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ABSTRACT 

 

 Routes to construct graphene nanoribbons (GNRs) and nanographenes (NGs) from smaller 

polycyclic aromatic hydrocarbons (PAHs) have long been explored. Foundational work in the 

Alabugin group has recently culminated in the development of a double peri-annulation protocol 

where aromatic core precursors containing a propargylic OMe traceless directing group (TDG) are 

ʌ-extended through Sn-radical promoted cyclizations. After cyclization, two Bu3Sn chemical 

handles are present in the products. These handles can serve for downstream PAH-extension via 

cross-coupling and cycloaromatization approaches. As proof-of-concept, our group has recently 

reported the extension of distannylpyrenes via iodination followed by double Suzuki cross-

coupling with an aromatic electrophile. By mono cross-coupling of the 1,8-disubstituted-2,7-

distannylpyrenes, we hypothesize that extension at one Sn at a time may be possible, allowing to 

further diversify the PAH library accessible for the construction of GNRs. Mono-Suzuki and Stille 

couplings were explored under multiple conditions with limited success due to prevalent double 

cross-couplings in the former and sluggish reactivity in the latter. The broad flexibility of the 

Bu3Sn handles allows for exploration of other approaches, for example, the borylation of the 

cyclized product, further cross-coupling with aryl dihalides and cycloaromatization in order to 

access novel GNR structures.  
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CHAPTER ONE: INTRODUCTION 

Background 

 The synthesis of graphene, graphene nanoribbons (GNRs), and nanographenes (NGs) has 

been a heavily researched area for the past ~15 years. These material’s interesting physical 

properties have led to widespread applications in optoelectronic devices development.1 General 

approaches to prepare GNRs and NGs are classified as top-down or bottom-up. Top-down 

strategies, such as exfoliations of graphite and centrifugation,2a typically do not allow for a good 

degree of control over the shape and size of the GNR or NG products. Given that the optical and 

electronic properties that the material will possess relies heavily on its morphology, control over 

size and shape is of high interest.2 The ability for control makes bottom-up synthesis very 

advantageous. Furthermore, through bottom-up synthesis, solubility can be improved, and 

properties can be tuned by design.2a Like puzzle pieces, starting from small PAHs can allow for 

these scaffolds to be built into almost endless possibilities. An interesting starting point for bottom-

up synthesis of NGs and GNRs are alkynes, as they are high energy, carbon-rich functionalities, 

that can efficiently undergo selective radical cascade reactions.3-4  

 Most often, alkynes are used in the synthesis of GNRs for annulation at the armchair edge 

(bay-region) since annulation at the zig-zag edge (L-region) gives odd-alternant hydrocarbons that 

are non-Kekule┋  structures. We recently show that this problem can be circumvented via double 

peri-annulations onto the same core, giving rise to fully aromatic products (Scheme 1).5-6 

Expansions at the zig-zag edge are desirable, because they provide access to new types of 

polyaromatic targets2 With this synthesis, extension of the ヾ-system at the zig-zag edge can be 

accessed, in one or both directions via a library of cross-couplings, to make novel NG and GNR 

structures. 
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 Recently our group reported that radical alkyne peri-annulations at the zig-zag edge may 

be utilized to extend aromatic cores and give access to olympicenes by using a traceless directing 

group (TDG) approach.6 TDGs have been also shown to create pentagon-free polyaromatics 

(Scheme 2).6 A く-scission of the directing group at the end of the radical cascade enables the final 

aromatization.7 

      
Scheme 1. While annulations and ortho-annulations add to the armchair edge of GNRs, peri-

annulations occur at the zig-zag edge.5 

 

 

 

 

 

 

Scheme 2. Previous work regarding MeO-TDG Sn-radical cyclizations. a) TDG in skipped 

oligoalkyne radical cascade and fused helicenes. b) Formation of benzanthrones and olympicene 

with peri-annulations.5 

 

 Our work on double peri-annulations onto a naphthalene core gave us access to 

functionalized pyrenes with Bu3Sn handles.5 Alternatively, I2 or TFA can be added to the 

distannylpyrenes to access iodinated or protodestannylated derivatives, respectively. The 
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iodinated structures could be cross-coupled with arylboronic acids via a Suzuki cross-coupling at 

the 2 and 7 positions, and subsequent oxidative cyclization allowed for the construction of 

extended polyarenes. (Scheme 3). Preliminary results show that with control over stoichiometry, 

the 1:1 mixture of 3j and tetrasubstituted product 9 is obtained (as opposed to the desired cross-

coupled product). With this result, we hypothesize that mono-cross-couplings should allow for the 

construction of larger PAHs via variation of the building blocks (i.e. having larger starting 

materials) and a “mix and match” approach. To circumvent the cross-coupling problem, a change 

of functional groups has been proposed. The possibility of using the Sn handles as nucleophiles 

for a Stille mono-cross-coupling prompted us to explore this reaction as an alternative for the failed 

mono-Suzuki coupling. 

