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Abstract 

The understanding of pi conjugation in organic electronics has largely grown from linear 

conjugated oligomers and polymers. Recent research enabled the synthesis of 

[n]cycloparaphenylenes (CPPS) which show unique electronic properties from radial pi 

conjugation. Previous work in this lab incorporated CPPs into linear conjugated systems 

to investigate fundamental properties of the curved pi surface. This dissertation details 

the design of disjointly-substituted CPP incorporated into linear small molecule and 

polymeric systems, and synthetic attempts to extend functionalized CPPs with various 

aryl groups and fused polycyclic aromatic hydrocarbons (PAHs). Chapter 1 describes the 

design and optoelectronic characterization of [8]CPP with disjointly substituted di-alkyne 

subunits in collaboration with Dr. Ramesh Jasti that allows for pi extension primarily 

through Sonogashira cross couplings to afford small molecule and polymer systems. New 

electronic states arise from multiple operative radial/linear conjugation pathways, as the 

disjoint pattern results in both ortho and meta connections to the CPP ring. Chapter 2 

details oxidation studies of linearly extended CPPs and progress made on post-

construction cyclization chemistry to form fused PAH/CPP hybrids. Chapter 3 discusses 

progress made to synthesize CPPs with directly linked aryl groups, including the design 

of terphenyl model compounds, and ends with proposed CPP materials targets. Chapter 4 

introduces a design theory for organic diradicals through computational studies of linear 

conjugated diradicals with lower symmetry patterns, as well as CPP diradicals. Synthetic 

progress toward some of these low symmetry molecules are included alongside 

considerations for designing and characterizing stable and persistent organic diradicals. 
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Chapter I 

 

Synthesis and Characterization of Conjugated Molecules and Polymers 

involving Disjoint Cycloparaphenylenes
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Cyclic conjugated molecules have garnered theoretical and synthetic interest for 

decades1-3 as unique continuous pi electron systems with radial orientation of p orbitals.4 

In 1986, Schleyer predicted “in-plane” aromaticity of trannulenes5 following Hückel’s 

rule (4n + 2 π electrons), which has more recently been confirmed in a variety of 

hydrocarbon belts.6 One such group of compounds is the [n]cycloparaphenylenes 

([n]CPPs), which have received more and more attention since the first successful 

synthesis in 2008 by Dr. Ramesh Jasti and Dr. Carolyn Bertozzi.7 This built upon a rich 

history of cyclic conjugated systems (or attempts of) dating to at least 1934 (Scheme 1-

1).8-10 

 

Scheme 1-1. Structures of seminal cyclic conjugated organic molecules. [Adapted from 

refs. 8-10] 

Since 2008, a number of groups have achieved diverse new forms11-15 of CPPs while also 

delivering scalable production in multigram quantities.16,17 Despite the impressive array 

of potential material and device applications,18-24 nevertheless there is a deep well of 

fundamental properties yet to be explored which will, in turn, inform the real-world 

applications of CPPs. 
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Our understanding of cyclic conjugation remains far behind the much more studied linear 

pi electron delocalization, especially in mixed cyclic/linear systems. Combined 

experimental and computational study has proved invaluable to interrogate the increasing 

variety of CPPs both as neutral and as charged species,25-30 and a small number of CPP 

analogues with linear pi extensions have been reported.31-34 However, these orthogonal 

pathways show varying degrees of interaction in the ground state.35,36 Directly phenyl-

linked CPP polymers showed optoelectronic character arising only from the CPP core. In 

our lab, Dr. Garvin Peters reported novel mixing of linear and radial electronics in pi 

extended CPP polymers.37 Importantly, the aryl-ethynylene conjugated polymer 

backbone was attached para- across a single phenyl unit of the nanohoop. We 

hypothesized that connecting conjugated moieties to different phenyl units on the ring 

would give rise to fundamentally different conjugation pathways. Promisingly, through-

space electronic38,39 and charge transfer40 properties of substituted [2.2]paracyclophanes 

(pCp) can be tuned according to the substitution pattern on the benzene. Molecules built 

around the pCp core are commonly used to study chromophore-chromophore 

interactions. Put another way, two separate π systems can interact to form new 

conjugation pathways and properties depending on their orientation. As shown in Figure 

1-1, the substitution pattern of donor-acceptor units can blue-shift the molecule’s 

fluorescence by enabling radiative relaxation from higher energy excited states.41 

Through-bond electronic properties in CPPs should be similarly changeable.  



 

4 

 

 

Figure 1-1. Depending on the substitution pattern of [2.2]paracyclophane, emission from 

higher energy excited states can result in blue-shifted fluorescence (right). [Adapted from 

ref. 40] 

Based on molecular orbital theory, pseudo-meta paracyclophanes are symmetry allowed 

for through-space electron transport, while -ortho and -para are symmetry forbidden.42 

Interestingly, experimental spectra of aryl-ethynylene pCp molecules show only small 

differences to maximum absorption and emission wavelengths, 5 nm and 3 nm, 

respectively (Scheme 1-2).43 The contradiction could indicate the importance of the 

substituent or molecular motion (vibrations, etc.) which bend the formal rules for 

electronic transitions under experimental conditions. 

 

Scheme 1-2. Pseudo-meta, -ortho, and -para [2.2]paracyclophane polymers with aryl-

ethynylene substituents. 

We reported the synthesis of a class of disjoint [8]CPPs with linear pi extensions (Figure 

1-2).44 We observed novel optoelectronic properties arising from hybrid radial/linear 

ground state electronics, identifying operative ortho and meta delocalization pathways 

through the disjoint substitution pattern. The molecular design was expanded to pi 

conjugated polymeric systems, in which extended conjugation cannot occur solely along 

a linear chain but must follow an integrated linear/radial pathway through CPP rings. 
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This molecular design necessarily forces complete engagement of both the linear and 

radial conjugation pathways to achieve extended electronic delocalization. During these 

studies, the potential formation of a CPP dimer capsule during polymerization was 

hypothesized. Initial synthetic attempts to favor capsule formation are detailed and future 

directions are proposed. 

 

Figure 1-2. Diagram illustrating the integrated linear/radial conjugation pathway in 

disjoint CPPs. [Adapted from Ref. 44]. 

 

Results and Discussion 

Disjoint [8]CPP bis-alkyne precursors were obtained through the gradual build-up of 

strain to form pre-aromatized macrocycles according to a recently unreported synthesis 

by Dr. Ruth Maust in the Jasti lab (Scheme 1-3). Starting from the polyhalogenated 

benzene 1, alkynylated subunit 2 was prepared by Sonogashira coupling with 

(triisopropylsilyl)acetylene at the iodo position followed by lithium-halogen exchange at 
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the bromo position and subsequent addition to 4,4-dimethoxy-2,5-cyclohexadien-1-one.  

Following ketal deprotection, the alcohol was protected with chlorotriethylsilane to 

furnish 2. Mono-lithiated dibromobenzene was then added to the ketone of 2, followed by 

protection of the resulting alcohol with chlorotriethylsilane, to yield 3 as a single 

diastereomer. Lithiation of 3 at the bromo position followed by the addition of another 

equivalent of ketone 2 yielded lynchpin macrocycle precursor 4 again as a single 

diastereomer with two ethynyl-functionalized phenyl units separated by three 

(pro)aromatic rings. Suzuki coupling of 4 with bis(pinacolato)borane 5 using Pd SPhos 

G2 resulted in the eight-membered ring macrocycle 6. Reductive aromatization under 

mild tin chloride conditions45 gave CPP 7, and subsequent silyl deprotection yielded the 

disjoint dialkyne monomer 8. Disjoint linear pi extension was accomplished through 

Sonogashira cross-coupling, leading to well-defined small molecules and extended 

polymeric CPPs (Scheme 1-4). The small molecules (dis[8]-Th, dis[8]-Ph) consisted of 

[8]CPP with 2-thienylacetylene and phenylacetylene attachments, respectively. The 

polymers (Pdis[8]-Th, Pdis[8]-Ph) were prepared by polymerization with 2,5-diiodo-

3,4-dioctylthiophene and 1,4-bis(2-ethylhexyl)-2,5-diiodobenzene, respectively.  
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Scheme 1-3. Synthesis of disjoint-alkyne CPP dis[8] designed by Dr. Ramesh Jasti’s 

group. 
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Scheme 1-4. Synthesis of small molecule and polymeric [8]CPP systems with disjoint 

linear pi extension through sonogashira coupling with dis[8] (R=2-ethylhexyl, R’=octyl). 

Two classes of model compounds were designed.  The first was intended to remove the 

influence of the CPP curvature but still allow a portion of the oligophenyl conjugation 

path inherent to CPP.  Severe insolubilities were anticipated when working with a linear 

quinquephenyl core structure, so the phenylene pathway was truncated to a terphenyl 

spacer.  Two conjugation pathways between the alkynyl substituents can be traced 
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through the CPP: one is conjugated in an ortho sense while the other is conjugated meta 

(Figure 1-3).  Therefore, we targeted the terphenyl core models as linear CPP mimics 

with attachments of phenylacetylene (Ph) and 2-thienylacetylene (Th) at the terminal 

phenyl groups of the terphenyl in positions ortho (oTA) and meta (mTA) to the linear 

oligophenyl segment to create molecular models.  In a similar manner, suitable 

comonomer precursors were polymerized using Sonogashira coupling reactions to create 

polymeric models including the linear terphenyl segments.   

 

Figure 1-3. Illustrating the ortho (red) and meta (blue) conjugation pathways through the 

CPP ring based on position of the alkyne substituents. (Adapted from ref. 44). 

The second model class was intended to capture the largest linear conjugation pathways 

through the resulting materials under the scenario that the CPP does not participate in any 

electronic delocalization beyond the point of the local phenylene bearing the alkynyl 

attachment.  These are represented by PEB and PET for the molecular models and by 

BPEB and BPET for the polymeric models (Charts 1-1, 1-2).  In this extreme, the 

electronic properties are expected to be additive superpositions of the CPP electronics 

and the PEB/PET electronics (for dis[8]-Ph/dis[8]-Th) or the BPEB/BPET electronics 

(for Pdis[8]-Ph/Pdis[8]-Th).  
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Chart 1-1. Structures of Small Molecule Terphenyl Model Systems of CPP with Disjoint 

Linear Pi Extension showing ortho (red) and meta (blue) substitution patterns. 
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Chart 1-2. Structures of Polymeric Terphenyl Model Systems of CPP with Disjoint 

Linear Pi Extension showing ortho (red) and meta (blue) substitution patterns (R=2-

Ethylhexyl, R’=Octyl). 

Substantially lower molecular weights of these disjoint polymers were observed relative 

to the previously synthesized linear analogs (Table 1-1, shorter by at least 50%, based on 

Mn and the same Soxhlet extraction solvent). However, these shorter polymer lengths 

should not inhibit linear-radial conjugation. Dr. Garvin Peters’ previous work showed 

linear-radial conjugation across 1-3 repeat units, so these disjoint CPP polymers (ca. 7-10 

repeat units) should be sufficient for linear-radial conjugation to occur.  
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Table 1-1. Weight Average (Mw), Number Average (Mn) Molecular Weight, and 

Dispersity (Ɖ) for the Polymer systems. The Approximate Number of Repeat Units is 

determined relative to the Respective Monomer. Determined by Gel Permeation 

Chromatography in THF. 

 

PHOTOPHYSICAL PROPERTIES 

Absorbance spectroscopy of molecular model systems reveals significant new electronic 

features arising from the disjoint CPPs relative to both the bare CPPs and the linear CPP 

conjugation pathways.37 Dis[8]-Th and dis[8]-Ph display multiple peaks in their 

normalized UV-Vis absorbance spectra (Figure 1-4), whereas [8]CPP shows a single 

maximum absorption peak at 338 nm, which remains nearly unchanged in CPPs of 

different size.46 Comparatively, dis[8]-Th shows two absorption maxima at 342 and 320 

nm (Figure 1-4, top) while dis[8]-Ph shows an absorption maximum at 340 nm, as well 

as weaker peaks at 308 and 272 nm (Figure 1-4, bottom). The ca. 340 nm absorption 

corresponds to degenerate HOMO-1->LUMO and HOMO->LUMO+1 transitions which 

occur independent of CPP size.47 Although this suggests that the strongest absorption of 

both disjoint species is driven by similar molecular orbital transitions to that of [8]CPP, 

these peaks for the disjoint molecules are broader and extend to higher wavelengths than 

that for the bare [8]CPP. Importantly, the absorption profiles for both the disjoint (shown 

in black) and the linearly conjugated (shown in red) alkyne substituents are both 

substantially different from the bare [8]CPP (shown in blue) reflecting different degrees 

 Dis[8]-Th PDis[8]-Th 

(acetone) 

PDis[8]-Th 

(chloroform) 

Dis[8]-Ph PDis[8]-Ph 

(acetone) 

PDis[8]-Ph 

(chloroform) 

MW 202 1036  

(~5 

repeats) 

3399 (~17 

repeats) 

220  1306  

(~6 

repeats) 

3685 (~17 

repeats) 

Mn 201 646  

(~3 

repeats) 

1302 (~7 

repeats) 

219 997  

(~5 

repeats) 

2194 (~10 

repeats) 

Ɖ 1.00 1.60 2.61 1.00 1.31 1.68 
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of intramolecular pi electron conjugation as imposed by the nature of the CPP linkages.  

Both the phenyl- and thienyl-ethynylene substituents  in both linear and disjoint 

connections provoke comparable low-energy shoulders out to 450 nm, which corresponds 

to an enhanced allowedness of the CPP’s formally symmetry-forbidden HOMO-LUMO 

excitation.48  

 

 

Figure 1-4. UV-vis absorption spectra recorded in THF of [8]CPP small molecules show 

novel transitions in disjoint CPPs (Ph=Phenyl, Th=Thiophen-2-yl). Top: dis[8]-Th 

(black), [8]-Th (red), [8]CPP (blue). Bottom: dis[8]-Ph (black), [8]-Ph (red), [8]CPP 

(blue). (Adapted from ref 44) 
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In general, the photoluminescence of the disjoint monomers closely resembled both that 

of the linear monomers and of the bare [8]CPPs.  Excitation of dis[8]-Th at either 320 or 

342 nm results in a remarkably similar fluorescence profile but with weaker intensity 

when irradiated at the higher energy (Figure 1-5).  

 

Figure 1-5. Relative Emission spectra of dis[8]-Th excited at 342nm (solid blue) and 

320nm (green dashed) shows that dis[8]-Th radiates from the same energy level 

regardless of excitation wavelength. 

According to Kasha’s rule, both excited species relax to the same energy level prior to 

radiation. Internal relaxation of “excess” energy results in decreased luminescence 

intensity when dis[8]-Th is excited at 320nm. The peak photoluminescence wavelengths 

of both dis[8]-Th (546 nm) and dis[8]-Ph (544 nm) are blue-shifted from the analogous 

linear CPPs (560 and 556 nm, respectively) and resemble [8]CPP but without a high-

energy shoulder (Figure 1-6). 
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Figure 1-6. Normalized photoluminescence spectra of dis[8]-Th (top) and dis[8]-Ph 

(bottom) closely resemble [8]CPP and linear [8]CPPs. 

The absorption spectra for dis[8]-Th/Ph display enhanced broad transitions in the long 

wavelength region around 400 nm, where the parent [8]CPP has a forbidden transition. 

This enhancement is understood as being the consequence of the lower symmetry of the 

substituted dis[8]-Th/Ph molecules. The transitions for dis[8]-Th/Ph and [8]-Th/Ph (the 

latter are the non-disjointed “linear” variants) in the mid-wavelength range between 

approximately 270 to 370 nm developed significant complexity relative to [8]CPP as 

shown in Figure 1-4. We suggest a temporary assignment of the two peaks in this region, 

one for the syn- and one for the anti-conformers. The energy difference between the two 
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conformers of dis[8]-Th are calculated to be within 0.1 kcal/mol. In the case of dis[8]-Ph 

the C2 (syn) conformer is computed to be more stable than the  C1 (anti) by a mere 0.6 

kcal/mol. Given their low rotational isomerization energies, for dis[8]-Th, the two peaks 

should have a relative abundance of nearly 1:1 based on the theoretical energy difference 

of 0.1 kcal/mol. For dis[8]-Ph, the syn is computed to be slightly more stable allowing 

the higher energy peak (308 nm) to be slightly lower in intensity compared to the one at 

340 nm. Variable-temperature UV-vis spectroscopy showed no significant changes to the 

spectra of dis[8]-Th from 5°C – 50°C in THF and 25°C – 75°C in o-DCB. 

The spectra of polymers Pdis[8]-Th and Pdis[8]-Ph show broad absorbance maxima at 

331 and 329 nm, respectively (Figure 1-7). Both polymers have a broad low-energy tail 

that is much weaker than the shoulder absorption attributed to radial-linear conjugation in 

non-disjoint polymeric systems.37 Short (3-5 repeat units) and long (7-10 repeat units) 

polymers were isolated in acetone and chloroform Soxhlet extractions, respectively. 

Longer polymers display a slightly stronger shoulder at high wavelengths but are very 

similar otherwise (Figure 1-8).  

Accordingly, the properties of the polymers most likely arise from the disjoint 

substitution pattern and the electronic properties of the aryl-ethynyl linker. The main 

peak around approximately 270 to 370 nm for both Pdis[8]-Th and Pdis[8]-Ph shows a 

broadening and disappearance of the double peak that was present in the spectra for the 

dis[8]-Th and dis[8]-Ph monomers reflecting a further reduction in symmetry, and likely 

resulting from an average of the syn- and anti- conformers dominating the spectra. 

Photoluminescence spectra reveal radiation from an excited state localized to the CPP 
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rings in the polymers (Figure 1-7). Quantum yields for these [8]CPP derivatives were all 

around 10%, similar to that of the parent [8]CPP. 

 

Figure 1-7. UV-vis absorbance (solid) and photoluminescence emission (dashed) spectra 

recorded in THF of Pdis[8]-Th (top, black) and Pdis[8]-Ph (bottom, black) compared to 

P[8]-Th/Ph (red) and [8] (blue). [Adapted from ref. 44]. 
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Figure 1-8. Absorption spectra in THF of disjoint [8]CPP polymers with low (solid 

green) and high (black dashed) molecular weights, respectively. Top: Pdis[8]-Th; 

Bottom: Pdis[8]-Ph. 

 

The intensity of the [8]CPP-based wide band observed at 400-450 nm is enhanced in 

polymers for both Pdis[8]-Th and Pdis[8]-Ph, as shown in Figure 1-7.  These red-shifts 

are significant to indicate hybridization between the [8]CPP pi orbitals and the respective 

orbitals in the linking conjugated groups leading to extended delocalization. Further 
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experimental indication is provided by the enhanced long wavelength tail for samples 

with longer polymers (Figure 1-8) for both of the Th and Ph variants. 

The high energy band is stronger in both the simulation and the experiment, and it is also 

rather broad and structureless in the experiment, likely due to the superposition of slightly 

different peaks for different n values. The double peak observed for the monomers 

disappears also due to this superposition. 

 

Figure 1-9. A) UV-vis absorption and B) photoluminescence emission spectra of dis[8]-

Th (black), oTA-Th (green), mTA-Th (blue), PET (brown dashed), p-Ter (grey dashed). 

C) UV-vis absorption and D) photoluminescence emission spectra of dis[8]-Ph (black), 

oTA-Ph (green), mTA-Ph (blue), PEB (brown dashed), p-Ter (grey dashed). PET was 

non-fluorescent. [Adapted from ref. 44]. 

In the extreme that the radial CPP pi system does not participate in delocalization with 

the linear aryl-ethynylene pi systems, we would expect the electronic properties of dis[8]-
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Th/Ph to be additive superpositions of CPP electronics and PET/PEB electronics. The 

absorption of PET shows a slight low-energy shoulder close to the 320 nm feature of 

dis[8]-Th; however, the high energy absorbance at 280 nm is clearly absent in the 

disjoint CPP (Figure 1-9a). Similarly, the electronics of dis[8]-Ph are wholly unlike PEB 

(Figure 1-9c,d). Thus, PET/PEB conjugation is being extended by virtue of the radial 

CPP bridges in dis[8]-Th/Ph, and PEB excitations are able to funnel into the CPP 

manifold to fluoresce on account of the linear-radial electronic coupling. 

 The ortho and meta terphenyl molecular models helped to further visualize the 

localization present in strictly linear conjugation pathways decoupled from CPP radial 

conjugation. Spectra of mTA-Th revealed ground state electronics quite comparable to 

PET, with PL features similar to p-Ter (Figure 1-9a,b). In contrast, oTA-Th showed a 

more complex ground and excited state electronic structure. The lower energy absorption 

features at 312 and 328 nm are quite distinct from the lower energy PET signatures, 

indicating extended pi conjugation despite the expected torsional clashing in the ortho 

system. oTA-Th showed a broad PL profile centered at 385 nm that was red-shifted 42 

nm from p-Ter.  PET was observed to be non-fluorescent in THF, and we were unable to 

find any published PL data. Similar to mTA-Th, the ground state electronics of mTA-Ph 

are largely reminiscent of PEB, and fluorescence occurs from the localized p-Ter 

backbone (Figure 1-9c,d). Compared to mTA-Ph, oTA-Ph shows more blended 

electronic character: The 268 nm absorption is blue-shifted ca. 12 nm from p-Ter. The 

broad transitions at 290 and 306 nm overlap with PEB but extend out to 360 nm, 

indicative of extended conjugation. The broad fluorescence of oTA-Ph centered at 377 

nm is red-shifted 34 nm from p-Ter and 74 nm from the strongest PEB emission feature. 
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The terphenyl subunits used in our models do not entirely capture the local 

quinquephenyl linkages between the disjointed CPP substituents, they provide a 

reasonable alternative.  Replacing the terphenyl with quinquephenyl (λmax=301 nm)49 

would be expected to red-shift some of the relevant absorption profiles similarly within 

the spectral envelopes of dis[8]-Th/Ph. Regardless,  the fact that dis[8]-Th/Ph do not 

show signs of localized terphenyl, quinquephenyl (λmax ca. 370 and 390 nm)50 or 

PET/PEB PL structure further indicated the hybrid fusion of radial and linear electronic 

character.  Excitations are not localized to small segments of the molecules but are truly 

delocalized along both the linear PET/PEB segments and the radial CPP units.  

The respective enhancement of the long wavelength tails of the ortho vs. meta is 

observed experimentally for both oTA-Th and oTA-Ph, as seen in Figure 1-9a,c. 

The hybrid radial-linear conjugation was also apparent through inspection of the model 

oligomers and polymers related to Pdis[8]-Th/Ph (Figure 1-10).  While the absorption 

footprints for BPET and BPEB fall within those of the corresponding Pdis[8]-Th/Ph, the 

emission energies vary substantially.  Both BPET and BPEB show higher energy 

structured PL signatures (with peak λmax at ca. 375 and 350 nm, respectively), all 

emission from the Pdis[8] polymers appears to arise from the CPP cores.  This is also the 

case for the linear terphenyl polymer models where PoTA-Th/Ph and PmTA-Th/Ph 

display wide absorption footprints extending well beyond 375 nm, with the most intense 

absorptions falling in the high energy regions above 325 nm. These highly structured 

absorption features are unexpected, as absorptions often broaden in polymers from many 

overlapping transitions. All of the terphenyl polymers maintained vibronically structured 

PL signatures, slightly redshifted compared to the BPET/BPEB linear models, and with 
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the ortho polymers falling at longer wavelengths compared to the meta polymers. These 

features were at much higher energies than the emission footprints for the dis[8] 

polymers corresponding to the funneling of excitation to the localized CPP units as 

observed in the molecular models.  

 

Figure 1-10. A) UV-vis absorption and B) photoluminescence emission spectra of 

Pdis[8]-Th (black), PoTA-Th (green), PmTA-Th (blue), BPET (brown dashed), p-Ter 

(grey dashed). C) UV-vis absorption and D) photoluminescence emission spectra of 

Pdis[8]-Ph (black), PoTA-Ph (green), PmTA-Ph (blue), BPEB (brown dashed), p-Ter 

(grey dashed). [Adapted from ref. 44]. 

The weak longest wavelength tails are observed for the polymers PmTA-Ph and PoTA-

Th (and are further suppressed for PmTA-Th and PoTA-Ph). These tails appear around 

440 nm for PoTA-Th and around 425 nm for PmTA-Ph and are unexpected. In the 

polymers containing [8]CPP, the forbidden band in the same general region becomes the 

source of the long tail as this transition becomes (lightly) allowed. There is no such 
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forbidden band for these model terphenyl systems, so the origin of these low-energy 

features remains unclear.  

The peak positions are interpreted as the red shifted transitions that correspond chiefly to 

the HOMO to LUMO transition: These peaks center in the range between 410 to 440 nm 

with rather uncertain experimental values for the two PmTA-Th and PoTA-Ph with very 

low intensity.  

 

Dimer capsule 

During our initial studies of disjoint CPPs we observed a poorly soluble product 

remaining after Soxhlet extraction of polymers using methanol, acetone, and chloroform. 

Our initial assumption was that this was high molecular weight polymer, and so we 

extracted with methylene chloride and analyzed the isolated yellow solid. What we found 

instead suggested the formation of a CPP dimer capsule, with two syn-conformer CPPs 

connected by two arylene-ethynyl linkers. Severely dilute cross-coupling conditions were 

reasoned to be more likely to form the CPP dimer capsule according to entropic 

considerations (Scheme 1-5). Further purification of the product was attempted through 

recrystallization, however, the material decomposed after exposure to peroxide 

contaminants in THF. 
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Scheme 1-5. Proposed formation of [8]CPP capsule dimer with arylene-ethynylene 

linkers formed under Sonagashira cross-coupling conditions. 

