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Total Synthesis of the Reported Structure of Stresgenin B, its Structural Elucidation Using
DFT Calculations, and Visible Light Mediated Functionalizations of Electron Deficient
Olefins
Wei Chuen Chan, PhD

University of Pittsburgh, 2020

The first chapter outlines the synthesis of the reported structure of stresgenin B. Stresgenin B was
reported to be small molecule inhibitor of heat shock proteins (HSPs). Toward this pursuit, two
synthetic routes were investigated. In the first route leading to the undesired diastereomer, the key
reaction was a Pummerer rearrangement. In the second route, a neighboring-group directed
diastereoselective cyanation is critical for the construction of the fully substituted a.-amidoketal.
A late-stage cerium-mediated alkynylation or Peterson olefination is also crucial in installing the
exocyclic olefin. Lastly, computational studies were employed to elucidate the correct structure of
stresgenin B. Density Function Theory (DFT) calculations were used to predict the proton (*H)
and carbon (*3C) nuclear magnetic resonance (NMR) of plausible candidate structures.

In the second chapter, a visible light mediated C—H functionalization of ethers using
electron-deficient olefins is reported. 1,3-Dioxolane and 1,3-benzodioxole are suitable reacting
partners. A radical-chain mechanism is proposed and corroborated by various experimental proof.
DFT calculations suggested that C—H abstraction is the rate-determining step. During the course
of the mechanistic studies, a-bromomalonate and o-bromoester were found to be competent

radical initiators.
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1.0 Total Synthesis of the Reported Structure of Stresgenin B

1.1 Introduction

1.1.1 Heat Shock Proteins and its Role in Cancer

Heat shock proteins (HSPs), first discovered in 1962, are intracellular proteins that exist in every
organism (ca.5% of total intracellular proteins) and are produced at higher levels (15% or more)
when exposed to stressful conditions such as heat shock. There exists a total of 10 families of
HSPs, classified by their molecular weights (e.g., members from HSP90 have molecular weights
of ca.90 kDa). Although initially defined as stress-responsive proteins, HSPs have since been
characterized as “molecular chaperone”, i.e., proteins that are capable of binding and thereby
modifying the structures and interactions of the other proteins/peptides.?

HSPs are essential for normal cell survival, and these proteins are reported to be involved
in several cellular pathways and processes. However, HSPs are also over-expressed in cancer and
essential for tumor development. The major role of HSPs in cancer is their chaperone duties; in
the context of cancer cells, they stabilize active functions of over-expressed and mutated
oncogenes. Therefore, over-expression of HSPs in cancerous cells has been implicated in the
development, proliferation, and survival of these cells.?!

HSP70 contains two major functional domains, the C-terminal peptide binding domain and
the N-terminal ATPase domain.’'?> HSP70 can bind to unfolded client proteins, including
oncoproteins, at the C-terminal. Upon N-terminal ATP binding and hydrolysis, the folded client is

released from the C-terminal. The two domains are mutually allosteric controlled: ATPase activity



is triggered upon protein binding and ATP binding triggers client release. HSP90 contains an
additional major functional domain called the middle domain. The middle domain is for binding
to co-chaperones such as Ahal. Like many other chaperones, HSP70 and HSP90 require co-
chaperones to amplify rates of client association and ATPase activity. The smaller HSP27 does
not have a co-chaperone but relies on the activities of HSP70 and HSP90. Within the cell, HSP27’s
clients are passed on to HSP70-co-chaperone complexes, and then to HSP90 complexes, releasing
a functional folded client protein. The larger HSP110 primarily functions to a large extent as a co-
chaperon to HSP70.

There are three known heat shock factors (HSF1, 2, and 4), and HSF1 has been identified
to be the most important concerning cellular responses to stress in humans.®** Under non-stress
conditions, HSF1 exists as an inactive monomer localized in the cytoplasm of a cell. In the context
of cancerous cells, the conditions within the tumor micro-environment are ideal for promoting a
stress response. HSF1 responds by undergoing trimerization and phosphorylation.
Translocalization to the nucleus and subsequent binding to DNA at the heat shock elements (HSES)
activate the transcription of HSPs. Therefore, HSF1 is responsible for the biosynthesis (or
biogenesis) of HSPs in cells.! For example, Dai et al. recently reported that HSF1 is associated
with poor survival in patients with gastric cancer. The authors also found a correlation between
elevated HSF1 expression and larger tumor size. Additionally, Kaplan-Meier and Cox proportional
hazard analyses indicated that elevated HSF1 expression showed worse overall survival and
recurrence-free survival.

There are two main types of HSPs synthesized in response to stress. The first type includes

HSP27, HSP70, and HSP90, which interact directly with the surfaces of unfolded proteins.! The



second type of HSPs (e.g., HSP60) assemble into complexes that resemble folding chambers.
These act as a privileged environment that is favorable for restoring active protein conformations.*

Shown below are examples of the HSP9O0 inhibitors that were in clinical trials (Figure 1).
Among these examples, XL888 and PU-H71 are currently still in clinical trials (both phase 1b,

http://clinicaltrials.gov).

al Me
. o_.0
iPr o
HO
HO Z N
N OH OH
| =0
OH N-nNH
I
Ganetespib, 1-1 NVP-AUY922, 1-2 Novobiocin, 1-3 Me Me
(Synta-Pharmeceuticals) (Novartis)
(o)
°7
S NH, | o
—~N N
NT
N\
o N ||\ P N)—S
H,N Me
H
o] HN
NH,  Me” "Et iy
IPI1-504, 1-4 XL888, 1-5 PU-H71,1-6
(Infinity Pharmaceutical) Exelixis (Samus Therapeutics)

Figure 1. Examples of HSP90 inhibitors

Small molecules such as 17-AAG (not shown), or its less toxic derivative IPI-504,
ganetespib, and AUY922 are examples of HSP90 N-terminal ligands. These inhibitors function by
binding to the ATP binding site, which is necessary for client association and dissociation. This

mode of inhibition triggers a heat shock response (HSR) and the biosynthesis of inducible HSP27,



HSP40, and HSP70. This likely hampers the progress of HSP90 inhibitors in clinical
applications.'® C-terminal inhibitors (e.g., Novobiocin) and modulators have also been reported.
Importantly, it was reported that C-terminal ligands did not trigger the HSR characteristic of N-
terminal inhibitors. McAlpine et al. reported a series of C-terminal modulators that bind between
the N-terminal and middle domain of HSP90, preventing the binding of cochaperones that interact

at the C-terminal .13

1.1.2 Isolation and Initial Biological Studies of Stresgenin B

In 1999, Akagawa et al. reported the isolation and characterization of stresgenin B.'* The authors
used three sequential screening assays to eventually identify stresgenin B. Stresgenin B was also
found to be selective in inhibition of the HS-Luc expression and was 4.9 times more potent than
quercetin (ICso 7.0 uM versus 34 uM). Additionally, exposure of cells to stresgenin B only during
heat stress (42 °C, 90 min) inhibited the thermotolerance acquisition of Chinese Hamster Ovary
(CHO) cells, which is expected of its inhibition of heat-induced HSP70 synthesis. Lastly,
stresgenin B showed modest cytotoxicity toward various neoplastic cell lines (Table 1). Although
the mechanism for the inhibition of heat-induced HSP70 synthesis is unknown, the authors
believed that stresgenin B would be advantageous over quercetin B as an inhibitor due to its greater

potency and improved water solubility (solubility data were not reported).



Table 1. Cytotoxocity of stresgenin B

Cell lines ICso (LM)
K562 2.6
PC6 6.3
HT1080 13.7
HT29 5.9
MCF7 19.5
MKNZ28 5.6

The authors used HRMS, 1D and 2D NMR, and UV-Vis spectroscopic methods to
determine the proposed structure of stresgenin B (Table 2).241> TLC analysis of stresgenin B was
negative toward ninhydrin (amines) and 2,4-dinitrophenylhydrazine (unhindered carbonyls). The
molecular formula was determined using HRMS (FAB). The authors observed a Amax 0of 275 nm
in the UV spectrum, suggesting the presence of an unsaturated ester moiety. Unfortunately, the
Woodward-Fisher rule was not discussed to further facilitate the structural determination base on

the UV spectrum.



Table 2. Physsical and chemical properties of stresgenin B

Appearance white powder
Solubility MeOH, CHClIs and acetone
Melting Point (°C) 183-184
[a]o® (c 0.157, MeOH) -12.6

Molecular Formula C11H13NOs
HRMS (FAB) m/z Calcd: 240.0872; Found: 240.0875

UV AmaxMeOH(c) 275 (25, 800)

IR vmax “®'(cm™) 3429, 1716, 1593, 1439, 1197, 1064, 551

Analysis of the NMR spectroscopic data suggested the presence of one methyl group, one
methoxy group, two oxymethine carbons, four olefin carbons, two carbonyl carbons, and a
quaternary carbon in the molecule. Based on 1D and 2D NMR spectroscopic data, the authors

determined the connectivity to be shown in Table 3.



Protons
-CO2CH3
H2
H4
H5
H6

H3’

Lastly, the authors used NOESY correlation to determine the relative stereochemistry in
the molecule. According to the authors, the geometry of the exocyclic olefin is E due to the
correlation between the ester OCHz and the a-olefinic C-H. Correlation between CHz (of

dioxolane) and exocyclic olefin C—H suggested that the CHz should be on the concave face of the

bicycle.

Table 3. HMBC correlation

Correlation
C1
C1,C4,C7
C6
C3,C7
C7

c2,Cr

Figure 2. NOESY correlations

Proposed structure




1.1.3 Examples of Asymmetric Acetal and Ketal Formation

There have been several reports of asymmetric acetal formation. Some examples include the use
of Pd-catalyzed intermolecular hydroalkoxylation of alkoxyallenes,!¢"!” Pd-catalyzed coupling of

8 substrate-controlled hetero-Diels-Alder reaction,'® and

allylic alcohols with vinyl ethers,'
stereoselective acetalization of chromium tricarbonyl-bound benzaldehydes.?’ Chiral phosphoric
acid catalyzed reactions have received a tremendous amount of attention, some of which include

the asymmetric formation of acetals.?!*’

List et al. reported the first catalytic asymmetric acetalization of 1,2- and 1,3-diols 1-7 with
aldehydes 1-8, forming a series of enantioenriched acetals 1-10 (Scheme 1, top).2”? The work
relied on the use of chiral imidodiphosphoric acids, which are stronger Brgnsted acids than
phosphoric acids. These acids have extremely sterically demanding chiral environment allowing
high enantioselectivity to be obtained.?® However, there still exists the limitation of substrate scope
generality — specificity in terms of both diols and aldehydes was a requirement for good
asymmetric induction in several cases. The intermolecular variant of diols and ketones has also
not been achieved yet. Chiral confined imidodiphosphoric acid 1-12 was then used to catalyze the

formation of spiroketals of varying ring sizes (Scheme 1, bottom).®



.-“"R%, ,OH

! n o HX* (1-9) -7~
a O e
*~. R’/ "OH R* 5AMS

R
n=1,2 1-8
1-7
o HX* (1-12)
—_—
W“ TTE
n=12o0r3
m=1or2
1-11

Scheme 1. Catalytic asymmetric synthesis of acetals and ketals using chiral confined Brgnsted acid

1.1.4 Examples of Natural Products Containing 1,3-Dioxolane

A literature survey revealed that several natural products contain 1,3-dioxolane motifs.
Specifically, these results mostly contain the 2,2-disubstituted-1,3-dioxolane (Figure 3). The
substitutions at the C-2 position are mostly alkyl substituents part of a cyclic scaffold. Palytoxin,*
pinnatoxins®, the pteriatoxins,® dioxasampsone A, frontalins,®* amberketal,®® austalides,®
chuktabularins,®” isogosterones,® loukacinols,* Riesling acetal,** and brevicomins*' are some
examples of the many natural products that contain 2,2-substituted-1,3-dioxolane fused as a
dioxabicyclo[3.2.1]octane or dioxabicyclo[2.2.1]heptane framework. In these examples, the
stereodetermining step was not the ketalization; the stereochemistry was instead governed by

having stereochemically well-defined tethers.



Pinnatoxins

A
A : R= %COM
BIC :R-= J’SYC"Z”
I NH, BIC
- _;‘J{n/\/COZH
o

o)
o}
o H
Isogosterone A Loukacinol B (+)-Frontalin (+)-Amberketal

Austalide A Riesling acetal

Chuktabularins A

Figure 3. Examples of natural products containing 2,2-disubstituted-1,3-dioxolanes
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1.1.5 The Structurally Similar Dioxolamycin

Results from literature search yielded only a single example of natural product containing a 1,3-
dioxolane substituted at C-2 with an alkyl and an electron-withdrawing carbamoyl (amide)

functionality (Figure 5).#? This molecule shows significant structural resemblance to stresgenin B.

OH

NH,
o)
7o
MeO,C ‘0 Me

dioxolamycin

|

OH

o
HO,C "'OH

(—)-4-epi-shikimic acid

Figure 4. Structure of dioxolamycin and its hydrolysis

The structural assignment was confirmed by X-ray analysis. To determine the absolute
configuration of dioxolamycin, the natural product was hydrolyzed under acidic conditions,
yielding a product with an optical rotation of [a]3® = —72 (solvent and concentration was not
reported), compared to the literature value of [a]3® = —93 (c 0.9, H20) for (—)-4-epi-shikimic
acid.*® The authors concluded the absolute configuration of dioxolamycin as shown (Figure 5).
Reaction conditions for the hydrolysis of dioxolamycin to (—)-4-epi-shikimic acid was not

reported.
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1.1.6 Examples of Cyclopent-2-en-1-ylidene Syntheses

The motif consisting of an exocyclic a,B-unsaturated ester of a cyclopentene ring, i.e., cyclopent-
2-en-1-ylidene, has received some attention for its construction. Burke et al. utilized an interesting
desymmetrization of meso-diols to give brevicomin (Scheme 2).4!¢ Diol 1-14 was converted to a
mixture of three ketals. Diene 1-15 was then desymmetrized via ring-closing metathesis to give 1-

19. Subsequent hydrogenation gave brevicomin in 87% yield.

0

Me)j\/\/CI

Cl cl

cl

+ r/

Ho pTsOH+H,0 ;<°j“\ N Oj-“\ X O "Xy
TS el el e P

HO = 1-1

5, 30% 1-16, 23% 117, 37%

syn + anti
g KOt-Bu, 18-C-6
1-14 68%
lga \ / ‘c—)-:- H2 /;:'
= O~ Grubbs I % P PdiC X :l
Me ' ] Me j - o Me o Sl
o~ % 87-90% o~ 87% Et
1-18 1-19 brevicomin

Scheme 2. Desymmetrization of meso-diol using ring-closing metathesis

Oh et al. reported the use of the versatile allenynecarboxylate 1-20 under Pd-catalysis in a
divergent manner, yielding different cyclic olefins.** The substrate scope included a single

example of ethyl cyclopent-2-en-1-ylidene 1-21 motif in 64% yield (Scheme 3).
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Pd(OAc),

HO t-Bu,P CO,Et
OH PdCl,(PhCN), _ PhB(OH), |
— -~ ——
64% 86% Ph
1-20
1-21 1-22
PdCI,(PPh3),
87%
OH
J%coza
1-23

Scheme 3. Pd-catalyzed chemodivergent cyclizations of allenyne carboxylate

Egorov et al. reported a direct Wittig olefination on the relatively strained trichlorinated
cyclopentenone 1-24 to afford exocyclic a,B-unsaturated ester 1-25 in 98% yield (Scheme 5).%°
Novak et al. reported the syntheses of cyclopent-2-en-1-ylidene esters using either Peterson or

HWE olefination of cyclopentenones 1-26, giving low to moderate yields 1-29E (33-42%) and 1-
297 (17-26%).4

o] / CO2MG
>
cl o \)O 95% cl o
1-24 1-25

Scheme 4. Wittig olefination of chlorinated cyclopentenone
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Me3Si_ CO,R'

CO,R!
1-27 _
O + o — > RZQ—r‘
R2
(o]
i . 1-29E: 33 - 42%
1-26 Ro'g;/mzR 1-29Z- 17 - 26%
R' = alkyl
1-28 R? = alkyl or aryl

Scheme 5. Direct Peterson or HWE olefination of substituted cyclopentenones

West et al. reported the vinylogous Nazarov cyclizations of dienones 1-31 to afford
cyclopent-2-en-1-ylidene esters and amides 1-32 (Scheme 6). The authors noted that the syntheses
of substrates 1-31 were challenging because starting materials 1-30 were unreactive toward
standard olefination protocols. Eventually the authors used an alkynylation/vanadium-catalyzed

Meyer—Schuster rearrangement*’® sequence, which furnished 1-31.470¢

o)
0 X T, X
R1]/”\[R3 1 Li—=—OEt R or R R?
| | 2. VO(acac) Sc(OTf)
1-30 1-31 1-32

R to R4 = alkyl;
X = OEt, N(OMe)Me or H

Scheme 6. Vinylogous Nazarov cyclization

Lautens and Bryan developed an intermolecular Suzuki—intramolecular Heck cascade to
generate inden-1-ylidene esters 1-34 from dibromide 1-33.#¢ The authors designed their substrates
to exploit the syn-stereospecificity of both olefin insertion and B-hydride elimination to control the

stereochemistry of the olefin in the products 1-34 (Scheme 7).
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Pd,dba,

TFP RIS R3
, Cs,CO; A
+ R3B(OH), ——2=73 3 \
R2
1-34

R = alkyl, EWG, EDG, halides
R2 = aryl, heteraryl, EWG
R3 = aryl, heteraryl

Scheme 7. Pd-catalyzed Suzuki-Heck cascade reaction to generate indenes

1.1.7 Synthetic Efforts Toward Zaragozic Acids and Synthesis of of (x)-7-Episordidin

Although there are no natural products that contain a dioxolane substituted with an electron-
withdrawing group at C-2, a related 1,3-dioxane moiety had appeared in synthetic intermediates
during total syntheses. In their synthetic efforts toward zaragozic acids, Wardrop et al. encountered
C-2 EWG-substituted dioxanes (where EWG = ester or amide) as synthetic intermediates.*
According to the authors, direct acetalization of 1,3-propanediol 1-35 with o-ketoester 1-37
afforded 1,3-dioxane 1-39 in a moderate yield of 61%. A slight increase of the complexity of the
substrates shuts down the reaction between 1-36 and 1-38 completely (Scheme 7, top). The authors
used a slightly round-about route that accessed 1,3-dioxane 1-44 in three steps with a 73% overall
yield. To achieve this, 1-41 was first converted to the semi-stable orthoester 1-42 followed by Sn-
catalyzed cyanation to cyanoketal 1-43. Treatment with alkaline H,O> afforded the desired amide
functionality in 1-44. The amide was subjected to methanolysis conditions, then hydrolyzed and
acidified to the carboxylic acid 1-45 in 73% yield (two steps). Acid 1-45 was activated as the acid
chloride and converted to the diazo compound 1-46. Rh-carbenoid C—H insertion afforded the

desired oxabicycle 1-47.
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Scheme 8. Synthesis of (z)-7-episordidin

Using a similar strategy, Wardrop et al. accessed the cyanoketal intermediate from the
corresponding pentane-2,4-diol (99%, 2 steps).>® Alkaline H.O> hydrolysis afforded amide 1-52
in 91% vyield; conversion to the acid 1-53 via methanolysis and hydrolysis was achieved in 97%
and 98% yields, respectively. Diazo compound 1-54 was formed in 96% yield over two steps.
Rh(1l)-catalyzed C—H insertion provided bicyclic ketone 1-55 in 58% yield. Four additional steps
converted ketone 1-55 to ()-7-episordidin. The synthetic efforts toward and synthesis of zaragozic

acids exemplified the challenges in direct construction of C-2 EWG-substituted dioxanes.**-!
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Scheme 9. Total synthesis of (x)-7-episordidin

1.1.8 Previous Work in the Koide Group

We envision that the inhibition of expression of HSPs by a small molecule such as stresgenin B
would have great potential in bypassing the problem of the inducible synthesis of HSP70.1? As
mentioned, it was reported that stresgenin B exhibited 4.9 times greater potency than quercetin.*
Although the micromolar potency of stresgenin B is not impressive, we envision that this molecule
would serve as a platform for the design of more potent analogs. It is also of great interest to
investigate the mode of action of stresgenin B and whether it is similar to that of quercetin. The
selectivity of this molecule toward cancer cells over normal cells has not been reported.

The initial effort toward stresgenin B started from alkynal 1-56 (Scheme 10). Grignard
vinylation gave propargylic alcohol 1-57 in 78% vyield. Protection with dihydropyran gave ether
1-58 in quantitative yield. Methanolysis of the TMS group yielded the terminal alkyne 1-59 in
77% yield. A methoxycarbonyl group was installed using methyl chloroformate to give 1-60 in

quantitative yield. Removal of the THP protecting group gave 1-61 in 73% yield. Another
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Grignard vinylation gave triene 1-62 in 85% yield. Ring-closing metathesis with Grubbs 11 catalyst

afforded cyclopentene 1-63 in 41% yield.

()

o] (o} OTHP
OH
HJ\ —“\/Mgm p—:-_TSOH.HZO f\)\
X
] SiMes 78% /\/I\S.M quant. S SiMe,
1-56 157 1-58
K,CO4
MeOH
OH .
,D-TSOH'H2O OTHP n-BulLi OTHP
= e MeOH CICO,Me
S -~ 7 -
CO,Me 73% \\ CO.Me guant. Z S
1-61 2
1-60 1-59
f\MgBr
85%
OH MeO,C
Grubbs Il J
= ZCo,Me ———»
=
1-62 1-63

Scheme 10. Initial efforts toward reported structure of stresgenin B

The synthesis was stalled at this juncture; the envisioned allylic C—H oxidation was
unsuccessful (Scheme 11). When cyclopentenol 1-63 was subjected to classical Riley oxidation
conditions (SeO2/TBHP), no reaction was observed. Treating 1-63 with the Pd-catalyzed allylic
C-H oxidation developed by White et al.>>>* also did not produce any desired diol 1-64 (Scheme
11, top). A possible solution was envisioned, namely to perform the required allylic C—H oxidation
followed by RCM. Thus, the C—H oxidation of triene 1-65 was tested and did give desired oxidized

product 1-66, albeit in low yield of 15% (Scheme 11, bottom).
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Scheme 11. Attempted allylic oxidations

To address the question of stresgenin B’s absolute configuration, a chiral pool strategy>
was adopted. D-Ribose was chosen as the chiral starting material (Scheme 12). Additionally, this
strategy was promising because it would avoid the need to develop or optimize reaction conditions
for late stage oxidations (see Scheme 11). Using a two-step literature sequence,*® D-ribose was
converted to diol 1-68. Aldehyde 1-69 was formed by oxidative cleavage and a non-selective
vinylation afforded allylic alcohol 1-70 in 42% combined yield. The 1:1 diastereomeric mixture
of alcohols 1-70 was benzylated in 94% total yield, and deprotection of the acetal yielded diol 1-
72 in 88% combined yield. Ketal formation with thiophenylacetone 1-73 gave 1-74 as a mixture
of four diastereomers in 74% combined yield. Separation of the diastereomers was tedious, and as
such 1-74 was used as a mixture for subsequent steps. A four-step sequence involving oxidation
to 1-75, Pummerer rearrangement® to 1-76, Pinnick oxidation®® to 1-77, and amidation gave a
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1:1:1:1 mixture of amide 1-78 (combined yield = 46% over four steps). A portion of the desired
diastereomer was used in DDQ deprotection.

The deprotection to form 1-79 was challenging and several trials only led to a low yield of
27%. Furthermore, efforts to perform RCM on 1-79 required more than 0.50 equiv of the nitro-
Grela catalyst™ for low conversions, although it was later found that the actual cause for this was
likely due to phenol contamination (see results and discussion of this chapter). Performing RCM
on 1-78 did give the cyclized alkene 1-80 in 42% yield, still requiring 0.50 equiv of the nitro-Grela
catalyst. The stereochemical configuration of the benzyloxy substituent was assigned by NOESY

experiments.
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Scheme 12. Previous synthetic efforts toward stresgenin B

At this juncture, the project was stalled once again. The challenges in the debenzylation
and the high ruthenium catalyst loadings to cyclize 1-79 made it nearly impossible to move
forward. Nonetheless, sufficient amounts of a diastereomer of 1-79 could be obtained and
converted to 1-84. Earlier model studies had given some promising results in a HWE reaction of
cyclopentenone 1-82 to give 1-84 (Scheme 13). A similar HWE reaction of cyclopentenone 1-85
gave no reaction; the Wittig reaction with ylide 1-86 afforded a complex reaction mixture.
However, milligram quantities of 1-87 could be isolated and submitted for X-ray analysis. The X-

ray structure confirmed the stereochemical configuration of 1-87. Deprotection of model substrate
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1-84 temporarily afforded 1-88, which was too unstable, presumably toward oligomerizations.

This marked the end of the synthetic pursuits undertaken by previous members of the Koide group.
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Scheme 13. Olefination attempts on model substrate and late-stage intermediate

1.2 Results and Discussion

A significant portion of this chapter was published as: Chan, W. C. & Kaoide, K. Org.

Lett. 2018, 20, 7798-7802.
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1.2.1 Retrosynthetic Analysis for this Project

Upon taking over the project for stresgenin B, there were a few issues we planned to address. The
adoption of a chiral pool strategy was to address the absolute configuration question. The strategy,
however, was not properly executed to realize its full potential. Specifically, the removal of
stereochemical information by oxidative cleavage; as it turns out, this stereochemical information
is critical for stereoselectively installing the ketal (vide infra). Next, we wondered whether there
are literature precedents for a one-carbon homologation of a diol (e.g., 1-68) to an allylic alcohol
(e.g., 1-70). Thirdly, a practical problem that arose was the formation of complex diastereomeric
mixtures that would be tedious and time-consuming to purify (1-74 and 1-78). Fourthly,
debenzylation conditions or a new protecting group needed to be identified. We also wanted to
lower the ruthenium catalyst loadings for RCM. Finally, an alternative strategy was necessary to
install the exocyclic olefin.

To further confirm that direct olefination strategy is not viable, preliminary tests in this
project showed that Julia,®®%? Reformatsky,%3®* or Peterson olefinations® caused degradation of
the starting material (Scheme 14, 1-89 — 1-81). It was hypothesized that enone 1-89 was too
sterically demanding for a direct olefination. A literature survey revealed that the 1,4-addition of
phosphonate 1-83 onto acyclic enones (e.g., trans-chalcone)®’, cyclopentenone®® and
cyclohexanone®® is known. Thus, we envisioned a two-step indirect approach. A sterically
unhindered acetylide could constitute the requisite two-carbon, and subsequent Meyer-Schuster
rearrangement of 1-90 might give the exocyclic olefin 1-81.

The cyclopentene ring could be formed by an RCM-oxidation sequence from diene 1-91
(Scheme 14). The cyanoketal moiety of 1-91 can be installed by a neighboring-group-controlled

cyanation of oxocarbenium ion 1-92. A one-carbon homologation would be used to convert diol
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1-68 to allylic alcohol 1-70 — to avoid oxidative cleavage and to retain the stereochemical

information at C-3 in 1-92. We hypothesized that the stereogenic center at C-3 might influence the

ketal formation. D-Ribose was still deemed a suitable chiral pool substrate for the total synthesis

pursuit.
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Scheme 14. Retrosynthetic analysis

1.2.2 First Generation Synthesis Featuring a Pummerer Rearrangement

The known epoxide 1-93 was prepared in three steps from D-ribose in 53% overall yield (Scheme

15).%6 The epoxide was then homologated,%®-"° the product of which was subjected to protecting

group manipulations to give diols 1-94 and 1-95 in 60% and 62% Yyield over three steps,

respectively. Similar to the observations by Wardrop et al.,**"! the direct construction of the o-
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amidodioxolane functionality is also challenging for our system. The direct condensation with
various o-ketoamide or a-ketoester was unsuccessful. Usually no reaction could be observed. After
much exploration, we returned to a.-(phenylthio)acetone 1-96 that had been previously employed
in the Koide group. Additionally, analogs 1-97 and 1-98 were also synthesized. The combination
of diol 1-94 and ketone 1-96 under acidic conditions gave a moderate diastereoselectivity of ca.
4.9:1; 1-97 and 1-98 were better ketones for greater diastereoselectivity. Although it was
interesting to note that varying the substituents on the (arylthio)acetone 1-96 to 1-98 affected the

diastereoselectivity, the reason for the selectivity was not clear at this stage.

1-96 to 1-98
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‘ 2.BnClor F’IVIBCI MeCN/
NaH, DMF MeNO,
3. CSA or HCI -15t0 10 °C

1-94: R = Bn, 60% (3 steps) 1-99 to 1-101
1-95: R = PMB, 62% (3 steps)

compound R Ar yield, d.r.
1-96, Ar = Ph

' )l\/SAr 1-97, Ar = PMP 1-99a/b Bn PMP 872&, 4_921 i
‘ 1-98, Ar = 4-F- CGH4 1-100a/b Bn 4-F-CgH, 92%, 8.5:1 :
1-101a/b PMB Ph 93%, 6.1:1 :

Scheme 15. First generation route leading to ketals with sulfide handles

Because it was the first time that the ketal (1-99 to 1-101) was formed stereoselectively,
there was little basis for predicting the major stereoisomer of this reaction. We chose to move
forward with the synthetic scheme although we were uncertain regarding the stereochemical
outcome of the ketal formation (Scheme 16). Thus, ketal 1-101 was selected because facile late-

stage PMB deprotection was anticipated. The oxidation of sulfide 1-101 to sulfoxide 1-102, its
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Pummerer rearrangement® to aldehyde 1-103, Pinnick oxidation® to acid 1-104, and finally
amidation afforded amides 1-105a and 1-105b. The minor product 1-105a was crystalline, and X-
ray analysis revealed it to be the desired isomer. This unfortunately indicated that ketal formation
afforded the undesired diastereomer as the major product. This shows that the stereogenic center
at C-3 indeed has an influence on the stereoselectivity of ketal formation, but it was not yet clear

how this center governs stereoselectivity and how this influence could be reversed.

1-96 (1.5 equiv)

o-TsOH+H,0 . OPMB . OPMB .
1-94 _ HC(OEY); | N0 #~sph _MCPBA. O #~s'+
MeCN/ o ‘Me o ‘Me Ar
MeNO, |
-15t0 10 °C -
1-101 1-102
!
R TFAA,
. \f\/ L <2 / 2,6-lutidine
yu- gy N MeCN, -15 °C;
o 4 Iﬂ@/ \w then NaHCO,
P 9, 0°Ctort
OPMB
N o ™ Ha NH3, i- PerEt
>/ )/E HATU ﬁf\‘
"1/0 + "
0 "" CH20|2 rt
| HN 44%
(5 steps)
1-105a 1-105b 1-103:R=H
(minor) (major) 1-104: R = 0H<_—| NaClO,

Scheme 16. First generation route leading to undesired diastereomer

The ketal formation step was revisited (Table 1). The dr improved with an electron-poor
aromatic group on (phenylthiol)acetone (Table 4, entry 2 vs 4). The electronics of the protecting

group (benzyl in 1-94 vs p-methoxybenzyl in 1-95) appeared to have no effect on the dr.

26



Table 4. Effects of protecting groups on diastereoselectivity

0
M _sar

OR (1.5 equiv)
X OH PTSOH*H,0 (0.1 equiv) .
HC(OER)s (1.6 equiv)
| OH MeCN/MeNO, (4:1)
0to 18 °C
R =Bn, 1-94
R =PMB, 1-95
entry R Ar yield® (d.r.) entry R
1 Bn Ph 80%,54:1 : 5 PMB
5 Bn 4-FCgH, 86%, 571 : g PMB
3 Bn 3-FCgH4 77%, 811 i 7 PMB
4 Bn  34-(MeO),CeH; 83%,3.6:11 i g PMB

@Determined by TH NMR using mesitylene as external standard,
combined yields of both diastereomers

Ar
Ph

4-FCgH,
3-FCgH,

3,4-(OMe),CgH3

yield? (d.r.)
79%, 5.5:1

79%, 5.8:1
75%, 7.6:1

81%, 3.7:1

Both electrostatic and n—m interactions’*™ might be involved in controlling the

stereoselectivity. Oxocarbenium ion 1-107b (Figure 6) might be more sterically sensitive due to

A® strain,’® preventing the benzyl group from approaching the oxocarbenium species,

compromising the electrostatic stabilization. An electron-rich R group, such as PMB in 1-95,

should exert stronger electrostatic attraction but is presumably counterbalanced by weaker n—n

interactions. It was surmised that the T-shaped configuration’*""> might be more conformationally

compatible with 1-107.
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n—7n and electrostatic
interactions are weaker

versus

bottom face is more

1-107a (favored) 1-107b (disfavored) sensitive to sterics

+ 11— and electrostatic interactions
+ increased steric sensitivity in 1-107b resulted in weaker
electrostatic interactions

Figure 5. Rationalization of diastereoselective thioketal formation

Attempts to equilibrate 1-99 to a 1:1 mixture were unsuccessful (Scheme 17);
deketalization was observed when a stronger Lewis acid (e.g., BFs-OEt2) was used. Attempts to

rescreen conditions from diol 1-94 also did not yield favorable results.

Yb(OTf)3nH,0 Ph
OBn S'Ph or OBn g
Ao >) p-TSOHH,0 A0
— K
o % N.R. o

1-99

Scheme 17. Attempts to reverse diastereoselectivity

The last interesting observation in the first route was the unexpected lactonization of the
primary amide 1-108 under storage conditions as shown in Scheme 18. Chromatographed allylic
alcohol 1-108 (neat, 1-dram vial, no special precautions) was stored in a —20 °C freezer. It was
discovered that upon two weeks of storage, part of the material was converted to bicyclic lactone

1-109. The lactone was chromatographically purified and characterized by 'H, **C, HMBC,
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HMQC, and HRMS. Additionally, the identity of lactone 1-109 was confirmed by its facile
conversion back to the primary amide 1-108 by aminolysis with concentrated aqueous NHs. This
was actually the first hint of the stereochemical outcome in Scheme 16 before an X-ray crystal was

obtained.

-20 °C H
2weeks L P
X
(o]
conc 7 I'-i
NH; (aq) H
1-108 1-109

Scheme 18. Unexpected lactonization

1.2.3 Second Generation Synthesis Featuring a Diastereoselective Cyanation

Although the presence of stereochemical information at C-3 of 1-94 did indeed influence the
stereoselectivity of ketal formation, it was not the desired outcome. A different strategy was
pursued to enable the formation of the dioxolane with the desired diastereoselectivity (Table 5 and
Scheme 19). It was strategized that a benzyloxy substituent at C-3 (Table 5) might undergo
neighboring-group participation in a cyclic oxocarbenium ion. There are related precedents from
the groups of Molander’” and Woerpel®®® that suggested the feasibility of this strategy. First
reported by Mukaiyama®* was the use of Ph3CBF4 to generate similar cyclic oxocarbenium ions.
Due to the presence of oxidation-labile protecting groups, the requisite oxocarbenium ion 1-92
was planned to be generated via an orthoester. Diol 1-94 was treated with MeC(OMe)3 under acidic
conditions, and the resulting orthoester 1-110 was directly treated with TMSCN and BF3-OEt; to

afford cyanoketal 1-112 via oxocarbenium ion 1-111 (Table 5 and Scheme 19). Other Lewis acids
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generally proved to be inferior (entries 1—4 and 6-8). TiCls afforded a higher dr (entry 5), but

difficulties in work-up rendered in unsuitable for scale-ups.
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Table 5. Optimization of cyanation conditions?

