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Summary VII

This doctoral thesis describes an exciting journey through novel molecular architectures in

two dimensions that are constructed by acetyl enic scaffolding. This journey includes

following milestones:

i. Synthesis and investigation of extended perethynylated dehydroannulenes featuring

intense intramolecular charge-transfer (CT) interactions,

ii. Preparation and electrochemical investigation of dendritic multivalent CT

chromophores acting as powerful electron reservoirs,

iii. Development of an unprecedented cascade reactions of polyynes for the construction

of conjugated [AB]-type oligomers,

iv. Investigation of hitherto unexplored [2+2] cycloaddition of 7,7,8,8-

tetracyanoquinodimethane (TCNQ) with alkynes giving access to a new family of

non-planar CT chromphores.

In Chapter 1, a molecular construction kit for acetyl enic scaffolding is introduced with an

emphasis on its application to the construction of carbon-rich macrocyclic systems such as

perethynylated dehydroannulenes. An overview of strong organic acceptors featuring

strongly electron-withdrawing nitrile functionality (cyanocarbons) is given, followed by a

survey of the most relevant investigations in this interdisciplinary field. Finally, charge-

transfer chromophores incorporating powerful organic acceptors such as cyanoethynylethenes

(CEEs) and l,l,4,4-tetracyanobuta-l,3-dienes (TCBDs) are discussed.

Chapter 2 presents the synthesis and properties of a family of novel perethynylated, N,N-

diisopropylanilino-substituted dehydroannulenes. Starting from (Z)-bis(N,N-

diisopropylanilino)-substituted tetraethynylethene (TEE), perethynylated octadehydro[12]-

and dodecadehydro[18]annulenes were prepared by oxidative Hay coupling. The

dodecadehydro[18]annulene bearing six peripheral iV,iV-diisopropylanilino substituents was

characterized by X-ray crystallography. Oxidative Hay coupling of (Z)-bisdeprotected

elongated building block 1, after alkyne deprotection, afforded the unprecedented expanded

hexadecadehydro[20]annulene 2 and tetracosadehydro[30]annulene 3 decorated and

stabilized by peripheral electron-donating iV,iV-diisopropylanilino groups. UV/Vis

spectroscopy furnished evidence for strong intramolecular CT interactions between the

peripheral electron-donating anilino groups and the central electron-deficient cores. These

interactions seem to be more effective in the [4n + 2] than in the [4n] 7i-electron
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chromophores. Electrochemical studies of the newly prepared dehydroannulenes

demonstrated the electron-accepting power of their all-carbon cores. Careful analysis

provided indications that the antiaromatic systems are more readily reduced than the aromatic

counterparts.

A novel, iV,iV-diisopropylaniline-substituted diplatina-dehydro[14]annulene featuring a

[Cu2(//-Cl)] bridge within the macrocyclic framework was prepared. Despite much effort, the

exact nature of this bimetallic complex still remains elusive.

(/-Pr)2N N(/-Pr)2

Chapter 3 reports on the application of [2+2] cycloaddition between tetracyanoethenene

(TCNE) and donor-substituted alkynes, followed by electrocyclic ring opening of the initially

formed cyclobutenes, to the construction of dendrimer-type, multivalent CT chromophores

that are capable of taking up an exceptional number of electrons under electrochemical

conditions, thereby acting as a type of molecular batteries. TCNE addition, having the

character of a "click"-reaction, afforded dendrimer-like TCBD derivatives such as 4 in an

excellent yield of 86%.
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Detailed electrochemical investigation revealed general redox characteristics of multivalent

donor-substituted TCBDs.

i. All iV,iV-dialkylanilino moieties in the multivalent systems are oxidized in a single

reversible multi-electron transfer, denoting that they all behave as independent redox

centers. As an example, dendritic 4 is oxidized in a unique 12-electron transfer step at

+0.89 V.

ii. Each TCBDmoiety accommodates two electrons. Consequently, a large number of

reversible electron uptakes, centered on the dicyanovinyl units, are observed. For

example, dendritic 4 with twelve TCBD moieties accepts 24 electrons in two

reversible 12-electron reduction steps within an exceptionally narrow potential range

between -0.70 V and -1.10 V.

Furthermore, we found C=C bonds adjacent to the electron-accepting TCBD units to be

activated for the [2+2] cycloaddition to the strong electron donor tetrathiafulvalene (TTF).

This result led to the construction of a new class of conjugated [AB]-type oligomers via a

cascade of sequential TCNE/TTF additions to end-capped polyynes, controlled by the

electronic properties of the reacting C=C bonds. In this cascade, 1,2-di( 1,3-dithiol-2-

ylidene)ethane fragments are the donor parts activating adjacent triple bonds for TCNE



X Summary

addition, whereas TCBD moieties provide the activation for TTF addition. This research

culminated in a one-pot, eight-step, five-component domino reaction, with the formation of a

single product.

Chapter 4 describes the synthesis of a series of novel donor-acceptor molecules, featuring

intense low-energy intramolecular charge-transfer bands, by hitherto unexplored

regioselective [2+2] cycloaddition between 7,7,8,8-tetracyanoquinodimethane (TCNQ) and

iV,iV-dialkylanilino-substituted alkynes. The electronic properties of these non-planar CT

chromophores were investigated by means of UV/Vis spectroscopy and cyclic voltammetry

(CV) as well as rotating disc voltammetry (RDV).

NMe2
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Zusammenfassung XIII

In dieser Doktorarbeit wird eine aufregende Reise durch neuartige zweidimensionale

Molekülarchitekturen, basierend auf Acetylengerüsten, beschrieben. Dabei werden folgende

Meilensteine beschritten:

i. Synthese und Untersuchung ausgedehnter perethinylierter Dehydroannulene mit dem

Fokus auf starken intramolekularen Charge-Transfer-(CT)-Wechselwirkungen.

ii. Darstellung und elektrochemische Untersuchung dendritischer multivalenter CT-

Chromophore, welche als leistungsstarke Elektronen-Reservoirs fungieren.

iii. Entwicklung einer bislang beispiellosen Kaskadenreaktion von Polyinen für die

Konstruktion konjugierter [AB]-01igomere.

iv. Untersuchung einer bisher unerforschten [2+2]-Cycloaddition von 7,7,8,8-

Tetracyanchinodimethan (tetracyanoquinodimethane, TCNQ) mit Alkinen, welche

einen Zugang zu einer neuen Klasse nicht-planarer CT-Chromophore eröffnet.

In Kapitel 1 wird ein molekularer Bausatz für Acetylengerüste mit Schwerpunkt auf der

Verwendung in der Konstruktion kohlenstoffreicher Makrocyclen, wie perethinylierte

Dehydroannulene, eingeführt. An eine Übersicht über starke organische Akzeptoren mit

Betonung auf der stark elektronenziehenden Nitrilfunktion (Cyankohlenstoffe) schliesst sich

eine Zusammenfassung über die wichtigsten Untersuchungen auf diesem interdisziplinärem

Gebiet an. Abschliessend werden Charge-Transfer-Chromophore diskutiert, welche

leistungsstarke organische Akzeptoren wie Cyanoethinylethene (CEE) und 1,1,4,4-

Tetracyanobuta-l,3-diene (TCBD) enthalten.

Die Synthese und Eigenschaften einer Gruppe neuer perethinylierter iV,iV-Diisopropylanilin-

substituierter Dehydroannulene werden in Kapitel 2 vorgestellt. Ausgehend von (Z)-Bis(N,N-

diisopropylanilin)-substituiertem Tetraethinylethen (TEE) wurden mittels oxidativer Hay-

Kupplung perethinylierte Octadehydro[12]- und Dodecadehydro[18]annulene hergestellt.

Das Dodecadehydro[18]annulen mit sechs peripheren jV,jV-Diisopropylanilin-Substituenten

wurde mit Hilfe einer Röntgenkristallstruktur charakterisiert. Oxidative //ay-Kupplung von

zweifach entschütztem Baustein 1 liefert die beispiellosen Verbindungen

Hexadecadehydro[20]annulen 2 und Tetracosadehydro[30]annulen 3, welche mit peripheren
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elektronenschiebenden JV,iV-Diisopropylanilin-Gruppen versehen sind und damit stabilisiert

werden. UV/Vis-Spektroskopie erbringt den Beweis für starke intramolekulare CT-

Wechselwirkungen zwischen den peripheren Anilin-Gruppen und dem zentralen

elektronenarmen Kern. Diese Wechselwirkung scheint bei Chromophoren mit [4n + 2] %-

Elektronen ausgeprägter zu sein als bei jenen mit [4n] 71-Elektronen. Elektrochemische

Studien der neuentwickelten Dehydroannulene demonstrieren das Vermögen der

kohlenstoffreichen Kerne zur Elektronenaufnahme. Eine sorgfältige Analyse führt zur

Annahme, dass antiaromatische Systeme leichter reduziert werden können als aromatische.

Ein neues jV,jV-Diisopropylanilin-substituiertes Diplatin-dehydro[14]annulen mit einer

[Cu2(//-Cl)] -Brücke im makrocycli sehen Gerüst wurde hergestellt. Trotz intensiver

Bemühungen konnte die exakte Struktur dieses bimetallischen Komplexes nicht geklärt

werden.

(j-Pr)2N N(/-Pr)2

Kapitel 3 beschreibt die [2+2]-Cycloaddition zwischen Tetracyanethen (TCNE) und donor-

substituierten Alkinen, gefolgt von elektrocyclischer Ringöffnung des zunächst gebildeten

Cyclobutens. Sie findet Anwendung in der Konstruktion dendrimerer, multivalenter CT-

Chromophore, welche in der Lage sind, eine ausserordentliche Anzahl an Elektronen

aufzunehmen und somit als molekulare Batterien zu fungieren. Die Addition von TCNE, die

den Charakter einer Click-Reaktion zeigt, liefert dendrimere TCBD-Derivate wie 4 in

ausgezeichneter Ausbeute von 86%.
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(CeH13)2N

NC. XN,

(CeH13)2N N(CeH13)2

N(C6H13)2

Detaillierte elektrochemische Untersuchungen verdeutlichten das allgemeine Redox-

Verhalten multivalenter, donor-substituierter TCBDs.

i. Alle iV,iV-Dialkylanilin-Gruppen eines multivalenten Systems werden in einem

einzigen reversiblen Multielektronen-Transfer oxidiert, wobei sie jeweils ein

einzelnes unabhängiges Redoxzentrum darstellen. Dendritisches 4 wird z. B. in

einem einzigen 12-Elektron-Transfer bei +0.89 V oxidiert.

ii. Jede TCBD-Einheit nimmt zwei Elektronen auf. Demzufolge wird eine grosse

Anzahl an reversiblen Elektronen-Aufnahmen, lokalisiert an den Dicyanvinyl-

Einheiten, beobachtet. So nimmt z. B. dendritisches 4 mit zwölf TCBD-Gruppen 24

Elektronen in zwei reversiblen 12-Elektron-Reduktionsschritten in einem

ausserordentlich schmalen Potentialbereich zwischen -0.70 V und -1.10 V auf.

Des Weiteren stellten wir fest, dass C=C-Bindungen in Nachbarschaft zu

elektronenziehenden TCBD-Einheiten für eine [2+2]-Cycloaddition mit dem ausgeprägten

Elektronendonor Tetrathiafulvalen (TTF) aktiviert sind. Dieses Ergebnis führte zur

Konstruktion einer neuen Klasse konjugierter [AB]-01igomere über eine Kaskade von

abwechselnden TCNE/TTF-Additionen an endständig geschützte Polyine, kontrolliert durch
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die elektronischen Eigenschaften der reagierenden C=C-Bindungen. In dieser Abfolge

agieren die l,2-Di(l,3-dithiol-2-yliden)ethan-Fragmente als Donoren und aktivieren die

benachbarten Dreifachbindungen für die Addition von TCNE, während die TCBD-Einheiten

die Aktivierung für die TTF-Addition verursachen. Diese Untersuchungen gipfeln in einer

achtstufigen Eintopf-Dominoreaktion, in der ein einziges Produkt gebildet wird.

Kapitel 4 beschreibt die Synthese einer Serie von Donor-Akzeptor-Molekülen mittels bislang

unerforschter regioselektiver [2+2]-Cycloaddition zwischen 7,7,8,8-Tetracyanchinodimethan

(7,7,8,8-tetracyanoquinodimethane, TCNQ) und jV,jV-Dialkylanilin-substitutierten Alkinen,

gefolgt von einer Ringöffnung des dabei gebildeten Cyclobutens. Insbesondere werden die

intensiven intramolekularen Charge-Transfer-Banden diskutiert. Die elektronischen

Eigenschaften dieser nicht-planaren CT-Chromophore wurden mittels UV/Vis-

Spektroskopie, cyclischer Voltammetrie (CV) sowie Voltammetrie mit rotierender

Scheibenelektrode (RSV) untersucht.

NC CN
NMe2
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1.1 Highly Conjugated Organic Molecules - Organic Electronics

Over the past 20 years, highly conjugated organic molecules featuring unique structural and

optoelectronic properties have been recognized as promising candidates for use in next-

generation electronic and optoelectronic devices [1-6]. Compared to their inorganic

counterparts, organic materials are of particular attraction due to the ease of structural tuning

to enhance specific properties for specialized applications, their superior processibility, and

last but not least, low costs of their fabrication [7,8]. Suitably modified organic materials can

be processed by a multitude of different methods, the most important of which are vapor

deposition and solution-based processes, such as spin-coating and various printing techniques

[9]. The most important applications for such 7i-conjugated materials include organic thin

film transistors (OTFTs) [10-12], light-emitting diodes (OLEDs) [13-15], photovoltaic cells

[16-19], sensors [20], and data recording and storage [21,22]. Photoreceptors in xerography

using organic photoconducting materials have already established wide markets of copying

and laser printers. OLEDs have also found practical applications in small displays such as

mobile phones, digital cameras, and are expected to expand their markets to flatpanel

televisions and lighting in the future.

Among a large number of 7i-conjugated systems that have been incorporated into such

devices till today, e.g. functionalized acenes [23], oligothiophenes [24], polycyclic aromatic

hydrocarbons (PAHs) [25], and fullerene-based materials [26], architectures based on

acetylenic scaffolding represents the most prominent class of compounds [3,27]. Their

structural rigidity and electronic communication, which is basically unperturbed by

conformational effects, together with their ready accessibility via advanced metal catalyzed

cross-coupling reactions [28,29] make them highly attractive components for the construction

of conjugated scaffolds.

1.1.1 Molecular Construction Kit for Acetylenic Scaffolding

Twenty years ago, in 1987, the Diederich group started a research program in acetylene

chemistry with the aim to synthesize acetylenic molecular carbon ätiotropes. While the goal

of preparing and isolating new stable acetylenic forms of carbon, cyclo[«]carbons, in

macroscopic quantities still remains elusive [30,31], the initial objective led to a fascinating

journey into acetylenic scaffolding. A diverse library of differentially protected and
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functionalized carbon-rich building blocks was developed and applied to the assembly of

various acetylenic frameworks via acetylenic couplings (Fig. 1.1) [28,29]:

(£)-1,2-Diethynylethene 1,3-Diethynylallene

// \\
Tetraethynylallene (£)-1,4-Diethynylbutatnene

Fig. 1.1. Carbon-rich building blocks for acetylenic scaffolding.

//

/// X

Tetraethynylbutatnene

(£)-l,2-Diethynylethenes (DEEs, (E)-hex-3-ene-l,5-diynes) and tetraethynylethenes

(TEEs, 3,4-diethynylhex-3-ene-l,5-diynes) (Fig. 1.1) proved to be the most versatile

building blocks for acetylenic scaffolding. The first TEE derivative,

tetrakis(phenylethynyl)ethene, was reported almost 40 years ago, in 1969, by Hori

and co-workers [32]. Later, Hauptmann [33] and co-workers and Hopf and co¬

workers [34] prepared other phenylated TEE derivatives. However, the preparation of

the parent TEE remained elusive until 1991 when the synthesis was accomplished by

Diederich and co-workers [35]. Since then, versatile synthetic protocols enabled the

preparation of a variety of TEE derivatives featuring various substitution pattern

[36-38] that were applied in the construction of well-defined carbon-rich molecular

architectures and advanced functional materials [39-42]. The following examples

nicely illustrate the synthetic potential of TEE building blocks (Fig. 1.2).

Monodisperse 7i-conjugated poly(triacetylene) (PTA) oligomers 1 extending up to 18

nm in length (24-mer) and featuring high stability, combined with excellent

solubilities in aprotic solvents, were prepared by a fast and efficient "statistical"

deprotection-oxidative Hay oligomerization protocol [43,44]. A series of

organometallic Pt(II)-bridged TEE oligomers 2 extending to a length of 12 nm was

prepared. In these rods, the Pt-C(sp) bonds lack any 7i-character and therefore the

metal ions act as true insulating centers [45]. The synthesis of a new polymer bearing

lateral donor-acceptor-substituted (£)-diethynylethene chromophores 3 was

accomplished by ring-opening metathesis polymerization (ROMP). The soluble
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polymer with an average of 40 monomeric units forms good optical-quality films,

with the third-order susceptibility ^ at a fundamental wavelength of 1907 nm being

100 times greater than that of fused silica [46]. TEE-based molecular switches 4 with

up to eight different states, six of which are independently addressable by light or

proton stimuli, were also developed [47,48].

Me2(f-Bu)SiO

OSi(f-Bu)Me2

1 /?= 1,2,4,6,8,12,16,24

Si(/-Pr).

Si(/-Pr)3

02N

OSi(f-Bu)Me2
Me2N

(>-Pr)3Si

Fig. 1.2. Examples of carbon-rich architectures based on DEEs and TEEs.

Si(/-Pr)3

Formal extension of the central olefinic core in DEEs and TEEs leads to 1,3-

diethynylallenes (DEAs, hepta-3,4-diene-l,6-diynes) and 1,1,3,3-tetraethynylallenes

(3,5-diethynylhepta-3,4-dien-l,6-diynes) (Fig. 1.1). While 1,1,3,3-tetraethynylallenes

still remain elusive due to the extreme dimerization tendency of the unprotected aliène

moiety, methods for the preparation of DEAs have been established [49,50]. A

racemic mixture of DEAs was used for the preparation - via oxidative

oligomerization - of chiral, unsaturated alleno-acetylenic macrocycles 5 and 6 (Fig.

1.3) [51]. Other acetylenic allenophanes have been reported by Krause and co¬

workers and Fallis and co-workers [52,53], however, compound 5 is the first alleno-

acetylenic macrocycle without aromatic rings in the backbone. It exists as seven

stereoisomers, two pairs of enantiomers and three achiral diastereoisomers, which

could all be isolated as pure compounds.
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Fig. 1.3. Shape persistent chiral alleno-acetylenic macrocycles 5 and 6 [51].

iii. Further expansion of the central cumulenic fragment leads to 1,4-diethynyl- and

1,1,4,4-tetraethynylbutatrienes (Fig. 1.1) that are accessible by transition-metal

mediated dimerization of appropriate 1,1-dibromoolefins [54,55]. Diederich and co¬

workers found that cis-trans isomerization of differentially substituted 1,1,4,4-

tetraethynylbutatrienes is remarkably facile, with barriers to rotation in the range of

those for peptide bond isomerization (AG#~20 kcal mol-1)! Barriers to rotation of

1,4-diethynylbutatrienes are higher (AG#~25 kcal moP1), allowing in some cases the

isolation of pure diastereoisomers [56].

1.2 Carbon-Rich Sheets and Macrocycles

The preparation of bulk quantities of fullerenes in 1990 initiated interest in the preparation of

novel carbon allotropes [57]. The fully controlled assembly of highly conjugated all-carbon

expanded sheets or even networks by means of advanced organic synthesis still attracts

interest [31,58-60]. Graphyne (7) and graphdiyne (8) (Fig. 1.4), theoretical carbon allotropes

composed of sp- and sp2-hybridized carbon atoms, are the subject of intensive research at the

interface between synthetic, theoretical, and physical organic chemistry as well as materials

science. The highly unsaturated networks are predicted to feature a variety of desirable

materials properties, such as high-temperature stability, a band gap (1.2 eV) lower than that

of polyacetylene, and the ability to intercalate Na+ and K+ ions without interlayer distortion
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[61-64]. Despite these predicted advantageous properties, a suitable synthetic route for the

preparation of 7 or 8 has not been found.

7 8

Fig. 1.4. Theoretical all-carbon networks graphyne (7) and graphdiyne (8) featuring

dehydrobenzo[12]annulene and dehydrobenzo[18]annulene units, respectively.

As benzene is considered to be the smallest unit of graphite,

hexadehydrotribenzo[12]annulene can be regarded as the smallest unit of graphyne (Fig. 1.4).

From this reason, investigation of theoretical network properties via substructures based on

similar structural motifs, i.e. dehydrobenzoannulenes (DBAs) [65,66] and dehydroannulenes

[67-70], has prooved successful. Additionally, other acetylenic macrocycles [71-74] are

intensively studied both experimentally and theoretically to further enhance the

understanding of aromaticity/antiaromaticity and, in general, ^-conjugation in unsaturated

macrocyclic systems [75-79]. Furthermore, with their extended 7i-chromophores, a number

of representatives feature interesting optoelectronic properties, such as high second- and

third-order optical nonlinearities [80,81]. Also, some of them act as potent receptors, such as

for fullerenes showed in elegant work by Oda and co-workers [82].

1.2.1 Dehydroannulenes, Radialenes, Radiaannulenes

The name annulenes (lat. annulus = ring) was suggested for all conjugated monocyclic

polyenes, irrespective of their properties or ring size, by Sondheimer in the early 1960s

[67,83]. The ring size is indicated by prefixing to the annulene a number enclosed in square

brackets. There are also other cyclic analogues wherein one or more double bonds have been

replaced by triple bonds; these compounds are described as dehydroannulenes. According to
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HückePs rule [84-86], they can be classified as aromatic or antiaromatic, provided they

contain [4n + 2] or [4n] % electrons (n = an integer), respectively. However, the

aromaticity/antiaromaticity of these conjugated systems is still an intensely investigated and

debated area of chemisty. This issue has been addressed on two fronts. Classically,

experimental observations, based mainly on *£! NMRdata [87], provide strong evidence for

the existence of ring currents in most dehydroannulenes and DBAs. More recently,

theoretical work, specifically the calculations of nucleus-independent chemical shifts (NICS)

[88,89], has improved the understanding of this fundamental yet elusive property of these

macrocycles.

Over the past decade, the Diederich group applied TEE building blocks to the construction of

novel families of acetylenic macrocycles such as perethynylated dehydroannulenes [90-93],

perethynylated expanded radialenes [91,94-96], and radiaannulenes combining the structural

features of both dehydroannulenes and expanded radialenes [93,97] (Fig. 1.5). With their

numerous sp-hybridized carbon atoms, the all-carbon cores of these systems feature potent

electron-accepting properties.

radiaannulene

Fig. 1.5. Carbon-rich macrocycles, perethynylated dehydroannulene, perethynylated expanded radialene,

and radiaannulene derived from TEE.
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Among the first derivatives prepared were the deep-purple-colored per(silylethynylated)

octadehydro[12]annulene 9a, with an antiaromatic macrocyclic perimeter as revealed by

UV/Vis and !H NMRspectroscopy, and its larger, yellow-colored aromatic counterpart,

dodecadehydro[18]annulene 10a (Fig. 1.6) [90,91]. Furthemore, electrochemical studies

showed that the antiaromatic 9a undergoes two stepwise one-electron reductions more readily

than the aromatic chromophore 10a. This redox behavior was explained by the formation of

an aromatic [4n + 2] 7i-electron dianion from 9a, whereas 10a loses its aromaticity upon

reduction. X-ray crystallographic analyses of 9a and 10a revealed perfectly planar annulene

frameworks.

Later, the terminally iV,iV-dimethylanilino (DMA)-substituted derivatives 9b and 10b were

synthesized [92,93] (Fig. 1.6) as well as series of anilino-substituted expanded radialenes [96]

and radiaannulenes [93,97]. The combined investigation of all three classes of anilino-

substituted acetylenic macrocycles demonstrated three beneficial effects obtained upon

introduction of the peripheral 7i-electron donor groups:

i. The solubility of the compounds is enhanced,

ii. The electron-deficient all-carbon cores are stabilized against nucleophilic attack and

cycloadditions,

iii. Intense bathochromically shifted charge-transfer (CT) bands result from strong

intramolecular CT interactions between these groups and the electron-accepting all-

carbon cores.

R R

R R

9a = Si(/-Pr)3 10a = Si(/-Pr)3

9b = |-<{ ^NMe2 10b = l~£ ^—HMe2

Fig. 1.6. Per(silylethynylated) and 7V,7V-dimethylanilino-substituted octadehydro[12]annulenes 9 and

dodecadehydro[18]annulenes 10.
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The Diederich group also prepared a new tris(tetrathiafulvaleno)dodecadehydro[18]annulene

11 bearing six peripheral w-hexyl substituents by oxidative Glaser-Hay cychzation of

desilylated tetrathiafulvalene (TTF) derivative 12 (Scheme 1.1) [98]. In contrast to the

oxidative couplings of cz's-bisdeprotected TEEs [90-93], the formation of cyclic dimers was

not observed. Apparently, annellation of the five-membered TTF rings prevents the large

distortion of the inner C(sp)-C=C bond angles that is necessary for formation of the strained

cyclic dimer, as revealed by X-ray crystallographic analysis of per(silylethynyl)ated

octadehydro[12]annulene [91]. According to both *H NMRand UV/Vis spectroscopic

studies, the macrocycle shows no aggregation in solution. The intense violet color of 11 is

accordingly assigned to an intramolecular charge-transfer transition rather than to an

intermolecular one. This nonaggregating behavior strongly contrasts that of TTF-annulenes

containing peripheral carboxylic ester substituents (COOwBu, COOwOct) prepared by lyoda

and co-workers [99] undergoing % stacking in benzene and toluene. These peripheral groups

extend and render the 7i-conjugated perimeter more electron-deficient, and may additionally

facilitate the aggregation by intermolecular dipolar C=0 C=0 interactions.

R R

w

Si(/-Pr)3

Si(/-Pr)3

S S

R = nHex

Scheme 1.1. Synthesis of tris(tetrathiafulvaleno)dodecadehydro[18]annulene 11. a) «Bu4NF, THF, 0 °C;

b) CuCl, TMEDA, CH2C12, 02, 0 °C, 47%(yield over two steps) [98].

1.2.2 Carbon-Rich Metallamacrocycles

Highly conjugated, organometallic oligomers and polymers continue to be investigated for

potential use as advanced materials with desirable electronic and optical properties [100]. In

particular, Pt(II) (7-acetylides as structural elements have received considerable attention in

this regard from both applied and fundamental standpoints [101]. Incorporation of a Pt(II)
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center into a conjugated system allows triplet-state emission, thus making Pt(II)-alkynyl

oligomers and polymers ideal for use in organic optoelectronic devices such as photocells or

light emitting diodes [102]. Two factors dominate the properties of transition metal a-

acetylide complexes, namely electronic interraction between metal center and alkynyl ligand

as well as electronic derealization through the transition-metal fragment. This was recently

quantified in a Pt(II)-alkynyl charge-transfer (CT) system by Marder and co-workers to be

only slightly less efficient than a benzene moiety [103]. However, the postulation of strong

ground-state-7i-conjugation across Pt(II)-(7-acetylide fragments is in sharp contrast to the

findings by Diederich and co-workers, who did not see any experimental evidence for such

7i-conjugation in compounds 2 (Fig. 1.2) [45].

14

Fig. 1.7. Examples of platina(II)-dehydrobenzoannulenes (DBAs), 13 and 14, prepared by Haley and co¬

workers [104].

A variety of Pt(II)-containing macrocyles have been prepared and studied since the 1990s by

a number of research groups. Haley and co-workers prepared via a selective Sn

transmetallation and amine-mediated oxidative addition a series of platina(II)-

dehydrobenzoannulenes such as 13 and 14. The electronic derealization in both sets of

macrocycles was discussed by comparison of the UV/Vis spectra with their purely

hydrocarbon DBA analogues (Fig. 1.7) [104]. The Diederich group applied TEE bulding

blocks and ^ra«s-bis(triethylphosphine)platinum fragments to the construction of linear and

cyclic architectures such as molecular square 15 (Fig. 1.8) [105]. Tykwinski and co-workers

developed a simple and general protocol providing easy access to chiral Pt(II)-containing

molecules such as 16 by ligand exchange between ^ram,-Pt(H)-acetylide complexes and the

chiral diposphine ligands (R,R)- and (^^-chiraphos [106] (Scheme 1.2).
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15

Fig. 1.8. Platina(II) molecular square 15 synthetized by Diederich and co-workers [105].

(S,S)-chiraphos

Ph Va
Ph2P PPh2

Ph Ph2P' *PPh2 Ph

16

Scheme 1.2. Conversion of an achiral platinum <r-acetylide complex into chiral metallamacrocycle 16 by

ligand exchange developed by Tykwinski and co-workers [106].
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1.3 Strong Organic Acceptors - Cyanocarbons

Cyanocarbons are a class of organic compounds containing enough strongly electron-

withdrawing nitrile functionality {Hammett constant oj,(CN) = 0.56 [107]) to fundamentally

alter their chemical and physical properties [108].

1.3.1 Tetracyanoethene (TCNE)

Tetracyanoethene (TCNE), the simpliest of the percyanoalkenes, was prepared in the early

1950s by Cairns and co-workers at the DuPont company by Cu-mediated reduction of

dibromomalononitrile [109]. The four powerful accepting CN groups render the olefinic

C=C bond of TCNE highly electrophilic, hence, it reacts readily with many nucleophiles

(alcohols, amines, and thiols), forms rapidly cycloadducts with various alkenes, inserts into

carbon-hydrogen bonds in ketones and arènes, and transition metal-carbon bonds. The rich

chemistry of TCNEwas compiled in three excellent reviews by Fatiadi in the late 1980s

(Scheme 1.3) [110-112].

NC

|1
XN

J
NC CN

TCNE

OMe
Me0

CN

[2+2]

c
[4+2]

H20

H2S

H20/H202

-CN

-CN

CN

CN

CN

CN

CN

NCX5H

T
NC CN

NC CN

NH,

O

NC-y\^CN
NC CN

Scheme 1.3. Examples of TCNEchemistry [110].

TCNE is amenable to thermal [2+2] cycloadditions with electron-rich alkenes via

nonconcerted, zwitterionic mechanism to yield cyclobutane derivatives (Scheme 1.4). The
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existence of a zwitterionic intermediate is supported by a strong rate-dependency on solvent

polarity, incomplete stereochemical information transfer, and trapping of the zwitterionic

intermediate as demonstrated by Huisgen and co-workers and others [113-115].

MeO

1

Scheme 1.4.

NC CN

T
NC CN

TCNE

MeCk NC

NC
O'

CN

CN

NC.

NC

charge-transfer
complex

"OMe

XN
'e

CN

zwittenon

MeO.
CN

-CN

-CN

CN

cycloadduct

The zwitterionic mechanism for the [2+2] cycloaddition of TCNEand electron-rich methyl

vinyl ether proposed by Huisgen and co-workers [114].

Accordingly, thermal [2+2] cycloadditions of tetracyanoethene (TCNE) with electron-rich

alkynes yield cyclobutenes which in isolated cases have been shown to undergo retro-

electrocyclization under formation of l,l,4,4-tetracyanobuta-l,3-dienes (TCBDs). Such a

transformation was first reported by Ficini and co-workers for the reaction of acrylonitriles

with jV,jV-diethylaminoprop-l-yne [116]. The very first example of thermal TCNE [2+2]

cycloaddition with electron-rich alkynes was described by Bruce and co-workers for the

series of cyclopentadienylalkynyl-ruthenium and -osmium complexes [117]. Later, a variety

of organic and organometallic TCBD-containing molecules have been reported and some of

them have been investigated as second-order nonlinear optical (NLO) materials (Scheme 1.5)

[118-121].

NC XN

NC CN

TCNE

EDG

NC

NC4

NC-
TA

NC
EDG

NC XN

EDG

Scheme 1.5. Reaction between TCNEand an alkyne substituted with an electron-donating (EDG) group to

afford l,l,4,4-tetracyanobuta-l,3-dienes (TCBDs).

TCNE undergoes two reversible one-electron reduction steps at +0.18 and -0.85 V (in

CH2C12 +0.1 M«Bu4NPF6 vs. SCE(saturated calomel electrode))1 [122]. Because of its easy

reduction, TCNEforms a number of stable CT complexes and salts with various electron

Potentials reported against SCEcan be converted, for the sake of comparison, from calibration against SCEto

the Fc+/Fc reference by subtracting a value of 500 mV; this conversion represents an approximation [42].
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donors featuring interesting materials properties {vide infra). Encouraged by the attractive

properties of TCNE, a large number cyano-based acceptors were prepared to date [108,123].

1.3.2 7,7,8,8-Tetracyanoquinodimethane (TCNQ) and Related Compounds

7,7,8,8-Tetracyanoquinodimethane (TCNQ) was for the first time reported by Acker and co¬

workers at the Du Pont company in the early 1960s [124,125]. The product of Knoevenagel

condensation of malononitrile with cyclohexane-l,4-dione is converted via bromination-

dehydrobromination procedure in the presence of pyridine to TCNQ(Scheme 1.6). TCNQis

a stable crystalline yellow-brown substance melting at 296 °C and subliming readily above

250 °C.

NC CN NC CN NC CN

9 A 9 ' 9 A 9
NC CN NC CN NC CN

TCNQ

Scheme 1.6. Synthesis of TCNQby Acker and co-workers, a) CH2(CN)2; b) Br2, pyridine, 80% [ 125].

Similarly to TCNE, the presence of four powerful electron-accepting cyano groups

determines the reactivity of TCNQ. Hence, nucleophilic addition reactions, addition

reactions proceeding via one-electron transfer steps as well as formation of radical-ion salts

with many organic and inorganic electron donors, some of them exhibiting high electric

conductivity {vide infra), were observed [126].

The simplest example of a 1,6-addition, a characteristic reaction of TCNQ, is the reduction

by thiophenol, mercaptoacetic acid, or hydriodic acid with formation of p-

phenylenedimalononitrile (TCNQH2). Halogens add in a 1,6-manner to TCNQonly in the

presence of catalysts such as tetramethylammonium chloride or triethylamine [125]. N,N-

dimethylaniline was also found to form a 1,6-addition product with TCNQ. Certain primary

and secondary amines react with TCNQto give product in which one or two cyano groups

are replaced by the amine [127]. When electron-rich olefins are mixed with TCNQ, charge-

transfer complex formation and spontaneous polymerizations are often observed. For

example, TCNQcopolymerizes spontaneously and alternatingly with styrene (Scheme 1.7)

[128].



16 Introduction

[H]
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CN CN Ph

Scheme 1.7. Examples of TCNQchemistry [126].

TCNQrefluxed in MeCNwith o-quinodimethane (17) generated in situ from 1,4-dihydro-

2,3-benzoxanthiin-3-oxide (18) reacted in a [4+2] fashion at the more electron-deficient

exocyclic double bond to give spiro compound 19 (Scheme 1.8a) [129,130]. When TCNQ

interacts with 2,2-diphenylmethylenecyclopropane (20), the cycloaddition product 21 is

formed in 60%yield (Scheme 1.8b) [131].

ŒOA, MeCN

^0

18

b)

D>=<
Ph

Ph

20

Scheme 1.8. Cycloadditions of TCNQ.

Back in the early 1970s, Hagihara and co-workers reported the reactions of Pt(II) (7-alkynyls

with TCNQto give intensively colored products that were described as charge-transfer
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complexes [132]. However, one of these products was later shown to be the buta-l,3-dienyl

derivative 22 apparently resulting from [2+2] cycloaddition of TCNQto the alkyne moiety

(Scheme 1.9) [133]. Nevertheless, at that time no special attention was paid to this finding

and the reaction was not further investigated.

?Me3 TCNQ
Me —Pt —Me

PMe,

Scheme 1.9. Reaction between /ra«s-bis(trimethylphospWne)dialkynylplatinum(II) and TCNQto yield the

buta-l,3-dienyl derivative 22 [132,133].

Another interesting reaction was described in 1994, triethylamine reacted with TCNQin

chloroform to yield zwitterionic adduct 23 [134]. TCNQ abstracts protons from

triethylamine yielding the enamine and TCNQH2. Subsequent elimination of HCNfrom the

initial addition product results in the formation of 23 (Scheme 1.10).

NC^ .CN

+ HCN

Scheme 1.10. Reaction of TCNQwith triethylamine to yield zwitterion 23 [134].

TCNQundergoes two reversible one-electron reduction steps at +0.25 and -0.31 V (in

CH2CI2 +0.1 M «BU4NPF6 vs. SCE) [122]. Clearly the Coulomb repulsion in dianions is

minimized when the electrons are delocalized over extended % systems. Similarly to TCNE,

TCNQforms stable CT complexes with various electron donors (vide infra).

Three general synthetic approaches have been used for the modification of the acceptor

structure: (i) ring substitution with the aim of tuning the redox behavior through careful

choice of substituents, (ii) introduction of heteroatoms or heterocyclic rings into the TCNQ

skeleton in order to increase inter- and intra-molecular interactions which enhance the

dimensionality of the corresponding CT complexes, and (iii) extension of the %system which

leads to a lowering of the intramolecular Coulomb repulsion in the charged species [135].
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A whole series of substituted TCNQderivatives were synthesized by Wheland and co¬

workers at the Du Pont company [136]. Some of the TCNQanalogues, in particular 2,3,5,6-

tetrafluoro-7,7,8,8-quinodimethane (F4-TCNQ; £red,i = +0.53 V, Ereda = +0.02 V in MeCNvs.

SCE), and 2,5-dicyano-7,7,8,8-tetracyanoquinodimethane (TCNQ(CN)2; £red,i = +0.65 V,

Ered,2 = +0.09 V in MeCNvs. SCE) have been shown to be much stronger electron acceptors

than the parent compound (Fig. 1.9) [137]. Taking into account the chemical analogy

between C=0 and C=C(CN)2 and between C=C(CN)2 and C=N-CN, Hünig reported the

iV,iV-dicyanoquinone diimines (DCNQs) as a new class of powerful electron acceptors (Fig.

1.9) [138]. Over the last two decades, a variety of novel cyano-based acceptors featuring

extended % systems such as 9,9,10,10-tetracyano-2,6-naphtoquinodimethane (TNAP) [139],

7,7,7,7-tetracyano-4,4-diphenoquinodimethane (TCNDQ) [140], or 11,11,12,12-tetracyano-

9,10-anthraquinodimethane (TCAQ) [141] and many other derivatives were synthesized (Fig.

1.9) [142]. However, some of these acceptors were not stable or were unable to form stable

crystalline CT complexes. Very recently, 3,6-difluoro-2,5,7,7,8,8-hexacyanoquinodimethane

(F2-HCNQ) (Fig. 1.9), a superb electron acceptor was reported [143]. F2-HCNQ is a much

stronger acceptor than F4-TCNQ, exhibiting two reversible one-electron reductions at

£red,i = +0.87 V and £red;2 = +0.28 V in MeCNvs. Ag/AgCl, respectively.2

NC^ ^CN

NC^ XN

F2-HCNQ DCNQI

NCk ^CN

Fig. 1.9. Selected examples of modified cyano-based electron acceptors.

Potentials reported against Ag/AgCl can be converted from calibration against Ag/AgCl to the Fe /Fc

reference by subtracting a value of 440 mV; this conversion represents an approximation [ 144].
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1.3.3 Charge-Transfer Complexes of Cyano-Based Electron Acceptors

Shortly after Wudl and co-workers reported the synthesis of the strong electron donor

tetrathiafulvalene (TTF) (Fig. 1.10) [145], the highly conducting charge-transfer (CT)

complex TCNQ-TTF was prepared by Perlstein and co-workers [146]. The room-

temperature conductivity (a= 500-1000 Q_1 cm1) of this CT complex increases dramatically

upon cooling, rising as high as 104Q_1cm_1 near 60 K [123,147], high enough to be

considered as "organic metal".3 However, those values were strongly dependent on the

quality of the crystalline material [148].

Stimulated by these findings, a large number of conducting CT complexes featuring both

modified acceptor (Fig. 1.9) and donor (Fig. 1.10) moieties have been prepared and studied to

date [135,149] with the hope for high-temperature superconductivity in these materials.

Although this goal still remains elusive, a number of compounds with remarkable properties

have been synthesized. For example, hexamethylenetetrathiafulvalene (HMTTF) forms CT

salts with both TCNQand its tetrafluoroderivative F4-TCNQ (Fig. 1.10). As revealed by

solid state UV/Vis spectroscopy, HMTTF-TCNQis a mixed-valence metal with low degree

of charge transfer, whereas the stronger electron affinity of F4-TCNQ causes the charge

transfer in HMTTF- TCNQ-F4 to be complete, making it an insulator [150]. Replacing sulfur

atoms in HMTTF with the larger and more polarizable selenium atoms afforded

hexamethylenetetraselenafulvalene (HMTSF). Its CT salt with TCNQis one of the most

conducting materials at room temperature known, reaching a= 2178 Q_1 cm-1, that remains

highly conducting to the temperatures as low as 1 K [151]. In 2001, Tanaka an co-workers

reported a single-component molecular metal, [Ni(tmdt)2] (tmdt,

trimethylenetetrathiafulvalenedithiolate) displaying room-temperature conductivity

a= 400 ß_1 cnT1 [152]. Tetrakis(dimethylamino)ethylene (TDAE) (Fig. 1.10) [153] was

found to form both 1:1 and 1:2 electron transfer salts with TCNEand TCNQin high yield,

however, their conducting properties were not reported [154].

In the 1980s, Miller and co-workers discovered the first organic-containing molecule-based

magnet, [Fem(C5Me5)2]*+[TCNE]*~, that was found to order as a ferromagnet below a critical

temperature, Tc of 4.8 K [155]. Since then, several magnetic species of general formula

[Mni(C5Me5)2]*+[Ar (M = Fe, Cr, Mn; A = TCNE, TCNQ) were prepared [156]. As

V°(C6H6)2 is isoelectronic with d5 Mnn(C5Me5)2 the reaction of V°(C6H6)2 with TCNEwas

3
For comparison öcu (298 K) = 6 x 105 IT1 ot1 [146].
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attempted. [VI(C6H6)2]+[TCNE]* was not isolated, however, a magnet of composition

V(TCNE)XXCH2C12) (x~2, y~l/2) was identified [157]. Although this material was

extremely water and air sensitive, it displayed magnetic ordering below its thermal

decomposition temperature (-350 K), and had a critical temperature ca. 400 K. Recently, a

family of molecule-based magnets of general formula M[TCNQL(M = Mn, Fe, Co, Ni) has

been synthesized [158]. Magnetic ordering was observed for all materials with Tc values

between 8 K (M = Ni) and 60 K (M = Mn).

C>=<) (X>=<X> Ol>=<0 >=<
^S S^ v-^-S S^-7 ^^Se Se-7 Me2N NMe2

TTF HMTTF HMTSF TDAE

>=< x h I >=< x>

[Ni(tmdt)2]

Fig. 1.10. Examples of electron donors for molecular-based organic metals.

1.4 Charge-Transfer Chromophores Featuring New Powerful

Organic Acceptors

Molecular and polymeric highly conjugated donor-acceptor (D-A)-substituted organic

chromophores have attracted much attention due to their highly polarized structures resulting

in efficient second- and third-order nonlinear optical (NLO) effects [159-161]. Tunig the

physical properties to enhance specific NLO effects by simply modifying the chemical

structure represents a significant advantage of using organic chromophores. It is well-known

that the molecular first-order hyperpolarizability iß) depends not only on the strength of the

donor and acceptor groups, but also on the nature of the 7i-conjugated spacer through which

they interact. While well-defined guidelines to enhance ß were established, definite

principles for achieving high molecular second-order hyperpolarizability if) and high bulk

NLOsusceptibilities are still being pursued [162,163].
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1.4.1 Cyanoethynylethenes (CEEs)

A new class of intramolecular charge-transfer (CT) chromophores was prepared in the

Diederich group by decorating the TEE framework (Fig. 1.1) with strong electron donors,

such as iV,iV-dimethylanilino (DMA), and acceptors, such as 4-nitrophenyl moieties [38,162].

As some of these compounds were shown to feature high second- and third-order optical

nonlinearities, attention was subsequently turned to increasing the strength of the electron

acceptors to further enhance the NLOproperties.

The first class of newly developed, potent electron acceptors are the cyanoethynylethenes

(CEEs) of which only two derivatives had been reported previously by Hopf and Dulog and

co-workers [164,165]. CEEs are hybrid derivatives combining the synthetic versatility of

TEEs for the construction of 7i-conjugated scaffolds with the powerful electron-accepting

properties of cyanoalkenes such as TCNE. Since strongly electrophilic TCNEand TCNQ

readily form CT complexes with various electron donors {vide supra), Hopf and co-workers

investigated the ability of CEEs 24 to form such complexes with TTF [166,167]. However, a

product of [2+2] cycloaddition with subsequent electrocyclic ring opening of the initially

formed cyclobutene 25 was isolated instead of the expected CT complex upon heating of

CEEs 24 with TTF in toluene (Scheme 1.11a). Hirsch and co-workers observed a similar

reaction between l,6-dicyano-l,3,5-hexatriyne (26) and TTF to give adduct 27 (Scheme

1.11b) [168].

a)

CN

NC f=\

A, toluene

[2+2]
'

NC

R

CN

v<
O

s
s

s^
#

24 TTF R = CN, CECPh, COOEt, H 25

b)

NC- -CN
TTF

[2+2]
NC-

26

27

Scheme 1.11. Thermal [2+2] cycloaddition of TTF to electrophilic, cyano-substituted alkynes, followed by

retro-electrocyclization of the intermediately formed cyclobutene [166-168].
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Initially, Diederich and co-workers prepared silylated CEEs such as 28a-c (Fig. 1.11) and

extended CEEdimers such as 28d [169]. A dramatic increase in electron-acceptor strength

was observed upon replacement of one RC=C- by an isoelectronic N=C- group (average

anodic shift of the first reduction potential: 380 mV) or upon substituting RC=C-C-C=CRby

NC-C-CN moieties (average anodic shift of the first reduction potential: 830 mV!). Thus,

dimer 28d (ü^i = -0.57 V in CH2CI2 vs. Fc+/Fc) approaches the acceptor strength of TCNE

{vide supra). CEEs are highly reactive, electrophilic compounds that readily undergo

conjugate additions with nucleophiles such as amines and alcohols. Further functionalization

of CEEs with DMAdonor groups afforded more stable chromophores such as 29a-d (Fig.

1.12) featuring exceptionally strong intramolecular CT interactions resulting in intense,

strongly bathochromically shifted CT bands in the UV/Vis spectra [170,171].

,Si(/-Pr)3 (/-Pr)3Su
_

NC

(/-Pr)3Si Si(/-Pr)3 Si(/-Pr): Si(/-Pr)3

28a

Ered 1 -1 58 V

28b

Ered 1 -1 25 V

28c

Ered1-0 72V

Fig. 1.11.

(,-Pr)3Si

NC. XN

Si(/-Pr)3

NC CN

28d

£red i -0 57 V

Examples of silylated monomelic and dimeric CEEs 28a-d. Given are the reversible first one-

electron reduction potentials EKdA (V) in CH2C12 (+0.1 M«Bu4NPF6) vs. Fc+/Fc) [169].

Pronounced quinoid character {&) of the DMA moieties, as revealed by X-ray

crystallography, confirms the efficient intramolecular CT from the donor to the acceptor

moieties. From the comprehensive investigation of the CEE chromophores, an important

lesson was learnt about the conjugation effects in strong CT chromophores and useful

guidelines for tuning the band gaps of such systems were obtained [171]. For molecules

possessing strong electron acceptor and donor units, it is incorrect to evaluate the efficiency

of 7i-conjugation from the bathochromic shift of the CT band in the UV/Vis spectrum.
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Rather, ground-state data such as NMRchemical shifts, bond length alternation and quinoidal

character of aromatic rings in X-ray crystal structures, redox potentials, or theoretical

calculations need to be used to evaluate this efficiency [172,173]. It was observed for the

donor-substituted CEEs that more extensive donor-acceptor conjugation can lead to larger

band gaps [171,172]. Smaller optical gaps (more bathochromically shifted CT bands) are

obtained by reducing the donor-acceptor conjugation through introduction of spacers such as

alkenes or alkynes. The UV/Vis data correlate perfectly with the electrochemical data: at

strong donor-acceptor conjugation, the HOMO(highest occupied molecular orbital) of the

donor is lowered and the LUMO(lowest unoccupied molecular orbital) of the acceptor

raised, thus giving a large optical gap. This is less the case at weaker conjugation (e.g. in the

presence of larger spacers between donor and acceptor), where HOMOand LUMOresemble

those in the free components.

Me2N Me,N

NMe,

Me2N

NC XN

NMe,

29a

Eredli-0 85V

im 591 nm(2 10 eV)

29b

Êred 1 -1 38 V

563 nm (2 20 eV)

29c

Ered|1 -1 31 V

Am 524 nm (2 37 eV)

Me2N

NCL ^CN

NC CN

29d

Ered1-0 74V

NMe,

Fig. 1.12. Examples of DMA-substituted monomelic and dimeric CEEs 29a-d. Given are the reversible

first one-electron reduction potentials !?redl (V) in CH2C12 (+0.1 M«Bu4NPF6 vs. Fc+/Fc) and the

maxima of the CTbands 2^^ (nm and eV) in CHC13 [171].
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This was nicely confirmed in a study of a series of donor-acceptor (D-A) chromophores

30-35 in which the unsaturated spacer between DMAdonor and C(CN)2 acceptor moieties

was systematically varied (Fig. 1.13) [174]. NMRand IR data (stretching frequency of the

CNgroups v(C=N)) as well as the high quinoid character {&) of the DMArings in the crystal

structures of chromophores 30-35 evidence efficient D-A conjugation in the ground state.

The UV/Vis spectra of the chromophores feature intense bathochromically shifted CT bands

with the lowest energy transitions and the smallest optical gap being measured for the two-

dimensionally extended chromophores 35a and 35b with multiple D-A conjugation

pathways. In the series of 30b, 31b, 33b, and 34b where the spacer is gradually extended, the

electrochemical HOMO-LUMOgap, calculated as the difference between first oxidation and

reduction potentials (A^o^i-Erecu)), decreases steadily from 1.94 V (30b) to 1.53 V (34b).

This decrease is a direct consequence of a reduction in the D-A conjugation with increasing

spacer length (vide supra).

Fig. 1.13. A new class of DMA-substituted CEEs 30-35 to explore the donor-acceptor conjugation and

NLOproperties as a function of the spacer between donor and acceptor moieties [ 174].

All of the CT chromophores described above are thermally stable, some of them up to

250 °C. Most of them can be sublimed undecomposed, thus allowing thin film formation by

vapor-phase deposition for nanoscale science applications [22]. The third-order NLO

properties of donor-substituted CEEs 29a-d [175,176] as well as donor-acceptor

chromophores 30-35 [177] were investigated. Degenerated four-wave mixing (DFWM)

experiments revealed extraordinarily large nonlinearities, relative to the small molecular mass

of these chromophores, that are within a factor of 50 from the predicted fundamental limit

[178]. Appealing NLO properties together with their environmental stability make these

compounds very promising for applications in optoelectronic devices.
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1.4.2 Donor-Substituted 1,1,4,4-Tetracyanobuta-1,3-dienes (TCBDs)

Thermal [2+2] cycloaddition of TCNEwith electron-rich metal acetylides, followed by retro-

electrocyclization to give organometallic TCBDderivatives had been reported by Bruce and

co-workers already in the early 1980s (vide supra) [117,120], however, there has been almost

no systematic study on the corresponding reaction with electron-rich alkynes [119,121].

Recently, the Diederich group introduced a new class of powerful charge-transfer (CT)

chromophores, donor-substituted l,l,4,4-tetracyanobuta-l,3-dienes (TCBDs) such as 36-38

(Fig. 1.14), accessible in often quantitative yields in an atom-economic synthesis [179] by

formal [2+2] cycloaddition between TCNEand donor-substituted alkynes [180,181].

Donor-substituted TCDBs are thermally stable up to 300 °C, as determined by

thermogravimetric analysis (TGA), and can be sublimed without decomposition. Despite the

nonplanarity of these chromophores, as revealed by detailed X-ray crystallographic analysis,

efficient CT interactions are observed. High quinoid character (&) of the DMArings as well

as intense bathochromically shifted CT bands featuring maxima between 450 and 800 nm

further support the effectiveness of the intramolecular CT. Observed large third-order optical

nonlinearities together with high stability and easy accessibility of donor-substituted TCBDs

make them attractive for fabrication of optoelectronic devices [176,180]. Although

substituted with DMA-donor, the TCBDmoiety remains a potent electron acceptor; the first

one-electron reduction of 36 occurs at -0.69 V in CH2CI2 vs. Fc+/Fc. Particularly remarkable

are the electrochemical properties of oligomeric donor-substituted TCBD39 (Fig. 1.14) that

undergoes six reversible one-electron reduction steps, each centered on a dicyanovinyl

moiety, in the narrow potential range between -0.69 and -1.69 V [181]. Note that the six

reduction steps of fullerene C6o in MeCN/toluene occur in much wider potential range

between -0.98 and -3.26 V vs. Fc+/Fc [182].
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Me,N

NC ^CN

NC "CN ^" ^NMe2

36 (97%)

£red ! -0 69 V

Amax 570 nm (2 18 eV)

Me2N

Me2N

37(100%)

Ered ! -1 06 V

470 nm (2 64 eV)

NC CN ^ NMe2

38 (96%)

Ered ! -0 89 V

/Imax 526 nm (2 36 eV)

6n13.l2

(C6H13)2N

NfCeH!

39 (86%)

Ered1-0 69V, Ered6-169V

A„ 590nm(2 10eV)

Fig. 1.14. Examples of donor-substituted TCBDs 36-39. Given in parentheses are the yields of [2+2]

cycloaddition of TCNEto donor substituted alkynes, the reversible first one-electron reduction

potentials Eieil (V) in CH2C12 vs. Fc+/Fc, and the maxima of the CT bands À^^ (nm and eV) in

CH2C12[181].

1.5 Outline of the Thesis

Perethynylated donor-substituted dehydroannulenes represent an interesting class of carbon-

rich macrocycles featuring appealing optoelectronic properties as revealed by foregoing

studies. In view of the previous findings, even larger acetyl enic macrocycles were targeted in

the first part of the thesis to:

l.

ii.

iii.

iv.

probe the limits of acetyl enic scaffolding

expand the knowledge of 7i-conjugation in acetylenic macrocyclic chromophores

enhance the understanding of aromaticity/antiaromaticity in macrocyclic systems

eventually generate novel optoelectronic properties
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Moreover, incorporation of a Pt(II) center into a conjugated macrocyclic framework to yield

new types of metalla-dehydroannulenes was attempted. The results of this initial research are

described in Chapter 2.

As shown previously, the fast addition of tetracyanoethene (TCNE) to iV,iV-dialkylanilino-

substituted alkynes at room temperature had the character of a "click"-reaction, yielding

donor-substituted l,l,4,4-tetracyanobuta-l,3-dienes (TCBDs) in an atom-economic way with

near quantitative yields. The capability of the trimeric TCBD derivative 39 to readily

undergo six one-electron reduction steps in the narrow potential range of 1.0 V under

electrochemical conditions initiated the search for larger dendritic systems incorporating a

large number of donor-substituted TCBD units. These systems were expected to act as

powerful electron reservoirs. Syntheses of such dendrimer-type, multivalent charge-transfer

chromophores, capable of taking up an exceptional number of electrons and their

electrochemical investigation are described in Chapter 3.

Furthermore, the TCBDmoiety remains a powerful electron acceptor despite dialkylanilino-

donor substitution. As such it could either form charge-transfer (CT) complexes with strong

electron donor tetrathiafulvalene (TTF), in analogy to TCNE, or activate the adjacent CC

triple bond for [2+2] cycloaddition to TTF as previously observed in the case of

cyanoethynylethenes (CEEs) and oc,co-dicyanopolyynes. When complementary, successive

cycloadditions of polyynes to both TCNEand TTF could afford a new type of conjugated

[AB]-type oligomers and polymers. Investigations in this direction are described in Chapter

3 as well.

Although the chemistry of 7,7,8,8-tetracyanoquinodimethane (TCNQ) has been thoroughly

explored since its discovery in the early 1960s, its reactivity towards alkynes remained

unexplored. Namely, it possesses two strongly electron-deficient CC double bonds that

could, in analogy to tetracyanoethene (TCNE), undergo thermal [2+2] cycloaddition with

donor-substituted alkynes to yield a new class of charge-transfer (CT) chromophores. We

were interested whether TCNQis capable to undergo such a transformation with N,N-

dialkylanilino-substituted alkynes. Investigations in this direction are described in Chapter 4.





2 Donor-Substituted Perethynylated

Dehydroannulenes
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2.1 Introduction and Retrosynthesis

More than 10 years ago, per(silylethynylated) antiaromatic octadehydro[12]annulene 9a and

its antiaromatic counterpart dodecadehydro[18]annulenes 10a were synthesized in the

Diederich group by oxidative acetylenic coupling of (Z)-bisdeprotected TEEs. However, (Z)-

bisdeprotected TEEs, required for the oxidative macrocyclization, had only been available via

a tedious multistep synthesis including several rather unstable intermediates [90,91], which

prevented the synthesis of functionalized derivatives of 9a and 10a. A recently developed

photochemical access to (Z)-bisdeprotected TEE building blocks enabled for the very first

time the preparation of iV,iV-dimethylanilino (DMA)-substituted perethynylated

octadehydro[12]annulene 9b and dodecadehydro[18]annulenes 10b described in Chapter 1

[92,93]. With ready synthetic availability of the corresponding TEE building blocks, the

construction and spectroscopic investigation of hitherto unprecedented dialkylanilino-

substituted hexadecadehydro[20]annulene 40 and tetracosadehydro[30]annulene 41 became

feasible (Scheme 2.1).

Taking advantage of symmetry, the proposed synthesis of extended donor-substituted

dehydroannulenes 40 and 41 is rather straightforward (Scheme 2.1). Splitting of the all-

carbon perimeters in 40 and 41 into symmetric subunits yields elongated TEE derivatives that

should be easily accessible via (Z)-TEE derivative using well established protocols for

acetylenic construction that include [28]:

i. Hay coupling - oxidative acetylenic coupling of two terminal alkynes in the presence

of catalytic amounts of bidentate ligand jV,jV,jV,jV-tetramethylethylenediamine

(TMEDA), copper(I) chloride, and O2 in acetone or CH2CI2 - commonly referred to

as "standard Hay conditions" [183].

ii. Cadiot-Chodkiewicz heterocoupling - involves terminal alkyne and 1-haloalkyne in

the presence of an amine {e.g. «BuNH2) and catalytic amounts of copper(I) salt

[184,185]. Also, a [PdCl2(PPh3)2] and copper(I) chloride mediated protocol involving

1-iodoalkyne and terminal alkyne was reported [186].

iii. Sonogashira cross-coupling - [PdCl2(PPh3)2] and copper(I) iodide mediated coupling

between aryl or vinyl halides and terminal alkynes in the presence of an amine

[29,187].
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Scheme 2.1. Proposed retrosynthesis of 7V,7V-dialkylanilino-substituted hexadecadehydro[20]annulene 40

and tetracosadehydro[30]annulene 41.

2.2 Synthesis

2.2.1 (Z)-Bisdeprotected TEEs

The preparation of previously described DMA-substituted octadehydro[12]annulene 9b and

dodecadehydro[18]annulenes 10b involved the photochemical E^Z isomerization of (£)-

bis(DMA)-substituted TEE 42 to (Z)-TEE 43 (Scheme 2.2) [92]. From the irradiated

(medium-presure Hg lamp, 125 W) Et2Û solutions of 42, ca. 40% (Z)- and 50% of the

recovered (£)-isomer were isolated. Subsequently, 43 was silyl-deprotected with «Bu4NF

and subjected to macrocyclization by oxidative Hay coupling in acetone to yield 9b and 10b

[93].
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However, on the larger scale required for the synthesis of the targeted expanded [20]- and

[30]annulene perimeters, the separation of 42 and 43 was rather tedious and low-yielding due

to limited stability of (Z)-isomer 43 during column chromatography (SiÛ2). Furthermore,

purification of larger amounts of starting (£)-bis(DMA)-substituted TEE 42, formed by

Sonogashira cross-coupling, required repetitive column chromatography which also led to

substantial losses of material. Therefore, a novel TEE derivative with enhanced stability,

bearing bulkier, sterically better protecting anilino donor groups was sought.

Scheme 2.2.

(/-Pr)3Si

Si(/-Pr)3

48

NH2 NH(/-Pr)

a) ^^ b)

N(/-Pr)2
(/-Pr)3Si

Si(/-Pr)3

44 R = N(/-Pr)2
42 R = NMe2

(>-Pr)3Si

(,-Pr)3Si

45 R = N(/-Pr)2
43 R = NMe2

Synthesis of (it)-bis-(7V,7V-diisopropylaniline)-substituted TEE 44 and photochemical E —>Z

isomerization to give (Z)-TEE 45. a) 2-Iodopropane, Na2C03, EtOH, 30 h, 80 °C, 71% (46);

b) 2-iodopropane, Na2C03, EtOH, 46 h, 80 °C, 31% (47); c) [PdCl2(PPh3)2], Cul, (/-Pr)2NH,

21 h, 20 °C, 69%(44); d) hv, Et20, 2 h, 20 °C, 49%(45), 48%(44).

iV,iV-dihexylanilino residues did not prove to be very useful since separation of the (£)- and

(Z)-isomers formed by photoisomerization was not possible on a preparative scale due to

their similar polarity [93]. The positive influence of Si(/'-Pr)3 groups on the thermal stability

of substituted TEE derivatives has been reported [36]. This phenomenon was ascribed to the

"insulating effect" of the bulky Si(/'-Pr)3 groups that prevent close contact between the most

reactive all-carbon portions of neighboring TEE molecules in the solid state. By analogy,

novel iV,iV-diisopropylanilino-substituted TEE derivatives were introduced.
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Fig. 2.1. ORTEPplot of one of the two independent molecules in the X-ray crystal structure of 44;

arbitrary numbering, H-atoms are omitted for clarity. Atomic displacement parameters at 220 K

are drawn at the 30%probability level. Selected bond lengths [Â]: C(l)-C(l)#l 1.365(5), C(l)-

C(2) 1.430(4), C(2)-C(3) 1.200(4), C(3)-C(4) 1.429(4), C(4)-C(5) 1.400(4), C(5)-C(6) 1.377(4),

C(6)-C(7) 1.407(4), C(7)-N(10) 1.380(3), C(7)-C(8) 1.406(4), C(8)-C(9) 1.376(4), C(4)-C(9)

1.389(4), N(10)-C(ll) 1.479(4), C(ll)-C(12) 1.537(5), C(l)-C(17) 1.429(4), C(17)-C(18)

1.203(4), Si(l)-C(18) 1.831(3). Selected bond angles [°]: N(10)-C(ll)-C(12) 113.8(3), C(14)-

N(10)-C(ll) 115.7(2), C(3)-C(2)-C(l) 175.9(3), C(18)-C(17)-C(l) 178.4(3). Selected torsion

angles [°]: C(6)-C(7)-N(10)-C(14) = -12.4(4)°, C(8)-C(7)-N(10)-C(ll) = -26.9(4)°. The sum

of the three bond angles at N(10) = 358.9°.

(JE)-Bis-(jV,jV-diisopropylaniline)-substituted 44 was prepared in 69% yield by Sonogashira

cross-coupling of TEE 48, which is readily available by a short synthetic route [36], with 4-

iodo-iV,iV-diisopropylaniline (47) (Scheme 2.2). The latter was not available by one-pot

dialkylation of 4-iodoaniline with 2-iodopropane in ethanol in the presence of Na2CC>3, but

required the isolation of the intermediate 4-iodo-JV-isopropylaniline (46) which was subjected

to the second alkylation (22% yield over the two steps). It is to be mentioned, that one-pot

dialkylation of 4-iodoaniline with 2-iodopropane was not possible even under harsh

conditions in polar aprotic solvents such as MeCNand DMF. Irradiation of 44 in Et20 (2.5

um) with a medium-pressure Hg lamp (125 W) for 2 h at 20 °C provided a mixture of (£)-

and (Z)-isomer which was readily separated by column chromatography (SiÛ2;

hexanes/EtOAc 20:1), yielding 45 (49%) along with starting material 44 (48%).

Gratifyingly, no signs of decomposition were observed during workup and purification of 45.

Both compounds 44 and 45 are air- and light-stable orange solids. However, slow

isomerization was observed when CH2C12 solution of 45 was exposed to light.
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Upon slow evaporation of a hexane solution, is-configured TEE 44 formed single crystals

suitable for X-ray crystallographic analysis (Fig. 2.1). The compound crystallizes in the

tri clinic space group P 1 with two molecules in the unit cell. The torsion angles C(Ph)-

C(Ph)-N-C(z-Pr) in two independent molecules are -26.9, -12.4° and -0.1, 35.4°,

respectively. The angles at the nitrogen atoms sum to 358.9 and 351.6°, indicating a very

weak degree of pyramidahzation at these atoms. The Si(/'-Pr)3 groups of both independent

molecules show static and dynamic disorder which could not be resolved.

Removal of the Si(/'-Pr)3 groups in 45 with «BU4NF in moist THF at 0 °C, followed by

Cadiot-Chodkiewicz coupling with an excess of l-bromo-2-(triisopropylsilyl)ethyne (49)

[188] in dry DMF, furnished the elongated TEE derivative 50 in a good yield (57%) as an air-

and light-stable deep-red solid (Scheme 2.3).

45 50

Scheme 2.3. Synthesis of elongated TEE derivative 50. a) «Bu4NF, THF, 20 min, 0 °C; b) CuCl, «BuNH2,

NH2OHHCl, l-bromo-2-(triisopropylsilyl)ethyne (49), DMF, 26 h, 20 °C, 57% (50) (yield

over two steps).

Desilylated TEE species can be handled without problems in solution, however, they

deteriorate rapidly in neat form. Hence, they were not characterized and were always freshly

prepared before their use in subsequent reactions.

2.2.2 /V,/V-Diisopropylanilino-Substituted Dehydroannulenes

Deprotection of 45 with «Bu4NF in moist THF was immediately followed, without any

further purification, by oxidative Hay coupling in acetone (ca. 1.0 um) at 20 °C (Scheme

2.4). Inorganic salts were removed by filtration through a plug (SiÛ2; CH2CI2) and solvents

removed in vacuo to leave deep-purple solid. MALDI-TOF (matrix: DCTB) mass

spectrometric analysis of the crude product mixture indicated the formation of

octadehydro[12]annulene 51 and dodecadehydro[18]annulene 52 (in 1:1 relative ratio) in

addition to smaller quantities of higher macrocyclic oligomers {i.e. tetra-, penta-, and
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hexamer) (Fig. 2.2). Interestingly, in the case of DMA-substituted 9b and 10b higher

macrocyclic oligomers were not observed [93]. Whereas the two macrocycles 51 (26%) and

52 (46%>) were readily separated by column chromatography (SiÛ2; CffeCb/EtOAc

99:1 —»98:2), attempts to isolate the higher oligomers were not successful. Macrocyclization

performed at higher concentrations of deprotected 45 did not increase the yield (MALDI-

TOF) of higher macrocyclic oligomers. Moreover, a substantial amount of polymeric

material was formed.

(/-Pr)2N
^

N(/-Pr)2

Scheme 2.4. Synthesis of 7V,7V-diisopropylanilino-substituted 51 and 52. a) «Bu4NF, THF, 15 min, 0 °C; b)

CuCl, TMEDA, air, acetone, 2 h, 20 °C, 26% (51), 46%(52) (yields over two steps).

Both dehydroannulenes 51 and 52 are deep-purple metallic solids that are readily soluble in

common organic solvents. Antiaromatic, strained 51 could be stored in CH2CI2 solution at -

20 °C for months, but deteriorates readily as a solid at 20 °C. On the other hand,

dehydro[18]annulene 52 did not show any signs of decomposition when kept as a solid at

20 °C over the period of months. In comparison to the previously reported synthesis of N,N-

dimethylanilino-substituted dehydroannulenes 9b (2% yield) and 10b (22% yield) [92,93],

the yields of both jV,jV-diisopropylanilino-substituted macrocycles 51 (26%>) and 52 (46%>)
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obtained under similar conditions were significantly improved. Better solubility facilitated

their purification and, as demonstrated by the substantially higher yield of strained 51, the

bulkier iV,iV-diisopropylanilino substituents provided much higher stability to the delicate all-

carbon chromophores {vide supra).

