434(2) 5954(1) 31(1) 

C(10) -2468(2) 5689(2) 5801(1) 36(1) 

C(11) -3056(2) 4304(2) 6079(1) 35(1) 

C(12) -2013(2) 3688(2) 6495(1) 29(1) 

C(13) 2476(2) 2198(1) 7915(1) 25(1) 

C(14) 2830(2) 1618(2) 7029(2) 32(1) 

C(15) 4359(2) 1576(2) 7353(2) 40(1) 

C(16) 5527(2) 2098(2) 8550(2) 45(1) 

C(17) 5173(2) 2651(2) 9438(2) 41(1) 

C(18) 3654(2) 2709(2) 9124(1) 32(1) 

C(19) -15(2) 2215(2) 8810(1) 24(1) 

C(20) 599(2) 3445(2) 9672(1) 34(1) 

C(21) 206(2) 3343(2) 10718(2) 43(1) 

C(22) -807(2) 2027(2) 10904(2) 42(1) 

C(23) -1430(2) 807(2) 10054(2) 38(1) 

C(24) -1033(2) 894(2) 9012(1) 29(1) 
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Table 4.7. Selected Bond lengths [Å] and angles [°] for compounds 4.1, 4.2, 4.4, 4.6, and 4.7. 

Compound 4.1 

 

Pt(1)-C(1)  2.078(8) S(2)-C(13)  1.758(11) 

Pt(1)-Cl(1)  2.289(2) S(2)-C(14)  1.767(16) 

Pt(1)-Cl(2)  2.309(2) N(1)-C(12)  1.356(11) 

Pt(1)-S(2)  2.327(3) N(1)-C(8)  1.363(11) 

Pt(2)-C(15)  2.084(8) N(1)-C(1)  1.473(10) 

Pt(2)-Cl(3)  2.289(2) C(1)-C(2)  1.467(12) 

Pt(2)-Cl(4)  2.299(2) C(2)-C(7)  1.390(12) 

Pt(2)-S(1)  2.336(2) C(2)-C(3)  1.409(12) 

Pt(3)-C(29)  2.062(8) C(3)-C(4)  1.372(13) 

Pt(3)-Cl(6)  2.297(2) C(4)-C(5)  1.384(13) 

Pt(3)-Cl(5)  2.334(2) C(5)-C(6)  1.393(12) 

Pt(3)-S(3)  2.336(2) C(6)-C(7)  1.370(12) 

Pt(4)-C(43)  2.066(9) C(7)-C(8)  1.441(12) 

Pt(4)-Cl(7)  2.301(2) C(8)-C(9)  1.412(12) 

Pt(4)-S(4)  2.312(7) C(9)-C(10)  1.373(12) 

Pt(4)-Cl(8)  2.315(2) C(10)-C(11)  1.378(14) 

Pt(4)-S(5)  2.381(4) C(11)-C(12)  1.372(13) 
    

C(1)-Pt(1)-Cl(1) 86.6(2) C(7)-C(2)-C(3) 119.3(8) 

C(1)-Pt(1)-Cl(2) 91.5(2) C(7)-C(2)-C(1) 111.3(8) 

Cl(1)-Pt(1)-Cl(2) 175.93(9) C(4)-C(3)-C(2) 118.4(9) 

C(1)-Pt(1)-S(2) 179.8(3) C(3)-C(4)-C(5) 121.7(9) 

Cl(1)-Pt(1)-S(2) 93.39(9) C(4)-C(5)-C(6) 120.2(9) 

Cl(2)-Pt(1)-S(2) 88.57(9) C(7)-C(6)-C(5) 118.4(8) 

C(13)-S(2)-C(14) 97.8(8) C(6)-C(7)-C(2) 122.0(8) 

C(13)-S(2)-Pt(1) 109.9(4) C(2)-C(7)-C(8) 107.3(8) 

C(14)-S(2)-Pt(1) 106.7(6) N(1)-C(8)-C(9) 118.6(8) 

C(12)-N(1)-C(8) 121.7(8) N(1)-C(8)-C(7) 107.9(8) 

C(8)-N(1)-C(1) 112.0(7) C(10)-C(9)-C(8) 119.3(9) 

C(2)-C(1)-N(1) 101.2(7) C(9)-C(10)-C(11) 120.5(9) 

C(2)-C(1)-Pt(1) 108.8(6) C(12)-C(11)-C(10) 119.5(9) 

N(1)-C(1)-Pt(1) 115.4(6) N(1)-C(12)-C(11) 120.3(9) 
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Compound 4.2 

 

Cr(1)-C(2)  1.820(3) N(1)-C(15)  1.392(3) 

Cr(1)-C(1)  1.829(3) C(4)-C(15)  1.429(4) 

Cr(1)-C(3)  1.837(3) C(4)-C(9)  1.430(4) 

Cr(1)-C(7)  2.204(3) C(4)-C(5)  1.438(4) 

Cr(1)-C(6)  2.208(3) C(5)-C(6)  1.397(4) 

Cr(1)-C(5)  2.219(3) C(6)-C(7)  1.419(4) 

Cr(1)-C(8)  2.250(3) C(7)-C(8)  1.378(4) 

Cr(1)-C(4)  2.308(2) C(8)-C(9)  1.418(4) 

Cr(1)-C(9)  2.386(3) C(9)-C(10)  1.395(4) 

O(1)-C(1)  1.168(3) C(11)-C(12)  1.350(4) 

O(2)-C(2)  1.162(3) C(12)-C(13)  1.406(4) 

O(3)-C(3)  1.158(3) C(13)-C(14)  1.369(4) 

N(1)-C(10)  1.368(3) C(14)-C(15)  1.375(4) 

N(1)-C(11)  1.389(3)   

    

C(2)-Cr(1)-C(1) 91.96(12) C(8)-C(7)-C(6) 122.3(3) 

C(2)-Cr(1)-C(3) 88.04(12) C(7)-C(8)-C(9) 119.3(3) 

