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ABSTRACT 

The extreme cytotoxicity of natural enediyne antibiotics is attributed to the ability of (Z)-

3-ene-1,5-diyne and (Z)-1,2,4-heptatrien-6-yne fragments to undergo cycloaromatization 

producing DNA-damaging diradicals. The goal of this dissertation work was to develop 

photoactivatable precursors of reactive enediynes and enyne-allenes. To achieve this goal, we 

have designed compounds, which upon irradiation can efficiently generate enediyne and/or 

enyne-allene moiety, constrained within ten-membered ring. Thus, it was found that ten-

membered ring cyclic enediynes that possess a carbonyl group in a β position with respect to the 

one of acetylenic termini undergo very facile cycloaromatization at ambient temperatures. 

Kinetic data and deuterium-labeling experiments indicate that this reaction proceeds via rate-

determining tautomerization to the enyne-allene form followed by very rapid Myers—Saito 

cyclization. 

A reactive ten-membered ring enyne-allene was also developed (τ25 °C = 5–6 min). The 

cyclic enyne-allene is efficiently generated (Φ300 nm = 0.57) by UV irradiation of a thermally 

stable precursor in which a triple bond is masked as a cyclopropenone moiety. 



Moreover, we found that incorporation of an additional endocyclic trans double bond in a 

ten-membered cyclic enediyne structure increases the activation energy of the 

cycloaromatization reaction. The rate-limiting step of the thermal cycloaromatization of a 

dienediyne is apparently the trans-cis isomerization and/or 1,3-hydrogen shift, producing the 

isomer of dienediyne with the cis double bond. The latter isomer then undergoes facile 

cycloaromatization. 

The utility of catalyst-free azide−alkyne [3 + 2] cycloaddition for the immobilization of a 

variety of molecules onto a solid surface and microbeads was investigated. In this process, the 

surfaces are derivatized with aza-dibenzocyclooctyne (ADIBO) for the immobilization of azide-

tagged substrates via a copper-free click reaction.  
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CHAPTER 1 

INTRODUCTION 

People suffering from cancer are generally treated with surgery, radiotherapy, and/or 

chemotherapy. In chemotherapy, the majority of conventional anti-tumor drugs work either by 

damaging the DNA molecules or by interfering with the cell replication process. This prevents 

cell division, eventually leading to the cell death. Ideally, the cytotoxic agent should be delivered 

directly to the targeted site. Unfortunately, achieving selectivity between cancerous and healthy 

cells is a major problem of modern chemotherapy. 

The goal of this dissertation study was to design and prepare model precursors, which 

upon irradiation would produce enediynes and enyne-allenes in situ, culminating in a rapid 

cycloaromatization. The second objective was to study the reactivity and nuclease activity of the 

prepared compounds. 

Development of enediynes and enyne-allenes for use in phototherapy would be of great 

interest for a number of reasons. First, this approach has the potential to confine drug action to a 

desired location. Precursors of enediynes and enyne-allenes, which have no cytotoxicity in the 

dark but can be easily activated upon irradiation with light, allow for temporal and spatial control 

of the drug release. Thus, photoactivatable enediynes and enyne-allenes have prospective 

applications in treatment of some cancers. In addition, they can be used in non-oncological 

applications, for example, generation of polymeric materials, and antimicrobial chemotherapy. 
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 In chapter one of this dissertation, natural enediyne antibiotics, their structures, current 

applications, and limitations are discussed. The literature describing techniques, which allow 

triggering of reactive enediynes and enyne-allenes, will also be reviewed. Chapters two, three, 

and four will describe enediynes and enyne-allenes and discuss their reactivity as well as several 

new concepts of triggering enyne-allenes and enediynes will be addressed in those chapters. In 

chapter five ―a strain promoted‖ click chemistry on the glass surface is discussed. 

1.1 NATURAL ENEDIYNE ANTIBIOTICS 

Natural enediynes are arguably the most potent anticancer agents ever discovered. The 

challenging structural complexity of the enediyne antibiotics, their mechanism of action, and 

their biological activity have created enormous scientific interest. These compounds share (Z)-

hexa-3-ene-1,5-diyne (enediyne) or (Z)-hexa-1,2,4,-hepta-trien-6-yne (enyne-allene) moieties, 

constrained within nine- or ten-membered ring. Extensive studies of these potent compounds 

found that their cytotoxicity is attributed to the ability of an enediyne fragment to undergo the 

Bergman cyclization (Scheme 1.1) and produce p-benzyne diradicals.
1
 These 1,4-diradicals act 

as ―a warhead‖ inducing the DNA cleavage via hydrogen abstraction from the sugar phosphate 

backbone.
2
 A similar cycloaromatization reaction of the enyne-allenes generating α,3-

didehydrotoluene is known as the Myers—Saito cyclization (Scheme 1.2). The ability of natural 

enediynes to cleave DNA has challenged many scientists to develop these compounds into 

anticancer drugs. In spite of toxicity issues, neocarzinostatin (NCS),
3
 the first discovered anti-

tumor antibiotic
 
having an enediyne-containing chromophore, was advanced into anticancer 

clinical trials. Later, neocarzinostatin as a part of a polymer-based conjugate has been approved 

for the treatment of cancers of the liver and brain, as well as leukemia, in Japan.
4
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In 2000, the natural enediyne calicheamicin as a monoclonal antibody (anti-CD33) 

conjugate was approved in the U.S. under the trade name of Mylotarg for the treatment of elderly 

patients with acute myeloid leukemia.
5
 The monoclonal antibody-CD33 was used to target 

cancerous cells because a majority of myeloid leukaemia cells and normal committed myeloid 

precursor cells in the bone marrow express CD33, which is a transmembrane receptor. While 

overall response rates were only 30%, the drug was relatively well tolerated by most patients. 

The major drawback of Mylotarg is the high cost of the treatment since utilization of monoclonal 

antibodies. After ten years on the U.S. market, Mylotarg was withdrawn because studies did not 

show its efficacy and the treatment was linked to death from liver and lung toxicity. 

There are a number of detailed reviews
1-2, 6

 and books covering natural enediynes,
7
 

including a book which is devoted to neorcarzinostatin.
8
 This literature review is focuses on 

highlighting important aspects of natural enediynes and covering some of their model 

derivatives.  

1.2 BERGMAN CYCLIZATION 

The Bergman cyclization derives its name from the work published in 1972 by Bergman 

and co-workers, which describes reversible cyclization of compounds containing a (Z)-hexa-3-

ene-1,5-diyne moiety to form the reactive p-benzyne biradical.
9
 In this paper, Jones and Bergman 

reported that heating (3Z)-3-hexene-1,5-diyne-d2 (1.1) to 200 °C in the gas phase led to a rapid 

deuterium exchange giving only a different isomer 1.3 and the starting material 1.1 in the ratio 

1:1 (Scheme 1.1). It should be mentioned that cycloaromatization of enediynes was early 

observed by Mayer, Sondheimer, and Masamune, but the exact mechanism of cyclization has not 

been elucidated.  
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Scheme 1.1 The Bergman cyclization mechanism. 

 

The main conclusion of this work was that 1,4-dehydrobenzene (1.5) can be generated by 

simply heating a fairly stable enediyne 1.4.  Further evidence to support the existence of the 

diradical 1.5 was obtained when enediyne 1.4 was heated in a solution of 1,4-cyclohexadiene and 

carbon tetrachloride to give benzene and 1,4-dichlorobenzene, respectively. These reactions are a 

good indication of free radicals, suggesting the intermediacy of p-benzyne diradical 1.5.
10

  

The cycloaromatization of acyclic enediynes has a large energy activation barrier. As a 

result, acyclic enediynes are stable and undergo cyclization only at high temperatures. On the 

other hand, natural enediyne antibiotics are stable at ambient temperature, but rapidly undergo 

cyclization after activation. Nicolaou et al. proposed to use the distance between the terminal 

alkynyl carbons to predict the reactivity of enediynes (l, Scheme 1.1).
11

 Thus, the empirically 

determined ―critical range‖, where spontaneous cyclization should occur at room temperature, 

was found to be of 3.31-3.2 Å.
12

 Later, it was extended to 3.4-2.9 Å, based on DFT calculations 

and experimental data.
13

 In general, addition of a benzene ring to an enediyne moiety decreases 

the rate of Bergman cyclization of enediyne compounds. For example, Semmelhack et al. have 
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investigated a series of 10-membered fused-enediynes which show the reactivity dependence on 

the olefinic character of the arene π bond.
14

 

1.3 MYERS—SAITO AND SCHMITTEL CYCLIZATION 

The Myers—Saito cyclization derives its name from independently discovered results 

published in 1989 by the Myers and Saito groups.
15

 The Myers—Saito cyclization is a 

cycloaromatization reaction of (Z)-1,2,4-hepta-trien-6-yne (enyne-allene), producing α,3-

didehydrotoluene analogs (Scheme 1.2).
16

 These α,3-didehydrotoluene derivatives produced 

during  cycloaromatization of simple enyne-allens are  σ,π-diradicals. Antibiotics of the 

Neorcarzinostatin family also undergo the Myers—Saito cyclization but this is believed to 

proceed via a σ,σ-diradical. The cycloaromatization of enyne-allenes is usually irreversible. 

Scheme 1.2 The Myers—Saito and Schmittel cyclization. 

 

In 1995, Schmittel et al. discovered an alternative reaction to the Myers—Saito 

cyclization for enyne-allenes.
17

 The authors demonstrated that enyne-allene 1.6 may also 

undergo a novel C2-C6 ring closure cyclization when the alkyne terminal hydrogen is replaced 

by bulky groups such as phenyl or tert-butyl (Scheme 1.2). These bulky substituents increase the 

cyclization barrier of the Myers—Saito reaction due to steric hindrance. In addition, a phenyl 
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substituent lowers the barrier of the Schmittel cyclization by delocalization of the formed radical, 

which is also a σ,π-diradical.
18

 

1.4 NEOCARZINOSTATIN FAMILY 

 The enediynes have been categorized into two subgroups: nine- and ten-membered ring 

chromophore cores. The first enediyne antibiotic that contains a nine-membered ring, 

neocarzinostatin (NCS), was isolated from Streptomyces carzinostaticus and reported by Ishida 

et al. in 1965. NCS was found to be a 1:1 complex of chromophore and an apoprotein.
3
 This 

apoprotein binds tightly to NCS with KD = 1 × 10
-10

 M, which explains the stability of the 

complex.
19

 The nine-membered ring enediynes are usually noncovalently associated with an 

apoprotein that plays a role of protection and transportation of the chromophore. The structure of 

the active nine-membered enediyne unit was resolved only in 1985 (Scheme 1.3).
20

 

Scheme 1.3 Structures of natural nine-membered enediyne antibiotics. 
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While being definitely a member of the enediyne family, NCS contains no (Z)-3-hexene-

1,5-diyne fragment, as can been seen from Scheme 1.3. At the same time, NCS possesses a 

unique mechanism of action. A nucleophile can be used to activate NCS-chromophore into a 

labile, reactive species that induces DNA damage. 

Scheme 1.4 Proposed mechanism of thiol-dependant activation of neocarzinostatin. 

 

 According to the accepted mechanism, an attack of a thiol nucleophile at C12 results in 

ring opening of the epoxide followed by formation of a highly strained cumulene (Scheme 1.4),
21

 

which has been observed by NMR at low temperature.
22

 The extended cumulene-enyne is 

believed to undergo Myers—Saito-type cyclization.
23,22

 The produced diradical can abstract one 

or two hydrogen atoms from DNA, leading to single- and/or double-strand cleavage.
24

  

The type of damage that occurs depends on how the diradical is positioned within the 

minor groove of a DNA molecule. When the diradical has access to only one strand of the DNA 

it results in the abstraction of only one hydrogen and leads to single-strand DNA cleavage. In 

contrast, when a diradical that is positioned between both strands, hydrogen atom transfer 
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produces double-strand DNA scission. Mass spectrometry has been applied to explain the 

mechanism of action of neocarzinostatin by observing the corresponding intermediates.
25

  

An alternative mechanism was proposed suggesting that NCS can be activated by a 

general base-catalyzed intramolecular addition reaction in the absence of a nucleophilic thiol 

(Scheme 1.5).
26

 

Scheme 1.5 Proposed mechanism of thiol-independent activation of neocarzinostatin. 

 

While several groups tried to synthesize neocarzinostatin,
27

 especially its nine- and 10-

membered ring analogs,
28

 only in 1998 did Myers and co-workers report a total synthesis.
29

 Due 

to the instability of precursors of the final product, a special technique was used involving 

extraction and chromatographic isolation procedures at 4 C under an inert atmosphere. Such 

conditions significantly improved yield of several precursors of neocarzinostatin. The synthesis 

of neocarzinostatin required 20 steps. In nature, most of the natural enediyne antibiotics are 

produced by microorganisms, classified as actinomycetes, to protect themselves against bacteria 

and viruses.   
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1.5 CALICHEAMICIN FAMILY AND RELATED NATURAL ENEDIYNES 

 The calicheamicins are a family of natural enediynes isolated from Micromonospora 

echinospora. The structures of the calicheamicins and esperamicins were first published in 1987 

(Scheme 1.6).
30

  Two years later, another member of the enediyne family, dynemicin A, was 

discovered.  

Scheme 1.6 Structures of natural ten-membered ring enediyne antibiotics. 

 

The calicheamicin structure can be divided into three components: an enediyne core, 

which is responsible for the biological activity; a sugar moiety binds to DNA molecules; and a 



 

10 

trisulfide group that acts as a ―triggering device‖ to activate the enediyne core toward the 

cyclization (Scheme 1.7). 

Scheme 1.7 Proposed mechanism of activation of Calicheamicin. 

 

 Intensive investigation of natural enediyne antibiotics revealed a very elegant mode of 

action. The sugar moiety binds the minor groove of DNA prior to a nucleophile (e.g. glutathione) 

adding to the central sulfur atom of the trisulfide fragment, which causes the formation of a thiol 

that can add intramolecularly to the α,β-unsaturated ketone. The structural change reduces the 

barrier for the cyclization reaction. Thus, the enediyne 1.10 undergoes the Bergman cyclization 

producing a highly reactive p-benzyne diradical 1.11. The latter is positioned in the minor groove 

of DNA molecules and abstract two hydrogen atoms from sugar phosphate backbone of both 

strands of the DNA, forming a stable compound 1.12. The abstraction of hydrogens leads to 

cleavage of the DNA molecules at both strands, resulting in apoptosis of cells.   
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1.6 DNA DAMAGING MECHANISM 

Considerable effort has been devoted to identifying the details of DNA damage by the 

Neocarzinostatin chromophore diradical. Goldberg and co-workers demonstrated that at least 

80% of the DNA cleavage leads to the 5-aldehyde of A and T residues selectively (Scheme 

1.8).
31

 As can be seen from Scheme 1.8, the presence of O2 is essential to execute the DNA 

strand cleavage. 

Scheme 1.8 DNA cleavage by C(5) hydrogen atom abstraction. 

 

The principal explanation of these breaks is hydrogen abstraction from C(5) of 

deoxyribose and reaction with molecular oxygen as outlined in Scheme 1.8. Less than 20% of 

the strand breaks result from hydrogen atom abstraction at C(4)
24

 and C(1)
32

 which are not 

shown here.  
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1.7 PHOTO-BERGMAN CICLIZATION OF SYNTHETIC ENEDIYNES 

A major stumbling block to clinical applications of enediyne antibiotics is their 

inadequate selectivity in distinguishing between cancerous and normal cells. In the past 20 years, 

various enediyne model compounds were developed to address the selectivity issue.  Artificial 

enediynes were rationally designed with the intention to boost their reactivity toward the 

Bergman and/or Myers—Saito cyclization under suitable triggering conditions. For example, the 

use of light for generation of reactive species allows for temporal and spatial control of produced 

radicals. Direct irradiation of acyclic and cyclic enediynes, as well as of natural antibiotic 

Dynamicin A, is known to cause light-induced cycloaromatization. However, quantum and 

chemical yields of this process are usually very low.  

 The first intramolecular photochemical cyclization of enediynes was accidentally 

discovered in 1968.
33

 However, no further activity in this field took place for 25 years. In 1993 

Kagan and co-workers reported that simple acyclic enediynes 1.13 and 1.14 can be phototoxic 

(Scheme 1.9).
34

 

Scheme 1.9 Photochemical cyclization of (Z)-1,6-diphenylhexa-3-en-1,5-diyne. 
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Enediynes 1.13 and 1.15 were shown to undergo cis-trans isomerization around the 

double bond during photolysis. Compound 1.13 was found to induce DNA strand breaks 

photochemically. Specifically, enediyne 1.13 photosensitizes the production of strand breaks in 

double-stranded supercoiled pBR322, and in single-stranded M13 DNA. The DNA cleavage 

reactions are favored by the presence of oxygen and are inhibited by ethanol. The formation of o-

terphenyl, the expected product of the Bergman cyclization, 1.14, was not detected. Thus, the 

powerful sensitizing properties of 1.13 and 1.15 were possibly caused by the photosensitized 

formation of 
1
O2 and O2

• -
, which are known to damage numerous cell components. The 

mechanism of the DNA cleavage, however, has not been elucidated.  

  One year later, a paper by Turro and Nicolaou sparked considerable interest in the 

photochemical Bergman cyclization.
35

 The authors reported that the photolysis of aromatic 

enediyne 1.16 gave naphtyl products upon irradiation using a medium pressure Hg lamp, 

possibly via a 1,4-dehydronaphthalene intermediate (Scheme 1.10).  

Scheme 1.10 Direct photocyclization of 3-benzo1,5-diyne to naphthalene (Turro). 

 

The choice of solvent played a key role in both the efficiency of the process and the 

product formation. For example, the highest yield of 1.17 (ca. 40%) was obtained in 

diphenylmethanol. When the photolysis of dienediyne 1.16 was conducted in 2-propanol-d1, a 
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product of structure 1.21 was eluted. However, no significant production of products of mass 212 

or 214 was observed by GC/MS analysis (Scheme 1.11). 

Scheme 1.11 Photolysis of 3-benzo1,5-diyne in 2-propanol-d1. 

 

 

 The insertion of deuterium in 1.21, and the formation of 1.18, and 1.19, indicate that the 

photo-Bergman cyclization proceeds through several intermediates, and the mechanism of this 

reaction is more complex than one of the parent Bergman cyclization. For example, the 

formation of products 1.18 and 1.19 can be explained by photoreduction of one of the triple 

bonds of the enediyne functionality. Later, Evenzahav and Turro proposed that the singlet 

diradical gives the expected aromatic product, while intersystem crossing from the singlet to the 

triplet state could lead to photoreduction products.
36

 It was also suggested that the photochemical 

reaction causes the excitation of an acetylenic unit rather than of the entire enediyne 

functionality. 

In 1996, Funk and co-workers reported the photochemistry of a series of aromatic 

enediyne molecules, which gave Bergman-type products in the presence of 1,4-cyclohexadiene 

as a hydrogen donor (Scheme 1.12).
37

 In addition, water-soluble analogs of the enediynes were 

effective in binding DNA molecules and in cleaving them upon photolysis. 
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Scheme 1.12 Photolysis of pyrene-based enediyne (Funk). 

 

 

 Photo-Bergman reaction of aliphatic enediynes has also been investigated by Hirama and 

his group.
38

 Photolysis of cyclodeca-1,5-diyn-3-ene (1.24) resulted in the formation of the 

expected product of Bergman cyclization, tetrahydro naphthalene (1.25), and an appreciable 

amount of 1,2-diethynylcyclohexene (1.26, Scheme 1.13). Enediyne 1.26 was isolated and 

photolysed under the same conditions to give 1.25 in 3% yield. 

Scheme 1.13 Photolysis of cyclodeca-1,5-diyn-3-ene (Hirama). 

 

In 2000, Jones and co-workers reported the photochemical activation of acyclic 

enediynes, as a function of ring strain and electronic effects.
39

 Expanding further the application 

of the photo-Bergman reaction, protein degradation with photoactivated enediyne-amino acid 

conjugates was also investigated (Scheme 1.14).
40

 On the basis of molecular architecture, three 

independent classes of enediynes with defined protein targets have been identified and showed 

correlation between affinity and protein degrading activity. In order to extend the versatility of 
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the enediynes as controlled cytotoxins, the preparation of a photo-Bergman precursor as an anti-

body conjugate was demostrated.
41

 In addition, a simple acyclic enediyne was also successfully 

attached to gold nanoparticles.
41a

 Reitz et al. also reported preparation of benzo-fused enediynes 

with attached amino acids.
42

 

Scheme 1.14 Photolysis of enediyne-amino acid conjugates (Jones). 

 

Russell and his group have reported cycloaromatization of pyrimidine-fused enediynes in 

2-propanol solution (Scheme 1.15).
43

 They found that enediyne 1.29 can be forced to undergo 

thermal- and photo-Bergman cyclization when ketone 1.31 cyclizes only under thermal 

conditions.  

Scheme 1.15 Photoactivated pyrimidine-based enediynes (Russell). 
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Imidazole-fused enediynes were investigated by Peterson.
44

 Conformationally more rigid 

enediynes were found to undergo photoinduced Bergman cyclization more efficiently than less 

rigid analogs. The use of the imidazole-fused enediynes can be potentially beneficial to improve 

enediynes affinity to DNA molecules, since imidazoles are known to bind to the heterocyclic 

bases of DNA.
45

  Another way to achieve binding of enediyne compounds to DNA molecules 

can be accomplished by using effective noncovalent minor groove DNA binding agents,
46

 which 

was demonstrated by Boger and his group.
47

  

The quantum yield of the photochemical Bergman cyclization can be substantially 

improved by adjusting the electronic properties of substituents, which was shown by Alabugin et 

al. in 2006.
48

 The effect of ortho-substituents on the rate of the Bergman cyclization was studied 

using kinetic experiments, confirming that the cyclization barrier is highly sensitive to the nature 

of ortho-substituents. Thus, it was found that both ortho-NO2 and ortho-CHO substituents 

substantially decrease activation energies of the Bergman cyclization through the inductive 

effect. 

Scheme 1.16 Bergman cyclization of substituted benzannulated enediynes (Alabugin). 

 

 The quantum yield can be also increased by using different modes of excitation energy 

transfer, such as metal-to-ligand charge transfer (MLCT). Thus, an interesting approach to 

controlling the reactivity of acyclic enediynes and photoinitiating Bergman cyclization with 

long-wavelength excitation was reported by Zaleski and co-workers.
49

 Long-wavelength 
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electronic transition was generated via MLCT. A vanadium metalloenediyne compound 1.33 can 

absorb the visible or near-IR region to produce p-benzyne biradicals (Scheme 1.17). The thermal 

and photothermal reactions of 1.33 led to the formation of high molecular weight species, 

indicating the formation of polymeric products. 

Scheme 1.17 Photo-excitation of enediynes via MLCT (Zaleski). 

 

 Zaleski has also described a copper metalloenediyne compound 1.35 that is capable of the 

DNA cleavage (Scheme 1.18).
50

 The authors suggested a mechanism for photo-Bergman 

cyclization which is derived from energy transfer to the enediyne unit upon charge-transfer 

excitation. 

Scheme 1.18 Photo-excitation of a copper metalloenediyne (Zaleski). 

 

A photoinduced electron transfer (PET) strategy can be used to activate enediyne 

compounds to undergo the cycloaromatization reaction. Enediyne 1.37 was designed by 

Schmittel and co-workes as a potential precursor to s-cis biscumulene 1.39 (Scheme 1.19).
51
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Upon photoexcitation of the acridinium component (shown in blue) of the enediyne 1.37, an 

intramolecular electron transfer is expected to give an acridine radical, as depicted by the 

structure 1.38. According to the authors, the affinity of 1.37 to DNA was determined to be K = 

4.5 × 10
6
 M

-1
. It was found that only one type of 1.37-DNA complex was formed. Irradiation of 

compound 1.37 and DNA with 300 nm, 350 nm, and 419 nm light resulted in the DNA cleavage. 

Irradiation at 419 nm led to a complete cleavage of the DNA molecules. 

Scheme 1.19 Photolysis of acridinium-based enediynes (Schmittel). 

 

Schmittel also pointed out that acridinium salts may induce DNA cleavage upon 

irradiation though PET from the DNA to the photoexcited acridinium. Thus, the mode of action 

of 1.37 may be different from a proposed route as shown in the Scheme 1.19. One of the 
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advantages of the designed systems is the possibility to use long wavelength light to activate 

enediynes for DNA cleavage. 

1.8 TRIGGERING OF THE BERGMAN CYCLIZATION 

The alternative strategy of photoactivation is the in situ generation of the reactive 

enediyne systems, which then undergo thermal Bergman cyclization. One important requirement 

for the developed drugs to be used for photodynamic-type therapy is the use of longer excitation 

wavelengths. Human tissue transmits light most effectively in the red part of the visible 

spectrum. The use of the longer wavelengths will ensure deeper light penetration.  

A dynemicin-based model compound was reported by Nicolaou and his group, which 

uses photocleavable protecting group.
52

 Irradiation of 1.40 with 365 nm light results in the 

formation of the free phenol, which is followed by the opening of a ring-like epoxide. The 

change in flexibility of the ten-membered ring enediyne allows the Bergman cyclization as 

shown in Scheme 1.20. 

