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This thesis describes the synthesis of polyyne rotaxanes and an investigation of their excited state 

photophysical properties. The threading of dumbbell-shaped carbon chains with macrocyclic components 

is a way to mechanically insulate and control the environment around the carbon chains. The resulting 

polyyne rotaxanes can serve as model compounds for insulated carbyne. Different strategies have been 

tested for the synthesis of polyyne rotaxanes with different topologies and structures. Study of rotaxanes in 

the excited states reveals strong electronic communication between an acetylenic thread and a macrocycle.  

Chapter 1 summarizes the field of acetylene scaffolding, introducing some recent achievements in 

acetylene chemistry. General synthetic methods for polyynes are discussed, and an introduction to active-

metal template synthesis of rotaxanes is given. 

Chapter 2 describes the synthesis of a family of polyyne rotaxanes with different axle lengths and 

macrocycles, prepared by homocoupling of terminal alkynes. Synthesis of hexayne rotaxane with 

functional pyridine end-group is presented and a number of crystal structures of polyyne rotaxanes are 

analyzed. 

Chapter 3 demonstrates the use of acetylene cross-coupling in the synthesis of rotaxanes. Synthesis of 

rotaxanes with different topological structure is provided.  

 Chapter 4 details the excited state properties of polyynes studied by time-resolved spectroscopy. The 

complexes of rhenium(I) carbonyls with rotaxanes is presented and the excited state energy transfer in 

rotaxanes is studied. 

Chapter 5 explores new synthetic strategies for polyyne rotaxanes, using "masked" precursors. It also 

highlights the potential of carbenoid rearrangement of alkylidenes for the construction of linear and cyclic 

architectures. 

Chapter 6 is the summary of the project and general discussion of future directions. 

There are two appendices in the end of thesis: Appendix A covers the photophysics of rhenium 

tricarbonyl complex of the hexayne rotaxane with a small macrocycle and Appendix B reports work 

towards the synthesis of rotaxanes with platinum(II)-alkyne complexes. 
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Chapter 1. General Introduction 

1.1 Carbon-rich materials and acetylene scaffolding  

Carbonaceous materials play an important role in a wide range of technological fields and have 

prompted intense research efforts among scientists across various disciplines.
1
 The allotropes diamond and 

graphite have been known for thousands of years, but the constant search for novel materials with new and 

improved properties has led to a variety of investigations into the field of carbon-rich materials.
2
 

Particularly, carbon materials, like zero-dimensional fullerenes, one-dimensional carbon nanotubes 

(CNTs), two-dimensional graphene, and three-dimensional nanocrystalline diamond films (Figure 1.1) 

have been used in various applications as novel energy sources and storage materials, high performance 

construction and organic electronic materials.
2,3

  

 

Figure 1.1 Known allotropes of carbon. 

Although it would be impossible to review advances in carbonaceous materials exhaustively in this 

introductory chapter, it is useful to discuss a selection of relevant examples. For instance, one extensively 

researched field is the use of carbon materials as insertion electrodes in rechargeable lithium batteries.
4
 

Reversible formation of lithium-carbon intercalation complexes plays a central role in the operation of 

lithium batteries, where many properties of battery electrodes depend on the crystallinity and 

micromorphology of the carbonaceous materials. Furthermore, carbonaceous nanostructured materials 

such as carbon fibers, due to their high tensile strength, low density (1800 kg/m
3
) and high chemical 

inertness have been used for fabrication of carbon fiber reinforced polymers and other composites.
5
 The 

demand for carbon fiber composites is increasing constantly and is expected to reach US$18.6 billion by 

2015.
6
 These two examples are among numerous applications of carbonaceous materials, the technological 

importance of which sparked interest in the development of new carbon allotropes and carbon-rich 

analogs. One of the main problems on the route to carbon composites is the production cost of large 

quantities of pure materials. Typical preparative methods have recently been reviewed
7
 and include arc-
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discharge methods,
8
 laser ablation techniques,

9
 oxidative combustion

10
 and chemical vapour deposition.

11
 

These methods are based on harsh reaction conditions, do not allow the preservation of chemical 

functionalities and typically yield significant amounts of impurities, like catalyst contamination, 

amorphous carbon materials or structural defects. This major drawback has motivated organic chemists to 

develop stepwise synthetic approaches toward molecular carbon nanostructures. For example, a 

tremendous advancement has been achieved in synthetic organic methods for the postsynthetic 

functionalization of fullerenes,
7b

 whereas the chemical stability and low solubility of CNTs creates 

challenges for their functionalization.
7c

 While a number of purification and functionalization procedures 

for CNTs have been reported,
7d

 the lack of control over the aggregation of the resulting carbon species, 

and structural changes during the functionalization are still a major problem. 

The acetylene motif is a very interesting chemical group for the bottom-up synthesis of carbon-rich 

materials. Remarkable advancements have been achieved in preparative alkyne chemistry, and a plethora 

of novel sp
1
 carbon-based compounds have been generated during the last 30 years by means of stepwise 

chemical reactions.
12 

For example,
 
one of the impressive achievements of stepwise synthesis of acetylene 

nanostructures was reported by Diederich and co-workers, who used a small, simple, differentially silyl-

protected tris(alkynyl)methyl methyl ether 1.1 as a building block to construct an expanded 

octa(methoxy)-cubane 1.2 through four steps (Scheme1.1).
13 

This extended version of cubane is interesting 

for its physical properties, in particular, for the thermochemical quantities as a cage compound. 

 

Scheme 1.1 Differentially silyl-protected tris(alkynyl)methyl methyl ether 1.1 as a corner module in the synthesis of 

expanded cubane 1.2 with a central C56 core.
13

 

The preparation of simple carbon-rich building blocks to assemble various acetylenic frameworks via 

coupling reactions has been intensively investigated for the acetylenic scaffolding in one, two, and three 

dimensions. (E,Z)-1,2-Diethynylethenes (DEEs),
14

 tetraethynylethenes (TEEs)
15

 and tetraethynylmethane 

(TEM)
16

 (Chart 1.1) served as starting materials for the construction of well-defined, carbon-rich 

molecular architectures and advanced functional materials.  
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Chart 1.1 Carbon-rich building blocks for acetylene scaffolding. 

Feldman and co-workers reported the synthesis of TEM in 1993.
16

 In the solid state it decomposes 

rapidly at room temperature, even in inert atmosphere. Due to the tetrahedral alignment of ethynyl groups, 

TEM might serve as a simple building block for 3D structures called 'superdiamondoid', the simplest of 

which is the elusive hexadecaethynyladamantane (Scheme 1.2).
2b

 

 

Scheme 1.2 TEM is a possible precursor for elusive hexadecaethynyladamantane and superdiamondoid.
2b

 

Another interesting example of the use of acetylene building blocks was the cyclization of the (Z)-DEE 

under oxidative Glaser-Eglinton
17

 coupling which afforded the dodecadehydro[18]annulene 1.3 (Scheme 

1.3).
18

 [18]Annulene was exclusively obtained in this cyclization, without formation of higher cyclic 

oligomers.  

 

Scheme 1.3 Synthesis of dodecadehydro[18]annulene 1.3.
18

 

The name “annulenes” describes fully conjugated cyclic polyenes, with the ring size indicated by a 

number in brackets. In dehydroannulenes some of double bonds are substituted with triple bonds, and in 

benzannulenes the benzoid ring is fused with annulenes. Dehydroannulenes and benzannulenes have 

received considerable interest recently because of their potential applications as optoelectronic, liquid-

crystalline, and sensing materials.
19

 A variety of benzo- and dehydroannulenes have been prepared, 

inspiring the design of many interesting acetylene scaffoldings, such as the ethylene glycol substituted 

triangular macrocycle 1.4a,
20

 which self-assembles from water/chloroform mixture into bilayer vesicles 



 
 

5 

(Figure 1.2). This was the first demonstration of vesicle self-assembly from discotic liquid-crystalline 

molecules. 

  

Figure 1.2 Structure of 1.4a and a schematic illustration of the bilayered unilamellar vesicle characterized by AFM 

and TEM images.
20

 

Benzannulenes, such as 1.4b
21

 and 1.5,
22

 could be potential precursors for 2D networks, like elusive 

graphyne
23

 (Scheme 1.4). With their large number of sp
1
-carbon atoms, the dehydroannulenes and 2D 

networks act as a potent electron acceptors, the experimental and theoretical investigation of which is 

important to understand the aromaticity and delocalisation of  electrons.
24

 

 

Scheme 1.4 Benzannulated dehydroannulene-derived molecules 1.4 and 1.5 have been prepared as potential 

precursors to the 2D all-carbon network graphyne.  

Another member of the family, the octadehydrodibenzo[12]annulene 1.7, synthesized via Hay 

coupling
25

 of precursor 1.6 (Scheme 1.5), formed self-assembled monolayers on graphite surfaces.
26

 The 

structure of the 2D networks of 1.7 depends on the length of the alkyl chain, and incorporation of a C18 

alkyl chain led to molecular alignment in a parallel fashion forming a lamellar structure. Although the 

closest contact between the diacetylenic units in 1.7 (R=OC18H37) is only slightly greater than the typical 

distances necessary for topochemical polymerization to produce 1.8, no evidence for polymerization on 

the surface was observed. 
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Scheme 1.5 Synthesis of 1.7 and STM image of a 2D molecular network (R=OC18H37) with a tentative network 

model of the lamellar structure.
26

 (TMEDA=N,N,N’,N’-tetramethylethylenediamine) 

Another simple acetylene building block from the series of DEEs is gem-DEE
27

 (Chart 1.2), which is a 

precursor for the preparation of radialenes. Radialenes are a series of exocyclic all-methylidene-substituted 

cycloalkanes of molecular formula CnHn. Upon formal insertion of ethynediyl or buta-1,3-diynediyl 

moieties into the cyclic framework, the carbon-rich homologous series of expanded radialenes with the 

molecular formulas C2nHn and C3nHn, respectively, can be obtained (Chart 1.2).  

 

Chart 1.2 Structure of gem-DEE,
27

 [3]radialene 1.9
28

 and expanded radialenes 1.10a-c.
29

 

The [3]radialene 1.9 can be readily reduced in CH2Cl2 in two reversible, one-electron transfers, 

occurring at –0.52 and –1.09 V (vs Ag/AgCl). The easy electron uptake was explained by an aromaticity 

enhancement upon reduction.
30 

For another series of expanded radialenes 1.10a-c, the optical lowest 

absorption remains almost constant, and is not dependent on the ring size. These radialenes displayed 

strong charge transfer (CT) transitions with absorptions extending to 575 nm. The electron acceptor nature 

of the cyclic core was also proved electrochemically. These radialenes exhibit a strong ability to 

accommodate electrons upon reduction, and the radical anions are very stable, in particularly those of the 

expanded [3]- and [4]-radialenes, which might be explained by gain of aromaticity upon reduction.
30

 

Tobe et al. prepared the expanded radialenes 1.11a-d with bicyclo[4.3.1]decatriene units.
31 

Interestingly, in negative mode laser desorption time-of-flight mass spectra, the radialene 1.11d (n = 4) 

lost the aromatic indane fragments in a stepwise manner, and exhibited peaks assignable to the 
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corresponding cyclo[n]carbon anions (n = 36) which supposedly isomerize to the corresponding 

cyclocarbons. (Scheme 1.6). 

 

Scheme 1.6 Extended radialenes 1.11a-d and the proposed formation of cyclo[36]carbon via vinylidene intermediate 

1.12. 

The interest in new allotropes of carbon originates from 1960s, when Hoffmann proposed that some 

cyclo[n]carbons could be stabilized from aromaticity of two orthogonal [4n + 2] -electron systems.
32 

Since then, a couple of protocols to prepare cyclocarbons starting from different macrocyclic 

dehydroannulenes and expanded radialenes were explored, one of which is shown in Scheme 1.6. 

However, the formation of cyclocarbon was observed only in the gas phase and bulk quantities of this 

long-anticipated material have not been isolated yet.
31,33,2b

  

Investigations towards 2D carbon networks like graphyne or ribbons like 1.8, as well as 3D carbon 

networks such as superdiamondoid, were stimulated by important discoveries in the field of carbon 

nanomaterials from fullerenes to graphene. However, the preparative challenge for the aforementioned 2D 

and 3D networks exceeds the current synthetic availability, but the active generation of precursors for 

these networks has led to a renaissance of annulene, radialene and other acetylene-derivative chemistry. 

Perhaps the most studied field of acetylene chemistry remains the chemistry of polyynes. Polyynes, 

which are made up of alternating triple and single bonds, possess a very efficiently conjugated system 

because there is very little or no loss in this conjugation due to conformational effects (bond rotation), in 

contrast to double bonds. Due to their 1D linear structure and high degree of conjugation they are often 

referred to as 'molecular wires'. Efficient conjugation and rigid linearity are reasons that polyyne materials 

are potentially useful in many optical and electronic applications. However, most investigations 

concerning polyyns have explicitly aimed at the preparation of stable derivatives as model compounds for 

the hypothetical, one-dimensional sp-hybridized carbon allotrope 'carbyne' (CC)∞. (Chart 1.3) 
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Chart 1.3 The elusive carbyne and various polyynes synthesized so far on the way to carbyne. The nitrile -capped 

series of oligo(ethynylene)s 1.13
34

 were reported by Hirsch and co-workers. Tykwinski and co-workers reported the 

synthesis of tert-butyl-functionalized dodecaynes 1.14.
35

 and the TIPS-terminated decayne 1.16.
36

 In the early 1970's 

Walton and co-workers synthesized TES-terminated C36 polyyne 1.15 in solution using oxidative coupling of 

terminal acetylenes.
37

 Metal-terminated dodecayne 1.17 was synthesized by Gladysz and co-workers.
38

 Glycosylated 

octayne 1.18 was prepared by Hoheisel and Frauenrath.
39

 Cox and coworkers have reported the synthesis of the aryl-

endcapped dodecayne 1.19 via β-chlorovinylsilane elimination.
40

 

The thermodynamic stability of polyynes decreases with the length of the carbon chain. For example, 

butadiyne rapidly polymerizes above 0 C, while neat hexatriyne is reported to be explosive.
41 

However, 

long polyynes can be kinetically stabilized by capping the two ends of the carbon chain with bulky end-

groups. Using this approach it became possible to synthesize series of polyynes with different lengths and 

end-groups (Chart 1.3),
42

 and many of them have been crystallographically characterized.
43

 Nitrile-capped 

oligoynes with up to 8 conjugated triple bonds (compound 1.13, Chart 1.3) have been synthesized by 

vaporization of graphite under Kratscluner-Huffman conditions
44

 in the presence of cyanogen (CN)2.
34

 

This convenient method enables facile access to gram quantities of molecules having different numbers of 

triple bonds in one reaction step, and avoids acetylene coupling, protection, and activation sequences 

involving unstable intermediates, which would be required for a conventional synthesis. 

Tykwinski and co-workers reported the synthesis of a series of t-butyl-capped polyynes with up to 10 

triple bonds (compound 1.14, Chart 1.3).
35 

The X-ray structural data showed a distinct reduction in the 

bond-length alternation as a function of the polyyne length, but this trend appeared to saturate before a 

cumulenic-like structure could be achieved. Another series of polyynes, this time terminated with TIPS-

groups, was prepared by Tykwinski et al. and studied for non-linear optical properties.
36 

They observed 

that the nonresonant molecular second hyperpolarizabilities increase exponentially as a function of 
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molecular length with an exponent that is larger than the observed exponent for polyenes and 

polyenynes.
36 

From a historical point of view, the early steps towards extended oligoacetylenes are connected with 

the names of T. R. Johnson, D. R. M. Walton, and R. Eastmond, all of whom worked in the UK, at the 

University of Sussex, who used TES (triethylsilyl) end-groups to protect the polyyne chain during the 

chain-doubling reaction using a copper(I)-TMEDA complex.
37

 Via a stepwise chain elongation technique 

it became possible to obtain polyynes with up to 8 triple bonds in the solid state, and with up to 16 triple 

bonds in hexane. 

One of the outstanding synthetic achievements was reported by Zheng and Gladysz who prepared Pt-

capped polyynes with up to 14 triple bonds.
38

 Another interesting example was reported from the 

Frauenrath group. A copper-free heterocoupling protocol based on the Negishi
45

 reaction was used for the 

preparation of symmetrically diglycosylated oligoynes up to the octayne 1.18.
39

 These compounds are 

intermediates in the preparation of carbon-rich amphiphiles to be used as potential molecular precursors 

for hierarchically structured carbon materials. Later, the same group reported the 'wet-chemical' 

preparation of carbon nanostructures at room temperature with controlled nanoscopic morphology and 

surface chemistry, using oligoyne 1.20 as a reactive molecular carbon precursor (Figure 1.3).
45

 In the same 

work, the importance of low temperature preparation of labile carbon nanostructures, such as carbon-

coated inorganic nanoparticles was highlighted as a convenient route for the preparation of electrode 

materials in lithium batteries.
47 

 

 
Figure 1.3 Wet-chemical preparation of carbon nanostructures with controlled morphology and surface chemistry. 

After the deprotection of 1.20 and self-assembly of the carbon-rich amphiphiles in water and vesicle extrusion, 

carbonization takes place under UV irradiation below room temperature in water.
45
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Recently, a synthetic breakthrough was reported by Tykwinski and Chalifoux
48

 who used the supertrityl 

moiety (referred to as Tr*) as a stabilizing end-group and prepared a series of polyynes with up to 44 sp
1
 

carbon atoms length (Figure 1.4, compound 1.21), which is the longest known polyyne up to date. This 

challenging molecule was synthesized by applying the Glaser-Eglinton-Hay coupling protocol. 

Surprisingly, 1.21 was not particularly sensitive to light, moisture or oxygen, and could be handled under 

normal laboratory conditions. The 
13

C NMR and UV-vis analysis reveal that the carbon framework is 

composed of alternating single and triple bonds (non-cumulenic structure) even for 1.21. Another distinct 

trend in this series of polyynes was the estimation of a finite gap between the highest occupied molecular 

orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) for carbyne, which is estimated to 

be ∼2.56 eV (predicted saturation after 30 triple bonds). 

 

Figure 1.4 The structure of the longest known polyyne 1.21.
48

 

Carbyne has been proposed (unconvincingly) to exist in interstellar dust,
49

 meteorites
50

 and as a by-

product of shock-fused graphite.
51

 While carbyne may or may not exist as a new allotrope material of 

carbon, the active investigation of polyynes as a model for carbyne led to numerous fascinating 

discoveries and still remains at the centre of attention of organic and physical chemists. 

1.2 Polyyne synthesis: General considerations 

The laboratory synthesis of polyynes mostly relies on a number of methods which include the homo- or 

heterocoupling of acetylenic precursors,
52

 as well as the elimination
53

 or extrusion
31

 of functional subunits 

to assemble the linear framework of the polyyne in the last step of the synthesis. The lability of the 

terminal proton plays an important role in the rich chemistry of acetylenes. Terminal acetylenes can be 

readily deprotonated under different conditions due to the higher electronegativity of sp
1
 carbons 

compared to sp
2
 or sp

3
 ones (higher proportion of s character of the molecular orbital).

54
 The ability of 

terminal acetylenes to undergo metalation is crucial in several coupling reactions.  
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The first polyyne synthesis was reported by Carl Glaser in 1869, who performed an oxidative 

dimerization of copper(I) phenylacetylide in the presence of air producing diphenylbutadiyne (Scheme 

1.7).
55

 

 

Scheme 1.7 Classic Cu-mediated acetylene homocoupling reactions.  

Subsequently, different methodologies have been developed, significantly improving the Glaser 

homocoupling reaction. For example, in 1956 Eglinton and Galbraith reported the oxidative homocoupling 

of acetylenes using Cu(OAc)2 in the presence of pyridine (Scheme 1.7).
17 

Another breakthrough was 

reported in 1962 by Hay
25 

where CuCl was used as an catalyst in the presence of TMEDA and O2 as an 

oxidant (Scheme 1.7). The commonly used solvents in this reaction include acetone or CH2Cl2, and the 

method turned out to be very effective. Another modification in the alkyne homocoupling reactions was 

the use of Pd catalysis instead of the traditional Cu(I)/Cu(II) system (Scheme 1.8).
56

 Pd catalysis can 

substitute effectively the Cu catalyst in cases when the latter becomes ineffective.
57 

The preparation of 

alkyne-based compounds through palladium catalysis has been reviewed recently.
58 

 

Scheme 1.8 A novel pathway for the Pd-catalyzed homocoupling reaction. During the reaction a PdBr(enolate) 

intermediate is formed. This intermediate can undergo double transmetalation with an alkynyl copper reagent, and 

reductive elimination produces a diyne. DIPEA = diisopropylethylamine.
56

 

Although Cu- or Pd-mediated homocoupling reactions typically give satisfactory results for the 

synthesis of symmetrical polyynes, they are often unsuitable for the formation of unsymmetrical 

derivatives. Three methods are commonly used to address this problem: the Cadiot-Chodkiewicz 

reaction,
59

 the Negishi protocol,
45

 and the Sonogashira cross-coupling reaction (Scheme 1.9).
60
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Scheme 1.9 Classic cross-coupling reactions of alkynes. 

In the Cadiot-Chodkiewicz cross-coupling the terminal alkynes react with 1-haloacetylenes in the 

presence of a copper(I) salt and a suitable amine (Scheme 1.9). The most used coupling partners in this 

reaction are 1-bromoacetylenes, while iodoalkynes have been used to a minor extent, and chloroacetylenes 

do not have practical importance because of their low reactivity and their tendency to undergo self-

coupling.
52

  

On the other hand, the Negishi cross-coupling (Scheme 1.9)
45

 between in situ prepared Zn-acetylides 

(formed by lithiation of silyl protected acetylenes followed by transmetalation with ZnCl2) and terminal 

acetylene bromides can be a suitable method for the synthesis of polyynes.
39

 

In the Sonogashira cross-coupling reaction a Pd catalyst is used with a combination of Cu co-catalyst to 

form a carbon–carbon bond between a terminal acetylene and an aryl or vinyl halide (Scheme 1.9).
60 

The 

combination of Cu and Pd catalysts increases the reactivity of the reagents and allows the reaction to be 

carried out at room temperature, making the Sonogashira cross-coupling a very useful reaction.
61 

In general, due to the decrease in stability of long conjugated acetylene units, the synthesis of extended 

polyynes becomes problematic. One of the approaches to avoid the use of long, very reactive deprotected 

polyyne precursors is the formation of the polyyne framework in the last step of the synthesis. In 1894 

Fritsch, Buttenberg and Wiechell demonstrated that the carbenoid intermediate B, formed from geminal 

dibromoolefins, can collapse to an alkyne via 1,2-migration of a pendant functional group (Scheme 

1.10).
62 

During the 2000's the Tykwinski group intensively developed this strategy, commonly referred to 

as Fritsch-Buttenberg-Wiechell (FBW) rearrangement, for the synthesis of polyynes and acetylene 

derivatives.
63
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Scheme 1.10 Triple bond formation through Fritsch-Buttenberg-Wiechell (FBW) rearrangement.  

Tobe and co-workers designed a new method to form polyynes through 1,2-migration of an alkynyl 

moiety in alkylidene intermediates.
31,64

 The precursor 1.22 is synthesized readily from dehydroindane. By 

the photolysis of 1.22 indane is eliminated through [2+1] cheletropic reaction resulting in the free 

alkylidene carbene 1.23 (Scheme 1.11). Subsequent migration of one of the alknyl moieties gives the 

desired triyne 1.24. This reaction was used to prepare longer polyynes, for example pentayne 1.24b. 

 

Scheme 1.11 Tobe's reported alkylidene carbene rearrangement. 

Another approach to synthesize TIPS-terminated pentayne 1.24b was reported by Diederich.
65

 This 

time the pentayne framework was constructed in the last step of the synthesis by flash vacuum pyrolysis 

(FVP) of the precursor 1.25 (Scheme 1.12).  

 

Scheme 1.12 Synthesis of pentayne 24b by flash vacuum pyrolysis.
65

 

However, the harsh conditions of FVP make the method unacceptable towards the synthesis of long 

polyynes. Moreover, an alternative for the synthesis of pentayne 1.24b using FBW rearrangement proved 

to be very successful. It allowed the preparation of TIPS terminated octayne 1.27 via two-fold carbenoid 

rearrangement in one step (Scheme 1.13).
36 

 

Scheme 1.13 Synthesis of the octayne 1.27 by Tykwinski et al.
36 
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Recently, Cox and co-workers have reported an innovative strategy for the construction of polyyne 

chains by elimination of chlorovinylsilane groups (Scheme 1.14).
40

 For example, dodecayne 1.19 (Chart 

1.3) initially was assembled in the form of a masked dodecayne 1.28 through a series of oxidative 

homocoupling reactions. The final polyyne was formed through exhaustive elimination using TBAF. The 

identity of compound 1.19 was confirmed by UV-visible spectroscopy and ‘matrix free’ MALDI-TOF 

mass spectrometry. 

 

Scheme 1.14 Cox's synthesis of dodecayne 1.19 from the masked precursor 1.28. 

Surface reactions recently gained special interest for construction of conjugated polymeric materials 

and graphene nanoribbons.
66

 Particularly, Fuchs et al. presented the on-surface Glaser coupling of various 

arylalkynes, without “capping” ions, as an efficient 2D reaction at various metal surfaces (Figure 1.4).
67 

The Glaser coupling was tested on Ag(111), Au(111) and Cu(111) surfaces. The surface acts as a 2D 

supporting system allowing the molecules to adsorb and orient in two-dimensional space, and it also likely 

mediates the reactions. This interesting technique generates linear oligomer/polymer chains in spatial 

confinement at surfaces, which is impossible in conventional solution schemes. Furthermore, the same 

research group reported the light-induced Glaser homocoupling of aryl-alkynes at metal surfaces without 

thermal activation of the precursor building blocks.
67b 
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Figure 1.4 a) General outline of the 2D Glaser coupling at surfaces. (b) STM images of alkyne 1.29 on Ag(111) after 

on-surface oligomerization (2 V, 10 pA, 40 nm x 40 nm, area of inset 5 nm x 5 nm).
67

 

The topochemical polymerization of polyynes is another interesting aspect of the diverse chemistry of 

acetylene. While 1,4-polymerization of diacetylenes was discovered in 1972,
68

 the 1,6-polymerization of a 

triacetylene was achieved by supramolecular (host-guest) control.
69

 The structural parameters for a 

topochemical triacetylene polymerization requires that the monomeric units must be preorganized with a 

defined interatomic (C1-C6) distance of 3.5 Å, close to the van der Waals contact, a condition that should 

maximize the chances of polymerization. The needed preorganization was accomplished using hydrogen 

bonding to prepare the host-guest complex 1.30 (Figure 1.5). The irradiation of the host-guest crystals with 

60
Co -radiation resulted in polymerization. The structure of the host-guest complex and final polymer was 

confirmed by X-ray crystallography. This interesting result shows a natural evolution of synthetic polyyne 

chemistry from the molecular to the supramolecular level. 

 

Figure 1.5 (a) A part of the molecular structure of vinylogous amide (purple) and triacetylene (green) host-guest 

complex 1.30 suitable for the topochemical preparation of a polytriacetylene (hydrogen bonds are coloured in red). 

X-ray crystallographic structures of (b) the host-guest triacetylene monomer and (c) the resulting triacetylene 

polymer.
69 
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1.3 Active-metal template synthesis of rotaxanes 

Despite the tremendous amount of research in acetylene chemistry, one interesting aspect of the 

supramolecular polyyne chemistry, that is polyyne based rotaxane chemistry, has not gained as much 

attention as other areas. It has been suggested that threading of polyynes through macrocycles to form 

rotaxanes or polyrotaxanes could stabilize them,
70

 however until recently polyyne rotaxanes with axles 

longer than butadiynes had not been reported.
71

  

Here, the active-metal template strategy of rotaxane synthesis
72

 is introduced, as it has been used 

intensively for the synthesis of polyyne rotaxanes, described in this thesis.
73

 

Rotaxanes belong to the family of mechanically interlocked (or topologically linked) architectures 

(Figure 1.6). In mechanically locked architectures molecules are not linked together through a covalent 

bond, but through their shape: often this kind of link is referred to as a "mechanical bond".
74

 When two 

rings are interlinked the resulting architecture is called a catenane. Rotaxanes are another type of 

interlinked structure, however here a macrocycle is threaded on a linear axle. A system where such a ring 

can still slip out from its axle is called a pseudorotaxane (Figure 1.6).
74

 In supramolecular species the 

assembled structures can be disconnected by different stimuli, while in mechanically interlocked 

molecules the cleavage of one covalent bond is necessary to separate the constituent parts.
74

  

 

Figure 1.6 Schematic representation of a [2]rotaxane, [4]catenane and pseudorotaxane.
74f

 In the case of the 

[4]catenane the coordinated metal template is shown as brown spheres. 

Before discussing the active-metal template strategy it is worth introducing the classic approach of 

'passive' metal templating of rotaxanes.
74

 In this strategy, a complexation of two or more ligands to one or 

more metal ions takes place in the first step of the synthesis. In this way the organic building blocks are 

held together in such an orientation that a subsequent covalent bond forming reaction can be used to 

mechanically capture the ligand components. The metal ion generally stays passive during the formation 

of the mechanically interlocked structure.
74
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Early examples of passive-metal template rotaxane synthesis were reported by the Gibson
75 

and 

Sauvage groups.
76

 For instance, Gibson used the tetrahedral geometry of the Cu(I) ion (in form of 

[Cu(CH3CN)4]BF4 salt) to glue together 1,10-phenanthroline-based macrocycle 1.31 and 1,10-

phenanthroline-based axle 1.32 (Scheme 1.15). In the next step, the formed pseudorotaxane architecture 

was capped with bulky stoppers 1.33. In the nomenclature of rotaxanes the numbers in brackets indicate 

the number of locked molecular components.  

 

Scheme 1.15 Gibson's synthesis of rotaxane using passive-metal template strategy.
76

 

Passive template strategy requires, as a rule, a stoichiometric quantity of the metal template and 

permanent coordination sites on each of the components. In contrast, in active metal template synthesis the 

metal ion acts as a template and catalyzes a covalent bond formation between molecular components 

resulting in a interlocked structure.
72

  

The metal ion must be capable of coordinating to the macrocycle and then of promoting a covalent 

bond formation between two suitably functionalised ‘‘half-thread’’ units of the dumbbell shaped axle of 

the rotaxane (Scheme 1.16). The catalytic process thus takes place within the cavity of the macrocycle 

leading to the formation of a new mechanical bond. The active-metal template process can be 

stoichiometric (relies on the use of one equivalent of template) or catalytic (substoichiometric amount of 

the metal turns over during the reaction). The lack of requirement for permanent recognition elements on 

each component of the interlocked product, and, in some cases, use of sub-stoichiometric amounts of the 

template-catalyst with high applicability to vary transition metal-catalysed reactions makes the application 

of active metal template more diverse and flexible. 

The first [2]rotaxane synthesized through an active-metal template strategy was reported in 2006.
76

 

Using the copper(I)-catalysed terminal alkyne–azide 1,3-cycloaddition (CuAAC),
77

 Leigh and co-workers 
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assembled a [2]rotaxane 1.37 by stirring of an equimolar mixture of pyridine macrocycle 1.34, alkyne 1.35 

and azide 1.36 (Scheme 1.16). The reaction turned out to be very efficient when alkyne 1.35 and azide 

1.36 were used in 5-fold excess. The authors also demonstrated that in the presence of pyridine the 

template can be used in substoichiometric amounts. A possible mechanism of the reaction was also 

proposed, which is presented in Scheme 1.16.  

 

Scheme 1.16 [2]Rotaxane 1.37 synthesis through active-metal template CuAAC reaction in the presence of 

stoichiometric (94 % yield) or sub-stoichiometric (20 mol % Cu(I), 82 % yield) quantities of Cu(I). 

Later, the same group extended this work into broad mechanistic studies, testing the effect of different 

macrocycle structure, reaction conditions, the nature and the effect of catalytic and stoichiometric amounts 

of Cu(I) on the rotaxane formation.
78

 Surprisingly, when high ratios of macrocycle:Cu(I) were applied, the 

formation of double-threaded [3]rotaxane was detected. The proposed mechanism of this unusual 

threading reaction is presented in Scheme 1.17. 

 

Scheme 1.17 The proposed mechanism of formation of [3]rotaxane via active-metal template 'CuAAC' reaction.
78

 

Active-metal template rotaxane formation via Glaser coupling
58

 of the arylalkyne 1.38 was for the first 

time reported by Saito and co-workers (Scheme 1.18).
79

 The phenanthroline-based macrocycle M1 and 

stoichiometric quantities of Cu(I) were used to give the corresponding rotaxane 1.39 in 72 % yield. 
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Scheme 1.18 Saito's synthesis of [2]rotaxane 1.39 via active-metal template Glaser coupling of arylakyne.
79

 

As in the case of polyyne synthesis,
58

 the use of Pd as the catalyst for alkyne–alkyne bond formation 

can be useful for rotaxane preparation. Thus, the Leigh group reported the Pd(II) catalyzed homocoupling 

of alkynes using substoichiometric amounts of the active-template metal ion (Scheme 1.19).
80 

 
  

Scheme 1.19 Synthesis of rotaxane 1.43 via active template Pd(II)-catalyzed homo-coupling of alkyne. 

DIPA=diisopropylamine. 

Conditions which employ 5-10 mol% of Pd(II) and iodine to oxidize Pd(0) back to Pd(II) resulted in 

higher yields of [2]rotaxane compared to the stoichiometric reaction. According to the proposed reaction 

mechanism, transmetalation takes place between copper-acetylide complex 1.40 and macrocycle-Pd(II) 

complex 1.41. A concerted trans–cis isomerization of 1.42 in which the ligands do not detach from the 

Pd(II) center maintains the geometry, which allows for C-C bond formation by reductive elimination of 

cis-1.42 to form [2]rotaxane 1.43 (Scheme 1.19). 
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Polyynes have a rich chemistry and alluring potential in material science, serving as precursors for 1D, 

2D and 3D materials. So far, little has been done towards the fabrication of polyynes in advanced 

materials, mainly due to lack of control in the reactivity in bulk materials. This is an area where 

supramolecular chemistry can have a real impact on the application of polyynes, particularly, the 

rotaxination of polyyne chains. This aspect of the polyynes will be discussed throughout this thesis.  
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Chapter 2. Synthesis of Rotaxanes via Active Metal Template Homocoupling of 

Polyynes 

2.1 Introduction
1
 

One of the main problems in the synthesis of polyynes is the stability, which decreases substantially as 

a function of length.
1
 It was shown that large, sterically demanding end-capping groups stabilize longer 

polyynes.
2,3

 For instance, the utilization of the bulky tris(3,5-di-t-butylphenyl)methyl end-group (Tr*, 

referred here as 'supertrityl', Figure 2.1) enabled the synthesis of polyynes with up to 22 triple bonds, the 

longest known polyyne to date.
4
 The influence of the terminal groups on the properties and stability of a 

polyyne is expected to decrease as the polyyne becomes longer. Several authors have suggested that 

polyynes could be stabilized by threading them through macrocycles to form rotaxanes or polyrotaxanes.
5
 

In the Anderson group rotaxination of organic molecules has been widely used as a valuable strategy for 

modifying the properties of long conjugated π-systems, by generating 'insulated molecular wires'.
6 

Previously, other groups have shown that polyynes can be encapsulated by forming double-helical ‘bean-

pole’complexes,
7
 by co-crystallization with planar mercury(II) complexes,

8
 and by trapping them inside 

carbon nanotubes.
9
 The homocoupling of terminal acetylene has been proved as a convenient reaction to 

assemble rotaxanes, catenanes and knots,
10

 and in some cases the coupling of acetylene was catalyzed by 

active Cu(I)-template.10mnug In the active template synthesis the metal acts as both template controlling 

the position of the building blocks during the reaction and catalyst forming a covalent bond and 

mechanically locking the final building compartments. The Anderson group recently showed that an 

active-metal template synthesis strategy can be utilized to make two different [2]rotaxanes with porphyrin 

stoppers and a butadiyne linker.
11

 This work was the only reported example of polyyne rotaxanes with the 

axle entirely consisting of butadiyne linker.
12

 Therefore, we were interested in the investigation of the 

synthesis of rotaxanes with extended polyyne chain. The Cu(I)-catalyzed active-metal template synthesis 

of rotaxanes was chosen to achieve the molecular insulation of polyynes. This chapter describes the 

preparation of a family of rotaxanes threaded with different macrocycles and up to 12 triple bonds in axle 

using bulky supertrityl end-capped polyynes under active-metal template homocoupling reaction 

conditions.  

                                                      
1
 A part of this chapter has been published. Movsisyan, L. D.; Kondratuk, D. V.; Franz, M.; Thompson, A. 

L.; Tykwinski, R. R.; Anderson, H. L. Org. Lett. 2012, 14, 3424–3426. 
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2.2 Synthesis of polyynes 

The synthesis of polyynes 2.1, 2.2 and 2.5 with a tris(3,5-di-tert-butylphenyl)methyl (supertrityl = Tr*) 

end-group (Figure 2.1) was carried out as described in literature.
4
 The 2.3 and 2.4 polyynes were 

generously provided by Michael Franz from the Tykwinski group (Friedrich-Alexander-Universität, 

Erlangen, Germany). The Tr* end-group (14 Å in diameter) is bulky enough to prevent the slippage of 

the macrocycle (cavity size 97 Å) from the dumbbell-like thread.  

 

Figure 2.1 The supertrityl polyynes. The size of Tr* group is calculated from the reported X-ray structure.
4
 

The supertrityl end-group was synthesized using cheap, commercially available starting materials. A 

three-fold Friedel-Craft alkylation of benzene with 2-chloro-2-methylpropane at –20 C gave 1,3,5-tri-t-

butylbenzene (2.6) in 71% yield (Scheme 2.1).
14

 The substitution one t-butyl group with bromine in the 

presence of iron turnings at 0 C afforded a mono-substituted product 2.7 in 85% yield.
15

 Formation of the 

Grignard, followed by addition to diethyl carbonate, yielded supertritylalcohol 2.8 in 94% yield.
4
 The 

alcohol (2.8) was converted to the supertrityl chloride (2.9) using oxalyl chloride in THF, then the addition 

of ethynylmagnesium bromide gave supertritylacetylene (2.10) in 88% yield over the two steps.
16

 The 

supertritylacetylene (2.10) was used as feedstock for all supertrityl polyynes and precursors. 

 

Scheme 2.1 The synthesis of supertritylacetylene 2.10. 

The next target in the synthesis of polyyne series was the supertrityl terminal diyne 2.1. It was shown 

that 2.1 is readily accessible via Fritsch-Buttenberg-Wiechell (FBW) carbenoid rearrangement of the 
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dibromolefine 2.12 (Scheme 2.2). This route was preferred, as it did not generate unwanted by-products 

which would be generated during the synthesis of asymmetrical butadiynes under Glaser coupling 

conditions.
4
 The reaction of n-BuLi with supertritylacetylene 2.10 in THF at –78 °C, followed by the 

addition of DMF resulted in an aldehyde 2.11 in 88% yield. Dibromoolefination under Ramirez conditions 

led to 2.7 in 87% yield.
17

 Finally, the FBW rearrangement of 2.7 in THF via addition of n-BuLi at –78 °C 

yielded terminal diyne 2.1 in 90%.
4
 

 

Scheme 2.2 The synthesis of supertrityl diyne 2.1. 

The synthesis of 2.2 was accomplished using the procedure based on the FBW rearrangement as it was 

shown to be the most efficient for the synthesis of Tr*-triyne 2.2.
18

 Supertritylacetylene 2.10 was lithiated 

by n-BuLi at –78 C in THF. The solution was then transferred to a THF solution of triisopropylsilyl 

propargylic aldehyde 2.13
18

 to afford alcohol 2.14 in 90% yield (Scheme 2.3). Oxidation of alcohol 2.14 to 

ketone 2.15 using pyridinium clorocromate (PCC) proceeded smoothly with 96% yield. 

Dibromoolefination of 2.15 to give 2.16 (96%) followed by a FBW rearrangement (88%) led to the TIPS-

protected triyne 2.17. The desilylation of 2.17, carried out in cold THF using TBAF, afforded the terminal 

triyne 2.2 in 86% yield. 

 

Scheme 2.3 Synthesis of supertrityl triyne 2b. 

The TIPS protected precursor of pentayne 2.4 was obtained using a modified Glaser-Eglinton-Hay
19-22 

coupling, optimized by Chalifoux,
4
 where a mixture of deprotected supertrityldiyne 2.1 and 1-TIPS-6-

TMS-hexa-1,3,5-triyne 2.18 was cross-coupled (Scheme 2.4). The TMS group underwent in situ proto-

desilylation, producing the active mono-free acetylene polyyne coupling partner. The reaction was 
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complete after 12 h stirring, yielding the product 2.19 in 71%. The homocoupling of 1-TIPS-hexa-1,3,5-

triyne proceeds easier then the cross-coupling with 2.1, and since 2.1 is the more precious partner, the 

TIPS precursor was used in a five-fold excess, and the 1,12-bis(TIPS)-hexayne was the main by-product 

(The yield of 1,12-bis(TIPS)-hexayne was not calculated as it was not separated as a pure compound). The 

products of this reaction were easily separated by column chromatography (silica, hexanes), due to higher 

polarity of the TIPS-capped compared to the Tr*-capped polyynes. The deprotection of pentayne 2.19 was 

carried out in mild conditions using CsF in the mixture of THF/H2O affording the product 2.4 

quantitatively (98% yield).  

Scheme 2.4 Synthesis of supertrityl pentayne 2.4. 

2.3 Synthesis of macrocycle M1  

In the active template synthesis of rotaxanes the macrocycle must be able to bind the metal ion, since it 

acts both as template and catalyst.
23

 1,10-Phenanthrolines bind strongly with Cu(I) ions, which makes 

them ideal for Cu(I)-catalyzed active-template Glaser coupling.
23,13

 1,10-Phenanthroline-based 

macrocycles are one of the broadly utilized molecules in the synthesis of rotaxanes and catenanes.
24

 The 

successful use of a 33-membered 1,10-phenanthroline macrocycles in the Cu(I) catalyzed Glaser coupling 

by Saito,
13

 and later by Langton,
11

 served as a good milestone to test the synthesis of polyyne rotaxanes. 

We prepared a 33-membered phenanthroline macrocycle M1 from 2,9-bis(4-hydroxyphenyl)-1,10-

phenanthroline (2.20) and 1,3-bis(bromohexyloxy)benzene (2.21).
11

 First, bromoanisole was lithiated by t-

BuLi and then added to a suspension of 1,10-phenanthroline in dry toluene. Subsequent oxidation of the 

reduced product with manganese(IV) dioxide resulted in the 2,9-aryl-substituted phenanthroline 2.22 in 

55% yield (Scheme 2.5). The demethylation of 2.22 was carried out in a mixture of pyridine/conc. HCl at 

140 C yielding the product 2.20 quantitatively (99%). The demethylation reaction was very sensitive to 

the trace amount of moisture, therefore water was distilled first from the reaction mixture at 210 C. At the 

end of the distillation, the pressure was lowered (100 mbar), which guaranteed effective removal of 

moisture. The macrocycle synthesis was carried out in diluted DMSO to minimize the formation of the 

linear by-products from intermolecular side-reactions. After column chromatography on silica followed by 
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recrystalization from CH2Cl2/CH3OH the product M1 was isolated in 49% yield. Changing from K2CO3 to 

Cs2CO3 and from DMSO to DMF did not affect the macrocycle formation yield significantly. 

  

Scheme 2.5 Synthesis of macrocycle M1. 

2.4 The synthesis of polyyne rotaxane 2bM1  

Supertrityl triyne 2.2 was identified as a candidate for rotaxane synthesis as the length of three triple 

bonds was considered optimal compared to the diyne, where steric factors due to the shortness of the 

polyyne chain could harm the reaction. With the macrocycle M1 in hands, we decided to test the active 

metal template synthesis of polyyne rotaxane under Cu(I) catalyzed Glaser coupling conditions reported 

by Saito and coworkers.
22 

In this work the threading of a butadiyne axle with macrocycle was carried out 

in the presence of M1·Cu(I) complex, where the active Cu(I) can coordinate two terminal acetylenes and 

catalyze the formation of C–C bond within the macrocycle cavity (Scheme 2.6). In that work, the rotaxane 

was synthesized in toluene at 110 C, conditions that could be too harsh for our aims considering the 

tendency of the triyne 2.2 to decompose at high temperatures. In a modified version of this procedure, 

reported by Langton, porphyrin rotaxanes were synthesized in 1:1 mixture of toluene/THF at lower 

temperature (60 C).
11

 These conditions were chosen for a test reaction (Scheme 2.6). As oxidant, one 

equivalent I2 was used and the reaction was monitored by TLC and MALDI mass spectrometry. After 5 

days of stirring the TLC confirmed the reaction completion and the rotaxane 2bM1 was isolated after 

aquaous KCN workup, followed by column chromatography in 6.7% yield.  
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Scheme 2.6 The schematic view of the active metal template synthesis of polyyne rotaxanes and the synthesis of 

2bM1 rotaxane. 

