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Conjugated molecules have been explored as an important class of organic materials

that are of paramount interest in organic electronics, such as organic light emitting diodes

(OLEDs), organic field-effect transistors (OFETs) and organic solar cells. Although

current studies frequently concentrate on conjugated polymers, small molecules are

attractive in that they allow for facile fine-tuning of the HOMO and LUMO energy levels,

which is crucial for enhancement of the overall performance of organic devices.

Functionalization of conjugated organic systems with main group elements represents an

active research area of current interest in the chemistry and matarial science community.

One of the most often employed elements is the electron-deficient boron that features an

empty p orbital that opens up a pathway to overlap with π orbitals of attached aryl groups.

This interaction leads to unusual optical and electronic properties for organoborane

compounds. The focus of this thesis is on the investigation of well-defined organoborane

oligomers and macrocycles.
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ChapterChapterChapterChapter 1111. LuminescentLuminescentLuminescentLuminescent ConjugatedConjugatedConjugatedConjugated FluoreneboraneFluoreneboraneFluoreneboraneFluoreneborane OligomersOligomersOligomersOligomers

A series of monodisperse conjugated organoborane oligomers O-BO-BO-BO-Bnnnn (n = 1–6) were

synthesized via a newly developed iterative method that takes advantage of the

differential selectivity of arylsilane vs arylstannane functionalities and allows us to easily

control the extension of π conjugation. These oligomers are highly emissive and their

photophysical properties show a red shift as the chain length increases. An effective

conjugation length that spans five borons (necl = 5) was derived, addressing a

fundamental question regarding the extension of conjugation through p-π overlap in

organoboranes.

ChapterChapterChapterChapter 2.2.2.2. LuminescentLuminescentLuminescentLuminescent Donor-Donor-Donor-Donor-ππππ-Acceptor-Acceptor-Acceptor-Acceptor TypeTypeTypeType OligomericOligomericOligomericOligomeric OrganoboranesOrganoboranesOrganoboranesOrganoboranes

Following a similar approach, we synthesized a series of ambipolar oligomers

O-BO-BO-BO-BnnnnNNNNmmmm and O-BNBO-BNBO-BNBO-BNB in which alternating N donor and B acceptor are separated by

phenylene bridges. The effective conjugation length was predicted to be necl = 4.

Moreover, a bathochromic effect was observed in the emission, but not in the absorption,

indicating more polar structures in the excited state due to pronounced intramolecular

N→B charge transfer (ICT). These oligomers are potentially useful as ambipolar

semiconducting materials.

ChapterChapterChapterChapter 3.3.3.3. LuminescentLuminescentLuminescentLuminescent Electron-DeficientElectron-DeficientElectron-DeficientElectron-Deficient OrganoboraneOrganoboraneOrganoboraneOrganoborane MacrocyclesMacrocyclesMacrocyclesMacrocycles

The first electron-deficient organoborane macrocycle MC-B6MC-B6MC-B6MC-B6 was achieved by

reaction of the higher linear oligomer O-B4-BBr2O-B4-BBr2O-B4-BBr2O-B4-BBr2 with 2,7-bis-(trimethylstannyl)-9,9-
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dimethylfluorene (FlSn2FlSn2FlSn2FlSn2) under pseudo high dilution conditions. The electronic structure

of MC-B6MC-B6MC-B6MC-B6 was found to be significantly distinct from that of its linear counterpart O-B6O-B6O-B6O-B6.

This cycle shows blue fluorescence in solution, which can be quenched upon

complexation with nucleophiles such as F¯ and CN¯, leading to the formation of an

electron-rich macrocycle. Six reversible redox waves were detected in the

electrochemical measurements, corresponding to sequential reduction of each of the

borons. The lowest energy transition (S1 ← S0) is forbidden due to the dipole moment

cancellation as confirmed by TD-DFT calculations.

ChapterChapterChapterChapter 4.4.4.4. ConjugatedConjugatedConjugatedConjugatedAmbipolarAmbipolarAmbipolarAmbipolar B-B-B-B-ππππ-N-N-N-NMacrocyclesMacrocyclesMacrocyclesMacrocycles

Several B-N containing macrocycles have been prepared under pseudo high dilution

conditions. The first ambipolar macrocycle MC-B3N3MC-B3N3MC-B3N3MC-B3N3 resembles a π-expanded borazine

in which the alternating N donors are separated from B acceptors by phenylene bridges

as confirmed by X-ray structure analysis. In contrast, another macrocycle MC-B4N2MC-B4N2MC-B4N2MC-B4N2 is

composed of a hybrid π system (carbazole and fluorene). In both cycles, a pronounced

ICT is apparent from the strong solvatochromic effect on the emission, but only a small

effect on the absorption is observed. Also, due to the D–π–A type arrangement in the

cycles, interactions between B and N are evidenced by electrochemical measurements,

and these cycles can potentially serve as a p- and n-type semiconducting material. A

cooperative binding effect was derived from anion binding studies in macrocycle

MC-B4N2MC-B4N2MC-B4N2MC-B4N2, but not in MC-B3N3MC-B3N3MC-B3N3MC-B3N3.
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These organoborane oligomers and macrocycles were all fully characterized via

multinuclear NMR spectroscopy, high resolution mass spectrometry, GPC, and their

photophysical, electrochemical and anion binding properties were studied. To support of

our experimental findings, extensive DFT and TD-DFT computations were also carried

out.
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GeneralGeneralGeneralGeneral IntroductionIntroductionIntroductionIntroduction

1. π-Conjugated Systems

Studies on π-conjugated systems were refueled since the Nobel Prize for Chemistry in

2000 was awarded to Professors Heeger, Shirakawa, and MacDiarmid for their discovery

of "doped" polyacetylene as a highly conducting polymer in 1977.1,2 Conjugated

molecules including polymers and small molecules are a class of hydrocarbons that

feature some degree of electron delocalization in the molecular skeleton. This unique

electronic structure is expected to afford interesting optical and optoelectronic properties,

which drive fast development of their applications in the areas of optics and sensors

(photosensing devices, vapor sensors, biological and chemical sensors) as well as next

generation of organic electronics, such as light-emitting devices (OLEDs), field-effect

transistors (OFETs) and solar cells.3-15

1.1 Polyacetylene (PA)

PA was remarkable not only because it was first discovered to be highly conductive, it

also has a low band gap and shows large nonlinear optical susceptibilities.16 Band

diagrams of PA can be describled by simple Hückel molecular orbital theory in which

π-orbitals are viewed as an infinite conjugated system. In the smallest monomer,

individual bonding and nonbonding orbitals are illustrated in the traditional fashion

(FigureFigureFigureFigure 1111). As the π system is extended, each discrete molecular orbital (MO) from the



2

monomer splits into two MOs for the dimer (an in-phase and out-of-phase MO,

respectively). This trend continues as the size of the conjugated polymer increases from

dimer to an infinite length. As a consequence, each of the initial monomer MOs

comprises an infinite number of MOs in the infinite polymer, which leads to the

formation of energy bands due to their linear combinations.

However, application of PAs is largely limited in that they usually show poor solubility

and oxidative instability. These challenges have partially been overcome through the

incorporation of electronically stabilizing cyano groups into the oligoene chain as well as

bulky aryl groups for the protection of reactive terminal olefins, such as

α,ω-diaryl-μ,ν-dicyano-oligoenes (DPDC) that were recently synthesized by Nuckolls

and coworkers (FigureFigureFigureFigure 2222).17

FigureFigureFigureFigure 1.1.1.1. Band diagram developed by linear combination of MOs in polyacetylene.
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FigureFigureFigureFigure 2.2.2.2. Chemical structures of polyacetylene (PA) and functionalized oligoenes
(DPDC).

1.2 Aromatic Conjugated Systems

Alternatively, aromatic conjugated molecules and their derivatives are frequently

investigated in the community of chemistry and materials science. Some early examples

are poly(p-phenylene) (PPP), poly(phenylenevinylene) (PPV), polythiophene (PT),

polyfluorene (PF) and polycarbazole (FigureFigureFigureFigure 3333).15 Towards applications of conjugated

molecules as semiconducting materials, a number of properties have to be taken into

account. Specifically for photovoltaics, broad absorption bands (ca. 1.7 eV) and high

absorption coefficients for effective sunlight harvesting, favorable HOMO and LUMO

energy levels, HOMO-LUMO energy gaps (ideal value of 1.5 eV) for efficient charge

transfer, device morphology depending on the self-assembly ability for efficient charge

transport.15 To address these issues, numerous molecular engineering strategies have

been explored for fine-tuning the optoelectronic properties of the π-conjugated systems.

The methodologies applied so far mainly include the increase of conjugation chain length,

cross-conjugation, stabilization of the quinoidal resonance structure, enhancement of

rigidity, planarization of building blocks, incorporation of main group elements (e.g. N, P,

S, Si), and the use of donor-acceptor (D–A) alternating copolymerization.18-21 In general,
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the HOMO-LUMO energy gaps can be narrowed by increasing the chain conjugation;22

however, this method may not always take effect when the effective conjugation length is

saturated.23

FigureFigureFigureFigure 3.3.3.3. Chemical structures of early examples of aromatic conjugated polymers.

A prominent structural modification to polyphenylene compounds is to go to

ladder-type polyphenylene, which is composed of linear fused fluorenes or heteroatom

bridged phenylenes (FigureFigureFigureFigure 4444).15,24 These compounds have proven to be advantageous in

that the rigid structures favor electron delocalization which can further enhance the

optical and electronic properties.25-28 Another interesting class of polyphenylene

derivatives are spiro compounds (FigureFigureFigureFigure 4444), which lead to excellent processability as a

result of their improved solubility and high stability. They exist in the amorphous glassy

state which is particularly desirable in active layer materials for various organic

electronics.29

FigureFigureFigureFigure 4.4.4.4. Representations of ladder-type (left) and spiro polyphenylene (right).



5

Another representative class of rigid π-conjugated systems are polycyclic aromatic

hydrocarbons (PAHs) and their derivatives. These linearly fused aromatics have been

demonstrated to exhibit considerable charge transfer ability resulting from their high

HOMO levels, and thus serve as p-type semiconductors.7 Although lots of studies have

predicted intriguing electronic structures for larger PAHs, the synthesis and detailed

studies of these materials suffer primarily from their poor solubility and low stability in

the presence of light and oxygen.30 To resolve this challenge, molecular modifications

have been pursued that can modify the energy gaps by imposition of steric or electronic

effects on the acene backbone. One efficient way of kinetic stabilization is the

introduction of fluorinated moieties that potentially prevent the diffusion of water and

oxygen into the active layers.31 Studies showed that fluorinated acenes tend to give

positively shifted redox potentials relative to the non-fluorinated derivatives and they

adopt a face-to-face π-stacked structure, which benefits efficient charge mobility.7 For

example, pentacene shows a HOMO-LUMO gap of 2.07 eV, and a lower energy gap

(1.95 eV) was obtained for perfluoropentacene (FigureFigureFigureFigure 5555).32

FigureFigureFigureFigure 5.5.5.5. Structures and electrochemical data for pentacene and perfluoropentacene.32
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Moreover, addition of bulky functional groups at certain positions of the acene

molecules is desired to modify molecular ordering and improve π-orbital overlap. As

shown in FigureFigureFigureFigure 6A,6A,6A,6A, the bulky TIPS group (TIPS = triisopropylsilyl) can also

significantly improve the solubility of substituted pentacene.33 Very similarly, an electron

transport material of N-functionalized acene (FigureFigureFigureFigure 6B6B6B6B) was recently synthesized, in

which the HOMO-LUMO gap is lowered due to the stabilization of LUMO level by the

electronegative nitrogens.34 The combination of fluorination and bulky functional groups

afforded a larger acene derivative (FigureFigureFigureFigure 6C6C6C6C); larger structures tend to be notoriously

difficult to stabilize and characterize.35

FigureFigureFigureFigure 6.6.6.6. Stabilization of planar PAHs by imposition of steric and electronic effects.33-35

Another approach commonly used to tune the HOMO and LUMO energy levels is to

incorporate electron rich donor (D) and electron deficient acceptor (A) units in the same

ambipolar conjugated systems.15 Hybridization of the donor and acceptor molecular

orbitals results in a lowered HOMO-LUMO gap in that the donor tends to increase the

HOMO level and the acceptor tends to decrease the LUMO level (FigureFigureFigureFigure 7777). The degree
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of the reduction of band gaps thus depends on the electron donating capability of the

donor and electron accepting capability of the acceptor. Of the various electron donors

known so far, the most often studied are thiophene-based compounds.36, 37

More recently, Bazan, Heeger and coworkers took advantage of this concept in

combination with the addition of main group elements to develop an improved small

molecule for optoelectronic application (FigureFigureFigureFigure 8888).38 In this case, the DTS(PTTh2)2

structure is based on a core acceptor/donor/acceptor (A/D/A) framework with

bithiophene donor end-capping units. Compared with the commonly used acceptor such

as 2,1,3-benzothiadiazole (BTZ), the heterocycle [1,2,5]thiadiazolo[3,4-c]pyridine (PT)

shows a higher electron affinity due to substitution of carbon with nitrogen. In the

meantime, incorporation of the tetracoordinate Si atom in the dithieno(3,2-b;2'3'-d)silole

(DTS) unit leads to a stronger donor relative to parent dithiophene.

FigureFigureFigureFigure 7.7.7.7. MO interactions (left) and typical examples (right) of D-π-A type conjugated
systems.
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FigureFigureFigureFigure 8.8.8.8. Molecular structure of D-π-A molecule with incorporation of main group
elements.38

2. Conjugated Macrocycles

Research into macrocycles is of interest not only for their distinctly unique structures

that feature an infinite chain length without any end groups, but also because they show

potential for use in the area of host-guest chemistry and catalysis as a result of their

unusual recognition and binding properties that are not found in the linear

counterparts.39,40

Of particular significance in the advance of macrocycles is the preparation of

conjugated cyclics. Full electron delocalization is expected as a consequence of their

rigid and typically planar conformation, leading to a new strategy to π-conjugated

electronics and semiconducting materials.41 Another important aspect is the formation of

tubular supramolecular nanostructures and of highly ordered self-assemblies at the

solution/HOPG interface.42

Several approaches have been proposed to synthesize macrocycles of interest,

including the traditional slow addition of bifunctional building blocks, templation,43,44
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and the recent strategy of phase separation.45,46 But the efficient macrocyclization

remains a big challenge in that competition reactions such as linear oligomerization and

polymerization are always involved in the macrocyclization process, and these undesired

reactions are more favorable in most cases. The reason for this problem is predominantly

due to the presence of ring strain that prevents the success of macrocyclization.

Nevertheless, synthetic chemists have found some effective routes to prepare rigid

aromatic macrocycles with reasonably high yield.

2.1 Post-aromatization

Interest in [n]-cyclo(para-phenylene)s ([n]CPPs; where [n] refers to the number of

phenylene rings extended) was refueled by their structural relation to the single-walled

carbon nanotubes (SWNTs). These carbon-based aromatic cycles can serve as finite

models of armchair (n,n)-SWNTs (FigureFigureFigureFigure 9999).47, 48 Since the pioneer work by Bertozzi, in

2008, a series of [6]-[18]CPPs have been prepared and isolated by three different

methods.47 The key idea is to perform post aromatization after macrocyclization.

FigureFigureFigureFigure 9.9.9.9. Structure of CPPs and their relationship to (n,n)-SWNTs (left).48
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As shown in SchemeSchemeSchemeScheme 1111 for the first method developed by Bertozzi and co-workers,49 a

cyclohexadiene unit plays a crucial role in formation of the non-aromatic cycle, adopting

a bent boat-shaped conformation that exhibits much less ring strain and favors the

macrocyclization. Using this building block, they generated the cyclic precursor by

Suzuki coupling reaction, which was then reduced with lithium naphthalenide to produce

the resulting aromatic cycles. Very similarly, another less strained building block

containing chair-like cyclohexane was first used by Itami and coworkers (SchemeSchemeSchemeScheme 2222).50

The third synthesis of [n]CPPs works slightly different, which was carried out by

Yamago et al. SchemeSchemeSchemeScheme 3333 illustrates the general procedures: reactions of distannylated

species with [Pt(cod)Cl2] generate the macrocyclic Pt-containing intermediates, which

upon reductive elimination of platinum give rise to CPPs with different ring size

depending on the combination of distannylated precursors.51

SchemeSchemeSchemeScheme 1.1.1.1. Post-aromatization strategy for [n]CPPs by Bertozzi and co-workers.49
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SchemeSchemeSchemeScheme 2.2.2.2. Post-aromatization strategy for [12]CPP by Itami and co-workers.50

SchemeSchemeSchemeScheme 3.3.3.3. Post-aromatization by reductive elimination for [n]CPPs by Yamago and
co-workers.51

The synthesis of CPPs with different, but exactly known ring size allows people to

capture their electronic and photophysical properties. For instance, the UV absorption

does not show any size dependence. In contrast, the emission wavelengths are red shifted

as the CPP size decreases. The HOMO energy levels increase gradually due to a

decreased aromaticity when the cycles get smaller (i.e. the cycle tends to show polyene

character), which was supported by an upfield shift of 1H NMR signal. The oxidation

potentials are lowered for the small ring size, in agreement with the increasing ring strain

energies predicted by DFT calculations.51
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2.2 Template-induction

Apart from the post-aromatization, use of templates can reduce the entropic and

enthalpic barrier to cyclization. With this respect, excellent contributions have been made

by Anderson and co-workers. As shown in SchemeSchemeSchemeScheme 4444, Glaser-Hay coupling of the linear

Zn porphyrin complex bearing terminal acetylene functionalities in the presence of

hyperbranched pyridine ligands (T6 or T8) as templates gives rise to conjugated

porphyrin-based macrocycles. The key to success of macrocyclization arises from

coordination of pyridine to the Zn centers. This dynamic supramolecular interaction

facilitates equilibration shift to Vernier assembly. The coordination to templates can also

ensure efficient overlap of the π orbitals in the final nanorings by preventing rotation of

the individual porphyrin moieties. The ring size can be precisely controlled by selection

of the pyridine templates.52-54

2.3 Depolymerization

A new strategy of depolymerization macrocyclization was first developed by Moore

and co-workers to prepare carbazole-based conjugated macrocycles.55 As described in

SchemeSchemeSchemeScheme 5555, the standard Sonogashira coupling reaction of a terminal

alkyne-functionalized carbazole monomer with an aryl halide readily generates a

carbazolylethynylene homopolymer. In the next key step, this polymer is depolymerized

to form a macrocycle using a highly active molybdenum alkylidyne catalyst. Such

transformation of polymer to macrocycle is entropically favorable. The current method is
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ideally utilized to pursue functionalized macrocycles, such as amphiphilic cycles through

simple modifications of the substituents on the carbazole moieties.56

SchemeSchemeSchemeScheme 4.4.4.4. Template macrocyclization of porphyrin-based macrocycles by Anderson et
al.52-54

SchemeSchemeSchemeScheme 5.5.5.5. Depolymerization for conjugated macrocycles by Moore and co-workers.55

2.4 Heteroatom Containing Conjugated Macrocycles

In addition to the carbon rich [n]CPPs, porphyrin-based and ethynylene-containing

macrocycles discussed in early section, heteroatom doped macrocycles of other types

have also been investigated, such as cyclic oligothiophenes, cyclopyridines, and
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cyclocarbazoles.41

The first synthesis of fully conjugated cyclic oligothiophenes was achieved by Bäuerle

and co-workers in 2000.57 The Cu(I)/Cu(II) catalyzed Glaser-Hay coupling reaction of

terminal thiophenediynes was performed to yield a cyclic intermediate,

oligo(thienylbutadiyne), which was then treated with Na2S, leading to formation of the

resulting macrocyclic oligothiophenes (SchemeSchemeSchemeScheme 6666).

SchemeSchemeSchemeScheme 6.6.6.6. Synthesis of the fully conjugated cyclic oligothiophenes.57

Since cyclosexipyridine was first reported by Newkome and Lee in 1980s,58 various

pyridine-containing macrocycles have been obtained through structural modifications of

the building blocks, including terpyridine, pyridine-acetylene and pyridine-butadiyne

units (FigureFigureFigureFigure 10101010).59 This class of pyridine-functionalized cycles provides multiple

coordination sites that can form metallocycles for new applications.
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FigureFigureFigureFigure 10.10.10.10. Examples of pyridine-containing conjugated macrocycles.58,59

Fully conjugated cyclododeca-2,7-carbazole and its fluorene analogue were

synthesized by Müllen and co-workers with the use of meso-tetra(4-carboxyphenyl)

porphyrin as a template.60,61 The cyclization was conducted through a nickel-mediated

Yamamoto coupling reaction of halogen-terminated trimer units under highly dilute

conditions. Treated with a base (e.g. KOH), the porphyrin templates were removed from

the cyclic intermediates to generate the target macrocycles (FigureFigureFigureFigure 11111111).

FigureFigureFigureFigure 11.11.11.11. Cyclododeca-2,7-carbazole and cyclododeca-2,7-fluorene by Müllen et
al.60,61
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3. Main Chain Conjugated Organoboranes

Of the π-conjugated systems with incorporation of main group elements, tricoordinate

boron containing compounds are unique. Electron deficient boron provides a vacant p

orbital and thus functions as a strong π-electron acceptor capable of significant

delocalization (FigureFigureFigureFigure 12121212).62 Overlap of the empty p orbital on the boron with the LUMO

of organic scaffolds leads to a decrease of the HOMO-LUMO gap. This phenomenon

brings about interesting optical and electronic properties that are desirable for

applications in functional materials. Such compounds have been demonstrated to show

nonlinear optical activity and large two-photon absorption cross-sections. They can also

be employed as electron-transporting layers in organic electronics.63-65

On the other hand, three-coordinate boron exhibits Lewis acidic nature, and thereby

the nucleophilic attack by electron donors can significantly change the electronic

structure of boron. The original trigonal planar three-coordinate boron is converted to a

tetracoordinate species in which the p-π overlap is turned off. As a result,

three-coordinate organoboranes have been extensively explored as colorimetric and

luminescent sensors for anions such as fluoride and cyanide.66 Noteworthy is that

stabilization of tricoordinate boron is important. Steric protection is generally required to

prevent decomposition in air and moisture using bulky groups such as

2,4,6-trimethylphenyl (Mes), 2,4,6-triisopropylphenyl (Tip) and the most bulky

2,4,6-tritertbutylphenyl (Mes*) (FigureFigureFigureFigure 13131313).67
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FigureFigureFigureFigure 12.12.12.12. Illustration of MO interactions of boron with π substituents and nucleophiles.

FigureFigureFigureFigure 13.13.13.13. Bulky groups usually used to protect boron species.

To date, several routes for the incorporation of boron in the π-conjugated systems have

been introduced. Hydroboration,68-72 and metathesis reactions73,74 are now

well-established to form main chain boron-containing compounds (FigureFigureFigureFigure 14141414).

Hydroboration polymerization was first proposed by the Chujo group in 1998 for the

extension of π-conjugation using mesitylborane moieties.68 However, these polymers

proved to be not thermally very stable in part owing to the retro-hydroboration at high

temperature above 100 °C. Given this drawback, the same research group developed

another approach of metathesis. Polycondensation between aryldimethoxyborane and

di-Grignard reagents afford π-conjugated polymers. For such kind of polymerization, the
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key issue of success is the use of bulky aryl substituent on the alkoxyborane.

Our group found a facile method of Sn/B exchange to access boron containing

polymers under very mild conditions.75,76 In addition to the formation of side-chain

functionalized organoboron polymers, the incorporation of boron in the main chain is

also quite facile (FigureFigureFigureFigure 14141414).77

FigureFigureFigureFigure 14.14.14.14. General strategies for main-chain organoborane π conjugated systems.

One of the most prominent boron-based substituents is the dimesitylboryl (BMes2)

moiety, in which the unsaturated boron is stabilized by ortho-methyl groups. Mes2BF is

an ideal boron source for side-chain boron-containing polymers through reaction with

Grignard or organolithium reagents (FigureFigureFigureFigure 15151515).65,78,79 The BMes2 groups serve as π

acceptors comparable to the commonly used electron-withdrawing nitro and cyano

functionalities.80,81
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FigureFigureFigureFigure 15.15.15.15. Borylation reaction for side-chain boron containing conjugated polymers.79

The reactions discussed above all constitute step-growth polymerizations, leading to

the formation of polymers with a relatively large polydispersity and no control over

molecular weight and polymer end groups. In order for the molecular structures to be

exactly controlled, research has been pursued for this thesis that will focus on the

synthesis of monodisperse conjugated organoborane oligomers and of macrocycles with

all boron or B-N containing ambipolar moieties in the conjugated backbones. They have

been characterized by photophysical and electrochemical measurements in combination

with computational studies .
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ChapterChapterChapterChapter 1111 LuminescentLuminescentLuminescentLuminescent ConjugatedConjugatedConjugatedConjugated FluoreneboraneFluoreneboraneFluoreneboraneFluoreneborane OligomersOligomersOligomersOligomers[[[[aaaa]]]]

Conjugated polymers are recognized as an important category of functional materials

used for organic semiconductor applications in part due to the facile preparation and

good solution processability.1 However, conjugated small molecules can have specific

benefits in certain applications. They can, for example, show improved hole mobility in

comparison to polymers, which is attributed to the crystallinity and high level of ordering

structures as well as the fabrication reproducibility.2,3

Monodisperse conjugated oligomers are intermediate between polymers and small

molecules in terms of their size. One key advantage of using so-called oligomer approach

to conjugated materials originates from the defined structures. The uniform structures

and exactly known molecular weight allow for the correlation of physical properties with

the chain conjugation. The combination of attributes from molecular and polymeric

materials offer oligomers the merit of molecule-like structural purity while retaining

polymer-like features. They show precise HOMO/LUMO energy levels, desirable

solubility characteristics, high thermal stability and good mechanical properties.4,5

An issue that commonly arises in the development of polymeric materials is that

chain-length related properties can be remarkably difficult to characterize for statistically

averaged polymers. In sharp contrast, characterization of well-defined oligomers

provides important clues for the investigation of polymers. As a common example,

[a] This chapter is adapted from a journal publication (ref. 98).
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oligomers are frequently explored as model systems, which are informative to estimate

the electronic properties of polymers through extrapolation of oligomer properties to

infinite chain length.6

Despite often tedious synthetic procedures that involve several iterative steps, a variety

of well-defined conjugated oligomers have been prepared to date. Typical systems are

oligothiophenes, oligoanilines, oligofluorenes and oligophenylenes, etc. Of these

oligomers, oligothiophenes including linear systems and higher dimensional dendrimers

have been studied for electronic materials and for the controlled bottom-up fabrication of

electronic devices as a consequence of their hole transporting capability and ease of

synthetic modifications as well as self-assembly process for highly stereoregualr

structures.7-11 N-functionalized linear oligoanilines were synthesized for applications of

conductive and redox active materials.12-14 In addition, oligofluorenes were prepared for

detailed study of their structure-property relationships. These studies suggested that chain

length of oligomers plays an important role in their optical and electronic properties as

well as in solid morphology.15-17

Another recent example are oligomeric o-phenylenes, which are of interest in the area

of molecular chirality that is of paramount importance for the separation of chiral

compounds and for asymmetric catalysis.18,19 Oligomeric o-phenylenes are optically

active as they adopt a helical conformation. Fukushima, Aida and co-workers isolated

oligophenylenes that are optically pure in the solid state, The optical activity was lost in

solution, but can be stabilized by one-electron oxidation (FigureFigureFigureFigure 1-11-11-11-1).19 They also
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discovered that the helical conformation is dependent both on the solvent and on the

terminal groups attached to the oligomer chains.20

FigureFigureFigureFigure 1-1.1-1.1-1.1-1. Molecular structures (top left) of chiral oligophenylenes and representations
of the helical inversion dynamics in solution and in the solid state.19

1.1 Conjugated Organoborane π Systems

The functionalization of conjugated systems with main group heteroatomS has been an

active area of research over the past several years.21-32 While phosphorus-containing

polymers33-36 and their higher homologues, the arsenic and antimony derivatives,37,38

feature electron-rich donor sites that can, for example, act as ligands for transition metal

complexes, the respective organoborane-functionalized polymers39-53 may be viewed as

electron-deficient (“charge reverse”) analogues with an empty p-orbital on boron as the

characteristic feature.54 Overlap of this empty p-orbital with conjugated organic

π-systems is known to lead to unusual optical and electronic properties, and the ensuing

π-acceptor effect is of interest for potential applications of organoboranes in
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optoelectronics (OLEDs, FETs, photovoltaics).55-69 Lewis acidic organoborane molecules

are also attractive as probes and sensors for anions and other nucleophiles, including

toxic small molecules and chemical warfare agents.49-53,70, 71

A very fundamental question that is of great importance with respect to applications of

organoborane polymers as conjugated materials is: how effective is the extended

conjugation through the empty pπ orbital? Theoretical studies are consistent with gradual

lowering of the HOMO-LUMO gap with increasing chain length and for some polymeric

structures metallic properties have even been predicted.72-80 Experimental verification has

however proven difficult. On the other hand, an approach that has been very successful

for a broad range of conjugated systems is to prepare well-defined oligomers of exact

chain length and to compare their electronic structures and photophysical

properties9,12,81,82

1.2 Synthesis and Structural Characterization of Oligofluoreneboranes

We present here the first experimental study on the extension of π-conjugation in

organoborane polymers by incrementally increasing the oligomer chain length of

fluoreneborane species OOOO-B-B-B-Bnnnn all the way to a hexamer (n = 6).83 Our new method takes

advantage of the selective reactivity of arylsilane vs arylstannane functionalities in

electrophilic substitution reactions with boron halides. In species ArSiMe3, the aryl

groups are typically cleaved with BBr3 in CH2Cl2 at RT, but do not react with less

reactive organoboron halides such as PhBBr2 under these conditions.84,85 The aryl groups
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in species ArSnMe3 on the other hand react readily with organoboron halides ArBBr2 to

yield compounds Ar2BBr without formation of any Ar3B even in the presence of excess

of the tin reagent when Ar = Ph. Based on this differential reactivity we have devised a

stepwise assembly process that makes use of aromatic entities that contain one silyl and

one stannyl moiety (SchemeSchemeSchemeScheme 1111-1-1-1-1). After every chain extension step the B-Br groups are

capped with bulky aryl groups by reaction with triisopropylphenyl copper (TipCu) to

give reasonably air-stable compounds with sterically protected borane functionalities and

trimethylsilyl end groups. These oligomers can be isolated and purified by standard

techniques, including column chromatography.

GPC analysis (FigureFigureFigureFigure 1-21-21-21-2) confirmed the successful preparation of essentially

monodisperse samples of oligomers with 1-6 boron centers. Even though the data were

acquired vs. PS standards, the molecular weights are close to the calculated ones, which

is an interesting coincidence that validates previously reported data7 on related polymeric

materials. High resolution MALDI-TOF mass spectra were acquired in negative mode

with benzo[a]pyrene as the matrix and in all cases showed the molecular ion peaks

[M–H]– with patterns that are in good agreement with simulated data (FigureFigureFigureFigure 1-31-31-31-3). The

data are summarized in TableTableTableTable 1-11-11-11-1.
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SchemeSchemeSchemeScheme 1111-1-1-1-1.... Synthesis of conjugated organoborane oligomers O-BO-BO-BO-Bnnnn; Ar = Tip
(2,4,6-triisopropyl-phenyl), π-system = 9,9-dimethylfluorene.

FigureFigureFigureFigure 1-2.1-2.1-2.1-2. GPC-RI traces for oligomers OOOO-B-B-B-Bnnnn (THF, vs PS standards).
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FigureFigureFigureFigure 1-3.1-3.1-3.1-3.Molecular ion peaks for OOOO-B-B-B-Bnnnn from MALDI-TOF mass spectra (neg. mode).

TableTableTableTable 1-1.1-1.1-1.1-1. GPC and MALDI-TOF MS Results for Oligomers OOOO-B-B-B-Bnnnn

Fomula M th a M MS b M n c M w c PDI c

OOOO-B-B-B-B1111 C51H65BSi2 744.5 743.5 868 875 1.01

OOOO-B-B-B-B2222 C81H100B2Si2 1150.8 1149.8 1343 1354 1.01

OOOO-B-B-B-B3333 C111H135B3Si2 1557.0 1556.0 1875 1891 1.01

OOOO-B-B-B-B4444 C141H170B4Si2 1964.3 1963.2 2378 2402 1.02

OOOO-B-B-B-B5555 C171H205B5Si2 2370.6 2369.6 2920 2988 1.01

OOOO-B-B-B-B6666 C201H240B6Si2 2776.9 2775.8 3363 3402 1.01
a Calcd exact mass. b From (–) MALDI-TOF MS. c Relative to PS standards based on
GPC-RI detection in THF at 35 °C; PDI = Mw / Mn

The oligomers were fully characterized by multinuclear NMR spectroscopy. The 1H

NMR data are useful to further confirm the oligomer chain length because the terminal
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silyl-substituted phenyl ring protons can easily be distinguished from the strongly

downfield shifted protons attached to boron-bound phenyl groups (FigureFigureFigureFigure 1-41-41-41-4). With

increasing chain length, the intensity of the terminal fluorene signals remains the same,

whereas that of the internal fluorenes and Tip groups gradually increases. Thus,

integration of the signals at 7.5–7.7 ppm relative to those at ca. 7.03 ppm for the

aromatic protons of the Tip groups clearly establishes the number of borane moieties that

are embedded in the chain. Similar trends can be deduced from inspection of the 13C

NMR data (FigureFigureFigureFigure 1-51-51-51-5). A single sharp signal at ca. –3.7 ppm in the 29Si NMR

corresponds to the terminal silyl groups, while a very broad signal at ca. 70 ppm in the

11B NMR spectra results from overlap of resonances of both internal and terminal borane

groups. A significant upfield shift with increasing chain length was not detected.

FigureFigureFigureFigure 1-4.1-4.1-4.1-4. Partial 1H NMR spectra of oligomers O-BO-BO-BO-Bnnnn (aromatic region, CDCl3, 25 °C).
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FigureFigureFigureFigure 1-5.1-5.1-5.1-5. Aliphatic and aromatic regions of the 13C NMR spectra of O-BO-BO-BO-Bnnnn in CDCl3

(Fl-t = fluorene carbon from the terminal Ph group; Fl-i = internal fluorene carbon).
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We were not able to obtain single crystals of the oligomers OOOO-B-B-B-Bnnnn, but fortunately after

Si/B exchange with BBr3 the dimer OOOO-B-B-B-B2-BBr22-BBr22-BBr22-BBr2 crystallized at –35 °C from hexanes. The

structure shown in FigureFigureFigureFigure 1-61-61-61-6 reveals a zig-zag chain with two tricoordinate TipB groups

inserted between three fluorene moieties. The bond lengths and angles at boron are in the

expected range for triarylboranes. With respect to possible extended conjugation that

involves the empty p-orbital on boron, two parameters are of interest: The interplanar

angle between adjacent fluorene moieties amounts to 48.7 and 49.7°, indicating a

significant twist in the conjugated main chain. Maybe even more important is the

orientation of the fluorene π-system relative to the position of the empty p-orbital on

boron. Interestingly, the interplanar angles between the internal fluorene moiety and the

best planes through Bi and the 3 adjacent C atoms of 35.1 and 41.5° are considerably

larger than the angles measured for the terminal fluorenes with respect to the same

borane moieties (17.0, 18.7°). Although these relatively small angles suggest the

possibility for good pB-π overlap, the presence of the bulky Tip groups, which stand

orthogonal to the fluoreneborane main chain, might somewhat limit the effective

conjugation that can ultimately be achieved.86
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FigureFigureFigureFigure 1-6.1-6.1-6.1-6. X-ray structure of OOOO-B-B-B-B2-BBr22-BBr22-BBr22-BBr2. Hydrogen atoms are omitted for clarity.

1.3 Photophysical, Electrochemical Properties and Computational

Studies of Oligomers O-BO-BO-BO-Bnnnn

Having the spectroscopically pure and monodisperse oligomers in hand we studied the

effect of chain extension on the optical properties and electrochemical characteristics. We

acquired both differential pulse voltammetry (DPV) (FigureFigureFigureFigure 1-71-71-71-7) and cyclic voltammetry

(CV) (FigureFigureFigureFigure 1-81-81-81-8) data in THF/0.1M Bu4NPF6 as the electrolyte. Reversible reductions

were observed for all the oligomers; the number of redox steps corresponds directly to

the number of boron centers present in the individual oligomers, suggesting that the

LUMO levels are boron centered, in agreement with prior studies on arylborane

compounds.70,87,88 The relatively large splitting between the redox waves suggests that

coulombic interactions and likely also some degree of through bond interactions lead to

communication between the individual borane groups. This results in a gradual decrease

in the onset of the first reduction with increasing number of organoborane groups and

therefore lowering of the LUMO energy level.
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FigureFigureFigureFigure 1-7.1-7.1-7.1-7. Differential pulse voltammetry plots of OOOO-B-B-B-Bnnnn in THF/0.1M Bu4NPF6 vs.
Fc/Fc+.

FigureFigureFigureFigure 1-8.1-8.1-8.1-8. Cyclic voltammetry plots of OOOO-B-B-B-Bnnnn in THF/0.1M Bu4NPF6 vs. Fc/Fc+.

A decrease in the LUMO energy levels with increasing chain length was reproduced by

DFT calculations (B3LYP, 6-31G(d))89 on molecules OOOO-B-B-B-Bn-calcn-calcn-calcn-calc, in which the methyl
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groups on fluorene and isopropyl groups of the pendent Tip groups were replaced with

hydrogens (TableTableTableTable 1-21-21-21-2). According to these calculations, the HOMO levels are essentially

unaffected by chain extension, resulting in an overall gradual decrease in the

HOMO-LUMO gap. The stronger effect on the LUMO levels arises from the fact that the

boron p-orbital does not contribute to the HOMO level, but shows a strong contribution

in the LUMO, opening up an extended conjugation pathway that involves up to 6 boron

centers and 4 fluorene moieties (FigureFigureFigureFigure 1-91-91-91-9). It is important to note, however, that the

terminal fluorene moieties have very little or no contributions to the LUMO orbitals of

the larger oligomers. Worth noting is also that in all cases an all-trans geometry was used

as a the starting point in the calculations, which converged to a “U-shaped” geometry.

Nonetheless other conformations should be possible, especially in solution. They are

likely to result in slightly different orbital localizations, orbital energies, and electronic

transitions. A more extensive study in this respect has not been performed due to large

computer time required for the larger oligomers.

TableTableTableTable 1-2.1-2.1-2.1-2. Calculated Orbital Energies for OOOO-B-B-B-Bnnnn-calc-calc-calc-calc [a] (DFT, B3LYP, 6-31G(d))

Compound HOMO (eV) LUMO (eV) HOMO-LUMO gap (eV)
O-B1O-B1O-B1O-B1-calc-calc-calc-calc –5.66 –1.80 3.86
O-B2O-B2O-B2O-B2-calc-calc-calc-calc –5.66 –1.99 3.67
O-B3O-B3O-B3O-B3-calc-calc-calc-calc –5.66 –2.07 3.59
O-B4O-B4O-B4O-B4-calc-calc-calc-calc –5.66 –2.10 3.56
O-B5O-B5O-B5O-B5-calc-calc-calc-calc –5.66 –2.12 3.54
O-B6O-B6O-B6O-B6-calc-calc-calc-calc –5.66 –2.15 3.51

[a] For OFnOFnOFnOFn-calc-calc-calc-calc the Me groups on fluorene and iPr on Tip are replaced with H
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FigureFigureFigureFigure 1-9.1-9.1-9.1-9. The HOMO (left) and LUMO (right) orbitals for O-BO-BO-BO-Bnnnn-calc-calc-calc-calc (B3LTY,
6-31G*) in the gas phase. The Me groups on fluorene and iPr on Tip are replaced with H.

.
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A gradual decrease in the band gap is also evident in the absorption and emission

spectra (FigureFigureFigureFigure 1-101-101-101-10). The lowest energy absorption band moves from 358 nm for OOOO-B-B-B-B1111

to 390 nm for OOOO-B-B-B-B6666. A concurring bathochromic shift (FigureFigureFigureFigure 1-111-111-111-11) in the emission

maximum is accompanied by an increase in the quantum yield to 95%.90 Hence, the

higher organoborane oligomers are highly fluorescent with emission maxima in the blue

region of the spectrum. TD-DFT calculations on the oligomers OOOO-B-B-B-Bnnnn-calc-calc-calc-calc give results

that are in good agreement with the experimental absorption data (TableTableTableTable 1-31-31-31-3) and suggest

that the lowest energy absorptions are primarily due to contributions from HOMO and

LUMO, although especially for the higher oligomers other orbitals also contribute to a

lesser extent (TableTableTableTable 1-41-41-41-4).

FigureFigureFigureFigure 1-10.1-10.1-10.1-10. a) UV-vis and b) fluorescence spectra of oligomers OOOO-B-B-B-Bnnnn in CH2Cl2.
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FigureFigureFigureFigure 1-11.1-11.1-11.1-11. Solvent dependence of emission spectra (excited at λmax in CH2Cl2).

TableTableTableTable 1-3.1-3.1-3.1-3. Optical Properties and Electrochemical Data of Oligomers OOOO-B-B-B-Bnnnn and
Comparison with Data from DFT Calculations (Gaussian03, B3LYP, 6-31G(d))

Experimental Data (OOOO-B-B-B-Bnnnn) DFT Results (OOOO-B-B-B-Bnnnn-calc-calc-calc-calc)

λmaxa

[nm]

εmaxa λema

[nm]

φ a λedgeb

[nm]

Egap,DFT c

[nm]

λabs,TD-DFT d

[nm]

O-B1O-B1O-B1O-B1 358 60,000 392 0.73 373 321 365

O-B2O-B2O-B2O-B2 378 85,800 389 0.89 388 337 386

O-B3O-B3O-B3O-B3 384 100,000 393 0.89 396 345 396

O-B4O-B4O-B4O-B4 387 94,500 395 0.91 398 348 400

O-B5O-B5O-B5O-B5 389 95,000 396 0.94 400 351 404

O-B6O-B6O-B6O-B6 390 120,000 397 0.95 401 353 406
a In CH2Cl2. b From absorption edge. c HOMO-LUMO gap based on DFT calculations ,
λabs based on TD-DFT results on OOOO-B-B-B-Bnnnn-calc-calc-calc-calc (Me and iPr groups replaced with H).
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TableTableTableTable 1-41-41-41-4.... Comparison of TD-DFT Results for O-BO-BO-BO-Bnnnn-calc-calc-calc-calc[a] with Experimental Data

[a] For O-BO-BO-BO-Bnnnn-calc-calc-calc-calc the Me groups on fluorene and iPr on Tip are replaced with H.

The absorption data can be plotted against 1/nB, where nB is the number of boron

centers that also corresponds to the number of repeat units in the oligomer chains (FigureFigureFigureFigure

1-12a1-12a1-12a1-12a). This linear fit of the data gives an excellent correlation (R2 = 0.9993) and

extrapolation to n→∞ predicts an absorption maximum at v = 2510 cm–1 (λ∞ = 398 nm)

compound TD-DFT calculation results

O-B1-calcO-B1-calcO-B1-calcO-B1-calc
λ / nm; f 365; 1.0911
Transition 151←150 (LUMO←HOMO), 0.679

O-B2-calcO-B2-calcO-B2-calcO-B2-calc
λ / nm; f 386; 1.6767
Transition 217←216 (LUMO←HOMO), 0.664

218←215 (LUMO+1←HOMO-1), –0.133

O-B3-calcO-B3-calcO-B3-calcO-B3-calc

λ / nm; f 396; 2.0269

Transition
283←282 (LUMO←HOMO), 0.636
283←280 (LUMO←HOMO-2), –0.156
284←281 (LUMO+1←HOMO-1), –0.192

O-B4-calcO-B4-calcO-B4-calcO-B4-calc

λ / nm; f 400; 2.2383

Transition
349←348 (LUMO←HOMO), 0.602
349←346 (LUMO←HOMO-2), –0.191
351←346 (LUMO+2←HOMO-2), 0.103
350←347 (LUMO+1←HOMO-1), –0.234

O-B5-calcO-B5-calcO-B5-calcO-B5-calc

λ / nm; f 404; 2.1988

Transition

415←414 (LUMO←HOMO), 0.562
416←413 (LUMO+1←HOMO-1), 0.261
417←412 (LUMO+2←HOMO-2), –0.133
415←412 (LUMO←HOMO-2), –0.227
416←411 (LUMO+1←HOMO-3), –0.122

O-B6-calcO-B6-calcO-B6-calcO-B6-calc

λ / nm; f 406 ; 1.8665

Transition

481←480 (LUMO←HOMO), 0.523
482←479 (LUMO+1←HOMO-1), 0.276
483←478 (LUMO+2←HOMO-2), 0.155
481←478 (LUMO←HOMO-2), –0.251
482←477 (LUMO+1←HOMO-3), –0.144
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for an infinite polymer chain. The experimental absorption maximum at v = 2540 cm–1

(λmax = 394 nm) for a polymer with an average of n = 17 53 almost perfectly fits the linear

extrapolation (2530 cm–1).

Meier proposed that an exponential fit of the absorption data of conjugated oligomers

to Eq (1) is more appropriate as it takes into account a non-linear behavior typically

observed when reaching relative large numbers of repeating units n.91,92 FigFigFigFigureureureure 1-12b1-12b1-12b1-12b

shows a fit of our data to Eq (1). A reasonably good correlation (R2 = 0.997) is obtained.

A limiting wavelength of λ∞ = 390±1 nm is derived, Δλ = λ∞ – λ1 amounts to 31.5±1 nm,

and the parameter b comes to 0.93±0.08, which reflects a fast rate of convergence. An

effective conjugation length of necl = 5 can be derived from Eq (2) using the criterion of

Δλ ≤ 1 for convergence. This further suggests that saturation is reached relatively

quickly.

)1( 
1max ) ()( −−

∞∞ −−= nben λλλλ (1)

1) ln( 1 +
−

= ∞

b
necl

λλ
(2)

FigureFigureFigureFigure 1-12.1-12.1-12.1-12. a) linear and b) exponential fits of absorption data for oligomers O-BO-BO-BO-Bnnnn.
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A comparison with data for monodisperse all-organic oligofluorenes is also interesting.

Applying Meier’s fit to absorption data of oligofluorenes reported in the literature15,16,93

gives values of necl in the range from 8 to 11, depending on the substitution pattern at the

C9 position, which is only slightly higher than what we find for the boron-modified

conjugated oligomers.

1.4 Anion Binding Studies

Electron deficient tricoordinate organoborane species can be attacked by nucleophiles

such as fluoride and cyanide. As shown in FigureFigureFigureFigure 1-131-131-131-13, stepwise addition of a

tetra-n-butylammonium fluoride (TBAF) solution as fluoride source to a solution of

O-B2O-B2O-B2O-B2 in THF gradually decreases the major absorption band at ca. 380 nm. As the

titration proceeded, a new charge transfer band developed after 1.0 eq. of fluoride was

added. The formed tetracoordinate boron center becomes an electron-rich donor, whereas

the other tricoordinate boron remains electron deficient (SchemeSchemeSchemeScheme 1-21-21-21-2). TD-DFT

(B3LYP/6-31G*) calculations further suggest charge transfer from the tetracoordinate

boron moiety to the tricoordinate boron moiety (HOMO-1→LUMO, f = 0.2391;

HOMO-2→LUMO, f = 0.2391). Interesting to know is that the emission of O-B2O-B2O-B2O-B2 can be

almost completely quenched by addition of 1.0 eq. of fluoride, and the intermediate in

the CT state is much less emissive. The same phenomenon is also observed for higher

oligomers up to O-B6O-B6O-B6O-B6 (FiguresFiguresFiguresFigures 1-15,1-15,1-15,1-15, 1-16,1-16,1-16,1-16, 1-17,1-17,1-17,1-17, 1-18)1-18)1-18)1-18).
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TableTableTableTable 1111----5.5.5.5. Summary of Results from Anion Binding Analysis for O-BO-BO-BO-Bnnnn

SchemeSchemeSchemeScheme 1-2.1-2.1-2.1-2. Schematic binding mechanism of O-B2O-B2O-B2O-B2 with fluoride. DFT calculations
(B3LYP/ 6-31 G*) are in support of the proposed charge transfer (CT) state.

compound lgβ11 lgβ12 lgβ13 lgβ14 lgβ15 lgβ16 f
O-B1O-B1O-B1O-B1 7.6 1.1
O-B2O-B2O-B2O-B2 8.0 13.7 1.7
O-B3O-B3O-B3O-B3 8.0 14.5 20.1 2.0
O-B4O-B4O-B4O-B4 8.0 15.3 20.0 24.8 2.2
O-B5O-B5O-B5O-B5 7.7 15.0 20.5 26.5 30.0 2.2
O-B6O-B6O-B6O-B6 8.0 15.3 22.0 28.6 34.7 40.2 1.9
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FigureFigureFigureFigure 1-13.1-13.1-13.1-13. Complexation of O-B2O-B2O-B2O-B2 with F¯ anions (2.68 × 10–4 M) in THF, monitored
by UV-vis and fluorescence spectroscopy. [O-B2O-B2O-B2O-B2] = 8.29 × 10–6 M; λexc = 378 nm.
Bottom: Fit of absorption data (HyperquadTM) at λ = 377 and 318 nm.

TableTableTableTable 1-6.1-6.1-6.1-6. Relative concentrations of individual complexes after addition of varying
amounts of F¯ to a solution of O-B2O-B2O-B2O-B2 in THF based on the binding constants in Table 1-5.

F¯ (eq.) [O-B2O-B2O-B2O-B2] (%) [O-B2O-B2O-B2O-B2]F (%) [O-B2][O-B2][O-B2][O-B2]F2 (%)
1 11.6 85.2 3.1
2 0.2 45.4 54.4
3 0.0 21.0 79.0
4 0.0 12.8 87.2
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FigureFigureFigureFigure 1-14.1-14.1-14.1-14. Complexation of O-B1O-B1O-B1O-B1 with F¯ anions (2.68 × 10–4 M) in THF, monitored
by UV-vis and fluorescence spectroscopy. [O-B1O-B1O-B1O-B1] = 1.54 × 10–5 M; λexc = 358 nm.
Bottom: Fit of absorption data (HyperquadTM) at λ = 359 and 319 nm.

TableTableTableTable 1-7.1-7.1-7.1-7. Relative concentrations of individual complexes after addition of varying
amounts of F¯ to a solution of O-B1O-B1O-B1O-B1 in THF based on the binding constants in Table 1-5.

F¯ (eq.) [O-B1O-B1O-B1O-B1] (%) [O-B1O-B1O-B1O-B1]F (%)
1 4.4 95.6
1.2 1.0 99.0
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FigureFigureFigureFigure 1-15.1-15.1-15.1-15. Complexation of O-B3O-B3O-B3O-B3 with F¯ anions (3.50 × 10–4 M) in THF, monitored
by UV-vis and fluorescence spectroscopy. [O-B3O-B3O-B3O-B3] = 5.70 × 10–6 M; λexc = 384 nm.
Bottom: Fit of absorption data (HyperquadTM) at λ = 388 and 318 nm.

TableTableTableTable 1-8.1-8.1-8.1-8. Relative concentrations of individual complexes after addition of varying
amounts of F¯ to a solution of O-B3O-B3O-B3O-B3 in THF based on the binding constants in Table 1-5.

F¯ (eq.) [O-B3O-B3O-B3O-B3] (%) [O-B3O-B3O-B3O-B3]F (%) [O-B3][O-B3][O-B3][O-B3]F2 (%) [O-B3]O-B3]O-B3]O-B3]F3 (%)
0.92 9.8 72.7 17.0 0.5
2.07 0.2 19.6 58.3 21.9
2.99 0.0 3.1 38.0 58.9
4.02 0.0 0.8 22.7 76.5
5.75 0.0 0.2 11.9 87.9
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FigureFigureFigureFigure 1-16.1-16.1-16.1-16. Complexation of O-B4O-B4O-B4O-B4 with F¯ anions (3.50 × 10–4 M) in THF, monitored
by UV-vis and fluorescence spectroscopy. [O-B4O-B4O-B4O-B4] = 1.150 × 10–5 M; λexc = 387 nm.
Bottom: Fit of absorption data (HyperquadTM) at λ = 389 and 319 nm.
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TableTableTableTable 1-9.1-9.1-9.1-9. Relative concentrations of individual complexes after addition of varying
amounts of F¯ to a solution of O-B4O-B4O-B4O-B4 in THF based on the binding constants in Table 1-5.

TableTableTableTable 1-10.1-10.1-10.1-10. Relative concentrations of individual complexes after addition of varying
amounts of F¯ to a solution of O-B5O-B5O-B5O-B5 in THF based on the binding constants in Table 1-5.