MeC(OMe TMSCN
CSA LeW|s amds
OH CH2C|2, o OMe temp
24 h
1110 oommemmeeeeesenes 1-112
BnO

/
1-111
entry Lewis acid (equiv) temp (°C) yield (d.r.)®
1 n-Bu,BOTT (1.5) 25 decomposed
2 Sc(OTf); (0.20) 25 16% (7.1:1)
3 TiCls (1.5) 25 15% (6.9:1)
4 Yb(OTf)3-nH20 (0.20) 25 decomposed
5 TiCls (1.5) —78 76% (12:1)
6 AlClIz (1.5) =78 trace (n.d.)"
7 EtAICI (1.5) =78 30% (14:1)
8 SnCly (1.5) —78 35% (8:1)
9 BF3-OEt; (1.5) —78 91% (8.2:1)
10  BF3-OEt: (1.5) —78 to —20 97% (9:1)¢

aTypical reaction conditions: 8 (0.10 mmol, 1 equiv), MeC(OMe)3 (0.15 mmol, 1.5 equiv), CSA (0.0050 mmol, 0.05
equiv), DCM, rt, then TMSCN (4.0 equiv), Lewis acid (x equiv). "Determined by *H NMR analysis using mesitylene

as external standard, °n.d. = not determined. 950 mmol scale, combined isolated yield of diastereomers.
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MeC(OMe); (1.5 equiv) OBn
CSA (5 mol%), CH,Cly, rt; | X\ _.0
1-94 , W |
TMSCN (3.6 equiv) 0 CN
BF5*OEt;, (1.5 equiv) |
-78 to -20 °C L i
50 mmol batches 1-111 1-112 (d.r. = 9:1)

MeCH=NOH (10 equiv)
Pd(OAc), (4 mol%)
1,4-dioxane, 100 °C

66% (2 steps)
48-50 mmol batches

OBn
AN 0

o ‘70
| H;N

1113

Scheme 19. Second generation synthetic route

DFT calculations were undertaken to further understand the factors governing the

stereoselectivity of cyanation. Two transition states were located, 1-113a and 1-113b (Scheme
20a). The distance of 3.16 or 3.30 A between the benzyl ether oxygen and the oxocarbenium ion
suggests that it is a noncovalent interaction, not a formal neighboring-group participation as
proposed in a related work.”” The difference in energies of the transition states is probably due to
a combination of electrostatics and sterics. In 1-114b, the benzyl ether is further away from the
oxocarbenium ion to accommodate the incoming nucleophile, thereby weakening the electrostatic
interaction. In 114-a, it is obvious that oxocarbenium ion is more stabilized by the benzyloxy
oxygen (3.16 A in 1-114a vs 3.30 A in 1-114b). The stereochemical model is initially inspired by
reports from Woerpel et al. on alkoxy-directed/accelerated nucleophilic additions to furanylacetal-

derived oxocarbeniums.’8% However, it should be noted that this may be the first example of the
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use of neighboring-group stabilization as a stereocontrolling factor in a dioxolane derivative

synthesis.

A 1-114b (S)-1-112
1-114b disfavored

(Grer = 3.9 kcal/mol)

(R)-1-112
favored

1-114a
(Gyes = 0.0 kecal/mol)

Scheme 20. Stereochemical model for cyanation

The conversion of the (R)-nitrile 1-112 to primary amide 1-113 (Scheme 19) met with
difficulties because of the dioxolane ring opening under widely used reaction conditions, such as

alkaline H20,9%! and Parkins’ catalyst, [PtH{(PMe20)H}(PMe,OH)].85%¢ After some trials, it

33



was discovered that an anhydrous hydration methodology developed by Chang and Lee using
Wilkinson’s catalyst, (PhsP)sRhCI,27-# provided trace amounts of desired 1-113. Screening of
transition-metal catalysts revealed that Pd(OAc): to be the catalyst of choice. During the course of
this project, Naka et al. reported Pd(Il) catalyzed transfer hydration of cyanohydrins to -
hydroxyamides.2%? As evident from Naka’s papers, this robust and scalable transformation (up to
50 mmol in our case) may find broader applications for the conversion of nitriles to primary amides
in complex molecules syntheses.%®

Based on Chang and Lee,?” and Naka’s papers,-°2 it is proposed that Pd(11) promotes the
dehydration of acetaldoxime and the concomitant hydration of nitrile 1-112 (Scheme 21). Pd(Il)
possibly activates nitrile 1-112 toward nucleophilic attack by acetaldoxime. Pd-complex 1-115
may undergo ligand exchange to form 1-116 that has Pd bound to both oxime and nitrile.
Nucleophilic attack of the oxime on nitrile gives palladacycle 1-117. The Rh variant had been
proposed by Chang and Lee.8” Tautomerization and ligand dissociation gave acetonitrile and amide
1-113. Acetonitrile co-product can re-enter the catalytic cycle, reacting with the second equivalent

of acetaldoxime, forming acetamide as a by-product.
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OBn OBn
"",/O "
o F o ‘CN
| H,N }'Pd(OAc)z

9 |
" )LNH 1-113 1-112 | = dioxane
e 2
ACO\ OAc or RCN
Pd
N AcO
\\ HO. _NH o OAC
Me// R y/
1-118 R Me. _N.
can reenter ~~ ""OH
catalytic cycle 1-115
AcO L
AcO.  oAc o OAC
H>h¢ Pd NN
N 'NH —
Me . I N
04 /;o \\R
R

1-117 N~ 7 116

Scheme 21. Proposed catalytic cycle for transfer hydration

With 1-113 in hand, the next step was to forge the cyclopentenone moiety (Scheme 22).

As previously found, debenzylation with DDQ was problematic. Oxidative deprotection with DDQ
required excess oxidant, long reaction times, and irreproducible low yields (see the Experimental
section for conditions tested). Reductive cleavage with Na/lig. NHz afforded the desired allylic
alcohol in small-scale test reactions but was found to be not scalable. Unlike previous efforts in
the Koide group, the experiences with the RCM step (1-114 — 1-115) had been surprisingly
efficient. During the course of finding a deprotecting condition for 1-113, different batches of 1-
114 had been accumulated for RCM. It was realized that phenolic co-products formed from the
reduction of DDQ could not be fully removed by aqueous extraction. Furthermore, 1-114 is water-
soluble, rendering aqueous workup to be unsuitable. *tH NMR analysis alone would give the false

conclusion that 1-114 was sufficiently pure for the next step. Nonetheless, the **C NMR spectrum
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indicated that 1-114 was far from being pure. Even visual inspection of 1-114 (usually orange-
brown viscous oil) should suggest to the experimentalist that the material was insufficiently pure
for RCM.

Removal of excess phenolic co-product necessitates decolorization with charcoal followed
by careful filtration through a pad of basic Al.Os and occasionally a further filtration through solid
NaHCO:s to yield 1-114 as a pale-yellow oil. A sample of 1-114 thus obtained underwent RCM
easily with usually ca.1 mol% nitro-Grela catalyst.>® Although this purification protocol gave pure
1-114, the yield was irreproducible. Varying amounts of highly polar 1-114 were often lost during
the extensive filtrations.

Finally, it was found that the rarely employed combination of BFs-OEt, and EtSH afforded
the desired allylic alcohol 1-114 in 64% yield (Scheme 22).% With this method, 1-114 could be
reproducibly formed (up to 64% vyield). Furthermore, enough material was accumulated such that
a scale-up of RCM could be performed using low ruthenium catalyst loadings. Ensuing oxidation

could be performed in a one-pot fashion using MnO; to give 1-89 in 84% vyield.

OBn OH 1. nitro-Grela

X o BF;+OEt, XX o (0.4 mol%) O
>/ EtSH _ DCE, 60 °C; 0
o FO ——> o =0 > 0%,0
| N 64% | H,N 2. MnO, > Nf’
2

84% (2 steps)

1-113 14, 1-89
™\ : [x-ray]
Mes"\‘I N *Mes ;
Cl " Ru= E
cl’ 3
o NO,!
i-Pr :
nitro-Grela E

Scheme 22. Toward enone 1-89
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It was hypothesized that a hard and sterically unhindered metal acetylide might
preferentially undergo 1,2-addition with 1-89 (Scheme 23).%4% Thus, propargylic alcohol 1-90
was obtained as a single diastereomer in 59% isolated yield. 1-90 underwent a smooth
Meyer—Schuster rearrangement®-% in excess MeOH to give the reported structure (1-81a) and its
Z isomer (1-81b), albeit with modest E/Z selectivity (Scheme 23). It should be mentioned that no

ethoxy ester was observed in the Meyer-Schuster rearrangement.

— EtO
Et0— Ph;PAUCI (4 mol%)
0,C
n-BuLi, CeCl, \\,,,OH AGOTE (5mol%)  Ne02
1-89 » J__o
THF, -78 to -50 °C )/ CH,Cl,/MeOH (25:1),
59% 0 =0 60% (5/2—151) 0 ”'0
H,N
1-90

E: 1-81a [x-ray]
Z:1-81b

Scheme 23. End-game of total synthesis

Mechanistically, Au(l) activates the alkyne 1-90 toward nucleophilic attack by MeOH
(Scheme 24).%8%° The highly reactive enol ether 1-91 undergoes dehydrative deauration to form
the enol allene 1-92 that can be readily trapped by a second equivalent of MeOH. Trapping of the
putative oxocarbenium 1-93/1-94 gives the desired rearrangement product 1-81/1-82. Treatment
of the methoxy product with an alcoholic solvent under the reaction conditions did not result in

trans-esterification.
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MeOH

EtO EtO EtO + H* * R
o- o
OMe
[Au] \\\ on [Adl \)‘OMG- [Au] o Ro—%,_, +MeOH Meo-
S S -H,0 + [Au] y/ - EtOH y/
é_ e E_ -l— E‘ —~——— g B é
& ey =5 ey

1-90 1-91 1-92 R = Me or Et, 1-93 1-81

X = H or [Au], 1-94 1-82

Scheme 24. Plausible mechanism for Meyer-Schuster rearrangment/transesterification

More conveniently, it was found that Ce-mediated®*® Peterson olefination of enone 1-89
could directly afford 1-81a and 1-81b in 40% combined yield (unoptimized, Scheme 25). The
structure of 1-8la was unambiguously confirmed by X-ray analysis. It should be noted that
Peterson olefination in the absence of CeCls failed to afford any desired product. Although unique
benefits of organocerium chemistry (such as alkylation/alkynylation of enolizable or hindered
ketones) were already known,**°¢ this might be the first example of a direct olefin formation using

an organocerium enolate.

0
MeOJJ\/SiMe3

1.95 MeOZC
LDA, CeCl,

1-89
THF, -78 °C o "‘°

with CeCl;: 40% (E/Z: 2.7:1) HZN
w/o CeCl;: decomposition E 1-81a
Z:1-81b

Scheme 25. Cerium-mediated Peterson olefination
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1.3 Structural Elucidation of the Real Structure of Stresgenin B

1.3.1 Comparison of NMR Spectroscopic Data

The *H and *C NMR spectra of both 1-81a and 1-81b do not match those reported for stresgenin
B.1 There are also discrepancies in the original assignment of *H and *3C NMR data. In particular,
13C NMR spectrum of 1-81a shows significant differences for the chemical shifts of C2—C5, with
differences ranging from 4.5 to 26.0 ppm (Table 6). These differences cannot be accounted by
mere stereochemical mis-assignments (i.e., epimers, diastereomers). Furthermore, the coupling
constant reported for the olefin C-H’s was 9.7 Hz while those of 1-81a and 1-81b were 6.0 and 5.6
Hz, respectively. Based on literature surveys and observations with disubstituted cyclopentene
systems, the endocyclic olefin has signature coupling constants of 5.0-6.0 Hz. These strongly

suggest the natural product contains a ring structure other than a cyclopentene.

reported
2  structure

&

39



Table 6. Comparison of NMR spectroscopic data

Natural Synthetic Natural Synthetic
position 5c 8¢ 8y (mult, J (Hz)) 8y (mult, J (Hz))
C-1 164.5 166.4 -- -
C-2 136.2 115.2 7.43 (br) 6.02 (s)
C-3 130.0 156.0 -- -
C-4 124.4 141.5 6.43 (ddd, J=9.7, 1.8, 1.8 Hz) 7.39 (d, J=5.6 Hz)
C-5 1291 133.6 6.56 (d, J =9.7 Hz) 6.49 (dd, J=6.0, 1.6 Hz)
C-6 80.9 82.5 4.42 (m) 5.20 (dd, J= 5.6, 2.0 Hz)
C-7 79.2 80.3 4.46 (m) 5.02 (d, J =5.6 Hz)
c-1 1721 173.1 - -
c-2' 109.8 109.0 - --
c-3 22.9 23.4 1.66 (s) 1.57 (s)
O-CH; 522 515 3.79 (s) 3.76 (s)
NH, - - not reported 6.45, 5.87 (br)

1.3.2 DFT Calculations of the NMR of the Reported Structure

With irreconcilable differences in the spectroscopic data, we resorted to using DFT calculations..
At the outset of this computational effort, a computational method had to be determined. Based on
the recommendations by Tantillo et al.,*®® four methods of reasonable computational cost and
reported accuracies were chosen. Although these methods were considered to be “high accuracy
methods” based on their performances on a test set of molecules, it was not clear whether the
method would perform equally well for stresgenin-type structures. Assuming the real structure of

stresgenin B is similar to that of the reported structure 1-81, the chosen methods were first tested

on 1-81.
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The calculated *H and **C NMR chemical shifts for 1-81 were compared to its experimental
chemical shifts (Table 7), and the most accurate method was chosen for further calculations. Based
on benchmark studies, %% root-mean-square-deviations (RMSDs) of calculated *H chemical shift
below 0.1 ppm was considered highly accurate; the RMSDs for *3C are more variable but must be
below 3 ppm to be considered accurate. Based on these benchmarks, the mPW1PW91 functional
(single-point NMR calculations, implicit solvation with chloroform) and B3LYP functional (gas
phase geometry optimizations) showed the best performance. (see the Sl for other methods that

were tested on 1-81.

Table 7. Testing accuracy of DFT method on reported structure

conformerl  conformer2 conformer3 average expt  absolute

(57.5%) (22.9%) (19.6%) deviation
OCH3s 50.78 50.68 50.68 50.7 51.5 0.8
C1 166.60 166.60 165.98 166.5 166.4 0.1
C2 112.45 112.67 115.01 113.0 115.2 2.2
C3 158.84 162.53 156.30 159.2 156.0 3.2
C4 132.87 134.69 133.05 133.3 133.6 0.3
C5 147.01 147.84 146.56 147.1 141.5 5.6
C6 82.79 83.75 82.87 83.0 82.5 0.5
C7 79.94 80.67 80.55 80.2 80.3 0.1
C3 22.09 22.26 22.02 22.1 23.4 1.3
Cc2 109.55 111.06 109.49 109.9 109.0 0.9
C1 170.22 167.56 170.16 169.6 173.1 3.5

MAD =
1.7
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Upon inspection of the 3C NMR spectroscopic data of synthetic versus natural material, it
was found that the large differences are mainly from C-2 to C-5. Thus, a six-membered ring was
speculated to be part of the real structure. Two possible constitutional isomers CS1 and CS2 (Table
8) were envisioned. The calculated chemical shifts for C-2 to C-5 supported the possibility of a
conjugated cyclohexadiene motif. Changing the position of the methoxy carbonyl substituent
afforded better results for C-2 to C-5 with CS2 over CS1. Therefore, subsequent efforts were
focussed on constitutional isomer CS2. For the constitutional isomer CS2, there exists 23
stereoisomers, four of which are NMR-distinguishable diastereomers, corresponding to CS2—-CS5.
We also note that for CS5, the 3C NMR chemical shift for C-3 still has an absolute deviation of
5.0 ppm. Similar overestimations were also observed for the reported structure (see Table 7,
chemical shift for C-5). It appears that this method systematically overestimates carbons
conjugated (B and & carbons) to an electron-withdrawing group.

Diastereomeric structure CS3 gave larger MAD and RMSD than CS2. The chemical shifts
for C-6, C-7 and C-2’ of CS2 and CS3 still exhibited large deviations. It was thus considered
whether the dioxolane ring could be trans-fused to the cyclohexadiene (CS4 and CS5). To our
knowledge, there is no literature precedence for dioxolane trans-fused to a cyclohexadiene. The
closest resemblance is dioxolamycin (see Figure 5), which is equipped with a cyclohexene ring
and may be less strained. Despite the lack of literature support, the calculated NMR data of CS5
exhibit the lowest MAD and RMSD (**C NMR: MAD = 1.6 and RMSD = 2.2; 'H NMR, MAD =

0.10 and RMSD = 0.12, see the Experimental section).

42



Table 8. Comparison of calculated *C NMR

1
MeO,C -2
A\ o - Meogc 2 Meozc 7 >/
4 0 ,——‘0
6 ' '
reporteg HZ
structure Cs2
1002Me H,N
5 7 O MeOZC 2 7 o>)1\70 MeOZC 2
M >/
4 o) “, '/0
6 3 1.
o H,N
Cs1 CS3

position natural  CSI CS2 CS3 CS4 CS5
O-CH;3 52.2 51.2 51.6 514 514 51.3
C-1 1645 166.1 1642 1645 164.1 163.8
C-2 130.0 1233 126.7 1259 129.0 129.0
C-3 136.2 1387 137.6 1404 141.8 141.2
C-4 1244 1204 1228 126.1 131.0 124.4
C-5 129.1  139.8 125.7 1252 131.2 131.6
C-6 79.2 74.0 69.8 70.0  78.6 78.9
C-7 80.9 68.4 712 73.6 80.4 80.1
C-3° 22.1 21.6 212 203 20.7 21.1
C-2 109.8 102.1 101.8 1043 110.8 110.9
c-r 172.1 1693 170.1 168.2 175.9 168.3

MAD“ - 5.0 3.7 3.9 2.2 1.6
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RMSD? - 6.2 5.1 4.7 3.0 2.2

aMAD = mean absolute deviation. "RMSD = root mean square deviation. Calculated using GIAO/mPW1PW91/6-

311+G(2d,p)/SMD(chloroform)//B3LYP/6-31+G(d,p).%°

Moreover, it is reasoned that a trans-fused bicycle might be less susceptible to
aromatization. The Akagawa group used the UV-vis spectrum of stresgenin B with a peak at 275
nm as a basis for the presence of a fully conjugated dienoate.** However, Figure 5 of the original
patent’ does not show such a peak. The structure of CS5 does not support their NOESY
correlations. Specifically, the authors reported NOE correlation between the methoxy group and
C2-H; they assigned this olefin proton to the peak at 7.43 ppm, which is likely a mis-assignment.
The peak at 7.43 ppm must be due to an olefin C—H conjugated to the ester. If CS5 is the correct
structure, the reported correlation would refer to the ester CHz and C3-H. However, our calculated
average distance between the methoxy group and C3—H (conformer 1 of CS5, see Experimental
secion 3.2.2.2) is approximately 4.27 A, suggesting that the NOE enhancement might be relatively
weak.

The authors also reported NOE correlations between the dioxolane methyl group and the
peaks at 7.43 and 6.43 ppm; none of our candidate structures can account for these correlations.
At this point, without access to the original NOESY experiment data, it is not possible to determine
whether these NOE enhancements are significant. While DFT calculations support the chemical
structure of CS5 as the natural product, other constitutional isomers and diastereomers cannot be

fully excluded at this stage.
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1.4 Conclusion

In conclusion, the total synthesis of the reported structure of stresgenin B 1-81 was completed. The
synthetic route features a one-pot neighboring-group-directed diastereoselective cyanation. DFT
calculations suggested that the directing effect stems from non-bonding interactions between
benzyloxy group and electrophilic oxocarbenium ion 1-111. A Pd-catalyzed transfer hydration of
nitrile 1-112 was also employed. This transformation has been used by other groups in total
synthesis and hydration of unstable cyanohydrins.®892 The challenging exocyclic olefin could be
installed by either an alkynylation—Meyer-Schuster sequence or a Ce-mediated direct Peterson
olefination. Both olefination methods allowed 1-81 to be formed as a mixture of E/Z isomers, and
X-ray analysis confirmed the reported structure 1-81a. Computations of *H and *C NMR spectra

of candidate structures gave a plausible structure, CS5, for stresgenin B.
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2.0 Hydroalkylation of Electron-Deficient Olefins via the Radical Chain Mechanism —

Experimental and Theoretical Investigations

2.1 Introduction

2.1.1 Introduction to Radical Chain Chemistry

The concept of radical chemistry is taught from an early stage of organic chemistry. Free radical
halogenation of alkanes is a chapter found in most undergraduate organic chemistry textbooks.'%
It is well-established that the halogenation of alkanes operates via a radical chain mechanism. This
classical example of a radical chain process, however, is rarely employed as a synthetic strategy
in modern synthetic chemistry. In recent years, radical reactions operative via a radical chain
mechanism typically involve a combination of AIBN (azobis(isobutyronitrile) or EtzB/O2 with a
tin-based reagent.07-117

A generalized mechanism for AIBN as radical initiators is shown in Scheme 26a. Under
heating or UV irradiation, homolysis of AIBN, 2-1, occurs to form radical 2-2. This radical species
then abstracts a hydrogen from RsSnH to generate nitrile 2-3 and R3Sn-. The trialkyltin radical
species reacts with the radical acceptor 2-4 to form the alkyl radical 2-5. The carbon-centered
radical can undergoes a hydrogen abstraction from remaining RsSnH to regenerate the tin radical
RsSne, propagating the radical chain.

A generalized mechanism for EtsB and O2 is shown in Scheme 26b. EtsB undergoes
autooxidation with O (usually in the form of air at —78 °C) to generate peroxyborane 2-7 and ethyl

radicals, which propagate the chain process.
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Initiation: Eth + 02 —_— EtzBoo' + Ete
2-7
Propagation:
Ete + 0, —_— EtOO.
2-8
Et00 o + Et;f ——— EtOOBEt, + Ete
2-8 29

Scheme 26. a) Radical chain mechanism for hydrostannation of olefins and alkynes. b) Radical chain initiated by

Et;B/0O»

In general, synthetic strategies operative via a radical chain process has been largely limited
to the use of AIBN or EtsB/O> as radical initiators. Additionally, these synthetic reactions usually
involve the use of toxic tin reagents. The latter is especially significant regarding the limitation of

substrate scope as typically the radical donor must possess a necessarily weak X—H bond to allow

hydrogen abstraction by a carbon-centered radical (vide infra).
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2.1.2 Background to Modern Photochemistry

While the use of heat or UV light to accomplish radical chemistry is well-established, there might
be potential reevaluation established chemistry using visible light.1*31?! To this end, varying
combinations of photocatalyst, transition-metal cocatalyst, redox reagent(s), and hydrogen donors
have been employed.

Photocatalysts can be further classified as organic or transition-metal based.'?> Common
examples of organic photocatalysts are acridinium salts, benzophenones, phenylglyoxylic acid,
pyrylium salts, and thioxanthones. In the second class, polypyridyl-Ru(ll) and Ir(I1l) are most
commonly employed'?2® with more recent, chromium-?>'%6 and cerium-based?’-*
photocatalysts emeringas inexpensive alternatives to Ir(l1l) catalysts. Furthermore, Ir(II1)/Ni(ll)
dual catalytic systems®! are also popular for the additional synthetic possibilities they provide to
synthetic chemists. Redox reagents such as tertiary amines or redox-active esters are required for
redox quenching and catalysts’ turnovers. Hantzsch esters and thiols are commonly used hydrogen
donors found in the literature,122-124

Mechanistically (Scheme 27),'2? ground state So photocatalyst (PC) undergoes excitation
in the presence of light to the first excited single excited state S;, which undergoes rapid
intersystem crossing to the more stable triplet state T1. This Ty state is commonly denoted PC*
(e.g., Ru*, Ir*, etc.) in the literature. The excited photocatalyst is sufficiently long-lived due to a
spin-forbidden decay to the ground state and can face two possible pathways, redox quenching or
energy transfer. In redox quenching, PC* may undergo oxidative quenching, i.e., (PC"* — PC"1,
and the oxidized PC, PC™?, would require a terminal reductant for turnover (i.e., PC™! — PCM).
If PC* undergoes reductive quenching, i.e., (PC")* — PC™!, a terminal oxidant is required for the

turnover (PC"! — PC"),
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(PC")*
SET reductive oxidative
quenching quenching SET

PC"

Pc"
start start
here here

Scheme 27. General photocatalytic cycles for oxidative and reductive quenchings (SET = single electron transfer,

PC photocatalyst)

In energy transfer, PC* can undergo triplet-to-triplet energy transfer, in which PC* decays
from Ty to So while exciting an organic molecule A from Sg to T1 (Scheme 28). The excited A*
can undergo subsequent reactions. Energy transfers are net redox neutral, and no redox reagent is

required for catalyst turnovers.

hv
energy
PC transfer PC*
A (Sg) A* (Ty)

Scheme 28. General photocatalytic cycle for energy transfer
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2.1.3 C-H Functionalizations of Ethers

Analogous to Sn—H, C—H abstractions have been designed and implemented in the repertoire of
synthetic chemistry. In particular, C—H abstractions of activated substrates such as tertiary amines
and ethers have been reported.'?? The thus formed a-amino or a-alkoxy radicals are nucleophilic
and can add to electrophilic olefins or undergo cross-coupling reactions. The majority of these
examples operate via closed catalytic cycles, presumably due to the innate challenge in cleaving
the C—H bond; examples of radical chain C—H functionalizations usually involve formation of

strong X—H bonds in the propagation steps.

2.1.3.1 Transition-Metal Catalyzed C-H Functionalizations of Ethers with Arylboronic
Acids (Lei)

In 2013, Lei et al. reported a Ni-catalyzed C—H arylation of ethereal substrates 2-10. Common

ethers such as tetrahydrofurans, 1,4-dioxanes, and 1,3-benzodioxoles were coupled with

arylboronic acids 2-11 to form arylated ethers 2-12 (Scheme 29).1%

H=C"" +  ar-B(oH M, A ‘
X r~BOH) 'BL00t-Bu X 7
X=0orNR
210 2-11 2-12

Scheme 29. C—H arylation of ethers with boronic acids

Mechanistically, it was proposed that di-t-butylperoxide (t-BuOOt-Bu) undergoes Ni-
catalyzed homolysis (Scheme 30, path A). The thus formed t-butyoxy radical abstracts the a-C—H

of an ether, e.g., THF, 2-12, forming the oxyalkyl radical 2-13. This radical can undergo single
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electron oxidation to form the more stable oxocarbenium ion 2-14. The oxocarbenium ion is then

trapped by pronucleophile arylboronic acids 2-11 to give arylated ether 2-15. Alternatively (path

B), the authors proposed the addition of aryl radical to 2-14 to form radical cation 2-16.

Subsequently, 2-16 abstracts a hydrogen atom from THF to give product 2-15.

212 213
2-11 2-16

} SET l

Ar o ArB(OH), o E
D -

2-15 2-14
215

Scheme 30. Proposed mechanisms for Ni-catalyzed C—H arylation of ethers

2.1.3.2 Photoredox Minisci Reaction (MacMillan and Jin)

In 2015, MacMillan and Jin reported the first photoredox Minisci reaction (Scheme 31).1%% A

variety of pyridines and isoquinolines were coupled with ethers 2-18 to form useful

pharmocophores 2-19.

Ir[dF(CF 3),ppyldtbbpyPFg BONG
_ K,S,04 |
T Sy
r | + fo} TFA -
_N C ;I

LTS

s
~

-

~N
visible light
MeCN/H,0 b

2-19, 42-93% yield

2-17 2-18

Scheme 31. Photoredox Minisci reaction
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Mechanistically (Scheme 32), it involves the formation of oxygen-centered sulfate radical
anion via single electron transfer from Ir(111)* to persulfate S,0s> to form sulfonate ions SO4> and
sulfate radical anion SO4™. The sulfate radical anion then abstracts the a-C—H from an ether, such
as tetrahydropyran (THP) 2-20. The resulting THP radical 2-21 adds to the TFA-activated N-
heteroarene 2-22, forming radical cation 2-23. Finally, proton transfer to give 2-24 and a single-

electron oxidation yields the Minisci product 2-25.

S
+
- NH
2-22
>~—> =
NH

H . +o
GO °
2-23

2-20 2-21

S02 + $0,°” L‘Z HSO, //pmm”

HAT transfer

S
Ir(IV)
32082- U NH
r(Iy* o
photoredox
cycle SET 2-24
oxidative = .
quenching . NH
Ir(1) o
Start
here 2.25

Scheme 32. Proposed mechanism for photoredox Minisci reaction
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2.1.3.3 Photoredox Cross-Couplings of N-heteroaryl Chlorides with 1,3-Dioxolanes (Doyle)
Doyle et al. reported Ir(111)/Ni(11) dual catalysis to functionalize 1,3-dioxolane with (N-hetero)aryl
chlorides (Scheme 33).1%* A Ni(lll) species 2-26 was postulated as the key intermediate. The

arylated dioxolanes 2-27 were deprotected with dilute HCI to afford the (N-hetero)aryl aldehydes

2-28.

H

oA,
I Ni |, § O-  HCl(aq) 0
Ar=Cl —— ,.I\;l.., — Ar—<:| — A=
o H

L, NiIll)

2-26 2-27 2-28

Scheme 33. Ir/Ni Co-catalyzed formal hydroformylation of (N-hetero)aryl chlorides

start
here
LNi©) &S
2-29 ¢l
L Niqiny-Ar
hy 2-30
Iy ———= Ir=(lll)
SET Q SET
Ir(l) .
, L Niqin-Ar
L, Ni(l) e
Iy 234
Ar hv
2.27 o
L Ni(ll)-Ar
2-32
H
o_ 0 ‘E(/o
Ln\ﬁ(m) Ar L\o
2.33 .
S~ LNiAr H@
2.32

Scheme 34. Proposed Ir/Ni dual catalytic cycles
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Mechanistically (Scheme 34), Ar-Cl undergoes an oxidative addition with Ni(0) 2-29 to
form aryl Ni(1l) 2-30, which undergoes a single electron transfer with Ir*(I11) to form aryl Ni(llI)
2-31. Under light irradiation conditions, photolysis occurs to form chlorine radical and aryl Ni(ll)
2-32. The chlorine radical abstracts a hydrogen atom from dioxolane to form dioxolanyl radical.
The thus formed dioxolan-2-yl radical can recoordinate to form aryl Ni(lll) 2-33. Subsequent
reductive elimination gives the product 2-27 and Ni(l) 2-34. Ir(1l) then reduces 2-34 back to 2-29,
closing both the Ni and Ir cycles. A noted problem, however, is the presence of two activated C—
H bonds (C2-H vs C4-H), that can be abstracted by a chlorine radical. In some cases, a mixture
of regioisomers were formed. Nonetheless, a one-pot procedure was devised to selectively convert

the C2 isomer to the aldehyde 2-28.

2.1.3.4 Thermal Minisci Reaction with 1,3,5-trioxanes (Yeung and Angeles)

In 2018, Yeung and Angeles reported a thermal variant (Scheme 35) of MacMillan and Jin’s
work.13 135 Additionally, 1,3,5-trioxane (5.0 equiv) could be used to replace 1,3-dioxolane
(solvent). In this work, it was found that a transition-metal catalyst was not required for the
reaction. During the optimization studies, the authors also found that visible light alone can
promote the desired reaction to moderate yields. Due to the Lewis basicity of the nitrogen, a strong

Lewis acid was necessary for deprotection to give 2-37.
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Scheme 35. Thermal Minisci reaction

Similar to MacMillan and Jin’s report,'*® a persulfate oxidant was used in excess — in this
case an organic soluble persulfate was employed. The radical anion SO4" is formed under thermal
conditions and abstracts the activated C—H bond of trioxane (Scheme 36). Trioxanyl radical 2-38
adds to the N-heteroarene (TFA not required, cf. Scheme 32) to give 2-39. Nitrogen-centered
radical 2-39 can undergo a spin-center shift to give C-centered radical 2-40. Final
oxidation/rearomatization gives product 2-41 (Scheme 36). The use of elevated temperature (60

°C) promoted formation of SOs~ and addition of 2-38 to neutral N-heteroarenes.

radical
/—0 C-H abstraction /—0 addition | N o
- ) —\"' N o]
/ N\ | ' W/

-

Hso,  2-38 N 2-39
spin
center
shift

(j\r ox.'datron | = 0—\
L o}
N o

2-41 2-40

Scheme 36. Proposed mechanism for thermal Minisci reaction with trioxane
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2.1.3.5 Photoredox C-H Functionalization (Wu and Meggers)

Wau et al. reported an Eosin Y-catalyzed hydrofunctionalization of a variety of electron-deficient
olefins (Scheme 37).1% Their work had a broad substrate scope with regards to C—H donors 2-42
and radical acceptors 2-43. However, the reaction needs both light and heat, presumably to

facilitate the cleavage of the C—H bonds.

1 R 1 R?
R'=H + ~ A\ Ewe S\ Ewe
2-42 2-43 2-45
R? R? + R R, 1R?
N ewe TR — R\ Nene ROV EWG
2-43 2-47 2-45
[2-46]-H R* R!'=H
HAT, 2-42
R1=H
2-42
2-46*
HAT
R1=H
hv 2-46 2-42
start
here

Scheme 37. Eosin Y catalyzed hydroalkylation of electron-deficient olefins

It is interesting to note that in Wu’s work, the photocatalyst 2-46 undergoes direct hydrogen
atom transfer (HAT). Under visible light irradiation, 2-46 is excited to triplet species 2-46*, which

abstracts a hydrogen from 2-42. The resulting R- then adds to electron-deficient olefins 2-43 to
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give C-centered radical 2-47. At this point, 2-47 is proposed to abstract a hydrogen from a second
molecule of 2-42. Newly formed R- is responsible for regenerating photocatalyst 2-46 and closing
the catalytic cycle. Based on the authors’ mechanistic studies, a radical-chain process was ruled
out.

Following that, Meggers and Wu combined 2-46 with a chiral Rh(lll) catalyst 2-47
(previously reported by Meggers et al.) for the enantioselective hydroformylation of electron-
deficient olefins (Scheme 38).1*" The olefin acceptors 2-49 can be easily prepared from the
corresponding acyl chlorides and 3,5-dimethylpyrazole. Importantly, the saturated acyl pyrazole

2-50 can be displaced under mild conditions without eroding the enantioselectivity.

‘ CO,H

0
R1)LH Br x Br
1
2-48 HO ‘ o ‘ 0  blue R<% o NuH
Br LED : u- 1
+ Br 2-46 R2’\)LN'N\ base R\?OO
- —_— ,\)L
Rz rBu 2-50 2-51
;,Me
2-49 @r& \Me
7
t-Bu
s@'
2-47

Scheme 38. Enantioselective photoredox synthesis of 1,4-dicarbonyls

2.1.3.6 Formal Hydroformylation of Cinnamic Acids with 1,3-Dioxolanes (Ooi)
During the course of our study, Ooi et al. reported the radical addition of dioxolan-2-yl radicals to
cinnamic acids (Scheme 39).1*® The authors tentatively proposed a SET mechanism, in which

thioxanthone 2-53, upon excitation, undergoes SET with dioxolane to form a relatively acidic
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radical cation 2-55 (pKa = 1.4 in MeCN). Proton transfer gives dioxolanyl radical that undergoes
conjugate addition to cinnamic acids to form o-carbonyl radical 2-56. Subsequent SET to the
enolate 2-57 and proton transfer would afford product 2-54 and close the catalytic cycle. The
authors also stated that neither a HAT (i.e., direct C—H abstraction by 2-53*) could not be ruled

out at this stage.139-144

0
o MeO“ DSDOMe ol \o
Rz'\)LOH + cl’:/\o 2-53 - U\
hv
R2 OH
2-52 2.54
-I-o- —\
[)*H* o 28 9%,
o —_— [ >° —_— j/\).L
2.55 R2 7 OH
2-56
N L] f \
(o) 2-53 o o
L) o
0
2-53* R* Y "OH
2-67
proton
transfer
hv 2-54
2-53
start
here

Scheme 39. Hydroalkylation of cinnamic acids with 1,3-dioxolane
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2.1.3.7 C-H Functionalization via Uranyl Photocatalysis (Ravelli)

Ravelli et al. also reported a direct C—H abstraction from 2-58, reacting with malononitriles 2-59
(Scheme 40). Uranium(V1) salt 2-60 was reported to be a competent photocatalyst that undergoes
direct C—H abstractions from alkanes.!* The authors proposed that 2-60* directly abstracts a
hydrogen from alkanes, generating alkyl radicals which were trapped by 2-59. a-Malonyl radical

2-62 undergoes SET and proton transfer to close the catalytic cycle and afford product 2-61.

