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Abstract:
The usefulness of biradicals in biology has been well-exploited in the development of anticancer agents and continues to be an important topic of interest. Bergman, Myers-Saito, Moore and Schmittel Cyclization give rise to such biradicals which need external sources like hydrogen atom donor for quenching. The Garratt-Braverman Cyclization (GBC) and Hopf Cyclization (HC) belong to the self-quenching category and are the topic of interest of the present chapter.
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A. Introduction

Over the past twenty years, the investigation of biradical production and their chemical and biological reactivity has emerged as a significant research focus.1 There are three principal causes for this interest. The primary capability is their simultaneous extraction of hydrogens from the sugar moiety of opposing strands of double-stranded DNA,2 leading to its breakage, a process pertinent to cancer chemotherapy.3 Moreover, these biradicals serve as valuable intermediates for the production of diverse aromatic compounds,4 including conducting polymers.5 Five Their synthesis and methods for generation under ambient settings provide significant problems in this domain. These biradicals can be employed for various applications as outlined in Scheme 1.
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Scheme 1: Possible applications of biradicals
The Bergman Cyclization6 of (Z)-3-hexene-1,5-diynes (enediynes) yields 1,4-didehydrobenzene biradicals (Scheme-2), while the Myers-Saito Cyclization7 of (Z)-1,2,4-heptatriene-6-ynes (eneyneallenes) produces α,3-didehydrotoluene biradicals under thermal conditions, facilitating access to diverse carbon-centered biradicals. Likewise, the Moore cyclization8 of eneyne-ketenes, wherein a ketene moiety substitutes the allene moiety in the eneyne-allene system, results in a biradical comprising an aryl and a phenoxy radical. Schmittel9 has created other variants of the Myers-Saito cyclization, utilizing, for instance, the eneyne carbodiimide. In a landmark publication, Nicolaou et al.10 utilized the chemistry of bis-allenic sulphone. These compounds also undergo cyclization to produce biradicals, a process referred to as the Garatt-Braverman Cyclization (GBC).11 In 1969, Hopf and Musso12 discovered that hexa-1,3-dien-5-yne undergoes heat cycloisomerization to yield benzene. The reaction requires elevated temperatures (>274 ºC) and is thought to occur via the formation of a biradical intermediate. An H-shift led to the synthesis of benzene. All cyclization mechanisms resulting in biradicals are illustrated in Scheme 2. In all instances, the biradicals are produced thermally. 
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Scheme 2: Various biradical generating processes
The techniques that generate biradicals have garnered minimal interest from synthetic organic chemists due to the often low yield of the product when quenched by an external donor, owing to competing polymerization. The product yield is comparatively superior for internally quenched or self-quenched reactions. In the mid-1990s, Grissom et al.13 effectively captured these biradicals intramolecularly using radicophiles to create several intriguing structures.

Among the aforementioned biradical-generating processes, the Bergman,6 Myers-Saito,7 Moore,8 and Schmittel9 cyclizations yield biradicals that require an external hydrogen source for quenching. This external hydrogen may be provided by simple hydrogen donors, such as cyclohexa-1,4-diene, or by more complex sources, such as DNA. The Garratt-Braverman Cyclization11 (GBC) of bis-allenic sulfones and the Hopf Cyclization12 of dieneyenes are classified as self-quenching processes and do not require an external hydrogen source. This chapter succinctly outlines the primary characteristics of self-quenching biradical generation processes, specifically Garratt-Braverman and Hopf cyclization.

B. Garratt-Braverman Cyclization
The base-catalyzed rearrangement of bis-(3-phenyl-2-propargyl) sulfide 15, ether 16, and methylamine 17 was initially examined by Iwai and Ide (Scheme 3).14 Treatment of these compounds with 14% KOBut in tert-butyl alcohol yielded the corresponding naphthalene derivatives 18-20.