F¯ (eq.) [O-B4O-B4O-B4O-B4]
(%)

[O-B4O-B4O-B4O-B4]F
(%)

[O-B4[O-B4[O-B4[O-B4F2

(%)
[O-B4]O-B4]O-B4]O-B4]F3

(%)
[O-B4O-B4O-B4O-B4]F4

(%)
1 11.1 47.7 41.1 0.1 0
2 0.0 1.0 79.0 16.0 4.0
3 0.0 0.2 48.4 29.2 22.2
4 0.0 0.1 29.3 30.6 40.0
5 0.0 0.0 18.6 28.1 53.3
6 0.0 0.0 12.6 25.0 62.4
7 0.0 0.0 6.8 20.0 73.2

F¯ (eq.) [O-B5O-B5O-B5O-B5]
(%)

[O-B5O-B5O-B5O-B5]F
(%)

[O-B5[O-B5[O-B5[O-B5]F2

(%)
[O-B5]O-B5]O-B5]O-B5]F3

(%)
[O-B5O-B5O-B5O-B5]F4

(%)
[O-B5O-B5O-B5O-B5]F5

(%)
1 44.7 40.6 14.7 0.0 0.0 0.0
2 9.4 35.6 53.6 1.3 0.1 0.0
3 0.5 9.4 76.3 9.8 4.0 0.0
4 0.0 2.0 51.2 20.6 26.1 0.1
5 0.0 0.4 24.6 20.5 54.0 0.5
6 0.0 0.1 7.6 13.7 77.3 1.3
7 0.0 0.0 2.2 7.8 86.9 3.1
8 0.0 0.0 1.0 5.1 89.0 4.9
9 0.0 0.0 0.5 3.8 89.1 6.6
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FigureFigureFigureFigure 1-17.1-17.1-17.1-17. Complexation of O-B5O-B5O-B5O-B5 with F¯ anions (1.90 × 10–4 M) in THF, monitored
by UV-vis and fluorescence spectroscopy. [O-B5O-B5O-B5O-B5] = 1.546 × 10–5 M; λexc = 389 nm.
Bottom: Fit of absorption data (HyperquadTM) at λ = 390 and 318 nm.
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FigureFigureFigureFigure 1-18.1-18.1-18.1-18. Complexation of O-B6O-B6O-B6O-B6 with F¯ anions (1.79 × 10–4 M) in THF, monitored
by UV-vis and fluorescence spectroscopy. [O-B6O-B6O-B6O-B6] = 8.327 × 10–6 M; λexc = 390 nm.
Bottom: Fit of absorption data (HyperquadTM) at λ = 390 nm.
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TableTableTableTable 1-11.1-11.1-11.1-11. Relative concentrations of individual complexes after addition of varying
amounts of F¯ to a solution of O-B6O-B6O-B6O-B6 in THF based on the binding constants in Table 1-5.

FigureFigureFigureFigure 1-19.1-19.1-19.1-19. Fluoride (TBAF = tetra-n-butylammonium fluoride) complexes of O-B2O-B2O-B2O-B2 in
THF confirmed by high resolution ESI-MS (neg. mode). [OOOO-B-B-B-B2222] = 1.738 × 10–4 M, VTHF

= 5 mL, n(F–) = 1.737 × 10–3 mmol.

F¯
(eq.)

[O-B6O-B6O-B6O-B6]
(%)

[O-B6O-B6O-B6O-B6]F
(%)

[O-B6[O-B6[O-B6[O-B6]F2

(%)
[O-B6]O-B6]O-B6]O-B6]F3

(%)
[O-B6O-B6O-B6O-B6]F4

(%)
[O-B6O-B6O-B6O-B6]F5

(%)
[O-B6[O-B6[O-B6[O-B6]F6

(%)
1 25.2 51.5 21.0 2.1 0.2 0.0 0.0
2 3.1 26.5 44.5 18.8 6.3 0.7 0.0
3 0.3 6.6 28.4 30.7 26.4 7.2 0.5
4 0.0 0.8 7.9 20.1 40.8 26.2 4.2
5 0.0 0.0 0.7 4.7 26.4 47.1 21.1
6 0.0 0.0 0.0 0.5 7.8 40.1 51.5
7 0.0 0.0 0.0 0.1 2.4 26.2 71.3
8 0.0 0.0 0.0 0.0 1.1 18.5 80.4
9 0.0 0.0 0.0 0.0 0.6 14.2 85.2
10 0.0 0.0 0.0 0.0 0.4 11.7 87.9
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In contrast to the neutral oligomers O-BO-BO-BO-Bnnnn, the introduction of negative charge upon

complexation with anions leads to easier ionization for MS measurements. For instance,

the electrospray ionization mass spectra (ESI-MS) for the fluoride complex of O-B2O-B2O-B2O-B2 are

readily assigned to fully coordinated species as well as a small amount of partially

coordinated species (FigureFigureFigureFigure 1-191-191-191-19).

1.5 Conclusions

A series of highly luminescent monodisperse fluoreneborane oligomers (n = 1–6)

were prepared using a new iterative synthetic procedure that takes advantage of the

highly selective and differential reactivity of bromoboranes with arylsilanes and

arylstannanes. Electrochemical, UV-vis and fluorescence studies, as well as DFT

calculations, provide important insights into the effect of chain extension of conjugated

organic π-systems via tricoordinate boron moieties. Our results are of direct relevance to

potential applications of conjugated organoborane oligomers and polymers in

optoelectronic devices. Moreover, the preparation of well-defined conjugated

organoborane oligomers allowed us to shed some light on the origin of signal

amplification effects reported for the fluorescent sensing of anions such as fluoride and

cyanide with conjugated organoborane polymers.

1.6 Experimental Section

n-BuLi (1.6 M in hexanes), BBr3 and tetrabutylammonium fluoride (TBAF: 1.0 M in
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THF) were purchased from Aldrich, Me3SiCl (TMSCl) and 1,3,5-triisopropylbenzene

from Acros, Me3SnCl from Strem chemicals, and benzo[a]pyrene from TCI chemicals.

BBr3 and Me3SiCl were distilled under vacuum and all other commercially available

chemicals were used as received without further purification. 9,9-Dimethylfluorene,

2,7-dibromo-9,9-dimethylfluorene,94 2-bromo-7-trimethylsilyl-9,9-dimethylfluorene,95

and 2,4,6-triisopropylphenylcopper96 (TipCu) were prepared according to the previously

published procedures. Ether solvents (diethyl ether and THF here) were distilled from

Na/benzophenone prior to use. Hexanes and toluene were purified using a solvent

purification system (Innovative Technologies; alumina/copper columns for hydrocarbon

solvents). Dichloromethane (DCM) and CDCl3 were distilled from CaH2 and degassed

via several freeze-pump-thaw cycles for air-sensitive compounds. All reactions and

manipulations were carried out under an atmosphere of prepurified nitrogen using either

Schlenk techniques or an inert-atmosphere glove box.

All 499.893 (or 600) MHz 1H, 125.7 MHz 13C, 160.4 MHz 11B NMR, 99.25 MHz 29Si

NMR, and 186.455 MHz 119Sn NMR spectra were recorded on a Varian INOVA

spectrometer equipped with a boron-free 5 mm dual broadband gradient probe (Nalorac,

Varian Inc., Martinez, CA). 11B NMR spectra were acquired with boron-free quartz NMR

tubes and the spectra were referenced externally to BF3 · Et2O (δ = 0). 29Si NMR spectra

were referenced to SiMe4 (δ = 0). All NMR spectra were obtained at ambient

temperature.

GC-MS spectra were acquired on a Hewlett Packard HP 6890 Series GC system
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equipped with a series 5973 mass selective detector and a series 7683 injector. A

temperature profile with a heating rate of 20 °C/min from 70 to 300 °C was used.

MALDI-TOF measurements were performed on an Applied Biosystems 4800 Proteomics

Analyzer as specified either in linear or in reflection (-) mode with delayed extraction.

Benzo[a]pyrene (10 mg/mL) used as the matrix was mixed with the samples (10 mg/mL

in toluene) in a 10:1 ratio, and then spotted on the wells of a target plate inside a glove

box.

GPC analyses were performed in THF (1 mL/min) using a Waters Breeze system

equipped with a 717 plus autosampler, a 1525 binary HPLC pump, a 2998 photodiode

array detector, and a 2414 refractive index detector. For separation the samples were

passed through a series of styragel columns (Polymer Laboratories; two columns 5 μm /

Mixed-C), which were kept in a column heater at 35 °C. The columns were calibrated

with polystyrene standards (Polymer Laboratories).

UV-visible absorption data were acquired on a Varian Cary 500 UV-Vis/NIR

spectrophotometer. The fluorescence data and quantum yields were measured on a Varian

Cary Eclipse fluorescence spectrophotometer with the same solutions as those used in the

UV-visible measurements. The quantum yields (Φ) in DCM were calculated using 9,

10-diphenylanthracene as a standard, which is reported to be Φ = 0.92 in

dichloromethane.97 Sample solutions were prepared using a microbalance (± 0.1 mg) and

volumetric flasks. For titration experiments, fluoride ion solutions were prepared by

dilution of desired amount of TBAF solution (1.0 M) in dry THF; stock solutions of the
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samples were prepared in THF in the glove box. Fluoride was added to the sample

solution through a microsyringe (± 0.1 μL), minimizing exposure to air. Binding

constants β1n are given in units of M–n. In the case of lower oligomers O-B1O-B1O-B1O-B1 and O-B2O-B2O-B2O-B2,

all the constants are automatically generated from the HyperquadTM. However, in higher

oligomers, the binding constant lgβ11 had to be manually fixed to allow for a stable

refinement. Electrospray ionization mass spectra (ESI-MS) experiments were recorded

on an Apex-ultra 7T Hybrid FT-MS (Bruker Daltonics). Solutions in THF were prepared

in the glovebox.

Cyclic voltammetry (CV) and square wave voltammetry experiments were carried out

on a CV-50W analyzer from BAS. The three-electrode system consisted of an Au disk as

working electrode, a Pt wire as secondary electrode and a Ag wire as the reference

electrode. The voltammograms were recorded with ca. 10-3 to 10-4 M solution in THF and

Bu4N[PF6] (0.1 M) was used as the supporting electrolyte. The scans were referenced

after the addition of a small amount of ferrocene as internal standard. The potentials are

reported relative to ferrocene/ferrocenium couple.

Single crystal X-ray diffraction data were collected on a Smart Apex CCD

diffractometer at 100 K using Cu Kα (1.54178 Å) radiation. The structure was solved by

direct methods and refined by full-matrix least squares based on F2 with all reflections

(SHELXTL V5.10; G. Sheldrick, Siemens XRD, Madison, WI). Non-hydrogen atoms

were refined with anisotropic displacement coefficients, and hydrogen atoms were

treated as idealized contribution. SADABS (Sheldrick, G.M. SADABS 2.01),
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Bruker/Siemens Area Detector Absorption Correction Program; Bruker AXS: Madison,

WI, 1998) absorption correction was applied. Crystallographic data for the structure have

been deposited with the Cambridge Crystallographic Data Center as supplementary

publication CCDC-823516. Copies of the data can be obtained free of charge on

application on CCDC, 12 Union Road, Cambridge CB2 1EZ, UK(fax: (+44)

1223-336-033; email: deposit@ccdc.cam.ac.uk).

DFT calculations (gas phase) have been performed with the Gaussian03 program.

Geometries and electronic properties are calculated by means of hybrid density

functional B3LYP with the basis set of 6-31G(d). The input files and orbital

representations were generated with Gaussview 3.07 (scaling radii of 75%, isovalue of

0.02). Excitation data were calculated using TD-DFT (B3LYP, 6-31G(d)).

SynthesisSynthesisSynthesisSynthesis ofofofof 2,7-bis-(trimethylsilyl)-9,9-dimethylfluorene2,7-bis-(trimethylsilyl)-9,9-dimethylfluorene2,7-bis-(trimethylsilyl)-9,9-dimethylfluorene2,7-bis-(trimethylsilyl)-9,9-dimethylfluorene (FlSi2).(FlSi2).(FlSi2).(FlSi2). 2,7-Dibromo-9,9-

dimethylfluorene (10.0 g, 28.4 mmol) was dissolved in 550 mL of dry ether and TMEDA

(12 mL, 68.2 mmol) was added. The solution was cooled to -78 °C and n-BuLi (27.3 mL,

2.5 M, 68.2 mmol) was added through an addition funnel under N2. At this temperature

the reaction mixture was stirred for one more hour followed by stirring at R.T. for 2 h.

The reaction mixture was cooled back to -78 °C, and then dry TMSCl (9.4 mL, 73.5

mmol) was added via syringe. The reaction mixture was kept stirring at R.T. overnight.

After standard workup the crude material was purified by recrystallization from ethanol

to give colorless crystals (6.43 g, 67%). 1H NMR (499.893 MHz, CDCl3): δ 0.33 (s, 18H),

1.52 (s, 6H), 7.50 (d, J = 7.5 Hz, 2H), 7.57 (s, 2H), 7.72 (d, 7.5 Hz, 2H). 29Si NMR
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(99.25 MHz, CDCl3): δ -3.47. GC-MS: m/z 338 (50%) [M+], 323 (100%) [M+–Me].

SynthesisSynthesisSynthesisSynthesis ofofofof 2-trimethylsilyl-7-trimethylstannyl-9,9-dimethylfluorene2-trimethylsilyl-7-trimethylstannyl-9,9-dimethylfluorene2-trimethylsilyl-7-trimethylstannyl-9,9-dimethylfluorene2-trimethylsilyl-7-trimethylstannyl-9,9-dimethylfluorene (FlSiSn).(FlSiSn).(FlSiSn).(FlSiSn).

2-Bromo-7-trimethylsilyl-9,9-dimethylfluorene (7.40 g, 21.5 mmol) was dissolved in 300

mL of dry ether and TMEDA (3.6 mL, 23.7 mmol) was added. n-BuLi (9.5 mL, 2.5 M,

23.7 mmol) was added dropwise at -78 °C over 1 h and the reaction solution was stirred

for one more hour followed by stirring at R.T. for 2 h. The reaction mixture was cooled

down to -78 °C, and 4.72 g (23.7 mmol) of Me3SnCl were added. The reaction mixture

was allowed to warm up to room temperature and kept stirring overnight. After standard

workup the crude material was purified by recrystallization from ethanol to give

colorless crystals (6.1 g, 66%). 1H NMR (499.893 MHz, CDCl3): δ 0.33 (s, 9H), 0.34 (s/d,

J(117/119Sn, H) = 54 Hz, 9H), 1.53 (s, 6H), 7.47 (d, J(H, H) = 7.5 Hz, J(117/119Sn, H) = 44

Hz, 1H), 7.51 (d, J = 7.5 Hz, 1H), 7.56 (s/d, J(117/119Sn, H) = 44 Hz, 1H), 7.58 (s, 1H),

7.72 (d, J = 7.5 Hz, 2H). 29Si NMR (99.25 MHz, CDCl3): δ -3.73. 119Sn NMR (186.455

MHz, CDCl3): δ -24.26. GC-MS: m/z 430 (10%) [M+], 415 (100%) [M + – Me].

SynthesisSynthesisSynthesisSynthesis ofofofof 2,7-bis-(trimethylstannyl)-9,9-dimethylfluorene2,7-bis-(trimethylstannyl)-9,9-dimethylfluorene2,7-bis-(trimethylstannyl)-9,9-dimethylfluorene2,7-bis-(trimethylstannyl)-9,9-dimethylfluorene (FlSn2).(FlSn2).(FlSn2).(FlSn2). 2,7-Dibromo-

9,9-dimethylfluorene (6.50 g, 18.5 mmol) was dissolved in 200 mL of dry ether and

TMEDA (6.8 mL, 44.3 mmol) was added. To this solution n-BuLi (27.7 mL, 1.6 M, 44.3

mmol) was added at -78 °C over 1 h. The reaction mixture was stirred at -78 °C for 1 h

and then at R. T. for 2 h and finally cooled back to -78 °C. Me3SnCl (9.56 g, 47.8 mmol)

was added via syringe, the reaction mixture was allowed to warm up to R.T. and kept

stirring overnight. After standard workup the crude material was purified by
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recrystallization from ethanol to give colorless crystals (7.0 g, 73%). 1H NMR (499.893

MHz, CDCl3): δ 0.35 (s, J(117/119Sn, H) = 54 Hz, 18H), 1.53 (s, 6H), 7.47 (d, J(H, H) =

7.5 Hz, J(Sn, H) = 44 Hz, 2H), 7.56 (s, J(117/119Sn, H) = 44 Hz, 2H), 7.71 (d, J = 7.5 Hz,

2H). 119Sn NMR (186.455 MHz, CDCl3): δ -24.32. GC-MS: m/z 520 (8%) [M+], 505

(100%) [M + – Me].

SynthesisSynthesisSynthesisSynthesis ofofofof BrBrBrBr2222B-Fl-BBrB-Fl-BBrB-Fl-BBrB-Fl-BBr2222 (FlB2).(FlB2).(FlB2).(FlB2). To BBr3 (2.63 g, 10.50 mmol) in 5 mL of CH2Cl2

was added a solution of FlSi2FlSi2FlSi2FlSi2 (1.50 g, 4.44 mmol) in 15 mL CH2Cl2 with stirring. The

reaction mixture was kept stirring overnight, and then all volatile components were

removed under high vacuum. The crude product was purified by recrystallization from

toluene at -35 °C to give FlB2FlB2FlB2FlB2 as colorless crystals (1.68 g, 71%). 1H NMR

(499.893MHz, CDCl3): δ 1.62 (s, 6H), 7.91 (d, J = 8.0 Hz, 2H), 8.31 (m, 4H). 11B NMR

(160.4 MHz, CDCl3): δ 56 (w1/2 = 3,200 Hz). 13C NMR (125.7 MHz, CDCl3): 27.04,

47.44, 121.16, 132.15, 137.87, 144.79, 154.83, CB not observed.

SynthesisSynthesisSynthesisSynthesis ofofofof TMS-Fl-BBrTMS-Fl-BBrTMS-Fl-BBrTMS-Fl-BBr2222 (FlSiB).(FlSiB).(FlSiB).(FlSiB). To a solution of FlSi2FlSi2FlSi2FlSi2 (1.00 g, 2.96 mmol) in15

mL of CH2Cl2 was added a solution of BBr3 (0.74 g, 2.96 mmol) in 15 mL of CH2Cl2 at 0

°C with stirring. The reaction mixture was kept stirring overnight, and then all volatile

components were removed under high vacuum. The crude product was purified by

recrystallization from hexanes at -35 °C to give FlSiBFlSiBFlSiBFlSiB as a white solid (0.97 g, 75%). 1H

NMR (499.893 MHz, CDCl3): δ 0.34 (s, 9H), 1.57 (s, 6H), 7.57 (d, J = 8.0 Hz, 1H), 7.63

(s, 1H), 7.81 (d, J = 8.0 Hz, 1H), 7.82 (d, J = 8.0 Hz, 1H), 8.27 (d, J = 8.0 Hz, 1H), 8.28

(s, 1H). 11B NMR (160.4 MHz, CDCl3): δ 56 (w1/2 = 1,300 Hz). 13C NMR (125.7 MHz,
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CDCl3): -0.73, 27.23, 47.18, 119.89, 120.92, 127.76, 132.02, 132.63, 138.01, 138.58,

142.61, 146.73, 153.48, 154.63 CB not observed. 29Si NMR (99.25 MHz, CDCl3): δ

-3.54.

SynthesisSynthesisSynthesisSynthesis ofofofof DimerDimerDimerDimer O-B2.O-B2.O-B2.O-B2. To solution of FlB2FlB2FlB2FlB2 (1.00 g, 1.87 mmol) in 10 mL of CH2Cl2

was added a solution of FlSiSnFlSiSnFlSiSnFlSiSn (1.61 g, 3.74 mmol) in 25 mL of CH2Cl2 with stirring.

The reaction mixture was kept stirring overnight, followed by the removal of all volatile

components under high vacuum. O-B2-BBrO-B2-BBrO-B2-BBrO-B2-BBr was obtained as a colorless solid (1.54 g,

91%). 1H NMR (499.893 MHz, CDCl3): δ 0.35 (s, 18H), 1.58 (s, 12H), 1.62 (s, 6H), 7.57

(d, J = 7.5 Hz, 2H), 7.64 (s, 2H), 7.83 (d, J = 7.5 Hz, 2H), 7.87 (d, J = 8.0 Hz, 2H), 7.96

(d, J = 8.0 Hz, 2H), 8.10 (m, 8H). 11B NMR (160.4 MHz, CDCl3): δ 64 (two overlapping

B signals: w1/2 = 4,400 Hz). 13C NMR (125.7 MHz, CDCl3): -0.66, 27.20, 27.34, 47.20,

47.35, 119.76, 120.51, 120.57, 127.68, 131.98, 132.20, 132.54, 137.25, 137.61, 139.16,

139.32 (B-C), 140.80 (B-C), 141.70, 143.15, 144.53, 153.24, 154.12, 154.23. 29Si NMR

(99.25 MHz, CDCl3): δ -3.48. The crude product (1.00 g, 1.11 mmol) was dissolved in 20

mL of toluene and then treated with “TipCu” (0.59 g, 2.21 mmol) in 20 mL of toluene.

The reaction mixture was refluxed at 115 °C under N2 for 2 d. A solid precipitate (CuBr)

was removed by filtration through a fritted glass disk. All volatile components were

removed under high vacuum. The crude product was purified by column chromatography

on silica gel using hexanes/toluene (10:1) as the eluent and then precipitated from

hexanes at -35 °C to give O-B2O-B2O-B2O-B2 as a white powder (1.04 g, 82%). 1H NMR (499.893

MHz, CDCl3): δ 0.34 (s, 18H), 0.99 (m, 24H), 1.36 (d, J = 7.0 Hz, 12H), 1.51 (s, 6H),
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1.52 (s, 12H), 2.51 (septet, J = 7.0 Hz, 4H), 2.98 (septet, J = 7.0 Hz, 2H), 7.03 (s, 4H),

7.54 (d, J = 7.0 Hz, 2H) 7.61 (s, 2H), 7.79–7.91 (m, 14H). 11B NMR (160.4 MHz,

CDCl3): δ 68 (w1/2 = 7,900 Hz). 13C NMR (125.7 MHz, CDCl3): -0.64 (SiMe3), 24.32

(CHMe2), 24.34 (CHMe2), 24.39 (CHMe2), 27.22 (Fl-Me), 27.34 (Fl-Me), 34.49

(CHMe2), 35.70 (CHMe2), 47.05 (Fl-C9), 47.09 (Fl-C9), 119.53, 120.06, 120.24, 127.58,

132.14, 132.18, 132.39, 137.58, 137.63, 139.82, 140.80, 141.18 (B-C) , 142.39, 142.68,

142.78, 143.30 (B-C), 148.62, 149.14, 153.04, 153.90, 154.02. 29Si NMR (99.25 MHz,

CDCl3): δ -3.66. MALDI-TOF (neg.) m/z: calcd. for C81H99B2Si2 [M–H+] 1149.7490,

found 1149.7579.

SynthesisSynthesisSynthesisSynthesis ofofofof TetramerTetramerTetramerTetramer O-B4.O-B4.O-B4.O-B4. To a solution of BBr3 (0.30 g, 1.20 mmol) in 5 mL of

CH2Cl2 was added a solution of O-B2O-B2O-B2O-B2 (0.58 g, 0.50 mmol) in 15 mL of CH2Cl2 with

stirring. The reaction mixture was kept stirring overnight, and then all volatile

components were removed under high vacuum. The crude product was purified by

precipitation from hexanes/toluene mixture at -35 °C to give O-B2-BBr2O-B2-BBr2O-B2-BBr2O-B2-BBr2 as a white solid

(0.51 g, 76%). 1H NMR (499.893 MHz, CDCl3): δ 0.99 (m, 24H), 1.35 (d, J = 7.0 Hz,

12H), 1.52 (s, 6H), 1.56 (s, 12H), 2.49 (septet, J = 7.0 Hz, 4H), 2.99 (septet, J = 7.0 Hz,

2H), 7.04 (two overlapping s, 4H), 7.84–7.93 (m, 14H), 8.29–8.31 (m, 4H). 11B NMR

(160.4 MHz, CDCl3): δ 62 (two overlapping B signals: w1/2 = 3,200 Hz). 13C NMR

(125.7 MHz, CDCl3): 24.35, 24.37, 27.11, 27.20, 34.50, 35.82, 47.12, 47.26, 120.21,

120.36, 120.45, 120.82, 132.08, 132.13, 132.26, 137.50, 137.72, 138.10, 140.75 (B-C),

141.03, 142.60, 143.11 (B-C), 146.35, 148.90, 149.13, 153.99, 154.26, 154.55. To a
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solution of O-B2-BBr2O-B2-BBr2O-B2-BBr2O-B2-BBr2 (0.33 g, 0.24 mmol) in 5 mL of CH2Cl2 was added a solution of

FlSiSnFlSiSnFlSiSnFlSiSn (0.21 g, 0.48 mmol) in 15 mL of CH2Cl2 with stirring. The reaction mixture was

stirred overnight and all volatile components were removed under high vacuum. The

crude product was precipitated from hexanes/toluene mixture at -35 °C to give

O-B4-BBrO-B4-BBrO-B4-BBrO-B4-BBr as a light yellow powder (0.36 g, 86%). 1H NMR (499.893 MHz, CDCl3): δ

0.35 (s, 18H), 1.00 (m, 24H), 1.36 (d, J = 7.0 Hz, 12H), 1.54, 1.56 (m, 30H), 2.52 (septet,

J = 7.0 Hz, 4H), 2.99 (septet, J = 7.0 Hz, 2H), 7.05 (s, 4H), 7.57 (d, J = 7.5 Hz, 2H), 7.63

(s, 2H), 7.82–7.92 (m, 18H), 8.10 (m, 8H). 11B NMR (160.4 MHz, CDCl3): δ 61 (two

overlapping B signals: w1/2 = 7,600 Hz). 29Si NMR (99.25 MHz, CDCl3): δ -3.43.

Compound O-B4-BBrO-B4-BBrO-B4-BBrO-B4-BBr (0.1755 g, 0.10 mmol) was dissolved in 10 mL of toluene and

then treated with “TipCu” (0.0545 g, 0.20 mmol) in 10 mL of toluene. The reaction

mixture was refluxed at 115 °C under N2 for 2 d. A solid precipitate (CuBr) was removed

by filtration through a fritted glass disk. All volatile components were removed under

high vacuum. The crude mixture was purified by column chromatography on silica gel

using hexanes/toluene (10:1) as the eluent, and then precipitated from hexanes/toluene

mixture at -35 °C to give O-B4O-B4O-B4O-B4 as a white solid (0.15 g, 75%). 1H NMR (499.893 MHz,

CDCl3): δ 0.34 (s, 18H), 0.99 (m, 48H), 1.35 (m, 24H), 1.52 (m, 30H), 2.52 (m, 8H),

3.00 (m, 4H), 7.03 (s, 4H), 7.04 (s, 4H), 7.54 (d, J = 7.0 Hz, 2H), 7.61 (s, 2H), 7.78–7.92

(m, 26H). 11B NMR (160.4 MHz, CDCl3): δ 68 (two overlapping B signals: w1/2 = 8,700

Hz). 13C NMR (125.7 MHz, CDCl3): -0.65, 24.30, 24.34, 24.38, 27.20, 27.32, 34.46,

35.69, 35.73, 47.03, 47.07, 119.53, 120.08, 120.22, 120.26, 127.57, 132.11, 132.16,
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132.38, 137.58, 137.62, 139.79, 140.78, 141.02 (B-C), 141.13 (B-C), 142.31, 142.41,

142.47, 142.61, 142.77, 143.20 (B-C), 143.25 (B-C), 143.28 (B-C), 148.59, 148.65,

149.09, 153.00, 153.87, 153.98. 29Si NMR (99.25 MHz, CDCl3): δ -3.54. MALDI-TOF

(neg.) m/z: calcd. for C141H169B4Si2 [M–H+] 1963.3201, found 1963.1859.

SynthesisSynthesisSynthesisSynthesis ofofofof HexamerHexamerHexamerHexamer O-B6.O-B6.O-B6.O-B6. The procedure is similar to that for compound O-B4O-B4O-B4O-B4

except that tetramer O-B4O-B4O-B4O-B4 (0.6442 g, 0.3279 mmol) is taken instead of O-B2O-B2O-B2O-B2 as the

precursor. Precipitation from hexanes/toluene mixture at -35 °C gave O-B4-BBr2O-B4-BBr2O-B4-BBr2O-B4-BBr2 as a

white solid (0.58 g, 82%). 1H NMR (600 MHz, CDCl3): δ 1.00 (m, 48H), 1.35-1.37 (m,

24H), 1.51, 1.56 (m, 30H), 2.50 (m, 8H), 2.98 (m, 4H), 7.04 (overlapped singlets, 8H),

7.83–7.92 (m, 26H), 8.30 (m, 4H). 11B NMR (160.4 MHz, CDCl3): δ 57 (three

overlapping B signals: w1/2 = 8,200 Hz). To a solution of O-B4-BBr2O-B4-BBr2O-B4-BBr2O-B4-BBr2 (0.20 g, 0.0926

mmol) in 5 mL of CH2Cl2 was added dropwise a solution of FlSiSnFlSiSnFlSiSnFlSiSn (0.0796 g, 0.1852

mmol) in 5 mL of CH2Cl2 and the mixture was kept stirring overnight. All volatile

components were removed under high vacuum, leaving behind a yellowish solid.

Without further purification the crude product was dissolved in toluene (10 mL)and then

treated with “TipCu” (0.0494 g, 0.1852 mmol) in 10 mL of toluene. The reaction mixture

was refluxed at 115 °C under N2 for 2 d. A solid precipitate (CuBr) was removed by

filtration through a fritted glass disk. All volatile components were removed under high

vacuum. The crude product was purified by column chromatography on silica gel using

hexanes/toluene (10:1) as the eluent, and then precipitated from hexanes/toluene mixture

at -35 °C to give O-B6O-B6O-B6O-B6 as a white solid (0.18 g, 70%). 1H NMR (499.893 MHz, CDCl3):



63

δ 0.34 (s, 18H), 0.99 (m, 72H), 1.35 (m, 36H), 1.51 (m, 42H), 2.52 (m, 12H), 2.98 (m,

6H), 7.03 (m, 12H), 7.54 (d, J = 7.5 Hz, 2H), 7.61 (s, 2H), 7.80–7.90 (m, 38H). 11B NMR

(160.4 MHz, CDCl3): δ 68.4 (three overlapping B signals: w1/2 = 7,400 Hz). 13C NMR

(125.7 MHz, CDCl3): -0.64, 24.33, 24.35, 24.38, 27.21, 27.28, 27.33, 34.48, 35.70, 35.74,

47.05, 47.09, 119.53, 120.10, 120.24, 120.27, 127.58, 132.13, 132.19, 132.39, 137.62,

139.81, 140.80, 141.05 (B-C), 141.09 (B-C), 141.13 (B-C), 141.16 (B-C), 142.33, 142.44,

142.49, 142.65, 142.79, 143.23 (B-C), 143.28 (B-C), 148.62, 148.69, 149.13, 153.03,

153.90, 154.01. 29Si NMR (99.25 MHz, CDCl3): δ -3.61. MALDI-TOF (neg.) m/z: calcd.

for C201H239B6Si2 [M–H+] 2775.8897 found 2775.7704.

SynthesisSynthesisSynthesisSynthesis ofofofof MonomerMonomerMonomerMonomer O-B1.O-B1.O-B1.O-B1. To a solution of compound FlSiBFlSiBFlSiBFlSiB (0.60 g, 1.38 mmol) in

10 mL of CH2Cl2 was added a solution of FlSiSnFlSiSnFlSiSnFlSiSn (0.59 g, 1.38 mmol) in 15 mL of

CH2Cl2 and the mixture was kept stirring overnight. All volatile components were

removed under vacuum, leaving behind a yellowish solid. Without further purification

the crude product was dissolved in toluene (20 mL) and then treated with “TipCu” (0.37

g, 1.38 mmol) in 10 mL of toluene. The reaction mixture was refluxed at 115 °C under

N2 for 2 d. A solid precipitate (CuBr) was removed by filtration through a fritted glass

disk. All volatile components were removed under high vacuum. The crude product was

purified by column chromatography on silica gel using hexanes/toluene (10:1) as the

eluent, and then precipitated from hexanes/toluene mixture at -35 °C to give O-B1O-B1O-B1O-B1 as a

white solid (0.86 g, 84%). 1H NMR (499.893 MHz, CDCl3): δ 0.35 (s, 18H), 0.99 (d, J =

7.5 Hz, 12H), 1.36 (d, J = 7.0 Hz, 6H), 1.53 (s, 12H), 2.51 (septet, J = 7.0 Hz, 2H), 2.99
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(septet, J = 7.0 Hz, 1H), 7.04 (s, 2H), 7.55 (d, J = 8.0 Hz, 2H), 7.62 (s, 2H), 7.81 (m, 6H),

7.88 (s, 2H). 11B NMR (160.4 MHz, CDCl3): δ 69 (w1/2 = 3,900 Hz). 13C NMR (125.7

MHz, CDCl3): δ -0.62, 24.31, 24.41, 27.35, 34.48, 35.68, 47.06, 119.53, 120.22 (2C),

127.59, 132.12, 132.39, 137.59, 139.86, 140.73, 141.28 (B-C), 142.69 (2C), 148.53,

149.10, 153.00, 154.01. 29Si NMR (99.25 MHz, CDCl3): δ -3.69. MALDI-TOF (neg.)

m/z: calcd. for C51H64BSi2 [M–H+] 743.4644 found 743.4532.

SynthesisSynthesisSynthesisSynthesis ofofofof TrimerTrimerTrimerTrimer O-B3.O-B3.O-B3.O-B3. The procedure is similar to that for O-B4O-B4O-B4O-B4 except that

monomer O-B1O-B1O-B1O-B1 (0.600 g, 0.805 mmol) was used here instead of the dimer O-B2O-B2O-B2O-B2. After

reaction overnight, all volatile components were removed under high vacuum and the

crude product was precipitated from hexanes/toluene mixture at -35 °C to give

O-B1-BBr2O-B1-BBr2O-B1-BBr2O-B1-BBr2 as a white solid (0.72 g, 95%). 1H NMR (600 MHz, CDCl3): δ 1.00 (d, J =

6.5 Hz, 12H), 1.36 (d, J = 6.0 Hz, 6H), 1.57 (s, 12H), 2.48 (septet, J = 6.5 Hz, 2H), 2.99

(septet, J = 6.5 Hz, 1H), 7.05 (s, 2H), 7.84–7.93 (m, 8H), 8.31 (m, 4H). 11B NMR (160.4

MHz, CDCl3): δ 58 (two overlapping B signals: w1/2 = 4,700 Hz). To a solution of

compound O-B1-BBr2O-B1-BBr2O-B1-BBr2O-B1-BBr2 (0.70 g, 0.745 mmol) in 10 mL of CH2Cl2 was added a solution

of FlSiSnFlSiSnFlSiSnFlSiSn (0.64 g, 1.489 mmol) in 15 mL of CH2Cl2 and the mixture was kept stirring

overnight. All volatile components were removed under vacuum, leaving behind a

yellowish solid. Without further purification the crude product was dissolved in toluene

(15 mL) and then treated with “TipCu” (0.40 g, 1.4894 mmol) in 10 mL of toluene. The

reaction mixture was refluxed at 115 °C under N2 for 2 d. A solid precipitate (CuBr) was

removed by filtration through a fritted glass disk. All volatile components were removed
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under high vacuum. The crude product was purified by column chromatography on silica

gel using hexanes/toluene (10:1) as the eluent, and then precipitated from

hexanes/toluene mixture at -35 °C to give O-B3O-B3O-B3O-B3 as a white solid (0.77 g, 66%). 1H NMR

(499.893 MHz, CDCl3): δ 0.33 (s, 18H), 0.98 (m, 36H), 1.35 (m, 18H), 1.52 (m, 24H),

2.50 (m, 6H), 2.98 (m, 3H), 7.03 (s, 4H), 7.04 (s, 2H), 7.53 (d, J = 8.0 Hz, 2H), 7.61 (s,

2H), 7.78–7.90 (m, 20H). 11B NMR (160.4 MHz, CDCl3): δ 69 (two overlapping B

signals: w1/2 = 6,900 Hz). 13C NMR (125.7 MHz, CDCl3): δ -0.64, 24.31, 24.34, 24.35,

24.38, 27.21, 27.33, 34.48, 35.70, 35.73, 47.04, 47.09, 119.53, 120.08, 120.23, 127.58,

132.12, 132.17, 132.38, 137.58, 137.62, 139.81, 140.80, 141.06 (B-C), 141.16 (B-C),

142.34, 142.47, 142.65, 142.78, 143.24 (B-C), 143.32 (B-C), 148.61, 148.68, 149.12,

153.02, 153.90, 154.01. 29Si NMR (99.25 MHz, CDCl3): δ -3.68. MALDI-TOF (neg.)

m/z: calcd. for C111H134B3Si2 [M–H+] 1557.0354 found 1557.0116.

SynthesisSynthesisSynthesisSynthesis ofofofof O-B5.O-B5.O-B5.O-B5. The procedure is similar to that for O-B4O-B4O-B4O-B4 except that trimer O-B3O-B3O-B3O-B3

(0.15 g, 0.096 mmol) was used instead of the dimer O-B2O-B2O-B2O-B2. After reaction overnight, all

volatile components were removed under high vacuum and the crude product was

precipitated from hexanes/toluene mixture at -35 °C to give O-B3-BBr2O-B3-BBr2O-B3-BBr2O-B3-BBr2 as a white solid

(0.13 g, 77%). 1H NMR (600 MHz, CDCl3): δ 1.01 (m, 36H), 1.37 (m, 18H), 1.53 (s,

12H), 1.57 (s, 12H), 2.52 (m, 6H), 2.99 (m, 3H), 7.05 (two overlapped s, 6H), 7.84–7.93

(m, 20H), 8.31 (m, 4H). 11B NMR (160.4 MHz, CDCl3): δ 55 (three overlapping B

signals: w1/2 = 7,100 Hz). To a solution of compound O-B3-BBr2O-B3-BBr2O-B3-BBr2O-B3-BBr2 (0.12 g, 0.068 mmol)

in 5 mL of CH2Cl2 was added the solution of FlSiSnFlSiSnFlSiSnFlSiSn (0.06 g, 0.137 mmol) in 10 mL of
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CH2Cl2 and the mixture was kept stirring overnight. All volatile components were

removed under high vacuum, leaving behind a yellowish solid. Without further

purification the crude product was dissolved in toluene (10 mL) and then treated with

“TipCu” (0.04 g, 0.137 mmol) in 5 mL of toluene. The reaction mixture was refluxed at

115 °C under N2 for 2 d. A solid precipitate (CuBr) was removed by filtration through a

fritted glass disk. All volatile components were removed under high vacuum. The crude

product was purified by column chromatography on silica gel using hexanes/toluene

(10:1) as the eluent, and then precipitated from hexanes/toluene mixture at -35 °C to give

O-B5O-B5O-B5O-B5 as a white solid (0.11 g, 65%). 1H NMR (499.893 MHz, CDCl3): δ 0.33 (s, 18H),

0.98 (m, 60H), 1.35 (m, 30H), 1.51 (m, 36H), 2.51 (m, 10H), 2.98 (m, 5H), 7.04 (m,

10H), 7.53 (d, J = 7.5 Hz, 2H), 7.61 (s, 2H), 7.78–7.90 (m, 32H). 11B NMR (160.4 MHz,

CDCl3): δ 70 (three overlapping B signals: w1/2 = 7,300 Hz). 13C NMR (125.7 MHz,

CDCl3): δ -0.58, 24.38, 24.42, 24.45, 27.28, 27.40, 34.54, 35.76, 35.80, 47.10, 47.15,

119.60, 120.16, 120.30, 120.33, 127.63, 132.19, 132.24, 132.45, 137.69, 139.87, 140.85,

141.11 (B-C), 141.22 (B-C), 142.39, 142.51, 142.56, 142.70, 142.85, 143.30 (B-C),

143.35 (B-C), 148.67, 148.74, 149.18, 153.08, 153.96, 154.06. 29Si NMR (99.25 MHz,

CDCl3): δ -3.60. MALDI-TOF (neg.) m/z: calcd. for C171H204B5Si2 [M–H+] 2369.6049

found 2369.5544.
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AppendixAppendixAppendixAppendix

TableTableTableTable 1.1.1.1. Crystal Data and Structure Refinement for O-B2-BBO-B2-BBO-B2-BBO-B2-BBr2r2r2r2

empirical formula C87H110B4Br4

fw 1518.63

temp (K) 100(2)

λ (Å) 1.54178

cryst syst. Triclinic

space group P-1

a (Å) 12.6363(3)

b (Å) 16.8630(4)

c (Å) 21.4921(5)

α (°) 85.226(1)

β (°) 89.140(1)

γ (°) 68.436(1)

V (Å3) 4243.75(17)

Z 2

F(000) 1584

cryst size (mm) 0.29 × 0.15 × 0.12

theta range (°) 2.8 – 67.4

index range -15<=h<=15, -19<=k<=19, 0<=l<=25

dcalcd (Mg/m3) 1.188

abs coeff (CuKα,mm-1) 2.604

reflections collected/unique 14057/14057 [R(int) = 0.000]

data/restraints/parameters 14057 / 0 / 889

completeness 92.1%

absorption correction numerical

max. and min. transmission 0.745 and 0.519

refinement method full-matrix least-squares on F2

GOF on F2 1.07

final R indices (I>2σ(I))a R1 = 0.043, wR2 = 0.125

R indices (all data) R1 = 0.049, wR2 = 0.129

largest diff. peak and hole (e Å-3) 1.79, -0.49
a R1 = Σ||Fo|-|Fc||/|Fo|, wR2 = [Σw(Fo2-Fc2)2/Σw(Fo2)2]1/2.
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TableTableTableTable 2.2.2.2. Selected Interatomic Distances [Å], and Angles [°] for O-B2-BBr2O-B2-BBr2O-B2-BBr2O-B2-BBr2

Bond Distances (Å) Interplanar Angles (°)

B1-Br1 1.920(4) Br1-B1-Br2 116.4(18) Fl1 // Fl2 49.3

B1-Br2 1.914(4) Br1-B1-C2 121.4(2) Fl2 // Fl3 49.7

B1-C2 1.535(5) Br2-B1-C2 122.3(3)

B2-C2A 1.571(4) C2A-B2-C7 122.6(3) Fl2 // BC3 at B2 [a] 35.1

B2-C7 1.561(4) C2A-B2-C12 117.6(3) Fl2 // BC3 at B3 [b] 41.5

B2-C12 1.583(4) C7-B2-C12 119.8(2) Fl1/ / BC3 at B2 [a] 17.0

B3-C7A 1.573(4) C7A-B3-C7B 120.1(3) Fl3 // BC3 at B3 [b] 18.7

B3-C7B 1.567(4) C7A-B3-C12A 119.6(3)

B3-C12A 1.586(4) C7B-B3-C12A 120.1(2)

B4-Br3 1.923(3) Br3-B4-Br4 115.2(17)

B4-Br4 1.919(3) Br3-B4-C2B 122.2(2)

B4-C2B 1.526(4) Br4-B4-C2B 122.6(2)

[a] BC3 corresponds to best plane from B2, C2A, C7, C12. [b] BC3 corresponds to best plane formed by B3, C7A,

C7B, C12A.

TableTableTableTable 3.3.3.3. Summary of Cyclic and Square Wave Voltammetry Data
O-B1O-B1O-B1O-B1 O-B2O-B2O-B2O-B2 O-B3O-B3O-B3O-B3 O-B4O-B4O-B4O-B4 O-B5O-B5O-B5O-B5 O-B6O-B6O-B6O-B6

Epc -2.424 -2.262 -2.187 -2.183 -2.181 -2.209
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E1E1E1E1 Epa -2.288 -2.116 -2.090 -2.077 -2.069 -2.038

ΔΔΔΔEEEE 0.1360.1360.1360.136 0.1460.1460.1460.146 0.0970.0970.0970.097 0.1060.1060.1060.106 0.1120.1120.1120.112 0.1710.1710.1710.171

EEEE1111
1/21/21/21/2 -2.356-2.356-2.356-2.356 -2.189-2.189-2.189-2.189 -2.138-2.138-2.138-2.138 -2.130-2.130-2.130-2.130 -2.125-2.125-2.125-2.125 -2.123-2.123-2.123-2.123

EEEE1111
SWSWSWSW -2.348-2.348-2.348-2.348 -2.154-2.154-2.154-2.154 -2.116-2.116-2.116-2.116 -2.068-2.068-2.068-2.068 -2.060-2.060-2.060-2.060 -2.052-2.052-2.052-2.052

E2E2E2E2

Epc -2.593 -2.429 -2.320 -2.249 [a]

Epa -2.448 -2.339 -2.220 -2.114 [a]

ΔΔΔΔEEEE 0.1450.1450.1450.145 0.090.090.090.09 0.1000.1000.1000.100 0.1350.1350.1350.135 [a]

EEEE2222
1/21/21/21/2 -2.521-2.521-2.521-2.521 -2.384-2.384-2.384-2.384 -2.270-2.270-2.270-2.270 -2.182-2.182-2.182-2.182 [a]

EEEE2222
SWSWSWSW -2.482-2.482-2.482-2.482 -2.364-2.364-2.364-2.364 -2.220-2.220-2.220-2.220 -2.150-2.150-2.150-2.150 -2.052-2.052-2.052-2.052 (nr)(nr)(nr)(nr)

E3E3E3E3

Epc -2.661 -2.558 -2.418 [a]

Epa -2.546 -2.442 -2.347 [a]

ΔΔΔΔEEEE 0.1150.1150.1150.115 0.1160.1160.1160.116 0.0710.0710.0710.071 [a]

EEEE33331/21/21/21/2 -2.603-2.603-2.603-2.603 -2.500-2.500-2.500-2.500 -2.383-2.383-2.383-2.383 [a]

EEEE3333
SWSWSWSW -2.600-2.600-2.600-2.600 -2.444-2.444-2.444-2.444 -2.344-2.344-2.344-2.344 -2.196-2.196-2.196-2.196

E4E4E4E4

Epc -2.664 -2.587 [a]

Epa -2.573 -2.476 [a]

ΔΔΔΔEEEE 0.0910.0910.0910.091 0.1110.1110.1110.111 [a]

EEEE4444
1/21/21/21/2 -2.618-2.618-2.618-2.618 -2.532-2.532-2.532-2.532 [a]

EEEE4444
SWSWSWSW -2.564-2.564-2.564-2.564 -2.484-2.484-2.484-2.484 -2.376-2.376-2.376-2.376

E5E5E5E5

Epc -2.713 [a]

Epa -2.641 [a]

ΔΔΔΔEEEE 0.0720.0720.0720.072 [a]

EEEE5555
1/21/21/21/2 -2.677-2.677-2.677-2.677 [a]

EEEE5555
SWSWSWSW -2.640-2.640-2.640-2.640 -2.446-2.446-2.446-2.446

E6E6E6E6

Epc [a]

Epa [a]

ΔΔΔΔEEEE [a]

EEEE6666
1/21/21/21/2 [a]

EEEE6666
SWSWSWSW -2.540-2.540-2.540-2.540

a Due to signal overlap, reliable data could only be obtained from square wave voltammetry.
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TableTableTableTable 4.4.4.4. Coordinates (Å) for the Optimized Structure of O-B1O-B1O-B1O-B1

atom x y z atom x y z

C 1.412594 -0.269750 0.802644 C -7.331527 -0.260248 0.417623

C 1.352015 0.984077 0.147206 C -7.076053 -2.345729 -0.775652

C 2.562590 1.508883 -0.367268 H -5.090185 -2.838552 -1.463932

C 3.751045 0.804548 -0.243931 C -7.915405 -1.435982 -0.101215

C 3.779541 -0.437678 0.425654 H -7.947691 0.465643 0.947211

C 2.604520 -0.974038 0.959059 H -7.497888 -3.260578 -1.184622

H 0.498228 -0.691038 1.210874 Si 9.769943 -1.755525 -0.117800

H 2.550794 2.469713 -0.876131 Si -9.769965 -1.755474 0.117786

H 2.614202 -1.926595 1.483297 C -10.226493 -3.446454 -0.601222

C 5.141819 1.160832 -0.733478 H -9.682074 -4.260982 -0.109055

C 5.973360 -0.017122 -0.263598 H -11.297774 -3.639898 -0.466645

C 7.331466 -0.260378 -0.417853 H -10.017201 -3.505442 -1.675894

C 7.915366 -1.436048 0.101117 C -10.754771 -0.405686 -0.777880

C 7.076043 -2.345685 0.775731 H -11.833907 -0.546004 -0.637830

C 5.708778 -2.114876 0.938568 H -10.500861 0.594127 -0.405926

C 5.155392 -0.945092 0.415666 H -10.553525 -0.416771 -1.855551

H 7.947600 0.465446 -0.947568 C -10.196691 -1.718084 1.964214

H 7.497892 -3.260478 1.184817 H -11.271231 -1.871191 2.124179

H 5.090210 -2.838416 1.464174 H -9.662325 -2.503731 2.511159

B -0.000005 1.763060 -0.000026 H -9.929721 -0.758316 2.422720

C -1.352040 0.984099 -0.147265 C 10.196819 -1.717319 -1.964161

C -1.412608 -0.269763 -0.802632 H 9.929921 -0.757280 -2.422151

C -2.562627 1.508933 0.367157 H 11.271361 -1.870360 -2.124163

C -2.604529 -0.974066 -0.959026 H 9.662447 -2.502629 -2.511575

H -0.498237 -0.691067 -1.210831 C 10.226270 -3.446742 0.600789

C -3.751085 0.804610 0.243803 H 11.297338 -3.640737 0.465321

H -2.550839 2.469773 0.876000 H 10.017870 -3.505509 1.675649

C -3.779564 -0.437669 -0.425687 H 9.681015 -4.261049 0.109185

H -2.614198 -1.926660 -1.483197 C 10.754747 -0.406183 0.778546

C -5.141879 1.160953 0.733247 H 10.553145 -0.417547 1.856149

C -5.155417 -0.945085 -0.415691 H 11.833899 -0.546706 0.638817

C -5.973410 -0.017028 0.263423 H 10.501177 0.593792 0.406800

C -5.708780 -2.114942 -0.938457 C 0.000037 3.334733 0.000034

C 0.908565 4.073749 0.788861 H 0.000189 7.256913 0.000161



75

C -0.908414 4.073870 -0.788776 H -1.622909 3.541612 -1.411224

C 0.902146 5.468155 0.803244 H 1.623033 3.541389 1.411256

C -0.901897 5.468277 -0.803053 H 5.497152 2.110786 -0.310225

C 0.000147 6.169646 0.000124 H 5.175294 1.278236 -1.825659

H 1.603026 6.008463 1.434873 H -5.175411 1.278441 1.825418

H -1.602730 6.008682 -1.434652 H -5.497176 2.110879 0.309903

TableTableTableTable 5.5.5.5. Coordinates (Å) for the Optimized Structure of O-B2O-B2O-B2O-B2

atom x y z atom x y z

C 2.959451 0.279805 0.566355 C 11.394740 -2.070719 0.284284

C 3.433566 1.609879 0.676153 C 9.603837 -2.414754 -1.857107

C 2.491413 2.653696 0.509603 C 11.751353 -2.925806 -0.780748

C 1.161462 2.372377 0.233043 H 12.078267 -1.927769 1.120654

C 0.718742 1.035022 0.141983 C 10.832473 -3.077662 -1.838885

C 1.621591 -0.017523 0.317223 H 8.918915 -2.554896 -2.689909

H 3.662456 -0.538240 0.695673 H 11.079468 -3.730023 -2.672896

H 2.823207 3.686112 0.588513 C -6.065660 0.961324 -0.444493

H 1.291178 -1.051595 0.256534 C -7.268880 0.769892 -1.166459

C -0.000032 3.319323 0.000042 C -5.921119 0.260700 0.777672

C -1.161454 2.372342 -0.233180 C -8.252337 -0.085638 -0.692943

C -2.491426 2.653623 -0.509672 H -7.411614 1.293306 -2.108728

C -3.433507 1.609775 -0.676448 C -6.913384 -0.579042 1.279084

C -2.959282 0.279711 -0.566978 H -5.009215 0.395004 1.352692

C -1.621400 -0.017573 -0.317917 C -9.591594 -0.451467 -1.303912

C -0.718631 1.035000 -0.142429 C -8.083159 -0.759149 0.535982

H -2.823299 3.686032 -0.588334 H -6.773403 -1.086648 2.230385

H -3.662216 -0.538360 -0.696510 C -10.176326 -1.405351 -0.280223

H -1.290905 -1.051633 -0.257479 C -9.274893 -1.574381 0.792407

B -4.942101 1.915875 -0.975592 C -11.394686 -2.070835 -0.284260

B 4.942134 1.916016 0.975367 C -9.603830 -2.414658 1.857204

C 6.065714 0.961451 0.444336 C -11.751320 -2.925822 0.780846

C 7.268946 0.770082 1.166301 H -12.078195 -1.927967 -1.120658

C 5.921127 0.260671 -0.777732 C -10.832462 -3.077574 1.839017

C 8.252395 -0.085489 0.692844 H -8.918927 -2.554716 2.690036

H 7.411696 1.293574 2.108523 H -11.079474 -3.729856 2.673085

C 6.913385 -0.579114 -1.279089 Si -13.420335 -3.822107 0.761489
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H 5.009190 0.394884 -1.352723 Si 13.420370 -3.822087 -0.761339

