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Abstract 

 

 Since its serendipitous rediscovery in 2012, the hexadehydro-DielsïAlder (HDDA) 

reaction has served as a means of generating benzyne in situ via cycloisomerization of 

poly-yne precursors under thermal or photochemical conditions. This allows for the 

formation of complex benzenoid products in a single reaction step upon trapping of the 

insipient aryne. Aside from more fundamental mechanistic studies, my contributions to this 

science have fallen into three broad areas: i) formation of N-heterocycles, ii) single-step 

synthesis of functional materials, and iii) generation of HDDA benzynes at ambient 

conditions. The first area has seen extensive exploration by our lab and others; however, 

the latter two categories, especially the third, are still revealing interesting contemporary 

novelties.  

 In my initial work, I found that trapping of HDDA benzynes with C,N-diarylimines 

led to a reversal in reactivity with respect to the case of classical benzynes, furnishing 

acridine, as opposed to phenanthridine, products (Chapter 2). Next, I trapped HDDA 

benzynes with arylhydrazines to form azoarenes. I then recognized that simple 

azobenzenes could also trap HDDA benzynes in a binary fashion that could be toggled 

photochemically (Chapters 3 and 4). A fundamental investigation into trapping of HDDA 

benzynes with electron-deficient alkenes then led to the discovery of a novel mode of strain 

release of ortho-annulated benzene rings (Chapter 5). Reaction of HDDA benzynes with 

phosphine chalcogenides revealed a new mode of aryne-aryne ligand coupling from a P(V) 

center (Chapter 6). Finally, diynoic acid condensation was leveraged to form anhydrides 

that uniquely undergo HDDA cycloisomerization below room temperature (Chapter 7).  
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Chapter 1. o-Benzyne and the Hexadehydro-DielsïAlder 

Reaction 

1.1 The Benzyne Hypothesis 

Synthetic organic chemists have held a longstanding captivation with reactive 

intermediates. Albeit fleeting, and therefore, difficult to directly observe experimentally, 

these intermediates are necessarily highly reactive. They can be trapped in situ by various 

agents, often quite selectively ï thus, one should not conflate reactivity with selectivity.1 

Because of these characteristics, reactive intermediates are often invaluable in synthesizing 

natural products or other useful chemical species.2 Broad classes of reactive intermediates 

include, but are not limited to, carbocations, carbanions, radicals, carbenes, and nitrenes. 

Aryne intermediates can be generally defined as aromatic species that have 

undergone the formal loss of two atoms bound to the ring system, hydrogen in the case of 

an unsubstituted arene. For this reason, they are also formally referred to as 

didehydroarenes. The simplest example, didehydrobenzene, is referred to as benzyne. 

Depending on the relative locations on the ring of the missing substituents, one can then 

envision three distinct isomers of such a species ï namely, ortho (101), meta (102), and 

para (103) benzyne (Figure 1.1). The ortho isomer is that which is most often encountered 

in the context of organic synthesis and can be envisioned as the average of its three most 

instructive resonance contributors: the Kekulé structure 101a, the diradical 101b, and the 

most commonly encountered form ï that of an arene possessing a strained triple bond 

(101c). 

Figure 1.1 Three isomers of benzyne. 

 

 
1 Mayr, H.; Ofial, A. R. The ReactivityïSelectivity Principle: An Imperishable Myth in Organic Chemistry. 

Angew. Chem. Int. Ed. 2006, 45, 1844-1854. 
2 Singh, M. S. Reactive Intermediates in Organic Chemistry: Structure, Mechanism, and Reactions; Wiley-

VCH, 2014. 
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Arynes were first postulated as reactive intermediates nearly 120 years ago based 

on observations by Stoermer and Kahlert upon exposing a haloarene to strongly basic 

conditions.3 In the following decades, Wittig4, Gilman5, and Bergstrom6 each reported 

similar transformations proceeding through a putative aryne intermediate (Figure 1.2). 

Because of the nature and regioisomeric outcome of the resultant products, these 

preliminary investigations implicated the intermediacy of an ambident electrophile in the 

form of an aromatic species incorporating a formal triple bond, presumably arising by way 

of an ortho-elimination effected across the arene. 

Figure 1.2 First examples of aromatic substitution proceeding through a putative aryne 

intermediate. 

 

Evidence for the benzyne hypothesis began to mount when Roberts and coworkers 

reported the results of an isotopic labeling study (Figure 1.3).7  Starting from 14C-labeled 

chlorobenzene (104), incubation with potassium amide effected elimination to labeled 

benzyne 105. The nucleophilic amide anion could then add to either the labeled or 

unlabeled carbon atom, which should occur unselectively, absent any influence of the 

 
3 Stoermer, R.; Kahlert, B. Ueber das 1- und 2-Brom-cumaron. Ber. Dtsch. Chem. Ges. 1902, 35, 1633ï1640. 
4  Wittig, G. Phenyl-lithium, der Schlüssel zu einer neuen Chemie metallorganischer Verbindungen. 

Naturwissenschaften, 1942, 30, 696ï703. 
5 Gilman, H.; Avakian, S. Dibenzofuran. XXIII. Rearrangement of Halogen Compounds in Amination by 

Sodamide 1. J. Am. Chem. Soc. 1945, 67, 349ï351. 
6 Bergstrom, F. W.; Horning, C. H. The Action of Bases on Organic Halogen Compounds. V. The Action of 

Potassium Amide on Some Aromatic Halides (1). J. Org. Chem. 1946, 11, 334ï340. 
7 Roberts, J. D.; Simmons, H. E.; Carlsmith, L. A.; Vaughan, C. W. Rearrangement in the Reaction of 

Chlorobenzne-1-C14 with Potassium Amide 1. J. Am. Chem. Soc. 1953, 75, 3290ï3291. 



3 

original chlorine atom. This was indeed the observed result, with an equal ratio of products 

106a and 106b isolated. The ratio was determined by systematically breaking down the 

product compounds in a manner so as to separate each carbon of interest, from which the 

radioactivity of each resultant species could then be determined.  

Figure 1.3 Robertsô isotopic labeling study. 

 

Further experimental evidence seemed to affirm the benzyne hypothesis.  Roberts 

eventually discerned that upon incubation of a tolyl halide 107 with sodium amide in liquid 

ammonia, substitution of the amine group on the products 108 was seldom observed more 

than one carbon atom away from the point of initial halogen attachment (Figure 1.4).8  

Figure 1.4 Robertsô observed regioselectivity of chlorotoluene amination. 

 

Wittig then discovered that benzyne could act as a dienophile and engage furan in a [4+2] 

cycloaddition.9 Huisgen later tested this reaction with a variety of different benzyne 

precursors and obtained the same result each time, implicating a common intermediate 

 
8 Roberts, J. D.; Vaughan, C. W.; Carlsmith, L. A.; Semenow, D. A. Orientation in Aminations of Substituted 

Halobenzenes. J. Am. Chem. Soc. 1956, 78, 611ï614. 
9 Wittig, G.; Pohmer, L. Intermediªre Bildung von Dehydrobenzol (Cyclohexa dienin). Angew. Chem. 1955, 

67, 348. 
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(Figure 1.5).10 Chapman and coworkers observed o-benzyne by IR spectroscopy in 1974 

and determined that the resonance form possessing a triple bond (i.e. 101c  in Figure 1.1)  

predominated.11 In 1992, Radziszewski assigned the benzyne triple bond stretch as 1846 

cm-1, a lower wavenumber than that of a typical alkyne (ca. 2150 cm-1), suggesting a 

weaker pi bond.12  Thus, o-benzyne (101) became an established and ubiquitous 

intermediate in organic synthesis,13 even finding use in the total synthesis of natural 

products.14 

Figure 1.5 Consistent reaction outcome from varied precursors, implicating a common 

intermediate.  

 

1.2 Generation of Benzyne 

Because benzyne is a high-energy, fleeting intermediate, it is not isolable nor 

metastable and therefore cannot be stored or used directly for synthesis. Thus, it must be 

prepared and trapped in situ, traditionally from a precursor arene. The earliest examples of 

benzyne precursors (vide supra) were aryl halides from which benzyne was accessed upon 

exposure to strong base (Figure 1.6). Deprotonation, metal-halogen exchange, 15  or 

 
10 Huisgen, R.; Knorr, R. Sind die Benz-ine Verschiedener Provenienz Identisch? Tetrahedron Lett. 1963, 

1017ï1021. 
11 Chapman, O. L.; Mattes, K.; McIntosh, C. L.; Pacansky; J.; Calder, J. V.; Orr, G. Photochemical 

Transformations. LII. Benzyne. J. Am. Chem. Soc. 1973, 95, 6134ï6135. 
12 Orendt, A. M.; Facelli, J. C.; Radziszewski, J. G.; Horton, W. J.; Grant, D. M.; Michl, J. 13C Dipolar NMR 

Spectrum of Matrix-Isolated o-Benzyne-1,2-13C2. J. Am. Chem. Soc. 1996, 118, 846ï852. 
13 Wenk, H. H.; Winkler, M.; Sander, W. One Century of Aryne Chemistry. Angew. Chem. Int. Ed. 2003, 42, 

502ï528. 
14 For the first example of a natural product total synthesis invoking an aryne intermediate, see: (a) Kametani, 

T.; Ogasawara, K. Benzyne reaction. Part I. Total Syntheses of (±)-Cryptaustoline and (±)-Cryptowoline by 

the Benzyne Reaction. J. Chem. Soc. C 1967, 2208ï2208. For a more modern example, see: (b) Corsello, M. 

A.; Kim, J.; Garg, N. K. Benzyne reaction. Part I. Total Syntheses of (±)-Cryptaustoline and (±)-

Cryptowoline by the Benzyne Reaction. Nat. Chem. 2017, 9, 944ï949. 
15Wittig, G.; Pohmer, L. Über das intermediäre Auftreten von Dehydrobenzol. Chem. Ber. 1956, 89, 1334ï

1351. 



5 

oxidative addition of magnesium into the aryl-halogen bond16 leads to an aryl anion from 

which the subsequent ortho-elimination may be effected.  

Figure 1.6 Examples of benzyne generation involving strongly basic conditions. 

 

Despite the novel reactivity, the harsh conditions under which these benzynes were 

generated significantly restricted the scope of external reactants with which they were 

compatible. In the following decades, milder methods were established wherein labile 

functionalities were incorporated into precursor arenes that could be liberated to form 

thermodynamically stable products under mild conditions (Figure 1.7). Storing and using 

such high-energy precursors comes with its own challenges, however ï the diazonium 

carboxylate precursor 10917  is known to be highly shock sensitive.18  Additionally 

preparation of thiadiazole 11019 and aminotriazole 11120 can be challenging. The use of 

lead tetraacetate, a toxic metal species, to activate 111 is also undesirable. 

 
16 (a) Wittig, G.; Knauss, E. Dehydrobenzol und Cyclopentadien. Chem. Ber. 1958, 91, 895ï907. (b) Wittig, 

G.; Behnisch, W. Dehydrobenzol und N-Methyl-pyrrol. Chem. Ber. 1958, 91, 2358ï2365.   
17 Stiles, M.; Miller, R. G.; Burckhardt, U. Reactions of Benzyne Intermediates in Non-basic Media. J. Am. 

Chem. Soc. 1963, 85, 1792ï1797. 
18 Logullo, F. M.; Seitz, A. H.; Friedman, L. Benzenediazonium-2-carboxylate and Biphenylene. Org. Synth. 

1968, 48, 12. 
19 Wittig, G.; Hoffmann, R. W. Dehydrobenzol aus 1.2.3-Benzothiadiazol-1.1-dioxyd. Chem. Ber. 1962, 95, 

2718ï2728. 
20 Campbell, C. D.; Rees, C. W. Reactive intermediates. Part I. Synthesis and oxidation of 1- and 2-

aminobenzotriazole. J. Chem. Soc. C 1969, 742ï742. 
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Figure 1.7 Early examples of benzyne generation under mild conditions. 

 

In the 1980s, a new, albeit underappreciated, method of in situ benzyne generation 

was reported by Kobayashi and coworkers (Figure 1.8).21 Therein, they demonstrate that a 

phenyl silyl triflate 112 can undergo ortho-elimination in the presence of a fluoride source 

at room temperature. This obviated the need for toxic activating reagents and the issues 

inherent in thermally labile precursor compounds. Additionally, the precursor silyl triflate 

can be synthesized in 2 steps from o-bromophenol (113).22  

Figure 1.8 The ñKobayashiò method ï benzyne generation via ortho-elimination across a 

trialkylsilylaryl triflate. 

 

1.3 Reactivity of Benzyne 

To date, the reactions involving o-benzyne as an intermediate may be generally 

placed into one of three categories: i) pericyclic reactions, ii) nucleophilic additions, and 

iii) metal-catalyzed transformations. Pericylic reactions involving benzyne most often 

consist of [4 + 2] cycloadditions between benzyne and an activated diene, such as furan; 

however, benzyne has also been shown to undergo various other pericylic reactions. These 

 
21 Himeshima, Y.; Sonoda, T.; Kobayashi, H. Fluoride-induced 1,2-elimination of o-trimethylsilylphenyl 

triflate to benzyne under mild conditions. Chem. Lett. 1983, 1211-1214. 
22  Peña, D.; Cobas, A.; Pérez, D.; Guitián, E. An Efficient Procedure for the Synthesis of ortho-

Trialkylsilylaryl Triflates: Easy Access to Precursors of Functionalized Arynes. Synthesis 2002, 1454ī1458. 
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include (3 + 2) cycloadditions with a 1,3-dipole23, [2 + 2] cycloadditions with electron-rich 

alkenes24  (or formal [2 + 2] processes with carbon-heteroatom pi-bonds), and ene 

reactions.25 A representative series of pericyclic processes involving o-benzyne (101) is 

presented in Figure 1.9. 

Figure 1.9 Examples of o-benzyne engaging in pericyclic reaction processes. 

 

 The next major type of reaction a benzyne may undergo is a nucleophilic addition. 

The acetylenic triple bond in benzyne can be characterized, in an MO sense, as having a 

low-lying LUMO. 26 This confers a significant electrophilicity upon the triply bound 

carbons. Therefore, benzyne has a marked propensity to undergo nucleophilic addition 

reactions as a form of trapping. This process is set off when a nucleophile attacks one 

carbon atom comprising the benzyne triple bond. This leads to the formation of an aryl 

anion 114 which may then engage an electrophilic site on the initial nucleophile (leading 

to 115a) or engage another species in solution to quench (leading to 115b). This latter class 

of reactivity is known as a ñmulticomponent reactionò or MCR. 

 

 
23 Shi, F.; Waldo, J. P.; Chen, Y.; Larock, R. C. Benzyne Click Chemistry: Synthesis of Benzotriazoles from 

Benzynes and Azides. Org. Lett. 2008, 10, 2409ï2412. 
24 (a) Biju, A. T. Ed. Modern Aryne Chemistry. Wiley-VCH, 2021. (b) Hamura, T. Pericyclic reactions 

including [2+2], [3+2], and [4+2] cycloadditions. In Comprehensive Aryne Synthetic Chemistry; Yoshida, 

H., Ed.; Elsevier, 2022; pp 267ï330. 
25 Niu, D.; Hoye, T. R. The aromatic ene reaction. Nat. Chem. 2014, 6, 34ï40. 
26 Hoffman, R.; Imamura, A.; Hehre, W. J. Benzynes, dehydroconjugated molecules, and the interaction of 

orbitals separated by a number of intervening sigma bonds. J. Am. Chem. Soc. 1968, 90, 1499ï1509. 
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Figure 1.10 Nucleophilic addition to benzyne in which the aryl anion is either quenched 

intramolecularly (leading to 115a) or intermolecularly in an MCR (leading to 115b). 

 

The aforementioned reaction has used o-benzyne (101) as an example, but the 

scenario in which a benzyne species is rendered nonsymmetric by its substitution pattern 

is also relevant, as is the regioselectivity of nucleophilic addition to such an aryne.  

Experimentally, this has been shown to involve a combination of both steric and electronic 

influences arising from the substitution pattern of the aryl ring, though the interplay of 

these influences can be difficult to qualitatively predict.  At the beginning of the previous 

decade, Cramer and Garr,27 as well as Houk and Garg,28 independently developed a 

distortion model to predict regioselectivity of nucleophilic addition to substituted arynes 

(Figure 1.11).   

In this model, the angles formed at the two ortho carbon atoms comprising the 

formal triple bond in 116 are representative of the electronic environment at each carbon 

and can be used to predict the observed regioselectivity of nucleophilic addition. The 

carbon at the vertex possessing an internal angle greater than 120° has more p-orbital 

character, granting the atom a greater partial positive charge and thereby making it more 

susceptible to nucleophilic attack. This could lead to two potential transition states 117a/b 

each proceeding to their respective anions 118a/b. Each anion, upon quenching with an 

 
27 Garr, A. N.; Luo, D.; Brown, N.; Cramer, C. J.; Buszek, K. R.; Vandervelde, D. Experimental and 

theoretical investigations into the unusual regioselectivity of 4,5-, 5,6-, and 6,7-indole aryne cycloadditions. 

Org. Lett. 2010, 12, 96ï99. 
28 Cheong, P. H. Y.; Paton, R. S.; Bronner, S. M.; Im, G.-Y. J.; Garg, N. K.; Houk, K. N. Indolyne and Aryne 

Distortions and Nucleophilic Regioselectivities. J. Am. Chem. Soc. 2010, 132, 1267ï1269. 
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electrophile, can be envisioned to proceed either to the major or solely observed product 

119a dictated by the distortion model or 119b, the minor or non-observed product. 

Figure 1.11. Regioselectivity of nucleophilic addition to substituted benzyne dictated by 

the benzyne distortion model. 

 

 Finally, transition-metal catalyzed transformations represent the third main class of 

benzyne reactions. This class of chemistry typically involves cyclotrimerization (Figure 

1.12a) of benzynes or co-cyclotrimerization between benzynes and other functionalities 

possessing a pi-bond (Figure 1.12b).29 These processes are typically mediated by either 

Pd0 or Ni0. In 1998, Pe¶a and coworkers reported the cyclotrimerization of o-benzyne (101) 

to triphenylene (120) under palladium catalysis.30 The next year, they reported the co-

cyclotrimerization of ortho-disubstituted benzynes 121 with electron-deficient alkynes 

122.31 This led to a mixture of naphthalene products 123 and phenanthrene products 124. 

 
29 For a review of benzyne cyclotrimerization reactions specifically, see (a) Guitián, E.; Peréz, D.; Pe¶a, D. 

Palladium-Catalyzed Cycloaddition Reactions of Arynes. Top. Organomet. Chem. 2005, 14, 109ï146. For 

reviews of transition-metal catalyzed reactions of arynes in general, see ch. 6 in reference 24a and (b) 

Worlikar, S. A.; Larock, R. C. Curr. Org. Chem. 2011, 15, 3214ï3232. 
30 Pe¶a, D.; Escudero, S.; Peréz, D.; Guitián, E.; Castedo, L. Efficient Palladium-Catalyzed 

Cyclotrimerization of Arynes: Synthesis of Triphenylenes. Angew. Chem. Int. Ed. 1998, 37, 2659ī2661. 
31 Pe¶a, D.; Pérez, D.; Guitián, E.; Castedo, L. Palladium-Catalyzed Cocyclization of Arynes with Alkynes: 

Selective Synthesis of Phenanthrenes and Naphthalenes. J. Am. Chem. Soc. 1999, 121, 5827ï5828. 
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Figure 1.12 Examples of transition-metal catalyzed a) cyclotrimerization of o-benzyne and 

b) co-cyclotrimerization of benzynes and alkynes. 

 

1.4 Dehydro-DielsïAlder Reactions 

The next relevant, yet to this point, seemingly unrelated, topic is that of the Diels-

Alder reaction. Discovered in 1928,32 the DielsïAlder reaction, along with o-benzyne, is 

esteemed in synthetic chemistry for its robust reactivity and wide preparative 

applicability.33 Depicted in Figure 1.13a is the DielsïAlder [4+2] cycloaddition between 

benzoquinone (125) and cyclopentadiene (126) to form an adduct such as 127. Perhaps less 

well known is that Diels and Alder did not report the first example of this class of reactivity 

ï rather, it was Michael and Bucher in 1899 that reported the condensation of two 

equivalents of phenylpropiolic acid (128, Figure 1.13b), leading to a new aromatic ring in 

the product.34 Perhaps not appreciated at the time, this represents a class of reactivity that 

we now know to be a dehydro-DielsïAlder reaction ï a variant of the parent DielsïAlder 

reaction in which there is further unsaturation in the pi-functionalities (i.e. possessing 

alkynes in place of alkenes).35 This tetradehydro-DielsïAlder (TDDA) reaction proceeds 

 
32 Diels, O.; Alder, K. Synthesen in der hydroaromatischen Reihe. Justus Liebigs Ann. Chem. 1928, 460, 98ï

122. 
33 Nicolaou, K. C.; Snyder, S. A.; Montagnon, T.; Vassilikogiannakis, G. The DielsïAlder reaction in total 

synthesis. Angew. Chem. Int. Ed. 2002, 41, 1668ï1698. 
34 Michael, A.; Bucher, J. E. Ueber die Einwirkung von Essigsäureanhydrid auf Säuren der Acetylenreihe. 

Chem. Ber. 1895, 28, 2511ï2512. 
35 Wessig, P.; Müller, G. The dehydro-DielsïAlder reaction. Chem. Rev. 2008, 108, 2051ï2063. 
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via condensation to phenylpropiolic acid anhydride (129) and then to cyclic allene 130.36 

Following 1,5-hydrogen atom migration, naphthalene derivatives 131 could be isolated. 

Figure 1.13 Example of the classical a) DielsïAlder (DA) reaction and b) the first reported 

example of a dehydro-DielsïAlder (DDA) reaction. 

 

Depicted in Figure 1.14 are simplified examples of various dehydro-DielsïAlder 

reactions, classified by the degree of unsaturation of each overall system. Shown above 

each arrow is the internal energy change for each reaction process and in parentheses, the 

ring strain present in the product structures.37 (Values displayed are in units of kcalÅmol-1). 

Generally, dehydro-DielsïAlder reactions are less exothermic than the parent DielsïAlder 

reaction. Because of significant ring strain inherent in some of the products, many of the 

indicated structures are prone to undergo further reaction or rearrangement. For example, 

 
36 Danheiser, R. L.; Gould, A. E.; de la Pradilla, R. F.; Helgason, A. L. Intramolecular [4 +2] cycloaddition 

reactions of conjugated enynes. J. Org. Chem. 1994,59, 5514ī5515. 
37 Ajaz, A.; Bradley, A. Z.; Burrell, R. C.; Li, W. H. H.; Daoust, K. J.; Bovee, L. B.; DiRico, K. J.; Johnson, 

R. P. Concerted vs stepwise mechanisms in dehydro-Diels-Alder reactions. J. Org. Chem. 2011, 76, 

9320ī9328. 
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cyclic allene 132 can rearrange to benzene (133), as can cumulene 134. Cyclic allenes such 

as 135 and the conjugated cumulene 101a can be trapped by external agents. 