Synthetic replication was therefore needed in order to definitively identify the structure. 

Previous calculations revealed the syn conformer of dis[8]-Ph is more stable by 0.6 

kcal/mol than the anti (vide supra). Dis[8]-Th showed a smaller energy gap (0.1 

kcal/mol). In order for a dimer capsule to form both participating CPPs must be syn. In 

light of the small conformer energy gaps, higher temperature in the recent trial may 

inhibit the coupling of syn CPPs which likely takes place in the early stages of reaction 

prior to significant polymerization. This raises the question if we could more selectively 

synthesize dimers by running the reaction at lower temperatures while still being high 

enough to activate the catalyst.  

The polymerization reaction was run with a relatively high concentration of Dis[8] (10 

mM) Hoping to favor dimer formation over polymerization, dilute reaction conditions 

(0.9 mM) were attempted while maintaining 1:1 stoichiometry of Dis[8] and the aryl-

diiodide. After silica gel chromatography, MALDI data of the material showed the mono- 

and di-coupled products (Figure 1-11). Presumably, any oligomer or polymeric material 

does not pass through silica gel. Although none of the desired dimer capsule was 

observed, the isolated products could be used for eventual dimer formation. They could 
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be considered as “intermediates” in a one-pot synthesis. Therefore, this represents a 

significant advance that can be expanded upon in the future.  
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Figure 1-11. MALDI-TOF mass spectrometry of attempted CPP dimer capsule reaction 

shows Sonogashira coupling of Dis[8]-Th with one (top) and two (bottom) phenyl 

dihalide groups. 
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Conclusions 

We observed hybrid electronic character delocalized over radial CPP units and 

conjugated linear segments in disjoint CPP systems. Broadened absorption at ca. 340 nm 

is accompanied by new high energy transitions in dis[8]-Th/Ph molecular models 

corresponding to blended conjugation of the radial CPP and the localized linear 

fragments (PET/PEB). The broadened absorption profile of Pdis[8]-Th/Ph polymers 

differs significantly from linear P[8]-Th/Ph polymers and bare [8]CPP. The multimodal 

absorbance in disjoint molecules and the broadened absorbance in polymers arise from 

many overlapping transitions. Importantly, electronic character can be shared along both 

the ortho and meta nanohoop conjugation pathways. The emission footprint for the dis[8] 

small molecules and polymers reveals the funneling of excitation to local CPP units. 

Molecular oTA- systems show extended conjugation, whereas mTA- models show 

localized electronic character. Surprisingly, both polymeric model systems PoTA- and 

PmTA- show blended electronic character despite our expectation of meta conjugation to 

be limited as in the small molecules.  Control over delocalization within and through 

disjoint CPP rings opens new research opportunities of fundamental and material 

importance. Synthesis of a dimer capsule CPP is proposed and initial results were 

discussed. 
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Experimental 

 

General Information 

Moisture- and oxygen-sensitive reactions were carried out in flame-dried glassware under 

inert atmosphere of purified nitrogen using syringe/septa techniques or standard Schlenk 

procedures. Compound 5,45 SPhos-Pd-G2,51 2,5-diiodo-3,4-dioctylthiophene,52 ((3-

bromophenyl)ethynyl)trimethylsilane,53 ((2-bromophenyl)ethynyl)triisopropylsilane,54 

BPET,55 2-(phenylethynyl)-thiophene (PET),56 and diphenylacetylene (PEB)56 were 

synthesized according to the literature. Tetrahydrofuran (THF), 1,4-dioxane, and 

dimethylformamide (DMF) were dried by filtration through alumina according to the 

methods described by Grubbs.57 Methylene chloride (DCM) and toluene were purified 

using an Innovative Technologies SPS-400-6 Solvent Purification System and dried over 

Acros Organic 4Å molecular sieves. Hexanes (HEX) were purified by drum-distillation 

and dried over 4Å molecular sieves. All other solvents and reagents were purchased from 

Sigma-Aldrich, Fisher Scientific, Alfa Aesar, or Oakwood Chemicals and used without 

further purification. 

1H and 13C NMR spectra were obtained on a Bruker Avance II or III 400 MHz 

spectrometer, Bruker Avance III HD 500 MHz or 600 MHz spectrometer. 1H spectra 

were referenced with residual protio-solvent resonances as the internal standard (CHCl3: 

7.26 ppm, CHDCl2: 5.32 ppm). 13C were taken with solvent resonances used as the 

internal standard (CDCl3: 77.2 ppm, CD2Cl2: 53.8 ppm). Data are reported as: Chemical 

shift in ppm (multiplicity, integration, coupling constant). UV-Vis data were collected on 

a Cary 50 Bio UV-Vis spectrophotometer. Photoluminescence data were collected on a 

Photon Technology International (PTI) fluorometer (QuantaMaster 40) with a 75-W 
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Ushio Xenon short arc lamp, using Felix32 version 4.9 software. Gel permeation 

chromatography was performed on an Agilent 1260 Infinity Series (degasser, iso pump, 

TCC, DAD) using unstabilized THF at 40º C vs. Agilent EasiVial PS-M polystyrene 

standards.  

Thin layer chromatography (TLC) was performed using Sorbent Technologies Silica Gel 

XHT TLC plates. Developed plates were visualized using UV light at wavelengths of 254 

and 365 nm. Silica column chromatography was conducted with Zeochem Zeoprep 60 

Eco 40-63 µm silica gel. Flash chromatography was performed under manual air pressure 

on silica (SiO2, 40-63 µm, 230-400 mesh). Alumina column chromatography was 

conducted with basic Alumina (ph 10), Act. II-III 50-200µM (Sorbtech Catalog# 15300-

25). Automated flash chromatography was performed using a Biotage Isolera One.  

dis[8]-Th 

 

8 (1.0 mL of a 9 mM solution in toluene, 9 µmol, 1 eq), 2-iodothiophene (0.10 mL of a 

0.20 M solution in toluene, 20 µmol, 2.2 eq), Pd(PPh3)4 (0.1 mL of a 4 mM solution in 

toluene, 0.5 µmol, 5 mol%) and copper (I) iodide (0.1 mL of a 9 mM solution in toluene, 

0.9 µmol, 10 mol%) were added to a flame-dried Schlenk flask under nitrogen 

atmosphere, followed by dry and degassed toluene (0.7 mL) and diisopropylamine (2 

mL). The solution was heated to 85 °C in an oil bath and stirred for 19 hr. After cooling 
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to room temperature, the crude was diluted in diethyl ether (10 mL). The organic extracts 

were washed with sat. NH4Cl (2 x 10 mL), brine (1 x 10 mL), dried over MgSO4 and 

concentrated in vacuo. The crude product was purified using a silica plug (1:4, methylene 

chloride: hexanes) to give dis[8]-Th as a yellow solid (5 mg, 6 µmol 70% yield). 

1H NMR (400 MHz, CD2Cl2): δ 7.87 (d, 2H, J = 2.0 Hz), 7.74 (d, 4H, J = 8.9 Hz), 7.58-

7.42 (m, 20H), 7.35 (dd, 2H, J = 5.1, 1.1 Hz), 7.28 (dd, 2H, J = 1.1, 3.6 Hz), 7.16 (dd, 2H, 

J = 2.1, 8.5 Hz), 7.08-7.04 (m, 4H), 13C (1H) NMR (100 MHz): Low solubility of 

product occluded acquisition of 13C NMR 

MALDI: found m/z: 819.844; calc. for [C60H36S2 + H]+: 820.2258. 

 

dis[8]-Ph 

 

8 (1.0 mL of a 9 mM solution in toluene, 9 µmol, 1 eq), iodobenzene (0.10 mL of a 0.20 

M solution in toluene, 20 µmol, 2.2 eq), Pd(PPh3)4 (0.1 mL of a 4 mM solution in 

toluene, 0.5 µmol, 5 mol%) and copper (I) iodide (0.1 mL of a 9 mM solution in toluene, 

0.9 µmol, 10 mol%) were added to a flame-dried Schlenk flask under nitrogen 

atmosphere, followed by dry and degassed toluene (0.7 mL) and diisopropylamine (2 

mL). The solution was heated to 85 °C in an oil bath and stirred 19 hr. After cooling to 

room temperature, the crude was diluted in diethyl ether (10 mL). The organic extracts 
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were washed with sat. NH4Cl (2 x 10 mL), brine (1 x 10 mL), dried over MgSO4 and 

concentrated in vacuo. The crude product was purified using a silica plug (1:4, methylene 

chloride: hexanes) to give dis[8]-Ph as a yellow solid (6 mg, 7 µmol, 81% yield). 

1H NMR (400 MHz, CDCl3): δ 7.88 (d, 2H, J = 1.9 Hz), 7.76 (d, 4H, J = 8.9 Hz), 7.54-

7.42 (m, 24H), 7.35 (d, 3H, J = 1.9 Hz), 7.34 (d, 3H, J = 2.0 Hz), 7.09 (dd, 2H, J = 8.5, 

2.0 Hz), 7.01 (d, 2H, J = 8.5 Hz), 13C (1H) NMR (100 MHz): Low solubility of product 

occluded acquisition of 13C NMR 

MALDI: found m/z: 807.971; calc. for [C64H40 + H]+: 808.3130. 

 

Pdis[8]-Th 

 

Pd(PPh3)4 (1.0 mg, 0.87 µmol, 4 mol%), and copper (I) iodide (0.5 mg, 3 µmol, 13 

mol%) were added to a Schlenk tube which was then evacuated and backfilled with N2 

three times. 8 (1.0 mL of a 20 mM solution in toluene, 20 µmol, 1 eq), 2,5-diiodo-3,4-

dioctylthiophene (0.5 mL of a 40 mM solution in toluene, 20 µmol, 1 eq), and additional 

toluene (0.5 mL) was added. Degassed diisopropylamine (2 mL) was added before 

heating to 80°C in an oil bath. The solution was stirred 80 °C for 72 hr before cooling to 

room temperature. The crude reaction mixture was concentrated to ~0.5 mL in vacuo and 
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then rapidly injected into methanol (50 mL). The yellow precipitate thus formed was 

purified by Soxhlet extraction in methanol (24 hr), acetone (24 hr), and chloroform (24 

hr) to give the product Pdis[8]-Th (acetone fraction: 6 mg yellow solid; chloroform 

fraction: 6 mg yellow solid, 50% combined yield). 

1H NMR (400 MHz, CDCl3): δ 7.89-7.64 (m), 7.56-7.36 (m), 7.14-6.95 (m) 1.38-1.18 

(m), 0.92-0.78 (m) 

 

Pdis[8]-Ph 

 

Pd(PPh3)4 (1.1 mg, 0.95 µmol, 4 mol%), and copper (I) iodide (0.5 mg, 3 µmol, 13 

mol%) were added to a Schlenk tube which was then evacuated and backfilled with N2 

three times. 8 (1.0 mL of a 20 mM solution in toluene, 20 µmol, 1 eq), 1,4-bis(2-

ethylhexyl)-2,5-diiodobenzene (0.5 mL of a 40 mM solution in toluene, 20 µmol, 1 eq), 

and additional toluene (0.5 mL) was added. Degassed diisopropylamine (2 mL) was 

added before heating to 80 °C in an oil bath. The solution was stirred at 80 °C for 72 hr 

before cooling to room temperature. The crude was concentrated to ~0.5 mL in vacuo and 

then rapidly injected into methanol (50 mL). The yellow precipitate was purified by 

Soxhlet extraction in methanol (24 hr), acetone (24 hr), and chloroform (24 hr) to give 
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the product Pdis[8]-Ph (acetone fraction: 6 mg yellow solid; chloroform fraction: 6 mg 

yellow solid, 50% combined yield).  

1H NMR (400 MHz, CDCl3): δ 7.90-7.62 (m), 7.58-7.35 (m), 7.25-7.22 (m), 7.14-6.95 

(m), 1.38-1.16 (m), 0.93-0.77 (m) 

 

mTA-TMS 

 

1,4-benzenediboronic acid (180 mg, 1.1 mmol, 2.1 eq), Pd(PPh3)4 (90 mg, 0.08 mmol, 

0.15 eq), and K2CO3 (432 mg, 3.13 mmol, 6.00 eq) were added to a flame-dried Schlenk 

flask, fitted with a Liebig condenser which was then evacuated and backfilled with N2 

three times. ((3-bromophenyl)ethynyl)trimethylsilane (132 mg, 0.521 mmol, 1.00 eq) was 

dissolved in THF (4 mL) and transferred to the Schlenk flask via cannula. D.I. H2O (0.1 

mL) was added and the solution was heated to 75 °C in an oil bath and stirred for 24 hr. 

After cooling to room temperature, the crude reaction mixture was diluted with NH4Cl(aq) 

(5 mL) and then subjected to rotary evaporation to remove the organic solvent. 10 mL 

H2O was added to the residue and it was extracted with diethyl ether (3x10 mL). The 

organic extracts were dried over MgSO4 and concentrated in vacuo. The crude product 

was purified using a silica plug (1:9, methylene chloride: hexanes) to give mTA-TMS as 

a white solid (54 mg, 13 mmol, 49% yield). 
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1H NMR (400 MHz, CDCl3): δ 7.75 (s, 2H), 7.66 (s, 4H), 7.58 (d, 2H, J = 2.56 Hz), 7.46 

(d, 2H, J = 2.56 Hz), 7.39 (m, 2H), 0.27 (s, 18H), 13C (1H) NMR (100 MHz, CDCl3): δ 

140.6, 139.5, 130.9, 130.6, 128.7, 127.5, 127.2, 123.7, 105.0, 94.4, 0.0 

HRMS (EI): found m/z: 422.1889; calc. for C28H30Si2: 422.1886. 

mTA 

 

mTA-TMS (54 mg, 0.13 mmol, 1.0 eq) was added to a flame-dried Schlenk tube which 

was then evacuated and backfilled with N2 three times. Degassed methylene chloride (4 

mL) and methanol (3 mL) were added via syringe. K2CO3 (36 mg, 0.26 mmol, 2.0 eq) 

was added under positive nitrogen pressure while stirring and the mixture was stirred at 

room temperature for 4 hr. Deionized water (10 mL) was added and the aqueous layer 

was extracted with DCM (3 x 10 mL). The organic extracts were washed with water (3 x 

10 mL) and then dried over MgSO4 and concentrated in vacuo. The crude product was 

purified using a silica plug (1:9, methylene chloride: hexanes) to give mTA as a white 

solid (27 mg, 97 µmol, 76% yield). 

1H NMR (400 MHz, CDCl3): δ 7.78 (m, 2H), 7.66 (s, 4H), 7.62 (m, 2H), 7.49 (m, 2H), 

7.42 (m, 2H), 3.12 (s, 2H) 13C (1H) NMR (100 MHz, CDCl3): δ 140.8, 139.5, 131.0, 

140.7, 128.9, 127.5, 127.5, 122.7, 83.6, 77.4 

HRMS (EI): found m/z: 278.10904; calc. for C28H30Si2: 278.1096. 
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oTA-TIPS 

 

1,4-benzenediboronic acid (50 mg, 0.3 mmol, 1 eq), Pd(PPh3)4 (32 mg, 0.028 mmol, 0.1 

eq), Sphos (12 mg, 0.029 mmol, 0.1 eq), K3PO4 (380 mg, 1.8 mmol, 6 eq) were added to 

a Schlenk flask which was then evacuated and backfilled with N2 three times. ((2-

bromophenyl)ethynyl)triisopropylsilane (201 mg, 0.600 mmol, 2 eq), THF (6 mL), EtOH 

(2 mL), and H2O (1 mL) were added separately via syringe. The flask was fitted with a 

Liebig condenser under positive nitrogen pressure which was then flushed with nitrogen, 

5 min, before sealing with a septum. The solution was heated to 80 °C in an oil bath and 

stirred 22 hr. After cooling to room temperature, the crude material was filtered through 

Celite using DCM and concentrated in vacuo. The crude product was purified using 

automated flash chromatography (silica, 6-8% methylene chloride: hexanes) to give 

oTA-TIPS as a white solid (84 mg, 0.14 mmol, 47% yield). 

1H NMR (400 MHz, CDCl3): δ 7.62 (d, 2H, J = 7.56 Hz), 7.60 (s, 4H), 7.41-7.34 (m, 

4H), 7.29 (dd, 2H, J = 7.22, 1.95 Hz), 1.02 (s, 36H), 13C (1H) NMR (100 MHz, CDCl3): 

δ 144.2, 139.5, 133.8, 129.3, 129.3, 128.9, 128.5, 127.9, 126.9, 122.0, 106,4, 94.1, 18.6, 

11.3 

HRMS (EI): found m/z: 590.37586; calc. for C40H54Si2: 590.3764. 
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oTA 

 

oTA-TIPS (84 mg, 0.14 mmol, 1 eq) was added to a vial which was then evacuated and 

backfilled with N2 three times. THF (2 mL) was added via syringe to dissolve the starting 

material. 1.0 M TBAF(THF) (0.30 mL, 0.30 mmol, 2.1 eq) was added dropwise via 

syringe and the solution was stirred 2 hr. The solution was diluted with H2O (10 mL) and 

then extracted with methylene chloride (3x10 mL). The combined organic extracts were 

washed with H2O (2x10 mL), brine (1x10 mL), dried over MgSO4 and concentrated in 

vacuo. The crude product was purified using flash chromatography (silica, 1:9 methylene 

chloride: hexanes) to give oTA as a white solid (40 mg, 0.14 mmol, 100% yield). 

1H NMR (400 MHz, CDCl3): δ 7.68 (s, 4H), 7.65 (d, 2H, J = 7.40 Hz), 7.48-7.40 (m, 

4H), 7.33 (dd, 1H, J = 6.87, 1.96 Hz), 7.31 (dd, 1H, J = 6.87, 1.96 Hz), 3.08 (s, 2H), 13C 

(1H) NMR (100 MHz, CDCl3): δ 144.0, 139.4, 134.0, 129.7, 129.0, 128.9, 127.1, 120.4, 

83.2, 80.3 

HRMS (EI): found m/z: 278.10931; calc. for C22H14: 278.1096 
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mTA-Th 

 

mTA (5.5 mg, 20 µmol, 1 eq) was dissolved in toluene (1.1 mL) and added to a flame-

dried Schlenk flask under nitrogen atmosphere. 2-iodothiophene (0.3 mL of a 0.2 M 

solution in toluene, 60 µmol, 3 eq), Pd(PPh3)4 (0.30 mL of a 4.0 mM solution in toluene, 

1.2 µmol, 6 mol%) and copper (I) iodide (0.30 mL of a 9.0 mM solution in toluene, 2.7 

µmol, 14 mol%) were then added to the flask, followed by degassed diisopropylamine (2 

mL). The solution was heated to 85 °C in an oil bath and stirred 20 hr. After cooling to 

room temperature, the crude was diluted in methylene chloride (10 mL). The organic 

extracts were washed with sat. NH4Cl (3 x 10 mL), brine (1 x 10 mL), dried over MgSO4 

and concentrated in vacuo. The crude product was purified using automated flash 

chromatography (silica, 2 to 20% methylene chloride in hexanes) to give mTA-Th as a 

white solid (6.0 mg, 13 µmol, 69% yield). 

1H NMR (400 MHz, CD2Cl2): δ 7.84 (m, 2H), 7.75 (s, 4H) 7.73 (d, 1H, J = 2.00 Hz), 

7.67, (m, 2H), 7.53 (m, 2H), 7.49 (d, 2H, J = 7.60 Hz), 7.36 (dd, 2H, J = 8.74, 1.14 Hz), 

7.35 (dd, 2H, J = 7.24, 1.12 Hz), 7.07 (dd, 2H, J = 5.14, 3.66 Hz),  13C (1H) NMR (100 

MHz, CD2Cl2): δ 140.8, 139.4, 132.1, 130.2, 129.8, 129.0, 127.6, 127.5, 127.2, 127.1, 

123.4, 123.1, 92.8, 82.7, 77.2 

HRMS (EI): found m/z: 442.08501; calc. for C30H18S2: 442.0850 
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mTA-Ph 

 

mTA (5.5 mg, 20 µmol, 1 eq) was dissolved in toluene (1.1 mL) and added to a flame-

dried Schlenk flask under nitrogen atmosphere. 2-iodothiophene (0.3 mL of a 0.2 M 

solution in toluene, 60 µmol, 3 eq), Pd(PPh3)4 (0.30 mL of a 4.0 mM solution in toluene, 

1.2 µmol, 6 mol%) and copper (I) iodide (0.30 mL of a 9.0 mM solution in toluene, 2.7 

µmol, 14 mol%) were then added to the flask, followed by degassed diisopropylamine (2 

mL). The solution was heated to 85 °C in an oil bath and stirred 20 hr. After cooling to 

room temperature, the crude was diluted in methylene chloride (10 mL). The organic 

extracts were washed with sat. NH4Cl (3 x 10 mL), brine (1 x 10 mL), dried over MgSO4 

and concentrated in vacuo. The crude product was purified using automated flash 

chromatography (silica, 2 to 20% methylene chloride in hexanes) to give mTA-Ph as an 

off-white solid (5.0 mg, 12 µmol, 59% yield). 

1H NMR (400 MHz, CD2Cl2): δ 7.87 (m, 2H), 7.76 (s, 4H), 7.74 (d, 1H, J = 4.80 Hz), 

7.67 (m, 2H), 7.60-7.54 (m, 6H), 7.50 (d, 2H, J = 7.68 Hz), 7.41-7.38 (m, 5H) 13C (1H) 

NMR (100 MHz, CD2Cl2): δ 142.7, 141.4, 133.5, 132.5, 132.0, 130.9, 130.4, 129.4, 

128.9, 125.7, 125.0, 91.4, 91.1 

HRMS (EI): found m/z: 430.17177; calc. for C34H22: 430.1722 
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oTA-Th 

 

oTA (8.0 mg, 29 µmol, 1 eq) was dissolved in toluene (1.9 mL) and added to a flame-

dried Schlenk flask under nitrogen atmosphere. 2-iodothiophene (0.36 mL of a 0.2 M 

solution in toluene, 72 µmol, 2.5 eq), Pd(PPh3)4 (0.36 mL of a 4.0 mM solution in 

toluene, 1.7 µmol, 5 mol%) and copper (I) iodide (0.36 mL of a 9.0 mM solution in 

toluene, 3.2 µmol, 11 mol%) were then added to the flask, followed by degassed 

diisopropylamine (3 mL). The solution was heated to 85 °C in an oil bath and stirred 16 

hr. After cooling to room temperature, the crude was diluted in methylene chloride (10 

mL). The organic extracts were washed with sat. NH4Cl (3 x 10 mL), brine (1 x 10 mL), 

dried over MgSO4 and concentrated in vacuo. The crude product was purified using 

automated flash chromatography (silica, 2 to 20% methylene chloride in hexanes) to give 

oTA-Th as a white solid (6.0 mg, 14 µmol, 47% yield). 

1H NMR (400 MHz, CDCl3): δ 7.76 (s, 4H), 7.65 (dd, 2H, J = 7.66, 1.06 Hz), 7.51 (dd, 

2H, J = 7.66, 0.94 Hz), 7.42 (m, 2H), 7.34 (m, 2H), 7.19 (dd, 2H, J = 5.16, 1.16 Hz), 7.09 

(dd, 2H, J = 3.64, 1.16 Hz), 6.90 (dd, 2H, J = 5.16, 3.64 Hz),  13C (1H) NMR (100 MHz, 

CDCl3): δ 143.3, 139.6, 132.7, 131.6, 129.6, 128.9, 128.7, 127.2, 127.1, 127.0, 123.5, 

121.3, 93.2, 85.9  

HRMS (EI): found m/z: 442.08496; calc. for C30H18S2: 442.0850 
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oTA-Ph 

 

oTA (8.0 mg, 29 µmol, 1 eq) was dissolved in toluene (1.9 mL) and added to a flame-

dried Schlenk flask under nitrogen atmosphere. 2-iodothiophene (0.36 mL of a 0.2 M 

solution in toluene, 72 µmol, 2.5 eq), Pd(PPh3)4 (0.36 mL of a 4.0 mM solution in 

toluene, 1.7 µmol, 5 mol%) and copper (I) iodide (0.36 mL of a 9.0 mM solution in 

toluene, 3.2 µmol, 11 mol%) were then added to the flask, followed by degassed 

diisopropylamine (3 mL). The solution was heated to 85 °C in an oil bath and stirred 16 

hr. After cooling to room temperature, the crude was diluted in methylene chloride (10 

mL). The organic extracts were washed with sat. NH4Cl (3 x 10 mL), brine (1 x 10 mL), 

dried over MgSO4 and concentrated in vacuo. The crude product was purified using 

automated flash chromatography (silica, 2 to 20% methylene chloride in hexanes) to give 

oTA-Ph as a white solid (5.0 mg, 12 µmol, 40% yield). 