C 9.591666 -0.451258 1.303820 C -13.587915 -4.926145 2.290003

C 8.083188 -0.759126 -0.536008 H -13.544262 -4.349072 3.221203

H 6.773373 -1.086832 -2.230326 H -14.551765 -5.449509 2.275054

C 10.176378 -1.405239 0.280210 H -12.801788 -5.689296 2.331411

C 9.274921 -1.574375 -0.792384 C -13.541872 -4.889771 -0.799969

H -14.514854 -5.393327 -0.858061 H -7.755730 5.604440 -2.036746

H -13.426003 -4.290729 -1.711105 H -4.214557 5.108636 -4.429523

H -12.764462 -5.662698 -0.813283 C 5.328564 3.188644 1.812303

C -14.819119 -2.542196 0.752552 C 6.509156 3.916594 1.547254

H -15.800959 -3.029903 0.709388 C 4.510818 3.659004 2.862990

H -14.794345 -1.920539 1.655266 C 6.847868 5.055856 2.276548

H -14.746014 -1.870988 -0.111482 C 4.856632 4.780400 3.616212

C 13.541927 -4.889623 0.800205 C 6.024383 5.486694 3.319102

H 14.514919 -5.393158 0.858336 H 7.755269 5.604818 2.037063

H 13.426050 -4.290510 1.711293 H 4.214424 5.107874 4.430089

H 12.764530 -5.662562 0.813583 H 6.291201 6.368217 3.896923

C 13.587935 -4.926250 -2.289764 H 3.594136 3.125077 3.099212

H 13.544262 -4.349254 -3.221011 H 7.164098 3.587579 0.744784

H 14.551788 -5.449606 -2.274787 H 9.477632 -0.924996 2.288908

H 12.801812 -5.689411 -2.331098 H 10.229658 0.430207 1.457625

C 14.819152 -2.542172 -0.752523 H 0.173500 3.978800 -0.861699

H 15.800993 -3.029874 -0.709331 H -0.173616 3.978583 0.861939

H 14.794366 -1.920590 -1.655287 H -9.477537 -0.925298 -2.288952

H 14.746055 -1.870893 0.111457 H -10.229584 0.429983 -1.457814

C -5.328629 3.188641 -1.812270 H -6.291595 6.368515 -3.896276

C -6.509379 3.916320 -1.547188 H -7.164359 3.586997 -0.744875

C -4.510863 3.659365 -2.862780 H -3.594073 3.125638 -3.099037

C -6.848206 5.055692 -2.276256 C -6.024686 5.486907 -3.318626

C -4.856789 4.780874 -3.615781

TableTableTableTable 6.6.6.6. Coordinates (Å) for the Optimized Structure of O-B3O-B3O-B3O-B3

atom x y z atom x y z

C 6.903303 -0.273223 0.534584 C -7.358624 -2.691396 -1.125226

C 7.713573 -1.300028 1.077816 C -5.947508 -1.191770 0.795261

C 7.126431 -2.578775 1.236057 C -8.044687 -1.692257 -0.393251
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C 5.812155 -2.808537 0.856569 H -7.901643 -3.276306 -1.863652

C 5.026842 -1.759590 0.331331 C -7.299582 -0.954196 0.558418

C 5.573860 -0.482780 0.175273 H -5.413105 -0.616708 1.547527

H 7.330020 0.717718 0.407793 H -7.804931 -0.184964 1.135533

H 7.721609 -3.388778 1.650549 C 10.068018 0.017378 0.719193

H 4.977380 0.334654 -0.222424 C 11.074062 0.768048 1.375186

C 4.996184 -4.085224 0.919233 C 9.880302 0.250590 -0.664922

C 3.649367 -3.647651 0.376706 C 11.827073 1.703943 0.682126

C 2.489006 -4.384431 0.189501 H 11.244130 0.613827 2.437952

C 1.315499 -3.772352 -0.313732 C 10.648771 1.167493 -1.379066

C 1.384073 -2.394184 -0.632774 H 9.118421 -0.316939 -1.191896

C 2.550749 -1.649204 -0.477529 C 12.926952 2.620928 1.181730

C 3.687698 -2.277606 0.038638 C 11.623093 1.904286 -0.700096

H 2.469918 -5.441348 0.444025 H 10.486209 1.307202 -2.445010

H 0.497649 -1.903722 -1.024980 C 13.336388 3.366303 -0.073870

H 2.569742 -0.596247 -0.747838 C 12.558239 2.932341 -1.168446

B -0.009064 -4.588792 -0.506357 C 14.307408 4.343220 -0.246793

B 9.200448 -1.029939 1.497373 C 12.760413 3.485402 -2.433943

C -1.401423 -3.894247 -0.313117 C 14.531762 4.917817 -1.516402

C -2.532370 -4.292001 -1.066583 H 14.898433 4.666625 0.609512

C -1.578617 -2.850354 0.627489 C 13.740301 4.467352 -2.592240

C -3.757464 -3.664985 -0.892641 H 12.167903 3.161010 -3.286070

H -2.429869 -5.090797 -1.797097 H 13.890984 4.892758 -3.581358

C -2.809768 -2.232024 0.833307 B -9.572294 -1.420289 -0.622143

H -0.726397 -2.530904 1.220691 C -10.154626 0.024727 -0.454129

C -5.078788 -3.911631 -1.594707 C -9.380827 1.171083 -0.758135

C -3.904255 -2.637238 0.064106 C -11.478525 0.235326 0.002940

H -2.911622 -1.446185 1.577747 C -9.882313 2.465043 -0.634838

C -6.005717 -2.919020 -0.919938 H -8.363784 1.035549 -1.115113

C -5.294997 -2.175877 0.047234 C -11.980252 1.518909 0.158187

H -12.099170 -0.623536 0.246535 C 11.732746 -2.899474 3.795058

C -11.187389 2.640504 -0.166762 C 10.941163 -3.223991 4.899093

H -9.263411 3.320489 -0.894409 H 8.975779 -3.095463 5.779068

C -13.342061 1.971981 0.648947 H 12.779443 -3.192587 3.770628

C -11.969597 3.855944 0.080723 Si 15.863414 6.247373 -1.736185

C -13.242446 3.482787 0.562735 C 15.894216 6.849624 -3.531038

C -11.650473 5.204897 -0.082271 H 16.661997 7.622719 -3.657627
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C -14.184611 4.452147 0.879082 H 16.128317 6.039330 -4.231629

C -12.608160 6.168288 0.240129 H 14.935818 7.287728 -3.833928

H -10.674000 5.506559 -0.453629 C 15.485521 7.707498 -0.588076

C -13.886121 5.823119 0.724594 H 14.524796 8.171338 -0.840680

H -15.162315 4.145917 1.249847 H 15.434068 7.394865 0.461754

H -12.350577 7.216557 0.110060 H 16.260157 8.480704 -0.664070

C -10.523041 -2.606171 -1.021074 C 17.556580 5.521438 -1.288789

C -10.318532 -3.914257 -0.530086 H 17.576047 5.145593 -0.258818

C -11.621274 -2.413976 -1.887679 H 17.816808 4.685885 -1.949148

C -11.167366 -4.966924 -0.870356 H 18.346476 6.277479 -1.379383

C -12.458176 -3.466885 -2.255745 Si -15.178967 7.135437 1.167378

C -12.236775 -4.746289 -1.741212 C -14.499496 8.865366 0.806326

H -10.993228 -5.959526 -0.462350 H -15.248006 9.626718 1.057726

H -13.285702 -3.290479 -2.938506 H -13.600730 9.084109 1.394920

C 0.057898 -6.111041 -0.888664 H -14.245945 8.992966 -0.252694

C 1.077837 -6.620570 -1.721782 C -16.745319 6.846481 0.139839

C -0.898847 -7.034312 -0.412803 H -16.539967 6.940324 -0.932976

C 1.132854 -7.968918 -2.072963 H -17.161222 5.846119 0.309391

C -0.834538 -8.389316 -0.735556 H -17.524612 7.575032 0.395918

C 0.179162 -8.858922 -1.573701 C -15.607328 6.999252 3.009096

H 1.921029 -8.327795 -2.730247 H -15.989331 6.003007 3.262208

H -1.576431 -9.078346 -0.339469 H -14.726693 7.182999 3.635747

C 9.821463 -1.813123 2.710172 H -16.376373 7.729181 3.291071

C 9.045343 -2.169328 3.834771 H -12.894115 -5.567057 -2.017608

C 11.181449 -2.192721 2.726844 H -11.810942 -1.421887 -2.288723

C 9.595511 -2.850573 4.919978 H -9.484781 -4.102452 0.141149

H -14.157192 1.576559 0.026909 H 12.568930 3.302546 1.965973

H -13.543204 1.630541 1.674008 H 11.370666 -3.765137 5.738628

H -5.006954 -3.735358 -2.677098 H 11.811594 -1.938535 1.878626

H -5.424189 -4.947780 -1.474007 H 7.994592 -1.893044 3.860701

H 5.442144 -4.888022 0.315611 H 0.225775 -9.912896 -1.836527

H 4.920138 -4.476242 1.943370 H -1.698664 -6.681490 0.232836

H 13.764229 2.059807 1.619776 H 1.831960 -5.941010 -2.109911

TableTableTableTable 7.7.7.7. Coordinates (Å) for the Optimized Structure of O-B4O-B4O-B4O-B4

atom x y z atom x y z
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C 2.843651 -3.663935 0.997134 C -11.249101 -1.347188 -1.916063

C 3.296271 -4.994157 1.174629 C -9.762300 -0.972455 0.445963

C 2.388906 -6.037775 0.870593 C -11.746929 -0.471077 -0.921608

C 1.114275 -5.755946 0.401403 H -11.823489 -1.498066 -2.826836

C 0.689872 -4.418533 0.246513 C -10.967725 -0.302598 0.248943

C 1.557146 -3.366199 0.553668 H -9.200092 -0.832012 1.365976

H 3.519975 -2.846001 1.228986 H -11.330774 0.362261 1.027650

H 2.705385 -7.070338 0.996414 C 5.934807 -4.348948 1.326664

H 1.239532 -2.332038 0.445256 C 7.023350 -4.160584 2.212824

C -0.000061 -6.702892 0.000102 C 5.966559 -3.647103 0.096881

C -1.114349 -5.756047 -0.401570 C 8.066665 -3.307367 1.884738

C -2.389003 -6.037995 -0.870625 H 7.029816 -4.684146 3.165686

C -3.296322 -4.994448 -1.175049 C 7.020620 -2.808000 -0.256935

C -2.843638 -3.664181 -0.998064 H 5.145563 -3.779813 -0.601970

C -2.843638 -3.664181 -0.998064 C 9.307937 -2.947142 2.677971

C -0.689877 -4.418594 -0.247207 C 8.073506 -2.631610 0.645347

H -2.705544 -7.070591 -0.996009 H 7.018131 -2.298443 -1.217372

H -3.519944 -2.846306 -1.230178 C 10.034996 -1.996460 1.746634

H -1.239447 -2.332149 -0.446721 C 9.290079 -1.819275 0.560722

B -4.744555 -5.301813 -1.691890 C 11.249220 -1.347218 1.916162

B 4.744439 -5.301423 1.691713 C 9.762637 -0.972515 -0.446005

C -5.934834 -4.349226 -1.326833 C 11.747176 -0.471178 0.921708

C -7.023411 -4.160805 -2.212938 H 11.823513 -1.498070 2.826999

C -5.966444 -3.647321 -0.097082 C 10.968077 -0.302707 -0.248913

C -8.066646 -3.307504 -1.884814 H 9.200507 -0.832074 -1.366066

H -7.029979 -4.684409 -3.165777 H 11.331212 0.362120 -1.027607

C -7.020420 -2.808126 0.256769 B -13.110737 0.280443 -1.108012

H -5.145400 -3.780050 0.601710 B 13.110969 0.280347 1.108209

C -9.307955 -2.947233 -2.677969 C -13.313731 1.712074 -0.504863

C -8.073355 -2.631699 -0.645448 C -12.235805 2.624323 -0.398358

H -7.017827 -2.298527 1.217183 C -14.582721 2.147793 -0.051276

C -10.034890 -1.996475 -1.746613 C -12.393389 3.910231 0.114026

C -9.289868 -1.819280 -0.560768 H -11.253104 2.315284 -0.743301

C -14.747079 3.414841 0.488277 Si -16.480915 9.170737 3.069019

H -15.431483 1.471453 -0.117759 Si 16.480720 9.170639 -3.069184

C -13.655170 4.305905 0.565930 C -17.174769 8.642688 4.752255

H -11.545341 4.588965 0.163167 H -17.766247 9.447871 5.205649
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C -15.993908 4.074087 1.046806 H -17.825204 7.764209 4.664850

C -14.118598 5.566429 1.154556 H -16.368562 8.387208 5.449919

C -15.495028 5.450095 1.443771 C -17.912716 9.652118 1.924174

C -13.441806 6.754124 1.436123 H -18.505692 10.468291 2.355300

C -16.185460 6.513949 2.008545 H -17.543624 9.987065 0.947707

C -14.149596 7.815434 2.003390 H -18.591215 8.808829 1.748442

H -12.381539 6.857491 1.218152 C -15.333791 10.658905 3.303229

C -15.524430 7.726337 2.301356 H -14.498845 10.430208 3.976065

H -17.247863 6.406714 2.225242 H -14.912538 11.006293 2.352415

H -13.614583 8.737178 2.218056 H -15.886431 11.498452 3.742534

C 13.313935 1.711996 0.505092 C 17.912711 9.651984 -1.924563

C 12.236032 2.624299 0.398844 H 18.591227 8.808684 -1.748943

C 14.582851 2.147664 0.051245 H 18.505631 10.468153 -2.355773

C 12.393569 3.910217 -0.113530 H 17.543776 9.986928 -0.948036

H 11.253385 2.315287 0.743968 C 15.333585 10.658831 -3.303198

C 14.747157 3.414726 -0.488292 H 14.498525 10.430154 -3.975900

H 15.431591 1.471278 0.117517 H 14.912491 11.006221 -2.352314

C 13.655274 4.305845 -0.565684 H 15.886170 11.498370 -3.742587

H 11.545542 4.588991 -0.162475 C 17.174296 8.642595 -4.752536

C 15.993901 4.073935 -1.047054 H 16.367974 8.387136 -5.450075

C 14.118637 5.566365 -1.154370 H 17.765716 9.447773 -5.206016

C 15.495004 5.449981 -1.443866 H 17.824729 7.764104 -4.665243

C 13.441837 6.754095 -1.435769 C -14.277160 -0.406335 -1.906043

C 16.185368 6.513826 -2.008738 C -14.479964 -1.803209 -1.863645

C 14.149556 7.815391 -2.003149 C -15.171726 0.344849 -2.699503

H 12.381617 6.857499 -1.217585 C -15.522928 -2.414522 -2.558627

C 15.524330 7.726250 -2.301384 C -16.199703 -0.261699 -3.420509

H 17.247724 6.406554 -2.225651 C -16.382209 -1.644353 -3.345517

H 13.614538 8.737162 -2.217683 H -15.663334 -3.490605 -2.492234

H -16.861754 0.342292 -4.036101 H 15.663218 -3.490917 2.492513

C -5.002671 -6.571632 -2.580092 H 16.862694 0.342047 4.035394

C -4.038119 -7.037766 -3.500181 H -17.189533 -2.119221 -3.897670

C -6.210103 -7.299437 -2.497646 H -15.047333 1.422764 -2.760244

C -4.269168 -8.154393 -4.302779 H -13.813453 -2.416396 -1.262856

C -6.437664 -8.433858 -3.275846 H -16.400874 3.521015 1.904903

C -5.468797 -8.860172 -4.187025 H -16.801296 4.126842 0.303150

H -3.513407 -8.478238 -5.014102 H -9.058556 -2.471387 -3.636682
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H -7.371005 -8.982610 -3.176932 H -9.913356 -3.831368 -2.921507

C 5.002354 -6.570983 2.580345 H -3.096434 -6.503641 -3.595167

C 4.037804 -7.036530 3.500729 H -6.977066 -6.974461 -1.799563

C 6.209582 -7.299133 2.497991 H -5.647589 -9.737696 -4.803529

C 4.268679 -8.152918 4.303711 H 0.298207 -7.362529 -0.826696

C 6.436957 -8.433329 3.276575 H -0.298364 -7.362184 0.827163

C 5.468107 -8.859052 4.188049 H 3.096261 -6.502137 3.595630

H 3.512930 -8.476307 5.015255 H 6.976537 -6.974603 1.799689

H 7.370141 -8.982360 3.177732 H 5.646757 -9.736396 4.804850

C 14.277451 -0.406505 1.906091 H 9.913268 -3.831302 2.921590

C 14.480000 -1.803424 1.863898 H 9.058492 -2.471243 3.636646

C 15.172344 0.344660 2.699203 H 17.189997 -2.119551 3.897337

C 15.523018 -2.414797 2.558746 H 15.048155 1.422606 2.759788

C 16.200387 -0.261939 3.420071 H 13.813254 -2.416600 1.263361

C 16.382625 -1.644639 3.345290 H 16.801446 4.126624 -0.303563

H 16.400664 3.520876 -1.905256

TableTableTableTable 8.8.8.8. Coordinates (Å) for the Optimized Structure of O-B5O-B5O-B5O-B5

atom x y z atom x y z

C 1.227063 -6.040752 -0.437479 C 13.868985 0.683308 2.270008

C 1.149675 -7.445446 -0.274252 C 12.620746 0.021299 -0.165752

C 2.255798 -8.094163 0.326164 C 14.242360 1.378814 1.094570

C 3.359771 -7.368948 0.749826 H 14.352473 0.933229 3.211212

C 3.411213 -5.970884 0.560690 C 13.587792 1.022443 -0.109741

C 2.341590 -5.303845 -0.043421 H 12.152148 -0.236927 -1.112253

H 0.392517 -5.521549 -0.900186 H 13.860858 1.538873 -1.025611

H 2.227992 -9.172163 0.465246 C -1.534690 -7.602403 -0.692794

H 2.372039 -4.228411 -0.200394 C -2.528464 -7.939255 -1.643499

C 4.629047 -7.847110 1.427772 C -1.880226 -6.659267 0.305808

C 5.416590 -6.563452 1.605407 C -3.782998 -7.349177 -1.598293

C 6.663226 -6.362324 2.179636 H -2.295200 -8.660447 -2.422918

C 7.238578 -5.069485 2.228322 C -3.145266 -6.080733 0.380331

C 6.485914 -3.999724 1.685105 H -1.136036 -6.388870 1.049589

C 5.220647 -4.182763 1.131806 C -4.976345 -7.542897 -2.513605

C 4.685753 -5.473335 1.085458 C -4.100238 -6.422639 -0.581477

H 7.215440 -7.205499 2.587402 H -3.379758 -5.373417 1.172048
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H 6.904808 -2.997777 1.714336 C -6.020917 -6.632971 -1.897091

H 4.664985 -3.334368 0.739929 C -5.484793 -5.979460 -0.766394

B 8.652228 -4.833118 2.864224 C -7.332504 -6.401942 -2.285001

B -0.109288 -8.253639 -0.743042 C -6.268578 -5.080431 -0.037399

C 9.595268 -3.713377 2.303454 C -8.147236 -5.486566 -1.575668

C 10.493107 -3.016745 3.148263 H -7.741478 -6.917604 -3.150452

C 9.585706 -3.362368 0.931356 C -7.574730 -4.836108 -0.455483

C 11.315121 -2.020157 2.643020 H -5.869026 -4.574963 0.838356

H 10.524737 -3.261359 4.207206 H -8.182088 -4.132255 0.106511

C 10.426137 -2.383934 0.405263 B 15.343285 2.495563 1.125475

H 8.908489 -3.886112 0.262632 B -9.627905 -5.208625 -2.010377

C 12.324403 -1.143143 3.358619 C 15.260711 3.717615 0.148150

C 11.291176 -1.703958 1.267335 C 14.014474 4.242589 -0.272042

H 10.403022 -2.153896 -0.657144 C 16.430957 4.343129 -0.346890

C 12.887409 -0.296320 2.233847 C 13.915462 5.338317 -1.126808

C 12.263851 -0.637543 1.014270 H 13.102291 3.783200 0.098228

C 16.346525 5.415921 -1.221730 Si 16.930371 10.505102 -5.290083

H 17.404202 3.964455 -0.044096 C 17.958940 9.742460 -6.687769

C 15.088415 5.924243 -1.610502 H 18.383882 10.518702 -7.336338

H 12.940172 5.724275 -1.413282 H 18.792606 9.147041 -6.296676

C 17.454190 6.212843 -1.884002 H 17.348407 9.081429 -7.314087

C 15.299649 7.057227 -2.517243 C 18.026475 11.665292 -4.267776

C 16.687831 7.243441 -2.690551 H 18.459522 12.453818 -4.895775

C 14.393940 7.896897 -3.167456 H 17.452735 12.150899 -3.469680

C 17.162667 8.260606 -3.507365 H 18.856786 11.126883 -3.795369

C 14.886364 8.915487 -3.985517 C 15.493154 11.489946 -6.030872

H 13.321856 7.765256 -3.042254 H 14.836844 10.860901 -6.643804

C 16.267484 9.123079 -4.176242 H 14.876819 11.961414 -5.256219

H 18.237652 8.389831 -3.629620 H 15.875305 12.290003 -6.676627

H 14.173677 9.565067 -4.487754 C 16.535325 2.387042 2.143709

C -10.263996 -3.791956 -1.794439 C 17.083925 1.138632 2.510567

C -9.482976 -2.613597 -1.879107 C 17.105995 3.534288 2.737064

C -11.643645 -3.641249 -1.513870 C 18.148923 1.039615 3.405194

C -10.028861 -1.342742 -1.713151 C 18.152313 3.442430 3.654306

H -8.422555 -2.704068 -2.097024 C 18.681527 2.193053 3.985430

C -12.194215 -2.383653 -1.315635 H 18.560436 0.064732 3.654845

H -12.271036 -4.526309 -1.441141 H 18.558983 4.343335 4.107137
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C -11.391429 -1.227324 -1.422988 C 9.125624 -5.724578 4.068037

H -9.401255 -0.459555 -1.803835 C 8.216701 -6.199005 5.039128

C -13.622062 -1.994574 -0.985452 C 10.480198 -6.089961 4.228982

C -12.231165 -0.050080 -1.184853 C 8.635003 -6.979220 6.116457

C -13.550822 -0.480932 -0.928550 C 10.902421 -6.893441 5.287493

C -11.924180 1.313592 -1.179063 C 9.980149 -7.334571 6.239081

C -14.555397 0.443137 -0.681487 H 7.913370 -7.315050 6.857046

C -12.937330 2.228907 -0.902707 H 11.949795 -7.171787 5.374559

H -10.913218 1.658544 -1.381858 C 0.057834 -9.725415 -1.266789

C -14.273203 1.830354 -0.652933 C 1.199354 -10.125598 -1.995326

H -15.570921 0.103265 -0.493633 C -0.927389 -10.709496 -1.032270

H -12.697443 3.288345 -0.892562 C 1.343626 -11.426410 -2.476503

C -0.777407 -12.020025 -1.484321 H -13.953919 -2.426143 -0.030810

C 0.357019 -12.379840 -2.215310 B -15.398307 2.882493 -0.358614

H 2.226313 -11.699257 -3.049612 C -15.061237 4.216686 0.390982

H -1.545937 -12.759381 -1.272743 C -15.773985 5.410450 0.120849

C -10.478745 -6.354529 -2.666881 C -14.037906 4.276741 1.368116

C -10.316988 -7.705855 -2.290116 C -15.461828 6.588946 0.781856

C -11.440486 -6.080484 -3.663936 H -16.565912 5.399335 -0.624076

C -11.079281 -8.723313 -2.862924 C -13.732812 5.447374 2.059362

C -12.186640 -7.095122 -4.262347 H -13.480505 3.372973 1.597635

C -12.012083 -8.420296 -3.857299 C -16.073311 7.969405 0.637344

H -10.943325 -9.752324 -2.539368 C -14.443881 6.612524 1.759378

H -12.907399 -6.853806 -5.039715 H -12.950974 5.450253 2.814998

H 19.504571 2.118654 4.691972 H -15.962115 8.362866 -0.382775

H 16.709552 4.513595 2.482451 C -15.294052 8.787383 1.648866

H 16.673190 0.232013 2.074109 H -17.151294 7.967353 0.851105

H 18.089227 5.581488 -2.521157 C -14.340736 7.973079 2.296932

H 18.123350 6.679852 -1.147937 C -15.406724 10.131671 1.976580

H 11.853582 -0.528773 4.138740 C -13.502615 8.516135 3.272023

H 13.103190 -1.734143 3.860324 C -14.570564 10.705122 2.958655

H 7.165423 -5.937751 4.951598 H -16.149238 10.745651 1.467925

H 11.210431 -5.747227 3.500726 C -13.626438 9.870030 3.589717

H 10.307980 -7.952104 7.071721 H -12.763835 7.899856 3.778721

H 4.421920 -8.340244 2.387743 H -12.969628 10.285124 4.350140

H 5.171915 -8.580801 0.815683 C -16.873726 2.594086 -0.816846

H 1.979466 -9.396697 -2.198481 C -17.981165 3.023419 -0.053186
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H -1.819878 -10.441413 -0.473051 C -17.154503 1.890226 -2.008346

H 0.471682 -13.397893 -2.579337 C -19.291882 2.753433 -0.445257

H -5.307379 -8.590218 -2.545687 H -17.806759 3.566465 0.871883

H -4.747544 -7.260590 -3.550790 C -18.462503 1.641071 -2.422529

H -12.599965 -9.212724 -4.313990 H -16.329241 1.544240 -2.625184

H -11.593204 -5.052815 -3.982687 C -19.535814 2.066515 -1.636542

H -9.588530 -7.957669 -1.523945 H -20.123066 3.082392 0.173611

H -14.332792 -2.346556 -1.746047 H -18.646132 1.110850 -3.353777

H -20.556746 1.863774 -1.950742 H -16.700484 12.304024 4.939699

Si -14.737619 12.541595 3.393578 C -13.482698 13.012157 4.730789

C -14.424616 13.585266 1.842607 H -16.631103 13.939856 4.262686

H -15.118752 13.327116 1.033896 H -17.250042 12.601157 3.285657

H -14.548553 14.654514 2.054952 H -13.635813 12.444026 5.655997

H -13.406941 13.435879 1.463130 H -12.450483 12.843658 4.401608

C -16.492062 12.877062 4.028591 H -13.576321 14.075954 4.981272

TableTableTableTable 9.9.9.9. Coordinates (Å) for the Optimized Structure of O-B6O-B6O-B6O-B6

atom x y z atom x y z

C -4.581915 -7.502655 -0.086099 C -15.034121 2.430066 -2.141991

C -4.823927 -8.843964 -0.470632 C -14.224244 1.094115 0.200718

C -6.005491 -9.109391 -1.204166 C -15.346080 2.998794 -0.883403

C -6.874916 -8.083410 -1.544484 H -15.349305 2.941115 -3.048380

C -6.611348 -6.758594 -1.134538 C -14.917142 2.300581 0.271756

C -5.462184 -6.467725 -0.393745 H -13.925813 0.578114 1.110010

H -3.683460 -7.275393 0.480848 H -15.150323 2.713986 1.248916

H -6.220988 -10.129232 -1.513625 C -2.283476 -9.709547 -0.029106

H -5.251606 -5.452364 -0.066940 C -1.445030 -10.419050 0.864905

C -8.166768 -8.133430 -2.336918 C -1.676004 -8.737503 -0.861158

C -8.615664 -6.684930 -2.335254 C -0.084779 -10.153387 0.924216

C -9.731933 -6.103866 -2.918769 H -1.880556 -11.171128 1.518184

C -9.983353 -4.717468 -2.779133 C -0.307631 -8.479276 -0.830941

C -9.047149 -3.955947 -2.038055 H -2.298479 -8.184108 -1.558498

C -7.905533 -4.520704 -1.473770 C 0.985012 -10.771132 1.804031

C -7.691645 -5.894487 -1.618076 C 0.491346 -9.187059 0.071488

H -10.431875 -6.717109 -3.481157 H 0.126381 -7.737474 -1.496840

H -9.217955 -2.889731 -1.918573 C 2.244386 -10.059851 1.347797
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H -7.199159 -3.900679 -0.927177 C 1.931505 -9.128040 0.334551

B -11.244326 -4.048694 -3.427738 C 3.555078 -10.219306 1.773374

B -3.823449 -9.993794 -0.102546 C 2.938527 -8.343825 -0.235217

C -11.941880 -2.831617 -2.728020 C 4.595427 -9.430592 1.225123

C -12.565636 -1.808484 -3.482329 H 3.790945 -10.947520 2.545578

C -11.977820 -2.716169 -1.316965 C 4.245231 -8.492442 0.223641

C -13.171457 -0.731316 -2.852389 H 2.710092 -7.626340 -1.019540

H -12.554940 -1.866661 -4.568014 H 5.027305 -7.877670 -0.212854

C -12.610248 -1.656421 -0.670744 B -16.141616 4.346227 -0.776895

H -11.508356 -3.490631 -0.716891 B 6.080476 -9.593434 1.700452

C -13.869882 0.473057 -3.453526 C -15.876777 5.334991 0.409567

C -13.204973 -0.654628 -1.443133 C -14.597043 5.449351 1.005178

H -12.633791 -1.611147 0.415320 C -16.909879 6.155439 0.925042

C -14.321906 1.242870 -2.227859 C -14.335005 6.334625 2.048662

C -13.918506 0.565674 -1.056777 H -13.786152 4.835106 0.623989

C -16.669157 7.021216 1.981229 Si -16.470224 11.399512 6.836977

H -17.904742 6.091962 0.491061 C -17.788456 10.717093 8.015668

C -15.378779 7.120674 2.544551 H -18.086603 11.471444 8.754418

H -13.334715 6.406552 2.468759 H -18.691871 10.408584 7.476102

C -17.619162 7.965700 2.692446 H -17.416966 9.842573 8.562634

C -15.412421 8.115029 3.622005 C -17.152810 12.933487 5.957127

C -16.724176 8.625578 3.723367 H -17.446040 13.705297 6.679627

C -14.412386 8.580116 4.477525 H -16.405278 13.371630 5.285440

C -17.029182 9.593169 4.670945 H -18.036913 12.693633 5.354343

C -14.734452 9.552563 5.426245 C -14.925652 11.872970 7.823976

H -13.397328 8.195996 4.410374 H -14.507893 11.016242 8.365803

C -16.035997 10.080216 5.547820 H -14.137135 12.278412 7.179044

H -18.047014 9.976794 4.733563 H -15.168702 12.642402 8.566957

H -13.948636 9.908659 6.087934 C -17.212217 4.706682 -1.869766

C 7.042626 -8.355604 1.721303 C -18.008469 3.713914 -2.481570

C 6.561827 -7.055849 2.012787 C -17.421825 6.039484 -2.286415

C 8.425641 -8.494757 1.452124 C -18.968504 4.032000 -3.441609

C 7.398706 -5.943147 2.056897 C -18.359383 6.362965 -3.266631

H 5.504245 -6.924858 2.224127 C -19.141220 5.358839 -3.842057

C 9.264425 -7.389834 1.459067 H -19.578027 3.246686 -3.881886

H 8.826180 -9.479321 1.223171 H -18.485190 7.396895 -3.578457

C 8.756846 -6.110120 1.771536 C -11.810187 -4.599829 -4.785444
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H 6.996908 -4.963353 2.303184 C -10.959348 -5.132380 -5.778831

C 10.751436 -7.301788 1.174464 C -13.193279 -4.585073 -5.070291

C 9.857511 -5.144030 1.721839 C -11.455827 -5.608898 -6.991585

C 11.042526 -5.826856 1.372356 C -13.700737 -5.085632 -6.268702

C 9.883240 -3.765797 1.953696 C -12.830766 -5.593080 -7.236405

C 12.242536 -5.139536 1.263622 H -10.773311 -5.997155 -7.743550

C 11.090275 -3.084293 1.816382 H -14.772418 -5.075826 -6.451557

H 8.979029 -3.230120 2.232253 C -4.370074 -11.437406 0.188886

C 12.298078 -3.740310 1.474288 C -5.616247 -11.639006 0.821833

H 13.152249 -5.673732 1.000653 C -3.639987 -12.592542 -0.166974

H 11.108983 -2.012346 1.991092 C -6.099336 -12.917125 1.100068

C -4.129164 -13.874568 0.081132 H 10.993701 -7.635057 0.155653

C -5.358464 -14.039575 0.723293 B 13.645146 -2.949999 1.332605

H -7.054580 -13.039530 1.604588 C 13.642999 -1.463749 0.832880

H -3.551245 -14.744786 -0.220168 C 14.610547 -0.535201 1.288059

C 6.608198 -11.001139 2.155667 C 12.676080 -0.997397 -0.090992

C 6.139969 -12.194511 1.563269 C 14.590301 0.781992 0.853404

C 7.573487 -11.131840 3.178182 H 15.367629 -0.861347 1.997011

C 6.615955 -13.444646 1.956855 C 12.660346 0.315307 -0.556512

C 8.034044 -12.379492 3.597130 H 11.927956 -1.693007 -0.460417

C 7.560455 -13.540184 2.981353 C 15.503095 1.936337 1.219929

H 6.248220 -14.344392 1.469771 C 13.617952 1.212491 -0.074993

H 8.765157 -12.447990 4.398880 H 11.911523 0.632891 -1.277984

H -19.880986 5.608932 -4.598580 H 15.470614 2.159592 2.295497

H -16.827002 6.832297 -1.840653 C 14.949216 3.077160 0.388142

H -17.878562 2.675959 -2.186705 H 16.554459 1.723248 0.981652

H -18.458053 7.430157 3.158600 C 13.838331 2.632563 -0.360823

H -18.065032 8.697524 2.004435 C 15.382265 4.391349 0.287879

H -13.193508 1.066462 -4.084529 C 13.153966 3.519192 -1.196984

H -14.714362 0.184119 -4.094543 C 14.700401 5.317562 -0.537921

H -9.887946 -5.158413 -5.598771 H 16.246207 4.723542 0.858423

H -13.881456 -4.185445 -4.330192 C 13.580162 4.843694 -1.263312

H -13.222287 -5.974122 -8.176427 H 12.300039 3.187131 -1.782414

H -8.010133 -8.515956 -3.355120 H 13.042475 5.535486 -1.905559

H -8.910671 -8.794544 -1.870828 C 15.004331 -3.651922 1.690933

H -6.207733 -10.774576 1.111666 C 16.192049 -3.366800 0.982262

H -2.677852 -12.479108 -0.659413 C 15.095305 -4.599049 2.734389
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H -5.737359 -15.037779 0.928586 C 17.397045 -3.999805 1.285155

H 1.052835 -11.859610 1.669557 H 16.162843 -2.645282 0.170095

H 0.784540 -10.604752 2.871700 C 16.302265 -5.215396 3.062645

H 7.925658 -14.514068 3.298030 H 14.203364 -4.844231 3.304923

H 7.957361 -10.236832 3.660542 C 17.456173 -4.921904 2.332472

H 5.399280 -12.136090 0.770151 H 18.290782 -3.771465 0.709707

H 11.340829 -7.933599 1.853426 H 16.343445 -5.927952 3.882770

H 18.396523 -5.409074 2.578466 Si 9.775429 15.327380 -3.145800

B 15.168259 6.810490 -0.648429 C 8.007348 15.600094 -2.525566

C 14.117900 7.952571 -0.867675 H 20.507507 8.036613 -0.244916

C 14.437217 9.115891 -1.609568 H 7.623744 16.562837 -2.884969

C 12.813460 7.864540 -0.323783 H 7.322254 14.822000 -2.882414

C 13.495638 10.116057 -1.801290 H 7.955575 15.615379 -1.430428

H 15.430004 9.214533 -2.041985 C 9.784101 15.327607 -5.041388

C 11.867908 8.875243 -0.483458 H 9.421586 16.284650 -5.436870

H 12.546040 6.983250 0.252395 H 10.792215 15.166021 -5.441550

C 13.612050 11.420630 -2.566483 C 10.884517 16.729816 -2.516205

C 12.208712 10.004890 -1.232136 H 9.140080 14.535593 -5.441265

H 10.881963 8.779988 -0.035063 H 10.875228 16.781778 -1.421121

H 14.421297 12.055363 -2.179259 H 11.926331 16.595269 -2.830765

C 12.247709 12.050786 -2.362626 H 10.547193 17.700870 -2.899579

H 13.833043 11.254066 -3.630116 C 16.695473 7.161408 -0.535284

C 11.437344 11.203281 -1.577250 C 17.693558 6.286344 -1.017282

C 11.754472 13.264564 -2.822003 C 17.134288 8.366482 0.055995

C 10.132243 11.580701 -1.257503 C 19.049320 6.600028 -0.928791

C 10.438164 13.669346 -2.512349 C 18.488968 8.675165 0.173861

H 12.393905 13.907453 -3.426114 H 19.793348 5.912973 -1.324320

C 9.650236 12.804084 -1.726516 H 18.795749 9.603401 0.649586

H 9.497540 10.937475 -0.652696 C 19.450701 7.794086 -0.325500

H 8.633033 13.091133 -1.471638 H 16.396762 9.065203 0.441714

H 17.396202 5.349794 -1.481519
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ChapterChapterChapterChapter 2222 LuminescentLuminescentLuminescentLuminescent Donor-Donor-Donor-Donor-ππππ-Acceptor-Acceptor-Acceptor-Acceptor TypeTypeTypeType OligomericOligomericOligomericOligomeric

OrganoboranesOrganoboranesOrganoboranesOrganoboranes

2.1 Donor-π-Acceptor Type Organoborane Oligomers

Considerable efforts have been devoted to developing ambipolar molecular systems

with donor (D) and acceptor (A) moieties that are capable of transporting both holes and

electrons.1-4 These types of compounds are highly attractive primarily due to their

established applications in the area of materials science, such as electronic devices

(OLEDs, FETs and SCs),5-11 as well as for use in bioimaging and photodynamic therapy

(PDT).12-14 Triarylamines have been extensively exploited as p-type semiconductor

materials that enable hole transport thanks to their inherent electron-donating

capability.15-17 Among the wide range of acceptor materials studied, triarylboranes

bearing empty p orbitals are of particular significance since p-π orbital interactions with

attached π-conjugated organic groups favor extended chain conjugation, giving rise to

unique photophysical and electronic properties. As discussed in Chapter 1, binding of

anions, for example fluoride and cyanide, has been demonstrated to perturb this orbital

overlap, allowing for use also as sensory materials.18-25 Ambipolar molecules that are

composed of organoboranes in combination with triarylamines are particularly attractive,

because of the simultaneous n- and p-type behavior and the possibility for intramolecular

charge transfer processes. These features have been exploited in OLEDs based on B/N

compounds as the charge transport and emissive component, in non-linear optical
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materials, as well as in turn-on luminescent anion sensors.26-38 In comparison, polymeric

systems of this type are relatively less explored. Notable is work by Lambert et al.,

Müllen et al., Wenger et al., and Kawashima et al. who have prepared B-π-N

dendrimer-like structures with varying D/A ratio.33,39-42 A high molecular weight linear

polymeric system, in which arylamine donors and arylborane acceptors alternate in the

polymer main chain has recently been introduced by our group.43 The successful

synthesis of such a donor-π-acceptor polymer poses important questions in regard to

electron delocalization and charge transport in this type of polymeric material.

Comparative investigations of structurally well-defined oligofluorenes (OOOO----FFFFnnnn),44-48

oligothiophenes (OOOO----TTTTnnnn),49-52 and oligoanilines (O-AO-AO-AO-Annnn)53-55 in what since has been dubbed

“the oligomer approach” have provided important information on the photophysical

attributes and electronic structures of the corresponding conjugated polymers. Moreover,

electrochemical studies on BODIPY-based oligomers, prepared by oxidative

coupling,56,57 led to valuable insights into the substantial interactions between the active

building blocks. In Chapter 1 we have explored the effect of electron-deficient

tricoordinate organoborane moieties (O-BO-BO-BO-Bnnnn), which are isolectronic to carbocation sites,

on the electronic structure and properties of oligofluorenes.58 Importantly, we found

strong coupling between the individual fluoreneborane moieties and were able to deduce

significant extension of conjugation up to 5 repeating units. These findings led us to

consider the possibility of generating extended structures, in which electron-deficient

organoborane moieties alternate with electron-rich arylamine moieties, corresponding to
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the isoelectronic carbanion and carbocation species. We were especially interested in

evaluating whether chain extension results in extension of π-conjugation similar to our

observations for the acceptor-doped oligomers O-O-O-O-BBBBnnnn (ChartChartChartChart 2-12-12-12-1) and what role

intramolecular charge transfer (ICT) processes between N and B might play in oligomers

O-O-O-O-BBBBnnnnNNNNmmmm. It is to be noted that the Müllen group synthesized several para phenylene-

bridged borylene-amine π-conjugated molecules that are structurally similar to O-B1N2O-B1N2O-B1N2O-B1N2

but with different substituents. Their charge transfer behavior was investigated by means

of optical studies and DFT calculations.38

ChartChartChartChart 2-12-12-12-1.... Examples of well-defined conjugated oligomers with electron donor and
electron acceptor moieties and structure of the targeted ambipolar{B-π-N}n oligomers
O-O-O-O-BBBBnnnnNNNNmmmm.

2.2 Synthesis and Structural Characterization of {B-π-N}n Type

Oligomers

Retrosynthetic analysis of the targeted ambipolar oligomers (O-O-O-O-BBBBnnnnNNNNmmmm) suggests that

chain extension to give larger oligomers should be readily achieved by activation of the



91

trimethylsilyl end-capped triarylamine building block (TPATPATPATPA----Si2Si2Si2Si2) with BBr3 as a boron

source in a Si/B exchange reaction, followed by selective Sn/B exchange using two equiv

of the bifunctional reagent TPATPATPATPA----SiSnSiSnSiSnSiSn (SchemeSchemeSchemeScheme 2-12-12-12-1). Subsequent stabilization of the

boron center is accomplished by introducing bulky aryl groups using the copper reagent

TipCu (Tip = 2,4,6-triisopropylphenyl) in refluxing toluene. For the preparation of

O-O-O-O-BNBBNBBNBBNB, the triarylamine donor was substituted with two fluorenylborane moieties.

Gratifyingly, standard isolation of the crude samples followed by purification using

preparative size-exclusion column chromatography on bio-beadsTM afforded the

analytically pure oligomers as pale-yellow powdery solids in good yields. The products

are reasonably stable in air and moderately soluble in non-polar aliphatic hydrocarbons,

but very soluble in chlorinated and aromatic solvents.

SchemeSchemeSchemeScheme 2-1.2-1.2-1.2-1. Synthetic procedures for O-O-O-O-BBBBnnnnNNNNmmmm and O-O-O-O-BNBBNBBNBBNB. Tip = 2,4,6-triisopropyl-
phenyl.
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FigureFigureFigureFigure 2-1.2-1.2-1.2-1. GPC traces for O-BO-BO-BO-BnnnnNNNNmmmm and O-BNBO-BNBO-BNBO-BNB (THF, 1 mL/min).

The structure of the oligomer samples was verified by high-resolution MALDI-MS,

which in all cases showed the molecular ion peaks (TableTableTableTable 2-12-12-12-1). Monodisperse GPC

traces (PDI = 1.01) ascertained the high purity of the samples (FigureFigureFigureFigure 2-12-12-12-1). The number

average molecular weights (Mn) are in the range of 990 to 2800 Da; they match very well

with the corresponding calculated values although measured relative to low molecular

weight polystyrene standards.

TableTableTableTable 2-1.2-1.2-1.2-1. Summary of GPC and MALDI-MS Data for O-BO-BO-BO-BnnnnNNNNmmmm and O-BNBO-BNBO-BNBO-BNB

Formula Mth a MMS b Mn c Mw c PDI c

O-O-O-O-BBBB1111NNNN2222 C65H83BN2Si2 958.6 958.6 992 1003 1.01

O-O-O-O-BBBB2222NNNN3333 C102H127B2N3Si2 1472.0 1472.0 1608 1622 1.01

O-O-O-O-BBBB3333NNNN4444 C139H171B3N4Si2 1986.3 1986.3 2078 2109 1.01

O-O-O-O-BBBB4444NNNN5555 C176H215B4N5Si2 2498.7 2498.7 2807 2838 1.01

O-O-O-O-BNBBNBBNBBNB C88H109B2NSi2 1257.8 1257.8 1278 1291 1.01
a Calcd exact mass. b From (+) MALDI MS. c Relative to low molecular PS standards
based on GPC-RI detection in THF at 35 °C; PDI = Mw/Mn
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FigureFigureFigureFigure 2-2.2-2.2-2.2-2. (+) MALDI-MS spectra of O-BO-BO-BO-BnnnnNNNNmmmm and O-BNBO-BNBO-BNBO-BNB showing molecular ion
peaks.

Spectroscopic characterization by multinuclear NMR corroborates the proposed

structures (FigureFigureFigureFiguressss 2222-3-3-3-3, 2-42-42-42-4, and 2-52-52-52-5). Integration of the proton signals in the 1H NMR

spectra of the higher oligomers confirms gradual chain elongation (FigureFigureFigureFigure 2-32-32-32-3). For

example, the integral ratio between the protons due to the Tip groups at 6.96 ppm and the

terminal phenylene protons adjacent to the silyl groups at 7.40 ppm increases from 2:4

(O-O-O-O-BBBB1111NNNN2222) to 4:4 (O-O-O-O-BBBB2222NNNN3333), 6:4 (O-O-O-O-BBBB3333NNNN4444) and 8:4 (O-O-O-O-BBBB4444NNNN5555). Two-dimensional NMR

data were acquired for O-O-O-O-BBBB1111NNNN2222, and NOE correlations between the aromatic protons and

the t-Bu, SiMe3, and i-Pr substituents allow for unequivocal signal assignments

(Appendix). Sharp single peaks ranging from –3.72 to –4.56 ppm in the 29Si NMR

spectra correspond to the trimethylsilyl moieties attached to the terminal aryl groups. The
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presence of broad 11B chemical signals at ca. 70 ppm is consistent with boron in a

tricoordinate environment (FigureFigureFigureFigure 2-52-52-52-5). Peak broadening in the 11B NMR spectra is in

part due to overlap of multiple borane resonances from non-equivalent internal and

terminal boron sites. Furthermore, the quadrupole-broadened B-bound carbon NMR

signals can readily be identified in the 13C NMR and their number is consistent with the

expected one (FigureFigureFigureFigure 2-42-42-42-4).

FigureFigureFigureFigure 2-3.2-3.2-3.2-3. Overlay of the aromatic region of the 1H NMR spectra for O-BO-BO-BO-BnnnnNNNNmmmm (CDCl3,
25 °C).
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FigureFigureFigureFigure 2-4.2-4.2-4.2-4. Overlays of the aromatic and aliphatic regions of the 13C NMR spectra of the
oligomers O-O-O-O-BBBBnnnnNNNNmmmm, normalized to the SiMe3 end group signal at –0.8 ppm (CDCl3, 25
°C). The peaks at 31 ppm and 126.5 ppm for O-O-O-O-BBBB3333NNNN4444 are due to a trace of butylate
hydroxytoluene (BHT).
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FigureFigureFigureFigure 2-5.2-5.2-5.2-5. 11B NMR spectra for oligomers O-BO-BO-BO-BnnnnNNNNmmmm (CDCl3, 25 °C).

2.3 Photophysical, Electrochemical and Computational Studies of

Oligomers O-BO-BO-BO-BnnnnNNNNmmmm and O-BNBO-BNBO-BNBO-BNB

UV-vis absorption spectra were recorded to investigate the photophysical

characteristics and determine the optical energy gaps. Vibronically split bands are

observed in hexanes with absorption maxima shifting from 397 nm for O-O-O-O-BBBB1111NNNN2222 to 422

nm for O-O-O-O-BBBB4444NNNN5555 (FigureFigureFigureFigure 2-62-62-62-6 and TableTableTableTable 2-22-22-22-2). Such a red-shifted absorption of the lowest

energy transition is attributed to increasing π-conjugation and is possibly also affected by

D to A charge transfer processes (see below).31 The spectral difference between O-O-O-O-BBBB3333NNNN4444

and O-O-O-O-BBBB4444NNNN5555 is very small, indicating that the effective conjugation length has been

reached for O-O-O-O-BBBB3333NNNN4444 with its 3 borane and 4 arylamine moieties. A comparable effective

conjugation length of necl = 5 has been deduced for the organoborane oligomers OOOO----BBBBnnnn,58

but no such data analysis has been reported for oligoanilines O-AO-AO-AO-Annnn.53,54 Exponential fit of

the absorption data in hexanes to Meier's equation as described in Chapter 1 gives a necl =
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4 for O-BO-BO-BO-BnnnnNNNNmmmm (R2 = 0.9999). An excellent linear correlation (R2 = 0.9996) and

extrapolation to n→∞ predicts an absorption maximum at λ∞ = 430 nm for an infinite

polymer chain (FigureFigureFigureFigure 2-72-72-72-7).

TableTableTableTable 2-2.2-2.2-2.2-2. Comparison of Experimental Photophysical Properties and Calculation Data

[a] Measured in hexanes. [b] Determined in toluene. [c] Excited at λmax. [d] Measured in
CH2Cl2.

λabs [nm] [a] λedge [nm] [a] εmax [b] λem [nm] [a,c] Φ [c,d]

O-O-O-O-BBBB1111NNNN2222 397 420 39,000 427 0.64
O-O-O-O-BBBB2222NNNN3333 414 433 73,000 433 0.67
O-O-O-O-BBBB3333NNNN4444 420 439 97,000 438 0.55
O-O-O-O-BBBB4444NNNN5555 422 441 120,000 439 0.49
O-O-O-O-BNBBNBBNBBNB 407 431 48,500 434 0.63
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FigureFigureFigureFigure 2-6.2-6.2-6.2-6. UV-vis and fluorescence spectra of O-O-O-O-BBBBnnnnNNNNmmmm and O-O-O-O-BNBBNBBNBBNB (excited at λmax) in
different polar solvents ranging from hexanes, toluene, CHCl3, CH2Cl2 to propylene
carbonate (PC).
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FigureFigureFigureFigure 2-7.2-7.2-7.2-7. (a) Linear and (b) exponential fits of absorption data in hexanes for
O-BO-BO-BO-BnnnnNNNNmmmm.

According to DFT calculations (B3LYP/6-31G*), the HOMOs are localized on the π

spacers with contributions from the nitrogen p-orbitals, while the LUMOs are localized

on the empty p-orbitals of the boron centers with smaller contributions of the conjugated

organic π-systems but not the nitrogen atoms (FigureFigureFigureFigure 2-82-82-82-8 and TableTableTableTable 2-32-32-32-3). Notably, the

terminal diarylamine moieties are almost not at all involved in the LUMO levels; they

also contribute less to the HOMO of O-O-O-O-BBBB4444NNNN5555, therefore indicating that the effective

conjugation length is reached for O-O-O-O-BBBB3333NNNN4444, in agreement with the small absorption

difference of only ~2 nm between O-O-O-O-BBBB3333NNNN4444 and O-O-O-O-BBBB4444NNNN5555. Consistent is also that the

calculated HOMO–LUMO energy gaps narrow from 3.41 to 3.19 eV with only a small

difference between O-O-O-O-BBBB3333NNNN4444 and O-O-O-O-BBBB4444NNNN5555 (TableTableTableTable 2-22-22-22-2). Interestingly, according to the

calculations, the HOMOs stay at the same level of –4.93 eV, while the LUMOs gradually

decrease in energy. This phenomenon, which is consistent with our observations for the

fluoreneborane oligomers OOOO----BBBBnnnn,58 implies that chain extension with an increasing
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number of D and A sites stabilizes the LUMOs considerably more than the HOMOs,

leading to lowered HOMO – LUMO gaps that converge toward a constant value. The

vertical excitation energies to the first singlet excited state based on TD-DFT calculations

similarly decrease with increasing length of O-O-O-O-BBBBnnnnNNNNmmmm. The experimental optical energy

gaps for the oligomers determined from the absorption onsets are consistent with the

values calculated by TD-DFT. For compound O-O-O-O-BNBBNBBNBBNB, ICT occurs from the central

borane moiety to the terminal arylamine groups, in a reversal to the situation for O-O-O-O-BBBB1111NNNN2222

(FigureFigureFigureFigure 2-82-82-82-8). The excitation energy for O-O-O-O-BNBBNBBNBBNB is slightly lower than that for O-O-O-O-BBBB1111NNNN2222,

but higher than for O-O-O-O-BBBB2222NNNN3333. This effect is again due to lowering of the LUMO with

increasing number of arylborane groups. It is to be noted that the silyl groups make

essentially no contributions to the frontier orbitals of these oligomers.59

TableTableTableTable 2-3.2-3.2-3.2-3. Summary of Results from TD-DFT calculations (B3LYP, 6-31G(d)) on
Oligomers [a]

transition
λmax

nm (eV)
oscillator
strength, f

orbital contributions

O-B1N2O-B1N2O-B1N2O-B1N2 S1←S0 423.7
(2.926)

0.821 192192192192→→→→193(193(193(193(HOHOHOHOMOMOMOMO→→→→LUMO)LUMO)LUMO)LUMO),,,, 0.0.0.0.683683683683

O-B2N3O-B2N3O-B2N3O-B2N3 S1←S0 445.6
(2.782)

1.159 277→280 (HOMO-2→LUMO), 0.125
278→281 (HOMO-1→LUMO+1), 0.172
279279279279→→→→280280280280 (HOMO(HOMO(HOMO(HOMO→→→→LUMO),LUMO),LUMO),LUMO), 0.6560.6560.6560.656

O-B3N4O-B3N4O-B3N4O-B3N4 S1←S0 454.0
(2.731)

1.447 364→367 (HOMO-2→LUMO), -0.149
365→368 (HOMO-1→LUMO+1), -0.234
366366366366→→→→367367367367 (HOMO(HOMO(HOMO(HOMO→→→→LUMO),LUMO),LUMO),LUMO), 0.6230.6230.6230.623

O-B4N5O-B4N5O-B4N5O-B4N5 S1←S0 458.3
(2.705)

1.997 451→454 (HOMO-2→LUMO), 0.201
451→456 (HOMO-2→LUMO+2), -0.128
452→454 (HOMO-1→LUMO), -0.109
452→455 (HOMO-1→LUMO+1), 0.261
453453453453→→→→454454454454 (HOMO(HOMO(HOMO(HOMO→→→→LUMO),LUMO),LUMO),LUMO), 0.5670.5670.5670.567
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O-O-O-O-BNBBNBBNBBNB S1←S0 423.9
(2.925)

0.681 151151151151→→→→152152152152 (HOMO(HOMO(HOMO(HOMO→→→→LUMO),LUMO),LUMO),LUMO), 0.7030.7030.7030.703

[a] The iPr on Tip and tBu on TPA are replaced with H. The fluorene units are replaced
with phenyl groups in O-O-O-O-BNBBNBBNBBNB.