This result was encouraging, since it showed that our strategy of the synthesis for supertrityl hexayne 

rotaxane was fruitful. The next logical goal was the optimization of the rotaxane yield. In this test reaction, 

we prepared the M1·CuI complex in CH2Cl2/CH3CN 1:1 solution using 1.0 equivalent CuI and 1.5 

equivalent M1 macrocycle (Table 2.1, entry 1) as initially reported by Langton.
11

 This ratio of Cu(I) and 

M1 was chosen, as it was envisioned that the excess macrocycle would suppress the formation of free 

hexayne dumbbell through homocoupling of terminal acetylene by free Cu(I) resulting from the 

dissociation of the M1·CuI complex. The triyne 2.2 was used in stoichiometric amount (2 equivalent) and 

the reaction was carried out in an air-saturated solution. In the next step we increased the amount of I2 by a 

factor of 2, which gave small increase in rotaxane yield (8.5%, Table 2.1 entry 2), indicating that excess 

oxidant is beneficial. Later, we always used the oxidant in a slight excess (1.25 eq.). We were aware that 

additional amounts of iodine should not harm polyynes as it was shown before that polyynes reversibly 

form inclusion complexes with molecular iodine in hexane under UV-irradiation, but no irreversible 

reaction was reported.
25

  

Mechanistic studies of active-template reactions involving the closely related Cu(I) catalyzed CuAAC 

“click” reactions, suggest that the reaction proceeds via a bimetallic intermediate.
26 

If this is the case with 

active metal template Glaser homocoupling of polyynes, the excess macrocycle could interfere with the 

formation of Cu···Cu catalytic centers and lower the product yield. Thus, we prepared the M1·CuI 

complex in a 1:1 ratio, which under the previously tested conditions gave the rotaxane 2bM1 in 12.6% 

(Table 2.1, entry 3). The two-fold increase in product yield is in an agreement with the suggested 
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hypothesis, however it would be too bold to deduce the reaction mechanism from only this experimental 

result.
27 

The reaction was complete after 5 days and an obvious way to increase the reaction rate could be 

the investigation of higher temperatures. Having this idea in mind, we carried out the reaction in toluene 

under reflux (Table 2.1, entry 4). However, the result was disappointing as after 5 days of stirring the TLC 

showed complete consumption of the starting acetylene, but no rotaxane was formed. One of the reasons 

of the reaction failure could be insolubility of the K2CO3 in toluene. To test this hypothesis, organic N,N-

diisopropylethylamine (DIPEA) base was used instead of K2CO3 (Table 2.1, entry 5), but again TLC did 

not show rotaxane formation after 5 days of stirring at 110 C. Another explanation for this negative result 

could be the decomposition of the triyne 2.2 at 110 C. Interestingly, when the reaction was carried out at 

100 C in toluene, in the presence of K2CO3 the rotaxane was separated in 8.4% yield (Table 2.1, entry 6). 

The reaction was complete after 24 h stirring, which was a significant improvement, even if the reaction 

yield was still relatively low. Another possible optimization was the choice of the oxidant. In previous test 

experiments, we used I2 (E
0
 = +0.54 V) which is readily soluble in toluene and THF. In organic chemistry, 

1,4-benzoquinone (BQ) is one of the most widely used organic oxidant, despite the fact that its redox 

potential is highly dependent on the reaction conditions.
28

 BQ was tested to substitute iodine in the 

synthesis of 2bM1 rotaxane. At the same time the amount of 2.2 triyne was increased to 2.5 equivalents. 

TLC analysis of the reaction mixture showed the consumption of acetylene after 5 days, yielding the 

rotaxane 2bM1 in 15.2% yield (Table 2.1, entry 7). BQ proved to be equally as good oxidant as iodine 

with slightly better rotaxane yield, which could be result of excess acetylene rather the effect of the BQ. 

Thus, the use of iodine was still preferred as the separation of BQ and its reduced products from the 

reaction mixture could be challenging.  

Table 2.1. Summery of reaction conditions of the synthesis of 2bM1. 

  CuI, eq. M1, eq. 2.2, eq. Oxidant, eq. Solvent T, 
o
C Yield  Time Base  

1 1 1,5 2.0 I2, 1 THF/toluene 60 6.7% 5 days K2CO3 

2 1 1.5 2.0 I2, 2 THF/toluene 60 8.5% 5 days K2CO3 

3 1 1 2.0 I2, 1.25 toluene 60 12.6% 5 days K2CO3 

4 1 1 2.0 I2, 1.25 toluene 110 - 5 days K2CO3 

5 1 1 2.0 I2, 1.25 toluene 110 - 5 days DIPEA 

6 1 1 2.0 I2, 1.25 toluene 100 8.4% 1 day K2CO3 

7 1 1 2.5 BQ, 1.25 toluene 100 15.2% 5 days K2CO3 

8 1 1 2.5 I2, 1.25 THF 60 32% 10 h K2CO3 

BQ–1,4-benzoquinone; DIPEA-diisopropylethylamine; Rotaxane yields are calculated referring to the amount of 

the macrocycle.  
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Finally, the last optimization was to change the solvent to THF and decrease the temperature to 60 °C, 

which surprisingly afforded rotaxane in 32% yield (Table 2.1, entry 8) and shortened the reaction time 

down to 10 h. The reason of the increased rotaxane yield in THF was not clear. It is possible that THF 

decreases the energy of the transition state through better solvation. In all experiments, we did not detect 

the formation of free hexayne resulting from the homocoupling of 2.2 outside the macrocycle (TLC). 

Upon silica chromatography column, a yellow fraction with poor solubility in hexanes was collected 

before the rotaxane fraction. The UV-Vis spectrum of this fraction showed a broad absorption and no 

indication of any polyyne chain (distinct absorption pattern, vide infra). We did not pursue further 

investigation of the nature of this by-product.  

The unthreaded macrocycle M1 collected from column chromatography was not pure, and a second 

silica column and recrystallization were needed to purify it back to reagent grade. Due to some loss of 

material during the purification procedures, the collected amounts of macrocycle were always less than 

expected. 

Finally, to explore the effect of atmospheric oxygen, in one test reaction the reaction mixture was 

degassed through three cycles of freeze-pump-thaw, saturated with nitrogen and stirred under the 

conditions pointed in the entry 8, Table 2.1. The yield of rotaxane was similar in air- and N2-saturated 

THF.  

2.5 The synthesis of polyyne rotaxanes 2aM1, 2cM1, 2dM1 and 2eM1. 

With improved conditions for the synthesis of polyyne rotaxane 2bM1, we moved towards the 

synthesis of other polyyne rotaxanes, being curious which would be the longest and shortest polyyne that 

could be threaded with the macrocycle M1. 

The reaction of supertrityl diyne 2.1 with macrocyclic Cu(I) complex under the optimized conditions 

was complete after 24 h, and gave the product 2aM1 in 34% yield (Scheme 2.7). Attempts to prepare the 

corresponding shorter C4 rotaxane from the terminal acetylene 2.5 were not successful, and it seems that 

the polyyne chain needs at least 8 sp carbon atoms to accommodate the macrocycle. Interestingly, in the 

porphyrin-capped rotaxanes it was possible to thread the butadiyne linker using the same macrocycle and 

homocoupling reaction.
11
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Scheme 2.7 The synthesis of polyyne rotaxanes 2aM1, 2cM1, 2dM1 and 2eM1. 

In the next step supertrityl tetrayne 2.3 was injected under rotaxane synthesis conditions. After 40 h, 

the product 2cM1 was isolated in 19% yield. For the synthesis of the C20 rotaxane the TIPS-protected 

precursor 2.19 was desilylated in a mild condition by CsF immediately before the rotaxane synthesis. The 

mixture with terminal pentayne was passed through silica plug (hexanes/CH2Cl2) and 2.4 was used as 

obtained for the rotaxane synthesis. After 36 h stirring of the reaction mixture, followed by workup, the 

product 2dM1 was isolated in 15% yield.  

The synthesis procedure for the 2eM1 rotaxane was similar to 2dM1. The reaction was complete 

after 2 days and gave rotaxane 2eM1 in 11% yield. A clear trend here was the decrease of the rotaxane 

yield and increase of the reaction time when polyyne gets longer. Lower yields can be explained 

considering the enhanced instability of the long acetylene precursors at 60 C. The electronegativity of the 

terminal carbon atom and the polarity of the C–H bond increases with elongation of the polyyne chain, so 

we expected that longer polyynes must be more reactive requiring shorter reaction time, and supposedly 

better rotaxane yields. However, experiments showed that the product yield decreases with elongation of 

polyyne chain; this could be due to instability of long polyynes at 60 C. 

While 
1
H NMR of 2eM1 rotaxane was clean, the 

13
C NMR showed minor signals accompanying to 

the resonances of C24 chain in the region of polyyne carbons (Figure 2.2). These signals belong to 

rotaxanes with shorter C22 and C20 carbon chains, which was confirmed by MALDI spectrometry. 

Previously, it was reported that for homocoupling of polyynes with 4 or more triple bonds there was loss 

of acetylene(s). This process was observed, for example, during the synthesis of decayne from 2.4 under 

Hay conditions, where a considerable amount of the nonayne was formed.
18

 In the case of the synthesis of 
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dodecayne from 2.5 undecayne and decayne were formed.
4,18

 The nature of the acetylene loss under Hay 

conditions is still not understood but has been reported in a number of other cases.
29

 Thus, we identified 

this side reaction to be a problem for the polyyne rotaxane synthesis too. To purify the 2eM1 rotaxane, 

the mixture in toluene was passed through SEC column (Bio-Beads-SX1). The UV-vis spectra of 

compound before and after SEC column clearly indicated a satisfactory purification (Figure 2.2). The final 

pure product was collected after couple of SEC column cycles and its purity was confirmed by 
13

C NMR 

(Figure 2.2). 

 

Figure 2.2 
13

C NMR (CD2Cl2, 125 MHz, 298 K) and UV-Vis absorption spectra (toluene) of rotaxane 2eM1 before 

(red) and after SEC column (blue). 

It seems, the synthesis of longer polyyne rotaxanes ((CC)n, n > 12) becomes troublesome and attempts 

to synthesize rotaxane from supertrityl octayne were futile. The instability of extended polyynes at 60 C 

was the main challenge. We tested the synthesis of 2bM1 rotaxane in the THF at 45 C, however, the 

reaction progress was incredibly slow (three days stirring the reaction did not get to completion with traces 

of rotaxane on TLC). This failed attempt indicates the limitation of current reaction conditions for 

preparation of longer rotaxanes.  

2.6 Threading hexayne chain with different macrocycles 

The supertrityl end-group is large enough to prevent the slippage of the relatively large macrocycle 

M1. The large cavity of the macrocycle limits the choice of stoppering groups preventing the use of 

simple, smaller end-groups. This disadvantage reduces the potential number of polyyne rotaxanes which 

could be synthesized and studied. Additionally, in many rotaxanes the macrocycle mechanically protects 

the thread from the environment, like in prodrugs and natural products,
30

 mechanically protected dyes
31

 

and insulated molecular wires,
32

 and a “tight” fit between macrocycle and thread is preferable. Therefore 
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stabilization of polyyne chain through tight molecular insulation is promising to access longer polyyne 

chains. Following this idea, the decision was made to test, under homocoupling conditions, series of 

macrocycles with smaller cavity. The triyne 2.2 was chosen for rotaxane synthesis since it is obtained in 

high yield, it is stable in its unprotected form at room temperature and its three triple bonds are long 

enough to eliminate steric factors imposed from the Tr* end-group.  

First, the size of macrocycle M1 was reduced by shortening the alkyl linker between phenanthroline 

and resorcinol moieties. New 29-member macrocycle M2 was synthesized in 34% yield (Scheme 2.8) and 

the corresponding rotaxane 2bM2 was isolated in 28% yield. 

 

Scheme 2.8 Synthesis of macrocycle M2 and hexayne rotaxanes 2bM2. 

 

To further tighten the macrocycle, the cavity of the phenanthroline moiety was encycled with an alkyl 

strap. The new macrocycle M3 was prepared from the reaction of 2.14 with 1,10-dibromodecane yielding 

the product in 29% yield. The corresponding rotaxane 2bM3 was synthesized under active-metal Glaser 

homocoupling conditions in 17 % yield (Scheme 2.9). 
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Scheme 2.9 Synthesis of macrocycle M3 and hexayne rotaxanes 2bM3.  

The decyl chain in the 26-membered macrocycle M3 is smaller than macrocycle M2. Simple CPK 

modeling showed that further shortening of the strap, for example, by encycling the phenanthroline with 

an octane chain may be impossible, as the distance between phenolic OH groups of phenanthroline is 

slightly less then the length of the octyl chain. Moreover, for efficient protection of the polyyne chain the 

alkyl strap is not bulky enough and we decided to look for other possible condidates. In the literature, 

there was a report of another 27-member phenanthroline based macrocycle with a para-tolyl ether linker.
33

 

This macrocycle M4 was considered as a good candidate for its small cavity and bulky p-tolyl ether linker. 

The macrocycle M4 was synthesized in 50% yield, and the coupling of the triyne 2.2 under active metal 

Glaser homocoupling conditions resulted rotaxane 2bM4 in 23% yield (Scheme 2.10).  

 

Scheme 2.10 Synthesis of macrocycle M4 and hexayne rotaxanes 2bM4. 
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All macrocycles used for polyyne rotaxane synthesis were based on planar, rigid 1,10-phenanthroline. 

At the same time a number of 2,2'-bipyridine-based (bpy) macrocycles were utilized successfully in the 

synthesis of various rotaxanes,
34

 but to our knowledge there was not a example of polyyne rotaxanes with 

a bpy-based macrocycle. The bipyridine moiety is more flexible than phenanthroline and could be less 

strained while being mechanically interlocked with polyynes. To test the rotaxination of hexayne chain 

with a bpy macrocycle, a 26-member macrocycle M5 was generously provided by Dr Stephen Goldup 

from the Queen Mary University of London. The reaction of M5 with 2.2 gave the rotaxane 2bM5 in 

23% yield under standard conditions (Scheme 2.11).  

 

Scheme 2.11 Synthesis of hexayne rotaxanes 2bM5. 

The yields of 2bM4 and 2bM5 rotaxanes are similar, and it seems there is not much difference 

between phenanthroline- and bpy-based macrocycles in term of product yields. The yields of all 

macrocycles and corresponding rotaxanes are summarized in Table 2.2.  

Table 2.2. Summary of the yields of macrocycles formation and their corresponding hexayne rotaxanes 2bM2, 

2bM3, 2bM4 and 2bM5. 

Macrocycle Yield Rotaxane Yield 

M2 34% 2bM2 28% 

M3 29% 2bM3 17% 

M4 50% 2bM4 23% 

M5 12%* 2bM5 23% 

*The yield is taken from ref. 34a. Yields are calculated referring to the amount of the macrocycles.  

2.7. Synthesis of pyridine-capped hexayne rotaxane 

Polyynes are very attractive molecules for electron transport through the carbon-rich backbone.
35

 The 

almost cylindrical conjugation over the alternating single and triple bonds of the one-dimensional sp-

backbone leads to proposed applications as molecular wires.
36

 Theoretical studies suggest that polyynes 

could show metallic-like charge-transport characteristics when connected between two metal or graphene 

electrodes.
37

 To connect polyynes to a metal surface (i.e. gold electrodes) proper anchoring groups must be 

design. So far, sulfur and nitrogen functionalized polyynes have been studied using single molecule 
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conductance techniques,
38

 and shown that the electron transferring properties are almost independent from 

the length of carbon chain.
35

 However, the synthesis of oligoynes encounters problems as the stability 

decreases rapidly with the increasing number of the triple bonds in the backbone: Due to instability, the 

number of triple bonds in differently capped polyynes never exceeded 4. Consequently, we were interested 

in the synthesis of longer polyyne molecular wires with enhanced stability, which might be achieved by 

the rotaxination of longer polyynes. The molecular insulation would not only enable to study the charge 

conducting properties of longer (-(CC)n, n >2) chains, but also be the first example of molecularly 

insulated polyyne wires (Figure 2.3).  

 

Figure 2.3. Ilustretion of the polyyne based insulated molecular wires between two gold electrodes and the analogy 

with metallic insulated wire.  

To test the rotaxination, pyridine-functionalized, TIPS-protected triyne Py1, generously provided by 

Maximilian Krempe, from the Tykwinski group, was deprotected by adding TBAF. The free triyne was 

purified by passing the reaction mixture through a neutral alumina plug (EtOAc). The solution was 

concentrated and THF was added. This procedure was repeated couple of times without drying the sample 

until all EtOAc was removed, and the sample was proceeded for rotaxane synthesis using M4 macrocycle. 

After 24 h stirring at 60 C, followed by workup the product Py2M4 was isolated in disappointingly low 

2% yield (Scheme 2.12). However, we managed to characterize the compound by 
1
H and 

13
C NMR and 

MALDI techniques.  

Single molecule conductance studies of Py2M4 might help to better understand the nature of carbyne 

and utilize polyynes in atomic-scale nanodevices,
39

 and are currently under investigation (Professor R. J. 

Nichols group, University of Liverpool). 
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Scheme 2.12 Synthesis of hexayne rotaxane Py2M4. 

2.8 UV-Vis absorption and NMR spectroscopy of rotaxanes 

The optoelectronic properties of polyynes are of special interest due to their nonlinear optical properties 

and charge-transport behavior, which may be exploited to create functional carbon-rich materials.
35,40 

Absorption spectroscopy serves as a diagnostic tool to characterize polyynes because these molecules 

display very distinct, signature spectra, with well resolved fine structure.
40

  

The threading of a polyyne chain in rotaxanes has not changed the basic electronics compared to the 

corresponding free dumbbells, synthesis of which is reported by Tykwinski et al. (Figure 2.4).
4
 

 

Figure 2.4 The UV-Vis absorption spectra of macrocycle M1 (black line) and rotaxanes 2a-eM1 in CH2Cl2. 

The absorption spectra of rotaxanes represent the sum of macrocycle and polyyne absorptions. In the 

absorption spectra of tetrayne 2aM1 and hexayne 2bM1 rotaxanes (green and orange lines in Figure 

2.4, respectably), the absorption of the dumbbell does not obscure the macrocycle which absorbs at up to 

390 nm, while in longer rotaxanes the polyyne chain strong absorption overlays with the macrocycle. 

Another feature is the maintained vibronic progression of the polyyne absorption bands in rotaxanes 

comparable with bare polyynes
4
 with some bathocromic shift of the peak positions ( 4 nm). In general, 
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the lowest energy absorption of rotaxanes 2a-e1 is red-shifted and the extinction coefficient increases 

with the increase of the polyyne chain length due to the extended -system.  

Investigation of 
1
H-NMR spectra of rotaxanes 2a–eM1 revealed interesting trends. Upon threading, 

the protons of the macrocycle’s resorcinol moiety clearly experience a different environment, as their 

signals shift in different directions (Figure 2.5). The proton Hh experiences a downfield shift while protons 

Hf and Hg were up-shifted. In parallel to the increase of the polyyne length, these shifts are decreasing so 

that in 2eM1 rotaxane, the chemical shift became almost identical to those from free macrocycle M1.  

 

Figure 2.5 The proton shifts in series of rotaxanes 2a-eM1 in 
1
H NMR (CD2Cl2, 500 MHz, 298 K). Top spectrum 

is the M1 macrocycle. 

This behavior can be explained by interaction of the bulky end-groups.
41

 For a short polyyne chain, this 

effect is the most distinctive, since the endgroups are in very close proximity to the macrocycle. With 

increasing chain length however, the shifts vanish, a fact suggesting that the macrocycle does not ‘feel’ the 

presence of the end-groups anymore. In the 
1
H NMR, there is another obvious proton shift: the aromatic 

distal proton of 'supertrityl' end-group gradually downshifts (red cycle, Figure 2.5) while the shift of other 

two equivalent aromatic protons does not fit any particular trend. 

2.9 X-ray crystallographic characterization of rotaxanes  

Over decades there has been a strong interest in the crystal structures of polyynes,
42,43

 regarding the 

reduced bond length alternation (BLA) and the deviation from linearity in the crystal lattice.
44

 The BLA is 
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defined as the difference of CC equilibrium bond length between adjacent single and triple bonds: BLA = 

d(C–C) - d(CC). For long polyynes, the question of interest is will the triple and single bond lengths converge 

to one value, or approach two different values? The former (bond length equalization) means a vanishing 

HOMO/LUMO energy gap. The latter (bond length alternation) implies a persistent energy gap. From the 

electronic absorption spectra of the series of Tr* polyynes Tykwinski showed that infinitely long polyynes 

(carbyne) have finite bandgap with max = 485 nm (2.56 eV).
4
 Another experimental evidence was 

published from the same group, demonstrating the saturation of BLA through crystallographic analysis of 

the series of t-butyl capped polyynes.
45

 This implies that carbyne must be composed of alternating single 

and triple bonds. Another question is to what degree a carbon chain can easily bend. And, it is in polyyne 

rotaxanes that the curvature of the carbon chain gains special interest as the molecular encapsulation can 

impose additional bending in the same place with lattice packing effects.  

Here we present four crystal structures of polyyne rotaxanes, and compare them with the structures of 

similar known polyynes. Crystals were grown by solvent vapor diffusion specified for each molecule 

below. Diffraction data for 2bM1, 2bM3 and 2cM1 were collected at 100 K using synchrotron 

radiation at the Diamond Light Source, beam line I19. The structures were solved using charge flipping
49

 

with SuperFlip
50

 and refined using least-squares within CRYSTALS
51

 by Dr. Amber L. Thompson 

(Oxford Crystallography). The diffraction data for 2bM4 and macrocycle M4 was collected at 173 K 

using SuperNova (Cu) X-ray Source. The structure was solved by ShelXS program
52

 using Direct Methods 

and refined with the ShelXL program using Least Squares minimization by Dr. Frank Hampel (Friedrich-

Alexander-Universität, Department of Chemistry). 

2bM1: Crystals of 2bM1were grown by diffusion of methanol vapor into a solution of the 

compound in THF. The asymmetric unit contains one molecule of the 2bM1 and four molecules of 

methanol, space group is P-1. The molecules of 2bM1 form pairs with π-π interactions (stacking) 

between vicinal phenanthroline moieties (Figure 2.6). The planes of phenanthroline moieties in the pairs 

are parallel to each other. The distance between phenanthroline planes is 3.50(2) Å. The planes were fitted 

through 12 carbon atoms and 2 nitrogen atom of the phenanthroline core. Similar pairing behavior has 

been reported for the porphyrin dimer rotaxane featuring the same macrocycle M1.
11

 In the latter case, 
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however, phenanthroline moieties are shifted over towards the oxyphenyl moieties. The distance between 

phenanthroline planes in the porphyrin dimer rotaxane [3.47(2) Å] is slightly shorter compared to 2bM1. 

 

Figure 2.6 (a) The pairs of 2bM1, (b) the staggered conformation of tris(3,5-di-tert-butylphenyl)methyl groups and 

(c) the bow-like shape of hexayne axle compared to the (d) S-like axle in the free dumbbell
4
. Solvent molecules and 

hydrogen atoms are omitted for clarity. 

The bulky 3,5-di-tert-butyl phenyl moieties of the capping groups are in staggered position with respect 

to each other (Figure 2.6 b). The mean dihedral angle between the CAr atoms of the 3,5-di-tert-butyl 

phenyl moieties in anti-positions, C1 and C14, is 168.3±5.2 °. The axle of 2bM1 in the crystal is slightly 

bent. The angle C≡C-C(sp) averaged over the axel (177.8±1.1 °) is close to ideal value (180°) and to that 

in the free dumbbell (177.0±1.4 °).
4 

However, in the case of the 2bM1 the bending is non-centro 

symmetric; the bending of the axle in free dumbbell is centrosymmetric.
4 

The polyyne chain of 2bM1 

has higher cumulenic character compared to free hexayne, as evidenced by the corresponding bond length 

alternation values (BLA) (Table 2.3). The average BLA value over the axle in 2bM1 (0.142 ± 0.009 Å) 

is very close to that in free hexayne (0.143 ± 0.008 Å). 

2bM3: Crystals of 2bM3 were obtained by vapor diffusion of methanol into a solution of the 

compound in CH2Cl2. The space group is P1, the asymmetric unit contains one molecule of 2bM3, one 
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methanol and two dichloromethane molecules. Interestingly, two adjacent 2bM3 molecules form pairs 

not through π-π interaction between vicinal phenanthrolines, but through weak interactions between 

supertrityl groups (Figure 2.7).  

 

Figure 2.7 The crystal packing of 2bM3 from (a) top and (b) front view. (c) The S-like shape of the polyyne chain 

in 2bM3 single molecule (solvent molecules and hydrogen atoms are omitted for clarity).  

The 3,5-di-tert-butyl phenyl moieties of the supertrityl groups are in staggered position with respect to 

each other. The mean dihedral angle between the CAr atoms of the 3,5-di-tert-butyl phenyl groups in anti 

position is 160.8±2.6°. The axle of 2bM3 in the crystal is S-like bent, similar to the free hexayne, 

however, the axle loss its centre of symmetry. The angle C≡C-C(sp) averaged over the axel (174.4±2.4°) is 

different from the mean value in the 2bM1 (177.8±1.1°).
 
The polyyne chain of 2bM1 has higher 

cumulenic character compared to free hexayne, as evidenced by the corresponding bond length alternation 

values (BLA) (Table 2.3). The average BLA value over the axle in 2bM3 (0.122 ± 0.008 Å) is 

noticeably less than that in 2bM1 (0.142 ± 0.009 Å) (Table 2.3). 

Table 2.3 Summary of crystallographic data of 2bM1, 2bM3, 2bM4 and 2cM1 rotaxanes and free hexayne. 

Rotaxane C–CCavg 

() 

phen. torsavg 

() 

BLA 

(Å) 

C–Cavg 

(Å) 
CCavg 

(Å) 

Ref. 

2bM1 177.8±1.1 168.3±5.2 0.142 ± 0.009 1.357 ± 0.005 1.214 ± 0.005 48 

2bM3 174.4±2.4 160.8±2.6 0.122 ± 0.008 1.343 ± 0.015 1.219 ± 0.016 here 

2bM4 175.8 ± 2.0 173.8±4.5 0.143 ± 0.01 1.355 ± 0.006 1.211 ± 0.007 here 

2cM1 177.0 ± 1.9 179.7±0.2 0.144 ± 0.01 1.356 ± 0.007 1.211 ± 0.005 here 

2b 177.0±1.4 180 0.143 ± 0.008 1.359 ± 0.005 1.208 ± 0.007 4 

2bM4: Crystals of 2bM4 were obtained by vapor diffusion of methanol into a solution of the 

compound in CH2Cl2. The space group is P21/c, asymmetric unit contains one molecule of 2bM4. In the 
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solid state, rotaxane molecules form linear strands through two different - interactions: one between two 

adjacent phenanthrolines and the second between two phenyl rings from p-tolyl moieties (Figure 2.8, red 

squares). The distance between two phenanthrolines planes is 3.75 Å and between two phenyl rings is 3.52 

Å. Due to - interactions molecules are packed very densely. The shortest interatomic distance between 

polyynes in adjacent rotaxane molecules is approximately 9.2 Å, which is close to the distance between 

two 2bM1 molecules (9.1 Å) in the solid state. Similarly, the shortest distance between adjacent polyyne 

chains in 2bM3 is 11.6 Å (For comparison, the shortest distance between two neighbor molecules of free 

hexayne in solid state is 8.1 Å)
4
. It has been shown previously,

46
 that for the 1,4 or 1,6 polymerization of 

diacetylenes in the reactive structures, the distance between the reacting atoms is always less than 4 Å. In 

all three rotaxane structures distance between two polyynes is double the distance required for 

intermolecular crosslinking reactions to occur.  

 

Figure 2.8 (a) The crystal packing of 2bM4 with square lines highlighting the - interactions. (b) The semi-

helical shape of the polyyne chain in 2bM4 single molecule (solvent molecules and hydrogen atoms are omitted for 

clarity). 

The 3,5-di-tert-butyl phenyl moieties of the supertrityl groups are in staggered position with respect to 

each other. The mean dihedral angle between the CAr atoms of the 3,5-di-tert-butyl phenyl groups in anti 

position is 173.8±4.5 °. The axle of 2bM4 in the crystal is semi-helical. The averaged angle C≡C-C(sp) 

is 175.8 ± 2 
o
. The average BLA value of hexayne chain in 2bM4 is 0.143 ± 0.01 Å close to that in 

2bM1 (0.142 ± 0.009 Å). All crystallographic data are summarized in Table 2.3. 

 M4: The crystal of macrocycle M4 was obtained via slow evaporation of chloroform solution at room 

temperature. The crystal belongs to P-1 space group, the asymmetric unit contains one molecule M4 and 
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two chloroform molecules. The maximum inner size of the cavity of macrocycle M4 is 9.6(2) Å  10.6(4) 

Å (internuclear distance, Figure 2.9). The dimension is taken from the distance between two oxygen atoms 

(a) of oxybenzyl groups and another from the distance between oxygen atom of p-tolyl moiety and carbon 

atom of phenanthroline, which is vicinal to the nitrogen (b). The plane of the phenanthroline moiety is flat, 

however, the phenoxy moieties of phenanthroline are twisted (the angle between planes of phenanthroline 

and oxobenzyl moieties, 1 = 30.37 ° and 2 = 45.84 °) and the same for the phenyl rings of the p-tolyl 

ether moiety. The small size should impose considerable strain within the macrocycle, however the 

flexible oxygen bridges reduce the overall tension. In the solid state, the two planes of phenanthroline 

moieties of adjacent macrocycles are parallel, but the phenanthroline units are aligned in opposite 

direction. The distance between the two macrocycle planes is 3.7(4) Å. (Figure 2.9). 

 

Figure 2.9 The crystal structure of macrocycle M4 (solvent molecules and hydrogen atoms are omitted for clarity). 

2cM1: There are few reports of crystal structures of polyynes with 8 or more triple bonds in 

literature.
29b,42,45,47

 The scarcity of documented crystal structures of extended polyynes is due to the 

instability of the molecules in solid state. We managed to grow a single crystal of 2cM1 by slow 

diffusion of methanol into THF solution of the rotaxane at 4 C.  

The asymmetric unit contains one molecule of 2cM1, space group is P -1. The rotaxane molecules in 

solid state are aligned next to each other without forming phenanthroline pairs and it seems there is not a 

noticeable interaction between supertrityl end-groups (Figure 2.10). The distance between two octayne 

chains from neighboring rotaxanes is 12.9 Å, longer than in other rotaxanes.  
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Figure 2.10 (a) The packing of 2cM1 molecules in solid state and (b) the semi-helical shape of the octayne axle. 

In the single molecule, the octayne chain gains semi-helical curvature with average C≡C-C(sp) angle 

equal to 177 ± 1.9 .The BLA in rotaxane 2cM1 is 0.144 ± 0.01 Å. It is expected to have reduced BLA 

values when the polyyne chain gets longer,
45

 however, this is not a case for rotaxanes when hexayne 

2bM1 and octayne 2cM1 rotaxanes are compared. The similar BLA values are probably the result of 

additional packing effects due to mechanical insulation by the macrocyclic phenanthroline. It is worth 

mentioning that similar to hexayne rotaxanes, the two supertrityl groups at the ends of the octayne chain 

are in staggered conformation, and the torsion angle between CAr groups of supertrityl moiety in anti 

conformation is 179.7 ± 0.2  (Table 2.3). 

2.10 Conclusion  

In conclusion, we have demonstrated that polyyne rotaxanes, up to C24, can be prepared by active-

metal templating using phenanthroline- and bipyridine-based macrocycles. The utilization of small 

macrocycles in polyyne rotaxane synthesis opens doors for polyynes with smaller caps and different 

functional end-groups to be mechanically insulated. These organic molecules with mechanical bonds can 

be potentially useful as organic semiconductors. For supramolecular chemistry, polyynes are linear, rigid 

interconnectors while polyyne rotaxanes contain a mobile macrocycle. This combination of a rigid axle 

and a mobile macrocycle might be interesting for the molecular design of topologically more complex 

molecules. 

 It seems that C24 rotaxane is the upper limit for long polyynes to be threaded with macrocycle under 

active-metal template Glaser homocoupling conditions. The Glaser homocoupling is one example from the 

arsenal of the preparative methods in the synthesis of polyynes and we were naturally interested to test 
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different synthetic strategies for polyyne rotaxanes. This part of the research will be presented in the next 

chapter. 

2.11 Experimental Part: General Experimental Procedures  

Unless stated otherwise, all reagents and solvents were used as commercially supplied, without further 

purification. Dry THF was obtained by passing through alumina under N2 pressure. Column 

chromatography was carried out using Silica 60A (particle size 35–70 μm, Fisher, UK) as the stationary 

phase. Size-exclusion chromatography was carried out using polystyrene beads (Bio-Beads-S-X3, 

operating range up to 2000 Da and Bio-Beads-S-X1, operating range 10 kDa). Where mixtures of solvents 

were used, ratios reported are by volume. TLC was performed on precoated silica gel plates (0.25 mm 

thick, 60 F254, Merck, Germany) and visualized under UV light (254 nm). NMR spectra were recorded at 

500 MHz using Bruker AVII 500 or at 400 MHz using Bruker DPX 400 instruments at 298 K, unless 

stated otherwise. Chemical shifts are reported in parts per million (ppm) from low to high frequency and 

referenced to the residual solvents resonances.
1
 Coupling constants (J) are reported in hertz (to an 

accuracy of ±0.1 Hz). Standard abbreviations indicating multiplicity were used as follows: s = singlet, d = 

doublet, dd = double doublets, t = triplet, q = quartet, m = multiplet. Melting points (m.p.) were 

determined by placing the sample between a pair of microscope cover glasses on an electrically heated 

metal block. MALDI-TOF mass spectrometry was carried out in positive reflectron mode using, in the 

majority cases, a Micromass MALDI micro MX spectrometer with dithranol (1,8-dihydroxyanthrone) as a 

matrix. Low resolution ESI-MS was carried out on a Micromass LCT platform and high resolution spectra 

were measured on Bruker micro TOF II Focus intrument. IR spectra were measured by Brucker Tensor 27 

spectrometer with ATR accessory. UV-vis spectra were recorded at ambient temperature on a Perkin-

Elmer Lambda 20 or Parkin-Elmer Lambda 25 spectrometers with 1 nm resolution; λ in nm (ε in L·mol
–

1
·cm

–1
). 

2.12 Synthesis  

 

 

1,3,5-Tri-tert-butylbenzene 2.6:
14 

To a mixture of tert-butylchloride (517.6 g, 610 mL, 5.6 mol) and 

benzene (43.8 g, 50.0 mL, 0.56 mol) cooled to –40 °C, AlCl3 (37.12 g, 0.28 mol) was added in small 
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portions and the reaction mixture was slowly warmed to –20 °C and stirred for 2 h while keeping the 

temperature below –10 °C. The reaction was quenched via slow addition of a water/ice-mixture (200 mL) 

at –20 °C. The reaction mixture was warmed to 20 °C and the layers were separated, the organic phase 

washed with NaHCO3(aq) (3 x 100 mL), brine (3 x 100 mL), dried over MgSO4 and filtered. The solvent 

was removed in vacuo and the reaction crude was precipitated from cold CH3OH to yield the product 2.6 

as a white solid (98.0 g, 71 %). Rf = 0.8 (hexanes). 
1
H NMR (400 MHz, CDCl3) δ 7.35 (s, 3H), 1.42 (s, 

27H). 
13

C NMR (100 MHz, CDCl3) δ 149.8, 119.5, 35.0, 31.6.; m.p. 69 °C (lit. 72.5-73 °C). As in lit.
14

 

 

 

1-Bromo-3,5-di-tert-butylbenzene 2.7:
15

 To a solution of 1,3,5-tri-tert-butylbenzene 2.6 (95.0 g, 0.386 

mol) in dry CHCl3 (420 mL) Fe powder (26.13 g, 0.467 mol) was added at 0 °C. A solution of Br2 (129.7 

g, 41.7 mL, 0.811 mol in 20 mL CHCl3) was added over 30 min through a dropping funnel, and the 

mixture was stirred for 4 h at 0 °C. The reaction was quenched via the addition of NaOH(aq) (10 %, 100 

mL). The mixture was warmed to 20 °C, filtered through a filter paper, and the layers were separated. The 

organic phase was washed with saturated Na2SO3(aq) (150 mL), saturated NaHCO3(aq) (150 mL), brine 

(150 mL) and dried over MgSO4. The solvent was removed in vacuo and the crude product purified by 

fractional distillation (75−85 °C at P ≈ 3.0 · 10
-2

 mbar) to yield the product 2.27 as a white solid (87.7 g, 

85%). Rf = 0.85 (hexanes). 
1
H NMR (400 MHz, CDCl3) δ 7.31 (s, 3H), 1.29 (s, 18H). 

13
C NMR (100 

MHz, CDCl3) δ 153.0, 125.7, 122.2, 121.1, 35.0, 31.3. As in lit.
15

 

 

Tris(3,5-di-tert-butylphenyl)methanol 2.8:
4 
To a mixture of activated (stirring overnight in vacuo) Mg 

turnings (2.57 g, 107 mmol) in dry THF (30 mL) a solution of 1-bromo-3,5-di-tert-butylbenzene 2.7 (25 g, 

93 mmol) in THF (30 mL) was slowly added under N2. A small crystal of I2 was added to promote 

Grignard reagent formation at reflux. The reaction was maintained at a gentle reflux 30 min. The reaction 

mixture was cooled to 20 °C, a solution of freshly distilled diethyl carbonate (3.15 g, 3.23 mL, 25.1 mmol) 

in THF (60 mL) was slowly added, and the resulting mixture was stirred at 20 °C for 2 d under N2. Then 
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the reaction mixture was cooled to 0 °C, quenched via the addition of saturated NH4Cl(aq) (100 mL) and 

Et2O (150 mL) was added. The layers were separated, and the organic phase was washed with H2O (100 

mL), brine (100 mL), and dried (MgSO4). The solvent was removed in vacuo and the crude product was 

purified by column chromatography (silica, pentane → pentane/EtOAc 20:1) yielding the product 2.8 

(14.1 g, 94%) as a pale yellow solid. 
1
H NMR (400 MHz, CDCl3) δ 7.28 (t, J = 1.8 Hz, 3H), 7.04 (d, J = 

1.8 Hz, 6H), 2.80 (bs, 1H), 1.23 (s, 54H). 
13

C NMR (100 MHz, CDCl3) δ 149.6, 146.7, 122.6, 120.4, 83.4, 

34.9, 31.5. As in lit.
4
 

 

Tris(3,5-di-tert-butylphenyl)methyl-acetylene 2.10:
16

 To a solution of tris(3,5-di-tert-

butylphenyl)methanol 2.8 (19.6 g, 32.89 mmol) in dry THF (60 mL) at 20 °C was slowly added oxalyl 

chloride (20.69 g, 14.24 mL, 164.4 mmol). The mixture was left under vigorous stirring for 4 h before the 

solvent was removed in vacuo overnight. The light yellow crude product 2.9 was redissolved in minimum 

amount of THF (40 mL). To this solution ethynylmagnesium bromide (0.5 M in THF, 328 mL, 164 mmol) 

was added and the mixture stirred at 20 °C for 3 days under N2. The reaction was cooled to 0 °C, quenched 

via the addition of saturated NH4Cl(aq) (100 mL), and Et2O was added (100 mL). The layers were 

separated, the organic phase was washed with saturated NaCl(aq) (3 x 100 mL), dried (MgSO4), and 

filtered. The solvent was removed in vacuo and the crude product was purified by column chromatography 

(silica, hexanes/CH2Cl2 10:1) to yield the product 2.10 (17.5 g, 88%) as a colourless solid. 
1
H NMR (400 

MHz, CDCl3) δ 7.29 (t, J = 1.8 Hz, 3H), 7.05 (d, J = 1.8 Hz, 6H), 2.65 (s, 1H), 1.25 (s, 54). 
13

C NMR (100 

MHz, CDCl3) δ 149.7, 144.8, 123.8, 119.8, 90.7, 72.0, 56.1, 34.8, 31.4. FTIR: 3306, 3072 (w), 2960, 2902, 

2864, 2124, (w), 2096 (w), 1591 cm
–1

.As in lit.
16

 

 

2.11:
4
A solution of monoyne 2.10 (3.00 g, 4.95 mmol) in THF (150 mL) was degassed, cooled to –78 

°C under a N2 atmosphere, n-BuLi (1.98 mL, 2.5 M in hexanes, 4.95 mmol) was added, and the mixture 

stirred at –78 °C for 10 min. Anhydrous DMF (0.495 mL, 6.44 mmol) was added slowly over 10 min, the 

mixture stirred for 40 min on warming to 20 °C The reaction was quenched by pouring into a mixture of 

ice (200 g) and conc. HCl (1 mL, 10.0 mmol). The pH of the mixture was adjusted to ~7 with saturated 
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NaHCO3(aq) extracted with hexanes (200 mL) and the resulting layers separated. The organic phase was 

washed with H2O (50 mL), brine (50 mL) and dried over MgSO4. The solvent was removed in vacuo and 

the crude product purified by column chromatography (silica gel, CH2Cl2/hexanes 1:20) to remove 

unreacted 2.10 then with CH2Cl2/hexanes (1:2) to yield 2.11 (2.74 g, 87.5%) as a white solid. 
1
H NMR 

(400 MHz, CDCl3) δ 9.36 (s, 1H), 7.28 (t, J = 2 Hz, 3H), 6.93 (d, J = 2Hz, 6H), 1.19 (s, 54H); 
13

C NMR 

(100 MHz, CDCl3) δ 177.0, 150.2, 143.1, 123.7, 120.5, 104.2, 84.2, 56.8, 34.9, 31.3. As in lit.
4
 

 

2.12:
17

 A solution of CBr4 (0.515 g, 1.58 mmol) in CH2Cl2 (10 mL) was transferred through canula to a 

solution of PPh3 (0.827 g, 3.16 mmol) in CH2Cl2 (5 mL) and the resulting mixture stirred at 20 °C under a 

N2 atmosphere for 1 h. A solution of 2.11 (0.50 g, 0.79 mmol) in CH2Cl2 (10 mL) was added and the 

reaction stirred for 30 min. The reaction progress was monitored by TLC (CH2Cl2/hexanes 1:2).The 

mixture was concentrated to a minimum and hexanes were added to precipitate the Ph3PO salt as a white 

solid along with an oily residue. The supernatant was decanted and filtered through a pad of silica plug. 

The oily residue left in the flask was dissolved in minimal CH2Cl2 and hexanes were added. The 

heterogeneous mixture was then decanted and the supernatant filtered through silica plug (this procedure 

was repeated three times). The solvent was removed in vacuo and the product was purified by column 

chromatography (silica, hexanes) to yield 2.12 (535 mg, 87%) as a white solid: Rf = 0.75 (CH2Cl2/hexanes 

1 : 2). 
1
H NMR (400 MHz, CDCl3) δ 7.25 (t, J = 2 Hz, 3H), 6.98 (d, J = 2 Hz, 6H), 6.71 (s, 1H), 1.20 (s, 

54H). 
13

C NMR (100 MHz, CDCl3) δ 149.9, 144.4, 123.9, 120.4, 120.0, 105.2, 100.2, 81.0, 57.3, 34.9, 

31.4. As in lit.
4
 

 

2.1:
4 

A solution of 2.12 (0.20 g, 0.26 mmol) in THF (20 mL) cooled to –78 °C under a N2 atmosphere 

n-BuLi (0.28 mL, 1.0 M in hexanes, 0.28 mmol) was added. The mixture was stirred at –78 °C for 10 min 

and the reaction was warmed to 20 °C, stirred for 10 min, cooled to 0 °C, and quenched with saturated 

NH4Cl(aq) (50 mL). The mixture was extracted with hexanes (100 mL) and the layers separated. The 

organic phase was washed with H2O (50 mL), brine (50 mL), and dried over MgSO4. The solvent was 
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removed in vacuo and the crude product was purified by column chromatography (silica, CH2Cl2/hexanes 

1:10) to yield 2a (145 m g, 90%) as a white solid. 
1
H NMR (400 MHz, CDCl3) δ 7.25 (t, J = 2 Hz, 3H), 

6.93 (d, J = 2 Hz, 6H), 2.10 (s, 1H), 1.20 (s, 54H). 
13

C NMR (100 MHz, CDCl3) δ 149.9, 143.9, 123.8, 

120.1, 83.5, 68.8, 68.0, 66.6, 56.7, 34.8, 31.4.; FTIR 3315, 3067 (w), 2952, 2903, 2866, 2224, 1589 cm
–1

. 

As in lit.
4
 

 

1-(Triisopropylsilyl)-1-propynal 2.13:
18 

To a stirred solution of TIPS-acetylene (2.0 g, 2.45 ml, 11.0 

mmol) in ether (15 mL) at 0 ºC was added n-BuLi (4.8 mL, 2.5 M in hexane, 12.1 mmol) dropwise over 5 

minutes. Then distilled DMF (2.0 mL, 0.032 mmol) was added at –78 ºC. The reaction mixture was 

allowed to warm up slowly to 0 ºC over a period of 2 h. The reaction was quenched at 0 ºC by pouring it 

into a solution of water/ice, HCl (10 %, 15 mL). After stirring one hour, the organic phase was separated 

and the aqueous phase was extracted with ether. The organic layers were combined, dried over MgSO4, 

filtered and concentrated under reduced pressure. The residual oil was purified by column chromatography 

(silica, pentane/Et2O 10:15:1) to afford product 2.13 (2.32 g, 98%) as a light yellow oil. Rf = 0.51 

(hexanes/CH2Cl2 2:1). 
1
H NMR (400 MHz, CDCl3) δ 9.2 (s, 1H), 1.13–1.07 (m, 21H). 