1H NMR (400 MHz, CDCl3): δ 7.79 (s, 4H), 7.68 (dd, 2H, J = 7.60, 1.07 Hz), 7.51 (dd, 

2H, J = 7.68, 1.00 Hz), 7.44 (dd, 2H, J = 11.36, 1.48 Hz), 7.37 (m, 2H), 7.34-7.30 (m, 

5H), 7.24-7.18 (m, 5H) 13C (1H) NMR (100 MHz, CDCl3): δ 143.6, 139.7, 133.1, 131.4, 

129.6, 128.9, 128.5, 128.2, 128.1, 127.1, 123.4, 121.7, 92.5, 89.4 

HRMS (EI): found m/z: 430.17159; calc. for C34H22: 430.1722 
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PmTA-Th 

 

Pd(PPh3)4 (1.7 mg, 1.5 µmol, 5 mol%), and copper (I) iodide (0.8 mg, 4 µmol, 14 mol%) 

were added to a Schlenk flask which was then evacuated and backfilled with N2 three 

times. mTA (8.0 mg in 0.3 mL toluene, 29 µmol, 1 eq), 2,5-diiodo-3,4-dioctylthiophene 

(16 mg in 1.5 mL toluene, 29 µmol, 1 eq), and additional toluene (1.1 mL) was added. 

Degassed diisopropylamine (2.9 mL) was added before heating to 80 °C in an oil bath. 

The solution was stirred at 80 °C for 72 hr before cooling to room temperature. The crude 

was concentrated to ~0.5mL in vacuo and then rapidly injected into methanol (50 mL). 

The yellow precipitate that formed was purified by Soxhlet extraction in methanol (24 

hr), acetone (24 hr), and chloroform (2 hr) to give the product PmTA-Th (4 mg orange 

solid, 17% yield).  

1H NMR (400 MHz, CDCl3): δ 7.84-7.41 (m), 1.46-1.19 (m), 0.91-0.79 (m) 
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PmTA-Ph 

 

Pd(PPh3)4 (1.7 mg, 1.5 µmol, 5 mol%), and copper (I) iodide (0.8 mg, 4 µmol, 14 mol%) 

were added to a Schlenk flask which was then evacuated and backfilled with N2 three 

times. mTA (8.0 mg in 0.3 mL toluene, 29 µmol, 1 eq), 1,4-bis(2-ethylhexyl)-2,5-

diiodobenzene (16 mg in 1.5 mL toluene, 29 µmol, 1 eq), and additional toluene (1.1 mL) 

was added. Degassed diisopropylamine (2.9 mL) was added before heating to 80 °C in an 

oil bath. The solution was stirred at 80 °C for 72 hr before cooling to room temperature. 

The crude was concentrated to ~0.5mL in vacuo and then rapidly injected into methanol 

(50 mL). The yellow precipitate was purified by Soxhlet extraction in methanol (24 hr), 

acetone (24 hr), and chloroform (2 hr) to give the product PmTA-Ph (11 mg yellow 

solid, 46% yield).  

1H NMR (400 MHz, CDCl3): δ 7.84-7.78 (m), 7.72-7.59 (m), 7.56-7.27 (m), 1.38-1.18 

(m), 0.92-0.75 (m), 
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PoTA-Th 

 

Pd(PPh3)4 (2.1 mg, 1.8 µmol, 5 mol%), and copper (I) iodide (1.2 mg, 6.3 µmol, 18 

mol%) were added to a Schlenk tube which was then evacuated and backfilled with N2 

three times. oTA (10 mg in 1.5 mL toluene, 36 µmol, 1 eq), 2,5-diiodo-3,4-

dioctylthiophene (20 mg in 0.5 mL toluene, 36 µmol, 1 eq), and additional toluene (1 

mL) was added. Degassed diisopropylamine (3 mL) was added before heating to 85 °C in 

an oil bath. The solution was stirred at 85 °C for 72 hr before cooling to room 

temperature. The crude was concentrated to ~0.5mL in vacuo and then rapidly injected 

into methanol (50 mL). The yellow precipitate was purified by Soxhlet extraction in 

methanol (24 hr), and then acetone (24 hr) to give the product PoTA-Th (7 mg orange 

solid, 23% yield).  

1H NMR (400 MHz, CDCl3): δ 7.76-7.46 (m), 7.46-7.14 (m), 1.23-1.07 (m), 0.92-0.77 

(m) 
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PoTA-Ph 

 

Pd(PPh3)4 (2.0 mg, 1.7 µmol, 5 mol%), and copper (I) iodide (1.5 mg, 7.9 µmol, 22 

mol%) were added to a Schlenk tube which was then evacuated and backfilled with N2 

three times. oTA (10 mg in 1.5 mL toluene, 36 µmol, 1 eq), 1,4-bis(2-ethylhexyl)-2,5-

diiodobenzene (20 mg in 0.5 mL toluene, 36 µmol, 1 eq), and additional toluene (1 mL) 

was added. Degassed diisopropylamine (3 mL) was added before heating to 85 °C in an 

oil bath. The solution was stirred at 85 °C for 72 hr before cooling to room temperature. 

The crude was concentrated to ~0.5mL in vacuo and then rapidly injected into methanol 

(50 mL). The yellow precipitate was purified by Soxhlet extraction in methanol (24 hr), 

and then acetone (24 hr) to give the product PoTA-Ph (6 mg yellow solid, 20% yield).  

1H NMR (400 MHz, CDCl3): δ 7.83-7.79 (m), 7.69-7.46 (m), 7.42-7.16 (m), 1.24-1.06 

(m), 0.91-0.72 (m) 
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Ionic and radical ion CPPs have recently shown unique optoelectronic and physical 

properties and will attract increasing attention in the future. Reported by Yamago and 

coworkers, a series of radical cation and dication [n]CPPs show remarkable bathochromic 

shifts into the NIR region of the absorption spectra.1 [8]CPP maximum absorbance lies at 

344 nm, whereas [8]CPP•+ and [8]CPP2+ are at 1770 nm and 528/1102 nm, respectively. 

Contrary to the largely unchanging absorption of neutral [n]CPPs, the ionic species 

demonstrate greater bathochromic shifts with increasing nanohoop size. These high 

wavelength features arise from HOMO-SOMO transitions in the radical cation, and 

HOMO-LUMO and HOMO-LUMO+1 transitions in the dication. Similar transitions also 

cause size-dependent bathochromism in CPP radical anions.2 Importantly for material 

applications, dication CPPs display remarkable stability. While neutral [n]CPP has 4n π-

electrons, the dication has (4(n − 1) + 2) π-electrons and the dianion has (4n + 2), 

fulfilling the requirements of in-plane aromaticity. Molecular orbital analysis (nodal 

patterns) further suggests cyclic conjugation in the nanohoop,3 consistent with the 

shielded proton NMR signal of [8]CPP2+(SbF6
-)2 at 5.24 ppm which indicates a global 

diatropic ring current around the CPP ring.4 Depending on the CPP size, NICS values at 

the center of the ring differ significantly. From n= 5-12, neutral [n]CPPs are slightly 

below zero to -3 whereas the cation values decrease with decreasing size down to -8 (the 

NICS value in the center of benzene is -8).5 In the dications, values drastically decrease 

to -20 when n=5, and in [8]CPP2+ the value is -15. Along with experimental Raman 

spectra and bond length alternation (BLA) analysis, the same study identified a ‘critical 

point’ between n=8-9. In smaller oxidized CPPs phenyl units take on quinonoid structure 

and charge is completely delocalized around the ring. When n > 9, however, oligophenyl 
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subunits form alternating aromatic and quinoidal moieties and charge is split between two 

halves of the ring, creating an open shell diradical. The nature of charge distribution is 

important in electronic materials. Cyclic conjugation is starkly different from linear para-

phenylene (LPP), which forms partial quinonoid structure upon reductive/oxidative 

doping (Scheme 2-1).6 The new electron/hole couples with the ion to form polarons, 

enabling charge transfer of electrons/holes in electronic materials.7 

 

Scheme 2-1. Linear para-phenylene adopts partial quinonoid structure upon doping, 

forming weakly interacting charges. [Adapted from ref. 6] 

The underlying orbital nodal symmetry of aromaticity raises questions about attaching 

linear π-extensions to CPPs, thereby breaking many of the symmetry elements and 

introducing orthogonal π electron conjugation pathways. A number of questions arise, 

underpinning the unknowns of cyclic conjugation. Would ionic charge localize to the 

oligophenylene nanohoop, benefitting from aromatic stabilization? Or would ions 

delocalize across radial and linear π electron conjugation pathways? Are greater 

oxidation states (+3, +4, etc.) possible? Does hybrid electron character change according 

to the specific oxidation state? To begin investigating these questions, chemical oxidation 

was done on linear aryl-ethynylene CPPs designed previously by Dr. Garvin Peters. 

Following the results and discussion of these optoelectronic studies, the chapter 
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concludes with proposed future directions and structures for new CPP-based electronic 

materials. 

Linear extension of cycloparaphenylenes is of interest for fundamental science but also 

for device applications and as a template for carbon nanotube (CNT) growth. The latter 

has received intense interest as a bottom-up, size-selective approach which would enable 

the growth of highly uniform CNT architectures. Dr. Ramesh Jasti reported a perylene-

containing CPP that underwent benzannulation via Diels-Alder reaction using similar 

conditions to a molecular perylene benzannulation reported by Dr. Lawrence Scott 

(Scheme 2-2).8,9 The annulated macrocyclic product rapidly decomposed on silica gel and 

was unable to be isolated. However, the 1H NMR spectrum showed resonances at higher 

field than typical CPP peaks, which matches the spectra changes of flat perylene to 

benzo[ghi]-perylene. Based on “crude” NMR spectrum, product formation occurred in 

1.2: 1 ratio (product: starting material).  

 

Scheme 2-2. CPP successfully underwent benzannulation by Diels-Alder reaction using a 

perylene motif by using conditions previously used with the planar perylene molecule. 

[Adapted from refs 8, 9]. 
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Another paper revealed important mechanism differences between electrophilic 

cyclization of CPPs and that of linear oligophenylenes.10 Plain [8]CPP subjected to 

cationic Scholl conditions (triflic acid, oxygen, reflux in DCM) resulted in CPP 

dimerization as well as a doubly meta-rearranged isomer of [8]CPP confirmed by 

crystallography. Dimer formation was identified by mass spectrometry; however the 

exact structure was not determined. Phenyl-substituted [8]CPP subjected to similar 

conditions resulted in meta-rearrangement of the anchor nanohoop phenyl (Scheme 2-3).  

 

Scheme 2-3. Top: Meta-rearrangement was observed when phenyl-substituted [8]CPP 

was subjected to cationic Scholl conditions; Bottom: Doubly-rearranged [8]CPP and 

dimer formation was observed with plain [8]CPP under Scholl conditions. 

Cation intermediates are particularly problematic for CPPs, and organic reactions that 

introduce a cation to the nanoring are expected to have accompanying side reactions. 

Under radical cation-mediated Scholl conditions (methanesulfonic acid, DDQ),11 [8]CPP 

underwent complete ring-opening to linear oligo-phenylene. CPPs are surprisingly non-

labile to a variety of other conditions that otherwise react with simple benzene or 

phenylene systems. The cyclization reactions therefore used strong protic acids 

(methansulfonic acid pKa = -2.0, triflic acid pKa = -14.7) to attain the cation 

intermediate, which subsequently reacted along undesirable rearrangement pathways. It 
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would be highly desirable to strike a balance between a catalyst active enough to react 

with CPPs yet avoid a formal cation intermediate to achieve selective product formation.  

Dr. Pingwu Du reported a pyrene-[9]CPP derivative that showed a new absorption peak 

at 326 nm which arose from a localized pyrene transition.12 The fluorescence spectrum 

was unchanged compared to [9]CPP. In the same year, the group reported the formation 

of a molecular crown phenanthrene-CPP through the Scholl reaction (Scheme 2-4).13 By 

incorporating two fixed C-C bonds they avoided the 1,2-phenyl shift observed in other 

studies. New, higher wavelength absorbances were observed up to 500 nm. In addition, 

the maximum emission wavelength red-shifted 34 nm. 

 

Scheme 2-4. Synthesis of a fused 10]CPP molecular crown through a Scholl reaction 

used two fixed C-C bonds to avoid 1,2-rearrangements [Adapted from ref. 13]. 

Introducing curvature to fused PAHs leads to a predictable red-shift in optoelectronic 

character. Dr. Graham Bodwell reported a significant 30 nm and 40 nm red-shift in the 

UV-vis and fluorescence spectra of a strained pyrenophane, relative to planar pyrene 

(Scheme 2-5).14 In other pyrenophane systems, the maximum absorption could be red-

shifted up to 38 nm by changing the length of the bridging aliphatic linker.15 
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Scheme 2-5. Increased strain in pyrenophane results in red-shifted optoelectronic 

properties. 

Taking advantage of the linear arylene-ethynylene CPPs developed in our lab previously 

by Dr. Garvin Peters, a fused polycyclic aromatic system via electrophilic cyclization of 

the alkyne unit was designed. In this chapter, a terphenyl molecular model and 

cyclization method were developed and then applied to molecular and polymeric CPPs. 

Initial methods using strong protic acids were unsuccessful and are briefly discussed. 

Inspired by work done by Dr. Wesley Chalifoux, InCl3 was used as a Lewis Acid catalyst 

to achieve electrophilic benzannulation.16 The resulting dibenzo[a,h]anthracene (DBA) 

subunit gives diagnostic 1H NMR resonances and splitting patterns from 8.0 – 9.5 ppm in 

small molecules and oligophenylene polymers (Scheme 2-6).17  

 

Scheme 2-6. Electrophilic cyclization of the bis-alkyne terphenyl model forms the 

dibenzo[a,h]anthracene unit that shows diagnostic 1H NMR peaks. 

Optoelectronic studies reveal significant changes to the hybrid linear/radial electronic 

character of CPPs after cyclization. Products were able to be purified using 

chromatography on silica gel and full conversion of starting materials was observed. The 

cyclization mechanism enables the addition of an electrophile (I, Br, etc.) to the β carbon 

position for subsequent cross-coupling or other chemistries. The current research field 
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has largely focused on bottom-up synthesis of novel CPPs. The work described here can 

inform the design of fused CPPs and opportunities for post-synthetic functionalization of 

these complex architectures.  

Results and Discussion 

Oxidation Studies 

Spectroscopy 

Reaction conditions were modified from those reported to synthesize the [8]CPP2+ 

dication.1 Importantly, the electronic character is delocalized around ring. We were 

interested in the effect of a linear pi-type extension on electronic properties and their 

cationic structures. Initial attempts revealed these hybrid CPPs fail to react with weaker 

oxidizing agents (NaBF4, etc.) and so NOSbF6 was used, in accordance with Dr. Shigeru 

Yamago’s procedure for plain CPPs (Scheme 2-7). Spectroscopic titration studies were 

done in DCM because of the incompatibility of other solvents (THF, ether, etc.) with 

oxidizing agents. The experiment was complete when addition of oxidizing agent stopped 

causing changes to absorption spectra. After addition of oxidant, the cuvette was left for 

10 min before recording the absorption spectrum, or until the spectrum stopped changing. 
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Scheme 2-7. Chemical oxidation scheme of [8]-Ar and P[8]-Ar with NOSbF6. (Aryl = Th 

[-2-thienyl], Ph [-phenyl]). 

Absorbance spectroscopy of [8]-Ph/Th show low-wavelength peaks in DCM that were 

not observed in THF (Figure 2-1).18 These absorptions might partly arise from DCM but 

the intensities change upon adding NOSbF6, indicating some contribution from the linear 

CPPs. Overall, spectra changes of the molecular species are surprisingly moderate: the 

ring absorptions ~340 nm increase in intensity and a low-energy shoulder appears (more 

substantially in [8]-Th).  
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Figure 2-1. UV-vis absorbance spectra recorded in DCM of [8]-Ph (top) and [8]-Th 

(bottom), neutral (black) and oxidized (orange). 

Absorbance spectroscopy following aliquots of oxidant reveals an unexpected dynamism 

(Figure 2-2). While the [8]-Th peak at 338 nm increases in intensity upon oxidation, 

strong shoulder peaks around 400 nm appear after 2 – 4 equivalents of oxidant are added 

before lessening in intensity upon further oxidation. A near-isosbestic point is present 

~300 nm. 
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Figure 2-2. UV-vis absorbance spectra recorded in DCM of [8]-Th oxidation using 0-6 

equivalents NOSbF6. 

Similar dynamic changes are observed in the spectroscopy of polymers. The 340 nm peak 

of P[8]-Ph increases 67% in molar absorptivity and multiple strong peaks appear around 

400 nm after 2 – 3 equivalents of oxidant and then become less intense after 4 – 5 

equivalents (Figure 2-3, top). A weak absorption tail to 520 nm was also observed. P[8]-

Th demonstrates greater extended pi electron conjugation. The 340 nm peak increases an 

astonishing 260% intensity during oxidation (Figure 2-3, bottom). Significant spectral 

broadening is apparent. After 3 – 5 equivalents added, the new peaks ~400 nm are equal 

to or greater in intensity than the 340 nm absorption. The high wavelength peaks again 

weaken after additional oxidant was added, and a strong shoulder to 520 nm remains. 

Like the neutral species reported by Dr. Garvin Peters previously, the oxidized thienyl-

linked polymer P[8]-Th shows greater extended conjugation than the phenyl-linked 

polymer P[8]-Ph. 
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Figure 2-3. UV-vis absorbance spectra recorded in DCM of P[8]-Ph (top) and P[8]-Th 

(bottom) oxidation using 0-6 equivalents NOSbF6. 

The molar absorptivity of polymers P[8]-Th/-Ph greatly increases upon oxidation, 

especially relative to the molecules [8]-Th/-Ph (Figure 2-4). Notably, none of the 

molecules or polymers displayed an absorbance at 528 nm, which are characteristic of 

[8]CPP2+. CPP absorbance at 340 nm is maintained, and new features at higher 

wavelengths indicate hybrid radial/linear extended pi-electron delocalization that differs 

in the neutral and oxidized species. No high-wavelength absorptions were observed to 

800 nm, which was the upper limit of the spectrometer. Future studies should investigate 

longer wavelengths into the NIR region if charge-transfer could be taking place. A near-

isosbestic point is observed ~300 nm, which along with the dynamic absorptions ~400 
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nm suggest that some other reaction is occurring with or between CPPs upon oxidation. 

An interesting reversibility test titrating with a reducing agent would solidify this point. 

The use of up to 6 eq of oxidant raises questions about the true formal charge on the n+ 

oxidized CPPs. Additionally, it is unclear if positive charge in polymer CPPs is largely 

localized to individual CPP repeat units or is more heavily delocalized across multiple 

nanohoops via the conjugated backbone. 

 

Figure 2-4. UV-vis absorbance spectra recorded in DCM of Top: [8]-Ph (black) and 

P[8]-Ph (orange), Bottom: [8]-Th (black) and P[8]-Th (orange) polymer (orange); in 

neutral (solid) and oxidized (dashed) states. 
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The terphenyl model PT-Ph designed by Dr. Garvin Peters was used in chemical 

oxidation studies under the same conditions as the CPPs (Scheme 2-8). In particular, the 

number equivalents of NOSbF6 necessary and absorption spectra showed that the radial 

pi-electron system in CPPs strongly influences the ultimate optoelectronic properties. 

Oxidation studies of PT-Ph suggests the multimodal absorbance ~400 nm in CPPs arises 

from the aryl-ethynylene and terphenyl moieties (Figure 2-5). The terphenyl absorption 

attenuates slightly over time but does not disappear as completely as in polymeric CPPs.  

 

Scheme 2-8. Chemical oxidation reaction of PT-Ph with NOSbF6 (R= 2-ethylhexyl). 

Broad absorption from 320 – 430 nm is observed after one equivalent of NOSbF6 added. 

The broadening occurs mainly at lower wavelengths than the PT-Ph absorption 

maximum at 390 nm. Addition of a second equivalent oxidizing agent reveals a slower 

reaction than in CPPs. The multimodal absorbance ~400 nm reaches maximum intensity 

after 4 min, and gradually attenuates over the following 18 min before it stopped 

changing. The attenuation is similar to that observed in linear CPPs (vide supra). 

However, there was no time dependence observed in CPPs, but a dependence on the 

equivalents of NOSbF6. It could be that a side reaction is occurring with the arylene-

ethynylene unit. Specifically, the alkyne is subject to electrophilic reactivity under 

oxidative conditions by potentially forming the vinyl carbocation. We suggest the CPP 

initially stabilizes the oxidized species, and the side reaction occurs after additional 

oxidizing agent is added. While DCM performs well as a solvent for less reactive systems 
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(e.g., oxidation of plain CPPs), it may be too nucleophilic for these functionalized CPP 

systems. Liquid SO2 could be investigated in the future as a less nucleophilic alternative. 

 

Figure 2-5. UV-vis absorbance spectra recorded in DCM of PT-Ph oxidation using 0-2 

equivalents NOSbF6 (t = minutes after addition of oxidant). 

Chemical oxidation of T-Th with 1 eq NOSbF6 yielded the analogous 

dibenzo[a,h]anthracene in a mixture of products and unreacted starting material (Figure 

2-6). The cyclization is apparently a competing reaction in the terphenyl molecule which 

poorly stabilizes positive charge. The additional deshielded peaks may correspond to a 

rearranged thiophene group. 1,2-aryl migrations are commonly observed when dealing 

with carbocation or radical intermediates.  
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Figure 2-6. Proton NMR spectra of T-Th oxidized with NOSbF6 showed formation of 

the dibenzo[a,h]anthracene product. 

Oxidation of [8]-Ph with 9 eq NOSbF6 yielded a proton NMR spectrum markedly 

different from the linear T-Th (Figure 2-7). No peaks in the aromatic region were 

observed, instead, several lower ppm multiplets appeared. [8]CPP shows a singlet proton 

peak at 5.24 ppm;4 thus the heavily deshielded peaks in [8]-Ph could indicate a diatropic 

ring current. Unfortunately, significant aliphatic contamination was unable to be removed 

despite many extensive attempts.  
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Figure 2-7. Proton NMR spectrum of [8]-Ph oxidized with 9 eq NOSbF6 shows shielded 

protons suggesting a diatropic ring current. 

Future studies could investigate the reversibility of CPP oxidation (using Zn powder to 

reduce CPP, for example) and if the side reaction occurs in CPPs on a longer time scale 

than studied here. In addition to mechanistic insights, the results would inform the design 

of stable CPP materials. Since the alkynes seem to be susceptible to degradation, 

terphenyl molecule and polymer models with other substituents should be investigated. 

Electron-rich groups (thiophene, pyridine, etc.) attached to the alkyne might better 

stabilize the oxidized species. On the other hand, it may be advantageous to push positive 

charge onto the CPP by substituting electron-poor groups (perfluorophenyl, p-

nitrophenyl, etc.) on the alkyne. This could end up localizing charge to the CPP so much 

that no hybrid radial/linear conjugation takes place. Perhaps the most ideal system would 

remove the alkyne subunit entirely. Attempts at electrophilic cyclization of arylene-
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ethynylene CPPs are discussed in the second half of this chapter, and progress towards 

directly aryl-linked CPPs is presented in Chapter 3. 

Computational Studies 

DFT calculations by Dr. Miklos Kertesz reveal structural changes to [8]-Th upon 

oxidation. The thiophenes are in plane with the anchoring phenyl unit in both neutral and 

dication states, with torsion angles 0-4° and 0-5°, respectively. In the neutral molecule 

the anchoring phenyl unit has local bond lengths from 1.39 - 1.42 Å and the dication 

anchoring phenyl has local bond lengths from 1.39 - 1.45 Å, indicating greater BLA in 

the dication (Figures 2-8, 2-9). The phenyl-to-phenyl C-C bond distances along the CPP 

ring shortens from 1.480 - 1.482 Å in the neutral molecule to 1.454 - 1.458 Å in the 

dication. This significant change indicates a transition to quinoidal character in the CPP 

upon oxidation. The HOMO of both states is well distributed between the CPP and linear 

chain (Figures 2-10, 2-11). The HOMO-LUMO gap is calculated to decrease in energy 

from 3.29 eV to 0.78 eV upon oxidation ([HOMO-1]-HOMO = 0.32 eV in the neutral 

molecule). Di/cationic plain CPPs have shown Near-IR absorbance character. Similar 

redshifts could arise in functionalized CPPs. The computed UV-vis maximum absorption 

wavelength changes from 340 nm to ~400 nm (Figure 2-12). 
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Figure 2-8. DFT optimized geometry of neutral [8]-Th showing bond lengths of the aryl-

ethynylene linear extension. 

 

 

Figure 2-9. DFT optimized geometry of [8]-Th2+ dication showing bond lengths of the 

aryl-ethynylene linear extension. 
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Figure 2-10. HOMO (left) and HOMO-1 (right) of neutral [8]-Th show contributions 

from the CPP and linear chain. 

 

 

Figure 2-11. HOMO of [8]-Th2+ dication is well distributed on the CPP and linear chain. 
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Figure 2-12. Computed UV-vis absorption for neutral [8]-Th (top) and [8]-Th2 dication 

(bottom) shows a red shift in the oxidized state.  

Focusing on the aryl-ethynylene linear chain, the C≡C triple bond length increases from 

1.218 Å in the neutral to 1.225 Å in the dication. The adjacent C-C bond lengths decrease 

from 1.403 - 1.418 Å in the neutral to 1.387 - 1.401 Å in the dication. Consequently, the 

BLA of the ethynyl linker is decreased which usually shifts the 1600 cm-1 Raman band. 

Computed Raman activities are significantly different in the dication, notably with new 

features at frequencies slightly below 1600 cm-1 (Figure 2-13). Other changes, especially 
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new features between 1400 and 1500 cm-1 are quite unexpected but experimental data is 

needed to better understand the genesis. 

 

Figure 2-13. Computed Raman activities of neutral (top) and dication (bottom) using 

PBE1PBE/6-31G(d).  

