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Chapter 1. Introduction and General Summary

1.1 General transformations of C(sp*)—H bonds

C(sp®)—H bond is one of the most fundamental covalent bonds to constitute organic molecules. The
selective transformations of C(sp*)—H bonds into C—C or C—X (carbon—heteroatom) bonds can
streamline the molecular synthesis. Therefore, the development of new reactions and new catalysts for
this type of transformations is a subject of central importance in synthetic chemistry. While a great
number of C(sp®)—H functionalizations based on the heterolytic cleavage in acid-base equilibrium
have been reported, this type of methodologies often encounters any limitation due to the pK, values
of C—H bonds. Since the deprotonation of C—H bonds in non-activated hydrocarbons is far difficult,
the transformations of C(sp®)—H bonds usually rely on the activating functional groups, such as
carbonyl group, which allow for the decrease of the pK, of neighboring methyl, methylene, or methine
C—H bonds, leading to the facile generation of carbanion intermediates and the subsequent bond-

forming events (Figure 1).
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Figure 1. Functionalization of C(sp®)—H bonds based on heterolytic cleavage.

Radical reaction through the homolytic cleavage of C(sp*)—H bonds is a complementary strategy
with polar reaction based on heterolytic cleavage. For instance, hydrogen atom transfer (HAT) of
organic molecules with radical species leads to the generation of sp*-hybridized carbon-centered
radicals through the cleavage of a range of weakly acidic or non-acidic C(sp*)—H bonds. While HAT
process is largely affected by the bond dissociation enthalpy (BDE), reactive radical species, such as
halogen radicals, enables the cleavage of not only the relatively active, benzylic or allylic C—H bonds
having low BDE (about 90 kcal/mol) but also the strong C—H bonds in aliphatic hydrocarbons (Figure
2).
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Figure 2. Homolytic cleavage of C(sp*)—H bonds.

1.2 Catalytic functionalization of non-acidic C(sp*)—H bonds

In past few decades, the development of novel catalytic methods for the functionalization of simple
alkyl framework possessing non-acidic C(sp®)—H bonds have been widely investigated. Especially,
the methodologies using transition metal catalysis have made a great stride within this issue, where a

wide variety of activation modes and structurally diverse catalysts and ligands have been demonstrated.

1.2.1 Transition metal carbene- and nitrene complexes

Catalytic transformations mediated by transition metal carbenes and nitrenes is one of the most
straightforward methods for the conversion of C—H bonds to C—C and C—N bonds."' The preeminent
reactivity of these complexes allows direct functionalization of non-acidic C(sp*)—H bonds including
simple hydrocarbons. For examples, dirhodium(Il)-carbenes formed from dinuclear rhodium
complexes and diazoesters have been utilized as the most versatile reactive intermediates for C—H
bond insertion reactions to form new C(sp*)—C(sp®’) bonds. Davies et al. have developed bridged
rhodium catalyst with chiral carboxylate ligand and applied it to stereoselective insertion of chiral
rhodium carbene species into C—H bonds of cycloalkanes (Scheme 1).% Further investigations into the
modification of the electronical property of ligands have affected the selectivity in C—H bond
activation to achieve the synthesis of complex natural products and bioactive molecules. Metal
nitrenes also show similar reactivity as metal carbene species and have successfully utilized in the
intra- or intermolecular amination of non-acidic C—H bonds with amides and hypervalent iodines

(Scheme 2).2
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Scheme 1. Insertion of metal carbenes into C(sp>)—H bonds.
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Scheme 2. Metal nitrenes catalysis for C(sp*)—H amination.

1.2.2 Transition metal oxo complexes

The oxidation of C(sp*)—H bonds is one of the most fundamental transformations in organic
synthesis, in which transition metal oxo complexes have been known to show high reactivity.*
Transition metal oxo complexes attached with a wide variety of ligands undergo oxygen atom transfer
to substrates through concerted insertion into C—H bonds or C—H abstraction followed by radical
rebound mechanism. Earth abundant transition metals, such as iron and manganese, are superior in
terms of sustainability as well as excellent catalytic performance for the control of stereo-, regio-, and
chemoselectivity. For example, White et al. have developed Fe- or Mn-based catalysts toward the
selective C—H oxidation. By tuning the subtle electronic and steric properties of catalysts depending

on substrates, they succeeded in the efficient synthesize of complex molecules (Scheme 3).°
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Scheme 3 Catalyst-controlled C—H oxidation.

1.2.3 Transition metal-catalyzed directed C(sp*)—H functionalization

Recently, methods for the direct oxidative addition into inert C(sp®)—H bonds with transition metal
complexes have attracted a great deal of attention as it would offer a novel strategy in C—H
functionalization chemistry. In 2004, a pioneering study on transition metal-catalyzed direct oxidation
of non-activated primary C(sp’)~H bonds was reported by Sanford group (Scheme 4).° They
successfully achieved palladium-catalyzed, nitrogen-directed intramolecular C(sp?)—H

acetoxylation of aliphatic oximes and alkylated pyridines.
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Scheme 4. Palladium-catalyzed acetoxylation of unactivated C(sp>)—H bonds.

The Yu’ and Daugulis® groups have also made the leading contributions for the establishment of
concept and methodology for the directing groups-assisted transformation of C(sp®>)—H bonds. In
addition to palladium catalysis, other noble transition metals (iridium and ruthenium, etc.) and earth-
abundant metals (nickel, iron and cobalt, etc.) have been also applied to this chemistry and a lot of

efforts on the improvement of the applicability have been conducted in last few decades.’

1.2.4 Hydrogen atom transfer (HAT)

Radicals are highly reactive intermediates and exhibit unique reactivities which are not found in
ionic reactions or transition metal catalysis. As mentioned above, halogen radicals can promote the
hydrogen abstraction reaction with a range of C(sp®)—H bonds in hydrocarbons due to their high BDE
of X—H bonds (X = halogens, BDE (H—Cl) = 102 kcal mol !).!° The nitrogen-centered radicals also
have high BDE, as aminium radical cations generated by photolysis or thermolysis of N-halogenated
ammonium ions undergo intramolecular 1,5-HAT to generate carbon radicals, known for Hoffmann-

Loffler-Freytag reaction (Scheme 5).'!
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Scheme 5. Hoffmann-Loffler-Freytag reaction.

The recent advances in photoredox catalysis and photochemical reactions have enabled the facile
generation of N-centered radicals or oxy radicals and following intramolecular HAT for the remote
C(sp®)—H activation under mild conditions (Scheme 6).'> While these strategies are advantageous for
regioselective activation of non-activated C(sp®)—H bonds, the pre-installation of functional groups,

such as amides or alcohols, is required.
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Scheme 6. Catalytic remote C(sp®)—H activation.

On the other hand, the functionalization of non-acidic C(sp®)—H bonds through catalytic
intermolecular HAT process is one of the most attractive yet highly challenging transformations in
organic synthesis, since it might enable the C—H bond cleavage without the aid of directing groups or
intramolecular HAT process. With the spread of light-induced photoredox catalysis, a large number
of researches for the development of novel HAT catalysts have been reported to enable the direct
functionalization of C(sp®)~H bonds (Figure 3)."* The advantages of catalytic intermolecular HAT
strategy have been seen in site-specific functionalization of organic molecules having multiple
C(sp*)—H bonds. For instance, MacMillan group reported catalytic alkylation of a-C—H bonds of
alcohols with quinuclidine HAT catalyst and phosphates for C—H bond weakening catalyst.'*® They
demonstrated high applicability of their HAT system in selective functionalization of complex
molecules (Scheme 7). Furthermore, the combination with transition-metal catalysis has broaden the

utilities of these selective C—H activation modes.'
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Figure 3. Representative HAT catalysts and BDE of C(sp*)—H bonds.
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Scheme 7. Selective alkylation of complex alcohol C—H bonds via intermolecular HAT.

1.2.5 Single electron transfer (SET)

The single electron transfer (SET) is well known chemical reactions to afford radical ion
intermediates and has been employed in organic synthesis, as seen in Birch reduction, Ullmann
reaction, to name a few. The recent advances in photoredox catalysis, sometimes combined with
organic molecular catalysis or transition metal catalysis, have enabled challenging bond forming
reactions through the catalytic generation of radical ion species via SET under mild conditions.'® In
terms of activation of inert C—H bonds, radical cation intermediates generated by single-electron
oxidation of organic molecules increase the acidity of neighboring C—H bonds'® to promote the
deprotonation and formation of carbon radical intermediates. With these properties, Nishibayashi et
al. disclosed the generation of a-aminoalkyl radicals through the single-electron oxidation of tertiary
amines and subsequent deprotonation. Based on this method, a-C—H alkylation of amines with electro-

deficient olefins under the visible-light-mediated photoredox catalysis was achieved (Scheme 8).!”
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Scheme 8. Photoredox-catalyzed utilization of a-aminoalkyl radicals.

According to the related literatures, the pK, value of a radical cation derived from triethylamine is
presumed to be ca. 14.7 in acetonitrile whereas that of a-C—H bond of triethylamine is over 40 (Scheme
9).!8 This observation could be explained by considering the interaction of molecular orbitals between
singly occupied sp® orbital on nitrogen atom and neighboring C—H o-bond, leading the drastic
weakening of neighboring C—H bond. An electron from C—H bond is transferred to nitrogen of radical
cation in the elementary reaction of C—H bond cleavage to form the corresponding alkyl radicals
(Figure 4). In addition to a-C—H functionalization of amines'?, the activation of allylic, benzylic** and
imidoyl*! C—H bonds have been achieved via single-electron oxidation-deprotonation sequence. These
methodologies are much important to enable the selective cleavage of C(sp*)—H bonds which are

adjacent to electron-rich functionalities.
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Figure 4. Model of deprotonation from radical cations.

1.3 Selective C(sp®)—H functionalization

As described above, the development of direct functionalization of C(sp*)~H bonds has enabled
straightforward access to functionalized molecules without need for pre-installation of activating
groups. For instance, the direct transformation of C—H bonds would dramatically decrease the number
of process in the synthesis of natural products, and chemoselective late-stage functionalization of
complex molecules can improve the efficiency of the drug discovery (Figure 5a,b).”> On the other
hand, the selective C—H functionalization of organic molecules which have multiple functional groups
affords the powerful method for the synthesis of more complex molecules. Transformation of
C(sp®)—H bonds with preservation of reactive sites generates another synthetic intermediates and
further reaction of potent reactive sites enables the rapid construction of highly functionalized

molecules. (Figure 5c).
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1.3.1 Catalytic allylic C(sp*)—H functionalization

Alkenes are widely available and versatile building blocks for the synthesis of not only small
molecules but also natural products, and selective functionalization of C=C bonds have been well
developed. In addition to the reactivity of olefins, allylic C(sp*)—H bonds have been also recognized
as potential reactive sites due to its low BDE and a large number of catalytic methods for direct allylic
C—H functionalization have been reported using transition metal catalysts and organocatalysts.?* Thus,

the consecutive allylic functionalization and common transformation of olefins allow the efficient

organic synthesis (Scheme 10).
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Scheme 10. Allylic C(sp®)—H functionalization and transformation of olefins.

1.4 Enol silyl ethers

Enol silyl ethers and their analogues have long been utilized as enolate equivalents and are one of
the most versatile reagents in organic synthesis. These reagents are applicable to various
transformations, such as C—C, C—N, C-0, C—X (X = halogens) bond forming reactions, to afford o-
functionalized carbonyl compounds.?* In addition to their synthetic utilities, these analogues can be
prepared not only from ketones but also from aldehydes, esters and amides, thus providing the

attractive platform for the construction of diverse molecular architectures (Figure 6).
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Figure 6. Enol silyl ethers in organic synthesis.
On the other hand, the preparation of enol silyl ethers and their derivatives typically requires strong

bases, such as lithium amides, or strong silyl Lewis acids, such as silyl triflates. These conditions

sometimes suffer from the use of functional groups which are prone to react under basic or acidic



conditions (Scheme 11). The structure of carbonyl compounds having more than one active methyl,
methylene, or methine group is inappropriate for the preparation of enol silyl ethers because these
carbonyls are often afford the mixture of structural isomer. In other words, the synthesis of complex

enol silyl ethers has remained difficult.
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Scheme 11. Synthetic problems in preparation of enol silyl ethers.

In this context, the author has paid attention to enol silyl ethers for their synthetic utilities in organic
synthesis and the potential reactivity of their allylic C(sp*)—H bonds contributed by electron-rich enol
moiety. If the allylic C—H functionalization of enol silyl ethers could be achieved with reactive enol
moiety intact, the following common polar reactions of resulting enol silyl ethers can afford a,f3-
difunctionalized, complex carbonyl compounds (Scheme 12). The development of new methodologies
to enable the selective “complexation” of the structure of commonly utilized reactive reagents should

have large impact on the efficient organic synthesis.
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Scheme 12. The outline of this thesis.

1.4.1 Allylic C(sp*)—H functionalization of enol silyl ethers through hydrogen atom
transfer

Despite the high demands and utilities in organic synthesis, only a few catalytic methods for the
functionalization of allylic C—H bonds of enol silyl ethers have been reported. Transition metal
catalyzed chemo- and stereoselective C—H insertion of enol silyl ethers was reported by Davies group
to afford alkylated products at the allylic position with preservation of enol ether moiety (Scheme

13).2 While this system provided enantio-enriched enol silyl ethers, the regio-, chemo- and



stereoselectivity heavily relied on the structure of both enol silyl ethers and diazoesters and further

synthetic application was not conducted.
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Scheme 13. Catalytic C—H insertion of metal carbenes.

In 2015, MacMillan group disclosed the direct arylation of allylic C(sp*)—H bonds with combined
organic and photoredox dual catalysis (Figure 7).** The electron deficient cyano-substituted
(hetero)arenes were reduced by the photoexcited state of iridium' complex to afford the long-lived
radical anion and transiently generated Ir'Y would oxidize thiol catalyst through the proton-coupled
electron transfer. Then, thiyl radical acted as HAT catalyst to form allylic radical intermediate from

enol silyl ether which underwent radical-radical coupling with radical anion. This reaction is highly
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Figure 7. Organo- and photoredox-catalyzed allylic C—H arylation.

practical and straightforward methods to construct valuable compounds from simple olefin substrates.

While enol silyl ethers and ketene silyl acetals were also applicable for the formation of B-arylated

10



carbonyl compounds, only a few examples were shown and enol ether moiety was not preserved
through the reaction.

More recently, Chang et al. reported copper-catalyzed direct allylic C—H perfluoroarylation of enol
silyl ethers through the hydrogen atom abstraction of allylic C—H bonds via copper catalyst to form
allylic radicals (Scheme 14)2” The radical intermediates would be captured by perfluoroarene-
bounded copper catalyst and following bond formation afforded B-arylated ketones, esters and

aldehydes.

ores H CuBr-SMe, (10 mol%) %
B B-diketiminate ligand .

F F (15 mol%) ‘ F
N + > L. F
L F F NaOBu (40 mol%) ~

*~*H TBHP (4 eq.)
R g F R

(1.5-3 eq.) benzene, 60 °C 30-96%

Scheme 14. Copper-catalyzed allylic C—H perfluoroarylation.

In this way, the nature of weak allylic C—H bonds in enol silyl ethers has been recognized and
applied to several transformations to catalytically construct new carbon-carbon bonds, however, such
a methodology with preservation of enol ether moiety and further synthetic applications has been

elusive in spite of their high potential utilities.

1.4.2 Single electron oxidation of enol silyl ethers

It has also been known that enol silyl ethers are amenable to single-electron oxidations and generate
corresponding radical cations. In 1988, Gassman and Bottorff reported that cyclohexanone-derived
trimethylsilyl enol ether could undergo photoinduced single-electron transfer with 1-
cyanonaphthalene as a strong oxidant under the irradiation of 300 nm UV lamp to generate a
corresponding radical cation intermediate and resulted in the formation of unfunctionalized ketone
(Scheme 15).%® This transformation would proceed with the loss of trimethylsilyl cation from radical
cation intermediate to give a-carbonyl radicals followed by hydrogen atom abstraction from methanol
to afford the corresponding ketone.

CN

(1 equiv) SiMe
. > 3
OSiMes (o o, 0 0
- 4 — olvieg H
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MeOH/MeCN

hv 60%

Scheme 15. Electron transfer-induced desilylation.
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The reaction of trimethylsilyl enol ethers with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)
was investigated by Bhattacharya and co-workers (Scheme 16).%° In that report, they revealed that enol
silyl ethers smoothly reacted with DDQ through the formation of charge transfer complexes to
generate radical ion pairs. Subsequent radical coupling to afford a mixture of C—O coupled adduct and
C—C quinone adduct followed by the formation of 2-cyclohexan-1-one. The similar study with
chloranil as an electron acceptor under the UV light irradiation also showed the same affection as C—O
adduct and enone formation.’® The identification of intermediate upon the photo-oxidation was
conducted by time-resolved spectroscopy and radical cations derived from enol silyl ethers were

exactly observed with the decay of excited state of chloranil.

(0]

NC Cl
DDQ
. © 0 cl
osiMe; NC Cl (1.1 equiv) OSiMe, 0 C-0 bond formation o ol
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l C-C bond formation
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oNC Cl 0 NC cl
Cl NC Cl
NC
o OH

75%
Scheme 16. Radical coupling reaction with DDQ.

Kochi and Rathore reported o-nitration of enol silyl ethers with tetranitromethane (TNM) (Scheme
17).3! Spectral investigation revealed that the red colored solution of reactants stemmed from the 1:1
complexation of enol silyl ethers and TNM, which caused thermal decomposition to afford a-nitro
ketone and trimethylsilyl trinitromethane via radical cation intermediates at ambient temperature.
While the formation of o-nitro ketone was suppressed at —40 °C, the irradiation of visible light
facilitated the product formation through the excitation of the EDA complex and generation of radical

cations derived from enol silyl ethers.
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+- —
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rt, dark or
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Scheme 17. a-Nitration of enol silyl ethers.
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Enol silyl ethers which have §,e- or g,{-unsaturated moieties could be oxidized by excess amount of
copper (II) triflate (Cu(OTf)2) or ceric ammonium nitrate (Ce(NH4)2(NO3)s, CAN) to form radical
cation intermediates followed by cascade desilylative intramolecular cyclization, second cyclization,
terminal oxidation, and deprotonation to provide the tricyclic ketones (Scheme 18).>> This method
showed high efficiency to construct the fused polycyclic ketones from readily prepared enol silyl

ethers in a single manipulation.

OSiMes, cCu(oon)2 (2 equiv) OSiMes, e,
u 3.4 equiv +
Z Cszé)N, 0eC ) A <:t I j
X or - \q E
Ce(NH,4)2(NO3)g (2 equiv) H :
Me NaHCOj; (4 equiv) Me Me
CH5CN Cu(OTf),: 90%

CAN: 88%

Scheme 18. Oxidative cyclization of unsaturated enol silyl ethers.

In addition to these reactions, several transformations regarding single-electron oxidation of enol
silyl ethers have been reported,*>-** however, in terms of the reactivity of radical cations derived from
enol silyl ethers, desilylation reaction or bond-formation at a-position to carbonyl groups have only

been achieved.

1.4.3 Direct allylic C—H alkylation of enol silyl ethers enabled by photoredox-
Brensted base hybrid catalysis: Chapter 2

As described in section 1.2.5, considering the properties of radical cations, the acidity of
neighboring C—H bonds was dramatically increased. With this information and properties of enol silyl
ethers in SET conditions mentioned in section 1.4.2, the allylic C—H bond in radical cations generated
via single-electron oxidation of enol silyl ethers should be highly acidic (Figure 8). The author
envisioned that rapid deprotonation from radical cations over desilylation would produce nucleophilic
allylic radicals to enable the bond-forming reaction with electrophiles at allylic position. To deeply
understand the property of radical cations and the elemental step for the generation of allylic radical,
several computational- and photochemical experiments were conducted, and it was revealed that pKa
value of radical cations generated from cyclohexanone-derived enol silyl ethers in acetonitrile was
similar to that of p-TsOH. As a result of rational optimization of reaction conditions, allylic C—H
alkylation with electron-deficient olefins was achieved by the use of appropriate Brensted base under
a photoredox condition. In addition to the discovery of the new transformations, derivatizations of
alkylated enol silyl ethers demonstrated the high availability to access to an array of complex carbonyl

compounds.
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Figure 8. The reaction design of allylic C—H alkylation of enol silyl ethers.

1.5.1 Brensted acid catalysts in photoredox catalysis

Recent development of photoredox catalysis has supplied chemists methodologies which enabled
new manner of bond-forming reactions and the combination with Brensted acid catalysts often
decreases the activation energies to accelerated the radical reaction.*’ The one role of Brensted acid is
electrophilic activation of electrophiles via protonation or hydrogen bonding to enhance the reactivity
toward nucleophilic radical species (Figure 9a).*' The other one is lowering the reduction potentials

of substrates to proceed SET for the generation of radical intermediates (Figure 9b).*?

(a) v (b)

: -H Bronsted acid H.®.H
s .0 Bronsted acid N @qH )NL )’\]1\
R’ I ,\'V X R k/\m/u\ Ar” "Me Ar” "Me
T X 1 (Ar=4-FCgHy)
Ered=_243V Eed=_110V

Figure 9. (a) Radical addition with olefins accelerated by Brensted acid. (b) Reduction potential
highly decreased by protonation.

1.5.2 Photoinduced allylic heteroarylation of enol silyl Ethers: Chapter 3

In section 1.4.3 and chapter 2, the high acidity of radical cations derived from enol silyl ethers which
was close to that of sulfonic acids was disclosed. Then, the author wondered if radical cation
intermediates could be utilized as Bronsted acid catalyst to activate Brensted basic substrates.
Enormous trials of substrates revealed that cyanopyridine derivatives undergo coupling reaction with

allylic radicals from enol silyl ethers promoted by the high acidity of radical cations (Figure 10).
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Figure 10. The reaction design of radical cations-initiated coupling reaction.

1.6.1 Mannich-type allylic C-H functionalization of enol silyl ethers under
photoredox-thiol hybrid catalysis: Chapter 4

Having established reaction system of allylic functionalization of enol silyl ethers via single-
electron oxidation-deprotonation sequence, the author next tried to extend it to aminoalkylation
reaction with imines as radical acceptors.”* However, the product inhibition of aniline derivatives
generated after the coupling reactions seemed to be problematic under the use of highly oxidizing
photoredox catalysis. As a solution of this problem, considering the lower BDE of allylic C—H bonds
in enol silyl ethers (~80 kcal mol '), HAT catalysis with thiol** was selected to avoid the oxidation of

products by using mildly oxidizing photoredox catalyst (Figure 11).

OTBS radical oTBS
QTBS phgto' addition | 4+e-
i . redox (\ Ar | +HY Ny
e 1 —_—
N
H O u(\f\ﬁ Al
BDE (allylic C—H) R R
= ~80 kcal mol! aminoalkylated

enol silyl ethers

Figure 11. Allylic aminoalkylation under photoredox-thiol catalysis.

1.7 Conclusion

In this thesis, the direct allylic C—H functionalization of enol ethers with the preservation of enol
ether moiety was achieved by the use of photoredox catalysis. The consideration of the property of
radical cations and the appropriate selection of Brensted base directed by the computational estimation
of pK, of radical cations generated from enol silyl ethers enabled efficient deprotonation to form
nucleophilic allylic radicals and bond formation with electron-deficient olefins. The use of high acidity
of radical cations derived from enol silyl ethers was utilized for the activation of Brensted basic
substrates such as cyanopyridines to give allylic heteroarylated products. In addition to single-electron
oxidation-deprotonation process, HAT catalyst combined with mildly oxidizing Ir-complex could also

generate allylic radicals enabling the reaction with imines to avoid product inhibitions by highly
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oxidizing photocatalyst. In the whole reaction developed in this thesis, allylic-functionalized enol silyl
ethers could be transformed to highly functionalized carbonyl compounds to demonstrate the

availability of these transformations.
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Chapter 2

Direct Allylic C—H Alkylation of Enol Silyl Ethers Enabled by
Photoredox-Brensted Base Hybrid Catalysis

. OSiR;
OSiR3 . Ir complex (2 mol%)
A R | EWG  246-colidine (10mol%) Ry,  Re
R + >
, R DCE, blue LED, 25 °C R2 EWG
Rz 'H R3
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Derivatizations of allylated enol silyl ethers OMe
O
Me O Me SO,Ph
EtO SO,Ph
Ir complex

Abstract:

Strategies for altering the reaction pathway of reactive intermediates are of significant importance in
diversifying organic synthesis. Enol silyl ethers, versatile enolate equivalents, are known to undergo
one-electron oxidation to generate the radical cations that spontaneously form electrophilic a-carbonyl
radicals via elimination of the silyl group. Here, the author demonstrate that close scrutiny of the
property of the radical cations as strong C—H acids enables the identification of a catalyst system
consisting of an iridium-based photosensitizer and 2,4,6-collidine for the generation of nucleophilic
allylic radicals from enol silyl ethers through one-electron oxidation-deprotonation sequence under
light irradiation without the desilylation of the radical cation intermediates. The resultant allylic
radicals engage in the addition to electron-deficient olefins, establishing the selective allylic C—H
alkylation of enol silyl ethers. The strategy is broadly applicable, and the alkylated enol silyl ethers
can be transformed into highly functionalized carbonyl compound by exploiting their common polar

reactivity.
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1. Introduction

Enol silyl ethers and their analogs are one of the most versatile substrate classes and enjoy
widespread applications in organic synthesis (Fig. 1a).! They can be prepared from carbonyl
compounds of all oxidation states, such as aldehydes, ketones, esters and amide, by reliable protocols
and exhibit preeminent reactivity as enolate anion equivalents amenable to various catalysis manifolds.
These distinct features render enol silyl ethers attractive yet powerful handles for selective o-
functionalization of a wide array of carbonyl entities.

On the other hand, the allylic sp*>-hybridized carbons of the enol silyl ethers are potential reaction
sites as the electron-rich enol moiety contributes to decreasing bond-dissociation enthalpy of the allylic
C—H bonds. In particular, selective bond formation at the allylic carbons* with preservation of the enol
silyl ether component offers an opportunity to harness the reactivity of the resulting functionalized
enol silyl ethers for the conventional polar reactions, enabling access to o,p-difunctionalized carbonyl
compounds.”” However, despite their potential synthetic utility, only a few catalytic systems are
available for direct allylic C—H functionalization of enol silyl ethers or their analogs, which rely on
transition metal catalysis and synergistic photoredox-thiol catalysis.®*

In addition to the common polar reactivity useful for a diverse set of transformations, it has long
been recognized that enol silyl ethers undergo single-electron oxidation to generate the corresponding
radical cations.!® Yet, previous efforts for exploiting this radical reactivity in reaction development

115 or tethered

have been restricted to coupling with concomitantly generated heteroatom radicals
olefins at the a-carbon of the carbonyl group; this is largely due to the strong property of the radical
cation to undergo elimination of a silyl cation to produce parent carbonyls (Fig. 1b).!%1622 Under these
circumstanced, the author considered the intrinsic properties of this class of radical cations, specially

the presumed high acidity of allylic protons.”*?’ For instance, MacMillan®-3!

reported that radical
cations generated from aldehyde- or cyclic ketone-derived enamines underwent deprotonation to form
allylic radicals that were susceptible to radical addition reactions for f-functionalizations of the parent
carbonyls. With this profile in mind, the author envisioned that the allylic proton of the radical cation
derived from an enol silyl ether could be readily deprotonated to generate an allylic radical
nucleophilic enough to be captured by an external electrophile (Fig. 1c). If the employment of an
appropriate Bronsted base allows this proton abstraction event to occur predominantly over the
desilylation, the single-electron oxidation-deprotonation sequence would provide a broadly applicable
platform to execute bond construction exclusively at the allylic carbon, leaving the enol silyl ether
component intact for further synthetic manipulations. Here, the author disclose the successful
implementation of this strategy through the development of a direct allylic C—H functionalization of
a variety of enol silyl ethers with electron-deficient olefins under hybrid catalysis of an iridum-based
photosensitizer and pyridine derivative with the irradiation of visible light. The utility of this unique

C—H alkylation protocol is also demonstrated.
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a) General reactions of enol silyl ethers b) Electron transfer-induced desilylation
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o Applicable for further transformations  complex carbonyl compounds

Fig. 1 Transformations of enol silyl ethers. A General reaction pathway. B Known desilylation

reaction initiated by single-electron oxidation. C The reaction design of allylic C—H alkylation

2. Results
2.1 Analysis of the Property of Enol Silyl Ether and Its Radical Cation.

The author selected the cyclohexanone-derived enol silyl ether 1a as a model substrate and
investigated the physical properties requisite to establish a catalytic system for effecting the target
allylic functionalization. First, the oxidation potential (E,x) of 1a was determined to be 1.52 V vs.
saturated calomel electrode (SCE) by square wave voltammetry measurement in MeCN, which led us
to use a Ir'"" photocatalyst bearing ligands suitable for imparting sufficient single-electron oxidation
ability to the visible light-excited *Ir'" to generate a radical cation from 1a. Second, the pK, value of
the resulting radical cation [1a]™ in MeCN was estimated from the calculated reaction free energy
(AG) of deprotonation process. Since the direct determination of pK, from the calculated free energy
is liable to give deviated value, the author conducted statistical manipulation using experimentally
available values. Specifically, the pK, of [1a]™" was obtained by considering acid-base equilibria with
a series of substituted anilines (Fig. 2), whose pKa. values were experimentally determined (5-12 in
MeCN).3? As shown in Fig. 2, the values for the reaction free energy calculated at the SMD(MeCN)-
(U)CAM-B3LYP/6-311+G(d, p) level and the experimental pK, values of anilines showed excellent
linear correlation. The intercept of this plot corresponded to the pK, of [1a]™ and was determined to
be 8.4, which is close to that of TsOH [pK.(MeCN) = 8.6],>* meaning that [1a]"" can be readily
deprotonated by an appropriate Brensted base. In view of structural tunability, the author sought to
employ an organic base with recognition that essential requirements for ensuring the function of the
base are not only the pKa value but also the redox potential not to be involved in the single-electron

redox processes operated by the photocatalyst.
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Fig. 2 Estimation of pK, of radical cation [1a]™". a Acid-base equilibria between [1a]™ and

substituted anilines. b Linear free energy plot for the acid-base equilibria

2.2 Design of Catalysis and Optimization of Reaction Conditions.

Based on these initial results and considerations, the author began to evaluate the viability of his
strategy in the reaction of la with banzalmalononitrile (2a) as an acceptor in the presence of
[Ir(dF(CF3)ppy)2(4,4’-dCF3bpy)|PFs (4a, 2 mol%) (*E1,™* = 1.65 V vs. SCE)* and 2,4,6-collidine (1
equiv) (pKa = 14.98 in MeCN, E12°* =>2.0 V vs. SCE)*? in MeCN at ambient temperature. Under the
irradiation of a blue ligh-emitting diode (LED), bond formation occurred at the allylic carbon (-
position to the latent carbonyl) to give the alkylated enol silyl ether 3a in 78% nuclear magnetic
resonance (NMR) yield (Table 1, entry 1). The nature of the Brensted base was of critical importance
as the use of the sterically demanding 2,6-di-tert-butyl-4-methylpyridine (DTBMP) substantially
decreased the yield of 3a and inorganic bases, such as potassium phosphate, were totally ineffective

111

(entries 2 and 3). Furthermore, attempted alkylations with Ir'"" complexes 4b or 4¢, having different

bipyridine ligand, resulted in low conversion or no reaction, respectively, indicating that the reduction

potential of the Ir'

complex in the excited state as well as the oxidation potential of the transient Ir"
complex have a significant impact on reaction efficiency (enries 4 and 5). Interestingly, solvent
screening revealed that 1,2-dichloroethane (DCE) was optimal, allowing the reaction to proceed with
higher efficiency under the influence of 4a and 2,4,6-collidine to afford 3a in 89% yield (entry 6).

