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Ring-fused heteroarenes are present in numerous natural products, FDA approved drugs,
agrochemicals, and recently, organic solar cells able to achieve record breaking power conversion
efficiencies. Access to these valuable compounds relies primarily on synthesis with dearomative
cycloadditions of heteroarenes emerging as an efficient strategy. Many of these reactions require
forceful conditions that utilize catalysts, acids and bases, or high temperatures to effect
dearomatization. We have developed an intramolecular dearomative didehydro-Diels—Alder
(DDDA) reaction which proceeds at temperatures as low as 60 °C with mild conditions, free of
additives or catalysts. The adduct of the dearomative cycloaddition, which has been isolated and
characterized, readily rearomatizes to either an isomerization product by way of a hydrogen
migration or an oxidation product by way of a dehydrogenation.

To determine the substrate dependent factors that control the dearomative cycloaddition,
kinetic studies were conducted with in situ reaction monitoring by ReactlR and afforded
experimental Gibbs free energies of activation which correlated well with DFT calculations to
reveal a highly asynchronous, concerted transition state. Aromaticity of the heteroarene, tether
composition, and dispersion interactions were identified as substrate dependent factors that affect

reactivity, establishing DFT calculations as a predictive tool in determining reactivity.



For the first time, the 1,4-cyclohexadienyl DA adduct was isolated, characterized, and
confirmed as the product of the dearomative cycloaddition with divergent reactivity from the
adduct leading to formation of either oxidation or isomerization products. These divergent
mechanisms were investigated, and product selectivity was enhanced with control over the reaction
parameters. Experiments utilizing deuterium oxide or increased exposure to air revealed the
isomerization products were formed by an intermolecular, ionic proton transfer, while oxidation
products were formed by an oxygen promoted dehydrogenation. Selectivity for either product was
enhanced through reaction parameters such as temperature, solvent polarity, concentration,
atmosphere, and additives.

Insight into the mechanisms of dearomatization and product formation allowed us to
enhance the reactivity and product selectivity of the dearomative DDDA reaction for vinyl
heteroarenes which was then applied towards the synthesis of ladder-type heteroarenes for organic
photovoltaic materials. We expect these mechanistic findings to lend insight into other

dearomative processes in the future.
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1.0 Dearomative Cycloadditions of Vinylogous Heteroarenes

1.1 Valuable Synthetic Targets Containing Polycyclic Heteroarene Frameworks

Heteroarenes represent valuable scaffolds towards the synthesis of natural products,
pharmaceuticals, pesticides, and other biologically active compounds.*® Thiophenes as well as
other sulfur based heteroarenes are especially valuable in medicinal chemistry as frameworks that
are common in natural products and pharmaceuticals with therapeutic properties.®® Marketed
drugs with benzothiophene frameworks include the asthma medication Zileuton (1.1), osteoporosis
treatment Raloxifene (1.2), and antifungal Sertaconazole (1.3).1%'? Marketed drugs containing
thiophene frameworks include the anti-psychotic Olanzapine (1.4), glaucoma treatment

Dorzolamide (1.5), and antiplatelet Clopidogrel (1.6).1%1°
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Figure 1.1. Marketed drugs containing heterocyclic frameworks of benzothiophenes or indoles

Recently, interest has grown in the application of heteroarenes towards ladder-type
conjugated materials that have shown record breaking power conversion efficiencies (PCE) of
greater than 17% in organic photovoltaic (OPV) solar-cells.® Sulfur based heteroarenes in
particular have found increasing success in the application towards these materials. For example,
a record-performing OPV solar-cell was achieved by blending Acceptor-Donor-Acceptor (A—D-
A) molecules (1.7) and electron donor molecules (1.8) with conjugated polymers, incorporated
into a tandem cell (Figure 1.2). The value and importance of heteroarenes and their derivatives

continues to grow, and access to these compounds relies heavily upon synthesis. 17-2



R = 2-ethylhexyl

1.8
donor

Figure 1.2. Ladder-type conjugated polycyclic structure utilized in OPV solar-cells achieving record-breaking

PCE’s of greater than 17%

1.2 Forcing Conditions Required in Dearomative Cycloaddition Processes

Dearomative cycloadditions are emerging as a valuable strategy to build complex
polycyclic heteroarene compounds.?-2 Various new approaches have been developed to effect
these cycloadditions, affording products in high yields and high stereoselectivity. Still, forcing
conditions are required to activate the aromatic n-system of the heteroarene for the dearomative
cycloaddition. This synthetic toolbox includes reaction conditions such as acid catalysis, base
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mediation, transition-metal catalysis, organocatalysis, photoredox catalysis, electrochemistry, and
thermal conditions that utilize either high temperatures or highly reactive dienophiles. In the
following section, we discuss recent examples with high yields and stereoselectivity that highlight

several of the more prominent dearomative strategies.
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O//~N\Ph 1.15 MeO HON
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Figure 1.3. Synthetic toolbox of forcing conditions for dearomative cycloaddition processes

1.2.1 Acid Catalyzed Dearomative [4 +2] Cycloadditions of Vinyl Heteroarenes

Acid catalysis for dearomative cycloadditions of vinyl heteroarenes often utilizes
transition-metals that act as a Lewis acid to coordinate with and activate the dienophile in the DA
cycloaddition. Transition-metals equipped with chiral ligands control stereoselectivity and impart
chirality into the new polycyclic product. Ouyang et al synthesized highly functionalized
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tetrahydrocarbazole 1.9 from 2-vinylindole 1.17 and pB,y-unsaturated a-ketoester 1.16 utilizing
copper(Il) triflate with chiral indolinylmethanol ligand 1.18 as the Lewis acid catalyst (Scheme
1.1).2° Product was afforded in high yield of 90% good stereoselectivities with ee of 95% and dr
92:8. Based on product stereochemistry, the authors propose the reaction mechanism to be a
concerted [4 + 2] cycloaddition. Whereas the initial cycloadduct and rearomatization process were
not described, stereoselectivity in the product is attributed to a distorted octahedral transition state
geometry of the copper complex coordinated to the B,y-unsaturated a-ketoester 1.16 controlling

both the facial and endo approach of 2-vinylindole 1.17.

OH
e
N Bn
H

1.18
o
10 mol% Ph A\
~ ~COOMe
/\)?\ th Cu(OTf),/1.18 C\Z@ 90% vyield
A + \ =1 92:8 dr
Ph COOMe Nl\vI DCM/Hzo, 30 °C N 95% ee
€ |
Me
1.16 1.17 1.9

Scheme 1.1. Lewis acid catalyzed dearomative [4 +2] cycloaddition of a 2-vinylindole

Huang et al demonstrated the use of chiral rhodium(l1l) as a Lewis acid in the preparation
of hydrocarbazole 1.21 from 3-vinylindole 1.19 and o,B-unsaturated 2-acyl imidazole 1.20.%° The
hydrocarbazole 1.21 was afforded in excellent yield (99%), regioselectivity (99:1),
diastereoselectivity (>50:1), and enantioselectivity (99%) under optimized conditions. Based on
product stereoselectivity, the authors propose that the chiral octahedral rhodium catalyst activates

the 2-acyl imidazole dienophile 1.20 via bidentate coordination to the oxygen of the carbonyl and



the unsubstituted nitrogen of the imidazole, increasing reactivity towards the [4 + 2] cycloaddition
reaction with the 3-vinylindole 1.19. Phenylbenzoxazole ligands impart chirality, sterically
directing the facial approach of vinylindole 1.19 with an endo attack. Steric clashing between the
Boc group on the indole and the isopropyl group on the imidazole effect the observed

regioselectivity.

NN
< (@] liPr 2 mol % O ‘ \ N 99% yield
. \, ()

R 0,
tol, 0 °C Boc CO2tBU 99% ee

1.19 1.20 1.21

Scheme 1.2. Chiral rhodium catalyst utilized as a Lewis acid in a dearomative [4 + 2] cycloaddition

Lanthanide holmium has also been utilized as a chiral Lewis acid in catalytic and
asymmetric dearomative cycloadditions. Harada et al synthesized substituted hydrocarbazole 1.24
from 3-vinylindole 1.22 and N-acyloxazolidinone 1.23.3! They were able to synthesize product
1.24 with three chiral stereogenic centers in 99% yield and 94% ee. The authors proposed that the
[4 + 2] cycloaddition proceeds through an eight coordinate holmium(lll) catalyst complex, a
conclusion supported by mass spectroscopy analysis. The complex activates the N-
acyloxazolidinone 1.23 by bidentate coordination to both carbonyl oxygens. The thiourea side
chain and naphthyl ring of the chiral ligands create a steric barrier which directs a single approach
of the 3-vinylindole 1.22 to the dienophile 1.23 to effect the observed regio- and stereochemistry

in the product by facial attack of the 3-vinylindole 1.22 with endo approach to the dienophile 1.23.
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Scheme 1.3. Chiral holmium catalyst complex utilized as a Lewis acid in dearomative [4 + 2] cycloadditions

1.2.2 Base Mediated Dearomative Cycloadditions of Vinyl Heteroarenes

Dearomative cycloadditions of vinyl heteroarenes often utilizes basic conditions to initiate
formation of a reactive dienophile from starting materials. Sugiura et al demonstrated such a
reaction by reaction of 1,1,2-ethenetricarboxylic acid 1,1-diethyl ester 1.26 with E-3-(2-furyl)-2-
propenylamine 1.25 under amide condensation conditions to afford cis-fused tricyclic compound
1.10 in moderate yield (78%).3 This reaction proceeds through a sequential amide formation, [4
+ 2] cycloaddition, and hydrogen migration. The initial cycloadducts could be isolated and

characterized but were found to decompose at room temperature.

EtO,C
EDCL g0, c| y O
HO,C HOBt, NEt, Ph
O = ~ Et0,C~ “CO,et DCE,80°C 0O
H
1.25 1.26 1.10

Scheme 1.4. Base mediated dearomative cycloaddition by sequential amide formation, [4 + 2] cycloaddition, and

hydrogen-shift



Basic conditions were also used to mediate the dearomative [4 + 3] cycloaddition of 2-
vinylindole 1.27 with a-bromoketone 1.28 by in situ generation of oxyallyl cations, as performed
by Pirovano et al.2 Cyclohepta[b]indole derivative 1.29 was synthesized 72% yield and complete
diastereoselectivity. The highly reactive oxyallyl cations are generated from a-bromoketone 1.28
in the presence of N,N-diisopropylethylamine (DIPEA) as base and perfluorinated solvent
tetrafluoroethanol (TFE). Complete regio- and diastereoselectivity is observed in the product 1.29
which the authors attribute to endo approach in the [4 + 3] cycloaddition which could proceed

either by a concerted or fast stepwise process.

9
2 DIPEA H
\ [/ Me TFE O :
¥ Br ——— 72% yield
N tol, rt N Me
Boc éOC
1.27 1.28 1.29

Scheme 1.5. Base generated oxyallyl cations as the dienophile for dearomative cycloadditions with vinylindoles

1.2.3 Transition-Metal Catalyzed Dearomative Cycloadditions of Vinyl Heteroarenes

Transition-metals are used to effect dearomative cycloadditions with various types of
dienophiles usually through stepwise mechanisms. Stereoselectivity can also be imparted to
products with use of chiral ligands on the transition-metal catalysts. Rossi et al demonstrated gold-
catalyzed synthesis of tetrahydrocarbazole 1.11 through dearomative [4 + 2] cycloadditions of
substituted 2-vinylindole 1.30 with allenamide 1.31 in 85% yield and 96:4 enantiomeric ratio (er)

with chiral Seg-Phos derivative ligands effecting stereoselectivity.>* The [4 + 2] cycloaddition



proceeds via a stepwise mechanism as supported by the author’s previous reports.>® The chiral
gold catalyst coordinates with the allene 1.31 to promote a stepwise cyclization with the 2-

vinylindole 1.30 where steric interactions effect the observed stereoselectivity in the product 1.11.

o
Qj\ﬂ Y (Au)(NTF,),] 85% yield
| N p-Tol  96:4 er
N" N pTol /.//_ N DCM, -40 °C
|
EtO,C / COZEt
1.30 1.31 L1 = (R)-DTBM-Segphos 1.11

Scheme 1.6. Gold catalyzed dearomative cycloadditions between allenamides and vinylindoles.

A chiral rhodium catalyst has been demonstrated to effect dearomative cycloadditions by
Xu and coworkers.3® Formal [4 + 3] cycloaddition of vinyindole 1.19 with vinyldiazoacetate 1.32
was effected with proline-derived dirhodium tetracarboxylate catalyst to access
cyclohepta[b]indole 1.33 in 78% yield, >20:1 dr and 95% ee. The mechanism of the formal (4 +
3) cycloaddition proceeds by sequential asymmetric cyclopropanation of 1.32 and Cope
rearrangement with the indole 1.19 promoted by the chiral rhodium catalyst which effects the

observed enantioselectivity in the products 1.33 through the chiral ligands.

— Cone 1 mol % COzMe
Rh,(S-DOSP),
N
N + > 78% vyield
N / hexane/CCl, (4:1) H >20:1 dr
i?,oc Ph mol sieves, -35 °C Boc Fh 95% ee

1.19 1.32 1.33

Scheme 1.7. Dirhodium chiral catalyst promoted dearomative cycloaddition of vinyindoles with vinyldiazoacetates



1.2.4 Organocatalyzed Dearomative Cycloadditions of Vinyl Heteroarenes

Organocatalyzed dearomative cycloadditions utilize specifically designed organic
structures that activate starting materials for cycloaddition by reaction or interaction with Van der
Waals forces.®” Yang et al utilize organocatalysis in the synthesis of nitrohydrocarbazole 1.36 from
3-vinylindole 1.34 and nitroolefin 1.35.8 A chiral tertiary amine thiourea catalyst was used to
effect the reaction in high yields (72%) and good ee (84%). Based upon control experiments and
DFT calculations, the authors proposed that the thiourea catalyst promotes reactivity of the [4 + 2]
cycloaddition via double hydrogen bonding nitroolefin 1.35. This activates the dienophile for
cycloaddition with the vinylindole 1.34 by an exo approach, enhancing the enantioselectivity of

the reaction.

~Lg
= Ph H = )J\
cat. = I \(g(\” NHAr
N Ph

Q Ar = 3,5-2CF3CGH3

10 mol % cat.

: v ()
* F’h\/\NOZ —_— / ~Ph 62% yield

N ° N - 84% ee
H xylene, 0 °C H NO, °

1.34 1.35 1.36

Scheme 1.8. Synthesis of nitrohydrocarbazoles via organocatalyzed dearomative cycloaddition reaction

Jones et al demonstrated a new organocatalytic DA and sequential amine cyclization

affording tetracyclic carbazole frameworks 1.12 from propynal 1.38 and tryptamine derivative
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1.37 in 87% yield and 88% ee in .3® A chiral, secondary amine catalyst is utilized for a condensation
reaction with the propynal 1.38 to afford an activated iminium ion which proceeds to the [4 + 2]
cycloaddition with 2-vinylindole 1.37. The authors propose, based upon the stereochemistry of the
product, that steric interactions with the chiral catalyst increase selectivity for [4 + 2] cycloaddition
in a regioselective manner to afford the DA adduct. Protonation of the enamine of the adduct

facilitates an amine heterocyclization to deliver the product 1.12 and regenerate the organocatalyst.

Me
O ’
TN Me
- \HMe
oLl
cat.
NHBoc o 15mol % cat O T\O
\ . TBA, NaBH, \ ‘N 87% yield
\ _— || CeCl;, MeOH 4 /SBoc 88% ee
—_— -
e

PMB M
Et,0, -40 °C

1.37 1.38 1.12

Scheme 1.9. Secondary amine organocatalyst utilized in the dearomative cycloaddition of propynal with 2-

vinylindole

1.2.5 Photoredox Catalyzed Dearomative Cycloadditions of Heteroarenes

Reactions of heteroarenes as the two-carbon component of photoredox catalyzed
dearomative cycloadditions are well studied and found to be initiated by a variety of means
including photoactivated transition-metals, Lewis acids, electron donor-acceptor complexes,
arenophiles, or generation of reactive radical intermediates.?* Reactions of vinyl heteroarenes as

the four-carbon component of a dearomative cycloaddition have yet to be explored to such an
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extent. Zhang et al utilized photoactivated ruthenium catalyst to initiate intramolecular
dearomative cycloaddition of indole-tethered alcohol 1.39 to afford oxazolo[3,2-a]indolone 1.13
in good yield (68%) in acetonitrile (MeCN) with light from a 36W compact fluorescent light (CFL)
bulb.*° Based upon experimental results and literature precedent, the authors propose that the
photo-activated ruthenium(Il) complex is used to effect a molecular oxygen induced single-
electron oxidation of the indole 1.39 which undergoes cyclization via intramolecular nucleophilic

attack.

0
©\/\> Ru(bpy)sCl,, CsOAc, O,
. 0
g 68% yield
N\\/OH MeCN, 36W CFL, 24 h N >
1.39 113

Scheme 1.10. Photoactivate ruthenium catalyst for dearomative cycloaddition to oxazolo[3,2-a]indolones

1.2.6 Electrochemical Dearomative Cycloadditions of Heteroarenes

Heteroarenes, which typically have electron-rich characteristics, are able to be anodically
oxidized to the corresponding radical cation which may react by a radical coupling pathway or
nucleophilic addition transformation.?® These two reaction pathways are well studied for
dearomative reactions of heteroarenes, yet reactions of vinyl heteroarenes as the four-carbon
component of a dearomative cycloaddition have yet to be explored to such an extent. Liu et al
demonstrated the dearomative, electrooxidative [3 + 2] annulation between phenol 1.40 and N-
acetylindole (1.41) to afford benzofuroindoline 1.15 in up to 99% vyield for 23 substrates in
hexafluoroisopropanol (HFIP) and dichloromethane (DCM).** This [3 + 2] cyclization is
accomplished through the single-electron-transfer oxidation of both the p-methoxylphenol (1.40)
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and the N-acetylindole (1.41) by the anode followed by cross-coupling of the two radical

intermediates to generate the final product 1.15.

Me C(+) | Pt(-)1=10 mA O
OH ) .
/©/ + nBuyNBF,4 N 99% yield
MeO N HFIP/DCM (6:4), it MeO H Ac
1.40 1.41 1.15

Scheme 1.11. Electrochemical dearomative cycloaddition of phenols and N-acetylindoles to benzofuroindolines

1.2.7 Thermal Dearomative Cycloadditions of Heteroarenes

Due to the lack of a catalyst or reagent to activate substrates for dearomative
cycloadditions, thermal dearomative cycloadditions of vinyl heteroarenes typically require either
highly reactive dienophiles or elevated temperatures to effect dearomatization. Mohamed et al
effected the dearomative cycloaddition of 2-vinylindole 1.42 to carbazole derivative 1.44 with
reactive dienophiles such as fumaronitrile 1.43, dimethyl fumarate, N-phenylmaleimide, 1,4-
naphthoquinone, and dimethyl acetylenedicarboxylate.*? Carbazole derivative 1.44 was afforded
under conditions of refluxing toluene in 60% yield. The authors do not report observing the DA

adduct, nor do they explain how the isomerization product was formed.
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Scheme 1.12. Thermal dearomative cycloaddition of 2-vinylindoles with highly reactive dienophiles

Cotterill et al also utilized a highly reactive dienophile in N-phenylmaleimide 1.46 to effect
[4 + 2] dearomative cycloaddition with vinylimidazole 1.45 in refluxing toluene.*® The DA adduct
of the cycloaddition was observed and reported for several substrates. In most cases, adducts
rapidly underwent a [1,3]-hydrogen migration to products 1.16. A mechanism was not proposed
for this migration, yet the product 1.16 was found to proceed into domino reactions affording trityl

migration and even Michael addition with N-phenylmaleimide leading to formation of complex

molecule 1.47.
0
N X _OTBS J ol -
< | . \ 72% yield
N “Ph . 88:12
o 4 10°C 1.16:1.47
1.45 1.46

Scheme 1.13. Thermal dearomative cycloaddition of vinylimidazoles with highly reactive N-phenylmaleimide

Previous researchers from our lab have published dearomative cycloadditions of
vinylogous heteroarenes under thermal conditions with elevated reaction temperatures via
microwave heating.** Vinylogous furans, pyrroles, and thiophenes underwent intramolecular

dearomative cycloadditions to afford either benzofurans, indoles, and benzothiophenes or the
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corresponding dihydroaromatic products. Depicted in Scheme 1.14 is 2-vinylthiophene 1.48
reacting to afford benzothiophene 1.49 in 86% yield. In most reactions, temperatures of 225 °C
were utilized with select cases proceeding at temperatures as low as 120 °C. Solvent selection
afforded affected product selectivity with nitrobenzene increasing selectivity for fully aromatic

products and dimethylformamide (DMF) increasing selectivity for dihydroaromatic products.

T™S ™S o
X o PhNO,

O  86% yield
_~__0O uW, 225°C S

1.48 1.49

Scheme 1.14. Intramolecular, thermal dearomative cycloaddition of vinylogous furans, pyrroles, and thiophenes

1.2.8 Conclusions

Modern dearomative cycloadditions of vinyl heteroarenes have been employed through a
variety of strategies to afford complex products in high yields and high stereoselectivity with
efficient methods. The forcing conditions required to effect dearomatization often limit the
substrate scope or cost efficiency of these reactions. Acid catalysis or base mediation strategies
limit substrate functionality to that which is tolerant of these conditions. Transition-metal catalysis
and organcatalysis strategies effect powerful stereochemical control that often require highly
expensive catalysts and ligands to do so. Photoredox catalysis and electrochemical strategies are
similarly powerful, yet literature examples for vinyl heteroarenes are currently lacking. Finally,
thermal strategies often have a substrate scope limited by high temperatures or highly reactive
dienophiles. Works utilizing these strategies ordinarily lack mechanistic analysis beyond proposed

transition states based upon stereochemical outcomes.
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1.3 Dearomative Didehydro-Diels—Alder Reaction for Vinyl Heteroarenes

The dearomative didehydro-Diels—Alder (DDDA) reaction for vinyl heteroarenes
precursors affords access to both oxidation and isomerization products. Of all the dearomative
cycloaddition strategies, the DDDA reaction is not limited by harsh reagents or expensive
catalysts. Historically, the synthetic utility of this reaction has been limited by the low reactivity
of the heteroarene precursors, requiring elevated reaction temperatures typically >130 °C,
additives required to access oxidation products, and low afforded yields. Additionally, the
mechanisms of the dearomative cycloaddition as well as the product formation mechanisms are

not well understood.
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R X
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R (0]
Y = O, CH2

isomerization product

Scheme 1.15. Oxidation and isomerization products accessible via the dearomative DDDA reaction

1.3.1 Dearomative Didehydro-Diels—Alder Reaction for Vinyl Heteroarenes

Klemm et al was the first to report the dearomative DDDA reaction for 2- and 3-
vinylthiophenes under acidic conditions.*® The 2-vinylthiophene 1.50 was refluxed in acetic

anhydride to afford exclusively isomerization products 1.51 in relatively poor yield (24%). The
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authors do not discuss the mechanisms by which the isomerization products are formed.
Kanematsu et al reported dearomative DDDA reactions for 2-vinylfuran 1.52 as well as 2-
vinylpyrroles.®® Isomerization products were afforded in moderate yield (<59%) but the
mechanisms by which they are formed from DA adduct is not discussed. Oxidation product 1.53
was accessed only by utilizing oxidative 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) or

Pd/C additives and was afforded in low yield (38%, Scheme 1.53).

Ph Ph
\’&O (0]
(1/\/ A—>CZO 4 O 24% yield
= O
S S
50 1.51

140 °C
1.

Scheme 1.16. First report of the dearomative DDDA reaction of vinyl heteroarenes

/3 xylene, Pd/C (j@;} 36% viold
o = o - > 0 0 o yle
. 200 °C o

1.52 1.53

Scheme 1.17. Kanematsu’s reported dearomative DDDA reaction for 2-vinylfurans and 2-vinylpyrroles

Hajbi et al effected the dearomative DDDA reaction of 3-vinylindoles 1.54 at 150 °C
heated by microwave heating in toluene, protected from light and under inert atmosphere, to afford
isomerization products in high yields (up to 99%). Oxidation product 1.55 was accessed only with
utilization of o-chloranil as an oxidant in up to 88% yields.*” Observation of DA adduct was not

reported by the authors, nor was a mechanism proposed for formation of products from adduct.
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Scheme 1.18. Dearomative DDDA reaction of 3-vinylindoles with improved yields up to 99%
Dearomative DDDA reactions were demonstrated for 4-vinylimidazole 1.56 by Lima et
al.*® Isomerization product 1.57 was afforded by heating at 130 °C for 48 h in toluene in 84% yield.
Oxidation product 1.58 was afforded upon reaction of isomerization product with oxidant

manganese oxide in 89% yield. The authors do not report observation of DA adduct and do not

discuss mechanisms for product formation.