 The hexadehydro-DielsïAlder reaction (Figure 1.14d) appears paradoxical in the 

sense that it leads to a product with significant ring strain, but still has a favorable internal 

reaction energy ï even more so than that of the parent reaction (Figure 1.14a). Accounting 

for this apparent discrepancy is the fact that conversion of pi-bonds to sigma-bonds is 

energetically favorable. Additionally, the resonance stabilization energy of producing an 

aromatic ring provides the energetic driving force to furnish such a strained species. The 

perceptive reader will recognize that 101a is simply the Kekulé depiction of o-benzyne 

(101c). Therefore, the HDDA reaction theoretically represents a path to access benzyne in 

a purely thermal fashion from three alkynes. 

Figure 1.14 Simplified examples of the a) DielsïAlder, b) didehydro-DielsïAlder, c) 

tetradehydro-DielsïAlder, and d) hexadehydro-DielsïAlder reactions with internal 

reaction energies and product ring strain energies (kcalÅmol-1). 

 

1.5 Early Reports of the HDDA Reaction 
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The relationship between DielsïAlder reactivity and benzyne generation was 

elucidated at the turn of the 21st century. The first experimental report suggesting this 

fundamental link was published in 1997, when Johnson and coworkers subjected 1,3,8-

nonatriyne (136) to flash vacuum pyrolysis (FVP) and obtained indane (137) and indene 

(138) as the principal products, comprising over 95% of the crude mixture.38 The authors 

rationalized the formation of these products as arising through the aryne Intermediate 6139 

(Figure 1.15).  

Figure 1.15 First proposal of a triyne leading to a benzyne intermediate under thermal 

conditions. 

 

To gain support for this mechanism, the authors employed a deuterium-labeling 

study, beginning with triyne 136-d2 (Figure 1.16). One could also invoke a mechanism 

involving a 1,2-deuterium atom shift to form the vinyl carbene 140. A Bergman 

cyclization39 of the resultant enediyne 141 and subsequent H-atom abstraction by the para-

benzyne diradical 142 could then lead to deuterated indane 143. The authors found, 

however, that none of 143 was observed, but rather that 137-d2, arising from o-benzyne 

Intermediate 6139-d2, comprised the entire quantity of recovered indane. Despite this 

result, the authors did not appear to appreciate the potential of this transformation, nor did 

they identify it as a hexadehydro-DielsïAlder reaction. 

 
38 Bradley, A. Z.; Johnson, R. P. Thermolysis of 1,3,8-Nonatriyne: Evidence for Intramolecular [2 + 4] 

Cycloaromatization to a Benzyne Intermediate. J. Am. Chem. Soc. 1997, 119, 9917ï9918. 
39 Jones, R. R.; Bergman, R. G. p-Benzyne. Generation as an intermediate in a thermal isomerization reaction 

and trapping evidence for the 1,4-benzenediyl structure. J. Am. Chem. Soc. 1972, 94, 660ï661. 
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Figure 1.16 Deuterium-labeling study supporting formation of the observed indane 

product via o-benzyne, rather than p-benzyne, pathway. 

 

Contemporaneous reports by Ueda and coworkers detailed a series of radical 

cyclizations of poly-yne substrates that yielded complex benzenoid products. 40  One 

representative example in which an HDDA reaction may be implicated is shown below in 

Figure 1.17.  Beginning with tetrayne 144, the authors proposed a stepwise, radical 

mechanism in which two equilibrating diradicals 145a/b are formed, which can then 

proceed to diradical intermediates 146a/b, respectively. Trapping by the benzene solvent 

rationalizes formation of the two observed adducts 147a/b.  

 
40 (a) Miyawaki, K.; Suzuki, R.; Kawano, T.; Ueda, I. Cycloaromatization of a non-conjugated polyenyne 

system: Synthesis of 5H-benzo[d]fluoreno[3,2-b]pyrans via diradicals generated from 1-[2-{4-(2- 

alkoxymethylphenyl)butan-1,3-diynyl}]phenylpentan-2,4-diyn-1-ols and trapping evidence for the 1,2- 

didehydrobenzene diradical. Tetrahedron Lett. 1997, 38, 3943ï3946. (b) Miyawaki, K.; Kawano, T.; Ueda, 

I. Multiple cycloaromatization of novel aromatic enediynes bearing a triggering device on the terminal 

acetylene carbon. Tetrahedron Lett. 1998, 39, 6923ï6926. (c) Miyawaki, K.; Kawano, T.; Ueda, I. Domino 

thermal radical cycloaromatization of non-conjugated aromatic hexa- and heptaynes: synthesis of 

fluoranthene and benzo[a]rubicene skeletons. Tetrahedron Lett. 2000, 41, 1447ï1451. 
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Figure 1.17 Example of the cyclization reactions reported by Ueda and coworkers and the 

proposed radical mechanism. 

 

One of the key features distinguishing this work from the prior work by Johnson 

and coworkers is that the reaction takes place at ambient conditions, indicating that this 

type of reactivity is accessible under conditions conducive to practical synthesis. It is also 

interesting to note that structures 146a/b are simply the diradical depictions of the 

corresponding o-benzyne resonance structures. The scope of this reaction was only 

tentatively explored in the following years and was left largely untouched for the next 

decade for reasons not readily apparent.  

1.6 Serendipitous Rediscovery of the HDDA Reaction 

The HDDA reaction was finally thrust into the general consciousness of the 

synthetic community with the rediscovery of this reactivity by happenstance in 2012, when 

Hoye and coworkers were attempting the oxidation of alcohol 148 (Figure 1.18).41 What 

occurred instead was the HDDA cyclization of the ynone formed in situ, leading to benzyne 

intermediate 149.  Following attack by the TBS ether oxygen to form zwitterion 150, a 

retro-Brook rearrangement furnishes indenone 151, the major product. The gravity of the 

discovery was clear: the HDDA reaction allows for the formation of complex benzenoid 

 
41 Hoye, T. R.; Baire, B. B.; Niu, D.; Willoughby, P. H.; Woods, B. P. The hexadehydro-DielsïAlder reaction. 

Nature 2012, 490, 208ï212. 
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products in a single step without the use of exogenous reagents. This novel method of 

benzyne formation had the potential to provide divergent or even orthogonal reactivity to 

that of ñclassicalò benzynes (i.e. those formed by way of o-elimination across a precursor 

arene). 

Figure 1.18 Rediscovery of the HDDA reaction by Hoye and coworkers in 2012. 

 

Recognizing the synthetic utility of this reaction, Hoye and coworkers, among 

others, began significantly expanding this methodology to construct a variety of benzenoid 

products under thermal conditions from poly-yne precursors. Additionally, studies 

elucidating the mechanism of the HDDA reaction were undertaken that provided both 

experimental and theoretical evidence for a stepwise radical process, in line with prior 

thinking, rather than a concerted [4+2] cycloaddition. Experimentally, radical-stabilizing 

groups were found to accelerate the rate of an HDDA reaction.42 Theoretically, a concerted 

reaction pathway builds so much strain into its respective transition structure that it is 

 
42 Wang, T.; Niu, D.; Hoye, T. R. The Hexadehydro-DielsïAlder Cycloisomerization Reaction Proceeds by 

a Stepwise Mechanism. J. Am. Chem. Soc. 2016, 138, 7832ï7835. 
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shown to be energetically unfavorable compared to the stepwise pathway by DFT.43 A 

depiction of the energetic profiles of each possible HDDA mechanism is provided in Figure 

1.19 for an ester-linked triyne as computed by Hoye and coworkers. 

Figure 1.19 Depiction of the stepwise radical (shown in red) vs. concerted [4+2] 

cycloaddition (shown in blue) HDDA reaction coordinates afforded by DFT (energies in 

kcalÅmol-1). 

 

1.7 Reactivity of HDDA Benzynes 

With the advent of a new method of benzyne production came an outpouring of 

novel reactivity emanating from the HDDA reaction. Although this work cannot cover all 

developed methodology up to the present, the recent review by Hoye and coworkers is 

insightful.44 The aromatic ene reaction (Figure 1.20a) represents one such example of 

novel reactivity afforded by HDDA benzynes. It was also found that HDDA benzynes can 

 
43 (a) Marell, D. J.; Furan, L. R.; Woods, B. P.; Lei, X.; Bendelsmith, A. J.; Cramer, C. J.; Hoye, T. R.; 

Kuwata, K. T. Mechanism of the Intramolecular Hexadehydro-DielsïAlder Reaction. J. Org. Chem. 2015, 

80, 11744ï11754. (b) Liang, Y.; Hong, X.; Yu, P.; Houk, K. N. Why Alkynyl Substituents Dramatically 

Accelerate Hexadehydro-DielsïAlder (HDDA) Reactions: Stepwise Mechanisms of HDDA Cycloadditions. 

Org. Lett. 2014, 16, 5702ï5705. (c) Yu, P.; Yang, Z.; Liang, Y.; Hong, X.; Li, Y.; Houk, K. N. Distortion-

Controlled Reactivity and Molecular Dynamics of Dehydro-DielsïAlder Reactions. J. Am. Chem. Soc. 2016, 

138, 8247ï8252. (d) Chen, M.; He, C. Q.; Houk, K. N. Mechanism and Regioselectivity of an Unsymmetrical 

Hexadehydro-DielsïAlder (HDDA) Reaction. J. Org. Chem. 2019, 84, 1959ï1963. 
44 Fluegel, L. L.; Hoye, T. R. Hexadehydro-DielsïAlder reaction: Benzyne generation via cycloisomerization 

of tethered triynes. Chem. Rev. 2021, 121, 2413ï2444. 
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undergo dihydrogen transfer via desaturation of alkanes (Figure 1.20b).45 This represents 

a rare class of reactions known as dyotropic reactions.46 Additionally, HDDA benzynes 

can drive desaturation reactions of alcohols.47 The phenolïene reaction (Figure 1.20c) is 

another example of reactivity unique to HDDA benzynes and, in this case, represents 

orthogonal reactivity with respect to the classical result.48 Furthermore, a photochemical 

variant of the HDDA reaction has been reported wherein poly-yne precursors with 

extended conjugation can be irradiated with UV light to produce benzyne in situ.49 

Figure 1.20 Early examples of novel trapping reactions afforded by the HDDA reaction. 

 

Efficient preparation of N-heterocycles is an important practical feature of many 

HDDA-driven transformations. Currently, 59% of FDA-approved drugs contain a nitrogen 

 
45 Niu, D.; Willoughby, P. H.; Woods, B. P.; Baire, B.; Hoye, T. R. Alkane desaturation by concerted double 

hydrogen atom transfer to benzyne. Nature 2013, 501, 531ï534. 
46 Fernández, I.; Cossío, F. P.; Sierra, M. A. Dyotropic Reactions: Mechanisms and Synthetic Applications. 

Chem. Rev. 2009, 109, 6687-6711. 
47 Willoughby, P. H.; Niu, D.; Wang, T.; Haj, M. K.; Cramer, C. J.; Hoye, T. R. Mechanism of the Reactions 

of Alcohols with o-Benzynes. J. Am. Chem. Soc. 2014, 136, 13657ï13665. 
48 Liu, Z.; Larock, R. C. Facile O-Arylation of Phenols and Carboxylic Acids. Org. Lett. 2004, 6, 99ï102. 
49 Xu, F.; Xiao, X.; Hoye, T. R. Photochemical Hexadehydro-DielsïAlder Reaction. J. Am. Chem. Soc. 2017, 

139, 8400ï8403. 
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heterocycle.50 Hoye and coworkers demonstrated formation of dihydrobenzothiazino-

heterocyclics by reaction of an HDDA precursor and an aryl-substituted thioamide, a 

selected example of which is shown in Figure 1.21.51 In the reported mechanism, the 

fluorenone precursor 152 cyclizes and is attacked by thioamide 153 to form zwitterion 154.  

From here, ring closure to the benzothietene 155 occurs, followed by electrocyclic ring-

opening to generate the o-thiolatoaryliminium species 156.  A stepwise 1,3-H atom 

migration then occurs to generate an isomeric iminium zwitterion 157 that can close to 

furnish the dihydrobenzothiazine 158. 

Figure 1.21 Selected example of a trapping reaction between HDDA benzynes and 

thioamides to generate dihydrobenzothiazines. 

 

In addition to the previous methodology, Hoye and coworkers have also reported 

an unprecedented pseudo-1,3-dipolar cycloaddition between HDDA benzynes and 

 
50 Vitaku, E.; Smith, D. T.; Njardarson, J. T. Analysis of the S tructural Diversity, Substitution Patterns, and 

Frequency of Nitrogen Heterocycles among U.S. FDA Approved Pharmaceuticals. J. Med. Chem. 2014, 57, 

10257ï10274. 
51 Palani, V.; Chen, J.; Hoye, T. R. Reactions of Hexadehydro-Diels-Alder (HDDA)-Derived Benzynes with 

Thioamides: Synthesis of Dihydrobenzothiazino-Heterocyclics. Org. Lett. 2016, 18, 6312ï6315. 
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electron-deficient thioamides.52  One example is provided in Figure 1.22a, in which 

fluorenone precursor 159 is reacted with thioamide 160. Ethylene is ejected from the 

zwitterionic intermediate 161 to produce two regioisomers of dihydrobenzothiazole 162.  

With the installation of an N-allyl moiety (as in thioamide 163), the product 164 arising as 

a result of [3,2]-sigmatropic rearrangement provided support for the presumed ylide 

intermediate 165 (Figure 1.22b). Additionally, reaction of 159 with pyrrolidino thioamide 

166 gave rise to three distinct products proceeding through i) a Stevens rearrangement53 

(to form 167), ii) a net elimination (to form 168), and iii) a C-H insertion (to form 169) 

(Figure 1.22c). 

Reactions between HDDA benzynes and sulfonamides have also been probed.54 As 

a result of these investigations, Hoye and coworkers reported the formation of decorated 

tetrahydroquinolines and indolines. In the course of these studies, the authors found that 

either a sulfonyl transfer or desulfonylation mechanism predominates depending on the 

length of the tether anchoring the intramolecular trap to the triyne (Figure 1.23). Starting 

from generic precursor 170, intramolecular trapping of benzyne 171 forms the zwitterion 

172.  In the case of n = 2, direct sulfonyl transfer can occur, furnishing tetrahydroquinolines 

173.  For the n = 1 case, transition state strain favors proton abstraction from adventitious 

water to give rise to intermediate 174 that can then be desulfonylated to produce indolines 

175. 

In the following years, three-component reactions, a class of MCR, between HDDA 

benzynes, protic nucleophiles, and cyclic tertiary amines were also reported (Figure 

1.24).55 In this instance, after formation of the initial zwitterion 176 from tetrayne 177 and 

a cyclic tertiary amine, substitution by a protic nucleophile can occur to form products 

resembling 178.  

 
52 Zhang, J.; Page, A. C. S.; Palani, V.; Chen, J.; Hoye, T. R. Atypical Mode of [3 + 2]-Cycloaddition: Pseudo-

1,3-dipole Behavior in Reactions of Electron-Deficient Thioamides with Benzynes. Org. Lett. 2018, 20, 

5550ï5553. 
53 Stevens, T. S.; Creighton, E. M.; Gordon, A. B.; MacNicol, M. CCCCXXIII.ïDegradation of quaternary 

ammonium salts. Part I. J. Chem. Soc. 1928, 3193ī3197. 
54 Wang, Y.; Zheng, L.; Hoye, T. R. Sulfonamide-Trapping Reactions of Thermally Generated Benzynes. 

Org. Lett. 2018, 20, 7145ï7148. 
55 Ross, S. P.; Hoye, T. R. Multiheterocyclic Motifs via Three-Component Reactions of Benzynes, Cyclic 

Amines, and Protic Nucleophiles. Org. Lett. 2018, 20, 100ï103. 
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Figure 1.22 Pseudo-1,3-dipolar cycloaddition between HDDA benzyne and electron-

deficient thioamides a) with loss of ethylene, b) with [3,2]-sigmatropic rearrangement, and 

c) with Stevens rearrangement, elimination, or C-H insertion. 
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Figure 1.23 Construction of tetrahydroquinolines and indolines via intramolecular 

trapping of HDDA benzynes with sulfonamides. 

 

Three-component reactions have also been demonstrated (Figure 1.25) wherein an 

HDDA benzyne is trapped by N-heteroaromatics 179 and the zwitterion 180 is neutralized 

by either (i) a X=Y electrophile to form products resembling 181 or (ii) a protic 

nucleophile, forming products of type 182. Without addition of a third component, 

benzazetidines and ring expansion products were observed (cf. iii).56    

Attempts to construct N-heteroaromatics by leveraging the HDDA reaction finally 

culminated in the report of the aza-HDDA reaction, which represents a de novo synthesis 

of functionalized pyridine derivatives (Figure 1.26).57  Here, a nitrile group can be present 

as the diynophile (as in 183) or as part of an aza-1,3-diyne (as in 184), generating a 3,4-

pyridyne (185) or 2,3-pyridyne (186) intermediate, respectively, that, upon trapping, can 

give rise to functionalized pyridine derivatives. 

 
56 Arora, S.; Zhang, J.; Pogula, V.; Hoye, T. R. Reactions of thermally generated benzynes with six-

membered N-heteroaromatics: pathway and product diversity. Chem. Sci. 2019, 10, 9069ï9076. 
57 Thompson, S. K.; Hoye, T. R. The Aza-hexadehydro-DielsïAlder Reaction. J. Am. Chem. Soc. 2019, 141, 

19575ï19580. 
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Figure 1.24 Example of three-component reactions between HDDA benzynes (red), cyclic 

tertiary amines (blue), and protic nucleophiles (green). 

 

Figure 1.25 Three-component reactions of HDDA benzynes with N-heteroaromatics. 

 

Another area in which the HDDA reaction has found import is the synthesis of 

polycyclic aromatic compounds (PACs). PACs find use throughout the field of materials 

science.58 The HDDA reaction is uniquely situated to address the ongoing synthetic 

challenge of producing PACs because of the complexity it can generate in a single reaction 

 
58 Anthony, J. E. Functionalized Acenes and Heteroacenes for Organic Electronics. Chem. Rev. 2006, 106, 

5028ï5048. 
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sequence. Early examples of HDDA-derived PACs include perylene adducts such as 187 

(Figure 1.27a).59 Further, trapping of HDDA benzynes with tetraphenylcyclopentadienone 

leads to tetraphenyl naphthalene derivatives 188 after extrusion of CO2 (Figure 1.27b). 

These products have been demonstrated to be promising candidates for blue OLEDs.60 

Figure 1.26 The aza-HDDA reaction. 

 

Figure 1.27 Early examples of PAC synthesis enabled by the HDDA reaction. 

 

A particularly enabling strategy for the synthesis of PACs came in the form of the 

domino-HDDA reaction.61 In this strategy, a poly-yne was designed with a strategically 

 
59 Xu, F.; Xiao, X.; Hoye, T. R., Reactions of HDDA-Derived Benzynes with Perylenes: Rapid 

Construction of Polycyclic Aromatic Compounds. Org. Lett. 2016, 18, 5636ï5639. 
60 Xu, F.; Kyle, W. H.; Russell, J. H.; Hoye, T. R., Blue-Emitting Arylalkynyl Naphthalene Derivatives via 

a Hexadehydro-DielsïAlder Cascade Reaction. J. Am. Chem. Soc. 2016, 138, 12739ï12742. 
61 Xiao, X.; Hoye, T. R., The domino hexadehydro-DielsïAlder reaction transforms polyynes to benzynes 

to naphthynes to anthracynes to tetracynes (and beyond?). Nat. Chem. 2018, 10, 838ï844. 
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placed series of 1,3-butadiyne subunits. After the first HDDA event, the benzyne can act 

as a diynophile and form an anthracyne. This process can be extended to naphthyne, 

anthracyne, tetracyne, and potentially beyond (Figure 1.28). 

Figure 1.28 General depiction of the domino-HDDA reaction. 

 

Recently, Hoye and coworkers also developed a method of synthesizing helical 

dibenzofurans from two equivalents of precursor poly-yne and one of diarylsulfoxide 

(Figure 1.29).62 This occurs by way of a hypervalent sulfur (IV) intermediate (189). (This 

species is also known as a sigma-sulfurane.) Reductive elimination from the sulfur center 

furnishes helicenes such as 190. This is another example of an HDDA method that deviates 

from known chemistry employing classical benzynes.63 

Figure 1.29 Helical dibenzofurans via S(IV) ligand coupling. 

 

Finally, the vast majority of HDDA poly-yne precursors only appreciably cyclize 

to benzyne at fairly high temperatures (ca. 100 ºC). Recently, an HDDA methodology was 

reported in which quaternary ammonium ion-tethered HDDA precursors were found to 

cyclize at room temperature in aqueous environment.64 The ability to easily perform 

 
62 Ritts, C. B.; Hoye, T. R. Sulfurane [S(IV)]-Mediated Fusion of Benzynes Leads to Helical Dibenzofurans. 

J. Am. Chem.Soc. 2021, 143, 13501ï13506. 
63 Chen, D.-L.; Sun, Y.; Chen, M.; Li, X.; Zhang, L.; Huang, X.; Bai, Y.; Luo, F.; Peng, B. Desulfurization 

of diaryl(heteroaryl) sulfoxides with benzyne. Org. Lett. 2019, 21, 3986ï3989. 
64 Zhu, C.; Hoye, T. R. Quaternary Ammonium Ion-Tethered (Ambient-Temperature) HDDA Reactions. J. 

Am. Chem. Soc. 2022, 144, 7750ï7757. 
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HDDA reactions at ambient conditions with a variety of precursors would represent a 

significant leap forward in the synthetic toolkit afforded by the HDDA reaction. This theme 

will be revisited in Chapter 7 of this dissertation. 

Figure 1.30 Quaternary ammonium ion-tethered HDDA. 
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Chapter 2. Reactions of HDDA Benzynes with C,N-

Diarylimines (ArCH=NAr')  

The studies presented in this Chapter have been disclosed in and largely adapted from a 

published article.65This work is a result of collaborative and equal efforts from Dr. Sahil 

Arora and the author of this Thesis. 

 

Summary: o-Benzynes can be utilized to construct heterocyclic motifs using various 

nucleophilic and cycloaddition trapping reactions. Acridines have been synthesized by 

capture of C,N-diarylimines with benzynes generated by classical methods (i.e. from ortho-

elimination of precursor arene compounds), although in poor yields. We report here that 

these imines can be trapped by benzynes generated by the hexadehydro-DielsïAlder 

(HDDA) reaction in an efficient manner to produce 1,4-dihydroacridine products. These 

dihydroacridines were subsequently aromatized using MnO2 to provide structurally 

complex acridines. 

2.1 Introduction  

Acridine derivatives find importance as biological dyes and novel anticancer therapeutics.  

In addition, the acridine skeleton comprises the core of various natural products to which 

a novel synthetic methodology could potentially be applied.  Depicted in Figure 2.1 are 

selected examples of acridine derivatives that serve roles as biological probes.  Perhaps the 

most well-known acridine dye is acridine orange (AO), which is able to complex to DNA 

and RNA independently to facilitate differential staining.66 Quinacrine mustard is another 

 
65  Arora, S.; Sneddon, D. S.; Hoye, T. R. Reactions of HDDA Benzynes with C,N-Diarylimines 

(ArCH=NAr'). Eur. J. Org. Chem. 2020, 2020, 2379ï2383. 
66 Darzynkiewicz, Z. Differential Staining of DNA and RNA in Intact Cells and Isolated Cell Nuclei with 

Acridine Orange. In Methods in Cell Biology; Darzynkiewicz, Z., Crissman, H. A., Eds.; Academic Press: 

Cambridge, MA, 1990; Vol. 33; pp 285ï298. 
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such example that finds applications in fluorescence microscopy of mammalian 

chromosomes.67 

Figure 2.1 Examples of acridine-based dyes. 