 

Scheme 3. Previous work that demonstrates Suzuki cross-couplings and Scholl for extended 

PAHs.5 

 Stille cross-coupling is known for its mild conditions and tolerance of a variety of 

functional groups, which leads to its use in creation of complex molecules.8 Additionally, 

organostannanes are relatively stable, being rather insensitive to air and moisture.8 While toxicity 

of tin compounds remains a concern, the toxicity of tri-butyltin derivatives is much lower than that 

of its ethyl and methyl counterparts.8 With a Stille coupling, the additional step of functionalizing 

pyrene (i.e. iodination) can be avoided, thus preventing a decrease in overall yield; however, these 

advantages may not come without disadvantages: The lower polarity and high steric demand of 
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SnBu3 can make compounds less nucleophilic in the cross-coupling protocol.8 This lack of 

reactivity could be overcome with several potential methods such as the use of bulky phosphines 

and co-catalysts.8 Mono-Stille cross-couplings have been reported,11-12 as well as sterically 

hindered Stille cross-couplings.6, 8-10 Success with mono-cross-coupling would give further 

extension by coupling the monostannylated product with a “central piece” to give longer GNRs 

(Scheme 4). While little precedent on mono-Stille couplings is found in the literature, a report for 

a porphyrin scaffold with the Stille reaction occurring on a phenyl,11 and a single coupling on an 

aromatic core with two sterically hindered bromines12 show promise for this approach. 

 

Scheme 4. Two possible routes using building blocks with our proposed mono-cross-coupled 

structure for NG extension. 

 

 An additional method considered includes transmetallations between Sn compounds and 

borane for the synthesis of polyboronic acids. With this step added, a sterically hindered 
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transmetallation between Sn and Pd could be avoided via a Suzuki cross-coupling of the boronic 

acids with an aryl halide, as shown by Podesta┋  and coworkers.13 From here, mono- or di-cross-

coupling could be achieved for our sterically hindered substituted pyrene shown previously in 

literature and our group’s work.5-6 

 Moreover, the Alabugin group recently reported a sterically hindered Stille coupling of 

benzanthrones in moderate yields, without the use of bulky phosphines or gold co-catalysts needed 

for similar systems (Scheme 5).6 Knowing this sterically hindered system is capable of cross-

coupling, the iodinated form of the benzanthrones could be cross-coupled with the functionalized 

organoboronic acid and aromatized via a Scholl reaction for extension of PAHs.  

 

Scheme 5. Reported sterically hindered Stille cross-coupling.6 

 

 The proposed reaction pathways all start from double peri-annulations onto a naphthalene 

core with isolation of the orgostannane product 3 (Scheme 6). From this point, mono-Stille 

coupling can be attempted with an aryl halide to achieve 4, but reaction conditions must be found 

and optimized, and tetra-substitution must be avoided. With synthesized 4, another Stille coupling 

with a diaryl halide could form NG structure 9 and a Scholl reaction can be used to achieve 

cycloaromatization to access full, extended conjugation (9S). Additionally, precedent shows 

transmetallation between Sn and borane in sterically hindered systems,13 allowing for potential 

synthesis of 5. Through another mono-cross-coupling pathway (6), this time a Suzuki reaction, 

subsequent cross-coupling with a diaryl halide (9), and Scholl could provide another route of 

56% 
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access to 9S. If neither pathway proves successful, compound 5 could be coupled with the 

iodinated benzanthrone 7 to access 8 and 8S as novel NG structures.  