[image: image3.wmf]X

Ph

Ph

15

, 

X 

= 

S

16

, 

X 

= 

O

17

, 

X 

= 

NCH

3

X

14% 

KO-

t

-Bu

18

, 

X 

= 

S

19

, 

X 

= 

O

20

, 

X 

= 

NCH

3

54%-70%

t

BuOH


Scheme 3: Base catalyzed rearrangement of phenyl bis-propargyl systems studied by Iwai and Ide
They hypothesized a process that entails the anionic rearrangement of one acetylene to form allene, followed by electrocyclization (EC) and subsequent prototropic rearrangement (Scheme 4). 
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Scheme 4: Mechanism proposed by Iwai and Ide
In 1975, Garratt11b,d discovered the interaction of 15 and 16 with KOBut. However, in THF at 20 ºC for 10 minutes, the results were 15g and 16g. When subjected to a base under more intense conditions or for an extended duration, the latter underwent rearrangement to 18 and 19. Garratt postulated a process distinct from that of Iwai and Ide, based on the isolation of the intermediates weighing 15g and 16g. This entailed the synthesis of bis-allene (15c and 16c) succeeded by its rearrangement by the generation of a biradical intermediate (Scheme 5).
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Scheme 5: Mechanism proposed by Garratt
In 1974, Braverman11a noted that the tetramethyldiallenyl sulfone 24, illustrated in Scheme 6, readily undergoes cyclization upon heating at 75 ºC, resulting in the thiophene 1,l-dioxide derivative 25 with quantitative yield. 
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Scheme 6: Braverman’s work on bis-allenic sulfone rearrangement
There exist two potential mechanisms for the rearrangement (Scheme 7). The initial proposed mechanism (a) consists of a two-step process that entails the intramolecular formation of a 2,2'-bis-allyltype biradical 24a intermediate during the first, rate-determining stage, succeeded by a rapid intramolecular hydrogen abstraction and the establishment of the new double bond. 
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Scheme 1.07: Two possible mechanisms for rearrangement
The second mechanism (b) posits that the reaction is fundamentally an intramolecular ene reaction. Braverman investigated kinetic isotope effects in these reactions to ascertain the correct pathway for the rearrangement.11f The lack of a kinetic isotope effect eliminates the second mechanism (b) and suggests that the process occurs in two steps, involving a biradical intermediate (a). Garratt and Braverman describe the rearrangement as a two-step process. The first step involves the intramolecular formation of a 2,2'-bis-allyl type biradical intermediate 26a, which is the rate-determining stage. This is followed by a rapid intramolecular hydrogen abstraction and the formation of a new double bond (Scheme 8). The rearrangement is referred to as the Garratt-Bravermann rearrangement. The chemical evidence is derived from the isolation of peroxide species 28 during the rearrangement conducted in the presence of 3O2 (Scheme 8).11d
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Scheme 8: Mechanism involving biradical intermediate proposed by Garratt and Braverman
The rearrangement rates of these diallenes exhibit minimal sensitivity to variations in solvent polarity.11d his result suggests that there is no significant change in charge separation between the ground state and the transition state. Thus, the possibility of an ionic mechanism operating in these cyclizations may be excluded.

A comparable rearrangement occurs in the case of sulfoxides (Scheme 9).11g Braverman posited that the isomerization of bis-propargyl sulfoxide 29 to propargyl allene 30 constitutes the rate-determining step, occurring at a rate approximately three times slower than the subsequent isomerization from 30 to diallene 31. Consequently, the influence of solvent polarity and the comparative acidity of the α-hydrogen are the exclusive determinants of the reaction rate, irrespective of the characteristics of the biradical intermediate 32.
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Scheme 1.09: Tandem isomerization, cyclization and aromatization of bridged propargylic systems

Consequently, the conversion rate for 36b in CDCl3 is less rapid than that observed in DMSO-d6. The decreasing order of acidity of (-hydrogen, which is sulfone > sulfoxide > sulfide, corresponds to a diminishing rate of cyclization from sulfone to sulfide.