C(1)-Cr(1)-C(3) 90.38(13) C(10)-C(9)-C(4) 108.1(2) 

C(10)-N(1)-C(15) 112.1(2) C(8)-C(9)-C(4) 118.6(2) 

C(11)-N(1)-C(15) 120.7(2) N(1)-C(10)-C(9) 107.2(2) 

O(1)-C(1)-Cr(1) 178.3(2) C(12)-C(11)-N(1) 118.9(3) 

O(2)-C(2)-Cr(1) 178.9(3) C(11)-C(12)-C(13) 120.8(3) 

O(3)-C(3)-Cr(1) 178.5(3) C(14)-C(13)-C(12) 120.3(3) 

C(15)-C(4)-C(9) 107.4(2) C(13)-C(14)-C(15) 119.3(3) 

C(9)-C(4)-C(5) 121.0(2) C(14)-C(15)-N(1) 120.0(3) 

C(6)-C(5)-C(4) 118.1(3) N(1)-C(15)-C(4) 105.3(2) 

C(5)-C(6)-C(7) 119.9(3)   

 

Compound 4.4 

 

N(1)-C(1)  1.391(3) C(4)-C(5)  1.405(4) 

N(1)-C(12)  1.404(3) C(5)-C(6)  1.370(4) 

N(1)-C(8)  1.415(3) C(6)-C(7)  1.399(4) 

C(1)-C(2)  1.389(3) C(7)-C(8)  1.411(4) 

C(1)-C(1A)  1.441(5) C(8)-C(9)  1.399(4) 

C(2)-C(3)  1.395(3) C(9)-C(10)  1.362(4) 

C(2)-C(7)  1.415(3) C(10)-C(11)  1.409(4) 

C(3)-C(4)  1.354(4) C(11)-C(12)  1.354(4) 
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C(1)-N(1)-C(8) 110.1(2) C(6)-C(5)-C(4) 119.9(3) 

C(12)-N(1)-C(8) 120.0(2) C(5)-C(6)-C(7) 119.7(3) 

C(2)-C(1)-N(1) 106.3(2) C(6)-C(7)-C(2) 119.5(2) 

C(2)-C(1)-C(1A) 127.43(18) C(8)-C(7)-C(2) 106.7(2) 

N(1)-C(1)-C(1A) 126.26(18) C(9)-C(8)-N(1) 119.3(2) 

C(1)-C(2)-C(7) 110.2(2) C(7)-C(8)-N(1) 106.7(2) 

C(3)-C(2)-C(7) 119.9(2) C(9)-C(10)-C(11) 120.4(3) 

C(4)-C(3)-C(2) 119.3(2) C(12)-C(11)-C(10) 121.2(3) 

C(3)-C(4)-C(5) 121.7(3) C(11)-C(12)-N(1) 119.2(2) 

 

Compound 4.6 

 

P(1)-C(1)  1.7898(17) C(2)-C(7)  1.413(2) 

P(1)-C(19)  1.8331(18) C(3)-C(4)  1.361(2) 

P(1)-C(13)  1.8384(17) C(4)-C(5)  1.409(3) 

P(2)-C(25)  1.7937(17) C(5)-C(6)  1.361(3) 

P(2)-C(37)  1.8294(18) C(6)-C(7)  1.408(2) 

P(2)-C(43)  1.8387(18) C(7)-C(8)  1.408(2) 

N(1)-C(12)  1.393(2) C(8)-C(9)  1.412(2) 

N(1)-C(1)  1.405(2) C(9)-C(10)  1.359(3) 

N(1)-C(8)  1.407(2) C(10)-C(11)  1.412(3) 

C(1)-C(2)  1.397(2) C(11)-C(12)  1.361(3) 

C(2)-C(3)  1.399(2)   

    

C(1)-P(1)-C(19) 105.35(8) C(3)-C(2)-C(7) 119.83(15) 

C(1)-P(1)-C(13) 100.30(7) C(4)-C(3)-C(2) 119.40(16) 

C(19)-P(1)-C(13) 102.53(8) C(3)-C(4)-C(5) 121.02(17) 

C(25)-P(2)-C(37) 104.36(8) C(6)-C(5)-C(4) 120.78(17) 

C(25)-P(2)-C(43) 101.94(8) C(5)-C(6)-C(7) 119.27(17) 

C(37)-P(2)-C(43) 102.63(8) C(8)-C(7)-C(2) 107.09(14) 

C(12)-N(1)-C(1) 129.84(16) C(6)-C(7)-C(2) 119.68(16) 

C(12)-N(1)-C(8) 119.97(15) N(1)-C(8)-C(7) 106.94(14) 

C(1)-N(1)-C(8) 110.20(14) N(1)-C(8)-C(9) 119.76(16) 

C(2)-C(1)-N(1) 105.74(14) C(10)-C(9)-C(8) 119.49(18) 

C(2)-C(1)-P(1) 130.94(13) C(9)-C(10)-C(11) 120.04(18) 

N(1)-C(1)-P(1) 122.94(12) C(12)-C(11)-C(10) 121.49(18) 

C(1)-C(2)-C(7) 110.03(14) C(11)-C(12)-N(1) 119.24(18) 
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Compound 4.7 

 

P(1)-C(1)  1.7812(14) C(3)-C(4)  1.371(2) 

P(1)-C(13)  1.8079(14) C(4)-C(5)  1.411(2) 

P(1)-C(19)  1.8145(14) C(5)-C(6)  1.361(2) 

P(1)-B(1)  1.9309(16) C(6)-C(7)  1.407(2) 

N(1)-C(12)  1.3797(18) C(7)-C(8)  1.407(2) 

N(1)-C(8)  1.3945(17) C(8)-C(9)  1.402(2) 

N(1)-C(1)  1.3959(17) C(9)-C(10)  1.365(2) 

C(1)-C(2)  1.4192(18) C(10)-C(11)  1.404(2) 

C(2)-C(3)  1.4211(19) C(11)-C(12)  1.357(2) 

C(2)-C(7)  1.4264(19)   