51

dimer

52

trimer tetramer penîamer hexamer

^^W^v^W.-.1-1^ ^'wWomv-^^Aw^wW^^^^^.^w^W.

IbOO 2000 2S00 30(

^n/to£_3Si3/lSLj.n/pdaLa/I to* Mon Aug 23 12 49 03 300'

Fig. 2.2. MALDI-TOF mass spectrum (matrix: DCTB) of the crude reaction mixture after oxidative Hay

coupling of bisdeprotected TEE derivative 45.

The Si(z'-Pr)3 protecting groups in the elongated TEE derivative 50 were removed with

«BU4NF in moist THF at 0 °C, and the free bis(buta-l,3-diyne) was subjected to oxidative

Hay coupling without further purification (Scheme 2.5). The crude mixture obtained in the

macrocyclization was examined by MALDI mass spectrometry (matrix: DCTB) which

indicated formation of macrocycles 40 and 41 (in 1:2 relative ratio), but not of any higher

cyclic oligomers. Separation by column chromatography (SiÛ2; hexanes/Et20 1:1) afforded

dehydro[20]annulene 40 (6%) and dehydro[30]annulene 41. The latter was further purified

by size exclusion chromatography (Bio-Beads SX-3; THF) to give pure 41 in 13% yield.

Both macrocycles are only sparingly soluble in hexanes/Et20 (1:1); nevertheless, this is the

only solvent mixture that gave reasonable chromatographic separation of 40 and 41. The

solubility problems during purification are presumably a major reason for the low yields of

the isolated pure dehydroannulenes.
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(;-Pr)2N N(;-Pr)2

Scheme 2.5. Synthesis of 7V,7V-diisopropylanilino-substituted 40 and 41. a) «Bu4NF, THF, 15 min, 0 °C; b)

CuCl, TMEDA, air, acetone, 2 h, 20 °C, 6%(40), 13%(41) (yields over two steps).

Both macrocycles 40 and 41 were obtained as deep-purple metallic solids that are readily

soluble in chlorinated organic solvents. The stability of the rather strained

dehydro[20]annulene 40 is limited, and it decomposes even in CH2CI2 solution kept at -

20 °C; after several weeks, black insoluble material of unknown composition is obtained. In

contrast, dehydro[3OJannulene 41 shows higher stability and can be kept in the solid state at

20 °C for a couple of days without significant signs of decomposition.

The identity of 40 and 41 was confirmed by high-resolution MALDI-FT mass spectrometry

(matrix: DCTB) and *£! and 13C NMRspectroscopy (Fig. 2.3). During the characterization of

all four donor-substituted dehydroannulenes 40, 41, 51, and 52 by *£! NMRspectroscopy in

CDCI3, no concentration dependence of the chemical shifts of the aromatic protons was

observed. This indicates the absence of self-association within the studied concentration
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range (1.0 x 10^-5.0 x 10
3

m), in agreement with the electronic absorption behavior which

obeys the Lambert-Beer law {vide infra).
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Fig. 2.3. HR-FT-MALDI mass spectrum (matrix: DCTB) of A^,A^-diisopropylanilino-substituted 40 and 41.

a) 40: 1040.5769 ([M]+, C76H72N4+, calc. 1040.5752); b) 41: 1560.8599 ([M\+, C114H108N6+, calc.

1560.8630).
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2.3 X-ray Crystallographic Analysis of a Dehydro[18]annulene

Single crystals of [18]annulene 52 suitable for X-ray crystallographic analysis were obtained

by very slow evaporation of a CH2Cl2/hexane solution at 20 °C. The compound crystallizes

in the triclinic space group P 1 with one macrocycle and one CH2CI2 molecule in the

asymmetric unit. The central core of 52 (C(l) to C(18)) is practically planar with a maximum

deviation from the corresponding mean plane of ca. 0.12 Â (Fig. 2.4). The phenyl rings, on

the other hand, are all twisted with respect to this plane with torsion angles of 14.7° (C(96) to

C(101)), 15.5° (C(36) to C(41)), 25.2° (C(81) to C(86)), 42.1° (C(66) to C(71)), 63.7° (C(21)

to C(26)), and 68.8° (C(51) to C(56)).
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Fig. 2.4. ORTEPplot of 52; arbitrary numbering, H-atoms and solvent molecule are omitted for clarity.

Atomic displacement parameters at 223 K are drawn at the 30%probability level. Selected bond

lengths [Â]: C(l)-C(2) 1.387(5), C(2)-C(3) 1.416(5), C(3)-C(4) 1.214(5), C(4)-C(5) 1.350(5),

C(5)-C(6) 1.221(5), C(6)-C(7) 1.410(5), C(7)-C(8) 1.390(4), C(2)-C(34) 1.414(5), C(34)-C(35)

1.214(5), C(35)-C(36) 1.420(5). Selected bond angles [°]: C(2)-C(l)-C(18) 120.1(3), C(l)-

C(2)-C(3) 120.3(3), C(4)-C(3)-C(2) 179.1(4), C(3)-C(4)-C(5) 179.9(4), C(5)-C(6)-C(7)

175.9(3), C(65)-C(64)-C(8) 168.6(3). The torsion angles C(Ph)-C(Ph)-N-C(/-Pr) vary between

-32.7° (C(23)-C(24)-N(27)-C(31)) and +27.5° (C(98)-C(99)-N(102)-C(103)). The sums of the

three bond angles at the nitrogen atoms range between 357.9° (N(102)) and 359.8° (N(42)).
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A detailed analysis suggests that this twisting may be caused, at least partly, by weak

intermolecular C-H 71 interactions involving C-H residues of phenyl rings and acetylenic

moieties of neighboring molecules [189] Two such interactions, between the phenyl ring

C(51) to C(56) (showing the largest rotation out of the macrocyclic plane), and a neighboring

molecule in the crystal packing of 52 are shown in Fig 2 5 As a result, H(53) undergoes two

short contacts to the carbon atoms of the triple bond C(9')-C(10') in the macrocyclic core,

and H(52) makes two short contacts to the exocyclic triple bond C(64')-C(65') The

corresponding C H distances range from 2 66 to 3 01 Â, and the C H-C angles from 125°

to 157° (note that the H-positions used for the present analysis are based on stereochemical

considerations with C-H distances of 1 085 Â) The torsion angles C(Ph)-C(Ph)-N-C(z-Pr)

vary between -32 7° (C(23)-C(24)-N(27)-C(31)) and +27 5° (C(98)-C(99)-N(102)-

C(103)) Pyramidalization of the nitrogen atoms is not significant This is expressed by the

sums of the three bond angles at these nitrogen atoms, ranging from 357 9° (N(102)) to

359 8° (N(42)) Interestingly, one of the exocyclic C=C-C(sp2) moieties, namely C(65)-

C(C64)-C(8), is considerably bent, based on its bond angle of 168 6°, presumably due to the

above mentioned C-H n interactions and additional crystal packing effects (Fig 2 5)

Fig 2 5 Arrangement of neighboring molecules in the crystal packing of 52 showing intermolecular C-

H k interactions

2.4 UV/Vis Spectroscopy

In previous work [92,93], it had been observed that the replacement of terminal silyl groups

in dehydroannulenes 9a and 10a by iV,iV-dialkylanilino donor groups resulted in dramatic

spectral changes New intense, longer-wavelength absorptions appeared in the UV/Vis
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spectra of 9b and 10b that were identified as charge-transfer (CT) bands resulting from

intramolecular charge-transfer from the peripheral electron-donating anilino groups into the

electron-accepting all-carbon core.

The UV/Vis spectra of the newly prepared donor-substituted dehydroannulenes 40, 41, 51,

and 52 were recorded in CH2C12 at 298 K (Fig. 2.6).

150000 t

! ' I ' I ' ! ' ! ^ l ' l

300 400 500 600 700 800 900

/. / nm

Fig. 2.6. UV/Vis spectra of dehydroannulenes 40, 41, 51, and 52 in CH2C12 at 298 K.

At first sight, the spectra of all macrocycles are dominated by an intense, broad CT band at

/îmax = 552 ± 2 nm, with end absorptions around 800 nm (1.55 eV). Interestingly, this band is

more intense in the spectrum of dodecadehydro[18]annulene 52 (ÂmeiX = 553 nm (2.24 eV),

e= 136100 ivf1 cnT1) than in the spectrum of the more extended

tetracosadehydro[30]annulene 41 (>^ax = 554 nm (2.24 eV), £ = 89800 m_1 cm-1). The band

is clearly weakest in the spectra of hexadecadehydro[20]annulene 40 (>4max=552nm

(2.24 eV), £=41100 ivf1 cnT1) and octadehydro[12]annulene 51 (;Ux = 550nm (2.25 eV),

e= 34400 ivf1 cm-1). In agreement with the concentration-independent NMRspectra (vide

supra), no deviations from the Lambert-Beer law were observed within the studied

concentration range (2 x 10~6-2 x 10~5 m) indicating that the macrocycles are unable to

undergo any kind of self-aggregation in CH2CI2 solution.

In comparison to the jV,jV-dimethylanilino-substituted analogues 9b, and 10b [92,93], the

longest-wavelength absorption maxima of 51 and 52 are bathochromically shifted by more
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than 30 nm, presumably due to the stronger electron-donating ability of N,N-

diisopropylanilino groups [162]
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Fig 2 7 UV/Vis spectra of 51 and 52 in CH2C12 recorded neat, after acidification with/»-toluenesulfonic

acid, and after re-neutralization with tnethylamine

The charge-transfer character of the longest-wavelength absorption bands in all four

dehydroannulenes was confirmed in protonation-deprotonation experiments Upon

acidification of the CH2CI2 solutions with /»-toluenesulfonic acid, the color changes from

purple to yellow The intense bands at 2^^ = 552 ± 2 nm disappear nearly completely, and

the new absorptions are substantially hypsochromically shifted Neutralization with

triethylamine regenerates nearly quantitatively the original spectra (Figs 2 7, 2 8, and 2 9)

These protonation-deprotonation experiments not only confirm the CT character of the

longest-wavelength bands but also provide some information about at the chromophoric

properties of the perethynylated dehydroannulenes, undisturbed by donor-acceptor

interactions The two [4n + 2] 71-electron systems clearly show a different spectral behavior

than the two [4n] 71-electron systems In the case of the [4n] 71-chromophores 40 and 51,

broadened bands are generated upon protonation, with first stronger maxima around 400 nm

In contrast, the spectra of the protonated [4n + 2] 71-electron chromophores 41 and 52 feature

highly structured, very intense bands with the longest-wavelength maximum of 41

(^max = 471nm (2 63 eV), e= 96300 ivT1 cirf1) appearing at lower energy than in the

spectrum of 52 (/^ax = 441 nm (2 81 eV), e= 186000 ivT1 cnT1) The spectra of protonated
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51 and 52 expectedly resemble those previously recorded for protonated 9b and 10b,

respectively [93]
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Fig 2 8 UV/Vis spectra of 40 and 41 in CH2C12 recorded neat, after acidification with/»-toluenesulfonic

acid, and after re-neutralization with tnethylamine

Fig 2 9 A solution of dehydro[30]annulene 41 in CH2C12 (1), upon addition of/»-toluenesulfonic acid (2),

and after re-neutralization with tnethylamine (3)

The nature of the conjugated macrocyclic 7i-electron perimeter seems also to influence the

efficiency of the intramolecular charge-transfer interaction, as expressed by the intensity of

the CT band (Fig 2 6) If this efficiency would solely be determined by the extension of the

macrocyclic, electron-accepting perimeter and the number of donor-acceptor paths, the

intensity of the CT band would increase in the sequence [12]annulene 51 < [18]annulene 52 <

[20]annulene 40 < [30]annulene 41 Experimentally, however, the intensity of the CT band
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of the two [4n + 2] perimeters 41 and 52 is much higher than the intensity of the band of the

two [4n] perimeters 40 and 51. At present, we do not have any plausible explanation for this

quite unprecedented finding. Theoretical calculations might provide further insight into the

additional factors governing these electronic transitions.

2.5 Electrochemistry

The redox properties of jV,jV-diisopropylanilino-substituted dehydroannulenes 40, 41, 51, and

52 as well as their precursors 44, 45, and 50 were studied by cyclic voltammetry (CV) and

rotating disc voltammetry (RDV). The measurements were carried out in CH2CI2 with

«Bu4NPF6 (0.1 m) as the supporting electrolyte. All potentials are given vs. Fc+/Fc

(ferricinium/ferrocene couple) used as an internal reference and are uncorrected from ohmic

drop. The electrochemical investigations were performed by Gisselbrecht, Boudon and

Gross at the Laboratoire d'Electrochimie et de Chimie Physique du Corps Solide, Université

Louis Pasteur in Strasbourg, France.

2.5.1 (Z)-Bisdeprotected TEEs

The iV,iV-diisopropylanilino substituted TEEs 44, 45, and 50, similar to the corresponding

iV,iV-dimethylanilino derivatives 42 and 43 [42], gave well resolved voltammograms (Table

2.1). They undergo two reduction steps, the first one being a reversible one-electron transfer

followed by an irreversible multielectron step close to the electrolyte discharge. Oxidation

occurs in a single reversible two-electron transfer on the two iV,iV-diisopropylanilino groups.

In the case of the iV,iV-dimethylanilino derivatives 42 and 43, the oxidation peak current ratio

IpJIpn is beyond unity for low scan rates, and reaches unity for scan rates higher than 1 V s_1.

This behavior is characteristic for an electrochemical-chemical mechanism (EC), with the

generated oxidized species undergoing a chemical reaction. On the other hand, for the N(z-

Pr)2 derivatives, no follow-up chemical reaction could be observed on the time scale of CV.

It seems that replacing of the methyl groups with isopropyl chains stabilizes the

electrogenerated dicationic species.
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Table 2.1. Electrochemical data of 7V,7V-dialkylanilino-substituted TEEs 42-45, and 50 observed by cyclic

voltammetry (CV) and rotating disk voltammetry (RDV) in CH2C12 (+ 0.1 M «Bu4NPF6). All

potentials are given vs. ferricinium/ferrocene (Fc+/Fc) couple used as internal standard.

CV

E° [Vf A£p [mVf EP [Vf

RDV

Em[V]d Slope [mV]e

42 +0.35 70

-1.98 80

43 +0.35 80

-1.98 80

44 +0.32 100

-1.98 80

45 +0.33 95

-1.98 70

50 +0.38 60

+0.33 60

-1.62 75

-^pc'-^pa/'-^^ where Epc and £pa cc )rrespon

-2.50

-2.53

-2.27

+0.38 (2e~) 70

-1.98 (le) 70

+0.38 (2e~) 100

-1.98 (le) 70

+0.35 (2e~) 75

-1.98 70

+0.38 (2e~) 100

-2.00 (2e~) 70

-1.63 (le")
-2.17

60

120

A£p = Eox-Eied, where the subscripts ox and red refer to the conjugated oxidation and reduction steps,

respectively. CEP = irreversible peak potential. dEn2 = half-wave potential. eSlope = slope of the linearized plot of

Eversus \og[II(I\^-I)\, where 4mis the limiting current and / the current.

Optically transparent thin-layer electrode (OTTLE) studies of the first reduction steps for 44

and 45 gave nice spectral evolutions with well-defined isosbestic points (Fig. 2.10). The

reversibility of the process could be confirmed, as the initial spectrum could be recovered

quantitatively after re-oxidation. Time-resolved OTTLE spectra during the oxidation of 44

and 45 clearly indicate that the generated dications are unstable and undergo a chemical

reaction. However, the spectra observed for the dication of species 44 and 45 are identical,

with absorption bands at 456, 487, and 777 nm (Fig. 2.11). Reduction of the electrogenerated

species could not regenerate quantitatively the initial spectrum. Only 70% of the initial

spectrum could be recovered for 44. In contrast, the final spectrum of 45 after reduction

shows only one main band at 482 nm that is typical for the (£)-derivative 44. It is clear that

although the generated dication is not very stable, an electrochemically induced isomerization

occurs during the oxidation of 45 generating the more stable (£)-isomer 44. Such

isomerization had been observed in the case of bis(4-nitrophenyl)-substituted TEEs [190].



Donor-Substituted Perethynylated Dehydroannulenes 47

a) b)
483 484

Fig. 2.10. Time resolved UV/Vis spectra during the first reduction step of 44 (a) and 45 (b) in CH2C12 (+

0.1 M«Bu4NPF6) in an OTTLEcell.

a) b)

Fig. 2.11.

' / nm

456

Time resolved UV/Vis spectra during the first oxidation step of 44 (a) and 45 (b) in CH2C12 (+

0.1 M «Bu4NPF6) in an OTTLE cell. Black line: initial spectrum; red line: oxidized species;

green line: final spectrum after oxidation and reduction.

2.5.2 /V,/V-Diisopropylanilino-Substituted Dehydroannulenes

The increased stability of A^V-diisopropylanilino-substituted dehydro[12]annulene 51

allowed for the first time the exploration of the redox properties of a donor-substituted

antiaromatic 7i-system (Table 2.2, Fig. 2.12a). Thus, macrocycle 51 was reduced in two

reversible one-electron steps (-1.14 and -1.48 V) and oxidized in two two-electron oxidation

steps, at +0.24 and +0.40 V. Aromatic dodecadehydro[18]annulene 52 was reduced in two

one-electron reversible steps at -1.31 and -1.63 V, the third reduction being an irreversible
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multielectron step (Fig. 2.12b). Only one oxidation could be observed. This oxidation is

irreversible at scan rates below 0.1 V s_1, and becomes reversible at scan rates higher than

5 V s_1, indicative of an electrochemical-chemical (EC) oxidation mechanism. The

comparison of the peak amplitude obtained by CV and the limiting currents observed by

RDVfor the first reduction and the first oxidation indicates that the oxidation involves only

three electrons. No additional signal is observed for the remaining iV,iV-diisopropylanilino

group. It is not excluded that electrode inhibition, or low solubility of the generated trication

in CH2CI2 precludes the observation of the expected further oxidation.

Table 2.2. Electrochemical data of 7V,7V-diisopropylanilino-substituted dehydroannulenes 40, 41, 51, and

52 observed by cyclic voltammetry (CV) and rotating disk voltammetry (RDV) in CH2C12 (+

0.1 M «Bu4NPF6). All potentials are given vs. ferricinium/ferrocene (Fc+/Fc) couple used as

internal standard.

CV RDV

E° [Vf A£p [mV]6 ep [vr £1/2 [V]rf Slope [mV]'

+0.64/ +0.67g

60 +0.35 80

-0.98 -1.02

-1.18 -1.21

+0.40

-1.20

-1.35

-1.63

100 +0.44 (2e~) 100

60 +0.24 (2e0 60

70 -1.17 (le") 80

80 -1.52 (le") 75

+0.37 +0.30 (3e~) 85

70 -1.32 (le") 60

80 -1.65 (lei 60

40

41

51

52

+0.34

+0.40

+0.24

-1.14

-1.48

-1.31

-1.63

-2.43

aE° = (Epc+Epa)/2, where Epc and Epa correspond to the cathodic and anodic peak potentials, respectively.

bAEp = Eox-Erild, where the subscripts ox and red refer to the conjugated oxidation and reduction steps,

respectively. CEP = irreversible peak potential. dEV2 = half-wave potential. eSlope = slope of the linearized plot of

E versus log^/^im,-/)], where Ilim is the limiting current and / the current. ^Small amplitude signal. *Not a well

defined wave due to electrode inhibition during oxidation.

Antiaromatic iV,iV-diisopropylanilino-substituted hexadecadehydro[20]annulene 40 undergoes

film formation during electrochemical investigations. Nevertheless, reproducible

voltammograms could be obtained for the first scan on newly polished electrodes. The

observed peak potentials under these conditions are listed in Table 2.2. Oxidation occurs in
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two steps, the first one being reversible for scan rates higher than 1 V s_1. The second

oxidation is irreversible and of a small amplitude. It was demonstrated by RDVthat the first

oxidation gave a well-defined wave, whereas the second step was inhibited by an insulating

film formation. Such behavior may explain the small amplitude of the signal observed by

CV. The reductions of 40 are not well resolved, but the observed potentials are consistent

with the structure of the studied species.

a) b)
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ElVvs Fc*/Fc —

-10 -0 5 0 0

ElVvs Fc*/Fc -

Fig. 2.12. Cyclic voltammetry (CV) of 7V,7V-diisopropylanilino-substituted dehydro[12]annulene 51 (a) and

dehydro[18]annulene 52 (b), in the presence of ferrocene on a glassy carbon working electrode in

CH2C12 (+ 0.1 M«Bu4NPF6) at scan rate v = 0.1 V s"1.

By cyclic voltammetry, aromatic macrocycle 41 undergoes one irreversible oxidation as well

as several small-amplitude reduction steps. The peak currents as well as the peak potentials

are scan-dependent due to film formation on the electrode surface. Reproducible

voltammograms could only be observed for the first scan carried out on a newly polished

electrode. The observed peak potentials under these conditions are listed in Table 2.2. The

single oxidation signal observed may correspond to the oxidation of the six N,N-

diisopropylanilino substituents. Indeed, comparison with the behavior of the corresponding

precursor 50 - oxidized in a two-electron step - shows a similar oxidation potential. It seems

that the substituents are not conjugated with the central all-carbon core and as such behave as

independent redox centers.

As a general trend in the whole series of currently studied compounds, one can see that the

first oxidation potential is quite similar and characteristic for the oxidation of an N,N-

diisopropylanilino group as observed previously [190]. These substituents behave as quite
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independent redox centers, being only slightly affected by the electron-acceptor character of

the remaining conjugated core. This is a sign for weak conjugative coupling between donor

and acceptor moieties [171,181].

In contrast, comparison of the first reduction potentials shows that an extension of the

electron-accepting acetylenic 7t-system, from 45 to 50, from 51 to 40, and from 52 to 41

provokes an anodic shift for the first reduction potential, which is expected. Also, increasing

the number of electron-donating jV,jV-diisopropylanilino substituents (51 vs. 52 and 40 vs.

41), shifts the first reduction potential to more negative values. The reduction potentials of

iV,iV-diisopropylanilino-substituted compound 51 and 52 are shifted towards more negative

values by 150 to 200 mVin comparison to their Si(/'-Pr)3-substituted analogues 9a and 10a

[191], thus indicating the electron-donating effects of the iV,iV-diisopropylanilino groups

(Table 2.2).

A careful analysis of the observed influence of the electron-donating anilino groups on the

first reduction potentials of 40, 41, 51, and 52 provides a deeper insight into the

antiaromatic/aromatic characteristics of the studied dehydroannulenes. Going from

antiaromatic 51 to aromatic 52, the number of electron-donating iV,iV-diisopropylanilino

groups is increasing from four to six (similarly going from 40 to 41). On account of this fact,

it is quite difficult to quantify the potential shift corresponding to one electron-donating

substituent. However, an average value may be obtained. Indeed, previous studies showed

that for dehydroannulene 10b (-1.36 V in THF), bearing six peripheral iV,iV-dimethylanilino

substituents [93], compared to Si(/'-Pr)3-substituted analog 10a (-1.12 V in THF) [91], a

240 mVshift was observed. That means, if additive, a ca. 40 mVcathodic shift by replacing

one Si(/'-Pr)3 group by one iV,iV-dialkylanilino substituent. Similar evolutions between 51

bearing four electron-donating anilino groups and its silylated counterpart 9a gave a cathodic

shift of 150 mVthat is in a good agreement with a 40 mV cathodic shift per one N,N-

dialkylanilino group. Taking into account the estimated value of 40 mV, increasing the

number of donor substituents by two, when going from 51 to 52, should shift the potential to

more negative values by about 80 mV. However, the experimentally found (CV) difference

between the first reduction potentials of 51 and 52 equals to 170 mV, which is much larger

than the expected value. Even though the data for 40 and 41 are rather scarce, the effect of

iV,iV-dialkylanilino substituents is expected to be the same. Comparing the first reduction

potentials of 40 and 41 gives a difference of 220 mV(although CVs are not reversible).

Based on the above-mentioned considerations, the difference between dehydroannulenes 40

and 41 should again only be about 80 mV (effect of two additional anilino groups).
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Therefore, it seems that the antiaromaticity of 40 and 51, and the aromaticity of 41 and 52

provide an explanation for the observed reduction behavior: it is easier to inject an electron

into the antiaromatic [4n] 7i-electron perimeters than into the aromatic [4n + 2] systems [191].

2.6 /V,/V-Dialkylanilino-Substituted Diplatina-dehydro[14]annulene

We have previously shown that TEE derivatives can act as efficient T/Migands and form

linear and cyclic platina(II) (7-acetylide complexes [45,105]. An easy, high-yielding access

to (Z)-bis-(jV,jV-diisopropylaniline)-substituted 45 stimulated our interest in preparation and

exploration of hitherto unprecedented donor-substituted perethynylated platina-

dehydroannulenes. Furthermore, transition metal (7-acetylide complexes could act as

precursors for the selective preparation of conjugated acetylenic macrocycles as described by

Bauer le and co-workers for thiophene-derived macrocycles [192]. Indeed, transition metal

units can be expelled by means of an oxidizing agent (e.g. I2) under simultaneous C-C bond

formation.

2.6.1 Synthesis and X-ray Crystal Structure

Deprotection of 45 with «BU4NF in moist TF£F was immediately followed, without any

purification, by Cu(I)-catalyzed reaction with cz's-[Pt(dppp)Cl2] (53) in diisopropylamine for

24 h at 50 °C [193] (Scheme 2.6). A brownish precipitate formed upon standing of the

mixture for 24 h at -20 °C was suspended in CH2C12, and undissolved impurities were

removed by filtration. The crude product was purified by multiple crystallizations from

CHCI3 solution by diffusion of EtOAc vapors at 20 °C to give orange needles suitable for X-

ray crystallographic analysis.4 Rather surprisingly, the X-ray crystal structure shows N,N-

diisopropylaniline-substituted diplatina-dehydro[14]annulene featuring a [Cu2(//-Cl)] bridge

within the macrocyclic framework 54 (Fig. 2.13). The compound crystallizes in the

monoclinic space group P2\ln with two independent macrocycles 54 and at least three CHCI3

molecules in the unit cell. The N(/'-Pr)2 groups are partly disordered in both independent

molecules, the CHC13 molecules exhibit static and dynamic disorder as well. The final

difference map exhibits ca. 50 electron-density peaks between 1.0 and 1.7 e Â~3, and ca. 100

Attempted purification of the crude product by column chromatography using various solvents failed due to

strong adsorption of the product on the Si02 or A1203 support.



52 Donor-Substituted Perethynylated Dehydroannulenes

peaks between 0.5 and 1.0 e Â 3. Clearly, many of these peaks must result from disordered

solvent molecules, however, clear assignment could not be made.

45 54

Scheme 2.6. Synthesis of 7V,7V-diisopropylaniline-substituted diplatina-dehydro[14]annulene 54. a)

«Bu4NF, THF, 15 min, 0 °C; b) c/s-[Pt(dppp)Cl2] (53), Cul, (/-Pr)2NH, 24 h, 50 °C, ca. 14%

(54) (yield over two steps).

The cyclic framework in 54 addopts a boat-like conformation with the expected cis-

arrangement of the ligands in an almost square-planar coordination sphere around the Pt

atoms. Bond lengths and angles around the respective platinum cores are all within the range

typically found for related cz's-bis(acetylide)-Pt complexes (Fig. 2.13) [194,195]. It is

noticeable that ^-alkyne coordination to the copper atoms results in C=C bond lengthening

from 1.20 Â in the parent TEE derivative 45 to the values ranging from 1.22 to 1.24 Â in 54.

This elongation is ascribed to the character of the 7^-alkyne-copper bond consisting of two

components. The first component is (7-donation of electron density from a filled 7i-orbital of

the alkyne to a suitable empty d-orbital of the transition metal, whereas the second

component involves the back-donation of electron density from a filled d-orbital of copper to

an empty 7i*-orbital on the alkyne. Similar effects have been observed by Lang and co¬

workers in the series of bis(alkynyl)titanocene-based organometallic 7i-tweezers [196]. Both

copper atoms are in planar trigonal environments defined by the chlorine atom and the

midpoints of the two respective acetylenic fragments. Thus, the sums of the three bond

angles at Cu(15) and Cu(17) are 359.9 and 359.8°, respectively. The Cu-C(sp) distances

vary between 2.07 and 2.15 Â. The Cu(15)-Cu(17) distance of 2.58 Â might be considered

just short enough for the existence of some direct bonding (rvdw(Cu) = 1.40 Â [196]),

however, we do not have any proof that this is actually the case (vida infra) [197-199]. For a

detailed view of the bonding situation around the Cu atoms in 54, see Fig. 2.14.
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Fig. 2.13. ORTEPplot of one of the two independent molecules in the X-ray crystal structure of 54;

arbitrary numbering, H-atoms are omitted for clarity. Atomic displacement parameters at 223 K

are drawn at the 30%probability level. Selected bond lengths [Â]: Pt(l)-C(2) 2.019(10), C(2)-

C(3) 1.242(12), C(3)-C(4) 1.420(12), C(4)-C(5) 1.382(12), C(ll)-C(12) 1.358(13), C(12)-

C(13) 1.442(13), C(13)-C(14) 1.228(12), C(14)-Pt(l) 2.026(10), C(2)-Cu(15) 2.153(9), C(3)-

Cu(15) 2.086(8), C(6)-Cu(15) 2.097(9), C(7)-Cu(15) 2.131(9), C(9)-Cu(17) 2.139(9), C(10)-

Cu(17) 2.066(9), C(13)-Cu(17) 2.099(9), C(14)-Cu(17) 2.128(9), Cu(15)-Cu(17) 2.576(16),

Cu(15)-Cl(16) 2.266(2), Cl(16)-Cu(17) 2.276(3). Selected bond angles [°]: C(2)-Pt(l)-C(14)

87.7(4), Cu(15)-Cl(16)-Cu(17) 69.11(7), C(3)-Cu(15)-C(2) 34.0(3), C(6)-Cu(15)-C(7) 33.9(3),

C(10)-Cu(17)-C(9) 34.2(3), C(13)-Cu(17)-C(14) 33.8(3).

At first sight, the obtained X-ray crystal structure of diplatina-dehydro[14]annulene 54 seems

to be readily explained. The initially formed diplatina-dehydro[14]annulene framework

chelated Cu(I) that was used as a catalyst (Cul) in the reaction, and subsequently anion

exchange of iodide for chloride anion occurred (chloride anions are released in the course of

the reaction from cz's-[Pt(dppp)Cl2] (53)) (Scheme 2.6). However, upon detailed analysis the

first problem appears. Namely, if we assume that the copper atoms still have oxidation

number +1, the Pt atoms +2, and the bridging chloride anion is in its normal oxidation state -

1, then the whole complex 54 should be charged (+1). In that case, one additional anion must

compensate this charge. Nevertheless, in the X-ray crystal structure of 54 such an anion was

not found in the proximity of the copper atoms (in a radius of ca. 4 Â).
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Fig. 2.14. Bonding situation around the copper atoms in 54 with selected bond lengths (Â) and angles (°).

For this phenomenon three possible explanations appear:

i. Both copper atoms are in a mixed-valence state Cu(I)/Cu(0), and the whole species is

a radical. This would be analogous to Cu(I)/Cu(II) mixed-valence pairs that have

been already described [200-203].

ii. The missing anion is a bridging hydride that could not be localized by X-ray

crystallographic analysis. There are only a few examples of copper(I) hydrides in the

literature [204-207].

iii. Some other, however, yet elusive explanation.

The explanation where the anticipated hydride originates from, could be as follows. It is well

known, that during the palladium-catalyzed reactions (Sonogashira, Heck reaction) the

required Pd(0) active species can be formed from Pd(II) precursor {e.g. [PdCl2(PPh3)2]) in

situ. There have been proposed various mechanisms for the in situ reduction of Pd(II) to

Pd(0) [208]. In one of the proposed pathways, the base (aliphatic amine) acts as a reducing

agent (Scheme 2.7). Due to similarity in the chemistry of Pd and Pt, this mechanismus is

likely to operate also in the reaction system used in the synthesis of 54 (Scheme 2.6).
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H
XG

EUH i

PdL2X2 — J\©„Pdl_2X HPdL2X PdL2 + HX

hgand N ß-hydride reductive

exchange Et2 elimination elimination

Pd(ll) Pd(ll) Pd(ll) Pd(0)

Scheme 2.7. In situ formation of Pd(0) by reduction of Pd(II) [208].

It should be mentioned at this point that the X-ray analysis was performed twice on different

crystals, leading to identical results. The intriguing bimetallic complex 54 was subjected to

further analyses to elucidate its character.

2.6.2 Characterization

The identity of 54 was confirmed by high-resolution MALDI-FT mass spectrometry (matrix:

3-HPA) (Fig. 2.15). Thus, a peak corresponding to the molecular ion [M]+ of 54 was

observed at mlz 2322.6327 (Ci22Hi24N4P4ClCu2Pt2+, calc. 2322.6362) followed by a fragment

peak at mlz 2223.7368 [M- CuCl]+ (Ci22Hi24N4P4CuPt2+, calc. 2223.7389). Also a very

weak signal belonging presumably to the protonated parent diplatina-dehydro[14]annulene

without the [Cu2(//-Cl)] bridge was found at mlz 2159.8379. The experimental mass spectra

were successfully simulated in order to exclude the doubts whether crystallographically

rather similar sulfide anion (S2~) does not play the role of the bridging ligand in the copper

bridge instead of the anticipated chloride (Cl~). According to the careful analysis of complex

isotopic patterns of the corresponding peaks, this hypothesis was excluded (Fig. 2.16). For

the sake of objectivity, it is necessary to mention a persistent peak of a complex isotopic

pattern at mlz 2413.5602 [M+ 91]+ whose origin has not been clarified so far. Although the

mass spectrometric analysis provided some additional information, the true character of 54

could not be elucidated.
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Fig. 2.15. HR-FT-MALDI mass spectrum (matrix: 3-HPA) of 54, showing peaks of [M]+, [M- CuClf

[MH - Cu2Cl]+, and [M+ 91]+.

Weanalyzed the elemental composition of the crystaline solid of 54, for which the crystal

structure have been obtained, by combustion analysis. The measured values for C (calc.

59.29, found 59.28), H (calc. 5.06, found 4.81), and N (calc. 2.24, found 2.35) were in very

good agreement with the solvate structure 541.5 CHC13, as revealed by X-ray analysis.

However, for CI (calc. 7.79, found 4.69) the measured value is too low. Also, we determined

the Cu and Pt content in the crystaline solid of 54 in the laboratory of Prof. D. Günther

(Laboratorium für Anorganische Chemie, ETHZürich) by inductively coupled plasma optical

emission spectroscopy (ICP-OES). However, the values determined for the sample digested

in HNO3/H2O2 did not meet the predictions for both Cu (calc. 5.08, found 5.62) and Pt (calc.

15.59, found 10.00). We hypothesize that co-crystallized disordered solutes that did not

appear in the X-ray crystallographic analysis {vide supra) cause the discrepancies between

experimental and predicted elemental composition.

The exist many methods how to prove the existence of transition metal hydride, the most

direct one being *H NMRspectroscopy [209]. Thus, 54 was examined by Dr. H. Rüegger at

the Laboratorium für Anorganische Chemie, ETH Zürich. Initially, the sample of 54 was

mesured in CDCI3 with a negative result. Since transition metal hydrides often behave as

acids, the choice of the solvent was not the best, due to the possible exchange of the
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anticipated H with deuteron from CDC13 or DC1. Nevertheless, no hydride signal was

observed even in aprotic solvents such as (CD3)2SO, CD3CN, and CD2CI2 (even at low

temperatures). The negative result is rather disappointing, however, in no case excluding the

existence of the anticipated IT". It is rather common for transition metal hydrides that they

cannot be detected by !H NMRtechniques [209]. Interestingly, no additional signals except

those of 54, H20 and the solvent were observed in the corresponding 1H, 13C, 31P, and 195Pt

NMRspectra (vide infra).
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Fig. 2.16. HR-FT-MALDI mass spectrum (matrix: 3-HPA) of 54. a) molecular peak at mlz 2322.632 ([M]+,

Ci22Hi24N4P4ClCu2Pt2+, calc. 2322.6362) and simulated isotopic pattern; b) peak at mlz

2223.7368 ([M- CuCl]+, C^Hm^P^uPtz^ calc. 2223.7389) and simulated isotopic pattern.
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The 1H- and 13C-broadband decoupled 31P NMRspectrum (CD2C12) of 54 exhibits a single

peak at -10.72 ppm with a set of 195Pt satellites (\/(195Pt,31P) = 2339 Hz) (Fig. 2.17).

Accordingly, the 195Pt NMRspectrum (CD2CI2) shows a single peak at -4695 ppm with

1J(195Pt,31P) = 2322 Hz (Fig. 2.18).

31 PNMR(202 5MHz,CD2CI2)

Fig. 2.17. 1H- and 13C-broadband decoupled 31P NMRspectrum (202.5 MHz, CD2C12) of 54 S= -10.72

ppmwith a set of 195Pt satellites
1 J(195Pt,31P) = 2339 Hz.

As the existence of the anticipated hydride could not be demonstrated (NMR and IR

spectroscopy), the other hypothesis - mixed-valence state Cu(I)/Cu(0) - was examined in the

laboratory of deceased Prof. A. Schweiger (Laboratorium für Anorganische Chemie, ETH

Zürich). However, 54 proved to be EPR silent down to temperatures as low as 77 K. This

observation is consistent with the absence of broadened lines in the NMRspectra that would

be characteristic for a paramagnetic species. The absence of an EPRsignal is rather unlikely

to be explained by very fast spin relaxation in 54.

To identify the redox behavior of the copper atoms, 54 was studied by cyclic voltammetry

(CV) and rotating disc voltammetry (RDV) in CH2C12 with «Bu4NPF6 (0.1m) as the

supporting electrolyte. All potentials are given vs. Fc+/Fc. The electrochemical

investigations were performed by Dr. J.-P. Gisselbrecht at the Laboratoire d'Electrochimie et

de Chimie Physique du Corps Solide, Université Louis Pasteur in Strasbourg, France.
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4 550 4600 4650 4700 4750 4800 ppra

Fig 2 18 195Pt NMRspectrum (53 8 MHz, CD2C12) of 54 8= -4695 ppmwith1 J(195Pt,31P) = 2322 Hz

CV gave only one poorly resolved reduction at -2 05 V (shoulder located on the solvent

discharge) that occurs on the TEE moieties In contrast, a first oxidation step is observed at

+0 29 V For this oxidation the peak current ratio (Ipc/Ipa) is smaller than unity at 0 1 V s
*

By increasing the scan rate, the first oxidation became reversible (peak current ratio Ipc/Ipii

equals unity for scan rates higher than 1 Vs1) This behavior is characteristic for an

electrochemical-chemical mechanism (EC), with the generated oxidized species undergoing

a chemical reaction Further irreversible oxidation steps are observed at Eva = +1 00, +1 15,

and +1 20 V, respectively It should be noticed that on the reverse scan a "redissolution

peak" is observed at -0 13 V This peak is observed as soon as the potential is reverted after

the first irreversible peak (shown with an arrow, see Fig 2 19)

The first oxidation at +0 29 V seems to be due to the oxidation of the four N,N-

diisopropylanilino-substituents, whereas the oxidation at +1 00 V may involve the oxidation

of the platinum(II) centers as observed previously in DEE-Pt(II)-DEE species [210]

However, the presence of copper could not be demonstrated by its oxidation or reduction

Although Cu(I) is expected to be readily reducible, no such signal could be observed In

addition, during RDV carried out on a Pt working electrode, no copper deposit on the

electrode surface was observed within the applied potential range -0 50 to -1 80 V Such a

Cu(0) deposit formation might be expected for a reduction of Cu(I) to Cu(0) This finding

could result from the rather crowded situation around the copper atoms in 54 A similar
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effect has been described by Nierengarten and co-workers for dendrimers with an

electroactive bis(phenanthroline) copper(I) core [211]. Increasingly slow electron transfer

kinetics have been observed for large electroactive dendrimers. In some cases, the shielding

of the central core is so effective that Cu(I) could not be detected by classical CV

measurements.

ElVvs Fc/Fc

Fig. 2.19. Cyclic voltammetry (CV) of 7V,7V-diisopropylanilino-substituted 54 on a glassy carbon working

electrode in CH2C12 (+ 0.1 m«Bu4NPF6) at scan rate v = 0.1 V s"1.

In order to identify the potentials corresponding to the copper atoms in 54, the parent

diplatina-dehydro[14]annulene without the [Cu2(//-Cl)] bridge used as a reference would be

desirable. However, attempted decomplexation of copper(I) by reaction with an excess of

cyanide (KCN, «BU4NCN) yielded a complex mixture of products and the expected parent

diplatina-dehydro[14]annulene could not be isolated [212]. Attempted in situ

decomplexation by means of «BU4NCNdirectly in the electrochemical cell during the CV

measurement failed as well.

To gain further insight into the electronic properties of 54, the UV/Vis absorption spectrum

was recorded in CH2C12 at 298 K. The spectrum exhibits two lowest-energy absorption

maxima at /Uax = 421 nm (2.95 eV, e= 46000 M_1 cm-1) and /Lax = 466 nm (2.66 eV,

e= 34700 ivf1 cm-1), respectively (Fig. 2.20). Upon acidification of the CH2CI2 solution with

/»-toluenesulfonic acid, the intense band at Ämax = 466 nm disappears nearly completely,

whereas the band originally at >4max = 421nm is hypsochromically shifted to 396 nm.

Neutralization with triethylamine regenerates nearly quantitatively the original spectra.

According to this protonation experiment, the absorption band at Ämax = 466 nm could be

assigned to intramolecular charge transfer from the peripheral electron-donating anilino
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groups into the electron-accepting all-carbon perimeter, wehereas the band at Ämax = 421 nm

presumably results from metal-to-ligand charge-transfer (MLCT) interaction [45,105]
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Fig 2 20 UV/Vis spectra of 54 recorded neat, after acidification with /?-toluenesulfonic acid, and after re-

neutralization with tnethylamine

Despite all above mentioned efforts and numerous discussions with Prof. H. Grutzmacher;

Prof. A. Togni, and Prof. P. Pregosin from the Laboratorium fur Anorganische Chemie, ETH

Zurich, as well as with Prof. H. Lang from the Technische Universität Chemnitz, the true

character of rather enigmatic 54 could not be revealed Hence, no further investigations in

this direction were performed

2.7 Conclusion

By employing a photochemical route to (Z)-bisprotected donor-substituted TEEs, bis(7V,iV-

diisopropylanilino)-substituted TEE 45, with improved stability and solubility properties, was

prepared for the construction of large dehydroannulenes Yields in the macrocychzation of

45 to the perethynylated octadehydro[12]annulene 51 and dodecadehydro[18]annulene 52 are

significantly improved compared to the yields previously obtained in the synthesis of the

jV,jV-dimethylanilino-substituted dehydroannulenes 9b, and 10b This is readily explained by

the enhanced solubility and stability provided by the diisopropylamino compared to the

dimethylamino groups The first X-ray crystal structure of an anilino-substituted
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dehydro[18]annulene was obtained, revealing a practically planar macrocychc framework of

52. Pairs of macrocycles in the crystal lattice undergo multiple intermolecular C-H 7t

interactions involving the C-H residues of phenyl rings and acetylenic 7i-bonds. Oxidative

Hay coupling of elongated building block 50, after alkyne deprotection, afforded the

unprecedented expanded hexadecadehydro[20]annulene 40 and

tetracosadehydro[30]annulene 41 decorated and stabilized by peripheral electron-donating

iV,iV-diisopropylanilino groups. UV/Vis spectroscopy furnished evidence for strong

intramolecular charge-transfer interactions between the peripheral electron-donating anilino

groups and the central electron-deficient cores. These interactions seem to be more effective

within the [4n + 2] than in the [4n] 7i-electron chromophores. Electrochemical studies of the

newly prepared dehydroannulenes demonstrated the electron-accepting power of their all-

carbon cores. Careful analysis provided indications that the antiaromatic systems are more

readily reduced than the aromatic counterparts. The presented work clearly demonstrates

once more the power and versatility of TEE building blocks for the modular construction of

large, two-dimensional all-carbon sheets.

A novel jV,jV-diisopropylaniline-substituted diplatina-dehydro[14]annulene featuring [Cu2(//-

Cl)] bridge within the macrocychc framework 54 was prepared. Despite much effort, the

exact nature of this bimetallic complex still remains elusive.
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3.1 Introduction

In our earlier work, we showed that the fast [2+2] cycloaddition of TCNE to N,N-

dialkylanilino (DAA)-substituted alkynes, followed by electrocyclic ring opening of the

initially formed cyclobutenes, had the character of a "click"-reaction, affording DAA-

substituted l,l,4,4-tetracyanobuta-l,3-dienes (TCBDs) in an atom-economic way with near

quantitative yields (Chapter 1) [181]. Thus, the tris-TCBD derivative 39 was obtained from

the corresponding triyne in 86% isolated yield. The electrochemical properties of 39 were

remarkable in that it underwent six reversible one-electron reduction steps in CH2CI2, each

centered on a dicyanovinyl moiety, in the unprecedently narrow potential range of 1.0 V (Fig.

3.1). This finding stimulated our search for larger multivalent CT systems that could act as

powerful electron reservoirs.

N(C6H13)2

N(C6H13)2

(C6H13)2N

39 (86%)

E^-oesv.E^e-iesv

Fig. 3.1. Trimeric 7V,7V-dihexylanilino-substituted TCBD39 capable of taking up six electrons in a narrow

potential range of 1.0 Vunder electrochemical conditions [181].

Compared to 39, we decided to use buta-l,3-diyne-l,4-diyl instead of ethyne-l,2-diyl

fragments to attach iV,iV-dihexylanilino (DHA) substituents to the central core in order to (i)

reduce steric crowding and (ii) enhance the distance between pairs of C(CN)2 moieties,

thereby bringing the individual reduction potentials even closer. The central core was also

systematically modified to maximize the number of attached electroactive TCBDmoieties,

thereby increasing the charge-storage capacity of multivalent CT chromophores. Hence,

phenyl, 1,3,5-triphenylbenzene, hexaphenylbenzene, and triphenylamine cores were used in

the construction of such dendrimer-type, multivalent CT systems (Fig. 3.2).
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N(C6H13)2 N(C6H13)2

Fig. 3.2. Building blocks for the construction of dendrimer-type, multivalent CT systems acting as

powerful electron reservoirs.

3.2 Synthesis of Alkyne Precursors

3.2.1 Zero Generation (GO)

For the reasons mentioned above, we decided to use buta-1,3-diyne-1,4-diyl fragments to

attach electron-donating as well as solubility-ensuring iV,iV-dihexylanilino (DHA) groups to

the central core. The DHA-substituted oligoalkyne precursors should be readily accessible

via Sonogashira cross-coupling of 4-(buta-l,3-diyn-l-yl)-iV,iV-dihexylaniline (55) with the

corresponding iodinated core.

Since the stability of deprotected substituted buta-1,3-diynes is generally rather limited, 4-

(buta-l,3-diyn-l-yl)-iV,iV-dihexylaniline (55) was always freshly prepared before its use in

subsequent reactions from the corresponding triisopropylsilyl (TlPS)-protected derivative 56

by silyl-deprotection with «BU4NF in moist THF at 0 °C. Diyne 56 can be prepared in a good

yield by Hay oxidative coupling from 4-ethynyl-jV,jV-dihexylaniline (57) [93] and

(triisopropylsilyl)acetylene (Scheme 3.1).

(C6H13)2N
a)

(C6H13)2N

57 56

55

R = Si(;-Pr)3 -1 .,

R = H -J D>

Scheme 3.1. Synthesis of 4-(buta-l,3-diyn-l-yl)-A^-dihexylamline (55). a) CuCl, TMEDA, air, acetone,

7 h, 20 °C, 64%(56); b) «Bu4NF, THF, 20 min, 0 °C.
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Starting from 1,3,5-triiodobenzene (58) [213], 1,2,4,5-tetraiiodobenzene (59) [214], and

hexaiodobenzene (60) [214], that were prepared according to literature procedures, a series of

DHA-substituted oligoalkyne precursors 61-64 were prepared by Sonogashira cross-coupling

with 55 (Scheme 3.2). Assembly of sterically rather congested 63 was accomplished via six¬

fold Sonogashira cross-coupling with hexaiodobenzene under modified conditions developed

by Haley and co-workers using {Pd[P(o-Tol)3]2} (65) and Cul as the catalytic system

[215,216]. The desired six-fold coupled product 63 could only be isolated in 6%yield along

with five-fold coupled material 64 (12%) in which the sixth iodine was displaced with a

hydrogen atom. Both compounds were obtained after repetitive column chromatography

(SiC>2; 3 x hexanes/CH2Cl2 4:1 —»2:1) as stable deep-orange greasy solids.

In analogy, a series of electron-rich, DHA-substituted oligoalkynes with triphenylamine 66,

1,3,5-triphenylbenzene 67, and hexaphenylbenzene cores 68, were prepared in moderate to

good yields via Sonogashira cross-coupling from the corresponding iododerivatives, tris(4-

iodophenyl)amine (69) [217], l,3,5-tris(4-iodophenyl)benzene (70) [218], and hexakis(4-

iodophenyl)benzene (71) [219], respectively, that were readily accessible via literature

procedures (Scheme 3.3).

The identity of donor-substituted dendritic precursors 61-68 was confirmed by high-

resolution MALDI-FT mass spectrometry (matrix: DCTB) and JH and 13C NMR

spectroscopy and/or elemental analysis.
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(C6H13)2N

(C6H13)2N

N(C6H13);

N(C6H13)2

N(C6H13)2

(C6H13)2N

55

(C5H13)2N

(C5H13)2N

N(C6H13)2

N(C6H13J2

63 R = |-

64 R = H

N(C6H13)2

= = <\ /^N(C5H13)2

Scheme 3.2. Synthesis of DHA-substituted oligoalkyne precursors 61-64. a) 1,3,5-Triiodobenzene (58),

[PdCl2(PPh3)2], Cul, (/-Pr)2NH, 22 h, 60 °C, 83% (61); b) 1,2,4,5-tetraiodobenzene (59),

[PdCl2(PPh3)2], Cul, (/-Pr)2NH, 24 h, 60 °C, 24% (62); c) hexaiodobenzene (60), {Pd[P(o-

Tol)3]2} (65), Cul, A^-methylpyrrolidone (NMP), Et3N, 16 h, 60 °C, 6%(63), 12% (64).
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66

a)
(Ci Hi3)2N-f? = =

b)

55

x /hN(C6H13)2
c)

Scheme 3.3. Synthesis of the DHA-substituted oligoalkyne precursors 66-68. a) Tris(4-iodophenyl)amine

(69), [PdCl2(PPh3)2], Cul, (/-Pr)2NH, 16 h, 20 °C, 100% (66); b) l,3,5-tris(4-

iodophenyl)benzene (70), [PdCl2(PPh3)2], Cul, (/-Pr)2NH, 14 h, 20 °C, 74% (67); c)

hexakis(4-iodophenyl)benzene (71), [PdCl2(PPh3)2], Cul, (/-Pr)2NH, 14 h, 50 °C, 54%(68).

3.2.2 First Generation (G1)

In order to (i) further increase the number of electroactive TCBDunits per molecule and (ii)

enhance the distance between pairs of C(CN)2 moieties, a family of Gl dendritic N,N-

dihexylanilino (DHA)-substituted oligoynes featuring phenyl, 1,3,5-triphenylbenzene,

hexaphenylbenzene, and triphenylamine cores, respectively, was prepared. Dendrimers Gl

were synthesized by a convergent growth approach via iterative Sonogashira couplings and

silyl deprotections. Thus, synthesis of the dendritic precursor 72 started from 3,5-

diiodoaniline (73) [213] that was converted to a diethyl tri azene 74 in 55% yield (mixture of
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ElZ isomers) by means of diazonium chemistry [215]. Pd-catalyzed alkynylation of triazene

74 with an excess of 4-(buta-l,3-diyn-l-yl)-iV,iV-dihexylaniline (55) afforded 75 in nearly

quantitative yield (95%). Alkynylated triazene 75 was converted to the corresponding

iodoarene 76 (50%) upon treatment with trimethylsilyl iodide, formed in situ from Nal and

Me3SiCl, in MeCN/CCl4 at 60 °C for 20 min [220]. As rather lipophilic 75 was nearly

insoluble in polar MeCN, it was essential to use an appropriate co-solvent. Although CC14 is

highly toxic and cancerogenic, it was found to be the best co-solvent giving the highest yield

of iododerivative 76. Subsequent Sonogashira cross-coupling with an excess of

(trimethylsilyl)buta-l,3-diyne produced the desired building block 72 in 83% yield (Scheme

3.4) [221].

NH,
N3Et

3^2

73

b)

74

- Et2N3^.X / \\ //

75 76

^ /^N(C6H13)2

d),e)

Me?Si-

72
R

Scheme 3.4. Synthesis of the DHA-substituted dendritic precursor 72. a) HCl, NaN02, Et20/THF/MeCN,

1.5 h, -5 °C, then K2C03, Et2NH, 3 h, 20 °C, 55%(74); b) 55, [PdCl2(PPh3)2], Cul, (/-Pr)2NH,

14 h, 20 °C, 95% (75); c) Nal, Me3SiCl, MeCN/CCL,, 20 min, 60 °C, 50% (76); d) 1,4-

bis(trimethylsilyl)buta-l,3-diyne, MeLiLiBr, THF, 3 h, 20 °C, then H+/H20; e) 55,

[PdCl2(PPh3)2], Cul, (/-Pr)2NH, 18 h, 20 °C, 83%(72) (yield over two steps).

Deprotection of 72 with «BU4NF in moist THF at 0 °C was immediately followed, without

any further purification, by Pd-catalyzed Sonogashira cross-coupling with 1,3,5-

triiodobenzene (58) [213] and 1,2,4,5-tetraiiodobenzene (59) [214] in diisopropylamine at

60 °C to afford dendrimer-like DHA-substituted systems 77 (46%) and 78 (25%),

respectively (Scheme 3.5).
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R

q
R

Scheme 3.5. Synthesis of dendrimers 77 and 78. a) «Bu4NF, THF, 15 min, 0 °C; b) 1,3,5-triiodobenzene

(58), [PdCl2(PPh3)2], Cul, (/-Pr)2NH, 22 h, 60 °C, 46% (77); c) «Bu4NF, THF, 15 min, 0 °C;

d) 1,2,4,5-tetraiodobenzene (59), [PdCl2(PPh3)2], Cul, (/-Pr)2NH, 15 h, 60 °C, 25% (78); e)

«Bu4NF, THF, 15 min, 0 °C; f) C6I6 (60), {Pd[P(o-Tol)3]2} (65), Cul, NMP, Et3N, 20 h, 60 °C,

5%(79). Yields over two steps.

The identity of both 77 and 78 was unambiguously confirmed by high-resolution mass

spectrometry (MALDI-TOF; matrix: DCTB) and JH and 13C NMRspectroscopy.

SiMe-,
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SiMe3

Scheme 3.6. Synthesis of dendnmers 80 and 81. a) l,4-Bis(trimethylsilyl)buta-l,3-diyne, MeLiLiBr,

THF, 3 h, 20 °C, thenH+/H20; b) 69, [PdCl2(PPh3)2], Cul, (/-Pr)2NH, 13 h, 20 °C, 100% (82);

c) «Bu4NF, THF, 20 min, 0 °C; d) 76, [PdCl2(PPh3)2], Cul, (/-Pr)2NH, 15 h, 20 °C, 46% (80);

e) l,4-bis(trimethylsilyl)buta-l,3-diyne, MeLiLiBr, THF, 3 h, 20 °C, then H+/H20; f) 71,

[PdCl2(PPh3)2], Cul, (/-Pr)2NH, 14 h, 60 °C, 67% (83); g) «Bu4NF, THF, 20 min, 0 °C; h) 76,

[PdCl2(PPh3)2], Cul, (/-Pr)2NH, 14 h, 60 °C, 11% (81). Yields over two steps.
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In contrast, attempts to couple desilylated 72 to hexaiodobenzene (60) using {Pd[P(o-Tol)3]2}

(65) and Cul as the catalytic system failed to produce the desired six-fold coupled material

and homodimer 79 of 72 was isolated instead. Multiple attempts to construct dendrimer-like

(DHA)-substituted systems featuring triphenylamine, 1,3,5-triphenylbenzene, or

hexaphenylbenzene cores via Sonogashira cross-coupling of deprotected 72 with the

corresponding iodoarenes were unsuccessful as well.

On the other hand, some of the multiple transformations were successful and starburst-type

dendrimers 80 and 81 obtained. Thus, triiodotriarylamine 69 was cross-coupled with

(trimethylsilyl)buta-l,3-diyne to yield tris-alkynylated product 82 which after desilylation

and cross-coupling with 76 afforded 80 [221]. Similarly haxaiodinated hexaphenylbenzene

and (trimethylsilyl)buta-l,3-diyne reacted under cross-coupling conditions to provide

hexakis(buta-l,3-diyn-l-yl) derivative 83 which after silyl-deprotection and cross-coupling

with 76 produced target compound 81 (Scheme 3.6). As desilylated 82 and 83 deteriorate

slowly even in THF solution to produce dark insoluble oligomeric material, they must be

subjected to subsequent reactions immediately.

Dendrimers 80 and 81 were fully characterized by a complet set of spectral data as shown in

the Experimental Part. Mass spectra of 80 and 81, showing the correct molecular ion [M*~],

were obtained by MALDI-TOF mass spectrometry (matrix: DCTB).

3.3 Syntheses of Multivalent TCBDDerivatives

The dendrimer-type, DHA-substituted oligoalkyne precursors, prepared via iterative

Sonogashira couplings and silyl deprotections 61-68, 77, 78, 80, and 81 (vide supra), reacted

smoothly with tetracyanoethene (TCNE) in CH2CI2 at 20 °C to afford new multivalent TCBD

derivatives 84-94 (Scheme 3.7). Reaction yields are often nearly quantitative but can be

affected by steric factors. Whereas tris-butadiyne precursor 61 reacted at 20 °C in CH2C12 to

give corresponding oligomeric TCBD84 in nearly quantitative yield (96%), the yield of the

six-fold addition product 87 was lower (77%), reflecting increased steric crowding in

hexakis-butadiyne precursor 63 (Fig. 3.3). Remarkably, twelve-fold addition of TCNEto

produce 94 with the hexaphenylbenzene core proceeded in a rather spectacular 86% yield

which means nearly quantitative conversion in each of the twelve concurrent

cycloaddition/retro-electrocyclization sequences (i.e. 98% yield for each TCNEaddition). In

agreement with our previous observation [181], each buta-l,3-diynyl moiety of the
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corresponding precursor reacted exclusively with one equivalent of TCNE at the more

electron-rich C=C bond directly attached to the DHAsubstituent (even in the presence of an

excess of TCNEat elevated temperature).

Scheme 3.7. Reaction of oligomeric DHA-substituted alkynes with TCNE to yield oligomeric donor-

substituted TCBDs (general scheme), a) TCNE(1.0-2.5 equiv. per C=Cbond), CH2C12, 10-

21h,20°C.

All donor-substituted TCBDs 84-94 are black solids, stable at ambient temperature and

exposed to laboratory atmosphere, and melt undecomposed above 100 °C. For an overview

of all dendritic, DHA-substituted TCBDsprepared and the corresponding yields of the [2+2]

cycloaddition/retro-electrocyclization sequences starting from the donor-substituted alkyne

precursors and TCNE, see Figs. 3.3-3.7.
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84 (96%) 85 (98%)

R - CgH-13

NR2

87 (77%)

Fig. 3.3. Donor-substituted oligomeric TCBDs 84-87. Given in parentheses are the yields of the [2+2]

cycloaddition/retro-electrocyclization sequences starting from the donor-substituted alkyne

precursors and TCNE.
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(C6H13)2N

cVf

CN
„ „

NC CN 91 (74%)
cnV ~"CN

N(C6H13)2

(C6H13)2N^\

N(C6H13)2

%^CN

92 (91 %)

Fig. 3.4. Donor-substituted dendritic (Gl) TCBDs 91 and 92 with the central phenyl core. Given in

parentheses are the yields of the [2+2] cycloaddition/retro-electrocyclization sequences starting

from the donor-substituted alkyne precursors and TCNE.
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NCk ^cn

(C6H13)2N

NC^ XN

Fig. 3.5.

N(C6H13)2

88(100%)

N(C6H13)2

(C6H13)2N

NC CN

N(C6H13)2

89(100%)

(C6H13)2N

MP
CN

N(C6H13)2

N(C6H13)2

CN
^ ^

NC CN
CN

„ „

NC CN

Donor-substituted dendritic TCBDs featuring triphenylamine (88 and 93) and 1,3,5-

triphenylbenzene (89) cores. Given in parentheses are the yields of the [2+2] cycloaddition/retro-

electrocyclization sequences starting from the donor-substituted alkyne precursors and TCNE.
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N(C6H13)2

N(C6H13)2

90(91%)

Fig. 3.6. Donor-substituted dendritic TCBD90 with the hexaphenylbenzene core. Given in parentheses is

the yield of the [2+2] cycloaddition/retro-electrocyclization sequence starting from the donor-

substituted alkyne precursor and TCNE.

3.4 UV/Vis Spectroscopy

The UV/Vis absorption spectra of newly prepared oligomeric donor-substituted TCBDs 84-

94 were recorded in CH2CI2 at 298 K to gain further insight into their electronic properties.

The electronic absorption spectra of 84-94 are dominated by intense, broad charge-transfer

(CT) bands accompanied by a long tail or shoulder reaching into the near infrared region,

resulting from different donor-acceptor (D-A) transitions as observed previously (Fig. 3.8)

[181].

In the series of oligomeric TCBDswith a phenyl core 84-87, the absorption maxima /Uax of

the most intense CT bands are only weakly influenced by changes in the substitution pattern

of the central phenyl core and the number of TCBDunits. In contrast, the intensity of the CT

band reflects quite strongly the degree of symmetry of phenyl substitution. Thus, the

spectrum of tetrameric 85 with D4h symmetry displays a CT band with a /Uax of 470 nm
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(2.64 eV) and e of 189900 ivf1 cirf1. This lvalues is almost twice as large as that of trimeric

84 featuring Dmsymmetry (/Uax = 460 nm (2.70 eV), £ = 114300 ivf1 cm-1) and exceeds even

that of D6h hexameric 87 (/^max = 476 nm (2.61 eV), £ = 110000 M_1 era"1) and pentameric 86

C^max = 473 nm (2.62 eV), £= 153300 ivf1 cm-1) of the lowest symmetry C2v. As expected,

the CT band of 87, featuring virtually three pairs of donor-substituted TCBDmoieties in para

positions is bathochromically shifted (476 nm (2.61 eV)) from the band of trimeric 84 (460

nm, (2.70 eV)) featuring the three TCBDsubstituents in a meta arrangement. Similar effects

can be observed for 85 (470 nm (2.64 eV)) and 86 (473 nm (2.62 eV)) with respect to 84

(Fig. 3.8a).

94 (86%)

Fig. 3.7. Donor-substituted dendritic TCBD94 with the hexaphenylbenzene core. Given in parentheses is

the yield of the [2+2] cycloaddition/retro-electrocyclization sequence starting from the donor-

substituted alkyne precursor and TCNE.
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Fig. 3.8. UV/Vis spectra of oligomeric DHA-substituted TCBDs with the phenyl core 84-87 (a) and 91

and 92 (b), with the 1,3,5-triphenylbenzene 89 and hexaphenylbenzene core 90 and 94 (c), and

with the triphenylamine core 88 and 93 (d) in CH2C12 at 298 K.

Furthermore, increasing the generation number (GO —»Gl) when going from trimeric 84 to

91 (;Ux = 458nm (2.71 eV), e= 196400 vfl era"1) or from tetrameric 85 to 92

C^max = 457 nm (2.71 eV), e= 179600 NT1 cm-1), does not significantly influence the position

/îmax of the most intense CT bands. However, an additional, well resolved weak CT band of

lower energy appears in the spectra of extended 91 and 92 (Fig. 3.8b). It seems that the

relative arrangement of the iV,iV-dihexylamino-substituted TCBD units around the phenyl

connector (i.e. meta) is the major factor determining the character of the resulting CT bands.

The intensity £ of the CT bands is not proportional to the number of branches. Accordingly,

further expansion of the central 7i-conjugated branching unit, leading to the 1,3,5-
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triphenylbenzene core in 89 and hexaphenylbenzene core in 90 and 94 did not yield any

significant shift of the longest wavelength absorption maxima. Rather surprisingly, the

intensity e= 91400 M"1 cm"1 of the CT band at 456 nm (2.72 eV) of extended 94 featuring

twelve donor-substituted TCBD units on the periphery is much lower then that of less

extended 90 bearing only six TCBDunits (e= 183700 M"1 cm"1) (Fig 3.8c).

Upon introduction of a central triphenylamine core, the character of the CT band changes

dramatically. The spectrum of 88 features a distinct CT band at nearly the same energy

C^max = 461 nm (2.76 eV), £= 157800 M"1 era"1) as trimeric 84, with an additional intense CT

band at 522 nm ((2.38 eV), e= 131100 M"1 cm"1). The extended TCBD93 displays a very

intense CT band at 456 nm (2.72 eV) with e of 272300 M"1 cm"1, which is the most intense

CT band of all studied oligomeric TCBDs(Fig 3.8d).

3.5 Electrochemistry

The redox properties of dendrimer-like iV,iV-dihexylamino (DHA)-substituted TCBDs 84-94

as well as their precursors 61-68, 77, 78, 80, and 81 were studied by cyclic voltammetry

(CV) and rotating disc voltammetry (RDV). The measurements were carried out in CH2C12

with «Bu4NPF6 (0.1 m) as the supporting electrolyte. All potentials are given vs. Fc+/Fc

(ferricinium/ferrocene couple) used as an internal reference and are uncorrected from ohmic

drop. The electrochemical investigations were performed by Gisselbrecht, Boudon and

Gross at the Laboratoire d'Electrochimie et de Chimie Physique du Corps Solide, Université

Louis Pasteur in Strasbourg, France.

3.5.1 Oligoalkyne Precursors

Oligoalkyne precursors 61-64, 67, 68, 77, 78, and 81 underwent film formation during

electrochemical investigations. Nevertheless, reproducible voltammograms could be

obtained on newly polished electrodes. Thus, a single oxidation (absence of any reduction on

the reverse scan) located on the iV,iV-dihexylanilino substituents could be observed for these

species. This oxidation is irreversible at low scan rates and becomes reversible at scan rates

higher than 1.0 V s"1. Such behavior is characteristic for an electrochemical-chemical

mechanism (EC) and reflects high reactivity of the generated oxidized species. Furthermore,

oligoalkynes 62-64 undergo one reversible reduction occuring on the 7i-conjugated core. For
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61, no signal could be observed. The behavior of oligoyne precursors 66 and 80 involving

the oxidizable triphenylamine central core in addition to the iV,iV-dihexylanilino groups is

different. The peripheral DHAmoieties are oxidized in a single, irreversible multielectron

transfer at respectively +0.42 V (66) and +0.47 V (80), whereas the central triphenylamine

core undergoes one-electron oxidation step at +0.75 V (66) and +0.69 V (80), respectively.

The redox potentials of oligoalkyne precursors 61-68, 77, 78, 80, and 81 vs. Fc+/Fc are

summarized in Table 3.1.

Table 3.1. Electrochemical data of 7V,7V-dihexylanihno-substituted oligoalkyne precursors 61-68, 77, 78,

80, and 81 observed by cyclic voltammetry (CV) and rotating disk voltammetry (RDV) in

CH2C12 (+0.1 M«Bu4NPF6). All potentials are given vs. ferricinium/ferrocene (Fc+/Fc) couple

used as internal standard.

CV RDV

E° [Vf A£p [mV]6 EP [Vf Em[V]rf Slope [mVf

61 +0.54 +0.50 120

62

-1.85 70

+0.50 +0.58 170

64 +0.50 +0.42 300

-1.75 90 -1.47 120

63 +0.51

-1.70 130 -1.55 120

66 +0.75 170 +0.75 (le~)
+0.42 (3e~)

85

85

67 +0.43 /

68 +0.59 +0.60 (6e~) 65

77 +0.57

78 +0.48

-2.14

/

80 +0.69 70

+0.47

-2A0h

g

g

81 +0.47 f

aE° = (Epc+Epa)/2, where Epc and Epa correspond to the cathodic and anodic peak potentials, respectively.

bAEp = Eox-Eied, where the subscripts ox and red refer to the conjugated oxidation and reduction steps,

respectively. CEP = irreversible peak potential. dEn2 = half-wave potential. eSlope = slope of the linearized plot of

E versus log^/hn-T)], where 4m is the limiting current and / the current. ^Electrode inhibition during oxidation.

gUnresolved spread-out wave. ^Reduction observed as a shoulder on the electrolyte discharge.

