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Abstract

Since its serendipitous rediscovery in 2012, the hexadeliyeisi Alder (HDDA)
reaction haserved as a means géneratingoenzynein situ via cycloisomerization of
poly-yne precursorsunder thermal or photochemical conditiois allows for the
formation of complex benzenoid producits a single reaction step upon trapping of the
insipient aryneAside from more fundamental mechanistic studigscontributiorsto this
science hee fallen into three broad area$:formation ofN-heterocycles, iisinglestep
synthesisof functional materials, and iiigeneation of HDDA benzynes at ambient
conditions The firstareahas seen extensive exploration by our lab and others; however,
the latter two ategoriesespecially the thirdare stillrevealinginteresting contemporary
novelties

In my initial work, | found that trapping of HDDA benzynes w@lN-diarylimines
led to a reversal in reactivity with respect to the case of classical benzynes, furnishing
acridine, as opposed to phenaitine, productgChapter2). Next, | trapped HDDA
benzynes witharylhydrazines to form azoarenes. | then recognized that simple
azobenzenesould also trap HDDA benzynes @binary fashionthat could be toggled
photochemically Chapters3 and4). A fundamental investigation into trapping of HDDA
benzynes with electredeficient alkenes then led to the discovery of a noaeof strain
releaseof ortho-annulated benzene rings (ChadigrReaction of HDDA benzynes with
phosphine chalcogenides reveademew mode adirynearyne ligand coupling from a P(V)
center (Chapte8). Finally, diynoic acidcondcensationwas leveraged to formnhydrides

that uniquely undergo HDDA cycloisomerization below room temperature (Chapter
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Chapter 1. 0-Benzyne andthe HexadehydraDielsi Alder
Reaction

1.1 The Benzyne Hypothesis
Synthetic organic chemists have held a longstanding captivation with reactive
intermediatesAlbeit fleeting,and therefore, difficult to directly observe experimentally,
these intermediateme necessarily highly reactive. They can be trapped in situ by various
agents, often quite selectivelythus, one should not conflateactivity with selectivity!
Because of these characteristics, reactive intermediates aragéterable in synthesizing
natural products or other useful chemical spetmad classes of reactive intermediates
include, but are not limited to, carbocations, carbanions, radicals, carbenes, and nitrenes.
Aryne intermediatescan be generally defined agomatic specieshat have
undergonghe formal loss of twatomsbound to the ring systerhydrogen in the case of
an unsubstituted areneFor this reason, they are also formally referred to as
didehydroaenes.The simplest example, didehydrobenzeneteferred to adenzyne
Dependingon therelative locations on the ring of the missing substituemts,aan then
envisionthree distinct isomers of such a spedéiaggamely,ortho (101), meta(102), and
para (103 benzyngFigurel.l). Theorthoisomer isthat which is most often encountered
in the context of organisynthesisandcan beenvisionedas theaverageof its three most
instructiveresonanceontributors the Kekulé structure1013 the diradical101h andthe
most commonly encounterddrm i that of anarene possessing a strainegle bond
(1010.

Figure 1.1 Three isomers of benzgn

o-benzyne m-benzyne p-benzyne

O0—0—0 O Q

101a 101b 101c 102 103

I Mayr, H.; Ofial, A. R. The ReactivitySelectivity Principle: An Imperishable Myth in Organic Chemistry.
Angew. Chem. Int. E@006 45, 18441854.

2 Singh, M.S. Reactive Intermediates in Organic Chemistry: Structure, Mechanism, and Readfitays
VCH, 2014.
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Aryneswere first postulateds reactive intermediategarly 120 years agmsed

on observations bgtoermer and Kahletpon exposing a haloarene to strongly basic
conditions®In the following decades, Wittfg GilmarP, and Bergstron§ each reported
similar transformations proceedingrough a putative aryne intermedigtégure 1.2).
Because of the nature and regioisomeric outcome of the resultant prodhests, t
preliminay investigations implicatethe intermediacy chn ambident electrophiie the
form of anaromatic speciescorporating dormal triple bond, presumabérising by way

of anortho-elimination effected across the arene.

Figure 1.2 First example of aromatic substitution proceeding through a putative aryne
intermediate.
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Evidencefor the benzyne hypothesis began to maumén Robertand coworkers
reported the results ohdsotopiclabeling study(Figure1.3).” Starting from**C-labeled
chlorobenzene1Q4), incubation with potassium amide effected elimination to labeled
benzynel05 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 dasuhd 2Brom-cumaronBer. Dtsch. Chem. Ges902 35, 1633 1640.

4 Wittig, G. Phenyllithium, der Schlissel zu einer neuen Chemie metallorganischer Verbindungen.
Naturwissenschafted942 30, 696 703.

5Gilman, H.; Avakian, S. Dibenzofuran. XXIIl. Rearrangement of Halogen Compounds in Amination by
Sodamide 1J. Am. Chem. Sot945 67, 349 351.

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)0rg. Chem1946 11, 334 340.

"Roberts, J. D.; Simmons, H. E.; Carlsmith, L. A.; Vaughan, C. W. Rearrangement in the Reaction of
Chlorobenznel-C14 with Potassium Amide 1. Am. Chem. So&953 75, 3290 3291.
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original chlorine atom. This was indeed the observed result, with an equal ratio of products

106aand 106b isolatad. The ratiowas determinedby systematicallypreaking down the
product compounds a manner so as to separate each casborterest from which the

radioactivity of eachesultantspecies coulthenbe determined.

Figure 1.3R o b eisotomicdabeling study

X

A KNH, | r e A obtalned
e 2 R, @“C
Cl 3 @ = equalrat/o
104 106a

106b

Further experimental evidence seemed to aftrenbenzyne hypothesiskobers
eventually discernetthatupon incubation of a tolyl halidE7with sodium amide in liquid
ammoniasubstitutionof the amine groupn the productd08was seldom observed more

than onecarbonatom away from theoint of initial halogenattachmen(Figure1.4) .8

Figurel4Robert sd observed regioselectivity of

@@@1 e D

107a 107b 107c 108a 108b 108¢
| 0% 62% 38%

40% 52% 8%

45% 55% 0%

Wittig thendiscovered that benzyne could act as a dienophile and engage furan in a [4+2]
cycloaddition? Huisgen later tested this reaction with a variety of different benzyne

precursors and obtained the same result each tmpdicatinga common intermediate

8 Roberts, J. D.; Vaughan, C. W.; Carlsmith, L. A.; Semenow, D. A. Orientation in Aminations of Substituted
Halobenzenesl. Am. Chem. Sott956 78, 611 614.

Wi ttig, G. ; Pohmer , L. I ntermedi 2r eAng@w. Cltenil85§4 v on De
67, 348.
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(Figure 1.5).2°Chapman and coworkers obsen@benzyne by IR spectroscopy in 1974

and determined that the resonance form possessing a tripleilsod@Xc in Figurel.l)
predominated! In 1992, Radziszewski assigned thenzyne triple bond stretch 4846
cml, a lower wavenumber than that of a typical alkyne (ca. 2158),cenggesting a
weaker pi bond!? Thus o-benzyne (101) became an established and ubiquitous
intermediate in organic synthesiseven finding use in the total synthesis of natural

productst*

Figure 1.5 Consistentreaction outcomérom varied precursors, implicating a common
intermediate.

® o]
F F N N |
o0 o O Qv O
Li CO
i MgBr 2 0, 101
-

J

Huisgen (1963)

'
Wittig (1955)

1.2 Generation of Benzyne

Because benzyne is a highergy, fleeting intermediate, it is not isolable nor
metastable and therefore cannot be stored or used dif@cHynthesis. Thus, it must be
prepared anttappedn situ, traditionally from a precursor arene. The earliest examples of
benzyne precursors (vide supv&gre aryl hatles from which benzyne was accessed upon

exposire to strong basegFigure 1.6). Deprotonation metathalogen exchangé or

0 Huisgen, R.; Knorr, R. Sind die Beinze Verschiedener Provenienz Identisde®rahedron Lett1963
1017 1021.

11 Chapman, O. L.; Mattes, K.; Mcintosh, C. L.; Pacansky; J.; Calder, J. V.; Orr, G. Photochemical
Transformations. LIl. Benzynd. Am. Chem. Soit973 95, 6134 6135.

12 Orendt, A. M.; Facelli, J. C.; Radziszewski, J. G.; Horton, W. J.; Grant, D. M.; MiéfT, Dipolar NMR
Spectrum of Matrixsolatedo-Benzynel,2-3C2. J. Am. Chem. Sot996 118 846 852.

BWenk, H. H.; Winkler, M.; Sander, W. One Century of Aryne Chemigtmgew. Chem. Int. EQ003 42,
502 528.

14 For the first example of a natural product total synthesis invakirayyndéntermediate, see: (&ametani,
T.; Ogasawara, K. Benzyne reaction. Part |. Total Syntheses-Gfryp}austoline and (xLryptowoline by
the Benzyne Reactiod. Chem. Soc. €967, 2208 2208. For a more modern example, seeCrsello, M.
A.; Kim, J.; Garg, N. K. Benzyne reaction. Part |. Total Syntheses oCi{g)taustoline and (%)
Cryptowoline by the Benzyne Reactidsat. Chem2017, 9, 944 949.

Bwittig, G.; Pohmer, LUber das intermediare Auftreten von Dehydroben@bkem. Ber1956 89, 1334
1351.
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oxidative addition of magnesium into the ahdlogen bontf leads to an aryl anion from

which the subsequenttho-elimination may be effected

Figure 1.6 Examples of benzyne generation involving strongly basic conditions.

Q== e Y
2
101

: jF 0°C nBuLi @:X
MgBr OTf

Despitethe novel reactivity ite harsh conditions under whitttesebenzynswere

generated significantly restricted the scopeextiernalreactants with whiclthey were
compatible.In the following decades, milder methods were established whiatgie
functionalities were incorporated into precursor arehescould be liberated to form
thermodynamically stable products under mild conditions (Fi@ufe Storing and using
such highenergy precursors comes with its own challenges, howietiee diazonium
carbxylate precursorl09' is known to be highly shock sensitiVé.Additionally
preparation othiadiazole110'® and aminotriazole11?° can be challengingThe use of
lead tetraacetate, a toxic metal species, to actidtes also undesirable.

16 (a) Wittig, G.; Knauss, EDehydrobenzol und Cyclopentadi€them. Ber1958, 91, 895 907. (b) Wittig,

G.; Behnisch, WDehydrobenzol undil-Methyl-pyrrol. Chem. Ber1958 91, 2358 2365.

17 stiles, M.; Miller, R. G.; Burckhardt, U. Reactions of Benzyne Intermediates irbbsic MediaJ. Am.

Chem. Socl963 85, 1792 1797.

8 ogullo, F. M.; Seitz, A. H.; Friedman, L. Benzenediazoniswarboxylate and Biphenylen®rg. Synth.
1968 48, 12.

¥ Wittig, G.; Hoffmann, R. W. Dehydrobenzol aus 1:Bénzothiadiazell.1-dioxyd. Chem. Ber1962 95,

2718 2728.

20 Campbell, C. D.; Rees, C. W. Reactive intermediates. Part I. Synthesis and oxidatioanof 2
aminobenzotriazolel. Chem. Soc. €969 742 742.



Figure 1.7 Early examples of benzyne generation under mild conditions.
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In the 1980s, a new, albeit underappreciated, method of in situ benzyne generation
was reported by Kobayashi and coworkers (Figu8e?! Therein, they demonstrate that a
phenyl silyl triflate112 can undergortho-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 thsteps fromp-bromophenol 113).%?

Figure 18T h e A Ko b ay a ddnzyde gemeratibnos@tho-elimination across a
trialkylsilylaryl triflate.

©: 1) HMDS TMS F@ ©|
101

OH  2)i) nBuLi OTf
ii) Tf,O 112

1.3 Reactivity of Benzyne

To date, the reactions involvirggbenzyne as an intermediate may be generally
placed into one of three categorigspéricyclic reactions, ii) nucleophilic additions, and
iii) metal-catalyzed transformation$ericylic 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

2! Himeshima, Y.; Sonoda, T.; Kobayashi, H. Fluoridduced 1,2elimination of etrimethylsilylphenyl
triflate to benzyne under mild conditior@hem. Lett1983 12111214.

22 Pefia, D, Cobas, A, Pérez, D. Guitian, E. An Efficient Procedure for the Synthesis oftho-
Trialkylsilylaryl Triflates: Easy Access to Precursors of Functionalized Anghesi2002 145471 1458.
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include (3 + 2) cycloadditions with a i¢Bpole?®, [2 + 2] cycloadditions with electrerich

alkeneg* (or formal [2 + 2] processes with carbbateroatom pbonds), and ene
reactions® A representativeseriesof pericyclic processes involving-benzyne 101) is

presented in Figurg.9.

Figure 1.9 Examples ob-benzyne engaging in pericyclic reaction processes.

o) OR?
Al jRiNg-u
[4+2] [2+2]
101
®
NEN—N\@ (3+2)
R‘l
R1

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 sehaeingsa
low-lying LUMO.?® 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 sewvbéin a nucleophile attacks one
carbon atom comprising the benzyne triple bond. This leads to the formation of an aryl
anion114which may then engage an electrophilic site on the initial nucleofddding
to 1159 or engage another species in solution to quéeelding tal15b). This latter class

of reactivity is known as a fAmulticomponen

23 Shi, F.; Waldo, J. P.; Chen, Y.; Larock, R.B&nzyne Click Chemistry: Synthesis of Benzotriazoles from
Benzynes and Azide®rg. Lett.2008 10, 2409 2412

24 (a) Biju, A. T. Ed. Modern Aryne ChemistryWiley-VCH, 2021 (b) Hamura, T. Pericyclic reactions
including [2+2], [3+2], and [4+2] cycloadditions. omprehensive Aryne Synthetic Chemijstiyshida,

H., Ed.; Elsevier, 2022; pp 26330.

2>Niu, D.; Hoye, T. R. The aromatic ene reactiNat. Chem2014, 6, 34i 40.

26 Hoffman, R.; Imamura, A.; Hehre, W.Benzynes, dehydroconjugated molecules, and the interaction of
orbitals separated by a numbeiidkrvening sigma bondsd. Am. Chem. So&968 90, 1499 1509.
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Figure 1.10 Nucleophilic addition to benzyne in which the aryl anion is either quenched
intramolecularly eading to1159 or intermolecularly in an MCRdading to115b).
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The aforementionedeactionhas usedo-benzyne(101) as anexample,but the
scenarian which a benzyne species renderechonrsymmetric by i$ substitution pattern
is also relevant, as is the regioselectivity of nucleophilic addition to such an. aryne
Experimentally, this hebeen shown to involve a combination of both steric and electronic
influences arising from the substitution pattern of the aryl ring, thougintéeplay of
these influences can be difficult to qualitatively predidtthe beginning of the previous
decade, Cramer and Ga&fras well as Houk and Gard,independentlydeveloped a
distortion modelo predict regioselectivityf nucleophilic addition to substituted arynes
(Figurel1.11).

In this model, the angles formed at the tartho carbon atom&omprising the
formal triple bondn 116 arerepresentative of thelectronic environment at each carbon
and canbe used to predidhe observed regioselectivity of nucleophilic additidine
carbonat the vertex possessing an internal angle greater th&nha0more porbital
charactergranting the atom a greater partial positive chamgtherebymaking itmore
susceptible to nucleophilic attackhis could lead to two potential transition steté3a/b

each proceeding to their respectar@ons118a/b. Each anionupon 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 8,6-, and 6,7indole aryne cycloadditions.
Org. Lett.201Q 12, 96 99.

28 Cheong, P. H. Y.; Paton, R. S.; Bronner, S. M.; ImYGJ.; Garg, N. K.; Houk, K. N. Indolyne and Aryne
Distortions and Nucleophilic Regioselectivitids Am. Chem. So201Q 132 1267 1269.
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electrophile, can be envisionedgooceedether to the major or solelyobserved product

119a dictated by the distortion model d19b, the minor or notobserved product.

Figure 1.11. Regioselectivity of nucleophilic addition to substituted benzyne dictated by
the benzyne distortion model.
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Finally, transitioametal catalyzed transformations represent the third main class of
benzyne reaatns This class of chemistry typically involves cyclotrimerizatiGigure
1.129 of benzynes or cayclotrimerization between benzynes and otfuectionalities
possessing a fiond (Figure 1.120).2° These processes are typically mediated by either
Pdor Ni°. In 1998 Peflaand coworkerseported the cyclotrimerization ofbenzyne 101)
to triphenylene 120) under palladium catalys®.The next year, they reported the- co
cyclotrimerization ofortho-disubstituted benzyne¥21 with electrondeficient alkynes
12231 This led to a mixture of naphthalene produk@8and phenanthrene produd®4

2 For a review of benzyne cyclotrimerization reactions specifically, se@uian, E.; Peréz, D.; Ma, D.
PalladiumCatalyzed Cycloaddition Reactions of Aryn&sp. Organomet. Cher@005 14, 109 146. For

reviews of transitiormetal catalyzed reactions of arynes in general, see ch. 6 in reference 24a and (b)
Worlikar, S. A.; Larock, R. CCurr. Org. Chem2011, 15, 3214 3232

30 Pela, D.; Escudero, S.; Peréz, D.; Guitian, E.; Castedo, L. Efficient Palle@aialyzed
Cyclotrimerization of Arynes: Synthesis of Triphenylerfsgew. Chem. Int. EA99837, 265971 266 1.
31Pda, D.; Pérez, D.; Guitian, E.; Castedo, L. Palladibmt al yzed Cocyclization of
Selective Synthesis of Phenanthrenes and Naphthalergs. Chem. So&999 121, 5827 5828.
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Figure 1.12 Examples of transitiometal catalyzed a) cyclotrimerization@benzyne and
b) co-cyclotrimerizationof benzynes and alkynes.
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1.4 Dehydro-Dielsi Alder Reactions

The next relevant, yet this point, seemingly unrelated, topic is that of the Diels
Alder reaction. Discovered in 1928the Diel§ Alder reaction, along witlo-benzyne, is
esteemed in synthetic chemistry for its robust reactivity and wide preparative
applicability23Depicted inFigure 1.13ais the Dielsi Alder [4+2] cycloaddition between
benzoquinonél25) andcyclopentadienél26) to forman adduct such d27. Perhaps less
well known is that Diels and Alder did not report the first example of this class of reactivity
T rather, it wasMichael and Bucher in 1899 that reported the condensation of two
equivalents of phenylpropiolic acidZ8 Figurel.13b), leading to a new aromatic ring in
the product* Perhaps not appreciated at the time, this represents a class of reactivity that
we now know to be dehydraDielsi Alder reactioni a variant of the parent Diélalder
reaction in which there is further unsaturation in thdupctionalities (i.e. possessing

alkynes in place of alkene¥)This tetradehydrdielsi Alder (TDDA) reaction proceeds

32 Diels, O.; Alder, K. Synthesen in der hydroaromatischen Railstus Liebigs Ann. Ched928§ 460, 98

122,
33 Nicolaou, K. C.; Snyder, S. A.; Montagnon, T.; Vassilikogiannakis, G. TheiRikler reaction in total
synthesisAngew. Chem. Int. EQ002 41, 1668 1698.
34 Michael, A.; Bucher, J. E. Ueber die Einwirkung von Essigsaureanhydrid auf Sauren der Acetylenreihe.
Chem. Ber1895 28, 2511 2512.
35Wessig, P.; Mller, G. The dehydRielsi Alder reactionChem. Rev2008 108, 2051 2063.
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via condensation to phenylpropiolic acid anhydriti29 and then to cyclic allen303°

Following 1,5hydrogen atom migratiomaphthalene derivativeds31 could be isolated.