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Scheme 6. Proposed structures to be synthesized. a) Mono-Stille coupling pathway to 9 and 

cycloaromatized 9S. b) Mono-Suzuki coupling pathway to 9 and 9S. c) Suzuki cross-coupling of 

diboronic acid 5 with benzanthrone 7 to form NGs 8 and 8S. 
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Thesis Goal 

 

 Based on previous experiments from the Alabugin group, methods for single and double 

peri-annulations onto a naphthalene or anthracene core were developed for ヾ-extensions at the L-

region of GNRs. The iodinated double peri-annulated structures allow for simultaneous expansion 

in both directions with aryl boronic acids but cannot be mono-coupled to make larger building 

blocks for NGs. Based on literature precedent, it was hypothesized that isolating the stannylated 

product and creation of reaction conditions for a mono-Stille coupling was a possible way to access 

these larger building blocks. Additionally, substituting the Sn handles for another functional group, 

such as boronic acids, could allow for one-direction extension and further cross-coupling with a 

diaryl halide. Reports show the transmetallation between Sn and borane is possible in sterically 

hindered system such as ours, and with the possibility of coupling a bulky benzanthrone as show 

in the group’s previous work, allows us to postulate the pyrene-benzanthrone coupling product (8) 

as a promising target molecule. With a final Scholl reaction on any of these extended systems, the 

final product would show a rapid extension of small PAHs into novel NG architectures. 
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CHAPTER TWO: RESULTS AND DISCUSSION 

Methodology and Results 

 For preparation of the precursor 2 (Scheme 6), first naphthalene-1,4-dicarbaldehyde was 

prepared from 1,4-dibromonapthalene via lithium-halogen exchange with nBuLi and N,N-

dimethylmethanamide as the formylating agent (Scheme 7). 

 

Scheme 7. Synthesis of naphthalene-1,4-dicarbaldehyde.5 

 For our purposes, a naphthalene aromatic core was chosen as the easiest starting point, 

having significantly higher yields than the anthracene cores in the double peri-annulation 

protocol.5 The acetylene counterpart chosen as a substituent for this project was 4-tert-

butylphenylacetylene aiming to enhance the solubility on the target NGs. The TDG was also added 

at this point, which ensures regioselective radical attack at the desired alkyne carbon for the radical 

cyclization (Scheme 8). Past experiments and computations in the Alabugin group have shown the 

MeO functional group to be an excellent TDG.7,14 

 

Scheme 8. Synthesis of the propargylic ether as the cyclization precursor on a gram scale.5

1, 70% 

(2) 69% 

1 2, 69% 
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 The double peri-annulations procedure with phenyl R groups was previously optimized by 

our group using ACHN as a radical initiator and Bu3SnH as the radical source.5 Through this 

optimized procedure we achieved a cyclized product with SnBu3 handles and tert-butylphenyl 

groups at the 1 and 8 positions of the cyclized pyrene (Scheme 9). With the SnBu3 groups, 

additional solubility is gained as well as remarkable versatility, but requires careful purification, 

as these chemical handles decompose slowly, even on deactivated silica. Therefore, the isolation 

of the distannylpyrenes required careful consideration and optimization of the purification 

procedures. Flash column chromatography with basic alumina gave the best results, with an 

isolated yield of  28%, completed on a gram scale.  

 

Scheme 9. Radical cyclization optimized procedure on gram scale.5 

 The proposed mechanism of the double radical cyclization was recently investigated 

through DFT calculations as well (Scheme 10 and 11).5 After formation of the vinyl radical A via 

R3Sn-radical addition, peri-cyclization occurs to give delocalized radical B. If B is very stable, the 

hydrogen atom can be abstracted to yield a non-radical product, and the mechanism would provide 

the final product via a second peri-annulation.

2  3, 28% 
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Scheme 10. Mechanistic possibility after initial Sn-radical attack forms the vinyl radical.5 

   

 Scheme 11 shows energies and enthalpies of the proposed mechanism to come from 

delocalized pi-radical B. The calculations of energies show that it is thermodynamically favorable, 

about 66 kcal/mol downhill, the most favorable path considered.5 This path has the ACHN radical 

abstract the hydrogen atom of a weak C-H bond from B, forming intermediate H. It is consistent 

with the observation of excess initiator with improved yields.  

 

Scheme 11. Computations in kJ/mol of possible intermediates after formation of radical A.5  

 As mentioned previously, mono-cross-coupling is desired in this context for longer 

extension of the scaffold, with the ability to “end-cap” a single side while leaving another 

accessible to subsequent cross-coupling. As a direct mono-Stille coupling would avoid decreases 

in overall yield by reducing the number of synthesis steps, this process was investigated.
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 Literature precedent shows a possibility of mono-Stille cross-couplings albeit with little 

exploration into different scaffolds.11-12 Considering previously reported conditions for mono-

Stille couplings and bulky cross-couplings, we tried several, including classic Stille conditions, 

addition of a phosphine ligand, starting with Pd0 or PdII, co-catalysts, and more, all with 

stoichiometric control (Scheme 12).  