N N N
% (@) o 7

O o
Bl Z 130°C  Bn O DCM  Bd 0
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OMe OMe
1.56 1.57, 84% yield 1.58, 89% yield

Scheme 1.19. Dearomative DDDA reaction of 4-vinylimidazole precursors

As previously discussed, our research lab has published dearomative DDDA reactions of
vinyl furans, pyrroles, and thiophene 1.59 which proceed under microwave heating temperatures
of 225 °C with select cases proceeding at temperatures as low as 120 °C.* Selectivity for oxidation

product 1.60 from 2-vinylthiophene 1.59 was enhanced in the presence of oxidant additive
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nitrobenzene and afforded in 86% yield while selectivity for isomerization product 1.61 was
enhanced by use of more polar solvents such as dimethylformamide (DMF) and afforded in 99%

yield.

PhNO,/0-DCB (10:90) 7

- O 86% yield
S

uW, 225 °C

07N
/
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O
|
O

Ph DMF
1.59 - o

uW, 180 °C S

99% yield

Ph O
1.61

Scheme 1.20. Microwave assisted dearomative DDDA reaction with enhanced product selectivity

Literature examples have demonstrated use of the dearomative DDDA reaction offer a
variety of heteroarenes with varied alkynyl tether compositions. Yet, overall, the utility of the
reaction is often hindered by high temperatures above 130 °C, oxidizing additives required to
afford oxidation product, and low yields. Furthermore, little is understood for the mechanisms of
the dearomative cycloaddition and product formation steps as the DA adduct is rarely observed

and has not been fully characterized.

1.3.2 Analogous Mechanistic Insight from Styryl Dearomative DDDA Reactions

There is a lack of literature on mechanistic studies of the dearomative DDDA reaction for

vinyl heteroarenes, and as such, the mechanisms for the dearomative cycloaddition as well as
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formation of oxidation and isomerization products are not well understood. The closest literature
mechanistic studies are for the analogous intramolecular styryl dearomative DDDA reaction.
Andrus et al report the styryl 1.62 dearomative DDDA reaction at 160 °C for 2 h in
benzonitrile solvent with 1.5 equivalents of di-t-butylhydroxytoluene (BHT) additive to afford
isomerization products 1.63 and 1.64 in low yields (<56% combined).*® DFT analysis of the
dearomative cycloaddition identified an asynchronous concerted [4 + 2] Diels—Alder transition
state 1.65 as the lower energy pathway in comparison to singlet-open-shell diradical pathways,
and polar pathways. DFT analysis of isomerization product 1.64 formation identified the
mechanism to be a BHT assisted [1,3]-formal hydrogen shift, where BHT initiates the hydrogen

atom abstraction from the adduct 1.66 and subsequent addition to the newly formed radical 1.68.

(0] (0]

(0]
MeO Z © pponte0c 0 ] g
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1.62 1.63, 21% yield 1.64, 35% yield
\ (‘ HO
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MeO OMe

OMe
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Scheme 1.21. Styryl dearomative DDDA reaction with DFT support for an asynchronous concerted [4 + 2]

Diels—Alder cycloaddition
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Kocsis et al from our research group also conducted intramolecular styryl 1.69 dearomative
DDDA reactions to afford naphthalene (oxidation) 1.74 and dihydronapthalene (isomerization)
1.70 products under microwave heating.>® Deuterium-labeled cross-over experiments supported
isomerization product formation occurring via an intermolecular hydrogen atom abstraction and
subsequent addition. Triplet oxygen initiates the reaction by hydrogen atom abstraction of the tris-
allylic hydrogen in the DA adduct 1.71. The newly formed radical 1.73 then abstracts the tris-
allylic proton of another equivalent of adduct to afford the isomerization product 1.70. Oxidation
product formation 1.74 was proposed to occur by the concerted intramolecular elimination of
hydrogen gas, made possible by the close proximity of the flagpole hydrogens in the boat-like
conformation of the adduct 1.71. The elimination of H> gas was supported by experiments that
quantified the gas by analysis of the reaction headspace with gas chromatography and detection of

the resonance for H; gas in the reaction solution by *H NMR.
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Scheme 1.22. Styryl dearomative DDDA reaction afforded isomerization product via an intermolecular hydrogen

atom abstraction and oxidation product via a concerted intramolecular elimination of hydrogen gas

Though these works are mechanistic analysis of the dearomative DDDA reaction, it is
unclear to what extent these mechanisms are analogous to those for vinyl heteroarenes. Literature
examples of the dearomative DDDA reaction for vinyl heteroarenes often afforded variable
reactivity and product selectivity with changes in substrate. Further mechanistic studies are

required to garner understanding of these reaction processes for vinyl heteroarenes.
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1.4 Conclusions

Dearomative cycloadditions are emerging as efficient and effective strategies for accessing
valuable, complex polycyclic heteroarene compounds. Yet, most strategies employ forcing
conditions such as additives or catalysts to activate the aromatic n-system of the heteroarene for
cycloaddition. Therefore, the substrate dependent factors that affect reactivity are often overlooked
and understudied in lieu of these conditions. The thermal, intramolecular, dearomative DDDA
reaction of vinyl heteroarenes exists as a potential alternative to dearomative reactions with forcing
conditions, yet it is also plagued by high temperatures, low yields, and oxidants required to access
fully aromatic products. These faults may be attributed to a lack of understanding for these reaction
mechanisms as the DA adduct is not observed or fully characterized in literature examples. We
propose that a mechanistic analysis of the dearomative DDDA reaction of vinyl heteroarenes
would lead to increased synthetic utility and substrate scope for the reaction, as well as inform

future dearomative processes.

23



2.0 Synthesis, Isolation and Characterization of the DA Adduct

With changes in substrate affording variable reactivity and product selectivity for the
dearomative DDDA reaction of vinylogous heteroarenes, we sought to investigate the mechanisms
of the dearomative cycloaddition as well as product formation steps for these substrates. We
proposed the DA adduct to be the intermediate between cycloaddition and formation of either
oxidation or isomerization products. Isolation and characterization of this adduct provided insight
into our mechanism study. Formation of products solely from the adduct was also confirmed.

This chapter is based on results presented in: Winkelbauer J. A.; Bober A. E.; Brummond
K. M., Regulating Divergent Product Selectivity of the Dearomative Didehydro-Diels—Alder

Reaction through Mechanistic Insight. Manuscript in preparation, submission expected 2021.

2.1 Synthesis and NMR Characterization of the DA Adduct

The proposed, and later confirmed, DA adduct was first observed in the dearomative
DDDA reaction of the ester-tethered 3-thiophene precursor 1.59 when heated for 15 min at 150 °C
in deuterated o-dichlorobenzene (0-DCB-ds4) which afforded a ratio of 35:15:38:12 (precursor
1.59:adduct 2.1:isomerization product 1.61:0xidation product 1.60) as observed by comparing

integrative values of a crude *H NMR spectrum.
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Scheme 2.1. Dearomative DDDA reaction of 1.59 to afford mixture of adduct and products

We hypothesized that a benzofused heteroarene may lead to a more persistent DA adduct
due to stabilization afforded by the intact aromatic benzene. To test this hypothesis, dearomative
DDDA precursor 2.5 was prepared. Horner-Wadsworth-Emmons (HWE) reaction of
benzo[b]thiophene-3-carboxaldehyde 2.2 with methyl-(triphenylphosphoranylidene) acetate
afforded (E)-3-(benzo[b]thiophen-3-yl)acrylate 2.3 in 91% vyield. Reduction of the methyl ester
2.3 with diisobutylaluminum hydride (DIBAL) afforded allyl alcohol 2.4 in 93% yield. Alcohol
2.4 was subjected to a Steglich esterification with 4-dimethylaminopyridine (DMAP), N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDCI*HCI) and phenylpropiolic acid
to afford the dearomative DDDA precursor 2.5 in 91% vyield. Heating the DA precursor 2.5 for 7
min at 150 °C in 0-DCB-d4 afforded the DA adduct 2.6. Trace amounts of oxidized product were
also present evidenced by *H NMR of the crude material. The yield was not determined as adduct

2.6 converted to oxidized product during purification by silica-gel column chromatography.
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Scheme 2.2. Synthesis of dearomative DDDA precursor 2.5 and adduct 2.6

Structural confirmation of adduct 2.6 was accomplished with single (*H and *3C) and multi-
dimensional (COSY, HSQC, and HMBC) NMR techniques. The most diagnostic data related to
the two bis-allylic hydrogens (Ha and Hc) identified as the resonances at 5.45 and 3.60 ppm, each
showing °J long-range couplings of 13.5 Hz. Durham and Studebaker have reported these long-
range couplings as characteristic of 1,4-cyclohexadiene structures due to an adopted boat-like

conformation with the bis-allylic hydrogens in axial positions (Figure 2.1).%*

Ha Hc
S —
Oy =4 o
Ph
(@)

Figure 2.1. Boat-like conformation of the DA adduct 2.6 with bis-allylic hydrogens in flagpole positions

The coupling of the resonances at 5.45 and 3.60 ppm was confirmed by COSY NMR where
the correlation was observed (see spectra in appendix B). HSQC NMR gave evidence that the
resonances at 3.91 and 4.53 ppm are correlated to the same carbon with resonance at 68.6 ppm,

and therefore, can be attributed to the methylene carbon. In HMBC NMR, the bis-allylic carbon
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of proton Ha was observed to lack correlation to the methylene protons, indicative of the long
spatial distance between these atoms.

DA precursors 1.59, 2.9, and 1.50 were synthesized by the same methodology and
dearomative DDDA reactions were performed in order to characterize adduct for these substrates.
3-Vinylthiophene 1.59 heated for 15 min at 150 °C in 0-DCB-d4 afforded a ratio of 35:15:38:12
(1.59:2.1:1.61:1.60). 2-Vinylbenzothiophene 2.9 heated for 11 min at 150 °C in o-DCB afforded
a ratio of 6:87:0:7 (2.9:2.10:2.11:2.12). 2-Vinylthiophene 1.50 heated for 15 min at 150 °C in o-
DCB afforded a ratio of 16:65:9:10 (1.50:2.13:1.51:2.14). These adducts were observed as
mixtures with precursor, oxidation product and isomerization products, and therefore, were

identified and characterized by analogy to 2.6.

27



150 °C
Ph 7 min.

2.5:2.6:2.7:2.8
0%:91%:0%:9%

07N\
/ o
\%

S
%o 150 °C Y
Ph 15 min. Ph

1.59 21 1.61 1.60

1.59:2.1:1.61:1.60
35%:15%:38%:12%

Ph
s -, QAL
X
\ ~ e+ (L
s s
s O
2.9 2.10 2.1 2.12
2.9:2.10:2.11:2.12
6%:87%:0%:7%
Ph s
\fo o-DCB
/|
s N~ O 150 °C
15 min.
1.50 213 1.51 2.14

1.50:2.13:1.51:2.14
16%:65%:9%:10%

Scheme 2.3. Dearomative DDDA reactions with observation and characterization of DA adduct
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Table 2.1. *H NMR characterization of the DA adducts in 0-DCB by analogy to 2.6

Adduct Resonances Ha He Hc Ho He
d (ppm) 5.46 5.93 3.64 3.91 4.53
multiplicity dd dd dddd dd dd
2.0, 8.6,
J (H2) 3.5,135 2.0,35 10.4, 135 8.2,10.4 8.2,8.6
2.6
HBHC Hp d (ppm) 5.30 5.50 3.52 3.82 4.48
J "(‘)HE multiplicity dd dd dddd dd dd
S
Ha 0 2.1, 8.9,
2F1>h J (Hz) 3.8,14.8 2.1, 3.8 10.2, 148 8.2,10.2 8.2,8.9
8 (ppm) 4.74 5.59 3.56 3.82 450
multiplicity dd dd dddd dd dd
1.7, 9.4,
J (Hz) 3.3,134 17,34 9.4, 135 8.6,9.4 8.6,9.4
e o 8 (ppm) 4.42 5.51 3.45 3.79 4.45
Y 5 multiplicity dd d dddd dd t
S am
HBHC Hp - J (H2) 34,150 3.4 ;: 5560 8.7,9.7 8.7
2.13 o

Thus, benzofused precursor 2.5 was successfully synthesized, and DA adduct 2.6 was
attained and characterized by the heating of 2.5 for 7 min at 150 °C in 0-DCB-ds. Heating of
precursors 1.59, 2.9, and 1.50 under comparable conditions resulted in mixtures of products and
incomplete conversion of starting material as detailed above. Yet, it is still unclear whether this is
due to higher stability of 2.6 in comparison to the other adducts or perhaps higher energy barriers

for conversion of 2.6 to products.
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2.2 Synthesis and Characterization of the Deuterated DA Adduct XX

We postulated that persistence of the DA adduct may be further enhanced with deuteriums
at the bis-allylic positions because of the increased bond strength of C-D compared to C-H. And
due to the unusual nature of observing a %J long-range coupling, we saw this as way to further
confirm the structural assignment of the DA adduct 2.20 by *H NMR. To access this adduct, we
first needed to prepare the dearomative DDDA precursor 2.19.

Towards the synthesis of 2.19, dehalogenation of 2,3-dibromo-benzo[b]thiophene 2.15
with zinc powder and acetic acid-d; installed the first deuterium with generation of 3-
bromobenzo[b]thiophene-2-d 2.16 in 81% yield. Sonogashira coupling of 2.16 with propargyl
alcohol afforded the corresponding propargyl alcohol 2.17 in 90% vyield. 2.17 was reduced by
lithium aluminum deuteride (LiAlID4) to the allyl alcohol 2.18 in 88% yield, installing the second
deuterium. Allyl alcohol 2.18 was subjected to a Steglich esterification with DMAP, EDCI*HCI
and phenylpropiolic acid to afford the dearomative DDDA precursor 2.19 in 63% vyield. Finally,
the dearomative DDDA reaction of 2.19 for 90 min at 150 °C in 0-DCB afforded 2.20 with minimal
amounts of isomerization and oxidization product present (77%:5%:18%). The yield was not
determined as adduct 2.20 converted to oxidized product during purification by silica-gel column

chromatography.
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Scheme 2.4. Synthesis of dearomative DDDA precursor 2.19 and adduct 2.20

As expected, the *H NMR of 2.20 lacked the corresponding bis-allylic proton resonances
that appeared at 5.45 and 3.60 ppm for 2.6. The appropriate coupling to neighboring protons was
also non-existent in the *H NMR of 2.20. This result aided in the confirmation of our NMR
characterization.

Parallel dearomative DDDA reaction of 2.5 for 90 min at 150 °C in 0-DCB afforded DA
adduct 2.6 with a significant increase in the amounts of formed isomerization and oxidation
products (41%:20%:39%, Scheme 2.5). Therefore, in parallel reactions, DA adduct 2.20 with
deuterium at the bis-allylic positions existed as 77% of the product mixture in comparison to non-
deuterated adduct 2.6 which existed as 41% of the product mixture. Deuteriums at the bis-allylic
positions in the DA adduct did result in a more persistent adduct, likely due to increased bond
strength of C-D compared to C-H. Therefore, the protons or deuteriums at the bis-allylic positions

are likely involved in the rate determining step of product formation.
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X=H,27
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X =H, 2.5:2.6:2.7:2.8 0:41:20:39
X=D, 2.19:2.20:2.21:2.8 0:77:5:18

Scheme 2.5. Observed deuterium isotope effect from parallel reactions of 2.5 and 2.19

2.3 Confirmation of Stereochemistry via the DP4 Probability Method

DFT computations were utilized in the characterization of the DA adduct to confirm the
stereochemistry of the synthesized adduct. First, we predicted that the cycloaddition would
proceed via a concerted transition state, and therefore, the bis-allylic protons (Ha and Hc) of the
1,4-cyclohexadiene would have cis stereochemistry rather than trans. Trans bis-allylic protons
would be indicative of a possible cycloaddition via a stepwise mechanism. Second, we proposed
that the isolated and characterized product had the 1,4-cyclohexadiene regiochemistry of the DA
adduct, yet 1,3-cyclohexadienes afforded via isomerization of the adduct could have similar *H
NMR spectra to that of was isolated.

DFT calculations with EDF2/6-31G* geometry optimizations were used to generate
predictive *H and *3C NMR spectra for the cis and trans 1,4-cyclohexadiene (2.13 and 2.22), the
cis and trans 1,3-cyclohexadiene B to the ester (2.23 and 2.24), and the isomerization product (2.7).
The DP4 probability method created by the Goodman group allowed us to compare these
predictive *H and *3C NMR spectra to the experimental spectra of our substrates and calculate the

percent probability of a match.>?
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2.23 2.24 2.7

Figure 2.2. Possible regio- and steroisomers of the DA adduct analyzed by the DP4 probability method

The combined experimental *H and *C NMR’s of our proposed cis-1,4-cyclohexadiene
DA adduct had a 99.9% match to the Spartan predicted NMR’s for 2.13. This method also gave
confirmation of the assignment for two isomerization products from the adduct, 2.23 and 2.7,

whose isolation and characterization are described in section 2.4.2.

2.4 Confirmation of the DA Adduct as the Common Intermediate to Formation of

Oxidation Product, Isomerization Product, and Cis-Diene

With isolated DA adduct in hand, we proposed that the adduct was the common
intermediate from which oxidation and isomerization products were formed and not just a newly
characterized byproduct. To test our hypothesis, isolated DA adduct would be subjected to
dearomative DDDA conditions in order to observe if oxidation and isomerization products would

be generated from the adduct. 2.5 was heated for 6 min at 150 °C in 0-DCB to generate 2.6 with
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trace formation of 2.8. The 0-DCB solvent was removed by high-vacuum, and the adduct was
dissolved in DMF before heated for 5 min at 150 °C in the microwave reactor. This reaction of
isolated adduct resulted in the formation of 2.8, 2.7, and 2.23 in a ratio of 18:52:30 respectively
(see 'H NMR in experimental section). Therefore, the oxidation product, isomerization product,
and the cis-diene were all found to be generated directly from isolated DA adduct rather than

precursor.

X0 0-DCB-d,
/ -
S g7z O 150 °C, 6 min.

7

Ph
25 2.6

DMF, 150 °C O

_— >
S

pW, 5 min.

2.8 2.7 2.23

2.8:2.7:2.23
18:52:30

Scheme 2.6. Formation of oxidation product, isomerization product, and 1,3-cyclohexadiene product from the DA

adduct

To better understand the product ratios, we investigated the ground state energies for 2.5,
2.6, 2.8, and 2.7 and analyzed the dearomative cycloaddition energy of activation. These
calculations were performed by our collaborator Elena Kusevska from the Peng Liu research
group. DFT calculations were performed at the MO06/6-311+G(d,p)/SMD(DMF)//B3LYP/6-

31G(d) level of theory. Results showed a relatively low Gibbs free energy of activation of 23.7
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kcal/mol for the dearomative DA cycloaddition step with an exergonic formation of adduct at -
31.2 kcal/mol relative to precursor. These ground state energies reveal a thermodynamic driving
force towards adduct. Formation of oxidation product (-54.9 kcal/mol) and isomerization product
(-46.2 kcal/mol) is also exergonic relative to precursor and suggests that product formation is

irreversible.

AGrelative
kcal/mol

Ph O
2.7

(L

Ph O

2.8

Scheme 2.7. DFT energy diagram for the dearomative DDDA reaction of 2.5 at the M06/6-

311+G(d,p)/SMD(DMF)//B3LYP/6-31G(d) level of theory

2.4.1 No Evidence of Oxidation Product Formation from Isomerization Product

We propose that oxidation product forms directly from the DA adduct and is not a product

from oxidation of the isomerization product. To test this hypothesis, we sought to effect the
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transformation of 2.6 to 2.8 with no formation of 2.7. Additionally, we sought to subject 2.7 to
those same reaction conditions in order to observe if there was any transformation of 2.7 to 2.8.
2.5 was heated for 10 min at 150 °C in 0-DCB to afford 2.6 with trace formation of 2.8. The
solution of 2.6 was allowed to cool to room temperature. Then, air was bubbled through the
solution over the course of an hour affording 2.8 with trace amounts of 2.6 remaining (see *H NMR
in experimental section). Thus, oxidation product forms readily from DA adduct at room

temperature with an abundance of exposure to air and no evidence of isomerization product

formation.
o-DCB
’ N0 0-DCB-d, bubbling air O o
B — e B —— e
S o : t 1h S
4 O 150 °C, 10 min. rt, 5
Ph Ph
2.5 2.6 2.8

Scheme 2.8. Formation of oxidation product 2.8 from DA adduct 2.6 at rt with bubbling air

Additionally, a mixture of oxidation and isomerization products were subjected to
conditions of bubbling air and heat in order to observe any transformation of isomerization product
into oxidation product. Toluene-dg was chosen as a non-polar solvent that afforded trends of
increased selectivity for oxidation product formation in dearomative DDDA reactions. A 31:69
mixture of 2.8:2.7 was dissolved in toluene-ds and subjected to heating via an oil bath at 50, 80
and 110 °C for 2 h increments. There was no observed change in the product ratios after any of the
2h increments (see *H NMR in experimental section). The solution was then subjected to bubbling
air at room temperature for 2h, followed by bubbling air at 80 °C for 2h. There was also no

observed change in the product ratios after either of the 2h increments with bubbling air. Therefore,
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we propose that the isomerization product is a stable product that does not readily oxidize into

oxidation product, but rather, oxidation is formed directly from the DA adduct.

conditions A,

O O B,C,D,and E
o) | O - no reaction
+ s
(@] Ph (@]

S tol-dg
Ph

2.8 2.7 Conditions A: 50 °C, 2 h
B:80°C,2h
2.7:2.7 C:110°C,2h
31:69 D: rt, bubbling air, 2 h
E: 80 °C, bubbling air, 2 h

Scheme 2.9. No conversion of isomerization product 2.7 to oxidation product 2.8 under thermal conditions with

bubbling air

2.4.2 Cis-Diene as a Rarely Observed Byproduct that Converts to Oxidation and

Isomerization Products

The cis-diene 2.23 is a byproduct of the dearomative DDDA reaction only found as a
mixture with other products when polar solvents such as dimethylformamide or acetonitrile were
used. Formation of cis-diene was observed when 2.5 was reacted for 5 min at 140 °C in freshly
distilled acetonitrile using microwave heating to afford 2.6:2.8:2.7:2.23 in a ratio of 51:10:22:17
respectively. Repeating the reaction but with distilled acetonitrile solvent mixed with type 4A mol
sieves prior to the reaction afforded 2.6:2.8:2.7:2.23 in a ratio of 7:6:41:46. This enhanced
selectivity for cis-diene and isomerization product in the presence of mol sieves suggests that the

mol sieves are involved in the isomerization of the adduct to these products.
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S %o 140 °C, 5 min

Ph

2.5
2.6:2.8:2.7:2.23
51:10:22:17 freshly distilled MeCN
7:6:41:46 mol sieves added to MeCN

Scheme 2.10. Formation of cis-diene byproduct in acetonitrile with enhanced selectivity in the presence of mole

sieves

Unlike the DA adduct, oxidation product, and isomerization product which have an
equivalent Rf and are not separable by column chromatography, the cis-diene has a higher Rrand
was isolated from the other products. Isolated cis-diene 2.23 dissolved in chloroform-d; at room
temperature for 3 weeks afforded a mixture with a ratio of 25:34:29:12 (2.23:2.8:2.7:unidentified
byproduct). Therefore, the cis-diene is considered an unstable byproduct of the dearomative
DDDA reaction that converts to other products under the reaction conditions. Structural
confirmation of the cis-diene was accomplished with single (*H and *C) and multi-dimensional
(COSY, HSQC, HMBC) NMR techniques as well as comparison to DFT predictive NMR via the

DP4 probability method.

CDCl, O o O | o)
- s + S -+ unidentified byproduct
o} Ph O

2.23 2.8 2.7

Scheme 2.11. Transformation of cis-diene into oxidation product, isomerization product, and unidentified byproduct

The resonances for the allylic protons observed at 3.75 and 3.85 ppm were confirmed by

COSY NMR to be correlated to each other (see spectra in appendix B). HSQC NMR gave evidence
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that the resonances at 4.63 and 4.54 ppm are correlated to the same carbon with resonance at 72.4
ppm, and therefore, can be attributed to the methylene carbon. In HMBC NMR, the resonance for
the allylic proton o to the carbonyl is correlated to the carbonyl carbon, indicative of the short

spatial distance between these atoms.