R
R—H CN
acetone, rt, air CN
2-58 blue LED
2.5 2-61

Re
[UO,]-H
=H

Uo, 2+

SET then
2-60* proton transfer
R
hv H
[UO, 1 CN
start CN
here 2.61

Scheme 40. Uranyl catalyzed hydroalkylation with unactivated C(sp%)—H donors
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2.1.3.8 Photoredox Formal Hydroformylation of Acrylamides with 1,3-Dioxolanes (Su)

Su et al. designed a catalytic cascade triggered by the nucleophilic addition of dioxolanyl radicals
to acrylamides 2-63 (Scheme 41).146 Examples of suitable substrates required the B-position to be
unsubstituted. The products can be deprotected under mild-acidic conditions to unmask the free
aldehydes 2-66. Mechanistically, upon dioxolanyl addition, the C-centered radical 2-64 is expected

to be electrophilic, thus, substrates were designed with electron-rich aryl tethers as radical traps.

o = polymer supported j R CHO
o LR3 phol‘ocataiyst H+
o : N
2 65

R' R? B2
2-63 q(n 2-66
Lb (:\ _R3
OY\T)LN
<,o R" R2?
2-64

Scheme 41. Photoredox radical cascade to form indolines

2.1.3.9 Visible-Light Mediated Formylation of Imines (Gong and Lu)

Gong and Lu reported the addition of dioxolanyl radicals to imines. a-trifluoro- (2-67) and -
ethoxycarbonyl imines (formed in situ from 2-70 and 2-71) (Scheme 42).14"-148 Noteworthily, the
reactions were proposed to operate via radical chain mechanisms. The key feature of the reactions
is likely the formations of N-centered radicals 2-68 and 2-72, which would undergo exergonic C—

H abstractions to form stronger N—H bonds.
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Scheme 42. Dioxolane addition to imines via a radical chain mechanism

2.1.3.10 Hydroalkylations of Vinyl Sulfonylfluorides (Liao)

Liao et al. reported the synthesis of hydroalkylated sulfonylfluorides using redox-active esters
(RAEs) as the alkylating agents (Scheme 43).1*° The RAEs were synthesized form the
corresponding carboxylic acids, and 1°, 2° and 3° alkyl radicals could be added to vinyl
sulfonylfluoride 2-78. Mechanistically, upon SET, RAE 2-77 undergoes concomitant
decarboxylation to generate alkyl radical 2-82. Conjugate addition to electrophilic 2-78 gives
radical 2-83, which abstracts a hydrogen from Hantzsch ester 2-80. Radical 2-85 then undergoes

SET and proton transfer to close the catalytic cycle and form pyridine 2-87 and product 2-79.
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Scheme 43. Photoredox hydroalkylation of vinyl sulfonylfluoride

2.1.4 Background for Xanthones and Chromones

Xanthones are privileged scaffolds with many examples of natural products containing this
scaffold.?>%153 The simplest member of the family is the tricyclic natural product named xanthone

(2-86), with other variably substituted xanthones being commercially available. Briefly, xanthone
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natural products can be classified based on their oxidation states and substitution pattern (Figure
6). Namely, dihydro- (2-87 and 2-88), tetrahydro (2-89 and 2-90), and hexahydroxanthones (2-91)
refer to the differentially oxidized C-ring of tricyclic xanthones. Beyond that, xanthones also

undergo homo- and heterodimerization to form a large variety of dimeric natural products.*®2

xanthone, 2-86 dihydroxanthone, 2-87 dihydroxanthone, 2-88

tetrahydroxanthone, 2-89 tetrahydroxanthone, 2-90  hexahydroxanthone, 2-91

Figure 6. Generic classification of xanthones

The parnafungins belong to a subclass of heterodimeric xanthones (Figure 7); of interest is
the biological activity of the parnafungins.’® It is the Koide group’s longstanding interest in
studying small molecules that have interesting biological activities.™® Parish et al.’>* used the
Candida albicans Fitness Test (CaFT), a whole-cell screening platform to profile crude
fermentation extracts for novel natural products that exhibit antifungal activity. The CaFT profile
obtained from one of the extracts showed to affect mRNA 3’-cleavage and polyadenylation. It is
proposed that mMRNA processing is the molecular target for the antifungal activity. To date, there

have only been two papers documenting synthetic studies toward parnafungins.56-1%7
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Figure 7. Retrosynthetic analysis of parnafungins

Inspired by the proposed biosynthesis of xanthone paranfungins,®>*1°" the retrosynthetic
route involved blennolides as synthetic intermediates (Figure 7). Previously, Porco et al. reported
an elegant method to access blennolides en route to secalonic acids (Figure 8).1%816! In their
method, they relied on nucleophilic addition of siloxyfuran 2-98 to the electrophilic pyrylium 2-
97. The electrophile was synthesized by pre-treating chromone 2-94 with stoichiometric amounts
of R2SiCl,. Chromone could be synthesized from commercially available acetophenone 2-95 and
o-ketoester 2-96 (Figure 7). This strategy easily assembled all the requisite carbon atoms for the
blennolide skeleton. To our knowledge, this is the most efficient strategy in accessing the

blennolides.1%?
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Figure 8. Retrosynthetic analysis of blennolides by Porco et al.

Retrosynthetically, it is attractive to access blennolides via chromones. There is a variety
of substituted chromones commercially available. Non-commercial substituted chromones can
also be readily prepared from inexpensive acetophenones and o-ketoesters. There are some
literature precedents for the functionalization of simple chromones, mostly unsubstituted at C-2.
However, to our knowledge, few methods are developed in the context of a total synthesis. Hence,
we aimed to develop a new method to functionalize chromones for the total syntheses of xanthone

natural products.
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2.2 Results and Discussion

2.2.1 Efforts to Develop a New Method to Functionalize Chromones

In the literature, only chromones substituted at the C-3 position with an electron-withdrawing
group underwent Diels-Alder or formal cycloadditions.'®21%% One might assume chromones
without additional activation at the C-3 position is not sufficiently reactive for Diels-Alder
reaction. Based on the retrosynthetic analysis, C-2-substituted chromones are more useful for the
synthesis of parnafungins 2-92. It was unknown whether chromone substituted with an electron-
withdrawing group at the C-2 position would influence its Diels-Alder reactivity. Therefore,
chromone 2-94 and siloxydiene 2-100 were chosen as reacting partners (Scheme 44). Instead of
using the more electron-rich Danishefsky’s diene, siloxydiene 2-100 was chosen because of its
oxidation state. If successful, subsequent redox manipulations would be more straightforward.
Under most conditions tested, 2-100 proved to be too unstable while 2-94 was inert. For
example, when a mixture of 2-94 and 2-100 was heated in mesitylene to 200 °C (with catalytic

BHT) overnight, 2-94 could be recovered intact (Scheme 44).

OH O OTES OH O OTES
cat. BHT
| )
0 OMe = mesitylene o
d 200 °C co,Me
NR
2-94 2-100 2-101

Scheme 44. Attempted intermolecular Diels-Alder reaction
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The next step was to investigate the feasibility of the intramolecular variant (Scheme 45).
Furanyl ester 2-102 was designed as the substrate. If the intramolecular Diels-Alder furan
(IMDAF) is successful, the tricyclic skeleton would be assembled in addition to having two
“oxidized” carbons in the C-ring. When furanyl ester 2-102 was first subjected to the Diels-Alder
reaction under thermal conditions, there was no apparent reaction observed. We speculated that
the lack of reactivity might be due to the reversibility of the reaction. We then hypothesized that
the Thorpe-Ingold effect!®>2% could be used to override the reversibility issue (Scheme 45,
bottom). Thus, gem-dimethyl ester 2-103 was designed as the substrate and probed
computationally. DFT calculations suggested that adding gem-dimethyl groups to the ester tether
does lower the barrier for the forward reaction. However, the barrier for the reverse reaction is still
significantly lower. Furthermore, it was realized that gem-disubstituted esters were synthetically
impractical. It was found that the ester 2-103 was unstable due to the hydrolysis of the tertiary

furanyl ester.

thermal
OH O and OH O
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o o] S - o
/ ' - 0 R
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Scheme 45. DFT calculations of intramolecular Diels-Alder with furan (IMDAF)
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After several failed attempts, we wondered whether C—H functionalization could be used
to functionalize chromones (Scheme 46).1%" Although C—H functionalization of unsubstituted
chromones have been reported,'®® those of C—2 substituted chromones are not known. Besides,
there are some literature examples in which an ester could act as a weak coordinating group,®°
directing transition-metal catalyzed C—H functionalizations. Several conditions were screened for
a reaction between chromone 2-94 and t-butyl acrylate 2-108. However, no reaction was observed

in the screenings.

OH O various conditions with OH O S _COtB
H Pd, Ru, Rh 21-Bu
(o) CO;Me (o] CO,Me
2-94 2-108 2-109

Scheme 46. Attempted C-H functionalization of C-2 substituted chromone

2.2.1.1 Exploration of Radical Chemistry and Preliminary Findings with Chromone

When logical disconnections based on polarities failed to work, or when cycloadditions are limited
by a HOMO-LUMO mismatch, perhaps radical strategy can shine new light to the issue.*’® The
radical chemistry between ethers and chromone was examined. With the initial aim of developing
a method toward total synthesis, an oxidative functionalization of chromone was envisioned
(Scheme 47). The unsaturated product is the desired product as it can allow a second

functionalization at the B-position.
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(o]

OH O
DMF-DMAA OH O P NCS : \JKJ _cCl
o
toluene NMme, DCM,0°C o
105 °C 76%

2-110 2-111 2-112
(n-BuyN);S;,04 7
(excess) Cl
2-112 - I |
1,4-dioxane/DCE o (o]
100 °C j
22%
’ 2113 ©

Scheme 47. Radical functionalization of chromone

As a proof of concept, a mixture of chromone and 1,4-dioxane in DCE was heated with
excess (n-BusN)2S20s in a sealed vial at 100 °C. 1,4-Dioxane was chosen initially because it has
only one activated C—H to be abstracted. Known 3-chlorochromone was prepared as a substrate.
The chloride handle was installed with the plan of subsequent transition-metal-catalyzed cross-
couplings. Heating 2-112 in the solvent mixture gave a complex mixture, and the desired product
2-113 was formed in only 22% isolated yield (Scheme 47).

The focus was turned toward generating radicals using visible light. Based on literature
survey (Sections 2.1.3.1 to 2.1.3.10),1%3-147 the inexpensive 1,3-dioxolane ($107/L from ACROS
Organic) was chosen as both the reagent and solvent. Additionally, chromone was further
simplified to unsubstituted 2-114. It was found that undesired saturated ketone 2-115 was formed
as the major product (Scheme 48). Efforts to achieve an “oxidative alkylation” of chromone in

excess of oxidant was unsuccessful (based on TLC analysis).
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o (n-BuyN),S,04 (2.0 equiv) o
Ir(dtobpy)(ppy),PFg (1.5 mol%) (O] |
| DCE/1,3-dioxolane (3:1) o o o o
o
household LEDs (15W x 4) OJ OJ

81% (NMR)
2-114 2-115 desired, 2-116

Scheme 48. Initial result of dioxolane addition

When the reaction was tested on an initially desired synthon 2-94, there was no reaction
observed. Protecting the phenolic group as acetate 2-117 did not restore reactivity (Scheme 49).
Because 1,4-addition was the dominant outcome and the newly found reaction could not be applied
to the initial goal, a new question was asked: could this chemistry be generalized toward other

electron-deficient olefins?

OH ©O Ir(dtbbpy)(ppy).PFg (1.5 mol%)

(n-Bu;N),S;0 (2.0 equiv) oR O
N,
| dioxofahe
0" 'CO;Me household LEDs o CO,Me
2-94 NR

o
o

AcCl (2.0 equiv) \)
Et;N (2.0 equiv)

DMAP (5 mol%) E _ :&2;11?9
CH.Cl,, rt ’
80%

standard condtions

OAc O NR

0~ ~co,Me
2-117

Scheme 49. Attempted dioxolane addition to C-2 substituted chromone
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2.2.2 Optimization of Reaction Conditions Using trans-Chalcone as Radical Acceptor

With the question in mind, the commercially available trans-chalcone 2-120 was first chosen as
the substrate for reaction optimization (Table 9).”%® It was envisioned that the thus formed
products would be masked 1,4-dicarbonyls and useful for downstream functionalizations.
Extensive screenings were performed but trans-chalcone proved to be an unsuitable substrate. In
many cases, complete consumption of chalcone was observed, but the product was formed in low
to moderate yields. Furthermore, the yields of the reaction were also irreproducible. In a single
case, an NMR vyield of 80% was observed (Table 9 entry 10). However, the joy was short-lived as
it proved to be irreproducible upon several subsequent repetitions (entries 10 vs 11). Additives and

different sources of light were also tested with no success.

71



Table 9. Representative screening conditions for chalcone

o (n-BuyN),S,054 (1.5 equiv) 01 0\

Ir(dtbbpy)(ppy),PFg (1.0 mol%) (o]
Ph/\)j\ Ph -
Ph Ph

dioxolane (1.0 mL), N,, rt, 24 h
household LEDs

2-120 2121
[X-ray]
entry changes from standard yield?
1 none 43% (33%)
2 1.5 mL dioxolane 59%
3 2.0 equiv [O] 53%
4 1.0 equiv [O], 1.5 mL dioxolane 63%
5 2.0 mL dioxolane 62%
6 1.0 equiv [O], 2.0 mL dioxolane 60%
7 1.0 equiv [0}, 2.5 mL dioxolane 56%

8 Ir(ppy)s (1.0 mol%), i-Pr,NEt (1.5 equiv) 20%
9 Ir[dF(ppy)]5 (1.0 mol%) 63%
10 Ir[dF(CF 5)ppyl,(dtbbpy)PFg (1.0 mol%)  80%

11 repeat entry 10 55%

aDetermined by 'H NMR spectroscopic analysis using
mesitylene as external standard

2.2.3 Optimization of Reaction Conditions Using Benzylidenemalonate as Radical Acceptor

Since the postulated 1,3-dioxolanyl radical was expected to be nucleophilic,*’* it was hypothesized
that increasing the electrophilicity of the radical acceptors might increase the reaction efficiency.
B-Nitrostyrene was briefly examined but was unsuccessful. Dimethyl benzylidenemalonate!’? 2-
122 was then examined (Table 10). Gratifyingly, with this substrate, the optimal reaction
conditions were quickly found; fac-Ir(ppy)s was the optimal catalyst for this transformation. The

results were also reproducible. Noticeably, there was an apparent correlation between the reducing
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ability of [Ir] and the yield of the reaction. fac-Ir(ppy)s (entry 1) being the most reducing catalyst

was found to be the optimal catalyst.
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Table 10. Optimization of reaction conditions for benzylidenemalonate

(n-BuyN),S,04 (1.0 equiv) o 0‘

co,Me fac-Ir(ppy)s (0.5 mol%)

:
m/ 1,3-dioxolane, Ar CO;Me
CO;Me household LEDs (15W x 4)

CO,Me
2-122 2-123
entry changes from standard conditions NMR yields
1 fac-Ir(ppy)s 93%
2 Ir(dFppy); 89%
3 Ir(dtbbpy)(ppy),PFg 87%
4 Ir[dF(CH;)ppyl;(dtbbpy)PFg 85%
5 Ir[dF(CF 3)ppyl,(dtbbpy)PFg 77%
6 no [Ir] 76%
7 no [O] NR
8 no hv dec

F
F F
_____________________________ fac-Ir(ppy); Ir(dFppy);
» PF¢~ for catalysts 3 to 5 are | E,(PC*/PC*)=-1.73V  E,,(PC*/PC*)=-1.48V

+ omitted for clarity sake :

t-Bu N t-Bu
s
S
t-Bu Z t-Bu
Ir(dtbbpy)(ppy),PFg Ir[dF(CH;)ppy],dtbbpyPF Ir[dF(CF3)ppyl,dtbbpyPFg
E,,(PC*/PC*) = -0.96 V E,,(PC*/PC*) = -0.90 V E,,(PC*/PC*) = -0.89 V
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2.2.4 Preparation of Substrates Using Knoevenagel Condensation

With the optimal conditions, a series of alkylidenemalonates were synthesized using Knoevenagel
condensation.*”® Commercially available aldehydes and malonates were refluxed with catalytic
amounts of acetic acid and piperidine to afford the alkylidenemalonate products in moderate to

good yields (Table 11).
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Table 11. Synthesis of olefin substrates

6)
piperidine (10 mol%) EWG
R X H + EWG._ EWG AcOH (20 mol%) Rm
N benzene, Dean-Stark N EWG
2-124 2-125
co,Me e - COMe X CO2Me
= CcO,Me
= /©/\r CO,Me
©/\Cr02Me COzMe  AcHN
Cco,Me Br
2933 87% 90% 91%
) 2126 2-127 2-128
mcone /@/\,COzME WCOQME mSOszP
CN CO,Me
F3C COZME F3CS COzMe 9
76% 78% 79% 61%
2-129 2-130 2-131 2-132
o o
P mCOZMe Ny C02Me Xy “Ph
CN COZMe sze o Ph
0,
23 86% 80% 76%
e 2435 2136
cl
co,Me
“ CO,Me o CO,Me I TR p.
~ I = | P CO.Me N__= CO;Me | CO,Me
N COzMe N 2 \N = CO,Me
0,
o 71% 82% 7%
2-138 2-139 2.140
co,Me
XY  co,Me _— cO,Me
Py z CO,Me @/\,cozm _
N COzMe N \_NMe CO,Me Me CO,Me
N NH
H N/
74% 73% 82% 55%
2-141 2142 2143 2144

2.2.5 Aryl and Alkyl Substrate Scope

Differently substituted benzylidenemalonates can all be tolerated. Fluoro-, chloro-, and bromo- on
the o0-, m-, and p-positions all underwent the desired reaction smoothly (Table 12, 2-147 to 2-149).
Electron-donating substituents (methoxy and acetamide) also participated in the reaction
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efficiently to give 2-151 and 2-152. Under the current set of optimized conditions, previously
examined substrates were reexamined. Expectedly, trans-chalcone and chromone gave 35% and
86% vyields of 2-121 and 2-115, respectively. Additionally, it was found that 3-chromone
carboxylic acid 2-160 underwent concomitant decarboxylation to furnish 2-115 in 77% isolated

yield (Table 12, bottom).
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Table 12. Aryl and alkyl substrate scope

} I\
(n BUTN)zszos 6 o
r71 e
1,3-dioxolane, Ar o EWG

EWG o household LEDs (15W x 4), 24 h R
EWG
2-145 2-146
o_ .0 . o__0 o_ 0 o_ o0
co,Me co,Me  Cl CO,Me cO;Me
CO,Me CO,Me CO,Me B CO,Me
91% yield 85% yield 84% yield 92% yield
2-122 2-147 2-148 2149
10~ ° 0. o o_ .0 o__0
e )@
CO,Me cOo-M
2 Ph Ph ,Me /@L’COZI\M
CO,Me
2 MeO CO;Me Ac. N CO;Me
78% yield 35% yield 90% vyield H  76% yield®
2-150 2-121 2-151 2-152
o ™\ A\ I\
o o o_ O (o} (o]
(o} o CO,Me Me CO,Et ‘©:H/C°2Me
OJ COy;Me CO,Et FiCS COMe
86% yield® 78% yleld 95% yield® 77% yield
2115 2-153 2154 2-155
o_ .0
o0 ° (o (0
CO,M
oMe Ph}Ycone o/\\/\sozF OJ\/\SOQPh
F3C COZMG SO2PMP
92% yield? 95% yield' % vield9
76% yield drm 14 ;Ie 2157 2012: e
2-156 (dr=1:1.2), 2- - 2-159
(o}
CO,H
| —> 24115
(o}
decarboxylation®
2-160

2General reaction conditions: alkene (1.0 equiv, 0.20 mmol), (n-BuyN),S,0g (1.0 equiv, 0.20 mmol), 1,3-dioxolane

(3.0 mL), fac-Ir(ppy); (0.50 mol%), irradiated with household LEDs (15W x 4) for 24 h, external temp = 30 °C.

bg.50 equiv of (n-BuyN),S,04 was used. “Chromone-3-carboxylic acid 2-160 afforded the decarboxylated product
2-115in 77% yield. 90.10 mmol scale. dr was determined by "H NMR spectroscopy. 'NMR yield using mesitylene

as standard. PMP = p-methoxyphenyl. elnseparable mixture C-2/C-4 regioisomer (rr = 14 : 1 ).9%Inseparable

mixture of C-2/C-4 regicisomers (rr = 20 : 1).
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174 149

Radical acceptors containing a single sulfone*™ or sulfonyl fluoride** are competent

reacting partners. Thus formed 2-158 was anticipated to be useful for SUFEx chemistry.t’>176
During the examination of substrate scope, only 2-158 and 2-159 were formed as regioisomeric
mixtures of C2—-H (major, desired) and C4-H (minor, undesired) functionalizations. This is a

known issue based on previous works by MacMillan and Doyle.**313% However, it is intriguing to

note that only sulfone and sulfonylfluoride have regioselectivity issues (vide infra).

2.2.6 N-Heterocyclic Substrate Scope

Because previous works®** on N-heterocyclic substrates focused primarily on Minisci-type
reactivity, it is interesting to test whether there could be orthogonal selectivity under our reaction
conditions (Table 13). Pleasingly, when an alkylidenemalonate group was introduced on a pyridine
ring, conjugate addition occurred preferentially. 2-, 3-, and 4-Pyridinyl substrates underwent
smooth reaction with no observable Minisci reactivity (2-161, 2-162 and 2-163). Chloropyridinyl

substrate could also be functionalized to give 2-164.
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Table 13. N-Heteroaryl substrate scope

(n-BuyN),S,04 o_ .0
Ir-1
COZME -
R/%&) " 1,3-dioxolane, Ar RLCOQME
2ie household LEDs (15W x 4), 24 h CO,Me
2-145 2-146
COZMe (O COZME
co,Me ° COMe
CO,Me
N
co,Me |
N
89% yield 71% yield 82% vield
Cl
XYy co,Me
Xy  co,Me P
| N cO,Me
N co,Me
O 0
o o /
/
77% yield 74% yield
2-164 2-165

4General reaction conditions: alkene (1.0 equiv, 0.20 mmol), (n-BuyN),S,04 (0.50 equiv, 0.10 mmol),
fac-Ir(ppy)s (0.50 mol%), irradiated with household LEDs (15W x 4) for 24 h, external temp = 30 °C.

It was also observed that the pyridine containing products are highly water-soluble, and an
aqueous workup ought to be avoided. To simplify the workup procedure, sub-stoichiometric (0.50
equiv) amount of (n-BuaN)2S20s was used for the N-heterocyclic substrates. The crude materials
without aqueous workup, after solvent removal, could be directly chromatographed to give
products 2-161 to 2-165.

In the literature,®” vinylpyridine 2-166 has been a successful substrate toward
hydroalkylation. However, under the current reaction conditions, no reaction could be observed
(Scheme 50, top). It was wondered if the current reaction conditions would promote Minisci

reaction in the absence of competing 1,4-addition pathways. When pyridine-2-carboxylate 2-167
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was subjected to the standard reaction conditions, no observable reaction was observed (Scheme
50, bottom). This suggested that an ester substituent alone was insufficient in activating a pyridine

toward dioxolanyl addition.

(n-BuyN)»S,04

_ Ir—\1/ -
I A = 1,3—diox6Eme, Ar NR
N household LEDs (15W x 4), 24 h
2-166
(n-BugN),S;,0¢
| ~ Ird, _ \R
N7 CO,Et 1,3-dioxdlane, Ar o
household LEDs (15W x 4), 24 h
2-167

Scheme 50. Attempted dioxolane additions to pyridines

2.2.7 Limitations of Substrate Scope

The reaction is sensitive to the steric effects at the -position of the olefin, which is unsurprising
considering the usual steric preference of radical additions to less hindered positions of olefins
(Figure 9).17® The reaction with the tetrasubstituted olefin 2-167 did not afford any desired product;
presumably due to the lack of a sterically accessible conjugate addition, the olefin starting material
degraded under reaction conditions. The highly sterically encumbered enone 2-168 and chromone
2-117 both remained unreacted.

Alternate degradation pathways likely exist for highly conjugated substrates under the
reaction conditions. o,,y,0-Dienoate 2-135 was initially designed with the plan that thus formed
o-centered radical undergoes an intramolecular cyclopropanation. However, the substrate

degraded with no discernible product based on the *H NMR spectroscopic analysis of the reaction
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mixture. The diaryl ketone 2-136 reacted to form the desired product in low yield (45%)
determined by *H NMR analysis, along with another unidentifiable side-product. Unlike previous
reports, malononitrile 2-59 was not a suitable substrate.®* This stark difference in reactivity from
literature precedents suggested a different mechanism might be operative. Benzoquinone 2-168
reacted partially to give a complex mixture. Although the electron-rich benzylidene substrates (2-
151 and 2-152, see table 12) reacted efficiently, electron-rich N-heteroarylidene substrates were
not suitable (2-142 to 2-144). B-Nitrostyrenes are likely also unstable under the reaction
conditions, with 4-methoxy--nitrostyrene 2-170 affording low yield of 33% (NMR). Presumably
due to the radical intermediacy of the reaction, phenol 2-171 failed to react. The reaction requires
electron-deficient substrates due to the nucleophilic character of the dioxolan-2-yl radical, which

was further corroborated by the lack of reactivity of the electron-rich squalene 2-172,
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Me OAc O
Ve )\(cozm m PhWCOZMe
CO,;Me
COMe 0~ “co,Me 2
.. . . decomposition
decomposition no reaction no reaction 2.135
2-167 2-168 2117
o]
(o]
CN Me CO,Me
PhT 2
PR Ph /\/ O‘ —
CN co,Me
o Ph o N
Conversion = 102% Conversion = 100%  intractable mixture N ho reaction
NMR Yield = 45% NMR Yield = 32% 2.168 2.142
2-136 2.59
C02M6 COZMG
~ co,Me Me ~ “co,Me PhZno, PMP“no,
| ,: Ni,"‘”" 2-170
; " d iti 33% (NMR)
Me decomposition ecomposition
no reaction 2-144 2-169
2-143

HO

no reaction
2-172

no reaction
2171

Figure 9. Attempted radical acceptors

Unlike previous works in the literature,!32 133137.138 this reaction has a more selective
substrate scope with regards to C—H donor (Table 14). Apart from 1,3-dioxolane, only the highly
structurally similar 1.3-benzodioxole'® reacted to give 2-174 in 82% vyield. Trioxane'* showed

no apparent reactivity at room temperature but gave modest NMR yield of 38% when heated to 90
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°C. It is surprising that the structurally similar diethyl acetal and trioxane are poor substrates.

Phathalide and 4-chromanone are also unsuitable substrates for this reaction.

Table 14. Other C—H donors attempted
WCOZMe
radical source (10 equiv)
CO,M
208 (n-Bu;N),S,04 (1.0 equiv) R
2-122 fac-Ir(ppy)s (0.50 mol%) cO,Me
" MeCN, Ar, rt - CO,Me

white LEDs (15W x 4)

R=H 2-173
O )
EtO0._ _OEt o__0
o__0
co,Me cOo,Me
co,Me
COo,Me co,Me
CO,Me
82% (isolated) not detected 38% (NMR)
2-174 2-175 2176
(o]
CJ ;
o
o}
co,Me
CcOo,Me
O COo,Me
CO,Me
not detected not detected
2177 2178

2.2.8 Mechanistic Investigations

An experiment to scavenge radical species with TEMPO confirmed the radical intermediacy of the
mechanism (Scheme 51a). Most literature precedents for the light-mediated C-H
functionalizations of ethers consists of a “closed” photoredox cycle. As mentioned previously, a

closed photoredox cycle consists of an excited photocatalyst undergoing oxidative (or reductive)
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quenching, and a terminal reductant (or oxidant) will be necessary to turn over the catalyst for
closing the catalytic cycle.

In a radical chain process, issues such as the screening of a compatible terminal oxidant or
reductant, its availability, and scalability can be avoided. Instead, a radical-chain approach would
rely on the design of the substrate — their innate property that favors chain-propagating atom-
abstraction processes. Because a sub-stoichiometric amount of (n-BusN)2S20s is enough for high
yield and no reasonable turnover pathways could be perceived, it will be worthwhile to investigate

the possibility of a radical chain mechanism.

85



a) Radical scavenging experiment

TEMPO (1.0 equiv)
(n-BuyN),S,05 (0.50 equiv)

Sy M facein(ppy); (0.5 mol%) \R
CO,Me 1,3-dioxolane, Ar o

household LEDs

b) Catalytic [O] and low [Ir] loading experiments

. r\
(n-BuyN),S,04 (1 equiv) o__0
fac-Ir(ppy); (0.50 mol%)
2-122 . : CO,Me
1,3-dioxolane, Ar
household LEDs CO;Me
2-123
scale O] [Ir]
{mmol) (equiv) (mol%) yields
0.20 0.25 0.50 97% (NMR)
5.0 1.0 0.050 89% (isolated)
c¢) Diethyl 2-bromo-2-methylmalonate as initiator
2-179 (0.25 equiv)
Ir[dF(CF);ppyl,dtbbpyPFg (0.50 mol%)
2-122 ; - 2123
1,3-dioxolane, Ar o/ vi
93% vyield
household LEDs (isolated)
'EtO,C COZEti
E Me Br E
L2479
2-179 (0.10 equiv)
Ir[dF(CF);ppy]l,dtbbpyPF (0.50 mol%)
2-137 - : 2-161
1,3-dioxolane, Ar 85% yield
household LEDs (isolated)

Scheme 51. Mechanistic experiments

The reaction was tested with 0.25 equiv of (n-BusN)2S20s, but otherwise standard

conditions, affording 2-123 in 97% yield (Scheme 51b). Additionally, it was hypothesized that if

a radical chain was operative, the role of fac-1r(ppy)s was solely to initiate the formation of sulfate

radical anions, and the amount of the iridium reagent could be lowered below 0.50 mol%. The
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reaction with a decreased loading of 0.050 mol% was examined, affording the desired product in
89% isolated yield (Scheme 51b). The lights-on/lights-off experiment (see the experimental
section) also strongly suggest that a closed photoredox cycle is not operative. When diethyl 2-
bromo-2-methylmalonate 2-179 was used in lieu of (n-BusN)2S20g as the radical initiator, high

isolated yields were also observed for the two substrates tested (Scheme 51c¢).

2.2.9 Proposed Mechanism

Firstly, it was reported™®® that under visible light conditions, SO4™~ could be formed via photolysis

of S;08%" (Scheme 52). In line with this mechanism, control experiments had also shown that a
moderate yield (76%) was obtained with visible light and S;0s?>" (see Table 10, entry 6). Next,

there appears to be correlation of the electrode potentials of Ir(I11)* with the reaction yields (Table

10). This implies the role of [Ir] is to undergo oxidative quenching with S;0s?" to generate SO ™.

Taken together, the formation of SO4™ occurs via two pathways: 1) [Ir] promotes single electron
transfer (minor, path A), and 2) light promotes homolysis (major, path B). The oxygen-centered
radical SO4~ then abstracts the hydrogen atom at the C-2 position from 1,3-dioxolane (step
2).133135 Subsequently, dioxolan-2-yl radical undergoes a 1,4-radical addition to 2-122 to form 2-
180 (step 3). The regioselectivity of this step is presumably governed by the electronic bias of the
nucleophilic radical'’* and the electrophilic olefin. The malonyl radical intermediate 2-180
abstracts the hydrogen atom from a second molecule of 1,3-dioxolane to generate another
dioxolan-2-yl radical (step 4), propagating the radical chain.

Although the C—H abstraction by 2-180 (step 4) has been proposed in the literature, 37172

to our knowledge, it has not been experimentally verified. If such abstraction is valid, then the
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reaction can be initiated by a suitable source of the structurally and electronically related radical

2-181. In the literature, 2-bromo-2-methyl malonate 2-179, is a known source of the malonyl

radical 2-181 via both C—Br bond homolysis and SET pathways.'7%-18!

hv
Energy Transfer
Ir(ll *
r(111) Ir(Il1) path €
E__E E YE EXE
Me Br Me Me H
2179 2-181 2-182 CO;Me

Ph
2.122
Ir(Ill)

0 o (\ o , COaMe
lhv Eo>_H [o>. %,(T» o’k((coznne

Ph

step 2 2-180
Ir(lI)* Ir(IV) >_p< |:o>_
H
LA o

” . _ _
S,04 soZ + so,° HSO, step 4

path A ) - O>.
chain g— o
ropagation
an 9 hv propag (\O H
172 -0-s-0-0-S-0" : CO,Me
3 V 6 Homolysis (o]
path B 18 CO;Me

2-123

Scheme 52. Proposed mechanism with diverse initiation pathways

It is interesting from both a mechanistic and synthetic viewpoint to exploit the intermediacy
of the radical 2-180. We wondered whether a multicomponent reaction could be designed to trap
the electrophilic radical (Scheme 53). Thus, a mixture of malonate 2-122 and excess styrene were
reacted under standard reaction conditions. Unfortunately, the reaction appeared to be inhibited
and no reaction was observed.
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(n-BuyN),S504 (1.0 equiv) I\

fac-Ir(ppy), (0.50 mol%) o_°
- CO2Me A ° ¢ - Ph
+ 1,3-dioxolane
CO;Me visible light CO;Me
2-5 equiv NR CO;Me

Scheme 53. Attempted trapping of malonyl radical

2.2.10 Investigation of a-Bromoesters and a-Bromomalonates as Radical Initiators

In the literature, there are examples of 2-179 forming malonyl radicals using Ru(ll) and Ir(111).1"®
182183 Both SET and energy transfer have been invoked as the pathway by which malony! radicals
are generated.1’® 182184 Syrprisingly, there was no observable reaction when 2-179 were used with
fac-Ir(ppy)s. Screenings with five commercially available [Ir] photocatalysts were performed
(Table 15). The results show a direct correlation between the catalysts’ emission energies and
reaction efficiency. Ir[dF(CF3)ppy]-dtbbpyPFs having the highest emission energy of 60.5 kcal
mol™ 18 gave the best yield. Because it is expected that malonyl radicals to be formed under both
SET (with fac-Ir(ppy)s) and energy transfer (with Ir[dF(CF)sppy]dtbbpyPFe), it is intriguing that

only the latter could promote a reaction.
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Table 15. Optimization of conditions using bromomalonate as initiator

EtO,C CO,Et
Me Br [\

2.179 (0.25 equiv) 0O O
co,M Ir] (0.5 mol%
N 2 ¢ °) - CO;Me
CO,Me 1,3-dioxolane, Ar, rt

white LED (15W x 4) CO,Me

2122 2-123
entry photocatalyst results

1 fac-Ir(ppy); no reaction
2 Ir(dFppy); no reaction
3 Ir(dtobpy)(ppy),PFs no reaction
4 Ir[dF(CH3)ppyl,(dtbbpy)PFg partial conversion, nd
5 Ir[dF (CF 5)ppy],(dtbbpy)PFy 86% (NMR yield)

nd = not determined

2.2.11 DFT Calculations of Dioxolane Addition

DFT calculations*® were performed to study the proposed mechanism and to shed light on the
factor(s) that limit(s) the reaction scope. Initially, we attempted to calculate the energetics using
2-122 and 2-154 as the substrates; however, conformational flexibilities in these acyclic molecules
caused locating of transition states to be challenging. Specifically, attempts to locate transition
states for the putative radical addition step were unsuccessful. It was considered whether the
dioxolanyl radical addition might be concerted, but no transition states corresponding to a
concerted addition step could be located. Eventually, chromone 2-114 was chosen as the substrate
for DFT calculations due to its conformational rigidity. Gratifyingly, the transition states for
radical addition and C—H abstraction could both be located. Since the dielectric constants of THF
and 1,3-dioxolane are reasonably similar (7.50 and 7.13 D, respectively), 2° THF was chosen as a

close approximate for solution-phase calculations.
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First, dioxolanyl addition to 2-114 is exergonic by 6.9 kcal mol™* (Scheme 54). The AG*tur
of dioxolany! addition was calculated to be 10.2 kcal mol™. The subsequent C—H abstraction step
was found to be rate-limiting. Both syn- and anti-attacks with respect to the first dioxolane ring
were considered in the calculations. The computed results showed that there is little facial
preference for the C—H abstraction step (AG*twe = 21.2 vs 21.3 kcal mol™). Interestingly, the C—
H abstraction is also endergonic by ca. 2.4 kcal mol*. Therefore, the C—H abstraction step might
be reversible under the reaction conditions. This result might explain the underlying reason for
needing large excess (>200 equiv) of dioxolane. In the presence of excess dioxolane, the

equilibrium for C—H abstraction is driven toward 2-115.