 

Acridines reached their zenith in medicine in the early 20th century (Figure 2).  In 

the 1930s, the availability of quinacrine as a synthetic antimalarial was vital during times 

of quinine shortage.  Being usurped by the penicillins, however, acridine antibiotics 

became less prevalent moving into the 21st century, though they did begin to find use as 

anticancer candidates. Examples include the anticancer agents amsacrine,68 asulacrine,69 

and nitracrine.70  

Figure 2.2 Examples of acridine-containing anticancer drugs. 

 

 
67 Caspersson, T.; Zech, L.; Modest, E. J. Fluorescent Labeling of Chromosomal DNA: Superiority of 

Quinacrine Mustard to Quinacrine. Science 1970, 170, 762. 
68 Cain, B. F.; Seelye, R. N.; Atwell, G. J. Potential antitumor agents. 14. Acridylmethanesulfonanilides. J. 

Med. Chem. 1974, 17, 922ï930. 
69 Brennan, S. T.; Colbry, N. L.; Leeds, R. L.; Leja, B.; Priebe, S. R.; Reily, M. D.; Hollis Showalter, H. D.; 

Uhlendorf, S. E.; Atwell, G. J.; Denny, W. A. Anticancer anilinoacridines. A process synthesis of the 

disubstituted amsacrine analog CI-921. J. Het. Chem. 1989, 26, 1469ï1476. 
70 Denny, W. A.; Atwell, G. J.; Roberts, P. B.; Anderson, R. F.; Boyd, M.; Lock, C. J. L.; Wilson, W. R. 

Hypoxia-Selective Antitumor Agents. 6. 4-(Alkylamino)nitroquinolines: A New Class of Hypoxia-Selective 

Cytotoxins. J. Med. Chem. 1992, 35, 4832ï4841. 
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The acridine-like skeleton is also apparent in a variety of marine alkaloids71 and 

natural products isolated from the Australian scrub ash tree (Figure 2.3).72 Examples 

include cystodytin A, isolated from the marine tunicate Cystodytes delleciajei. Likewise, 

the natural product acronycine is an example of an isolated acridine derivative from the 

plant Acronychia baueri. 

Figure 2.3 Examples of acridine-containing natural products. 

 

o-Benzynes and related arynes have been used as versatile intermediates for 

construction of various aromatic heterocycles.73  In a few instances, six-membered 

nitrogen-containing heterocycles of the acridine family have been produced, at least to 

small extents, by trapping of a classically generated aryne (i.e. one formed by way of an 

ortho-elimination of a precursor aromatic compound) by an imine. The previously 

observed reaction pathways may be roughly placed into two categories: a) a net [2+2] 

process by way of an initial, transient zwitterion (Figure 2.4a); b) initial [4+2] 

cycloaddition between the benzyne (acting as a dienophile) and the N-aryl imine moiety 

(acting as the diene) (Figure 2.4b). 

 
71 Molinski, T. F. Marine Pyridoacridine Alkaloids: Structure, Synthesis and Biological Chemistry. Chem. 

Rev. 1993, 93, 1825ï1838. 
72 Svoboda, G. H.; Poore, G. A.; Simpson, P. J.; Boder, G. B. Alkaloids of Acronychia Baueri Schott I: 

Isolation of the alkaloids and a study of the antitumor and other biological properties of acronycine. J. Pharm. 

Sci. 1966, 55, 758ï768. 
73 (a) Dubrovskiy, A. V.; Markina, N. A.; Larock, R. C. Use of benzynes for the synthesis of heterocycles. 

Org. Biomol. Chem. 2013, 11, 191ï218. (b) Peña, D.; Pérez, D.; Guitián, E. Aryne-mediated synthesis of 

heterocycles. Heterocycles 2007, 74, 89ï100. 
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The initial reports of reactivity between o-benzynes and C,N-diaryl imines came 

from the laboratories of M. Yoshida74 (1975) and Storr75 (1984), which independently 

reported the reaction of N-benzylideneaniline [202, R1 = R2 = Ph (= 202a)] with o-benzyne 

(201) generated from benzenediazonium-2-carboxylate. In both studies the 

dihydrophenanthridine 207a was isolated (8 % or 6 % yield) and in the latter the 

dihydroacridine 204b (5 %) was also obtained. These were rationalized as arising from 

competitive [2+2]- vs. [4+2]-cycloaddition of o-benzyne with 202a via intermediates 203b 

(through 203d) or 206a and 206b, respectively. The major isolated product in both of these 

original studies (18 % and 16 %, respectively) was the diamine 204a.  

Figure 2.4 Previous studies of reactions of benzynes with imines in either (a) a net [2+2] 

pathway or (b) a [4+2] pathway. 

 

 
74 Nakayama, J.; Midorikawa, H.; Yoshida, M. Reaction of benzyne with N-benzylideneaniline. Bull. Chem. 

Soc. Jpn. 1975, 48, 1063ï1064. 
75 Fishwick, C. W. G.; Gupta, R. C.; Storr, R. C. The reaction of benzyne with imines. J. Chem. Soc., Perkin 

Trans. 1 1984, 2827ï2829. 
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More recently, additional modes of reactivity between o-benzynes and imines have 

been studied. Some have focused on trapping of the presumed 1,3-zwitterion 203a, which 

arises via imine nitrogen attack on the electrophilic benzyne. In 2006 H. Yoshida and co-

workers76 demonstrated the ability to access benzoxazinones 5b via trapping of the 1,3-

zwitterion by carbon dioxide using imines in which the carbon-bound group is an alkyl 

moiety. In 2015 Hwu et al.77 showed the diastereoselective formation of imidazolidines 

205a and other N-heterocycles via trapping of the intermediate 1,3-dipole 203e, formed via 

intramolecular proton transfer within 203a. Finally, in 2017 researchers in the Tian 

laboratory78 showed that 203a may be trapped by protic carbon nucleophiles in a three-

component fashion to form products of the type 205c. 

In 2017 H. Yoshida and co-workers79 showed that trapping of the aza-ortho-

quinone methide intermediate 203c to form 2:1 imine:benzyne adducts 204c was possible 

when benzyne was used in molar excess. This mode of reactivity prevails when the aryl 

moieties are more highly substituted, presumably slowing the electrocyclization of 203c to 

203d. 

Finally, in addition to M. Yoshida and Storr's initial isolation of phenanthridine 

adducts, other groups have sought to exploit the [4+2] pathway to access this class of 

product more efficiently. In 2006 Wang et al.80 showed that benzyne could be used in a 3-

component process to access phenanthridines 207c with high efficiency using an electron-

poor benzaldehyde and an electron-rich aniline. Similarly, in 2016 researchers in the He 

 
76  Yoshida, H.; Fukushima, H.; Ohshita, J.; Kunai, A. CO2 Incorporation Reaction Using Arynes: 

Straightforward Access to Benzoxazinone. J. Am. Chem. Soc. 2006, 128, 11040ï11041. 
77 Swain, S. P.; Shih, Y.; Tsay, S.; Jacob, J.; Lin, C.; Hwang, K. C.; Horng J.; Hwu, J. R. Aryne Induced 

Novel Tandem 1,2 Addition/(3+ 2) Cycloaddition to Generate Imidazolidines and Pyrrolidines. Angew. 

Chem. Int. Ed. 2015, 54, 9926ï9930. 
78 Xu, J.; Li, S.; Wang, H.; Xu W.; Tian, S. Three-component carboarylation of unactivated imines with 

arynes and carbon nucleophiles. Chem. Commun. 2017, 53, 1708ï1711. 
79 Yoshida, H.; Kuriki, H.; Fujii, S.; Ito, Y.; Osaka, I.; Takaki, K. AryneïImineïAryne Coupling Reaction 

via [4+2] Cycloaddition between Azao Quinone Methides and Arynes. Asian J. Org. Chem. 2017, 6, 973ï

976. 
80 Shou, W.; Yang, Y.; Wang, Y. Cascade approach to substituted 6-aryl-phenanthridines from aromatic 

aldehydes, anilines, and benzenediazonium-2-carboxylate. J. Org. Chem. 2006, 71, 9241ï9243. 



32 

group81 were able to isolate 207b in a three-component process using Kobayashi82 arynes, 

an aldehyde ester, and an aniline. In 2015 Coquerel and co-workers83  reported the 

formation of isoquinolines 207d derived from an imine containing a nitrogen-bound 

pyrazole moiety, and, through a computational study, suggested that an electron-rich 

aromatic group bound to the imine nitrogen favors [4+2] cycloaddition over a [2+2] 

pathway.  

To summarize, reported examples of benzynes reacting with imines to give 

acridine-like products have shown low selectivity and efficiency. Given the interest in 

acridine compounds more broadly as well as the fact that hexadehydro-DielsïAlder 

(HDDA)-derived benzynes84 often lead to outcomes complementary to those from classical 

benzynes, we have explored the reactions of several poly-yne substrates with various imine 

trapping agents and report the results of those studies here. 

2.2 Results and Discussion 

We first examined (Figure 2.5) the reaction between the HDDA benzyne 209, 

generated by warming triyne 208, with N-benzylidene-aniline (202a). This resulted in 

formation of the dihydroacridine 211 in a remarkably clean reaction, which contrasts 

significantly with the lower efficiencies of previous reactions giving rise to 

dihydroacridines (cf. Figure 2.4a). Compound 211 was subsequently oxidized with MnO2 

to afford the acridine derivative 212a in 68 % yield. 

 
81 Reddy, R. S.; Lagishetti, C.; Chen, S.; Kiran, I. N. C.; He, Y. Synthesis of Dihydrophenanthridines and 

Oxoimidazolidines from Anilines and Ethylglyoxylate via Aza DielsïAlder Reaction of Arynes and KF-

Induced Annulation. Org. Lett. 2016, 18, 4546ï4549. 
82  Himeshima, Y.; Sonoda, T.; Kobayashi, H. FLUORIDE-INDUCED 1,2-ELIMINATION OF O-

TRIMETHYLSILYLPHENYL TRIFLATE TO BENZYNE UNDER MILD CONDITIONS. Chem. Lett. 

1983, 12, 1211ï1214. 
83 Castillo, J.; Quiroga, J.; Abonia, R.; Rodriguez. J.; Coquerel, Y. The aryne aza-DielsïAlder reaction: 

Flexible syntheses of isoquinolines. Org. Lett. 2015, 17, 3374ï3377. 
84 (a) Miyawaki, K.; Suzuki, R.; Kawano, T.; Ueda, I. Cycloaromatization of a non-conjugated polyenyne 

system: Synthesis of 5H-benzo[d]fluoreno[3,2-b]pyrans via diradicals generated from 1-[2-{4-(2-

alkoxymethylphenyl)butan-1,3-diynyl}]phenylpentan-2,4-diyn-1-ols and trapping evidence for the 1,2-

didehydrobenzene diradical. Tetrahedron Lett. 1997, 38, 3943ï3946. (b) Bradley, A. Z.; Johnson, R. P. 

Thermolysis of 1, 3, 8-nonatriyne: Evidence for intramolecular [2+ 4] cycloaromatization to a benzyne 

intermediate. J. Am. Chem. Soc. 1997, 119, 9917ï9918. (c) Hoye, T. R.; Baire, B.; Niu, D.; Willoughby, P. 

H.; Woods, B. P. The hexadehydro-DielsïAlder reaction. Nature 2012, 490, 208ï212. (d) Baire, B.; Niu, D.; 

Willoughby, P. H.; Woods, B. P.; Hoye, T. R. Synthesis of complex benzenoids via the intermediate 

generation of o-benzynes through the hexadehydro-Diels-Alder reaction. Nat. Protoc. 2013, 8, 501ï508. (e) 

Diamond, O. J.; Marder, T. B. Methodology and applications of the hexadehydro-DielsïAlder (HDDA) 

reaction. Org. Chem. Front. 2017, 4, 891ï910. 
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Figure 2.5 Reaction of the HDDA-generated benzyne 209 proceeds nearly exclusively to 

the 1,4-dihydroacridine 211, presumably via the [2+2]-benzazetidine 210. Compound 211 

was subsequently oxidized to acridine 212a. 

 

To demonstrate generality of this reaction with different types of electronically 

modified aryl substituents in the imines, we explored the reactions between benzyne 209 

and imines 202bï202g (Figure 2.6). For each entry, only the acridine product that results 

from subsequent MnO2 oxidation of the intermediate dihydroacridine is shown (see 

Supplementary Information for Chapter 2 for characterization of the dihydro-intermediates 

S201ïS206). The reaction showed relatively broad tolerance of electronic perturbation of 

the aryl substituent on both the carbon and nitrogen atoms composing the imine. That is, 

imines 202bïg all provided the corresponding dihydroacridines and, then, the acridines 

212bïg (Figure 2.6). Only in the instance of the most electron-poor imine 202f, was the 

yield of the initial dihydroacridine low. This is consistent with the view that the initial event 

in the engagement of benzyne with imine is nucleophilic attack by the nitrogen atom to 

generate the zwitterion 203a (Figure 2.4a). 
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Figure 2.6 Reactions of triyne 208 with several C,N-diaryl imines. 

 
aYield of the 1,4-dihydroacridine from the HDDA reaction; byield of the acridine adduct following MnO2 

treatment. 

As a final example, this with a different type of imine, the 1-naphthyl derivative 

213 gave the more highly annulated benzoacridine derivative 214 (Figure 2.7). This 

suggests that additional analogs with yet more extended conjugation can also be accessed. 

Figure 2.7 Reaction of triyne 208 with imine 213. 

 
a Yield of the 1,4-dihydroacridine from the HDDA reaction. bYield of the acridine adduct following MnO2 

treatment. 

Amidines are amino-substituted analogs of imines. N,N-Dimethyl-N'-

phenylamidine (215) efficiently engaged the benzyne 209 (Figure 2.8). It gave rise directly 
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to the acridine derivative 217a, which has no substituent at C9 of the acridine. However, 

this reaction was accompanied by the formation of a similar amount of the dimethylamine-

trapped benzyne product 217b. Presumably the dihydroacridine 216, arising from a [2+2] 

pathway directly analogous to that depicted for 208 to 211 (Figure 2.5), underwent an 

elimination event under the reaction conditions to produce 217a. That process can be 

envisioned to proceed by a direct (and possibly unimolecular) loss of dimethylamine, 

which, once released, then competitively trapped benzyne 209 (red arrows). Alternatively, 

a second copy of 209 could engage the tertiary aliphatic amine in intermediate 216 to give 

the 1,3-zwitterion85 218 (shown in a truncated form for simplicity), which could then 

collapse directly to one molecule each of 217a and 217b. Although of limited preparative 

value, this trapping reaction with an amidine provides interesting mechanistic insights. 

Figure 2.8 Reaction of amidine 215 with aryne 209 generated from triyne 208. 

 

To establish that the reaction is not limited to benzyne 209, we have trapped the 

HDDA benzynes derived from the precursor tetraynes 219a and 219b with N-

benzylideneaniline (202a) (Figure 2.9). The symmetrical tetrayne, which previously has 

 
85 (a) Ross, S. P.; Baire, B.; Hoye, T. R. Mechanistic Duality in Tertiary Amine Additions to Thermally 

Generated Hexadehydro-DielsïAlder Benzynes. Org. Lett. 2017, 19, 5705ï5708. (b) Arora, S.; Palani, V.; 

Hoye, T. R. Reactions of Diaziridines with Benzynes Give N-Arylhydrazones. Org. Lett. 2018, 20, 8082ï

8085. 
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been shown to react with various nucleophiles to give a pair of constitutional isomers with 

relatively little preference, produced only the single regioisomeric isoindoline derivative 

220a in 42 % yield along with the oxidized acridine 221a (19 %), presumably from air 

oxidation. Reaction of 219b and 202a produced the expected indolinoquinoline 221b in 

51 % yield over two steps. The formation of a single benzyne (i.e. 222b; see dashed lines 

in 219b) from this unsymmetrical tetrayne precursor was first observed86 by Lee and co-

workers (and on many subsequent occasions) and is consistent with a computational 

study87 that addressed exactly that point. To summarize, the reactions of both 219a/b with 

202a proceeded via the corresponding benzazetidine 223a/b and azo-quinonemethide 

species 224a/b en route to the 1,4-dihydroacridines 220a/b. 

Figure 2.9 Reactions of tetraynes 219a/b with imine 202a to give acridines 221a/b. 

 

The efficiency of the trapping reaction of imines with HDDA-derived benzynes 

gave us the confidence to explore the synthesis of 2:1 adducts. Specifically, when three 

equivalents of aryne precursor 208 were used to trap one equivalent of the bis-imine 225, 

 
86 Yun, S. Y.; Wang, K. P.; Lee, N. K.; Lee, P. M. D. Alkane CïH insertion by aryne intermediates with a 

silver catalyst. J. Am. Chem. Soc. 2013, 135, 4668ï4671. 
87 Chen, M.; He, C. Q.; Houk, K. N. Mechanism and regioselectivity of an unsymmetrical hexadehydro-

DielsïAlder (HDDA) reaction. J. Org. Chem. 2019, 84, 1959ï1963. 
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a pair of diastereomers 226a and 226b were formed in 76% overall yield. Both of these 

diastereomers were combined and subjected for subsequent oxidation using MnO2, after 

which the products were seen to converge to a single product: the bis-acridine 227. 

Figure 2.10 Reaction with a bis-imine. 

 

2.3 Conclusion 

In summary, these results establish that trapping of thermally generated, polycyclic 

benzyne derivatives with C,N-diaryl imines leads to dihydroacridine derivatives, which can 

be further and readily oxidized to their acridine analogs. These reactions proceed 

considerably more efficiently than those reported earlier for imine trapping of benzyne 

itself (from benzenediazonium-2-carboxylate thermolysis). In no case have we observed 

products arising from initial [4+2] cycloaddition, as has been seen in previous 

studies.74,75,80,81,83 This work represents another instance in which the arynes generated 

through the HDDA-cycloisomerization reaction, which are produced in a purely thermal 

environment, has allowed for the formation of the trapping products in a much cleaner,88 

if not unique,89 manner. 

 
88 e.g. Niu, D.; Hoye, T. R. The aromatic ene reaction. Nat. Chem. 2014, 6, 34ï40. 
89 e.g. (a) Ross, S. P.; Hoye, T. R. Reactions of hexadehydro-DielsïAlder benzynes with structurally complex 

multifunctional natural products. Nat. Chem. 2017, 9, 523ï530. (b) Shen, H.; Xiao, X.; Haj, M. K.; 

Willoughby, P. H.; Hoye, T. R. BF3-Promoted, Carbene-like, CïH Insertion Reactions of Benzynes. J. Am. 

Chem. Soc. 2018, 140, 15616ï15620. 
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Chapter 3. Arylhydrazine Trapping of Benzynes: Mechanistic 

Insights and a Route to Azoarenes 

The studies presented in this Chapter have been disclosed in and largely adapted from a 

published article.90  

 

Summary: Arylhydrazines (ArNŬHNɓH2) are ambident nucleophiles. We describe here 

their reactivity with benzynes generated in situ by thermal cyclization of several poly-ynes. 

Products arising from attack of both the alpha- and the beta-nitrogen atoms are observed. 

These competitive modes of reaction were explored by DFT calculations. Substituent 

effects on the site-selectivity for several substituted phenylhydrazines were explored.  

Interestingly, the hydrazo products from beta-attack (ArNHNHArô) can be oxidized, 

sometimes in situ by oxygen alone, to give structurally complex, unsymmetrical azoarenes 

(ArN=NArô). Toluenesulfonohydrazide and benzohydrazide analogs were each 

demonstrated to undergo similar transformations, including oxidation to the corresponding 

benzyne-trapped azo-compounds. 

3.1 Introduction  

Azoarenes (ArN=NArô) are notable for their light-driven cis/trans isomerization 

and, thereby, their potential to act as photoswitches. In this capacity, they have been 

employed in biological probes, molecular machines, drug delivery systems, optical 

 
90 Sneddon, D. S.; Hoye, T. R. Arylhydrazine Trapping of Benzynes: Mechanistic Insights and a Route to 

Azoarenes. Org. Lett. 2021, 23, 3432ï3436. 
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devices, and data storage.91  Currently (and classically), most azoarenes are constructed by 

way of the addition reaction of phenoxides to aryl diazonium ions (Figure 3.1a).92  This 

reaction, however, has limitations in terms of its substrate scope and efficiency. 

Alternatively, the Mills reaction involves condensation of anilines with aryl nitroso 

compounds and allows for the synthesis of structurally more complex azoarenes (Figure 

3.1b).93,94,95  A limitation in that method is that the attacking aniline typically needs to be 

electron rich, and efficiencies can suffer due to side reactions including over-oxidation of 

the requisite nitroso compound. 

 To our knowledge, nucleophilic addition of an aryl hydrazine to a benzyne species 

has never been reported. Herein, we demonstrate one-pot formation of azoarenes 304 via 

reaction of benzynes generated by the hexadehydro-Diels-Alder (HDDA) reaction (301 to 

301*) with aryl hydrazines 302 to produce intermediate hydrazoarenes 303 (Figure 3.1c). 

These are readily and conveniently oxidized with MnO2 (or, even, via autooxidation). Via 

this strategy, both electron-donating and, especially, electron-withdrawing substituents on 

the hydrazine are tolerated and significant structural complexity is introduced into the 

products in a single step via the trapping of 301*. The results described here constitute a 

complementary strategy for the construction of complex azoarenes.  

3.2 Results and Discussion 

 

 

 
91 Merino, E.; Ribagorda, M. Control over molecular motion using the cis-trans photoisomerization of the 

azo group. Beilstein J. Org. Chem. 2012, 8, 1071ï1090. 
92 Merino, E. Synthesis of azobenzenes: The coloured pieces of molecular materials. Chem. Soc. Rev. 2011, 

40, 3835ï3853. 
93 Baeyer, A. Nitrosobenzol und Nitrosonaphtalin. Ber. Dtsch Chem. Ges. 1874, 7, 1638ï1640. 
94 Mills, C. XCIIIïSome new azo-compounds. J. Chem. Soc., Trans. 1895, 67, 925ï933. 
95 Bamberger, E. Ueber die Einwirkung des Nitrosobenzols auf Amidoverbindungen. Ber. Dtsch. Chem. Ges. 

1896, 29, 102ï104. 
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Figure 3.1 Complementarity of this de novo construction of one arene of an azoarene 

(panel c) with the most common, classical methods for their conjunctive synthesis (panels 

a and b). 