2.5 Conclusions

We established the DA adduct as the product of the dearomative cycloaddition step of the
dearomative DDDA reaction and the pivotal intermediate on the reaction pathway to oxidation and
isomerization product. This was accomplished by the synthesis and isolation of DA adduct 2.6
with structural confirmation by single and multidimensional NMR analysis, comparison to DFT
predictive NMR through the DP4 probability method, and comparison to the synthesized adduct
2.20 with deuterium incorporation at the bis-allylic positions of the 1,4-cyclohexadiene. The DA
adducts of precursors 1.59, 2.9, and 1.50 were synthesized and characterized by analogy, as the
adducts were observed in mixtures of products. The oxidation product, isomerization product, and
rarely observed cis-diene byproduct were established to be formed directly from DA adduct with
no evidence for interconversion of isomerization product to oxidation product. This mechanistic
understanding of the dearomative DDDA reaction is foundational to our efforts to enhance product

selectivity and identify factors that control the reactivity of our substrates.
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2.6 Experimental

2.6.1 General Methods

Unless otherwise indicated, all reactions were performed in flame-dried glassware under
an air atmosphere and stirred with Teflon-coated magnetic stir bars. All commercially available
compounds were purchased and used as received unless otherwise specified. Tetrahydrofuran
(THF), diethyl ether (Et20), and dichloromethane (DCM) were purified by passing through
alumina using a Sol-Tek ST-002 solvent purification system. Deuterated chloroform (CDCl3) was
dried over 4A molecular sieves. Nitrogen gas was purchased from Matheson Tri Gas. Conventional
heating was used for reactions that were monitored by *H NMR or performed open to the air. All
microwave-mediated reactions were carried out using a Biotage Initiator Exp or Anton-Paar
Monowave 300 microwave synthesizer. Purification of the compounds by flash column
chromatography was performed using silica gel (40-63 um particle size, 60 A pore size). TLC
analyses were performed on silica gel F2s4 glass plates (250 um thickness). *H NMR and **C NMR
spectra were recorded on Bruker Avance 300, 400, or 500 MHz spectrometers. Spectra were
referenced to residual chloroform (7.26 ppm, *H; 77.16 ppm, 3C) or o-dichlorobenzene (6.93 ppm,
'H; 130.04 *3C) unless otherwise specified. Chemical shifts are reported in ppm, multiplicities are
indicated by s (singlet), d (doublet), t (triplet), q (quartet), p (pentet), m (multiplet), and bs (broad
singlet). Coupling constants, J, are reported in hertz (Hz). All NMR spectra were obtained at room
temperature. IR spectra were obtained using a Nicolet Avatar E.S.P. 360 FT-IR. El mass
spectroscopy was performed on a Waters Micromass GCT high resolution mass spectrometer,
while ES mass spectroscopy was performed on a Waters Q-TOF Ultima API, Micromass UK
Limited high-resolution mass spectrometer.
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2.6.2 Dearomative DDDA Reaction of 1.59 in 0-DCB

Rxn 1. An oven-dried NMR tube was charged with dearomative DDDA precursor 1.59 (8 mg,
0.03 mmol) dissolved in 0-DCB-d4 (0.5 mL, 0.6 M) under an atmosphere of air. The NMR tube
was sealed with a polypropylene cap and lowered into an oil bath preheated at 150 °C and heated
for 15 min. The NMR tube was removed from the oil bath, rinsed with hexanes, and wiped with a
ChemWipe before *H NMR was obtained. A 35:15:38:12 ratio of 1.59:2.1:1.61:1.60 was obtained.
Ratios were determined by comparing the *H NMR resonances at 6.03 ppm (1H) for 1.59, 5.50

ppm (1H) for 2.1, 5.14 ppm (2H) for 1.60, and 2.39 ppm (1H) for 1.61.

2.6.3 Synthesis of the Dearomative DDDA Precursors

2.6.3.1 General Procedure A: Conversion of Carboxaldehyde to a,p-Unsaturated Ester
Prepared in the manner of Travas-Sejdic, et al.>® A flame-dried, 2-necked, round-bottomed
flask equipped with stir bar, condenser, septum, and nitrogen inlet needle, was charged with
carboxaldehyde (1.0 equiv), THF (0.17 M), and methyl(triphenylphosphoranylidene) acetate (1.5
equiv), added in single portions by briefly removing the septum. The flask was placed in an oil
bath and warmed to 60 °C. After 24 h, the reaction was judged complete evidenced by the
disappearance of starting material by TLC. The stir bar was removed and the mixture was
concentrated by rotary evaporation. The residue was purified by silica gel flash column

chromatography.
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2.6.3.2 General Procedure B: Conversion of a,p-Unsaturated Ester to Allylic Alcohol
Prepared in the manner of Brummond, et al.** A flame-dried, single-necked, round-
bottomed flask equipped with stir bar, septum, and nitrogen inlet needle was charged with the a,f3-
unsaturated ester (1.0 equiv) dissolved in dichloromethane (0.020 M) via syringe. The flask was
placed in a dry ice/acetone bath (-78 °C). After 5 min, diisobutylaluminium hydride (DIBAL, 1.0
M in toluene, 3.5 equiv) was added dropwise via syringe, and the reaction mixture was maintained
at -78 °C. After 1 h, the reaction was judged complete evidenced by the disappearance of starting
material by TLC. Aqueous sodium potassium tartrate (1.2 M) was added and the mixture was
vigorously stirred at rt for ca. 16 h. The solution was transferred to a separatory funnel, and the
flask was rinsed with dichloromethane and transferred to the separatory funnel. The organic layer
was separated, and the aqueous layer was extracted with dichloromethane (3x). The combined
organic phase was washed with brine (1x), dried over magnesium sulfate, gravity filtered, and
concentrated using rotary evaporation. The residue was purified by silica gel flash column

chromatography.

2.6.3.3 General Procedure C: Conversion of Allylic Alcohol to Alkynoate

Prepared in the manner of Brummond, et al.** A flame-dried, single-necked, round-
bottomed flask equipped with stir bar, septum, and nitrogen inlet, was charged with N,N-
dimethylpyridin-4-amine (0.15 equiv) and phenylpropiolic acid (1.1 equiv) by briefly removing
the septum. Allylic alcohol (1.0 equiv) was dissolved in dichloromethane (0.080 M) and added via
syringe. N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (1.5 equiv) was added
in one portion by briefly removing the septum and the resulting solution was maintained at rt. After

3 h, the reaction was judged complete evidenced by the disappearance of starting material by TLC.
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The reaction mixture was transferred to a separatory funnel, and the flask was rinsed with
dichloromethane and transferred to the separatory funnel. The solution was washed with deionized
water and the aqueous layer was extracted with dichloromethane (3x). The combined organic
layers were washed with brine (1x), dried over magnesium sulfate, gravity filtered, and
concentrated using rotary evaporation. The residue was purified by silica gel flash column

chromatography.

0
Qj/\)\mwe
S

Methyl (E)-3-(benzo[b]thiophen-3-yl)acrylate (2.3). Follows General Procedure A.
Benzo[b]thiophene-3-carboxaldehyde (1.0 g, 6.2 mmol), THF (36 mL), and
methyl(triphenylphosphoranylidene) acetate (3.1 g, 9.3 mmol). The crude material was purified
by flash column chromatography (20% EtOAc/Hex) to yield the title compound as a yellow solid
(1.2 g, 91%). Compound 2.3 was previously prepared by Tay, et al.>* Characterization data

corresponds to the literature.

Data 2.3 previously characterized

H NMR (300 MHz, CDCls)
8.01 (d, J = 8.6 Hz, 1H), 7.97 (d, J = 16.4 Hz, 1H), 7.87 (d, J = 8.5 Hz, 1H), 7.75
(s, 1H), 7.46 (t, J = 7.0 Hz, 2H), 6.54 (d, J = 16.0 Hz, 1H) 3.84 (s, 3H) ppm. Water
impurity at 1.56 ppm.

TLC Rf=0.31 (10% EtOAc/Hex) [silica gel, UV]
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(E)-3-(benzo[b]thiophen-3-yl)prop-2-en-1-ol (2.4). Follows General Procedure B. 2.3 (1.29,5.5
mmol), DCM (28 mL), DIBAL (19 mL, 19 mmol), aq sodium potassium tartrate solution (1.2 M,
30 mL). The crude material was purified by flash column chromatography (40% EtOAc/Hex) to
yield the title compound as a light-yellow liquid (970 mg, 93%). Compound 2.4 was previously

prepared by Wang, et al.>® Characterization data corresponds to the literature.

Data 2.4 previously characterized

H NMR (300 MHz, CDCls)
7.91 (d, J = 8.0 Hz, 1H), 7.86 (d, J = 8.0 Hz, 1H), 7.44-7.35 (m, 3H), 6.91 (d, J =
16.0 Hz, 1H), 6.45 (dt, J = 5.7, 15.9 Hz, 1H), 4.37 (d, J = 5.2 Hz, 2H), 2.25 (s, 1H)

ppm. DCM impurity at 5.30 ppm. EtOAC impurity at 2.05 ppm.

TLC Rf = 0.30 (40% EtOAc/Hex) [silica gel, UV]
Qj/vo
s /o
Ph

(E)-3-(benzo[b]thiophen-3-yl)allyl 3-phenylpropiolate (2.5). Follows general procedure C:
DMAP (13 mg, 0.10 mmol), 2.4 (100 mg, 0.53 mmol), phenylpropiolic acid (85 mg, 0.58 mmol),
dichloromethane (10 mL), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (150
mg, 0.79 mmol). The residue was purified by flash column chromatography (30% EtOAc/Hex) to

yield the title compound as a yellow liquid (150 mg, 91%).

44



Data 2.5

'H NMR (400 MHz, CDCls)
7.93(d, J=8.1 Hz, 1H), 7.87 (d, J = 8.1, 1H), 7.61 (dd, J = 7.0, 1.5 Hz, 2H), 7.50
(s, 1H), 7.48-7.35 (m, 5H), 7.00 (d, J = 15.9 Hz, 1H), 6.42 (dt, J = 15.8, 6.7 Hz,
1H), 5.0 (d, J = 6.4, 2H) ppm. Water impurity at 1.58 ppm (<0.4%). Grease impurity
at 0.10 ppm (<0.1%).

BCNMR (100 MHz, CDCls)
153.9, 140.5, 137.5, 133.1 (2C), 132.8, 130.8, 128.7 (2C), 127.7, 124.7, 124.5,
123.8, 123.6, 123.0, 122.0, 119.6, 86.8, 80.6, 66.8 ppm

IR (thin film)
3057, 2220, 1709, 1490, 1425, 1379, 1285, 1169, 961 cm™

HRMS (FTMS + p ESI)
[M + H]* calcd for C2oH1502S: 319.07928, found 319.07969

TLC R¢ = 0.65 (40% EtOAc/Hex) [silica gel, UV]
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Methyl (E)-3-(benzo[b]thiophen-2-yl)acrylate (2.25). Follows General Procedure A.
Benzo[b]thiophene-2-carboxaldehyde (550 mg, 3.4 mmol), THF (20 mL), and
methyl(triphenylphosphoranylidene) acetate (1.7 g, 5.1 mmol). The material was purified by flash
column chromatography (20% EtOAc/Hex) to yield the title compound as a yellow solid (720 mg,
97%). Compound 2.25 was previously prepared by Werner, et al.® Characterization data

corresponds to the literature.

Data 2.25 previously characterized
'HNMR (400 MHz, CDClz3)
7.88 (d, J = 15.8 Hz, 1H), 7.81-7.73 (m, 2H), 7.45 (s, 1H), 7.40-7.32 (m, 2H), 6.30

(d, J=15.7 Hz, 1H), 3.82 (s, 3H) ppm

TLC Rt = 0.29 (10% EtOAc/Hex) [silica gel, UV]
sy
OH
s e

(E)-3-(benzo[b]thiophen-2-yl)prop-2-en-1-ol (2.26). Follows General Procedure B. 2.25 (710
mg, 3.3 mmol), DCM (30 mL), DIBAL (11 mL, 11 mmol), ag sodium potassium tartrate solution
(2.2 M, 40 mL). The material was purified by flash column chromatography (40% EtOAc/Hex) to
yield the title compound as a yellow solid (580 mg, 94%). Compound 2.26 was previously prepared

by Shen, et al.>” Characterization data corresponds to the literature.
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Data 2.26 previously characterized

'H NMR (400 MHz, CDCls)
7.78-7.65 (m, 2H), 7.34-7.27 (m, 2H), 7.14 (s, 1H), 6.85 (d, J = 15.7 Hz, 1H), 6.28
(dt, J = 15.6, 5.5 Hz, 1H), 4.34 (d, J = 5.5 Hz, 2H), 1.74 (s, 1H) ppm. EtOAc
impurity at 2.05 ppm. Water impurity at 1.56 ppm.

TLC R = 0.30 (40% EtOAc/Hex) [silica gel, UV]

(E)-3-(benzo[b]thiophen-2-yl)allyl 3-phenylpropiolate (2.9). Follows General Procedure C:
DMAP (39 mg, 0.32 mmol), 2.22 (300 mg, 1.6 mmol), phenylpropiolic acid (260 mg, 1.8 mmol),
dichloromethane (24 mL), N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (460
mg, 2.4 mmol). The material was purified by flash column chromatography (30% EtOAc/Hex) to

yield the title compound as a white solid (400 mg, 79%).

Data 2.9

'H NMR (400 MHz, CDCly)
7.79-7.68 (m, 2H), 7.61 (dd, J = 8.5, 1.6 Hz, 2H), 7.45 (t, J = 7.4 Hz, 1H), 7.38 (t,
J = 7.9 Hz, 2H), 7.35-7.29 (m, 2H), 7.22 (s, 1H), 6.95 (d, J = 15.7 Hz, 1H), 6.24
(dt, J = 6.5, 15.6 Hz, 1H), 4.9 (dd, J = 6.5, 1.0 Hz, 2H) ppm. EtOAc impurity at
2.05 ppm (<0.4%). Water impurity at 1.56 ppm (<0.7%). Grease impurity at 1.26

ppm (<2.6%).
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BCNMR (100 MHz, CDCls)
153.9, 141.2, 140.0, 139.3, 133.2 (2C), 130.9, 128.9, 128.7 (2C), 125.2, 124.7,
124.3 (2C), 123.8, 122.4, 119.6, 87.0, 80.5, 66.0 ppm
IR (thin film)
3405, 3063, 2947, 2221, 1696, 1643, 1488, 1444, 1374, 1284, 1171, 1097, 956, 728
cm’?
HRMS (FTMS + p ESI)
[M + H]* calcd for C2oH1502S: 319.0787, found 319.0798
TLC Rf = 0.66 (40% EtOAc/Hex) [silica gel, UV]
MP

107.0-109.3 °C

Ph

- Y

0]
S Z

(E)-3-(thiophen-2-yhallyl 3-phenylpropiolate (1.50). Prepared as described by Brummond, et
al.** Follows General Procedure C: DMAP (97 mg, 0.79 mmol), (E)-3-(thiophen-2-yl)prop-2-en-
1-ol (555 mg, 3.96 mmol), phenylpropiolic acid (636 mg, 4.35 mmol), dichloromethane (66 mL),
N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (1.14 g, 5.94 mmol). The
material was purified by flash column chromatography (30% EtOAc/Hex) to yield the title
compound as a white solid (798 mg, 75%). Compound 1.50 was previously prepared by

Brummond, et al.** Characterization data corresponds to the literature.
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Data 1.50 previously characterized

'H NMR (400 MHz, CDCls)
7.60 (d, J=7.1 Hz, 2H), 7.46 (tt, J = 6.7, 1.4 Hz, 1H), 7.38 (tt, J = 6.8, 1.1 Hz, 2H),
7.21(d, J = 4.9 Hz, 1H), 7.02 (d, J = 3.5 Hz, 1H), 6.98 (dd, J = 5.1, 3.6, 1H), 6.86
(d, J = 15.6 Hz, 1H), 6.16 (dt, J = 6.6, 15.6 Hz, 1H), 4.9 (dd, J = 6.7, 1.1 Hz, 2H)
ppm. DCM impurity at 5.30 ppm (<1.6%). Water impurity at 1.54 ppm (<0.6%).

TLC R = 0.66 (40% EtOAc/Hex) [silica gel, UV]

(E)-3-(thiophen-3-yhallyl 3-phenylpropiolate (1.59). Prepared as described by Brummond, et
al.** Follows General Procedure C: DMAP (11 mg, 0.090 mmol), (E)-3-(thiophen-3-yl)prop-2-en-
1-ol (85 mg, 0.61 mmol), phenylpropiolic acid (100 mg, 0.70 mmol), dichloromethane (5.0 mL),
N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (170 g, 0.91 mmol). The
material was purified by flash column chromatography (30% EtOAc/Hex) to yield the title
compound as a clear yellow liquid (130 mg, 82%). Compound 1.59 was previously prepared by

Brummond, et al.* Characterization data corresponds to the literature.

Data 1.59 previously characterized

'H NMR (400 MHz, CDCly)
7.59 (d, J = 7 Hz, 2H), 7.45 (tt, J = 7.5, 1.3 Hz, 1H), 7.37 (t, J = 7.8 Hz, 2H), 7.29
(dd, J = 3.5, 5.0 Hz 1H), 7.23 (d, J = 4.2 Hz, 2H), 6.74 (d, J = 15.7, 1H), 6.19 (dt,

J=15.8, 6.7 Hz, 1H), 4.86 (dd, J = 6.7, 1.1 Hz, 2H) ppm. EtOAc impurity at 2.05
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ppm (<0.4%). Grease impurity at 1.26 ppm (<0.3%).

TLC Rf = 0.70 (40% EtOAc/Hex) [silica gel, UV]

3-bromobenzo[b]thiophene-2-d (2.16). Follows procedure described by Gronowitz.>® A 15 mL,
two-necked, round-bottomed flask with stir bar, condenser, and septum, was charged with zinc
powder (600 mg, 9.3 mmol, 3 equiv), acetic acid-d7 (0.53 mL, 9.3 mmol, 3 equiv), and deionized
water (5.0 mL, 0.60 M). The flask was lowered into a preheated oil bath at 100 °C. After 10 min,
2,3-dibromo-benzo[b]thiophene (900 mg, 3.1 mmol, 1 equiv) was added in one portion. After 3 h,
the reaction showed complete consumption of starting material by GC. 2,3-dibromo-benzol[b]
thiophene had a retention time of 12 min (185 °C) and product 3-bromobenzo[b]thiophene-2-d had
a retention time of 9.8 min (150 °C) when the reaction solution is injected at a starting temperature
of 80 °C with temperature ramping up to 300 °C at a rate of 15 °C per min. The column used was
a Rtx-5 Crosshond (5% diphenyl — 95% dimethyl polysiloxane) 15 m, 0.25 mmID, 0.25 um df.
The solution was allowed to cool to rt and then transferred to a separatory funnel. The aqueous
layer was extracted with diethyl ether (3 x 5 mL) and the combined organics were washed with
brine, dried over magnesium sulfate, vacuum filtered, and concentrated using rotary evaporation
to afford a light orange liquid. The material was purified by silica gel flash column chromatography

(100% Hex) to afford the product as a light-yellow liquid (510 mg, 81%).
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Data 2.16
'H NMR (300 MHz, CDCls)
8.00 (dd, J = 7.8, 0.5 Hz, 1H), 7.93 (dd, J = 8.2, 0.6 Hz, 1H), 7.57 (dt, J=7.1, 1.1
Hz, 1H), 7.49 (dt, J = 7.6, 1.3 Hz, 1H) ppm. Water impurity at 1.56 ppm.
BCNMR (75 MHz, CDCls)
138.4,137.4,125.2, 124.9, 123.2 (t, J = 28.9 Hz), 123.0, 122.6, 107.6 ppm
IR (thin film)
3106, 3056, 2924, 2852, 2320, 1557, 1480, 1454, 1419, 1302, 1247, 1162, 1072
cm?
HRMS (TOF MS ES+)

[M] calcd for CgH4D1SBr: 212.9360, found 212.9230 and 214.9210

TLC Rf = 0.53 (100% Hex) [silica gel, UV]
OH
N—p
S

3-(benzo[b]thiophen-3-yl-2-d)prop-2-yn-1-ol (2.17). Follows procedure described by Arsenyan,
et al.>® A flame-dried, 25 mL, two-necked, round-bottomed flask with stir bar, condenser, and
septum, was flushed with nitrogen (3x) before charged with 2.16 (409 mg, 1.91 mmol, 1 equiv),
propargyl alcohol (167 pL, 2.87 mmol, 1.5 equiv), tetrakis(triphenylphosphine) palladium(0) (22
mg, 0.020 mmol, 0.01 equiv), copper(l) iodide (15 mg, 0.08 mmol, 0.04 equiv), and deionized

water (12 mL, 0.16 M) in one portion. The solution was degassed by bubbling N2 through for 10
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min. Pyrrolidine (240 L, 2.88 mmol, 2 equiv) was added dropwise via syringe, and the solution
was lowered into a preheated oil bath at 75 °C. The reaction was maintained overnight before the
solution was allowed to cool to rt and transferred to a separatory funnel. The aqueous layer was
extracted with diethyl ether (3 x 10 mL) and the combined organics were washed with brine, dried
over magnesium sulfate, vacuum filtered, and concentrated using rotary evaporation to afford a
dark orange liquid. The oil was purified by silica gel flash column chromatography (30%

EtOAc/Hex) to afford the product as a dark yellow, orange oil (325 mg, 90%).

Data 2.17

'H NMR (500 MHz, CDCls)
7.97 (d,J=7.5Hz, 1H), 7.83 (d, J = 7.5 Hz, 1H), 7.40 (p, J = 7.3 Hz, 2H), 4.62 (s,
2H), 3.11 (s, 1H) ppm. DCM impurity at 5.27 ppm. EtOAc impurity at 4.14, 2.07,
and 1.25 ppm.

BCNMR (125 MHz, CDCls)
139.1, 138.7, 130.3 (t, J = 27.9 Hz), 125.0, 124.7, 122.9, 122.6, 117.5, 90.0, 79.3,
51.5 ppm

IR (thin film)
3943, 3593, 3431, 3054, 2986, 2305, 1631, 1421, 1265, 1016 cm*

HRMS (FTMS + p ESI)
[M + H]" calcd for C11HsDOS: 190.0431, found 190.0429

TLC Rf = 0.27 (30% EtOAc/Hex) [silica gel, UV]
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(E)-3-(benzo[b]thiophen-3-yl-2-[°H])prop-2-en-2-[?H]-1-ol (2.18). Follows procedure by
Kocsis, et al.>® A flame-dried, 25 mL, two-necked, round-bottomed flask with stir bar, condenser,
and septum, was charged with lithium aluminum deuteride (LAD, 114 mg, 2.72 mmol, 1.00 equiv).
The apparatus was evacuated and filled with nitrogen (3 x). THF (7 mL, 0.370 M) was added via
syringe and the solution was cooled in an ice-water bath. A separate flame-dried, 15-mL, round-
bottomed flask with septum was charged with 3-(benzo[b]thiophen-3-yl-2-[2H])prop-2-yn-1-ol (3-
2.17, 515 mg, 2.72 mmol, 1.00 equiv) and the flask was evacuated and filled with nitrogen (3 x).
THF (4.00 mL, 0.700 M) was added via syringe and the solution was cooled in an ice-water bath.
The solution of 2.17 was cannulated dropwise to the lithium aluminum deuteride solution.
Additional THF (1 mL) was used to transfer the last traces of 2.17 to the reaction flask. The
reaction was maintained at 0 °C in an ice-water bath. After 1 h, the reaction showed no further
change as observed by TLC but didn’t show complete consumption of starting material. The
reaction solution was cannulated dropwise into a separate flask charged with ice-water (10 mL),
equipped with a stir bar, and placed in an ice bath. Vigorous bubbling occurred during the transfer
process. The solution was allowed to warm to rt after removing from the ice bath. The solution
was extracted with diethyl ether (3 x 10 mL) and the combined organics were washed with brine,
dried over magnesium sulfate, vacuum filtered, and concentrated using rotary evaporation to afford
a yellow liquid. The residue was purified by flash column chromatography (5% ethyl
ether/dichloromethane) to afford the product as a yellow liquid (426 mg, 88%) and starting

material 2.17 (40 mg).
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Data 2.18

'H NMR (300 MHz, CDCls)
7.92 — 7.85 (m, 2H), 7.43 — 7.34 (m, 2H), 6.87 (s, 1H), 4.36 (s, 2H), 2.23 (s, 1H)
ppm. DCM impurity at 5.30 ppm.