AGyg (keal/mol) 0

14.3
S2-anti

-4.5
PDT
2-115

>
chromone + . » ) . .
dioxolanyl radical radical addition C-H abstraction reaction coordinate

Scheme 54. DFT calculations for chromone 2-114. M062X/6-311++G(d,p)/SMD(THF)//B3LYP/6-31G(d)
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With the success in computing the mechanism for chromone 2-114, we proceeded to use
2-methylchromone 2-188 as a substituted model substrate for computations (Scheme 55).
Dioxolany! addition to 2-188 had a slightly higher barrier of 12.2 kcal mol™ and is also relatively
less exergonic compared to that for 2-114. The C—H abstraction step is still the rate-limiting step
with a barrier of 21.6 kcal mol™. In this case, based on visual analysis of intermediate 2-190 (see
the Experimental section for optimized structure), only the anti-attack was calculated, because syn-
attack is deemed sterically inaccessible. The reaction is exergonic only by overall 1.7 kcal mol™.
The data seem to suggest that the addition of steric bulk at the site of C—C bond formation might

overall increase the reversibility of the reaction.

AGqye (kcal/mol) J7

M
2-188 — e
INT PDT
2-192
2-190
— o
methylchromone + . . . ition C_H abstraction  reaction coordinate

dioxolanyl radical

Scheme 55. DFT calculations for 2-methylchromone. M062X/6-311++G(d,p)/SMD(THF)//B3LYP/6-31G(d)
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2.2.12 DFT Calculations of C—H Abstractions

It is uncertain whether the computational results of chromone could be applied for other substrates
with different sterics and electronics (Table 16). Due to the challenges in locating the transition
state for the addition step, efforts were focused on determining the energetics of the C—H

abstraction step. The relationship of the AG and AG* with respect to the sterics and electronics of

the radicals were calculated.

Table 16. Calculation of AG and AG* for C—H abstractions from dioxolane

e A" % A
R Ewe ' 2% — R Ewe  * ok
. °
2-193 2-194
o . Me Me Me
O . . . __Ph
0:=5-0 HJ\COZMe MeOZCJ\COZMe H J\n’
o 2-195 2-196 2-197°
AG(THF)  .13.3 keal/mol 1.6 keal/mol 2.7 keal/mol 4.9 keal/mol
AG” 4R 5.9 kcal/mol 22.7 keal/mol 21.7 kcal/mol 23.9 kcal/mol
H” “SO,F H” ~SO,Ph PhOZS*SOZPh NCJ\CN
AG 2-198 2-199 2-200 2-201
LTHF) -5.9 kecal/mol 7.3 keal/mol -3.4 kecal/mol 2.4 kcal/mol
AG (1hF) 15.3 keal/mol 18.5 keal/mol 15.2 kcal/mol 16.9 kcal/mol

Level of theory: M062X/6-311++G(d,p)/SMD(THF)//B3LYP/6-31G(d)

Although a definitive trend could not be established, there appeared to be correlation with
the reactivities of the substrates that possess these electron-withdrawing substituents. First, SOs™
undergoes the most exergonic C—H abstraction and has the lowest AG* among all the radicals

computed. Although C—H abstraction of dioxolane by SO4~ has been reported the literature,%® &
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there are no computational data to support its feasibility. Nevertheless, the formation of an O-H
bond is likely the main driving force for a relatively more exergonic C—H abstraction.

Next, C(2)-H abstractions with sulfonyl 2-199, bis-sulfonyl 2-200, or sulfonylfluoride 2-
198 radicals are exergonic. The AG* values are also significantly lower than other substrates, with
bis-sulfonyl radical 2-200 having the lowest AG*. The data imply that 2-198, 2-299, and 2-200
may even be reactive enough to also abstract the hydrogen from C4 of dioxolane. To correlate to
the results in Table 12, these data helped explain why sulfonylfluoride 2-158 and sulfone 2-159
were formed as C-2/C-4 regioisomers. Although a,oa-bisulfonylethylene was not examined as a
substrate in Table 12, it is predicted that a regioisomeric mixture of C-2 and C-4 products should
be formed.

Expectedly, radical 2-197 derived from arylketone is calculated to undergo endergonic C—
H abstraction with 1,3-dioxolane. Furthermore, its AG* was computed the highest among the
radicals investigated. C—H abstraction by malonyl radical 2-196 as endergonic by 2.7 kcal mol™.
Malononitrile radical 2-201 have comparable energetics compared to 2-196. However,
benzylidene malononitrile 2-59 (see Figure 9) is not a suitable substrate under standard reaction
conditions. This is likely due to the instability of 2-59 under our reaction conditions. Lastly, the
energetics for 2-196 caused us to reconsider the observations in Table 15 (entries 1 vs 5). As
previously mentioned, depending on [Ir], malonyl radicals can be generated by either SET or
energy transfer pathway. Additionally, under energy transfer pathway, bromine radicals are also
generated (Scheme 56). The implication is that bromine radicals could be responsible for the result

in Table 15, entry 5.
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£ - 5% —( ) oo™
o+ . . S— B + Br
Br Me0,C~ “Co,Me SET  Me0,C” ~CO Me MeO,C”~ ~CO,Me .

2196 no catalyst 2202 energy 2.196
turnover transfer

Scheme 56. a-Bromomalonate under SET and energy transfer pathways

Ethyl 2-bromo-2-phenylpropanoate 2-203 was then tested as the initiator. The desired
reaction occurred in 93% yield (Scheme 57). When a stoichiometric reaction of a-bromomalonate
2-179 and dioxolane was performed under standard conditions, the reduced malonate 2-204 was
observed in ca. 45% yield (Scheme 58). The formation of the reduced malonate was confirmed by
comparing the *H NMR spectrum of the reaction mixture without purification to that of a
commercial sample. Although designed as a mechanistic experiment, the stoichiometric
experiment of Scheme 58 shows the potential method to reductively debrominate o-

bromomalonate using 1,3-dioxolane as the hydrogen source.

' Ph_ _CO,Et!
E Me Br E
H v 2-203 . (0.25 equiv) OI O\
Ph/\rcone . OXH Ir[dF(CF 5)ppy],dtbbpyPFg (0.5 mol%)
COZME I\/o Ar, rt - Ph COZME
2.122 white LED (15W x 4) CO,Me
93% (NMR) 2123

Scheme 57. Testing a different o-bromoester initiator
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I[dF(CF 3)ppy],dtbbpyPFg (0.5 mol%)

Et0,C._ _CO,Et H H » Et0,C.__CO,Et
7< + 0"( 1,3-dioxolane, Ar, rt 7(
Me Br L° white LED (15W x 4) Me H
2.179 45% (NMR) 2.204

Scheme 58. Stoichiometric reaction of a-bromomalonate with dioxolane

Taking all computation and experimental results together, when the reaction between 2-
122 and dioxolane was initiated by an a-bromomalonate, the initiation might include C—H
abstraction from both malonyl and bromine radicals (Scheme 59). Under the energy transfer®
pathway in which malonyl radicals could be continuously generated, C—H abstraction is possible
despite the unfavorable energetics. In the case of a SET pathway, there is no catalyst turnover, and
only a maximum of 0.5 mol% malonyl radicals could be formed, likely insufficient to generate a
detectable amount of product. Lastly, it is noteworthy to mention that the reductive bromination
of an a-bromomalonate was achieved with dioxolane as the hydrogen source. Previously, it has
been shown that similar transformations were performed using silane!®® or Hunig’s base!’® 1% as

the hydrogen source.

hv
Energy Transfer
Ir(l *
r(ll) Ir(llly path C
E E E E E E
° + . + HB
Me’ Br \N'; Br Me7(H '
E(ZJ><|_| [0>_
~H > radical chain
o H o >

Scheme 59. Revised initiation step with a-bromomalonate
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2.2.13 Attempted Synthetic Application

An obvious derivatization of the product would be the deprotection of the acetal in 2-122 to yield
the free aldehyde 2-205 (Scheme 60). Attempts to unmask the acetal under typical conditions (e.g.,
dilute HCI138.146-148) have thus far been unsuccessful. Furthermore, efforts to trap the free aldehyde
in an intramolecular aldol to give 2-206 failed as well.** It appears that the nucleophilic malonate

might be a cause for the difficulty in forming the free aldehydes.

o_ .0 CH
CO;Me
COMe — S¢ 3 2 CO;Me
CO,Me
CO,Me 2 CO,Me
2-122 2-205 2-206

Scheme 60. Attempted deprotection of acetal

2.3 Conclusions

In conclusion, conjugate radical addition of 1,3-dioxolane to a variety of electronically
activated olefins was achieved. A radical-chain mechanism was proposed and supported by
mechanistic experiments. The same transformation could also be initiated by a-bromoesters or a.-
bromomalonates. DFT calculations were performed to gain mechanistic insights. The C-H
abstraction step is likely the rate-limiting step. Further DFT calculations were performed for model

systems undergoing C—H abstractions with 1,3-dioxolane. The computed data provide a plausible
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reason as to why substrates containing sulfonyl fluoride (2-158) or sulfone (2-159) are particularly

reactive and afforded regioisomers.
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3.0 Experimental Section

3.1 General Considerations

Commercially available chemicals were purchased from Sigma-Aldrich, Alfa Aesar, Strem, Acros
or Oakwood and used without further purification, unless otherwise indicated. MnO; was
purchased from Alfa Aesar (catalog number: 14340). The nitro-Grela catalyst was purchased from
Strem and used as received. Glasswares were either flamed-dried immediately prior use or oven-
dried (140 °C, overnight). Moisture-sensitive reactions were performed under a nitrogen
atmosphere with standard Schlenk techniques unless otherwise stated. KoCOs was dried at 100 °C
under high vacuum for 2 h immediately before use. Ethoxyacetylene was purchased from Alfa
Aesar, distilled, and stored under argon at —20 °C. Cerium(l1l) chloride was dried according the
procedure reported by Dimitrov et al.’®? Diisopropylamine and tetramethylpiperidine were
distilled over CaH> and stored over KOH pellets.

Tetrahydrofuran (THF) was freshly distilled from sodium/benzophenone. N,N-
Dimethylformamide (DMF) was distilled over silica gel and stored over 4A molecular sieves,
Dichloromethane (DCM) and 1,2-dichloroethane (DCE) were passed through a column of
activated basic alumina (Al2Os) and stored over 3A molecular sieves. Acetonitrile (MeCN) and
methanol (MeOH) were stored over 3A molecular sieves. 1,4-Dioxane was purchased from Acros
Organics and used as received.

For photochemistry, solvents were degassed by sonication for 45 min or sparging with
nitrogen gas for 30 min immediately before use. LEDs used are GE lighting Brightstik™ (15 W,

1600 lumen, daylight). Iridium photocatalysts were purchased from Strem or Sigma-Aldrich and
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stored in dark amber bottles as secondary containers; the catalysts were used as received.
Tetrabutylammonium persulfate (n-BusN).S>0g was prepared using a protocol reported by Yeung
et al.**® and stored in the dark at room temperature for up to two months.

Solvents used for NMR spectroscopy were purchased from Cambridge Isotope
Laboratories. CDCls was stored over anhydrous K.COs. All 1D and 2D NMR spectra were
recorded on Bruker AVANCE 111 300, 400, and 500MHz spectrometers and calibrated using either
tetramethylsilane or residual solvent peaks as internal reference. CDCls with 1% w/w CD3OD was
used to characterize compounds with exchangeable protons. NMR yields were determined using
mesitylene as external standard. Isolated yields refer to chromatographically purified materials,
unless otherwise stated, and characterized by both NMR spectroscopy and high-resolution mass
spectrometry (HRMS). The following abbreviations are used to indicate the multiplicities: s,
singlet; d, doublet; t, triplet; g, quartet; m, multiplet; br, broad; app, apparent, or combinations
thereof. HRMS data were obtained on a GCT, Micromass UK Ltd and Q-Tof Ultima API,
Micromass UK Ltd. Reactions were monitored using thin-layer chromatography (TLC) or H
NMR spectroscopic analysis of crude material. All reactions were monitored by TLC carried out
on 0.25-mm Merck silica gel plates (60F-254) using UV light (254 nm) for visualization or p-
anisaldehyde in EtOH, 0.2% ninhydrin in EtOH, 2.4% phosphomolybdic acid/1.4% HsPO4/5%
H>SO4 in water, or alkaline KMnOs solutions as a developing agents and heat for visualization as

necessary. SiliaFlash P60 (230-400 mesh) was used for flash chromatography.
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3.2 Experimental for Chapter 1

3.2.1 First Generation Route

(4S,55)-2,2-dimethyl-4-((R)-oxiran-2-yl)-5-vinyl-1,3-dioxolane (1-93) Step 1) Concentrated
H2>S04 (1.2 mL) was added portion-wise over 5 min to a stirring suspension of D-ribose (150 g,
1.00 mol) in acetone (2 L). The reaction was stirred at room temperature for 2 h. The crude solution
was cooled in an icebath and neutralized with saturated K.COzs. The crude material was filtered
through a pad of Celite®, and the filtrate was concentrated to give a pale-yellow syrup (606 g).
Step 2) A suspension of MePhsP*I" (294 g, 727 mmol) in THF (1.9 L) was mechanically
stirred and cooled to 0 °C. t-BuOK (69.0 g, 621 mmol) was added portion-wise at 0 °C, and the
resulting mixture was stirred at this temperature for 15 min. The reaction mixture was warmed to
room temperature and stirred for an additional 2 h. The yellow suspension was recooled to 0 °C,
and a portion of the product from step 1 (40.1 g, ca.207 mmol) in THF (100 mL) was added via an
addition funnel over ca.30 min. The reaction temperature was gradually increased to room
temperature overnight. The crude reaction mixture was quenched with water, and the layers
partitioned. The aqueous layer was extracted with EtOAc, and the combined organic layer dried
over Na;SOs. The crude material was azeotroped with PhH (3 x 100 mL) and dried under high

vacuum overnight to give a brown syrup.
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Step 3) Crude material from step 2 was dissolved in DCM (1 L), and n-Bu2SnO (1.74 g,
7.00 mmol) was added in one-portion. p-TsCl (76.0 g, 0.40 mol) was added portion-wise to the
stirring mixture. EtsN (28.8 mL, 207 mmol) was added via an addition funnel over ca.15 min, and
the resulting mixture was stirred at the same temperature overnight. The reaction was concentrated
in vacuo to approximately half of its original volume to which MeOH (400 mL) was added. KoCO3
(77.1 g, 560 mmol) was added in one-portion, and the resulting suspension was stirred at room
temperature for 40 h. Excess solid was filtered off, and the filtrate was concentrated in vacuo. The
crude material was purified by flash column chromatography (SiO2, 0—20% Et,0 in hexanes)
afforded epoxide 7 as a yellow oil (18.0 g, 51% over 3 steps). The data for 7 were consistent with

those of the literature.®®

o OBn
0 >/ Ao X OH
| o % | OH

(3S,4S,5R)-5-(benzyloxy)hepta-1,6-diene-3,4-diol (1-94) Step a) A suspension of
MesS*I™ (28.6 g, 140 mmol) in THF (150 mL) was cooled to —20 °C. n-BuLi (2.5 M in hexanes,
49 mL, 123 mmol) was added slowly along the walls of the round-bottom flask over 20 min, and
the resulting mixture was stirred for an additional 20 min. Epoxide 7 (6.86 g, 40.3 mmol) in THF
(10 mL) was added dropwise over 20 min. The reaction mixture was gradually warmed to —10 °C
over 2.5 h. The reaction was quenched with brine (20 mL), and the solids were filtered off. The
layers were partitioned, and the aqueous layer was extracted with EtoO (80 mL x 2). The combined
organic layers were dried over Na>SOs, filtered through a cotton plug, and concentrated in vacuo
to afford the allylic alcohol as a yellow oil.
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Step b) The crude allylic alcohol in DMF (120 mL) was cooled to -15 °C and NaH (3.00
g, 75.0 mmol) was added portion-wise at this temperature over 5 min. The reaction was stirred for
another ca.45 min, and BnBr (3.8 mL, 32.0 mmol) was added dropwise over 5 min. The reaction
was gradually warmed to 0 °C over 4 h and quenched with sat. NH4Cl (50 mL). The aqueous layer
was extracted with Et2O (100 mL x 2). The combined organic layers were dried over Na;SO4 and
filtered through a cotton plug. The solvent was removed in vacuo to afford the benzyl ether as a
yellow oil. (Note: We performed steps a and b in 40 mmol batches and combined three batches
for step c)

Step ¢) CSA (3.71 g, 16.0 mmol) was added to a solution of crude benzyl ether in MeOH
(1 L). The reaction was stirred at room temperature for ca.3 d. The solvent was evaporated in
vacuo, and the crude material purified by flash column chromatography (SiO2, 10—40% EtOAc
in hexanes) to give diol 1-94 as a yellow oil (17.0 g, 60% over 3 steps).

Data for 1-94: Rr = 0.34 (50% EtOAc in hexanes); [a]3° = —53.7 (c 1.0, CHClIs); IR (neat)
3400 (br, O-H), 3087, 2983, 2875, 1642, 1497, 1454, 1424, 1391, 1288, 1210, 1068, 1028 cm™™;
IH NMR (400 MHz, 1% CD30D in CDCls) & 7.37-7.28 (m, 5H), 5.96 (ddd, J = 17.2, 10.4, 6.4
Hz, 1H), 5.89 (ddd, J = 17.2, 10.4, 8.0 Hz, 1H), 5.46-5.31 (app m, 3H), 5.25 (d, J = 10.4 Hz, 1H),
4.62 (d, 3 = 11.6 Hz, 1H), 4.35 (d, J = 11.6 Hz, 1H), 4.26 (app t, J = 6.0 Hz, 1H), 3.90 (app t, J =
7.2 Hz, 1H), 3.69 (app t, J = 6.0 Hz, 1H); 3C NMR (100 MHz, 1% CD30OD in CDCl3) § 137.7,
136.7, 135.2,128.4, 127.9, 127.8, 120.4, 117.2, 81.9, 74.8, 73.6, 70.4; HRMS (ESI-TOF): m/z for

[M + H]* C14H1503, calcd. 235.1329, found 235.1322.

103



o OPMB
0 a-c! X OH
i o | OH

(3S,4S,5R)-5-((4-methoxybenzyl)oxy)hepta-1,6-diene-3,4-diol (1-95) Step a) MesS*I
(7.10 g, 34.8 mmol) was suspended in THF and cooled to —20 °C. n-BuLi (2.5 m, 12.4 mL, 31.0
mmol) was added slowly along the walls of the round-bottom flask over 5 min, and the resulting
mixture was stirred for an additional 1 h. Epoxide 7 (1.70 g, 10.0 mmol) was added dropwise over
10 min. The reaction mixture was gradually warmed to 0 °C over 1.5 h and stirred for another 1 h
at the same temperature. The reaction was quenched with brine (20 mL), and the solids were
filtered off using a frit funnel. The layers were partitioned, and the aqueous layer was extracted
with Et2O (20 mL x 2). The combined organic layers were dried over Na>SOg, filtered through a
cotton plug, and concentrated in vacuo to afford the allylic alcohol as a yellow oil (1.85 g).

Step b) A solution of the crude allylic alcohol (1.85 g) in DMF (33 mL) and cooled to —20
°C. NaH (720 mg, 18.0 mmol) was added portion-wise over 5 min and the resulting mixture was
stirred for an additional ca.30 min. PMBCI (1.4 mL, 10.0 mmol) was added dropwise and the
reaction mixture was gradually warmed to room temperature overnight (ca.12H). The reaction
mixture was cooled to 0 °C, quenched with sat. NH4CI (2 mL) and poured into water (330 mL).
The aqueous layer was extracted with EtoO (30 mL x 2). The combined organic layers were dried
over NaxSOq, filtered through a cotton plug, and concentrated in vacuo. The crude PMB ether (3.25
g) was obtained as a yellow oil.

Step c) A solution of the PMB ether (3.25 g) in THF (100 mL) was cooled in a thawing
ice-water bath (12 °C). 2 m HCI (120 mL) was added portion-wise, and the resulting reaction
mixture was gradually warmed to room temperature over 6 h and stirred for an additional 3 h. THF
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was removed in vacuo, and the crude material was dissolved in EtOAc, poured into water, and
partitioned. The aqueous layer was extracted with EtOAc (30 mL x 2). The combined organic
layers were dried over Na>SOQg, filtered through a cotton plug, and concentrated in vacuo. The
crude material was purified by flash column chromatography (SiO2, 10—40% EtOAc in hexanes)
to give diol 9 as a pale-yellow oil (1.65 g, 62% over 3 steps).

Data for 1-95: Rr = 0.29 (50% EtOAc in hexanes); [a]%® = —40.5 (¢ 1.0, CHCIs); IR (neat)
3433 (br, O-H), 2908, 1613, 1514, 1248, 1034 cm™; 'H NMR (400 MHz, 1% CDsOD in CDCl5)
§7.24 (d, J = 8.4 Hz, 2H), 6.88 (d, J = 8.4 Hz, 2H), 5.95 (ddd, J = 17.2, 10.4, 6.4 Hz, 1H), 5.88
(ddd, J = 17.6, 10.4, 8.0 Hz, 1H), 5.44 (d, J = 10.4 Hz, 1H), 5.39 (d, J = 17.2 Hz, 1H), 5.32 (d, J =
17.2 Hz, 1H), 5.24 (d, J = 10.8 Hz, 1H), 4.55 (d, J = 10.8 Hz, 1H), 4.28 (d, J = 11.2 Hz, 1H), 4.25
(app t, J = 5.6 Hz, 1H), 3.88 (app t, J = 6 Hz, 1H), 3.81 (s, 3H), 3.65 (app t, J = 6.0 Hz, 1H); 3C
NMR (100 MHz, 1% CD30D in CDClz) 6 159.3, 136.8, 135.3, 129.8, 129.6, 120.4, 117.2, 113.8,
81.7,74.7,73.7,70.1, 55.3; HRMS (ESI-TOF): m/z for [M + H]* C15H2104, calcd 265.1434, found

265.1435.

0

M _a + HS—@—R —_—— )o|\/5\©\

General procedure for the synthesis of a-(thiophenyl)acetones. EtsN (1.6 equiv) was
added to a solution of thiophenol (1.0 equiv) in acetone (0.5 m with respect to thiophenol), and the
resulting mixture was stirred for 10 min. The round-bottom flask was placed in a water-bath, and
chloroacetone (1.5 equiv) was added dropwise over 5 min. The reaction mixture was stirred at
ambient temperature for 4 h and quenched with sat. NH4ClI (ca.1.0 mL/mmol of EtsN). Acetone

was removed in vacuo, and the crude material was dissolved in EtOAc, poured into water and the
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layers were partitioned. The aqueous layer was extracted with EtOAc (2x). The combined organic
layers were dried over Na>SOs, filtered through a cotton plug, and concentrated in vacuo.
1-(phenylthio)propan-2-one

The crude material was recrystallized from Et.O to yield an off-white crystalline solid (12.9 g,
78%). The spectroscopic data were consistent with those the literature. 193¢
1-((4-methoxyphenyl)thio)propan-2-one

The crude material was purified by flash column chromatography (SiO., 0—20% EtOAc in
hexanes) to yield a pale-yellow oil (3.66 g, 93%) that solidified upon storage at —20 °C. The
spectroscopic data were consistent with the literature.[*9%0:l
1-((4-fluorophenyl)thio)propan-2-one

The crude material was purified by flash column chromatography (SiO2, 5—15% EtOAc in
hexanes) to yield a pale-yellow oil (3.43 g, 93%) that solidified at —20 °C. The spectroscopic data

were consistent with literature.19%¢
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(2S,4R,5S)-4-((R)-1-((4-methoxybenzyl)oxy)allyl)-2-methyl-2-((phenylthio)methyl)-5-
vinyl-1,3-dioxolane (1-102) Diol 1-95 ( 1.32 g, 5.00 mmol) was dissolved in MeCN (50 mL), and
2-(phenylthio)acetone (1.66 g, 10.0 mmol) was added in one-portion at room temperature. p-
TsOH<H20 (239 mg, 1.25 mmol) was then added in one portion. HC(OEt)z (4.7 mL, 28.9 mmol)
was added dropwise over 5 min. The resulting reaction mixture was stirred at room temperature

overnight and then quenched with EtsN (3.0 mL). The crude mixture was concentrated in vacuo.
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The crude material was dissolved in EtOAc, poured into sat. NaHCOs, and the layers were
partitioned. The aqueous layer was extracted with EtOAc (30 mL x 2). The combined organic
layers were dried over solid NaHCOg, filtered through a cotton plug, and concentrated in vacuo.
The crude material was purified using flash column chromatography (SiO2, 0—4% EtOAC in
hexanes) to afford 1-102b (660 mg, 32%) as a yellow oil.

Data for 1-102b: Rt = 0.21 (10% EtOAc in hexanes); [a]3° = —12.1 (¢ 1.0, CHCIls); IR
(neat) 3076, 2984, 2932, 2836, 1878, 1713 cm™; 'H NMR (400 MHz, CDCl3) & 7.40 (dd, J = 8.8,
1.6 Hz, 2H), 7.28-7.14 (m, 5H), 6.86 (d, J = 8.4 Hz, 2H), 5.98 (ddd, J = 17.2, 10.8, 6.4 H, 1H),
5.81 (ddd, J = 17.6, 10.4, 7.6 Hz, 1H), 5.36 (m, 2H), 5.32 (dt, J = 7.6, 1.2 Hz, 1H), 5.21 (dt, J =
10.4, 1.2 Hz, 1H), 4.76 (app t, J = 6.4 Hz, 1H), 4.41 (d, J = 10.4 Hz, 1H), 4.15 (dd, J = 8.4, 6.8
Hz, 1H), 4.13 (d, J = 10.4 Hz, 1H), 3.79 (s, 3H), 3.25 (s, 3H), 1.45 (s, 3H); 3C NMR (100 MHz,
CDCIs) 6 159.2,137.4, 135.6, 133.3, 129.9, 129.7, 129.1, 128.7, 125.8, 119.2, 117.0, 113.7, 109.1,
79.6, 79.0, 78.4, 69.6, 55.2, 43.8, 23.4; HRMS (ESI-TOF): m/z for [M + H]" C24H2904S, calcd
413.1781, found 413.1781.

Note: Although we were able to obtain pure samples of the major diastereomer for
characterization purposes, the isolated yields were significantly lower than the NMR yields.
Performing column chromatography in EtsN-deactivated SiO. causes poor resolution of the
diastereomers. Hence, we eventually performed the five-step sequence without column purification

as shown below.
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(2S,4R,5S)-4-((R)-1-((4-methoxybenzyl)oxy)allyl)-2-methyl-5-vinyl-1,3-dioxolane-2-
carboxamide, 1-105a + 1-105b. Step d) Diol 1-94 (1.66 g, 6.28 mmol) and 2-(phenylthio)acetone
(1.57 g, 9.42 mmol) were dissolved in MeCN/MeNO: (63 mL, 4:1), and the resulting solution was
cooled to —15 °C. pTsOH*H20 (112 mg, 0.62 mmol) was added, and the resulting solution was
stirred for ca. 10 min at the same temperature. After this period, HC(OEt)3 (1.66 mL, 10.0 mmol)
was added at the same temperature. The reaction mixture was gradually warmed to 0 °C and left
to stand at 8 °C for 24 h. The reaction was quenched with sat. NaHCOs3, and solvents were
evaporated in vacuo. The crude material was dissolved in EtOAc (30 mL), poured into sat.
NaHCOs, and the layers were partitioned. The aqueous layer was extracted with EtOAc (30 mL x
1). The combined organic layers were dried over solid NaHCOs, filtered through a cotton plug,

and concentrated in vacuo. Crude 1-102 (2.96 g) was used directly in the next step.
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A solution of crude 1-102 (2.96 g) in DCM (84 mL) was cooled to —15 °C, and mCPBA
(2.32 g, 9.42 mmol) was added portion-wise. The reaction mixture was gradually warmed to 5 °C
over 2.5 h. The reaction was quenched with 10% (w/w) aqueous Na2S203, and the resulting mixture
was stirred at room temperature for 20 min. The crude mixture was poured into sat. NaHCOz3 (20
mL), and the layers were partitioned. The aqueous layer was extracted with EtOAc (20 mL x 3),
and the combined organic layers were dried over solid NaHCOs3, filtered through a cotton plug,
and concentrated in vacuo. The sulfoxide 1-103 was used without further purification for the next

step.
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The sulfoxide 1-103 (3.53 g) was dissolved in MeCN (62 mL), and the solution was cooled
to —15 °C. 2,6-Lutidine (2.9 mL, 25.1 mmol) was added in one-portion at the same temperature.
TFAA (4.4 mL, 31.4 mmol) was added portion-wise to the mixture, and the reaction mixture was
gradually warmed to 0 °C over 1 h. Sat. NaHCO3 (10 mL) and solid NaHCO3 (ca.10 g) were added
sequentially. The reaction mixture was warmed to room temperature over ca. 30 min and stirred
for 1.5 h. MeCN was evaporated in vacuo, and the crude material was dissolved in DCM (50 mL)
and washed with sat. CuSQO4 (50 mL x 3). The yellow-green solids were filtered off, and the filtrate

concentrated in vacuo to afford the aldehyde 17 as a yellow oil (2.68 g).
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Crude aldehyde 1-104 (2.68 g) was dissolved in t-BuOH/H20 (62 mL, 3:1) and cooled in
a thawing ice-bath (ca. 9 °C). 2-Methyl-2-butene (13.0 mL, 124 mmol) and NaH2PO4+H>0 (5.11
g, 37.0 mmol) were added sequentially. NaClO2 (80% w/w, 1.40 g, 12.4 mmol) was added portion-
wise. The reaction mixture was warmed to room temperature and stirred at the same temperature
overnight. 10% (w/w) aqueous Na»S>03 was added to quench the reaction. The crude material was
poured into water, and the layers were partitioned. The aqueous layer was extracted with EtOAc
(40 mL x 1). The combined organic layers were dried over Na;SOa, filtered through a cotton plug,

and concentrated to give a yellow oil (2.41 g).
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The crude acid 1-104 (2.41 g) obtained above was dissolved in DCM (62 mL), to which i-
PraNEt (2.1 mL, 12.4 mmol) was added in one-portion. HATU (3.53 g, 9.28 mmol) was then added
in one-portion, and the resulting mixture was stirred for 5 min. Concentrated aqueous NHs (8.3
mL, 126 mmol) was added dropwise over 10 min, and the reaction was stirred at room temperature
for 20 h. The crude reaction was poured into water, and the layers were partitioned. The aqueous
layer was extracted multiple times with DCM. The combined organic layers were dried over
Na2SOyg, filtered through a cotton plug, and concentrated in vacuo. The crude material was purified
by flash column chromatography (SiO2, 10—>50% EtOAc in hexanes) to give 1-105b as a yellow
oil (800 mg, 38% over 5 steps from diol 1-94) and 1-105a as an off-white solid (128 mg, 6% over
5 steps from diol 1-94).

Data for 1-105a (minor isomer): Rt = 0.33 (70% EtOAc in hexanes); [a]3* =—8.9 (¢ 2.0,
CHCl3); m.p. = 84-86 °C; IR (thin film) 3477, 3394, 3055, 2989, 1697 (C=0), 1613, 1514, 1301,
1212, 1175, 1067, 1034 cm™; *H NMR (400 MHz, CDCls) § 7.21 (d, J = 8.4 Hz, 2H), 6.87 (d, J =
8.8 Hz, 2H), 5.89 (ddd, J = 16.8, 10.4, 6.4 Hz, 1H), 5.84 (ddd, J = 17.2, 10.0, 7.2 Hz, 1H), 5.44 (d,
J =10.0 Hz, 1H), 5.40 (d, J = 17.2 Hz, 1H), 5.38 (d, J = 17.2 Hz, 1H), 5.27 (d, J = 10.8 Hz, 1H),
4.68 (appt, J = 6.4 Hz, 1H), 4.45 (d, J = 10.8 Hz, 1H), 4.17 (d, J = 10.8 Hz, 1H), 4.09 (dd, J = 8.0,
6.4 Hz, 1H), 3.80 (s, 3H), 3.76 (app t, J = 7.6 Hz, 1H), 1.63 (s, 3H); *C NMR (100 MHz, CDCls)
6 173.7,159.3, 135.0, 132.3, 129.7 (2 C), 120.0, 118.0, 113.8, 105.7, 80.2, 79.5, 78.3, 69.7 55.3,

23.2; HRMS (ESI-TOF): m/z [M + H]" for C18H240sN, calcd 334.1649; found 334.1634.
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Data for 1-105b (major isomer): R¢ = 0.37 (70% EtOAc in hexanes); [a]3° = —8.3 (¢ 0.70,
CHCIs); IR (neat) 3476, 2987, 2936, 1698 (C=0), 1613, 1514, 1374, 1302, 1201, 1175, 1069, 1033
cm®; *H NMR (400 MHz, 1% CD30OD in CDCls) § 7.18 (d, J = 8.4 Hz, 2H), 6.85 (dd, J = 6.8, 2.0
Hz, 2H), 5.92 (ddd, J = 17.2, 10.4, 6.8 Hz, 1H), 5.86 (ddd, J = 17.2, 10.4, 7.2 Hz, 1H), 5.40 (d, J
=10.0 Hz, 1H), 5.39 (d, J = 17.2 Hz, 1H), 5.35 (d, J = 16.4 Hz, 1H), 5.25 (d, J = 10.8 Hz, 1H),
4.76 (app t, J = 6.4 Hz, 1H), 4.43 (d, J = 10.4 Hz, 1H), 4.18 (dd, J = 8.4, 6.0 Hz, 1H), 4.13 (d, J =
10.4 Hz, 1H), 3.79 (app t, J = 7.2 Hz, 1H), 3.78 (s, 3H), 1.68 (br, 2H), 1.51 (s, 3H); 3C NMR (100
MHz, 1% CD30D in CDClz) 6 172.9, 159.3, 135.2, 132.3, 129.7, 129.6, 120.2, 118.5, 113.8, 105.8,
80.2, 79.9, 78.6, 69.8, 55.2, 22.4; HRMS (ESI-TOF): m/z [M + H]* for CisH20sN, calcd

334.1649; found 334.1633.
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(2R,5S,7S)-5-methyl-2,7-divinyl-3,6,8-trioxabicyclo[3.2.1]octan-4-one, 1-109.
Hydroxyamide 1-108 (166 mg, 0.78 mmol) was transferred to a 1-dram vial, which was then sealed
and stored at —20 °C for a period of ca. two weeks. The vial was removed from the freezer and
allowed to warm to room temperature. The crude material was purified by flash column
chromatography (0 = 25% Et20 in hexanes) to give lactone 1-109 (43 mg, 28%) as a colorless
liquid.