    

C(1)-P(1)-C(13) 104.66(6) C(3)-C(4)-C(5) 122.30(14) 

C(1)-P(1)-C(19) 106.61(6) C(6)-C(5)-C(4) 120.43(14) 

C(13)-P(1)-C(19) 105.82(6) C(5)-C(6)-C(7) 118.73(14) 

C(1)-P(1)-B(1) 116.69(7) C(6)-C(7)-C(2) 121.73(13) 

C(13)-P(1)-B(1) 110.70(7) C(8)-C(7)-C(2) 108.05(12) 

C(19)-P(1)-B(1) 111.60(7) N(1)-C(8)-C(9) 119.72(13) 

C(12)-N(1)-C(8) 119.99(12) N(1)-C(8)-C(7) 106.74(12) 

C(8)-N(1)-C(1) 111.06(11) C(10)-C(9)-C(8) 119.81(14) 

N(1)-C(1)-C(2) 106.17(11) C(9)-C(10)-C(11) 119.41(14) 

C(1)-C(2)-C(7) 107.98(12) C(12)-C(11)-C(10) 121.28(14) 

C(3)-C(2)-C(7) 117.97(12) C(11)-C(12)-N(1) 119.79(14) 

C(4)-C(3)-C(2) 118.84(14)   
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4.2.10 Computational Analysis 

All calculations were performed by Soren Mellerup using the Gaussian 09 suite of 

programs8 on the High Performance Computing Virtual Laboratory (HPCVL) at Queen’s 

University. Initial input coordinates were taken from crystal structure data where applicable, while 

others were generated using appropriate optimized geometries of related molecules. Ground state 

geometry optimizations and TD-DFT vertical excitations were computed using the cam-B3LYP9 

level of theory and 6-31(d)10 Pople-style basis set for all atoms.  

4.3 Results and Discussion 

4.3.1 Reactivity of iczH with Pt(II) 

The first observations of 4.1 were made by an undergraduate honours thesis student, Chris 

Barran. His observations led to my taking over this target for the full characterization. 

Dichlorobis(dimethylsulfide) platinum5 was chosen as a source of platinum(II) as it has the 

potential to bind two equivalents of iczH and could have potential for further functionalization. 

Upon the addition of iczH to a solution of one equivalent of dichlorobis(dimethylsulfide) platinum 

in DCM, a slow color change from yellow to orange took place. The speed of this reaction was 

greatly increased by heating to 60 °C and the reaction time decreased from 4 hours to 1 hour. 

Crystals were easily grown by layering hexane on top of DCM solutions and allowing slow 

diffusion to occur. This isolated product was identified as the adduct of iczH with the platinum 

precursor (4.1), having displaced a dimethyl sulfide group (Figure 4.2).  

 

Figure 4.2. Reaction scheme showing iczH and PtCl2(SMe2)2 to yield 4.1. 
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The 1H NMR spectrum of 4.1, as shown in Figure 4.3, contains a low-field aryl doublet 

similar to that of pyridine, which bears resemblance to that of the protonated salt [iczH2][Br]. This 

is a consistent trait for adducts of iczH with Lewis acids, as the disrupted conjugation causes more 

pyridine-like character in the heterocyclic ring of iczH. Due to asymmetry, the dimethylsulfide 

ligand displays two distinct peaks (2.03 and 2.17 ppm) with satellites due to coupling with the 195Pt 

nucleus (3JPtH = 56 and 54 Hz, respectively), similar to related platinum(II) dimethylsulfide 

complexes reported previously.11 The observation of two different methyl peaks for the 

dimethylsulfide ligand is in agreement with the asymmetric iczH carbon atom after it is coordinated 

to the platinum(II) center. Peculiarly, the signal for the proton labeled F (7.86 ppm; 400 MHz) 

contained a low integration (~0.60). This can be understood, since the 195Pt has a natural abundance 

of about 33%. This would indicate that there are platinum satellites that contain the other third of 

the intensity in the form of a doublet. The small peak at 8.09 ppm was found to have an integration 

of about 0.15 and would be a likely candidate for one of the satellites. The corresponding satellite 

would be expected around 7.63 ppm, placing it very close and likely overlapping with signal H, 

which does integrate higher than expected (1.16). Due to the limited solubility of 4.1, more detailed 

2D NMR studies could not be explored to further elucidate this coupling. This evidence is not 

enough to confirm that these signals are the platinum satellite for proton F since it would lead to 

an excessively high coupling constant (2JPtH = 194.5 Hz), which is more than twice the typical 

range12 for 2JPtH (60−80 Hz).13,14 As such it is not known what could cause a coupling constant of 

this magnitude. Obtaining the spectrum in a 600 MHz machine may allow the visualization of both 

satellite peaks at the same time. 
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Figure 4.3. 1H NMR spectrum of 4.1 in d2-dichloromethane with proton signals assigned via 2D 

COSY and 2D NOESY. 195Pt coupling can be seen for signal “J” at 2.24, 2.10, 1.97. 195Pt 

coupling can also be seen for signal “F” at 8.09, the other satellite overlaps with signal “H”. 

4.1 is non-emissive and, when compared to the absorption spectrum of iczH, the low-

energy absorption band is now weak and featureless. This can be attributed to MLCT transitions of 

the platinum(II) compound (Figure 4.4). The disruption of π-conjugation in the σ-bound iczH 

platinum(II) complex 4.1 is clearly responsible for the distinct absorption spectral change from 

iczH to 4.1.  