BCNMR (100 MHz, CDCls)
140.3,137.6,133.2,129.9 (t, J = 23.4),124.5, 124.3,122.9 (2C), 122.0 (t, J = 27.8),
121.9, 63.5 ppm

IR (thin film)
3600, 3405, 3054, 2927, 2306, 1423, 1265 cm'!

HRMS (FTMS + p ESI)
[MH — H20]" calcd for C1:H7D>S: 175.0545, found 175.0542

TLC Rt = 0.21 (30% EtOAc/Hex) [silica gel, UV]

(E)-3-(benzo[b]thiophen-3-yl-2-d)allyl-2-d  3-phenylpropiolate (2.19). Follows General
Procedure C: DMAP (108 mg, 0.882 mmol), 2.18 (424 mg, 2.21 mmol), phenylpropiolic acid (419
mg, 2.87 mmol), dichloromethane (16 mL), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (634 mg, 3.31 mmol). The crude material was purified by flash column
chromatography (20% EtOAc/Hex) to yield the title compound as a clear yellow liquid (254 mg,

63%).

54



Data 2.19

'H NMR

13C NMR

(400 MHz, CDCly)

7.93 (d, J = 7.7 Hz, 1H), 7.87 (d, J = 7.7 Hz, 1H), 7.61 (m, 2H), 7.48 — 7.35 (m,
5H), 7.00 (s, 1H), 4.95 (s, 2H) ppm. DCM impurity at 5.30 ppm. EtOAc impurity
at 4.14, 2.06, and 1.27 ppm.

(100 MHz, CDCly)

153.9, 140.4, 137.5, 133.1 (2C), 132.7, 130.8, 128.7 (2C), 127.6, 124.7, 124.5,
123.4 (t, J = 24.5 Hz), 123.4 (t, J = 22.2 Hz), 123.0, 122.0, 119.6, 86.8, 80.6, 66.7
pPpm

(thin film)

3055, 2218, 1704, 1490, 1422, 1375, 1265, 1170, 962 cm™

(FTMS + p ESI)

[M+H]* calcd for C20H13D20,S: 321.09183, found 321.09261

Rf = 0.65 (40% EtOAc/Hex) [silica gel, UV]

2.6.4 Synthesis of the Dearomative DDDA Adducts as Mixtures with Products

4-phenyl-4a,10a-dihydrobenzo[4,5]thieno[2,3-f]isobenzofuran-3(1H)-one (2.6) (Table 2.1,

entry 1). An oven-dried NMR tube was charged with 2.5 (13 mg, 0.04 mmol) dissolved in o-

dichlorobenzene (0.5 mL, 0.08 M). The NMR tube was sealed with a polypropylene cap and
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lowered into a preheated oil bath at 150 °C. After 7 min, the NMR tube was removed from the oil

bath, rinsed with hexanes, and wiped with a ChemWipe. A ratio of 91:9 (2.6:2.8) was afforded,

and thus 2.6 was characterized as a mixture. Attempts to purify 2.6 by column chromatography

led to conversion to products. The solution was analyzed by multi-dimensional NMR COSY,

HSQC, and HMBC.

Data 2.6

'H NMR

13C NMR

(400 MHz, 0-DCB-d4) ppm
7.34 —7.25 (m, 5H), 7.19 (d, J = 7 Hz, 1H), 7.04 (dt, J = 1.3, 7.3 Hz, 1H), 6.98 —
6.91 (m, 2H), 5.93 (dd, J = 2.0, 3.5 Hz, 1H), 5.46 (dd, J = 3.5, 13.5 Hz, 1H), 4.53

(dd, J = 8.6 Hz, 1H), 3.91 (dd, J = 8.2, 10.4 Hz, 1H), 3.67 — 3.57 (m, 1H) ppm

(100 MHz, 0-DCB-d4)

166.2, 146.4, 143.5, 142.9, 136.2, 134.7, 129.5, 129.3, 129.0, 128.9, 128.2, 128.0,
124.8,123.0, 122.4,122.2, 114.8, 68.6, 55.5, 41.5 ppm

(thin film)

2978, 1756, 1455, 1354, 1223, 1060, 756, 700 cm™

(FTMS + p ESI)

[M + H]* calcd for C20H130-S: 317.06308, found 317.06243 indicative of formation
of oxidation product 2.5 under ionization conditions. 319.07787 was also found in
8% relative abundance, which is the correct mass for 2.6

R = 0.44 (40% ethyl acetate/hexanes) [silica gel, UV]
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(4aS,8aR)-8-phenyl-4a,8a-dihydrothieno[2,3-f]isobenzofuran-7(5H)-one (2.1) (Table 2.1,
entry 2). An oven-dried NMR tube was charged with dearomative DDDA precursor 1.59 (8 mg,
0.03 mmol) dissolved in 0-DCB-ds (0.5 mL, 0.06 M) under an atmosphere of air. The NMR tube
was sealed with a polypropylene cap and lowered into an oil bath preheated at 150 °C and heated
for 15 min. The NMR tube was removed from the oil bath, rinsed with hexanes, and wiped with a
ChemWipe before *H NMR was obtained. A 35:15:38:12 ratio of 1.59:2.1:1.61:1.60 was obtained.
Ratios were determined by comparing the *H NMR resonances at 6.03 ppm (1H) for 1.59, 5.50
ppm (1H) for 2.1, 5.14 ppm (2H) for 1.60, and 2.39 ppm (1H) for 1.61. Characterization of 2.1 by
analogy to 2.6 can be found in Table 2.1. Attempts to purify 2.1 by column chromatography led to

conversion to products.

Data 2.1

H NMR (400 MHz, 0-DCB-ds) ppm
5.50 (dd, J = 2.1, 3.8 Hz, 1H), 5.30 (dd, J = 3.8, 14.8 Hz, 1H), 4.48 (dd, J = 8.2, 8.9
Hz, 1H), 3.82 (dd, J = 8.2, 10.2 Hz, 1H), 3.57 — 3.47 (m, 1H) ppm. Resonances for
aromatic protons overlapped with other resonances in the mixture and were not

characterized.
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(3aR,9bS)-10-phenyl-3a,9b-dihydrobenzo[4,5]thieno[2,3-f]isobenzofuran-1(3H)-one  (2.10)
(Table 2.1, entry 3). An oven-dried NMR tube was charged with dearomative DDDA precursor
2.9 (10 mg, 0.03 mmol) dissolved in 0-DCB (0.5 mL, 0.06 M) under an atmosphere of air. The
NMR tube was sealed with a polypropylene cap and lowered into an oil bath preheated at 150 °C
and heated for 11 min. The NMR tube was removed from the oil bath, rinsed with hexanes, and
wiped with a ChemWipe before *H NMR was obtained. A 6:87:0:7 ratio 0f 2.9:2.10:2.11:2.12 was
obtained. Ratios were determined by comparing the *H NMR resonances at 4.81 ppm (2H) for 2.9,
5.59 ppm (1H) for 2.10, and 5.12 ppm (2H) for 2.12. Characterization of 2.10 by analogy to 2.6
can be found in Table 2.1. Attempts to purify 2.10 by column chromatography led to conversion

to products.

Data 2.10

H NMR (500 MHz, 0-DCB) ppm
5.59 (dd, J = 1.7, 3.4 Hz, 1H), 4.74 (dd, J = 3.3, 13.4 Hz, 1H), 4.50 (dd, J = 8.6, 9.4
Hz, 1H), 3.82 (dd, J = 8.6, 9.4 Hz, 1H), 3.60 — 3.50 (m, 1H) ppm. Resonances for
aromatic protons overlapped with other resonances in the mixture and were not

characterized.
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(3aR,7aR)-4-phenyl-7,7a-dihydrothieno[2,3-f]isobenzofuran-5(3aH)-one (2.13) (Table 2.1,
entry 4). An oven-dried NMR tube was charged with dearomative DDDA precursor 1.50 (10 mg,
0.04 mmol) dissolved in 0-DCB (0.5 mL, 0.07 M) under an atmosphere of air. The NMR tube was
sealed with a polypropylene cap and lowered into an oil bath preheated at 150 °C and heated for
15 min. The NMR tube was removed from the oil bath, rinsed with hexanes, and wiped with a
ChemWipe before *H NMR was obtained. A 16:65:9:10 ratio of 1.50:2.13:1.51:2.14 was obtained.
Ratios were determined by comparing the *H NMR resonances at 4.74 ppm (2H) for 1.50, 5.51
ppm (1H) for 2.13, 5.10 ppm (2H) for 2.14, and 2.51 ppm (1H) for 1.51. Characterization of 2.13
by analogy to 2.6 can be found in Table 2.1. Attempts to purify 2.13 by column chromatography

led to conversion to products.

Data 2.13

H NMR (500 MHz, 0-DCB) ppm
5.51 (dd, J = 3.4 Hz, 1H), 4.42 (dd, J = 3.4, 15.0 Hz, 1H), 4.45 (dd, J = 8.7 Hz, 1H),
3.79 (dd, J = 8.7, 8.9 Hz, 1H), 3.51 — 3.39 (m, 1H) ppm. Resonances for aromatic
protons overlapped with other resonances in the mixture and were not

characterized.
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(4aR,10aS)-4-phenyl-4a,10a-dihydrobenzo[4,5]thieno[2,3-f]isobenzofuran-3(1H)-one-

4a,10a-d2 (2.20). A 1-mL, flame-dried, microwave vial with stir bar was charged with precursor
2.19 (24 mg, 0.075 mmol) dissolved in 0-DCB (0.50 mL, 0.15 M). The vial was sealed with a
crimp cap with Teflon-lined septum, wrapped in parafilm at the top, and lowered into a pre-heated
oil bath at 150 °C. After 90 min, the solution was allowed to cool to room temperature before
transferred to an NMR tube for NMR analysis. Product ratios were determined by comparing the
resonance integrations for starting material, adduct, oxidized product, and isomerized product from
the 'H NMR of the crude reaction solution using No-D spectroscopy. A 0:77:18:5 ratio of
2.19:2.20:2.8:2.21 was obtained. Ratios were determined by comparing the *H NMR resonances

at 4.54 ppm (1H) for 2.20, 5.21 ppm (2H) for 2.8, and 3.09 ppm (1H) for 2.21.

Data 2.20

'HNMR (500 MHz, 0-DCB) ppm
5.95 (s, 1H), 4.54 (d, J = 8.9 Hz, 1H), 3.90 (d, J = 9.0 Hz, 1H) ppm. Resonances
for aromatic protons overlapped with other resonances in the mixture and were not

characterized.
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2.6.5 Deuterium Isotope Effect Observed in Parallel Reactions of 2.5 and 2.19

Rxn 1. A 1-mL, flame-dried, microwave vial with stir bar was charged with precursor 2.5 (20 mg,
0.063 mmol) dissolved in o-dichlorobenzene (0.50 mL, 0.13 M). The vial was sealed with a crimp
cap with Teflon-lined septum, wrapped in parafilm at the top, and lowered into a pre-heated oil
bath at 150 °C. After 90 min, the solution was allowed to cool to room temperature before
transferred to an NMR tube for NMR analysis. Product ratios were determined by comparing the
resonance integrations for starting material, adduct, oxidized product, and isomerized product from
the 'H NMR of the crude reaction solution using No-D spectroscopy. A 0:41:39:20 ratio of 2.5,
2.6, 2.8, and 2.7 was obtained. Ratios were determined by comparing the *H NMR resonances at

5.45 ppm (1H) for 2.6, 5.21 ppm (2H) for 2.8, and 2.79 ppm (1H) for 2.7.

Rxn 2. A 1-mL, flame-dried, microwave vial with stir bar was charged with precursor 2.19 (24
mg, 0.075 mmol) dissolved in o-dichlorobenzene (0.50 mL, 0.15 M). The vial was sealed with a
crimp cap with Teflon-lined septum, wrapped in parafilm at the top, and lowered into a pre-heated
oil bath at 150 °C. After 90 min, the solution was allowed to cool to room temperature before
transferred to an NMR tube for NMR analysis. Product ratios were determined by comparing the
resonance integrations for starting material, adduct, oxidized product, and isomerized product from
the 'H NMR of the crude reaction solution using No-D spectroscopy. A 0:77:18:5 ratio of 2.19,
2.20, 2.8, and 2.21 was obtained. Ratios were determined by comparing the *H NMR resonances

at 4.53 ppm (1H) for 2.20, 5.21 ppm (2H) for 2.8, and 3.09 ppm (1H) for 2.21.
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2.6.6 DP4 Probability Measure Results and Analysis

Table 2.2. Computational and experimental *C NMR resonances of the 2.6, 2.22, 2.23, 2.24, and 2.7

L~ (L~ (L~ (L~ (L
s g S s g s
H A H A
Ph O Ph O Ph' O Ph O Ph O
2.6 2.22 2.23 2.24 2.7

Computational

Experimental

Entry 2.13 2.22 2.23 2.24 2.7 2.13 2.23 2.7
1 42.70 44.52 39.88 41.50 27.09 41.59 39.00 26.57
2 56.64 54.86 45.92 42.12 37.81 55.64 45.32 37.06
3 67.37 69.00 72.08 66.73 70.29 68.69 72.35 71.27
4 113.59 115.86 116.46 113.91 119.71 | 114.87 | 116.22 119.51
5 121.73 121.28 121.52 121.36 122.34 | 122.32 | 121.16 122.53
6 122.04 123.61 122.65 122.73 123.25 | 12251 | 121.81 123.05
7 122.78 124.65 124.31 124.79 125.33 | 123.16 | 122.43 125.03
8 124.69 125.03 124.84 127.85 125.41 | 124.88 | 125.05 125.99
9 127.91 127.72 127.80 127.85 127.53 | 128.10 | 127.74 128.10
10 127.91 127.72 127.80 128.30 127.53 | 128.32 | 127.74 128.10
11 128.58 129.84 127.86 128.93 130.01 | 129.03 | 127.99 129.35
12 128.58 130.27 128.89 128.93 131.37 | 129.15 | 128.77 129.35
13 129.66 130.27 128.89 129.04 131.37 | 129.41 | 128.77 129.58
14 129.70 130.86 129.37 131.63 131.63 | 129.66 | 129.84 132.94
15 134.02 132.26 133.05 132.48 133.75 | 134.80 | 133.73 134.27
16 135.58 135.61 134.77 135.74 136.35 | 136.34 | 133.78 137.75
17 143.33 141.15 141.24 138.71 140.68 | 142.97 | 139.33 139.05
18 145.85 144.65 141.42 141.78 141.71 | 143.62 | 140.68 142.12
19 148.06 145.79 142.73 144.24 145.74 | 146.50 | 140.94 143.51
20 165.94 166.14 175.88 169.31 166.30 | 166.28 | 176.68 167.95
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Table 2.3. Computational and experimental *H NMR resonances of the 2.6, 2.22, 2.23, 2.24, and 2.7

Calculated Experimental

Entry 2.13 2.22 2.23 2.24 2.7 2.13 2.23 2.7

1 3.92 3.83 3.40 3.40 2.78 3.38 3.75 2.80
2 3.92 4.40 3.66 3.46 3.04 3.66 3.85 3.43
3 4,44 4.41 4.47 4.02 3.55 4,28 4,54 3.68
4 6.15 6.01 4,59 4.29 3.91 5.21 4.62 4.15
5 6.17 6.30 6.13 6.44 4,58 5.69 6.19 4.80
6 7.06 7.10 7.11 7.12 7.39 6.68 7.14 7.38
7 7.11 7.19 7.22 7.21 7.41 6.71 7.25 7.43
8 7.21 7.26 7.25 7.25 7.44 6.79 7.26 7.45
9 7.35 7.37 7.30 7.35 7.44 6.94 7.32 7.46
10 7.41 7.42 7.40 7.40 7.47 7.02 7.43 7.47
11 7.41 7.42 7.40 7.40 7.63 7.04 7.44 7.48
12 7.42 7.46 7.42 7.46 7.64 7.06 7.50 7.49
13 7.48 7.79 7.90 7.54 7.71 7.07 7.69 7.77
14 7.48 7.79 7.90 7.54 7.71 7.08 7.69 7.77

2.6.6.1 DP4 Analysis of the Experimental 2.6 NMR

Assignment of experimental NMR resonances of proposed 2.6 isomer to calculated

NMR resonances of each considered isomer.

2.6 (atom, calc, exp): C9 12791 128.32
H1 3.92 3.66
Cl 427 4159 H10 7.41 7.04

C10 12791 128.1

H11 7.41 7.02
Cl11 128.58 129.15

H12 7.42 7.06
Cl2 128.58 129.03

H13 7.48 7.08
C13 129.66 129.41

H14 7.48 7.07
Cl4 129.7 129.66

H2 3.92 3.38
C15 134.02 134.8

H3 4.44 428
C16 135.58 136.34

H4 6.15 521
C1l7 143.33 142.97

H5 6.17 5.69
C18 14585 143.62

H6 7.06 6.68
C19 148.06 146.5

H7 7.11 6.71
C2 56.64 55.64 H8 721 6.79
C20 165.94 166.28 ' '

H9 7.35 6.94

C3 67.37 68.69

C4 11359 114.87
C5 121.73 122.32
C6 122.04 12251
Cr 122.78 123.16
C8 124.69 124.88
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2.22 (atom, calc, exp):
Cl 4452 41.59

C10
Cl1
C12
C13
C14
C15
C16
C17
C18
C19

127.72
129.84
130.27
130.27
130.86
132.26
135.61
141.15
144.65
145.79

128.1

129.03
129.41
129.15
129.66
134.8

136.34
142.97
143.62
146.5

C2 54.86 55.64
C20 166.14 166.28
69.0 68.69

C3
C4
C5
C6
C7
c8
C9
H1
H10
H11
H12
H13
H14
H2
H3
H4
H5
H6
H7
H8
H9

115.86
121.28
123.61
124.65
125.03
127.72

114.87
122.32
122.51
123.16
124.88
128.32

3.83 3.38
742 7.04
7.42 7.02
7.46 7.06
7.79 7.08
7.79 71.07
44 3.66

441 4.28
6.01 5.21
6.3 5.69

7.1 6.68

719 6.71
7.26 6.79
7.37 6.94

2.23 (atom, calc, exp):
Cl 41.59 41.59

C10
Cl1
C12
C13
C14
C15
Cl6
C17

122.78
121.02
122.75
121.09
122.63
126.96
135.31
141.35

129.66
128.1
129.41
128.32
129.15
134.8
142.97
146.5
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C18 134.69 136.34
C19 136.94 143.62
C2 4755 55.64
C20 166.82 166.28
70.96 68.69

C3
C4
C5
C6
C7
C8
C9
H1
H10
H11l
H12
H13
H14
H2
H3
H4
H5
H6
H7
H8
H9

112.84
115.31
116.26

114.87
122.32
122.51

120.4 124.88

117.92
121.41

123.16
129.03

3.4 3.38

7.4 7.04
7.4 7.02
7.42 7.06
7.9 7.08
79 7.07
3.66 3.66
4.47 4.28
459 521
6.13 5.69
7.11 6.68
722 6.71
7.25 6.79
7.3 6.94

2.24 (atom, calc, exp):
Cl 415 4159

C10
Cl1
C12
C13
Cl4
C15
C16
C17
C18
C19

128.3

128.93
128.93
129.04
131.63
132.48
135.74
138.71
141.78
144.24

128.32
129.15
129.03
129.41
129.66
134.8
136.34
142.97
143.62
146.5

C2 4212 55.64
C20 169.31 166.28
66.73 68.69

C3
C4
C5
C6
C7
C8

113.91
121.36
122.73
124.79
127.85

114.87
122.32
122.51
123.16
128.1



C9 127.85 124.88
H1 3.4 3.38
74 7.04
7.4 7.02
7.46 7.06
7.54 7.08
7.54 1.07
3.46 3.66
4.02 4.28
429 5.21
6.44 5.69
7.12 6.68
721 6.71
7.25 6.79
7.35 6.94

H10
H11
H12
H13
H14
H2
H3
H4
H5
H6
H7
H8
H9

2.7

(atom, calc, exp):
Cl 27.09 41.59

C10
Cl1
C12
C13
C14
C15
C16
C17
C18
C19

127.53
130.01
131.37
131.37
131.63
133.75
136.35
140.68
141.71
145.74

128.1

129.03
129.41
129.15
129.66
134.8

136.34
142.97
143.62
146.5

C2 37.81 55.64

Warning: Error = 17.8 ppm

C20 166.3 166.28
70.29 68.69

C3
C4
C5
C6
C7
C8
C9
H1
H10
H11l
H12
H13
H14

119.71
122.34
123.25
125.33
125.41
127.53

114.87
122.32
122.51
123.16
124.88
128.32

2.78 3.38
747 7.02
7.63 7.04
7.64 7.06
7.71 7.08
7.71 7.07
H2 3.04 3.66
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H3
H4
H5
H6
H7
H8
H9

3.55
3.91
4.58
7.39
7.41
7.44
7.44

4.28
5.21
5.69
6.68
6.71
6.94
6.79



The results show the probability that the experimental NMR spectrum corresponds to the
indicated calculated NMR spectrum. The DP4 probability calculation uses the DP4-database2
version of the database and uses the t distribution.

Results of DP4 using both carbon and proton data:
2.6: 99.9%
2.22: 0.1%
2.23: 0.0%
2.24:0.0%
2.7: 0.0%

Results of DP4 using the carbon data only:
2.6: 95.4%
2.22: 4.6%
2.23: 0.0%
2.24:0.0%
2.7:0.0%

Results of DP4 using the proton data only:
2.6:97.1%
2.22: 2.6%
2.23: 0.3%
2.24:0.1%
2.7:0.0%

2.6.6.2 DP4 Analysis of the Experimental 2.23 NMR

Assignment of experimental NMR resonances of proposed 2.23 isomer to calculated
NMR resonances of each considered isomer.

2.6 (atom, calc, exp): C2 56.64 4532
C1l 42.7 39.0 C20 165.94 176.68

C3 67.37 72.35
C10 127.91 127.74

C4 11359 116.22
C11 128.58 128.77

C5 121.73 121.16
Cl12 128.58 127.99

C6 122.04 12181
C13 129.66 128.77

C7 122.78 122.43
Cl4 129.7 129.84

C8 124.69 125.05
C15 134.02 133.73 Co 12791 12774
Cl6 135.58 133.78

C17 14333 139.33 H1 392 3.85
C18 145.85 140.68 H10 7.41 7.44
' ' H11 7.41 7.43

C19 148.06 140.94
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H12 7.42 7.5
H13 7.48 7.69
H14 7.48 7.69
3.92 3.75
444 454
6.15 4.62
6.17 6.19
7.06 7.14
711 7.25
7.21 7.26
7.35 7.32

H2
H3
H4
H5
H6
H7
H8
H9

2.22 (atom, calc, exp):
Cl 4452 39.0

C10
Cl1
C12
C13
C14
C15
C16
C17
C18
C19

127.72
129.84
130.27
130.27
130.86
132.26
135.61
141.15
144.65
145.79

127.74
127.99
128.77
128.77
129.84
133.73
133.78
139.33
140.68
140.94

C2 54.86 45.32
C20 166.14 176.68
69.0 72.35

C3
C4
C5
C6
C7
C8
C9
H1

H2
H3
H4
H5
H6
H7
H8

115.86
121.28
123.61
124.65
125.03
127.72

116.22
121.16
121.81
122.43
125.05
127.74

3.83 3.75
H10 7.42 7.44
H11 7.42 7.43
H12 7.46 7.5
H13 7.79 7.69
H14 7.79 7.69
44 3.85

441 454
6.01 4.62
6.3 6.19

7.1 7.14

719 7.25
7.26 7.26
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H9 7.37 7.32

2.23 (atom, calc, exp):
Cl 39.88 39.0
127.8 127.74
127.86 127.99
128.89 128.77
128.89 128.77
129.37 129.84
133.05 133.73
134.77 133.78
141.24 139.33
141.42 140.68
142.73 140.94

C2 45.92 45.32
C20 175.88 176.68
72.08 72.35
116.46 116.22
121.52 121.16
122.65 121.81
124.31 122.43
124.84 125.05
127.8 127.74
3.4 3.75

C10
Cl1
Ci12
C13
Cl4
C15
C16
C17
C18
C19

C3
C4
C5
C6
C7
C8
C9
H1
H10
H11l
H12
H13
H14
H2
H3
H4
H5
H6
H7
H8
H9

7.4
7.4

7.44
7.43

742 15

7.9

7.9
3.66
4.47
4.59
6.13
7.11
1.22
7.25

7.69
7.69
3.85
4.54
4.62
6.19
7.14
7.25
7.26

7.3 7.32

2.24 (atom, calc, exp):
Cl 415 39.0

128.3 127.74
128.93 128.77
128.93 127.99
129.04 128.77
131.63 129.84
132.48 133.73

C10
Cl1
C12
C13
C14
C15



C16 135.74 133.78 Cl2 131.37 128.77

Cl17 138.71 139.33 C13 131.37 128.77
C18 141.78 140.68 Cl4 131.63 129.84
C19 144.24 140.94 C15 133.75 133.73
C2 4212 4532 Cl16 136.35 133.78
C20 169.31 176.68 C17 140.68 139.33
C3 66.73 72.35 C18 141.71 140.68
C4 11391 116.22 C19 145.74 140.94
C5 121.36 121.16 C2 37.81 45.32
C6 122.73 121.81 C20 166.3 176.68
C7 124.79 122.43 C3 70.29 72.35
C8 127.85 127.74 C4 119.71 116.22
C9 127.85 125.05 C5 122.34 121.16
H1 34 3.75 C6 123.25 121.81
H10 7.4 7.44 C7 125.33 122.43
H11 7.4 7.43 C8 125.41 125.05
H12 7.46 7.5 C9 127.53 127.74
H13 7.54 7.69 H1 2.78 3.75
H14 7.54 7.69 H10 7.47 7.43
H2 3.46 3.85 H11 7.63 7.44
H3 4.02 454 H12 7.64 7.5
H4 4.29 4.62 H13 7.71 7.69
H5 6.44 6.19 H14 7.71 7.69
H6 7.12 7.14 H2 3.04 3.85
H7 7.21 7.25 H3 3.55 4.54
H8 7.25 7.26 H4 3.91 4.62
H9 7.35 7.32 H5 4.58 6.19

H6 7.39 7.14
2.7 (atom, calc, exp): H7 7.41 7.25
Cl 27.09 39.0 H8 7.44 7.32
Cl10 12753 127.74 H9 7.44 7.26

C11 130.01 127.99

The results show the probability that the experimental NMR spectrum corresponds to the
indicated calculated NMR spectrum. The DP4 probability calculation uses the DP4-database2
version of the database and uses the t distribution.