Although the catalytic use of the Braonsted base (10 mol%) appeared feasible, slight decrease in the
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Table 1. Optimization of conditions for reaction of enol silyl ether 1a with banzalmalononitrile (2a)

TBSO
TBSO 4 (2 mol%)

NC._CN base CN

@ ' ]/ MeCN g CN
H

1a 2a

blue LED, 25 °C Ph

3a

4a (R'=H, R% = CF;)

Eqp"M =165 V; By = -0.79 V
4b (R'=F, R?=H)

E1/2*III/II =161V; E1/2III/II =116V
4c (R'=H, R? = t-Bu)

Eqp™ = 1.21V; By = 1.37 V

Entry 4 Base (mol%) d.r2 Yield (%)

1 4a 2,4,6-collidine (100) 1.7:1 78

2 4a DTBMP (100) 1.7:1 27

3 4a K3PO, (100) - 0

4 4b 2,4,6-collidine (100) 1.7:1 14

5 4c 2,4,6-collidine (100) - 0

6° 4a 2,4,6-collidine (100) 2.0:1 89

7¢ 4a 2,4,6-collidine (10) 1.9:1 78

gd 4a 2,4,6-collidine (10) 2.0:1 95 (98)
9 4a 2,4,6-collidine (10) 1.8:1 (96)

Unless otherwise noted, the reactions were performed with 1a (0.1 mmol), 2a (1.2 equiv), base and 4 (2 mol%) in
MeCN (1.0 mL) at 25 °C for 12 h under argon atmosphere with light irradiation (blue LED, 750 W m2). 'H NMR
proton nuclear magnetic resonance, d.r. diastereomeric ratios, LED light-emitting diode, DTBMP 2,6-di-tert-butyl-4-
methylpyridine, TBS t-butyldimethylsilyl, DCE 1,2-dichloroethane. “Determined by '"H NMR from crude reaction
mixture. "NMR yield with mesitylene as an internal standard. The value within parentheses id an isolated yield. “The
reaction was conducted in DCE (1.0 mL). ‘In DCE (0.5 mL). *Carried out with 1a (2.0 mmol, 0.42 g), 2a (1.1 equiv),
2,4,6-collidine (10 mol%) and 4a (0.5 mol%) in DCE (10 mL) at 25 °C for 18 h under argon atmosphere with light

irradiation (blue LEDs, total 5000 W m™2).

product yield was inevitable because of undesired desilylated ketone formation (entry 7). This problem
was overcome by performing the reaction at higher substrate and catalyst concentration; desilylation
was completely suppressed and 3a was isolated almost quantitatively (entry 8). The direct allylic C—H

alkylation protocol thus developed was scalable as demonstrated by the reaction of 0.42 g of 1a with
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2a, which proceeded smoothly with a reduced amount of 4a (0.5 mol%) but with increased light
intensity under otherwise identical conditions to yield 0.71 g of 3a (96%) (entry 9).

To gain an insight into the reaction mechanism, especially the pathway for the generation of the
reactive intermediate, Steern-Volmer luminescence quenching experiments were performed.
Banzalmalononitrile (2a) and 2,4,6-collidine did not quench the excited state of photocatalyst 4a
(Supplementary Fig. 3). In contrast, increasing the concentration of enol silyl ether 1a caused a
significant decrease in emission intensity. These observations confirmed that the allylic C—H

alkylation was initiated by the single-electron oxidation of 1a.

2.3 Investigation of Substrate Scope.

Having established the optimized reaction conditions, the author explored the scope of this
alkylation under photoredox-Brensted case hybrid catalysis (Fig. 3). As demonstrated in the reactions
of 1a, a range of arylidene malononitriles were employable as electrophilic acceptors and the
corresponding alkylated enol silyl ethers 3b-3e were obtained in uniformly good yield. Alkylidene
malononitrile could also be coupled with 1a to form 3f with moderate efficiency. Furthermore, a,f3-
unsaturated ketones and sulfones proved viable acceptors to furnish 3g-3j in moderate to good yield.
With respect to enol silyl ether nucleophiles, it is important to note that trimethylsilyl and triethylsilyl
derivatives underwent deprotonation-allylic alkylation to afford 3k and 3l in high yield, clearly
indicating that the selectivity of deprotonation over desilylation does not rely on the steric demand of
the silyl groups. In addition to the cyclohexanone derivatives, seven- and eight-membered cyclic enol
silyl ethers smoothly reacted with 1,1-bis(phenylsulfonyl)ethylene to give good yields of 3m and 3n.
The acyclic enol silyl ethers were also found to be suitable substrates; primary-alkyl ketone- and
mesityl ketone-derived enol silyl ethers gave rise to the desired products 30-3r in excellent yield,
whereas the phenyl ketone-derived substrate provided 3s in lower yield (see below for theoretical
investigations and associated discussion). Relatively low reactivity was also observed in the reaction
of the o-tetralone derivative, resulting in the formation of 3t in 57% yield. Notably, butyryl pyrazole-
derived ketene silyl hemiaminal was amenable to alkylation and afforded 3u in high yield. Enol silyl
ethers with additional common functional groups, such as chlorine, ether, ester, imide and nitrile, were
compatible with this protocol and could be converted into the corresponding alkylated enol silyl ethers
3v-3z with equally high efficiency. When the ethyl #-butyl ketone-derived enol silyl ether was
subjected to the optimized conditions, the C—C bond formation occurred at the terminal, primary
allylic carbon to yield 3Aa. On the other hand, 2-methylcyclohexanone-derived enol silyl ether was
alkylated predominantly on the secondary allylic carbon to give 3Ab. An additional noteworthy aspect
of this hybrid catalytic system was that it accommodated complex substrate setting; the allylic
alkylation of the estrone derivative featuring a fused polycyclic framework delivered the enol silyl

ether 3Ac in excellent yield.
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Fig. 3 Substrate scope. Isolated yields are shown. Diastereomeric ratios (d.r.) of the products with

consecutive two stereocenters were 1.5:1-2.0:1. See the Supplementary Information for details.
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3. Analysis to rationalize the reactivity difference.

The reactivity profile of the enol silyl ethers, particularly that observed with 1o (R' = #-Bu), 1r (R!
= 2,4,6-Me;CsHa) and 1s (R' = Ph), prompted him to conduct density functional theory calculations
at the CAM-B3LYP/6-311+G(d, p) level for these substrates in order to rationalize the differences in

reactivity (Table 2). The pKa values of the corresponding radical cations in MeCN were calculated to

Table 2. Summary of spin density and SOMO level of the radical [1]° and activation barrier of
their addition to 1,1-bis(phenylsulfonyl)ethylene

TBS/OK/Q\ . SO,Ph TBSO  Me . so,ph
RIS SO,Ph AGH RN SO,Ph
[1o]’ (R' = t-Bu)
[r]" (R' = 2,4,6-Me3CgH,)
[1s]’ (R' = Ph)
Hr Spin density SOMO? (eV) AG?P Yield (%) of
- the reaction
(kcal
(3] Cc3 mo|—1)
[1o] 0.75 0.70 -5.77 21.2 90
[l 0.62 0.64 -5.77 21.6 81
[1s]* 058 051 -5.77 23.3 53

SOMO singly occupied molecular orbital ¢ Calculated at (UYCAM-B3LYP/6-311 + G(d, p) * Values for Gibbs free
energy (298.15 K and 1 atm) were calculated at SMD(DCE)-(U)CAM-B3LYP/6-311 + G(d, p).

be 8.4 (10), 6.5 (1r) and 4.8 (1s), respectively (Supplementary Figs. 6-11). These values suggested
that the deprotonation process to generate an allylic radical would be much easier for the 1s-derived
radical cation ([1s]™) than for the others, albeit the reaction of 1s provided the lowest yield (3s, 53%),
indicating that acidity of the radical cation was not the sole factor governing the present radical
addition reaction. The author then calculated the singly occupied molecular orbital (SOMO) levels
and spin density of 1o-, 1r- and 1s-derived allylic radicals as well as the activation barrier of their
additions to 1,1-bis(phenylsulfonyl)ethylene (AG?), respectively, and the results are summarized in
Table 2. According to the frontier orbital theory, the reactivity of a radical generally depends on both
the SOMO level and spin density at the reactive site. Considering almost the same SOMO level
(=—5.77 eV), the reactivity difference between the three allylic radicals, [10], [1r]" and [1s]’, would
stem from differences on the spin density at the allylic C3 position. For [10]", from which the reaction
proceeded with the lowest AG” of 21.2 kcal mol™! to afford high yield of the product 30 (90%), a
relatively large spin density (=0.70) was located at the allylic position. Although the large spin density
was estimated to be at the C1 position (=0.75), alkylation at this carbon would be highly unfavorable

due to steric congestion, and in fact, the corresponding product was not detected experimentally. In
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contrast, the electron in the radical [1s]" can be delocalized over the phenyl group, decreasing the spin
density at the C3 position (=0.51) compared to that of [10]". The difference in spin density was clearly
reflected in the larger activation barrier (AG” = 23.3 kcal mol ') and lower experimental yield of the
product 3s (53%). The importance of spin localization for ensuring productive bond formation was
also corroborated by the similar analysis of with 1r in comparison to the outcome with 1s. Radical
conjugation with the mesityl group is partially inhibited in [1r]" because of the torsional relationship
between the allyl and mesityl moieties (Supplementary Fig. 12); this leads to a higher spin density
(=0.64) at the C3 position and lower activation barrier (AG” = 21.6 kcal mol ), thereby accounting
for the experimentally observed higher efficiency in the formation of the product 3r (81% yield).

4. Transformation of Alkylated Enol Silyl Ethers.

The alkylation products have two different reactive sites, the enol silyl ether and active methane or
methylene. This salient structural feature enables diverse transformations to access a variety of
complex carbonyl compounds, providing a powerful demonstration of the utility of this method (Fig.

4). For instance, treatment of the alkylated enol silyl ether 3i with Selectfluor facilitated smooth

a
TBSO o]
@vsi)zph Selectfluor iti/skozph
B —
SO,Ph MeCN SO,Ph
3i 5a: 84% yield
TBSO TBSO
Pd,(dba)s-CHCl3 A\
CH,=CHCH,0CO,Me SO,Ph  MeOH, 50 °C X
EtsN, CHoCly 5b: 86% vield 5¢: 60% yield
TBSO OMe
Me 0
CN  2.oxazolidone O Pdy(OAc); CHCly Me
oy KeCOs A MePhos
_— 0O —  »
[ MeCN, O, \\/ CsF
O toluene, 100 °C N
OMe OMe o
3Ab 5d: 70% yield 5e: 56% yield
¢ O Me SO,Ph O Me SO,Ph
TBSO Me SOPh 1 selectiuor e SO 1. TBAF, 0°C 7
N —_—— 3u —mMM N
X SOPh 2 NaOEvEtOH O SO2Ph 2. PhCH,NH, P N SOoPh
reflux F 50°C Ao v
3u (X = 3,5-Meypyrazolyl) 5g: 61% yield (2 steps) 5h: 84% yield (2 steps)

Fig. 4 Diverse transformations of alkylated products. a Derivatizations of alkylated enol silyl
ether 3i. b Synthesis of complex fused tricyclic ketone 5e from alkylated enol silyl ether 3Ab. ¢

Derivatizations of alkylated ketene silyl hemiaminal 3u

28



fluorination of the enol silyl ether component to produce the a-fluoro-B-alkylated ketone 5a. On the
other hand, selective functionalization of the bis(sulfonyl)methyl moiety of 3i was feasible by the
palladium-catalyzed allylation with allyl carbonate, affording Sb in high yield. Subsequent exposure
of Sb to magnesium metal in MeOH effected desulfonylation to give Sc. The malononitrile subunit of
the enol silyl ether 3Ab could be selectively converted into imide by reaction with 2-oxazolidoneunder
oxygen atmosphere.*® The resulting 5d underwent intramolecular arylation under palladium catalysis
to furnish the fused tricyclic ketone Se, of which structure is often found in diterpenoids, such as
taiwaniaquinol A.* Moreover, functionalized esters and amides, such as 5f and 5g, were accessible
through the common derivatizations of pyrazole-substituted ketene silyl hemiaminal 3u; the reaction
with Selectfluor followed by solvolysis in ethanol gave rise to a-fluoro-B-alkylated ester 5f, while

desilyltion and subsequent condensation with benzylamine proceeded with high efficiency to yield 5g.

5. Conclusions

The author has developed a strategy for the allylic C—H alkylation of enol silyl ethers and their
derivatives, which relies heavily on the combined use of appropriate photoredox and Brensted base
catalysts for the generation of requisite allylic radicals while suppressing undesired desilylation
process. Under the hybrid catalysis, a series of enol silyl ethers smoothly react with electron-deficient
olefins to give the corresponding functionalized enol silyl ethers. This operationally simple protocol,
in concert with the ready availability of enol silyl ethers and their conventional polar reactivity,
provides rapid and reliable access to an array of complex carbonyl compounds and will find

widespread use among practitioners of organic synthesis.
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6. Experimental Section

General Information: '"H NMR spectra were recorded on a JEOL JNM-ECS400 (400 MHz) and
JEOL JNM-ECAG600II (600 MHz) spectrometer. Chemical shifts are reported in ppm from the
tetramethylsilane (0.0 ppm) resonance as the internal standard (CDCl3). Data are reported as follows:
chemical shift, integration, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, quin = quintet,
sext = sextet, sept = septet, m = multiplet, and br = broad) and coupling constants (Hz). *C NMR
spectra were recorded on a JEOL JNM-ECAG600II (151 MHz) spectrometer with complete proton
decoupling. Chemical Shifts are reported in ppm from the solvent resonance as the internal standard
(CDCls; 77.16 ppm). The high-resolution mass spectra were conducted on Thermo Fisher Scientific
Exactive Plus (ESI). Analytical thin layer chromatography (TLC) was performed on Merck precoated
TCL plates (silica gel 60 GF254, 0.25 mm). Flash column chromatography was performed on Silica
gel 60 N (spherical, neutral, 40~50 um; Kanto Chemical Co., Inc.).

All air- and moisture-sensitive reactions were performed under an atmosphere of argon (Ar) in dried
glassware. Dichloromethane (CH.Cly), 1,2-dichloroethane (DCE), diethyl ether (Et,O), and
tetrahydrofurane (THF) were supplied from Kanto Chemical Co., Inc. as “Dehydrated” and further
purified by both A2 alumina and Q5 reactant using a GlassContour solvent dispensing system. The
photocatalysts (4a-4¢) and enol silyl ethers were synthesized according to the previously reported

procedures.**37* Other simple chemicals were purchased and used as such.
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Synthesis of Ketones

CuCl
0 t-BuMgCl o)
—_—
C|)J\/\ THF t-Bu)J\/\
0°Ctor.t. S1

To a solution of butyryl chloride (3.1 mL, 30 mmol) and CuClI (0.15 g, 1.5 mmol) in THF (60 mL,
0.5 M), a 1 M THF solution of +-BuMgCl (31 mL, 31 mmol) was added dropwise via syringe under
Ar atmosphere. The resulting mixture was allowed to warm to room temperature and stirred overnight.
The reaction was then quenched by the addition of water at 0 °C and the aqueous phase was extracted
with Et,O twice. The combined organic phases were washed with 1 N aqueous solution of HCI three
times, dried over NaxSOy, filtered, and concentrated. The residue was purified by distillation to afford
S1 in 57% yield (2.2 g, 17 mmol). '"H NMR (400 MHz, CDCls) 6 2.46 (2H, t, J = 6.8 Hz), 1.63-1.54
(2H, m), 1.13 (9H, s), 0.90 (3H, t, /= 7.2 Hz).

o) AICl, o)
+ —_—
CI)I\/\ 0°Ctort.  Mes

S2

To a round-bottom flask was charged with mesitylene (8.4 mL, 60 mmol) and the reaction flask was
cooled to 0 °C. Anhydrous AICl; (0.67 g, 5 mmol) was added one-portion and the mixture was stirred
at the same temperature for several minutes. To this mixture was added butyryl chloride (2.1 mL, 20
mmol) dropwise over 1 h at 0 °C. The whole reaction mixture was then allowed to warm to room
temperature and stirred for 6 h. The reaction was quenched by the addition of water and the extractive
work-up was conducted with Et;O. The combined organic layers were washed with saturated aqueous
solution of NaHCO3, dried over Na,SOy, filtered, and concentrated. The resulting crude material was
purified by column chromatography on silica gel (hexane 100% to hexane/EtOAc = 5:1 as eluent) to
afford S2 in 99% yield (3.7 g, 19.4 mmol). "H NMR (400 MHz, CDCl3) 6 6.83 (2H, s), 2.67 (2H, t, J
=7.6 Hz), 2.27 (3H, s), 2.19 (6H, s), 1.73 (2H, sext, J = 7.6 Hz), 1.00 3H, t, /= 7.6 Hz).

(0]
N
Me—~2 "*NH O EtsN
N<
L( * )k/\ - Me 4 NJI\/\
Cl toluene —
Me 0 °C to reflux Me

S3

To a two-necked round-bottom flask was added 3,5-dimethylpyrazole (0.96 g, 10 mmol), butyryl
chloride (1.2 mL, 11 mmol), toluene (50 mL, 0.2 M) and the flask was degassed by alternating vacuum
evacuation/Ar backfill. The mixture was cooled to 0 °C, and Et3N (2.8 mL, 20 mmol) was added. The
whole mixture was then heated to reflux. After stirring for 1 h, the reaction mixture was cooled to

room temperature and filtered through a pad of Celite with the aid of EtOAc. The filtrates were
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evaporated under reduced pressure and the crude product was purified by column chromatography on
silica gel (hexane/EtOAc = 10:1 as eluent) to afford S3 quantitatively (1.7 g, 10 mmol). "H NMR (400
MHz, CDCl3) 6 5.95 (1H, s), 3.08 (2H, t, /= 7.6 Hz), 2.54 (3H, s), 2.24 (3H, s), 1.77 (2H, sext, J =7.6
Hz), 1.02 (3H, t, /= 7.6 Hz).

CuCl
0 t-BuMgCl 0
)J\/\/\ )J\/\/\
Cl Cl THF t-Bu Cl
0°Ctor.t. S4

To a solution of 5-chlorovaleryl chloride (7.7 mL, 60 mmol) and CuCl (5.9 g, 60 mmol) in THF (60
mL, 1 M), a 1 M THF solution of --BuMgCl (63 mL, 63 mmol) was added dropwise via syringe under
Ar atmosphere at 0 °C. The reaction mixture was then allowed to warm to room temperature and
stirred overnight. The reaction was quenched with ice water and filtered through a pad of Celite. The
organic layer of resulting filtrates was washed with 1 N HCI aq. three times, dried, and concentrated.
The crude product was purified by silica gel column chromatography (hexane/EtOAc = 15:1 as eluent)
to give S4 in 92% yield (9.75 g, 55.2 mmol). "H NMR (400 MHz, CDCl3) § 3.53 (2H, t, J = 6.4 Hz),
2.52 (2H, t,J= 6.8 Hz), 1.85-1.65 (4H, m), 1.14 (9H, s).

Nal
0o NaOH aq. o
)J\/\/\
t—Bu)J\/\/\CI MeOH tBu OMe
sS4 reflux S5

The mixture of S4 (0.53 g, 3 mmol) and Nal (0.90 g, 6 mmol) in 1 N NaOH aq. (20 mL) and MeOH
(100 mL) was refluxed with stirring for 12 h. The reaction mixture was then cooled to room
temperature and evaporated to remove MeOH. The resulting mixture was extracted with EtOAc twice,
and the combined organic layers were washed with brine, dried over Na;SQs, filtered, and
concentrated. The residue was purified by column chromatography on silica gel (hexane/EtOAc =
15:1) to afford S5 in 54% yield (0.28 g, 1.63 mmol). '"H NMR (400 MHz, CDCl3) § 3.37 (2H, t, J =
6.4 Hz), 3.32 (3H, s), 2.51 (2H, t,J=7.0 Hz), 1.66-1.50 (4H, m), 1.13 (9H, s).

2

o KOAc 0
)J\/\/\ )J\/\/\
t-Bu Cl AcOH t-Bu OAc
sS4 reflux S6

The solution of S4 (2.6 g, 15 mmol), KOAc (2.9 g, 30 mmol), and I, (31 mg, 0.12 mmol) in AcOH
(150 mL, 0.1 M) was refluxed with stirring overnight. The reaction mixture was allowed to cool to
room temperature and acetic acid was removed by rotary evaporator. The residue was diluted with
water and extracted with EtOAc. The combined organic layers were washed with brine, dried over

NaxSOs, filtered, and concentrated. The crude material was purified by column chromatography on
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silica gel (hexane/EtOAc = 10:1) to afford S6 in 60% yield (1.8 g, 9.0 mmol). "H NMR (400 MHz,
CDCl3) 0 4.06 (2H, t,J = 6.2 Hz), 2.52 (2H, t, J= 7.0 Hz), 2.05 (3H, s), 1.62 (4H, m), 1.14 (9H, s).

Q K
Q K,CO4 0
J\/\/\ + AN )J\/\/\
t-Bu o] DMF tBu NPhth
s4 o 80 °C s7

The suspension of S4 (0.88 g, 5 mmol), phthalimide (0.88 g, 6 mmol), K,CO3 (1.38 g, 10 mmol),
and KI (0.33 g, 2 mmol) in DMF (20 mL) was stirred at 80 °C overnight. After cooling to room
temperature, the reaction mixture was diluted with water and the extractive work-up was performed
with EtOAc. The combined organic layers were washed with water three times, dried over Na;SOs,
and concentrated. The resulting crude residue was purified by column chromatography on silica gel
(hexane/EtOAc = 3:1) to afford S7 in 90% yield (1.3 g, 4.5 mmol). '"H NMR (400 MHz, CDCl3) &
7.87-7,81 (2H, m), 7.74-7.68 (2H, m), 3.69 (2H, t,J= 7.2 Hz), 2.54 (2H, t,J = 7.2 Hz), 1.74-1.55 (4H,
m), 1.13 (9H, s).

0o NaCN 0o

)J\/\/\ )J\/\/\
t-Bu Cl DMF t-Bu CN
S4 60 °C S8

The mixture of S4 (0.49 g, 2.8 mmol) and NaCN (0.41 g, 8.3 mmol) in DMF (3 mL) was vigorously
stirred at 60 °C for 10 h. After cooling to room temperature, the reaction mixture was diluted with
water and the extractive work-up was conducted with EtOAc. The combined organic layers were
washed with water three times, dried over Na>SQy, filtered, and concentrated. The crude material was
purified by column chromatography on silica gel (hexane/EtOAc = 10:1 to 4:1) to furnish S8
quantitatively (0.47 g, 2.8 mmol). "H NMR (400 MHz, CDCls) 6 2.54 (2H, t, J= 6.8 Hz), 2.35 (2H, t,
J=17.2Hz), 1.79-1.59 (4H, m), 1.14 (9H, s).

Characterization of Enol Silyl Ethers

TBSO  'H NMR (400 MHz, CDCl3) J 4.89-4.84 (1H, brm), 2.03-1.96 (4H, m), 1.69-1.61 (2H, m),
1.53-1.47 (2H, m), 0.91 (9H, s), 0.12 (6H, s); *C NMR (151 MHz, CDCl3) J 150.6, 104.5,
30.0,25.9,24.0,23.3,22.5,18.2,4.2.

TMSO  'H NMR (400 MHz, CDCL) & 4.88-4.85 (1H, m), 2.03-1.96 (4H, m), 1.68-1.62 (2H, m),

1.53-1.48 (2H, m), 0.18 (9H, s); '3C NMR (151 MHz, CDCls)  150.4, 104.4, 30.0, 24.0,
23.3,22.5,0.5.
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TESO  'H NMR (400 MHz, CDCls) 6 4.89-4.83 (1H, m), 2.04-1.96 (4H, m), 1.68-1.60 (2H, m),
© 1.54-1.46 (2H, m), 0.97 (9H, t, J = 8.0 Hz), 0.64 (6H, q, J = 8.0 Hz); '3C NMR (151 MHz,
CDCls) § 150.6, 104.1, 30.0, 24.0, 23.4, 22.5, 6.9, 5.2.

TBSO
'H NMR (400 MHz, CDCl3) 6 5.01 (1H, t, J = 6.4 Hz), 2.26-2.19 (2H, brm), 1.98 (2H, dd,
J=11.6, 6.4 Hz), 1.71-1.63 (2H, m), 1.61-1.48 (4H, m), 0.91 (9H, s), 0.11 (6H, s); 13C
NMR (151 MHz, CDCL;) J 156.3, 108.7, 35.7, 31.6, 27.9, 25.9, 25.5, 25.4, 18.1, —4.3.
tsso  'HNMR (400 MHz, CDCl;) 6 4.74-4.66 (1H, m), 2.20-2.14 (2H, brm), 2.04-1.96 (2H, br),

1.61-1.45 (8H, brm), 0.91 (9H, s), 0.14 (6H, s); >*C NMR (151 MHz, CDCl3) § 153.4, 105.0,
31.1(9), 31.1(5), 27.9, 26.5(2), 26.5(0), 25.9, 25.7, 18.2, -4.2.

TBSj)\/\ 'H NMR (400 MHz, CDCls) & 4.44 (1H, t, J = 7.2 Hz), 1.99 (2H, quin, J = 7.2 Hz),
NS

tBu 1.06 (9H, s), 0.98 (9H, s), 0.93 (3H, t, J = 7.2 Hz), 0.17 (6H, s); '*C NMR (151 MHz,
CDCls) § 157.3, 105.5, 29.1, 26.7, 25.9, 19.5, 19.4, 14.9, -2.9.

TBSO 'H NMR (400 MHz, CDCl5) 0 4.40 (1H, t, J = 7.4 Hz), 2.06-1.90 (4H, m), 1.52-1.46
= (2H, m), 0.95 (9H, s), 0.93-0.88 (6H, m), 0.12 (6H, s); '3C NMR (151 MHz, CDCls)
§149.7, 110.0, 38.8, 26.0, 20.5, 18.7, 18.4, 14.7, 13.8, -3.9.

TBSO This compound was synthesized by the literature method.?

M '"H NMR (400 MHz, CDCls) § 4.93 (1H, t, J = 7.2 Hz), 1.97-2.04 (2H, m), 1.76 (3H, s),
0.94 (9H, s), 0.91 (3H, t, J= 7.8 Hz), 0.13 (6H, s); >C NMR (151 MHz, CDCl3) § 146.2, 110.7, 25.9,
22.9,18.8,18.4, 14.6, -3.8.

TBSO 'HNMR (400 MHz, CDCL3) d 6.81 (2H, s), 4.52 (1H, t, J = 7.2 Hz), 2.28 (6H, 5), 2.25
Mes™ (3H, s), 2.21 (2H, quin, J = 7.2 Hz), 1.01 3H, t,J = 7.2 Hz), 0.91 (9H, ), —0.21 (6H,
s); *C NMR (151 MHz, CDCls) § 145.8, 136.9, 136.5, 136.4, 128.2, 115.0, 25.8, 21.2, 20.4, 18.8,
18.4, 14.5,—4.4.

TBSO "H NMR (400 MHz, CDCL3) 6 7.43 (2H, d, J = 6.8 Hz), 7.31-7.25 (3H, m), 5.09 (1H, t,
NS

Ph J=1.6 Hz), 2.22 (2H, quin, J = 7.6 Hz), 1.03 (3H, t, J = 7.6 Hz), 0.98 (9H, s), —0.05

(6H, s); *CNMR (151 MHz, CDCl;) 6 148.9, 140.0, 128.0, 127.4, 126.0, 114.0, 26.0, 19.6, 18.5, 14.4,

-3.9.
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TBSO  'H NMR (400 MHz, CDCL3) 8 7.46 (1H, d, J= 7.2 Hz), 7.22-7.08 (3H, m), 5.17 (1H, t, J
= 4.6 Hz), 2.76 (2H, t, J = 8.0 Hz), 2.35-2.27 (2H, m), 1.01 (9H, s), 0.20 (6H, s); 1°C
NMR (151 MHz, CDCL3) 6 148.4, 137.3, 133.8, 127.4, 127.1, 126.3, 122.0, 105.1, 28.4,

26.1,22.4, 18.5, -2.8.

880 'H NMR (400 MHz, CDCl3) 6 5.79 (1H, s), 4.76 (1H, t, J = 7.6 Hz), 2.23 3H,

y /N\N)\/\ s), 2.21 3H, s), 2.18 (2H, quin, J = 7.6 Hz), 1.03 (3H, t, J = 7.6 Hz), 0.92 (9H,
e

u s),~0.08 (6H, s); *C NMR (151 MHz, CDCls) 148.1, 141.3, 139.8, 109.3, 105.7,

Me
25.7,18.9,18.2,14.1,13.6,11.6,-5.2.
TBSO "H NMR (400 MHz, CDCl3) 6 4.43 (1H, t, J= 7.2 Hz), 3.53 (2H, t, J = 7.2 Hz),
NS
t-Bu Cl' 213 (2H, q,J= 7.2 Hz), 1.79 (2H, quin, J = 7.2 Hz), 1.06 (9H, s), 0.98 (9H, s),

0.18 (6H, s); '*C NMR (151 MHz, CDCls) 6 159.1, 101.7, 45.0, 36.7, 33.3, 29.1, 26.7, 23.8, 19.4, —
2.7.

TBSO 'H NMR (400 MHz, CDCls) 6 4.45 (1H, t, J = 7.0 Hz), 3.36 (2H, t, J = 7.0
tBu” N OMe Hz), 3.32 (3H, s), 2.03 (2H, q, J = 7.0 Hz), 1.59 (2H, quin, J = 7.0 Hz), 1.05
(9H, s), 0.98 (9H, 5), 0.17 (6H, s); '>*C NMR (151 MHz, CDCL) § 158.3, 102.9, 72.7, 66.0, 58.7, 30.3,
29.1,26.7,22.7, 19.4, -2.8.

TBSO 'H NMR (400 MHz, CDCls) 6 4.44 (1H, t,J = 7.0 Hz), 4.06 (2H, t, J = 6.6 Hz),
EBu OAc 307 (2H, q, J = 7.0 Hz), 2.04 (3H, s), 1.70-1.60 (2H, m), 1.05 (9H, s), 0.98
(9H, ), 0.18 (6H, s); 3C NMR (151 MHz, CDCl5)  171.4, 158.7, 102.3, 64.5, 36.7, 29.3, 29.0, 26.7,
22.8,21.2,19.4, 2.8.

TBSO "H NMR (400 MHz, CDCl3) & 7.86-7.80 (2H, m), 7.73-7.67 (2H, m), 4.47
S

t-Bu NPhth  (1H, brt, J = 6.6 Hz), 3.69 (2H, t, J = 7.6 Hz), 2.04 (2H, q, J = 7.6 Hz), 1.71

(2H, quin, J = 7.6 Hz), 1.04 (9H, s), 0.94 (9H, s), 0.15 (6H, s); *C NMR (151 MHz, CDCl:) 6 168.5,

158.7,134.0,132.4,123.3,102.2, 37.9, 36.7, 29.2, 29.0, 26.6, 23.7, 19.3, -2.8.

TBSO '"H NMR (400 MHz, CDCl3) § 4.41 (1H,t, J=7.2 Hz), 2.32 (2H, t,J = 7.2 Hz),
X

tBu CN' 213 (2H, q,J =7.2 Hz), 1.69 (1H, quin, J = 7.2 Hz), 1.06 (9H, s), 0.98 (9H, s),

0.18 (6H, s); *C NMR (151 MHz, CDCls) ¢ 159.9, 120.0, 101.0, 36.8, 29.0, 26.6, 26.1, 25.2, 19.3,

16.7,-2.7.
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TBSO 'H NMR (400 MHz, CDCL3) 6 4.57 (1H, q, J = 7.2 Hz), 1.53 (3H, d, J = 7.2 Hz), 1.06
NS
tBu (9H, 5), 0.99 (9H, s), 0.18 (6H, s); '3C NMR (151 MHz, CDCl3) 6 159.1, 97.0, 31.7, 29.0,
26.7,25.9, 12.0, -2.7.

TBSO 'H NMR (600 MHz, CDCL3) 6 2.04-1.99 (2H, m), 1.97-1.92 (2H, m), 1.67-1.61 (2H, m),
1.57 (3H, s), 1.56-1.51 (2H, m), 0.95 (9H, s), 0.11 (6H, s); '*C NMR (151 MHz, CDCl5)
§143.1, 111.7, 30.5(4), 30.4(5), 26.3, 24.0, 23.2, 18.3, 16.6, -3.7.