Scheme 1.20 Photoactivation of dynamicin model (Nicolaou). 
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 According to the proposed mechanism, compound 1.40 under irradiation with light is 

converted into the diol 1.41. Then, the quinone-methide 1.42 formed by epoxide ring opening is 

attacked by a nucleophile, which results in the release of strain by enediyne 1.43 undergoing the 

Bergman cyclization (Scheme 1.20). Although, no quantum yield was reported for the enediyne 

1.40, it should be mentioned that the quantum efficiency of the parent 2-nitrobenzyl is usually 

0.1-40%. A relatively long time of irradiation, which is 40 min at 0 °C, was required to deprotect 

enediyne 1.40. 

 A similar approach to regulate reactivity of dynemicin analogues was used by Wender 

and his group.
53

 Compounds 1.46 and 1.47 undergo cycloaromatization upon irradiation with 

365 nm light (Scheme 1.21). Irradiation of a dilute solution of 1.46 and 1.47 in THF containing 

25% of MeOH gave the cycloaromatized product 1.50. Photodeprotection of the amine serves to 

increase electron density close to the oxirane bond, facilitating its hydrolytic opening. 

Photoactivation of these compounds in the presence of DNA led to the formation of both circular 

relaxed form II and linear form III cleavage products. 

Scheme 1.21 Photoactivation of dynamicin analogues (Wender). 
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As it has been shown for natural enediynes, opening of the epoxide ring serves to initiate 

the Bergman cyclization because by an acid-catalyzed process. In comparison, cyclopropyl or 

cyclobutyl moieties cannot be used for the stabilization of enediynes because of the difficulty in 

opening them. On the other hand, the β-lactam is an excellent choice to use it as a molecular 

lock. Its ring can also be opened by nucleophiles such as thiol,
54

 enzymes such as 

transpeptidase
55

 or β-lactamase,
56

 and under basic conditions.
57

 Thus, Banfi and Guanti reported 

intramolecular trans-amidation of simple monocyclic β-lactams bearing a tethered amine.
58

 The 

cyclic lactam serves as a constraint preventing the Bergman cyclization at ambient temperature. 

The authors also studied the effect of substituents and of reaction media on the rate of 

transamidation (Scheme 1.22).
59

 

Scheme 1.22 Triggering of lactam-based enediynes (Banfi). 

 

Banfi and Guanti have established that the β-lactam ring can stabilize a reactive ten-

membered enediyne. On the other hand, triggering the transamidation can be achieved under 

mild conditions. 
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Popik and co-workers have demonstrated the triggering of cycloaromatization by 

photochemical generation of a triple bond.
60

 This strategy involves the use of cyclopropenone as 

a protecting group to mask one of the triple bonds of the enediyne moiety. Photodecarbonylation 

of cyclopropenones is a very efficient reaction producing quantitative yields of corresponding 

acetylenes.
61

 At the same time, cyclopropenones 1.56 and 1.60 are stable and show no signs of 

decomposition on heating up to 90 °C (Scheme 1.23). 

Scheme 1.23 Photogeneration of reactive enediynes (Popik). 

 

It is important to note that generation of reactive enediynes can also be achieved by a 

non-resonant two-photon excitation.
62

 Thus, irradiation of 1.60 with ultrashort 800-nm pulses 
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from a laser generates enediyne 1.61 in good yield (Scheme 1.23). However, it should be noted 

that fusion of the enediyne moiety with the benzene of the p-quinone ring increases the thermal 

stability of enediynes 1.57 and 1.61, whereas enediyne 1.64 is more reactive and undergoes 

spontaneous Bergman cyclization under ambient conditions. 

A photochemical triggering to form a double bond between two triple bonds of the 

enediyne moiety was successfully used to control the reactivity of enediyne compounds. Thus, 

several enediyne compounds possessing an exocyclic 2-hydroxy-1-phenylethylidene unit were 

prepared by Dai and co-workers.
63

 UV irradiation of enediyne 1.68 with a protected 

hydroxymethyl group on the exocyclic double bond results in a photochemical alkene 

isomerization followed by an allylic rearrangement to form the epoxy enediyne 1.71, which was 

confirmed by MS (Scheme 1.24).  

Scheme 1.24 Enediyne prodrug activated via an allylic rearrangement (Dai). 

 

Irradiation of both enediyne 1.68 and the circular supercoiled DNA resulted in efficient 

single-strand cleavage. Cleavage of DNA can be explained via both Bergman cyclization 

pathway and alkylation of the DNA base by the formed epoxide 1.71. 
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In 2007, Branda and co-workers showed that photochemical rearrangement of 

dithienylethene
64

 can be used to create the enediyne structure (Scheme 1.25).
65

 Only isomer 1.74 

has the conjugated π-system that can undergo the Bergman cyclization and produce the biradical 

1.75, while isomer 1.73 is inactive. UV light triggers the photocyclization of the hexatriene in 

1.74 converting it to its ring-closed counterpart 1.73. Visible light activates the system by 

triggering the ring-opening reaction, regenerating enediyne 1.74. In overall, the proposed 

concept is interesting and use of visible light is an advantage over UV-light. Nevertheless, the 

rate of cycloaromatization is rather slow (k = 6.8×10
-5 

s
-1

, at 75 °C) and needs to be improved in 

order to use enediyne 1.74 in vivo. 

Scheme 1.25 Activation of an enediyne precursor by visible light (Branda). 

 

Aza compounds are well known to undergo reversible E/Z-isomerization induced by light 

or heat. In their pionering work, Basak and co-workers reported the preparation of 16-membered 

ring enediyne compounds incorporating the azobenzene moiety (Scheme 1.26).
66

 The 

photochemical trans-cis isomerization of the N=N bond apparently brings acetylenic termini 

closer. This change in geometry reduces the offset temperature for the Bergman cyclization by 

24 °C. Thus, the compound 1.77 can undergo the Bergman cyclization at 70 °C, when trans-

isomer 1.76 requires heating up to 94 °C. It should be noted that produced enediyne 1.77 

spontaneously isomerizes back to the starting material. 
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Scheme 1.26 Phototriggering through E-Z isomerization of aza enediynes (Basak). 

 

 Enzyme activation of enediyne compounds was reported using a nitrobenzyl carbamate to 

protect an amine moiety.
67

 Nitrobenzyl carbamates can undergo enzymatic reduction to give 

hydroxylamine 1.79 followed by 1,6-elimination to release the free amine component as shown 

in Scheme 1.27. 

Scheme 1.27 Cleavage of nitrobenzyl carbamates. 

 

Reduction of 4-nitrobenzyl carbamate 1.82 by a nitroreductase enzyme (NTR) from E. 

coli B produces secondary amine 1.83 (Scheme 1.28). The formation of the free amine 1.83 

promotes opening of the epoxide followed by Bergman cyclization of the enediyne core. One of 
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the limitations of this system is that the cytotoxicity of 1.82 was shown to be oxygen-dependent, 

which may limit activity in hypoxic regions of tumors. 

Scheme 1.28 Activation of dynamicin model by a nitroreductase enzyme (Hay). 

 

1.9 TRIGGERING OF MYERS—SAITO AND SCHMITTEL CYCLIZATION 

In contrast to p-benzyne, which exists in equilibrium with the corresponding enediyne, 

α,3-didehydrotoluene is formed from enyne-allenes irreversibly. Usually, acyclic enyne-allene 

can undergo spontaneous cyclization under ambient temperature, while cyclic enyne-allenes are 

virtually unknown because of an even lower activation barrier. 

Ichiro Suzuki et al. reported the synthesis and DNA damaging ability of enediyne model 

compounds possessing photo-triggering devices (Scheme 1.29).
68

 The activation method of 

enediyne 1.86 involves the photochemical deprotection of the cyanohydrin moiety, which results 

in the formation of the aldehyde 1.88, which promotes isomerization of one of the triple bonds to 

the corresponding allene-aldehyde 1.89. In fact, the rate of this isomerization is so rapid that it is 

almost impossible to synthetically prepare the parent propargylic aldehyde because of a 

spontaneous isomerization. The formed enyne-allene 1.89 undergo Myers—Saito cyclization to 

give α,3-didehydrotoluene-type biradicals. 
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Scheme 1.29 Photochemical activation of acyclic enediynes (Suzuki). 

 

 Schmittel et al. reported enyne-allene compounds that can be photochemically activated 

to undergo cycloromatization.
69

 In order to improve the efficiency of the photocyclization, 

enyne-allenes were specially designed using the strict requirements, such as (i) avoiding 

benzannulated derivatives due to their high excitation energy;
70

 (ii) using cycloalkenes to prevent 

cis-trans isomerization of the double bond; (iii) attaching an internal triplet sensitizer moiety; and 

finally, (iv) introducing a triisopropylsilyl group at the alkyne to increase the cyclization barrier, 

thus, preventing thermal side reactions during photolysis.  Enyne-allene 1.91 was found to be 

stable at ambient temperature and it undergoes thermal cyclization only at 151 °C. Surprisingly, 

compound 1.91 can undergo the photochemical reaction providing only C
2
-C

6
 product 1.93 via 

the intermediate 1.92 (Scheme 1.30). 

Scheme 1.30 Photoactivation of enyne-allenes (Schmittel). 
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 The activation of enediyne compounds by photochemical ring contraction was reported 

by Popik and co-workers.
71

 This strategy is based on the fact that 11-membered ring enediynes 

are much more stable than their 10-membered analogs. To achieve ring contraction, the 

photochemical Wolff rearrangement was employed. The photolysis of eleven-membered 

enediyne 1.94 incorporating the α-diazo-β-diketone moiety results in the formation of two 

reactive isomers 1.95 and 1.96, which undego rapid cycloaromatiozation (Scheme 1.31). 

Scheme 1.31 Activation of enediynes through a photochemical ring contraction (Popik). 

 

 As can be seen from the aforementioned examples, many different approaches were 

undertaken in order to control the reactivity of enediyne compounds by photoirradiation. 

However, there are a number of requirements which have to be considered before advancing the 

enediyne compounds to practical drugs. For example, the photoactivatable endiyne prodrugs 

should be soluble in aqueous solutions, have high affinity to DNA molecules, and undergo 

efficient photochemical transformation upon irradiation with a long wavelength light.  
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CHAPTER 2 

ENHANCEMENT OF THE REACTIVITY OF ENEDIYNES  

VIA KETO–ENOL TAUTOMERIZATION 

2.1 INTRODUCTION 

Enediyne 2.2a was found to undergo a Bergman-type cyclization 70-times faster than its 

isomer 2.1a (Scheme 2.1).
1
 The remarkable reactivity differerence between regioisomeric 

enediynes 2.1a and 2.2a was originally explained by the electronic influence of the substituent at 

the vinylic terminus of the π-conjugated system. It was suggested that the electron-rich hydroxyl 

group in 2.2a can donate electron density to the π-orbitals, therefore increasing the aromatic 

stabilization of the Bergman cyclization transition state, while presence of the electron-

withdrawing ester group in 2.1a can slow down the cyclization reaction. 

Scheme 2.1 Cycloaromatization of regioisomeric enediynes 2.1a and 2.2a. 
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As we know, the fast rate of the Bergman cyclization of enediyne compounds is essential 

to allow for the spatial and temporal control of generated biradicals. Thus, 11-membered 

enediyne analogs 2.1b and 2.2b were also prepared to experimentally check for a general trend 

to increase the rate of the Bergman cyclization (Scheme 2.2). 

Scheme 2.2 Cycloaromatization of regioisomeric enediynes 2.1b and 2.2b. 

 

 

 Enediyne 2.1b was found to be stable at 36 °C and underwent slow decomposition at 

elevated temperatures (τ1/2 ~ 40 h at 150 °C). In contrast, 2.2b is very reactive for an 11-

membered enediyne and cyclizes rapidly. The enhanced reactivity of 2.1a and 2.2a can be also 

explained by the additional ring strain introduced by enolic double bond. However, the distance 

between acetylenic termini in DFT-optimized structures 2.1b and 2.2b is ca. 3.77 Å, which is 

greater than the Nicolaou ―critical distance‖ for spontaneous cyclization of enediynes.
2
 The 

separation of acetylenic termini in enediynes by more than 3.31 Å is usually associated with high 

barrier for the Bergman cyclization, which agrees well with thermal stability of 2.1b and 

suggests that the rapid cyclization of 2.2b proceeds via another mechanism. In other words, such 

a tremedous difference in reactivity of 2.2b and 2.1b suggests that the mechanism of 

cycloaromatization is different from the Bergman reaction.  
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2.2 RESULTS AND DISCUSSION

In order to gain a better understanding of the origin of this difference, we carried out a 

detailed study of the mechanisms of cyclization of ketoesters 2.1a, 2.2a, 2.1b and 2.2b, and the 

model ten-membered ring enediynes 2.5 and 2.9.
3
 We have analyzed keto-enol equilibrium of 

two isomeric model enediynes: 4,5-benzocyclodeca-2,6-diynone (2.5) and 5,6-benzocyclodeca-

3,7-diynone (2.6, Scheme 2.3). 

Scheme 2.3 Keto-enol equilibrium of enediyne 2.5 and 2.6. 

 

The cartesian coordinates for the B3LYP/6-31++G(d,p) optimized geometries of 

structures 2.5
K

, 2.5
E
, 2.6

K
, and 2.6

E
, as well as 2.7 are provided in the Experimental Section 

2.11. The relative electronic energies of tautomers and selected transannular distances are shown 

in the Table 2.1. 

Fully enolized tautomers (2.5
E
 and 2.6

E
) of both isomeric keto-enediynes are predicted to 

be higher in energy than their keto-forms (2.5
K

 and 2.6
K

) by both DFT and MP2 methods. The 

separation of acetylenic termini (l, Scheme 2.2) is smaller in enol (2.5
E
 and 2.6

E
) than in keto-

forms (2.5
K

 and 2.6
K

) of these 10-membered ring enediynes. 
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Table 2.1 Relative electronic energies and transannular distances for keto and enol forms of 

ten-membered ring keto-enediynes, and enyne-allene tautomer.

a
 ZPVE-corrected energy; the energy of enyne-allene 2.7 was used as the reference. 

b
 Distance between acetylenic termini (see Scheme 2.2). 

The transannular distance in DFT-optimized structure 2.5
K 

is in a good agreement with 

the X-ray data (l = 3.325 Å)
4
 for this compound. The enyne−allenone 2.7 is the most stable form 

among three tautomers of 5,6-benzo-9-cyclodeca-3,7-diynone (2.6, Table 2.1). In an established 

equilibrium, 2.7 should be the predominant component, and the cyclization of enediyne 2.6 

should proceed via Myers–Saito pathway (see Ch. 1.2.3), which is not feasible for 2.5. 

 To experimentally test these predictions, keto-enediynes 2.5
5
 and 2.9 were prepared. The 

methoxy substituent in propargylic position of 2.9 was introduced in an attempt to compensate 

the inductive effect of the carbonyl oxygen in the structure 2.5 on the rate of cycloaromatization. 

The NMR data shows that enediynes 2.5 and 2.6 exist predominately in their keto-form. Upon 

mild heating in 2-propanol both 2.5 and 2.6 underwent smooth Bergman cyclization producing 

3,4-dihydro-1-(2H)anthracenone (2.8) and 3,4-dihydro-4-methoxy-2-(1H)anthracenone (2.10). 

The latter, however, is not stable. Upon heating in protic solvents, on silica gel, and in the 

presence of trace amounts of acid or base ketone 2.10 loses methanol to give 2-anthracenol 

derivative 2.11 (Scheme 2.4). 

  ΔE (kcal/mol)
a
   

  

B3LYP/6-

311++G(d,p) MP2/6-31++G(d,p) d (Å)
b 

2.5
K

 8.1 4.8 3.37 

2.5
E
 19.2 17 3.23 

2.6
K

 5.2 1.4 3.42 

2.6
E
 13.7 11.9 3.2 

2.7 0 0  
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Scheme 2.4 Comparison of reactivity of enediyne 2.5, 2,9, and 2.12.  

 

Enediyne 2.9 was prepared in 13 steps starting from commercially available 2-

bromobenzaldehyde (Scheme 2.5). During the synthesis of 2.9, a convenient approach to produce 

monoprotected bis-acetylene 2.16 was developed. The first acetylene terminus was introduced by 

using the Sonogashira coupling with ethynyltrimethylsilane to give 2.14. The second acetylene 

moiety was furnished in a two step procedure. First, the one-carbon homologation of aldehyde 

2.14 to the corresponding terminal alkynes using carbon tetrachloride and triphenylphosphine, 

which is known as the Corey—Fuchs alkyne synthesis, gave compound 2.15. The latter was 

treated with 2 equivalents of n-butyllithium, followed by simple hydrolysis to afford 2.16 in a 

high yield. While the intermediate is a lithium acetylide, which could be directly treated with 4-

bromo-1-butene oxide (2.17) to give 2.18, the yield was moderate at best. Thus, reaction of the 

monoanion of 2.16 with BF3·Et2O and then epoxide 2.17 proved to afford the hydroxyl bromide 

2.18 in a higher yield. Removal of the silyl group was achieved by treating 2.18 with aqueous 

potassium carbonate to give 2.19. The free hydroxyl group was protected as a tert-

butyldimethylsilyl ether (2.20). The Ganem and Boeckman modification of the Kornblum 
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oxidation of bromide 2.20 with silver triflate in DMSO gave aldehyde 2.22 and the starting 

material as a mixture in a ratio 1:1 by NMR. To improve the yield of preparation of aldehyde 

2.22, bromide 2.20 was converted to iodide 2.21 via the Finkelstein reaction using sodium iodide 

in acetone followed by the Kornblum oxidation with silver tetrafluoroborate in DMSO. N-

Iodosuccinimide and silver nitrate were utilized to obtain iodide 2.23. 

Scheme 2.5 Synthesis of the enediyne 2.9 

 

Reagents and conditions: a) ethynyltrimethylsilane, PdCl2(PPh3)2 / CuI, Et3N, THF, 94%; b) 

PPh3/CCl4, 88%; c) n-BuLi (2 eq.) at -78 °C, 90%; d) n-BuLi, BF3Et2O, 4-bromo-1-butene oxide 

(2.17), 63%; e) K2CO3/MeOH, 97%; f) TBDMS-Cl/CH2Cl2; g) NaI/acetone, 78%, over 2 steps; 

h) AgBF4/DMSO, 86%; i) NIS, AgNO3/acetone, 80%; j) CrCl2, NiCl2/THF, 80%; k) NaH, 

dimethyl sulfate, 85%; l) HF/MeCN, 98%; m) Dess-Martin periodinane/CH2Cl2, 97%. 

A Nozaki—Hiyama—Kishi reaction was used to promote ring closure. The treatment of 

aldehyde with two equivalents of chromium(II) chloride in the presence of nickel(II) chloride 
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gave cyclic alcohol 2.24. Protection of the alcohol as a methyl ether was followed by 

desylalation with hydrofluoric acid in acetonitrile, and finally oxidation with Dess-Martin 

periodinane to give the desired ketone 2.9. The latter was found to be unstable during 

purification on silica gel. Thus, enediyne 2.9 was recrystallized from hexanes.  

2.3 REACTIVITY OF ENEDIYNE 2.9 

While the distance between acetylenic termini is expected to be somewhat longer in 2.9 

(compare to 2.6
K

, Table 2.1), it undergoes cycloaromatization much faster than 2.5. Life times in 

2-propanol are τ50 °C = 66 min and τ60 °C = 7.1 h correspondingly. The reactivity of 2.5 is 

consistent with previous reports (τ = 82 h at 40 °C in C6D6/1,4-cyclohexadiene).
6
 

Cycloaromatization of enediyne 2.9 is also substantially faster than that of the parent compound 

2.12a (τ60 °C= 36.5 h in 1,4-cyclohexadiene)
5
 or alcohol precursor 2.12b (τ50 °C = 22 h in 2-

propanol, Scheme 2.3). The observed high reactivity of 2.9 agrees well with the proposed 

tautomerization and Myers—Saito cyclization pathway, which is not available to 2.5 (Scheme 

2.5). Results of isotope labeling experiments support the proposed mechanism. Treatment of a 2-

propanol-d1 solution of 2.9 with catalytic amounts of NaOD at -78 °C produces 2-anthracenol 

with 75% deuteration at the 9-position (2.13a-d2, Scheme 2.3). Since the abstraction of 

deuterium from the solvent by a 1,4-napthyl diradical is highly unlikely, isotope substitution at 

the 9-position apparently occurs during ketonization of 2.6
E
 to 2.7. The second deuterium in the 

1-position is incorporated via base-catalyzed proton exchange α- to the carbonyl group of 2.10. 

 Acid-base catalysis of the cycloaromatization reaction of enediyne 2.9 was studied in 

aqueous solutions. Preparative experiments using 5% 2-propanol as co-solvent allowed us to 

isolate 2-anthracenol (2.13a) in 75 to 80% yield under both acidic and basic conditions. The 

formation of 2.10 and subsequent conversion to 2.11a was followed spectroscopically using 
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characteristic absorbance of 2.10 at 228 nm (Figure 2.1). Measurements were made at 40 ± 0.10 

°C either with a Cary 300 UV spectrometer or, for the faster reactions in basic solutions, with a 

Cary 50 spectrometer equipped with stopped-flow attachment. The fragment of a typical kinetic 

curve is shown on an inset in Figure 2.1. 

 

Figure 2.1 UV spectra of  4 × 10
−5

 M 2-propanol solutions of 2.9 (dotted line), 2.10 (solid 

line), and 2.11a (dashed line). The inset shows part of the kinetic curve at 228 nm 

in biphosphate buffer (BR = 0.74). The line was drawn using parameters obtained 

by least-squares fitting of a double-exponential equation. 

Rates of cyclization of 2.9 were determined in dilute aqueous solutions of perchloric acid 

and sodium hydroxide, as well as in biphosphate ion, bicarbonate ion, and TRIS buffers. The 

kinetic data obeyed the first-order rate law well and observed pseudo first order rate constants 

were determined by least squares fitting to a double exponential function. 

 The isomerization reaction proved to be strongly catalyzed by all of the buffers 

examined. Therefore, measurements were consequently performed in series of solutions of 

varying buffer concentration and the observed rates were extrapolated to zero buffer 
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concentration. These buffer-independent rate constants together with observed rate constants, 

determined in perchloric acid and sodium hydroxide solutions, are shown as the rate profile on 

Figure 2.2. 

 

Figure 2.2 Rate profile for the cycloaromatization of enediyne 2.9 in aqueous solution at 40 

°C. The inset shows the dependence of the buffer catalysis on the fraction of basic 

component of the buffer. 

This rate profile shows a horizontal region between pH 2 and pH 7, in which the rate 

constant kH2O has the value (1.7 ± 0.5) × 10
−4

 s
−1

 and is independent of the acidity of the medium. 

The reaction is catalyzed better by base, as illustrated by the upward slope of the rate profile 

above pH 8. The hydroxide ion catalysis measured in NaOH solutions is characterized by the 

second-order rate constant kOH
−
 = 1509 ± 88 M

−1
 s

−1
. There is also a region of weak catalysis 

below pH 3 ( kH
+
 = (9.3 ± 0.7) × 10

−4
 M

−1
 s

−1
). It is important to note that the rate of 

conventional Bergman cyclization is independent of the acid concentration.
7
 The slopes of 

biphosphate buffer-dilution plots (kcat = 2.38 ± 0.06, 1.48 ± 0.04, and 0.64 ± 0.03 M
−1

 s
−1

 for BR 
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= 1/6, 5/7, and 10/3, respectively) represent pH-independent catalysis by the buffer components, 

which can be partitioned into contributions from the acidic and basic components of the buffer 

by plotting kcat against the fraction of base component in the buffer (fB = [base]/[buffer]), as 

illustrated in the inset in Figure 2.2. As kcat extrapolates to zero at fB = 0 and has a value of 2.72 ± 

0.10 M
−1

 s
−1

 at fB = 1, we can conclude that cycloaromatization of 2.9 is catalyzed by general 

base but shows no general acid catalysis. These features can be accommodated by the reaction 

mechanism shown in Scheme 2.5, in which cycloaromatization occurs through the rate-limiting 

enolization of ketone 2.9
K

 (or its protonated form at low pH).  

Scheme 2.6 Keto-enol tautomerization of enediyne 2.9. 

 

Below pH 8 water serves as the base, removing a proton from the α position with respect 

to the carbonyl group of the substrate, while at higher pH, hydroxide ion takes over, as the 

deprotonating agent. Strong general base catalysis is characteristic for reactions proceeding via 

the rate-limiting C−H deprotonation step. Specific acid catalysis is another common feature of 

enolization reactions, because O-protonation of ketones increases their C−H acidity and the rate 

of tautomerization. The enol or enolate form of 2.9 is reprotonated in the γ position to produce 

allene 2.27. The latter then undergoes facile Myers—Saito cyclization to afford ketone 2.10. 
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 Rates of the cycloaromatization of 2.9 were also measured in dilute DCl solutions in 

D2O. The observed solvent isotope effect agrees well with the rate-limiting enolization. The 

reaction was slower in D2O at very low DCl concentrations, producing a secondary isotope effect 

kH2O/kD2O ≈ 1.4 in the normal direction. At this pH water acts as a base, accepting proton from 

2.9
K

 (Scheme 2.6) to become a hydronium ion. This is a bond-loosening process that results in a 

secondary isotope effect in the normal direction (kH/kD > 1). On the other hand, the slope of DCl 

catalysis is almost twice as steep as that of HClO4 (kH
+
/kD

+
 ≈ 0.6). This inverse isotope effect is 

due to the fact that acids are weaker in D2O. Thus, the fraction of the more reactive protonated 

species 2.9
K 

grows faster with D
+
 concentration than with H

+
 concentration. The absence of a 

primary kinetic isotope effect on the cyclization of 2.9 in D2O shows that reprotonation in the γ 

position (i.e., ketonization to allene 2.27) of 2.9
E
 is much faster than enolization. Clean 

exponential growth of the absorbance at 228 nm indicates that conversion of 2.9 to 2.10 proceeds 

without significant accumulation of intermediates (e.g., 2.6
E
 or 2.27). This observation allows us 

to conclude that cyclization of enyne- allene- 2.7 is much faster than the tautomerization step. 