Results of DP4 using both carbon and proton data:
2.6: 0.0%
2.22: 0.0%
2.23:100.0%
2.24: 0.0%
2.7: 0.0%
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Results of DP4 using the carbon data only:
2.6: 0.0%
2.22: 0.0%
2.23:100.0%
2.24: 0.0%
2.7:0.0%

Results of DP4 using the proton data only:
2.6: 0.0%
2.22: 0.0%
2.23:71.9%
2.24: 28.1%
2.7:0.0%

2.6.6.3 DP4 Analysis of the Experimental 2.7 NMR

Assignment of experimental NMR resonances of proposed 2.7 to calculated NMR

resonances of each considered isomer.

2.6 (atom, calc, exp): H10 7.41 7.48
ci 27 2557 AR

Warning: Error = 16.1 ppm

C10 127.91 128.1 mi ;-ig ;Z
Cl11 128.58 129.35 A ek
C12 128.58 129.35 : .
H3 4.44 3.68
C13 129.66 129.58
H4 6.15 4.15
Cl4 129.7 132.94 o
C15 134.02 134.27 : .
H6 7.06 7.38
C16 135.58 137.75
H7 7.11 7.43
C17 143.33 139.05
C18 145.85 142.12 H8 7.21 7.45
' ' HO 7.35 7.46

C19 148.06 143.51
C2 56.64 37.06
Warning: Error = 19.6 ppm
C20 165.94 167.95
C3 67.37 71.27
C4 11359 11951
C5 121.73 12253
C6 122.04 123.05
C7 122.78 125.03
C8 124.69 125.99
C9 12791 128.1
H1 3.92 3.43

2.22 (atom, calc, exp):

Cl 4452 26.57
Warning: Error = 18.0 ppm
C10 127.72 128.1
Cl1 129.84 129.35
C12 130.27 129.58
C13 130.27 129.35
Cl14 130.86 132.94
C15 132.26 134.27
C16 135.61 137.75
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C1l7 141.15 139.05
C18 144.65 142.12
C19 145.79 14351
C2 54.86 37.06

Warning: Error = 17.8 ppm

C20 166.14 167.95
69.0 71.27
115.86 119.51
121.28 122.53
123.61 123.05
124.65 125.03
125.03 125.99
127.72 128.1

C3
C4
C5
C6
C7
c8
C9
H1
H10
H11
H12
H13
H14
H2
H3
H4
H5
H6
H7
H8
H9

3.83 2.8

742 7.48
742 7.47
7.46 7.49
7.79 1.77
7.79 1.77
44 3.43

441 3.68
6.01 4.15
6.3 4.8

7.1 7.38

7.19 7.43
7.26 7.45
7.37 7.46

2.23 (atom, calc, exp):
Cl 4159 26.57

Warning: Error = 15.0 ppm

C10
Cl1
C12
C13
C14
C15
C16
C17
C18
C19

122.78
121.02
122.75
121.09
122.63
126.96
135.31
141.35
134.69
136.94

132.94
128.1

129.58
128.1

129.35
134.27
139.05
143.51
137.75
142.12

C2 47.55 37.06
C20 166.82 167.95
C3 70.96 71.27
C4 112.84 119.51
C5 11531 122.53
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C6
C7
C8
C9
H1
H10
H11
H12
H13
H14
H2
H3
H4
H5
Hé
H7
H8
H9

116.26

123.05

120.4 125.99

117.92
121.41

125.03
129.35

34 28

7.4 7.48
7.4 1.47
7.42 7.49
79 1.77
79 1.77
3.66 3.43
447 3.68
459 4.15

6.13 4.8
7.11 7.38
7.22 7.43
7.25 7.45
7.3 7.46

2.24 (atom, calc, exp):

C1

C10
Cl1
Ci12
C13
C14
C15
C16
C17
C18
C19

415 26.57
128.3 128.1
128.93 129.35
128.93 129.35
129.04 129.58
131.63 132.94
132.48 134.27
135.74 137.75

138.71
141.78
144.24

139.05
142.12
143.51

C2 4212 37.06
C20 169.31 167.95
66.73 71.27

C3
C4
C5
C6
C7
C8
C9
H1
H10
H11l
H12
H13
H14
H2

113.91
121.36
122.73
124.79
127.85
127.85
34 238

119.51
122.53
123.05
125.03
128.1

125.99

7.4 7.48
7.4 747
7.46 7.49
7.54 71.77
7.54 1.77
3.46 3.43



H3 4.02 3.68 C20 166.3 167.95

H4 429 4.15 C3 70.29 71.27
H5 6.44 4.8 C4 119.71 11951
H6 7.12 7.38 C5 122.34 12253
H7 7.21 7.43 C6 123.25 123.05
H8 7.25 7.45 C7 125.33 125.03
H9 7.35 7.46 C8 125.41 125.99
C9 12753 128.1
2.7 H1 2.78 2.8
(atom, calc, exp): H10 7.47 7.47
Cl 27.09 26.57 H11 7.63 7.48
C10 12753 128.1 H12 7.64 7.49
C11 130.01 129.35 H13 7.71 7.77
Cl12 131.37 129.58 H14 7.71 7.77
C13 131.37 129.35 H2 3.04 3.43
Cl4 131.63 132.94 H3 3.55 3.68
C15 133.75 134.27 H4 3.91 4.15
Cl16 136.35 137.75 H5 458 4.8
C17 140.68 139.05 H6 7.39 7.38
C18 141.71 142.12 H7 7.41 7.43
C19 145.74 14351 H8 7.44 7.46
C2 37.81 37.06 H9 7.44 7.45

The results show the probability that the experimental NMR spectrum corresponds to the
indicated calculated NMR spectrum. The DP4 probability calculation uses the DP4-database2

version of the database and uses the t distribution.

Results of DP4 using both carbon and proton data:
2.6: 0.0%
2.22: 0.0%
2.23: 0.0%
2.24:0.0%
2.7: 100.0%

Results of DP4 using the carbon data only:
2.6: 0.0%
2.22: 0.0%
2.23: 0.0%
2.24:0.0%
2.7:100.0%
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Results of DP4 using the proton data only:
2.6: 0.0%
2.22: 0.0%
2.23: 0.0%
2.24:0.0%
2.7: 100.0%
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2.6.6.4 Assignment of Spartan Calculated and Experimental 'H and *C NMR Resonances

Table 2.4. Resonances for 2.6 Table 2.5. Resonances for 2.23
2.6 2.23
Calculated | Experimental Calculated | Experimental
Carbons Carbons
1 67.37 68.69 1 72.08 72.35
3 165.94 166.28 3 175.88 176.68
3a 122.04 122.51 3a 45,92 45,32
4 148.06 146.50 4 124.31 122.43
4a 56.64 55.64 4a 134.77 133.78
ba 143.33 142.97 5a 141.24 140.94
6 122.78 123.16 6 122.65 121.81
7 129.66 129.41 7 129.37 129.84
8 124.69 124.88 8 124.84 125.05
9 121.73 122.32 9 121.52 121.16
9a 134.02 134.80 9a 133.05 133.73
9b 145.85 143.62 9b 142.73 140.68
10 113.59 114.87 10 116.46 116.22
10a 42.70 41.59 10a 39.88 39.00
1 135.58 136.34 1 141.42 139.33
2' 128.58 129.15 2' 127.8 127.74
3 127.91 128.10 3 128.89 128.77
4 129.70 129.66 4 127.86 128.77
5' 127.91 128.32 5' 128.89 127.99
6' 128.58 129.03 6' 127.8 127.74
Protons Protons
6'-H 7.48 7.07 2'-H 7.90 7.69
2'-H 7.48 7.08 6'-H 7.90 7.69
4'-H 7.42 7.06 9-H 7.42 7.50
3'-H 7.41 7.02 3-H 7.40 7.43
5'-H 7.41 7.04 5'-H 7.40 7.44
9-H 7.35 6.94 4'-H 7.30 7.32
7-H 7.21 6.79 7-H 7.25 7.26
6-H 7.11 6.71 6-H 7.22 7.25
8-H 7.06 6.68 8-H 7.11 7.14
10-H 6.17 5.69 10-H 6.13 6.19
4a-H 6.15 5.21 1-Hb 4,59 4,62
1-Ha 4.44 4.28 1-Ha 447 4,54
1-Hb 3.92 3.66 10a-H 3.66 3.85
10a-H 3.92 3.38 3a-H 3.40 3.75
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Table 2.6. Resonances for 2.7 Table 2.7. Resonances for 2.22

2.7 2.22

Calculated | Experimental Calculated
Carbons Carbons
1 70.29 71.27 1 69.00
3 166.30 167.95 3 166.14
3a 119.71 119.51 3a 124.65
4 145.74 143.51 4 145.79
4a 141.71 142.12 4a 54.86
5a 140.68 139.05 5a 141.15
6 123.25 123.05 6 123.61
7 125.33 125.03 7 129.84
8 125.41 125.99 8 125.03
9 122.34 122.53 9 121.28
9a 136.35 137.75 %a 135.61
9b 131.63 132.94 9%b 144.65
10 27.09 26.57 10 115.86
10a 37.81 37.06 10a 44,52
1 133.75 134.27 1 132.26
2' 131.37 129.35 2' 130.27
3 127.53 128.10 3 127.72
4 130.01 129.35 4 130.86
5' 127.53 128.10 5' 127.72
6' 131.37 129.58 6' 130.27
Protons Protons
6'-H 7.71 1.77 6'-H 7.79
2'-H 7.71 1.77 2'-H 7.79
6-H 7.64 7.49 4'-H 7.46
9-H 7.63 7.48 5'-H 7.42
4'-H 1.47 1.47 3-H 7.42
5-H 7.44 7.45 9-H 7.37
3-H 7.44 7.46 7-H 7.26
8-H 7.41 7.43 6-H 7.19
7-H 7.39 7.38 8-H 7.10
1-Hb 458 4.80 4a-H 6.30
1-Ha 3.91 415 10-H 6.01
10a-H 3.55 3.68 1-Hb 4.41
10-Ha 3.04 3.43 10a-H 4.40
10-Hb 2.78 2.80 1-Ha 3.83
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Table 2.8. Resonances for 2.24

2.24
Calculated

Carbons
1 66.73
3 169.31
3a 41.50
4 131.63
4a 138.71
5a 141.78
6 122.73
7 129.04
8 124.79
9 121.36
9a 132.48
9%b 144.24
10 113.91
10a 42.12
1 135.74
2' 128.93
3 127.85
4' 128.30
5' 127.85
6' 128.93
Protons
6'-H 7.54
2'-H 7.54
9-H 7.46
5'-H 7.40
3'-H 7.40
4'-H 7.35
7-H 7.25
6-H 7.21
8-H 7.12
10-H 6.44
1-Hb 4.29
1-Ha 4.02
3a-H 3.46
10a-H 3.40




2.6.7 Heating of 2.6 in DMF to Afford 2.8, 2.7, and 2.23

Rxn 1. An oven-dried NMR tube was charged with 2.5 (11 mg, 0.04 mmol) dissolved in 0-DCB
(0.5 mL, 0.08 M) under an atmosphere of air. The NMR tube was sealed with a polypropylene cap
and lowered into a preheated oil bath at 150 °C. After 6 min, the reaction was paused for *H NMR
analysis, and the NMR tube was rinsed with hexanes and wiped with a ChemWipe. 2.6 and 2.8
was afforded at a ratio of 95:5 as observed by No-D 'H NMR. Ratios were determined by
comparing the *H NMR resonance at 5.94 ppm (1H) for 2.6 to the resonance at 5.21 ppm (2H) for
2.8. Solvent was removed under reduced pressure, and the crude residue was dissolved in DMF
(0.5 mL). The solution was transferred to an oven-dried, 2-mL pW vial and capped with a Teflon-
lined septum crimp cap. The vial was irradiated by microwave at 150 °C for 5 min. The solvent
was removed by high vacuum and the crude residue was dissolved in chloroform-d. The solution
was transferred to an oven-dried NMR tube and analyzed by *H NMR. A ratio of 18:52:30
(2.8:2.7:2.23) was afforded with residual DMF present. Ratios were determined by comparing the

!H NMR resonance at 6.20 ppm (1H) for 2.23, 5.45 ppm (2H) for 2.8, and 3.40 ppm (1H) for 2.7.

2.6.8 Under Aerobic Conditions, 2.6 Affords 2.8 at Room Temperature

Rxn 1. An oven-dried NMR tube was charged with 2.5 (20 mg, 0.06 mmol) dissolved in 0-DCB
(0.5 mL, 0.13 M) under an atmosphere of air. The NMR tube was sealed with a polypropylene cap
and lowered into a preheated oil bath at 150 °C. After 10 min, the reaction was paused for 'H NMR
analysis, and the NMR tube was rinsed with hexanes and wiped with a ChemWipe. 2.6 and 2.8
was afforded at a ratio of 96:4 as observed by No-D *H NMR. Ratios were determined by

comparing the *H NMR resonance at 3.90 ppm (1H) for 2.6 to the resonance at 5.21 ppm (2H) for
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2.8. The solution was transferred to an oven-dried, 2-mL puW vial and capped with a Teflon-lined
septum crimp cap and needle venting to the air. Air was bubbled through the solution. After 1 h,
the solution was transferred to an oven-dried NMR tube for No-D *H NMR analysis. 2.8 was

afforded exclusively.

2.6.9 Stability of 2.7 under Thermal and Aerobic Conditions

Rxn 1. An oven-dried NMR tube was charged with a mixture of 2.8 and 2.7 at a ratio of 31:69 (7
mg, 0.02 mmol) and mesitylene (1 pL, 0.01 pumol) dissolved in toluene-dg (0.5 mL, 0.13 M) under
an atmosphere of air. Ratios were determined by comparing the *H NMR resonance at 4.51 ppm
(2H) for 2.8 and 2.35 ppm (1H) for 2.7 to the resonance at 6.55 ppm (3H) for mesitylene. The
NMR tube was sealed with a polypropylene cap and lowered into a preheated oil bath at 50 °C.
After 2 h, the reaction was paused for *H NMR analysis, and the NMR tube was rinsed with
hexanes and wiped with a ChemWipe. A ratio of 32:68 (2.8:2.7) was observed by crude *H NMR.
The solution was lowered into a preheated oil bath at 80 °C. After 2 h, the reaction was paused for
H NMR analysis, and the NMR tube was rinsed with hexanes and wiped with a ChemWipe. A
ratio of 32:68 (2.8:2.7) was observed by crude *H NMR. The solution was lowered into a preheated
oil bath at 110 °C. After 2 h, the reaction was paused for H NMR analysis, and the NMR tube
was rinsed with hexanes and wiped with a ChemWipe. A ratio of 32:68 (2.8:2.7) was observed by
crude 'H NMR. The cap was removed, and air was bubbled through the solution at room
temperature. After 2 h, the reaction was paused and a ratio of 32:68 (2.8:2.7) was observed by
crude *H NMR analysis. The solution was lowered into a preheated oil bath at 80 °C and air was

bubbled through the solution. After 2 h, the reaction was paused for *H NMR analysis, and the
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NMR tube was rinsed with hexanes and wiped with a ChemWipe. A ratio of 31:69 (2.8:2.7) was

observed by crude *H NMR.

2.6.10 Heating of 2.5 in Acetonitrile to Afford 2.6, 2.23, 2.8, and 2.7

Rxn 1. An oven-dried, 0.5 mL microwave vial with stir bar was charged with 2.5 (12 mg, 0.04
mmol) dissolved in acetonitrile (0.5 mL 0.08 M). The vial was sealed with a Teflon-lined septum
crimp cap and the solution was irradiated by microwave to 140 °C for 5 min. The solution was
then transferred to a 25 mL round-bottom flask, and the solvent removed under reduced pressure
to afford a yellow residue which was dissolved in chloroform-d under nitrogen. *H NMR in CDCls3
showed a mixture of 2.8, 2.7, 2.6, and 2.23 (10:22:51:17, respectively). Ratios were determined
by comparing the *H NMR resonance at 6.28 ppm (1H) for 2.6, 6.20 ppm (1H) for 2.23, 5.45 ppm

(2H) for 2.8, and 3.44 ppm (1H) for 2.7.

Rxn 2. An oven-dried, 0.5 mL microwave vial with stir bar was charged with 2.5 (11 mg, 0.03
mmol) dissolved in distilled acetonitrile that was stored over molecular sieves (type 4A, 8-12 mesh
beads, grade 514) which contained pulverized mole sieves that gave the solution a slight cloudy
appearance. The vial was sealed with a Teflon-lined septum crimp cap and the solution was
irradiated by microwave to 140 °C for 5 min. The solution was then transferred to a 25 mL round-
bottom flask, and the solvent removed under reduced pressure to afford a yellow residue which
was dissolved in chloroform-d under nitrogen. *H NMR in CDCls showed a mixture of 2.8, 2.7,
2.6, and 2.23 (6:41:7:46, respectively). Ratios were determined by comparing the 'H NMR
resonance at 6.28 ppm (1H) for 2.6, 6.20 ppm (1H) for 2.23, 5.45 ppm (2H) for 2.8, and 3.44 ppm
(1H) for 2.7.
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2.6.11 Synthesis of Cis-Diene

(3aS,10aS)-4-phenyl-3a,10a-dihydrobenzo[4,5]thieno[2,3-f]isobenzofuran-3(1H)-one (2.23).
An oven-dried, 0.5 mL microwave vial with stir bar was charged with 2.5 (11 mg, 0.03 mmol)
dissolved in distilled acetonitrile that was stored over molecular sieves (type 4A, 8-12 mesh beads,
grade 514) which contained pulverized mole sieves that gave the solution a slight cloudy
appearance. The vial was sealed with a Teflon-lined septum crimp cap and the solution was
irradiated by microwave to 140 °C for 5 min. The solution was then transferred to a 25 mL round-
bottom flask, and the solvent removed under reduced pressure to afford a yellow residue. The
residue was purified by silica gel flash column chromatography (100% DCM) to afford the product

as a light-yellow solid (5 mg, 42%).

Data 2.23

HNMR (600 MHz, CDCls)
7.69 (d, J = 7.8 Hz, 2H), 7.50 (d, J = 7.8 Hz, 1H), 7.43 (t, J = 7.8 Hz, 2H), 7.31 (t,
J=7.4Hz, 1H), 7.25 (q, J = 8.0, 14.3 Hz, 2H), 7.14 (dt, J = 1.9, 8.4 Hz, 1H), 6.19
(d, J = 3.7 Hz, 1H), 4.63 (dd, J = 5.7, 8.9 Hz, 1H), 4.54 (dd, J = 2.3, 9.1 Hz, 1H),
3.85 (m, 1H), 3.75 (d, J = 9.7 Hz, 1H) ppm. DCM impurity at 5.30 ppm. Water

impurity at 1.56 ppm.
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13C NMR

TLC

(125 MHz, CDCly)

176.7, 140.9, 140.7, 139.3, 133.8, 133.7, 129.8, 128.8 (2C), 128.0, 127.7 (2C),
125.1,122.4,121.8, 121.2, 116.2, 72.4, 45.3, 39.0 ppm

(thin film)

3482, 3060, 2908, 2252, 1765, 1589, 1494, 1449, 1372, 1197, 1151, 1090, 1028,
988, 909, 830, 764, 732, 697 cm™™

(FTMS + p ESI)

[M + H]* calcd for C2oH1502S: 319.07873, found 319.07817

317.06281 was also found in 50% relative abundance, indicative of formation of
oxidation product 2.5 under ionization conditions

R = 0.37 (100% DCM) [silica gel, UV]

2.6.12 Conversion of 2.23 to0 2.8, 2.7, and Unknown at Room Temperature in CDCls

Rxn 1. An oven-dried NMR tube was charged with 2.23 (7 mg, 0.02 mmol) dissolved in CDCl3

(0.5 mL, 0.04 M). The NMR tube was sealed with a polypropylene cap kept at room temperature

for 3 weeks. The crude solution afforded a ratio of 25:34:29:12 (2.23:2.8:2.7:unknown). Ratios

were determined by comparing the *H NMR resonance at 6.20 ppm (1H) for 2.23, 5.45 ppm (2H)

for 2.8, 2.81 ppm (1H) for 2.7, and 5.29 ppm for the unknown.
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3.0 Factors that Determine Reactivity for the Dearomative DA Cycloaddition

Having established the DA adduct as the result of the dearomative cycloaddition step and
the intermediate to the oxidation and isomerization products, we were poised to investigate the
substrate dependent factors that determine reactivity for the cycloaddition step. We launched a
cooperative investigation utilizing reactivity data from experimental rate studies and
computationally calculated energies from our collaboration with Professor Peng Liu’s research
group of the University of Pittsburgh. Correlation of our experimentally derived Gibbs free
energies of activation with density functional theory (DFT) calculations provided insight into the
mechanistic pathway of Dearomatization and the substrate dependent factors that determine
reactivity.

This chapter is based on results presented in: Winkelbauer J. A.; Bober A. E.; Qi X;
Kusevska E.; Liu P.; Brummond K. M., Mechanisms and origin of reactivity of dearomative
didehydro-Diels—Alder reactions of heteroarenes. Manuscript in preparation, submission expected

2021.

3.1 Determination of Reaction Rates and Half-Lives for Dearomative DDDA Precursors by

In Situ Reaction Monitoring with ReactIR

To derive experimental reactivity data for the dearomative DDDA reaction, rate
experiments monitored in situ by ReactIR were performed and the resulting data was evaluated to

determine activation energy (Ea) and Gibbs free energies of activation (AG*exp). Nine precursors
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(1.59,25,1.50,2.9,3.2,3.3,3.5, 3.4, and 3.1) were selected based on results showing dearomative
DDDA reactions that occurred in high yield and at a range of reaction temperatures. These
precursors were selected to evaluate the impact of the heteroarene identity, tether functionality and
position on the heteroarene, and group on the alkyne terminus on reactivity. Synthesis, ReactIR
experiments, and determination of reaction rate constant and half-lives for the pyrrole and indole
precursors were performed by Brummond Lab member Ashley Bober and are not described herein.
Synthesis of the thiophene and benzothiophene precursors was performed by the same method as

2.5 described previously in chapter 2.1.