'H NMR (400 MHz, CDCL3) 6 7.08 (1H, d, J = 8.4 Hz), 6.64 (1H, d, J
= 8.4 Hz), 6.59 (1H, 5), 4.42 (1H, 5), 2.90-2.74 (2H, m), 2.34-2.18 (2H,
m), 2.21-2.03 (1H, m), 1.94-1.78 (3H, m), 1.64-1.31 (SH, m), 1.31-1.14
(6H, m), 1.10 (36H, br), 0.90 (3H, s); '*C NMR (151 MHz, CDCl;) 6
165.4, 153.8, 138.0, 133.4, 125.8, 119.9, 116.9, 97.4, 54.3, 45.3, 44.8, 37.3, 33.8, 29.7, 28.3, 27.3,
26.4, 18.2(3), 18.1(6), 15.7, 12.9, 12.7.

TIPSO

General Experimental Procedure for Allylic Alkylation of Enol Silyl Ethers

To a flame-dried test tube were added electron-deficient olefin (0.12 mmol, 1.2 equiv),
[Ir(dFCF3ppy)2(4,4-dCF3bpy)]PFs (2.29 mg, 0.002 mmol, 2 mol%) and DCE (0.5 mL, 0.2 M). The
reaction tube was sealed with a rubber septum and then evacuated in vacuo and backfilled with Ar
five times. Enol silyl ether (0.1 mmol, 1 equiv) and 2,4,6-collidine (1.3 pL, 0.01 mmol, 10 mol%)
were successively introduced. The whole reaction mixture was stirred at 25 °C under the irradiation
of blue LED (448 nm, 750 W/m?) with a fan to keep the temperature. After 12 h, the reaction mixture
was evaporated. Purification of the resulting crude residue by column chromatography on silica gel

(hexane 100% to hexane/EtOAc = 5:1) afforded the corresponding alkylated enol silyl ether.

Proposed Catalytic Cycle of Allylic C—H Alkylation

While it is difficult to precisely establish the entire reaction mechanism, particularly the closing step
of the catalytic cycle, we illustrate the plausible mechanism of the present allylic alkylation of enol
silyl ethers in Fig. S1. The light-excited Ir'"" complex would engage in the oxidation of enol silyl ether
to generate radical cation intermediate A and the reduced Ir'' complex. This oxidation process would
then be relayed to the deprotonation of the radical cation by 2,4,6-collidine to furnish nucleophilic
allylic radical B. The subsequent radical addition to electron-deficient olefin could form a new carbon—

carbon bond with the generation of electrophilic radical C. The single-electron reduction of C by Ir"!
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complex would give the carbanion intermediate D, which could be protonated by collidinium salt to

afford the alkylated product and return both catalyst species back to the initial forms.
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Fig. S1. Proposed catalytic cycle
Characterization of alkylated enol silyl ethers

TBSO 3a: "HNMR (600 MHz, CDCls) (for major diastereomer) § 7.45-7.32 (5H, m), 4.35

CN (1H, br), 4.16 (1H, d, J = 4.8 Hz), 2.99 (1H, dd, J = 10.2, 4.8 Hz), 2.91-2.85 (1H,

CN m), 2.02-1.94 (3H, m), 1.88-1.82 (1H, m), 1.70-1.61 (1H, m), 1.28-1.22 (1H, m),

0.82 (9H, s), —0.06 (3H, s), —0.07 (3H, s), (for minor diasterecomer) ¢ 7.45-7.32 (5H,

m), 4.94 (1H, d, J=4.2 Hz), 4.24 (1H, d, /= 4.8 Hz), 3.00-2.94 (1H, m), 2.91-2.85 (1H, m), 2.05-2.01

(2H, m), 1.71-1.61 (1H, m), 1.61-1.55 (1H, m), 1.49-1.42 (1H, m), 1.22-1.17 (1H, m), 0.94 (9H, s),

0.17 (6H, s); *C NMR (151 MHz, CDCls) (for major diastereomer)  153.4, 136.6, 129.3, 128.7,

112.1, 111.9, 103.8, 52.1, 37.1, 29.6, 27.7, 27.6, 21.6, 18.1, —4.3, —4.5, (for minor diastereomer) o

155.3, 136.7, 129.0, 128.4, 112.4, 112.0, 103.0, 52.0, 36.1, 30.0, 27.9, 25.8, 19.6, 18.2, —4.0, —4.2;
HRMS (ESI) Calcd for C22H290N2Si™ ([M—H] ") 365.2044. Found 365.2052.

Ph
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TBSO 3b (dr=1.8:1): "H NMR (600 MHz, CDCl;) (for major diastereomer) 6 7.69 (2H,
‘ CN d, J=8.4 Hz), 749 (2H, d, J = 8.4 Hz), 4.27 (1H, br), 4.18 (1H, d, J = 3.6 Hz),
CN' 3,02-2.95 (2H, m), 2.02-1.94 (3H, m), 1.89-1.82 (1H, m), 1.72-1.63 (1H, m), 1.29-
O 1.21 (1H, m), 0.82 (9H, s), —0.07 (6H, s), (for minor diasterecomer) ¢ 7.69 (2H, d, J
=7.5Hz),7.51 2H, d, J="7.5Hz),4.92 (1H, d,J=4.2 Hz), 427 (1H, d, J=4.8
Hz), 3.06 (1H, dd, J = 10.5, 4.8 Hz), 2.93-2.86 (1H, m), 2.04 (2H, t, J = 6.0 Hz),
1.70-1.56 (2H, m), 1.51-1.42 (1H, m), 1.18-1.12 (1H, m), 0.94 (9H, s), 0.17 (6H, s); '*C NMR (151
MHz, CDCl3) (for major diastereomer) 0 154.0, 140.5, 131.4 (q, Jc-r = 32.8 Hz), 129.3, 126.3 (q, Jcr
=4.4Hz), 123.9(q,Jc.r=273.0Hz), 111.7,111.4,103.1,51.8,37.0,29.5,27.5,27.2,25.7,21.5, 18.1,
—4.3, 4.5, (for minor diastereomer) ¢ 155.8, 140.6, 131.3 (q, Jc.r = 33.2 Hz), 128.9, 126.3, 123.9 (q,
Jer=272.0Hz),112.0,111.5, 102.3, 51.7, 36.0, 29.9, 25.7,25.5, 19.4, 18.2, 4.0, —4.2; HRMS (ESI)
Calcd for C23Has0N,F3Si™ ([M—H]") 433.1918. Found 433.1917.

CF3

TBSO 3¢ (dr = 1.9:1): The reaction of 1a (0.1 mmol) with electron-deficient olefin (0.2
‘ CN mmol, 2 equiv) was carried out for 24 h.

CN  TH NMR (600 MHz, CDCl;) (for major diastereomer) J 7.26 (2H, d, J = 9.0 Hz),

O 6.93 (2H, d,J=9.0 Hz), 4.39 (1H, brs), 4.12 (1H, d, /= 4.8 Hz), 3.83 (3H, s), 2.96-

2.89 (1H, m), 2.84 (1H, dd, J = 10.2, 4.8 Hz), 2.04-1.91 (3H, m), 1.88-1.81 (1H,

m), 1.70-1.61 (1H, m), 1.27-1.18 (1H, m), 0.83 (9H, s), —0.04 (6H, s), (for minor

diastereomer) 0 7.28 (2H, d, /= 7.8 Hz), 6.93 (2H, d, /= 7.8 Hz), 4.91 (1H, d, J = 4.2 Hz), 4.21 (1H,

d, J=4.8 Hz), 3.82 (3H, s), 2.94 (1H, dd, J = 10.8, 4.8 Hz), 2.86-2.80 (1H, m), 2.02 (2H, t, J = 6.3

Hz), 1.68-1.55 (2H, m), 1.48-1.42 (1H, m), 1.24-1.18 (1H, m), 0.94 (9H, s), 0.16 (6H, s); 3*C NMR

(151 MHz, CDCls) (for major diastereomer) ¢ 160.0, 153.3, 129.8, 128.5, 114.6, 112.3, 111.9, 104.0,

55.5,51.5,37.1, 29.6, 27.8(3), 27.7(6), 25.8, 21.7, 18.2, —4.3, —4.5, (for minor diastereomer) ¢ 160.0,

155.2,129.5, 128.6, 114.7, 112.6, 112.0, 103.1, 55.4, 51.4, 36.2, 30.0, 28.1, 25.8, 25.5, 19.5, 18.2, —
4.0,-4.2; HRMS (ESI) Calcd for C23H320:N2NaSi" ([M+Na]") 419.2125. Found 419.2139.

OMe

TBSO 3d (dr = 1.8:1): 'TH NMR (600 MHz, CDCl5) (for major diastereomer) 6 7.90 (1H,
‘ CN  d,J=8.4Hz), 7.88-7.82 (2H, m), 7.80 (1H, s), 7.52 (1H, d, J= 7.2 Hz), 7.52 (1H,
CN { J=54Hz),7.46 (1H, d,J = 7.8 Hz), 4.41 (1H, brs), 4.23 (1H, brd), 3.13-3.06

O (2H, m), 2.05-1.95 (3H, m), 1.90-1.83 (1H, m), 1.74-1.65 (1H, m), 1.34-1.24 (1H,

O m), 0.79 (9H, s), —0.10 (3H, s), —0.11 (3H, s), (for minor diastereomer) ¢ 7.90 (1H,

d, J=8.4 Hz), 7.88-7.84 (2H, m), 7.82 (1H, s), 7.55-7.51 (2H, m), 7.49 (1H, d, J =

9.0 Hz), 5.00 (1H, d, J = 4.2 Hz), 4.32 (1H, d, J = 4.8 Hz), 3.17 (1H, dd, J = 10.2, 4.8 Hz), 3.04-2.98
(1H, m), 2.04 (2H, t, J = 6.3 Hz), 1.72-1.64 (1H, m), 1.63-1.56 (1H, m), 1.50-1.44 (1H, m), 1.27-1.19
(1H, m), 0.95 (9H, s), 0.18 (6H, s); '*C NMR (151 MHz, CDCls) (for major isomer) J 153.5, 134.0,
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133.4(9), 133.4(5), 129.2, 128.4, 128.2, 127.9, 126.8, 126.7, 125.6, 112.1, 112.0, 103.9, 52.2, 37.3,
29.6, 27.8, 27.6, 25.7, 21.6, 18.1, —4.3, —4.5, (for minor diasterecomer) ¢ 155.4, 134.1, 133.5(4),
133.4(6), 129.3, 128.3, 128.2, 127.9, 126.8, 126.7, 125.3, 112.4, 112.0, 103.0, 52.2, 36.2, 30.0, 27.9,
25.8,25.7, 19.6, 18.2, -4.0, —4.2; HRMS (ESI) Calcd for Co6H31ON,Si™ ([M—H]") 415.2200. Found
415.2210.

TBSO 3e (dr = 1.6:1): '"H NMR (400 MHz, CDCl;) (for major diastereomer) § 7.97-7.93

CN (1H, m), 7.49 (1H, d, J = 2.1 Hz), 7.46-7.42 (1H, m), 7.07 (1H, t, J= 2.0 Hz), 4.26

‘ cN  (1H, brs), 4.05 (1H, d, J= 1.2 Hz), 3.64 (1H, dd, J= 2.6, 1.2 Hz), 3.02-2.97 (1H,

! O m), 2.09-1.96 (3H, m), 1.94-1.88 (1H, m), 1.72-1.60 (1H, m), 1.42-1.35 (1H, m),

0.83 (9H, m),—0.01 (3H, s), —0.05 (3H, s), (for minor diasteromer) d 7.97-7.93 (1H,

m), 7.54 (1H, d, J=2.0 Hz), 7.46-7.42 (1H, m), 7.07 (1H, t, /= 1.9 Hz), 4.98 (1H, d,J = 1.2 Hz), 4.18

(1H, d, J= 1.4 Hz), 3.74 (1H, dd, J = 2.6, 1.3 Hz), 2.90-2.84 (1H, m), 2.09-1.96 (2H, m), 1.88-1.79

(1H, m), 1.72-1.60 (1H, m), 1.45-1.40 (1H, m), 1.21-1.15 (1H, m), 0.95 (9H, s), 0.19 (3H, s), 0.18 (3H,

s); ’C NMR (151 MHz, CDCls) (for major diastereomer) 6 171.5, 152.2, 141.1, 139.5, 129.7, 129.0,

104.4, 103.0, 67.0, 56.1, 47.0, 43.0, 39.9, 29.9, 25.8, 21.4, 18.1, —4.1(8), —4.2(3), (for minor

diastereomer) ¢ 171.5, 152.6, 141.6, 139.7, 129.6, 129.1, 107.4, 102.3, 67.0, 56.0, 47.1, 42.9, 40.7,

30.2, 28.1, 21.8, 18.2, 4.0, —4.1; HRMS (ESI) Caled for C22H29ONz2INaSi* ([M+Na]*) 515.0986.
Found 515.0983.

TBSO 3f (dr = 1.6:1): "H NMR (400 MHz, CDCl5) (for major diastereomer) § 7.35-7.30

CN (2H, m), 7.26-7.20 (3H, m), 4.62 (1H, brs), 3.89 (1H, d, /= 2.4 Hz), 2.88-2.68 (2H,

CN  m), 2.68-2.60 (1H, m), 2.14-1.68 (5H, m), 1.64-1.49 (2H, m), 1.33-1.18 (2H, m),

0.92 (9H, s), 0.15 (6H, s), (for minor diastereomer) ¢ 7.35-7.28 (2H, m), 7.26-7.20

(3H, m), 4.62 (1H, brs), 3.79 (1H, d,J= 4.4 Hz), 2.88-2.68 (2H, m), 2.68-2.60 (1H,

m), 2.14-1.68 (7H, m), 1.64-1.49 (2H, m), 0.92 (9H, s), 0.15 (6H, s); *C NMR (151 MHz, CDCls)

(for major diastereomer) ¢ 155.1, 140.5, 128.9, 128.4, 126.6, 113.5, 112.6, 104.6, 45.2, 37.9, 33.7,

31.5,30.0,25.8,25.2,24.2,22.2,18.2,-4.1(1),—4.1(4), (for minor diastereomer) 6 154.5, 140.4, 128.9,

128.4,126.7,113.2,112.4,103.9, 44.1,37.8,33.9,31.2,29.9,25.8,25.1,24.7,21.7,18.1,—4.1; HRMS
(ESI) Caled for C24H340N,NaSi* ([M+Na]") 417.2333. Found 417.2346.

Ph

TBSO 3g: 'H NMR (600 MHz, CDCls) 6 7.97 (4H, d, J = 7.2 Hz), 7.56 (2H, t, J = 7.2
Phg®  Hz), 7.48-7.43 (4H, m), 5.34 (1H, t, J = 6.6 Hz), 4.83 (1H, brs), 2.31 (1H, brs),
2.17-2.06 (2H, m), 2.04-1.92 (2H, m), 1.80-1.72 (2H, m), 1.58-1.49 (1H, m), 1.22-

Ph
1.17 (1H, m), 0.91 (9H, s), 0.12 (6H, s); '*C NMR (600 MHz, CDCls) 6 196.1,
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196.0, 152.0, 136.2(2), 136.1(7), 133.6, 129.0, 128.8, 128.7, 108.0, 55.0, 36.3, 33.5, 30.1, 29.0, 25.8,
21.5,18.2,-4.2,-4.3; HRMS (ESI) Calcd for CosH3603NaSi* ((M+Na]") 471.2326. Found 471.2324.

TBSO 3h: The reaction was conducted with vinyl phenyl ketone (0.3 mmol, 3 equiv). 'H
NMR (600 MHz, CDCl3) 6 7.96 (2H, d, /= 7.8 Hz), 7.56 (1H, t,J= 7.8 Hz), 7.46
(2H, t, J = 7.8 Hz), 4.82 (1H, brs), 2.99 (1H, t, J = 7.8 Hz), 2.28-2.22 (1H, m),
2.06-1.94 (2H, m), 1.82-1.67 (4H, m), 1.61-1.52 (1H, m), 1.20-1.13 (1H, m), 0.92
(9H, s), 0.13 (6H, s); *C NMR (151 MHz, CDCl5) § 200.8, 151.5, 137.2, 133.1, 128.7, 128.2, 108.8,
36.2, 34.5, 31.4, 30.1, 28.8, 25.9, 21.8, 18.2, 4.1, —4.3; HRMS (ESI) Calcd for C>;H3,0,NaSi"
([M+Na]") 367.2064. Found 367.2063.

TBSO 3i: 'H NMR (600 MHz, CDCl3) 6 7.97 (2H, d, J = 8.4 Hz), 7.95 (2H, d, /= 8.4

SOPh - Hz), 7.72-7.70 (2H, m), 7.61-7.57 (4H, m), 4.64 (1H, brd), 4.46 (1H, t, J=5.4

S0P 17), 2.46 (1H, br), 2.12-2.02 (2H, m), 1.96-1.91 (2H, m), 1.66-1.58 (2H, m),

1.52-1.46 (1H, m), 1.06-0.99 (1H, m), 0.91 (9H, s), 0.11 (6H, s); "*C NMR (151 MHz, CDCl) 6 152.6,

138.1, 137.9, 134.7, 129.9, 129.8, 129.3, 106.6, 81.9, 32.8, 32.2, 29.9, 27.6, 25.8, 20.7, 18.2, —4.2;
HRMS (ESI) Caled for C26H360sNaS,Si* ([M+Na]") 543.1666. Found 543.1667.

TBSO 3j: The reaction was performed for 24 h. "'H NMR (600 MHz, CDCl3) 6 7.70
Ph‘N’N\ (2H, d, J = 7.8 Hz), 7.65-7.58 (3H, m), 4.72 (1H, brs), 3.80-3.69 (2H, m),
NS /N
//S\\/LN 2.42-2.36 (1H, m), 2.09-1.86 (4H, m), 1.82-1.72 (2H, m), 1.63-1.56 (1H, m),
O

1.22-1.14 (1H, m), 0.92 (9H, s), 0.14 (6H, s); >*C NMR (151 MHz, CDCls) &
153.6, 152.9, 133.2, 131.6, 129.9, 125.2, 106.6, 54.2, 33.7, 29.9, 28.5, 28.1, 25.8, 21.5, 18.2, —4.1(6),
—4.2(3); HRMS (ESI) Caled for C21Hz,03NsNaSSi* ((M+Na]*) 471.1857. Found 471.1855.

TMSO 3k (dr =2.0:1): "H NMR (600 MHz, CDCl;) (for major diastereomer) § 7.43-7.33

CN (5H, m), 4.36 (1H, brs), 4.15 (1H, d, J=4.8 Hz), 3.01-2.95 (1H, m), 2.91-2.87 (1H,

CN m), 2.02 (1H, t,J= 6.3 Hz), 2.01-1.94 (2H, m), 1.88-1.82 (1H, m), 1.71-1.62 (1H,

m), 1.29-1.23 (1H, m), 0.02 (9H, s), (for minor diastereomer) J 7.43-7.33 (5H, m),

495 (1H, d, J= 4.2 Hz), 4.24 (1H, d, J = 4.8 Hz), 3.01-2.95 (1H, m), 2.91-2.87 (1H, m), 2.01-1.94

(2H, m), 1.71-1.62 (1H, m), 1.62-1.56 (1H, m), 1.49-1.43 (1H, m), 1.22-1.17 (1H, m), 0.22 (9H, s);

3C NMR (151 MHz, CDCl;) (for major diastereomer) 6 153.2, 136.6, 129.3, 128.7, 112.1, 111.9,

103.9, 52.1, 37.1, 29.6, 27.6(4), 27.5(5), 21.6, 0.3, (for minor diastereomer) ¢ 155.0, 136.7, 129.0,

128.4, 1124, 111.9, 103.1, 52.0, 36.1, 30.0, 27.8, 25.5, 19.6, 0.6, HRMS (ESI) Calcd for
Ci9H230N,Si™ ([M—H] ") 323.1574. Found 323.1580.

Ph
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TESO 31 (dr =2.0:1): "H NMR (600 MHz, CDCl5) (for major diastereomer) J 7.43-7.33

CN (5H, m), 4.34 (1H, brs), 4.15 (1H, d, J= 5.4 Hz), 3.01-2.95 (1H, m), 2.91-2.85 (1H,

CN m), 2.05 (1H, t, J = 6.3 Hz), 2.02-1.95 (2H, m), 1.89-1.83 (1H, m), 1.71-1.63 (1H,

m), 1.29-1.22 (1H, m), 0.83 (9H, t, J=7.8 Hz), 0.47 (6H, q, J = 7.8 Hz), (for minor

diastereomer) 6 7.43-7.33 (5H, m), 4.94 (1H, d, /= 4.2 Hz), 4.23 (1H, d, /= 4.8 Hz), 3.01-2.95 (1H,

m), 2.91-2.85 (1H, m), 2.02-1.95 (2H, m), 1.71-1.63 (1H, m), 1.63-1.56 (1H, m), 1.49-1.43 (1H, m),

1.22-1.17 (1H, m), 1.00 (9H, t, J = 8.0 Hz), 0.69 (6H, q, J = 8.0 Hz): '*C NMR (151 MHz, CDCls)

(for major diastereomer) ¢ 153.3, 136.6, 129.3,128.7, 112.1, 111.8, 103.4, 52.1, 37.1,29.5,27.7, 27.6,

21.6, 6.7, 5.0, (for minor diastereomer) J 155.3, 136.7, 129.0, 128.4, 112.4, 111.9, 102.6, 52.0, 36.1,

29.9, 27.8, 25.5, 19.6, 6.9, 5.3; HRMS (ESI) Calcd for C22H20ON,Si~ ([M—H]") 365.2044. Found
365.2048.

Ph

TBSO 3m: 'H NMR (600 MHz, CDCls) 6 7.96 (2H, d, J = 8.4 Hz), 7.93 (2H, d, J =

SOZZgzph 7.8 Hz), 7.72-7.68 (2H, m), 7.58 (4H, t, J = 7.8 Hz), 4.61 (1H, d, J = 4.2 Hz),

4.43 (1H, d, J= 5.4 Hz), 2.28-2.16 (3H, m), 2.09-2.03 (1H, m), 2.00 (1H, dd, J

~15.9, 7.5 Hz), 1.84-1.77 (1H, m), 1.61-1.52 (1H, m), 1.52-1.46 (1H, m), 1.45-1.34 (1H, m), 1.28-

1.21 (1H, m), 0.92 (9H, 5, 0.12 (6H, 5); *C NMR (151 MHz, CDCl3) 6 157.7, 138.4, 137.9, 134.7(1),

134.6(7), 129.9, 129.6, 129.3, 129.2, 109.8, 82.0, 35.3, 34.7, 33.8,32.2. 29.7,25.9,24.8, 18.2,-4.2, —
4.3; HRMS (ESI) Caled for C27H3505NaS,Si™ ([M+Na]") 557.1822. Found 557.1823.

850 3n: 'H NMR (600 MHz, CDCL3) 6 7.96 (2H, d, J = 7.8 Hz), 7.91 (2H, d, J =
@jﬁl"ozph 7.8 Hz), 7.70 (1H, t, J = 7.8 Hz), 7.69 (1H, t, J = 7.8 Hz), 7.58 (2H, t, J = 7.8

Hz), 7.57 (2H, t, J = 7.8 Hz), 4.55 (1H, dd, J = 8.7, 1.5 Hz), 4.13 (1H, d, J =

9.0 Hz), 2.42-2.34 (1H, m), 2.22-2.14 (2H, m), 2.06 (1H, ddd, J= 15.0, 8.7, 3.9

Hz), 1.87 (1H, dt, J = 13.8, 3.9 Hz), 1.72-1.59 (2H, m), 1.52-1.38 (4H, m), 1.24-1.10 (2H, m), 0.93
(9H, s), 0.17 (3H, 5), 0.15 (3H, s); '3C NMR (151 MHz, CDCl3) 6 156.3, 138.5, 138.2, 134.6, 129.9,

129.6, 129.3,129.2, 105.7, 82.3, 38.1, 35.3, 32.8, 32.0, 28.5, 27.0, 26.0, 25.8, 18.2, —4.0, -4.4; HRMS
(ESI) Caled for CosHagOsNaS,Si* ([M+Na]*) 571.1979. Found 571.1976.

TBSO  Me SOPh 3¢ (Z/E=>20:1): '"HNMR (600 MHz, CDCl;) 6 7.87(9) (2H, d, J = 7.8 Hz),
tBu” S S0P 7.87(6) (2H, d, J= 8.4 Hz), 7.64 (1H, t,J=7.8 Hz), 7.61 (1H, t, J = 8.4 Hz),
7.50 (2H, t,J = 8.4 Hz), 7.48 (2H, t, J = 7.8 Hz), 4.59 (1H, d, J = 8.4 Hz), 4.22 (1H, d, J = 10.8 Hz),
3.23-3.14 (1H, m), 2.26 (1H, ddd, J = 15.0, 9.0, 4.2 Hz), 1.94-1.87 (1H, m), 1.06 (9H, s), 1.04 (9H, s),
0.33 (3H, s), 0.17 (3H, s); *C NMR (151 MHz, CDCls) ¢ 161.1, 139.6, 137.3, 134.5, 134.0, 130.3,
129.1, 129.0, 108.3, 81.6, 37.1, 33.0, 29.1, 26.9, 21.9, 19.5, —1.8, —4.1; HRMS (ESI) Calcd for

CasH4,05NaS,Si* ([M+Na]") 573.2135. Found 573.2155.
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TBSO Me CN 3p (dr = 1.6:1): '"H NMR (600 MHz, CDCl;) (for major isomer) § 7.45-7.38
X cN  (5H, m), 437 (1H, d, J=10.2 Hz), 4.34 (1H, d, J = 4.2 Hz), 2.99-2.91 (1H,
Ph m), 2.78 (1H, dd, J = 10.2, 4.2 Hz), 2.27 (1H, dt, J = 13.8, 8.4 Hz), 2.20 (1H,
dt,J=13.8,7.2 Hz), 1.61-1.54 (2H, m), 0.97 (3H, t,J= 6.6 Hz), 0.95 (9H, s), 0.86 (3H, d, /= 6.6 Hz),
0.19 (3H, s), 0.17 (3H, s), (for minor isomer) ¢ 7.44-7.33 (5H, m), 4.30 (1H, d, J = 4.2 Hz), 4.27 (1H,
d, J=9.6 Hz), 3.33-3.25 (1H, m), 2.78 (1H, dd, J = 11.1, 4.2 Hz), 2.11 (1H, ddd, J = 15.0, 9.0, 5.7
Hz), 2.04 (1H, ddd, J = 15.0, 9.0, 6.8 Hz), 1.63-1.48 (2H, m), 1.01 (9H, s), 0.96 (3H, t, J= 7.2 Hz),
0.81 (3H, d,J= 6.8 Hz), 0.21 (6H, s); *C NMR (151 MHz, CDCl;) (for major isomer) 6 155.7, 135.8,
129.3,129.1, 128.8, 112.7, 112.1, 109.5, 53.6, 34.7, 34.1, 28.8, 25.8, 20.8, 20.5, 18.3, 14.0, 3.8, 4.4,
(for minor isomer) 6 154.6, 136.1, 129.2, 128.9, 113.2, 112.0, 109.7, 53.7, 38.7, 32.2, 28.5, 26.0, 20.6,
19.5, 18.5, 13.9, -3.5, —3.6; HRMS (ESI) Calcd for C3H34ON;NaSi" ([M+Na]") 405.2333. Found
405.2348.

TBSO Me CN 3q (dr = 1.5:1): '"H NMR (400 MHz, CDCl3) (for major diastereomer) § 7.45-
Me™ cN  7.33 (5H, m), 4.32 (1H, d, J= 4.0 Hz), 4.24 (1H, d, /= 9.6 Hz), 3.34-3.22 (1H,

Ph m), 2.79 (1H, dd, J = 11.4, 4.0 Hz), 1.88 (3H, s), 1.01 (9H, s), 0.81 (3H, d, J =
7.2 Hz), 0.22 (6H, s), (for minor diasterecomer) ¢ 7.40-7.31 (3H, m), 7.20-7.14 (2H, m), 4.14 (1H, d, J
=9.2 Hz), 4.00 (1H, d, J = 10.0 Hz), 3.39-3.29 (1H, m), 3.19 (1H, dd, J = 9.2, 5.6 Hz), 1.77 (3H, s),
0.98 (9H, s), 0.98 (3H, d, J = 7.2 Hz), 0.20 (3H, s), 0.18 (3H, s); *C NMR (151 MHz, CDCl;) (for
major diastereomer) ¢ 150.8, 136.2, 129.2, 128.9, 113.2, 112.1, 110.3, 53.6, 32.4, 28.6, 25.9, 23.1,
19.4,18.5,-3.4,-3.5, (for minor diastereomer) 0 149.8, 135.2, 129.0, 128.6, 113.3, 112.5, 107.6, 52.8,
32.0, 27.3, 26.0, 23.1, 19.9, 18.5, -3.2, -3.6; HRMS (ESI) Calcd for C,1H30ON:NaSi" ([M+Na]")
377.2020. Found 377.2021.

wESO  Me SOPh  3r(Z/E=5:1): 'HNMR (600 MHz, CDCls) (for Z isomer) § 8.04 (2H,

S SOPh  d,J=7.8Hz),7.78 (2H, d, J = 7.8 Hz), 7.70 (1H, t, J = 7.8 Hz), 7.57
Me Me (2H, t,J = 7.8 Hz), 7.49 (1H, t, J = 7.8 Hz), 7.30 (2H, t, J = 7.8 Hz),
6.82 (2H, s), 4.57 (1H, dd, J = 7.5, 2.1 Hz), 3.64 (1H, d, J = 9.6 Hz), 3.36-3.28 (1H, m), 2.34-2.28
(1H, m), 2.29 (3H, s), 2.24 (3H, ), 2.20 (3H, s), 1.94-1.88 (1H, m), 1.08 (3H, d,.J= 6.6 Hz), 0.95 (9H,
s), —0.13 (3H, s), —0.25 (3H, s): *C NMR (151 MHz, CDCl5) (for Z isomer) J 149.2, 139.2, 137.4(2),
137.4(0), 136.1, 135.7, 135.6, 134.4, 134.3,129.8, 129.6, 129.0(2), 128.9(8), 128.5, 128.4, 115.7, 82.0,
32.5,29.6, 25.8, 21.2, 21.0, 20.5, 18.4, —4.3; HRMS (ESI) Calcd for C33HssOsNaS,Si™ ([M+Na]")
635.2292. Found 635.2305.
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TBSO Me SOPh 3¢ (Z/E=6.7:1): '"HNMR (600 MHz, CDCls) (for Z isomer) ¢ 8.12 (2H, d, J
PR SOPh =72 Hz), 7.71 (1H, d, J= 7.2 Hz), 7.60 (2H, t, J = 7.2 Hz), 7.57 2H, d, J =
8.4 Hz), 7.40-7.26 (SH, m), 7.34 (1H, t, J = 7.2 Hz), 7.05 (2H, dd, J = 8.4, 7.2 Hz), 4.50 (1H, d, J =
8.4 Hz), 3.92 (1H, d,J = 10.2 Hz), 3.32-3.24 (1H, m), 2.46-2.42 (1H, m), 1.81-1.75 (1H, m), 1.06 (3H,
d,J= 6.6 Hz), 0.98 (9H, s), 0.06 (3H, s), ~0.11 (3H, s): '*C NMR (151 MHz, CDCl) (for Z isomer)
152.1, 139.7, 139.6, 137.5, 134.5, 134.2, 129.8, 129.3, 129.1, 129.0, 128.3, 126.5, 114.7, 81.3, 33.0,
30.5, 26.1, 21.4, 18.6, -3.7, -3.9; HRMS (ESI) Calcd for C30Hzs0sNaS,Si* ([M+Na]*) 593.1822.

Found 593.1819.