Since the rate constant of the overall process in basic solutions approaches 10 s
−1

, we can 

estimate the upper limit for the lifetime of 2.27 at 40 °C as 100 ms. 

2.3 CONCLUSIONS 

In conclusion, the rates of cycloaromatization of enediynes can be substantially enhanced 

by introducing a carbonyl group in the β position with respect to the acetylenic terminus. 

Cyclization of such β-keto enediynes proceeds via tautomerization into the more reactive enyne- 

allene form, which then undergoes facile Myers—Saito cyclization. Cycloaromatization of 8-

methoxy-5,6-benzocyclodeca-3,7-diynone (2.9) is weakly catalyzed by hydronium ion and 

shows strong general base catalysis. These observations, along with the values of the solvent 
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isotope effect, indicate that enolization to 2.9
E
 is the rate-limiting step in the cyclization of 2.9. 

Unstable α-carbalkoxy-β-keto enediyne 2.2a already exists in enol form. The rates of their 

cycloaromatization show significant primary isotope effects, suggesting that enol−keto−allene 

tautomerization controls the overall rate of the reaction. Enyne-allene undergoes the Myers—

Saito cyclization with the lifetime less than 100 ms at 40 °C. The described strategy opens a new 

approach for controlling enediyne reactivity.  

2.4 EXPERIMENTAL SECTION 

MATERIALS AND METHODS 

  All moisture- and oxygen-sensitive reactions were carried out in oven-dried glassware 

under argon atmosphere. All solvents were purified and dried by distillation immediately before 

use. Tetrahydrofuran, diethyl ether, hexanes, benzene, and toluene were distilled from sodium 

metal; dichloromethane was distilled from phosphorus pentoxide; ethyl acetate and acetone were 

distilled from anhydrous calcium chloride. Ultra-dry inhibitor-free THF from Aldrich was used 

for palladium-catalysed cross coupling reactions. All other materials were purchased from 

Aldrich, Alfa Aesar, Acros Organics, Strem Chemicals or GFS Chemicals and used without 

purification unless otherwise stated. Dess-Martin periodinane was prepared according to the 

original literature procedure.
8
 Chromatographical purification of reaction products was 

performed using Sorbtech standard grade flash chromatography silica gel (40-63μm particle size, 

60Å porosity) or Sorbtech premium grade flash chromatography silica gel (40-75μm particle 

size, 60Å porosity). TLC analyses were performed using polyester-backed silica gel TLC plates 

from Whatman, Aldrich or Sorbent Technologies. 

INSTRUMENTS 
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GC/MS analyses were performed using Shimadzu QP-2010S GC – mass spectrometer 

equipped with high-precision quadrupole with pre-rods and mass number range 1.5m/z to 900 

m/z. Nuclear magnetic resonance (NMR) spectra were recorded in deuterochloroform using 

Varian Mercury Plus 400 MHz or Varian Unity Inova 500 MHz NMR spectrometers with 

tetramethylsilane (TMS) as an internal standard. 
1
H-NMR and 

13
C-NMR chemical shifts (δ) are 

reported in ppm versus TMS reference. UV-visible spectra were recorded on Varian Cary 50 

UV-visible spectrometer or Varian Cary 300 Bio UV-Vis spectrometer. IR spectra were recorded 

using Shimadzu IR Prestige FT-IR spectrometer. Melting points were determined using Fisher-

Johns melting point apparatus and are reported uncorrected. 

KINETICS MEASUREMENTS 

Rate measurements were performed using Carry-300 Bio UV-Vis spectrometer equipped 

with a thermostattable cell holder or, for the faster reactions in basic solutions, with a Cary 50 

spectrometer equipped with a stopped-flow attachment. Rates of cyclization of 2.9 were 

determined in dilute aqueous solutions of perchloric acid and sodium hydroxide, as well as in 

biphosphate ion, bicarbonate ion, and TRIS buffers. The concentrations of perchloric acid, 

sodium hydroxide, and the buffers were varied over appropriate ranges, and replicate 

determinations were made at each concentration. The ionic strength of the reaction solutions was 

maintained at μ = 0.10 M through the addition of sodium perchlorate, as required. Rate 

measurements in buffers were performed in series of solutions of varying buffer concentration 

but constant buffer ratio, which at the constant ionic strength employed, served to hold hydrogen 

ion concentrations constant along a buffer series. Observed rate constants determined under these 

conditions proved to be accurately proportional to buffer concentration in a given buffer series, 

and buffer-independent rate constants, ku, were obtained by least-squares fitting to equation (1): 
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Hydrogen ion concentrations of the buffer solutions were obtained by calculation using pKa 

values of the buffer acids from the literature and activity coefficients recommended by Bates.
9
  

BUFFER CATALYSIS 

Use of equation (1) to obtain buffer-independent rate constants for the construction of a 

rate profile also produced buffer catalytic coefficients, kcat. They were partitioned into 

contributions from the acidic and basic components of the buffers according to equation (2):  

 

in which kB and kAH are general base and general acid catalytic coefficients, respectively, and ƒB 

is the fraction of buffer present in the basic form. 

THEORETICAL PROCEDURES 

Quantum mechanical calculations were carried out using the Gaussian 03 program.
10

 

Geometry optimizations were conducted at B3LYP/6-31++G(d,p) level, while single point 

energies were calculated at the B3LYP/6-311++G(d,p) and MP2(FC)/6-31++G(d,p) levels of 

theory. Zero-point vibrational energy (ZPVE) corrections, required to correct the raw relative 

energies to 0 °K, were obtained from B3LYP/6-31+G(d,p) method. Analytical second 

derivatives were computed to confirm each stationary point to be a minimum by yielding zero 

imaginary vibrational frequencies for the intermediates and one imaginary vibrational frequency 

for each transition state. These frequency analyses are known to overestimate the magnitude of 

the vibrational frequencies. Therefore, we scaled the corresponding ZPVE by 0.9772.
11

  

2.5 SYNTHETIC PROCEDURES 
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2-[(Trimethylsilyl)ethynyl]benzaldehyde (2.14).
12

 A degassed solution of 2-bromobenzal-

dehyde (41 g, 0.224 mol) in THF (300 mL) was placed into a round- bottom flask (500 mL). 

Pd(PPh3)2Cl2 (1.5 g, 1.5%), CuI (1.5 g, 3.5%), trimethylsilylacetylene (36 mL, 1.2 eq), Et3N (50 

mL), and PPh3 (one spatula) were added under argon atmosphere. The reaction mixture was 

stirred for 12 hours at room temperature, then diluted with hexanes (150 mL) and filtered 

through a short layer of silica gel. After evaporation of solvent, the crude brown oil was purified 

by flash chromatography (5% of ether in hexane, Rf = 0.3) to give 42.48 g (94%) of 2.14 as a 

yellow solid (m.p. = 48-50 °C). 
1
H NMR (CDCl3, 400 MHz): 0.23 (s, 9 H), 7.41-7.46 (m, 1 H), 

7.52-7.59 (m, 2 H), 7.91 (d, J=8 Hz, 1 H), 10.56 (s, 1 H). 

 

[2-(2,2-Dichlorovinyl)phenylethynyl]-trimethylsilane (2.15).
13

 A solution of CCl4 (100 mL, 

1.0 mol, 5 eq.) was added to a solution of 2-[(Trimethylsilyl)ethynyl]benzaldehyde 2.14 (40.5 g, 

0.2 mol) and triphenyl phosphine (158 g, 0.6 mol) in THF (150 mL) via syringe during 4.5 hours 

at 60
 
°C. The reaction was monitored by TLC and GCMS. Upon the completion, the reaction 

mixture was diluted with hexanes (200 mL) and filtered from triphenylphosphine and 

triphenylphosphine oxide. The content was washed with aqueous saturated solution of sodium 

carbonate (3x150 mL), brine (2x150 mL) and dried over magnesium sulfate. The solvents were 

removed in vacuo and residue was purified by column chromatography (Rf = 0.3, 1% ether in 
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hexanes, technical silica gel) to give 47.5 g (88%) of 2.15 as yellow oil. 
1
H NMR (CDCl3, 400 

MHz): 0.27 (s, 9 H), 7.2-7.28 (m, 1 H), 7.30-7.36 (m, 1 H), 7.46-7.50 (m, 1 H), 7.76-7.8 (m, 1 

H); 
13

C NMR (CDCl3, 100 MHz): 0.09, 100.89, 102.91, 122.59, 123.15, 127.37, 128.13, 128.25, 

128.55, 132.48, 135.78; EI-MS m/z: 270/268. 

 

(2-Ethynyl-phenylethynyl)-trimethylsilane (2.16).
14

 A solution of n-BuLi (1.6 mL of 2.56 M 

in hexane) was added to a stirred solution of [2-(2,2-Dichloro-vinyl)-phenylethynyl]-

trimethylsilane 2.15 (0.485g, 18.03 mmol) in THF (10 mL) via syringe at -78
 
°C. In 30 minutes, 

the mixture was quenched with saturated aqueous solution of ammonium chloride (10 mL) and 

diluted with ether (20 mL). The organic layer was separated, washed with brine (3x25 mL), and 

dried over MgSO4. The solvents were removed under reduced pressure and crude product was 

purified by column chromatography (Rf = 0.3, hexanes) to give 0.32 g (90%) of 2.16 as yellow 

oil. 
1
H NMR (CDCl3, 400 MHz): 0.27 (s, 9 H), 3.30 (s, 1 H), 6.98-7.02 (m, 2 H), 7.19-7.24 (m, 2 

H). 

 

4-bromo-1,2-epoxybutane (2.17).
15

 A solution of m-CPBA (12.88 g of 77%, 57.5 mmol, 1.1 eq) 

in dichloromethane (100 mL) was added to a solution of 4-bromobutane-1 (7.25 g, 53.7 mmol) in 

dichloromethane (40 mL) via dropping funnel at 0
 
°C. The reaction mixture was stirred for 40 

hours at room temperature and filtered from m-CPBA. The residue was diluted with ether (100 
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mL), washed with saturated solution of Na2CO3 (3x100 mL), brine (2x100 mL), and dried over 

MgSO4. The solvent was removed under reduced pressure to give 5.63 g (70%) of epoxide 4 as a 

colorless liquid. 
1
H NMR (CDCl3, 400 MHz): 1.58 (m, 1 H), 2.00-2.10 (m, 1 H), 2.12-2.21 (m, 1 

H), 2.58 (dd, J1=4.8 Hz, J2=2.8 Hz, 1 H), 2.84 (t, 1 H), 3.07-3.12 (m, 1 H), 3.49-3.54 (m, 2 H). 

 

1-Bromo-6-(2-trimethylsilanylethynyl-phenyl)-hex-5-yn-3-ol (2.18).
6
 A solution of n-BuLi 

(29.5 mL, 75.6 mmol, 2.56M in hexane) was added to a stirred solution of mono-protected bis-

acetylene 2.16 (13.6 g, 68.7 mmol) in dry THF (250 mL) at -78 °C. The reaction mixture was 

stirred for 1 h followed by addition of BF3•Et2O (10.6 mL, 82.4 mmol. After 15 min, 4-bromo-

1,2-epoxybutane (2.17) (10.37 g, 68.67 mmol) was added, and the reaction mixture was stirred 

for 1 hour at -78 °C and then quenched with a saturated aqueous solution of NH4Cl (100 mL). 

The mixture was extracted with ether (3x100 mL), washed with brine (3x100 mL), dried over 

anhydrous magnesium sulfate, filtered, and concentrated under reduced pressure. The residue 

was purified by column chromatography (Rf = 0.15, 15% EtOAc in hexanes) to give 15.1 g 

(63%) of 2.18 as yellow oil. 
1
H NMR (CDCl3, 400 MHz): 0.27 (s, 9 H), 2.04-2.21(m, 2 H), 2.48 

(broad singlet, 1 H), 2.60 (dd, J1=16.8 Hz, J2=6.8 Hz, 1 H), 2.73 (dd, J1=16.8 Hz, J2=4.4 Hz, 1 

H), 3.58 (m, 2 H), 4.05-4.13 (m, 1 H), 7.23-7.36 (m, 2 H), 7.37-7.42 (m, 1 H), 7.45-7.49 (m, 1 

H). 
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1-Bromo-6-(2-ethynyl-phenyl)-hex-5-yn-3-ol (2.19).
6
 K2CO3 (6.2 g, 44.7 mmol) was added to 

a solution of 2.18 (15 g, 44.7 mmol) in methanol (200 mL). The reaction mixture was stirred at 

room temperature for 20 minutes, then quenched with brine (100 mL), and extracted with ether 

(3x100 mL). The organic layer was separated, washed with brine (3x100 mL), dried over 

MgSO4, and concentrated under reduced pressure. The residue was purified by column 

chromatography (Rf = 0.1, 15% EtOAc in hexanes) to give 11.7 g (95%) of 2.19 as light-yellow 

oil. 
1
H NMR (CDCl3, 400 MHz): 2.09-2.26 (m, 2 H), 2.40 (d, 5.6 Hz, 1 H), 2.63 (dd, J1=16.8 Hz, 

J2=6.4 Hz, 1 H), 2.76 (dd, J1=16.8 Hz, J2=4.4 Hz, 1 H), 3.34 (s, 1 H), 3.55-3.65 (m, 2 H), 4.05-

4.14 (m, 1 H), 7.22-7.32 (m, 2 H), 7.38-7.44 (m, 1 H), 7.48-7.52 (m, 1 H). 

 

1-Bromo-3-[(tert-Butyldimethylsilyl)-oxyl]-6-(2’-ethenylphenyl)hex-5-yne (2.20).
6
 TBDMSCl 

(16.0 g, 0.1 mol), imidazole (14.4 g, 0.18 mol), and DMAP (1.3 g, 9.1 mmol)  were added to a 

stirred solution of 2.19 (14.0 g, 50.5 mmol) in CH2Cl2 (200 mL). The reaction mixture was 

stirred for 3 hours and quenched with water (100 mL). The organic layer was washed with brine 

(3x100 mL), and dried over magnesium sulfate. The solvent was removed under pressure and the 

residue was purified by flash chromatography (Rf = 0.2, hexanes) to give 19.1 g (97 %) of 2.20 

as yellow oil. 
1
H NMR (CDCl3, 400 MHz): 0.10 (s, 3 H), 0.13 (s, 3 H), 0.91 (d, 3.3 Hz, 9 H), 
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2.12-2.24 (m, 1 H), 2.32-2.42 (m, 1 H), 2.60 (dd, J1=16.8 Hz, J2=7.6 Hz, 1 H), 2.69 (dd, J1=16.8 

Hz, J2=4.4 Hz, 1 H), 3.32 (s, 1 H), 3.48-3.58 (m, 2 H), 4.06-4.12 (m, 1 H), 7.21-7.30 (m, 2 H), 

7.39-7.43 (m, 1 H), 7.46-7.50 (m, 1 H). 

 

3-[(tert-Butyldimethylsilyl)oxyl-6-(2’-ethynyl)-1-iodohex-5-yne (2.21).
6
 Sodium iodide (9.52 

g, 63.4 mmol) was added to a solution of 7 (19.1 g, 48.8 mmol) in dry acetone (200 mL). The 

reaction mixture was stirred for 48 h at 50 °C. The solvent was removed in vacuo, and the 

reasidue was portioned between ether (100 mL) and water (100 mL). The organic phase was 

dried over anhydrous MgSO4, filtered, concentrated in vacuo, and the residue was purified by 

column chromatography (5% ether in hexanes) to give 17.96 g (84%) of 2.21 as yellow oil. 
1
H 

NMR (CDCl3, 400 MHz): 0.13 (s, 6 H), 0.90 (s, 9 H), 2.11-2.21 (m, 1 H), 2.33-2.43 (m, 1 H), 

2.60 (dd, J1=16.8 Hz, J2=7.6 Hz, 1 H), 2.68 (dd, J1=16.8 Hz, J2=4.4 Hz, 1 H), 3.21-3.28 (m, 1 

H), 3.3-3.37 (m, 2 H), 3.95-4.02 (m, 1 H), 7.21-7.3 (m, 2 H), 7.38-7.42 (1 H), 7.46-7.50 (m, 1 

H). 

 

3-[(tert-Butyldimethylsilyl)oxyl-6-(2’-ethynyl)-hex-5-ynal (2.22). A solution of 3-[(tert-

butyldimethylsilyl)oxyl-6-(2’-ethynyl)-1-iodohex-5-yne (2.21) (10.72 g, 0.024 mol, 1 eq.) in 

DMSO (10 mL) was added to a solution of silver tetrafluoroborate (1.3 eq) in DMSO (2ml/0.5 
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mmol) and stirred for 18 h at room temperature. Reaction was quenched by the addition of brine 

(50 mL) and extracted with ether (2x100 mL). Organic layer was separated, dried over sodium 

sulfate, and solvent removed under reduced pressure. The residue was filtered through a layer 

silica gel to give 6.9 g (86%) of 2.22 as yellow oil. 
1
H NMR (CDCl3, 400 MHz): 0.09 (s, 3 H), 

0.13 (s, 3 H), 0.88 (s, 9 H), 2.64-2.81 (m, 3 H), 2.9-2.97 (m, 1 H), 4.43-4.5 (m, 1 H), 7.22-7.31 

(m, 2 H), 7.38-7.42 (m, 1 H), 7.47-7.51 (m, 1 H), 9.85-9.87 (m, 1 H); 
13

C NMR (CDCl3, 100 

MHz): -4.64, -4.23, 18.17, 25.91, 20.07, 50.63, 67.37, 80.96, 81.88, 82.64, 90.25, 124.75, 

126.53, 127.86, 128.71, 132.06, 132.79, 201.77; HRMS calc. for C20H26O2Si - 57 m/z: 269.0998, 

found: 269.0993. 

 

3-(tert-Butyl-dimethylsilylyl)oxyl-6-(2-iodoethynylphenyl)-hex-5-ynal (2.23). N-Iodo-

succinimide (3.84 g, 17.07 mmol) and AgNO3 (276 mg, 1.625 mmol) were added to a solution of 

2.22 (5.3 g, 16.25 mmol) in acetone (100 mL).  The reaction mixture was stirred for 3 h, diluted 

with hexanes (100 mL), filtered through a layer of silica gel to give 5.0 g (68%) of 2.23 as an 

unstable yellow oil. 
1
H NMR (CDCl3, 400 MHz): 0.10 (s, 3 H), 0.14 (s, 3 H), 0.88 (s, 9 H), 2.67 

(dd, J1=16,8 Hz, J2=8.4 Hz, 1 H), 2.74-2.82 (m, 2 H), 2.92-2.99 (m, 1 H), 4.45-4.52 (m, 1 H), 

7.22-7.28 (m, 2 H), 7.36-7.4 (m, 1 H), 7.4-7.44 (m, 1 H), 9.89-9.9 (m, 1 H); 
13

C NMR (CDCl3, 

100 MHz): -0.01, 0.37, 22.75, 30.51, 33.65, 55.27, 71.96, 86.32, 94.90, 97.87, 130.55, 131.48, 

132.36, 133.27, 136.47, 137.48, 206.26;  HRMS calc. for C20H25O2SiI - 57 m/z: 394.9964, 

found: 394.9957. 
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9-methoxy-5,6,11,12-tetradehydro-7,8,9,10-tetrahydrobenzo[10]annulen-7-ol (2.24). A 

solution of 2.23 (1 g, 2.12 mmol) in THF (20 mL) was added via syringe pump to a suspension 

of CrCl2 (680 mg, 5.53 mmol) and NiCl2 (70 mg, 0.53 mmol) in THF (150 mL) at 0 °C.  The 

reaction mixture was allowed to warm to room temperature, and stirred for 6 h. Brine (100 mL) 

was added and aqueous phase was extracted with ether (3x100 mL). Combined organic layers 

were dried over sodium sulfate and solvents removed under reduced pressure. The residue was 

purified by a column chromatography (gradient mode, from 1% to 5% of ethyl acetate in 

hexanes) to give 473 mg (65%) of 2.24 as viscous yellow oil. 
1
H NMR (CDCl3, 400 MHz): 0.11 

(s, 3 H), 0.13 (s, 3 H), 0.89 (s, 9 H), 1.83 (d, J=4 Hz, 1 H), 2.37-2.42 (m, 1 H), 2.6 (dd, J1=16.8 

Hz, J2=10 Hz, 1 H), 2.68 (dd, J1=16.8 Hz, J2=3.6 Hz, 1 H), 4.42-4.48 (m, 1 H), 4.9-4.94 (m, 1 

H), 7.22-7.3 (m, 2 H), 7.31-7.38 (m, 2 H); 
13

C NMR (CDCl3, 100 MHz): -4.48, -4.46, 18.1, 

25.97, 31.37, 48.67, 61.11, 68.48, 83.79, 86.02, 96.24, 98.85, 127.66, 128.04, 128.34, 128.68, 

129.22, 129.92; HRMS calc. for C20H26O2Si - 57 m/z: 269.0998, found: 269.0994. 

 

7-methoxy-9-tret-Butyldimetylsyliloxy-5,6,11,12-tetradehydro-7,8,9,10-tetrahydrobenzo[10] 

annulene (2.25). A suspension of sodium hydride (66 mg of 60%, 1.65 mmol) in oil was added 

to a solution of 2.24 (450 mg, 1.38 mmol) in THF (75 mL) at 0 °C and stirred for 30 min. 

Dimethyl sulfate (160 µL, 1.38 mmol) was added, the reaction mixture stirred for 45 min, and 
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quenched with an aqueous solution of ammonium chloride (100 mL). Aqueous phase was 

extracted with ether (3x50 mL), combined organic layers washed with brine (3x50 mL), and 

dried over sodium sulfate. The solvent was removed under reduced pressure and the residue was 

purified by column chromatography (Rf = 0.15, 0.5% EtOAc in hexanes) to give 350 mg (75%) 

of 2.25 as a yellow oil. 
1
H NMR (CDCl3, 400 MHz): 0.09 (s, 3 H), 0.1 (s, 3 H), 0.88 (s, 9 H), 

2.3-2.37 (m, 1 H), 2.42-2.49 (m, 1 H), 2.56 (dd, J1=16.8 Hz, J2=10 Hz, 1 H), 2.68 (dd, J1=16.8 

Hz, J2=3.6 Hz, 1 H), 3.45 (s, 3 H), 4.37-4.4 (m, 1 H), 7.21-7.29 (m, 2 H), 7.3-7.34 (m, 1 H), 

7.37-7.4 (m, 1 H); 
13

C NMR (CDCl3, 100 MHz): -4.62, 18.13, 25.99, 31.40, 47.08, 57.03, 69.00, 

69.99, 83.75, 86.54, 96.26, 97.44, 127.60, 128.24, 128.35, 128.53, 129.35, 129.88; HRMS calc. 

for C21H28O2Si - 57 m/z: 283.1154, found: 283.1147. 

 

10-methoxy-5,6,11,12-tetradehydro-7,8,9,10-tetrahydrobenzo[10]annulen-8-ol (2.26). 

Concentrated solution of hydrogen fluoride (2 mL) was added to a stirred solution of 2.25 (350 

mg, 1.02 mmol) in MeCN (100 mL). The reaction mixture was stirred for 3 h, diluted with ether 

(100 mL), and washed with brine (3x50 mL). Organic layer was separated and dried over sodium 

sulfate. Solvents were evaporated under reduced pressure and the residue was purified by column 

chromatography (Rf = 0.15, 20% of ethyl acetate in hexanes) to give 230 mg (98%) of 2.26 as 

light-yellow oil. 
1
H NMR (CDCl3, 400 MHz): 2.38-2.48 (m, 2 H), 2.56 (dd, J1=16.8 Hz, J2=10 

Hz, 1 H), 2.68 (dd, J1=16.8 Hz, J2=3.6 Hz, 1 H), 3.49 (s, 3 H), 4.44 (dd, J1=5.6 Hz, J2=2.4 Hz, 1 

H), 7.22-7.28 (m, 2 H), 7.31-7.35 (m, 1 H), 7.37-7.4 (1 H);  
13

C NMR (CDCl3, 100 MHz): 30.46, 
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46.2, 57.44, 68.81, 70.12, 84.21, 86.97, 95.31, 96.82, 127.76, 127.96, 128.57, 128.66, 129.51, 

129.55; HRMS calc. for C15H14O2 m/z: 226.0994, found: 226.0986. 

 

10-methoxy-5,6,11,12-tetradehydro-9,10-dihydrobenzo[10]annulen-8(7H)-one (2.9). Dess-

Martin periodinane (650 mg, 1.5 mmol) was added to a solution of 2.26 (230 mg, 1.01 mmol) in 

dichloromethane (75 mL). The reaction mixture was stirred for 2 h, diluted with ether/hexanes 

(1:1, 100 mL), and filtered through a thick layer of Celite-545. Solvents were removed under 

reduced pressure to give 225 mg (97%) of 2.9 as yellow oil. 
1
H NMR (CDCl3, 400 MHz): 2.88 

(dd J1=12.8 Hz, J2=3.2 Hz, 1 H), 3.38 (d, J=15.6 Hz, 1 H), 3.48-3.52 (m, 4 H), 3.61 (d, J=15.6 

Hz, 1 H), 4.6 (dd J1=10.8 Hz, J2=3.2 Hz, 1 H), 7.26-7.3 (m, 2 H), 7.34-7.39 (m, 2 H); 
13

C NMR 

(CDCl3, 100 MHz): 38.1, 49.6, 57.0, 69.8, 87.4, 87.9, 88.2, 95.3, 127.5, 127.9, 128.2, 128.5, 

128.7, 129.0, 198.1; HRMS calc. for C15H12O2 m/z: 224.0837, found: 224.0829. 