 

Our initial experiment involved heating of the triyne HDDA substrate 305 in 

chloroform at 90 °C in the presence of one equivalent of phenylhydrazine (302a, Figure 

3.2). The characterized products were the 1,2-diarylhydrazine (hydrazo compound) 306a, 

the azoarene 307a, the 1,1-diarylhydrazine 308a, and, to a small extent, the aniline 

derivative 309a.96  The relative amounts of these products depended upon the amount of 

 
96 The arynes from polyyne precursors like 305,a 311a,b and 311bb are each known to react with high 

selectivity at C3 rather than C4 of the benzyne, consistent with the benzyne distortion modelc-e. (a) Chen, J.; 
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oxygen present in the reaction vessel. That is, under aerobic conditions, none of the hydrazo 

product 306a was observed. Under an atmosphere of nitrogen, this compound was clearly 

evident in the NMR spectrum of the crude product mixture and, although it could be 

isolated, its further conversion to the oxidized azoarene 307a occurred both upon routine 

handling as well as while kept in solution in an NMR sample tube over time.  Notice that 

the ratio of the total amount of 306a and 307a to that of 308a was ca. 1.5 in both 

experiments. This, in turn, implies that the nucleophilic addition of 302a to the benzyne is 

competitive at the Ŭ- vs. ɓ-nitrogen atoms.  

Figure 3.2 Product distribution from reaction of the benzyne derived from heating triyne 

305 in the presence of phenylhydrazine (302a). a Isolated yield 

 

The competition between the two nitrogen atoms is surprising given that the 

reaction of 302a with dimethyl acetylenedicarboxylate (DMAD) is reported to occur 

exclusively at the ɓ-nitrogen atom (NH2).97,98,99  This is in line with the notion that the 

phenyl substituent would reduce the nucleophilicity of the Ŭ-nitrogen atom for both steric 

and electronic reasons. Therefore, we decided to explore whether DFT calculations would 

 
Palani, V.; Hoye, T. R. Reactions of HDDA-derived benzynes with sulfides: Mechanism, modes, and three-

component reactions. J. Am. Chem. Soc. 2016, 138, 4318ī4321. (b) Chen, M.; He, C. Q.; Houk, K. N. 

Mechanism and regioselectivity of an unsymmetrical hexadehydro-DielsīAlder (HDDA) reaction. J. Org. 

Chem. 2019, 84, 1959ī1963. (c) Hamura, T.; Ibusuki, Y.; Sato, K.; Matsumoto, T.; Osamura, Y.; Suzuki, K. 

Strain-induced regioselectivities in reactions of benzyne possessing a fused four-membered ring. Org. Lett. 

2003, 5, 3551ī3554. (d) Garr, A. N.; Luo, D.; Brown, N.; Cramer, C. J.; Buszek, K. R.; VanderVelde, D. 

Experimental and theoretical investigations into the unusual regioselectivity of 4,5-, 5,6-, and 6,7-indole 

aryne cycloadditions. Org. Lett. 2010, 12, 96ī99. (e) Cheong, P. H.-Y.; Paton, R. S.; Bronner, S. M.; Im, G.-

Y. J.; Garg, N. K.; Houk, K. N. Indolyne and aryne distortions and nucleophilic regioselectivities. J. Am. 

Chem. Soc. 2010, 132, 1267ī1269. 
97  Heindel, N. D.; Kennewell, P. D. Imine-enamine adducts from hydrazine addition to dimethyl 

acetylenedicarboxylate. J. Chem. Soc. D 1969, 757ï758. 
98 Heindel, N. D.; Kennewell, P. D. Imine-enamine tautomers from hydrazine and aryl hydrazine additions 

to acetylenedicarboxylate. J. Org. Chem. 1970, 35, 80ï83. 
99 Sucrow, W. Reactions of acetylenes with hydrazines. A review. Org. Prep. Proced. Int. 1982, 14, 91ï155. 
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shed any light on this curious outcome of a preference for attack by NŬ. In particular we 

computed the energetics for reaction of o-benzyne (I ) with 302a (Figure 3.3). The overall 

free energy of reaction leading to IVɓ vs. IVŬ (the analogs of 306a and 308a, respectively) 

is, as expected, largely exergonic, the former more so because of the greater resonance 

delocalization into each of the two phenyl rings.  

Figure 3.3 DFT calculations for reaction of o-benzyne (I ) with phenylhydrazine (302a). 

[SMD(CHCl3)/M11/6-31+G(d,p)] 

 

The transition structures associated with attack by Nɓ (TS-IŸIIɓ) vs. NŬ (TS-

IŸIIŬ), leading to the zwitterions IIɓ or IIŬ, respectively, are quite similar in energy, 

consistent with the experimental observation of comparable amounts of products arising 

from these two processes. The nearly barrierless exergonic events that convert IIɓ/Ŭ to 

III ɓ/Ŭ (simple proton transfers) indicate that the initial Ŭ - vs. ɓ-attacks by 302a onto I  are 

both the rate- and product-determining steps for the two overall reactions. The final 

conversions of III ɓ/Ŭ to products IVɓ/Ŭ would most likely be mediated by an external 

proton shuttle such as PhNHNH2.  



43 

We also briefly explored by DFT the two modes of competitive reaction between 

PhNHNH2 (302a) and DMAD (see Supplementary Information for Chapter 3 for details). 

While a full exploration of the potential surface for this process is complex, one potentially 

significant difference between the transition structures for the DMAD vs. benzyne 

reactions is the distance between the attacking nitrogen atom and the electrophilic sp-

hybridized carbon atom.  In TS-IŸIIɓ and TS-IŸIIŬ that distance is 3.0 and 3.7 Å, 

respectively. In contrast, for the analogous TSs for the addition to DMAD, the TSs have 

much smaller separation of the reacting centers (2.0 Å for both NɓïC and NŬïC). This 

reflects a reaction surface with a much later transition state, consistent with the 

considerably higher exergonicity for addition of 302a to benzyne (I ) vs. DMAD (ȹȹG° ~ 

25 kcal mol-1) for the first elementary step of formation of the zwitterions IIɓ/Ŭ vs. that of 

the DMAD analogs. The much longer NïC distances in the reactions with benzyne via TS-

IŸ IIɓ/Ŭ significantly minimize the role of steric interaction in approach of the nucleophile 

to benzyne. 

We next examined the effect of substituents on the arylhydrazine. (Figure 3.4) The 

presence of electron withdrawing groups on the phenyl ring significantly enhanced the 

preference for attack by Nɓ; none of the products from reaction at NŬ were seen (entries b-

e). In the case of the p-nitrophenyl analog, the diarylhydrazine precursor of 307b was 

isolable, although it too was seen to air oxidize slowly, for example, in an NMR sample 

solution. MnO2 was used to fully convert the crude product to the azo adduct. Likewise, 

the crude material from trapping with 2-hydrazinopyridine (302e) was also proactively 

oxidized with MnO2 to ensure full conversion to 307e. Entries f and g show results using 

phenylhydrazine derivatives similar in electronic character to that of 302a itself. And 

similarly, comparable amounts of products from both Nɓ and NŬ attack were isolated. 

Results using p-methoxyphenylhydrazine are conspicuously absent from Figure 3.4. This 

substance is known to be very challenging to prepare and handle because of its sensitivity 

to autoxidation.100  The o-methoxy analog (302h) was free-based immediately prior to use; 

the azo derivative 307h was isolated in low yield. Analysis of the NMR spectrum of the 

 
100 Frahn, J. L.; Illman, R. J. The preparation of 4-methoxyphenylhyd-razine and some other arylhydrazines. 

Aust. J. Chem. 1974, 27, 1361ï1365. 
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crude reaction mixture suggested the presence of a significant amount of 308h, but that 

material also degraded upon attempted purification.101  

Figure 3.4 Azoarenes 307 (and 1,1,-diarylhydrazines 308, where observed) formed from 

reactions of the HDDA-benzyne from triyne 5 in the presence of arylhydrazines 302, 

followed by oxidation (in air or with MnO2). a This example was also performed on a 1 

mmol scale and 307b was isolated in 74% yield. b Evidence for this compound was seen in 

the NMR spectrum of the crude product mixture, but it proved to be too labile for isolation. 

 

Several experiments were then performed to address several complementary 

aspects of this chemistry (Figure 3.5). Unsurprisingly, the iodophenyl derivative 307f 

smoothly underwent cross-coupling to the biaryl derivative 310. We then showed that the 

linker unique to triyne 305 was not a requirement for the reaction. That is, the tetraynes 

311a and 311b were each trapped by the nitrophenylhydrazine 302b to give, following 

oxidation, the azo compounds 312a and 312b (Figure 3.5b). We also showed that 

 
101 Hong, S.-S.; Bavadekar, S. A.; Lee, S.-I.; Patil, P. N.; Lalchandani, S. G.; Feller, D. R.; Miller, D. D. 

Biosteric phentolamine analogs as potent Ŭ-adrenergic antagonists. Bioorg. Med. Chem. Lett. 2005, 15, 4691ï

4695. 
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hydrazides 313a and 313b, each perforce having a quite different level of nucleophilicity 

of its two nitrogen atoms, react smoothly with the benzyne produced by heating triyne 305. 

Direct oxidation by addition of MnO2 produced the azo derivatives 314a and 314b, 

respectively. It is notable that while the former appeared to be quite stable, the 

arylazosulfone analog was observed to photobleach rather easily upon handling in the 

ambient laboratory conditions. This presumably reflects the reported photoinitiated 

homolytic fragmentation of compounds containing an ArN=NSO2R moiety.102  

 
102 Dossena, A.; Sampaolesi, S.; Palmieri, A.; Protti, S.; Fagnoni, M. Visible light promoted metal- and 

photocatalyst-free synthesis of allylarenes. J. Org. Chem. 2017, 82, 10687ï10692. 
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Figure 3.5 a) The azo functionality is compatible with a Pd°-catalyzed (Suzuki) cross-

coupling reaction. b) The nature of the HDDA-benzyne is not limited to that derived from 

305. c) Benzo- and sulfonohydrazides undergo analogous transformations. 

 

Finally, because we were unable to identify reports of any reactions of hydrazines 

with arynes generated by conventional methods (i.e. non-HDDA), we briefly explored the 

reaction of the Kobayashi-benzyne from precursor 315.103,104  with three phenylhydrazine 

derivatives (Figure 3.6). In each instance, by far the major product, following isolation, 

 
103 Himeshima, Y.; Sonoda, T.; Kobayashi, H. Fluoride-induced 1,2-elimination of o-trimethylsilylphenyl 

triflate to benzyne under mild conditions. Chem. Lett. 1983, 12, 1211ï1214. 
104 Shi, J.; Li, L.; Li, Y. o Silylaryl triflates: A journey of Kobayashi aryne precursors. Chem. Rev. 2021, 121, 

3892ï4044. 
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was the 1,1-diarylhydrazine product 316. Trace amounts of a compound deemed to be the 

corresponding azoarene were detected by GC-MS analysis of the crude product mixture. 

This high selectivity for attack by NŬ in 2 suggests that hydrogen bonding by fluoride ion 

to the more acidic PhNH preferentially activates NŬ for addition compared to the additive-

free reaction conditions of the thermal HDDA variant.  

Figure 3.6 Reactions of o-benzyne with arylhydrazines 302a,b,g gave 1-phenyl-1-

arylhydrazines 316a,b,g. 

 

3.3 Conclusions 

We have described here the first examples of nucleophilic trapping of benzynes by 

arylhydrazines. Either of the nitrogen atoms is capable of adding to produce either 1,2- or 

1,1-diarylhydrazine compounds via attack by either the ɓ- vs. Ŭ-nitrogen atoms, 

respectively. The ratio of these competitive processes is influenced by the electronic 

character of the aryl substituent in the hydrazine. DFT calculations suggest that the greater 

proportion of addition through the Ŭ -nitrogen compared to reactions with simple electron-

deficient alkynes supports the idea that the addition to (the highly electrophilic) benzyne 

proceeds via a transition state lying much earlier on the reaction coordinate. In many 

instances, the 1,2-diarylhydrazines were observed to undergo air oxidation to the 

corresponding azo-analogs. This process could be readily forced to completion by exposing 

the crude reaction products to MnO2 prior to purification; the 1,1-isomer was not oxidized. 

The benzo- and sulfonohydrazide analogs 313a and 313b were shown to add to an HDDA-

benzyne exclusively through the unsubstituted, more nucleophilic nitrogen atom. The 

initial adducts could again be oxidized to the corresponding azo compounds, now bearing 

an electron withdrawing group. Several arylhydrazines were used to trap o-benzyne itself 

to produce the 1-phenyl-1-arylhydrazine isomer highly selectively. This method of 
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construction of azoarenes complements known, classical approaches and is capable of 

providing structurally complex azo compounds. 
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Chapter 4. The contrasting reactivity of trans- vs. cis-

azobenzenes (ArN=NAr) with benzynes 

The studies presented in this Chapter have been disclosed in and largely adapted from a 

published article.105  

 

Summary: We report here a study that has revealed two distinct modes of reactivity of 

azobenzene derivatives (ArN=NAr) with benzynes, depending on whether the aryne reacts 

with a trans- or a cis-azobenzene geometric isomer. Under thermal conditions, trans-

azobenzenes engage benzyne via an initial [2+2] trapping event, a process analogous to 

known reactions of benzynes with diarylimines (ArC=NAr). This is followed by an 

electrocyclic ring opening/closing sequence to furnish dihydrophenazine derivatives, 

subjects of contemporary interest in other fields (e.g. electronic and photonic materials). In 

contrast, when the benzyne is attacked by a cis-azobenzene, formation of aminocarbazole 

derivatives occurs via an alternative, net (3+2) pathway. We have explored these 

complementary orthogonal processes both experimentally and computationally. 

4.1 Introduction  

Benzynes (and arynes more generally) are remarkably versatile reactive intermediates, 

especially with respect to the manifold classes of trapping agents with which they will 

engage.106  Azoarenes (ArN=NAr) comprise a class of compounds of long-standing 

interest.107 We can locate only a single report of reactions of azo compounds with 

benzynes.108  In that work products containing an N-aminocarbazole skeleton were 

 
105 Sneddon, D. S.; Hoye, T. R. The contrasting reactivity of trans- vs. cis-azobenzenes (ArNƏNAr) with 

benzynes. Chem. Sci. 2023, 14, 6730ï6737. 
106 Biju, A. T. Ed. Modern Aryne Chemistry. Wiley-VCH, 2021. 
107 Patai, S. Ed. The Chemistry of the Hydrazo, Azo and Azoxy Groups, Volume 2. John Wiley & Sons, 1997. 
108 Zhang, W.; Bu, J.; Wang, L.; Li , P.; Li , H. Sunlight-mediated [3+2] cycloaddition of azobenzenes with 

arynes: an approach towards the carbazole skeleton. Org. Chem. Front. 2021, 8, 5045ï5051. 
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produced. We describe here a detailed investigation into the complementary modes of 

reactivity observed between benzynes and trans- vs. cis-azobenzenes.  

Reactions of benzynes with the related trapping agents stilbene109,110  (Ia) and its 

mono aza-analog N-benzylideneaniline111 , 112  (Ib ) are known (Figure 4.1a). With 

classically generated benzynes [e.g. o-benzyne (II )] these proceed by either exclusive or 

predominant formation of initial [4+2] cycloadducts (cf. III ), which then tautomerize to 

products IV . In contrast, imines such as Ib  engage the more complex and, necessarily, 

sterically hindered hexadehydro-Diels-Alder (HDDA) benzynes V, to give 

dihydroacridines VIII arising from an initial [2+2] event (cf. VI ) and ensuing electrocyclic 

ring-opening (cf. VII ) and -closing processes (Figure 4.1b). 113 

The sole example we can locate of diaza-analogs of stilbenes ï i.e. azoarenes (IX ) 

ï engaging o-benzynes was recently described by Wang, Li, and coworkers and proceeded 

via a net (3+2) cycloaddition under sunlight (Figure 4.1c).108 This produced the N-

aminocarbazole derivatives XI , a process suggested to take place via zwitterionic 

intermediates X. The authors noted that in the absence of sunlight the same "reaction did 

not proceed."108 This led us to question which of the three distinct modes of reaction shown 

in Figure 4.1 would ensue when an azobenzene engaged a (more hindered) ñHDDA 

benzyne." Would an overall [4+2] pathway lead to a dihydrocinnoline skeleton (a 5,6-

diaza-analog of IV ); would an initial [2+2] pathway produce a dihydrophenazine (a 10-aza 

analog of VIII ); or would the reaction mirror the case of the photochemically driven 

process to give N-aminocarbazoles analogous to XI  as observed by Li et al.?108 

 
109  Bhojgude, S. S.; Bhunia, A.; Gonnade, R. G.; Biju, A. T. Efficient synthesis of 9-

aryldihydrophenanthrenes by a cascade reaction involving arynes and styrenes. Org. Lett. 2014, 16, 676ï

679. 
110 Chen, Z.; Han, X.; Liang, J.-H.; Yin, J.; Yu, G.-A.; Liu, S.-H. Cycloaddition reactions of benzyne with 

olefins. Chin. Chem. Lett. 2014, 25, 1535ï1539. 
111 Nakayama, J.; Midorikawa, H.; Yoshida, M. Reaction of benzyne with N-benzylideneaniline. Bull. Chem. 

Soc. Jpn. 1975, 48, 1063ï1064. 
112 Fishwick, C. W. G.; Gupta, R. C.; Storr, R. C. The reaction of benzyne with imines. J. Chem. Soc., Perkin 

Trans. 1 1984, 2827ï2829. 
113  Arora, S.; Sneddon, D. S.; Hoye, T. R. Reactions of HDDA Benzynes with C,N-Diarylimines 

(ArCH=NAr'). Eur. J. Org. Chem. 2020, 2020, 2379ï2383. 
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Figure 4.1 (a) Known reactions of classical benzynes with stilbenes and imines. (b) Known 

reactions of imines with HDDA-benzynes.113 (c) Known photo-stimulated reactions of 

azoarenes with benzynes.108 

 

4.2 Results and Discussion 

We elected to start our investigations by using a prototypical thermal HDDA 

substrate. In one of our earliest experiments (Figure 4.2a), trans-azobenzene (trans-401a 

= IX , 10 equiv) and the triyne 402 were heated together in a solution of 1,2-dichloroethane 

(DCE) at 90 °C for 15 h. This is a temperature at which 402 will undergo a HDDA 
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cycloisomerization114 to give the corresponding benzyne (cf. 405a, Figure 4.2b). This 

experiment produced the monoarylated dihydrophenazine 403a along with a small amount 

of its regioisomeric product 404a in modest yields. The structures of these isomers were 

definitively distinguished by the complementary, indicated nOe interactions involving the 

NH proton in each. This structure assignment was further substantiated by an X-ray 

diffraction analysis of the major isomer 403a. Notably, the pathway leading to the 

phenazine skeleton in 403a is new and distinct from that observed in the reported photo-

induced reactions leading to aminocarbazole derivatives (Figure 4.1c). Likewise, the 

additional azobenzene derivatives 401b-d gave the dihydrophenazines 403b-d as the major 

if not solely observed products.  

The formation of products having the phenazine skeleton from the reaction of an 

aryne and an azobenzene is novel. Phenazines and dihydrophenazines are of considerable 

current interest.115 For example, they are important in the arenas of optical sensing, 

electrochemistry, and organic electronics and photonics.116  In the optical sensing realm, 

these can show vibration-induced emission (VIE), allowing them to exhibit multicolor 

emission. Additionally, certain phenazines exhibit thermally activated delayed 

fluorescence (TADF), making them attractive organic light-emitting diode (OLED) 

candidates. Phenazine derivatives may additionally act as ion battery cathode materials. 

They can also be incorporated into various organic frameworks for use as both electronic 

and photonic materials. Also, phenazines and dihydrophenazines are commonly found as 

secondary metabolites, some of which also have interesting biological properties.117,118 

A mechanistic possibility for the outcome of the thermal reactions with trans-

azobenzenes leading to the phenazine skeleton is suggested by structures 405a-f (Figure 

4.2b). This is discussed in greater detail in conjunction with the DFT studies shown in 

 
114  Fluegel, L. L.; Hoye, T. R. Hexadehydro-DielsïAlder reaction: Benzyne generation via 

cycloisomerization of tethered triynes. Chem. Rev. 2021, 121, 2413ï2444. 
115 In a SciFinder search we identified a dozen reviews since 2020 having "phenazine" in the title. 
116 Che, Y.-X.; Qi, X.-N.; Lin, Q.; Yao, H.; Qu, W.-J.; Shi, B.; Zhang, Y. M.; Wei, T.-B. Design strategies 

and applications of novel functionalized phenazine derivatives: a review. J. Mater. Chem. C 2022, 10, 

11119ī11174. 
117 Laursen, J. B.; Nielsen, J. Phenazine natural products: Biosynthesis, synthetic analogues, and biological 

activity. Chem. Rev. 2004, 104, 1663ï1685. 
118 Miksa, B. The phenazine scaffold used as cytotoxic pharmacophore applied in bactericidal, antiparasitic 

and antitumor agents. Helv. Chim. Acta 2022, 105, e202200066. 
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Figure 4.3. A contrasting mechanistic rationale for the aminocarbazole formation seen in 

the work of Wang et al. is shown in Figure 4.2c. They proposed that the generation of o-

benzyne (II ) by the Kobayashi method in the presence of trans-azobenzene (trans-401a) 

gave rise by nucleophilic attack to the zwitterion 408a and that this species absorbed a 

photon that resulted in isomerization to its geometric isomer 408b. This then cyclized to 

form the new five-membered ring present in the species 408c (aza-Nazarov-like), a 

tautomer of the more stable, aromatized aminocarbazole 407.  

We turned to DFT studies to parse out some of the energetic details associated with 

these contrasting modes of reaction. A full potential energy surface (PES) for the pathway 

leading to the dihydrophenazine is shown in Figure 4.3a. trans-Azobenzene (trans-401a) 

engages o-benzyne via TS1 to form zwitterion trans-409b (= 408a, Figure 4.2c). We 

computed this zwitterion to undergo transformation to either the benzodiazetidine trans-

409c via TS3 or to the zwitterion 409a (= 408c, Figure 4.2c) via TS2. The very similar 

energies of activation for these competing processes is inconsistent with the fact that we 

did not observe any products with the aminocarbazole skeleton in the HDDA reactions 

described in Figure 4.2a, an important point to which we return in the following paragraph. 

The benzodiazetidine trans-409c is a rare type of intermediate. The only compound we can 

find containing a benzodiazetidene (7,8-diazabicyclo[4.2.0]octa-1(6),2,4-triene) 

substructure is that of the parent, fully unsubstituted molecule, formed in an argon matrix 

and characterized by its infrared spectroscopic features.119,120  This transient species rapidly 

ring-opened to the bis-imino-o-benzoquinone. Likewise, trans-9c was computed to 

isomerize to the bis-imine E,E-409d through a conrotatory electrocyclic ring opening via 

TS4. E/Z-Isomerization via TS5 (N-inversion) give the diiminoquinone Z,E-409d, which 

is poised to undergo 6ˊ-electrocyclization via TS6 to furnish the penultimate Intermediate 

409e. Notably, all of the activation  barriers (via TS1ïTS6) on this computed potential 

energy surface are <20 kcal mol-1. 

 
119 Ujike, K.; Kudoh, S.; Nakata, M. First detection of 7,8-diazabicyclo[4.2.0]octa-1,3,5-triene produced from 

3,5-cyclohexadiene-1,2-diimine in an argon matrix. Chem. Phys. Lett. 2004, 396, 288ï292. 
120  Ujike, K.; Akai, N.; Kudoh, S.; Nakata, M. Photoisomerization and photocyclization of 3,5-

cyclohexadiene-1,2-diimine and its methyl-substituted derivatives in low-temperature argon matrices. J. Mol. 