TBSO 3t: '"H NMR (600 MHz, CDCl3) 0 7.92 (2H, d, J= 8.4 Hz), 7.80 (2H, d, J =
O‘ SOPh g 4 Hyz), 7.69 (1H, t,J = 7.2 Hz), 7.64 (1H, t, J = 7.2 Hz), 7.55 (2H, dd, J =
SOPh 84,72 Hz), 7.48 (2H, dd, J = 8.4, 7.2 Hz), 7.33 (1H, d, J = 7.2 Hz), 7.17
(1H,t,J =72 Hz), 7.14 (1H, t,J = 7.2 Hz), 7.00 (1H, d, J = 7.2 Hz), 4.97 (1H, d, J = 5.4 Hz), 4.40
(1H, t, J = 5.4 Hz), 2.92 (1H, dd, J = 15.0, 6.2 Hz), 2.90-2.83 (1H, m), 2.50 (1H, dd, 15.0, 5.4 Hz),
2.14-2.04 (2H, m), 1.00 (9H, s), 0.19 (3H, s), 0.16 (3H, s); '>*C NMR (151 MHz, CDCls) 6 149.5,
137.9, 137.8, 134.8, 134.6, 132.6, 129.8, 129.5, 129.3, 128.1, 126.6, 122.4, 105.6, 81.7, 33.6, 31.1,
29.7,26.0, 18.4, -4.2, ~4.4; HRMS (ESI) Calcd for C30H360sNaS,Si* ((M+Na])  591.1666. Found
591.1664.

TBSO  Me SOyPh 3u (Z/E = 1.7:1): '"H NMR (600 MHz, CDCI;) (for Z isomer) J 8.03
Me\Q SOPh - (2H, d,J=7.8 Hz), 7.83 (2H, d, J= 7.8 Hz), 7.69 (1H, t,J = 7.8 Hz),
Me 7.56 (2H, t, J= 7.8 Hz), 7.53 (1H, t, J= 7.8 Hz), 7.36 2H, t, J=7.8
Hz), 5.83 (1H, s), 4.54 (1H, dd, J = 7.5, 2.4 Hz), 3.83 (1H, d, /= 11.0 Hz), 3.21-3.12 (1H, m), 2.35
(1H, ddd,J=11.0,7.5,4.2 Hz), 2.24 (3H, s), 2.17 (3H, s), 1.93 (1H, ddd, /= 15.3, 11.0, 2.4 Hz), 1.09
(3H, d, J=7.5 Hz), 0.94 (9H, s), —0.06 (6H, s), (for E isomer) ¢ 8.04 (2H, d, J= 7.8 Hz), 7.93 (2H, d,
J=7.8Hz),7.65(1H,t,J="7.8 Hz), 7.61 (1H, t, J= 7.8 Hz), 7.54 (2H, t, J = 7.8 Hz), 7.46 (2H, t, J =
7.8 Hz), 5.86 (1H, s), 5.58 (1H, dd, J= 6.6, 1.8 Hz), 4.61 (1H, d, /= 10.8 Hz), 2.21-2.16 (1H, m), 2.19
(3H, s), 2.18 (3H, s), 2.10-2.01 (2H, m), 0.95 (3H, d, J = 6.6 Hz), 0.89 (9H, s), 0.17 (3H, s), 0.00(4)
(3H, s); *C NMR (151 MHz, CDCl;) (for Z isomer)  148.4, 143.4,139.4, 138.9, 137.4, 134.5, 134.3,
129.7(4), 129.6(5), 129.1(0), 129.0(8), 109.0, 106.3, 81.5, 32.4, 30.2, 25.7, 21.2, 18.3, 13.6, 11.9, —
5.0,-5.3, (for E isomer) 6 148.9, 143.2, 140.0, 138.5, 137.9, 134.2(0), 134.1(8), 129.9, 129.7, 128.8(9),
128.8(6), 111.0, 106.0, 80.0, 31.7, 31.6, 25.6, 22.4, 18.1, 13.7, 11.1, 5.0, —5.1; HRMS (ESI): Calcd
for C29H400sN>NaS,Si" ([M+Na]") 611.2040. Found 611.2035.
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cl 3v (Z/E =>20:1): 'H NMR (600 MHz, CDCls) & 7.89 (2H, d, J = 7.8 Hz),
Tsmzph 7.87 (2H, d, J = 7.8 Hz), 7.66 (1H, t, J = 7.8 Hz), 7.64 (1H, t, J = 7.8 Hz),
tBu” S SOPh 7,52 (2H, t, J = 7.8 Hz), 7.50 (2H, t, J = 7.8 Hz), 4.57 (1H, d, J = 8.4 Hz),
421 (1H, d, J = 10.2 Hz), 3.60-3.49 (2H, m), 3.26-3.17 (1H, m), 2.36-2.30 (1H, m), 1.99-1.93 (1H,
m), 1.93-1.82 (2H, m), 1.08 (9H, s), 1.04 (9H, s), 0.34 (3H, s), 0.22 (3H, s); 13C NMR (151 MHz,
CDCL) J 162.4, 138.8, 137.3, 134.7, 134.3, 130.1, 129.3, 129.2, 129.1, 105.6, 81.1, 41.9, 39.5, 37.3,
33.0, 30.4, 29.1, 26.9, 19.6, —1.8, ~3.5; HRMS (ESI) Calcd for CaoHys05CINaS,Si* ([M+Na]")
621.1902. Found 621.1909.

OMe 3w (Z/E = >20:1): '"H NMR (600 MHz, CDCls) 6 7.90 (2H, d, J = 8.4 Hz),
Tsmz% 7.87 (2H, d, J = 7.8 Hz), 7.65 (1H, t, J = 7.2 Hz), 7.62 (1H, t, J = 7.2 Hz),
tBu” S SOPh 7.51 (2H, dd,J = 7.8, 7.2 Hz), 7.49 (2H, dd, J = 8.4, 7.2 Hz), 4.61 (1H, d, J
— 6.6 Hz), 4.24 (1H, d, J = 11.4 Hz), 3.49-3.40 (2H, m), 3.32 (3H, s), 3.22-3.15 (1H, m), 2.36 (1H,
ddd, J=15.9,8.7,42 Hz), 1.97 (1H, dd, J = 13.8, 11.4 Hz), 1.71-1.61 (2H, m), 1.07 (9H, s), 1.04 (9H,
5),0.35 (3H, s), 0.20 (3H, s); *C NMR (151 MHz, CDCl3) § 161.4, 139.2, 137.4, 134.5, 134.1, 130.2,
129.3,129.1, 129.0, 106.6, 81.3, 70.5, 58.8, 37.3, 35.9, 32.1, 30.7, 29.2, 26.9, 19.6, —1.9, —3.8; HRMS
(ESI) Calcd for C30Ha606NaS,Si" ([M+Na]") 617.2397. Found 617.2408.

Ve 3x (Z/E =>20:1): '"H NMR (600 MHz, CDCl;) J 7.89 (2H, d, J = 8.4 Hz),

N0 7.87 (2H, d, J = 8.4 Hz), 7.65 (1H, t, J = 7.8 Hz), 7.63 (1H, t, J = 7.8 Hz),
TBmzph 7.50 (2H, dd, J = 8.4, 7.8 Hz), 7.49 (2H, dd, J = 8.4, 7.8 Hz), 4.61 (1H, d, J
B so,ph  =8.4 Hz), 424 (1H, d,J = 10.2 Hz), 4.18-4.08 (2H, m), 3.30-3.21 (1H, m),
2.40-2.33 (1H, m), 2.04 (3H, 5), 1.92 (1H, t, /= 13.2 Hz), 1.81-1.66 (2H, m),

1.08 (9H, s), 1.04 (9H, s), 0.37 (3H, s), 0.21 (3H, s); °C NMR (151 MHz, CDCL) 6 171.2, 162.0,
139.1, 137.3, 134.6, 134.2, 130.2, 129.2, 129.1, 129.0, 106.2, 81.1, 62.1, 37.3, 34.8, 31.8, 30.4, 29.1,

26.9, 21.2, 19.6, ~1.8, -3.8; HRMS (ESI) Calcd for C3HssO7NaS,Si* ([M+Na']) 645.2346. Found
645.2352.

3y (Z/E = >20:1): 'H NMR (600 MHz, CDCl3) 6 7.94 (2H, d, J = 7.8 Hz),

R 7.91 (2H, d, J = 7.8 Hz), 7.87-7.82 (2H, m), 7.74-7.69 (2H, m), 7.67 (1H, t,
NS0 J=17.8Hz), 7.64 (14, t, J= 7.8 Hz), 7.54 2H, t, J= 7.8 Hz), 7.51 2H, t, J

TBm)zph = 7.8 Hz), 4.62 (1H, d, J= 8.4 Hz), 4.24 (1H, d, J= 10.8 Hz), 3.80-3.67 (2H,
B so,ph M), 3.30-3.22 (1H, m), 2.42 (1H, ddd, J = 14.7, 8.4, 3.6 Hz), 2.06-1.98 (1H,

m), 1.82-1.78 (1H, m), 1.77-1.69 (1H, m), 1.06 (9H, s), 1.05 (9H, s), 0.41
(3H, s), 0.25 (3H, s); *C NMR (151 MHz, CDCLs) 8 168.2, 162.2, 139.0, 137.3, 134.6, 134.2, 134.1,

o)

44



132.4, 130.2, 129.4, 129.2, 129.1, 123.3, 105.7, 81.2, 37.3, 35.6, 34.6, 32.5, 30.4, 29.1, 26.9, 19.6, -
1.8, -3.6; HRMS (ESI) Calcd for C37H470-NNaS,Si* ([M+Na]") 732.2455. Found 732.2424.

CN 3z (ZIE = >20:1): "H NMR (600 MHz, CDCls) & 7.88 (2H, d, J = 8.4 Hz),
TBmzph 7.85 (2H, d, J = 7.8 Hz), 7.67 (1H, t, J = 8.4 Hz), 7.65 (1H, t, J = 7.8 Hz),
tBu” SOPh  7.55-7.48 (4H, m), 4.51 (1H, d,J = 8.4 Hz), 4.18 (1H, d, J= 10.2 Hz), 3.21-
3.12 (1H, m), 2.41-2.31 (2H, m), 2.30-2.24 (1H, m), 1.96 (1H, t, J = 12.6 Hz), 1.88-1.80 (1H, m),
1.74-1.65 (1H, m), 1.08 (9H, s), 1.03 (9H, s), 0.31 (3H, s), 0.24 (3H, s); '*C NMR (151 MHz, CDCL)
91633, 138.6, 137.2, 134.8, 134.4, 130.0, 129.3, 129.2, 129.1, 119.9, 104.6, 81.0, 37.4, 33.8, 31.9,
30.3, 29.1, 26.8, 19.5, 14.4, —1.8, ~3.3; HRMS (ESI) Caled for C3oHyOsNNaS,Si* ([M+Na]")
612.2244. Found 612.2258.

TBSO cN  3Aa(Z/E=>20:1): '"HNMR (600 MHz, CDCl;) 6 7.42-7.34 (3H, m), 7.33-7.30

By CN  (2H,m), 4.33 (1H, t,J=6.6 Hz), 3.98 (1H, d,J= 5.4 Hz), 3.21 (1H, td, J= 7.8,

Fh 5.4 Hz), 2.78 (1H, ddd, J = 14.8, 7.8, 6.6 Hz), 2.60 (1H, ddd, J = 14.8, 7.8, 6.6

Hz), 1.01 (9H, s), 1.00 (9H, s), 0.24 (3H, s), 0.21 (3H, s); '*C NMR (151 MHz, CDCls) § 162.0, 137.1,

129.2, 128.9, 128.1, 112.3, 111.9, 98.5, 47.2, 37.0, 29.2, 29.0, 28.9, 26.6, 19.3, —2.3, —2.6; HRMS
(ESI): Caled for Co3HzsON,Si™ ([M—H]") 381.2357. Found 381. 2356.

TBSO 3Ab (dr=2.0:1): "HNMR (600 MHz, CDCls) (for major diastereomer) & 7.49 (1H,

‘ Mecn d,J=8.4 Hz), 7.44 (1H, d, /= 3.0 Hz), 6.97 (1H, dd, /= 8.4, 3.0 Hz), 4.03 (1H, d,

CN  J=6.0 Hz), 3.98 (1H, dd, J = 8.1, 6.0 Hz), 3.81 (3H, s), 2.78-2.72 (1H, m), 2.18-

! ‘ 2.04 (2H, m), 1.79-1.64 (4H, m), 1.31 (3H, s), 0.92 (9H, s), 0.13 (3H, s), 0.11 (3H,

s); *C NMR (151 MHz, CDCl;) (for major diastereomer) 6 159.7, 147.9, 132.0,

128.2, 125.6, 114.9, 112.6, 111.9, 111.1, 103.3, 55.7, 50.5, 42.6, 30.0, 26.2, 25.9,

25.4,19.9, 18.3, 16.6, —3.2, —3.3; HRMS (ESI) Calcd for C24H330:N,INaSi" ([M+Na]") 559.1248.
Found 559.1255.

3Ac (dr=9.2:1): "H NMR (600 MHz, CDCI;5) (for major isomer)
08.06 2H, d,J=7.8 Hz), 7.88 (2H, d,J= 7.8 Hz), 7.73 (1H, t, J
= 7.8 Hz), 7.66 (1H, t, J= 7.2 Hz), 7.61 (2H, t, J= 7.8 Hz), 7.54
(2H, t,J=7.8 Hz), 7.05 (1H, d, J=9.0 Hz), 6.65 (1H, dd, /= 8.1,
2.4 Hz), 6.61 (1H, s), 4.50 (1H, d, J = 3.0 Hz), 4.47 (1H, dd, J =
10.2, 2.4 Hz), 3.00-2.94 (1H, m), 2.80-2.78 (2H, m), 2.32-2.21 (3H, m), 2.15 (1H, ddd, /= 14.7, 10.2,
4.8 Hz), 1.85 (1H, dd, J= 11.7, 7.2 Hz), 1.82-1.74 (2H, m), 1.60-1.37 (4H, m), 1.30-1.18 (6H, m),
1.12 (18H, br), 1.10 (18H, br), 0.91 (3H, s); '*C NMR (151 MHz, CDCls) (for major isomer) 6 167.7,
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154.0, 1382, 138.1, 137.8, 134.7, 134.6, 133.2, 129.9, 129.7, 129.2(2), 129.1(8), 125.4, 119.8, 116.9,
98.6,83.5, 55.1,45.4,45.3, 38.6,35.9,35.1,29.2, 27.5,26.2, 25.6,21.5, 18.1, 12.9, 12.7; HRMS (ESI)
Caled for CsoH7306S:Si,” ([M—H]") 889.4382. Found 889.4387.

Derivatization of Alkylated Enol Silyl Ethers

TBSO (0]
Selectfluor F
SOQPh —_— SOzph
MeCN
SOPh  geciorit. SO2Ph
3i 5a

To a solution of 3i (30.7 mg, 0.059 mmol) in MeCN (0.6 mL, 0.1 M) was added Selectfluor (23.0
mg, 0.065 mmol) at 0 °C, and the resulting reaction mixture was allowed to warm to room temperature.
After stirring for 3 h, the solvent was removed under reduced pressure. The crude residue was purified
by column chromatography on silica gel (hexane/EtOAc = 1:1 as eluent) to afford 5a in 84% yield
(21.1 mg, 0.050 mmol, dr = 1.4:1). "H NMR (400 MHz, CDCl5) (for major diastereomer) J 7.93 (2H,
dd, /= 8.4,1.2 Hz), 7.89 (2H, dd, J = 8.8, 1.2 Hz), 7.70 (1H, t, J = 7.6 Hz), 7.68 (1H, t, J = 8.0 Hz),
7.62-7.52 (4H, m), 4.82-4.77 (1H, m), 4.57 (1H, dd, Ju r = 49.8 Hz, Ju n = 11.0 Hz), 2.57-2.48 (2H,
m), 2.46-2.24 (3H, m), 2.10-1.98 (2H, m), 1.69-1.44 (2H, m), (for minor diastereomer) ¢ 7.97 (2H, dd,
J=28.4,1.0Hz),7.92 (2H, dd, J = 8.8, 1.6 Hz), 7.76-7.70 (2H, m), 7.64-7.57 (4H, m), 4.70 (1H, dd,
Ju-r =50.6 Hz, Ju_u = 3.8 Hz), 4.45 (1H, t, J = 5.8 Hz), 2.76-2.63 (1H, m), 2,63-2,53 (1H, m), 2.36-
2.16 (3H, m), 1.94-1.68 (4H, m); *C NMR (151 MHz, CDCl;) (for major diastereomer) ¢ 203.2 (d,
Jer=14.3 Hz), 138.1, 137.1, 134.9, 134.8, 129.8, 129.6, 129.4, 129.3, 97.6 (d, Jc-r = 192.4 Hz), 80.9
(d, Jcr=4.2 Hz), 43.4 (d, Jc_r = 16.0 Hz), 39.8, 29.9, 29.8 (d, Jc_r = 8.8 Hz), 24.7, (for minor isomer)
0205.0 (d, Jc—r = 18.7 Hz), 137.8, 137.1, 135.0(4), 134.9(8), 129.8, 129.4(4), 129.4(0), 94.1 (d, Jc-r
= 188.0 Hz), 81.3, 41.6 (d, Jcr = 18.7 Hz), 38.8, 25.9 (d, Jcr = 5.9 Hz), 25.3, 23.5; HRMS (ESI)
Calcd for CH200sFNaS;" ([M+Na]") 447.0707. Found 447.0703.

TBSO Pd,dbas CHCl; TBSO N\
so.ph )OI\ PPhg, Et;N
2 * —_— SO,Ph
NX-N0"NOMe  GH,Cly rt. 2
SO,Ph SO,Ph
3i 5b

To a flame-dried Schlenk tube were added 3i (72.9 mg, 0.14 mmol, 1 equiv), Pd>dbasz-CHCl; (4.35
mg, 0.0042 mmol, [Pd] 6 mol%) and PPh3 (5.51 mg, 0.021 mmol, 15 mol%) and the tube was degassed
by alternating vacuum evacuation/Ar backfill. Then, CH>Cl> (0.7 mL, 0.2 M) was introduced via
syringe and the mixture was stirred for 10 min. After the addition of a solution of allyl methyl
carbonate (19.1 pL, 0.17 mmol, 1.2 equiv) and EtsN (21.5 pL, 0.15 mmol, 1.1 equiv) in CH2Cl (0.7

mL, 0.2 M), the whole reaction mixture was stirred at room temperature for 24 h and then diluted with
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CHxCl; and brine. The extractive work-up was carried out with CH>Cl, and the combined organic
layers were dried over NaxSOy, filtered, and concentrated. The crude product was purified by column
chromatography on silica gel (hexane/EtOAc = 5:1 as eluent) to afford 5b in 86% yield (67.3 mg, 0.12
mmol, 86%): "H NMR (600 MHz, CDCl3) & 8.06-8.02 (4H, m), 7.70 (2H, t, J = 7.8 Hz), 7.57 (4H, t,
J=17.8Hz), 6.05-5.97 (1H, m), 5.22 (1H, br), 5.20-5.18 (1H, brm), 4.78 (1H, br), 3.21-3.12 (2H, m),
2.91-2.85(1H, m), 2.26 (1H, dd, J=15.6, 5.1 Hz), 2.18 (1H, dd, J= 15.6, 5.1 Hz), 2.00-1.88 (2H, m),
1.82-1.75 (1H, m), 1.69-1.62 (1H, m), 1.60-1.51 (1H, m), 1.27-1.19 (1H, m), 0.90 (9H, s), 0.09 (6H,
s); P*C NMR (151 MHz, CDCl3) § 151.6, 137.6, 137.5, 134.6, 131.6, 131.1, 128.6(8), 128.6(5), 120.0,
109.7, 92.5, 37.3, 34.4, 31.0, 29.9, 29.6, 25.8, 21.2, 18.2, -4.2, —4.3; HRMS (ESI) Calcd for
C29H400sNaS,Si" ((M+Na]") 583.1979. Found 583.1974.

TBSO TBSO
A\ Mg
SO,Ph >
MeOH
SO,Ph o X
5b 5¢c

To a flame-dried test tube were added Sb (26.4 mg, 0.047 mmol, 1 equiv) and anhydrous MeOH
(1.2 mL, 0.04 M), and the reaction mixture was heated to 50 °C. To this solution was added Mg (22.9
mg, 0.94 mmol, 20 equiv) in three portions over 3 h at the same temperature. After stirring for
additional 4 h, the reaction mixture was cooled to room temperature, filtered through a pad of Celite,
and evaporated to remove the solvent. The crude residue was diluted with CH,Cl; and brine, and then
extractive work-up was carried out with CH,Cl,. The combined organic layers were dried over Na,SQOs,
filtered, and concentrated. The crude product was purified by silica gel column chromatography
(hexane/EtOAc = 5:1 as eluent) to afford Sc¢ in 60% yield (7.9 mg, 0.028 mmol). '"H NMR (400 MHz,
CDCls) 6 5.88-5.76 (1H, m), 5.04-4.91 (2H, m), 4.79 (1H, brs), 2.16-1.89 (5H, m), 1.80-1.64 (2H, m),
1.61-1.48 (1H, m), 1.41 (2H, quin, J = 7.6 Hz), 1.34-1.20 (2H, m) 1.14-1.03 (1H, m), 0.92 (9H, s),
0.12 (6H, s); *C NMR (151 MHz, CDCls) 6 150.7, 139.3, 114.4, 109.8, 36.7, 34.7, 34.2, 30.2, 29.0,
26.5,25.9,21.9,18.2,-4.2,423.

TBSO TBSO
Me cN o
J KoCO3
* 07 °NH
CN MeCN
' O 0,, 50 °C
OMe
3Ab

To a round-bottom flask were added 3Ab (107.3 mg, 0.20 mmol, 1 equiv), K,CO3 (110.6 mg, 0.80
mmol, 4 equiv), and MeCN (2.0 mL, 0.1 M). The flask was then degassed and backfilled with O,. To
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this mixture was added 2-oxazolidone (69.7 mg, 0.80 mmol, 4 equiv). The reaction mixture was heated
to 50 °C and stirred there for 24 h under O, atmosphere (balloon), and then diluted with CH>Cl, and
filtered through a pad of Celite. The filtrates were concentrated and the crude material was purified by
column chromatography on silica gel (hexane/EtOAc = 5:1) to afford 5d in 70% yield (82.5 mg, 0.14
mmol). '"H NMR (600 MHz, CDCl3) § 7.41 (1H, d, J= 3.0 Hz), 7.21 (1H, d, J= 8.7 Hz), 6.81 (1H, dd,
J=18.7,3.0 Hz), 5.53 (1H, d, J = 6.6 Hz), 4.38-4.33 (1H, m), 4.31-4.26 (1H, m), 4.05-3.99 (1H, m),
3.97-3.92 (1H, m), 3.76 (3H, s), 2.92-2.85 (1H, m), 2.16-2.09 (1H, m), 2.03-1.96 (1H, m), 1.92-1.85
(1H, m), 1.81-1.75 (1H, m), 1.54-1.47 (1H, m), 1.39-1.32 (1H, m), 1.30 (3H, s), 0.92 (9H, s), 0.12 (3H,
s), 0.10 (3H, s); *C NMR (151 MHz, CDCl3) 6 173.0, 158.8, 152.7, 146.8,131.9, 129.5, 125.5, 114.1,
111.9,102.5,61.7, 55.6, 53.7, 43.3, 43.2, 30.6, 26.6, 26.0, 21.2, 18.3, 15.6, 3.3, -3.4;  HRMS (ESI)
Calcd for CosH360sNINaSi™ ([M+Na]") 608.1300. Found 608.1294.

OMe
Pda(dba)s-CHCl, 9 e
MePhos
— Me
CsF P
THF, 80 °C
J N
a0 OO
(0]
MePhos
5d 5e

To a flame-dried Schlenk were added 5d (82.0 mg, 0.14 mmol, 1 equiv), Pd>dbasz-CHCI3 (7.25 mg,
0.007 mmol, [Pd] 10 mol%), MePhos (6.12 mg, 0.017 mmol, 12 mol%), and CsF (33.0 mg, 0.21 mmol,
1.5 equiv). The Schlenk was then elaborately degassed and backfilled with Ar. Toluene (2.8 mL, 0.05
M) was added via syringe, and the reaction mixture was heated to 100 °C. After stirring overnight, the
reaction mixture was cooled to room temperature and diluted with CH>Cl,. The mixture was filtered
through a short pad of silica gel with the aid of EtOAc, and the filtrates were concentrated. The crude
material was purified by column chromatography on silica gel (hexane/EtOAc = 3:1 to 1:3 as eluent)
to afford Se in 56% yield (27.0 mg, 0.078 mmol, dr = 4.2:1). "H NMR (400 MHz, CDCI;) (for major
diastereomer) ¢ 7.02 (1H, d, /= 8.7 Hz), 6.79 (1H, dd, /= 8.7, 2.4 Hz), 6.75 (1H, d, /= 2.4 Hz), 5.14
(1H, d, J=6.0 Hz), 4.48 (2H, t,J= 8.0 Hz), 4.10 (2H, t, /= 8.0 Hz), 3.79 (3H, s), 2.97 (1H, q, /= 6.0
Hz), 2.46 (1H, ddd, J = 16.0, 9.0, 6.0 Hz), 2.31 (1H, dt, J = 16.0, 6.0 Hz), 2.18-2.11 (1H, m), 1.99-
1.91 (1H, m), 1.89-1.81 (1H, m), 1.75-1.68 (1H, m), 1.50 (3H, s), (for minor diasterecomer) 6 7.21 (1H,
d,J=8.4 Hz), 6.82 (1H, dd, /= 8.4, 1.8 Hz), 6.53 (1H, d, /= 1.8 Hz), 5.36 (1H, d, J = 6.0 Hz), 4.54-
4.45 (2H, m), 4.23-4.17 (1H, m), 4.10-4.05 (1H, m), 3.76 (3H, s), 3.15 (1H, dt,J=11.4, 6.0 Hz), 2.45-
2.40 (1H, m), 2.23 (1H, ddd, J = 15.6, 13.8, 5.4 Hz), 1.92-1.86 (1H, m), 1.68-1.59 (1H, m), 1.53-1.42
(2H, m), 1.39 (3H, s); *C NMR (151 MHz, CDCl;) (for major diastereomer) § 212.7, 174.4, 160.0,
153.7, 147.6,131.7, 125.6, 114.5, 110.1, 62.2, 59.9, 55.6, 54.0, 52.2, 43.3, 38.7, 27.1, 25.2, 22.0, (for
minor diastereomer) 0 211.2, 172.1, 160.0, 153.4, 147.8, 130.1, 127.9, 114.0, 108.0, 62.3, 59.6, 55.6,
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52.6, 52.1,42.9, 39.5, 25.4, 23.5, 23.2; HRMS (ESI) Calcd for Caled for CioH21OsNNa™ ([M+Na]")
366.1312. Found 366.1317.

TBSO Me SO,Ph O Me SOyPh
- AR Selectfluor -
Me—d? "N SOPh — p e N Nwsozph
u MeCN u F
Me 0°C,rt. Me
3u s9

To a solution of 3u (58.9 mg, 0.10 mmol, 1 equiv) in MeCN (1.0 mL, 0.1 M) was added Selectfluor
(35.4 mg, 0.10 mmol, 1 equiv) at 0 °C, and the reaction mixture was allowed to warm to room
temperature. After stirring for 24 h, the solvent was removed under reduced pressure. The crude
product was purified by column chromatography on silica gel (hexane/EtOAc = 3:1 as eluent) to afford
S9 in 68% yield (33.3 mg, 0.068 mmol, dr = 2.5:1). '"H NMR (400 MHz, CDCls) (for major
diastereomer) 6 7.93 (2H, d, /= 7.6 Hz), 7.88 (2H, d, J = 7.2 Hz), 7.76-7.64 (2H, m), 7.64-7.51 (4H,
m), 6.01 (1H, s), 5.92 (1H, dd, Ju r = 50.0 Hz, Ju u = 3.2 Hz), 4.57 (1H, dd, J = 7.6, 4.4 Hz), 2.86-
2.65 (1H, m), 2.56 (3H, s), 2.37 (1H, ddd, /= 16.0, 7.2, 5.3 Hz), 2.23 (3H, s), 2.10 (1H, ddd, J= 16.0,
8.9, 4.5 Hz), 1.03 (3H, d, J = 7.2 Hz), (for minor diastereomer) ¢ 8.05 (2H, d, /= 7.6 Hz), 8.01 (2H,
d,J=17.2Hz),7.76-7.64 (2H, m), 7.64-7.51 (4H, m), 6.01 (1H, s), 5.75 (1H, brd, Ju_r = 50.4 Hz), 4.97
(1H, dd, J=6.0, 4.4 Hz), 2.67-2.58 (1H, m), 2.55 (3H, s), 2.42 (1H, ddd, /= 15.2, 8.4, 4.0 Hz), 2.28-
2.16 (1H, m), 2.24 (3H, s), 0.94 (3H, d, J = 7.6 Hz); '*C NMR (151 MHz, CDCl3) (for major
diastereomer) 6 168.7 (d, Jo-r=24.5Hz), 153.5, 144.9,137.8, 137.6, 134.8, 134.7,129.8, 129.7, 129.3,
129.2, 111.9,91.9 (d, Jc.r = 182.3 Hz), 81.5, 34.7 (d, Jcr = 18.7 Hz), 27.2 (d, Jcr = 5.9 Hz), 16.7,
14.3, 14.0, (for minor diastereomer) J 167.9 (d, Jcr = 23.1 Hz), 153.6, 145.0, 137.9, 137.3, 135.0,
134.9,130.0, 129.9,129.4,129.3,111.7, 89.1 (d, Jc = 185.0 Hz), 81.4, 35.3 (d, Jc r = 20.2 Hz), 29.6,
14.2,14.1,12.9 (d, Jc—r = 8.8 Hz); HRMS (ESI) Calcd for C,3Hz505N2FNaS," ([M+Na]*) 515.1081.
Found 515.1087.

O Me SO,Ph

o Me SO,Ph
N< NaOEt
Me—¢ N SOPh ——— g0 SO,Ph
S EtOH I
Me reflux
S9 5f

To a flame-dried test tube were added S9 (49.3 mg, 0.10 mmol, 1 equiv) and anhydrous EtOH (1.0
mL, 0.1 M), and the test tube was degassed and backfilled with Ar. NaOEt (15.2 mg, 0.22 mmol, 2.2
equiv) was added at 0 °C, and the reaction mixture was refluxed with stirring overnight. After cooling
to room temperature, the reaction was quenched with aqueous solution of 1 N HCI. The extractive

work-up was carried out with EtOAc and the combined organic layers were dried over NaySOs, filtered,
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and concentrated. The crude residue was purified by column chromatography on silica gel
(hexane/EtOAc = 3:1) to afford 5g in 90% yield (39.8 mg, 0.090 mmol). "H NMR (400 MHz, CDCls)
(for major diastereomer) J 7.99-7.91 (4H, m), 7.75-7.67 (2H, m), 7.63-7.56 (4H, m), 4.72 (1H, dd, Ju-
r=48.8 Hz, Jun = 4.4 Hz), 4.55 (1H, dd, J= 7.4, 4.6 Hz), 4.27 (2H, q, J = 7.2 Hz), 2.69-2.50 (1H,
m), 2.38-2.27 (1H, m), 2.11 (1H, ddd, /= 15.8, 8.8, 4.8 Hz), 1.30 (3H, t,/=7.2 Hz), 0.98 (3H, d, J =
6.8 Hz), (for minor diasterecomer) 6 7.99-7.91 (4H, m), 7.75-7.67 (2H, m), 7.63-7.56 (4H, m), 4.80
(1H, dd, Ju—r = 49.2 Hz, Ju-n = 2.8 Hz), 4.49 (1H, t, J= 6.0 Hz), 4.26 (2H, q, J= 7.2 Hz), 2.69-2.50
(1H, m), 2.38-2.27 (1H, m), 2.24-2.16 (1H, m), 1.30 (3H, t, J = 7.2 Hz), 0.89 (3H, d, J = 6.8 Hz); *C
NMR (151 MHz, CDCl3) (for major diastereomer) ¢ 168.7 (d, Jc-r = 24.6 Hz), 137.7, 137.6, 134.9,
129.9, 129.8, 129.3(7), 129.3(5), 92.2 (d, Jc_r = 187.2 Hz), 81.4, 62.0, 34.5, 27.6 (d, Jcr = 5.7 Hz),
15.58 (d, Jo—r = 2.9 Hz), 14.2, (for minor diastereomer) ¢ 168.5 (d, Jc_r = 24.6 Hz), 137.7, 137.5,
135.0, 134.9, 129.9, 129.8, 129.3, 90.7 (d, Jcr = 188.0 Hz), 81.5, 61.9, 34.6, 28.8, 14.3, 13.2 (d, Jc r
= 4.4 Hz); HRMS (ESI) Calcd for C20H2306FNaS," ([M+Na]") 465.0812. Found 465.0820.