3.5.2 /V,/V-Dihexylanilino-Substituted TCBDs

For the jV,jV-dihexylanilino-substituted TCBDs 84-94, the multielectron oxidation step

occurring on the peripheral anilino substituents became reversible. Moreover, the oxidation
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potential is shifted to more positive values by ca. 400 mV when compared to the

corresponding oligoalkyne precursors 61-68, 77, 78, 80, and 81. Such shift denotes the

strong electron-withdrawing capacity of the TCBDmoiety located in the para position with

respect to the iV,iV-dihexylanilino substituent (Table 3.2). From the peak shape and the peak

potential difference Epa-Epc, ranging from 50 to 80 mV, it is clear that the oxidation of all

DHA moieties occured at similar potentials and therefore all the DHA moieties in a

multivalent system behave as independent redox centers [222]. Such a behavior has been

observed previously in the case of ferrocenyl dendrimers by Astruc and co-workers [223,224]

and others [225]. As an example, dendrimer 94 with the hexaphenylbenzene core is oxidized

in a unique, 12-electron transfer step at +0.89 V (vs. Fc+/Fc) (Table 3.2).

TCBDs 88 and 93 involving the oxidizable triphenylamine central core show quite

interesting, hence different behavior during oxidation. Thus, in the case of 88 the oxidation

of the central triphenylamine core occurs only after the oxidation of the peripheral anilino

groups, whereas the triphenylamine core in extended 93 is oxidized first. This observation

might be explained in the following way. Upon introduction of the TCBD moieties, the

oxidation potential of the triphenylamine core shifts to more positive potentials. This shift is

270 mVwhen going from 66 to 88 and only 60 mVwhen going from 80 to 93. The smaller

shift observed for 80 vs. 93 is presumably due to the less pronounced electron-withdrawing

effect of the more distant TCBD units on the central triphenylamine core in 93 when

compared to 88 (Table 3.2).

DHA-substituted TCBDs 84-87 undergo several reversible, one-electron reduction steps

centered on the dicyanovinyl units: each TCBD moiety can accommodate two electrons

(Table 3.3). Although the reductions of trimeric 84 are not well resolved, the first step

involves a three-electron exchange followed by a second set of three-electron exchange.

Careful examination of the peak shape and simulation of the CV allowed us to find out that

the first reduction involves three one-electron steps at -0.63, -0.70, and -0.76 V,

respectively, whereas the second reduction corresponds to three one-electron steps at -1.11,

-1.17, and -1.24 V, respectively (for the CVtrace, see Fig. 3.9a). Compounds 85-87 show a

first set of well separated one-electron reduction steps followed by an unresolved

multielectron transfer. Thus, 87 with six TCBD moieties shows six well separated one-

electron reduction steps (from -0.46 V to -1.07 V) followed by an unresolved six-electron

transfer at -1.57 V (for the CVtrace, see Fig. 3.9b). It can be assumed that the first six one-

electron transfers are centered on dicyanovinyl units of different TCBDmoieties.
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Furthermore, comparison of potentials of the first two one-electron reduction steps gives

potential differences of 70 mV(from the peak shape simulation discussed above) for 84, and

160 mVfor 85. These differences may result from stronger electrostatic repulsion between a

second, newly incoming electron and the monoradical anion of 85, due to increased steric

crowding between the neighboring TCBDmoieties in 85 than in 84. Accordingly, for species

86 and 87, the corresponding potential differences are quite similar (i.e. 160 mVfor 86, and

150 mVfor 87) denoting similar electrostatic interactions. Generally, the observed potential

splitting depends on the degree of steric crowding in the molecule [222].

Table 3.2. Electrochemical data of 7V,7V-dihexylanilino-substituted dendritic TCBDs 88-94 observed by

cyclic voltammetry (CV) and rotating disk voltammetry (RDV) in CH2C12 (+ 0.1 M«Bu4NPF6).

All potentials are given vs. ferricinium/ferrocene (Fc+/Fc) couple used as internal standard.

CV RDV

E°[\]a A£p[mVf £p[V]c Em[V\d Slope [mVf

88 +1.00 60

+0.88 80

-0.72 155

-1.12 120

89 +0.87 70

-0.75 80

-1.10 75

90 +0.88 60

-0.72 300

-1.08 230

91 +0.88 60

-0.62 140

-1.07 130

92 +0.87 70

-0.71 140

-1.20 250

93 +0.89 60

+0.75 70

-0.68 120

-1.08 130

94 +0.87 50

-0.70 100

-l.io 220

"E° = (Epc+Epa)/2, where Epc and £pa correspond to the cathodic and anodic peak potentials, respectively.

bAEp = Eox-Erild, where the subscripts ox and red refer to the conjugated oxidation and reduction steps,

respectively. CEP = irreversible peak potential. dEn2 = half-wave potential. eSlope = slope of the linearized plot of

E versus \og[II(I\^-I)\, where I\^ is the limiting current and / the current. ^Unresolved spread-out wave, ^mall-

amplitude oxidation wave.

+1.02 (le-) 60

+0.89 (3e") 70

-0.77 (3e~) 100

-1.15 (3e~) 80

+0.88 (3e") 60

-0.74 (3e~) 75

-1.15 (3el 100

+0.93 60
/

/

+0.90 (6e~) 60

-0.75 (6e~) 150

+0.90 (8e~) 50

-0.75 (8e~) 150
/

+0.90 (6e~)
g

50

-0.72 (6e") 100

-1.14 (6e~) 120

+0.89 (12e~) 50

+0.73 (12el 130
/
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a) b)

EIV vs. Fe 7Fc

c)

Fig. 3.9. Cyclic voltammetry (CV) of 7V,7V-dihexylanilino-substituted TCBDs. Trimeric 84 (a), hexameric

87 (b), and dendritic 94 in the presence of ferrocene (c) on a glassy carbon working electrode in

CH2C12 (+ 0.1 M«Bu4NPF6) at scan rate v = 0.1 V s"1.

All extended TCBDdendrimers 91-94 undergo two reversible multielectron reduction steps

whose characteristics are quite similar. The number of exchanged electrons in each step is

equal to the number of TCBDmoieties in the molecule. The differences in peak potentials

for the first and second reduction steps are 100-150 mVand 120-250 mV, respectively. The

peak potentials are scan rate independent up to 1 V s_1. These characteristics are typical for

unresolved overlapping electron transfers occurring at slightly different potentials, denoting

very little interactions between the different TCBDgroups in 91-94 [222]. As an example,

dendrimer 94 accepts 24 electrons in two reversible 12-electron reduction steps at -0.70 V

and -1.10 V, respectively (for the CV trace, see Fig. 3.9c). The reversible injection of 24

electrons into a molecule within a narrow potential range between -0.70 V and -1.10 V is
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quite remarkable, also in terms of the solubility of the formed highly charged species (Table

3.2) [226].

Table 3.3. Electrochemical data of 7V,7V-dihexylanilino-substituted oligomeric TCBDs 84-87 observed by

cyclic voltammetry (CV) and rotating disk voltammetry (RDV) in CH2C12 (+ 0.1 M«Bu4NPF6).

All potentials are given vs. femcinium/ferrocene (Fc+/Fc) couple used as internal standard.

CV RDV

E°[\]a A£p[mVf £P[V]C Em[Y]d Slope [mVf

84

85

86

87

+0.88 90

-0.67 160

-1.13 180

+0.88 60

-0.50 60

-0.66 60

-0.81 60

-0.85 60

-1.22 150

+0.87 60

-0.47 60

-0.62 60

-0.73 60

-0.86 60

-0.95 60

-1.28 120

+0.89 100

-0.46 60

-0.60 60

-0.70 60

-0.76 60

-0.95 60

-1.07 60

-1.57 150

+0.87 (3e")
-0.73 (3e~)
-1.28 (3e~)
+0.91 (4e~)

60

120

150

60

/

/

/

/

+0.89 (5e~) 75

/

/

/

/

/

+0.90 (6e~) 85

-1.80 (6e") 400

-1.55 (6e~) 200

"E° = (Epc+Ep!i)/2, where Epc and £pa correspond to the cathodic and anodic peak potentials, respectively.

*A£p = Eox-Erild, where the subscripts ox and red refer to the conjugated oxidation and reduction steps,

respectively. CEP = irreversible peak potential. dEn2 = half-wave potential. eSlope = slope of the linearized plot of

Eversus log[J'1(1^-1)], where Ilim is the limiting current and / the current. ^Unresolved spread-out wave.
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3.6 Novel Cascade Reactions

While exploring the reactivity of the tris-TCBD derivative 84, we found the C=C bonds

adjacent to the electron-accepting TCBD units to be sufficiently electron-deficient and,

hence, activated for the [2+2] cycloaddition to tetrathiafulvalene (TTF), as previously

observed by Hopf and Hirsch and co-workers for cyanoethynylethenes and oc,co-

dicyanopolyynes, respectively (see Chapter 1) [166,168]. Upon heating in MeCN, 84

undergoes three-fold [2+2] cycloaddition to TTF followed by retro-electrocyclization to give

adduct 95 in 47% yield {i.e. 78% yield for each TTF addition/retro-electrocyclization

sequence) (Scheme 3.8).

Scheme 3.8. Threefold cycloaddition of tetrathiafulvalene (TTF) to tris-TCBD derivative 84 to give 95. a)

TTF, MeCN, 20 h, 60 °C, 47%(95).

The proposed constitution of this black-metallic solid, melting at 214-217 °C, was

unambiguously proven by the spectral data (see the Experimental Part), although complex

conformational equilibria complicate the interpretation of the lYi and 13C NMRspectra {vide

infra).

Building on this finding, we decided to construct rod-like oligomeric donor-acceptor (D-A)

systems where the donor part consists of l,2-di(l,3-dithiol-2-ylidene)ethane units, whereas

the l,l,4,4-tetracyanobuta-l,3-diene (TCBD) framework serves as the acceptor. A cascade of

successive TCNE/TTF additions to end-capped polyynes, controlled by the electronic
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properties of the reacting C=C bonds, would provide access to a new class of conjugated

[AB]-type oligomers and polymers [227,228] with dendralene-type backbones [229,230].

Thus, bis-(iV,iV-dimethylanilino) (DMA)-substituted tetrayne 96 was treated with one

equivalent of TCNEin CH2C12 at 20 °C to yield TCBDderivative 97 in 72% yield (Scheme

3.9). TCBD derivative 97 afforded a single crystal suitable for X-ray crystallographic

analysis by slow diffusion of hexane into CH2CI2 solution at 20 °C. The X-ray analysis

nicely confirmed the regioselective addition of TCNEto the alkyne moiety adjacent to the

DMAsubstituent. Furthermore, in the crystal packing of 97, the main feature is the

interaction between neighboring C(CN)2 units. A short intermolecular N-N interaction of

3.27 Â occurs between neighboring C=Ndipoles, and a short intermolecular C-N contact of

3.15 Â occurs between two approximately antiparallel C=Ndipoles, the N-C=N angle being

95° (Fig. 3.10). Similar observations have been described in our previous work [181].

a)

OS ,

C20 /

C29 /
C30/ _
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- Q1 / / C28 / '
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C33
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C7
„

/ \ y)

C23

C26

Fig. 3.10. ORTEPplot of 97; arbitrary numbering, H-atoms are omitted for clarity. Atomic displacement

parameters at 220 K are drawn at the 30% probability level. Selected bond lengths [Â]: C(l)-

C(2) 1.404(4), C(2)-C(3) 1.205(4), C(3)-C(4) 1.366(5), C(4)-C(5) 1.205(4), C(5)-C(6) 1.356(5),

C(6)-C(7) 1.212(4), C(7)-C(8) 1.414(4), C(8)-C(9) 1.392(4), C(9)-C(10) 1.368(4), C(10)-C(ll)

1.412(4), C(ll)-C(12) 1.407(4), C(12)-C(13) 1.371(4), C(8)-C(13) 1.397(4), N(14)-C(ll)

1.360(4), C(l)-C(17) 1.354(4), C(l)-C(22) 1.510(4), C(22)-C(28) 1.427(4), C(28)-C(29)

1.408(4), C(29)-C(30) 1.362(4), C(30)-C(31) 1.406(4), C(31)-C(32) 1.405(4), C(32)-C(33)

1.354(4), C(28)-C(33) 1.407(4), N(34)-C(31) 1.345(3), C(22)-C(23) 1.383(4). Selected bond

angles [°]: C(17)-C(l)-C(22) 121.0(3), C(23)-C(22)-C(l) 113.6(2), C(18)-C(17)-C(20)

117.8(3), C(26)-C(23)-C(24) 113.6(3). Selected torsion angles [°]: C(23)-C(22)-C(28)-

C(33) = 2.7(5), C(36)-N(34)-C(31)-C(32) = -6.1(4). b) Arrangement of neighboring molecules

in the crystal packing featuring favorable multipolar CN---CN interactions.
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TCBD97 reacted subsequently with an excess of TTF in MeCNat 60 °C to afford the hybrid

TCNE-TTF adduct 98 in 80% yield. In the next step, derivative 98 gave A-D-A system 99

(83%o) upon reaction with TCNE(Scheme 3.9). The regioselectivity of the TCNEaddition is

determined by the stronger l,2-di(l,3-dithiol-2-ylidene)ethane donor. However, the

attempted cycloaddition of the remaining acetylenic bond in 99 to TTF failed. Apparently,

this triple bond is not sufficiently electron deficient to undergo [2+2] cycloaddition to TTF.

To eliminate this "electronic confusion" of the last CC triple bond, we started from mono-

DMA-, mono-phenyl-substituted tetrayne 100. Again, TCBDderivative 101 was formed in

nearly quantitive yield (95%) using one equivalent of TCNEand 100. Subsequent reaction of

101 with TTF in MeCNat elevated temperature afforded adduct 102 (78%). Treatment of A-

D chromophore 102 with TCNEin CH2CI2 gave A-D-A derivative 103 in nearly quantitative

yield (92%>). Finally, the CC triple bond in 103, which is now electron-deficient enough to

undergo [2+2] cycloaddition to TTF, was subjected to the reaction with an excess of TTF to

yield the A-D-A-D chromophore 104 as a black-metallic solid (M.p. 260 °C) in 21% yield

(Scheme 3.9). The reduced yield of 104 is presumably caused by steric crowding around the

reacting C=Cbond.

Wenext attempted the cascade of successive [2+2] TCNE/TTF additions to the end-capped

tetrayne 100 in a one-pot setup. Mixing 100 with an excess of TCNE and TTF in

MeCN/CH2Cl2 at 50 °C indeed yielded the desired [ABAB] system 104 in 21% yield,

corresponding to a yield of 68%> per cycloaddition/retro-electrocyclization step (Scheme 3.9).

As already mentioned, the reduced yield of 104 is mainly caused by steric factors (vide

supra). Nevertheless, even the phenyl substituent is a very weak electron donor, as expressed

by its Hammett constant <7P(Ph) = -0.01 [107], that contributes to the "electronic confusion"

of the adjacent alkyne moiety. To completely eliminate this effect of the phenyl substituent,

we started from mono-DMA, mono-4-cyanophenyl-substituted tetrayne 105 (crp(CN) = +0.66,

[107]). Reaction of 105 with an excess of TTF and TCNE in a one-pot setup indeed

furnished the [ABAB] 106 system in a significantly increased yield of 58% (i.e. 87% per

cycloaddition/retro-electrocyclization sequence) !

As in the case of 95, the NMRcharacterization of the hybrid TTF-TCNE chromophores 98,

99, 102-104, and 106 was seriously complicated by the presence of complex conformational

equilibria in solution. However, limited stability of chromophores 95, 98, 99, 102-104, and

106 at high temperatures together with poor solubility at low temperatures reduced the

available temperature range for variable temperature (VT)-NMR experiments (253-353 K).
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Thus, only the *£! NMRspectra of derivatives 98 and 102 could be recorded beyond the

coalescence temperature of all signals (Fig. 3.11). The temperature at which frozen

conformations could be observed by *£! NMRwas not reached due to the low solubility of the

compounds. The 13C NMRcoalescence was not observed within the available temperature

range. Thus, complex 13C NMRspectra of 95, 98, 99, 102-104, and 106 are reported in the

Experimental Part as empiric enumeration of observed signals.

Me,N

Me2N

b)

Me2N

96 R = NMe2
100 R = H

105 R = CN

NCL XN Sx .S

98 R = NMe2
102 R = H

97 R = NMe2
101 R=H

/=\
NC XN S. .S NC XN

99 R = NMe2
103 R = H

d)

Me2N,

1
NC^XNS SNC^

I I j
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XN S S

1

NC CN S S NC

\=J

"XN s S
\=J
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106 R

= H
= CN

Scheme 3.9. Cascade of alternating [2+2]cycloadditions/retro-electrocyclizations of TCNE/TTF to

octatetraynes 96, 100 and 105. a) TCNE, CH2C12, 10-14 h, 20 °C, 72% (97), 95% (101); b)

TTF, MeCN, 16-17 h, 60 °C, 80% (98), 78%(102); c) TCNE, CH2C12, 14-22 h, 20 °C, 83%

(99), 92% (103); d) TTF, CH2Cl2/MeCN 1:1, 3 h, 50 °C, 21% (104); e) TCNE, TTF,

CH2Cl2/MeCN 1:1, 18-22 h, 50 °C, 21%(104), 58%(106).
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Fig. 3.11. 300 MHz:H VT-NMRof 98 in C2D2C14 showing the coalescence of signals, thus indicating the

presence of a single constitutional isomer of 98 in solution.
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3.6.1 UV/Vis Spectroscopy and Electrochemistry

The UV/Vis absorption spectra of newly prepared multivalent charge-transfer chromophores

95, 98, 99, 102-104, and 106 were recorded in CH2C12 at 298 K to gain further insight into

their electronic properties. Electronic absorption spectra of all multivalent TCNE/TTF

adducts display intense, broad charge-transfer (CT) bands with absorption maxima Ämax

between 460 and 482 nm (Fig. 3.12a). Thus, the UV/Vis spectrum of trimeric 95 in CH2CI2

shows an intense broad CT band at >4iax = 482 nm (2.57 eV, e= 132000 NT1 cnT1) (Fig.

3.12b).
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Fig. 3.12. UV/Vis spectra of TCNE/TTF adducts 98, 99, 102, and 103 (a) and 95, 104, and 106 (b) in

CH2C12at 298 K.

The redox properties of D-A chromophores 95, 97-99, 101-104, and 106 were studied by

CVand RDVin CH2C12with «Bu4NPF6 (0.1 m) as the supporting electrolyte (Table 3.4).

Well reproducible voltammograms were measured for 95 showing three successive reversible

two-electron oxidation steps of the three l,2-di(l,3-dithiol-2-ylidene)ethane moieties at

+0.41, +0.65, and +0.81 V in addition to a three-electron oxidation at +0.96 V of the three

DHAmoieties and six individual reduction waves between -1.12 V and -1.55 V for the six

dicyanovinyl units (Fig. 3.13).
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b)

-15 -10 -0 5 0 0 0 5 10

EIVvs. Fc*/Fc

Fig. 3.13. Cyclic voltammetry (CV) of 95 measured without ferrocene (a) and in the presence of ferrocene

(b) on a glassy carbon working electrode in CH2C12 (+ 0.1 M «Bu4NPF6) at scan rate

v = 0.1 Vs"1.

The compounds featuring one TCBDframework (97, 98, 101, and 102) gave two reversible

one-electron reductions (except for the second reduction of 102 that is irreversible). The

presence of donating l,2-di(l,3-dithiol-2-ylidene)ethane units shifts the reduction potential of

the TCBDunits to more negative potentials by ca. 400 mV. Compound 98 is oxidized in two

well separated one-electron steps (+0.36 V, +0.53 V) whereas 102 gives a single two-electron

step (+0.56 V). This could be explained by the donating character of the additional N,N-

dimethylamino group in 98, shifting the first oxidation potential of the 1,2-di( 1,3-dithiol-2-

ylidene)ethane unit to more negative potentials. Chromophores 99 and 103 differ only by an

additional JV,iV-dimethylamino substituent in 99. As a result, the oxidation and reduction

potentials are shifted in 99 to more negative potentials by about 150 mVin comparison to

103. The proximity of two TCBDmoieties in 99 and 103 results in an easier first reduction of

the C(CN)2 unit compared to 98 and 102. The irreversible oxidations and reductions of 104

and 106 are not well resolved due to electrode inhibition. The steric crowding in 104 and 106

results in a twisted structure so that extended conjugation is no longer expected. Under these

conditions, a discussion of the observed potentials is rather difficult.
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Table 3.4. Electrochemical data of the TCNE/TTF adducts 95, 97-99, and 101-103 observed by cyclic

voltammetry (CV) and rotating disk voltammetry (RDV) in CH2C12 (+ 0.1 M «Bu4NPF6). All

potentials are given vs. ferricinium/ferrocene (Fc+/Fc) couple used as internal standard.

CV

E° [Vf A£p [m\]b EP [V]c

RDV

Em[V]d Slope [mV]e

95 +0.95

97

98

99

101

102

103

+0.61

+0.40

-1.12

-1.22

-1.35

-1.40

-1.48

-1.55

-0.65

-1.01

+0.53

+0.38

-1.01

-1.20

+0.70

-0.85

+0.93

-0.60

-0.98

+0.55

-1.10

-0.71

-0.89

100

115

110

+0.80

70

70

100

60

80

75

75

90

90

100

110

75

110

80

100

+0.96 (3e") 70

+0.81 (2e") 70

+0.65 (2e") 60

+0.41 (2e") 70

-1.40(60 300

+0.86

+0.66 +0.65 (le") 90

-0.66 (le") 70

-1.06 (le") 120

+0.73

+0.53 (le") 60

+0.36 (le") 60

-1.07 (le") 70

-1.27 (le") 75

-2.47

+0.90

+0.73 (2e") 40

-0.84 (le") 60

-1.06 (le") 120

+0.94 (le") 70

-0.60 (le") 70

-1.03 (le") 90

+0.94

+0.56 (2e") 40

-1.09 (le") 80

-1.28 -1.29 (le") 100

-2.78

+ 1.03

+0.93 +0.90 (2e") 50

-0.73 (le") 75

-0.94 (le") 70

-1.66

"E° = (EpC+Ep?i)/2, where Epc and Ew correspond to the cathodic and anodic peak potentials, respectively.

bAEp = Eox-Eied, where the subscripts ox and red refer to the conjugated oxidation and reduction steps,

respectively. CEV = irreversible peak potential. dEV2 = half-wave potential. eSlope = slope of the linearized plot of

Eversus logl/A/iun-./)], where 4mis the limiting current and / the current.
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3.7 Conclusion and Outlook

The electrochemical properties of the previously reported trimeric derivative 39 were

remarkable in that it underwent six reversible one electron reduction steps in CH2CI2, each

centered on a dicyanovinyl moiety, in the unprecedently narrow potential range of 1.0 V (see

Chapter 1) [181]. This finding stimulated our search for even larger multivalent CT systems

acting as potent molecular electron reservoirs.

Compared to 39, buta-l,3-diyne-l,4-diyl instead of ethyne-l,2-diyl fragments were used to

attach the iV,iV-dihexylanilino (DHA) substituents to the central core to (i) reduce steric

crowding and (ii) enhance the distance between pairs of C(CN)2 moieties, thereby bringing

the individual reduction potentials even closer. TCNEaddition, having the character of a

"click"-reaction, afforded dendrimer-like TCBD derivatives such as 87 and 94 in excellent

yields of 77% and 86%, respectively (Fig. 3.3 and Fig. 3.7). All compounds are

environmentally stable and melt undecomposed above 100 °C. Detailed electrochemical

investigation by CV and RDVrevealed general redox characteristics of multivalent donor-

substituted TCBDs:

i. All DHAmoieties in the multivalent systems are oxidized in a single reversible multi-

electron transfer, denoting that they all behave as independent redox centers. As an

example, dendritic 94 is oxidized in a unique 12-electron transfer step at +0.89 V.

ii. Each TCBDmoiety accommodates two electrons. Consequently, a large number of

reversible electron uptakes, centered on the dicyanovinyl units, are observed. For

example, dendritic 94 with twelve TCBD moieties accepts 24 electrons in two

reversible 12-electron reduction steps within an exceptionally narrow potential range

between -0.70 V and -1.10 V.

Wefound C=C bonds adjacent to the electron-accepting TCBDunits to be activated for the

[2+2] cycloaddition to the strong electron donor tetrathiafulvalene (TTF). This result led to

the construction of a new class of conjugated [AB]-type oligomers via a cascade of sequential

TCNE/TTF additions to end-capped polyynes, controlled by the electronic properties of the

reacting C=C bonds. In this cascade, l,2-di(l,3-dithiol-2-ylidene)ethane fragments are the

donor parts activating adjacent triple bonds for TCNE addition, whereas TCBD moieties

provide the activation for TTF addition. This research culminated in a one-pot, eight-step,
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five-component domino reaction, with the formation of a single product, A-D-A-D

chromophores 104 and 106, resulting from four sequential cycloaddition/retro-

electrocyclizations of TCNE and TTF molecules to the corresponding oligoynes. The

formation of regular [AB]-type sequences is the result of a careful control of the electronic

character of the involved acetylenic triple bonds.

While the redox properties of all multivalent D-A chromophores have already been studied

by CVand RDV, the spin properties of the poly-anions and poly-cations with odd numbers of

electrons are currently under investigation by electron paramagnetic resonance (EPR) by

Prof. G. Gescheidt at the Technische Universität Graz. For one-electron reduced species

(radical anions), preliminary results indicate confinement of spin and charge to the TCBD

moiety, presumably due to (i) substantial deviation of the 7t-system from planarity and, (ii)

counterion effects.

In view of the appealing redox properties of the described dendritic TCBDderivatives, we

will continue to further increase the charge-storage capacity of these systems. Weplan to

construct large G2 dendrimers such as 107 (Fig. 3.14).
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Fig. 3.14. Extended G2 dendrimer 107 acting as molecular electron reservoir with increased charge-storage

capacity.
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4.1 Introduction

Back in the early 1970s, Hagihara and co-workers reported the reactions of Pt(II) alkynyls

with 7,7,8,8-tetracyanoquinodimethane (TCNQ) to give intensively colored products that

were described as charge-transfer complexes [132]. However, one of these products was

later shown to be a buta-l,3-dienyl derivative apparently resulting from [2+2] cycloaddition

of TCNQto the alkyne moiety [133] (Chapter 1). Nevertheless, at that time no special

attention was paid to this result and the reaction was not further investigated. Although the

chemistry of strongly electrophilic TCNQ was thoroughly investigated since then, its

reactivity towards alkynes remained unexplored. Namely, it possesses two strongly electron-

deficient CCdouble bonds that could, in analogy to tetracyanoethene (TCNE) [181], undergo

thermal [2+2] cycloaddition with donor-substituted alkynes to yield a new class of charge-

transfer (CT) chromophores. Wewere interested whether TCNQis capable of undergoing

such a transformation with jV,jV-dialkylanilino-substituted alkynes. Investigations in this

direction are described in this Chapter.

4.2 Synthesis

A variety of electron-rich, iV,iV-dialkylanilino (DAA)-substituted alkynes were prepared by

Sonogashira cross-coupling [29,187] or oxidative Hay coupling [183] reactions and

subsequently subjected to the reaction with TCNQto probe their reactivity. Whereas known

alkynes 108 [231], 109 [231], 110 [232], 111 [233], 112 [181], 113 [234], and oligoynes 114

and 115 [181] were prepared according to literature procedures, DAA-substituted alkynes

116, 117, and 118 were readily available via well established protocols for acetylenic

construction (see the Experimental Part).

All acetylenic precursors 108-118 indeed reacted with TCNQin a uniform manner to give

products 119-128 (Table 4.1, Scheme 4.1). Thus, /'-DMA-substituted, terminally

deprotected alkyne 108 reacted at 20 °C in CH2C12 to give adduct 119 (81%) as a black

metallic solid. Chromophore 119 was also isolated in 42% yield starting from Me3Si-

protected 109, since silyl-deprotection took place during chromatographic purification on the

weakly acidic SiC>2 support (CH^Cb/EtOAc 97:3), as a result of the Si activation by the

attached electron-withdrawing C(CNh moiety [181]. The use of the less labile (z'-Pr)3Si

protecting group unexpectedly led to complete decomposition during attempted
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chromatography (Si02 or A1203). Also, the Me3Si group in 123 was partially cleaved during

column chromatography on Si02 leading to decomposition, as reflected by the low isolated

yield of 123 (33%).

Table 4.1. Summary of the reactions of monomelic DMA-substituted alkynes with TCNQ.

NC^ ^CN

conditions

-R +

NC CN

NMe9

Alkyne Conditions Product, Yield

108 R = H CH2C12, 6 h, 20 °C
119 R = H

81%

109 R = SiMe3

110 R

111 R

112 R

CH2C12, 10 h, 20 °C

CH2C12, 14 h, 20 °C

NMe2 CH2C12, 17 h, 20 °C

-SiMe?

113 R

toluene, 12 h, 80 °C

-^^NMe2 CH2C12, 18 h, 20 °C

119 R = H

42%

121 R = i—v ^>

93%

122 R = %—(/ ^NMe,

100%

-SiMe,

33%

123 R

125 R = \-^^—<n h—WAe2

78%

116 R = nBu

117 R

118 R = CN

CH2C12, 13 h, 20 °C
120 R = nBu

100%

i,2-dichloroethane, 5 h, 80 °C

72%

1,1,2,2-tetrachloroethane, 12 128 R = CN

h, 120 °C 27%

In agreement with our previous observations [181],/»-DMA-substituted buta-l,3-diynes 112

and 117 reacted exclusively with one equivalent of TCNQat the more electron-rich C=C

bond directly attached to the DMAsubstituent. Accordingly, a second addition to the
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residual C=C bond in 123, 124, and 125 was not observed, even in the presence of a large

excess of TCNE at elevated temperature. Gratifyingly, bis-DMA-substituted alkyne 111

provided TCNQadduct 122 in quantitative yield as a deep-purpe metallic solid (M.p. 259-

262 °C).

Scheme 4.1. Reaction of oligomeric DHA-substituted alkynes with TCNQ. a) TCNQ, 1,2-dichloroethane,

14 h at 20 °C then 3 h at 80 °C, 93%(126); b) TCNQ, 1,2-dichloroethane, 14 h at 20 °C then 2

h at 80 °C, 66%(127).

Recently, we found that the DMA-substituted cyanoalkyne 118 reacted with TCNEat room

temperature in THF to give DMA-substituted 1,1,2,4,4-pentacyanobuta-1,3-diene (PCBD) in

a yield of 97% [235]. Under harsher conditions, by heating to 120 °C in 1,1,2,2-

tetrachloroethane,5 TCNQ underwent a similar transformation with 118, yielding the

cyclohexa-2,5-diene-l,4-diylidene-expanded PCBD, 128, in 27%yield.

Oligomeric chromophores 126 and 127 featuring solubilizing iV,iV-dihexylanilino (DHA)-

substituents were also prepared in high yields from the corresponding alkyne precursors

(Scheme 4.1). Although an excess of TCNQand elevated temperature (1,2-dichloroethane,

80 °C) were necessary to complete the reaction, the threefold addition of TCNQto produce

As a note of caution, exposure to 1,1,2,2-tetrachloroethane should be avoided due to its high toxicity.
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oligomeric 127 proceeded in 66% yield, {i.e. 87% yield for each addition step). All

compounds 119-128 are dark metallic solids that are stable at ambient temperature under air.

NC^ „CN

EDG

NC CN

NC^ XN

EDG

NC CN

charge-transfer
complex

zwittenon

CN r CN r

EDG

NC CN

biradical

EDG

NC CN

Scheme 4.2. Assumed mechanism for the reaction between TCNQand an alkyne substituted with an

electron-donating group (EDG).

Weassume, the reaction proceeds by means of thermal [2+2] cycloaddition, in analogy to the

corresponding reaction of TCNE, between the exocyclic CC double bond of TCNQand the

triple bond of the alkyne, followed by electrocyclic ring opening of the intermediately formed

strained cyclobutene to give the observed product. The cycloaddition step proceeds

presumably via a zwitterionic or a biradical intermediate, as a concerted [2+2] mechanism

involving the HOMO/LUMOinteraction is symmetry forbidden [113,128]. The reaction is

completely regioselective with respect to TCNQand proceeds exclusively at one of the

dicyanovinyl moieties and not at the endocyclic double bonds (Scheme 4.2). Interestingly,

the reaction is regioselective also with respect to the alkyne moiety, as from the two

theoretically possible products (constitutional isomers) only the one with the DMAgroup

neighboring to the "TCNQ moiety" is formed. According to this finding, a reversible
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formation of the cyclobutene intermediate could be assumed (Scheme 4.3). At present, we do

not have any plausible explanation for this finding. Theoretical calculations might provide

further insight into the (electronic) factors governing this reaction. The constitution of the

products was unambiguously confirmed by 2D NMRspectroscopy (HSQC and HMBC)in a

collaboration with Prof. B. Jaun (Laboratorium für Organische Chemie, ETHZürich) based

on the observed correlation between H-C(5) (resp. H-(C7)) and C(4) (Scheme 4.3), and as

shown below, by X-ray analysis.

Scheme 4.3. Regio selectivity of the reaction between TCNQand 7V,7V-dimethylanilino-substituted alkynes.

4.3 X-ray Structure Analysis

Gratifyingly, 119 and 121 afforded single crystals suitable for X-ray crystallographic analysis

upon slow diffusion of hexane into 1,1,2,2-tetrachloroethane solutions of the compounds at

20 °C. The X-ray analysis nicely confirmed the regioselective addition of the alkyne at one

exocyclic CC double bond of TCNQand proved the constitution of the formed non-planar

donor-acceptor chromophores (Figs. 4.1 and 4.2).
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Fig. 4.1. ORTEPplot of 119; arbitrary numbering, H-atoms are omitted for clarity. Atomic displacement

parameters at 220 K are drawn at the 30% probability level. Selected bond lengths [Â]: C(l)-

C(2) 1.4678(18), C(2)-C(3) 1.3409(19), C(3)-C(4) 1.438(2), N(5)-C(4) 1.145(2), C(l)-C(8)

1.4457(18), C(8)-C(9) 1.4140(18), C(9)-C(10) 1.3697(19), C(10)-C(ll) 1.4168(19), N(14)-

C(ll) 1.3550(17), C(ll)-C(12) 1.4158(19), C(12)-C(13) 1.3683(18), C(8)-C(13) 1.4136(18),

C(l)-C(17) 1.4021(18), C(17)-C(18) 1.4313(18), C(18)-C(19) 1.3518(8), C(19)-C(20)

1.4307(17), C(20)-C(23) 1.3971(18), C(23)-C(24) 1.4184(19), N(25)-C(24) 1.1448(18).

Selected bond angles [°]: C(17)-C(l)-C(8) 124.05(12), C(8)-C(l)-C(2) 118.07(11), C(24)-

C(23)-C(26) 116.06(12), C(3)-C(2)-C(l) 124.56(13). Selected torsion angles [°]: C(2)-C(l)-

C(8)-C(13) = 33.28(18), C(2)-C(l)-C(17)-C(22) = 15.44(19). Quinoid character:

fr = (((a+ar)l2-(b+br)l2)+((c+cr)l2-(b+br)l2))l2. & = 0.046. b) Arrangement of neighboring

molecules in the crystal packing of 119 showing short intermolecular contacts. Molecules A

(x,y,z) and A* (2-x, -y, 1-z) are related by an inversion center.

In the crystal packing of 119 (Fig. 4.1b), two molecules related by an inversion center show

short multipolar CN---CN interactions, as already previously observed [181]. Particularly

interesting are the short contacts between nitrogen atoms that are polarized in an opposite

way through the intramolecular charge-transfer (CT) interactions. The negatively polarized

N-atoms of a CN moiety in one molecule interact at van der Waals distance with the

positively polarized N-atom of the DMAmoiety of an adjacent one.

The efficiency of the CT from the donor to the acceptor moieties can be expressed as the

quinoid character {&) of the iV,iV-dimethylanilino (DMA) ring (Eq. 4.1) [236]. In benzene,

the & value equals 0, whereas values between 0.08 and 0.10 are found in fully quinoid rings

(see Fig. 4.1a for the definition of bonds a, a\ b, b\ c, and c'). The jV,jV-dimethylanilino
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(DMA) ring in 119 exhibits a high or value of 0.046 comparable to the highest value

observed for DMA-substituted l,l,4,4-tetracyanobuta-l,3-diene (TCBD) derivatives [181].

The & value for the DMAring in 121 could not be estimated due to the reduced accuracy.

fr={[(a + a')-(b + b')]/2 + [(c + c')-(b + b')]/2}/2 (Eq. 4.1)

The crystal structure of 121 contains three independent molecules in the asymmetric unit

(Fig. 4.2). Molecules 121a and 121c have approximately the same conformation, while in

molecule 121b the subunit N(l)-C(l)-C(2)-C(3)-N(2) is rotated by car. 164° with respect to

121a, and ca. 178° with respect to 121c.

4.4 UV/Vis Spectroscopy

The UV/Vis spectra of chromophores 119-128 recorded in CH2C12 are dominated by intense,

broad charge-transfer (CT) bands with end absorptions reaching into the near infrared region

(Fig. 4.3). No deviations from the Lambert-Beer law were observed for 120 and 125 within

the studied concentration range (4 x 10~6-9 x 10~5 m) indicating the absence of self-

association in CH2CI2 solution. There is no reason to expect a different behavior of the

remaining chromophores.

Upon introduction of a second DMAdonor, the intensity of the CT band increases strongly

(compare the spectra of 121 vs. 122 or 124 vs. 125, Fig. 4.3a). The CT bands of oligomeric

chromophores 126 and 127 in CH2CI2 feature very large lvalues (Fig. 3.4b). Thus, the

spectrum of trimeric 127 shows a CT band with a /Uax of 709 nm (1.75 eV) and £ of

87000 Ml cm-1. This lvalue is more than twice as large as that of monomeric 121 at /Uax =

676 nm (1.84 eV, e= 36300 M"1 cm"1).
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Fig. 4.2. ORTEP plot of the three independent molecules in the crystal structure of 121. Atomic

displacement parameters obtained at 173 K are shown at the 30 %probability level. Arbitrary

numbering, H-atoms are omitted for clarity. Selected bond lengths [Â] for 121a: N(l)-C(l)

1.144(8), C(l)-C(2) 1.440(10), C(2)-C(4) 1.358(9), C(4)-C(5) 1.469(8), C(5)-C(6) 1.447(8),

C(6)-C(7) 1.405(8), C(7)-C(8) 1.385(8), C(8)-C(9) 1.397(9), N(3)-C(9) 1.380(8), N(3)-C(ll)

1.455(9), C(9)-C(12) 1.414(9), C(12)-C(13) 1.372(8), C(6)-C(13) 1.408(8), C(4)-C(23)

1.482(9), C(23)-C(24) 1.404(9), C(24)-C(25) 1.382(9), C(25)-C(26) 1.383(10), C(14)-C(15)

1.445(8), C(15)-C(16) 1.335(8), C(16)-C(17) 1.418(9), C(17)-C(18) 1.412(9), C(18)-C(19)

1.400(10), N(4)-C(19) 1.143(9). Selected bond angles [°] for 121a: C(6)-C(5)-C(4) 116.5(5),

C(14)-C(5)-C(6) 123.5(5), C(3)-C(2)-C(l) 114.9(6), C(2)-C(4)-C(23) 122.4(5), C(19)-C(18)-

C(20) 118.1(6). Selected torsion angles [°]: 121a: C(4)-C(5)-C(6)-C(l3) = -40.2(8), C(4)-

C(5)-C(14)-C(22) = -12.9(9), C(4)-C(5)-C(14)-C(15) = 166.3(5), C(2)-C(4)-C(5)-C(14) =
-

55.7(8), C(23)-C(4)-C(5)-C(14) = 125.7(6); 121b: C(4')-C(5')-C(6')-C(13') = -27.9(9),

C(4')-C(5')-C(14')-C(22') = -13.1(8), C(4')-C(5')-C(14')-C(15') = 166.0(5), C(2')-C(4')-

C(5')-C(14') = 108.2(7), C(23')-C(4')-C(5')-C(14') = -72.1(7); 121c: C(4")-C(5")-C(6")-

C(13") = -30.3(8), C(4")-C(5")-C(14")-C(22") = -13.3(8), C(4")-C(5")-C(14")-C(15") =

167.5(5), C(2")-C(4")-C(5")-C(14") = -69.5(7), C(23')-C(4')-C(5')-C(14') = 109.8(6).
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Interestingly, an additional shift of the CT band to lower energy is observed in the UV/Vis

spectrum of 128 (Fig 4 3b), with the maximum observed at /Uax = 859 nm (1 44 eV,

e= 17700 M_1 cm-1) This band tails far into the near infrared, and the end-absorption is

observed near 1300 nm (0 95 eV) This low optical gap is quite remarkable for a small

chromophore, such as 128 The CT character of the longest wavelength absorption band was

confirmed in a protonation experiment When a solution of 128 in CH2CI2 was acidified by

trifluoroacetic acid (TFA) (Fig 4 3c), the band at >4max=859 nm nearly completely

disappeared However, neutralization with K2CO3 did not quantitatively regenerate the

original spectrum, as strongly electrophilic 128 decomposes rapidly in the presence of a base

Immediate decomposition occured also upon neutralization with a non-nucleophilic base such

as l,5-diazabicyclo[4 3 0]non-5-ene (DBN)
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UV/Vis spectra of chromophores 119, 121, 122, 124, and 125 (a) and oligomenc 126 and 127

compared to monomelic 121 (b) and of 128 recorded neat, after acidification with trifluoroacetic

acid (TFA) and after neutralization with K2C03 (c) in CH2C12 at 298 K
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All molecules 119-127 show a pronounced solvatochromism in CH2Cl2/hexane mixtures

(Table 4.2). The largest solvent effect was observed for noncentrosymmetric 120, with the

CT band shifting from ÄmeiX = 559 nm (1.63 eV) in hexane to ÄmeiX = 655 nm (1.89 eV) in

more polar CH2C12 (Fig. 4.4).

Table 4.2. Solvent effects of chromophobes 119-127 in CH2Cl2/hexane mixtures at 298 K."

Amax [nm (eV)]6 in solvent

CH2C12 CH2Cl2/hexane CH2Cl2/hexane CH2Cl2/hexane CH2Cl2/hexane hexane

1:1 1:3 1:9 1:19

119
759 746 727

c c c

'1.63) ( (1.66) (1.71)

120
655 625 604 581 574 559

'1.89) ( (1.99) (2.05) (2.14) (2.16) (2.22)

121
676 646 626 600

c c

'1.84) ( (1.92) (1.98) (2.07)

122
665 638 616 596

c c

'1.87) ( (1.94) (2.01) (2.08)

123
709 680 659 635

c c

(1.75) ( (1.82) (1.88) (1.95)

124
708 680 661 630

c c

(1.75) ( (1.82) (1.88) (1.97)

125
677 649 631 607

c c

(1.83) ( (1.91) (1.97) (2.04)

126
685 652 631

c c c

(1.81) ( (1.90) (1.97)

127
709 694 677

c c c

(1.75) ( (1.79) (1.83)

"Solvatochromic effects of 128 could not be investigated due to poor solubility in CH2Cl2/mixtures. *The

charge-transfer (CT) bands were used to observe the solvent effects. cCould not be estimated due to low

solubility.

It is generally accepted that solvatochromism is a characteristic behavior of dipolar molecules

featuring a more polar excited state than the ground state [237]. A more polar excited state is

better stabilized by polar solvents than the ground state, resulting in a lower transition energy.

However, centrosymmetric molecule 126 as well as the octupolar-type structure 127 also

display solvatochromic effects similar to those observed for noncentrosymmetric 119-125.

As an example, the absorption maximum of 126 shifts from 685 nm (1.81 eV) in CH2C12 to

631 nm (1.97 eV) in CH2Cl2/hexane (1:3) mixture (Table 4.2). According to our previous
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findings in the series of donor-substituted cyanoethynylethenes (CEEs) [171] and TCBD

derivatives [181], this effect could be explained as follows A strong CT from the ground to

the excited state would produce a partially positive charge on the anilino donors and a

negative charge on the cyano acceptors, which then forms a quadrupole for 126 and an

octupole for 127 Normally, the dipole moment is dominant, however, the quadrupole (or

even the octupole) moment can significantly contribute to the overall electric moment of a

molecule, especially in cases where the dipole moment is zero Thus, this increase in electric

moment via the quadrupole (or even the octupole) most likely explains the observed

solvatochromic effect of 126 and 127 [238]
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Fig 4 4 a) UV/Vis spectra of chromophore 120 in CH2Cl2/hexane mixtures at 298 K

Solvatochromism of 120 in CH2Cl2/hexane mixtures

b)
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4.5 Electrochemistry

The redox properties of charge-transfer chromophores 119-128 were studied by cyclic

voltammetry (CV) and rotating disc voltammetry (RDV). The measurements were carried

out in CH2C12 with «Bu4NPF6 (0.1 m) as the supporting electrolyte. All potentials are given

vs. Fc+/Fc (ferricinium/ferrocene couple) used as an internal reference and are uncorrected

from ohmic drop (Table 4.3). The electrochemical investigations were performed by

Gisselbrecht, Boudon and Gross at the Laboratoire d'Electrochimie et de Chimie Physique du

Corps Solide, Université Louis Pasteur in Strasbourg, France.

Each iV,iV-dialkylanilino moiety in chromophores 119-128 undergoes a one-electron

oxidation step which is irreversible, except for 123. While the two DMAmoieties in 122 and

125 are oxidized in two separated one-electron steps, all DAAmoieties in oligomeric 126 and

127 are oxidized in a single, irreversible multielectron step, denoting no electrostatic

interactions between the redox centers [222]. Compared to the previously discussed

multivalent jV,jV-dialkylanilino-substituted TCBDs (see Chapter 3), the DMAdonor in 119-

128 is much more readily oxidized at ca. +0.40 V (vs. ca. +0.90 V for TCBDs), which means

that it transfers less electron density into the acceptor CNmoieties. Hence, ground state CT

interactions are much less effective in TCNQadducts 119-128 than in DAA-substituted

TCBDs.

Monomelic chromophores 119-125, and 128 remain potent electron-acceptors, and display

two reversible one-electron reduction steps, centered on the two dicyanovinyl moieties.

Except for 119 and 128, the observed potential difference between these two reductions is

rather small (ranging from 90 mVfor 122 to 150 mVfor 123 and 124). The difference is

indeed much smaller than previously observed for DAA-substituted TCBDderivatives (230-

570 mV) [181]. This is readily explained by the larger distance between the two

dicyanovinyl groups in 120-125 as a result of insertion of the cyclohexa-2,5-diene-l,4-

diylidene moiety, resulting in decreased electrostatic repulsion. However, in the case of 119

and 128, the potential difference is somewhat larger (260 mV). With their relatively small H

and CN substituents, 119 and 128 may adopt a more planar structure in solution, thereby

making the conjugation between the dicyanovinyl moieties and the DMAdonor more

efficient than in the other cases. As a result of higher planarity, the electrostatic repulsion in

the electrogenerated dianion is stronger in these species.
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Table 4.3. Electrochemical data of chromophores 119-128 observed by cyclic voltammetry (CV) and

rotating disk voltammetry (RDV) in CH2C12 (+0.1 M «Bu4NPF6). All potentials are given vs.

ferricinium/ferrocene (Fc+/Fc) couple used as internal standard.

CV RDV

E°[Vf A£p[mVf Ep[Vf Em[V]d Slope [mV}

119 +0.42 +0.44 (;iei ) 60

-0.50 80 -0.55 (>i ) 70

-0.76 80 -0.86 (>i ) 70

120 +0.42 +0.42 (;iei ) 55

-0.72 90 -0.71 (>i ) 60

-0.81 80 -0.84 (>i ) 75

121 +0.42 +0.42 (;iei ) 50

-0.68 70 -0.67 (>i ) 60

-0.82 70 -0.81 (>i ) 60

122 +0.86

+0.39 +0.39 (;iei ) 60

-0.81 60 -0.82 (>i ) 60

-0.90 60 -0.92 (>i ) 60

123 +0.42 80 +0.43 ( 'lei ) 40

-0.59 65 -0.58 (>i ) 65

-0.74 65 -0.75 (>i ) 65

124 +0.45 +0.44 ( 'lei ) 60

-0.55 90 -0.58 ( ;iei ) 70

-0.70 90 -0.77 ( ;iei ) 75

125 +0.74 +0.69 /

+0.40 +0.39 ( 'lei ) 55

-0.64 65 -0.65 ( ;iei ) 60

-0.75 65 -0.77 ( ;iei ) 60

126 +0.40 +0.39 ('2e1 ) 60

-0.62 65 -0.63 ( ;iei g

-0.74 70 -0.74 ( ;iei
-0.85 60 -0.86 ( ;iei
-0.95 60 -0.97 ( ;iei

127 +0.38 +0.40 ( '3 el \
g

-0.51 60 -0.50 ( ;iei
-0.64 55 -0.64 ( ;iei
-0.76 60 -0.76 ( ;iei
-0.86 60 -0.84 ( ;iei
-0.98 60 -0.98 ( ;iei
-1.14 55 -1.16 ( ;iei

128 +0.52 +0.54 ('lei ) 50

-0.27 80 -0.28 ( 'lei ) 60

-0.53 85 -0.56 ( 'lei ) 60

"E° = {Evc+Eva)l2, where Epc and £pa correspond to the cathodic and anodic peak potentials, respectively.

bAEp = Eox-Eied, where the subscripts ox and red refer to the conjugated oxidation and reduction steps,

respectively. CEP = irreversible peak potential. dEn2 = half-wave potential. eSlope = slope of the linearized plot of

E versus log^/h,,-/)], where 4m is the limiting current and / the current. ^Bad resolved second oxidation due to

strong electrode inhibition. gDue to overlapping waves, the slopes for each step could not be determined.
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The cyclohexa-2,5-diene-l,4-diylidene-expanded PCBD derivative, 128, deserves rather

special attention. Thus, 128 undergoes two one-electron reductions at -0.27 V and -0.53 V,

as well as an irreversible oxidation step at +0.52 V. Compared to 119 with the H-atom

substituent, that is reduced at -0.50 V and -0.76 V, both reduction steps in 128 are anodically

shifted by 230 mVas a result of the additional electron-withdrawing CNgroup. Whereas the

first reduction in 128 is similar to that of TCNQ(-0.25 V vs. -0.27 V (128)), the second one

is greatly facilitated (-0.53 V (128) vs. -0.81 V (TCNQ)). This finding can be readily

explained by the larger distance between the reducible dicyanovinyl and tricyanovinyl

moieties in 128 resulting in decreased electrostatic repulsion in the electrogenerated species.

The stepwise reduction of 126 and 127, with the latter undergoing six reversible one-electron

reductions in the narrow potential range between -0.51 and -1.14 V, is a good indication of

electrostatic interactions between the dicyanovinyl moieties in these chromophores. Hence,

the C(CN)2 moieties in oligomeric 126 and 127 are not independent redox-active centers, as

observed previously in the case of dendrimer-type multivalent TCBD derivatives (see

Chapter 3).

4.6 Conclusion

In summary, we have described a completely regioselective thermal [2+2] cycloaddition of

TCNQwith DAA-substituted alkynes, followed by ring opening of the initially formed

cyclobutene derivative to yield a new type of non-planar chromophores featuring intense low-

energy intramolecular charge-transfer bands and appealing redox properties. The generality

of this often high-yielding, atom-economic transformation was demonstrated by running the

reaction with a series of acetylenic substrates.

The exploration of the optical nonlinearities of these new TCNQderivatives is currently

under investigation in a collaboration with Prof. I. Biaggio from the Lehigh University in

Bethlehem, PA, USA. Furthermore, the application of these powerful acceptors towards the

preparation of organic-based magnets and conductive materials will be pursued.

In upcoming studies we will also attempt to clarify the mechanistic questions concerning the

[2+2] cycloaddition of TCNQ with iV,iV-dialkylanilino-substituted alkynes by both

experimental as well as computational methods.
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4.7 Towards NewOrganic Super-Acceptors - Future Prospects

Encouraged by the previous results, we next attempted the reaction between 2,3,5,6-

tetrafluoro-7,7,8,8-quinodimethane (F4-TCNQ), which is even stronger electron-acceptor

than TCNQ(see Chapter 1), and the DMA-substituted cyanoalkyne 118. Gratifyingly, we

found that 118 reacted with F4-TCNQ in CH2CI2 at room temperature to afford fluonnated

adduct 129 in 86%yield as a black metallic solid (Scheme 4.4).

F NC

Me9N -CN
a)

118

NMe2

Scheme 4.4. Reaction of cyanoalkyne 118 with F4-TCNQ. a) F4-TCNQ, CH2C12, 15 h at 20 °C 86%(129).

For the success of the reaction, it was essential to work in a glassware that was previously

deactivated by silylation with Me2SiCl2 [239] (see the Experimental Part), as 129

decomposes readily upon contact with a non-treated glass surface to form an insoluble

greenish film. Consequently, crude 129 was successfully purified by slow diffusion of

hexane into CH2CI2 solution in a silylated vessel.

The UV/Vis spectrum of 129 displays a significantly bathochromically shifted CT band with

/Uax of 1001 nm (1.23 eV, £= 17700 M_1 cirf1) with the end-absorption observed near 1400

nm (0.89 eV) (Fig. 4.5).
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Fig. 4.5. UV/Vis spectrum of chromophore 129 in CH2C12 at 298 K.
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Although the charge-transfer chromophore 129 was synthesized during the writing of this

doctoral thesis, first electrochemical results revealing its extraordinary electron-accepting

power have been obtained (Table 4.4).

Table 4.4. Electrochemical data of chromophore 129 observed by cyclic voltammetry (CV) and rotating

disk voltammetry (RDV) in CH2C12 (+ 0.1 M «Bu4NPF6). All potentials are given vs.

ferricinium/ferrocene (Fc+/Fc) couple used as internal standard.

CV RDV

E° [Vf A£p [mVf EP [Vf Em[V]rf Slope [mVf

129 +0.61 ;

0.00 75 0.00 (le-) 68

-0.27 70 -0.29 (le-) 61

aE° = (Epc+Epa)/2, where Epc and Epa correspond tc ) the cathodic and anodic peak potentials, respectively.

bAEp = Eox-Erild, where the subscripts ox and red refer to the conjugated oxidation and reduction steps,

respectively. CEP = irreversible peak potential. dEn2 = half-wave potential. eSlope = slope of the linearized plot of

Eversus \og[I 1(1^-1)], where Ilim is the limiting current and / the current. ^Electrode inhibition during oxidation.

Thus, 129 displays in CH2C12 two reversible one-electron reduction steps at 0.00 V and

-0.27 V centered on the tricyanovinyl and dicyanovinyl moieties, respectively, as well as an

irreversible oxidation step at +0.61 V located on the DMAsubstituent. Compared to the

TCNQadduct 128, both reduction steps in 129 are anodically shifted by 270 mVfor the first

and 260 mVfor the second reduction step, respectively, as a result of fluorine substitution

(vide supra). Furthermore, preliminary spectroelectrochemical studies of 129 performed in a

optically transparent thin-layer electrode (OTTLE) in CH2CI2 with «Bu4NPF6 (0.1 m) as the

supporting electrolyte suggest that the electrogenerated reduced species (i.e. radical anion and

dianion) are stable at the time scale of spectroelectrochemistry, namely at least for 60

seconds. Further electrochemical investigations are currently in progress.

It can be expected that (i) upon incorporation of even stronger acceptor moieties such as 3,6-

difluoro-2,5,7,7,8,8-hexacyanoquinodimethane (F2-HCNQ) [143] or 2,5-dicyano-7,7,8,8-

tetracyanoquinodimethane (TCNQ(CN)2) [137] (Chapter 1) or (ii) upon attentuation of the

donor moiety, the reduction steps become further facilitated (Fig. 4.6).
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NC. XN

NC CN

TCNQ(CN)2 F2-HCNQ

Fig. 4.6. Powerful electron acceptors 3,6-difluoro-2,5,7,7,8,8-hexacyanoquinodimethane (F2-HCNQ)

[143] and2,5-dicyano-7,7,8,8-tetracyanoquinodimethane (TCNQ(CN)2) [137].
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5.1 Materials and General Methods

Reagents and solvents were purchased at reagent grade from Acros, Aldrich, Fluka, GFS, and

TCI and used as received. Tetrahydrofuran (THF) was freshly distilled from

Na/benzophenone and CH2C12 from CaH2 under N2. Hay catalyst refers to a freshly prepared

solution of CuCl (100 mg, 1.0 mmol) and #,#,#',#'-tetramethylethylenediamine (TMEDA;

0.15 mL, 1.0 mmol) in acetone (25 mL). All reactions, except Hay couplings, were

performed under an inert atmosphere by applying a positive présure of N2 or Ar.

Thin-layer chromatography (TLC) was conducted on aluminum sheets coated with SiC>2 60

F254 obtained from Macherey-Nagel; visualisation with a UVlamp (254 or 366 nm).

Column chromatography (CC) and plug filtrations were carried out with SiC>2 60 (particle

size 0.040-0.063 mm, 230-400 mesh; Fluka), or Si02 60 (particle size 0.063-0.200 mm, 70-

230 mesh; Merck) and distilled technical solvents.

Size-exclusion chromatography (GPC) was performed on Bio-Beads SX-3 from the

company Bio-Rad and distilled technical solvents.

Melting points (M.p.) were measured on a Büchi B-540 melting-point apparatus in open

capillaries and are uncorrected. "Decomp." refers to decomposition. Some

melting/decomposition points could not be determined due to the low stability of the

compounds, or due to the dark color of the solid.

UWVis spectra were recorded on a Varian Cary-5 spectrophotometer. The spectra were

measured in CHCI3 or CH2CI2 in a quartz cuvette (1 cm) at 298 K. The absorption maxima

(-^max) are reported in nm with the extinction coefficient (e) NT1 cm-1 in brackets. Shoulders

are indicated as sh.

Infrared spectra (IR) were recorded neat on a Perkin-Elmer BXFT-IR spectrophotometer.

Selected absorption bands are reported in wavenumbers (cm4) with relative signal intensities

described as s (strong), m(medium), w (weak).
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Nuclear magnetic resonance spectra (NMR). *H NMRand 13C NMRspectra were

measured on a Varian Gemini 300 or on a Bruker DRX500 spectrometer at 298 K unless

otherwise stated. Chemical shifts (â) are reported in ppm relative to the signal of

tetramethylsilane (TMS). Residual solvent signals in the *H and 13C NMRspectra were used

as an internal reference. Coupling constants (J) are given in Hz. The apparent resonance

multiplicity is described as s (singlet), br s (broad singlet), d (doublet), t (triplet), q (quartet),

sept (septuplet), and m(multiplet).

Mass spectrometry (MS) was performed by the MS-service, ETH Zürich. High-resolution

(HR) EI-MS and ESI-MS spectra were measured on a Hitachi-Perkin-Elmer VG-Tribrid

spectrometer and a Finnigan Mat TSQ 7000 spectrometer, respectively. HRFT-ICR-MALDI

spectra were measured on an IonSpec Ultima Fourier transform (FT) instrument with [(2E)-

3-(4-tert-butylphenyl)-2-methylprop-2-enylidene]malononitrile (DCTB), or 3-

hydroxypicolinic acid (3-HPA) as matrix. The most important peaks are reported in mlz units

with Mas the molecular ion. MALDI-TOF spectra were recorded on a Bruker Daltonics

Ultraflex mass spectrometer using DCTBas matrix.

Elemental analyses were performed by the Mikrolabor at the Laboratorium für Organische

Chemie, ETHZürich, with a LECOCHN/900 instrument.

Electrochemical measurements were performed by Dr. Jean-Paul Gisselbrecht, Prof. Dr.

Corinne Boudon, and Prof. Dr. Maurice Gross at the Laboratoire d'Electrochimie et de

Chimie Physique du Corps Solide, Université Louis Pasteur in Strasbourg, France. The

measurements were carried out at 20 °C in CH2C12, containing 0.1 M«Bu4NPF6 in a classical

three-electrode cell. CH2CI2 was purchased in spectroscopic grade from Merck, dried over

molecular sieves (4 Â) and stored under Ar prior to use. «Bu4NPF6 was purchased in

electrochemical grade from Fluka and used as received. The working electrode was a glassy

carbon disk electrode (3 mmin diameter) used either motionless for cyclic voltammetry (0.1

to 10 V s_1) or as rotating-disk electrode for rotating disk voltammetry (RDV). The auxiliary

electrode was a Pt wire, and a Pt wire was used as the pseudo-reference electrode, or the

reference electrode was an aqueous Ag/AgCl electrode. All potentials are referenced to the

ferricinium/ferrocene (Fc+/Fc) couple, used as an internal standard, and are uncorrected from

ohmic drop. The cell was connected to Autolab PGSTAT20 potentiostat (Eco Chemie BV,
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Utrecht, The Netherlands) controlled by the GPSEsoftware running on a personal computer.

Simulations of the cyclic voltammetry were carried out using the DigiSimm3.0 software

(Bioanalytical Systems Inc. )

X-ray crystallography was performed by Paul Seiler, ETH Zürich, using Bruker-Nonius

Kappa-CCD diffractometer.

Nomenclature follows the proposals of the ACD-Name9.0 (ACD/Labs) program.

5.2 Experimental Procedures

Compounds 48 [36], l-bromo-2-(triisopropylsilyl)ethyne (49) [188], cis-[l,3-

bis(diphenylphosphino)propane]dichloroplatinum(II) (53) [193], 4-ethynyl-iV,iV-

dihexylaniline (57) [93], 1,3,5-triiodobenzene (58) [213], 1,2,4,5-tetraiodobenzene (59)

[214], hexaiodobenzene (60) [214], {Pd[P(o-Tol)3]2} (65) [216], tris(4-iodophenyl)amine

(69) [217], l,3,5-tris(4-iodophenyl)benzene (70) [218], hexakis(4-iodophenyl)benzene (71)

[219], 3,5-diiodoaniline (73) [213], 4-ethynyl-#,#-dimethylaniline (108) [231], N,N-

dimethyl-4-[(trimethylsilyl)ethynyl]aniline (109) [231], iV,iV-dimethyl-4-

(phenylethynyl)aniline (110) [232], 4,4'-ethyne-l,2-diylbis(#,#-dimethylaniline) (111) [233],

jV,jV-dimethyl-4-[(trimethylsilyl)buta-l,3-diyn-l-yl]aniline (112) [181], 4,4'-buta-l,3-diyne-

l,4-diylbis(jV,jV-dimethylaniline) (113) [234], 4,4'-[l,4-phenylenebis(ethyne-2,l-

diyl)]bis(jV,jV-dihexylaniline) (114) [181], 4,4',4"-[benzene-l,3,5-triyltris(ethyne-2,l-

diyl)]tris(jV,jV-dihexylaniline) (115) [181], jV,jV-dimethyl-4-[(triisopropylsilyl)buta-l,3-diyn-

l-yl]aniline (130) [181], trimethyl(4-phenyl-l,3-butadiyn-l-yl)silane (131) [221], and 3-[4-

(dimethylamino)phenyl]prop-2-yn-l-ol (132) [240] were prepared according to literature

procedures. Their syntheses will therefore not be described.
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General Procedure 1 (GP 1) for desilylation/Sonogashira cross-coupling

GPla with AyV-dihexylanilino-substituted alkynes: To a solution of silyl-protected alkyne

(1.5 equiv. per iodine) in THF (13 mL per mmol of 56, 100 mL per mmol of 72), «BU4NF

(1.0 Min THF, 3.0 equiv.) was added. The mixture was stirred for 20 min at 0 °C, diluted

with CH2CI2, filtered through a plug (SiC>2; CH2CI2), and the solution was concentrated in

vacuo. The residue was dissolved in diisopropylamine, the appropriate iododerivative was

added, and the mixture deoxygenated thoroughly by Ar bubbling through for 30 min. Cul

(0.30 equiv.) and [PdCl2(PPh3)2] (0.20 equiv.) were added, and the mixture was stirred under

Ar (see experimental details). The mixture was diluted with CH2CI2, passed through a plug

(Si02; CH2C12), and the solvents were removed in vacuo. The residue was purified by CC

(see experimental details).

GPlb with l,4-bis(trimethylsilyl)buta-l,3-diyne [121]: To a solution of 1,4-

bis(trimethylsilyl)buta-l,3-diyne (5.0 equiv. per iodine) in THF (10 mL per mmol),

MeLiLiBr complex (2.2 Min Et2Û, 1 equiv.) was added dropwise. After stirring for 3-6 h at

20 °C, sat. aq. NH4C1 was added and the mixture extracted with w-pentane (3 x). The

combined organic layers were washed with sat. aq. NaCl (1 x), dried (MgS04), and

concentrated in vacuo (without heating) to ca. 10% of the original volume. The residue was

dissolved in diisopropylamine, the appropriate iododerivative was added, and the mixture

was deoxygenated thoroughly by Ar bubbling through for 30 min. Cul (0.30 equiv.) and

[PdCl2(PPh3)2] (0.20 equiv.) were added, and the reaction mixture was stirred under Ar (see

experimental details). The mixture was diluted with CH2C12, passed through a plug (Si02;

CH2CI2), and the solvents were removed in vacuo. The residue was subjected to CC (see

experimental details).

GPlc with sensitive oligoalkynes: To a solution of silyl-protected alkyne in THF (200 mL

per mmol), «Bu4NF (1.0 Min THF 2.0 equiv. per silyl protecting group) was added. The

mixture was stirred for 20 min at 0 °C, diluted with CH2CI2, filtered through a plug (SiÛ2;

CH2CI2), and the solution was concentrated in vacuo to ca. 10% of the original volume. The

residue was dissolved in diisopropylamine, the appropriate iododerivative (1.5 equiv. per

alkyne) was added, and the mixture deoxygenated thoroughly by Ar bubbling through for 30

min. Cul (0.30 equiv.) and [PdCl2(PPh3)2] (0.20 equiv.) were added, and the mixture was

stirred either at 20 °C or at elevated temperature (see experimental details). The mixture was

diluted with CH2CI2, passed through a plug (SiÛ2; CH2CI2), and the solvents were removed in

vacuo. The residue was purified by CC(see experimental details).
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General Procedure 2 (GP 2) for [2+2] cycloaddition of TCNEwith alkynes

A mixture of alkyne and TCNE(1.0-2.5 equiv. per C=Cbond) in the solvent of choice was

stirred either at 20 °C or at elevated temperature (see experimental details). The solvent was

evaporated in vacuo and the residue subjected to CC(see experimental details).

General Procedure 3 (GP 3) for [2+2] cycloaddition of TTF with alkynes

A mixture of alkyne and TTF (3.0 equiv. per C=C bond) in MeCNor MeCN/CH2Cl2 (1:1)

was stirred under N2 at 60 °C. The solvent was evaporated in vacuo and the residue subjected

to CC(see experimental details).

General Procedure 4 (GP 4) for "one-pot" [2+2] cycloaddition of TCNE/TTF with

alkynes

To a solution of the appropriate tetrayne in CH2Cl2/MeCN (1:1), TCNE(5.0 equiv.) and TTF

(5.0 equiv.) were added. The mixture was stirred under N2 at 50 °C. The solvents were

evaporated in vacuo and the residue subjected to CC(see experimental details).

General Procedure 5 (GP 5) for [2+2] cycloaddition of TCNQor F4-TCNQ with alkynes

TCNQ(1.0 equiv.) or F4-TCNQ (1.0 equiv.) was added to a solution of the appropriate

alkyne in the solvent of choice, and the mixture was stirred either at 20 °C or at elevated

temperature (see experimental details). The solvents were evaporated in vacuo and the

residue subjected to CC(see experimental details).

General Procedure 6 (GP6) for deactivating glass surfaces with dimethyldichlorosilane

(DMDCS) [239]

Glassware was soaked in a toluene solution of DMDCS(5% v/v) for 15 minutes at 20 °C.