Table 1: Tandem isomerization, cyclization and aromatization of bridged propargylic systems
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	Entry
	36
	n
	X
	Solvent
	Time
	Products (yield %)

	1
	36a
	0
	S
	CHCl3
	72 h
	No reaction

	2
	36b
	1
	S
	CHCl3
	1 h
	39b (100%)

	3
	36b
	1
	S
	DMSO-d6
	5 min
	39b (100%)

	4
	36c
	2
	S
	CDCl3
	15 min
	39c (100%)

	5
	36d
	0
	Se
	DMSO
	16 h
	39d (21%)


Recently, a competitive scenario was established between the Myers-Saito (MS) and Garratt-Braverman (GB) cyclization within the same molecular framework, and the reactivity was meticulously examined in Basak et al.s laboratory.15 Advanced computations suggested a preference for GB over MS cyclization. 
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Scheme 10: Competitive scenario between MS and GB Cyclization
In the case of both GB and MS Cyclizations, the activation energies for the rate determining step (rds) were determined to be identical (24.4 Kcal/mole) at the B3LYP/6-31G* level of theory; consequently, both reactions exhibit equal feasibility from a kinetic perspective. However, the principal biradical intermediate GB2 of the GB reaction exhibits an energy that is 12.2 kcal/mol lower than that of the biradical MS2, which serves as the primary intermediate in the MS reaction. Thus, from a thermodynamic perspective, the GB process is preferred over MS Cyclization (see Figures 1 and 2). In order to substantiate the predictions made through computational methodologies, a series of aliphatic and aromatic bis-enediynyl sulfones were synthesized, which can be depicted by the general structure 40 in Scheme 10. Under basic conditions, these molecules undergo isomerization to yield a system that includes both the ene-yne-allene and the bis-allenic sulphone (Scheme 10). The isolation of a singular product, recognized as the naphthalene or benzene fused sulfones 42, suggests that the GB Cyclization was the exclusive reaction pathway observed. There was an absence of any product that could be isolated corresponding to the MSC pathway. Consequently, our experiment provided compelling evidence for the preference of the GB pathway over the MS pathway, hereby reinforcing the theoretical prediction.
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Figure 1: Reaction profile for Garatt-Braverman mechanism
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Figure 2: Reaction profile for Myers-Saito mechanism.

It seems that, given the self-quenching mechanism of the GBC, one can dismiss the likelihood of DNA cleavage occurring through the abstraction of a proton from the sugar phosphate backbone by biradical intermediates. Mechanistic studies conducted by Nicolaou and colleagues have led to the conclusion that, in addition to the radical-mediated oxidative cleavage observed in enediyne or eneyne-allene systems, these bis-propargylic sulfones can function as DNA alkylators. They exert their DNA-cleaving properties through the Maxam-Gilbert mechanism, which involves the nucleophilic addition of DNA to diallenic sulfone (Scheme 11).2, 10
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Scheme 11: Mechanism of DNA cleavage by propargyl and allenic sulfones
C. Hopf Cyclization
During the mid-1960s, extensive research commenced on the phenomena of photoisomerization and thermal isomerization concerning benzene and various unsaturated hydrocarbons. In 1969, Hopf and Musso12a conducted a pioneering investigation into the pyrolysis of hexadieneyne 50. The analysis revealed a composition consisting of 64% E-50, 11% Z-50, and 25% 51, alongside trace quantities of polymeric material, following a heating process of 90 minutes at a temperature of 274 ºC for E-1.050. It was subsequently posited that an isomerization of E-50 to Z-50 occurs initially in the synthesis of benzene from E-50 (Scheme 12).
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Scheme 12: Isomerization of hexadieneyne to benzene
The thermal cyclization of hexa-1,3-dien-5-yne derivatives has been effectively utilized for the synthesis of bowl-shaped polycyclic aromatic hydrocarbon molecules, such as Corannulene 55 and semibuckminsterfullerenes (Scheme 13).12b,c The reactivity of numerous structures featuring an ene-ene-yne scaffold was examined across various temperatures and reactor systems, including ampoule, flow, and flash vacuum techniques.
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Scheme 13: Synthesis of bowl shaped PAH molecules by Hopf cyclization
 The findings pave the way for the synthesis of novel compounds. They also indicate the temperature dependence of the mechanism. Scheme 14 illustrates the four most probable pathways linking the structures 50 and 51.12b
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Scheme 1.14: Four most likely pathways for Hopf Cyclization
A. [1,2]-H-shift resulting the vinylidene carbene 50a and then to 51.
B. Thermal cyclization with rearrangement of the -system leading to isobenzene (cyclohexa-1,2,4-triene) 50b which undergoes hydrogen shift to give 51.
C. Thermal cyclization to the biradical 50c and hydrogen shift to 51.