13
C NMR (100 

MHz, CDCl3) δ 176.6, 104.4, 100.8, 18.4, 10.9. As in lit.
18

 

   

2.14:
4
A solution of supertrityl acetylene 2.10 (1.85 g, 3.06 mmol) in THF (100 mL) was cooled to –78 

°C under a N2 atmosphere and n-BuLi (1.24 mL, 2.5 M in hexanes, 3.08 mmol) was added and the reaction 

mixture was stirred 15 min. A solution of 3-TIPS-propargylic aldehyde 2.13 (642 mg, 3.06 mmol) in THF 

(10 mL) was added over 5 min, the resulting mixture warmed to 20 °C and stirred for 1 h. The reaction 

was cooled to 0 °C, quenched with saturated NH4Cl(aq) (50 mL), and the mixture was extracted with Et2O 

(200 mL). The organic phase was washed with saturated NH4Cl(aq) (100 mL), H2O (100 mL), brine (100 

mL), and dried over Mg2SO4. The solvent was removed in vacuo and the crude product purified by column 

chromatography (silica, pentane/EtOAc 100:1) to yield product 2.14 (2.23 g, 90%) as a pale yellow oil that 

solidified upon standing: 
1
H NMR (400 MHz, CDCl3) δ 7.25 (t, J = 2 Hz, 3H), 6.97 (d, J = 2 Hz, 6H), 5.32 
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(d, J = 8 Hz), 2.14 (d, J = 8 Hz), 1.2 (s, 54H), 1.05 (s, 21H). 
13

C NMR (100 MHz, CDCl3) δ 149.8, 144.8, 

123.9, 120.0, 104.6, 91.9, 85.4, 80.9, 56.3, 53.8, 34.9, 31.5, 18.7, 11.2. EIMS m/z 812.5 (M
+
), 756.4 ([M – 

t-Bu + H]
+
), 603.5 ([M – iPr3SiC≡CCO]

+
). FTIR 3075 (w), 2962, 2900, 2869, 2205, 1749, 1530 cm

–1
. As 

in lit.
4
 

 

2.15:
4 

To a solution of 2.14 (2.13 g, 2.62 mmol) in CH2Cl2 (100 mL) celite (2.25 g), molecular sieves 

(2.25 g) and pyridinium chlorochromate (PCC) (1.13 g, 5.24 mmol) were added in this order and the 

reaction mixture was stirred at 20 °C under N2 atmosphere for 20 h. The mixture was passed through a 

silica plug (CH2Cl2) and the solvents were removed in vacuo to yield product 2.15 (2.04 g, 96%) as a 

yellow solid: 
1
H NMR (400 MHz, CDCl3) δ 7.29 (t, J = 2 Hz, 3H), 6.96 (d, J = 2 Hz, 6H), 1.2 (s, 54H), 

1.11-1.06 (m, 21H). 
13

C NMR (100 MHz, CDCl3) δ 160.8, 150.3, 143.3, 123.9, 120.5, 105.4, 100.1, 95.6, 

85.2, 56.9, 35.0, 31.5, 18.6, 11.2. FTIR 3077, 2960, 2904, 2868, 2205, 2152, 1622, 1592 cm
–1

. As in lit.
4 

 

2.16:
4 

A solution of CBr4 (3.15 g, 9.66 mmol) in CH2Cl2 (15 mL) was transferred to the flask of PPh3 

(5.062 g, 19.32 mmol) under N2 atmosphere and the resulting mixture stirred at 20 °C for 1 h. A solution 

of 2.15 (3.92 g, 4.82 mmol) in CH2Cl2 (25 mL) was cannulated to the solution of ylide and the reaction 

mixture was stirred for 20 h. The reaction mixture was concentrated to ca. 10 mL and hexanes were added 

to precipitate the Ph3PO as a white solid along with an oily residue. The supernatant was decanted and 

filtered through a silica plug. The oily residue left in the flask was dissolved in minimal CH2Cl2 and 

hexanes were added. the heterogeneous mixture was then decanted and the supernatant filtered through 

silica plug (this procedure was repeated three times). The solvent was removed in vacuo and the crude 

product was purified by passing through silica plug (EtOAc/hexanes 1:20) to yield 2.16 (4.49 g, 96%) as a 

white solid: Rf = 0.9 (EtOAc/hexanes 1:25). 
1
H NMR (400 MHz, CDCl3) δ 7.23 (t, J = 2 Hz, 3H), 6.99 (d, 

J = 2 Hz, 6H), 1.19 (s, 54H), 1.09–1.05 (m, 21H). 
13

C NMR (100 MHz, CDCl3) δ 149.8, 144.4, 124.0, 

120.0, 115.1, 108.2, 103.6, 102.4, 98.4, 81.1, 57.4, 34.9, 31.6, 18.8, 11.3. As in lit.
4 
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2.17:
4
 To a solution of 2.16 (1.5 g, 0.206 mmol) in hexanes (70 mL) at –78 °C n-BuLi was added (0.99 

mL, 2.5M in hexanes, 0.247 mmol) dropwise under a N2 atmosphere. The reaction mixture was warmed to 

20 °C over 30 min and the reaction was quenched by the addition of saturated NH4Cl(aq) (50 mL). The 

layers were separated and the organic layer dried over MgSO4. The solvent was removed in vacuo and the 

crude product was purified by column chromatography (silica, hexanes) to yield 2.17 (1.5 g, 88%) as a 

white solid: Rf = 0.6 (CH2Cl2/hexanes 1:20). 
1
H NMR (400 MHz, CDCl3) δ 7.25 (t, J = 2 Hz, 3H), 6.91 (d, 

J = 2 Hz, 6H), 1.19 (s, 54H), 1.09-1.06 (m, 21H). 
13

C NMR (100 MHz, CDCl3) δ 150.0, 143.8, 123.7, 

120.2, 90.2, 85.0, 83.6, 69.0, 62.5, 61.6, 57.1, 34.8, 31.4, 18.5, 11.3. FTIR 3070 (w), 2963, 2905, 2868, 

2211, 2173, 2075, 1594 cm
–1

. As in lit.
4
 

 

2.2:
4
 To a solution of 2.17 (1.5 g, 1.86 mmol) in wet THF (40 mL THF and 5 L H2O) was added 

TBAF (2.04 mL, 1.0 M in THF, 2.04 mmol). The solution was stirred at 20 °C for 15 min. The reaction 

was quenched with saturated NH4Cl(aq) (50 mL) and extracted with hexanes (100 mL). The organic phase 

was washed with H2O (50 mL), brine (50 mL), and dried over MgSO4. The solvent was removed in vacuo 

and the crude product purified by slurry washing with Et2O (x2) to yield 2.2 (1.03 g, 86%) as a white 

solid: Rf = 0.46 (CH2Cl2/hexanes 1:10). 
1
H NMR (400 MHz, CDCl3) δ 7.26 (t, J = 2 Hz, 3H), 6.90 (d, J = 2 

Hz, 6H), 2.07 (s, 1H), 1.19 (s, 54H). 
13

C NMR (100 MHz, CDCl3) δ 150.1, 143.6, 123.7, 120.3, 84.8, 68.9, 

68.5, 66.6, 61.6, 61.3, 57.0, 34.8, 31.4. As in lit.
4
 

 

2.19:
5
 To a solution of supertrityl diyne 2.1 (187 mg, 0.297 mmol) and 1-TIPS-6-TMS-hexa-1,3,5-

triyne 2.18 (450 mg, 1.49 mmol) in CH2Cl2 (10 mL), MeOH (10 mL) and 2,6-lutidine (10 mL) was added 

K2CO3 (225 mg, 1.59 mmol) and the mixture stirred for 10 min at 20 °C. To the mixture was added 

Cu(OAc)2H2O (593 mg, 2.97 mmol) and the reaction stirred at 20 °C until it was deemed complete by 

TLC (about2 h). The reaction was quenched with saturated NH4Cl (25 mL) and the resulting mixture 

extracted with hexanes (100 mL). The organic phase was washed with saturated NH4Cl(aq) (25 mL), H2O 
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(2 x 25 mL), brine (25 mL), and dried over MgSO4. The solution was filtered through a plug of silica, the 

solvent removed in vacuo and the crude product purified by column chromatography (silica, hexanes) to 

yield TIPS-pentayne (180 mg, 71%) as a yellow solid. 
1
H NMR (400 MHz, CDCl3) δ 7.26 (t, J = 2 Hz, 

3H), 6.89 (d, J = 2 Hz, 6H), 1.19 (s, 54H), 1.09–1.05 (m, 21H). 
13

C NMR (125 MHz, CDCl3) δ 150.1, 

143.4, 123.7, 120.4, 89.6, 86.1, 86.0, 68.7, 62.86, 62.84, 62.68, 62.22, 62.21, 61.6, 57.3, 34.8, 31.4, 18.5, 

11.3. As in lit.
4 

 

2,9-bis(4-methoxyphenyl)-1,10-phenanthroline 2.22:
11 

The solution of bromoanisole (2.40 mL, 5.55 

g, 29.7 mmol) in dry Et2O (80 mL) was freeze-pump-thaw degassed, then was cooled to -30 °C and t-BuLi 

(1.7 M in pentane, 42 mL, 71.4 mmol) was added by cannula. The reaction was allowed to warm to 20 °C 

and stirred for 1.5 h. The solution was transferred by cannula to a suspension of 1,10-phenanthroline (1.50 

g, 7.57 mmol, dried overnight in vacuo) in dry toluene which had been freeze-pump-thaw degassed. The 

reaction mixture was stirred at 20 °C for 48 h. The reaction was quenched by the addition of of i-PrOH (1 

mL), then MeOH (1 mL) and finally water(10 mL). The organic layer was decanted and the aqueous layer 

extracted with CH2Cl2. To the combined organic layers was added MnO2 (30.0 g, 345 mmol) and the 

resulting suspension stirred for 36 hrs. The suspension was filtered and the filtrate concentrated. 

Recrystallisation of the crude from toluene gave the product 2.22 as a yellow solid (1.64 g, 55 %). 
1
H 

NMR (400 MHz, CDCl3) δ 8.45 (m, 4H), 8.27 (d, J = 8.5 Hz, 2H), 8.09 (d, J = 8.5 Hz, 2H), 7.75 (s, 2H), 

7.13 (m, 4H), 3.93 (s, 6H). As in lit.
11

 

 

2,9-bis(4-hydroxyphenyl)-1,10-phenanthroline 2.20:
11 

Hydrochloric acid (33%, 16.5 mL) and 

pyridine (15 mL) were added to a flask equipped for distillation. Water was distilled from the mixture until 

the internal temperature reached 200 °C. The reaction mixture temperature was lowered to 140 C and 2,9-

bis(4-methoxyphenyl)-1,10-phenanthroline 2.22 (1.5 g, 3.88 mmol) was added. After 3 hrs refluxing under 
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N2 at 190 C the reaction mixture was cooled to room temperature and water (15 mL) was added. The 

bright yellow precipitate was filtered and the crude product was suspended in an ethanol/water mixture 

(4:1, 100 mL), neutralised with NaHCO3(aq) and the yellow-orange precipitate was filtered and dried in 

vacuo to yield the product 2.20 (1.4 g, 99 %) as dark yellow powder. 
1
H NMR (400 MHz, DMSO-d

6
) δ 

10.30 (s, 2H), 8.78 (d, J = 8.7 Hz, 2H), 8.46 (d, J = 8.5 Hz, 2H), 8.35 (d, J= 8.7 Hz, 4H), 8.12 (s, 2H), 7.08 

(d, J = 8.5 Hz, 4H). As in lit.
11

 

 

m-Bis[(4-bromobutyl)oxy]benzene 2.21:
11 

Resorcinol (845 mg, 7.68 mmol), 1,6-dibromohexane (7.15 

mL, 44.5 mmol) and K2CO3 (5.20 g, 37.7 mmol) were dissolved in acetone (300 mL). The reaction 

mixture was refluxed for 72 h and the solvent removed. The crude was passed over a silica gel column 

(PE40/60/CH2Cl2 3:2) affording the product 2.21 (1.6 g, 49%) as a white solid. 
1
H NMR (400 MHz, CDCl3) 

δ 7.16 (t, J = 8.1 Hz, 1H), 6.45-6.5 (m, 3H), 4.12 (t, J = 6.5 Hz, 4H), 3.43 (t, J = 6.4 Hz, 4H), 1.75-1.95 

(m, 8H), 1.49-1.54 (m, 8H). As in lit.
11

 

 

Macrocycle M1:
11 

The mixture of 2,9-bis(4-hydroxyphenyl)-1,10-phenanthroline 

2.20 (400 mg, 1.1 mmol), m-Bis[(6-bromohexyl)oxy]benzene 2.21 (479 mg, 1.10 

mmol) and potassium carbonate (2.00 g, 14.5 mmol) were dissolved in DMSO (200 

mL) and heated at 60 °C for 4 hrs. The solvent was removed in vacuo and the crude 

product was purified by column chromatography (silica, CH2Cl2/hexanes 3:2) 

followed by recrystallization from MeOH/CH2Cl2 to yield macrocycle (370 mg, 49%) 

as a white solid. 
1
H NMR (400 MHz, CDCl3) δ 8.46 (d, J = 8.7 Hz, 4H, Hd), 8.27 (d, J = 8.5 Hz, 2H, Hc), 

8.09 (d, J = 8.5 Hz, 2H, Hb), 7.75 (s, 2H Ha), 7.18 (t, 1H, J = 7.1 Hz, Hh), 7.12 (d, J = 8.7 Hz, 4H, He), 

6.57 (t, J = 2.2 Hz, 1H, Hf), 6.53 (m, 2H, Hg), 4.12 (t, J = 7.0 Hz, 4H, Hj), 4.02 (t, J = 6.04 Hz, 4H, Hi), 

1.84-1.97 (m, 8H, Hk,n), 1.49-1.54 (m, 8H, Hl,m). 
13

C NMR (100 MHz, CDCl3) δ 160.43, 156.26, 145.98, 

136.68, 131.97, 129.82, 128.92, 127.43, 125.51, 119.11, 114.76, 106.87, 101.08, 68.06, 67.75, 29.49, 

29.22, 29.07, 25.97, 25.91. m/z (MALDI TOF MS
+
) 638.10, (C42H42N2O4); [M]

+
, requires 638.32. As in 

lit.
11  
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2aM1: To a solution of macrocycle M1 (10.2 mg, 

0.016 mmol) in CH2Cl2 (1.0 mL) a solution of CuI (3.1 

mg, 0.016 mmol) in CH3CN (1.0 mL) was added and the 

mixture was stirred at 20 °C for 1.5 h. The mixture was 

then dried under vacuum and re-dissolved in dry THF 

(1.0 mL) (macrocycle-Cu complex solution). 2.1 (25.0 

mg, 0.040 mmol) was dissolved in THF (1.0 mL) in a 

dry Schlenk tube and iodine (4.1 mg, 0.016 mmol), potassium carbonate (9.0 mg, 0.15 mmol) and the THF 

solution of macrocycle-Cu complex were added. The reaction mixture was flushed with nitrogen and 

stirred in dark at 60 °C for 24 h. The progress of reaction was monitored by TLC (PE 40/60 : EtOAc = 6 : 

1). After stirring for 24 h. iodine (2.0 mg, 8 mol) and potassium carbonate (9.0 mg, 65 mol) of were 

added and the mixture stirred additionally for 24 h. Then the reaction mixture was cooled to 20 °C; 

CH3CN (1.5 mL), CH2Cl2 (2.0 mL) and the aqueous solution of potassium cyanide (10.0 mg, 0.15 mmol in 

1.0 mL of water) were added and the mixture stirred at 20 °C for 6 h. The mixture was diluted with 

CH2Cl2 (4.0 mL), the organic fraction was separated and washed with water (3×5.0 mL) after which 

solvents were removed. The column chromatography of the crude mixture (silica, PE40/60/EtOAc 30 : 1) 

followed by recrystallization from CH2Cl2/MeOH afforded the product 2aM1 as a white solid (10.1 mg, 

34%). 
1
H NMR (500 MHz, CD2Cl2) δ 8.51 (d, J = 8.8 Hz, 4H, Hd), 8.31 (d, J = 8.4 Hz, 2H, Hc), 8.14 (d, J 

= 8.4 Hz, 2H, Hb), 7.79 (s, 2H, Ha), 7.23 (t, J = 1.6 Hz, 6H, H1), 7.19 (d, J = 8.8 Hz, 4H, He), 7.0 (t, J = 8.2 

Hz, 1H, Hh), 6.92 (d, J = 1.8 Hz, 12H, H2), 6.61 (t, J = 2.2 Hz, 1H, Hf), 6.43 (dd, J1 = 8.2 Hz, J2 = 2.2 Hz, 

2H, Hg), 4.14 (t, J = 7.5 Hz, 4H, Hi), 4.11 (t, J = 6.9 Hz, 4H, Hj), 1.90 (m, 8H, Hk,l), 1.81 (m, 4H, Hm/n) 

1.59 (m, 4H, Hm/n), 1.10 (s, 108H, H3). 
13

C NMR (125 MHz, CD2Cl2) δ 161.0, 160.9, 156.2, 150.6, 146.5, 

143.8, 136.7, 132.0, 129.7, 129.2, 127.7, 125.7, 123.9, 120.8, 119.0, 115.2, 108.2, 99.5, 85.6, 69.6, 68.4, 

68.0, 63.3, 62.9, 57.7, 35.0, 31.4, 30.0, 29.6, 26.2, 26.1. m/z (MALDI TOF MS+) 1891.94, (C136H168N2O4); 

[M]
+
 requires 1893.25. UV-vis (CH2Cl2) λ / nm (ε / M

–1
 cm

–1
), 273 (152000), 295 (4.41), 260 (164000); 

UV-vis (THF) λ / nm (ε / M
–1

 cm
–1

) 274 (153000), 259 (162000); m.p. 222–225 °C. 
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2bM1: To a solution of macrocycle M1 (19.4 mg, 30 

mol) in CH2Cl2 (2.0 mL) a solution of CuI (5.8 mg, 30 

mol) in CH3CN (1.0 mL) was added and the mixture 

stirred at 20 °C for 1.5 h. The mixture was then dried under 

vacuum and re-dissolved in dry THF (1.0 mL) (macrocycle-

Cu complex solution). 2.2 (50.0 mg, 0.077 mmol) was 

dissolved in THF (2.0 mL) in a dry Schlenk tube and iodine (9.8 mg, 38 mol), potassium carbonate (21.2 

mg, 0.15 mmol) and the THF solution of macrocycle-Cu complex were added. The mixture was flushed 

with nitrogen gas and stirred in dark at 60 
o
C for 24 h. The progress of reaction was monitored by TLC 

(PE40/60/EtOAc 6 : 1). Then the reaction mixture was cooled to 20 °C; CH3CN (3.0 mL), CH2Cl2 (3.0 mL) 

and an aqueous solution of potassium cyanide (20.0 mg, 0.256 mmol in 1.0 mL water) were added and the 

mixture stirred at 20 °C for 6 h. The mixture was then diluted with CH2Cl2 (4.0 mL), the organic fraction 

separated and washed with water (3×5.0 mL) followed by removal of the solvents. The column 

chromatography of the crude (silica, PE40/60/EtOAc 30 : 1) followed by recrystallization from 

CH2Cl2/MeOH afforded a product 2bM1 as a bright yellow solid (19.0 mg, 32%). 
1
H NMR (500 MHz, 

CD2Cl2) δ 8.43 (d, J = 8.9 Hz, 4H, Hd), 8.28 (d, J = 8.5 Hz, 2H, Hb), 8.10 (d, J = 8.5 Hz, 2H, Hc), 7.76 (s, 

2H, Ha), 7.25 (t, J = 1.6 Hz, 6H, H1), 7.13 (d, J = 8.8 Hz, 4H, He), 7.05 (t, J = 8.1 Hz, 1H, Hh), 6.89 (d, J = 

1.6 Hz, 12 H, H2), 6.55 (t, J = 2.2 Hz, 1H, Hf), 6.45 (dd, J1 = 8.2 Hz, J2 = 2.2 Hz, 2H, Hg), 4.12 (t, J = 7.2 

Hz, 4H, Hj), 4.00 (t, J = 6.3 Hz, 4H, Hi), 1.90–1.83 (m, 8H, Hk,l), 1.60 (m, 8H, Hm,n) 1.13 (s, 108 H, H3). 

13
C NMR (125 MHz, CD2Cl2) δ 161.0, 160.0, 156.4, 150.7, 146.5, 143.6, 136.9, 132.1, 129.9, 129.2, 

127.8, 125.8, 123.9, 121.0, 119.3, 115.2, 107.7, 100.4, 86.5, 69.4, 68.5, 68.0, 63.5, 63.4, 63.0, 62.9, 57.7, 

35.1, 31.4, 29.9, 29.5, 26.3, 26.2. m/z (MALDI TOF MS+) 1946.3, (C140H168N2O4); [M]
+
 requires 1941.3; 

UV-vis (CH2Cl2) λ / nm (ε / M
–1

 cm
–1

) 317 (255000), 297 (218000), 280 (154000); UV-vis (THF) λ / nm (ε 

/ M
–1

 cm
–1

) 317 (246000), 297 (206000), 282 (154000); m.p. 217–219 °C. 
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2cM1: A solution of CuI (5.72 mg, 0.0295 

mmol) in MeCN (dry, 2 mL) was added to a solution 

of the macrocycle M1 (18.8 mg, 0.0295 mmol) in 

CH2Cl2 (dry, 5 mL) and the mixture was stirred at 

room temperature for 1 h. The solvent was removed 

in vacuo and the formed Cu complex dissolved in dry 

THF (5 mL). Tetrayne 2.3 (50 mg, 0.074 mmol) was dissolved in THF (4 mL) in a Schlenk tube, iodine 

(7.6 mg, 0.030 mmol), potassium carbonate (16.6 mg, 0.120 mmol) and the solution of the Cu-complex in 

THF were added. The mixture was stirred at 60 °C in the dark for 40 h. The reaction mixture was cooled 

to room temperature. MeCN (3 mL), CH2Cl2 (4 mL) and an aqueous KCN solution (30.0 mg, 0.450 mmol, 

in 3 mL H2O) were added and the mixture was stirred at room temperature for 6 h. CH2Cl2 (25 mL) was 

added, the organic layer was separated and washed with water (3 × 10 mL). The organic phase was dried 

(MgSO4) and the solvent removed in vacuo. The crude product was purified by column chromatography 

(silica, hexanes/EtOAc 30:1 → 20:1) to yield 2cM1 as a beige solid (14 mg, 19%). Rf = 0.29 

(hexanes/EtOAc 6:1). 
1
H NMR (400 MHz, CD2Cl2) δ 8.44 (d, J = 8.8 Hz, 4H, Hd), 8.27 (d, J = 8.5 Hz, 2H, 

Hb), 8.09 (d, J = 8.5 Hz, 2H, Hc), 7.75 (s, 2H, Ha), 7.29 (t, J = 1.7 Hz, 6H, H1), 7.19–7.01 (m, 5H, He,h), 

6.53 (t, J = 2.2 Hz, 1H, Hf), 6.46 (dd, J1 = 8.2 Hz, J2 = 2.3 Hz, 2H, Hg), 4.13 (t, J = 7.0 Hz, 4H, Hj), 4.00 

(t, J = 6.4 Hz, 4H, Hi), 1.99–1.78 (m, 8H, Hk,l), 1.69–1.56 (m, 8H, Hm,n), 1.18 (s, 108H, H3). 
13

C NMR 

(100 MHz, CD2Cl2) δ 161.18, 161.16, 156.5, 151.0, 146.7, 143.7, 137.1, 132.4, 130.2, 129.4, 128.0, 126.0, 

124.1, 121.3, 119.4, 115.4, 107.7, 101.0, 87.2, 69.5, 68.7, 68.4, 64.2, 63.9, 63.7, 63.2, 63.0, 62.7, 58.0, 

35.3, 31.6, 30.2, 29.7, 26.5, 26.5. ESI HRMS (MeCN/CHCl3) calcd. for C144H169N2O4 ([M+H]
+
) 

1990.30769, found 1990.30557.  
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2dM1: To a solution of macrocycle M1 (9.1 mg, 

14 mol) in CH2Cl2 (2.0 mL) a solution of CuI (2.7 

mg, 14 mol) in CH3CN (1.0 mL) was added and the 

mixture stirred at 20 °C for 1.5 h. The mixture was 

then dried under vacuum and re-dissolved in dry THF 

(2.0 mL) (macrocycle-Cu complex solution). A fresh 

sample of 2d was prepared by deprotection by TBAF in THF and by passing it through short column 

(silica, hexanes/CH2Cl2 5 :1). Freshly purified pentayne 2.4 (25.3 mg, 35 mol) was dissolved in dry THF 

(4.0 mL) in a dry Schlenk tube, iodine (5.3 mg, 20 mol), potassium carbonate (19.9 mg, 140 mol) and 

THF solution of macrocycle-Cu complex were added. The reaction mixture was flushed with nitrogen gas 

and stirred in dark at 60 °C for 36 h. The progress of reaction was monitored by TLC (PE40/60/EtOAc 6 : 

1). The reaction was stirred for 36 h and then cooled to 20 °C, after which CH3CN (1.0 mL), CH2Cl2 (2.0 

mL) and an aqueous solution of potassium cyanide (10.0 mg, 0.15 mmol in 1.0 mL water) were added and 

the mixture stirred at 20 °C for additional 5 h. The mixture was diluted with CH2Cl2 (4.0 mL), the organic 

fraction separated and washed with water (3×5.0 mL) after which solvents were removed. The residue was 

purified by column chromatography (silica, PE40/60/EtOAc 30:1) and further purified using size-exclusion 

column (on Biobeads-S-X3) in THF to afford a product 2dM1 as a yellow solid (4.5 mg, 15 %). 
1
H 

NMR (500 MHz, CD2Cl2)  8.45 (d, J = 8.7 Hz, 4H, Hd), 8.29 (d, J = 8.5 Hz, 2H, Hb), 8.11 (d, J = 8.5 Hz, 

2H, Hc), 7.76 (s, 2H, Ha), 7.29 (t, J = 1.7, 6H, H1), 7.13–7.08 (m, 5H, He,h), 6.92 (d, J = 1.7, 12 H, H2), 

6.52 (t, J = 2.2, 1H, Hf), 6.47 (dd, J1 = 8.2 Hz, J2 = 2.3 Hz, 2H, Hg), 4.12 (t, J = 7.0 Hz, 4H, Hi), 3.99 (t, J 

= 6.49, 4H, Hj), 1.92–1.85 (m, 8H, Hk,l), 1.61 (m, 8H, Hm,n) 1.18 (s, 108 H, H3). 
13

C NMR (125 MHz, 

CD2Cl2)  161.0, 156.2, 150.9, 146.6, 143.7, 137.1, 132.4, 130.2, 129.4, 128.0, 126.1, 124.1, 121.3, 119.4, 

115.3, 107.6, 101.1, 87.3, 69.4, 68.7, 68.3, 64.4, 64.1, 64.0, 63.7, 63.3, 62.9, 62.8, 62.4, 58.0, 35.3, 31.6, 

30.3, 29.7, 26.5; m/z (MALDI TOF MS+) 2041.91, (C148H168N2O4); [M]
+
 requires 2039.31; UV-vis 

(CH2Cl2) λ / nm (ε / M
–1

 cm
–1

) 384 (245000) 358 (229000), 337 (143000), 319 (108000), 287 (86000); 

UV-vis (THF) λ / nm (ε / M
–1

 cm
–1

) 383 (268000) 358 (249000), 336 (154000), 318 (119000), 287 

(101000). M.p. 214–216 °C. 
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2eM1: To a solution of CuI (5.1 mg, 27 µmol) in 

MeCN (1 mL) was added a solution of the macrocycle 

M1 (17 mg, 27 µmol) in CH2Cl2 (1 mL). The mixture 

was stirred for 1.5 h at 20 °C and the solvent was 

removed in vacuo to give the macrocycle-Cu complex. 

The complex was redissolved in THF (2 mL) and 

added to a mixture of the freshly prepared hexayne 2.5 

(49 mg, 67 µmol), K2CO3 (14 mg, 0.10 mmol) and I2 (6.8 mg, 27 µmol) in THF (2 mL). The reaction 

mixture was then flushed with N2 and stirred at 60 °C in the dark for 2 d. CH2Cl2 (2 mL), MeCN (2 mL), 

and KCN (20 mg, 30 mmol in 1 mL H2O) were added, and the mixture was stirred at 20 °C for 3 h. 

CH2Cl2 (10 mL) was added, the organic phase separated, washed with H2O (3 x 10 mL), and the solvent 

removed in vacuo. Column chromatography (silica, hexanes/EtOAc 20:1) followed by size exclusion 

chromatography (Bio Beads SX-3, CHCl3) afforded the product as a yellow-orange solid (6.2 mg, 11%). 

1
H NMR (500 MHz, CD2Cl2) δ 8.44 (d, J = 8.8, Hz, 4H, Hd), 8.28 (d, J = 8.4 Hz, 2H, Hb), 8.10 (d, J = 8.4 

Hz, 2H, Hc), 7.76 (s, 2H, Ha), 7.30 (t, J = 1.6 Hz, 6H, H1), 7.12-7.09 (m, 5H, He,h), 6.92 (d, J = 1.6 Hz, 

12H, H2), 6.51 (t, J = 2.2 Hz, 1H, Hf), 6.46 (dd, J1 = 8.1 Hz, J2 = 2.3 Hz, 2H, Hg), 4.12 (t, J = 6.9 Hz, 4H, 

Hj), 3.99 (t, J = 6.3 Hz, 4H, Hi), 1.93-1.83 (m, 8H, Hk,l), 1.61 (m, 8H, Hm,n), 1.19 (s, 108H, H3): 
13

C NMR 

(125 MHz, CD2Cl2)  160.9, 156.2, 150.9, 146.5, 143.5, 136.9, 132.2, 130.0, 129.2, 127.9, 125.9, 123.9, 

121.1, 119.2, 115.1, 107.4, 100.9, 87.4, 69.2, 68.5, 68.1, 64.3, 64.0 (two signal is overlapped), 63.8, 63.5, 

63.2, 62.9, 62.7, 62.5, 62.2, 57.8, 35.1, 31.5, 29.9, 29.5, 26.3, 26.3; m/z (MALDI TOF MS+) 2087.03, 

(C152H168N2O4); [M + H]
+
 requires 2087.30; UV-vis (CH2Cl2) λmax / nm (ε / M

–1
 cm

–1
) 407 (296500), 380 

(285000), 359 (212000), 337 (127000) 320 (84300) 289 (96600) 279 (75700) 267 (59800) 254 (47600); 

UV-vis (THF) λmax / nm (ε / M
–1

 cm
–1

) 407 (291700), 380 (273000), 356 (205000), 336 (119000) 319 

(80100) 288 (94800) 279 (79400) 267 (61200) 255 (48000); M.p.  370 °C. 

 

m-Bis[(6-bromohexyl)oxy]benzene 2.23: The compound was synthesized similarly to 2.21.
 
Resorcinol 

(300 mg, 2.72 mmol), 1,4-dibromobutane (2.60 mL, 4.68 g, 21.6 mmol) and K2CO3 (19 g, 13.7 mmol) 

were dissolved in acetone (100 mL). The reaction mixture was refluxed for 3 d and the solvent was 
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removed. The crude was passed over a silica column (PE40/60/CH2Cl2 2:3) affording the product 2.23 (710 

mg, 68%) as a white solid. 
1
H NMR (400 MHz, CDCl3) δ 7.16 (t, J = 8.2, 1H), 6.49 (dd, J1 = 2.4 Hz, J2 = 

5.8 Hz, 2H), 6.44 (t, J = 2.4 Hz), 3.97 (t, J = 6.1 Hz, 4H), 3.49 (t, J = 6.6, 4H,), 2.10– 2.02 (m, 4H), 1.97–

1.90 (m, 4H). 

 

Macrocycle M2: This compound is synthesized similarly to the M1 macrocycle. To 

a solution of 2,9-bis(hydroxyphenyl)-1,10 phenanthroline 2.20 (200mg, 0.549 mmol) 

and 1,3-bis(bromobutyloxy)benzene 2.23 (208 mg, 0.549 mmol) in anhydrous DMSO 

(100 mL), potassium carbonate (1.50 g, 10.86 mmol) was added and the reaction 

mixture was stirred 5 h at 60 °C, under nitrogen. The reaction mixture was cooled and 

solvent was removed under vacuo. The crude mixture was washed with a large excess of water and 

filtered, then the product was purified by column chromatography (silica gel, THF/CH2Cl2 10:1), then by 

using size-exclusion column (on Biobeads-S-X3) in THF to remove larger macrocyclic molecules. The 

final recrytsallization from CH2Cl2/hexane afforded the product M2 as a white solid (110 mg, 34.4 %).
1
H 

NMR (400 MHz, CD2Cl2) δ 8.34 (d, J = 8.9 Hz, 4H, Hd), 8.29 (d, J = 8.4 Hz, 2H, Hb), 8.07 (d, J = 8.4 Hz, 

2H, Hc), 7.77 (s, 2H, Ha), 7.18-7.13 (m, 5H, Hh,e), 6.58 (t, J = 2.4 Hz, 1H, Hf), 6.52 (dd, J1 = 8.2 Hz, J2 = 

2.4 Hz, 2H, Hg) 4.28 (t, J = 7.2 Hz, 4H, Hi), 4.06 (t, J = 5.9 Hz, 4H, Hj), 2.08 (m, 4H, Hl), 1.98 (m, 4H, 

Hk): 
13

C NMR (100 MHz, CD2Cl2) δ 160.8, 160.5, 156.5, 146.4, 137.0, 132.7, 130.2, 129.3, 127.8, 125.9, 

119.6, 115.6, 106.8, 102.3, 68.6, 68.4, 27.0, 26.3. (MALDI TOF MS+) 583.33, (C38H34N2O4); [M]
+
 

requires 583.26. 

 

Macrocycle M3. This compound is synthesized similarly to the M1 macrocycle. 

To a solution of 2,9-bis(hydroxyphenyl)-1,10-phenanthroline 2.20 (300 mg, 0.82 

mmol) and 1,10-dibromodecane (245 mg, 0.82 mmol) in anhydrous DMF (300 

mL), potassium carbonate (3.0 g, 21.7 mmol) was added and the reaction mixture 

was stirred 2 d at 75 °C, under nitrogen. The reaction mixture was cooled and 

solvent was removed. The crude mixture was washed with a large excess of water and filtered, then 

column chromatography (silica gel, CH2Cl2, gradually EtOAc 0–15%) and recrystallized from 

CH2Cl2/methanol to afford the product M3 as a white solid (119 mg, 28.8%). 
1
H NMR (500 MHz, CD2Cl2) 
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δ 8.36 (d, J = 8.8, Hz, 4H, Hd), 8.29 (d, J = 8.2 Hz, 2H, Hb), 8.07 (d, J = 8.5 Hz, 2H, Hc), 7.77 (s, 2H, Ha), 

7.11 (d, J = 8.8 Hz, 4H, He), 4.25 (t, J = 8.2 Hz, 4H, Hf), 1.81 (m, 4H, Hg), 1.42-1.40 (m, 12H, Hh,j,k): 
13

C 

NMR (125 MHz, CD2Cl2) δ 159.9, 156.5, 146.4, 137.0, 132.5, 129.4, 127.8, 125.9, 119.5, 115.9, 68.3, 

29.7, 29.4, 28.1, 25.6. (MALDI TOF MS+) (calc. for M+H
+
) 504.76, (C34H35N2O2

+
); [M+H

+
] requires 

503.26.  

 

2.24:
53

 A mixture of p-tolyl ether (1.50 g, 7.65 mmol), NBS (2.79 g, 15.6 mmol) and AIBN (120 mg) in 

CCl4 (50 mL) stirred under reflux overnight. The reaction mixture was cooled to 0 C, filtered and washed 

with water. The organic layer was collected and solvent was removed. Recrystallization from hexane 

afforded the product 2.24 (1.2 g, 44 %) as a white solid. 
1
H NMR (400 MHz, CDCl3) δ 7.37 (d, J = 8.53 

Hz, 4H), 6.97 (d, J = 8.53 Hz, 4H), 4.50 (s, 4H). As in lit.
50 

 

M4: This compound is synthesized similarly to the M1 macrocycle. A mixture 

of di(p-benzylbromide) ether 2.24 (61 mg, 0.17 mmol) and 2,9-

bis(hydroxyphenyl)-1,10-phenanthroline 2.20 (63 mg, 0.17 mmol) were dissolved 

in dry DMF (70 mL), potassium carbonate (0.80 g, 5.8 mmol) was added and the 

reaction mixture was stirred at 75 C under nitrogen. After 2 d stirring, the reaction 

mixture was cooled and solvent was removed. The crude mixture was suspended in excess water and 

filtered. Column chromatography (silica, CH2Cl2/EtOAc 30:1) afforded product M4 as a slightly yellow 

solid (48 mg, 50%). 
1
H NMR (400 MHz, CD2Cl2) δ 8.29 (d, J = 8.3 Hz, 2H, Hc), 7.94 (d, J = 8.3 Hz, 2H, 

Hb), 7.89 (d, J = 8.8 Hz, 4H, Hd), 7.79 (s, 2H, Ha), 7.28 (d, J = 8.6 Hz, 4H, Hg), 7.10 (d, J = 8.6 Hz, 4H, 

Hh), 6.97 (d, J = 8.8 Hz, 4H, He), 5.34 (s, 4H, Hf). 
13

C NMR (100 MHz, CD2Cl2) δ 159.6, 158.2, 146.7, 

136.9, 134.5, 133.2, 129.7, 128.2, 127.8, 126.1, 121.1, 121.0, 117.2, 70.8, 50.6. ESI HRMS 

(toluene/MeCN) calc. for C38H27N2O3)(M + H
+
) 559.20162, found 559.2019. 
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2bM2:To a solution of CuI (6.7 mg, 35 µmol) in 

MeCN (1 mL) was added a solution of the macrocycle 

M2 (20.5 mg, 35 µmol) in CH2Cl2 (1 mL). The mixture 

was stirred for 1.5 h at 20 °C and the solvent was 

removed in vacuo to give the macrocycle-Cu complex. 

The complex was redissolved in THF (2 mL) and added to a mixture of the triyne 2.2 (57 mg, 88 µmol), 

K2CO3 (13 mg, 0.17 mmol) and I2 (9 mg, 35 µmol) in THF (2 mL). The reaction mixture was then flushed 

with N2 and stirred at 60 °C for 2 d. CH2Cl2 (2 mL), MeCN (2 mL), and KCN (20 mg, 30 mmol in 1 mL 

H2O) were added, and the mixture was stirred at 20 °C for 3 h. CH2Cl2 (10 mL) was added, the organic 

phase separated, washed with H2O (3 x 10 mL), and the solvent removed in vacuo. Column 

chromatography (silica, PE40/60/EtOAc 30:1 to 20:1) followed afforded the product 2bM2 as a yellow 

solid (19.6 mg, 28%). 
1
H NMR (400 MHz, CD2Cl2) δ 8.44 (d, J = 8.8, Hz, 4H, Hd), 8.28 (d, J = 8.4 Hz, 

2H, Hb), 8.10 (d, J = 8.4 Hz, 2H, Hc), 7.76 (s, 2H, Ha), 7.30 (t, J = 1.6 Hz, 6H, H1), 7.12-7.09 (m, 5H, 

He,h), 6.92 (d, J = 1.6 Hz, 12H, H2), 6.51 (t, J = 2.2 Hz, 1H, Hf), 6.46 (dd, J1 = 8.1 Hz, J2 = 2.3 Hz, 2H, 

Hg), 4.12 (t, J = 6.9 Hz, 4H, Hj), 3.99 (t, J = 6.3 Hz, 4H, Hi), 1.93-1.83 (m, 8H, Hk,l), 1.61 (m, 8H, Hm,n), 

1.19 (s, 108H, H3): 
13

C NMR (500 MHz, CD2Cl2) δ 160.5, 160.3, 156.1, 150.4, 146.2, 143.2, 136.5, 

132.3,129.7, 128.9, 127.4, 125.5, 123.5, 120.7, 119.0, 115.2, 107.4, 102.0, 86.3, 69.0, 68.3, 67.8, 63.6, 

63.4, 62.9, 62.7, 57.4, 34.7, 31.1, 26.4, 26.0; m/z (MALDI TOF MS+) 1887.07, (C152H168N2O4); [M]
+
 

requires 1886.24; UV-vis (CH2Cl2) λmax / nm (ε / M
–1

 cm
–1

) 318 (234000), 298 (195000), 282 (144000); 

UV-vis (THF) λmax / nm (ε / M
–1

 cm
–1

) 317 (267900), 297 (220000), 281 (163000);  

 

2bM3: To a solution of macrocycle M3 (18.5 mg, 37 

mol) in CH2Cl2 (1.5 mL) a solution of CuI (7 mg, 37 mol) 

in CH3CN (1.0 mL) was added and the mixture stirred at 20 

°C for 1.5 h. The mixture was then dried in vacuo and 

redissolved in dry THF (5.0 mL) (macrocycle-Cu complex solution). Triyne 2.2 (60.0 mg, 0.092 mmol) 

was dissolved in THF (2.0 mL) in a dry Schlenk tube and iodine (11.8 mg, 115 mol), K2CO3 (21.0 mg, 

0.15 mmol) and the THF solution of macrocycle·Cu(I) complex were added. The reaction mixture was 
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flushed with nitrogen gas and stirred in dark at 60 °C for 24 h. The progress of reaction was monitored by 

TLC (PE40/60/DCM 1 : 1). After stirring for 24 h, iodine (2.5 mg, 10 mol) and K2CO3 (6.0 mg, 43 mol) 

were added and the mixture stirred additionally for 24 h. Then the reaction mixture was cooled to 20 °C; 

CH3CN (1.5 mL), CH2Cl2 (1.5 mL) and KCN (13.0 mg, 0.2 mmol in 1.0 mL H2O) were added and the 

mixture stirred at 20 °C for 6 h. Mixture was diluted with CH2Cl2 (5.0 mL), the organic fraction was 

separated, washed with water and solvents were removed. The column chromatography of the crude 

mixture (silica, PE40/60/DCM 1 : 1, gradually adding EtOAc 0 – 15%) afforded a product 2bM3 as a 

yellow solid (11.7 mg, 17%).
1
H NMR (500 MHz, CD2Cl2) δ 8.36 (d, J = 8.9, 4H, Hd), 8.26 (d, J = 8.4, 2H, 

Hc), 8.03 (d, J = 8.36, 2H, Hb), 7.76 (s, 2H, Ha), 7.25 (t, J = 1.7, 6H, H1), 7.13 (d, J = 8.9, 4H, He), 6.87 (d, 

J = 1.7, 12H, H2), 4.20 (t, J = 1.0, 4H, Hf), 1.85 (m, 8H, Hk,l), 1.81 (m, 4H, Hg) 1.44-1.1.3(m, 12H, Hi/h), 

1.14 (s, 108H, H3). 
1
H NMR (500 MHz, CD2Cl2) δ 159.7, 156.9, 146.8, 143.6, 136.7, 132.9, 129.6, 127.8, 

125.8, 123.9, 121.0, 119.5, 86.7, 69.3, 68.7, 64.3, 63.8, 63.8, 63.4, 57.7, 35.1, 31.4, 30.1, 29.6, 29.4, 28.8, 

26.1: (MALDI TOF MS+) 1808.60, (C132H160N2O2); [M]+ requires 1807.28. UV-vis (CH2Cl2) λ / nm (ε / 

M 
–1

 cm
–1

), 317 (234500), 298(164000), 282 (118000), 267 (66500), UV-vis (THF) λ / nm (ε / M
–1

cm
–1

) 

316 (180000), 297 (139000); 280 (81000), 248 (30000). 

 

2bM4: To a solution of CuI (5.9 mg, 30 µmol) in 

MeCN (1 mL) was added a solution of the macrocycle 

M4 (17.1 mg, 30 µmol) in CH2Cl2. The mixture was 

stirred for 2.5 h at 20 °C and the solvent was removed in 

vacuo to give the macrocycle·Cu(I) complex. The 

complex was redissolved in THF (2 mL) and added to a mixture of the triyne 2.2 (50 mg, 76 µmol), 

K2CO3 (17 mg, 123 µmol) and I2 (8.6 mg, 33 µmol) in THF (2 mL). The reaction mixture was then flushed 

with N2 and stirred at 60 °C in the dark. After 3 d, the mixture was cooled to 20 °C, CH2Cl2 (2 mL), 

MeCN (2 mL), and KCN (20 mg in 1 mL H2O) were added and the solution was stirred for 6 h at 20 °C. 

CH2Cl2 (3 mL) was added, the organic phase was separated and washed with H2O (3 × 5 mL). After the 

solvent was removed in vacuo, the crude mixture was purified by column chromatography (silica gel, 

hexanes/EtOAC = 20 : 1) followed by recrystallization (CH2Cl2/MeOH) afforded the product 2bM4 as a 
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yellow-greenish solid (16.2 mg, 23%). 
1
H NMR (400 MHz, CD2Cl2) δ 8.23 (d, J = 8.3 Hz, 2H, Hc), 7.89-

7.85 (m, 6H, Hb,d), 7.75 (s, 2H, Ha), 7.29-77.27 (m, 10H, H1,g), 7.19 (d, J = 8.6 Hz, 4H, Hh), 6.92 (d, J = 

1.8 Hz, 12H, H2), 6.89 (J = 8.8 Hz, 4H, He), 5.27 (s, 4H, Hf), 1.17 (s, 108H, H3): 
13

C NMR (100 MHz, 

CD2Cl2)  159.5, 158.4, 158.2, 150.7, 146.9, 143.8, 136.4, 134.4, 134.3, 130.0, 127.7, 127.6, 125.9, 123.9, 

122.2, 121.0, 120.8, 116.3, 85.8, 70.4, 69.4, 63.9, 63.6, 63.6, 62.6, 56.6, 35.1, 31.5. (MALDI TOF MS+) 

1863.50, (C136H152N2O3); [M]
+
 requires 1862.18. UV-vis (CH2Cl2) λmax / nm (ε / M 

–1
 cm

–1
 ), 317 (211000), 

297(161000), 281 (115000), 267 (61000), 241 (43000); UV-vis (THF) λmax / nm (ε / M
–1

cm
–1

) 316 

(233800), 297 (179000); 281 (120000), 267 (70000); m.p. 143-145 °C. 