Date for 1-109: *H NMR (400 MHz, CDCls3) § 5.95 (ddd, J = 17.2, 10.4, 7.2 Hz, 1H), 5.90
(ddd, J = 16.8, 10.4, 6.4 Hz, 1H), 5.43 (app dt, J = 17.2, 1.2 Hz, 1H), 5.41 (app dd, J = 17.4, 1.6

Hz, 1H), 5.32-5.27 (app m, 3H), 4.69 (app t, J = 6.0 Hz, 1H), 4.56 (dd, J = 5.2, 2.4 Hz, 1H), 1.71
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(s, 3H); 3C NMR (100 MHz, CDCl3) & 164.7, 132.4, 131.2, 119.4, 119.2, 103.0, 83.1, 79.6, 78.5,
18.4; IR (neat) 3087, 2991, 1755 (lactone), 1430, 1377, 1297, 1227, 1188, 1131, 996, 931 cm™%;

HRMS (ESI-TOF): m/z [M + H]" for C10H1304, calcd 197.0808; found 197.0809.

3.2.2 Second Generation Route

General Procedures for Optimization Studies
Method A

A 1-dram vial was charged sequentially with diol 1-94 (24 mg, 0.10 mmol), MeC(OMe)s (19 pL,
0.15 mmol) and DCM (0.8 mL). The mixture was stirred for 5 min. CSA (ca.1.2 mg, 5.0 umol)
was added, and the walls of the vial were rinsed with DCM (0.2 mL). The vial was flushed with
Ar, and the reaction mixture was stirred at room temperature for 24 h, then cooled to =78 °C.
TMSCN (50 pL, 0.40 mmol) and Lewis acid (x equiv) were added sequentially at the same
temperature. The reaction mixture was stirred at the indicated temperature for ca. 8 h.
EtsN/MeOH/DCM (1:1:1, v/v/v, 0.1 mL) was added at —78 °C to quench the reaction. The crude

was filtered through a plug of basic Al.O3 and concentrated.
Method B

A 1-dram vial was charged sequentially with diol 1-94 (24 mg, 0.10 mmol), MeC(OMe)3 (19 puL,
0.15 mmol), and DCM (0.8 mL). The mixture was stirred for 5 min. CSA (ca.1.2 mg, 5.0 umol)
was added, and the walls of the vial were rinsed with DCM (0.2 mL). The vial was flushed with
Ar, and the reaction mixture was stirred at room temperature for 24 h, then cooled to —78 °C.

TMSCN (50 pL, 0.40 mmol) and Lewis acid (x equiv) were added sequentially at the same
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temperature. The reaction mixture was stirred at the indicated temperature for ca. 8 h.
EtsN/MeOH/DCM (1:1:1, v/v/v, 0.1 mL) was added at —78 °C to quench the reaction. MgSO4 was
added and the quenched mixture was stirred overnight. The solids were filtered through a plug of
Celite®, and the solvents were evaporated in vacuo. (Note: We have typically used method B for

any Al- and Ti-based Lewis acids.)
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(2R,4R,5S)-4-((R)-1-(benzyloxy)allyl)-2-methyl-5-vinyl-1,3-dioxolane-2-carbonitrile
(1-112) CSA (581mg, 2.5 mmol) was added to a solution of diol 1-94 (11.7 g, 49.9 mmol) and
MeC(OMe)s (9.6 mL, 75.1 mmol) in DCM (450 mL). The reaction mixture was stirred at room
temperature for 24 h and then cooled down to —78 °C. TMSCN (22.5 mL, 180 mmol) and BF3*OEt
(9.4 mL, 74.8 mmol) were added sequentially at the same temperature. The reaction was gradually
warmed up to —20 °C over 12 h. The reaction mixture was quenched with solid K2COz and stirred
at 0 °C for 1 h. The crude mixture was filtered through a pad of basic Al>Os. The pad was washed
with DCM and the solvents were concentrated in vacuo in a well-ventilated fume hood. The crude
material was dried on the high-vacuum overnight to give a yellow oil (13.8 g). The diastereomeric
mixture was spectroscopically pure and was used in the next step without further purification.

Note: We could lower the amount of TMSCN to 3.2-3.6 equiv for scale-up reactions; we
performed this reaction at maximum 50 mmol batches for safety concerns.

Data for 1-112: Rf = 0.34 (10% EtOAc in hexanes); IR (neat) 3088, 3032, 2987, 2875, 2230

(C=N), 1875, 1747, 1645, 1497, 1455, 1383, 1222, 1068 cm™; *H NMR (400 MHz, CDCls) & 7.36-
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7.25 (m, 5H), 5.86 (ddd, J = 17.2, 10.8, 6.4 Hz, 1H), 5.81 (ddd, J = 17.2, 10.4, 6.4 Hz, 1H), 5.45
—5.36 (app m, 3H), 5.28 (d, J = 10.8 Hz, 1H), 4.89 (app t, J = 6.8 Hz, 1H), 4.54 (d, J = 11.2 Hz,
1H), 4.34 (app t, J = 7.6 Hz, 1H), 4.24 (d, J = 11.2 Hz, 1H), 3.78 (app t, J = 8.0 Hz, 1H), 1.80 (s,
3H); 13C NMR (100 MHz, CDCls) § 137.4, 134.5, 131.5, 128.4, 127.9, 127.8, 120.5, 118.9, 117.3,
99.0, 80.5, 79.9, 78.4, 70.1, 24.9; HRMS (EI): m/z for [M]™ C17H190:N, calcd 285.1359, found

285.1346.
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(2R,4R,5S)-4-((R)-1-(benzyloxy)allyl)-2-methyl-5-vinyl-1,3-dioxolane-2-carboxamide
(1-113) Nitrile 1-112 (13.8 g, assumed 48.3 mmol) was dissolved in 1,4-dioxane (480 mL), to
which acetaldoxime (29 mL, 483 mmol) was added. Pd(OAc)2 (380 mg, 1.69 mmol) was added in
one-portion at room temperature. The mixture was stirred at 100 °C for 1 h and cooled to room
temperature. The crude mixture was concentrated in vacuo, and the resulting residue was purified
by flash column chromatography (SiO2, 10—-50% EtOAc in hexanes). We combined two batches
(50 mmol each) and subjected them to flash column chromatography to yield a semi-pure solid
(24.3 g, mixed with acetamide). The solid was repurified using a second column to give pure 1-
113 as a white solid (21.0 g, average 66% of two 50 mmol batches, from diol 1-94).

Data for 1-113: Rf = 0.41 (80% EtOAc in hexanes); [a]3? = —4.0 (¢ 1.0, MeOH); m.p. =
100-102 °C; IR (thin film) 3420, 3188 (br, N-H), 3032, 2865, 1642 (C=0), 1205, 1125, 1063 cm"
1 14 NMR (400 MHz, CDCls) & 7.36-7.29 (m, 5H), 5.89 (ddd, J = 16.8, 10.4, 6.4 Hz, 1H), 5.85

(ddd, J = 17.2, 10.4, 7.6 Hz, 1H), 5.42 (d, J = 10.8 Hz, 1H), 5.41 (app t, J = 16.8 Hz, 2H), 5.27 (d,
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J=10.4 Hz, 1H), 4.69 (app t, J = 6.4 Hz, 1H), 4.53 (d, J = 11.2 Hz, 1H), 4.24 (d, J = 11.2 Hz, 1H),
4.11 (app t, J = 8.0 Hz, 1H), 3.81 (app t, J = 7.6 Hz, 1H), 1.63 (s, 3H); 3C NMR (100 MHz,
CDCls) 5 173.8, 137.6, 134.9, 132.3, 128.3, 128.0, 127.7, 120.0, 118.0, 105.7, 80.1, 79.5, 78.6,

70.0, 23.2; HRMS (ESI-TOF): m/z for [M + H]" C17H22NOs4, calcd 304.1543, found 304.1554.
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(2R,4R,5S)-4-((R)-1-hydroxyallyl)-2-methyl-5-vinyl-1,3-dioxolane-2-carboxamide (1-
114) Amide 1-113 (909 mg, 3.00 mmol) was dissolved in EtSH (10 mL), to which BF3s*OEt2 (1.90
mL, 15.0 mmol) was added dropwise at room temperature. The mixture was stirred in a sealed
tube for 1 d. After EtSH was evaporated in the well-ventilated fume hood, the dark-yellow oil was
dissolved in DCM (20 mL) and cooled to 0 °C. The crude reaction mixture was quenched with pH
7 buffer (1.2 M, 2 mL) and stirred at the same temperature for 30 min. Na.SO4 was added to the
crude mixture. The crude mixture was filtered through a short column of SiO2 (4 mL), and the
column was flushed with EtOAc. The solvents were evaporated in vacuo, and the crude material
was purified by flash column chromatography (SiO2, 33 mL, 10—80% EtOAc in hexanes) to give
allylic alcohol 1-114 as a yellow oil (410 mg, 64%).

Data for 1-114: Rt = 0.24 (100% EtOACc); [a]Z® = +18.5 (c 1.0, MeOH); IR (neat) = 3438
(br, O-H), 2921, 2581, 1681 (C=0), 1376, 1209, 1169, 1016 cm™; *H NMR (400 MHz, CDCls) &
6.56 (br, s, 1H), 6.07-5.98 (m, 3H), 5.48 (d, J = 17.2 Hz, 1H), 5.38 (d, J = 17.2 Hz, 1H), 5.36 (d,
J=10.4 Hz, 1H), 5.28 (d, J = 10.4 Hz, 1H), 4.69 (app t, J = 6.4 Hz, 1H), 4.23 (app t, J = 6.4 Hz,
1H), 4.06 (app t, J = 6.4 Hz, 1H), 1.66 (s, 3H); 3C NMR (100 MHz, CDCls) & 173.91, 136.74,
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132.4,119.3,117.2,105.8, 81.2, 79.5, 70.7, 23.2; HRMS (ESI-TOF): m/z for [M + H]" C10H160:N,
calcd 214.1074, found 214.1075.

Note: Due to the water solubility of 1-114, extractions were avoided. We also observed
decrease in yields to varying extents when the reaction was quenched with either sat. NaHCOs3 or
sat. K2COs, with yields ranging from 42—60%.

Note: We have occasionally obtained 25 as a white to off-white solid. In most cases — we
obtained a yellow oil. Spectroscopic data reported herein correspond to 25 that was isolated as a

yellow oil. All batches underwent efficient subsequent RCM at low catalyst loadings.
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(2R,3aS,6aS)-2-methyl-4-0x0-3a,6a-dihydro-4H-cyclopenta[d][1,3]dioxole-2-
carboxamide, 1-89. Allylic alcohol 1-114 (256 mg, 1.20 mmol) was dissolved in 1,2-DCE (Ar-
sparged), to which the nitro-Grela catalyst (3.7 mg, 5.5 umol) was added. The reaction mixture
was stirred at 60 °C for 1 h and cooled to room temperature. MnO_ (574 mg, 6.60 mmol) was
added at room temperature, and the reaction mixture was stirred at 60 °C. Additional MnO_ were
added periodically (53 mg x 2, 0.60 mmol x 2) until the complete consumption of intermediate
cyclopentenol (ca.28 h). The crude material was filtered through a pad of SiO2 (4 mL)/Celite®
(0.2 g)/charcoal (0.5 g), and the pad was washed with EtOAc. The solvents were concentrated in
vacuo to give spectroscopically pure cyclopentenone 1-89 as a white solid (185 mg, 84%).

Note: We could lower the catalyst loading down to 0.36 mol% with the yield over two steps
=77%.
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Note: We have occasionally obtained light-brown solids after the first filtration. We
dissolved the semi-pure solids in EtOAc and stirred with additional charcoal ca.1 g/mmol of 1-99
overnight. Subsequent filtration through a plug of SiO typically affords a white solid.

Data for 1-89: Rr = 0.18 (100% EtOAc); [a]4! = +15.8 (c 0.5, acetone); m.p. = 163-166
"C; IR (neat) 3433 (N-H), 3327 (N-H), 3081, 3062, 1705 (C=0), 1613 (C=0), 1359, 1214, 1160,
1044 cm't; 'H NMR (400 MHz, acetone-ds) & 7.74 (dd, J = 6.0, 2.4 Hz, 1H), 6.22 (d, J = 6.0 Hz,
1H), 5.41 (dd, J = 5.2, 2.0 Hz, 1H), 4.52 (d, J = 5.6 Hz, 1H), 1.46 (s, 3H); 13C NMR (100 MHz,
acetone-ds) 8 201.9, 172.0, 159.9, 134.6, 112.1, 80.4, 77.6, 23.4; HRMS (ESI-TOF): m/z [M + H]"

CgH100:N, calcd 184.0604, found 184.0598.
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(2R,3aS,4S,6aS)-4-(ethoxyethynyl)-4-hydroxy-2-methyl-3a,6a-dihydro-4H-
cyclopenta[d][1,3]dioxole-2-carboxamide, 1-90. A suspension of anhydrous CeCls (660 mg,
2.43 mmol) in THF (10 mL) was stirred vigorously at room temperature until the solid fully
dissolved (ca. 15 min). The resulting solution was cooled to —78 °C, and n-BuLi (0.96 mL, 2.40
mmol) was added dropwise. The yellow solution was stirred at the same temperature for 15 min,
and ethoxyacetylene (0.5 mL, 2.43 mmol) was added. The mixture was stirred at the same
temperature for 1 h, and enone 1-89 (130 mg, 0.71 mmol) in THF (15 mL) was added slowly over
15 min at —78 °C. The reaction mixture was gradually warmed to —50 “C and quenched with brine.
The crude was poured into brine, and the layers were separated. The aqueous layer was extracted

multiple times with EtOAc. The combined organic layers were dried over Na>SOy, filtered through
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a cotton plug, and the solvents were concentrated in vacuo, and the crude material purified by
flash column chromatography to give alcohol 1-90 as a pale-yellow oil (106 mg, 59%).

Note: Performing this reaction with non-distilled ethoxyacetylene gave significantly lower
yield of ca. 24%.

Data for 1-90: R = 0.21 (100% EtOAC); [a]3! = +138.9 (c 1.0, CHCIs); IR (neat) 3332 (br,
0-H), 2989 (N-H), 2937 (N-H), 2264 (C=C), 1686 (C=0), 1590 cm™; 'H NMR (500 MHz, CDCls)
§ 6.46 (br, 1H), 5.92 (d, J = 5.5 Hz, 1H), 5.90 (br, 1H), 5.82 (dd, J = 5.5, 1.5 Hz, 1H), 5.22 (d, J =
4.5 Hz, 1H), 4.68 (d, J = 5.5 Hz, 1H), 4.11 (q, J = 7.0 Hz, 2H), 3.17 (br, 1H), 1.61 (s, 3H), 1.36 (t,
J=7.0 Hz, 3H); 3C NMR (125 MHz, CDCl3) § 172.7, 139.2, 129.1, 109.2, 94.7, 84.8, 84.6, 75.2,
75.0, 38.5, 23.6, 14.3; HRMS (ESI-TOF): m/z for [M + H]* C12H160sN, calcd 254.1023, found

254.1028.

Method A: Meyer-Schuster Rearrangement
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Methyl 2-((2R,3aR,6aS)-2-carbamoyl-2-methyl-3a,6a-dihydro-4H-
cyclopenta[d][1,3]dioxol-4-ylidene)acetate, 1-81a + 1-81b. Propargylic alcohol 2 (66.5 mg, 0.26
mmol) was dissolved in DCM/MeOH (26 mL, 25:1 v/v). PhsPAuCI (5.0 mg, 0.010 mmol) and
AgOTTf (3.3 mg, 0.013 mmol) were added sequentially to the solution. The reaction mixture was

stirred at room temperature for ca. 80 min, and the solvents were evaporated in vacuo. The crude
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material was purified by flash column chromatography (10—80% EtOAc in hexanes) to give 1-
8la as a white solid (22.3 mg, 36%) and 1-81b as a pale-yellow oil (15.1 mg, 24%).

Note: We could also use crude 2 directly for Meyer-Schuster rearrangement with no effect
on the overall yield, ca.36% of 1a + 1b over 2 steps from enone 3.

Data for 1-81a: Rf = 0.33 (100% EtOAC); [a]Z° = +87.4 (c 0.5, CHCIl3); m.p. = 166-168
°C ; IR (thin film) = 3464 (N-H), 3193 (N-H), 2954, 1715 (C=0), 1673 (C=0), 1649, 1432, 1400,
1377, 1234, 1147 cm™; *H NMR (500 MHz, CDCl3) § 7.39 (d, J = 6.0 Hz, 1H), 6.48 (d, J = 6.0
Hz, 1H), 6.45 (br, 1H), 6.02 (s, 1H), 5.86 (br, 1H), 5.20 (dd, J = 5.5, 2.0 Hz, 1H), 5.02 (d, J = 5.5
Hz, 1H), 3.76, (s, 3H), 1.57 (s, 3H); 13*C NMR (125 MHz, CDCls) & 173.1, 166.4, 156.0, 141.5,
133.6, 115.2, 109.0, 82.5, 80.3, 51.5, 23.4; HRMS (ESI-TOF): m/z [M + H]* C11H140sN, calcd
240.0867, found 240.0868.

Data for 1-81b: R = 0.23 (100% EtOAC); [«]% = +86.0 (c 0.5, CHCls); IR (neat) = 3454
(N-H), 3412, 3341 (N-H), 3210 (N-H), 2954, 1753 (C=0), 1724 (C=0), 1686, 1439, 1377, 1166,
1146 cm™; 'H NMR (400 MHz, CDCl3) & 6.72 (br, 1H), 6.50 (d, J = 4.8 Hz, 1H), 6.36 (d, J = 5.6
Hz, 1H), 6.02 (s, 1H), 5.69 (d, J = 5.6 Hz, 1H), 5.5 (br, 1H), 5.23 (d, J = 4.4 Hz, 1H), 3.78 (s, 3H),
1.60 (s, 3H); *C NMR (100 MHz, CDCls) § 173.1, 166.3, 156.6, 142.3, 134.9, 115.6, 108.6, 83,6,

77.2,51.6, 23.1; HRMS (ESI-TOF): m/z [M + H]* C11H140sN, calcd 240.0867, found 240.0869.
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Method B: Ce-Mediated Peterson Olefination of 1-89
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Methyl 2-((2R,3aR,6aS)-2-carbamoyl-2-methyl-3a,6a-dihydro-4H-cyclopenta[d][1,3]dioxol-
4-ylidene)acetate, 1-81a + 1-81b. A solution of diisopropylamine (467 uL, 3.33 mmol) in THF
(6 mL) was cooled to —78 °C. n-BuLi (2.5 m, 1.3 mL, 3.25 mmol) was added dropwise, and the
resulting mixture was stirred for 40 min at the same temperature. Methyl trimethylsilylacetate (546
uL, 3.33 mmol) in THF (1 mL) was added dropwise over ca. 5 min, and the resulting mixture
stirred for ca. 45 min at —78 °C. The cerium enolate was then transferred to a mixture of enone 1-
89 (174 mg, 0.95 mmol) and CeCls (660 mg, 2.67 mmol) in THF (20 mL) at —78 °C (Enone 1-89
and CeCls were premixed and stirred at room temperature for ca. 1.5 h before cooling). The
reaction was stirred at —78 °C for 4.5 h and quenched with sat. NH4Cl. The layers were partitioned,
and the aqueous layer was extracted with EtOAc (10 mL x 2). The combined organic layers were
dried over Na>SOg, filtered through a cotton plug, and the solvents were concentrated in vacuo.
The crude material was purified by flash column chromatography twice (SiO2, 10—80% EtOAc
in hexanes) to give 1-81a as a white solid (66.3 mg, 29%) and 1-81b as a pale-yellow oil (24.7
mg, 11%). The spectroscopic data matched those obtained via method A.

Note: We typically obtained fractions of pure 1-81a and fractions of 1-81a + 1-81b after
the first column. The mixed fractions were concentrated and subjected to a second column. The
pure fractions from the two columns were then combined and concentrated to afford the pure

products.
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Conditions for Debenzylation of 1-113

entry reagents (equiv)/conditions resultst®
oxidative conditions
1 DDQ (2.0), MeNO2/pH 7 buffer, 60 °C N.R.
2 DDQ (4.0), MeNO2/pH 7 buffer, 60 °C N.R.
3 DDQ (5.0), MeNO2/pH 7 buffer, 60 °C trace conversion
4 DDQ (5.0), DCE/pH 7 buffer, 60 °C 48-78%!"]
5 DDQ (5.0), DCE/pH 7 buffer, 60 °C 13-39%°]
6 DDQ (0.30), MnOz (5.0), MeNO2, 50 °C N.R.
full conversionld
7 DDQ (0.30), FeClz (3.0), DCE/pH 7 buffer, 80 °C
difficult work-up
8 DDQ (2.0), DCE/pH 7 buffer, 90 °C trace
9 IBX (3.0), DMSO, 80 °C N.R.
reductive conditions
10 Na (5.0)/NHs, -78 to -60 °C N.R.
11 Na/naphthalene (2.0), THF, -78 °C to rt N.R.
12 Na/anthracene, THF, -78 °C to rt N.R.
13 Li (5.0)/NHs, -78 °C trace
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14 Pd(OAC)2 (0.05)/EtsN(0.15)/EtsSiH(1.5), rt trace hydrogenation of alkenes

Lewis acidic conditions

15 BBr; (2.0), DCM, -78 °C trace
16 Sc(OTf)s (0.10), Me2S (2.0), MeCN, 60 °C N.R.
17 BF3*OEt; (2.0), PhSH (1.1), DCM, 50 °C N.R.
18 BF3*OEt; (14), HSCH.CO;H, DCM, rt N.R.
19 BF3*OEt; (12), EtSH, rt 52%(¢]
20 BF3*OEt; (8.0), EtSH, rt 529!
21 BF3*OEt; (4.0), EtSH, rt 60%9
22 BF3*OEt; (5.0), EtSH, rt 64%!9

(I N.R. = no reaction, yields are isolated yields after flash column chromatography
(b1 0.05-0.18 mmol scale
[c] 3,.5-22 mmol scale

[97 \We observed full conversion based on TLC analysis but were unable to remove [Fe] resulting

in difficult *tH NMR analysis and subsequent RCM failed to work in the presence of [Fe].
¢]0.20 mmol scale
72,0 mmol scale

(o] 3.0 mmol scale
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3.3 Computation Details for Chapter 1

3.3.1 Calculation of Transition States for Cyanation

3.3.1.1 General Considerations

All calculations were performed using supercomputing clusters provided by the University of
Pittsburgh Center for Research Computing (PittCRC). Density functional theory (DFT)
calculations were carried out using Gaussian 09, Revision D.01.14 All structures were subjected to
initial Stochastic Conformational Sampling using Chem3D of ChemOffice 2016 package,
employing force field method (MMFF94). Duplicate conformers were removed and conformers
within 5 kcal mol™? energy differences were optimized at B3LYP/6-31G(d) in the gas phase at 298
K. Transition state geometries scans were computed using HF/3-21G, varying the oxocarbenium-
nucleophile C-C bond distance. The scanned geometry was subjected to optimization using the
Berny algorithm at B3LYP/6-31G(d) level. Vibrational frequencies were computed at the same
level and each transition state was verified by having one imaginary frequency along the
appropriate reaction coordinate (C-C bond formation). Each transition state was further verified
by computing an IRC calculation at the B3LYP/6-31G(d) level. The IRC calculations were
calculated for both directions, maximum points of 10 and recalculating force constants for every
nth point, using the additional keywords “irc=(maxpoints=10,recalc=2,calcfc)”. Single-point
energies were computed using M06-2x/6-311++G(d,p) using “integral=ultrafine” as additional
keywords and implicit solvent model (smd,solvent=dichloromethane). Energies are calculated by
the formula: G(M06-2x) = E(M06-2x) + G(B3LYP) — E(B3LYP) and 1 Hartree = 627.509

kcal/mol conversion.
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3.3.1.2 Optimized Transition States

TS1

11

0.11999400

-0.47207600

-0.18272000

-1.18216700

-0.39572800

-0.28162000

-0.62718200

0.79775000

1.65511000

2.47910400

1.43644300

1.83004600

0.41747600

-0.02910800

-0.47731900

1.90108600

Gre =0

-0.56323800

-0.96629600

0.94525500

1.17030600

-1.15730900

1.01606600

-0.18632200

1.97297900
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1.79302200

0.47225300

-0.52652900

1.19839100

1.57685800

1.55179600

2.15792600

2.30781600

2.48532400

2.35721800

2.89755800

2.28840800

3.57753600

4.24366000

3.45540800

4.12656000

3.95193300

4.79564300

1.47457100

2.77717800

3.20108900

3.10859700

1.79853800

1.66232400

3.16164000

3.40877800

4.03716400

3.81343700

5.01286200

0.72584000

0.46053300

1.31418400

0.34788400

-0.80075700

-2.03467100

-0.76239500

1.89771900

2.92371900

3.00406500

3.65967900

-1.02776300

-2.12203700

-0.73134700

0.31708800

-1.68249800

-2.73995000

-1.44222100

-0.42677400

-1.01762300

-0.84001900

-2.10479200

-0.40750900

-1.04716200

0.82218600
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4.43469700

3.45280000

5.27694800

4.94738600

5.09627600

4.30513500

5.80067500

5.47906400

-0.28038500

-0.70340500

0.81312900

-0.63764300

-2.52315700

-3.68570400

-5.53105700

-5.93696100

-7.02323800

-5.48470200

-3.20980400

-2.07228700

-1.93477700

0.19212900

-3.16080400

-4.15930700

-1.89179900

-4.07298700

-1.90619900

-2.20874500

-1.95614000

-2.56200100

-0.54480700

-0.57748400

-0.67074700

-0.58239600

-0.64594000

-1.40897300

-0.46865200

-2.01348100

1.40437500

1.32111600

0.75972400

-0.98064300

2.35515600

1.20857200

-0.48610800

-1.44597000

-0.53538400

0.31029100

-0.12353200

-0.08774600

-0.04148100

1.78117000

1.91977100

2.33948800
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-5.60262200

-6.07685000

-5.70755800

-7.17240000

-5.73800100

-5.90877500

-5.46848900

-6.99414500

-5.54582400

0.35982400

0.81806200

0.77789900

0.85041500

1.75611700

-2.31660500

-3.15125100

-2.47330900

-2.35864800

2.22835600

-1.03226100

-2.06257600

-1.07562000

-0.57966300

-0.84382300

-0.28794300

-0.86904400

-1.87630300
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TS2 (Disfavored)

11

-2.99303100

-3.95804700

-3.13556100

-4.07285300

-2.20106300

-2.08536200

-1.61956300

-2.99650700

-2.10979500

Grel = 3.9 kcal/mol

-0.75615100

-0.91104900

-0.89357100

-1.40799100

-1.94551400

-1.89900400

-2.42010400

0.30819200

0.91594400

-0.61432800

-1.09935900

0.92838200

1.15833000

-0.95665600

1.24753000

0.13158700

1.80347800

1.66477300
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-3.92701100

-4.82366700

-3.82653000

-2.36068400

-2.13360300

-3.33244200

-3.56456400

-3.89529200

-3.67381500

-4.60227400

-1.15242900

-0.32196400

-0.94039700

0.12092200

0.76187900

0.83758100

1.70870500

1.83811400

0.62500900

0.02566700

1.50256300

0.49725300

0.23049100

1.65746500

2.08249300

2.14828300

1.74718600

2.97179100

0.77919600

1.73528200

2.57333100

1.26645600

2.25591900

1.91587100

3.14572600

2.46069200

2.70582800

2.84854900

3.33732200

-1.23134500

-2.27639300

-1.22499200

-0.25062100

-2.32973300

-3.31704600

-2.29074100

-0.53154300

-1.19724100

-1.54695600

-2.09059300

-0.27869300

1.07470500

-0.80847900

1.88687300
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0.11819900

2.70706900

1.65729500

2.77445800

1.87581300

3.42783600

3.54600200

-1.24962100

-2.18385700

-0.72465800

-0.63681800

3.30277000

3.60709300

4.68535400

3.14478600

3.22433200

3.80527900

4.89384800

1.22306100

3.68697100

3.42699800

3.34637700

2.19782600

4.37978500

3.77465000

-3.87345400

-4.44502700

-4.13888500

-4.10542400

-1.52194200

-0.29526900

-0.20253500

-0.61975000

0.69854600

-3.27386600

-3.32522000

1.49652900

0.00002700

-1.85865200

1.35399200

2.94080700

-0.42485600

1.98718300

0.13566400

0.19397600

-0.78288100

1.00761700

-0.26222400

-1.64007800

-1.81915600

-2.57884800

-1.38569500

-0.69795100

-0.82259000
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3.53061600

3.35129700

3.89035700

3.49545800

3.59379400

4.98538500

0.32180900

1.47828400

311+G(2d,p)/SMD(chloroform),

-3.98637300

-3.60451800

-0.96197800

0.02823000

-1.66446100

-0.89886100

-1.73371700

-1.62210400

3.3.2 Computation of NMR Data

3.3.2.1 General Considerations

0.08736600

-1.63847300

1.42156500

1.67109800

2.20797900

1.42996200

-0.00098800

-0.10882600

All calculations were performed using supercomputing clusters provided by PittCRC. DFT
calculations were carried out using Gaussian 09, Revision D.01.14 All structures were subjected to
initial Stochastic Conformational Sampling using Chem3D of ChemOffice 2018 package,
employing force field method (MMFF94). Duplicate conformers were removed and conformers
within 5 kcal/mol energy differences were optimized using either B3LYP/6-31G(d) or B3LYP/6-
31+G(d,p). The optimized conformers were subsequently subjected to single-point NMR
calculations using either GIAO/mPW1PW91/6-311+G(2d,p)/SMD(chloroform), GIAO/PBEO/6-

GIAO/B3LYP/6-311+G(2d,p)/SMD(chloroform),
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GIAO/B3LYP/6-31+G(d,p)/SMD(chloroform) method. Calculated isotropic values were scaled
according to scaling-factors of the respective methods (eq 1); the scaling-factors were documented

by Tantillo et al., and others.P!

__ intercept—o
0= —slope (l)

Py

L = eAG/ RT (2)

Pj

The performances of different methods were initially tested using the original reported
structure (1a), and the scaled *C NMR were compared with our experimental spectra.

GIAO/mPW1PW91/6-311+G(2d,p)/SMD(chloroform)//B3LYP/6-31+G(d,p) gave the lowest
mean absolute deviation (MAD) and thus was chosen as the method for subsequent calculations.
The relative abundance (mole fractions/percentages) of the conformers were calculated
according to eq 2 (AG in J mol, R is gas constant in J K2 mol?, T = 298 K), and subsequently

used to calculated the weighted-averaged of the chemical shifts.

3.3.2.2 Optimized Structures of Originally Reported Structures

‘l
7 N

Original Conformer 1, optimized at B3LYP/6-31+G(d,p)
01
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-2.32639200

-2.36162400

-1.03490300

-3.30903300

-2.82036200

-3.28952700

-4.15721900

3.42432700

4.20845700

3.86340600

5.60679800

1.90976100

-0.45585100

-1.56455900

-0.53497000

1.82304300

-2.12916700

-3.82762900

1.19456900

-0.18874000

-0.65840300

-0.99144800

-0.32580000

-2.21347700

-0.22587100

-0.16153600

-1.26032600

0.92909300

-1.07028700

2.31610000

3.40234800

1.64313900

-0.57169500

-1.52313600

0.22139600

0.08339400

0.22395100

0.60744500

0.48980000

-0.34347000

2.04731000

-0.37495200

-1.08319200

-0.04507000

-0.17688200

0.28331400

0.10286800

0.40539400

0.07917100

-1.65334000

-1.53080100

-0.63192800

2.69220700

2.16444200
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-2.83024200

-4.85649100

-4.15700900

6.06820900

5.74729200

6.03418500

1.01816900

-0.19763800

-1.19831000

-0.43587800

1.00405100

2.02044000

Original Conformer 2, optimized at B3LYP/6-31+G(d,p)

-1.38202500

-0.68475900

0.77790000

-2.04503300

-0.73634900

-0.32720500

1.81299700

2.36796500

1.37657600

0.02554200

0.39343000

-0.49280300

2.32457800

-1.64886600

-0.98256300

-0.05275700

1.13391200

-0.57503300

0.05526300

-0.12032700

-0.65381300

-0.61688700

-0.29673100

-0.35390800
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01

-2.36770700

-2.17059900

-1.15618300

-3.45809600

-1.78237200

-3.58500300

-4.37573000

3.33134500

4.11895500

3.72606400

5.46536400

1.81519700

-0.51992300

-1.55227900

-0.34446700

1.82010300

-0.84707200

1.13635200

-0.24976800

-0.70970700

-1.04597000

-0.47748300

-2.21135900

-0.36453000

-0.18768500

-1.21788600

0.70173100

-1.21092200

2.10917600

3.29813800

2.27938200

0.27917900

-1.18831400

0.03786300

0.06641700

0.36603600

-0.53510500

0.00911900

1.82062400

0.35857000

-0.72210500

-0.03931400

-0.43557000

0.69808900

0.07173500

0.96040500

0.83401900

-1.41510700

-2.12681000

-1.25320600

2.04730300
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-2.56821300

-1.66789400

-4.25635800

-5.23909400

5.93670400

5.98947500

5.46166900

0.95782300

-0.24246400

-1.19945200

-0.40966400

0.97636900

1.98395600

Original Conformer 3, optimized at B3LYP/6-31+G(d,p)

-0.09470600

-1.54852000

0.62229800

-0.82803700

-2.09977900

-0.30742100

-1.25309900

1.77550000

2.38499300

1.65238800

0.39698900

0.55511300

-0.31773800

2.47889200

1.99617200

-0.89164100

-0.96322200

-0.34657000

-0.24973500

1.16373300

0.39048200

0.31842300

-0.58935100

-1.04100000

-0.41403500

-0.62583700

S |
7NN
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01

-2.16690600

-2.34602400

-1.07935000

-3.38835400

-2.79563000

-3.51340400

-4.14254200

3.39864000

3.89063800

4.10391600

5.31017600

2.16404300

-0.06074900

-1.37670800

-0.61023300

1.59150800

-2.03805900

1.30871900

-0.03410100

-0.65146100

-0.79106300

-0.02282100

-2.00518800

0.00789500

-0.87443300

0.35279700

-1.86611800

0.40795700

1.95756500

3.27472000

1.55649100

-0.75441400

-1.91125400

0.48389000

0.14782900

0.62630900

0.53057300

-0.26061800

2.07528100

-0.19397800

-1.06437100

-0.14031100

0.16683000

-0.21158300

0.40746400

0.25059100

-0.12417000

-1.75461200

-1.49717600

-0.61575800

2.67728800
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-3.74854000

-2.92071200

-4.89543900

-4.02952300

5.52482700

5.57892500

5.86011900

1.22396200

0.07697500

-1.03436200

-0.42800800

1.05250800

1.94331500

0.50492000

-1.05033100

-0.40891800

1.00992600

1.45205000

-0.23396500

0.08444000

1.53007800

2.20868300

1.30894600

-0.11412700

0.10325800

-0.91077300

2.17092400

2.42318100

-1.59260600

-1.03679000

0.63472500

1.24961000

-0.47936300

-0.06961900

-0.26918300

-0.74189800

-0.62634200

-0.34618000

-0.38367400
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3.3.2.3 Optimized Structures of Candidate Structures 1-5

01

Candidate 1_conformer 1, optimized at B3LYP/6-31+G(d,p)

1.85374500

0.91326600

-0.35321400

-0.84877000

0.03243800

1.46825000

-2.12932500

-2.01170000

-0.62059800

-2.67339400

1.77540600

2.89073600

2.72441000

1.40001100

0.19674200

0.50640100

1.08861800

-0.07756600

-0.28940400

-1.28698800

0.07013100

0.03219800

-0.39026000

-0.90502600

-0.51526300

-0.19014000

-0.32976500

0.48996200

0.67968300

-0.24531800
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-2.68997300

-3.82584700

-1.88793900

2.37494300

2.01949600

3.64210300

4.56851100

2.88763500

1.26256000

-1.06061900

-0.97522400

-0.01909100

-3.75093100

-2.58708900

-2.22456500

-0.94559800

-2.27310400

5.52075500

0.15589300

-1.22536900

-2.39195100

-0.66072400

-1.80612900

-0.33887000

-1.43861000

1.97536700

3.86553200

3.54891400

1.45862300

-0.57564600

0.35278800

-0.72796200

1.01343000

-2.40198900

-3.21860800

-0.99218600

1.82831600

-0.65154400

-0.34696400

-0.11858900

-0.35142900

0.22456000

0.30736100

0.33280000

0.36000100

-0.40809400

-1.99509800

-1.29071700

1.66215700

2.46449600

2.31994700

0.01773000

-0.77987600

0.59217000
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01

4.23851600 -2.15830100 1.06017400

4.65107800 -1.94133600

Candidate 1_conformer 2, optimized at B3LYP/6-31+G(d,p)