Struct. 2005, 736, 335ï342.   
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Figure 4.2 (a) Reaction of trans-azobenzene derivatives 401a-d with the benzyne 

produced by heating triyne 402 to give dihydrophenazines 403 and 404. (b) Possible 

intermediates on the reaction coordinate leading to the dihydrophenazines. (c) Contrasting 

mode of reactivity when o-benzyne (II ) engages azobenzene (trans-401a) during exposure 

to sunlight.108 i A small amount of the analog of isomer 404a was observed in the chromatographed sample 

of this product (see Supplementary Information for Chapter 4). 
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Recall that the barrier for the cyclization of trans-409b to a five-membered ring 

(aza-Nazarov) enroute to 409a was essentially identical with that leading to the diazetidine 

trans-409c. Why, therefore, did we not see aminocarbazole formation in the reactions of 

the HDDA-benzyne with trans-azobenzenes 401a-d?  The HDDA benzyne bears 

substituents on carbons 3 and 6 flanking the sp-hybridized benzyne carbons. To assess the 

impact of this type of substitution, we computed the analogous key intermediates for 

reaction between trans-401a and, now, 3,6-dimethyl-o-benzyne (Figure 4.3b). A striking 

preference (ȹȹGÿ = 2.4 kcal mol-1) for cyclization to the benzodiazetidine was seen. This 

difference is attributable to the unfavorable steric interaction portrayed in diMe-TS2 when 

compared to that in diMe-TS3. The explicit precursors to these two transition structures 

are the conformers diMe-trans-409b and diMe-trans-409b', respectively; related 

conformers will play a role in later discussion of formation of aminocarbazole products.  
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Figure 4.3 (a) DFTi potential energy surface for the reaction of o-benzyne with trans-

azobenzene (trans-401a) (gray box) leads to both phenazine and carbazole skeletons with 

essentially the same activation barrier (cf. TS2 vs. TS3). (b) The more hindered 3,6-

dimethylbenzyne, a better mimic of an HDDA-benzyne, shows a significant preference for 

the phenazine-forming pathway (cf. diMe-TS3 vs. diMe-TS2). (c) cis-Azobenzene (cis-

401a) gives cis-409b, the precursor to the carbazole product, via a lower activation barrier 

(7.8 kcal mol-1) than that of trans-401a to TS1 (15.7 kcal mol-1), the forerunner to the 

phenazine product; cis-409b proceeds to the aminocarbazole product via TS7 faster than 

isomerizing to cis-9b', which could have led to the dihydrophenazine product via TS3. i 
SMD(Benzene)/MN15/6-311++G(d,p). 
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The formation of dihydrophenazine derivatives by this unprecedented process is 

appealing, and we were encouraged to explore potential improvements in the efficiency of 

the transformation. In turn, this led us to consider modifications that might improve this 

process. The barrier of 15.7 kcal mol-1 for trans-401a to traverse TS1 is higher than a 

number of other additions to arynes by species containing nucleophilic nitrogen 

atoms.121,122,123 We speculated that cis-azobenzene (cis-1a), having easier steric access to 

each azo nitrogen atom as well as greater negative charge character at each of its nitrogens 

[e.g atomic polar tensor = ï0.167 vs. +0.008 for cis- vs. trans-azobenzene, respectively 

(APT in Gaussian)] could serve as a more competent nucleophile in this process. cis-

Azoarenes have been reported to engage in net-cycloaddition reactions faster than their 

trans-counterparts.124,125,126,127,128  

The computed PES for the reaction between cis-401a and o-benzyne is shown in 

Figure 4.3c. Significantly, the activation barrier passing through cis-TS1 enroute (to cis-

409b) is computed to be nearly 8 kcal mol-1 lower than that for trans-401a to proceed 

through TS1 (to trans-409b): i.e. 7.8 vs. 15.7 kcal mol-1. This led us to first investigate 

whether we could use photons to produce a sufficiently high proportion of cis-1a to allow 

the overall energetically favored process to be the capture of the benzyne by the cis-

azobenzene. (Later we return to discuss the remainder of the computed energetics shown 

in Figure 4.3c proceeding onward from cis-409b).  

 
121 Medina, J. M.; Mackey, J. L.; Garg, N. K.; Houk, K. N. The role of aryne distortions, steric effects, and 

charges in regioselectivities of aryne reactions. J. Am. Chem. Soc. 2014, 136, 15798ï15805. 
122 Castillo, J.-C.; Quiroga, J.; Abonia, R.; Rodriguez, J.; Coquerel, Y. The aryne aza-DielsïAlder reaction: 

flexible syntheses of isoquinolines. Org. Lett. 2015, 17, 3374ï3377. 
123 Sneddon, D. S.; Hoye, T. R. Arylhydrazine trapping of benzynes: mechanistic insights and a route to 

azoarenes. Org. Lett. 2021, 23, 3432ï3436. 
124 Cook, A. H.; Jones, D. G. cis-Azo-compounds Part IV. Some reactions with diphenylketen. J. Chem. Soc. 

1941, 184ï187. 
125 Schenck, G. O.; Engelhard, N. Azobenzol-Keten-Adduckt. Angew. Chem. 1956, 68, 71. 
126 Schenck, G. O. Aufgaben und Möglichkeiten der präparativen Strahlenchemie. Angew. Chem. 1957, 69, 

579ï599. 
127 Ruggli, P.; Rohner, J. Über o-Disazo-benzol. Helv. Chim. Acta 1942, 25, 1533ï1542. 
128 Tindall, D. J.; Werlé, C.; Goddard, R.; Philipps, P.; Farès, C.; Fürstner, A. Structure and reactivity of half-

sandwich Rh(+3) and Ir(+3) carbene complexes. Catalytic metathesis of azobenzene derivatives. J. Am. 

Chem. Soc. 2018, 140, 1884ï1893. 
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Figure 4.4 (a) Reaction of photochemical HDDA precursors 410a-b with a photo-

generated mixture of trans- and cis-1a-f under continuous irradiation; (b) single-crystal X-

ray diffraction structure of 411b. 

 

To address this question, we carried out the first experiment shown in Figure 4.4a. 

This involved use of the tetrayne 410a, an HDDA substrate known to efficiently undergo 
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photo-induced cycloisomerization to its corresponding HDDA-benzyne.129 This allowed 

both of the benzyne and cis-azobenzene reactants to be formed at ambient temperature 

when irradiated at 254 nm. We pre-irradiated trans-1a in benzene in a quartz vessel in a 

Rayonet reactor for 1 h. Tetrayne 410a was introduced and irradiation continued overnight. 

This resulted in a single isolable product that, to our surprise proved not to be the expected 

dihydrophenazine analog of 403a. Instead, this was deduced to be the aminocarbazole 

compound 411a. This process was shown to be general, proceeding also starting with the 

azobenzenes trans-401b-e. Those with more electron rich aryl substituents resulted in 

higher product yields. The ester-substituted tetrayne 410b also showed very efficient 

conversion to product 411f. The structure assignments of this series of products was 

reflected in their parallel NMR spectral properties, as seen from extensive interpretation of 

both 1D as well as 2D 1H and 13C spectra. In addition, an X-ray diffraction structure of the 

analog 411b confirmed the assignments of these aminocarbazole-containing compounds 

(Figure 4.4b).  

To probe the involvement of the cis-azobenzene in benzyne trapping more 

explicitly, we explored the trapping of a "Kobayashi-generated benzyne"130
,
131 as presented 

in Figure 4.5. When o-benzyne was generated from 2-trimethylsilylphenyl triflate (406) 

starting with 3 equivalents of a preirradiated solution of a trans-azobenzene derivative and 

under further continuous irradiation, the photochemically established amount of the cis-

azobenzene cis-401a, cis-401c, or cis-401d proceeded to give the respective 

aminocarbazole derivative 407a, 407c, or 407d in good yield (Figure 4.5a). As further 

evidence that the cis-azobenzene geometric isomer is the key reactive intermediate 

effecting each of these overall transformations, cis-401a was purified by flash 

chromatography and used soon thereafter as a single isomer to trap o-benzyne (Figure 

4.5b). In an experiment employing only 1.1 equivalent of pure cis-1a relative to the 

Kobayashi precursor 406, the aminocarbazole 407a was obtained in similar yield to that 

 
129 Xu, F; Xiao, X.; Hoye, T. R. Photochemical hexadehydro-DielsïAlder reaction. J. Am. Chem. Soc. 2017, 

139, 8400ï8403. 
130 Himeshima, Y.; Sonoda, T.; Kobayashi, H. Fluoride-induced 1,2-elimination of o-(trimethylsilyl)phenyl 

triflate to benzyne under mild conditions. Chem. Lett. 1983, 12, 1211ī1214. 
131 For a recent review of Kobayashi benzyne chemistry, see: Shi, J.; Li , L.; Li, Y. o-Silylaryl triflates: A 

journey of Kobayashi aryne precursors. Chem. Rev. 2021, 121, 3892. 
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arising from the photostationary mixture of the azobenzenes. Finally, generating o-benzyne 

in the presence of pure trans-401a (1.1 equivalent) but in the absence of irradiation gave 

no discernible amount of the aminocarbazole derivative 407a. The yield of this reaction 

was not as high as for the more hindered HDDA benzynes, perhaps because of some 

competing secondary reaction between the NH2 group in 407a and additional o-benzyne. 

Collectively, the computational and experimental results presented in Figures 4.3, 4.4, and 

4.5 indicate that i) the cis-azobenzene geometric isomer is a more reactive trap for a 

benzyne, ii) cis-azobenzene is the key intermediate responsible for launching the 

transformation leading to aminocarbazole derivatives, and iii) the trans-azobenzene 

geometric isomer is uniquely responsible for furnishing dihydrophenazines in the case of 

HDDA benzynes. In view of these results, we suggest that the process leading to 

aminocarbazole formation is better viewed as arising from the innate reactivity of cis-

azobenzene itself (cf. Figure 4.3c) rather than one in which intermediate trans-409b is 

photoisomerized to cis-409b (cf. 408a to 408b, Figure 4.2c).108  
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Figure 4.5 Reaction of o-benzyne with (a) a photo-generated mixture of trans- and cis-

401a,c-d under continuous irradiation and (b) isolated cis-401a in the dark. 

 

Having clearly demonstrated experimentally that the cis-azobenzene isomer is 

responsible for redirecting the mode of reaction with benzynes to produce aminocarbazoles 

rather than dihydrophenazines, we further explored the behavior of the zwitterion cis-409b 

by DFT (Figure 4.3c). This species can either undergo aza-Nazarov cyclization directly to 

the carbazole skeleton via TS7 or undergo an aryl rocking motion (TS8) to access an 

alternative rotamer of the zwitterion, namely cis-409bǋ. While cis-409bǋ could 

geometrically access TS3, thereby intersecting with the phenazine pathway, we found, 
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perhaps somewhat surprisingly, that the rotational barrier to produce cis-409bǋ via TS8 

was higher than proceeding to the aminocarbazole via TS7 by 1.7 kcal mol-1. We attribute 

the relatively high barrier of aryl rotation to the penalty of breaking conjugation of the 1,2-

diaza-1,3-butadiene system in the nearly orthogonal transition state geometry (cf. dihedral 

angle values in cis-409b and cis-9b' vs. TS8). Taken at face value, these energetics suggest 

that ca. 95% of cis-9b should undergo aza-Nazarov cyclization to the carbazole rather than 

isomerizing to cis-9bǋ and furnishing phenazine products.  

Likewise, we explored by DFT (see Figure 4S7 in the Supplementary Information 

for Chapter 4 for details) whether cis-9b could isomerize directly to trans-9b (and then on 

to the phenazine) by the net isomerization of the NïN double bond geometry. This could 

occur either i) by linearization of the N=NPh geometry (i.e. inversion via an sp-hybridized 

nitrogen, cf. TS5, Figure 4.3a) or ii) by out-of-plane rotation about the N=N bond. A TS 

for the former process was located and it showed a free energy >20 kcal mol-1 higher than 

that of TS7. Attempts to find a TS for the latter geometric change instead optimized directly 

to TS3. These results suggest that it is unlikely for cis-9b to give rise to trans-9b, thereby 

precluding a second pathway by which the zwitterion cis-9b could give rise to a product 

having a phenazine skeleton. 
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Figure 4.6 Disproportionation processes emanating from the diiminoquinone 412 to 

produce the diamine 413 and the phenazinium ion 415 via the dihydrophenazine 414. (a) 

The reaction taken to partial conversion from which 414 was isolated along with a 

coeluting mixture of starting material (412) and 413. (b) 1H NMR spectrum of 414. (c) A 

mechanistic rationale for the overall redox-neutral transformation. (d) Illustration of the 

mixture of species/ions formed while recording an APCI mass spectrum of an isolated 

sample of the diiminoquinone 412. 

 

To gain evidence addressing the later stages of the thermal mechanism involving 

the interesting electrocyclic processes emanating from the benzodiazetidine trans-9c 

(identified by the computations summarized in Figure 4.3a), we synthesized the 
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phenanthrene-diiminoquinone 412. In particular, we thought that the thermal behavior of 

this compound, an analog of species E,E-409d in the computational study, would shed 

light on the remaining steps in the mechanism (i.e. isomerization to Z,E-409d and its 

electrocyclic closure to the 4a,5-dihydrophenazine 409e). The first hint of some unusual 

behavior of species 412 arose while attempting its preparation following a literature 

protocol for TiCl4-promoted condensation of 9,10-phenanthrenequinone with 

anilines.132,133  In our hands this repeatedly gave a complex array of products from which 

the major isolable product was, surprisingly, the diamine 413. Once in hand, this could be 

smoothly oxidized to 412 using MnO2, although its disproportionation lability upon further 

handling was soon recognized.  

When 412 was warmed in deuterobenzene (90 °C), its transformation could be 

monitored by 1H NMR spectroscopy. An experiment that was terminated after 1 h (ca. 67% 

conversion of the starting 412) resulted in generation of a mixture of the diamine 413 and 

dihydrophenazine 414 (Figure 4.6a) in addition to the unreacted 412. Chromatographic 

purification provided a pure sample of the dihydrophenazine 414, which proved to be even 

more labile than its isomer 412. The 1H NMR spectrum of 414 (Figure 4.6b) contained 

broad resonances; in retrospect these were also seen in the spectrum of the reaction mixture 

itself (see Figure 4S4). We identified by DFT two nearly equienergetic, diastereomeric, 

cis- and trans-conformers of 414 that differ only in the relative orientation of the hydrogen 

atom and lone pair of electrons on N14. The NMR spectrum of a N5,N10-diarylated analog 

having the same dibenzodihydrophenazine skeleton as 414 showed similar broadening.134  

This spectroscopic phenomenon, along with the lability we observed for 414, could explain 

why past researchers have not recognized that N,N-diaryl-9,10-

diiminophenanthrenequinones such as 412 undergo a facile 6 -́electrocyclization.132  

 
132 DallôAnese, A.; Rosar, V.; Cusin, L.; Montini, T.; Balducci, G.; DôAuria, I.; Pellecchia, C.; Fornasiero, 

P.; Felluga, F.; Milani, B. Palladium-catalyzed ethylene/methyl acrylate copolymerization: Moving from the 

acenaphthene to the phenanthrene skeleton of Ŭ-diimine ligands. Organometallics 2019, 38, 3498ï3511. 
133 Gao, B.; Zhao, D.; Li, X.; Cui, Y.; Duan, R.; Pang, X. Magnesium complexes bearing N,N-bidentate 

phenanthrene derivatives for the stereoselective ring-opening polymerization of rac-lactides. RSC Adv. 2015, 

5, 440ï447. 
134 Jin, X.; Li, S.; Guo, L.; Hua, J.; Qu, D.-H.; Su, J.; Zhang, Z.; Tian, H. Interplay of steric effects and 

aromaticity reversals to expand the structural/electronic responses of dihydrophenazines. J. Am. Chem. Soc. 

2022, 144, 4883ï4896. 
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The presence of the diamine 413 arising from the condensation reaction meant to 

provide 412 (see Supplementary Information for Chapter 4 for details) and the degradation 

behavior of 414 were initially puzzling; they implied that redox events were occurring. The 

only material present in the crude mixture that would serve as a reasonable reductant was 

the dihydrophenazine 414. Thus, we envisaged (Figure 4.6c) an overall net 

disproportionation sequence in which formation of 414 (cf. mechanism delineated in 

Figure 4.3a) sets up reduction of a second equivalent of 412 via hydride transfer to give 

the phenazinium cation 415 and the conjugate base of 413 (413-CB) as its counter anion. 

A stylized APCI mass spectrum of a sample of purified diiminoquinone 412, ionized by 

thermal activation, is shown in Figure 4.6d. Evidence for all of species 412ï415 can be 

seen in the data. Taking into account the proportion of natural abundance 13C isotopologues 

for each member of this array of C28 species (dashed lines) allows deconvolution of the 

entire set of ion intensities as indicated by the color coding. Additionally, reverse-phase 

LCMS analysis of the crude product mixture also showed evidence for the presence of the 

phenazinium ion 415 (along with 412 and/or 414 and 413; see Figure 4S5). Taken together, 

these results support the mechanism in which a diiminoquinone intermediate (cf. E,E-409d 

and Z,E-409d) undergoes electrocyclization (and tautomerization) to furnish the 

dihydrophenazine core. 

4.3 Conclusions 

Herein, we have demonstrated the contrasting reactivity of benzynes with trans- vs. cis-

azobenzene derivatives. Our observations indicate that when trans-azobenzene is 

employed as a trap for a benzyne, it reacts in a formal [2+2] cycloaddition, followed by 

electrocyclic ring opening to form a diiminoquinone intermediate. This can then undergo 

E/Z isomerization and electrocyclic ring closure to furnish dihydrophenazines after a final 

tautomerization (cf. Figure 4.3a-b). We then demonstrated, both computationally (cf. 

Figure 4.3c) and experimentally (cf. Figure 4.4), that cis-azobenzene is a more competent 

trap for the benzyne, triggering an alternative reaction process ï one that proceeds via a 

formal (3+2) cycloaddition event to furnish N-aminocarbazole derivatives. A key 

mechanistic experiment showed that the divergent reaction pathways emanate from the 

specific geometry of the initial azobenzene derivative. cis-Azobenzene was isolated 
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chromatographically and reacted with o-benzyne in the dark to afford the aminocarbazole 

derivative as the only isolable product (cf. Figure 4.5b).  

Additional mechanistic experiments were carried out to rationalize the later stages 

of the [2+2] cascade leading to dihydrophenazines (cf. Figure 4.3a). The phenanthrene 

diiminoquinone 412 was synthesized and used to probe the key electrocyclization event 

furnishing the dihydrophenazine skeleton. Upon heating, a novel net disproportionation 

process was discovered that led in part to the dihydrophenazine derivative 414, thereby 

lending support to our mechanistic rationale for the [2+2] reaction cascade between arynes 

and trans-azobenzene (cf. Figure 4.6). Overall, our data demonstrate two non-convergent 

reaction pathways, each predetermined by the trans- vs. cis- geometry of the azobenzene 

used to engage the benzyne. 
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Chapter 5. Phosphorane-Promoted CīC Coupling during 

Aryne Annulations 

The studies presented in this Chapter have been disclosed in and largely adapted from a 

published article. 135 This work is a result of the collaborative efforts of Paul V. Kevorkian, 

Dr. Casey B. Ritts, and the author of this Thesis. 

 

Summary: Arynes are fleeting, high-energy intermediates that undergo myriad trapping 

reactions by nucleophiles. Their unusual reactivity compared to other electrophiles can 

spur unexpected mechanistic pathways enroute to the formation of benzenoid products. 

Herein we explore a particularly unique case of thermally generated arynes reacting with 

phosphoranes to form helical dibenzothiophenes and -selenophenes. Multiple new helical 

polycyclic aromatic products are reported. DP4+ and X-ray crystallographic analysis were 

used in tandem to confirm the structural topologies of selected products and to demonstrate 

the utility of DP4+ for distinguishing between isomeric polycyclic aromatic compounds. 

Lastly, we discuss a plausible mechanism consistent with DFT computations that accounts 

for the product formation; namely, ligand coupling (i.e. reductive elimination) within a 

hypervalent, pentacarbon-ligated sigma-phosphorane furnishes the dibenzothio- or 

dibenzoselenophene. 

5.1 Introduction  

Over the last century organic chemists have continuously explored the reactivity of 

arynes.136 Nucleophile addition into the strained, cyclic CſC bond can initiate a variety of 

diverse reaction pathways to form substituted benzenoid species.137  Modern aryne 

 
135 Kevorkian, P. V.; Sneddon, D. S.; Ritts, C. B.; Hoye, T. R. Phosphorane-Promoted CīC Coupling during 

Aryne Annulations. Angew. Chem. Int. Ed. 2024, e202318774. 
136  Wenk, H. H.; Winkler, M.; Sander, W. One century of aryne chemistry. Angew. Chem. Int. 

Ed. 2003, 42, 502ï528. 
137 (a) Tadross, P. M.; Stoltz, B. M. A comprehensive history of arynes in natural product total synthesis. 

Chem. Rev. 2012, 112, 3550ï3577. (b) Anthony, S. M.; Wonilowicz, L. G.; McVeigh, M. S.; Garg, N. K. 

Leveraging fleeting strained intermediates to access complex scaffolds. JACS (Au.) 2021, 1, 897ï912. 
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chemistry has introduced new methods for aryne formation that obviate the need for strong 

organometallic bases or unstable diazonium carboxylate salts. Our research group has 

continued to explore the generality of the hexadehydro-DielsïAlder (HDDA) reaction for 

thermally generating benzynes from acyclic multi-yne precursors.138 The combination of 

reagent-free benzyne generation (and the typically higher degree of benzyne substitution) 

can lead to unanticipated, novel reaction outcomes. 

For example, in 2021, we reported a method in which trapping of an HDDA 

benzyne with a diaryl sulfoxide produced (helical) dibenzofuran products such as 501 via 

an unprecedented type of transformation.139 This was distinct from the pathway followed 

when ñKobayashiò benzynes (i.e. fluoride-induced elimination of o-silyl triflates)140 were 

reacted with diaryl sulfoxides, which typically gave phenoxathiine (502, Figure 5.1a).141 

Although both processes gave adducts in which two molecules of benzyne had engaged a 

single copy of the sulfoxide (i.e. were 2 : 1 adducts), they followed different mechanistic 

pathsðspecifically, reductive elimination of two different pairs of aryl substituents within 

the intermediate ů-sulfurane [10-S-4(C4)]142 species I .143 This divergence likely reflects 

the significant difference in steric hindrance of the benzyne-derived arenes in the four-

coordinate sulfuranes leading to 501 vs. 502. More generally, differences between the 

trapping reactions of (thermally created) HDDA-benzynes vs. classically generated 

benzynes often result from the necessary presence of reagents and their byproducts used in 

the most common classical methods for producing benzynes. 

  

 
138  Fluegel, L. L.; Hoye, T. R. Hexadehydro-DielsïAlder reaction: Benzyne generation via 

cycloisomerization of tethered triynes. Chem. Rev. 2021, 121, 2413ï2444. 
139 Ritts, C. B.; Hoye, T. R. Sulfurane [S(IV)]-Mediated Fusion of Benzynes Leads to Helical Dibenzofurans. 