 

Scheme 12. Efforts towards mono-Stille cross-couplings of a sterically hindered scaffold. 

Reactions were monitored by TLC and NMR. Equivalence and concentration shown in SI. 

3  4  
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 The first two conditions used for the mono-Stille coupling come from classic Stille 

reactions and from the reported mono-Stille couplings.11-12 Initially, tert-butylphenyl bromide was 

used as the electrophile, with the assumption that its electrophilic character would allow for 

successful reductive elimination. A Pd0 catalyst, Pd(PPh3)4, was used in the first entry and a PdII 

pre-catalyst, Pd2(dba)3, with an added phosphine ligand, P(2-furyl), for the second. Under both 

conditions only starting material was recovered. Addition of the bulky phosphine ligand to a PdII 

catalyst was used here because it was shown by Espinet and coworkers to give different chemo- 

or regioselectivity at oxidative additions. In particular, it was suggested that using a functionally 

tricoordinated Pd complex can lead to lower coupling barriers (compared to tetracoordinated 

complexes) in reductive elimination. High reductive elimination barriers occur often because R1 

and R2 must be cis to one another to proceed, which may require isomerization.8 Additionally, 

some sterically hindered Stille couplings have shown to be possible with the addition of a bulky 

phosphine to a PdII pre-catalyst.8-10,12 As neither of these reactions showed any changes to starting 

material after 48 hours, we determined that use of a stronger electrophile could be more effective 

because more electronegative halides can accelerate transmetallation by forming a more 

electrophilic PdII center. Additionally, in entry 2 excess electrophile was added, and still no 

reaction was observed. Previously reported by the group, the transformation of Sn to I allowed for 

more accessible cross-coupling with high yields, prompting us to consider an iodine electrophile.5 

  The tert-butylphenyl iodide was subjected to the previous conditions used for the tert-

butylphenyl bromide. CuCl was added alongside P(2-furyl), as Cu(I) has been shown to sequester 

additional ligand which could otherwise slow the reaction and reduce yield8 and/or act as mediator 

in transmetallation,9-10 depending on the mechanism at play. With still no change in starting 

material in any conditions, attention was turned to the Stille coupling conditions in which other 
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co-catalysts were used. The conditions reported by our group were implemented for entries 5, 7, 

and 8. Using Pd(OAc)2 in DMA with CuCl and LiCl at 80 冽 in entry 5, no reaction was seen even 

after 6 days and only starting material was recovered. With this result, we proposed a change from 

Pd(OAc)2 to Pd0 catalyst Pd(PPh3)4 used in entries 7 and 8,  as circumventing the required 

reduction to Pd0 may give a faster reaction. Interestingly, the change to Pd(PPh3)4 at 100 冽 gave 

a complex mixture after 48 hours, and via NMR possible formation of Bu3SnI was observed, but 

mostly starting material remained (Figure 1 and S10). The reaction was left running but 

unfortunately dried out. We were not able to reattempt it due to Spring 2020 COVID-19 

shutdowns. Entry 8 was set up with the same conditions as entry 7, differing only in temperature 

which was adjusted from 100 冽 to reflux at 165 冽, with the idea that a higher temperature would 

lead to a faster reaction. Disappointingly, while starting material remained, iodination of an aliquot 

and addition of TFA to another aliquot showed a side product to be protodestannylated starting 

material via NMR spectra comparisons.  

 Entry 6 shows our attempt with a gold co-catalyst. Espinet and coworkers showed the 

possibility of cross-coupling with bulky Sn nucleophiles (in which both ortho positions are 

occupied) via a gold co-catalyst due to the linear gold intermediate created by the transmetallation 

of Sn to Au.8-10 In this case, the PdII catalyst, PdCl2(PPh3)2 needs at least one readily leaving, ı-

donating ligand (PPh3 in our reaction) and Cl ligands, as were deemed necessary.10 The use of the 

same ligands on Pd and on Au can prevent ligand scrambling that could interfere with desired 

products.10 While PPh3 ligands were shown to have the highest selectivity, reaction rates are 

extremely slow due to the ligand being a slightly weaker ı-donor compared to AsPh3 which gave 

significantly faster reaction rates with similar yields.8-10 
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 Interestingly, after 48 hours no product formation was seen, suggesting slow reaction rates. 