 

Figure 4.4. UV/Visible absorption spectrum of 4.1 at 1x10-4 M in CH2Cl2.  
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An unusual feature observed in the single-crystal X-ray diffraction analysis of 4.1 is that 

there are four independent molecules in the asymmetric unit of the crystal lattice (Figure 4.5). The 

key difference among the four independent molecules is the relative orientation of the 

dimethylsulfide group versus that of the iczH group, as shown by their projections down the 

C−Pt−S axis, which leads to the four distinct conformers. The crystal data show that the 4.1 has a 

trans geometry. The Pt−Cl and Pt−S bond lengths are typical and similar to those reported for 

related compounds in the literature.11,14 The Pt−C bond length is similar to that of Pt−CH3 bonds 

but slightly longer than the typical Pt−NHC or Pt−Ph bond lengths reported in the literature,11 

perhaps due to the lack of π back-donation to the iczH ligand. Nonetheless, compound 4.1 is stable 

at ambient temperatures and for several days in air, which supports the idea that the iczH molecule 

is capable of acting as a neutral σ-donor, forming stable platinum(II) complexes. Despite this 

seemingly strong interaction, attempts to prepare Pt(iczH)2Cl2 by either using 2 equivalents of iczH 

to the platinum (II) precursor or adding either 1 equivalence of iczH to 4.1 failed and no reaction 

was observed, even at temperatures as high as 60 °C. 
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Figure 4.5. Top: Crystal structure of compound 4.1 with 35% thermal ellipsoids and labeling 

scheme for key atoms. Bottom: The four conformer structures of 4.1 viewed down the C-Pt-S axis.  

4.3.2 Reactivity of iczH with Cr(0) 

After successfully demonstrating the ability for iczH to act as an η1 style ligand, it was 

decided to see if it was capable of acting as a  donor, and subsequently, which portion of the 

molecule would bind. Tris(acetonitrile)tricarbonyl chromium was chosen as the precursor complex, 

as it has been established to form piano-stool complexes with -systems. The chromium(0) species 

was produced by refluxing chromium hexacarbonyl in acetonitrile to drive off three carbon 

monoxides and replacing it with labile acetonitrile ligands. Given the structure of iczH, it may take 

on either an η5 structure through the central ring or an η6 in the flanking rings. When the metal 

complex and iczH were mixed together in THF, the solution turned a very deep red. After removing 

THF, crystals were grown by cooling a concentrated CH2Cl2 solution, affording the pure π complex 

(η6-iczH)Cr(CO)3 (4.2) nearly quantitatively (see Figure 4.6).  
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Figure 4.6. Reaction of iczH with tris(acetonitrile)tricarbonyl chromium in THF, yielding 4.2 in 

97% yield. 

4.2 has a poor stability when diluted in coordinating solvents such as acetonitrile and THF, 

which can displace the coordinated iczH ligand. In the solid state, 4.2 is more stable, allowing 

manipulation in air for hours. 1H NMR data indicate that the benzene ring of iczH is bound to the 

chromium(0) atom, as all proton peaks on the benzene ring experience a large upfield shift relative 

to free iczH (Figure 4.7). No dynamic migration of the tricarbonyl chromium between the pyridine 

and benzene rings was observed at room temperature, though no heating experiments were 

attempted. This is likely due to the strong π-donating nature of the phenyl ring vs the pyridyl ring.  
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Figure 4.7. 1H NMR spectrum of 4.2 in d2-dichloromethane with proton signals assigned via 2D 

COSY and 2D NOESY. 

Like 4.1, 4.2 is non-emissive. The absorption spectrum of compound 4.2 has a weak band 

in the 500−580 nm region, which is likely caused by LMCT transitions involving the iczH ligand 

and the chromium(0) atom. The absorption spectrum is shown in Figure 4.8. 
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Figure 4.8. UV/Visible absorption spectrum of 4.2 at 1x10-4 M in CH2Cl2. 

Single crystals suitable for X-ray diffraction analysis were obtained (Figure 4.9) from a 

concentrated solution of dichloromethane which confirmed the π-bound structure of iczH to the 

Cr(0) center. The C−C bond lengths in the benzene ring bound to the Cr atom are on average longer 

than those in the pyridyl ring due to the π-electron donation to the chromium(0) center. The Cr−C 

(C5, C6, C7, and C8 of benzene) bond lengths (2.204(3)−2.250(3) Å) are similar to those reported15 

for (η6-C6H6)Cr(CO)3, while Cr−C(4) and Cr−C(9) bonds are significantly longer (2.308(2) and 

2.386(3) Å), likely a consequence of the diene-like resonance structure and the lack of π-orbital 

contribution/low electron density of the C(9) atom in the HOMO of iczH. The Cr−CO and the C−O 

bond lengths are typical and similar to those of the related piano stool chromium(0) benzene 

complex.15 The IR values for the carbonyl stretches were found at 1815 and 1925 cm−1, which are 

lower than those found for (η6-C6H6)Cr(CO)3, which has CO stretches at 1890 and 1970 cm−1.16 

This appears to support that iczH is a stronger π donor than benzene. In the crystal lattice, 4.2 forms 

π-stacked dimers with the shortest atomic separation distances being 3.250(3) and 3.383(3) Å, 

respectively. 
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Figure 4.9. Crystal structure of compound 4.2 with 35% thermal ellipsoids and labeling schemes. 

4.3.3 Reactivity of iczH with Zn (II) 

In order to further investigate the adduct formation of iczH with transition metals, an adduct 

with zinc dichloride was select as the next target. Zinc dichloride was dried under vacuum at 100 

°C before being mixed with iczH in d3-acetonitrile. Despite drying, some of the mixture hydrolyzed 

to give the protonated iczH salt. However, after heating at 80 °C in a J. Young NMR tube for a 

day, a new product began to grow from the remaining reactants. The 1H NMR for this new product 

had a new low field doublet similar to the protonated salt assigned to the proton on carbon 4 (signal 

“A” in Figure 4.10) of iczH. The 2D-COSY NMR spectra (see Appendix, Section 4.6) and 

integration of the signals in the 1H NMR characterize a system very similar to 4.1. This new product 

is assigned as the simple adduct of iczH and zinc dichloride, 4.3. However, due to the mixture not 

being separable, this target was abandoned in order to investigate other reactivity. 
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Figure 4.10. 1H NMR spectrum in d3-acetonitrile of the reaction of iczH with zinc dichloride to 

produce 4.3. Also included is the reaction scheme for this reaction and the proton assignments for 

the proposed product. Assignments were made with the assistance of 2D COSY. 