J. Am. Chem.Soc. 2021, 143, 13501ï13506. 
140 Shi, J.; Li, L.; Li, Y. o Silylaryl triflates: A journey of Kobayashi aryne precursors. Chem. Rev. 2021, 121, 

3892ï4044. 
141 Chen, D.-L.; Sun, Y.; Chen, M.; Li, X.; Zhang, L.; Huang, X.; Bai, Y.; Luo, F.; Peng, B. Desulfurization 

of diaryl(heteroaryl) sulfoxides with benzyne. Org. Lett. 2019, 21, 3986ï3989. 
142 This designation system was first introduced in: Perkins, C. W.; Martin, J. C.; Arduengo, A. J.; Lau, W.; 

Alegria, A.; Kochi, J. K. An electrically neutral. sigma.-sulfuranyl radical from the homolysis of a perester 

with neighboring sulfenyl sulfur: 9-S-3 species. J. Am. Chem. Soc. 1980, 102, 7753ï7759. 
143 (a) Morofuji, T.; Kano, N. Recent Progress in C (sp2)ïC (sp2) Bond Formation Using Ligand Coupling on 

Sulfur (IV). Synthesis 2022, 54, 5186ï5191. (b) Perry, G. J. P.; Yorimitsu, H. Sulfur (IV) in transition-metal-

free cross-couplings for biaryl synthesis. ACS Sustainable Chem. Eng. 2022, 10, 2569ï2586. 
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Figure 5.1 a) Divergent selectivity in ů-sulfurane ligand-coupling. b) Trapping of 

ñKobayashiò benzynes with ˊ-phosphoranes yields phosphonium salts. c) Hypothesized 

intermediate upon thermal generation of arynes in the presence of phosphine 

sulfides(selenides). d) First report of C(sp2)-C(sp2) ligand coupling within a ů-

phosphorane. 
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o-Benzynes (III ), produced from precursors 503, are known to react with phosphine 

oxides144/imines/sulfides145 (504) to give phosphonium triflates 505, also 2 : 1 adducts 

(Figure 5.1b), via capture of II  by a second copy of III.  Considering our previous work, 

we wondered: would HDDA benzynes (cf. IV) be capable of producing ů-phosphorane 

[10-P-5(C5)] species such as V (Figure 5.1c) and, if so, would these undergo ejection of 

R3P in analogy to the diaryl sulfide loss seen during the formation of 501? Reductive 

elimination (i.e. ligand-coupling) within all-carbon R5P species is precedented,146 

beginning with the first reported example nearly 75 years ago in which 508 converted to 

triphenylphosphine (509) and biphenyl (510) (Figure 5.1d). 147  Furthermore, helical 

(hetero)aromatic systems, such as compounds 507, are sought-after structures due to their 

electronic, optical, and chemical properties.148 

5.2 Results and Discussion 

Directly related to the proposal shown in Figure 5.1c are the results reported in 

2019 by Hu and co-workers (Figure 5.2a).149 Namely, they described the reaction of the 

HDDA benzyne derived from tetrayne 510 (and a number of closely related analogs) with 

triphenylphosphine sulfide. In that study a high yield of the 1 : 1 adduct 511 (and analogs, 

72ï87 %) was reported. In light of our earlier work with sulfoxide trapping, we were 

interested to see if any trace of a 2 : 1 dibenzothiophene could be detected as a product of 

 
144 Neog, K.; Dutta, D.; Das, B.; Gogoi, P. Aryne insertion into the P [double bond, length as m-dash] O 

bond: one-pot synthesis of quaternary phosphonium triflates. Org. Biomol. Chem. 2019, 17, 6450ï6460. 
145 For trapping of both phosphine imides and sulfides see: (a) Alajarin, M.; Lopez-Leonardo, C.; Raja, R.; 

Orenes, R. A. Insertion of Benzynes into the PƏN Bond of P-Alkenyl(alkynyl)-ɚ5-phosphazenes. Org. Lett. 

2011, 13, 5668ï5671. (b) Lopez-Leonardo, C.; Raja, R.; Lõpez-Ortiz, F.; del Águila-Sánchez, M. Á.; 

Alajarin, M. ˊ Insertion Reactions of Benzynes into P= N and P= S Double Bonds. Eur. J. Org. Chem. 2014, 

2014, 1084ï1095. 
146 (a) Uchida, Y.; Onoue, K.; Tada, N.; Nagao, F.; Oae, S. Ligand coupling reaction on the phosphorus atom. 

Tetrahedron Lett. 1989, 30, 567ï570. (b) Oae, S.; Uchida, Y. Ligand-coupling reactions of hypervalent 

species. Acc. Chem. Res. 1991, 24, 202ï208.  
147 Wittig, G.; Rieber, M. Darstellung und Eigenschaften des Pentaphenyl phosphors. Justus Liebigs Ann. 

Chem. 1949, 562, 187ï192. 
148 (a) Shen, Y.; Chen, C.-F. Helicenes: synthesis and applications. Chem. Rev. 2012, 112, 1463ï1535. (b) 

Gingras, M. One hundred years of helicene chemistry. Part 1: non-stereoselective syntheses of 

carbohelicenes. Chem. Soc. Rev. 2013, 42, 968ï1006. (c) Bosson, J.; Gouin, J.; Lacour, Cationic triangulenes 

and helicenes: synthesis, chemical stability, optical properties and extended applications of these unusual 

dyes.  J. Chem. Soc. Rev. 2014, 43, 2824ï2840. (d) Mori, T. Chiroptical properties of symmetric double, 

triple, and multiple helicenes. Chem. Rev. 2021, 121, 2373ï2412. 
149 Liu, B.; Hu, Q.; Wen, Y.; Fang, B.; Xu, X.; Hu, Y. Versatile Dibenzothio [seleno] phenes via 

Hexadehydro-DielsïAlder Domino Cyclization. Front. Chem. 2019, 7, 374. 
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a similar reaction. Our first experiment involved heating the triyne 512 with Ph3P=S. 

Indeed, a small amount of the S-shaped 2 : 1 adduct 513-S150 was isolated in 10 % yield.151 

Somewhat surprisingly, we did not detect the presence of either of the regioisomeric 1 : 1 

adducts 514 or 515, products that would arise by a pathway similar to that leading to 511. 

Additionally, we reisolated a substantial portion of the Ph3P=S trapping reagent.  

We first presumed that the significant difference between the reactions producing 

511 vs. 513-S was a reflection of a difference in reactivity of the intermediate benzyne 

species VI  vs. VII , respectively (Figure 5.2c). Therefore, we replicated the reaction 

conditions reported to convert 510 to 511 and observed a substantially different outcome. 

In our hands, we consistently observed the formation of dark-colored reaction mixtures, 

which is a hallmark of indiscriminate HDDA benzyne oligomerization reactions in the 

absence of a competent trapping agent.152 Additionally, a large portion of Ph3P=S was 

again recovered. Moreover, 1H NMR analysis of the crude product mixture did show the 

formation of 511, but along with a regioisomeric adduct [see Supplementary Information 

for Chapter 5 for details] in a 5 % combined yield (1H NMR and isolated).153 

 

 
150 We use here the designation of ##-S vs. ##-Se to distinguish between the sulfur vs. selenium analogs of 

otherwise identical structures. 
151 Trace dibenzofuran formation was also observed with O=PPh3, though we did not further pursue this 

reaction to instead study the formation of new heteroaromatic systems. 
152 Niu, D.; Willoughby, P. H.; Woods, B. P.; Baire, B.; Hoye, T. R. Alkane desaturation by concerted double 

hydrogen atom transfer to benzyne.  Nature 2013, 501, 531ï534. 
153 It is relevant that many benzynes similar to VI  (derived from symmetrical tetrayne substrates) nearly 

always give mixtures of regioisomeric products upon trapping by nucleophiles.138 
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Figure 5.2 a) Hu's reported outcome for trapping of a HDDA benzyne derived from 510 

with Ph3P=S. b) Our initial observation of desired dibenzothiophene formation. c) HDDA 

benzyne intermediates formed enroute to dibenzothiophene products. 
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We next varied reaction condition parameters to learn their impact on the yield of 

513-S (Figure 5.3). Performing the reaction in Ŭ,Ŭ,Ŭ-trifluorotoluene (PhCF3) instead of 

dichloroethane eliminated formation of an aryl chloride side product, but only provided a 

marginal improvement in yield (10 % to 21 %). It is worth mentioning that in our 2021 

report, the particular electronic and steric nature of the sulfoxide arene substituents had a 

significant impact on the aryne trapping efficiency.139 Considering this, we next turned our 

attention to modifying the phosphine substituents in R3P=S (504-S). Increasing the electron 

density of the three arenes by using 504a-S increased the yield of 513-S to 39 %. 

Conversely, using the relatively electron-deficient phosphine (2-furyl)3P=S (504b-S) 

resulted in no helicene formation; a [4+2] trapping product of the benzyne with a furan ring 

was isolated as the major product (see Supplementary Information for Chapter 5). 

Figure 5.3 Selected optimization studies for the formation of 513-S[a,b] 

 

[a] For a complete list of all conditions examined, see the Supplementary Information for Chapter 5. [b] 

Reactions performed at 120 ÁC for 3 h with [512]0=0.03 M. [c] PMP=p-(methoxy)phenyl. [d] Ŭ,Ŭ,Ŭ-

Trifluorotoluene is a convenient solvent for many HDDA reactions: it can be readily dried by azeotropic 

removal of water; it has a convenient boiling point (102 ÁC) from the perspectives of both reaction 

temperature and ease of removal; the electron-deficient nature of the arene deactivates it relative to, say, 

toluene to minimize competitive trapping of benzynes by 4+2 cycloaddition reactions with a solvent 

molecule. 

Steric factors proved to be important as well; tris t-butyl phosphine sulfide (504c-

S) was too encumbered to trap the insipient aryne, whereas replacing one phenyl 

substituent in Ph3P=S by a methyl group (see 504d-S) resulted in the highest yield of 513-

S of the five phosphine sulfides (41 %) examined. Increasing the loading of 504d-S to an 

equimolar amount with 512 further increased the yield to 63 %. This observation suggests 

that the 1 : 1 HDDA benzyne-phosphine sulfide betaine adduct (cf. II , Figure 5.1b) is a 

more competent benzyne trap than the parent phosphine sulfide 504d-S. Lastly, using an 
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even larger excess of 504d-S (last entry, Figure 5.3) was found to be detrimental (48 % 

yield). 

Figure 5.4 Various dibenzothiophenes and -selenophenes synthesized through 

phosphorane trapping of HDDA arynes from a) aryl triynone precursors, or b) the tetrayne 

523 leads to the S-shaped product 524-S. 
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  We next subjected a series of HDDA precursors to the improved reaction conditions 

(Figure 5.4). In all cases, dimeric, fully substituted dibenzothiophenes and -selenophenes 

were observed as the major products in modest to good yield. Phosphine sulfide 504d-S 

most often was somewhat more efficient at aryne trapping than the phosphine selenide 

analog 504d-Se (see Figure 5.4a). Unlike in our previous report with diaryl sulfoxide 

annulation, the reaction of various aryl triynones with phosphine chalcogenides 504d-S(e) 

gave mixtures of S- and U-shaped dimers (left vs. right columns in Figure 5.4, 

respectively).  

Confirming the topology of the U-shaped isomer arising from each triyne precursor 

was nontrivial. Two isomers are possible, one having a wider bay region in which the 

chalcogen has engaged the carbon of each benzyne that is proximal to the triyne linker 

(blue dots; cf. 517, 519, and 520), and the other a narrower bay region (red dots; cf. 522). 

Extensive examination of HSQC and HMBC NMR data did not definitively distinguish 

between the two topologies. 

Considering this uncertainty, we turned to DFT-based NMR calculation methods. 

We chose to use DP4+, a GIAO-based computational method, most typically used for 

distinguishing diastereoisomers, as a means of assigning the structures.154 In this study we 

analyzed the NMR data for the five U-shaped products 517-S(e), 519-S, and 522-S(e). In 

each case, DP4+ definitively predicted (Ó99 % probability) that the compounds 517-S, 517-

Se, and 519-S have the wider bay region topology, whereas 522-S and 522-Se have the 

narrower bay region topology. This is specifically shown for examples 517-S and 522-Se 

in Figure 5.5a (see the Supplementary Information for Chapter 5 for all analyses). To 

validate these DP4+ assignments we obtained X-ray crystal structures of species 517-S and 

522-Se, which corroborated the DP4+ assessment (Figure 5.5b). This use of DP4+ to 

distinguish between structures of isomeric polycyclic aromatic compounds (PACs) is 

noteworthy. It demonstrates the utility of DP4+ analysis for compounds that do not contain 

 
154 (a) Grimblat, N.; Zanardi, M. M.; Sarotti, A. M. Beyond DP4: An improved probability for the 

stereochemical assignment of isomeric compounds using quantum chemical calculations of NMR shifts. J. 

Org. Chem. 2015, 80, 12526ï12534. (b) Zanardi, M. M.; Sarotti, A. M. Sensitivity analysis of DP4+ with 

the probability distribution terms: Development of a universal and customizable method. J. Org. Chem. 2021, 

86, 8544ï8548. 
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high degrees of sp3 functionality, which is by far the most common class of structures for 

which DP4+ is used.155 

Figure 5.5 a) DP4+ analysis of U-shaped dimers based on 1H and 13C NMR spectra to 

discern between narrow bay region (left) and wide bay region (right) topologies. b) 

PyMOL renderings of the X-ray crystal structures of 517-S and 522-Se (hydrogens are 

omitted). 

 

Finally, we wanted to gain insight into the mechanism of formation of these helical 

dibenzochalcophenes. Specifically, we wanted to see if there was computational support 

for the role of a ů-phosphorane (i.e., a ligand-coupling process, cf. Figure 5.1c, d). We used 

DFT of the reaction coordinate starting with the simplified triyne substrate 525. To model 

 
155 For a review on DP4+ analysis of ñnatural product-likeò structures see: Marcarino, M. O.; Cicetti, S.; 

Zanardi, M. M.; Sarotti, A. M. Nat. Prod. Rep. 2022, 39, 58ï76. 
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the ů-phosphorane IX  we followed precedent by Paton and McNally in their reports of 

P(V) CīC coupling with heteroarenes.156 

Figure 5.6 DFT modeling of key, late-stage events converting VIII  via IX  to products 

during the overall reaction of two molecules of 525+504d-SŸ26-S+Ph2PMe. For DFT 

calculations of all steps, see Figure 5S5. Calculations performed at the 

[(SMD : PhCF3)/MN15/6-311+G**//(SMD : PhCF3)/MN15/6-31G*] level of theory. 

 

The pertinent parts of the computed reaction coordinate are shown in Figure 5.6 

(energies referenced to the 2 : 1 zwitterion VIII ). The starting reactants are two copies of 

triyne 525 and the phosphine sulfide 504d-S. This proceeds to the zwitterion VIII  through 

four elementary reaction steps, which were also computed (see Supplementary Information 

for Chapter 5). The overall process (2×525+504d-SŸVIII ) has a  ȹGrxn=ī128.2 

kcalmolī1, reflective of the exergonicity inherent to both the HDDA cycloisomerization 

and trapping events. The zwitterion VIII was seen to proceed to the slightly higher energy, 

 
156(a) Hilton, M. C.; Zhang, X.; Boyle, B. T.; Alegre-Requena, J. V.; Paton, R. S.; McNally, A. W. 

Heterobiaryl synthesis by contractive CïC coupling via P (V) intermediates. Science 2018, 362, 799ï804. 

(b) Zhang, X.; Nottingham, K. G.; Patel, C.; Alegre-Requena, J. V.; Levy, J. N.; Paton, R. S.; McNally, A. 

Phosphorus-mediated sp2ïsp3 couplings for CïH fluoroalkylation of azines. Nature 2021, 594, 217ï222. 
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isomeric cyclic ů-phosphorane IX . The final elementary step converting IX  to the 

dibenzothiophene 526-S via TS2 can be viewed as a ligand-coupling event [i.e. a reductive 

elimination of the dibenzothiophene from the hypervalent P(V) center]. Qualitatively at 

least, this study supports the intermediacy of the P(V) species IX .  

The differences among the distributions of topologically isomeric products (i.e. the 

ratios in Figure 5.4 of the possible U- and S-shaped isomers) formed in these various 

reactions is not easily rationalized. We think that the differences arise from subtle, long-

range steric effects that vary among the benzo-, thiopheno-, dimethoxybenzo-, and 

naphtho-moities present in each array of reaction intermediates. We deemed that 

comprehensive DFT studies of these multistep, complex potential energy surfaces would 

not lead to a quantitatively meaningful identification of the likely subtle interactions 

responsible for dictating the outcomes. This analysis would be especially challenging 

because of the multitude of possible conformations for nearly all of the reaction 

intermediates. 

5.3 Conclusion 

In summary, we have expanded our understanding of hypervalent main group 

couplings with arynes to pnictogen-centered mediators. In contrast to previous studies 

using Kobayashi benzynes, benzynes generated using purely thermal HDDA conditions 

revealed an alternative reaction path leading to helical dibenzothiophenes and -

selenophenes. We successfully employed DP4+ NMR analysis to confirm the structures of 

selected PACsðan uncommon instance demonstrating the effectiveness of the DP4+ 

method to highly sp2 atom-rich chemical species. DFT modeling of the reaction coordinate 

suggests a mechanism involving a highly encumbered ů-phosphorane intermediate that is 

in equilibrium with an isomeric zwitterion. The concerted ligand coupling within IX  to 

give 526-S via TS2 is notable. Overall, this study showcases how the high potential energy 

of arynes can be leveraged for inducing unorthodox reaction processes enroute to novel 

compounds. 
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Chapter 6. Cascade reactions of HDDA-benzynes with tethered 

cyclohexadienones: strain-driven events originating from 

ortho-annulated benzocyclobutenes 

The studies presented in this Chapter have been disclosed in and largely adapted from a 

published article. 157 This work is a result of the collaborative efforts of Dr. Bhavani 

Shankar Chinta and the author of this Thesis. 

 

Summary: Intramolecular net [2 + 2] cycloadditions between benzyne intermediates and 

an electron-deficient alkene to give benzocyclobutene intermediates are relatively rare. 

Benzynes are electrophilic and generally engage nucleophiles or electron-rich ˊ-systems. 

We describe here reactions in which an alkene of a tethered enone traps thermally generated 

benzynes in a variety of interesting ways. The number of atoms that link the benzyne to C4 

of a cyclohexa-2,5-dienone induces varying amounts of strain in the intermediates and 

products. This leads to a variety of different reaction outcomes by way of various strain-

releasing events that are mechanistically intriguing. This work demonstrates an 

underappreciated class of strain that originates from the adjacent fusion of two rings to 

both C1ïC2 and C2ïC3 of a benzenoid ring ï i.e. óortho-annulation strainô. DFT 

computations shed considerable light on the mechanistic diversions among various reaction 

pathways as well as allow more fundamental evaluation of the strain in a homologous series 

of ortho-annulated carbocycles. 

6.1 Introduction  

 
157 Sneddon, D. S.; Hoye, T. R. Cascade reactions of HDDA-benzynes with tethered cyclohexadienones: 

strain-driven events originating from ortho-annulated benzocyclobutenes. Chem. Sci. 2024, ASAP. 
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Reactive intermediates possess, inherently, a relatively high amount of potential 

energy. Arynes, one of the most versatile of all such intermediates, are well known to 

engage alkenes in net [2 + 2] cycloaddition reactions to produce benzocyclobutenes.158,159 

Simple alkenes and their more electron rich analogs such as enol ethers and enamines 

comprise the vast majority of such transformations. In contrast, there are very few reports 

of the reaction of an aryne with an electron-deficient alkene in an analogous fashion, a 

reflection no doubt of the electrophilic nature of an aryne.160 

A significant feature of the work reported here is the way in which an atypical and 

underappreciated type of strain can lead to unusual modes of reactivity. In particular, we 

describe species in which the strain and novel reactivity originate from the simultaneous 

fusion of two adjacent rings to the C1ïC2 and C2ïC3 bonds of an aromatic ring. This 

contrasts with the more classical and well-studied classes of strained ring systems (e.g. 

propellanes, bicyclobutanes, cyclophanes, cyclic alkynes, etc.).161,162 

6.2 Results and Discussion 

We set out to explore reactions of benzynes with a conjugated enone that was 

tethered to the benzyne in such a fashion as to allow for benzocyclobutene formation. We 

envisioned using a triyne-containing cyclohexadienone substrate such as 601 to thermally 

produce the benzyne 602, which would allow us to assess its ability to generate the 

benzocyclobutene derivative 603 (Figure 6.1a). We carried out an initial set of DFT 

computations using the simplified tethered benzyne 604 to learn about the energetics of 

such a process (Figure 6.1b). The intermediate diradical 605 can exist as either a cis- or 

trans-fused diastereomer. The calculations show a large difference in the barriers leading 

to each (ȹȹGÿ = 17.9 kcal molī1). The kinetically less favorable formation of the trans-

isomer is reflective of the higher torsional strain necessary for proper orbital overlap in the 

 
158 See various subsections in a number of chapters in Biju, A. T. Ed. Modern Aryne Chemistry. Wiley VCH, 

2021. 
159 Hamura, T. Pericyclic reactions including [2+2], [3+2], and [4+2] cycloadditions. In Comprehensive 

Aryne Synthetic Chemistry; Yoshida, H., Ed.; Elsevier, 2022; pp 267ï330. 
160 Rondan, N. G.; Domelsmith, L. N.; Houk, K. N. The relative rates of electron-rich and electron-deficient 

alkene cycloadditions to benzyne. Enhanced electrophilicity as a consequence of alkyne bending distortions. 

Tetrahedron Lett. 1979, 35, 3237ī3240. 
161 Wiberg, K. B. Strained hydrocarbons: Structures, stability, and reactivity. In Reactive Intermediate 

Chemistry; Moss, R. A., Platz, M. S., Jones, Jr., M., Eds.; Wiley, 2004; pp 717ï740. 
162 Dodziuk, H., Ed. Strained Hydrocarbons: Beyond the Vanôt Hoff and Le Bel Hypothesis. Wiley, 2009. 
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TS. Closure of the cis-isomer of diradical 605 to the all-cis isomer of the benzocyclobutene 

derivative 606 occurs via a very low-barrier collapse of the diradical. This simple study 

suggested that there should be a substantial preference for formation of only one of the 

diastereomeric, cis-fused products (i.e. structure 606 with both Hs up rather than with both 

Hs down). 