TBSO Me SO,Ph O Me SOyPh

Mo N7 soph —2A 0 e /N\NWSOZPh
\Q& THF u
Me 0°C Me
3u s10

To a solution of 3u (41.2 mg, 0.07 mmol, 1 equiv) in THF (0.7 mL, 0.1 M) was added a 1 M THF
solution of TBAF (70 pL, 0.07 mmol, 1 equiv) dropwise at 0 °C. The reaction mixture was stirred at
0 °C for 1 h and then quenched with saturated aqueous solution of NaHCOs. The extractive work-up
was performed with EtOAc. The combined organic layers were dried over Na SO, filtered, and
concentrated. The crude material was purified by column chromatography on silica gel (hexane/EtOAc
= 3:1 as eluent) to afford 810 in 96% yield (31.9 mg, 0.067 mmol). '"H NMR (400 MHz, CDCls) 6
8.01 2H, d, /=172 Hz), 7.97 (2H, d, J= 7.2 Hz), 7.69 (1H, t, J= 7.6 Hz), 7.67 (1H, t, /= 7.2 Hz),
7.60-7.52 (4H, m), 5.96 (1H, s), 4.95 (1H, t,J= 5.4 Hz), 3.10 (1H, dd, J=16.2, 4.8 Hz), 2.78 (1H, dd,
J=16.2, 7.4 Hz), 2.52 (3H, s), 2.40-2.31 (1H, m), 2.27-2.10 (2H, m), 2.21 (3H, s), 0.99 (3H, d, J =
6.8 Hz). *C NMR (151 MHz, CDCl3) § 172.4, 152.2, 144.3, 138.1, 137.7, 134.7, 130.0, 129.8,
129.2(0), 129.1(5), 111.4, 81.5, 41.8, 32.5, 29.2, 20.2, 14.7, 14.0, HRMS (ESI) Caled for
C23H2605N>NaS, " ([M+Na]") 497.1175. Found 497.1170.
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(0] Me SO2Ph

N PhCH,NH, Q  Me SO,Ph
74 N SO2Ph _— PN
Me\<¢k toluene Ph H SO,Ph
Me 50 °C
$10 59

The solution of S10 (47.5 mg, 0.10 mmol, 1 equiv) and benzylamine (22 pL, 0.20 mmol, 2 equiv)
in toluene (0.4 mL, 0.25 M) was stirred at 50 °C for 3 h. After cooling to room temperature, the
reaction was quenched with 1 N aqueous solution of HCI and extractive work-up was carried out with
CHxCl,. The combined organic layers were washed with saturated aqueous solution of NaHCO; and
dried over Na;SQs, filtered, and concentrated. The crude product was purified by column
chromatography on silica gel (hexane/EtOAc = 1:1) to afford 5g in 88% yield (42.8 mg, 0.088 mmol).
"H NMR (400 MHz, CDCl3) § 7.95-7.92 (4H, m), 7.69-7.65 (2H, m), 7.57-7.52 (4H, m), 7.34-7.30
(2H, m), 7.29-7.25 (3H, m), 5.93 (1H, brs), 4.86 (1H, t, J = 3.4 Hz), 4.45 (1H, dd, /= 15.2, 6.3 Hz),
4.41 (1H, dd, J = 15.2, 6.3 Hz), 2.30-2.17 (3H, m), 2.15-2.07 (2H, m), 0.92 (3H, d, J = 7.2 Hz); 1*C
NMR (151 MHz, CDCl3) 6 171.3, 138.2, 138.0, 137.7, 134.7(0), 134.6(7), 129.9, 129.6, 129.3, 129.2,
128.9,128.0,127.7,81.4,43.8,43.5,32.3, 29.5, 20.4; HRMS (ESI) Calcd for C25H260sNS, ™ ((M—H]")
484.1247. Found 484.1251.
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Square Wave Voltammetry

Square wave voltammetry (SWV) measurements of representative enol silyl ether 1a, electron
deficient olefin 2a, and alkylated enol silyl ether 3a were performed on ALS/CH Instruments
Electrochemical Analyzer using a glassy carbon working electrode, a Pt wire counter electrode, and a
ferrocene/ferrocenium reference electrode. Voltammograms were taken at room temperature in a 100
mM MeCN solution of tetrabutylammonium perchlorate (BusN-ClOs) containing 1 mM of the
designated substance. For conversion to the SCE couple, it is known that Fc¢/F¢* is 380 mV more
positive than SCE in MeCN; this value was added from obtained potentials in Fc/Fc¢' to determine

potentials against SCE.
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Fig. S2. SWV plots.

Stern-Volmer Experiments

Emission intensities were recorded on a HORIBA FluoroMax-4P spectrometer. The solutions were
excited at 420 nm and the luminescence was measured at 564 nm. Stern-Volmer luminescence
quenching experiments were run with freshly prepared a 0.1 mM solutions of [Ir(dF(CF3)ppy)2(4,4 -
dCFsbpy)]PFs in dry dichloroethane (DCE) at room temperature under N> atmosphere. In a typical
experiment, the solution of Ir complex was added to an appropriate amount of quencher in 5 mL
volumetric flask under N,. The solution was transferred to 1 cm? quartz cell and the emission spectrum
of the sample was collected. The data show that enol silyl ether 1a and alkylated enol silyl ether 3a
are competent at quenching the excited state of the photocatalyst. On the other hand,

benzalmalononitrile (2a) and 2,4,6-collidine are shown to be unable to quench this excited state.
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Fig. S3. Stern-Volmer Experiments.
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Computational Details

The Gaussian 09 Revision D.01 program was used for all calculations.*’ The 3D molecular
structures were depicted by using the CYLview v1.0.561 B.*? Local minima and transition states (TS)
were located by using the (U)CAM-B3LYP functional®® with the 6-311+G(d,p) basis set in the
dichloroethane (DCE) continuum solvent of the solvation model based on density (SMD)* and
“int=ultrafine” option to aid in better description of a DFT grid. As discussed in the main text, we need
to estimate Kohn-Sham SOMO levels of TBS enol ether radicals for comparing the radical reactivity
in the addition to olefins.

Since no global functional to treat radical cations properly was reported so far, in addition to CAM-
B3LYP, B3LYP* (one of the most popular functional for calculating organic molecules) and LC-
BLYP* (used in predicting several orbital properties of radical cationic systems*’) were also examined
for comparison. Harmonic frequency analyses were also performed to identify the stationary points
(no/one imaginary frequency for local minima/TSs) and to estimate thermodynamic parameters at
298.15 K and 1 atm. Intrinsic reaction coordinate (IRC) analyses were conducted on the
representative TS structures to confirm that the desired chemical transformations occurred through the
TSs. The Cartesian coordinates and energies of optimized structures are summarized in the

“Cartesian coordinates” section.

Estimation of pK. of Enol Silyl Ether Radical Cations

It has been recognized that direct determination of pK, of radical cations, based on thermochemical
cycle, deviated by several unit, while relative tendency was reproduced. Therefore, statistical
manipulation is required to obtain the pK, values comparable with the experimentally determined
values *84

Here, the pK, values of radical cation [1a]™ of cyclohexanone-derived enol silyl ether was simply
estimated by considering acid-base equilibria with various substituted anilines B(X), whose pK, were
experimentally determined (range of —6—16 in MeCN), and tetracyanopropenes TCNP(X) (range of —
3-5 in MeCN). A linear free energy plot was shown in Figure S4 and S5, where the x-axis is the
calculated reaction free energy (AG) of the equilibrium eq. S1 or eq. S2 with MeCN of the SMD
solvent model and the y-axis is experimental pK, values of substituted anilines or tetracyanopropenes.
Both plots show excellent linear correlations: R? = 0.988 with a slope = —0.6 and intercept = 8.4 for
eq. S1 and R? = 0.997 with a slope = 0.7 and intercept = 8.4 for eq. S2. According to the equilibrium
eq. S1 and S2, the intercept of the plot corresponds to pK, of [1a]™: pKa (MeCN) = 8 4.
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These analyses were also applied to linear TBS enol ethers 10 (R = Bu), 1r (R = Mes), and 1s (R
= Ph), and their pK, were determined to be 8.4 (10), 6.5 (1r), and 4.8 (1s), respectively (eq. S3, Table
S1-S6). B3LYP and LC-BLYP always give higher and lower pK, values compared with CAM-B3LYP,
and the difference becomes larger for aryl substituted systems ([1r]™ and [1s]""). While the absolute
pK. values depend on the functionals and the reference systems, the acidity order of the radical cations
([Ma]" =[1o]" <[1r]™" <[1s]™) is not changed. Therefore, the conclusion that [1s]™" is the most acidic

of all calculated radical cations would be acceptable.
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(X'=NHg, CHj3, H, CF3, CN)
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Fig. S4. Linear free energy plot of eq. S1.
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Fig. S5. Linear free energy plot of eq. S2.
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Fig. S6. Linear free energy plot of eq. S3 (R' = -Bu).
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Fig. S8. Linear free energy plot of eq. S3 (R' = Mes).
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Table S1. Raw Gibbs free energy at SMD(MeCN)-CAM-B3LYP/6-311+G(d,p) and Gibbs free
energy change in the equilibrium of eq. 1 and 3

AG /kcal mol™"
- e — PKa(CH:CN)Y’
G /au G /au [1a] [10] [1r] [1s]
IBS enol ether anilines
Ma]” -835.887634 B(4-MeO) -401.928893 -6.18 -6.14 943 -12.23 11.86
[a-H] -835.461696 HB(4-MeO)" -402.364678
[Mo]™* -915.608993 B(H) -287.447382 -3.37 -3.33 -6.62 942 10.62
[1o-H] -915.182996 HB(H)" -287.878690
n” -1107.248251 B(4-Br) -2861.107170 -1.56 -1.52 -4.81 -7.62 9.43
[1r-H] -1106.827487 HB(4-Br)* -2861.535596
ns]” -989.422853 B(2,4-F2) -485.966607 0.16 0.20 -3.08 -5.89 8.39
[s-H] -989.006563 HB(2,4-F;)" -486.392287
B(2-Cl) -747.085815 0.44 0.47 -2.81 -5.62 7.86
HB(2-Cl)" -747.511057
B(2,5-Cl,) -1206.724615 3.05 3.09 -0.20 -3.00 6.21
HB(2,5-Cl)"  -1207.145693
B(2,6-Cl2) -1206.722090 6.10 6.14 2.86 0.05 5.06
HB(2,6-Cl;)"  -1207.138304
? See ref 48
Table S2. Raw Gibbs free energy at SMD(MeCN)-CAM-B3LYP/6-311+G(d,p) and Gibbs free
energy change in the equilibrium of eq. 2 and 4
AG /kcal mol™*
. e — PKo(CH:CN)’
G /au G /au [1a] [10] [1r] [1s]
IBS enol ether tetracyanopropene
[al™ -835.887634 TCNP(NH,) -542.072517 4.77 4.81 1.52 -1.28 4.90
Ma-H]' -835.461696 TCNP-H(NHz)”  -541.654181
Mol -915.608993 TCNP(Me) -525.990880 7.75 7.78 4.50 1.69 3.30
[Mo-HJ -915.182996 TCNP-H(Me)”  -525.577285
[ -1107.248251 TCNP(H) nd® 1.30
[r-H] -1106.827487 TCNP-H(N) -486.300151
ns]” -989.422853 TCNP(CF3) -823.758622 12,77 12.81 9.53 6.72 -0.50
[s-H] -989.006563 TCNP-H(CF;)”  -823.353040
TCNP(CN) -578.917068 15.99 16.03 12.74 9.94 -2.80
TCNP-H(CN)”  -578.516613
* See ref 49

b Converged to 1 order saddle point and not used for the LFER plot
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Table S3. Raw Gibbs free energy at SMD(MeCN)-(U)B3LYP/6-311+G(d,p) and Gibbs free energy

change in the equilibrium of eq. 1 and 3

AG /kcal mol™"
= e ——  PKa(CHsCN)’
G /au G /au [1a] [10] [1r] [1s]
IBS enol ether anilines
[al” -836.226460 B(4-MeO) -402.141285 -5.29 -5.87 777 -9.33 11.86
[1a-H] -835.797546 HB(4-MeO)+ -402.578624
[10]'+ -916.002889 B(H) -287.614588 -2.51 -3.09 -4.98 -6.55 10.62
[10-HT -915.574901 HB(H)+ -288.047495
M -1107.754289 B(4-Br) -2861.173071 -0.70 -1.28 -3.18 -4.74 9.43
[r-H] -1107.329326 HB(4-Br)+ -2861.603094
[s™” -989.857161 B(2,4-F;) -486.166904 1.06 0.48 -1.42 -2.99 8.39
[1s-H]’ -989.434695 HB(2,4-F2)* -486.594127
B(2-Cl) -747.249464 1.61 1.03 -0.87 243 7.86
HB(2-CI)+ -747.675809
B(2,5-Cl,) -1206.884794 4.09 3.51 1.61 0.05 6.21
HB(2,5-Cl;)*  -1207.307185
B(2,6-Cl,) -1206.882174 6.80 6.22 432 275 5.06
HB(2,6-Cl;)*  -1207.300252
? See ref 48
Table S4. Raw Gibbs free energy at SMD(MeCN)-(U)B3LYP/6-311+G(d,p) and Gibbs free energy
change in the equilibrium of eq. 2 and 4
AG /kcal mol™'
- e ———  PK4(CHCN)®
G /au G /au [1a] [10] [1r] [1s]
IBS enol ether tetracyanopropene
Mal” -836.226460 TCNP(NH_) -542.338339 5.61 5.03 3.13 1.56 11.86
[1a-H]’ -835.797546 TCNP-H(NH;)" -541.918360
[10]” -916.002889 TCNP(Me) -526.258520 9.92 9.34 7.44 5.87 10.62
[1o-HT -915.574901 TCNP-H(Me)~ -525.845410
[ r]'+ -1107.754289 TCNP(H) -486.952191 13.53 12.95 11.05 9.48 9.43
[r-H] -1107.329326 TCNP-H(N)” -486.544838
[1s]'+ -989.857161 TCNP(CF;) -824.074635 15.31 14.73 12.83 11.26 8.39
[1s-H] -989.434695 TCNP-H(CF3)~ -823.670116
TCNP(CN) -579.201573 18.20 17.62 15.72 14.16 7.86

TCNP-H(CN)~ -578.801669

2 See ref 49
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Table S5. Raw Gibbs free energy at SMD(MeCN)-(U)LC-BLYP/6-311+G(d,p) and Gibbs free
energy change in the equilibrium of eq. 1 and 3

AG /kcal mol™
= S e —— PKa(CH:CN)®
G /au G /au [1a] [10] [1r] [1s]
IBS enol ether anilines
Mal” -834.331589 B(4-MeO) -401.015234 -7.44 -8.19 -12.04 -14.51 11.86
[1a-H] -833.910699 HB(4-MeO)" -401.447988
[o]™ -913.840835 B(H) -286.745068 -4.36 -5.10 -8.95 -11.42 10.62
[Mo-HJ -913.421129 HB(H)" -287.172899
[ -1104.996066 B(4-Br) -2859.902665 -2.50 -3.25 -7.10 -9.57 9.43
[Ar-H] -1104.582502 HB(4-Br)* -2860.327543
[1s]™ -987.472908 B(2,4-F2) -485.028459 -0.87 -1.61 -5.47 -7.93 8.39
[1s-H] -987.063273 HB(2,4-F,)" -485.450734
B(2-Cl) -746.120811 -0.97 -1.71 -5.57 -8.03 7.86
HB(2-Cl)* -746.543245
B(2,5-Cl,) -1205.496649 2.02 1.28 257 -5.04 6.21
HB(2,5-Cl,)"  -1205.914312
B(2,6-Cl,) -1205.494467 5.33 458 0.73 -1.74 5.06
HB(2,6-Cl,)*  -1205.906867
@ See ref 48
Table S6. Raw Gibbs free energy at SMD(MeCN)-(U)LC-BLYP/6-311+G(d,p) and Gibbs free
energy change in the equilibrium of eq. 2 and 4
AG /kcal mol”"
- R ——  PKa(CHCN)®
G /au G /au [1a] [10] [1r] [1s]
IBS enol ether tetracyanopropene
[Ma]” -834.331589 TCNP(NH,) -540.871671 3.46 2.72 -1.14 -3.60 11.86
[Ma-H] -833.910699 TCNP-H(NH;)™  -540.456294
[o]™ -913.840835 TCNP(Me) -524.793872 5.90 5.15 1.30 -1.16 10.62
[1o-HJ -913.421129 TCNP-H(Me)”  -524.382381
[ -1104.996066 TCNP(H) -485.613673 7.44 6.70 2.85 0.38 9.43
[r-H] -1104.582502 TCNP-H(N)” -485.204643
[s]™ -987.472908 TCNP(CF3) -822.207167 11.10 10.35 6.50 4.03 8.39
[1s-H] -987.063273 TCNP-H(CF3;)~  -821.803961
TCNP(CN) -577.622417 14.12 13.37 9.52 7.06 7.86

TCNP-H(CN)”  -577.224025

2 See ref 49
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Calculation for Radical addition
(TBS enol ether radical to 1,1-bis(phenylsulfonyl)ethylene)
The reactivity of enol silyl ether-derived allylic radicals was examined by calculating frontier orbital

properties and TS of radical addition to 1,1-bis(phenylsulfonyl)ethylene (eq. S5).

OTBS SO,Ph + S Me SO,Ph
ot —» [TS-AD]" —» q . (S5)
R SO,Ph R SO,Ph
R = t-Bu [10-H]' TS-AD_t-Bu
Mes [1r-H]’ TS-AD_Mes
Ph [1s-H]’ TS-AD_Ph

Optimized structures of these radicals at UCAM-B3LYP/6-311+G(d,p) level were summarized in
Figure S7. As described in the main manuscript, spin density at the allylic carbon of each radical
correlates with the experimental yield: 0.70 ([10-H]), 0.64 ([1r-H]’), and 0.51 ([1s-H]). For [1s-
HT', the spin is localized to the Ph group, which is reflected in the bond distance between the oxygen-
bearing carbon and the carbon of the Ph group (a in Figure S7). The C-C distance changes from
1.52 A to 1.45 A by substituting -Bu to Ph, indicating the existence of radical delocalization toward
an aromatic Ph ring. When Mes is introduced instead of Ph, a is elongated again from 1.45 A to 1.48
A, and the spin density at the y-carbon increases from 0.51 to 0.64. The Mes group cannot adopt a
coplanar orientation with the olefin moiety due to the steric repulsion caused by the two o-Me groups
(the dihedral angle of CornoCipso-CoCp is 60.1°; highlighted in green in Figure S7). Since radical
conjugation with the Mes group is partially inhibited in [1r-HJ", its spin density at the allylic position
and reactivity are comparable with those of [10-H]'.

In exploring the most stable TS for the radical addition, 8 kinds of conformers were examined:
different orientations of 1) radical and olefin fragments about the forming C—C bond and 2) SO>Ph
groups in olefin about the approaching radical (Figure S8-S10, Table S3). The lowest values of AG?
for each substituent (21.2 kcal mol™' (TS-AD_#-Bu_1b), 21.6 kcal mol™! (TS-AD_Mes_2b), and 23.3
kcal mol™' (TS-AD_Ph_2b)) are reported in Table 3 in the main text. These values correlate with the
spin density of the C3-carbon and the experimental yield (90% (10), 81% (1r), 53% (1s)). The proper
balance of the radical cation acidity and the activation barrier of the radical addition may be a source

of the superior reactivity of 1r in the C—H alkylation.
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Fig. S12. Optimized structures of [1o-H]', [1r-H]’, and [1s-H]" at UCAM-B3LYP/6-311+G(d,p).
Representative bond distances, spin densities, and dihedral angles between an aromatic ring and an

olefin moiety (green) are also shown for [1r-H] and [1s-H]'".

TS-AD_tBu_1a TS-AD_tBu_1b 3 TS-AD_tBu_1c TS-AD_tBu_1d
(AG? = 21.6 kcal mol™) ' (AG* = 21.2 kcal mol™") ; (AG* = 21.7 kcal mol ") (AG* = 22.9 kcal mol ")

‘ @:ﬁ i | /’f\-}JL ) A\“‘J
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TS-AD_tBu_2a TS-AD_tBu_2b TS-AD_tBu_2c TS-AD_tBu_2d
(AG? = 23.1 kcal mol™") (AG? = 21.9 kcal mol™) (AG? = 22.9 kcal mol ") (AG* = 23.0 kcal mol ")

Fig. S13. Optimized TS structures of radical addition of [1e-H]' to
1,1-bis(phenylsulfonyl)ethylene.
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TS-AD_Mes_1a TS-AD_Mes_1b TS-AD_Mes_1c TS-AD_Mes_1d
(AG* = 22.3 kcal mol™) (AG* = 23.1 kcal mol™) (AG* = 22.6 kcal mol™") (AG* = 22.2 kcal mol ™)

=t N, -~
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TS-AD_Mes_2a 3 TS-AD_Mes_2b TS-AD_Mes_2c TS-AD_Mes_2d
(not determined) I (AGT=21.6kcalmol™) ! (AG* = 23.0 kcal mol™") (AG* = 24.0 kcal mol™")

Fig. S14. Optimized TS structures of radical addition of [1r-H]" to
1,1-bis(phenylsulfonyl)ethylene.

TS-AD_Ph_1a TS-AD_Ph_1b TS-AD_Ph_1c TS-AD_Ph_1d
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Fig. S15. Optimized TS structures of radical addition of [1s-H]" to
1,1-bis(phenylsulfonyl)ethylene.

66



Table S7. Electron energy, enthalpy, entropy, Gibbs free energy, relative electron energy and
relative Gibbs free energy of eq. S5 at SMD(CH3CN)-(U)CAM-B3LYP/6-311+G(d,p)

(R',R?) E /au H /au S leu G /au AE /kcal mol”'  AG /kcal mol™

1,1-bis(phenylsulfonyl)ethylene -1637.714023 -1637.458874 139.527 -1637.525168

[10-H] -915.532276 -915.108818 156.782 -915.183310

TS-AD_tBu_1a -2553.236443 -2552.555665 249.277 -2552.674104 6.18 21.57
TS-AD_tBu_1b® -2553.235171 -2552.554233 253.409 -2552.674636 6.98 21.24
TS-AD_tBu_1c -2553.233933 -2552.553140 254.256 -2552.673945 7.76 21.67
TS-AD_tBu_1d -2553.233498 -2552.552567 251.254 -2552.671946 8.03 22.92
TS-AD_tBu_2a -2553.233131 -2552.552260 251.276 -2552.671650 8.26 23.11
TS-AD_tBu_2b -2553.234706 -2552.553594 252.479 -2552.673555 7.27 21.91
TS-AD_tBu_2c -2553.233127 -2552.552212 252.024 -2552.671957 8.27 22.92
TS-AD_tBu_2d -2553.233387 -2552.552397 251.324 -2552.671809 8.10 23.01
[r-H] -1107.221441 -1106.742045 180.532 -1106.827822

TS-AD_Mes_1a -2744.925381 -2744.188832 270.677 -2744.317439 6.33 22.31
TS-AD_Mes_1b -2744.923264 -2744.186774 272.275 -2744.316140 7.66 23.12
TS-AD_Mes_1c -2744.921565 -2744.185228 277.444 -2744.317050 8.72 22.55
TS-AD_Mes_1d -2744.921742 -2744.185555 277.911 -2744.317599 8.61 22.21
TS-AD_Mes_2a => converged to TS-AD_Mes_1a

TS-AD_Mes_2b* -2744.923877 -2744.187270 276.201 -2744.318502 7.27 21.64
TS-AD_Mes_2c -2744.920545 -2744.184310 278.007 -2744.316400 9.36 22.96
TS-AD_Mes_2d -2744.919603 -2744.183163 277.032 -2744.314790 9.95 23.97
[1s-H]' -989.323605 -988.932114 156.857 -989.006642

TS-AD_Ph_1a -2627.023676 -2626.374740 248.702 -2626.492907 8.76 24.41
TS-AD_Ph_1b -2627.022089 -2626.373270 251.686 -2626.492854 9.75 24.45
TS-AD_Ph_1c -2627.021267 -2626.372448 248.423 -2626.490482 10.27 25.93
TS-AD_Ph_1d -2627.020483 -2626.371708 252.369 -2626.491617 10.76 25.22
TS-AD_Ph_2a -2627.018974 -2626.370125 253.966 -2626.490792 11.71 25.74
TS-AD_Ph_2b° -2627.021894 -2626.373039 255.865 -2626.494609 9.87 23.34
TS-AD_Ph_2c -2627.018844 -2626.370112 255.047 -2626.491293 11.79 2542
TS-AD_Ph_2d -2627.020143 -2626.371438 254.258 -2626.492244 10.97 24.83

?Reported in the main text (Table 3).
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Chapter 3

Radical Cations as Catalytically Generated Bronsted Acids
for Allylic C—H Heteroarylation of Enol Silyl Ethers

OTIPS OTIPS
NC R3 Ir complex (2 mol%) R
RT ™ + | \/‘\| - R3
_N CHQClZ R2 \/ﬁ
R2 H blue LED, 40 °C | N
Z
23 examples: 50-95%
R3Si< CN RsSi<
2 4 0 radical-radical
+ N < coupling
| ~Z
H N ~ Ir complex

)

Bronsted basic

radical cation substrate NC N

|nterrr:led|ate | B N® — \\NH
Bronsted acid H +e
activated

via protonation

Abstract:

The intermediary radical cations, generated through single-electron oxidation of enol silyl ethers by
the excited Ir-based photocatalyst, can be exploited as Brensted acids for the activation of
heteroarylcyanides. This strategy enables the direct allylic C—H heteroarylation of enol silyl ethers

under visible light irradiation.
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1. Introduction

Radical cations are open-shell reactive intermediates that typically generated from electron-
rich compounds through chemical,! electrochemical,®> or photochemical single-electron
oxidation.® Owing to their electrophilic nature, radical cations can act as versatile intermediates
for a range of reactions, such as cycloaddition with electron-rich diene* and intramolecular
bond formation with nucleophilic functional groups.” Another distinctive character is
represented in the mesolytic cleavage of the neighboring c-bonds, such as C—H, C—C, C-S,
and C—Si bonds, etc.® This type of bond cleavages is triggered by the weakening of a-C—X
bond through the overlap of its ¢ orbital and the SOMO. Therefore, the mesolytic cleavage is
a relatively facile process and radical cations can behave as strong carbon acids when X = H.
For instance, a-benzylic C—H bond of the radical cation of toluene exhibits extremely high
acidity, of which pK, value was estimated to be —6.’

The radical cations of enol silyl ethers and their analogues have been known to readily
undergo the elimination of silyl cation to afford the desilylated, electrophilic a-carbonyl
radicals.® On the other hand, we recently reported a methodology to generate the nucleophilic
allylic radicals from enol silyl ethers through single-electron oxidation and deprotonation
sequence by using photoredox and appropriate Brensted base catalysts (Figure 1a).° The
predominant deprotonation of radical cations relied on the intrinsic high acidity of their allylic
proton, of which pK, was estimated to be close to p-toluenesulfonic acid (TsOH). Upon
consideration of such high acidity of radical cations, these intermediates could be utilized as
catalytically generated Brensted acids for the activation of electrophiles having a basic
functionality via protonation, which would concomitantly generate nucleophilic radicals to be
engaged in the bond formation with the activated electrophiles. We envisioned that
cyanopyridines were promising substrates for the demonstration of the ability of radical cations
because (i) cyanopyridines would be protonated by acidic radical cations and (ii) the resulting
pyridinium ion would smoothly undergo the single-electron transfer (SET) and subsequent
radical—radical coupling (Figure 1b).!%!! Here, we report the successful implementation of the
use of radical cation as an activator of substrate through the development of an allylic

heteroarylation of enol silyl ethers with heteroarylcyanides (Figure 1b).
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(a) OSiR, OS|R3 OS|R3
-e' S0,Ph
; )\SOZPh

H
pK, = 8.4 (in MeCN) Radlcal addition to
H’ electron-deficient olefin
(b) OSiR; OSiR3 OSiR3
o+ NC\O
N\
H

Single electron reduction of activated cyanopyridine
and subsequent radical-radical coupling

Scheme 1. Allylic C—H functionalization of enol silyl ethers based on single-electron oxidation-
deprotonation sequence to generate nucleophilic allylic radical. (a) C—H alkylation through radidcal
addition to electron-deficient olefins. (b) C—H heteroarylation triggered by the activation of

caynopyridines.

2. Results and Discussion

At the outset of research, we selected cyclohexanone-derived enol silyl ether 1a and 4-
cyanopyridine (2a) as model substrates for allylic heteroarylation (Table 1). Since 1a and 2a
have large electronic potential (Eox of 1a = 1.43 V vs SCE and Erq of 2a = —1.81 V vs SCE,
respectively), the single molecular photoredox catalysts in general are not capable of
promoting SET for both of these substrates. However, upon irradiation of visible light at
40 °C'? for 6 h, the reaction of 1a and 2a in the presence of [Ir(dFCF3ppy)2(4,4’-dCF3bpy)]PFs
(4a) proceeded to give allylic heteroarylation product 3a, albeit in low yield (entry 1). While

*IV = —(0.51 V) as well as persistent

SET cannot occur from excited Ir(IIl) complex 4a (E£1/2
Ir(I1) complex (E12"™ = —0.79 V) to 2a, the intermediary radical cation of 1a would facilitate
this process via protonation of 2a. In fact, the addition of Brensted acid led to the notable shift
of reduction potential of 2a to —0.89 vs SCE.'!'"!> We then examined the reaction using
photocatalysts 4b or 4c, of which Ir(I) complexes exhibit stronger reducing ability, and
identified [Ir(dFCF3ppy)2(bpy)]PFs (4¢) as an optimal catalyst candidate (entries 2 and 3).
Subsequent optimization of reaction conditions uncovered that lowering the temperature led to
the notable decrease of reaction efficiency. When the reaction was conducted with a fun to
keep the reaction setup at ambient temperature, 3a was obtained in reduced yield (entry 3 vs
4). Prolonged reaction time resulted in slightly improved yield of 3a (entry 5). Following
examination of solvent effects revealed that dichloromethane and acetonitrile were suitable for

the present heteroarylation while acetone, ethyl acetate, and methanol seemed to retard the

reaction (entries 6-9). No product formation was observed in the attempted reactions without
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photocatalyst 4 or light irradiation, confirming that excited Ir complex was essential for

promoting desired allylic heteroarylation (entries 10 and 11).

Table 1. Optimization of reaction conditions”

OTIPS photocatalyst OTIPS
i . NC = | (2 mol%) .

N solvent, blue LED | N
1a 2a 3a =N

(Eox=1.43V) (Eeqg=-1.81V)

4a (R =CF3): E;"" =165V

E""=-079V

4b (R = t-Bu): E4p,""M =121V

Eip"'=-137V

4c (R=H): Ep""=145V

Eip"'=-123V

Entry Photocatalyst Solvent Time (h) Yield (%)

1 4a CH:Cl 6 15
2 4b CH:Cly 6 42
3 4c CH:Cl 6 57
4¢ 4c CH:Cly 6 39
5 4c CH:Cly 12 65
6 4c acetone 12 6
7 4c EtOAc 12 4
8 4c MeOH 12 34
4c MeCN 12 63
10 None CH:Cly 12 0
114 4c CH:Cly 12 0

“ Unless otherwise indicated, the reactions were performed with 0.12 mmol of 1a and 0.10 mmol of 2b with
photocatalyst 4 (2 mol%) in solvent (1.0 mL) under argon atmosphere at 40 °C with light irradiation (blue
LED, 250 Wm™). > NMR yield with styrene as an internal standard. ¢ With a fan to keep the reaction setup at

room temperature. ¢ Under dark.