4.3.4 Reactivity of iczH with Cu (I) 

Interest was generated in producing complexes of copper(I) with iczH as it may allow for 

unique catalysis. Tetrakis(acetonitrile)copper hexafluorophosphate was chosen in attempts to 

prepare a copper(I) adduct with iczH as a soluble source of copper(I) with labile ligands. Mixing 

of the two reactants in a THF solution resulted in a swift color change to dark green with the 

appearance of black precipitates and appearance of copper metal on the walls of the vial. After 

filtration of the solution from the precipitates (Cu(0) and [iczH2][PF6]), removal of volatiles, and 

extraction with toluene, a yellow solution with yellow luminescence was obtained. The 1H NMR 
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spectrum showed a set of proton signals with a pattern like that of iczH, but lacking the singlet for 

the proton at position 6, as seen in Figure 4.11.  

 

Figure 4.11. 1H NMR spectrum of 4.4 in d6-benzene protons assigned via 2D-COSY. The 

symmetry of the molecule results in equivalence between the protons on either icz unit. 

This product readily crystallizes, forming bright yellow crystals. Single-crystal X-ray 

diffraction analysis established that it is a dehydrogenatively C−C coupled dimer of iczH (4.4) 

(Figure 4.12). The symmetry of the molecule results in each half being chemically equivalent in 1H 

NMR. In the dimer structure of 4.4, the C(1)−C(1A) bond length is 1.441(5) Å, somewhat shorter 

than a typical C−C bond between two aryl rings, perhaps due to some π delocalization between the 

two icz rings, despite the fairly large dihedral angle between the two icz rings of 55.9(1)°.  
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Figure 4.12. Crystal structure of compound 4.4 with 35% thermal ellipsoids and labeling schemes. 

The presence of extended π delocalization in the dimer 4.4 is in fact supported by the 

significant bathochromic shift of both UV−vis and fluorescence spectra of 4.4, shown in figure 

4.13, in comparison to that of iczH. Both absorption and emission spectra of 4.4 are shifted by 

about 50 nm toward lower energy, in comparison to that of iczH, which is in agreement with the 

extended π-conjugated structure of 4.4. The emission quantum efficiency (ΦFL) of 4.4 was 

determined to be 0.08 in THF.  
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Figure 4.13. UV/Visible absorption (solid line, left axis) and normalized fluorescence spectra 

(dashed line, right axis) of 4.4 in 1.5x10-5 M in THF. 

Other bond lengths and angles within the icz ring in 4.4 are similar to those of iczH.1 In 

the crystal lattice, there are intermolecular π-stacking interactions between the benzene and py rings 

of the icz, with the shortest atomic separation distance being 3.56 Å. In addition to 

Tetrakis(acetonitrile)copper hexafluorophosphate, the reaction of iczH with 

bis(acetonitrile)bis(triphenylphosphine)copper tetrafluoroborate in THF was also examined, in an 

attempt to achieve the desired adduct. The reaction also produced the same dimer product, 4.4, as 

well as triphenylphosphine as an inseparable side product and was considerably slower to react. To 

monitor the reaction to understand the pathway better, an NMR scale reaction was performed in d3-

acetonitrile, using either tetrakis(acetonitrile)copper hexafluorophosphate or 

bis(acetonitrile)bis(triphenylphosphine)copper tetrafluoroborate as a source of copper(I). However, 

neither reaction was spontaneous at room temperature like it was in THF. Instead, heating at 75 °C 

was necessary for tetrakis(acetonitrile)copper hexafluorophosphate to react whereas no amount of 

heating led to the reaction with bis(acetonitrile)bis(triphenylphosphine)copper tetrafluoroborate to 

proceed. The stabilization effect imposed by the acetonitrile solvent to the copper(I) reactant is 
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clearly responsible for the low reactivity and requirement of heating in this solvent. On the basis of 

this observation, it is suggested that the first step in the reaction pathway toward 4.4 involves 

binding of iczH to the copper(I) center, a process that is impeded by excess coordinating 

acetonitrile. Tracking this reaction in d3-acetonitrile further revealed that about 50% of iczH 

became the protonated salt [iczH2]+, presumably with the hexafluorophosphate counterion.  

An iczH to copper ratio of 1.7:1 was selected to optimize the purification process, since 

any unreacted iczH is virtually inseparable from 4.4. Once optimized, yields of 4.4 improved to 

72%, relative to a quarter the moles of the initial iczH used (based on the assumption that two iczH 

molecules produce one molecule of 4.4) The optimized scheme is shown in Figure 4.14.  

 

Figure 4.14. Reaction of iczH with [Cu(CH3CN)4][PF6] yielding 4.4. 

Attempts to use catalytic amounts of the copper(I) precursor did not yield any more than 

the stoichiometric equivalents. Investigating the reactivity with other group 11 metals yielded 

similar results. Both the reaction of silver triflate or chloro tetrahydrothiophene gold with iczH 

yielded 4.4 and [iczH2]+ as the products, accompanied by the deposition of silver metal or gold 

metal. This inferred that the group 11 M+1 ions act as both an anchor for proton transfer from a 

bound iczH to an unbound iczH and an oxidant for C−C coupling of icz anions to form the dimer. 

Oxidative C−C coupling reactions of arenes facilitated by metals are well-known in the literature 

but in general require powerful oxidants or harsh reaction conditions.17 The facile formation of 4.4 

using weak oxidants such as copper(I) can be attributed to the highly nucleophilic/electron donating 

nature of iczH, which enables it to function not only as a reductant but also as a proton acceptor in 

the C−C coupling process. In an attempt to test this sort of reactivity without the complex problem 
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of metal centers, dicumyl peroxide with a copper iodide initiator was used to produce the 4.4 

however purification was laborious, requiring the use of prep-TLC that had to be run inside a 

glovebox due to the air sensitivity of 4.4, using valuable dried and degassed solvents as eluent. 