Subsequently, the glassware was rinsed twice with toluene, soaked for 15 min in MeOH,

rinsed with MeOH, and finally dried with a nitrogen stream.
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4,4,,4M,4,M-(Cycloicosa-l,ll-diene-3,5,7,9,13,15,17,19-octayne-l,2,ll,12-tetrayltetra-

ethyne-2,l-diyl)tetrakis(AyV-diisopropylaniline) (40)

4,4',4",4'",4"",4 -(Cyclotriaconta-l,ll,21-triene-3,5,7,9,13,15,17,19,23,25,27,29-

dodecayne-l,2,ll,12,21,22-hexaylhexaethyne-2,l-diyl)hexakis(ArrA/-diisopropylaniline)

(41)

(y-Pr)2N N(i-Pr)2

(<-Pr)2N N(i-Pr)2

(/-Pr)2N N(;-Pr)2

(/-Pr)2N N(i-Pr)2

To a cooled solution (0 °C) of 50 (250 mg, 0.300 mmol) in moist THF (25 mL), «Bu4NF (1 M

in THF, 0.90 mL) was added. After stirring for 15 min, TLC (Si02; hexanes/EtOAc 10:1)

indicated complete deprotection. CH2CI2 (100 mL) was added and the mixture filtered

through a plug (Si02; CH2C12). The solvents were removed in vacuo, and the oily residue

was dissolved in acetone (850 mL). Hay catalyst (58 mL) was added and the mixture stirred

exposed to air for 2 h at 20 °C. The deep-purple solution was diluted with CH2CI2 and

filtered through a plug (SiÛ2; CH2CI2). The solvents were evaporated in vacuo to leave a

deep-purple solid which was subjected to CC (Si02; hexanes/Et20 1:1) to yield 40 (8 mg,

6%) and impure 41 that was subsequently further purified by preparative GPC(Bio-Beads

SX-3; THF) to give pure 41 (16 mg, 13%).

[20]Annulene 40

Deep-purple metallic solid.

Rf = 0.46 (Si02; hexanes/Et20 1:1).
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UV/Vis (CH2C12): 316 (62200), 363 (47400), 391 (44700), 481 (sh, 36900), 552 (41100).

IR (neat): 2956w, 2924w, 2864w, 2\6\m, 2079w, 15985, 1515a, 1460>v, 1367w, 1329w,

12925, 11765, 11495, 11145, 1018s, 817jw.

'HNMR(500 MHz, CDCI3): 1.28 (d, J= 6.9 Hz, 48 H); 3.88 (sept, J= 6.9 Hz, 8 H); 6.71 (d,

J = 9.1 Hz, 8 H); 7.24 (d, J = 9.1 Hz, 8 H).

13C NMR(125 MHz, CDC13): 21.06; 47.49; 69.60; 73.90; 83.50; 84.90; 84.95; 106.43;

108.38; 115.22; 120.94; 132.83; 149.17.

HR-MALDI-MS (DCTB): 1040.5769 ([M]+, C76H72N/, cale. 1040.5752).

[30]Annulene 41

Deep-purple metallic solid.

Rf = 0.25 (Si02; hexanes/Et20 1:1).

UV/Vis (CH2C12): 311 (115500), 374 (sh, 63000), 554 (89800), 614 (sh, 76400).

IR (neat): 2962w, 2925w, 2863w, 21475, 2074w, 15945, 15145, \4\3m, \367m, \327m,

12905, 11835, 11365, 11125, 816jw.

lîî NMR(500 MHz, CDC13): \.3\ (d,J= 6.9 Hz, 72 H); 3.91 (sept, J= 6.9 Hz, 12 H); 6.77

(d, J= 9.0 Hz, 12 H); 7.38 (d, J= 9.0 Hz, 12 H).

13C NMR(125 MHz, CDC13): 21.10; 47.51; 66.46; 72.57; 76.15; 82.76; 86.70; 106.57;

108.67; 115.31; 117.21; 132.94; 149.20.

HR-MALDI-MS (DCTB): 1560.8599 ([M]+, Cn4Hio8N6+, cale. 1560.8630).

4,4'-{(3JE)-3,4-Bis[(triisopropylsilyl)ethynyl]hex-3-ene-l,5-diyne-l,6-diyl}bis(Arr/V-diiso-

propylaniline) (44)

^>L .Si(/-Pr)3

To a degassed solution of 47 (694 mg, 2.29 mmol) in diisopropylamine (30 mL), 48 (500 mg,

1.14 mmol), [PdCl2(PPh3)2] (72 mg, 0.10 mmol), and Cul (33 mg, 0.17 mmol) were added

and the mixture was stirred for 21 h at 20 °C. CH2C12 (200 mL) was added and the deep-red

mixture filtered through a plug (SiÛ2; CH2CI2). Solvents were removed in vacuo, and the

residue was purified by CC(SiÛ2; toluene/hexanes 20:1) to give 44 (615 mg, 69%).
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Orange crystals.

Rf = 0.38 (Si02; hexanes/EtOAc 20:1).

M.p. 209-211 °C (decomp.).

UV/Vis (CHC13): 300 (36000), 344 (sh, 12400), 472 (46000).

IR (neat): 2939w, 2863w, 2197s, 214\w, 1599s, 1515s, 141 8jw, \369m, \329m, 1293s, 1138s,

1116s, 1016m, 994m, 882w, 817s.

lîî NMR(300 MHz, CDC13): 1.14 (s, 42 H); 1.28 (d, J= 6.9 Hz, 24 H); 3.86 (sept, J = 6.9

Hz, 4 H); 6.74 (d, J= 9.0 Hz, 4 H); 7.28 (d, J= 9.0 Hz, 4 H).

13C NMR(75 MHz, CDC13): 11.48; 18.84; 21.22; 47.45; 87.02; 99.93; 100.09; 104.46;

109.82; 115.53; 115.75; 132.39; 148.32.

HR-MALDI-MS (DCTB): 786.5688 ([M]+, C52H78N2Si2+, calc. 786.5704).

Anal. calc. for C52H78N2Si2 (787.37): C 79.32, H 9.98, N 3.56; found: C 79.33, H 9.93, N

3.61.

4,4'-{(3Z)-3,4-Bis[(triisopropylsilyl)ethynyl]hex-3-ene-l,5-diyne-l,6-diyl}bis(Ar^V-diiso-

propylaniline) (45)

()-Pr)3Si

0-Pr)3Si

A solution of 44 (275 mg, 0.349 mmol) in Et20 (140 mL) was irradiated with a medium-

pressure Hg lamp (125 W) for 2 h at 20 °C. The dark-orange residue obtained by evaporation

of the solvent in vacuo was subjected to CC(Si02; hexanes/EtOAc 20:1) to yield 45 (134 mg,

49%) and recovered 44 (133 mg, 48%).

Orange solid.

Rf = 0.29 (Si02; hexanes/EtOAc 20:1).

M.p. 70-72 °C.

UV/Vis (CHCI3): 283 (sh, 26500), 305 (30200), 412 (30500), 470 (30300).

ffi. (neat): 2941w, 2864w, 2178w, 2132w, 1602s, 1516s, 1463w, 1418w, 1368w, U29m,

1292s, 1188w, 1115s, \0\6m, 996m, 883w, 818s.

lîî NMR(300 MHz, CDC13): 1.13 (s, 42 H); 1.28 (d, J= 6.9 Hz, 24 H); 3.88 (sept, J = 6.9

Hz, 4 H); 6.76 (d, J= 9.0 Hz, 4 H); 7.32 (d, J= 9.0 Hz, 4 H).

\vKi-r\)2

m/. n^\
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liC NMR(75 MHz, CDC13): 11.51; 18.88; 21.26; 47.50; 87.44; 100.15; 100.38; 104.41;

109.89; 115.42; 115.62; 132.43; 148.40.

HR-MALDI-MS (DCTB): 786.5708 ([M]+, C52H78N2Si2+, cale. 786.5704).

Anal. cale, for C52H78N2Si2 (787.37): C 79.32, H 9.98, N 3.56; found: C 79.42, H 9.94, N

3.39.

4-Iodo-iV-isopropylaniline (46)

NH(i-Pr)

<>
I

A mixture of 4-iodoaniline (2.00 g, 9.1 mmol), 2-iodopropane (24.9 g, 14.7 mL, 147 mmol),

and Na2C03 (2.24 g, 21.2 mmol) in ethanol (50 mL) was stirred for 30 h at 80 °C. The

solvent was removed in vacuo and the residue mixed with hexanes (200 mL) and filtered.

The filtrate was concentrated in vacuo and subjected to CC (SiÛ2; hexanes/EtOAc 10:1) to

afford 46 (1.68 g, 71%).

Colorless oil.

Rf = 0.46 (Si02; hexanes/EtOAc 10:1).

UV/Vis (CHCI3): 262 (25300), 305 (2800).

IR(neat): 3401w, 2962w, 1586s, 1491s, 1293s, 1315s, 1292s, 1249s, 1181s, 808s.

lîî NMR(300 MHz, CDC13): 1.19 (d, J= 6.2 Hz, 6 H); 3.48 (br s, 1 H); 3.57 (m, 1 H); 6.36

(dd, J = 6.8, 2.1 Hz, 2 H); 7.40 (dd, J = 6.8, 2.1 Hz, 2 H).

13C NMR(75 MHz, CDCI3): 23.01; 44.33; 77.36; 115.58; 137.98; 147.23.

EI-MS (70 eV): 261.0 (70) [M]+, 246.0 (100) [M- CH3]+.

Anal. calc. for C9H12IN (261.11): C 41.40, H 4.63, N 5.36; found: C 41.37, H 4.70, N 5.40.

4-Iodo-AyV-diisopropylaniline (47)

N(/-Pr)2

I

4-Iodo-iV-isopropylaniline (46) (1.68 g, 6.42 mmol), 2-iodopropane (10.9 g, 6.4 mL, 64.1

mmol), and Na2C03 (1.23 g, 11.6 mmol) in ethanol (30 mL) were stirred for 46 h at 80 °C.



130 Experimental Part

The solvent was removed in vacuo and the oily residue purified by CC(Si02; hexanes/EtOAc

15:1) to afford 47 (603 mg, 31%).

White solid.

Rf = 0.59 (Si02; hexanes/EtOAc 10:1).

M.p. 40-41 °C.

UV/Vis (CHC13): 278 (17900), 310 (sh, 2900).

IR(neat): 2968w, 1584s, 1495s, 1384w, 1367w, 1317s, 1293s, 1189s, 1153s, 1123s, 1024>v,

811s, 786s.

!H NMR(300 MHz, CDC13): 1.21 (d, J = 6.8 Hz, 12 H); 3.76 (sept, J= 6.8 Hz, 2 H); 6.63

(dd, J= 7.0, 2.2 Hz, 2 H); 7.42 (dd, J= 7.0, 2.2 Hz, 2 H).

13C NMR(75 MHz, CDCI3): 21.25; 47.49; 78.56; 120.01; 136.98; 147.53.

ESI-MS: 304.2 (100) [MH]+.

Anal. calc. for d2Hi8IN (303.19): C 47.54, H 5.98, N4.62; found: C 47.53, H 5.89, N4.80.

4-{(3Z)-4-{[4-(Diisopropylamino)phenyl]ethynyl}-8-(triisopropylsilyl)-3-[4-(triisopropyl-

sily^buta-l^-diyn-l-ylJoct-S-ene-l^^-triyn-l-ylj-A^^-diisopropylaniline (50)

(,-Pr)3SK
^N(,-Pr)2

('-Pr)3Sr
- -N(,-Pr)2

To a cooled solution (0 °C) of 45 (500 mg, 0.635 mmol) in moist THF (30 mL), «Bu4NF (1 M

in THF, 1.90 mL) was added. After stirring for 20 min, CH2C12 (100 mL) was added, the

mixture was filtered through a plug (Si02; CH2C12), and the solvents were removed in vacuo.

The residue was dissolved in dry DMF(130 mL), and NH2OHHCl (441 mg, 6.35 mmol),

«BuNH2 (1.39 g, 1.90 mL, 19.1 mmol), and l-bromo-2-(triisopropylsilyl)ethyne (49) (1.66 g,

6.35 mmol) were added. The mixture was thoroughly degassed (3 freeze-pump-thaw cycles).

CuCl (629 mg, 6.35 mmol) was added and the mixture stirred for 26 h at 20 °C. The mixture

was poured into H20 (1 L), sat. aq. NaCl (200 mL) was added, and the mixture extracted with

EtOAc (5 x 200 mL). The combined organic layers were washed with sat. aq. NaCl (2 x 250

mL), dried (MgS04), and concentrated in vacuo to leave a deep-red solid. CC (Si02;

hexanes/EtOAc 10:1) afforded 50 (305 mg, 57%).
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Deep-red solid.

Rf = 0.25 (Si02; hexanes/EtOAc 20:1).

M.p. 78-81 °C.

UV/Vis (CH2C12): 307 (39000), 326 (sh, 32300), 364 (sh, 14500), 388 (14500), 462 (21300),

536 (27300).

IR (neat): 2940w, 2864w, 2161s, 2088w, 1600s, 1516s, \463m, 1418w, 1368w, \329m,

1293s, 1187w, 1153s, 1117s, 1016jw, 996m, 882w, 818s.

!H NMR(300 MHz, CDC13): 1.10 (s, 42 H); 1.28 (d, J= 6.9 Hz, 24 H); 3.89 (sept, J = 6.9

Hz, 4 H); 6.74 (d, J= 9.0 Hz, 4 H); 7.34 (d, J= 9.0 Hz, 4 H).

13C NMR(75 MHz, CDC13): 11.49; 18.75; 21.27; 47.60; 73.31; 82.69; 86.64; 89.88; 93.12;

104.01; 109.10; 115.52; 116.97; 132.92; 149.09.

HR-ESI-MS: 835.5765 ([MH]+, C56H79N2Si2+, cale. 835.5782).

Anal. cale, for C56H78N2Si2 (835.42): C 80.51, H 9.41, N 3.35; found: C 80.26, H 9.29, N

3.28.

4,4,,4M,4,M-(Cyclododeca-l,7-diene-3,5,9,ll-tetrayne-l,2,7,8-tetrayltetraethyne-2,l-diyl)-

tetrakis(AyV-diisopropylaniline) (51)

4,4',4",4'",4"",4 -(Cyclooctadeca-l,7,13-triene-3,5,9,ll,15,17-hexayne-l,2,7,8,13,14-

hexaylhexaethyne-2,l-diyl)hexakis-(AyV-diisopropylaniline) (52)

(/-Pr)2N N(;-Pr)2

To a cooled solution (0 °C) of 45 (90 mg, 0.114 mmol) in moist THF (10 mL), «Bu4NF (1 M

in THF, 0.35 mL) was added. After stirring for 15 min, CH2CI2 (50 mL) was added and the

mixture filtered through a plug (Si02; CH2C12). Solvents were evaporated in vacuo, and the

residue was dissolved in acetone (150 mL). Hay catalyst (3 mL) was added and the mixture

stirred exposed to air for 2 h at 20 °C. The deep-purple solution was filtered through a plug
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(Si02; acetone) and evaporated in vacuo. The residue was subjected to CC (Si02;

CH2Cl2/EtOAc 99:1 -> 98:2) to afford 51 (14.1 mg, 26%) and 52 (24.8 mg, 46%).

[12]Annulene 51

Deep-purple metallic solid.

Rf = 0.79 (Si02; CH2Cl2/EtOAc 99:1).

UV/Vis (CH2C12): 336 (55100), 440 (22700), 550 (34400), 600 (23000).

IR (neat): 2965w, 2926w, 2863w, 2\52m, 2128s, 1595s, \5\5s, \406m, 1368w, \329m,

12925, 1186w, 11525, 1112s, 1019w, 936w, 816*.

'HNMR(300 MHz, CDC13): 1.27 (d, J= 6.8 Hz, 48 H); 3.87 (sept, J= 6.8 Hz, 8 H); 6.70 (d,

J= 9.0 Hz, 8 H); 7.22 (d, J= 9.0 Hz, 8 H).

13C NMR(125 MHz, CDC13): 21.07; 47.45; 84.90; 87.94; 94.72; 104.71; 108.82; 115.74;

121.50; 132.68; 148.94.

HR-MALDI-MS (DCTB): 944.5764 ([M]+, C68H72N4+, calc. 944.5757).

[18]Annulene 52

Deep-purple metallic solid.

Rf = 0.68 (Si02; CH2Cl2/EtOAc 98:2).

M.p. 218°C(decomp.).

UV/Vis (CH2C12): 304 (90400), 375 (46700), 553 (136100), 573 (sh, 131000).

IR(neat): 2968w, 2931w, 2160s, 1596s, 1515s, 1407w, 1367w, 1328w, 1292s, 1185w, 1151s,

1136s, 1115s, 1066s, 1017w, 815s.

'HNMR(300 MHz, CDCI3): 1.32 (d,J= 6.9 Hz, 72 H); 3.93 (m, 12 H); 6.81 (d,J= 9.0 Hz,

12 H); 7.47 (d, J= 9.0 Hz, 12 H).

13C NMR(75 MHz, CDC13): 21.31; 47.65; 83.75; 85.83; 87.16; 105.20; 109.35; 115.59;

116.38; 133.07; 149.16.

HR-MALDI-MS (DCTB): 1417.8653 ([M]+, Cio2Hi08N6+, calc. 1417.8669).

Anal. calc. for Cio2Hio8N6 (1418.02): C 86.40, H 7.68, N 5.93; found: C 86.39, H 7.75, N

5.97.
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[Cu2(//-Cl)] Complex of bis{//-[(3Z)-3,4-bis{[4-(diisopropylamino)phenyl]ethynyl}hex-3-

ene-l,5-diyne-l,6-diyl-ÄC1:ÄC6]}{bis[propane-l,3-diylbis(diphenylphosphine-ÄP)]}di-

platinum(II) (54)

To a cooled solution (0 °C) of 45 (150 mg, 0 191 mmol) in moist THF (15 mL), «Bu4NF (1 M

in THF, 0 60 mL) was added After stirring for 15 min, CH2C12 (50 mL) was added and the

mixture was filtered through a plug (Si02, CH2CI2) Solvents were removed in vacuo, and

the residue was dissolved in diisopropylamine (200 mL) The mixture was deoxygenated

thoroughly by Ar bubbling through for 30 min Cis-[\,3-

bis(diphenylphosphino)propane]dichloroplatinum(II) (53) (129 mg, 0 191 mmol) and Cul (18

mg, 0 095 mmol) were added, and the reaction mixture was stirred for 24 h at 50 °C The

reaction mixture was kept overnight at -20 °C, the formed brown precipitate was filtered off

and dried in vacuo The resulting brown powder was suspended in CH2C12 (100 mL),

undissolved impurities were removed by filtration, and the filtrate was concentrated in vacuo

The crude product was purified by multiple crystallizations from CHCI3 solution by diffusion

of EtOAc vapors at 20 °C to yield 54 (13 mg, 14%)

Orange needles

Mp > 220 °C (decomp )

UV/Vis (CH2C12) 300 (sh, 56300), 312 (59500), 421 (46000), 466 (34700)

IR (neat) 2967w, 2930w, 2863w, 2323w, 2168w, 1980>v, 1599s, 1515s, 1434s, 1367w,

1328w, 1292s, 1186OT, 1152s, 1102s, 1018w, 970w, 818w

lîî NMR(500 MHz, CD2C12) 1 28 (d, J= 6 8 Hz, 48 H), 2 12 (br s, 4 H), 2 58 (m, 4 H), 2 66

(m, 4 H), 3 88 (sept, J = 6 8 Hz, 8 H), 6 73 (d, J = 9 0 Hz, 8 H), 7 07 (d, J = 9 0 Hz, 8 H),

7 33-7 51 (m, 24 H), 7 70-7 79 (m, 16 H)

13C NMR(125 MHz, CD2C12) 2124, 25 22 (m), 47 87, 84 98, 10163, 109 48, 115 78,

117 84, 128 85 (m), 129 29 (m), 130 45 (m), 131 67, 131 73, 132 60, 133 69, 134 07, 149 12

31P NMR(202 5 MHz, CD2C12) -10 72 (V(195Pt,31P) = 2339 Hz)

195Pt NMR(53 8 MHz, CD2C12) -4695 (\/(195Pt,31P) = 2322 Hz)



134 Experimental Part

HR-MALDI-MS (3-HPA): 2322.6327 (25, [M], Ci22Hi24N4P4ClCu2Pt2+, calc. 2322.6362),

2223.7368 (100, [M- CuCl]+, Ci22Hi24N4P4CuPt2+, calc. 2223.7389), 2159.8379 (2, [MH-

Cu2Cl]+, Ci22Hi25N4P4Pt2+, calc. 2159.8162).

Anal. calc. for CmHmN^ClCu^trl.S CHC13 (2501.98): C 59.29, H 5.06, N2.24, CI 7.79,

Cu 5.08, Pt 15.59; found: C 59.28, H 4.81, N 2.35, CI 4.69, Cu 5.62, Pt 10.00.

AyV-Dihexyl-4-[(triisopropylsilyl)buta-l,3-diyn-l-yl]aniline (56)

(C6H13)2N^^> — —

Si(>-Pr)3

To 4-ethynyl-jV,jV-dihexylaniline (57) (3.53 g, 12.4 mmol) and (triisopropylsilyl)acetylene

(11.3 g, 61.8 mmol), Hay catalyst (750 mL) was added. The mixture was stirred for 7 h at

20 °C, filtered through a plug (Si02; acetone), and the solvent removed in vacuo. The residue

was subjected to CC(Si02; hexanes/CH2Cl2 20:1) to yield 56 (3.70 g, 64%).

Yellow oil.

Rf = 0.30 (Si02; hexanes/CH2Cl2 20:1).

UV/Vis (CH2C12): 330 (sh, 35000), 349 (51600).

IR (neat): 2928w, 2863w, 2\92m, 2097w, 1603s, \5\9m, \464w, \404w, 1368>v, 1295>v,

\254w, US9m, 996w, 883w, 812w.

1HNMR(300MHz, CDCI3): 0.90 (t, J= 6.5 Hz, 6 H); 1.11 (s, 21 H); 1.32 (s, 12 H); 1.57 (m,

4 H); 3.26 (t, J= 7.6 Hz, 4 H); 6.51 (d, J= 9.0 Hz, 2 H); 7.34 (d, J= 9.0 Hz, 2 H).

13C NMR(75 MHz, CDC13): 11.58; 14.22; 18.81; 22.87; 26.96; 27.33; 31.88; 51.11; 72.97;

77.88; 86.26; 90.75; 106.38; 111.21; 134.39; 148.69.

HR-EI-MS (70 eV): 465.3784 ([M]+, C3iH5iNSi+, calc. 465.3791).

Anal. calc. for C3iH5iNSi (465.83): C 79.93, H 11.04, N 3.01; found: C 80.08, H 11.15, N

3.10.
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4,4',4"-(Benzene-l,3,5-triyltributa-l,3-diyne-4,l-diyl)tris(Ar^V-dihexylaniline) (61)

N(C6H13)2

(C6H13)2N ^ ^ N(C6H13)2

General procedure GPla, starting from 56 (690 mg, 1.48 mmol), 1,3,5-triiodobenzene (58)

(150 mg, 0.33 mmol), Cul (19 mg, 0.099 mmol), and [PdCl2(PPh3)2] (46 mg, 0.066 mmol) in

diisopropylamine (50 mL) stirred for 22 h at 60 °C and purified by CC (Si02;

hexanes/CH2Cl2 4:1 -> 2:1) to give 61 (272 mg, 83%).

Yellow greasy solid.

Rf = 0.63 (Si02; hexanes/CH2Cl2 4:1).

UV/Vis (CH2C12): 260 (48800), 272 (53300), 289 (57300), 309 (sh, 65000), 344 (102000),

370 (sh, 99000), 398 (130000).

IR (neat): 2952w, 2924w, 2855w, 2204s, 2138w, 1598s, 1573w, 1517s, \465m, 1413w,

1401w, 1365w, 1293w, 1254w, 1227w, 1195s, 1163w, 1107w, 1057w, 979w, 875w, 847w,

810s.

lîî NMR(300 MHz, CDC13): 0.92 (t, J = 6.5 Hz, 18 H); 1.33 (s, 36 H); 1.59 (jw, 12 H); 3.28

(t, J= 7.6 Hz, 12 H); 6.54 (d, J= 9.0 Hz, 6 H); 7.38 (J, J= 9.0 Hz, 6 H); 7.52 (s, 3 H).

13C NMR(75 MHz, CDC13): 14.21; 22.84; 26.91; 27.28; 31.83; 51.04; 71.77; 76.44; 78.72;

84.88; 106.07; 111.06; 123.47; 134.09; 135.25; 148.57.

HR-MALDI-MS (3-HPA): 1000.7458 ([MH]+, C72H94N3+, calc. 1000.7448).
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4,4,,4M,4,M-(Benzene-l,2,4,5-tetrayltetrabuta-l,3-diyne-4,l-diyl)tetrakis(iV^V-

dihexylaniline) (62)

T

(C6H13)2N
"-" v

N(C6H13)2

General procedure GPla, starting from 56 (720 mg, 1.55 mmol), 1,2,4,5-tetraiodobenzene

(59) (150 mg, 0.26 mmol), Cul (15 mg, 0.077 mmol), and [PdCl2(PPh3)2] (36 mg, 0.051

mmol) in diisopropylamine (50 mL) stirred for 24 h at 60 °C and purified by CC (Si02;

hexanes/CH2Cl2 5:1 -> 2:1) to give 62 (82 mg, 24%).

Orange greasy solid.

Rf = 0.50 (Si02; hexanes/CH2Cl2 2:1).

UV/Vis (CH2C12): 295 (sh, 62000), 333 (sh, 134800), 350 (161400), 397 (94000), 464

(114300).

IR(neat): 2924w, 2854w, 2192s, 2138>v, 1596s, 1519s, 1483s, \465m, \402m, 1363s, \293m,

\254m, \221w, \\99m, 111 As, 1107w, 1020>v, 994w, 896w, 810s.

lîî NMR(300 MHz, CDC13): 0.92 (t, J= 6.4 Hz, 24 H); 1.33 (s, 48 H); 1.59 (m, 16 H); 3.28

(t, J= 7.6 Hz, 16 H); 6.54 (d, J= 9.0 Hz, 8 H); 7.40 (d, J= 9.0 Hz, 8 H); 7.58 (s, 2 H).

13C NMR(75 MHz, CDC13): 14.25; 22.89; 26.98; 27.36; 31.89; 51.16; 72.59; 78.31; 81.66;

87.12; 106.50; 111.28; 125.40; 134.41; 137.23; 148.88.

HR-MALDI-MS (3-HPA): 1307.9766 ([MH]+, C94H123N/, cale. 1307.9748).
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4,4',4",4'",4"",4 -(Benzene-l,2,3,4,5,6-hexaylhexabuta-l,3-diyne-4,l-diyl)hexakis-

(AyV-dihexylaniline) (63)

4,4,,4M,4,M,4MM-(Benzene-l,2,3,4,5-pentaylpentabuta-l,3-diyne-4,l-diyl)pentakis(iV^V-

dihexylaniline) (64) [215]

N(C6H13)2 N(C6H13)2

(C6H13)2N

(C6H13)2N

N(C6H13)2 (C6H13)2N

N(C6H13)2 (C6H13)2N

N(C6H13)2

N(C6H13)2

To a solution of 56 (558 mg, 1.20 mmol) in THF (20 mL), «Bu4NF (1.0 Min THF, 3.6 mL)

was added. The mixture was stirred for 20 min at 0 °C, diluted with CH2CI2, and filtered

through a plug (SiÛ2; CH2CI2), and the solvents were removed in vacuo. The residue was

dissolved in triethylamine (2 mL) and the solution deoxygenated thoroughly by bubbling Ar

through for 30 min. In a separate flask were placed hexaiodobenzene (60) (100 mg, 0.12

mmol), {Pd[P(o-Tol)3]2} (13 mg, 0.02 mmol), Cul (11 mg, 0.06 mmol), anhydrous NMP(6

mL), and the mixture was deoxygenated thoroughly by bubbling Ar through for 30 min. To

this mixture, the deprotected butadiyne in triethylamine was added and the reaction was

stirred under Ar for 16 h at 60 °C. The mixture was diluted with CH2CI2, and washed with

H20 (10 x 30 mL) and sat. aq. NaCl solution (30 mL). The organic phase was dried

(MgS04), filtered, and concentrated in vacuo. Multiple CC (Si02; 3 x hexanes/CH2Cl2

4:1 -> 2:1) afforded 63 (14.4 mg, 6%) and 64 (23.7 mg, 12%).

63

Deep-red greasy solid.

Rf = 0.45 (Si02; hexanes/CH2Cl2 2:1).

UV/Vis (CH2C12): 284 (sh, 101300), 339 (288300), 354 (301700), 471 (243500), 495 (sh,

234900).
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R (neat): 2950w, 2923w, 2854w, 2184s, 1598s, 1519s, 1465w, 1422w, 1401w, 1365w,

1294w, 1254w, 1227w, 1189s, 1106w, 1072w, 810s.

lîî NMR(500 MHz, CDC13): 0.88 (t, J= 6.7 Hz, 36 H); 1.30 (s, 72 H); 1.51 (m, 24 H); 3.24

(t, J= 7.7 Hz, 24 H); 6.50 (d, J= 9.0 Hz, 12 H); 7.40 (d, J= 9.0 Hz, 12 H).

13C NMR(125 MHz, CDC13): 14.00; 22.68; 26.85; 27.19; 31.68; 50.97; 73.09; 77.33; 85.45;

88.23; 106.84; 111.09; 128.50; 134.34; 148.64.

HR-MALDI-MS (3-HPA): 1922.4250 ([M]+, Ci38Hi8oN6+, calc. 1922.4264).

64

Deep-orange greasy solid.

Rf = 0.48 (Si02; hexanes/CH2Cl2 2:1).

UV/Vis (CH2C12): 332 (198000), 351 (209800), 449 (166300).

IR (neat): 2924w, 2854w, 2185s, 2\36m, 1596s, \5\9m, \444m, UISm, \40\m, \364m,

\293m, \254m, \221m, 121 lw, 1184s, 1097w, 1055w, 999w, 98lw, 886w, 810s.

lîî NMR(500 MHz, CDC13): 0.90 (t, J= 6.2 Hz, 30 H); 1.31 (s, 60 H); 1.58 (m, 20 H); 3.27

(t, J= 7.5 Hz, 20 H); 6.53 (d, J= 9.0 Hz, 10 H); 7.41 (m, 10 H); 7.50 (s, 1 H).

13C NMR(125 MHz, CDC13): 14.00; 22.66; 26.77; 27.17; 31.67; 50.96; 72.47; 72.87; 72.99;

77.43; 77.98; 81.49; 84.21; 85.50; 86.95; 87.43; 88.22; 106.46; 106.78; 111.09; 111.11;

125.61; 128.22; 129.78; 134.24; 134.30; 135.89; 148.62; 148.65; 148.70.

HR-MALDI-MS (3-HPA): 1614.1929 ([MH]+, Cii6Hi5iN5+, calc. 1614.1964).

4,4',4M-[Nitrilotris(4,l-phenylenebuta-l,3-diyne-4,l-diyl)]tris(Arr/V-dihexylaniline) (66)

(C6H13)2N

N(C6H13)2

N(C6H13)2

General procedure GPla, starting from 56 (336 mg, 0.72 mmol), tris(4-iodophenyl)amine

(69) (100 mg, 0.16 mmol), Cul (9.0 mg, 0.048 mmol), and [PdCl2(PPh3)2] (22 mg, 0.032
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mmol) in diisopropylamine (25 mL) stirred for 16 h at 20 °C and purified by CC (Si02;

hexanes/CH2Cl2 4:1) to give 66 (194 mg, 100%).

Orange greasy solid.

Rf = 0.33 (Si02; hexanes/CH2Cl2 4:1).

UV/Vis (CH2C12): 287 (40600), 343 (90600), 387 (sh, 166000), 410 (200000).

IR (neat): 2924w, 2853w, 2201w, 2127w, 1567s, 1520w, 1499s, 1464w, 1402w, 1365w,

1315s, 1286s, 1172s, 1105w, 983w, 887w, 829w, 809s.

lîî NMR(500 MHz, CDC13): 0.89 (t, J = 6.8 Hz, 18 H); 1.30 (s, 36 H); 1.55 (w, 12 H); 3.25

(f, 7= 7.7 Hz, 12 H); 6.50 (d, 7= 9.1 Hz, 6 H); 6.99 (d, J= 8.8 Hz, 6 H); 7.33 (d, J= 9.1 Hz,

6 H); 7.37 (d, J= 8.8 Hz, 6 H).

13C NMR(125 MHz, CDC13): 14.01; 22.65; 26.77; 27.16; 31.67; 50.95; 72.01; 74.85; 80.61;

83.89; 106.69; 111.12; 117.25; 124.02; 133.54; 133.97; 146.72; 148.50.

HR-MALDI-MS (DCTB): 1166.8096 ([M]+, C84Hio2N4+, calc. 1166.8104).

Anal. calc. for C84Hio2N4 (1167.76): C 86.40, H 8.80, N 4.80; found: C 86.12, H 8.56, N

4.82.

4,4',4"-[Benzene-l,3,5-triyltris(l,4-phenylenebuta-l,3-diyne-4,l-diyl)]tris(Arr/V-

dihexylaniline) (67)

(C6H13)2N

N(C6H13)2

N(C6H13)2

General procedure GPla, starting from 56 (306 mg, 0.658 mmol), l,3,5-tris(4-

iodophenyl)benzene (70) (100 mg, 0.146 mmol), Cul (8.0 mg, 0.044 mmol), and

[PdCl2(PPh3)2] (20 mg, 0.029 mmol) in diisopropylamine (25 mL) stirred for 14 h at 20 °C

and purified by CC(Si02; hexanes/CH2Cl2 3:1) to give 67 (132 mg, 74%).
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Orange solid.

Rf = 0.35 (Si02; hexanes/CH2Cl2 3:1).

M.p. 64-66 °C.

UV/Vis (CH2C12): 281 (sh, 72000), 300 (106200), 317 (139000), 342 (165300), 370 (sh,

155000), 392(176400).

IR (neat): 2925w, 2854w, 2200w, 2140w, 1598s, 1520s, 1505s, 1463w, 1401w, 1363w,

\293m, \253m, 1177s, 1106w, 1008w, 984w, 886w, 809s.

lîî NMR(300 MHz, CDC13): 0.92 (t, J = 6.3 Hz, 18 H); 1.32 (s, 36 H); 1.56 (jw, 12 H); 3.28

(t,J= 7.6 Hz, 12 H); 6.54 (d, J = 9.0 Hz, 6 H); 7.38 (J, J= 8.7 Hz, 6 H); 7.60-7.68 (m, 12

H); 7.77 (s, 3 H).

13C NMR(75 MHz, CDC13): 14.24; 22.87; 26.96; 27.33; 31.88; 51.15; 72.10; 76.09; 80.70;

84.57; 106.65; 111.29; 122.08; 125.36; 127.41; 133.02; 134.23; 141.03; 141.84; 148.74.

HR-MALDI-MS (3-HPA): 1228.8405 ([MH]+, C9oHio6N3+, calc. 1228.8387).

Anal. calc. for C90H105N3 (1228.84): C 87.97, H 8.61, N 3.42; found: C 87.69, H 8.40, N

3.43.

4,4',4",4m,4"",4 -[Benzene-l,2,3,4,5,6-hexaylhexakis(l,4-phenylenebuta-l,3-diyne-

4,l-diyl)]hexakis(AyV-dihexylaniline)(68)

(C6H13)2N

(C6H13)2N

N(C6H13)2

N(C6H13)2

N(C6H13)2

N(C6H13)2

General procedure GPla, starting from 56 (162 mg, 0.349 mmol), hexakis(4-

iodophenyl)benzene (71) (50 mg, 0.039 mmol), Cul (2.0 mg, 0.012 mmol), and
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[PdCl2(PPh3)2] (5.5 mg, 0.008 mmol) in diisopropylamine (20 mL) stirred for 14 h at 50 °C

and purified by CC(Si02; hexanes/CH2Cl2 4:1) to give 68 (50 mg, 54%).

Orange solid.

Rf = 0.68 (Si02; hexanes/CH2Cl2 1:1).

M.p. 207-209 °C (decomp.).

UV/Vis (CH2C12): 274 (117000), 292 (133200), 315 (sh, 170000), 342 (248000), 361

(232400), 386(240000).

IR (neat): 2924w, 2854w, 2357w, 2324w, 2201w, 2138>v, 1599s, 1519*, 1509s, 1463w,

1401w, U66m, \293m, \254m, \226w, 1176s, \U9m, \\05m, 1007w, 983w, 861w, 837w,

809s.

lîî NMR(300 MHz, CDC13): 0.90 (t, J= 6.4 Hz, 36 H); 1.31 (s, 72 H); 1.56 (m, 24 H); 3.26

(t, J= 7.6 Hz, 24 H); 6.51 (d, J= 9.0 Hz, 12 H); 6.71 (d, J= 8.2 Hz, 12 H); 7.05 (d,J= 8.2

Hz, 12 H); 7.33 (d, J= 9.0 Hz, 12 H).

13C NMR(75 MHz, CDC13): 14.23; 22.86; 26.95; 27.32; 31.87; 51.13; 72.18; 75.32; 80.90;

83.83; 106.99; 111.24; 120.13; 131.32; 133.09; 134.18; 136.48; 140.31; 148.57.

HR-MALDI-MS (DCTB): 2377.6111 ([M]+, Ci74H2o4N6+, cale. 2377.6142).

4,4'-({5-[4-(Trimethylsilyl)buta-l,3-diyn-l-yl]-l,3-phenylene}dibuta-l,3-diyne-4,l-

diyl)bis(AyV-dihexylaniline) (72)

(CeH13)2N' ^~" ^
N(C6H13)2

General procedure GPlb, starting from l,4-bis(trimethylsilyl)buta-l,3-diyne (338 mg, 1.74

mmol), iododerivative 76 (285 mg, 0.35 mmol), Cul (2 mg, 0.01 mmol), and [PdCl2(PPh3)2]

(12 mg, 0.02 mmol) in diisopropylamine (30 mL) stirred for 18 h at 20 °C and purified by CC

(Si02; hexanes/CH2Cl2 1:4) to give 72 (234 mg, 83%).

Brown viscous oil.

Rf = 0.38 (Si02; hexanes/CH2Cl2 2:1).
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UV/Vis (CH2C12): 257 (53800), 270 (69400), 286 (85200), 303 (82900), 344 (95000), 372

(sh, 84000), 397 (103800).

IR (neat): 2951w, 2925w, 2855w, 2203s, 2137w, 2100>v, 1598s, 1574w, 1517s, 1464w,

1401w, 1363w, 1293w, 1249w, 1195w, 1181w, 1164w, 1107>v, 1074>v, 842s, 810s.

'HNMR(300 MHz, CDCI3): 0.25 (s, 9 H); 0.91 (t, J= 6.4 Hz, 12 H); 1.32 (s, 24 H); 1.58 (m,

8 H); 3.28 (t, J= 7.6 Hz, 8 H); 6.53 (d, J= 9.0 Hz, 4 H); 7.37 (d, J= 9.0 Hz, 4 H); 7.50 (d, J

= 1.5 Hz, 2H);7.54(r,J= 1.5 Hz, 1 H).

13C NMR(75 MHz, CDC13): -0.26; 14.24; 22.88; 26.96; 27.33; 31.88; 51.15; 71.84; 74.74;

75.55; 76.84; 78.61; 85.26; 87.62; 91.96; 106.19; 111.29; 122.58; 123.88; 134.36; 135.81;

136.20; 148.90.

HR-MALDI-MS (3-HPA): 813.5533 ([MH]+, CstH^S^, calc. 813.5538).

Anal. calc. for Csy^NîSi (813.29): C 84.18, H 8.92, N 3.44; found: C 83.91, H 8.81, N

3.36.

l-(3,5-Diiodophenyl)-3,3-diethyltriaz-l-ene (74)

N3Et2

A,
3,5-Diiodoaniline (73) (5.0 g, 14.5 mmol) was dissolved in a mixture of Et20/THF/MeCN

(7:6:1, 100 mL), then cone. HCl (11 mL) was added and the solution cooled to -5 °C. A

solution of NaNC-2 (3.4 g, 49.3 mmol) in MeCN/H20 (2:3, 25 mL) was added slowly and the

mixture stirred for 1.5 h at -5 °C. The mixture was poured into a cold solution of K2CO3

(10.0 g, 72.5 mmol) and diethylamine (5.3 g, 7.5 mL, 72.5 mmol) in MeCN/H20 (2:1, 150

mL). After stirring for 3 h at 20 °C, the mixture was extracted with CH2CI2 (3 x 100 mL),

dried (MgS04), filtered, and concentrated in vacuo. The crude product was purified by CC

(Si02; hexanes/CH2Cl2 1:1 -> 1:2) to yield triazene 74 (3.4 g, 55%) as a mixture of EIZ

isomers.

Brown oil.

Rf = 0.83 (Si02; hexanes/CH2Cl2 1:2).

IR (neat): 2972w, 293lw, 1563w, 1535w, 1463w, 1445w, 1419w, 1388s, 1348s, 1335s,

1318s, 1281w, 1182w, 1114s, 1076s, 989w, 954w, 901m, %14m, 842s, 818>v.
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lH NMR(300 MHz, CDC13): 1.26 (br s, 6 H); 3.74 (m, 4 H); 7.72 (d, 7= 1.5 Hz, 2 H); 7.75

(t, J= 1.5 Hz, 1H).

13C NMR(75 MHz, CDC13): 11.47 (br s); 14.77 (br s); 41.57 (br s); 49.49 (br s); 95.04;

129.14; 140.94; 153.47.

HR-EI-MS (70 eV): 428.9193 (22, [M]+, CioHi3l2N3+, cale. 428.9199).

Anal. cale, for C10H13I2N3 (429.04): C 27.99, H 3.05, N 9.79; found: C 28.04, H 3.03, N 9.74.

4,4'-({5-[3,3-Diethyltriaz-l-en-l-yl]-l,3-phenylene}dibuta-l,3-diyne-4,l-diyl)bis(iV^V-

dihexylaniline) (75)

(C6H13)2N
v v

N(C6H13)2

General procedure GPla, starting from 56 (4.00 g, 8.59 mmol), triazene 74 (1.50 g, 3.43

mmol), Cul (196 mg, 1.03 mmol), and [PdCl2(PPh3)2] (480 mg, 0.69 mmol) in

diisopropylamine (100 mL) stirred for 14 h at 20 °C and purified by CC (Si02;

hexanes/CH2Cl2 3:1 -> 2:1) to give 75 (2.59 g, 95%).

Yellow solid.

M.p. 102-104 °C.

Rf = 0.44 (Si02; hexanes/CH2Cl2 2:1).

UV/Vis (CH2C12): 273 (42400), 289 (53900), 307 (sh, 62200), 343 (103000), 357 (sh,

95000), 387(101500).

IR(neat): 2925w, 2855w, 2205w, 2138w, 1598s, 1519*, 1464w, 1447w, 1399s, 1366s, 1349s,

1294w, \253m, 1230w, 1188s, 1160w, 1107w, 1077w, 990w, 865w, 810s.

!H NMR(300 MHz, CDC13): 0.91 (t, J= 6.4 Hz, 12 H); 1.32 (br s, 30 H); 1.57 (m, 8 H); 3.27

(t,J= 7.6 Hz, 8 H); 3.76 (q, 7= 7.1 Hz, 4 H); 6.53 (d,J= 9.0 Hz, 4 H); 7.36 (t,J= 1.4 Hz, 1

H); 7.37 (d, J= 9.0 Hz, 4 H); 7.53 (d, 7= 1.4 Hz, 2 H).

13C NMR(75 MHz, CDC13): 14.24; 22.88; 26.97; 27.34; 31.88; 51.14; 72.11; 75.11; 80.38;

84.10; 106.66; 111.27; 123.29; 124.86; 132.12; 134.24; 148.73; 151.45 (18 out of 20 signals

expected).

HR-MALDI-MS (DCTB): 791.5872 ([M]+, Cs^Ns*, calc. 791.5866).



144 Experimental Part

4,4'-[(5-Iodo-l,3-phenylene)dibuta-l,3-diyne-4,l-diyl]bis(Arr/V-dihexylaniline) (76)

To a solution of triazene 75 (500 mg, 0.63 mmol) in MeCN(30 mL) and CC14 (10 mL), Nal

(331 mg, 2.21 mmol) and Me3SiCl (205 mg, 250 uL, 1.89 mmol) were added. The mixture

was stirred under N2 at 60 °C for 20 min. Sat. aq. NaHCCh(20 mL) was added and the

mixture extracted with CH2CI2 (3 x 30 mL). The combined organic layers were dried

(MgSC^), filtered and the solvents removed in vacuo. The crude product was purified by CC

(Si02; hexanes/CH2Cl2 4:1) to afford 76 (257 mg, 50%).

Yellow viscous oil.

Rf = 0.38 (Si02; hexanes/CH2Cl2 4:1).

UV/Vis (CH2CI2): 271 (33400), 289 (33600), 310 (sh, 38000), 347 (66900), 371 (sh, 58000),

397 (71200).

IR (neat): 2950w, 2924w, 2854w, 2203s, 2138>v, 1599s, \516m, 1517s, 1464w, 1420w,

1401JW, 1367w, 1294w, 1254>v, \\96m, \\%6m, \\64m, 1107w, 81 \m.

'HNMR(300 MHz, CDCI3): 0.91 (t, J= 6.2 Hz, 12 H); 1.32 (s, 24 H); 1.58 (m, 8 H); 3.28 (t,

J= 7.6 Hz, 8 H); 6.54 (d,J= 9.0 Hz, 4 H); 7.37 (d, J= 9.0 Hz, 4 H); 7.53 (s, 1 H); 7.77 (s, 2

H).

13C NMR(75 MHz, CDC13): 14.26; 22.89; 26.98; 27.34; 31.90; 51.15; 71.83; 78.13; 85.51;

93.27; 106.18; 111.29; 124.88; 134.36; 134.82; 140.70; 148.91 (17 out of 18 signals

expected).

HR-MALDI-MS (3-HPA): 819.4098 ([MH]+, C5oH64IN2+, calc. 819.4109).

Anal. calc. for C5oH63IN2 (818.97): C 73.33, H 7.75, N 3.42; found: C 73.28, H 7.79, N 3.32.
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4,4',4",4'",4"",4 -[Benzene-l,3,5-triyltris(buta-l,3-diyne-4,l-diylbenzene-5,l,3-

triyldibuta-l,3-diyne-4,l-diyl)]hexakis(Ar^V-dihexylaniline) (77)

(C6H13)2N

(C6H13)2N

N(C6H13)2

N(C6H13)2

N(C6H13);

N(C6H13)2

General procedure GPla, starting from 72 (41.8 mg, 0.051 mmol), 1,3,5-triiodobenzene (58)

(5.2 mg, 0.011 mmol), Cul (0.6 mg, 0.003 mmol), and [PdCl2(PPh3)2] (1.5 mg, 0.002 mmol)

in diisopropylamine (5 mL) stirred for 22 h at 60 °C and purified by CC (SiÛ2;

hexanes/CH2Cl2 1:2) to give 77 (11.7 mg, 46%).

Deep-yellow greasy solid.

Rf = 0.55 (Si02; hexanes/CH2Cl2 2:1).

UV/Vis (CH2C12): 275 (sh, 128300), 291 (sh, 142000), 307 (sh, 159000), 321 (185900), 344

(226900), 375 (sh, 166400), 397 (180000).

IR (neat): 2923w, 2853w, 2203w, 2138w, 1598s, 1574w, 1516s, 1463w, 1402w, 1362w,

1293w, 1253w, 1187w, 1164w, 874w, 848w, 809s.

lîî NMR(300 MHz, CDC13): 0.91 (t, J= 6.4 Hz, 36 H); 1.31 (s, 72 H); 1.56 (m, 24 H); 3.27

(t, J= 7.6 Hz, 24 H); 6.53 (d, J= 9.0 Hz, 12 H); 7.37 (d, J= 9.0 Hz, 12 H); 7.56 (s, 9 H); 7.64

(s, 3 H).

13C NMR(125 MHz, CDC13): 14.01; 22.66; 26.76; 27.15; 31.67; 50.95; 71.68; 74.71; 75.48;

78.43; 79.60; 80.53; 85.05; 106.02; 111.12; 122.38; 122.93; 123.76; 123.93; 134.16; 135.57;

136.13; 136.53; 148.75.

HR-MALDI-TOF-MS (DCTB): 2293.2753 ([M]+, Ci68Hi92N6+, calc. 2293.5209).
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4,4',4",4'",4"",4 ,4 ,4 -[Benzene-l,2,4,5-tetrayltetrakis(buta-l,3-diyne-4,l-

diylbenzene-5,l93-triyldibuta-l,3-diyne-4,l-diyl)]octakis(Ar^V-dihexylaniline) (78)

N(C6H13)2 (C6H13)2N

General procedure GPla, starting from 72 (50 mg, 0.061 mmol), 1,2,4,5-tetraiodobenzene

(59) (6.0 mg, 0.010 mmol), Cul (0.6 mg, 0.003 mmol), and [PdCl2(PPh3)2] (1.5 mg, 0.002

mmol) in diisopropylamine (5 mL) stirred for 15 h at 60 °C and purified by multiple CC

(Si02; hexanes/CH2Cl2 3:1) to give 78 (7.7 mg, 25%).

Yellow greasy solid.

Rf = 0.13 (Si02; hexanes/CH2Cl2 3:1).

UV/Vis (CH2C12): 273 (159000), 290 (165700), 309 (sh, 187000), 345 (300000), 374 (sh,

268000), 397 (305400).

IR (neat): 2924w, 2853w, 2202w, 2138>v, 1598s, \515m, 1516s, 1463w, 1402w, U62m,

1293w, 1253w, \226w, \\%%m, \\64m, 873w, 848w, 809s.

lîî NMR(500 MHz, CDC13): 0.89 (t, J= 6.5 Hz, 48 H); 1.29 (s, 96 H); 1.53 (m, 32 H); 3.24

(t, J= 7.7 Hz, 32 H); 6.50 (d, J= 9.0 Hz, 16 H); 7.34 (d,J= 9.0 Hz, 16 H); 7.55 (t,J= 1.5

Hz, 4 H); 7.58 (d, J= 1.5 Hz, 8 H); 7.69 (s, 2 H).

13C NMR(75 MHz, CDC13): 14.01; 22.65; 26.77; 27.16; 31.67; 50.95; 71.74; 74.89; 78.46;

78.54; 80.72; 82.79; 85.00; 106.24; 111.13; 111.58; 122.37; 123.80; 125.52; 134.18; 135.63;

136.28; 137.80; 148.69.

HR-MALDI-TOF-MS (DCTB): 3032.049 ([M]+, C222H254N8+, calc. 3032.012).
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4,4',4",4'",4"",4 -[Nitrilotris(4,l-phenylenebuta-l,3-diyne-4,l-diylbenzene-5,l,3-

triyldibuta-l,3-diyne-4,l-diyl)]hexakis(Ar^V-dihexylaniline) (80)

(C6H13)2N

(C6H13)2N

N(C6H13)2

N(C6H13)2

N(C6H13)2

General procedure GPlc, starting from 82 (30 mg, 0.049 mmol), iododerivative 76 (162 mg,

0.198 mmol), Cul (3.0 mg, 0.015 mmol), and [PdCl2(PPh3)2] (7.0 mg, 0.010 mmol) in

diisopropylamine (15 mL) stirred for 15 h at 20 °C and purified by CC (SiÛ2;

hexanes/CH2Cl2 5:1 -> 2:1) to give 80 (56 mg, 46%).

Yellow greasy solid.

Rf = 0.50 (Si02; hexanes/CH2Cl2 5:1).

UV/Vis (CH2C12): 273 (146700), 289 (151100), 307 (152800), 322 (sh, 160000), 344

(208600), 401 (346000).

IR (neat): 2924w, 2854w, 2202s, 2137w, 1598s, 1575s, 1517s, 1505s, 1463w, 1402w, 1362s,

1317JW, 1288w, 1254w, 1191s, 1163s, 1105w, 1057w, 979w, 873w, 830w, 809s.

!H NMR(300 MHz, CDC13): 0.92 (t, J= 6.5 Hz, 36 H); 1.31 (s, 72 H); 1.55 (m, 24 H); 3.27

(t, J= 7.6 Hz, 24 H); 6.53 (d, J= 8.7 Hz, 12 H); 7.05 (d, J= 8.4 Hz, 6 H); 7.37 (d, J= 8.7 Hz,

12 H); 7.45 (d, J= 8.4 Hz, 6 H); 7.55 (s, 9 H).

13C NMR(75 MHz, CDC13): 14.25; 22.88; 26.98; 27.34; 31.89; 51.15; 71.90; 74.01; 75.67;

78.73; 79.85; 82.49; 85.22; 106.24; 111.29; 116.59; 123.08; 123.86; 124.30; 134.20; 134.36;

135.65; 147.35; 148.89 (24 out of 26 signals expected).

HR-MALDI-MS (DCTB): 2461.5896 ([MH]+, Ci8oH2o2N7+, calc. 2461.6022).
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4 4' 4" 4'" 4"" 4"" ' 4"" " 4"" »»» 4"" »»»» 4"" »»»» » 4"" »»»» »» 4"" »»»» '"-fRpn^pnp-

l,2,3,4,5,6-hexaylhexakis(l,4-phenylenebuta-l,3-diyne-4,l-diylbenzene-5,l93-triyldibuta-

l,3-diyne-4,l-diyl)]dodecakis(AyV-dihexylaniline) (81)

General procedure GPlc, starting from 83 (10 mg, 8.0 |imol), iododerivative 76 (59 mg, 72

|imol), Cul (4.0 mg, 22 |imol), and [PdCl2(PPh3)2] (10 mg, 14 |imol) in diisopropylamine (10

mL) stirred for 14 h at 60 °C and purified by CC (Si02; hexanes/CH2Cl2 5:1 -> 2:1) to give

81(4.3mg, 11%).

Yellow greasy solid.

Rf = 0.27 (Si02; hexanes/CH2Cl2 2:1).

UV/Vis (CH2C12): 262 (296100), 273 (322500), 289 (343700), 308 (405600), 328 (sh,

519000), 347 (588800), 395 (435300).

IR(neat): 2923w, 2852w, 2203s, 2138>v, 1598s, 1576s, 1517s, \465m, 1401w, 1363s, \293m,

\253m, \226w, 1191s, 1164s, 1106w, 1058>v, lOOôw, 874w, 835w.

lîî NMR(300 MHz, CDC13): 0.88 (t,J= 6.7 Hz, 72 H); 1.31 (br s, 144 H); 1.52 (m, 48 H);

3.25 (t,J= 7.7 Hz, 48 H); 6.51 (d, J= 9.0 Hz, 24 H); 6.76 (d, J= 8.0 Hz, 12 H); 7.11 (d, J =

8.0 Hz, 12 H); 7.35 (d, J= 9.0 Hz, 24 H); 7.53 (s, 18 H).
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liC NMR(125 MHz, CDC13): 14.01; 22.66; 26.77; 27.16; 31.67; 50.94; 71.74; 74.08; 75.27;

78.58; 79.56; 82.21; 84.86; 106.28; 111.14; 119.30; 122.89; 123.63; 131.16; 131.55; 134.15;

135.57; 136.38; 139.85; 140.67; 148.68 (26 out of 27 signals expected).

MALDI-TOF-MS (DCTB): 4965.34 ([M]+, C366H4o2Ni2+, calc. 4965.18).

4-[4-(Trimethylsilyl)buta-l,3-diyn-l-yl]-iV^V-bis{4-[4-(trimethylsilyl)buta-l,3-diyn-l-

yl] phenyl} aniline (82)

SiMe3

General procedure GPlb, starting from l,4-bis(trimethylsilyl)buta-l,3-diyne (468 mg, 2.40

mmol), tris(4-iodophenyl)amine (69) (100 mg, 0.16 mmol), Cul (9 mg, 0.048 mmol), and

[PdCl2(PPh3)2] (22 mg, 0.032 mmol) in diisopropylamine (30 mL) stirred for 13 h at 20 °C

and purified by CC(Si02; hexanes/CH2Cl2 5:1) to give 82 (98 mg, 100%).

Brown solid.

Rf = 0.54 (Si02; hexanes/CH2Cl2 5:1).

M.p. 100-105 °C (decomp.).

UV/Vis (CH2C12): 264 (22800), 279 (28800), 297 (25600), 381 (100700).

IR(neat): 2958w, 2197w, 2101w, 1591s, 1499s, 1409w, 1317s, 1288s, 1268w, 1246s, 1177w,

1105w, 1027w, 1009w, 826s.

lîî NMR(300 MHz, CDC13): 0.23 (s, 27 H); 6.98 (d, J= 8.7 Hz, 6 H); 7.37 (d, J= 8.7 Hz, 6

H).

13C NMR(75 MHz, CDC13): -0.18; 74.46; 76.72; 88.12; 90.99; 116.45; 124.23; 134.21;

147.25.

HR-MALDI-MS (DCTB): 605.2376 ([M]+, C39H39NSi3+, calc. 605.2385).

Anal. calc. for Cs^NSis (606.00): C 77.30, H 6.49, N 2.31; found: C 77.46, H 6.75, N

2.20.
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Hexakis[4-(4-(trimethylsilyl)buta-l,3-diynyl)phenyl]benzene (83)

SiMe3

II

II

II

SiMe3

General procedure GPlb, starting from l,4-bis(trimethylsilyl)buta-l,3-diyne (180 mg, 0.93

mmol), hexakis(4-iodophenyl)benzene (71) (80 mg, 0.062 mmol), Cul (3.5 mg, 0.019 mmol),

and [PdCl2(PPh3)2] (9 mg, 0.012 mmol) in diisopropylamine (10 mL) stirred for 14 h at 60 °C

and purified by CC(Si02; hexanes/CH2Cl2 4:1 -> 2:1) to give 83 (52 mg, 67%).

Tan solid.

Rf = 0.42 (Si02; hexanes/CH2Cl2 2:1).

M.p. > 370 °C (decomp.).

UV/Vis (CH2C12): 274 (sh, 91600), 290 (159400), 310 (165200).

IR(neat): 2957w, 2894w, 2203w, 2103>v, 1399w, \249m, 1141w, 1106w, 1012w, 835s.

!H NMR(300 MHz, CDC13): 0.20 (s, 54 H); 6.66 (d, 7= 8.1 Hz, 12 H); 7.00 (d, 7= 8.1 Hz,

12 H).

13C NMR(75 MHz, CDC13): -0.22; 74.72; 76.73; 88.02; 90.90; 119.23; 131.21; 131.70;

139.90; 140.67.

HR-MALDI-TOF-MS (DCTB): 1254.489 ([M]+, CgÄSie^ cale. 1254.472).



Expérimental Part 151

2,2'-[(5-{5,5-Dicyano-3-(dicyanomethylene)-4-[4-(dihexylamino)phenyl]pent-4-en-l-yn-

l-yl}-l,3-phenylene)-diethyne-2,l-diyl]bis{3-[4-(dihexylamino)phenyl]buta-l,3-diene-

l,l>4,4-tetracarbonitrile} (84)

N(C6H13)2

(C6H13)2N
^^

General procedure GP2, starting from 61 (130 mg, 0.13 mmol) and TCNE (50 mg, 0.39

mmol) in CH2C12 (50 mL) stirred for 10 h at 20 °C and purified by CC(Si02; CH2Cl2/EtOAc

98:2) to give 84 (173 mg, 96%).

Black metallic solid.

Rf = 0.61 (Si02; CH2Cl2/EtOAc 98:2).

M.p. 110-113 °C.

UV/Vis (CH2C12): 283 (47000), 363 (77700), 460 (114300), 568 (16000).

IR(neat): 2928w, 2857w, 2213w, 2188w, 1600s, 1534>v, 1484s, 1445s, 141%, 1345s, 1276w,

1213w, 11835, lllSm, 978w, 888w, Sl9m.

lîî NMR(300 MHz, CDC13): 0.91 (t, J =6.7 Uz, 18 H); 1.33 (s, 36 H); 1.61 (m, 12 H); 3.40

(t, J= 7.8 Hz, 12 H); 6.70 (d, J= 9.4 Hz, 6 H); 7.76 (d, J= 9.4 Hz, 6 H); 7.93 (s, 3 H).

13C NMR(75 MHz, CDC13): 14.18; 22.78; 26.82; 27.48; 31.68; 51.74; 72.27; 86.62; 97.37;

109.88; 111.13; 112.54; 113.82; 114.52; 116.48; 122.01; 132.88; 139.28; 150.33; 153.59;

157.88 (21 out of 22 signals expected).

HR-MALDI-MS (3-HPA): 1384.7786 ([MH]+, C^H^N^, calc. 1384.7811).

Anal. calc. for C90H93N15 (1384.83): C 78.06, H 6.77, N 15.17; found: C 78.35, H 6.93, N

15.09.



152 Experimental Part

2,2',2"-[(5-{5,5-Dicyano-3-(dicyanomethylene)-4-[4-(dihexylamino)phenyl]pent-4-en-l-

yn- 1-yl} benzene-1,2,4-triyl)triethyne-2,1-diyl] tris {3- [4-(dihexylamino)phenyl] buta-1,3-

diene-l,l>4,4-tetracarbonitrile} (85)

(C6H13)2N
^^ ^-'

N(C6H13)2

General procedure GP2, starting from 62 (50 mg, 0.038 mmol) and TCNE(20 mg, 0.153

mmol) in CH2C12 (25 mL) stirred for 18 h at 20 °C and purified by CC(Si02; CH2Cl2/EtOAc

98:2) to give 85 (68 mg, 98%).

Black metallic solid.

Rf = 0.59 (Si02; CH2Cl2/EtOAc 98:2).

M.p. 129-131 °C.

UV/Vis (CH2C12): 287 (72100), 372 (138600), 471 (189900), 634 (19400).

IR (neat): 2927w, 2856w, 2213s, 2186w, 1600s, \540m, 1484s, 1445s, 1414s, 1341*, 1262s,

12135, 11825, 1118a, 977w, 900m, S2lm.

lîî NMR(300 MHz, CDC13): 0.91 (t, J= 6.4 Hz, 24 H); 1.33 (s, 48 H); 1.63 (m, 16 H); 3.40

(t, J= 7.6 Hz, 16 H); 6.67 (d, J= 9.3 Hz, 8 H); 7.82 (d, J= 9.3 Hz, 8 H); 8.03 (s, 2 H).

13C NMR(75 MHz, CDC13): 14.18; 22.78; 26.81; 27.51; 31.68; 51.70; 71.60; 92.00; 98.81;

107.03; 109.93; 111.87; 112.53; 114.31; 114.78; 116.87; 125.61; 133.48; 139.26; 150.03;

153.79; 157.72.

HR-MALDI-MS (3-HPA): 1820.0185 ([MH]+, Cn8Hi23N2o+, calc. 1820.0234).

Anal. calc. for C118H122N20 (1820.40): C 77.86, H 6.75, N 15.39; found: C 77.97, H 7.01, N

15.10.



Expérimental Part 153

2,2,,2",2,M-[(4-{5,5-Dicyano-3-(dicyanomethylene)-4-[4-(dihexylamino)phenyl]pent-4-

en- 1-yn- 1-yl} benzene-1,2,3,5-tetrayl)tetr aethyne-2,l-diyl] tetrakis {3- [4-(dihexylamino)-

phenyl]buta-l,3-diene-l,l94,4-tetracarbonitrile} (86)

N(C6H13)2

(C6H13)2N
^^

General procedure GP2, starting from 64 (15.0 mg, 0.009 mmol) and TCNE(6.0 mg, 0.047

mmol) in CH2C12 (10 mL) stirred for 18 h at 20 °C and purified by CC(Si02; CH2Cl2/EtOAc

30:1) to give 86 (18.5 mg, 89%).

Black metallic solid.

Rf = 0.74 (Si02; CH2Cl2/EtOAc 30:1).

M.p. 118-122 °C.

UV/Vis (CH2C12): 382 (99600), 473 (153300), 638 (19200).

IR(neat): 2921m, 2856w, 22Um, 1600s, 1534>v, 1484s, 1445s, 1413s, 1341s, \295m, \259m,

1212s, 1183s, 1146s, 978w, 899w, %\lm.

lîî NMR(500 MHz, CDC13): 0.91 (t, J= 6.5 Hz, 30 H); 1.34 (s, 60 H); 1.64 (m, 20 H); 3.41

(m, 20 H); 6.70 (d, J = 9.5 Hz, 4 H); 6.72 (d, J = 9.5 Hz, 4 H); 6.78 (d,J=9.6 Hz, 2 H);

7.72-7.78 (m, 10 H); 8.03 (s, 1 H).

13C NMR(125 MHz, CDC13): 13.96; 22.58; 26.64; 27.30; 31.47; 51.55; 51.65; 71.57; 71.91;

72.03; 91.87; 93.32; 95.00; 98.86; 99.84; 99.91; 103.70; 103.87; 105.65; 109.40; 109.53;

109.60; 110.68; 111.06; 112.48; 112.60; 112.93; 113.93; 114.12; 114.21; 114.42; 114.56;

116.70; 116.87; 117.07; 126.24; 127.63; 127.84; 132.98; 133.05; 133.16; 140.02; 148.65;

148.80; 149.30; 153.59; 153.74; 153.90; 156.48; 156.60; 157.20 (51 signals out of 64

expected).

HR-MALDI-MS (3-HPA): 2255.2715 ([MH]+, Ci46Hi5iN25+, calc. 2255.2657).



154 Experimental Part

2,2,,2M,2,M,2MM-[(6-{5,5-Dicyano-3-(dicyanomethylene)-4-[4-(dihexylamino)phenyl]pent-

4-en-l-yn-l-yl}benzene-l,2,3,4,5-pentayl)pentaethyne-2,l-diyl]pentakis{3-[4-(dihexyl-

amino)phenyl]buta-l,3-diene-l,l>4,4-tetracarbonitrile} (87)

N(C6H13)2

N(C6H13)2

General procedure GP2, starting from 63 (4.2 mg, 2.2 |imol) and TCNE(1.7 mg, 13.1 |imol)

in CH2C12 (5 mL) stirred for 20 h at 20 °C and purified by CC(Si02; CH2Cl2/EtOAc 30:1) to

give 87 (4.5 mg, 77%).

Black metallic solid.

Rf = 0.83 (Si02; CH2Cl2/EtOAc 30:1).

M.p. 121-123 °C.

UV/Vis (CH2C12): 276 (68200), 396 (74800), 476 (110000), 651 (22900).

IR(neat): 2921m, 2856w, 2214w, 1601*, 1484s, 1446s, 1416s, 1343s, 1298w, \251m, 1213s,

1184s, 1118/w, 980w, 900w, %\9m.

lîî NMR(500 MHz, CDC13): 0.89 (t, J= 7.0 Hz, 36 H); 1.32 (s, 72 H); 1.62 (m, 24 H); 3.37

(t, J= 7.9 Hz, 24 H); 6.72 (d, J= 9.4 Hz, 12 H); 7.78 (d, J= 9.4 Hz, 12 H).

13C NMR(125 MHz, CDC13): 13.98; 22.60; 26.67; 27.29; 31.48; 51.61; 71.62; 94.65; 99.10;

103.12; 109.35; 110.20; 112.60; 114.15; 114.46; 116.90; 128.34; 133.20; 148.68; 153.63;

155.92.

HR-MALDI-MS (3-HPA): 2690.5047 ([MH]+, Ci74Hi8iN3o+, calc. 2690.5080).



Expérimental Part 155

2,2'-{[(4-{5,5-Dicyano-3-(dicyanomethylene)-4-[4-(dihexylamino)phenyl]pent-4-en-l-yn-

l-yl}phenyl)imino]bis(4,l-phenyleneethyne-2,l-diyl)}bis{3-[4-(dihexylamino)phenyl]-

buta-l,3-diene-l,l94,4-tetracarbonitrile} (88)

General procedure GP2, starting from 66 (50 mg, 0.043 mmol) and TCNE(33 mg, 0.257

mmol) in CH2C12 (30 mL) stirred for 16 h at 20 °C and purified by CC(Si02; CH2Cl2/EtOAc

99:1) to give 88 (68 mg, 100%).

Black solid.

Rf = 0.55 (Si02; CH2Cl2/EtOAc 99:1).

M.p. 122-126 °C.

UV/Vis (CH2C12): 279 (57500), 321 (sh, 52700), 347 (54500), 461 (157800), 522 (131100).

IR (neat): 2925w, 2855w, 2214w, 2160s, 1600s, 1483s, 1446s, 1412s, 1351s, 1317s, 1286s,

1211s, 1179s, 1116s, 1016JW, 991m, 900w, 820w, 804w.

lîî NMR(500 MHz, CDC13): 0.91 (t, J =6.9 Uz, 18 H); 1.32 (s, 36 H); 1.61 (m, 12 H); 3.37

(t, J= 7.9 Hz, 12 H); 6.66 (d, J= 9.4 Hz, 6 H); 7.10 (d, J= 8.8 Hz, 6 H); 7.57 (d,J= 8.8 Hz,

6 H); 7.75 (d, J= 9.4 Hz, 6 H).

13C NMR(125 MHz, CDC13): 13.96; 22.57; 26.63; 27.27; 31.50; 51.46; 72.67; 87.10; 93.69;

110.34; 111.58; 112.08; 113.48; 114.53; 115.49; 116.77; 116.96; 124.58; 132.67; 135.41;

148.86; 150.65; 153.15; 159.25.