As previously shown, by synthesizing the same catalysts with AsPh3 ligands, we may reach the 

desired cross-coupling at a faster rate via a faster transmetallation.8-10 This is likely because arsine 

is a better leaving ligand due to its weak ı-donating character in comparison to phosphine. As no 

tetra-substituted product was seen, and formation of Bu3SnI was observed, this Au/Pd co-catalyzed 

reaction is promising for formation of the desired product, but only starting material was 

recovered. 

 

Figure 1. 1H-NMR spectra of possible products. The crude NMR shown (mostly starting 

material) is that for entry 7. The corresponding structures are shown to the right of their NMR 

spectrum. 

 

 Our difficulty with the Stille couplings can be explained with research into the mechanisms 

and the catalysts traditionally used. Even though a Stille cross-coupling seems somewhat straight 
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forward at a glance, it is much more complicated than one is lead to believe (Scheme 13).8 With a 

sterically hindered organotin compound, the Sn/Pd transmetallation is overcrowded and can make 

the reaction extremely slow or virtually impossible, as demonstrated by Espinet and coworkers8-9 

and observed in our results. While bulky, electron-rich phosphine ligands have given access to 

challenging Stille couplings, some sterically hindered organotin reagents are still inaccessible.9 

Espinet and coworkers discovered a gold co-catalyst added to the Stille coupling can 

mechanistically change the reaction. This allows for almost seamless cross-coupling of bulky 

stannanes to the desired product,10 leading us to believe use of a gold co-catalyst could be 

advantageous in our Stille reaction. 

 

Scheme 13. Detailed Stille coupling mechanistic pathways.8 

 In this case, the gold co-catalyst transmetallates with the bulky Sn compound, producing a 

linear, less hindered Au intermediate which can then more easily transmetallate the bulky aryl 

group to the PdII catalyst for completed cross-coupling (Scheme 14).10 While a pointedly sterically 

hindered reaction worked with triphenylphosphine ligands, triphenylarsine ligands for both Au 
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and Pd facilitated the reaction at a significantly faster rate.10 This may help explain our lack of 

success with the Stille cross-coupling. 

Scheme 14. Simplified mechanism of an Au/Pd co-catalyzed Stille cross-coupling.10 

 

 After completing several mono-Stille coupling attempts, a transmetallation between Sn and 

borane was considered, as sterically hindered aromatics were reportedly transmetallated in high 

yields.13 With this, the possibility of mono-Suzuki coupling opens. A recent idea to couple two 

equivalence of the sterically hindered benzanthrone, previously synthesized by the Alabugin 

group, to the boronic acid derivative of our cyclized product came about. A synthesis of the 

aryldiboronic acid was attempted, but no reaction (starting material recovered) occurred before 

drying out at 2 hours and could not be repeated due to COVID-19 shutdowns (Scheme 15). 

 

Scheme 15. Proposed synthesis of 1,8-bis(4-(tert-butyl)phenyl)pyrene-2,7-diyl)diboronic acid.13  

 While reaction conditions for the borylation were not successful, this method theoretically 

shows promise toward functionalizing our pyrene for subsequent mono- or di-Suzuki cross-

couplings. Provided the mono-coupling be effective, the original GNR architecture that Stille 

3  5  
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coupling would have given could still be achieved. If ineffective, a double cross-coupling could 

be completed with the iodinated benzanthrone. (Scheme 16, 7). 

Synthetic Expansion to GNRs 

 Although the reaction conditions tested for mono-Stille cross-couplings were not fruitful, 

precedent and sterics regarding a Suzuki cross-coupling remain a good possibility, as the sterically 

hindered Sn/Pd transmetallation can be avoided and Sn/borane transmetallations have been shown 

to be accessible in sterically hindered systems.13 Provided successful synthesis of 5, two possible 

methods become available (Scheme 16). With the di-coupling of 5 and two equivalents of 

benzanthrone 7, the NG 8S could be synthesized via Scholl cyclization. This would give a novel 

NG, with both components being formed from peri-annulations. The tBu groups and  ketones can 

help with solubility, and the ketone could also serve for further extension. Suzuki was shown to 

occur (albeit in moderate yields) with an ortho-position in both coupling reagents occupied, 

therefore rendering the synthesis of 8S as an achievable goal.13,15 Of course, another pathway 

involving the mono-coupling of 5 is also an extension possibility. Some literature precedent was 

found for mono-Suzuki cross-couplings but has not been thoroughly explored, particularly in 

aromatic systems such as ours.16  

 Although mono-Stille coupling with attempted conditions was not successful so far, we 

believe conditions could be found to make the reaction successful, whether that be through removal 

of the tBu group on the ortho-phenyl, longer reaction times, amongst other possibilities that the 

high chemical flexibility of the Bu3Sn moieties give us. It is also important to mention that a 

competing reaction, the metal-mediated protodestannylation was only observed at high 

temperatures and in low amounts. If the low reactivity and steric hinderance can be overcome with 
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change of conditions, the mono-cross-coupling appears to be accessible. With success overcoming 

this barrier, the extension to 9 and 9S is likely. 