FigureFigureFigureFigure 2-8.2-8.2-8.2-8. Computed HOMO and LUMO orbital plots for O-O-O-O-BBBBnnnnNNNNmmmm and O-O-O-O-BNBBNBBNBBNB
(B3LYP, 6-31G(d)) in the gas phase.
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Photoexcitation in toluene resulted in blue emission with maxima at ~440-450 nm.

Quantum yields in the range of Φ = 0.49–0.67 were measured in CH2Cl2 (TableTableTableTable 2-22-22-22-2).

Surprisingly, the bathochromic shift with chain extension from O-O-O-O-BBBB1111NNNN2222 to O-O-O-O-BBBB4444NNNN5555

proved to be far less pronounced than in the absorption spectra (FigureFigureFigureFigure 2-62-62-62-6). Moreover,

in the more polar solvents CH2Cl2 and propylene carbonate (PC), an unusual

hypsochromic shift was detected upon chain extension (FigureFigureFigureFigure 2-62-62-62-6). These unexpected

results can be traced back to a solvatochromic emission effect, which for the smaller

oligomers is more pronounced than for the larger ones (FigureFigureFigureFigure 2-92-92-92-9). The results of

solvent-dependent absorption and emission studies of the oligomers are summarized in a

Lippert-Mataga plot in FigureFigureFigureFigure 2-102-102-102-10, in which the Stokes shift is plotted versus the

solvent polarity, expressed in terms of f(D) – f(n2) with D as the solvent permittivity and

n the solvent refractive index. The slope for each oligomer is correlated to the difference

in the dipole moment in the excited state (µ 1) and the ground state (µ 0) according to

equations (1) and (2) 60
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in which h is the Planck constant, c the velocity of light, and a is the Onsager radius of

the chromophore. The key observation in the Lippert-Mataga plots is that the slope

decreases significantly with increasing chain length from O-O-O-O-BBBB1111NNNN2222 to O-O-O-O-BBBB4444NNNN5555. This

observation indicates a decreasing polarity of the excited state as the ratio of D to A sites
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gets smaller from 2:1 for O-O-O-O-BBBB1111NNNN2222 to 5:4 for O-O-O-O-BBBB4444NNNN5555.
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FigureFigureFigureFigure 2-9.2-9.2-9.2-9.Absorption and emission spectra of oligomers in different solvents.
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FigureFigureFigureFigure 2-10.2-10.2-10.2-10. (Top) Lippert-Mataga plots for oligomers O-O-O-O-BBBBnnnnNNNNmmmm. (Bottom) Plot of
Lippert- Mataga slopes versus the number of repeating units n in oligomers O-O-O-O-BBBBnnnnNNNNmmmm.

Electrochemical measurements provide an alternative method to probe the

HOMO/LUMO energy levels, and can also provide information on the stability of radical

ions in the solution. Electrochemical experiments were carried out in THF for reduction

and CH2Cl2 for oxidation processes both by cyclic and square wave voltammetry, and the

results are summarized in TableTableTableTable 2-42-42-42-4. All the oligomers are reversibly reduced and the

redox potentials are reported relative to the Fc/Fc+ couple at 298 K in FigureFigureFigureFigure 2-112-112-112-11. The

first reduction wave for O-O-O-O-BBBB1111NNNN2222 was observed at E1/2 = –2.60 V, and those for the higher

oligomers occur at gradually less negative potentials approaching –2.47 V for O-O-O-O-BBBB4444NNNN5555,

which is in line with the results from DFT calculations. In the higher oligomers,

successive reduction of the individual boron sites gives rise to multiple reduction waves

as a consequence of electronic interactions between the resulting radical anions in the

conjugated chain. The square wave voltammetry plots are consistent with separate

one-electron transfer reduction processes, although the redox waves partially overlap in
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the voltammogram for O-O-O-O-BBBB4444NNNN5555 (FigureFigureFigureFigure 2-122-122-122-12). The first reduction wave at E1/2 = –2.43 V

for O-BNBO-BNBO-BNBO-BNB is slightly less negative than that for O-B1N2O-B1N2O-B1N2O-B1N2. This is attributed to the

relative orientation of electron donor and acceptor sites. In the case of O-BNBO-BNBO-BNBO-BNB, each

boron accepts electron density from one N donor, whereas in O-B1N2O-B1N2O-B1N2O-B1N2 one boron

acceptor shows strong interaction with two donor sites.

In contrast to the reduction processes, which are generally well separated, the

oxidation profiles in CH2Cl2 are more complex. The smaller oligomers show reversibly

oxidation waves. For example, two oxidation waves are detected for O-O-O-O-BBBB1111NNNN2222 with its

two N donors. O-O-O-O-BNBBNBBNBBNB is oxidized at E1/2 = 0.55 V. In view also of the square wave

voltammograms, we assign the first two oxidations to correspond to 2e:1e, 3e:1e and

3e:2e processes for O-O-O-O-BBBB2222NNNN3333, O-O-O-O-BBBB3333NNNN4444 and O-O-O-O-BBBB4444NNNN5555, respectively, in cation radical states

(SchemeSchemeSchemeScheme 2-22-22-22-2).61 A third wave at higher potentials is attributed to further oxidation of the

terminal arylamines to dication states.62 The less than perfect reversibility of the CV

waves in CH2Cl2 could be due to deposition of the more highly charged species on the

electrode or the instability of the radical cations that are generated at the electrode and

may rapidly undergo follow-up reactions.63
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FigureFigureFigureFigure 2-11.2-11.2-11.2-11. Cyclic voltammetry plots for oligomers (reduction in THF and oxidation in
CH2Cl2 containing 0.1 M Bu4NPF6; recorded vs Fc0/+ (Fc = [(η-C5H5)2Fe] as an internal
reference (indicated with an asterisk).
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FigureFigureFigureFigure 2-12.2-12.2-12.2-12. Square wave voltammograms for oligomers O-BO-BO-BO-BnnnnNNNNmmmm and O-BNBO-BNBO-BNBO-BNB: (a)
reduction in THF and (b) oxidation in CH2Cl2 /0.1 M Bu4NPF6 vs Fc+/Fc.

SchemeSchemeSchemeScheme 2-2.2-2.2-2.2-2. Simplified schematic representation of assignments for electrochemical
oxidation on N donor sites in oligomers O-BO-BO-BO-BnnnnNNNNmmmm and O-BNBO-BNBO-BNBO-BNB; only the most probable
configurations are given for the higher oligomers. The π systems are phenyl groups.
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TableTableTableTable 2-4.2-4.2-4.2-4. Electrochemical Data Obtained from Cyclic Voltamnmetry (CV) and Square
Wave Voltammetry (SWV) Measurements

[a] Attributed to double oxidation of the terminal arylamines

Even though the redox processes for the higher oligomers are not fully reversible, the

electrochemical HOMO and LUMO levels can be estimated from the first square wave

potentials using the equations

EHOMO = –(ESWVox + 4.8) (eV)

ELUMO = –(ESWVred + 4.8) (eV)

As shown in TableTableTableTable 2-52-52-52-5, the optical HOMO-LUMO energy gaps are close to the

electrochemical energy gaps. However, they slightly deviate from the DFT calculated

energy gaps, because the energy levels are in general calculated on the basis of static

structures that correspond to the lowest energy ground state, while the electrochemical

O-O-O-O-BBBB1111NNNN2222 (V) O-O-O-O-BBBB2222NNNN3333 (V) O-O-O-O-BBBB3333NNNN4444 (V) O-O-O-O-BBBB4444NNNN5555 (V) O-O-O-O-BNBBNBBNBBNB (V)

E11/2, CV –2.60 –2.58 –2.50 nd –2.43
Ep1SWV –2.57 –2.51 –2.49 –2.47 (2e) –2.36
E21/2, CV –2.76 nd nd –2.58
Ep2SWV –2.70 –2.62 –2.58 –2.52
E31/2, CV nd nd
Ep3SWV –2.76 –2.73
Ep1SWV 0.46 0.48 (2e) 0.47 (3e) 0.45 (3e) 0.52
E11/2, CV 0.47 0.52 0.51 0.49 0.55
Epa1CV 0.52 0.63 0.64 0.67 0.61
Epa2SWV 0.60 0.68 0.66 0.64 (2e)
Epa2CV 0.68 0.82 0.89 0.93
Ep3SWV 1.01 [a] 0.95 [a] 0.89 [a]

Epa3CV 1.10 1.15 1.18
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data are measured for the time-averaged structures on the voltammetric time scale, which

are dynamic probably adopting different conformations.64

TableTableTableTable 2-52-52-52-5.... Comparison of the Orbital Energy Levels (eV) for Oligomers O-BO-BO-BO-BnnnnNNNNmmmm and
O-BNBO-BNBO-BNBO-BNB

[a] The Me groups on fluorene, iPr on Tip and tBu on TPA are replaced with H.

Taking into account the fully reversible reduction and oxidation under ambient

conditions, O-B1N2O-B1N2O-B1N2O-B1N2 and O-BNBO-BNBO-BNBO-BNB are particularly promising for applications both as

p-type and as n-type charge transporting materials. Oligomers O-B2N3O-B2N3O-B2N3O-B2N3, O-B3N4O-B3N4O-B3N4O-B3N4 and

O-B4N5O-B4N5O-B4N5O-B4N5 can potentially serve as n-type semiconducting materials in electronic devices.

We estimated the reorganization energies of O-BO-BO-BO-BnnnnNNNNmmmm by plotting the LUMO energies

from the DFT calculations versus the first reductive potentials determined by square

wave voltammetry. In general, a linear dependence should result for structurally related

compounds. As illustrated in FigureFigureFigureFigure 2-132-132-132-13, a linear correlation was formulated in the

λedge, abs DFT Results[a] Electrochemical Results

HOMO LUMO Egap, DFT λabs,TD-DFT HOMO LUMO Egap,SWV

O-B1N2O-B1N2O-B1N2O-B1N2 2.96 –4.93 –1.52 3.41 2.93 –5.26 –2.23 3.03

O-B2N3O-B2N3O-B2N3O-B2N3 2.87 –4.93 –1.66 3.27 2.78 –5.28 –2.29 2.99

O-B3N4O-B3N4O-B3N4O-B3N4 2.83 –4.93 –1.71 3.22 2.73 –5.27 –2.31 2.96

O-B4N5O-B4N5O-B4N5O-B4N5 2.81 –4.93 –1.74 3.19 2.71 –5.25 –2.33 2.92

O-BNBO-BNBO-BNBO-BNB 2.88 –5.09 –1.80 3.29 2.83 –5.32 –2.44 2.88
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equation:

E0/– [V] = –1.56 + 0.44 ELUMO [eV]

The calculated LUMO energies and the reduction potentials show a reasonable

correlation, thus suggesting that a small reorganization energy is needed to switch the

neutral and radical anion state, which is a prerequisite for electronic applications.65,66

FigureFigureFigureFigure 2-13.2-13.2-13.2-13. Linear correlation of LUMO energies (DFT, B3LYP/6-31G*) with first
reduction potentials for oligomers O-BO-BO-BO-BnnnnNNNNmmmm (square wave, standard ferrocene).

2.4 Anion Binding Studies

The binding of small anions to these organoboranes has been investigated by UV and

emission titration experiments (FiguresFiguresFiguresFigures 2-142-142-142-14 to 2-182-182-182-18). Stepwise addition of CN¯ to a

solution of O-B1N2O-B1N2O-B1N2O-B1N2 in toluene leads to an attenuation both in UV absorption and

emission intensity. Based on the absorption data analysis (TableTableTableTable 2-62-62-62-6), we found that there

is no significant interaction between the boron sites in each oligomer, which is verified

by the small differences generated for the binding constants. This is not too surprising
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because adjacent borons are separated by electron-rich N-centered π bridges. Observed

here is also that the molar extinction coefficient increases as the chain extension goes

further, which is consistent with the trend of the oscillator strength determined by TD-DFT

calculations. An interesting observation is that intermediates that are generated from

partially complexed species remain emissive, which is in contrast to what we observed

for the oligomers O-BO-BO-BO-Bnnnn in Chapter 1. Moreover, the oligomers that feature more than one

boron center give intermediates that show a bathochromic tailing of the emission band.

This could be due to stronger D-A interactions as a result of the increasing D/A ratio

upon anion complexation. For instance, the ratio of 3:2 for the initial D-A-D-A-D model

in O-B2N3O-B2N3O-B2N3O-B2N3 turns to a ratio of 4:1 for the charged D-D-D-A-D species as the

tetracoordinated boron serves as a donor rather than an acceptor.

TableTableTableTable 2-2-2-2-6.6.6.6. Summary of Results from Anion Binding Analysis for O-BO-BO-BO-BnnnnNNNNmmmm

compound lgβ11 lgβ12 lgβ13 lgβ14 f
O-B1N2O-B1N2O-B1N2O-B1N2 7.6 0.82
O-B2N3O-B2N3O-B2N3O-B2N3 7.5 15.4 1.16
O-B3N4O-B3N4O-B3N4O-B3N4 7.5 14.5 21.5 1.45
O-B4N5O-B4N5O-B4N5O-B4N5 7.5 15.0 22.5 29.4 2.00
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FigureFigureFigureFigure 2-14.2-14.2-14.2-14. Complexation of O-B1N2O-B1N2O-B1N2O-B1N2 with CN¯ anions (1.04 × 10–3 M) in toluene,
monitored by UV-vis and fluorescence spectroscopy. [O-B1N2O-B1N2O-B1N2O-B1N2] = 4.92 × 10–5 M; λexc =
403 nm. Bottom: Fit of absorption data (HyperquadTM) at λ = 403 and 309 nm.
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TableTableTableTable 2-7.2-7.2-7.2-7. Relative concentrations of individual complexes after addition of varying
amounts of CN¯ to a solution of O-B1N2O-B1N2O-B1N2O-B1N2 in toluene based on the binding constants in
Table 2-6.

TableTableTableTable 2-8.2-8.2-8.2-8. Relative concentrations of individual complexes after addition of varying
amounts of CN¯ to a solution of O-B2N3O-B2N3O-B2N3O-B2N3 in toluene based on the binding constants in
Table 2-6.

TableTableTableTable 2-9.2-9.2-9.2-9. Relative concentrations of individual complexes after addition of varying
amounts of CN¯ to a solution of O-B3N4O-B3N4O-B3N4O-B3N4 in toluene based on the binding constants in
Table 2-6.

CN¯ (eq)
[O-B1N2O-B1N2O-B1N2O-B1N2]
(%)

[O-B1N2O-B1N2O-B1N2O-B1N2]CN
(%)

1.0 15.6 84.4
1.2 1.6 98.4

CN¯ (eq)
[O-B2N3O-B2N3O-B2N3O-B2N3]

(%)
[O-B2N3O-B2N3O-B2N3O-B2N3]CN

(%)
[O-B2N3]([O-B2N3]([O-B2N3]([O-B2N3](CN)2

(%)
1.0 43.6 23.8 32.6
2.0 2.2 8.7 89.1
2.2 0.0 1.4 98.6

CN¯ (eq)
[O-B3N4O-B3N4O-B3N4O-B3N4]

(%)
[O-B3N4O-B3N4O-B3N4O-B3N4]CN

(%)
[O-B3N4]([O-B3N4]([O-B3N4]([O-B3N4](CN)2

(%)
[O-B3N4](O-B3N4](O-B3N4](O-B3N4](CN)3

(%)
0.96 26.3 41.9 21.1 10.7
1.92 2.7 15.8 28.7 52.8
3.36 0.0 0.0 2.1 97.9
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FigureFigureFigureFigure 2-15.2-15.2-15.2-15. Complexation of O-B2N3O-B2N3O-B2N3O-B2N3 with CN¯ anions (1.04 × 10–3 M) in toluene,
monitored by UV-vis and fluorescence spectroscopy. [O-B2N3O-B2N3O-B2N3O-B2N3] = 9.39 × 10–6 M; λexc =
420 nm. Bottom: Fit of absorption data (HyperquadTM) at λ = 420 and 308 nm.
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FigureFigureFigureFigure 2-16.2-16.2-16.2-16. Complexation of O-B3N4O-B3N4O-B3N4O-B3N4 with CN¯ anions (5.20 × 10–4 M) in toluene,
monitored by UV-vis and fluorescence spectroscopy. [O-B3N4O-B3N4O-B3N4O-B3N4] = 9.56 × 10–6 M; λexc =
426 nm. Bottom: Fit of absorption data (HyperquadTM) at λ = 419 and 307 nm.
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FigureFigureFigureFigure 2-17.2-17.2-17.2-17. Complexation of O-B4N5O-B4N5O-B4N5O-B4N5 with CN¯ anions (1.04 × 10–3 M) in toluene,
monitored by UV-vis and fluorescence spectroscopy. [O-B4N5O-B4N5O-B4N5O-B4N5] = 2.13 × 10–5 M; λexc =
428 nm. Bottom: Fit of absorption data (HyperquadTM) at λ = 418 and 306 nm.



122

TableTableTableTable 2-10.2-10.2-10.2-10. Relative concentrations of individual complexes after addition of varying
amounts of CN¯ to a solution of O-B4N5O-B4N5O-B4N5O-B4N5 in toluene based on the binding constants in
Table 2-6.

TableTableTableTable 2-11.2-11.2-11.2-11. Relative concentrations of individual complexes after addition of varying
amounts of CN¯ to a solution of O-BNBO-BNBO-BNBO-BNB in toluene based on the binding constants of
lgβ11 = 8.0 and lgβ12 = 14.7.

CN¯ (eq)
[O-B4N5O-B4N5O-B4N5O-B4N5]

(%)
[O-B4N5O-B4N5O-B4N5O-B4N5]CN

(%)
[O-B4N5]([O-B4N5]([O-B4N5]([O-B4N5](CN)2

(%)
[O-B4N5](O-B4N5](O-B4N5](O-B4N5](CN)3

(%)
[O-B4N5O-B4N5O-B4N5O-B4N5](CN)4

(%)
1.05 48.2 27.0 15.2 8.5 1.1
2.10 20.9 22.5 24.2 26.1 6.3
3.15 3.4 8.0 19.1 45.4 24.1
4.20 0.0 0.0 0.0 3.2 96.8

CN¯ (eq)
[O-BNBO-BNBO-BNBO-BNB]

(%)
[O-BNBO-BNBO-BNBO-BNB]CN

(%)
[O-BNB]([O-BNB]([O-BNB]([O-BNB](CN)2

(%)
1.0 13.6 68.8 17.6
2.0 0.0 6.9 93.0
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FigureFigureFigureFigure 2-18.2-18.2-18.2-18. Complexation of O-BNBO-BNBO-BNBO-BNB with CN¯ anions (1.04 × 10–3 M) in toluene,
monitored by UV-vis and fluorescence spectroscopy. [O-BNBO-BNBO-BNBO-BNB] = 1.79 × 10–5 M; λexc =
414 nm. Bottom: Fit of absorption data (HyperquadTM) at λ = 414 and 317 nm.

2.5 Conclusions

Taking advantage of selective B/Si and B/Sn exchange, we have achieved a series of

well-defined ambipolar oligomers in which N donors are separated from B acceptors by

phenylene π bridges. Our focus has been on the electronic structure by looking into their

photophysical, electrochemical characteristics in combination with DFT and TD-DFT

computations. The effective conjugation length for O-BO-BO-BO-BnnnnNNNNmmmm is estimated to reach n = 4.

A solvatochromic effect is apparent in the emission but not in the absorption spectra, an

indication of intramolecular charge transfer (ICT) form N to B. This solvatochromic
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effect is much more pronounced for the shorter than the longer oligomers. It is ultimately

responsible for the unusual observation that in polar solvents the emission wavelength

experiences a hypsochromic shift with extension of the chain length. The anion binding

of oligomers O-BO-BO-BO-BnnnnNNNNmmmm leads to a gradual decrease in the emission intensity and the

partially charged intermediates stay emissive. Moreover, a cooperative binding effect was

observed for this series of ambipolar oligomers. However, these characteristics were not

detected in the electron-deficient fluoreneborane oligomers O-BO-BO-BO-Bnnnn. These oligomers are

also promising to be used for n- and p-type semiconductor materials.

2.6 Experimental Section

MaterialsMaterialsMaterialsMaterials andandandand GeneralGeneralGeneralGeneral Methods.Methods.Methods.Methods. n-BuLi (1.6 M in hexanes), BBr3, and

tetrabutylammonium cyanide (TBACN) were purchased from Aldrich, Me3SiCl and

1,3,5-triisopropylbenzene from Acros, Me3SnCl from Strem chemicals, benzo[a]pyrene

from TCI chemicals, propylene carbonate (PC) from Alfa Aesar, and Bio-Beads S-X

Beads from Bio-Rad Laboratories (Hercules, CA, USA). Me3SiCl was distilled under

vacuum and all other commercially available chemicals were used as received without

further purification. t-Butyl-N,N-bis(4-bromophenyl)aniline,67 7-dibromoboryl-2-

trimethylsilyl-9,9-dimethyl-fluorene58 (Fl-SiB), and 2,4,6-triisopropylphenyl copper68

(TipCu) were prepared according to the previously published procedures.

Tetrahydrofuran (THF) was distilled from Na/benzophenone prior to use. Hexanes and

toluene were purified using a solvent purification system (Innovative Technologies;
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alumina/copper columns). Dichloromethane (DCM) and CDCl3 were distilled from CaH2

and degassed via several freeze-pump-thaw cycles for use with air-sensitive compounds.

All reactions and manipulations were carried out under an atmosphere of prepurified

nitrogen using either Schlenk techniques or an inert-atmosphere glove box.

All 499.893 MHz 1H, 125.7 MHz 13C, 160.4 MHz 11B NMR, 99.25 MHz 29Si NMR,

and 186.455 MHz 119Sn NMR spectra were recorded on a Varian INOVA spectrometer

equipped with a boron-free 5 mm dual broadband gradient probe (Nalorac, Varian Inc.,

Martinez, CA). 11B NMR spectra were acquired with boron-free quartz NMR tubes and

the spectra were referenced externally to BF3 · Et2O (δ = 0). 29Si NMR spectra were

referenced to SiMe4 (δ = 0). All NMR spectra were obtained at ambient temperature.

High resolution MALDI-MS measurements were performed on an Apex-ultra 7T

Hybrid FT-MS (Bruker Daltonics) in linear (+) mode. Benzo[a]pyrene (10 mg/mL) used

as the matrix was mixed with the samples (10 mg/mL in toluene) in a 10:1 ratio, and then

spotted on the wells of a target plate inside a glove box.

GPC analyses were performed in THF (1 mL/min) using a Waters Breeze system

equipped with a 717 plus autosampler, a 1525 binary HPLC pump, a 2998 photodiode

array detector, and a 2414 refractive index detector. For separation, the samples were

passed through a series of styragel columns (Polymer Laboratories; two columns: Plgel 5

μm 100 Å and 500 Å), which were kept in a column heater at 35 °C. The columns were

calibrated with low molecular weight polystyrene standards (Polymer Laboratories,

range from 1300 to 5780 Da).
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UV-visible absorption data were acquired on a Varian Cary 500 UV-Vis/NIR

spectrophotometer. The fluorescence data and quantum yields were measured on a Varian

Cary Eclipse fluorescence spectrophotometer using optically dilute solutions (A < 0.1).

The quantum yields (Φ) in DCM were calculated using 9,10-diphenylanthracene as a

standard (Φ = 0.92 in CH2Cl2).69 Sample solutions were prepared using a microbalance

(± 0.1 mg) and volumetric flasks. For titration experiments, cyanide ion solutions were

prepared by dissolving the desired amount of solid TBACN in toluene; stock solutions of

the samples were prepared in toluene in the glove box. Addition of cyanide to the sample

solution was performed through a microsyringe (± 0.1 μL) to minimize exposure to air.

Binding constants β1n are given in units of M–n. In the case of lower oligomers O-B1N2O-B1N2O-B1N2O-B1N2

and O-B2N3O-B2N3O-B2N3O-B2N3, all the constants are automatically generated from the HyperquadTM.

However, in higher oligomers, the binding constant lgβ11 had to be manually fixed to

allow for a stable refinement.

Cyclic voltammetry (CV) and square wave voltammetry (SWV) experiments were

carried out on a BAS CV-50W analyzer. The three-electrode system consisted of an Au

disk as working electrode, a Pt wire as secondary electrode and an Ag wire as a pseudo

reference electrode. The voltammograms were recorded with ca. 10-3 to 10-4 M sample

solution in THF with Bu4N[PF6] (0.1 M) as the supporting electrolyte for the reduction

and in CH2Cl2 with Bu4N[PF6] (0.1 M) for the oxidation scans. The scans were

referenced after the addition of a small amount of ferrocene as an internal standard. The

potentials are reported relative to the Fc/Fc+ couple.
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DFT calculations (gas phase) were performed with the Gaussian03 program.

Geometries and electronic properties were calculated by means of hybrid density

functional B3LYP with the basis set of 6-31G(d). The input files and orbital

representations were generated with Gaussview 3.07 (scaling radii of 75%, isovalue of

0.02). Excitation data were calculated using TD-DFT (B3LYP, 6-31G(d)).

SynthesisSynthesisSynthesisSynthesis ofofofof tttt-butyl-N,N-bis(4-trimethylsilylphenyl)aniline-butyl-N,N-bis(4-trimethylsilylphenyl)aniline-butyl-N,N-bis(4-trimethylsilylphenyl)aniline-butyl-N,N-bis(4-trimethylsilylphenyl)aniline (TPA(TPA(TPA(TPA----Si2).Si2).Si2).Si2). t-Butyl-

N,N-bis-(4-bromophenyl)aniline (4.6 g, 10.0 mmol) was dissolved in 150 mL of dry THF.

The solution was cooled to –78 °C and n-BuLi (15.6 mL, 1.6 M in hexanes, 25.0 mmol)

was added through an addition funnel under N2. At this temperature the reaction mixture

was stirred for one more hour followed by stirring at R.T. for 0.5 h. The reaction mixture

was cooled back to –78 °C, and then dry Me3SiCl (3.2 mL, 25.0 mmol) was added via

syringe. The reaction mixture was kept stirring at R.T. overnight. After standard workup

the crude material was purified by recrystallization from ethanol/hexanes mixture solvent

to give colorless block-shaped crystals (3.4 g, 76%). 1H NMR (600 MHz, CDCl3): δ 0.26

(s, 18H), 1.32 (s, 9H), 7.05–7.07 (m, 6H), 7.28 (d, J = 9.0 Hz, 2H), 7.37 (d, J = 8.4 Hz,

4H). 29Si NMR (99.25 MHz, CDCl3): δ –4.74. High res. MALDI-MS (pos.) m/z: calcd.

for C28H39NSi2 [M+] 445.2616, found 445.2616.

SynthesisSynthesisSynthesisSynthesis ofofofof 4-(t-butyl)-N-(4-(trimethylsilyl)phenyl)-N-(4-(trimethylstannyl)phenyl)-4-(t-butyl)-N-(4-(trimethylsilyl)phenyl)-N-(4-(trimethylstannyl)phenyl)-4-(t-butyl)-N-(4-(trimethylsilyl)phenyl)-N-(4-(trimethylstannyl)phenyl)-4-(t-butyl)-N-(4-(trimethylsilyl)phenyl)-N-(4-(trimethylstannyl)phenyl)-

anilineanilineanilineaniline (TPA(TPA(TPA(TPA----SiSn).SiSn).SiSn).SiSn). 4-Bromo-N-(4-(t-butyl)phenyl)-N-(4-(trimethylsilyl)phenyl)aniline

(9.5 g, 21 mmol) was dissolved in 200 mL of dry THF. The solution was cooled to –78

°C and n-BuLi (17.0 mL, 1.6 M in hexanes, 27.2 mmol) was added through an addition
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funnel under N2. At this temperature the reaction mixture was stirred for one more hour

followed by stirring at R.T. for 0.5 h. The reaction mixture was cooled back to –78 °C,

and then Me3SnCl (5.4 g, 27 mmol) in 10 mL of dry THF was added via syringe. The

reaction mixture was kept stirring at R.T. overnight. After standard workup the crude

material was purified by recrystallization from hexanes to give colorless block-shaped

crystals (7.6 g, 67%). 1H NMR (499.893 MHz, CDCl3): δ 0.25 (s, 9H), 0.28 (s/d,

J(117/119Sn, H) = 53.0/55.0 Hz, 9H), 1.32 (s, 9H), 7.05–7.09 (m, 6H), 7.27 (d, J = 8.5 Hz,

2H), 7.35 (d, J = 6.5 Hz, 2H), 7.37 (d, J = 6.5 Hz, 2H). 29Si NMR (99.25 MHz, CDCl3): δ

–4.77. 119Sn NMR (186.455 MHz, CDCl3): δ –25.7. High res. MALDI-MS (pos.) m/z:

calcd. for C28H39NSiSn [M+] 537.1873, found 537.1812.

SynthesisSynthesisSynthesisSynthesis ofofofof t-butyl-N,N-bis(4-(trimethylstannyl)phenyl)anilinet-butyl-N,N-bis(4-(trimethylstannyl)phenyl)anilinet-butyl-N,N-bis(4-(trimethylstannyl)phenyl)anilinet-butyl-N,N-bis(4-(trimethylstannyl)phenyl)aniline (TPA(TPA(TPA(TPA----Sn2).Sn2).Sn2).Sn2).

t-Butyl-N,N-bis-(4-bromophenyl)aniline (1.0 g, 2.2 mmol) was dissolved in 80 mL of dry

THF. The solution was cooled to –78 °C and n-BuLi (3.4 mL, 1.6 M in hexanes, 5.5

mmol) was added through an addition funnel under N2. At this temperature the reaction

mixture was stirred for one more hour followed by stirring at R.T. for 0.5 h. The reaction

mixture was cooled back to –78 °C, and then Me3SnCl (1.1 g, 5.5 mmol) in 3 mL of THF

was added via syringe. The reaction mixture was kept stirring at R.T. overnight. After

standard workup the crude material was purified by recrystallization from ethanol to give

colorless block-shaped crystals (0.76 g, 56%). 1H NMR (499.893 MHz, CDCl3): δ 0.27

(s/d, J(117/119Sn, H) = 52.5/54.5 Hz, 18H), 1.32 (s, 9H), 7.03–7.08 (m, 6H), 7.25 (d, J =

8.5 Hz, 2H), 7.34 (d/dd, J(H, H) = 8.0 Hz, J(117/119Sn, H) = 44 Hz, 4H). 119Sn NMR
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(186.455 MHz, CDCl3): δ –26.1. High res. MALDI-MS (pos.) m/z: calcd. for C28H39NSn2

[M+] 627.1131, found 627.1120.

SynthesisSynthesisSynthesisSynthesis ofofofof 4-(t-butyl)-N-(4-(trimethylsilyl)phenyl)-N-(4-(4-(t-butyl)-N-(4-(trimethylsilyl)phenyl)-N-(4-(4-(t-butyl)-N-(4-(trimethylsilyl)phenyl)-N-(4-(4-(t-butyl)-N-(4-(trimethylsilyl)phenyl)-N-(4-(dibromoboryldibromoboryldibromoboryldibromoboryl)phenyl)-)phenyl)-)phenyl)-)phenyl)-

anilineanilineanilineaniline (TPA(TPA(TPA(TPA----SiB).SiB).SiB).SiB). To a solution of TPATPATPATPA----Si2Si2Si2Si2 (1.00 g, 2.24 mmol) in 15 mL of CH2Cl2

was added a solution of BBr3 (0.56 g, 2.24 mmol) in 10 mL of CH2Cl2 at 0 °C with

stirring. The reaction mixture was kept stirring overnight, and then all volatile

components were removed under high vacuum. The crude product was purified by

recrystallization from hexanes at –35 °C to give TPATPATPATPA----SiBSiBSiBSiB as a yellow solid (0.92 g, 76%).

1H NMR (499.893 MHz, CDCl3): δ 0.28 (s, 9H), 1.34 (s, 9H), 6.92 (d, J = 9.0 Hz, 2H),

7.12 (d, J = 9.0 Hz, 2H), 7.17 (d, J = 8.0 Hz, 2H), 7.37 (d, J = 9.0 Hz, 2H), 7.49 (d, J =

8.5 Hz, 2H), 8.02 (d, J = 9.0 Hz, 2H). 13C NMR (125.7 MHz, CDCl3): δ –0.83, 31.60,

34.79, 117.82, 125.65, 126.64, 126.89, 134.90, 137.50, 139.99, 143.00, 146.39, 149.06,

154.45. 11B NMR (160.4 MHz, CDCl3): δ 53 (w1/2 = 730 Hz). 29Si NMR (99.25 MHz,

CDCl3): δ –4.09.

SynthesisSynthesisSynthesisSynthesis ofofofof t-Butyl-N,N-bis(4-t-Butyl-N,N-bis(4-t-Butyl-N,N-bis(4-t-Butyl-N,N-bis(4-dibromoboryldibromoboryldibromoboryldibromoborylphenyl)anilinephenyl)anilinephenyl)anilinephenyl)aniline (TPA(TPA(TPA(TPA----B2).B2).B2).B2). To BBr3 (0.81

g, 3.25 mmol) in 10 mL of CH2Cl2 was added a solution of TPATPATPATPA----Si2Si2Si2Si2 (0.70 g, 1.57 mmol)

in 25 mL CH2Cl2 with stirring. The reaction mixture was kept stirring overnight, and then

all volatile components were removed under high vacuum. The crude product was

purified by recrystallization from toluene at –35 °C to give TPATPATPATPA----B2B2B2B2 as a yellow solid

(0.91 g, 91%). 1H NMR (499.893 MHz, CDCl3): δ 1.37 (s, 9H), 7.10–7.14 (m, 6H), 7.42

(d, J = 8.5 Hz, 2H), 8.13 (d, J = 8.5 Hz, 4H). 13C NMR (125.7 MHz, CDCl3): δ 31.58,
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34.92, 121.70, 127.21, 127.31, 139.81, 142.38, 150.24, 152.85. 11B NMR (160.4 MHz,

CDCl3): δ 55 (w1/2 = 1,000 Hz).

SynthesisSynthesisSynthesisSynthesis ofofofof MonomerMonomerMonomerMonomer O-O-O-O-BBBB1111NNNN2222.... To a solution of compound TPATPATPATPA----SiBSiBSiBSiB (0.83 g, 1.53

mmol) in 20 mL of CH2Cl2 was added a solution of TPATPATPATPA----SiSnSiSnSiSnSiSn (0.82 g, 1.53 mmol) in 10

mL of CH2Cl2 and the mixture was kept stirring overnight. All volatile components were

removed under vacuum, leaving behind a yellowish solid. Without further purification

the crude product was dissolved in toluene (10 mL) and then treated with TipCu (0.41 g,

1.53 mmol) in 10 mL of toluene. The reaction mixture was refluxed at 120 °C under N2

for 2 d. A solid precipitate (CuBr) was removed by filtration through a fritted glass disk.

All volatile components were removed under high vacuum. The crude product was

purified by preparative column chromatography on Bio-Beads S-X beads using THF as

the eluent, and then precipitated from hexanes/toluene mixture (10:1) at –35 °C to give

O-O-O-O-BBBB1111NNNN2222 as a yellow powdery solid (0.96 g, 66%). 1H NMR (499.893 MHz, CDCl3): δ

0.26 (s, 18H), 1.01 (d, J = 6.5 Hz, 12H), 1.29 (d, J = 6.5 Hz, 6H), 1.33 (s, 18H), 2.49

(sept, J = 7.0 Hz, 2H), 2.91 (sept, J = 7.0 Hz, 1H), 6.96 (s, 2H), 7.02 (d, J = 8.5 Hz, 4H),

7.10 (d, J = 9.0 Hz, 4H), 7.13 (d, J = 8.5 Hz, 4H), 7.30 (d, J = 9.0 Hz, 4H), 7.40 (d, J =

8.5 Hz, 4H), 7.62 (d, J = 8.5 Hz, 4H). 13C NMR (125.7 MHz, CDCl3): –0.75, 24.39,

24.45, 31.64, 34.42, 34.62, 35.35, 120.18, 124.27, 125.84, 126.46, 134.51, 134.84,

135.83 (B-C), 139.42, 141.73 (B-C), 144.26, 147.34, 147.80, 147.97, 148.93, 150.70. 11B

NMR (160.4 MHz, CDCl3): δ 71 (w1/2 = 870 Hz). 29Si NMR (99.25 MHz, CDCl3): δ

–4.43. High res. MALDI-MS (pos.) m/z: calcd. for C65H83BN2Si2 [M+] 958.6193, found
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958.6198.

SynthesisSynthesisSynthesisSynthesis ofofofof DimerDimerDimerDimer O-O-O-O-BBBB2222NNNN3.3.3.3. To solution of TPATPATPATPA----B2B2B2B2 (0.91 g, 1.42 mmol) in 20 mL of

CH2Cl2 was added a solution of TPATPATPATPA----SiSnSiSnSiSnSiSn (1.52 g, 2.84 mmol) in 10 mL of CH2Cl2 with

stirring. The reaction mixture was kept stirring overnight, followed by the removal of all

volatile components under high vacuum, leaving behind a yellow solid. Without further

purification the crude product was dissolved in toluene (10 mL) and then treated with

TipCu (0.75 g, 2.84 mmol) in 10 mL of toluene. The reaction mixture was refluxed at

120 °C under N2 for 2 d. A solid precipitate (CuBr) was removed by filtration through a

fritted glass disk. All volatile components were removed under high vacuum. The crude

product was purified by preparative column chromatography on Bio-Beads S-X beads

using THF as the eluent, and then precipitated from hexanes/toluene mixture at –35 °C to

give O-O-O-O-BBBB2222NNNN3333 as a yellow solid (1.29 g, 62%). 1H NMR (499.893 MHz, CDCl3): δ 0.26 (s,

18H), 1.00 (d, J = 8.5 Hz, 24H), 1.29 (d, J = 7.0 Hz, 12H), 1.32 (2 overlapping signals,

27H), 2.47 (sept, J = 6.5 Hz, 4H), 2.90 (sept, J = 7.0 Hz, 2H), 6.95 (s, 4H), 7.02 (d, J =

9.0 Hz, 4H), 7.10 (m, 10H), 7.13 (d, J = 8.5 Hz, 4H), 7.30 (m, 6H), 7.40 (d, J = 8.5 Hz,

4H), 7.62 (m, 8H). 13C NMR (125.7 MHz, CDCl3): –0.77, 24.37, 24.43, 31.63, 34.40,

34.63, 34.67, 35.39, 120.02, 121.76, 124.36, 125.89, 126.35, 126.48, 126.57, 134.52,

134.96, 135.58 (B-C), 137.11 (B-C), 139.19, 139.56, 141.62 (B-C), 144.00, 144.20,

147.41, 147.74, 147.87, 148.03, 148.94, 149.97, 150.88. 11B NMR (160.4 MHz, CDCl3):

δ 71 (w1/2 = 1,400 Hz). 29Si NMR (99.25 MHz, CDCl3): δ –4.5. High res. MALDI-MS

(pos.) m/z: calcd. for C102H127B2N3Si2 [M+] 1471.9757, found 1471.9766.
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SynthesisSynthesisSynthesisSynthesis ofofofof TrimerTrimerTrimerTrimer O-O-O-O-BBBB3333NNNN4.4.4.4. To a solution of BBr3 (0.45 g, 1.80 mmol) in 5 mL of

CH2Cl2 was added a solution of O-O-O-O-BBBB1111NNNN2222 (0.80 g, 0.83 mmol) in 15 mL of CH2Cl2 with

stirring. The reaction mixture was kept stirring overnight, and then all volatile

components were removed under high vacuum. The crude product was purified by

recrystallization from toluene at –35 °C to give O-O-O-O-BBBB1111NNNN2-BBr22-BBr22-BBr22-BBr2 as a yellow solid (0.81 g,

81%). 1H NMR (499.893 MHz, CDCl3): δ 1.02 (d, J = 6.5 Hz, 12H), 1.30 (d, J = 7.0 Hz,

6H), 1.35 (s, 18H), 2.43 (sept, J = 6.5 Hz, 2H), 2.92 (sept, J = 6.5 Hz, 1H), 6.99 (s, 2H),

7.04 (d, J = 9.0 Hz, 4H), 7.12 (d, J = 9.0 Hz, 4H), 7.19 (d, J = 8.5 Hz, 4H), 7.38 (d, J =

9.0 Hz, 4H), 7.72 (d, J = 8.5 Hz, 4H), 8.06 (d, J = 9.0 Hz, 4H). 11B NMR (160.4 MHz,

CDCl3): δ 53 (two overlapping B signals: w1/2 = 2,000 Hz). To a solution of

O-O-O-O-BBBB1111NNNN2-BBr22-BBr22-BBr22-BBr2 (0.60 g, 0.52 mmol) in 20 mL of CH2Cl2 was added a solution of

TPATPATPATPA----SiSnSiSnSiSnSiSn (0.56 g, 1.04 mmol) in 15 mL of CH2Cl2 with stirring. The reaction mixture

was stirred overnight and all volatile components were removed under high vacuum,

leaving behind a yellowish solid. Without further purification the crude product was

dissolved in toluene (10 mL) and then treated with TipCu (0.28 g, 1.04 mmol) in 10 mL

of toluene. The reaction mixture was refluxed at 120 °C under N2 for 2 d. A solid

precipitate (CuBr) was removed by filtration through a fritted glass disk. All volatile

components were removed under high vacuum. The crude product was purified by

preparative column chromatography on Bio-Beads S-X beads using THF as the eluent,

and then precipitated from hexanes/toluene mixture at –35 °C to give O-O-O-O-BBBB3333NNNN4444 as a

yellow solid (0.59 g, 57%). 1H NMR (499.893 MHz, CDCl3): δ 0.26 (s, 18H), 1.00 (m,
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36H), 1.29 (m, 18H), 1.32 (2 × s, 36H), 2.47 (m, 6H), 2.90 (m, 3H), 6.96 (2 × s, 6H),

7.02 (d, J = 8.5 Hz, 4H), 7.10 (m, 16H), 7.13 (d, J = 8.5 Hz, 4H), 7.30 (m, 8H), 7.41 (d, J

= 8.0 Hz, 4H), 7.62 (m, 12H). 13C NMR (125.7 MHz, CDCl3): –0.77, 24.37, 24.42, 31.63,

34.40, 34.63, 34.68, 35.39, 35.43, 120.02, 121.65, 121.84, 124.36, 125.89, 126.39,

126.47, 126.58, 134.51, 134.97, 135.55 (B-C), 136.85 (B-C), 137.18 (B-C), 139.18,

139.34, 139.56, 141.51 (B-C), 141.60 (B-C), 143.97, 144.19, 147.42, 147.73, 147.92,

148.04, 148.10, 148.94, 149.91, 150.14, 150.88. 11B NMR (160.4 MHz, CDCl3): δ 72

(two overlapping B signals: w1/2 = 2,100 Hz). 29Si NMR (99.25 MHz, CDCl3): δ –4.5.

High res. MALDI-MS (pos.) m/z: calcd. for C139H171B3N4Si2 [M+] 1986.3377, found

1986.3349.

SynthesisSynthesisSynthesisSynthesis ofofofof TetramerTetramerTetramerTetramer O-O-O-O-BBBB4444NNNN5.5.5.5. To a solution of BBr3 (0.37 g, 1.50 mmol) in 5 mL of

CH2Cl2 was added a solution of O-O-O-O-BBBB2222NNNN3333 (1.00 g, 0.68 mmol) in 15 mL of CH2Cl2 with

stirring. The reaction mixture was kept stirring overnight, and then all volatile

components were removed under high vacuum. The crude product was purified by

recrystallization from toluene at –35 °C to give O-O-O-O-BBBB2222NNNN3-BBr23-BBr23-BBr23-BBr2 as a yellow solid (0.87 g,

77%). 1H NMR (499.893 MHz, CDCl3): δ 1.01 (d, J = 6.5 Hz, 24H), 1.30 (d, J = 7.0 Hz,

12H), 1.33 (s, 9H), 1.34 (s, 18H), 2.45 (sept, J = 7.0 Hz, 4H), 2.90 (sept, J = 7.0 Hz, 2H),

6.98 (s, 4H), 7.02 (d, J = 8.5 Hz, 4H), 7.12 (m, 8H), 7.18 (m, 8H), 7.38 (m, 6H), 7.66 (d,

J = 8.0 Hz, 2H), 7.71 (d, J = 8.0 Hz, 4H), 8.05 (d, J = 9.0 Hz, 4H). 11B NMR (160.4 MHz,

CDCl3): δ 54 (two overlapping B signals: w1/2 = 2,300 Hz). To a solution of

O-O-O-O-BBBB2222NNNN3-BBr23-BBr23-BBr23-BBr2 (0.67 g, 0.40 mmol) in 20 mL of CH2Cl2 was added a solution of
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TPATPATPATPA----SiSnSiSnSiSnSiSn (0.43 g, 0.80 mmol) in 15 mL of CH2Cl2 with stirring. The reaction mixture

was stirred overnight and all volatile components were removed under high vacuum,

leaving behind a yellow solid. Without further purification the crude product was

dissolved in toluene (10 mL) and then treated with TipCu (0.21 g, 0.80 mmol) in 10 mL

of toluene. The reaction mixture was refluxed at 120 °C under N2 for 2 d. A solid

precipitate (CuBr) was removed by filtration through a fritted glass disk. All volatile

components were removed under high vacuum. The crude product was purified by

preparative column chromatography on Bio-Beads S-X beads using THF as the eluent,

and then precipitated from hexanes/toluene mixture at –35 °C to give O-O-O-O-BBBB4444NNNN5555 as a

yellow solid (0.52 g, 53%). 1H NMR (499.893 MHz, CDCl3): δ 0.26 (s, 18H), 1.00 (m,

48H), 1.30 (m, 24H), 1.33 (3 overlapping s, 45H), 2.47 (m, 8H), 2.91 (m, 4H), 6.96 (2

overlapping s, 8H), 7.02 (d, J = 8.5 Hz, 4H), 7.10 (m, 22H), 7.14 (d, J = 8.0 Hz, 4H),

7.31 (m, 10H), 7.41 (d, J = 8.5 Hz, 4H), 7.63 (m, 16H). 13C NMR (125.7 MHz, CDCl3):

–0.76, 24.37, 24.43, 31.64, 34.40, 34.63, 34.68, 35.39, 35.43, 120.03, 121.65, 121.74,

121.86, 124.37, 125.90, 126.40, 126.48, 126.59, 134.52, 134.97, 135.54 (B-C), 136.85

(B-C), 136.92 (B-C), 137.19 (B-C), 139.19, 139.35, 139.57, 141.50 (B-C), 141.60 (B-C),

143.97, 144.19, 147.42, 147.73, 147.92, 148.04, 148.11, 148.96, 149.91, 150.10, 150.16,

150.88. 11B NMR (160.4 MHz, CDCl3): δ 69 (2 overlapping B signals: w1/2 = 2,700

Hz).29Si NMR (99.25 MHz, CDCl3): δ –4.5. High res. MALDI-MS (pos.) m/z: calcd. for

C176H215B4N5Si2 [M+] 2499.6960, found 2499.6879.