 

2-iso-Propoxyanthracene (2.11b). A degassed solution of 2.9 (50 mg, 0.22 mmol) was heated 

in isopropanol (35 mL) at 60 °C for 18 h. Solvent was then removed under reduced pressure, and 

the residue was purified by column chromatography (hexanes) to give 14 mg (27%) of 2.11b as a 

white solid. 
1
H NMR (CDCl3, 400 MHz): 1.44 (d, J=6 Hz, 6 H), 4.75 (sep, J=6 Hz, 1 H), 4.27 

(dd, J1=8.8 Hz, J2=2.4 Hz, 1 H), 7.2 (d, J=2.4 Hz, 1 H), 7.36-7.46 (m, 2 H), 7.89 (d, J=8.8 Hz, 1 

H), 7.91-7.97 (m, 2 H), 8.24 (s, 1 H), 8.33 (s, 1 H); 
13

C NMR (CDCl3, 100 MHz): 22.2, 69.9, 
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106.0, 121.7, 124.2, 124.5, 125.6, 126.3, 127.7, 128.3, 128.4, 130.0, 130.5, 132.4, 133.0, 155.4; 

HRMS calc. for C17H16O2 m/z: 236.1201, found: 236.1196. 

 

4-Methoxy-3,4-dihydro-1H-anthracen-2-one (2.10). A degassed solution of 2.9 (50 mg, 0.22 

mmol) was heated in cyclohexadiene (5 mL) for 24 hours at 60 °C. The solvent was then 

removed under reduced pressure, and the residue was purified by column chromatography (Rf = 

0.1, 15% EtOAc in hexanes) to give 32 mg (64%) of 2.10 as colorless oil and 4 mg (9%) of 2-

anthracenol (2.11a).
16

 2.10: 
1
H NMR (acetone-d6, 400 MHz): 2.68-2.75 (dd, J1=17.2 Hz, J2=3.2 

Hz, 1 H), 2.81-2.88 (dd, J1=17.2 Hz, J2=3.6 Hz, 1 H), 3.25 (s, 3 H), 3.64 (d, J=19.6 Hz, 1 H), 

3.88 (dd, J1=19.6 Hz, J2=1.6 Hz, 1 H), (t, J=3.2 Hz, 1 H), 7.48-7.54 (m, 2 H), 7.72 (s, 1 H), 7.84-

7.87 (m, 1 H), 7.9-7.96 (m, 1 H); 
13

C NMR (acetone-d6, 100 MHz): 44.1, 44.7, 55.6, 78.2, 126.1, 

126.7, 127.3, 127.4, 127.6, 128.1, 132.1, 132.3, 133.7, 133.8, 205.6; HRMS calc. for C15H14O2 

m/z: 226.0994, found: 226.0990. 

1,9-dideutero-2-hydroxyanthracene (2.13-d2). NaOD (7 μL, 30%) was added to a solution of 

2.9 (10 mg) in i-PrOD (100 mL) at -78 °C and stirred for 2 hours, then letting to warm to room 

temperature very slow for 24 hours. The solvent was distilled and the residue was purified by 

column chromatography (Rf = 0.15, 10% EtOAc in hexanes) to give 3 mg (32%) of 2.13-d2 as a 

yellow solid with 75% deuteration at the 9-position. 
1
H NMR (acetone-d6, 400 MHz): 7.21 (d, 

J=8.8 Hz, 1 H), 7.36-7.46 (m, 2 H), 7.94-8.2 (m, 3H), 8.25 (s, 0.3 H), 8.43 (s, 1 H), 8.78 (br s, 1 

H). HRMS calc. for C14H8D2O m/z: 196.0855, found: 196.0850 and for C14H9DO m/z: 195.0793, 

found: 196.0788. 
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2.6 CARTESIAN COORDINATES OF OPTIMIZED STRUCTURES 

2.5
K

 

C -4.04368000 0.41746500 0.02272200 

C -2.92839000 1.25505000 0.05991600 

C -1.63283700 0.71759000 0.03819600 

C -1.47469900 -0.70448000 -0.02397700 

C -2.61008000 -1.52946900 -0.06790200 

C -3.88723400 -0.97177900 -0.04184800 

H -5.03938300 0.85031100 0.04191500 

H -3.05065100 2.33217200 0.10523000 

H -2.47707000 -2.60515200 -0.11837900 

H -4.75910300 -1.61769400 -0.07283900 

C -0.44918800 1.51426700 0.05544400 

C 0.68649600 1.94603100 0.03670300 

C -0.14562900 -1.21167500 -0.03100500 

C 1.05754300 -1.40054200 0.00106500 

C 2.99211600 1.10629500 -0.48190200 

H 2.62310000 0.73181800 -1.44285300 

H 3.99577300 1.50136200 -0.67088800 

C 2.10306400 2.29995800 -0.04127000 

H 2.44940400 2.67622600 0.93136900 

H 2.23821800 3.12422300 -0.75350800 

C 2.50135400 -1.38823000 0.09406000 

C 3.10955800 -0.05727500 0.54821100 

H 2.62870500 0.23010600 1.49157700 

O 3.19499800 -2.36398400 -0.16023000 

H 4.16065200 -0.27073200 0.75974200 

2.5
E
 

C 4.05457200 0.33587300 -0.09928600 

C 2.96473400 1.19443000 -0.25176500 

C 1.65278100 0.71310400 -0.13684800 

C 1.44590700 -0.68109700 0.13281500 

C 2.55616200 -1.52568100 0.28591300 

C 3.85153100 -1.02133700 0.17096700 

H 5.06333900 0.72748300 -0.18994800 

H 3.12056500 2.24814200 -0.45899500 
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H 2.39107800 -2.57804700 0.49276700 

H 4.70106800 -1.68660500 0.29136600 

C 0.49260700 1.53550400 -0.26040100 

C -0.65413700 1.93833300 -0.28326100 

C 0.09901900 -1.13857700 0.19998600 

C -1.11271100 -1.23034200 0.12424600 

C -2.52117200 -1.17866500 -0.07029700 

C -3.26651000 -0.06647700 0.13616700 

C -2.82030100 1.23827400 0.75737600 

H -2.17859700 1.04585700 1.62466300 

H -3.71679900 1.74159300 1.13608600 

C -2.07612200 2.25859700 -0.16625200 

H -2.54737900 2.28585300 -1.15780500 

H -2.19243900 3.26183400 0.26338000 

O -3.03991700 -2.35945700 -0.55660300 

H -3.99881200 -2.26973900 -0.64985100 

H -4.32085300 -0.13235200 -0.13500900 

2.6
K

 

C -4.01340100 0.63008900 0.16724000 

C -2.82850700 1.36615000 0.16301500 

C -1.58851800 0.72066500 0.04299000 

C -1.55202500 -0.70384500 -0.07530900 

C -2.75539400 -1.42560600 -0.06937800 

C -3.97724500 -0.76356100 0.05066100 

H -4.96535400 1.14381000 0.26162000 

H -2.85182200 2.44737200 0.25268700 

H -2.72148700 -2.50665200 -0.15809900 

H -4.90068000 -1.33467500 0.05434700 

C -0.33913300 1.41204900 0.02466200 

C 0.82492200 1.75625100 -0.02237200 

C -0.27031400 -1.32522600 -0.18304700 

C 0.89701400 -1.65616100 -0.24425200 

C 2.93195400 0.68429900 -0.78804100 

H 2.40606500 0.40611000 -1.70518000 

H 3.96835300 0.93420100 -1.04796300 

C 2.26839700 1.94406000 -0.16225600 

H 2.73176100 2.14255500 0.81173700 
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H 2.48154200 2.80988200 -0.80045500 

C 2.34814100 -1.83216500 -0.23060600 

H 2.65658200 -2.59352200 0.49271000 

H 2.71496300 -2.13188400 -1.22263900 

C 3.01198800 -0.49695800 0.17966000 

O 3.59160100 -0.39718100 1.24293000 

2.6
E 

C 4.14332900 0.53669800 -0.07035900 

C 2.97675100 1.29761600 -0.16402900 

C 1.71637900 0.68744900 -0.09660200 

C 1.63497100 -0.73669100 0.06777400 

C 2.82238700 -1.47960200 0.16552000 

C 4.06525000 -0.84987800 0.09481400 

H 5.11114600 1.02609500 -0.12418500 

H 3.03236200 2.37418000 -0.28990300 

H 2.75827100 -2.55514800 0.29534800 

H 4.97277100 -1.44146900 0.17033300 

C 0.48486000 1.40704100 -0.17233800 

C -0.68960600 1.71874000 -0.18886300 

C 0.33587900 -1.32022300 0.09962000 

C -0.87034400 -1.47092200 -0.01551600 

C -2.26557000 -1.53888400 -0.22349200 

C -3.11495700 -0.51517900 0.05406900 

C -2.80132800 0.77487000 0.77171800 

H -2.15264300 0.56051400 1.62647600 

H -3.75278700 1.15262400 1.15818400 

C -2.13615800 1.90622800 -0.07459400 

H -2.60197100 1.96288000 -1.06698300 

H -2.34773500 2.86198000 0.42051700 

O -4.44183800 -0.57652300 -0.27780900 

H -4.62924400 -1.39815500 -0.75477200 

H -2.66653700 -2.43490200 -0.69887900 

2.7 

C 3.91690200 0.78127700 -0.38861900 

C 2.66362400 1.38870500 -0.42318200 

C 1.50030700 0.66467900 -0.10504600 

C 1.60920600 -0.71151700 0.24514700 
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C 2.88485400 -1.29335900 0.29848900 

C 4.02934500 -0.56247600 -0.01908200 

H 4.80322100 1.35674200 -0.63801300 

H 2.56834300 2.43683700 -0.68761600 

H 2.97439900 -2.33888900 0.58098200 

H 5.00374900 -1.03982100 0.02221200 

C 0.22014500 1.29274400 -0.06396700 

C -0.92731700 1.66805400 0.06464700 

C 0.43301300 -1.54615600 0.58235500 

C -0.76735400 -1.45004300 0.05439600 

C -2.98481200 0.51981900 0.86903800 

H -2.38795000 0.16373500 1.71439400 

H -4.00057600 0.73537700 1.21075700 

C -2.35348400 1.84016900 0.32687800 

H -2.88843900 2.15945900 -0.57598800 

H -2.50684000 2.62617400 1.07654700 

C -1.94588800 -1.43431200 -0.53338200 

C -3.10290700 -0.55263500 -0.20638600 

O -4.13679200 -0.66524000 -0.85441700 

H 0.59429900 -2.33206500 1.32206700 

H -2.11968100 -2.07533000 -1.39771100 
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CHAPTER 3 

DUAL REACTIVITY OF A PHOTOCHEMICALLY-GENERATED 

CYCLIC ENYNE-ALLENE 

 

3.1 INTRODUCTION 

As it was mentioned in the Chapter 1, the lack of anti-tumor selectivity of natural 

enediynes results in high general toxicity which hampers their clinical applications. To overcome 

this shortcoming we investigated an alternative strategy for the triggering of the 

cycloaromatization reaction: the in situ photogeneration of reactive enediynes.
1
 However, the 

rate of the Bergman cyclization of even highly strained nine-membered ring enediynes (τ25 °C 2 

h)
1a

 is not fast enough to allow for the temporal and spatial resolution of p-benzyne generation in 

biological systems. In order to enhance the rate of the formation of cytotoxic 1,4-diradicals, we 

turned our attention to compounds containing a (Z)-1,2,4-heptatrien-6-yne structural fragment, 

i.e., enyne-allenes. Myers–Saito cyclization (see Ch. 1.2.3) of these substrates produces α,3-

didehydrotoluene analogs, which are responsible for the cytotoxicity of natural antibiotics of the 

neocarzinostatin family.
2
 The Myers–Saito cyclization of enyne-allenes provides a particularly 

attractive pathway to carbon diradicals because the reaction occurs under mild thermal 

conditions and various synthetic routes to enyne-allenes are available.  
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While acyclic enyne-allenes usually undergo spontaneous cyclization under ambient 

temperature,
3
 cyclic enyne-allenes are virtually unknown apparently due to their ability to 

undergo very rapid cycloaromatization.
1c,4

 

3.2 RESULTS AND DISCUSSION  

The direct photochemical generation of ten-membered ring cyclic enyne-allene 3.2 is 

shown in Scheme 3.1. In order to prepare a thermally stable photo-precursor of enyne-allene 3.2, 

the triple bond was masked as a cyclopropenone. The -system of the cyclopropenone moiety in 

the enyne-allene precursor 3.1 is orthogonal to the plane of the ring, therefore, cyclopropenone 

3.1 lacks the crucial in-plane overlap of π-orbitals that is required for cycloaromatization. 

Photochemical decarbonylation of cyclopropenones is usually an efficient process and has been 

successfully employed for the generation of reactive enediynes.
1a,b

 Irradiation of cyclopropenone 

3.1 results in the loss of carbon monoxide and regeneration of the triple bond, thus, making the 

substrate susceptible to the Myers–Saito cyclization (Scheme 3.1).  

Scheme 3.1 Photochemical generation of enyne-allene 3.2. 

 

Trimethylsilyl fluorosulfonyldifluoroacetate (FSO2CF2CO2SiMe3, TFDA)
5
 is a highly 

versatile source of difluorocarbene,
6
 and can be used for the preparation of gem-

difluorocyclopropene through its reaction with alkynes. At elevated temperatures, TFDA 

undergoes decomposition in the presence of catalytic amounts of fluoride ion forming 



74 

difluorocarbene and fluoride ion. The latter is consumed through the reaction with another 

molecule of TFDA, repeating the cycle (Scheme 3.2).  

Scheme 3.2 Formation of difluorocarbene and its addition to double and triple bonds. 

 

 It should be noted that TFDA is an expensive reagent but can be readily synthesized by 

simply adding an excess of trimethylsilyl chloride to 2,2-difluoro-2-(fluorosulfonyl)acetic acid, 

and distilling the product (Scheme 3.3). The needed acid can be prepared under mild conditions 

from commercially available 3,3,4,4-tetrafluro[1,2]oxathietane 2,2-dioxide, a key monomer in 

the preparation of Nafion ion membrane resin.
7
 

Scheme 3.3 Preparation of trimethylsilyl fluorosulfonyldifluoroacetate (TFDA). 

 

The starting material, 6-(2-bromophenyl)hex-5-ynyl acetate (3.4), was synthesized 

according to the literature procedure
8
 from a commercially available 1-bromo-2-iodobenzene by 
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reacting it with 5-hexyn-1-ol under the Sonogashira—Higihara reaction conditions and treating 

the resultant alcohol with acetic anhydride (Scheme 3.4). In turn, acetate 3.4 must be carefully 

purified by a column chromatography to avoid complications during the next step, 

difluorocarbene addition. 

Scheme 3.4 Synthesis of 6-(2-bromophenyl)hex-5-ynyl acetate 3.4. 

 

Reagents and conditions: (a) 5-hexynol, PdCl2(PPh3)2/CuI, THF, 92%; (b) Ac2O/Et3N, 90%. 

The crucial cyclopropenone moiety was synthesized in a two-step procedure. First, the 

addition of difluorocarbene, which was generated by the thermolysis of TFDA, to the acetylene 

3.4 produced 1,1-difluorocyclopropene 3.5  (Scheme 3.5). 

Scheme 3.5 Preparation of cyclopropenone 3.6. 

 

Reagents and conditions:  (a) NaF, TFDA, 120 °C; (b) wet SiO2, 85% over two steps.       

Experiments directed at optimization of this reaction indicated that the rate of addition of 

the TFDA (1 mL/5 min), concentration of the starting material (1 g/1 mL of diglyme), and 

additional time of heating can strongly affect the yield of the reaction. Thus, we found that 

difluorocarbene reacts with our acetylene 3.4 upon the formation and additional heating for two 

hours, indicated in literature,
9
 only lowers the overall yield. It should be mentioned that 
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difluorocyclopropene 3.5 decomposes within 2-3 days. However, we managed to isolate and 

characterize it by NMR spectroscopy.  

It is known that gem-difluorocyclopropenes are susceptible both to basic
10

 and acidic 

hydrolysis
11

 affording corresponding cyclopropenones. The hydrolysis of 3.5 was achieved by 

passing it through wet silica gel to give cyclopropenone 3.6 in high yield.  

The presence of the cyclopropenone moiety in the synthetic intermediate 3.6 limits the 

range of reagents and reaction conditions that can be employed bacause cyclopropenones readily 

form salts with Lewis acids and give ring-opening products with various nucleophiles.
12

 

Conversion of 3.6 into 2,2-dimethyl-1,3-propanediyl acetal
 
3.7 allows us to circumvent these 

difficulties (Scheme 3.6).
13

 The 2π-electron cyclopropenone is stable, as is the cyclopropenium 

cation, which is a 2π-aromatic compound.
14

 

Scheme 3.6 Conversion of cyclopropenone 3.6 to acetal 3.7. 

 

Reagents and conditions: (a) Et3OBF4, neopentylglycol, Et3N, 80%. 

The acetilization of cyclopropenones requires a strong Lewis acid. Thus, cyclopropenone 

3.6 is first converted to cyclopropenium ion by treatment with an excess of triethyloxonium 

tetrafluoroborate followed by treatment with an alcohol under basic conditions (triethyloxonium 

tetrafluoroborate is often called Meerwein’s reagent after its discoverer Hans Meerwein). 
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Scheme 3.7 Synthtesis of cyclopropenone 3.1. 

 

Reagents and conditions: (a) Pd(PPh3)4/Bu3SnCCSiMe3, 90 °C, 72%; (b) K2CO3/MeOHaq., 

84%; (c) I2/morpholine, 72%; (d) DMP, 73%; (e) CrCl2, NiCl2, 

95%; (f) MsCl, 90%; (g) CuCN, LiCl, EtMgBr, 83%; (h) 

Amberlyst® 15, acetone, 75%. 

 

Freshly purified compound 3.7 was immediately used in the next step to ensure good 

yield of the Stille coupling reaction (Scheme 3.7). Tributyl(trimethylsilylethynyl)tin was 

prepared from trimethylsilylacetylene, which was reacted with n-butyl lithium followed by the 

addition of tributyltin chloride and distillation of the formed product.

Simultaneous saponification of the acetate and removal of the trimethylsilyl protecting 

group of the compound 3.7 was achieved using potassium carbonate in aqueous methanol to give 

3.9. Iodination of terminal acetylene with an iodine/morpholine system
15

 gave iodide 3.10. Dess–
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Martin periodinane
16

 was used to oxidize alcohol 3.10 to give iodoaldehyde 3.11. The Nozaki–

Hiyama–Kishi reaction
17

 was used to close the ten-membered cycle 3.12.  

The key step in the synthesis of enyne-allene precursor 3.1 was the acetylene-allene 

rearrangement. Several enyne-allenes were prepared by isomerization of propargyl alcohol 

employing Mitsunobu reaction with 2-nitro-benzenesulfonyl hydrazide.
18

 Acetal 3.12, however, 

is not stable under Mitsunobu conditions and we had to adopt an alternative procedure.
19

 The 

reaction of freshly prepared propargylic mesylate 3.13 with EtMgBr in the presence of an excess 

of CuCN and LiCl led to the exclusive formation of the desired allene 3.14. It should be noted 

that propargylic mesylates quickly decomposize at ambient temperatures. Acetal hydrolysis was 

achieved using Amberlyst® 15 in aqueous acetone.
20

 The target 7-ethyl-6-dehydro-2,3,4-

trihydro-1H-benzo[a]cyclopropa[c]cyclode-cen-1-one (3.1, Scheme 3.7) was isolated in 75%.  

 

3.3 PHOTOCHEMISTRY AND KINETICS OF ENYNE-ALLENE 3.2 

The UV spectrum of cyclopropenone 3.1 shows three close lying absorbance bands at 

237 nm (log ε = 4.3), 267 nm (log ε = 3.8), and 317 nm (log ε = 3.4). Irradiation of 

cyclopropenone 3.1 with 300 or 350 nm light results in the efficient decarbonylation (Φ 300 nm = 

0.57 ± 0.03) and formation of the target ten-membered ring enyne-allene (3.2, Scheme 3.1). The 

cyclic enyne-allene 3.2 undergoes facile spontaneous Myers—Saito cyclization in 2-propanol, 

producing naphtaline derivative 3.17. Compound 3.17 was isolated and characterized by NMR 

spectroscopy. Irradiation of cyclopropenone 3.1 in MeOH and/or MeOH-d4 produced products of 

insertion of methanol, which were observed by mass spectroscopy. 



 

79 

250 300 350 400

0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

1,6

1,8

2,0

2,2

2,4

C

O

h

C

300 nm = 0.57

-CO

i -PrO H

O

3.1
3.2

3.17

A
b

so
rb

an
ce

Wavelength/nm
 

Figure 3.1 UV-spectra of cyclopropenone 3.1 (shown in triangles); enyne-allene 3.2 (dash 

line); naphtaline derivative 3.17 (solid line). 

The accurate rate measurements of cycloaromatization of the enyne-allene 3.2 were 

conducted by UV spectroscopy following the growth of the characteristic 232 nm band of 

tetrahydroanthracenes 3.3 and 3.17.  

As can be seen from Figure 3.2, the cyclization reaction follows first order kinetics. The 

rate of the cycloaromatization of 3.2 at 25 ± 0.1 °C is k = (2.735 ± 0.046) × 10
−3

 s
−1

 in 2-

propanol and k = (3.41 ± 1.01) × 10
−3

 s
−1

 in THF containing 0.05 M 1,4-cyclohexadiene (1,4-

CHD is a good hydrogen donor). The similar rate constants for both reactions and absence of the 

isotopic effect indicate that the radical and polar pathways share a common rate-limiting step. 

Also, absence of the kinetic isotopic effect tells us that there is no involvement of hydrogen 

abstraction in the rate-limiting step. 
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Figure 3.2 Cycloaromatization of the photo-generated enyne-allene 3.2 in THF–1,4-

cyclohexa-diene (open circles) and in 2-propanol (filled circles) at 25 °C. Solid 

lines represent fitting of the experimental data to a single exponential equation. 

The cyclization rates of the enyne-allene 3.2 were measured in 2-propanol solutions in 

the temperature range from 5 to 40 °C with 0.1 °C accuracy. The data so obtained are displayed 

as the temperature rate profile in Figure 3.3.  

The temperature dependence of the cyclization rate of 3.2 follows general trend (Figure 

3.2). This observation suggests that the energy barrier (ΔG‡) for the cyclization reaction grows 

with the temperature. Least-squares fitting of the obtained data to the Eyring equation provides 

the following activation parameters: ΔH‡= 16.73± 0.51 kcal M
−1

 and ΔS‡ = −14.6 ± 1.5 cal M
−1

 

K
−1

. In comparison, highly strained 4,5-benzocyclonona-2,6-diynol has ΔH‡= 13.63 ± 0.22 kcal 

M
−1

 and ΔS‡= −30.66 ± 0.61 cal M
−1

 K
−1

.
1b 
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Figure 3.3 Temperature rate profile for the Bergman cyclization of the enyne-allene 3.2 

generated in photolysis of 3.1 in 2-propanol. The line shown was drawn using 

parameters obtained by least-squares fitting of Eyring equation.  

Scheme 3.8 Dual reactivity of enyne-allene 3.2 in different media. 

 

 The formation of ether 3.17 is inconsistent with the conventional diradical mechanism of 

the Myers–Saito cyclization. In 2-propanol, the σ,π-diradical 3.15 is expected to abstract 

hydrogen from the secondary carbon of the alcohol, since this C–H bond is much weaker than 

javascript:popupcomp('2','2','b911871c')
javascript:popupcomp('2','2','b911871c')
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the O–H bond. The O–H insertion observed in 2-propanol suggests a polar, rather than a radical, 

pathway of the cycloaromatization in that medium (3.16, Scheme 3.8).  

Similar ―dual reactivity‖ has been reported for acyclic enyne-allenes and was initially 

explained by the ―polar‖ nature of the α,3-didehydrotoluene, which can be described as a 

resonance between a zwitterion and a diradical.
21

 This hypothesis was later rejected on the basis 

of quantum mechanical calculations since frontier orbitals in these two electronic forms of α,3-

didehydrotoluene are strictly orthogonal and cannot be mixed.
22

 Carpenter et al. suggested the 

formation of O–H insertion product happens via a non-adiabatic pathway.
23

 The author describes 

this reaction in terms of two crossing diabatic surfaces. Thus, the zwitterionic state (3.16) can be 

considered as an excited state of diradical 3.15.  

3.4 DNA CLEAVAGE EXPERIMENT 

Evaluation of the nuclease activity of the photogenerated enyne-allene 3.2 was carried 

out using supercoiled plasmid DNA cleavage assay. Three forms of this DNA: native (RF I), 

circular relaxed (RF II, produced by a single-strand cleavage), and linear (RF III, formed by 

scission of both strands in close proximity) are readily separated by agarose gel electrophoresis 

(Figure 3.4). 

 

Figure 3.4 Relaxation and linearization of the υX174 supercoiled DNA. 