Figure 1.13Example of the classical a) Dielslder (DA) reaction and b) the first reported
example of a dehyd¢Dielsi Alder (DDA) reaction.

a Diels—Alder (DA) Reaction - 1928

(@] (0]
@’O

o 126 o)
125 127

b Tetradehydro-Diels—Alder (TDDA) Reaction - 1895

ACzo [1,5]
[y~ — O
130 °C
0~ “OH 070”70
2x 128 129 130 131

Depicted in Figurel.14 are simplified examples of various dehydelsi Alder
reactions classified by the degree of unsaturatioreathoverall systemShown above
each arrow is the internal energy change for eaabtion process and in parentheses, the
ring strain present in the product structue@/aluesdisplayedare in units ok ¢ a | A mo |
Generally,dehydraDielsi Alder reactions are less exothermic than the pdbezlsi Alder
reaction. Because of significant ring strain inherent in some of the products, many of the

indicated structures are prone to undergo further reaction or rearrangEpregxtample,

36 Danheiser, R. L.Gould, A. E.; de la Pradilla, R. F.; Helgason, A. L. Intramolecular [4 +2] cycloaddition
reactions of conjugated enyndsOrg. Chem199459, 551471 5515.

ST 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 dekyaig-Alder reactions.J. Org. Chem.2011, 76,
9320 9328.
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cyclic allenel32can rearrange to benzerd&8), as can cumuleriE34. Cyclic allenes such

asl135and the conjugated cumulebh@lacanbe trapped by external agents.

The hexadehydr®ielsi Alder reaction (Figurd.14d appeargparadoxical in the
sense that it leads to a product with significant ring strain, but still has a favorable internal
reaction energy even more so than that of the parent reaction (Figu4g. Accounting
for this apparent discrepancy is the fact that conversion-bbmds to sigmdonds is
energetically favorable. Additionally, the resonance stabilization energy of producing an
aromatic ring provides the energetic driving force to fursisth a strained specieshe
perceptive reader will recognize thEdlais simply theKekulé depictionof o-benzyne
(1019. Therefore, the HDDA reactidheoreticallyrepresents a path to access benzyne in

a purely thermal fashioinom three alkynes.

Figure 1.14 Simplified examples of the d)ielsi Alder, b) didehydreDielsi Alder, c)
tetradehydreDielsi Alder, and d) hexadehydielsi Alder reactions with internal
reaction energies and product ring strain energies & | A mo |

a Diels-Alder (DA) Reaction C Tetradehydro-Diels—Alder (TDDA) Reaction

S0 Q=g

132 | (34) 133

L
>?
=]
I\)
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S on =g

-

d Hexadehydro-Diels—Alder (HDDA) Reaction

[ T

101a 101c

AE = -51.4
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The relationship between Diéllder reacivity 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 sulijé;gd
nonatriyne {36) to flash vacuum pyrolysis (FVP) and obtained indd8¥)(and indene

(139 as the principal products, comprising over 95% of the crude mis&litee authors
rationalized the formation of these products as arising through thelatgrmaediate 613
(Figurel.15.

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

conditions.
= 600 °C C@ 2 H C@
B —_— +
e 0.1 torr 7
T 137 138
136 139

‘ [O] T

To gain support for this mechanism, the authors employed a deuiabefng

study, beginning with triynd36-d. (Figure 1.16). One could also invoke a mechanism
involving a 1,2deuterium atom shift to form the vinyl carbedd0 A Bergman
cyclizatior?® of the resultant enediyrigl1 and subsequent-Btom abstraction by thEara-
benzyne diradicall42 could then lead to deuterated indat#3 The authors found,
however, that none df43was observed, but rather thHE87-d», arising fromo-benzyne
Intermediate 613-d>, comprisedthe entire quantity of recovered indarigespite this

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

they identify it as a hexadehydielsi Alder reaction.

38 Bradley, A. Z.; Johnson, R. P. Thermolysis of 1;8ghatriyne: Evidence for Intramolecular [2 + 4]
Cycloaromatization to a Benzyne IntermedidteAm. Chem. So&997, 119, 9917 9918.

3% Jones, R. R.; Bergman, R. GBenzyne. Generation as an intermediate in a thermal isomerization reaction
and trapping evidence for the dhénzenediyl structurd. Am. Chem. Sott972 94, 660 661.
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Figure 1.16 Deuteriumlabeling study supporting formation of the observed indane
product viao-benzyne, rather thgmbenzyne, pathway.
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Contemporaneous reports by Ueda and coworkers detailed a series of radical
cyclizations of polyyne substrates that yielded complex benzenoid prodficine
representativexample in which an HDDA reaction may be implicated is shown below in
Figure 1.17. Beginning withtetrayne144, the authors proposed a stepwise, radical
mechanism in which two equilibrating diradicald5db are formed, which can then
proceed to diradical intermediat&46db, respectively. Trapping by the benzene solvent

rationalizes formation of the two observed addaddiga/h

40 (a) Miyawaki, K.; Suzuki, R.; Kawano, T.; Ueda, |. Cycloaromatization of acanjugated polyenyne
system: Synthesis of 5benzo[d]fluoreno[3,]pyrans via diradicals generated from[24{4-(2-
alkoxymethylphenyl)butail,3-diynyl}Jphenylpentan2,4-diyn-1-ols and trapping evidence for the 1,2
didehydrobenzene diradicdletrahedron Lett1997 38, 3943 3946.(b) Miyawaki, K.; Kawano, T.; Ueda,

I. Multiple cycloaromatization of novel aromatic enediynes bearing a triggering device on the terminal
acetylene carboi.etrahedron Lett1998 39, 6923 6926.(c) Miyawaki, K.; Kawano, T.; Ueda, I. Domino
thermal radical cycloaromatization of nroonjugated aromatic hexaand heptaynes: synthesis of
fluoranthene and benzo[a]rubicene skeletdiesrahedron Lett200Q 41, 1447 1451.
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Figure 1.17 Example of the cyclization reactions reported by Ueda and cow@hdtke
proposed radical mechanism.
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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 synthesasb
interesting to note that structurdgl6a/b are simply the diradical depictions of the
correspondingo-benzyne resonance structures. The scope of this reaction was only
tentatively explored in the following years and was left largely untouchethéonext
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 alcd#8iFigure1.18.** What
occurred instead was the HDDA cyclization of the ynone formed in situ, leading to benzyne
intermediatel49. Following attack by the TBS ether oxygen to form zwitteld®Q a
retro-Brook rearrangement furnishes indendd, the major productThe gravity of the
discovery was clear: the HDDA reaction allows floe formation of complex benzenoid

4 Hoye, T. R.; Baire, B. B.; Niu, D.; Willoughby, P. H.; Woods, B. P. The hexadeliyigtsi Alder reaction.
Nature2012 490, 208 212.
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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
t hat of #Aclassical 0 ben pglimeaton §crossa precursoo s e

arene).

Figure 1.18 Rediscovery of the HDDA reaction by Hoye and coworkers in 2012.
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Recognizing the synthetic utility of this reaction, Hoye and coworkers, among
others, began significantly expanding this methodology to construct a variety of benzenoid
products underthermal conditions from polyne precursors.Additionally, studies
elucidating the mechanism of the HDDA reaction were undertéka&nprovided both
experimental and theoretical evidence for a stepwaseal processin line with prior
thinking, rather than a concerted [4+2] cycloaddition. Experimentally, radtedilizing
groups were found to accelerate the rate of an HDDA reatimeoretically, a concerted

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

42Wang, T.; Niu, D.; Hoye, T. R. The Hexadehydbelsi Alder Cycloisomerization Reaction Proceeds by
a Stepwise Mechanisrd. Am. Chem. So2016 138 7832 7835.



17
shown to be energeticallynfavorablecompared to the stepwise pathway by DEA.

depiction of theenergetic profiles of eagiossible HDDA mechanism provided in Figure

1.19for an estetinked triyneas 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 coordinaaé®rded by DFT(energies in
kcal*#fmol
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1.7 Reactivity of HDDA Benzynes

With the advent of mew method of benzyne production came an outpouring of
novel reactivity emanating from the HDDA reactiéithough this workcamot cover all
developed methodology up to the present,rduntreview by Hoye and coworkers is
insightful #* The aromaticene reaction (Figuré.209 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 Hexademieisi Alder ReactionJ. Org. Chem2015

80, 11744 11754. (b) Liang, Y.; Hong, X.; Yu, P.; Houk, K. N. Why Alkynyl Substituents Dramatically
Accelerate Hexadehydidielsi Alder (HDDA) Reactions: Stepwise Mechanisms of HDDA Cycloadditions.
Org. Lett.2014 16, 5702 5705. (¢) Yu, P.; Yang, Z.; Liang, Y.; Hong, X.; Li, Y.; Houk, K. N. Distortion
Controlled Reactivity and Molecular Dynamics of Dehyfielsi Alder ReactionsJ. Am. Chem. So2016

138 8247 8252. (d) Chen, M.; He, C. Q.; Houk, K. N. Mechanism and Regioselectivity of an Unsymmetrical
HexadehydreDielsi Alder (HDDA) ReactionJ. Org. Chem2019 84, 1959 1963.

4 Fluegel, L. L.; Hoye, T. R. HexadehydRielsi Alder reaction: Benzyne generation via cycloisomerization
of tethered triynesChem. Rev2021, 121, 2413 2444,
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undergo dihydrogen transfer via desaturation of alkanes (Figod).*® This represents

a rare class of reactions known as dyotropic reactfodditionally, HDDA benzynes

can drive desaturation reactions of alcoiélBhe phendlene reaction (Figur&.209 is
another example of reactivity unique to HDDA benzynes and, in this case, represents
orthogonal reactivity with respect to the classiesult*® Furthermore, a photochemical
variant of the HDDA reaction has been reported wherein-yody precursors with

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

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

a The aromatic ene reaction b Concerted dihydrogen transfer
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Efficient preparation oN-heterocycles is an important practical feature of many

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

45 Niu, D.; Willoughby, P. H.; Woods, B. P.; Baire, B.; Hoye, T. R. Alkane desaturation by condeutae
hydrogen atom transfer to benzyhature2013 501, 531 534.

46 Fernandez, I.; Cossio, F. P.; Sierra, M. A. Dyotropic Reactions: Mechanisms and Synthetic Applications.
Chem. Rev2009 109 66876711.

47Willoughby, P. H.; Niu, D.; Wang, T.; Haj, M. K.; Cramer, C. J.; Hoye, T. R. Mechanism of the Reactions
of Alcohols witho-BenzynesJ. Am. Chem. So2014 136, 13657 13665.

48 Lju, Z.; Larock, R. C. Facil®-Arylation of Phenols and Carboxylic Aciddrg. Lett.2004 6, 99 102.

49 Xu, F.; Xiao, X.; Hoye, T. R. Photochemical HexadehyDielsi Alder ReactionJ. Am. Chem. So2017,

139 8400 8403.
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heterocycle® Hoye and coworkers demonstrated formation of dihydrobenzothiazino

heterocyclics by reaction of an HDDA precursor and an-supktituted thioamide, a
selected example of which is shown Figure 1.21.%tIn the reported mechanism, the
fluorenone precursdri52cyclizes and is attacked by thioamibS to form zwitterionl54.
From here, ring closure to the benzothiet&B® occurs, followed by electrocyclic ring
opening to generate thethiolatoaryliminium specied56. A stepwise 1,31 atom
migration then occurs to generate an isomeric iminium zwittek®hthat can close to
furnish the dihydrobenzothiaziri&s.

Figure 1.21 Selected example of a trapping reaction between HDDA benzynes and
thioamides to generate dihydrobenzothiazines.
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In addition to the previous methodology, Hoye and coworkers have also reported
an unprecedented pseuti@3-dipolar cycloaddition between HDDA benzynes and

50vitaku, 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 Pharmaceutidded. Chen2014 57,

10257 10274.

5! Palani, V.; Chen, J.; Hoye, T. R. Reactions of HexadehRitts-Alder (HDDA)-Derived Benzynes with
Thioamides: Synthesis of DihydrobenzothiazieterocyclicsOrg. Lett.2016 18, 6313 6315.
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electrondeficient thioamides®® One example is provided in Figure22a in which

fluorenone precursoi59 is reacted with thioamid&60. Ethyleneis ejected from the
zwitterionic intermediatd61to produce two regioisomers of dihydrobenzothiaZda
With the installation of ail-allyl moiety (as in thioamid&63), the producil64arising as
a result of [3,4sigmatropic rearrangement provided support for the presumed ylide
intermediatel 65 (Figure1.22b). Additionally, reaction ofL59with pyrrolidino thioamide
166 gave rise to three distinct products proceeding through i) a Stevens rearraftjement
(to form 167), ii) a net elimination (to forni68), and iii) a GH insertion (to forml69)
(Figurel.229.

Reactions between HDDA benzynes and sulfonamides have also been’prsbed.
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 predominatendieg on the
length of the tether anchoring the intramolecular trap to the triyne (Flg28e Starting
from generic precursdr70, intramolecular trapping of benzyd&1forms the zwitterion
172 Inthe case ai= 2, direct sulfonyl transfer can occur, furnishing tetrahydroquinolines
173 For then =1 case, transition state strain favors proton abstraction from adventitious
waterto give rise tontermediatel 74thatcan then be desulfonylated to produce indolines
175

In the following yearsghreecomponent reactiona class of MCRyetween HDDA
benzynes, protic nucleophiles, and cyclic tertiary amines were also repbBitgole(
1.24).%% In this instance, after formation of the initial zwitteribn6from tetraynel77and
a cyclic tertiary amine, substitution by a protic nucleophile can occur to form products
resemblingl78

52Zhang, J.; Page, A. C. S.; Palani, V.; Chen, J.; Hoye, T. R. Atypical Mode of{8ycRjaddition: Pseudo
1,3-dipole Behavior in Reactions of Electr@eficient Thioamides with Benzyne®rg. Lett. 2018 20,
5550 5553.

53 Stevens, T. S.; Creighton, E. M.; Gordon, A. B.; MacNicol, M. CCCCXKIlegradation of quaternary
ammonium salts. PartJ. Chem. Sod928 319371 3197.

54Wang, Y.; Zheng, L.; Hoye, T. R. Sulfonami@leapping Reactions of Thermally Generated Benzynes.
Org. Lett.2018 20, 7145 7148.

55Ross, S. P.; Hoye, T. R. Multiheterocyclic Motifs via Thé@@mponent Reactions of Benzynes, Cyclic
Amines, and Protic Nucleophile®rg. Lett.2018 20,100 103.
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Figure 1.22 Pseudel,3-dipolar cycloaddition between HDDA benzyne aslgctron

deficient thioamides a) with loss of ethylene, b) with [&@matropic rearrangement, and

c) with Stevens rearrangement, elimination, g @sertion.
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Figure 1.23 Construction of tetrahydroquinolines and indolines via intramolecular
trapping of HDDA benzynes with sulfonamides.

o)

Threecomponent reactions have also been demonstrated (Hid@evherein an
HDDA benzyne is trapped by-heteroaromatict79and the zwitteriori80is neutralized
by either (i) a X=Y electrophile to form products resemblit@l or (i) a protic
nucleophile, forming products of typ&82 Without addition of a third component,
benzazetidines and rirgxpansion products were observed (cf>fi).

Attempts to construdtl-heteroaromatics by leveraging the HDDA reaction finally
culminated in the report of the akHDDA reaction, which represents a de neynthesis
of functionalized pyridine derivative&igure1.26).>” Here, a nitrile group can be present
as the diynophile (as ib83) or as part of an azh3-diyne (as inl84), generating a 3;4
pyridyne (185 or 2,3pyridyne (L86) 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
memberedN-heteroaromatics: pathway and product diversityem. Sci2019 10, 9069 9076.

5"Thompson, S. K.; Hoye, T. R. The AhaxadehydreéDielsi Alder ReactionJ. Am. Chem. So2019 141,

19575 19580.
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Figure 1.24 Example of threeomponent reactions between HDDA benzynes (red), cyclic

tertiary amines (blue), and protcicleophiles (green).
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Figure 1.25 Threecomponenteactions of HDDA benzynes witk-heteroaromatics.

~
— SN —

7 Tz A, |k ’
\H > . © 180
i) with ii) with added iii) no
added X=Y | X, protic H-Nuc added third
electrophiles Y nucleophiles component
(:”A\\““, (:”A\:‘ﬂ, 1:1 adducts
O A U A Al derived
N | 7Y N | 7Y directly from 180
N ~ ,::)I N ~ ,:/I
x-Y 181 y Nuc 182

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

polycyclic aromaticcompoundgPACs). PACs find use throughout the field of materials

science®® 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 Elect@hgas. Rev2006 106,
5028 5048.
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sequence. Early examples of HDErived PACs include perylene adducts such8%

(Figure1.279.%° Further, trapping diDDA benzynes with tetraphenylcyclopentadienone
leads to tetraphenyl naphthalene derivati¥88 after extrusion of C®(Figure 1.27h).

Theseproductshave been demonstrated to be promising candidates for blue GLEDs.

Figure 1.26 The azaHDDA reaction.

Co (-]

183

3,4-pyridynes
o

2,3-pyridynes

c. c@c@Q

184

Figure 1.27 Early examples of PAC synthesis enabled by the HDDA reaction.
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A particularly enabling strategy for the synthesis of PACs came in the form of the

dominoHDDA reaction® In this strategya polyyne was designed with a strategically

59 Xu, F.; Xiao, X.; Hoye, T. R., Reactions of HDERerived Benzynes with Perylenes: Rapid
Construction of Polycyclic Aromatic Compoun@rg. Lett.2016 18, 5636 5639.

80 Xu, F.; Kyle, W. H.; Russell, J. H.; Hoye, T. R., BlEenitting Arylalkynyl Naphthalene Derivatives via
a Hexadehydr®ielsi Alder Cascade Reactiod. Am. Chem. So2016 138 12739 12742.

61 Xiao, X.; Hoye, T. R., The domino hexadehydbilsi Alder reaction transforms polyynes to benzynes
to naphthynes to anthracynes to tetracynes (and beydtat?Chem2018 10, 838 844.
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placed series of 1;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 (FigL.28).

Figure 1.28 General depiction of the domist@éDDA reaction.
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Recently, Hoye and coworkers also developed a method of synthesizing helical
dibenzofurans from two equivalents of precurpoty-yne and one of diarylsulfoxide
(Figure1.29.%2 This occurs by way of a hypervalent sulfur (IV) intermedia®9). (This
species is also known as a sigewdfurane.)Reductive elimination from the sulfur center
furnishes helicenes such®30 This is another example of an HDDA method that desiate

from known chemistry employing classical benzyfves.

Figure 1.29 Helical dibenzofurans via S(IV) ligand coupling.
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Finally, the vast majority of HDDA polyne precursors only appreciably cyclize
to benzyne at fairly high temperatures (ca. 400 Recently, an HDDA methodology was
reported in which quaternary ammonium -tethered HDDA precursors were found to

cyclize at room temperature in aqueous environrfiefihe ability to easily perform

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

J. Am. Chem.So2021, 143 13501 13506.

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 benzyr@rg. Lett.2019 21, 3986 3989

64Zhu, C.; Hoye, TR. Quaternary Ammonium leifethered (AmbienTemperature) HDDA Reactiond.