D. Addition of a hydrogen radical, cyclization, and consequent loss of the same to give 51.
Experimental and theoretical investigations suggest that intermediates 50c predominantly arise during cyclization at temperatures ranging from 200 to 400 ºC, indicating that the rearrangement occurs via a biradical intermediate followed by a hydrogen shift, culminating in the synthesis of benzene. At elevated temperatures, cyclization involving the intermediates 50a and 50d becomes more favorable. This thermal cyclization is the dihydro version of the renowned Bergman Cyclization.6
The cycloisomerization of 50 is evidently not a single-step process. It is anticipated that, similar to the Bergman reaction, benzannelation may influence this reaction differently. No experimental research has been conducted to far on the cyclization of benzanulated complexes (Scheme 15). Theoretical simulations utilizing BLYP and BCCD(T) density functional theory indicated that the cyclization barrier is marginally influenced by the benzene ring and is somewhat elevated in energy compared to the parent system.12b, d
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Scheme 15: Hopf cyclization of benzanulated systems
Similar to Bergman Cyclization, Hopf Cyclization can be expedited by maintaining the dieneyne moiety confined within a cyclic structure. In 2001, Hopf and colleagues synthesized carbocyclic dieneynes with 10 to 14 members and investigated their thermal cyclization kinetics.12b Acyclic dieneynes necessitate elevated temperatures for cyclization, similar to acyclic enediynes. The anticipated thermal cyclizations of the monocyclic precursor hydrocarbons 61-66 to the respective benzocycloalkenes 67-72 (Scheme 16) were examined through a series of experiments involving the heating of the starting materials in tetradeuterio ortho-dichlorobenzene, with cycloaromatization monitored via 1H NMR spectroscopy. As anticipated, the higher homologues undergo cyclization at elevated temperatures compared to the lower homologues, a pattern similarly noted in the Bergman Cyclization of cyclic enediynes. The 10-membered ring system 62 commences aromatization at ambient temperature.
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Scheme 16: Thermal cyclization of the cyclodienynes to the benzocycloalkenes
Table 2: Thermal stabilities of 10-14 membered dieneynes
	Entry
	Compound
	Ring Size
	Tcycl., ºC

	1

2

3

4

5

6
	61 (n = 3)

62 (n = 4)

63 (n = 5)

64 (n = 6)

65 (n = 7)

66 (n = 8)
	9

10

11

12

13

14
	Unknown

room temperature

100 ºC

150 ºC

210 ºC

>210 ºC


Aza analogues of acyclic dieneyne were initially synthesized by Larrock16 in 2001.  The azadieneynes underwent electrophile-induced cyclization at 25 ºC, yielding isoquinoline derivatives (Scheme 17). 
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Scheme 17: Elctrophile induced cyclization of the acyclic aza dieneynes