Figure 6.1 (a) Concept of trapping a HDDA benzyne by the electron-poor alkene in a 

tethered cyclohexadienone. (b) DFTa relative energies of the stationary points converting 

model benzyne 604 to the benzocyclobutene 606 (via the diradical 605). (c) First example 

of a benzocyclobutene-forming reaction from a cyclohexadienone. a[(U)B3LYP-GD3BJ/6-

311++G(d,p), SMD: dichloroethane]; we have previously used unrestricted B3LYP with 

the D3BJ dispersion correction in the optimization of other singlet diradical structures in 

the context of aryne chemistry.163,164 

 

 
163 Marell, D. J.; Furan, L. R.; Woods, B. P. Lei , X.; Bendelsmith, A. J.; Cramer, C. J.; Hoye, T. R.; Kuwata, 

K. T. Mechanism of the intramolecular hexadehydro-DielsīAlder reaction. J. Org. Chem. 2015, 80, 11744 

ð11754 
164 Xu, Q.; Hoye, T. R. Electronic character of Ŭ,3-dehydrotoluene intermediates generated from isolable 

allenyne-containing substrates. Angew. Chem., Int. Ed. 2022, 61, e202207510. 
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Encouraged, we synthesized the triyne 607a 165  and observed its efficient 

conversion to the isomeric, hexacyclic benzocyclobutene product 608a when heated at 85 

°C in 1,2-dichloroethane (1,2-DCE) (Figure 6.1c). The structure of this product was 

initially deduced from NMR analyses and later corroborated by an X-ray diffraction study. 

The presence of the tricyclo[5.3.1.03,8]oxadodecatriene subunit in 608a (green bonds), 

comprises three contiguously fused (ortho-annulated) rings and includes three adjacent sp2-

hybridized benzenoid carbons. 

We wondered how common this type of substructural motif might be. Structure 

searching the literature identified only three types of such skeletons (609aïb, Figure 6.2a), 

all fully carbocyclic (our search allowed for O- and N-heterocyclic variants as well, but 

none were found).166,167,168,169,170,171,172,173 Moreover, we could locate no examples of a 

skeleton in which the saturated 6-membered ring in 609 is, instead, a contracted 5-

membered cycle. This implies that these sorts of fused polycycles house a relatively rare 

type of strain. One indication of the severity of the ring strain in 608a was observed by the 

rapid onset of dark color of the crystalline sample almost immediately after it was melted 

(218ï220 °C). Thermal lability of 608a was also suggested by its partial injector 

 
165 Triyne 607a was prepared by a sequence in which i) p-cresol was trapped by propargyl alcohol in the 

presence of phenyliodine diacetate (PIDA), ii) alkyne bromination, iii) CadiotïChodkiewicz cross-coupling 

with a diyne, and iv) final oxidation (MnO2) to the ynone. Similar strategies were used to construct all of the 

polyyne HDDA substrates used in this study. See the Supplementary Information for Chapter 6 for details. 
166 Friedli, F. E.; Shechter, H. Aromatic substitution and addition reactions of 1H-cyclobuta[de]naphthalenes. 

Tetrahedron Lett. 1985, 26, 1157ī1158. 
167  Kendall, J. K.; Engler, T. A.; Shechter, H. Preparative methodology and pyrolytic behavior of 

anthrylmonocarbenes: Synthesis and chemistry of 1H-cyclobuta[de]anthracene. J. Org. Chem. 1999, 64, 

4255ī4266. 
168 Salem, B.; Klotz, P.; Suffert, J. Cyclocarbopalladation: Formation of bicyclic 1,2-cyclobutanediols 

through a rare 4-exo-dig cyclization. Org. Lett. 2003, 5, 845ī848. 
169 Bour, C.; Blond, G.; Salem, B.; Suffert, J. 4-exo-dig and 5-exo-dig Cyclocarbopalladations: an expeditious 

solution toward molecular complexity? Tetrahedron 2006, 62, 10567ī10581. 
170 Blond, G.; Bour, C.; Salem, B.; Suffert, J. A new Pd-catalyzed cascade reaction for the synthesis of 

strained aromatic polycycles. Org. Lett. 2008, 10, 1075ī1078. 
171 Petrignet, J.; Boudhar, A.; Blond, G.; Suffert, J. Step-economical synthesis of taxol-like tricycles through 

a palladium-catalyzed domino reaction. Angew. Chem. Int. Ed. 2011, 50, 3285ī3289. 
172 Fillion, E.; Carson, R. J.; Trépanier, V. E.; Goll, J. M.; Remorova, A. A. palladium-catalyzed carbon-

carbon bond-forming 1,2-ligand migration of organoalanes. J. Am. Chem. Soc. 2004, 126, 15354ī15355.  
173 Blond, G.; Suffert, J. 4-exo-dig-Cyclocarbopalladation, discovery and application in the synthesis of 

complex polycyclic molecules. In Strategies and Tactics in Organic Synthesis; Harmata, M., Ed., Vol. 15; 

Elsevier, 2021; pp 366ï416. 
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temperature-dependent conversion to a new product (see below, Figure 6.5a) during GC 

analysis. 

Figure 6.2 (a) The three known classes of compounds containing a [6/6/4]tricyclic 

substructure. (b) Differences in DFTa free energies of all three sets of minima for the 

conversion of 611 + ethane (610) to 613 via 612 + ethane (all energies within each series 

of homologs have been referenced to the energy of the tethered alkene 611 + ethane). 
a[MN15/6-311+G(d,p)]. 

 

To probe how much strain might reside within tricyclic skeletons related to the one 

present in 608a and 609, we performed a set of DFT computations of the energetic minima 
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for ethane (610) and the five sets of model compounds 611ï613 (Figure 6.2b).174 Here, we 

will call the skeletons present in 612 as [6/(n + 3)/4] tricycles; we varied n (the number of 

intervening methylene units) from 0 to 4. The energy of the starting benzyne 611 for each 

of the five sets of homologs was set to be 0 (all energies in kcal molī1). A minimum could 

not be located for the most highly strained [6/3/4] tricycle 612 (n = 0). The calculation 

instead optimized to a ring-cleaved species. The ȹGÁ between the starting benzyne and the 

tricycle 612 for each of the successively larger rings (4- to 7-membered) progressively 

became more exergonic ï an indication of the relative strain in the homologous series of 

[6/(n + 3)/4] tricycles. To evaluate the strain in each of 612 more directly, we calculated 

the homodesmotic reaction in which the C(sp3)ïC(sp3) bond in ethane was exchanged for 

the C(sp3)ïC(sp3) bond in the four-membered ring in each of 612.175,176 The energetic 

changes (ȹGÁ values in blue) for these ethanolyses reflect the amount of strain released by 

cleavage of the smallest ring in each ortho-annulated tricycle.177 

In view of the substantial strain in these [6/(n + 3)/4] tricycles, it occurred to us that 

it might be possible to ñstoreò the inherent strain energy of a benzyne within such a tricyclic 

subunit and subsequently utilize it to drive additional interesting transformations. If so, 

these benzocyclobutenes could be viewed as primed for further dissipation of the potential 

energy brought to the reaction via the three alkynes in the benzyne precursors. It is relevant 

that the triyne to benzyne conversion via a hexadehydro-DielsïAlder (HDDA) cyclization 

is computed to be, typically, 40ï50 kcal molī1 exergonic.178 This overall idea seemed most 

promising to pursue for the case where n = 3, especially in light of the fact that we already 

 
174 See Supplementary Information for Chapter 6 for details. 
175 Wheeler, S. E.; Houk, K. N.; Schleyer, P. v. R.; Allen, W. D. A hierarchy of homodesmotic reactions for 

thermochemistry. J. Am. Chem. Soc. 2009, 131, 2547ī2560. 
176 Magers, D. B.; Magers, A. K.; Magers, D. H. The s-homodesmotic method for the computation of 

conventional strain energies of bicyclic systems and individual rings within these systems. Int. J. Quantum 

Chem. 2019, 119, 1ī14. 
177 We also computed the strain energies of a series of homologous tricyclic hydrocarbons, these having a 

three-membered cyclopropene ring replacing the cyclobutene in 612. The strain release measured by the 

ethanolyses of these benzocyclopropene-containing polycycles showed parallel trends to those described in 

Figure 6.2 for the cyclobutene analogs [see Figure 6S4 and discussion in Supplementary Information for 

Chapter 6 (Homodesmotic Reaction Energies for the [6/n/3] Series of Homologs)]. 
178  Fluegel, L. L.; Hoye, T. R. Hexadehydro-DielsïAlder reaction: Benzyne generation via 

cycloisomerization of tethered triynes. Chem. Rev. 2021, 121, 2413ī2444. 
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had in hand the knowledge of the existence of the readily handleable [6/6/4] tricyclic 

derivative 608a. 

Figure 6.3 [6/6/4]-Benzocyclobutenes 608bïh produced from triyne precursors 607bïh. 
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We present here an array of benzocyclobutene derivatives prepared by 

intramolecular reaction between an HDDA benzyne and a tethered cyclohexadienone 

(Figures 6.3 and 6.4). We then show a variety of strain-driven transformations, some quite 

unexpected, that these strained species were observed to undergo (Figures 6.5ï6.8). At the 

end of the chapter (Figure 6.9), we will return to the case of a potential (and more highly 

strained) [6/5/4] tricyclic intermediate.  

Figure 6.4 Triyne substrates 615aïc containing different triyne tethers also cyclize to 

[6/6/4]-benzocyclobutenes. 

 

A number of additional types of substrates will participate in this enone 

cycloaddition chemistry to produce isolable benzocyclobutene derivatives. Those based on 

the dimethoxyphenyl ketone linker are shown in Figure 6.3. In substrates 607b and 607c, 

the oxygen atom in the oxymethylene tether present in 607a has been replaced by an NTs 

or a CH2 group, respectively. Substrates 607dïh, in which the quaternary methyl group in 

607a is replaced with a variety of different substituents, demonstrate the compatibility of 

an array of common functional groups with the transformation. The structures of 608bïh 

were assigned based on their analogous proton NMR characteristics vis-à-vis 608a for key 

portions of the spectra. Additionally, the structure of the estrone-derived product 608h was 
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subjected to DP4+179 probability analysis,174 which showed definitive agreement with the 

assigned structure. In no instance did we detect the presence of an alternative 

diastereomeric benzocyclobutene (cf. 606-Hsup vs. 606-Hsdown) when analyzing the crude 

product mixtures. 

We also examined three additional benzyne substrates that had different linkers 

between the diyne and dienophile (Figure 6.4). Each proceeded smoothly to provide the 

lactone- and carbazole-containing products 616a, and 616b, respectively. 

We next investigated whether some of these strained intermediates would undergo 

further transformation by thermal processes. The first hint of that possibility came in the 

form of the decomposition upon melting 608a, as mentioned earlier. This observation 

prompted us to explore the fate of 8a upon being heated to a temperature higher than that 

used to create it (i.e. >85 °C). When a solution of 8a was heated at 130 °C in 1,2-

dichloroethane (1,2-DCE), it gave rise to an isomeric product, the structure of which was 

not immediately apparent. More than one candidate structure was under consideration even 

after fairly detailed analysis of the 1D and 2D NMR data, although it was clear that an 

isolated alkene was present in the molecule. Therefore, we sought to make a crystalline 

derivative and turned to the very useful Rychnovsky OsO4·TMEDA method, which 

involves in situ derivatization of alkenes and crystallization of their osmate esters.180 The 

newly formed isomer of 608a was treated with 1.0 equivalent of a 1 : 1.1 mixture of OsO4 

and TMEDA in dichloromethane resulting in efficient formation of a 1 : 1 adduct. Vapor 

diffusion (DCM vs. pentane) gave black crystals characteristic of an osmate ester (see 

photo in Figure 6.5a). An X-ray diffraction analysis was performed, and we were amazed 

to see that the osmate had been formed by addition to a pair of adjacent carbons on the 

aromatic ring to give the product 618, leaving the alkene intact! Accordingly, we could 

then definitively assign the structure of the rearranged [6/6/4]-benzocyclobutenes 608a as 

617.  

 
179 Marcarino, M. O.; Cicetti, S.; Zandari, M. M.; Sarotti, A. M. A critical review on the use of DP4+ in the 

structural elucidation of natural products: the good, the bad and the ugly. A practical guide. Nat. Prod. Rep. 

2022, 39, 58ī76. 
180 Burns, A. S.; Dooley III, C.; Carlson, P. R.; Ziller, J. W.; Rychnovsky, S. D. Relative and absolute 

structure assignments of alkenes using crystalline osmate derivatives for x-ray analysis. Org. Lett. 2019, 21, 

10125ī10129. 



88 

Figure 6.5 (a) First indication of a strain-driven rearrangement of a [6/4/6] 

benzocyclobutene (608a) and confirmation of its structure by an unusual osmylation of the 

arene ring in 617 (b) Proposed reaction pathway using the truncated model compound 619 

and passing through o-xylylene and epoxide intermediates 620 and 621, respectively. (c) 

A DFTa potential energy surface (PES) suggesting that the observed pathway is viable. 
a[MN15/6-311++G(d,p), SMD: dichloroethane].181 

 

 
181 We used the MN15 functional because of inferential information that suggests it is effective in locating 

converged transition structures. Mardirossian, N.; Head-Gordon, M. Thirty years of density functional theory 

in computational chemistry: an overview and extensive assessment of 200 density functionals. Mol. Phys, 

2017, 115, 2315ī2372. 
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How did 617 arise? The essential aspects of the proposed mechanism are shown 

using the truncated structures 619ï623 (Figure 6.5b). We envisioned a pathway in which 

619 proceeds to the o-xylylene 620 and epoxide 621 enroute to 623. We again turned to 

DFT computations to further evaluate this thinking (Figure 6.5c). Our goal here was to 

demonstrate the viability of various stationary states required for this overall PES. Because 

of the absence of structural features (especially the conjugated poly-yne tether) that would 

be expected to alter the energies of these states, perhaps dramatically, the various ȹG and 

ȹGÿ specific values should be taken as qualitative. Nonetheless, this did demonstrate the 

mechanistic viability of (i) a conrotatory electrocyclic ring-opening of 619 to 620, (ii) an 

unorthodox, aromatization-driven, concerted cyclization in which the carbonyl oxygen 

atom captures benzylic cation character in the forming epoxide ring in 621 and (iii) an 

unusual 1,2-vinyl migration with concomitant epoxide ring-opening leading to 623. 

With this mechanistic thinking in mind, we explored the thermal chemistry of the 

benzocyclobutenes derived from 607a (and some of its analogs) in the presence of several 

types of trapping agents that might engage one of the reactive species on this manifold 

(Figure 6.6a). Initially, a mixture of 607a and N-phenylmaleimide (624a) was heated at 

130 °C in 1,2-DCE. Again, to our surprise, the principal product, 625a, was one in which 

the maleimide had engaged the arene ring as a dienophile in a [4 + 2] cycloaddition 

reaction. This mode of reaction was then observed in reactions of additional maleimide 

derivatives with the triyne substrates 607a, 607b, and 607c, leading to 625b, 625c and 

625d, respectively.  
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Figure 6.6  Unexpected DielsïAlder adduct formation between the benzocyclobutenes 

derived from 607aïc and 615b and (a) dienophilic maleimides and (b) dimethyl 

acetylenedicarboxylate (DMAD ). 

 

We then used dimethyl acetylenedicarboxylate (DMAD ) as a trapping agent with 

the triyne substrates 607a and 615b (Figure 6.6b). Again, each underwent preferential [4 

+ 2] cycloaddition across the aromatic ring in the intermediate benzocyclobutenes (cf. 626). 

However, this was now followed by a rapid retro-DielsïAlder event under the reaction 

conditions to rearomatize the benzenoid ring in each of the final products 627a and 627b. 

All of the reactions in Figure 6.6 reflect a degree of distortion of the arene ring that renders 

it susceptible to [4 + 2] cycloaddition events. Indeed, the crystal structure of 608a shows 

that the ortho-annulated benzenoid ring has three internal dihedral angles (among the six) 
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within the arene ring distorted to the extent of 13ï19° and that the internuclear distance of 

the para carbons that engage in the DA reactions182 (and give rise to C3a and C6b in 625 

and 626) is 2.65 Å while the other two pairs of para carbon internuclear distances are both 

2.85 Å. 

Figure 6.7 (a) Trapping reactions in which either the intermediate epoxide 621' or carbonyl 

ylide 622' was intercepted, providing experimental support of the computed PES shown in 

Figure 6.5b/c. (b) Analogous trapping reactions of a related 1,3-dipolar intermediate. 

 

 
182 For examples in which curvature of arenes accelerates cycloadditions to the distorted polycyclic arenes 

see (a) Osuna, S.; Houk, K. N. Cycloaddition reactions of butadiene and 1,3-dipoles to curved arenes, 

fullerenes, and nanotubes: Theoretical evaluation of the role of distortion energies on activation barriers. 

Chem. Eur. J. 2009, 15, 13219ī13231. (b) Garc²a-Rodeja, Y.; Solà, M.; Bickelhaupt, F. M.; Fernández, I. 

Reactivity and selectivity of bowl-shaped polycyclic aromatic hydrocarbons: Relationship to C60. Chem. 

Eur. J. 2016, 22, 1368ī1378. 
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We have found several additional reactions in which cleavage of the cyclobutene 

was the dominant strain-relieving driving force (Figure 6.7), as first seen in the conversion 

of 608a to 617 (Figure 6.5a). First, when 607b was heated in 1,2-DCE containing 10 

equivalents of acetic acid, the rearranged acetate ester 628 was the only isolated product 

(Figure 607a). We infer that this arises by an acid-catalyzed opening of the epoxide 

intermediate 621ǋ. Second, when triyne 607b was heated in 1,2-DCE containing DMAD , 

the 1,3-dipolar cycloaddition product 629a was the only isolated product. This provides 

clear evidence for the carbonyl ylide 622ǋ as a species on the reaction pathway. Similar 

1,3-dipolar cycloaddition products were obtained starting from the triyne 615a using 

DMAD or N-methylmaleimide (624c), leading to the formation of 629b or 629c, 

respectively (Figure 6.7b). These experimental outcomes support the key aspects of the 

model computations described in Figure 6.5c: namely, the intermediacy of epoxide analogs 

of both 621 and 1,3-dipole analogs of 622. 

We also explored the behavior of substrates 630a and 30b, each containing a 

spirocyclic ketal moiety within the linker (Figure 6.8). If these were to have followed the 

[2 + 2] reaction pathway, the ortho-annulated intermediate benzocyclobutene would have 

contained an 8-membered ring (i.e. a [6/8/4] substructure). Instead, and perhaps not 

surprisingly, the reactions took a different, although still interesting, course. Namely, 630a 

gave rise to 634a and 635, two unusual polycycloisomerization products. The structure of 

each was assigned by extensive 1D and 2D NMR spectroscopic studies, and that of the 

cyclopropane-containing compound 635 was further verified by an X-ray diffraction study. 

Likewise, the ester-linked triyne 630b gave the phenol derivative 634b, an analog of 634a, 

as the sole isolated product (Figure 6.8b). 
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Figure 6.8 Novel polycycloisomerization products arising from substrates containing a 

ketal within the cyclohexadienone-to-triyne linker. 

 

The formation of these polycyclic products can be rationalized by attack of the 

distal ketal oxygen to the electrophilic benzyne carbon atom in, e.g., 631. Cyclization of 

the 1,3-zwitterion 632 by conjugate addition to an enone would produce the new zwitterion 

633, which simultaneously houses both an enolate anion and oxonium cation. This could 

bifurcate via eliminative opening shown with red arrows to give, ultimately, the phenol 
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derivative 634a or through the cyclopropane-forming event indicated with the blue arrows. 

Since there are a number of diastereomeric possibilities for structure 633, it is certainly 

possible that certain one(s) are preferentially leading to 634a vs. 635. A control experiment 

demonstrated that isolated 635 is very stable when heated independently at 85 °C for 20 h 

in CDCl3, ruling it out as a precursor to 634a. Finally, it is also notable that in these 

reactions the alkynes in 630a fueled not only the formation of the benzyne but, in turn, the 

production of a compound containing the most classic of all strained cyclic hydrocarbons 

ï a cyclopropane. 

We were, of course, interested in learning what would happen using a substrate 

with a shorter, single-atom tether between the triyne and cyclohexadienone. Would that be 

capable of giving rise to a yet more highly strained [6/5/4] ortho-annulated 

benzocyclobutene skeleton? Thus, we prepared the substrate 636 and heated it to induce 

benzyne-formation (Figure 6.9a). A very clean conversion to the unexpected pentacyclic 

product 639, which contains a newly formed benzochromene subunit was observed. It was 

difficult to envision a mechanistic pathway that involved initial addition of the proximal 

benzyne carbon to Cɓ of the enone to account for this outcome. We then considered the 

alternative addition of the proximal benzyne carbon to CŬ of the enone to form 637 (in 

truncated form) this mechanism would proceed from 640, via 641 and 642, to 643 (Figure 

6.9b). The final step involves a pseudo-6-́electrocyclic ring closure of 642 to 643 (cf. 638 

to 639) in which there is a concomitant hydrogen atom migration. Notable features of this 

overall mechanism are (i) the ɓ-cleavage within diradical 637 (or 641), which gives rise to 

the Ŭ,3-dehydrotoluene species 638 (or 642) and (ii) the unusual, concerted migration of a 

hydrogen atom that accompanies the electrocyclization of 638 to 639 (or 642 to 643), which 

is further seen in TS7. These unorthodox events are indicated to be energetically feasible 

by the DFT PES shown in Figure 6.9c (cf. Eacts via TS5ïTS7). 
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Figure 6.9  (a) An unexpected reaction outcome starting from triyne 636 having a one-

atom tether. (b) A mechanistic rationale involving initial CïC bond formation to CŬ of the 

enone (640 to 641), ɓ-cleavage to an Ŭ,3-dehydrotoluene derivative (641 to 642), and an 

unusual electrocyclization with concomitant hydrogen atom migration (642 to 643). (c) 

DFTa results showing the energetic feasibility of this pathway. a[(U)B3LYP-GD3BJ/6-

311++G(d,p), SMD: dichloroethane]. 

 

6.3 Conclusion 

Because alkynes are of relatively high potential energy, their transformation into 

products often occurs with a high degree of exothermicity. In this work we have shown 
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reaction sequences that not only use three alkynes to fuel the formation and trapping of 

benzyne intermediates.178 to produce ortho-annulated benzocyclobutenes, but that these 

polycycles temporarily house strain that can then be released to give rise to a variety of 

additional unorthodox transformations. These include osmylation of an arene ˊ-bond, 

DielsïAlder additions to a distorted arene, rearrangements to epoxide and 1,3-dipolar 

intermediates, and uncatalyzed 1,2-alkene migration of an epoxide. 

The work highlights the importance of an underappreciated type of strain: namely, 

one arising from the presence of two rings fused, adjacently, to C1ïC2 and C2ïC3 of a 

parent benzenoid ring. We refer to that here as ortho-annulation strain. The amount of 

strain energy embedded within this type of substructure is demonstrated by DFT 

computations of homodesmotic reactions between ethane and a series of tricyclic 

hydrocarbons (612, Figure 6.2b). 

Finally, the studies also demonstrate that the electron-deficient alkene of an enone 

can undergo initial bond formation at either its ɓ- or Ŭ-carbons, depending on the length of 

the tether between the benzyne and enone. The former proceeds to net [2 + 2] cycloadducts, 

a rare process for electron-poor alkenes with arynes, whereas the latter undergoes an 

unusual process involving ɓ-scission of a diradical leading to yet another strained reactive 

intermediate, an Ŭ,3-dehydrotoluene derivative. Energy release from thermal reactions of 

alkynes can be captured and then progressively liberated to drive atypical sequences of 

reactions. 
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Chapter 7. Rapid (Ò25 ÁC) Cycloisomerization of Anhydride-

tethered Triynes to Benzynes ï Origin of the Anhydride 

Linker -induced Rate Enhancement   

This work represents the preliminary results of the collaborative efforts of Paul V. 