Ts Ts Ts Ts

3.2 3.3 3.4 3.5

Scheme 3.1. Dearomative DDDA precursors selected for the reactivity study and analyzed by in situ ReactIR

monitoring of reaction progress

A minimum of five separate experiments were conducted for each dearomative DDDA

precursor with each experiment having a unique reaction temperature. The recorded temperature

82



is the internal temperature of the solution as measured by the ReactIR probe. For each series of
reactions, the oil bath temperature was increased by an increment of 10 °C; however, the increase
in the oil bath temperature did not translate to the internal reaction temperature. Thus, the actual
temperature difference between each experiment in the series is between 5-15 °C. The
consumption of starting material was measured by the disappearance of the absorption at ~1280
cm™* which we propose may be the C-O bond stretching of the ester. Formation of oxidation and
isomerization products was evidenced by the development of overlapping carbonyl absorptions at
a higher frequency (~1760 cm™). The reaction was judged complete when the absorption at ~1280
cm* showed no change in intensity for at least 30 min. Complete disappearance of starting material
was confirmed by TLC. A trend for the consumption of starting material was extracted using the
iC IR 7.0 software and measured using peak height with a two-point baseline after solvent
subtraction was applied. The trend data were exported to iC Kinetics 5.0 software, and the
consumption of starting material vs. time data was plotted using GraphPad Prism 7.0. The half-
lives and rate constants for each of the reactions were determined with GraphPad from a best-fit
curve by plotting absorption intensity in arbitrary units relative to time in minutes (Figure 3.1).
The data included by the best-fit curve contained 4-5 half-lives for each reaction. The selected
reaction rate was first-order in substrate and an exponential one-phase decay nonlinear regression
was applied to the data set, using a least square fit analysis. The half-lives and reaction rate

constants for each experiment are reported in Table 3.1.
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Peak Height (a.u.)

Table 3.1. Measured half-lives and rate constants for the dearomative DDDA reaction of the thiophene and

100

50
Time (min)

150

Figure 3.1. 1*torder exponential decay of 2.5 at 90 °C

benzothiophene precursors

Precursor Entry (°-E:) (rtrﬁzn) (Slfl)

Ph 1 77 154  7.49E-05
A o
@W 2 86 47  2.44E-04
AN~ O 3 94 28 4.16E-04
4 108 12 9.31E-04
1.50 5 119 6 2.06E-03
Ph 6 76 140  8.23E-05
A
) \f 7 85 63 1.83E-04
S\ O 8 95 23 5.06E-04
9 108 13 9.04E-04
2.9 10 113 8  1.36E-03
a "o 11 88 91  1.27E-04
S 12 08 43 2.68E-04
=0

oh z 13 109 16 7.41E-04
14 121 7 1.63E-03
1.59 15 132 4 3.20E-03
16 73 58  1.98E-04
77 Y0 17 81 28 4.09E-04
S /o 18 90 16 7.18E-04
Ph 19 96 9  1.28E-03
25 20 106 2.40E-03

(0 0]
S




T — temperature
t1o — half-life
k — rate constant

3.2 Determination of Activation Energy and Pre-Exponential Factor via the Arrhenius

Equation

To determine the DDDA activation energy (Ea) and pre-exponential factor (A) for each

precursor, an Arrhenius plot was generated by plotting In(k) against 1/T where K is the reaction

rate constant in inverse seconds and T is the temperature in Kelvin.

y-intercept = In(A)

/ k: rate constant

E,: activation energy
A: pre-exponential factor
0+ YL T: temperature in K

In(k)

1T

Figure 3.2. Representative Arrhenius plot and its relation to the Arrhenius equation

The Arrhenius plot afforded a trendline for the data with equation y =m ¢ x + b (eq 3.1)
where m is the slope of the line and b is the y-intercept. The trendline for the Arrhenius plot was

generated by a linear regression analysis using the LINEST function in Microsoft Excel. The
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LINEST function calculates a straight line that best fits our data by using the least squares method.
The const value was set to TRUE so that the y-intercept would not be forced to equal zero. The
stats value was set to TRUE so that the function output would include the linear regression
statistics. The components of the trendline generated through the LINEST function include the
slope, standard error for the slope, y-intercept, standard error for the y-intercept, R?, and the y

estimate standard error.

Equation 3.1. Arrhenius plot line equation
y=mex+b

where: y = In(k); m = slope = -E«/R; x = 1/T; b = y-intercept = In(A)

We related eq 3.1 to the linear form of the Arrhenius equation In(k) = -Eo/(R * T) + In(A)
(eq 3.2) where Ea is the activation energy in kcal/mol, R is the gas constant 0.001987 kcal/(mol*K),

and A is the pre-exponential factor for the reaction in inverse seconds.

Equation 3.2. Linear form of the Arrhenius equation
In(k) =-Eo/(R « T) + In(A)

Equation 3.3. Activation energy
Ea=-m°*R

Equation 3.4. Pre-exponential value
A=¢°

Equation 3.5. Rate of reaction at 363 K

Kagz = e(m* (1/363) + b)
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The error for Ea was calculated by substituting the slope with the slope error value, and the

error for A was calculated by substituting the y-intercept with the y-intercept error value.

Equation 3.6. Error for activation energy
Ea error = -Merror * R

Equation 3.7. Error for pre-exponential value

— aberror
Acrror =€

The activation energy, pre-exponential value, and the error for both were determined by
these same methods for each dearomative DDDA precursor. Rate constants at 363 K were derived
from the trendline as a means to compare rate constants across substrates. 363 K was chosen as a

median temperature across all reaction temperatures.
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Table 3.2. Arrhenius trendline components as derived from the LINEST function and the kinetic results derived from the trendline for each substrate

1.50 2.9 1.59 2.5 3.2 3.3 35 3.4 3.1
Slope -10229 -10016 -10881 -9886 -13397 -11653 -12837 -9248 -10028
Slope Standard Error 844 715 329 333 757 517 912 1025 837
Y-Intercept 20.0 19.4 21.2 20.1 31.0 26.4 28.0 18.1 18.2
Y-Intercept Standard Error 2.3 1.9 0.9 0.9 2.2 15 2.5 2.8 2.3
R? 0.980 0.985 0.997 0.997 0.987 0.994 0.980 0.953 0.980
Y Estimate Standard Error 0.21 0.16 0.08 0.07 0.20 0.11 0.17 0.20 0.15
kass (s™) 2.68E-04 2.73E-04 1.51E-04 7.74E-04 2.70E-03 3.46E-03  6.33E-04  6.03E-04  8.39E-05
Ea (kcal/mol) 20.3 19.9 21.6 19.6 26.62 23.16 25.51 18.38 19.93
Eaeror (kcal/mol) +1.7 +1.4 +0.7 +0.7 +15 +1.0 +1.8 +2.0 +1.7
A(sh 4.63E+08 2.63E+08  1.57E+09  5.20E+08 2.88E+13 3.02E+11  1.44E+12 6.99E+07  8.34E+07
Acrror (5™) +9.8 +7.0 +2.4 +25 +9.1 +45 +126 +17.0 +10.3
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3.3 Determination of Gibbs Free Energy of Activation, Enthalpy, and Entropy via the

Eyring Equation

To determine the Gibbs free energy of activation, enthalpy, and entropy for each precursor,
an Eyring plot was generated by plotting In(k « h/(ks * T)) against 1/T where k is the rate of the

reaction in inverse seconds, h is Planck’s constant = 6.63 x 103* J « s, kg is Boltzmann’s constant

=1.38x 102 J « K'* and T is the temperature in Kelvin.

- . X
-intercept = ——
y-i R

/ k: rate constant

. AH?*: enthalpy of activation
‘// AS*: entropy of activation
0 S .
T: temperature in K

In(kh/kgT)

1T

Figure 3.3. Representative Eyring plot and its relation to the Eyring equation

The Eyring plot affords a trendline for the data using the linear equation eq 3.8. Just as
performed for the Arrhenius plots, the trendline for the Eyring plot was generated by a linear

regression analysis using the LINEST function in Microsoft Excel. The LINEST function was set

with the same parameters and output the same components of the trendline.
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Equation 3.8. Eyring plot line equation
y=mex+b

where: y = In(k * h/(kg * T)); m = slope = -AH*/R; x = 1/T; b = y-intercept = AS*/R

We related eq 3.8 to the linear form of the Eyring equation In(k « h/(ks * T)) = -AH*/(R »
T) + AS*/R (eq 3.9) where AH* is the enthalpy of the reaction in kcal/mol, R is the gas constant

0.001987 kcal/(mol « K), and AS* is entropy of the reaction in kcal/mol.

Equation 3.9. Linear form of the Eyring equation
In(k « h/(kg * T)) = -AH*/RT + AS#/R
Equation 3.10. Enthalpy
AH*=-m*R
Equation 3.11. Entropy
ASt=b-R
Equation 3.12. Rate of reaction at 363 K

kagz = kg e T » em* (1/363)+b) / h

The error for AH* can be calculated by substituting the slope with the slope error, and the

error for AS* can be calculated by substituting the y-intercept with the y-intercept error.

Equation 3.13. Error for enthalpy
AHerror = -Merror * R
Equation 3.14. Error for entropy

AS*error = berror * R
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Gibbs free energy of activation can be calculated with the equation AG* = AH* - AS'T (eq

3.15) at 363 K.

Equation 3.15. Gibbs free energy of activation

AG* = AH! - ASte T

The error for AG* can be calculated by substituting AH* and AS* with the error for AH* and

AS* at 363 K. Propagation of error through the result of a subtraction is done through quadrature.

Equation 3.16. Error for Gibbs free energy of activation
AG-‘terror = AH-‘terror - Asierror T
Equation 3.17. Quadrature to calculate error for Gibbs free energy of activation

AG-‘terror = \/((AHIerror)z + (Asierror ° T)Z)

The Gibbs free energy of activation, enthalpy, entropy, and the error for each were
determined by these same methods for each dearomative DDDA precursor. Rate constants at 363
K as derived from the Eyring plot trendline remain unchanged and consistent to those derived from

the Arrhenius plot trendline.
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Table 3.3. Eyring trendline slope, y-intercept, and R? as derived from the LINEST function and the AH*, AS*, and AG* values with their corresponding error

1.50 2.9 1.59 2.5 3.2 3.3 35 3.4 3.1
Slope -9859 -9649 -10499 -9524 -13053 -11309 -12475 -8882 -9668
Slope Standard Error 846 717 331 333 756 518 911 1027 837
Y-Intercept -10.7 -11.3 95 -10.6 0.4 -4.2 2.7 -12.6 -12.4
Y-Intercept Standard Error 2.29 1.95 0.87 0.92 2.21 1.51 2.53 2.84 2.33
R? 0.978 0.984 0.997 0.996 0.987 0.994 0.979 0.949 0.978
Y Estimate Standard Error 0.21 0.16 0.08 0.07 0.20 0.11 0.17 0.20 0.15
kass (s™) 2.68E-04 2.73E-04  151E-04  7.74E-04 1.65E-03  2.70E-03 3.46E-03  6.33E-04  6.03E-04
AH* (kcal/mol) 19.6 19.2 20.9 18.9 25.9 22.5 24.8 17.7 19.2
AHeror (Kcal/mol) +1.7 +1.4 +0.7 +0.7 +15 +1.0 +1.8 +2.0 +1.7
AS* (kcal/mol) -2.10E-02  -2.20E-02  -1.90E-02 -2.10E-02  7.75E-04 -8.28E-03  -5.27E-03  -2.50E-02  -2.47E-02
AS*error (kcal/mol) +4.60E-03 +3.90E-03 +1.70E-03 +1.80E-03 +4.39E-03 +3.00E-03 +5.04E-03 +563E-03 +4.63E-03
AG* (kcal/mol) 27.3 27.3 27.7 26.6 25.7 25.5 26.7 26.7 28.2
AGterror (kcal/mol) +2.4 +2.0 +0.9 +0.9 +2.2 +15 +26 +29 +2.4
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3.4 Analysis of Reactivity in Collaboration with DFT Computational Calculations

With experimental reactivity and rate data in hand, we sought to correlate our data with
DFT computational calculations in order to derive the most likely mechanism of the dearomative
cycloaddition step of the DDDA reaction, as well as determine which substrate dependent factors
affect reactivity. All DFT computational calculations were performed by our collaborators

Xiaotian Qi, Elena Kusevska, and Professor Peng Liu of the University of Pittsburgh.

3.4.1 Determination of the Dearomative Cycloaddition Mechanism

The thermal dearomative step of the DDDA reaction between the heterarenyl diene and the
alkynyl dienophile is one that involves an initial [4 + 2] cycloaddition step to afford a 1,4-
cyclohexadienyl intermediate. Mechanistically, the cycloaddition step may proceed via a
concerted pathway with a six-membered, cyclic transition state or a stepwise pathway via a

diradical intermediate (Figure 3.4).

~ Bk r %
A H H
X

7 e __ . T T ol— ¢ 0
S /O o-DCB S * V4 S

Ph Hopn © Hen O

1.59 concerted stepwise 21
transition state transition state

Figure 3.4. Proposed concerted and stepwise transition states as possible mechanisms for the dearomative

cycloaddition step
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We proposed that correlating the computed Gibbs free energies of activation (AG*comp) for
the concerted and stepwise transition states with experimentally derived AG*exp would help to
elucidate the preferred mechanism. The AG*comp for both the stepwise and concerted reaction
pathways were calculated for all nine DDDA precursors. M06-2X/6-311+G(d,p) single point
energies were derived with both MO06-2X/6-31+G(d) and B3LYP/6-31+G(d) structure
optimization, and B3LYP/6-311+G(d,p) single point energies were derived with B3LYP/6-
31+G(d) structure optimization. The SMD solvation model with 0-DCB as the chosen solvent was
used for the geometry optimizations as well as the single point energy calculations to match the
experimental solvent. The computational Gibbs free energies of activation also include a thermal
correction to 363 K which was the median experimental temperature. Example structure
optimizations of 1.59 and the concerted and stepwise transition states with both M06-2X/6-

31+G(d) and B3LYP/6-31+G(d) structure optimization are shown (Figure 3.5).
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Figure 3.5. Structures of 1.59, the concerted transition state, and the stepwise transition state for the cycloaddition
step of the dearomative DDDA reaction with structures optimized by M06-2X/6-31+G(d) and B3LYP/6-31+G(d).

Bond distances shown in angstroms.

The closed-shell transition state with the s-cis conformer of the vinyl heteroarene, utilized
in the concerted pathway, was located for each dearomative DDDA precursor. The open-shell
transition state with the s-trans conformer of the vinyl heteroarene, utilized in the stepwise
pathway, was not able to be located for 1.50, 2.9, 3.5, or 3.1 for the M06-2X/6-311+G(d,p) single
point energies with M06-2X/6-31+G(d) geometry optimizations. The s-trans open-shell transition
state was not able to be located for 3.4 at any of the attempted levels of theory. The s-cis open-
shell transition state was also considered but could not be located at either level of theory for all
precursors. For these cases where the transition states were not able to be located, the geometry

would collapse to the s-cis closed-shell transition state, suggesting that they do not exist as
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stationary points on the potential energy surfaces for the dearomative DDDA reactions. The Gibbs

free energies of activation for all precursors are summarized in Table 3.4.
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Table 3.4. DFT computationally derived Gibbs free energies of activation for the s-cis closed-shell and s-trans open-shell transition states

1.50 2.9 1.59 2.5 3.2 3.3 3.5 3.4 3.1

experimental AG* (kcal/mol) 27.3 27.3 21.7 26.6 25.7 25.5 26.7 26.7 28.2
AG? s-cis closed-shell (kcal/mol)

B3LYP/6-311+G(d,p)//B3LYP/6-31+G(d) 324 322 331 306 306 302 347 309 347
MO6-2X/6-311+G(d,p)//M06-2X/6-31+G(d) 302 288 302 288 292 262 281 283 295
MO6-2X/6-311+G(d,p)//B3LYP/6-31+G(d) 320 310 312 282 299 302 321 294 314
AG? s-trans open-shell (kcal/mol)

B3LYP/6-311+G(d,p)//B3LYP/6-31+G(d) 30.2 30.9 33.0 33.3 36.5 35.8 44.0 - 44.0
MO06-2X/6-311+G(d,p)//M06-2X/6-31+G(d) ] . 332 353 366 339 ) ) )
MO06-2X/6-311+G(d,p)//B3LYP/6-31+G(d) 321 329 347 350 386 358 400 - 444
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The mechanism of the dearomative cycloaddition was determined to be the concerted
pathway due to the s-cis closed-shell transition state being lower in energy than the open-shell
transition states for all precursors. Additionally, the concerted pathway had a smaller average
deviation of computed activation energies from the experimentally derived activation free energies
than the stepwise pathway at the M06-2X/6-311+G(d,p)//B3LYP/6-31+G(d) level of theory. The
average deviations were 3.7 and 9.8 kcal/mol for the concerted and stepwise pathways,
respectively. The closed-shell and open-shell transition states were compared with the M06-2X/6-
311+G(d,p) single point energies and B3LYP/6-31+G(d) geometry optimizations as the M06-
2X/6-311+G(d,p) single point energies include dispersion corrections that B3LYP/6-311+G(d,p)
lacks, and several open-shell transition states were not able to be located with M06-2X/6-31+G(d)

geometry optimizations.

" 3.1
g 40 35 A Concerte.d J'T\.Gi
- 3.2 Avg. Deviation
© 3.7 kcal/mol
= 3.3 _

2 35 25 Stepwise AGT
5 1.59 A6
.9 3.4 Avg. Deviation
3 i 50 A 9.8 kcal/mol

o 2.9
0 1 I ® AGtexp
]
25 o @
25 26 27 28 29

AG*,, (kcal/mol)

Figure 3.6. Average deviation of computational Gibbs free energies of activation from experimental energies for

both the concerted and stepwise reaction pathways at the M06-2X/6-311+G(d,p)//B3LYP/6-31+G(d) level of theory
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Analysis of the newly formed bond lengths in the concerted pathway for the dearomative
cycloaddition step led to the discovery that the mechanism proceeds through an early and highly
asynchronous concerted transition state. The degree of asynchronicity of the transition state was
observed by the measurement of the newly forming bond lengths. These lengths were compared
for both the MO06-2X/6-31+G(d) and B3LYP/6-31+G(d) structure optimizations and are
summarized in Table 3.5. Both levels of theory showed that the bond length for lactone formation
was significantly shorter than the bond length between the heteroarene and the alkyne, indicative
of the highly asynchronous concerted dearomative DDDA transition state (Figure 3.5). Overall,
the M06-2X/6-31+G(d) level of theory showed a more synchronous TS structure with a difference
in bond lengths of 0.53-0.81 A compared to the B3LYP/6-31+G(d) level of theory which showed
a difference in bond lengths of 0.88-1.32 A. The B3LYP/6-31+G(d) level of theory lacks an
accurate description for dispersion forces which may be responsible for the predicted longer bond
forming distances between the heteroarene and the alkyne. The bond length differences found with
the M06-2X/6-31+G(d) level of theory are comparable to the differences in bond length of ~0.8 A
found in the concerted asynchronous transitions state for the styryl Diels—Alder reactions.*® This
early transition state leads to less distortion of the heteroarene and a relatively small decrease of
aromaticity from the precursor suggesting that substrate dependent factors such as aromaticity and

electronic properties may have a reduced impact on reactivity.
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Table 3.5. Newly forming bond lengths in the asynchronous, concerted transition state of the dearomative cycloaddition step

1.50 2.9 1.59 2.5 3.2 3.3 3.5 3.4 3.1

1st formed bond length M06-2X/6-31+G(d) (A) 1.88 194 192 194 1.8 195 192 198 195
2nd formed bond length M06-2X/6-31+G(d) (A) 265 264 260 262 269 264 256 251 248
1st formed bond length B3LYP/6-31+G(d) (A) 182 18 185 189 183 187 185 189 186
2nd formed bond length B3LYP/6-31+G(d) (A) 314 314 295 294 315 308 297 293 274
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3.4.2 Gibbs Free Energies of Activation at the M06-2X/6-311+G(d,p)//M06-2X/6-31+G(d)

Level of Theory as the Most Accurate to Experimental Energies

With the asynchronous, concerted reaction pathway as the proposed mechanism for the
dearomative cycloaddition, we then sought to evaluate which level of theory would afford
computational Gibbs free energies of activation (AG*comp) that would be the most accurate to
experimental energies (AG¥exp) and thus the best predictive tool (Figure 3.7). The M06-2X/6-
311+G(d,p)//M06-2X/6-31+G(d) level of theory provided the best agreement to experiments with
an average overestimation from AGPe of 2.0 kcal/mol and had a moderate correlation to AG¥exp
(R? = 0.48). The B3LYP/6-311+G(d,p)//B3LYP/6-31+G(d) level of theory provided a worse
agreement to experiments with an average overestimation from AGep of 5.3 kcal/mol yet had
significantly improved correlation to AG¥exp (R? = 0.84) when 3.5 was removed as an outlier. The
MO06-2X/6-311+G(d,p)//B3LYP/6-31+G(d) level of theory provided an average overestimation
from AGexp 0f 3.7 kcal/mol and had a poor correlation to AGlexp (R? = 0.23). Overall, the M06-
2X/6-311+G(d,p)//IM06-2X/6-31+G(d) level of theory was established to be a more reliable level
of theory for prediction of the absolute activation energies of the concerted dearomative
cycloaddition. However, the B3LYP/6-311+G(d,p)//B3LYP/6-31+G(d) level of theory can still be

used to predict the relative reactivity trend of different precursors.
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Figure 3.7. Comparison of different levels of theories used to calculate AG*eomp and their accuracy to AGiey.

3.4.3 The Effect of Ground State Conformations on the Reactivity of the Dearomative

Cycloaddition Step

We next sought to determine the substrate dependent factors that contribute to reactivity.
The first to be evaluated was the energy required to access the reactive s-cis conformation of the
vinyl heteroarene. M06-2X/6-31+G(d) geometry optimizations of the dearomative DDDA
precursors were analyzed to determine the lowest energy rotamer for the precursors studied. Most
afforded the s-cis rotamer as the lowest energy conformer in the ground state. The exceptions being
1.50, 2.9, and 1.59 for which the s-trans rotamer is 1.1, 1.5, and 0.7 kcal/mol more stable than the
corresponding s-cis rotamer, respectively (Scheme 3.2). Therefore, the energy required to attain
the reactive s-cis conformation from the unreactive s-trans does contribute to the overall energy
barrier of the dearomative cycloaddition. This additional required energy is not present for the
other dearomative DDDA precursors, thus 1.50, 2.9, and 1.59 have consequentially higher Gibbs

free energies of activation than the other substrates.
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Scheme 3.2. Rotational energy barriers required to attain the reactive s-cis conformer for precursors 1.50, 2.9, and

1.59

3.4.4 Stabilizing Dispersion Interactions in the Dearomative Cycloaddition Transition

States

Experimentally, the precursors with phenyl substitution on the terminus of the alkyne are
more reactive than 3.1 with TMS substitution on the terminus of the alkyne. This result may be
indicative of a n/n-stacking type interaction occurring between the heteroarene and the phenyl on
the terminus of the alkyne. The relatively long forming C—C bond distances in the asynchronous,
concerted transition state place the arene rings at a distance where the stacking would be possible.

Cooperative dispersion interactions between dienes and dienophiles in the transition state have
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been shown in previous studies by Houk et al to increase stabilization by up to 10 kcal/mol in
Diels—Alder reactions.®® To investigate these effects in our dearomative cycloaddition, London
dispersion energies (AEqdisp) between the heteroarene and the phenyl group in the transition state
were calculated. The dispersion energy in the transition state for 3.1 (AEqdisp = -12.9 kcal/mol) was
found to be less stabilizing than that of 3.5 (AEdisp = -16.7 kcal/mol) by 3.8 kcal/mol. Though the
calculated dispersion energies follow the reactivity trend, the lower reactivity of 3.1 may also be
due to destabilizing steric interactions between the TMS group and the heteroarene rather than a
lack of n-stabilizing interactions in the transition state.