1.86508700

0.91881400

-0.32652600

-0.78846500

0.05677100

1.49383700

-2.10759300

-2.00263600

1.70417900

2.81621800

2.66706500

1.36163200

0.14570800

0.44764500

1.02039100

-0.05362700

-0.65919900

0.15574400

0.14425000

-0.34061500

-0.93156300

-0.51425800

-0.17344900

-0.45957400

0.50016600
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-0.61866600

-2.67657900

-2.63573100

-2.77076200

-3.11806500

2.43416400

2.15587500

3.64757700

4.61103100

2.89422500

1.25049700

-1.03478100

-0.85029300

0.00166900

-3.69305700

-2.55552200

-2.11852400

-3.15523900

-0.28128500

-1.34001100

0.33432100

-2.34905400

-1.24909600

-0.69865400

-1.79442900

-0.40059600

-1.47107100

1.89975700

3.77620200

3.49099400

1.45619600

-0.64862300

0.57342800

-0.50130600

1.20896700

-0.34873800

0.68805200

-0.07331300

1.82387000

0.61064400

-1.35770900

-0.19494300

-0.64917300

0.32574200

0.31172600

0.43874000

0.52938700

-0.35851000

-2.02453600

-1.26640800

1.67813700

2.52148500

2.22509800

-1.81088900
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01

-3.62423000

5.50730500

4.23873600

4.81561100

Candidate 1_conformer 3, optimized at B3LYP/6-31+G(d,p)

1.83776000

0.82630500

-0.39913900

-0.76459700

0.17038800

1.56316500

-2.03357300

-1.05836800

-2.32445600

-1.78746300

2.00929400

3.05257800

2.78236300

1.41230400

0.28304000

0.70784900

-1.74289700

0.77408600

0.88309300

-0.71402600

0.13847800

0.02270800

-0.46174700

-0.96507700

-0.48652700

-0.10136800
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-2.05538200

-1.90974200

-0.51632500

-2.49570100

-2.64029800

-3.64084600

-1.64889300

2.63627100

3.77876700

2.20613900

3.19484400

2.84462500

1.08697000

-1.16398700

-0.82441100

0.20102500

-2.51722100

-2.23056600

1.02128400

-0.07005200

-0.20479100

-1.35572800

0.22703500

-1.38270500

-2.42077200

-0.29997700

-0.05499300

-1.55825600

-2.59670400

2.27816400

4.05770300

3.54974500

1.43389300

-0.51375800

-0.60139800

1.13939800

-0.46891600

0.44292300

0.69094200

-0.22138600

1.74142200

-0.64898300

-0.24531100

0.07713100

0.42077200

-0.19933100

-0.05851300

0.44493400

0.34092300

-0.54313600

-2.06207100

-1.23764100

2.44527800

2.18113900
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-3.70344100

-0.73390400

-1.99158400

4.03888700

3.55595000

2.68554300

Candidate 2_conformer 1, optimized at B3LYP/6-31+G(d,p)

1.87108000

1.59792700

0.35047500

-0.83588700

-0.50413900

0.88711800

0.35998100

-2.36059400

-3.30105100

-2.41161500

-2.63986000

-3.52153200

0.05857500

1.50209900

1.98948600

1.09623500

-0.35871800

-0.81465100

1.53151800

0.17733900

-0.60141300

-0.72685400

0.97165600

-0.32863100

-0.31412900

-0.21172800

-0.29471400

-0.51291700

-0.92928600

-0.60460900
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-1.53571000

-2.27532000

-1.46494900

-3.63518900

-2.51997800

-4.38609000

-3.91128500

3.24199400

3.54007300

4.13474300

5.48496500

2.43725400

0.15364500

-1.52474400

-0.68096000

1.09307300

-3.03783400

-1.55927000

0.91509700

-0.27442700

-1.15580100

0.00362000

-0.88290900

0.88851400

-0.82672400

-0.48855700

-1.66683000

0.48519700

0.04537800

2.16402700

3.04912200

1.54377100

-0.50201200

-1.88006600

-1.84085500

-1.04122000

0.73343800

0.59915200

-0.20237500

-0.12304400

1.96797700

0.26187100

-1.16562600

-0.07346100

-0.12895900

0.21474800

0.45920200

-0.03359100

-0.16464600

-1.24298700

-2.00553300

-0.64446400

1.86852900

2.46308300
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-3.13677900

-3.27773100

-4.81627100

6.05064800

5.51278600

5.88236100

/k«v:ik

Candidate 2_conformer 2, optimized at B3LYP/6-31+G(d,p)

1.88608900

1.60001200

0.36984100

-0.77053100

-0.52846600

0.90049200

-0.20401200

-1.57667900

-0.76274300

0.95256500

-0.63549800

-0.46553400

-0.01216700

1.42143700

1.91886100

1.06603100

-0.46300600

-0.89537500

2.56048800

-1.39797600

-1.60898100

0.66890700

1.31300700

-0.42088800

-0.24176300

-0.06602300

-0.26216600

-0.73945300

-0.63704100

-0.49272200
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-1.93540200

-2.36463000

-1.24173800

-3.53500000

-2.80024500

-3.92084000

-4.08572000

3.27911100

3.59742000

4.16399300

5.53187200

2.41418800

0.15759400

-1.03322500

-0.98670200

1.12196000

-3.62974200

-3.12547800

1.28601700

0.02286400

-0.82708900

-0.55709300

0.17842600

-1.70747900

0.31974900

-0.54317500

-1.70643400

0.42789400

0.00188000

2.06516800

2.97293700

1.34438200

-0.97347200

-1.95534400

0.88759700

-0.78967300

0.09220200

0.62395700

0.55821600

-0.23732800

2.06952100

-0.08762800

-1.12134000

-0.10490200

-0.26045300

0.21509400

0.37069600

0.24517200

-0.10622800

-1.76986200

-1.49612100

-0.56219600

2.13915300

2.45586000
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-1.95662500 0.54970500 2.65566500

-3.77032200 1.27768500 -1.14770800

-4.90875900 0.03670800 -1.63343800

6.08846900 0.90406200 0.62218900

5.60933800 -0.73787500 1.17076100

5.90060000 -0.43550600 -0.55998500

Candidate 3_conformer 1, optimized at B3LYP/6-31+G(d,p)

-1.04163800 1.77774400 -0.18424400
-0.58242100 0.79003100 -1.26705600
-1.85810100 0.93765800 0.66858900
-2.43349800 -0.09392000 -0.13280900
-1.66941500 -0.13937900 -1.35089800

-2.27341600 -1.46187300 0.59233600
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-3.89031000

-2.87771300

-1.41238300

0.73146900

1.61962900

1.29198300

0.06183000

2.96192800

3.77252100

3.18978600

4.46716100

-1.67957400

-0.51263300

-4.48320700

-4.27724300

-3.97027200

-1.27945300

-1.01539900

0.18131200

-0.46754500

-2.44921900 0.19414400

-1.46466600 1.64002600

0.11333200

0.64448200

1.85572500

2.39266500

0.03901500

0.49333000

-1.06405700

-1.70124500

2.55210100

1.27954500

0.22713200

-0.62166100

1.13491400

-2.32280500

-0.59817400

-0.98125400

-0.11707200

0.65254900

0.63076700

0.12679000

0.91495500

-0.61537100

-0.41919300

-0.62883400

-2.24852400

0.45037300

-1.09719100

-0.99646500

2.15412200

1.97113200
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01

0.95127400

2.08161100

-0.18169800

4.57625600

4.46648700

5.27760200

0.91391200

0.65162200

1.73362700

2.49977900

1.82351100

2.49110900

-0.79278000

2.27939800

3.25934500

-2.02246300

-2.55915900

-1.01301100

-1.74994400

-0.90657500

-0.86153400

-0.05011300

-0.08828500

1.42117300

-1.53583200

1.26404800

1.23754800

0.61929200

-1.09060600

-0.67020200

AN ',,\%'( y

Candidate 3_conformer 2, optimized at B3LYP/6-31+G(d,p)

0.06202500

-1.19555700

0.85844700

-0.03079800

-1.30032900

0.47412100
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3.92092000

3.25867100

1.57174800

-0.61132100

-1.62251100

-1.48235300

-0.31140200

-2.87634300

-3.06816300

-3.79498700

-5.03937600

1.50549700

0.62343500

4.45478200

3.89884600

4.44470800

1.52011500

1.02646900

-0.56282200

2.24497800

1.69966500

-0.09241500

-0.40413200

-1.50062800

-2.13242700

0.40634600

1.31792100

0.00911000

0.73619900

-2.63733600

-1.53528200

0.07560600

-1.58872200

-0.54298200

2.64033000

0.95721400

-0.20181300

-0.00553000

1.43112100

-1.14900900

-0.31363900

0.66012100

0.84344000

-0.39106500

-1.17267500

0.51996500

0.51211900

-0.19712400

-2.09685700

-0.90766400

-0.57958600

0.75813700

1.79268800

1.84226300
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01

-0.70777800

-2.35186700

-0.20778000

-5.52808500

-5.64434500

-4.86173300

Candidate 3_conformer 3, optimized at B3LYP/6-31+G(d,p)

1.00651900

0.41653000

2.38288500

2.45027300

1.25612200

2.50058300

0.73202500
-1.76991200
-2.90992000

0.64043400

0.28197700

1.79341300

3
/7~
o™

-0.67293700
-1.45091300
-0.52929600
-0.42593400
-1.04694100

1.07153700

$ \R"”‘

-1.84926800

1.24864100

1.59412000

-0.46017200

1.29615800

0.72212900

1.51065600

0.31960900

1.13222000

-0.28056600

-0.79179200

-0.71826600
153



3.69351000

3.37395000

1.56486900

-1.01785600

-1.62573900

-0.91407600

0.32119300

-3.03494100

-3.59533400

-3.62625500

-4.98584300

1.01558200

0.54917900

3.65130500

3.74658000

4.58046400

1.53708400

0.82348600

-1.15217800

1.81340600

1.44119000

-1.14215000

-0.03997900

0.90284900

0.63759000

0.31066000

1.32137500

-0.60643600

-0.32037900

-1.28231100

-2.52917100

-2.19517900

-1.11352900

-0.67056200

2.40450500

0.80336500

-0.76932500

-0.28847700

-1.62932100

-0.01565600

0.46930500

1.34643500

1.79712800

0.11197500

0.49472100

-0.68264100

-1.06612600

2.42283800

0.46895300

-0.44573100

-1.86094700

-0.35249600

-1.92948600

-1.87649700
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01

-1.53418100

-1.42671700

0.85831800

-5.03418200

-5.62246000

-5.29039900

Candidate 4_conformer 1, optimized at B3LYP/6-31+G(d,p)

-0.60881200

-0.36475800

-2.00842200

-2.49351800

-1.37562100

-1.80795600
1.82374700
1.33938700
0.61784600

-0.24616600

-1.15815900

':I\?

(,\

0.91942200
-0.22401400
1.02010200
-0.30405100

-1.10964800

-0.69801700
1.60218200
2.42888600
-1.62376600
-0.18150400

-1.69242500

| -
7N A
I.d “\‘\ \

0.70704400

-0.22817000

0.63253500

0.47774900

0.15655600
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-3.48593500

-3.13127200

-4.16536800

-3.49153200

1.06508400

1.94604600

1.49304900

0.24997400

3.41677900

4.21923800

3.74087300

5.12385700

-0.33553100

-0.54702700

-2.40797500

-3.45592800

-3.98729300

-4.17672500

-0.35890200

-0.81548300

-1.32994900

0.71227600

-0.65210500

0.34841700

1.76710900

2.07952900

0.11298500

0.99236400

-1.16858500

-1.48093000

0.61890300

0.11079400

-0.77204600

-1.83596500

-0.20410100

0.73372900

-0.69961400

1.75035300

-0.86613200

-1.51731400

-0.14263400

-0.09348800

-0.04642300

0.30341900

-0.11773900

-0.14095900

-0.11362600

-0.13911500

1.71853500

-1.25023900

2.55519100

1.60939700

2.01028700

-2.23911100
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-3.06159600

1.35342500

2.22167000

-0.09403200

5.58328900

5.61934500

5.18054600

1.56119300

-1.68299900

2.52048900

3.09353600

-1.08731900

-1.07042900

-2.55785800

-1.23468900

-0.20205900

-0.27481400

0.38890000

-1.03390300

0.72838500

-0.12996100

D ¢
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Candidate 4_conformer 2, optimized at B3LYP/6-31+G(d,p)

-0.55792800

-0.41634300

-1.95081700

-2.58284200

-1.54594300

-3.66392800

A

1.01185000

-0.39884600

1.23873800

-0.01965000

-1.03710000

-0.25727400

0.36042600

-0.14797300

0.18135800

0.49732800

0.44576200

-0.59093600

157



-3.20410100

-4.60783300

-3.47192500

0.95716600

1.95936200

1.66137300

0.43065300

3.36583800

3.68242900

4.26614700

5.65172700

-0.32359800

-0.54740400

-4.01329900

-2.44645900

-3.60816900

-4.17521200

-2.73483200

-0.00677000

0.51029000

-1.36130100

-0.91160900

-0.02865100

1.36314400

1.89128200

-0.51070600

-1.64195300

0.46264000

0.08448400

1.02753400

-0.38117200

0.72573500

0.25405900

-0.99468600

-1.59946000

-2.01258100

1.88390800

-0.71039500

-1.35953000

0.13570300

-0.10075600

-0.51497700

-0.34523400

0.04317800

0.36097300

-0.21999400

-0.10053700

1.44259500

-1.24820500

1.90543500

2.62699200

2.12504600

-2.04342000

-1.13537600
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1.16015200

2.47035600

0.19305300

5.88676000

5.86643200

6.21796800

-1.94214900

1.95362400

2.92025100

-0.72111900

-0.24896700

0.98359100

0.40760900

-0.92839700

-0.59421100

-0.79996300

0.91729600

-0.34110100

Candidate 5_conformer 1, optimized at B3LYP/6-31+G(d,p)

-0.71858100

-0.31346700

-2.08410100

-2.58556800

-1.42381100

-3.36692300

0.96428600

0.10317600

1.22255500

-0.00580700

-0.78548500

-0.78284300

-0.41188500

0.75708800

-0.10008900

0.46263000

0.86706500

-0.63622200
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-3.47984500

-4.45963200

-2.74086700

1.05891000

1.95563900

1.54099000

0.24052600

3.40204900

4.24091600

3.69045300

5.07403500

-0.66728900

-0.27579600

-3.86162600

-2.90839000

-4.32357200

-3.23566700

-1.90340300

0.31854400

-0.38368400

-1.87935900

-0.44965900

0.43259100

1.79921500

2.10928400

0.10019200

0.89155000

-1.17437300

-1.55797100

0.36392900

0.74176600

-0.60418400

0.87283900

0.92080700

-2.44458700

-2.22663700

1.64294200

-1.01439900

-1.13852500

0.54277900

0.03386400

-0.35684800

-0.54065300

-0.11612900

-0.50672400

0.22694900

0.10395900

-1.34086800

1.66084800

2.08876900

2.39135900

1.30126700

-1.81326100

-0.69619200
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1.34436700

2.32904500

-0.08827900

5.11145300

5.40927200

5.69876000

0.67513800

0.29446500

2.05158400

2.55376000

1.40403000

3.41873700

-1.43952000

2.52383300

3.08591900

-2.60270900

-1.44553000

-0.94096800

1.01457000

-0.07816400

1.21080100

-0.09849600

-0.95936900

-0.72096200

0.88021300

-0.52879300

-0.88038100

0.41081900

-0.92966900

0.75400100

0.25521300

-0.70893000

-0.08009100

-0.45409900

-0.61370800

0.67497600
161
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Candidate 5_conformer 2, optimized at B3LYP/6-31+G(d,p)



3.35020400

3.90773000

3.58227100

-1.07671800

-1.98725200

-1.58671500

-0.29128100

-3.43232900

-4.27825100

-3.71042700

-5.09085600

0.61277300

0.25841700

4.16931400

3.76424400

2.70066300

4.18369900

3.24192300

0.01892700

-1.83381600

0.06461400

-0.58505100

0.37581000

1.79850500

2.15381100

0.07033600

0.91892600

-1.24808100

-1.61269100

0.61701400

0.35834800

0.73313600

-0.95849200

0.36971900

-0.26317500

1.01427400

-1.74256300

0.54513900

1.77161200

-0.39641000

-0.09902200

-0.00596000

0.12270900

0.10619700

0.32523100

0.02280900

0.21588000

1.28635900

-1.72724500

-1.61435400

-1.99760000

-2.54840200

2.51315100

1.77059700
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01

-1.34238600

-2.38161800

0.02405600

-5.71912500

-5.11843100

-5.42965300

Candidate 5_conformer 3, optimized at B3LYP/6-31+G(d,p)

0.61268400

0.37120300

1.96726600

2.61334100

1.56627000

-1.62971800

2.53607500

3.18507900

-1.13782200

-2.69721900

-1.30677800

0.93221700

-0.27505000

1.24650900

-0.02764400

-1.01857000

-0.50895400

-0.00506700

0.24412400

-0.54129300

0.11593900

1.20847800

0.16195100

-0.70617500

-0.17055200

-0.42930200

-0.51980500
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3.52483700

3.41060100

4.13425600

3.58726800

-0.94439000

-1.95969300

-1.71434400

-0.46544100

-3.33044400

-3.60755000

-4.24910900

-5.60262200

0.56825400

0.31003000

4.14426500

2.73855800

3.93330400

4.21035300

-0.45546200

0.06737200

-1.51450300

0.42995900

-0.89420400

-0.01717600

1.44423800

1.94453700

-0.56701500

-1.75112100

0.41139400

-0.03238900

0.62138400

0.06423100

0.87630000

0.27411700

-0.87626800

0.22966400

0.75200100

-1.71932000

0.71729100

1.78125600

-0.36546500

-0.16558400

-0.19855200

-0.08627000

0.05532600

0.08342100

0.22515500

0.44413100

1.22339600

-1.75987700

-1.64904900

-2.55596000

-1.88681800

2.54985300

164



3.14776800

-1.11012400

-2.57236900

-0.26213200

-5.95386400

-6.18981600

-5.65855300

1.33449200

-1.96624900

2.10041000

3.01025300

-0.61480300

0.87802400

-0.64749100

1.70203200

-0.38148100

-0.28480700

-0.06081600

-0.41079200

0.55983800

1.34516800
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3.3.2.4 Comparison of NMR Methods on Reported Structure

GIAO/B3LYP/6-31+G(d,p)/SMD(chloroform)//B3LYP/6-31G(d)

OCHs
C1
C2
C3
C4
C5
C6
C7
C3'
c2'

cr

conformerl

(56.3%)
51.25
167.765
112.15
162.14
132.81
146.31
86.15
82.98
22.55
114.49

171.33

conformer 2

(26.4%)

01.4

167.88

112.06

165.83

134.28

148.31

86.08

82.81

22.42

115.69

168.91

conformer3

(17.4%)

51.26

167

114.62

158.95

132.53

146.4

85.92

84.2

22.86

114.62

171.29

166

weighted-

average

51.3

167.8

112.7

162.7

133.3

147.0

86.2

83.2

22.6

114.9

170.9

expt

51.5
166.4
115.2
156.0
133.6
141.5

82.5

80.3

23.4
109.0

173.1

absolute

deviation

0.2

1.4

2.5

6.7

0.3

9.5

3.7

2.9

0.8

5.9

2.2

MAD =

2.9



GIAO/B3LYP/6-311+G(2d,p)/SMD(chloroform)//B3LYP/6-31+G(d,p)

OCHjs
C1
C2
C3
C4
C5
C6
C7
C3
c2'

cr

conformerl
(57.5%)
50.70
167.08
112.03
159.70
132.33
146.65
83.66
80.91
22.26
111.07

170.68

conformer2 conformer3 weighted-

(22.9%)
50.57
167.07
112.27
163.36
134.24
147.50
84.62
81.59
22.18
112.68

168.06

(19.6%)
50.54
166.52
114.70
157.26
132.57
146.14
83.78
81.56
22.16
111.04

170.64

167

average

50.6

167.0

112.6

160.1

132.8

146.7

83.9

81.2

22.2

111.4

170.1

expt

51.5
166.4
115.2
156.0
133.6
141.5

82.5

80.3

23.4
109.0

173.1

absolute

deviation

0.9

0.6

2.6

4.1

0.8

5.2

1.4

0.9

1.2

2.4

3.0

MAD =

2.1



GIAO/PBEO0/6-311+G(2d,p)/SMD(chloroform)//B3LYP/6-31+G(d,p)

OCHs
C1
C2
C3
C4
C5
C6
C7
C3'
c2'

cr

conformerl conformer2 conformer3 weighted-

(57.5%)
50.66
166.49
112.51
158.88
132.90
147.16
82.80
79.98
22.12
109.51

170.14

(22.9%)
50.56
166.48
112.70
162.52
134.76
148.02
83.78
80.71
22.29
111.06

167.50

(19.6%)
50.56
165.86
115.10
156.33
133.09
146.69
82.88
80.58
22.05
109.46

170.08

168

average

50.6

166.4

113.1

159.2

133.4

147.3

83.0

82.6

22.1

109.9

169.5

expt

51.5
166.4
115.2
156.0
133.6
141.5

82.5

80.3

23.4
109.0

173.1

absolute

deviation

0.9

0.0

2.1

3.2

0.2

5.8

0.5

2.3

1.3

0.9

3.6

MAD =

1.9



GIAO/mPW1PW91/6-311+G(2d,p)/SMD(chloroform)//B3LYP/6-31+G(d,p)

conformerl conformer2 conformer3 weighted- absolute
natural

(57.5%) (22.9%) (19.6%) average deviation
OCHs 50.78 50.68 50.68 50.7 515 0.8
C1 166.60 166.60 165.98 166.5 166.4 0.1
C2 112.45 112.67 115.01 113.0 115.2 2.2
C3 158.84 162.53 156.30 159.2 156.0 3.2
C4 132.87 134.69 133.05 133.3 133.6 0.3
C5 147.01 147.84 146.56 1471 1415 5.6
C6 82.79 83.75 82.87 83.0 82.5 0.5
C7 79.94 80.67 80.55 80.2 80.3 0.1
Cc3 22.09 22.26 22.02 22.1 23.4 1.3
c2 109.55 111.06 109.49 109.9 109.0 0.9
Cr 170.22 167.56 170.16 169.6 173.1 3.5

MAD =
1.7
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3.3.2.5 Calculation of NMR for Candidate Structures

Candidate Structure 1 3C NMR

conformerl conformer2 conformer3 weighted- absolute
natural

(53.4%) (5.3%) (41.3%) average deviation
OCHs 51.16 51.12 51.35 51.2 52.2 1.0
C1 166.30 165.36 165.86 166.1 164.5 1.6
C2 123.35 124.44 122.98 123.3 130.0 6.7
C3 137.85 137.50 139.92 138.7 136.2 2.5
C4 120.26 121.34 120.55 120.4 124.4 4.0
C5 139.69 139.31 139.92 139.8 129.1 10.7
C6 73.65 74.93 74.22 74.0 79.2 5.2
C7 68.26 67.59 68.59 68.4 80.9 12.5
C3 21.60 21.13 21.75 21.6 22.1 0.5
c2 101.88 103.24 102.25 102.1 109.8 1.7
C1 169.20 169.91 169.40 169.3 172.1 2.8

MAD =
5.0

RMSD =
6.2
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Candidate Structure 1 1H NMR

conformerl conformer2 conformer3 weighted- absolute
natural
(53.4%) (5.3%) (41.3%) average deviation
OCHs 3.61 3.58 3.63 3.62 3.79 0.17
Cc1 - - - - - -
C2 - - - - - -
C3 7.17 7.15 7.35 7.24 7.43 0.19
C4 6.08 6.10 6.11 6.09 6.43 0.34
C5 6.22 6.18 6.24 6.21 6.56 0.35
C6 4.80 4.94 4.81 4.80 4.42 0.38
C7 4.81 4.79 4.73 4.76 4.46 0.30
C3 1.42 1.44 141 1.41 1.66 0.25
Cc2 - - - - - -
Cc1' - - - - - -
MAD =
0.28
RMSD =
0.29
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Candidate Structure 2 3C NMR

conformerl conformer2 weighted- absolute
natural

(57.6%) (42.4%) average deviation
OCH3 51.55 51.59 51.6 52.2 0.4
C1 164.19 164.33 164.2 164.5 0.3
C2 124.78 129.35 126.7 130.0 3.3
C3 139.65 134.82 137.6 136.2 14
C4 125.18 119.49 122.8 124.4 1.6
C5 123.79 128.18 125.7 129.1 3.4
C6 68.07 72.13 69.8 79.2 9.4
C7 73.05 68.58 71.2 80.9 9.7
Cc3 21.13 21.19 21.2 22.1 0.9
c2 101.88 101.71 101.8 109.8 8.0
Cr 170.14 170.08 170.1 172.1 2.0

MAD =
3.7

RMSD =
5.1
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Candidate Structure 2 1H NMR

conformerl conformer2 weighted- absolute
natural
(57.6%) (42.4%) average deviation
OCH3 3.61 3.62 3.61 3.79 0.18
C1 - - - -
C2 - - - - -
C3 6.97 7.16 7.05 7.43 0.38
C4 6.63 6.38 6.52 6.43 0.09
C5 6.05 5.87 6.97 6.56 0.41
C6 4.26 4.74 4.46 4.42 0.04
C7 4.85 4.47 4.69 4.46 0.23
C3 1.46 1.45 1.46 1.66 0.20
c2 - - - - -
c1 - - - - -
MAD =
0.22
RMSD =
0.25
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Candidate Structure 3 3C NMR

conformerl conformer2 conformer3 weighted- absolute
natural

(64.5%) (15.2%) (20.3%) average deviation
OCHs 51.3 51.5 51.4 51.4 52.2 0.8
C1 164.4 163.8 165.1 164.5 164.5 0.0
C2 125.0 125.2 129.5 125.9 130.0 4.1
C3 141.7 143.8 133.5 140.4 136.2 4.2
C4 127.1 126.8 122.4 126.1 124.4 1.7
C5 123.7 123.7 131.2 125.2 129.1 3.9
C6 68.8 68.8 74.8 70.0 79.2 9.2
C7 74.7 74.8 69.2 73.6 80.9 7.3
C3 19.9 19.5 22.3 20.3 22.1 1.8
c2 103.9 103.6 105.9 104.3 109.8 5.5
C1 167.8 167.3 169.9 168.2 172.1 3.9

MAD =
3.9

RMSD =
4.7
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Candidate Structure 3 1H NMR

conformerl conformer2 conformer3 weighted- absolute
natural
(64.5%) (15.2%) (20.3%) average deviation
OCHs 3.59 3.58 3.62 3.59 3.79 0.20
C1 - - - - - -
C2 - - - - - -
C3 6.84 7.00 7.05 6.91 7.43 0.52
C4 6.84 6.71 6.51 6.75 6.43 0.32
C5 6.14 6.12 5.91 6.09 6.56 0.47
C6 4.42 4.43 491 4.52 4.42 0.10
C7 4.96 4.98 4.49 4.87 4.46 0.41
Cc3 1.47 1.44 1.49 1.47 1.66 0.19
c2 - - - - -
Cr - - - - -
MAD =
0.32
RMSD =
0.35
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Candidate Structure 4 3C NMR

conformerl conformer2 weighted- absolute
natural

(89.3%) (10.7%) average deviation
OCHs 51.37 51.50 51.4 52.2 0.8
C1 164.19 163.77 164.1 164.5 0.4
C2 129.00 129.31 129 130.0 1.0
C3 141.64 142.76 141.8 136.2 5.6
C4 131.89 123.73 131 124.4 6.6
C5 131.08 132.11 131.2 129.1 2.1
C6 78.65 77.73 78.6 79.2 0.6
C7 80.22 81.57 80.4 80.9 0.5
C3 20.67 21.10 20.7 22.1 1.4
c2 110.69 111.61 110.8 109.8 1.0
C1 176.88 167.96 175.9 172.1 3.8

MAD =
2.2

RMSD =
3.0
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Candidate Structure 4 1H NMR

conformerl
(89.3%)
OCHs 3.58
C1 -
C2 -
C3 7.41
C4 6.54
C5 6.50
C6 4.53
C7 4.65
C3 1.53
c2 -
c1 -

conformer2 weighted-
natural
(10.7%) average
3.59 3.58 3.79
7.61 7.43 7.43
6.34 6.52 6.43
6.50 6.50 6.56
4.49 4.53 4.42
4.58 4.64 4.46
151 1.53 1.66
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absolute

deviation

0.21

0.00

0.09

0.06

0.11

0.18

0.13

MAD =

0.11

RMSD =

0.13



Candidate Structure 5 13C NMR

OCHjs
C1
C2
C3
C4
C5
C6
C7
C3
c2'

cr

conformerl conformer2

(72.2%)
51.30
163.75
129.14
140.70
124.28
131.79
78.67
80.31
21.07
110.72

168.46

(20.3%)
51.29
163.93
128.80
141.90
124.83
131.04
79.72
79.55
21.18
111.43

167.77

conformer3
(7.5%)
51.39
163.58
128.65
144.10
124.29
130.97
79.40
80.07
21.24
111.39

168.03

178

weighted-
average
51.3
163.8
129
141.2
124.40
131.60
78.90
80.10
21.10
110.90

168.30

natural

52.2

164.5

130.0

136.2

124.4

129.1

79.2

80.9

22.1

109.8

172.1

absolute

deviation

0.90

0.70

1.00

5.00

0.00

2.50

0.30

0.80

1.00

1.10

3.80

MAD =

1.6

RMSD =

2.2



Candidate Structure 5 1H NMR

OCHs
C1
C2
C3
C4
C5
C6
C7

C3'

cz2

cr

conformerl conformer2 conformer3

(72.2%)

3.57

7.45
6.47
6.52
4.57
4.58

1.56

(20.3%)

3.57

7.44
6.46
6.49
451
4.62

1.51

(7.5%)

3.59

7.63
6.38
6.47
4.47
4.58

1.51

179

weighted-
natural

average
3.57 3.79
7.46 7.43
6.46 6.43
6.51 6.56
4.55 4.42
4.59 4.46
1.55 1.66

absolute

deviation

0.22

0.03

0.03

0.05

0.13

0.13

0.11

MAD =

0.10

RMSD =

0.12



3.4 Experimental Section for Chapter 2

3.4.1 General Procedures for Visible-Light Mediated Dioxolane Addition

Method A

Alkene (0.20 mmol, 1.0 equiv), (n-BusN)2S20g (0.20 mmol, 1.0 equiv), and fac-Ir(ppy)s (1.0
umol, 0.50 mol%) were mixed in a 2-dram vial. Degassed 1,3-dioxolane (3.0 mL) was added using
a syringe, and the vial was flushed with argon for 1 min and sealed. The vial was stirred under
household LED irradiation (15 W x 4) for 24 h. The vial was placed ca. 5 cm from each LED and
ca. 15 cm from the fan. The reaction vial was shielded with an aluminum-foil wall to maximize
absorption. Upon completion of reaction as indicated by TLC analysis, the solvent was removed
in vacuo. The crude material was dissolved in EtOAc (2 mL), the resulting mixture was poured
into DI water (5 mL), and the layers were partitioned. The aqueous layer was extracted with EtOAc
(2mL x 2). The combined organic layers were filtered through a plug of Na.SO4 and concentrated

in vacuo. The crude material was purified by flash column chromatography (3 mL of SiOy).
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(a) Start of the reaction (b) During the reaction.

Figure 10. Typical experimental set up for visible light mediated reactions

Method B

Alkene (0.20 mmol, 1.0 equiv), (n-BusN)2S20g (0.10 mmol, 0.50 equiv), fac-Ir(ppy)z (1.0 umol,
0.50 mol%) were mixed in a 2-dram vial. Degassed 1,3-dioxolane (3.0 mL) was added using a
syringe, and the vial was flushed with argon for 1 min and sealed. The vial was stirred under
household LED irradiation (15W X 4) for 24 h. The vial was placed ca. 5 cm from each LED and
ca. 15 cm from the fan. The reaction vial was shielded with an aluminum-foil wall to maximize
absorption. Upon completion of reaction as indicated by TLC analysis, the solvent was removed
in vacuo. The crude material was directly purified using flash column chromatography (3 mL of

Si0y).
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Method C

2-122 (0.10 mmol, 1.0 equiv), (n-BuaN)2S20s (0.10 mmol, 1.0 equiv), and fac-Ir(ppy)s (0.0010
mmol, 0.50 mol%) were mixed in a 2-dram vial. Degassed 1,3-dioxolane (1.0 mL) was added
using a syringe, the vial was flushed with argon for 1 min and sealed. The vial was stirred under
household LED irradiation (156W X 4) for 24 h. The vials are placed ca. 5 cm from each LED and
ca. 15 cm from the fan. The reaction vial was shielded with an aluminum-foil wall to maximize
absorption. Upon completion of reaction as indicated by TLC analysis, the solvent was removed
in vacuo. Mesitylene was added as external standard (for accuracy, the mass of mesitylene was

recorded instead of volume). The NMR vyield was determined by comparing the peaks at & 6.79

(aromatic C-H of mesitylene) and 65.14 (C2-H from dioxolanyl of product).

Method D

Alkene (0.10 mmol, 1.0 equiv), (n-BusN)2S20s (0.10 mmol, 1.0 equiv), fac-1r(ppy)s (0.0010 mmol,
0.50 mol%), and C—H donors (10 equiv) were mixed in a 2-dram vial. Degassed MeCN (3.0 mL)
was added using a syringe, and the vial was flushed with argon for 1 min and sealed. The vial was
stirred under household LED irradiation (15W X 4) for 24 h. The vials are placed ca. 5 cm from
each LED and ca. 15 cm from the fan. The reaction vial was shielded with an aluminum-foil wall
to maximize absorption. Upon completion of reaction as indicated by TLC analysis, the solvent
was removed in vacuo. The crude material was dissolved in EtOAc (2 mL) poured into DI water
(5 mL), and the layers were partitioned. The aqueous layer was extrated with EtOAc (2 mL X 2).
The combined organic layers were filtered through a plug of Na>SOs and concentrated in vacuo.

The crude material was purified by flash column chromatography (3 mL of SiO»).
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mCOZMe QLCOZM(E
CO,Me CO,Me

Dimethyl 2-((1,3-dioxolan-2-yl)(phenyl)methyl)malonate (2-122) was obtained as a
colorless oil (54 mg, 91%) using method A in the general procedure. Rt = 0.20 (20% EtOAc in
hexanes); IR (neat) 2955, 2894, 1737, 1455, 1498, 1455, 1436 cm™; *H NMR (CDCls, 500 MHz)
§ 7.31-7.27 (m, 4H), 7.25-7.22 (m, 1H), 5.14 (d, J = 4.0 Hz, 1H), 4.08 (d, J = 11.0 Hz, 1H), 3.84-
3.79 (m, 4H), 3.84-3.79 (m, 1H), 3.77 (s, 3H), 3.42 (s, 3H); 1*C {"H} NMR (125 MHz, CDCl3)
6 168.5, 167.9, 136.6, 129.2, 128.2, 127.4, 104.5, 65.1 65.0, 52.8, 52.6, 52.3, 49.0; HRMS (ESI-

TOF): m/z for [M+H]* C15H190s, calcd 295.1176, found 295.1162.