SynthesisSynthesisSynthesisSynthesis ofofofof O-O-O-O-BNBBNBBNBBNB.... To a solution of compound FlFlFlFl----SiBSiBSiBSiB (0.41 g, 0.94 mmol) in 20 mL



135

of CH2Cl2 was added a solution of TPATPATPATPA----Sn2Sn2Sn2Sn2 (0.30 g, 0.47 mmol) in 10 mL of CH2Cl2

and the mixture was kept stirring overnight. All volatile components were removed under

vacuum, leaving behind a yellowish solid. Without further purification the crude product

was dissolved in toluene (10 mL) and then treated with TipCu (0.25 g, 0.94 mmol) in 10

mL of toluene. The reaction mixture was refluxed at 120 °C under N2 for 2 d. A solid

precipitate (CuBr) was removed by filtration through a fritted glass disk. All volatile

components were removed under high vacuum. The crude product was purified by

preparative column chromatography on Bio-Beads S-X beads using THF as the eluent,

and then precipitated from hexanes/toluene mixture at –35 °C to give O-O-O-O-BNBBNBBNBBNB as a yellow

solid (0.84 g, 71%). 1H NMR (499.893 MHz, CDCl3): δ 0.33 (s, 18H, TMS), 1.00 (d, J =

7.0 Hz, 24H, Tip), 1.33 (d, J = 7.0 Hz, 12H, Tip), 1.35 (s, 9H, t-Bu), 1.50 (s, 12H, Fl),

2.48 (sept, J = 7.0 Hz, 4H, Tip), 2.95 (sept, J =7.0 Hz, 2H, Tip), 7.00 (s, 4H, Tip), 7.18

(m, 6H, TPA), 7.36 (d, J = 9.0 Hz, 2H, TPA), 7.54 (d, J = 8.5 Hz, 2H, Fl), 7.59 (s, 2H, Fl),

7.72 (d, J = 8.5 Hz, 4H, TPA), 7.78 (m, 6H, Fl), 7.82 (s, 2H, Fl). 13C NMR (125.7 MHz,

CDCl3): –0.64, 24.34 (Tip_CH3), 24.37 (Tip_CH3), 27.34 (Fl_CH3), 31.64 (C(CH3)3),

34.42 (p-Tip_CH(CH3)2), 34.72 (C(CH3)3), 35.54 (o-Tip_CH(CH3)2), 47.02 (Fl_C(CH3)2),

119.42, 120.14, 121.90, 126.47, 126.67, 127.54, 131.75, 132.32, 136.48, 136.98, 137.21,

139.71, 139.89, 140.56, 141.40 (B-C), 142.36, 142.60, 143.86, 148.14, 148.33, 149.02,

150.40, 152.95, 153.95. 11B NMR (160.4 MHz, CDCl3): δ 72 (w1/2 = 1,750 Hz). 29Si

NMR (99.25 MHz, CDCl3): δ –3.7. High res. MALDI-MS (pos.) m/z: calcd. for

C88H109B2NSi2 [M+] 1257.8305, found 1257.8305.
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AppendixAppendixAppendixAppendix

FigureFigureFigureFigure 1.1.1.1. gCOSY NMR spectrum of O-O-O-O-BBBB1111NNNN2222 and expansion of the aromatic region.
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FigureFigureFigureFigure 2.2.2.2. HH-NOESY spectrum of O-O-O-O-BBBB1111NNNN2222 and expansion in the aromatic region.
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FigureFigureFigureFigure 3.3.3.3. Overlay of the aliphatic region of the 1H NMR spectra of the oligomers
O-O-O-O-BBBBnnnnNNNNmmmm, normalized to the SiMe3 end group signal at 0.26 ppm (CDCl3, 25 °C). The
peak at 1.42 ppm for O-O-O-O-BBBB3333NNNN4444 is due to a trace of butylate hydroxytoluene (BHT).
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TableTableTableTable 1.1.1.1. Coordinates (Å) for the Optimized Structure of O-B1N2O-B1N2O-B1N2O-B1N2

atom x y z atom x y z

C 5.091446 2.758203 -0.183351 C -1.513016 0.483582 -0.617271

C 4.272026 3.435690 -1.099235 C -2.499916 -1.322438 0.606795

C 4.288883 4.828054 -1.159315 C -2.723138 1.166140 -0.606983

C 5.132508 5.564101 -0.324387 H -0.669942 0.936227 -1.132176

C 5.955756 4.891347 0.581018 C -3.708147 -0.639200 0.662024

C 5.932182 3.500092 0.660280 H -2.433180 -2.291965 1.092876

H 3.625925 2.865344 -1.759136 C -3.843503 0.618155 0.044658

H 3.648461 5.338070 -1.874166 H -2.811170 2.126099 -1.105369

H 6.612604 5.451544 1.241331 H -4.555118 -1.072238 1.184171

H 6.563986 2.979998 1.373398 C 0.010022 -3.133869 -0.070585

N 5.078469 1.334495 -0.114990 C 1.004691 -3.878902 0.599385

C 6.314671 0.633251 -0.058897 C -0.983318 -3.868129 -0.754342

C 6.485509 -0.453561 0.814129 C 1.002571 -5.273518 0.599910

C 7.393823 1.024274 -0.864579 C -0.978027 -5.262451 -0.781889

C 7.701770 -1.127866 0.863313 C 0.013145 -5.969669 -0.097878

H 5.662445 -0.761857 1.451382 H 1.773935 -5.818197 1.138988

C 8.609301 0.346312 -0.789960 H -1.748304 -5.798354 -1.331220

H 7.275298 1.860511 -1.546661 N -5.072009 1.316598 0.080647

C 8.802178 -0.750389 0.068862 C -5.086807 2.740327 0.153091

H 7.793300 -1.963502 1.555284 C -5.941193 3.481689 -0.677024

H 9.421519 0.680253 -1.431234 C -4.257626 3.417708 1.060185

C 3.850451 0.633828 -0.102276 C -5.968612 4.872660 -0.593228

C 2.721491 1.171621 0.542626 H -6.580470 2.961264 -1.383256

C 3.725951 -0.616589 -0.735559 C -4.278600 4.809807 1.124864

C 1.514064 0.484283 0.533857 H -3.600713 2.847513 1.709470

H 2.801353 2.126622 1.051908 C -5.135799 5.545376 0.303366

C 2.519478 -1.304388 -0.701080 H -6.636141 5.432609 -1.242938

H 4.580201 -1.040403 -1.253562 H -3.630634 5.319969 1.832775

C 1.363351 -0.781668 -0.077211 C -6.309355 0.615356 0.052417

H 0.664432 0.927684 1.045913 C -6.504245 -0.468482 -0.816324

H 2.460847 -2.268186 -1.199394 C -7.367312 1.006243 0.888640

B 0.007563 -1.560501 -0.056935 C -7.722532 -1.145199 -0.833585

C -1.351514 -0.788116 -0.021361 H -5.698793 -0.776721 -1.475778
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C -8.581906 0.328305 0.845887 H -12.822586 -0.938421 -0.445195

H -7.229416 1.841185 1.568629 H -11.877945 0.384850 0.251476

C -8.798812 -0.769436 -0.009717 H -11.694340 -0.023019 -1.459216

H -7.833247 -1.980256 -1.521329 C -10.797745 -2.402837 1.692933

H -9.375751 0.662559 1.511920 H -11.770752 -2.908903 1.722838

Si 10.442705 -1.688312 0.170083 H -10.031361 -3.136042 1.970524

Si -10.460681 -1.673850 -0.024169 H -10.805902 -1.626319 2.467261

C 11.722379 -0.869786 -0.960717 C -10.426824 -3.069056 -1.303430

H 12.678290 -1.404481 -0.902020 H -10.258740 -2.690899 -2.318783

H 11.407978 -0.878021 -2.011176 H -9.643262 -3.804513 -1.08587

H 11.912046 0.172113 -0.676607 H -11.384642 -3.603466 -1.307572

C 11.072075 -1.660354 1.957845 H -5.154712 6.629939 0.361747

H 11.257956 -0.634158 2.296062 H 5.148399 6.648899 -0.379141

H 10.348377 -2.108696 2.649143 H -1.765952 -3.331295 -1.283993

H 12.011000 -2.219374 2.056043 H 0.014449 -7.056925 -0.108430

C 10.179118 -3.485198 -0.372166 H 1.785781 -3.350745 1.139939

H 9.833164 -3.538310 -1.411160 H 9.429411 -3.988372 0.250168

H 11.109651 -4.061938 -0.299812 C -11.840742 -0.449059 -0.459694

TableTableTableTable 2.2.2.2. Coordinates (Å) for the Optimized Structure of O-B2N3O-B2N3O-B2N3O-B2N3

atom x y z atom x y z

C 0.382111 4.445400 -1.042038 C 6.279700 0.984630 0.293147

C 1.480226 5.247671 -0.697462 C 6.586037 -1.383204 0.481634

C 1.803335 6.362660 -1.468788 C 7.561799 1.119987 -0.224585

C 1.029680 6.703573 -2.580340 H 5.685238 1.882524 0.438159

C -0.068895 5.911004 -2.919802 C 7.857690 -1.273355 -0.066463

C -0.388549 4.784109 -2.164347 H 6.221169 -2.372569 0.743432

H 2.074629 4.991349 0.173913 C 8.371834 -0.013189 -0.423300

H 2.656657 6.975069 -1.189590 H 7.947412 2.102884 -0.475576

H -0.675183 6.161356 -3.786333 H 8.461266 -2.161126 -0.225411

H -1.234875 4.161687 -2.437446 C 3.987267 -1.579883 2.271667

N 0.055373 3.297718 -0.260123 C 2.742158 -2.245713 2.270898

C -1.289403 3.072999 0.125741 C 4.938468 -2.009605 3.222488

C -1.825433 1.773374 0.149391 C 2.465794 -3.287916 3.155362

C -2.120991 4.149080 0.482446 C 4.660889 -3.032458 4.128936
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C -3.152857 1.569578 0.507805 C 3.423909 -3.679796 4.092822

H -1.198360 0.931093 -0.124814 H 1.502666 -3.791127 3.118349

C -3.441119 3.922358 0.853701 H 5.409383 -3.328873 4.859767

H -1.722069 5.158439 0.473770 N 9.669694 0.112248 -0.970384

C -4.011976 2.630010 0.873638 C 9.933421 1.089163 -1.973773

H -3.537958 0.553537 0.506207 C 11.088612 1.882874 -1.904426

H -4.052984 4.775131 1.135156 C 9.047445 1.264141 -3.048174

C 1.080341 2.391566 0.108672 C 11.352019 2.826975 -2.895432

C 2.117656 2.081993 -0.788193 H 11.774019 1.753392 -1.072784

C 1.090127 1.790487 1.379819 C 9.309839 2.222959 -4.024916

C 3.134071 1.212111 -0.412136 H 8.156774 0.646943 -3.110807

H 2.116229 2.525282 -1.778927 C 10.463859 3.006630 -3.958006

C 2.097847 0.898138 1.725094 H 12.250996 3.433978 -2.827357

H 0.305897 2.030951 2.090655 H 8.613981 2.346446 -4.850631

C 3.163899 0.580590 0.852193 C 10.723624 -0.737860 -0.534646

H 3.915668 0.989550 -1.133164 C 10.896066 -1.027675 0.826749

H 2.075467 0.451876 2.715437 C 11.618701 -1.296842 -1.460788

N 4.300066 -0.415012 1.261783 C 11.929639 -1.865333 1.241576

C 5.740284 -0.266124 0.672389 H 10.217424 -0.594916 1.555292

C 12.654422 -2.118510 -1.025955 C -6.063730 4.689500 4.372189

H 11.494396 -1.084977 -2.518276 C -7.410879 5.035178 4.244456

C 12.841684 -2.433636 0.334062 H 9.200474 4.810621 3.061266

H 12.028745 -2.066378 2.305650 H -5.481528 5.067857 5.208882

H 13.324591 -2.534285 -1.776632 N -8.573472 -1.932628 -1.173578

Si 14.254995 -3.564966 0.884658 C -7.930413 -2.855650 -2.049339

C 15.916113 -2.760931 0.451073 C -8.526770 -3.209249 -3.269256

H 16.755208 -3.410061 0.730871 C -6.698244 -3.428349 -1.698594

H 15.998519 -2.559495 -0.623710 C -7.903308 -4.124570 -4.115542

H 16.042869 -1.806479 0.975426 H -9.477622 -2.764595 -3.545581

C 14.113459 -5.228654 -0.012637 C -6.073442 -4.329400 -2.558920

H 14.941595 -5.895113 0.258811 H -6.238052 -3.162276 -0.752283

H 13.177096 -5.738013 0.243632 C -6.672703 -4.686398 -3.768890

H 14.133854 -5.105286 -1.102100 H -8.377539 -4.388712 -5.057108

C 14.162969 -3.849444 2.754384 H -5.119493 -4.764945 -2.273452

H 14.261243 -2.913954 3.317919 C -9.963878 -2.076641 -0.913260

H 13.218536 -4.321211 3.050460 C -10.806893 -0.956485 -0.862707

H 14.975151 -4.511931 3.077845 C -10.523521 -3.349064 -0.714010
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B -5.507422 2.392591 1.272729 C -12.168244 -1.111883 -0.608444

C -6.325120 1.230436 0.620840 H -10.391351 0.033372 -1.023914

C -7.386354 0.585805 1.297317 C -11.888263 -3.485398 -0.478202

C -6.055657 0.763489 -0.686188 H -9.883075 -4.225034 -0.744011

C -8.111916 -0.454262 0.730235 C -12.753491 -2.375932 -0.413766

H -7.629637 0.892317 2.310934 H -12.786825 -0.218023 -0.576006

C -6.791592 -0.251790 -1.283932 H -12.281762 -4.489231 -0.326976

H -5.264173 1.234207 -1.262826 Si -14.603898 -2.602418 -0.089937

C -7.831554 -0.885722 -0.579414 C -15.385487 -3.567889 -1.522117

H -8.899025 -0.941944 1.296242 H -14.910717 -4.547543 -1.654271

H -6.570643 -0.558462 -2.301288 H -16.454707 -3.739952 -1.346106

C -6.188652 3.335253 2.331724 H -15.286260 -3.023613 -2.468680

C -7.551016 3.694277 2.238734 C -15.443060 -0.911997 0.061475

C -5.463542 3.864245 3.421740 H -15.027577 -0.323007 0.887685

C -8.152883 4.540442 3.169779 H -15.343492 -0.319104 -0.855540

H -16.515645 -1.036176 0.254367 H 1.279857 7.577397 -3.175237

C -14.849327 -3.571945 1.520467 H -8.143218 3.311496 1.411734

H -14.358274 -4.551874 1.485373 H -7.879517 5.686852 4.977876

H -14.436653 -3.027847 2.378185 H -4.411936 3.611619 3.529318

H -15.914758 -3.745665 1.716461 H 5.908754 -1.521036 3.257445

H 10.668881 3.747945 -4.725115 H 1.983009 -1.946546 1.552888

H -6.186321 -5.394567 -4.433702 H 3.207806 -4.484721 4.791071

TableTableTableTable 3.3.3.3. Coordinates (Å) for the Optimized Structure of O-B3N4O-B3N4O-B3N4O-B3N4

atom x y z atom x y z

C 4.567799 2.161230 4.376196 C -1.610997 -0.038691 2.100283

C 3.446657 2.759016 4.971177 C -2.091740 -1.532867 0.290390

C 3.375822 2.891718 6.356833 C -2.723553 -0.501864 2.791840

C 4.424531 2.448600 7.165718 H -1.015806 0.750750 2.550762

C 5.545069 1.861215 6.574407 C -3.189420 -2.032587 0.980352

C 5.616427 1.708608 5.190875 H -1.857775 -1.955158 -0.682939

H 2.637235 3.116510 4.342475 C -3.527055 -1.518033 2.244895

H 2.501408 3.357292 6.803803 H -2.980590 -0.080259 3.758366

H 6.365206 1.506296 7.192905 H -3.789998 -2.827217 0.549278

H 6.482392 1.240724 4.733345 C 0.000013 0.000008 -1.525221
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N 4.642997 2.017756 2.958880 C 1.172342 -0.268609 -2.264789

C 5.835712 2.382442 2.284244 C -1.172315 0.268647 -2.264783

C 6.322891 1.611821 1.214201 C 1.173849 -0.283284 -3.659276

C 6.563602 3.517071 2.682025 C -1.173823 0.283353 -3.659270

C 7.506349 1.966910 0.576871 C 0.000013 0.000041 -4.360931

H 5.773629 0.731411 0.895846 H 2.089931 -0.509479 -4.199460

C 7.735729 3.865015 2.020808 H -2.089904 0.509562 -4.199449

H 6.198905 4.124770 3.504112 N -4.642973 -2.017760 2.958892

C 8.257656 3.103431 0.951209 C -4.567746 -2.161307 4.376195

H 7.860435 1.344601 -0.240517 C -5.616410 -1.708824 5.190909

H 8.267239 4.755482 2.345376 C -3.446547 -2.759021 4.971142

C 3.527082 1.518017 2.244893 C -5.545030 -1.861496 6.574430

C 2.723571 0.501863 2.791851 H -6.482419 -1.240990 4.733411

C 3.189451 2.032554 0.980340 C -3.375691 -2.891787 6.356790

C 1.611012 0.038687 2.100297 H -2.637094 -3.116412 4.342421

H 2.980598 0.080268 3.758384 C -4.424435 -2.448809 7.165706

C 2.091771 1.532829 0.290384 H -6.365195 -1.506684 7.192951

H 3.790034 2.827172 0.549253 H -2.501231 -3.357304 6.803729

C 1.251161 0.528869 0.823989 C -5.835681 -2.382446 2.284243

H 1.015815 -0.750742 2.550790 C -6.322877 -1.611774 1.214242

H 1.857813 1.955107 -0.682952 C -6.563543 -3.517113 2.681957

N 0.000016 -0.000016 0.047528 C -7.506325 -1.966855 0.576891

C -1.251139 -0.528894 0.823983 H -5.773634 -0.731333 0.895941

C -7.735666 -3.865045 2.020721 H -11.519597 0.844708 0.191566

H -6.198836 -4.124848 3.504014 H -12.829074 -1.893915 -2.857456

C -8.257611 -3.103409 0.951170 C -9.977126 -5.020634 0.101939

H -7.860425 -1.344506 -0.240461 C -11.318640 -5.454020 0.178698

H -8.267155 -4.755542 2.345242 C -8.995938 -6.016976 -0.093287

B 9.590565 3.501520 0.231087 C -11.661586 -6.802194 0.079428

B -9.590518 -3.501488 0.231037 C -9.332107 -7.364349 -0.220698

C 10.536941 2.402197 -0.349880 C -10.667912 -7.761326 -0.127796

C 10.613102 1.104344 0.206499 H -12.702741 -7.105474 0.158550

C 11.379946 2.645629 -1.458708 H -8.553994 -8.105456 -0.386392

C 11.470274 0.128606 -0.285916 N 13.154247 -0.592809 -1.917768

H 10.003674 0.864752 1.073544 N -13.154261 0.592842 -1.917716

C 12.219755 1.673367 -1.987005 C 12.781111 -1.965493 -1.904938

H 11.354130 3.620344 -1.938081 C 13.712683 -2.953262 -1.547713
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C 12.285725 0.395504 -1.401402 C 11.482885 -2.361333 -2.258296

H 11.519590 -0.844696 0.191507 C 13.346143 -4.295795 -1.551458

H 12.829112 1.893990 -2.857438 H 14.719738 -2.660867 -1.266772

C 9.977195 5.020664 0.102036 C 11.130058 -3.709499 -2.241237

C 11.318714 5.454031 0.178814 H 10.754470 -1.609363 -2.545756

C 8.996022 6.017024 -0.093180 C 12.046620 -4.717988 -1.893113

C 11.661678 6.802203 0.079583 H 14.097321 -5.030094 -1.265452

C 9.332209 7.364396 -0.220553 H 10.113543 -3.975325 -2.521622

C 10.668019 7.761354 -0.127625 C 14.421123 -0.223580 -2.456877

H 12.702836 7.105467 0.158722 C 14.857729 -0.765076 -3.675478

H 8.554108 8.105517 -0.386238 C 15.251727 0.676620 -1.771846

C -10.536904 -2.402158 -0.349904 C 16.104152 -0.415622 -4.192185

C -10.613085 -1.104321 0.206509 H 14.216070 -1.458527 -4.209976

C -11.379898 -2.645572 -1.458745 C 16.488864 1.034100 -2.304716

C -11.470264 -0.128579 -0.285885 H 14.921385 1.091190 -0.824648

H -10.003667 -0.864748 1.073566 C 16.924740 0.488235 -3.514131

C -12.219720 -1.673307 -1.987016 H 16.428107 -0.843462 -5.137288

H -11.354068 -3.620274 -1.938142 H 17.120836 1.732571 -1.762502

C -12.285707 -0.395461 -1.401382 C -12.781158 1.965532 -1.904907

C -13.712762 2.953287 -1.547718 C -12.643023 7.480217 -3.153688

C -11.482939 2.361401 -2.258256 H -13.714253 7.365343 -2.949115

C -13.346255 4.295828 -1.551479 H -12.418826 8.554214 -3.145873

H -14.719814 2.660875 -1.266786 H -12.459992 7.108343 -4.168705

C -11.130147 3.709576 -2.241219 C -9.754971 6.760091 -2.316837

H -10.754500 1.609450 -2.545703 H -9.102535 6.248801 -1.599176

C -12.046738 4.718050 -1.893124 H -9.524517 6.369840 -3.315352

H -14.097458 5.030114 -1.265504 H -9.479721 7.821862 -2.310618

H -10.113636 3.975424 -2.521597 C -11.912398 7.275408 -0.159614

C -14.421145 0.223571 -2.456778 H -12.961984 7.160948 0.137085

C -14.857787 0.764988 -3.675401 H -11.299144 6.779797 0.602097

C -15.251715 -0.676606 -1.771677 H -11.677971 8.346831 -0.132175

C -16.104216 0.415479 -4.192059 H -17.892751 -0.763848 -3.922760

H -14.216154 1.458421 -4.209954 H -4.369190 -2.560375 8.244850

C -16.488857 -1.034142 -2.304497 H 4.369303 2.560116 8.244868

H -14.921340 -1.091115 -0.824463 H 17.892717 0.763687 -3.922994

C -16.924771 -0.488354 -3.513933 H -12.104002 -4.718675 0.332718

H -16.428202 0.843258 -5.137180 H -7.951283 -5.723969 -0.157993
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H -17.120802 -1.732596 -1.762228 H -10.932934 -8.812141 -0.215810

Si 11.585998 -6.553300 -1.881728 H 2.095595 -0.482387 -1.732590

Si -11.586156 6.553372 -1.881727 H 0.000013 0.000053 -5.448196

C 9.754745 -6.759952 -2.316587 H -2.095568 0.482418 -1.732580

H 9.102414 -6.248636 -1.598849 C 12.104065 4.718670 0.332817

H 9.524186 -6.369695 -3.315076 H 7.951364 5.724032 -0.157909

H 9.479456 -7.821713 -2.310337 H 10.933055 8.812167 -0.215613

C 12.642634 -7.480132 -3.153890 H 12.962115 -7.160922 0.136875

H 13.713900 -7.365301 -2.949477 C 11.912497 -7.275416 -0.159697

H 12.418398 -8.554120 -3.146078 H 11.678132 -8.346854 -0.132291

H 12.459461 -7.108216 -4.168867 H 11.299316 -6.779885 0.602124

TableTableTableTable 4.4.4.4. Coordinates (Å) for the Optimized Structure of O-B4N5O-B4N5O-B4N5O-B4N5

atom x y z atom x y z

C -0.256870 0.854680 4.956428 C -6.519123 -0.479751 2.252625

C -1.322821 1.545838 5.551283 C -7.041189 -1.792752 0.318118

C -1.453043 1.573326 6.938689 C -7.703825 -0.881092 2.857450

C -0.516943 0.929509 7.750846 H -5.877290 0.215767 2.786308

C 0.549598 0.248094 7.160420 C -8.213397 -2.233315 0.920090

C 0.677683 0.201204 5.773235 H -6.797680 -2.167112 -0.672393

H -2.043344 2.057694 4.921055 C -8.567415 -1.777563 2.202789

H -2.283711 2.112953 7.385807 H -7.970579 -0.503843 3.839475

H 1.281136 -0.262567 7.781042 H -8.860572 -2.935908 0.404919

H 1.500238 -0.338965 5.314976 C -4.725673 -0.339731 -1.282407

N -0.125492 0.817817 3.535884 C -3.546122 -0.661499 -1.988641

C 1.132429 1.090318 2.943720 C -5.829927 0.091216 -2.049595

C 1.567624 0.377001 1.812860 C -3.474511 -0.572184 -3.378477

C 1.979185 2.074145 3.483935 C -5.758872 0.209435 -3.437329

C 2.812946 0.640487 1.254680 C -4.580803 -0.129078 -4.106667

H 0.928510 -0.388349 1.384464 H -2.556152 -0.842454 -3.893970

C 3.214113 2.333605 2.901304 H -6.622136 0.559661 -3.997932

H 1.657292 2.636330 4.354721 N -9.758236 -2.217830 2.828717

C 3.683746 1.625909 1.771855 C -9.771536 -2.452373 4.236036

H 3.121715 0.064674 0.386436 C -10.816489 -1.952597 5.027457

H 3.838161 3.108988 3.337267 C -8.742508 -3.187201 4.843787
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C -1.254795 0.504176 2.740356 C -10.832067 -2.192018 6.400453

C -2.184982 -0.459116 3.168760 H -11.611459 -1.379991 4.560064

C -1.478816 1.154642 1.513749 C -8.756983 -3.407154 6.220035

C -3.305939 -0.743276 2.398242 H -7.936668 -3.581448 4.232622

H -2.018920 -0.982047 4.105230 C -9.802037 -2.915566 7.005292

C -2.588175 0.831790 0.741742 H -11.648073 -1.798795 7.000969

H -0.780194 1.913317 1.175445 H -7.953268 -3.978323 6.677156

C -3.550849 -0.118085 1.154297 C -10.940168 -2.437668 2.076359

H -4.001157 -1.497185 2.756911 C -11.306433 -1.565249 1.036922

H -2.730798 1.353931 -0.200374 C -11.777056 -3.529180 2.365174

N -4.806609 -0.455834 0.283704 C -12.479869 -1.780571 0.323111

C -6.140510 -0.912713 0.961245 H -10.671648 -0.716447 0.802889

C -12.937206 -3.737333 1.628174 H 8.183844 -6.954507 -1.127116

H -11.505180 -4.213813 3.162332 H 4.605091 -5.090205 -2.618365

C -13.339047 -2.870752 0.587328 C 9.432745 -2.152235 -1.904916

H -12.739268 -1.081925 -0.467666 C 10.337527 -1.345810 -1.192101

H -13.555364 -4.598424 1.867158 C 9.867353 -2.755902 -3.097806

B 5.084038 1.918182 1.136255 C 11.631609 -1.159110 -1.663674

C 5.896104 0.771166 0.449445 H 10.021171 -0.876194 -0.266295

C 6.782081 1.019277 -0.623905 C 11.161664 -2.546253 -3.559140

C 5.794037 -0.575852 0.865513 H 9.181315 -3.380064 -3.661424

C 7.495632 0.006236 -1.252683 C 12.095236 -1.746610 -2.862329

H 6.891043 2.034562 -0.995266 H 12.306890 -0.534524 -1.085266

C 6.527061 -1.597446 0.274265 H 11.460830 -3.018169 -4.491029

H 5.142125 -0.823870 1.698599 B 13.550877 -1.518964 -3.392435

C 7.386760 -1.322453 -0.804248 B -14.660532 -3.107147 -0.219880

H 8.140481 0.235307 -2.094972 C 14.730869 -1.279840 -2.394607

H 6.441788 -2.614330 0.643780 C 14.754080 -1.850153 -1.101630

C 5.677487 3.373128 1.191813 C 15.843354 -0.476352 -2.732765

C 7.062541 3.602867 1.341131 C 15.800532 -1.642511 -0.211261

C 4.849013 4.512511 1.096636 H 13.926003 -2.479095 -0.785950

C 7.590281 4.892115 1.406236 C 16.891980 -0.242712 -1.851747

C 5.371009 5.805082 1.133256 H 15.884663 -0.018395 -3.717271

C 6.744754 5.998076 1.295376 C 16.888442 -0.825883 -0.571169

H 8.659988 5.035560 1.537787 H 15.778169 -2.101685 0.771750

H 4.707965 6.661854 1.041223 H 17.725522 0.384323 -2.151177

N 8.114939 -2.364449 -1.428316 C 13.826594 -1.525744 -4.941241
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C 7.510921 -3.648377 -1.583548 C 15.024789 -2.047123 -5.475757

C 8.216010 -4.810432 -1.237115 C 12.888608 -1.010971 -5.862372

C 6.206029 -3.762179 -2.085622 C 15.268430 -2.068065 -6.848699

C 7.625710 -6.062626 -1.399389 C 13.135569 -1.002821 -7.234875

H 9.224063 -4.724688 -0.843779 C 14.325409 -1.538692 -7.732474

C 5.616790 -5.017243 -2.228206 H 16.194572 -2.491212 -7.230046

H 5.661239 -2.864555 -2.360837 H 12.399612 -0.584392 -7.917133

C 6.323194 -6.173727 -1.890826 C -15.165039 -4.576211 -0.467972

C -16.540305 -4.895046 -0.483147 H 18.484496 -0.327810 2.932360

C -14.261934 -5.640049 -0.683089 C 18.977119 -3.942403 1.628958

C -16.989750 -6.199266 -0.688181 H 18.376105 -3.165943 -0.291459

C -14.703125 -6.942251 -0.916018 C 19.234190 -3.651309 2.970530

C -16.070573 -7.226448 -0.912432 H 19.252604 -2.105198 4.475109

H -18.055423 -6.414844 -0.678286 H 19.114245 -4.953398 1.254331

H -13.982463 -7.736597 -1.094468 C -17.326116 2.733409 -2.079178

C -15.482012 -1.896874 -0.768765 C -18.210519 3.742609 -1.667022

C -15.486191 -0.637119 -0.126374 C -15.991749 3.073929 -2.343639

C -16.281282 -1.995923 -1.931009 C -17.763148 5.053360 -1.530620

C -16.240251 0.434893 -0.586324 H -19.244961 3.491205 -1.453962

H -14.905825 -0.505614 0.782765 C -15.558445 4.389408 -2.187338

C -17.014299 -0.925809 -2.427725 H -15.299265 2.304915 -2.672084

H -16.306152 -2.935392 -2.476342 C -16.426235 5.419304 -1.781378

C -17.015762 0.310155 -1.754212 H -18.480176 5.805356 -1.205369

H -16.240128 1.373725 -0.042177 H -14.516356 4.613206 -2.402979

H -17.591161 -1.037695 -3.340026 C -19.036753 1.163496 -2.872846

N 17.953281 -0.598079 0.330421 C -19.362356 1.839851 -4.058328

N -17.782739 1.394635 -2.235438 C -19.965482 0.268816 -2.318932

C 18.612162 0.662595 0.367899 C -20.595624 1.626789 -4.671715

C 20.008969 0.734316 0.466773 H -18.645606 2.530227 -4.491807

C 17.877260 1.858295 0.321854 C -21.189074 0.048548 -2.948758

C 20.647171 1.972245 0.521442 H -19.721482 -0.249677 -1.397092

H 20.589627 -0.182448 0.500396 C -21.513718 0.727679 -4.125142

C 18.533094 3.084970 0.363289 H -20.832978 2.158015 -5.589699

H 16.794364 1.817744 0.255976 H -21.897574 -0.647627 -2.507609

C 19.934558 3.183414 0.467265 Si 20.786895 4.871988 0.528534

H 21.731971 1.985666 0.596192 Si -15.853569 7.211795 -1.578066

H 17.926747 3.988657 0.328924 C 20.434264 5.816121 -1.076702
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C 18.378559 -1.628546 1.218313 H 20.837292 5.283707 -1.946292

C 18.629639 -1.340072 2.568476 H 19.357649 5.945368 -1.240200

C 18.561593 -2.940247 0.753948 H 20.887654 6.815030 -1.057047

C 19.062254 -2.344642 3.432184 C 20.112932 5.862882 1.997173

H 20.323247 5.356826 2.946733 H -15.901964 8.831245 0.337772

H 20.567793 6.860255 2.042147 H -22.471207 0.558814 -4.609627

H 19.026869 5.999105 1.930290 H -9.813926 -3.094907 8.076617

C 22.655951 4.644571 0.728715 H -0.617336 0.958653 8.832101

H 22.905701 4.101437 1.647882 H 5.863791 -7.150896 -2.009644

H 23.095713 4.097290 -0.113530 H 19.565115 -4.433469 3.647839

H 23.154161 5.620432 0.779791 H -17.267662 -4.104755 -0.317187

C -13.999012 7.337647 -1.937083 H -13.194335 -5.436099 -0.679119

H -13.406751 6.712584 -1.258348 H -16.417736 -8.242632 -1.082821

H -13.759582 7.036155 -2.963789 H -2.674435 -1.000588 -1.435061

H -13.655919 8.372016 -1.812691 H -6.756254 0.350029 -1.543444

C -16.804756 8.322189 -2.784641 H -4.525275 -0.048245 -5.189506

H -17.887746 8.258848 -2.624319 H 7.734032 2.752013 1.421054

H -16.514466 9.373561 -2.665819 H 3.776938 4.377938 0.979294

H -16.608904 8.037603 -3.825167 H 7.153942 7.004633 1.335038

C -16.195869 7.783702 0.196346 H 11.954461 -0.598142 -5.490499

H -17.259904 7.704142 0.449457 H 15.771988 -2.454027 -4.799411

H -15.639132 7.179792 0.922467 H 14.516720 -1.543657 -8.802783

TableTableTableTable 5.5.5.5. Coordinates (Å) for the Optimized Structure of O-BNBO-BNBO-BNBO-BNB

atom x y z atom x y z

H -8.477526 1.572152 1.226370 C -7.279304 -2.202649 -2.937674

C -4.333049 0.312317 -0.943356 C -6.686523 -4.223604 -1.774588

C -5.423549 -0.590355 -0.917954 C -8.316211 -2.873756 -3.584933

C -6.683831 -0.077257 -0.525772 H -7.113512 -1.150489 -3.153710

C -6.827334 1.253895 -0.163534 C -7.738865 -4.895387 -2.395998

C -5.721759 2.130166 -0.208711 H -6.057021 -4.762599 -1.071463

C -4.469110 1.658309 -0.609596 C -8.552581 -4.222588 -3.310115

H -3.357447 -0.054641 -1.249745 H -8.943629 -2.345577 -4.298735

H -7.542785 -0.743491 -0.498260 H -7.921938 -5.943630 -2.172773

H -3.611252 2.324658 -0.657219 C -9.366924 -4.746234 -3.804909
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C -8.061503 2.001642 0.304269 N -0.266024 -4.911876 -0.150019

H -8.868508 1.971723 -0.441164 C 0.869698 -4.226322 0.346378

C -7.538264 3.408795 0.519518 C 1.191578 -2.936285 -0.112081

C -8.207279 4.546614 0.949924 C 1.708362 -4.828599 1.300791

C -7.523887 5.774001 1.088463 C 2.319765 -2.282806 0.368728

C -6.149874 5.801495 0.774786 H 0.558042 -2.458187 -0.852220

C -5.463899 4.665890 0.339985 C 22.822923 -4.151741 1.78127

C -6.161905 3.464029 0.212593 H 1.473564 -5.822826 1.667070

H -9.269799 4.485275 1.183620 C 3.177232 -2.859037 1.333412

H -5.597401 6.732856 0.872240 H 2.544647 -1.291208 -0.014216

H -4.403226 4.722775 0.107284 H 3.443053 -4.641635 2.526875

B -5.248162 -2.098143 -1.311837 C -0.198169 -6.321183 -0.366915

C -3.911370 -2.847341 -1.001504 C 0.887860 -6.881622 -1.055234

C -3.091204 -2.498112 0.096044 C -1.218089 -7.160007 0.105879

C -3.450733 -3.919748 -1.799271 C 0.953253 -8.259243 -1.257240

C -1.912125 -3.171427 0.390580 H 1.674941 -6.233042 -1.426971

H -3.404726 -1.693999 0.755994 C -1.153322 -8.534608 -0.115461

C -2.256992 -4.582484 -1.541586 H -2.056187 -6.728052 0.643825

H -4.033449 -4.223836 -2.664415 C -0.067146 -9.092304 -0.793354

C -1.469615 -4.221376 -0.433943 H 1.800449 -8.680318 -1.792012

H -1.327528 -2.892214 1.261375 H -1.950246 -9.173029 0.256570

H -1.924424 -5.381847 -2.196120 H -0.016321 -10.164794 -0.958291

C -6.427823 -2.857582 -2.021186 B 4.442510 -2.115425 1.874257

C 5.216717 -1.096830 0.967067 Si -8.446003 7.318538 1.682281

C 5.300560 -1.271038 -0.435645 C 10.318012 5.738806 -4.125195

C 5.867732 0.031578 1.522035 H 10.928107 6.621804 -4.351502

C 5.997074 -0.388214 -1.258509 H 10.862126 4.861697 -4.495062

H 4.816920 -2.133990 -0.884851 H 9.390256 5.825522 -4.703076

C 6.542067 0.932594 0.711456 C 9.055767 7.184087 -1.700182

H 5.825140 0.194146 2.596290 H 8.814110 7.145558 -0.631234

C 6.615683 0.724731 -0.682596 H 9.656538 8.086120 -1.870579

H 6.052944 -0.564871 -2.329946 H 8.112826 7.302446 -2.246778

C 7.284683 2.200792 1.086119 C 11.630645 5.512583 -1.333158

C 7.394967 1.814664 -1.279268 H 11.475926 5.422290 -0.251307

H 8.100439 2.006440 1.796407 H 12.207069 4.638113 -1.657158

H 6.624917 2.935763 1.568202 H 12.248700 6.402674 -1.504957

C 7.800335 2.693615 -0.252094 C -9.824325 7.745778 0.452970
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C 7.754939 2.072022 -2.603079 H -10.532286 6.916761 0.334888

C 8.561213 3.816065 -0.548904 H -10.393782 8.621305 0.788781

C 8.518937 3.205886 -2.886486 H -9.415044 7.973339 -0.538301

H 7.448708 1.403953 -3.404559 C -7.246495 8.777752 1.814891

C 8.939188 4.098000 -1.879408 H -7.774697 9.673744 2.163250

H 8.867290 4.482484 0.257035 H -6.437538 8.576942 2.527189

H 8.794944 3.398299 -3.920418 H -6.789092 9.022893 0.849055

C 4.945689 -2.388780 3.338727 C -9.209442 6.977201 3.383513

C 4.044773 -2.637466 4.396996 C 5.855959 -2.877436 5.978832

C 6.321181 -2.393849 3.657255 H 6.205024 -3.064810 6.991354

C 4.487560 -2.864492 5.699761 H 7.840645 -2.661823 5.161375

H 2.977197 -2.638533 4.193195 H -9.884956 6.113805 3.358605

C 6.773913 -2.648101 4.951484 H -8.434624 6.767072 4.130133

H 7.046563 -2.206757 2.869809 H -9.788820 7.839356 3.736599

Si 9.983868 5.630738 -2.264773 H 3.767785 -3.036497 6.496290
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ChapterChapterChapterChapter 3333 LuminescentLuminescentLuminescentLuminescent Electron-DeficientElectron-DeficientElectron-DeficientElectron-Deficient OrganoboraneOrganoboraneOrganoboraneOrganoborane

MacrocyclesMacrocyclesMacrocyclesMacrocycles[[[[aaaa]

3.1 Introduction

Macrocycles continue to attract tremendous interest, in part because of their ability to

act as hosts for guest molecules and their pronounced tendency to form well-defined

porous supramolecular structures in the solid state.1,2 The channels generated during the

assembly process can, for example, be used for selective ion transport, as catalytically

active sites or for photochemical reactions in a confined environment, leading to

unexpected selectivities.3 Conjugated macrocycles in particular have received much

attention in recent years as they also offer desirable optical, electronic, or sensory

properties; in addition, they are important from a fundamental standpoint, because they

represent polymer chains without the presence of end groups, which tend to influence the

photophysical and electronic characteristics of the linear counterparts.4-12

Conjugated organoborane macrocycles would be especially interesting in that they

feature an “anti-crown”-like structure, in which more commonly encountered donor

atoms (e.g. O, S, N, P) are replaced with Lewis acid sites.13-15 Such an arrangement could

be beneficial for the selective detection of anions and other electron-rich substrates.16-18

In addition, the unusual electronic properties of conjugated organoborane oligomers and

polymers that result from p-π overlap of the empty p-orbital on boron with π-conjugated

[a] This chapter is adapted from a journal publication (ref.60).
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organic groups continue to fascinate researchers as they suggest potential applications in

optoelectronic devices.19-32 However, although several reports on boron-containing

macrocycles have appeared in the literature, in most cases the Lewis acidity of boron is

low due to π-overlap with amino or alkoxy substituents or the borons are tetracoordinate,

and thus no significant electron delocalization is present (FigureFigureFigureFigure 3-13-13-13-1).33-42

FigureFigureFigureFigure 3-1.3-1.3-1.3-1. Molecular structure of a boron-containing conjugated macrocycle.42

FigureFigureFigureFigure 3-2.3-2.3-2.3-2. Recent examples of planarized boron-containing π-conjugated systems.43-45

From the viewpoint of conjugation extension, a recent advance in boron chemistry is

the preparation of planarized boron-containing π-conjugated systems. Yamaguchi and

co-workers discovered that kinetic stabilization (structural constraint) can serve as an

alternative strategy to steric stabilization of tricoordinate boron (FigureFigureFigureFigure 3-2A3-2A3-2A3-2A andandandand 3-2B3-2B3-2B3-2B).
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More recently, the same group synthesized a fully π-conjugated planarized triarylborane

(FigureFigureFigureFigure 3-2C3-2C3-2C3-2C) that is similar to the well-know polycyclic aromatic hydrocarbons

(PAHs).43,44 Another interesting compound that represents a planarized boron-containing

acene analog was reported by Piers and co-workers (FigureFigureFigureFigure 3-2D3-2D3-2D3-2D).45 However, larger

highly electron-deficient ring systems have not been reported.

Herein we describe a rational approach to hitherto unprecedented bora-cyclophanes

that feature multiple highly electron-deficient organoborane moieties as an integral part

of the ring system and thus constitute the first “charge-reverse” analogues of

electron-donating macrocycles such as porphyrins, phthalocyanines, calixarenes,

oligopyrrols, and recently introduced triarylamine-based aza-cyclophanes.3,46-50 We also

discuss the effect of cyclization on optical and electronic characteristics and present

preliminary results on the complexation of anions, which can act as a stimulus to turn the

electron-deficient into an electron-rich one.

3.2 Synthesis and Structural Characterization of Fluoreneborane

Macrocycles

Treatment of Br2B-Fl-BBr2 (Fl = 9,9-dihexyl-2,7-fluorenediyl) with Me3Sn-Fl-SnMe3

is known to lead to polycondensation, and the resulting polymer [Fl-B(Br)]n can be

converted with TipCu (Tip = 2,4,6-triisopropylphenyl) to a Lewis acidic organoboron

polymer [Fl-B(Tip)]n that is highly luminescent and exhibits good stability in air.51 As

discussed in chapter 1, we have recently succeeded in the preparation of a series of
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well-defined conjugated fluoreneborane oligomers Me3Si-[Fl-B(Tip)]n-Fl-SiMe3 (O-BO-BO-BO-Bnnnn,

n = 1-6; Fl = 9,9-dimethylfluorene-2,7-diyl) using a novel iterative procedure.52 We

reasoned that some of the longer monodisperse oligomers should be promising as

precursors for macrocycles because the formation of so-called “overshooting

oligomers”53 that lead to larger linear structures rather than cyclics can be prevented.

Moreover, the number of possible cyclic products is limited since ring closure of, for

example, a tetraboryl precursor with a fluorene linker can only lead to a tetramer,

octamer, dodecamer, etc., while a hexaboryl species would result in a hexamer,

dodecamer, etc., without any of the intermediate ring sizes. This should greatly facilitate

isolation of a specific desired cyclic product.

SchemeSchemeSchemeScheme 3-1.3-1.3-1.3-1. Synthesis of the bora-cyclophane MCMCMCMC-B6-B6-B6-B6.
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We first converted the oligo(fluoreneborane)s O-BO-BO-BO-Bnnnn (n = 2,4)52 into species

Br2B-[Fl-B(Tip)]n-Fl-BBr2 (n = 2, 4) by reaction with 2 equiv of BBr3 in CH2Cl2 at RT

(SchemeSchemeSchemeScheme 3-3-3-3-1111). The resulting BBr2-terminated species were then treated in situ with

2,7-distannyl-9,9-dimethylfluorene under dilute conditions, followed by reaction with

TipCu, which serves to replace the reactive Br substituents with bulky groups that

sterically stabilize the borane centers. The gel permeation chromatography (GPC) trace

of the product obtained from the precursor O-BO-BO-BO-B2222 revealed a polymodal profile with

distinct peaks at 1300, 2000, 3800, 6500 Da, and MALDI-TOF MS data suggested the

presence of multiple linear and cyclic species, including the tetrameric and octameric

macrocycles (MCMCMCMC-B-B-B-B4444, MCMCMCMC-B-B-B-B8888) (FigureFigureFigureFigure 3-3a3-3a3-3a3-3a and FigureFigureFigureFigure 3-43-43-43-4). In contrast, a similar

reaction sequence starting from the longer oligomer O-BO-BO-BO-B4444 led to highly efficient

cyclization with formation of MCMCMCMC-B-B-B-B6666 as the major product in >80% yield based on NMR

and GPC analysis of the crude mixture (FigureFigureFigureFigure 3-3b3-3b3-3b3-3b). Column chromatography on silica

gel followed by crystallization from a 10/1 mixture of hexanes/toluene at –35 °C gave

monodisperse MCMCMCMC-B-B-B-B6666 as a white microcrystalline solid.

FigureFigureFigureFigure 3-3.3-3.3-3.3-3. GPC-RI trace for (a) the purified product from the attempted synthesis of
MC-BMC-BMC-BMC-B4444 and (b) the crude macrocycle MC-B6MC-B6MC-B6MC-B6 [PDI = 1.06] (THF, 1 mL/min).
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MCMCMCMC-B-B-B-B4444 [M-H]– MCMCMCMC-B-B-B-B8888 [M-H]–

FigureFigureFigureFigure 3-4.3-4.3-4.3-4. MALDI-TOF MS (neg. mode) of the product from attempted synthesis of
MC-B4MC-B4MC-B4MC-B4. The product was purified by column chromatography and subsequent
precipitation from hexanes/toluene mixture.
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Single crystals suitable for X-ray diffraction analysis could not be obtained.

Polyfunctional arylboranes of relatively large size such as the macrocycle described here

are known to be difficult to crystallize and amorphous molecular materials are often

obtained instead.54 The presence of the triisopropylphenyl substituents is also

unfavorable. However, the identity of macrocycle MCMCMCMC-B-B-B-B6666 was unequivocally confirmed

by GPC analysis, high-resolution mass spectrometry, and multinuclear NMR

spectroscopy; moreover, the cyclic arrangement of 6 Lewis acidic boron centers in

MCMCMCMC-B-B-B-B6666 is reflected in the electrochemical and anion-binding behavior (see later

discussion). Based on GPC against PS standards (FigureFigureFigureFigure 3-53-53-53-5aaaa), MCMCMCMC-B-B-B-B6666 has a molecular

weight of Mn = 2470 Da (Mw/Mn = 1.01), which is close to the expected value of 2437 Da,

but significantly lower than that of the respective linear hexamer O-BO-BO-BO-B6666 (Mn = 3360 Da).

This observation is consistent with a more compact cyclic structure that gives rise to a

relatively smaller hydrodynamic volume. The structure of MCMCMCMC-B-B-B-B6666 was further confirmed

by multinuclear NMR. Most strikingly, the 1H and 13C NMR spectra (FigureFigureFigureFigure 3-63-63-63-6 and

FigureFigureFigureFigure 3-73-73-73-7) show only one distinct set of signals for the fluorene and Tip moieties, which

is in stark contrast to the linear precursor, for which complex patterns arise from multiple

nonequivalent repeating units. In the 11B NMR a single broad resonance is observed at 70

ppm, which is in the expected chemical shift range and consistent with the presence of

only one type of triarylborane moieties. Finally, the negative ion mode MALDI-TOF MS

shows a major peak with a mass of 2437.667 (calcd for [M-H]– 2437.701) and an isotope

pattern that suggests an overlap of [M]– and [M-H]– ions (FigureFigureFigureFigure 3-53-53-53-5bbbb). A smaller peak
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to the left corresponds to fragment ions of [M–CH3]– overlapping with [M–CH3–H]–. No

other signals were observed.

FigureFigureFigureFigure 3-5.3-5.3-5.3-5. (a) GPC trace of MCMCMCMC-B-B-B-B6666 in THF. (b) MALDI-TOF MS data of MCMCMCMC-B-B-B-B6666.
Insets: Comparison of experimental (top) and calculated (bottom: [M-H]–) peak patterns.
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FigureFigureFigureFigure 3-6.3-6.3-6.3-6. 1H NMR spectrum of purified MCMCMCMC-B-B-B-B6666 and corresponding magnifications in
CDCl3 at RT.
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FigureFigureFigureFigure 3-7.3-7.3-7.3-7. Magnifications for aliphatic and aromatic regions of the 13C NMR spectrum
of MCMCMCMC-B-B-B-B6666 in CDCl3 at RT.

3.3 Photophysical, Electrochemical and Computational Studies of

Macrocycle MC-B6MC-B6MC-B6MC-B6

Analysis of the electronic structure of the macrocycle revealed characteristic

differences in comparison to the respective linear oligomers. Both cyclic and square

wave voltammograms show six distinct peaks, where the first two processes to give

[MCMCMCMC-B-B-B-B6666]2– occur almost simultaneously, whereas reduction of the following four boron

centers occurs at increasingly cathodic potentials (FigureFigureFigureFigure 3-83-83-83-8 and TableTableTableTable 3-13-13-13-1). In

comparison to the linear analogue O-BO-BO-BO-B6666 (FigureFigureFigureFigure 3-8b3-8b3-8b3-8b), all reductions except for the first

one occur at more negative potentials, which is attributed to larger Coulombic repulsion
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in the cyclic framework (in the fully reduced cyclic species every boron center

experiences the effect of two neighboring boron radical anions, while in the linear

species the terminal borons only have one neighboring boron radical anion).

FigureFigureFigureFigure 3-8.3-8.3-8.3-8. (a) Cyclic voltammetry plots for MCMCMCMC-B-B-B-B6666 (THF, 0.1M Bu4NPF6, vs. Fc/Fc+)
and (b) comparison of square wave voltamograms of MCMCMCMC-B-B-B-B6666 and the linear hexamer
O-BO-BO-BO-B6666 (THF, 0.1M Bu4NPF6, 100 mV/s).

TableTableTableTable 3-1.3-1.3-1.3-1. Summary of Cyclic and Square Wave Voltammetry Results (V) for MCMCMCMC-B-B-B-B6666

CV E1/21&2 E1/23 E1/24 E1/25 E1/26

MC-B6MC-B6MC-B6MC-B6 -2.098 -2.270 -2.438 -2.577 -2.700
Square Wave Ep1&2 Ep3 Ep4 Ep5 Ep6

MCMCMCMC-B-B-B-B6666 -2.060 -2.228 -2.392 -2.532 -2.668

The macrocycle MCMCMCMC-B-B-B-B6666 absorbs at a slightly shorter wavelength than linear O-BO-BO-BO-B6666

(FigureFigureFigureFigure 3333-9-9-9-9). This effect could be due to a more restricted conformation, which may not

allow for optimal overlap of the empty p orbitals on B with the adjacent fluorene

π-systems. However, this is unlikely as the calculated structure (DFT, B3LYP 6-31G(d);

alkyl groups were omitted)55 shows little strain with endocyclic B-C bond lengths of

1.568 Å and angles about B that range from 120.3 to 120.4° (see appendix). Moreover,
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the HOMO for MCMCMCMC-B-B-B-B6-calc6-calc6-calc6-calc is localized on the six fluorene moieties, while the LUMO

shows delocalization of all six empty p orbitals on B with the organic π-systems (FigureFigureFigureFigure

3333-10-10-10-10). This stands in contrast to the observations for O-BO-BO-BO-B6-calc6-calc6-calc6-calc,52 for which the LUMO

is mostly concentrated on just four of the six available boron centers. The difference is

attributed to the absence of fluorene end groups and the resulting higher symmetry in the

cyclic system. In comparison to MCMCMCMC-B-B-B-B6666, the formation of MCMCMCMC-B-B-B-B4444 is considerably less

favorable (FigureFigureFigureFigure 3-113-113-113-11). This is attributed to significant ring strain in MCMCMCMC-B-B-B-B4444 as

confirmed by DFT calculations on MCMCMCMC-B-B-B-B4-calc4-calc4-calc4-calc. The calculated endocyclic B-C bond

distances for MCMCMCMC-B-B-B-B4-calc4-calc4-calc4-calc amount to 1.570 Å, while the C-B-C bond angles of 118.1° are

smaller than in MCMCMCMC-B-B-B-B6-calc6-calc6-calc6-calc (see appendix).

TD-DFT calculations were also performed, and they suggest another reason for the

differences in the absorption profiles, which is that, in contrast to O-BO-BO-BO-B6-calc6-calc6-calc6-calc, the lowest

energy absorption for MCMCMCMC-B-B-B-B6-calc6-calc6-calc6-calc is symmetry-forbidden (HOMO→LUMO, 415 nm, f

= 0.000), making higher energy transitions that involve contributions primarily from the

HOMO–1 and HOMO–2 to the LUMO orbital (389 nm, f = 2.439; 388 nm, f = 2.434)

and the 0-1 vibronic transition dominant (TableTableTableTable 3-23-23-23-2 and TableTableTableTable 3-33-33-33-3).56,57 Indeed, the

experimental absorption onsets (O-BO-BO-BO-B6666, 402 nm vs MCMCMCMC-B-B-B-B6,6,6,6, 404 nm) and the calculated

HOMO-LUMO gaps follow the expected trend with a decrease from linear O-BO-BO-BO-B6-calc6-calc6-calc6-calc

(3.51 eV) to the “infinite chain” of MCMCMCMC-B-B-B-B6-calc6-calc6-calc6-calc (3.49 eV). Also consistent is that similar

blue emissions are observed in both cases and the maxima are even slightly red-shifted

for the cyclic species. A remarkable quantum yield of Φ = 0.98 was measured for
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MCMCMCMC-B-B-B-B6666. A relatively modest solvatochromic effect is consistent with some degree of

polarization of the excited state, and the emission profiles proved to be slightly

concentration-dependent, suggesting possibly the formation of aggregates at high

concentrations (FigureFigureFigureFigure 3-123-123-123-12).

FigureFigureFigureFigure 3-9.3-9.3-9.3-9. Comparison of the UV-vis and fluorescence spectra of MCMCMCMC-B-B-B-B6666 with those of
O-BO-BO-BO-B6666 in CH2Cl2 (λexc = 366 nm). Inset: Photograph of MCMCMCMC-B-B-B-B6666 in CH2Cl2 exposed to a
UV lamp (365 nm).