 

2bM5: To a solution of macrocycle M5 (10.3 mg, 21 

mol) in CH2Cl2 (1.0 mL) a solution of CuI (4.1 mg, 21 

mol) in CH3CN (1.0 mL) was added and the mixture was 

stirred at 20 °C for 1.5 h. The mixture was then dried 

under vacuum and re-dissolved in dry THF (2.0 mL) (macrocycle-Cu complex solution). The triyne 2b 

(34.9 mg, 54 mol) was dissolved in THF (2.0 mL) in a dry Schlenk tube and iodine (5.5 mg, 21 mol), 

potassium carbonate (12.0 mg, 86 mol) and the THF solution of macrocycle·Cu(I) complex were added. 

The reaction mixture was flushed with nitrogen gas and stirred in dark at 60 °C for 24 h. The progress of 

reaction was monitored by TLC (PE40/60 /EtOAc 6 : 1). After stirring for 24 h. iodine (5.0 mg, 19 mol) 

and K2CO3 (12.0 mg, 86 mol) were added and the mixture stirred additionally for 24 h. Then the reaction 

mixture was cooled to 20 °C; CH3CN (1.5 mL), CH2Cl2 (2.0 mL) and the aqueous solution of potassium 

cyanide (20.0 mg, 0.31 mmol in 1.0 mL H2O) were added and the mixture stirred at 20 °C for 6 h. Mixture 

was diluted with CH2Cl2 (2.0 mL), the organic fraction was separated and washed with water (3 × 5.0 mL) 

and solvents were removed in vacuo. The column chromatography of the crude (silica, PE40/60/DCM 1:1, 

gradually adding EtOAc 0 –10%) afforded a product 2bM5 as a yellow solid (9 mg, 23.5%). 
1
H NMR 

(500 MHz, CD2Cl2) δ 7.87 (d, J = 7.57, 2H, Ha), 7,56 (t, J = 7.88, 2H, Hb), 7.37-7.35 (m, 8H, Hc,1), 7.07 

(d, J = 8.51, 2H, Hf), 7.03 (d, J = 1.89, 12H, H2), 6.67 (d, J = 8.51, 2H, Hg), 4.62 (s, 4H, He), 4.53 (s, 4H, 

Hd), 3.87 (t, J = 6.62, 4H, Hh), 1.83 (m, 4H, Hi), 1.26 (s, 108H, H3): 
13

C NMR (125 MHz, CD2Cl2)  

159.2, 158.9, 155.7, 150.8, 143.9, 136.9, 130.4, 129.9, 124.0, 121.1, 120.9, 119.8, 115.1, 85.6, 77.9, 72.6, 
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71.6, 69.9, 67.1, 63.6, 62.7, 62.3, 62.3, 57.8, 35.2, 31.5, 25.2: (MALDI TOF MS+) 1784.78, 

(C128H156N2O4); [M]
+
 requires 1785.2. UV-vis (CHCl3) λmax / nm (ε / M 

–1
 cm

–1
 ), 317 (211000), 

297(161000), 281 (115000), 267 (61000), 241 (43000); UV-vis (THF) λmax / nm (ε / M
–1

cm
–1

) 316 

(180000), 297 (139000); 280 (81000), 248 (30000). 

  

Py2M4: To a solution of Py(Ph)2-TIPS-triyne Py1 (50 mg, 

0.11 mmol) TBAF (1.0 M in THF, 0.12 mL, 0.12 mmol) was 

added dropwise in wet THF (10 mL + 10 L H2O). After 10 

min stirring at 20 °C the reaction was quenched via addition of 

saturated NH4Cl(aq) (10 mL). The organic phase was separated, the aqueous phase extracted with CH2Cl2 

(2 × 10 mL), and the combined organic phases were washed with H2O (10 mL) and saturated NaCl(aq) (10 

mL). The solvents were reduced in vacuo and the mixture filtered through a plug of Al2O3 (EtOAc). The 

solvent volume was reduced in vacuo, THF was added and the volume of solvents was reduce in vacuo. 

This procedure repeated until EtOAc was removed completely. The residue dissolved in THF (2 mL) was 

then added to a mixture of the CuIM4 complex (prepared as a 1:1 complex: CuI(9.5 mg, 0.050 mmol) and 

macrocycle M4 (28 mg, 0.050 mmol) in CH2Cl2 (2 mL) and CH3CN (2 mL)), K2CO3 (27 mg, 0.20 mmol), 

and I2 (13 mg, 0.050 mmol) in THF (3 mL). The mixture was stirred at 60 °C for 24 h, cooled to 20 °C and 

quenched via addition of KCN (20 mg in 1 mL H2O), deluted with CH2Cl2 (1 mL) and CH3CN (1 mL). 

After 2 h stirring the organic phase was separated, the aqueous phase extracted with CH2Cl2 (2 × 10 mL) 

and the combined organic phases were washed with H2O (10 mL) and saturated NaCl(aq) (10 mL). The 

solvent was removed in vacuo and column chromatography (Al2O3, hexane/EtOAc 4:1) afforded the 

product Py2M4 as a yellow solid (1.1 mg, 2%). 
1
H NMR (500 MHz, CD2Cl2) δ 8.58 (s, 4H), 8.27 (d, 

J=8.3 Hz, 2H), 7.89 (d, J=8.3 Hz, 2H), 7.79 (s, 2H), 7.75 (d, J=8.7 Hz, 4H), 7.55–7.51 (m, 8H), 7.45–7.36 

(m, 12H), 7.05 (d, J=8.6 Hz, 4H), 7.00 (d, J=8.6 Hz, 4H), 6.77 (d, J=8.7 Hz, 4H), 5.20 (s, 4H). 
13

C NMR 

(125 MHz, CD2Cl2) δ 159.4, 158.3, 158.0, 149.2, 146.8, 140.6, 136.8, 136.5, 134.3, 134.2, 129.9, 129.6, 

129.0, 128.9, 127.7, 127.4, 126.0, 125.2, 122.1, 120.8, 116.2, 83.2, 73.7, 70.2, 70.1, 66.5, 64.3, 61.8.  m/z 

(MALDI TOF MS+) (C88H66N4O4); [M+ H
+
]

+
 requires 1163.39 found 1163.80.  
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Chapter 3 

Molecular shuttles can be fabricated, Where every little helps, Bent or cross-like 
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Chapter 3. Synthesis of polyyne rotaxanes via active-metal template 

heterocoupling reaction 

3.1 Introduction 

While, the previous chapter was dedicated to the synthesis of polyyne rotaxanes through homocoupling 

of alkynes, in this chapter the synthesis of polyyne rotaxanes via heterocoupling reaction of terminal 

alkyne and alkynyl halide is described.  

The Glaser homocoupling reaction of acetylenes usually gives satisfactory results for symmetric 

acetylenes. However, homocoupling becomes inapplicable for the formation of unsymmetrical polyynes, 

due to the lack of reaction selectivity. The problematic synthesis of asymmetric polyynes was solved 

through utilization of the cross-coupling protocols, developed by Cadiot and Chodkiewicz
1 

and Negishi
2
. 

For example, in the Cadiot-Chodkiewicz heterocoupling reaction the oxidative addition of a 1-hallo-

acetylene (usually bromoacetylene) to a Cu-acetylide produces a Cu(III) intermediate which undergoes 

reductive elimination affording the cross-coupled product, as the only product in many cases (Scheme 

3.1).
3
 Iodo- and bromoalkynes are the most commonly employed partners in the reaction, whereas 

chloroalkynes are rarely used due to their low reactivity.
3
 Most preparative methods for iodoalkynes 

involve iodination of metal acetylides generated from terminal alkynes,
4
 or reactions of activated terminal 

alkynes with iodine and other iodinating reagents.
5 

Bromacetylenes are relatively easy to prepare by the 

treatment of terminal acetylene with triphenylphosphine/tetrabromomethane,
6
 or by reacting alkynes with 

N-bromosuccinimide (NBS) in the presence of silver nitrate catalyst.
7
 Both methods use mild reaction 

conditions and give products in excellent yields (>90%).  

 

Scheme 3.1 Proposed mechanism for the Cadiot-Chodkiewicz cross-coupling. 

This method has been successfully applied to the synthesis of biologically active molecules,
8
 long 

polyynes and acetylene scaffoldings.
9
 The cross-coupling of polyynes in the presence of a catalytic 

macrocycle could potentially produce rotaxanes with asymmetric axles, which could be exploited to make, 

for example, molecular shuttles.
10

 In molecular shuttles, there are two or more discrete binding sites or 

stations on the rotaxane axle and the macrocycle can move (shuttle) between these sites, sometimes 
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without a significant energy barrier. Weak interactions between the axle and the thread are desirable, as 

this will provide high macrocycle mobility between two stations. From this perspective, a polyyne axle is 

an excellent choice for the construction of molecular shuttles due to its linear, rigid structure and minimum 

axle-macrocycle interactions. Additionally, an asymmetric polyyne axle can be exploited to prepare 

rotaxanes with planar chirality
11

 which arises when there is a dissymmetry in both the macrocycle and the 

axle. The capability of Cadiot-Chodkiewicz cross-coupling of tethered acetylenes to synthesize molecular 

shuttles
3b

 and catenanes
12

 was demonstrated for the first time by Leigh and co-workers, however, the use 

of the cross-coupling of polyynes to construct multiple triple bonds (i.e. more than two triple bonds) in the 

rotaxane axle has been missing. Consequently, we were interested in the utilization of the Cadiot-

Chodkiewicz heterocoupling reaction in the synthesis of polyyne rotaxanes. Our search for new synthetic 

strategies for the polyyne rotaxanes resulted in the synthesis of [3]rotaxanes with different topological 

order. 

3.2 Improving the reaction yield of hexayne rotaxanes 

Our first aim was to choose a model reaction to test the cross-coupling strategy in the rotaxane 

synthesis. We decided to start from the reaction of Tr*-triyne 2.2 and 1-bromotriyne 3.1 in the presence of 

macrocycle M1, which was expected to give the hexayne rotaxane 2bM1 (Chapter 2). This rotaxane has 

previously used for the optimisation of the reaction condition in the active-template synthesis of rotaxanes 

through the Glaser homocoupling strategy.  

The supertrityl triyne 2.2 was brominated by NBS and the product 3.1 was isolated in 95% yield 

(Scheme 3.2).
13 

The fresh bromotriyne 3.1 is a light yellowish solid and it is stable in the dark at 4 C, but 

it decomposes slowly under light. 

 

Scheme 3.2 The synthesis of bromotriyne 3.1. 

In the next step, stoichiometric amounts of triyne 2.2 and bromotriyne 3.1 were added to a THF 

solution of the CuIM1 complex, and the reaction was stirred under a nitrogen atmosphere in the dark, at 

60 C (Scheme 3.3). The reaction was over after 4 h stirring, with complete consumption of the starting 
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polyynes (monitored by TLC), and the corresponding rotaxane 2bM1 was isolated in 38% yield (Table 

3.1, entry 1). The rotaxane yield is slightly higher than the yield from homocoupling (32%). In the latter 

case, we used a slight excess of the 2.2 (2.5 eq.), thus, in the next test reaction, we added excess amounts 

of 2.2 (1.2 eq) and 3.1 (1.2 eq). The reaction was complete after 4 h and the product rotaxane was isolated 

in 43% yield (Table 3.1, entry 2).  

 

Scheme 3.3 Synthesis of rotaxane 2bM1 via Cadiot-Chodkiewicz cross-coupling. 

We continued to increase the amount of 3.1 up to 1.7 eq. and isolated the product rotaxane in 53% yield 

(Table 3.1, entry 3). Later, we repeated this reaction keeping the amount of 2.2 constant (1.2 eq.) while 

varying the amount of the 3.1 (1.5–1.7 eq.) and always obtained the rotaxane in good yields (47–53%). In 

these series of test experiments, we kept the concentrations of starting materials roughly the same. Finally, 

we carried out the reaction at 20 C using stoichiometric amounts of 2.2 and 3.1. The reaction went to 

completion after 3 days and gave the rotaxane 2bM1 in 18% yield (Table 3.1, entry 4), while at 40 C 

the reaction was complete after 24 h and the rotaxane yield was 26% yield (Table 3.1, entry 5). Compared 

to the homocoupling reaction, which failed at 40 C, the rotaxination of polyynes via cross-coupling is 

more effective and proceeds at lower temperatures, which opens new possibilities to utilize other, unstable 

polyynes in the synthesis of rotaxanes.  

Table 3.1 Optimization of the synthesis of hexayne rotaxanes under Cadiot-Chodkiewicz heterocoupling conditions. 

(Yields are calculated based on the CuImacrocycle complexes. Reactions were carried out in deoxygenated THF. 

The concentration of reagents was about 0.01mmol/mL calculated for the CuI macrocycle complexes)
 

 

 

 

 

Entry Macrocycle, eq 2.2, eq 3.1, eq T, C Time Product yield 

1 M1, 1 1 1 60 4 h 2bM1, 38% 

2 M1, 1 1.2 1.2 60 4 h 2bM1, 43% 

3 M1, 1 1.2 1.7 60 4 h 2bM1, 53% 

4 M1, 1 1 1 40 1 d 2bM1, 26% 

5 M1, 1 1 1 20 3 d 2bM1, 18% 

6 M4, 1  1.2 1.5 60 5 h 2bM4, 54% 
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The differences in the mechanism between homo- and heterocoupling of alkynes could impose 

different sensitivity towards the geometry of the macrocycle.
3b,c

 To be sure in the applicability of the 

heterocoupling reaction for the synthesis of polyyne rotaxanes with small macrocycles, the macrocycle 

M4 was tested under optimized reaction conditions (Scheme 3.4). To our surprise, the reaction worked 

better than the corresponding homocoupling, yielding the rotaxane 2bM4 in 54% (Table 3.1, entry 6). 

This result indicated that size of the macrocycle is not a limiting factor for rotaxanation of polyynes by 

Cadiot-Chodkiewicz cross-coupling reaction. 

 To further increase the rotaxane yield, we tested modified versions of the heterocoupling of alkynes. A 

report by Ferri and co-workers demonstrated that the yields of copper-catalyzed cross-coupling of 

bromoalkynes with terminal alkynes was improved in the presence of a catalytic amount of PdCl2(PPh3)2.
14

 

Based on this reported, we attempted the synthesis of hexayne rotaxane 2bM1 using 5% PdCl2(PPh3)2 as 

a co-catalyst. To the mixture of CuI·M1 in THF, 2.2 (1.1 eq) and 3.1 (1.5 eq) were added K2CO3 (4 eq.) 

and the Pd-catalyst. The reaction mixture was deoxygenated and stirred at 40 C in the dark for 24 h. The 

reaction gave complex mixture which was difficult to separate and after elaborate workup the rotaxane 

2bM1 was obtained in 18.5% yield. The yield was low compared to the result from the Pd-free cross-

coupling at the same temperature (26%, Table 3.1, entry 4) and the purification of final compound was 

tedious. Thus, the use of a Pd co-catalyst was determined to be less effective and we abandoned this route. 

Scheme 3.4 Synthesis of rotaxane 2bM4 via Cadiot-Chodkiewicz cross-coupling. 

Leigh and co-workers reported the synthesis of rotaxanes using a non-traditional Cadiot–Chodkiewicz 

coupling procedure of mixing the alkyne and alkyne halide with neutral amine bases, creating the copper 

acetylide by treatment of terminal alkyne with n-BuLi, followed by transmetalation with CuI.
3b 

To veryfy 

the usefulness of this strategy for polyyne rotaxane wynthesis we carried out the preparation of rotaxane 

2bM1 following the published procedure. The reaction components were mixed in order 2.2, CuI and n-
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BuLi in THF, at –78 °C, the reaction mixture was allowed to warm to 0 °C over 30 min. The mixture of 

free macrocycle M1 and bromide 3.1 in a THF then was added at –78 °C and the resulting solution was 

warmed to room temperature and stirred overnight. The reaction was quenched by addition of aqueous 

cyanide and the product 2bM1 was isolated in 15% yield (Scheme 3.5). 

 

Scheme 3.5 Synthesis of rotaxane 2bM1 by treatment of terminal alkyne 2.2 with n-BuLi, followed by 

transmetalation with CuI. 

Alternatively, when the reaction components were mixed in the order 2b, n-BuLi, then transferred to a 

THF solution of preformed CuI·M1 complex, followed by the addition of solution of bromide 3.1 at –78 

°C, the product was not formed. While the first route worked, it did not give satisfactory results. 

Thus, our newly adopted synthetic strategy for the synthesis of polyyne rotaxanes via Cadiot-

Chodkiewicz heterocoupling allows the reaction to be carried out under mild conditions, proceeds faster, 

gives higher product yields and can be applied for the formation of rotaxanes with small macrocycles.  

3.3 Selectivity of the cross-coupling reaction and the synthesis of porphyrin-based polyyne 

rotaxanes. 

The selectivity of the cross-coupling reactions for preparing polyyne has been challenging, due to the 

competing self-coupling reaction of the alkynyl halide. This 'secondary' reaction is thought to proceed via 

halogen-metal exchange and results in a mixture of products which is sometimes difficult to separate.
1
 In 

some cases, high selectivity for the cross-coupled product can be achieved by careful choice of the amine 

base and reagent concentrations,
15

 or by applying a polymer-supporting technique.
16

 In the cross-coupling 

protocol for the synthesis of rotaxanes, reported by Leigh and co-workers, some combination of coupling 

partners proved to be highly selective (>98%), but this selectivity was not general.
3b 
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The cross-coupling of two different polyynes in the presence of a catalytic Cu(I)-macrocycle could 

potentially afford three different rotaxanes - two symmetric and one asymmetric - providing that there is 

little selectivity (Figure 3.1). 

 

Figure 3.1 Schematic presentation of the three possible rotaxanes from Cadiot-Chodkiewicz coupling.  

To test the selectivity of the cross-coupling reaction, the supertrityl diyne 2.1 (1.0 eq.) and triyne 

bromide 3.1 (1.1 eq.) were mixed with CuI·M1 (1.0 eq.) in THF and K2CO3 (4 eq.) was added. The 

reaction mixture was stirred overnight at 60 C. After aqueous cyanide workup, a rotaxane-containing 

fraction was separated on silica column, dried and the yield calculated (20%). However, the 
1
H NMR 

showed that the product contains a mixture of two rotaxanes (Scheme 3.6). 

 

Scheme 3.6 Synthesis of polyyne rotaxanes under cross-coupling conditions results in the mixture of rotaxanes 

2bM1 and 2kM1.  

The composition of the product mixture was confirmed by MALDI spectrometry. Interestingly, only 

two of the three possible rotaxanes were formed. The ratio of hexayne and pentayne rotaxanes (4:1) was 

estimated from distinguishable protons in the 
1
H NMR spectrum (Figure 3.2), while the tetrayne rotaxane 

was missing. We did not pursue the further separation of the rotaxanes as they had similar polarity on 

silica. This example suggested that under the used reaction conditions there was a significant proton-
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halogen exchange (scrambling) between the coupling partners, while the lack of formation of short 

tetrayne rotaxane was not understood. 

 

Figure 3.2 The 
1
H NMR (400 MHz, 298 K, CDCl3) spectra of hexayne rotaxane 2bM1 (top) compared to the 

product mixture from the cross-coupling reaction (bottom). The blue colored peaks belong to the pentayne rotaxane 

2kM1. 

This result suggest that asymmetric rotaxanes still could be synthesized through the Cadiot-

Chodkiewicz protocol, but the lack of the selectivity may be severe problem. The next logical step was to 

explore changing the nature of the coupling partners. A decision was made to test the cross-coupling 

reaction for porphyrin-polyyne mixed rotaxanes. Porphyrin rotaxanes have been a focus of research for 

decades.
17

 Many of them represent important class of molecular machines,
18

 assemblies able to undergo 

photoinduced electron and energy transfer processes
19

 and switchable receptors.
20

 From the molecular 

topology point of view, in rotaxanes, porphyrins can act either as stoppering groups or as a part of the 

macrocycle. For example, the Anderson group recently reported the synthesis of butadiyne linked 

[2]rotaxanes where porphyrins served as capping groups.
21

 In this work, the TIPS monoprotected, 

acetylene-terminated porphyrin 3.6 was used under active metal template homocoupling conditions in the 

presence of the macrocycle M1 affording the rotaxane product, which in its turn, after the removal of the 

TIPS group, was used to prepare catenanes. The presence of two acetylenes in meso positions of the 

porphyrin makes it a good candidate for the synthesis of polyyne-porphyrin [2] and [3]rotaxanes under 

cross-coupling conditions and, if successful, could help test the selectivity of the reaction.  

The porphyrin 3.7 was synthesized as described in literature.
22

 The porphyrin free-base core was 

synthesized by the condensation of dipyromethane (generously provided by Dr. Dmitry Kondratuk) with 

3,5-di(t-butyl)benzaldehyde using Lindsey’s conditions to afford the product 3.2 in 49% yield (Scheme 

3.7).
23

 Free base porphyrin 3.2 was metalated by treatment with Zn(OAc)2·2H2O which gave the porphyrin 
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3.3 in 72% yield. The bromination of 3.3 by treatment with NBS resulted in the meso- substituted 

dibromoporphyrin 3.4 in 78% yield. Sonogashira coupling of the dibromoporphyrin 3.4 with 

TIPS-acetylene afforded TIPS-protected porphyrin 3.5 in quantitative yield (98%). 

  

Scheme 3.7 Synthesis of porphyrin 3.6. 

Statistical deprotection of 3.5 with TBAF gave a mixture of the unreacted starting material (46%), 

half-protected 3.6 (26%) and fully deprotected 3.7 (6%) which are easily separated on silica. For the 

rotaxane synthesis, the porphyrin 3.6 (1.0 eq.), supertrityl bromotriyne 3.1 (1.5 eq.) and CuI·M1 complex 

(1.0 eq.) were dissolved in toluene/THF (2:1) mixture, then K2CO3 was added, the reaction mixture was 

degassed and stirred for 3 days at 60 C. After aqueous cyanide workup followed by silica column and 

recrystallization, the product 3aM1 was isolated in 19% yield (Scheme 3.8).  

 

Scheme 3.8 The synthesis of porphyrin [2]rotaxane 3aM1. 
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To our surprise, the formation of hexayne or two-porphyrin-capped rotaxanes was not observed, i.e. no 

homocoupling product was formed. This was confirmed by TLC and NMR analysis and MALDI spectrum 

of crude reaction mixture before quenching. While yield of the rotaxane is only 20%, the cross-coupling of 

the polyyne and porphyrin was highly selective. The reason of this high degree of selectivity is not clear: It 

could be different reactivity of terminal acetylene, compared to the supertrityl diyne, or steric factors could 

be involved too.  

In the rotaxane 3aM1 the second meso position of the porphyrin can serve as a coupling partner after 

the removal of the TIPS group, thus, allowing us to thread the axle a second time. The synthesis of the 

[3]rotaxane could once again to demonstrate the selectivity of the heterocoupling reaction on this system. 

In the literature, there are few examples of porphyrinic axles threaded with multiple macrocycles leading 

to poly[n]rotaxanes,
17d,24

 porphyrinic arrays
25

 and a spectacular star-shaped [5]rotaxane.
26 

The rotaxane 3aM1 (1.03 eq.) was deprotected using TBAF (97% yield) and added to a solution of 

supertrityl bromotriyne 3.1 (1.4 eq.) and CuI·M1 (1.0 eq) complex in toluene/THF (2:1). K2CO3 was 

added, the reaction mixture was deoxygenated and stirred for 2 days at 70 C. After aqueous cyanide 

workup, the crude reaction mixture was purified by silica column and size-exclusion chromatography to 

remove the traces of unreacted rotaxane 3aM1. The final product 3b2M1 was obtained after the 

recrystallisation in 23% yield (Scheme 3.9). Once again, the reaction was highly selective, affording the 

product without formation of hexayne or porphyrin rotaxanes by-products formed from alkynyl halide or 

porphyrin homocoupling, respectively.  

Scheme 3.9 The synthesis of porphyrin [3]rotaxane 3b2M1. 

Porphyrin-polyyne rotaxanes combine the electronic properties of porphyrins and polyynes with the 

high flexibility and mobility of the mechanically locked phenanthroline macrocycle. This unique 

combination of molecular motifs and their properties in [3]rotaxane may allow the control of the 
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photochemical behaviour of the compounds by dictating the shape and mobility of the rotaxanes to 

perform photoinduced electron or energy transfer. These new dynamic systems could be useful for testing 

of theories of electron and energy transfer between non-covalently bonded rotaxane components due to 

possibility to excite them selectively.  

3.4 Characterization of 3aM1 and 3b2M1 rotaxanes. 

Both the porphyrin-polyyne mixed [2] and [3]rotaxanes were characterized by MALDI spectrometry, 

NMR and UV-Vis spectroscopy and X-ray crystallography (discussed at the end of this chapter). The UV-

Vis absorption spectra of 3aM1 and 3b2M1 present the sum of the absorptions of the rotaxane 

components, i.e. macrocycle M1, porphyrin core and tetrayne chain. For rotaxane 3aM1, the absorptions 

of the tetrayne chain, porphyrin moiety and macrocycle are overlapped in the high energy region of the 

spectrum (250–380 nm), then the porphyrin intense Soret (455 nm) and Q (650 nm) bands follow (Figure 

3.3). In rotaxane 3aM1, both the Soret and the Q bands are red-shifted compared to parent 3.5 porphyrin 

by 19 and 25 nm, respectively. In rotaxane 3b2M1, compared to the 3aM1 both Soret and Q bands are 

red-shifted by 13 and 24 nm, respectively. The red-shift is due to the extended conjugation between the 

porphyrin and polyyne -systems. Interestingly, the Soret and the Q bands in 3b2M1 and 3aM1 are 

more intense than in 3.5, again as a result of extended electronic delocalization.
27

  

 

Figure 3.3 UV-Vis absorption spectra of porphyrin 3.5, macrocycle M1, rotaxanes 3b2M1 and 3aM1, measured 

in CH2Cl2. Concentrations of the solutions were similar.  

The 
1
H NMR spectra of rotaxanes 3b2M1 and 3aM1 show that in the 3aM1 rotaxane the Hj and 

Hi protons of the macrocycle are unresolved, while in the rotaxane 3b2M1 each geminal Hj/Hj' and Hi/Hi' 

proton signals is split (diastereotopic). The assignment of the these peaks was confirmed by NOEs 

observed in the NOESY spectrum. The signal of each diastereotopic pair was not possible to assign, 
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whereas NOE's observed for each Hi, Hj and between the adjacent protons (Figure 3.4 b) The splitting is a 

consequence of the asymmetric axle, where two “faces” of the ring experience different chemical 

environments - one looking to the porphyrin and the other to the supertrityl group (Figure 3.4). 

 

Figure 3.4 (a) A portion of the 
1
H NMR (500 MHz, CD2Cl2, 298K) spectra of 3b2M1 (blue) and 3aM1 (orange) 

rotaxanes, showing the resonances of Hj and Hi protons. (b) A part of NOESY spectrum of rotaxane 3b2M1 shows 

NOEs of Hi, Hj and the adjacent protons. 

3.5 Synthesis and characterization of a [3]rotaxane with two identical hexayne axles 

threaded with one macrocycle  

Examples of rotaxanes with multiple axles passing through a single ring are rare.
28 

The challenge in 

preparing this type of rotaxanes is to satisfy the relative structural demands on the cyclic ring and 

thread(s). The ring may require more than one template site to assemble multiple threads (using traditional 

template methods), and the cavity of the macrocycle must be large enough to accommodate two axles, yet 

still small enough to prevent dethreading. Additionally, the macrocycle-thread interactions that direct the 

assembly of the rotaxane, must overcome sometimes severe steric hindrance between crowded thread 

units. So far, single-ring threaded [3]rotaxanes have been synthesized utilizing hydrophobic interactions in 

aqueous solution,
28a

 octahedral metal centres as templates
28b,c 

hydrogen-bond formation between a thread 

and axles
28d

 and an active-metal templated homocoupling reaction.
28e

 The axles can be identical
28b,c,d,e 

or 

have different structures
28a 

and can be assembled using the same or different type of reactions for each step 

of the threading. Another interesting example of active-metal templated [3]rotaxane synthesis was 

reported by the Leigh group, using a bicyclic macrocycle.
29

 In this case, the substituted pyridine, which is 

part of the macrocycle, coordinates the metal and catalyzes the threading of one side of the bicyclic 

macrocycle. Next, the pyridine turns to the other side of the macrocycle and catalyzes another covalent 

bond formation capturing the second axle into the interlocked architecture. This system was exploited to 
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make a [3]rotaxane with identical and different axles, and it was shown that molecular architecture could 

be assembled in a stepwise manner by using the same or different reactions (Figure 3.5).  

 

Scheme 3.5 Active template synthesis of macrobicyclic [3]rotaxanes. The metal (purple) coordinates to the binding 

site. The metal can then promote formation of a covalent bond through each cavity of the macrocycle in turn, 

generating a doubly threaded [3]rotaxane. If the second thread forms significantly more slowly than the first 

(negative allostery), then the reaction can effectively be stopped at the intermediate [2]rotaxane stage and a different 

set of building blocks or even a different metal employed in a different active template reaction to form the second 

thread of the macrobicyclic [3]rotaxane. If the threads being formed are not symmetrical through the mirror plane 

formed by the macrocycle, two different diastereoisomers (syn and anti arrangements of the threads) can be formed 

even though the threads themselves may be constitutionally identical.
29

 

The idea of extending these approaches to polyyne-based polyrotaxanes was unprecedented, but highly 

desirable, owing to the growing interest in the construction of new carbon rich materials.
30 

Simple CPK 

modelling showed that, for example, the M1 macrocycle cavity is large enough to accommodate two 

polyyne chains, but the gap between them is narrow, which could create favourable conditions for cross-

linking reactions,
31 

while the M5 macrocycle is too small to accommodate two polyyne chains. The 

supertrityl groups are another 'obstacle': their bulky nature creates huge steric strain when two polyynes 

are captured inside the macrocycle. As a result, the polyyne chains must be significantly bent or must have 

a cross-like alignment (Figure 3.6).  

 

Figure 3.6 Possible alignment of two polyyne axles within the macrocycle cavity. 

Despite the modelling indicating that the threading of two polyyne axles may be strongly unfavourable, 

we decided to test the synthesis of this interesting molecule. For this task, we decided to use rotaxane 

2bM1 as a template to prepare the stoichiometric CuI complex, which would later react with supertrityl 

triyne 2.2 to construct the [3]rotaxane (2b)2M1 under alkyne homocoupling reaction conditions (Scheme 

3.10). To the solution of the CuI·2bM1 complex in THF, triyne 2.2 (2.5 eq.), I2 (1 eq.) and K2CO3 (4 

eq.) were added and the reaction mixture was stirred at 60 C for 2 days. 
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Scheme 3.10 Attempted synthesis of hexayne [3]rotaxane (2b)2M1 via alkyne homocoupling. 

After complete consumption of 2.2, confirmed by TLC, the MALDI spectrum of the crude reaction 

mixture showed an intense peak corresponding to the starting rotaxane 2bM1 coordinated to a K
+
 ion 

(m/z (C140H168N2O4K)
+
 = 1981.94). To our delight, the spectrum contained two tiny bumps corresponding 

to the [3]rotaxane (2b)2M1 (m/z (C238H394N2O4) = 3244.8) and its Cu(I) complex (m/z (C238H394N2O4Cu)
+
 

= 3308.7) (Figure 3.7). 

 

Figure 3.7 The MALDI TOF spectrum of the crude reaction mixture from the attempted synthesis of (2b)2M1 

rotaxane via homocoupling of triyne 2.2. The magnified part of the spectrum shows the traces of the [3]rotaxanes 

and its Cu
+
 complex that match with the calculated mass of the molecule. 

Thus, it became clear that threading the hexayne axle within the single macrocycle is possible: The 

question was how to increase the product yield. The Cadiot-Chodkiewicz cross-coupling in our previous 

experiments always resulted in higher yields of rotaxanes and we chose this route to improve the yield of 

[3]rotaxane. 

In the cross-coupling reaction the CuI·2bM1 complex (1.0 eq.) mixed with 2.2 (1.2 eq.) and 3.1 (1.6 

eq.) in THF. The oxygen-free reaction mixture stirred for 36 hours at 60 C (Scheme 3.11). After aqueous 

cyanide workup followed by silica column and size-exclusion chromatography, the [3]rotaxane (2b)2M1 

was obtained in 6% yield. 
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Scheme 3.11 The synthesis of hexayne [3]rotaxane (2b)2M1 via alkyne heterocoupling. 

The product yield was low compared to the reported yields of other two-axle threaded [3]rotaxanes, 

however, in reported cases, to achieve moderate or good yields for the [3]rotaxanes, 5- or 10-fold excess 

of the second axle components were used.
28e,29

 The isolated rotaxane (2b)2M1 was stable at 4 C, while 

at room temperature the solid decomposed slowly over weeks.  

The (2b)2M1 rotaxane was characterized by mass spectrometry (Figure 3.8), NMR and UV-Vis 

absorption spectroscopy.  

 

Figure 3.8 The MALDI TOF spectrum of the (2b)2M1 rotaxane. The inset shows the match between the calculated 

(m/z [M+H
+
]

+ 
= 3247.28) and experimentally found molecular weight (m/z [C238H295O4N2]

+
 = 3248.20). The small 

peak at m/z = 3471.3 corresponds to the mass of complex of the rotaxane with 1 molecule of dithranol. 
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The polyyne absorption extinction coefficient is double that of the parent 2bM1 [2]rotaxane, as was 

expected. When the spectra of the [2] and [3]rotaxanes were normalized according the polyyne lowest 

energy absorption band (at 317 nm, arising from the lowest ( = 0) to the higher energy vibrational state 

( = 1, 2, etc) transition) interesting features were noticed (Figure 3.3). The second vibronic band at 297 

nm was red-shifted by 1 nm and increased in intensity. This increase in intensity can be explained by 

larger deformations along the nuclear coordinate of symmetry resulting in a higher probability of 

transitions to the higher energy vibronic states.
32

 This phenomenon was described previously for long 

polyynes,
13

 where it was explained by the increased flexibility in the molecules, and studied thoroughly by 

Raman spectroscopy.
33 

Considering the supercrowded nature of the [3]rotaxane, the deformation of the 

polyyne chains from linearity is highly expected. 

 

Figure 3.9 The comparison of absorption spectra of 2bM1 and (2b)2M1 rotaxanes (recorded in CH2Cl2) 

normalized according the lowest energy vibronic transition band at 317 nm.  

Thus, the UV-Vis spectrum indicates the enhanced polyyne chain deformation in [3]rotaxane compared 

to parent [2]rotaxane, however, the exact conformation of the hexayne chains in solution is not clear and 

both bent and cross-like structures are possible (Figure 3.6). To investigate the alignment of the carbon 

chains in the [3]rotaxane, NMR spectroscopy was employed, and the compound was studied by 
1
H, 

13
C, 

variable-temperature (VT), HSQC and ROESY NMR techniques. 

The comparison of 
1
H NMR signals of parent 2bM1 [2]- and (2b)2M1 [3]rotaxanes revealed that 

the macrocycle proton resonances differ between these two strctures (Figure 3.10). The Hd, Hb, He, Hh, Hg, 

Hj and Hi protons are upfield shifted, while the Hc proton is downfield shifted. Resonances of the dumbbell 

protons, H1 and H2, are unaffected.  
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Figure 3.10 (a) 

1
H NMR spectra of 2bM1 (orange) and (2b)2M1 (blue) rotaxanes (500 MHz, CD2Cl2, 298 K). 

Asterisk denotes the solvent peak. (b) NOE correlations between the dumbbell and macrocycle from the ROESY 

spectrum of (2b)2M1 (500 MHz, CD2Cl2, 298 K, 200 s mixing time, m = medium, w = weak). (c) 
13

C NMR 

spectra of 2bM1 (orange) and (2bg)2M1 (blue) rotaxanes (125 MHz, CD2Cl2, 298 K), showing the region 

containing resonances of the polyyne sp carbons.  

The 
13

C NMR spectrum of the (2b)2M1 rotaxane shows four resonances (two peaks are overlapped) 

around 64 ppm, where resonances of sp carbon atoms from the middle of the polyyne chain are located 

(Figure 3.10, c). Compared to the 2bM1 rotaxane, these resonances are slightly shifted downfield. The 

13
C NMR indicates that the two polyyne chains in the (2b)2M1 [3]rotaxane are undistinguishable, at least 

by the NMR spectroscopy at room temperature, and experience an identical influence from the 

macrocycle. Furthermore, the observed NOEs show a weak interaction between protons of dumbbell end 

groups and the macrocycle (Figure 3.10, b).  

The VT 
1
H NMR spectra of the [3]rotaxane could reveal more structural information. In particular, the 

restricted (hindered) rotation of the macrocycle around the axle at low temperatures would lead to the 

different rotamers, distinguishable in NMR time scale. In this case, protons of axle (H2, H3), which 

interact through space with the macrocycle protons, would be expected to split, as their would experience 

different magnetic environments in each rotamer. So, when the rotation is slow (no interconvention 

between rotamers within the NMR timescale), the NMR shift separation (split) of the signals is given by 

Eq. 5.1: 

  
 

 
  

  

  
 (5.1) 



 
 

86 

where k is rotamers interconversion rate constant (s
–1

), τ is interconversion time (s) and  is the NMR 

shift separation of the signals (Hz) at low temperatures. This equation indicates that different positions of 

the same nucleus can have distinct signals when the chemical shift different () corresponds to a time 

spent by the nuclei in different positions longer than the interconversion time τ (k << τ). Alternatively, 

when k >> τ, the signals collapse to a single one. 

A series of 
1
H NMR spectra in CD2Cl2 were recorded at different temperatures (Figure 3.11). At 

temperatures as low as 193 K, line-broadening of the macrocycle protons and dumbbell protons were 

observed, but there was not splitting of the peaks, indicating that the macrocycle rotation rate is still fast 

on the NMR timescale at this temperature. Thus, it appears that despite the steric crowding of the rotaxane 

the macrocycle mobility is not severely impeded. 

 

Figure 3.11 VT 
1
H NMR spectra of (2b)2M1 [3]rotaxane (500 MHz, CD2Cl2). The assignments correspond to the 

labelling shown in figure 3.7. The asterisk denotes the solvent peak.  

The final structure was ultimately demonstrated only after the determination of the X-ray crystal 

structure of the compound, discussed in the next part of this chapter. 
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3.6 X-ray structure of 3aM1, 3b2M1 and (2b)2M1 rotaxanes. 

Diffraction data were collected at 100 K using synchrotron radiation at the Diamond Light Source, 

beam line I19, the structures were solved and refined by Dr. Amber L. Thompson (Chemistry Research 

Laboratory, University of Oxford). 

3aM1: Dark green crystals of 3aM1 were grown by vapour diffusion of CH3OH into a solution of 

the compound in CH2Cl2 at room temperature. The crystals are assigned to the P 21/c space group, and the 

asymmetric unit contains one molecule of 3aM1 and one CH3OH coordinated to the Zn centre of the 

porphyrin (Figure 3.12). The distance (r) between the Zn and O atom of the CH3OH is 2.119 Å. The 

Cambridge Structural Database (CSD) revealed numerous Zn porphyrin structures with five-coordinated 

methanol with similar r (Zn-O) distances. Due to the coordination, the Zn atom is slightly out of the 

porphyrin plane (0.308 Å). The 3,5-di(t-butyl)phenyl (Ar') substituents of the porphyrin moiety are almost 

perpendicular to the porphyrin plane (about 68). The torsion angle () between two Ar' plains is 47.5. 

The tetrayne chain is slightly bent in an arc-shaped fashion. The average CC and C–C bond lengths are 

1.215 ± 0.014 Å and 1.358 ± 0.024 Å, respectively, and the average C–CC angle is 176.3 ± 1.3. The 

Tr* and TIPS groups are in staggered conformation with respect to each other. The TIPS-acetylene chain 

is deviated from linearity and the Si–CC angle is 173.4. 

 

Figure 3.12 (a) X-ray crystal structure of rotaxane 3aM1 viewed down the crystallographic c-axis. (b) The part of 

the crystal structure with green-coloured porphyrin moiety. (c) The pairs of the 3aM1 molecules with highlighted 

- stacking of adjacent phenanthrolines. Hydrogen atoms are omitted for clarity.  

The macrocycle is bent into a U-shape in such way that the phenanthroline and resorcinol moieties look 

towards the porphyrin plane. In the crystal the molecules of 3aM1 form pairs through π-π interactions 
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between vicinal phenanthroline moieties (Figure 3.12c) The distance between phenanthroline planes is 

3.52(3) Å. In the 3aM1 molecular pairs, two dumbbells are aligned opposite each other in a way that the 

TIPS group of one dumbbell is in close contact with the Tr* group of the second dumbbell.  

3b2M1: Dark green crystals of 3b2M1 was grown by diffusion of CH3OH into a solution of the 

compound in CH2Cl2 at room temperature. The crystals are assigned to the P -1 space group, asymmetric 

unit contains one molecule of 3b2M1 and one CH3OH coordinated to the Zn centre of the porphyrin 

(Figure 3.13). The distance (r) between the Zn and O atom of the CH3OH is 2.123 Å, and the Zn atom is 

slightly out of the porphyrin plane (0.397 Å), similar to the 3aM1. The tetrayne chains are slightly bent 

in a arc-shaped fashion, similar to the 3aM1. The average CC and C–C bond lengths are identical 

(within error) for both tetrayne chains and are 1.221 ± 0.030 Å (triple bond) and 1.367 ± 0.027 Å (single 

bond). The 3,5-di(t-butyl)phenyl (Ar') substituents of the porphyrin moiety are almost perpendicular to the 

porphyrin plane (62). The torsion angle () between two Ar' planes is 50.7. Two Tr* end-groups are in 

staggered position in respect to each other.  

 

Figure 3.13 The crystal packing diagram of the rotaxane 3b2M1 viewed down to (a) crystallographic a axis and 

(b) side view. (c) The crystal structure the 3b2M1 molecule. Hydrogen atoms are omitted for clarity. 

The two macrocycles are bent into a U-shape and enclose the porphyrin plane from the top and the 

bottom. In the crystal, 3b2M1 molecules do not form pairs, while are equally separated from each other 

(Figure 3.13, a) within the same layer. Molecular layers are also separated from each other forming a 

multilayer 3D structure (Figure 3.13 b). It seems, two opposite Tr* groups and the bulky Ar' groups shield 
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the molecule in such way, that the formation of molecular pairs through π- interactions between vicinal 

phenanthrolines becomes unfavourable. 

(2b)2M1: The crystals of (2b)2M1were grown by slow diffusion of CH3OH into a solution of the 

compound in THF at room temperature. The asymmetric unit contains one molecule of (2b)2M1, and the 

crystal belongs to the P -1 space group. Two hexayne chains are aligned in cross-like fashion. Every chain 

is slightly arch-bent and two hexaynes form a helix inside the cavity of the macrocycle (Figure 3.14). The 

two hexayne chains have same curvature within error: For one axle the average C–CC angle is 176.2 ± 

2.4 and for the second one the average C–CC angle is 175.6 ± 2.9. In one dumbbell the average CC 

and C–C bond length values are 1.221 ± 0.022 Å and 1.390 ± 0.015 Å, respectively. In the second 

dumbbell the average CC and C–C bond length values are 1.197 ± 0.013 Å and 1.410 ± 0.043 Å, 

respectively. For polyyne [2]rotaxanes and extended free polyynes (see chapter two) the CC triple bonds 

get shorter near the end groups and longer in the middle of the chain, whereas the single C–C bonds are 

longest near the end groups and shortest in the middle of the chain. For (2b)2M1rotaxane this trend is not 

observed. The macrocycle sits in the middle of two hexayne chains and supertrityl groups of each chain 

are in close contact with each other. The closest distance between the two hexayne chains 3.345 Å, which 

is less than the sum of van der Waals radii of two sp carbon atoms (3.4 Å).
34 

Despite the close proximity of 

the polyyne chains, one might have expected rapid cross-linking, but this is not observed and the 

compound is stable, which might reflect the crossed alignment which prevents significant orbital overlap. 

In the crystal the (2b)2M1molecules form a pair but no vicinal phenanthroline interactions were noticed 

(Figure 3.14, c, d).  
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Figure 3.14 (a) The X-ray structure of the (2b)2M1molecule. (b) Helix-type conformation of two hexayne chains 

inside the macrocycle cavity. (c) The crystal packing viewed down to the crystallographic a axis. (d) The crystal 

packing viewed down to the crystallographic c axis. The polyyne chains are omitted in this case for clear 

presentation of the macrocycles orientation. Hydrogen atoms are omitted for clarity.  