 

83 

Mobility of large DNA molecules, in general, depends on two factors: the molecular 

weight and secondary structure. When supecoiled DNA molecules are cleaved, all products have 

the same molecular weight, thus, their separation is based only on topology. In some cases, 

cleavage of the DNA backbone at random sites produces a multitude of products, which appear 

as a single band on the gel due to equal molecular weights and very similar topologies. 

Conveniently, agarose gel electrophoresis allows us to easily discriminate events of simultaneous 

double-stranded scission from multiple single strand cleavage events. 

Scheme 3.9 Photolysis of cyclopropenone 3.1 and supercoiled DNA. 

 

To produce reactive enyne-allene 3.2 in the presence of DNA, a solution of 

cyclopropenone 3.1 in water–DMSO (4 : 1) mixtures was added to a solution of υX174 

supercoiled circular DNA in TE buffer and irradiated for 10 min using 350 nm lamps (Scheme 

3.9). The concentration of DNA was kept at 10 ng μL−1 in all experiments, while the initial 

concentration of cyclopropenone 3.1 varied from 0 to 5 mM. The duration of irradiation was 

sufficient to achieve at least 95% conversion of 3.1, as was determined by HPLC. The irradiated 

and control solutions were incubated for 16 h at 25 °C in the dark and analyzed by gel 
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electrophoresis. At concentrations above 0.1 mM, photo-generated enyne-allene 3.2 was found to 

induce ca. 15% single-strand cleavage of υX174 DNA (RF II), but no observable double-strand 

cleavage (RF III, Figure 3.5). A further increase in the concentration of precursor 3.1 results in 

the reduced photo-nuclease efficiency due to aggregation of the substrate. Incubation of the DNA 

with cyclopropenone precursor 3.1 in the dark does not induce any detectable DNA cleavage.  

 

Figure 3.5 Light-induced cleavage of υX174 plasmid DNA by the photogenerated enyne-

allene 3.2. Lanes 1-4: Cyclopropenone 3.1 (0.1, 0.5, 1, and 5 mM) is irradiated in 

the presence of DNA; lane 5: DNA irradiated without 3.1; lanes 6-8: DNA 

incubated in the dark with cycloprope-none 3.1 (0.1, 0.5, and 1 mM). 

 

3.5 CONCLUSIONS 

Thus far, our enyne-allene is the most reactive compound among ten-membered ring 

enediynes. Photoswitchable enyne-allene 3.1 undergoes efficient cyclization reaction producing 

α,3-didehydrotoluene after irradiation with 300 nm light. It is a first example where cyclic 

enyne-allene generated photochemically from a thermally stable precursor. In this approach, a 
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triple bond is masked as a cyclopropenone. Cyclopropenone-containing enyne-allene precursors 

are unable to undergo cyclization because the enyne-allene fragment is incomplete. On the other 

hand, photolysis of cyclopropenone 3.1 results in the efficient decarbonylation and the 

regeneration of a triple bond completing enyne-allene π-system.  

The reactivity of benzannulated ten-membered ring enyne-allene 3.2 depends on the 

reaction media. In solvents of low polarity products of the cycloaromatization reaction are 

consistent with the intermediate formation of a diradical species. In 2-propanol, the reactions 

apparently proceed via a polar mechanism.  

The analysis of the reactivity of acyclic enyne-allenes is complicated by the presence of 

conformational equilibrium. The position of the equilibrium, which should depend on the solvent 

polarity, controls the rate and potentially the mechanism of the cycloaromatization reaction. The 

advantage of cyclic system is that enyne-allene 3.2 is locked in the most reactive conformation 

and allows us to focus the investigation of enyne-allene reactivity on electronic factors. 

The relatively low nuclease efficiency of 3.2 can be explained either by predominant 

polar cycloaromatization pathway or by the low affinity of 3.1 to a dDNA molecule. In order to 

address the latter problem, we are currently working on the design and synthesis of 

cyclopropenone 3.1 analogs containing a dDNA minor-groove binding moiety. 
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3.6 EXPERIMENTAL SECTION 

MATERIALS AND METHODS 

All moisture- and oxygen-sensitive reactions were carried out in oven-dried glassware 

under argon atmosphere. All solvents were purified and dried by distillation immediately before 

use. Tetrahydrofuran, diethyl ether, hexanes, benzene and toluene were distilled from sodium 

metal; dichloromethane was distilled from phosphorus pentoxide; ethyl acetate and acetone were 

distilled from anhydrous calcium chloride. Ultra-dry inhibitor-free THF from Aldrich was used 

for palladium-catalysed cross coupling reactions. All other materials were purchased from 

Aldrich, Alfa Aesar, Acros Organics, Strem Chemicals or GFS Chemicals and used without 

purification unless otherwise stated. Dess-Martin periodinane was prepared according to the 

original literature procedure.
16

 Chromatographical purification of reaction products was 

performed using Sorbtech standard grade flash chromatography silica gel (40-63μm particle size, 

60Å porosity) or Sorbtech premium grade flash chromatography silica gel (40-75μm particle 

size, 60Å porosity). TLC analyses were performed using polyester-backed silica gel TLC plates 

from Whatman, Aldrich or Sorbent Technologies. 

INSTRUMENTS 

GC/MS analyses were performed using Shimadzu QP-2010S GC – mass spectrometer 

equipped with high-precision quadrupole with pre-rods and mass number range 1.5m/z to 900 

m/z. Nuclear magnetic resonance (NMR) spectra were recorded in deuterochloroform using 

Varian Mercury Plus 400 MHz or Varian Unity Inova 500 MHz NMR spectrometers with 

tetramethylsilane (TMS) as an internal standard. 
1
H-NMR chemical shifts (δ) are reported in 

ppm versus TMS reference, 
13

C-NMR chemical shifts (δ) are reported in ppm versus residual 
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solvent peak reference. UV-visible spectra were recorded on Varian Cary 50 UV-visible 

spectrometer or Varian Cary 300 Bio UV-Vis spectrometer. IR spectra were recorded using 

Shimadzu IR Prestige FT-IR spectrometer. Melting points were determined using Fisher-Johns 

melting point apparatus and are reported uncorrected. 

KINETICS 

Rate measurements were performed using Carry-300 Bio UV-Vis spectrometer equipped 

with a thermostattable cell holder. The temperature was controlled with 0.1 °C accuracy. 

Reactions were monitored by following the growth of the characteristic 232 nm absorbance of 9-

ethyl-1-isopropoxy-1,2,3,4-tetrahydroanthracene (3.17, in 2-propanol) or 9-ethyl- 1,2,3,4-

tetrahydroanthracene (3.3, in THF with 0.05 M of 1,4-cyclohexadiene). Observed first order rate 

constants were calculated by least-squares fitting of a single exponential function. 

3.7 DNA CLEAVAGE PROCEDURE 

In a typical experiment aqueous solutions of cyclopropenone 1 (10 μL) were added to a 

solution of plasmid DNA (10 ng/μL) in TE buffer (pH 8.0, 27 μL) and irradiated in RMR-600 

Rayonet photochemical reactor equipped with 6x4W 350 nm lamps for 10 min. After irradiation 

solution was incubated in the dark for 16 h at 25 °C. Control samples were incubated with 

cyclopropenone solution in the dark. Incubated samples and the standard marker solution were 

mixed with a glycerol based loading buffer (7 μL) containing xylene cyanol loading dye and 

loaded onto a 1% agarose gel containing 0.5 μg/mL of ethidium bromide. Gel was developed at 

80 V (400 mA) for 2 h and photographed on the UV transilluminator. The relative intensities of 

fluorescent bands on the developed gel were calculated using Alpha Ease FC software package 

by Alpha Innotech, Inc. 
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3.8 SYNTHETIC PROCEDURES 

 

6-(2-Bromophenyl)hex-5-yn-l-ol: PdCl2(PPh3)2 (0.945 g, 2.149 mmol), CuI (0.819 g, 4.30 

mmol), 5-hexyn-1-ol (4.22 g, 43.0 mmol), and PPh3 (0.564 g, 2.149 mmol) were added to a 

degassed solution of 2-bromoiodobenzene (12.77 g, 45.1 mmol) in THF (300 ml) and 

triethylamine (40 ml, 277 mmol) under Ar. The reaction vessel was sealed and heated at 55 °C 

for 2 days. The mixture was then filtered through small layer of silica gel, solvents were removed 

in vacuum, and residue purified by chromatography (EtOAc – hexanes 1: 3, Rf = 0.15) to give 

10.2 g (40.3 mmol, 92%) of alcohol as yellow oil. 1H: 1.72-1.8 (m, 4H), 2.52 (t, 2H, J = 6.8 Hz), 

3.72 (t, 2H, J = 6 Hz), 7.1-7.3 (m, 2H), 7.4 (d, 1H, J = 7.6 Hz), 7.55 (d, 1H, J = 8 Hz); 13C: 

19.58, 25.09, 32.11, 62.66, 80.00, 95.26, 125.70, 126.22, 127.11, 128.93, 132.51, 133.52; FW 

calc. for C12H13BrO: 252.0150, EI-HRMS found: 252.0150. 

 

6-(2-bromophenyl)hex-5-ynyl acetate (3.4). Acetic anhydride (3.63 g, 35.6 mmol) and pyridine 

(2.81 g, 35.6 mmol) were added to a solution of 6-(2-Bromophenyl)hex-5-yn-l-ol (9 g, 35.6 

mmol) in CH2Cl2 (20 ml). The reaction mixture was stirred for 3 hours at r.t., solvent was 

removed in vacuum, and residue was purified by chromatography (EtOAc – Hexanes 1: 9, Rf = 

0.1) affording 9.45 g (32.1 mmol, 90%) of acetate 3.4 as yellow oil. 
1
H: 1.65-1.75 (m, 2H), 1.8-

1.9 (m, 2H), 2.05 (s, 3H), 2.52 (t, 2H, J = 7.2 Hz), 4.13 (t, 2H, J = 6 Hz), 7.05-7.12 (m, 1H), 7.2-

7.28 (m, 1H), 7.41 (d, 1H, J = 7.6), 7.55 (d, 1H, J = 8); 
13

C: 19.46, 21.23, 25.26, 28.00, 64.25, 
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80.10, 94.80, 125.68, 126.06, 127.14, 129.02, 132.51, 133.51, 171.42; FW calc. for C14H15BrO2: 

294.0255, EI-HRMS found: 294.0258. 

 

3-(4-Acetoxybutyl)-2-(2-bromophenyl)cyclopropenone (3.6). A solution of trimethylsilyl 

fluoro-sulfonyl difluoroacetate (TFDA, 6.3 ml, 32.0 mmol) was added via syringe pump over 15 

minutes under argon flow to a pre-heated (120 °C) solution of acetylene 3.4 (3.14 g, 10.64 

mmol) and sodium fluoride (0.050 g, 1.191 mmol) in diglyme (6 mL). The reaction mixture was 

kept at this temperature for 20 min, cooled, and transferred into silica gel column. Flash 

chromatography with EtOAc – hexanes (1:10, Rf = 0.3) provided 3.3 g, (9.57 mmol, 90%) of 3-

(4-acetoxybutyl)-2-(2-bromophenyl)-1,1-difluorocyclopropene (3.5) as yellow oil. 
1
H: 1.75-1.85 

(m, 4H), 2.05 (s, 3H), 2.8-2.88 (m, 2H), 4.1-4.18 (m, 2H), 7.3 (t, 1H, J = 8Hz), 7.39 (t, 1H, J = 

8Hz), 7.58 (d, 1H, J = 7.2Hz), 7.66 (d, 1H, J = 7.6Hz); 
13

C: 20.81, 23.69, 28.1, 58.82, 99.9, 

102.61, 105.3, 123.46, 124.78, 125.96, 127.66, 128.63, 128.73, 128.84, 131.98, 132.45, 133.38, 

170.89, 170.92. 

Crude difluorocyclopropene (3.5) was transferred into wet silica gel column, washed with 200 

mL of an AcOH – hexanes mixture (1:99) and left overnight in the column. Elution with gradient 

EtOAc – hexanes mixture (1:9  1:1) produced, after solvents removal, 2.92 g (9.04 mmol, 

85%, 2 steps) of cyclopropenone 3.6 as a dense yellow oil. 
1
H: 1.8-1.9 (m, 4H), 2.04 (s, 3H), 

2.96 (t, 2H, J = 7.2 Hz), 4.11 (t, 2H, J = 6.4 Hz), 7.36-7.48 (m, 2H), 7.15 (dd, 1H, J = 8 Hz, 1.2 

Hz), 7.8 (dd, 1H, J = 7.6 Hz, 1.6); 
13

C: 20.97, 23.26, 27.51, 28.27, 63.65, 123.95, 125.61, 127.9, 
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133.65, 133.68, 134.07, 153.38, 156.87, 157.21, 171.13; FW calc. for C15H16BrO3 (M+H): 

323.0283, ESI-HRMS found: 323.0276.  

 

4-[2-(2-bromophenyl)-6,6-dimethyl-4,8-dioxaspiro[2.5]oct-1-en-1-yl]butyl acetate (3.7). 

Et3OBF4 (3.59 g, 27.3 mmol) was added to solution of cyclopropenone 3.6 (5.87 g, 18.17 mmol) 

in CH2Cl2 (30 mL) under vigorous stirring at r.t. After 30 min, a solution of neopentylglycol 

(3.78 g, 36.3 mmol) and triethylamine (3.68 g, 36.3 mmol) in CH2Cl2 (10 mL) was added 

dropwise. In 1 hour the reaction mixture was washed with saturated solution of NaHCO3 (2x100 

mL), dried with Na2SO4, and solvents removed in vacuum. The crude product was purified by 

chromatography (ether – hexanes 1:10, 1% of Et3N, Rf = 0.1) to give 5.95 g (14.53 mmol, 80%) 

of acetal 3.7 as a yellow solid. M.p. 52 °C; 1H: 0.96 (s, 3H), 1.22 (s, 3H), 1.65-1.75 (m, 4H), 

2.04 (s, 3H), 2.91 (t, 2H, J = 7.2), 3.65-3.8 (m, 4H), 4.12 (t, 2H, J = 6 Hz), 7.16-7.22 (m, 1H), 

7.32-7.37 (m, 1H), 7.6-7.64 (m, 2H); 
13

C: 21.20, 22.11, 22.35, 22.70, 25.09, 25.99, 28.57, 30.54, 

64.29, 78.27, 83.39, 123.03, 124.42, 127.61, 128.46, 130.57, 132.24, 133.44, 171.39; FW calc. 

for C20H25BrO4+H: 409.1014, ESI-HRMS found: 409.1012. 

 

4-(6,6-dimethyl-2-(2-((trimethylsilyl)ethynyl)phenyl)-4,8-dioxaspiro[2.5]oct-1-en-1-yl)butyl 
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acetate (3.8). Pd(PPh3)4 (0.555 g, 0.480 mmol) was added to a degassed solution of bromide 3.7 

(6.55 g, 16.00 mmol) in toluene (100 mL) and heated to 90 °C under vigorous stirring for 10 

min. A solution of trimethyl((tributylstannyl)ethynyl)silane (7.75 g, 20.00 mmol) in toluene (5 

mL) was added to the reaction mixture and heated at 90 °C in a sealed vessel for 3 h. Solvent 

was removed in vacuum and residue was purified by chromatography (ether – hexanes 1:10, 1% 

of Et3N) to yield 4.89 g of 3.8 (11.46 mmol, 71.6 %), as yellowish crystals. M.p. 64-65 °C; 
1
H: 

0.25 (s, 9H), 1.02 (s, 3H), 1.16 (s, 3H), 1.75-1.85 (m, 4H), 2.04 (s, 3H), 2.91 (t, 2H, J = 6.8 Hz), 

3.73 (m, 4H), 4.11 (t, 2H, J = 6 Hz), 7.24-7.37 (m, 2H), 7.54-7.58 (m, 2H); 
13

C: 0.19, 21.18, 

22.50, 22.67, 25.00, 26.32, 28.59, 30.54, 64.45, 78.35, 83.90, 98.53, 105.37, 122.96, 124.58, 

128.89, 129.73, 130.69, 130.85, 134.49, 171.36; FW calc. for C25H34O4Si+H: 427.2305, ESI-

HRMS found: 427.2299. 

 

4-(2-(2-ethynylphenyl)-6,6-dimethyl-4,8-dioxaspiro[2.5]oct-1-en-1-yl)butan-1-ol (3.9). Pota-

ssium carbonate (0.5 g, 3.62 mmol, 0.3 eq.) was added to a solution of acetate 3.8 (4.89 g, 11.46 

mmol) in MeOH (50 ml), the mixture was stirred for 2 h at r.t., diluted with 40 mL of water, and 

extracted with ether (2x75 mL). Combined organic layers were evaporated in vacuum and the 

resulting residue was purified by chromatography (ether – hexanes 1:5, 1% of Et3N) to give 3.01 

g (9.6 mmol, 84%) of alcohol 3.9 as yellow oil. 
1
H: 1.02 (s, 3H), 1.15 (s, 3H), 1.65-1.74 (m, 2H), 

1.75-1.85 (m, 2H), 1.85-1.9 (broad OH), 2.8-2.9 (m, 2H), 3.36 (s, 1H), 3.68-3.8 (m, 6H), 7.25-

7.33 (m, 1H), 7.36-7.42 (m, 1H), 7.55-7.61 (m, 1H); 
13

C: 22.49, 22.64, 24.51, 26.31, 30.59, 

31.14, 32.65, 62.45, 78.36, 81.57, 83.63, 83.86, 121.97, 124.30, 128.96, 129.18, 130.60, 130.66, 
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131.64, 134.00; FW calc. for C20H25O3+H: 313.1804, ESI-HRMS found: 313.1801. 

 

4-(2-(2-(iodoethynyl)phenyl)-6,6-dimethyl-4,8-dioxaspiro[2.5]oct-1-en-1-yl)butan-1-ol (3.10) 

A solution of morpholine (0.742 ml, 8.58 mmol) and iodine (1.089 g, 4.29 mmol) in benzene (20 

mL) was vigorously stirred at 45
 
°C for 15 min to form orange suspension. A solution of 

acetylene 3.9 (0.670 g, 2.145 mmol) in benzene (3 mL) was added to the reaction mixture. In 30 

min the reaction mixture was diluted with 40 mL of ether, filtered, and solvents were removed in 

vacuum. The residue was purified by chromatography (ether – hexanes 1:4, 1% Et3N, Rf = 0.1) 

to give 0.675 g (1.540 mmol, 72 %) of 3.10 as yellow oil. 
1
H: 1.04 (s, 3H), 1.15 (s, 3H), 1.7-1.9 

(m, 5H), 2.85 (t, 2H, J = 6.8 Hz), 3.67-3.79 (m, 6H), 7.26-7.30 (m, 1H), 7.34-7.39 (m, 1H), 7.5-

7.58(m, 2H); 
13

C: 22.51, 22.7, 24.57, 26.25, 32.75, 62.5, 78.39, 83.83, 93.67, 123.2, 124.08, 

128.86, 129.17, 130.29, 130.56, 131.84, 134.41; FW calc. for C20H23IO3+H: 439.0770, ESI-

HRMS found: 439.0768. 

 

4-(2-(2-(iodoethynyl)phenyl)-6,6-dimethyl-4,8-dioxaspiro[2.5]oct-1-en-1-yl)butanal (3.11). 

Dess-Martin periodinane (0.755 g, 1.780 mmol) was added to a solution of alcohol 3.10 (0.65 g, 

1.483 mmol) in CH2Cl2 (50 mL) under vigorous stirring at r.t. In 2 h the reaction mixture was 

diluted with ether (40 mL), stirred for 15 min, and solvents removed in vacuum. 
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Chromatographic purification of the residue (ether – hexanes 1:20, 1% of Et3N) gave 0.469 g 

(1.075 mmol, 72.5 %) of aldehyde 3.11 as yellow oil. 
1
H: 1.03 (s, 3H), 1.16 (s, 3H), 2.03-2.09 

(m, 2H), 2.65 (t, 2H, J = 7.2 Hz), 2.88 (t, 2H, J = 7.2 Hz), 3.68-3.78 (m, 4H), 7.26-7.32 (m, 1H), 

7.35-7.4 (m, 1H), 7.5-7.58 (m, 2H), 9.83 (s, 1H); 
13

C: 20.98, 22.51, 22.71, 25.78, 30.57, 43.6, 

46.41, 78.39, 83.64, 93.71, 123.23, 124.96, 129.01, 129.24, 130.16, 130.63, 130.95, 134.46, 

202.22; FW calc. for C20H23IO3+H: 437.0614, ESI-HRMS found: 437.0615. 

 

6,7-didehydro-3,4,5-trihydro-5',5'-dimethyl-spiro[benzo[a]cyclopropa[c]cyclodecene-

1(2H),2'-[1,3]dioxan]-5-ol (3.12). A solution of aldehyde 3.11 (0.215 g, 0.493 mmol) in THF 

(20 mL) was added dropwise over 5 min to a degassed solution CrCl2 (0.2 g, 1.627 mmol) and 

NiCl2 (6.39 mg, 0.049 mmol) in anhydrous THF (250 mL) at r.t. The reaction mixture was 

stirred for 2 h, diluted with hexanes (200 mL), and filtered through small layer of silica gel to 

give the 145 mg (0.467 mmol, 95%) of 3.12 as yellow oil. 
1
H: 1.06 (s, 3H), 1.12 (s, 3H), 1.8-1.9 

(m, 1H), 2.0-2.2 (m, 1H), 2.32 (s, OH), 2.53 (dd, 2H, J = 7.2 Hz), 2.82-2.92 (m, 1H), 2.98-3.06 

(m, 1H), 3.68-3.8 (m, 4H), 4.58 (broad signal, 1H), 7.25-7.31 (m, 1H), 7.33-7.39 (m, 1H), 7.4 (d, 

1H, J = 7.6 Hz), 7.5 (d, 1H, J = 7.6 Hz); 
13

C: 11.44, 21.71, 22.34, 22.38, 25.01, 30.46, 36.78, 

46.15, 62.26, 78.33, 78.39, 85.16, 86.08, 97.21, 122.3, 126.56, 128.53, 128.58, 129.06, 130.15, 

131.62, 132.00; FW calc. for C20H22O3+H: 311.1646, ESI-HRMS found: 311.1647. 
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7-Ethyl-6-dehydro-2,3,4-trihydro-1H-benzo[a]cyclo-propa[c]cyclodecen-1-one (3.1). 

Methanesulfonyl cholride (0.102 mL, 1.321 mmol) was added to a solution of alcohol 12 (0.41 g, 

1.321 mmol) and triethylamine (1.91 mL, 1.321 mmol) in CH2Cl2 (4 ml) at 0 °C. The reaction 

mixture was stirred for 1 h and quenched with biphosphate buffer (1 mL, pH = 8). Organic layer 

was washed with biphosphate buffer (2x2 mL, pH = 8), separated, and dried over sodium sulfate. 

Solvent was evaporated to give 0.462 g (90%, 1.189 mmol) of crude mesylate 3.13 as yellowish 

oil. 

A solution of EtMgBr (2.379 ml, 1M in THF) was added an ice-cold suspension of CuCN 

(0.213 g, 2.379 mmol) and LiCl (0.202 g, 4.76 mmol) in dry THF (5 mL). Reaction mixture was 

stirred for 25 min, cooled down to -78 °C, and a solution of crude mesylate 3.13 (0.37 g, 1.650 

mmol) in dry THF (2 mL) was added dropwise. After 2 hours at - 78 °C, the reaction was 

quenched by addition of biphosphate buffer (3 mL, pH = 8). The reaction mixture was extracted 

with ether (3x15 mL), washed with brine (1x20 mL), dried over sodium sulfate, and concentrated 

under reduced pressure to give 0.32 g (0.992 mmol, 83%) of crude acetal 3.14.  

Amberlyst
®
15 (5 mg) was added to a solution of crude acetal 3.14 (0.115 g, 0.357 mmol) 

in aqueous acetone (ca. 5% H2O, 5 mL), stirred for 2 h at r.t., and sodium sulfate (100 mg) was 

added. Solids were removed by filtration, solvents removed in vacuum, and the residue purified 

by chromatography (EtOAc – hexanes 1:1  EtOAc) to give 63 mg (0.266 mmol, 75%) of 

cyclopropenone 3.1 as yellowish oil. 
1
H: 1.16 (t, 3H, J = 7.6 Hz), 1.85-1.95 (m, 1H), 2.1-2.25 
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(m, 2H), 2.25-2.37 (m, 1H), 2.4-2.45 (m, 1H), 2.47-2.65 (m, 1H), 2.81-2.85 (m, 1H), 3.0-3.1 (m, 

H), 5.44-5.48 (m, 1H allenic hydrogen), 7.35 (t, 1H J = 7.2 Hz), 7.45-7.52 (m, 2H), 7.87 (d, 1H, 

J = 7.2 Hz); 
13

C: 12.49, 20.88, 25.09, 26.46, 26.66, 93.73, 106.5, 122.55, 126.69, 127.07, 132.08, 

135.03, 139.04, 153.67, 154.91, 160.27, 203.57; FTIR (cm
-1

 in CCl4) 2950 [aromatic], 1955 

[C=C=C], 1840 (C=O), 1720, 1620; FW calc. for C17H16O: 236.1201, EI-HRMS found: 

236.1208. 

Preparative photolysis of cyclopropenone 3.1 in 2-propanol. A degassed solution of 

cyclopropenone 3.1 (20 mg, 0.085 mmol) in i-PrOH (150 mL) was placed in a quartz vessel and 

irradiated for 15 min in mini-Rayonet® photoreactor equipped with eight 300 nm x 4W lamps. 