4.3.5 Reactivity of iczH with Ga (III) 

In an effort to utilize the pendant proton after adduct formation, 

cyclopentadienyldimethylgallium21 was selected. The intent was to have iczH bound to the gallium 

center and have the cyclopentadienyl leave, removing the proton on iczH, leading to an icz 

functionalized dimethylgallium species. This sort of reactivity has been observed in the literature, 

where the cyclopentadienyl ring is the better leaving group.22 The resulting 1H NMR experiment 

was performed in d8-toluene and required elevated temperatures leading to minor conversion. The 

1H NMR signals indicated that the new product was the desired compound showing signals for free 

cyclopentadiene, as shown in Figure 4.15. The correlation of the new signals was corroborated 

using COSY NMR and the coupling sets are consistant with the proposed structure (see Appendix, 

section 4.6, for COSY spectra). 
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Figure 4.15. 1H NMR spectrum in d8-toluene of the reaction of iczH with GaMe2 to produce 4.5. 

Signals upfield are shown in the inset. Also included is the reaction scheme for this reaction and 

the proton assignments for the proposed product. Assignments were made with the assistance of 

2D COSY. 

However, full conversion could not be achieved nor could the new compound 4.5 be 

isolated. Despite the mixed results of this experiment, the concept that, once bound to a Lewis acid, 

the proton on the 6-position could be removed allowed for a new avenue to be explored. This 

concept is further explored in section 4.3.7.  

4.3.6 Reactivity of iczH with Other Transition Metals 

A few other metal precursors were explored but did not yield any tangible results. 

Trimethyl aluminium, dichloroberyllium, and bis(cyclooctadiene) nickel were each selected as 

possible targets for producing adducts with iczH. However, none reacted with iczH, even at 

elevated temperatures. A similar reaction was attempted with tin dichloride, and while there 

appeared to be a small amount of precipitate that formed over a long period of mixing, the solid 

was too insoluble to investigate. Attempts were also made to determine the ligand strength of iczH 
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using carbonyl stretching frequencies of metal carbonyls. One such attempt involved producing 

tungstenpentacarbonyl-THF adduct via a photoreaction of tungstenhexacarbonyl. However, after 

many attempts, it was found that the UV lamps that were used did not have the power to adequately 

convert the carbonyl for the subsequent reaction. The final attempt involved mixing two equivalents 

of iczH with Di-μ-chloro-tetracarbonyldirhodium. The resulting reaction mixture contained a 

complex mix of unidentified products, none of which seemed consistent with the expected adduct. 

The only signals to be identified belonged to 4.4, implying that a redox reaction took place. 

4.3.7 Reactivity of iczH with a Chlorophosphine 

One of the earliest targets for reactivity of iczH with main group elements was 

chlorodiphenylphosphine. It was expected that the introduction of the iczH ligand would displace 

the chloride from the phosphine and one of two things would occur. Either the chloride would 

stabilize the positive charge of the adduct, or, much like it was seen in the proposed mechanism of 

4.6, a free iczH would extract a proton from the bound system, leading to a neutral phosphine. 

When iczH was mixed with one equivalence of chlorodiphenylphosphine in diethyl ether, a pale 

solid precipitate immediately formed along with the formation of a yellow solution. The precipitate 

was found to be [iczH2][Cl], and the product in solution was identified to be the adduct of the 

deprotonated iczH with PPh2
+ (4.6). The scheme and proposed mechanism are shown in Figure 

4.16. 
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Figure 4.16. Proposed mechanism for the synthesis of 4.6. 

Significant splitting of the signals of the icz unit due to coupling to the 31P nucleus was 

observed in both 1H and 13C NMR spectra (the 1H MNR is shown in Figure 4.17).  The 31P NMR 

spectrum of 4.6 has a signal at −37.6 ppm, considerably more upfield than that of 

triphenylphosphine (∼−6.0 ppm)18 but close to that of tri-ortho-methoxyphenylphosphine at around 

−38.5 ppm, indicating a fair amount of π donation in addition to the σ-donation from the icz ligand 

to the phosphorus center. The low energy absorption bands of 4.6 are considerably weaker than 

those of iczH, in agreement with the lower oscillator strengths of S0 → Sx transitions based on TD-

DFT data. 4.6 is fluorescent with a ΦFL value of 0.09. The emission profile of 4.6 is similar to that 

of iczH, indicating that their origin is likely the same, namely a π → π* transition of the icz unit. 

The absorption and emission spectra are shown in Figure 4.18. 
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Figure 4.17. 1H NMR spectrum of 4.6 in d6-benzene with protons assigned via 2D COSY; 31P 

NMR spectrum inset. 
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Figure 4.18. UV/Visible absorption (solid line, left axis) and normalized fluorescence spectra 

(dashed line, right axis) of 4.6 in 1.5x10-5 M in THF. 

To improve the yield of 4.6 and avoid wasting iczH as a sacrificial proton acceptor, we 

added Proton Sponge, 1,8-bis(dimethylamino)naphthalene, was added to the reaction of iczH with 

chlorodiphenylphosphine, which led to the isolation of compound 4.6 in about 90% yield when 

optimum conditions are used (Figure 4.19).  

 

Figure 4.19. Reaction of iczH with PPh2Cl in the presence of proton sponge yielding 4.6 and the 

HCl salt of proton sponge.  

The crystal structure of 4.6 was determined by single-crystal X-ray diffraction analysis 

(Figure 4.20). There are two independent molecules of 4.6 in the asymmetric unit with similar bond 

lengths and angles. The phosphorus atom has a typical pyramidal geometry with a P(1)−C(1) bond 

length of 1.790(2) Å between the carbon atom of the icz moiety and the phosphorus center, which 
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is significantly shorter than those of P(1)−C(13) and P(1)−C(19) (1.838(2) and 1.833(2) Å) and 

that of PPh3 (1.854 Å).19  

 

Figure 4.20. Crystal structure of compound 4.6 with 35% thermal ellipsoids and labeling schemes. 