Kevorkian and the author of this Thesis. 

 

Summary: The hexadehydro-Diels-Alder (HDDA) reaction has served as a means of 

generating ortho-benzyne derivatives from poly-yne precursors in the absence of any 

external activating reagents. The precursor is typically pre-formed and the (rate-limiting) 

cycloisomerization of the diyne/diynophile pair to produce the isomeric benzyne generally 

requires thermal input. We report here that diynoic acids (or acid chlorides) can be 

dimerized and that the resulting anhydride then undergoes HDDA cyclization within 

minutes at or below room temperature. This allows for the in situ assembly of HDDA 

benzyne precursors in an operationally simple protocol. Experimental kinetic data along 

with DFT computations are used to identify the source of the rate enhancement afforded 

by the anhydride linker, a feature of potential value in other classes of intramolecular 

cyclizations. 

7.1 Introduction  

The Diels-Alder [4+2] cycloaddition is one of the most, arguably the most, 

venerated reaction in the field of organic chemistry. Its ability to merge two reactive 

substrates, a diene and a dienophile, to simultaneously introduce up to four contiguous 

stereocenters affords it considerable utility and versatility. In light of more recent 

understanding in the realm of cycloaddition chemistry, we can classify other processes as 

dehydro variants of the classical DielsïAlder reaction, wherein the alkenes that comprise 
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either the diene or the dienophile are instead alkynes.183   By this definition, the first 

disclosure of any DielsïAlder-like process is the 1895 report by Michael and Bucher of the 

condensation and subsequent tetradehydro-DielsïAlder (TDDA) reaction of two 

equivalents of phenylpropiolic acid (701) in refluxing acetic anhydride to efficiently 

produce the naphthalene-anhydride derivative 704.184,185 In 1899, Lanser reported a similar 

transformation using phosphoryl chloride as the dehydrating agent.186  Baddar and 

coworkers later carried out a series of experiments in which they established the 

intermediacy of phenylpropiolic acid anhydride (702).187 It is now recognized that TDDA 

reactions of substrates containing tethered conjugated enyne to alkyne subunits like that 

present in 702 proceed via 1,2,4-cyclohexatrienes 703,188 which then undergo net 1,5 H-

atom migration to afford 704 (Figure 7.1a). 

It was nearly 30 years later that Diels and Alder published their seminal work 

producing adducts such as 705, in what we regard today as the classical DielsïAlder 

reaction (Figure 7.1b).189 A more recent variant of a net cycloaddition reaction to produce 

six-membered carbocycles is the hexadehydro-DielsïAlder (HDDA) reaction (Figure 

7.1c). For example, a poly-yne substrate joined by a three-atom tether such as the ether 

linker in 706 undergoes net intramolecular [4+2] cycloaddition to form highly reactive, yet 

selective, ortho-benzyne derivatives such as 707 under purely thermal conditions.190  

 
183 Wessig, P.; Müller, G. The dehydro-DielsīAlder reaction. Chem. Rev. 2008, 108, 2051ï2063. 
184 Michael, A.; Bucher, J. E. Ueber die Einwirkung von Essigsäureanhydrid auf Säuren der Acetylenreihe. 

Chem. Ber. 1895, 28, 2511ï2512. 
185 Michael, A.; Bucher, J. E. On the action of acetic anhydride on phenylpropiolic acid. Am. Chem. J. 1898, 

20, 89ï127. 
186 Lanser, Th. Ueber eine neue Darstellungsweise der Triphenyltrimesinsäure. Chem. Ber. 1899, 32, 2478ï

2481. 
187 Baddar, F. G.; El-Assal, L. S. 251. Phenylpropiolic acids. Part II. The dimerisation of p-nitro- and p-

methoxy-phenylpropiolic acid. J. Chem. Soc. 1948, 1948, 1267ï1270. 
188 This type of process was demonstrated to proceed via a cyclic allene: Danheiser, R. L.; Gould, A. E.; de 

la Pradilla, R. F.; Helgason, A. L. Intramolecular [4+2] cycloaddition reactions of conjugated enynes. J. Org. 

Chem. 1994, 59, 5514ï5515. 
189 Diels, O..; Alder, K. Synthesen in der hydroaromatischen Reihe. Justus Liebigs Ann. Chem. 1928, 460, 

98ï122. 
190 (a) Hoye, T. R.; Baire, B.; Niu, D.; Willoughby, P. H.; Woods, B. P. The hexadehydro-DielsïAlder 

reaction. Nature 2012, 490, 208ï212. (b) Xu, W.; Li, X.; Zou, L.; Li, X.; Zhang, Z.; Ali, A.; Wang, Z.; Li, 

P.; Zheng, H. Access to Fully Substituted Dihydroindazoles Via Hexadehydro-DielsīAlder/[3 + 2] 

Cycloaddition. J. Org. Chem. 2023, 88, 208ï212. 
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Subsequent experiments done by the Ward group191 in which phenylpropiolic acid (701) 

was converted to the anhydride 702 using DCC were shown to produce the known TDDA 

adduct 704 even at 0 °C.192  One final reaction that influenced our thinking and design of 

the project we describe here is shown in Figure 7.1d. Nicolaou and coworkers described 

the formation of symmetrical anhydrides under very mild conditions via transient, mixed 

carboxylic-sulfonic anhydrides.193  

Figure 7.1 (a) Reports of the TDDA reaction of phenylpropiolic acid. (b) Classical Dielsï

Alder reaction (c) HDDA reaction to form an ortho-benzyne and subsequent trapping. (d) 

Facile formation of a carboxylic acid anhydride mediated by methanesulfonyl chloride. 

 

 
191 Cadby, P. A.; Hearn, M. T. W.; Ward, A. D. I. The reaction of arylpropiolic acids with carbodiimides. 

Aust. J. Chem. 1973, 26, 557ï570. 
192 This evolution of reports of the temperatures used to effect the transformation of 702 to 704 serves as a 

reminder to an occasionally overlooked reality that a published experimental procedure reports what the 

researcher did, but not necessarily, whether they needed to do so (time, temperature, reactant stoichiometry, 

concentration, catalyst load, etc.). 
193 Nicolaou, K. C.; Baran, P. S; Zhong, Y.; Choi, H.; Fong, K. C..; He, Y.; Yoon, W. H. New synthetic 

technology for the synthesis of hindered Ŭ-diazoketones via acyl mesylates. Org. Lett. 1999, 1, 883ï886. 
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7.2 Results and Discussion 

Two aspects of any HDDA reaction are i) that it requires the creation of a substrate 

containing a linked diyne/diynophile pair and ii) that the rate of generation of the benzyne 

is fast relative to that of competing side reactions of the substrate and (trapped) benzyne-

derived products. In light of the mild reaction conditions sufficient to induce the cyclization 

of the anhydride 702, we wondered what temperature would be required to induce HDDA 

cyclization of an anhydride such as that derived from dehydrative coupling of the 

conjugated diynoic acid 710a. In the first experiment (Figure 7.2) a THF solution of 

phenylpentadiynoic acid (710a) was treated with a slight excess of MsCl and pyridine. 

Within minutes even at 0 °C a precipitate as well as a blue, fluorescent TLC spot appeared; 

the latter was shown to be the product 711 following its isolation. There was no evidence 

for the presumed intermediate anhydride, nor was there any noticeable change in the TLC 

when the reaction mixture was allowed to further incubate overnight. The 4-chlorobutoxy 

group in 711 can be accounted for by the ring-opening of the oxonium ion 713,194 which, 

in turn, can arise from initial trapping of the HDDA benzyne 712 by THF at the more 

electrophilic carbon (Cɓ).  

 
194 Birkett, M. A.; Knight, D. W.; Little, P. B.; Mitchell, M. B. A new approach to dihydrobenzofurans and 

dihydrobenzopyrans (chromans) based on the intramolecular trapping by alcohols of benzynes generated 

from 7-substituted-1-aminobenzotriazoles Tetrahedron 2000, 56, 1013ï1023. 
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Figure 7.2 First example of in situ diynoic acid condensation and anhydride-HDDA 

cycloisomerization in which the intermediate benzyne was trapped via solvent 

participation. 

 

By incubating 710a with MsCl and pyridine in a non-interacting solvent (DCM 

instead of the THF used in Figure 7.2), we were able to establish reaction conditions that 

allowed for generalized benzyne trapping. The first example employing these conditions 

used furan as an external trap (Figure 7.3a). This led to formation of the oxanorbornadiene 

derivative 714a in excellent yield. We also observed that trifluoroacetic anhydride and 

methanesulfonic anhydride also were effective dehydrating agents, although we did not 

explore this in any depth. This anhydride-HDDA process was shown to be general in terms 

of the diynoic acid used (blue, Figure 7.3b). A wide variety of diynoic acid derivatives, 

many previously unknown, were synthesized (see Supplementary Information for Chapter 

7 for details) and shown to undergo anhydride formation, facile HDDA cycloisomerization, 

and trapping by furan. Both electron rich (710b) and poor (710c) aryl rings can be 

employed. Additionally, the reaction tolerates disubstituted arenes (710d) and heterocycles 

(710e). Simple alkyl (710f) and silyl (710g-h) substituents are also tolerated. 
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Figure 7.3 Use of various substituted diynoic acids (panel b) and trapping agents (panel c) 

demonstrating compatibility of a wide variety of reactants with the in situ anhydride 

formation/HDDA cyclization. 

 

We next sought to expand the scope of traps that could be employed in the 

anhydride-HDDA process (Figure 7.3c). Benzyl azide provided the triazole 715 in good 

yield. We confirmed the identity of the sole isolated isomer as 715 by X-ray analysis, 

suggesting that the regioselectivity of trapping is likely dictated largely by steric factors. A 

number of additional motifs could be incorporated into the benzyne-derived products via 

in situ trapping. These include a sulfide (717, from thioanisole), pyrazole (719, from ethyl 

diazoacetate), isoxazole (720, from a nitrile oxide), and isoindole (721, from a munchnone 

derivative). 
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Figure 7.4 Condensations with (a) aniline, (b) aniline, propargyl amine, and glycine methyl 

ester, and (c) a homologous series of Boc-protected Ŭ,ɤ-diamines. 
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We also demonstrated with a few examples the ability to further functionalize the 

product arising from these one-pot, in situ, anhydride assembly and cyclization reactions. 

Using the substrates shown in Figure 7.4, which happened to be conveniently available, we 

demonstrated that an aromatic amine, an aliphatic primary amine, an Ŭ-amino acid ester, 

and mono-Boc-protected diamines (followed by deprotection) would all smoothly 

condense with the phthalic anhydride moiety to produce the phthalimides 722, 723a-c, and 

724a-c. 

The considerable scope of both diynoic acids and benzyne traps that could engage 

in the anhydride-HDDA process led us to explore how we could further leverage the unique 

reactivity provided by the anhydride linker. Thus, study of selective formation and 

cycloisomerization of mixed (i.e. unsymmetric) anhydrides was undertaken. Under the 

MsCl-mediated conditions for anhydride formation of a mixture of two different diynoic 

acids, one would expect a product distribution representing a mixture of the formed 

anhydrides. This was confirmed in preliminary experiments of this nature. Consequently, 

we needed to find a more controlled, milder method for selectively forming a mixed 

anhydride that would persist sufficiently long for its HDDA cycloisomerization to take 

place. 

We found that we could cross-couple one (di)alkynoic acid with a second 

(di)alkynoic acid chloride by using 1,8-bis(dimethylamino)naphthalene (Proton-sponge®) 

as the base (rather than pyridine) (Figure 7.5a). This mixed anhydride formation was 

demonstrated by coupling the acid chloride 725 with each of the acids 710f and 710h-k. 

(Figure 7.5b). Moreover, the HDDA cyclization was faster than mixed anhydride 

scrambling. In the case of mixed tetraynes, two different benzynes were formed, 

accounting for the formation of product pairs 726f/727f and 726h/727h.   

The triynes derived from the propiolic acid derivatives 710i-k also cyclized, now 

each to the furan adduct 726i-k from trapping of a single benzyne intermediate. The 

formation of the mesityl-containing product 726k is noteworthy because it arises from an 

HDDA process even though a TDDA adduct could have been formed from the diradical 



105 

intermediate common to both pathways. The presence of non-hydrogen substituents on C2 

and C6 of the mesityl group significantly slows the TDDA mode of cyclization.195 

Figure 7.5 (a) Generic representation of the use of mixed anhydrides to produce more 

varied product structure motifs.  (b) Examples proceeding through mixed tetrayne or triyne 

HDDA substrates. 

 

 
195 For an example of cycloisomerization of a triyne substrate having an unsubstituted phenyl substituent on 

the diynophile that preferentially follows the TDDA pathway see: Rodríguez, D.; Castedo, L.; Domínguez, 

D.; Saá, C. Synthesis of the benzo[b]fluorene core of the kinamycins by cycloaromatization of non-

conjugated benzotriynes. Tetrahedron Lett. 1999, 40, 7701ï7704. 
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Because the additional alkyne in a tetrayne enhances the rate of HDDA 

cycloisomerization compared to the analogous triyne196, 197, 198 [the additional radical 

stabilizing energy (RSE) stabilizes the diradical character of the transition state for initial, 

typically rate-limiting, bond-closure leading to the benzyne199], we wondered if the ability 

to prepare these (necessarily unsymmetric) anhydrides might now provide an opportunity 

to observe the formation (and existence) of the triyne anhydride by in situ NMR analysis. 

This would be most likely in the case of propiolic acid itself (710i), because among 710i-

k the terminal hydrogen atom in 710i is the least capable of stabilizing radical character in 

the transition state for the initial step in the ring-closure. Indeed, reaction of 710i and 725 

in CDCl3 containing furan and Proton-sponge® allowed us to observe an acyclic anhydride 

(see 728a, Figure 7.6a) for the first time. This species appeared and competitively 

disappeared as a transient intermediate en route to the furan-trapped product 726i. 

The ability to observe the mixed anhydride in the relatively less reactive triyne 

anhydride 728a (from 710j and 725, Figure 7.6a) meant that it should be possible to assess 

the magnitude of the rate enhancement afforded by the anhydride linkage. A stack plot of 

spectra over time showing the changes in a key region of the 1H NMR spectrum containing 

the methoxy resonances of the PMP groups in the acid chloride, mixed anhydride, and final 

product (725, 728a, and 726i, respectively) is shown in Figure 7.6b. Under the indicated 

conditions, the rate of formation of the anhydride, a bimolecular process, was observed to 

compete with that of its cyclization to the benzyne, which is not observed, of course, 

because of its extremely fast reaction with furan. The changes in the relative amounts of 

the three PMP-containing species over time were simulated with COPASI,200 which 

 
196  Fluegel, L. L.; Hoye, T. R. Hexadehydro-DielsïAlder reaction: Benzyne generation via 

cycloisomerization of tethered triynes. Chem. Rev. 2021, 121, 2413ï2444. 
197 Liang, Y.; Hong, X.; Yu, P.; Houk, K. N. Why alkynyl substituents dramatically accelerate hexadehydro-

DielsïAlder (HDDA) reactions: Stepwise mechanisms of HDDA cycloadditions. Org. Lett. 2014, 16, 5702ï

5705. 
198 Marell, D. J.; Furan, L. R.; Woods, B. P.; Lei, X.; Bendelsmith, A. J.; Cramer, C. J.; Hoye, T. R.; Kuwata, 

K. T. Mechanism of the intramolecular hexadehydro-DielsïAlder reaction. J. Org. Chem. 2015, 80, 11744ï

11754. 
199 Wang, T.; Niu, D.; Hoye, T. R. The hexadehydro-DielsïAlder cycloisomerization reaction proceeds by a 

stepwise mechanism. J. Am. Chem. Soc. 2016, 138, 7832ï7835. 
200 Hoops, S.; Sahle, S.; Gauge, R.; Lee, C.; Pahle, J.; Simus, N.; Singhal, M.; Xu, L.; Mendes, P.; Kummer, 

U. COPASIða COmplex PAthway SImulator. Bioinformatics 2006, 22, 3067ï3074. 
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provided the data represented in Figure 7.6c. From this the extracted half-life for the 

HDDA cyclization of 728a to the benzyne was 9 minutes. 

Figure 7.6 (a) The reaction used to measure the half-life of HDDA cyclization of the 

anhydride intermediate 728a. (b) In situ NMR data showing competitive formation and 

cyclization of the anhydride 728a. (c) COPASI simulation of data from panel b. 
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We next asked how the rate of the anhydride linked substrate 728a compared with 

that of the analogous ester- and ether-containing substrates 728b/c and 728d (Figure 7.7). 

Because these latter three all cycloisomerize much more slowly than the anhydride analog, 

each was easily synthesized and purified. Each was then first converted preparatively into 

the HDDA benzyne-trapped products 729b/c (from reaction with furan) and 729d (from 

reaction with cyclooctane201). 

Figure 7.7 Reactivity differences across the series of related triyne substrates tethered by 

anhydride (728a), ester (728b,c), and ether (728d) linkages. 

 

 
201 Niu, D.; Willoughby, P. H.; Baire, B.; Woods, B. P.; Hoye, T. R. Alkane desaturation by concerted double 

hydrogen atom transfer to benzyne. Nature 2013, 501, 531ï534. 
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With NMR data for authentic samples of products 729b-d in hand, we proceeded 

to measure the half-life for the rate-limiting cycloisomerization of each of the triynes 728b-

d in CDCl3 (see Supplementary Information for Chapter 7 for the detailed protocol). Using 

a convenient temperature for the reaction rate of these much less reactive substrates 

(relative to the anhydride 728a), we used NMR spectroscopy to monitor the disappearance 

of each. The half -lives at 120 °C for 728b and 728c were very similar to one another (10.5 

and 9.5 h, respectively) as well as to that seen for an analog of 728b in an earlier study.202 

Substrate 728d having the ether linkage proved to be even less reactive. (All the measured 

half-lives for 728a-d are also listed in column two of the tabulated data in Figure 7.8b.) 

Clearly, the anhydride linker present in substrate 728a and, by extension, all of the 

other anhydrides involved in the reactions in Figures 7.2,7.3,7.5 are imparting a dramatic 

rate-acceleration on the HDDA cycloisomerization. Why? To address this question, we 

carried out a revealing distortion-interaction (aka, strain-activation) analysis (Figure 

7.8a).203   

The approach involved first computing the energetic barrier for the initial CïC bond 

formation in each of 728a-d leading to the corresponding diradical (see Supplementary 

Information for Chapter 7) enroute to each benzyne. These computed activation energies 

(ȹEÿ) are given in column 3 of Figure 7.8b. They correlate well with the approximate 

relative rates of reaction of each of the four substrates (extrapolated from their reactions at 

different temperatures). The tethering atoms in each computed structure of 730a-dÿ were 

then excised and replaced by a hydrogen atom to give rise to the four different structures 

of 733ÿ, in which the internuclear distance l in each 730ÿ is maintained. The two "halves" 

of 730ÿ were then separated to infinite distance, giving 731dist and 732dist, the distorted free 

alkyne components. To identify the distortion energy developed in the transition structures 

(TSs) 730ÿ the tether was also excised from 728 to produce, following optimization, the 

undistorted alkyne components 731 and 732. The  difference in (the single point) energies 

between 731dist vs. 731 and 732dist vs. 732 comprise the total distortion energy (ȹEÿdist); 

 
202 Woods, B. P.; Baire, B.; Hoye, T. R. Rates of hexadehydro-DielsïAlder (HDDA) cyclizations: Impact of 

the linker structure. Org. Lett. 2014, 16, 4578ï4581. 
203 Bickelhaupt, F. M.; Houk, K. N. Analyzing reaction rates with the distortion/interaction-activation strain 

model. Angew. Chem. Int. Ed. 2017, 56, 10070ï10086. 
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likewise the difference in energy between 733ÿ and 731dist + 732dist gives the interaction 

energy for each of the four analogs.  

Notably, the values of both the ȹEÿdist and the ȹEÿint [as well as, therefore, their 

sum (ȹEÿtotal)] were nearly identical for all four sets of structures (columns 4ï6, Figure 

7.8b). Moreover, the interaction energy in 733ÿ for each of the four reactions was 

destabilizing, an uncommon but not unprecedented phenomenon,204 including an example 

seen for a computed, stepwise HDDA reaction.205 The implication is that at the distances 

and geometries between the alkyne moieties in 733ÿ (and 730ÿ), the alkynes have more 

destabilizing, repulsive interaction than stabilizing, bonding interaction. The energetic 

contribution imposed/provided by the tether (ȹEÿteth) is, therefore, the difference in 

activation energies between the intact tethered substrates 728a-d going to 730a-dÿ (ȹEÿ) 

vs. the untethered analogs 731 and 732 going to 733a-dÿ (ȹEÿtotal). These are significantly 

different across the series of tethers (column 7, Figure 7.8b); relative to the ether in 728d, 

the anhydride in 728a provides 10 kcal mol-1 greater stabilization to its transition structure. 

 
204 A positive interaction energy at or leading to a transition structure has been demonstrated in reactions 

such as: (a) carbene addition to alkynes. Sader, C. A.; Houk, K. N. Distortion/interaction analysis of the 

reactivities and selectivities of haloï and methoxyïsubstituted carbenes with alkenes. ARKIVOK 2014, 2014, 

170ï183. (b) Double group transfer reactions. Fernández, I.; Bickelhaupt, F. M.; Cossío, F. P. Double group 

transfer reactions: role of activation strain and aromaticity in reaction barriers. Chem. Eur. J. 2009, 15, 

13022ï13032. (c) Alder-ene reactions. Fernández, I.; Bickelhaupt, F. M. Alder-ene reaction: Aromaticity and 

activation-strain analysis. J. Comput. Chem. 2012, 33, 509ï516. (d) (3+2) cycloadditions. Fernández, I.; 

Cossío, F. P; Bickelhaupt, F. M. Aromaticity and activation strain analysis of [3 + 2] cycloaddition reactions 

between group 14 heteroallenes and triple bonds. J. Org. Chem. 2011, 76, 2310ï2314. 
205 Liang, Y.; Hong, X.; Yu, P.; Houk, K. N. Why alkynyl substituents dramatically accelerate Hexadehydro-

DielsïAlder (HDDA) reactions: Stepwise mechanisms of HDDA cycloadditions. Org. Lett. 2014, 16, 5702ï

5705. 
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Figure 7.8 (a) Distortion-interaction analysis performed on the series of tethered triynes 

728a-d. (b) Experimental half-lives and DFTa-computed parametersb demonstrating the 

energetic contributions of i) the triyne and of ii) the tether components to the overall barrier 

height for the initial CïC bond formation in each of the tethered triynes 728. 

a[(U)B3LYP-GD3BJ/6-311+G(d,p), SMD: chloroform] 

bȹEÿ = E730ÿ ï E728  ||  ȹEÿtotal = E733ÿ ï (E731 + E732) ||  ȹEÿdist = (E731dist + E732dist) ï (E31 + 

E32) ||  ȹEÿint = ȹEÿtotal ï ȹEÿdist ||  ȹEÿteth = ȹEÿ
 - ȹEÿtotal 

 


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