[\
o__o

F F
©/\‘/C02Me ©/\L‘/C°2M9
CO,Me CO,Me
Dimethyl 2-((1,3-dioxolan-2-yl)(2-fluorophenyl)methyl)malonate (2-147) was obtained
as a colorless oil (53 mg, 85%) using method A in the general procedure. R = 0.18 (20% EtOAc
in hexanes); IR (neat) 2956, 2895, 1737, 1587, 1494, 1435 cm™; *H NMR (CDCls, 500 MHz) §
7.31 (app dt, J=7.5, 1.5 Hz, 1H), 7.23 (app dq, J = 4.0, 2.0 Hz, 1H), 7.08 (app dt, J = 8.0, 1.5 Hz,
1H), 7.03 (ddd, J = 10.0, 8.0, 1.0 Hz, 1H), 5.20, (d, J = 4.0 Hz, 1H), 4.20 (d, J = 11.5, 4.5 Hz, 1H),
4.12 (app d, J = 11.0 Hz, 1H), 3.86 (dd, J = 6.0, 2.0 Hz, 1H), 3.85-3.81 (m, 3H), 3.78 (s, 3H), 3.47
(s, 3H); 13C {*H} NMR (125 MHz, CDCls3) & 168.3, 167.7, 161.0 (Jcr = 245 Hz), 130.0 (Jcr = 3.8
Hz), 129.0 (Jcr = 8.8 Hz), 123.9 (Jcr = 13.8 Hz), 123.8 (Jcr = 3.8 Hz), 115.4 (Jcr = 22.5 H2z),

103.9, 65.10, 65.0, 52.7, 52.4, 52.2, 41.9; HRMS (ESI-TOF) m/z for [M+H]" C1sH1s0¢F, calcd

313.1082, found 313.1068.
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Clmcone cl CO,Me
CO,Me CO,Me

Dimethyl  2-((3-chlorophenyl)(1,3-dioxolan-2-yl)methyl)malonate ~ (2-148) was
obtained as a pale-yellow oil (55 mg, 84%) using method A in the general procedure. Rf = 0.39
(40% EtOAC in hexanes); IR (neat) 2955, 2894, 1738, 1598, 1573, 1435 cm™; *H NMR (500 MHz,
CDCl3) 8 7.32 (d, J = 1.0 Hz, 1H), 7.23-7.18 (m, 3H), 5.12 (d, J = 3.5 Hz, 1H), 4.05, (d, J = 11.5
Hz, 1H), 3.81-3.79 (m, 5H), 3.77 (s, 3H), 3.48 (s, 3H); 13C {"H} NMR (125 MHz, CDCls) § 168.24,
167.7,138.7,134.0, 129.5, 129.4, 127.7, 127.6, 104.2, 65.24, 65.15, 52.7, 52.6, 52.5, 48.6; HRMS

(ESI-TOF) m/z for [M+H]" C15H1806Cl, calcd 329.0786, found 329.0771.

mCOZMe COZMe
—_—

CO,M

Br 2 e Br COZMe

Dimethyl  2-((4-bromophenyl)(1,3-dioxolan-2-yl)methyl)malonate  (2-149) was
obtained as a pale-yellow oil (69 mg, 92%) using method A in the general procedure. R = 0.13
(20% EtOAcC in hexanes); IR (neat) 2959, 2892, 1748, 1492 cm™; *H NMR (500 MHz, CDCl3) §
7.42 (dd, J = 7.0, 2.0 Hz, 2H), 7.19 (dd, J = 6.5, 2.0 Hz, 2H), 5.10, (d, J = 3.5 Hz, 1H), 4.03, (d, J
=11.0 Hz, 1H), 3.81-3.78 (m, 5H), 3.7 (s, 3H), 3.47 (s, 3H); 3C {*H} NMR (125 MHz, CDCls) §
168.3, 167.7, 135.6, 131.3, 131.1, 121.6, 104.2, 65.22, 65.15, 52.7, 52.6, 52.5, 48.4; HRMS (ESI-

TOF) m/z for [M+H]" C15H1806Br, calcd 373.02813, found 373.0266 and 376.0273.
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Dimethyl 2-((1,3-dioxolan-2-yl)(o-tolyl)methyl)malonate (2-150) was obtained as a
colorless oil (48 mg, 78%) using method A in the general procedure. Rt = 0.38 (30% EtOACc in
hexanes); IR (neat) 2955, 2892, 1739, 1495, 1435 cm'%; H NMR (500 MHz, CDCl3) & 7.24 (dd, J
= 8.5, 2.0 Hz, 1H), 7.16-7.11 (m, 1H), 5.09 (d, J = 3.5 Hz, 1H), 4.18 (dd, J = 11.5, 4.0 Hz, 1H),
4.10 (d, J = 11.5 Hz), 3.83-3.78 (m, 4H), 3.78 (s, 3H), 3.41 (s, 3H), 2.45 (s, 3H); *C {"H} NMR
(125 MHz, CDCIs) 6 168.71, 167.94, 137.7, 135.3, 130.3, 127.4, 127.1, 125.7, 104.8, 65.2, 65.1,

53.0, 52.7, 52.3, 43.6, 20.1; HRMS (ESI-TOF) m/z for [M+H]" C16H210s, calcd 309.1333, found

309.1318.

N
J 70 — ¢

3-(1,3-dioxolan-2-yI)-1,3-diphenylpropan-1-one (2-121) was obtained as a white solid
(20 mg, 35%) using method A of the general procedure. X-ray crystals were obtained by slow
evaporation in EtOAc/hexanes. R = 0.33 (20% EtOAc in hexanes); m.p. = 88-90 °C; IR (thin film)
3065, 2882, 1733, 1675, 1596, 1580, 1498, 1450 cm™; *H NMR (300 MHz, CDCls3) § 7.94 (dd, J
=8.1, 1.2 Hz, 2H), 7.51 (app dt, J = 8.1, 1.2 Hz, 1H), 7.43-7.41 (m, 2H), 7.38-7.35 (m, 2H), 7.32-
7.28 (m, 3H), 7.26-721 (m, 1H), 5.10 (d, J = 3.6 Hz, 1H), 3.90-3.82 (m, 4H), 3.81-3.76 (M, 1H),
3.58 (dd, J = 16.8, 5.4 Hz, 1H), 3.37 (dd, J = 16.8, 8.1 Hz, 1H); 3C {*H} NMR (75 MHz, CDCls)
6 198.3,139.8, 137.2, 132.9, 128.8, 128.5, 128.3, 128.1, 126.9, 106.0, 65.2, 65.0, 44.7, 38.8, 29.7,

HRMS (ESI-TOF) m/z for [M+H]* C18H1903 calcd 283.1329, found 283.1319.
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Dimethyl 2-((1,3-dioxolan-2-yl)(4-methoxyphenyl)methyl)malonate (2-151) was
obtained as a pale-yellow oil (59 mg, 90%) using method A in the general procedure. Rf = 0.30
(40% EtOAC in hexanes); IR (neat) 2955, 2896, 1738, 1613, 1515, 1435 cm™; *H NMR (400 MHz,
CDCl3) 8 7.23 (d, J = 8.8 Hz, 2H), 6.82 (d, J = 8.8 Hz, 2H), 5.11 (d, J = 3.6 Hz, 1H), 4.03 (d, J =
10.8 Hz, 1H), 3.83-3.76 (m, 5H), 3.77 (s, 3H), 3.76 (s, 3H), 3.45 (s, 3H); °C {*H} NMR (100
MHz, CDCls) & 168.6, 167.9, 158.8, 130.2, 128.5, 113.6, 104.7, 65.13, 65.05, 55.1, 52.9, 52.6,

52.3, 48.2; HRMS (ESI-TOF) m/z for [M+H]" C16H2107, calcd 325.1282, found 325.1267.

o__oO
N CO,Me CO,Me
AC‘N CO,Me Ac. CO,Me

H N

Dimethyl 2-((4-acetamidophenyl)(1,3-dioxolan-2-yl)methyl)malonate (2-152) was
ontained as a yellow oil (53 mg, 76%) using method B in the general procedure. Rt = 0.13 (60%
EtOAc in hexanes); IR (neat) 3319 (br); 3123, 2955, 2926, 2854, 1737, 1671, 1602, 1632, 1436
cm™; 'H NMR (500 MHz, CDCl3) & 7.80 (br s, 1H), 7.43 (d, J = 8.5 Hz, 2H), 7.23 (d, J = 8.5 Hz,
2H), 5.10 (d, J = 3.5 Hz, 1H), 4.05 (d, J = 11.0 Hz, 1H), 3.86-3.79 (m, 5H), 3.77 (s, 3H), 3.45 (s,
3H), 2.14 (s, 3H); 13C {*H} NMR (125 MHz, CDCls) § 168.5, 168.47, 168.0, 137.4, 132.1, 130.5,
129.7, 119.4, 104.5, 65.1, 65.0, 52.8, 52.6, 52.4, 48.4, 24.4; HRMS (ESI-TOF) m/z for [M+H]"

C17H2207N, calcd 352.1391, found 352.1374.
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2-(1,3-dioxolan-2-yl)chroman-4-one (2-115) was obtained as a colorless oil (38 mg, 86%)
using method A of the general procedure. Rf = 0.22 (30% EtOAc in hexanes); IR (neat) 2892,
1683, 1609, 1579, 1474, 1465 cm™; *H NMR (500 MHz, CDCls) § 7.87 (dd, J = 8.0, 1.5 Hz, 1H),
7.48 (ddd, J = 9.0, 7.5, 1.5 Hz, 1H), 7.03 (app d, J = 8.0 Hz, 1H), 7.01 (d, J = 7.0 Hz), 5.20 (d, J
= 3.5 Hz, 1H), 4.53 (app dt, J = 12.0, 4.0 Hz, 1H), 4.07-4.01 (m, 2H), 4.01-3.96 (m, 2H), 2.89 (dd,
J=17.0,12.0 Hz, 1H), 2.77 (dd, J = 17.0, 3.5 Hz, 1H); 13C {*H} NMR (125 MHz, CDCl3) § 191.3,
160.7, 136.0, 126.7, 121.5, 121.1, 117.9, 103.0, 65.7, 65.4, 37.1; HRMS (ESI-TOF) m/z for

[M+H]" C12H1304 calcd 221.0808, found 221.0808.

[\
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Dimethyl 2-(cyclohexyl(1,3-dioxolan-2-yl)methyl)malonate (2-153) was obtained as a
color oil (47 mg, 78%) using method A of the general procedure. Rf = 0.26 (20% EtOAc in
hexanes); IR (neat) 2928; 2854, 1737, 1450, 1435 cm™; *H NMR (500 MHz, CDCls3) § 5.14 (d, J
= 4.5 Hz, 1H), 3.91-3.87 (m, 2H), 3.85-3.81 (m, 2H), 2.50 (ddd, J = 9.0, 7.0, 4.5 Hz, 1H), 1.74-
1.72 (m, 4H), 1.65-1.60 (m, 2H), 1.26-1.21 (m, 5H); *C {*H} NMR (125 MHz, CDCl3) & 169.6,

169.5, 103.3, 64.9, 64.5, 52.3, 49.7, 47.6, 37.9, 31.6, 29.9, 26.9, 26.7, 26.4, HRMS (ESI-TOF) m/z

for [M+H]" C15H2506, calcd 301.1646, found 301.1634.
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Dimethyl 2-((1,3-dioxolan-2-yl)(4-((trifluoromethyl)thio)phenyl)methyl)malonate (2-

155) was obtained as a pale-yellow oil (61 mg, 77%) using method A of the general procedure. Rs
= 0.41(40% EtOAcC in hexanes); IR (neat) 1736, 1436, 1304, 1255 cm™; 'H NMR (500 MHz,
CDCls) 8 7.58 (d, J = 8.0 Hz, 2H), 7.38 (d, J = 8.5 Hz, 2H), 5.14 (d, J = 3.5 Hz, 1H), 4.06 (d, J =
11.0 Hz, 1H), 3.88 (dd, J = 11.0, 3.5 Hz, 1H), 3.82 (dd, J = 1.5, 1.5 Hz, 1H), 3.81 (dd, J = 4.5, 3.0
Hz, 1H), 3.79 (dd, J = 2.0, 2.0 Hz, 1H), 3.77 (s 3H), 3.42 (s, 3H); 13C {*H} NMR (125 MHz,
CDCls) 6 168.2, 167.7, 139.9, 136.0, 130.6, 104.1, 65.2, 65.1, 52.8, 52.6, 52.4, 48.7; HRMS (ESI-

TOF) m/z for [M+H]" C16H1606F3S, calcd 393.0614, found 393.0615.

CO,Me

CO,Me
F.C C02Me F3C

3

Dimethyl 2-((1,3-dioxolan-2-yl)(4-(trifluoromethyl)phenyl)methyl)malonate (2-156)
was obtained as a colorless oil (55 mg, 76%) using method A of the general procedure. Rf = 0.15
(20% EtOAc in hexanes); IR (neat) 2958, 2896, 1740, 1621, 1436, 1423 cm'*; 'H NMR (500 MHz,
CDCls) 8 7.55 (d, J = 8.0 Hz, 2H), 7.44 (d, J = 8.5 Hz, 2H), 5.13 (d, J = 4.0 Hz, 1H), 4.10 (d, J =
11.0 Hz, 1H), 3.91 (dd, J = 11.0, 3.5 Hz, 1H), 3.82-3.79 (m, 4H), 3.78 (s, 3H), 3.46 (s, 3H); *C
{*H} NMR (125 MHz, CDCls) 6 168.1, 167.6, 140.8, 129.8, 125.1, 125.0, 104.1, 65.2, 65.1, 52.8,
52.5, 52.4, 48.7; 1°F NMR (471 MHz, CDCls) & —63.6; HRMS (ESI-TOF) m/z for [M+H]*

C16H1706F3, calcd 362.0972, found 362.0931.
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Methyl 3-(1,3-dioxolan-2-yl)-2-((4-methoxyphenyl)sulfonyl)-3-phenylpropanoate (2-
157) was obtained as a pale-yelow solid, mixture of both diastereomers (75 mg, 92%, dr = 1:1.2)
using method A from the general procedure. Rf =0.30 (40% EtOAc in hexanes), 0.21 (40% EtOAc
in hexanes); IR (neat) 2955, 2892, 1746, 1591, 1497, 1455 cm™; *H NMR (500 MHz, CDCls) &
7.85 (d, J = 9.0 Hz, 2H), 7.28 (dd, J = 9.0, 2.0 Hz, 2H), 7.25-7.13 (m, 9H), 7.00 (d, J = 9.0 Hz,
2H), 6.71 (d, J = 9.0 Hz, 2H), 5.73 (d, J = 2.5 Hz, 1H), 4.95 (d, J = 2.5 Hz, 1H), 4.80 (d, J = 10.5
Hz, 1H), 4.69 (d, J = 11.5 Hz, 1H), 3.90 (app d, J = 2.5 Hz, 1H), 3.88 (s, 3H), 3.85 (app d, J = 3.0
Hz, 1H), 3.82 (s, 3H), 3.81 (app s, 4H), 3.22-3.10 (M, 1H), 3.17 (s, 3H); 13C {*H} NMR (125 MHz,
CDCl3) 6 166.1, 165.4, 164.2, 163.4, 134.8, 133.8, 131.5, 130.7, 130.4, 130.1, 129.4, 127.9, 127.8,
127.7,127.6, 114.2, 113.8, 104.6, 102.6, 72.3, 71.4, 65.4, 65.3, 65.1, 65.0, 55.7, 55.6, 52.9, 52.3,

48.6, 47.7; HRMS (ESI-TOF) m/z for [M+H]* C20H210-S, calcd 405.1003, found 405.0998,

/~0

o)
A 80,F - <0\)\/\302F ' o\)\/\SOZF
(14 : 1)
2-(1,3-dioxolan-2-yl)ethane-1-sulfonyl fluoride (2-158) was obtained as a colorless oil,
as an inseparable mixture of regioisomers (70 mg, 95%, r.r = 14 : 1) using method B from the
general procedure. Rf = 0.35 (30% EtOACc in hexanes); IR (neat) 2959, 2897, 1738, 1404, 1365,
1256, 1198 cm™; H NMR (400 MHz, CDCls) 8 5.06 (dd, J = 3.6, 3.6 Hz, 1H), 3.99 (ddd, J = 11.2,
9.2, 6.4 Hz, 2H), 3.92 (ddd, J = 11.2, 9.2, 6.8 Hz, 2H), 3.53 (d, J = 8.0, 4.8 Hz, 1H), 3.51 (dd, J =
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8.4, 4.8 Hz, 1H), 2.34 (dd, J = 8.0, 3.2 Hz, 1H), 2.31 (dd, J = 4.4, 3.2 Hz, 1H); 3C {H} NMR
(100 MHz CDCls) § 100.7, 95.2, 72.6, 69.1, 65.3, 47.5, 47.3, 45.2, 45.0, 27.3; 1°F NMR (376 MHz,

CDCls) 5 —151.9; HRMS (ESI-TOF) m/z for [M+H]* CsH1oFO4S calcd 185.0284, found 185.0271.

X SO0,Ph . {E/\/SOZP" + (:J/\/S%Ph
(20 : 1)

2-(2-(phenylsulfonyl)ethyl)-1,3-dioxolane (2-159) was obtained as a pale-yellow oil, as
an inseparable mixture of regioisomers (40 mg, 83%, r.r = 20 : 1) using method A from the general
proceure. *H NMR (500 MHz, CDCls3) & 7.91 (app d, J = 7.5 Hz, 2H), 7.67 (dd, J = 7.0, 1.0 Hz,
1H), 7.58 (m, 2H), 4.96 (app t, J = 4.0 Hz, 1H), 4.80 (s, 2H, C4-isomer), 3.91 (ddd, J = 11.0, 9.0,
6.5 Hz, 2H), 3.83 (ddd, J = 11.0, 9.0, 7.0 Hz, 2H), 3.95 (ddd, J = 11.0, 9.0, 6.5 Hz, 2H), 3.84 (ddd,
J=11.0,9.0, 7.0 Hz, 2H), 3.23 (m, 2H); 23C {*H} NMR (125 MHz, CDCls) § 138.9, 133.8, 133.7,

129.3, 129.2, 128.0, 127.9, 101.7, 95.0, 73.6, 69.1, 651, 52.7, 50.6, 27.0, 26.4. The NMR

spectroscopic data are consistent with those of the literature.*%*

X CO,Me
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NZ NF >co,Me 2
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Dimethyl 2-((1,3-dioxolan-2-yl)(pyridin-2-yl)methyl)malonate (2-161) was obtained as
yellow oil (53 mg, 89%) using method B of the general procedure. Rt = 0.31 (60% EtOAc in
hexanes); IR (neat) 2955, 2894, 1736, 1633, 1593, 1473 cm; *H NMR (500 MHz, CDCls3) & 8.52
(ddd, J = 5.0, 1.5, 1.0 Hz, 1H), 7.62 (app dt, J = 7.5, 1.5 Hz, 1H), 7.31 (app d, J = 7.5 Hz, 1H),

7.14 (ddd, J = 7.5, 5.0, 1.0 Hz, 1H), 5.28, (d, J = 5.0 Hz, 1H), 3.93, (dd, J = 10.5, 5.0 Hz, 1H),
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3.89-3.79 (m, 4H), 3.78 (s, 3H), 3.53 (s, 3H); 1°C {*H} NMR (125 MHz, CDCls) & 169.0, 168.4,
157.3, 149.0, 136.1, 124.9, 122.0, 104.9, 65.1, 65.0, 52.6, 52.4, 51.8, 50.6; HRMS (ESI-TOF) m/z

for [M+H]* C14H1s06N, calcd 296.1129, found 296.1118.
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Dimethyl 2-((1,3-dioxolan-2-yl)(pyridin-3-yl)methyl)malonate (2-162) was obtained as
a yellow oil (42 mg, 71%) using method B of the general procedure. R = 0.30 (100% EtOACc); IR
(neat) 2956, 2895, 2362, 2341, 1735, 1700, 1653, 1577 cm™; *H NMR (500 MHz, CDCls) & 8.56
(app d, J = 2.0 Hz, 1H), 8.50 (dd, J = 4.5, 1.5 Hz, 1H), 7.66 (app dt, J = 8.0, 2.0 Hz, 1H), 5.14 (d,
J=3.0 Hz, 1H), 4.08 (d, J = 11.0 Hz, 1H), 3.86 (dd, J = 11.0, 3.5 Hz, 1H), 3.82-3.76 (m, 3H), 3.76
(s, 3H), 3.74 (dd, J = 3.5, 1.5 Hz, 1H), 3.46 (s, 3H); 13C {*H} NMR (125 MHz, CDCls) & 168.1,
167.6, 150.9, 148.8, 136.9, 132.1, 123.0, 103.8, 65.3, 65.2, 52.8, 52.5, 52.4, 46.6; HRMS (ESI-

TOF) m/z for [M+H]* C14H1s06N, calcd 296.1129, found 296.1122.

CO,Me <\o CO,Me
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Dimethyl 2-((1,3-dioxolan-2-yl)(pyridin-4-yl)methyl)malonate (2-163) was obtained as
a pale-ywllow oil (48 mg, 82%) using method B of the general procedure. Rt = 0.16 (80% EtOAc
in hexanes); IR (neat) 2956, 2895, 1738, 1601, 1560, 1436 cm™; *H NMR (500 MHz, CDCls) &

8.53 (app d, J = 6.0 Hz, 1H), 7.24 (dd, J = 4.5, 1.5 Hz, 2H), 5.12 (d, J = 3.0 Hz, 1H), 4.09 (d, J =
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11.0 Hz, 1H), 3.84 (app d, J = 3.5 Hz, 1H), 3.82-3.79 (m, 3H), 3.78 (s, 3H), 3.48 (s, 3H); 13C {'H}
NMR (125 MHz, CDCls) & 167.96, 167.5, 149.6, 145.7, 124.6, 103.7, 65.3, 65.2, 52.8, 52.6, 52.2,

48.3; HRMS (ESI-TOF) m/z for [M+H]" C14H1806N, calcd 296.1129, found 296.1115.
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Dimethyl 2-((4-chloropyridin-2-yl)(1,3-dioxolan-2-yl)methyl)malonate (2-164) was
obtained as a yellow oil (51 mg, 77%) using method B of the general procedure. Rs = 0.45 (40%
EtOAc in hexanes); IR (neat) 2595, 2895, 1738, 1576, 1557, 1468 cm™; *H NMR (500 MHz,
CDCls) 6 8.40 (app d, J = 5.5 Hz, 1H), 7.35 (app d, J = 2.0 Hz, 1H), 7.16 (dd, J = 5.5, 2.0 Hz, 1H),
5.24 (d, J = 5.0 Hz, 1H), 3.90-3.80 (m, 5H), 3.78 (s, 3H), 3.56 (s, 3H); 2*C {"H} NMR (125 MHz,
CDCl3) 6 168.8, 168.2, 159.0, 149.7, 144.1, 125.3, 122.6, 104.5, 65.2, 65.1, 52.7, 52.5, 51.7, 50.4;

HRMS (ESI-TOF) m/z for [M+H]* C14H1706NClI, calcd 330.0739, found 330.0726.
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Dimethyl 2-((1,3-dioxolan-2-yl)(quinolin-2-yl)methyl)malonate (2-165) was obtained
as a yellow oil (51 mg, 74%) using method B of the general procedure. Rt = 0.13 (30% EtOAc in
hexanes); IR (neat) 2954, 2894, 1756, 1737, 1600, 1505, 1434 cm™; *H NMR (500 MHz, CDCls)
6 8.08 (app d, J = 8.5 Hz, 1H), 8.00 (app d, J = 8.5 Hz, 1H), 7.77 (app d, J = 8.0 Hz, 1H), 7.65

(app dt, J 8.5, 1.5 Hz, 1H), 7.48 (app dt, J = 8.0, 1.0 Hz, 1H), 7.44 (d, J = 8.5 Hz, 1H), 5.38 (d, J

192



= 5.5 Hz, 1H), 4.11 (dd, J = 10.5, 5.5 Hz, 1H), 3.92-3.88 (m, 2H), 3.86-3.83 (m, 2H), 3.81 (app s,
4H), 3.53, (s, 3H) 3C {tH} NMR (125 MHz, CDCls) & 169.2, 168.7, 157.9, 147.6, 135.9, 129.3,
129.2, 127.5, 127.2, 126.2, 122.8, 105.1, 65.1, 65.0, 52.6, 52.4, 52.1, 51.2; HRMS (ESI-TOF) m/z

for [M+H]" C18H2006N calcd 346.1285, found 346.1269.

o
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Dimethyl 2-(benzo[d][1,3]dioxol-2-yl(phenyl)methyl)malonate (2-174) was obtained as
a white solid (56 mg, 82%) using method D of the general procedure. Addition note: the bulk of
benzo-1,3-dioxole could be removed by drying the crude material on the high vacuum overnight
prior flash column chromatography. X-ray quality crystals were obtained by slow evaporation in
ethyl acetate/hexanes. *H NMR (400 MHz, CDCls) & 7.34-7.32 (m, 2H), 7.30-7.27 (m, 2H), 7.26-
7.23 (m, 2H), 6.76-6.70 (m, 3H), 6.70-6.67 (m, 1H), 4.17 (d, J = 10.4 Hz, 1H), 4.08 (dd, J = 10.4,
4.0 Hz, 1H), 3.71 (s, 3H), 3.46 (s, 3H); 3C {*H} NMR (100 MHz, CDCl3) & 168.2, 167.4, 147.2,

147.1,134.7,129.4,128.4,127.9, 121.6, 121.5, 110.8, 108.5, 108.4, 52.8, 52.5, 49.3; HRMS (ESI-

TOF) m/z for [M+H]* C19H190s, calcd 343.1186, found 343.1159.
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Lights On/Lights Off Experiment

Alkene 2-122 (0.30 mmol, 1.0 equiv), (n-BusN)2S20g (0.075 mmol, 0.25 equiv), fac-Ir(ppy)s
(0.0015 mmol, 0.50 mol%) and mesitylene (0.30 mmol, 1.0 equiv) were mixed in a teflon-coated
2-dram vial. Degassed 1,3-dioxolane (4.5 mL) was added, and the vial was flushed with argon (1
min) and sealed. The vial was irradiated with household LEDs (15W x 4) and cooled with a fan.
During the lights-off period, the vial was wrapped with aluminum foil and stirred in the dark.
Aliquots (100 uL) were removed periodically (1 h, 2 h, 3 h, 5 h, 6 h) using syringes, transferred to

NMR tubes, diluted with CDCls (ca. 0.6 mL) and analyzed by *H NMR.

[ dark

/‘ﬁ

dark

[pdt])/[standard]

) L not a closed catalytic cycle
light

© rxn time (h)

Figure 11. Lights on/lights off experiment
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3.5 Computation Details for Chapter 2
3.5.1 Optimized Structures

Optimized Structure for Chromone 2-114
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Optimized Structure for 1,3-Dioxolane
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Optimized Structure for 1,3-Dioxolanyl Radical

-0.92233400

0.43386800

1.20549700

-0.90555600

-1.58927900

-1.16799500

2.14477700

-1.57107100

-1.11753100

0.44556500

-0.74273300

-1.13732000

0.00873700

0.75860300

-1.31561900

-0.95056300

-0.04220600

1.35098300

0.96417300

1.11801900

0.15174500

-0.10411800

-0.14278100

-0.14823400

-0.49758400

1.20158100

0.41179000

0.48277800

-1.20607200

0.15950800

Optimized Structure for Transition State 2-185

-2.42970900 -2.67203800 0.10300400
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-4.34495300

-4.42068700

3.30609000

3.67778600

2.37692600

1.63241100

2.06557500

-0.34081300

-0.38571800

0.60444200

0.62056700

-0.43828400

-2.56197400

-1.48274100

-1.45915500

-2.48405200

-3.54479600

-3.58723700

-2.55984800

1.25008600

1.42218400

1.91717300

2.51724200

-1.65298500

0.80726000

-0.75502800

0.33358600

0.65813500

-0.57201500

-1.19155200

2.68070700

1.45933600

0.72702000

-0.64991900

-1.40582900

1.16738300

0.60783000

-0.78174200

-1.60165900

-1.02162500

0.36521200

2.24370900

-1.22316800

1.27105200

-2.27225400

0.86362500

-1.13143800

-1.50291300

0.21178500

-0.65859300

-1.40470200

-1.29141100

-0.16055900

0.55155700

0.75076100

1.50461700

1.51813700

1.08665900

-0.48129400

0.21824200

0.41259800

-0.06830000

-0.75476000

-0.96458200

-0.62281700

2.18963800

1.96475000

-0.15534800

-2.46756900
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1.81444100

4.04712800

1.47240500

1.16197100

-0.93882100

-0.05000600

4.47398000 -0.01428000 -1.32659100

Optimized Structure for Intermediate 2-186
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02
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>

2.21070200
4.28259000
4.60721800
-3.21149200
-3.58494800
-2.78013400
-1.58626700
-1.95389800
0.63557400
0.51681000
-0.65483200
-0.87343900

0.29562300

29

i

-2.68431200

-2.02270200

0.33765500

-0.31309500

0.36244100

-0.38303800

-0.71890700

-0.92954900

2.84272600

1.63747800

1.12250100

-0.32597900

-1.14614900

-0.52900500

0.68589900

1.41490500

-0.56521700

0.64184000

1.70325900

0.99575600

-0.34753100

-0.12181100

-0.39637200

-1.05129300

-1.29156600

-1.18235800
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Optimized Structure for syn-Transition State 2-187-syn

-

02

4

2.72344900

1.55391600

1.38100700

2.36834100

3.52022300

3.70442800

2.82985200

-1.25149500

-1.45291500

-2.04341600

-3.30062200

-2.50327500

-3.30324400

-4.66844900

0.99192000

0.62995800

-0.70700400

-1.66039600

-1.27800600

0.05015200

2.03118700

-0.48592000

1.81259900

-2.00369900

-1.29037000

0.22463300

1.42288300

0.27857800

o4

4

0.60519800

-0.07887500

-0.47965200

-0.20584200

0.47281000

0.88437200

0.90042200

-2.31094500

-1.30429300

-0.57069200

2.04251900

2.56763300

0.59366200

0.76082500

-3.28958400 -2.28235600 -1.57896800

-5.43498200 -1.02358100 -1.40714100
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-5.56669100

2.06685400

3.31705000

3.17491400

1.77622000

1.13162300

-1.03888600

-1.05615400

0.15226000

-0.10006800

-1.08316400

-3.49840000

-2.28429400

-2.22987400

-3.36320100

-4.55469300

-4.63093700

-3.51091200

-0.47642200

0.75504100

0.92770300

0.82204600

3.46279300

1.03982400

-2.34497800

-1.82870100

-1.91491700

-1.69199300

-2.29201200

1.84729600

0.77140400

-0.03911300

-1.49350600

-1.65670400

0.94420000

0.24661200

-0.92764100

-1.37784200

-0.66660900

0.49402400

1.84996400

-2.00446700

0.56036600

0.11688900

-3.31890200

-2.90537100

-0.01847200

1.22219500

0.75021400

-0.76725800

-0.95242500

0.14986200

1.73655300

1.12660500

0.91028700

0.58835600

-0.44456300

0.56979000

0.47808300

-0.29835200

-0.98356600

-0.87886300

-0.09587100

1.16822500

1.49261400

-0.17498800

1.66106600

-0.10223400

-1.14933300
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Optimized Structure of anti-Transition State 2-187-anti

02

3.71679400
3.44791600
4.12486000
1.43437400
0.79184700
1.43696700
2.70436600
1.30551600
2.75782300
1.20487900
0.72992500
3.13294500

3.44321000

*

-1.13640200

-0.78901100

-2.44565800

1.30692900

2.51404600

0.72546300

1.50290800

3.33477600

2.85188700

4.37837500

3.14478100

2.83678200

3.43175100

b

9

-1.30769200

1.07424700

1.15479000

-1.07110800

-1.20142200

-1.99463900

-0.53367100

-0.13552100

-0.02789100

-0.43854000

0.77745700

0.99908400

-0.65740500

1.85448700 2.94641300 -2.15221200
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1.61909800

0.49750300

2.16804100

2.68647900

3.39921300

2.62003100

2.23407900

-0.99607200

-0.35738000

-0.21929500

0.85750600

1.01058100

0.09603100

0.21842800

0.86716800

1.36377700

1.22652500

0.59653700

-0.40829000

0.60301100

-0.28274000

2.97797000

4.43902700

4.92514300

4.69321200

-2.69703300

-3.00334700

-1.71157700

-0.71709000

-1.28573800

0.01505100

0.17026400

-0.90218400

-0.75581800

0.59075600

2.59520400

1.47577500

1.61885800

2.86403000

3.96104100

3.83213500

2.45600200

-1.33686500

-1.90779300

-1.06057300

-1.69405600

-0.65546200

1.55744300

-0.56658000

0.73269100

1.13846800

0.47833700

-0.74978700

1.89216400

0.84198000

-0.15348400

-1.20167100

-1.67859900

1.28788100

0.45155700

-0.78876500

-1.18759700

-0.34256200

0.90297100

2.23916400

-2.09574500

0.26387200

-1.53244400

0.77882600
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Optimized Structure of Product 2-115
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01
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J

3.38071400

1.86400300

3.35529400

-1.44059100

-2.73705900

-3.35230600

-2.75215300

-3.26739900

-3.73282700

-3.99749400

-4.61100700

-2.90579400

-3.60975400

-5.05390800

3,9 o
e 2088 Y

'y
9

-1.50379700

-3.24384800

-3.86622700

-0.88142100

-0.90459300

-1.94683500

-1.03060500

0.30116300

-1.41637000

0.06617600

-1.96842500

-1.52810700

0.72470400

0.28501700

2.21041700

1.41855200

0.65478400

-0.79935300

-1.18483600

-0.52984400

-2.27163800

-0.77028900

0.75564300

0.45230700

1.09532300

1.46408900

1.23199700

0.26209600

-2.07469600 -2.84981400 0.08486000

-4.51194000 -2.34569200 -0.02512900

-5.30282000 0.01458300 -0.10445900
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3.04763600

4.18076300

3.94787500

2.52664400

2.12345400

-1.26105500

-0.94510300

0.50352400

0.71874200

-0.18501600

-3.31166600

-1.93376800

-1.50166600

-2.43437700

-3.79165500

-4.23960400

-3.61573500

0.54639500

0.74104200

1.16265600

2.14494300

4.40318100

4.28923300

0.15227100

0.36103400

-0.62141300

-0.72607000

-0.68241700

2.83603100

1.65675100

1.20090700

-0.09948000

-1.12803000

0.82854300

0.55684400

-0.78270300

-1.82701800

-1.53174600

-0.20224800

1.86966100

0.06741600

1.03881900

1.98651700

-1.69429200

-1.60132400

-0.26225600

1.10348100

0.25308500

-0.90083800

-0.93550500

0.41237000

-0.14087600

-0.10621900

-0.21256900

0.55240100

0.11396900

-0.06410100

-0.01632700

0.04848100

0.03697000

-0.02124200

-0.06437400

-0.11428100

1.62620200

-1.27213200

0.16539400

0.85109100

-0.69360100

-1.87411500
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H 419406600 1.40230700 -0.09231100