Am. Chem. So@022, 144, 7750 7757.
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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 of this dissertation.

Figure 1.30 Quaternary ammonium ietethered HDDA.
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Chapter 2. Reactions of HDDA Benzynes witlC,N-

Diarylimines (ArCH=NAr")
The studies presented in this Chapter have been disclosed in and largely adapted from a
published articlé>This work is a result of collaborative and equal effdrtsn Dr. Sahil

Arora and the author of this Thesis.

Ar? Ar2
Ar2
A % trap = = Z
I CPJ —— %TN*%O 1%@
N imine " N N N N
R N R

I | HDDA- benz- o-azoquinone
benzyne azetidine methide dihydroacridines

Summary: o-Benzynes can be utilized to construct heterocyclic motifs using various
nucleophilic and cycloaddition trapping reactions. Acridines have been synthesized by
capture ofC,N-diarylimines with benzynes generated by classical methods (i.eoftbma
elimination of precursor arene compounds), although in poor yields. We report here that
these imines can be trapped by benzynes generated by the hexaddbigivlder
(HDDA) reaction in an efficient manner to produce-didydroacridine products. These
dihydroaridines were subsequently aromatized using Mn® 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. Depictétyure2.1 are
selected examples of acridine derivatives that serve roles as biological probes. Perhaps the
most weltknown acridine dye is acridine orange (A@}ichis able to complex to DNA

and RNA independently to facilitate differential stainfi@Quinacrine mustard is another

85 Arora, S.; Sneddon, DS.; Hoye, T. R Reactions of HDDA Benzynes witlC,N-Diarylimines
(ArCH=NATr". Eur. J. Org. Chem2020, 202Q 2379 2383

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, @rissman, H. A., Eds.; Academic Press:
Cambridge, MA, 1990; Vol. 33; pp 28598.
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such example that finds applications in fluorescence microscopy of mammalian

chromosome¥’

Figure 2.1 Examples of acridindased dyes.
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Acridines reached their zenith in medicine in the earfy @ntury (Figure 2).
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 thé' 2éntury, though they did begin to find use as
anticancer candidates. Examples include the anticancer agents anfSasutegrine?®

and nitracring®

Figure 2.2 Examples of acridineontaining anticancer drugs.
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87 Caspersson, T.; Zech, L.; Modest, E. J. Fluorescent Labeling of Chromosomal DNA: Superiority of
Quinacrine Mustard to Quinacrin8ciencel97Q 170, 762.

68 Cain, B. F.; Seelye, R. N.; Atwell, G. J. Potential antitumor agents. 14. Acridylmethanesulfonahilides
Med. Chem1974 17, 922 930.

89 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@21.J. Het. Chem1989 26, 1469 1476.

°Denny, W. A.; Atwell, G. J.; Roberts, P. B.; Anderson, R. F.; Boyd, M.; Lock, C. J. L.; Wilson, W. R.
HypoxiaSelective Antitumor Agents. 6:@lkylamino)nitroquinolines: A New Class of Hypoxelective
Cytotoxins.J. Med. Chem1992 35, 4832 4841.
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The acridindike skeleton is also apparent in a variety of marine alkalbaii

natural products isolated from the Australian scrub ash tree (FRjBré? Examples
include cystodytin A, isolated from the marine tunic@testodytes delleciajeLikewise,
the natural product acronycine is an example of an isolated acridine derivative from the

plantAcronychia baueri

Figure 2.3 Examples of acridineontaining natural products.

Me Me O 0] OMe
| 0
N Ny QI
(@) — ’}j 0
N Me X Me
0] Me

Cystodytin A Acronycine
(marine tunicate) (Australian scrub ash tree)

0-Benzynes and related arynes have been used as versatile intermediates for
construction of various aromatic heterocyclésn a few instances, simembered
nitrogencontaining 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 zwitterioRigure 2.4a); b) initial [4+2]
cycloaddition between the benzyne (acting as a dienophile) aridtdhd imine moiety
(acting as the dienefrigure2.4b).

" Molinski, T. F. Marine Pyridoacridine Alkaloids: Structure, Synthesis and Biological Chen@teyn.
Rev.1993 93, 1825 1838.

2Svoboda, 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 acrahyiiraem.
Sci.1966 55, 758 768.

73 (a) Dubrovskiy,A. V.; Markina, N. A.; Larock,R. C.Use of benzynes for the synthesis of heterocycles.
Org. Biomol. Chem2013 11, 197 218 (b) Pefia, D. Pérez D.; Guitian, E. Aryne-mediated synthesis of
heterocyclesHeterocycle007, 74, 89 100.
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The initial reports of reactivity betweenmbenzynes an€,N-diaryl imines came

from the laboratories of M. Yoshi#fa(1975) and StofP (1984), which independently

reported the reaction df-benzylideneanilineZ02, Rt= R?= Ph (=202a)] with o-benzyne

(20D generated from benzenediazoni@msarboxylate. In both studies the
dihydrophenanthridin07awas i sol ated (8 % or 6 % yie
dihydroacridine204b( 5 %) was al so obtained. These we
competitive [2+2] vs. [4+2}cycloaddition ofo-benzyne witlR202avia intermediate203b
(through203d) or 206aand206b, respectively. The major isolated product in both of these
original stai%,s r(elBp &c tainv@®4ay ) was the di ar

Figure 2.4 Previous studies of reactions of benzynes with imines in either (a) a net [2+2]
pathway or (b) §+2] pathway.

a) zwitterion and net [2+2]
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74 Nakayama,J.; Midorikawa, H.; Yoshida,M. Reaction of benzyne witN-benzylideneanilineBull. Chem.
Soc. Jpnl1975 48, 1063 1064.

5 Fishwick,C. W. G.;Gupta R. C.;Storr,R. C.The reaction of benzyne with imings Chem. Soc., Perkin
Trans 11984 2827 2829.
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More recently, additional modes of reactivity betwedrenzynes and imines have

been studied. Some have focused on trapping of the presumaditteion203a, which
arises via imine nitrogen attack on the electrophilic benzyne. In 2006 H. Yoshida-and co
workerd® demonstrated the ability to access benzoxazinbhesa trapping of the 1;3
zwitterion by carbon dioxide using imines in which the carboand group is an alkyl
moiety. In 2015 Hwu et dl.showed the diastereoselective formation of imidazolidines
205aand otheN-heterocycles via trapping of the intermediatedif®le203¢, formed via
intramolecular proton transfer withig03a. Finally, in 2017 researchers in the Tian
laboratory® showed thaR03a may be trapped by protic carbon nucleophiles in a three
component fashion to form products of the tgpeéc.

In 2017 H. Yoshida and eworkers® showed that trapping of the aagtho-
quinone methide intermedia?@3cto form 2:1 imine:benzyne addu@64c 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 electrocyclizaf68adb
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®3khowed that benzyne could be used in a 3
component process to access phenanthridi@éswith high efficiency using an electron

poor benzaldehyde and an electrah aniline. Similarly, in 2016 researchers in the He

6 Yoshida, H, Fukushima,H.; Ohshita J.; Kunai, A. CO; | ncor poration Reaction
Straightforward Access to BenzoxazinodeAm. Chem. So2006 128 11040 11041.

7Swain,S. P.;Shih,Y.; Tsay,S.; JacobJ.; Lin, C.; Hwang,K. C.;HorngJ.;Hwu,J. RAr yne I nduced
Novel Tandem 1,2 Addition/ (3+ 2) Cycl oadAddgew.i on t o
Chem. Int. EJ2015 54, 9926 9930

78 Xu, J.; Li, S.;Wang,H.; Xu W.; Tian, S. Threecomponent carboarylation of unactivatesines with

arynes and carbon nucleophil€&em. Commur2017, 53, 170§ 1711.

®Yoshida, H; Kuriki, H.; Fujii, S.;Ito, Y.; Osaka I.; Takaki, K. Arynei Iminei Aryne Coupling Reaction

via [4+2] Cycloaod@ui none bkéiwk ddaa & Org.1Chen?Ql7 ¥, 9€'s

976.

80 Shou,W.; Yang Y.; Wang, Y. Cascade approach to substitutedr@-phenanthridines from aromatic
aldehydes, anilines, and benzenediazoricarboxylateJ. Org. Chem200§ 71, 9241 9243.
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group! were able to isolat207b in a threecomponent process using Kobay&$hiynes,

an aldehyde ester, and an aniline. In 2015 Coquerel aswioders®® reported the
formation of isoquinoline207d derived from an imine containing a nitrogkound
pyrazole moiety, and, through a computational study, suggested that an alebtron
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
acridinelike products have shown low selectivity and efficiency. Given the interest in
acridine compounds more broadly as well as the fact that hexadebigisbAlder
(HDDA)-derivedbenzyne¥ often lead to outcomes complementary to those from classical
benzynes, we have explored the reactions of severalypelgubstrates with various imine
trapping agents and report the results of those studies here.
2.2Results and Discussion

We first examined [Figure 2.5) the reaction between the HDDA benzy2@9
generated by warming triyn208 with N-benzylideneaniline 023. This resulted in
formation of tlke dihydroacridine211 in a remarkably clean reaction, which contrasts
significantly with the lower efficiencies of previous reactions giving rise to
dihydroacridines (cfFigure2.4g. Compound®l1lwas subsequently oxidized with MpO
to afford the acridine derivativ&l2ai n 68 % vyi el d.

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 Diéikler Reaction of Arynes and KF
Induced AnnulationOrg. Lett 2016 18, 4546 4549.

82 Himeshima, Y.; Sonoda T.; Kobayashi, H. FLUORIDE-INDUCED 1,2ELIMINATION OF O-
TRIMETHYLSILYLPHENYL TRIFLATE TO BENZYNE UNDER MILD CONDITIONS Chem. Lett
1983 12, 1211 1214.

83 Castillo, J; Quiroga,J.; Abonia, R.; Rodriguez J.; Coquerel,Y. The aryneazaDielsi Alder reaction:
Flexible syntheses of isoquinolin€3rg. Lett.2015 17, 3374 3377.

84 (a) Miyawaki,K.; Suzuki, R; Kawanq T.; Ueda,l. Cycloaromatization of a neconjugated polyenyne
system: Synthesis of 5bBenzo[d]fluoreno[3,b]pyrans via diradicals generated from[24{4-(2-
alkoxymethylphenyl)butaii,3-diynyl}]phenylpentan2,4-diyn-1-ols and trapping evidence for the -1,2
didehydrobengne diradical Tetrahedron Lett1997, 38, 3943 3946 (b) Bradley, A. Z.; JohnsonR. P.
Thermolysis of 1, 3, Bonatriyne: Evidence for intramolecular [2+ 4] cycloaromatization to a benzyne
intermediateJ. Am. Chem. So&997, 119 99179918 (c) Hoye, T. R.; Baire,B.; Niu, D.; Willoughby, P.

H.; Woods,B. P.The hexadehydr®ielsi Alder reactionNature2012 490, 208 212 (d) Baire,B.; Niu, D.;
Willoughby, P. H.; Woods B. P.;Hoye, T. R. Synthesis of complex benzenoids via the intermediate
generation of ébenzynes through the hexadehydflriels-Alder reactionNat. Protoc 2013 8, 501i 508 (e)
Diamond O. J.;Marder, T. B. Methodology and applications of the hexadehydrelsi Alder (HDDA)
reaction Org. Chem. Froh 2017, 4, 891 910.
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Figure 2.5 Reaction of the HDDAgenerated benzyrZ09 proceeds nearly exclusively to
the 1,4dihydroacridine211, presumably via the [2+3}enzazetidin@10. Compound211
was subsequently oxidized to acridRiE2a
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16 h 202a
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TMS O /
Me N

N

H TMS
211 212a
(98%) (68%)

To demonstrate generality of this reaction with different types of electronically
modified aryl substituents in the imines, we explored the reactions between b262yne
and imine202li 202g(Figure 2.6). For each entry, only the acridine product that results
from subsequent MnOoxidation of the intermediate dihydroacridine is shown (see
Suppementaryinformationfor Chapter Zor characterization of the dihydintermediates
S201i S206). The reaction showed relatively broad tolerance of electronic perturiod
the aryl substituent on both the carbon and nitrogen atoms composing the imine. That is,
imines 202bi g all provided the corresponding dihydroacridirse®l, then, the acridines
212bi g (Figure2.6). Only in the instance of the most electpoor imine202f, 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 zwitterioP03a (Figure2.43).
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Figure 2.6 Reactions of triyn@08 with severalC,N-diaryl imines.

° N - MO Z
=
208 - [209] + ] ') MnO s A
v e N Y

entry imine product [step i%: yield%, step ii’: yield%]
1 202a,X=H,Y=H 212a [step i%: 98%, step ii’: 68%]
2 202b, X =NO,, Y =H 212b [step i%: 68%, step ii®: 90%]
3 202¢, X =0OMe, Y =H 212c [step i%: 78%, step ii®: 86%]
4 202d, X =H,Y = NO, 212d [step i%: 62%, step ii®: 82%)]
5 202e, X =H,Y = OMe 212e [step i% 100%, step ii’: 97%]
6 202f, X = NO,, Y = NO, 212f [step i%: 19%, step ii®: 56%)]

7 202g, X = OMe, Y = OMe 212g [step i%: 88%, step ii®: 89%]

aYield of the 1,4dihydroacridine from the HDDA reactiobyield of the acridine adduct following MO
treatment.

As a final example, this with a different type of imine, theaphthyl derivative
213 gave the more highly annulated benzoacridine derivati4 (Figure 2.7). This

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

Figure 2.7 Reaction of triyn€08with imine 213

208 ~ [209] + \

~° | / ; N
NS N
NN
213 214 [step i9: 98%, step il 69%]

2Yield of the 1,4dihydroacridine from the HDDA reactioPYield of the acridine adduct following MnrO
treatment.

Amidines are amingubstituted analogs of iminesN,N-DimethytN'-

phenylamidineZ15) efficiently engaged the benzyBA69(Figure2.8). It gave rise directly
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to the acridine derivativE@17a 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 produ2l7h Presumably the dihydroacridi@d 6, arising from a [2+2]
pathway directly analogous to that depicted 208 to 211 (Figure 2.5, underwent an
elimination event under the reaction conditions to prod2céa That process can be
envisioned to proceed by a direct (and possibly unimolecular) loss of glamathe,
which, once released, then competitively trapped bern2§d&ed arrows). Alternatively,

a second copy ¢&f09 could engage the tertiary aliphatic amine in intermedaéto give

the 1,3zwitterion®® 218 (shown in a truncated form for simplicity), which could then
collapse directly to one molecule eaciR@¥aand217b. Although of limited preparative

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

Figure 2.8 Reaction of amidin@15with aryne209generated from triyn208

208 NMe,
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216 209
/N 209 1 217a (40%)
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To establish that the reaction is not limited to benz30®% we have trapped the
HDDA benzynes derived from the precursor tetray@d9a and 219b with N-

benzylideneaniline202a) (Figure2.9). The symmetrical tetrayne, which previously has

8 (a) Ross,S. P.;Baire B.; Hoye, T. R. Mechanistic Duality in Tertiary Amine Additions to Thermally
Generated Hexadehydmielsi Alder BenzynesOrg. Lett 2017 19, 5705 5708 (b) Arora, S.; Palanj V.;
Hoye, T. R. Reactions of Diaziridines with Benzynes GiMeArylhydrazonesOrg. Lett 2018 20, 8082
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

220ai n 42 % yield al ong 22a(t1h9 t% e oxiedsiuzread | &
oxidation. Reaction 0219b and202a produced the expected indolinoquinolia2lb in

51 % yield over two steps. 2XRPeseefdashethnési on o
in 219b) from this unsymmetrical tetrayne precursor was first obs&tbgd_ee and co

workers (and on many subsequent occasions) and is consistent with a computational
study?’ that addressed exactly that point. To summarize, the reactions &li€atip with

202a proceeded via the corresponding benzazeti@®?®a/b and azequinonemethide
specie24a/ben route to the 1;dihydroacridine20a/b.

Figure 2.9 Reactions of tetrayneésl9a/bwith imine 202ato give acridine2l1a/b.

X.
Y
X-y
A
—
1
~. | 202a O
| * || N
Me Me Me
Me
219a/b 220a (42% + 19% of 221a) 221a (77%)
220b (64%) 221b (80%)

a X=NMs, Y =CHy. b X=CH,, Y=NMs

X-Y X-Y X-y Ph
Ph _
== L0
N, x>
I Il S| §
Me Me Me
Me Me Me

222a/b 223a/b 224a/b

The efficiency of the trapping reaction of imines with HDIdArived benzynes
gave us the confidence to explore the synthesis of 2:1 adducts. Specifically, when three
equivalents of aryne precursp@8were used to trap one equivalent of theilnge 225,

8Yun, S. Y.;Wang,K. P.;Leg N. K.; Lee,P. M. D.Alkane Q H insertion by aryne intermediates with a
silver catalystJ. Am. Chem. $02013 135 4668 4671.

87 Chen,M.; He, C. Q.;Houk, K. N. Mechanism and regioselectivity of an unsymmetrical hexadehydro
Dielsi Alder (HDDA) reactionJ. Org. Chem.2019 84, 1959 1963.
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a pair of diastereome&26aand226bwere formed in 76% overall yield. Both of these

diastereomers were combined and subjected for subsequent oxidation usingaiterO

which the products were seen to converge to a single produbistheridine227.

Figure 2.10 Reaction with dis-imine.

208
(3 equiv)

_ 226a and 226b 227
(225, 1 equiv) [76% (d. r. = 1.1:1)]

2.3 Conclusion

In summary, these results establish that trapping of thermally generated, polycyclic
benzyne derivatives wit@,N-diaryl imines leads to dihydroacridine derivatives, which can
be further and readily oxidized to their acridine analofisese reactions proceed
considerably more efficiently than those reported earlier for imine trapping of benzyne
itself (from benzenediazoniwrcarboxylate thermolysis). In no case have we observed
products arising from initial [4+2] cycloaddition, as hasen seen in previous
studies’475808183 This work represents another instance in which the arynes generated
through the HDDAcycloisomerization reaction, which are produced in a purely thermal
environment, has allowed for the formation of the trapping products in a much &aner,

if not unique®® manner.

88 e.g. Niy, D.; Hoye, T. R. The aromatic ene reactioNat. Chem2014 6, 34i 40.