 

Cyclization Studies 

The chemical oxidation studies of linear CPPs strongly suggest the alkyne subunits are 

susceptible to degradation. This severely limits the electronic materials applications 

which require reliable charge transport properties. The bis-alkyne CPP structure is 
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enticing for a potential cyclization reaction which would simultaneously remove the 

alkyne degradation pathway and further develop CPPs as scaffolds for CNT growth. 

Model Cyclizations 

Electrophilic cyclization conditions were investigated using terphenyl molecules T-Th 

and T-Ph (Scheme 2-9), which were previously developed by Dr. Garvin Peters as 

models for linear CPP hybrids. The terphenyl model was intended to remove influence of 

the CPP curvature but still allow a portion of the oligophenyl conjugation path inherent to 

CPP to be able to react. The induced strain from the curvature might be expected to 

enhance reactivity. In addition to modelling optoelectronic properties, it was hoped that 

reaction conditions for T-Th/-Ph benzannulation could be generalized to CPPs. Protic 

acid-catalyzed reactions were unsuccessful under various conditions, as summarized in 

Table 2-1.  

    

Scheme 2-9. Electrophilic cyclization reactions of T-Th/Ph with protic acids resulted in 

no conversion or inseparable complex mixtures of products. 

Briefly, the acids were either not reactive and no conversion was observed, or highly 

reactive and demonstrated poor selectivity leading to a complex mixture of products that 

could not be separated despite extensive column chromatography. The low reactivity of 

T-Th and T-Ph partly arises from the poor electron-donating ability of phenyl and 2-

thienyl substituents. Indeed, electron rich substituents are often necessary to stabilize the 

intermediate carbocation and prevent side reactions in related reactions (Scheme 2-10).17  
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Scheme 2-10. Electrophilic cyclization mechanism proposed by Swager and co-workers 

progresses through a carbocation intermediate stabilized by electron donor groups. 

[Adapted from ref 17]. 

In search of an alternative, Lewis acid catalyzed cyclization was identified as a promising 

option. Recent work by Dr. Wesley Chalifoux showed up to four-fold benzannulation of 

relatively electron-poor polycyclic aromatic hydrocarbons (PAHs) in good yields.16 

Using InCl3, T-Th was readily benzannulated in 77% yield (Scheme 2-11). T-Ph reacted 

under the same conditions gave a complex mixture of products. 1H NMR spectrum 

strongly suggest formation of the DBA subunit in T-Ph but the desired product was 

unable to be isolated despite extensive column chromatography (see Appendix). 
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Table 2-1. Electrophilic cyclization reactions of T-Th and T-Ph with different acid 

catalysts. 

Entry Acid Catalyst Solvent Temperature (°C) Results 

155T-Ph TFA (2 eq) DCM 25 S.M. 

159T-Ph TFA (36 eq) DCM 40 (reflux) S.M. 

161T-Ph TfOH (1 eq) anisole 100 Full 

consumption of 

s.m., complex 

mixture, d.p. in 

NMR 

171T-Ph InCl3 (75 mol %) Toluene 100 S.M. 

175T-Ph InCl3 (64 mol %) o-xylene 150 (reflux) Full 

consumption of 

s.m., complex 

mixture, d.p. in 

NMR 

185T-Ph InCl3 (45 mol %) o-xylene 150 (reflux) Full 

consumption of 

s.m., complex 

mixture, d.p. in 

NMR 

255T-T-Ph InCl3 (50 mol %) Mesitylene 150 (reflux) Full 

consumption of 

s.m., complex 

mixture, d.p. in 

NMR 

173T-Th InCl3 (62 mol %) Toluene 100 Partial 

conversion to 

d.p. 

177T-Th InCl3 (50 mol %) o-xylene 150 (reflux) Full 

consumption of 

s.m., 77% yield 
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Scheme 2-11. DBA-Th was synthesized in good yields through InCl3 catalyzed 

electrophilic cyclization of T-Th. 

Absorbance spectroscopy of the terphenyl model system reveals significant new 

electronic features arising from cyclization. DBA-Th shows strong peaks 340 - 250 nm, 

blue-shifted ~52 nm from the absorption maximum T-Th (Figure 2-14). A weaker, broad 

absorption from 350 - 375 nm overlaps with the features of T-Th. This broad peak has a 

low-energy shoulder extending to 430 nm. The most intense DBA-Th absorbance ~300 

nm overlaps with the DBA core19 but extends to 340 nm, indicating increased pi 

conjugation in the substituted molecule. Greater planarity and rigidity may improve pi 

orbital overlap in the anthracene unit relative to T-Th which has more degrees of 

freedom. The DBA-Th fluorescence at 425 and 450 nm retains the multimodality of T-

Th but is red-shifted 38 nm and has a weak peak at 480 nm. The substituted anthracene 

overlaps with some of the weaker fluorescence peaks of DBA but completely lacks the 

major emission at 396 nm. 
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Figure 2-14. Top: Absorption (solid) and Emission (dashed) spectra in THF of DBA-Th 

(black), T-Th (orange), and p-terphenyl (blue) shows new non-additive optoelectronic 

character compared to DBA core (Bottom, in benzene, data from ref. 15 plotted with 

AAT Bioquest's interactive Spectrum Viewer: aatbio.com).  

Absorption from the terphenyl subunit at 282 nm is weaker after cyclization and overlaps 

with the major features. The optoelectronic changes arising from new pi electron 

conjugation of the dibenzo[a,h]anthracene model is promising for new delocalization 

pathways in CPPs. The thiophene substituents serve to stabilize the positive charge 

during electrophilic cyclization, and also extend the linear π conjugation pathway. 

CPP Cyclization 

[6]-/[8]-Th and P[6]/[8]-Th were each reacted with InCl3 catalyst under the modeled 

cyclization conditions (Schemes 2-12 to 2-15). Significant spectroscopic differences were 

observed between the different size CPPs and in molecules vs. polymers. Thus, each is 

first discussed separately before being compared. At this time, we are working to acquire 

molecular mass data by MALDI-TOF for the cyclization trials.  



 

77 

 

 

Scheme 2-12. MALDI-TOF mass spectrum suggests successful benzannulation of [8]-Th 

with InCl3 and also a side reaction with mesitylene solvent. 

The proton NMR spectrum of Benz[8]-Th shows de-shielded peaks consistent with the 

formation of the DBA-Th core in addition to a complex peak distribution in the aromatic 

region (Figure 2-15). The material is poorly soluble, which could indicate fused PAHs 

but could also be oligomerized, rearranged, or ring opened CPP derivatives. 
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Figure 2-15. Proton NMR spectra of deshielded peaks in Benz[8]-Th suggests the 

formation of the DBA-Th core. 

The absorbance spectrum of Benz[8]-Th largely resembles the [8]CPP core and is 

centered at 330 nm like [8]-Th (Figure 2-16). Upon cyclization there is peak broadening 

at higher energies. The prominent shoulder extending to ~450 nm indicates enhanced 

allowedness of the HOMO-LUMO transition of the CPP core, which is formally 

symmetry-forbidden in plain CPPs. Fluorescence of [8]-Th largely arises from the 

[8]CPP core but Benz[8]Th shows new higher energy emissions at 460 and 480 nm. The 

large shift (from 540 nm in [8]-Th to 480 nm in Benz[8]-Th) distinguishes Benz[8]Th 

from linear and disjoint extended CPPs designed in our lab to date, which emit mainly 

from the cyclic core. 
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Figure 2-16.  Absorption (solid) and Emission (dashed) spectra in THF of benzannulated 

Benz[8]-Th (black), [8]-Th (blue), and [8]CPP (orange). 

Reaction conditions for BenzP[8]Th were slightly modified to use InCl3 equivalencies 

based on the number of repeat units in the polymer chain (e.g. mole % calculated per CPP 

ring). During informal conversations with Dr. Wesley Chalifoux, he also suggested using 

mesitylene as solvent – his lab had found it less likely than xylene and toluene to add to 

the α carbon during electrophilic cyclization. 

 

Scheme 2-13. Benzannulation of P[8]-Th through InCl3 catalyzed electrophilic 

cyclization. 

Similar to the molecular species, the absorbance spectrum of BenzP[8]-Th shows peak 

broadening at high energies, and a slightly blue-shifted absorption at 332 nm (Figure 2-

17). There is a substantial low energy shoulder from the CPP HOMO-LUMO transition, 
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but the extended radial/linear delocalization shoulder of P[8]-Th is decreased. The 

emission profile centered at 500 nm is broadened and blue-shifted relative to [8]CPP. 

Interestingly, the PL profile is broadened compared to P[8]-Th, showing both higher and 

lower energy transitions.  

 

Figure 2-17.  Absorption (solid) and Emission (dashed) spectra in THF of benzannulated 

BenzP[8]-Th (black), P[8]-Th (blue), and [8]CPP (orange). 

The molecule and polymer benzannulated [8]CPPs have nearly identical ground state 

electronics (Figure 2-18). BenzP[8]-Th fluorescence red-shifts 20 nm from Benz[8]-Th 

and is significantly broader. The differences in PL spectra indicate greater pi orbital 

delocalization in the lowest-energy excited state of BenzP[8]-Th. Surprisingly, the blue-

shifted PL character of Benz[8]-Th contradicts what is expected for curved PAHs (vide 

supra). The relevant transition may not involve the anthracene core, although there is a 

peak at 450 nm in DBA-Th that overlaps with Benz[8]-Th. 
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Figure 2-18. Absorption (solid) and Emission (dashed) spectra in THF of Benz[8]-Th 

(black), and BenzP[8]-Th (orange). 

Electrophilic cyclization reactions of P/[6]-Th were carried out under identical conditions 

to the thienyl [8]CPPs (Schemes 2-14, 2-15). The additional strain in [6]CPP contributed 

to more significant changes to optoelectronic properties and potentially side reactions. 

Mass data from MALDI are being acquired and will be added…. 

 

 

Scheme 2-14. Attempted Benzannulation of [6]-Th through InCl3 catalyzed electrophilic 

cyclization. 

The proton NMR spectrum of Benz[6]-Th shows complete conversion of starting 

material but does not exhibit deshielded aromatic peaks as in Benz[8]-Th (Figure 2-19). 

This suggests that a fused PAH core was not formed but it is difficult to analyze the 
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complicated spectrum. The material could in fact be the rearrangement, ring-opening, or 

oligomerization product of [6]-Th. 

 

Figure 2-19. The proton NMR spectrum of Benz[6]-Th does not show deshielded 

aromatic peaks expected in fused PAHs. 

Optoelectronic properties indicate significant changes to π conjugation. The absorbance 

spectrum of Benz[6]-Th does not closely resemble [6]CPP or [6]-Th, (Figure 2-20). The 

absorption maximum a 265 nm is quite blue-shifted and broad. A “CPP” peak ~340 nm 

cannot be readily identified. It is possible the low energy shoulder to ~480 nm arises from 

the CPP HOMO-LUMO transition because of breaking symmetry. None of the [6]CPPs 

were luminescent in THF. 
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Figure 2-20. Absorption spectra recorded in THF of Benz[6]-Th (black), [6]-Th (blue), 

and [6]CPP (orange). Species were non-emissive. 

 

 

Scheme 2-15. Attempted Benzannulation of P[6]-Th through InCl3 catalyzed 

electrophilic cyclization. 

The absorbance spectrum of BenzP[6]-Th also differs strongly from [6]CPP and the 

unreacted polymer (Figure 2-21). The maximum absorption is at 280 nm and the 

extended pi electron delocalization of P[6]-Th disappears after the cyclization reaction. 

Surprisingly, molecular Benz[6]-Th displays stronger high wavelength absorption than 

polymer BenzP[6]-Th (Figure 2-22). Potential side reactions could be complicating 

analysis of optoelectronic properties. 
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Figure 2-21. Absorption spectra recorded in THF of BenzP[6]-Th (black), P[6]-Th 

(blue), and [6]CPP (orange). Species were non-emissive. 

 

 

Figure 2-22. Absorption spectra recorded in THF of Benz[6]-Th (black), and BenzP[6]-

Th (blue). 
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Computational Studies 

Computational studies of Benz[8]Th shed additional light on observed optoelectronic 

properties and investigated changes upon oxidation. DFT calculations focused on the 

optimized geometries and the degree of delocalization in the pi-type orbitals of neutral 

and dicationic Benz[8]Th. Surprisingly, the structure retains the circularity of [8]CPP 

despite the added strain of the anthracene unit (Figure 2-23). The torsional angles of the 

two thiophene-anthracene units are 37° and 42°. The HOMO-LUMO gap of the neutral 

species is 3.15 eV. The HOMO and LUMO orbitals localize to the ring (Figure 2-24) and 

this transition is expected to be symmetry-forbidden, in common with other CPPs.  

 

Figure 2-23. Benz[8]Th retains the circular shape even with added strain of the 

anthracene unit. Geometry was fully optimized using b3lyp/6-311g(d). 

 

Figure 2-24. Benz[8]Th HOMO (left) and LUMO (right) are dominated by the CPP ring 

but the LUMO is weighted more towards the internal anthracene. 
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Relevant CPP optoelectronic transitions normally arise from non-frontier orbitals. The 

HOMO-1 and LUMO+1 show hybrid linear/radial contributions (Figure 2-25). Both 

orbitals are weighted to the DBA-Th subunit; HOMO-1 partly delocalizes onto the ring 

and LUMO+1 shows greater delocalization onto the ring. 

 

Figure 2-25. Benz[8]Th HOMO-1 (left) and LUMO+1 (right) show orbital mixing of the 

linear thiophene extensions and CPP ring. 

The dication HOMO-LUMO gap is 0.52 eV (2.6 eV less than the neutral molecule). The 

thienyl-anthracene torsion angles are 29° and 35°, indicating greater planarity than the 

neutral form. Importantly, the LUMO appears evenly delocalized across the thienyl-

anthracene bonds and the CPP ring and maintains local aromaticity of the internal 

aromatic units (Figure 2-26). This is unexpected, as the [8]CPP2+ structure is purely 

quinoidal. The HOMO-1 shows significant radial and linear contributions and LUMO+1 

is dominated by the CPP ring (Figure 2-27). 
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Figure 2-26. Benz[8]Th2+ HOMO (left) and LUMO (right) show orbital mixing of the 

linear extensions and CPP ring, and the LUMO shows localized aromatic character. 

 

 

Figure 2-27. Benz[8]Th2+ HOMO-1 (left) shows orbital mixing between the CPP and 

linear chain, and LUMO+1 (right) shows quinoidal character. 

Conclusions 

Spectroscopic studies of linear CPPs revealed significant changes to hybrid radial/linear π 

electron conjugation upon oxidation. The molar absorptivity increased an astonishing 

260% in P[8]-Th and 67% in P[8]-Ph, vastly greater than the oxidized molecular species. 

Dynamic absorptions ~400 nm point to a side reaction based on the arylene/ethynylene 

linker, though the exact product was unable to be determined. While [8]-Th/-Ph were 

“fully-oxidized” after relatively little oxidizing agent (3 eq), the absorbance spectra of 

polymers continued to change with up to 6 eq. The π extended polymers may be able to 

accommodate greater than 2+ oxidation states. This would be extremely interesting for 
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electronic materials applications; further computational studies would shed light on the 

nature of ionic stabilization in oligomeric CPPs. The current work focused only on the 

linear π extended CPPs; disjoint CPPs may present multiple modes of ion stabilization 

through ortho- and meta- conjugation pathways. 

Electrophilic cyclization of linear arylene-ethynylene CPPs led to changes to the hybrid 

ground and excited states electronic character. Photoluminescence spectra reveal 

extended pi electron delocalization in the excited state of benzannulated [8]CPPs. InCl3 

as a Lewis acid catalyst avoids some of the problematic side reactions observed in 

previous cyclization studies, especially those through the Scholl reaction. The reaction is 

dependent on CPP size – the smaller and more strained [6]CPPs resulted in more side 

reactions than the larger [8]CPPs. The creation of the dibenzo[a,h]anthracene subunit 

adds substantial planarity to the ring system. Larger [n]CPPs may be able to better 

accommodate the strain. The benzannulation via the arylene-ethynylene unit is a 

significant advance in post-synthetic functionalization of CPPs, which are surprisingly 

non-labile to many organic reactions common to benzene and oligophenylenes. For 

instance, selective and efficient cyclization with few or no substituents on the arylene 

would allow subsequent chemistries. The 5-position of thiophene could reasonably be 

halogenated for further cross-coupling chemistry, or directly-metalated and reacted with 

an electrophile. The observed optoelectronic changes are of interest for materials and 

device applications, as well as the active research field pursuing [n]CPPs as CNT 

templates. 
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Experimental 

All reactions dealing with air- and moisture-sensitive compounds were carried out in dry 

glassware under inert atmosphere of purified nitrogen using syringe/septa technique or 

standard Schlenk procedures. CPP derivatives were prepared according to the literature. 

Methylene chloride (DCM) and acetonitrile (ACN) were purified using an Innovative 

Technologies SPS-400-6 Solvent Purification System and dried by filtration through 

alumina according to methods described by Grubbs1 before being subjected to three 

cycles of freeze-pump-thaw under nitrogen. DCM and ACN were used immediately for 

UV/vis titration experiments. 

UV-Vis data were collected on a Cary 50 Bio UV-Vis Spectrophotometer. A glass 

cuvette fitted with a rubber septum was used to maintain dry/inert conditions during 

spectra collection. All spectra are normalized. 

Computational: 

Calculations for oxidation studies and annulation studies were performed using Gaussian 

16 or Gaussian 09, respectively. All optimizations on small molecules were performed 

using ground state DFT calculations with PBE1PBE/6-31G(d) or B3LYP/6-311G(d), as 

specified in the text. All excited state calculations were performed using TD-DFT for 

singlet excited state with 6 or 12 states using PBE1PBE/6-31G(d).20,21 All the UV-Vis 

absorption spectra and Raman activities were obtained with Lorentz broadening with 5 

cm-1. Spectra are scaled uniformly with 0.9675. This frequency scaling factor has been 

used with good accuracy for CPPs.  

General Synthesis of [n]CPPm+(SbF6)x 
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To 3.0mL solutions of [n]CPP derivatives in CH2Cl2 (~20x106M) was added a 33.5mM 

solution of NOSbF6 (dissolved in acetonitrile) by volumetric pipet. Concentrations for 

polymers were determined using the Mw determined previously. Concentration of the 

oxidant solution was made to minimize the volume added to the CH2Cl2 solution (1.7 -> 

8.5µL per aliquot, according to sample concentration). “1 equivalent” is defined here as 

meaning one equivalent oxidant per repeat unit. After each addition the sample sat for 5 

min or until the absorptions stopped changing before recording the absorbance spectrum.  

 

Following the reaction with [8]-Th the crude mixture was partially purified using column 

chromatography. After extensive TLC investigations, the optimal system was found to be 

10->40% methylene chloride: hexanes and using silica gel. Yellow material showing a 

single spot on TLC plate under UV light was isolated which showed promising proton 

NMR evidence for the successful benzannulation (as compared to the terphenyl model). 

However, this was accompanied by intense overlapping peaks from 7.66-7.34 ppm that 

do not correspond to desired product. Unfortunately, further purification via column 

chromatography could not be attained. While loading crude material onto the silica 

column, a small amount of yellow solid was sometimes left behind which was very 

poorly soluble in methylene chloride. Proton NMR in d8-THF showed what seemed to be 

desired product with very little of the impurity peaks from 7.66-7.34 ppm. A low 
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signal/noise ratio in the spectrum has prevented confirmation. However, this observation 

will inform future trials in which the desired product could possibly be isolated by 

washing away side products with methylene chloride.  

 

General Procedure for T-Ph/-Th electrophilic cyclization with protic acids: 

T-Th/-Ph and a stir bar were added to a flame-dried flask and evacuated/backfilled with 

nitrogen three times. Starting material was dissolved in solvent that had been dried over 4 

Å sieves and sparged with nitrogen 30 min. Acid catalyst (1 – 36 eq) was added dropwise 

with stirring. The mixture was heated in an oil bath and stirred for 1 – 24 h. The flask was 

cooled to room temperature and quenched with sat. NaHCO3(aq) for solutions with TFA, 

or NEt3 for solutions with TfOH. The organic layer was washed with H2O (3 x 5 mL), 

dried over MgSO4 and concentrated in vacuo. Purification was attempted using silica gel 

column chromatography. 

 

T-Th (13 mg, 29 µmol, 1 eq) and InCl3 (3.4 mg, 15 µmol, 52 mol%) were added to a 

Schlenk tube and then dissolved in o-xylene (3 mL) and sparged with nitrogen 30 min. 

The mixture was stirred at reflux (150°C) in an oil bath, 24 h. The cloudy, brown-green 

solution was cooled to room temperature and the solvent was removed in vacuo while 

gently heating. The crude product was purified using automated flash chromatography 
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(silica, 10->40% methylene chloride: hexanes) to give the benzannulated product as a 

yellow solid (10 mg, 77% yield). 

 

1H NMR (400 MHz, CD2Cl2): δ 9.22 (s, 2H, Ha), 8.98 (d, 2H, J = 8.2 Hz, Hi), 8.31 (d, 

2H, J = 8.2 Hz, Hf), 8.13 (s, 2H, Hb), 7.79 (td, 2H, J = 7.0, 1.2 Hz, Hh), 7.69 (m, 2H, Hg), 

7.55 (dd, 2H, J = 5.2, 1.1 Hz, Hc), 7.41 (dd, 2H, J = 3.5, 1.1 Hz, He), 7.29, (dd, 2H, J = 

5.2, 3.5 Hz, Hd). Peaks were assigned using 1H COSY and NOESY spectra (see 

Appendix). Poor solubility precluded the collection of 13C NMR. 

HRMS (EI): found m/z: 442.08514; calc. for C30H18S2: 442.0850. 

 

T-Ph was subjected to the same InCl3-cyclization reaction conditions as T-Th and 

yielded a complex mixture of products inseparable by silica gel column chromatography 

and recrystallization techniques. 
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Design of Directly Linked Conjugated Cycloparaphenylene Molecules 

and Synthesis and Characterization of Models   
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To date our lab has strategically designed functional CPPs with terminal alkyne groups 

amenable to Sonogashira cross-coupling strategies. Linear and disjoint CPP molecules 

and polymers have shown ground state electronics blended between the CPP ring and 

aryl-ethynyl extensions. In other studies, directly linked phenyl-systems failed to show 

hybrid CPP ground state electronics.1,2 The reason for this difference is an outstanding 

question. Intuitively, there should be greater orbital overlap between the linker and CPP 

backbone with direct phenyl-substituents rather than arylene-ethynylenes. One likely 

explanation is that steric interaction between adjacent phenyl-units greatly increases the 

dihedral angle, inhibiting orbital interactions and breaking the conjugation pathway. 

Contrary to our work, these studies have sought to develop CPPs as a carbon nanotube 

scaffold. The phenyl-substituent as well as various fused polycyclic aromatic 

hydrocarbons (PAHs) are envisioned to achieve molecular cutouts closer in structure to 

CNTs or fullerene (Scheme 3-1).3 Notably, these functionalities are introduced as-is in 

the macrocycle ring-closing step of CPP synthesis. Attempts to “zip up” or fuse 

substituents to the CPP ring have led to unwanted ring rearrangements and degradation. 

Further discussion on these post-synthetic modifications can be found in Chapter 2.  

 

Scheme 3-1. Examples from the literature of carbon nanorings with inserted PAHs, and 

polymeric nanorings as segments of CNTs. [Adapted from ref. 3] 
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The design of alternative pi-conjugated and arylene linkers with different bonding angles 

and less steric bulk are of interest to explore electronic properties. Additionally, aromatic 

linkers such as thiophene open the possibility of post-synthetic functionalization and 

subsequent chemistry (Scheme 3-2).  

 

Scheme 3-2. Proposed halogenation and cross-coupling reaction of thiophene units 

directly linked to the [n]CPP ring. 

Investigations into redox properties of new CPPs are relevant to the potential for 

functional materials. Computational studies of directly linked CPP [8]-Th are presented 

below, showing mixed radial/linear electronics that change significantly in the dication 

vs. neutral state. Following these oxidation studies, the chapter concludes with proposed 

future directions and structures for new CPP-based electronic materials. 

Results and Discussion 

Herein are summarized synthetic attempts towards CPPs attached directly with linear 2-

thiophene extensions. The design does not include an ethynylene spacer and will be 

referred to as “directly linked” CPP. Computational studies of [8]CPP with two thiophene 

substituents predict novel ground state neutral and dication electronic character. A series 

of terphenyl models is presented as proof of concept for post-synthetic functionalization 

of directly linked CPPs. Finally, a general bottom-up synthetic approach to [8]CPP is 

envisioned in which the linker is installed during the ring-closing [7+1] cross-coupling 

reaction (Scheme 3). This approach takes advantage of previous collaboration between 

the Tovar group and Dr. Ramesh Jasti’s lab and uses the readily made 7-membered 
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precursor. The main challenge is therefore to create a suitable cross-coupling partner 

already substituted with arylene units. The aryl-substituted macrocycle is expected to be 

suitable for the subsequent deprotection and reductive aromatization steps according to 

Jasti’s general synthesis of CPPs.  

Three general pathways were investigated for constructing the functionalized cross-

coupling partner: 1) palladium catalyzed Miyaura-borylation and subsequent Suzuki 

coupling, 2) formation of a Grignard intermediate and quenching with a borylane- or 

stannyl- electrophile followed by Suzuki or Stille coupling, respectively. A third pathway 

of direct coupling with the di-lithiate was considered but deemed unsuitable due to the 

destabilizing electron-rich arylene substituents and competitive deprotonation reactions. 