3.7 Conclusion 

We have demonstrated that Cadiot-Chodkiewicz cross-coupling of polyynes is a suitable strategy for 

the preparation of polyyne rotaxanes. While the cross-coupling is not always selective for alkyne and 

haloalkyne partners, it is possible to achieve high selectivity for alkyne halide and porphyrin combination, 

which successively made available the synthesis of polyyne-porphyrin mixed [2] and [3]rotaxanes. This 

adopted strategy could be exploited later to make porphyrin-polyyne based molecular shuttles or chiral 

rotaxanes. Threading of two identical hexayne chains through the cavity of a macrocycle was achieved 

through the heterocoupling reaction. The isolated [3]rotaxane is one of the few examples of double-axle 

threaded [3]rotaxanes and is a potentially significant addition to the class of carbon-rich supramolecular 

structures.  

3.8 Experimental Part: General Experimental Procedures  

2,2'-Dipyrromethane was prepared by Dr. Dmitry Kondratuk, and all other reagents and solvents were 

used as commercially supplied, without further purification. Dry THF was obtained by passing through 

alumina under N2 pressure. When required, solutions were deoxygenated by freeze-pump-thaw degassing 

three cycles followed by backfilling with N2. Column chromatography was carried out using silica 60A 

(particle size 35–70 μm, Fisher, UK) as the stationary phase. Size-exclusion chromatography was carried 
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out using polystyrene beads (Bio-Beads-S-X3, operating range up to 2000 Da and Bio-Beads-S-X1, 

operating range 10 kDa). Where mixtures of solvents were used, ratios are reported by volume. TLC was 

performed on precoated silica gel plates (0.25 mm thick, 60 F254, Merck, Germany) and visualized under 

UV light (254 nm). NMR spectra were recorded on Bruker instruments, DPX 400 or AVII 500 with 

cryobrobe. Chemical shifts are reported in parts per million (ppm) and referenced to the residual solvents 

resonances.
35

 Coupling constants (J) are reported in hertz (Hz, to an accuracy of ±0.1 Hz). Standard 

abbreviations indicating multiplicity were used as follows: s = singlet, d = doublet, dd = double doublets, t 

= triplet, q = quartet, m = multiplet. Melting points (m.p.) were determined by placing the sample between 

a pair of microscope glasses on an electrically heated metal block. MALDI-TOF mass spectrometry was 

carried out in positive reflectron mode using a Micromass MALDI micro MX spectrometer with dithranol 

(1,8-dihydroxyanthrone) as a matrix. UV-vis spectra were recorded at ambient temperature on a Perkin-

Elmer Lambda 20 or Parkin-Elmer Lambda 25 spectrometers with 1 nm resolution; λ in nm (ε in L·mol
–

1
·cm

–1
). Diffraction data were collected and the structure solved and refined by Dr. Amber L. Thompson 

(Chemistry Research Laboratory, University of Oxford). The data were collected at 100 K using 

synchrotron X-ray radiation at the Diamond Light Source, Beamline I19. The structure was solved using 

SuperFlip
36

 and refined using full-matrix least-squares within the CRYSTALS software suite.
37

 

3.9 Synthesis of known and novel compounds. 

The synthesis of supertrityl triyne 2.2, macrocycles M1 and M4 is described in Chapter 2.  

 

1-Bromo-triyne 3.1:
13 

To a mixture of 2.2 (300 mg, 0.46 mmol) in acetone (30 mL) was added N-

bromosuccinimide (98.2 mg, 0.55 mmol) and AgNO3 (15.6 mg, 0.092 mmol). The reaction was stirred at 

20 ºC for 10 h and monitored by TLC (hexanes). The reaction mixture was quenched by adding water (10 

mL) and then extracted with a CH2Cl2 (3 × 50 mL). The organic layers were combined, washed with brine 

(20 mL), and dried over MgSO4. The solvent was removed in vacuo and the crude product purified by 

passing through a plug of silica (CH2Cl2/hexanes 1:5) to yield 3.1 (330 mg, 95%) as a slightly yellow 

solid. Rf = 0.4 (hexanes). 
1
NMR (400 MHz, CDCl3) 7.26 (t, J = 2 Hz, 3H), 6.91 (d, J = 2 Hz, 6H), 1.19 (s, 

54H). 
13

C NMR (100 MHz, CDCl3) 150.1, 143.6, 123.7, 120.3, 84.5, 68.5, 66.4, 62.4, 60.0, 57.1, 40.0, 

34.8, 31.4. As in lit.
13
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Free Base 5,15-bis-(3,5-bis-tert-butyl-phenyl)-porphyrin 3.2: 
23 

3,5-Bis(tert-butyl)benzaldehyde
3
 

(0.90 g, 4.1 mmol) and dipyrromethane (0.6 g, 4.1 mmol) were placed in a dry flask under N2 and 

dissolved in CH2Cl2 (800 mL). The solution was degassed three times by repeated evacuation and purging 

with nitrogen. Trifluoroacetic acid (0.20 mL, 2.5 mmol) was added and the reaction mixture stirred in the 

dark for 3 h. DDQ (1.21 g, 5.33 mmol) was added and stirring continued for 0.5 h. After quenching of the 

acid by addition of triethylamine (4.0 mL) the mixture was passed through a short silica cplug (CH2Cl2). 

Recrystallization from CH2Cl2/MeOH gave 3.2 as a red powder (0.69 g, 49%). 
1
H NMR (400 MHz, 

CDCl3) -3.10 (br. s, 2H, NH), 1.58 (s, 36H), 7.85 (t, 2H, J = 2.0 Hz), 8.16 (d, 4H, J = 2.0 Hz), 9.15 (d, 

4H, J = 4.5 Hz), 9.42 (d, 4H, J = 4.5 Hz), 10.33 (s, 2H). As in lit.
22

 

 

Zinc 5,15-bis-(3,5-bis-tert-butyl-phenyl)-porphyrin 3.3:
22 

Zn(OAc)2·2H2O (1.43 g, 6.6 mmol) was 

dissolved in methanol (13 mL) and added to a solution of free-base porphyrin 3.2 (0.86 g, 1.25 mmol) in 

CHCl3 (130 mL). The reaction was stirred at room temperature for 1 h. The mixture was passed through a 

short silica plug (CH2Cl2). The crude product was recrystallized by layer addition (CH2Cl2/MeOH) to give 

3.3 as a purple powder (0.68 g, 72%). 
1
H NMR (400 MHz, CDCl3) 1.59 (s, 36H), 7.86 (t, 2H, J = 2.0 Hz,), 

8.17 (d, 4H, J = 2.0 Hz), 9.23 (d, 4H, J = 4.5 Hz), 9.45 (d, 4H, J = 4.5 Hz), 10.36 (s, 2H). As in lit.
22

 



 
 

93 

 

Zinc 5,15-bis-(3,5-bis-tert-butyl-phenyl)-10,20-dibromo-porphyrin 3.4:
22 

To a solution of zinc 

porphyrin 3.3 (0.10 g, 0.13 mmol) in CHCl3 (10 mL) and pyridine (0.1 mL) was added dropwise solution 

of N-bromosuccinimide (0.05 g, 0.26 mmol) in CHCl3 (10 mL). After stirring in the dark for 1 h, the 

reaction was quenched with acetone (0.5 mL). The solvent was removed and the crude product 

recrystallized by layer addition from CH2Cl2/MeOH to give a purple solid 3.4 (94 mg, 78%). 
1
H NMR 

(400 MHz, CDCl3): δ 1.50 (s, 36H), 7.80 (t, J = 2.0 Hz), 7.99 (d, J = 2.0 Hz, 4H), 8.91 (d, J = 4.5 Hz, 

4H), 9.66 (d, J = 4.5 Hz). As lit.
22

 

 

Zinc 5,15-bis-(3,5-bis-tert-butyl-phenyl)-10,20-bis-triisopropylsilanylethynyl-porphyrin 3.5:
22 

tris-

(Dibenzylideneacetone)-di-palladium(0) (52.5 mg, 57.5 µmol), CuI (22 mg, 0.115 mmol), 

triphenylphosphine (30.2 mg, 0.115 mmol) and dibromoporphyrin 3.4 (0.524 g, 5.77 mmol) were placed in 

a dried Schlenk tube under argon. Toluene (50 mL), i-Pr2NH (20 mL) and pyridine (1.1 mL) were added 

and the reaction mixture deoxygenated. Triisopropyl acetylene (0.39 mL, 8.65 mmol) was added by 

syringe. The reaction mixture was stirred at 80 °C for 2 h., solvents removed and the residue passed 

through a short silica plug (CH2Cl2). Recrystallization by layer addition (CH2Cl2/MeOH) gave the 3.5 

product as a green solid (0.75 g, 98 %). 
1
H NMR (400 MHz, CDCl3) 0.90 (t, 18H, J = 7.0 Hz), 1.02 (m, 

12H), 1.39 (m, 24H, -CH2), 1.58–1.51 (m, 48H), 1.77 (m, 12H), 7.83 (t, 2H, J = 1.5 Hz,), 8.06 (d, 4H, 

J = 1.5 Hz), 8.98 (d, 4H, J = 4.5 Hz), 9.74 (d, 4H, J = 4.5 Hz). As lit.
22
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Zinc 5,15-bis-(3,5-bis-tert-butyl-phenyl)-10-ethynyl-20-trihexylsilanylethynyl-porphyrin
 

3.6 and 

Zinc 5,15-bis-(3,5-bis-tert-butyl-phenyl)-10,20-bis-ethynyl-porphyrin 3.7:
22 

Protected porphyrin 3.5 

(0.40 g, 0.36 mmol) was dissolved in CH2Cl2 (70 mL) and CHCl3 (70 mL). Tetra-n-butylammonium 

fluoride (0.54 mL, 1 M in THF, 1.54 mmol) was added to the stirred solution. The progress of the reaction 

was monitored by TLC until an optimal product mixture was reached and the reaction then quenched with 

CH3COOH (0.4 mL, 0.7 mmol). The volume was reduced and the mixture passed through a short silica 

plug (CH2Cl2). Column chromatography (50:1:1, 40-60 petroleum ether : EtOAc : py) gave 3.6 (94 mg, 26 

%) and 3.7 (6 mg, 6 %) as green solids. (Recovered starting material = 190 mg, 46%). 3.6 
1
H NMR (400 

MHz, CDCl3) 0.91 (t, 9H, J = 7.0 Hz), 1.01–1.05 (m, 6H), 1.37–1.44 (m, 12H), 1.52–1.57 (m, 42H), 1.76–

1.81 (m, 6H), 4.15 (s, 1H), 7.81 (t, 2H, J = 2.0 Hz), 8.03 (d, 4H, J = 2.0 Hz,), 8.92 (m, 4H), 9.68 (m, 4H,). 

As in lit.
22

 

3.7 
1
H NMR (400 MHz, CDCl3) 1.55 (s, 36H), 4.15 (s, 2H), 7.79 (t, 2H, J = 1.5 Hz), 8.01 (d, 4H, 

J = 1.5 Hz), 8.91 (d, 4H, J = 4.5 Hz), 9.67 (d, 4H, J = 4.5 Hz). As in lit.
22 

  

 3aM1: To a solution of macrocycle M1 (14.7 mg, 23.0 

µmol) in CH2Cl2 (1.5 mL) a solution of CuI (4.4 mg, 23 

µmol) in MeCN (1.5 mL) was added and the mixture was 

stirred for 1 h at 20 °C. The solvent was removed in vacuo 

and the residue redissolved in a 1:1 mixture of THF and 

toluene (2 mL). This solution was then added to a mixture of 

porphyrin 3.6 (22 mg, 23 µmol), bromotriyne 3.1 (25 mg, 35 µmol), and K2CO3 (13 mg, 92 µmol) in 

toluene (2 mL). The mixture was degassed through pump-freeze-thaw cycles, flushed with nitrogen, and 

stirred at 60 °C for 3 d. After cooling to 20 ºC, the reaction was quenched by the addition of KCN (20 mg, 

0.3 mmol, in 1 mL H2O), deluted with CH2Cl2 (1 mL), MeCN (1 mL), and and stirred at 20 ºC for 2 h. 
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CH2Cl2 (10 mL) was added, the organic phase separated, washed with H2O (10 mL), brine (10 mL), and 

the solvents were removed. Column chromatography (silica, hexane/EtOAc/pyridine 100:1:1 → 10:1:1) 

followed by recrystallization from CH2Cl2/MeOH afforded the product 3aM1 as a green solid (10 mg, 

19.4%). 
1
H NMR (500 MHz, CD2Cl2) δ 9.63 (d, J = 4.5 Hz, 2H, H6), 9.35 (d, J = 4.6 Hz, 2H, H8), 8.79 (d, 

J = 4.5 Hz, 2H, H5), 8.60 (d, J = 4.6 Hz, 2H, H7), 8.53 (d, J = 8.8 Hz, 4H, Hd), 8.09 (d, J = 8.4 Hz, 2H, 

Hb), 7.98 (d, J = 8.4 Hz, 2H, Hc), 7.91 (d, J = 1.8 Hz, 4H, H4), 7.80 (t, J = 1.8 Hz, 2H, H3), 7.53 (s, 2H, 

Ha), 7.29 (t, J = 1.7 Hz, 3H, H1), 7.25 (d, J = 8.7 Hz, 4H, He), 6.99 (d, J = 1.7 Hz, 6H, H2), 6.95 (t, J = 8.2 

Hz, 1H, Hh), 6.91 (t, J = 2.3 Hz, 1H, Hf), 6.38 (dd, J = 8.2 Hz, 2.3 Hz, 2H, Hg), 4.14–4.02 (m, 8H, Hj,i), 

1.87–1.52 (m, 16H, Hk,l,m,n), 1.49 (s, 36H, H11), 1.43–1.39 (m, 21H, H9,10), 1.17 (s, 54H, H12). 
13

C NMR 

(125 MHz, CD2Cl2) δC 161.03, 160.96, 156.0, 153.9, 152.1, 151.2, 150.6, 150.4, 149.0, 146.2, 143.9, 

141.6, 136.6, 133.8, 133.0, 132.1, 131.2, 130.6, 129.9, 129.8, 129.2, 127.5, 125.5, 124.9, 123.9, 121.4, 

120.9, 119.0, 115.3, 110.2, 107.6, 102.8, 100.6, 98.7, 96.2, 87.8, 82.5, 81.7, 71.1, 70.0, 68.3, 68.2, 66.9, 

64.0, 63.7, 57.8, 35.2, 35.1, 31.8, 31.4, 29.9, 29.4, 26.20, 26.19, 19.2, 12.2. m/z (MALDI TOF MS+) 

(C152H176N6O4SiZn); [M+H
+
] requires 2244.3 found 2244.32. UV-vis (THF) λmax / nm (ε / M

–1
 cm

–1
) 285 

(94000), 320 (57000), 456 (542000), 607 (14000), 661 (129000). UV-vis (CH2Cl2) λmax / nm (ε / M
–1

 cm
–1

) 

285 (95500), 319 (64500), 456 (435000), 661 (84100). M.p. 130–131 C. 

 

3b2M1. TIPS-protected porphyrin rotaxane 

3aM1 (41 mg, 18.3 mol) was dissolved in 

the mixture of CH2Cl2 (20 mL) and CHCl3 (5 

mL) and TBAF (36.6 mL, 26.6 1.0 M solution 

in THF) was added at 20 ºC. The reaction stirred 

3 h. at 40 °C. The reaction progress was monitored by TLC (Py/EtOAc/PE40/60 1:1:10). After complete 

consumption of starting materials the reaction mixture was passed through a short silica plug (CH2Cl2 + 

5% Py) and solvents were removed in vacuo resulting d-3aM1 deprotected rotaxane (37 mg, 17.8 mol). 

To a solution of macrocycle M1 (11.3 mg, 17.8 µmol) in CH2Cl2 (1.5 mL) a solution of CuI (3.4 mg, 17.8 

µmol) in MeCN (1.5 mL) was added and the mixture was stirred for 1 h at 20 °C. The solvent was 

removed in vacuo and the residue re-dissolved in a 1:1 mixture of THF and toluene (9 mL). This solution 
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was then added to a mixture of d-3aM1 deprotected rotaxanes, bromotriyne 3.1 (18 mg, 24.8 µmol), and 

K2CO3 (9.8 mg, 71 µmol). The reaction mixture was degassed through pump-freeze-thaw cycles, flushed 

with nitrogen, and stirred at 70 °C for 2 d. After cooling to 20 ºC, the reaction was quenched by the 

addition of ETDA (20.8 mg, 0.71 mmol, in 1 mL H2O), deluted with CH2Cl2 (2 mL), MeCN (1 mL) and 

stirred at 20 ºC for 2 h. Additional CH2Cl2 (10 mL) was added, the organic phase separated, washed with 

H2O (10 mL), brine (10 mL), and solvents were removed. Column chromatography (silica, 

hexane/EtOAc/pyridine 100:1:1 → 5:1:1) followed by SEC column (Bio-Beads-S-X, CHCl3 + 1% Py, to 

remove traces of unreacted rotaxane) and recrystallization from CH2Cl2/MeOH afforded the product 

3b2M1 as a green solid (11 mg, 23%). 
1
H NMR (500 MHz, CD2Cl2) 9.15 (d, J = 6.1 Hz, 4H), 8.40 (d, J 

= 8.7 Hz, 8H), 8.37 (d, J = 4.6 Hz, 4H), 7.79–7.77 (m, 6H), 7.63 (d, J = 8.4 Hz, 4H), 7.45 (d, J = 8.4 Hz, 

4H), 7.30 (t, J = 1.7 Hz, 6H), 7.26 (d, J = 8.8 Hz, 8H), 7.0 (d, J = 1.7 Hz, 8H), 6.77–6.71 (m, 8H), 6.20 

(dd, J1 = 8.12 Hz, J2 = 2.3 Hz, 4H), 4.28 (m, 4H), 4.16 (m, 4H), 4.07–3.97 (m, 8H), 1.90 (m, 8H), 1.83–

1.60 (m, 32H), 1.51 (s, 36H), 1.43–1.39 (m, 12H), 1.19 (s, 108H). 
13

C NMR (125 MHz, CD2Cl2) δ 160.9, 

160.9, 155.2, 153.0, 150.8, 150.7, 150.4, 149.2, 145.2, 143.9, 141.0, 135.8, 133.3, 132.0, 130.9, 129.8, 

129.7, 129.2, 128.3, 126.5, 124.8, 124.5, 124.0, 121.6, 121.0, 120.9, 118.2, 115.3, 107.5, 100.6, 98.4, 88.2, 

82.8, 81.5, 71.7, 69.9, 68.4, 68.3, 67.5, 63.7, 63.6, 59.9, 57.9, 35.3, 35.1, 31.9, 31.5, 29.9, 29.4, 26.3, 26.3, 

25.4. m/z (MALDI TOF MS+) (C234H260N8O8Zn); [M+] requires 3378.96 found 3378.48. UV-vis (THF) 

λmax / nm (ε / M
–1

 cm
–1

) 288 (129000), 320 (57000), 466 (452000), 651 (155000), 661 (129000). UV-vis 

(CH2Cl2) λmax / nm (ε / M
–1

 cm
–1

) 288 (126000), 467 (361000), 689 (115000). M.p. 150–152 C. 

 

To a solution of rotaxane 2bM1 (60 mg, 30.49 

mmol) in CH2Cl2 (4.0 mL) a solution of CuI (5.9 mg, 

30.49 mmol) in CH3CN (1.0 mL) was added and the 

mixture stirred at 20 °C for 1.5 h. The mixture was then 

dried under vacuum and re-dissolved in dry THF (5.0 

mL) (macrocycle-Cu complex solution). A fresh sample 

of 3.1 (35.6 mg, 48.8 mmol) was added to the solution with 2b (23.8 mg, 36.6 mmol) with potassium 

carbonate (19.9 mg, 0.14 mmol). The reaction mixture was degassed through three time freeze-pump-thaw 
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and flushed with nitrogen gas and stirred in dark at 60 °C for 36 h. The progress of reaction was monitored 

by TLC (PE40/60/EtOAc 6 : 1). The reaction was stirred for 36 h, cooled to 20 ºC, then CH3CN (1.0 mL), 

CH2Cl2 (2.0 mL) and KCN (10.0 mg, 0.15 mmol in 1.0 mL water) were added and the mixture stirred at 20 

ºC for additional 5 h. The mixture was diluted with CH2Cl2 (4.0 mL), the organic fraction separated and 

washed with water (3×5.0 mL) after which solvents were removed. The residue was purified by column 

chromatography (silica, PE 40/60/EtOAc = 30 : 1) and further purified using size-exclusion column (on 

Biobeads-S-X1) in CH2Cl2 to afford a product as a yellow solid (5 mg, 5 %). 
1
H NMR (500 MHz, CD2Cl2, 

298 K) 8.23 (d, J = 4.4, 2H, Hc), 8.19 (d, J = 4.1, 4H, H4d), 7.95 (d, J = 4.0, 2H, Hb), 7.74 (s, 2H, Ha), 7.23 

(t, J = 3.6, 12H, H1), 7.07 (d, J = 4.1, 4H, He,), 6.98 (t, J = 3.5, 1H, Hh,), 6.88 (d, J = 3.4, 24 H, H2), 6.59 (t, 

J = 3.3, 1H, Hf), 6.36 (dd, J1 = 6.2 Hz, J2 = 3.2, 2H, Hg), 4.04 (t, J = 4.0, 4H, Hi), 3.99 (t, J = 3.9, 4H, Hj), 

1.82–1.76 (m, 8H, Hk,l), 1.61 (m, 8H, Hm,n) 1.12 (s, 108 H, H3). 
13

C NMR (125 MHz, CD2Cl2, 298 K) 161, 

160.6, 157.6, 150.5, 146.9, 143.8, 136.5, 133.0, 129.6, 129.5, 127.7, 125.7, 123.9, 120.9, 120.2, 115.4, 

108, 101.2, 86.1, 69.8, 68.5, 68.2, 64.7, 64.3, 63.6, 63.6, 57.7, 35.5, 31.4, 30.4, 30.0, 26.4, 26.4; m/z 

(MALDI TOF MS+) cal. for C238H394N2O4 [M]
+
 3244.8, found 3244.3. Uv-vis(THF) λmax / nm (ε / M

–1
 cm

–

1
) 317 (391000), 298 (366000), 285 (317000), 267 (192000). UV-vis (CH2Cl2) λmax / nm (ε / M

–1
 cm

–1
) 317 

(417000), 298 (38300), 282 (262000), 267 (154000).  
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Chapter 4 

Too close to each other, Forbidden transition, A sink for excited states energies  
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Chapter 4. Photophysics of Threaded sp
1
-Carbon Chains and Rhenium 

Tricarbonyl Complexes 

4.1 Introduction 

In this chapter the excited state behavior of supertrityl-capped hexayne and its rotaxanes is described 

using time-resolved UV-vis, NIR and IR absorption spectroscopy.  

Polyynes, and materials based on chains of linear sp
1
 carbon atoms, have long been a focus of research, 

as models for carbyne, the elusive 1D allotrope of carbon,
1
 and this field has been stimulated by the 

extraordinary mechanical,
2,3

 charge-transport
4-7 

and nonlinear optical
8
 properties of these materials. 

Additionally, the acetylene unit has been extensively employed to transfer excitation energy in 

optoelectronic gates and metaloporphyrin arrays,
9
 or in photonic wires, where the butadiyne link mediates 

efficient triplet energy transfer between two fluorescent dyes.
9c,d

 By contrast, in the rotaxinated polyynes 

the macrocyclic chromophore is threaded around the polyyne chain through a mechanical bond and the 

investigation of the polyyne-macrocycle through-space interactions upon optical excitation presents 

attractive scientific interest , considering the rich photophysics and intriguing excited state behaviour of 

polyynes.
33-43 

The presence of the phenanthroline unit in these rotaxanes allows different metals to be coordinated 

within the macrocycle cavity.
10

 For example, rhenium carbonyl complexes of phenanthroline and 

bipyridine derivatives are well-known phosphorescent labels for biomolecules,
11

 materials in organic light-

emitting devices,
12

 and they are promising sensitizers of electron-transfer (ET) and energy-transfer 

processes (EET).
13,14

 The close proximity of the coordinated metal and polyyne, when they are both locked 

inside the macrocycle, serves as an unique model to examine the polyyne-metal remote interactions.
15

 For 

this reason, the Re(CO)3Cl rotaxane and Re(CO)3Cl macrocycle complexes were prepared
16 

and UV-Vis, 

FTIR, time-resolved IR (TRIR), transient absorption (TA) spectroscopy were applied in combination with 

X-ray crystallography to study hexayne dumbbell 2.2,
17

 macrocycle M1,
18

 hexayne rotaxane 2bM1, 

Re(CO)3M1 and Re(CO)3rotaxane Re(CO)3Cl·2bM1 in the ground and excited states. (Additionally, 

another Re(CO)3Cl hexayne rotaxane with smaller macrocycle M2 has been prepared, the synthesis and 

photophysical studies of which are given in Appendix A). For convenience we will use the following 

designation for the compounds (Chart 4.1): Hexayne-H, macrocycle-M, rotaxane-HM, 

Re(CO)3Clmacrocycle-M(Re) and Re(CO)3Clrotaxane-HM(Re).  
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The represented material describes the intriguing photophysical properties of a new class of polyyne 

rotaxanes demonstrating the ability of the polyyne chain to harvest effectively singlet and triplet excited 

energy from rotaxinated chromophore. Our experiments uncover the potential to use polyyne rotaxanes as 

supramolecular photonic wires and shed a light on the properties of insulated carbon-rich materials. 

 

Chart 4.1 Structure of H hexayne, M macrocycle, HM hexayne rotaxane, HM(Re) Re(CO)3Clrotaxane and 

M(Re) Re(CO)3Clmacrocycle.  

4.2. Synthesis of Re(CO)3Cl complexes HM(Re) and M(Re) 

Re(CO)3Cl·macrocycle complex M(Re) was prepared according to the published procedure (Scheme 

4.1).
16

 To the solution of the macrocycle M1 in toluene Re(CO)5Cl was added and the suspension was 

stirred at reflux. After simple workup, the product was isolated in 63% yield as a yellow solid.  

 

Scheme 4.1 Synthesis of the Re(CO)3Cl·M1 rhenium tricarbonyl complex of the macrocycle M1. 

The HM(Re) complex was prepared in a similar way: 2bM1 was reacted with Re(CO)5Cl in toluene 

at 100 °C. This reaction was found to give the rhenium(I) carbonyl rotaxane complex HM(Re) in 70% 

yield (Scheme 4.2).  
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Scheme 4.2 Synthesis of the HM(Re) rhenium tricarbonyl complex of the rotaxane 2bM1. 

 

4.3 NMR characterization of Re(CO)3Cl complexes 

Both rhenium(I)tricarbonyl complexes M(Re) and HM(Re) were characterized by NMR, FTIR, UV-

Vis absorption spectroscopy and MALDI spectrometry. The 
1
H NMR spectrum of the M(Re) shows that 

proton signals of the phenanthroline moiety are split due to desymmetrization of the molecule. This 

happens because the Re centre preserves octahedral geometry, discussed in the crystallography section 

below, and as a result, one face of the macrocycle 'looks' to the axial carbonyl group while the other face 

to the axial chlorine atom. Interestingly, in the HM(Re) complex the symmetry of the rhenium center is 

imposed on the polyyne, splitting the resonances of the dumbbell component (proton signals from 

supertrityl group, H1, H2 and H3, Figure 1a, for the peak assignment see Scheme 4.2): HM(Re) shows 

twice as many sp 
13

C resonances as 2bM1 (Figure 1b).  

 

Figure 4.1 (a) 1H NMR of the HM(Re) showing the splitting of the macrocycle protons as well as dumbbell 

protons signals (500 MHz, 298 K, CD2Cl2). (b) The 
13

C NMR spectrum of HM(Re), showing only the resonances 

of the 8 central carbons of the C12 polyyne chain compared with that of rotaxane HM (4 resonances, 125 MHz, 

298 K, CD2Cl2). 
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4.4 Steady-state fluorescence spectra of Re(CO)3Cl complexes 

The M(Re) complex shows normal luminescence behavior (emission λmax = 550 nm, quantum yield  = 

0.030 in toluene under air). Surprisingly, no luminescence is detected from HM(Re) under these 

conditions. Evidently the proximity of the C12 polyyne chain quenches the emission from the rhenium 

center (Figure 4.2). This result was surprising because the HOMO-LUMO gap of the hexayne (absorption 

λmax 315 nm) appears to be too large to accept excitation from the Re(CO)3Cl unit (emission λmax 605 nm), 

while the electron-affinity of the polyyne is insufficient for it to quench the rhenium luminescence by 

photoinduced electron transfer.
19,20

 Moreover, addition of the hexayne dumbbell H
17

 to the M(Re) solution 

in toluene did not alter the luminescence of the rhenium complex, demonstrating that the polyyne needs to 

be in close proximity to quench the luminescence, although, the mechanism of this quenching process was 

not known. 

 

Figure 4.2 Spectra of the M(Re) (red) and the HM(Re) (blue) measured in air-saturated toluene. Both solutions 

had the same concentration (ca. 1 µM) and both were excited at 350 nm under identical conditions. The 

luminescence quantum yield of M(Re) ( = 0.033) was measured using zinc tetraphenylporphyrin as a standard ( = 

0.11).
21

 

4.5 Ground state UV-Vis absorption and IR spectroscopy 

The UV absorption spectrum of hexayne H in dichloromethane (Figure 2a) shows an intense band at 

275–325 nm, with a well-defined vibronic progression of 2060 cm
–1

, corresponding to the vibrational 

mode of the Sn state.
17,33-43

 The vibrational progression matches well with the ground state CC stretch 

frequency (2175–2195 cm
–1

) seen in the IR spectrum (Figure 4.3b). Hexayne H also displays a weak 

absorption band at 350–450 nm, dominated by a vibronic progression of 2040–2169 cm
–1

 (insert in Figure 

4.3a). We assign this band to the forbidden S0S1 transition, as reported in the absorption spectra of many 

other long polyynes
33-42

 (although we cannot exclude the possibility that it is a transition to another low-

lying singlet excited state, other than S1). This S0S1 transition at 350–450 nm is about 500 times weaker 
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than the S0Sn absorption at 275–325 nm. For the HM rotaxane, the third vibrational band of the S0S1 

transition is obscured by the intense absorption of macrocycle at 390 nm, but the first two bands are 

clearly visible and do not change their position, while in the HM(Re) rotaxane, all the S0S1 transitions 

are hidden by the intense M(Re) absorption.  

The absorption spectrum of the macrocycle M (Figure 4.3a) consists of a broad, lower energy -* 

band, extending to 390 nm, and a n-* band at around 275 nm.
44

 The absorption spectrum of the rotaxane 

HM is essentially the sum of its two components, thread and dumbbell, with a slight (4 nm) 

bathochromic shift of the hexayne peaks (Figure 4.3a); the presence of the threaded macrocycle slightly 

changes the environment of the polyyne chain. Similar results were obtained for Re(CO)3Cl complexes: 

The M(Re) absorption spectrum consists of two transitions; a low-energy MLCT, extending to about 490 

nm, and a higher energy intraligand (IL) -* transition.
45

 The spectrum of the HM(Re) is the sum of its 

components with a slight (2 nm) red-shift in the hexayne peaks (Figure 4.3a). 

 

Figure 4.3 (a) UV-vis absorption and (b) IR spectra of the hexayne H (red), the rotaxane HM (blue), HM(Re) 

(green), M(Re) (orange), and M (brown), all recorded in CH2Cl2. Concentrations of the compounds for IR 

measurements are 1.5 mM; path length 0.5 mm. (a) Insert depicts the weak S0S1 absorption. (b) The top picture 

depicts the three stretching modes of carbonyl groups.
46

 The same color code is used for spectra in (a) and (b).  

IR spectra were measured in dichloromethane (Figure 4.3b). The hexayne H has a broad collective 

band with two overlapping stretches (2175 and 2195 cm
–1

) which are characteristic of long polyyne 

chains,
47

 assigned to the symmetric g CC stretch mode and the -IR mode, respectively. In the rotaxanes 

HM and HM(Re), the CC stretch is unshifted, at around 2200 cm
–1

, indicating that threading does not 

perturb the ground state vibrational structure of hexayne. The three carbonyl groups of the Re(CO)3Cl 

moiety give rise to three sharp, intense bands at 1894 (A'(2)), 1932 (A'') and 2025 (A'(1)) cm
–1

 for 
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HM(Re) and 1885 (A''), 1924 (A'(2)) and 2022 (A'(1)) cm
–1

 for M(Re), which are characteristic of fac-

rhenium tricarbonyl polypyridyl complexes.
46

 The positions of the IR bands indicate the Cs (or pseudo C3) 

symmetry of the Re center: two normal (CO) modes are symmetric (A'(1) and A'(2)) involving all three 

CO ligands, while one mode (A'') is anti-symmetric involving only in the plane stretching of two CO 

groups (Figure 4.3b). On threading, the A'' and A'(2) bands of Re(CO)3Clmacrocycle M(Re) shift to 

higher wavenumber, by 8 cm
–1 

and 9 cm
–1

, respectively. The relative intensities of all CO bands are similar 

in both Re(CO)3Cl-complexes. 

4.6 X-ray crystallography 

To gain more insights into this family of compounds, we have also compared the X-ray crystal 

structures of H, HM, HM(Re) and M(Re). The crystal structures of hexayne dumbbell H was reported 

previously.
17

 The crystal structure of rotaxane HM is discussed in Chapter 2. Crystals of 

Re(CO)3Clmacrocycle M(Re) were grown by slow evaporation of a solution in toluene at 4 °C; single 

crystal X-ray diffraction data were collected at 150 K using an Oxford Diffraction (Agilent) SuperNova A 

diffractometer by Dr. Amber Thompson (Oxford Crystallography). Crystals of the Re(CO)3Clrotaxane 

complex HM(Re) were grown from dichloromethane solution by slow diffusion of methanol vapor at 

room temperature; single crystal X-ray diffraction data were collected at 100 K using synchrotron 

radiation at the Diamond Light Source, beamline I19.
22

 In both cases, data were reduced using 

CrysAlisPro. M(Re) was found to crystallize in P-1 with one molecule of M(Re) and two molecules of 

toluene in the asymmetric unit, while HM(Re) crystallized in P 21/n with one molecule of HM(Re) in 

the asymmetric unit. The structures were solved using charge flipping
23

 with SuperFlip
24

 and refined using 

least-squares within CRYSTALS.
25

 The difference map for HM(Re) indicated the presence of diffuse 

electron density believed to be disordered solvent. SQUEEZE
26

 was used leaving a void from which the 

electron density was removed. The structures of the hexayne dumbbell H,
17

 rotaxane HM, rhenium 

rotaxane HM(Re) and rhenium-macrocycle complex M(Re) are compared in Figure 4.4. The two 

rotaxanes, HM and HM(Re), show similar bond length alternation within experimental error: 0.143 ± 

0.008 Å in HM and 0.155 ± 0.010 Å in HM(Re), compared with 0.158 ± 0.008 Å for H.
9
 The closest 

distance between carbonyl group oxygen and polyyne chain carbon in HM(Re) is 3.085(5) Å (CO–
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C(5)), which is less than the sum of the van der Waals radii (3.35 Å);
27

 the three shortest CO···CC 

contacts are shown in Figure 4.4e. 

The hexayne chain in HM(Re) is severely bent, with a single-arc conformation, unlike the double-arc 

of H.
20

 The angle between the two terminal C1 and C12 atoms and the centroid of the middle C6-C7 bond 

of HM(Re) is 155.6(1) ° (compared with 171.8(1) ° in HM and 180 ° in H); the average value for this 

parameter for the 22 hexaynes in the Cambridge Structural Database
28

 is 175.3 ° (s.d. 7.1 °),
8a,17,29,30.31,32

 

and only one other hexayne has been reported with a comparable angle (155.3(2) °).
30

 The angles between 

the three carbonyl groups lie in the range 85.20(17)–92.55(17) ° (with an average of 88.7 °) in HM(Re) 

and 85.47(16)–90.53(16) ° (with an average of 87.9 °) in M(Re), and the local Cs symmetry of the 

rhenium center is preserved in both Re(CO)3Cl complexes (Figure 4.4). 

 

Figure 4.4 The solid state structures of (a) hexayne H, (b) rotaxane HM, (c) Re(CO)3Clrotaxane HM(Re) and 

(d) Re(CO)3Clmacrocycle M(Re). The closest distances between CO groups and CC chain in the 

Re(CO)3Clrotaxane HM(Re) are also shown (e). Hydrogen atoms and solvent molecules are omitted for clarity.  

4.7 Time-resolved absorption and IR spectroscopy 

We carried out a systematic study of the dynamic processes in the excited states of this family of 

compounds, using TRIR and TA spectroscopy. The time-resolved experiments were carried out in the 

Research Complex at Harwell, with the collaboration with Professor Anthony Parker (Central Laser 

Facility, CLF). All experiments were performed within of 2-week visit to the CLF, with the great help of 

Professor Anthony Parker, Professor Michael Towrie and Dr. Gregory Greetham. 

 Initially, we examined the excited state behavior of the hexayne H and the macrocycle M separately, 

and then we moved to the topologically more complex rotaxane HM, the rhenium tricarbonyl complex 
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of macrocycle M(Re) and rhenium tricarbonyl rotaxane complex HM(Re). Two regions of the TRIR 

spectra are particularly informative: the high frequency region at 1900–2300 cm
–1

 and the “fingerprint” 

region at 1400–1900 cm
–1

. The kinetic data for H, HM and HM(Re) are summarized in Tables 4.1–

4.4. 

4.7.1 Photophysics of Hexayne H 

TRIR is an excellent technique for examining the kinetics of transient species, with a time-resolution of 

< 200 fs.
48

 When investigating the photophysics of polyynes, strong signals are observed for the CC 

triple-bond stretch (2100–2200 cm
–1

), providing information on ground-state depletion and recovery 

(through the negative ∆A “bleach” signal), and probing the evolution of singlet and triplet excited states, 

which can be distinguished by their different CC stretch frequencies (reflecting their different extents of 

bond length alternation). Despite these attractive features, there have been no previous ultrafast TRIR 

studies of polyynes,
49

 which is surprising because, despite extensive investigation, the excited states of 

polyynes remain poorly understood. Theoretical and experimental studies agree that the first singlet 

excited states (S1) are generally “dark states” — which means that S0–S1 transitions are dipole 

forbidden.
33–42

 Consequently, the absorption spectra are dominated by transitions to higher singlet excited 

states (S0Sn) while the S0S1 absorption band is weak or unobservable. Internal conversion (IC, 

SnS1), is very rapid, but fluorescence from S1 is normally too slow to compete with intersystem crossing 

(ISC, S1T1) and nonradiative decay (IC, S1S0). Unsubstituted polyynes, H-(CC)n-H, exhibit an 

intense allowed absorption band to a high-energy singlet state (
1


+
g  

1


+
u), as well as weak absorption 

bands at longer wavelengths, which are about 1000-times less intense and involve low-lying singlet states 

(
1


+
g  

1

–

u and 
1


+
g  

1
u).

33-36
 Other polyynes, R-(CC)n-R, show similar behavior,

37-42
 although their 

electronic structures can be complicated by involvement of the end groups (particularly if R = aryl), and it 

can be difficult to identify the dark states. Knowledge of the energy of the dark S1 state is essential for 

estimating the optical HOMO-LUMO gap, and for understanding charge transport.
4-7

  

Computational studies have shown that the excited states of polyynes generally have reduced bond 

length alternation, i.e. the CC triple bonds become longer and the C-C single bonds become shorter.
41,50,51

 

This prediction is supported by analysis of vibrational structure in electronic transitions
34

and by time-
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resolved resonance Raman studies on the T1 state of diphenyl butadiyne (Ph-CC-CC-Ph),
52

 and an 

intriguing metastable photoexcited polyyne has been identified at low temperatures which appears to have 

a cumulenic structure (=C=C= rather than -CC-).
53

 Here we present the first TRIR study of an extended 

polyyne. We show that optical excitation generates a short-lived higher singlet state (Sn) which has a 

lifetime of 0.9 ps in the free hexayne H. TRIR also enables the S1 and T1 states of the polyyne to be 

directly observed and their CC stretch frequencies (S0: 2175, 2195 cm
–1

; S1: 2177 cm
–1

; T1: 2047 cm
–1

) 

provide clear evidence for a slight increase in cumulenic character in the excited states (more in T1 than 

S1).  

Excitation of hexayne H at 310 nm, results in an immediate bleach of the ground state CC stretch at 

2175–2195 cm
–1

 (within the time-resolution of our instrument, <200 fs) and a new absorption band 

appears at 2063 cm
–1

 (Figure 4.5a). This band, which corresponds to the CC stretch in the singlet excited 

state, shifts to 2077 cm
–1

 over 5 ps (Figure 4.5a) in parallel with a 15% band narrowing (measured at 

the half maximum). These two spectral changes are typical indications of intramolecular vibrational 

relaxation (IVR) and cooling of ‘hot’ state(s);
54

 the time-dependent vibrational shift may also contain 

contributions from solvent reorganization around the nascent excited state.
54

 Previously, the formation of a 

vibrationally hot polyyne upon vertical excitation was postulated from the broadness of the TA spectra at 

short time delays.
38

 To our knowledge, this is the first time that the vibrational relaxation of a ‘hot’ excited 

long polyyne has been characterized via vibrational spectroscopy. SnS1 internal conversion occurs on a 

faster time-scale than this IVR, as discussed below. 

The S1 band at 2077 cm
–1

 decays to a new band at 2047 cm
–1

 corresponding to the T1 triplet excited 

state CC stretch (Figure 4.5b); the rates of this decay (1 = 0.44 ± 0.02 ns) and of the growth of the band 

at 2047 cm
–1

 (2 = 0.48 ± 0.05 ns, Figure 4.5c) give the rate of ISC, as summarized in Table 4.1. The lower 

frequency of the CC stretch in the excited states (2077 cm
–1

 in S1 and 2047 cm
–1

 in T1 vs. 2175 and 2195 

cm
–1

 in S0) reflect a reduced bond-length-alternation in the excited states.
34,36,50-52,29i

 The intensity of the 

CC ground state bleach band at 2175–2195 cm
–1

 does not change during ISC, indicating that the triplet 

yield is near unity. 
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Figure 4.5 TRIR spectra and excited state kinetics of hexayne dumbbell H excited at 310 nm (a–e), rotaxane HM 

excited at 310 nm (f–j) and 350 nm (l–o). Laser energy: 80–100 nJ, solvent: CH2Cl2.  

 

Spectacular changes are also observed in the fingerprint region (Figure 4.5d), and these are useful for 

confirming the species assignments and associated kinetics. Immediately after excitation, a band appears 

at 1740 cm
–1

, which decays gradually, giving a new band at 1610 cm
–1

. These two bands display similar 

kinetics (1740 cm
–1

 decay time: 1 = 0.40 ± 0.04 ns; 1610 cm
–1

 rise time: 2 = 0.38 ± 0.02 ns, Figure 4.5e) 
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to the bands at 2040–2080 cm
–1

 and are attributed to the same excited species, S1  T1. The lifetime of the 

T1 state of H in deoxygenated dichloromethane is 16.0 ± 3.6 s (estimated from the 1610 cm
–1

 band; 

excitation with a 1 ns pulse at 266 nm; Figure 4.6). 

 

Figure 4.6 Excited state dynamic changes in dumbbell H on excitation at 266 nm in TRIR spectra. (a) Single 

exponential decay of 1613 cm
–1

 band in deoxygenated (2 = 16.0 ± 3.6 s) and (b) air-saturated (1 = 1.2 ± 0.1 s) 

CH2Cl2 (laser energy = 200 nJ). This enhanced decay in the presence of oxygen supports assignment of the 1613 cm
–

1
 band to the triplet excited state of the hexayne. 

At early times, the fingerprint band of the singlet excited state at 1741 cm
–1

 shifts to 1737 cm
–1

, while 

decreasing in intensity, over 3 ps (Figure 4.7). The direction of this spectral shift is opposite to that 

expected for IVR and solvation processes and we tentatively assign it to SnS1 internal conversion. 

 

Figure 4.7 TRIR spectra of hexayne dumbbell H in fingerprint region at early time delays (0–3 ps). Excitation  = 

310 nm; laser energy = 200 nJ; solvent: CH2Cl2. 

 TA spectra show a similar fast process: Excitation at 310 nm generates a band at 421 nm, which grows 

with a rise time of 1 = 0.93 ± 0.08 ps (Figure 4.8). This rise is too slow for direct vertical excitation (in 

TRIR spectra the bleach of ground state CC stretching appears within the 200 fs instrument time-

resolution). Thus, the most reasonable explanation is the formation of the S1 state via the symmetry-

allowed S0-Sn transition. 
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Figure 4.8 Growth of the S1 state of hexayne H following excitation at 310 nm in CH2Cl2: (a) TA spectra and (b) 

signal at 421 nm (1 = 0.93 ± 0.08 ps).  

 At longer times, TA confirms that the S1 state undergoes an intersystem crossing, resulting in a band at 

343 nm, corresponding to the T1 state (Figure 4.9a). The kinetics of T1 band growth at 343 nm (2 = 0.45 ± 

0.09 ns) and S1 decay (1 = 0.44 ± 0.02 ns) (Figure 4.9b) are similar to those extracted from TRIR spectra. 

 

Figure 4.9 TA spectra and excited state kinetics of hexayne dumbbell H (a,b, laser energy = 50 nJ), rotaxane HM 

(c,d, laser energy = 70 nJ) and HM(Re) (e,f, laser energy = 70 nJ); excited at 310 nm; solvent: CH2Cl2. 