HR-MALDI-MS (3-HPA): 1551.8582 ([MH]+, Cio2Hio3Ni6+, cale. 1551.8552).

Anal. cale, for C^H^Nie (1552.04): C 78.94, H 6.62, N 14.44; found: C 79.11, H 6.75, N

14.26.



156 Experimental Part

2,2',2"-[Benzene-l,3,5-triyltris(l,4-phenyleneethyne-2,l-diyl)]tris{3-[4-(dihexylamino)-

phenyl]buta-l,3-diene-l,l>4,4-tetracarbonitrile} (89)

General procedure GP2, starting from 67 (50 mg, 0.040 mmol) and TCNE(31 mg, 0.242

mmol) in CH2C12 (40 mL) stirred for 14 h at 20 °C and purified by CC(Si02; CH2Cl2/EtOAc

99:1) to give 89 (70 mg, 100%).

Black solid.

Rf = 0.55 (Si02; CH2Cl2/EtOAc 99:1).

M.p. 126-130 °C.

UV/Vis (CH2C12): 304 (55200), 417 (144400), 557 (21400).

IR(neat): 2926w, 2856w, 2215w, 2169s, 1599s, 1483s, 1446s, 1413s, 1349s, \322m, 1289w,

121 lw, 1182s, 1117s, 101 8jw, 991w, 900w, 820s.

lîî NMR(300 MHz, CDC13): 0.91 (t, J =6.7 Uz, 18 H); 1.33 (s, 36 H); 1.64 (m, 12 H); 3.41

(t, J= 7.8 Hz, 12 H); 6.71 (d, J= 9.3 Hz, 6 H); 7.77-7.84 (m, 21 H).

13C NMR(75 MHz, CDC13): 14.19; 22.79; 26.83; 27.47; 31.72; 51.67; 72.73; 86.96; 94.71;

110.47; 111.66; 112.32; 113.75; 114.77; 116.85; 116.98; 119.19; 126.46; 127.99; 132.91;

134.44; 141.56; 144.42; 151.14; 153.38; 159.31.

HR-MALDI-MS (3-HPA): 1613.8817 ([MH]+, Cio8Hio6Ni5+, cale. 1613.8781).

Anal. cale, for C108H105N15 (1613.12): C 80.41, H 6.56, N 13.02; found: C 80.61, H 6.65, N

12.81.



Expérimental Part 157

2,2,,2",2m,2MM,2 -[Benzene-l,2,3,4,5,6-hexaylhexakis(l,4-phenyleneethyne-2,l-

diyl)]hexakis{3-[4-(dihexylamino)phenyl]-l,3-butadiene-l,l94,4-tetracarbonitrile} (90)

N(C6H13)2

(C6H13)2N

N(C6H13)2

(C6H13)2N N(C6H13)2

General procedure GP2, starting from 68 (10 mg, 0.004 mmol) and TCNE(31 mg, 0.042

mmol) in CH2C12 (10 mL) stirred for 14 h at 20 °C and purified by CC(Si02; CH2Cl2/EtOAc

99:1) to give 90 (12 mg, 91%).

Brown solid.

M.p. 144-146 °C.

Rf = 0.62 (Si02; CH2Cl2/EtOAc 99:1).

UV/Vis (CH2C12): 293 (92700), 399 (185100), 456 (183700), 558 (sh, 38000).

IR(neat): 2925w, 2854w, 2213w, 2170s, 1600s, 1533w, 1484s, 1446s, 1414s, 1349s, 1288w,

1212s, 1182s, 1117s, 1019w, 1008>v, 991w, 900w, 866w, 84 lw, 81 \m.

lîî NMR(300 MHz, CDC13): 0.92 (t, J= 6.5 Hz, 36 H); 1.34 (s, 72 H); 1.64 (m, 24 H); 3.40

(m, 24 H); 6.68 (d,J= 9.3 Hz, 12 H); 6.87 (m, 12 H); 7.25 (m, 12 H); 7.73 (d, J= 9.3 Hz, 12

H).

13C NMR(125 MHz, CDC13): 14.10; 22.67; 26.63; 27.30; 31.51; 51.48; 71.08; 86.30; 94.41;

110.21; 111.39; 112.20; 112.31; 113.98; 114.65; 116.39; 116.62; 118.07; 131.20; 132.74;

139.64; 142.81; 151.13; 153.42; 158.78.

HR-MALDI-MS (3-HPA): 3148.6932 ([MH]+, C2i0H2o5N3o+, calc. 3148.7020).



158 Experimental Part

3,3',3",3'",3"",3 -{Benzene-l,3,5-triyltris[l,3-butadiyne-4,l-diylbenzene-5,l,3-

triylbis(2,l-ethynediyl)]}hexakis{2-[4-(dihexylamino)phenyl]-l,3-butadiene-l,l94,4-

tetracarbonitrile} (91)

General procedure GP2, starting from 77 (2.7 mg, 1.2 |imol) and TCNE(1.4 mg, 10.6 urnol)

in CH2C12 (5 mL) stirred for 21 h at 20 °C and purified by CC(Si02; CH2Cl2/EtOAc 99:1) to

give 91 (3.0 mg, 74%).

Black solid.

Rf = 0.41 (Si02; CH2Cl2/EtOAc 99:1).

M.p. 123 °C.

UV/Vis (CH2CI2): 283 (sh, 157400), 298 (162800), 319 (162600), 347 (189000), 458

(196400), 591 (43600).

ffi. (neat): 2924w, 2854w, 2213w, 2186w, 1600s, 1486s, 1447s, 1413*, 1346s, \295m,

\216m, \2\2m, 1183s, 1117s, 979w, 883w, 818jw.

lîî NMR(300 MHz, CDC13): 0.92 (t, J= 6.5 Hz, 36 H); 1.33 (s, 72 H); 1.64 (m, 24 H); 3.40

(t, J= 7.6 Hz, 24 H); 6.70 (d, J= 9.3 Hz, 12 H); 7.68 (s, 3 H); 7.76 (d,J= 9.3 Hz, 12 H); 7.81

(t, J= 1.5 Hz, 3 H); 7.87 (d, J= 1.5 Hz, 6 H).

13C NMR(125 MHz, CDC13): 14.10; 22.68; 26.65; 27.30; 31.51; 51.54; 72.38; 86.16; 96.73;

109.77; 111.02; 111.06; 112.16; 112.30; 113.54; 114.34; 116.43; 121.34; 122.68; 124.18;

132.67; 136.78; 136.90; 139.24; 150.29; 153.36; 158.08 (27 signals out of 30 expected).

HR-MALDI-MS (3-HPA): 3064.5998 ([M]+, C204Hi92N3o+, calc. 3064.6081).



Expérimental Part 159

3,3',3",3"',3"",3 ,3 ,3 -{Benzene-l,2,4,5-tetrayltetrakis[l,3-butadiyne-4,l-

diylbenzene-5,l93-triylbis(2,l-ethynediyl)]}octakis{2-[4-(dihexylamino)phenyl]-l,3-

butadiene-l,l94,4-tetracarbonitrile} (92)

General procedure GP2, starting from 78 (2.2 mg, 0.7 umol) and TCNE(1.1 mg, 8.7 urnol)

in CH2C12 (3 mL) stirred for 12 h at 20 °C and purified by CC(Si02; CH2Cl2/EtOAc 98:2) to

give 92 (3.0 mg, 100%).

Black solid.

Rf = 0.52 (Si02; CH2Cl2/EtOAc 98:2).

M.p. 114-117 °C.

UV/Vis (CH2C12): 281 (120600), 363 (173500), 457 (179600), 576 (29000).

IR(neat): 2925w, 2854w, 2212w, 2186w, 1601*, 1484s, 1448s, 1414s, 1345s, \216m, 1213s,

1183s, lll&w, 979w, 855w, %\9m.

lîî NMR(500 MHz, CDC13): 0.91 (t, J= 6.8 Hz, 48 H); 1.33 (s, 96 H); 1.63 (m, 32 H); 3.40

(t, J= 7.8 Hz, 32 H); 6.70 (d, J= 9.5 Hz, 16 H); 7.71 (s, 2 H); 7.76 (d,J= 9.5 Hz, 16 H); 7.80

(t, J= 1.5 Hz, 4 H); 7.90 (d, J= 1.5 Hz, 8 H).

13C NMR(125 MHz, CDC13): 14.10; 22.69; 26.64; 27.30; 31.58; 51.53; 72.17; 86.22; 96.77;

109.86; 111.07; 112.33; 113.63; 114.42; 116.43; 121.38; 132.72; 136.95; 139.35; 150.25;

153.41; 158.08 (22 signals out of 30 expected).

HR-MALDI-MS (3-HPA): 4060.124 ([MH]+, C27oH255N4o+, cale. 4060.127).



160 Experimental Part

2,2,,2",2m,2MM,2 -[Nitrilotris(4,l-phenylenebuta-l,3-diyne-4,l-diylbenzene-5,l,3-

triyldiethyne-2,l-diyl)]hexakis{3-[4-(dihexylamino)phenyl]buta-l,3-diene-l,l94,4-

tetracarbonitrile} (93)

General procedure GP2, starting from 80 (16.0 mg, 0.006 mmol) and TCNE(12.5 mg, 0.097

mmol) in CH2C12 (20 mL) stirred for 11 h at 20 °C and purified by CC(Si02; CH2Cl2/EtOAc

99:1) to give 93 (21 mg, 100%).

Black solid.

Rf = 0.53 (Si02; CH2Cl2/EtOAc 99:1).

M.p. > 130 °C (decomp.).

UV/Vis (CH2C12): 288 (172000), 374 (236000), 414 (sh, 230000), 456 (272300), 568

(20800).

IR(neat): 2925w, 2855w, 2212w, 2186w, 1600s, 1533>v, 1486s, 1446s, 1413s, 1339s, 1290w,

1212w, 1182s, 1117s, 1016W, 980w, 884w, 818w.

!H NMR(500 MHz, CDC13): 0.91 (t, J= 6.5 Hz, 36 H); 1.34 (s, 72 H); 1.64 (m, 24 H); 3.40

(t, J= 7.8 Hz, 24 H); 6.70 (d, J= 9.3 Hz, 12 H); 7.06 (d, J= 8.7 Hz, 6 H); 7.46 (d, J= 8.7 Hz,

6 H); 7.75-7.78 (m, 15 H); 7.85 (d, J= 1.5 Hz, 6 H).

13C NMR(125 MHz, CDC13): 13.96; 22.57; 26.63; 27.28; 31.49; 51.52; 72.35; 73.25; 77.46;

78.10; 83.75; 86.08; 96.58; 109.79; 111.02; 111.35; 112.27; 113.52; 114.33; 116.06; 116.41;

121.21; 124.17; 124.75; 132.65; 134.16; 136.33; 139.15; 147.37; 150.31; 153.33; 158.12.

HR-MALDI-MS (3-HPA): 3231.6722 ([MH]+, C2i6H2o2N3i+, calc. 3231.6816).



Expérimental Part 161

Anal. cale, for C216H201N31 (3231.17): C 80.29, H 6.27, N 13.44; found: C 80.64, H 6.28, N

13.12.

3,3',3",3"',3"",3 ,3 ,3 ,3 ,3 ,3 ,3 -[Benzene-

l,2,3,4,5,6-hexaylhexakis(l,4-phenylenebuta-l,3-diyne-4,l-diylbenzene-5,l,3-

triyldiethyne-2,l-diyl)]dodecakis{2-[4-(dihexylamino)phenyl]buta-l,3-diene-l,l94,4-

tetracarbonitrile} (94)

General procedure GP2, starting from 81 (2.5 mg, 0.50 |imol) and TCNE(1.3 mg, 10.1 |imol)

in CH2CI2 (3 mL) stirred for 15 h at 20 °C and purified by CC(Si02; CH2Cl2/EtOAc 98:2) to

give 94 (2.8 mg, 86%).

Black solid.

Rf = 0.61 (Si02; CH2Cl2/EtOAc 98:2).

M.p. 155-157 °C.

UV/Vis (CH2CI2): 288 (68200), 306 (69700), 331 (sh, 83400), 357 (96300), 456 (91400), 572

(sh, 14000).

IR(neat): 2923w, 2852w, 2213w, 2187w, 1601s, 1533>v, 1485s, 1446s, 1414s, 1343s, 129Ijw,

1213jw, 1182s, 1117/w, 1018w, 980w, 884w, 819jw.



162 Experimental Part

lH NMR(500 MHz, CDC13): 0.89 (t,J= 6.9 Hz, 72 H); 1.31 (br s, 144 H); 1.61 (m, 48 H);

3.38 (t,J= 7.8 Hz, 48 H); 6.67 (d, J= 9.3 Hz, 24 H); 6.75 (d, J= 8.1 Hz, 12 H); 7.17 (d, J =

8.1 Hz, 12 H); 7.73 (d, J= 9.3 Hz, 24 H); 7.80 (s, 18 H).

13C NMR(125 MHz, CDC13): 14.10; 22.64; 26.64; 27.31; 31.51; 51.53; 72.27; 73.42; 77.86;

83.52; 86.11; 96.61; 109.86; 111.06; 111.36; 112.32; 113.60; 114.40; 116.40; 118.93; 121.22;

124.68; 131.19; 131.70; 132.69; 136.45; 139.22; 139.81; 140.92; 144.21; 150.29; 153.38;

158.11.

MALDI-TOF-MS (DCTB): 6507.20 ([MH]+, C438H4o3N6o+, calc. 6507.35).

2,2-[(5-{5,5-Dicyano-3-(dicyanomethylene)-4-[4-(dihexylamino)phenyl]-l,2-di-l,3-

dithiol-2-ylidenepent-4-en-l-yl}-l,3-phenylene)bis(l,2-di-l,3-dithiol-2-ylideneethane-

2,l-diyl)]bis{3-[4-(dihexylamino)phenyl]buta-l,3-diene-l,l94,4-tetracarbonitrile} (95)

N(C6H13)2

^N(C6H13)2

General procedure GP3, starting from 84 (40 mg, 0.03 mmol) and TTF (59 mg, 0.30 mmol)

in MeCN (12 mL) stirred for 20 h at 60 °C and purified by CC (Si02;

CH2C12 -> CH2Cl2/EtOAc 95:5) to give 95 (27 mg, 47%).

Black metallic solid.

Rf = 0.35 (Si02; CH2Cl2/EtOAc 95:5).

M.p. 214-217 °C.

UV/Vis (CH2C12): 286 (sh, 45800), 385 (57600), 469 (sh, 130800), 482 (132000).

IR (neat): 3073w, 2921w, 2851w, 2203w, 1598s, 1489s, 1451*, 1413w, 1348w, 1287s,

1258 1209 1180s, 1102 983 948w, 932w, 888w, 820 804w.
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!H NMR(300 MHz, C2D2C14, 353 K): 0.86 (t,J= 6.7 Hz, 18 H); 1.26 (s, 36 H); 1.53 (m, 12

H); 3.20-3.34 (m, 12 H); 6.14 (d, J= 6.5 Hz, 2 H); 6.42 (m, 4 H); 6.66 (m, 8 H); 6.88-6.93

(m, 2 H); 7.02 (s, 2 H); 7.41 (s, 1 H); 7.67 (s, 2 H); 7.79-7.93 (m, 6 H).

13C NMR(125 MHz, CDC13)6: 14.02; 22.61; 26.70; 27.42; 31.59; 51.22; 51.37; 51.52; 69.76;

72.04; 73.81; 74.03; 112.37; 112.48; 114.18; 114.34; 115.28; 115.69; 116.07; 116.30; 116.47;

116.78; 118.39; 118.51; 119.04; 119.20; 119.35; 119.45; 119.79; 121.34; 122.13; 124.19;

127.47; 133.25; 133.48; 137.59; 138.83; 151.14; 151.27; 153.02; 153.28; 155.49; 155.74;

161.82; 162.60; 171.33; 173.89.

HR-MALDI-MS (3-HPA): 1996.5346 ([MH]+, Cio8Hio6Ni5Si2+, cale. 1996.5404).

4,4'-Octa-l,3,5,7-tetrayne-l,8-diylbis(A^^V-dimethylaniline)(96)

Me2N—f' J—=—=—=—=—<{^NMe2

To a solution of diyne 130 (100 mg, 0.31 mmol) in THF (10 mL), «Bu4NF (1.0 Min THF,

0.62 mL) was added. The mixture was stirred for 20 min at 0 °C, diluted with CH2CI2,

filtered through a plug (SiÛ2; CH2CI2), and the solution was concentrated in vacuo. The

residue was dissolved in acetone (5 mL). Hay catalyst (25 mL) was added, and the mixture

was stirred while exposed to air for 3 h at 20 °C. The solvents were removed in vacuo, and

the product was purified by CC(Si02; hexanes/CH2Cl2 1:1) to give 96 (82 mg, 79%).

Orange solid.

Rf = 0.58 (Si02; hexanes/CH2Cl2 1:1).

M.p. 270 °C (decomp.).

UV/Vis (CH2CI2): 277 (31000), 286 (31200), 306 (33400), 328 (46600), 357 (sh, 54700), 379

(93200), 406 (83400), 444 (52700).

ffi. (neat): 2903w, 281 lw, 2180s, 2063w, 1596s, \52\m, \436m, 1372s, 1296>v, \233m,

1188s, 1063w, 1012w, 978w, 946w, 805s.

lîî NMR(300 MHz, C2D2C14): 2.92 (s, 12 H); 6.51 (d, J= 9.0 Hz, 4 H); 7.33 (d,J= 9.0 Hz, 4

H).

13C NMR(75 MHz, C2D2C14): 40.29; 65.32; 67.95; 73.71; 80.79; 106.00; 111.93; 135.28;

151.21.

The 13C NMRcoalescence was not observed within the available temperature range (253-353 K). Thus, 13C

NMRspectrum of 95 is reported as an empiric enumeration of observed signals. For details, see Chapter 3.
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HR-MALDI-MS (DCTB): 336.1626 ([M], C24H20N2
,

calc. 336.1621).

2-[4-Dimethylamino)phenyl]-3-{6-[4-(dimethylamino)phenyl]hexa-l,3,5-triyn-l-yl}buta-

l,3-diene-l,l94,4-tetracarbonitrile (97)

NC

Me2N—^ J—'/ sr-\

NC^f \=/

CN

General procedure GP2, starting from tetrayne 105 (50 mg, 0.15 mmol) and TCNE(19 mg,

0.15 mmol) in CH2C12 (25 mL) stirred for 10 h at 20 °C and purified by CC(Si02; CH2C12) to

give 97 (50 mg, 72%).

Black metallic solid.

Rf=0.45(SiO2;CH2Cl2).

M.p. 201 °C (explosive decomp.).

UV/Vis (CH2CI2): 273 (47600), 338 (33900), 396 (sh, 44800), 443 (57700), 593 (36600).

IR (neat): 2854w, 2212w, 2104s, 2051s, 1590s, 1527s, 1481s, 1436s, 1367s, 1336s, 1301w,

\265m, \209m, 1169s, \062m, 1012w, 990w, 941m, 90\w, Sl3m.

'HNMR(300 MHz, CDCI3): 3.05 (s, 6 H); 3.18 (s, 6 H); 6.60 (d,J= 9.0 Hz, 2 H); 6.73 (d, J

= 9.0 Hz, 2 H); 7.43 (d, J= 9.0 Hz, 2 H); 7.73 (d, J= 9.0 Hz, 2 H).

13C NMR(75 MHz, CDC13): 40.19; 40.41; 66.11; 72.80; 74.16; 74.24; 85.62; 92.89; 96.45;

102.36; 104.53; 110.49; 111.43; 111.86; 112.36; 113.41; 114.34; 117.31; 132.60; 135.60;

149.67; 151.99; 154.74; 159.45.

HR-MALDI-MS (3-HPA): 465.1825 ([MH]+, C3oH2iN6+, calc. 465.1822).

Anal. calc. for C30H20N6 (464.53): C 77.57, H 4.34, N 18.09; found: C 77.80, H 4.50, N

17.80.



Expérimental Part 165

2-[4-Dimethylamino)phenyl]-3-{6-[4-(dimethylamino)phenyl]-l,2-di-l,3-dithiol-2-

ylidenehexa-3,5-diyn-l-yl}buta-l,3-diene-l,l94,4-tetracarbonitrile (98)

General procedure GP3, starting from 97 (20 mg, 0.04 mmol) and TTF (26 mg, 0.13 mmol)

in MeCN(12 mL) stirred for 16 h at 60 °C and purified by CC(Si02; CH2Cl2/EtOAc 95:5) to

give 98 (23 mg, 80%).

Deep-red solid.

Rf = 0.57 (Si02; CH2Cl2/EtOAc 95:5).

M.p. 240 °C (decomp.).

UV/Vis (CH2C12): 332 (41600), 397 (sh, 58000), 425 (69700), 481 (81500).

IR (neat): 3094w, 3070>v, 29\7w, 2847w, 2801w, 2205w, 2114w, 1599s, \52\m, 1486w,

14575, 13585, 12125, 1160s, \024w, 981w, 943m, 902w, 860^, 807w.

lîî NMR(300 MHz, C2D2C14, 353 K): 2.94 (s, 6 H); 3.08 (s, 6 H); 6.52 (d,J= 6.5 Hz, 1 H);

6.57 (d,J= 9.0 Hz, 2 H); 6.63 (d, J= 6.5 Hz, 1 H); 6.69 (d,J= 9.0 Hz, 2 H); 6.98 (s, 2 H);

7.34 (d, J= 9.0 Hz, 2 H); 7.85 (d, J= 9.0 Hz, 2 H).

13C NMR(125 MHz, C2D2C14)7: 40.34; 40.49; 71.93; 73.14; 73.51; 78.65; 83.20; 88.27;

99.40; 107.70; 107.95; 111.93; 112.66; 112.78; 114.04; 114.89; 115.92; 116.38; 116.67;

120.59; 121.63; 121.83; 125.26; 125.83; 128.31; 132.75; 132.94; 134.12; 135.96; 150.75;

155.09; 156.22; 162.14; 162.68; 165.04; 171.53.

HR-MALDI-MS (3-HPA): 707.0624 (20, [M+K]+, CseH^NeS^, calc. 707.0582),

691.0828 (26, [M+Na]+, C36H24N6S4Na+, calc. 691.0843), 669.1016 (100, [MH]+,

C36H25N6S4+, calc. 669.1018).

7
The 13C NMRcoalescence was not observed within the available temperature range (253-353 K). Thus, 13C

NMRspectra of 98, 99, 102-104, and 106 are reported as empiric enumeration of observed signals. For details,
see Chapter 3.
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3,6-Bis(dicyanomethylene)-2-[4-(dimethylamino)phenyl]-7-{[4-(dimethylamino)-

phenyl]ethynyl}-4,5-di-l,3-dithiol-2-ylideneocta-l,7-diene-l,l98,8-tetracarbonitrile (99)

General procedure GP2, starting from 98 (8 mg, 12 |imol) and TCNE(1.5 mg, 12 |imol) in

CH2C12 (6 mL) stirred for 14 h at 20 °C and purified by CC (Si02; CH2Cl2/EtOAc

95:5 -> 92:8) to give 99 (8 mg, 83%).

Black metallic solid.

Rf = 0.33 (Si02; CH2Cl2/EtOAc 92:8).

M.p. 245 °C (decomp.).

UV/Vis (CH2C12): 289 (36000), 474 (110000), 551 (sh, 44700).

IR (neat): 3083w, 2919w, 2863w, 2651w, 2201m, 2098s, 1601s, 1538>v, 1481s, 1455w,

1367s, 1315s, 1284s, \229m, 1211s, 1168s, 1122s, 1030w, 989w, 942w, 902w, 820w.

lîî NMR(300 MHz, C2D2C14, 353 K): 3.07 (s, 6 H); 3.09 (s, 6 H); 6.61-6.72 (m, 4 H); 6.96

(m, 1 H); 7.03 (s, 2 H); 7.07 (d, J= 6.5 Hz, 1 H); 7.66-7.86 (m, 4 H).

13C NMR(125 MHz, C2D2C14): 40.42; 40.52; 40.60; 71.43; 72.49; 72.86; 73.60; 85.11;

86.39; 97.42; 98.89; 99.61; 100.38; 112.11; 112.46; 112.86; 113.47; 114.15; 114.82; 115.58;

115.65; 115.74; 115.93; 116.05; 116.93; 118.16; 118.76; 120.58; 120.83; 125.33; 125.45;

126.53; 126.78; 129.21; 132.53; 132.63; 133.09; 148.32; 154.64; 154.95; 155.25; 156.57;

160.44; 161.38; 173.26; 179.47.

HR-MALDI-MS (3-HPA): 835.0754 (20, [M+K]+, C42H24NioS4K+, calc. 835.0705),

819.0926 (49, [M+Na]+, C42H24NioS4Na+, calc. 819.0966), 797.1153 (100, [MH]+,

C42H25NioS4+, calc. 797.1146).

iV^V-Dimethyl-4-(8-phenylocta-l,3,5,7-tetrayn-l-yl)aniline(100)

Me2N^3 = = = = <Q

To a solution of diyne 130 (350 mg, 1.45 mmol) in THF (20 mL), «Bu4NF (1.0 Min THF,

2.90 mL) was added. The mixture was stirred for 20 min at 0 °C, diluted with CH2C12,

filtered through a plug (Si02; CH2C12) and the solution was concentrated in vacuo.
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Simultaneously, diyne 131 (58 mg, 0.29 mmol) in THF (8 mL) was treated with «Bu4NF (1.0

M in THF, 0.58 mL) for 20 min at 0 °C. The mixture was diluted with CH2C12, filtered

through a plug (SiÛ2; CH2CI2), and the solution was concentrated in vacuo. Both deprotected

butadiynes were combined, dissolved in acetone (8 mL) and the resulting solution was added

dropwise to Hay catalyst (25 mL). The mixture was stirred while exposed to air for 3 h at

20 °C. The solvents were removed in vacuo, and the product was purified by CC (Si02;

hexanes/CH2Cl2 1:1) to give 100 (61 mg, 72%).

Orange solid.

Rf = 0.67 (Si02; hexanes/CH2Cl2 1:1).

M.p. 156-157 °C.

UV/Vis (CH2CI2): 268 (38000), 282 (49300), 310 (26500), 331 (24200), 351 (28400), 366

(sh, 21600), 396 (26600), 427 (21000).

IR(neat): 2897w, 2806w, 2192s, 2\6\m, 2112s, 2066w, 1595s, 1526s, 1490w, 1441s, 1409w,

1370s, 1232w, 1198s, 1152s, 1066w, 1032>v, 978w, 943w, 846w, 810s.

lîî NMR(300 MHz, CDC13): 3.02 (s, 6 H); 6.59 (d, J= 9.0 Hz, 2 H); 7.33-7.43 (m, 5 H);

7.54 (d,J= 9.0 Hz, 2 H).

13C NMR(75 MHz, CDC13): 40.19; 63.76; 65.04; 67.21; 67.96; 73.45; 74.90; 77.72; 80.37;

106.06; 111.80; 121.00; 128.70; 129.98; 133.31; 134.99; 151.20.

HR-MALDI-MS (DCTB): 293.1204 ([M]+, C22Hi5N+, cale. 293.1203).

2-[4-Dimethylamino)phenyl]-3-(6-phenylhexa-l,3,5-triyn-l-yl}buta-l,3-diene-l,l54,4-

tetracarbonitrile (101)

NC

CN

General procedure GP2, starting from tetrayne 100 (25 mg, 0.08 mmol) and TCNE(11 mg,

0.08 mmol) in CH2C12 (15 mL) stirred for 14 h at 20 °C and purified by CC(Si02; CH2C12) to

give 101 (34 mg, 95%).

Green metallic solid.

Rf=0.60(SiO2;CH2Cl2).

M.p. 79-82 °C.
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UV/Vis (CH2C12): 284 (47600), 300 (sh, 44300), 320 (sh, 33800), 370 (21600), 449 (55000).

IR (neat): 2919w, 2851w, 2213w, 2132s, 2090s, 1600s, 1533w, 1482s, 1435s, 1379s, 1334s,

1300s, 1260w, 1210s, 1170s, 1097s, 1063w, 1025>v, 1002>v, 899w, 820w.

lîî NMR(300 MHz, CDC13): 3.19 (s, 6 H); 6.75 (d, J = 9.3 Hz, 2 H); 7.38 (t,J= 7.4 Hz, 2

H); 7.48 (t, J= 7.3 Hz, 1 H); 7.57 (d, J= 7.2 Hz, 2 H); 7.72 (d, J= 9.3 Hz, 2 H).

13C NMR(75 MHz, CDC13): 40.29; 64.42; 70.91; 73.68; 74.19; 82.07; 87.65; 98.07; 99.87;

109.82; 110.80; 112.15; 113.01; 113.91; 116.97; 119.32; 128.65; 131.03; 132.28; 133.33;

149.22; 154.42; 158.55.

HR-MALDI-MS (3-HPA): 423.1484 ([MH]+, C28Hi6N5+, cale. 423.1478).

2-(l,2-Di-l,3-dithiol-2-ylidene-6-phenylhexa-3,5-diyn-l-yl)-3-[4-(dimethylamino)-

phenyl]buta-l,3-diene-l,l>4,4-tetracarbonitrile (102)

General procedure GP3, starting from 101 (20 mg, 0.05 mmol) and TTF (29 mg, 0.14 mmol)

in MeCN(12 mL) stirred for 17 h at 60 °C and purified by CC(Si02; CH2Cl2/EtOAc 95:5) to

give 102 (23 mg, 78%).

Deep-red solid.

Rf = 0.53 (Si02; CH2Cl2/EtOAc 95:5).

M.p. 253 °C (decomp.).

UV/Vis (CH2C12): 285 (45600), 412 (67800), 480 (109900).

IR(neat): 3090w, 3074w, 2858w, 2205s, 2115w, 1601s, 1540>v, 1470s, 1435w, 1385s, 1361s,

1287s, 1262w, 1212s, 1173s, 1076w, 1045w, 988w, 941m, 902w, 824w, 807w.

lîî NMR(300 MHz, C2D2C14, 353 K): 3.08 (s, 6 H); 6.55 (d, J= 6.5 Hz, 1 H); 6.60-6.72 (m,

3 H); 6.99 (s, 2 H); 7.29 (m, 3 H); 7.48 (m, 2 H); 7.85 (d, J= 9.2 Hz, 2 H).

13C NMR(125 MHz, C2D2C14): 40.48; 40.50; 71.97; 73.59; 74.94; 78.36; 79.52; 82.38;

83.30; 86.25; 86.34; 98.66; 100.88; 112.63; 112.78; 114.03; 114.48; 114.88; 115.87; 116.30;

116.65; 120.32; 120.60; 121.86; 122.08; 125.24; 128.40; 128.75; 128.90; 129.50; 129.70;

132.61; 132.72; 132.93; 132.93; 154.96; 155.10; 156.26; 162.07; 164.20; 166.51; 171.73.
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HR-MALDI-MS (3-HPA): 664.0142 (23, [M+K], C34H19N5S4K, calc. 664.0160),

648.0422 (42, [M+Na]+, C34Hi9N5S4Na+, calc. 648.0421), 626.0595 (100, [MH]+,

C34H2oN5S4+, calc. 626.0596).

3,6-Bis(dicyanomethylene)-2-[4-(dimethylamino)phenyl]-4,5-di-l,3-dithiol-2-ylidene-7-

(phenylethynyl)octa-l,7-diene-l,l98,8-tetracarbonitrile (103)

General procedure GP2, starting from 102 (8 mg, 13 |imol) and TCNE(3.3 mg, 26 |imol) in

CH2C12 (6 mL) stirred for 22 h at 20 °C and purified by CC (Si02; CH2Cl2/EtOAc

95:5 -^ 92:8) to give 103 (9 mg, 92%).

Black metallic solid.

Rf = 0.23 (Si02; CH2Cl2/EtOAc 95:5).

M.p. 237 °C (decomp.).

UV/Vis (CH2C12): 279 (33800), 390 (53000), 465 (102100).

IR (neat): 3075w, 2920w, 2857w, 265 lw, 2204s, 2171s, 1600s, 1488w, 1435s, 1333s, 1320s,

1208s, 1169s, 1121JW, 1059w, 988w, 941m, 90\w, &20m, 802w.

'HNMR(300 MHz, C2D2C14, 353 K): 3.09, 3.14 (s, 6 H); 6.74-6.88 (m, 2 H); 7.17 (m, 2 H),

7.35-7.53 (m, 5 H); 7.71-7.84 (m, 4 H).

13C NMR(125 MHz, C2D2C14): not available due to low solubility.

HR-MALDI-MS (3-HPA): 776.0541 (28, [M+Na]+, C4oHi9N9S4Na+, calc. 776.0544),

754.0733 (45, [MH]+, C4oH2oN9S4+, calc. 754.0724).
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3,6-Bis(dicyanomethylene)-2-(l,2-di-l,3-dithiol-2-ylidene-2-phenylethyl)-7-[4-

(dimethylamino)phenyl]-4,5-di-l,3-dithiol-2-ylideneocta-l,7-diene-l,l98,8-

tetracarbonitrile (104)

\=j \=j

A) One-Pot Procedure

General procedure GP4, starting from tetrayne 100 (20 mg, 0.07 mmol), TCNE(44 mg, 0.34

mmol), and TTF (70 mg, 0.34 mmol) in CH2Cl2/MeCN (1:1, 16 mL) stirred for 22 h at 50 °C

and purified by CC (Si02; CH2C12 -> CH2Cl2/EtOAc 95:5 -^80:20) to give 104 (14 mg,

21%).

Black metallic solid.

Rf = 0.20 (Si02; CH2Cl2/EtOAc 90:10).

M.p. 260 °C (decomp.).

UV/Vis (CH2C12): 287 (25900), 313 (sh, 23600), 462 (62100).

IR (neat): 3065w, 2920w, 2852w, 2692w, 265\w, 2198s, \667m, 1601*, 1485w, 1434s,

13235, \209m, \\7\m, 1086w, \057m, 999m, 945m, 885w, Sl9m.

'HNMR(300 MHz, C2D2C14, 353 K): 3.12, 3.14 (s, 6 H); 6.28-6.43 (m, 3 H); 6.52-6.59 (m,

1 H); 6.71-6.76 (m, 2 H); 7.08-7.28 (m, 7 H); 7.77 (m, 2 H); 7.93 (m, 2 H).

13C NMR(125 MHz, C2D2C14): not available due to low solubility.

HR-MALDI-MS (3-HPA): 995.9556 (18, [M+K]+, C46H23N9S8K+, calc. 995.9479),

979.9765 (49, [M+Na]+, C46H23N9S8Na+, calc. 979.9740), 957.9916 (100, [MH]+,

C46H24N9S8+, calc. 957.9920).

B) Stepwise Procedure

General procedure GP3, starting from 103 (4.9 mg, 6.5 |imol) and TTF (4.0 mg, 19.5 |imol)

in CH2Cl2/MeCN (1:1, 4 mL) stirred for 3 h at 50 °C and purified by CC (Si02;

CH2C12 -> CH2Cl2/EtOAc 95:5 -> 90:10) to give 104 (1.3 mg, 21%).

Black metallic solid.

Anal, data identical to those reported for 104 obtained by procedure A.
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4-{8-[4-(Dimethylamino)phenyl]-l,3,5,7-octatetrayn-l-yl}benzonitrile (105)

Me2N^ \—=—=—=—=—(ffCH

To a solution of benzonitrile 133 (100 mg, 0.448 mmol) and iV,iV-dimethyl-4-

[(trimethylsilyl)buta-l,3-diyn-l-yl]aniline (112) (22 mg, 0.089 mmol) in THF/MeOH(1:1, 10

mL), K2C03 (149 mg, 1.08 mmol) was added. The mixture was stirred for 2 h at 20 °C,

diluted with CH2CI2, filtered through a plug (SiÛ2; CH2CI2), and the solvents were removed

in vacuo. To the residue, Hay catalyst (50 mL) was added and the mixture was stirred while

exposed to air for 6 h at 20 °C. The solvents were removed in vacuo. Multiple CC (SiÛ2;

3 x hexanes/CH2Cl2 1:1) afforded 105 (12 mg, 42%).

Yellow solid.

Rf = 0.36 (Si02; hexanes/CH2Cl2 1:1).

M.p. > 207 °C (decomp.).

UV/Vis (CH2C12): 280 (sh, 64000), 292 (80000), 339 (45800), 365 (52800), 397 (46300), 427

(40600).

IR (neat): 289bv, 2852w, 2798w, 2220m, 2194s, 2\6\m, 2114s, 2069m, 1916>v, 1884>v,

1594s, 1520s, 1498w, 1403w, 1362s, \216m, \232m, 1196s, 1148s, \063m, 1018w, 9Mm,

943m, 835s, 812s.

'HNMR(300 MHz, C2D2CI4): 2.93 (s, 6 H); 6.51 (d, J= 9.0 Hz, 2 H); 7.34 (d, J= 9.0 Hz, 2

H);7.54(brs, 4 H).

13C NMR(75 MHz, C2D2C14): 40.36; 63.39; 66.72; 67.30; 70.33; 73.52; 75.84; 78.92; 81.88;

105.14; 111.82; 112.79; 118.60; 125.92; 132.34; 133.70; 135.18; 151.24.

HR-MALDI-MS (DCTB): 318.1154 ([M]+, C23Hi4N2+, calc. 318.1152).
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2-[2-(4-Cyanophenyl)-l,2-di-l,3-dithiol-2-ylideneethyl]-3,6-bis(dicyanomethylene)-7-[4-

(dimethylamino)phenyl]-4,5-di-l,3-dithiol-2-ylidene-l,7-octadiene-l,l98,8-

tetracarbonitrile (106)

\=j \=j

One-Pot Procedure

General procedure GP4, starting from tetrayne 105 (5.7 mg, 0.018 mmol), TCNE(11.4 mg,

0.089 mmol), and TTF (18.3 mg, 0.089 mmol) in CH2Cl2/MeCN (1:1, 6 mL) stirred for 18 h

at 50 °C and purified by CC (Si02; CH2C12 -> CH2Cl2/EtOAc 95:5 -> 90:10) to give 106

(10.2 mg, 58%).

Black metallic solid.

Rf = 0.22 (Si02; CH2Cl2/EtOAc 90:10).

M.p. 221 °C (decomp.).

UV/Vis (CH2C12): 402 (sh, 41000), 459 (117000).

IR(neat): 3066w, 2920w, 2851w, 2199s, 1600s, 1486w, 1435s, 1320s, 1208s, 1170s, 101 8jw,

IOOOw, 941m, 90lw, 848w, Slim.

lîî NMR(500 MHz, CD2C12): 3.16, 3.19 (s, 6 H); 6.47-6.50 (m, 1 H); 6.59-6.61 (m, 1 H);

6.77-6.83 (m, 3 H); 7.11 (d, J= 6.5 Hz, 1 H); 7.17 (d, J= 6.5 Hz, 1 H); 7.20-7.24 (m, 2 H);

7.31 (d, J= 6.5 Hz, 1 H); 7.38 (d, J= 6.5 Hz, 1 H); 7.57 (d, J= 9.0 Hz, 2 H); 7.89-7.95 (m, 3

H).

13C NMR(125 MHz, CD2C12): 40.28; 40.37; 70.69; 70.77; 71.57; 71.97; 75.31; 75.94;

109.88; 110.17; 111.57; 112.10; 112.45; 112.51; 112.61; 112.84; 113.36; 114.64; 114.86;

115.29; 115.33; 115.36; 115.49; 115.61; 115.64; 115.73; 115.80; 115.91; 116.02; 116.07;

116.23; 116.35; 116.41; 116.45; 117.10; 117.31; 117.43; 117.62; 118.39; 118.67; 118.95;

119.05; 119.11; 119.32; 120.37; 120.61; 122.27; 123.49; 125.55; 125.68; 125.81; 125.87;

126.44; 128.97; 129.13; 129.62; 129.68; 130.47; 130.83; 131.82; 131.94; 133.50; 134.07;

140.68; 141.05.

HR-MALDI-MS (3-HPA): 982.9850 ([MH]+, C47H23NioS8+, cale. 982.9867).
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4-Hex-l-yn-l-yl-AyV-dimethylaniline(116)

Me2N-()—=—\^

To a degassed solution of 7V,iV-dimethyl-4-iodoaniline (200 mg, 0.809 mmol) in

diisopropylamine (15 mL), hex-1-yne (100 mg, 0.14 mL, 1.21 mmol), [PdCl2(PPh3)2] (28 mg,

0.040 mmol), and Cul (15 mg, 0.081 mmol) were added and the mixture was stirred for 5 h at

20 °C. Removal of the solvent in vacuo and CC (Si02; hexanes/CH2Cl2 1:1) afforded 116

(158 mg, 97%).

Brown oil.

Rf = 0.69 (Si02; hexanes/CH2Cl2 1:1).

UV/Vis (CH2C12): 289 (51900).

ffi. (neat): 2955w, 2929w, 2859w, 2806w, 1608s, 1518*, 1444w, 1352s, 1224w, 1188w,

1166w, 1128w, 1061w, 947w, 8155.

lft NMR(300 MHz, CDC13): 0.97 (t, J = 7.1 Hz, 3 H); 1.48-1.61 (m, 4 H); 2.42 (t,J= 7.0

Hz, 2 H); 2.96 (s, 6 H); 6.63 (dd, J= 6.9, 2.2 Hz, 2 H); 7.30 (dd, J= 6.9, 2.2 Hz, 2 H).

13C NMR(75 MHz, CDC13): 13.91; 19.42; 22.25; 31.37; 40.50; 81.22; 87.85; 111.46; 112.14;

132.67; 149.84.

HR-EI-MS (70 eV): 201.1506 ([M]+, Ci4Hi9N+, calc. 201.1517).

Anal. calc. for C14H19N (301.21): C 83.53, H 9.51, N 6.96; found: C 83.09, H 9.49, N 6.84.

AyV-Dimethyl-4-(4-phenylbuta-1,3-diyn-l-yl)aniline (117)

Me2N^ %—^—=—^\

To a mixture of 4-ethynyl-iV,iV-dimethylaniline (108) (500 mg, 3.44 mmol) and

phenylacetylene (1.76 g, 17.2 mmol), Hay catalyst (50 mL) was added. The mixture was

stirred while exposed to air for 3 h at 20 °C. The solvents were removed in vacuo, and the

product was purified by CC(Si02; hexanes/CH2Cl2 1:1) to give 117 (61 mg, 72%).

Yellowish solid.

Rf = 0.54 (Si02; hexanes/CH2Cl2 1:1).

M.p. 113-114 °C.

UV/Vis (CH2C12): 265 (24000), 284 (24100), 341 (63800), 367 (52600).
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IR (neat): 2902w, 2821w, 2620w, 2205w, 2141m, 2122w, 1881w, 1594s, 1522s, 1487s,

14395, 13695, 1233w, 1182*, 1168*, 1063w, 998w, 979w, 940w, 810*.

lîî NMR(300 MHz, CDC13): 3.00 (s, 6 H); 6.63 (d,J = 9.0 Hz, 2 H); 7.35 (m, 3 H); 7.43 (d, J

= 9.0 Hz, 2 H); 7.54 (w, 2 H).

13C NMR(75 MHz, CDC13): 40.26; 72.33; 75.00; 81.00; 83.80; 107.95; 111.86; 122.59;

128.62; 128.97; 132.53; 134.04; 150.80.

HR-EI-MS (70 eV): 245.1204 ([M]+, Ci8Hi5N+, cale. 245.1197).

Anal. cale, for Ci8Hi5N (245.32): C 88.13, H 6.16, N 5.71; found: C 87.98, H 6.06, N 5.72.

3-[4-(Dimethylamino)phenyl]prop-2-ynenitrile (118) [241]

Me2N^ %—^^CN

To a mixture of alcohol 132 (150 mg, 0.86 mmol), MgS04 (1.5 g, 12.8 mmol), and NH3 in i-

PrOH (2.0 M, 1.7 mL, 3.4 mmol) in THF (5 mL), Mn02 (1.1 g, 12.8 mmol) were added. The

mixture was stirred for 7 h at 20 °C, diluted with CH2C12, filtered through a plug (Celite;

CH2CI2), and the solvents were removed in vacuo. The crude product was purified by

crystallization from CTI^Cb/hexane to give 118 (120 mg, 70%).

Yellowish solid.

Rf = 0.35 (Si02; hexanes/CH2Cl2 1:1).

M.p. 143-145 °C.

IR (neat): 2917w, 2828w, 2231m, 2213s, 2124m, 1595s, 1531s, 1443m, 1383w, 1294w,

1240m, 1183s, 1080w, 9%4w, 949m, 806s.

lîî NMR(300 MHz, CDC13): 3.04 (s, 6 H); 6.60 (d,J= 9.0 Hz, 2 H); 7.44 (d,J= 9.0 Hz, 2

H).

13C NMR(75 MHz, CDCI3): 40.14; 62.47; 86.41; 102.54; 106.85; 111.68; 135.27; 152.19.

HR-EI-MS (70 eV): 169.0760 ([M-H]+, CnH9N2+, cale. 169.0761).

Anal. cale, for CnHi0N2 (170.21): C 77.62, H 5.92, N 16.46; found: C 77.76, H 5.64, N

16.57.
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(4-{3,3-Dicyano-l-[4-(dimethylamino)phenyl]prop-2-en-l-ylidene}cyclohexa-2,5-dien-l-

ylidene)malononitrile (119)

NC

NC

General procedure GP5, starting from TCNQ(35 mg, 0.172 mmol) and 4-ethynyl-iV,iV-

dimethylaniline (108) (25 mg, 0.172 mmol) in CH2C12 (10 mL) stirred for 6 h at 20 °C and

purified by CC(Si02; CH2Cl2/EtOAc 97:3) to give 119 (49 mg, 81%).

Black metallic solid.

Rf = 0.65 (Si02; CH2Cl2/EtOAc 97:3).

M.p. 211 °C

UV/Vis (CH2C12): 276 (13400), 369 (sh, 19000), 418 (39400), 526 (13700), 759 (27800).

IR(neat): 3024w, 2910w, 2232w, 2194s, 2170s, 1614w, 1568s, 1523s, 1480w, 1393w, 1367s,

1346s, \229m, \207w, 1153s, 1087s, \062m, 922m, 839w, 821s.

lîî NMR(300 MHz, CDC13): 3.15 (s, 6 H); 6.78 (d,J= 9.0 Hz, 2 H); 7.15 (d, J= 9.0 Hz, 2

H); 7.30 (brs, 4 H); 8.18 (s, 1 H).

13C NMR(125 MHz, CDC13): 40.17; 76.46; 92.58; 110.53; 112.31; 113.78; 114.08; 122.72;

126.39 (br s); 134.22; 135.74; 146.45; 152.89; 152.95; 156.63 (15 signals out of 19

expected).

HR-MALDI-MS (DCTB): 349.1341 ([Mf, C22Hi5N5~, cale. 349.1333).

(4-{2-Butyl-3,3-dicyano-l-[4-(dimethylamino)phenyl]prop-2-en-l-ylidene}cyclohexa-2,5-

dien-l-ylidene)malononitrile (120)

General procedure GP5, starting from TCNQ(41 mg, 0.199 mmol) and alkyne 116 (40 mg,

0.199 mmol) in CH2C12 (20 mL) stirred for 13 h at 20 °C and purified by CC (Si02;

CH2Cl2/EtOAc 98:2) to give 120 (86 mg, 100%).

NMe2
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Copper-like metallic solid.

Rf = 0.55 (Si02; CH2Cl2/EtOAc 98:2).

M.p. 163-164 °C.

UV/Vis (CH2C12): 259 (17000), 281 (sh, 14600), 339 (20000), 417 (22300), 655 (50300).

IR(neat):2921w, 2859w, 2635w, 2196s, 1611/w, 1573s, 1519s, 1480w, 1339s, \204w, 1151s,

939m, %99m, 827w, 800w.

lîî NMR(300 MHz, CDC13): 0.87 (t,J = 7.1 Hz, 3 H); 1.23-1.47 (m, 4 H); 2.61 (br s, 1 H);

2.87 (br s, 1 H); 3.16 (s, 6 H); 6.76 (d, J= 9.0 Hz, 2 H); 6.98 (dd, J= 9.8, 2.2 Hz, 1 H); 7.18

(d, J= 9.0 Hz, 2 H); 7.24 (m, 2 H); 7.37 (dû, 7= 9.7, 2.2 Hz, 1 H).

13C NMR(125 MHz, CDC13): 13.46; 22.67; 29.74; 38.03; 40.16; 72.36; 90.82; 111.13;

111.33; 112.32; 114.47; 114.52; 121.40; 125.16; 125.37; 131.35; 133.76; 133.79; 135.80;

151.82; 152.87; 154.33; 179.76.

HR-MALDI-MS (DCTB): 405.1950 ([Mf, C26H23N5~, cale. 405.1953).

(4-{3,3-Dicyano-l-[4-(dimethylamino)phenyl]-2-phenylprop-2-en-l-ylidene}cyclohexa-

2,5-dien-l-ylidene)malononitrile (121)

NMe2

General procedure GP5, starting from TCNQ(41 mg, 0.200 mmol) and alkyne 110 (45 mg,

0.200 mmol) in CH2C12 (15 mL) stirred for 14 h at 20 °C and purified by CC (Si02;

CH2C12 -> CH2Cl2/EtOAc 98:2) to give 121 (79 mg, 93%).

Copper-like metallic solid.

Rf=0.38(SiO2;CH2Cl2).

M.p. 244-245 °C.

UV/Vis (CH2C12): 268 (18500), 291 (sh, 19000), 330 (22000), 459 (16200), 676 (36300).

IR (neat): 29\7m, 2850w, 2638w, 2228w, 2195s, 1613w, 1573s, 1524s, 1484w, \393m,

1341s, 1154s, 1072s, 939m, 906m, %llm, %31w, %23m.

lîî NMR(300 MHz, CDC13): 3.13 (s, 6 H); 6.71 (d, J = 9.3 Hz, 2 H); 6.99 (dd,J= 9.5, 1.9

Hz, 1 H); 7.14 (dd,J= 9.5, 2.0 Hz, 1 H); 7.24-7.29 (m, 3 H); 7.43-7.55 (m, 4 H); 7.63-7.66

(m, 2 H).
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liC NMR(75 MHz, CDC13): 40.37; 71.48; 87.71; 112.46; 112.72; 113.17; 114.99; 115.06;

123.65; 125.02; 125.42; 129.77; 129.83; 131.87; 133.78; 134.58; 134.76; 134.97; 136.11;

152.28; 153.14; 154.31; 173.01.

HR-MALDI-MS (DCTB): 425.1639 ([Mf, C28Hi9N5~, cale. 425.1640).

(4-{3,3-Dicyano-l,2-bis[4-(dimethylamino)phenyl]prop-2-en-l-ylidene}cyclohexa-2,5-

dien-l-ylidene)malononitrile (122)

General procedure GP5, starting from TCNQ(39 mg, 0.189 mmol) and alkyne 111 (50 mg,

0.189 mmol) in CH2C12 (10 mL) stirred for 17 h at 20 °C and purified by CC (Si02;

CH2C12 -> CH2Cl2/EtOAc 98:2) to give 122 (89 mg, 100%).

Deep-purple metallic solid.

Rf = 0.50 (Si02; CH2Cl2/EtOAc 98:2).

M.p. 259-262 °C.

UV/Vis (CH2C12): 333 (18000), 424 (49400), 662 (51900).

IR (neat): 2918w, 2850w, 2627w, 2193s, 1600w, 1571s, 1478s, 1437w, 1402w, 1327s,

1287s, 1212w, 1149s, 1116s, 939m, 880w, 820w.

'HNMR(300 MHz, CDCI3): 3.10 (s, 6 H); 3.13 (s, 6 H); 6.64 (d,J= 9.3 Hz, 2 H); 6.72 (d, J

= 9.0 Hz, 2 H); 6.96 (dd,J = 9.7, 1.8 Hz, 1 H); 7.07 (dd,J = 9.3, 1.8 Hz, 1 H); 7.22 (dd,J =

9.7, 1.8 Hz, 1 H); 7.34 (d,J= 9.3 Hz, 2 H); 7.55 (dd, J= 9.3, 1.8 Hz, 1 H); 7.72 (d,J= 9.0

Hz, 2 H).

13C NMR(75 MHz, CDC13): 40.27; 40.37; 69.53; 76.36; 111.96; 112.63; 114.51; 115.40;

115.51; 121.46; 124.26; 124.80; 130.89; 132.99; 134.87; 135.26; 136.16; 153.15; 154.00;

154.80; 155.09; 169.47 (22 signals out of 24 expected).

HR-MALDI-MS (DCTB): 468.2062 ([Mf, C3oH24N6~, calc. 468.2068).

Anal. calc. for C3oH24N6CH3COOC2H5(556.66): C 73.36, H 5.79, N 15.10; found: C 73.27,

H5.75,N 15.19.



178 Experimental Part

[l-{[4-(Dicyanomethylene)cyclohexa-2,5-dien-l-ylidene][4-(dimethylamino)phenyl]-

methyl}-3-(trimethylsilyl)prop-2-yn-l-ylidene]malononitrile (123)

NC

NC

General procedure GP5, starting from TCNQ(34 mg, 0.165 mmol) and diyne 112 (40 mg,

0.165 mmol) in toluene (25 mL) stirred for 12 h at 80 °C and purified by CC (Si02;

CH2C12 -> CH2Cl2/EtOAc 98:2) to give 123 (24 mg, 33%).

Black metallic solid.

Rf = 0.55 (Si02; CH2Cl2/EtOAc 98:2).

M.p. 209-211 °C.

UV/Vis (CH2C12): 270 (26300), 307 (26200), 368 (sh, 12000), 480 (26400), 709 (36000).

IR (neat): 2918w, 2853w, 2806w, 2635w, 22025, 1608w, 15825, 1528w, \504m, 1439w,

14085, 13675, 13445, 13235, 12965, 12495, 12035, 11715, 11255, \063m, 103lw, 999w, 973w,

942m, 902m, 8435, 8095.

'HNMR(300 MHz, CDC13): 0.24 (5, 9 H); 3.17 (5, 6 H); 6.76 (d, J= 9.3 Hz, 2 H); 7.25-7.34

(m, 6 H).

13C NMR(75 MHz, CDC13): -0.74; 40.41; 72.45; 96.99; 100.78; 110.94; 112.34; 112.48;

114.92; 123.59; 124.76; 124.96; 125.54; 131.62; 134.46; 135.04; 136.28; 148.60; 153.33;

154.26; 154.43 (21 signals out of 22 expected).

HR-MALDI-MS (DCTB): 445.1726 ([Mf, C27H23N5Sr, calc. 445.1723).

(l-{[4-(Dicyanomethylene)cyclohexa-2,5-dien-l-ylidene][4-(dimethylamino)phenyl]-

methyl}-3-phenylprop-2-yn-l-ylidene)malononitrile (124)

NMe2

General procedure GP5, starting from TCNQ(42 mg, 0.204 mmol) and diyne 117 (50 mg,

0.204 mmol) in 1,2-dichloroethane (30 mL) stirred for 5 h at 80 °C and purified by CC(Si02;

CH2C12 -> CH2Cl2/EtOAc 98:2) to give 124 (66 mg, 72%).

-SiMe,

NMe2
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Deep-purple metallic solid.

Rf = 0.57 (Si02; CH2Cl2/EtOAc 98:2).

M.p. 229-232 °C.

UV/Vis (CH2C12): 272 (19300), 320 (26400), 340 (sh, 24000), 361 (sh, 21000), 488 (20300),

708 (27300).

IR (neat): 339\w, 29\4m, 2%52m, 2640w, 2196s, 2171s, 1608w, 1573s, 1519s, 1482w,

\443w, \394m, 1343s, 1266s, \205w, 1154s, 1116s, 940m, 902m, 824m.

lîî NMR(300 MHz, CDC13): 3.18 (s, 6 H); 6.78 (d, J= 9.0 Hz, 2 H); 7.26-7.43 (m, 8 H);

7.49-7.54 (m, 3 H).

13C NMR(75 MHz, CDC13): 40.33; 72.26; 88.35; 94.49; 111.05; 112.33; 112.56; 114.67;

114.72; 115.35; 119.71; 123.32; 124.66; 125.32; 128.86; 131.28; 132.12; 133.17; 134.15;

134.76; 136.01; 148.60; 153.01; 153.99; 154.43.

HR-MALDI-MS (DCTB): 449.1639 ([Mf, C3oHi9N5~, cale. 449.1640).

(4-{2-(Dicyanomethylene)-l,4-bis[4-(dimethylamino)phenyl]but-3-yn-l-ylidene}-

cyclohexa-2,5-dien-l-ylidene)malononitrile (125)

NMe2

General procedure GP5, starting from TCNQ(38 mg, 0.184 mmol) and diyne 113 (53 mg,

0.184 mmol) in CH2C12 (30 mL) stirred for 18 h at 20 °C and purified by CC (Si02;

CH2C12 -> CH2Cl2/EtOAc 98:2) to give 125 (71 mg, 78%).

Black metallic solid.

Rf=0.38(SiO2;CH2Cl2).

M.p. > 300 °C (decomp.).

UV/Vis (CH2C12): 270 (36000), 326 (sh, 29400), 446 (57700), 480 (sh, 50000), 677 (64700).

IR (neat): 2906w, 2858w, 2806w, 2628w, 2196s, 2113s, 1597s, 1573s, 1531s, 1439s, 1338s,

1269s, \230m, 1156s, 1105s, \0\5m, 939m, 901m, 806m.

lîî NMR(300 MHz, CDC13): 3.08 (s, 6 H); 3.17 (s, 6 H); 6.62 (d,J= 9.0 Hz, 2 H); 6.76 (d, J

= 9.0 Hz, 2 H); 7.19-7.26 (m, 2 H); 7.35-7.40 (m, 6 H).
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liC NMR(150 MHz, CDC13): 40.06; 40.19; 71.05; 88.67; 92.44; 105.72; 111.79; 112.16;

112.28; 113.65; 114.96; 115.03; 123.07; 123.77; 124.27; 124.96; 130.82; 134.78; 134.94;

135.73; 136.33; 150.56; 152.82; 153.12; 154.01; 154.48.

HR-MALDI-MS (DCTB): 492.2062 ([Mf, C32H24N(f, calc. 492.2068).

Anal. calc. for C32H24N6 (492.58): C 78.03, H 4.91, N 17.06; found: C 77.72, H 4.83, N

16.58.

2,2'-[l,4-Phenylenebis({l,l-dicyano-3-[4-(dihexylamino)phenyl]prop-l-en-2-yl-3-

ylidene}cyclohexa-2,5-diene-4,l-diylidene)]dimalononitrile (126)

General procedure GP5, starting from TCNQ(38 mg, 0.186 mmol) and the corresponding

dialkyne 114 (60 mg, 0.093 mmol) in 1,2-dichloroethane (30 mL) stirred for 14 h at 20 °C,

subsequently 3 h at 80 °C to complete the reaction and purified by CC (Si02;

CH2C12 -> CH2Cl2/EtOAc 98:2) to give 126 (91 mg, 93%).

Black metallic solid.

Rf = 0.48 (Si02; CH2Cl2/EtOAc 98:2).

M.p. 255 °C.

UV/Vis (CH2C12): 275 (sh, 28600), 346 (54800), 685 (68200).

IR (neat): 3378w, 3062w, 2923w, 2854w, 2650w, 2195s, 161 lw, 1573s, \520m, 1465>v,

1383s, 1339s, 1292s, 1210w, 1161s, 976m, 906m, 883w, S2lm.

lîî NMR(300 MHz, C2D2C14): 0.82 (t, J = 6.4 Hz, 12 H); 1.21 (br s, 24 H); 1.56 (m, 8 H);

3.29 (t,J= 7.8 Hz, 8 H); 6.62 (d, J= 9.3 Hz, 4 H); 6.77 (d,J= 9.0 Hz, 2 H); 7.02 (d, J= 9.0

Hz, 2 H); 7.18 (m, 6 H); 7.44 (d, J= 9.0 Hz, 2 H); 7.70 (s, 4 H).

13C NMR(125 MHz, C2D2C14): 14.42; 22.96; 26.97; 27.68; 31.82; 51.85; 70.09; 89.92;

111.99; 112.67; 113.25; 115.60; 120.60; 122.86; 124.94; 125.35; 130.59; 130.62; 134.00;

135.20; 136.02; 138.66; 150.47; 152.31; 154.15; 171.04.

HR-MALDI-MS (3-HPA): 1052.5966 ([Mf, C7oH72Ni(f, calc. 1052.5947).
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2,2',2"-[Benzene-l,3,5-triyltris({l,l-dicyano-3-[4-(dihexylamino)phenyl]prop-l-en-2-yl-

3-ylidene}cyclohexa-2,5-diene-4,l-diylidene)]trimalononitrile (127)

(C6H13)2N-
-/ ^

N(C6H1:

TCNQ(38 mg, 0.186 mmol) was added to a solution of the corresponding tnalkyne 115 (57

mg, 0.061 mmol) in 1,2-dichloroethane (30 mL). The mixture was stirred for 14 h at 20 °C.

Subsequently, TCNQ(19 mg, 0.093 mmol) was added, and the mixture was stirred for 2 h at

80 °C to complete the reaction. Evaporation of the solvent in vacuo and CC (Si02;

CH2C12 -^ CH2Cl2/EtOAc 98:2) afforded 127 (62 mg, 66%).

Black metallic solid.

Rf = 0.63 (Si02; CH2Cl2/EtOAc 98:2).

M.p. 229-230 °C.

UV/Vis (CH2C12): 274 (63000), 319 (sh, 63200), 567 (sh, 61000), 709 (87000).

IR(neat): 2925w, 2855w, 2645w, 2197s, 1609>v, 1576s, \522m, 1388s, 1341s, 1289s, \26\m,

1167s, 978w, 904w, 891w, 836w.

1HNMR(500MHz, C2D2C14): 0.84 (t, J = 6.7 Hz, 18 H); 1.27 (br s, 36 H); 1.55 (brs, 12 H);

3.31 (br s, 12 H); 6.59 (d, J = 9.1 Hz, 6 H); 6.73 (br s, 3 H); 6.91 (br d, J = 8.2 Hz, 3 H);

7.06-7.19 (bi,9H); 7.30 Qprd,J= 8.2 Hz, 3 H); 7.79 (brs, 3 H).

13C NMR(125 MHz, C2D2C14): 14.42; 22.94; 26.96; 27.64; 31.80; 52.02; 91.95; 111.25;

112.52; 113.57; 115.49; 115.59; 120.60; 123.15 (brs); 124.69; 125.19; 130.12 (brs); 132.77

(brs); 134.06 (brs); 135.39; 136.19; 138.10; 149.49 (brs); 152.47; 153.57; 170.01.

HR-MALDI-MS (3-HPA): 1540.8718 ([Mf, Cio2Hi05Ni5~, calc. 1540.8750).

Anal. calc. for C10Ä05N15 (1541.05): C 79.50, H 6.87, N 13.63; found: C 79.23, H 6.83, N

13.37.



182 Experimental Part

3-[4-(Dicyanomethylene)cyclohexa-2,5-dien-l-ylidene]-3-[4-(dimethylamino)phenyl]-

prop-l-ene-l,l?2-tricarbonitrile (128)

NMe2

General procedure GP5, starting from TCNQ(18 mg, 0.088 mmol) and cyanoalkyne 118 (15

mg, 0.088 mmol) in 1,1,2,2-tetrachloroethane8 (10 mL) stirred for 12 h at 120 °C and purified

by CC(Si02; CH2C12 -> CH2Cl2/EtOAc 98:2) to give 128 (9 mg, 27%).

Black metallic solid.

Rf = 0.65 (Si02; CH2Cl2/EtOAc 98:2).

M.p. > 269 °C (decomp.).

UV/Vis (CH2C12): 272 (16000), 307 (sh, 10600), 491 (35000), 859 (17700).

IR (neat): 2925w, 2847w, 2801w, 2640s, 2194s, 1610w, 1569s, 1522s, 1397s, 1336s, 1359s,

1279s, 1136s, 938w, 896w, 822w.

lîî NMR(500 MHz, C2D2C14): 3.11 (s, 6 H); 6.83 (d, J= 9.1 Hz, 2 H); 7.14 (m, 4 H); 7.28

(br s, 2 H).

13C NMR(125 MHz, C2D2C14): 40.65; 76.13; 101.13; 109.93; 111.39; 113.28; 114.12;

114.64; 123.02; 127.01 (br s); 135.40; 135.60; 141.53; 143.22; 143.64; 151.92; 152.91;

153.98; 160.21; 168.49.

HR-MALDI-MS (DCTB): 374.1281 ([Mf, C23Hi4N5~, cale. 374.1280).

3-[4-(Dicyanomethylene)-2,3,5,6-tetrafluoro-2,5-cyclohexadien-l-ylidene]-3-[4-

(dimethylamino)phenyl]-l-propene-l,l?2-tricarbonitrile (129)

NMe2

General procedure GP5, starting from F4-TCNQ (15.0 mg, 0.054 mmol) and cyanoalkyne 118

(9.2 mg, 0.054 mmol) in CH2C12 (12 mL) stirred for 15 h at 20 °C in a flask treated with

Exposure to 1,1,2,2-tetrachloroethane should be avoided due to its high toxicity.
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Me2SiCl2 according to general procedure GP6.9 The compound was purified by slow

diffusion of hexane into CH2C12 solution at 20 °C to yield 129 (20.9 mg, 86%).

Black metallic solid.

Rf = 0.12 (Si02; CH2Cl2/EtOAc 95:5, decomp.).

M.p. >410°C.

UV/Vis (CH2C12): 326 (13300), 390 (8000), 540 (29700), 1001 (25700).

IR (neat): 2359w, 2331w, 2196s, 2181s, \634m, 1602s, 1532s, 1387s, 1343s, 1271s, 1200s,

1161s, \07\m, \057m, 960m, 97%m, 869w, 834w, S2lm.

!H NMR(300 MHz, CD2C12): 3.39 (s, 6 H); 6.95 (d,J = 9.4 Hz, 2 H); 7.33 (d, J= 9.4 Hz, 2

H).

13C NMR(500 MHz, CD2C12): not available due to low solubility.

19F NMR(282 MHz, CD2C12): -140.53 (m); -133.24 (br s).

HR-MALDI-MS (DCTB): 446.0900 (1, [M\~, C23HioN6F4~, calc. 446.0903), 426.0831 (10,

[M- HF] , C23H9N6F3~, calc. 426.0841), 401.0881 (100, [M - FCNf, C22HioN5F3~, calc.

401.0888).

Anal. calc. for C23HioN6F4 (446.37): C 61.89, H 2.26, N 18.83; found: C 61.92, H 2.43, N

18.65.

4-[4-(Trimethylsilyl)-l,3-butadiyn-l-yl]benzonitrile(133)[221]

NC^ %—=—^^SiMe3

General procedure GPlb, starting from l,4-bis(trimethylsilyl)buta-l,3-diyne (560 mg, 2.88

mmol), 4-iodobenzonitrile (300 mg, 1.31 mmol), Cul (75 mg, 0.39 mmol), and

[PdCl2(PPh3)2] (184 mg, 0.26 mmol) in diisopropylamine (35 mL) stirred for 24 h at 20 °C

and purified by CC(Si02; hexanes/CH2Cl2 1:1) to give 133 (243 mg, 83%).

Tan solid.

Rf = 0.55 (Si02; hexanes/CH2Cl2 1:1).

M.p. 146-147 °C.

UV/Vis (CH2C12): 262 (10000), 277 (25300), 293 (47100), 312 (46300).

IR (neat): 3061w, 2962w, 2899w, 2342w, 2358w, 2230w, 2209w, 2106w, 1602>v, 1501w,

\407m, \289m, \274w, \252m, \237m, US3m, \04\m, lOISm, 1006w, 976m, 834s.

9
An insoluble greenish film forms readily upon standing of a CH2C12 solution of 129 in a non-treated glassware,

for details, see Chapter 4.
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!H NMR(300 MHz, CDC13): 0.24 (s, 9 H); 7.53-7.62 (m, 4 H).

13C NMR(75 MHz, CDC13): -0.34; 74.61; 78.38; 87.16; 93.88; 112.71; 118.34; 126.59;

132.26; 133.27.

HR-EI-MS (70 eV): 208.0576 ([M]+, Ci4Hi3NSi+, calc. 223.0817).
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7.1 X-ray Crystallographic Data

Table 7.1. Crystal data and structure refinement for 44.