89 e.g.(a) Ross S. P.Hoye, T. R.Reactions of hexadehydiielsi Alder benzynes with structurally complex
multifunctional naturalproducts Nat. Chem 2017, 9, 523 530. (b) Shen,H.; Xiao, X.; Haj, M. K;;
Willoughby, P. H.;Hoye, T. R. BFs-Promoted, Carberike, Ci H Insertion Reactions of Benzyne&ls Am.
Chem. So2018 140, 15616 1562Q
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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?
X H,NNHAr R
N ) Q] R'
A H
R’ N:N

1
Ar
lHDDA

R R
—
X R' H R'

HN .
NHAr

Summary: Arylhydrazines (ArNHNsH2) are ambident nucleophiles. We describe here
their reactivity with benzynes generated in situ by thermal cyclization of spodyalnes.
Products arising from attack of both the alphaiad the betaitrogen atoms are observed.
These competitive modes of reaction were explored by DFT calculations. Substituent
effects on the sitgelectivity for several substituted phenylhydrazines vwexglored.
Interestingly, the hydrazo products from bata t ack ( Ar NHNHATr 6) can
sometimes in situ by oxygextone, to give structurally complex, unsymmetrical azoarenes
( Ar N= N Aolgnesulfonohydrazide and benzohydrazide analogs were each
demonstrated to undergo similar transformations, including oxidation to the corresponding
benzynetrappedazccompounds.
3.1Introduction

Azoarenes (Ar N=NAr 6) -dcuvem cistirang iaomérigatioh or t |
and, thereby, their potential to act as photoswitches. In this capacity, they have been

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

%0 Sneddonp. S; Hoye, T.R. Arylhydrazine Trapping of Benzynes: Mechanistic Insights and a Route to
AzoarenesOrg. Lett.2021, 23, 3432 3436.
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devices, and data storatfeCurrently (and classically), most azoarenes are constructed by

way of the addition reaction of phenoxides to aryl diazonium ions (FRyaa.%? 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 azoargnes (F
3.1b).939495 A limitation in that method is that the attacking aniline typically needs to be
electron rich, and efficiencies can suffer due to side reactions includingxidation of

the requisite nitroso compound.

To our knowledge, nucleophilic addition of an aryl hydrazine to a benzyne species
has never been reported. Herein, we demonstratpatnermation of azoaren&94 via
reaction of benzynes generated by the hexadeHydis-Alder (HDDA) reaction 801to
301%*) with aryl hydrazine802to produce intermediate hydrazoareB868 (Figure3.10.

These are readily and conveniently oxidized with M{@, even, visautooxidation). Via

this strategy, both electradonating and, especially, electraithdrawing substituents on

the hydrazine are tolerated and significant structural complexity is introduced into the
products in a single step via the trapping301*. The results described here constitute a

complementary strategy for the construction of complex azoarenes.

3.2Results and Discussion

9 Merino, E.; Ribagorda, M. Control over molecular motion using théraiss photoisomerization of the
azo groupBeilstein J. Org. Chen2012 8, 1071 1090.

92 Merino, E. Synthesis of azobenzenes: The coloured pieces of molecular matéeats.Soc. Re2011,
40, 3835 3853.

9 Baeyer, A. Nitrosobenzol und Nitrosonaphtaler. Dtsch Chem. Ge$874 7, 1638 1640.

94 Mills, C. XCIllIT Some new azgompounds]. Chem. Soc., Tran$895 67, 925 933.

% Bamberger, E. Ueber die Einwirkung des Nitrosobenzols auf AmidoverbinduBggetsch. Chem. Ges
1896 29, 102 104.
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Figure 3.1 Complementarity of this de novo construction of one arene of an azoarene

(panelc) with the most common, classical methods for their conjunctive synthesis (panels
aandb).

a diazonium ion coupling reactions with phenolics
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Our initial experiment involved heating of the triyne HDDA substi3@ in
chloroform at 90 °C in the presence of one equivalent of phenylhydra&02a, Figure
3.2). The characterized products were thedidylhydrazine (hydrazo compoun8(6a
the azoarens807g the 1,ldiarylhydrazine308g and, to a small extent, the aniline

derivative309a% The relative amounts of these products depended upon the amount of

% The arynes from polyyne precursors li8852 3113° and 3111 are each known to react with high
selectivity at C3 rather than C4 of the benzyne, consistent with the benzyne distortiotfr(eydehen, J.;
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oxygen present in the reaction vessel. That is, under aerobic conditions, none of the hydrazo

product306awas 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 azoaBfliYaoccurred 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 &06a and 307ato that of 308awas ca.1.5 in both
experiments. This, in turn, implies that the nucleophilic additidd0@gato the benzyne is

compet it ivvsenitafgen atome U

Figure 3.2 Product distribution from reaction of the benzyne derived from heating triyne
305in the presence of phenylhydrazird®23g. 2 Isolated yield

OMe

MeO
OMe OMe
0 PhNHNHz (302a) O
I o=
90 °C, overnight
e It ™S NH ™S N ™S T™S NHPh
Me NHPh Me NPh Me Me
Me
305 306a 307a 308a 309a
air NMR ratio not observed 1.0 (30%)® 1.6 (43%)? trace (ca. 3%)?
Ny NMR ratio 0.48° 1.0 2.3 trace

The competition between the two nitrogen atoms is surprising given that the
reaction of302a with dimethyl acetylenedicarboxylate (DMAD) is reported to occur
exclusively at theb-nitrogen atom (NE).°7%%° This is in line with the notion that the
phenyl substituent would reduce the nucleophilicity oflletrogen atom for both steric

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

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

component reactiong. Am. Chem. So2016 138 431814321. (b) Chen, M. ; H e
Mechanism and regioselectivity of an unsymmetrical hexadekydroe | s 7T Al der (HOMA) reac
Chem2019 84, 19591196 3. (c) Hamura, T.; l busuki, Y. ; Sal
Straininduced regioselectivities in reactions of benzyne possessing a fuseddmirered ringOrg. Lett.

20035 355113554. (d) Garr, A. N. ; Luo, D. ; Brown, N

Experimental and theoretical investigations into the unusual regioselectivity-p54&5 and 6,7indole
aryne cycloaddition®rg. Lett.201012, 961 99 . ( eY.;Pa&dneRo f;dronnér,.S. M4, .Im,-G.

Y. J.; Garg, N. K.; Houk, K. N. Indolyne and aryne distortions and nucleophilic regioselectiVities.
Chem. So2010,132 126771 1269.

97 Heindel, N. D.; Kennewell, P. D. Imirenamine adducts from hydrazine addition to dimethyl
acetylenedicarboxylatd. Chem. Soc. 969 757 758.

%8 Heindel, N. D.; Kennewell, P. D. Imirenamine tautomers from hydrazine and aryl hydrazine additions
to acetylenedicarboxylatd. Org. Chem197(Q 35, 80/ 83.

% Sucrow, W. Reactions of acetylenes with hydrazines. A re\deg.. Prep. Proced. Intl982 14, 911 155.
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shed any light on this curious outcome of a preference for attack.dy Narticular we

computed the energetics for reactiorodfenzyne k) with 302a (Figure3.3). The overall
free energy of reaction leadinglb vs. 1V U(the analogs a806aand308a, 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 akFbenzyne ) with phenylhydrazine3029).
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The transition structures associated with attack byT$-1Y 11 b) vs. Ny (TS-
| Y 10| leading to the zwitterions Blor IU 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 Hdlded
Il b/U(simple proton transfers) indicate that the initialvs. b-attacks by802aontol are
both the rate and productdetermining steps for the two overall reactions. The final
conversions ofll b/Uto productsl Vb/Uwould most likely be mediated by an external
proton shuttle such as PhNHMNH
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We also briefly explored by DFT the two modes of competitive reaction between

PhNHNH: (302a) and DMAD (seeéSupplementary Information for Chaptefds 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 atdntharelectrophilic sp
hybridized carbon atom. @S-l Y b bnd TS-I VY IUkhat distance is 3.0 and 3.7 A,
respectively. In contrast, for the analogous TSs for the addition to DMAD, the TSs have
much smaller separation of the reacting centers (2.0 A for bgit@ Bnd Ni C). This
reflects a reaction surface with a much later transition state, consistent with the
considerably higher exergonicity for addition3tRato benzynel() vs. DMAD (o d3° ~

25 kcal mot') for the first elementary step of formation of the zwitteribfgUvs. that of

the DMAD analogs. The much longef ® digances in the reactions with benzyne V&

| Y1l b/Usignificantly minimize the role of steric interaction in approach of the nucleophile
to benzyne.

We next examined the effect of substituents on the arylhydraFigeré3.4) The
presence of electron withdrawing groups on the phenyl ring significantly enhanced the
preference for attack bysiNnone of the products from reaction atWere seen (entries b
e). In the case of thp-nitrophenyl analog, the diarylhydrazine precursoi30fb was
isolable, although it too was seen to air oxidize slowly, for example, in an NMR sample
solution. MnQ was used to fully convert the crude product to the azo adduct. Likewise,
the crude material from trapping withh¥drazinopyridine 302€) was also proactively
oxidized with MnQ to ensure full conversion ®07e Entries f and g show results using
phenylhydrazine derivatives similar in electronic character to th&024 itself. And
similarly, comparable amounts of products from bothaNd N attackwere isolated.
Results using-methoxyphenylhydrazine are conspicuously absent fmure3.4. This
substance is known to be very challenging to prepare and handle because of its sensitivity
to autoxidationt®® Theo-methoxy analog302h) was freebased immediately prior to use;

the azo derivativ@07h was isolated in low yield. Analysis of the NMR spectrum of the

100 Frahn, J. L.; lllman, R. J. The preparation ahéthoxyphenylhydazine and some other arylhydrazines.
Aust. J. Chenl974 27, 1361 1365.
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crude reaction mixture suggested the presence of a significant amd@&0&hptut that

material also degraded upon attempted purificafibn.

Figure 3.4 Azoarenes307 (and 1,1;diarylhydrazines308 where observed) formed from
reactions of the HDDAbenzyne from triyne 5 in the presence of arylhydrazB@®
followed by oxidation (in air or with Mng). 2 This example was also performed on a 1
mmol scale an807bwas isolated in 74% yiel8 Evidence for this compound was seen in
the NMR spectrum of the crude product mixture, but it proved to be too labile for isolation.

305 + I\IIH —_ 1 IIQ

entry aryl hydrazine MnO, used? azoarene [yield] N,N-diarylhydrazine [yield]

1 302a, R = phenyl No 307a, [30%] 308a, [43%)]
29 302b, R = p-nitrophenyl Yes 307b, [65%] ---

3 302c, R = perfluorophenyl No 307c, [62%] -

4 302d, R = o-fluorophenyl No 307d, [61%] -

5 302e, R = 2-pyridyl Yes 307e, [50%] ---

5 302f, R = p-iodophenyl Yes 3071, [49%] 308f, [49%]
6 302g, R = 2,5-dimethylphenyl Yes 3079, [33%] 308g, [30%]
7 302h, R = o-methoxyphenyl  No 307h, [10%)] b

Several experiments were then performed to address several complementary
aspects of this chemistry (FiguB5). Unsurprisingly, the iodophenyl derivatia97f
smoothly underwent crosupling to the biaryl derivativ@10. We then showed that the
linker unique to triyne805 was not a requirement for the reaction. That is, the tetraynes
3llaand 311b were each trapped by the nitrophenylhydraZdfb to give, following
oxidation, the azo compounddl2a and 312b (Figure 3.5b). We also showed that

%'Hong, S:S.; Bavadekar, S. A.; Lee,-B; Patil, P. N.; Lalchandani, S. G.; Feller, D. R.; Miller, D. D.
Biosteric phentolamine analogs as potéatirenergic antagonisBioorg. Med. Chem. Le005 15, 4691
4695.
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hydrazides313aand313b, each perforce having a quite different level of nucleophilicity

of its two nitrogen atoms, react smoothly with the benzyne produced by heatin@@yne
Direct oxidation by addition of Mn©produced the azo derivatived4a 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=KS®oiety°?

02 Dossena, A.; Sampaolesi, S.; Palmieri, A.; Protti, S.; Fagnoni, M. Visible light promoted aretal
photocatalysfree synthesis of allylarenek.Org. Chem2017, 82, 10687 10692.
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Figure 3.5 a) The azo functionality is compatible with a Rdtalyzed (Suzuki) cross
coupling reaction. b) The nature of the HDIANnzyne is not limited to that derived from
305 c¢) Benze and sulfonohydrazides undergo analogous transformations.

a
Pd(PPhs), (10 mol %)  MeO 0.0 Me
Na,COj3 (2 equiv)
Phenylboronic acid (1 equiv) Me
307f
Benzene/EtOH/H,0 (1:1:1) 310, 90%
90 °C
b [
X
NMs NTs
[l [ - N
or —— =
I P me we N
Me Me Me Me
NO,
311a 311b 312a (X = NMs, 50%)
312b (X = NTs, 69%)
C

HoN H,N DA >>3
| |
305+ HN._ _Ph or HN.__Tol

\ﬂ/ A ||) MnO, o
o) (OJN0)
N
Me

313a 313b rlxl
(3 equiv)

314a (X =Bz, 75%)
134b (X = Ts, 40%)

Finally, because we were unable to identify reports of any reactions of hydrazines
with arynes generated by conventional methods (i.eHI®DA), we briefly explored the
reaction of the Kobayasthienzyne from precurs@151%3104 with three phenylhydrazine

derivatives (Figure8.6). In each instance, by far the major product, following isolation,

103 Himeshima, Y.; Sonoda, T.; Kobayashi, H. Fluoridduced 1,2elimination ofo-trimethylsilylphenyl
triflate to benzyne under mild conditior@hem. Lett1983 12, 1211 1214.

°shi, J.; Li, L.; Li, Y. o Silyl ar YhemtReR02112l e s :
3892 4044
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was the 1,ddiarylhydrazine produc16 Trace amounts of a compound deemed to be the

corresponding azoarene were detected byM&Canalysis of the crude product mixture.
This high selectivity for attack bydNn 2 suggests that hydrogen bonding by fluoride ion
to the more acidic PhNH preferentially activatesgdt addition compared to the additive
free reaction conditions of the thermal HDDA variant.

Figure 3.6 Reactions ofo-benzyne with arylhydrazine802a,b,g gave 1phenytl-
arylhydrazines816a,b,g

\H
TMS i
©i . H2’\|‘ CsF (3 equiv) ©/N\Ar
HN g
OTf Ar  MeCN, 90 °C
315 302a 316a (Ar = phenyl (IVa), 69%)
302b 316b (Ar = 4-nitrophenyl, 72%)
or 302g or 3169 (Ar = 2,5-dimethylphenyl, 66%)

3.3Conclusions

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 eitlogr 1,2
1,1-diarylhydrazine compounds via attack by either e vs. Unitrogen 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 tHé-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,@iaryihydrazines were obseed to undergo air oxidation to the
corresponding azanalogs. This process could be readily forced to completion by exposing
the crude reaction products to Ma@ior to purification; the 1 Asomer was not oxidized.

The benzeand sulfonohydrazide analog§s3aand313bwere shown to add to an HDBA
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. Seveaaylhydrazines were used to treqbbenzyne itself

to produce the -phenytl-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 oftrans- vs. cis-

azobenzenes (ArNAr) with benzynes

The studies presented in this Chapter have been disclosed in and largely adapted from a
published article'®®

s QU0
1l
N o
[2+2] ~ph 0N
= e
I (phenazine VS. carbazole)

NGPL

NHPh

hv w/ CT/N
@+2) Mgy Z \©

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 openinglosing sequence to furnish dihydrophenazine derivatives,
subjects of aontemporary interest in other fields (e.g. electronic and photonic materials). In
contrast, when the benzyne is attacked bis@zobenzene, 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 thieiwill
engagel®® Azoarenes (ArN=NAr) comprise a class of compounds of -ktagding
interest®” We can locate only a single report of reactions of azo compounds with

benzynes!® In that work products containing aN-aminocarbazole skeleton were

053neddon, D. S.; Hoye, T..Rhe contrasting reactivity dfans vs. cis-azobenzenes (AMINAr) with
benzynesChem. Sci2023, 14, 6730 6737.

106 Bjju, A. T. Ed.Modern Aryne ChemistryViley-VCH, 2021

07 patai, S. B. The Chemistry of the Hydrazo, Azo and Azoxy Groups, Voluioar2Wiley & Sons, 1997
108 Zhang,W.; Bu, J.; Wang,L.; Li, P.;Li, H. Sunlightmediated [3+2] cycloaddition of azobenzenes with
arynes: an approach towards the carbazole skel@tgn Chem. Front2021, 8, 5045 5051.
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produced. We describe here a detailed investigation into the complementary modes of

reactivity observed between benzynes @ads- vs. cis-azobenzenes.

Reactions of benzynes with the related trapping agents sfif8&fe(la) and its
mono azeanalog N-benzylideneaniliné!! 112 (Ib) are known (Figre 4.1a). With
classically generated benzynes [@gpenzyne |{ )] these proceed by either exclusive or
predominant formation of initial [4+2] cycloadducts (if.), which then tautomerize to
productslV. In contrast, imines such #s engage the more complex and, necessarily,
sterically hindered hexadehydinels-Alder (HDDA) benzynes V, to give
dihydroacridine¥/IIl arising from an initial [2+2] event (c¥1) and ensuing electrocyclic
ring-opening (cfVIl ) and-closing processes (ire4.1b). 113

The sole example we can locate of dianalogs of stilbendsi.e. azoarenedX)
T engagingp-benzynes was recently described by Wang, Li, and coworkers and proceeded
via a net (3+2) cycloaddition under sunlight (g 4.1c).2°® This produced theN-
aminocarbazole derivativeXl, a process suggested to take place via zwitterionic
intermediatesX. The authors noted that in the absence of sunlight the same "reaction did
not proceed® This led us to question which of the three distinct modes of reaction shown
in Figure4lwoul d ensue when an azobenzene enga
benzyne." Would an overall [4+2] pathway lead to a dihydrocinnoline skeleton-(a 5,6
diazaanalog ofiV); would an initial [2+2] pathway produce a dihydrophenazine {azt0
analog ofVIll ); or would the reaction mirror the case of the photochemically driven

process to givél-aminocarbazoles analogousXbas observed by Li et at%

109 Bhojgude, S. S.; Bhunia, A.; Gonnade R. G.; Biju, A. T. Efficient synthesis of 9
aryldihydrophenanthrenes by a cascade reaatioolving arynes and styrene®rg. Lett.2014 16, 676
679.

10 Chen,Z.; Han, X.; Liang, J-H.; Yin, J.; Yu, G-A.; Liu, S-H. Cycloaddition reactions of benzyne with
olefins Chin. Chem. Let014 25, 1535 1539.

111 NakayamaJ.;Midorikawa, H.; Yoshida M. Reaction of benzyne witk-benzylideneanilineBull. Chem.
Soc. Jpnl975 48, 1063 1064.

12 Fishwick,C. W. G.;Gupta R. C.;Storr,R. C.The reaction of benzyne with iminegls Chem. Soc., Perkin
Trans 11984 2827 2829.

113 Arora, S.; Sneddon, D. S.; Hoye, T. Reactions of HDDA Benzynes witlC,N-Diarylimines
(ArCH=NATr". Eur. J. Org. Chem2020, 202Q 2379 2383.



51
Figure 4.1 (a) Known reactions of classical benzynes with stilbenes and imines. (b) Known

reactions of imines with HDD&enzynes?!® (c) Known photestimulated reactions of
azoarenes with benzyn¥$.
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4.2 Results and Discussion

We elected to start our investigations by using a prototypical thermal HDDA
substrate. In one of our earliest experimentsuifeéd.2g), transazobenzenetrans-401a
=1X, 10 equiv) and the triyrd02were heated together in a solution of-dihloroethane
(DCE) at 90 °C for 15 h. This is a temperature at whi6R will undergo a HDDA
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cycloisomerizatioh'* to give the corresponding benzyne (405a Figure 4.2b). This

experiment produced the monoarylated dihydrophen@flBaalong with a small amount

of its regioisomeric produetO4ain 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 byragn X
diffraction analysis of thanajor isomer403a Notably, the pathway leading to the
phenazine skeleton #03ais new and distinct from that observed in the reported photo
induced reactions leading to aminocarbazolevdéries (Figire 4.1¢). Likewise, the
additional azobenzene derivativélb-d gave the dihydrophenaziné83b-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!® For example, they are important in the arenas of optical sensing,
electrochemistry, and organic electronics and photdtick the optical sensing realm,
these can show vibratieinduced emission (VIE), allowing them to exhibit multicolor
emission. Additionally, certain phenazines exhibit thermally activated delayed
fluorescence (TADF), making them attractive organic hgitting 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 dihydropim@asaare commonly found as
secondary metabolites, some of which also have interesting biological propétiés.