 In this case, mono-coupling would be advantageous as a proof of concept to longer 

extensions. By adding a single “end-cap” as seen in 6, we can avoid polymerization of our desired 

NG structure to avoid difficulties with characterization, while also increasing solubility with the 

chosen aryl halide, and effectively demonstrating the potential extension the molecule is capable 

of. With two equivalents of mono-cross-coupled product 6 and another Suzuki cross-coupling with 

a diaryl halide, novel GNR structures of 19 aromatic rings or greater could potentially be 

synthesized (9S). Finally, successfully achieving these goals could be taken for the non-end-

capped polymerizations to access GNRs in future endeavors. 

 

 

 

 

 

 

 

 

 

 

 

Scheme 16. Possible pathways to access novel NG architectures without Stille coupling. 
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CHAPTER THREE: CONCLUSIONS 

 The goal of this project was to develop methods for the synthesis of novel NGs. Eight 

different Stille coupling conditions were attempted in a sterically hindered starting material but, 

disappointingly, did not show formation of desired product, even after long reaction times. As Sn 

tries to transmetallate to a Pd catalyst, we presume the increased sterics from an occupied ortho-

position on the Sn nucleophile prevent or make this difficult. This may be particularly damaging 

for the tetrahedral Sn-center when attempting to transmetallate to a tri- or tetracoordinated Pd 

complex.10 Difficulty with these reactions suggests a Stille mechanism which shows 

transmetallation and reductive elimination as challenging steps to achieve.  

 To circumvent this issue, an Au co-catalyst was added for a cross-coupling attempt. 

Addition of Au co-catalyst should allow for a less sterically hindered transmetallation between 

Sn/Au and thus between Au/Pd. In our attempt, only starting material was recovered; however, 

some Bu3SnI was identified in crude NMR, suggesting possibility of reaction progress but at a 

very slow rate. In this reaction triphenylphosphine (a bulky phosphine) was used as a ligand for 

both the Au and Pd catalysts. Arsine has been found to be a better leaving ligand than phosphine 

due to its weaker ı-donating character, thus the reaction would benefit to replace PPh3 with AsPh3. 

This replacement to enhance reaction rate was the next attempt to be thought-out but it was 

impossible to explore due to COVID-19. 

 Another method was considered: transmetallation between Sn and borane. Only one 

attempt was made before shutdowns due to COVID-19, with no reaction occurring after two hours, 

at which point the reaction dried out. With precedence of sterically hindered scaffolds transforming 

from Sn to boronic acid, this reaction is likely, given more time and investigation.
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 While no methods toward mono-cross-coupling where achieved, several were still 

explored and identified as inaccessible or too slow to be considered acceptable for results. 

Interestingly, conditions that have previously worked for sterically hindered organostannanes 

failed to work on our scaffold. Our group reported cross-coupling success with a phenyl group in 

the ortho position, so perhaps the addition of the tert-butyl group rendered our stannane 

inaccessible to cross-coupling. Additionally, the transmetallation between Sn and borane was 

shown to be possible in sterically hindered systems. It could likely be that the steric effect of the 

tert-butyl group was also an obstacle for this transmetallation.  

 Creation of these structures using double peri-annulations and methods of expansion via 

cross-coupling are relatively unexplored at the zig-zag edge of NGs, adding to the novelty if these 

structures can be formed. While the proposed novel NG structures were not able to be synthesized, 

with continued time, discovery, and understanding of the right conditions, creation of these 

architectures could still be possible and is worth exploration.  

Further Directions 

 Research can be continued for synthesis of these novel NGs and GNRs with the use of 

reactions that showed potential, in theory and practice. The Pd(PPh3)4 in DMA showed potential 

at temperatures below reflux (165冽), giving complex mixtures with observed Bu3SnI. The Au/Pd 

co-catalyzed conditions also showed evidence of the beginnings of transmetallation with the 

observation of Bu3SnI in spectra. Optimization of these conditions might prove productive in 

finding a methodology that could lead to desired products. A more targeted design of NG and PAH 

architectures of interest may be guided by computations. These can be done before synthesis to 

determine if desired properties are present. Calculations could also help to determine the effect of 

the additional tert-butyl group on the ortho-positioned phenyl. Additionally, a synthesis of the 



 

21 
 

arsine derivatives of the Pd and Au catalysts could prove beneficial to reaction rate and therefore 

product formation, and if not successful, should be investigated as to why it is not.  