The reaction mixture was left in the dark for 5 h at r.t., then solvents was removed in vacuum, 

and the residue separated by PTLC (1 mm silica gel on glass plate, 5% of EtOAc in hexanes) to 

afford 4 mg of 9-ethyl-1-isopropoxy-1,2,3,4-tetrahydroanthracene (3.17) (0.015 mmol, 17.3%) 

and 0.5 mg of 10-ethyl-1,2-dihydroanthracene (2.77 µmol, 3.3%). 

9-ethyl-1-isopropoxy-1,2,3,4-tetrahydroanthracene (3.17). 
1
H: 1.24 (d, J = 6.4 Hz, 3H), 1.28 

(d, 3H, J = 6 Hz), 1.34 (t, J = 7.6 Hz, 3H), 1.55-1.6 (m, 1H), 1.68-1.77 (m, 1H), 2.05-2.18 (m, 

1H), 2.4-2.48 (m, 1H), 2.86-2.96 (m, 1H), 3.1-3.18 (m, 1H), 3.2-3.32 (m, 2H), 3.9 (tt, 1H J1 = 6 

Hz, J2 = 12Hz), 5-5.04 (m, 1H), 7.36-7.45 (m, 2H), 7.47 (s, 1H), 7.68-7.74 (m, 1H), 8.02-8.08 

(m, 1H); 
13

C: 16.14, 17.00, 20.85, 21.96, 24.23, 27.25, 30.25, 67.86, 69.09, 124.49, 124.96, 

125.53, 126.18, 128.05, 130.84, 133.00, 133.78, 136.11, 139.89; FW calc. for C19H24O: 

268.1827, EI-HRMS found: 268.1833 

9-ethyl-1,2,3,4-tetrahydroanthracene (3.3): Preparative photolysis of cyclopropenone 3.1 in 

the presence of 1,4-cyclohexadiene was carried out. A degassed solution of cyclopropenone 3.1 
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(10 mg, 0.042 mmol) in 1M solution of 1,4-cyclohexadiene in toluene (50 mL) was placed in a 

quartz vessel and irradiated for 3 min in mini-Rayonet® photoreactor equipped with 8 300 nm x 

4W lamps. The reaction mixture was left in the dark overnight at r.t., the solvent was removed in 

vacuum, and residue separated by PTLC (1 mm silica gel on glass plate, 5% of EtOAc in 

hexanes) to give 2 mg (23%) of 9-ethyl-1,2,3,4-tetrahydroanthracene (3.3) containing minor 

impurities (<10%) of 10-ethyl-1,2-dihydroanthracene. The latter was identified by GC-MS and 

HRMS analysis (FW calc. for C16H16: 208.1252, EI-HRMS found: 208.1251). 
1
H: 1.33 (t, 3H, J 

= 7.5 Hz), 1.8-1.87 (m, 2H), 1.88-1.95 (m, 2H), 2.9-3.0 (m, 4H), 3.08 (q, 2H, J = 7.6), 7.36-7.42 

(m, 2H), 7.46 (s, 1H), 7.68-7.72 (m, 1H), 8.02-8.07 (m, 1H); FW calc. for C16H18: 210.1409, EI-

HRMS found: 210.1406. 
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CHAPTER 4 

SYNTHESIS AND REACTIVITY OF CYCLIC ENEDIYNE CONTAINING AN 

ADDITIONAL ENDOCYCLIC TRANS-DOUBLE BOND 

4.1 INTRODUCTION 

 The goal of this project was to enhance the rate of the Bergman cyclization of benzo-

fused enediyne 4.4 (Scheme 4.1).
1
 The cycloaromatization of enediyne 4.4 is not fast enough to 

achieve temporal and spatial resolution of p-benzyne generation in biological systems. 

Scheme 4.1 Cyclization of benzo-fused enediyne 4.4. 

 

 In order to achieve this goal, the presence of an additional double bond in a ten-

membered enediyne would increase the rate of Bergman cyclization. For example, in attempts to 

synthesize the [10]annulene 4.7 Musamane et al. observed the spontaneous cycloaromatization 

to form anthracene when dimesylate 4.6 was treated with sodium methoxide (Scheme 4.2).
2
 

As it was mentioned in Chapter 2, Popik and co-workers recently found that a double 

bond directly conjugated to one of the triple bonds, in fact, increases the rate of the 

cycloaromatization of ten-membered enediynes. 
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Scheme 4.2 Cycloaromatization of dimesylate 4.6. 

 

 Thus, the lifetime of enediyne 2.1a is 5 hours at 36 °C, while the lifetime of the parent 

enediyne 4.8 is 36.5 hours at 60 °C (Scheme 4.3).
3
 This substantial change in reactivity is due to 

the presence of the double bond, which results in an additional stain of the ten-membered 

enediyne. 

Scheme 4.3 Comparison of the cyclization rates of 2.1 and 4.8. 

 

 In original work, Basak and co-workers reported preparation of 16-membered ring 

enediyne compounds incorporating azobenzene moiety. The photochemical trans-cis 

isomerization of the N=N bond apparently brings acetylenic termini closer. This change in 

geometry reduces the offset temperature for Bergman cyclization by 24 – 30 °C, from 94 °C to 

70 °C (see Chapter 1, Scheme 1.25). 
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Following the lead of azobenzene isomerization, we have designed a dienediyne 

macrocycle 4.1, which incorporates an additional trans double bond in a ten-membered 

benzannulated enediyne cycle. The activation barrier for the cycloaromatization of (1E)-6,7-

benzocyclodeca-1-ene-4,9-diyne (4.1) is expected to be very high, while cis isomer 4.10 is 

expected to undergo spontaneous Bergman cyclization under ambient conditions (Scheme 4.4). 

Scheme 4.4 Bergman cyclization of dienediyne 4.1. 

 

In the next section, we describe the synthesis, as well as thermal and photochemical 

reactivity of dienediyne (4.1). 

 

4.2 RESULTS AND DISCUSSION 

Synthesis of dienediyne (1E)-6,7-benzocyclodeca-1-ene-4,9-diyne (4.1) 

Dienediyne 4.1 has been prepared in ten steps starting from commercially-available 1,2-

dibromobenzene and L-tartrate (Scheme 4.5). Enediyne 4.12 was prepared by using the 

Sonogashira coupling reaction followed by the deprotection of the trimethylsilyl groups. L-

tartrate was refluxed with benzaldehyde in toluene in the presence of catalytic amounts of p-

Toluene sulfonic acid. The obtained diester was then reduced with sodium borohydride in 

methanol to produce a corresponding diol, wich was treated with triflic anhydride to give 

ditriflate 4.13.
4
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Scheme 4.5 Synthesis of dienedine 4.1. 

 

Reagents and Conditions: (a) Pd(PPh4), CuI, piperidine, HC≡CSi(CH3)3, 80 °C, 85%; (b) 0.2 eq. 

K2CO3/ MeOH, 95%; (c) n-BuLi (2.1 eq), HMPA/THF,  0 °C to 23 °C 30 min then 6, 43%; (d) 

Ph3CBF4, MeCN, 50 °C, 92%; (e) NaOH/MeOH, rt, 93%; f) thiophosgene, 4-

methylaminopyridine, CH2Cl2, 0 °C to 23 °C, 79%; (g) 1,3-Dimethyl-2-phenyl-1,3,2-

diazaphospholidine, benzene, 40 °C, 51%. 

The key step of the synthesis was the addition of ditriflate 4.13 to the dilithio derivative 

of 4.12.
5
 Since the conventional acid-catalyzed hydrolysis of acetal 4.14 results in rapid 

decomposition of a substrate producing complex reaction mixture, the deprotection of a glycol 

moiety was conducted using a two step procedure. First, acetal 4.14 was oxidatively hydrolyzed 

by treatment with trityl fluoroborate to give a racemic hydroxy benzoate 4.15, which was in turn 

saponified to produce 1,2-diol 4.16 in 93% yield. Diol 4.16 was then treated with thiophosgene 

to give thiocarbonate 4.17. The phosphine-mediated elimination of thiocarbonate group using a 

modified Corey—Hopkins—Winter procedure
6
 gave the target (1E)-6,7-benzocyclodeca-1-ene-

4,9-diyne (4.1) in 51% yield. The assignment of the trans geometry to the double bond in 

dienediyne 4.1 was based on the fact that Corey—Hopkins—Winter olefination of thiocarbonate 
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is known to be highly stereospecific.
7
 The configuration of an alkene produced in this reaction 

match the stereochemistry of the starting glycol. The triflate 4.13 has trans-configuration of the 

diol moiety. No isomerization had been observed on deprotection and thiocarbonylation steps. In 

addition, dienediyne 4.1 is found to be stable below 100 °C. On the other hand, the parent 3,4-

benzocyclodeca-1,5-diyne undergoes cyclization with lifetime of 6 hours at 84 °C in neat 1,4-

cyclohexadiene.
8
 Introduction of additional cis double bond is expected to make dienediyne 4.10 

even more reactive than 3,4-benzocyclodeca-1,5-diyne. 

The trans double bond in 4.1 is surprisingly reactive; it undergoes slow epoxidation 

under ambient conditions to produce quantitative yields of oxirane-fused enediyne 4.18 (Scheme 

4.6). Even thoroughly degassed solutions of 4.1 eventually show presence of epoxide 4.19. It is 

interesting to note that epoxy-enediyne 4.18 is stable at 120 °C and no signs of Bergman 

cyclization products were detected after prolong heating at this temperature. 

Scheme 4.6 Epoxidation of the double bond of the dienediyne 4.1. 

 

Thermal cycloaromatization of dienediyne 4.1 

The deoxygenated solution of dienediyne 4.1 in 1,4-cyclohexadiene was heated at 120 °C 

in a sealed vessel. The reaction was followed by GC/MS, which showed complete consumption 

of starting material after three days. The resulting reaction mixture contained 1,2-

dihydroanthracene (4.19) and 1,4-dihydroanthracene (4.20) in 9:1 ratio, as well as substantial 

amounts of a polymeric material. Dihydroanthracenes 4.19 and 4.20 were isolated chromato-
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graphically in 45% yield (Scheme 4.7). Structure of isomeric dihydroanthracenes 4.19 and 4.20 

were confirmed by the direct synthesis. 

Scheme 4.7 Cycloaromatization of dienediyne 4.1. 

 

The rate of cycloaromatization of dienediyne 4.1 in neat 1,4-cyclohexadiene at 120±1 °C 

was measured by following the decay of the starting material using GC-MS (Figure 4.1). 

 

Figure 4.1 Decomposition of 0.0065 M solution of (1E)-6,7-benzocyclodeca-1-ene-4,9-diyne 

(4.1) in benzene at 120 °C in the presence of 1.51 M of 1,4-cyclohexadiene. 
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The half lifetime of dienediyne 4.1 at 120 °C in 1.51 M 1,4-cyclohexadiene in benzene 

was found to be 10.5±1.5 h. The parent 3,4-benzocyclodeca-1,5-diyne, which lacks the extra 

trans-double bond, is substantially more reactive. It has 10 h lifetime at 84 °C,
8
 while 4.1 is 

stable at this temperature. 

In order to rationalize the product ration found in the thermal cyclization of dienediyne 

4.1, computational methods have been applied to reveal the underlying reaction mechanism. All 

computations have been carried out using Gaussian 03 Rev. C.02. Structures have been 

optimized on the BLYP/6-31G** level of theory using the unrestricted broken spin (BS-) Ansatz 

Transitions states (TS) and minima have been characterized by frequency calculations. 

Additional strain energy of the cyclic diynediene lowers the barrier for double bond 

isomerization (TS1) in 4.1. Comparison to the simplest unstrained alkene known, ethylene, 

leaves 10.7 kcal strain energy for 4.1 (Scheme 4.8). 

Scheme 4.8 Contribution of the trans double bond to the strain energy of 4.1. 
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Interestingly, substituents at the (E)-double bond stabilizing radical centers in α-position 

of the transition state, will also lower the barrier for double bond isomerization in 4.1 (Scheme 

4.9). Thus, addition of one phenyl substituent will lower the barrier of this reaction for another 

ca. 9 kcal/mol. 

Scheme 4.9 Contribution of different substituents at (E)-double bond to ∆E(TS). 

 

The direct Bergman cyclization of 4.1 is highly endothermic (55.0 kcal) because of the 

increased strain energy. Although a subsequent 1,3-H shift would give the stabilized allylradical 

4.22 as exothermic product (-32.2 kcal), such a pathway has an extremely high activation barrier 

energy (TS=111.6 kcal, Scheme 4.10). 

Scheme 4.10 The direct Bergman cyclization of dienediyne 4.1. 

 

We expected that the mechanism of cycloaromatization of 4.1 involves the thermal trans-

cis isomerization of a double bond forming reactive enediyne 4.10 or 1,3-H shift prior to 

cyclization producing 4.23. Once formed, dienediynes 4.10 and 4.23 could then undergo facile 

cycloaromatization and double hydrogen abstraction producing 1,4- and 1,2-dihydroanthracenes 

(Scheme 4.11). 
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Scheme 4.11 Possible mechanism of cyclization of the dienediyne 4.1. 

  

However, theoretical analysis of this pathway (vide infra) predict ca. 50 kcal/mol barrier 

for such reaction, which would require temperatures in excess of 300 °C to induce the 

cyclization. In fact, isomerization of trans-cyclooctene proceeds at 292 °C with ~ 48 h life time.
9
 

The transition state energy for 1,3-H shift of 4.1 to 4.23 is even higher (68.3 kcal). 

In attempts to understand the mechanism of the cyclization of 4.1, we turned our attention 

to some literature examples of cyclic alkenes with trans double bonds. The unexpectedly facile 

isomerization of trans-cycloheptene was explained by a bimolecular process.
10

 The initial step in 

this reaction is 2+2 dimerization of the substrate followed by thermal cleavage of the 

cyclobutane to give cis-cycloheptene (Scheme 4.12). 

Scheme 4.12 Trans-cis isomerization of the double bond of cycloheptene. 
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Similar mechanism can be used to explain the formation of 4.20. Some support for this 

suggestion comes from two experimental observations: first, the formation of 1,4-

dihydroanthracene (4.19) is observed only at the concentrations of 4.1 above 1x10
-3

 M; second, 

MS-analysis of reaction mixtures produced at the substrate concentration above this value 

allowed us to detect trace amounts of dimer of 4.1. 

Scheme 4.13 Attempt to thermally insomerize 1,4- to 1,2-dihydroanthracene. 

 

The major product of the thermal cyclization of dienediyne 4.1 is 1,2-dihydroanthracene 

(4.19). The plausible mechanism of its formation is the thermal isomerization of 1,4-

dihydroanthracene (4.20) to give thermodynamically more stable product. Directly prepared 1,4-

dihydroanthracene (4.20), however, has proved to be stable at 120 °C and produced no detectable 

amounts of 4.19 even after prolonged heating (Scheme 4.13). 

The rate of decomposition of 4.1 is virtually independent from the concentration of the 

substrate, suggesting that formation of the main product is a unimolecular process. Alternatively, 

conjugativelly stabilized allylic diradical 4.22 might serve as a precursor to both 4.19 and 4.20 

(Scheme 4.14). The former can be produced from initial diradical 4.21 via a thermodynamically 

favorable 1,3-hydrogen shift. Somewhat similar 1,2-phenyl shift was observed in the case of 2-

phenyl-1,4-didehydronaphtalenes.
11

 It is also possible to envision formation of the diradical 4.22 

directly from dienediyne 4.1 or in intermolecular hydrogen abstraction. 
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Scheme 4.14 Possible pathways of the cyclization of dienediyne 4.1. 

 

Examination of the products of the cycloaromatization of 4.1 in deuterated solvents 

allows us to rule out participation of 4.22 or other rearranged diradicals. Decomposition of 

dienediyne 4.1 in isopropanol-d8 or toluene-d
8
 resulted in formation of only two products: 4.19-

d
2
 and 4.20-d

2
 with no detectable incorporation of deuterium into hydrogenated ring (Scheme 

4.15). 

Scheme 4.15 Thermal cyclization of dienediyne 4.1 in 2-propanol-d
8
. 

 

 In summary, we ruled out several possible mechanisms because of the high barrier 

energies, which are required for the dienediyne 4.1 to undergo the cyclization producing 1,2- and 

1,4-dihydroanthracenes in the ration 9:1. While we have little support for a mechanism, which 
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involves dimerization of 4.1 forming cyclobutane¸ the feasibility of this pathway remains 

adequate to be considered for the further experiments. 

Photochemical reactivity of dienediyne 4.1. 

Low conversion (< 30%) 254 nm photolysis of dienediyne 4.1 in 2-propanol produces a 

mixture of cycloaromatized products in overall 33% yield (based on conversion, Scheme 4.16). 

Similarly to the thermally induced cyclization, 1,2-dihydroanthracene (4.19) and 1,4-

dihydroanthracene (4.20) are formed. In addition, fully aromatized anthracene is formed. 

Scheme 4.16 Photolysis of dienediyne 4.1. 

 

We believe that excitation of dienediyne 4.1 results in the isomerization of the double 

bond to form 4.2 and 4.12, which then undergo rapid Bergman cyclization to give ultimate 

products 4.11 and 4.10 correspondingly. Anthracene is apparently formed by the photo-induced 

oxidation of the latter compounds by traces of oxygen in the irradiated solutions. Further 

irradiation of dienediyne 4.1 results in the decomposition of the primary products and formation 

of a complex reaction mixture. 

4.3 CONCLUSIONS 

Incorporation of an additional endocyclic trans-double bond in the structure of ten-

membered ring enediynes substantially increases the barrier for the Bergman cyclization. 

Isomerization of this extra double bond into cis geometry produces reactive enediynes, thus 

opening a new approach to triggering the Bergman cyclization.  Conjugation of the double bond 

in 4.1 with good chromophore should increase the efficiency of photochemical isomerization 

between E and Z configurations. For example, stilbene moiety is known to undergo facile 
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photochemical trans-cis isomerization. The preparation of an analog of dienediyne 4.1 

containing two aromatic substituents at the tans double bond is underway in our laboratory. 

4.4 EXPERIMENTAL SECTION 

General Procedures  

All NMR spectra were recorded in CDCl3 on a 400 MHz instrument and referenced to TMS 

unless otherwise noted. Melting points are uncorrected. Purification of products by column 

chromatography was performed using 40-63 μm silica gel. Tetrahydrofuran was distilled from 

sodium/benzophenone ketyl; ether and hexanes were distilled from sodium. Other reagents were 

obtained from Aldrich or VWR and used as received unless otherwise noted. Transition metal 

compounds were purchased from Strem Chemicals. 

Materials: 1,2-ethynylbenzene 4.12,
12

 (2S,3S)-1,4-di-O-trifluoromethanesulfonyl-2,3-O-

benzylidene-threitol 4.13, 1,2-dihydroanthracene (4.19),
13

 and 1,4-dihydroanthracene (4.20)
14

 

were prepared according to literature procedures. 

 

1,2-Bis-trimethylsilanylethynyl-benzene (4.11). Tetrakis(triphenylphosphine)palladium (2 g, 

1.7 mmol, 2.3 mol.%) was added to a stirred degassed solution of 1,2-dibromobenzene (17.6 g, 

0.074 mol) in piperidine (100 mL) under argon atmosphere. Then, powdered copper (I) iodide 

(1.4 g, 7.3 mmol, 9.8 mol.%) and trimethylsilyl acetylene (26 mL, 0.26 mol) were added to the 

mixture. The reaction vessel was purged with argon, sealed, and stirred for two days at 95 °C. 

The reaction mixture was filtered through small pad of silica gel (EtOAc:hexanes, 5:95) and the 
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crude product was purified by column chromatography (hexanes, Rf = 0.35) to give 11.5 g (57%) 

of 4.11 as yellow liquid. 

 

1,2-ethynylbenzene (4.12). K2CO3 (2 g, 14.4 mmol) was added to a stirred solution of 1,2-bis-

trimethylsilanylethynylbenzene (7 g, 25.9 mmol) in methanol (150 mL) at 0 °C. The reaction 

mixture was stirred at room temperature for 15 minutes and quenched with water (100 mL). The 

product was extracted with ether (2x70 mL). Combined extracts were washed with brine (3x50 

mL) and dried with anhydrous MgSO4. The solvent was evaporated under reduced pressure and 

the residue was purified by flash chromatography (hexanes, Rf = 0.3) to give 3.1 g (96 %) of 4.12 

as yellow oil. 

 

Diethyl (4R,5R)-2-Phenyl-1,3-dioxolane-4,5-dicarboxylate.
15

 Diethyl-L-tartrate (34.2 mL, 0.2 

mol) in toluene (150 mL), benazaldehyde (40 mL, 0.4 mol), and one spatula of p-toluenesulfonic 

acid were placed into a round bottom flask. The reaction mixture was refluxed for overnight 

using Dean-Stark trap to remove water. In 18 hours, the reaction mixture was allowed to warm to 

room temperature. The solvent was removed under reduced pressure. The residue was purified 

by column chromatography (EtOAc:Petroleum Ether, 10:90, Rf = 0.1) to yield 41.8 g (70 %) of 

white crystals (m.p. 44-45 °C). 
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(2S,3S)-2,3-O-benzylidenethreitol.
16

 Diethyl 2,3-O-tartrate (20 g, 0.068 mol) was added to a 

stirred solution of sodium borohydride (6.4 g, o.17 mol, 2.5 eq) in ethanol (150 mL) at 0 °C. 

After stirring for 1 h, the mixture was evaporated in vacuo. The residue was taken into ethyl 

acetate (200 mL). The solution was washed with brine (3 x 50 mL), dried with magnesium 

sulfate and evaporated in vacuo. The crude product was purified by column chromatography 

(EtOAc:Petroleum ether, 7:3, Rf = 0.3) to give 12.8 g (90%) of pure (2S,3S)-2,3-O-

benzylidenethreitol as viscous oil. 

 

(2S,3S)-1,4-Di-O-trifluoromethanesulfonyl-2,3-O-benzylidenethreitol (4.13).
 

Triflic anhy-

dride (8.5 mL, 0.05 mol) in CHCl3 (30 mL) was added dropwise to a solution of 2,3-O-

benzylidenethreitol (5.047 g, 0.024 mol) and pyridine (5.2 mL) in CHCl3 (50 mL) at 0 °C. The 

reaction mixture was stirred for 45 min, diluted with CHCl3 (50 mL), washed with water, brine 

and dried with MgSO4. Removal of solvent in vacuo provided the ditriflate which was 

azeotropically dried with benzene (2x50 mL) to yield 10.4 g (95%) of red-orange oil. Crude 

ditriflate was used in the next step without further purification. 
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12-phenyl-benzo[5,6]-13,11-dioxa-bicyclo[8,3,0]trideca-5-ene-3,7-diyne (4.14). A solution of 

n-BuLi (6.72 mL, 2.56 M in hexanes) was added dropwise to a solution of 1,2-diethynylbenzene 

4.12 (1 g, 7.9 mmol) in THF (400 mL) at 0 °C. HMPA (4 mL) was then added, and the reaction 

mixture was warmed to r.t., and stirred for 30 min. A solution of 4.13 (3.5 g, 7.4 mmol) in THF 

(30 mL) was added dropwise in the course of 1 h. The reaction mixture was stirred another 30 

min and poured into water/ether (100/200 mL). The organic layer was separated, washed with 

brine (2x100 mL), dried with magnesium sulfate and concentrated. Column chromatography on 

silica gel (EtOAc:hexanes, 5:95, Rf = 0.2) of the residue provided 1.02 g (43%) of pure 4.14 as 

white solid (mp 125-127 °C). 
1
H NMR: 2.70 (dd J1=17.2 Hz, J2=10.8 Hz, 1H), 2.83 (dd J1= 16.8 

Hz, J2=10.8 Hz, 1H), 3.01 (dd J1=16.8 Hz, J2=3.2 Hz, 1H), 3.07 (J1=17.2 Hz, J2=3.2 Hz, 1H), 

4.41 (m, 2H), 5.87 (s, 1H), 7.24 (m, 2), 7.33 (m, 2H), 7.4 (m, 3H), 7.5 (m, 1H);
 13

C NMR: 25.51, 

26.16, 81.18, 82.44, 84.92, 85.04, 92.87, 93.76, 102.6, 126.85, 127.95, 127.97, 128.43, 128.55, 

128.67, 128.71, 129.91, 136.44; HRMS calc. for C21H16O2 m/z: 300.1150, found: 300.1145. 

 

9-hydroxy-5,6,11,12-tetradehydro-7,8,9,10-tetrahydrobenzo[10]annulen-8-yl benzoate 4.15. 

Tri-phenylcarbenium tetrafluoroborate (990 mg, 3 mmol) was added to a stirred solution of 4.14 

(300 mg, 1 mmol) in MeCN (100 mL) at 55 °C. The mixture was stirred at this temperature for 
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18 h and monitored by TLC. Upon completion, the reaction mixture was poured into 70 mL of 

phosphate buffer (pH=7) and extracted with dichloromethane (3x50 mL). The organic solution 

was washed with brine (2x75 mL) and dried over sodium sulfate. The solvent was removed 

under reduced pressure and residue was purified by column chromatography (Rf = 0.15, 10% 

EtOAc in Hexane) to give 0.291 g (92%) of pure 4.15 as a yellow solid (mp 126 °C with 

decomposition). 
1
H NMR: 2.65 (d J=8.8 Hz, 1H), 2.84 (dd J1=17.2 Hz, J2=2.4 Hz, 1H), 2.95 (m, 

2H), 3.02 (dd J1=17.2 Hz, J2=3.2 Hz, 1H), 4.4 (m, 1H), 5.47 (m, 1H), 7.25 (m, 2H), 7.34 (m, 

2H), 7.44 (m, 2H), 7.58 (m, 1H), 8.06 (m, 2H); 
13

C NMR: 24.76, 27.61, 72.3, 74.47, 85.21, 

85.29, 93.9, 94.59, 127.87, 128.01, 128.42, 128.44, 128.8, 128.83, 129.09, 129.54, 130.03, 

133.72, 166.16. EI-HRMS: calc. for C21H16O3 m/z: 317.1178, found: 317.1173. 