TableTableTableTable 3-2.3-2.3-2.3-2. Calculated Orbital Energies for MCMCMCMC-B-B-B-B6-calc6-calc6-calc6-calc in Comparison to MCMCMCMC-B-B-B-B4-calc4-calc4-calc4-calc
and O-BO-BO-BO-B6-calc6-calc6-calc6-calc (DFT, B3LYP, 6-31G(d)) [a]

Compound HOMOHOMOHOMOHOMO (eV)(eV)(eV)(eV) LUMOLUMOLUMOLUMO (eV)(eV)(eV)(eV) HOMO-LUMOHOMO-LUMOHOMO-LUMOHOMO-LUMO gapgapgapgap (eV)(eV)(eV)(eV)

MCMCMCMC-B-B-B-B4-calc4-calc4-calc4-calc –5.69 –2.18 3.51

MCMCMCMC-B-B-B-B6-calc6-calc6-calc6-calc –5.69 –2.20 3.49

O-BO-BO-BO-B6-calc6-calc6-calc6-calc –5.66 –2.15 3.51

O-BO-BO-BO-B6-calc,6-calc,6-calc,6-calc, nononono SiMeSiMeSiMeSiMe3333 –5.66 –2.15 3.51

[a] The Me groups on fluorene and iPr on Tip are replaced with H.
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TableTableTableTable 3-3.3-3.3-3.3-3. Comparison of Results from TD-DFT calculations (B3LYP, 6-31G(d)) for
MCMCMCMC-B-B-B-B6-calc6-calc6-calc6-calc with Data for the More Strained Cycle MCMCMCMC-B-B-B-B4-calc4-calc4-calc4-calc and the Linear
Analogue of O-BO-BO-BO-B6-calc6-calc6-calc6-calc

compound transition
λ, nm
(eV)

oscillator
strength, f

orbital contributions

MCMCMCMC-B-B-B-B4-calc4-calc4-calc4-calc S1←S0 414.3
(2.993)

0.000 262→266 (HOMO-2→LUMO+1), 0.165
263→267 (HOMO-1→LUMO+2), 0.165
262626264444→→→→265265265265 ((((HOHOHOHOMOMOMOMO→→→→LUMO)LUMO)LUMO)LUMO),,,, 0.6570.6570.6570.657

S2←S0 373.7
(3.318)

1.298 263263263263→→→→265265265265 (HOMO-1(HOMO-1(HOMO-1(HOMO-1→→→→LUMO)LUMO)LUMO)LUMO),,,, 0.6510.6510.6510.651
264→267 (HOMO→LUMO+2), 0.178

S3←S0 373.5
(3.319)

1.381 262262262262→→→→265265265265 (HOMO-2(HOMO-2(HOMO-2(HOMO-2→→→→LUMO)LUMO)LUMO)LUMO),,,, 0.6500.6500.6500.650
264→266 (HOMO→LUMO+1), 0.181

MCMCMCMC-B-B-B-B6-calc6-calc6-calc6-calc S1←S0 414.6
(2.991)

0.000 394→399 (HOMO-2→LUMO+2), 0.256
395→398 (HOMO-1→LUMO+1), 0.257
393939396666→→→→397397397397 (HOMO(HOMO(HOMO(HOMO→→→→LUMO)LUMO)LUMO)LUMO),,,, 0.0.0.0.580580580580

S2←S0 388.5
(3.191)

2.439 394→397 (HOMO-2→LUMO), 0.136
393939395555→→→→397397397397 (HOMO-1(HOMO-1(HOMO-1(HOMO-1→→→→LUMO)LUMO)LUMO)LUMO),,,, 0.0.0.0.528528528528
396→398 (HOMO→LUMO+1), 0.374

S3←S0 388.45
(3.192)

2.434 394394394394→→→→397397397397 (HOMO-2(HOMO-2(HOMO-2(HOMO-2→→→→LUMO)LUMO)LUMO)LUMO),,,, 0.0.0.0.529529529529
395→397 (HOMO-1→LUMO), -0.136
396→399 (HOMO→LUMO+2), 0.372

O-BO-BO-BO-B6-calc6-calc6-calc6-calc S1←S0 406.1
(3.053)

1.867 477→482 (HOMO-3→LUMO+1), -0.144
478→481 (HOMO-2→LUMO), -0.251
478→483 (HOMO-2→LUMO+2), 0.155
479→482 (HOMO-1→LUMO+1), 0.276
480480480480→→→→481481481481 (HOMO(HOMO(HOMO(HOMO→→→→LUMO)LUMO)LUMO)LUMO),,,, 0.5230.5230.5230.523

O-BO-BO-BO-B6-calc6-calc6-calc6-calc ,,,,
withoutwithoutwithoutwithout
SiMeSiMeSiMeSiMe3333
groupsgroupsgroupsgroups

S1←S0 405.9
(3.054)

1.923 437→442 (HOMO-3→LUMO+1), -0.124
438→441 (HOMO-2→LUMO), -0.200
438→443 (HOMO-2→LUMO+2), 0.156
439→442 (HOMO-1→LUMO+1), 0.278
440440440440→→→→441441441441 (HOMO(HOMO(HOMO(HOMO→→→→LUMO)LUMO)LUMO)LUMO),,,, 0.5500.5500.5500.550

The Me groups on fluorene and iPr on Tip are replaced with H.
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LUMOLUMOLUMOLUMO LUMO+1LUMO+1LUMO+1LUMO+1 LUMO+2LUMO+2LUMO+2LUMO+2

HOMOHOMOHOMOHOMO HOMO-1HOMO-1HOMO-1HOMO-1 HOMO-2HOMO-2HOMO-2HOMO-2

FigureFigureFigureFigure 3-103-103-103-10. Computed orbital plots for MCMCMCMC-B-B-B-B6-calc6-calc6-calc6-calc (DFT, B3LYP, 6-31G(d)). The Me
groups on fluorene and iPr on Tip are replaced with H.
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LUMOLUMOLUMOLUMO LUMO+1LUMO+1LUMO+1LUMO+1 LUMO+2LUMO+2LUMO+2LUMO+2

HOMOHOMOHOMOHOMO HOMO-1HOMO-1HOMO-1HOMO-1 HOMO-2HOMO-2HOMO-2HOMO-2

FigureFigureFigureFigure 3-113-113-113-11. Computed orbital plots for MCMCMCMC-B4-B4-B4-B4-calc-calc-calc-calc (DFT, B3LYP, 6-31G(d)).

FigureFigureFigureFigure 3-12.3-12.3-12.3-12. (Left) solvent-dependent emission of MCMCMCMC-B-B-B-B6666 (c = 6.0 × 10–7 M, λexc = 366

nm, PC = propylene carbonate) and (Right) concentration-dependent emission in CH2Cl2

(c#1 = 1 × 10–8, c#2 = 5 × 10–8, c#3 = 2 × 10–7 M, c#4 = 6 × 10–6, λexc = 366 nm).
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3.4 Anion Binding Studies

The presence of electron-deficient boron centers allows for binding of electron-rich

substrates. For instance, borate cycles should be generated in the presence of F– or

CN–.16-18 This process is very effective with large stepwise binding constants that are in

the range typical of highly electron-deficient triarylboranes (~105–108 M–1) and decrease

slightly as the cycle becomes more highly charged. Another interesting aspect is that the

presence of only 1 equiv of the anion for each hexameric macrocycle results in ca. 75%

quenching of the luminescence, although the absorbance decreases by less than 40%

(FigureFigureFigureFigure 3-133-133-133-13 ). Based on the fitting of the absorption data (TableTableTableTable 3-43-43-43-4), at a 1:6 ratio of

F/B, the relative abundance of species [MCMCMCMC-B-B-B-B6666], [MCMCMCMC-B-B-B-B6666]F, [MCMCMCMC-B-B-B-B6666]F2, [MCMCMCMC-B-B-B-B6666]F3,

[MCMCMCMC-B-B-B-B6666]F4, [MCMCMCMC-B-B-B-B6666]F5, [MCMCMCMC-B-B-B-B6666]F6 is 29:49:20:2:0:0:0, while the amount of free

[MCMCMCMC-B-B-B-B6666] decreases to 4% after addition of 2 equiv of F–. This suggests that the emission

of all the cycles that are complexed with even just one anion is effectively quenched,

consistent with an amplified quenching mechanism (SchemeSchemeSchemeScheme 3-23-23-23-2).51 Addition of an

excess of [Bu4N]F or [Bu4N]CN leads to highly charged species

{[(MCMCMCMC-B-B-B-B6666)X6](Bu4N)n}(6-n)– (X = F, CN), which were also identified by high resolution

ESI-MS analysis (FigureFigureFigureFigure 3-143-143-143-14 and TableTableTableTable 3-53-53-53-5).
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FigureFigureFigureFigure 3-13.3-13.3-13.3-13. Complexation of MC-B6MC-B6MC-B6MC-B6 with F¯ anions (1.34 × 10–4 M) in THF,
monitored by UV-vis and fluorescence spectroscopy. [MC-B6MC-B6MC-B6MC-B6] = 4.474 × 10–6 M; λexc =
366 nm.

TableTableTableTable 3-4.3-4.3-4.3-4. Relative concentrations of individual complexes after addition of varying
amounts of F¯. Fit of absorption data (HyperquadTM) at λmax (366 nm) with the following
binding constants: lgβ11 = 7.8, lgβ12 = 15.0, lgβ13 = 21.8, lgβ14 = 28.0, lgβ15 = 33.6, lgβ16

= 38.6. These binding constants β1n are given in units of M–n. They are all based on a
manual fit to achieve convergence using this program.
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SchemeSchemeSchemeScheme 3-2.3-2.3-2.3-2. Conversion of electron-poor to electron-rich MC-B6MC-B6MC-B6MC-B6 by anion binding.

3.5 Conclusions

In conclusion, we have succeeded in the preparation of the first example of a highly

electron-deficient bora-cyclophane. The macrocycle is strongly blue luminescent and can

be reversibly reduced in six separate redox steps. Important differences in comparison to

the electronic structure of the respective linear species were deduced. Another unique

aspect is the presence of multiple electron-deficient organoborane moieties, which leads

F¯ (eq.)
[MC-B6MC-B6MC-B6MC-B6]

(%)

[MC-B6MC-B6MC-B6MC-B6]F

(%)

[MC-B6MC-B6MC-B6MC-B6]F2

(%)

[MC-B6MC-B6MC-B6MC-B6]F3

(%)

[MC-B6MC-B6MC-B6MC-B6]F4

(%)

[MC-B6MC-B6MC-B6MC-B6]F5

(%)

[MC-B6MC-B6MC-B6MC-B6]F6

(%)

1 29.1 48.548.548.548.5 20.2 2.1 0.1 0.0 0.0

2 3.9 26.9 46.646.646.646.6 20.3 2.2 0.1 0.0

3 0.2 4.8 29.5 45.845.845.845.8 17.9 1.7 0.0

4 0.0 0.6 10.1 39.739.739.739.7 39.339.339.339.3 9.8 0.6

5 0.0 0.0 1.2 14.2 43.943.943.943.9 34.034.034.034.0 6.6

6 0.0 0.0 0.2 5.0 30.530.530.530.5 46.546.546.546.5 17.8

7 0.0 0.0 0.1 2.0 19.5 48.448.448.448.4 30.130.130.130.1

8 0.0 0.0 0.0 0.9 12.9 45.645.645.645.6 40.540.540.540.5

9 0.0 0.0 0.0 0.5 9.0 41.841.841.841.8 48.748.748.748.7

10 0.0 0.0 0.0 0.3 6.7 38.2 54.954.954.954.9
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to high affinity for electron-rich substrates. There has been immense recent interest in the

binding of anions to organoborane Lewis acid receptors, and MCMCMCMC-B-B-B-B6666 binds strongly to F–

and CN– as evidenced by UV-vis titration and ESI FT-MS, thus suggesting potential use

in anion recognition and as stimuli-responsive optoelectronic materials. Anion binding to

MCMCMCMC-B-B-B-B6666 results in amplified fluorescence quenching with formation of a highly charged

hexaborate species. This offers a facile means to convert an electron-deficient

macrocycle into an electron-rich one using anion addition as an external

stimulus.

FigureFigureFigureFigure 3-14.3-14.3-14.3-14. High resolution (-) ESI FT-MS analysis for the anion complex of MCMCMCMC-B-B-B-B6666
with CN¯ in THF (c = 1.4 × 10–4 M) in the presence of 12 equiv tetrabutylammonium
cyanide (TBACN).
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TableTableTableTable 3-53-53-53-5. Summary of Data from High Resolution (-) ESI FT-MS Analysis of MCMCMCMC-B-B-B-B6666
in THF (c = 1.435  × 10–4 M) in the Presence of 12 Equiv TBACN

Cyanide Complexes Formula Calcd (m/z) Found (m/z)

[M+6CN[M+6CN[M+6CN[M+6CN¯̄̄̄+3TBA+3TBA+3TBA+3TBA++++]]]]3333¯̄̄̄ CCCC180180180180HHHH210210210210BBBB6666(C(C(C(C16161616HHHH36363636N)N)N)N)3333(CN)(CN)(CN)(CN)6666 1107.19381107.19381107.19381107.1938 1107.19471107.19471107.19471107.1947

[M+6CN¯+3TBA+]3¯ x TBACl C180H210B6(C16H36N)3(CN)6(C16H36NCl) 1199.9453 1199.9466

[M+6CN¯+3TBA+]3¯ x 2TBACl C180H210B6(C16H36N)3(CN)6(C16H36NCl)2 1292.3630 1292.3675

[M+6CN¯+3TBA+]3¯ x 3TBACl C180H210B6(C16H36N)3(CN)6(C16H36NCl)3 1384.7808 1384.7883

[M+6CN¯+3TBA+]3¯ x 4TBACl C180H210B6(C16H36N)3(CN)6(C16H36NCl)4 1477.8656 1477.8755

[M+6CN[M+6CN[M+6CN[M+6CN¯̄̄̄+4TBA+4TBA+4TBA+4TBA++++]]]]2222¯̄̄̄ CCCC180180180180HHHH210210210210BBBB6666(C(C(C(C16161616HHHH36363636N)N)N)N)4444(CN)(CN)(CN)(CN)6666 1781.93351781.93351781.93351781.9335 1781.94471781.94471781.94471781.9447

[M+6CN¯+4TBA+]2¯ x TBACl C180H210B6(C16H36N)4(CN)6(C16H36NCl) 1921.0608 1921.0746

[M+6CN¯+4TBA+]2¯ x 2TBACl C180H210B6(C16H36N)4(CN)6(C16H36NCl)2 2059.6874 2059.7160

[M+6CN¯+4TBA+]2¯ x 3TBACl C180H210B6(C16H36N)4(CN)6(C16H36NCl)3 2198.8144 2198.8240

[M+6CN¯+4TBA+]2¯ x 4TBACl C180H210B6(C16H36N)4(CN)6(C16H36NCl)4 2337.4390 2337.4604

[M+5CN¯+2TBA+]3¯ C180H210B6(C16H36N)2(CN)5 1017.7644 1017.7674

[M+5CN¯+3TBA+]2¯ C180H210B6(C16H36N)3(CN)5 1647.2844 1647.2991

3.6 Experimental Section

MaterialsMaterialsMaterialsMaterials andandandand GeneralGeneralGeneralGeneral Methods.Methods.Methods.Methods. BBr3, tetrabutylammonium fluoride (TBAF; 1.0 M in

THF) and tetrabutylammonium cyanide (TBACN) were purchased from Aldrich, and

benzo[α]pyrene from TCI chemicals. BBr3 was distilled under vacuum and all other

commercially available chemicals were used as received without further purification.

2,7-Bis(trimethylstannyl)-9,9-dimethylfluorene,52 2,4,6-triisopropylphenylcopper

(TipCu),58 O-B2O-B2O-B2O-B2,52 and O-B4O-B4O-B4O-B452 were prepared according to literature procedures.

Hexanes and toluene were purified using a solvent purification system (Innovative

Technologies; alumina/copper columns). Dichloromethane (DCM) and CDCl3 were
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distilled from CaH2 and degassed via several freeze-pump-thaw cycles. All reactions and

manipulations were carried out under an atmosphere of prepurified nitrogen using either

Schlenk techniques or an inert-atmosphere glove box.

499.9 MHz 1H and 160.4 MHz 11B NMR spectra were recorded at ambient

temperature on 500 MHz Varian INOVA spectrometer equipped with a boron-free 5 mm

dual broadband gradient probe (Nalorac, Varian Inc., Martinez, CA) and the 150.0 MHz

13C NMR spectrum was recorded on a 600 MHz Varian INOVA spectrometer. 11B NMR

spectra were acquired with boron-free quartz NMR tubes and the spectra were referenced

externally to BF3 · Et2O (δ = 0). Chemical shifts are given in ppm.

MALDI-TOF measurements were performed on an Applied Biosystems 4800

Proteomics Analyzer as specified either in linear or in reflection (-) mode with delayed

extraction. Benzo[a]pyrene (10 mg/mL) was used as the matrix and mixed with the

samples (10 mg/mL in toluene) in a 10:1 ratio, and then spotted on the wells of a target

plate inside a glove box. Electrospray ionization mass spectra (ESI-MS) experiments

were recorded on an Apex-ultra 7T Hybrid FT-MS (Bruker Daltonics).

GPC analyses were performed in THF (1 mL/min) using a Waters Empower system

equipped with a 717 plus autosampler, a 1525 binary HPLC pump, a 2998 photodiode

array detector, and a 2414 refractive index detector. For separation the samples were

passed through a series of styragel columns (Polymer Laboratories; two PLgel 5 μm

Mixed-C and one PLgel 5 μm Mixed-D), which were kept in a column heater at 35 °C.

The columns were calibrated with narrow polystyrene standards (Polymer Laboratories).
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UV-visible absorption data were acquired on a Varian Cary 500 UV-Vis/NIR

spectrophotometer. The fluorescence data and quantum yields were measured on a Varian

Cary Eclipse fluorescence spectrophotometer with optically dilute solutions (A < 0.1).

Quantum yields (Φ) in dichloromethane were calculated based on that of

9,10-diphenylanthracene as a standard, for which Φ = 0.92 in dichloromethane.59 Sample

solutions were prepared using a microbalance (± 0.1 mg) and volumetric flasks.

Cyclic voltammetry (CV) and square wave voltammetry experiments were carried

out on a CV-50W analyzer from BAS. The three-electrode system consisted of an Au

disk as working electrode, a Pt wire as secondary electrode and an Ag wire as the

reference electrode. The voltammograms were recorded with ca. 10–3 to 10–4 M solution

in THF and Bu4N[PF6] (0.1 M) was used as the supporting electrolyte. The scans were

referenced after the addition of a small amount of ferrocene as internal standard. The

potentials are reported relative to the ferrocene/ferrocenium couple.

DFT calculations (gas phase) have been performed with the Gaussian03 program.

Geometries and electronic properties are calculated using the hybrid density functional

B3LYP with the basis set of 6-31G(d). The input files were generated using Chem3D and

orbital representations were plotted with Gaussview 3.07 (scaling radii of 75%, isovalue

of 0.02). Excitation data were calculated using TD-DFT (B3LYP, 6-31G(d)).

SynthesisSynthesisSynthesisSynthesis ofofofof MCMCMCMC-B-B-B-B6666:::: To BBr3 (40 mg, 160 µmol) in 5 mL of CH2Cl2 was added a

solution of O-BO-BO-BO-B4444 (120 mg, 60 µmol) in 15 mL of CH2Cl2 with stirring. The reaction

mixture was kept stirring overnight, and then all volatile components were removed
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under high vacuum. The crude product was purified by recrystallization from

hexanes/toluene mixture at –35 °C to give a white solid (100 mg, 75%). A solution of the

borylated product (100 mg, 46 µmol) in 50 mL of toluene and a solution of

2,7-bis(trimethylstannyl)-9,9-dimethylfluorene (24 mg, 46 µmol) in 50 mL of toluene

were simultaneously added through two different addition funnels to a three-necked

round bottom flask containing 350 mL of toluene under N2 over a period of 12 h with

stirring. After stirring for 2 d at RT, the reaction solution was evaporated to dryness,

leaving behind a light yellow solid. The solid was redissolved in toluene and treated with

TipCu (25 mg, 94 µmol) in 10 mL of toluene. The reaction mixture was refluxed at 115

°C under N2 for 2 d. A solid precipitate (CuBr) that had formed was removed by filtration

through a fritted glass disk. The crude product was examined by GPC and 1H NMR. All

volatile components were then removed under high vacuum and the crude product was

purified by column chromatography on silica gel using hexanes/toluene (5:1) as the

eluent. A solution of the purified product in a 10/1 hexanes/toluene mixture was kept at

–35 °C to give a microcrystalline white solid (34 mg, 31%). 1H NMR (499.893 MHz,

CDCl3): δ 1.01 (d, J = 7.0 Hz, 72H), 1.35 (d, J = 7.5 Hz, 36H), 1.59 (s, 36H), 2.54 (septet,

J = 6.5 Hz, 12H), 2.98 (septet, J = 6.5 Hz, 6H), 7.04 (s, 12H), 7.80 (d, J = 8.0 Hz, 12H),

7.88 (d, J = 8.0 Hz, 12H), 7.98 (s, 12H). 11B NMR (160.4 MHz, CDCl3): δ 70 (w1/2 =

5700 Hz). 13C NMR (150.0 MHz, CDCl3): δ 24.4, 24.4, 27.3, 34.5, 35.8, 47.2, 120.2,

120.3, 132.1, 137.8, 140.9 (B-C), 142.5, 143.3 (B-C), 148.7, 149.2, 153.9. MALDI-TOF

MS (neg.) m/z: calcd. for C180H209B6 [M–H]– 2437.701 found 2437.667. ESI MS (neg.)
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m/z: calcd. for {[(C180H210B6)(CN)6](C16H36N)3}3– 1107.1938 found 1107.1947.

AttemptedAttemptedAttemptedAttempted SynthesisSynthesisSynthesisSynthesis ofofofof MCMCMCMC-B-B-B-B4444.... To BBr3 (50 mg, 200 µmol) in 5 mL of CH2Cl2 was

added a solution of O-BO-BO-BO-B2222 (90 mg, 80 µmol) in 15 mL of CH2Cl2 with stirring. The

reaction mixture was kept stirring overnight, and then all volatile components were

removed under high vacuum. The crude mixture was recrystallized from hexanes/toluene

mixture at –35 °C to give a white microcrystalline solid (75 mg, 71%). A solution of the

borylated product (75 mg, 56 µmol) in 50 mL of toluene and a solution of

2,7-bis(trimethylstannyl)-9,9-dimethylfluorene (29 mg, 56 µmol) in 50 mL of toluene

were simultaneously added through two different addition funnels to a three-necked

round bottom flask containing 350 mL of toluene under N2 over a period of 12 h with

stirring. After stirring for 2 d at RT, the reaction solution was evaporated to dryness,

leaving behind a light yellow solid. The solid was redissolved in toluene and treated with

TipCu (30 mg, 112 µmol) in 10 mL of toluene. The reaction mixture was refluxed at 115

°C under N2 for 2 d. A solid precipitate (CuBr) that had formed was removed by filtration

through a fritted glass disk. All volatile components were removed under high vacuum

and the crude product was purified by column chromatography on silica gel using

hexanes/toluene (5:1) as the eluent. A solution in hexanes/toluene mixture was kept at

–35 °C to give a microcrystalline white solid. The product was examined by GPC and

MALDI-TOF MS.
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AppendixAppendixAppendixAppendix

TableTableTableTable 1.1.1.1. Selected Bond Distances and Angles for MC-B4MC-B4MC-B4MC-B4-calc-calc-calc-calc (DFT, B3LYP, 6-31G(d))

BondBondBondBond DistancesDistancesDistancesDistances ((((ÅÅÅÅ)))) BondBondBondBondAnglesAnglesAnglesAngles ((((°°°°))))

B14-C6 1.570 B30-C27 1.570 C6-B14-C16 118.1 C42-B44-C54 118.1

B14-C16 1.570 B30-C31 1.570 C6-B14-C57 121.0 C42-B44-C60 120.9

B14-C57 1.567 B30-C58 1.567 C16-B14-C57 120.9 C54-B44-C60 121.0

B15-C12 1.570 B44-C42 1.570 C12-B15-C17 118.1 C27-B30-C31 118.1

B15-C17 1.570 B44-C54 1.570 C12-B15-C59 120.9 C27-B30-C58 121.0

B15-C59 1.567 B44-C60 1.567 C17-B15-C59 121.0 C31-B30-C58 120.9
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TableTableTableTable 2.2.2.2. Selected bond distances and angles for MC-B6MC-B6MC-B6MC-B6-calc-calc-calc-calc (DFT, B3LYP, 6-31G(d))

BondBondBondBond DistancesDistancesDistancesDistances ((((ÅÅÅÅ)))) BondBondBondBondAnglesAnglesAnglesAngles ((((°°°°))))

B22-C2 1.568 B56-C33 1.568 C2-B22-C24 120.4 C33-B56-C79 120.3

B22-C24 1.568 B56-C79 1.568 C2-B22-C162 119.8 C33-B56-C151 119.8

B22-C162 1.571 B56-C151 1.571 C24-B22-C162 119.9 C79-B56-C151 119.8

B23-C11 1.568 B100-C89 1.568 C11-B23-C40 120.3 C89-B100-C102 120.4

B23-C40 1.568 B100-C102 1.568 C11-B23-C173 119.7 C89-B100-C140 119.7

B23-C173 1.571 B100-C140 1.571 C40-B23-C173 119.9 C102-B100-C140 119.9

B57-C49 1.568 B101-C68 1.568 C49-B57-C58 120.3 C68-B101-C111 120.3

B57-C58 1.568 B101-C111 1.568 C49-B57-C118 119.8 C68-B101-C129 119.8

B57-C118 1.571 B101-C129 1.571 C58-B57-C118 119.9 C111-B101-C129 119.9
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TableTableTableTable 3.3.3.3. Coordinates (Å) for the Optimized Structure of MC-B6MC-B6MC-B6MC-B6

atom x y z atom x y z

C 8.003668 -1.203484 -0.653868 C 3.232375 -10.130587 -0.743599

C 8.271844 -3.989589 -0.261718 C 2.662117 -7.936561 0.146717

C 8.957436 -1.709023 0.255948 C 1.329014 -8.307076 0.248141

C 7.181432 -2.079690 -1.368233 C 1.896069 -10.499019 -0.607913

C 7.314934 -3.450050 -1.155408 H 0.595972 -7.599685 0.628361

C 9.098448 -3.076947 0.437203 H 1.597089 -11.502086 -0.898614

H 6.448097 -1.703114 -2.077155 C 7.870713 5.593048 -0.190517

H 6.672939 -4.130977 -1.707200 C 5.847541 7.555527 -0.387136

H 9.843838 -3.458734 1.130521 C 6.540976 5.303545 0.200717

C 8.088962 0.259672 -0.657411 C 8.138310 6.894879 -0.679602

C 8.680055 2.997408 -0.279661 C 7.147645 7.866987 -0.795141

C 7.373495 1.222088 -1.375809 C 5.550114 6.270966 0.117284

C 9.095963 0.655305 0.249443 H 6.303334 4.314002 0.583701

C 9.395957 1.998320 0.423091 H 9.150739 7.139328 -0.988161

C 7.665723 2.568606 -1.169925 C 4.623296 8.360410 -0.372778

H 6.600616 0.929900 -2.082549 C 2.022427 9.436162 -0.123514

H 10.181907 2.294212 1.113639 C 3.569900 7.571793 0.138439

H 7.106793 3.316898 -1.724986 C 4.387707 9.682521 -0.760182

C 9.713613 -0.565334 0.903285 C 3.104363 10.204914 -0.617977

H 9.586043 -0.554866 1.994784 C 2.289783 8.095763 0.246181

H 10.795273 -0.629250 0.720513 H 2.923005 11.235469 -0.909701

B 8.419108 -5.537653 -0.058642 H 1.481333 7.479562 0.632203

B 9.007199 4.518665 -0.085000 B -0.589843 -10.051478 0.006030

C 7.165941 -6.473505 -0.165429 B 0.586204 10.051274 0.008793

C 4.928709 -8.187832 -0.366398 C -0.681719 9.152529 -0.200007

C 7.282367 -7.799838 -0.648424 C -2.961625 7.532498 -0.607404

C 5.876932 -6.029616 0.217596 C -0.671823 8.063286 -1.105071

C 4.780647 -6.875543 0.132459 C -1.884613 9.404918 0.502941

C 6.185685 -8.650346 -0.766066 C -2.999341 8.601410 0.313980

H 8.260836 -8.162026 -0.950858 C -1.792431 7.265557 -1.325642

H 5.754056 -5.017517 0.595626 H 0.238265 7.853106 -1.659782

C 3.618815 -8.844152 -0.357014 H -1.925463 10.233614 1.205566

C 0.908790 -9.607977 -0.120770 H -1.752704 6.449296 -2.042792
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C -4.271830 6.875849 -0.617412 B -9.008477 -4.519729 -0.090600

C -6.939020 6.017267 -0.248885 B -8.420598 5.538778 -0.059575

C -4.748440 5.783454 -1.347821 C -9.191279 -2.967586 -0.211095

C -5.117052 7.540779 0.297166 C -9.556499 -0.174204 -0.432615

C -6.430714 7.128784 0.466001 C -8.165888 -2.070656 0.174889

C -6.060876 5.361993 -1.146185 C -10.393401 -2.408712 -0.709438

H -4.109353 5.267535 -2.060248 C -10.581153 -1.034568 -0.837427

H -7.079413 7.654841 1.162030 C -8.350174 -0.698965 0.079831

H -6.429992 4.509521 -1.709492 H -7.231232 -2.467494 0.563707

C -4.367398 8.678098 0.963303 H -11.193077 -3.077289 -1.015499

H -4.311771 8.549759 2.053356 C -9.471310 1.288628 -0.427224

H -4.852382 9.649172 0.792245 C -8.783978 4.019280 -0.187891

C -1.743824 -9.011372 -0.207029 C -8.212106 1.666141 0.087428

C -3.818461 -7.137574 -0.623380 C -10.389482 2.264931 -0.824346

C -2.969460 -9.119979 0.493710 C -10.043586 3.607166 -0.687329

C -1.605065 -7.932816 -1.114401 C -7.869474 3.006535 0.190489

C -2.624484 -7.010319 -1.339194 H -10.760470 4.366071 -0.987651

C -3.982702 -8.192858 0.299888 H -6.894577 3.289484 0.580090

H -3.108125 -9.936241 1.198354 C 0.417165 11.575403 0.349724

H -0.675412 -7.831592 -1.667336 C 0.114893 14.325915 0.965167

H -2.488296 -6.205858 -2.057860 C -0.652175 12.336335 -0.171711

C -5.043050 -6.332372 -0.637480 C 1.329072 12.249082 1.191727

C -7.592446 -5.167746 -0.276215 C 1.176020 13.598307 1.508427

C -5.962411 -6.892980 0.275510 C -0.796468 13.692853 0.116975

C -5.386981 -5.192284 -1.369674 H -1.373561 11.855182 -0.826754

C -6.641590 -4.620073 -1.171402 H 2.165451 11.698225 1.613612

C -7.219312 -6.330197 0.440703 H 1.885757 14.084555 2.173128

H -4.690269 -4.755187 -2.080809 H -1.620547 14.255851 -0.314230

H -6.907292 -3.730854 -1.736257 H -0.000890 15.380934 1.201050

H -7.926662 -6.775700 1.135944 C -9.544276 6.588998 0.259953

C -5.352122 -8.108649 0.945320 C -11.571791 8.484499 0.834747

H -5.285072 -7.986071 2.035388 C -9.507176 7.895789 -0.274096

H -5.946473 -9.016870 0.773874 C -10.637874 6.271019 1.094793

C -11.629886 7.204890 1.391476 C 12.266026 -6.154359 -0.031140

C -10.510099 8.826571 -0.005789 C 11.231589 -7.813668 1.387509

H -8.682072 8.178916 -0.922186 H 9.093896 -7.724391 1.538748

H -10.701234 5.276251 1.527676 H 10.940241 -4.740589 -0.949784
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H -12.450686 6.934960 2.051321 H 13.155242 -5.721074 -0.482353

H -10.462521 9.819367 -0.446385 H 11.313941 -8.669202 2.053283

H -12.349626 9.211499 1.055098 H 13.356549 -7.682088 1.033949

C -10.247860 -5.433088 0.220903 C 10.482164 4.965763 0.218594

C -12.484509 -7.081948 0.779393 C 13.143872 5.772980 0.764855

C -11.298117 -4.995228 1.057072 C 11.589171 4.283004 -0.331573

C -10.363078 -6.731068 -0.323116 C 10.763111 6.069328 1.053788

C -11.468654 -7.539799 -0.062784 C 12.071188 6.460794 1.336664

C -12.393329 -5.808486 1.345806 C 12.899669 4.685645 -0.077103

H -11.245077 -4.003084 1.497426 H 11.414629 3.429425 -0.981246

H -9.575952 -7.103901 -0.973081 H 9.938243 6.620220 1.497861

H -11.537044 -8.527973 -0.510981 H 12.255327 7.304471 1.997174

H -13.178025 -5.449055 2.006882 H 13.730563 4.150239 -0.529846

H -13.342525 -7.714468 0.993478 H 14.164827 6.082771 0.974134

C -0.936708 -11.544067 0.351996 C 4.083633 6.189922 0.494682

C -1.561430 -14.237554 0.976505 H 7.387716 8.850777 -1.190784

C -0.113704 -12.315877 1.201297 H 5.189414 10.298204 -1.160512

C -2.085061 -12.177250 -0.172240 H 3.557777 5.398544 -0.057290

C -2.388399 -13.506227 0.120992 H 3.946317 5.964126 1.561405

C -0.425041 -13.636518 1.522530 C -7.410767 0.431727 0.452811

H 0.779170 -11.864494 1.625499 H -7.149862 0.412863 1.520178

H -2.742082 -11.618119 -0.833057 H -6.460803 0.377789 -0.096934

H -3.270607 -13.970976 -0.312302 H -11.360326 1.987489 -1.227509

H 0.219712 -14.199417 2.192922 H -11.512574 -0.643531 -1.239351

H -1.800918 -15.270718 1.215950 C 3.331620 -6.623015 0.502535

C 9.831016 -6.151417 0.253729 H 6.311320 -9.656965 -1.157214

C 12.379190 -7.257664 0.817765 H 3.958959 -10.836560 -1.138218

C 9.978837 -7.275275 1.095881 H 3.216714 -6.380062 1.568152

C 11.012018 -5.604655 -0.294565 H 2.904120 -5.777217 -0.053608

TableTableTableTable 4.4.4.4. Coordinates (Å) for the Optimized Structure of MC-B4MC-B4MC-B4MC-B4

atom x y z atom x y z

C -2.585162 6.684223 0.833086 C -4.669520 -3.786311 -0.299907

C -3.732139 5.900277 0.959038 C -4.248359 -2.697599 0.494574
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C -3.786949 4.669154 0.298005 C -5.025078 -1.554345 0.591479

C -2.697355 4.247967 -0.495293 C -3.613153 -4.805838 -0.290252

C -1.553841 5.024488 -0.590458 C -2.547210 -4.338375 0.509212

C -1.460350 6.267013 0.081124 C -2.891903 -2.988084 1.102290

C -4.806018 3.612363 0.288093 C -3.507780 -6.040536 -0.938397

C -4.337721 2.546415 -0.510877 C -2.334490 -6.781244 -0.794027

C -2.987229 2.891532 -1.103332 C -1.232201 -6.315679 -0.037278

C -6.041258 3.506838 0.935119 C -1.377132 -5.071707 0.622115

C -6.781569 2.333355 0.790303 B 0.128007 -7.097766 0.027162

C -6.315567 1.231254 0.033608 C 5.072088 -1.376049 -0.621800

C -5.070948 1.376314 -0.624756 C 4.338173 -2.545710 -0.508109

B -0.128597 7.097983 0.036432 C 4.803378 -3.610071 0.294813

B -7.098657 -0.128362 -0.032976 C 6.036255 -3.503417 0.946186

C 1.230381 6.314107 -0.030391 C 6.777826 -2.330749 0.800847

C -6.267195 -1.459662 -0.080699 C 2.989544 -2.891486 -1.104253

C 1.375421 5.069900 0.628512 C 2.697671 -4.247088 -0.495330

C 2.545098 4.336178 0.513959 C 3.784053 -4.666661 0.303134

C 3.610654 4.803773 -0.286036 C 1.554782 -5.024034 -0.594316

C 3.504993 6.038645 -0.933755 C 1.458443 -6.265051 0.079655

C 2.331836 6.779436 -0.788418 C 2.580056 -6.680787 0.837014

C 2.890224 2.985970 1.106915 C 3.726464 -5.896530 0.966356

C 4.247495 2.696674 0.500415 C -0.152744 8.664338 0.055719

C 4.668069 3.785339 -0.294390 C 8.664595 0.153330 -0.057090

C 5.024594 1.553691 0.597355 C -8.665159 -0.153966 -0.055057

C 6.266970 1.459835 -0.074364 C 0.155326 -8.664109 0.050887

C 6.683764 2.583789 -0.827843 C 9.397301 1.238403 0.472795

C 5.899160 3.730065 -0.955609 C 10.791219 1.257099 0.459915

B 7.098459 0.128779 -0.027458 C 11.496984 0.194429 -0.109170

C 6.314743 -1.230434 0.039810 C 10.801977 -0.888609 -0.652365

C -6.684268 -2.583541 -0.834165 C 9.408607 -0.910400 -0.613668

C -5.900603 -3.730600 -0.960979 C 0.908013 9.411335 0.614088

C 0.887473 10.804917 0.642897 H -2.935259 -3.023189 2.200267

C -0.191194 11.497214 0.087614 H -2.149103 -2.219894 0.847892

C -1.250396 10.788504 -0.484174 H -4.318868 -6.415917 -1.557653

C -1.232976 9.394491 -0.487466 H -2.251906 -7.735636 -1.307097

C -9.412950 0.910889 -0.604519 H -0.552958 -4.685956 1.216688

C -10.806468 0.888261 -0.636331 H 4.688301 -0.553059 -1.219345
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C -11.498048 -0.197081 -0.093388 H 6.410406 -4.313642 1.567310

C -10.788595 -1.260930 0.468811 H 7.731312 -2.247407 1.315525

C -9.394657 -1.241154 0.475044 H 2.220468 -2.148495 -0.852815

C 1.241782 -9.392843 -0.481586 H 3.027536 -2.936303 -2.202076

C 1.264023 -10.786744 -0.472113 H 0.714431 -4.675485 -1.189256

C 0.203604 -11.496567 0.096066 H 2.534241 -7.631028 1.362131

C -0.880934 -10.805623 0.641419 H 4.553774 -6.235180 1.585281

C -0.906275 -9.412225 0.606150 H 8.860125 2.073949 0.913435

H -2.541373 7.635089 1.357234 H 11.328077 2.099727 0.888426

H -4.561496 6.239713 1.574808 H 12.583950 0.210137 -0.128974

H -0.710644 4.674330 -1.180427 H 11.346952 -1.715526 -1.100795

H -3.022309 2.935253 -2.201304 H 8.879859 -1.761522 -1.034185

H -2.218866 2.148816 -0.849007 H 1.755614 8.884655 1.044246

H -6.417778 4.318106 1.553425 H 1.711921 11.352108 1.093193

H -7.736066 2.250370 1.303088 H -0.206083 12.584281 0.099848

H -4.684982 0.552494 -1.219679 H -2.089173 11.323138 -0.922869

H 0.551999 4.684788 1.224662 H -2.065414 8.855247 -0.931388

H 4.316289 6.414796 -1.552258 H -8.887019 1.763541 -1.025501

H 2.249185 7.734428 -1.300432 H -11.354222 1.716318 -1.079273

H 2.932013 3.020477 2.204953 H -12.585079 -0.213759 -0.108071

H 2.148454 2.217178 0.850966 H -11.322625 -2.105467 0.897149

H 4.675239 0.711442 1.189139 H -8.854842 -2.077211 0.911356

H 7.634874 2.539701 -1.351567 H 2.075488 -8.852457 -0.921703

H 6.238456 4.559105 -1.571882 H 2.107831 -11.320376 -0.902384

H -7.634942 -2.539031 -1.358602 H 0.222184 -12.583527 0.113501

H -6.239994 -4.559335 -1.577602 H -1.706297 -11.353821 1.088794

H -4.675399 -0.712272 1.183338 H -1.758222 -8.886652 1.028924
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ChapterChapterChapterChapter 4444 ConjugatedConjugatedConjugatedConjugatedAmbipolarAmbipolarAmbipolarAmbipolar B-B-B-B-ππππ-N-N-N-NMacrocyclesMacrocyclesMacrocyclesMacrocycles[[[[a]a]a]a]

4.1 Introduction to BN Functionalized Organic Systems

Electronic isosterism is a common phenomenon observed in nature. CC and BN units

have the same number of valence electrons, leading to essentially similar properties

(FigureFigureFigureFigure 4-14-14-14-1).1 For example, boron nitride exists in the form of two allotropes that are

structurally related to graphite and diamond, respectively. More recently, boron nitride

nanotubes (BNNTs) were discovered as a structural analogue of carbon nanotubes

(CNTs). They were reported to show desirable mechanical properties and exceptionally

high thermal and chemical stability (FigureFigureFigureFigure 4-24-24-24-2).2,3

FigureFigureFigureFigure 4-1.4-1.4-1.4-1. Isoelectronic relationship between CC and BN units.1

FigureFigureFigureFigure 4-2.4-2.4-2.4-2. Structural models of carbon nanotubes (CNTs) and boron nitride nanotubes
(BNNTs). The alternating B and N atoms are shown in blue and pink, respectively, in the
BNNT model.3

[a] This chapter is in part adapted from a journal publication (ref.57).
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In reference to its isoelectronic and isostructural relationship with benzene, borazine is

commonly referred to as “inorganic benzene”.4,5 This concept has generated renewed

interest in recent years, as the judicious replacement of C=C double bonds with

isoelectronic and isosteric B-N fragments has resulted in a plethora of interesting

molecules for applications ranging from hydrogen storage materials to analogs of

aromatic natural products, and new optical and electronic materials (FigureFigureFigureFigure 4-34-34-34-3).6-14 For

instance, introduction of a B-N fragment in benzene results in polarization of the

molecule, which in turn leads to unusual reactivity, including nucelophilic substitution

and hydrogenation under mild conditions.11,12,15 B-N functionalization of extended

organic π-systems alters the electronic structure, resulting for example in low-lying

LUMO levels and corresponding bathochromic shifts in the emission spectra (FigureFigureFigureFigure

4-44-44-44-4).13,14,16,17 In the previous examples, B and N are directly connected or located in the

same ring system. An alternative design has borane acceptor (A) moieties separated from

amine donors (D) by an organic π-conjugated linker. This D-π-A approach has proven

very successful for the development of non-linear optical materials, ambipolar charge

carriers in organic light emitting devices (OLEDs), and fluorescent anion sensors.18-27

BBBB
NNNN

BBBB

NNNN

BBBB
NNNN

R2

R2
R2

NNNN
BBBB NNNN BBBB

NNNNBBBB
R1 R1

R1

FigureFigureFigureFigure 4-3.4-3.4-3.4-3. Molecular structures of BN functionalized aromatic compounds.1
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FigureFigureFigureFigure 4-4.4-4.4-4.4-4. Examples of BN functionalization of extended organic π-systems.16,17

As already discussed in Chapter 3, conjugated macrocycles are an attractive class of

materials for optoelectronic applications as they comprise discrete, monodisperse

structures, representative of an infinite polymer chain without any end groups.28-32

Another interesting feature is their ability to self-assemble into tubular supramolecular

structures and to form well-defined and highly symmetric arrays upon deposition on

surfaces.33,34 Numerous conjugated organic cyclics have been explored. More recently,

heteroatom-containing systems have attracted interest because the added functionality

can offer unique properties and possibly open the door to new applications.35-43 As an

example, Tanaka’s cyclic hexaanilines MC-N6MC-N6MC-N6MC-N6 (π = phenylene) provide a platform for

studies on the aromaticity and molecular magnetism that results from spin delocalization

in the radical cation and dication.35 In Chapter 3, we have introduced an

electron-deficient charge-reverse analogue44 to MC-N6MC-N6MC-N6MC-N6, the conjugated macrocyclic
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organoborane MC-MC-MC-MC-BBBB6666 with fluorene as the π-system.45 We describe here the first

ambipolar macrocycle, which contains nitrogen as donor and boron as acceptor sites,

bridged by π-conjugated phenylene groups. This new type of macrocycle MC-B3N3MC-B3N3MC-B3N3MC-B3N3 may

be viewed as a π-expanded borazine (FigureFigureFigureFigure 4-54-54-54-5); however, introduction of the

phenylene bridges results in remarkably different properties in comparison to borazine,

including strong blue fluorescence, solvatochromic emission, and redox processes that

reflect the ambipolar structure of this unique D-π-A type macrocycle. In addition to

MC-B3N3MC-B3N3MC-B3N3MC-B3N3, we also discuss two related ambipolar macrocycles MC-B4N2MC-B4N2MC-B4N2MC-B4N2 and

MC-B2N2MC-B2N2MC-B2N2MC-B2N2 that incorporate N donor and B acceptor separated by hybrid π systems.

FigureFigureFigureFigure 4-5.4-5.4-5.4-5. Representations of conjugated all-nitrogen (MC-N6MC-N6MC-N6MC-N6), all-boron (MC-B6MC-B6MC-B6MC-B6)
and boron-alt-nitrogen ambipolar (MC-B3N3MC-B3N3MC-B3N3MC-B3N3) macrocycles.

PhenylenePhenylenePhenylenePhenylene ππππ systemsystemsystemsystem

4.2 Synthesis and Structural Characterization of MC-B3N3MC-B3N3MC-B3N3MC-B3N3

Initially, the linear oligomer O-B1N2O-B1N2O-B1N2O-B1N2 was prepared in 66% overall yield by Sn/B

exchange of the stannyl group in TPATPATPATPA-SiSn-SiSn-SiSn-SiSn with the boryl group in TPATPATPATPA-SiB-SiB-SiB-SiB, followed
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by treatment with triisopropylphenyl copper (TipCu) for steric protection of the boron

center (SchemeSchemeSchemeScheme 4-14-14-14-1). The selectivity of the Sn/B exchange relies on the much higher

reactivity46,47 of the Sn-C in comparison to the Si-C bond in TPATPATPATPA-SiSn-SiSn-SiSn-SiSn. Formation of the

ambipolar macrocycle MC-B3N3MC-B3N3MC-B3N3MC-B3N3 was accomplished by reaction of O-B1N2O-B1N2O-B1N2O-B1N2 with 2

equivalents of BBr3, followed by cyclization under pseudo-high dilution conditions upon

simultaneous addition of stoichiometric amounts of the resulting borylated species and

TPATPATPATPA-Sn2-Sn2-Sn2-Sn2 (1:1) to a large quantity of toluene. Treatment of the initially generated B-Br

functionalized macrocycle with 2 equivalents of TipCu in refluxing toluene for 2 days

gave the desired product MC-B3N3MC-B3N3MC-B3N3MC-B3N3. GPC analysis indicated that the crude sample after

standard workup consists of the targeted macrocycle as the major product in addition to a

small amount of larger cyclics and/or higher linear polymers (FigureFigureFigureFigure 4-64-64-64-6). Purification

by preparative size exclusion column chromatography on Bio-beadsTM with THF as the

eluent gave analytically pure MC-B3N3MC-B3N3MC-B3N3MC-B3N3 as a pale yellow powdery solid in 38% overall

yield over 3 steps.

GPC analysis of purified MC-B3N3MC-B3N3MC-B3N3MC-B3N3 revealed a single, monodisperse band

corresponding to a molecular weight of Mn = 1483 Da (PDI = Mw/Mn = 1.01), which is

close to the theoretical value of 1540 Da (FigureFigureFigureFigure 4-64-64-64-6). Successful synthesis of the

macrocyclic species was further confirmed by high-resolution MALDI-MS (FigureFigureFigureFigure 4-74-74-74-7),

which showed a single signal at m/z = 1540.0705 that can be assigned to the molecular

ion peak (calcd 1540.0706). Consistent with the highly symmetric cyclic structure, only

one set of sharp signals was observed in the 1H (FigureFigureFigureFigure 4-84-84-84-8) and 13C NMR spectra, and a
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broad 11B NMR resonance at 72 ppm is indicative of tricoordinate B centers (FigureFigureFigureFigure

4-94-94-94-9).

SchemeSchemeSchemeScheme 4-1.4-1.4-1.4-1. Synthesis of the donor-π-acceptor macrocycle MC-B3N3MC-B3N3MC-B3N3MC-B3N3.

FigureFigureFigureFigure 4-6.4-6.4-6.4-6. GPC traces for macrocycle MC-B3N3MC-B3N3MC-B3N3MC-B3N3 in THF (1 mL min–1).
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FigureFigureFigureFigure 4-7.4-7.4-7.4-7. High resolution MALDI-MS (positive mode) of the isolated MC-B3N3MC-B3N3MC-B3N3MC-B3N3.
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FigureFigureFigureFigure 4-8.4-8.4-8.4-8. 1H NMR spectrum of macrocycle MC-B3N3MC-B3N3MC-B3N3MC-B3N3 (CDCl3, 25 °C).

FigureFigureFigureFigure 4-9.4-9.4-9.4-9. 11B NMR spectrum of macrocycle MC-B3N3MC-B3N3MC-B3N3MC-B3N3 (CDCl3, 25 °C).

Colorless hexagon-shaped single crystals that show blue fluorescence were obtained

by slow vapor diffusion of dichloroethane into a solution of MC-B3N3MC-B3N3MC-B3N3MC-B3N3 in toluene

(FigureFigureFigureFigure 4-104-104-104-10). Compound MC-B3N3MC-B3N3MC-B3N3MC-B3N3 crystallizes in the trigonal space group R 3 with

eight molecules of dichloroethane per macrocycle for a total of six macrocycles and 48

solvent molecules per unit cell (see Appendix). Due to the large size and exceedingly fast

solvent evaporation from the crystals, and despite the use of dichloroethane in place of

dichloromethane, the uncertainties are relatively large and only allow for a qualitative
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discussion. The endocyclic B-C (1.546(6), 1.560(6) Å) and N-C (1.414(5), 1.426(5) Å)

distances are similar to the exocyclic ones of 1.571(6) and 1.427(5) Å, respectively, and

the endocyclic C-B-C (119.7(3)°) and C-N-C (121.5(3)°) angles are close to 120°,

indicating that the ring system is not significantly strained. However, as evident from the

side view in FigureFigureFigureFigure 4-10b4-10b4-10b4-10b, rather than adopting perfect D3 symmetry, the B3N3 core is

distorted towards a chair-like conformation, and all the exocyclic substituents point into

one direction relative to the mean plane described by the B3N3 core. Six of the

dichloroethane solvent molecules are located in layers that alternate with layers

consisting of the main molecules MC-B3N3MC-B3N3MC-B3N3MC-B3N3 (FigureFigureFigureFigure 4-114-114-114-11). The remaining two solvent

molecules are highly disordered and are positioned in channels that propagate along the

crystallographic c axis. The channels are smaller than the cavity of the individual

macrocycles, because the aryl substituents and solvents in layers above and below each

macrocycle reach into the channels (FigureFigureFigureFigure 4-10c4-10c4-10c4-10c).

FigureFigureFigureFigure 4-104-104-104-10 a) X-ray structure of MC-B3N3MC-B3N3MC-B3N3MC-B3N3 (solvents and hydrogens omitted). b) Side
view without exocyclic substituents. c) Supramolecular structure of MC-B3N3MC-B3N3MC-B3N3MC-B3N3 viewed
along the crystallographic c axis (only solvent outside the channels shown).
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FigureFigureFigureFigure 4-11.4-11.4-11.4-11. The extended structure of macrocycle MC-B3N3MC-B3N3MC-B3N3MC-B3N3 viewed along the
crystallographic a axis, showing solvent molecules between the layers.

4.3 Photophysical, Electrochemical and Computational Studies of

Ambipolar Macrocycle MC-B3N3MC-B3N3MC-B3N3MC-B3N3

Compound MC-B3N3MC-B3N3MC-B3N3MC-B3N3 forms colorless crystals that are blue-emissive when exposed to

UV light. In solution, the absorption spectra of MC-B3N3MC-B3N3MC-B3N3MC-B3N3 show two distinct bands

around 420 and 390 nm, independent of the solvent (FigureFigureFigureFigure 4-124-124-124-12). These bands are

attributed to intramolecular charge transfer (ICT) from triarylamine donor sites (n/π) to

triarylborane acceptor sites (n/π*). Photoexcitation gives rise to an intense emission

(CH2Cl2: λem = 460 nm, Φ = 0.76), which experiences a pronounced red-shift with

increasing solvent polarity. This solvatochromic effect in the emission, but not the
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absorption spectra, suggests a more polarized excited state upon ICT, a phenomenon that

is consistent with the formation of a B/N D-π-A system.18-26

FigureFigureFigureFigure 4-14-14-14-12222.... a) Top left: photographs of crystals of MC-B3N3MC-B3N3MC-B3N3MC-B3N3 without (top) and with
(bottom) UV irradiation at 365 nm and photographs of solutions of MC-B3N3MC-B3N3MC-B3N3MC-B3N3 in (left to
right) toluene, CH2Cl2 (DCM), and propylene carbonate (PC) irradiated at 365 nm.
Bottom left: UV-vis absorption and fluorescence spectra (λex = 419 nm) of MC-B3N3MC-B3N3MC-B3N3MC-B3N3 in
solvents of different polarity. b) Lippert-Mataga plot for the solvatochromic emission of
macrocycle MC-B3N3MC-B3N3MC-B3N3MC-B3N3 (hexanes, toluene, CHCl3, CH2Cl2, propylene carbonate). The
Stokes shifts in different solvents are plotted relative to the solvent polarity function f(D)
– f(n2) with f(D) = (D-1)/(2D+1) and f(n2) = (n2-1)/(2n2+1); D = permittivity; n =
refractive index of the solvent (see also the detailed discussion in Chapter 2 about the
Lippert-Mataga analysis).

TableTableTableTable 4-4-4-4-1111.... Computational and Experimental Data for MC-B3N3MC-B3N3MC-B3N3MC-B3N3

CV[a]

[eV]
SWV[a]

[eV]
DFT[b]

[eV]
UV/Vis

[nm] ([eV])
TD-DFT [b]

[nm] ([eV])
ELUMO –2.27 –2.30 –1.69
EHOMO –5.26 –5.30 –5.01
ΔEgap/uv 2.99 3.00 3.32 420 (2.96) 432 (2.87)[c]

[a] Reference: ferrocene at 4.80 eV below vacuum, CV = cyclic voltammetry, SWV =
square-wave voltammetry. [b] Computations performed on a simplified analog of
MC-B3N3MC-B3N3MC-B3N3MC-B3N3 (iPr and tBu groups omitted). [c] Allowed S2 ← S0 transition.
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DFT and TDDFT calculations (B3LYP/6-31G*) were carried out on a simplified

analog of MC-B3N3MC-B3N3MC-B3N3MC-B3N3 (R = Ph, phenylene π-system) in D3 symmetry (minimization in C3

symmetry gave slightly higher energy) and the results are summarized in TableTableTableTable 4-14-14-14-1 and

TableTableTableTable 4-24-24-24-2. The HOMO of MC-B3N3MC-B3N3MC-B3N3MC-B3N3 is degenerate (e) with contributions of the nitrogen

atoms and the bridging phenylene rings, while the degenerate LUMOs (e) are mostly

localized on the boron p orbitals with smaller contributions of the exocyclic phenyl rings

(FigureFigureFigureFigure 4-134-134-134-13). The HOMO-2 and LUMO+2 orbitals are totally symmetric (a2) and thus

feature contributions from all of the filled N and empty B p-orbitals, respectively. Again,

p-π delocalization into the bridging phenylene rings is more pronounced in the

N-centered HOMO-2 than the B-centered LUMO+2. This is in contrast to results for the

corresponding simplified hexabora and hexaaza analogs MC-N6MC-N6MC-N6MC-N6 and MC-B6MC-B6MC-B6MC-B6 (R = Ph,

phenylene π-system), for which both the HOMO and LUMO show delocalization

throughout the ring system (FiguresFiguresFiguresFigures 4-144-144-144-14 and 4-154-154-154-15). Based on TDDFT calculations, the

S1 ← S0 transition (HOMO-1 to LUMO+1 / HOMO to LUMO) is symmetry forbidden

because of cancellation of the transition dipole moments, as is typically observed for

highly symmetric macrocycles, including MC-N6MC-N6MC-N6MC-N6 and MC-B6MC-B6MC-B6MC-B6.45 While in solution lower

symmetry conformations may be adopted, the structure of the cycle is expected to be

quite rigid. The experimentally observed absorption bands are therefore assigned to

doubly degenerate nπ–nπ* transitions to S2 and S3, for which HOMO-2 and LUMO+2

contributions are mixed in (TableTableTableTable 4-34-34-34-3). GIAO calculations suggest less aromatic
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character for 3333 in comparison to the corresponding hexabora and hexaaza species (TableTableTableTable

4-44-44-44-4 and FigureFigureFigureFigure 4-164-164-164-16).