Crystal data

Cambridge Crystallographic Data Centre CCDC-605747

Identification code

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z

Calculated density

Absorption coefficient

F(000)

Approximate crystal size

Data collection

kival_D_04

C52H78N2Si2

787.34

220(2)K

0.7107 Â

triclinic, P 1 (no. 2)

a = 12.0694(5) Â, a = 92.044(4)°
b = 12.6299(7) Â, ß= 92.778(3)°
c = 17.9160(8) Kï= 104.564(2)°

2636.9(2) Â3

2

0.992 mgnT3

0.099 mnT1

864

0.30x0.25x0.10 mm

Nonius Kappa-CCD diffractometer with graphite monochromator

Grange for data collection

Index ranges

Reflections collected / unique

Completeness to 2d = 24.16

Absorption correction

Solution and refinement

Structure solution

Structure refinement

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [/> 20(1)]

Extinction coefficient

Largest diff peak and hole

6.97 < 6< 24.16°

-\3<h< 13,-14<K 14,-20</<20

13250/ 8046 (Rmt = 0.050)

95.2%

none

SIR-97 (direct methods)

SHELXL-97 (full-matrix least-squares on F2)
8046 / 0/506

1.021

R(F) = 0.107, wR(F2) = 0.279

0.025(6)

0.467 and -0.437 e Â"3
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Table 7.2. Atomic coordinates (x 104) and equivalent isotropic displacement parameters (Â2 x 103) for 44.

C/(eq) is defined as one third of the trace of the orthogonalized U1} tensor.

_y_ U(eq)
Si(l)
C(l)
C(2)
C(3)
C(4)
C(5)
C(6)
C(7)
C(8)
C(9)

N(10)

C(ll)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
Si(l')
C(l')
C(2')
C(3')
C(4')
C(5')
C(6')
C(7')
C(8')
C(9')
N(IO')

3535(1)
548(2)
787(2)
1058(2

1451(2

740(2)
1148(2
2298(2
3001(2

2584(2
2730(2
3739(3
4893(3
3658(4
2067(3
1417(3
2817(3
1505(2
2318(3
4795(5
5863(6
4708(7
3656(5
2559(8
3728(13)
3200(7
3922(1
3222(17)
2126(1
4453(3
3944(3
3345(2
2609(2
2894(3
2177(3
1116(3
824(3)
1544(3)
386(3)

2012(1)

35(2)

-502(2)

-926(2)

-1396(2)

-1792(2)

-2208(2)

-2252(2)

-1859(3)

-1451(3)

-2630(2)

-3095(3)

-2228(4)

-3949(4)

-2799(3)

-3990(3)

-2350(3)

652(3)

1189(3)

2281(9)

3002(9)

2309(17)

1328(9)

1282(15)

277(13)

3419(6)

4109(10)

4090(14)

1761(1)

4722(3)

5090(3)

5264(2)

5476(2)

6402(3)

6600(3)

5881(3)

4939(3)

4754(3)

6081(3)

-1003(1)

133(1)

789(1)

1333(1)

1976(1)

2553(1)

3179(1)

3276(2)

2691(2)

2065(2)

3912(1)

3915(2)

3993(2)

3297(2)

4584(2)

4650(2)

5295(2)

-238(2)

-536(2)

-378(4)

-697(5)

390(5)

-1901(4)

-2431(5)

-1917(9)

-1158(5)

-1734(8)

-384(12)

3952(1)

5070(2)

5716(2)

6195(2)

6748(1)

7216(2)

7743(2)

7833(2)

7351(2)

6823(2)

8360(2)

96(1)

47(1)

50(1)

52(1)

49(1)

50(1)

50(1)

52(1)

61(1)

57(1)

61(1)

75(1)

99(1)

98(1)

60(1)

74(1)

75(1)

56(1)

74(1)

197(4)

195(4)

301(9)

222(4)

284(7)

252(6)

175(3)

361(5)

311(8)

83(1)

64(1)

61(1)

56(1)

54(1)

70(1)

79(1)

66(1)

68(1)

63(1)

86(1)
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C(ll') -380(9) 5021(9) 8759(4) 189(3)

C(12') -1354(7) 4883(10) 8253(5) 225(4)

C(13') 258(11) 4210(8) 8972(5) 211(4)

C(14') 620(5) 6993(6) 8846(3) 159(2)

C(15') 1448(7) 7192(12) 9402(4) 216(5)

C(16') -579(11) 7375(10) 8858(7) 279(4)

C(17') 3848(2) 3825(2) 4587(2) 52(1)

C(18') 3183(3) 3041(3) 4269(2) 74(1)

C(19') 1565(5) 1006(4) 4780(3) 117(2)

C(20') 2025(12) 160(8) 5027(6) 230(4)

C(21') 1333(6) 1704(6) 5430(3) 128(2)

C(22') 971(3) 2115(4) 3387(3) 99(1)

C(23') 127(4) 1122(5) 2970(4) 130(2)

C(24') 385(5) 2866(5) 3787(4) 132(2)

C(25') 2933(3) 1003(3) 3386(3) 104(1)

C(26') 3210(6) 1651(7) 2605(3) 146(2)

C(27') 4090(4) 876(5) 3731(3) 122(2)

Table 7.3. Bond lengths [Â] and angles [°] for 44.

Si(l)-C(19) 1.797(6) Si(l')-C(22') 1.837(5)

Si(l)-C(18) 1.831(3) Si(l')-C(18') 1.841(3)

Si(l)-C(22) 1.828(8) Si(l')-C(25') 1.842(5)

Si(l)-C(25) 1.945(9) Si(l')-C(19') 1.855(6)

C(l)-C(l)#l 1.365(5) C(l')-C(l')#2 1.369(6)

C(l)-C(17) 1.429(4) C(l')-C(17') 1.421(4)

C(l)-C(2) 1.430(4) C(l')-C(2') 1.451(4)

C(2)-C(3) 1.200(4) C(2')-C(3') 1.198(4)

C(3)-C(4) 1.429(4) C(3')-C(4') 1.425(4)

C(4)-C(9) 1.389(4) C(4')-C(5') 1.375(4)

C(4)-C(5) 1.400(4) C(4')-C(9') 1.392(4)

C(5)-C(6) 1.377(4) C(5')-C(6') 1.369(5)

C(6)-C(7) 1.407(4) C(6')-C(7') 1.392(5)

C(7)-N(10) 1.380(3) C(7')-N(10') 1.381(4)

C(7)-C(8) 1.406(4) C(7')-C(8') 1.404(5)

C(8)-C(9) 1.376(4) C(8')-C(9') 1.367(5)

N(10)-C(14) 1.469(4) N(10')-C(14') 1.381(7)

N(10)-C(ll) 1.479(4) N(10')-C(ll') 1.634(11)

C(ll)-C(13) 1.501(6) C(ll')-C(12') 1.420(12)

C(ll)-C(12) 1.537(5) C(ll')-C(13') 1.478(15)

C(14)-C(15) 1.523(4) C(14')-C(15') 1.347(10)

C(14)-C(16) 1.531(4) C(14')-C(16') 1.637(14)

C(17)-C(18) 1.203(4) C(17')-C(18') 1.211(4)

C(19)-C(21) 1.384(11) C(19')-C(20') 1.398(12)

C(19)-C(20) 1.528(10) C(19')-C(21') 1.515(8)

C(22)-C(24) 1.352(18) C(22')-C(24') 1.500(8)

C(22)-C(23) 1.579(13) C(22')-C(23') 1.545(6)

C(25)-C(26) 1.534(12) C(25')-C(27') 1.547(7)

C(25)-C(27) 1.59(2) C(25')-C(26') 1.651(8)

C(19)-Si(l)-C(18) 109.1(3) C(22')-Si(l')-C(18') 108.22(18)

C(19)-Si(l)-C(22) 115.0(4) C(22')-Si(l')-C(25') 111.6(2)

C(18)-Si(l)-C(22) 109.1(3) C(18')-Si(l')-C(25') 104.59(18)

C(19)-Si(l)-C(25) 106.5(5) C(22')-Si(l')-C(19') 111.2(3)

C(18)-Si(l)-C(25) 106.4(3) C(18')-Si(l')-C(19') 109.2(2)

C(22)-Si(l)-C(25) 110.4(4) C(25')-Si(l')-C(19') 111.8(3)

C(l)#l-C(l)-C(17) 120.8(3) C(l')#2-C(l')-C(17') 120.2(4)

C(l)#l-C(l)-C(2) 121.7(3) C(l')#2-C(l')-C(2') 117.8(3)

C(17)-C(l)-C(2) 117.5(2) C(17')-C(l')-C(2') 122.0(3)
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C(21) 132(5) 550(20) 137(6) 50(9) -42(5) -68(9)

C(22) 133(3) 300(10) 158(4) -64(5) 88(3) -87(5)

C(23) 141(5) 476(19) 142(6) 24(8) -28(5) -90(9)

C(24) 259(11) 230(11) 280(12) -9(10) 98(10) 74(10)

C(25) 182(6) 130(5) 201(6) 59(4) 57(5) 2(5)

C(26) 199(9) 397(9) 455(10) 344(7) 7(8) -28(9)

C(27) 343(17) 237(12) 376(19) -8(13) 73(16) 106(12)

Si(l') 75(1) 68(1) 101(1) -6(1) -7(1) 10(1)

C(l') 71(2) 61(2) 61(2) 3(1) -4(1) 19(1)

C(2') 67(2) 73(2) 53(1) 23(1) 10(1) 34(1)

C(3') 63(2) 59(2) 48(1) 9(1) 0(1) 19(1)

C(4') 63(2) 57(2) 43(1) 8(1) 6(1) 16(1)

C(5') 81(2) 60(2) 62(2) 1(1) 16(2) 3(2)

C(6') 104(2) 55(2) 68(2) -12(2) 23(2) 1(2)

C(7') 84(2) 66(2) 51(2) 4(1) 16(1) 22(2)

C(8') 66(2) 70(2) 62(2) -6(1) 14(1) 6(2)

C(9') 65(2) 62(2) 59(2) -12(1) 6(1) 12(1)

N(IO') 113(2) 83(2) 66(2) 1(1) 40(1) 25(2)

C(ll') 235(7) 248(8) 106(4) -32(5) 23(5) 106(7)

C(12') 192(5) 357(10) 173(6) -66(6) -1(5) 169(6)

C(13') 325(10) 172(6) 180(6) 61(5) 91(7) 122(6)

C(14') 127(4) 213(6) 116(3) -89(3) 27(3) 12(4)

C(15') 153(6) 373(14) 102(4) -34(6) 23(4) 34(8)

C(16') 413(9) 294(8) 224(8) -22(7) 87(8) 254(7)

C(17') 52(1) 44(1) 56(1) 4(1) -12(1) 8(1)

C(18') 75(2) 59(2) 87(2) 1(2) -18(2) 20(2)

C(19') 124(3) 80(3) 136(4) 12(3) 18(3) 2(3)

C(20') 353(11) 179(6) 199(7) 93(5) 45(7) 127(7)

C(21') 136(4) 133(4) 120(4) 15(3) 29(3) 35(3)

C(22') 74(2) 77(2) 130(3) -24(2) -26(2) 3(2)

C(23') 102(3) 100(3) 168(4) -28(3) -61(3) 9(3)

C(24') 136(4) 107(3) 161(5) -14(3) -35(4) 53(3)

C(25') 73(2) 80(2) 152(3) -49(2) -28(2) 22(2)

C(26') 145(4) 207(6) 93(3) -2(4) 17(3) 56(4)

C(27') 88(2) 143(4) 141(4) -50(3) -27(2) 54(2)

Table 7.5. Hydrogen coordinates (x 104) and isotropic displacement parameters (Â2 x 103) for 44.

X y z t/(eq)
H(5A) -34 -1774 2511 60

H(6A) 642 -2469 3553 60

H(8A) 3776 -1875 2728 73

H(9A) 3082 -1202 1685 69

H(11A) 3708 -3498 4381 90

H(12A) 4880 -1704 4400 148

H(12B) 5021 -1851 3530 148

H(12C) 5506 -2582 4098 148

H(13A) 2910 -4466 3282 146

H(13B) 4249 -4334 3386 146

H(13C) 3761 -3600 2822 146

H(14A) 1486 -2372 4534 71

H(15A) 943 -4249 4195 111

H(15B) 936 -4047 5073 111

H(15C) 1960 -4433 4725 111

H(16A) 3211 -1589 5239 112

H(16B) 3376 -2773 5378 112

H(16C) 2339 -2402 5719 112

H(19A) 4981 1565 -441 237

H(20A) 6508 3107 -334 293



216 Appendix

H(20B) 5727 3707 -807 293

H(20C) 6030 2650 -1153 293

H(21A) 5468 2455 637 451

H(21B) 4250 1608 535 451

H(21C) 4346 2882 536 451

H(22A) 4333 1770 -2137 266

H(23A) 2613 907 -2905 426

H(23B) 2535 2030 -2517 426

H(23C) 1867 906 -2201 426

H(24A) 3774 26 -2429 378

H(24B) 3053 -179 -1709 378

H(24C) 4407 228 -1622 378

H(25A) 2345 3256 -1406 210

H(26A) 3684 4781 -1791 542

H(26B) 3814 3698 -2211 542

H(26C) 4726 4283 -1564 542

H(27A) 3029 4776 -478 467

H(27B) 3982 4240 -137 467

H(27C) 2668 3664 -66 467

H(5'A) 3601 6913 7174 84

H(6'A) 2408 7242 8053 95

H(8'A) 119 4424 7392 81

H(9'A) 1314 4123 6502 75

H(11B) -547 5306 9259 227

H(12D) -1956 4265 8388 337

H(12E) -1158 4763 7744 337

H(12F) -1619 5546 8291 337

H(13D) -241 3609 9212 317

H(13E) 908 4556 9313 317

H(13F) 528 3933 8523 317

H(14B) 1002 7554 8476 191

H(15D) 2059 6880 9241 324

H(15E) 1131 6837 9843 324

H(15F) 1752 7971 9519 324

H(16D) -1068 7187 8402 419

H(16E) -368 8164 8950 419

H(16F) -988 7030 9274 419

H(19B) 789 621 4569 141

H(20D) 1633 -152 5459 345

H(20E) 2832 463 5166 345

H(20F) 1941 -407 4633 345

H(21D) 1034 1239 5831 193

H(21E) 776 2096 5267 193

H(21F) 2040 2226 5609 193

H(22B) 1384 2573 2990 118

H(23D) -452 1374 2684 194

H(23E) -240 606 3327 194

H(23F) 543 766 2634 194

H(24D) -204 3022 3452 199

H(24E) 935 3546 3951 199

H(24F) 35 2507 4218 199

H(25B) 2434 252 3259 124

H(26D) 3635 1266 2296 219

H(26E) 3665 2393 2724 219

H(26F) 2499 1672 2337 219

H(27D) 4424 458 3381 184

H(27E) 3974 501 4195 184

H(27F) 4603 1598 3830 184
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Table 7.7. Crystal data and structure refinement for 52.

Crystal data

Cambridge Crystallographic Data Centre

Identification code

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z

Calculated density

Absorption coefficient

F(000)

Approximate crystal size

Data collection

CCDC-605748

kiva7_D_05

Cl02Hi08N6'CH2Cl2

1502.87

223(2)K

0.7107 Â

triclinic, P 1 (no. 2)

a= 17.1740(4) Â, a= 109.728(2)°
b = 18.5800(5) Â, ß= 101.812(2)°
c= 18.7780(5) Â, y= 113.563(2)°

4752.6(3) Â3

2

1.050 mgnT3
0.115 mm"1

1608

0.25x0.22x0.10 mm

Nonius Kappa-CCD diffractometer with graphite monochromator

Grange for data collection

Index ranges

Reflections collected / unique

Completeness to 28= 22.49

Absorption correction

Solution and refinement

Structure solution

Structure refinement

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [/> 20(1)]

Largest diff peak and hole

7.48 < 6< 22.49°

-18<A< 18, -\9<k< 19,-20</<20

18810/ 11496 (Rmt = 0.059)

92.6%

none

SIR-97 (direct methods)

SHELXL-97 (full-matrix least-squares on F2)
11496/0/1123

1.013

R(F) = 0.073, wR(F2) = 0.181

0.401 and-0.397 eÂ"3
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Appendix 227

H(86A) 10887 7262 7493 73(13)

H(88A) 8242 4191 7418 150(30)

H(89A) 9153 3518 7349 100

H(89B) 8271 2989 7499 175

H(89C) 9253 3615 8239 148

H(90A) 8640 4504 9067 150

H(90B) 7652 3857 8337 146

H(90C) 8131 4895 8653 113

H(91A) 10063 5037 9151 87(14)

H(92A) 11066 5103 8494 130(20)

H(92B) 11585 5754 9452 87(15)

H(92C) 11456 6135 8828 104(18)

H(93A) 10717 6834 9615 94(16)

H(93B) 10705 6382 10195 103(17)

H(93C) 9768 6215 9625 120(20)

H(97A) 14106 9859 6535 68(12)

H(98A) 15423 10922 7690 61(11)

H(1AA) 14164 10076 9070 77(13)

H(1AB) 12850 9003 7898 66(11)

H(1AC) 16793 12507 9857 71(12)

H(1AD) 15638 12232 8379 114(19)

H(1AE) 16432 13159 9130 115(19)

H(1AF) 15526 12582 9224 97(17)

H(1AG) 17370 11734 9094 106(18)

H(1AH) 17574 12611 9022 130(20)

H(1AI) 16773 11674 8289 150(30)

H(1AJ) 15447 10617 9874 78(13)

H(1AK) 17042 11216 10214 96(17)

H(1AL) 16813 11447 11009 92(15)

H(1AM) 17208 12177 10720 102(17)

H(1AN) 15852 12385 10684 106(19)

H(1A0) 15404 11633 10938 105(18)

H(1AP) 14837 11569 10116 105(17)

H(2AQ) 4238 4502 2826 162

H(2AR) 4737 5511 3024 176

Table 7.12. Torsion angles [°] for 52.

C(18)-C(l)-C(2)-C(34) 179.9(3) C(53)-C(54)-C(55)-C(56) 1.7(5)

C(19)-C(l)-C(2)-C(34) 0.0(5) C(52)-C(51)-C(56)-C(55) -1.2(5)

C(18)-C(l)-C(2)-C(3) 1.3(5) C(50)-C(51)-C(56)-C(55) 176.1(3)

C(19)-C(l)-C(2)-C(3) -178.6(3) C(54)-C(55)-C(56)-C(51) -0.3(6)

C(l)-C(2)-C(3)-C(4) 158(100) C(53)-C(54)-N(57)-C(61) 11.7(5)

C(34)-C(2)-C(3)-C(4) -20(31) C(55)-C(54)-N(57)-C(61) -167.6(4)

C(2)-C(3)-C(4)-C(5) 27(100) C(53)-C(54)-N(57)-C(58) -157.7(4)

C(3)-C(4)-C(5)-C(6) -141(100) C(55)-C(54)-N(57)-C(58) 22.9(5)

C(4)-C(5)-C(6)-C(7) -12(17) C(54)-N(57)-C(58)-C(60) 49.3(6)

C(5)-C(6)-C(7)-C(8) -36(5) C(61)-N(57)-C(58)-C(60) -120.6(5)

C(5)-C(6)-C(7)-C(49) 144(5) C(54)-N(57)-C(58)-C(59) -83.2(6)

C(6)-C(7)-C(8)-C(9) -2.1(5) C(61)-N(57)-C(58)-C(59) 106.9(5)

C(49)-C(7)-C(8)-C(9) 178.7(3) C(54)-N(57)-C(61)-C(63) -99.2(5)

C(6)-C(7)-C(8)-C(64) 175.3(3) C(58)-N(57)-C(61)-C(63) 70.9(5)

C(49)-C(7)-C(8)-C(64) -4.0(5) C(54)-N(57)-C(61)-C(62) 133.9(4)

C(7)-C(8)-C(9)-C(10) -167(5) C(58)-N(57)-C(61)-C(62) -56.0(5)

C(64)-C(8)-C(9)-C(10) 16(5) C(7)-C(8)-C(64)-C(65) -136.7(17)

C(8)-C(9)-C(10)-C(ll) 48(17) C(9)-C(8)-C(64)-C(65) 40.8(19)

C(9)-C(10)-C(ll)-C(12) -79(61) C(8)-C(64)-C(65)-C(66) 44(6)

C(10)-C(ll)-C(12)-C(13) -136(53) C(64)-C(65)-C(66)-C(71) -120(5)

C(ll)-C(12)-C(13)-C(14) -17(5) C(64)-C(65)-C(66)-C(67) 57(5)
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C(ll)-C(12)-C(13)-C(79) 162(5) C(71)-C(66)-C(67)-C(68) 1.5(5)

C(12)-C(13)-C(14)-C(94) -179.8(4) C(65)-C(66)-C(67)-C(68) -175.0(4)

C(79)-C(13)-C(14)-C(94) 0.9(6) C(66)-C(67)-C(68)-C(69) -0.1(6)

C(12)-C(13)-C(14)-C(15) 1.7(6) C(67)-C(68)-C(69)-N(72) 176.7(4)

C(79)-C(13)-C(14)-C(15) -177.7(4) C(67)-C(68)-C(69)-C(70) -1.8(5)

C(13)-C(14)-C(15)-C(16) -172(8) N(72)-C(69)-C(70)-C(71) -176.0(3)

C(94)-C(14)-C(15)-C(16) 9(8) C(68)-C(69)-C(70)-C(71) 2.5(5)

C(14)-C(15)-C(16)-C(17) 78(15) C(69)-C(70)-C(71)-C(66) -1.2(5)

C(15)-C(16)-C(17)-C(18) 11(18) C(67)-C(66)-C(71)-C(70) -0.8(5)

C(16)-C(17)-C(18)-C(l) -1(17) C(65)-C(66)-C(71)-C(70) 175.6(3)

C(2)-C(l)-C(18)-C(17) 80(11) C(68)-C(69)-N(72)-C(76) -164.5(4)

C(19)-C(l)-C(18)-C(17) -100(11) C(70)-C(69)-N(72)-C(76) 13.9(6)

C(2)-C(l)-C(19)-C(20) 67(6) C(68)-C(69)-N(72)-C(73) 24.4(6)

C(18)-C(l)-C(19)-C(20) -112(6) C(70)-C(69)-N(72)-C(73) -157.2(4)

C(l)-C(19)-C(20)-C(21) 13(10) C(69)-N(72)-C(73 )-C(74) -80.9(5)

C(19)-C(20)-C(21)-C(26) 41(6) C(76)-N(72)-C(73 )-C(74) 107.6(4)

C(19)-C(20)-C(21)-C(22) -136(6) C(69)-N(72)-C(73 )-C(75) 51.2(5)

C(26)-C(21)-C(22)-C(23) -0.5(5) C(76)-N(72)-C(73 )-C(75) -120.4(4)

C(20)-C(21)-C(22)-C(23) 177.2(3) C(69)-N(72)-C(76)-C(78) -101.8(5)

C(21)-C(22)-C(23)-C(24) -1.3(5) C(73)-N(72)-C(76)-C(78) 69.8(5)

C(22)-C(23)-C(24)-N(27) -174.8(3) C(69)-N(72)-C(76)-C(77) 132.1(4)

C(22)-C(23)-C(24)-C(25) 2.7(5) C(73)-N(72)-C(76)-C(77) -56.3(5)

N(27)-C(24)-C(25)-C(26) 175.1(3) C(14)-C(13)-C(79)-C(80) -33(13)

C(23)-C(24)-C(25)-C(26) -2.4(5) C(12)-C(13)-C(79)-C(80) 148(13)

C(24)-C(25)-C(26)-C(21) 0.8(6) C(13)-C(79)-C(80)-C(81) -54(22)

C(22)-C(21)-C(26)-C(25) 0.8(6) C(79)-C(80)-C(81)-C(86) 108(15)

C(20)-C(21)-C(26)-C(25) -176.9(4) C(79)-C(80)-C(81)-C(82) -69(15)

C(25)-C(24)-N(27)-C(31) 150.0(3) C(86)-C(81)-C(82)-C(83) 2.7(9)

C(23)-C(24)-N(27)-C(31) -32.7(5) C(80)-C(81)-C(82)-C(83) 179.8(6)

C(25)-C(24)-N(27)-C(28) -15.2(5) C(81)-C(82)-C(83)-C(84) 0.5(10)

C(23)-C(24)-N(27)-C(28) 162.1(3) C(82)-C(83)-C(84)-N(87) 177.0(6)

C(24)-N(27)-C(28)-C(29) 97.7(4) C(82)-C(83)-C(84)-C(85) -2.7(8)

C(31)-N(27)-C(28)-C(29) -68.4(4) N(87)-C(84)-C(85)-C(86) -178.0(4)

C(24)-N(27)-C(28)-C(30) -135.1(3) C(83)-C(84)-C(85)-C(86) 1.7(6)

C(31)-N(27)-C(28)-C(30) 58.8(4) C(84)-C(85)-C(86)-C(81) 1.5(6)

C(24)-N(27)-C(31)-C(33) -43.5(5) C(82)-C(81)-C(86)-C(85) -3.6(7)

C(28)-N(27)-C(31)-C(33) 122.0(4) C(80)-C(81)-C(86)-C(85) 179.3(4)

C(24)-N(27)-C(31)-C(32) 86.5(4) C(85)-C(84)-N(87)-C(88) 163.1(4)

C(28)-N(27)-C(31)-C(32) -107.9(4) C(83)-C(84)-N(87)-C(88) -16.6(7)

C(l)-C(2)-C(34)-C(35) -78(6) C(85)-C(84)-N(87)-C(91) -32.0(6)

C(3)-C(2)-C(34)-C(35) 101(6) C(83)-C(84)-N(87)-C(91) 148.3(5)

C(2)-C(34)-C(35)-C(36) -4(9) C(84)-N(87)-C(88)-C(90) -133.7(5)

C(34)-C(35)-C(36)-C(37) -102(5) C(91)-N(87)-C(88)-C(90) 60.4(6)

C(34)-C(35)-C(36)-C(41) 74(5) C(84)-N(87)-C(88)-C(89) 98.9(5)

C(41)-C(36)-C(37)-C(38)
-4.3(6)C(91)-N(87)-C(88)-C(89)-67.1(5)C(35)-C(36)-C(37)-C(38)171.5(4)C(84)-N(87)-C(91)-C(92)-44.0(6)C(36)-C(37)-C(38)-C(39)0.4(6)C(88)-N(87)-C(91)-C(92)121.6(5)C(37)-C(38)-C(39)-N(42)-175.2(4)C(84)-N(87)-C(91)-C(93)87.9(5)C(37)-C(38)-C(39)-C(40)4.2(6)C(88)-N(87)-C(91)-C(93)-106.5(5)N(42)-C(39)-C(40)-C(41)174.4(4)C(13)-C(14)-C(94)-C(95)-165(4)C(38)-C(39)-C(40)-C(41)-5.0(5)C(15)-C(14)-C(94)-C(95)14(4)C(39)-C(40)-C(41)-C(36)1.3(6)C(14)-C(94)-C(95)-C(96)8(9)C(37)-C(36)-C(41)-C(40)3.4(5)C(94)-C(95)-C(96)-C(101)140(6)C(35)-C(36)-C(41)-C(40)-172.4(4)C(94)-C(95)-C(96)-C(97)-36(6)C(38)-C(39)-N(42)-C(43)10.4(6)C(101)-C(96)-C(97)-C(98)0.0(6)C(40)-C(39)-N(42)-C(43)-169.0(4)C(95)-C(96)-C(97)-C(98)176.6(4)C(38)-C(39)-N(42)-C(46)-175.8(5)C(96)-C(97)-C(98)-C(99)-0.2(6)C(40)-C(39)-N(42)-C(46)4.8(6)C(97)-C(98)-C(99)-N(102.)179.3(4)C(39)-N(42)-C(43)-C(45)59.9(6)C(97)-C(98)-C(99)-C(10C)0.0(6)C(46)-N(42)-C(43)-C(45)-114.3(5)N(102)-C(99)-C(100)-C(]01)

-179.0(4)
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C(39)-N(42)-C(43)-C(44) -71.9(5) C(98)-C(99)-C(100)-C(101) 0.3(6)

C(46)-N(42)-C(43)-C(44) 113.9(5) C(97)-C(96)-C(101)-C(100) 0.3(6)

C(39)-N(42)-C(46)-C(48) -116.1(5) C(95)-C(96)-C(101)-C(100) -176.2(4)

C(43)-N(42)-C(46)-C(48) 58.2(6) C(99)-C(100)-C(101)-C(96) -0.4(6)

C(39)-N(42)-C(46)-C(47) 118.7(5) C(100)-C(99)-N(102)-C(106) 9.6(5)

C(43)-N(42)-C(46)-C(47) -66.9(6) C(98)-C(99)-N(102)-C(106) -169.7(4)

C(8)-C(7)-C(49)-C(50) -38(8) C(100)-C(99)-N(102)-C(103) -153.2(4)

C(6)-C(7)-C(49)-C(50) 142(7) C(98)-C(99)-N(102)-C(103) 27.5(5)

C(7)-C(49)-C(50)-C(51) 29(17) C(99)-N(102)-C(103)-C(104) 47.8(5)

C(49)-C(50)-C(51)-C(56) -106(11) C(106)-N(102)-C(103)-C(104) -115.7(4)

C(49)-C(50)-C(51)-C(52) 71(11) C(99)-N(102)-C(103)-C(105) -83.2(5)

C(56)-C(51)-C(52)-C(53) 1.4(5) C(106)-N(102)-C(103)-C(105) 113.3(4)

C(50)-C(51)-C(52)-C(53) -176.0(3) C(99)-N(102)-C(106)-C(108) -87.6(4)

C(51)-C(52)-C(53)-C(54) 0.1(5) C(103)-N(102)-C(106)-C(108) 76.1(4)

C(52)-C(53)-C(54)-N(57) 179.0(3) C(99)-N(102)-C(106)-C(107) 145.3(4)

C(52)-C(53)-C(54)-C(55) -1.6(5) C(103)-N(102)-C(106)-C(107) -51.0(5)

N(57)-C(54)-C(55)-C(56) -178.9(4)
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Table 7.13. Crystal data and structure refinement for 54.

Crystal data

Cambridge Crystallographic Data Centre

Identification code

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z

Calculated density

Absorption coefficient

F(000)

Approximate crystal size

Data collection

kiva6_D_05

2(Ci22Hi24ClCu2N4P4Pt2)-3(CHCl3)

4775.76

223(2)K

0.7107 Â

monoclinic, P2\ln (no. 14)

a = 31.876(1) Â, a=90°

b = 27.206(1) Â, ß= 91.500(1)°
c = 32.1930(1) Â, ^=90°

27908.8(16) Â3

4

1.137 mgm"3

2.437 mm"1

9650

0.26x0.25x0.23 mm

Nonius Kappa-CCD diffractometer with graphite monochromator

Grange for data collection

Index ranges

Reflections collected / unique

Completeness to 20 = 23.54

Absorption correction

Max. and min. transmission

Solution and refinement

Structure solution

Structure refinement

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [/> 20(1)]

Extinction coefficient

Largest diff peak and hole

2.33 < 6< 23.54°

-35<h< 35, -30 < k< 27, -36 < /< 36

68392/ 40424 (Rmt = 0.031)

95.1%

none

0.6041 and 0.5698

SIR-97 (direct methods)

SHELXL-97 (full-matrix least-squares on F2)
40424/36/2383

1.039

R(F) = 0.064, wR(F2) = 0.176

0.000025(7)

1.095 and -2.086 e Â~3
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Table 7 14 Atomic coordinates (x 104) and equivalent isotropic displacement parameters (Â2 x 103) for 54

C/(eq) is defined as one third of the trace of the orthogonalized U1} tensor

X y z t/(eq)

Pt(l)l 10738(1) 4061(i; 3340(i; 37(1)

C(2)l 10203(3) 4183(3; 3645(3; 42(2)

C(3)l 9869(3) 4274(3; 3820(3; 37(2)

C(4)l 9476(3) 4416(3; 3980(3; 38(2)

C(5)l 9248(3) 4081(3; 4206(3; 39(2)

C(6)l 9443(3) 3613(3; 4283(3; 42(2)

C(7)l 9565(3) 3187(4; 4336(3; 44(2)

Pt(8)l 9655(1) 2448(i; 4339(i; 41(1)

C(9)l 9776(3) 2489(3; 3734(3; 42(2)

C(10)l 9778(3) 2511(3; 3350(3; 44(2)

C(H)1 9706(3) 2522(4; 2903(3; 48(2)

C(12)l 9927(3) 2855(3; 2682(3; 44(2)

C(13)l 10228(3) 3156(3; 2909(3; 43(2)

C(14)l 10453(3) 3467(3; 3077(3; 40(2)

Cu(15)l 10059(1) 3601(1 4071(i; 41(1)

Cl(16)l 10642(1) 3127(1 ) 4135(i; 47(1)

Cu(17)l 10276(1) 2950(1 ) 3537(i; 42(1)

C(18)l 9378(3) 2218(4 ) 2739(3; 52(3)

C(19)l 9090(3) 1956(4 ) 2662(3; 56(3)

C(20)l 8738(3) 1631(4 ) 2559(3; 60(3)

C(21)l 8436(4) 1750(5 ) 2268(4; 83(4)

C(22)l 8094(4) 1456(5 ) 2188(4; 84(4)

C(23)l 8033(4) 1019(4 ) 2394(4; 71(3)

C(24)l 8347(4) 902(5) 2696(5; 93(5)

C(25)l 8682(4) 1194(5 ) 2772(5; 87(4)

N(26)l 7678(3) 735(4) 2326(4; 87(3)

C(27)l 7324(4) 915(5) 2089(5; 97(5)

C(28)l 7332(8) 718(8) 1656(6; 182(10)

C(29)l 6911(5) 836(8) 2325(8; 180(10)
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C(30)l 7667(6) 221(7) 2435(8) 158(9)

C(31)l 8024(8) -89(7) 2267(9) 202(13)

C(32)l 7577(7) 154(11) 2913(10) 202(14)

C(33)l 9864(3) 2933(4) 2245(3) 50(2)

C(34)l 9817(3) 3011(4) 1886(3) 55(3)

C(35)l 9766(3) 3134(4) 1456(3) 56(3)

C(36)l 9996(3) 3500(4) 1277(3) 64(3)

C(37)l 9938(3) 3637(4) 866(3) 69(3)

C(38)l 9635(3) 3411(4) 600(3) 63(3)

C(39)l 9401(4) 3033(5) 792(3) 71(3)

C(40)l 9461(4) 2901(4) 1205(3) 67(3)

N(41)l 9581(3) 3531(4) 190(3) 73(3)

C(42)l 9903(4) 3835(5) -15(4) 82(4)

C(43)l 9777(6) 4359(6) 13(5) 132(7)

C(44)l 9978(5) 3672(6) -451(4) 103(5)

C(45)l 9178(4) 3480(5) -33(4) 74(4)

C(46)l 9098(4) 2972(5) -217(4) 83(4)

C(47)l 8808(4) 3660(5) 207(4) 89(4)

C(48)l 9310(3) 4898(4) 3896(3) 43(2)

C(49)l 9160(3) 5302(3) 3857(3) 44(2)

C(50)l 8955(3) 5763(3) 3853(3) 44(2)

C(51)l 8700(3) 5898(4) 4183(3) 59(3)

C(52)l 8491(3) 6336(4) 4188(4) 65(3)

C(53)l 8503(3) 6676(4) 3862(3) 56(3)

C(54)l 8761(3) 6541(4) 3529(4) 62(3)

C(55)l 8980(3) 6101(4) 3532(3) 60(3)

N(56)l 8275(3) 7101(3) 3871(3) 69(3)

C(57)l 7906(4) 7152(4) 4143(4) 79(4)

C(58)l 8040(4) 7284(5) 4587(4) 89(4)

C(59)l 7580(4) 6749(5) 4096(5) 109(5)

C(60)l 8324(4) 7468(4) 3533(4) 78(4)

C(61)l 8291(5) 7984(4) 3686(5) 91(4)

C(62)l 8005(6) 7377(5) 3184(5) 116(6)

C(63)l 8844(3) 4180(3) 4341(3) 47(2)

C(64)l 8496(4) 4275(4) 4432(4) 65(3)

C(65)l 8071(4) 4427(5) 4503(4) 78(4)

C(66)l 7764(5) 4140(6) 4662(7) 155(9)

C(67)l 7359(5) 4292(8) 4727(8) 174(10)

C(68)l 7227(5) 4748(7) 4611(7) 128(7)

C(69)l 7519(5) 5041(6) 4417(8) 156(9)

C(70)l 7924(4) 4872(5) 4355(6) 106(5)

N(71)l 6822(4) 4915(6) 4687(7) 173(8)

C(72)l 6661(7) 5411(12) 4476(14) 234(17)

C(73)l 6815(9) 5829(11) 4769(11) 239(16)

C(74)l 6731(12) 5470(2) 3981(13) 410(4)

C(75)l 6496(8) 4563(12) 4877(11) 350(3)

C(76)l 6284(11) 4850(18) 5215(11) 390(3)

C(77)l 6188(16) 4410(2) 4515(13) 400

P(78)l 10987(1) 4778(1) 3625(1) 45(1)

C(79)l 11548(3) 4848(4) 3669(4) 66(3)

C(80)l 11803(3) 4707(4) 3287(4) 68(3)

C(81)l 11820(3) 4150(4) 3220(4) 58(3)

P(82)l 11338(1) 3895(1) 2990(1) 45(1)

C(83)l 10789(4) 5308(4) 3333(3) 54(3)

C(84)l 10365(4) 5368(4) 3274(4) 64(3)

C(85)l 10209(4) 5770(5) 3061(4) 80(4)

C(86)l 10462(5) 6109(5) 2897(4) 82(4)

C(87)l 10886(6) 6056(5) 2951(5) 103(5)

C(88)l 11049(5) 5665(4) 3168(4) 87(4)

C(89)l 10826(3) 4874(4) 4155(3) 49(2)
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C(90)l 10834(4) 4476(4) 4425(3; 63(3)

C(91)l 10709(4) 4533(5) 4829(4^ 83(4)

C(92)l 10591(5) 4975(6) 4965(4; 95(5)

C(93)l 10584(5) 5382(6) 4706(4; 98(5)

C(94)l 10704(4) 5325(4) 4307(3; 74(4)

C(95)l 11315(3) 4122(4) 2466(3; 54(3)

C(96)l 10921(4) 4177(4) 2270(3; 66(3)

C(97)l 10886(5) 4365(5) 1865(4; 88(4)

C(98)l 11243(7) 4467(5) 1647(4; 110(6)

C(99)l 11641(6) 4414(6) 1843(5; 116(6)

C(100)l 11664(4) 4233(5) 2246(4; 91(4)

C(101)l 11476(3) 3250(4) 2971(3; 49(2)

C(102)l 11677(4) 3033(5) 2648(4; 76(4)

C(103)l 11797(5) 2536(5) 2667(5; 104(5)

C(104)l 11721(5) 2259(5) 3009(5; 87(4)

C(105)l 11518(4) 2472(5) 3323(5; 85(4)

C(106)l 11397(3) 2961(4) 3312(4; 71(3)

P(107)l 9706(1) 1611(1) 4270(i; 49(1)

C(108)l 9828(4) 1268(4) 4740(3; 66(3)

C(109)l 9551(4) 1370(4) 5104(3; 65(3)

C(110)l 9637(4) 1866(3) 5306(3; 60(3)

P(lll)l 9460(1) 2412(1) 5015(i; 51(1)

C(112)l 9657(3) 2907(4) 5351(3; 49(2)

C(113)l 9456(4) 3038(5) 5707(4; 78(4)

C(114)l 9632(5) 3386(6) 5975(4; 96(5)

C(115)l 10009(4) 3583(5) 5887(4; 86(4)

C(116)l 10208(4) 3464(4) 5548(4; 67(3)

C(117)l 10035(3) 3131(4) 5276(3; 59(3)

C(118)l 8892(3) 2424(4) 5051(3; 61(3)

C(119)l 8668(4) 2723(5) 4793(4; 77(4)

C(120)l 8221(5) 2755(6) 4805(5; 107(5)

C(121)l 8029(5) 2479(9) 5071(7; 142(8)

C(122)l 8256(6) 2166(10) 5351(7; 171(10

C(123)l 8684(5) 2124(7) 5327(5; 114(6)

C(124)l 10099(4) 1417(4) 3907(4; 63(3)

C(125)l 10518(5) 1432(6) 4021(5; 112(5)

C(126)l 10839(5) 1336(8) 3757(6; 131(7)

C(127)l 10734(7) 1189(9) 3380(8; 165(9)

C(128)l 10320(7) 1212(8) 3225(6; 141(7)

C(129)l 9987(5) 1317(6) 3494(4; 102(5)

C(130)l 9211(4) 1356(4) 4085(3; 58(3)

C(131)l 9143(4) 864(4) 4031(4; 74(4)

C(132)l 8759(5) 676(5) 3909(5; 93(5)

C(133)l 8437(5) 985(6) 3836(5; 108(5)

C(134)l 8491(5) 1479(6) 3888(7; 138(7)

C(135)l 8877(4) 1666(5) 4006(5; 88(4)

Pt(l)2 7981(1) 9354(1) 5101(1] 50(1)

C(2)2 7429(3) 9487(4) 5380(3; 56(3)

C(3)2 7079(3) 9561(4) 5516(3; 54(3)

C(4)2 6670(3) 9694(4) 5641(3; 54(3)

C(5)2 6453(3) 9359(4) 5869(3; 48(2)

C(6)2 6658(3) 8890(4) 5954(3; 52(3)

C(7)2 6783(3) 8467(4) 6020(3; 53(3)

Pt(8)2 6921(1) 7754(1) 6112(1] 47(1)

C(9)2 7050(3) 7714(3) 5506(3; 44(2)

C(10)2 7059(3) 7733(3) 5120(3; 42(2)

C(ll)2 6992(3) 7756(4) 4681(3; 43(2)

C(12)2 7206(3) 8109(4) 4467(3; 45(2)

C(13)2 7495(3) 8415(3) 4692(3; 42(2)

C(14)2 7712(3) 8728(4) 4852(3; 47(2)
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Cu(15)2 7286(1) 8902(1) 5797(1) 52(1)
Cl(16)2 7859(1) 8420(1) 5936(1) 56(1)
Cu(17)2 7537(1) 8212(1) 5320(1) 45(1)
C(18)2 6693(3) 7430(4) 4501(3) 53(3)
C(19)2 6447(3) 7138(4) 4356(3) 60(3)
C(20)2 6158(3) 6797(4) 4172(4) 59(3)
C(21)2 6146(4) 6720(5) 3755(4) 82(4)
C(22)2 5875(5) 6379(5) 3578(4) 104(5)

C(23)2 5596(4) 6109(5) 3806(4) 86(4)
C(24)2 5598(4) 6205(5) 4228(4) 83(4)
C(25)2 5876(4) 6536(5) 4393(4) 74(3)

N(26)2 5345(4) 5753(5) 3622(4) 118(5)

C(27)2 5095(7) 5416(8) 3897(6) 155(9)

C(28)2 4673(7) 5557(11) 3946(10) 231(15)
C(29)2 5146(12) 4871(11) 3731(10) 260(17)
C(30)2 5298(12) 5692(10) 3114(13) 290(2)
C(31)2 5108(11) 6190(14) 3013(13) 290(2)
C(32)2 5618(15) 5508(16) 2962(18) 340(3)
C(33)2 7141(3) 8177(4) 4031(3) 48(2)
C(34)2 7086(3) 8226(4) 3661(3) 56(3)
C(35)2 7003(3) 8280(4) 3226(3) 49(2)
C(36)2 7278(4) 8528(4) 2966(3) 64(3)
C(37)2 7190(4) 8590(4) 2558(3) 69(3)
C(38)2 6829(3) 8396(4) 2362(3) 57(3)
C(39)2 6562(4) 8142(4) 2622(4) 65(3)
C(40)2 6648(3) 8093(4) 3038(3) 54(3)

N(41)2 6754(3) 8430(3) 1934(3) 64(2)
C(42)2 6920(6) 8823(7) 1703(5) 111(6)

C(43)2 6880(6) 9340(6) 1844(6) 140(7)

C(44)2 7302(8) 8752(10) 1545(7) 182(10)

C(45)2 6375(4) 8219(6) 1741(4) 83(4)
C(46)2 6420(5) 7967(7) 1367(7) 156(9)

C(47)2 5986(4) 8526(5) 1806(4) 85(4)
C(48)2 6497(4) 10165(4) 5530(3) 65(3)
C(49)2 6372(4) 10557(5) 5449(4) 77(4)
C(50)2 6209(5) 11039(6) 5352(6) 104(5)

C(51)2 6027(5) 11319(6) 5626(6) 116(6)

C(52)2 5869(6) 11790(7) 5538(8) 148(8)

C(53)2 5907(6) 11987(7) 5158(10) 157(10)

C(54)2 6066(7) 11700(7) 4850(7) 154(8)

C(55)2 6201(6) 11231(6) 4949(7) 128(6)

N(56)2 5721(8) 12464(9) 5033(8) 217(9)
C(57)2 5452(10) 12675(12) 5343(11) 224

C(58)2 5623(10) 12968(14) 5639(10) 249

C(59)2 5064(14) 12860(2) 5097(15) 440

C(60)2 5892(14) 12825(15) 4749(12) 460

C(61)2 5729(13) 12630(2) 4332(16) 430

C(62)2 6375(13) 12816(19) 4735(14) 370

C(63)2 6045(3) 9433(4) 6019(3) 55(3)
C(64)2 5714(3) 9513(4) 6171(3) 53(3)
C(65)2 5334(3) 9655(4) 6361(3) 55(3)
C(66)2 5253(4) 9551(4) 6782(3) 68(3)
C(67)2 4911(3) 9726(4) 6969(3) 63(3)
C(68)2 4617(3) 10031(4) 6758(3) 56(3)
C(69)2 4685(3) 10118(4) 6335(3) 61(3)
C(70)2 5038(3) 9935(4) 6142(3) 62(3)

N(71)2 4268(3) 10216(4) 6957(3) 62(2)
C(72)2 4298(3) 10384(5) 7395(3) 70(3)
C(73)2 4715(4) 10667(5) 7485(4) 89(4)
C(74)2 4199(4) 9982(6) 7703(4) 98(5)
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C(75)2 3914(3) 10413(5) 6706(4) 68(3)

C(76)2 3490(3) 10302(6) 6910(4) 98(5)

C(77)2 3968(4) 10952(5) 6603(4) 85(4)

P(78)2 8210(1) 10084(1) 5377(1) 72(1)

C(79)2 8780(7) 10215(10) 5356(8) 180(10)

C(80)2 9000(4) 10079(5) 4967(5) 90(4)

C(81)2 9047(4) 9535(5) 4986(4) 81(4)

P(82)2 8599(1) 9186(1) 4784(1) 56(1)

C(83)2 7873(5) 10594(5) 5212(7) 153(8)

C(84)2 7459(7) 10698(8) 5323(9) 250

C(85)2 7279(6) 11161(8) 5209(7) 180

C(86)2 7419(8) 11358(9) 4837(8) 230

C(87)2 7822(11) 11241(14) 4690(12) 410

C(88)2 8058(8) 10869(14) 4897(11) 370

C(89)2 8212(7) 10064(8) 5937(5) 150

C(90)2 8027(10) 10469(10) 6136(9) 230

C(91)2 7938(14) 10425(12) 6568(9) 340

C(92)2 8065(16) 10004(14) 6801(7) 380

C(93)2 8220(13) 9599(11) 6581(7) 320

C(94)2 8198(6) 9631(7) 6145(6) 140

C(95)2 8590(4) 9289(4) 4236(4) 66(3)

C(96)2 8214(5) 9292(4) 4022(4) 78(4)

C(97)2 8196(7) 9354(5) 3591(5) 117(6)

C(98)2 8558(8) 9389(6) 3384(5) 137(9)

C(99)2 8932(7) 9380(7) 3603(6) 140(8)

C(100)2 8937(5) 9333(6) 4010(5) 104(5)

C(101)2 8779(3) 8550(4) 4854(3) 58(3)

C(102)2 9024(4) 8314(5) 4570(4) 72(3)

C(103)2 9162(4) 7839(5) 4650(4) 79(4)

C(104)2 9061(4) 7598(5) 5017(4) 92(4)

C(105)2 8825(4) 7843(5) 5307(5) 93(5)

C(106)2 8678(4) 8316(5) 5227(4) 70(3)

P(107)2 7037(1) 6928(1) 6185(1) 56(1)

C(108)2 7203(4) 6736(5) 6701(4) 78(4)

C(109)2 6911(5) 6893(5) 7046(4) 95(5)

C(110)2 6955(5) 7444(5) 7154(4) 93(5)

P(lll)2 6723(1) 7864(1) 6781(1) 64(1)

C(112)2 6854(4) 8474(5) 6984(4) 79(4)

C(113)2 6560(5) 8831(5) 7044(4) 87(4)

C(114)2 6678(6) 9299(6) 7185(5) 111(5)

C(115)2 7083(7) 9401(8) 7263(7) 160(9)

C(116)2 7377(7) 9057(10) 7185(9) 218(14)

C(117)2 7266(5) 8575(7) 7059(6) 146(8)

C( 118)2 6167(4) 7821(5) 6836(4) 75(4)

C( 119)2 5991(5) 7719(5) 7209(5) 100(5)

C(120)2 5544(7) 7704(7) 7239(7) 139(8)

C(121)2 5299(6) 7778(11) 6896(8) 178(11)

C(122)2 5461(5) 7894(13) 6531(7) 223(15)

C(123)2 5910(5) 7893(10) 6495(6) 163(10)

C(124)2 7446(3) 6672(4) 5874(3) 59(3)

C(125)2 7821(4) 6897(5) 5856(4) 82(4)

C(126)2 8153(5) 6697(7) 5641(5) 99(5)

C(127)2 8131(5) 6286(7) 5450(5) 101(5)

C(128)2 7760(7) 6046(7) 5463(7) 151(8)

C(129)2 7412(5) 6226(6) 5693(6) 121(6)

C(130)2 6567(3) 6577(4) 6066(4) 65(3)

C(131)2 6279(4) 6764(5) 5779(4) 78(4)

C(132)2 5925(4) 6510(7) 5648(5) 103(5)

C(133)2 5857(5) 6069(8) 5815(7) 131(7)

C(134)2 6142(7) 5866(7) 6090(7) 141(7)



236 Appendix

C(135)2 6495(5) 6122(5) 6233(6) 109(6)

Cl(l)2 6938 9420 4251 170

Cl(2)2 6586 10163 4345 237

Cl(3)2 7340 10286 4053 260

C(201)2 6990 9957 4386 85

Cl(4)2 5000 5000 5000 92

Cl(5)2 5048 4323 4897 124

Cl(6)2 10000 10000 5000 125

Cl(7)2 9986 10136 5631 96

Table 7 15 Bond lengths [Â] and angles [°] for 54

Pt(l)l-C(2)l 2 019(10) C(2)2-C(3)2 1 227(14)

Pt(l)l-C(14)l 2 026(10) C(2)2-Cu(15)2 2 139(11)

Pt(l)l-P(78)l 2 291(2) C(3)2-C(4)2 1 419(14)

Pt(l)l-P(82)l 2 290(2) C(3)2-Cu(15)2 2 107(10)

C(2)l-C(3)l 1 242(12) C(4)2-C(5)2 1 371(14)

C(2)l-Cu(15)l 2 153(9) C(4)2-C(48)2 1 437(15)

C(3)l-C(4)l 1 420(12) C(5)2-C(63)2 1 412(14)

C(3)l-Cu(15)l 2 086(8) C(5)2-C(6)2 1 455(15)

C(4)l-C(5)l 1 382(12) C(6)2-C(7)2 1 235(14)

C(4)l-C(48)l 1 437(13) C(6)2-Cu(15)2 2 077(9)

C(5)l-C(63)l 1 397(13) C(7)2-Pt(8)2 2 008(11)

C(5)l-C(6)l 1 434(13) C(7)2-Cu(15)2 2 132(10)

C(6)l-C(7)l 1 234(13) Pt(8)2-C(9)2 2 006(10)

C(6)l-Cu(15)l 2 097(9) Pt(8)2-P(lll)2 2 279(3)

C(7)l-Pt(8)l 2 032(10) Pt(8)2-P(107)2 2 289(3)

C(7)l-Cu(15)l 2 131(9) C(9)2-C(10)2 1 244(13)

Pt(8)l-C(9)l 1 998(9) C(9)2-Cu(17)2 2 157(9)

Pt(8)l-P(lll)l 2 280(3) C(10)2-C(ll)2 1 425(13)

Pt(8)l-P(107)l 2 292(3) C(10)2-Cu(17)2 2 093(9)

C(9)l-C(10)l 1238(13) C(ll)2-C(12)2 1 373(13)

C(9)l-Cu(17)l 2 139(9) C(ll)2-C(18)2 1 414(14)

C(10)l-C(ll)l 1 454(14) C(12)2-C(33)2 1 427(13)

C(10)l-Cu(17)l 2 066(9) C(12)2-C(13)2 1 424(14)

C(ll)l-C(12)l 1 358(13) C(13)2-C(14)2 1 206(13)

C(ll)l-C(18)l 1 424(13) C(13)2-Cu(17)2 2 096(9)

C(12)l-C(33)l 1 434(13) C(14)2-Cu(17)2 2 145(10)

C(12)l-C(13)l 1 442(13) Cu(15)2-Cl(16)2 2 286(3)

C(13)l-C(14)l 1 228(12) Cu(15)2-Cu(17)2 2 5663(17)

C(13)l-Cu(17)l 2 099(9) Cl(16)2-Cu(17)2 2 282(3)

C(14)l-Cu(17)l 2 128(9) C(18)2-C(19)2 1 203(14)

Cu(15)l-Cl(16)l 2 266(2) C(19)2-C(20)2 1 425(15)

Cu(15)l-Cu(17)l 2 5764(16) C(20)2-C(25)2 1 360(15)

Cl(16)l-Cu(17)l 2 276(3) C(20)2-C(21)2 1 360(16)

C(18)l-C(19)l 1 183(13) C(21)2-C(22)2 1 380(17)

C(19)l-C(20)l 1 459(14) C(22)2-C(23)2 1 380(18)

C(20)l-C(21)l 1 364(15) C(23)2-N(26)2 1 379(16)

C(20)l-C(25)l 1 387(16) C(23)2-C(24)2 1 383(18)

C(21)l-C(22)l 1 372(16) C(24)2-C(25)2 1 362(16)

C(22)l-C(23)l 1 377(16) N(26)2-C(27)2 1 52(2)

C(23)l-N(26)l 1 385(14) N(26)2-C(30)2 1 64(4)

C(23)l-C(24)l 1 412(16) C(27)2-C(28)2 1 41(3)

C(24)l-C(25)l 1 347(16) C(27)2-C(29)2 1 59(4)

N(26)l-C(27)l 1 430(16) C(30)2-C(32)2 1 25(5)

N(26)l-C(30)l 1 442(19) C(30)2-C(31)2 1 518(19)

C(27)l-C(28)l 1 50(2) C(33)2-C(34)2 1 205(13)

C(27)l-C(29)l 1 55(2) C(34)2-C(35)2 1 426(14)

C(30)l-C(32)l 1 59(4) C(35)2-C(40)2 1 370(14)
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C(30)l-C(31)l 1 53(3) C(35)2-C(36)2 1 399(14)

C(33)l-C(34)l 1 181(13) C(36)2-C(37)2 1 348(14)

C(34)l-C(35)l 1 429(14) C(37)2-C(38)2 1 400(14)

C(35)l-C(36)l 1 371(14) C(38)2-C(39)2 1 394(15)

C(35)l-C(40)l 1 399(14) C(38)2-N(41)2 1 393(13)

C(36)l-C(37)l 1 380(14) C(39)2-C(40)2 1 365(14)

C(37)l-C(38)l 1 414(14) N(41)2-C(42)2 1 416(18)

C(38)l-N(41)l 1 369(12) N(41)2-C(45)2 1 462(14)

C(38)l-C(39)l 1 420(14) C(42)2-C(44)2 1 34(2)

C(39)l-C(40)l 1 387(14) C(42)2-C(43)2 1 48(2)

N(41)l-C(45)l 1461(13) C(45)2-C(46)2 1 396(19)

N(41)l-C(42)l 1 485(14) C(45)2-C(47)2 1 513(17)

C(42)l-C(43)l 1 48(2) C(48)2-C(49)2 1 166(15)

C(42)l-C(44)l 1 497(18) C(49)2-C(50)2 1 440(19)

C(45)l-C(46)l 1 521(17) C(50)2-C(51)2 1 31(2)

C(45)l-C(47)l 1 506(17) C(50)2-C(55)2 1 40(2)

C(48)l-C(49)l 1 205(12) C(51)2-C(52)2 1 40(2)

C(49)l-C(50)l 1413(13) C(52)2-C(53)2 1 34(3)

C(50)l-C(55)l 1 387(13) C(53)2-C(54)2 1 37(3)

C(50)l-C(51)l 1 403(14) C(53)2-N(56)2 1 48(3)

C(51)l-C(52)l 1 366(14) C(54)2-C(55)2 1 38(2)

C(52)l-C(53)l 1 403(15) N(56)2-C(57)2 1 45(3)

C(53)l-N(56)l 1 365(13) N(56)2-C(60)2 1 46(2)

C(53)l-C(54)l 1417(15) C(57)2-C(58)2 1 34(4)

C(54)l-C(55)l 1 387(14) C(57)2-C(59)2 1 536(19)

N(56)l-C(60)l 1 486(15) C(60)2-C(61)2 1 52(2)

N(56)l-C(57)l 1491(15) C(60)2-C(62)2 1 540(19)

C(57)l-C(58)l 1 525(17) C(63)2-C(64)2 1 196(13)

C(57)l-C(59)l 1 517(18) C(64)2-C(65)2 1 424(14)

C(60)l-C(61)l 1491(16) C(65)2-C(70)2 1 392(14)

C(60)l-C(62)l 1 516(19) C(65)2-C(66)2 1 416(14)

C(63)l-C(64)l 1 183(13) C(66)2-C(67)2 1 346(14)

C(64)l-C(65)l 1 442(16) C(67)2-C(68)2 1411(14)

C(65)l-C(66)l 1 362(18) C(68)2-N(71)2 1 391(12)

C(65)l-C(70)l 1 377(17) C(68)2-C(69)2 1 405(14)

C(66)l-C(67)l 1 38(2) C(69)2-C(70)2 1 393(14)

C(67)l-C(68)l 1 36(2) N(71)2-C(75)2 1 472(13)

C(68)l-N(71)l 1 395(19) N(71)2-C(72)2 1 482(13)

C(68)l-C(69)l 1 39(2) C(72)2-C(74)2 1 513(17)

C(69)l-C(70)l 1391(19) C(72)2-C(73)2 1 560(16)

N(71)l-C(75)l 1 55(3) C(75)2-C(76)2 1 547(15)

N(71)l-C(72)l 1 59(3) C(75)2-C(77)2 1 516(17)

C(72)l-C(73)l 1 55(4) P(78)2-C(89)2 1 801(17)

C(72)l-C(74)l 1 62(4) P(78)2-C(79)2 1 85(2)

C(75)l-C(76)l 1 514(18) P(78)2-C(83)2 1 827(14)

C(75)l-C(77)l 1 559(19) C(79)2-C(80)2 1 50(3)

P(78)l-C(79)l 1 801(10) C(80)2-C(81)2 1 490(18)

P(78)l-C(89)l 1 814(10) C(81)2-P(82)2 1 822(12)

P(78)l-C(83)l 1 823(10) P(82)2-C(95)2 1 786(12)

C(79)l-C(80)l 1 542(15) P(82)2-C(101)2 1 837(11)

C(80)l-C(81)l 1 530(15) C(83)2-C(88)2 1 401(9)

C(81)l-P(82)l 1 827(10) C(83)2-C(84)2 1 403(9)

P(82)l-C(95)l 1 796(10) C(84)2-C(852 1 429(9)

P(82)l-C(101)l 1 810(10) C(85)2-C(86)2 1 398(10)

C(83)l-C(84)l 1 369(15) C(86)2-C(87)2 1 415(17)

C(83)l-C(88)l 1 389(15) C(87)2-C(88)2 1 417(16)

C(84)l-C(85)l 1 378(15) C(89)2-C(94)2 1 358(15)

C(85)l-C(86)l 1 342(17) C(89)2-C(90)2 1 410(17)

C(86)l-C(87)l 1 37(2) C(90)2-C(91)2 1 432(18)

C(87)l-C(88)l 1 368(18) C(91)2-C(92)2 1 422(18)
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C(89)l-C(94)l 1381(15) C(92)2-C(93)2 1 409(17)

C(89)l-C(90)l 1 390(14) C(93)2-C(94)2 1 408(16)

C(90)l-C(91)l 1 379(16) C(95)2-C(100)2 1 345(17)

C(91)l-C(92)l 1 337(19) C(95)2-C(96)2 1 367(17)

C(92)l-C(93)l 1 39(2) C(96)2-C(97)2 1 398(18)

C(93)l-C(94)l 1 359(17) C(97)2-C(98)2 1 35(2)

C(95)l-C(100)l 1 366(15) C(98)2-C(99)2 1 369(17)

C(95)l-C(96)l 1 398(15) C(99)2-C(100)2 1 32(2)

C(96)l-C(97)l 1 401(16) C(101)2-C(102)2 1 375(15)

C(97)l-C(98)l 1 38(2) C(101)2-C(106)2 1 402(14)

C(98)l-C(99)l 1 41(2) C(102)2-C(103)2 1 389(16)

C(99)l-C(100)l 1 390(18) C(103)2-C(104)2 1 398(17)

C(101)l-C(102)l 1 369(14) C(104)2-C(105)2 1 383(19)

C(101)l-C(106)l 1 378(14) C(105)2-C(106)2 1 392(17)

C(102)l-C(103)l 1 404(18) P(107)2-C(108)2 1 807(12)

C(103)l-C(104)l 1 360(19) P(107)2-C(130)2 1 810(11)

C(104)l-C(105)l 1 346(19) P(107)2-C(124)2 1 804(11)

C(105)l-C(106)l 1 388(16) C(108)2-C(109)2 1 527(17)

P(107)l-C(130)l 1811(11) C(109)2-C(110)2 1 544(19)

P(107)l-C(108)l 1813(10) C(110)2-P(lll)2 1 803(13)

P(107)l-C(124)l 1813(11) P(lll)2-C(118)2 1 790(13)

C(108)l-C(109)l 1510(15) P(lll)2-C(112)2 1 829(14)

C(109)l-C(110)l 1 521(14) C(112)2-C(117)2 1 356(19)

C(110)l-P(lll)l 1 835(10) C(112)2-C(113)2 1 369(18)

P(lll)l-C(118)l 1818(11) C(113)2-C(114)2 1 399(19)

P(lll)l-C(112)l 1 829(10) C(114)2-C(115)2 1 34(2)

C(112)l-C(117)l 1 378(14) C(115)2-C(116)2 1 35(3)

C(112)l-C(113)l 1 374(14) C(116)2-C(117)2 1 41(3)

C(113)l-C(114)l 1 388(17) C(118)2-C(119)2 1 367(17)

C(114)l-C(115)l 1351(18) C(118)2-C(123)2 1 37(2)

C(115)l-C(116)l 1317(17) C(119)2-C(120)2 1 43(2)

C(116)l-C(117)l 1 369(15) C(120)2-C(121)2 1 35(3)

C(118)l-C(119)l 1 354(16) C(121)2-C(122)2 1 33(3)

C(118)l-C(123)l 1 388(17) C(122)2-C(123)2 1 44(2)

C(119)l-C(120)l 1 428(18) C(124)2-C(129)2 1 351(18)

C(120)l-C(121)l 131(2) C(124)2-C(125)2 1 346(16)

C(121)l-C(122)l 1 42(3) C(125)2-C(126)2 1 389(18)

C(122)l-C(123)l 1 37(2) C(126)2-C(127)2 1 28(2)

C(124)l-C(125)l 1 378(18) C(127)2-C(128)2 1 35(2)

C(124)l-C(129)l 1 393(17) C(128)2-C(129)2 1 44(2)

C(125)l-C(126)l 1 37(2) C(130)2-C(135)2 1 372(17)

C(126)l-C(127)l 131(2) C(130)2-C(131)2 1 382(16)

C(127)l-C(128)l 1 40(3) C(131)2-C(132)2 1 378(18)

C(128)l-C(129)l 1 42(2) C(132)2-C(133)2 1 34(2)

C(130)l-C(131)l 1 367(15) C(133)2-C(134)2 1 37(2)

C(130)l-C(135)l 1 376(16) C(134)2-C(135)2 1 39(2)

C(131)l-C(132)l 1 373(17) Cl(l)2-C(201)2 1 5290

C(13201-C(133)l 1 34(2) C1(1)2-C1(2)2 2 3349

C(133)l-C(134)l 1 37(2) Cl(2)2-C(201)2 14089

C(134)l-C(135)l 1 376(18) Cl(3)2-C(201)2 1 8031

Pt(l)2-C(2)2 2 028(11) C1(4)2-C1(5)2 1 8775

Pt(l)2-C(14)2 2 059(11) C1(4)2-C1(5)2#1 1 8776

Pt(l)2-P(82)2 2 288(3) C1(6)2-C1(7)2#2 2 0660

Pt(l)2-P(78)2 2 289(3) C1(6)2-C1(7)2 2 0661

C(2)l-Pt(l)l-C(14)l 87 7(4) C(14)2-Pt(l)2-P(78)2 174 0(3)

C(2)l-Pt(l)l-P(78)l 87 3(3) P(82)2-Pt(l)2-P(78)2 94 41(11

C(14)l-Pt(l)l-P(78)l 173 3(3) C(3)2-C(2)2-Pt(l)2 174 4(9)

C(2)l-Pt(l)l-P(82)l 178 1(3) C(3)2-C(2)2-Cu(15)2 71 8(7)

C(14)l-Pt(l)l-P(82)l 90 5(3) Pt(l)2-C(2)2-Cu(15)2 110 3(5)
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P(78)l-Pt(l)l-P(82)l 94 56(9) C(2)2-C(3)2-C(4)2 173 3(11)

C(3)l-C(2)l-Pt(l)l 177 2(8) C(2)2-C(3)2-Cu(15)2 74 7(7)

C(3)l-C(2)l-Cu(15)l 70 0(6) C(4)2-C(3)2-Cu(15)2 112 0(7)

Pt(l)l-C(2)l-Cu(15)l 112 6(4) C(5)2-C(4)2-C(3)2 117 6(9)

C(2)l-C(3)l-C(4)l 173 2(9) C(5)2-C(4)2-C(48)2 122 0(9)

C(2)l-C(3)l-Cu(15)l 75 9(6) C(3)2-C(4)2-C(48)2 120 4(10)

C(4)l-C(3)l-Cu(15)l 110 4(6) C(4)2-C(5)2-C(63)2 124 8(9)

C(5)l-C(4)l-C(3)l 119 5(8) C(4)2-C(5)2-C(6)2 116 9(9)

C(5)l-C(4)l-C(48)l 120 4(8) C(63)2-C(5)2-C(6)2 118 2(9)

C(3)l-C(4)l-C(48)l 120 1(8) C(7)2-C(6)2-C(5)2 172 1(11)

C(4)l-C(5)l-C(63)l 122 6(8) C(7)2-C(6)2-Cu(15)2 75 3(7)

C(4)l-C(5)l-C(6)l 116 4(8) C(5)2-C(6)2-Cu(15)2 111 8(7)

C(63)l-C(5)l-C(6)l 121 0(8) C(6)2-C(7)2-Pt(8)2 173 5(9)

C(7)l-C(6)l-C(5)l 172 5(10) C(6)2-C(7)2-Cu(15)2 70 5(7)

C(7)l-C(6)l-Cu(15)l 74 6(6) Pt(8)2-C(7)2-Cu(15)2 115 0(5)

C(5)l-C(6)l-Cu(15)l 1113(6) C(9)2-Pt(8)2-C(7)2 87 7(4)

C(6)l-C(7)l-Pt(8)l 167 1(8) C(9)2-Pt(8)2-P(lll)2 173 9(3)

C(6)l-C(7)l-Cu(15)l 71 5(6) C(7)2-Pt(8)2-P(lll)2 87 0(3)

Pt(8)l-C(7)l-Cu(15)l 114 8(5) C(9)2-Pt(8)2-P(107)2 90 6(3)

C(9)l-Pt(8)l-C(7)l 88 3(4) C(7)2-Pt(8)2-P(107)2 175 9(3)

C(9)l-Pt(8)l-P(lll)l 175 3(3) P(lll)2-Pt(8)2-P(107)2 94 48(11)

C(7)l-Pt(8)l-P(lll)l 90 3(3) C(10)2-C(9)2-Pt(8)2 168 1(8)