Therefore, the dispersion interaction in the transition state of 2.9 was contrasted with an
analogous concerted transition state of 2.9 containing a methyl substituted alkyne 2.9-Me rather
than the phenyl substitution (Figure 3.8). AEaisp between the highlighted heteroarene and phenyl
moieties in the transition state of 2.9 was calculated to be —15.2 kcal/mol which was 4.2 kcal/mol
higher than that of the analogous transition state with the methyl substituted alkyne (AEgisp=-11.0
kcal/mol). These results demonstrate the stabilizing dispersion interactions present between the

heteroarene and the phenyl terminus of the alkyne.
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Figure 3.8. Dispersion effect on the stabilization of the concerted cycloaddition transition state

Optimized structures of transition states also show that there is a more favored n-n stacking
interaction between the phenyl alkyne terminus and the benzo-fused heteroarenes in comparison
to the non-benzo-fused heteroarenes. In each case, the benzo-fused precursors afforded transition
states with greater stabilizing dispersion energies than their non-benzo-fused counterparts. 2.9, 2.5,
3.3,and 3.4 (-15.2,-12.0, -21.1, and -21.3 kcal/mol) each had a dispersion stabilization energy that
was lower than the non-benzo-fused 1.50, 1.59, 3.2, and 3.5 (-11.0, -11.7, -16.1, and -16.7
kcal/mol) respectively. The presence of the benzene fused to the heteroarene likely affords an

increase in the stabilizing n-7 stacking interaction.
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3.4.5 Effect of Heteroarene Aromaticity on Reactivity of the Dearomative Cycloaddition

To determine the effect that aromaticity of the heteroarene has on the reactivity of the
dearomative cycloaddition, experimentally derived Gibbs free energies of activation were
compared to the computationally derived aromaticity of the heteroarenes. Aromaticity was
calculated using nucleus-independent chemicals shift (NICS) which is the negative of the magnetic
shielding at a given point, using the NICS(1)zz method. The NICS(1)zz values were calculated by
the placement of a ghost atom 1 A above the heterocyclic ring for each precursor and their
respective concerted transition state. These aromaticity calculations are summarized in Table 3.6.
The NICS(1)zz values of the dearomative cycloaddition precursors are close to those of their
respective transition states, indicative of a relatively small decrease of aromaticity of the
heteroarene in the transition states. This is consistent with the proposed early, asynchronous
transition state where the forming C-C bond between the heteroarene and the alkyne is longer than

that of the forming lactone C-C bond.
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Table 3.6. NICS(1)zz aromaticity of the heteroarene for the dearomative cycloaddition precursors and transition states

1.50 2.9 1.59 2.5 3.2 3.3 3.5 3.4 3.1

experimental AG* (kcal/mol) 27.3 27.3 21.7 26.6 25.7 25.5 26.7 26.7 28.2
experimental AGexp(s-cis) (kcal/mol) 26.2 25.8 27.0 26.6 25.7 25.5 26.7 26.7 28.2
precursor NICS(1)zz (ppm) M0O6-2X/M06-2X 278 -218 -288 -251 -251 -20.7 -258 -20.0 -255

transition state NICS(1)zz (ppm) M06-2X/M06-2X  -280 -20.8 -29.0 -22.8 -240 -179 -232 -163 -235
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We then sought to isolate the contribution that heteroarene aromaticity had on the Gibbs
free energy of activation to see the effect of aromaticity on reactivity. Tether composition affects
the Gibbs free energy of activation due to the additional conformational mobility of a ketone-
tethered precursor over that of an ester-tethered precursor. Therefore, only ester-tethered substrates
were considered to eliminate this contribution in our analysis. As described previously, the ground
state conformer for the precursors is the reactive s-cis conformation for all substrates except 2.9,
1.50, and 1.59 which have the s-trans conformation. Therefore, the AG*exp for 2.9, 1.50, and 1.59
was adjusted by subtracting the computed energy difference between the s-trans and s-cis
conformers (1.5, 1.1, and 0.7 kcal/mol, respectively). These adjusted Gibbs free energies of
activation, denoted as AGexp(s-cis), are used in our comparison to reflect the reactivities of the
reactive s-cis conformer of each precursor.

Therefore, the NICS(1)zz aromaticity of the heteroarene in the ester-tethered precursors
and concerted transition states were plotted against the adjusted Gibbs free energies of activation,
AGexp(s-cis). The precursors afforded a correlation with R? = 0.63 for the trendline, and the transition
states afforded a correlation with R? = 0.56 for the trendline (Figure 3.9). Aromaticity of the
heteroarene in the precursor afforded a better correlation to the Gibbs free energy of activation
than the aromaticity in the transition state, so that transition state calculations may not be necessary
to use aromaticity as a predictive tool for reactivity. The positive correlation between aromaticity
of the heteroarene and the Gibbs free energy of activation suggests that aromaticity is one of
several influencing factors that control reactivity. For example, C3-substituted 1.59 (-28.8 ppm)
and 2.5 (-25.1 ppm) are more aromatic than the corresponding C2-substituted 1.50 (-27.8 ppm)
and 2.9 (-21.8 ppm). Consequentially, 1.59 and 2.5 (27.0 and 26.6 kcal/mol) have higher AG*exp(s-

cis) than 1.50 and 2.9 (26.2 and 25.8 kcal/mol), respectively.
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Figure 3.9. Correlation between AGexp(s-cis), and both precursor and transition state NICS(1)z, aromaticity values for

ester-tethered substrates

NICS(1)zz aromaticity of the heteroarene in the ester-tethered precursors and concerted
transition states were plotted against the adjusted computational Gibbs free energies of activation,
AG*comp(s-cis) as Well, and afforded improved correlation. The precursors afforded a correlation with
R? = 0.88 for the trendline, and the transition states afforded a correlation with R = 0.85 for the
trendline (Figure 3.10). The improved correlation for the computed Gibbs free energies of
activation over the experimental energies is attributed to the lack of experimental error. As with
experimental energies, aromaticity of the heteroarene in the precursor afforded a better correlation
to the Gibbs free energy of activation than the aromaticity in the transition state. The positive
correlation between aromaticity of the heteroarene and the computed Gibbs free energy of
activation with improved correlation is in agreement with the correlation with experimental

energies that aromaticity is one of several influencing factors that affects reactivity.
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Figure 3.10. Correlation between the AG*comp(s-cis) at the M06-2X/M06-2X level of theory and the NICS(1)zz

aromaticity calculation

However, the dearomative cycloaddition appears to lack sensitivity to the effect that the

fused benzene ring has on the aromaticity of the heteroarene. Benzo-fused heteroarenes 2.9, 2.5,

and 3.3 are less aromatic than their non-benzo-fused counterparts 1.50, 1.59, and 3.2, yet the

reaction rate of the dearomative cycloaddition for the benzo-fused heteroarenes is only accelerated

by a factor of 1.02, 5.13, and 1.28-fold, respectively. This rate enhancement is relatively small

when compared to the 400,000-fold rate enhancement observed in the Diels-Alder reaction

between naphthalene and tetracyanoethylene over that of benzene and teracyanoethylene.®* The

lack of sensitivity to heteroarene aromaticity is consistent with the proposed early transition state

that retains the aromaticity of the heteroarenes. Therefore, a broad range of heteroarenes with

varied levels of aromaticity may be used as precursors for the dearomative DDDA reaction.
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3.5 Conclusions

We established that the dearomative cycloaddition step of the dearomative DDDA reaction
proceeds through a highly asynchronous, closed-shell, concerted transition state where the five-
membered ring is formed to a greater degree than the six-membered ring. This was accomplished
through a cooperative investigation incorporating experimentally derived kinetic data with
computational DFT analysis to afford a deeper mechanistic understanding of the dearomative
cycloaddition step and the substrate dependent factors that determine reactivity. Dearomative
DDDA reactions were monitored in situ with ReactIR to afford kinetic reactivity data including
Gibbs free energies of activation. These experimental energies were correlated with computational
DFT calculated Gibbs free energies of activation. M06-2X/6-311+G(d,p)//M06-2X/6-31+G(d)
level of theory afforded the most accurate computational energies of those tested while B3LYP/6-
311+G(d,p)//B3LYP/6-31+G(d) level of theory had improved correlation to experimental energies
and may be useful in the prediction of relative reactivity trends for different precursors. NICS(1)zz
aromaticity calculations have a positive correlation with experimental Gibbs free energies of
activation, yet the impacts on Gibbs free energies of activation are less than a few kcal/mol which
is in agreement with the early transition state. Stabilizing dispersion interactions between the
phenyl terminus of the alkyne and the heteroarenes were observed. The energy required to attain
the reactive s-cis conformation of the vinyl heteroarene from the unreactive s-trans conformation
was also found to contribute to the overall energy barrier of the dearomative cycloaddition. These
results serve to benchmark DFT computation as a predictive tool in reactivity determination for
the dearomative cycloaddition and to lend insight into the substrate dependent factors that control

reactivity for this and other dearomative processes.
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3.6 Experimental

3.6.1 General Methods

Unless otherwise indicated, all reactions were performed in flame-dried glassware under
an air atmosphere and stirred with Teflon-coated magnetic stir bars. All commercially available
compounds were purchased and used as received unless otherwise specified. Tetrahydrofuran
(THF) was purified by passing through alumina using the Sol-Tek ST002 solvent purification
system. Deuterated chloroform (CDCIs) was passed over 3 A molecular sieves. Nitrogen gas was
purchased from Matheson Tri Gas. Purification of compounds by flash column chromatography
was performed using silica gel (40-63 um particle size, 60 A pore size). TLC analyses were
performed on silica gel Fzss glass-backed plates (250 um thickness). *H NMR and *C NMR
spectra were recorded on Bruker Avance 300, 400, or 500 MHz spectrometers. Spectra were
referenced to residual chloroform (7.26 ppm, *H; 77.16 ppm, *3C). Chemical shifts (5) are reported
in ppm and multiplicities are indicated by s (singlet), d (doublet), t (triplet), g (quartet), quint
(quintet), and m (multiplet). Coupling constants, J, are reported in hertz (Hz). All NMR spectra
were obtained at room temperature. Compound characterization IR spectra were obtained using a
Nicolet Avatar E.S.P. 360 FT-IR. ReactIR spectra were obtained using a Mettler Toledo ReactIR
45M with a silicone probe (SiComp, 9.5 x 1.5 mm AgX Fiber, Resistive Temperature Device). El
mass spectroscopy was performed on a Waters Micromass GCT high resolution mass
spectrometer, while ES mass spectroscopy was performed on a Waters Q-TOF Ultima API,

Micromass UK Limited high-resolution mass spectrometer.
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3.6.2 Experimental Procedures for ReactIR

The dewar of the ReactIR 45M was filled with liquid nitrogen and the instrument was
switched on 2 h prior to experiment. A 10 mL, 2-necked, heart-shaped flask equipped with a stir
bar (flea sized) was fitted with the 9.5 mm silicone ReactIR probe via a 14/20 Teflon adapter. The
tip of the probe was carefully positioned slightly above the stir bar through the center neck, and a
14/20 glass stopper was inserted into the side neck. The flask was clamped directly above a pre-
heated oil-bath, while cautiously moving the fiber arm so as to avoid excessive bending. The iC
IR 4.0 was used for data collection. The data collection frequency was set to 30 s, 1 min, or 3 min,
depending upon predetermined reaction time and the temperature was monitored via the ReactIR
probe. The alignment and clean steps were performed, and if necessary, the probe tip was cleaned
by temporarily removing from the flask and gently wiping with an acetone soaked Kimwipe. A
background scan in air was collected. The glass stopper was temporarily removed and o-
dichlorobenzene (0-DCB, 1 mL) was added in a single portion via syringe—the probe tip must be
immersed in 0-DCB. The pre-heated oil bath was raised to the flask. Once the internal temperature
reached equilibria as evidenced by the readout, the glass stopper was temporarily removed, and a
solution of precursor (20 mg) diluted in 0-DCB (0.5 mL) was added in a single portion via syringe.
At this point, the reaction solution contained 20 mg of precursor dissolved in 1.5 mL (2.0 g) o-
DCB affording a weight percent of 1.0%, well above the 0.1% detection limit of the ReactIR
infrared absorber. The reaction progress was monitored by disappearance of starting material as
observed by a decreasing peak height for a particular absorption attributed to the starting material—
an absorption identified by the iC IR software to afford the best trend. Complete disappearance of
starting material was confirmed by TLC. A trend for the consumption of starting material was

extracted using the iC IR 7.0 software and measured using peak height with a two-point baseline
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after solvent subtraction was applied. The trend data were exported to iC Kinetics 5.0 software,
and the consumption of starting material vs. time data was plotted using GraphPad Prism 7.0. The
reaction displayed first-order kinetics for the substrate. An exponential one-phase decay nonlinear

regression was applied to the data set, using a least squares fit analysis.

3.6.3 ReactIR Data Output and Rate Calculations with GraphPad

As described in the experiment procedure, each ReactIR experiment began with a period
where the probe recorded the absorption of background air or solvent during temperature
equilibration, before starting material was added to the reaction vessel. All data recorded by the
probe before the addition of starting material was considered irrelevant to the experiment.
Therefore, the plots of consumption of starting material over time were set so that the introduction
of starting material to the reaction has a time point of zero, and the probe recordings before that
point were discarded and not displayed. Probe recordings after the point of five half-lives were
also discarded and not displayed so as to eliminate error from the decomposition of products after
the consumption of starting material was complete.

Plots of consumption of starting material over time are displayed as peak height vs.
duration of the experiment. Peak height is recorded by the iC IR software with arbitrary units (a.u.).
The GraphPad data output is displayed below the plot of consumption of starting material and
represents the statistics for the one phase decay nonlinear regression. YO0 is the Y value when the
time is zero. The plateau is the Y value at an infinite time. K is the rate constant expressed in
inverse minutes. Tau is the reciprocal of K. The half-life is displayed as determined by In(2)/K.
The span is the difference between YO0 and the plateau. The 95% confidence interval is also
displayed for the previous statistics. Statistics related to the goodness of the fit are given, including

114



the degrees of freedom, R? value, sum of squares, and the standard error of estimate (Sy.x). The
only constraint imposed upon the one phase decay nonlinear regression is that the rate is greater
than zero.

The data points for each ReactIR experiment and the corresponding plot and GraphPad

output have been recorded and can be found in Appendix C.

3.6.4 Specifications for Measuring Half-Lives for DDDA Precursor

A minimum of five separate experiments were conducted for each DDDA precursor with
each experiment having a unique reaction temperature. A significant improvement to the trendline
fit was not observed beyond four data points for either the Eyring or Arrhenius plots. For example,
Figure 3.11 shows an Eyring plot of 1.59 using five different reactions temperatures with an R? =
0.997 while Figure 3.12 shows a plot with four reactions with the same fit (R?> = 0.997). The
recorded temperature is the internal temperature of the solution as measured by the ReactIR probe.
For each series of reactions, the oil bath temperature was increased by an increment of 10 °C;
however, the increase in the oil bath temperature did not translate to the internal reaction
temperature. Thus, the actual temperature difference between each experiment in the series is

between 5-15 °C.
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Figure 3.11. Eyring plot for the dearomative DDDA reaction of 1.59 using five different reaction temperatures
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Figure 3.12. Eyring plot for the dearomative DDDA reaction of 1.59 using four different reaction temperatures
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3.6.5 Arrhenius Plots
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Figure 3.13. Arrhenius plot for the dearomative DDDA reaction of 1.50

0.0025 0.0026 0.0027 0.0028 0.0029

In(k)
[

y=-10016x+19.386...
R? = 0.985

-10
1/T (k%)

Figure 3.14. Arrhenius plot for the dearomative DDDA reaction of 2.9
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Figure 3.15. Arrhenius plot for the dearomative DDDA reaction of 1.59

5
0.0026 0.0027 0.0028 0.0029
6 e,
.,
- .
=
..
e
_8 . .
y =-9886x + 20.07-.
R? = 0.9966
_9 -
17 (k%

Figure 3.16. Arrhenius plot for the dearomative DDDA reaction of 2.5
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3.6.6 Eyring Plots
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Figure 3.17. Eyring plot for the dearomative DDDA reaction of 1.50
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Figure 3.18. Eyring plot for the dearomative DDDA reaction of 2.9
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Figure 3.19. Eyring plot for the dearomative DDDA reaction of 1.59
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Figure 3.20. Eyring plot for the dearomative DDDA reaction of 2.5
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3.6.7 Correlation Plots between DFT Computational and Experimentally Derived Gibbs

Free Energies of Activation
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Figure 3.21. Correlation between the closed-shell transition state AGeomp With B3LYP/B3LYP level of theory and
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Figure 3.22. Correlation between the closed-shell transition state AGcomp With B3LYP/B3LYP level of theory and

the AG*exp Without 3.5 outlier
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4.0 Divergent Reactivity of the DA Adduct and Regulating the Selectivity for Oxidation or

Isomerization Products

Having established the DA adduct to be on the pathway to both the oxidation and
isomerization products, we were poised to investigate the mechanisms for their formation from
adduct. We launched an investigation where dearomative DDDA conditions were systematically
varied to identify how different reaction parameters affected product selectivity as a way to gain
insight into the mechanisms of product formation. In turn, this information is used to regulate the
dearomative DDDA reaction selectivity for either the oxidation or isomerization product.

This chapter is based on results presented in: Winkelbauer J. A.; Bober A. E.; Brummond
K. M., Regulating Divergent Product Selectivity of the Dearomative Didehydro-Diels—Alder

Reaction through Mechanistic Insight. Manuscript in preparation, submission expected 2021.

4.1 Reaction Conditions that Affect Product Selectivity

The following effects of varied reaction conditions on the product selectivity of the
dearomative DDDA reaction were observed as trends across multiple experiments and are herein

reported with limited examples for direct comparison of the observed effects.
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4.1.1 Temperature Effect on the Dearomative DDDA Reaction Product Selectivity

To determine the effect that temperature has on the product selectivity of the dearomative
DDDA reaction of 2.5, reaction temperatures were systematically varied, and product ratios were
measured. Benzothiophene precursor 2.5 heated for 3 days at 60 °C in 0-DCB afforded only 2.8.
The reaction progress and product ratios were monitored by *H NMR (see NMR overlay in
experimental section). 2.19 for 2 h at 150 °C in 0-DCB afforded a mixture of products with a
74:26 ratio of 2.8:2.21 along with a large quantity of adduct 2.20 remaining. Performing this same
reaction at 180 °C resulted in an increased presence of isomerization product. Reaction of 2.19
heated for 2 h at 180 °C in 0-DCB afforded a 45:55 ratio of products 2.8:2.21 with significantly
less adduct 2.20 remaining. These three experiments demonstrate that reaction temperature has a
significant impact on product ratios. Selectivity for the isomerization product increases at higher
temperatures but a mixture of oxidation and isomerization products are afforded. The oxidation

product is afforded exclusively at low temperature.
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X=H, 25 X=H, 2.6 2.8 X=H, 27
X=D, 219 X =D, 220 X =D, 221

entry precursor T t Ratio Oxid:lsom

(°C) (h) precursor adduct oxid. isom.

1 25 60 72 0 0 100 0 100:0

2 219 150 2 0 65 26 9 74:26

3 219 180 2 0 33 30 37 45:55

Scheme 4.1. Dearomative DDDA reactions of 2.5 with varied temperatures and affected product ratios
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4.1.2 Concentration Effect on the Dearomative DDDA Reaction Product Selectivity

To determine the effect that reaction concentration has on the product selectivity of the
dearomative DDDA reaction of 2.5, reaction concentrations were systematically varied, and
product ratios were measured. DDDA precursor 2.5 was heated for 20 min at 225 °C in 0-DCB
via microwave heating at a concentration of 0.06 M affording a mixture of products with a 88:12
ratio of 2.8:2.7 and some adduct 2.6 remaining. Reaction of 2.5 heated for 20 min at 225 °C in o-
DCB via microwave at a concentration of 0.12 M afforded a 77:23 ratio of products 2.8:2.7 with
some adduct remaining. These two experiments demonstrate that product ratios vary with changes
in reaction concentration. A doubling of the reaction concentration resulted in a modest increase

in the isomerization product.

Qj/\/\o 0-DCB, uW
S
/o

225 °C, 20 min
Ph
2.5 2.6 2.8 2.7
entry  concentration Ratio Oxid:lsom
(M) precursor adduct oxid. isom.
1 0.06 0 8 81 11 88:12
2 0.12 0 14 66 20 77:23

Scheme 4.2. Dearomative DDDA reaction of 2.5 with varied concentration and affected product ratios

4.1.3 Solvent Effect on the Dearomative DDDA Reaction Product Selectivity

To determine the effect that solvent has on the product selectivity of the dearomative
DDDA reaction of 2.5, reaction solvents with different dielectric constants () were applied and

product ratios were measured. 2.19 was heated for 2 h at 150 °C in 0-DCB (¢ = 9.9) and afforded
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a mixture of products in a 74:26 ratio of 2.8:2.21 with considerable adduct 2.6 remaining. 2.5
heated for 3 h at 150 °C in DMF-d7 (¢ = 36.7) afforded a 23:77 ratio of 2.8:2.7 with no adduct
remaining. Heating 2.5 in acetonitrile (¢ = 37.5) for 5 min at 150 °C afforded a 7:93 ratio of 2.8:2.7
with a considerable amount of adduct remaining. These three experiments demonstrate that
product ratios for the dearomative DDDA reaction of 2.5 vary with changes in solvent dielectric
constant.  Selectivity for the isomerization product shows a modest increase as the solvent

dielectric constant is increased.

X

X

A o solvent O O
L x ., . o o
ST 7 O 1s0°c S S
Ph Ph O Ph O
X=H, 2.5 2.8 X=H, 2.7
X=D, 219 X=D,2.21
entry precursor t solvent Ratio Oxid:lsom
(min) precursor adduct oxid. isom.

1 219 120 o-DCB 0 65 26 9 74:26
2 25 180 DMF-d; 0 0 23 77 23:77
3 2.5 5 MeCN 0 45 4 51 7:93

Scheme 4.3. Dearomative DDDA reaction of 2.5 with varied solvent and affected product ratios

4.1.4 Water Additive Effect on the Dearomative DDDA Reaction Product Selectivity

To determine the effect that additives have on the product selectivity of the dearomative
DDDA reaction of 2.5, water was added to increase the dielectric constant of the reaction media
and product ratios were measured. 2.5 heated for 3 h at 150 °C in DMF-d; afforded a mixture of
products with a 23:77 ratio of 2.8:2.7. Reaction of 2.5 heated for 3 h at 150 °C in D,O/DMF-d
(10% v/v) afforded a 9:91 ratio of products 2.8:2.21. These two experiments demonstrate that

product ratios for the dearomative DDDA reaction of 2.5 vary with the presence of water.
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Selectivity for the isomerization product shows a modest increase in the presence of water. The
most striking observation is the isolation of isomerization product 4.1 with deuterium

incorporation. This finding is discussed further in section 4.4.

2.8 X=H,27
X=D, 41
entry solvent Ratio Oxid:Isom
precursor adduct oxid. isom.
1 DMF-d, 0 0 23 77 23:77
2 D,O/DMF-d; 0 0 9 91 9:91

Scheme 4.4. Dearomative DDDA reaction of 2.5 with added water and affected product ratios

4.1.5 BHT Additive Effect on the Dearomative DDDA Reaction Product Selectivity

To determine the effect that a radical inhibitor has on the product selectivity of the
dearomative cycloaddition of 2.5, 1.59, 2.9, and 1.50, 3,5-di-tert-4-butylhydroxytoluene (BHT)
was added and product ratios were measured and compared to parallel reactions without BHT.
Four separate reactions of precursors 2.5, 1.59, 2.9, and 1.50 were heated for 18 h at 110 °C in
toluene-ds within an NMR tube (entries 1, 3, 5, and 7, Table 4.1). Reactions were then performed
under the same conditions but with 1 equivalent of added BHT (entries 2, 4, 6, and 8). Both sets
of reactions were monitored at the 3, 8, and 18 h timepoints by pausing the reaction for *H NMR
analysis of the crude solution. Yields and ratios were determined by comparing *H NMR
resonances of substrates to a mesitylene internal standard. 2.5 showed complete selectivity for

oxidation product under both sets of conditions (entries 1 and 2). 1.59, 2.9, and 1.50 all showed a
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marked increase in isomerization product in the presence of BHT (compare entries 3-8). These
four sets of experiments demonstrate that product ratios for the dearomative DDDA reaction of

vary with the presence of BHT. Selectivity for the isomerization product shows a modest increase

in the presence of BHT.