 Furthermore, the transformation of Sn to boronic acid shows potential for another route to 

access the same novel NG structure produced via the mono-Stille coupling. While this would 

reduce overall yield, it still provides an underexplored path toward extended ʌ-systems. If 

transformation to a boronic acid is attainable, our product could be coupled with two equivalents 

of the benzanthrone to give another interesting, novel NG structure. Provided success with any of 

these routes, a Scholl reaction should also be attempted for cycloaromatization on the extended 

system, as previously had been done on similar scaffolds in moderate yields.5 Additionally, 

photophysical and electrochemical studies on each molecule (leading up to and including the GNR 

architecture) should be completed, as pyrene (our base scaffold) is known as a popular 

chromophore5 and the effects of any functionalization on its high fluorescence quantum yields 

should be investigated. The next step in this story would be polymerization of the 

distannylpyrenes. Additionally, polymerization could be accessible but requires a control over 

dispersity and degree of polymerization, which can prove difficult. 

 While attempted reactions did not give ideal results, the lack of these results provides an 

interesting window for investigation of the cause. Formation of Bu3SnI in two of the mono-Stille 

coupling attempts suggests potential, but with very long reaction times that were unable to be 

completed. With additional time and resources there is possibility of accessing the desired 

structures.
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SUPPORTING INFORMATION 

Materials and Methods 

 Unless otherwise stated, all reactions were carried out under argon in flame-dried 

glassware with standard syringes, condensers, and septa. Tetrahydrofuran (THF), N,N-

dimethylmethanamide (DMF), and toluene were dried with a dry solvent system under argon 

before use. Dimethylacetamide was used under argon from a commercial source. Reagents were 

bought from a commercial source and used without prior purification unless otherwise noted. 

Reactions were magnetically stirred and monitored with thin layer chromatography on a silica 

gel plate with UV light as a visualizing agent and a solution of p-anisaldehyde and an aqueous 

solution of ceric ammonium molybdate along with heat were used for staining. Flash column 

chromatography was performed with silica gel; however, silica gel deactivated with 

triethylamine or basic alumina was used for purification of the distannylpyrenes. NMR spectra 

were recorded on a Varian 400 MHz instrument and all samples were dissolved in CDCl3. 

 

Experimental Data 

Synthesis of Napthalene-1,4-dicarbaldehyde 15 

 

A solution of 1,4-dibromonaphthalene (5.05 g) in 88 mL dry THF was brought to -78冽 in a dry 
ice/acetone bath. 7.03 mL of 2.49M nBuLi (1.1 equiv.) was added dropwise and left to react for 

1 hour. 1.70 mL of dry DMF (1.05 equiv.) was then added dropwise at -78冽 then brought to 
room temperature to stir for 30 minutes. The reaction mixture was then brought back to -78冽 
and 17.57 mL of 2.49M nBuLi (2.5 equiv.) was added dropwise and reacted for 2 hours. While 

still at -78冽 4.84 mL of dry DM‑ (3 equiv.) was added dropwise, then brought back to room 

temperature and stirred for 1 hour. 44mL of 2M HCl (8 equiv.) was added dropwise and stirred 

for 15 minutes at room temperature. The organic phase was washed with brine (x3). The 

combined aqueous layers were extracted with 30 mL MTBE (x3). The organic phase was dried 

over MgSO4 and solvent was evaporated under reduced pressure. Spectroscopy matched that 

previously reported. The carbaldehyde was isolated by recrystallization from EtOAc layered with 

hexanes to give 2.24 g of a pale yellow solid in 70% yield. 

 

 

 

 

 

 

1, 70% 
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Figure S1. 1H NMR (400 MHZ, CDCl3) of compound 1. 