Natural bond orbital (NBO) analysis indicates that the C1 atom has more s-character than 

expected, supporting the shorter distance between P(1) and C(1) atoms. This is also in agreement 

with the significantly upfield shifted 31P NMR chemical shift of 4.6. Much like the case for iczH, 

compound 4.6 degrades slowly in the solid state and quickly in solution on exposure to oxygen. 

4.3.8 Reactivity of 4.6 with a Borane 

The DFT calculation data indicate that the HOMO of 4.6 is mostly localized on the 

nucleophilic C(1) atom, whereas HOMO-1 localizes mostly on the phosphorus atom, shown in 

Figure 4.21, indicating that both sites are still nucleophilic and perhaps the carbon would react first 

with Lewis acids.  
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Figure 4.21. Calculated HOMO and HOMO -1 for 4.6 showing the two potential nucleophilic 

centers. 

To test the reactivity of 4.6 with Lewis acids, a simple reaction of 4.6 with borane-dimethyl 

sulfide adduct was performed (see Figure 4.22). The resulting mixture has the same color as that 

of 4.6 but displays bright blue fluorescence rather than green. 

 

Figure 4.22. Reaction of 4.6 with BH3·SMe2 yielding 4.7. 

The isolated product 4.7 has 1H NMR signals with a similar profile to 4.6, though the 

downfield proton is no longer coupled as highly to the phosphorous atom and many of the signals 

overlap in the 7.10-6.90 ppm region (see Figure 4.23). The 11B NMR signal at −33.6 ppm is 

comparable to that (−37.8 ppm) of triphenylphosphine-borane.20 The 31P NMR signal (5.8 ppm) of 

4.7 is shifted more than 40 ppm downfield from that of 4.6 and close to that of triphenylphosphine-

borane (21.1 ppm).20 4.7 has a similar absorption and emission profile to 4.6 with a hypsochromic 

shift to the emission and a ΦFL value of 0.16 (See Figure 4.24). The emission energy differences 
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between 4.5, 4.6, and 4.7 are clearly caused by the different substituent groups on the carbon atom 

of iczH. 

 

Figure 4.23. 1H NMR spectrum of 4.7 in C6D6 with protons assigned via 2D COSY; 31P NMR 

spectrum and 11B NMR spectrum as insets. 

 

Figure 4.24. UV/Visible absorption (solid line, left axis) and normalized fluorescence spectra 

(dashed line, right axis) of 4.7 in 2.5x10-5 M in THF. 
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These data are consistent with the coordination of borane to the phosphorous center in 4.7, 

which was confirmed by X-ray crystallography (Figure 4.25). The P(1)−B(1) bond length in 4.7 is 

1.9309(16) Å, in line with the average phosphine−borane adduct length of ∼1.92 Å.16 The 

P(1)−C(1) (1.781(1) Å), P(1)−C(13), and P(1)−C(19) bonds are shorter than those of 4.6 due to the 

reduced electron density on the P atom in 4.7 that enhances aryl−P bond strengths. The average 

C−P−B angle is 113°, while that of the C−P−C angle is 106°, indicating a slightly distorted 

tetrahedral geometry around the phosphorous atom.  

 

Figure 4.25. Crystal structure of compound 4.7 with 35% thermal ellipsoids and labeling schemes. 

The fact that borane is bound to the phosphorous atom instead of the carbon atom of icz 

could be explained by both kinetic and thermodynamic factors. In the kinetic aspect, due to the 

steric congestion, the phosphorous center is likely more accessible than the carbon atom for the 

boron atom to bind. In the thermodynamic aspect, the phosphorous-bound product is likely more 

stable than the carbon-bound product as there is are strengthened P−C bonds as seen by the 

shortened bond lengths. DFT calculation data in fact support this, as the optimized structure for 
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borane adduct formation at the carbon center was found to be ∼15 kcal mol-1 higher in energy in 

comparison to that for borane adduct formation at the phosphorus atom. 

4.3.9 Reactivity of iczH with other Main Group Centers 

Many other reagents were tried to probe the reactivity of iczH. After the success of 4.4, an 

analog was devised that was less sterically encumbered. Thus, a methyl group was chosen using 

iodomethane as a source of Me+ to form an adduct salt which could subsequently be deprotonated 

to give iczMe. However, multiple days of reflux in THF yielded no reaction and the target was 

abandoned. Diphenylsilane, diphenylphosphine, and bis(pinacolato)diboron were tested to see if 

iczH could illicit any activations of the main group species but 1H NMR tests yielded no visible 

reactions even after heating. Trimethylchlorosilane was tested to be a parallel example to 4.6, 

however, no matter what steps were taken to prepurify the silane, only [iczH2][Cl] was the only 

product found in the reaction mixtures. Dimesitylfluoroborane was also utilized, expecting a similar 

reaction with a sacrificial equivalent of iczH to make the fluoride salt. However, no reaction was 

observed, potentially due to a mixture of poor nucleophilicity and steric hindrance of the borane. 

Finally, a reaction was attempted with six equivalence of iczH and trichloroborane and, while a 

large amount of precipitate was observed and identified as [iczH2][Cl], the solution contained a 

complex mixture of products via 1H NMR and the reaction was not pursued further. 

4.4 Conclusions 

In summary, pyrido[2,1-a]isoindole was explored for its reactivity with various substrates 

as an effort to define the limits of what would and would not be activated by the nucleophilicity of 

this ligand. Its use as a neutral ligand for transition metals has been established directly with 

platinum(II) and chromium(0), forming η1 and η6 complexes, respectively. However, iczH is shown 

to be redox sensitive and reactions with copper(I), silver(I), and gold(I) all led to the same dimer 

of iczH, 4.4. A new reaction pathway was discovered during the investigation of the reactivity of 

chlorodiphenylphosphine, where the loss of “HCl” from the adduct resulted in a new type of 



 

151 

 

fluorescent phosphine which was then used to bind borane. This new reaction pathway opens the 

door to a variety of systems and potential ligands that could be used to support active catalysts or 

rare molecular species. This work was published in Organometallics in 2017.23 
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4.6 Appendix: Extra 2D NMR data 

 

Figure 4.26. Supplementary 2D COSY spectrum of the reaction mixture featuring compound 4.3. 