3. Mechanistic Investigations
To gain an insight into the reaction mechanism, we then conducted Stern-Volmer
luminescence quenching experiments with Ir complex 4¢ in acetonitrile, confirming that the

excited state of 4¢ could be quenched by enol silyl ether 1a. The quenching rate constant (Kqia)
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was determined to be 4.36 x 10" [M's™!]. In addition, 4-cyanopyridine hydromesylate
(2a-HOMs) could also act as a quencher, and its quenching rate constant was higher than that
with 1a (Kq2a-noms = 2.0 x 108 [M!s7!]). This result indicated that the excited state of 4¢ could
undergo the reductive quenching with 1a as well as oxidative quenching with 2a-H when acidic
radical cation generated in sufficient concentration.

A plausible reaction mechanism is outlined in Figure 1. The excited state of Ir'™"

complex 4¢
initially undergoes the single-electron transfer (SET) with enol silyl ether 1a to form the radical
cation A and the reduced Ir'' complex. The subsequent deprotonation of acidic radical cation
A by cyanopyridine 2a generates the nucleophilic allylic radical B and pyridinium ion C. The

single-electron reduction of C by Ir'' complex regenerates Ir'™

complex to close the reductive
quenching cycle with the concomitant formation of radical intermediate D, followed by
radical-radical coupling with A and the elimination of cyanide to furnish hydrogen cyanide
salt of 3a. The excited state of Ir'"! complex 4¢ (Ir*""V = —0.87 V) can also promote the single-
electron reduction of C to generate D. This SET process is relayed by single-electron oxidation

of 1a by the transient Ir'"Y complex (Ir'Y™ = 1.81 V) to close the oxidative quenching cycle.

|r*III

quenchmg quenchmg iV

OTIPS

Ir

OTIPS
Ir”'
" \_%
\G\IH 2a
7 [
NH B

OTIPS OTIPS

CN —_—
A | A
- NH ~N-HCN

Figure 1. Proposed reaction mechanism.

4. Investigation of Substrate Scope

We subsequently explored the scope of this allylic heteroarylation reaction under
photoredox catalysis of 4¢ (Figure 2). A series of cyclic enol silyl ethers having five-, six-,
seven-, and eight-membered ring systems underwent the radical heteroaromatic substitution to

give the corresponding products 3b-3f in uniformly good yields, while the reactions of seven-
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and eight-membered cyclic enol silyl ethers gave slightly higher yield in acetonitrile than in
dichloromethane. The present heteroarylation reaction was tolerant to various acyclic ketone-
derived enol silyl ethers, and pyridyl-substituted enol silyl ethers 3g-3i were obtained in good
to excellent yields. The C—H functionalization at terminal methyl site also smoothly proceeded
to furnish 3j in good yield. The reactions with a range of substituted cyanopyridines were then
examined. 4-Cyanopyidines possessing 2-alkyl- and 2-aryl substituents could be used as
coupling partners, providing access to heteroarylation products 3k-3q. 3-Substituted 4-
cyanopyridines and 2,6-disubstituted one were also suitable substrates, giving rise to the
corresponding products 3r-3u. The enol silyl ether 3v with 7-azaindole ring was obtained in

moderate yield through the reaction of 1a with N-Boc 4-cyano-1H-pyrrolo[2,3-b]pyridine.

OTIPS
OTIPS R3
NC 4c (2 mol% U
R N = /n (2 mol%) R RO
N CH,Cly, blue LED R2TNAA
R? 1
N
oTIPS OTIPS
OTIPS OTIPS
A = N
N\t N\ /
/ t-Bu R2 | _N \ N
=N
3b: 73% 3¢ (R%? = Me): 72% 3e: 85%7 3f: 71%7
3d (R? = Ph): 74%
TIPSO  Me 3g (R" = Ph): 95% TIPSO
RITX XN, 3h (R? = Mes): 83% BLT N
| 3h (R? = n-Pr): 65% |
N N
3i (R? = t-Bu): 71% 3j: 64%
oTIPS
oTIPS 3k (R® = c-Hex): 56%
31 (R% = t-Bu): 86%
3m (R® = ¢-Pr): 86% - CHex
3 3 - . o,
RE3n (R3 Et): 71% | N
30 (R® = Ph): 74%
2N 3p (R® = 4-MeOC4H,): 59% ¢-Hex
3q (R% = 4-FCgH,): 69% 3u: 64%
OTIPS OTIPS
R 3r (R3=Ph): 73% _
3s (R® = 4-MeOCgH,): 90%? NBoc
A 3t (R% = 4-FCgH,): 63% |
= N ~Z N
3v: 50%2

Figure 2. Substrate scope. Isolated yields are indicated. * Conducted in MeCN.

5. Conclusions
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In conclusion, we have developed a simple synthetic protocol for direct allylic C—H
heteroarylation of enol silyl ethers with heteroaryl cyanides. This protocol is based on the
utilization of intermediary generated radical cations as Brensted acid for the activation of
heteroaryl cyanides, facilitating the single-electron reduction and subsequent radical-radical
coupling. We believe that this study expands the versatility of radical cations and paves the

way for the development of new transformations.
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6. Experimental Section

Information: '"H NMR spectra were recorded on a JEOL JNM-ECS400 (400 MHz) and JEOL
JNMECAG600II (600 MHz) spectrometer. Chemical shifts are reported in ppm from the
tetramethylsilane (0.0 ppm) resonance as the internal standard (CDCl3). Data are reported as follows:
chemical shift, integration, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, sept =septet,
m = multiplet, and br = broad) and coupling constants (Hz). '*C NMR spectra were recorded on a
JEOL JNM-ECAG600II (151 MHz) spectrometer with complete proton decoupling. Chemical shifts are
reported in ppm from the solvent resonance as the internal standard (CDCls; 77.16 ppm). The high-
resolution mass spectra were conducted on Thermo Fisher Scientific Exactive Plus (ESI). Analytical
thin layer chromatography (TLC) was performed on Merck precoated TLC plates (silica gel 60 GF254,
0.25 mm). Flash column chromatography was performed on Silica gel 60 N (spherical, neutral,
40~50um; Kanto Chemical Co., Inc.). All air- and moisture-sensitive reactions were performed under
an atmosphere of argon (Ar) in dried glassware. Dichloromethane (CH>Cly) and 1,2-dichloroethane
(1,2-DCE) were supplied from Kanto Chemical Co., Inc. as “Dehydrated” and further purified by both
A2 alumina and Q5 reactant using a GlassContour solvent dispensing system. The photocatalysts (4a-
4c) and enol silyl ethers were synthesized according to the previously reported procedures.'*'® Other

simple chemicals were purchased and used as such.
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General Experimental Procedure for Allylic Heteroarylation of Enol Silyl Ethers

To a flame-dried test tube were added heteroarylcyanide (0.10 mmol, 1 equiv),
[Ir(dFCF3ppy)2(bpy))]PFs (2.02 mg, 0.002 mmol, 2 mol%) and CH>Cl, (1.0 mL, 0.1 M). The reaction
tube was sealed with a rubber septum and then evacuated in vacuo and backfilled with Ar five times.
Enol silyl ether (0.12 mmol, 1.2 equiv) was introduced via syringe. Then, a septum was removed and
quickly sealed with a screw cap under a flow of Ar. The whole reaction mixture was stirred at 40 °C
under the irradiation of blue LED (448 nm, 250 W/m? ). After indicated time, the reaction mixture
was evaporated. Purification of the resulting crude residue by column chromatography on silica gel

(hexane 100% to hexane/EtOAc = 5:1) afforded the corresponding heteroarylated enol silyl ether.

Note
In some cases, the desired heteroarylated products were obtained with a slight amount of isomerized
products probably through the protonation and deprotonation sequence with hydrogen cyanide in the

reaction system. The ratio of product and isomer was indicated respectively if observed.

OTIPS ®otiPs N OTIPS
HCN H R =
N N ) N
I N | HCN |
ZN | _N _N
product R Z isomer
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Characterization of Heteroarylated Enol Silyl Ethers
OTIPS 3a: '"H NMR (400 MHz, CDCLs) 6 8.50 (1H, d, J= 4.8 Hz), 7.15 (2H, d, J = 4.8 Hz),
4.86 (1H, brs), 3.50-3.42 (1H, m), 2.26-2.06 (2H, m), 1.98-1.88 (1H, m), 1.83-1.73
@\@ (1H, m), 1.73-1.58 (2H, m), 1.47-1.38 (1H, m), 1.23-1.39 (3H, m), 1.11 (12H, d, J =
(n 3.2 Hz), 1.09 (6H, d, J = 3.2 Hz); '3C NMR (151 MHz, CDCl3) 6 156.7, 153.4, 149.5,

123.3, 104.9, 41.2, 31.9, 29.8, 21.6, 18.2, 12.8; HRMS (ESI) Calcd for CaH3sONSi* ([M+H]")
332.2404. Found 332.2399.

oTIPS 3b (product/isomer > 20:1): '"H NMR (400 MHz, CDCls) 6 8.44 (2H, d, J = 4.8 Hz),
7.18 (1H, s,), 4.70 (1H, brs), 6.94 (1H, dd, J = 4.8, 1.2 Hz), 4.68 (1H, brs), 3.86-

3.77 (1H, m), 2.47-2.33 (3H, m), 1.80-1.61 (1H, m), 1.35 (9H, s), 1.30-1.16 (3H,

/___: tBu m), 1.13 (9H, d,J= 1.6 Hz), 1.11 (9H, d, J = 2.4 Hz); *C NMR (151 MHz, CDCls)

5 169.4, 157.9, 157.0, 148.7, 119.7, 117.8, 104.9, 47.7, 37.4, 33.8, 31.7, 30.4,
18.0(7), 18.0(6), 12.6; HRMS (ESI) Calcd for C23HsgONSi* ((M+H]") 374.2874. Found 374.2875.

OTIPS 3¢ (dr = 5.4:1): The reaction was performed for 18 h.

'H NMR (400 MHz, CDCl3) § 8.50 (2H, d, J = 4.6 Hz), 7.13 (2H, d, J = 4.6 Hz), 4.70

% (1H, brs), 2.97 (1H, dd, J = 5.2, 2.4 Hz), 2.39-2.28 (1H, m), 2.18-2.09 (1H, m), 1.84-
we Ln 1.76 (1H, m), 1.64-1.42 (2H, m), 1.09 (12H, d, J = 2.8 Hz), 1.07 (6H, d, J = 2.8 Hz),
0.85 (3H, d, J = 6.4 Hz); '*C NMR (151 MHz, CDCL3) § 155.9, 152.5, 149.6, 123.9, 105.7, 49.6, 36.3,

31.0, 29.8, 19.5, 18.1, 12.8; HRMS (ESI) Caled for Ca1HzONSi* ([M+H]") 346.2561. Found
346.2560.

OTIPS 3d (dr > 20:1): The reaction was performed for 18 h.
'H NMR (400 MHz, CDCls) § 8.34 (2H, d, J = 6.4 Hz), 7.20-7.09 (3H, m), 6.95 (2H,
T | /\N d,J=8.0 Hz), 6.83 (2H, d, J = 4.6 Hz), 4.86 (1H, brs), 3.57-3.50 (1H, m), 2.63-2.53
(1H, m), 2.53-2.37 (1H, m), 2.28-2.19 (1H, m), 2.19-2.03 (1H, m), 2.03-1.95 (1H, m),
1.30-1.16 (3H, m), 1.13 (12H, d, J = 4.0 Hz), 1.11 (6H, d, J = 4.0 Hz); *C NMR (151 MHz, CDCls)
0154.7,152.7,149.5, 143.9, 128.3, 127.6, 126.6, 123.6, 105.7, 49.1(2), 49.0(6), 30.5, 30.4, 18.1(9),
18.1(7), 12.8; HRMS (ESI) Calcd for C26H3sONSi" ([M+H]") 408.2717. Found 408.2718.
OTIPS 3e: The reaction was performed in MeCN for 36 h.
'H NMR (400 MHz, CDCl3) 6 8.50 (2H, d, J = 4.6 Hz), 7.15 (2H, d, J = 4.6 Hz),
\\/N 491 (1H, d, J= 4.0 Hz), 3.47-3.40 (1H, m), 2.51-2.40 (1H, m), 2.34-2.25 (1H, m),

1.91-1.70 (4H, m), 1.70-1.54 (2H, m), 1.19-1.10 (3H, m), 1.10-1.04 (18H, m); 13C
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NMR (151 MHz, CDCL;) § 157.2, 156.7, 150.0, 122.8, 110.3, 42.9, 35.7, 35.3, 29.3, 25.0, 18.2, 12.7;
HRMS (ESI) Caled for Co1H3ONSi* ([M+H]") 346.2561. Found 346.2562.

OTIPS 3f: The reaction was performed in MeCN for 36 h.
— "H NMR (400 MHz, CDCl3) 6 8.50 (2H, d, J = 6.0 Hz), 7.16 (2H, d, J = 6.0 Hz),
\ /" 4.62 (1H, d, J= 9.2 Hz), 3.52-3.41 (1H, m), 2.55 (1H, td, J = 13.2, 3.6 Hz), 2.08
(1H, dt, J = 14.0, 3.6 Hz), 1.94-1.77 (2H, m), 1.77-1.71 (1H, m), 1.71-1.68 (4H, m), 1.53-1.41 (1H,
m), 1.20-1.09 (3H, m), 1.10-1.03 (18H, m); *C NMR (151 MHz, CDCl3) 6 156.1, 153.7, 149.9, 122.7,
106.5, 42.1, 37.9, 32.7, 28.6, 26.9, 26.2, 18.2, 12.8; HRMS (ESI) Calcd for C2,H3sONSi* ((M+H]")
360.2717. Found 360.2717.

TIPSO Me 3g (Z/E = 1.1:1): The reaction was performed for 18 h.
Mes” XX Xy 'HNMR (400 MHz, CDCl;) (for Z isomer) § 8.43 (2H, d, J = 5.2 Hz), 7.23 (2H,
2N d,J=6.0 Hz), 6.82 (1H, 5), 6.79 (1H, s), 5.10 (d, 1H, J = 10.8 Hz), 2.95 (1H, dq,
J=10.4, 7.2 Hz), 2.34(9) (3H, s), 2.29 (3H, s), 1.94 (3H, s), 1,24 (3H, d, /= 7.2 Hz), 1.22-1.15 (3H,
m), 1.07 (12H, d, J = 3.6 Hz), 1.06 (6H, d, J = 4.0 Hz), (for E isomer) J 8.49 (2H, d, /= 5.6 Hz), 6.94
(2H, d, J=5.6 Hz), 6.88 (1H, s), 6.79 (1H, s), 4.60 (d, 1H, J = 9.6 Hz), 4.19-4.07(1H, m), 2.34(5) (3H,
s), 2.25 (3H, s), 2.20 (3H, s), 1,38 (3H, d, J = 7.2 Hz), 1.03-0.95 (3H, m), 0.92 (9H, d, J = 7.2 Hz),
0.90 (9H, d, J = 7.2 Hz); "*C NMR (151 MHz, CDCl5) (for Z isomer) 156.2, 149.8, 137.2, 136.4, 135.8,
134.2, 128.2(6), 128.1, 122.3, 111.2, 38.0, 23.0, 21.2, 20.1, 19.9, 18.3, 13.1, (for £ isomer) ¢ 156.4,
149.8, 147.2, 137.5, 136.8, 136.3, 128.4, 128.3(1), 122.6, 115.4, 35.2, 21.7, 21.1, 20.3, 18.0, 13.2;

HRMS (ESI) Calcd for Co7H4,ONSi™ ([M+H]") 424.3030. Found 424.3029.

TIPSO Me 3h (Z/E = 1.2:1): The reaction was performed in MeCN for 48 h.
e X Xy 'HNMR (400 MHz, CDCI;) (for Z isomer) & 8.48 (2H, d, J= 6.4 Hz), 7.14 (2H,
2N 4,J=6.4Hz),4.66 (1H,d,J=10.0 Hz ), 3.51 (1H, dg, J = 9.6, J = 6.8), 2.12-
2.06 (2H, m), 1.59-1.43 (2H, m), 1.31 (3H, d, J= 7.2 Hz), 1.21-1.10 (3H, m), 1.10-1.03 (18H, m),
0.88 (3H, t,J= 7.2 Hz), (for E isomer), ¢ 8.46 (2H, d,/J=6.4 Hz), 7.17 (2H, d, /= 5.6 Hz), 4.45 (1H,
d,J=9.2Hz),3.94 (1H, dq, J=9.6, 7.6 Hz), 2.05 (2H, t, J = 8.0 Hz), 1.59-1.43 (2H, m), 1.28 (3H,
d,J=6.8 Hz), 1.21-1.10 (3H, m), 1.10-1.03 (18H, m), 0.92 (3H, t, J = 7.2 Hz); *C NMR (151 MHz,
CDCls) (for Z isomer) 6 156.6, 152.6, 149.9, 122.4, 109.7,37.2, 33.9, 22.8, 20.5, 18.2, 14.0, 12.8, (for
E isomer) J 156.7, 151.2, 149.7, 122.6, 109.9, 38.5, 34.7, 21.8, 20.7, 18.2, 13.9, 13.5; HRMS (ESI)

Calcd for C1HzsONSi* ([M+H]") 348.2717. Found 348.2712.

TIPSO Me 3i (Z/E = 11.1:1): '"H NMR (400 MHz, CDCl3) 6 8.48 (2H, d, J = 4.6 Hz), 7.17

U | N (2H,d,J=4.8Hz),4.58 (1H, d,J=10.0 Hz), 3.75-3.63 (1H, m), 1.27 (3H, d, J
N
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= 6.6 Hz), 1.24-1.15 (3H, m), 1.13 (9H, s), 1.10 (9H, d, J = 6.8 Hz), 1.05 (9H, d, J = 7.2 Hz); 3C
NMR (151 MHz, CDCl3) § 158.6, 156.2, 149.7, 122.5, 104.4, 37.4,34.4,29.1,23.0, 18.5, 14.7; HRMS
(ESI) Caled for CooHsgONSi* ([M+H]") 362.2874. Found 362.2877.

TIPSO 3j (ZIE = 7.7:1, determined after purification): '"H NMR (400 MHz, CDCl;) &

LBuT | XY 8.48(2H,d,J=5.6Hz),7.12 (2H, d, J=6.0 Hz), 4.53 (1H,t,J= 7.2 Hz), 3.33

2N (2H,d,J=7.2),1.31-1.16 (3H, m), 1.13(3) (9H, s), 1.12(5) (12H, brd), 1.11 (6H,

brd); *C NMR (151 MHz, CDCl3) § 160.7, 151.6, 149.6, 123.9, 97.7, 37.5, 31.7, 29.1, 18.5, 14.7;
HRMS (ESI) Calcd for C>1H3sONSi™ ([M+H]") 348.2717. Found 348.2718.

OTIPS 3k: 'H NMR (400 MHz, CDCl3) 6 8.40 (1H, d, J = 5.2 Hz), 7.01 (1H, s), 6.95
(1H, dd,J=5.0, 1.6 Hz), 4.86(1H, brs), 3.47-3.39 (1H, m), 2.67 (1H, tt, J= 12.0,

B cHex 3.6 Hz), 2.28-2.08 (2H, m), 1.98-1.89 (3H, m), 1.89-1.81 (2H, m), 1.81-1.70

N (2H, m), 1.70-1.60 (1H, m), 1.58-1.45 (2H, m), 1.45-1.34 (2H, m), 1.34-1.24

(2H, m), 1.24-1.15 (3H, m), 1.12 (12H, d, J = 4.0 Hz), 1.10 (6H, d, J = 4.4 Hz); '3C NMR (151 MHz,
CDCl3) 6 166.6, 156.7, 153.1, 149.0, 120.7, 120.3, 105.4, 46.8, 41.3, 33.2,33.1,32.1,29.9, 26.8, 26.3,

21.8, 18.2(0), 18.1(8), 12.8; HRMS (ESI) Caled for CaeHuONSi* ([M+H]") 414.3187. Found
414.3187.

OTIPS 31 (product/isomer = 12.7:1): '"H NMR (400 MHz, CDCl3) 6 8.45 (1H, d, J=4.8
Hz), 7.19 (1H, s), 6.95 (1H, dd, J= 5.2, 0.8 Hz), 4.87 (1H, brs), 3.48-3.40 (1H,

| X BY m), 2.29-2.06 (2H, m), 1.98-1.87 (1H, m), 1.85-1.75 (1H, m), 1.75-1.60 (1H, m),

N 1.45-1.35(1H, m) 1.36 (9H, s), 1.27-1.13 (3H, m), 1.12 (12H, d, J=3.2 Hz), 1.10

(6H, d, J = 3.2 Hz); 3C NMR (151 MHz, CDCl3) 6 169.4, 156.5, 153.1,148.5, 120.4, 118.4, 105.4,

41.6,37.5,32.3,30.4,29.8,21.9, 18.2, 12.8; HRMS (ESI) Calcd for Co4H42ONSi* ([M+H]") 388.3030.
Found 388.3028.

OTIPS 3m (product/isomer = 10.1:1): 'H NMR (400 MHz, CDCl;) 6 8.32 (1H, d, J =
4.8 Hz), 6.98 (1H, s), 6.89 (1H, dd, J = 4.8, 1.6 Hz), 4.85 (1H, brs), 3.45-3.87

%CPF (1H, m), 2.27-2.06 (2H, m), 2.03-1.96 (1H, m), 1.96-1.87 (1H, m), 1.86-1.73 (1H,

| N m), 1.71-1.59 (1H, m), 1.45-1.34 (1H, m), 1.24-1.13 (3H, m), 1.11 (12H, d, J =

3.6 Hz), 1.10 (6H, d, J = 3.6 Hz), 1.01-0.94 (4H, m); '*C NMR (151 MHz, CDCl;) 6 162.8, 156.2,

153.1, 149.2, 120.5, 120.2, 105.3., 41.1, 32.0, 29.9, 21.7, 18.2, 17.3, 12.8, 9.81, 9.74; HRMS (ESI)
Caled for Co3HssONSi* ([M+H]") 372.2717. Found 372.2716.
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OTIPS 3n (product/isomer = >20:1): '"H NMR (400 MHz, CDCl3) 6 8.40 (1H, d, J = 4.4

Hz), 7.02 (1H, s), 6.96 (1H, dd, /= 4.8, 1.6 Hz), 4.86(1H, brs), 3.47-3.39 (1H, m),
S 2079 (2H, q, J= 7.6 Hz), 2.28-2.07 (2H, m), 1.98-1.88 (1H, m), 1.83-1.73 (1H, m),
N 1.73-1.55 (1H, m), 1.46-1.34 (1H, m), 1.30 (3H, t, J = 7.6 Hz), 1.24-1.15 (3H, m),
1.11 (12H, d,J=3.2 Hz), 1.10 (6H, d, J= 3.2 Hz); *C NMR (151 MHz, CDCl3) § 163.5, 156.8, 153.1,
149.2, 121.4, 120.6, 105.3, 41.2, 32.0, 31.5, 29.9, 21.7, 18.1(8), 18.1(6), 14.1, 13.0, HRMS (ESI)
Calcd for C22H3sONSi* ((M+H]") 360.2717. Found 360.2714.

30: The reaction was performed in MeCN.

'H NMR (400 MHz, CDCls) ¢ 8.58 (1H, d, J = 4.0 Hz), 7.97 (2H, d, J = 8.4 Hz),
~rP" 7.60 (1H, s), 7.47 (2H, td, J= 7.8, 1.6 Hz), 7.43-7.37 (1H, m), 7.10 (1H, d, J= 4.8
2N Hz), 4.93 (1H, brs), 3.54 (1H, brs), 2.28-2.10 (2H, m), 2.03-1.93 (1H, m), 1.87-1.76
(1H, m), 1.76-1.63 (1H, m), 1.52-1.41 (1H, m), 1.32-1.16 (3H, m), 1.13 (12H, d, J = 2.4 Hz), 1.12
(6H, d, J = 3.2 Hz); *C NMR (151 MHz, CDCl3) 6 157.7, 157.2, 153.4, 149.7, 139.9, 128.9, 128.8,
127.1, 121.9, 120.1, 105.0, 41.4, 32.1, 29.9, 21.7, 17.9, 18.2, 12.8. 12.4; HRMS (ESI) Calcd for
Ca6H3sONSi" ([M+H]") 408.2717. Found 408.2718.

OTIPS

oTIPS 3p (product/isomer = >20:1): The reaction was performed in 1,2-DCE.

'H NMR (400 MHz, CDCl;) 6 8.53 (1H, d, J = 4.4 Hz), 7.93 (2H, d, J =

B 4-MeOCeHs 6 8 Hz), 7.53 (1H, s), 7.04 (1H, dd, J = 5.2, 1.6 Hz), 6.99 (2H, d, /= 6.8

N Hz), 4.92 (1H, brs), 3.55-3.48 (1H, m), 3.87 (3H, s), 2.28-2.08 (2H, m),

2.02-1.92 (1H, m), 1.87-1.76 (1H, m), 1.75-1.63 (1H, m), 1.51-1.40 (1H, m), 1.30-1.16 (3H, m), 1.13

(12H, d, J = 3.2 Hz), 1.11 (6H, d, J =4.0 Hz); *C NMR (151 MHz, CDCl3) ¢ 160.5, 157.3, 157.1,

153.3, 149.5, 132.5, 128.3, 121.2, 119.3, 114.2, 105.1,55.5 41.4, 32.1, 29.9, 21.8, 18.2, 12.8; HRMS
(ESI) Calcd for Co7Ha0ONSi™ ([M+H]") 438.2823. Found 426.2824.

OTIPS 3q: The reaction was performed in MeCN.
'"H NMR (400 MHz, CDCls) & 8.55 (1H, d, J = 4.8 Hz), 7.98-7.92 (2H, m),
B 4FCeMe 754 (1, 5), 7.18-7.12 (2H, m), 7.10 (1H, dd, J= 5.0, 1.6 Hz), 4.91 (1H, brs),
~-N

3.57-3.48 (1H, m), 2.28-2.09 (2H, m), 2.02-1.93 (1H, m), 1.86-1.76 (1H, m),
1.76-1.63 (1H, m), 1.51-1.40 (1H, m), 1.30-1.15 (3H, m), 1.13 (12H, d, J=2.8 Hz), 1.11 (6H, d, J =
3.2 Hz); 3C NMR (151 MHz, CDCL3) 6 163.6 (d, Jc—r= 247.2 Hz), 157.4, 156.7, 153.5, 149.7, 136.0,
128.9 (d, Jc-r = 8.6 Hz), 121.8, 119.8, 115.7 (d, Jo-r = 21.6 Hz), 105.0, 414, 32.1,29.9, 21.7, 18.2,
17.9, 12.8, 12.4; HRMS (ESI) Caled for CosHz7ONFSi* ([M+H]") 426.2623. Found 426.2624.
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OTIPS 3r: '"H NMR (400 MHz, CDCl3) 6 8.50 (1H, d, J = 5.6 Hz), 8.39 (1H, s), 7.48-7.37
(3H, m), 7.32-7.27(3H, m), 4.76 (1H, brs), 3.64 (1H, br), 2.26-2.14 (1H, m), 2.10-
1.99 (1H, m), 1.81-1.70 (2H, m), 1.57-1.45 (1H, m), 1.39-1.22 (1H, m), 1.22-1.11

| (3H, m), 1.11-1.05 (18H, m); *C NMR (151 MHz, CDCl3) § 153.7, 152.9, 150.4,
148.8, 138.0, 137.3, 129.6, 128.5, 127.7, 122.8, 105.9, 37.0, 31.3, 29.8, 21.9, 18.2, 12.8; HRMS (ESI)
Calcd for C6HzsONSi* ([M+H]") 408.2717. Found 408.2724.

N /3

OTIPS 3s: The reaction was performed in MeCN for 18 h.

4-MeOCeH, 'H NMR (400 MHz, CDCl3) 6 8.48 (1H, d,J = 5.6 Hz), 8.38 (1H, s), 7.27 (1H, d,
J=4.4Hz),7.22 (2H, d, J= 6.6 Hz), 6.98 (2H, d, J= 7.6 Hz), 4.76 (1H,brs), 3.87
(3H, s), 3.69-3.61 (1H, m), 2.26-2.15 (1H, m), 2.10-2.00 (1H, m), 1.81-1.70 (2H,
m), 1.58-1.45 (1H, m), 1.38-1.22 (1H, m), 1.21-1.11 (3H, m), 1.10 (12H, d, J = 4.8 Hz), 1.08 (6H, d,
J = 4.4 Hz); C NMR (151 MHz, CDCl3) § 159.2, 153.9, 152.8, 150.6, 148.5, 136.9, 130.7, 130.3,
122.8, 114.0, 106.0, 55.5, 37.0, 31.3, 29.8, 21.9, 18.2, 12.8; HRMS (ESI) Calcd for C27H400,NSi"
([M+H]") 438.2823. Found 438.2825.

Re

A

oTIPS 3t: 'H NMR (400 MHz, CDCls) 6 8.51 (1H, d, J = 4.8 Hz), 8.37(1H, s), 7.30-7.24

4FCeH, (3H,m), 7.17-7.10 (2H, m), 4.75 (1H, brs), 3.62-3.52 (1H, m), 2.26-2.15 (1H, m),
2.10-2.00 (1H, m), 1.82-1.68 (2H, m), 1.57-1.44 (1H, m), 1.37-1.23 (1H, m), 1.21-
2N 111 3H, m), 1.10 (12H, d, J = 4.8 Hz), 1.08 (6H, d, J = 4.4 Hz); '*C NMR (151
MHz, CDCl3) 6 162.6 (d, Jc—r= 247.2 Hz), 153.9, 153.1, 150.4, 149.0, 136.3, 133.9, 131.3 (d, Jcr=
7.2 Hz), 122.8, 115.5 (d, Jc ¢=21.7 Hz), 105.6, 105.0, 37.1,31.3,29.8,21.9, 18.2, 12.8; HRMS (ESI)
Calcd for C6H3;ONFSit (IM+H]") 426.2623. Found 426.2636.

ke

OTIPS 3u (product/isomer = 8.7:1): The reaction was performed in MeCN.

"HNMR (400 MHz, CDCl3) 6 6.81 (2H, s), 4.85 (1H, brs), 3.39 (1H, brd), 2.65
CHeX (OH, brd), 2.26-2.04 (2H, m), 2.02-1.86 (SH, m), 1.86-1.68 (7H, m), 1.68-1.54
(1H, m), 1.50-1.32 (9H, m), 1.32-1.15 (5H, m), 1.14-1.08 (18H, m) J 6.81 (2H,
s), 5.01 (1H, brs), 3.31 (1H, brd), 2.65 (2H, brd), 2.26-2.04 (2H, m), 2.02-1.86
(5H, m), 1.86-1.68 (7H, m), 1.68-1.54 (1H, m), 1.50-1.32 (9H, m), 1.32-1.15 (5H, m), 1.05-0.95 (3H,
m), 0.91 (12H, d, J = 3.2 Hz), 0.89 (6H, d, J = 3.6 Hz); '*C NMR (151 MHz, CDCl3) 6 165.7, 156.8,
152.8, 117.1, 105.8, 46.8, 41.6, 33.4(1), 33.3(8), 32.4, 29.9, 26.8, 26.4, 22.0, 18.2(2), 18.1(9), 12.8;
HRMS (ESI) Calcd for C3,HssONSi" ([M+H]") 496.3969. Found 496.3964.

N

c-Hex
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OTIPS 3v: The reaction was performed in MeCN.
"H NMR (400 MHz, CDCl3) 6 8.41 (1H, dd, J = 5.2, 0.8 Hz), 7.59 (1H, dd, J =
4.4,1.6 Hz), 7.06 (1H, dd, J = 4.4, J= 0.8 Hz), 6.59 (1H, dd, J = 4.0, 2.0 Hz),
2N 4.93 (1H, brs), 3.87 (1H, brs), 2.30-2.10 (2H, m), 2.40-1.93 (1H, m), 1.85-1.74
(1H, m), 1.74-1.68 (1H, m), 1.28-1.23 (1H, m), 1.67 (9H, brs), 1.24-1.13 (3H, m), 1.11 (12H, brd),
1.09 (6H, brd); *C NMR (151 MHz, CDCl3) § 153.1, 149.2, 148.6, 148.1, 145.5, 125.7, 122.0, 117.3,
105.0, 103.0, 83.9, 38.6, 30.6, 29.9, 28.3, 21.8, 18.2, 12.8; HRMS (ESI) Calcd for C27H4303N2Si"
([M+H]") 471.3037. Found 471.3040.