H 5.09887900 0.15813200 0.81411100

Optimized Structure of Methylchromone 2-188

N »,H
;/‘of

01

-2.96996800

-2.68695700

-1.37391800

-0.33772300

-0.59513900

-1.93097200

0.94339200

1.99960800

1.84633300

0.53077700

0.36273500

3.29931000

-4.00128600

-3.49981900

0.10282900

-1.27319500

-1.72673500

-0.78811800

0.58896500

1.02164300

-1.28537800

-0.42381000

0.91994300

1.55397100

2.77245500

-1.16379900

0.44325900

-1.99408400

-0.00002900

-0.00002900

0.00000100

0.00003300

0.00004400

0.00000600

0.00003100

0.00000400

0.00000900

0.00011900

-0.00007500

-0.00004500

-0.00005200

-0.00005700
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-1.13197100

-2.10983700

2.72011000

4.13960500

3.37309600

3.37297800

-2.78463500

2.09233100

1.56164800

-0.46655300

-1.80933300

-1.80941600

-0.00000800

0.00001800

-0.00004800

-0.00013300

0.88309900

-0.88313800

Optimized Structure of Transition State 2-189

02

O o o o o o o o O O

-3.72368800

-3.63793400

-2.52339700

-1.48817700

-1.55501300

-2.68685700

-0.41598300

0.67258500

0.60402400

-0.44119500

-0.77341700

0.50805800

1.30846800

0.81894600

-0.45733500

-1.24728000

1.65310200

1.20827200

0.02190200

-0.94624300

-0.56194600

-1.12666700

-0.90071800

-0.09889700

0.47787700

0.23155300

0.09634500

0.82388900

1.54117600

1.33130300

207



-0.42906800

1.54956800

1.90729500

1.33126900

2.03764300

3.42131500

3.17745700

-4.59861900

-4.44633700

-2.43593300

-2.71549500

1.42990700

1.69962000

2.52273700

1.07785800

1.78714400

1.51825000

2.05186000

4.14672200

3.83586400

-2.09106400

2.36484800

0.57601700

-0.51935700

-1.67465200

-1.10369000

0.30943600

-1.39035300

0.88322000

2.30165500

-2.23294000

-0.24547400

3.05544400

2.00269600

2.92586800

1.49057500

-2.07402700

-2.42111100

-1.23962100

-1.49621200

1.80923600

1.22483100

-0.92821200

-1.49018600

-0.99172600

-0.65418200

-0.49721300

-0.74582900

-1.74846900

-1.32976000

0.68571900

2.19219700

0.38924900

1.56385300

2.04119100

-1.51163100

-0.11627700

-1.78817000

-1.46426000

0.27705100
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Optimized Structure of Intermediate 2-190

02

o o o o o o o o o O o o o o o o o

-3.80185800

-3.58998800

-2.40226700

-1.40556500

-1.60618200

-2.81131900

-0.28488500

0.90217500

0.64755300

-0.55632600

-0.68839800

1.50734400

1.86715000

1.29963900

2.34645600

3.26572200

3.12765300

-0.46509300

0.88798600

1.51981500

0.79539400

-0.56001300

-1.17705000

1.48982300

0.80897800

-0.57061700

-1.30832100

-2.49144200

1.70746200

0.78103800

0.00399700

-0.78762000

-1.00641300

0.22256500

-0.69253500

-0.99583100

-0.64430200

0.02041400

0.33528100

-0.02981300

0.36986600

0.83123000

1.33213200

1.05952900

1.41521600

1.91803800

-0.40226700

-1.43212500

-1.99366800

-0.79587200

-0.07322700
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-4.73283100

-4.35922700

-2.22353600

-2.93713700

1.44577600

1.65309200

2.47339700

0.83375700

2.02262600

1.90407500

2.85649300

4.31992200

2.93415400

-0.94883000

1.45445300

2.56524400

-2.22388400

-1.07818200

2.71842600

1.31000900

1.76359400

1.82011700

-1.70286300

-0.24208900

-1.13280700

-1.85601800

-0.97271100

-1.51419100

-0.87423300

0.22897000

1.86432000

1.52367300

2.23993900

2.77743900

-0.73119700

-2.39362500

-2.80066700

-1.05574600

-0.18382500

Optimized Structure of Transition State 2-191
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K

02

1.85067800 3.64745600 -0.71033300
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2.44245000

2.20921100

1.37278000

0.76094100

1.01563000

1.17186400

0.56335700

-0.46016800

-0.15998200

-0.71440600

-0.04393000

1.72225700

2.32766300

2.72421300

1.60537400

1.24063900

2.04093700

3.09638000

2.66704300

0.53052900

-0.86295200

0.73488000

-0.52406600

3.48960600

2.34634600

1.34302500

1.49321900

2.65094200

0.25971100

-0.93986000

-0.63171400

0.45061400

0.52798400

-1.65642200

-1.81855200

-1.20990300

-2.26525000

-3.28549000

-3.09373200

454211400

4.26359900

2.20665700

2.73720600

-1.52788500

-1.89221900

-2.58679700

0.55051500

1.30877000

0.80729000

-0.44987300

-1.19892700

1.61456900

1.07693800

0.00130000

-0.95063100

-2.05443600

2.28522000

0.52408000

-0.59195500

-1.46423600

-1.26293500

0.10812300

-1.29598000

0.94420000

2.28295500

-2.16637700

-0.47262300

3.01816600

1.97193700
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-0.78231600

2.46016900

2.79068900

3.70148500

1.92382900

0.74961900

-1.62390600

-2.88154300

-3.23058800

-2.84740400

-3.70901400

-3.80032100

-4.47300600

-4.49527900

-2.99949000

-4.42066900

-5.51640200

-1.01321600

-1.96864500

-1.86254300

-2.67217600

-4.32338800

-3.07798800

-0.19782100

0.15163200

1.27956800

0.33645800

-0.90644700

0.80136500

-0.50414000

1.56158100

0.63446300

-1.29286600

-0.36063200

Optimized Structure of 2-192

2.77059500

1.32960200

-2.47717200

-1.16436000

-1.39861300

-1.91854500

0.61281900

0.99109500

0.28680000

2.06969100

0.64328600

-0.94860100

-0.50996900

-1.30952500

-1.67686900

-1.26515500

-0.20406600
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01

-3.73476000

-3.66990500

-2.53406700

-1.44119900

-1.49842600

-2.64958600

-0.36563700

0.89038600

0.66604800

-0.35943200

-0.27319600

1.60468600

1.69910700

1.08135900

2.13292700

3.23237400

3.01241300

-4.62512000

-4.51355100

-2.46722100

-2.65888700

1.61218900

-0.79882300

0.45341200

1.24886100

0.79779400

-0.44953300

-1.24073400

1.63515100

1.17186400

0.18529400

-0.89921700

-2.01934100

2.43809500

0.53410600

-0.65085900

-1.52313700

-1.19793200

0.18969900

-1.41325500

0.81040200

2.21404800

-2.20179400

-0.27535800

-0.39535600

-1.02349300

-0.91612300

-0.16593900

0.48194600

0.34867100

-0.10176000

0.45800300

1.60951100

1.30710300

1.78728800

0.92681100

-0.69490200

-1.14244400

-1.55249300

-0.54251700

-0.25975900

-0.48965900

-1.60862600

-1.40795200

0.85406800

1.90318200
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3.5.2 Optimized Structures for C-H Abstraction Calculations

0.29096400

1.73166600

2.59037400

1.01229500

1.78017300

1.76228000

2.44603800

4.24472200

3.12566000

0.74252800

3.13636200

2.18961300

2.93403400

1.26154200

-2.54874600

-1.29424100

-1.31951400

-1.79311400

2.48008600

0.09272000

1.32838100

1.70127500

-1.51931600

-1.50050300

-2.58177400

-0.93913700

0.37332400

Optimized Structure of Sulfate Radical Anion

w

© O O o

-0.08137500 0.00008200 0.00033500

-0.88160100 1.24352000 0.00227900

-0.88882100 -1.23877200 -0.00336600

0.96599700 -0.00555200 1.13139200

0.96717300 0.00063900 -1.13097500
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Optimized Structure of Transition State
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1.96999100

2.05127300

1.63496300

1.97017600

1.03667600

2.84313100

2.01175500

0.35325800

2.84360800

1.03711300

2.05103500

-0.92427700

-1.62347700

-1.16094900

-3.05672400

-1.16044500

-0.92523400

0.47279700

1.16248300

-0.92536300

-1.33425300

-1.41947800

2.19201600

1.25378600

-1.41936800

-1.33478100

0.47262900

1.37485700

-0.11249500

-0.79554200

0.26913400

-0.79504000

-0.77573400

-1.12536500

0.00005800

0.77559700

-1.17090800

-1.21527100

0.00017800

-0.00009600

1.21483600

1.17093000

1.12545800

-0.00039500

0.00002400

-1.23907700

0.00022300

1.23920900
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Optimized Structure of Hydogensulfate Anion
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0.14612200
0.81732400
0.81874100
-1.32571200
-0.35646700

-1.96903100

0.00103500

1.23890300

-1.25137300

-0.01594700

0.02629200

0.00043100

Optimized Structure of Radical 2-195
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2.53308200

1.21122200

-0.02472900

-1.11498800

-0.10530500

-2.37788700

0.00701400

-0.66847000

0.08925300

-0.72840900

1.31119000

-0.05263900

0.05554500
-0.39160800
-0.34659200
-0.81799300
1.45646000

-0.09086100

-0.00001500
-0.00000300
0.00001400
0.00003200
0.00001200

-0.00003100
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3.12746300

2.40969000

3.12745400

1.14336400

-3.13290800

-2.48172500

-2.48112400

-0.28388700

1.09247100

-0.28385600

-1.75219800

-0.83991200

0.57659400

0.57758600

-0.87899900

-0.00002500

0.87899100

0.00000600

-0.00069600

0.88894700

-0.88836400

Optimized Structure of Transition State
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I

-1.31350900

-0.89268600

-1.75750300

-1.49429600

-2.58001300

-2.26333600

-0.50445000

-2.18409400

2.60715700

1.19484700

0.11602900

-1.07629900

0.21721200

-2.18661900

3.31801000

2.91939800

-0.21142600

-0.55211500

-0.04210600

-0.66457400

0.85131800

-0.18423500

-0.41401700

-0.80414000
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-1.59601900

0.30772500

-0.56385000

-1.95211600

-2.06458700

-3.33346300

1.53192000

1.53388900

1.67933000

2.46457300

1.91175900

2.89356400

2.35761200

1.02503500

2.84528000

3.92911900

2.68094400

1.00078700

1.03428600

-3.04346800

-2.36870800

-2.00106700

0.78615900

-0.47770600

1.56306900

0.84697400

-1.35825900

-0.49593000

-2.25235300

-1.62649700

-0.67110400

-0.61504200

Optimized Structure of Ester Product

0.84272400

0.09262300

-1.58067600

-0.78420900

0.87595900

-0.31225700

0.64133100

1.20012200

1.39828200

-0.38955600

0.13108600

-0.67083400

0.57092800

-0.45525800

-1.74923400

-0.32940400

2.48294100 0.11132500 -0.00011800
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C 1.21669200

C -0.05217600
) -1.14862700
) -0.10586900
C -2.40796600
H 3.37344700
H 2.51994800
H 2.51999700
H 1.18084100
H 1.18077200
H -3.17026700
H -2.50285100
H -2.50285700

-0.74260300 0.00002400

0.08842600 -0.00001600
-0.70621300 0.00005600
1.29903800 -0.00003000
-0.01569600 0.00007600
-0.52559800 -0.00006600
0.75790600 -0.88184900
0.75812400 0.88145100
-1.40678700 0.87326200
-1.40698900 -0.87305500
-0.79550200 0.00006200
0.61374500 0.88921600

0.61378900 -0.88903000

Optimized Structure of 2-190

-
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Ay

9
02
C 1.30647900
C -0.00067900
C -1.31410100

0.29083800 0.08352800

0.96865500 -0.01914100

0.29723300 -0.09894500
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) -1.30901600 -0.97935100 0.33433800
) -2.32068400 0.86576400 -0.49328700
C -2.57778900 -1.64831600 0.26954100
) 1.30961000 -0.99029000 -0.33647500
) 2.30556300 0.86979400 0.48093800
C 2.58056700 -1.65295600 -0.25370500
C 0.01152300 2.45993900 0.00964300
H -3.32071700 -1.12627600 0.87892900
H -2.39638500 -2.65064100 0.65815800
H -2.93601600 -1.69416600 -0.76249100
H 2.40829800 -2.65861300 -0.63789600
H 3.32780300 -1.13109800 -0.85804500
H 2.92785400 -1.69067500 0.78242300
H -0.93312700 2.85392000 -0.36820700
H 0.85362700 2.85928900 -0.56401600
H 0.14887700 2.81856600 1.04151200

Optimized Structure of Transition State
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-1.73655000

-0.52314500

-0.47569600

-1.48971400

0.40477100

-1.44416000

-1.83121400

-2.51773100

-2.98920900

-0.04570500

0.46268600

-1.47731100

-2.32390000

-0.53091400

-2.90834600

-3.00465100

-3.90357200

0.80885400

0.24827700

-0.84430300

1.51843500

2.01774200

-0.92185200

-0.14875900

1.30690200

1.72010800

2.05834700

3.10139100

-1.01598900

-1.45963100

-1.71204400

-0.48221800

-0.62459500

3.75002500

3.25739500

3.31283700

-1.69472200

-2.74137800

-1.20721900

0.14576200

-1.53390000

-0.31138100

-1.05686800

0.02466000

0.40924300

0.83591200

0.50990400

-0.28164500

0.90090800

-0.66816800

-0.93896300

1.16874900

-1.42271800

2.24052900

0.02477100

0.21130500

-1.29343000

-1.23114900

-2.51027600

-1.05385200

-1.09909000

2.50101600

2.31160600

2.97139100

-0.74270600

-1.43159100
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1.08614600

2.48005100

3.01495900

3.57006700

3.74532400

2.53562700

3.82877600

4.43209300

-1.80964800

-1.56374000

0.60496200

-0.62319300

1.11510800

1.31472900

-0.42681400

-1.06616400

-1.40857700

0.11657100

-0.56838700

0.16211500

-1.19897100

0.11366700

1.20574200

-0.35072100

Optimized Structure of Malonate Product
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1.12125000

-0.04162900

-1.35647400

-1.25253500

-2.36679800

-2.43847700

1.91625900

1.31799000

0.21625700

0.91217700

0.23189300

-1.10929000

0.80656800

-1.85068000

-0.43101700

0.25604900

0.18170200

-0.52050900

-0.13017500

-0.23858900

0.20284900

0.09810200

-0.69317900

1.37633600
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3.03425200

-0.07251500

0.07983100

-2.72987000

-2.17373200

-3.26292500

3.56663200

3.68029300

2.68584400

-0.95085100

0.82762500

-0.12062100

-1.12245600

2.40503300

0.76556200

-1.65414200

-2.89979200

-1.57419200

-1.57518100

-0.42232600

-1.88975200

2.87728600

2.90253500

2.53816900

-0.10901000

-0.17392200

-1.59988300

1.13291600

-0.03478500

-0.56428800

-0.94576700

0.42695400

0.58715300

-0.61971400

-0.54868300

0.90964000

Optimized Structure of 2-197
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J’r‘,

02

-2.47996600

-1.09972400

-0.23861200

-0.79550500

-2.17894600

1.01679100

1.19297800

0.08916100

-1.19627800

-1.37262500

0.11442500

0.08255000

-0.01991300

-0.10539100

-0.08072200
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-3.02436700

-3.13383700

-0.65852700

-0.15844900

-2.59594300

-4.10199600

1.23963400

1.65180600

2.18069200

1.82133900

3.64814700

411877400

4.11911800

3.86695100

-0.26799700

1.88059000

2.18272300

-2.06879300

-2.37344300

-0.40702900

0.36034000

1.52553600

-0.71981100

-1.72218700

-0.49424000

-0.75837200

-1.13862100

0.55092400

0.03396400

0.20025400

0.13491700

-0.21291700

-0.15415900

0.05673900

-0.05104900

-0.20668800

0.12758000

0.34121000

0.07821300

1.03709500

-0.67860600

-0.14897700

Optimized Structure of Transition State

-4.13514100

-0.40073900

-0.31202500
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-3.17591500

-1.85210900

-1.50519200

-2.46536900

-3.78207200

-5.15844500

-3.42478800

-0.48139200

-2.18296000

-4.52945500

-0.86757400

-1.16082200

0.46010000

0.44462400

1.17203500

1.29554200

0.88044500

2.32708300

1.30676100

2.01864300

3.30631600

1.61333100

1.98289600

0.60746700

0.34124800

-0.96375500

-1.97642300

-1.69695900

-0.17987600

1.61809200

-1.20562000

-2.98542000

-2.48622900

1.47655500

2.52671500

1.30579400

0.66996500

0.50054500

2.56113800

3.22776000

2.32455800

3.12032000

-0.32454800

0.17725900

-0.32275000

-1.57687300

-0.32647700

0.05776800

0.44132100

0.44471800

0.07518200

-0.60451200

-0.63356200

0.70944700

0.73366200

0.08399100

0.01744100

-0.55964300

0.65517000

1.54486300

-0.16519500

0.79298600

1.56046200

1.07682900

-0.14607000

-0.88821000

-0.85129600

-1.90561700

-0.27887800
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3.94270300

3.27984700

5.01774500

3.73898100

3.15696900

3.81116300

-0.45318300

-1.83226800

-0.47273000

0.11174100

-2.24941000

-2.55370100

0.26713600

0.28483100

0.07931600

1.18661000

1.28757000

-0.34830900

Optimized Structure of Ketone Product
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2.52429500

1.14546400

0.27582900

0.81743400

2.19958000

3.05454000

3.18814600

0.71111600

0.16548800

2.60878200

1.02473700

1.21137100

0.10914300

-1.18548100

-1.37261000

-0.26892400

1.88509500

2.20581200

-2.05341700

-2.37922600

0.00010200

0.00007100

-0.00003600

-0.00011100

-0.00008200

0.00002300

0.00018500

0.00012600

-0.00019400

-0.00014300
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4.13138900

-1.20200300

-1.62330600

-2.16655000

-1.94417600

-1.94430100

-3.63371900

-3.86592100

-4.28726700

-3.86602300

-0.41613100

0.37664400

1.52393600

-0.80646000

-1.43509800

-1.43464800

-0.38080500

0.22473300

-1.25946300

0.22517600

Optimized Structure of 2-198
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Tn

1.07643300

-0.48470100

-0.34788000

-1.47188300

-0.80098700

1.02590000

2.33716200

-0.76002400

0.01805600

1.36121600

-0.92898700

0.20953500

-1.83349500

0.01836300

0.00004300

-0.00001300

-0.00019100

0.00019400

-0.87399100

0.87473600

0.00000400

-0.88083700

0.00018700

0.88051200

-0.05379300

-0.14606200

-0.68066000

-0.63025300

1.44049400

0.09669300

0.00098100

227



3.14690800

2.22132900

-0.53470500

0.99476000

-0.48793900

-0.47707400

2.64651000 0.19086500 1.04505200

Optimized Structure of Transition State
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Tn

-0.92830500

-1.44643200

-1.80782100

-0.56626200

-2.85756100

-0.77750400

0.50010200

-1.66216800

-1.15476600

-1.69485200

-2.69600300

1.73281900

2.48525800

1.04728400

-0.53158200

-0.49938800

-1.56116900

-0.71433100

1.01425100

1.10612000

2.23969500

3.15969200

2.20626000

2.28873200

1.10994600

0.83640000

0.50875100

-0.05343900

-1.46038100

0.48769600

0.75910900

1.58829400

0.04984400

-0.04889900

0.26086900

-1.14147100

0.31945700

-0.26824500

0.85585200
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1.94426900

1.92064100

2.59650200

2.54659200

3.53750300

1.75409100

1.93972700

3.54122800

2.11231200

0.12202700

-0.59866700

-1.00579300

-0.84013100

-1.01708800

-1.89665500

-1.13695400

-0.65812500

-1.21802000

0.90811200

-0.57221900

1.40574800

1.46811600

-0.74392900

-1.01193400

Optimized Structure of Sulfonylfluoride Product
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1.06201700

-0.53172200

-0.51577100

-1.61222100

-0.44989600

1.00736000

1.06783700

2.24757500

3.17572100

0.86488700

0.01980700

-1.01820500

0.98215100

-0.74259700

1.50780000

1.50381300

-0.09466500

0.48514800

0.04646500

0.12613700

1.14061300

0.01908400

-1.30910700

-0.83623900

0.93557700

0.01476700

0.00170100
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2.25181200 -0.73991000 0.89681200

2.22027400 -0.72328100

Optimized Structure of 2-199
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02
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1.91198200

1.15939700

1.33859000

1.61724800

-0.59419700

-1.38961400

-2.74536900

-3.29098700

-2.48644300

-1.12948000

-0.95107500

-3.37693400

-4.34808800

-2.91757000

-0.15313300

0.43436400

1.89645800

-0.42499000

0.11803500

1.10343400

0.84565500

-0.38100000

-1.35452900

-1.10974800

2.05841300

1.60514300

-0.57621700

-2.30148800

-0.87905700

1.10021500

-0.38639500

-0.42479100

-1.49216000

-0.13769600

0.45262800

0.65549900

0.26864300

-0.32980900

-0.53686900

0.72297200

1.10758400

0.42684000

-0.64202800
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-0.49184900

2.86497700

3.86163500

2.54074800

2.95901300

1.68184100

-1.84378900

-1.29100100

-0.96118900

-2.06681200

-1.73512800

0.43324300

-1.01851500

1.11725100

1.44678400

1.82668500

0.12318700

1.98524600

Optimized Structure of Transition State
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-0.53512300

0.87888900

1.78679100

0.36362500

1.72977200

2.84385800

3.51260000

3.06687700

1.95447500

1.42875600

1.50182800

2.57676100

1.51298800

-0.06487700

-0.08369400

-1.29000900

-2.45607000

-2.42126800

-0.72587300

0.37137700

-0.08047900

1.75522400

0.09465800

-0.74646200

-0.95808500

-0.33149900

0.51319500
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1.27862200

-1.48122400

3.18172400

4.38472400

3.59190000

1.61709900

0.41847300

-1.25237900

-0.64006400

-2.18494500

-1.50208100

-0.26751800

-2.45359800

-3.58747700

-2.60037100

-2.09034800

-3.50682400

-2.84079200

-4.51799900

-2.89174100

-2.16147700

-3.57438600

-1.22080900

0.57051500

0.83911500

-1.31717200

-3.39322300

-3.32784600

-1.18116600

2.75285300

3.48948100

2.60669700

3.17113900

0.93074900

-0.03035600

-0.00834200

0.53980900

-1.35615100

-1.19277600

-2.19373100

-1.46829500

-1.00880100

-2.88670000

-2.76369600

0.73574000

-0.05020300

-1.20622600

-1.60540200

-0.49638200

1.00798400

1.39441000

-0.86956600

-1.40391200

-1.42564100

0.11126000

-1.66064400

0.57302600

-0.22808800

1.49527700

0.81797700

-1.02690200

-0.07447800

-1.33225000

-1.91886500

-0.57924700

0.50821000
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Optimized Structure of Sulfone Product
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I

1.83746800

1.09503200

1.43729800

1.43732600

-0.67748100

-1.34833100

-2.71855900

-3.39984700

-2.71829700

-1.34809000

1.45485600

-0.80440400

-3.25506300

-4.46744600

-3.25463000

-0.80402300

3.36188200

-0.00093000

0.00041700

1.28313400

-1.28120200

0.00011400

1.21869100

1.21199200

-0.00035500

-1.21247900

-1.21871200

-0.89222000

2.14847500

2.15213500

-0.00055600

-2.15278600

-2.14831000

-0.00093600

1.19768800

-0.47043100

-1.11015700

-1.11232700

-0.14489300

-0.02403500

0.23846000

0.37254600

0.23760800

-0.02490700
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Optimized Structure of Transition State
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Appendix A (*H, 13C, and *F NMR Spectra for New Compounds)
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'H NMR Spectrum of S-1 (400 MHz, CDCls, 298 K)
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13C NMR Spectrum of S-1 (100 MHz, CDCIs, 300 K)
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'H NMR Spectrum of S-2 (400 MHz, CDCIls, 300 K)
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13C NMR Spectrum of S-2 (100 MHz, CDCls, 300 K)
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H NMR Spectrum of 1-94 (400 MHz, 1% CDsOD in CDCls, 298 K)
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13C NMR Spectrum of 1-94 (100 MHz, 1% CDsOD in CDCls, 300 K)
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H NMR Spectrum of 1-95 (400 MHz, 1% CDsOD in CDCls, 300 K)
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13C NMR Spectrum of 1-95 (100 MHz, 1% CDsOD in CDCls, 300 K)
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'H NMR Spectrum of Crude 1-99a/1-99b (400 MHz, CDCls, 298 K)
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'H NMR Spectrum of Crude 1-100a/1-100b (400 MHz, CDCls, 298 K)
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'H NMR Spectrum of Crude 1-101a/1-101b (300 MHz, CDCls, 298 K)
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'H NMR Spectrum of Crude 1-94 + (Phenylthio)acetone + Mesitylene (400 MHz, CDCls, 298
K)
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'H NMR Spectrum of Crude 1-94 + ((4-Fluorophenyl)thio)acetone + Mesitylene (400 MHz,
CDCls, 298 K)
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'H NMR Spectrum of Crude 1-94 + ((3-Fluorophenyl)thio)acetone + Mesitylene (400 MHz,
CDCls, 298 K)
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'H NMR Spectrum of Crude 1-94 + ((3,4-Dimethoxyphenyl)thio)acetone + Mesitylene (400
MHz, CDCls, 298 K)

pPpm

Tve”
196~
0sc-
89¢-
980"
€6T"
T9G°
SI8”
vv8-
878"
L98”"
9vT”
€9T"
88T~
91C”
TLY
867"
vSL”
oLL”
98L"
L8T”
€1C”
6C€E”"
6ve”
433
eLe”
T8¢”
88L"
L08"
G18"
zeg”
6¥78°
868"
9L8"
876"
796"
PLe”
T66°
LO0~
LTO"
€€0”
9¢L”
89L"
LLL:
coL”
g6’
9G6”
9L6"
910~
£v0°
8T1C"
g9¢”
LT
€82°
T0€E”
LTE”
9ee”

|

e

0to18°C
Ar = 3.4-(MBO)2'C5H3
10

o]
M _sar
(1.5 equiv)

pTSA (0.1 equiv)
MeCN/MeNO, (4:1)

HC(OEt); (1.6 equiv)

SNV OVYYWYUOVOVOUOUNWUOOONOOOOLOWOOWO OO ST TONONODMOONN A A

n
I
12

258



'H NMR Spectrum of Crude 1-95 + (Phenylthio)acetone + Mesitylene (400 MHz, CDCls, 298
K)
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'H NMR Spectrum of Crude 1-95 + ((4-Fluorophenyl)thio)acetone + Mesitylene (400 MHz,
CDCls, 298 K)
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'H NMR Spectrum of Crude 1-95 + ((3-Fluorophenyl)thio)acetone + Mesitylene (400 MHz,
CDCls, 298 K)
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'H NMR Spectrum of Crude 1-95 + ((3,4-Dimethoxyphenyl)thio)acetone + Mesitylene (400
MHz, CDCls, 298 K)
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'H NMR Spectrum of 1-101b (400 MHz, CDCls, 298 K)
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13C NMR Spectrum of 1-101b (100 MHz, CDCls, 298 K)
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'H NMR Spectrum of 1-105a (400 MHz, CDCls, 298 K)
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13C NMR Spectrum of 1-105a (100 MHz, CDCls, 298 K)
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H NMR Spectrum of 1-106b (400 MHz, 1% CDsOD in CDCls, 298 K)
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13C NMR Spectrum of 1-106b (100 MHz, 1% CD3OD in CDCls, 298 K)
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'H NMR Spectrum of 1-109 (400 MHz, CDCl3z, 298 K)
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13C NMR Spectrum of 1-109 (100 MHz, CDClz, 298 K)
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COSY of 1-109
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HSQC of 1-109
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HSQC of 1-109 (Zoomed)
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HMBC of 1-109
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HMBC of 1-109 (Zoomed)
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'H NMR Spectrum of 1-112 (400 MHz, CDCl3z, 298 K)
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13C NMR Spectrum of 1-112 (100 MHz, CDCl3z, 298 K)
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'H NMR Spectrum of 1-113 (400 MHz, CDCl3, 298 K)
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13C NMR Spectrum of 1-113 (100 MHz, CDClz, 298 K)
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'H NMR Spectrum of 1-114 (400 MHz, CDCls, 298 K)
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13C NMR Spectrum of 1-114 (100 MHz, CDCl3z, 298 K)
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'H NMR Spectrum of 1-89 (400 MHz, Acetone-ds, 298 K)
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13C NMR Spectrum of 1-89 (100 MHz, Acetone-ds, 298 K)
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H NMR Spectrum of 1-90 (500 MHz, CDCls, 298 K)
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13C NMR Spectrum of 1-90 (125 MHz, CDCls, 298 K)
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'H NMR Spectrum of 1-81a (500 MHz, CDCl3z, 298 K)

0o 0-——

LG”

aLe

0

0
Y
=

o

MeO,C ;\

H,N

287

ppm

10

11

12



13C NMR Spectrum of 1-81a (125 MHz, CDCl3z, 298 K)
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'H NMR Spectrum of 1-81b (400 MHz, CDCls, 298 K)
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13C NMR Spectrum of 1-81b (100 MHz, CDCls, 298 K)
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'H NMR Spectrum of 2-147 (500 MHz, CDCl3z, 298 K)
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13C NMR Spectrum of 2-147 (125 MHz, CDCI3, 298 K)

I —
" zs
25/

"G99

'§9>

=y
'LL\
e

TE0T —
‘STt
'SII\
TeCl
‘ect
'EZIg
e

"8¢7T

6Cl
Toel
T0€ET

CO,Me

CO,Me

292

T T T T T T T T T T T T T T T T T T
130 120 110 100 90 80 70 60 50 40 30 20 10

ppm

210 200 180 180 170 160 150 140



'H NMR Spectrum of 2-148 (500 MHz, CDCl3z, 298 K)
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13C NMR Spectrum of 2-148 (125 MHz, CDCl3z, 298 K)
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'H NMR Spectrum of 2-149 (500 MHz, CDCl3z, 298 K)
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13C NMR Spectrum of 2-149 (125 MHz, CDCl3z, 298 K)
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'H NMR Spectrum of 2-150 (500 MHz, CDCl3z, 298 K)
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13C NMR Spectrum of 2-150 (125 MHz, CDClz, 298 K)
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'H NMR Spectrum of 2-121 (CDClIs, 300 MHz, 298 K)

ppm

(o]

‘MMULUWL

o]

[o2] i¥¢)
il -

E

YTl

-
?
<t

<

3’

00

~
N
N

10

11

299



'H NMR Spectrum of 2-121 (300 MHz, CDCl3z, 298 K)
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13C NMR Spectrum of 2-121 (75 MHz, CDCls, 298 K)
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'H NMR Spectrum of 2-151 (500 MHz, CDCl3z, 298 K)

s
N (]
O E _E
O N s
o a
(@] O
000" 0~ —— E 1l Le
o
q
1} g
o 5
[}
= R
- — &N
Ly €
£9L°¢€
TLL'E
G8L"¢€
Z6L°€ Fe
L6L°€ jpu
T08°¢ — 9c'e
L08"€ N /489
£18°€ [ R S
918" ¢ ! \eo'k
618" €
zz8°¢
628°¢€ % i
Z10° Y & T OF© o
680'77/ a ~—
501G m
AREES
LR o
£18°9 Pe
Geg o o — <vie
S1Z°L I S
LSZ'L7 2 = =roe
0LZ L -
= o
{ - -
Z10°y —— IR Fe
6E0° 7 == 0
b
st
[ N
o

302



13C NMR Spectrum of 2-151 (125 MHz, CDClz, 298 K)
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'H NMR Spectrum of 2-152 (500 MHz, CDCl3z, 298 K)
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13C NMR Spectrum of 2-152 (125 MHz, CDClz. 298 K)

6€”

8% "

86"

[4°n

ve—

70T —

6Tl —

‘6cCT

0€T —
TzeT
TLET —

CO,Me

CO,Me

=T

Ac .

L

L

305

ppm

70 60 50 40 30 20 10

80

210 200 190 180 170 160 150 140 130 120 110 100 90



'H NMR Spectrum of 2-115 (500 MHz, CDCl3, 298 K)

Y
|

(o)
(o)
Ao

Ll

o

O

o
ST T TSI NNNANNANNN

306

ppm

11 10

12

(%)
%
-

(=]
|
|

f

:

S0

~) [~
“l |

g |

<
Ll
N

119

—
—
—

|



'H NMR Spectrum of 2-115 (500 MHz, CDCl3, 298 K)
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'H NMR Spectrum of 2-115 (500 MHz, CDCl3, 298 K)
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13C NMR Spectrum of 2-115 (125 MHz, CDCl3z, 298 K)
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'H NMR Spectrum of 2-153 (500 MHz, CDCl3, 298 K)
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13C NMR Spectrum of 2-153 (125 MHz, CDClz, 298 K)
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'H NMR Spectrum of Crude 2-154 (300 MHz, CDCls with 25.2 mg of Mesitylene, 298 K)
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'H NMR Spectrum of 2-155 (500MHz, CDCls, 298 K)
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13C NMR Spectrum of 2-155 (125 MHz, CDCl3z, 298 K)
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'H NMR Spectrum of 2-156 (500 MHz, CDCl3, 298 K)
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13C NMR Spectrum of 2-156 (125 MHz, CDCl3z, 298 K)
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'H NMR Spectrum of 2-157 (500 MHz, CDCl3, 298 K)
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13C NMR Spectrum of 2-157 (125 MHz, CDClz, 298 K)
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'H NMR Spectrum of 2-158 (400 MHz, CDCl3, 298 K)
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13C NMR Spectrum of 2-158 (100 MHz, CDCls)
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F NMR Spectrum of 2-158 (371 MHz, CDCls, 298 K)
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'H NMR Spectrum of 2-159 (500 MHz, CDCl3z, 298 K)
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'H NMR Spectrum of 2-159 (500 MHz, CDCl3z, 298 K)
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13C NMR Spectrum of 2-159 (125 MHz, CDCl3z, 298 K)
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'H NMR Spectrum of 2-161 (500 MHz, CDCl3z, 298 K)

9¢S”
8LL"
o6L”
ZoL”
LeL-”
66L"
€08"
808"
7i8-
zce8’”
8¢8°
4%
GE8”
[474°H
678"
968~
998"
€L8”
GL8”"
8L8"
188"
988"
T68°
L68"
868"
[N
[44°n
€e6”
€ve”
Tse”
cLE”
TLe”
I8¢
0€T”
453
0rT"
44
SvT°
LVT®
GoT”
LST”
eLe”
66¢C"°
rie”
L09”
T19°
9
929"
8€9”
o-
0TS~
(AN
€TG”
GIG~
0¢G”
x4
€¢s”

CO,Me

CcOo,Me

o
/

(o)

WWWOWOOOOS NSO MNMMMOMOMOMMMMOOMOONOMNMMOMMO™M

8LL"
o6L"
€08"
718°
8¢8”
ceg”
678"
968~
998"
€L8”
GL8"
8L8"
188°
988"
c16”

€€6°
€V6”

0TG-
¢16”
€T1a"
STG"
0cs”
X4°n
€¢a°

MMM MOMOMNMMOMOHOMMOMOHOMNHMMMNONM

N ——

|

e sl

[e0]

ppm

.80

.85

.90

ppm

.52

326

ppm

-
oS
(42}

o
o

(o]
N
<

9T

o

2]
FJ’)
o

E

10

11

12



13C NMR Spectrum of 2-161 (125 MHz, CDClz, 298 K)
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'H NMR Spectrum of 2-162 (500 MHz, CDCl3z, 298 K)
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13C NMR Spectrum of 2-162 (125 MHz, CDCl3z, 298 K)
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'H NMR Spectrum of 2-163 (500 MHz, CDCl3z, 298 K)
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13C NMR Spectrum of 2-163 (125 MHz, CDCl3z, 298 K)
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'H NMR Spectrum of 2-164 (500 MHz, CDCl3z, 298 K)
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13C NMR Spectrum of 2-164 (125 MHz, CDClz, 298 K)
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'H NMR Spectrum of 2-165 (500 MHz, CDCl3, 298 K)
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13C NMR Spectrum of 2-165 (125 MHz, CDCl3z, 298 K)
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'H NMR Spectrum of Crude Reaction of 2-136 (300 MHz, CDCls with 26 mg Mesitylene,
298 K)
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'H NMR Spectrum of 2-174 (400 MHz, CDCl3, 298 K)
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13C NMR Spectrum of 2-174 (100 MHz, CDCl3z, 298 K)
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X-ray Crystal Structures
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