A mechanistic possibility for the outcome of the thermal reactions taifs-
azobenzenes leading to the phenazine skeleton is suggested by stA@fafef-igure

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

114 Fluegel, L. L.; Hoye, T. R. HexadehydRielsi Alder reaction: Benzyne generation via
cycloisomerization of tethered triyngShem. Rev2021, 121, 2413 2444.

115|n a SciFinder search we identified a dozen reviews since 2020 having "phenazine" in the title.

16 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 revieMlater. Chem. Q022 10,
11119111174.

1171 aursen J. B.;Nielsen,J. Phenazine natural products: Biosynthesis, synthetic analogues, and biological
activity. Chem. Rev2004 104, 1663 1685.

118 Miksa, B. The phenazine scaffold used as cytotoxic pharmacophore applied in bactericidal, antiparasitic
and antitumor agentslelv. Chim. Act&022 105 e202200066.
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Figure4.3. A contrasting mechanistic rationale for the aminocarbazole formation seen in

the work of Wang et al. is shown in kg 4.2c. They proposed that the generatioroof
benzyne || ) by the Kobayashi method in the presencéarisazobenzenearans-401a)
gave rise by nucleophilic attack to the zwitterd&®8a and that this species absorbed a
photon that resulted in isomerization to its geometric isaf8b. This then cyclized to
form the new fivemembered ring present in the speci8c (azaNazaov-like), a
tautomer of the more stable, aromatized aminocarbdfdle

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 inuirgg}.3a transAzobenzenetfans-401a)
engages-benzyne vialTS1 to form zwitteriontrans-409b (= 4083 Figure 4.29. We
computed this zwitterion to undergo transformation to either the benzodiazétatine
409c via TS3 or to the zwitteriod09a (= 408¢ Figure 4.29 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 Figre4.23 an important point to which we return in the following paragraph.
The benzodiazetidineans-409cis a rare type of intermediafEhe only compound we can
find containing a benzodiazetidene (djazabicyclo[4.2.0]octd (6),2,4triene)
substructure is that of the parent, fully unsubstituted molecule, formed in an argon matrix
and characterized by its infrared spectroscopic featlit&8. This transient species rapidly
ring-opened to thebis-imino-o-benzoquinone. Likewisetrans-9c was computed to
isomerize to thdis-imine E,E-409d through a conrotatory electrocyclic ring opening via
TS4. E/Z-Isomerization vial S5 (N-inversion) give the diiminoquinong&E-409d which
i's poi sed -deotroaydiizdtenm vgd &6 tdfurnish the penultimatetermediate
409e Notably, all of the activation barriers (ViégS1i TS6) on this computed potential
energy surface are <20 kcal Mol

119 Ujike, K.; Kudoh S.;NakataM. First detection of 7 8liazabicyclo[4.2.0]octd ,3,5triene produced from
3,5-cyclohexadiend.,2-diimine in an argon matribxChem. Phys. Lett004 396, 288 292.

120 Ujike, K.; Akai, N.; Kudoh S.; Nakata, M. Photoisomerization and photocyclization of -3,5
cyclohexadiend,2-diimine and its methysubstituted derivatives in lotemperature argon matricds Mol.
Struct.2005 736, 335 342.
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Figure 4.2 (a) Reaction oftransazobenzene derivative401ad with the benzyne
produced by heating triynd02 to give dihydrophenazine403 and 404. (b) Possible
intermediates on the reaction coordinate leading to the dihydrophenazines. (c) Contrasting
mode of reactivity when-benzynel( ) engages azobenzenm(s-401a) during exposure

to SUI’llight108i A small amount of the analog of ison#¥lawas observed in the chromatographed sample
of this product (se8upplementary Information for Chapter 4
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Recall that the barrier for the cyclization todins-409b to a fivemembered ring

(azaNazarov) enroute té0Qawas 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 withtransazobenzenegiOla-d? The HDDA benzyne bears
substituents on carbons 3 and 6 flanking thedwidized benzyne carbons. To assess the
impact of this type of substitution, we computed the analogous key intermediates for
reaction betweeimrans-40la and, now, 3,&limethylo-benzyne (Figre 4.3b). A striking
preferenced o’ = 2.4 kcal mot) for cyclization to the benzodiazetidine was seen. This
difference is attributable to the unfavorable steric interaction portraydierTS2when
compared to that idiMe-TS3. The explicit precursors to these two transition structures
are the conformergdiMe-trans-4b and diMe-trans-409b', respectively; related

conformers will play a role in lateliscussion of formation of aminocarbazole products.
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Figure 4.3 (a) DFT potential energy surface for the reactionodfenzyne withtrans-
azobenzendrans-401a) (gray box) leads to both phenazine and carbazole skeletons with
essentially the same activation barrier (€62 vs. TS3). (b) The more hindered 3,6
dimethylbenzyne, a better mimic of an HDEx&nzyne, shows a significant preference for
the phenazinéorming pathway (cfdiMe-TS3 vs. diMe-TS2). (c) cisAzobenzenedjs-

4014) givescis-409b, the precursor to the carbazole product, via a lower activation barrier
(7.8 kcal mot') than that oftrans-40la to TS1 (15.7 kcal mol), the forerunner to the
phenazine productis-409b proceeds to the aminocarbazole producthgd faster than

isomerizing tocis-9b', which could have led to the dihydrophenazine producTa '
SMD(Benzene)/MN15/811++G(d,p).
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The formation ofdihydrophenazine 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 drrier of 15.7 kcal mol for trans-401a to traverseTS1 is higher than a
number of other additions to arynes by species containing nucleophilic nitrogen
atoms!?t122123\We speculated thatis-azobenzenec{s-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 F0.167 vs. +0.008 focis- vs. trans-azobenzene, respectively
(APT in Gaussian)] could serve as a more competent nucleophile in this prsess.
Azoarenes have been reported to engage weywbbaddition reactions faster than their
trans-counterpartg?4125126127.128

The computed PES for the reaction betwersrd0la ando-benzyne is shown in
Figure 4.3c. Significantly, the activation barrier passing throwghTS1 enroute (tocis-
409b) is computed to be nearly 8 kcal Mdbwer than that fotrans-40l1a to proceed
throughTS1 (to trans-409b): i.e. 7.8 vs. 15.7 kcal mél This led us to first investigate
whether we could use photons to produce a sufficiently high proportiosd&to allow
the overall energetically favored process to be the capture of the benzyne dig the
azobenzene. (Later we return to discuss the remainder of the computed ensigetin

in Figure4.3c proceeding onward froris-409b).

21 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 reactidng\m. Chem. So2014 136, 15798 15805.

122 Castillo, J-C.; Quiroga,J.; Abonia, R.; Rodriguez,J.; Coquerel,Y. Thearyne azeDielsi Alder reaction:
flexible syntheses of isoquinolingdrg. Lett.2015 17, 3374 3377.

1238neddon D. S.;Hoye, T. R. Arylhydrazine trapping of benzynes: mechanistic insights and a route to
azoarene<Org. Lett.2021, 23, 3432 3436.

124 Cook, A. H.;JonesD. G. cisAzo-compounds Part IV. Some reactions with diphenylkete@hem. Soc.
1941, 184 187.

1253chenck G. O.;EngelhardN. AzobenzolKetenAdduckt Angew. Cheml956 68, 71.

126 SchenckG. O.Aufgaben und Mdglichkeiten der praparativen Strahlenchehmgew. Chenil 957, 69,
579 599.

127 Ruggli, P.;Rohner,J. Uber aDisazebenzol Helv. Chim. Actd 942 25, 1533 1542.

128 Tindall, D. J.;Werlé,C.; GoddardR.; Philipps,P.;Farés C.;FurstnerA. Structure and reactivity of half
sandwich Rh(+3) and Ir(+3) carbene complexes. Catalytic metathesis of azobenzene derivatines
Chem. So2018 140, 1884 1893.
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Figure 4.4 (a) Reaction of photochemical HDDA precurset$Oab with a phote
generated mixture dfans- andcis-1a-f under continuous irradiation; (b) singleystal X
ray diffraction structure o411h

d engagement of photochemical HDDA benzynes with cis-1a-e
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To address this question, we carried out the first experiment showrune Eiga

This involved use of the tetrayd&0a an HDDA substrate known to efficiently undergo
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photoinduced cycloisomerization to its corresponding HRB#nzyne>® This allowed

both of the benzyne amtds-azobenzene reactants to be formed at ambient temperature
when irradiated at 254 nm. We greadiatedtrans-1ain benzene in a quartz vessel in a
Rayonet reactor for 1 h. TetrayAtOawas introduced and irradiation continued overnight.
This resulted in a single isolable product that, to our surprise proved not to be the expected
dihydrophenazine analog d03a. Instead, this was deduced to be the aminocarbazole
compound4lla This process was shown to be general, proceeding also starting with the
azobenzeestrans-401b-e. Those with more electron rich aryl substituents resulted in
higher product yields. The estsubstituted tetraynd10b also showed very efficient
conversion to produc#llf. 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 2EH and®*C spectra. In addition, an-dy diffraction structure of the
analog411b confirmed the assignments of these aminocarbszmiéaining corpounds
(Figure4.4b).

To probe the involvement of theis-azobenzene in benzyne trapping more
explicitly, we explored the trapping of a "Kobayaglkinerated benzyn&®!3! as presented
in Figure 4.5. Wheno-benzyne was generated fromrnethylsilylphenyl triflate 406)
starting with 3 equivalents of a preirradiated solution of a teaaedenzene derivative and
under further continuous irradiation, the photochemically established amounta$-the
azobenzenecis-40la, cis401c, or cis-401d proceeded to give the respective
aminocarbazole derivativé07g 407¢ or 407d in good yield (Figire 4.53. As further
evidence that thecissazobenzene geometric isomer is the key reactive intermediate
effecting each of these overall transformatiorss-40la was purified by flash
chromatography and used soon thereafter as a single isomer whemayne (Figre
4.5b). In an experiment employing only 1.1 equivalent of pcisela relative to the
Kobayashi precursct06, the aminocarbazolkO7awas obtaied in similar yield to that

129 Xu, F; Xiao, X.; Hoye, T. R.Photochemical hexadehydmielsi Alder reactionJ. Am. Chem. So2017,
139 8400 8403.

139 Himeshima,Y.; SonodaT.; KobayashiH. Fluorideinduced 1,2elimination of e(trimethylsilyl)phenyl
triflate to benzyne under mild conditiar@hem. Lett1983 12, 1211711214.

BlFor a recent review of Kobayadhenzyne chemistry, see: Shi; Li, L.; Li, Y. o-Silylaryl triflates: A
journey of Kobayashi aryne precursathiem. Rev2021, 121, 3892.
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arising from the photostationary mixture of the azobenzenes. Finally, generagngyne

in the presence of puteans-40la (1.1 equivalent) but in the absence of irradiation gave
no discernible amount of the aminocarbazole derivat¥éa 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 bitdup in407aand additionab-benzyne.
Collectively, the computational and experimental results presentedurebdg3, 4.4, and

4.5 indicate that i) thecissazobenzene geometric isomer is a more reactive trap for a
benzyne, ii) cissazobenzene is the key intermediate responsible for launching the
transformation leading to aminocarbazole derivatives, and iii) tthies-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 innatevitgaofi cis-
azobenzene itself (cf. Rige 4.39 rather than one in which intermedidatans-409b is
photoisomerized tois-409b (cf. 408ato 408h, Figure4.2¢).108
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Figure 4.5 Reaction ofo-benzyne with (a) a photgenerated mixture dfans- and cis-
401a,cd under continuous irradiation and (b) isolatésl401ain the dark.
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Having clearly demonstrated experimentally that theaz@benzene isomer is
responsible for redirecting the mode of reaction with benzynes to produce aminocarbazoles
rather than dihydrophenazines, we further explored the behavior of the zwitisrf9b
by DFT (Figure4.3c). This species can either undergo-aleezarov cyclization directly to
the carbazole skeleton viES7 or undergo an aryl rocking motiof$8) to access an
alternative rotamer of the zwitterion, nametys-409 h Nyhile cis-409 b Npuld

geometrically acces$S3, thereby intersecting with the phenazine pathway, we found,
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perhaps somewhat surprisingly, that the rotational barrier to prais:d@9 b\ TS8

was higher than proceeding to the aminocarbazol&S#by 1.7 kcal mol. We attribute
the relatively high barrier of aryl rotation to the penalty of breaking conjugation of the 1,2
diazal,3butadiene system in the nearly orthogonal transition state geometry (cf. dihedral
angle values igis-409b andcis-9b' vs. TS8). Taken at face value, these energetics suggest
that ca. 95% ofis-9b should undergo azlazarov cyclization to the carbazole rather than
isomerizing tocis-9 baNg furnishing phenazine products.

Likewise, we explored by DFT (see Hig@4S7in the Supplementary Information
for Chapter 4 for detai)svhethercis-9b could isomerize directly trans-9b (and then on
to the phenazine) by the net isomerization of tié&louble bond geometry. This could
occur either i) by linearization of the N=NPh geometry (i.e. inversion via-aylsdized
nitrogen, cf.TS5, Figure4.33 or ii) by outof-plane rotation about the N=N bond. A TS
for the former process was located and it showed a free energy >20 kédligher 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 unlikelydis9b to give rise tdrans-9b, thereby
precluding a second pathway by which the zwitteas®b could give rise to a product

having a phenazine skeleton.
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Figure 4.6 Disproportionation processes emanating from the diiminoquirtdrieto
produce the diaminél3 and the phenazinium iofll5 via the dihydrophenazingl4. (a)
The reaction taken to partial conversion from whid¥ was isolated along with a
coeluting mixture of starting materiadl2) and413. (b) 1H NMR spectrum o414. (c) A
mechanistic rationale for the overall redosutral transformation. (d) Illustration die

mixture of species/ions formed while recording an APCI mass spectrum of an isolated
sample of the diiminoquinor&l 2.
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To gain evidence addressing the later stages of the thermal mechanism involving
the interesting electrocyclic processes emanating from the benzodiazetahs®c
(identified by the computations summarized in Ufeg4.39), we synthesized the
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phenanthreneiiminoquinone412 In particular, we thought that the thermal behavior of

this compound, an analog of specie&-409din the computational study, would shed
light on the remaining steps in the mechanism (i.e. isomerizatiahB@09d and its
electrocyclic closure to the 4agthydrophenazind09q. The first hint of some unusual
behavior of specied12 arose while attempting its preparation following a literature
protocol for TiCl4promoted condensation of 9;pBenanthrenequinone with
anilines!®2133 |n our hands this repeatedly gave a complex array of products from which
the major isolable product was, surprisingly, the diamiti@ Once in hand, this could be
smoothly oxidized td12using MnQ, although its disproportionation lability upon further
handling was soon recognized.

When 412 was warmed in deuterobenzene (90 °C), its transformation could be
monitored by*H NMR spectroscopy. An experiment that was terminated after 1 h (ca. 67%
conversion of the startingll2) resulted in generation of a mixture of the diamid8and
dihydrophenazinél14 (Figure 4.69 in addition to the unreactetii2 Chromatographic
purification provided a pure sample of the dihydrophena&idewhich proved to be even
more labile than its isome¥12 The'H NMR spectrum o#14 (Figure 4.6b) contained
broad resonances; in retrospect these were also seen in the spectrum of the reaction mixture
itself (see Figre 4S4. We identified by DFT two nearly equienergetic, diastereomeric,
cis- and transconformers oft14that differ only in the relative orientation of the hydrogen
atom and lone pair of electrons on N14. The NMR spectruniN6fNil0-diarylated analog
having the same dibenzodihydrophenazine skeletdi4showed similar broadenirig?

This spectroscopic phenomenon, along with the lability we observéd4otould explain
why  past researchers have not recognized  that,N-diaryl-9,10

diiminophenanthrenequinones suchagundergo a facilé” -electrocyclizatiort>?

B2Dal | 6 AnRosaeV.,; Cusin,L.; Montini, T.; Balducci,G.;D 6 A u k; PallecchiaC.; Fornasiero,
P.;Felluga F.;Milani, B. Palladiumcatalyzed ethylene/methyl acrylate copolymerization: Moving from the
acenaphthene to t he -dimnelyandsOlganemetallic 804 %38, 84983611.0 f U
138 Gao,B.; Zhao,D.; Li, X.; Cui, Y.; Duan R.; Pang,X. Magnesium complexes bearityN-bidentate
phenanthrene derivatives for the stereoselectiveapaning polymerization of rdactides RSC Adv2015

5, 440 447.

347in, X.; Li, S.; Guo, L.; Hua, J.; Qu, B.; Su, J.; Zhang, Z.; Tian, H. Interplay of steric effects and
aromaticity reversals to expand the structural/electronic responses of dihydropheldaAnesChem. Soc.
2022 144, 4883 4896.
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The presence of the diamidé3arising from the condensation reaction meant to

provide412(seeSupplementary Information for Chaptefot details) and the degradation
behavior o#414were 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 dihydrophenazine414. Thus, we envisaged (kige 4.69 an overall net
disproportionation sequence in which formation4df4 (cf. mechanism delineated in
Figure 4.39 sets up reduction of a second equivalert1it via hydride transfer to give

the phenazinium catiofl5and the conjugate base4if3(413-CB) as its counter anion.

A stylized APCI mass spectrum of a sample of purified diiminoquiddrZ ionized by
thermal activation, is shown indtire4.6d. Evidence for all of specie&l2 415 can be

seen in the data. Taking into account the proportion of natural aburtd@risetopologues

for each member of this array of C28 species (dashed lines) allows deconvofithen

entire set of ion intensities as indicated by the color coding. Additionally, repkese

LCMS analysis of the crude product mixture also showed evidence for the presence of the
phenazinium iod15(along with412and/or414and413 see Figre4SH. Taken together,

these results support the mechanism in which a diiminoquinone intermedi&&{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 benzynesamghvs. cis-
azobenzene derivatives. Our observations indicate that wars-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. gure 4.3a-b). We then demonstrated, both computadibyn (cf.
Figure4.3c) and experimentally (cf. Fige 4 .4), thatcis-azobenzene is a more competent
trap for the benzyne, triggering an alternative reaction pracese that proceeds via a
formal (3+2) cycloaddition event to furnisN-aminocarbazole derivativesA key
mechanistic experiment showed that the divergent reaction pathways emanate from the

specific geometry of the initial azobenzene derivatisis:Azobenzene was isolated
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chromatographically and reacted wiifbenzyne in the dark to afford the aminocarbazole

derivative as the only isolable product (cf. tiig4.5b).