NBoc

Square Wave Voltammetry

Square wave voltammetry (SWV) measurements of representative enol silyl ether 1la, 4-
cyanopyridine 2a, 4-cyanopyridine hydromesylate (2a-HOMs), and heteroarylated enol silyl ether 3a
were performed on ALS/CH Instruments Electrochemical Analyzer using a glassy carbon working
electrode, a Pt wire counter electrode, and a ferrocene/ferrocenium reference electrode.
Voltammograms were taken at room temperature in a 100 mM MeCN solution of tetrabutylammonium
perchlorate (BusN-CIO4) containing 1 mM of the designated substance. For conversion to the SCE
couple, it is known that Fc/Fc+ is 380 mV more positive than SCE in MeCN; this value was added

from obtained potentials in Fc/Fc+ to determine potentials against SCE.
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Figure S1. SWV measurements.
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Stern-Volmer Experiments

Emission intensities were recorded on a HORIBA FluoroMax-4P spectrometer. The solutions were
excited at 420 nm and the luminescence was measured at 468 nm. Stern-Volmer luminescence
quenching experiments were run with freshly prepared a 0.1 mM solutions of
[Ir(dF(CF3)ppy)2(bpy)]PFs in dry 1,2-dichloroethane (1,2-DCE) at room temperature under N»
atmosphere. In a typical experiment, the solution of Ir complex was added to an appropriate amount
of quencher in 5 mL volumetric flask under N». The solution was transferred to 1 cm? quartz cell and
the emission spectrum of the sample was collected. The data show that enol silyl ether 1a, 4-
cyanopyridinium hydromesylate (2a- HOMs), and heteroarylated enol silyl ether 3a are competent at
quenching the excited state of the photocatalyst. On the other hand, 4-cyanopyridine (2a) are shown

to be unable to quench this excited state.
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Chapter 3

Mannich-type Allylic C—H Functionalization of Enol Silyl Ethers
under Photoredox-Thiol Hybrid Catalysis

. R3Si
R3SiO Ir complex (2 mol%) 5SI0
n-PMP - iPriSiSH (20 mol%) RN
R? A + )l - H | _
LiOAc (10 mol%) N N
rH A MeCN, blue LED, 25 °C R? PMP _—~tBu
Ar I/ll,,,"h. I(‘B““‘“N —
22 examples: 40-87% yield I NZ
Derivatization of aminoalkylated enol silyl ethers | ~_) £Bu
9, o) PMP Ns
N | A e
NPMP PMPN Fh Ph 6
Ir complex
H Pph Ph Me Me

Abstract:

The synergy of an Ir-based photosensitizer with mild oxidizing ability and a thiol catalyst enables
efficient allylic C—H functionalization of enol silyl ethers with imines under visible light irradiation.
Subsequent transformations of the aminoalkylated enol silyl ethers allow for the facile construction of

unique molecular frameworks such as functionalized octahydroisoindol-4-one.
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1. Introduction

Aminocarbonyls serve as valuable building blocks for the assembly of biologically active and
medicinally relevant organic molecules, especially those containing this structural motif as the core
component.' Hence, there is strong demand for the development of reliable yet practical methods for
rapid access to a diverse array of nitrogen-containing carbonyl compounds in the field of synthetic
chemistry and pharmaceutical science.” One of the most versatile reaction manifolds in this regard is
the Mannich-type bond connection, including vinylogous Mannich addition, wherein a wide variety
of carbonyl nucleophiles and imine electrophiles can be employed for the construction of - or 8-
aminocarbonyl architectures.?

To access y-aminocarbonyl compounds via the nucleophilic addition of carbonyl
compounds to imines, activation of the inherently electrophilic or inert carbonyl B-carbons as
nucleophiles is necessary. Although this mode of bond formation is attractive given the
potential diversity in the structures of accessible y-aminocarbonyl compounds, research on the
development of strategies for enabling the requisite nucleophilic activation of carbonyl -
carbons have met with limited success.*> A representative means for implementing the
nucleophilic activation of carbonyl B-carbons relies on the polarity inversion of a,f-
unsaturated aldehydes using N-heterocyclic carbenes as catalysts.* Activation of the B-sp’
carbons in saturated carbonyl substrates was also achieved, although the scope was limited to
B-arylpropionic acid esters (Scheme 1a).’

Recently, the synergy of photoredox and other molecular catalysts has created a basis for
devising methodologies that allow for the formal activation of carbonyl B-carbons. In the
seminal contribution by MacMillan and coworkers, the single-electron oxidation of an enamine
and subsequent deprotonation of the resulting radical cation generated an intermediate with a
nucleophilic carbon radical at the allylic position.® This strategy has been successfully applied
to establish B-Mannich-type reactions of saturated cyclic ketones with imines (Scheme 1b).”
On the other hand, the author has introduced a photoredox—Brensted base co-catalyzed allylic
C—H alkylation of enol silyl ethers with electron-deficient olefins.® One of the salient features
of this protocol is the broad substrate scope, as a series of cyclic and acyclic ketone-derived
enol silyl ethers undergo allylic C—H alkylation to afford B-functionalized ketone derivatives.
Herein, the author extend the allylic C—H functionalization strategy to the reaction of enol silyl
ethers with imines (Scheme 1c). The present transformation and subsequent derivatization of
the resulting functionalized enol silyl ethers provide facile access to a range of y-

aminocarbonyl compounds.
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NHC (20 mol%)

o)
n-NHCOPh bRy (1.5 equiv)
X Ar + - >
Z 2 4AMS, r.t.

O ; photocatalyst (0.5 mol%)
N'R azepane (20 mol%)
* » R H
R_k A A 5 DABCO, TFA, DMPU '\X N~R1
X R blue LED, .
Ar R2
(c) This work
(0]
OSiR; hotocatalyst
-PMP P thiol Y Electrophile 1 E
R'™S + ’\|l > > R
NHPMP
R2 Ar 2
Ar

Scheme 1. (a) NHC-catalyzed p-Mannich-type addition-cyclization reaction; (b) B-Mannich-type

reaction by photoredox-enamine catalysis; (c) allylic Mannich-type addition of enol silyl ethers.

2. Results and Discussion

For the preliminary experiment, we selected cyclohexanone-derived enol silyl ether 1a and
N-methanesulfonyl imine 2a as model substrates and subjected them to the reaction conditions
previously optimized for the allylic C—H alkylation (Scheme 2).® Thus, [Ir(dFCF3ppy)2(4,4'-
dCFsbpy)]PFs (4a in Figure 1, 2 mol%) and 2,4,6-collidine (10 mol%) were employed as the
photoredox and Brensted base catalysts, respectively, to generate an allylic radical from 1a
(Eox = 1.52 V vs. SCE) via a single-electron oxidation-deprotonation sequence in the presence
of 2a as a radical acceptor in 1,2-dichlororethane under visible-light irradiation. In this trial,
however, the desired Mannich-type allylic C—H functionalization did not occur at all. The
author inferred that the addition of the 1a-derived allylic radical to 2a would be unfavorable
because of the relative instability of the nitrogen-centered radical generated after carbon-

carbon bond formation.’

Because aromatic substituents with electron-donating groups
effectively stabilize nitrogen radicals,’® N-aryl imines, such as N-PMP imines, would be more
suitable electrophilic partners for promoting the nucleophilic radical addition. Nevertheless,
the corresponding products bearing an N-arylamino functionality would have lower oxidation
potential than that of enol silyl ethers (the oxidation potential of anilines is typically below 1.0
V vs. SCE),!° thus being incompatible with the catalysis of 4a (E12 ™! = 1.65 V). These
assumptions led us to reconsider the catalytic system for realizing the Mannich-type allylic

C—H alkylation of enol silyl ethers.
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oTBS 4a (2 mol%)
- S02Me 2,4,6-collidine (10 mol%)
+ | - H
Ph) CI(CH,)ClI, blue LED, r.t. N‘SOZMe
1a 2a 3a: 0% Ph

Scheme 2. Preliminary investigation of Mannich-type C—H alkylation of enol silyl ethers
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4c (R=H): E;," =081V
E1/2|"/" = —1 38 V

Figure 1. Photoredox catalysts used in this study.

Considering the weak bond dissociation energy of allylic C—H bonds (about 80 kcal mol ™)
1 and the leading examples of photoredox-catalyzed hydrogen-atom transfer (HAT) C—H

functionalization with imines, >3

the author envisioned that hybrid catalysis of photosensitizer
with mild oxidizing ability and thiol catalyst would be effective for the generation of an allylic
radical from enol silyl ethers via HAT, while accommodating electron-rich imines as acceptors.
Toward this end, we attempted the reaction of 1a with N-PMP imine 2b under the influence of
[Ir(ppy)2(dtbbpy)]PFs (4b) (2 mol%), triisopropylsilylthiol (20 mol%), and 2,4,6-collidine (10
mol%) in acetonitrile under irradiation by a blue LED, which involved the catalytic generation
of a thiyl radical as an HAT-active species via proton-coupled electron transfer (Table 1, entry
1).!* As expected, this attempt afforded the desired aminoalkylation product 3b in moderate
yield (46%). The parallel reaction of 1a with N-sulfonyl imine 2a under otherwise identical
conditions did not furnish the product (entry 2), confirming the appropriate reactivity of N-aryl
imines. Subsequent evaluation of the effect of the Bronsted base revealed that lithium acetate
significantly improved the reaction efficiency (entries 3-6). On the other hand, switching the
photocatalyst to 4c, which is a slightly stronger oxidant in its excited state and a weaker
reductant in its reduced form, led to a notable decrease in the reaction conversion (entry 7). A
decrease in the yield of 3b was also observed when the reaction was conducted with methyl
thioglycolate as a thiol catalyst (entry 8). Screening of solvents revealed that acetonitrile was

the optimal choice (entries 9-11). Eventually, we found that slightly increasing the amount of
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1a (1.5 equiv.) had a beneficial impact on the reactivity profile, furnishing 3b in satisfactory

yield (entry 12).

Table 1. Optimization of reaction conditions.?

OTBS photocatalyst 4 (2 mol%) OTBS
n-PMP i-Pr3SiSH (20 mol%)
" )l base (10 mol%) g H~
Ph solvent, blue LED, r.. PMP

1a 2b 3b Ph
Entry 4 Base Solvent Yield® (%)
1 4b 2,4,6-Collidine MeCN 46
2¢ 4b 2,4,6-Collidine MeCN 0
3 4b KOAc MeCN 21
4 4b NaOAc MeCN 43
5 4b LiOAc MeCN 66
6 4b Li,CO4 MeCN 16
7 4c LiOAc MeCN 4
gd 4b LiOAc MeCN 20
9 4b LiOAc Acetone 49
10 4b LiOAc PhCF; 11
1 4b LiOAc EtCN 53
12¢ 4b LiOAc MeCN 87 (79)

¢ Unless otherwise indicated, the reactions were performed with 0.12 mmol of 1a and 0.10 mmol of
2b with photocatalyst 4 (2 mol%), i-Pr3SiSH (20 mol%), and base (10 mol%) in solvent (1.0 mL) at
ambient temperature under an argon atmosphere with light irradiation (blue LED, 750 W m2).

> NMR yield with styrene as an internal standard. The value in parentheses is the isolated yield.
Diastereomeric ratio (d.r.) of 3b ranged from 1.0:1 to 1.2:1. ¢ With 2a instead of 2b. ¢ With
MeO,CCH,SH instead of i-Pr;SiSH. ¢ With 0.15 mmol of 1a.

3. Investigation of Substrate Scope

With the optimized reaction conditions in hand, the author next explored the substrate scope of this
Mannich-type C—H alkylation of enol silyl ethers. As shown in Figure 2, N-PMP imines bearing ortho-,
meta-, or para-methylphenyl substituents underwent radical addition to give the corresponding
products 3c-3e in moderate to high yields. Sterically demanding mesityl-substituted imine and fused-
aromatic imines, typically 2-naphthylimine, were also amenable to the present hybrid catalytic system,

affording 3f and 3g, respectively. Imines with additional functional groups such as ether, thioether,
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and pyridine proved to be good substrates for furnishing the Mannich-type adducts 3h-3k in moderate
to good yields. Moreover, the reaction with the imine bearing N-ortho-methoxyphenyl group as a
radical acceptor proceeded smoothly to yield 31. With respect to enol silyl ethers, cyclohexanone-
derived triethylsilyl and triisopropylsilyl ethers were tolerated, leading to the formation of 3m and 3n.
Other cyclic enol silyl ethers with five- and seven-membered rings, as well as those with oxygen-
containing six-membered rings, were also suitable candidates for the nucleophile components and the
corresponding adducts 30-3q were obtained in good yields. Notably, various acyclic ketone-derived
enol silyl ethers and butyryl pyrazole-derived ketene silyl hemiaminal could be converted into

aminoalkylated products 3r-3w with moderate to high efficiency.

RsSI0 ab (2 mol%) PMP.
n-FPMP iPrsSiSH (20 mol%) NH
RS + Il ——————————— RSO~ 3
i LiOAc (10 mol%) R
R2 MeCN, blue LED, r.t. R' R?
1 2 3
PMP. PMP. PMP. PMP. PMP.
NH NH NH Me NH Me NH
TBSO\‘)\‘\I E TBso\‘)\‘/I . Me TBso\‘)\‘I ‘ TBSO\“\I ! TBSO I A l! ll
Me Me Me
3c: 59% 3d: 59% 3e:80% 3. 74% 3g: 60%

MeO
PMP..

PMPL NH PMPL PP, HN@
TBSO TBSO TBSO. TBSO. N TBSO
SA® ¢ SRS ® "
OMe OCH,Ph SMe Z

3h: 66% 3i: 66% 3j: 60% 3k: 50% 3l: 68%
Scope of enol silyl ether |
PMPL 4 PMPL 4 PMPL 550 PMPL PMP
TESO. Ph TIPSO Ph TBSO ,: J\ Ph Ph TBSO. = Ph

(0]

3m: 64% 3n:79% 30: 62% 3p: 62% 3q: 65%

TBSO Me TBSO Me TBSO Me TBSO Me TBSO Me
NHPMP NHPMP NHPMP NHPMP NHPMP

oSN PPN es” SN ST Y
Ph Ph Ph \ Ph = Ph

3r: 69% 3s:77% 3t: 87% 3u (X =0): 73% 3w: 71%

3v (X =S): 40%

Figure 2. Scope of substrates. Isolated yields are indicated. Diastereomeric ratios (d.r.) of the

products were 1.0:1-1.3:1. See the ESI for details.

4. Derivatization

Finally, the synthetic utility of this Mannich-type C—H functionalization of enol silyl ethers was
demonstrated through the derivatization of aminoalkylated products (Scheme 3). For instance, the
Mukaiyama—Mannich cyclization of 3b with formaldehyde proceeded smoothly under the action of a
catalytic amount of diarylborinate'® to form fused bicyclic product 5. The octahydroisoindol-4-one

structure of 5 is often encountered in natural products and biologically active compounds.'® In addition,



the treatment of 3w with trifluoroacetic acid facilitated the protonation of the enol silyl ether and

sequential cyclization to furnish B,y-disubstituted y-lactam 6 in high yield.

O\B,NHZ
OTBS A CAr O H
Ar = 4'CF306H4 (1 0 mol%)
¥ —> NPMP
*PMP CH,0 ag. (3 equiv)
3b (d.r.=1.1:1) 5:92% (d.r. = 1:1)

O
TFA (5 equiv)

TBSO Me

N~N/\)\rNHPMP e PWPN
(/, CH,Cl,

= Ph 0°Ctort.

Ph Me
3w (d.r. =1.1:1) 6:87% (d.r. = 1:1)

Scheme 3. Derivatization of aminoalkylated enol silyl ethers.

S. Conclusoins

The author have developed a Mannich-type allylic C—H functionalization of enol silyl ethers
with N-aryl imines by exploiting photoredox—thiol hybrid catalysis. This catalytic system is
applicable to a series of cyclic and acyclic ketone-derived enol silyl ethers, thus providing
facile access to diverse y-aminocarbonyl derivatives. We believe that this study expands the
utility of enol silyl ethers for the efficient and diverse synthesis of functionalized carbonyl

compounds on demand.
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Experimental Section

General Information: '"H NMR spectra were recorded on a JEOL JNM-ECS400 (400 MHz) and
JEOL spectrometer. Chemical shifts are reported in ppm from the tetramethylsilane (0.0 ppm)
resonance as the internal standard (CDCl3). Data are reported as follows: chemical shift, integration,
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, quin = quintet, m = multiplet, and br =
broad) and coupling constants (Hz). '>*C NMR spectra were recorded on a JEOL JNM-ECA600II (151
MHz) spectrometer with complete proton decoupling. Chemical shifts are reported in ppm from the
solvent resonance as the internal standard (CDCls; 77.16 ppm). The high-resolution mass spectra were
measured on Thermo Fisher Scientific Exactive Plus (ESI). Analytical thin layer chromatography
(TLC) was performed on Merck precoated TLC plates (silica gel 60 GF254, 0.25 mm). Flash column
chromatography was conducted on Silica gel 60 N (spherical, neutral, 40~50 pm; Kanto Chemical Co.,
Inc.). Preparative thin layer chromatography (PTLC) was performed on TLC plates (silica gel 70 F254;
FUJIFILM Wako Pure Chemical Corporation).

All air- and moisture-sensitive reactions were performed under an atmosphere of argon (Ar) in dried
glassware. Acetonitrile (MeCN), 1,2-dichloroethane, and dichloromethane were supplied from Kanto

Chemical Co., Inc. as “Dehydrated” and further purified by both A2 alumina and Q5 reactant using a

) 18,19 e
2

GlassContour solvent dispensing system. The photocatalysts (4a-4¢ imines,'?® and enol silyl
ethers® were synthesized according to the previously reported procedures. Other simple chemicals

were purchased and used as such.
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Characterization of Enol Silyl Ethers
oTIPS  'H NMR (400 MHz, CDCl3) & 4.90-4.86 (1H, m), 2.08-1.97 (4H, m), 1.70-1.62 (2H, m),
1.54 -1.47 (2H, m), 1.20-1.05 (3H, m), 1.08 (18H, d, J = 6.0 Hz); 3C NMR (151 MHz,
CDCls) 0 150.8, 103.8, 30.1, 24.0, 23.4, 22.5, 18.2, 12.8.

OTBS 'H NMR (400 MHz, CDCL) § 4.64-4.60 (1H, m), 2.29-2.21 (4H, m), 1.90-1.80 (2H, m),
0.92 (9H, s), 0.15 (6H, s); '3C NMR (151 MHz, CDCL) § 155.5, 102.6, 33.6, 28.8, 25.8,
21.5,18.3, —4.4.

'H NMR (400 MHz, CDCls) d 4.84-4.81 (1H, m), 4.14 (2H, dd, J = 5.2, 2.8 Hz), 3.81 (2H,
t,J = 5.8 Hz), 2.16-2.10 (2H, m), 0.93 (9H, s), 0.15 (6H, s); '*C NMR (151 MHz, CDCL) 6
0 148.1, 102.4, 64.9, 30.6, 25.8, —4.2.

)
&

OTBS  I'H NMR (400 MHz, CDCl3) § 7.29 (1H, d, J = 1.6 Hz), 6.34 (1H, dd, J = 3.6, 1.6
Hz), 6.26 (1H, d, J = 3.6 Hz), 5.28 (1H, t, J = 7.6 Hz), 2.19 (2H, quin, J = 7.6 Hz),
1.02 (3H, t, J = 7.6 Hz), 1.00 (9H, s), 0.09 (6H, s); 3C NMR (151 MHz, CDCl;) &

152.9,141.3,140.3, 112.4, 111.0, 105.8, 26.0, 19.0, 18.5, 14.3, —4.0.
OTBS

0
\ |

S

Q1 "H NMR (400 MHz, CDCl3) 6 7.10 (1H, dd, J = 5.2, 1.6 Hz), 7.02 (1H, dd, J = 3.6,

1.6 Hz), 6.92 (1H, dd, J = 5.2, 3.6 Hz), 5.14 (1H, t, J = 7.6 Hz), 2.18 (2H, quin, J =
7.6 Hz), 1.02 (3H, t, J = 7.6 Hz), 1.00 (9H, s), 0.06 (6H, s,); 3C NMR (151 MHz, CDCL3) ¢ 143.8,
143.4, 126.9, 125.7, 123.7, 113.6, 26.0, 19.6, 18.5, 14.3, -3.8.

OTBS  'HNMR (400 MHz, CDCls) 6 7.62-7.58 (1H, m), 7.55 (1H, d, J=2.2 Hz), 6.28 (1H,
@ = t,J=2.2Hz), 5.07 (1H, t, J = 7.6 Hz), 2.18 (1H, quin, J = 7.6 Hz), 1.05 (1H, t, J =
7.6 Hz), 0.98 (9H, s), 0.03 (6H, s); *C NMR (151 MHz, CDCL) J 142.3, 140.1,

127.9, 105.9, 102.4, 25.8, 18.8, 18.4, 14.4, —4.6.

General Experimental Procedures for Mannich-type C—H Alkylation of Enol Silyl Ethers

7 S
RsSiO N 4b (2 mol%) PMP< Ir ‘\N _
N i-PraSiSH (20 mol%) _ | =
R + J.l » R3SIiO. yZ R N tBu
RS LiOAc (10 mol%) R! R2 | A
R? MeCN, blue LED, r.t. _
1 2 3 4b
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To a flame-dried test tube were added N-(4-methoxyphenyl) imine 2 (0.10 mmol, 1 equiv),
[Ir(ppy)2(dtbbpy)]PFs (4b) (1.83 mg, 0.002 mmol, 2 mol%), LiOAc (0.66 mg, 0.01 mmol, 10 mol%),
and MeCN (1 mL, 0.1 M). The reaction tube was sealed with a rubber septum and then evacuated in
vacuo and backfilled with Ar five times. Enol silyl ether 1 (0.15 mmol, 1.5 equiv) and i-Pr3SiSH (4.3
pL, 0.02 mmol, 20 mol%) were successively introduced via syringe. The whole reaction mixture was
stirred at 25 °C under the irradiation of blue LED (448 nm, 750 W/m?) with a fan to keep the
temperature. After appropriate reaction time (indicated with the characterization data for the reaction
products), the mixture was directly evaporated. Purification of the resulting crude residue by column
chromatography on silica gel (hexane 100% to hexane/Et,O = 30:1 to 15:1) or preparative TLC
(hexane/Et,O = 10:1) afforded the corresponding aminoalkylated enol silyl ether 3.

Measurement of Quantum Yield of Catalytic Reaction

Photon flux was measured by Shimadzu-QYM-01. Irradiation was carried out with Asahi Spectra-
MAX 303 equipped with band pass filter. A 1 cm? quartz cuvette was charged with a solution of enol
silyl ether 1a (91.6 pL, 0.38 mmol), imine 2b (52.8 mg, 0.25 mmol), photocatalyst 4b (4.6 mg, 0.005
mmol), and LiOAc (1.6 mg, 0.025 mmol) in CH3CN (2.5 mL). The solution was carefully evacuated
in vacuo and backfilled with Ar five times (great care was taken to ensure that the solution was kept
in the dark before light irradiation), and then i-Pr3SiSH (10.7 pL, 0.05 mmol) was introduced via
syringe. The reaction mixture was irradiated for 9 h or 12 h. After evaporation to remove solvent, the
yield of the corresponding product 3b was determined by "H NMR with styrene as an internal standard.
Quantum yield (@) was calculated by the following formula.

nap * Ny

nph

&:  quantum yield

n3p:  amount of product 3b [mol]

N, Avogadro constant (6.02-1023 mol )
number of absorbed photons

9 h: nap = 425107, npy = 2.95:10%: & = 0.087
12 h: n3p = 6.25:107, npy = 3.89:10%°: & = 0.097
Average of quantum yield: @ = 0.092
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Characterization of Aminoalkylated Enol Silyl Ether
TBSO 3b (mixture of diastereomers in the ratio of 1.1:1): The reaction was performed
Ny for 18 h. '"H NMR (400 MHz, CDCl3) § 7.35-7.27 (8H, m), 7.24-7.18 (2H, m),
Nepmp  6.69-6.63 (4H, m), 6.44-6.37 (4H, m), 4.74 (1H, brs), 4.69 (1H, brs), 4.23 (1H, d,
Ph J=4.0Hz), 4.12 (1H, d, J= 5.6 Hz), 3.89 (2H, brs), 3.68 (6H, s), 2.70-2.60 (2H,
m), 2.12-2.03 (2H, m), 2.01-1.92 (2H, m), 1.87-1.70 (3H, m), 1.52-1.30 (5H, m), 0.92 (9H, s), 0.91
(9H, s), 0.15 (3H, s), 0.11(4) (3H, s), 0.11(2) (3H, s), 0.10 (3H, s); *C NMR (151 MHz, CDCl3) §
154.2, 153.8, 152.0, 151.6, 143.2, 142.7, 142.5, 142.1, 128.4, 127.2, 126.8(9), 126.8(5), 126.8, 115.0,
114.8(3), 114.7(7), 114.1, 106.7, 103.1, 63.3, 62.3, 56.0, 55.9, 43.2,43.1, 30.2, 30.1, 27.6, 25.9, 25.8,
23.7,22.3,22.2, 18.2(4), 18.1(7), —4.0, —4.1, —4.2, —4.3, one peak was not found probably due to
overlapping; HRMS (ESI): Calcd for C26H3s0>NSi™ ([M+H]") 424.2666. Found 424.2673.

TBSO 3¢ (mixture of diastereomers in the ratio of 1.2:1): The reaction was performed
‘ " for 18 h. "H NMR (400 MHz, CDCl3) 6 7.21 (2H, d, J= 8.4 Hz), 7.17 2H, d, J =
N-pup 8.4 Hz), 7.10(4) (2H, d, J = 8.4 Hz), 7.09(7) (2H, d, J = 8.4 Hz), 6.69-6.63 (4H,

O m), 6.44-6.37 (4H, m), 4.76 (1H, brs), 4.70 (1H, brs), 4.19 (1H, d, J = 4.4 Hz),

4.09 (1H, d,J=5.2 Hz), 3.85 (2H, brs), 3.68 (6H, s), 2.66-2.58 (2H, m), 2.32 (3H,

s), 2.31 3H, s), 2.13-2.02 (2H, m), 2.00-1.91 (2H, m), 1.86-1.68 (3H, m), 1.65-

1.25 (5H, m), 0.92 (9H, s), 0.91 (9H, s), 0.15 (3H, s), 0.12 (3H, 5), 0.11 (3H, 5), 0.10 (3H, 5); '*C NMR

(151 MHz, CDCLs) 6 154.1, 153.8, 151.9, 151.5, 142.6, 142.2, 140.2, 139.6, 136.3, 136.2, 129.1(3),

129.0(9), 127.0, 126.8, 115.0, 114.8(0), 114.7(6), 114.1, 106.8, 103.3, 63.0, 62.1, 56.0, 5.9, 432,

43.1,30.2, 30.1, 27.6, 25.9, 25.8, 23.7, 22.3(3), 22.2(8), 21.2(2), 21.2(0), 18.2(3), 18.1(7), —4.0, 4.1,
~4.2,-4.3; HRMS (ESI): Caled for Co7HsO,NSi* ((M+H]") 438.2823. Found 438.2820.

TBSO 3d (mixture of diastereomers in the ratio of 1.1:1): The reaction was performed

‘ H for 18 h. '"H NMR (400 MHz, CDCl3) 6 7.22-7.06 (6H, m), 7.05-6.99 (2H, m),

Nepmp  6.70-6.64 (4H, m), 6.45-6.39 (4H, m), 4.76 (1H, brs), 4.68 (1H, brs), 4.19 (1H, d,

O J=3.6 Hz), 4.07 (1H, d, J= 5.6 Hz), 3.87 (2H, brs), 3.69 (6H, s), 2.67-2.59 (2H,

Me  m), 2.33(2) (3H, s), 2.32(5) (3H, s), 2.15-2.03 (2H, m), 2.02-1.92 (2H, m), 1.88-

1.70 3H, m), 1.53-1.25 (5H, m), 0.92 (9H, s), 0.91 (9H, s), 0.16 (3H, s), 0.13 (3H, s), 0.12 (3H, s),

0.10 (3H, s); '*C NMR (151 MHz, CDCls) 6 154.2, 153.7, 151.9, 151.6, 143.3, 142.7, 142.6, 142.3,

137.8(9), 137.8(5), 128.3, 127.9, 127.6(3), 127.5(9), 124.2, 124.0, 115.0, 114.8(0), 114.7(7), 114.0,

106.7,103.1,63.4, 62.4, 56.0,55.9,43.2,43.1,30.2, 30.1, 27.7, 25.9, 25.8,23.9,22.4,22.3,21.7, 18 3,

18.2, —4.0, —4.1, —4.2, —4.4, three peaks were not found probably due to overlapping; HRMS (ESI):
Calcd for C27H400.NSi" ([M+H]") 438.2823. Found 438.2820.
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TBSO 3e (mixture of diastereomers in the ratio of 1.1:1): The reaction was performed

‘ H for 18 h. '"H NMR (400 MHz, CDCl3) § 7.43-7.37 (1H, m), 7.30-7.25 (1H, m),

N-pup 7.19-7.06 (6H, m), 6.68-6.62 (4H, m), 6.36-6.29 (4H, m), 4.76 (1H, brs), 4.65

O Me (1H, brs), 4.43 (1H, d, J=2.8 Hz), 4.35 (1H, d, J = 5.6 Hz), 3.90 (2H, brs), 3.67

(6H, s), 2.68-2.54 (2H, m), 2.43 (3H, s), 2.42 (3H, s), 2.19-2.05 (2H, m), 2.02-

1.92 (2H, m), 1.91-1.74 (3H, m), 1.62-1.38 (5H, m), 0.94 (9H, s), 0.91 (9H, s), 0.20 (3H, s), 0.14 (3H,

s), 0.12 (3H, s), 0.10 (3H, s); >*C NMR (151 MHz, CDCl3) § 154.6, 154.0, 152.0, 151.5, 142.6, 142.1,

140.8, 140.3, 134.9, 134.7, 130.8, 130.7, 127.1, 126.6, 126.1(2), 126.0(6), 126.0, 115.0, 114.8, 114.6,

113.8, 106.6, 102.4, 59.4, 58.3, 56.0, 55.9, 40.7, 40.5, 30.2, 30.1, 28.1, 25.9, 25.8, 23.9, 22.5, 22.3,

19.5, 19.3, 18.3, 18.2, —4.0, —4.0(5), —4.1(3), —4.3, one carbon atom was not found probably due to
overlapping; HRMS (ESI): Caled for C27H4002NSi™ ([M+H]") 438.2823. Found 438.2818.

o) 3f (purified and characterized after the conversion of enol silyl ether to the

corresponding ketone. Mixture of diastereomers in the ratio of 1.2:1): The reaction

"PMP  was performed for 18 h. '"H NMR (400 MHz, CDCl;) J 6.77 (2H, brs), 6.75 (2H,

Me M brs). 6.68 (2H. d, J = 8.4 Hz), 6.66 (2H. d, J = 8.4 Hz), 6.45 (2H. d, J = 8.4 Hz).

6.40 (2H, d, J = 8.4 Hz), 4.59 (1H, brs), 4.57 (1H, brs), 4.54 (2H, brs), 3.69 (3H, s),

3.68 (3H, s), 3.00-2.92 (1H, m), 2.41 (6H, s), 2.38 (6H, s), 2.35-2.23 (6H, m), 2.21

(3H, s), 2.20 (3H, s), 2.18-2.11 (2H, m), 2.10-1.96 (4H, m), 1.80-1.36 (5H, m); *C NMR (151 MHz,

CDCls) 0 211.3, 152.1, 152.0, 142.1, 142.0, 136.4, 136.3, 135.8, 134.7, 134.0, 132.0, 129.9, 115.0,

114.3, 114.2, 60.5, 60.2, 55.9, 47.1, 45.6, 44.6, 44.3, 41.6, 41.5, 30.1, 28.9, 25.6, 25.3, 21.7, 20.8(1),

20.7(7), five peaks were not found probably due to overlapping; HRMS (ESI): Calcd for
C23H200,NNa" ([M+Na]") 374.2091. Found 374.2088.