Examination of the NIR TA showed a short-lived broad band at 1185 nm which appears immediately 

following the excitation pulse (Figure 4.10). The decay time of this band (1 = 0.82 ± 0.13 ps; Figure 

4.10b) matches the growth of the S1 state in the visible region of TA spectrum (1 = 0.93 ± 0.08 ps) and we 

therefore assign it to the Sn state of the hexayne. To our knowledge, this is first time that a SnS1 

transition of any polyynes has been characterized by TRIR and NIR TA spectroscopy, although the S1 and 

Sn states of the diphenylacetylene were studied by emission spectroscopy.
49,55

 π-Conjugated terminal aryl 

groups may play an important role in the excited state dynamics of diphenylacetylene, while the 
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‘supertrityl’ capped hexayne H presents a ‘pure’ case of a polyyne chain, so its behavior can be regarded 

as intrinsic to the sp-hybridized carbyne chain. 

 

Figure 4.10 Transient absorption spectra of hexayne H in NIR region following excitation at 310 nm. (a) The decay 

of Sn state and (b) its single exponential kinetics (1085 nm, 1 = 0.82 ± 0.13 ps). Excitation  = 310 nm; laser energy 

= 60 nJ, solvent: CH2Cl2. 

Table 4.1 Excited state bands, transitions and lifetimes for hexayne H in CH2Cl2 excited at 310 nm. 

a 
Excited at 266 nm and measured in O2-free CH2Cl2. 

4.7.2 Photophysics of Macrocycle M. 

 The excited states of 2,9-diaryl phenanthrolines have been studied before,
44a

 and the 
1
* singlet state 

lifetime is estimated to be a few ns in dichloromethane, while the triplet 
3
* state lives for about a second 

at 77 K. As expected, the TRIR spectrum of macrocycle M does not exhibit any features in the high 

frequency region (on excitation at 350 or 310 nm). In the fingerprint region, transient features appear at 

1470 cm
–1

, 1510 cm
–1

 and 1520–1600 cm
–1

 (Figure 4.13a). The transients have similar decay rates, 

indicating that they arise from the same excited species. The sharpest peak at 1504 cm
–1

 was chosen for 

kinetic analysis and fitted to a single-exponential decay yielding a singlet lifetime of 2.1 ± 0.2 ns (Figure 

4.11).  

TRIR band Lifetime () Assignment TA band  Lifetime () Assignment 

2077 cm
–1

 0.44 ± 0.02 ns S1T1 decay 421 nm 0.44 ± 0.02 ns S1T1 decay 

2047 cm
–1

 0.48 ± 0.05 ns S1T1 growth 343 nm 0.45 ± 0.01 ns S1T1 growth 

1737 cm
–1

 0.40 ± 0.04 ns S1 T1 decay 421 nm 0.93 ± 0.08 ps SnS1 growth 

1610 cm
–1

 0.38 ± 0.02 ns S1T1 growth 1085 nm 0.82 ± 0.13 ps SnS1 decay 

1610 cm
–1 a

 16.0 ± 3.6 s T1 S0 decay 
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Figure 4.11 Single exponential decay of 1504 cm
–1

 TRIR band (1 = 2.07 ± 0.24 ns) of the macrocycle M on 

excitation at 350 nm. Laser energy = 100 nJ; solvent: CH2Cl2. 

The TA spectra show a very broad band between 350 and 700 nm (Figure 4.12) with distinguishable 

peaks at 365 and 652 nm. Within a few ns, the peak at 365 nm decays and a new peak grows at 436 nm, 

but the total intensity of broad envelope does not change dramatically over time. The decay constant of the 

365 nm band is 1 = 1.8 ± 0.2 ns, matching with the lifetime of the 1504 cm
–1

 TRIR band. We ascribed the 

band at 365 nm to the singlet and the band at 436 nm to triplet excited state macrocycle. 

 

Figure 4.12 (a) Excited state TA spectra of macrocycle M on excitation at 350 nm; laser energy = 100 nJ; solvent: 

CH2Cl2. (b) The kinetics of the 365 nm band assigned to the decay of the singlet state (1 = 1.8 ± 0.15 ns), while the 

growth of the band at 436 nm is assigned to the triplet state formation and has similar kinetics (1 = 3.2 ± 0.8 ns).  

Figure 4.13 TRIR spectra of (a) macrocycle M and (b) rotaxane HM excited at 350 nm. (c) Kinetics of the singlet 

EET from M to the dumbbell estimated from the different spectral regions and bands, excited at 350 nm. Laser 

energy: 45 nJ; solvent: CH2Cl2.  
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4.7.3 EET in rotaxane HM 

It is possible to excite the different components of the rotaxane separately: At 350 nm, where only the 

macrocycle absorbs, or at 310 nm, where absorption by the hexayne predominates (both components 

absorb at 310 nm, but the molar absorption coefficient of the hexayne is higher by a factor of 12).  

The TRIR spectra of HM, when excited at 310 nm, are almost identical to those of hexayne H 

(compare Figure 4.5f,g with Figure 4.5a,b). The initially formed ‘hot’ S1 state undergoes IVR and the 

observed frequency shift resembles that of the H (Figure 4.5f). The bleach of the CC stretch around 2190 

cm
–1

 does not change intensity during ISC, indicating again that the triplet yield is near unity, as in the 

hexayne H. The kinetics are summarized in Table 4.2. The data from the fingerprint region at late time 

delays (15 ps) match with those from the high frequency region: the dumbbell S1 band at 1741 cm
–1

 

decays giving rise to a T1 band at 1610 cm
–1

 (Figure 4.5j). At early time delays, the growth of the singlet 

S1 hexayne at 1741 cm
–1

 is biexponential (Figure 4.14), in contrast to the single-exponential growth of the 

same band in free dumbbell H (Figure 4.5j). This behavior results from two processes operating in 

parallel: (a) excitation of the macrocycle and energy transfer to the polyyne (1), and (b) direct excitation 

of the hexayne (2 < 200 fs; instrument response limited). Partial direct excitation of the macrocycle is 

confirmed by the band at 1500–1600 cm
–1

 (Figure 4.14), which decays over 4 ps due to energy transfer to 

the hexayne dumbbell. 

 

Figure 4.14 Excited state dynamics in rotaxane HM on excitation at 310 nm from TRIR spectra. (a) Early-time 

spectral changes in the fingerprint region. (b) Biexponential growth of 1741 cm
–1

 singlet hexayne band (1 = 4.3 ± 

1.6 ps, A1 = 0.43; 2 = 0.19 ± 0.02 ps, A2 = 0.57).  

Excitation of the rotaxane HM at 350 nm, where only the macrocyclic component absorbs, was 

investigated to test for energy transfer between the two components. (Irradiation of free hexayne H at this 

wavelength does not produce detectable TA and TRIR signals, because H has negligible absorption at 350 

nm.) On excitation of HM at 350 nm, the ground state CC stretch band gradually bleaches, at around 
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2190 cm
–1

, and the S1 polyyne band gradually grows at 2077 cm
–1

 (Figure 4.4k), indicating transfer of 

singlet excitation from the macrocycle to the dumbbell. After 20 ps, the TRIR spectra from excitation at 

350 nm become identical to those for excitation at 310 nm (compare Figure 4.5k,l with Figure 4.5f,g), and 

the decay kinetics are the same (Figure 4.5m and Table 4.3). The IVR observed upon excitation of HM 

at 310 nm does not occur when the system is excited at 350 nm (compare Figure 4.5k with Figure 4.5f), 

which shows that EET does not generate vibrationally ‘hot’ excited states, in contrast to direct excitation.  

Examination of the fingerprint region of the TRIR spectra of HM after excitation at 350 nm showed a 

fast ( 10 ps) decay of a band at 1500–1600 cm
–1 

corresponding to the singlet macrocycle and the parallel 

rise of the S1 excited hexayne (1741 cm
–1

) (Figure 4.13b). This is direct evidence of singlet-singlet energy 

transfer from the excited state macrocycle to the ground state hexayne. The decay of the macrocycle band 

at 1560 cm
–1

 (1 = 3.2 ± 0.2 ps) and the growth of the singlet S1 hexayne at 1741 cm
–1

 (1 = 2.7 ± 0.2 ps) 

are single-exponential (Figure 4.13c). The growth of the 2077 cm
–1

 band of the singlet hexayne (1 = 2.6 ± 

0.1 ps) and the bleach of the ground state stretching mode at 2189 cm
–1

 (1 = 2.9 ± 0.3 ps) are also single-

exponential. The very weak S0S1 oscillation strength of the polyyne implies that this fast EET occurs by 

a Dexter mechanism. The triplet lifetime of the hexayne component in HM (1 = 14.0 ± 2.2 s in 

deoxygenated solution, Table 4.1, Figure 4.15) is similar to that of the hexayne H.  

 

Figure 4.15 (a) Excited state dynamic changes in rotaxane HM on excitation with ns laser at 266 nm in TRIR 

spectra. Single exponential decay of 2047 cm
–1

 band of triplet dumbbell (1 = 0.95 ± 0.04 s), single exponential 

recovery of 2189 cm
–1

 (CC) bleach (1 = 0.90 ± 0.03 s) and single exponential decay of the 1610 cm
–1

 band (1 = 

1.04 ± 0.05 s) in air-saturated CH2Cl2. (b) The kinetics of decay of the dumbbell triplet state in rotaxane HM in 

deoxygenated CH2Cl2 (1 = 14.0 ± 2.2 s). 

TA spectra of rotaxane HM, with excitation at 350 nm, showed formation of a transient S1 absorption 

band at 421 nm (Figure 4.16), similar to that of free dumbbell H. The rise-time of this band (1 = 3.2 ± 0.4 

ps, Figure 4.16a), due to S1(macrocycle)S1(hexayne), agrees with the TRIR data. On a longer timescale, 
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this band decays (2 = 0.42 ± 0.04 ns) due to intersystem crossing. The growing T1 state was observed as a 

shoulder at 360 nm, but overlap with the excitation wavelength made it difficult to observe the triplet 

(Figure 4.16b).  

 

Figure 4.16 Transient absorption spectra of HM following excitation at 350 nm. (a) The formation of singlet 

excited state. (b) Decrease of singlet and increase of triplet (as a shoulder) TA bands. Inserts show the corresponding 

kinetics, excited at 350 nm. Laser energy: 200 nJ; solvent: CH2Cl2. 

TA spectral changes of HM excited at 310 nm are similar those in dumbbell H. The singlet S1 band at 

422 nm grows at early time delays (1 = 1.8 ± 0.2 ps, Figure 4.17) due to SnS1 relaxation. Later, this 

band decays and the triplet band at 343 nm grows (Figure 4.9d, Table 4.2).  

 

Figure 4.17 Excited state dynamic changes of rotaxane HM on excitation at 310 nm in TA spectra. (a) Single 

exponential growth of the band at 422 nm and (b) its kinetics (1 = 1.8 ± 0.2 ps). 

The eventual formation of the polyyne triplet state was confirmed by carrying out TA experiments of 

the rotaxane HM in presence of -carotene.
56

 Excitation of the HM at 355 nm resulted in triplet-triplet 

sensitization of the -carotene (Figure 4.18). The processes observed by TA and TRIR are summarized in 

Figure 4.19.  
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Figure 4.18 TA spectra measured in deoxygenated CH2Cl2 upon the excitation of rotaxane HM with 355 nm laser 

in presence of -carotene (150 mM). After 1 ps the singlet polyyne band at 422 nm is visible, later, 1 ns after 

excitation, the singlet polyyne band disappears and new band appear at 526 nm corresponding to the triplet excited 

state -carotene.
56

 The triplet -carotene formation is the result of the energy transfer from triplet excited polyyne. 

Unfortunately, the triplet polyyne band at 343 nm is obscured by excitation laser and is not visible. 

Table 4.2 Excited state bands, transitions and lifetimes for rotaxane HM excited at 310 nm in CH2Cl2. 

TRIR band Lifetime () Assignment  TA band Lifetime () Assignment 

2077 cm
–1

 0.44 ± 0.02 ns S1T1 decay 422 nm 1.8 ± 0.2 ps SnS1 growth 

2047 cm
–1

 0.42 ± 0.05 ns S1T1 growth 422 nm 0.44 ± 0.02 ns S1T1 decay 

1741 cm
–1

 0.42 ± 0.01 ns S1T1 decay 343 nm 0.55 ± 0.02 ns S1T1 growth 

1610 cm
–1

 0.38 ± 0.02 ns S1T1 growth 

2047
 
cm

–1 a
 0.88 ± 0.04 s T1S0 decay 

1610
 
cm

–1 a
 1.04 ± 0.05 s T1S0 decay 

1610 cm
–1 ab  

       14.0 ± 2.2 s T1S0 decay 

a 
Excited at 266 nm; 

b
in O2-free CH2Cl2. 

Table 4.3 Excited state bands, transitions and lifetimes for rotaxane HM excited at 350 nm in CH2Cl2. 

TRIR band Lifetime () Assignment TA band Lifetime () Assignment 

2077 cm
–1

 0.50 ± 0.01 ns S1 T1 decay 422 nm 3.2 ± 0.4 ps EET, S1 growth 

of hexayne 

2047 cm
–1

 0.44 ± 0.02 ns S1 T1 growth 422 nm 0.42 ± 0.04 ns S1 T1 decay 

1741 cm
–1

 0.48 ± 0.01 ns S1 T1 decay 

1610 cm
–1

 0.45 ± 0.02 ns S1 T1 growth 

1506 cm
–1

 3.2 ± 0.2 ps EET, S1 decay 

of macrocycle 

1741 cm
–1

 

 

2.7 ± 0.2 ps 

 

EET, S1 growth 

of hexayne 

4.7.4 Excited state dynamics of Re(CO)3Cl-macrocycle complex M(Re) 

 The excited state dynamics of 1,10-phenanthroline-based Re(CO)3Cl complexes have been thoroughly 

described in the literature,
44,57

 and will only be outlined briefly here for discussion of changes when part of 

the rotaxane. Optical excitation creates both 
1
IL and 

1
MLCT states that undergo intersystem crossing to at 

least two thermally equilibrating, ‘hot’, triplet 
3
IL and 

3
MLCT states, over 150 fs. The IL state arises 

from phenanthroline -* transition, and the MLCT state involves the d orbitals of Re atom. Internal 
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conversion between the 
3
IL and 

3
MLCT states takes place on a timescale of ps to ns, depending on the 

solvent and ligand structure. Later, the 
3
MLCT state relaxes to the vibrationally cooled lowest excited 

state, which decays on the ns time-scale via radiative and non-radiative pathways.
58

 

  

Figure 4.19 Energy diagram summarizing excited-state processes in (a) dumbbell H and rotaxane HM, and (b) 

M(Re) and Re(CO)3Clrotaxane complex HM(Re). 

On excitation of M(Re) at 350 nm, TRIR spectra show several positive red-shifted bands, as well as 

negative bands originating from the depleted ground state (Figure 4.20a). The broad positive band at 

1935–2005 cm
–1

 represents the overlap of two A'' and A'(2) excited state bands.
58d,e,59a

 The time-dependent 

shift of these two bands is complex, as it incorporates the instantaneous shift, as a result of Frank-Condon 

excitation and formation of hot singlet states, the ISC, the establishment of the equilibrium between 
3
IL 

and lower 
3
MLCT states; probably, the initial IVR of the hot 

3
MLCT state and all these processes are 

accompanied with solvent reorganization.
58,59

  

Over 10 ps, the low energy shoulder of the excited state A'' band decreases. The higher energy weak 

shoulder next to the excited state A'(2) band also decreases over 10 ps. The A''and A'(2) collective band 

undergoes a 17 cm
–1

 shift to higher frequency with a 26% intensity increase, while the ground state A'' 

band bleach increases by 22%. The bleach intensity changes can be attributed to an overlapping absorption 

decrease, (lower absorption cross section) which originates from the 
3
IL state and which decays over a 

short time by the conversion of the 
3
IL to the 

3
MLCT state.

61a
 The second excited band (A'(1)) at 2054 cm

–

1
 shows a more pronounce intensity increase (62%), hypsochromic shift (12 cm

–1
) and band narrowing 

(64%) (Figure 4.20a). Whereas the shift to higher frequency is due to an increasing contribution of the 

3
MLCT state,

69a
 the band-narrowing, apparently involves vibrational relaxation steps, stemming from 

local-solvent reorganization. These spectral changes resemble the exited state dynamics of the Re(CO)3(4-

Et-pyridine) 2,2'-bipyridine complex.
60

 We ascribe the final TRIR spectral pattern, seen at longer time 
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delays, to the relaxed lowest excited-state 
3
MLCT (see Figure 4.19 for a summary of the excited states and 

kinetics). 

 

Figure 4.20 TRIR spectra and excited state kinetics of the M(Re) (a–c) excited at 350 nm, HM(Re) excited at 350 

nm (d–f) and 310 nm (g–i). Laser energy: 100–200 nJ; solvent: CH2Cl2. 

 We were interested to estimate the lifetime of the 
3
MLCT triplet excited state of the 

Re(CO)3Clmacrocycle M(Re). Kinetic data were extracted from TRIR spectra, exciting the molecule at 

266 nm. All negative and positive bands show similar single-exponential kinetics. The triplet lifetime is 93 

ns under oxygen-free conditions (Figure 4.20) and 63 ns in the presence of air (Figure 4.19b, Table 4.4). 
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Figure 4.21 The kinetics of the decay of triplet excited M(Re) in deoxygenated CH2Cl2, extracted from the bleach 

recovery of A'' ground state band (2022 cm
–1

, 1 = 92.3 ± 6.4 ns) and the decay of excited state A'' band (2051 cm
–1

, 

1 = 93.6 ± 7.2 ns). 

In the fingerprint region of the TRIR spectrum of M(Re), two bleaches of ground-state bands at 1497 

cm
–1

 and 1608 cm
–1

 appear immediately after excitation, and recover within 30–40 ps while the transient 

bands 1480 cm
–1

 and 1595 cm
–1

 grow slightly (Figure 4.20c). The positions of the bleach-bands in M(Re) 

and M are similar, suggesting that they originate from the phenanthroline framework, and are not strongly 

perturbed by the presence of the Re-localized triplet state. Furthermore, in M(Re), these bands show 

single-exponential recovery kinetics (1497 cm
–1

: 1 = 6.8 ± 0.6 ps; 1608 cm
–1

: 1 = 14.0 ± 1.2 ps; Figure 

4.19d), on a timescale similar to the (CO) shifts observed in the transients in the carbonyl stretching 

region. Thus we tentatively assign the bleach recovery at 1497 cm
–1

 and 1608 cm
–1

 to the cooling and IVR 

of the initially formed hot states. 

4.7.5 The EET in the Re(CO)3Cl·rotaxane complex HM(Re).  

The ground state CO and CC stretch vibrations of HM(Re) occur at different frequencies, allowing 

each component to be observed separately. TRIR spectra of HM(Re) following excitation of the 

macrocycle component at 350 nm show immediate bleaching of ground state carbonyl stretching bands 

(Figure 4.22). The excited state CO bands at 2051 cm
–1

 and 1975 cm
–1

 shift to high frequencies within 20 

ps, due to the 
3
IL

3
MLCT conversion and vibration relaxation, as in M(Re). However, in contrast to 

M(Re), the CO bleaches of HM(Re) undergo rapid recovery (Figure 4.20e.g). The recovery of the CO 

bleach is accompanied by bleaching of the CC band at 2190 cm
–1

, indicating energy transfer from 

Re(CO)3Clmacrocycle to the hexayne chain. The rate of CC bleaching matches that of the recovery of all 

three CO bands (Figure 4.19f). Kinetic data are summarized Table 4.4.  
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Figure 4.22 TRIR spectra of Re(CO)3Clrotaxane complex HM(Re) in polyyne stretching region at early time 

delays (0–15 ps). Excitation  = 350 nm; laser energy = 200 nJ, solvent: CH2Cl2. 

The TRIR spectra of HM(Re) in the high frequency region do not reveal the nature of energy 

transfer, as the triplet and singlet state bands of the hexayne at 2040–2080 cm
–1

 overlap with excited state 

A'(1) band. The necessary information was obtained from the fingerprint region: The initial bleach of the 

excited Re(CO)3Clmacrocycle at 1607 cm
–1

 band recovers and then the band corresponding to the triplet 

state hexayne at ca. 1610 cm
–1

 grows over 2 ns (Figure 4.20h). At the same time the triplet 

Re(CO)3Clmacrocycle band around 1470 cm
–1

 decays (1 = 1.86 ± 0.15 ns). These spectral changes 

clearly demonstrate triplet-triplet energy transfer from the Re(CO)3Clmacrocycle moiety to the threaded 

hexayne.  

The growth kinetics of the 1607 cm
–1

 band (Figure 4.20h) are biexponential (1 = 14.0 ± 0.6 ps, A1 = 

0.35; 2 = 1.13 ± 0.05 ns, A2 = 0.65) with the fast component matching that of decay of the bleach at 1607 

cm
–1

 in Re(CO)3Clmacrocycle M(Re). This implies that in excited HM(Re) initially the 
3
IL

3
MLCT 

conversion with vibrational cooling and solvent reorganization take place prior to triplet energy transfer to 

the hexayne from a relaxed 
3
MLCT state. Indeed, the hexayne ground state CC band at 2200 cm

–1
 does 

not show any bleach over the first 20–30 ps, while the 
3
IL

3
MLCT and other relaxations take place 

(Figures 4.20g).  

The TRIR spectra of HM(Re) using excitation at 350 nm did not show any singlet excited state 

polyyne band, before or after energy transfer, excluding the possibility of singlet energy transfer from the 

Re(CO)3Clmacrocycle. Singlet energy transfer does not occur because intersystem crossing in the 

Re(CO)3Clmacrocycle complexe is ultrafast, and all spectral changes originate from triplet excited 

Re(CO)3Clmacrocycle. Thus, triplet sensitization of the hexayne in HM(Re) upon excitation of the 

molecule at 350 nm explains the quenching of emission of Re(CO)3Clmacrocycle M(Re) at room 
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temperature by the threaded dumbbell. To estimate the triplet energy transfer efficiency, we compared the 

relative intensities of the CC at 2200 cm
–1

 and A'(1) C=O bands at 2054 cm
–1 

in the ground state IR 

spectrum (A/B = GSr = 6.71; top) with that of the same bands when maximally bleached (15 ps and 45 ns 

after excitation, respectively, under air) in the TRIR spectra (C/D = ESr = 6.81) (Figure 4.23). The triplet 

energy transfer efficiency (
3
EET) was estimated using the equation: 

       
   

   
 

This calculation gave EET = 6.71/6.81 = 0.99. The same calculation was also carried out using TRIR 

spectra from an oxygen-free solution of HM(Re); under these conditions, the bleach of the CC and 

A'(1) C=O bands were most intense 15 ps and 5.50 s after excitation, respectively; C/D = ESr = 6.72 

(Figure 4.23); EET = 6.71/6.72 = 1.00. 

 

Figure 4.23 Comparison of IR and TRIR spectral intensities for HM(Re).  

Another noteworthy feature of the HM(Re) rotaxane is the perturbation of the ground state hexayne 

by excited M(Re) (after excitation, before energy transfer) which appears as a slightly enhanced 

absorption at 2200 cm
–1

 (Figures 4.12e and 4.24). Later, when M(Re) is in its relaxed state, after EET, 

the carbonyl bleaches do not reach to the asymptotic level, although all positive transient bands disappear 

(Figure 4.24) as a result of electronic perturbation by the nearby triplet hexayne. In both cases, this effect 

serves to report the presence of a nearby excited state constituent. The triplet state polyyne lifetimes in 

deoxygenated and oxygen-containing solutions (Figure 4.24) are similar to those of the rotaxane HM 

(Table 4.2). These processes are summarized in Figure 4.19b.  
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Figure 4.24 (a) TRIR spectra of Re(CO)3Clrotaxane HM(Re) complex in fingerprint region. (b) Kinetics of 1610 

cm
–1

 triplet band in oxygen containing (1 = 0.81 ± 0.02 s) and (c) deoxygenated CH2Cl2 (1 = 20.2 ± 1.7 s). 

Excitation  = 266 nm; laser energy = 100 nJ. 

Direct excitation of the hexayne component of HM(Re) at 310 nm generates the singlet state hexayne 

via direct excitation, as well as triplet macrocycle (Figure 4.20i) followed by triplet energy transfer to the 

hexayne. In Figure 4.20i, for example, the band around 2070 cm
–1

, corresponding to singlet hexayne, 

decreases gradually (1 = 0.35 ± 0.03 ns) while the CC bleach, which appeared immediately upon 

excitation, increases (2200 cm
–1

) due to triplet energy transfer from macrocycle to hexayne. Upon triplet 

EET the excited macrocycle bands also decrease and the (CO) bleach recovers (Figure 4.20, Table 4.5). 

Comparable changes are observed in fingerprint region (Figure 4.20k) where the singlet hexayne band at 

1741 cm
–1

 decreases and triplet band at 1610 cm
–1

 increases. Kinetic analysis of the fingerprint region 

shows that the singlet hexayne band at 1741 cm
–1 

decays in a single-exponential fashion (Figure 4.20l, 1 = 

0.35 ± 0.01 ns); the decay constant matches that of the singlet band at 2070 cm
–1

.  

 

Figure 4.25 TRIR spectra of HM(Re) showing the mutual electronic perturbation of components. Top picture 

shows the enhanced ground state (CC) band absorption (circled) due to nearby triplet M(Re). Bottom picture 

shows that despite the transients of M(Re) disappeared due to EET, however, the ground state (CO) bands (negative 

bleach) still are visible as an effect of nearby triplet dumbbell. 
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TA spectra of HM(Re) excited at 310 nm show the formation of singlet and triplet excited states 

similar to rotaxane HM and hexayne H excited at 310 nm (Figure 4.9a,c). Within 5 ps the band of the 

singlet hexayne at 422 nm grows over the broad transient envelope band of the macrocycle (Figure 4.26). 

The singlet state band at 422 nm decays single-exponentially with 1 = 0.34 ± 0.01 ps. The broad band of 

the macrocycle also decreases and the growth of hexayne triplet band at 343 nm is single-exponential (2 = 

0.49 ± 0.02 ns, Figure 4.9f). Both 1 and 2 values agree with the TRIR data. The kinetic data are 

summarized in Table 4.4 and Table 4.5. 

 

Figure 4.26 TA spectra of Re(CO)3Clrotaxane HM(Re) in CH2Cl2 (excitation  = 310 nm). (a) The growth of the 

singlet and triplet polyyne transient bands, and (b) the single exponential growth of singlet S 1 polyyne transient at 

422 nm (1 = 0.60 ± 0.6 ps). 

Table 4.4 Excited state bands, transitions and lifetimes for HM(Re) excited at 350 nm in CH2Cl2. 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

a 
Excited at 266 nm and measured in O2-free CH2Cl2. 

 

 

 

TRIR band Lifetime () Assignment 

1470 cm
–1

 1.86 ± 0.15 ns  
3
EET, T1 decay of macrocycle  

1610 cm
–1

 

 

14.0 ± 0.6 ps (A1 = 0.35)  

1.10 ± 0.05 ns (A2 = 0.65) 

relaxation 
3
EET, growth of T1 polyyne

 

1892 cm
–1

 1.59 ± 0.12 ns  COgs bleach (decaying); 
3
EET

 

1930 cm
–1

 1.50 ± 0.11 ns 

2022 cm
–1

 1.70 ± 0.09 ns 

2185 cm
–1

 1.44 ± 0.12 ns CC bleach (growing); 
3
EET 

1610
 
cm

–1 a
 20.2 ± 1.7 s polyyne T1  S0 decay 
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Table 4.5 Excited state bands, transitions and lifetimes of Re(CO)3Clrotaxane HM(Re) excited at 310 nm in 

CH2Cl2. 

TRIR band Lifetime () Assignment TA band Lifetime () Assignment 

1892 cm
–1

 

 

 

1930 cm
–1

 

 

 

2023 cm
–1

 

 

 

2075 cm
–1

 

 

1610 cm
–1

 

 

  

1741 cm
–1

 

10.8 ± 2.0 ps, A1 = 0.38,  

1.14 ± 0.11 ns, A2 = 0.62 

 

8.20 ± 0.88 ps, A1 = 0.5,  

1.60 ± 0.17 ns, A2 =0.5 

 

9.60 ± 1.15 ps, A1 = 0.43,  

1.71 ± 0.19 ns, A2 = 0.57 

 

0.36 ± 0.03 ps 

 

12.2 ± 1.6 ps, A1 = 0.35,  

0.54 ± 0.04 ns, A2 =0.65 

 

0.35 ± 0.01 ns 

T1, CO 

 

 

T1, CO 

 

 

T1, CO 

 

 

S1 decay of hexayne 

 

T1 growth of 

hexayne 

 

S1 decay of hexayne 

422 nm 

422 nm 

0.60 ± 0.6 ps 

0.34 ± 0.01 ns 

 

S1 growth 

S1 decay 

 

4.8 Time-resolved anisotropy  

TRIR anisotropy data were obtained for H, M(Re) and HM(Re) by manipulating the polarization 

between pump light and probe IR beams.  

Separately, the anisotropy of H was determined from the bleach of ground state and S1 excited state 

(CC) modes. The bleach of the CC ground state band and singlet band at 2077 cm
–1

 show intensity 

dependence on the angle of the probing beam (90-perpendicular (), 0-parallel () or 54.7-magic). The 

spectra shown below are measured at 20 ps after excitation when the molecule is in its relaxed S1 state 

(Figure 4.27). 

 

Figure 4.27 TRIR spectra of hexayne H measured at 20 ps after excitation. The probing beam was fixed at parallel, 

perpendicular or magic angle position regarding the pumping beam. Excitation  = 310 nm; laser energy = 80 nJ, 

solvent: CH2Cl2. 

The anisotropy is calculated according to the equation: 
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Calculated anisotropy from the S1 singlet excited band at 2077 cm
–1

 is 0.29. This value is close to the 

theoretical one (condition, when transition dipoles in the ground and excited states are collinear, and there 

are not processes which result in depolarization, the excited state population is preferentially oriented 

along the z-axis and the value of Iis one-third the value of I  (I  = 3I), the anisotropy is 0.4) indicating 

that orientation of the dipole moments between excitation and S1 conversion is nearly parallel at t = 20 ps. 

The anisotropy measured from the ground state 2191 cm
-1

 band is 0.25. The anisotropy values are slightly 

less than those obtained from fluorescence anisotropy studies of ,-diphenylpolyynes which can be the 

result of significant bending of polyyne chain of H in solution.
39b

  

To estimate the rate of the depolarization of the molecule the equation (4.2) was used,
61

 

     
           

            
       

where r(t), I(t) and I(t) are the anisotropy, parallel and perpendicular intensity at particular t time 

delay, respectively. Then the r(t) values were plotted against the time delays (Figure 4.28). 

 

Figure 4.28 Depolarization of the H estimated from the bleach band.  

We followed the depolarization of the H through two (CC) bands at 2170 cm
–1

 and 2191 cm
–1 

and 

both showed similar depolarization rates. The measured polarization decay rate of hexayne H is single 

exponential with   0.50 ns. To our knowledge, this is the first anisotropy decay report for polyynes. The 

kinetic data are summarized in the Table 4.6. 

Table 4.6 Anisotropy values and decay rates of the H estimated from the bleach bands. r0 is extrapolated to 0 time 

from the decay curves. 

 Band Lifetime () r r0 

2170 cm
–1

 0.50 ± 0.09 ns 0.24 0.26 

2191 cm
–1

 0.54 ± 0.1 ns 0.29 0.29 
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The anisotropy (r) of M(Re) is measured 1 ps after excitation (350 nm). For ground state A'(2) band r = 

0.21 and for A'' band r = -0.16. The third A'(1) band is not polarized (Figure 4.29). These values are 

different from the reported anisotropy measurements for Re(R-bpy)(CO)3Cl (R = COOH, bpy = 2,2'-

bipyridine) complex.
54

 The excited state (CO) bands show insignificant polarization. Depolarization 

(tumbling) rate of M(Re) is   80 ps, almost 6 time faster than H which is not a surprise considering the 

bulky nature of the dumbbell.  

 

Figure 4.29 Excitation of M(Re) complex at 350 nm showed pronounced polarization effect.  

The r absolute values are close to each other but are opposite by sign which indicates that vibrational 

transition vectors of two A'(2) and A'' modes align perpendicular to each other. Two excited state bands at 

1975 cm
–1

 and 2054 cm
–1

 showed very little (0.04-00.05) anisotropy value which is not taken into 

consideration. We followed the anisotropy dynamic of M(Re) molecule using equation (2) and plotting 

r(t) time evolution (Figure 4.30).  

 

Figure 4.30 The anisotropy decay of M(Re) estimated from A'(2) and A'' modes. 

The kinetic data are summarized in Table 4.7. 
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Table 4.7 The anisotropy decay kinetics of M(Re) estimated from A'(2) and A'' modes. r0 is extrapolated to 0 time 

from the decay curves. 

 

 

 

When excited at 310 nm both (CO) and (CC) bands in the HM(Re) show polarization (Figure 

4.31). Ground state (bleach) and S1 excited state (CC) bands have anisotropy values, similar to the free 

dumbbell H (Table 4.8). In contrast to the M(Re), the ground state A'(2) bleach of Re(CO)3Cl·macrocycle 

in HM(Re) has positive polarization (r = +0.06), the second bleach (A'') is not polarized and the third 

(A'(1)) band anisotropy value is (r = –0.06).  

 

Figure 4.31 Polarization of HM(Re) excited at 310 nm. 

The orientation of transition vectors of CO vibrations of Re(CO)3Cl·macrocycle in HM(Re) is 

changed in a way that A'(2) mode becomes polarized while (A'') mode loses its anisotropy. The excited 

state (CO) bands have almost no anisotropy, similar to the M(Re). All data are summarized in the Table 

4.8. 

Table 4.8 Calculated anisotropy values and decay kinetics for HM(Re) rotaxane excited at 310 nm, after 10 ps 

delay. r0 is extrapolated to 0 time from the decay curves. 

 

  

The depolarization rate of the dumbbell in HM(Re) is  0.4 ns (estimated for 2191 cm
-1

 band, Table 

4.8, Figure 4.32), faster than depolarization of H (0.4 ns vs 0.5 ns). This is unusual as the increase in the 

volume of the molecule (from H to HM(Re)) it is expected to slow down the rotational and translation 

TRIR band Lifetime ()  r r0 

1886 cm
–1

 (A'(2)) - 0.06 - 

2022 cm
–1 

(A'(1)) - -0.06 - 

2077 cm
–1

 0.23 ± 0.05 ns 0.32 0.35 

2191 cm
–1

 0.40 ± 0.1 ns 0.29 0.39 

TRIR band Lifetime () r r0 

1886 cm
–1 

(A'(2)) 104 ± 7 ps 0.21 0.27 

1927 cm
–1 

(A'') 63 ± 3 ps –0.16 –0.18 
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motion, therefore, the depolarization rate; the faster depolarization in HM(Re) may reflect the mobility 

and nonlinearity of the threaded hexayne unit. 

 

Figure 4.32 Anisotropy decay kinetics of dumbbell in HM(Re) estimated for 2077 cm
-1

 singlet band (left) and 

2191 cm
-1 

bleach band (right). 

The anisotropy of the (CO) bands in HM(Re) is calculated 1 ps after excitation of the molecule at 

350 nm (Figure 4.33). Anisotropy value of ground state A'(2)
 
band from the bleach is –0.17, slightly less 

than in M(Re). For A'' band r = +0.14, similar to anisotropy measured for M(Re). The third A'(1) band 

and excited state (CO) bands are not polarized similar to the M(Re). The anisotropy of (CO) modes in 

HM(Re) is different when the molecule is excited at 310 and 350 nm.  

Depolarization of Re(CO)3Cl·macrocycle in HM(Re) is connected mostly to the non-directional 

rotation of the macrocycle around polyyne axle. The depolarization rate is   0.27 ns (averaged from two 

A'(2) and A'', Table 4.9) more than 3 time slower than the free M(Re). The change in dynamics of 

anisotropy decay of macrocycle in HM(Re) must be result of the staggering of macrocycle rotation by 

bulky end-groups and weak interaction of carbonyl groups with polyyne chain -system (see crystal 

structure). However, we would not exclude the influence of decreased degree of Brownian motion on 

depolarization when macrocycle is threaded with the dumbbell. 
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Figure 4.33 The anisotropy of the (CO) bleaches are calculated 1 ps after excitation of the HM(Re) at 310 nm.  

Anisotropy decay dynamics were calculated using equation (2) and plotting the r(t) against time 

(Figure 4.34). 

 

Figure 4.34 The anisotropy decay kinetics for A'(2) and A'' modes in the HM(Re) excited at 350 nm. 

The anisotropy decay kinetics for A'(2) and A'' modes is summarized in the Table 4.9.  

Table 4.9 Summary of anisotropy decay kinetics of the HM(Re) excited at 350 nm. 

TRIR band Lifetime () 

1888 cm
–1 

(A'(2)) 0.39 ± 0.04 ns 

1928 cm
–1

(A'') 0.14 ± 0.02 ns 

4.9 Conclusion  

Despite the alluring elemental simplicity of their molecular structures, polyyne chromophores exhibit 

remarkably rich and complex photophysical behavior. Here we have shown that TRIR is an excellent 

technique for probing their excited state dynamics. We have also demonstrated that rotaxane synthesis is a 

powerful strategy for fixing a photoactive unit near the center of a polyyne chain, for studying singlet and 

triplet energy transfer through space, between non-bonded components. The X-ray crystallography showed 

significant bending of the polyyne chain in the HM(Re) and close-contacts between CO and polyyne 

units. The macrocycle and dumbbell in the HM(Re) rotaxane did not show spectroscopically significant 
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interactions in the ground state, while the excited state TRIR spectra revealed mutual electronic 

perturbation of both components. The mechanism of the quenching of the emission from 

Re(CO)3macrocycle in the HM(Re) was found to be triplet energy transfer from the lowest metal-to–

ligand charge transfer (
3
MLCT) excited state of the M(Re) to the ground state H hexayne (time constant: τ 

= 1.5 ns). Surprisingly, an efficient singlet energy transfer from the excited macrocycle M to the threaded 

hexayne H dumbbell in the rotaxane HM was observed: The energy transfer takes place within a few ps 

without creating 'hot' vibrational states in hexayne. Additionally, we carried out comprehensive 

examination on photophysics of bare hexayne, characterizing the internal conversion (IC) by UV-vis TA, 

for the first time by NIR-TA, and the vibrational cooling of the singlet excited states by TRIR 

spectroscopy. The anisotropy data allow us to estimate depolarization rates of HM(Re) and its individual 

components. Time-dependent anisotropy decay kinetics showed that the rate of depolarization of M(Re) in 

HM(Re) slowed down three times compared to the free M(Re) as a result of hindered rotation of the 

macrocyclic component upon threading the linear axle. 

Previously it was found that butadiyne bridges can mediate quantitative intramolecular triplet EET 

between covalently bonded chromophores.
62

 Here we demonstrate the intermolecular triplet EET 

properties of polyynes in a covalently non-bonded rotaxane. The singlet and triplet excitation energy 

harvesting properties of polyynes resemble those of the carotenes, which harvest both triplet and singlet 

energy in photosynthetic systems.
63

 It is intriguing to consider why nature exclusively preferred 

conjugated double rather triple bonds for photosynthetic energy transfer. Understanding the excited states 

of polyyne in supramolecular assemblies, such as the rotaxane studied here, is important for further 

application of materials based on chains of linear sp
1
 carbon atoms in molecular and optoelectronic 

devices.
1
 This study demonstrates how the photochemistry of a system can be controlled through non-

bonded interactions, without altering the chromophore or relying on diffusion, through synthesis of 

rotaxane architectures. 

4.10 Experimental Section: Materials 

The unthreaded hexayne dumbbell H,
17

 and macrocycle M
18

 were prepared as described previously. 

Synthesis of rotaxane HM is described in Chapter 2. HM(Re) and Re(CO)3Clmacrocycle M(Re) 

complexes
 
are synthesized according the published procedure.

16 
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M(Re): A solution of the macrocycle M1 (50.0 mg, 0.08 mol) and rhenium(I) 

pentacarbonyl chloride (35.4 mg, 0.098 mol) in toluene (6.0 mL) was refluxed under 

nitrogen for 4 h. The solution was cooled to 20 °C, solvent removed and the residue 

dried under vacuum. The column chromatography of the residue (silica gel, PE 40/60 : 

EtOAc : CH2Cl2 = 1 : 1 : 4) followed by precipitation from hexanes afforded the product 

as a yellow solid (47.0 mg, 63.0%). 
1
H NMR (400 MHz, CD2Cl2, 298 K) 8.60 (d, J = 

8.4, 2H, Hb), 8.06 (s, 2H, Ha), 7.99 (d, J = 8.4, 2H, Hc), 7.71 (br. s, 4H, Hd), 7.13–7.08 

(m, 5H, Hf,e), 6.48–6.43 (m, 3H, Hg,h), 4.19–4.07 (m, 4H, Hj), 3.93 (t, J = 6.3, 4H, Hi), 1.91–1.71 (m, 8H, 

Hk,l), 1.6–1.4 (m, 8H, Hm,n). 
13

C NMR (125 MHz, CDCl3, 298 K) 193.7, 192.5, 164.4, 160.9, 160.4, 148.7, 

137.7, 134.3 (br.), 132.0 (br.), 129.7, 129.6, 126.7, 126.2, 116.1 (br.), 113.9 (br.), 107.0, 100.9, 68.0, 68.1, 

53.4, 29.6, 28.7, 25.8, 25.7; m/z (MALDI TOF MS+) 944.2, (C45H42ClN2O7Re); [M]
+
 requires 944.2; UV-

vis (CHCl3) λ / nm (ε / M
–1

 cm
–1

) 334 (19800); m.p. 290 °C. 

 

HM(Re): A solution of hexayne rotaxane 2bM1 

(25.0 mg, 0.013 mol) and rhenium(I) pentacarbonyl 

chloride (5.6 mg, 0.015 mol) in toluene (4.0 mL) was 

refluxed under nitrogen for 6 h. The solution was cooled 

to 20 °C, solvent removed and the residue dried under 

vacuum. Recrystallization of the residue from hexanes 

afforded the product as a yellow solid (20.0 mg, 70%). 
1
H NMR (400 MHz, CD2Cl2, 298 K) 8.59 (d, J = 

8.2, 2H, Hb), 8.06 (s, 2H, Ha), 7.98 (d, J = 8.4, 2H, Hc), 7.68 (br. s, 4H, Hd), 7.28–7.24 (m, 6H, H1), 7.11 

(br. s, 4H, He), 7.05 (t, J = 8.2, 1H, Hh), 6.94 (d, J = 1.7, 6 H, H2), 6.92 (d, J = 1.7, 6 H, H2), 6.50 (t, J = 

2.2, 1H, Hf), 6.43–6.41 (dd, J1 = 8.2 Hz, J2 = 2.2, 2H, Hg), 4.20–4.01 (m, 4H, Hj), 3.95 (t, J = 6.7, 4H, Hi), 

1.90–1.76 (m, 8H, Hk,n), 1.60–1.50 (m, 8H, Hm,l), 1.21 (s, 54H, H3), 1.15 (s, 54H, H3).
 13

C NMR (125 

MHz, CD2Cl2, 298 K) 193.9, 19.3, 164.5, 161.4, 161.1, 150.7. 150.7, 149.2, 143.8, 138.5, 138.2, 134,6, 

130.0, 129.8, 127.2, 127.2, 126.6, 124.4, 123.9, 123.9, 121.0, 120.9, 107.6, 100.4, 85.8, 70.0, 69.7, 68.6, 

68.2, 64.1, 63.7, 63.6, 63.2, 63.0, 62.8, 62.6, 57.7, 57.7, 35.1, 35.1, 31.5, 31.4, 29.9, 28.9, 26.0, 25.9;  m/z 

(MALDI TOF MS+) 2248.2, (C143H168ClN2O7Re); [M]
+
 requires 2248.2; UV-vis (CHCl3) λ / nm (ε / M

–1
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cm
–1

) 326 (301000), 297 (235000), 280 (173000), 267 (112000); UV-vis (THF) λ / nm (ε / M
–1

 cm
–1

) 315 

(311000), 296 (244000), 280 (178000): m.p. 277–278 °C. 

4.11 Time-Resolved Spectroscopy  

The ULTRA instrument at the STFC Rutherford Appleton Laboratory was used and is described in 

detail elsewhere.
64

 Briefly, an amplified titanium sapphire laser (Thales Optronique) produces 50 fs 

pulses at a 10 kHz repetition rate. The laser fundamental output (800 nm) is split into two parts. The first 

generates UV pump pulses through an optical parametric amplifier (TOPAS OPA) at 310 or 350 nm. The 

second part of the fundamental is used to generate probe pulses: 400 cm
−1

 broad mid-IR probe pulses 

through a second OPA for TRIR experiments or a white light continuum (330−680 nm) through focussing 

of the fundamental into a 2 mm CaF2 plate for TA experiments. Typical pump and probe beam diameters 

in the sample were 130 and 80 µm, respectively, the lower diameter probe being used to ensure only 

activated sample is interrogated. UV pump pulse energy was kept around 0.1 μJ. All experiments were 

carried out with the pump and probe set at the magic angle (54.7 °). The probe pulses were split in two, 

one part subsequently focused into the sample overlapping with the pump beam and the other for use as a 

reference of laser spectral and intensity variations. The probe and reference pulses were dispersed onto 

array detectors to measure the spectrum of each laser shot (using 128-element HgCdTe detectors for TRIR 

experiments and 512-pixel silicon single-diode arrays for TA experiments). By modulating the pump 

pulses at 5 kHz (the probe measured at 10 kHz) normalized pump on – pump off difference spectra can be 

collected in real time. The TRIR and TA spectra (see below) are presented as normalized difference 

spectra (each spectrum averaged over a few seconds), thus, positive bands correspond to photo-generated 

transient absorption while negative bands indicate ground state bleaching. 