Considerations for each pathway are presented below along with progress made and 

mechanistic insights to inform future work. 

 

Scheme 3-3. Proposed cross-coupling macrocyclization step to synthesize extended 

[8]CPP with direct aryl linker. 

 



 

99 

 

Direct [8]-Th 

In concert with attempts to synthesize directly linked [8]-Th, DFT calculations by Dr. 

Miklos Kertesz predict novel electronic properties and significant structural differences in 

the neutral and dication systems. Geometries were fully optimized using PBE1PBE/6-

31G(d) and Raman activities were subsequently calculated using PBE1PBE/6-31G(d). 

Upon oxidation, the phenyl-phenyl bond lengths of the CPP ring shorten from 1.480 Å to 

1.455 Å (the two bonds attached to the anchoring phenyl are slightly longer in the neutral 

form: 1.485 Å). This significant reduction indicates a transition towards a quinoid 

structure in the CPP ring. Simultaneously the linear chain shows more quinoidal 

character, with thiophene-phenyl bond lengths shortening from 1.464 -1.466 Å to 1.447 -

1.450 Å upon oxidation (Figure 3-1). 

 

Figure 3-1.  Calculated bond lengths indicate greater quinoidal character in dication [8]-

Th compared to the neutral form. Geometry was optimized using PBE1PBE/6-31G(d). 

The HOMO-LUMO gap of neutral [8]-Th is calculated at 3.45 eV. The gap between 

HOMO and HOMO-1 (which corresponds to the doubly oxidized state) is 0.46 eV. In the 

dication the HOMO-LUMO gap is calculated at 0.94 eV, which is slightly more than 

double the HOMO-1-HOMO gap of neutral [8]-Th. The dihedral angle of thiophene with 

the anchoring phenyl impacts the radial/linear orbital distribution. In the neutral species 
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the thiophene with a lower torsion angle (30° versus 42°) has more contribution to the 

HOMO (Figure 3-2). In the dication these angles reduce to 25° and 28°, indicating 

greater co-planarity of the linear thiophene-phenyl-thiophene chain and improved orbital 

overlap of the linear and cyclic moieties. Indeed, the dication HOMO is well delocalized 

over the CPP and the linear extension (Figure 3-3).  

 

Figure 3-2. The thiophene with a lower torsion angle has more HOMO contribution in 

neutral [8]-Th. 
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Figure 3-3. HOMO orbitals of neutral (left) and dication (right) 8Th show the HOMO is 

well delocalized over the CPP and linear chain in the dication. 

These results support the hypothesis that heteroaromatic linkers can improve radial/linear 

conjugation in hybrid CPPs by reducing steric interference. DFT calculations of direct 

phenyl-substituted CPPs1,4 show large torsion angles between the substituents and anchor 

phenyl, likely inhibiting efficient π-π overlap (Figure 3-4). 

 

Figure 3-4. A stylized structure shows that steric interference forces phenyl linkers out of 

plane in directly linked CPPs. 

Three key CPP CC stretching peaks5 at 1200, 1280, and 1600 cm-1 show up in the 

calculated Raman activities of the neutral molecule (Figure 3-5). Peaks at 1600 cm-1 

correspond to the G-like mode of carbon nanotubes, i.e., the “radial breathing” mode. The 

spectrum calculated for [8]-Th2+ is much more complicated but shows significant 
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changes, especially between 1300 and 1500 cm-1 and above 1500 cm-1. This could 

indicate charge delocalization between the radial and linear parts but further experimental 

data is needed for these novel systems. 

 

Figure 3-5. Raman Activities calculated using PBE1PBE/6-31G(d) on fully optimized 

geometries.  

These studies focus on thiophene, but future research could consider furan and pyrrole, 

two other five-membered aromatic rings that could alleviate torsion and have different 

orbital interactions with CPP. A six-membered ring like pyridine, with no hydrogen 

bonded to the nitrogen atom, could improve conjugation and lead to new electronic 

properties. 
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Terphenyl synthetic model 

Subtle changes to electronic character were achieved by using different coupling partners 

in a Suzuki reaction with halogenated terphenyl molecules (Scheme 3-4). The reaction 

conditions were generalizable with the three arylboronic acid groups and hold promise to 

use with analogous functionalized CPPs. The magnitude of effect of other functional 

groups on optoelectronic properties in these molecules remains to be further investigated, 

with the only limits being what is commercially available and the organic chemist’s 

imagination.  

 

Scheme 3-4. Synthesis of direct linker terphenyl molecules with differing electronic 

character through Suzuki coupling  

DFT calculations using B3LYP/6-311g(d,p) show the series of terphenyl molecules to be 

not very planar (Figures 3-6, 3-7, 3-8). The torsion angle between the anchoring phenyl 

and terphenyl backbone units is 54° - 58° in all three species and the phenyl units 

contribute weakly to the HOMO and LUMO. The thiophene-anchoring phenyl torsion 

angle is greater than in the CPP molecule (vide supra). In 4a the dihedral angle is 53° and 

48°, in 4b is 52° and 47°, and in 4c is 51° and 47°. Despite the large torsion the HOMOs 

and LUMOs show minor conjugation between the pi-extended arms and central phenyl 

unit. The hybrid functional B3LYP is known to overestimate pi-conjugation and we may 
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expect to see poorer delocalization experimentally. However, the trends observed follow 

the electron-donating/-withdrawing character of the functionalized phenyl units. 

In 4a the LUMO delocalizes along the pathway with the electron-withdrawing perfluoro 

substituent (Figure 3-6). The terphenyl backbone contributes substantially to the HOMO, 

in contrast to the HOMO of 4b which lies exclusively along the pathway with electron-

donor methoxy subunits (Figure 3-7). The terphenyl backbone is relatively electron poor 

and contributes significantly to the LUMO. The methoxy unit itself contributes 

significantly to the HOMO and hardly at all to the LUMO. In contrast, -CF3 does not 

contribute to the HOMO of 4c but does contribute to the LUMO (Figure 3-8). Similar to 

4a but to a lesser extent, the terphenyl backbone contributes to the HOMO in 4c and the 

LUMO is dominated by the pi-extension pathway electron-withdrawing -CF3 groups. 

 

Figure 3-6. Molecular orbitals of 4a HOMO (bottom) and LUMO (top) show hybrid 

electron character between the conjugated extensions and terphenyl backbone. The 

LUMO is dominated by the electron-withdrawing arms. 
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Figure 3-7. Molecular orbitals of 4b HOMO (bottom) and LUMO (top) show hybrid 

electron between the conjugated extensions and terphenyl backbone in the LUMO. The 

HOMO is dominated by the electron-rich arms. 

 

 

Figure 3-8. Molecular orbitals of 4c HOMO (bottom) and LUMO (top) show hybrid 

electron character between the conjugated extensions and terphenyl backbone. The 

LUMO is dominated by the electron-withdrawing arms. 

Absorbance spectroscopy of the terphenyl functionalization models shows peak 

wavelengths shifting according to the electron demand of the substituents (Figure 3-9). 

The p-phenyl-OCH3 shows an absorption maximum at 345 nm, and the p-CF3 and C6F5 

molecules maxima at 355 nm and ~375 nm, respectively. The stronger electron-

withdrawing groups stabilize the LUMO, resulting in the red-shift trend.  
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Figure 3-9. Normalized Absorption (solid) and Emission (dashed) spectra in THF of 

direct linker terphenyl molecules.  

The fluorescence peaks also show a red-shift trend from -OCH3 to -CF3 to -C6F5 (447 nm, 

460 nm, ~500 nm, respectively). Absorptions arising from the terphenyl subunit are 

observed in the three molecules, with no shift caused by the substituents. It would be 

interesting to directly attach the substituents to the thienyls and investigate the 

spectroscopic changes absent the intermediate phenyl, which could be attenuating the 

spectroscopic shifts. 

The optoelectronic properties of the terphenyl model are readily tunable by different 

substituents on the thienyl units, which were selectively halogenated and reacted under 

Suzuki cross-coupling conditions. The substituents investigated here shifted the 

maximum absorbance peak up to 30 nm and the fluorescence was shifted ~50 nm. The 

shifting peaks arose predominantly from the thiophene-containing pi conjugated arms, 

which have better planarity than the terphenyl unit according to DFT calculations. Thus, 

the optoelectronic properties mainly come from separate non-interacting orthogonal pi 
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electron systems. Replacing the terphenyl backbone with a CPP ring will improve 

oligophenyl planarity but may conversely reduce orbital overlap between the linear 

substituents and phenyl anchor. 

Miyaura Borylation 

Following the design of previous work in our lab, which used Suzuki-Miyaura coupling 

with a bis-boronic ester phenyl unit functionalized with protected alkynes to produce the 

macrocycle CPP precursor, palladium catalyzed borylation of a thiophene-functionalized 

phenyl unit was attempted but was unsuccessful (Scheme 3-5). Miyaura borylation can be 

challenging, even for known published reactions. While sometimes a small amount of 

water is suggested to be necessary, Dr. Garvin Peters found in his work that solvent and 

starting materials must be stringently dried. Reaction conditions and results are 

summarized in Table 3-1 and a brief discussion follows. Further experimental details can 

be found in the Experimental section. 

 

Scheme 3-5. Attempted palladium-catalyzed Miyaura borylation of the direct-thienyl 

CPP coupling precursor 5. 
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Table 3-1. Trial reaction conditions for attempted Miyaura-borylation of the direct-

thienyl CPP coupling precursor 5. 

Entry 

(amount of 

5) 

Borolane: Catalyst Base Solvent Stir 

Time 

Results 

1 (150 mg) B2pin2 

(2.9 eq) 

Pd(dppf)Cl2 

(0.1 eq) 

KOAc 

(6 eq) 

DMF 72 hr Partial 

dehalogenation 

2 (536 mg) B2pin2 

(2.5 eq) 

Pd(dppf)Cl2 

(0.03 eq) 

KOAc 

(7 eq) 

dioxane 16 hr No conversion 

3 (370 mg) B2pin2 

(2.4 eq) 

Pd(dppf)Cl2 

(0.03 eq) 

KOAc 

(6.6 eq) 

dioxane 18 hr No conversion 

4 (196 mg) HBpin 

(4.2 eq) 

Pd(dppf)Cl2 

(0.04 eq) 

NEt3 

(6.3 eq) 

dioxane 18 hr Partial 

dehalogenation; 

recovered S.M. 

5 (100 mg) HBpin (4 

eq) 

Pd(dppf)Cl2 

(0.09 eq) 

NEt3 

(5.7 eq) 

DMF: 

dioxane 

(1:1) 

24 hr Partial 

dehalogenation; 

recovered S.M. 

 

Notably, this reaction is highly moisture sensitive. No conversion of starting material was 

observed unless all solid starting materials were dried in the reaction vessel under 

vacuum (<100 mTorr) for 6 – 12 h. Partial dehalogenation observed in entries 1, 4, and 5 

shows that the oxidative addition step of the catalytic cycle is occurring. Kinetic studies 

were not done but certain inferences can be made from the resulting product mixtures. 

KOAc is commonly used as base to promote borylation and to prevent Suzuki coupling.7 

Using KOAc with dioxane as an ethereal coordinating solvent resulted in no conversion, 

which was unexpected given the successful borylation of bis-ethynylene-phenyl reported 

previously.8 Switching to DMF resulted in partial dehalogenation and full conversion of 

starting material to a complex mixture of products only after significantly longer stirring 

at 85° (72 hours). Changing the nucleophilicity of the boron source to pinacolborane and 

using NEt3 to both promote transmetalation (as reported in the literature9) resulted in 
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recovery of significant starting material and partially dehalogenated starting material. 

Oxidative addition is therefore occurring to some extent. Though the mechanism is not 

completely understood, NEt3 could be assisting the creation of a cationic palladium 

complex after oxidative addition.10 If the starting material with two electron-rich 

thiophene substituents reduces the cationic palladium, this could explain the recovery of 

dehalogenated starting material. Indeed, a common side product using HBpin/NEt3 in 

Miyaura borylation is the dehalogenated aryl halide.10 

Grignard 

 

Scheme 3-6. General scheme for borylation of 5 through a Grignard intermediate. 

Initial attempts to form the Grignard intermediate used ground magnesium turnings 

which were prepared by grinding with mortar and pestle or washing with hydrochloric 

acid (see Experimental for details). Even upon stirring starting material with magnesium 

under reflux for 24 hours and with iodine crystals no conversion was observed (Table 3-

2). Obviously, the reagents were not active enough under these conditions to form the 

Grignard intermediate, let alone react with the boron electrophile when it was added. 
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Table 3-2.  Trial reaction conditions for attempted Grignard-mediated borylation of 5. 

Entry Mg Mg prep: Mg 

heated? 

Borolane: Iodine 

added? 

Results 

1 6.6 eq Ground 

turnings 

23°C 

 

Yes No 

conversion 

2 6.9 eq HCl wash Reflux 

(<5 min) 
 

Yes No 

conversion 

3 7.2 eq HCl wash Reflux 

(24 hr) 

HBpin Yes No 

conversion 

4 6.9 eq HCl wash Reflux 

(24 hr) 

HBpin No No 

conversion 

 

Of the four trials, entry 3 initially appeared to be most promising. After heating the 

Mg/I2/5/THF mixture at reflux for 24 hr, a cloudy gray solution was observed. After this 

solution was added to HBpin and stirred overnight the solution became orange. During 

the other three entries, the solution remained yellow/orange throughout the reaction. It 

was surprising that no conversion was observed for entry 3, as this indicates that no 

Grignard intermediate formed even though a cloudy gray solution was observed. 

Alternative conditions to be explored could include increasing the stirring time of the 

initial magnesium solution and experimenting with other methods to abrase magnesium 

(e.g., stir the magnesium with small glass shards from a stir rod). 

After extensive literature searches and discussions with other lab members, “Turbo-

Grignard” conditions as described by Knochel11 were identified. In the procedure, a 

solution of iPrMgCl is added to the halogenated starting material along with LiCl salt to 

form a more active magnesium source. Reacting 5 under Turbo Grignard conditions and 

quenching with trimethlytin chloride successfully gave mono-stannylated product 6 in 
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44% yield (Scheme 3-7). Only one halogenated site reacted, even though 5 equivalents of 

magnesium reagent were used. The doubly-metalated intermediate is presumably highly 

destabilized by the electron-rich thiophene substituents. As a result, a second follow-up 

Turbo Grignard reaction is proposed to achieve the bis-stannylated product 7. Different 

functionalities can be envisioned by introducing various electrophiles. These Grignard 

conditions may be suitable with a wide variety of substituents and could open the door to 

designer CPPs. 7 could be used for Stille-coupling in the ring-closing step of CPP 

synthesis to possibly give higher yields than are typically observed. Suzuki-coupling is 

widely used but gives low to moderate yields (<30%). However, the borylated reagent 

may be preferred because of its precedence. 

 

 

Scheme 3-7. Synthesis of thiophene linker 6 substituted with trimethyltin using Turbo 

Grignard conditions. 

 

Direct coupling – Lithiation 

Direct lithiation/cross-coupling (Scheme 3-8) was investigated as a path to: a) terphenyl 

models of extended CPPs with direct aryl-linkages, and b) precursors for CPP 

macrocyclization with pre-formed direct aryl-linkages (avoiding the borylation and 

stannylation steps in Suzuki and Stille coupling conditions, respectively).  

 

Scheme 3-8. General scheme to couple bromobenzene following the lithiation of 5 using 

conditions described by Feringa and coworkers. 
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The recovery of dehalogenated starting material post-reaction suggests that the center 

phenyl brominated positions are in fact undergoing lithiation. The absence of the desired 

product points to the difficulty of cross-coupling to the phenyl ring at a position ortho- to 

the thiophene substituent (Table 3-3). This was similarly observed in the synthesis of 2 

which was eventually achieved in moderate yields under Stille conditions (see 

experimental), and was also observed during the many unsuccessful attempts at Miyaura 

borylation of 3 (vide supra). Proton NMR of a poorly soluble product showed broadened 

multiplets in the aromatic region, suggesting a polymerization side product. The peaks 

could not be assigned to thiophene vs. phenyl protons, thus it is unclear whether 

brominated phenyl positions and/or acidic thiophene alpha protons are participating in 

polymerization. Overall, these trials do not discount a complicated halogen dance 

mechanism leading to dehalogenated starting material. Extensive trials and optimization 

would be needed to see if Feringa’s conditions could be used as a route to terphenyl 

models and extended CPPs. For example, Feringa and co-workers observed that bulky 

ligands such as P(t-Bu)3 gave the best yields. Difficulties to such an approach using bulky 

ligands to synthesize ortho- substituted arenes were discussed above. However, the 

dehalogenation of 5 opens a potential route to synthesize “classic” cross-coupling 

precursors, e.g., quenching of the lithiate with tin-alkyl or borolane electrophiles. This 

route was previously expected to suffer from competing lithiation of the thiophene 

substituent. These results suggest that may not be the case. 
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Table 3-3. Trial reaction conditions for direct lithiation/cross-coupling of 5. 

Entry Pd catalyst Catalyst 

Loading 

Ligand Ligand 

Loading 

Results 

1 Pd2(dba)3 2.8% SPhos 10% Majority is 

dehalogenated 

S.M.; some 

polymerization 

2 Pd2(dba)3 2.8% P(t-Bu)3 10% 

3 Pd2(dba)3 2.5% P(t-Bu)3 10% 

 

Future Directions 

The CPP research field has progressed rapidly since the original “shotgun-synthesis” 

approach first used in 2008. With more and more functionalized CPPs being regularly 

reported, the only limit seems to be the synthetic chemist’s imagination. Following are 

several proposed chemical designs for CPP materials, strongly inspired by the work 

presented so far in this dissertation and also the impressive synthetic work done 

previously by Dr. Garvin Peters. 

The bis-alkyne CPPs are promising targets for CuAAC click chemistry to directly 

synthesize conjugated polymers (Scheme 3-9). The azide-alkyne click reaction has been 

used to develop CPP fluorophores for bio-imaging in live cells, though its purpose was to 

introduce a targeting moiety for intracellular localization.12 The triazole unit is widely 

used in donor-acceptor electronic materials but has yet to be investigated in linear pi-

extended CPPs.  
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Scheme 3-9. Proposed reaction scheme detailing click-chemistry CPP monomer and 

polymers, building directly from the terminal alkyne substituents. 

 

In addition to conjugated polymeric materials, click chemistry could create CPP materials 

capable of Förster Resonance Energy Transfer (FRET). The size-dependent fluorescence 

of [n]CPPs and tunable acceptor dyes such as perylene-diimide (PDI) are reasoned to 

have sufficient spectral overlap for energy transfer (Figure 3-10). Length (n) of the 

aliphatic spacer can be changed, taking advantage of the distance-dependence of FRET. 

Given the host-guest chemistry observed in some larger [n]CPPs (e.g., encapsulation of 

C60 fullerene in [10]CPP), the optoelectronic applications could be extended to multi-

responsive materials. [n]CPP absorbs high energy light (~340 nm) and then emits energy 

(λem = 533 nm)13 to the acceptor PDI (λmax = 528 nm)14 which finally fluoresces (530 – 

650 nm). Upon introduction of a guest molecule (C60, PAHs, I2, pollutant, etc.)15 the 

initial emission from CPP is quenched, transferring energy instead to the encapsulated 

species and quenching fluorescence from PDI. 

 

 



 

115 

 

 

Figure 3-10. Proposed FRET activity in a CPP-PDI material through excitation of the 

CPP core followed by energy transfer to PDI and fluorescence.  

There are many structures which could be prepared via Sonogashira coupling of aryl 

units with bis-alkyne CPPs, and a several are proposed here (Scheme 3-10). Both “linear” 

and “disjoint” CPPs should be investigated, as well as other connectivities yet to be 

reported. The observed electronic differences between -phenyl and -2-thienyl 

functionalized CPPs means that these new linkers should not be considered a “shotgun” 

approach to tuning properties, but rather part of the fundamental investigation of 

radial/linear hybrid conjugation. Undoubtedly there is potential material and device 

applications – CPP research will continue to benefit from collaborations between 

synthetic and computational chemists, photo-physicists, and materials scientists, to name 

a few.  
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Scheme 3-10. Proposed structures of linear/radial hybrid CPP polymers from bis-alkyne 

precursors. Disjoint CPPs can be used as well and different properties should be 

expected. 

 

Conclusions 

The synthesis of directly linked CPPs would further expand our investigations into the 

nature of radial conjugation. Although phenyl linked CPPs have been reported in the 

literature, the molecules show optoelectronic character arising from the nanohoop only. 

The attachment of other linkers through a general synthetic scheme is therefore of 

interest. In pursuit of a general 7 + 1 macrocycle synthesis to form [8]CPP, extensive 

work to form a functionalized phenyl coupling partner was performed. The common 

procedures tested (Grignard-, Lithiation-, and Miyaura-Borylation) performed poorly or 



 

117 

 

not at all, likely due to the destabilizing effect of electron-rich thiophene substituents 

(Scheme 3-11). 

 

Scheme 3-11. The bis-metalated 5 is destabilized by electron-rich 2-thienyl substituents. 

Eventually, turbo-Grignard conditions gave a mono-stannylated product in good yield, 

and the sequential stannylation of the second halide-carbon was proposed. This work will 

inform future work to create directly linked CPP molecule and polymer materials. 

The field of CPP research is wide open for aspiring chemists to design novel architectures 

and electronics. A few structures have been proposed here stemming from our group’s 

initial findings. The intrepid researcher will have no shortage of ideas for years to come 

in this rapidly expanding community. 
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Experimental 

 

Compound 1 was synthesized according to the literature.16  

 

 

1 (102 mg, 0.26 mmol, 1.0 eq) and PdCl2(PPh3)2 (7.3 mg, 0.01 mmol, 0.04 eq)) were added 

to a flame dried Schlenk tube which was then evacuated and backfilled with N2 three times. 

DMF (5 mL) was added to partially dissolve 1, and then 2-(tributylstannyl)thiophene (224 

mg, 0.60 mmol, 2.3 eq) was added via syringe. The solution was heated to 80°C in an oil 

bath and stirred 48 hr. After cooling to room temperature, the solution was diluted with 1 

M KF(aq) (10 mL). The crude mixture was extracted with diethyl ether (3 x 10 mL). The 

combined organic extracts were washed with 1 M KF(aq) (3 x 10 mL), sat. NH4Cl(aq) (2 x 

10 mL), and brine (1 x 10 mL) and then dried over MgSO4 and concentrated in vacuo. The 

crude product was purified using flash chromatography (silica, 10% methylene chloride: 

hexanes) to give 2 as a white solid (43 mg, 0.11 mmol, 41% yield). 

1H NMR (400 MHz, CDCl3): δ 7.58 (s, 2H), 7.34 (bs, 10H), 7.19 (dd, 2H, J = 5.1, 1.2 

Hz), 6.88 (dd, 2H, J = 5.1, 3.6 Hz), 6.75 (dd, 2H, J = 3.6, 1.2 Hz), 13C (1H) NMR (100 

MHz, CDCl3): δ 142.4, 140.7, 139.9, 132.8, 129.7, 128.2, 127.2, 127.1, 127.0, 125.8 

HRMS (EI): (M+) found m/z: 394.08521; calc. for C26H18S2: 394.0850. 

 



 

119 

 

 

2 (50 mg, 0.13 mmol, 1.0 eq) in a vial was dissolved in DMF (3 mL) and transferred to a 

flame dried Schlenk flask under nitrogen. The vial was sequentially rinsed with DMF and 

transferred to the Schlenk flask via cannula (3 x 3 mL) to give 12 mL total. The flask was 

wrapped with aluminum foil. N-bromosuccinimide (47 mg, 0.26 mmol, 2.0 eq) was added 

as a solid under positive nitrogen and the mixture was stirred in the dark for 14 hr to give 

a cloudy, light-yellow solution. This was diluted with DI H2O (10 mL) and the resulting 

precipitate was collected by filtration to give 3 as a white solid (33 mg, 60 µmol, 48% 

yield). 

1H NMR (400 MHz, CD2Cl2): δ 7.49 (s, 2H), 7.38-7.36 (m, 6H), 7.34-7.31 (m, 4H), 6.86 

(d, 2H, J = 3.9 Hz), 6.58 (d, 2H, J = 3.9 Hz) 13C (1H) NMR (100 MHz, CD2Cl2): Poor 

solubility precluded the acquisition of carbon NMR spectrum 

HRMS (EI): (M+) found m/z:  549.90652; calc. for C26H16
79Br2S2: 549.9060. 
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General reaction conditions were modified from the literature17 as follows:  

Aryl-boronic acid (39 µmol, 2.4 eq) and K2CO3 (4 eq) were added to a flame-dried 

Schlenk flask then evacuated and backfilled with nitrogen three times. Pd(OAc)2 (4 

mol%) was added via syringe followed by 3 (9 mg in 0.5 mL DMF, 16 µmol, 1 eq). The 

solution was stirred at 120°C in an oil bath for 18 hr. After cooling to 23°C, the yellow 

solution was diluted with D.I. H2O (5 mL) and NH4Cl (5 mL). This mixture was 

extracted with EtOAc (5 x 10 mL). Combined organic extracts were dried over MgSO4 

and concentrated in vacuo. The crude material was purified using column 

chromatography (silica, 10% methylene chloride: hexanes) to give 4a, 4b, or 4c as light-

yellow solids. Material impurities were observed in 1H NMR spectra even after column 

purification. 