The appropriate cross-peaks have been selected. 
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Figure 4.27. Supplementary 2D COSY spectrum of the reaction mixture featuring compound 4.5. 

The appropriate cross-peaks have been selected. 
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Chapter 5 

Conclusions and Future Work 

5.1 Conclusions 

In this thesis, the photoreactivity of NHC stabilized boron adducts was explored. Both 

novel reaction mechanisms and products were obtained through this method. Likewise, a heavily 

unexplored nucleophile was obtained and a more synthetically viable analog was selected for 

reactivity studies to show the potential for zwitterionic neutral ligand types. These studies gave 

new insight into the reactivity of these types of ligands. 

In the second chapter, a simple NHC-BH3 bearing an N-aryl group with an ortho-methyl 

was posed to undergo dehydrogenation between the carbon and boron centers, producing new 

carbon-boron bonds as seen in an analogous system using tolylpyridine. Unfortunately, the four 

systems studied all lead to the same result after exposure to 300 nm light for several days. In each 

1H NMR experiment, the presence of a small amount of dihydrogen was observed and the 

elimination of one of the N-aryl groups was observed. While one of the systems also yielded an 

insoluble byproduct, the others showed evidence of decomposition and no other discrete products 

were identified. However, with the slight variation of having an NHC-BH2R, where the R group 

has a hydrogen in the -position relative to the boron atom, a new photoreaction was observed. In 

these reactions, a -hydrogen elimination style reaction occurred, leading to a hydrogen migration 

to the boron center and forming a new -bond between the  and  carbons. This process worked 

for systems where the R group was a separate substituent and when it was in chelation with the 

NHC. While this process was novel and mechanically interesting, it did not lead to any publications 

due to low scope and little synthetic use. 

In the third chapter, the C^C chelate derived from an NHC with two N-mesityl groups was 

used to bind a BMes2 moiety. This new system was then exposed to 300 nm light to induce an 
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elimination of one of the boron aryl groups, leading to a new -bond and a 1,3-azaborine embedded 

within the multicyclic structure with blue fluorescent emission. Likewise, when this system is 

heated to 200 °C in solution a rare 1H-imidazo[1,2-a]indole is formed.  

 In the fourth chapter, the reactivity of pyrido[2,1-a]isoindole as a ligand was explored. 

Various transition metals were used as substrates, namely platinum(II) and chromium(0) being the 

most successful, forming η1 and η6 complexes, respectively. When sources of copper(I), silver(I), 

and gold(I) were used, a redox reaction occurred to give a new dimer of the parent ligand. Finally, 

a chlorophosphine underwent a substitution reaction to produce a new phosphine that was 

subsequently used to bind a boron center, leading to a blue shift in the luminescence. All of these 

new binding modes and reactivities have great potential for future applications.  

 In total, this thesis shows an advancement in our understanding of NHC-borane 

photoreactivity as well as the ligand capabilities of neutral donor systems like pyrido[2,1-

a]isoindole.   

5.2 Future Work 

The findings in Chapter 2 have left an opening for an increase in scope as well as testing 

the limits of this -hydrogen elimination style reaction. One particular target would be to test the 

photoreactivity of IMes-BEt3. If the reactivity holds, introducing aryl rings to the NHC should red 

shift the absorption and thus return the speed of the reaction observed for B1 to 2.3 and the 

byproducts would be IMes-BH3 and ethylene gas (Figure 5.1). This may have some use for discrete 

introduction of stoichiometric alkenes into reaction mixtures and catalytic systems. 
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Figure 5.1. Proposed scheme for the discrete elimination of ethylene via UV light exposure of an 

NHC-borane. 

It may also be of interest to explore the thermal reversibility of the reaction of B1 to 2.3, 

as this would show demonstrate a new switchable system. Likewise, exploring the selectivity (as 

seen for B3), rates, and further probing the mechanism of this photo-process would be required to 

publish this work. 

From the lessons learned in Chapter 3, it would be worthwhile to test these chelates in a 

similar manner to what has been done for the tolylpyridine analog.1 Using an applied voltage in a 

device to drive the reaction would overcome the absorption that prevents compounds 3.1 and 3.2 

from converting past 50% when only using 300 nm light. 

 Continuing forward, the 1H-imidazo[1,2-a]indole thermal products that were formed in 

chapter 3 have the electronic set up to act very similar to pyrido[2,1-a]isoindole and would benefit 

further investigation to determine reactivity with a variety of substrates, similar to the work in 

Chapter 4 (Figure 5.2). 
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Figure 5.2. Proposed reactivity of 1H-imidazo[1,2-a]indoles as analogs of pyrido[2,1-a]isoindole. 

Finally, a number of experiments can be performed to further what was learned in Chapter 

4. In order to make better use out of the dimer, 4.4, cleaner synthetic methods are required. Since 

similar reactivity was observed using dicumyl peroxide with a copper iodide, simpler peroxides, 

such as hydrogen peroxide, and better initiators, such as copper(II) acetate may yield better results. 

Other main group chlorides should be explored to produce the same substitution reaction to create 

new interesting systems. This would likely involve other phosphines and boranes with 1-3 chlorides 

and the corresponding number of aryl groups for stability. Likewise, the dimer (4.4) and the 

phosphine (4.6) that has been produced should be further tested for their potential as two center 

donors (Figure 5.3).  

 

Figure 5.3. Proposed binding modes of 4.4 and 4.6.  

 

 



 

160 

 

5.3 References 

1. Wang, S.; Yang, D.-T.; Lu, J.; Shimogawa, H.; Gong, S.; Wang, X.; Mellerup, S. K.; 

Wakamiya, A.; Chang, Y.-L.; Yang, C.; Lu, Z.-H.; Angew. Chem. Int. Ed., 2015, 54, 1507. 

 