The pump–probe time delay was controlled by an optical delay line for femtosecond to nanosecond 

measurements, while the nanosecond to microsecond measurements were recorded using the same 

spectrometers but replacing the femtosecond pump laser with a 1 ns duration 5 kHz (for pump on – pump 

off measurements as above) laser operating at 266 nm.  

The sample absorbance was 0.2−0.3 at the pump wavelength (310 or 350 nm) in a 0.1 mm pathlength 

flow cell with 2 mm CaF2 windows. The cell was raster-scanned to avoid sample decomposition on 

window surfaces. Sample integrity was checked by IR and UV-vis spectra measured before and after each 
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experiment. All spectral fitting procedures and kinetic analysis were performed using OriginPro 8.5.1 

software. TA spectra were corrected for group velocity dispersion over the wide spectral range. 

 Spectroscopic measurements were performed in air-saturated or deoxygenated dichloromethane or 

toluene solutions of spectroscopic quality (Aldrich). Deoxygenation was done by three freeze-pump-thaw 

cycles and sample preparation was carried out in glove box under nitrogen atmosphere. Fluorescence 

spectra were recorded on a J-Y Spex Fluoromax 2 fluorimeter. Ground state UV-vis spectra were recorded 

at ambient temperature on a Perkin-Elmer Lambda 20 or Parkin-Elmer Lambda 25 spectrometers with 1 

nm resolution; λ in nm (ε in L·mol
–1

·cm
–1

). 
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Chapter 5 

An attack on the protected chain, Size is matter again, Rearrangement needs to be carried out 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

139 

Chapter 5. Synthesis of masked polyyne rotaxanes 

5.1 Introduction  

In this chapter the synthesis of insulated polyyne precursors is discussed the farther modification of 

which would result in the polyyne rotaxanes.   

The synthesis of polyynes mostly relies on oxidative coupling reactions of terminal acetylenes.
1
 One of 

the limitation of these methods is the instability of the oligoynes required as intermediates, an obstacle 

which has encouraged the development of alternative synthetic strategies where the polyyne framework is 

assembled first in a protected or masked form. In the final step, the linear carbon chain is constructed 

through either elimination or extrusion of masking functional groups.
2
 The details of the 'masked' polyyne 

synthesis are reviewed in Chapter 1. While these routes have afforded a number of interesting polyyne 

derivatives,
3
 in most cases their generality has yet to be established. In recent years the Fritsch–

Buttenberg–Wiechell (FBW) rearrangement of carbene/carbenoid intermediates has evolved into an 

alternative valuable synthetic methodology for the preparation of polyyne structures from geminal 

dihaloolefin masked acetylene precursors (Scheme 5.1).
4 

 

Scheme 5.1 The transformation of 1,1-dibromo-2,2-dialkynylethenes into polyynes. A and B are proposed 

intermediates.
4 

 

We are interested in the realization of the idea of masked polyynes in the synthesis of rotaxanes. For 

this purpose, geminal dibromoolefin acetylenes have been chosen to prepare Tr*- and TIPS-ended polyyne 

rotaxanes. Particularly, TIPS-capped rotaxanes are promising precursors for the further attachment of 

[2]rotaxanes, which would lead to the formation of polyrotaxanes. 

We also tested the Pt-alkyne compound for the synthesis of polyyne rotaxanes, and the result of this 

approach is presented in Appendix B. 

5.2 Synthesis of supertrityl-capped dibromoolefin polyyne rotaxanes 

Geminal dibromoolefin acetylenes are intermediate molecules in the synthesis of supertrityl polyynes 

(Chapter 2) and, therefore, they are suitable targets to probe the synthesis of masked polyyne rotaxanes.  
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The initial rotaxane synthesis design focused on the coupling of a dibromoolefin partner with a linear 

polyyne under homo- or heterocoupling conditions to give a rotaxane with one dibromoolefin moiety on 

the axle (Figure 5.1). This choice was rationalized by the reported trend that a single carbenoid 

rearrangement proceeds more easily than a two-fold one, while the four-fold rearrangement on a single 

molecular framework has failed.
5
  

 

Figure 5.1 Schematic presentation of the masked polyyne rotaxane synthesis. The gem-dibromoolefin acetylene 

moiety (pink sphere) later undergoes FBW rearrangement to give a linear polyyne rotaxane 

In the first attempt, the TIPS-protected dibromoolefin 2.16 was deprotected by TBAF and the free 

acetylene 5.1 was isolated quantitatively (100%, Scheme 5.2). The precursor 5.1 (1.25 eq.), I2 (1.2 eq.), 

and K2CO3 (4.0 eq) were mixed with linear triyne 2.2 (1.25 eq.) in the presence of CuI·M1 macrocycle 

complex (1.0 eq.) in THF, and the reaction mixture was stirred at 60 C for 24 h. The consumption of the 

reagents was confirmed by TLC and after aqueous cyanide workup the rotaxane 2bM1 was isolated in 

11 % yield but no asymmetric, target rotaxane was formed (Scheme 5.2). 

 

Scheme 5.2 Attempted synthesis of a dibromoolefin rotaxane via alkyne homocoupling .  

A plausible explanation for this result is that a single terminal acetylene bond in precursor 5.1 is too 

short to be threaded, which leads exclusively to the formation of the kinetically more favourable linear 

hexayne rotaxane 2bM1. The cross-coupling reaction, on the other hand, always provided higher yields 

of the polyyne rotaxanes in our experiments, and we decided to apply the same strategy here. The 

dibromoolefin 5.1 (1.2 eq.) was added to a solution of supertrityl bromide 3.1 (1.7 eq.) and CuI·M1 (1.0 
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eq.) in THF (Scheme 5.3). After purification of the reaction crude by column chromatography one 

promising fraction was isolated. The 
1
H NMR and MALDI spectra confirmed that it contains the rotaxane 

2bM1 and unidentified compound(s).  

 

Scheme 5.3 Attempted synthesis of a dibromoolefin rotaxane via alkyne heterocoupling.  

The formation of the linear rotaxane 2bM1 is due to a significant proton-bromine exchange, noticed 

in the Cadiot-Chodkiewicz coupling reactions before, but the by-products could not be identified. 

Attempts to further separate the reaction products by column chromatography were not successful due to 

the similar polarity of the by-products, and we abandoned the exploration of this route.  

As an alternative option, the coupling partners of the reaction were changed. The 1-bromo-

dibromolefin 5.2 (Scheme 5.4) was prepared
6
 and coupled with triyne 2.2 in the presence of the CuI·M1 

complex. As in the previous case, the rotaxane 2bM1 was separated from the reaction crude together 

with unidentified compound(s), the separation and characterization of which again was not successful. It 

could be that in the transition state the Cu-acetylide cross-couples with the dibromolefin moiety (Castro-

Stephens type coupling).
7
 To test this hypothesis the TIPS-protected dibromolefin 2.16 was subjected to 

the reaction conditions with bromotriyne 3.1 under heterocoupling conditions. The Cu-acetylide, formed 

by the reaction of Cu(I) with bromotriyne might react with TIPS-protected dibromolefin, however, no 

reaction took place excluding the Castro-Stephens coupling scenario as a competing process.  

It became clear from these attempts that the synthesis of rotaxanes with one dibromoolefin moiety on 

the axle is most probably not accessible under the tested conditions considering, due to difficulties with 

the purification and identification of the final products. Thereby, we redirect our attention towards the 

synthesis of the rotaxanes bearing two dibromoolefin moieties on the axle (Figure 5.2).  
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Figure 5.2 Schematic presentation of the rotaxane synthesis with two gem-dibromolefin moieties (pink sphere) 

followed by FBW rearrangement to afford a linear carbon framework. 

The homocoupling reaction of 5.1 under active-metal template conditions was carried out in the 

presence of M1 macrocycle. After two days of stirring at 60 C no reaction took place which indicated that 

one terminal acetylene unit is too short to be threaded. (Similar negative results were obtained for the 

supertrityl monoyne discussed in Chapter 2.) Despite this failure we wanted to test once more the 

efficiency of the heterocoupling reaction. 1-Bromoacetylene 5.2 was prepared by treatment of 5.1 with 

NBS (Scheme 5.4),
6
 and used under heterocoupling reaction conditions. After stirring for 2 days the TLC 

confirmed the complete consumption of starting materials and the rotaxane 5aM1 was isolated in 9.5% 

yield (Scheme 5.4). 

 

Scheme 5.4 Synthesis of 1-bromoalkyne 5.2 and rotaxane 5aM1. 

Once again, the cross-coupling reaction proved its 'superiority' over the homocoupling in the synthesis 

of polyyne rotaxanes. However, it is necessary to mention that for an efficient synthesis of rotaxanes, the 

terminal acetylene must be extended to reduce the steric hindrance. Thus, a dibromoolefin precursor with a 

butadiyne terminal chain was synthesized following the route described in Scheme 5.5.
6
 1,4-

Bis(TMS)butadiyne was lithiated with MeLi at 0 C in THF, then a solution of aldehyde 2.11 in THF was 

added. The corresponding alcohol 5.3 was obtained in 67% yield as a brown oil. Compound 5.3 is prone to 

decomposition at room temperature, therefore we quickly proceeded to the next stage of alcohol oxidiation 

by PCC to the ketone 5.4 yielding the product as a orange solid (93%). The subsequent dibromoolefination 
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under Ramirez–Corey–Fuchs reaction conditions
8
 led to 5.5 in 61% yield. Deprotection of the TMS group 

was achieved using K2CO3 to yield the polyyne 5.6 in 49%.
6
 

 

Scheme 5.5 Synthesis of polyyne 5.6. 

The polyyne precursor 5.6 could be used under both hetero- and homocoupling reaction conditions, 

however, there was a fear that bromine terminated 5.6 would be unstable (the homologous 5.2 decomposed 

slowly in the solid state). For this reason the homocoupling reaction was used which turned out to be very 

successful (Scheme 5.6). The reaction of the 5.6 and Cu·M1 complex in THF was complete after stirring 

for 2 days and the rotaxane 5bM1 was isolated in 51 % yield.  

 

Scheme 5.6 Synthesis of rotaxane 5bM1. 

The 5-fold improvement of the reaction yield does not leave any ambiguity about the important role 

that steric factors play in the synthesis of these rotaxanes. 

Both 5aM1 and 5bM1 rotaxanes were characterized by 
1
H and 

13
C NMR, MALDI, UV-Vis 

absorption techniques and X-ray crystallography. MALDI TOF spectra were recorded with dithranol (1,8-

dihydroxyanthrone) as a matrix. Under positive reflectron mode both rotaxanes showed along the main 

molecular peak [M
+
] as well as other peaks rising from the degradation of the molecule by stepwise loss of 

bromine atoms.  
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UV-Vis absorption spectra of 5aM1 and 5bM1 rotaxanes are shown in Figure 5.3. While the 

spectrum of 5aM1 is dominated by the absorption of the macrocycle in the high energy region (240-350 

nm), in the spectrum of rotaxane 5bM1 the absorption of the molecule is about 2.5 times higher 

compared to the 5aM1 rotaxane, and there are three distinguishable bands at 421 nm, 389 nm and 361 

nm. All these spectral differences arise from the extended -conjugated system in rotaxane 5bM1. 

 

Figure 5.3 Absorption spectra of rotaxanes 5aM1 and 5bM1 recorded in CH2Cl2. 

Crystals of 5aM1 were grown by slow CH3OH vapour diffusion into the solution of the compound in 

CH2Cl2 at room temperature, and the crystal structure of the rotaxane was obtained by X-ray diffraction. 

The asymmetric unit contains one molecule of 5aM1, one molecule of CH2Cl2 and seven molecules of 

CH3OH. One of the methanol molecules is coordinated to the bromine atom by week hydrogen bond 

(r(H··Br) = 2.95 Å, Figure 5.4, b). The crystal belongs to the P-1 space group. The solid state packing of 

the molecules is shown in Figure 5.4 a. Despite many rotaxane solid state structures, described in this 

thesis, no particular π-π is observed between the phenanthrolines of the molecules. The macrocycle in 

5aM1 sits exactly on the top of one of the dibromoolefin moieties, like a shield. Due to this, the 

dibromoolefins have slightly different structures. For example, in the macrocycle-nested dibromoolefin 

part, the C(sp)–C(sp
2
)–C(sp) angle is 119.0 while the same angle for the macrocycle free part is 116.2. 

Similarly, the Br–C(sp
2
)–Br angle of the macrocycle-nested dibromoolefin is 114.8, and for the 

macrocycle free moiety the Br–C(sp
2
)–Br angle is 116.3. The dibromoolefin moieties are facing 

opposite directions with a slightly twisted angle: the torsion angle is 141.85. Both central triple bonds 

have a similar length (1.202 Å) within error, and the length of the single bond between them is 1.386 Å. 



 
 

145 

 

Figure 5.4 (a) Crystal packing of the 5aM1 rotaxane viewed down the crystallographic c* axis. Solvents and 

hydrogen atoms are omitted for clarity. (b) Crystal structure of the 5aM1 molecule showing the week hydrogen 

bond between a bromine atom and one of the seven molecules of methanol.  

The diffraction date for 5bM1 rotaxane have been collected, however the crystal structure has not 

been solved and refined.  

5.3 Attempted construction of polyyne frameworks in rotaxanes via FBW rearrangement  

The Fritch-Buttenberg-Wiechell (FBW) rearrangement,
10

 which generally proceeds through a carbenoid 

intermediate (Figure 5.1), has become a well-established method for alkyne synthesis since the 

development of successful methods for the migration of alkyne groups, discovered by the Tykwinski 

research group in the 2000s.
4,9

 The basis of this method is the treatment of 1,1-dibromo-2,2-

dialkynylethenes with n-BuLi which leads to the in situ formation of a carbenoid species that readily 

undergoes 1,2-migration of the pendant alkynyl group to yield the corresponding polyyne.
7 

The reaction is 

usually carried out at low temperatures in hexane (Scheme 5.1). 

In the case of rotaxanes 5aM1 and 5bM1, we found out that the rotaxanes were not soluble in 

hexane despite the presence of the dumbbell moieties. However, toluene was used which, according to the 

reports, could serve as an alternative non-coordinating reaction solvent.
4a

 Diluted solutions of the 

compound were prepared in rigorously dried toluene, and n-BuLi (in a slight excess, 2.2 eq.) was added at 

–78 C.
4,6,9

 The reaction mixture was slowly warmed up to –30 C and quenched by aqueous NH4Cl. 

However, after the final workup at room temperature the UV-vis spectrum of the crude reaction mixture 

showed that the octayne framework was not formed and no trace of the expected rotaxane 2hM1 was 

detected (Scheme 5.7). 
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Scheme 5.7 Attempted synthesis of the octayne rotaxane 2cM1 via FBW rearrangement of rotaxane 5bM1. The 

inserted UV-Vis spectra compare the absorption spectrum of initial rotaxane  5bM1, the spectrum of rotaxane 

2cM1 and the absorption spectrum of the crude mixture (RC) showing no trace of starting material and expected 

product. The spectra are recorded in toluene at room temperature with different concentrations.  

After column chromatography two fractions were separated but none of them corresponded to the 

expected rotaxane 2hM1. It was thought that probably the protonated species could be formed resulting 

from a in situ lithium-proton exchange in intermediate A (Scheme 5.8), where traces of water existing in 

the reaction mixture serve as a sources of protons.
4
 To suppress the lithium-proton exchange, the reaction 

was repeated using an excess of n-BuLi (10 eq. instead of 2.2 eq.), however the result was disappointing. 

Likewise, test reactions conducted in toluene at different temperatures (adding n-BuLi at –78 C to –20 

C) were equally unsuccessful.  

 

Scheme 5.8 Formation of protonated species by in situ lithium-proton exchange 

To get more insights into the reaction we investigated the interaction of n-BuLi with individual 

components of the rotaxane, i.e. macrocycle and dibromoolefin polyyne dumbbell, using similar reaction 

conditions to the previously attempted FBW rearrangements of rotaxane 5bM1. Macrocycle M1 did not 

react with excess n-BuLi (4.0 eq.) even at room temperature. The free dumbbell 5b was synthesized via 

Hay coupling.
6,11 

To a mixture of CuCl in CH2Cl2 was added TMEDA, and oxygen was bubbled for 10 
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min. through the solution. The butadiyne terminated 5.6 was added and the reaction mixture was stirred 

for 5 min. The crude product was passed through silica plug and the dumbbell 5b was isolated 

quantitatively (Scheme 5.9).  

 

Scheme 5.9 Synthesis of the dumbbell 5b.  

The rearrangement of 5b was carried out in toluene by adding n-BuLi (2.2 eq.) at –90 C and slowly 

warming the temperature by 10 C over 10 min. while the reaction progress was monitored by taking 

aliquots every 10 min. and recording the UV-Vis spectrum (Figure 5.5). The first recorded spectrum 

showed that at –90 C dramatic spectral changes took place: an intense absorption band appeared around 

310 nm with characteristic vibronic bands indicative of a hexayne chain and a shoulder at 350 nm which 

resembles the absorption of an octayne dumbbell.
6a

 However, to our disappointment, at –80 C these bands 

decreased and at –30 C the mentioned pattern of absorption was completely lost. This experiment 

suggested that, the FBW rearrangement of supertrityl-capped dumbbell might be achievable in toluene but 

the reaction must be quenched at lower temperatures to avoid secondary reactions at relatively higher 

temperatures. 

 

Figure 5.5 Monitoring of the FBW rearrangement reaction of dumbbell 5b via UV-vis absorption spectra at different 

temperatures (Solvent: toluene). 

We further investigated the interaction of unthreaded and rotaxinated polyyne chains with n-BuLi. For 

these tests we chose supertrityl hexayne 2b
6a

 and hexayne rotaxane 2bM1. First, to hexayne dumbbell 2b 
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(1.0 eq) was added n-BuLi (4.0 eq.) in toluene at –78 C. However, no reaction took place. This is 

consistent with the observation that triyne chain stays intact towards the n-BuLi in the synthesis of 2.17 

via FBW rearrangement (Chapter 2). In the next step the 2bM1 rotaxane was tested itself and, to our 

surprise, the UV-Vis absorption monitoring revealed that the characteristic hexayne chain absorption was 

altered in the course of the reaction (Figure 5.6, b). After workup a fraction was isolated by silica column 

chromatography and identified by MALDI and 
1
H NMR techniques as the product of the addition of a 

butyl group to the hexayne chain (Scheme 5.10). 

 

Scheme 5.10 Reaction of n-BuLi with rotaxane 2bM1.  

The MALDI spectrum unambiguously showed a molecular peak (m/z = 2000.34) corresponding to the 

peak of M+butane (calc. m/z = 2000.38) (Figure 5.6). While the product left a single spot on the TLC 

plate, the 
1
H NMR revealed that the separated fraction was a mixture of regioisomers (Figure 5.6c). As 

expected, the signals corresponding to the protons of the supertrityl groups, marked as 1 and 2 in Figure 

5.6c, were split due to desymmetrization of the dumbbell. The proton signals of the macrocycle were not 

affected while two additional signals appeared at 5.94 and 5.83 ppm. The total integral of these peaks and 

their distinct chemical shifts confirmed the presence of regioisomers with the ethylenic proton being 

situated at different positions of the carbon backbone. We did not determine the precise composition of the 

mixture and the absolute structures of the regioisomers, as the purification of the product mixture was 

challenging.  
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Figure 5.6 Identification and characterization of rotaxane 5cM1 by (a) MALDI TOF spectrometry, (b) UV-Vis (in 

toluene) and (c) 
1
H NMR spectroscopy (400 MHz, CD2Cl2, 298 K). In (c) the 

1
H NMR spectrum of the 2bM1 

rotaxane is shown for comparison. 

The origin of the reactivity change in unthreaded and threaded polyynes was not understood, but we 

assume that the nitrogen atoms of the phenanthroline may play a pivotal role by facilitating the attack of 

the butyl group. Thereby, a suggestion was made that blocking the nitrogen atoms through coordination of 

a metal ion to the phenanthroline could disable this undesirable addition reaction. 

As a first choice equimolar amounts of CuI and rotaxane 5bM1 were mixed in a CH3CN : CH2Cl2 1:1 

solution, and the complexation of Cu(I) to the rotaxane was confirmed bychanges in the UV-Vis spectrum. 

The CuI·5bM1 complex was redissolved in dry toluene and the FBW rearrangement was attempted, but 

disappointingly no target polyyne rotaxane was formed. It was envisioned that Cu(I) may catalyze the 

dimerisation of the intermediate carbene/carbenoid species and form a [3]cumulenic structure.
11

 We 

changed the metal to Zn
2+

 ion, using ZnCl2 which is unable to carry out the carbene dimerization. 

However, experiment showed that this strategy was equally unsuccessful, which may be because Zn
2+

 

binds weakly to 1,10-phenanthroline.
12  

One more attempt was done with Re complexes, the synthesis of which is described in Chapter 4. Re-

rotaxane complexes are robust, stable and chemically inert towards the polyyne chain, which makes them 

good candidates for FBW rearrangement. Thus, we synthesized the Re(CO)3Cl·5bM1 complex with 
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80% yield using the conditions described in Chapter 4 (Scheme 5.11). Despite the close proximity of the 

dibromoolefin moieties to the metal centre the molecule is stable in the solid state and solution. The FBW 

rearrangement has not been tested yet due to time restrictions, but its accomplishment stays under high 

importance. 

 

Scheme 5.11 The synthesis of rotaxane Re(CO)3Cl·5bM1. 

5.4 Synthesis of TIPS-capped rotaxanes  

Besides their use as intermediates in the formation of polyynes chains, dibromoolefin groups may also 

be used as temporary rotaxane stoppers that allow the subsequent extension of the axle to form 

polyrotaxane for example. 

In dibromoolefin rotaxanes, the bromine atoms themselves may obstruct the movement of the small 

macrocycles along the axle and prevent deslipping. However, the CPK models of rotaxanes indicated that 

the dibromoolefin moiety itself is not bulky enough even for the smallest macrocycle to reliably disable 

the dissociation of interlocked components. The same modelling revealed that in the TIPS-capped 

dibromoolefins,
5
 the end-group can disable the sliding out of macrocycle M4 (Chapter 2) from the 

dumbbell. Therefore, our curiosity focused on the synthesis of TIPS-capped dibromoolefin-functionalized 

rotaxanes. 

First, the synthesis of the TIPS-capped dibromoolefin rotaxanes with one acetylene terminated 

precursor was considered, The acetylene precursor 5.10 was synthesized according to a reported 

procedure.
5,19 

The TIPS-acetylene was transformed to the TIPS-propargylic aldehyde 2.13 in 84% yield 

(Chapter 2). The aldehyde 2.13 was reacted at low temperature with lithiated TMS-acetylene to afford the 

product 5.7 in 71% yield. Subsequent oxidation with PCC (5.8, 84%) and dibromoolefination gave the 

product 5.9 in 55% yield. The selective deprotection of 5.9 was achieved by K2CO3 in CH3OH/THF 

mixture affording the product 5.10 quantitatively (Scheme 5.12). 
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Scheme 5.12 Synthesis of the TIPS-capped dibromoolefin precursor 5.10. 

The acetylene 5.10 was reacted with macrocycle M4 under homocoupling conditions, however no 

traces of corresponding rotaxane were identified. It was believed that the problem again arises from the 

short acetylene terminal end-group, and extended acetylenic chain must overcome the steric requirement. 

Thus, the synthesis of a new TIPS-capped butadiyne-terminated precursor was carried out according to 

published procedures.
5
 TIPS-acetylene was converted to the TIPS-propargylic acid 5.11 in excellent yield 

(96%) (Scheme 5.13).
14

 Friedel-Crafts acylation has been a useful method for the direct formation of 

conjugated ketones.
15 

The acid 5.11 was chlorinated with SOCl2, and the product was reacted with 1,4-

bis(trimethylsilyl)-1,3-butadiyne giving ketone 5.12 as an unstable brown oil. The reaction crude was 

passed through silica plug and the product was used in the next stage without further purification. Reaction 

of 5.12 under Ramirez' conditions gave dibromide 5.13 as a stable yellow oil in 36% yield over three 

steps. Selective removal of TMS group afforded 5.14 quantitatively (98%).  

 

Scheme 5.13 Synthesis of the dibromoolefin 5.14. 

The free butadiyne 5.14 is prone to decomposition in the solid state and deprotection was carried out 

immediately before the rotaxane synthesis. The CuI·M4 complex and 5.14 were reacted under 

homocoupling conditions and after stirring for two days the rotaxane 5dM4 was isolated in 22% yield 
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(Scheme 5.14). Also, to our surprise, the unthreaded dumbbell 5d was separated on silica with high yield 

(59%), thus, in total 81% coupling efficiency was achieved in this reaction. It is the first time that we 

isolate an unthreaded dumbbell 5d from a rotaxane reaction mixture of this type.  

 

Scheme 5.14 Synthesis of rotaxane 5dM4. The unthreaded dumbbell 5d was also isolated from the reaction 

mixture.  

The yield of rotaxane 5dM4 was lower than the yield of rotaxane 5bM1 even though both have the 

same polyyne framework, and for the latter we never detected the formation of unthreaded dumbbell.  

Full deprotection of rotaxane 5dM4 would enable to do valuable chemical modifications on the free 

acetylenic termini, provided that the macrocycle will not slip out. This would open astonishing 

opportunities in the synthesis of polyyne rotaxanes. For example, the fully deprotected 5dM4 could be 

reacted with supertrityl triyne 2.2 under Hay coupling conditions thus constructing a C28 carbon 

framework. Alternatively, the fully deprotected 5dM4 rotaxane after further transformation of terminal 

free acetylenes to butadiynes could be used in rotaxane synthesis in the presence of macrocycles to give 

[4]rotaxanes. However, probably the most spectacular molecular design would be the Hay homocoupling 

of the fully deprotected 5dM4 rotaxane under diluted conditions to give a cyclic catenane structure, 

considering the 120 curvature at the ethene moieties which is the perfect geometry for the construction of 

a hexagonal cycle (Figure 5.7). 
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Figure 5.7 Using a dibromoolefin polyyne rotaxane to build up a [4]catenane.  

The statistical deprotection of 5d by TBAF (1.0 eq.) in CH2Cl2 afforded a mixture of mono- and bis-

deprotected products m-5d and d-5d (Scheme 5.15). At the same time, deprotection of the 5dM4 

rotaxane under the same conditions resulted in complete disconnection of the rotaxane component, as the 

CPK modelling predicted.  

 

Scheme 5.15 Partial deprotection of the dumbbell 5d using TBAF in CH2Cl2. 

The deprotection of 5d with TBAF was efficient at 0 C while at room temperature we observed 

significant decomposition of the reaction compounds. Compounds m-5d and d-5d are stable on silica 

(hexanes) for separation, however, the compounds decomposed upon drying. This did not allow us to 

calculate the product yields, but we used the solutions of m-5d and d-5d for the next step. We were 

interested in investigating whether it is possible to assemble catenane or non-catenane cyclic structures 

using m-5d and d-5d building blocks. First we tested the oxidative coupling of the d-5d in diluted CH2Cl2 

(Hay conditions, CuCl, TMEDA, O2).
6,11

 Unfortunately, all efforts resulted in formation of a black, tar-like 

precipitate, probably due to polymerization (Scheme 5.16). This is somewhat expected, taking into account 

the high geometry demand for the construction of a cycle. It is noteworthy to mention that Hay coupling 

failed for the coupling of monoprotected m-5d too. It could be that alternative oxidative coupling 

protocols, like Eglinton-Galbraith coupling (Cu(AcO)2·H2O, 2,6-lutidine, MeOH, CH2Cl2)
16 

could offer 

better results, however we have not tested this possibility yet.  

Next, we reacted fully deprotected d-5d in the presence of macrocycles M1 and M4 under 

homocoupling conditions. When d-5d was reacted with the CuI complex of macrocycle M4 the 
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consumption of the d-5d was very slow (at 60 C, THF) and no rotaxane or catenane was detected in the 

reaction crude after stirring for 5 days, meanwhile the reaction of d-5d with the CuI·M1 complex at 60 C 

gave a black carbonaceous precipitate (Scheme 5.16).  

 

Scheme 5.16 Attempted synthesis of cyclic molecules based on the trimerization of the d-5d under different 

conditions.  

Although disappointing results were obtained thus far the synthesis of dibromoolefin(polyyne) 

macrocycles has great interest as precursors for new carbon allotropes in the form of cyclo[n]carbons.
3a,b,17 

Further research on the synthesis of these molecules has not been accomplished due to time constrains but 

its high importance and intriguing outcome is not doubtful.  

For catenane synthesis, the rotaxane 5dM4 was unusable in its deprotected form because of 

dethreading of the macrocycle. An appealing idea to circumvent this problem would be to use a post-

synthetic macrocycle modification to tighten its cavity to the size at which the dibromoolefin fragment 

would prevent dissociation of the thread from the axle. Initially, we prepared the CuI complex of rotaxane 

5dM4 and carried out the deprotection of TIPS groups by TBAF in CH2Cl2, however the compound 

decomposed. We did not try to synthesize complexes of the rotaxane 5dM4 with other ions (like Zn
2+

, 

Ag
+
, etc) but rather thought about exploring alternative routes. To our delight, the CPK modelling 

indicated that the M2 macrocycle also can be used for the synthesis of TIPS-capped rotaxanes. Its cavity is 

small, and the TIPS groups are able to prevent the deslipping. More interestingly, if the new rotaxane was 

synthesized, its Re(I) tricarbonyl complex could be synthesized as shown in Chapter 4. The model of this 

rotaxane complex showed that the phenanthroline-coordinated bulky Re(CO)3Cl group occupies most of 

the macrocycle cavity, leaving just enough space for the polyyne chains. This group should thus enable the 

dibromoolefins to serve as a stoppering group after TIPS removal.  
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New rotaxane 5eM2 was synthesized in the conditions shown in Scheme 5.16. The product was 

isolated in 13% yield. To corresponding Re(I) tricarbonyl complex was synthesized as described in 

Chapter 4 and the product Re(CO)3Cl·5eM2 was obtained in 80% yield (Scheme 5.17). 

 

Scheme 5.17 Synthesis of rotaxane 5eM2 and the corresponding Re(CO)3Cl·5eM2 complex. 

The rotaxane 5eM2 was fully characterized (
1
H and 

13
C NMR, MALDI, UV-vis absorption 

techniques). Because of time restriction we limited the Re(CO)3Cl·5eM2 complex characterization only 

to 
1
H NMR spectroscopy, which showed similar pattern of proton signal splitting due to the 

desymmetrization of macrocycle's 'faces' as observed for analogous rotaxane complexes (see Chapter 4).  

5.5 Conclusion 

The synthesis of gem-dibromoolefin masked polyyne rotaxanes was achievable using Tr*- and TIPS-

capped precursors. Although a single acetylene bond, pendent to the gem-dibromoolefin fragment, allows 

threading via cross-coupling reactions to give rotaxanes in poor yields, the change from a single acetylene 

to a terminal butadiyne significantly improved the product yield. However, the final step of rearrangement 

and polyyne framework build-up has not yet been successful and requires further investigation, like 

careful screening of the range of reaction temperature, solvents, the source of lithium base, etc. It will also 

be interesting to study the Re-coordinated rotaxanes which might rearrange more smoothly. The synthesis 

of TIPS-capped rotaxanes uncovers the potential of polyyne rotaxanes for catenane structure assembly. 

The novel Re(I) tricarbonyl complex of TIPS rotaxane appears to be a promising building block for this 
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purpose, however, further investigations and optimization of reaction conditions will be needed before the 

target catenaned structures will be within reach. 

5.6 Experimental Part: General Experimental Procedures  

Unless stated otherwise, all reagents and solvents were used as commercially supplied, without further 

purification. Dry THF was obtained by passing through alumina under N2 pressure. Column 

chromatography was carried out using Silica 60A (particle size 35–70 μm, Fisher, UK) as the stationary 

phase. Where mixtures of solvents were used, ratios reported are by volume. TLC was performed on 

precoated silica gel plates (0.25 mm thick, 60 F254, Merck, Germany) and visualized under UV light (254 

nm). NMR spectra were recorded at 500 MHz using Bruker AVII 500 or at 400 MHz using Bruker DPX 

400 instruments at 298 K, unless stated otherwise. Chemical shifts are reported in parts per million (ppm) 

from low to high frequency and referenced to the residual solvents resonances.
18

 Coupling constants (J) 

are reported in hertz (Hz, to an accuracy of ±0.1 Hz). Standard abbreviations indicating multiplicity were 

used as follows: s = singlet, d = doublet, dd = double doublets, t = triplet, q = quartet, m = multiplet. 

Melting points (m.p.) were determined by placing the sample between a pair of microscope cover glasses 

on an electrically heated metal block. MALDI-TOF mass spectrometry was carried out in positive 

reflectron mode using a Micromass MALDI micro MX spectrometer with dithranol (1,8-

dihydroxyanthrone) as a matrix. Low resolution ESI-MS was carried out on a Micromass LCT platform. 

UV-vis spectra were recorded at ambient temperature on a Perkin-Elmer Lambda 20 or Parkin-Elmer 

Lambda 25 spectrometers with 1 nm resolution; λ in nm (ε in L·mol
–1

·cm
–1

). IR spectra were measured by 

Brucker Tensor 27 spectrometer with ATR accessory.  

5.7 Synthesis 

 

5.1:
6
 To a solution of 2.16 (400 mg, 0.413 mmol) in THF (25 ml) water was added (15 mkL) and the 

mixture cooled down to 0 C. The TBAF (0.5 mL, 1.0 M in THF, 0.5 mmol) was added dropwise and 

reaction mixture was allowed to warm up to 20 C. After 30 min stirring the reaction was quenched by 

adding saturated NH4Cl(aq) (10 mL) and the mixture stirred 5 min. The organic layer was collected, 
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washed with water (50 mL), brine (50 mL) and solvents were removed. Crude product was purified by 

plug (silica, hexanes/CH2Cl2 5:1) to yield the product 5.1 (340 mg, 100%) as a pale yellow solid. Rf = 0.5 

(CH2Cl2/hexanes 1:10). 
1
H NMR (400 MHz, CDCl3) δ 7.26 (overlap with solvent residual signal), 6.98 (d, 

J = 2 Hz, 6H), 3.42 (s, 1H), 1.20 (s, 54H). 
13

C NMR (100 MHz, CDCl3) δ 149.9, 144.2, 123.9, 120.0, 

114.1, 104.4, 83.4, 80.7, 80.3, 57.2, 34.9, 31.5. As in lit.
6b

 

 

5.2:
6
 This compound is synthesized according the literature procedure.

6
 To a mixture of 5.1 (150 mg, 

0.37 mmol) in acetone (15 mL) was added N-bromosuccinimide (39.8 mg, 0.45 mmol) and AgNO3 (6.2 

mg, 0.074 mmol) and the reaction mixture was stirred at 20 C in darkness for 12 h. The reaction was 

quenched with water (10 mL) then extracted with hexanes (100 mL). The organic layer was washed with 

brine (50 mL) and dried over Mg2SO4. The solvent was removed in vacuo and the crude product purified 

by passing through a plug (silica, CH2Cl2/hexanes 1:10) to yield 5.2 (158 mg, 96%) as a white solid: Rf = 

0.52 (CH2Cl2/hexanes 1:10). 
1
H NMR (400 MHz, CDCl3) δ 7.24 (t, J = 2 Hz, 3H), 6.96 (d, J = 2 Hz, 6H), 

1.19 (s, 54H). 
13

C NMR (100 MHz, CDCl3) δ 149.9, 144.1, 123.9, 120.0, 114.5, 107.5, 104.4, 80.5, 77.3, 

57.3, 57.2, 34.9, 31.4. As in lit.
6b

 

 

5.3: To a solution of 1,4-bis(trimethylsilyl)butadiyne (410 mg, 2.11 mmol) in THF (10 mL) cooled to 0 

°C under N2 atmosphere was added MeLi (1.33 mL, 1.6 M in Et2O, 2.13 mmol) and the mixture was 

stirred for 30 min. at 20 °C. To this mixture was added a solution of 2.11 (1.25 g, 1.98 mmol) in THF (15 

mL) at 0 °C and the reaction stirred at 20 °C for 12 h. The reaction was quenched with saturated aqueous 

NH4Cl (20 mL), the aqueous phase was extracted with hexanes (3x30 mL). The organic phase was washed 

with brine (2x50 mL) and dried over MgSO4. The solvent was removed in vacuo and the crude product 

was purified by column chromatography (silica, gradient with hexanes/EtOAc 50:1 to 20:1) to yield 5.3 

(1.0 g, 67%) as a brown oil. 
1
H NMR (400 MHz, CDCl3) δ 7.26 (t, J = 1.8 Hz, 3H), 6.95 (d, J = 1.8 Hz, 

6H), 5.26 (d, J = 8.8Hz, 1H), 2.20 (d, J = 8.3 Hz, 1H), 1.21 (s, 54H), 0.20 (s, 9H). 
13

C NMR (100 MHz, 

CDCl3) δ 150.0, 144.5, 123.9, 120.1, 93.1, 88.7, 87.2, 79.6, 74.6, 69.3, 56.3, 53.2, 35.0, 31.6, 0.4.  
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5.4: To a solution of 5.3 (300 mg, 0.409 mmol) in CH2Cl2 (25 mL) was added celite (0.352 g), 

molecular sieves (0.352 g), and PCC (176 mg, 0.918 mmol) in that order and the reaction stirred at 20 °C 

under a N2 atmosphere for 1 d. The mixture was filtered through a plug of silica with CH2Cl2 and the 

solvent removed in vacuo to yield 5.4 (286 mg, 93%) as an orange-brown solid. 
1
H NMR (400 MHz, 

CDCl3) δ 7.31 (t, J = 2.1 Hz, 3H), 6.95 (d, J = 1.8 Hz, 6H), 1.23 (s, 54H), 0.25 (m, 9H); 
13

C NMR (100 

MHz, CDCl3) δ 159.8, 150.4, 143.0, 123.9, 120.7, 102.7, 98.7, 86.1, 84.7, 75.4, 74.5, 57.0, 35.0, 31.5, 0.6. 

FTIR 2952, 2900 (w), 2866 (w), 2198, 2098, 1634, 1593 cm
–1

. EIMS m/z 681.3 ([M – (CH3)3Si ]
+
), 579.4 

([M – (CH3)3Si(C≡C)2CO(CC)]
+
). As in lit.

6
 

 

5.5: To a solution of CBr4 (243 mg, 0.746 mmol) in CH2Cl2 (5 mL) was added PPh3 (391 mg, 1.492 

mmol) and the resulting mixture stirred at 20 °C under a N2 atmosphere for 3 h. A solution of 5.4 (280 mg, 

0.373 mmol) in CH2Cl2 (5 mL) was added and the reaction was stirred for 18 h. The reaction mixture was 

concentrated in vacuo and hexanes were added to precipitate the phosphine salts as a white solid along 

with an oily residue. The supernatant was decanted and filtered through a pad of silica gel (hexane). The 

oily residue left in the flask was dissolved in minimal CH2Cl2 and hexane was added; the heterogeneous 

mixture was then decanted and the supernatant filtered through silica gel (this procedure was repeated 

three times). The filtrate was filtered through silica gel until the filtrate remained a clear solution. The 

solvent was removed in vacuo yielding 5.5 (206 mg, 61%) as a brown solid. 
1
H NMR (400 MHz, CDCl3) δ 

7.26 (t, J = 1.7 Hz, 3H), 6.98 (d, J = 1.5 Hz, 6H), 1.22 (s, 54H), 0.22(s, 9H). 
13

C NMR (100 MHz, CDCl3) 

δ 150.0, 144.2, 124.0, 120.1, 114.1, 109.2, 105.0, 94.7, 87.5, 80.3, 80.0, 73.0, 57.4, 36.0, 31.6, -0.4. FTIR 

2947, 2867, 2362 (vw), 2108 (w), 1461 cm
–1

.  
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5aM1: To a solution of macrocycle M1 (29.8 mg, 

46.7 µmol) in CH2Cl2 (1.5 mL) a solution of CuI (8.9 mg, 

46.7 µmol) in CH3CN (1.5 mL) was added and the 

mixture was stirred for 1 h at 20 °C. The solvents were 

removed in vacuo and the residue re-dissolved in THF (2 

mL). This solution was then added to a mixture of 

dibromolefine 5.1 (38 mg, 46.7 µmol), dibromolefine bromide 5.2 (50 mg, 56.1 mol) K2CO3 (25.8 mg, 

187 µmol) in THF (2 mL). The mixture was flushed with nitrogen, and stirred at 60 °C for 2 d. After 

cooling to 20 C, the reaction was quenched by the addition of KCN (12 mg, 187 mol, in 1 mL H2O), 

deluted with CH2Cl2 (1 mL), MeCN (1 mL), and stirred at 20 C for 1 h. More CH2Cl2 (5 mL) was added, 

the organic phase separated, washed with H2O and the solvents were removed. Column chromatography 

(silica, hexanes:EtOAc 25:1) afforded the product 5aM1 as a yellow solid (6 mg, 9 %). 
1
H NMR (500 

MHz, CD2Cl2) δ 8.55 (d, J = 8.6 Hz, 4H, Hd), 8.30 (br. s, 2H, Hb), 8.14 (d, J = 8.2 Hz, 2H, Hb), 7.78 (s, 

2H, Ha), 7.23 (s, 6H, H1), 7.16 (d, J = 8.8 Hz, 4H, He), 7.0 (t, J = 8.2 Hz, 1H, Hh), 6.92 (t, J = 1.5 Hz, 12H, 

H2), 6.58 (br. t, J = 1.7 Hz, 1H, Hf), 6.41 (dd, J1 = 2.2 Hz, J2 = 6.0 Hz, 2H, Hg), 4.15 (t, J = 7.2 Hz, 4H, 

Hi), 4.0 (t, J = 6.6 Hz, 4H, Hj), 1.92 (m, 4H, Hk), 1.84 (m, 4H, Hl), 1.61(m, 8H, Hm,n), 1.14 (s, 108H). 
13

C 

NMR (125 MHz, CD2Cl2) δ 161.1, 160.9, 156.0, 150.6, 146.3, 144.3, 130.0, 129.4, 127.9, 125.9, 125.3, 

124.0, 120.7, 115.2, 114.7, 113.2, 107.9, 105.7, 100.4, 80.1, 79.4, 75.3, 70.1, 68.6, 68.2, 65.4, 57.7, 35.1, 

31.5, 30.1, 29.6, 26.4, 26.3. m/z (MALDI TOF MS+) calcd. for C140H168N2O4Br4 ([M]) 2262.97, found 

2261.93, for C140H168N2O4Br3 ([M–Br 
–
]

+
) 2182.06, found 2182.03, for C140H168N2O4Br2 ([M–2Br 

–
]

2+
) 

2102.14, found 2101.99. UV-vis (THF) λmax / nm (ε / M
–1

 cm
–1

) 286 (74000), 327 (40000). UV-vis 

(CH2Cl2) λmax / nm (ε / M
–1

 cm
–1

) 286 (69100), 327 (38800).  

5bM1. To a solution of 5.5 (100 mg, 11 mol) in THF 

(7.5 mL) and MeOH (7.5 mL) was added K2CO3 (15.2 mg, 

11 mol). After stirring for 1 h, the solvent was removed in 

vacuo and the crude product was purified by passing through 

silica column (hexanes) to yield deprotected 5.6 (90 mg, 

98%) as a white solid. The product was immediately 
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proceeded for the next step. To a solution of macrocycle M1 (13.7 mg, 21.5 µmol) in CH2Cl2 (1.5 mL) a 

solution of CuI (4.1 mg, 21.5 µmol) in CH3CN (1.5 mL) was added and the mixture was stirred for 1 h at 

20 C. The solvent was removed in vacuo and the residue re-dissolved in THF (2 mL). This solution was 

then added to a mixture of 5.6 (45 mg, 53.7 µmol), K2CO3 (12 mg, 87 µmol) and I2 (5.7mg, 22.3 mol) in 

THF (2 mL). The reaction mixture was flushed with nitrogen, and stirred at 60 °C for 2 days. After cooling 

to 20 C, the reaction was quenched by the addition of KCN (5.8 mg, 89 mol, in 1 mL H2O), deluted with 

CH2Cl2 (1 mL), CH3CN (1 mL), and and stirred at 20 ºC for 2 h. CH2Cl2 (5 mL) was added, the organic 

phase separated, washed with H2O (10 mL) and the solvents were removed. Column chromatography 

(silica, hexanes/EtOAc 25 : 1) followed by recrystallization from CH2Cl2/MeOH afforded the product 

5bM1 as a yellow solid (25 mg, 51.4%). 
1
H NMR (500 MHz, CD2Cl2) δ 8.55 (d, J = 8.3 Hz, 4H, Hd), 

8.30 (br. s, 2H, Hb), 7.98 (d, J = 8.2 Hz, 2H, Hc), 7.78 (s, 2H, Ha), 7.23 (br. s, 6H, H1), 7.16 (d, J = 8.8 Hz, 

4H, He), 7.0 (t, J = 8.2 Hz, 1H, Hh), 6.93 (d, J = 1.5 Hz, 12H, H2), 6.58 (br. s, 1H, Hf), 6.41 (dd, J1 = 2.2 

Hz, J2 = 6.0 Hz, 2H, Hg), 4.13 (t, J = 7.3 Hz, 4H, Hj), 4.0 (t, J = 6.7 Hz, 4H, Hi), 1.93–1.84 (m, 8H, Hk,l,), 

1.61 (br. s, 8H, Hm,n), 1.14 (s, 108H, H11). 
13

C NMR (125 MHz, CD2Cl2) δ 160.9, 156.0, 150.6, 146.3, 

144.3, 137.1, 131.7, 130.0, 129.4, 127.9, 125.9, 125.3, 124.0, 120.6, 119.2, 115.2, 110.2, 114.7, 113.2, 

107.9, 105.7, 100.4, 80.1, 79.4, 75.3, 70.1, 68.6, 68.2, 65.4, 57.7, 35.1, 31.5, 30.1, 29.6, 26.4, 26.3.  m/z 

(MALDI TOF MS+) calcd. for C144H169N2O4Br4 ([M+H
+
]

+
) 2311.97, found 2311.93, for C140H168N2O4Br2 

([M
+
–2Br 

–
]

+
) 2151.06, found 2152.03, for C140H168N2O4Br ([M

+
–3Br 

–
]

+
) 2072.14, found 2071.99. UV-vis 

(THF) λmax / nm (ε / M
–1

 cm
–1

) 286 (92000), 340 (52000), 361 (38300), 389 (27000), 421 (18500). UV-vis 

(CH2Cl2) λmax / nm (ε / M
–1

 cm
–1

) 286 (156000), 340 (88100), 361 (64700), 389 (45500), 421 (22000).  