129



Table 4.1. Dearomative DDDA reaction of precursors with added BHT and affected product ratios

/ I X 0 t0|-d8
S o
%O 110 °C, 18 h
25 Ph
/ 1 X 0 t0|-dg
S o
%O 110 °C, 18 h
Ph
S Ae e
Ph S
\ﬁo tol-dg
7\ ST
S Z 110 °C, 18 h
29
Ph S
\ﬁo tol-dg
O b o
S Z 110 °C, 18 h
1.50
Solvent/ - . 0
Entry Precursor Additive Oxid:Isom Yield (%)
1 2.5 Tol-dg 100:0 94
T0|-d3 i
2 2.5 BHT (1 equiv) 100:0 89
3 1.59 Tol-dg 52:48 72
T0|-d3 .
4 1.59 BHT (1 equiv) 29:71 84
5 2.9 Tol-dg 76:24 97
T0|-d3 .
6 2.9 BHT (1 equiv) 67:33 88
7 1.50 Tol-dg 937 90
T0|-d3 .
8 1.50 BHT (1 equiv) 67:33 83
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Additionally, the ratio of adduct observed at the 3 h timepoint was significantly increased
for reactions that included BHT. Reaction of 2.5 showed an increase of adduct from 43% to 70%
at the 3 h timepoint with BHT added (see experimental section 4.6.7). Reaction of 1.59 showed an
increase from 5% to 12% with BHT added. Reaction of 2.9 showed an increase of adduct from 3%
to 56% at the 3 h timepoint with BHT added, and reaction of 1.50 showed an increase from 2% to
32% with BHT added. These experiments demonstrate that BHT slows conversion of adduct to
products as evidenced by an increased ratio of adduct at the 3 h timepoint.

The reactions of 2.5 in toluene-dg at 110 °C with and without BHT additive (entries 1 and
2, Table 4.1) afforded exclusively oxidation product 2.8. To determine the effect of BHT additive
on the product selectivity, these two reactions were repeated in 0-DCB-ds4 at 150 °C. Reaction of
2.5 in 0-DCB-d4 at 150 °C without BHT additive afforded a ratio of 82:18 oxidation to
isomerization product. Reaction of 2.5 in 0-DCB-d4 at 150 °C with 1 equivalent of BHT additive
afforded a ratio of 77:23 oxidation to isomerization product. Presence of BHT additive afforded a
small increase in formation of isomerization product under these conditions for 2.5 in comparison
to the other precursors. It remains unclear as to why the addition of BHT had less of an impact on

product selectivity for dearomative DDDA reaction of 2.5.

4.1.6 Atmosphere Effect on the Dearomative DDDA Reaction Product Selectivity

To determine the effect that atmosphere has on the product selectivity of the dearomative
cycloaddition of 2.5, the reaction atmosphere was varied, and product ratios were measured. 2.19
heated for 2 h at 150 °C in 0-DCB, sealed via a screw-top vial under air, afforded a mixture of
products with a 65:26:9 ratio of 2.20:2.8:2.21. A repeat of this reaction under an atmosphere of
nitrogen afforded a mixture of products with a 82:12:6 ratio of 2.20:2.8:2.21. Reaction of 2.19
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heated for 2 h at 150 °C in 0-DCB, open to air via a 16-gauge needle, afforded a mixture of products
with a 85:15 ratio of 2.8:2.21 and no remaining adduct present. Replacing the air atmosphere with
one of nitrogen afforded an increased accumulation of adduct as conversion to oxidation product
was slowed. Reaction that was open to air afforded an increase in the conversion of adduct to
oxidation product. Selectivity for the oxidation product shows an atmosphere with increased

exposure to air.

X (0] o-DCB
I D
S O 150°C,2h
/

D
Ph
2.19 2.20 2.8 2.21
entry atmosphere Ratio Oxid:Isom
precursor adduct oxid. isom.

1 air, sealed 0 65 26 9 74:26
2 N,, sealed 0 82 12 6 67:33
3 air, open 0 0 85 15 85:15

Scheme 4.5. Dearomative DDDA reaction of 2.5 with air exposure and affected product ratios

4.2 Substrate Identity Effect on the Dearomative DDDA Reaction Product Selectivity

To determine the effect that the tether attachment point has on the product selectivity of
the dearomative cycloaddition, substrates 2.5, 1.59, 2.9, and 1.50 were reacted under identical
condition and product ratios were measured. In identical reactions, 2.5, 1.59, 2.9, and 1.50 were
heated for 18 h at 110 °C in toluene-ds (Table 4.1, entries 1, 3, 5, and 7). Reaction of 2.5 afforded

a higher ratio of oxidation to isomerization products than 2.9, yet reaction of 1.59 afforded a lower
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ratio of oxidation to isomerization products than 1.50. Tether position did not show a clear effect
on product ratios for these precursors.

Comparison of the same set of reactions also showed the effect of heteroarene-fused
benzene ring on the product selectivity. Reaction of 2.5 afforded a higher ratio of oxidation to
isomerization products than 1.59, yet reaction of 2.9 afforded a lower ratio of oxidation to
isomerization products than 1.50. The presence of a fused benzene ring did not show a clear effect
on product ratios for these precursors.

Relative product selectivity based upon the ratio of oxidation to isomerization products
was then compared to computational gas phase bond dissociation energies (BDE’s) and acidities
for the bisallylic hydrogen nearest the heteroarene in the adduct. These calculations were
performed at the (u)MO06-2X/6-311+g(d,p)//(u)M06-2X/6-31+g(d) level of theory by our
collaborator Elena Kusevska from the Peng Liu research group. No correlation was found between
the experimental product ratios and the calculated BDE’s or acidities at this level of theory. These
preliminary computational analyses are insufficient to predict experimental dearomative DDDA
product ratios and therefore suggest that computational transition state analysis for the product
formation steps would be necessary in order to use computational calculations as a predictive tool

for determination of product selectivity.
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Oxidation Product Isomerization Product

26 > 213 > 210 > 21

Ratio Ox:lsom 100:0 93:7 76:24 52:48
BDE (kcal/mol) 58.8 52.0 55.1 56.3
Acidity (kcal/mol) 323.3 317.6 314.8 324.2

Figure 4.1. Ratio of oxidation product to isomerization product compared to computationally calculated BDE and

acidity of the transferred proton of the Diels-Alder adduct

4.3 Evidence for Oxidation Product Formation via Dehydrogenation of Diels-Alder Adduct

with Oxygen

As previously discussed, Diels-Alder adduct at room temperature, in 0-DCB with air
bubbled through for 1 h afforded complete selectivity for oxidation product (see section 2.4.1).
Also, no evidence was observed for transformation of isomerization product into oxidation product
under thermal conditions with or without enhanced exposure to air. These results support the
hypothesis that formation of oxidation product is dependent on the presence of molecular oxygen.
This is markedly different than the styrenyl dearomative DDDA reaction previously reported by
Kocsis which afforded oxidation product and also detected evolved hydrogen gas in both aerobic
and anaerobic conditions (see section 1.3.2).° The dearomative DDDA reaction of vinyl
heteroarenes does not appear to involve release of hydrogen gas akin to the styrenyl dearomative

DDDA reaction but rather produces oxidation product by an atmosphere dependent
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dehydrogenation pathway similar to that described by Hendry for the oxidation of 1,4-
cyclohexadiene to benzene.®? This pathway may be initiated by triplet molecular oxygen and then
propagated by hydroperoxyl radicals which Hoffman and coworkers have found to be far more

reactive.®® These formed peroxides may then decompose into water and molecular oxygen.

O 0O , 2 H-0-O-

Ph O

2 H-0-0- ——> 0, *+ H,0, —> 3/20, *+ H,0

Scheme 4.6. Formation of oxidation product through a oxygen mediated dehydrogenation

Reactions to monitor for the evolution of hydrogen gas as a product in the formation of
oxidation product afforded no detection of H> gas. These experiments include seeking a detectable
H; gas resonance in the 'H NMR of reactions that afforded oxidation product, as well as seeking a
detectable presence of H gas in the headspace of a sealed vial reaction that afforded oxidation
product. To check for the evolution of hydrogen gas as a product of oxidation product formation,
'H NMR was analyzed for the reaction of 2.5 at 150 °C in 0-DCB-ds after 3 and 8 hours (Scheme
4.7). After the reaction was completed, H> gas was bubbled through the solution for 2 min. and 'H
NMR was performed to observe the resonance for H, gas at 4.53 ppm. The solution was then
bubbled through with argon gas far 2 min. and 'H NMR was performed to observe the
disappearance of the resonance for Hz gas at 4.53 ppm. These experiments confirmed the '"H NMR
chemical shift for H> gas in 0-DCB-ds4 to be 4.53 ppm. A resonance is observed at 4.53 ppm in the

'"H NMR at the 8 h timepoint, but the integration of that resonance remains consistent after
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bubbling of argon gas through the solution, confirming the resonance to not be H» but rather a
decomposition or unknown byproduct. The '"H NMR for this reaction at the 3 h timepoint afforded
a 17:65:18 ratio of 2.6:2.8:2.7, but no resonance was observed for H» gas. This experiment was
performed under the same reaction conditions in which Ha> gas was observed by 'H NMR in
dearomative DDDA reactions of styrene substrates.’® The resonance for H. gas when bubbled
through a solution of toluene-ds was observed to appear at 4.51 ppm by 'H NMR. '"H NMR was
analyzed for the reaction of 2.5 at 110 °C in toluene-dg after 3, 8, and 18 hours, as well as the
parallel reactions of 1.59, 2.9, and 1.50 (Table 4.1, see experimental section for NMR spectra). No

H; gas was observed in the reaction solution by '"H NMR for any substrate at any timepoint.

Scheme 4.7. Dearomative DDDA reaction of 2.5 in tol-dg at 150 °C for 3 h

To check the reaction headspace for evolved hydrogen gas, two sealed vial reactions were
performed. 2.5, sealed in a vial under air was heated for 90 min at 150 °C in 0-DCB and afforded
a 41:39:20 ratio of 2.6:2.8:2.7. The vial was allowed to cool to room temperature and the
headspace of the reaction was analyzed with no detection of hydrogen gas. The same experiment
was repeated with precursor 2.19 and afforded a 77:18:5 ratio of 2.6:2.8:2.21. No deuterium gas
was detected in the reaction headspace for this reaction. For both reactions, the detection of
evolved gas is inconclusive due to the limited amount of oxidation product that was formed. Yet,

the formation of oxidation product was dramatically reduced in the sealed conditions with
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comparison to the reaction with air bubbled through, presumably due to the limited amount of air
available in the scaled vessel.

The higher ratio of oxidation product found when the reaction has an increased exposed to
air is a result of the increased exposure to oxygen from the air. Likewise, reactions at lower
temperatures, concentrations, and longer durations allow for increased exposure to air which
affords a higher ratio of oxidation product. This mechanism differs from those of styrenyl
precursors, which selectively provided oxidized product at elevated temperatures.®® For most
cases, the conversion of adduct to oxidation product is slowed in the presence of BHT and the ratio
of oxidation product to isomerization product decreases which provides evidence that this
transformation of adduct to oxidation product involves a radical process (see section 4.1.5). The
presence of BHT in the reaction slows the dehydrogenation of adduct by acting as a radical
scavenger for either oxygen in the solution or hydrogen atom abstracted adduct, thus slowing the

formation of oxidation product.

4.4 Evidence for Isomerization Product Formation via Proton Transfer of Diels-Alder

Adduct

Deuterium incorporation was observed when D>O was introduced as an additive in
dearomative DDDA reaction of 2.5. Reaction of 2.5 heated for 3 h at 150 °C in D>O/DMF (10%
v/v) afforded predominantly isomerization product 4.1 with 76% deuterium incorporation at the X
position as well as some 2.8 (91:9 respectively, Scheme 4.8). Deuterium incorporation was

determined by comparing the integral intensities of resonances Hc at 3.70 ppm and Ha at 2.82
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ppm. Product 4.1 was afforded as a single diastereomer and the stereochemistry shown was
determined by the disappearance of the splitting for Ha (JA€ = 17.3 Hz).

We proposed that deuterium incorporation into isomerization product in the presence of
D>0 would also occur with other precursors and in less nonpolar solvents. Dearomative DDDA
reaction of 1.59 was performed in toluene with added DO rather than in DMF. Reaction of 1.59
heated for 18 h at 110 °C in D.O/toluene (5% v/v) afforded a ratio of 83:17 of oxidation product
to isomerization product in 53% yield. Deuterium incorporation was observed in the isomerization
product and was determined by comparing the integral intensities of resonances Xa at 3.14 ppm,
Xg at 2.70 ppm, and a methylene hydrogen of the lactone at 4.72 ppm. Product 4.3 was afforded

as a mixture of diastereomers with overall deuterium incorporation of 53% at Xa and 40% at Xg.
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D,0
7 Q  DMF(10% ww)
i

S 150 °C, 3 h
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H
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H
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/T N0 oldg (5% viv) (/t@i(\o v o Xa=DIH, 53/47
S Xg = D/H, 40/60
S /O 110 °C, 18 h S ®
Ph 539 Ph O Ph O
1.59 1.60 8317 4.3

Scheme 4.8. Mechanism of deuterium incorporation observed in dearomative Diels-Alder reactions with deuterium

oxide present

The deuterium incorporation found in the isomerization product support formation of the
product by an intermolecular, ionic proton transfer. Deuterium incorporation via a radical
mechanism would be unlikely due to unfavorable generation of a hydroxyl radical. Deprotonation
of the bis-allylic C—Ha of 2.6 affords the resonance-stabilized anion 4.2 that reacts with D20 to
afford 4.1. The orbital alignment of bis-allylic hydrogen Ha with the r-orbitals of the adjacent a,f3-
unsaturated lactone enhances the acidity of the adduct. Selectivity for deuteration at the concave

face is attributed to the steric incumbrance posed by Hc at the ring-fusion.
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Enhanced selectivity for isomerization product was found in reactions with elevated
temperatures and higher concentrations, likely due to increased intermolecular collisions necessary
for the proton transfer. Reactions in solvents of higher polarity also afforded enhanced selectivity
for isomerization product, most likely due to improved stabilization of an ionic intermediate.
Finally, water, as an additive, acts as a more sterically accessible proton source for protonation of

the ionic intermediate to afford enhanced selectivity for isomerization product.

4.5 Conclusions

We established that the dearomative DDDA reaction proceeds to either oxidation or
isomerization products from the DA adduct via divergent mechanistic pathways with reaction
conditions of temperature, concentration, solvent polarity, atmosphere, and mild additives as
factors that control product selectivity. Reaction of DA adduct with bubbling air at room
temperature supports the formation of oxidation product by an oxygen effected dehydrogenation
of the adduct. Formation of isomerization product by an intermolecular, ionic proton transfer is
supported by reactions where deuteron abstraction from D20 affords deuterium incorporation into
the isomerization product. Selectivity for the oxidation product was enhanced with reaction
conditions of lower temperatures, non-polar solvents, lower concentrations, and increased
exposure to air. Selectivity for the isomerization product was enhanced with conditions of higher
temperatures, polar solvents, higher concentrations, water or BHT additives, and decreased
exposure to air. Our mechanistic analysis of the dearomative DDDA reaction of heteroarenes has

afforded improved understanding of its divergent mechanisms of reactivity and has allowed us to
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determine the factors which control product selectivity. These findings enable us to enhance the

scope and utility of this reaction for these and future substrates.

4.6 Experimental

4.6.1 General Methods

Unless otherwise indicated, all reactions were performed in flame-dried glassware under
an air atmosphere and stirred with Teflon-coated magnetic stir bars. All commercially available
compounds were purchased and used as received unless otherwise specified. Tetrahydrofuran
(THF), diethyl ether (Et20), and dichloromethane (DCM) were purified by passing through
alumina using a Sol-Tek ST-002 solvent purification system. Deuterated chloroform (CDCl3) was
dried over 4A molecular sieves. Nitrogen gas was purchased from Matheson Tri Gas. Conventional
heating was used for reactions that were monitored by *H NMR or performed open to the air. All
microwave-mediated reactions were carried out using a Biotage Initiator Exp or Anton-Paar
Monowave 300 microwave synthesizer. Purification of the compounds by flash column
chromatography was performed using silica gel (40-63 um particle size, 60 A pore size). TLC
analyses were performed on silica gel F2s4 glass plates (250 um thickness). *H NMR and **C NMR
spectra were recorded on Bruker Avance 300, 400, or 500 MHz spectrometers. Spectra were
referenced to residual chloroform (7.26 ppm, *H; 77.16 ppm, 3C) or o-dichlorobenzene (6.93 ppm,
'H; 130.04 *3C) unless otherwise specified. Chemical shifts are reported in ppm, multiplicities are
indicated by s (singlet), d (doublet), t (triplet), q (quartet), p (pentet), m (multiplet), and bs (broad

singlet). Coupling constants, J, are reported in hertz (Hz). All NMR spectra were obtained at room
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temperature. IR spectra were obtained using a Nicolet Avatar E.S.P. 360 FT-IR. EI mass
spectroscopy was performed on a Waters Micromass GCT high resolution mass spectrometer,
while ES mass spectroscopy was performed on a Waters Q-TOF Ultima API, Micromass UK

Limited high-resolution mass spectrometer.

4.6.2 General Procedures for Dearomative DDDA Reactions

4.6.2.1 General Procedure D: Dearomative DDDA Reaction — Conventional Heating

An oven-dried NMR tube was charged with dearomative DDDA precursor (1 equiv)
dissolved in solvent under an atmosphere of air. In some cases, butylated hydroxytoluene (BHT),
deuterium oxide (D20), or water was added. In some cases, an internal standard of mesitylene was
added to calculate an NMR yield. The NMR tube was sealed with a polypropylene cap and lowered
into a preheated oil bath. Reaction progress was monitored by *H NMR by comparing the
resonance integrations for starting material, adduct, oxidized product, and isomerized product at
different time points. The reaction was paused for tH NMR analysis. The NMR tube was removed
from the oil bath, rinsed with hexanes, and wiped with a ChemWipe. After obtaining an NMR
spectrum, the tube was returned to the oil bath. Reaction time does not include the time required

to obtain NMR spectrum at each time point (~15-20 min each). All yields are unoptimized.

4.6.2.2 General Procedure E: Dearomative DDDA Reaction — Microwave Heating
An oven-dried microwave vial equipped with a stir bar was charged with dearomative
DDDA precursor (1 equiv) dissolved in solvent under an atmosphere of air. The vial was sealed

with a Teflon-lined septum crimp cap and was heated in a Biotage Initiator Exp or Anton-Paar
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Monowave 300 microwave synthesizer. The microwave parameters were set to variable power,
constant temperature, fixed hold time set to on, and absorption set to “normal” for nonpolar
solvents (0-DCB, DCE, CDCI3) or “high” for polar solvents (acetonitrile, DMF). Product ratios
were determined by comparing the resonance integrations for starting material, adduct, oxidized
product, and isomerized product from the 'H NMR of the reaction solution using No-D
spectroscopy,®* or by removing the solvent and re-dissolving in CDCls. Volatile solvents (DCE)
were removed by rotary evaporation, 0-DCB and PhNO> were removed by passing the reaction
solution through a plug of silica gel with hexanes as eluent, and DMF was removed through

aqueous extraction. All yields are unoptimized.

4.6.3 Experiments Showing the Effect of Temperature

Rxn 1. Follows General Procedure D. Precursor 2.5 (7 mg, 0.02 mmol) and mesitylene (3 uL, 0.02
mmol) in 0-DCB-ds4 (0.5 mL, 0.04M) was heated at 60 °C for 66 h. A 0:0:100:0 ratio of 2.5, 2.6,
2.8, and 2.7 was obtained in 58% NMR vyield based upon the mesitylene internal standard. Ratios
were determined by comparing the *H NMR resonances at 6.63 ppm (1H) for 2.5, 5.46 ppm (1H)

for 2.6, and 5.21 ppm (2H) for 2.8 to the resonance at 6.64 ppm for mesitylene.

Table 4.2. Ratio of compounds in 4.6.3 — Rxn 1

Time (h) 2.5 2.6 2.8 2.7 Yield (%)
0 100 0 0 0 100
2 89 6 5 0 102
4 86 5 10 0 99
9 69 6 25 0 82
20 41 6 52 0 71
32 21 4 74 0 74
44 9 3 87 0 65
55 0 0 100 0 55
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66 0 0 100 0 58 |

Rxn 2. A 1-mL screw-top flask with septum lid and stir bar was charged with precursor 2.19 (24
mg, 0.075 mmol) dissolved in o-dichlorobenzene (0.50 mL, 0.15 M) and sealed with a Teflon-
lined septum screw cap under air. The solution was lowered into a pre-heated oil bath at 150 °C.
After 2 h, the the solution was allowed to cool to room temperature, then transferred to an NMR
tube for 'H NMR analysis. Product ratios were determined by comparing the resonance
integrations for starting material, adduct, oxidized product, and isomerized product from the *H
NMR of the crude reaction solution using No-D spectroscopy. A 0:65:26:9 ratio of 2.19, 2.20, 2.8,
and 2.21 was obtained. Ratios were determined by comparing the *H NMR resonances at 4.56 ppm
(1H) for 2.6, 5.21 ppm (2H) for 2.8, and 2.49 ppm (1H) for 2.7. An unknown impurity identified
by the resonance at 5.04 ppm exists in the starting material and persisted through the reaction to

completion.

Rxn 3. Follows General Procedure D. Precursor 2.19 (22 mg, 0.069 mmol) in 0-DCB (0.50 mL,
0.14 M) was heated at 180 °C for 120 min. A 0:33:30:37 ratio of 2.19, 2.20, 2.8, and 2.21 was
obtained. Ratios were determined by comparing the *H NMR resonances at 4.56 ppm (1H) for 2.6,
5.21 ppm (2H) for 2.8, and 2.49 ppm (1H) for 2.7. An unknown impurity identified by the
resonance at 5.04 ppm exists in the starting material and persisted through the reaction to

completion.
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4.6.4 Experiments Showing the Effect of Concentration

Rxn 1. Follows General Procedure E. Precursor 2.5 (19 mg, 0.060 mmol) in 0-DCB (1.0 mL, 0.060
M) was heated at 225 °C for 20 min. A 0:8:81:11 ratio of 2.5, 2.6, 2.8, and 2.7 was obtained. Ratios
were determined by comparing the *H NMR resonances at 6.27 ppm (1H) for 2.6, 5.44 ppm (2H)

for 2.8, and 2.79 ppm (1H) for 2.7.

Rxn 2. Follows General Procedure E. Precursor 2.5 (39 mg, 0.12 mmol) in 0o-DCB (1.0 mL, 0.12
M) was heated at 225 °C for 20 min. A 0:14:66:20 ratio of 2.5, 2.6, 2.8, and 2.7 was obtained.
Ratios were determined by comparing the *H NMR resonances at 6.27 ppm (1H) for 2.6, 5.44 ppm

(2H) for 2.8, and 2.79 ppm (1H) for 2.7.

4.6.5 Experiments Showing the Effect of Solvent Polarity

Rxn 1. A 1-mL screw-top flask with septum lid and stir bar was charged with precursor 2.19 (24
mg, 0.075 mmol) dissolved in o-dichlorobenzene (0.50 mL, 0.15 M) and sealed with a Teflon-
lined septum screw cap under air. The solution was lowered into a pre-heated oil bath at 150 °C.
After 2 h, the the solution was allowed to cool to room temperature, then transferred to an NMR
tube for 'H NMR analysis. Product ratios were determined by comparing the resonance
integrations for starting material, adduct, oxidized product, and isomerized product from the *H
NMR of the crude reaction solution using No-D spectroscopy. A 0:65:26:9 ratio of 2.19, 2.20, 2.8,
and 2.21 was obtained. Ratios were determined by comparing the *H NMR resonances at 4.56 ppm

(1H) for 2.6, 5.21 ppm (2H) for 2.8, and 2.49 ppm (1H) for 2.7. An unknown impurity identified
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by the resonance at 5.04 ppm exists in the starting material and persisted through the reaction to

completion.

Rxn 2. Follows General Procedure D. Precursor 2.5 (10 mg, 0.031 mmol) in DMF-d7 (0.50 mL,
0.060 M), sealed under an atmosphere of air, was heated at 150 °C for 180 min. A 0:0:23:77 ratio
of 2.5, 2.6, 2.8, and 2.7 was obtained in 60% isolated yield. Ratios were determined by comparing

the *'H NMR resonances at 5.46 ppm (2H) for 2.8, and 4.84 ppm (1H) for 2.7.

Rxn 3. Follows General Procedure D. Precursor 2.5 (6 mg, 0.02 mmol) in CH3CN (0.5 mL, 0.04
M) was heated at 150 °C for 5 min. A 0:45:4:51 ratio of 2.5, 2.6, 2.8, and 2.7 was obtained. Ratios
were determined by comparing the *H NMR resonances at 6.20 ppm (1H) for 2.6, 5.46 ppm (2H)

for 2.8, and 2.81 ppm (1H) for 2.7.

4.6.6 Experiments Showing the Effect of Water Additive

Rxn 1. Follows General Procedure D. Precursor 2.5 (10 mg, 0.031 mmol) in DMF-d7 (0.50 mL,
0.060 M), sealed under an atmosphere of air, was heated a