Additional mechanistic experiments were carried out to rationalize the later stages
of the [2+2] cascade leading to dihydrophenazines (clir€i¢.3a). The phenanthrene
diiminoquinone412 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 derd/Bdjvimereby
lending support to our mechanistic rationale for the [2+2] reaction cascadebetwaes
andtrans-azobenzene (cf. Fige 4.6). Overall, our data demonstrate two rzomvergent
reaction pathways, each predetermined bytrdes vs. cis- geometry of the azobenzene

used to engage the benzyne
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Chapter 5. PhosphoranePr omot ed C1 C Coupl i n

Aryne Annulations

The studies presented in this Chapter have been disclosed in and largely adapted from a
published article3® This work is a result dhecollaborativeefforts ofPaul V.Kevorkian,
Dr. Casey B. Ritts, and the author of this Thesis.
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Summary: Arynes are fleeting, higknergy 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.
Hereinwe explore a particularly unique case of thermally generated arynes reacting with
phosphoranes to form helical dibenzothiophenes-selénophenes. Multiple new helical
polycyclic aromatic products are reported. DP4+ arn@yXcrystallographic analysis weer

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 computaigb@Etounts

for the product formation; namely, ligand coupling (i.e. reductive elimination) within a
hypervalent, pentacarbdigated sigmaphosphorane furnishes the dibenzothior
dibenzoselenophene.

5.1 Introduction

Over the last century organic chemists have continuously explored the reactivity of
arynes®*Nucl eophile addition into the strained

diverse reaction pathways to form substituted benzenoid spEéiddodern aryne

5 Kevorkian, PV.; Sneddon, DS.; Ritts, CB.; Hoye, T.R. Phosphoran® r o mot ed CT1 C Coupl i n
Aryne AnnulationsAngew. Chem. Int. EQ024 €202318774.

136 Wenk, H. H.; Winkler,M.; Sander, W. One century of aryne chemistAngew. Chem. Int.

Ed.2003 42, 502 528.

137 (a) TadrossP. M.; Stoltz, B. M. A comprehensive history of arynesnatural product total synthesis

Chem. ReV2012 112, 3550 3577 (b) Anthony, S. M.; Wonilowicz, L. G.; McVeigh, M. S.; Garg,N. K.

Leveraging fleeting strained intermediates to access complex scaffaldS (Au.p021, 1, 897 912.
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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 hexadehjletsi Alder (HDDA) reactiam for
thermally generating benzynes from acyclic myite precursor$® The combination of
reagentfree 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 sG€Hi s
an unprecedented type of transformafithThis was distinct from the pathway followed
when fAKobayashi 0 -4nduner glimiaasion 0bisilyldariflates)fOwaver i d e
reacted with diaryl sulfoxides, which typically gave phenoxathis@®,(Figure5.14).14*
Although both processes gave adducts in which two molecules of benzyne had engaged a
single copy of the sulfoxide (i.e. were 2
path® specifically, reductive elimination of two different pairs of aryl sitbehts within
t he i nt esulfuarki[183:4€C4)[H specied.!* This divergence likely reflects
the significant difference in steric hindrance of the benzlgreved arenes in the four
coordinate sulfuranes leading 501 vs. 502. More generally, differences between the
trapping reactions of (thermally created) HDIDAnzynes vs. classically generated
benzynes often result from the necessary presence of reagents and their byproducts used in

the most common classical methods forqu@ng benzynes.

138 Fluegel, L. L.; Hoye, T. R. Hexadehydiielsi Alder reaction: Benzyne generation via
cycloisomerization of tethered triynéShem. Rev2021, 121, 2413 2444.

139 Ritts, C. B.;Hoye, T. R.Sulfurane [S(1V)}Mediated Fusion of Benzynes Leads to Heligilenzofurans

J. Am. Chem.So2021, 143 13501 13506.

“shi, J.; Li, L.; Li, Y. o Silyl ar ChemtReR0R113l es: A
38924044

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 benzyr@rg. Lett.2019 21, 3986 3989

12This designation system was first introducedFarkins,C. W.; Martin, J. C.;ArduengoA. J.;Lau,W.;
Alegria, A.; Kochi, J. K. An electrically neutral. sigmesulfuranyl radical from the homolysis of a perester
with neighboring sulfenyl sulfur:-$-3 speciesJ. Am. Chem. Sot98Q 102, 7753 7759.

143 (@) Morofuiji, T.; Kano,N. Recent Progress in C &pC (s¥) Bond Formation Using Ligand Coupling on
Sulfur (IV). Synthesi®022 54, 5186 5191 (b) Perry,G. J. P.Yorimitsu,H. Sulfur (V) in transitionmetat

free crosscouplings for biaryl synthesi&CS Sustainable Chefang.2022 10, 2569 2586
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o-Benzynesl(l ), produced from precursos93 are known to react with phosphine

oxideg*¥imines/sulfide$* (504) to give phosphonium triflates05 al so 2 : 1 &
(Figure5.1b), via capture ofl by a second copy dfl. Considering our previous work,

we wondered: would HDDA benzynes (&¥.) be capabl ephasghorgme oduci
[10-P-5(C5)] species such as (Figure5.19 and, if so, would these undergo ejection of

RsP in analogy to the diaryl sulfide loss seen during the formatidd0#? Reductive

elimination (i.e. liganecoupling) within allcarbon RP species is precedentét,

beginning with the first reported example neaffyears ago in whick08 converted to
triphenylphosphine 509 and biphenyl §10 (Figure5.1d). **’ Furthermore, helical
(hetero)aromatic systems, such as compobfdsare soughafter structures due to their

electronic, optical, and chemical properti&s.

5.2 Results and Discussion

Directly related to the proposal shown in FigGréc are the results reported in
2019 by Hu and cwvorkers (Figuré.2a).24° Namely, they described the reaction of the
HDDA benzyne derived from tetray®d0(and a number of closely related analogs) with

triphenyl phosphine sul fide. | bll(andantlogs,t udy
7287 %) was reported. I n |ight of our ear|
interested to see if any trace of a 2 : 1

144Neog,K.; Dutta, D.; Das,B.; Gogoi, P. Aryne insertion into the P [double bond, length aslash] O

bond: onepot synthesis of quaternary phosphonium triflafg). Biomol. Chem2019 17, 6450 6460.

145 For trapping of both phosphine imides and sulfides sedl&@rin, M.; LopezLeonardoC.; Raja,R.;

OrenesR.A.l nsertion of Benzy n-Alkenyl(atkgng)-eetphosphaRehdrgBleth d of P
2011, 13, 56685671 (b) LopezLeonardo,C.; Raja, R.; LdpezOrtiz, F.; del AguilaSanchez, M. A.

AlgjarinnM.” I nsertion Reactions of BenEyd.Og Chem0d4d P= N ar
2014 1084 1095.

146 (@)Uchida,Y.; OnoueK.; TadaN.; NagaoF.; Oae,S.Ligand coupling reaction on the phosphorus atom
Tetrahedron Lett1989 30, 5674 570 (b) Oae,S.; Uchida, Y. Ligand-coupling reactions of hypervalent

speciesAcc. Chem. Re4991, 24, 202 208.

17Wittig, G.; Rieber,M. Dar st el l ung und Ei gensc h.adidstusliebigs dm. Pent aj
Chem.1949 562, 187 192.

148 (a) Shen,Y.; Chen,C.-F. Helicenes: synthesis and applicatioBfem. Rev2012 112, 1463 1535 (b)

Gingras, M. One hundred years of helicene chemistry. Part 1:-steneoselective syntheses of
carbohelicenesChem. Soc. Re2013 42, 968 1006 (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. ReR014 43, 2824 284Q (d) Mori, T. Chiroptical properties of symmetric double,

triple, and multiple helicene€hem. Rev2021, 121, 2373 2412.

9 Liu, B.; Hu, Q.; Wen, Y.; Fang, B.; Xu, X.; Hu, Y. Versatile Dibenzothio [seleno] phenes via
HexadehydreDielsi Alder Domino CyclizationFront. Chem2019 7, 374.
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a similar reaction. Our first experiment involved heating the triyh2 with PhsP=S.

Indeed, a small amount of thesSh a p e d 2 513S™w aasd diuscotl at e i n 10
Somewhat surprisingly, we did not detect t
adducts14 or 515, products that would arise by a pathway similar to that leadibgito
Additionally, we reisolated a substantial portion of theFRI$ trapping reagent.

We first presumed that the significant difference between the reactions producing
511vs. 513 S was a reflection of a difference in reactivity of the intermediate benzyne
speciesVI vs. VI, respectively (Figur&.29. Therefore, we replicated the reaction
conditions reported to convesiOto 511and observed a substantially different outcome.

In our hands, we consistently observed the formation of-claldced reaction mixtures,

which is a hallmark of indiscriminate HDDA benzyne oligomerization reactioriee

absence of a competent trapping agéhadditionally, a large portion of RR=S was

again recovered. Moreovetl NMR analysis of the crude product mixture did show the
formation of511, but along with a regioisomeric adduct [see Seqmentaryinformation

for Chapter or det ai |l s] i n'Ha&MRBanddsoteddthi ned yi el d

10We use here the designation#@£S vs. ##Seto distinguish between the sulfur vs. selenium analogs of
otherwise identical structures.

%1 Trace dibenzofuran formation was also observed with OsRRbugh we did not further pursue this
reaction to instead study the formation of new heteroaromatic systems.

152 Nju, D.; Willoughby, P. H.;Woods B. P.;Baire,B.; Hoye, T. R. Alkane desaturation by concerted double
hydrogen atom transfer to benzyri¢ature2013 501, 531 534.

1531t is relevant that many benzynes similarvto (derived from symmetrical tetrayne substrates) nearly
always give mixtures of regioisomeric products upon trapping by nucleopfiles



72

Figure 5.2 a) Hu's reported outcome for trapping of a HDDA benzyne derived §bon
with PhsP=S. b)Our initial observation of desired dibenzothiophene formatiorlpA
benzyne intermediates formed enroute to dibenzothiopbrenieicts.

a Hu (2019)
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MeO
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We next varied reaction condition parameters to learn their impact on the yield of

513S (Figure5.3) . Per for mi ng trifluerotolueree ¢PhCHoinstead of U, U, |
dichloroethane eliminated formation of an aryl chloride side product, but only provided a

mar gi nal I mprovement in yield (10 % to 21
report, the particular electronic and steric nature of the sudaxidne substituents had a
significant impact on the aryne trapping efficiedéyConsidering this, we next turned our

attention to modifying the phosphine substituentssi2+5 604-S). Increasing the electron

density of the three arenes by usiB@aS increased the yield 0613St o 39 %.
Conversely, using the relatively electrdaficient phosphine (furyl)sP=S 604b-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 fampentaryinformationfor Chapter

Figure 5.3 Selected optimization studies for the formatiors b8 S

solvent # equiv. of triyne 512 phosphine sulfide (1.0 equiv.) yield of 513-S
CICH,CH,CI 0.9 Ph,P=S 10%
PhCF;* 2.0 Ph,P=S 21%
PhCF, 2.0 (PMP),P=5504a 39%
PhCF; 2.0 (2-furyl);P=S 504b n.d.
PhCF, 2.0 t-Bu;P=S 504c n.d.
PhCF, 2.0 MePh,P=S 504d 41%
PhCF, 1.0 MePh,P=S 504d 63%
PhCF, 0.3 MePh,P=S 504d 48%

[a] For a complete list of all conditiorexamined, see the Supmentary Information for Chapter. fb]
Reactions perf or mevih [5430=0.03M0 [c]RKP=pf(neethoxy@phenyl. [dJ, &, U
Trifluorotoluene is a convenient solvent for many HDDA reactions: it can be readily dried by azeotropic
removal of water; it has a convenient boiling poi
temperature and ease r@imoval; the electrodeficient 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 wei§ t-butyl phosphine sulfidesQ4c
S) was too encumbered to trap the insipient aryne, whereas replacing one phenyl
substituent in P#P=S by a methyl group (s&@4d-S) resulted in the highest yield 613
Sof the five phosphine sul fidesb50{d&foat) exa
equimolar amount witb12f ur t her i ncreased the yield to
t hat the 1 : -phbsphinb Bufide tbetamne gdduet (df. Figure5.1b) is a
more competent benzyne trap than the parent phosphine &0deS. Lastly, using an



even larger excess 604d-S (last entry,Figure5.3)

yield).
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be

Figure 5.4 Various dibenzothiophenes aneselenophenes synthesized through
phosphorane trapping of HDDA arynes fromaa)l triynone precursors, or e tetrayne
523leads to the Shaped produdi24-S.

a Trapping of HDDA triyne precursors
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We next subjected a series of HDDA precursors to the improved reaction conditions

(Figure5.4). In all cases, dimeric, fully substituted dibenzothiophenesseldnophenes

were observed as the major products in modest to good yield. Phosphine S4fikie

most often was somewhat more efficient at aryne trapping than the phosphine selenide
analog504d-Se (see Figuré.4a). Unlike in our previous report with diaryl sulfoxide
annulation, the reaction of various aryl triynones with phosphine chalcog&diesS(e)

gave mixtures of Sand Ushaped dimers (left vs. right columns in FigGré
respetvely).

Confirming the topology of the dhaped 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; cf517, 519, and520), and the other a narrower bay region (red dot523).
Extensive examination of HSQC and HMBC NMR data did not definitively distinguish
between the two topologies.

Considering this uncertainty, we turned to DBdsed NMR calculation methods.

We chose to use DP4+, a GlAfased computational method, most typically used for
distinguishing diastereoisomers, as a means of assigning the strér&inebis study we
analyzed the NMR data for the fivedhaped productsl7-S(e) 519-S, and522-S(e) In
each case, DP4+ definitively presddSsi7ed ( 09 ¢
Se and519-S have the wider bay region topology, wher&ag-S and522-Se have the
narrower bay region topology. This is specifically shown for exanfdlésS and522-Se

in Figure5.5a (see theSupplementary Information for Chapterf& all analyses). To
validate these DP4+ assignments we obtainedyXcrystal structures of spectels/-Sand
522-Se which corroborated the DP4+ assmest (Figures.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 (@) 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
Org. Chem2015 80, 12526 12534 (b) Zanardi,M. M.; Sarotti,A. M. Sensitivity analysis of DP4+ with

the probability distribution terms: Development of a universal and customizable met®og. Chem2021,

86, 8544 8548.
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high degrees of $gunctionality, which is by far the most common class of structures for

which DP4+ is use®®

Figure 5.5 a) DP4+ analysis of kshaped dimers based &d and*C NMR spectra to
discern between narrow bay region (left) and wide bay region (right) topologies. b)
PyMOL renderings of the Xay crystal structures &17-S and522-Se (hydrogens are
omitted).

a DP4+ analysis of U-shaped isomers

narrower bay region wider bay region

Me Me

Me Me;Si SiMe3
Me;3Si~_=~,-S_ Me T N\_ \
n_,0 . O O
(e} ¢ .\\ SiMe; 5175* N\ 4/\8/\'\
(6]
99% prob.

o o 522-Se o .° 5178 ®_ o

Finally, we wanted to gain insight into the mechanism of formatidhesfe helical
dibenzochalcophenes. Specifically, we wanted to see if there was computational support
f or t h e-phosphoeanedifes ligand@oupling process, cf. Figute. 1)cWe uskd
DFT of the reaction coordinate starting with the simplified triyne subgi2dero model

For a review on DP4+ -ainkhéysssr odt diMeX; GisetidS:; pMadaua t
Zanardi,M. M.; Sarotti,A. M. Nat. Prod. Rep2022 39, 58 76.



77
t h epho@phoranéX we followed precedent by Paton and McNally in their reports of

P(V) CiC couplin®¥g with heteroarenes.

Figure 5.6 DFT modeling of key, latstage events convertinglll via IX to products
during the overall reaction of two molecules5#5+504d-SY 26-S+Ph,PMe. For DFT
calculations of all steps, see Figw®5 Calculations performed at the
[ ( SMD 3)/MNA®G3FL 1 + G* * [/ | ( SFNINL5/6-31G>|HeCelFof theory.

A — o _
several elementary Me
steps (see Supplementary — o - 229 A A Q‘
Information for Chapter 5) Me ¥ O s” Q
— A Aol gz
/ \ ! o P.
L Bl PSS
/ | P B
| o O ; 1.84 A
Me |

t

128.2 kcal mol™

TS1 @ TS2
= - B 7.7 keal mol”!
. L 6.4 kcal mol! —
———=——Me ! \

MePh,P=S 2.4 keal mol!
504d-S —_—

N

- "—‘\\”’—”’

0 kcal mol™! Me o ] \
(kcali\oﬂ) B o N
Me Q P% -74.7 kcal mol™
o 'O P@ IX o 'O <_ >0

Me

Me |
viii Q
L _ 526-S

+
Ph,PMe

reaction coordinate
The pertinent parts of the computed reaction coordinate are shown in Figure
(energies ref er en /Bld The startindireactants are tivo coples of t e r i
triyne 525and the phosphine sulfi&®4d-S. This proceeds to the zwitteridfill through
four elementary reaction steps, which were also computed ppéeghentary Information
for Chapter . The overall process (825+504d-SY VIII ) has a g Gn=T 128.2
kcalmol'?, reflective of the exergonicity inherent to both the HDDA cycloisomerization

and trapping events. The zwitterigitil was seen to proceed to the slightly higher energy,

156(a) Hilton, M. C.; Zhang, X.; Boyle, B. T.; AlegreRequena,J. V.; Paton,R. S.; McNally, A. W.
Heterobiaryl synthesis by contractivé € coupling via P (V) intermediateScience2018 362, 799 804.
(b) Zhang,X.; Nottingham K. G.; Patel,C.; AlegreRequena). V.; Levy, J. N.;Paton,R. S.;McNally, A.
Phosphorusnediatedsp’i sp*couplings for CH fluoroalkylation of azinesNature2021, 594, 217 222.



78
i somer i cphosphardndXc Thé final elementary step converting to the

dibenzothiophenb26-Svia TS2 can be viewed as a ligamdupling 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) speties

The differences among the distributions of topologically isomeric products (i.e. the
ratios in Figures.4 of the possible Uand Sshaped 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 bentoiophene, dimethoxybenzg and
naphthemoities 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.
5.3Conclusion

In summary, we have expanded our understanding of hypervalent main group
couplings with arynes to pnictogeentered mediators. In contrast to previous studies
using Kobayashi benzynes, benzynes generated using purely thermal HDDA conditions
revealed an #&rnative reaction path leading to helical dibenzothiophenes -and
selenophenes. We successfully employed DP4+ NMR analysis to confirm the structures of
selected PAGS an uncommon instance demonstrating the effectiveness of the DP4+
method to highly spatomrich chemical species. DFT modeling of the reaction coordinate
suggests a mechani sm i n-phosphorane opteraediate thahis y e n
in equilibrium with an isomeric zwitterion. The concerted ligand coupling witkirio
give 526-Svia TS2is 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 HDDAbenzynes with tethered

cyclohexadienones: strairdriven events originating from
ortho-annulated benzocyclobutenes

The studies presented in this Chapter have been disclosed in and largely adapted from a
published article!®” 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 electrondeficient alkene to give benzocyclobutene intermediates are relatively rare.
Benzynes are electrophilic and generally engage nucleophiles or eledtrardystems.