C(9)l-Pt(8)l-P(107)l 86 8(3) C(10)2-C(9)2-Cu(17)2 70 2(6)

C(7)l-Pt(8)l-P(107)l 173 0(3) Pt(8)2-C(9)2-Cu(17)2 113 8(5)

P(lll)l-Pt(8)l-P(107)l 94 12(10) C(9)2-C(10)2-C(ll)2 170 1(9)

C(10)l-C(9)l-Pt(8)l 169 1(8) C(9)2-C(10)2-Cu(17)2 75 8(6)

C(10)l-C(9)l-Cu(17)l 69 7(6) C(ll)2-C(10)2-Cu(17)2 1115(7)

Pt(8)l-C(9)l-Cu(17)l 119 2(4) C(12)2-C(ll)2-C(10)2 117 7(8)

C(9)l-C(10)l-C(ll)l 170 7(10) C(12)2-C(ll)2-C(18)2 124 8(9)

C(9)l-C(10)l-Cu(17)l 76 1(6) C(10)2-C(ll)2-C(18)2 117 5(9)

C(ll)l-C(10)l-Cu(17)l 112 0(6) C(ll)2-C(12)2-C(33)2 121 6(9)

C(12)l-C(ll)l-C(18)l 125 5(9) C(ll)2-C(12)2-C(13)2 118 5(8)

C(12)l-C(ll)l-C(10)l 117 5(8) C(33)2-C(12)2-C(13)2 120 0(9)

C(18)l-C(ll)l-C(10)l 116 6(9) C(14)2-C(13)2-C(12)2 170 7(10)

C(ll)l-C(12)l-C(33)l 123 4(9) C(14)2-C(13)2-Cu(17)2 75 7(6)

C(ll)l-C(12)l-C(13)l 117 4(8) C(12)2-C(13)2-Cu(17)2 111 1(7)

C(33)l-C(12)l-C(13)l 119 2(8) C(13)2-C(14)2-Pt(l)2 168 3(8)

C(14)l-C(13)l-C(12)l 170 8(10) C(13)2-C(14)2-Cu(17)2 71 3(6)

C(14)l-C(13)l-Cu(17)l 74 4(6) Pt(l)2-C(14)2-Cu(17)2 112 4(4)

C(12)l-C(13)l-Cu(17)l 1116(6) C(6)2-Cu(15)2-C(3)2 79 9(4)

C(13)l-C(14)l-Pt(l)l 170 0(8) C(6)2-Cu(15)2-C(7)2 34 1(4)

C(13)l-C(14)l-Cu(17)l 71 8(6) C(3)2-Cu(15)2-C(7)2 112 8(4)

Pt(l)l-C(14)l-Cu(17)l 111 1(4) C(6)2-Cu(15)2-C(2)2 112 8(4)

C(3)l-Cu(15)l-C(6)l 81 1(4) C(3)2-Cu(15)2-C(2)2 33 6(4)

C(3)l-Cu(15)l-C(7)l 114 1(4) C(7)2-Cu(15)2-C(2)2 143 1(4)

C(6)l-Cu(15)l-C(7)l 33 9(3) C(6)2-Cu(15)2-Cl(16)2 135 6(3)

C(3)l-Cu(15)l-C(2)l 34 0(3) C(3)2-Cu(15)2-Cl(16)2 144 4(3)

C(6)l-Cu(15)l-C(2)l 114 3(4) C(7)2-Cu(15)2-Cl(16)2 102 7(3)

C(7)l-Cu(15)l-C(2)l 144 6(4) C(2)2-Cu(15)2-Cl(16)2 1116(3)

C(3)l-Cu(15)l-Cl(16)l 139 9(3) C(6)2-Cu(15)2-Cu(17)2 116 9(3)

C(6)l-Cu(15)l-Cl(16)l 138 9(3) C(3)2-Cu(15)2-Cu(17)2 117 8(3)

C(7)l-Cu(15)l-Cl(16)l 106 0(3) C(7)2-Cu(15)2-Cu(17)2 92 5(3)

C(2)l-Cu(15)l-Cl(16)l 106 8(3) C(2)2-Cu(15)2-Cu(17)2 95 4(3)

C(3)l-Cu(15)l-Cu(17)l 115 1(2) Cl(16)2-Cu(15)2-Cu(17)2 55 74(7)

C(6)l-Cu(15)l-Cu(17)l 119 9(3) Cu(17)2-Cl(16)2-Cu(15)2 68 37(8)

C(7)l-Cu(15)l-Cu(17)l 96 8(3) C(13)2-Cu(17)2-C(10)2 80 8(4)

C(2)l-Cu(15)l-Cu(17)l 90 9(3) C(13)2-Cu(17)2-C(14)2 33 0(3)

Cl(16)l-Cu(15)l-Cu(17)l 55 61(7) C(10)2-Cu(17)2-C(14)2 113 1(4)

Cu(15)l-Cl(16)l-Cu(17)l 69 11(7) C(1302-Cu(17)2-C(9)2 113 9(4)

C(10)l-Cu(17)l-C(13)l 80 6(4) C(10)2-Cu(17)2-C(9)2 34 0(3)
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C(10 )1-Cu(17)l-C(14)l 113 3(4) C(14)2-Cu(17)2-C(9)2 144 0(4)

C(13 )1-Cu(17)l-C(14)l 33 8(3) C(13)2-Cu(17)2-Cl(16)2 142 1(3)

C(10 )1-Cu(17)l-C(9)l 34 2(3) C(10)2-Cu(17)2-Cl(16)2 136 8(3)

C(13 )1-Cu(17)l-C(9)l 113 9(4) C(14)2-Cu(17)2-Cl(16)2 109 2(3)

C(14 )1-Cu(17)l-C(9)l 143 8(4) C(9)2-Cu(17)2-Cl(16)2 103 0(3)

C(10 )1-Cu(17)l-Cl(16)l 137 9(3) C(13)2-Cu(17)2-Cu(15)2 111 8(3)

C(13 )1-Cu(17)l-Cl(16)l 141 4(3) C(10)2-Cu(17)2-Cu(15)2 113 8(3)

C(14 )1-Cu(17)l-Cl(16)l 108 0(3) C(14)2-Cu(17)2-Cu(15)2 91 9(3)

C(9)l -Cu(17)l-Cl(16)l 104 0(3) C(9)2-Cu(17)2-Cu(15)2 93 2(3)

C(10 )1-Cu(17)l-Cu(15)l 1119(3) Cl(16)2-Cu(17)2-Cu(15)2 55 89(8)

C(13 )1-Cu(17)l-Cu(15)l 116 5(3) C(19)2-C(18)2-C(ll)2 177 4(11)

C(14 )1-Cu(17)l-Cu(15)l 95 2(2) C(18)2-C(19)2-C(20)2 178 2(12)

C(9)l -Cu(17)l-Cu(15)l 89 4(3) C(25)2-C(20)2-C(21)2 115 7(11)

Cl(16 )1-Cu(17)l-Cu(15)l 55 28(7) C(25)2-C(20)2-C(19)2 123 5(11)

C(19 )1-C(18)1-C(11)1 170 4(11) C(21)2-C(20)2-C(19)2 120 8(11)

C(18 )1-C(19)1-C(20)1 178 9(12) C(20)2-C(21)2-C(22)2 120 9(13)

C(21 )1-C(20)1-C(25)1 116 4(10) C(21)2-C(22)2-C(23)2 122 9(14)

C(21 )1-C(20)1-C(19)1 122 4(10) N(26)2-C(23)2-C(24)2 122 8(13)

C(25 )1-C(20)1-C(19)1 121 0(10) N(26)2-C(23)2-C(22)2 121 3(13)

C(20 )1-C(21)1-C(22)1 122 2(11) C(24)2-C(23)2-C(22)2 115 8(12)

C(23 )1-C(22)1-C(21)1 122 3(11) C(25)2-C(24)2-C(23)2 119 6(12)

C(22 )1-C(23)1-N(26)1 122 0(11) C(20)2-C(25)2-C(24)2 125 0(12)

C(22 )1-C(23)1-C(24)1 114 8(10) C(23)2-N(26)2-C(27)2 118 8(13)

N(26 )1-C(23)1-C(24)1 123 1(11) C(23)2-N(26)2-C(30)2 122 3(14)

C(25 )1-C(24)1-C(23)1 122 4(12) C(27)2-N(26)2-C(30)2 118 9(14)

C(24 )1-C(25)1-C(20)1 121 8(12) C(28)2-C(27)2-C(29)2 113(2)

C(23 )1-N(26)1-C(27)1 121 5(10) C(28)2-C(27)2-N(26)2 115(2)

C(23 )1-N(26)1-C(30)1 1218(11) C(29)2-C(27)2-N(26)2 108 0(18)

C(27 )1-N(26)1-C(30)1 116 1(11) C(32)2-C(30)2-C(31)2 127(4)

N(26 )1-C(27)1-C(28)1 110 0(15) C(32)2-C(30)2-N(26)2 112(4)

N(26 )1-C(27)1-C(29)1 1110(13) C(31)2-C(30)2-N(26)2 98(3)

C(28 )1-C(27)1-C(29)1 116 1(16) C(34)2-C(33)2-C(12)2 179 0(12)

N(26 )1-C(30)1-C(32)1 111(2) C(33)2-C(34)2-C(35)2 177 8(12)

N(26 )1-C(30)1-C(31)1 115 4(18) C(40)2-C(35)2-C(36)2 115 9(9)

C(32 )1-C(30)1-C(31)1 115 8(19) C(40)2-C(35)2-C(34)2 121 7(10)

C(34 )1-C(33)1-C(12)1 178 0(10) C(36)2-C(35)2-C(34)2 122 4(9)

C(33 )1-C(34)1-C(35)1 176 6(11) C(37)2-C(36)2-C(35)2 121 7(10)

C(36 )1-C(3501-C(40)1 117 2(9) C(36)2-C(37)2-C(38)2 122 8(11)

C(36 )1-C(35)1-C(34)1 121 9(9) C(39)2-C(38)2-N(41)2 122 3(9)

C(40 )1-C(35)1-C(34)1 120 8(9) C(39)2-C(38)2-C(37)2 115 0(10)

C(35 )1-C(36)1-C(37)1 122 6(10) N(41)2-C(38)2-C(37)2 122 6(10)

C(36 )1-C(37)1-C(38)1 122 3(10) C(40)2-C(39)2-C(38)2 121 9(10)

N(41 )1-C(38)1-C(39)1 122 5(9) C(39)2-C(40)2-C(35)2 122 7(10)

N(41 )1-C(38)1-C(37)1 123 3(9) C(38)2-N(41)2-C(42)2 120 8(10)

C(39 )1-C(38)1-C(37)1 114 2(9) C(38)2-N(41)2-C(45)2 120 9(10)

C(40 )1-C(39)1-C(38)1 122 9(10) C(42)2-N(41)2-C(45)2 112 9(11)

C(39 )1-C(40)1-C(35)1 120 8(10) C(44)2-C(42)2-N(41)2 116 5(19)

C(38 )1-N(41)1-C(45)1 122 5(9) C(44)2-C(42)2-C(43)2 109 8(18)

C(38 )1-N(41)1-C(42)1 119 4(9) N(41)2-C(42)2-C(43)2 1212(15)

C(45 )1-N(41)1-C(42)1 116 4(9) C(46)2-C(45)2-N(41)2 117 2(12)

N(41 )1-C(42)1-C(43)1 108 4(12) C(46)2-C(45)2-C(47)2 119 5(12)

N(41 )1-C(42)1-C(44)1 112 4(11) N(41)2-C(45)2-C(47)2 113 2(11)

C(43 )1-C(42)1-C(44)1 113 1(12) C(49)2-C(48)2-C(4)2 177 1(13)

N(41 )1-C(45)1-C(46)1 114 5(11) C(48)2-C(49)2-C(50)2 178 9(14)

N(41 )1-C(45)1-C(47)1 114 0(10) C(51)2-C(50)2-C(552 114 0(16)

C(46 )1-C(45)1-C(47)1 1118(10) C(51)2-C(50)2-C(49)2 123 2(16)

C(49 )1-C(48)1-C(4)1 174 7(10) C(55)2-C(50)2-C(49)2 122 6(16)

C(48 )1-C(49)1-C(50)1 173 3(10) C(50)2-C(51)2-C(52)2 124 0(18)

C(55 )1-C(50)1-C(51)1 115 9(9) C(53)2-C(52)2-C(51)2 1205(19)C(55)1-C(50)1-C(49)11240(9)C(52)2-C(53)2-C(54)21183(17)
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Appendix 243

C(127)l-C(126)l-C(125)l 116.9(18) C(135)2-C(130)2-C(131)2 118.7(12)

C(126)l-C(127)l-C(128)l 122.2(18) C(135)2-C(130)2-P(107)2 122.6(10)

C(129)l-C(128)l-C(127)l 120.4(18) C(131)2-C(130)2-P(107)2 118.6(9)

C(124)l-C(129)l-C(128)l 116.4(15) C(130)2-C(131)2-C(132)2 122.9(13)

C(131)l-C(130)l-C(135)l 117.2(11) C(133)2-C(132)2-C(131)2 117.9(15)

C(131)l-C(130)l-P(107)l 123.4(9) C(132)2-C(133)2-C(134)2 120.7(16)

C(135)l-C(130)l-P(107)l 119.3(8) C(133)2-C(134)2-C(135)2 122.1(17)

C(130)l-C(131)l-C(132)l 122.5(13) C(130)2-C(135)2-C(134)2 117.5(15)

C(133)l-C(132)l-C(131)l 119.3(12) C(201)2-C1(1)2-C1(2)2 35.6

C(132)l-C(133)l-C(134)l 120.0(14) C(201)2-C1(2)2-C1(1)2 39.2

C(135)l-C(134)l-C(133)l 120.5(15) C1(2)2-C(201)2-C1(1)2 105.2

C(134)l-C(135)l-C(130)l 120.4(13) C1(2)2-C(201)2-C1(3)2 109.0

C(2)2-Pt(l)2-C(14)2 88.0(4) C1(1)2-C(201)2-C1(3)2 111.7

C(2)2-Pt(l)2-P(82)2 178.8(3) C1(5)2-C1(4)2-C1(5)2#1 180.0

C(14)2-Pt(l)2-P(82)2 90.9(3) C1(7)2#2-C1(6)2-C1(7)2 180.0

C(2)2-Pt(l)2-P(78)2 86.8(3)

Symmetry transformations used to generate equivalent atoms: #1 -x+1, -y+1, -z+1; #2 -x+2, -y+2, -z+1.

Table 7.16. Anisotropic displacement parameters (Â2 x 103) for 54. The anisotropic displacement factor

exponent takes the form: -2TC2[Â2a*2£/n +
...

+ 2hka*b*U\2].

Un U22 U33 U23 t/l3 Uu

Pt(l)l 34(1) 36(1) 42(1) 3(1) -2(1) -1(1)

C(2)l 44(6) 37(5) 44(5) 8(4) -10(5) -4(4)

C(3)l 43(5) 29(5) 40(5) -1(4) -2(4) 3(4)

C(4)l 43(5) 27(5) 44(5) -1(4) -2(4) 5(4)

C(5)l 42(5) 38(5) 36(5) 0(4) 0(4) 1(4)

C(6)l 45(5) 39(6) 43(5) 7(4) -1(4) 5(4)

C(7)l 48(5) 47(6) 38(5) 1(4) 2(4) -14(5)

Pt(8)l 49(1) 31(1) 43(1) 6(1) -1(1) -1(1)

C(9)l 48(6) 37(5) 41(6) 4(4) 0(4) -4(4)

C(10)l 41(5) 32(5) 59(7) 2(5) -3(5) -8(4)

C(H)1 54(6) 45(6) 44(6) -4(5) -7(5) -2(5)

C(12)l 51(6) 43(6) 37(5) -5(4) -2(4) -1(5)

C(13)l 47(5) 44(6) 38(5) 4(4) 1(4) 1(5)

C(14)l 46(5) 38(5) 37(5) 4(4) 2(4) 7(4)

Cu(15)l 43(1) 34(1) 47(1) 4(1) -1(1) 5(1)

Cl(16)l 47(1) 46(1) 46(1) 5(1) -10(1) 10(1)

Cu(17)l 45(1) 38(1) 42(1) 2(1) -5(1) 1(1)

C(18)l 63(7) 40(6) 53(6) -2(5) 1(5) -18(5)

C(19)l 57(6) 43(6) 67(7) -5(5) 7(5) -17(5)

C(20)l 67(7) 60(7) 52(6) 10(5) -14(6) -20(6)

C(21)l 97(10) 70(8) 79(9) 21(7) -24(8) -27(7)

C(22)l 88(9) 81(9) 80(9) 8(7) -38(7) -20(8)

C(23)l 73(8) 63(8) 77(8) 15(6) -29(6) -31(6)

C(24)l 83(9) 70(9) 124(12) 36(8) -34(9) -30(7)

C(25)l 64(8) 75(9) 120(11) 22(8) -30(8) -29(7)

N(26)l 71(7) 61(7) 128(9) 28(6) -32(6) -23(5)

C(27)l 69(9) 86(10) 134(13) 33(9) -22(9) -29(7)

C(28)l 260(3) 158(19) 122(16) 18(14) -98(18) -5(18)

C(29)l 89(13) 190(2) 260(3) 90(2) -38(15) -25(14)

C(30)l 130(15) 98(14) 240(3) 74(15) -95(16) -72(12)

C(31)l 210(2) 63(12) 330(4) 12(16) -100(2) 22(14)

C(32)l 104(14) 240(3) 260(3) 150(2) -76(17) -89(16)

C(33)l 47(6) 56(6) 46(6) -3(5) 0(5) -13(5)

C(34)l 63(7) 60(7) 40(6) -3(5) -9(5) -14(5)

C(35)l 63(7) 61(7) 45(6) -5(5) -8(5) -22(6)

C(36)l 62(7) 85(8) 44(6) 8(6) -16(5) -29(6)



244 Appendix

C(37)l 64(7) 82(8) 60(7) 11(6) -7(6) -35(6)

C(38)l 67(7) 82(8) 40(6) 9(5) -16(5) -34(6)

C(39)l 73(8) 89(9) 49(7) 10(6) -19(6) -37(7)

C(40)l 77(8) 80(8) 45(6) 20(6) -5(6) -28(6)

N(41)l 69(6) 99(8) 50(5) 18(5) -16(5) -42(6)

C(42)l 83(9) 104(11) 58(8) 21(7) -7(6) -45(8)

C(43)l 184(18) 119(14) 90(11) 36(10) -43(11) -84(13)

C(44)l 105(11) 140(14) 65(9) 42(9) 11(8) -25(10)

C(45)l 65(8) 101(10) 56(7) 20(7) -17(6) -18(7)

C(46)l 77(8) 108(11) 64(8) -8(7) -20(7) -24(8)

C(47)l 85(9) 94(10) 89(10) 6(8) -5(8) -22(8)

C(48)l 42(5) 48(6) 40(5) -5(4) 0(4) 2(5)

C(49)l 52(6) 34(6) 47(6) 3(4) -2(5) 4(5)

C(50)l 37(5) 35(5) 60(6) 5(5) -1(5) 8(4)

C(51)l 59(7) 53(7) 65(7) 7(5) 4(6) 2(5)

C(52)l 51(6) 64(7) 80(8) -4(6) 14(6) 31(6)

C(53)l 53(6) 42(6) 74(7) 10(5) -7(6) 17(5)

C(54)l 70(7) 49(7) 68(7) 9(6) -5(6) 12(6)

C(55)l 60(7) 61(7) 60(7) 8(6) 10(5) 19(6)

N(56)l 70(6) 58(6) 79(7) 1(5) -13(5) 20(5)

C(57)l 67(8) 54(7) 115(11) -8(7) 1(8) 34(6)

C(58)l 84(9) 102(11) 81(9) -16(8) -4(7) 33(8)

C(59)l 82(10) 90(11) 154(15) -11(10) 16(10) 38(9)

C(60)l 83(9) 49(7) 101(10) 6(7) -8(8) 17(6)

C(61)l 117(11) 44(7) 112(11) 6(7) -4(9) 13(7)

C(62)l 180(17) 71(10) 95(11) 0(8) -30(11) 30(10)

C(63)l 50(6) 37(6) 53(6) 1(4) 11(5) 5(5)

C(64)l 58(7) 57(7) 81(8) 2(6) 25(6) 2(6)

C(65)l 62(7) 66(8) 109(10) 10(7) 40(7) 1(6)

C(66)l 105(13) 98(12) 270(2) 68(14) 87(15) 35(10)

C(67)l 82(11) 138(17) 310(3) 83(18) 89(15) 39(11)

C(68)l 65(9) 98(12) 220(2) 1(13) 36(11) 20(9)

C(69)l 65(10) 87(12) 320(3) 48(15) 26(14) 8(9)

C(70)l 48(7) 69(9) 201(18) 13(10) 11(9) 5(7)

N(71)l 72(9) 128(13) 320(3) -14(15) 50(12) 10(9)

C(72)l 73(13) 190(3) 450(6) -20(3) 70(2) 42(16)

C(73)l 170(3) 180(3) 360(5) 0(3) -30(3) 60(2)

C(74)l 260(4) 710(11) 260(4) 180(6) 30(4) 220(5)

C(75)l 220(3) 250(4) 580(7) 130(4) 280(4) 120(3)

C(76)l 220(3) 650(9) 310(4) -40(5) 180(3) 20(4)

P(78)l 46(1) 40(1) 50(2) -2(1) -2(1) -7(1)

C(79)l 50(6) 55(7) 92(9) -6(6) -7(6) -10(5)

C(80)l 49(6) 71(8) 83(8) -13(6) 11(6) -11(6)

C(81)l 40(6) 52(7) 83(8) 7(6) 2(5) -3(5)

P(82)l 37(1) 46(2) 53(2) 5(1) 1(1) 1(1)

C(83)l 78(8) 40(6) 45(6) 8(5) 8(5) -7(5)

C(84)l 69(8) 44(6) 78(8) 7(6) -12(6) -6(6)

C(85)l 90(9) 61(8) 87(9) 7(7) -25(8) 3(7)

C(86)l 130(12) 50(8) 67(8) 21(6) 13(8) 10(8)

C(87)l 145(15) 62(9) 103(11) 40(8) 52(11) -1(9)

C(88)l 108(10) 55(8) 100(10) 18(7) 36(8) -1(7)

C(89)l 57(6) 48(6) 42(5) 0(5) -13(5) -9(5)

C(90)l 79(8) 52(7) 58(7) 8(5) -14(6) -13(6)

C(91)l 116(11) 92(10) 39(7) 11(7) -19(7) -25(9)

C(92)l 117(12) 128(14) 41(7) -26(8) 2(7) -10(10)

C(93)l 144(14) 91(11) 59(9) -11(8) -4(9) 19(10)

C(94)l 117(10) 57(8) 49(7) -3(6) -9(7) 6(7)

C(95)l 61(7) 51(6) 52(6) 16(5) 17(5) 6(5)

C(96)l 78(8) 63(7) 58(7) 11(6) 2(6) 2(6)

C(97)l 134(12) 70(9) 60(8) 10(7) -11(8) 2(8)



Q
Q

Q
Q

Q
^
Q

^
Q

Q
Q

Q
Q

Q
^
Q

Q
Q

Q
Q

Q
^
Q

Q
Q

Q
Q

Q
Q

Q
Q

Q
Q

Q
Q

Q
Q

Q
Q

Q
Q

Q
Q

Q
Q

Q
^
Q

Q
Q

^
Q

Q
Q

Q
Q

Q
Q

Q
Q

to
to

to
i—

i—
,

W
h

O
iO

5
0
h

^
^

^
^

^
w

"

H
-

4
^

L
iJ

tO
H

-
O

-
-
^

-3
3

^
^

^
_
^

to
to

to
to

to
to

^
i—

b
b

o
o

o
o

o
o

o
o

^
o

o
o

K
-
o

o
-
t^

tj
i-
t^

-
t^

-
t^

-
t^

-
t^

ij
j^

ij
jt
jj
tj
j^

tj
it
jj
tj
ia

N
tj
ia

N
-
t^

^
i^

io
o

K
-

U
H

U
i
4
i
O

O
O

-
|
i
U

i
O

O
O

U
O

\
M

a
U

i
O

\
l
û
O

^
O

O
^
H

O
O

O
U

i
H

O
K

-
O

i
^
O

O
O

^
O

^
-
O

O
O

O
O

t
O

O
t
O

0
0

O
n

to
0
0

,
o
o

to
^
i

o
o

,

4
^

i—
'

0
0

i—
'

O
n

0
0

-

H
O

N
U

i
f
f
i
O

\
L

«
v
l
L

f
t
U

^
U

i
U

i
U

1
4

i
U

i
U

i
v
O

J
i
U

i
U

i
^
U

i
L

«
O

O
H

^
4

i
U

i
H

H
l
O

H
H

^
H

M
t
J
H

O
O

O
N

O
l
O

N
>

C
H

O
O

U
i
-
|
i
U

I
/
U

U
O

\
O

N
U

i
~

0
-
J
^
H

H
O

O
O

i
O

V
O

l
»
O

M
O

\
v
l
O

i
H

H
O

O
O

H
H

H
H

l
O

O
H

U
U

H
O

-
J
O

i
O

(
O

O
W

O
O

H
i
O

^
^
U

i
-
J
I
O

I
O

O
W

O
\
O

l
O

H
^
H

U
i
O

S
O

O
O

W
-
J
-
j
H

i
O

O
V

O
O

U
4

i

i—
-
-
^

(j
j

i
o
^
w

w
y
,

u
i
^
^

U
-
-
^

to
-
-
^

o
4
^

-
-
^

4
^

4
^

4
^

4
^

<
Ji

U
t

4
^

4
^

0
0

i—
4
^

i—
'

4
^

4
^

v
O

i—
'

•
^

o
0
0

-O
O

n
i—

'
i—

'
i—

'

4
-
U

iU
iU

iO
(
U

ii
-
t
J
^
M

0
0

U
i0

0
K

'i
-
M

M
^
^
M

K
'i
-
V

O
»

O
\
0

N
0

0
O

\
f
f
\
4

'-
t
'U

i-
|
i0

N
U

iv
O

^
^
^
O

\
'J

iV
O

»
O

^
•
j
H

O
-
l
i
O

I
'
U

U
i
l
i
J
O

O
i
^
U

O
U

i
K

l
O

O
O

O
M

f
t
W

O
O

O
H

O
i
U

i
v
H

O
H

l
O

H
U

H
O

-
l
i
O

I
O

O
H

t
l
S

O
O

^
O

O
O

to
-
-
^

4
^

h
-

^
4
^
^

l»
M

M
V

O
O

S
U

^
-
-
^

to
H

-
to

w
w

-
J
i
l
l

<
5

o
o

h
-

io

^
O

n
^

^

4
^

-

U
J

|
K

-
to

I
I

4
^

K
-

i—
'

i—
'

/X
;

a
i

a
i

^
;__

!

I
O

n
to

<
Ji

,

O
i

'

1
'

'
'
X

*
~

-
4
^

O
O

^

—
^

(J
l

(J
l

(J
l

I
to

0
0

<
~

;
3

-O
4
^

i—
'

O
J

-

U
O

^
'

I 4
^

1
1
1
4
-

U
t

U
J

O
O

n
'

^
^

^
^

O

u
)

o
o

i—
u
j

i—
|

v
o

>
o

a
o
o

o
o

0
0
'

I
I

O
n

to
I

I
4
^

K
-

H
H

H
H

0
0

O
l'

M
O

\
h

h
i
O

O
\
h

U
h

I
4
^
4
^
0
N

t
O

-
-
:^

U
lU

)
-
-
-
:^

;0
0

U
iM

K
)
K

)
'-
.4

i(
J
ia

\

0
0

0
0
^

O
n

'

0
0

i—

^
o

I
I

I
I

O
n

I
|

U
)

-J
|

K
-

H
-
H

-
O

N
H

-
T

-
tO

^
O

^
-
^
-
tO

^
-

V
O

0
0
^
^

^
-
-
^

-
-
^

I
I

M
U

i
J
^

^
O

-I
m

to

4
^

4
^

-
-
^

-
-
^

-
-
^

(j
,

-
-
^

-
-
^

(j
,

C
T

n
^
-^

I
|

|
|

|
M

W
U

i
N

U
i
O

O
-
I
M

h
U

W
O

\
M

U
M

M
0

4
't
O

O
\
'^

'r
;
0

H
U

C
;

-o
a
i

^
o

o
j

o
^
-'
--

'~
-'
~

-'
~

-^
2
s
2
)-

9
r~

-r
~

--
9

S
m

m
'S

Q
u

I
^
W

O
n

m
t
o
o

-
H

O
J
i

I
H

U
M

I
I

I
I—

•
I

h
h

h
M

U
i

W

-^
-^

-^
^
^
^
^
-^

-^
^
^
5

^
'ô

s
'o

o
'3

^
^
j-
-^

'o
o

^
^

I
I

i—
i

0
0

i—
4
^

to
to

O
n

<
J>
^

S
^

^
^

^

^
Q

^

o
-
^

J
i
O

O
M

v
J
U

l
O

\
U

I
U

I

-
^
-
-
^

(J
l

-
-
^

-
-
^

-
-
^

-
-
^

-
-
^

<
Jl

0
0

i—
'

I
I

I
I

I
1

1
1

1
-
—

,
|—

i
|—

i
tO

<
Jl

1
—

—
1

(..
J

4
^

i—
i

i—
i

—
1

i—
i

—
1

—
1

^
U

l
U

l
U

i
p
X

*
—

'
—

'
—

'
—

'
—

j
—

'
i—

i
0
0

O
n

O
n

—
-
^

©
w

w
w

|
I

W
U

)
w

U
J

0
0

to
0
0

O
n

h
-
I

I
I

I
O

I
h

-
I

I
I

I
i—

•
I

4
^
o
j
<

J
i
t
o
t
j
i
<

r
>

t
O

'—
.
p
p
u
i
H

^
o
o

"^
3
^

^
^

^
^

"^
~

°
^

^
w

t-
>
w

^
w

-
-

^
o

<
-"

-

^
U

i
v
l

W
O

^
h
h
h
^

O
n

O
n

0
0

w
w

w
w

o
U

i
K

)
-
-
^

w
w

0
0

s

©
Q

I to
I

I
+

1
H

-

M
H

H
l
O

U
W

a
i
H

l
O

H

^
—

iH
-o

a
N

H
-^

o
t-

n
a

N



246 Appendix

C(23)2 80(9) 93(10) 84(10) 9(8) -21(7) -36(8)

C(24)2 73(8) 88(10) 88(10) -3(8) 3(7) -22(7)

C(25)2 58(7) 87(9) 77(8) -24(7) 8(6) -7(7)

N(26)2 130(11) 120(10) 102(9) -1(8) -22(8) -63(9)

C(27)2 180(2) 173(19) 107(13) -1(13) 10(13) -122(17)

C(28)2 103(16) 280(4) 310(4) -40(3) 30(2) -80(2)

C(29)2 350(4) 190(3) 240(3) -50(2) 40(3) -170(3)

C(30)2 270(4) 240(3) 370(5) -80(3) -120(4) -170(3)

C(33)2 56(6) 50(6) 39(6) -11(5) -7(5) 11(5)

C(34)2 64(7) 47(6) 56(7) -11(5) -9(5) 15(5)

C(35)2 55(6) 51(6) 42(6) -6(5) -5(5) 9(5)

C(36)2 62(7) 76(8) 54(7) -1(6) -19(6) -9(6)

C(37)2 66(7) 80(8) 59(7) 17(6) -7(6) -29(6)

C(38)2 55(6) 59(7) 55(7) -4(5) -13(5) -2(5)

C(39)2 60(7) 66(8) 68(8) -1(6) -16(6) -16(6)

C(40)2 64(7) 50(6) 49(6) 7(5) -5(5) -2(5)

N(41)2 81(6) 65(6) 46(5) 0(5) -13(5) -21(5)

C(42)2 128(14) 142(16) 62(9) -5(9) -3(9) -48(12)

C(43)2 177(18) 68(10) 172(18) 0(11) -66(14) -38(11)

C(44)2 180(2) 230(3) 143(19) 67(19) -2(17) -30(2)

C(45)2 80(9) 114(11) 55(7) -28(7) -28(6) 3(8)

C(46)2 111(13) 129(15) 230(2) -109(15) -59(14) 11(11)

C(47)2 82(9) 79(9) 95(10) 13(8) -14(8) -12(7)

C(48)2 81(8) 52(7) 62(7) 3(6) 15(6) 4(6)

C(49)2 94(9) 57(8) 82(9) 10(7) 20(7) 18(7)

C(50)2 101(11) 73(10) 139(14) 23(10) 35(11) 13(9)

C(51)2 101(11) 85(11) 162(16) 18(11) 38(11) 31(9)

C(52)2 140(16) 93(13) 220(2) 38(14) 80(16) 47(12)

C(53)2 107(13) 71(12) 290(3) 63(17) 27(17) 40(10)

C(54)2 210(2) 85(13) 170(2) 43(13) 38(17) 56(14)

C(55)2 134(15) 93(13) 156(18) 14(12) -1(13) 16(11)

C(63)2 55(7) 55(7) 56(6) -7(5) 9(5) 10(5)

C(64)2 58(7) 49(6) 54(6) -1(5) 5(5) 13(5)

C(65)2 57(6) 52(6) 55(6) -8(5) 4(5) 8(5)

C(66)2 65(7) 83(8) 56(7) 9(6) -3(6) 23(6)

C(67)2 53(6) 90(9) 47(6) 6(6) 11(5) 16(6)

C(68)2 54(6) 69(7) 46(6) 2(5) 5(5) 9(5)

C(69)2 59(7) 77(8) 48(6) 1(6) 7(5) 22(6)

C(70)2 68(7) 74(8) 44(6) -6(5) -2(5) 18(6)

N(71)2 53(5) 86(7) 46(5) -7(5) 7(4) 13(5)

C(72)2 52(6) 99(9) 58(7) -10(7) -4(5) 21(6)

C(73)2 53(7) 131(12) 82(9) -42(8) -19(6) -2(7)

C(74)2 78(9) 155(14) 62(8) 10(9) 17(7) 14(9)

C(75)2 41(6) 104(10) 60(7) -7(7) 5(5) 7(6)

C(76)2 36(6) 171(15) 87(9) 11(10) 3(6) 4(8)

C(77)2 69(8) 89(10) 98(10) -1(8) 17(7) 24(7)

P(78)2 57(2) 67(2) 92(2) -18(2) 9(2) -12(2)

C(79)2 146(18) 230(3) 170(2) -20(2) -16(17) -93(18)

C(80)2 58(8) 85(10) 127(13) 10(9) 28(8) -1(7)

C(81)2 55(7) 89(10) 97(10) 24(8) -12(7) -11(7)

P(82)2 38(1) 65(2) 65(2) 18(2) 2(1) 0(1)

C(83)2 174(19) 69(11) 220(2) -15(12) 19(17) -59(12)

C(95)2 66(7) 62(7) 72(8) 21(6) 17(7) 20(6)

C(96)2 120(11) 52(7) 62(8) 18(6) 3(8) 1(7)

C(97)2 210(2) 77(10) 60(9) 18(8) -35(11) -17(12)

C(98)2 290(3) 69(10) 59(10) 35(8) 52(14) 32(14)

C(99)2 190(2) 117(15) 116(15) 51(12) 66(14) 72(14)

C(100)2 105(11) 122(12) 87(10) 67(9) 31(9) 54(9)

C(101)2 44(6) 68(7) 61(7) 27(6) -3(5) 3(5)

C(102)2 59(7) 80(9) 79(8) 27(7) 12(6) 12(6)
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C(103)2 79(8) 78(9) 83(9) 10(7) 24(7) 30(7)

C(104)2 83(9) 99(11) 94(10) 38(9) 18(8) 40(8)

C(105)2 74(9) 104(11) 102(11) 57(9) 2(8) 17(8)

C(106)2 65(7) 77(8) 68(8) 23(7) 3(6) 6(6)

P(107)2 52(2) 58(2) 59(2) 9(1) 6(1) 2(1)

C(108)2 83(8) 80(9) 71(8) 16(7) 12(7) 14(7)

C(109)2 126(12) 100(11) 60(8) 45(8) 8(8) 28(9)

C(110)2 124(12) 104(12) 51(7) 16(7) 16(8) 27(9)

P(lll)2 68(2) 78(2) 47(2) -1(2) 10(1) 5(2)

C(112)2 73(8) 108(11) 54(7) -24(7) 8(6) -12(8)

C(113)2 83(9) 92(11) 86(10) 6(8) 16(8) 4(8)

C(114)2 125(14) 75(10) 135(14) -31(10) 34(12) 2(10)

C(115)2 111(14) 166(19) 200(2) -121(17) 15(14) -17(14)

C(116)2 97(14) 220(3) 330(4) -180(3) -21(18) 9(16)

C(117)2 77(11) 147(16) 210(2) -109(15) -7(12) 4(10)

C( 118)2 80(8) 81(9) 65(8) -4(7) 30(7) -14(7)

C( 119)2 110(11) 87(10) 105(11) 15(8) 57(9) 6(9)

C(120)2 151(18) 114(14) 157(18) -32(13) 107(15) -43(13)

C(121)2 88(14) 290(3) 160(2) -30(2) 65(15) -61(17)

C(122)2 55(10) 480(5) 137(18) 0(2) 12(11) -6(18)

C(123)2 83(12) 320(3) 91(13) 0(16) 29(10) -41(15)

C(124)2 54(7) 62(7) 62(7) 5(6) -5(5) 11(6)

C(125)2 63(8) 87(10) 96(10) 4(8) -3(7) 17(7)

C(126)2 78(10) 117(13) 104(12) 14(10) 17(9) 18(10)

C(127)2 77(10) 132(15) 95(11) 8(11) 6(9) 38(11)

C(128)2 155(18) 112(14) 190(2) -77(14) 44(16) 27(14)

C(129)2 82(10) 113(13) 169(17) -53(12) 25(11) 0(9)

C(130)2 58(7) 53(7) 84(8) 6(6) 2(6) -3(6)

C(131)2 64(8) 82(9) 88(9) 10(7) 3(7) -12(7)

C(132)2 72(9) 120(13) 118(12) 25(10) -5(9) -21(9)

C(133)2 78(11) 140(17) 173(19) 21(15) -18(12) -35(11)

C(134)2 129(16) 99(13) 200(2) 36(13) 18(15) -39(12)

C(135)2 79(9) 79(10) 169(16) 55(10) -8(10) -17(8)

Table 7.17. Torsion angles [°] for 54.

C(14)l-Pt(l)l-C(2)l-C(3)l -98(16) P(82)2-Pt(l)2-C(2)2-C(3)2 -66(21)

P(78)l-Pt(l)l-C(2)l-C(3)l 78(16) P(78)2-Pt(l)2-C(2)2-C(3)2 128(9)

P(82)l-Pt(l)l-C(2)l-C(3)l -116(16) C(14)2-Pt(l)2-C(2)2-Cu(15)2 61.1(5)

C(14)l-Pt(l)l-C(2)l-Cu(15)l 64.0(4) P(82)2-Pt( 1)2-C(2)2-Cu( 15)2 44(15)

P(78)l-Pt(l)l-C(2)l-Cu(15)l -120.5(4) P(78)2-Pt(l)2-C(2)2-Cu(15)2 -121.8(4)

P(82)l-Pt(l)l-C(2)l-Cu(15)l 46(8) Pt(l)2-C(2)2-C(3)2-C(4)2 -62(16)

Pt(l)l-C(2)l-C(3)l-C(4)l 3(23) Cu(15)2-C(2)2-C(3)2-C(4)2 -174(10)

Cu(15)l-C(2)l-C(3)l-C(4)l -160(8) Pt(l)2-C(2)2-C(3)2-Cu(15)2 112(9)

Pt(l)l-C(2)l-C(3)l-Cu(15)l 162(16) C(2)2-C(3)2-C(4)2-C(5)2 165(9)

C(2)l-C(3)l-C(4)l-C(5)l 148(7) Cu(15)2-C(3)2-C(4)2-C(5)2 -8.5(12)

Cu(15)l-C(3)l-C(4)l-C(5)l -10.7(10) C(2)2-C(3)2-C(4)2-C(48)2 -15(10)

C(2)l-C(3)l-C(4)l-C(48)l -30(8) Cu( 15)2-C(3)2-C(4)2-C(48)2 171.2(8)

Cu(15)l-C(3)l-C(4)l-C(48)l 171.3(7) C(3)2-C(4)2-C(5)2-C(63)2 179.6(10)

C(3)l-C(4)l-C(5)l-C(63)l -174.3(8) C(48)2-C(4)2-C(5)2-C(63)2 -0.1(16)

C(48)l-C(4)l-C(5)l-C(63)l 3.8(14) C(3)2-C(4)2-C(5)2-C(6)2 -1.5(14)

C(3)l-C(4)l-C(5)l-C(6)l 3.5(12) C(48)2-C(4)2-C(5)2-C(6)2 178.9(9)

C(48)l-C(4)l-C(5)l-C(6)l -178.5(8) C(4)2-C(5)2-C(6)2-C(7)2 -143(7)

C(4)l-C(5)l-C(6)l-C(7)l -135(7) C(63)2-C(5)2-C(6)2-C(7)2 36(8)

C(63)l-C(5)l-C(6)l-C(7)l 43(8) C(4)2-C(5)2-C(6)2-Cu( 15)2 10.8(11)

C(4)l-C(5)l-C(6)l-Cu(15)l 5.7(10) C(63)2-C(5)2-C(6)2-Cu(15)2 -170.2(7)

C(63)l-C(5)l-C(6)l-Cu(15)l -176.6(7) C(5)2-C(6)2-C(7)2-Pt(8)2 5(14)

C(5)l-C(6)l-C(7)l-Pt(8)l 21(10) Cu( 15)2-C(6)2-C(7)2-Pt(8)2 -150(8)

Cu( 15) 1 -C(6) 1 -C(7) 1 -Pt(8) 1 -121(3) C(5)2-C(6)2-C(7)2-Cu(15)2 155(7)
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C(5)l-C(6)l-C(7)l-Cu(15)l 142(7)

C(6)l-C(7)l-Pt(8)l-C(9)l 66(3)

Cu(l 5)1-C(7)l-Pt(8)l-C(9)l -51.1(5)

C(6)l-C(7)l-Pt(8)l-P(lll)l -110(3)

Cu(15)l-C(7)l-Pt(8)l-P(lll)l 133.5(4)

C(6)l-C(7)l-Pt(8)l-P(107)l 20(5)

Cu(15)l-C(7)l-Pt(8)l-P(107)l -97(2)

C(7)l-Pt(8)l-C(9)l-C(10)l -84(4)

P(lll)l-Pt(8)l-C(9)l-C(10)l -11(7)

P(107)l-Pt(8)l-C(9)l-C(10)l 91(4)

C(7)l-Pt(8)l-C(9)l-Cu(17)l 58.1(5)

P(lll)l-Pt(8)l-C(9)l-Cu(17)l 131(3)

P(107)l-Pt(8)l-C(9)l-Cu(17)l -127.0(4)

Pt(8)l-C(9)l-C(10)l-C(ll)l -6(9)

Cu(17)l-C(9)l-C(10)l-C(ll)l -151(6)

Pt(8)l-C(9)l-C(10)l-Cu(17)l 145(4)

C(9)l-C(10)l-C(ll)l-C(12)l 141(6)

Cu(17)l-C(10)l-C(ll)l-C(12)l -8.6(11)

C(9)l-C(10)l-C(ll)l-C(18)l -32(6)

Cu(17)l-C(10)l-C(ll)l-C(18)l 178.0(7)

C(18)l-C(l 1)1-C(12)1-C(33)1 -2.2(16)

C(10)l-C(l 1)1-C(12)1-C(33)1 -175.0(9)

C(18)l-C(l 1)1-C(12)1-C(13)1 175.5(9)

C(10)l-C(l 1)1-C(12)1-C(13)1 2.7(13)

C(ll)l-C(12)l-C(13)l-C(14)l -125(6)

C(33)l-C(12)l-C(13)l-C(14)l 53(6)

C(ll)l-C(12)l-C(13)l-Cu(17)l 4.5(11)

C(33)l-C(12)l-C(13)l-Cu(17)l -177.8(7)

C(12)l-C(13)l-C(14)l-Pt(l)l 23(10)

Cu(17)l-C(13)l-C(14)l-Pt(l)l -109(4)

C(12)l-C(13)l-C(14)l-Cu(17)l 132(6)

C(2)l-Pt(l)l-C(14)l-C(13)l 44(4)

P(78)l-Pt(l)l-C(14)l-C(13)l 3(6)

P(82)l-Pt(l)l-C(14)l-C(13)l -136(4)

C(2)l-Pt(l)l-C(14)l-Cu(17)l -60.7(4)

P(78)l-Pt(l)l-C(14)l-Cu(17)l -102(2)

P(82)l-Pt(l)l-C(14)l-Cu(17)l 118.7(4)

C(2)l-C(3)l-Cu(15)l-C(6)l -167.3(6)

C(4)l-C(3)l-Cu(15)l-C(6)l 10.2(6)

C(2)l-C(3)l-Cu(15)l-C(7)l -159.0(6)

C(4)l-C(3)l-Cu(15)l-C(7)l 18.5(7)

C(4)l-C(3)l-Cu(15)l-C(2)l 177.5(10)

C(2)l-C(3)l-Cu(15)l-Cl(16)l 17.4(8)

C(4)l-C(3)l-Cu(15)l-Cl(16)l -165.2(4)

C(2)l-C(3)l-Cu(15)l-Cu(17)l -48.3(6)

C(4)l-C(3)l-Cu(15)l-Cu(17)l 129.1(5)

C(7)l-C(6)l-Cu(15)l-C(3)l 166.4(6)

C(5)l-C(6)l-Cu(15)l-C(3)l -8.7(6)

C(5)l-C(6)l-Cu(15)l-C(7)l -175.1(10)

C(7)l-C(6)l-Cu(15)l-C(2)l 158.6(6)

C(5)l-C(6)l-Cu(15)l-C(2)l -16.5(8)

C(7)l-C(6)l-Cu(15)l-Cl(16)l -18.1(8)

C(5)l-C(6)l-Cu(15)l-Cl(16)l 166.8(4)

C(7)l-C(6)l-Cu(15)l-Cu(17)l 52.4(6)

C(5)l-C(6)l-Cu(15)l-Cu(17)l -122.7(6)

C(6)l-C(7)l-Cu(15)l-C(3)l -14.8(7)

Pt(8)l-C(7)l-Cu(15)l-C(3)l 153.1(4)

Pt(8)l-C(7)l-Cu(15)l-C(6)l 167.9(9)

C(6)l-C(7)l-Cu(15)l-C(2)l -35.0(9)

Pt(8)l-C(7)l-Cu(15)l-C(2)l 132.9(6)

C(6)2-C(7)2-Pt(8)2-C(9)2 89(8)

Cu(15)2-C(7)2-Pt(8)2-C(9)2 -59.8(5)

C(6)2-C(7)2-Pt(8)2-P(l 11)2 -88(8)

Cu(15)2-C(7)2-Pt(8)2-P(lll)2 123.3(5)

C(6)2-C(7)2-Pt(8)2-P(107)2 23(11)

Cu(15)2-C(7)2-Pt(8)2-P(107)2 -125(4)

C(7)2-Pt(8)2-C(9)2-C(10)2 -48(4)

P(l 11)2-Pt(8)2-C(9)2-C(10)2 -19(6)

P(107)2-Pt(8)2-C(9)2-C(10)2 128(4)

C(7)2-Pt(8)2-C(9)2-Cu(17)2 58.7(5)

P(l 11)2-Pt(8)2-C(9)2-Cu(17)2 89(3)

P(107)2-Pt(8)2-C(9)2-Cu(17)2 -125.0(4)

Pt(8)2-C(9)2-C(10)2-C(l 1)2 -27(9)

Cu(17)2-C(9)2-C(10)2-C(l 1)2 -138(6)

Pt(8)2-C(9)2-C(10)2-Cu(17)2 112(4)

C(9)2-C(10)2-C(l 1)2-C(12)2 129(5)

Cu(17)2-C(10)2-C(l 1)2-C(12)2 -6.8(10)

C(9)2-C(10)2-C(l 1)2-C(18)2 -47(6)

Cu(17)2-C(10)2-C(l 1)2-C(18)2 176.4(7)

C(10)2-C(l 1)2-C(12)2-C(33)2 -176.6(8)

C(18)2-C(l 1)2-C(12)2-C(33)2 -0.1(14)

C(10)2-C(l 1)2-C(12)2-C(13)2 2.8(13)

C(18)2-C(l 1)2-C(12)2-C(13)2 179.4(9)

C(l 1)2-C(12)2-C(13)2-C(14)2 -134(6)

C(33)2-C(12)2-C(13)2-C(14)2 46(6)

C(l 1)2-C(12)2-C(13)2-Cu(17)2 2.6(10)

C(33)2-C(12)2-C(13)2-Cu(17)2 -178.0(7)

C(12)2-C(13)2-C(14)2-Pt(l)2 28(9)

Cu(17)2-C(13)2-C(14)2-Pt(l)2 -110(4)

C(12)2-C(13)2-C(14)2-Cu(17)2 138(6)

C(2)2-Pt(l)2-C(14)2-C(13)2 44(4)

P(82)2-Pt(l)2-C(14)2-C(13)2 -137(4)

P(78)2-Pt(l)2-C(14)2-C(13)2 14(6)

C(2)2-Pt(l)2-C(14)2-Cu(17)2 -62.6(5)

P(82)2-Pt(l)2-C(14)2-Cu(17)2 117.1(4)

P(78)2-Pt(l)2-C(14)2-Cu(17)2 -92(3)

C(7)2-C(6)2-Cu(15)2-C(3)2 164.9(7)

C(5)2-C(6)2-Cu(15)2-C(3)2 -11.5(7)

C(5)2-C(6)2-Cu(15)2-C(7)2 -176.4(11)

C(7)2-C(6)2-Cu(15)2-C(2)2 157.9(7)

C(5)2-C(6)2-Cu(15)2-C(2)2 -18.5(8)

C(7)2-C(6)2-Cu(15)2-Cl(16)2 -18.6(8)

C(5)2-C(6)2-Cu(15)2-Cl(16)2 165.0(5)

C(7)2-C(6)2-Cu(15)2-Cu(17)2 48.7(7)

C(5)2-C(6)2-Cu(15)2-Cu(17)2 -127.6(6)

C(2)2-C(3)2-Cu(15)2-C(6)2 -168.3(7)

C(4)2-C(3)2-Cu(15)2-C(6)2 10.9(7)

C(2)2-C(3)2-Cu(15)2-C(7)2 -159.2(7)

C(4)2-C(3)2-Cu(15)2-C(7)2 20.0(9)

C(4)2-C(3)2-Cu(15)2-C(2)2 179.2(12)

C(2)2-C(3)2-Cu(15)2-Cl(16)2 15.9(10)

C(4)2-C(3)2-Cu(15)2-Cl(16)2 -164.9(5)

C(2)2-C(3)2-Cu(15)2-Cu(17)2 -53.2(7)

C(4)2-C(3)2-Cu(15)2-Cu(17)2 126.1(7)

Pt(8)2-C(7)2-Cu(15)2-C(6)2 176.4(10)

C(6)2-C(7)2-Cu(15)2-C(3)2 -16.2(8)

Pt(8)2-C(7)2-Cu(15)2-C(3)2 160.2(5)

C(6)2-C(7)2-Cu(15)2-C(2)2 -35.3(10)

Pt(8)2-C(7)2-Cu(l 5)2-C(2)2 141.1(6)

C(6)2-C(7)2-Cu(15)2-Cl(16)2 166.7(6)
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C(6)l-C(7)l-Cu(15)l-Cl(16)l 167.7(5)

Pt(8)l-C(7)l-Cu(15)l-Cl(16)l -24.4(5)

C(6)l-C(7)l-Cu(15)l-Cu(17)l -136.2(6)

Pt(8)l-C(7)l-Cu(15)l-Cu(17)l 31.7(4)

Pt(l)l-C(2)l-Cu(15)l-C(3)l -179.1(8)

C(3)l-C(2)l-Cu(15)l-C(6)l 13.8(7)

Pt(l)l-C(2)l-Cu(15)l-C(6)l -165.2(4)

C(3)l-C(2)l-Cu(15)l-C(7)l 34.4(9)

Pt(l)l-C(2)l-Cu(15)l-C(7)l -144.7(5)

C(3)l-C(2)l-Cu(15)l-Cl(16)l -168.4(5)

Pt(l)l-C(2)l-Cu(15)l-Cl(16)l 12.5(4)

C(3)l-C(2)l-Cu(15)l-Cu(17)l 137.4(5)

Pt(l)l-C(2)l-Cu(15)l-Cu(17)l -41.7(4)

C(3)l-Cu(15)l-Cl(16)l-Cu(17)l -89.2(4)

C(6)l-Cu(15)l-Cl(16)l-Cu(17)l 97.7(4)

C(7)l-Cu(15)l-Cl(16)l-Cu(17)l 87.3(3)

C(2)l-Cu(15)l-Cl(16)l-Cu(17)l -79.2(3)

C(9)l-C(10)l-Cu(17)l-C(13)l -167.0(7)

C(ll)l-C(10)l-Cu(17)l-C(13)l 8.2(7)

C(9)l-C(10)l-Cu(17)l-C(14)l -158.4(6)

C(ll)l-C(10)l-Cu(17)l-C(14)l 16.8(8)

C(ll)l-C(10)l-Cu(17)l-C(9)l 175.2(11)

C(9)l-C(10)l-Cu(17)l-Cl(16)l 9.9(8)

C(ll)l-C(10)l-Cu(17)l-Cl(16)l -174.9(5)

C(9)l-C(10)l-Cu(17)l-Cu(15)l -52.1(6)

C(ll)l-C(10)l-Cu(17)l-Cu(15)l 123.1(6)

C(14)l-C(13)l-Cu(17)l-C(10)l 165.7(6)

C(12)l-C(13)l-Cu(17)l-C(10)l -7.0(7)

C(12)l-C(13)l-Cu(17)l-C(14)l -172.7(10)

C(14)l-C(13)l-Cu(17)l-C(9)l 157.7(6)

C(12)l-C(13)l-Cu(17)l-C(9)l -14.9(8)

C(14)l-C(13)l-Cu(17)l-Cl(16)l -10.9(8)

C(12)l-C(13)l-Cu(17)l-Cl(16)l 176.4(5)

C(14)l-C(13)l-Cu(17)l-Cu(15)l 55.8(6)

C(12)l-C(13)l-Cu(17)l-Cu(15)l -116.9(6)

C(13)l-C(14)l-Cu(17)l-C(10)l -15.4(7)

Pt(l)l-C(14)l-Cu(17)l-C(10)l 154.5(4)

Pt(l)l-C(14)l-Cu(17)l-C(13)l 169.9(8)

C(13)l-C(14)l-Cu(17)l-C(9)l -35.9(9)

Pt(l)l-C(14)l-Cu(17)l-C(9)l 133.9(5)

C(13)l-C(14)l-Cu(17)l-Cl(16)l 172.9(5)

Pt(l)l-C(14)l-Cu(17)l-Cl(16)l -17.3(4)

C(13)l-C(14)l-Cu(17)l-Cu(15)l -132.0(6)

Pt(l)l-C(14)l-Cu(17)l-Cu(15)l 37.8(4)

Pt(8)l-C(9)l-Cu(17)l-C(10)l -172.9(9)

C(10)l-C(9)l-Cu(17)l-C(13)l 14.1(7)

Pt(8)l-C(9)l-Cu(17)l-C(13)l -158.9(4)

C(10)l-C(9)l-Cu(17)l-C(14)l 35.0(9)

Pt(8)l-C(9)l-Cu(17)l-C(14)l -137.9(5)

C(10)l-C(9)l-Cu(17)l-Cl(16)l -173.2(6)

Pt(8)l-C(9)l-Cu(17)l-Cl(16)l 13.9(5)

C(10)l-C(9)l-Cu(17)l-Cu(15)l 132.9(6)

Pt(8)l-C(9)l-Cu(17)l-Cu(15)l -40.0(4)

Cu(15)l-Cl(16)l-Cu(17)l-C(10)l -84.9(4)

Cu(15)l-Cl(16)l-Cu(17)l-C(13)l 90.0(4)

Cu(15)l-Cl(16)l-Cu(17)l-C(14)l 83.7(3)

Cu(15)l-Cl(16)l-Cu(17)l-C(9)l -79.3(3)

C(3)l-Cu(15)l-Cu(17)l-C(10)l -91.5(4)

C(6)l-Cu(15)l-Cu(17)l-C(10)l 2.7(4)

C(7)l-Cu(15)l-Cu(17)l-C(10)l 29.1(4)

Pt(8)2-C(7)2-Cu(15)2-Cl(16)2 -16.9(5)

C(6)2-C(7)2-Cu(15)2-Cu(17)2 -137.8(6)

Pt(8)2-C(7)2-Cu(15)2-Cu(17)2 38.6(5)

C(3)2-C(2)2-Cu(15)2-C(6)2 12.5(8)

Pt(l)2-C(2)2-Cu(15)2-C(6)2 -162.1(4)

Pt(l)2-C(2)2-Cu(15)2-C(3)2 -174.5(10)

C(3)2-C(2)2-Cu(15)2-C(7)2 33.0(10)

Pt(l)2-C(2)2-Cu(15)2-C(7)2 -141.5(5)

C(3)2-C(2)2-Cu(15)2-Cl(16)2 -170.1(6)

Pt(l)2-C(2)2-Cu(15)2-Cl(16)2 15.3(5)

C(3)2-C(2)2-Cu(15)2-Cu(17)2 134.6(7)

Pt(l)2-C(2)2-Cu(15)2-Cu(17)2 -39.9(4)

C(6)2-Cu(15)2-Cl(16)2-Cu(17)2 95.0(4)

C(3)2-Cu(15)2-Cl(16)2-Cu(17)2 -90.9(5)

C(7)2-Cu(15)2-Cl(16)2-Cu(17)2 84.4(3)

C(2)2-Cu(15)2-Cl(16)2-Cu(17)2 -81.6(3)

C(14)2-C(13)2-Cu(17)2-C(10)2 168.6(7)

C(12)2-C(13)2-Cu(17)2-C(10)2 -4.7(6)

C(12)2-C(13)2-Cu(17)2-C(14)2 -173.3(10)

C(14)2-C(13)2-Cu(17)2-C(9)2 160.6(6)

C(12)2-C(13)2-Cu(17)2-C(9)2 -12.7(7)

C(14)2-C(13)2-Cu(17)2-Cl(16)2 -5.3(8)

C(12)2-C(13)2-Cu(17)2-Cl(16)2 -178.7(4)

C(14)2-C(13)2-Cu(17)2-Cu(15)2 56.6(6)

C(12)2-C(13)2-Cu(17)2-Cu(15)2 -116.7(6)

C(9)2-C(10)2-Cu(17)2-C(13)2 -166.8(6)

C(ll)2-C(10)2-Cu(17)2-C(13)2 6.1(6)

C(9)2-C(10)2-Cu(17)2-C(14)2 -160.1(6)

C(l 1)2-C(10)2-Cu(17)2-C(14)2 12.8(7)

C(l 1)2-C(10)2-Cu(17)2-C(9)2 172.9(10)

C(9)2-C(10)2-Cu(17)2-Cl(16)2 7.8(8)

C(l 1)2-C(10)2-Cu(17)2-Cl(16)2 -179.3(5)

C(9)2-C(10)2-Cu(17)2-Cu(15)2 -57.0(6)

C(ll)2-C(10)2-Cu(17)2-Cu(15)2 115.9(6)

Pt(l)2-C(14)2-Cu(17)2-C(13)2 168.2(9)

C(13)2-C(14)2-Cu(17)2-C(10)2 -12.2(7)

Pt(l)2-C(14)2-Cu(17)2-C(10)2 156.0(4)

C(13)2-C(14)2-Cu(17)2-C(9)2 -31.1(9)

Pt(l)2-C(14)2-Cu(17)2-C(9)2 137.0(5)

C(13)2-C(14)2-Cu(17)2-Cl(16)2 176.5(5)

Pt(l)2-C(14)2-Cu(17)2-Cl(16)2 -15.3(5)

C(13)2-C(14)2-Cu(17)2-Cu(15)2 -129.1(6)

Pt(l)2-C(14)2-Cu(17)2-Cu(15)2 39.1(4)

C(10)2-C(9)2-Cu(17)2-C(13)2 14.3(7)

Pt(8)2-C(9)2-Cu(17)2-C(13)2 -153.7(4)

Pt(8)2-C(9)2-Cu(17)2-C(10)2
-168.0(8)C(10)2-C(9)2-Cu(17)2-C(14)232.2(9)Pt(8)2-C(9)2-Cu(17)2-C(14)2-135.8(5)C(10)2-C(9)2-Cu(17)2-Cl(16)2-174.5(5)Pt(8)2-C(9)2-Cu(17)2-Cl(16)217.5(4)C(10)2-C(9)2-Cu(17)2-Cu(15)2129.8(6)Pt(8)2-C(9)2-Cu(17)2-Cu(15)2-38.2(4)Cu(15)2-Cl(16)2-Cu(17)2-C(13)281.9(4)Cu(15)2-Cl(16)2-Cu(17)2-C(10)2-89.4(4)Cu(15)2-Cl(16)2-Cu(17)2-C(14)278.8(3)Cu(15)2-Cl(16)2-Cu(17)2-C(92)-84.9(3)C(6)2-Cu(15)2-Cu(17)2-C(13)292.3(4)C(3)2-Cu(15)2-Cu(17)2-C(13)2-0.3(4)C(7)2-Cu(15)2-Cu(17)2-C(13)2117.3(4)C(2)2-Cu(15)2-Cu(17)2-C(13)2

-26.7(4)
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C(69)l-C(68)l-N(71)l-C(72)l 11(4)

C(68)l-N(71)l-C(72)l-C(73)l -85(3)

C(75)l-N(71)l-C(72)l-C(73)l 110(3)

C(68) 1 -N(71 ) 1 -C(72) 1 -C(74) 1 48(4)

C(75) 1 -N(71) 1 -C(72) 1 -C(74) 1 -116(3)

C(68)l-N(71)l-C(75)l-C(76)l 135(3)

C(72)l-N(71)l-C(75)l-C(76)l -61(4)

C(68)l-N(71)l-C(75)l-C(77)l -104(3)

C(72) 1 -N(71) 1 -C(75) 1 -C(77) 1 60(4)

C(2)l-Pt(l)l-P(78)l-C(79)l 156.5(5)

C(14)l-Pt(l)l-P(78)l-C(79)l -162(2)

P(82)l-Pt(l)l-P(78)l-C(79)l -23.1(5)

C(2)l-Pt(l)l-P(78)l-C(89)l 37.6(4)

C(14)l-Pt(l)l-P(78)l-C(89)l 79(2)

P(82)l-Pt(l)l-P(78)l-C(89)l -141.9(4)

C(2)l-Pt(l)l-P(78)l-C(83)l -80.8(4)

C(14)l-Pt(l)l-P(78)l-C(83)l -39(2)

P(82)l-Pt(l)l-P(78)l-C(83)l 99.6(4)

C(89) 1 -P(78) 1 -C(79) 1 -C(80) 1 170.3(9)

C(83)l-P(78)l-C(79)l-C(80)l -79.1(9)

Pt(l)l-P(78)l-C(79)l-C(80)l 45.7(10)

P(78)l-C(79)l-C(80)l-C(81)l -72.4(12)

C(79) 1 -C(80) 1 -C(81) 1 -P(82) 1 77.1(11)

C(80) 1 -C(81 ) 1 -P(82) 1 -C(95) 1 69.2(9)

C(80)l-C(81)l-P(82)l-C(101)l -179.0(8)

C(80)l-C(81)l-P(82)l-Pt(l)l -55.3(9)

C(2)l-Pt(l)l-P(82)l-C(95)l 100(8)

C(14)l-Pt(l)l-P(82)l-C(95)l 82.0(5)

P(78)l-Pt(l)l-P(82)l-C(95)l -93.6(4)

C(2)l-Pt(l)l-P(82)l-C(101)l -24(8)

C(14)l-Pt(l)l-P(82)l-C(101)l -41.4(4)

P(78)l-Pt(l)l-P(82)l-C(101)l 143.0(4)

C(2)l-Pt(l)l-P(82)l-C(81)l -139(8)

C(14)l-Pt(l)l-P(82)l-C(81)l -157.3(5)

P(78)l-Pt(l)l-P(82)l-C(81)l 27.2(4)

C(79)l-P(78)l-C(83)l-C(84)l -176.0(9)

C(89) 1 -P(78) 1 -C(83 ) 1 -C(84) 1 -67.6(10)

Pt(l)l-P(78)l-C(83)l-C(84)l 55.4(9)

C(79)l-P(78)l-C(83)l-C(88)l 3.3(11)

C(89)l-P(78)l-C(83)l-C(88)l 111.7(10)

Pt(l)l-P(78)l-C(83)l-C(88)l -125.3(9)

C(88)l-C(83)l-C(84)l-C(85)l -0.5(17)

P(78)l-C(83)l-C(84)l-C(85)l 178.9(9)

C(83)l-C(84)l-C(85)l-C(86)l 1.6(19)

C(84)l-C(85)l-C(86)l-C(87)l -1(2)

C(85)l-C(86)l-C(87)l-C(88)l 0(2)

C(86)l-C(87)l-C(88)l-C(83)l 1(2)

C(84)l-C(83)l-C(88)l-C(87)l -0.7(19)

P(78)l-C(83)l-C(88)l-C(87)l 179.9(11)

C(79) 1 -P(78) 1 -C(89) 1 -C(94) 1 93.4(10)

C(83)l-P(78)l-C(89)l-C(94)l -18.1(11)

Pt(l)l-P(78)l-C(89)l-C(94)l -139.5(9)

C(79) 1 -P(78) 1 -C(89) 1 -C(90) 1 -85.2(9)

C(83)l-P(78)l-C(89)l-C(90)l 163.4(8)

Pt(l)l-P(78)l-C(89)l-C(90)l 41.9(9)

C(94)l-C(89)l-C(90)l-C(91)l 2.1(16)

P(78)l-C(89)l-C(90)l-C(91)l -179.3(9)

C(89) 1 -C(90) 1 -C(91) 1 -C(92) 1 -1.8(19)

C(90)l-C(91)l-C(92)l-C(93)l 1(2)

C(91)l-C(92)l-C(93)l-C(94)l 0(2)

C(68)2-N(71)2-C(72)2-C(74)2 -91.4(13)

C(75)2-N(71)2-C(72)2-C(74)2 109.8(11)

C(68)2-N(71)2-C(72)2-C(73)2 40.1(15)

C(75)2-N(71)2-C(72)2-C(73)2 -118.7(11)

C(68)2-N(71)2-C(75)2-C(76)2 144.8(11)

C(72)2-N(71)2-C(75)2-C(76)2 -56.0(14)

C(68)2-N(71)2-C(75)2-C(77)2 -87.5(13)

C(72)2-N(71)2-C(75)2-C(77)2 71.7(12)

C(2)2-Pt(l)2-P(78)2-C(89)2 62.1(8)

C(14)2-Pt(l)2-P(78)2-C(89)2 92(3)

P(82)2-Pt(l)2-P(78)2-C(89)2 -117.6(8)

C(2)2-Pt(l)2-P(78)2-C(79)2 167.8(10)

C(14)2-Pt(l)2-P(78)2-C(79)2 -163(3)

P(82)2-Pt(l)2-P(78)2-C(79)2 -11.9(9)

C(2)2-Pt(l)2-P(78)2-C(83)2 -57.7(8)

C(14)2-Pt(l)2-P(78)2-C(83)2 -28(3)

P(82)2-Pt(l)2-P(78)2-C(83)2 122.6(7)

C(89)2-P(78)2-C(79)2-C(80)2 156.2(19)

C(83)2-P(78)2-C(79)2-C(80)2 -93(2)

Pt(l)2-P(78)2-C(79)2-C(80)2 41(2)

P(78)2-C(79)2-C(80)2-C(81)2 -75(2)

C(79)2-C(80)2-C(81)2-P(82)2 85.8(15)

C(80)2-C(81)2-P(82)2-C(95)2 69.5(12)

C(80)2-C(81)2-P(82)2-C(101)2 179.3(10)

C(80)2-C(81)2-P(82)2-Pt(l)2 -57.4(11)

C(2)2-Pt(l)2-P(82)2-C(95)2 90(15)

C(14)2-Pt(l)2-P(82)2-C(95)2 73.6(5)

P(78)2-Pt(l)2-P(82)2-C(95)2 -103.5(5)