Re(CO)3Cl·5bM1: A solution of 5bM1 (10.0 

mg, 4.3 mol) and rhenium(I) pentacarbonyl chloride 

(1.7 mg, 4.7 mol) in toluene (3 mL) was refluxed 

under nitrogen for 3 h. The solution was cooled to 20 

°C, solvent removed and the residue dried under 

vacuum. Crude product was purified by column 

chromatography (hexanes:EtOAc 10:1 to EtOAc). The residue was washed with hexanes and recrystallize 

from CH3OH afforded the product as a yellow solid (9.3 mg, 80%). 
1
H NMR (500 MHz, CD2Cl2)  8.58 
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(dd, J1 = 8.3 Hz, J2 = 1.7 Hz 2H), 8.06 (d, J = 2.8 Hz, 2H), 7.98 (d, J = 8.2 Hz, 2H), 7.72 (br. s, 4H), 7.25–

7.23 (m, 6H), 7.13 (br. s, 4H), 6.96 (dd, J1 =1.7 Hz, J2 = 6.4 Hz, 12H), 6.84 (d, J = 8.1, 1H), 6.48 (t, J = 

2.5 Hz, 1 H), 6.33 (dd, J1 = 8.0 Hz, J2 = 3.1 Hz, 2H), 4.23–4.07 (m, 8H), 3.97–3.87 (m, 4H), 1.95–1.76 (m, 

8H), 1..14 (d, J1 = 7.5 Hz, 108H).
 13

C NMR (125 MHz, CD2Cl2) 193.0, 192.6, 164.1, 161.1, 160.5, 150.2. 

150.1, 149.1, 148.9, 144.0, 143.9, 137.9, 134.5, 134,3, 129.7, 129.5, 126.7, 126.0, 124.9, 120.3, 120.2, 

114.7, 114.4, 113.4, 113.0, 12.8, 112.8, 107.5, 105.2, 104.7, 100.0, 80.3, 79.9, 79.9, 79.6, 74.2, 73.6, 71.0, 

69.4, 68.3, 67.8, 65.3, 64.1, 57.3, 34.7, 31.1, 29.6, 28.7, 25.6, 25.6. 

 

5.b: To a solution of 5.5 (33.0 mg, 35.9 mol) in a 

mixture of THF (2 mL) and CH3OH (2 mL) K2CO3 (5 

mg, 35.9 mol) was added and the reaction mixture was 

stirred for 3 h at 20 °C. The solvent was removed in vacuo and the crude product was purified by passing 

through silica plug (hexanes) to yield deprotected 5.6To a solution of TMEDA (16 L, 108 mol) in 

CH2Cl2 (6 mL) CuCl (3.6 mg, 35.9 mol) was added and oxygen was bubbled into the solution for 5 min. 

The deprotected 5.6 was dissolved in CH2Cl2 (4 mL) and the solution was transfer to the CuCl-TMEDA 

mixture. After 5 min stirring (TLC monitoring, hexanes + 10% CH2Cl2) the reaction mixture was passed 

through silica plug (CH2Cl2) and the solvent was removed affording the product 5.b (29.0 mg, 99 %) as a 

yellow solid. Rf = 0.78 (hexanes + 10% CH2Cl2). 
1
H NMR (500 MHz, CD2Cl2) δ 7.32 (t, J = 1.9 Hz, bH), 

7.0 (d, J = 1.8 Hz, 12H), 1.22 (s, 108H). 
13

C NMR (125 MHz, CD2Cl2) δ 150.7, 144.3, 124.1, 120.8, 113.7, 

112.5, 106.0, 80.4, 79.9, 74.8, 70.3, 64.7.0, 57.8, 35.3, 31.6. Uv-vis (THF) λmax / nm (ε / M
–1

 cm
–1

) 417 

(18000), 387 (27000), 358 (27000), 337 (52000), 315 (45000), 301 (48000), 255 (48000).  

 

5.7:
19

 To a solution of TIPS-acetylene (0.70 mL, 0.49 g, 4.97 mmmol) in deoxygenated THF (60 mL) 

n-BuLi (2.10 mL, 5.26 mmol, 2.2M in Et2O) was added at –40 C under nitrogen. The reaction mixture 

was cooled down to –78 C and a solution of TIPS-propargylic aldehyde 2.13 (0.87 g, 4.14 mmol) in THF 

(10 mL) was added. The reaction mixture was stirred for 3 h upon warming to 20 °C. The reaction was 

quenched by saturated NH4Cl(aq) (10 mL), washed with brine (100 mL) and the organic phase was 
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collected. The solvents were removed and the crude mixture was purified by column chromatography 

(hexanes:CH2Cl2 1:1 ) affording the product 5.7 (0.90 g, 71%) as a brown oil. Rf = 0.4 (hexanes:CH2Cl2 

1:1). 
1
H NMR (400 MHz, CDCl3) δ 5.09 (s, 1H), 2.16 (br. s, 1H), 1.08 (s, 21H), 0.18 (s, 9H). 1

3
CNMR 

(100 MHz, CDCl3) δ 104.1, 102.2, 86.4, 53.1, 18.6, 11.3, -0.3. As in lit.
19 

 

5.8:
19

 To a solution of 5.7 (1.08 g, 3.5 mmol) in CH2Cl2 (200 mL) was added celite (3.0 g), molecular 

sieves (3.0g), and PCC (1.51 g, 7.70 mmol) in that order and the reaction stirred at 20 °C under a N2 

atmosphere for 1 d. The mixture was filtered through a plug of silica with CH2Cl2 and the solvent removed 

in vacuo to yield 5.8 (0.90 g, 84%) as an orange-brown oil. 
1
H NMR (400 MHz, CDCl3) δ 1.09 (s, 21H), 

0.23 (s, 9H). 
13

C NMR (100 MHz, CDCl3) δ 160.3, 105.1, 103.0, 99.5, 98.3, 18.6, 11.2, -0.8. As in lit.
19

 

 

5.9:
19

 To a solution of CBr4 (1.92 g, 5.88 mmol) in CH2Cl2 (5 mL) was added PPh3 (3.08 g, 11.76 

mmol) and the resulting mixture stirred at 20 °C under a N2 atmosphere for 3 h. A solution of 5.8 (900 mg, 

2.94 mmol) in CH2Cl2 (5 mL) was added and the reaction was stirred for 24 h. The reaction mixture was 

concentrated and hexanes were added to precipitate the Ph3PO as a white solid along with an oily residue. 

The supernatant was decanted and filtered through a plug of silica gel (hexane). The oily residue left in the 

flask was dissolved in minimal CH2Cl2 and hexane was added; the heterogeneous mixture was then 

decanted and the supernatant filtered through silica gel (this procedure was repeated three times). The 

solvent was removed in vacuo yielding5.9 (780 mg, 55%) as a light yellow solid. 
1
H NMR (400 MHz, 

CDCl3) δ 1.10 (s, 21H), 0.22 (s, 9H). 
13

C NMR (100 MHz, CDCl3) δ 114.7, 109.7, 102.5, 102.4, 100.5, 

99.9, 18.7, 11.3, -0.3. As in lit.
19 
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5.10:
19

 To a solution of 5.9 (200 mg, .42 mmol) in THF (10 mL) and MeOH (10 mL) was added K2CO3 

(69.0 mg, 0.5 mmol). The reaction mixture was stirred for 15 min, the solvent was removed in vacuo and 

the crude product was purified by passing through silica column (hexanes) to yield 5.10 (170 mg, 100%) 

as a oil. Rf = 0.59 (hexanes). 
1
H NMR (400 MHz, CDCl3) δ 3.48 (s, 1H), 1.09 (s, 21H). 

13
C NMR (100 

MHz, CDCl3) δ 113.9, 110.7, 101.9, 100.4, 83.7, 80.0, 18.7, 11.3.As in lit.
19 

 

Triisopropylsilanylpropynoic acid 5.11:
14

 A solution of triisopropylsilanylacetylene (3.00 mL, 2.43 g, 

13.38 mmol) in THF (100 mL) was cooled under N2 to 0 °C. A solution of MeLi (1.6 M in ethyl ether, 

11.7 mL, 18.73 mmol) was added and the mixture was stirred for 1 h and then cooled to –78 °C and CO2 

gas was bubbled into the solution for 1 h. The reaction mixture was quenched by the slow addition of 2.0 

M aqueous KHSO4 (30 mL), warmed to 20 C, and extracted with EtOAc. The combined organic layers 

were washed with brine, dried (MgSO4) and concentrated to a yellow syrup that was diluted with toluene 

(50 mL), passed through silica plug and eluted with EtOAc (300 mL).The filtrate was concentrated to 

afford triispropylsilanylpropynoic acid 5.11 (2.9 g, 96%) as yellow syrup that crystallized to a pale yellow 

solid in vacuo. 
1
H NMR (400 MHz, CDCl3) δ 10.92 (bs, 1 H), 1.21-1.02 (m, 21 H); 

13
C NMR (100 MHz, 

CDCl3) δ 157.7, 96.1, 95.1, 18.6, 11.1. As in lit.
14

 

 

5.13:
5
 The compound 5.11 (1.0 g, 4.44 mmol) was dissolved in SOCl2 (2.24 mL, 31.1 mmol) in a flask 

equipped with CaCl2 drying tube and stirred at 20 ºC for 20 h. The SOCl2 was removed in vacuo, 1,2-

bis(trimethylsilyl)acetylene (0.912 g, 4.7 mmol) added and the resulting mixture dissolved in dry CH2Cl2 

(15 mL). To this solution was added slowly AlCl3 (0.712 g, 5.33 mmol) at 0 °C under a N2 atmosphere and 

then stirred at 0 °C for 4 h. The reaction was quenched with ice/HCl (10%) (100 mL) at 0 °C and allowed 

to warm to 20 ºC The organic layer was extratced with Et2O (150 mL), washed with brine (2 × 50 mL) and 

dried over MgSO4. The solvent was removed in vacuo, the crude product passed through a plug of silica 

gel (hexane CH2Cl2 1:1) and the solvent removed in vacuo to yield crude ketone 5.12 (1.27 g, 87%) as a 
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brown oil which decomposed slowly. Concurrently, to a solution of CBr4 (6.490 g, 19.57 mmol) in CH2Cl2 

(200 mL) was added PPh3 (10.96 g, 41.79 mmol) and the mixture stirred for 1 h under a N2 atmosphere. 

The crude ketone was dissolved in CH2Cl2 (50 mL), added dropwise, and the mixture stirred at 20 ºC for 2 

h under a N2 atmosphere. The reaction mixture was concentrated in vacuo to ca. 50 mL and then hexanes 

were added to precipitate the phosphine salts as a white solid along with an oily residue. The supernatant 

was decanted and filtered through a pad of silica. The oily residue left in the flask was dissolved in 

minimal CH2Cl2 and hexanes were added; the heterogeneous mixture was then decanted and the 

supernatant filtered through silica (this procedure was repeated three times). The solvent was removed  in 

vacuo and the crude product purified by column chromatography (silica, hexanes) to yield 5.13 (1.988 mg, 

36%) as a brown oil. Rf = 0.59 (CH2Cl2/hexanes 1:1); 
1
H NMR (400 MHz, CDCl3) δ 0.96 (s, 9H), 0.24 (s, 

9H), 0.18 (s, 6H). 
13

C NMR (100MHz, CDCl3) δ 160.1, 103.4, 102.6, 99.4, 98.7, 25.9, 16.8, –0.9, –5.4. 

 

5dM4:To a solution of macrocycle M4 (55.1 mg, 98.7 µmmol) in CH2Cl2 

(4 mL) a solution of CuI (18.86 mg, 98.7 µmol) in CH3CN (4 mL) was added 

and the mixture was stirred for 1 h at 20 ºC. The solvents were removed in 

vacuo and the residue re-dissolved in THF (4 mL). To the solution of 

dibromolefine 5.13 (120 mg, 95 µL, 0.247 mmol) in 1:1 mixture of THF and 

CH3OH (20 mL) was added K2CO3 (34 mg, 0.247 mmol). The reaction mixture 

was stirred at 20 ºC for 10 min, then the reaction was quenched by addition of 

saturated NH4Cl (50 mL), the organic phase was extracted by Et2O (3 × 50 mL), organic phases were 

combined, washed with brine (50 mL) and dried over MgSO4. Solvents were removed to the minimum and 

the mixture was passed through silica plug (hexanes).The solvent volume was reduced to the minimum in 

vacuo,  20 ml THF was added and solvent was removed again to the minimum volume: This procedure 

was repeated 3 times. In the end this mixture was added to a mixture of CuI·M4 complex, K2CO3 (54.5 

mg, 395 µmol) and I2 (27.8mg, 109 mol) in THF (4 mL). The reaction mixture was flushed with nitrogen, 

and stirred in schlenk tube at 65 °C for 2 d. After cooling to 20 ºC, the reaction was quenched by the 

addition of KCN (25 mg, 384 mol, in 2 mL H2O), deluted with CH2Cl2 (4 mL) the organic phase 

separated, washed with H2O and the solvents were removed. Column chromatography (silica, 
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hexanes:EtOAc 20 : 1) afforded the product 5dM4 as a dark yellow oil (30 mg, 22%). 
1
H NMR (500 

MHz, CDCl3) δ 8.19 (d, J = 8.3 Hz, 2H, Hb), 7.97 (d, 4H, J = 8.7 Hz, Hd), 7.88 (d, J = 8.4 Hz, 2H, Hc), 

7.70 (s, 2H, Ha), 7.31 (q, J = 9.1 Hz, 8H, Hg,h), 6.93 (d, J = 8.7 Hz, 4H, He), 5.31 (s, 4H, Hf), 1.06–1.05 

(overlapped s, 42H, H1,2). 
13

C NMR (125 MHz, CDCl3) δ 159.4, 158.4, 157.8, 146.7, 136.3, 134.2, 134.0, 

129.9, 127.4, 125.6, 122.4, 120.4, 116.3, 114.5, 113.2, 101.4, 100.6, 80.9, 73.9, 71.5, 70.5, 67.2, 65.6, 

18.7, 11.2. m/z (MALDI TOF MS+) calcd. for C72H81N2O3Si2Br4 ([M+H
+
]

+
) 1385.15, found 1385.71, for 

C72H80N2O3Si2Br3 ([M–Br 
–
]
–
) 1305.23, found 1304.94, for C72H81N2O3Si2Br2 ([M+H

+
–2Br 

–
]
–+

) 1225.31, 

found 1225.21. UV-vis (CH2Cl2) λmax / nm (ε / M
–1

 cm
–1

) 244 (72600), 268 (82500), 285 (91500), 321 

(69600), 339 (85000), 361 (48500), 389 (25600), 422 (16100). UV-vis (THF) λmax / nm (ε / M
–1

 cm
–1

) 267 

(102000), 278 (98000), 318 (81100), 338 (104000), 3361 (45600), 389 (28000). 422 (18700).  

From the silica column yellow fraction was collected before the rotaxane. The NMR analysis 

confirmed the formation of free dumbbell 5d (60 mg, 59%).
5 1

H NMR (400 MHz, CDCl3) δ 1.10 (s, 36H), 

1.09 (overlapped s, 6H). 
13

C NMR (100 MHz, CDCl3) δ 114.7, 113.3, 102.0, 100.5, 80.0, 74.1, 70.4, 64.9, 

18.7, 11.2. As in lit.
5 

 

5eM2:To a solution of macrocycle M2 (122.7 mg, 211 µmmol) in CH2Cl2 

(5 mL) a solution of CuI (40.3 mg, 211 µmol) in CH3CN (5 mL) was added and 

the mixture was stirred for 1 h at 20 ºC. The solvents were removed in vacuo 

and the residue re-dissolved in THF (8 mL). To the solution of dibromolefine 

5.13 (120 mg, 165 µL, 0.422 mmol) in 1:1 mixture of THF and CH3OH (40 mL) 

was added K2CO3 (58.3 mg, 0.422 mmol). The reaction mixture was stirred at 20 ºC for 10 min (TLC: 

hexanes), then the reaction was quenched by addition of saturated NH4Cl (50 mL), the organic phase was 

extracted by Et2O (3 × 100 mL), combined, washed with brine (100 mL) and dried over MgSO4. Solvents 

were removed to the minimum and the mixture was passed through silica plug (hexanes). The solvent 

volume was reduced to the minimum in vacuo, THF ( 20 ml) was added and solvent was reduced to the 

minimum volume: This procedure was repeated 3 times. In the end this mixture was added to a mixture of 

CuI·M2 complex, K2CO3 (116 mg, 844 µmol) and I2 (54 mg, 211 mol) in THF (8 mL). The reaction 

mixture was flushed with nitrogen, and stirred in schlenk tube at 60 °C. After 24 h stirring TLC showed 
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unreacted acetylene ans new portion of I2 (10 mg, 39 mol) was added and the reaction mixture was 

stirred additional 24 h. After cooling to 20 ºC, the reaction was quenched by the addition of KCN (25 mg, 

384 mol, in 2 mL H2O), EDTA (830 mg, 850 µmol) deluted with CH2Cl2 (10 mL) the organic phase 

separated, washed with H2O and the solvents were removed. Column chromatography (silica, 

hexanes/EtOAc 20 : 1 to 10 : 1) afforded the product 5eM2 as a yellow oil (40 mg, 13.4%). 
1
H NMR 

(500 MHz, CDCl3) δ 8.49 (d, J = 8.8 Hz, 4H, Hd), 8.24 (d, J = 8.4 Hz, 2H, Hb), 8.06 (d, J = 8.4 Hz, 2H, 

Hc), 7.72 (s, 2H, Ha), 7.19 (d, J = 8.9 Hz, 4H, He), 7.14 (t, J = 8.2 Hz, 1H, Hh), 6.72 (t, J = 2.3 Hz, 1H, Hf), 

6.52 (dd, J1 = 8.2, J2 = 2.3 Hz, 2H, Hg), 4.27 (t, J = 7.8 Hz, 4H, Hi), 4.11 (t, J = 6.4 Hz, 4H, Hj), 2.13 (m, 

4H, Hk), 2.01 (m, 4H, Hl), 0.99 (s, 36H, H1), 0.98 (overlapped s, 6H, H2). 
13

C NMR (125 MHz, CDCl3) δ 

160.5, 160.3, 156.3, 146.2, 136.6, 132.2, 129.8, 129.3, 127.4, 125.5, 119.1, 116.3, 115.2, 112.7, 107.6, 

102.1, 101.9, 100.2, 79.7, 75.0, 70.8, 68.4, 67.8, 65.8, 26.4, 26.1, 18.6, 11.1. m/z (MALDI TOF MS+) 

calcd. for C72H79N2O4 Si2Br4 ([M+H
+
]

+
) 1409.21, found 1409.48, for C72H79N2O4Si2Br3 ([M+H

+
–Br 

–
]) 

1330.29, found 1330.68, for C72H79N2O4Si2Br2 ([M+H
+
–2Br 

–
]
–
) 1249.37, found 1249.94. UV-vis (CH2Cl2) 

λmax / nm (ε / M
–1

 cm
–1

) 244 (73700), 268 (83700), 285 (92900), 321 (70700), 339 (86300), 361 (49300), 

389 (26000), 422 (16400). UV-vis (THF) λmax / nm (ε / M
–1

 cm
–1

) 245 (77100), 268 (85300), 284 (92100), 

321 (69200), 339 (84600), 361 (49000), 389 (25400). 421 (16500).  
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Chapter 6. General Discussion and Future Directions 

Previously, the synthesis of stable polyynes with up to 22 triple bonds has been achieved
1
 using the 

supertrityl end-group, however, the stabilizing effect of the end group decreases upon the elongation of 

carbon chain, and it seems that new synthetic strategies are necessary to go beyond the stable 44 sp
1
 

carbon atom chains, in order to approach the properties of carbyne.  

This thesis has summarized polyyne rotaxane synthesis showing that rotaxination is an effective way to 

thread the polyyne chains with a macrocyclic component, creating kind of 'insulated' molecular wires. We 

demonstrated that the synthesis of rotaxinated polyynes with up to 24 sp
1
 carbon atoms on the chain is 

achievable, however, this approach of mechanical insulation could, in principle, be expanded to the 

synthesis of longer insulated polyynes. It is expected that mechanical encapsulation will stabilize the 

polyyne, further enabling the synthesis of carbyne-like insulated molecular wires. Additionally, it has been 

shown that by applying different synthetic approaches polyyne rotaxanes with different topological order 

can be prepared.  

Another aspect of polyynes discussed in the thesis is the investigation of some photophysical properties 

of polyyne rotaxanes, particularly intermolecular energy transfer in rotaxanes. We have characterized the 

excited states of polyynes by vibrational and absorption spectroscopy and shown that the polyyne chain is 

an excellent singlet and triplet excited state energy harvester in rotaxanes. This findings provide more 

insights into the rich photophysics of polyynes. 

The last, fifth chapter of the thesis describes the synthesis of masked polyyne rotaxanes. Unfortunately, 

this work has not been yet finished due to time restriction, however it encompasses a great potential to 

prepare insulated cyclocarbons via alkylidene carbenoid rearrangement.
2
 Previously, cyclocarbon 

formation was observed in the gas phase from cyclic precursors.
3
 Moreover, it was shown by Diederich 

and coworkers that in the gas phase the coalescence of cyclocarbons gives fullerenes.
4 

The same authors 

also suggested that in order to obtain stable cyclocarbons, more rigid structures are required, which would 

not allow the cyclocarbon to undergo fragmentation or rearrangement. Continuing this idea, it seems that 

the synthesis of polyyne-based catenanes and subsequent reconstruction of polyyne framework could be a 

promising strategy to isolate the cyclocarbon as a bulk material (Scheme 1). 
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Scheme 1 A possible route towards insulated cyclocarbon. 

In chapter 5 we showed that the coordination of Re(I) carbonyl complexes to the macrocycle is a 

convenient way to reduce the macrocycle cavity size, after rotaxane synthesis. This should allow the 

dibromoethene moieties to act as a stopper when TIPS or other bulky protective end groups are removed. 

Then, the terminal acetylene could be threaded through another macrocycle. If the dibromoethene unit can 

be used as a stopper, then a tripod macrocycle might be used to direct the formation of a catenane, as 

shown in Scheme 1. The use of tripodal macrocycle (Scheme 1) should provide rigidity to the whole 

architecture supposedly stabilizing and protecting the reactive cyclocarbon, as it was proposed. 

Another interesting strategy towards insulated cyclocarbons could be the development of the chemistry 

of Pt-polyyne rotaxanes, discussed in Appendix B. So far, all our attempts to make Pt-polyyne rotaxanes 

were unsuccessful, but it is very attractive to carry out the rotaxination of the planar Pt-polyynes squares
5
 

(Scheme 2). Using the procedure of reductive elimination of Pt, developed by Bäuele and co-worker,
6
 the 

cyclo[48]carbon-based [5]catenane could be constructed. 

Since it was not possible to thread the butadiyne bis(butadiyne)Pt(dppp) complex (Appendix B), it 

seems reasonable that use of longer derivatives, like the bis(hexatriyne)Pt complex, may result in 

threading of the terminal alkyne. The same precursor bis(hexatriyne)Pt complex could be used for 

stepwise construction of the building blocks of the square [5]catenane. The bending of the carbon chain 

from linearity in the corresponding cyclocarbon-based [5]catenane is small (less than 8 deviation from 

linearity, based on the polygonal geometry) which implies that strain energy must not have significant 

destabilizing effect on the cyclocarbon, which, in addition with mechanical insulation, may stabilize the 

molecule enabling its isolation. 
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Scheme 2 A possible route to synthesize 48 sp
1
 carbon-based [5]catenane. 

The interest in mechanically insulated polyynes does not concern only the cyclic structures. The route 

towards the longer linear polyyne rotaxanes can be extended beyond what has been done in this thesis. 

Particularly, we are interested in preparation of polyyne polyrotaxanes. In the ideal case, we would like to 

have temporary stoppering group on the terminus of the polyynes. By saying "temporary" we mean a 

bulky functional group, which can be attached and detached to the polyyne chain at the particular step of 

the synthesis, without destroying the polyyne chain upon removal. Interestingly, Diederich and Rubin
7 

reported a method of clipping the polyyne chains with cobalt carbonyl complexes (Scheme 3). 

 

 

Scheme 3 Synthesis of the cobalt complex reported by Diederich and Rubin (dppm = 1,2-bis(diphenyl-

phosphino)methane).
7
 

This method could be adopted for the synthesis of polyrotaxanes using the dicobalt complex as a 

temporary stoppering group. After threading, cobalt could be removed by oxidation, alkyne-ligand 

exchange or by flash vacuum pyrolysis.
3
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Scheme 4 A suggested synthetic route towards polyyne polyrotaxanes suing clipping strategy.  

Dicobalt complexes, bridged with the dppm ligand are stable towards desilylation or coupling 

reactions, which means that complexes with different alkyne chains can be readily prepared. For example, 

one of the suggested cobalt complexes could be threaded with a macrocycle from one terminus using 

another bulky polyyne as a stoppering group (Scheme 4). Farther removal of the second TIPS group and 

the homocoupling reaction in a presence of the macrocycle would result in the zigzag architecture. The 

final treatment of the zigzag molecule with suitable oxidant, should give a polyyne polyrotaxane. The Pt 

complexes, discussed above, also could be exploited for the preparation of polyyne polyrotaxanes in the 

similar way of chain elongation/threadingPt elimination. 

The discussed approaches and strategies show that this project has much scope for continuation, and 

the mechanical encapsulation of polyynes has great potential for the design and preparation of fascinating 

new carbon-rich scaffoldings.  
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Appendix A Photophysics of small Re(CO)3Clrotaxane HM2(Re) 

As was shown in Chapter 4, the triplet energy transfer from the 
3
MLCT excited state of 

Re(CO)3Cl·macrocycle to the ground S0 state hexayne in the HM(Re) takes place by Dexter mechanism. 

This implies that closer contact between two donor acceptor molecules would increase the overlap of 

wavefunctions thus increasing the rate of the 
3
EET. Therefore, we prepared Re(CO)3Cl complex of 

2bM2 rotaxane (see Chapter 2 for the synthesis of 2bM2 rotaxane), in which significantly smaller 

macrocycle provides tighter contact between CO and CC moieties (Figure 1). For convenience, 

Re(CO)3Cl complex of 2bM2 rotaxane will be referred as HM2(Re). This new complex was 

interesting to us for the study of vibrational coupling of rotaxane components
1
 using 2D IR spectroscopy.

2 

However, the 2D IR spectroscopy of Re(CO)3Cl·rotaxane complexes did not reveal ground state 

vibrational coupling between polyyne and Re-CO chromophores. We do not show the details of the 2D IR 

experiments here due to lack of interesting results, but the photophysics of the HM2(Re) rotaxane will 

be discussed. 

 

Figure 1 Structure of 2HM2(Re) rotaxane and the UV-Vis absorption spectrum (orange) in comparison with the 

absorption spectrum of HM(Re) (Chapter 4). 

The UV-Vis absorption spectra of both Re(CO)3Cl rotaxanes are shown in Figure 1. Compared to the 

HM(Re) (Chapter 4), the lowest energy absorption band of hexayne in the spectrum of the HM2(Re) 

rotaxane is 1 nm red-shifted.  

The TRIR spectral features of small Re(CO)3Clrotaxane HM2(Re) are similar to those of HM(Re). 

When the BM2(Re) was excited at 360 nm, the triplet excited Re(CO)3Clmacrocycle band around 

1450 cm
–1

 decays to give rise to the triplet hexayne band at 1600 cm
–1

 (Figure 2).  
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Figure 2 TRIR spectra of HM2(Re) in fingerprint region and the kinetics of the 
3
EET. (Excitation λ = 360 nm, 

laser energy = 120 nJ) 

The negative band at 1464 cm
-1

 recovers within the first 25 ps. The triplet polyyne band at 1610 cm
–1

 

rises on the top of the second bleach at 1608 cm
–1

. Due to the overlap of the two negative and positive 

bands the growth of the triplet polyyne band seems biexponential fashion: 1 = 15.4 ± 1.4 ps (A1 = 0.34), 2 

= 0.42 ± 0.01 ns (A2 = 0.66). The slow component of the kinetics of this band and the rate of the triplet 

polyyne growth (1 = 0.37 ± 0.01 ns) have similar values. 

The bleach recovery rate at 1608 cm
–1

 in both Re(CO)3Cl rotaxanes are similar (
3
IL

3
MLCT 

conversion, cooling, etc. about 15 ps), which is because the Re-chromophore is the same in both 

Re(CO)3Clrotaxanes. In the small HM2(Re) rotaxane the triplet EET is almost 4 time faster (0.42 ns 

vs.1.5 ns) compared to the HM(Re) as it was expected. 

The high frequency region of the TRIR spectra show three bleached ground state CO bands and two 

transient bands upon excitation (Figure 3). The first transient broad band at 1955 cm
–1

 is predominantly 

Gaussian by shape, within 25 ps moves to 1969 cm
–1

 and its intensity increases 1.4 times without 

significant band narrowing. The second broad transient band (Gaussian shape) partially overlaps with 

A'(1) bleach at 2018 cm
–1 

moves to 2051 cm
–1

, increases in intensity about 2.1 times and narrows 70% 

changing to Lorentzian shape. All this spectral changes are attributed to the 
3
IL

3
MLCT conversion and 

vibrational energy relaxation. 

Another noteworthy feature is that ground state CC stretching is visible as a positive band upon 

excitation of the Re(CO)3Cl rotaxane at 350 nm, showing that the excited state Re(CO)3Cl macrocycle 
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perturbs the ground state electrons of hexayne  system causing enhanced absorption, similar to the 

rotaxane HM(Re) 

 

Figure 3 TRIR spectra of HM2(Re) in high frequency region at early (left) and late time delay (right). (Excitation 

λ = 360 nm, laser energy = 120 nJ, Solvent CH2Cl2) 

Later, the 
3
MLCT Re(CO)3Clmacrocycle sensitizes the ground state hexayne. The kinetics of the CO 

and CC bands are depicted below (Figure 4). The excited state Re(CO)3Clmacrocycle exhibits two bands 

at 1968 cm
–1

 and 2052 cm
–1

,
 
with identical decay kinetics (  0.4 ns), which matches to the kinetics in 

fingerprint region. 

 

Figure 4 
3
EET kinetics in HM2(Re) estimated from the transient bands decay (left) and bleached CO recovery 

(right).  

In the similar way, the recovery of all three CO bands has the same time evolution with  value 

similar to that one of positive bands decay ( 0.4 ns, Figure 4).  

A surprising feature was the rate of the bleaching of the CC band: its time constant was 0.48 ns 

(Figure 5), which is slower than the decay of the triplet state Re(CO)3Clmacrocycle (0.4 ns, Figure 4).The 

explanation of this 20% difference in sates is not clear. 
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Figure 5 The kinetics of the bleaching of CC band due to 
3
EET in the HM2(Re) rotaxane.  

Except this small difference, the general conclusion is that in te small Re(CO)3Clrotaxane HM2(Re), 

the triplet energy transfer is 4 time faster compared to the bigger Re(CO)3Cl rotaxane HM(Re). 

Synthesis of the 2bM2(Re) rotaxane 

Rotaxane 2bM2 (16.0 mg, 8.5 µmol) was dissolved in toluene (4 mL) and Re(CO)5Cl (3.7 mg, 10.2 

µmol) was added. The reaction mixture was stirred under reflux 3 h, cooled to 20 ºC and solvent was 

removed in vacuo. The product was purified by column chromatography (silica, hexane/EtOAC = 20:1 

gradually to EtOAc) followed recrystallization from hexane which yielded the product as yellow 

crystalline solid (11 mg, 59 %). Rf = 0.7 (hexane/EtOAc/MeOH = 10:2:1). 
1
H NMR (500 MHz, 298 K, 

CD2Cl2) 8.6 (d, 2H), 8.06 (s, 2H, Ha), 8.07 (s, 2H), 8.03 (d. 2H), 7.75 (d, 2H), 7.57 (d, 2H), 7.27 (t, 3H), 

7.24 (t, 3H), 7.19 (d, 2H) 7.06 (m, 3H), 6.94 - 6.89 (dd, 12H), 6.64 (t, 1H), 6.47–6.46 (dd, 2H), 4.36 (m, 

2H), 4.17-3.99 (m, 6H), 2.11–1.82 (m, 8H), 1.53 (s, 8H), 1.17 (s, 54H), 1.12 (s, 54H). 
13

C NMR (125 

MHz, CD2Cl2, 298 K) 195.6, 193.6, 164.4, 161.1, 160.8, 150.8. 150.7, 149.4, 143.7, 143.7, 138.2, 134.2, 

133,6, 130.3, 130.1, 129.8, 127.0, 125.9, 123.9, 123.9, 121.0, 120.9, 118.3, 112.6, 109.1, 100.4, 86.3, 70.1, 

69.5, 68.7, 68.3, 65.0, 64.8, 64.7, 64.1, 64.0, 63.8, 63.2, 63.1, 57.8, 57.7, 35.1, 35.1, 31.5, 31.4, 26.2, 25.2, 

23.1, 14.3. UV-vis (CH2Cl2) λ / nm (ε / M
–1

 cm
–1

) 317 (186000), 298 (150000), 280 (93000), 267 (22000); 

UV-vis (THF) λ / nm (ε / M
–1

 cm
–1

) 316 (216000), 297 (167000), 280 (101000), 266 (56000). 
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Appendix B Pt-alkyne complexes for rotaxane synthesis 

The Pt(II) phosphine acetylides have been developed for application as molecular wires,
1 

luminescent,
2
 

charge-transport
3
 materials, and solar cell dyes.

4
 Additionally, cis-Pt(alkynide) complexes have been used 

to prepare carbon-rich molecular squares, such as the complex B1 (Scheme 1).
5
 

 

Scheme 1 Structure of Pt-alkyne complex. 

There was an interesting report by Bäuerle et al., presenting a Csp-Csp bond formation from Pt -

acetylide complexes.
6
 In their procedure, they carried out 1,1-reductive elimination of the Pt(dppp) 

“corners” from bismetallacycle B2 under simultaneous C–C bond formation by treatment with iodine 

(Scheme 2). 

 

Scheme 2 Bäuerle's methodology of Csp-Csp bond formation from Pt -acetylide complex.
6a

 

We envisioned that this novel methodology could be exploited in the synthesis of polyyne rotaxanes. 

The cis-Pt-complex with two terminal acetylene chains, readily prepared from cis-Pt(Cl)2 complexes B4,
7
 

could perhaps be double threaded, resulting in a right angle complex, the subsequent elimination of metal 

would give the double-threaded polyyne [3]rotaxane (Figure 1). 

 

Figure 1 Schematic representation of the synthesis of polyyne [3]rotaxane via elimination of Pt metal.  
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The cis-Pt(Cl)2 complex B4 was prepared by stirring a suspension of PtCl2 and 1,3-

bis(diphenylphosphino)propane (dppp) in CHCl3 at 70 C.8 The product B4 was obtained in 92% yield 

(Scheme 3). The cis-bis(TIPS-acetylide)Pt(dppp) complex B5 was prepared by reaction of TIPS-acetylene, 

in presence of Cu(I) salt and Et3N in CH2Cl2, giving the product B5 in 89% yield (Scheme 3).7 

 

Scheme 3 Synthesis of the B4 and B5 complexes. 

To our disappointment, all attempts to deprotect B5 turn to be unsuccessful. First, it was tried by 

TBAF, stirring the reaction mixture in THF at room temperature (Scheme 4). Even after 24 h stirring the 

TLC analysis showed no reaction and the starting material was recovered. The same result was obtained 

when 10-fold excess of TBAF was used at 60 C.  

 

Scheme 4 Attempted deprotection of the B5. 

Changing the solvent to CH2Cl2 did not give a better result. We tested the use of CsF instead of TBAF 

as a fluorine source, but again no reaction was observed.  

It is possible that three bulky isopropyl groups are efficiently shielded by the phenyl groups of dppp 

moiety, leaving no space for the nucleophylic attack of F
–
. An alternative approach could be the synthesis 

of less bulky, TMS-protected acetylide, however there was little hope that even in the case of successful 

removal of TMS groups it would be possible to thread the short acetylene end with a macrocycle. Thus, 

the bis(TMS-butadiyne)Pt(dppp) complex was prepared via lithium-halogen exchange (Scheme 5). The 

bis(TMS)butadiyne was lithiated by MeLi in THF, then this mixture was transferred through canula to the 

mixture of B4, CuI and Et3N in deoxygenated THF. After stirring for one day, the reaction was stopped 

and the crude mixture was purified by column chromatography resulting in di-(B6) and monosubstituted 

(B7) complexes in 58% and 18% yield, respectively.  
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Scheme 5 Synthesis of TMS(butadiyne)Pt(dppp) complexes B6 and B7. 

Both B6 and B7 complexes can be tested for rotaxane synthesis. For the first trial, the B7 was 

deprotected by K2CO3 in CH3OH/THF mixture quantitatively (99%) (Scheme 6). The free butadiyne B8 

then was injected under the rotaxane synthesis conditions using CuI·M4 macrocycle complex and 

supertrityl bromotriyne 3.1. We specially chose cross-coupling reaction conditions (see Chapter 3), 

escaping from the use of oxidant (I2) necessary for the homocoupling reaction. The reaction of the B7 with 

iodine has not been tested but it was considered that Pt could be easily eliminated as in the case of 

bis(platinium)-macrocycle B3 (Scheme 2).
6
  

 

Scheme 6 Attempted synthesis of [2]rotaxane using monobutadiyne B8. 

After 5 h stirring at 60 C, the TLC showed complete consumption of B8 and the reaction was 

quenched by aqueous KCN. On silica column three fractions were separated, however, none of them was 

the target rotaxane (analyzed by 
1
H NMR and MALDI spectra).  

Similarly, B6 complex was deprotected (94%) and the corresponding bis(butadiyne)Pt(dppp) complex 

B9 was subjected for the rotaxane synthesis. We tested the cross-coupling reaction with bromotriyne 3.1 

using 2 eq. of CuI·macrocycle (M1 or M4) complexes, however, disappointingly, no rotaxane molecule 

was isolated in either case (Scheme 7) despite complete consumption of the Pt complex B9. 
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Scheme 7 Attempted synthesis of [3]rotaxane using bis(butadiyne)Pt(dppp) complex B9. 

The reason for these unsuccessful trials is not understood. It is possible that butadiyne termini are 

sterically shielded by phenyl groups hindering the threading with the macrocycle. It could be useful to 

prepare bis(hexatriyne)Pt(dppp) complex in a similar way and test for the cross-coupling reaction with 3.1, 

but due to time restriction the fully exploration of this interesting route for polyyne rotaxanes has not been 

accomplished. 

Synthesis of compounds 

All compounds are characterized by NMR spectroscopy. 
31

P NMR spectra were measured with proton 

decoupling.  

 

B4: This compound was prepared according to the literature procedure.
8
 To a suspension of PtCl2 (0.30 

g, 1.13 mmol) in chloroform (40 mL), a solution of dppm (0.465 g, 1.128 mmol) in chloroform (20 mL) 

was added. The reaction mixture was stirred at reflux for 3 h, and the clear solution turned cloudy. The 

solvent was removed and the white residue was extracted with CH2Cl2 (3 x 50 mL). The organic layers 

were combined and the solvent was removed giving product B4 as a white solid (702 mg, 92 %). 
1
H NMR 

(400 MHz, CDCl3) 7.65 (q, J1 = 8.1 Hz, J2 = 2.8 Hz, 8H), 7.47–7.38 (m, 12H), 2.50 (m, 4H), 2.05 (m, 2H). 

31
P {

1
H} NMR (162 MHz, CDCl3) –5.60 (JPt–P = 3408 Hz). As in lit.

8 
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B5: This compound was prepared according to the literature procedure.
7b

 To a mixture of Pt(dppp)Cl2 

(B4, 50 mg, 73.8 mol) CuI (5 mg, 26 mol) and TIPS acetylene (33.6 mg, 41 L, 184 mol) in a 

degassed CH2Cl2 (10 ml), dry Et3N (1 ml) was added under N2 and the reaction mixture was stirred for 1 d 

at 20 ºC. To the reaction mixture water (1 mL) was added and the organic layer was separated and solvent 

was removed. The product B5 was purified by column chromatography (silica, CH2Cl2) and obtained as a 

white solid (4 mg, 89%). 
1
H NMR (400 MHz, CDCl3) 7.76 (m, 8H), 7.25 (m, 12H), 2.25 (m, 4H), 1.89 (m, 

2H), 074 (s, 6H), 072 (s, 36H). br. s, 8H), 7.32 (t, J = 7.2 Hz, 4H), 7.22 (t, j = 6.4 Hz, 8H), 2.72 (s, 4H), 

2.09 (s, 2H), -0.08 (s, 18H). 
13

C NMR (100 MHz, CDCl3) 133.9, (m) 132.1, (q, J1 = 9.6 Hz, J2 = 55.9 Hz, 

), 130.3, 128.2 (t, JC-P = 5.2 Hz), 125.0, 124.8, 123.6, 123.4, 108,0, 107.9, 27.2 (pseudo-t, JC-P = 18.5 Hz), 

20.4, 19.0, 11.8. 
31

P {
1
H} NMR (162 MHz, CDCl3) –7.56 (JPt–P = 2136 Hz).As in lit.

8
 

 

A solution of bis(TMS)butadiyne (35.8 mg, 0.184 mmol) in THF (6 mL) was deoxygenated and 

LiMe/LiBr (8.4 L, 0.184 mmol, in 2.2 M Et2O) was added at 0 C. The reaction mixture was stirred 30 

min, A mixture of Pt(dppp)Cl2 (B4) (50 mg, 73.8 mol), CuI (5 mg, 26.2 mol) and Et3N (1 mL) in 

degassed THF (6 mL) was added at –40 C. After stirring 1 day at 20 ºC, the reaction mixture was 

quenched with water (1 mL), HCl (2 M, 1 mL) and then the aqueous phase was neutralized by saturated 

aqueous NaHCO3. Organic phase was separated and solvents were removed. The final crude mixture was 

purified by column chromatography (silica, CH2Cl2) affording B6 (36 mg, 58%) and B7 (10 mg, 18%) as 

light yellow solids.  

B6: 
1
H NMR (500 MHz, CDCl3) 7.50 (br. s, 8H), 7.32 (t, J = 7.2 Hz, 4H), 7.22 (t, j = 6.4 Hz, 8H), 2.72 

(s, 4H), 2.09 (s, 2H), -0.08 (s, 18H). 
13

C NMR (125 MHz, CDCl3) 133.7, 130.9, 128.4 (pseudo-t, JC-P = 5.4 

Hz), 101.0 (q, J = 54.4 Hz), 92.7, 78.5, 31.1, 25.2 (pseudo-t, JC-P = 18.6 Hz), 19.4, 0.2. 
31

P {
1
H} NMR 

(162 MHz, CDCl3) –8.90 (JPt–P = 2184 Hz). 
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B7: 
1
H NMR (500 MHz, CD2Cl2) 7.65 (t, J = 9.5 Hz, 8H), 7.48–7.40 (m, 12H), 2.51 (br. s, 4H), 1.99 

(m, 2H), 0.09 (s, 9H). 
13

C NMR (125 MHz, CD2Cl2) 133.8, (d, JC-P = 9.5 Hz), 131.4, 130.6 (q, J = 26.7 

Hz), 128.8 (d, JC-P = 8.5 Hz), 100.2 (q, J = 55.6 Hz), 97.6 (q, J = 55.9 Hz), 92.5-90.8 (m), 79.4, 71.5 (q, J 

= 13.4 Hz), 68.1, 61.8, 31.01, 25.6 (m), 19.9 (pseudo-t, JC-P = 6.6 Hz), 0.1. 
31

P {
1
H} NMR (162 MHz, 

CDCl3) –6.0 (JPt–P = 2172 Hz). 
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