We describe here reactions in which an alkene of a tethered enone traps trgameatiyed
benzynes in a variety of interesting ways. The number of atoms that link the benzyne to C4
of a cyclohex&,5-dienone induces varying amounts of strain in the intermediates and
products. This leads to a variety of different reaction outcomesgalgyof 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 CiC2 and CRC3 of a benzenoid ring i . erthcacdhnul ati on str ai
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

7Sneddon, D. S.; Hoye, T..Rascade reactions of HDDBenzynes with tethered cyclohexadienones:
straindriven events originating fromrtho-annulated benzocyclobuten&hem. Sci2024 ASAR
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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 benzocyclobeit&es.
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 electagficient alkene in an analogoteshion, a
reflection no doubt of the electrophilic nature of an afffe.

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 thiasigaus
fusion of two adjacent rings to the T2 and CRC3 bonds of an aromatic ring. This
contrasts with the more classical and valldied classes of strained ring systems (e.g.
propellanes, bicyclobutanes, cyclophanes, cyclic alkynes 3.

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 triyreontaining cyclohexadienone substrate sucB0dgo thermally
produce the benzyn602 which would allow us to assess its ability to generate the
benzocyclobutene derivative03 (Figure 6.1a). We carried out an initial set of DFT
computations using the simplified tethered benzydto learn about the energetics of
such a process (Fige 6.1b). The intermediate diradic&l05 can exist as either @s- or
transfused diastereomer. The calculations show a large difference in the barriers leading
to each ( pmpGY'Y.Thekietically lkess faVvorabtecfdrmation of ttians-

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. Md&dkrn Aryne Chemistrywiley VCH,

2021.

9 Hamura, T. Pericyclic reactions including [2+2], [3+2], and [4+2] cycloaddition€dmprehensive

Aryne Synthetic Chemistryoshida, H., Ed.; Elsevier, 2022; pp 2830.

160Rondan, N. G.; Domelsmith, L. N.; Houk, K. N. The relative rates of elecichrand electromeficient

alkene cycloadditions to benzyne. Enhanced electrophilicity as a consequence of alkyne bending distortions.
Tetrahedron Lettl97935 32371 3240.

161 wWiberg, K. B. Strained hydrocarbons: Structures, stability, and reactivitiRebctive Intermediate
Chemistry Moss, R. A., Platz, M. S., Jones, Jr., M., Eds.; Wiley, 2004; pp7AD?

%2Dodziuk, H.,EdSt r ai ned Hydrocarbons: BeyondWieh2009anodt

Ho
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TS. Closure of theis-isomer of diradicab05 to the alicisisomer of the benzocyclobutene

derivative606 occurs via a very lovibarrier collapse of the diradical. This simple study
suggested that there should be a substantial preference for formation of only one of the
diastereomerigis-fused products (i.e. structud€6 with both Hs up rather than with both

Hs down).

Figure 6.1 (a) Concept of trapping a HDDA benzyne by the elecpoor alkene in a
tethered cyclohexadienone. (b) DHElative energies of the stationary points converting
model benzyn€04to the benzocyclobuter&6 (via the diradicab05). (c) First example

of a benzocyclobuter®rming reaction from a cyclohexadienof{¢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 chemisti§164
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83 Marell, D. J.;Furan,L. R.;Woods B. P.Lei , X.; BendelsmithA. J.;CramerC. J.;Hoye, T. R.;Kuwata,

K. T. Mechanism of the intramolecular hexadehyfxdo e | s T Al d. & Org.rChem20tl5 86, 41744

0 11754

164Xu, Q.;Hoye, T.R.El ect r oni ¢ -dédhgrotaleehecintermediatedigerrated from isolable
allenynecontaining substrateAngew. Chem., Int. EQ022 61, 202207510
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Encouraged, we synthesized the triy667a %> and observed its efficient

conversion to the isomeric, hexacyclic benzocyclobutene pré@8atwhenheated at 85
°C in 1,2dichloroethane (1;DCE) (Figure 6.1c). The structure of this product was
initially deduced from NMR analyses and later corroborated by-eayXiffraction study.
The presence of the tricyclo[5.3.3%bxadodecatriene subunit ®08a (green bonds),
comprises three contiguously fusedtfio-annulated) rings and includes three adjacent sp
hybridized benzenoid carbons.

We wondered how common this type of substructural motif might be. Structure
searching the literature identified only three types of such skel&084d b, Figure6.23),
all fully carbocyclic (our search allowed f@- andN-heterocyclic variants as well, but
none were found}?6167168169170171172173\Moreover, we could locate no examples of a
skeleton in which the saturatedn@mbered ring iI609 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 straB08awas observed by the
rapid onset of dark color of the crystalline sample almost immediately after it was melted

(218 220 °C). Thermal lability of608a was also suggested by its partial injector

185 Triyne 607awas prepared by a sequence in whicp-éresol was trapped by propargyl alcohol in the
presence of phenyliodine diacetate (PIDA), ii) alkyne bromination, iii) Cia@raidkiewicz crossoupling

with a diyne, and iv) final oxidation (Mnfpto the ynone. Similar strategies were used to construct all of the
polyyne HDDA substrates used in this study. SeeStifplementary Information for Chaptefdd details.

166 Friedli, F. E.; Shechter, H. Aromasabstitution and addition reactions éf-tyclobutaflenaphthalenes.
Tetrahedron Lett198526, 115771 1158.

167 Kendall, J. K.; Engler, T. A.; Shechter, H. Preparative methodology and pyrolytic behavior of
anthrylmonocarbenes: Synthesis and chemistrytbtylclobutafilanthraceneJ. Org. Chem1999 64,
42551 4266.

168 Salem, B.; Klotz, P.; Suffert, J. Cyclocarbopalladation: Formation of bicyclicyc®butanediols
through a rare4xo-dig cyclization.Org. Lett.20035, 8457 84 8.

189 Bour, C.; Blond, G.; Salem, B.; Suffert, JeRo-dig and 5exo-dig Cyclocarbopalladations: an expeditious
solution toward molecular complexityztrahedror?006 62, 10567110581.

10Blond, G.; Bour, C.; Salem, B.; Suffert, J. A new-d&dalyzed cascade reaction for the synthesis of
strained aromatic polycycle®rg. Lett.2008 10, 107511078.

171 petrignet, J.; Boudhar, A.; Blond, G.; Suffert, J. Séepnomical synthesis of taxlike tricycles through

a palladiumacatalyzed domino reactioAngew. Chem. Int. E@011,50, 32851 3289.

72 Fillion, E.; Carson, R. J.; Trépanier, V. E.; Goll, J. M.; Remorova, A. A. palladgaayzed carbon
carbon bondorming 1,2ligand migration of organoalanek.Am. Chem. So2004 126, 153547115355
3 Blond, G.; Suffert, J. 4€xo-dig-Cyclocarbopalladation, discovery and application in the synthesis of
complex polycyclic molecules. I8trategies and Tactics in Organic Synthgbiarmata, M., Ed., Vol. 15;
Elsevier, 2021; pp 36616.
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temperaturalependent conversion to a new product (see belowydggpa) during GC

analysis.

Figure 6.2 (a) The three known classes of compounds containing a [6/6/4]tricyclic
substructure. (b) Differences in DFTree energies of all three sets of minima for the
conversion 0611+ ethane §10) to 613via 612+ ethane (all energies within each series
of homologs have been referenced to the energy of the tethered @lketieethane).
aMN15/6-311+G(d,p)].
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To probe how much strain might reside within tricyclic skeletons related to the one

present irb08aand609, we performed a set of DFT computations of the energetic minima
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for ethane §10) and the five sets of model compoud4i 613 (Figure6.2b).1"*Here, we

will call the skeletons present @2 as [6/(n + 3)/4] tricycles; we varied n (the number of
intervening methylene units) from 0 to 4. The energy of the starting be6tfrer each
of the five sets of homologs was set to be 0 (all energies in kca)nminimum could
not be located for the most highly strained [6/3/4] tricy&1@ (n = 0). The calculation
instead optimizedtoaringl eaved species. The @GA bet wee.]
tricycle 612 for each of the successively larger rings t@ 7-membered) progressively
became more exergonit an indication of the relative strain in the homologous series of
[6/(n + 3)/4] tricycles. To evaluate the strain in eacleldt more directly, we calculated
the homodesmotic reaction in which the CJsB(sp) bond in ethane was exchanged for
the C(sp)i C(sp’) bond in the foumembered ring in each @121’ The energetic
changes (@®@GA values in blue) for these eth,
cleavage of the smallest ring in eastho-annulated tricyclé’’

In view of the substantial strain in these [6/(n + 3)/4] tricycles, it occurred to us that
it might be possible to Astoreodo the inherer
subunit and subsequently utilize it to drive additional interestamgstormations. 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 adtkehydreDielsi Alder (HDDA) cyclization
is computed to be, typically, #80 kcal molt exergonict’® 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.

SWheeler, S. E.; Houk, K. N.; Schleyer, P. v. R.; Allen, W. D. A hierarchy of homodesmotic reactions for
thermochemistryJ. Am. Chem. So2009 131, 25471 2560.

176 Magers, D. B.; Magers, A. K.; Magers, D. H. Théa@nodesmotic method for the computation of
conventional strain energies of bicyclic systems and individual rings within these systeisQuantum
Chem2019119 171 14.

177wWe also computed the strain energies of a series of homologous tricyclic hydrocarbons, these having a
threemembered cyclopropene ring replacing the cyclobuter@&lth The strain release measured by the
ethanolyses of these benzocyclopropeoetaining polycycles showed parallel trends to those described in
Figure 6.2 for the cyclobutene analogs [see Figaf&4and discussion ilsupplementary Information for
Chapter §Homodesmotic Reaction Energies for the [6/n/3] Series of Homologs)].

178 Fluegel, L. L.; Hoye, T. R. HexadehydRielsi Alder reaction: Benzyne generation via
cycloisomerization of tethered triynéShem. Rev2021, 121, 241371 244 4.
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had in hand the knowledge of the existence of the readily handleable [6/6/4] tricyclic

derivative608a

Figure 6.3 [6/6/4]-Benzocyclobutene808h h produced from triya precursor$607h h.
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We present here an array of benzocyclobutene derivatives prepared by

intramolecular reaction between an HDDA benzyne and a tethered cyclohexadienone
(Figures6.3and6.4). We then show a variety efraindriven transformations, some quite
unexpected, that these strained species were observed to undenges@-46.8). At the

end of thechapter(Figure6.9), we will return to the case of a potential (and more highly

strained) [6/5/4] tricyclic intermediate.

Figure 6.4 Triyne substrate$15d ¢ containing different triyne tethers also cyclize to
[6/6/4]-benzocyclobutenes.
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A number of additional types o$ubstrates will participate in this enone
cycloaddition chemistry to produce isolable benzocyclobutene derivatives. Those based on
the dimethoxyphenyl ketone linker are shown inuré5.3. In substrate607b and607c,
the oxygen atom in the oxymethylene tether prese®®ia has been replaced by an NTs
or a Ch group, respectively. Substrat&@7di h, in which the quaternary methyl group in
607ais replaced with a variety of different substituents, demonstrate the compatibility of
an array of common funamal groups with the transformation. The structure808bi h
were assigned based on their analogous proton NMR characteris@esyB08afor key

portions of the spectra. Additionally, the structure of the estdeneed producé08h was
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subjected to DP4-° probability analysig/* which showed definitive agreement with the

assigned structure. In no instance did we detect the presence of an alternative
diastereomeric benzocyclobutene @¥6-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 (iig6.4). Each proceeded smoothly to provide the
lactone and carbazoleontaining product616a and616b, 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 meltiri®8g 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;DCE), it gave rise tan isomeric product, the structure of alinwas
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 @écantakstalline
derivative and turned to the very useful Rychnovsky OBREDA method, which
involves in situ derivatization of alkenes and crystallization of their osmate ¥8tehe
newly formed isomer dd08awas treated with 1.0 equwival en
and TMEDA in dichloromethane resulting 1in
diffusion (DCM vs. pentane) gave black crystals characteristic of an osmate ester (see
photo in Figire6.53. 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 produ6tL8 leaving the alkene intact! Accordingly, we could
then defnitively assign the structure of the rearranged [6/6&jzocyclobutene®08aas
617.

17 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 practicaNguiderod. Rep.
202239, 581 76.

80 Burns, A. S.; Dooley lll, C.; Carlson, P. R.; Ziller, J. W.; Rychnovsky, S. D. Relative and absolute
structure assignments of alkenes using crystalline osmate derivativesafoamalysisOrg. Lett.2019 21,
10125110129.
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Figure 6.5 (a) First indication of a straidriven rearrangement of a [6/4/6]
benzocyclobutené08g and confirmation of its structure by an unusual osmylation of the
arene ring ir617 (b) Proposed reaction pathway using the truncated model comp&and
and passing throughrxylylene and epoxide intermediaté20 and621, respectively. (c)

A DFT? potential energy surface (PES) suggesting that the observed pathway is viable.
MN15/6-311++G(d,p), SMD: dichloroethan&:
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181 We used the MN15 functional because of inferential information that suggests it is effective in locating
converged transition structures. MardirossinHeadGordon,M. Thirty years of density functional theory

in computational chemistry: an overview and extensive assessment of 200 density funtfiohdtys,
2017, 115 2315 2372
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How did 617 arise? The essential aspects of the proposed mechanism are shown

using the truncated structurés9i 623 (Figure 6.5b). We envisioned a pathway in which

619 proceeds to the-xylylene 620 and epoxides21 enroute t0623. We again turned to

DFT computations to further evaluate this thinking (ffgg6.5¢). Our goal here was to
demonstrate theiability of various stationary states required for this overall PES. Because
of the absence of structural features (especially the conjugategimtether) that would

be expected to alter the energies of these
op G specific values should be taken as qualitative. Nonetheless, this did demonstrate the
mechanistic viability of (i) a conrotatory electrocyclic Fagening of619 to 620, (ii) an
unorthodox, aromatizatiedriven, concerted cyclization in whiclhe carbonyl oxygen

atom captures benzylic cation character in the forming epoxide ri6glimnd (iii) an
unusual 1,2/inyl migration with concomitant epoxide rirgpening leading t623.

With this mechanistic thinking in mind, we explored the thermal chemistry of the
benzocyclobutenes derived fr@#7a(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 6.63). Initially, a mixture of607aandN-phenylmaleimide §24g was heated at
130 °C in 1,2DCE. Again, to our surprise, the principal prodé&5a was one in which
the maleimide had engaged the arene ring as a dienophile in a [4 + 2] citoadd
reaction. This mode of reaction was then observed in reactions of additional maleimide
derivatives with the triyne substraté87a 607b, and 607¢ leading to625b, 625¢c and
625d respectively.
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Figure 6.6 Unexpected DielsAlder adduct formation between the benzocyclobutenes

derived from 607a c and 615b and (a) dienophilic maleimides and (b) dimethyl
acetylenedicarboxylat®®MAD ).
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We then used dimethyl acetylenedicarboxyl@®&AD) as a trapping agent with
the triyne substrate807aand615b (Figure6.6b). Again, each underwent preferential [4
+ 2] cycloaddition across the aromatic ring in the intermediate benzocyclobuteB2§)(cf.
However, this was now followed by a rapid rebBelsi Alder event under the reaction
conditions to rearomatize the benzenoid ring in each of the final pragRicasand627h.
All of the reactions in Figre6.6reflect a degree of distortion of the areimg that renders
it susceptible to [4 + 2] cycloaddition events. Indeed, the crystal structé@8athows

that theortho-annulated benzenoid ring has three internal dihedral angles (among the six)
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within the arene ring distorted to the extent of I and that the internuclear distance of

the para carbons that engage in the DA reactiéfnd give rise to C3a and C6b6a5

and626) is 2.65 A while the other two pairs of para carbon internuclear distances are both
2.85A.

Figure 6.7 (a) Trapping reactions in which either the intermediate ep@ddieor carbonyl
ylide 622" was intercepted, providing experimental support of the computed PES shown in
Figure6.5b/c (b) Analogous trapping reactions of a relateddiglar intermediate.
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82 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 autipdl@s to curved arenes,
fullerenes, and nanotubes: Theoretical evaluatiothe role of distortion energies on activation barriers.
Chem. Eur. J2009 15, 1321971 13 2-Rddeja, Y.;b5pla, KB.aBickethaupt, F. M.; Fernandez, I.

Reactivity and selectivity of bowdhaped polycyclic aromatic hydrocarbons: Relationship to C&ém.
Eur.J.201622, 136871 1378.
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We have found several additional reactions in which cleavage of the cyclobutene

was the dominant straielieving driving force (Figre6.7), as first seen in the conversion
of 608a to 617 (Figure 6.5a). First, when607b was heated in 1;DCE containing 10
equivalents of acetic acid, the rearranged acetate G28avas the only isolated product
(Figure 607a). We infer that this arises by an aadtalyzed opening of the epoxide
intermediate2 1 Skcond, when triyn@07b was heated in 1;RCE containingDMAD ,
the 1,3dipolar cycloaddition produdi29awas the only isolated product. This provides
clear evidence for the carbonyl yli@2 2a¥ja species on the reaction pathway. Similar
1,3-dipolar cycloaddition products wembtained starting from the triyn&l5a using
DMAD or N-methylmaleimide §24¢), leading to the formation 0629b or 62%,
respectively (Figre 6.7b). These experimental outcomes support the key aspects of the
model computations described in &ig6.5c. namely, the intermediacy of epoxide analogs
of both621 and 1,3dipole analogs 0622.

We also explored the behavior of substrai88a and 30b, each containing a
spirocyclic ketal moiety within the linker (Fiige 6.8). If these were to have followed the
[2 + Z reaction pathway, thertho-annulated intermediate benzocyclobutene would have
contained an 8nembered ring (i.e. a [6/8/4] substructure). Instead, and perhaps not
surprisingly, the reactions took a different, although still interesting, course. N&B3@dy,
gave rise t®34aand635, two unusual polycycloisomerization products. The structure of
each was assigned by extensive 1D and 2D NMR spectroscopic studies, and that of the
cyclopropanecontaining compoun@35was further verified by an-Xay diffraction study.
Likewise, the estelinked triyne630bgave the phenol derivatié34b, an analog 06343
as the sole isolated product (&ig6.8b).
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Figure 6.8 Novel polycycloisomerization products arising from substrates containing a
ketal within the cyclohexadieno#ie-triyne linker.
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The formation of these polycyclic products can be rationalized by attack of the
distal ketal oxygen to the electrophilic benzyne carbon atom in,684.Cyclization of
the 1,3zwitterion632by 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



94
derivative634aor through the cyclopropasferming event indicated with the blue arrows.

Since there are a number of diastereomeric possibilities for stri&3ardt is certainly
possible that certain one(s) are preferentially leadi®@4@vs.635 A control experiment
demonstrated that isolaté85is very stable when heated independently at 85 °C for 20 h
in CDCB, ruling it out as a precursor ®84a Finally, it is also notable that in these
reactions the alkynes B80afueled not only the formation of the benzyne but, in turn, the
production of a compound containing the most classic of all strained cyclic hydrocarbons
T a cyclopropane.