C(2)2-Pt(l)2-P(82)2-C(81)2 -148(15)

C(14)2-Pt(l)2-P(82)2-C(81)2 -164.7(5)

P(78)2-Pt(l)2-P(82)2-C(81)2 18.3(5)

C(2)2-Pt(l)2-P(82)2-C(101)2 -31(15)

C(14)2-Pt(l)2-P(82)2-C(101)2 -48.0(5)

P(78)2-Pt(l)2-P(82)2-C(101)2 134.9(4)

C(89)2-P(78)2-C(83)2-C(88)2 136(3)

C(79)2-P(78)2-C(83)2-C(88)2 34(3)

Pt(l)2-P(78)2-C(83)2-C(88)2 -102(3)

C(89)2-P(78)2-C(83)2-C(84)2 -52(3)

C(79)2-P(78)2-C(83)2-C(84)2 -154(2)

Pt(l)2-P(78)2-C(83)2-C(84)2 70(2)

C(88)2-C(83)2-C(84)2-C(85)2 -19(5)

P(78)2-C(83)2-C(84)2-C(85)2 169.9(18)

C(83)2-C(84)2-C(85)2-C(86)2 32(4)

C(84)2-C(85)2-C(86)2-C(87)2 -27(5)

C(85)2-C(86)2-C(87)2-C(88)2 9(7)

C(84)2-C(83)2-C(88)2-C(87)2 -1(7)

P(78)2-C(83)2-C(88)2-C(87)2 172(4)

C(86)2-C(87)2-C(88)2-C(83)2
6(8)C(79)2-P(78)2-C(89)2-C(94)2-103(2)C(83)2-P(78)2-C(89)2-C(94)2139.7(18)Pt(l)2-P(78)2-C(89)2-C(94)218(2)C(79)2-P(78)2-C(89)2-C(90)2107(2)C(83)2-P(78)2-C(89)2-C(90)2-10(2)Pt(l)2-P(78)2-C(89)2-C(90)2-132(2)C(94)2-C(89)2-C(90)2-C(91)215(5)P(78)2-C(89)2-C(90)2-C(91)2167(3)C(89)2-C(90)2-C(91)2-C(92)26(7)C(90)2-C(91)2-C(92)2-C(93)2-10(9)C(91)2-C(92)2-C(93)2-C(94)2-6(8)C(90)2-C(89)2-C(94)2-C(93)2

-33(4)
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C(92) 1 -C(9 3 ) 1 -C(94) 1 -C(89) 1 1(2)

C(90) 1 -C(8 9) 1 -C(94) 1 -C(93 ) 1 -1.6(19)

P(78)l-C(89)l-C(94)l-C(93)l 179.8(11)

C(101)l-P(82)l-C(95)l-C(100)l -77.5(11)

C(81)l-P(82)l-C(95)l-C(100)l 29.0(12)

Pt(l)l-P(82)l-C(95)l-C(100)l 155.4(10)

C(101)l-P(82)l-C(95)l-C(96)l 101.0(9)

C(81)l-P(82)l-C(95)l-C(96)l -152.6(9)

Pt(l)l-P(82)l-C(95)l-C(96)l -26.1(10)

C(100)l-C(95)l-C(96)l-C(97)l -3.1(18)

P(82)l-C(95)l-C(96)l-C(97)l 178.3(9)

C(95)l-C(96)l-C(97)l-C(98)l 4.2(19)

C(96)l-C(97)l-C(98)l-C(99)l -4(2)

C(97)l-C(98)l-C(99)l-C(100)l 3(3)

C(98)l-C(99)l-C(100)l-C(95)l -2(3)

C(96)l-C(95)l-C(100)l-C(99)l 2(2)

P(82)l-C(95)l-C(100)l-C(99)l -179.3(12)

C(95)l-P(82)l-C(101)l-C(102)l 22.4(11)

C(81)l-P(82)l-C(101)l-C(102)l -87.4(10)

Pt(l)l-P(82)l-C(101)l-C(102)l 148.3(9)

C(95)l-P(82)l-C(101)l-C(106)l -161.6(9)

C(81)l-P(82)l-C(101)l-C(106)l 88.6(9)

Pt(l)l-P(82)l-C(101)l-C(106)l -35.8(9)

C(106)l-C(101)l-C(102)l-C(103)l 0.1(18)

P(82)l-C(101)l-C(102)l-C(103)l 176.1(11)

C(101)l-C(102)l-C(103)l-C(104)l -1(2)

C(102)l-C(103)l-C(104)l-C(105)l 2(2)

C(103)l-C(104)l-C(105)l-C(106)l -2(2)

C(102)l-C(101)l-C(106)l-C(105)l 0.0(17)

P(82)l-C(101)l-C(106)l-C(105)l -176.3(9)

C(104)l-C(105)l-C(106)l-C(101)l 1(2)

C(9)l-Pt(8)l-P(107)l-C(130)l -84.5(5)

C(7)l-Pt(8)l-P(107)l-C(130)l -38(2)

P(lll)l-Pt(8)l-P(107)l-C(130)l 90.9(4)

C(9)l-Pt(8)l-P(107)l-C(108)l 157.3(5)

C(7)l-Pt(8)l-P(107)l-C(108)l -157(2)

P(lll)l-Pt(8)l-P(107)l-C(108)l -27.3(5)

C(9)l-Pt(8)l-P(107)l-C(124)l 35.4(5)

C(7)l-Pt(8)l-P(107)l-C(124)l 81(2)

P(lll)l-Pt(8)l-P(107)l-C(124)l -149.2(4)

C(130)l-P(107)l-C(108)l-C(109)l -69.7(9)

C(124)l-P(107)l-C(108)l-C(109)l 178.5(8)

Pt(8)l-P(107)l-C(108)l-C(109)l 51.9(9)

P(107)l-C(108)l-C(109)l-C(110)l -73.2(11)

C(108)l-C(109)l-C(110)l-P(lll)l 72.7(12)

C(109)l-C(110)l-P(lll)l-C(118)l 73.1(10)

C(109)l-C(110)l-P(lll)l-C(112)l -176.5(9)

C(109)l-C(110)l-P(lll)l-Pt(8)l -50.3(10)

C(9)l-Pt(8)l-P(lll)l-C(118)l 7(3)

C(7)l-Pt(8)l-P(lll)l-C(118)l 80.1(5)

P(107)l-Pt(8)l-P(lll)l-C(118)l -94.5(4)

C(9)l-Pt(8)l-P(lll)l-C(112)l -114(3)

C(7)l-Pt(8)l-P(lll)l-C(112)l -40.6(4)

P(107)l-Pt(8)l-P(lll)l-C(112)l 144.8(4)

C(9)l-Pt(8)l-P(lll)l-C(110)l 128(3)

C(7)l-Pt(8)l-P(lll)l-C(110)l -159.1(5)

P(107)l-Pt(8)l-P(lll)l-C(110)l 26.3(4)

C(118)l-P(lll)l-C(112)l-C(117)l -153.4(9)

C(110)l-P(lll)l-C(112)l-C(117)l 96.1(9)

Pt(8)l-P(lll)l-C(112)l-C(117)l -30.0(9)

P(78)2-C(89)2-C(94)2-C(93)2 177(2)

C(92)2-C(93)2-C(94)2-C(89)2 29(6)

C(81)2-P(82)2-C(95)2-C(100)2 36.1(13)

C(101)2-P(82)2-C(95)2-C(100)2 -71.1(13)

Pt(l)2-P(82)2-C(95)2-C(100)2 162.8(11)

C(81)2-P(82)2-C(95)2-C(96)2 -148.7(10)

C(101)2-P(82)2-C(95)2-C(96)2 104.1(10)

Pt(l)2-P(82)2-C(95)2-C(96)2 -22.0(11)

C(100)2-C(95)2-C(96)2-C(97)2 -2.3(19)

P(82)2-C(95)2-C(96)2-C(97)2 -177.8(10)

C(95)2-C(96)2-C(97)2-C(98)2 3(2)

C(96)2-C(97)2-C(98)2-C(99)2 -2(2)

C(97)2-C(98)2-C(99)2-C(100)2 1(3)

C(96)2-C(95)2-C(100)2-C(99)2 1(2)

P(82)2-C(95)2-C(100)2-C(99)2 175.9(13)

C(98)2-C(99)2-C(100)2-C(95)2 0(3)

C(95)2-P(82)2-C(101)2-C(102)2 25.4(11)

C(81)2-P(82)2-C(101)2-C(102)2 -84.2(11)

Pt(l)2-P(82)2-C(101)2-C(102)2 152.1(9)

C(95)2-P(82)2-C(101)2-C(106)2 -158.2(9)

C(81)2-P(82)2-C(101)2-C(106)2 92.2(10)

Pt(l)2-P(82)2-C(101)2-C(106)2 -31.5(10)

C(106)2-C(101)2-C(102)2-C(103)2 1.4(18)

P(82)2-C(101)2-C(102)2-C(103)2 177.7(10)

C(101)2-C(102)2-C(103)2-C(104)2 -1(2)

C(102)2-C(103)2-C(104)2-C(105)2 -1(2)

C(103)2-C(104)2-C(105)2-C(106)2 2(2)

C(104)2-C(105)2-C(106)2-C(101)2 -2(2)

C(102)2-C(101)2-C(106)2-C(105)2 -0.2(18)

P(82)2-C(101)2-C(106)2-C(105)2
-176.7(10)C(9)2-Pt(8)2-P(107)2-C(108)2153.4(5)C(7)2-Pt(8)2-P(107)2-C(108)2-141(4)P(l11)2-Pt(8)2-P(107)2-C(108)2-30.0(5)C(9)2-Pt(8)2-P(107)2-C(130)2-87.0(5)C(7)2-Pt(8)2-P(107)2-C(130)2-21(4)P(l11)2-Pt(8)2-P(107)2-C(130)289.6(4)C(9)2-Pt(8)2-P(107)2-C(124)235.1(5)C(7)2-Pt(8)2-P(107)2-C(124)2101(4)P(l11)2-Pt(8)2-P(107)2-C(124)2-148.3(4)C(130)2-P(107)2-C(108)2-C(109)2-68.4(11)C(124)2-P(107)2-C(108)2-C(109)2-179.2(10)Pt(8)2-P(107)2-C(108)2-C(109)254.7(11)P(107)2-C(108)2-C(109)2-C(l10)2-75.3(14)C(108)2-C(109)2-C(l10)2-P(111)274.2(14)C(109)2-C(l10)2-P(111)2-C(l18)273.6(11)C(109)2-C(l10)2-P(111)2-C(112)2-176.9(10)C(109)2-C(l10)2-P(111)2-Pt(8)2-52.1(12)C(9)2-Pt(8)2-P(l11)2-C(118)253(3)C(7)2-Pt(8)2-P(l11)2-C(118)282.8(6)P(107)2-Pt(8)2-P(lll)2-C(118)2-93.4(5)C(9)2-Pt(8)2-P(l11)2-C(110)2175(3)C(7)2-Pt(8)2-P(l11)2-C(110)2-154.8(7)P(107)2-Pt(8)2-P(l11)2-C(110)229.0(6)C(9)2-Pt(8)2-P(l11)2-C(112)2-65(3)C(7)2-Pt(8)2-P(l11)2-C(112)2-34.6(6)P(107)2-Pt(8)2-P(l11)2-C(112)2149.3(5)C(l18)2-P(111)2-C(112)2-C(117)2167.3(14)C(l10)2-P(l11)2-C(112)2-C(117)256.0(15)Pt(8)2-P(l11)2-C(112)2-C(117)2-70.4(14)C(l18)2-P(111)2-C(112)2-C(113)2

-15.8(13)
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C(l 18)1-P(111)1-C(112)1-C(113)1 32.6(11) C(l 10)2-P(111)2-C(112)2-C(113)2 -127.1(12)

C(l 10)1-P(111)1-C(112)1-C(113)1 -77.9(10) Pt(8)2-P(l 11)2-C(112)2-C(113)2 106.6(11)

Pt(8)l-P(l 11)1-C(112)1-C(113)1 156.0(9) C(l 17)2-C(l 12)2-C(113)2-C(114)2 0(2)

C(117)l-C(112)l-C(113)l-C(114)l 0.3(18) P(l 11)2-C(112)2-C(113)2-C(l 14)2 -177.3(11)

P(l 11)1-C(112)1-C(113)1-C(114)1 174.4(10) C(l 12)2-C(l 13)2-C(114)2-C(115)2 0(3)

C(112)l-C(113)l-C(114)l-C(115)l -2(2) C(l 13)2-C(l 14)2-C(115)2-C(116)2 3(4)

C(113)l-C(114)l-C(115)l-C(116)l 2(2) C(l 14)2-C(l 15)2-C(116)2-C(117)2 -6(4)

C(114)l-C(115)l-C(116)l-C(117)l 0(2) C(l 13)2-C(l 12)2-C(117)2-C(116)2 -2(3)

C(115)l-C(116)l-C(117)l-C(112)l -1.5(18) P(l 11)2-C(112)2-C(117)2-C(l 16)2 175.0(19)

C(113)l-C(112)l-C(117)l-C(116)l 1.4(16) C(l 15)2-C(l 16)2-C(117)2-C(112)2 5(4)

P(lll)l-C(112)l-C(117)l-C(116)l -172.8(9) C(l 10)2-P(111)2-C(l 18)2-C(119)2 31.4(13)

C(l 12)1-P(111)1-C(118)1-C(119)1 86.9(10) C(l 12)2-P(111)2-C(l 18)2-C(119)2 -78.6(12)

C(l 10)1-P(111)1-C(118)1-C(119)1 -165.9(10) Pt(8)2-P(l 11)2-C(118)2-C(119)2 158.8(10)

Pt(8)l-P(lll)l-C(118)l-C(119)l -39.6(11) C(l 10)2-P(111)2-C(118)2-C(123)2 -148.5(16)

C(112)l-P(lll)l-C(118)l-C(123)l -95.0(12) C(l 12)2-P(111)2-C(118)2-C(123)2 101.5(16)

C(110)l-P(lll)l-C(118)l-C(123)l 12.2(13) Pt(8)2-P(l 11)2-C(118)2-C(123)2 -21.2(17)

Pt(8)l-P(lll)l-C(118)l-C(123)l 138.6(11) C(123)2-C(l 18)2-C(119)2-C(120)2 -2(2)

C(123)l-C(118)l-C(119)l-C(120)l 2(2) P(l 11)2-C(118)2-C(119)2-C(120)2 178.2(12)

P(lll)l-C(118)l-C(119)l-C(120)l -179.5(11) C(118)2-C(119)2-C(120)2-C(121)2 2(3)

C(118)l-C(119)l-C(120)l-C(121)l -1(3) C(119)2-C(120)2-C(121)2-C(122)2 -4(4)

C(119)l-C(120)l-C(121)l-C(122)l 2(3) C(120)2-C(121)2-C(122)2-C(123)2 6(5)

C(120)l-C(121)l-C(122)l-C(123)l -5(4) C(l 19)2-C(l 18)2-C(123)2-C(122)2 4(3)

C(119)l-C(118)l-C(123)l-C(122)l -5(2) P(l 11)2-C(118)2-C(123)2-C(122)2 -176(2)

P(lll)l-C(118)l-C(123)l-C(122)l 177.3(16) C(121)2-C(122)2-C(123)2-C(l 18)2 -6(4)

C(121)l-C(122)l-C(123)l-C(118)l 6(3) C(108)2-P(107)2-C(124)2-C(129)2 93.2(13)

C(130)l-P(107)l-C(124)l-C(125)l -161.6(11) C(130)2-P(107)2-C(124)2-C(129)2 -16.7(14)

C(108)l-P(107)l-C(124)l-C(125)l -51.7(12) Pt(8)2-P(107)2-C(124)2-C(129)2 -141.4(12)

Pt(8)l-P(107)l-C(124)l-C(125)l 76.4(12) C(108)2-P(107)2-C(124)2-C(125)2 -78.6(11)

C(130)l-P(107)l-C(124)l-C(129)l 27.3(12) C(130)2-P(107)2-C(124)2-C(125)2 171.5(10)

C(108)l-P(107)l-C(124)l-C(129)l 137.1(11) Pt(8)2-P(107)2-C(124)2-C(125)2 46.9(11)

Pt(8)l-P(107)l-C(124)l-C(129)l -94.7(11) C(129)2-C(124)2-C(125)2-C(126)2 4(2)

C(129)l-C(124)l-C(125)l-C(126)l -2(3) P(107)2-C(124)2-C(125)2-C(126)2 175.9(10)

P(107)l-C(124)l-C(125)l-C(126)l -173.8(15) C(124)2-C(125)2-C(126)2-C(127)2 -1(2)

C(124)l-C(125)l-C(126)l-C(127)l -5(3) C(125)2-C(126)2-C(127)2-C(128)2 0(3)

C(125)l-C(126)l-C(127)l-C(128)l 11(4) C(126)2-C(127)2-C(128)2-C(129)2 -3(3)

C(126)l-C(127)l-C(128)l-C(129)l -11(4) C(125)2-C(124)2-C(129)2-C(128)2 -6(2)

C(125)l-C(124)l-C(129)l-C(128)l 3(2) P(107)2-C(124)2-C(129)2-C(128)2 -177.9(14)

P(107)l-C(124)l-C(129)l-C(128)l 174.4(13) C(127)2-C(128)2-C(129)2-C(124)2 6(3)

C(127)l-C(128)l-C(129)l-C(124)l 3(3) C(108)2-P(107)2-C(130)2-C(135)2 -28.3(14)

C(108)l-P(107)l-C(130)l-C(131)l -51.6(11) C(124)2-P(107)2-C(130)2-C(135)2 78.9(13)

C(124)l-P(107)l-C(130)l-C(131)l 58.7(11) Pt(8)2-P(107)2-C(130)2-C(135)2 -153.6(11)

Pt(8)l-P(107)l-C(130)l-C(131)l -177.2(9) C(108)2-P(107)2-C(130)2-C(131)2 155.1(10)

C(108)l-P(107)l-C(130)l-C(135)l 126.2(11) C(124)2-P(107)2-C(130)2-C(131)2 -97.6(10)

C(124)l-P(107)l-C(130)l-C(135)l -123.5(11) Pt(8)2-P(107)2-C(130)2-C(131)2 29.8(11)

Pt(8)l-P(107)l-C(130)l-C(135)l 0.6(11) C(135)2-C(130)2-C(131)2-C(132)2
-1(2)C(135)l-C(130)l-C(131)l-C(132)l-0.8(19)P(107)2-C(130)2-C(131)2-C(132)2175.6(11)P(107)l-C(130)l-C(131)l-C(132)l177.0(11)C(130)2-C(131)2-C(132)2-C(133)22(2)C(130)l-C(131)l-C(132)l-C(133)l0(2)C(131)2-C(132)2-C(133)2-C(134)2-4(3)C(131)l-C(132)l-C(133)l-C(134)l-1(3)C(132)2-C(133)2-C(134)2-C(135)25(3)C(132)l-C(133)l-C(134)l-C(135)l1(3)C(131)2-C(130)2-C(135)2-C(134)22(2)C(133)l-C(134)l-C(135)l-C(130)l-2(3)P(107)2-C(130)2-C(135)2-C(134)2-174.1(13)C(131)l-C(130)l-C(135)l-C(134)l2(2)C(133)2-C(134)2-C(135)2-C(130)2-5(3)P(107)l-C(130)l-C(135)l-C(134)l-176.3(14)C1(1)2-C1(2)2-C(201)2-C1(3)2119.9C(14)2-Pt(l)2-C(2)2-C(3)2-49(9)C1(2)2-C1(1)2-C(201)2-C1(3)2-118.1Symmetrytransformationsusedtogenerateequivalentatoms:#1-x+1,-y+1,-z+1;#2-x+2,-y+2,-z+1.
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Table 7.18. Crystal data and structure refinement for 97.

Crystal data

Cambridge Crystallographic Data Centre

Identification code

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z

Calculated density

Absorption coefficient

F(000)

Approximate crystal size

Data collection

CCDC-644153

kivalal 1_D_07

C30H20N6

464.52

220(2)K

0.7107 Â

monoclinic, P2\lc

a = 7.5252(5) Â, a= 90°

b = 8.4637(9) Â, ß= 92.608(7)c
c = 39.5727(15) Â, ^=90°

2517.8(3) Â3

4

1.225 mgnT3
0.075 mnT1

968

0.15x0.13 x 0.05 mm

Nonius Kappa-CCD diffractometer with graphite monochromator

Grange for data collection

Index ranges

Reflections collected / unique

Completeness to 20= 25.37

Absorption correction

Solution and refinement

Structure solution

Structure refinement

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [/> 20(1)]

Extinction coefficient

Largest diff peak and hole

2.94 < 6< 25.37°

-9 < h < 9, -9 < K 10, -47 < /< 47

7722/ 4559 (Rmt = 0.054)

98.7%

none

SIR-97 (direct methods)

SHELXL-97 (full-matrix least-squares on F2)
4559/0/330

1.060

R(F) = 0.073, wR(F2) = 0.145

0.0048(14)

0.176 and-0.140 eÂ"3
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Table 7.19. Atomic coordinates (x 104) and equivalent isotropic displacement parameters (Â2 x 103) for 97.

£/(eq) is defined as one third of the trace of the orthogonalized U1} tensor.

X y z t/(eq)

N(14) -216(4) 6590(3) 2950(1) 63(1)

N(19) 14893(5) 10657(3) 1412(1) 92(1)

N(21) 17598(5) 8074(4) 612(1) 93(1)

N(25) 14968(5) 4503(3) 1490(1) 99(1)

N(27) 14406(4) 1866(3) 580(1) 77(1)

N(34) 10748(4) 7100(3) -618(1) 55(1)

C(l) 13499(4) 7370(3) 948(1) 43(1)

C(2) 12018(4) 7520(3) 1149(1) 50(1)

C(3) 10759(5) 7560(4) 1326(1) 54(1)

C(4) 9339(5) 7586(4) 1530(1) 60(1)

C(5) 8126(5) 7562(4) 1718(1) 59(1)

C(6) 6755(5) 7477(4) 1928(1) 58(1)

C(7) 5519(5) 7331(4) 2112(1) 58(1)

C(8) 4082(4) 7131(3) 2326(1) 50(1)

C(9) 4085(4) 7838(4) 2644(1) 56(1)

C(10) 2694(5) 7650(4) 2851(1) 56(1)

C(ll) 1188(4) 6744(3) 2748(1) 48(1)

C(12) 1208(4) 6013(4) 2429(1) 53(1)

C(13) 2616(4) 6204(4) 2225(1) 54(1)

C(15) -177(5) 7304(5) 3284(1) 83(1)

C(16) -1693(4) 5570(4) 2857(1) 71(1)

C(17) 14889(4) 8385(3) 979(1) 50(1)

C(18) 14911(5) 9656(4) 1218(1) 60(1)

C(20) 16394(5) 8213(4) 774(1) 62(1)

C(22) 13525(4) 5994(3) 705(1) 43(1)

C(23) 14122(4) 4602(3) 854(1) 47(1)

C(24) 14617(5) 4561(3) 1207(1) 63(1)

C(26) 14264(4) 3107(4) 690(1) 53(1)

C(28) 12892(4) 6261(3) 365(1) 43(1)

C(29) 12368(4) 7779(3) 254(1) 55(1)

C(30) 11691(5) 8073(4) -65(1) 61(1)

C(31) 11464(4) 6857(3) -305(1) 46(1)

C(32) 12033(4) 5348(3) -199(1) 54(1)

C(33) 12706(4) 5066(3) 118(1) 53(1)

C(35) 10198(6) 8656(4) -737(1) 81(1)

C(36) 10686(5) 5861(4; -872(1) 68(1)
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C(3) 65(2) 53(2) 44(2) -8(2) 3(2) 3(2)

C(4) 64(2) 65(2) 50(2) -10(2) 6(2) 4(2)

C(5) 59(2) 65(2) 54(2) -6(2) 1(2) 5(2)

C(6) 60(2) 63(2) 52(2) -3(2) 4(2) 6(2)

C(7) 61(2) 55(2) 57(2) -1(2) 1(2) 6(2)

C(8) 51(2) 49(2) 49(2) 2(2) 4(2) 6(2)

C(9) 60(2) 54(2) 53(2) -4(2) -4(2) -5(2)

C(10) 68(2) 59(2) 40(2) -5(2) -1(2) -7(2)

C(H) 58(2) 48(2) 38(2) 0(1) 0(2) -1(2)

C(12) 57(2) 56(2) 46(2) -6(2) 0(2) -8(2)

C(13) 63(2) 56(2) 41(2) -7(2) -5(2) 5(2)

C(15) 97(3) 106(3) 47(2) -16(2) 19(2) -17(2)

C(16) 60(2) 88(3) 64(2) 2(2) 5(2) -11(2)

C(17) 67(2) 34(2) 49(2) -5(1) 4(2) 0(2)

C(18) 89(3) 40(2) 51(2) -1(2) -1(2) -3(2)

C(20) 65(3) 40(2) 82(2) -17(2) 7(2) -11(2)

C(22) 44(2) 40(2) 46(2) -8(1) 5(1) -2(1)

C(23) 54(2) 39(2) 47(2) -5(1) 1(1) 1(1)

C(24) 91(3) 39(2) 56(2) -2(2) -17(2) 4(2)

C(26) 67(2) 43(2) 49(2) 2(2) 5(2) 4(2)

C(28) 47(2) 42(2) 40(2) -6(1) 6(1) -1(1)

C(29) 79(2) 41(2) 46(2) -10(1) 2(2) 4(2)

C(30) 88(3) 47(2) 47(2) -2(2) -5(2) 2(2)

C(31) 49(2) 48(2) 40(2) -3(1) 4(1) -5(1)

C(32) 69(2) 43(2) 48(2) -14(2) 2(2) 3(2)

C(33) 68(2) 41(2) 50(2) -8(1) 1(2) 5(2)

C(35) 116(: S) 59(2) 65(2) 4(2) -17(2) -10(2)

C(36) 80(3) 71(2) 53(2) -11(2) -9(2) -7(2)

Table 7.22. Hydrogen coordinates (x 104) and isotropic displacement parameters (Â2 x 103) for 97.

_y_ ^(eq)

H(13)

H(l)

H(2)

H(14)

H(8)

H(9)

H(10)

H(18)

H(19)

H(20)

H(12)

H(7)

H(ll)

H(3)

H(15)

H(16)

H(17)

H(4)

H(5)

H(6)

5063

2741

240

2594

15

782

-1301

-1270

-2245

-2559

12490

11370

11943

13062

11211

9738

9277

10367

11845

9806

8458

8132

5382

5703

8432

6842

7114

4495

5922

5608

8626

9112

4505

4033

9205

9254

8547

4869

5759

6126

2717

3065

2355

2013

3263

3423

3387

2834

2644

3031

407

-126

-354

176

-824

-551

-915

-768

-967

-1049

67

67

64

64

124

124

124

106

106

106

66

73

64

64

121

121

121

103

103

103
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Table 7.23. Torsion angles [°] for 97.

C(17)-C(l)-C(2)-C(3) -128(5) C(17)-C(l)-C(22)-C(23) 94.4(3)

C(22)-C(l)-C(2)-C(3) 49(5) C(2)-C(l)-C(22)-C(23) -83.0(3)

C(l)-C(2)-C(3)-C(4) 16(31) C(17)-C(l)-C(22)-C(28) -87.7(3)

C(2)-C(3)-C(4)-C(5) 19(32) C(2)-C(l)-C(22)-C(28) 94.8(3)

C(3)-C(4)-C(5)-C(6) -61(15) C(28)-C(22)-C(23)-C(26) 1.3(5)

C(4)-C(5)-C(6)-C(7) -5(16) C(l)-C(22)-C(23)-C(26) 178.9(3)

C(5)-C(6)-C(7)-C(8) 20(24) C(28)-C(22)-C(23)-C(24) -176.6(3)

C(6)-C(7)-C(8)-C(9) 121(19) C(l)-C(22)-C(23)-C(24) 0.9(4)

C(6)-C(7)-C(8)-C(13) -58(19) C(22)-C(23)-C(24)-N(25) 109(11)

C(13)-C(8)-C(9)-C(10) -0.6(4) C(26)-C(23)-C(24)-N(25) -69(11)

C(7)-C(8)-C(9)-C(10) 179.8(3) C(22)-C(23)-C(26)-N(27) -173(4)

C(8)-C(9)-C(10)-C(ll) -0.8(5) C(24)-C(23)-C(26)-N(27) 5(5)

C(16)-N(14)-C(ll)-C(12) 4.7(5) C(23)-C(22)-C(28)-C(33) 2.7(5)

C(15)-N(14)-C(ll)-C(12) 177.6(3) C(l)-C(22)-C(28)-C(33) -174.8(3)

C(16)-N(14)-C(ll)-C(10) -175.3(3) C(23)-C(22)-C(28)-C(29) -178.6(3)

C(15)-N(14)-C(ll)-C(10) -2.4(5) C(l)-C(22)-C(28)-C(29) 3.9(4)

C(9)-C(10)-C(ll)-N(14) -178.3(3) C(33)-C(28)-C(29)-C(30) 1.4(4)

C(9)-C(10)-C(ll)-C(12) 1.8(4) C(22)-C(28)-C(29)-C(30) -177.3(3)

N(14)-C(ll)-C(12)-C(13) 178.6(3) C(28)-C(29)-C(30)-C(31) 0.4(5)

C(10)-C(ll)-C(12)-C(13) -1.4(4) C(36)-N(34)-C(31)-C(32) -6.1(4)

C(ll)-C(12)-C(13)-C(8) 1(5) C(35)-N(34)-C(31)-C(32) -178.1(3)

C(9)-C(8)-C(13)-C(12) 0.9(4) C(36)-N(34)-C(31)-C(30) 173.9(3)

C(7)-C(8)-C(13)-C(12) -179.4(3) C(35)-N(34)-C(31)-C(30) 1.8(5)

C(2)-C(l)-C(17)-C(18) -0.1(5) C(29)-C(30)-C(31)-N(34) 177.9(3)

C(22)-C(l)-C(17)-C(18) -177.5(3) C(29)-C(30)-C(31)-C(32) -2.2(5)

C(2)-C(l)-C(17)-C(20) 179.7(3) N(34)-C(31)-C(32)-C(33) -177.9(3)

C(22)-C(l)-C(17)-C(20) 2.3(4) C(30)-C(31)-C(32)-C(33) 2.1(5)

C(l)-C(17)-C(18)-N(19) 9(14) C(31)-C(32)-C(33)-C(28) -0.3(5)

C(20)-C(17)-C(18)-N(19) -171(100) C(29)-C(28)-C(33)-C(32) -1.5(4)

C(l)-C(17)-C(20)-N(21) -116(79) C(22)-C(28)-C(33)-C(32) 177.2(3)

C(18)-C(17)-C(20)-N(21) 64(94)
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Table 7.24. Crystal data and structure refinement for 119.

Crystal data

Cambridge Crystallographic Data Centre

Identification code

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z

Calculated density

Absorption coefficient

F(000)

Approximate crystal size

Data collection

CCDC-658467

kivalal4_D_07

C22H15N5

349.39

220(2)K

0.7107 Â

triclinic, P 1 (no. 2)

a = 8.8680(13) Â, a= 101.406(2)°
b = 9.2552(14) Â, ß= 93.315(12)°
c = 11.7022(14) Â, y= 94.983(2)°

935.2(2) Â3

2

1.241 mgnT3
0.077 mm"1

364

0.25x0.23 x 0.20 mm

Nonius Kappa-CCD diffractometer with graphite monochromator

Grange for data collection

Index ranges

Reflections collected / unique

Completeness to 28= 26.32

Absorption correction

Solution and refinement

Structure solution

Structure refinement

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [/> 20(1)]

Extinction coefficient

Largest diff peak and hole

-14</< 14

3.03 < 6< 26.32°

-11 <h< 11,-11<K 11,

6407/ 3755 (Rmt = 0.035)

98.6%

none

SIR-97 (direct methods)

SHELXL-97 (full-matrix least-squares on F2)
3755/0/247

1.038

R(F) = 0.045, wR(F2) = 0.119

0.053(13)

0.150 and -0.136 e Â~3
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Table 7.25. Atomic coordinates (x 104) and equivalent isotropic displacement parameters (Â2 x 103) for

119. C/(eq) is defined as one third of the trace of the orthogonalized Ulf tensor.

X y z C/(eq)

N(5) 11770(2) -2377(2) 2584(2) 76(1)

N(7) 8386(2) -1238(2) 5077(1) 62(1)

N(14) 6595(1) 4596(1) 6078(1) 48(1)

N(25) -601(2) -1801(2) -823(1) 70(1)

N(27) 1991(2) -5466(1) -2171(1) 68(1)

C(l) 6938(2) -224(1) 2321(1) 39(1)

C(2) 8404(2) -833(1) 2164(1) 43(1)

C(3) 9258(2) -1227(2) 3013(1) 43(1)

C(4) 10663(2) -1856(2) 2780(1) 54(1)

C(6) 8763(2) -1206(2) 4166(1) 48(1)

C(8) 6842(1) 980(1) 3302(1) 39(1)

C(9) 5519(1) 1161(1) 3913(1) 41(1)

C(10) 5443(2) 2316(2) 4835(1) 43(1)

C(ll) 6683(2) 3417(1) 5199(1) 41(1)

C(12) 8019(2) 3230(2) 4602(1) 44(1)

C(13) 8098(2) 2044(2) 3708(1) 42(1)

C(15) 7901(2) 5672(2) 6494(2) 66(1)

C(16) 5297(2) 4678(2) 6783(2) 62(1)

C(17) 5716(2) -852(1) 1511(1) 39(1)

C(18) 4356(2) -149(1) 1396(1) 40(1)

C(19) 3156(2) -803(1) 653(1) 40(1)

C(20) 3191(2) -2245(1) -59(1) 38(1)

C(21) 4572(2) -2926(1) -1(1) 42(1)

C(22) 5772(2) -2259(1) 741(1) 43(1)

C(23) 1927(2) -2946(1) -789(1) 41(1)

C(24) 528(2) -2312(2) -805(1) 48(1)

C(26) 1961(2) -4349(2) -1552(1) 48(1)
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Table 7.26. Bond lengths [Â] and angles [°] for 119.

N(5)-C(4) 1.145(2) C(8)-C(9) 1.4140(18)

N(7)-C(6) 1.141(2) C(9)-C(10) 1.3697(19)

N(14)-C(ll) 1.3550(17) C(10)-C(ll) 1.4168(19)

N(14)-C(16) 1.453(2) C(ll)-C(12) 1.4158(19)

N(14)-C(15) 1.453(2) C(12)-C(13) 1.3683(18)

N(25)-C(24) 1.1448(18) C(17)-C(18) 1.4313(18)

N(27)-C(26) 1.1425(18) C(17)-C(22) 1.4363(18)

C(l)-C(17) 1.4021(18) C(18)-C(19) 1.3518(18)

C(l)-C(8) 1.4457(18) C(19)-C(20) 1.4307(17)

C(l)-C(2) 1.4678(18) C(20)-C(23) 1.3971(18)

C(2)-C(3) 1.3409(19) C(20)-C(21) 1.4287(18)

C(3)-C(4) 1.438(2) C(21)-C(22) 1.3544(19)

C(3)-C(6) 1.440(2) C(23)-C(24) 1.4184(19)

C(8)-C(13) 1.4136(18) C(23)-C(26) 1.4271(18)

C(ll)-N(14)-C(16) 120.86(12) C(12)-C(ll)-C(10) 117.00(12)

C(ll)-N(14)-C(15) 121.19(13) C(13)-C(12)-C(ll) 121.27(12)

C(16)-N(14)-C(15) 116.93(12) C(12)-C(13)-C(8) 122.03(12)

C(17)-C(l)-C(8) 124.05(12) C(l)-C(17)-C(18) 122.89(12)

C(17)-C(l)-C(2) 117.87(12) C(l)-C(17)-C(22) 120.94(12)

C(8)-C(l)-C(2) 118.07(11) C(18)-C(17)-C(22) 116.17(11)

C(3)-C(2)-C(l) 124.56(13) C(19)-C(18)-C(17) 122.18(11)

C(2)-C(3)-C(4) 121.19(13) C(18)-C(19)-C(20) 121.05(12)

C(2)-C(3)-C(6) 122.76(13) C(23)-C(20)-C(21) 121.64(11)

C(4)-C(3)-C(6) 115.71(12) C(23)-C(20)-C(19) 120.99(12)

N(5)-C(4)-C(3) 178.91(19) C(21)-C(20)-C(19) 117.37(11)

N(7)-C(6)-C(3) 177.63(16) C(22)-C(21)-C(20) 121.13(12)

C(13)-C(8)-C(9) 116.38(12) C(21)-C(22)-C(17) 121.90(12)

C(13)-C(8)-C(l) 120.82(12) C(20)-C(23)-C(24) 121.94(11)

C(9)-C(8)-C(l) 122.80(11) C(20)-C(23)-C(26) 121.99(12)

C(10)-C(9)-C(8) 122.05(12) C(24)-C(23)-C(26) 116.06(12)

C(9)-C(10)-C(ll) 121.16(12) N(25)-C(24)-C(23) 179.74(18)

N(14)-C(ll)-C(12) 121.45(12) N(27)-C(26)-C(23) 179.39(18)

N(14)-C(ll)-C(10) 121.55(12)

Table 7.27. Anisotropic displacement parameters (Â2x 103) for 119. The anisotropic displacement factor

exponent takes the form: -2TC2[Â2a*2£/n +
...

+ 2hka*b*U\2].

Un u22 U33 U23 Ul3 Ul2

N(5) 59(i; 102(1) 88(1 ) 50(1) 22(1) 34(1)

N(7) 46(i; 83(1) 61(1 ) 32(1) 3(1) 1(1)

N(14) 50(i; 48(1) 46(1 ) 4(1) 4(1) 5(1)

N(25) 50(i; 68(1) 80(1 ) -13(1) -10(1) 22(1)

N(27) 63(i; 47(1) 84(1 ) -8(1) -4(1) 9(1)

C(l) 39(i; 40(1) 40(1 ) 14(1) 2(1) 5(1)

C(2) 4i(i; 44(1) 44(1 ) 8(1) 3(1) 4(1)

C(3) 36(i; 46(1) 50(1 ) 15(1) 2(1) 3(1)

C(4) 44(i; 65(1) 60(1 ) 26(1) 7(1) 11(1)

C(6) 33(i; 58(1) 56(1 ) 24(1) -1(1) 2(1)

C(8) 37(i; 41(1) 39(1 ) H(l) 0(1) 3(1)

C(9) 35(i; 45(1) 42(1 ) 13(1) 0(1) -2(1)

C(10) 36(i; 52(1) 42(1 ) 13(1) 5(1) 3(1)

C(H) 4i(i; 43(1) 40(1 ) H(l) 0(1) 6(1)

C(12) 37(i; 45(1) 47(1 ) 9(1) 1(1) -3(1)

C(13) 34(i; 47(1) 44(1 ) 12(1) 4(1) 1(1)

C(15) 68(i; 51(1) 69(1 ) -4(1) 0(1) -1(1)

C(16) 67(i; 65(1) 53(1 ) 5(1) 16(1) 16(1)
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C(17) 42(1) 38(1) 39(1) 10(1) 0(1) 6(1)

C(18) 45(1) 36(1) 40(1) 7(1) 2(1) 9(1)

C(19) 41(1) 40(1) 40(1) 8(1) 2(1) 12(1)

C(20) 42(1) 36(1) 36(1) 9(1) 2(1) 8(1)

C(21) 45(1) 36(1) 43(1) 6(1) -1(1) 11(1)

C(22) 43(1) 40(1) 46(1) 11(1) 0(1) 13(1)

C(23) 41(1) 38(1) 44(1) 5(1) 0(1) 9(1)

C(24) 45(1) 44(1) 48(1) -3(1) -5(1) 7(1)

C(26) 42(1) 41(1) 58(1) 6(1) -4(1) 7(1)

Table 7.28. Hydrogen coordinates (x 104) and isotropic displacement parameters (Â2 x 103) for 119.

X y z t/(eq)
H(2A) 8770 -954 1416 51

H(9A) 4665 466 3680 49

H(10A) 4553 2380 5233 51

H(12A) 8867 3934 4824 52

H(13A) 9016 1934 3352 50

H(15A) 8702 5189 6821 99

H(15B) 7610 6461 7091 99

H(15C) 8263 6082 5847 99

H(16A) 4367 4475 6275 93

H(16B) 5334 5662 7268 93

H(16C) 5323 3952 7277 93

H(18A) 4295 799 1852 48

H(19A) 2284 -302 604 48

H(21A) 4648 -3852 -485 50

H(22A) 6669 -2730 751 51

Table 7.29. Torsion angles [°] for 119.

C(17)-C(l)-C(2)-C(3) -131.06(14) C(9)-C(8)-C(13)-C(12) -3.4(2)

C(8)-C(l)-C(2)-C(3) 48.77(18) C(l)-C(8)-C(13)-C(12) 177.19(12)

C(l)-C(2)-C(3)-C(4) 178.17(13) C(8)-C(l)-C(17)-C(18) 15.7(2)

C(l)-C(2)-C(3)-C(6) 5.2(2) C(2)-C(l)-C(17)-C(18) -164.51(12)

C(2)-C(3)-C(4)-N(5) -68(9) C(8)-C(l)-C(17)-C(22) -164.37(12)

C(6)-C(3)-C(4)-N(5) 106(9) C(2)-C(l)-C(17)-C(22) 15.44(19)

C(2)-C(3)-C(6)-N(7) 133(4) C(l)-C(17)-C(18)-C(19) -176.48(13)

C(4)-C(3)-C(6)-N(7) -40(4) C(22)-C(17)-C(18)-C(19) 3.57(19)

C(17)-C(l)-C(8)-C(13) -146.91(13) C(17)-C(18)-C(19)-C(20) 0.1(2)

C(2)-C(l)-C(8)-C(13) 33.28(18) C(18)-C(19)-C(20)-C(23) 177.22(12)

C(17)-C(l)-C(8)-C(9) 33.7(2) C(18)-C(19)-C(20)-C(21) -3.41(19)

C(2)-C(l)-C(8)-C(9) -146.14(13) C(23)-C(20)-C(21)-C(22) -177.64(13)

C(13)-C(8)-C(9)-C(10) 1.13(19) C(19)-C(20)-C(21)-C(22) 3.0(2)

C(l)-C(8)-C(9)-C(10) -179.43(12) C(20)-C(21)-C(22)-C(17) 0.7(2)

C(8)-C(9)-C(10)-C(ll) 1.9(2) C(l)-C(17)-C(22)-C(21) 176.06(13)

C(16)-N(14)-C(ll)-C(12) -171.94(14) C(18)-C(17)-C(22)-C(21) -4.0(2)

C(15)-N(14)-C(ll)-C(12) -3.8(2) C(21)-C(20)-C(23)-C(24) 176.56(13)

C(16)-N(14)-C(ll)-C(10) 8.0(2) C(19)-C(20)-C(23)-C(24) -4.1(2)

C(15)-N(14)-C(ll)-C(10) 176.17(14) C(21)-C(20)-C(23)-C(26) -2.7(2)

C(9)-C(10)-C(ll)-N(14) 177.25(13) C(19)-C(20)-C(23)-C(26) 176.67(12)

C(9)-C(10)-C(ll)-C(12) -2.8(2) C(20)-C(23)-C(24)-N(25) 118(50)

N(14)-C(ll)-C(12)-C(13) -179.44(12) C(26)-C(23)-C(24)-N(25) -63(50)

C(10)-C(ll)-C(12)-C(13) 0.6(2) C(20)-C(23)-C(26)-N(27) -99(15)

C(ll)-C(12)-C(13)-C(8) 2.5(2) C(24)-C(23)-C(26)-N(27) 82(15)
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Table 7.30. Crystal data and structure refinement for 121.

Crystal data

Cambridge Crystallographic Data Centre

Identification code

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z

Calculated density

Absorption coefficient

F(000)

Approximate crystal size

Data collection

CCDC-658468

kivalal6_D_07

3(C28H19N5)1.5(C2H2C14)

1528.20

173(2)K

0.7107 Â

triclinic, P 1 (no. 2)

a= 11.1429(14) Â, er= 82.970(11)°
b = 16.3191(15) Â, ß= 85.747(12)°
c = 22.2110(17) Â, ^=81.416(11)°

3957.2(7) Â3

2

1.283 mgnr3
0.273 mm"1

1578

0.10x0.10x0.10mm

Nonius Kappa-CCD diffractometer with graphite monochromator

Grange for data collection

Index ranges

Reflections collected / unique

Completeness to 26= 22.92

Absorption correction

Solution and refinement

Structure solution

Structure refinement

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [/> 20(1)]

Extinction coefficient

Largest diff peak and hole

2.95 < 6< 22.92°

-\2<h< \2,-\l<k< 17,-24</<23

18424/10703 (Rmt = 0.054)

98.2%

none

SIR-97 (direct methods)

SHELXL-97 (full-matrix least-squares on F2)
10703/0/980

0.951

R(F) = 0.111, wR(F2) = 0.288

0.0058(14)

0.723 and-0.846 eÂ"3
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C(19)-C(18)-C(17) 120.7(6) C(13")-C(6")-C(7") 116.3(5)

C(20)-C(18)-C(17) 121.2(6) C(13")-C(6")-C(5") 121.2(5)

N(4)-C(19)-C(18) 177.9(7) C(7")-C(6")-C(5") 122.5(5)

N(5)-C(20)-C(18) 179.3(8) C(8")-C(7")-C(6") 121.8(6)

C(22)-C(21)-C(17) 121.4(5) C(7")-C(8")-C(9") 121.4(6)

C(21)-C(22)-C(14) 121.4(6) N(3")-C(9")-C(12") 121.4(6)

C(28)-C(23)-C(24) 119.0(6) N(3")-C(9")-C(8") 121.6(6)

C(28)-C(23)-C(4) 121.6(6) C(12")-C(9")-C(8") 117.0(5)

C(24)-C(23)-C(4) 119.3(5) C(13")-C(12")-C(9") 121.6(6)

C(25)-C(24)-C(23) 119.6(6) C(12")-C(13")-C(6") 122.0(6)

C(24)-C(25)-C(26) 120.0(7) C(5")-C(14")-C(22") 120.9(5)

C(27)-C(26)-C(25) 120.7(7) C(5")-C(14")-C(15") 122.6(5)

C(26)-C(27)-C(28) 120.8(7) C(22")-C(14")-C(15") 116.4(5)

C(27)-C(28)-C(23) 119.8(7) C(16")-C(15")-C(14") 121.6(6)

C(9')-N(3')-C(10') 120.9(6) C(15")-C(16")-C(17") 121.8(6)

C(9')-N(3')-C(ll') 122.1(6) C(18")-C(17")-C(21") 120.3(7)

C(10')-N(3')-C(ll') 116.8(5) C(18")-C(17")-C(16") 122.1(7)

N(l')-C(l')-C(2') 176.8(8) C(21")-C(17")-C(16") 117.6(6)

C(4')-C(2')-C(l') 120.4(6) C(20")-C(18")-C(17") 121.9(8)

C(4')-C(2')-C(3') 126.5(6) C(20")-C(18")-C(19") 116.8(6)

C(l')-C(2')-C(3') 113.1(6) C(17")-C(18")-C(19") 121.3(7)

N(2')-C(3')-C(2') 175.6(9) N(4")-C(19")-C(18") 178.4(9)

C(2')-C(4')-C(23') 126.2(6) N(5")-C(20")-C(18") 179.1(9)

C(2')-C(4')-C(5') 117.0(6) C(22")-C(21")-C(17") 121.0(6)

C(23')-C(4')-C(5') 116.8(6) C(21")-C(22")-C(14") 121.3(6)

C(14')-C(5')-C(6') 127.4(5) C(24")-C(23")-C(28") 119.5(5)

C(14')-C(5')-C(4') 116.5(5) C(24")-C(23")-C(4") 118.6(5)

C(6')-C(5')-C(4') 116.1(5) C(28")-C(23")-C(4") 121.9(6)

C(5')-C(6')-C(7') 123.4(5) C(25")-C(24")-C(23") 121.1(6)

C(5')-C(6')-C(13') 121.2(5) C(24")-C(25")-C(26") 119.5(7)

C(7')-C(6')-C(13') 115.4(5) C(27")-C(26")-C(25") 120.4(6)

C(8')-C(7')-C(6') 122.2(6) C(26")-C(27")-C(28") 120.9(7)

C(7')-C(8')-C(9') 120.6(6) C(27")-C(28")-C(23") 118.6(7)

N(3')-C(9')-C(12') 121.3(6) C(102)-C(101)-C1(4) 109.2(9)

N(3')-C(9')-C(8') 121.2(6) C(102)-C(101)-C1(3) 110.1(9)

C(12')-C(9')-C(8') 117.5(5) C1(4)-C(101)-C1(3) 117.2(10)

C(13')-C(12')-C(9') 121.9(6) C(101)-C(102)-C1(2) 113.8(9)

C(12')-C(13')-C(6') 122.0(6) C(101)-C(102)-C1(1) 110.9(10)

C(5')-C(14')-C(22') 120.9(5) C1(2)-C(102)-C1(1) 110.2(8)

C(5')-C(14')-C(15') 123.5(5) C(201)#1-C(201)-C1(5) 135(2)

C(22')-C(14')-C(15') 115.6(5) C(201)#1-C(201)-C1(6) 103(3)

C(16')-C(15')-C(14') 122.6(5) C1(5)-C(201)-C1(6) 111.0(11)

Symmetry transformations used to generate equivalent atoms: #1 -x+1, -y+1, -z+2.

Table 7.33. Anisotropic displacement parameters (Â2 x 103) for 121. The anisotropic displacement factor

exponent takes the form: -2T?[h2a*2Uu +
...

+ 2hka*b*Ul2].

Uu UT Uy Ur ul3 Uu

N(l)

N(2)

N(3)

N(4)

N(5)

C(l)
C(2)
C(3)
C(4)
C(5)
C(6)

48(4)

90(6)

45(3)

56(4)

73(5)

55(5)

47(4)

54(4)

44(4)

31(3)

35(3)

56(4) 51(3)

134(7) 38(4)

41(3) 53(3)

60(4) 84(5)

41(4) 92(5)

45(4) 29(3)

40(4) 32(3)

70(5) 42(4)

24(3) 38(3)

28(3) 32(3)

27(3) 39(3)

9(3) -9(3) -10(3)

-9(4) 5(3) -44(5)

4(3) -6(3) -3(3)

-34(4) -12(4) 5(3)

-14(4) -29(4) 1(3)

4(3) -10(3) -8(3)

-10(3) -3(3) -11(3)

-9(3) 0(3) -26(4)

-8(2) -2(3) -7(3)

-4(2) -3(2) -2(2)

-4(2) 4(3) -1(3)
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H(28) 6594 -112 293 63

H(7') 1650 4437 7180 44

H(8') 1444 5854 6902 46

H(10D) 695 7638 8295 89

H(IOE) -649 7444 8221 89

H(IOF) -129 8187 7792 89

H(11D) 208 7468 6691 82

H(11E) 1592 7062 6775 82

H(11F) 1121 7974 6967 82

H(12') 283 6248 8637 51

H(13') 550 4852 8924 54

H(15') 194 3702 7163 40

H(16') 85 2687 6563 42

H(21') 1530 932 7898 44

H(22') 1628 1947 8493 44

H(24') -981 3615 8800 68

H(25') -2585 3183 9405 91

H(26') -2218 2266 10300 95

H(27') -228 1837 10564 90

H(28') 1367 2281 9970 67

H(7") 7121 3832 7551 46

H(8") 7526 2629 8197 48

H(IOG) 8659 246 7421 91

H(IOH) 7236 206 7552 91

H(IOI) 8164 -153 8069 91

H(11G) 7130 1416 8754 97

H(11H) 8565 1430 8658 97

H(11I) 8046 560 8802 97

H(12") 7613 1266 6782 48

H(13") 7261 2471 6131 45

H(15") 5322 4345 7324 48

H(16") 4302 5575 7581 54

H(21") 5522 6785 5984 54

H(22") 6584 5542 5719 44

H(24") 8808 4836 6197 45

H(25") 10864 4919 6008 58

H(26") 12042 4015 5385 66

H(27") 11151 3068 4930 67

H(28") 9049 3034 5062 50

H(101) 8466 10293 5518 159

H(102) 8680 9092 5070 144

H(201) 5322 5710 9794 254

Table 7.35. Torsion angles [°] for 121.

N(l)-C(l)-C(2)-C(4) -135(8) C(5')-C(14')-C(15')-C(16') 177.2(6)

N(l)-C(l)-C(2)-C(3) 46(8) C(22')-C(14 )-C(15 KX16') -3.6(8)

C(4)-C(2)-C(3)-N(2) 172(10) C(14')-C(15 )-C(16 )-C(17') 1.0(9)

C(l)-C(2)-C(3)-N(2) -8(10) C(15')-C(16 )-C(17 )-C(18') 179.7(6)

C(3)-C(2)-C(4)-C(5) 170.6(6) C(15')-C(16 )-C(17 )-C(21') 1.7(8)

C(l)-C(2)-C(4)-C(5) -9.1(9) C(16')-C(17 )-C(18 )-C(20') -176.7(5)

C(3)-C(2)-C(4)-C(23) -10.9(9) C(21')-C(17 )-C(18 )-C(20') 1.2(9)

C(l)-C(2)-C(4)-C(23) 169.4(6) C(16')-C(17 )-C(18 )-C(19') 0.7(9)

C(2)-C(4)-C(5)-C(14) -55.7(8) C(21')-C(17 )-C(18 )-C(19') 178.7(6)

C(23)-C(4)-C(5)-C(14) 125.7(6) C(17')-C(18 )-C(19 )-N(4') -37(47)

C(2)-C(4)-C(5)-C(6) 126.2(6) C(20')-C(18 )-C(19 )-N(4') 140(46)

C(23)-C(4)-C(5)-C(6) -52.4(7) C(17')-C(18 )-C(20 )-N(5') 41(22)

C(14)-C(5)-C(6)-C(7) -37.4(9) C(19')-C(18 )-C(20 )-N(5') -137(21)

C(4)-C(5)-C(6)-C(7) 140.6(6) C(18')-C(17 )-C(21 )-C(22') -179.6(6)
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C(14)-C(5)-C(6)-C(13) 141.8(6)

C(4)-C(5)-C(6)-C(13) -40.2(8)

C(13)-C(6)-C(7)-C(8) -0.5(8)

C(5)-C(6)-C(7)-C(8) 178.8(5)

C(6)-C(7)-C(8)-C(9) -1.7(9)

C(10)-N(3)-C(9)-C(8) -177.0(6)

C(ll)-N(3)-C(9)-C(8) 3.0(9)

C(10)-N(3)-C(9)-C(12) 0.1(9)

C(ll)-N(3)-C(9)-C(12) -179.8(6)

C(7)-C(8)-C(9)-N(3) 179.8(5)

C(7)-C(8)-C(9)-C(12) 2.6(9)

N(3)-C(9)-C(12)-C(13) -178.5(5)

C(8)-C(9)-C(12)-C(13) -1.2(8)

C(9)-C(12)-C(13)-C(6) -1.0(9)

C(7)-C(6)-C(13)-C(12) 1.9(8)

C(5)-C(6)-C(13)-C(12) -177.4(5)

C(6)-C(5)-C(14)-C(22) 165.0(6)

C(4)-C(5)-C(14)-C(22) -12.9(9)

C(6)-C(5)-C(14)-C(15) -15.8(9)

C(4)-C(5)-C(14)-C(15) 166.3(5)

C(5)-C(14)-C(15)-C(16) 179.9(6)

C(22)-C(14)-C(15)-C(16) -0.9(8)

C(14)-C(15)-C(16)-C(17) -0.4(9)

C(15)-C(16)-C(17)-C(18) -178.7(6)

C(15)-C(16)-C(17)-C(21) 1.1(9)

C(16)-C(17)-C(18)-C(19) 0.8(9)

C(21)-C(17)-C(18)-C(19) -179.0(6)

C(16)-C(17)-C(18)-C(20) -177.4(6)

C(21)-C(17)-C(18)-C(20) 2.9(9)

C(20)-C(18)-C(19)-N(4) -179(100)

C(17)-C(18)-C(19)-N(4) 3(22)

C(19)-C(18)-C(20)-N(5) 101(78)

C(17)-C(18)-C(20)-N(5) -81(78)

C(18)-C(17)-C(21)-C(22) 179.3(6)

C(16)-C(17)-C(21)-C(22) -0.5(9)

C(17)-C(21)-C(22)-C(14) -0.8(9)

C(5)-C(14)-C(22)-C(21) -179.3(6)

C(15)-C(14)-C(22)-C(21) 1.5(9)

C(2)-C(4)-C(23)-C(28) -38.3(9)

C(5)-C(4)-C(23)-C(28) 140.3(6)

C(2)-C(4)-C(23)-C(24) 145.1(6)

C(5)-C(4)-C(23)-C(24) -36.4(8)

C(28)-C(23)-C(24)-C(25) 1.1(9)

C(4)-C(23)-C(24)-C(25) 177.8(5)

C(23)-C(24)-C(25)-C(26) -0.8(9)

C(24)-C(25)-C(26)-C(27) 0.3(10)

C(25)-C(26)-C(27)-C(28) -0.2(11)

C(26)-C(27)-C(28)-C(23) 0.6(11)

C(24)-C(23)-C(28)-C(27) -1.0(10)

C(4)-C(23)-C(28)-C(27) -177.7(6)

N(l')-C(l')-C(2')-C(4') -128(16)

N(l')-C(l')-C(2')-C(3') 51(16)

C(4')-C(2')-C(3')-N(2') -168(12)

C(l')-C(2')-C(3')-N(2') 13(13)

C(l')-C(2')-C(4')-C(23') 174.7(6)

C(3')-C(2')-C(4')-C(23') -4.9(11)

C(l')-C(2')-C(4')-C(5') -5.6(9)

C(3')-C(2')-C(4')-C(5') 174.7(6)

C(2')-C(4')-C(5')-C(14') 108.2(7)

C(23')-C(4')-C(5')-C(14') -72.1(7)

C(16')-C(17')-C(21')-C(22') -1.5(8)

C(17')-C(21')-C(22')-C(14') -1.2(9)

C(5')-C(14')-C(22')-C(21') -177.1(6)

C(15')-C(14')-C(22')-C(21') 3.8(8)

C(2')-C(4')-C(23')-C(24') 158.4(7)

C(5')-C(4')-C(23')-C(24') -21.3(9)

C(2')-C(4')-C(23')-C(28') -23.4(10)

C(5')-C(4')-C(23')-C(28') 157.0(6)

C(28')-C(23')-C(24')-C(25') 0.9(11)

C(4')-C(23')-C(24')-C(25') 179.3(7)

C(23 ')-C(24')-C(25')-C(26') -1.0(13)

C(24')-C(25')-C(26')-C(27') 0.6(14)

C(25 ')-C(26')-C(27')-C(28') -0.1(15)

C(26')-C(27')-C(28')-C(23') 0.0(13)

C(24')-C(23')-C(28')-C(27') -0.4(11)

C(4')-C(23')-C(28')-C(27') -178.8(7)

N(l")-C(l")-C(2")-C(4") 172(14)

N(l")-C(l")-C(2")-C(3") -7(14)

C(4")-C(2")-C(3")-N(2") -171(15)

C(l")-C(2")-C(3")-N(2") 8(15)

C(3")-C(2")-C(4")-C(23") -1.3(9)

C(l")-C(2")-C(4")-C(23") 179.5(5)

C(3")-C(2")-C(4")-C(5") 178.0(5)

C(l")-C(2")-C(4")-C(5") -1.2(8)

C(2")-C(4")-C(5")-C(14") -69.5(7)

C(23")-C(4")-C(5")-C(14") 109.8(6)

C(2")-C(4")-C(5")-C(6") 110.8(6)

C(23")-C(4")-C(5")-C(6") -69.9(7)

C(14")-C(5")-C(6")-C(13") 150.0(6)

C(4")-C(5")-C(6")-C(13") -30.3(8)

C(14")-C(5")-C(6")-C(7") -31.4(9)

C(4")-C(5")-C(6")-C(7") 148.3(5)

C(13")-C(6")-C(7")-C(8") -1.9(9)

C(5")-C(6")-C(7")-C(8") 179.3(6)

C(6")-C(7")-C(8")-C(9") -0.1(9)

C(10")-N(3")-C(9")-C(12") -0.5(9)

C(ll")-N(3")-C(9")-C(12") -179.0(6)

C(10")-N(3")-C(9")-C(8") -179.8(6)

C(ll")-N(3")-C(9")-C(8") 1.7(9)

C(7")-C(8")-C(9")-N(3") -179.4(6)

C(7")-C(8")-C(9")-C(12") 1.3(9)

N(3")-C(9")-C(12")-C(13") -179.6(6)

C(8")-C(9")-C(12")-C(13") -0.3(9)

C(9")-C(12")-C(13")-C(6") -1.8(9)

C(7")-C(6")-C(13")-C(12") 2.9(8)

C(5")-C(6")-C(13")-C(12") -178.4(6)

C(6")-C(5")-C(14")-C(22") 166.4(6)

C(4")-C(5")-C(14")-C(22") -13.3(8)

C(6")-C(5")-C(14")-C(15") -12.8(9)

C(4")-C(5")-C(14")-C(15") 167.5(5)

C(5")-C(14")-C(15")-C(16") 175.9(6)

C(22")-C(14")-C(15")-C(16") -3.3(9)

C(14")-C(15")-C(16")-C(17") 0.6(10)

C(15")-C(16")-C(17")-C(18") -177.9(6)

C(15")-C(16")-C(17")-C(21") 2.5(9)

C(21")-C(17")-C(18")-C(20") 4.9(10)

C(16")-C(17")-C(18")-C(20") -174.7(6)

C(21")-C(17")-C(18")-C(19") -175.1(6)

C(16")-C(17")-C(18")-C(19") 5.2(10)

C(20")-C(18")-C(19")-N(4") -5(30)
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C(2')-C(4')-C(5')-C(6') -70.8(8) C(17")-C(18")-C(19")-N(4") 175(100)

C(23')-C(4')-C(5')-C(6') 108.9(6) C(17")-C(18")-C(20")-N(5") -155(57)

C(14')-C(5')-C(6')-C(7') -27.5(10) C(19")-C(18")-C(20")-N(5") 25(58)

C(4')-C(5')-C(6')-C(7') 151.4(6) C(18")-C(17")-C(21")-C(22") 177.5(6)

C(14')-C(5')-C(6')-C(13') 153.2(6) C(16")-C(17")-C(21")-C(22") -2.8(9)

C(4')-C(5')-C(6')-C(13') -27.9(9) C(17")-C(21")-C(22")-C(14") 0.1(9)

C(5')-C(6')-C(7')-C(8') 176.6(6) C(5")-C(14")-C(22")-C(21") -176.3(6)

C(13')-C(6')-C(7')-C(8') -4.1(9) C(15")-C(14")-C(22")-C(21") 2.9(8)

C(6')-C(7')-C(8')-C(9') -0.8(9) C(2")-C(4")-C(23")-C(24") 135.3(6)

C(10')-N(3')-C(9')-C(12') -1.0(10) C(5")-C(4")-C(23")-C(24") -44.0(7)

C(ll')-N(3')-C(9')-C(12') 174.0(6) C(2")-C(4")-C(23")-C(28") -43.3(8)

C(10')-N(3')-C(9')-C(8') 179.3(6) C(5")-C(4")-C(23")-C(28") 137.4(5)

C(ll')-N(3')-C(9')-C(8') -5.7(9) C(28")-C(23")-C(24")-C(25") 3.9(8)

C(7')-C(8')-C(9')-N(3') -175.6(6) C(4")-C(23")-C(24")-C(25") -174.8(5)

C(7')-C(8')-C(9')-C(12') 4.7(9) C(23 ")-C(24")-C(25 ")-C(26") -3.5(9)

N(3')-C(9')-C(12')-C(13') 176.8(6) C(24")-C(25")-C(26")-C(27") 0.8(9)

C(8')-C(9')-C(12')-C(13') -3.5(10) C(25")-C(26")-C(27")-C(28") 1.4(10)

C(9')-C(12')-C(13')-C(6') -1.7(11) C(26")-C(27")-C(28")-C(23") -1.0(9)

C(5')-C(6')-C(13')-C(12') -175.3(6) C(24")-C(23")-C(28")-C(27") -1.6(8)

C(7')-C(6')-C(13')-C(12') 5.4(9) C(4")-C(23")-C(28")-C(27") 177.0(5)

C(6')-C(5')-C(14')-C(22') 165.8(6) C1(4)-C(101)-C(102)-C1(2) 69.0(11)

C(4')-C(5')-C(14')-C(22') -13.1(8) C1(3)-C(101)-C(102)-C1(2) -60.9(13)

C(6')-C(5')-C(14')-C(15') -15.1(10) C1(4)-C(101)-C(102)-C1(1) -166.0(7)

C(4')-C(5')-C(14')-C(15') 166.0(5) C1(3)-C(101)-C(102)-C1(1) 64.1(11)
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7.2 Abbreviations and Symbols

a linear polarizability

A acceptor

Â Angstrom (1 Â= l(T10m)

aq. aqueous

ß first hyperpolarizability

br. broad (IR)

Bu butyl

X macroscopic susceptibility

c speed of light (2.998 x 108 ms-1)

C Coulomb

°c degree centigrade (0 °C = 273.15 K)

calc. calculated

CCDC Cambridge Crystallographic Data Centre

CC column chromatography

CEE cy anoethynyl ethene

cone. concentrated

CT charge transfer

CV cyclic voltammetry

S chemical shift (NMR)

d doublet (NMR)

d day(s)

D donor

or quinoid character

DAA dialkylanilino

DCTB ^ra«5-2-[3-(4-tert-butylphenyl)-2-methylprop-2-enylidene]malononitrile

DHA iV,iV-dihexylanilino

DMA iV,iV-dimethylanilino

DMDCS dimethyldichlorosilane

DMF jV,jV-dimethylformamide

dppp 1,3 -bi s(diphenylphosphino)propane
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e extinction coefficient (m
x

cm *)

e electric charge (1.602 x 10~19 C)

EDG electron-donating group

e.g. exempli gratia

EI electron impact

equiv. equivalents

Et ethyl

Et20 diethylether

EtOAc ethyl acetate

ESI electrospray ionization

eV electronvolt (1.602 x 10~19 J)

EWG electron-withdrawing group

Fe ferrocene

Fc+ ferricinium

FT-MALDI fourier transform matrix assisted laser desorption/ionization

F4-TCNQ 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane

r second hyperpolarizability

g gram

GPC gel permeation chromatography

h Plank's constant (6.626 x 10~34 m2 kg s_1)

h hour(s)

HOMO highest occupied molecular orbital

HMBC heteronuclear multiple bond correlation (NMRexperiment)

3-HP A 3-hydroxypicolinic acid

HR high resolution

HSQC heteronuclear single quantum correlation (NMRexperiment)

Hz Hertz (s_1)

i- iso¬

i.e. la est

IR infrared (spectroscopy)

J Joule

J coupling constant (NMR)

k kilo (103)
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X wavelength

L liter

LUMO lowest unoccupied molecular orbital

H micro (10-6)

m meter, milli (10~3)

m medium (IR), multiplet (NMR)

M molarity (mol L/1)

Me methyl

MHz megahertz

min minute(s)

M.p. melting point

MS mass spectrometry

V frequency

V wavenumber (cm4)

n nano (10~9)

NA Avogadro's number (6.022 x 1023 mol1)

n.d. not determined

NLO nonlinear optic

NMP iV-methyl-2-pyrrolidone

NMR nuclear magnetic resonance

Nu nucleophile

OLED organic light emitting diode

PCBD l,l,2,4,4-pentacyanobuta-l,3-diene

Ph phenyl

ppm parts per million

Pr propyl

q quartet (NMR)

RDV rotating disc voltammetry

Rt retention factor

r.t. room temperature

s strong (IR), singlet (NMR)

s second(s)

sat. saturated
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SCE standard calomel electrode

t triplet (NMR)

TBAF tetrabutylammonium fluoride

TCBD 1,1,4,4-tetracyanobuta-1,3 -diyne

TCNE tetracyanoethene

TCNQ 7,7,8,8-tetracyanoquinodimethane

TEE tetraethynyl ethene

TFA trifluoroacetic acid

THF tetrahydrofuran

TOF time of flight

TES tri ethyl silyl

TIPS triisopropylsilyl

TLC thin layer chromatography

TMEDA N,N,N ',N '-tetramethyl ethyl enediamine

TMS trimethylsilyl

Toi tolyl

TTF tetrathiafulvalene

UV ultraviolet

V sweep rate (CV)

V Volt

Vis visible

vs. versus

w weak (TR)
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