 

Benzo[7,6]cyclodec-7-ene-4,5-diyne-1,2-diol (4.16). Benzoate 4.15 (0.27g, 0.854 mmol) was 

dissolved in methanol (30mL) containing sodium hydroxide (1%, w/w) and stirred at r.t. for 3 h. 

The reaction mixture was neutralized with saturated solution of ammonium chloride (30 mL), 

and extracted with dichloromethane (3x20 mL). The combined organic extracts were washed 

with brine (2x30 mL), dried over sodium sulfate, and concentrated. Column chromatography of 

the residue on silica gel (50% EtOAc in hexanes) provided 168 mg (93%) of pure diol 4.16 as 

yellowish solid (mp 94-96 °C). 
1
H NMR: 2.6 (dd J1=16.8 Hz, J2=10.4 Hz, 2H), 2.83 (dd J1=16.8 

Hz, J2=2.8 Hz, 2H), 3.01 (d J=6 Hz, 2H), 4.13 (m, 2H), 7.23 (m, 2H), 7.31 (m, 2H); 
13

C NMR: 

28.89, 73.06, 85.28, 94.30, 127.94, 128.58, 128.79. EI-HRMS: calc. for C14H12O2 m/z: 212.0837, 

found: 212.0829. 
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5,6,11,12-tetradehydro-3a,4,13,13a-tetrahydrobenzo[6,7]cyclodeca[1,2-d][1,3]dioxole-2-

thione (4.17). Thiophosgene (92 μL, 1.2 mmol) was added to a stirred solution of diol 7 (212 

mg, 1 mmol) and DMAP (293 mg, 2.4 mmol) in 40 mL of distilled CHCl3 at 0 °C under argon 

atmosphere. After 2 h, the reaction mixture was allowed to warm to room temperature and stirred 

overnight. Silica gel (20 g) was added and the solvent was removed in vacuo. The residue was 

loaded onto a silica gel column and eluted with 20% ethyl acetate in hexanes. Concentration of 

collected fractions in vacuo afforded 200 mg (79%) of thiocarbonate 4.17 in 200 mg (79%) as 

white solid (mp 186-188 °C ). 
1
H NMR: 2.87 (dd J1=16.8 Hz, J2=10.8 Hz, 2H), 3.21 (dd J1=16.8 

Hz, J2=3.2 Hz, 2H), 4.95 (m, 2H), 7.28 (m, 2H), 7.35 (m, 2H); 
13

C NMR: 26.03, 85.3, 86.61, 

89.32, 127.76, 128.56, 128.72, 189.56. EI-HRMS: calc. for C15H10O2S m/z: 254.0402, found: 

254.0396. 

 

(1E)-6,7-benzocyclodeca-1-ene-4,9-diyne (4.1). A solution of 8 (650 mg, 2.56 mmol) in 

benzene (30 mL) and 1,3-dimethyl-2-phenyl-1,3,2-diazaphospholidine (1.7 mL, 8.19 mmol) wer 

stirred at 40 °C for 18 h. After cooling to 25 °C, silica gel (10 g) was added to the reaction 

mixture, and solvent was removed under reduced pressure. The residue was purified by column 

chromatography (Hexanes, Rf = 0.2) to give 235 mg (51%) of 4.1 as white solid (mp 73-75 °C). 
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1
H NMR: 2.98 (m, 2H), 3.22 (2H), 5.57 (m, 2H), 7.19 (s, 4H); 

13
C NMR: 24.89, 89.27, 95.62, 

126.4, 126.84, 127.49, 130.05. EI-HRMS: calc. for C14H10 m/z: 178.0782, found: 178.0778.  

Preparative thermolysis of dienediyne 4.1. A solution of 4.1 (17.8 mg, 0.1 mmol) in 1,4-

cyclohexadiene (5 mL) was degassed with argon and sealed. The reaction mixture was stirred 

and heated at 120 °C for 3 days. The reaction progress was monitored by GC/MS. After the 

reaction was completed, 1,4-cyclohexadiene was removed under reduced pressure and the 

residue was purified by column chromatography on silica gel (hexanes, Rf = 0.3) to give 8 mg 

(45%) of 9 : 1 mixture of 4.10 and 4.11. 

4.10:
13

 
1
H NMR: 2.40 (m, 2H), 2.98 (t, J=7.6 Hz), 6.13 (m, 1H), 6.65 (d, 1H), 7.38 (m, 2H), 7.44 

(s, 1H), 7.52 (s, 1H), 7.73 (m, 2H). MS (EI, 70eV) [m/z (relative intensity)] 180 (M
+, 

100). 

4.11:
14

 
1
H NMR:  3.50 (s, 4 H), 5.90 (br s, 2 H), 7.30 (m, 6 H). MS (EI, 70eV) [m/z (relative 

intensity)] 180 (M
+. 

100). 
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CHAPTER 5 

SURFACE FUNCTIONALIZATION USING CATALYST-FREE 

AZIDE–ALKYNE CYCLOADDITION
1
 

                                                           
1 Kuzmin, A.; Poloukhtine, A.; Wolfert, M; Popik, V. V. Bioconjugate Chem., 2010, 21, 2076. 

 Reprinted here with permission of publisher 
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5.1 ABSTRACT 

The utility of catalyst-free azide-alkyne [3 + 2] cycloaddition for the immobilization a 

variety of molecules onto a solid surface and microbeads was demonstrated. In this process, the 

surfaces were derivatized with aza-dibenzocyclooctyne (ADIBO) for the immobilization of 

azide-tagged substrates via a copper-free click reaction. Alternatively, ADIBO–conjugated 

molecules are anchored to the azide-derivatized surface. Both immobilization techniques work 

well in aqueous solutions and show excellent kinetics under ambient conditions. We have 

developed an efficient synthesis of aza-dibenzocyclooctyne (ADIBO), thus far the most reactive 

cyclooctyne in cycloaddition azides.  We also describe convenient methods for the conjugation 

of ADIBO with a variety of molecules directly or via a PEG linker. 

5.2 INTRODUCTION 

 Surface immobilization of biomolecules is a very important step in the manufacturing of 

biosensors, microbeads, biochips, probe arrays, medical implants, and other devices.
1
 The key 

requirements for this process are the preservation of biochemical properties of immobilized 

substrates and robustness of the linkage. Copper (I) – catalyzed Huisgen 1,3-dipolar 

cycloaddition of azides to terminal acetylenes has emerged as one of the most convenient 

methods for the functionalization of various surfaces.
1c, 1e, 2

 The triazol linker formed in the azide 

“click” reaction has excellent chemical stability due to the aromatic character of the heterocycle. 

Azide tags can be incorporated into biomolecules using a variety of different strategies, such as 

post-synthetic modification,
3
 in vitro enzymatic transfer,

4
 the use of covalent inhibitors,

5
 and 

metabolic labeling by feeding cells a biosynthetic precursor modified with azido functionality.
6
 

While conventional copper (I) - catalyzed click chemistry has become commonplace in surface 

derivatization, as well as polymer and materials synthesis,
2, 7

 the use of metal catalyst often limits 
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the utility of the method. Copper ions are cytotoxic,
8
 can cause degradation of DNA molecules, 

9
 

and induce protein denaturation.
10

 In addition, the use of catalysts complicates kinetics of the 

immobilization process, requires polar solvents, and can alter surface properties.
11

 

Conventional azide click coupling methods employ terminal acetylenes, since internal 

alkynes react with azides only at elevated temperatures. Cyclooctynes, on the other hand, are  

known to form triazoles without a catalyst under ambient conditions, albeit at rather slow rate.
12

 

The triple bond incorporated into an eight-membered ring is apparently already bent into a 

geometry resembling the transition state of the cycloaddition reaction, thus reducing its 

activation barrier.
13

 Recently-developed cyclooctyne derivatives are substantially more reactive 

towards azides and offer a convenient metal-free alternative to the copper-catalyzed click 

reaction.
14

 Metal-free click chemistry has been successfully employed for the modification of 

luminescent quantum dots,
11

 proteins labeling and purification,
15

 as well as for the introduction 

of fluorescent tags into live cells
11, 16

 and organisms.
17

 

Among reactive cyclooctyne derivatives, dibenzocyclooctynes are synthetically more 

accessible.
18

 The major limitation of these click reactants is the relatively low rate of azide 

cycloaddition (ca. 0.05 M-1 s-1).
15

 Substitution of one of the saturated carbons in the 

cyclooctyne ring for a nitrogen atom not only improves its reactivity, but also simplifies the 

synthesis.
14

 To extend arsenal of bioorthogonal copper-free click reagents, we have developed an 

efficient synthesis of aza-dibenzocyclooctyne (ADIBO)-containing compounds for azide-

coupling reactions.  

Herein, we describe a novel approach to efficient surface-functionalization using a 

catalyst-free azide click reaction. This method allows for site-specificity and the covalent 

anchoring of proteins and other substrates to various surfaces. The same metal-free click reaction 
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is employed for the PEGylation of unfunctionalized areas of the surface. Such treatment allows 

for a dramatic reduction or complete elimination of non-specific binding. The copper-free click 

immobilization strategy discussed in the present report can be applied to the preparation of 

various types of arrays, as well as to the derivatization of microbeads and nanoparticles.  

5.3 RESULTS AND DISCUSSION 

The rapid and scalable synthesis of aza-dibenzocyclooctyne-amine conjugate (ADIBO-

amine, 5.6) was developed. The efficient preparation of ADIBO-amine developed in our lab is 

outlined in Scheme 5.1. It starts with the polyphosphoric acid-catalyzed Beckman rearrangement 

of dibenzosuberenone oxime, which is readily prepared by treating commercially-available 

dibenzosuberenone with hydroxylamine. The lactam 5.1 produced in this reaction is then reduced 

with lithium aluminum hydride to give dihydrodibenzo[b,f]azocine (5.2). The secondary amino 

group in 5.2 is converted to amide 5.3 by reacting with 1.25 eq. of 6-(trifluoroacetamido)-

hexanoyl chloride in the presence of pyridine. The olefin in 5.3 is smoothly converted into an 

acetylene moiety via a bromination–dehydrobromination sequence to give aza-

dibenzocyclooctyne 5.5 in excellent yield (88%). Saponification of the trifluoroacetamide moiety 

with potassium carbonate in aqueous methanol gives target ADIBO-C6-amine (5.6). ADIBO-

amine with a shorter aminoakyl side chain, ADIBO-C3-amine (5.7), was prepared following the 

same synthetic sequence by replacing 6-(trifluoroacetamido)hexanoyl chloride in step “d” with 

3-(trifluoroacetamido)propionyl chloride.  
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Scheme 5.1 Synthesis of ADIBO-C6-amine (5.6).
 a
 

a
Reagents and conditions: (a) NH2OH.HCl, pyridine, 60%; (b) PPA, 125 °C, 73%; (c) LiAlH4, 

ether, 58%; (d) pyridine, CH2Cl2, 71%; (e) pyridinium tribromide, 78%; (f) t-BuOK, THF, 88%; 

(g) K2CO3, aq. MeOH, 58%. 

Aza-dibenzocyclooctyne-biotin conjugate (ADIBO-biotin, 5.8) was prepared by HBTU 

(1-[bis(dimethylamino)methylene]-1H-benzotriazolium-3-oxide hexafluorophosphate)-promoted 

coupling  of ADIBO-C3-amine (5.7) with biotin-PEG4-acid (Scheme 5.2). EDC-induced 

coupling of compound 5.7 with N-Boc-15-amino-4,7,10,13-tetraoxapentadecanoic acid, followed 

by trifluoroacetic acid – catalyzed removal of N-Boc protection gave Aza-dibenzocyclooctyne-

PEG4-amine (ADIBO-PEG4-amine, 5.9, Scheme 5.2). 

ADIBO and azide functionalization of glass slides. Derivatization experiments were 

performed on a glass surfaces due to the ready availability, low cost, high mechanical stability, 

low intrinsic fluorescence, and easy surface modification techniques of the glass substrate. 
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Scheme 5.2 Synthesis of ADIBO-biotin (5.8) and ADIBO-PEG4-amine (5.9).
 a
 

 

a
Reagents and conditions: (a) HBTU, DIEA, CH2Cl2, 89%; (b) Boc-NH-(CH2CH2O)4-

CH2CH2CO2H, EDC, DIEA, CH2Cl2, 80%; (c) TFA, THF, 79%. 

Freshly-prepared epoxide-coated slides were incubated in a DMF solution of ADIBO-

amine 5.6 or 6-azidohexylamine in the presence of Hünig's base (N-ethyl-N,N-diisopropylamine) 

overnight, and washed with acetone, then  methanol (Figure 5.1 and 5.5). 

Oregon Green - azide (5.13) was used as a model compound to assess the efficiency and 

kinetics of the metal-free azide click immobilization on ADIBO-coated slides. To ensure that a 

fluorescent dye is immobilized on the slides only by the click reaction and not due to physical 

absorption or other chemical reactions, we spotted the epoxy-coated plate with ADIBO-amine 

5.6. After overnight incubation and washing, these plates were immersed in a PBS solution of 

Oregon Green azide (5.13, 0.01 mM) for 100 min and washed using standard procedure. The 

fluorescence image of the resulting slide demonstrates that dye 5.13 specifically binds to the 

ADIBO-derivatized surface and not to the rest of the slide (Figure 5.1, insert A).  
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Figure 5.1 Schematic representation of ADIBO derivatization of an epoxy-coated slide 

followed by copper-free click immobilization of Oregon Green dye. Inserts show 

fluorescent images ADIBO-slides patterned with (A) Oregon Green azide (5.13) 

and (B) Lissamine™ rhodamine B azide (5.14).  

While the value of relative fluorescence intensity (spot versus background) depends on 

the starting epoxy plate Oregon Green spots always showed bright fluorescence with 2000-6000 

contrast ratios. In addition to epoxy slide prepared in our lab, we have also tested VWR 

Microarray Epoxy 2 Slides and Corning Epoxide Slides resulting in usually lower intencity.  In 

the following fluorescent dye patterning experiments, 2 μL drops of 0.1 mM or 0.01 mM PBS 

solutions of azide-dye conjugate were applied onto ADIBO-derivatized slides. Thus, 0.1 mM 

solution of Lissamine rhodamine B azide (5.14) was spotted on the ADIBO-slide, incubated for 1 

h and thoroughly washed. The fluorescence image also has a good contrast ratio (Figure 5.1, 

insert B). 
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5.4 KINETICS OF METAL-FREE CLICK IMMOBILIZATION  

To evaluate the kinetics of the ADIBO – azide reaction on the surface, we spotted 2 μL 

drops of a 0.1 mM Oregon Green azide (5.13) PBS solution onto ADIBO-derivatized slides. The 

first spot was allowed to react for 284 min; subsequent drops were applied at different times, 

with the last drop applied just 5 min before washing. The slides were stored in a humidity 

chamber during this procedure. The immobilization reaction shows excellent kinetics. Within 5 

min the relative fluorescent intensity reaches 44–80 % of the maximum value and saturation of 

fluorescence is achieved at ca. 100 min at 0.1 mM of azide (Figure 5.2). 
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Figure 5.2 Integral fluorescent intensity of Oregon Green azide (5.13) spots on ADIBO-

derivatized slide versus reaction time.  

As a result, incubation with the coupling reagent for 100 min was selected as a standard 

procedure for subsequent experiments. To optimize the concentration of the substrate for the 

metal-free click immobilization, we spotted an ADIBO-slide with PBS solutions of various 

concentration of Oregon Green azide (5.13): 10 μM, 50 μM, 0.1 mM, 1 mM, and 5 mM. After 

incubation for 100 min and washing, the image of the slide was recorded and the integral 
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fluorescent intensity analyzed (Figure 5.3). The saturation of Oregon Green fluorescence is 

achieved around 0.1 mM concentration of the azide 5.13.  

Biotinylation of ADIBO-slides and immobilization of Avidin is described below. The 

exceptional selectivity and high binding constant between avidin and biotin (dissoc. constant = 

10
-15

 M)
19

 is widely used in bioconjugation and surface immobilization applications.
1, 2e, 20
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Figure 5.3 Integral fluorescent intensity of Oregon Green azide spots on ADIBO-derivatized 

slide versus concentration (10 μM, 50 μM, 0.1 mM, 1 mM, and 5 mM). 

Therefore, we decided to test the efficiency of surface biotinylation using a copper-free 

azide click reaction. As shown in Figure 5.4, 1 μL drops of three different concentrations (10 

mM, 1 mM, and 0.1 mM) of biotin-dPEG®3+4-azide solutions in PBS were applied onto an 

ADIBO-functionalized glass slide. For a comparison, 1 μL drops of a 0.1 mM PBS solution of 

Oregon Green azide (5.13) were also spotted on the slide. To test for the possibility of non-

specific absorption of biotin conjugates on the ADIBO-slides, a 1 mM PBS solution of biotin-

PEG4-C≡CH was also spotted on the slide. After an hour-long incubation and washing, slides 

were immersed in a 1% DMF solution of aminoPEG4azide and incubated overnight. Our initial 
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experiment showed that dibenzocyclooctynes have significant affinity towards proteins.
19

 

Exposure to the aminoPEG4azide solution converts unreacted aza-dibenzocyclooctyne fragments 

into triazole-PEG conjugates. Patterned biotinylated slides were developed with an avidin-FITC 

PBS solution for 15 min at 2 °C and washed thoroughly. The fluorescent image of this slide 

shows selective immobilization of the protein in the biotinylated areas, while non-specific 

binding of avidin was not observed (Figure 5.4).  

 

Figure 5.4 Schematic representation of patterned biotinylation of ADIBO-coated slide 

followed by selective immobilization of avidin-FITC. The insert shows the 

fluorescent image of ADIBO-slide spotted with 1 μL of the following solutions: 

Lane 1 – 3, 10 mM, 1 mM, and 0.1 mM PBS solutions of Biotin-dPEG3+4-azide; 

Lane 4, 1 mM biotin-PEG4-C≡CH; Lane 5, 0.1 mM of Oregon Green azide 

(5.13). Slide was then treated with aminoPEG4azide and developed with avidin-

FITC solution. 

Incubation of the avidin-FITC-patterned slides in a PBS solution containing BSA (Bovine 

Serum Albumin) does not reduce the fluorescence, confirming the immobilization of avidin via 
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specific biotin-avidin interactions. Globular BSA molecules are usually used as a blocking agent 

to reduce hydrophobic pockets on the patterned surface. Once blocking of hydrophobic areas has 

occurred, the areas become more hydrophilic. 

 

Figure 5.5 Schematic representation of azide derivatization of an epoxy-coated slide 

followed by copper-free click immobilization of ADIBO-OG (5.11). Inserts show 

fluorescent images of azide-slides patterned with (A) ADIBO-OG (5.11); (B) 

ADIBO-Rhodamine (5.12).  

 

Patterning of fluorescent dyes on azide-coated slides was also investigated. To assess the 

efficiency of a reverse copper-free click surface derivatization, we prepared azide-coated glass 

slides (vide supra). Such a surface provides a convenient platform for immobilization using both 

conventional copper-catalyzed and catalyst-free azide click reactions. 1 μL drops of a 1 mM PBS 
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solutions of aza-dibenzocyclooctyne 6 conjugates with fluorescein (ADIBO-flour, 5.10) or with 

Lissamine rhodamine B (ADIBO-Rhodamine, 5.12), were allowed to react for 12 h, and then 

washed thoroughly. Fluorescent images of the resulting slides with fluorescein (Figure 5.5, insert 

A) and Lissamine rhodamine B (Figure 5.5, insert B) illustrate the efficiency of substrate 

immobilization on the azide-derivatized surface using metal-free click chemistry. 

Slides after immobilization are often subjected to vigorous washing procedures, including 

the use of detergents and sonication in aqueous solutions and organic solvents. To test the 

stability of the azide surface to the washing procedures and to explore the feasibility of multi-

substrate surface derivatization using copper-free click chemistry, we studied the sequential 

immobilization of two fluorescent dyes. The azide-coated glass slide was initially spotted with 1 

μL drops of a 1 mM PBS solution of ADIBO-flour (5.10) and incubated in a humidity chamber 

for 12 h at rt. The slide was rinsed with acetone, sonicated in DMF for 30 min, and rinsed with 

distilled water, then immersed in a 0.1 mM solution of ADIBO-Rhodamine (5.12) for another 12 

h, then thoroughly washed. The fluorescent image recorded with a green (495 - 520 nm) filter 

clearly shows a pattern of fluorescein – immobilized spots (Figure 5.6, A). The bright 

background of Lissamine rhodamine B fluorescence and dark spots, where azide groups were 

consumed in the first step, are visible on the image recorded with a red (532 - 580 nm) filter 

(Figure 5.6, B). Figure 5.6, insert C, shows merged images A and B, which demonstrates the 

possibility to put several dyes on the same slide. 
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Figure 5.6 Images of two-color derivatization of azide-slides. The slide was spotted with 

ADIBO-flour (5.10), washed and immersed in a solution of ADIBO-Rhodamine 

(5.12). (A)  Fluorescent image recorded using 495/520 nm filter; (B) image 

recorded using 532/580 nm filter; (C) images A and B merged.  

 

Patterned biotinylation of azide-slides and selective immobilization of avidin is described 

below. To further demonstrate the versatility of the copper-free click reaction for protein 

immobilization, we have conducted patterned biotinylation of azide-derivatized slides, followed 

by the immobilization of avidin.  Azide-functionalized glass slides was spotted with 1 μL drops 

of four different concentrations (10 mM, 1 mM, 0.1 mM, and 0.01 mM) of a PBS solution of 

ADIBO-biotin (5.8). Slides were incubated in a humidity chamber for 30 min, 2.5 h, and 3.5 h 

and washed with copious amounts of acetone, then water, and sonicated in DMF.  To reduce 

nonspecific binding of the protein, slides were immersed in a blocking solution containing 0.1% 

ADIBO-PEG4-amine (5.9) in DMF and kept overnight. The slides were then washed, incubated 

in a solution of avidin-FITC at 2 °C for 15 min, and washed again. As in the case of patterned 

biotinylation of ADIBO-slides, fluorescent images show selective immobilization of the 

fluorescently labeled protein in biotinylated areas. No significant non-specific binding of avidin 

to the slides was observed (Figure 5.7).  



135 

 

 

Figure 5.7 Schematic representation of patterned biotinylation of azide-coated slides follo- 

  wed by selective immobilization of avidin-FITC. The insert shows the fluores- 

  cent image of azide-derivatized slide spotted with 1 μL of ADIBO-biotin (5.8) 

  solutions of the following concentration: 1) 10 mM; 2) 1 mM; 3) 0.1 mM 4)  

  0.01 mM. First slide was incubated for 30 min, second – for 2.5 h, and the third–  

  for 3.5 h. Slides were then immersed in a solution of ADIBO-PEG4-amine, and  

  developed with a solution of avidin-FITC. 

 

Fluorescent intensity of the spots produced at various concentrations of ADIBO-biotin 

and incubation time illustrate the efficiency of the reaction. Even at 10 μM concentration of 

ADIBO-biotin (5.8), a 30 min incubation produces a brightly fluorescent spot after avidin-FITC 

development. 
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Figure 5.8 Schematic representation of derivatization of streptavidin-coated magnetic beads 

with azide and aza-dibenzocyclooctyne moieties, followed by the metal-free azide 

click coupling to fluorescent dyes.  

 

To demonstrate the utility of the copper-free azide click reaction for the modification of 

microparticle surfaces, we have explored the application of this reaction to the fluorescent 

labeling of streptavidin-coated magnetic beads. The surface of the beads was derivatized with 

azide groups by treating a suspension of the beads with biotin-dPEG®3+4-azide (Figure 5.8). 

The aza-dibenzocyclooctyne functionalization of streptavidin beads was achieved by reacting the 

former with ADIBO-biotin (5.8, Figure 5.8). 
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The ADIBO-functionalized streptavidin beads were suspended in a PBS solution of 

Oregon Green azide (5.13) and incubated for 3 h at room temperature. Beads were washed and 

resuspended in PBS for imaging via fluorescent confocal microscopy.  

 

Figure 5.9 Fluorescent confocal microscope images of PBS suspensions of streptavidin-

coated magnetic beads: (A) treated with ADIBO-biotin (5.8) followed by reaction 

with Oregon Green azide (5.13); (B) treated with biotin-PEG4-C≡CH and then 

with Oregon Green azide (5.13); (C) incubated with ADIBO-fluor only (5.10); 

(D) treated with biotin-dPEG®3+4-azide and then with incubated ADIBO-fluor 

(5.10).  

 

Figure 5.9A shows the bright fluorescence of these Oregon Green-labeled beads. The 

starting (unmodified) streptavidin magnetic beads treated with 5.13 under the same conditions 

show no detectable emission. As an additional control experiment, we have derivatized the beads 

with terminal acetylene groups by treating streptavidin beads with biotin-PEG4-C≡CH. 