We were, of course, interested in learning what would happen using a substrate
with a shorter, singlatom tether between the triyne and cyclohexadienone. Would that be
capable of giving rise to a yet more highly strained [6/56ftho-annulated
benzocyclobutene skeleton? Thus, we prepared the sul&3Gémd heated it to induce
benzyneformation (Figure5.93). A very clean conversion to the unexpected pentacyclic
product639, 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 tos®f the enone to account for this outcome. We then considered the
alternative addition of the proximal benzyne carbon t@Cthe enone to fornd37 (in
truncated form) this mechanism would proceed 62 via641and642 to 643 (Figure
6.9b). The final step involves a pseu@o-electrocyclic ring closure @42to 643(cf. 638
to 639 in which there is a concomitant hydrogen atom migration. Notahlefes of this
overal/l me ¢ h acleavaga within @radicd@3y7 (ort64l)ewhich gives rise to
t h e-ddbyd®toluene speci€é88(or 642) and (ii) the unusual, concerted migration of a
hydrogen atom that accompanies the electrocyclizati6B8&tb 639 (or 642to 643), which
is further seen iMS7. These unorthodox events are indicated to be energetically feasible
by the DFT PES shown in Figuée9c(cf. Eactsvia TS5 TS7).
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Figure 6.9 (a) An unexpected reaction outcome starting from trig8@having a one
atom tether. (b) A mechanistic rationale involving initi&lGCbond formation to €of the
enone 640to 641) ,-c Ibe a v a g edehydrototuene dérivativé41to 642), and an
unusual electrocyclization with concomitant hydrogen atom migra6dg to 643). (c)

DFT? results showing the energetic feasibility of this pathviJ)B3LYP-GD3BJ/6
311++G(d,p), SMD: dichloroethane].
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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 intermediaté$ to produceortho-annulated benzocyclobutenes, but that these
polycycles temporarily house strain that can themebeased to give rise to a variety of
additional unorthodox transf or mat tbond,s . T h e
Dielsi Alder additions to a distorted arene, rearrangements to epoxide adgpd®
intermediates, and uncatalyzed-a/Rene migrabn 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,t€Zand CRC3 of a
parent benzenoid ring. We refer to that hereriso-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
hydrocarbonsg12, Figure6.2b).

Finally, the studies also demonstrate that the electedicient alkene of an enone
can undergo initial -bwocadon$ depemding dondhe lermgthofe i t h
the tether between the benzyne and enone. The former proceed2t6 Hatycloadducts,
a rare process for electrpoor alkenes with arynes, whereas the latter undergoes an
unusual p r o cseission of ardivadidaMeiading to et another strained reactive
i nt er me d idahydeotoluemenderiatig. Energy relefisem thermal reactions of
alkynes can be captured and then progressively liberated to drive atypical sequences of

reactions.
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Chapter7.Rapi d (025 AC) Cycl oisomer |
tethered Triynes to Benzyne$ Origin of the Anhydride
Linker -induced Rate Enhancement

This work represents the preliminary resulté the collaborative efforts of Paul V.

Kevorkian and the author of this Thesis.

R? B 7]
in situ R?
i) —HX R’
) Trap
i) HDDA | o
(0]
0 L o

X =0H or Cl

Summary: The hexadehydr®iels-Alder (HDDA) reaction has served as a means of
generatingortho-benzyne derivatives from polyne precursors in the absence of any
external activating reagents. The precursor is typicallyfgpreed and the (ratkmiting)
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 & 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.
7.1Introduction

The DielsAlder [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
sterecenters 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 DieAdder reaction, wherein the alkenes that poise
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either the diene or the dienophile are instead alkyffesBy this definition, the first

disclosure of any DieiAlder-like process is the 1895 report by Michael and Bucher of the
condensation and subsequent tetradehipdetsi Alder (TDDA) reaction of two
equivalents of phenylpropiolic acid’/@l) in refluxing acetic anhydride to efficiently
produce the naphthaler@hydride derivativ@04.1841851n 1899, Lanser reported a similar
transformation using phosphoryl chloride as the dehydrating afenBaddar and
coworkers later carried out a series of experiments in which they established the
intermediacy of phenylpropiolic acid anhydrid&®).18’ It is now recognized that TDDA
reactions of substrates containing tethered conjugated enyne to alkyne subunits like that
present in702 proceed via 1,2;4yclohexatrieneg03¥ which then undergo net 1,5-H

atom migration to afford04 (Figure7.1a).

It was nearly 30 years later that Diels and Alder published their seminal work
producing adducts such &€5, in what we regard today as the classical Dislder
reaction (Figur&.1b).18 A more recent variant of a net cycloaddition reaction to produce
six-membered carbocycles is the hexademielsi Alder (HDDA) reaction (Figure
7.1¢). For example, a polyne substrate joined by a thratom tether such as the ether
linker in 706 undergoes net intramolecular [4+2] cycloaddition to form highly reactive, yet
selective,ortho-benzyne derivatives such 97 under purely thermal conditiort§?

83Wessig, P.; Muller, G. The dehydidi e | s T Al d Ehem. Re20@8t1082061 2063.

184 Michael, A.; Bucher, J. E. Ueber die Einwirkung von Essigsaureanhydrid auf Sauren der Acetylenreihe.
Chem. Berl895 28, 2511 2512.

185 Michael, A.; Bucher, J. E. On the action of acetic anhydride on phenylpropioli®acidcChem. 11898

20, 89 127.

186] anser, Th. Ueber eine neue Darstellungsweise der TriphenyltrimesirGaers. Berl899 32, 2478

2481

87Baddar, F. G.; EAssal, L. S. 251. Phenylpropiolic acids. Part Il. The dimerisatiop-mifro- and p-
methoxyphenylpropiolic acidJ. Chem. Sod.948 1948 1267 127Q

18 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 ehydes.
Chem.1994 59, 5514 5515.

89 Djels, O..; Alder, K. Synthesen in der hydroaromatischen Rdilstus Liebigs Ann. Chert928§ 460,

98i122.

190 (@) Hoye, T. R.; Baire, B.; Niu, D.; Willoughby, P. H.; Woods, B. P. The hexadeHyiisi Alder
reaction.Nature2012 490 208 212.(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 Hexadehidioe | s T Al der / [ 3
CycloadditionJ. Org. Chem2023 88, 208 212.

+
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Subsequent experiments done by the Ward gPdirpwhich phenylpropiolic acid701)

was converted to the anhydrid@2using DCC were shown to produce the known TDDA
adduct704even at 0 °G?2 One final reaction that influenced our thinking and design of
the project we describe here is shown in Figutel. Nicolaou and coworkers described
the formation of symmetrical anhydrides under very mild conditions via transient, mixed

carboxylicsulfonic anhydride$?

Figure 7.1 (a) Reports of the TDDA reaction of phenylpropiolic acid. (b) Classical Diels
Alder reaction (c) HDDA reaction to form amtho-benzyne andubsequent trapping. (d)
Facile formation of a carboxylic acid anhydride mediated by methanesulfonyl chloride.

a 2Michael and Bucher (1895), PLanser (1899), *Ward (1972)

b Diels and Alder (1928) C e.g., Liand Zheng (2023)

“ HDDA Q Q Trap
e
| 100 °C

707

l

d Nicolaou (1999)

X CO,H MsCI ( 1eqU|v)
pyrldlne

708
Blcadby, P. A;; Hearn, M. T. W.; Ward, A. D. |. The reaction of arylpropiolic acids with carbodiimides.
Aust. J. Chenll973 26, 557 570.
192 This evolution of reports of the temperatures used to effect the transformafi®atof704 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 loa€tc.).
193 Nicolaou, K. C.; Baran, P. S; Zhong, Y.; Choi, H.; Fong, K. C..; He, Y.; Yoon, W. H. New synthetic
technol ogy f or t h-iazekgetoneshia acyl mesylat€rghlieth1939 11, 888 898.
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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 guuk(jdenzyne
derived products. In light of the mild reaction conditions sufficient to induce the cyclization
of the anhydrid&02 we wondered what temperature would be required to induce HDDA
cyclization of an anhydride such as that derived from dehydratoupling of the
conjugated diynoic aci@l0a In the first experiment (Figuré.2) a THF solution of
phenylpentadiynoic acid7(0g was treated with a slight excess of MsCI 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 proditi 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 furtheuimate overnight. The-éhlorobutoxy
group in711can be accounted for by the ringening of the oxonium o139 which,
in turn, can arise from initial trapping of the HDDA benzyfi by THF at the more

electrophilic carbon (&.

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-substitutedl-aminobenzotriazoleBetrahedror200Q 56, 1013 1023.
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Figure 7.2 First example of in situ diynoic acidondensation and anhydritbDDA
cycloisomerization in which the intermediate benzyne was trapped via solvent
participation.
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By incubating710awith MsCI and pyridine in a nemteracting solvent (DCM
instead of the THF used in Figure?), 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 (Figlr&g). This led to formation of the oxanorbornadiene
derivative 714ain excellent yield. We also observed that trifluoroacetic anhydride and
methanesulfonic anhydride also were effective dehydrating agents, althoutjid wet
explore this in any depth. This anhydrdd®DA process was shown to be general in terms
of the diynoic acid used (blue, Figure3b). A wide variety of diynoic acid derivatives,
many previously unknown, were synthesized (sggpfmentary Information for Chapter
7 for details) and shown to undergo anhydride formation, facile HDDA cycloisomerization,
and trapping by furan. Both electron richl10b) and poor 7109 aryl rings can be
employed. Additionally, the reaction tolerates disubstituted ar@d@s)(and heterocycles
(7108. Simple alkyl 7101) and silyl 710gh) 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.

a first example of trapping with an external agent in a non-interacting solvent
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We next sought to expand the scope of traps that could be employed in the
anhydrideHDDA process (Figur&.3c). Benzyl azide provided the triazofd5 in good
yield. We confirmed the identity of the sole isolated isomevl&sby 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 benrdgnged products via
in situ trapping. These include a sulfida T, from thioanisole), pyrazol&19, from ethyl
diazoacetate), isoxazolé20, from a nitrile oxide), and isoindol@Z1, 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-poc 0 t e, c-diaenithes.U
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We also demonstrated with a few examples the ability to further functionalize the

product arising from these om®t, in situ, anhydride assembly and cyclization reactions.
Using the substrates shown in Figdré, which happened to be conveniently available, we
demonstrated that an aromatic amine, an aliphatic primary amitgammo acid ester,
and moneBoc-protected diamines (followed by deprotection) would all smoothly
condense with the phthalic anhydride moiety to produce the phthalifdeg3ac, and
724&c.

The considerable scope of both diynoic acids and benzyne traps that could engage
in the anhydrideHDDA 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
antydrides. 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 crogeuple one (di)alkynoic acid with a second
(di)alkynoic acid chloride by using X[8s(dimethylamino)naphthalene (Protsponge®)
as the base (rather than pyridine) (FigdrBa). This mixed anhydride formation was
demonstrated by coupling the acid chloriélb with each of the acidg10f and 710hk.
(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 foration of product pairg26f/727fand726h/727h

The triynes derived from the propiolic acid derivativd®ik also cyclized, now
each to the furan addu@R6i-k from trapping of a single benzyne intermediate. The
formation of the mesitytontaining produc?26k is noteworthy because it arises from an

HDDA process even though a TDDA adduct could have been formed from the diradical
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intermediate common to both pathways. The presence dhydnogen substituents on C2

and C6 of the mesityl group significantly slows the TDDA mode of cyclizafion.

Figure 7.5 (a) Generic representation of the use of mixed anhydrides to produce more
varied product structure motifs. (b) Exampbesceeding through mixed tetrayne or triyne
HDDA substrates.
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95 For an example of cycloisomerization of a triyne substrate having an unsubstituted phenyl substituent on
the diynophile that preferentially follows the TDDA pathway see: Rodriguez, D.; Castedo, L.; Dominguez,
D.; Saa, C. Synthesis of the benzo[b]fluoremeecof the kinamycins by cycloaromatization of non
conjugated benzotriynesetrahedron Lett1999 40, 7701 7704.
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Because the additional alkyne in a tetrayne enhances the rate of HDDA

cycloisomerization compared to the analogous tyh&7: 1% [the additional radical
stabilizing energy (RSE) stabilizes the diradical character of the transition state for initial,
typically ratelimiting, bond-closure leading to the benzyf®, 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 propecdicid itself 710i), becaus@among 710i-

k the terminal hydrogen atom #10i is the least capable of stabilizing radical character in
the transition state for the initial step in the rtigsure. Indeed, reaction 10i and725

in CDChkcontaining furan and Protesponge® 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 thetfapgped produci26i.

The ability to observe the mixed anhydride in the relatively less reactive triyne
anhydride728a(from 710j and725, Figure7.68 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 &fitN&/R spectrum containing
the methoxy resonances of the PMP groups in the acid chloride, mixed anhydride, and final
product 725 728a and726i, respectively) is shown in Figui6b. 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 clsaimghe relative amounts of
the three PMRontaining species over time were simulated with COPRSlyhich

19 Fluegel, L. L.; Hoye, T. R. HexadehydRielsi Alder reaction: Benzyne generation via
cycloisomerization of tethered triyngShem. Rev2021, 121, 2413 2444.

¥7Liang, Y.; Hong, X.; Yu, P.; Houk, K. N. Why alkynyl substituents dramatically accelerate hexadehydro
Dielsi Alder (HDDA) reactions: Stepwise mechanisms of HDDA cycloadditiOng. Lett.2014 16, 5702

5705.

98 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 hexadehyBielsi Alder reactionJ. Org. Chem2015 80, 11744

11754.

99Wang, T.; Niu, D.; Hoye, T. R. The hexadehydielsi Alder cycloisomerization reaction proceeds by a
stepwise mechanisrd. Am. Chem. So2016 138 7833 7835.

20 Hoops, S.; Sahle, S.; Gauge, R.; Lee, C.; Pahle, J.; Simus, N.; Singhal, M.; Xu, L.; Mendes, P.; Kummer,
U. COPASBH a COmplex PAthway SimulatoBioinformatics2006 22, 3067 3074.
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provided the data represented in Figidreéc. From this the extracted hdife for the

HDDA cyclization of728ato the benzyne was 9 minutes.

Figure 7.6 (a) The reaction used to measure the-lf@fof HDDA cyclization of the
anhydride intermediaté28a (b) In situ NMR data showing competitive formation and
cyclization of the anhydridé28a (c) COPASI simulation of data from panel b.

a in situ NMR experiment with propiolic acid-derived triyne
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We next asked how the rate of the anhydride linked subSt2&&compared with

that of the analogous est@nd etheicontaining substratée&8b/cand728d (Figure7.7).
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 benzyndrapped productg29b/c(from reaction with furan) and29d (from

reaction with cyclooctart&).

Figure 7.7 Reactivity differences across the series of related triyne substrates tethered by
anhydride 72839, ester 728b,0, and ether{28d) linkages.
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201Niu, D.; Willoughby, P. H.; Baire, B.; Woods, B. P.; Hoye, T. R. Alkane desaturation by concerted double
hydrogen atom transfer to benzyhature2013 501, 531 534.
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With NMR data for authentic samples of produc29b-d in hand, we proceeded

to measure the halife for the ratelimiting cycloisomerization of each of the triyné23b-
d in CDCk (see Sipplementary Information for Chaptefdf the detailed protocol). Using
a convenient temperature for the reaction rate of these much less reactive substrates
(relative to the anhydridé28g), we used NMR spectroscopy to monitor the disappearance
of each. The haHives at 120 °C for28band728cwere very similar to onanother (10.5
and 9.5 h, respectively) as well as to that seen for an anaf@gbfn an earlier study??
Substraté&’28dhaving the ether linkage proved to be even less reactive. (All the measured
half-lives for 728ad are also listed in column two of the tabulated data in Figi8ie)

Clearly, the anhydride linker present in substr@®aand, by extension, all of the
other anhydrides involved in the reactions in Figut@s7.3,7.5are imparting a dramatic
rateacceleration on the HDDA cycloisomerizatidifhy? To address this question, we
carried out a revealing distortionteraction (aka, straiactivation) analysis (Figure
7.89).203

The approach i nvolved first c¢coih®p btoinmdg t
formati on72i8dl eadhngofto the corwuwpppemeinntar g
| nf ormati on) feonrr oQuhtaep tteor efach benzyne. Thesc¢
() are given in7cB8bilimey 3corfr &li gtueg ewel | wi
relative rates of reaction of each of the
di fferent temperatures). The teBOGd#weéeng ato
then excised and replaced by a hydrogen at
of738 in which thelimt@nBclmaamtadi seadncdhe
off3bwer e then separat ed73tloamnd iknt h et famidset c n ¢
alkyne cdmpowdemt $sfy the distortion energy
(TS8Pt he tether wasR@lbsprexdoaiceed fol bmwi ng
undi storted al3kKaynte2 chnp oncinftfser ence i n (the
bet wBdinis73lan®B2 yis7l3Zomprise the totHuli)s¢di st ol

202\Woods, B. P.; Baire, B.; Hoye, T. R. Rates of hexadehifietsi Alder (HDDA) cyclizations: Impact of
the linker structureOrg. Lett.2014 16, 4578 4581.

203 Bjckelhaupt, F. M.; Houk, K. N. Analyzing reaction rates with the distortion/interaatitimation strain
model.Angew. Chem. Int. EQ017, 56, 10070 10086.
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|l i kewids d fehence i @3 8 nerig73 Biegtiweeesn t he i nte

energy for each of the four anal ogs.
Notably, the gl ared qPifiifpdotWweltlheas, ther
sumB(a) ] were nearly identical f a6, aFilguroeu:
7.8Bb Moreover, t he 73 8ftoear acadhonofenehgy fouar
destabilainzumgommon but not ®imprd aide dgn taend ex
seen for a computed®®Téhteepwipsdeée cdDDANr é ac ttiha
and geometries bet we7d B( amd ,altkhyen ea | nkoyi neetsi ehs
destabilizing, repul sive interacéenengédethian
contribution imposed®pjfwovisded hley ef bee,teth
activation energies bet Ww2&dgotim&p OrdhggE)ct t et
vs. the unt@Bttmad pdi e/g 2@ ss) . These are sig
di fferent across the seé8hesrolfattievd@8ide t(lte
the anh@mi dei das 0 ekt alr molabi lization to

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 halandmethoxy substituted carbenes with alken@RKIVOK2014 2014

170 183. (b) Double group transfer reactions. Fernandez, |.; Bickelhaupt, F. M.; Cossio, F. P. Double group
transfer reactions: role of activation strain and aromaticity in reaction baieesn. Eur. J2009 15,

13022 13032. (c) Aldetene reactions. Fernandez, I.; Bickelhaupt, F. M. A&fes reaction: Aromaticity and
activationstrain analysis. J. Comput. CheB012 33, 509 516. (d) (3+2) cycloadditions. Fernandez, 1.;
Cossio, F. P; Bickelhaupt, F. M. Aromaticity and activation strain analysis of [3 + 2] cycloaddition reactions
between group 14 heteroallenes and triple bahd3rg. Chem2011, 76, 2310 2314.

205 jang, Y.; Hong, X.; Yu, P.; Houk, K. N. Why alkynyl substituents dramatically accelerate Hexadehydro
Dielsi Alder (HDDA) reactions: Stepwise mechanisms of HDDA cycloadditiomg. Lett.2014 16, 5702

5705.
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Figure 7.8 (a) Distortioninteraction analysis performed on the series of tethered triynes
728ad. (b) Experimental halfives and DFT-computed parametérdemonstrating the
energetic contributions of i) the triyne and of ii) the tether components to the overall barrier
height for the initial CC bond formation in each of the tethered triyri28

a(U)B3LYP-GD3BJ/6311+G(d,p), SMD: chloroform]

by = Erso §i Ers | | Eytotgl epErss yi (E7zsi+ E73) IE%ist = (EBudist + Ezazis) T (Ez1+
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