4a 2',5'-bis(5-(perfluorophenyl)thiophen-2-yl)-1,1':4',1''-terphenyl 

1H NMR (400 MHz, CD2Cl2): δ 7.48 (s, 2H), 7.37-7.30 (m), 7.34-7.31 (m, 4H), 6.82 (d, 

2H, J = 3.9 Hz), 6.50 (d, 2H, J = 3.9 Hz) 13C (1H) NMR (100 MHz, CD2Cl2): Poor 

solubility precluded the acquisition of carbon NMR spectrum. 
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4b 2',5'-bis(5-(4-methoxyphenyl)thiophen-2-yl)-1,1':4',1''-terphenyl 

1H NMR (400 MHz, CD2Cl2): δ 7.61 (s), 7.57 (s), 7.36-7.34 (m), 7.00 (s), 6.89-6.88 (m), 

6.96 (d, J = 3.8 Hz), 6.86 (d, J = 3.0 Hz), 6.75 (dd, J = 3.6, 1.1 Hz), 6.62 (d, J = 3.8 Hz), 

3.82 (s). 13C (1H) NMR (100 MHz, CD2Cl2): Poor solubility precluded the acquisition of 

carbon NMR spectrum. 

4c 2',5'-bis(5-(4-(trifluoromethyl)phenyl)thiophen-2-yl)-1,1':4',1''-terphenyl 

1H NMR (400 MHz, CD2Cl2): δ 7.63 (s, 2H), 7.59, (d, 2H, J = 2.1 Hz), 7.41-7.37 (m, 

10H), 7.17 (d, 2H, J = 3.8 Hz), 6.71 (d, 2H, J = 3.8 Hz), 13C (1H) NMR (100 MHz, 

CD2Cl2): Poor solubility precluded the acquisition of carbon NMR spectrum. 

HRMS (EI): (M+) found m/z:  682.12392; calc. for C40H24F6S2: 682.1224. 

 

General procedure for Miyaura-borylation of 5: 

5 was prepared according to the literature.18  

 

1,4-dioxane was dried by filtration through alumina according to the methods described 

by Grubbs.19 NEt3 was distilled over KOH and sparged with nitrogen for 30 min. 5 was 

dissolved in dioxane/DMF and sparged with nitrogen for 30 min. KOAc was added to a 

flame-dried Schlenk flask before being dried over flame and cooled to room temperature 

under vacuum. B2pin2 and palladium catalyst were added and the flask was evacuated and 

backfilled with nitrogen three times. The solution of 5 was added via cannula, and the 
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solution was stirred at 85-90°C in an oil bath for 16-72 hr. (Note: When HBpin/NEt3 

were used, they were added under nitrogen before heating the solution and B2pin2/KOAc 

were omitted.) After cooling to room temperature, the solution was filtered through Celite 

using EtOAc and concentrated in vacuo to give the crude product which was analyzed by 

NMR. 

Grignard Experimental: 

 

Magnesium turnings were prepared using one of two methods: 

Method A- 

Magnesium turnings were ground using mortar and pestle for 20 min. The turnings were 

added to a flame-dried Schlenk flask and evacuated and backfilled with nitrogen three 

times before drying under vacuum (100 mTorr) 16 hr.  

Method B (HCl wash)- 

Magnesium turnings were added to a flame-dried Schlenk flask then evacuated and 

backfilled with nitrogen three times. 1 M HCl (1 mL) was added via syringe and the 

bubbling solution was stirred for 1 min. The acid solution was removed by cannula. The 

turnings were rinsed with DI H2O (1 mL) then acetone (1 mL) to give shiny Magnesium 

turnings which were dried in vacuo (100 mTorr) for 16 hr. 

Reaction conditions for Grignard formation20 and borylation21 were modified from the 

literature: 



 

123 

 

Dried magnesium turnings in a flame-dried Schlenk flask were evacuated and backfilled 

with nitrogen three times. THF (1 mL) was added followed by a crystal of iodine under 

positive nitrogen. The solution was stirred 1-24 hr (23 - 70°C) and then cooled to room 

temperature (23°C). 5 was added to a separate flame-dried Schlenk flask, dried under 

high vac for 2 hr, evacuated and backfilled with nitrogen three times, and dissolved in 

THF (2 mL). The solution of 5 was added dropwise to the stirring magnesium solution 

and then heated to reflux (70°C) in an oil bath and stirred 20 hr. This solution was 

removed from the oil bath and stirred at room temperature (23°C). Meanwhile, borolane 

and THF (2 mL) were added to a flame-dried Schlenk flask and sparged with nitrogen for 

30 min. Mg/5 solution was added dropwise over 5 min and then stirred 1 – 16 hr. This 

solution was lowered into an ice-water bath and stirred 30 min before 1M HCl (1 mL) 

was added dropwise via syringe. The flask was then removed from the ice-water bath and 

stirred at room temperature. The organic solvent was removed in vacuo and the crude 

material was diluted with diethyl ether (5 mL). The organic layer was washed with DI 

H2O (5 mL) and brine (5 mL) and then dried over MgSO4 and concentrated in vacuo. 

Turbo Grignard reaction (modified from literature11): 

 

5 (51 mg, 0.13 mmol, 1 eq) was added to a flame-dried Schlenk flask which was then 

dried under vacuum 2 h and then evacuated and backfilled with nitrogen three times. 

THF (4 mL) was added to dissolve starting material. 2.0 M iPrMgCl (0.13 mL, 0.26 

mmol, 2 eq) was added dropwise while stirring. The flask was heated to 35°C in an oil 
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bath and stirred 1 h. After removing from oil bath and stirring to room temperature, 1.0 

M (THF) SnCl(Me)3 (0.26 mL, 0.26 mmol, 2 eq) was added dropwise to the solution and 

stirred for 20 h at 25°C. The reaction was quenched with H2O (5 mL) and the crude 

mixture was extracted with diethyl ether (3 x 10 mL). The combined organic extracts 

were washed with H2O (1 x 10 mL) and dried over MgSO4 and concentrated in vacuo. 

The crude was purified using column chromatography (silica gel, 20% methylene 

chloride: hexanes) to give the mono-stannylated product 6 as a colorless oil (27 mg, 44% 

yield). 

1H NMR (400 MHz, CD3Cl): δ 7.76 (s, 1H), 7.61 (s, 1H), 7.42 (dd, 1H, J = 5.1, 1.2 Hz), 

7.35 (dd, 2H, J = 5.2, 1.2 Hz), 7.33 (d, 1H, J = 1.2 Hz), 7.13 (dd, 1H, J = 5.1, 3.6 Hz), 7.0 

(dd, 1H, J = 3.5, 1.2 Hz), 0.12 (s, 9H). 13C (1H) NMR (100 MHz, CDCl3): 145.1, 143.1, 

143.0, 141.6, 139.5, 134.2, 133.9, 127.8, 127.4, 127.1, 126.5, 126.2, 126.0, 123.1, -7.7 

General Procedure for direct cross-coupling (Feringa conditions)22: 

 

5 (63 mg, 0.16 mmol, 0.5 eq) was added to a flame-dried Schlenk flask which was then 

evacuated and backfilled with N2 three times. THF (1 mL) was added to dissolve starting 

material and the flask was stirred in a dry-ice/acetone bath for 30 min. Meanwhile, 

bromobenzene (50 mg, 0.32 mmol, 1.0 eq), ligand, and toluene (2 mL) were added to a 

flame-dried Schlenk flask and sparged with nitrogen for 30 min. To 5 was added n-BuLi 

dropwise (0.31 mmol, 0.98 eq). The resulting bright yellow solution was stirred in the 

dry-ice/acetone bath 30 min. Pd catalyst was then added to the lithiated 5 solution under 
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positive nitrogen. This solution was transferred dropwise over 5 min to the 

bromobenzene solution and stirred at 23°C for 1 hr. Sat. NH4Cl(aq) (5 mL) was added and 

the aqueous layer was extracted with diethyl ether (3 x 10 mL). The combined organic 

extracts were dried over MgSO4 and concentrated in vacuo. The crude material was 

purified using silica column chromatography (10% methylene chloride: hexanes). 

Mono-alkyne CPP model 

Work in our lab has focused on linear and disjoint CPPs, such that extended conjugation 

through the ring is enabled. A mono-functionalized CPP can be envisioned with a single 

alkyne available for Sonogashira coupling. Following this, coupling with an aryl-dihalide 

(similar to that already reported) would form a CPP dimer which can be thought of as a 

CPP oligomer with n = 2. Our published research explicitly studied n = 2, 3 oligomers 

computationally to understand the degree of extended delocalization in these conjugated 

polymers. Experimental studies would bolster our understanding and design of these and 

future systems. Below, a terphenyl model is designed and synthesized. 

 

Scheme 3-12. Synthesis of terphenyl mono-alkyne 9. 

Compound 7 was synthesized according to the literature.1 
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Compound 7b was synthesized by as follows: 

KOAc (1.46 g, 14.9 mmol, 6.01 eq) was added to a flame-dried Schlenk flask, then dried 

over open flame and cooled to room temperature under vacuum. Pd(dppf)Cl2 (91 mg, 

0.12 mmol, 0.05 eq) and B2pin2 (1.89 g, 7.44 mmol, 3.00 eq) were added, and the flask 

was evacuated and backfilled with nitrogen three times. 7 (1.03 g, 2.48 mmol, 1.00 eq) in 

a scintillation vial was sparged with nitrogen 30 min then dissolved in dioxane (2mL) and 

transferred to the flask via cannula. The vial was rinsed with twice with dioxane and 

transferred to the flask (2 x 4 mL). The reaction mixture was heated to 90°C in an oil bath 

and stirred 19 hr. After cooling to 23°C, the black solution was filtered through a Celite 

plug (EtOAc) and concentrated in vacuo. The crude was recrystallized in ethanol to give 

7b as brown crystals (550 mg, 1.00 mmol, 40% yield). 

1H NMR (400 MHz, CDCl3): δ 7.91 (s, 1H), 7.75 (d, 1H, J = 7.4 Hz) 7.68 (dd, 1H, J = 

7.4, 1.1 Hz), 1.35 (s, 12H), 1.33 (s, 12H), 1.15 (s, 21H), 13C (1H) NMR (100 MHz, 

CDCl3): δ 139.7, 134.6, 133.3, 84.0, 83.8, 24.9, 24.8, 18.8, 11.5 

HRMS (EI): (M+) found m/z: 510.35044; calc. for C29H48B2O4Si: 510.3508. 
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Phenylboronic acid (89 mg, 0.73 mmol, 3.0 eq), K3PO4 (510 mg, 2.4 mmol, 10 eq), and 

Pd(PPh3)4 (42 mg, 36 µmol, 0.15 eq) were added to a flame-dried Schlenk flask which 

was then evacuated and backfilled with N2 three times. THF (2.9 mL) was added via 

syringe followed by 7 (0.09 mL of a 2.8M solution in THF, 0.24 mmol, 1.0 eq). The flask 

was equipped with a flame-dried Liebig condenser which was then flushed with nitrogen 

5 min, before sealing with a septum. The solution was heated to reflux (70°C) in an oil 

bath and stirred 24 hr. After cooling to room temperature, sat. NH4Cl(aq) (10 mL) was 

added and the aqueous layer was extracted with diethyl ether (3 x 10 mL). The combined 

organic layers were concentrated in vacuo and then purified using flash chromatography 

(silica, hexanes) to give 8 as colorless oil that crystallized to a white solid (32 mg, 0.078 

mmol, 32% yield). 

1H NMR (400 MHz, CDCl3): δ 7.82 (d, 1H, J = 1.8 Hz), 7.65-7.61 (m, 4H), 7.59 (dd, 

1H, J = 8.0, 2.0 Hz), 7.49-7.43 (m, 3 H), 7.42-7.33 (m, 4H), 1.02 (s, 18H), 13C (1H) 

NMR (100 MHz, CDCl3): δ 143.1, 140.2, 140.1, 140.0, 132.3, 129.9, 129.3, 128.9, 

127.9, 127.6, 127.3, 127.2, 127.1, 122.4, 106.3, 94.1, 18.6, 11.3 

HRMS (EI): (M+) found m/z: 410.24193; calc. for C29H34Si: 410.2430. 
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8 (31 mg, 75 µmol, 1.0 eq) was added to a scintillation vial and dried in vacuo for 1 hr, 

and then was evacuated and backfilled with N2 three times. THF (2 mL) was added to 

dissolve the solid. With stirring, TBAF (0.08 mL of a 1.0 M solution in THF, 80 µmol, 

1.1 eq) was added dropwise at 23°C. The solution was stirred for 2 hr, and then diluted 

with D.I. H2O (10 mL) and extracted with diethyl ether (3 x 10 mL). The combined 

organic extracts were washed with brine (1 x 10 mL), dried over MgSO4 and 

concentrated in vacuo. The crude product was purified using a silica plug (10% 

methylene chloride: hexanes) to give 9 as an off-white solid (17 mg, 65 µmol, 86% 

yield).  

1H NMR (400 MHz, CDCl3): δ 7.86 (d, 1H, J = 1.9 Hz), 7.65-7.61 (m, 5H), 7.49-7.42 

(m, 5H), 7.41-7.35 (m, 2H), 3.07 (s, 1H) 13C (1H) NMR (100 MHz, CDCl3): δ 143.2, 

140.0, 139.9, 139.8, 132.5, 130.1, 129.3, 128.9, 128.1, 127.74, 127.72, 127.6, 127.0, 

120.9, 83.1, 80.2 

HRMS (EI): (M+) found m/z: 254.10905; calc. for 254.1096. 
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Chapter IV 

 

Design and Computational Studies of Lower Symmetry Organic 

Diradicals 
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A diradical describes a molecular species in which the magnitude of dipole-dipole 

interaction between electrons is sufficiently large to produce a singlet and triplet state. 

The singlet state (S) describes diradicals with the collective spin quantum number S= 0 

and spin multiplicity = 1. The triplet state corresponds to diradicals with spin quantum 

number S= 1 and spin multiplicity = 3. A precondition of a diradical is that the two 

unpaired electrons occupy two degenerate nonbonding molecular orbitals (NBMOs). 

Diradicals are further described as localized or delocalized. Delocalized diradicals can be 

divided into Kekulé and non-Kekulé structures. While non-Kekulé structures can only be 

drawn in the open-shell state, Kekulé structures can exist in an open-shell (OS) or closed-

shell (CS) quinoidal state (Scheme 4-1). Antiaromatic molecules are also considered to 

be delocalized diradicals but are not the focus of this dissertation. This chapter details the 

design of Kekulé-type organic molecules. 

 

Scheme 4-1. Kekulé structures can transition between open- and closed-shell states; non-

Kekulé structures can only be drawn in the open-shell state. 

Targets for synthesis of molecular diradicals are considered in part by which spin state is 

lower in energy. The singlet-triplet energy gap is herein defined ΔEST = ES – ET where a 

negative value indicates a singlet ground state, and a positive value indicates a triplet 

ground state. When the electron exchange interaction is small, for example in delocalized 

non-Kekulé molecules, the energetic ordering of spin states in diradicals is affected by 

the energy separation between nearly degenerate singly occupied molecular orbitals 

(SOMOs). As the energy gap increases the singlet state is more stable. In Kekulé 
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structures, strong through-space and through-bond electron interactions contribute to the 

energy gap. According to Hund’s rule it is expected that the triplet electronic 

configuration should be the ground state of diradicals. However, in conjugated organic 

diradicals the singlet state may be lower in energy and the rule may be violated. Dynamic 

(or double) spin polarization (DSP) is a phenomenon when electrons in SOMOs polarize 

the orbital density in lower lying π orbitals.1 A benzyl radical is shown in Figure 4-1 to 

show an example of single spin polarization. 

 

Figure 4-1. Spin polarization of the benzyl radical. The unpaired radical breaks the spin 

degeneracy in lower energy orbitals, stabilizing the α electron and destabilizing the β 

electron. 

The radical electron (α spin) breaks the spin degeneracy in lower energy orbitals. As a 

result, α density increases where there is radical density (the SOMO), and β density 

increases at the SOMO nodes. In other words, the α electrons increase their MO 

amplitudes at the same atom positions, showing an “attraction” (smaller repulsion) 

despite having parallel spins. In a diradical, the second unpaired spin will also polarize 

the spins in lower energy orbitals. This double spin polarization can compete with or add 

to the first polarization. 
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Figure 4-2. Double spin polarization in para-benzoquinodimethane shows additive and 

competitive interactions in the singlet and triplet states, respectively. 

 In para-benzoquinodimethane DSP determines the spin multiplicity of the ground state 

diradicals (Figure 4-2). The second SOMO overlaps with MO density of β spin. If the 

second SOMO is α spin (forming a triplet) this causes competitive DSP and 

destabilization of the diradical. On the other hand, β SOMO spin contributes to additive 

DSP and stabilization of the diradical. Therefore, p-benzoquinodimethane and similar 

derivatives are predicted to be ground state singlet diradicals. This pattern of spins in 

organic diradicals is called the “alternation rule,” in which the sign of spin (α or β) 

alternates for each vicinal atom.2 By keeping track of the alternating spins, the ground 

state character of aromatic-based organic diradicals can generally be predicted. 

Pro-aromaticity has proven to be a popular concept for the formation of organic 

diradicals, dating at least to Thiele’s diradical p-xylylene in 1904, and Tschitschibabin’s 

diradical shortly thereafter in 1907 (Scheme 4-2).3,4 The energetic penalty of breaking the 

double bonds is minimized by the stabilizing gain of aromaticity. Tschitschibabin’s 

hydrocarbon demonstrated much greater reactivity with oxygen than Thiele’s, thereby 
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showing greater diradical character.5 The higher reactivity demonstrates the strong effect 

an additional phenyl unit can have on electronic character of diradical molecules.  

 

Scheme 4-2. Structures of Thiele’s and Tschitchibabin’s hydrocarbons, reported in 1904 

and 1907, respectively.  

Subtle electronic changes can be achieved using heterocyclic aromatics. Compared to 

benzene’s aromatic resonance stabilization energy (RSE) of 36 kcal/mol, the RSE of 

furan (16 kcal mol-1) and thiophene (29 kcal mol-1) are relatively modest.6 In addition to 

swapping different heterocycles, in our lab Dr. Benjamin Streifel showed the optical 

bandgap of conjugated polymers can be tuned by the relative placement of thiophene and 

furan units in the polymer chain.7 

Non-linear optical properties in organic diradicals, defined as the absorption of a 

secondary photon by an excited species and subsequent high-energy radiative relaxation, 

have made them new targets for optical and semiconductor devices.8 The diradicals take 

advantage of an electron-donating core conjugated to electron-accepting termini. 

Tetracyanoquinodimethane (TCNQ) is commonly used as a terminal motif to stabilize 

diradicals in extended π-electron systems.9,10 The electron-donating aromatic center and 

the electron-accepting terminal units can enable amphoteric charge transport of both 
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electrons and holes. Designing stable organic diradicals, therefore, could contribute to 

new optical, electronic, and spintronic materials.  

High degrees of symmetry are ubiquitous in current aromatic oligomers with extended 

conjugation. The size of the research field, along with synthetic accessibility may 

partially explain the limited research into lower symmetry molecules. However, 

successful synthesis of oligothiophenes with different end substituents has demonstrated 

the potential for unique structures and electronic properties. Attaching one alkyl chain 

and one perfluoroalkyl chain onto quaterthiophene enabled ambipolar transport in organic 

semiconducting devices.11 Different linear aryl substitution patterns around a central 

aromatic ring within the conjugated backbone present a novel design for diradical small 

molecules and electronic materials (Figure 4-3). In these systems a mirror-plane 

symmetry (σ) is broken when n ≠ m. Delocalization of the diradical may be expected to 

differentiate on the two “arms” of the molecule, including changes to the degeneracy of 

the diradical NBMOs.  

 

Figure 4-3. Linear extended organic diradicals are break a mirror-plane when n ≠ m. 

Dr. Justin DeFrancisco and Dr. Benjamin Streifel in our lab previously developed  

methano[10]annulene (M10A) derivatives which restore aromaticity by forming diradical 

species, building on extensive work by Dr. Patricia Peart designing electronic materials 

with the 10 π-electron M10A moiety. The framework consisted of linear π-conjugated 

aryl chains with a central M10A and terminal TCNQ units. A small energy gap between 
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the quinoidal CS and aromatic OS state creates a thermally accessible triplet (Scheme 

2).12  

 

Scheme 4-3. Closed-Shell and Open-Shell Configurations of the molecule TMTQ. 

[Adapted from ref. 12]. 

Several methods have previously been developed to characterize these experimentally 

tricky molecules. Changes in the vibrational frequency of C≡N are regularly used to 

probe the diradical character in molecules with the TCNQ motif.13,14 However, this 

method cannot readily identify differences between the acceptor unit’s stabilization of 

radicals vs. cations/anions vs. uncharged species. In the context of lower symmetry oligo-

arenes this technique would fail to distinguish between the two dicyanoquinodimethane 

termini, which may stabilize differing degrees of diradical character according to “arm” 

length. While two peaks would be observed in the vibrational spectrum, overlap could 

inhibit analysis of subtle differences in radical delocalization. The chemical shift non-

equivalence of aromatic protons in these lower symmetry systems provides the 

opportunity to correlate chemical shift changes to specific hydrogens in the system. 

These differences reflect electronic character of the aromatic ring to which the protons 

are attached. Computational and experimental determination of ΔEST reveals the degree 

of interaction between the singly occupied molecular orbitals (SOMOs). The high 

reactivity of diradicals can make them difficult to work with, and much work has been 

done to measure the electronic character of these molecules directly and indirectly.15 A 

number of computational methods and basis sets have also been developed, balancing 

accuracy and precision with practicality.16  
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This chapter details the design of low-symmetry diradicals, separated into series of 

phenyl-, fluorenyl-, naphthyl-, terphenyl-, and cycloparaphenylene-centered molecules. 

Results from DFT calculations are detailed and discussed, providing a design framework 

for diradical targets. Synthetic progress is noted, and future synthesis efforts are 

proposed. 

Results and Discussion 

Phenyl-centered 

Since the diradical character of a conjugated molecule is impacted by the aromatic 

character of the units in the chain, it is hypothesized that the number and ordering of 

thiophene units would greatly impact the electron configuration. A series of molecules 

(Figure 4-4) with a central phenyl unit with large resonance stability and oligothiophene 

arms of various lengths was designed to bring about differences in ‘local’ diradical 

character (e.g., differences in delocalization of the unpaired electrons on the two 

conjugated arms). DFT calculations optimized the ground state geometries and calculated 

energies of the CS, OS singlet and triplet states. Frequencies were checked to be positive 

to ensure the optimized geometries were real and not imaginary. 
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Figure 4-4. Series of low-symmetry TPT diradicals with a central phenyl unit and 

thiophene arms differing by number of repeats.  

The molecules follow the expected trend of increasing stability of open-shell singlet and 

triplet states with an increase in thiophene units (Table 4-1). As the two lone pairs are 

further separated the electron exchange integral decreases, and a smaller ΔEST is 

observed. The phenyl-centered molecules possess an OS singlet ground state. The OS 

ground state indicates the large RSE of the aromatic phenyl unit and weak electron 

exchange interaction between the two radical centers. The substitution pattern changes 

energy level spacings. Despite having the same total number of thiophene units, 2TP2TQ 

and TP3TQ have significantly different CS and OS energies. 

Table 4-1. Predicted energy gaps for the TPT series of compounds, and spin values for 

open shell singlet after annihilation of the first spin contaminant. DFT calculations 

performed using 6-311 G(d,p) basis set, and UB3LYP and RB3LYP functionals for open 

shell and closed shell configurations, respectively. 

 
CS-OS CS-T OS-T <S2> 

TPT 2.47 -1.69 -4.16 0.3660 

TP2T 4.91 2.89 -2.02 0.3752 

2TP2T 7.41 6.66 -0.75 0.2520 

TP3T 7.32 6.32 -0.99 0.3670 

2TP3T 9.69 9.35 -0.34 0.3865 
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Spin density maps of TPT (Figure 4-5) show extensive delocalization of the diradical on 

the central phenyl ring. It may be that antiaromaticity destabilizes the triplet state, making 

the quinoidal CS state more stable. Aromaticity rules are “reversed” in the triplet state 

and a 4n + 2 π-electron phenyl unit becomes antiaromatic. The converse “Baird” 

aromaticity was the focus of Dr. Justin DeFrancisco and Dr. Benjamin Streifel in their 

studies on M10A diradicals but was not the focus of this work. Overall, extensive 

delocalization in the TPT diradical opposes the formation of parallel spins in the triplet 

state expected under Hund’s rule. 

 

 

Figure 4-5. Spin density maps of TPT OS (left) and T (right) configurations, mapped 

onto the total electron density (top) and isolated (middle), as well as Mulliken spin 

density values (bottom). Structures were optimized using 6-311 G(d,p) basis set and 

UB3LYP functionals. 
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Spin density in diradicals 2TP2T and TP3T is heavily localized to the dicyanomethylene 

unit and 4-carbon of the adjacent thiophene (Figures 4-6, 4-7). Spin density values are 

similar in the OS and T states in each molecule. The spin density of the terthiophene arm 

in TP3T decreases in magnitude as it approaches the central phenyl unit from the 

dicyanomethane terminal, especially in the triplet configuration. The conjugation length 

may be approaching a spin delocalization limit. Beyond such a limit the unpaired 

electrons might behave as non-interacting radicals. Supporting this, the OS-T energy gap 

is nearly equivalent between 2TP2T and TP3T. In the triplet state the spins are largely 

sequestered to either oligothiophene arm of 2TP2T (Figure 4-7).  