Synthesis of radical cyclization precursor 2 

 

A 0.43M solution of 4-(tert-Butyl)phenylacetylene (2.2 equiv.) in dry THF was brought to -78冽 
in a dry ice/acetone bath. 3.01 mL of 2.38M nBuLi (2.4 equiv.) was added dropwise and stirred 

for 1 hour. Then, a 0.2M solution of the carbaldehyde (500 mg, 1.0 equiv.) in dry THF was 

added dropwise to the lithium acetylide mixture at -78冽. Next, the reaction mixture was 
warmed to room temperature and stirred for 1.5 h. After, MeI (12 equiv.) was added slowly and 

the reaction was left to stir overnight. The solvent was evaporated under reduced pressure. No 

aqueous work up on the crude was required, with and without aqueous work up gave almost 

identical yields. Purification was performed by flash column chromatography using a 94:6 

EtOAc: Hexanes mixture to give a 1.10 g, a 69% yield, of a yellow oil. A diastereomeric mixture 

was observed. 

 

 

 

 

 

 

1 2, 69% 
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Figure S2. 1H NMR (400 MHZ, CDCl3) of compound 2. 

Synthesis of double peri-annulation product 3 

 

A 0.31M solution of tributyltin hydride (2.5 equiv.) was combined with 1.6 equiv. of ACHN in 

toluene was added to a 0.025M refluxing solution of the cyclization precursor 2 in dry, outgassed 

toluene under argon with a syringe pump over 3 hours. The syringe was covered in foil while the 

tributyltin hydride/ACHN solution was added. The reaction was left to stir overnight but can be 

worked up 1.5 hours after addition of the solution ends. Flash column chromatography was used 

for purification. As tin decomposes on silica, a silica gel column was deactivated by 1% 

triethylamine in hexanes, was wet loaded onto the stationary phase and was purified with 1:2:97 

EtOAc:TEA:Hexanes in a short column. If purified in an alumina column, wet loading was also 

utilized and was purified with 99:1 Hex:EtOAc eluent with better yields. After purification, a 

clear oil in 28% yield was obtained. 

2 3, 28% 
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Figure S3. 1H NMR (400 MHZ, CDCl3) of compound 3. CDCl3 was passed through sodium 

bicarbonate before use. 

 

Attempted syntheses of mono-cross-coupled product 4 

 

Scheme 13. Entries for mono-cross-coupling reaction conditions. 

 

3 4 
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Entry 1 

 

 

Figure S4. 1H NMR (400 MHZ, CDCl3) of an aliquot of entry 1 for attempted mono-cross-

coupling. CDCl3 was passed through sodium bicarbonate before use. No reaction occurred and 

starting material was recovered. 
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Entry 2 

 

 

 

Figure S5. 1H NMR (400 MHZ, CDCl3) of an aliquot of entry 2 for attempted mono-cross-

coupling. CDCl3 was passed through sodium bicarbonate before use. No reaction occurred and 

starting material was recovered. 
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Entry 3 

 

 

Figure S6. 1H NMR (400 MHZ, CDCl3) of an aliquot of entry 3 for attempted mono-cross-

coupling. CDCl3 was passed through sodium bicarbonate before use. No reaction occurred and 

starting material was recovered. 
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Entry 4 

 

 

 

 

Figure S7. 1H NMR (400 MHZ, CDCl3) of an aliquot of entry 4 for attempted mono-cross-

coupling. CDCl3 was passed through sodium bicarbonate before use. No reaction occurred and 

starting material was recovered. 
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Entry 5 

 

 

 

 
Figure S7. 1H NMR (400 MHZ, CDCl3) of an aliquot of entry 4 for attempted mono-cross-

coupling. CDCl3 was passed through sodium bicarbonate before use. No reaction occurred and 

starting material was recovered. 
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Entry 6 

 
 

 

 
Figure S9. 1H NMR (400 MHZ, CDCl3) of an aliquot of entry 6 for attempted mono-cross-

coupling. CDCl3 was passed through sodium bicarbonate before use. Starting material was 

recovered, but the triplet around 0.92 ppm suggest formation of Bu3SnI. 
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Entry 7 

 

 
Figure S10. 1H NMR (400 MHZ, CDCl3) of an aliquot of entry 7 for attempted mono-cross-

coupling. CDCl3 was passed through sodium bicarbonate before use. Starting material was 

recovered, but the triplet around 0.92 ppm suggest formation of Bu3SnI. 
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Entry 8 

 

 
Figure S11. 1H NMR (400 MHZ, CDCl3) of an aliquot of entry 8 for attempted mono-cross-

coupling. CDCl3 was passed through sodium bicarbonate before use. Starting material was 

recovered, but other product, via iodination to an aliquot and addition of TFA to another aliquot 

was determined to be protodestannylated starting material. 

 