Incubation of the resulting particles in an Oregon Green azide (5.13) solution, followed by 

thorough washing, did not induce detectable fluorescence in the beads (Figure 5.9 B).  Azide-

derivatized microbeads were labeled with fluorescein by reacting them with an ADIBO-

flourescein conjugate (5.10, Figure 5.9 C). Magnetic streptavidin  beads directly treated with 

ADIBO-fluor (5.10) showed no fluorescence (Figure 5.9 D).  
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5.5 EXPERIMENTAL SECTION 

Materials and Methods: 

Preparative reactions were conducted under an air atmosphere. Purification of products 

by column chromatography was performed using 40-63 μm silica gel. All NMR spectra were 

recorded on 400 MHz instrument in CDCl3 and referenced to TMS unless otherwise noted. 

Images of fluorophore-patterned slides were recorded and fluorescence intensity was quantified 

using Typhoon 9400 Variable Mode Imager (GE Healthcare) at an excitation / emission setting 

appropriate for fluorescein (488/520 nm) or Lissamine™ rhodamine B (532/580 nm) 

fluorophores in PBS solution; images of fluorescent microbeads were obtained using Zeiss 

Observer AX10 inverted microscope with a X-cite Series 120 fluorescent light source and 

Chroma Technology filters. The relative fluorescent intensity (spot / background) was quantified 

using ImageJ (NIH) program. 

Tetrahydrofuran was distilled from a sodium/benzophenone ketyl; ether and hexanes 

were distilled from sodium; N,N-Dimethylformamide (DMF) was dried by passing through an 

alumina column. Biotin-dPEG®3+4-azide and Biotin-PEG4-acid were purchased from Quanta 

BioDesign; fluorescein SE, Oregon Green® SE, Lissamine™ rhodamine B sulfonyl chloride, 

and FITC-Avidin were obtained from Invitrogen; (3-glycidyloxypropyl)dimethoxymethylsilane 

was purchased from TCI America; 0.0067 M phosphate buffered saline (PBS) with pH 7.4 was 

obtained from Thermo Scientific. Bovine Serum Albumin (BSA) was obtained from Fishe 

BioReagents®. Other reagents were purchased from Aldrich or VWR and used as received 

unless otherwise noted. Polished glass slides were obtained from VWR and NanoLink™ 

streptavidin magnetic microspheres (1% aqueous suspension) were purchased from SoluLink 

Biosciences. Aza-dibenzocycloctyne 5.6 conjugates with fluorescein (ADIBO-flour, 5.10), 
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Oregon Green® (ADIBO-OG, 5.11), and Lissamine™ rhodamine B (ADIBO-Rhodamine, 5.12) 

were prepared by treating 5.6 with equimolar amounts of fluorescein SE, Oregon Green® SE, 

Lissamine™ rhodamine B sulfonyl chloride respectively in DMF in the presence of DIEA 

(diisopropylethylamine). Oregon Green® azide (5.13) and Lissamine™ rhodamine B azide 

(5.14) were prepared by reacting equimolar amounts of Oregon Green® SE or Lissamine™ 

rhodamine B sulfonyl chloride with 3-azidopropyl amine in DMF in the presence of DIEA. 

Conjugates 5.10 – 5.14 were purified by chromatography (CHCl3:MeOH:AcOH 100:5:0.5) and 

their purity was confirmed by HPLC analysis. 1-Amino-11-azido-3,6,9-trioxaundecane 

(AminoPEG4azide)
21

 and 6-azidohexylamine
22

 were prepared according to literature procedures.
  

5,6-Dihydrodibenzo[b,f]azocine (5.2). A solution of dibenzosuberenone (25 g, 121 

mmol) and hydroxylamine hydrochloride (6.81 mL, 164 mmol) in pyridine (70 mL) was refluxed 

for 20 h. The reaction mixture was concentrated and poured into 5% aqueous hydrochloric acid 

(with crushed ice), stirred for 20 min, filtered, and dried in the air to provide 28.1 g of crude 

dibenzosuberenone oxime, as a white precipitate. Dibenzosuberenone oxime (16 g, 72.3 mmol) 

was added to 250 mL polyphosphoric acid at 125 °C, the reaction mixture was stirred for 60 min 

at this temperature, poured onto crushed ice (~700 mL), stirred for another 30 min, and filtered. 

The filter cake was washed with water, and dried under vacuum to provide crude 

dibenzo[b,f]azocin-6(5H)-one 5.1 (11.6 g, 52.4 mmol, 73%) as a grey powder.  

A suspension of 5.1 (7.4 g, 33.4 mmol) and lithium aluminum hydride (2.494 ml, 66.9 

mmol) in anhydrous ether (200 mL) was refluxed for 15 h. The reaction mixture was quenched 

by water, filtered, and the filter cake was washed with ether. The filter cake was dispersed in 

ether (100 mL), stirred for 10 min, and filtered. The combined organic layers were dried over 

MgSO4, solvent was removed under  vacuum, and the product purified by chromatography 
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(solvents) to provide 4.04 g (19.49 mmol, 58%) of 5,6-dihydrodibenzo[b,f]azocine (2). 
1
H: 7.27-

7.23 (m, 1 H), 7.2-7.1 (m, 3 H), 6.96-6.9 (m, 1 H), 6.9-6.8 (m, 1 H), 6.65-6.55 (m, 1 H), 6.54-

6.48 (m, 1 H), 6.40 (d, J = 8 Hz, 1 H), 6.38-6.29 (m, 1 H), 4.51 (d, J = 6.8 Hz, 2 H), 4.2 (br s, 1 

H); 
13

C: 147.3, 139.3, 138.3, 134.9, 132.7, 130.3, 129.0, 128.1, 127.8, 127.6, 127.5, 121.8, 118.1, 

117.9, 49.6. HRMS (ESI+) calcd for C15H14N [M+H]
+
 208.1126, found 208.1120. 

N-(6-(dibenzo[b,f]azocin-5(6H)-yl)-6-oxohexyl)trifluoroacetamide (5.3). 

6-(trifluoroacetamido)hexa-noyl chloride 
23

 (0.984 g, 4.52 mmol) was added to a solution 

of 5.2 (0.75 g, 3.62 mmol) and pyridine (0.859 g (g or mL), 10.86 mmol) in CH2Cl2 (ca. 10 ml) 

at rt, and stirred for 30 min. The reaction mixture was diluted with CH2Cl2 (ca. 20 mL), washed 

with water (2x30 mL), dried over anhydrous MgSO4 and the solvent was removed under reduced 

pressure. The residue was purified by chromatography (hexanes:ethyl acetate 2:3) to provide 

1.064 g (2.56 mmol, 71%) of 5.3 as yellowish oil. 
1
H: δ 7.32-7.22 (m, 4 H), 7.19-7.11 (m, 4 H), 

6.77 (d, J = 13.2 Hz, 1 H), 6.58 (d, J = 13.2 Hz, 1 H), 5.46 (d, J = 14.8 Hz, 1 H), 4.20 (d, J = 

14.8 Hz, 1 H), 3.29-3.15 (m, 2 H), 2.09-2.02 (m, 1 H), 1.93-1.85 (m, 1 H), 1.51-1.32 (m, 4 H), 

1.25-1.04 (m, 2 H); 
13

C: 172.7, 157.5, 141.1, 136.1, 135.8, 134.8, 132.4, 131.8, 130.5, 128.5, 

128.2, 128.1, 128.0, 127.3, 127.2, 117.5, 114.6, 54.8, 39.6, 34.3, 28.2, 25.9, 24.3; HRMS (ESI+) 

m/z calcd for C23H24F3N2O2 [M+H]
+
 417.1790, found 417.1783. 

N-(6-Trifluoroacetamidohexanoyl)-5,6-dihydro-11,12-didehydrodibenzo[b,f]azocine (5.5). 

Pyridine hydrobromide perbromide (0.948 g, 2.97 mmol) was added to a solution of 5.3 

(1.05 g, 2.70 mmol) in CH2Cl2 (4 ml) at rt, and the reaction mixture was stirred overnight. The 

reaction mixture was diluted with CH2Cl2 (20 mL), washed with 5% aqueous hydrochloric acid 

(mL), dried over MgSO4, and solvent removed under vacuum. The residue was passed through a 

short pad of silica gel (CH2Cl2) to give 1.2 g of crude N-(trifluoroacetamidohexanoyl)-5,6,11,12-
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tetrahydro-11,12-dibromodibenzo[b,f]azocine (5.4) as waxy semi-solid. To a solution of crude 

5.4 (1.2 g, 2.082 mmol) in THF (5 mL) was added to a solution of potassium t-butoxide (0.584 g, 

5.21 mmol) in THF (10 ml) at rt, the reaction mixture was stirred for 1 h, diluted with ethyl 

acetate (20 mL), washed with 5% aqueous hydrochloric acid, brine, dried over MgSO4, and the 

solvent was removed under reduced pressure. The crude product was purified by 

chromatography (hexanes:ethyl acetate, 2:1 to 1:1) to afford 0.76 g (1.834 mmol, 88%) of 5.5 as 

brown oil. 
1
H NMR: δ 7.68 (d, J = 7.6 Hz, 1 H), 7.45-7.21 (m, 7 H), 6.79 (br s, 1 H), 5.16 (d, J = 

14.4 Hz, 1 H), 3.67 (d, J = 13.6 Hz, 1 H), 3.22-3.14 (m, 1 H), 3.11-3.02 (m, 1 H), 2.24-2.16 (m, 1 

H), 1.41-1.22 (m, 4 H), 1.11-0.9 (m, 2 H); MS: m/z 414 [M
+
]. Calcd for C23H21F3N2O2 414. 

N-(6-Aminohexanoyl)-5,6-dihydro-11,12-didehydrodibenzo[b,f]azocine(ADIBO-C6-NH2, 5.6). 

Solution of K2CO3 (2 g, 14.47 mmol) in 15 mL of water was added to a solution of N-(6-

Trifluoroacetamido hexanoyl)-5,6-dihydro-11,12-didehydrodibenzo[b,f]azocine (5.5, 2.95 g, 

7.12 mmol) in MeOH (30 mL) at rt and stirred overnight. Solvents were removed under reduced 

pressure, the residue was redissolved in CH2Cl2:ethyl acetate (1:4), washed with brine and water. 

The organic layer was dried over anhydrous Na2SO4, and concentrated in vacuum. The crude 

product was purified by chromatography (CH2Cl2:MeOH 10:1 to 10:4) to provide 1.31 g (4.11 

mmol, 58%) of  5.6 as slightly yellow oil. 
1
H NMR: δ 7.71 (d, J = 7.6 Hz, 1 H), 7.45-7.21 (m, 7 

H), 5.18 (d, J = 14.4 Hz, 1 H), 3.63 (d, J = 13.6 Hz, 1 H), 3.55 (m, 4 H), 2.74 (m, 2 H), 2,57 (t, J 

= 6.0 Hz, 2 H), 2.19 (m, 1 H), 1.95 (m, 1 H), 1.41-1.05 (m, 6 H), 1.11-0.9 (m, 2 H); 
13

C: 173.3, 

151.8, 147.8, 132.3, 132.1, 128.9, 128.2, 128.0, 127.8, 127.5, 126.5, 122.1, 123.0, 114.8, 107.9, 

55.8, 41.4, 34.7, 31.9, 26.0, 24.8; HRMS (ESI+) m/z calcd for C21H23N2O [M+H]
+
 319.1810, 

found 319.1799. 
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N-(3-Aminopropionyl)-5,6-dihydro-11,12-didehydrodibenzo[b,f]azocine (ADIBO-C3-amine, 

5.7) was prepared following the same protocol as for the preparation of 5.6. 
1
H NMR: (500 

MHz): 7.68 (d, J = 7.5 Hz, 1 H), 7.45-7.33 (m, 5 H), 7.29 (t, J = 7.5 Hz, 1 H), 7.25 (t, J = 7 Hz, 1 

H), 5.15 (d, J = 14 Hz, 1 H), 3.16 (d, J = 14 Hz, 1 H), 2.82-2.67 (m, 2H), 2.45-2.35 (m, 1 H), 

2.01-1.92 (m, 1 H), 1.6-1.4 (br s, 2 H); 
13

C: 172.14, 151.48, 148.01, 132.12, 129.08, 128.29, 

128.21, 127.99, 127.63, 127.01, 125.43, 122.85, 122.57, 114.97, 107.66, 55.25, 38.25, 38.15; 

HRMS (ESI+) calcd for C18H17N2O [M+H]
+
 277.1341, found 277.1339. 

Aza-dibenzocyclooctyne-biotin conjugate (ADIBO-biotin, 5.8).  

HBTU (1.916 g, 5.05 mmol) was added to a solution of biotin-PEG4-acid (1.9 g, 3.74 

mmol) and DIEA (0.647 g, 5.61 mmol) in CH2Cl2 (15 mL) at rt and stirred for 15 min. A 

solution of 7 (1.238 g, 4.12 mmol) in CH2Cl2 (2 mL) was added dropwise, the reaction mixture 

was stirred for 3 h, and concentrated under reduced pressure (just keep your terminology the 

same, however you do it). The product was purified by chromatography (CH2Cl2 to 

CH2Cl2:MeOH 20:1 to 100:15) to provide 2.44 g (3.32  mmol, 89%) of 5.8 as colorless semi-

solid. 
1
H NMR (500 MHz, CDCl3): δ 7.66 (d, J = 7 Hz, 1 H), 7.42-7.3 (m, 7 H), 7.28-7.25 (m, 1 

H), 7.05-6.99 (m, 1 H), 6.79-6.75 (m, 1 H), 6.61 (br s, 1 H), 5.13 (d, J = 14 Hz, 1 H), 4.5-4.45 

(m, 1 H), 4.32-4.25 (m, 1 H), 3.68 (d, J = 14 Hz, 1 H), 3.65-3.45 (m, 17 H), 3.44-3.36 (m, 2 H), 

3.32-3.22 (m, 2 H), 3.15-3.07 (m, 2 H), 2.9-2.82 (m, 1 H), 2.75-2.65 (m, 1 H), 2.55-2.46 (m, 1 

H), 2.33 (q, J = 6 Hz, 2 H), 2.2 (t, J = 7.5 Hz, 2 H), 2.0-1.92 (m, 1 H), 1.75-1.6 (m, 4 H), 1.45-

1.35 (m, 5 H); 
13

C: 173.51, 171.99, 171.13, 164.01, 151.1, 148.09, 132.13, 129.14, 128.68, 

128.21, 127.83, 127.19, 125.58, 123.07, 122.45, 114.72, 107.86, 70.45, 70.43, 70.39, 70.3, 70.17, 

70.03, 69.98, 97.17, 61.83, 60.26, 55.69, 55.52, 53.67, 42.0, 40.52, 39.14, 36.79, 35.89, 35.26, 
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34.71, 28.29, 28.11, 25.63, 18.59, 17.44, 11.88; HRMS (ESI+) m/z calcd for C39H53N5O8S 

[M+H]
+ 

750.3537, found 750.3542. 

 Aza-dibenzocyclooctyne-PEG4-amine (ADIBO-PEG4-amine, 5.9).  

EDC (0.75 g, 4.68 mmol) was added to a solution of Boc-NH-(CH2CH2O)4-

CH2CH2CO2H 
24

 (1.57 g , 4.32 mmol) in CH2Cl2 (15 mL)  and DIEA (0.7 g, 5.4 mmol) at rt and 

stirred for 15 min. A solution of ADIBO-amine 7 (1 g, 3.6 mmol) in CH2Cl2 (1 mL) was added 

to the reaction mixture and stirred for 4 h, at which time the solvent was removed under reduced 

pressure and the crude product purified by chromatography (ethyl acetate:hexanes 1:1 to 9:1) to 

provide 1.8 g (2.8 mmol, 80%) of crude N-Boc-protected ADIBO-PEG4-amine (5.9-Boc) as 

yellow oil. 

A solution of TFA (in what solvent) (0.48 g, 4.2 mmol) was added to a solution of 5.9-

Boc (1.8 g, 2.8 mmol) in THF (30 mL) at rt. The reaction mixture was stirred overnight and the 

solvent was removed under reduced pressure. The residue was purified by chromatography 

(CH2Cl2:MeOH 10:1 to 10:4) to provide 1.15 g (2.2 mmol, 79%) of ADIBO-PEG4-amine (5.9) 

as slightly yellow oil. 
1
H-NMR (500 MHz): 7.67 (d, J = 7.5 Hz, 1 H), 7.43-7.34 (m, 5 H), 7.31 (t, 

J = 7.5 Hz, 1 H), 7.29-7.24 (m, 1 H), 6.95-6.88 (m, 1 H), 5.13 (d, J = 14 Hz, 1 H), 4.45-4.2 (br s, 

2 H), 3.7-3.5 (m, 22 H), 3.37-3.2 (m, 3 H), 2.68 (t, J = 5 Hz, 2 H), 2.57-2.42 (m, 1 H), 2.4-2.32 

(m, 2 H), 2.02-1.92 (1 H); 
13

C-NMR (100 MHz, CDCl3): 172.13, 171.21, 151.20, 148.16, 129.3, 

129.2, 128.78, 128.44, 128.31, 127.9, 127.29, 127.25, 125.68, 123.16, 122.55, 114.81, 107.92, 

70.46, 70.39, 70.35, 70.32, 70.30, 70.26, 70.1, 55.62. 48.86, 36.69, 35.41, 34.67; HRMS (ESI+) 

m/z calcd for C29H38N3O6 [M+H] 524.2761, found 524.2756. 

Cleaning and activation of glass slides surface.  
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All glass slides were sonicated for 30 min in methanol, rinsed with acetone, and dried in 

an oven at 145 °C for 1 h. Piranha solution
2
 (90 mL) was prepared by the addition of H2O2 (25 

mL of 35% v/v) in one portion to 65 mL of conc. H2SO4 in a 100 mL Pyrex beaker, which was 

kept in a water bath. The solution was carefully stirred with a glass rod, followed by inserting 

glass slides into the solution. After 1 h, slides were removed from the solution and rinsed with 

copious amounts of distilled water, then acetone, and dried in an oven for 20 min at 145 °C. 

Glass slides prepared in this fashion were submitted to derivatization procedures immediately. 

Preparation of epoxy-derivatized glass slides.  

Freshly-activated glass slides were immersed in a solution of freshly-distilled (3-

glycidyloxypropyl)dimethoxy-methylsilane (1% v/v) and DIEA (1%  v/v) in dry toluene (100 

mL) at 25 °C for 16 h. Slides were sonicated two times in methanol for 15 min, thoroughly 

rinsed with acetone, and dried under a stream of nitrogen.  

Preparation of aza-dibenzocyclooctyne (ADIBO, 5.6) - coated glass slides.  

Freshly-prepared epoxy-coated glass slides were placed in a solution of aza-

dibenzocyclooctyne amine 5.6 (75 mg) and DIEA (1 mL) in DMF (100 mL) and incubated 

overnight at rt. Slides were then (since you used it below) rinsed with acetone, sonicated for 15 

min in methanol, rinsed with acetone, and dried under a stream of nitrogen.  

Preparation of azide - coated glass slides. Freshly-prepared epoxy-coated glass slides were 

immersed in a solution of 6-azidohexylamine (1 mL) and DIEA (1 mL) in DMF (100 mL) 

                                                           
2
 Caution: Piranha solution reacts violently with organic compounds and should be handled with 

extreme care. Wear thick plastic gloves, lab coat and safety glasses. Any piranha solutions 

should be handled in a fume hood at all times. 
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overnight at rt. The slides were then sonicated for 15 min in methanol, rinsed with acetone, and 

dried under a stream of nitrogen.  

Patterned derivatization of glass slides with aza-dibenzocyclooctyne 5.6.  

1 μL drops of 10 mM PBS solution of dibenzocyclooctyne 5.6 were spotted using a 

micropipette on a freshly-prepared epoxy-coated slide followed by incubation in a humidity 

chamber containing PBS buffer for 12 h at rt. The slide was washed with copious amounts of 

acetone, then water, and sonicated in DMF for 30 min.  

Patterned immobilization of fluorescent dyes on ADIBO-coated slides.  

Solutions of Oregon Green azide (5.13, 0.1 mM and 1 mM in PBS) or Lissamine™ 

rhodamine B azide (5.14, 0.1 mM) were spotted using a pipette (2 μL) on a freshly prepared 

dibenzocyclooctyne plate and incubated in a humidity  chamber for various periods of time (vide 

infra). Slides were rinsed with acetone, then sonicated for 15 min in methanol, rinsed with 

acetone, and dried under a stream of nitrogen. 

Patterned immobilization of avidin on ADIBO-coated slides.  

1 μL drops of biotin-dPEG®3+4-azide PBS solutions of different concentrations (10 mM, 

1mM, and 0.1 mM)  were spotted on a ADIBO-coated glass slide. Slides were incubated in a 

humidity chamber for 1 h at rt, rinsed with copious amounts of acetone, the water, and sonicated 

in DMF for 30 min.  Slides were then immersed in a blocking solution containing 1% 

aminoPEG4azide in DMF and incubated overnight at rt. The slides were then rinsed with 

acetone, sonicated in DMF for 30 min, and rinsed with distilled water, followed by immersion 

into a solution of avidin-FITC (50 μL of 2 mg/mL in 10 mL of PBS) at 2 °C for 15 min. The 

slides were sonicated in PBS containing 0.1% Tween 20 for 30 min, washed with distilled water, 
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incubated in PBS containing 0.1% BSA for 12 h at 2 °C, sonicated again in PBS (1% Tween 20) 

for 30 min, and rinsed with distilled water. 

Patterned immobilization of fluorescent probes on azide-coated slides.  

1 μL drops of aza-dibenzocycoctyne 5.6 conjugates with fluorescein (ADIBO-flour, 5.10) 

solution (1 mM, PBS) (strange sentence- unclear) were spotted on an azide plate followed by 

incubation in a humidity chamber for 12 h at rt. Slides were rinsed with acetone, then sonicated 

for 15 min in methanol, rinsed with acetone, and dried under a stream of nitrogen. 

For two-color derivatization, azide-coated slides patterned with ADIBO-flour spots as described 

above were immersed in a solution of ADIBO-Rhodamine (5.12, 1 mM in PBS) and incubated 

for 3 h at rt. Slides were rinsed with acetone, then sonicated for 15 min in methanol, rinsed with 

acetone, and dried under a stream of nitrogen. 

Patterned immobilization of avidin on azide-coated slides.  

1 μL drops of ADIBO-biotin (5.8) solutions of different concentrations (10 mM, 1mM, 

0.1 mM, and 0.01 mM in PBS) were spotted on an azide-coated glass slide. Slides were 

incubated in a humidity chamber for 1 h at rt, rinsed with copious amounts of acetone, then 

water, and sonicated in DMF for 30 min. Slides were then immersed in a blocking solution 

containing 0.1% ADIBO-PEG4-amine (5.9) in DMF and incubated overnight at rt. The slides 

were rinsed with acetone, sonicated in DMF for 30 min, and rinsed with distilled water, followed 

by immersion into a solution of avidin-FITC (50 μL of 2 mg/mL in 10 mL PBS) at 2 °C for 15 

min. The slides were sonicated in a PBS solution containing 0.1% Tween 20 for 30 min, washed 

with distilled water, incubated in PBS containing 0.1% BSA for 12 h at 2 °C, sonicated again in 

PBS (1% Tween 20) for 30 min, and rinsed with distilled water. 
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Preparation of ADIBO-coated magnetic beads.  

A solution of ADIBO-biotin conjugate (5.8) (25 μL, 10 mM in PBS) was added to a 

suspension of streptavidin-coated magnetic beads (25 μL of 10 mg/mL) in 450 μL PBS. The 

resulting mixture was stirred by shaking for 2 h at rt. The reaction mixture was centrifuged at 

11,000 rpm for 2 min, the supernatant liquid was decanted, and the pellet resuspended in PBS 

(450 μL). The washing step was repeated two times. 

Preparation of azide-coated magnetic beads.  

A solution of Biotin-dPEG®3+4-azide (25 μL, 10 mM in PBS) was added to a 

suspension of streptavidin-coated magnetic beads (25 μL of 10 mg/mL) in 450 μL PBS. The 

resulting mixture was stirred by shaking for 2 h at rt. The reaction mixture was centrifuged at 

11,000 rpm for 2 min, the supernatant liquid was decanted, and the pellet resuspended in PBS 

(450 μL, pH 7.4). The washing step was repeated two times. 

Fluorescent labelling of ADIBO-coated magnetic beads.  

A solution of Oregon Green-azide (5.13) (10 mM in PBS) was added to a suspension of 

ADIBO-coated magnetic beads (amounts? solvents?) and incubated for 3 h at rt. Beads were 

centrifuged at 11,000 rpm for 1 min, the supernatant liquid was decanted, and the pellet 

resuspended in 450 μL PBS containing 0.1% Tween 20, centrifuged, washed with PBS, 

centrifuged and resuspended in 450 μL PBS for fluorescent microscopy imaging.  

Fluorescent labelling of azide-coated magnetic beads.  

A solution of ADIBO-flour (5.10, 10 mM in PBS) was added to a suspension of azide-

coated magnetic beads and incubated for 3 h at rt. Beads were centrifuged at 11,000 rpm for 1 

min, the supernatant liquid was decanted, and the pellet resuspended in 450 μL PBS containing 
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0.1% of Tween 20, centrifuged, washed with PBS, centrifuged, and resuspended in 450 μL PBS 

for fluorescent microscopy imaging. 
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APPENDIX A 

 

1H-NMR (1D/2D), 13C-NMR (1D/2D) 
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