         

                 

                                   

Figure 4-6. Spin density maps of 2TP2T (left) and TP3T (right) OS configuration, 

mapped onto the total electron density (top) and isolated (middle), as well as Mulliken 

spin density values (bottom). Structures were optimized using 6-311 G(d,p) basis set and 

UB3LYP functionals. 
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Figure 4-7. Spin density maps of 2TP2T (left) and TP3T (right) T configuration, mapped 

onto the total electron density (top) and isolated (middle). Mulliken spin density values 

did not significantly differ from OS state. Structures were optimized using 6-311 G(d,p) 

basis set and UB3LYP functionals. 

The CS state is predicted to be slightly more stable in the TP3T isomer. HOMOs show 

that this “quinoidal” state has some aromatic character in the two thiophenes adjacent to 

dicyanomethane, and likewise in 2TP2T (Figure 4-8). While TP3T has one thiophene 

definitively quinoidal, the remaining thiophene orbital is more so localized on the 4-

carbon. The thiophenes in 2TP2T, on the other hand, don’t show definitive quinoidal 

character and orbitals are more localized to the 4-carbon positions. This subtle difference 

could account for the stabilized TP3T CS configuration. 
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Figure 4-8. HOMOs of CS configuration of 2TP2T (top) and TP3T(bottom) show 

different degrees of quinoidalization. 

Synthetic efforts successfully achieved TPT-2Br and TP2T-2Br through sequential 

palladium-catalyzed cross-coupling of aryl precursors and regioselective bromination 

with NBS (Scheme 4-4). A proposed synthetic scheme for other precursors is included. 

The larger precursors of 2TP2T and 2TP3T were much less soluble in common organic 

solvents, making purification by silica gel column chromatography unfeasible. Attempts 

to purify by sublimation under vacuum met with limited success. Multiple attempts to 

form the TPT diradical with Takahashi coupling resulted in products that decomposed 

overnight under nitrogen. The conditions for a general Takahashi reaction are proposed, 

requiring further optimization (Scheme 4-5). 

 



 

144 

 

 

Scheme 4-4. Synthetic progress and proposed syntheses to give TPT precursors. 

 

 

Scheme 4-5. Proposed Takahashi reaction scheme to form TPT diradicals. 
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Fluorene 

Compared to the phenyl subunit possessing D6h symmetry, fluorene is of lower symmetry 

and belongs to the C2v point group. Additionally, the open- to closed- state diradical 

transition formally breaks aromaticity in two benzene rings (Scheme 4-6). 

 

Scheme 4-6. Atom numbering scheme and open-/closed-shell configurations of fluorene. 

The planarity enforced by the methylene bridge should be expected to improve spatial 

overlap of pi molecular orbitals, perhaps increasing the exchange correlation between the 

two lone electrons. DFT results for a series of 2-thienyl extended fluorene diradicals 

(Figure 4-9) are presented in Table 4-2. Briefly, the ground state is calculated to be open 

shell singlet with a small EST (1.29-0.25 kcal/mol) that decreases with increasing number 

of thiophene units. 

 

Figure 4-9. Series of fluorene-centered diradical molecules with oligo-thiophene arms of 

different n repeat units. 
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Interestingly, TF is not predicted to exhibit any singlet diradical character; unrestricted 

singlet calculations (UB3LYP) gave <S2> values of zero (Table 4-2). With 

dicyanomethane attached directly to the 2-carbon of fluorene, spin density values 

differentiate across the internal phenyl units (Figure 4-10) and TF is predicted to be 

ground state triplet. 

Table 4-2. Predicted energy gaps for the TFT series of compounds, and spin values for 

open shell singlet after annihilation of the first spin contaminant. DFT calculations 

performed using 6-311 G(d,p) basis set, and UB3LYP and RB3LYP functionals for open 

shell and closed shell configurations, respectively. 

 
CS-OS CS-T OS-T <S2> 

TF 0 1.65 1.65 0 

TFT 7.39 6.09 -1.29 0.2474 

TF2T 9.59 9.07 -0.52 0.2465 

TF3T 11.46 11.21 -0.25 0.2984 

 

 

Figure 4-10. Spin density maps of TF triplet configuration, mapped onto the total 

electron density (top) and isolated (middle), as well as Mulliken spin density values 

(bottom). Structures were optimized using 6-311 G(d,p) basis set and UB3LYP 

functionals. 

The unpaired spins are most localized to the dicyanomethane moieties and the 2-/4-

carbons of thiophene. The Mulliken charge density distribution in TFT show that charge 
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is distributed unequally across the vertical mirror symmetry plane of the central fluorene 

unit (Figure 4-11). Throughout the series, the 2- and 7-carbons of fluorene that are 

connected to thiophene have equivalent spin values within the open-shell singlet and 

triplet states. The 3- and 6-carbons have greater spin density when close in space to the 

Sulfur atom of a ‘terminal’ thiophene unit (e.g., thiophene directly attached to 

dicyanomethane unit). The orientation of thiophene therefore affects the charge 

distribution on fluorene despite fluorenyl carbons being the same ‘distance’ from 

dicyanomethane. Rapid bond rotation in the open-shell molecule is expected to 

equilibrate spin distribution, but crystalline or otherwise well-ordered materials (e.g., 

confined in a glass-matrix) may localize charge to certain atoms. This holds implications 

for anisotropic materials properties as well as general stability and σ-dimer formation in 

diradicals. 

 

Figure 4-11. Spin density maps of TFT OS (left) and T (right) configurations, mapped 

onto the total electron density (top) and isolated (middle), as well as Mulliken spin 

density values (bottom). Structures were optimized using 6-311 G(d,p) basis set and 

UB3LYP functionals. 
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The spin density across fluorene is tuned by changing the nature of the oligothiophene 

arms. As one arm is extended from mono- to bi-thiophene, less spin is present on the 

most proximate phenyl-half of fluorene in the triplet state (Figure 4-12). Even less spin is 

present in the phenyl-half when the number of thiophenes is increased to three (Figure 4-

13). In contrast, the magnitude is nearly equivalent across fluorene in the OS singlet. The 

triplet state is disproportionately stabilized by increasing the length of one oligothiophene 

arm. CS-T increases ~3 kcal mol-1 from 1 to 2 thiophenes (TFT to TF2T) and ~2 kcal 

mol-1 from 2 to 3 (TF2T to TF3T). Whereas CS-OS increases ~2 kcal mol-1 from TFT to 

TF2T, and ~2 kcal mol-1 from TF2T to TF3T. Like the phenyl-centered diradical series, 

there appears to be a spin delocalization limit ≥3 thiophenes in TF3T and the OS-T 

energy gap is very small. 

 

Figure 4-12. Spin density maps of TF2T OS (left) and T (right) configurations, mapped 

onto the total electron density (top) and isolated (middle), as well as Mulliken spin 

density values (bottom). Structures were optimized using 6-311 G(d,p) basis set and 

UB3LYP functionals.  
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Figure 4-13. Spin density maps of TF3T OS (left) and T (right) configurations, mapped 

onto the total electron density (top) and isolated (middle), as well as Mulliken spin 

density values (bottom). Structures were optimized using 6-311 G(d,p) basis set and 

UB3LYP functionals. 

A reaction scheme is proposed to synthesize the fluorene diradical series through 

sequential palladium catalyzed cross-coupling and regioselective bromination, and finally 

Takahashi coupling (Schemes 4-7, 4-8). Aliphatic R groups on the methylene bridge of 

fluorene prevent side reactions/decomposition at the 9-carbon and also improve solubility 

of these planar molecules. 
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Scheme 4-7. Proposed synthesis of fluorenyl-centered molecules with oligothiophene 

arms. 

 

 

Scheme 4-8. Proposed Takahashi reaction scheme to form fluorenyl-centered diradicals. 
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Naphthalene 

Naphthalene exists as the lowest polyacene with 10 π electrons and one aromatic 6-

membered ring. Setting it apart from some longer acenes, naphthalene can be selectively 

functionalized at a variety of positions, and commercial derivatives are widely available. 

In considering 1,4- and 1,5- substitution patterns, the 1,4-naphthylene diradical maintains 

aromaticity in one benzene ring whether in the open-shell or closed-shell configuration 

(Scheme 4-9). On the other hand, the 1,5-naphthylene breaks aromaticity upon transition 

from the open-shell to closed-shell form. Molecular orbital calculations show the 

maintenance/breaking of aromaticity, respectively, in closed-shell 1,4-/1,5-naphthylene 

diradicals (Figure 4-14). 

 

Scheme 4-9. Atom numbering scheme and open-/closed-shell transition of 1,4- and 1,5- 

Naphthyl. 

 

Figure 4-14. Closed-shell molecular orbitals of closed-shell state in 1,4- (left) and 1,5- 

(right) substituted naphthylene diradicals.  

Therefore, a series of 1,4- and 1,5-substituted naphthalene compounds were designed 

(Scheme 4-10). Geometries were optimized using DFT calculations performed using 6-

311 G(d,p) basis set and B3LYP functionals. Frequencies were checked to be positive to 
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ensure real results, and energy gaps of CS, OS, and T configurations for each molecule 

are reported (Table 4-3).  

 

Scheme 4-10. A series of 1,4- and 1,5-naphthalene diradicals with oligo-thiophene arms 

of different n repeat units. 

Maintaining aromaticity indeed contributes to greater overall stability and lower energy 

difference between states. The CS-OS energy gap of 1,4-TNT is 1.69 kcal mol-1, but the 

1,5- isomer 1,5-TNT has a corresponding 11.15 kcal mol-1 gap. The trend continues for 

TN2TQ with 6.44 and 14.04 kcal mol-1 energy spacings for the 1,4- and 1,5- isomers, 

respectively. Interestingly, the CS configuration is more stable than the triplet state in 

1,4-TNT and 1,5-NQ even though the ground state is predicted to be open-shell singlet. 

This sets 1,5-NQ apart from Thiele’s hydrocarbon which is ground state closed-shell. The 

high energy triplet suggests that electron-electron repulsion is stronger than aromatic 

stabilization in 1,5-NQ. Despite being ground state diradicals, 1,4-NQ and 1,4-TN2T are 

predicted to have no singlet diradical character; unrestricted singlet calculations gave 

<S2> = 0 values for both compounds. 
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Table 4-3. Predicted energy gaps for the TNT series of compounds, and spin values for 

open shell singlet after annihilation of the first spin contaminant. DFT calculations 

performed using 6-311 G(d,p) basis set, and UB3LYP and RB3LYP functionals for open 

shell and closed shell configurations, respectively. 

 
CS-OS CS-T OS-T <S2>  

1,4-NQ 0 -21.63 -21.63 0 

1,4-TNT 1.15 -0.54 -1.69 0.2470 

1,4-TN2T 6.44 6.03 -0.42 0 

1,5-NQ 2.25 -2.42 -4.67 0.2534 

1,5-TNT 11.15 10.99 -0.16 0.2467 

1,5-TN2T 14.04 13.99 -0.05 0.2476 

The OS-T energy gap is much greater in the 1,4-series. This could be a combination of 

aromatic stabilization in the singlet states and antiaromatic destabilization in the triplet. 

Spin density is heavily localized to one 6-membered ring in 1,4-NQ T compared to 1,5-

NQ (Figure 4-15). 

 

Figure 4-15. Spin density maps of 1,4-NQ (left) and 1,5-NQ (right) triplet configuration, 

mapped onto the total electron density (top) and isolated (middle), as well as Mulliken 

spin density values (bottom). Structures were optimized using 6-311 G(d,p) basis set and 

UB3LYP functionals. 
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Spin density is also weighted to one 6-membered ring in the triplet state of 1,4-TNT and 

1,4-TN2T (Figures 4-16, 4-17). Spin in 1,4-TN2T is delocalized along the longer 

bithiophene arm and is unequally distributed across naphthalene so that greater spin 

density is near to the mono-thiophene arm. 

 

Figure 4-16. Spin density maps of 1,4-TNT OS (left) and T (right) configuration, 

mapped onto the total electron density (top) and isolated (middle), as well as Mulliken 

spin density values (bottom). Structures were optimized using 6-311 G(d,p) basis set and 

UB3LYP functionals. 
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Figure 4-17. Spin density maps of 1,4-TN2T OS (left) and T (right) configuration, 

mapped onto the total electron density (top) and isolated (middle), as well as Mulliken 

spin density values (bottom). Structures were optimized using with 6-311 G(d,p) basis set 

and UB3LYP functionals. 

Despite the change in connectivity, 1,5-Naphthyl diradicals have an even number of 

atoms between radical centers and it follows the “alternation rule” that in the open-shell 

state the low spin, singlet configuration is favored (Figure 4-18).2 

 

Figure 4-18. Spin alternation in 1,4- and 1,5-naphthyl diradicals. Alpha/beta spin parities 

are depicted by black/white orbitals. 

The CS state in 1,5-naphthyl diradicals are destabilized by the loss of aromaticity in 

naphthalene and are predicted strongly to be open shell diradicals. Triplet state 

antiaromaticity is not an issue, as in the 1,4- series, and the OS-T energy gap is small. 

Most significantly, spin density is tuned “vertically” on the naphthalene center. 
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Compared to 1,5-TNT, the bottom six-membered ring in 1,5-TN2T (attached to the 

monothiophene arm) carries much greater spin (Figures 4-19, 4-20). Therefore, the spin 

polarity of naphthalene diradicals is tuned in two directions: “horizontally” by changing 

the length of oligothiophene arms, and “vertically” along the central acene. 

 

Figure 4-19. Spin density maps of 1,5-TNT OS (left) and T (right) configuration, 

mapped onto the total electron density (top) and isolated (middle), as well as Mulliken 

spin density values (bottom). Structures were optimized using with 6-311 G(d,p) basis set 

and UB3LYP functionals. 
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Figure 4-20. Spin density maps of 1,5-TN2T OS (left) and T (right) configuration, 

mapped onto the total electron density (top) and isolated (middle), as well as Mulliken 

spin density values (bottom). Structures were optimized using with 6-311 G(d,p) basis set 

and UB3LYP functionals. 

 

Naphthyl-centered 1,4-TNT-2Br was synthesized but formation of the diradical with 

Takahashi coupling was unsuccessful (Scheme 4-11). Starting material crashed out of 

solution upon adding NaH/malononitrile, even at reflux temperatures. Both 1,2-DME and 

THF solvents resulted in the precipitation and recovery of unreacted starting material. 

 

Scheme 4-11. Synthesis of 1,4-TNT-2Br and proposed synthesis of 1,4-TN2T-2Br. 
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Scheme 4-12. Proposed synthesis of 1,5-TNT-2Br and 1,5-TNT2T-2Br. 

 

 

Scheme 4-13. Proposed Takahashi reaction to synthesize 1,4- and 1,5-naphthylene 

diradical compounds. 
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Cycloparaphenylene  

The delocalization of radical ions in CPPs raises intriguing possibilities for electronic 

materials with “un-ending” π conjugation, in contrast to linear oligo- and polymeric-

conjugated materials. Studying radical ions in radial/linear hybrid CPPs can further 

elucidate the fundamentals of cyclic pi conjugation. Indeed, this design provides a direct 

intramolecular comparison between delocalization on the linear moiety (used to introduce 

two dicyanomethane “radical centers”) and a competitive/collaborative delocalization on 

the ring. Considering the novelty of CPPs and the computational challenges to studying 

organic diradicals, a series of terphenyl molecules is first presented to model a non-cyclic 

oligophenylene delocalization pathway (Scheme 4-14). In addition to resonance effects, 

the increased separation of radical ions on CPP should stabilize the triplet and open-shell 

singlet states. Following the terphenyl series, computational studies of CPP diradicals are 

presented, along with a proposed synthesis scheme. 

                 

Scheme 4-14. A series of terphenyl diradicals with oligo-thiophene arms of different n 

repeat units.  

 

All three terphenyl molecules are calculated to be ground state open-shell singlet. 

Interestingly, the triplet state is more stable than the closed shell state even in the simplest 

molecule, TpT, by ca. 1 kcal mol-1 (Table 4-4). As the length of the molecule increases 

the open-shell singlet and triplet states are both stabilized by local aromaticity of the 

thiophene rings. Likewise, there is a large energy cost to break aromaticity in the closed-
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shell quinoidal state. The triplet states of Tp2T and 2Tp2T are stabilized by ca. 1 kcal 

mol-1 relative to TpT. It could be that the two lone electrons are separated such that the 

electron exchange interaction is negligible. Large singlet spin contamination values 

indicate significant mixing of the OS molecular orbital with other orbitals during the 

calculation. The spin contamination of 2Tp2T (0.69) is close to the value expected for an 

unpaired radical (1/2(1/2+1) = 0.75). 

Table 4-4. Predicted energy gaps for the terphenyl and phenyl series of compounds, and 

spin values for open shell singlet after annihilation of the first spin contaminant. DFT 

calculations performed using 6-311 G(d,p) basis set, and UB3LYP and RB3LYP 

functionals for open shell and closed shell configurations, respectively. 

 
CS-OS CS-T OS-T <S2>  

TpT 2.51 0.79 -1.71 0.2312 

Tp2T 6.47 5.79 -0.68 0.2627 

2Tp2T 9.50 8.78 -0.72 0.6953 

TPTQ 2.47 -1.69 -4.16 0.3660 

TP2TQ 4.91 2.89 -2.02 0.3752 

2TP2TQ 6.66 7.41 -0.75 0.2520 

 

Tp2T demonstrates an unusual same-sidedness of the thiophenes orientation adjacent to 

the central phenyl, with the sulfur atoms of both oriented ‘down’ in the OS state (Figure 

21). This contrasts with the alternating configuration observed with a single phenyl-unit 

spacer (vide supra). The terphenyl rings project in and out of the plane of the page, with 

torsion angles of 62° and 58°. This interesting geometry could result from the lower 

symmetry of the molecule and some sort of field effect which is also observed in the 

geometry and spin charges across the terphenyl moiety. The deviation from planarity is 

observed in all the terphenyl molecules and inhibits spin delocalization to the terphenyl. 

Steric crowding should destabilize the closed-shell quinoidal state by inhibiting planarity. 
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Despite this the CS-OS energy gap is nearly equivalent between the phenyl- and 

terphenyl- TPT and TpT (2.47 and 2.51 kcal mol-1, respectively). 

 

Figure 4-21. Spin density maps of TpT (left), Tp2T (middle), and 2Tp2T (right) in the 

OS configuration, mapped onto the total electron density (top) and isolated (middle), as 

well as Mulliken spin density values (bottom). Structures were optimized using with 6-

311 G(d,p) basis set and UB3LYP functionals.  

The OS-T gap in the terphenyl TpT is 2.45 kcal mol-1 less than TPT. The triplet state is 

also more stable than CS in TpT and is stabilized 1.90 kcal mol-1 relative to TPT which 

reverses the ordering and has a more stable CS state. Interestingly, only the triplet is 

stabilized; the CS-OS energy gap between terphenyl and phenyl molecules is essentially 

unchanged. It is unclear what causes the disproportionate T stabilization; there is minimal 

to no spin delocalization onto the terphenyl backbone (Figure 4-21, 4-22). Terphenyl 

diradicals with longer thiophene arms follow the expected trend increasingly stabilized 

open-shell states. In 2Tp2T/2TP2T the OS-T gap appears to coincide, indicating the 

unpaired electrons are localized to either oligo-thiophene arm. Spin is weakly spread onto 
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the central terphenyl unit (Figure 4-22) and the large thiophene-phenyl anchor torsion 

angle has less influence. 

 

Figure 4-22. Spin density maps of TpT (left), Tp2T (middle), and 2Tp2T (right) in the T 

configuration, mapped onto the total electron density (top) and isolated (middle), as well 

as Mulliken spin density values (bottom). Structures were optimized using with 6-311 

G(d,p) basis set and UB3LYP functionals.  

 

The ‘same-sided’ thiophene orientation is observed in open-shell Tp2T, and also in 

2Tp2T but only the triplet state. The thiophene arms are not planar with each other, 

suggesting decreasing electron exchange across the central phenyl unit which is 

supported by the visualization of the Mulliken spin density. This independence may 

mitigate geometric constraints on the oligothiophenes, which impact the geometries of 

the phenyl units. Common to open-shell singlet and triplet states, spin is predicted to not 

significantly delocalize onto the terphenyl backbone. Forced co-planarity of the terphenyl 

backbone was attempted with DFT methods but ground state geometry was unable to be 

found. Less diffuse basis sets (6-31, 3-21, etc.) could be used in the future. 
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Changing the electron character of terphenyl moiety 

If we consider the orthogonal diradical system as two (or more) distinct conjugated 

systems, then we may expect increased electronic interaction between the two systems by 

closer HOMO/LUMO energy level overlap. Thus far, the terphenyl diradical calculations 

suggest poor conjugation between orthogonal pathways when CPP is modeled by a 

simple terphenyl moiety. However, the research field has expanded greatly in recent 

years to include poly-fluorinated and nitrogen-doped CPP rings.17,18 There is strong 

interest to tailor the electronic properties of CPPs for bespoke functional materials. Given 

the ever-expanding variety of CPPs reported in the literature, we investigated the effect of 

electron-donor/-acceptor substituents on the terphenyl model. The magnitude of electron-

donating or electron-withdrawing ability should influence energetic overlap of MOs, 

influencing conjugation onto the oligophenylene backbone. An electron-rich CPP 

nanohoop could result in charge-transfer between the CPP and the acceptor 

dicyanomethane-capped arms. To begin investigating these questions, a series of 

substituted terphenyl molecules were designed and subjected to DFT calculations 

(Scheme 4-15) 

                      

Scheme 4-15. Terphenyl molecule diradicals with electron withdrawing and donating 

substituents on the terphenyl moiety. 

The terphenyl molecules have para- substituents -H, -CH3, and -CF3. Relative 

donating/withdrawing strengths are quantitatively described by Hammett sigma constant 
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values: H: σ = 0.00, CH3: σ = -0.17, CF3: σ = 0.54.19 EDGs have negative values and 

EWGs have positive values, and greater magnitude corresponds to greater electronic 

effect. 

Table 4-5. Predicted energy gaps for the substituted terphenyl series of compounds, and 

spin values for open shell singlet after annihilation of the first spin contaminant. DFT 

calculations performed using 6-311 G(d,p) basis set, and UB3LYP and RB3LYP 

functionals for open shell and closed shell configurations, respectively. 
 

CS-OS CS-T OS-T <S2> 

TpT 2.51 0.79 -1.71 0.2312 

TpT- CH3 2.26 0.21 -2.04 0.2452 

TpT-CF3 3.23 2.01 -1.23 0.1851 

 

 

The molecules’ energy levels follow the same ordering with a ground state OS singlet, 

higher energy triplet, and even higher energy CS state (Table 4-5). Within this trend are 

differences arising from the substituent electronic effects. The donor methyl group 

exhibits relatively subtle effects, destabilizing the open-shell configuration and 

decreasing the energy gap with the CS state. The closed-shell and triplet states are 

remarkably close in energy; the triplet is more stable by 0.21 kcal mol-1. The 

trifluoromethyl electron withdrawing group has the opposite effect, stabilizing the open-

shell states relative to CS and also reducing the OS-T gap. 
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Figure 4-23. Spin density maps of TpT (left), TpT-CH3 (middle), and TpT-CF3 (right) in 

the OS configuration, mapped onto the total electron density (top) and isolated (middle), 

as well as Mulliken spin density values (bottom). Structures were optimized using with 6-

311 G(d,p) basis set and UB3LYP functionals.  

 

By analyzing the spin density it is apparent that the methyl and trifluoromethyl groups 

inject and remove electron density from the central phenyl unit, respectively (Figure 4-

23). The large torsion angles along the terphenyl backbone in OS (67°-80°) suggests this 

effect is largely caused through induction and not resonance effects. Improved planarity 

of the oligophenyl moiety, such as that in CPP, should be expected to increase spin 

delocalization onto the oligo-phenylene backbone. A small amount of spin density is 

observed on the ipso-carbon position of the terminal phenyls in the OS of the three 

molecules.    
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Figure 4-24. Spin density maps of TpT (left), TpT-CH3 (middle), and TpT-CF3 (right) in 

the T configuration, mapped onto the total electron density (top) and isolated (middle), as 

well as Mulliken spin density values (bottom). Structures were optimized using with 6-

311 G(d,p) basis set and UB3LYP functionals. 

 

 Less spin density is localized to the central phenyl in the triplet state versus the 

OS for the three molecules (Figure 4-24). No real difference in spin is observed on the 

anchor phenyl unit when comparing the different substituents. The effects are largely 

confined to the terminal phenyl units to which they are attached. This is slightly 

surprising because the terphenyl torsion angles decrease from OS to T and greater 

planarity should encourage conjugation (-H: 73° to 60°, -CH3: 80° to 59°, -CF3: 67° to 

58°, respectively). However, the small exchange interaction of the triplet radical centers 

minimizes the effect of electron withdrawing and donating groups. The thiophene-phenyl 

anchor torsion angles increase from OS to T, inhibiting extended conjugation and 
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stabilizing T (-H: 20/18° to 43/40°, -CH3: 10° to 42/39°, -CF3: 27° to 46/42°, 

respectively). 