Recent reports indicate the photolytic ring closure of 1,4-diaryl-1-buten-3-yne 75 to polycyclic aromatic hydrocarbons (PAH) 78.12c degrees Celsius The photoisomerization is thought to occur via a biradical intermediate, similar to the Hopf Cyclization (Scheme 18).
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Scheme 18: Photolytic ring closer of 1,4-diaryl-1-buten-3-ynes
The initial report of metal-catalyzed cyclization within the aforementioned category was presented by A. Furstner in 2004.17 The investigation revealed that the application of biphenyl derivatives 79, which possess an alkyne unit situated in one of their ortho-positions, in conjunction with a catalytic quantity of either PtCl2, AuCl2, AuCl3, GaCl3, or InCl3, yielded substituted phenanthrenes 81. Initially, a η2 complex was established between acetylene and a metal ion, followed by the 6-exo-dig cyclization of this π-complex, resulting in the final phenanthrene derivative 181 (Scheme 19).
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Scheme 19: Metal catalyzed cyclizaion of dieneynes 
The potential for DNA cleavage by the biradical intermediate of Hopf Cyclization can be dismissed owing to its self-quenching mechanism. To date, there have been no documented instances of dieneyne cyclization linked to the capacity for DNA cleavage.

E. 6-Electrocyclization in diene-allene system
 Aromatic compounds containing benzene represent a significant category of organic compounds, both in natural settings and within laboratory environments. Consequently, the synthesis of polyfunctionalized benzene derivatives has captivated the attention of organic chemists throughout the past century. There are two methods for synthesizing functionalized benzenoid compounds. One approach involves the direct functionalization of the benzene ring, while the other entails the synthesis of a novel benzene ring utilizing building blocks that are already endowed with functional groups. Nevertheless, the latter approach represents a highly effective method for obtaining a range of polysubstituted benzenes from simple, readily accessible starting materials. Within this category, 6π-electrocyclization (EC) stands out as the most effective method, having been widely employed for the synthesis of numerous natural products and steroids. Over the past twenty years, the reactions mediated by allene in 6π-electrocyclizations have garnered significant interest among organic chemists. The electrocyclizations involving diene and allene have been employed as a crucial step in the synthesis of benzene rings, primarily due to the inherent instability of the cyclization product, isotoluene (Scheme 20).
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Scheme 20: 6-EC reactions in diene-allene system
In 1985, W. H. Okamura and his colleagues were the pioneers in employing the allene-mediated 6π-EC reaction in the synthesis of the natural product Deimatrienes and associated trans Dealins (Scheme 1.21).18 The cis-diene-allene 86 readily underwent an electrocyclic reaction to yield 88, whereas the trans isomer 89 did not exhibit reactivity under comparable conditions. This distinctly demonstrates that the cis configuration of allene featuring the terminal double bond is crucial for the occurrence of the 6π-electrocyclization.
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Scheme 21: 6-EC reaction as a key step for synthesis of Deimatrienes
In 1996, K. K. Wang synthesized a series of diene-allenes that featured sterically demanding alkyl groups at the terminal double bond.19 The transformation of the final isotoluene derivative into toluene derivatives necessitates a [1,3] H shift; however, due to the thermal prohibition of this shift, the reaction consistently halts at the isotoluene stage (Scheme 22).
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Scheme 22: 6-EC reaction in sterically demanding diene-allene systems
Recently, H. Zhou and colleagues have published an extensive investigation into a heteroatom-facilitated propargyl-allenyl isomerization and the subsequent electrocyclization of the resulting diene-allene derivatives, aimed at the straightforward and effective synthesis of polyfunctionalized benzenes and naphthalenes (Scheme 23).20
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Scheme 23: Heteroatom promoted propargyl-allenyl isomerization and electrocyclization


The primary distinction between the 6π-electrocyclization and the GB or Hopf cyclization lies in the characteristics of the reaction mechanisms involved in these processes. The former, if it indeed qualifies as a pericyclic process, represents a thermally permitted disrotatory ring-closing reaction that occurs in a singular step, devoid of any intermediates. Conversely, the GB or Hopf cyclization represents a complex multistep mechanism characterized by the presence of a biradical intermediate, which ultimately transitions to the final product through a self-quenching process.
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