TableTableTableTable 4-2.4-2.4-2.4-2. Calculated Orbital Energies (eV) (DFT, B3LYP, 6-31G(d)) of the Simplified
Macrocycles (R = Ph, phenylene π-system)

MC-B3N3MC-B3N3MC-B3N3MC-B3N3 MC-N6MC-N6MC-N6MC-N6 MC-B6MC-B6MC-B6MC-B6
LUMO+2 –1.39 (a2) –0.41 (eu) –2.10 (eg)
LUMO+1 –1.69 (e) –0.57 (a1u) –2.10 (eg)

LUMO –1.69 (e) –0.57 (a1g) –2.39 (a2u)
HOMO –5.01 (e) –4.22 (a2g) –6.45 (a1u)

HOMO-1 –5.01 (e) –4.65 (eu) –6.50 (eg)
HOMO-2 –5.20 (a2) –4.65 (eu) –6.50 (eg)

HOMO-LUMO gap 3.32 3.65 4.06

TableTableTableTable 4-3.4-3.4-3.4-3. Comparison of Results from TD-DFT Calculations (B3LYP, 6-31G(d)) on the
Simplified Macrocycles (R = Ph, phenylene π-system)

Compound Transition
λ, nm
(eV)

Oscillator
Strength, f

Orbital Contributions

MC-B3N3MC-B3N3MC-B3N3MC-B3N3 S1←S0 471.0
(2.632)

0.000 HOHOHOHOMOMOMOMO-1-1-1-1→→→→LUMOLUMOLUMOLUMO+1,+1,+1,+1, 0.0.0.0.494494494494
HOHOHOHOMOMOMOMO→→→→LUMOLUMOLUMOLUMO,,,, 0.4940.4940.4940.494

S2←S0 432.0
(2.870)

0.8837 HOMO–2→LUMO, –0.115
HOHOHOHOMOMOMOMO-1-1-1-1→→→→LUMOLUMOLUMOLUMO,,,, 0.4690.4690.4690.469
HOMO-1→LUMO+2, –0.109
HOHOHOHOMOMOMOMO→→→→LUMOLUMOLUMOLUMO+1,+1,+1,+1, 0.4690.4690.4690.469

S3←S0 432.0
(2.870)

0.8835 HOMO–2→LUMO+1, –0.115
HOHOHOHOMOMOMOMO-1-1-1-1→→→→LUMOLUMOLUMOLUMO+1,+1,+1,+1, 0.4690.4690.4690.469
HOHOHOHOMOMOMOMO→→→→LUMOLUMOLUMOLUMO,,,, 0.4690.4690.4690.469
HOMO→LUMO+2, 0.109

MC-N6MC-N6MC-N6MC-N6 S1←S0 406.0
(3.054)

0.000 HOMO-2→LUMO+2, –0.134
HOMO-1→LUMO+3, –0.134
HOMOHOMOHOMOHOMO→→→→LUMOLUMOLUMOLUMO,,,, 0.6690.6690.6690.669

S2←S0 389.9
(3.180)

0.025 HOMO-2→LUMO+4, 0.117
HOMO-1→LUMO+5, 0.177
HOMOHOMOHOMOHOMO→→→→LUMOLUMOLUMOLUMO+1,+1,+1,+1, 0.6720.6720.6720.672

S5←S0 365.9
(3.342)

1.211 HOMO–2→LUMO, –0.139
HOHOHOHOMOMOMOMO→→→→LUMOLUMOLUMOLUMO+2,+2,+2,+2, 0.6590.6590.6590.659
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S6←S0 365.9
(3.342)

1.211 HOMO–1→LUMO, –0.139
HOHOHOHOMOMOMOMO→→→→LUMOLUMOLUMOLUMO+3,+3,+3,+3, 0.6590.6590.6590.659

MC-B6MC-B6MC-B6MC-B6 S1←S0 356.2
(3.480)

0.000 HOMO-2→LUMO+1, 0.169
HOMO-1→LUMO+2, –0.169
HOHOHOHOMOMOMOMO→→→→LUMOLUMOLUMOLUMO,,,, 0.6310.6310.6310.631

S2←S0 338.8
(3.659)

0.9205 HOMO-4→LUMO+2, 0.109
HOMO-3→LUMO+1, 0.109
HOHOHOHOMOMOMOMO-2-2-2-2→→→→LUMOLUMOLUMOLUMO,,,, 0.6400.6400.6400.640
HOMO→LUMO+1, –0.134

S3←S0 338.8
(3.659)

0.9205 HOMO-4→LUMO+1, 0.109
HOMO-3→LUMO+2, 0.109
HOHOHOHOMOMOMOMO-1-1-1-1→→→→LUMOLUMOLUMOLUMO,,,, 0.6400.6400.6400.640
HOMO→LUMO+2, –0.134

LUMOLUMOLUMOLUMO (e)(e)(e)(e) LUMO+1LUMO+1LUMO+1LUMO+1 (e)(e)(e)(e) LUMO+2LUMO+2LUMO+2LUMO+2 (a(a(a(a2222))))

HOMOHOMOHOMOHOMO (e)(e)(e)(e) HOMO-1HOMO-1HOMO-1HOMO-1 (e)(e)(e)(e) HOMO-2HOMO-2HOMO-2HOMO-2 (a(a(a(a2222))))

FigureFigureFigureFigure 4-13.4-13.4-13.4-13. Kohn-Sham orbital representation for the ground state frontier orbitals of
MC-B3N3MC-B3N3MC-B3N3MC-B3N3 (D3). The iPr and tBu groups are replaced with H.



203

LUMOLUMOLUMOLUMO (a(a(a(a1g1g1g1g)))) LUMO+1LUMO+1LUMO+1LUMO+1 (a(a(a(a1u1u1u1u)))) LUMO+2LUMO+2LUMO+2LUMO+2 (e(e(e(euuuu))))

HOMOHOMOHOMOHOMO (a(a(a(a2u2u2u2u)))) HOMO-1HOMO-1HOMO-1HOMO-1 (e(e(e(euuuu)))) HOMO-2HOMO-2HOMO-2HOMO-2 (e(e(e(euuuu))))

FigureFigureFigureFigure 4-14.4-14.4-14.4-14. Kohn-Sham orbital representation for the ground state frontier orbitals of
MC-N6MC-N6MC-N6MC-N6 (six nitrogens, phenylene π-system, D3d).

LUMOLUMOLUMOLUMO (a(a(a(a2u2u2u2u)))) LUMO+1LUMO+1LUMO+1LUMO+1 (e(e(e(egggg)))) LUMO+2LUMO+2LUMO+2LUMO+2 (e(e(e(egggg))))
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HOMOHOMOHOMOHOMO (a(a(a(a1u1u1u1u)))) HOMO-1HOMO-1HOMO-1HOMO-1 (e(e(e(egggg)))) HOMO-2HOMO-2HOMO-2HOMO-2 (e(e(e(egggg))))

FigureFigureFigureFigure 4-15.4-15.4-15.4-15. Kohn-Sham orbital representation for the ground state frontier orbitals of
MC-B6MC-B6MC-B6MC-B6 derivative (six borons, phenylene π-system, D3d).

TableTableTableTable 4-4.4-4.4-4.4-4. Results from GIAO Calculations (GIAO-B3LYP/6-311G*//B3LYP/6-31G*)
on the Simplified Macrocycles (R = Ph, phenylene π-system)

MC-B3N3MC-B3N3MC-B3N3MC-B3N3 MC-N6MC-N6MC-N6MC-N6 MC-B6MC-B6MC-B6MC-B6
NICS(0) 0.239 –0.694 0.573

NICS(1) 0.221 –0.978 0.497
NICS(2) 0.151 –1.375 0.308

NICS (center of Ph rings) –6.270 –7.630 –5.996

FigureFigureFigureFigure 4-16.4-16.4-16.4-16. Illustration of structure used for NICS calculations on simplified
MC-B3N3MC-B3N3MC-B3N3MC-B3N3; NICS values determined at the center of the molecule (NICS(0)), and at
distances of 1.0 and 2.0 Å above the plane for NICS(1) and NICS(2), respectively.
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The electrochemical properties of MC-B3N3MC-B3N3MC-B3N3MC-B3N3 were examined by cyclic and square

wave voltammetry (FigureFigureFigureFigure 4444-17-17-17-17). Three distinct oxidation and three reduction waves

were observed. A comparison of the electrochemical data with those reported for the

azacyclophane MC-N6MC-N6MC-N6MC-N6 (phenylene π-system)35 and boracyclophane MC-B6MC-B6MC-B6MC-B6 (fluorene

π-system)45 provides insights into the mutual electronic effects of the adjacent boron and

nitrogen centers in the ambipolar structure of MC-B3N3MC-B3N3MC-B3N3MC-B3N3 (TableTableTableTable 4-54-54-54-5). Relative to the

azacyclophane MC-N6MC-N6MC-N6MC-N6, MC-B3N3MC-B3N3MC-B3N3MC-B3N3 is oxidized at more positive potentials, because the

presence of the electron-deficient neighboring borons decreases the electron density at

nitrogen. Conversely, more negative potentials are needed to reduce the boron sites in

MC-B3N3MC-B3N3MC-B3N3MC-B3N3 compared with the boracyclophane MC-B6MC-B6MC-B6MC-B6 (fluorene π-system), because of

an increase in the electron density at boron in the presence of the neighboring amine

groups. These experimental findings suggest that the HOMO level is lowered, while the

LUMO is elevated. We also note that the potentials for reduction of MC-B3N3MC-B3N3MC-B3N3MC-B3N3 are

similar to the last three reduction steps in MC-B6MC-B6MC-B6MC-B6 (fluorene π-system), while the

potentials for oxidation are similar to the last three oxidation steps in MC-N6MC-N6MC-N6MC-N6 (fluorene

π-system), indicating that the electronic effect of a reduced borane moiety is comparable

to that of a neutral amine and the effect of an oxidized amine to that of a neutral borane,

respectively. Importantly, despite the relatively higher LUMO than in MC-N6MC-N6MC-N6MC-N6 (fluorene

π-system) and the relatively lower HOMO than in MC-B6MC-B6MC-B6MC-B6 (fluorene π-system),

theoretical calculations reveal that the HOMO-LUMO gap in the ambipolar species

MC-B3N3MC-B3N3MC-B3N3MC-B3N3 is the smallest among these macrocycles, which is consistent with the
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relatively small optical gap of 2.96 eV determined by UV/Vis spectroscopy.

FigureFigureFigureFigure 4-17.4-17.4-17.4-17. Cyclic (top) and square wave (bottom) voltammograms for MC-B3N3MC-B3N3MC-B3N3MC-B3N3;
oxidation (left) in CH2Cl2 and reduction (right) in THF (0.1 M [Bu4N][PF6]) vs Fc0/+ (Fc
= [(η-C5H5)2Fe] as an internal reference (indicated with an asterisk).

TableTableTableTable 4-5.4-5.4-5.4-5. Cyclic Voltammetry Data (vs Fc0/+, v = 100 mV s–1) for MC-B3N3MC-B3N3MC-B3N3MC-B3N3 and for
MC-N6MC-N6MC-N6MC-N6 and MC-B6MC-B6MC-B6MC-B6 (fluorene π-system)

Species Event E11/2 E 21/2 E 31/2 E 41/2 E 51/2 E61/2

MC-N6MC-N6MC-N6MC-N6[[[[aaaa]]]] Ox [c] –0.28 –0.17 +0.20 +0.45 +0.72[f] +0.72[f]

MC-B3N3MC-B3N3MC-B3N3MC-B3N3 Ox[d] +0.46[g] +0.65[g] +0.94[g]

Red[e] –2.53 –2.72 –2.84[g]

MC-B6MC-B6MC-B6MC-B6[[[[bbbb]]]] Red[e] –2.10[b] –2.10[b] –2.27 –2.44 –2.57 –2.70
[a] From Ref. [35]. [b] From Ref. [45]. [c] 0.1M [Bu4N][BF4] in CH2Cl2. [d] 0.1M
[Bu4N][PF6] in CH2Cl2. [e] 0.1M [Bu4N][PF6] in THF. [f] Overlapping. [g] Determined
by SWV.

4.4 Anion Binding Study of MC-B3N3MC-B3N3MC-B3N3MC-B3N3

The presence of electron-deficient organoborane moieties also suggests possible use of

these molecules in the recognition of anions.48,49 The anion binding behavior was

evaluated by titration experiments with the cyanide anion. As shown in FigureFigureFigureFigure 4-184-184-184-18,
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stepwise addition of [nBu4N]CN to a solution of MC-B3N3MC-B3N3MC-B3N3MC-B3N3 in toluene resulted in a

gradual decrease in the UV absorbance and emission intensity. Three distinct regimes

were observed, consistent with addition of the anion to the three available borane

moieties, albeit with little or no cooperative effects27,50 (lgβ11 ≈ 8.0, lgβ12 = 15.7, lgβ13 =

23.0) (FigureFigureFigureFigure 4-194-194-194-19 and TableTableTableTable 4-64-64-64-6). Noteworthy is that, although the absorption

wavelength does not change dramatically, in the emission spectra a clear bathochromic

tailing is observed, which we attribute to new CT pathways upon generation of an

electron-rich organoborate site (FigureFigureFigureFigure 4-18c4-18c4-18c4-18c).27,51-53 A comparison to the quenching

behavior of the boracyclophane MC-B6MC-B6MC-B6MC-B6 provides further insights. In the case of MC-B6MC-B6MC-B6MC-B6,

only slightly more than 1 equivalent of quencher is needed to completely turn off the

emission of the host (Chapter 3).45 In contrast, to fully quench the fluorescence of

MC-B3N3MC-B3N3MC-B3N3MC-B3N3, more than 3 equivalents of CN– are required, corresponding to full

complexation of all three Lewis acidic B centers. This suggests that emission from CT

states in the partially complexed species [MC-B3N3MC-B3N3MC-B3N3MC-B3N3(CN)]– and [MC-B3N3MC-B3N3MC-B3N3MC-B3N3(CN)2]2–

remains strong, whereas a very weakly emissive low-energy CT state is generated upon

anion binding in [MC-B6MC-B6MC-B6MC-B6(CN)]–. As discussed in Chapter 3, this CT state is believed to

serve as an energy trap, resulting in effective quenching of the emission.45
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FigureFigureFigureFigure 4-18.4-18.4-18.4-18. Titration of MC-B3N3MC-B3N3MC-B3N3MC-B3N3 with [nBu4N]CN in toluene monitored by a)
UV/Vis and b) fluorescence spectroscopy ([MC-B3N3MC-B3N3MC-B3N3MC-B3N3]0000 = 1.429 × 10–5 M; [CN¯] =
1.042×10–3 M, λex = 419 nm. c) Illustration of electron-donor segments for MC-B3N3MC-B3N3MC-B3N3MC-B3N3
and the corresponding anion complexes.

TableTableTableTable 4-6.4-6.4-6.4-6. Relative concentrations of individual species after addition of varying
amounts of CN– to a solution of MC-B3N3MC-B3N3MC-B3N3MC-B3N3 ([MC-B3N3MC-B3N3MC-B3N3MC-B3N3]0 = 1.429 × 10–5 M; [CNCNCNCN––––] =
1.042 × 10–3 M) in toluene with binding constants of lgβ11 = 8.0, lgβ12 = 15.7, lgβ13 = 23.0.
These binding constants β1n are given in units of M–n and they are all automatically
generated from the program of HyperquadTM .

CN–

(equ.)
[MC-B3N3MC-B3N3MC-B3N3MC-B3N3]

(%)
[MC-B3N3MC-B3N3MC-B3N3MC-B3N3]CN

(%)
[MC-B3N3MC-B3N3MC-B3N3MC-B3N3](CN)2

(%)
[MC-B3N3MC-B3N3MC-B3N3MC-B3N3](CN)3

(%)
1 33.5 38 23 6
2 5.5 20.5 41 33
3 0 0 5 95
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FigureFigureFigureFigure 4-19.4-19.4-19.4-19. Fit of absorption data (HyperquadTM software) at λ = 412 nm and at λ = 308
nm in toluene. Note that lgβ11 had to be fixed to give a reasonable refinement. Color
Code: [MC-B3N3][MC-B3N3][MC-B3N3][MC-B3N3] (red), [MC-B3N3]CN[MC-B3N3]CN[MC-B3N3]CN[MC-B3N3]CN (blue), [MC-B3N3](CN)[MC-B3N3](CN)[MC-B3N3](CN)[MC-B3N3](CN)2222 (brown),
[MC-B3N3](CN)[MC-B3N3](CN)[MC-B3N3](CN)[MC-B3N3](CN)3333 (green).

HybridHybridHybridHybrid ππππ SSSSystemystemystemystemssss

4.5 Synthesis and Structural Characterization of MC-B4N2MC-B4N2MC-B4N2MC-B4N2

The position and relative orientation of electron donor and acceptor sites in CT

compounds has a distinct impact on the electronic properties. Therefore, we also pursued

the synthesis of ambipolar macrocycles with different number of N donor and B acceptor

sites. Taking advantage of the much higher reactivity of the Sn–C bond in comparison to

the Si–C bond in CzSiSnCzSiSnCzSiSnCzSiSn, we prepared the linear oligomer O-CFCO-CFCO-CFCO-CFC reaction of FlB2FlB2FlB2FlB2 with

2 equiv of CzSiSn,CzSiSn,CzSiSn,CzSiSn, followed by treatment with TipCu for steric stabilization of boron
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(SchemeSchemeSchemeScheme 4-24-24-24-2). The ambipolar macrocycle MC-B4N2MC-B4N2MC-B4N2MC-B4N2 was then prepared by reaction of

O-CFCO-CFCO-CFCO-CFC with 2 equivalents of BBr3, followed by cyclization under pseudo-high dilution

conditions upon simultaneous addition of stoichiometric amounts of the resulting

borylated species and FlFlFlFlSn2Sn2Sn2Sn2 (1:1) to a large quantity of toluene. Treatment of the initially

generated B-Br functionalized macrocycle with 2 equivalents of TipCu in refluxing

toluene for 2 days gave the desired product MC-B4N2MC-B4N2MC-B4N2MC-B4N2. GPC analysis indicated that the

crude sample after standard workup consists of the targeted macrocycle as the major

product in addition to a higher molecular weight component which likely corresponds to

larger linear or cyclic species (FigureFigureFigureFigure 4-204-204-204-20). Purification by preparative size exclusion

column chromatography on Bio-beadsTM with THF as the eluent gave analytically pure

MC-B4N2MC-B4N2MC-B4N2MC-B4N2 as a white powdery solid in 33% yield.

SchemeSchemeSchemeScheme 4-4-4-4-2222.... Synthesis of the donor-π-acceptor macrocycle MC-B4N2MC-B4N2MC-B4N2MC-B4N2.
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FigureFigureFigureFigure 4-20.4-20.4-20.4-20. GPC traces for macrocycle MC-B4N2MC-B4N2MC-B4N2MC-B4N2 in THF (PDI = 1397/1372 = 1.02, vs
low molecular weight polystyrene).

We also attempted to synthesize an ambipolar macrocycle MC-B2N2MC-B2N2MC-B2N2MC-B2N2. An aryl halide

functionalized boron-containing linear species Fl2BTipFl2BTipFl2BTipFl2BTip was initially prepared via the

B/Sn exchange of FlSnBrFlSnBrFlSnBrFlSnBr with BBr3, followed by the treatment with TipCu for the

formed B-Br intermediate. Different from MC-B4N2MC-B4N2MC-B4N2MC-B4N2, a standard Pd-catalyzed Stille

coupling was performed under pseudo-high dilution conditions for the macrocyclization

of MC-B2N2MC-B2N2MC-B2N2MC-B2N2 (SchemeSchemeSchemeScheme 4-3)4-3)4-3)4-3).

SchemeSchemeSchemeScheme 4-4-4-4-3333.... Synthesis of the donor-π-acceptor macrocycle MC-B2N2MC-B2N2MC-B2N2MC-B2N2.
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FigureFigureFigureFigure 4-214-214-214-21. High resolution MALDI-MS of isolated MC-B4N2MC-B4N2MC-B4N2MC-B4N2 (positive mode).

As shown in FigureFigureFigureFigure 4-204-204-204-20, isolation of monodisperse MC-B4N2MC-B4N2MC-B4N2MC-B4N2 after purification is

verified by a single band with a narrow PDI = 1.02 in the GPC traces. As further

evidence, the high resolution MALDI-MS spectra gives a molecular ion peak at

1683.1936 Da, which is close to the theoretical value of 1683.1919 Da. The experimental

isotope pattern fits the simulated pattern well (FigureFigureFigureFigure 4-214-214-214-21). MC-B4N2MC-B4N2MC-B4N2MC-B4N2 was further

characterized by multinuclear NMR spectroscopy. Only one set of signals that

corresponds to the cycle is observed in the 1H NMR (FigureFigureFigureFigure 4-224-224-224-22). The presence of a

broad 11B NMR signal at 77 ppm is consistent with boron in a tricoordinate environment

(FigureFigureFigureFigure 4-234-234-234-23). Furthermore, the quadrupole-broadened B-bound carbon NMR signals

can readily be identified in the 13C NMR and their number (3) is consistent with the
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expected one.
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FigureFigureFigureFigure 4-22.4-22.4-22.4-22. 1H NMR spectrum of macrocycle MC-B4N2MC-B4N2MC-B4N2MC-B4N2 and corresponding
magnifications (CDCl3, 25 °C).
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FigureFigureFigureFigure 4-23.4-23.4-23.4-23. 11B NMR spectrum of macrocycle MC-B4N2MC-B4N2MC-B4N2MC-B4N2 (CDCl3, 25 °C).

4.6 Photophysical, Electrochemical and Computational Studies of

Ambipolar Macrocycle MC-B4N2MC-B4N2MC-B4N2MC-B4N2

UV-vis absorption spectra were recorded in different solvents to investigate the

photophysical characteristics and determine the optical energy gap. In solution, the

absorption spectra of MC-B4N2MC-B4N2MC-B4N2MC-B4N2 show a distinct band at 357 nm and two shoulders

around 345 and 375 nm, independent of the solvent (FigureFigureFigureFigure 4-244-244-244-24). These bands are

attributed to intramolecular charge transfer (ICT) from carbazole donor sites (n/π) to

fluoreneborane acceptor sites (n/π*). The onset of the absorption at 390 nm suggests that

MC-B4N2MC-B4N2MC-B4N2MC-B4N2 absorbs at higher energy than does MC-B3N3MC-B3N3MC-B3N3MC-B3N3 (onset at 420 nm). This trend

is in agreement with the relative calculated energy of the lowest allowed transition

(S2 ←S0, λMC-B4N2MC-B4N2MC-B4N2MC-B4N2 = 382 nm, λMC-BMC-BMC-BMC-B3333NNNN3333 = 432 nm). Photoexcitation leads to an emission
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band at 436 nm (CH2Cl2: λexc = 357 nm, Φ = 0.40), which experiences a pronounced

red-shift with increasing solvent polarity. The presence of a strong solvatochromic effect

in the emission but only small effect in the absorption is indicative of a more polarized

excited state upon ICT, a phenomenon similar to what we observed in MC-B3N3MC-B3N3MC-B3N3MC-B3N3.

FigureFigureFigureFigure 4-24.4-24.4-24.4-24. (a) UV-vis absorption (left) and fluorescence spectra (right) (λex = 357 nm)
of MC-BMC-BMC-BMC-B4444NNNN2222 in solvents of different polarity. (b) Lippert-Mataga plot for the
solvatochromic emission of macrocycle MC-BMC-BMC-BMC-B4444NNNN2222 (hexanes, toluene, CHCl3, CH2Cl2,
propylene carbonate). The Stokes shifts in different solvents are plotted relative to the
solvent polarity function f(D) – f(n2) with f(D) = (D-1)/(2D+1) and f(n2) = (n2-1)/(2n2 +1);
D = permittivity; n = refractive index of the solvent (see also the detailed discussion in
Chapter 2 about the Lippert-Mataga analysis).
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DFT and TDDFT calculations (B3LYP/6-31G*) were carried out on a simplified

analog of MC-B4N2MC-B4N2MC-B4N2MC-B4N2 (Me and iPr groups are replaced with H, and nBu groups on

carbazole are replaced with Me groups) in C2V symmetry and the results are summarized

in TableTableTableTable 4-74-74-74-7. The formation of cyclic hybrid tetramer of MC-B4N2MC-B4N2MC-B4N2MC-B4N2 is favored due to

less ring strain in comparison to its cyclic fluorene analog (MC-B4MC-B4MC-B4MC-B4) and the respective

cyclic carbazole tetramer. The endocyclic bond angles about B are calculated to be:

120.9° (hybrid) > 119.0° (carbazole) > 118.1° (fluorene) (Appendix). According to DFT

calculations, the HOMO of MC-B4N2MC-B4N2MC-B4N2MC-B4N2 is localized on the π spacers with contributions

from the nitrogen p-orbitals of the carbazole moieties, while the LUMO is localized on

the conjugated π-system including fluorene units and the boron centers with generally

small contributions from the carbazole moieties, but not the nitrogen atoms (FigureFigureFigureFigure

4-254-254-254-25). Based on TDDFT calculations, the S1 ← S0 transition (HOMO to LUMO) is

symmetry forbidden because of cancellation of the transition dipole moments, as is

typically observed for highly symmetric macrocycles.45,57 The lowest allowed transition

(S2←S0) by TDDFT at 382 nm is predicted , which is close to the onset of the observed

absorption at ca. 390 nm (TableTableTableTable 4-84-84-84-8). Higher transitions including S3 ←S0 and S4 ←S0

also contribute to the UV-vis absorption, and the S3 ← S0 (f = 0.9398) transition is

responsible for the major band at 357 nm.
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TableTableTableTable 4-7.4-7.4-7.4-7. Results from TD-DFT Calculations (B3LYP, 6-31G*) on the Macrocycles
MC-B4N2MC-B4N2MC-B4N2MC-B4N2 (C2V) and MC-B2N2MC-B2N2MC-B2N2MC-B2N2 (C2)

Compound Transition λ, nm
(eV)

Oscillator
Strength, f Orbital Contributions

MC-B4N2MC-B4N2MC-B4N2MC-B4N2 S1←S0 409.8
(3.026)

0.0000 HOMO-2→LUMO+1, 0.166
HOMO-1→LUMO+2, 0.169
HOHOHOHOMOMOMOMO→→→→LUMOLUMOLUMOLUMO,,,, 0.6520.6520.6520.652

S2←S0 382.3
(3.243)

0.5366 HOHOHOHOMOMOMOMO-1-1-1-1→→→→LUMOLUMOLUMOLUMO,,,, 0.0.0.0.666666666666
HOMO→LUMO+2, 0.177

S3←S0 371.3
(3.339)

0.9398 HOMO–2→LUMO, 0.104
HOHOHOHOMOMOMOMO→→→→LUMO+1LUMO+1LUMO+1LUMO+1,,,, 0.0.0.0.674674674674

S4←S0 367.0
(3.378)

0.5934 HOMO–3→LUMO+2, 0.112
HOHOHOHOMOMOMOMO----2222→→→→LUMOLUMOLUMOLUMO,,,, 0.0.0.0.662662662662
HOMO→LUMO+1, –0.124

MC-B2N2MC-B2N2MC-B2N2MC-B2N2 S1←S0 427.4
(2.901)

0.0010 HOMO-2→LUMO+1, –0.207
HOMO-1→LUMO+2, 0.102
HOMOHOMOHOMOHOMO→→→→LUMOLUMOLUMOLUMO,,,, 0.60.60.60.654545454

S2←S0 408.9
(3.032)

0.9567 HOMO-2→LUMO, –0.147
HOMOHOMOHOMOHOMO→→→→LUMOLUMOLUMOLUMO+1,+1,+1,+1, 0.670.670.670.675555

S3←S0 403.0
(3.077)

0.7080 HOHOHOHOMO-1MO-1MO-1MO-1→→→→LUMOLUMOLUMOLUMO,,,, 0.6900.6900.6900.690

S5←S0 372.5
(3.328)

0.6010 HOHOHOHOMOMOMOMO––––2222→→→→LUMOLUMOLUMOLUMO,,,, 0.6690.6690.6690.669
HOMO→LUMO+1, 0.174

S8←S0 354.7
(3.495)

0.3899 HOHOHOHOMOMOMOMO––––3333→→→→LUMO+1LUMO+1LUMO+1LUMO+1,,,, 0.6840.6840.6840.684

S9←S0 333.0
(3.724)

0.9409 HOMO–1→LUMO+6, 0.127
HOHOHOHOMOMOMOMO→→→→LUMO+2,LUMO+2,LUMO+2,LUMO+2, 0.6690.6690.6690.669

The Me groups on fluorene and iPr on Tip are replaced with H. nBu groups on carbazole
are replaced with Me groups.



219

TableTableTableTable 4-84-84-84-8.... Computational and Experimental Data of the Frontier Orbital energies for
MC-BMC-BMC-BMC-B4444NNNN2222

CV[a]

[eV]
SWV[a]

[eV]
DFT[b]

[eV]
UV/Vis [c]

[nm] ([eV])
TD-DFT [b]

[nm] ([eV])
ELUMO –2.50 –2.50 –1.87
EHOMO –5.74 –5.75 –5.41
ΔEgap/uv 3.24 3.25 3.54 390 (3.18) 382 (3.24)[d]

[a] Reference: ferrocene at 4.80 eV below vacuum, CV = cyclic voltammetry, SWV =
square-wave voltammetry. [b] Computations performed on simplified analog of
MC-BMC-BMC-BMC-B4444NNNN2222 (Me groups on fluorene and iPr on Tip are replaced with H, and nBu on
carbazole are replaced with Me groups). [c] Onset of the UV-vis absorption in hexanes.
[d] Allowed S2 ←S0 transition.

LUMOLUMOLUMOLUMO LUMO+1LUMO+1LUMO+1LUMO+1 LUMO+2LUMO+2LUMO+2LUMO+2

HOMOHOMOHOMOHOMO HOMO-1HOMO-1HOMO-1HOMO-1 HOMO-2HOMO-2HOMO-2HOMO-2

FigureFigureFigureFigure 4-25.4-25.4-25.4-25. Molecular orbitals for MC-B4N2MC-B4N2MC-B4N2MC-B4N2 (C2V) in the ground state. Me groups on
fluorene and iPr on Tip are replaced with H. nBu groups on carbazole are replaced with
Me groups.
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LUMOLUMOLUMOLUMO LUMO+1LUMO+1LUMO+1LUMO+1 LUMO+2LUMO+2LUMO+2LUMO+2

HOMOHOMOHOMOHOMO HOMO-1HOMO-1HOMO-1HOMO-1 HOMO-2HOMO-2HOMO-2HOMO-2

HOMO-HOMO-HOMO-HOMO-3333

FigureFigureFigureFigure 4-26.4-26.4-26.4-26. Molecular orbitals for macrocycle MC-B2N2MC-B2N2MC-B2N2MC-B2N2 (C2) in the ground state. Me
groups on fluorene and iPr on Tip are replaced with H. nBu groups on carbazole are
replaced with Me groups.
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FigureFigureFigureFigure 4-27.4-27.4-27.4-27. Cyclic (top) and square wave (bottom) voltammograms for MC-BMC-BMC-BMC-B4444NNNN2222;
oxidation (a) in CH2Cl2 and reduction (b) in THF (0.1 M [Bu4N][PF6]) vs Fc0/+ (Fc =
[(η-C5H5)2Fe] as an internal reference.

The electrochemical properties of MC-BMC-BMC-BMC-B4444NNNN2222 were examined by cyclic and square

wave voltammetry (FigureFigureFigureFigure 4-274-274-274-27, TableTableTableTable 4-94-94-94-9). A reversible oxidation that corresponds to a

2e¯ process at 0.95 V was recorded in CH2Cl2, which suggests a very weak or no

electronic communication between the two nitrogen atoms on the opposite sites. This

oxidation wave is observed at more positive potential than that of 0.46 V for macrocycle

MC-B3N3MC-B3N3MC-B3N3MC-B3N3. In contrast, the boron centers in MC-B4N2MC-B4N2MC-B4N2MC-B4N2 apparently influence each other,

given that four reversible reduction bands are observed that correspond to separate

reductions at each boron site in the cycle. The first reduction at –2.30 V indicates that

MC-B4N2MC-B4N2MC-B4N2MC-B4N2 is slightly easier to be reduced compared with –2.53 V for MC-B3N3MC-B3N3MC-B3N3MC-B3N3. The

HOMO-LUMO energy gap (~3.25 eV) is estimated from electrochemical data, and found

to be consistent with that from TDDFT calculations and UV-vis measurement (TableTableTableTable

4-84-84-84-8). These findings indicate that MC-BMC-BMC-BMC-B4444NNNN2222 is ambipolar and potentially capable of
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acting as a p-type and n-type semiconducting material in organic devices.

TableTableTableTable 4-9.4-9.4-9.4-9. Electrochemical Data (vs Fc0/+, v = 100 mV s–1) for Macrocycle MC-B4N2MC-B4N2MC-B4N2MC-B4N2

[a] 0.1M [Bu4N][PF6] in CH2Cl2. [b] 0.1M [Bu4N][PF6] in THF.

4.7 Anion Binding Study of MC-B4N2MC-B4N2MC-B4N2MC-B4N2

Complexation of MC-B4N2MC-B4N2MC-B4N2MC-B4N2 with nucleophiles was monitored by UV-vis absorption

and emission spectroscopy. FigureFigureFigureFigure 4-284-284-284-28 reveals that the UV-vis absorption band

gradually decreases upon the addition of CN¯ to a MC-B4N2MC-B4N2MC-B4N2MC-B4N2 solution in CH2Cl2.

Addition of two equiv. of CN¯ leads to the disappearance of the major band at 357 nm

corresponding to the S3←S0 transition (HOMO→LUMO+1). The spectrum after addition

of 2 equiv. of CN¯ shows two well-separated absorptions at 340 and 370 nm. These are

likely due to charge transfer transition from electron-rich carbazole and cyanoborate sites,

respectively, to the remaining electron-deficient tricoordinate borane sites (SchemeSchemeSchemeScheme 4-44-44-44-4).

These bands gradually disappear in the presence of larger amounts of CN¯. A

Oxidation (V) [a] Reduction (V) [b]

Cyclic Voltammetry E11/2, CV 0.940 (2e) –2.297
E21/2, CV O/L N/D
E31/2, CV N/A N/D
E41/2, CV N/A N/D

Square Wave Voltammetry Ep1SWV 0.952 (2e) –2.300
Ep2SWV O/L –2.424
Ep3SWV N/A –2.684
Ep4SWV N/A –2.792
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cooperative effect was observed with relatively small binding constants (lgβ11 = 7.5, lgβ12

= 14.7, lgβ13 = 19.8, lgβ14 = 24.7) for β13 and β14, which is probably due to interactions

between the boron centers via the fluorene bridges as also observed for MC-B6MC-B6MC-B6MC-B6 and the

related linear fluoreneborane oligomers. The initial emission band at 435 nm gradually

decreases, followed by a red-shift of the band at 470 nm after addition of 2 equiv. of CN¯.

This is distinct from the complexation of MC-B6MC-B6MC-B6MC-B6 and MC-B3N3MC-B3N3MC-B3N3MC-B3N3 that show only a

decrease in intensity at the initial wavelength and no red-shifted bands were generated.

The new emission band in MC-B4N2MC-B4N2MC-B4N2MC-B4N2 is probably due to CT from carbazole and/or

cyanoborate to tricoordinate borane sites. Another important observation is that the fully

complexed species [MC-BMC-BMC-BMC-B4444NNNN2222(CN)4]4– remains emissive. This uncommon phenomenon

that was not found in MC-B6MC-B6MC-B6MC-B6 and MC-B3N3MC-B3N3MC-B3N3MC-B3N3 suggests that charge transfer occurs from

carbazole moieties to fluorene units.

SchemeSchemeSchemeScheme 4-4.4-4.4-4.4-4. Illustration of electron-donor (red) and electron-acceptor (blue) segments
for MC-B4N2MC-B4N2MC-B4N2MC-B4N2 and the corresponding anion complexes.



224

FigureFigureFigureFigure 4-28.4-28.4-28.4-28. Complexation of MC-B4N2MC-B4N2MC-B4N2MC-B4N2 with CN¯ anions (1.04 × 10–3 M) in CH2Cl2,
monitored by UV-vis and fluorescence spectroscopy. [MC-B4N2MC-B4N2MC-B4N2MC-B4N2] = 8.84 × 10–6 M; λexc =
375 nm. Bottom: Fit of absorption data (HyperquadTM) at λ = 372 and 343 nm.

TableTableTableTable 4-10.4-10.4-10.4-10. Relative concentrations of individual complexes after addition of varying
amounts of CN¯ to a solution of MC-B4N2MC-B4N2MC-B4N2MC-B4N2 in CH2Cl2. The binding constants are as
follow: lgβ11 = 7.5, lgβ12 = 14.7, lgβ13 = 19.8, lgβ14 = 24.7. These binding constants β1n

are given in units of M–n. They are all based on a manual fit to achieve convergence using
the program of HyperquadTM.
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4.8 Conclusions

In conclusion, the synthesis of several ambipolar π-conjugated B–N macrocycles was

accomplished by cyclization of the corresponding linear oligomers under pseudo-high

dilution conditions. As confirmed by single-crystal X-ray diffraction, N donor and B

acceptor sites are alternating in the highly symmetric ring system of MC-B3N3MC-B3N3MC-B3N3MC-B3N3. The

D–π–A type arrangement results in mutual interactions between B and N as is evidenced

by electrochemical measurements and reflected in a pronounced solvatochromic effect on

the emission. Macrocycles, such as MC-B3N3MC-B3N3MC-B3N3MC-B3N3, combine aspects of electron-rich aza- and

electron-deficient boracyclophanes suggesting possible applications as ambipolar

semiconductor materials. The strong luminescence in solution also lends itself to use in

anion recognition and our studies indicate that, in the presence of low levels of cyanide,

fluorescence results from emissive charge-transfer states, which is in stark contrast to the

respective boracyclophane MC-B6MC-B6MC-B6MC-B6 discussed in Chapter 3. Macrocycle MC-B4N2MC-B4N2MC-B4N2MC-B4N2 also

shows a strong solvatochromic effect on the emission. Electronic communication of 4

CN¯ (eq)
[MC-B4N2MC-B4N2MC-B4N2MC-B4N2]

(%)

[MC-B4N2MC-B4N2MC-B4N2MC-B4N2]CN

(%)

[MC-B4N2]([MC-B4N2]([MC-B4N2]([MC-B4N2](CN)2

(%)

[MC-B4N2](MC-B4N2](MC-B4N2](MC-B4N2](CN)3

(%)

[MC-B4N2MC-B4N2MC-B4N2MC-B4N2](CN)4

(%)

1.2 12.3 35.6 51.5 0.6 0.0

2.2 0.0 1.7 71.0 22.7 4.6

3.8 0.0 0.1 25.8 38.3 35.8

8.0 0.0 0.0 3.5 20.5 76.0

10 0.0 0.0 2.0 16.1 81.9

12 0.0 0.0 1.3 13.2 85.5

30 0.0 0.0 0.2 5.6 94.2
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borons is apparent from the electrochemical studies, whereas the two nitrogens are

electronically independent due to a long distance between the carbazole units.

4.9 Perspective for Future Work

Incorporation of donor and acceptor units into conjugated systems is known to give

rise to narrow band gaps that are of paramount interest in the area of organic electronics,

owing to the effective intermolecular charge transfer (ICT). Among D–π–A type

ambipolar B-N macrocycles, the systems in which donor and acceptor sites are separated

in two blocks are based on DFT calculations expected to have much lower

HOMO-LUMO gaps than those with alternating donors and acceptors (TableTableTableTable 4-114-114-114-11 and

FigureFigureFigureFigure 4-294-294-294-29). For example, the HOMO-LUMO gap of MC-MC-MC-MC-bbbb-B3N3-B3N3-B3N3-B3N3 (2.59 eV) is lowered

by 0.73 eV in comparison with the alternating macrocycle MC-B3N3MC-B3N3MC-B3N3MC-B3N3 (3.32 eV).

Moreover, fine-tuning of the HOMO-LUMO gaps can be achieved through modification

of D/A ratio in the block macrocycles (TableTableTableTable 4-114-114-114-11).

TableTableTableTable 4-11.4-11.4-11.4-11. Comparison of the Calculated Orbital Energies for Cycles (DFT, B3LYP,
6-31G*)
Compound HOMO (eV) LUMO (eV) HOMO-LUMO gap (eV)
MC-MC-MC-MC-bbbb-B3N3-B3N3-B3N3-B3N3 –4.63 –2.04 2.59
MC-MC-MC-MC-bbbb-B2N4-B2N4-B2N4-B2N4 –4.49 –1.82 2.67
MC-MC-MC-MC-bbbb-BN5-BN5-BN5-BN5 –4.41 –1.47 2.94
MC-B3N3MC-B3N3MC-B3N3MC-B3N3 –5.01 –1.69 3.32
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FigureFigureFigureFigure 4-28.4-28.4-28.4-28. Molecular structures for the proposed block B-N macrocycles.

4.10 Experimental Section

MaterialsMaterialsMaterialsMaterials andandandand GeneralGeneralGeneralGeneral Methods.Methods.Methods.Methods. n-BuLi (1.6 M in hexanes), BBr3,

tetrabutylammonium cyanide (TBACN), tBu3P and KOtBu were purchased from Aldrich,

Me3SiCl and carbazole from Acros, Me3SnCl from Strem chemicals, Pd2(dba)3 from

Oakwood products, propylene carbonate (PC) from Alfa Aesar, and Bio-Beads S-X

Beads from Bio-Rad Laboratories (Hercules, CA, USA). Me3SiCl was distilled under

vacuum and all other commercially available chemicals were used as received without

further purification. The procedures described in Chapter 2 were performed to prepare

TPA-Si2TPA-Si2TPA-Si2TPA-Si2, TPA-Sn2TPA-Sn2TPA-Sn2TPA-Sn2, TPA-SiSnTPA-SiSnTPA-SiSnTPA-SiSn, TPA-SiBTPA-SiBTPA-SiBTPA-SiB and O-B1N2O-B1N2O-B1N2O-B1N2. FlB2FlB2FlB2FlB2,47 FlSn2FlSn2FlSn2FlSn2,47 CzSiSnCzSiSnCzSiSnCzSiSn,54 and

2,4,6-triisopropylphenyl copper55 (TipCu) were prepared according to the previously

published procedures. Tetrahydrofuran (THF) was distilled from Na/benzophenone prior

to use. Hexanes and toluene were purified using a solvent purification system (Innovative

Technologies; alumina/copper columns for hydrocarbon solvents). Dichloromethane
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(DCM) and CDCl3 were distilled from CaH2 and degassed via several freeze-pump-thaw

cycles for use with air-sensitive compounds. All reactions and manipulations involving

reactive borane or organolithium species were carried out under an atmosphere of

prepurified nitrogen using either Schlenk techniques or an inert-atmosphere glove box.

All 499.893 (or 600) MHz 1H, 125.7 MHz 13C, 160.4 MHz 11B NMR, 99.25 MHz

29Si NMR, and 186.455 MHz 119Sn NMR spectra were recorded on a Varian INOVA

spectrometer equipped with a boron-free 5 mm dual broadband gradient probe (Nalorac,

Varian Inc., Martinez, CA). 11B NMR spectra were acquired with boron-free quartz NMR

tubes and the spectra were referenced externally to BF3 · Et2O (δ = 0). 29Si NMR spectra

were referenced to SiMe4 (δ = 0). All NMR spectra were obtained at ambient

temperature.

MALDI-MS measurements were performed on an Apex-ultra 7T Hybrid FT-MS

(Bruker Daltonics) in linear (+) mode. Benzo[α]pyrene (10 mg/mL) used as the matrix

was mixed with the samples (10 mg/mL in toluene) in a 10:1 ratio, and then spotted on

the wells of a target plate inside a glove box.

GPC analyses were performed in THF (1 mL/min) using a Waters Breeze system

equipped with a 717 plus autosampler, a 1525 binary HPLC pump, a 2998 photodiode

array detector, and a 2414 refractive index detector. For separation, the samples were

passed through a series of styragel columns (Polymer Laboratories; two columns: Plgel 5

μm 100 Å and 500 Å), which were kept in a column heater at 35 °C. The columns were

calibrated with low molecular weight polystyrene standards (Polymer Laboratories,
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range from 1300 to 5780 Da).

UV-visible absorption data were acquired on a Varian Cary 500 UV-Vis/NIR

spectrophotometer. The fluorescence data and quantum yields were measured on a Varian

Cary Eclipse fluorescence spectrophotometer with the same solutions as those used in the

UV-visible measurements. The quantum yields (Φ) in DCM were calculated using 9,

10-diphenylanthracene as a standard (Φ = 0.92 in DCM).56 Sample solutions were

prepared using a microbalance (± 0.1 mg) and volumetric flasks. For titration

experiments, cyanide ion solutions were prepared by dissolving the desired amount of

TBACN solid in toluene; stock solutions of the samples were prepared in toluene in the

glove box. Cyanide was added to the sample solution through a microsyringe (± 0.1 μL),

minimizing exposure to air.

Cyclic voltammetry (CV) and square wave voltammetry (SWV) experiments were

carried out on a BAS CV-50W analyzer. The three-electrode system consisted of an Au

disk as working electrode, a Pt wire as secondary electrode and a Ag wire as a pseudo

reference electrode. The voltammograms were recorded with ca. 10-3 to 10-4 M sample

solution in THF with Bu4N[PF6] (0.1 M) as the supporting electrolyte for the reduction

and in DCM with Bu4N[PF6] (0.1 M) for the oxidation scans. The scans were referenced

after the addition of a small amount of ferrocene as an internal standard. The potentials

are reported relative to the ferrocene/ferrocenium couple.

DFT calculations (gas phase) were performed using the Gaussian03 program.

Geometries and electronic properties are calculated by means of the hybrid density
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functional B3LYP with the basis set of 6-31G(d). The input files and orbital

representations were generated with Gaussview 3.07 (scaling radii of 75%, isovalue of

0.02) and C3, D3, D3d, C2V or C2 symmetry was imposed. A true minimum was confirmed

by the absence of imaginary frequencies. Excitation data were calculated using TD-DFT

methods (B3LYP, 6-31G(d)). GIAO calculations were performed at the

GIAO-B3LYP/6-311G*//B3LYP/6-31G* level of theory.

Single crystal X-ray diffraction intensities on MC-B3N3MC-B3N3MC-B3N3MC-B3N3 were collected on a Smart

Apex2 CCD diffractometer at 100 K using Cu Kα (1.54178 Å) radiation and details of

the X-ray diffraction experiment and crystal structure refinement are given in the

Appendix. Since the crystals lost solvent almost immediately, they were placed in

Paratone-N oil and put at 100 K as quickly as possible. Despite these precautions and the

use of higher boiling dichloroethane in place of dichloromethane, the crystal did not

diffract well beyond 0.84 Å resolution, where most of the "missing" data lie. The

structure was solved by direct methods and refined by full-matrix least squares based on

F2 with all reflections (SHELXTL V5.10; G. Sheldrick, Siemens XRD, Madison, WI).

Non-hydrogen atoms were refined with anisotropic displacement coefficients, and

hydrogen atoms were treated as idealized contribution. SADABS (Sheldrick, G.M.;

SADABS, 2008, University of Göttingen) absorption correction was applied. Generally,

the structure solution was straightforward, and two independent dichloroethane solvent

molecules were found and refined (36 molecules of dichloroethane per unit cell).

However, other dichloroethane molecules in the structure (located in channels along the
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crystallographic c axis) were highly disordered and removed using the Squeeze routine in

the Platon program (Spek, A. L. J. Appl. Crystallogr. 2003200320032003, 36, 7-13). The total electron

density corresponds to 12 additional dichloroethane molecules (50 electrons) per unit cell

(615 e¯ in a total of 1689 Å3 void space). The large size of the cell, facile loss of solvent

from positions in channels and layers, and the disorder of solvent contribute to the

relatively high R factors. Crystallographic data for the structure of 3333 have been deposited

with the Cambridge Crystallographic Data Center as supplementary publication

CCDC-882152. Copies of the data can be obtained free of charge on application to

CCDC, 12 Union Road, Cambridge CB2 IEZ, UK (fax:(+44) 1223-336-033; email:

deposit@ccdc.cam.ac.uk).

SynthesisSynthesisSynthesisSynthesis ofofofof MC-B3N3MC-B3N3MC-B3N3MC-B3N3.... To BBr3 (50 mg, 200 μmol) in 5 mL of toluene was added a

solution of O-B1N2O-B1N2O-B1N2O-B1N2 (75 mg, 79 μmol) in 15 mL of toluene with stirring. The reaction

mixture was kept stirring overnight, and then all volatile components were removed

under high vacuum. The crude product was purified by recrystallization from

hexanes/toluene mixture at –35 °C to give a yellow solid (70 mg, 77%). Solutions of the

borylated product (70 mg, 60 μmol) in 50 mL of toluene and TPATPATPATPA-Sn2-Sn2-Sn2-Sn2 (38 mg, 60 μmol)

in 50 mL of toluene were simultaneously added through two different addition funnels to

a three-necked round bottom flask containing 400 mL of toluene under N2 over a period

of 12 h with stirring. After stirring for 2 days at RT, the reaction mixture was evaporated

to dryness, leaving behind a yellow solid. The solid was redissolved in toluene and

treated with TipCu (32 mg, 120 μmol) in 15 mL of toluene. The reaction mixture was
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refluxed at 120 °C under N2 for 2 d. A solid precipitate (CuBr) was removed by filtration

through a fritted glass disk. All volatile components were then removed under high

vacuum and the crude product was purified by preparative size-exclusion

chromatography on Bio-BeadsTM using THF as the eluent. A solution of the purified

product in a 5/1 hexanes/toluene mixture was kept at –35 °C to give a microcrystalline

pale yellow solid (46 mg, 49%). 1H NMR (499.893 MHz, CDCl3): δ 1.00 (d, J = 6.5 Hz,

36H), 1.28 (d, J = 7.0 Hz, 18H), 1.30 (s, 27H), 2.58 (septet, J = 7.0 Hz, 6H), 2.88 (septet,

J = 7.0 Hz, 3H), 6.95 (s, 6H), 7.14 (d, J = 8.5 Hz, 6H), 7.24 (d, J = 8.5 Hz, 12 H), 7.31 (d,

J = 8.5 Hz, 6H), 7.61 (d, J = 8.5 Hz, 12H). 13C NMR (150.0 MHz, CDCl3): δ 24.38,

24.52, 31.59, 34.49, 34.70, 35.57, 120.08, 121.08, 126.67, 126.80, 138.08 (B-C), 138.69,

143.21, 148.22, 148.43, 148.80, 149.68. 11B NMR (160.4 MHz, CDCl3): δ 72 (w1/2 =

5200 Hz). MALDI-MS (pos.) m/z: calcd. for C111H132B3N3 [M]+ 1540.0706 found

1540.0705.