Cycloparaphenylene 

Linear [6]- and [8]-CPPs with thiophene-dicyanomethane arms were studied along with 

the analogous disjoint [8]-CPP (Scheme 4-16). Computational results make it difficult to 

analyze and compare energy level spacings (Table 4-6). Despite extensive attempts, DFT 

calculations using UB3LYP functional failed to find the ground state geometry of 8TQ 

OS with the 6-311 G(d,p) basis set. The structure found with 6-31g was used to visualize 

molecular orbitals, shown in Figure 4-27. Geometry optimization and frequency 

calculations for all other structures used a 6-311 G(d,p) basis set. 6TQ OS and CS states 

were calculated to be identical with no singlet diradical character predicted. Dis8TQ OS 

and T configurations were calculated have identical energies. Additionally, Dis8TQ is 

predicted to not exhibit any singlet diradical character. 

 

Scheme 4-16. A series of CPP diradicals with dicyanomethane-thiophene arms. 

Substitution pattern shows a strong effect on diradical character in CPPs. Linear 

molecules 6TQ and 8TQ are predicted to have CS configuration more stable than T (3 – 6 

kcal mol-1). The disjoint molecule Dis8TQ, on the other hand, has a T state much more 

stable than CS (~ 17 kcal mol-1). 
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Table 4-6. Predicted energy gaps for a series of CPP compounds, and spin values for 

open shell singlet after annihilation of the first spin contaminant. DFT calculations 

performed using 6-311 G(d,p) basis set, and UB3LYP and RB3LYP functionals for open 

shell and closed shell configurations, respectively. 
 

CS-OS CS-T OS-T <S2> 

6TQ 0 -5.69 -5.69 0 

8TQ -- -3.30 -- -- 

Dis8TQ 16.97 16.97 0 0 

 

MOs reveal significant electronic changes in 6TQ upon transition from CS/OS to T state 

(Figure 4-25). The singlet is almost completely localized to the CPP ring. Upon the 

moderate energy transition (5.69 kcal mol-1) to the triplet, electronic character shows 

strong contribution from the linear moiety and some hybrid contribution from the ring. 

Visualization of spin density also hybrid delocalization on the CPP and linear arms 

(Figure 4-26). 

 

Figure 4-25. CS/OS (left) and T (right) molecular orbitals of 6TQ diradical.  
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Figure 4-26. Isolated spin density map of 6TQ triplet configuration. 

Like 6TQ, electronic character in CS/OS states of 8TQ is mainly localized to the CPP 

ring (Figure 4-27). There is a noticeable size dependence – the anchor phenyl unit 

contributes less to the electronic character in 8TQ than in 6TQ. The CS-T energy gap is 

smaller (3.30 kcal mol-1), and the triplet shows hybrid electronic contribution from the 

CPP ring and linear arms (Figure 4-28). The size-dependence of the energy gaps and 

hybrid electron character raises intriguing questions about diradical character in larger 

[n]CPPs. Could two parallel spins segregate around the CPP ring, as observed in larger (n 

> 9) [n]CPP dications?20 The greater ring strain in smaller [n]CPPs could work against 

delocalization from the linear to cyclic units. On the other hand, small [n]CPP dications 

are strongly stabilized by cyclic conjugation, with NICS values at the center of the ring 

approaching -20 for n = 5. 
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Figure 4-27. CS (left), OS (middle), and T (right) molecular orbitals of 8TQ.  

 

 

Figure 4-28. Isolated spin density map of 8TQ triplet configuration. 

Despite Dis8TQ OS and T states being predicted to possess equivalent energies, they 

have very different MO distributions (Figure 4-29). OS shows extensive contribution 

from the CPP ring and one thiophene-dicyanomethane arm. T is mostly localized to the 

two linear arms and anchor phenyl units, along with minor conjugation to adjacent phenyl 

units of the CPP backbone. The CS and T MOs closely resemble each other. The large 

CS-T and zero OS-T energy gaps are not intuitive. The series of CPP π-diradicals 

combines two systems that are notoriously difficult to study computationally, making it 

difficult to understand these findings without experimental data in hand. Broadly, ring 
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size and substitution pattern are predicted to strongly influence electronic character and 

energy spacings in CPP diradicals. Hybrid linear/radial conjugation may be tunable 

between thermally accessible electronic states. 

 

Figure 4-29. CS (left), OS (middle), and T (right) molecular orbitals of Dis8TQ.  

Conclusions 

Low symmetry organic π-diradicals differ from many molecules studied to date by 

breaking a mirror-plane of symmetry, thereby breaking the formal degeneracy of open 

shell SOMOs. In phenyl-centered molecules, energy level spacings were tuned by 

shortening/lengthening oligo-thiophene arms even though the total number n of thiophene 

units stayed the same. Spin density differentiated across two phenyl-halves of the 

fluorenyl center, with greater spin near to the shorter thienyl arm. A spin delocalization 

limit is posited to exist ≥ 3 thiophene units in the triplet configuration of these diradicals. 

Two-dimensional spin differentiation was observed in naphthyl-centered diradicals; 
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changing the length of one conjugated arm affected spin density distribution 

“horizontally” along the arms as well as “vertically” across the central acene in 1,5-

naphthylenes. This raises interesting possibilities for anisotropic properties in spintronic 

materials. In these series of compounds, the linear π extensions consisted of one 

heterocycle: thiophene. Swapping one or more units with other aromatic heterocycles 

(furan, pyrrole, etc.) adds synthetic complexity but could be used to further change the 

underlying orbital symmetry in diradicals. Studies of CPP diradicals encountered 

difficulties and less diffuse basis sets sometimes needed to be used for OS calculations. 

Overall, energy level spacings exhibit [n]CPP size-dependence. Significant changes to 

electronic properties were observed in disjointly substituted CPP diradicals. Differing 

linear vs cyclic electronic contributions to CS, OS, and T states raise the intriguing 

potential for thermally controlled “switching” between the linear and cyclic conjugation 

pathways. A terphenyl model predicts that HOMO/LUMO energy overlap in hybrid CPPs 

can be improved by changing the electron-positive/-negative character with ring 

substituents.  
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Experimental 

 

p-bisthienyl benzene, A dry 100-mL triple-neck flask was charged with 1,4-

dibromobenzene (1.0 g, 4.2 mmol), Pd(PPh3)4 (198 mg, 0.17 mmol), and stir bar under a 

nitrogen atmosphere. DMF (20 mL) was added and the solution was brought to 90°C 

with stirring. 2-(Tributylstannyl)thiophene was added dropwise over 10 min and the 

reaction mixture was stirred for 24 h. The solution was allowed to come to room 

temperature. The reaction mixture was poured into methylene chloride (20 mL) and 

washed with 1 M KF and then with saturated NH4Cl. The organic layers were dried over 

anhydrous MgSO4, filtered and concentrated under reduced pressure. The resulting solid 

was dissolved in chloroform and washed with 1 M NaOH. The organic layer was purified 

by short chromatographic plug (SiO2: 1:4 methylene chloride:hexanes) to yield the 

product as a light yellow solid (891.2 mg, 3.7 mmol, 87%). The product had properties 

consistent with the literature.21 1H NMR (400 MHz, CDCl3) δ: 7.62 (s, 4H), 7.34 (dd, 2H, 

J = 4.7, 2.5 Hz), 7.29 (dd, 2H, J = 6.2, 3.9 Hz), 7.09 (dd, 2H, J = 5.0, 3.6 Hz). 

 

 

TPT-Br2 was prepared by N-bromosuccinimide bromination.22  
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Synthesis of TPTT-Br2 

 

  

4-Bromophenylboronic acid pinacol ester, A dry 100 mL flask was charged with 1,4-

dibromobenzene (1.1844g, 5.0 mmol) under nitrogen atmosphere. Tetrahydrofuran (25 

mL) was added and the flask was brought to -78°C in a dry ice/acetone bath. 2.4 M n-

BuLi (4.2 mL) added dropwise and stirred at -78°C for 2 h. Dropwise, 2-isopropoxy-

4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.0 mL, 9.8 mmol) was added and the reaction 

mixture was allowed to come to room temperature overnight. The reaction was quenched 

with brine (10 mL) and extracted with methylene chloride. The organic extract was 

washed with brine and saturated sodium bicarbonate. The organic layers were dried over 

anhydrous MgSO4, filtered and concentrated under reduced pressure. The crude oil was 

purified by column chromatography (SiO2: 1:9 ethyl acetate:hexane) to yield a white 

solid (712.3 mg, 2.5 mmol, 50%). The product had properties consistent with the 

literature.23 1H NMR (400 MHz, CDCl3) δ: 7.66 (d, 2H, J = 8.3 Hz), 7.50 (d, 2H, J = 8.3 

Hz), 1.34 (s, 12H). 
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5-bromo-2,2'-bithiophene, Literature procedure24 was modified as follows: A dry triple 

neck flask was charged with bithiophene (171.3 mg, 1.03 mmol) and a stir bar under a 

nitrogen atmosphere. The solid was dissolved with DMF (10 mL). In a dry 25 mL flask, 

nitrogen gas was blown over N-bromosuccinimide (180.5 mg, 1.01 mmol) and the 

reagent solid was dissolved in DMF (5 mL). N-bromosuccinimide was added dropwise to 

bithiophene solution and stirred 3 h. The reaction mixture was washed with water and 

extracted with chloroform. Organic extracts were washed with saturated NH4Cl, dried 

over anhydrous MgSO4, filtered and concentrated under reduced pressure. The crude 

solid was purified by column chromatography (SiO2: hexane) to yield a white solid 

(170.3 mg, 0.69 mmol, 69%). The product had properties consistent with the literature. 

1H NMR (400 MHz, CDCl3) δ: 7.22 (dd, 1H, J = 6.2, 4.0 Hz), 7.11 (dd, 1H, J = 3.6, 1.1 

Hz), 7.00 (dd, 1H, J = 5.1, 3.6 Hz), 6.97 (d, 1H, J = 3.8 Hz), 6.91 (d, 1H, J = 3.8 Hz). 

 

  

5-(4-bromophenyl)-2,2'-bithiophene, A 50 mL Schlenk flask was charged with 4-

bromophenylboronic acid pinacol ester (290.3 mg, 1.03 mmol), 5-bromo-2,2'-bithiophene 

(745.3 mg, 3.04 mmol), NaHCO3 (252.3 mg, 3.00 mmol), Pd(PPh3)4 (44.9 mg, 0.04 

mmol), and a stir bar under a nitrogen atmosphere. THF (22.5 mL) and water (2.5 mL) 

were combined in a 50 mL flask and sparged with nitrogen. THF/water was transferred to 
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Schlenk flask and stirred. Reaction mixture was stirred at reflux for 24 h. The solution 

was allowed to come to room temperature then poured into brine and extracted with 

chloroform. The organic extract was washed with brine, dried over anhydrous MgSO4, 

filtered and concentrated under reduced pressure. Crude solid was purified by column 

chromatography (SiO2: 1:9 methylene chloride:hexane) followed by recrystallization in 

hexane to yield a yellow solid (199.8 mg, 0.62 mmol, 60%). The product had properties 

consistent with the literature.25 1H NMR (400 MHz, CDCl3) δ: 7.50 (d, 2H, J = 8.8 Hz), 

7.46 (d, 2H, 8.8 Hz), 7.24 (dd, 1H, J = 2.1 Hz), 7.21 (m, 2H, J = 2.7 Hz), 7.14 (d, 1H, J = 

3.8 Hz), 7.03 (dd, 1H, J = 2.9). 

 

  

5-(4-(thiophen-2-yl)phenyl)-2,2'-bithiophene Literature procedure26 was modified as 

follows:6 A dry 10 mL Schlenk tube was charged with 5-(4-bromophenyl)-2,2'-

bithiophene (99.7 mg, 0.31 mmol), Pd(P(t-Bu)3)2 (6.4 mg, 0.01 mmol), CsF (137.9 mg, 

0.91 mmol), and a stir bar under a nitrogen atmosphere. Dioxane (2 mL) added and 

stirred. 2-Tributylstannyl-thiophene (0.21 mL, 0.66 mmol) was added dropwise. The 

mixture was heated to 50°C and stirred 24 h, at which point it was brought to room 

temperature and extracted with methylene chloride. The organic extract was washed with 

brine, water, and 1 M KF. Dried over anhydrous MgSO4, filtered and concentrated under 

reduced pressure. The crude solid was purified by column chromatography (SiO2: 1:9 

methylene chloride:hexane) to yield a yellow solid (36.3 mg,  0.11 mmol, 36%). 1H NMR 
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(400 MHz, CD2Cl2) δ: 7.65 (d, 4H, J = 2.6 Hz), 7.39 (dd, 1H, J = 4.7, 2.5 Hz), 7.34 (dd, 

1H, 6.2, 4.0 Hz), 7.31 (d, 1H, J = 3.8 Hz), 7.28 (d, 1H, J = 4.0 Hz), 7.25 (dd, 1H, J = 3.6, 

1.1 Hz), 7.20 (d, 1H, J = 3.8 Hz), 7.12 (dd, 1H, J = 5.1, 3.6 Hz), 7.07 (dd, 1H, J = 8.7, 1.5 

Hz).Unable to acquire 13C NMR due to low solubility. HRMS EI/CI: found m/z = 

324.01042 (M+), calculated for C18H12S3: 324.0101.  

 

  

TP2T-Br2 A dry 250 mL Schlenk flask was charged with 5-(4-(thiophen-2-yl)phenyl)-

2,2'-bithiophene (23.4 mg, 0.07 mmol, 1 eq) and stir bar under a nitrogen atmosphere. 

DMF (200 mL) was added and the solution was stirred at room temperature. N-

bromosuccinimide (27.8 mg, 0.16 mmol, 2.3 eq) was added as a solid with purging 

nitrogen. The reaction mixture was stirred for 24 h. The solution was poured into 

methylene chloride and washed with NH4Cl and then with water. Organic extract was 

dried over anhydrous MgSO4, filtered and concentrated under reduced pressure to 

provide the product as a yellow solid (29.2 mg, 0.06 mmol, 83%). 1H NMR (400 MHz, 

CD2Cl2) Multiple isomers present: δ: 7.67-7.62 (m), 7.60-7.56 (m), 7.36 (dd, J = 7.6, 3.9 

Hz), 7.30 (d, J = 3.8 Hz), 7.22 (d, J = 3.9 Hz), 7.16-7.14 (m), 7.11-7.08 (m), 7.05 (s), 7.04 

(d, J = 3.9 Hz), 7.00 (d, J = 3.8 Hz). Poor solubility precluded acquisition of 13C NMR. 

HRMS EI/CI (M+) calculated for C18H10
79Br79BrS3: 479.8311, for C18H10

79Br81BrS3: 

481.8291, and for C18H10
81Br81BrS3: 483.8270, found m/z = 479.83112, 481.82879, and 

483.82665. 
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5,5'-dibromo-2,2'-bithiophene Literature procedure27 was modified as follows: To a foil 

wrapped 100 mL flask was added 2,2'-bithiophene (1.0 g, 6.0 mmol), DMF (20 mL), and 

a stir bar. N-bromosuccinimide (2.15 g, 12.0 mmol) was added in three portions with 

stirring. The reaction mixture was stirred for 4 h. Cold methanol (50mL) was added and 

the flask was placed in a -20°C freezer overnight. The resulting solid was filtered to yield 

white crystals (1.6702 g, 5.2 mmol, 86%). The product had properties consistent with the 

literature. 1H NMR (400 MHz, CDCl3) δ: 6.96 (d, 2H, J = 3.9 Hz), 6.85 (d, 2H, J = 3.9 

Hz). 

  

2TQ, Sodium hydride (31.5 mg, 1.31 mmol) and malononitrile (59.6 mg, 0.90 mmol) 

were added to separate dry 10 mL Schlenk tubes and subjected to 3 cycles of evacuation 

and backfilling with anhydrous N2. To each flask was added 1 mL of 1,2-

dimethoxyethane, previously distilled over sodium/benzophenone. The mixtures were 

cooled to 0°C in an ice water bath. The malononitrile solution was added to the sodium 

hydride suspension dropwise. The mixture was stirred in an ice water bath for 1 h. To a 

dry 50 mL Schlenk flask was added 5,5'-dibromo-2,2'-bithiophene (103.4 mg, 0.32 

mmol), Pd(PPh3)4 (71.1 mg, 0.06 mmol),  and 1,1′-bis- (diphenylphosphino)ferrocene 

(70.8 mg, 0.13 mmol), and the flask was subjected to 3 evacuation/backfilling cycles. 

1,2-dimethoxyethane (4 mL) was added with stirring and the flask was heated to 50°C in 

an oil bath. The malononitrile/sodium hydride solution was added dropwise and the 
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reaction mixture was heated to 65°C and stirred 20 h. The mixture was cooled in an ice 

water bath. 2 M HCl (2 mL) was added dropwise at 0°C, stirred for 1 h, and then the 

mixture was exposed to air. A saturated solution of bromine in water (2 mL) was added 

dropwise at 0°C and stirred 1 h. The reaction mixture was washed with saturated NaS2O3 

and extracted with methylene chloride. The organic extract was washed with water, dried 

over anhydrous MgSO4, filtered and concentrated under reduced pressure. The crude 

solid was purified by column chromatography (SiO2: methylene chloride) to yield a dark 

red solid (4.6 mg, 0.02 mmol, 5%). The product had properties consistent with the 

literature.28 1H NMR (400 MHz, CDCl3) δ: 7.66 (d, 2H, J = 5.7 Hz), 7.43 (d, 2H, J = 5.7 

Hz) (E isomer), 7.54 (d, J = 2.6 Hz, z isomer), 7.47 (d, J = 5.6 Hz, z isomer), (Z/E ~ 

0.45). 

 

5,5''-dibromo-2,2':5',2''-terthiophene, Literature procedure29 was modified as follows: 

To a dry foil wrapped 50 mL flask was added 2,2':5',2''-terthiophene (300.8 mg 1.21 

mmol), DMF (30 mL), and a stir bar. Solution was stirred and lowered into an ice-water 

bath. N-bromosuccinimide(438.6 mg, 2.46 mmol) was added all at once. After 10 min, 

the flask was removed from the ice bath and allowed to come to room temperature. The 

reaction mixture was poured into water (30 mL) and extracted with methylene chloride. 

The organic extract was washed with NH4Cl (sat.) and water. Organic extract was dried 

over anhydrous MgSO4, filtered and concentrated under reduced pressure to provide the 

product as a shiny yellow solid (433.6 mg, 1.07 mmol, 88%). The product had properties 
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consistent with the literature.27 1H NMR (400 MHz, CDCl3) δ: 7.00 (s, 2H), 6.98 (d, 2H, 

J = 3.9Hz), 6.91 (d, 2H, J = 3.9 Hz). 

 

5,5'''-dibromo-2,2':5',2'':5'',2'''-quaterthiophene, To a dry 250 mL Schlenk flask was 

added 2,2':5',2'':5'',2'''-quaterthiophene (232.9 mg, 0.70 mmol), and a stir bar under a 

nitrogen atmosphere. DMF (50 mL) was added and the solution was stirred and brought 

to 80°C. To a dry and foil wrapped 25 mL flask was added N-bromosuccinimide (250.8 

mg, 1.41 mmol). NBS was dissolved in DMF (6 mL). The NBS solution was added 

quickly to quaterthiophene solution and the flask was rinsed with DMF (2 mL). The 

reaction mixture was stirred for 2 h and then allowed to come to room temperature. The 

shiny orange precipitate was filtered off and collected (274.1 mg, 0.56 mmol, 80%). The 

product had properties consistent with the literature.27 1H NMR (400 MHz, CDCl3) δ: 

7.06 (d, 2H, J = 3.8 Hz), 7.01 (d, 2H, J = 3.9 Hz), 6.98 (d, 2H, J = 3.9 Hz), 6.92 (d, 2H, J 

= 3.9 Hz). 

 

 

 

Thiophene, 2,2'-(1,4-naphthalenediyl)bis-, A dry 25 mL Schlenk flask was charged 

with 1,4-dibromonaphthalene (292.9 mg, 1.02 mmol), Pd(PPh3)4 (35.7 mg, 0.03 mmol), 

and a stir bar under a nitrogen atmosphere. DMF (6 mL) was added with stirring. 2-
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(Tributylstannyl)thiophene (808.6 mg, 2.17 mmol) was added dropwise (1 drop per sec) 

and reaction mixture was brought to 80°C and stirred 24 h. The solution was allowed to 

come to room temperature. Diethyl ether (10 mL) was added to flask along with 1 M KF 

(10 mL) and stirred. The crude mixture was filtered over Celite. The organic layer was 

washed with NH4Cl (sat.) and water. The organic extract was dried over anhydrous 

MgSO4, filtered and concentrated under reduced pressure. The oily off white solid was 

used without further purification. The product had properties consistent with the 

literature.30 1H NMR (400 MHz, CDCl3) δ: 8.28 (dd, 2H, J = 9.9, 3.2 Hz), 7.59 (s, 2H), 

7.52 (dd, 2H, J = 9.9, 3.2 Hz), 7.46 (dd, 2H, J = 5.1, 1.1 Hz), 7.28 (dd, 2H, J = 3.5, 1.1 

Hz), 7.21 (dd, 2H, J = 5.1, 3.5 Hz). 

 

 

1,4-Bis(5-bromo-2-thienyl)naphthalene, Compound was prepared by N-

bromosuccinimide bromination.22  
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1H and 13C NMR SPECTRA 

Dis[8]-Th 

1H (400 MHz) NMR in CDCl3. 
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Dis[8]-Ph 

1H (400 MHz) NMR in CDCl3.  
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Pdis[8]-Th 

1H (400 MHz) in CDCl3. 
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Pdis[8]-Ph 

1H (400 MHz) in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

189 

 

mTA-TMS 

1H (top, 400 MHz) and 13C{1H} (bottom, 100 MHz) NMR in CDCl3. 
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mTA 

1H (top, 400 MHz) and 13C{1H} (bottom, 100 MHz) NMR in CDCl3. 
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oTA-TIPS 

1H (top, 400 MHz) and 13C{1H} (bottom, 100 MHz) NMR in CDCl3. 
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oTA 

1H (top, 400 MHz) and 13C{1H} (bottom, 100 MHz) NMR in CDCl3. 
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mTA-Th 

1H (top, 400 MHz) and 13C{1H} (bottom, 100 MHz) NMR in CDCl3. 
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mTA-Ph 

1H (top, 400 MHz) and 13C{1H} (bottom, 100 MHz) NMR in CDCl3. 
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oTA-Th 

1H (top, 400 MHz) and 13C{1H} (bottom, 100 MHz) NMR in CDCl3. 
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oTA-Ph 

1H (top, 400 MHz) and 13C{1H} (bottom, 100 MHz) NMR in CDCl3. 
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PmTA-Th 

1H (top, 400 MHz) and 13C{1H} (bottom, 100 MHz) NMR in CDCl3. 
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PmTA-Ph 

1H (top, 400 MHz) and 13C{1H} (bottom, 100 MHz) NMR in CDCl3. 
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PoTA-Th 

1H (top, 400 MHz) and 13C{1H} (bottom, 100 MHz) NMR in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

200 

 

PoTA-Ph 

1H (top, 400 MHz) and 13C{1H} (bottom, 100 MHz) NMR in CDCl3. 
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[8]-Ph Oxidation with NOSbF6 

1H (400 MHz) NMR in CD2Cl2. 
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DBA-Th 

1H (400 MHz) NMR in CDCl3. 
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2D 1H-1H COSY (400 MHz) NMR in CDCl3. 
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2D 1H-1H NOESY (400 MHz) NMR in CD2Cl2. 
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Crude T-Ph Annulation Reaction: 

1H (400 MHz) NMR in CDCl3. 
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((2,5-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)ethynyl)triisopropylsilane 

1H (top, 400 MHz) and 13C{1H} (bottom, 100 MHz) NMR in CDCl3. 
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([1,1':4',1''-terphenyl]-2'-ylethynyl)triisopropylsilane 

1H (top, 400 MHz) and 13C{1H} (bottom, 100 MHz) NMR in CDCl3. 
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2'-ethynyl-1,1':4',1''-terphenyl 

1H (top, 400 MHz) and 13C{1H} (bottom, 100 MHz) NMR in CDCl3. 
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2',5'-di(thiophen-2-yl)-1,1':4',1''-terphenyl 

1H (top, 400 MHz) and 13C{1H} (bottom, 100 MHz) NMR in CDCl3. 
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2',5'-bis(5-bromothiophen-2-yl)-1,1':4',1''-terphenyl 

1H (400 MHz) NMR in CD2Cl2. 
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2',5'-bis(5-(perfluorophenyl)thiophen-2-yl)-1,1':4',1''-terphenyl 

1H NMR (400 MHz) in CDCl3. 
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2',5'-bis(5-(4-methoxyphenyl)thiophen-2-yl)-1,1':4',1''-terphenyl 

1H NMR (400 MHz) in CDCl3. 
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2',5'-bis(5-(4-(trifluoromethyl)phenyl)thiophen-2-yl)-1,1':4',1''-terphenyl 

1H NMR (400 MHz) in CDCl3. 
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(4-bromo-2,5-di(thiophen-2-yl)phenyl)trimethylstannane 

1H (top, 400 MHz) and 13C{1H} (bottom, 100 MHz) in CDCl3. 
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5-(4-(thiophen-2-yl)phenyl)-2,2'-bithiophene 

1H NMR (400 MHz) in CD2Cl2. 
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TP2T-2Br (5-bromo-5'-(4-(5-bromothiophen-2-yl)phenyl)-2,2'-bithiophene) 

1H NMR (400 MHz) in CD2Cl2. 
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