SynthesisSynthesisSynthesisSynthesis ofofofof MeMeMeMe3333Si-Cz-B-Fl-B-Cz-SiMeSi-Cz-B-Fl-B-Cz-SiMeSi-Cz-B-Fl-B-Cz-SiMeSi-Cz-B-Fl-B-Cz-SiMe3333 (O-CFC)(O-CFC)(O-CFC)(O-CFC).... To a solution of compound FlB2FlB2FlB2FlB2

(0.29 g, 0.55 mmol) in 20 mL of CH2Cl2 was added a solution of CzSiSnCzSiSnCzSiSnCzSiSn (0.50 g, 1.10

mmol) in 10 mL of CH2Cl2 and the mixture was kept stirring overnight. All volatile

components were removed under vacuum, leaving behind a yellowish solid. Without

further purification the crude product was dissolved in 10 mL of toluene and then treated

with TipCu (0.29 g, 1.10 mmol) in 10 mL of toluene. The reaction mixture was refluxed

at 120 °C under N2 for 2 d. A solid precipitate (CuBr) was removed by filtration through

a fritted glass disk. All volatile components were removed under high vacuum. The crude
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product was purified by column chromatography on silica gel using hexanes as the eluent,

and then precipitated from hexanes at –35 °C to give O-CFCO-CFCO-CFCO-CFC as a white powdery solid

(0.47 g, 71%). 1H NMR (499.893 MHz, CDCl3): δ 0.33 (s, 18H, TMS), 1.01 (m, 30H,

Tip+Bu_Me), 1.38 (d, J = 7.0 Hz, 12H, Tip), 1.50 (sextet, J = 7.5 Hz, 4H, Bu), 1.55 (s,

6H, Fl), 1.90 (quint, J = 7.0 Hz, 4H, Bu), 2.61 (septet, J = 7.0 Hz, 4H, Tip), 3.00 (septet,

J = 7.0 Hz, 2H, Tip), 4.34 (t, J = 7.5 Hz, 4H, Bu), 7.07 (s, 4H, Tip), 7.44 (d, J = 8.0 Hz,

2H, Cz), 7.47 (d, J = 8.0 Hz, 2H, Cz), 7.64 (d, J = 8.0 Hz, 2H, Cz), 7.88 (d, J = 8.0 Hz,

4H, Fl), 7.93 (d, J = 7.5 Hz, 2H, Cz), 7.96 (s, 2H, Fl), 8.26 (s, 2H, Cz), 8.74 (s, 2H, Cz).

13C NMR (125.7 MHz, CDCl3): –0.43, 14.10, 20.81, 24.41, 24.44, 27.11, 29.93, 31.40,

34.46, 35.58, 43.20, 47.08, 108.15, 108.84, 119,98, 120.19, 122.76, 123.64, 125.77,

128.45, 129.27, 130.10, 130.85, 131.38, 132.14, 133.53 (B-C), 137.04, 137.29, 141.57,

141.78 (B-C), 141.97, 143.23, 143.82 (B-C), 148.35, 149.24, 153.78. 11B NMR (160.4

MHz, CDCl3): δ 66 (w1/2 = 1,400 Hz). 29Si NMR (99.25 MHz, CDCl3): δ –3.87. High res.

MALDI-MS (pos.) m/z: calcd. for C83H106B2N2Si2 [M+] 1208.8111, found 1208.8160.

SynthesisSynthesisSynthesisSynthesis ofofofof MC-B4N2MC-B4N2MC-B4N2MC-B4N2. To BBr3 (0.08 g, 0.30 mmol) in 5 mL of toluene was added a

solution of O-CFCO-CFCO-CFCO-CFC (0.14 g, 0.12 mmol) in 10 mL of toluene with stirring. The reaction

mixture was kept stirring overnight, and then all volatile components were removed

under high vacuum. The crude product was purified by recrystallization from

hexanes/toluene mixture at –35 °C to give a light yellow solid (0.10 g, 61%). 1H NMR

(499.893 MHz, CDCl3): δ 1.02 (m, 30H, Tip+Bu_Me), 1.38 (d, J = 7.0 Hz, 12H, Tip),

1.46 (sextet, J = 7.5 Hz, 4H, Bu), 1.55 (s, 6H, Fl), 1.93 (quint, J = 7.5 Hz, 4H, Bu), 2.59
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(septet, J = 6.5 Hz, 4H, Tip), 3.01 (septet, J = 7.0 Hz, 2H, Tip), 4.38 (t, J = 8.0 Hz, 4H,

Bu), 7.07 (s, 4H, Tip), 7.47 (d, J = 8.5 Hz, 2H), 7.51 (d, J = 8.5 Hz, 2H), 7.89 (d, J = 8.0

Hz, 2H), 7.95 (m, 6H), 8.34 (d, J = 8.5 Hz, 2H), 8.78 (s, 2H, Cz), 8.96 (s, 2H, Cz). 11B

NMR (160.4 MHz, CDCl3): δ 68 (w1/2 = 2,300 Hz). Solutions of the borylated product

(100 mg, 71 μmol) in 50 mL of toluene and FlFlFlFlSn2Sn2Sn2Sn2 (37 mg, 71 μmol) in 50 mL of toluene

were simultaneously added through two different addition funnels to a three-necked

round bottom flask containing 300 mL of toluene under N2 over a period of 12 h with

stirring. After stirring for 2 days at RT, the reaction mixture was evaporated to dryness,

leaving behind a light yellow solid. The solid was redissolved in toluene and treated with

TipCu (38 mg, 142 μmol) in 15 mL of toluene. The reaction mixture was refluxed at 120

°C under N2 for 2 d. A solid precipitate (CuBr) was removed by filtration through a

fritted glass disk. All volatile components were then removed under high vacuum and the

crude product was purified by preparative size-exclusion chromatography on

Bio-BeadsTM using THF as the eluent. A solution of the purified product in hexanes was

precipitated at –35 °C to give a white powdery material (40 mg, 33%). 1H NMR

(499.893 MHz, CDCl3): δ 0.99 (m, 54H, Tip+Bu_Me), 1.34 (s, 12H, Fl), 1.37 (d, J = 7.0

Hz, 24H, Tip), 1.46 (sextet, J = 7.5 Hz, 4H, Bu), 1.93 (quint, J = 7.5 Hz, 4H, Bu), 2.59

(septet, J = 7.0 Hz, 8H, Tip), 2.99 (septet, J = 7.0 Hz, 4H, Tip), 4,36 (t, J = 7.0 Hz, 4H,

Bu), 7.04 (s, 8H, Tip), 7.44 (d, J = 8.5 Hz, 4H, Fl), 7.68 (s, 4H, Fl), 7.79 (d, J = 8.5 Hz,

4H, Fl), 8.05 (d, J = 7.5 Hz, 4H, Cz), 8.17 (d, J = 8.0 Hz, 4H, Cz), 8.88 (s, 4H, Cz). 13C

NMR (150.0 MHz, CDCl3): 14.07, 20.80, 24.36, 24.40, 24.48, 27.01, 31.38, 34.46, 35.50,
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43.37, 46.88, 108.48, 119.85, 120.12, 123.52, 131.33, 132.40, 134.17 (B-C), 136.64,

137.69, 141.67 (B-C), 142.11, 143.52, 148.33, 149.20, 153.88. 11B NMR (160.4 MHz,

CDCl3): 77 (w1/2 = 2,600 Hz). High res. MALDI-MS (pos.) m/z: calcd. for C122H146B4N2

[M+] 1683.1919 found 1683.1936.

SynthesisSynthesisSynthesisSynthesis ofofofof 3,6-bis(trimethylstannyl)-9-3,6-bis(trimethylstannyl)-9-3,6-bis(trimethylstannyl)-9-3,6-bis(trimethylstannyl)-9-nnnn-butylcarbazole-butylcarbazole-butylcarbazole-butylcarbazole (CzSn2).(CzSn2).(CzSn2).(CzSn2). A solution of

n-BuLi (1.6 M in hexanes, 16 mL, 25 mmol) was added dropwise over a period of 1 h to

a solution of 3,6-dibromo-9-n-butylcarbazole (3.81 g, 10 mmol) in dry diethyl ether (250

mL) at –78 °C. The mixture was stirred for 1 h and then allowed to slowly warm up to R.

T. After cooling the reaction mixture back down to –78 °C, a solution of Me3SnCl (4.98

g, 25 mmol) in ether (15 mL) was added via syringe. The mixture was stirred at –78 °C

for 4 h and then for an additional 12 h at ambient temperature. After standard workup the

crude material was purified by recrystallization from ethanol to give colorless crystals

(4.0 g, 73%). 1H NMR (600 MHz, CDCl3): δ 0.37 (s, J(117/119Sn, H) = 54 Hz, 18H), 0.94

(t, J = 7.8 Hz, 3H), 1.40 (sextet, 2H), 1.85 (quintet, 2H), 4.30 (t, J = 7.2 Hz, 2H), 7.42 (d,

J = 7.8 Hz, 2H), 7.56 (d, J = 8.4 Hz, 2H), 8.25 (s, J(117/119Sn, H) = 48.0 Hz, 2H). 119Sn

NMR (186.455 MHz, CDCl3): δ –23.6. MALDI-MS (pos.) m/z: calcd. for C22H33NSn2

[M+] 549.0654 found 549.0633.

SynthesisSynthesisSynthesisSynthesis ofofofof 2-bromo-7-trimethylstannyl-9,9-dimethylfluorene2-bromo-7-trimethylstannyl-9,9-dimethylfluorene2-bromo-7-trimethylstannyl-9,9-dimethylfluorene2-bromo-7-trimethylstannyl-9,9-dimethylfluorene (FlSnBr).FlSnBr).FlSnBr).FlSnBr). A solution

of n-BuLi (1.6 M in hexanes, 23 mL. 36.8 mmol) was added dropwise over a period of 1

h to a solution of 2,7-dibromo-9,9-dimethylfluorene (12.95 g, 36.8 mmol) in dry THF

(350 mL) at –78 °C. The mixture was stirred for 1 h and then allowed to slowly warm up
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to R. T. After cooling the reaction mixture back down to –78 °C, a solution of Me3SnCl

(8.00 g, 25.3 mmol) in THF (20 mL) was added via syringe. The mixture was stirred at

–78 °C for 4 h and then for an additional 12 h at ambient temperature. After standard

workup the crude material was purified by recrystallization from ethanol to give a

colorless powdery material (11.8 g, 74%). 1H NMR (499.893 MHz, CDCl3): δ 0.34 (s,

J(117/119Sn, H) = 54 Hz, 9H), 1.50 (s, 6H), 7.48 (m, J(117/119Sn, H) = 43.5 Hz, 2H), 7.55 (d,

J = 7.0 Hz, 2H), 7.59 (d, J = 7.5 Hz, 1H), 7.68 (d, J = 7.5 Hz, 1H). 119Sn NMR (186.455

MHz, CDCl3): δ –24.3. GC-MS: m/z 436 (100%) [M+], 274 (5%) [M+ – SnMe3].

SynthesisSynthesisSynthesisSynthesis ofofofof Fl2BTipFl2BTipFl2BTipFl2BTip.... To a solution of compound FlSnBrFlSnBrFlSnBrFlSnBr (200 mg, 459 μmol) in 15

mL of CH2Cl2 was added a solution of BBrBBrBBrBBr3333 (70 mg, 280 μmol) in 5 mL of CH2Cl2 and

the mixture was kept stirring overnight. All volatile components were removed under

vacuum, leaving behind a yellowish solid. Without further purification the crude product

was dissolved in 10 mL of toluene and then treated with TipCu (120 mg, 459 μmol) in 10

mL of toluene. The reaction mixture was refluxed at 120 °C under N2 for 2 d. A solid

precipitate (CuBr) was removed by filtration through a fritted glass disk. All volatile

components were removed under high vacuum. The crude product was purified by

column chromatography on silica gel using hexanes as the eluent, and then precipitated

from hexanes at –35 °C to give Fl2BTipFl2BTipFl2BTipFl2BTip as a white powdery solid (190 mg, 55%). 1H

NMR (499.893 MHz, CDCl3): δ 0.99 (d, J = 7.0 Hz, 12H), 1.36 (d, J = 7.0 Hz, 6H), 1.49

(s, 12H), 2.47 (septet, J = 7.0 Hz, 2H), 2.98 (septet, J = 7.0 Hz, 1H), 7.03 (s, 2H), 7.51 (d,

J = 8.0 Hz, 2H), 7.60 (s, 2H), 7.67 (d, J = 8.0 Hz, 2H), 7.79 (m, 4H), 7.84 (s, 2H). 13C
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NMR (125.7 MHz, CDCl3): 24.33, 24.37, 27.14, 34.48, 35.71, 47.36, 119.47, 120.29,

122.21, 122.28, 126.56, 130.47, 132.03, 137.71, 138.12, 140.88 (B-C), 141.68, 142.79

(B-C), 148.75, 149.10, 152.51, 156.89. 11B NMR (160.4 MHz, CDCl3): δ 70 (w1/2 =

3,500 Hz).

SynthesisSynthesisSynthesisSynthesis ofofofof MC-B2N2.MC-B2N2.MC-B2N2.MC-B2N2. To a three-necked round bottom flask containing 250 mL of

toluene was added KOtBu (43.0 mg, 380 μmol) under N2, followed by addition of

Pd2(dba)3 (6.0 mg, 6.3 μmol) in 20 mL of toluene and of tBu3P (1.3 mg, 6.3 μmol) in 5

mL of toluene through syringe. Solutions of Fl2BTipFl2BTipFl2BTipFl2BTip (96.0 mg, 126 μmol) in 50 mL of

toluene and CzCzCzCzSn2Sn2Sn2Sn2 (69.0 mg, 126 μmol) in 50 mL of toluene were simultaneously added

through two different addition funnels. The reaction mixture was refluxed with stirring

for 3 days, and then it was condensed to 20 mL under high vacuum, which was further

washed with water to remove the salts left over. The resulting solution was flushed

through a silica gel chromatography column using toluene as the eluent to remove the Pd

catalyst. The crude product was further purified by preparative size-exclusion

chromatography on Bio-BeadsTM using THF as the eluent.
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AppendixAppendixAppendixAppendix

FigureFigureFigureFigure 1.1.1.1. Optimized macrocycle structures showing endocyclic bond angles around B centers with
different π systems: (top) fluorene (118.1°); (middle) carbazole (119.0°); (bottom) hybrid (120.9°).
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TableTableTableTable 1.1.1.1. Crystal Data and Structure Refinement for Macrocycle MC-B3N3MC-B3N3MC-B3N3MC-B3N3

a R1 = Σ||Fo|-|Fc||/|Fo|, wR2 = [Σw(Fo2-Fc2)2/Σw(Fo2)2]1/2

Empirical formula C111H132B3N3, 6 C2H4Cl2

M r 2134.34
T (K) 100(2)
λ (Å) 1.54178
Cryst system rhombohedral

Space group R 3

a (Å) 21.3886(11)
b (Å) 21.3886(11)
c (Å) 46.765(3)
α (°) 90
β (°) 90
γ (°) 120
V (Å3) 18527.5(18)
Z 6
F(000) 6804
Cryst size (mm3) 0.51 × 0.47 × 0.17
θ (°) 2.57 – 71.80
Index range -26<=h<=13, 0<=k<=26, 0<=l<=56
ρcalcd (g/cm3) 1.148
μ(CuKα,mm-1) 2.807
Data/restraints/parameters 7563 / 0 / 433
Absorption correction SADABS
GOF on F2 1.460
Final R indices (I>2σ(I))a R1 = 0.1160, wR2 = 0.348
R indices (all data)a R1 = 0.133, wR2 = 0.360
Peak and hole (e Å-3) 1.32, –0.86
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TableTableTableTable 2.2.2.2. Selected Bond Distances (Å) and Angles (°) for MC-B3N3MC-B3N3MC-B3N3MC-B3N3 from X-ray Analysis

MC-B3N3MC-B3N3MC-B3N3MC-B3N3

N1-C4 1.427(5) N1-C7 1.414(5)

N1-C13 1.427(5) B1-C1 1.560(6)

B1-C10 1.546(6) B1-C23 1.571(6)

C7-N1-C4 121.5(3) C7-N1-C13 119.2(3)

C13-N1-C4 119.2(3) C3-C4-N1 120.9(4)

C5-C4-N1 120.2(4) C8-C7-N1 121.6(3)

C12-C7-N1 120.1(3) C1-B1-C10 119.7(3)

C1-B1-C23 121.1(3) C10-B1-C23 118.9(3)

C2-C1-B1 121.8(4) C6-C1-B1 123.3(4)

C28-C23-B1 118.5(4) C24-C23-B1 122.5(4)

C9-C10-B1 122.5(3) C11-C10-B1 122.2(3)

TableTableTableTable 3.3.3.3. Selected Calculated Bond Distances (Å) and Angles (°) for simplified MC-B3N3MC-B3N3MC-B3N3MC-B3N3, MC-N6MC-N6MC-N6MC-N6
and MC-B6MC-B6MC-B6MC-B6 (DFT, B3LYP/6-31G(d))

MC-B3N3MC-B3N3MC-B3N3MC-B3N3

Bond Distances (Å) Bond Angles (°)

B-C (exocyclic) 1.571 C-B-C (exocyclic) 120.2
B-C (endocyclic) 1.564 C-B-C (endocyclic) 119.6
N-C (exocyclic) 1.429 C-N-C (exocyclic) 119.3
N-C (endocyclic) 1.417 C-N-C (endocyclic) 121.4

MC-N6MC-N6MC-N6MC-N6

Bond Distances (Å) Bond Angles (°)

N-C (exocyclic) 1.421 C-N-C (exocyclic) 120.0
N-C(endocyclic) 1.421 C-N-C (endocyclic) 120.0

MC-B6MC-B6MC-B6MC-B6

Bond Distances (Å) Bond Angles (°)

B-C (exocyclic) 1.568 C-B-C (exocyclic) 120.1
B-C (endocyclic) 1.571 C-B-C (endocyclic) 119.8
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TableTableTableTable 4.4.4.4. Coordinates (Å) for the Optimized Structure of MC-B3N3MC-B3N3MC-B3N3MC-B3N3 ((((R====Ph, phenylene π-system)
atom x y z atom x y z

C -2.351710 5.632000 0.673050 C 6.263336 -3.616139 0.000000

C -1.235303 5.110302 -0.005578 C 7.262032 -3.302612 -0.933021

C -1.381280 3.893370 -0.695775 C 6.491162 -4.637798 0.933021

C -2.591052 3.211052 -0.666882 C 8.471213 -3.996156 -0.924347

C -3.732647 3.716307 -0.004304 H 7.083805 -2.515637 -1.659204

C -3.567569 4.958651 0.647924 C 7.696380 -5.338208 0.924347

H -2.257713 6.565026 1.219125 H 5.720508 -4.876937 1.659204

H -0.540492 3.486402 -1.247673 C 8.693480 -5.019183 0.000000

H -2.664663 2.267853 -1.201446 H 9.236937 -3.743401 -1.652909

H -4.410125 5.393177 1.179368 H 7.860348 -6.127722 1.652909

N 0.000000 5.803530 0.000000 H 9.634249 -5.562336 0.000000

B -5.090166 2.938809 0.000000 C 0.000000 -7.448323 0.000000

C -5.084739 1.374414 0.004304 C 1.019682 -8.187844 0.638418

C -6.078102 0.610280 -0.647924 C -1.019682 -8.187844 -0.638418

C -4.076378 0.638391 0.666882 C 1.016846 -9.582170 0.651831

C -6.053310 -0.779359 -0.673050 H 1.820591 -7.655034 1.144143

H -6.875690 1.122692 -1.179368 C -1.016846 -9.582170 -0.651831

C -4.062397 -0.750462 0.695775 H -1.820591 -7.655034 -1.144143

H -3.296350 1.173739 1.201446 C 0.000000 -10.283545 0.000000

C -5.043303 -1.485347 0.005578 H 1.808168 -10.122731 1.165407

H -6.814335 -1.327276 -1.219125 H -1.808168 -10.122731 -1.165407

H -3.289558 -1.275121 1.247673 H 0.000000 -11.370834 0.000000

C -6.450437 3.724162 0.000000 C -6.263336 -3.616139 0.000000

C -6.581040 4.976993 -0.638418 C -7.262032 -3.302612 0.933021

C -7.600722 3.210851 0.638418 C -6.491162 -4.637798 -0.933021

C -7.789979 5.671699 -0.651831 C -8.471213 -3.996156 0.924347

H -5.719159 5.404195 -1.144143 H -7.083805 -2.515637 1.659204

C -8.806825 3.910470 0.651831 C -7.696380 -5.338208 -0.924347

H -7.539750 2.250839 1.144143 H -5.720508 -4.876937 -1.659204

C -8.905811 5.141773 0.000000 C -8.693480 -5.019183 0.000000

H -7.862458 6.627285 -1.165407 H -9.236937 -3.743401 1.652909

H -9.670626 3.495446 1.165407 H -7.860348 -6.127722 -1.652909

H -9.847431 5.685417 0.000000 H -9.634249 -5.562336 0.000000

N -5.026004 -2.901765 0.000000 C 1.235303 5.110302 0.005578

C 5.084739 1.374414 -0.004304 C 2.351710 5.632000 -0.673050
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C 6.078102 0.610280 0.647924 C 1.381280 3.893370 0.695775

C 4.076378 0.638391 -0.666882 C 3.567569 4.958651 -0.647924

C 6.053310 -0.779359 0.673050 H 2.257713 6.565026 -1.219125

H 6.875690 1.122692 1.179368 C 2.591052 3.211052 0.666882

C 4.062397 -0.750462 -0.695775 H 0.540492 3.486402 1.247673

H 3.296350 1.173739 -1.201446 C 3.732647 3.716307 0.004304

C 5.043303 -1.485347 -0.005578 H 4.410125 5.393177 -1.179368

H 6.814335 -1.327276 1.219125 H 2.664663 2.267853 1.201446

H 3.289558 -1.275121 -1.247673 B 5.090166 2.938809 0.000000

C -3.807999 -3.624955 -0.005578 C 0.000000 7.232278 0.000000

C -2.681118 -3.142908 -0.695775 C 0.770870 7.940410 0.933021

C -3.701600 -4.852640 0.673050 C -0.770870 7.940410 -0.933021

C -1.485327 -3.849442 -0.666882 C 0.774834 9.334364 0.924347

H -2.749066 -2.211281 -1.247673 H 1.363297 7.392574 1.659204

C -2.510533 -5.568931 0.647924 C -0.774834 9.334364 -0.924347

H -4.556622 -5.237750 1.219125 H -1.363297 7.392574 -1.659204

C -1.352092 -5.090721 -0.004304 C 0.000000 10.038366 0.000000

H -0.631687 -3.441593 -1.201446 H 1.376588 9.871122 1.652909

H -2.465565 -6.515869 1.179368 H -1.376588 9.871122 -1.652909

N 5.026004 -2.901765 0.000000 H 0.000000 11.124673 0.000000

C 3.807999 -3.624955 0.005578 C 6.450437 3.724162 0.000000

C 2.681118 -3.142908 0.695775 C 7.600722 3.210851 -0.638418

C 3.701600 -4.852640 -0.673050 C 6.581040 4.976993 0.638418

C 1.485327 -3.849442 0.666882 C 8.806825 3.910470 -0.651831

H 2.749066 -2.211281 1.247673 H 7.539750 2.250839 -1.144143

C 2.510533 -5.568931 -0.647924 C 7.789979 5.671699 0.651831

H 4.556622 -5.237750 -1.219125 H 5.719159 5.404195 1.144143

C 1.352092 -5.090721 0.004304 C 8.905811 5.141773 0.000000

H 0.631687 -3.441593 1.201446 H 9.670626 3.495446 -1.165407

H 2.465565 -6.515869 -1.179368 H 7.862458 6.627285 1.165407

B 0.000000 -5.877617 0.000000 H 9.847431 5.685417 0.000000

TableTableTableTable 5.5.5.5. Coordinates (Å) for the GIAO Calculations (NICS) of MC-B3N3MC-B3N3MC-B3N3MC-B3N3 ((((phenylene π-system)
atom x y z atom x y z

C -3.7016 -4.85264 0.67305 C 0 7.23228 0

C -3.808 -3.62495 -0.00558 C -0.77087 7.94041 -0.93302
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C -2.68112 -3.14291 -0.69578 C 0.77087 7.94041 0.93302

C -1.48533 -3.84944 -0.66688 C -0.77483 9.33436 -0.92435

C -1.35209 -5.09072 -0.0043 H -1.3633 7.39257 -1.6592

C -2.51053 -5.56893 0.64792 C 0.77483 9.33436 0.92435

H -4.55662 -5.23775 1.21913 H 1.3633 7.39257 1.6592

H -2.74907 -2.21128 -1.24767 C 0 10.03837 0

H -0.63169 -3.44159 -1.20145 H -1.37659 9.87112 -1.65291

H -2.46557 -6.51587 1.17937 H 1.37659 9.87112 1.65291

N -5.026 -2.90176 0 H 0 11.12467 0

B 0 -5.87762 0 C 6.45044 3.72416 0

C 1.35209 -5.09072 0.0043 C 6.58104 4.97699 0.63842

C 2.51053 -5.56893 -0.64792 C 7.60072 3.21085 -0.63842

C 1.48533 -3.84944 0.66688 C 7.78998 5.6717 0.65183

C 3.7016 -4.85264 -0.67305 H 5.71916 5.4042 1.14414

H 2.46557 -6.51587 -1.17937 C 8.80682 3.91047 -0.65183

C 2.68112 -3.14291 0.69578 H 7.53975 2.25084 -1.14414

H 0.63169 -3.44159 1.20145 C 8.90581 5.14177 0

C 3.808 -3.62495 0.00558 H 7.86246 6.62729 1.16541

H 4.55662 -5.23775 -1.21913 H 9.67063 3.49545 -1.16541

H 2.74907 -2.21128 1.24767 H 9.84743 5.68542 0.

C 0 -7.44832 C 6.26334 -3.61614 0

C -1.01968 -8.18784 -0.63842 C 6.49116 -4.6378 0.93302

C 1.01968 -8.18784 0.63842 C 7.26203 -3.30261 -0.93302

C -1.01685 -9.58217 -0.65183 C 7.69638 -5.33821 0.92435

H -1.82059 -7.65503 -1.14414 H 5.72051 -4.87694 1.6592

C 1.01685 -9.58217 0.65183 C 8.47121 -3.99616 -0.92435

H 1.82059 -7.65503 1.14414 H 7.0838 -2.51564 -1.6592

C 0 -10.28355 0 C 8.69348 -5.01918 0

H -1.80817 -10.12273 -1.16541 H 7.86035 -6.12772 1.65291

H 1.80817 -10.12273 1.16541 H 9.23694 -3.7434 -1.65291

H 0 -11.37083 0 H 9.63425 -5.56234 0

N 5.026 -2.90176 0 C -5.0433 -1.48535 0.00558

C -3.73265 3.71631 -0.0043 C -6.05331 -0.77936 -0.67305

C 3.56757 4.95865 0.64792 C -4.0624 -0.75046 0.69578

C -2.59105 3.21105 -0.66688 C -6.0781 0.61028 -0.64792

C -2.35171 5.632 0.67305 H -6.81434 -1.32728 -1.21913

H -4.41012 5.39318 1.17937 C -4.07638 0.63839 0.66688
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C -1.38128 3.89337 -0.69578 H -3.28956 -1.27512 1.24767

H -2.66466 2.26785 -1.20145 C -5.08474 1.37441 0.0043

C -1.2353 5.1103 -0.00558 H -6.87569 1.12269 -1.17937

H -2.25771 6.56503 1.21913 H -3.29635 1.17374 1.20145

H -0.54049 3.4864 -1.24767 B -5.09017 2.93881 0

C 5.0433 -1.48535 -0.00558 C -6.26334 -3.61614 0

C 4.0624 -0.75046 -0.69578 C -7.26203 -3.30261 0.93302

C 6.05331 -0.77936 0.67305 C -6.49116 -4.6378 -0.93302

C 4.07638 0.63839 -0.66688 C -8.47121 -3.99616 0.92435

H 3.28956 -1.27512 -1.24767 H -7.0838 -2.51564 1.6592

C 6.0781 0.61028 0.64792 C -7.69638 -5.33821 -0.92435

H 6.81434 -1.32728 1.21913 H -5.72051 -4.87694 -1.6592

C 5.08474 1.37441 -0.0043 C -8.69348 -5.01918 0.

H 3.29635 1.17374 -1.20145 H -9.23694 -3.7434 1.65291

H 6.87569 1.12269 1.17937 H -7.86035 -6.12772 -1.65291

N 0 5.80353 0 H -9.63425 -5.56234 0

C 1.2353 5.1103 0.00558 C -6.45044 3.72416 0

C 1.38128 3.89337 0.69578 C -6.58104 4.97699 -0.63842

C 2.35171 5.632 -0.67305 C -7.60072 3.21085 0.63842

C 2.59105 3.21105 0.66688 C -7.78998 5.6717 -0.65183

H 0.54049 3.4864 1.24767 H -5.71916 5.4042 -1.14414

C 3.56757 4.95865 -0.64792 C -8.80682 3.91047 0.65183

H 2.25771 6.56503 -1.21913 H -7.53975 2.25084 1.14414

C 3.73265 3.71631 0.0043 C -8.90581 5.14177 0

H 2.66466 2.26785 1.20145 H -7.86246 6.62729 -1.16541

H 4.41012 5.39318 -1.17937 H -9.67063 3.49545 1.16541

B 5.09017 2.93881 0 H -9.84743 5.68542 0

Bq 0 0 0

TableTableTableTable 6.6.6.6. Coordinates (Å) for the Optimized Structure of MC-N6MC-N6MC-N6MC-N6 ((((R====Ph, phenylene π-system)

atom x y z atom x y z

C 0.695217 5.801288 0.813360 C 4.962021 -1.230212 -0.000727

C 1.415615 4.912342 -0.00072 C 5.371671 -2.298569 0.813360

C 0.695519 4.021151 -0.812130 C 3.830178 -1.408238 -0.812130

C -0.695519 4.021151 -0.812130 C 4.676454 -3.502720 0.813360

C -1.415615 4.912342 -0.000727 H 6.235395 -2.176206 1.459232
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C -0.695217 5.801288 0.813360 C 3.134659 -2.612913 -0.812130

H 1.233048 6.488113 1.459232 H 3.503686 -0.598905 -1.457624

H 1.233176 3.333734 -1.457624 C 3.546405 -3.682130 -0.000727

H -1.233176 3.333734 -1.457624 H 5.002347 -4.311907 1.459232

H -1.233048 6.488113 1.459232 H 2.270510 -2.734829 -1.457624

N 2.836856 4.913579 0.000000 C -4.962021 -1.230212 -0.000727

C -3.546405 3.682130 0.000727 C -3.830178 -1.408238 -0.812130

C -4.676454 3.502720 -0.813360 C -5.371671 -2.298569 0.813360

C -3.134659 2.612913 0.812130 C -3.134659 -2.612913 -0.812130

C -5.371671 2.298569 -0.813360 H -3.503686 -0.598905 -1.457624

H -5.002347 4.311907 -1.459232 C -4.676454 -3.502720 0.813360

C -3.830178 1.408238 0.812130 H -6.235395 -2.176206 1.459232

H -2.270510 2.734829 1.457624 C -3.546405 -3.682130 -0.000727

C -4.962021 1.230212 0.000727 H -2.270510 -2.734829 -1.457624

H -6.235395 2.176206 -1.459232 H -5.002347 -4.311907 1.459232

H -3.503686 0.598905 1.457624 N 2.836856 -4.913579 0.000000

C -3.547091 6.143742 0.000000 C 1.415615 -4.912342 0.000727

C -3.110169 7.221326 -0.788605 C 0.695519 -4.021151 0.812130

C -4.698767 6.304148 0.788605 C 0.695217 -5.801288 -0.813360

C -3.805475 8.428775 -0.778439 C -0.695519 -4.021151 0.812130

H -2.225617 7.104647 -1.406617 H 1.233176 -3.333734 1.457624

C -5.396796 7.510026 0.778439 C -0.695217 -5.801288 -0.813360

H -5.039997 5.479765 1.406617 H 1.233048 -6.488113 -1.459232

C -4.954798 8.581962 0.000000 C -1.415615 -4.912342 0.000727

H -3.452032 9.250507 -1.396071 H -1.233176 -3.333734 1.457624

H -6.285158 7.614800 1.396071 H -1.233048 -6.488113 -1.459232

C -5.497913 9.522665 0.000000 C 3.547091 -6.143742 0.000000

N -5.673712 0.000000 0.000000 C 4.698767 -6.304148 -0.788605

C 3.110169 -7.221326 0.788605 C 3.134659 2.612913 0.812130

C 5.396796 -7.510026 -0.778439 C 5.371671 2.298569 -0.81336

H 5.039997 -5.479765 -1.406617 H 5.002347 4.311907 -1.459232

C 3.805475 -8.428775 0.778439 C 3.830178 1.408238 0.812130

H 2.225617 -7.104647 1.406617 H 2.270510 2.734829 1.457624

C 4.954798 -8.581962 0.000000 C 4.962021 1.230212 0.000727

H 6.285158 -7.614800 -1.396071 H 6.235395 2.176206 -1.459232

H 3.452032 -9.250507 1.396071 H 3.503686 0.598905 1.457624

H 5.497913 -9.522665 0.000000 C 3.547091 6.143742 0.000000
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C -3.547091 -6.143742 0.000000 C 4.698767 6.304148 0.788605

C -3.110169 -7.221326 0.788605 C 3.110169 7.221326 -0.788605

C -4.698767 -6.304148 -0.788605 C 5.396796 7.510026 0.778439

C -3.805475 -8.428775 0.778439 H 5.039997 5.479765 1.406617

H -2.225617 -7.104647 1.406617 C 3.805475 8.428775 -0.778439

C -5.396796 -7.510026 -0.778439 H 2.225617 7.104647 -1.406617

H -5.039997 -5.479765 -1.406617 C 4.954798 8.581962 0.000000

C -4.954798 -8.581962 0.000000 H 6.285158 7.614800 1.396071

H -3.452032 -9.250507 1.396071 H 3.452032 9.250507 -1.396071

H -6.285158 -7.614800 -1.396071 H 5.497913 9.522665 0.000000

H -5.497913 -9.522665 0.000000 C 7.094183 0.000000 0.000000

C -7.094183 0.000000 0.000000 C 7.808936 -0.917178 -0.788605

C -7.808936 0.917178 0.788605 C 7.808936 0.917178 0.788605

C -7.808936 -0.917178 -0.788605 C 9.202271 -0.918750 -0.778439

C -9.202271 0.918750 0.778439 H 7.265614 -1.624883 -1.406617

H -7.265614 1.624883 1.406617 C 9.202271 0.918750 0.778439

C -9.202271 -0.918750 -0.778439 H 7.265614 1.624883 1.406617

H -7.265614 -1.624883 -1.406617 C 9.909596 0.000000 0.000000

C -9.909596 0.000000 0.000000 H 9.737190 -1.635706 -1.396071

H -9.737190 1.635706 1.396071 H 9.737190 1.635706 1.396071

H -9.737190 -1.635706 -1.396071 H 10.995826 0.000000 0.000000

H -10.995826 0.000000 0.000000 N -2.836856 -4.913579 0.000000

C 3.546405 3.682130 0.000727 N 5.673712 0.000000 0.000000

C 4.676454 3.502720 -0.813360 N -2.836856 4.913579 0.000000

TableTableTableTable 7.7.7.7. Coordinates (Å) for the Optimized Structure of MC-B6MC-B6MC-B6MC-B6 ((((R ==== Ph, phenylene π-system)

atom x y z atom x y z

C 0.696166 6.205516 0.673485 C 3.992071 -1.500922 -0.662163

C 1.437783 5.208018 0.003571 C 5.026052 -3.705655 0.673485

C 0.696199 4.207696 -0.662163 H 6.666114 -2.434528 1.208423

C -0.696199 4.207696 -0.662163 C 3.295872 -2.706774 -0.662163

C -1.437783 5.208018 0.003571 H 3.575162 -0.649236 -1.193470

C -0.696166 6.205516 0.673485 C 3.791384 -3.849166 0.003571

H 1.224694 6.990288 1.208423 H 5.441420 -4.555760 1.208423

H 1.225326 3.420799 -1.193470 H 2.349836 -2.771563 -1.193470
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H -1.225326 3.420799 -1.193470 C -5.229167 -1.358852 0.003571

H -1.224694 6.990288 1.208423 C -3.992071 -1.500922 -0.662163

C -3.791384 3.849166 -0.003571 C -5.722218 -2.499861 0.673485

C -5.026052 3.705655 -0.673485 C -3.295872 -2.706774 -0.662163

C -3.295872 2.706774 0.662163 H -3.575162 -0.649236 -1.193470

C -5.722218 2.499861 -0.673485 C -5.026052 -3.705655 0.673485

H -5.441420 4.555760 -1.208423 H -6.666114 -2.434528 1.208423

C -3.992071 1.500922 0.662163 C -3.791384 -3.849166 0.003571

H -2.349836 2.771563 1.193470 H -2.349836 -2.771563 -1.193470

C -5.229167 1.358852 -0.003571 H -5.441420 -4.555760 1.208423

H -6.666114 2.434528 -1.208423 C 1.437783 -5.208018 -0.003571

H -3.575162 0.649236 1.193470 C 0.696199 -4.207696 0.662163

C -3.792179 6.568246 0.000000 C 0.696166 -6.205516 -0.673485

C -3.271547 7.721822 -0.627242 C -0.696199 -4.207696 0.662163

C -5.051521 6.694154 0.627242 H 1.225326 -3.420799 1.193470

C -3.971901 8.927064 -0.641855 C -0.696166 -6.205516 -0.673485

H -2.306320 7.664244 -1.122782 H 1.224694 -6.990288 -1.208423

C -5.745114 7.903299 0.641855 C -1.437783 -5.208018 -0.003571

H -5.484270 5.829454 1.122782 H -1.225326 -3.420799 1.193470

C -5.208827 9.021953 0.000000 H -1.224694 -6.990288 -1.208423

H -3.552866 9.793519 -1.147303 C 3.792179 -6.568246 0.000000

H -6.705004 7.973631 1.147303 C 5.051521 -6.694154 -0.627242

H -5.752440 9.963519 0.000000 C 3.271547 -7.721822 0.627242

C 5.229167 -1.358852 0.003571 C 5.745114 -7.903299 -0.641855

C 5.722218 -2.499861 0.673485 H 5.484270 -5.829454 -1.122782

C 3.971901 -8.927064 0.641855 C 3.992071 1.500922 0.662163

H 2.306320 -7.664244 1.122782 H 2.349836 2.771563 1.193470

C 5.208827 -9.021953 0.000000 C 5.229167 1.358852 -0.003571

H 6.705004 -7.973631 -1.147303 H 6.666114 2.434528 -1.208423

H 3.552866 -9.793519 1.147303 H 3.575162 0.649236 1.193470

H 5.752440 -9.963519 0.000000 C 3.792179 6.568246 0.000000

C -3.792179 -6.568246 0.000000 C 5.051521 6.694154 0.627242

C -3.271547 -7.721822 0.627242 C 3.271547 7.721822 -0.627242

C -5.051521 -6.694154 -0.627242 C 5.745114 7.903299 0.641855

C -3.971901 -8.927064 0.641855 H 5.484270 5.829454 1.122782

H -2.306320 -7.664244 1.122782 C 3.971901 8.927064 -0.641855

C -5.745114 -7.903299 -0.641855 H 2.306320 7.664244 -1.122782
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H -5.484270 -5.829454 -1.122782 C 5.208827 9.021953 0.000000

C -5.208827 -9.021953 0.000000 H 6.705004 7.973631 1.147303

H -3.552866 -9.793519 1.147303 H 3.552866 9.793519 -1.147303

H -6.705004 -7.973631 -1.147303 H 5.752440 9.963519 0.000000

H -5.752440 -9.963519 0.000000 C 7.584358 0.000000 0.000000

C -7.584358 0.000000 0.000000 C 8.323068 -1.027669 -0.627242

C -8.323068 1.027669 0.627242 C 8.323068 1.027669 0.627242

C -8.323068 -1.027669 -0.627242 C 9.717015 -1.023765 -0.641855

C -9.717015 1.023765 0.641855 H 7.790590 -1.834790 -1.122782

H -7.790590 1.834790 1.122782 C 9.717015 1.023765 0.641855

C -9.717015 -1.023765 -0.641855 H 7.790590 1.834790 1.122782

H -7.790590 -1.834790 -1.122782 C 10.417654 0.000000 0.000000

C -10.417654 0.000000 0.000000 H 10.257869 -1.819888 -1.147303

H -10.257869 1.819888 1.147303 H 10.257869 1.819888 1.147303

H -10.257869 -1.819888 -1.147303 H 11.504881 0.000000 0.000000

H -11.504881 0.000000 0.000000 B 3.008382 5.210670 0.000000

C 3.791384 3.849166 -0.003571 B -3.008382 5.210670 0.000000

C 5.026052 3.705655 -0.673485 B -6.016764 0.000000 0.000000

C 3.295872 2.706774 0.662163 B -3.008382 -5.210670 0.000000

C 5.722218 2.499861 -0.673485 B 3.008382 -5.210670 0.000000

H 5.441420 4.555760 -1.208423 B 6.016764 0.000000 0.000000

TableTableTableTable 8.8.8.8. Coordinates (Å) for the Optimized Structure of MC-B4N2MC-B4N2MC-B4N2MC-B4N2

atom x y z atom x y z

C 3.935779 3.499771 -0.169482 H 2.682872 -3.731695 -1.913362

C 0.000000 -10.144539 -1.719016 H -4.472629 -7.645397 -0.834919

C 3.145333 3.015486 -1.239961 H 5.144886 -2.879195 1.516928

C 2.961725 1.654571 -1.476704 H -2.792979 -9.329232 -1.459511

C 3.559372 0.732908 -0.612372 H -1.392972 -4.772593 0.073488

C 4.336156 1.184050 0.476718 H 2.792979 -9.329232 -1.459511

C 4.531351 2.541108 0.685426 H 4.472629 -7.645397 -0.834919

C 2.961725 -1.654571 -1.476704 H 1.392972 -4.772593 0.073488

C 3.559372 -0.732908 -0.612372 C -3.935779 -3.499771 -0.169482

C 3.145333 -3.015486 -1.239961 C -4.531351 -2.541108 0.685426

C 3.935779 -3.499771 -0.169482 C -3.145333 -3.015486 -1.239961
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C 4.531351 -2.541108 0.685426 C -4.336156 -1.184050 0.476718

C 4.336156 -1.184050 0.476718 H -5.144886 -2.879195 1.516928

B -4.173087 -5.035855 0.043860 C -2.961725 -1.654571 -1.476704

B 4.173087 -5.035855 0.043860 H -2.682872 -3.731695 -1.913362

C -3.070426 -6.077957 -0.330816 C -3.559372 -0.732908 -0.612372

C -3.420245 -7.388069 -0.759521 C -3.559372 0.732908 -0.612372

C -2.479733 -8.350001 -1.109349 C -2.961725 1.654571 -1.476704

C -1.128781 -8.008770 -0.992671 C -4.336156 1.184050 0.476718

C -0.726370 -6.715710 -0.562412 C -3.145333 3.015486 -1.239961

C -1.696916 -5.764111 -0.251080 C -4.531351 2.541108 0.685426

N 0.000000 -8.779456 -1.235873 C -3.935779 3.499771 -0.169482

C 1.128781 -8.008770 -0.992671 H -2.682872 3.731695 -1.913362

C 0.726370 -6.715710 -0.562412 H -5.144886 2.879195 1.516928

C 2.479733 -8.350001 -1.109349 B -4.173087 5.035855 0.043860

C 3.420245 -7.388069 -0.759521 B 4.173087 5.035855 0.043860

C 3.070426 -6.077957 -0.330816 C -3.070426 6.077957 -0.330816

C 1.696916 -5.764111 -0.251080 C -3.420245 7.388069 -0.759521

H 0.000000 -10.193206 -2.815719 C -1.696916 5.764111 -0.251080

H -0.884058 -10.665797 -1.343172 C -2.479733 8.350001 -1.109349

H 0.884058 -10.665797 -1.343172 H -4.472629 7.645397 -0.834919

H 2.682872 3.731695 -1.913362 C -0.726370 6.715710 -0.562412

H 5.144886 2.879195 1.516928 H -1.392972 4.772593 0.073488

H 6.748510 -4.028403 -0.345803 C -1.128781 8.008770 -0.992671

C 8.013357 -6.412409 1.715796 H -2.792979 9.329232 -1.459511

H 6.844637 -7.906662 2.742857 C 0.726370 6.715710 -0.562412

H 8.901093 -4.817067 0.566807 C 1.128781 8.008770 -0.992671

H 8.960141 -6.751294 2.129305 C 1.696916 5.764111 -0.251080

C 5.544492 5.527851 0.638370 C 2.479733 8.350001 -1.109349

C 6.760929 4.883570 0.324865 C 3.070426 6.077957 -0.330816

C 5.615210 6.633122 1.513965 H 1.392972 4.772593 0.073488

C 7.979300 5.324486 0.840724 C 3.420245 7.388069 -0.759521

H 6.748510 4.028403 -0.345803 H 2.792979 9.329232 -1.459511

C 6.825581 7.062716 2.057567 H 4.472629 7.645397 -0.834919

H 4.699905 7.154824 1.781070 N 0.000000 8.779456 -1.235873

C 8.013357 6.412409 1.715796 C 0.000000 10.144539 -1.719016

H 8.901093 4.817067 0.566807 H 0.000000 10.193206 -2.815719

H 6.844637 7.906662 2.742857 H -0.884058 10.665797 -1.343172
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H 8.960141 6.751294 2.129305 H 0.884058 10.665797 -1.343172

C -5.544492 5.527851 0.638370 C -5.544492 -5.527851 0.638370

C -5.615210 6.633122 1.513965 C -5.615210 -6.633122 1.513965

C -6.760929 4.883570 0.324865 C -6.760929 -4.883570 0.324865

C -6.825581 7.062716 2.057567 C -6.825581 -7.062716 2.057567

H -4.699905 7.154824 1.781070 H -4.699905 -7.154824 1.781070

C -7.979300 5.324486 0.840724 C -7.979300 -5.324486 0.840724

H -6.748510 4.028403 -0.345803 H -6.748510 -4.028403 -0.345803

C -8.013357 6.412409 1.715796 C -8.013357 -6.412409 1.715796

C -4.868899 0.000000 1.259622 H -6.844637 -7.906662 2.742857

C 4.868899 0.000000 1.259622 H -8.901093 -4.817067 0.566807

H -6.844637 7.906662 2.742857 H -8.960141 -6.751294 2.129305

H -8.901093 4.817067 0.566807 C 5.544492 -5.527851 0.638370

H -8.960141 6.751294 2.129305 C 5.615210 -6.633122 1.513965

H 2.365410 1.320294 -2.322218 C 6.760929 -4.883570 0.324865

H 2.365410 -1.320294 -2.322218 C 6.825581 -7.062716 2.057567

H -2.365410 1.320294 -2.322218 H 4.699905 -7.154824 1.781070

H -2.365410 -1.320294 -2.322218 C 7.979300 -5.324486 0.840724

H -4.508235 0.000000 2.297889 H 5.966258 0.000000 1.314989

H -5.966258 0.000000 1.314989 H 4.508235 0.000000 2.297889

TableTableTableTable 9.9.9.9. Coordinates (Å) for the Optimized Structure of MC-B2N2MC-B2N2MC-B2N2MC-B2N2

atom x y z atom x y z

C 7.910840 -3.021073 -0.472872 H 3.448970 -5.165228 1.737216

C 9.278015 -3.384523 -0.513817 C 2.810296 -6.409906 0.063956

C 10.301663 -2.453861 -0.375417 H 2.685954 -4.262308 0.435287

C 9.948946 -1.114584 -0.191029 C 3.739193 -6.946561 -0.853839

C 8.587181 -0.716718 -0.128620 C 1.615732 -7.066959 0.319146

C 7.579976 -1.672932 -0.275594 C 3.467009 -8.153890 -1.503048

H 9.538059 -4.432626 -0.627058 C 1.322848 -8.305128 -0.303327

H 11.339128 -2.773924 -0.393920 H 0.900753 -6.643462 1.020775

H 6.536795 -1.369327 -0.262150 C 2.280392 -8.821804 -1.209121

C 9.948984 1.117004 0.136959 H 4.171807 -8.574847 -2.216058

C 10.301632 2.452204 0.348413 H 2.076760 -9.769327 -1.700138

C 9.278015 3.381764 0.494235 C 6.857533 4.052031 0.612260
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C 7.910837 3.019642 0.444442 C 5.657644 3.989998 -0.124508

C 7.579976 1.673372 0.234494 C 7.040112 5.124278 1.509543

C 8.587167 0.718314 0.080302 C 4.691276 4.973077 0.034850

H 11.339424 2.768521 0.394081 H 5.509960 3.185238 -0.840482

H 9.538516 4.427281 0.628267 C 6.078055 6.118297 1.668987

H 6.536866 1.369466 0.221974 H 7.946029 5.163193 2.107527

N 10.759847 0.004133 -0.046888 C 3.348005 5.123796 -0.653406

C 12.205960 -0.002368 -0.003766 C 4.897579 6.047104 0.925886

H 12.589746 -0.148498 1.014827 H 6.248095 6.931624 2.370007

H 12.587789 -0.803827 -0.641697 H 3.450461 5.186778 -1.745657

H 12.588816 0.945544 -0.391162 C 2.809492 6.412159 -0.059209

C 6.857787 -4.055428 -0.629701 H 2.686719 4.268703 -0.454810

C 5.657104 -3.985710 0.105047 C 3.737453 6.939266 0.865053

C 7.041885 -5.137558 -1.514701 C 1.614698 7.071238 -0.307977

C 4.691347 -4.970917 -0.044470 C 3.464246 8.139393 1.527068

H 5.508292 -3.173186 0.811949 C 1.320780 8.302436 0.327689

C 6.080371 -6.133644 -1.664309 H 0.900258 6.654982 -1.014470

H 7.948709 -5.182682 -2.110897 C 2.277524 8.809869 1.239517

C 3.347559 -5.114698 0.644233 H 4.168353 8.552970 2.245063

C 4.899004 -6.054629 -0.923402 H 2.073125 9.751967 1.740560

H 6.251529 -6.954666 -2.356028 B 0.001209 -9.083691 0.016301

B -0.001209 9.083691 0.016301 C -7.910837 -3.019642 0.444442

C -1.322848 8.305128 -0.303327 C -9.278015 -3.381764 0.494235

C -2.280392 8.821804 -1.209121 C -7.579976 -1.673372 0.234494

C -1.615732 7.066959 0.319146 C -10.301632 -2.452204 0.348413

C -3.467009 8.153890 -1.503048 H -9.538516 -4.427281 0.628267

H -2.076760 9.769327 -1.700138 C -8.587167 -0.718314 0.080302

C -2.810296 6.409906 0.063956 H -6.536866 -1.369466 0.221974

H -0.900753 6.643462 1.020775 C -9.948984 -1.117004 0.136959

C -3.739193 6.946561 -0.853839 H -11.339424 -2.768521 0.394081

C -6.080371 6.133644 -1.664309 C -8.587181 0.716718 -0.128620

C -4.899004 6.054629 -0.923402 C -9.948946 1.114584 -0.191029

C -7.041885 5.137558 -1.514701 C -7.579976 1.672932 -0.275594

C -4.691347 4.970917 -0.044470 C -10.301663 2.453861 -0.375417

C -6.857787 4.055428 -0.629701 C -7.910840 3.021073 -0.472872

H -7.948709 5.182682 -2.110897 H -6.536795 1.369327 -0.262150

C -5.657104 3.985710 0.105047 C -9.278015 3.384523 -0.513817



254

H -5.508292 3.173186 0.811949 H -11.339128 2.773924 -0.393920

C -1.320780 -8.302436 0.327689 H -9.538059 4.432626 -0.627058

C -2.277524 -8.809869 1.239517 N -10.759847 -0.004133 -0.046888

C -1.614698 -7.071238 -0.307977 C -12.205960 0.002368 -0.003766

C -3.464246 -8.139393 1.527068 H -12.588816 -0.945544 -0.391162

H -2.073125 -9.751967 1.740560 H -12.589746 0.148498 1.014827

C -2.809492 -6.412159 -0.059209 H -12.587789 0.803827 -0.641697

H -0.900258 -6.654982 -1.014470 C -0.001459 10.655178 0.024064

C -3.737453 -6.939266 0.865053 C 1.132262 11.396691 -0.374995

C -6.078055 -6.118297 1.668987 C -1.135348 11.392388 0.430531

C -4.897579 -6.047104 0.925886 C 1.131670 12.791039 -0.382720

C -7.040112 -5.124278 1.509543 H 2.024454 10.866246 -0.696722

C -4.691276 -4.973077 0.034850 C -1.135030 12.786593 0.452302

C -6.857533 -4.052031 0.612260 H -2.027435 10.858549 0.746896

H -7.946029 -5.163193 2.107527 C -0.001756 13.490160 0.038323

C -5.657644 -3.989998 -0.124508 H 2.015059 13.333151 -0.711123

H -5.509960 -3.185238 -0.840482 H -2.018529 13.325189 0.786150

H -0.001874 14.577451 0.043796 H 2.018529 -13.325189 0.786150

C 0.001459 -10.655178 0.024064 H 0.001874 -14.577451 0.043796

C -1.132262 -11.396691 -0.374995 H -4.168353 -8.552970 2.245063

C 1.135348 -11.392388 0.430531 H -6.248095 -6.931624 2.370007

C -1.131670 -12.791039 -0.382720 H -4.171807 8.574847 -2.216058

H -2.024454 -10.866246 -0.696722 H -6.251529 6.954666 -2.356028

C 1.135030 -12.786593 0.452302 C -3.348005 -5.123796 -0.653406

H 2.027435 -10.858549 0.746896 C -3.347559 5.114698 0.644233

C 0.001756 -13.490160 0.038323 H -2.685954 4.262308 0.435287

H -2.015059 -13.333151 -0.711123 H -3.448970 5.165228 1.737216

H -2.686719 -4.268703 -0.454810 H -3.450461 -5.186778 -1.745657
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