ZT

Me

3g (mixture of diastereomers in the ratio of 1.1:1): The reaction was performed
for 18 h. '"H NMR (400 MHz, CDCl3) 6 7.83-7.73 (8H, m), 7.50-7.39 (6H, m),
6.68-6.61 (4H, m), 6.47-6.41 (4H, m), 4.80 (1H, brs), 4.74 (1H, brs), 4.38 (1H, d,
J=4.0Hz), 4.29 (1H, d, J= 5.6 Hz), 3.99 (2H, brs), 3.66 (6H, s), 2.80-2.70 (2H,
m), 2.15-2.03 (2H, m), 2.01-1.92 (2H, m), 1.88-1.72 (3H, m), 1.62-1.35 (5H, m),
0.92 (9H, s), 0.91 (9H, s), 0.15 (3H, s), 0.11(0) (3H, 5), 0.10(6) (3H, s), 0.09 (3H,
s); *C NMR (151 MHz, CDCl3) 6 154.3, 154.0, 152.0, 151.7, 142.5, 142.1, 140.8, 140.4, 133.5(9),
133.5(6), 132.9, 132.8,128.2, 128.1, 128.0, 127.7(8), 127.7(6), 126.0(3), 125.9(8), 125.9, 125.6, 125.5,
125.4, 115.0(0), 114.9(4), 114.8, 114.2, 106.7, 103.1, 63.5, 62.7, 56.0, 55.9, 43.1, 30.2, 30.1, 27.7,
25.9,25.8, 23.7, 22.3(4), 22.2(5), 18.2(4), 18.1(7), 4.0, —4.1, —4.2, —4.3, two peaks were not found
probably due to overlapping; HRMS (ESI): Calcd for C3oHsO.NSi" ([M+H]") 474.2823. Found
474.2821.
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TBSO 3h (mixture of diastereomers in the ratio of 1.1:1): The reaction was performed

‘ } for 18 h. 'H NMR (400 MHz, CDCls) 6 7.24 (2H, d, J= 8.8 Hz), 7.20 (2H, d, J =
Neomp 9.2 Hz), 6.84(2) (2H, d, J = 9.2 Hz), 6.83(5) (2H, d, J= 8.8 Hz), 6.66 (2H, d, J =
O 9.2 Hz), 6.65 (2H, d, J = 9.2 Hz), 6.41 (2H, d, J = 8.8 Hz), 6.40 (2H, d, J = 8.8

Hz), 4.76 (1H, brs), 4.69 (1H, brs), 4.18 (1H, d, J = 4.4 Hz), 4.07 (1H, d, J= 5.2

OMe Hz), 3.85 (2H, brs), 3.79 (3H, s), 3.78 (3H, s), 3.68 (6H, s), 2.65-2.56 (2H, m),

2.13-2.02 (2H, m), 2.01-1.91 (2H, m), 1.86-1.67 (3H, m), 1.62-1.25 (5H, m), 0.92 (9H, s), 0.91 (9H,
5), 0.15 (3H, 5), 0.12 (3H, 5), 0.11 (3H, ), 0.10 (3H, s); '*C NMR (151 MHz, CDCl3) & 158.5(2),
158.4(6), 154.1, 153.7, 151.9, 151.6, 142.5, 142.2, 135.2, 134.7, 128.1, 127.8, 115.0, 114.9, 114.8,
114.1, 113.8(3), 113.8(1), 106.7, 103.3, 62.7, 61.8, 56.0, 55.9, 55.4, 43.3,43.2,30.2, 30.1, 27.6, 25.9,
25.8, 23.8, 22.3(3), 22.2(7), 18.2(4), 18.1(7), —3.9(8), —4.0(4), —4.2, —4.3, one peak was not found
probably due to overlapping; HRMS (ESI): Calcd for C,7H30O3NNaSi" ([M+Na]") 476.2591. Found
476.2589.

TBSO 3i (mixture of diastereomers in the ratio of 1.1:1): The reaction was performed
‘ H for 18 h. '"H NMR (400 MHz, CDCl3) 6 7.45-7.28 (10H, m), 7.24 (2H, d,J=9.0
N-emp  Hz), 7.20 (2H, d,J= 9.0 Hz), 6.92 (2H, d, J = 8.8 Hz), 6.91 (2H, d, J = 8.8 Hz),

O 6.67 (2H, d, J = 8.8 Hz), 6.66 (2H, d, J = 8.8 Hz), 6.42 (2H, d, J= 9.0 Hz), 6.40

(2H, d, J=9.0 Hz), 5.03 (2H, s), 5.02 (2H, s), 4.75 (1H, brs), 4.72 (1H, brs), 4.18
(1H, d, J=4.0 Hz), 4.07 (1H, d, J= 5.6 Hz), 3.89-3.81 (2H, brm), 3.68 (6H, s),
2.65-2.56 (2H, m), 2.13-2.02 (2H, m), 2.01-1.91 (2H, m), 1.87-1.68 (3H, m), 1.61-1.21 (5H, m), 0.92
(9H, s), 0.91 (9H, s), 0.15 (3H, s), 0.12 (3H, 5),0.11 (3H, 5), 0.10 (3H, 5); "*C NMR (151 MHz, CDCl3)
0 157.8(3), 157.7(7), 154.1, 153.7,151.9, 151.6, 142.5, 142.2, 137.3(3), 137.2(9), 135.5, 135.0, 128.7,
128.1(3), 128.0(5), 127.9,127.7,115.0,114.9,114.8, 114.7, 114.1, 106.7, 103.2, 70.2, 62.7, 61.7, 56.0,
55.9,43.3,43.1, 30.2, 30.1, 27.5, 25.9, 25.8, 23.8, 22.3(3), 22.2(5), 18.2(4), 18.1(7), —3.9(8), —4.0(4),
—4.2, 4.3, five peaks were not found probably due to overlapping; HRMS (ESI): Caled for
C33H4303NNaSi" ([M+Na]") 552.2904. Found 552.2911.

OCH,Ph

TBSO 3j (mixture of diastereomers in the ratio of 1.1:1): The reaction was performed
‘ H for 18 h. '"H NMR (400 MHz, CDCl3) § 7.29-7.17 (8H, m), 6.67 (2H, d, J = 8.8
N-pup Hz), 6.66 (2H, d, J = 8.8 Hz), 6.40 (2H, d, J = 8.8 Hz), 6.39 (2H, d, J = 8.8 Hz),

O 4.73 (1H, brs), 4.69 (1H, brs), 4.19 (1H, d, J=4.0 Hz), 4.09 (1H, d, /= 5.2 Hz),

3.86 (2H, brs), 3.68 (6H, s), 2.66-2.58 (2H, m), 2.47 (3H, s), 2.46 (3H, s), 2.14-
2.02 (2H, m), 2.01-1.92 (2H, m), 1.87-1.69 (3H, m), 1.52-1.24 (5H, m), 0.92 (9H,
s), 0.91 (9H, s), 0.15 (3H, s), 0.12 (3H, ), 0.11(4) (3H, s), 0.10(6) (3H, s); '*C NMR (151 MHz,
CDCL) & 1543, 154.0, 152.0, 151.7, 142.3, 142.0, 140.4, 139.9, 136.3(9), 136.3(6), 127.7, 127.4,

SMe
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126.9, 115.0, 114.9, 114.8, 114.1, 106.5, 103.0, 62.8, 61.9, 55.9(4), 55.8(5), 43.2, 43.0, 30.2, 30.1,
27.6,25.9,25.8,23.6,22.3,22.2,18.2(3), 18.1(7), 16.1(9), 16.1(6), —4.0, —4.1, 4.2, —4.3, one carbon
atom was not found probably due to overlapping; HRMS (ESI): Caled for C27H400.NSSi* (IM+H]")
470.2544. Found 470.2544.

TBSO 3k (mixture of diastereomers in the ratio of 1.2:1): The reaction was performed

for 18 h. '"H NMR (400 MHz, CDCl3) 6 8.60 (2H, d, J = 4.4 Hz), 7.57 2H, t, J =

"PMP 7.6 Hz), 7.31 (1H, d, J = 7.6 Hz), 7.27 (1H, d, J = 7.6 Hz), 7.15-7.08 (2H, m),

i IN 6.69 (2H, d, J= 8.2 Hz), 6.67 (2H, d, J = 8.2 Hz), 6.44 (4H, d, J = 8.2 Hz), 4.69

(1H, brs), 4.64 (1H, brs), 4.34 (1H, d, /= 3.6 Hz), 4.24 (1H, d, J= 5.2 Hz), 4.13

(2H, brs), 3.69 (6H, s), 2.96-2.87 (2H, m), 2.14-2.02 (2H, m), 2.01-1.91 (2H, m), 1.86-1.70 (3H, m),

1.64-1.35 (5H, m), 0.92 (9H, s), 0.90 (9H, s), 0.14 (3H, s), 0.11 (3H, s), 0.08(4) (3H, s), 0.08(0) (3H,

s); *C NMR (151 MHz, CDCl3) 162.6, 162.2, 154.2, 153.6, 152.2, 151.8, 149.7, 149.6, 142.2, 142.0,

136.3(0), 136.2(6), 122.2, 121.9, 121.4, 115.0(1), 114.9(7), 114.8, 114.3, 106.4, 103.3, 64.5, 63.9,

55.9(4), 55.8(5), 41.4, 30.1(1), 30.0(9), 27.4, 25.9, 25.8, 23.9, 22.3, 22.1, 18.2(4), 18.1(7), —4.0, 4.1,

—4.2, —4.3, two peaks were not found probably due to overlapping; HRMS (ESI): Caled for
CasH370:N2Si" ([M+H]") 425.2619. Found 425.2623.

ZT

0 31 (purified and characterized after the conversion of enol silyl ether to the
oMe corresponding ketone. Mixture of diastereomers in the ratio of 1.2:1): The

reaction was performed for 18 h. 'TH NMR (400 MHz, CDCl3) 6 7.34-7.19 (10H,

m), 6.76 (1H, dd, J=4.2, 1.4 Hz), 6.74 (1H, dd, /= 3.8, 1.4 Hz), 6.70-6.64 (2H,
m), 6.63-6.56 (2H, m), 6.35 (1H, dd, J= 3.0, 1.8 Hz), 6.33 (1H, dd, J= 3.0, 1.4 Hz), 4.76 (2H, brs),
429 (1H, d,J=4.0 Hz), 4.23 (1H, d, /= 4.0 Hz), 3.89 (3H, s), 3.88 (3H, s), 2.72-2.60 (1H, m), 2.40-
2.31 (3H, m), 2.31-2.16 (6H, m), 2.13-2.01 (3H, m), 1.81-1.73 (1H, m), 1.68-1.38 (4H, m); *C NMR
(151 MHz, CDCl;) ¢ 211.4, 211.3, 146.9, 141.5, 141.2, 137.1(2), 137.1(0), 128.6(4), 128.6(2),
127.4(3), 127.4(1), 127.3, 127.2, 121.3, 121.2, 116.7(4), 116.7(0), 111.0, 110.9, 109.5, 109.4, 62.6,
62.1,55.6,45.6,45.4,45.2, 41.4(8), 41.4(5), 28.5,27.7,25.2, 25.1, three carbon atoms were not found
probably due to overlapping; HRMS (ESI): Caled for CooH240.N* ([M+H]") 310.1802. Found
310.1802.

H
N

Ph

TESO 3m (mixture of diastereomers in the ratio of 1.1:1): The reaction was performed
for 18 h. "H NMR (400 MHz, CDCl3) § 7.35-7.27 (8H, m), 7.24-7.17 (2H, m),

Nipmp  6.70-6.63 (4H, m), 6.43-6.36 (4H, m), 4.73 (1H, brs), 4.67 (1H, brs), 4.24 (1H, d,

Ph J=3.6 Hz),4.11 (1H, d, J= 5.6 Hz), 3.90 (2H, brs), 3.68 (6H, s), 2.70-2.60 (2H,

m), 2.17-2.04 (2H, m), 2.03-1.93 (2H, m), 1.88-1.71 (3H, m), 1.62-1.24 (5H, m), 0.95(3) (OH, t, J =

103



8.0 Hz), 0.95(0) (9H, t, J = 8.0 Hz), 0.65 (6H, q, J = 8.0 Hz), 0.63 (6H, q, J = 8.0 Hz); *C NMR (151
MHz, CDCls) ¢ 154.2, 153.8, 152.0, 151.6, 143.2, 142.8, 142.5, 142.1, 128.4, 127.2, 126.9, 126.8,
115.0, 114.7(8), 114.7(5), 114.0, 106.1, 102.4, 63.3, 62.2, 56.0, 55.9, 43.2, 43.1, 30.1, 30.0, 27.7, 23.8,
22.4,22.3,6.9,5.2(2), 5.1(7), three peaks were not found probably due to overlapping; HRMS (ESI):
Calced for C6H3s0oNSi™ ([M+H]") 424.2666. Found 424.2664.

TIPSO 3n (mixture of diastereomers in the ratio of 1.1:1): The reaction was performed
H for 18 h. '"H NMR (400 MHz, CDCls) 6 7.34-7.26 (8H, m), 7.23-7.16 (2H, m),
Nepmp  6.69-6.62 (4H, m), 6.42-6.35 (4H, m), 4.72 (1H, brs), 4.65 (1H, brs), 4.24 (1H,
d, J=4.0 Hz), 4.10 (1H, d, J = 6.0 Hz), 3.88 (2H, brs), 3.67 (6H, s), 2.70-2.58
(2H, m), 2.21-2.09 (2H, m), 2.06-1.97 (2H, m), 1.89-1.71 (3H, m), 1.63-1.30 (5H, m), 1.18-1.02 (42H,
m); 3C NMR (151 MHz, CDCl3) 6 154.3, 153.9, 151.9, 151.6, 143.3, 142.8, 142.5, 142.2, 128.4,
127.2,126.9, 126.8(2), 126.7(6), 115.0, 114.8, 114.7, 114.0, 105.6, 101.9, 63.4, 62.3, 56.0, 55.9, 43.3,
43.2,30.1, 30.0, 27.7,23.9,22.4,22.3, 18.2, 18.1, 12.7(0), 12.6(7), one peak was not found probably
due to overlapping; HRMS (ESI): Caled for C2oH440oNSi™ ((M+H]") 466.3136. Found 466.3131.

Ph

TBSO 30 (mixture of diastereomers in the ratio of 1.1:1): The reaction was performed for

18 h. '"H NMR (400 MHz, CDCls) 6 7.36-7.24 (8H, m), 7.24-7.16 (2H, m), 6.70-

NH 6.63 (4H, m), 6.46-6.39 (4H, m), 4.48 (1H, brs), 4.40 (1H, brs), 4.21 (1H, d, J =

P PMP 3 6Hz), 4.10 (1H, d, J = 6.4 Hz), 3.98 (2H, brs), 3.67 (6H, s), 3.17-3.02 (2H, m),

2.40-2.22 (4H, m), 2.12-1.99 (1H, m), 1.89-1.75 (3H, m), 0.94 (9H, s), 0.92 (9H, s), 0.19 (3H, 5), 0.16

(6H, s), 0.14 (3H, s); *C NMR (151 MHz, CDCl3) 6 158.2, 157.6, 152.0, 151.6, 143.8, 143.3, 142.4,

142.1,128.5,128.4,127.0,126.8,126.7,115.0, 114.8, 114.2,104.1, 101.6, 63.1, 62.3, 55.9(4), 55.8(9),

50.1,33.8,33.3,25.8,23.7, 18.3(2), 18.3(0), —4.3(6), —4.4(2), —4.5, six peaks were not found probably
due to overlapping; HRMS (ESI): Caled for C2sH360oNSi™ ([M+H]") 410.2510. Found 410.2519.

3p (mixture of diastereomers in the ratio of 1.1:1): The reaction was performed

TBSO
! for 18 h. "H NMR (400 MHz, CDCls) & 7.36-7.24 (8H, m), 7.23-7.17 (2H, m),
~PMP
6.67 (4H, d, J= 8.4 Hz), 6.41 (4H, d, J = 8.4 Hz), 4.90 (1H, d, J = 4.8 Hz), 4.89
Ph

(1H, d, J = 4.8 Hz), 4.20 (1H, d, J = 4.4 Hz), 4.16 (1H, d, J = 5.6 Hz), 3.89 (2H,
brs), 3.68(4) 3H, s), 3.68(0) (3H, s), 2.65-2.55 (2H, m), 2.40-2.24 (2H, m), 2.18-2.07 (2H, m), 2.00-
1.62 (6H, m), 1.60-1.24 (6H, m), 0.88 (9H, s), 0.87 (9H, s), 0.05 (3H, s), 0.03 (6H, s), 0.00 (3H, s);
13C NMR (151 MHz, CDCl3) § 157.0, 156.4, 151.9, 151.8, 143.2, 142.4, 142.3, 142.2, 128.5, 128 4,
127.5,127.2, 126.9, 114.9, 114.8, 114.5, 114.2, 111.0, 108.7, 64.3, 63.9, 55.9(3), 55.8(7), 44.3, 43.8,
35.2(2), 35.1(8), 32.6, 30.0, 29.8, 29.2, 25.9, 25.0, —4.2, ~4.3(1), —4.3(4), —4.4, three peaks were not
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found probably due to overlapping; HRMS (ESI): Calcd for C27H400,NSi" ([M+H]") 438.2823. Found
438.2820.

OTBS 3q (mixture of diastereomers in the ratio of 1.2:1): The reaction was performed for

N 4 18 h. "H NMR (400 MHz, CDCl3) § 7.44-7.20 (10H, m), 6.68-6.62 (4H, m), 6.48-

o] Nepwp  6.39 (4H, m), 4.65 (1H, brs), 4.61 (1H, brs), 4.49 (2H, brs), 4.30-4.24 (1H, m), 4.12
Ph

(1H, d, J = 6.0 Hz), 4.12-3.99 (2H, m), 3.72-3.61 (2H, m), 3.67 (6H, s), 2.46-2.24
(2H, m), 2.05-1.95 (1H, m), 1.91-1.82 (1H, m), 0.91 (9H, s), 0.90 (9H, s), 0.12 (3H, s), 0.11 (3H, s),
0.10 (3H, s), 0.09 (3H, s); 13C NMR (151 MHz, CDCL3) ¢ 152.1, 152.0, 151.2, 150.5, 142.3, 142.0,
141.3, 140.0, 128.6, 128.5, 127.8, 127.6, 127.5, 127.3, 115.0, 114.8(4), 114.8(1), 114.7(6), 103.4,
101.3,78.2,77.9, 64.6, 63.8, 63.6, 62.5, 55.8(9), 55.8(7), 30.5, 30.4, 25.7(9), 25.7(7), 18.1(8), 18.1(7),
~4.0, 4.1, -4.4,~4.5; HRMS (ESI): Calcd for CosH3gOsNSi* ([M+H]") 426.2459. Found 426.2454.

TBSO Me 3r (Z/E > 20:1, dr of Z-isomer is 1.2:1): The reaction was performed with 1q
+Bu N-pmp (0.2 mmol, 2 equiv), i-Pr3;SiSH (0.04 mmol, 40 mol%) and LiOAc (0.02 mmol,
o 20 mol%) for 48 hours. '"H NMR (400 MHz, CDCl3) § 7.40 (2H, d, J = 7.2
Hz), 7.31 (2H, t, J = 7.2 Hz), 7.28-7.17 (6H, m), 6.62 (4H, d, J = 9.2 Hz), 6.35 (2H, d, /= 9.2 Hz),
6.32 (2H, d,J=9.2 Hz), 4.45 (1H, d, /= 10.8 Hz), 4.30 (2H, brs), 4.21 (1H, d, /=2.4 Hz), 4.19 (1H,
d,J=3.2 Hz), 3.66 (3H, s), 3.65 (3H, s), 3.61 (1H, d, /= 9.6 Hz), 3.18-3.07 (1H, m), 2.80-2.68 (1H,
m), 1.11 (9H, s), 1.08 (9H, s), 1.05 (9H, s), 1.02 (9H, s), 0.90 (3H, d, /= 6.8 Hz), 0.75 3H, d, /= 6.8
Hz), 0.23 (3H, s), 0.22(4) (3H, s), 0.22(1) (3H, s), 0.20 (3H, s); *C NMR (151 MHz, CDCl3) 6 160.1,
159.3, 151.8, 151.2, 143.8, 143.2, 141.8, 140.8, 128.4, 128.3, 127.8(3), 127.8(0), 127.0, 126.9, 114.9,
114.8, 114.5, 113.8, 108.1, 105.5, 66.6, 63.5, 55.9, 37.5, 37.0, 36.9, 34.9, 29.2, 29.1, 26.7(2), 26.6(7),
19.4(2), 19.3(7), 18.5, 18.3, —=2.5(9), —2.6(1), —2.7, —2.9, one peak was not found probably due to
overlapping; HRMS (ESI): Calcd for C2sHs40>NSi™ ([M+H]") 454.3136. Found 454.3140.

TBSO Me 3s (Z/E =8.7:1, dr of Z isomer is 1.3:1): The reaction was performed with 1r
Ph X N.ppmp (0.2 mmol, 2 equiv) for 18 h. 'H NMR (400 MHz, CDCls) (for Z isomer) &

Ph 7.46-7.38 (8H, m), 7.37-7.16 (12H, m), 6.66-6.59 (4H, m), 6.42-6.35 (4H, m),

5.00 (1H, d,J=10.0 Hz), 4.78 (1H, d, J = 10.0 Hz), 4.67 (2H, br), 431 (1H, d, J= 4.4 Hz), 3.78 (1H,
d,J=9.2 Hz), 3.66 (3H, s), 3.64 (3H, s), 3.38-3.26 (1H, m), 3.02-2.90 (1H, m), 1.07 (9H, s), 1.02(0)
(9H, s), 1.01(6) (3H, d, J=7.6 Hz), 0.86 (3H, d, /= 6.8 Hz), 0.03 (3H, s), 0.02 (3H, s), —0.08 (3H, s),
—0.12 (3H, s); *C NMR (151 MHz, CDCl3) (for Z isomer) 6 151.7, 151.4, 151.2, 150.6, 144.0, 143.0,
142.1, 141.1, 139.4, 139.3, 128.5, 128.1(4), 128.1(0), 128.0(9), 128.0(7), 128.0(0), 127.9(7), 127.7,
127.1,126.9, 126.6, 126.5, 115.6, 114.9(0), 114.8(9), 114.3,113.9, 113.1, 66.3, 64.1, 56.0, 55.9, 38.3,
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36.3,26.1, 18.4, 18.2, 17.8, =3.4(7), —3.5(4), —4.1, —4.2, two peaks were not found probably due to
overlapping; HRMS (ESI): Caled for C31Hs002NSi™ ([M+H]") 474.2823. Found 474.2826.

TBSO Me 3t (isolated as a mixture of geometrical isomers (Z/E = 3.0:1), both of
Me
X N-pmp  which consist of two diastereomers (dr = 1:1)): The reaction was
Me Me  Ph performed with 1s (0.2 mmol, 2 equiv), i-Pr3SiSH (0.04 mmol, 40

mol%) and LiOAc (0.02 mmol, 20 mol%) for 48 h. 'H NMR (400 MHz, CDCl;) (for Z isomer) J 7.42
(2H, d, J = 7.2 Hz), 7.34-7.13 (8H, m), 6.84 (2H, brs), 6.81 (2H, brs), 6.67-6.58 (4H, m), 6.42-6.36
(4H, m), 4.50 (1H, d,/=9.6 Hz), 4.27 (1H, d, /= 4.8 Hz), 4.23 (1H, d, /= 10.0 Hz), 3.80 (1H, d, J=
9.2 Hz), 3.67 (3H, s), 3.66 (3H, s), 3.50-3.37 (1H, m), 3.14-3.02 (1H, m), 2.33(3) (3H, s), 2.32(5) (3H,
s), 2.30 (3H, s), 2.26 (6H, s), 2.23 (3H, s), 1.04 (3H, d, /= 9.6 Hz), 1.00 (9H, s), 0.97 (9H, s), 0.90
(3H, d,J= 6.8 Hz), —0.11 (3H, s), —0.12 (3H, s), —0.25 (3H, s), —0.27 (3H, s) , (for E isomer) J 7.34-
7.13 (10H, m), 6.94 (2H, brs), 6.90 (2H, brs), 6.67-6.58 (4H, m), 6.33 (2H, d, /= 9.2 Hz), 6.25 (2H,
d,J=8.8 Hz),4.80 (1H, d,J=10.0 Hz), 4.64 (1H, d, /= 10.8 Hz), 4.02 (1H, d, J= 3.6 Hz), 3.84 (1H,
d, J= 8.0 Hz), 3.67 (3H, s), 3.65 (3H, s), 3.50-3.37 (1H, m), 3.14-3.02 (1H, m), 2.40 (12 H, s), 2.25
(3H, s), 2.24 (3H, s), 0.93 (3H, d, /= 7.2 Hz), 0.87 (9H, s), 0.85 (9H, s), 0.81 (3H, d, /= 6.8 Hz), 0.09
(3H, s), 0.07 (3H, s), 0.05 (3H, s), 0.02 (3H, s); *C NMR (151 MHz, CDCl;) (for Z isomer) 6 151.5,
151.3, 148.1, 147.4, 144.1, 142.6, 142.2, 141.1, 137.5(4), 137.4(7), 137.0, 136.7, 136.0, 135.9, 135.7,
135.5, 128.5, 128.4, 128.3, 128.1, 128.0, 127.7, 127.0, 126.8, 114.9, 114.8, 114.1, 113.8, 65.3, 64.1,
56.0,55.9,38.0,35.9,25.9,21.2,20.8,20.5,20.4, 18.5, 18.4,—4.2,-4.2(7), —4.3(4), —4.4, three carbon
atoms were not found probably due to overlapping, (for £ isomer) 6 151.8, 149.8, 149.2, 142.8, 142.1,
141.3,137.4,137.3,136.5, 135.9, 135.8, 134.1, 133.9, 128.5, 128.4, 128.3, 128.0, 127.9, 127.0, 126.9,
116.4,114.8,114.5,114.4,112.5,110.6, 64.8, 64.1, 55.9(0), 55.8(7), 39.3, 38.6, 25.8,21.3, 20.2, 20.1,
20.0, 18.3, 17.9, —4.4, eight carbon atoms were not found probably due to overlapping; HRMS (ESI):
Calcd for C33Hs602NSi™ ([M+H]") 516.3292. Found 516.3304.

TBSO Me 3u (isolated as a mixture of geometrical isomers (Z/E = 1.2:1), both of which

\O ] X N.pmp  consist of two diastereomers (dr = 1.2:1)): The reaction was performed for
Ph 18 h. "HNMR (400 MHz, CDCls) (for Z isomers) 6 7.42-7.38 (2H, m), 7.36-

7.18 (10H, m), 6.66-6.59 (4H, m), 6.51-6.47 (2H, m), 6.44-6.30 (6H, m), 5.22 (1H, d, /= 10.4 Hz),
5.00 (1H, d, J = 10.8 Hz), 3.85 (1H, d, /= 9.2 Hz), 3.80 (1H, d, J = 9.6 Hz), 3.66 (6H, s), 3.32-3.22
(1H, m), 3.00-2.87 (1H, m), 1.08 (9H, s), 0.96 (9H, s), 0.91 (3H, d, J = 6.8 Hz), 0.85 (3H, d, /= 6.8
Hz), 0.15 (3H, s), 0.12 (9H, s), (for £ isomer) 6 7.44 (2H, d, /= 1.2 Hz), 7.42-7.38 (2H, m), 7.36-7.18
(8H, m), 6.66-6.59 (4H, m), 6.44-6.30 (8H, m), 4.86 (1H, d, /= 10.4 Hz), 4.71 (1H, d, J=10.8 Hz),
431 (2H, d, J = 4.4 Hz), 3.70-3.56 (1H, m), 3.66 (3H, s), 3.64 (3H, s), 3.32-3.22 (1H, m), 1.04 (9H,
s), 1.02 (3H, d,/=7.2 Hz), 1.00 (3H, d, /= 7.2 Hz), 0.94 (9H, s), 0.12 (3H, s), 0.11 (3H, s), 0.08 (3H,
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s), 0.07 (3H, s); '*C NMR (151 MHz, CDCls) (for all isomers)  152.1(3), 152,0(8), 151.9, 151.8(2),
151.7(8), 151.7, 151.4,143.7,143.4, 142.7, 142.3, 142.1(9), 142.1(5), 142.1(2), 142.0, 141.9, 141.7(9),
141.7(6), 141.7, 141.6, 141.2, 141.0, 140.9, 128.5, 128.4, 128.1(1), 128.0(9), 128.0, 127.8, 127.7,
127.2, 127.1, 127.0(2), 126.9(5), 115.2,115.0, 114.9, 114.8, 114.7, 114.6, 114.5, 114.3, 114.0, 113.8,
112.7,111.6, 111.1(3), 111.0(8), 111.0(2), 110.9(9), 109.8, 109.7, 107.0, 106.9, 66.0, 65.4, 63.8, 63.6,
55.9(4), 55.9(1), 55.8(6), 38.7, 37.7, 36.6, 35.6, 26.1, 25.9, 19.2, 19.0, 18.7, 18.5, 18.3, 18.1, 17.7,
=3.6, 3.7, —4.1(2), —4.1(3), —4.3(5), —4.4(2), —4.6, nine peaks were not found probably due to
overlapping; HRMS (ESI): Calcd for C2sH3sO3NSi™ ([M+H]") 464.2615. Found 464.2614.

TBSO Me 3v (isolated as a mixture of geometrical isomers (Z/E = 1.5:1), both of which
N.pmp  consist of two diastereomers (dr = 1.1:1)): The reaction was performed for

18 h. 'TH NMR (400 MHz, CDCI;) (for Z isomer) 6 7.39 (2H, t, J = 8.0 Hz),
7.35-7.20 (10H, m), 7.17-7.13 (1H, m), 7.07 (1H, dd, J= 3.6, 0.8 Hz), 7.03-6.98 (1H, m), 6.94 (1H, t,
J=4.4Hz), 6.66-6.59 (4H, m), 6.44-6.35 (4H, m), 5.08 (1H, d, /= 9.6 Hz), 4.90 (1H, d, /= 10.8 Hz),
3.88 (1H, d, J=8.8 Hz), 3.79 (1H, d, J = 9.2 Hz), 3.66 (6H, s), 3.03-2.85 (2H, m), 1.08 (9H, s), 0.97
(9H, s), 0.95 (3H, d, J=6.8 Hz), 0.85 (3H, d, /= 6.8 Hz), 0.13(2) (3H, s), 0.12(6) (3H, s), 0.07 (3H,
s), 0.04 (3H, s), (for E isomer) ¢ 7.39 (2H, t, J= 8.0 Hz), 7.35-7.20 (10H, m), 7.18 (1H, d, J= 3.6 Hz),
7.04 (1H, dd, J = 3.6, 0.8 Hz), 7.03-6.98 (1H, m), 6.94 (1H, t, J = 4.4 Hz), 6.66-6.59 (4H, m), 6.44-
6.35 (4H, m), 4.86 (1H, d, /= 10.8 Hz), 4.81 (1H, d, /= 10.8 Hz), 4.31 (1H, d, /= 8.4 Hz), 4.30 (1H,
d, J=7.2 Hz), 3.65 (6H, s), 3.35-3.20 (2H, m), 1.04(3) (3H, d, /= 7.2 Hz), 1.03(8) (9H, s), 1.00 (3H,
d, J=7.2 Hz), 0.94 (9H, s), 0.11 (6H, s), 0.09 (6H, s); *C NMR (151 MHz, CDCl;) (for Z isomer) &
152.0, 151.8, 145.4, 145.3, 143.1, 142.9, 142.1, 141.6, 140.6, 128.5, 128.2, 128.1, 127.8, 127.7, 127.3,
127.1, 127.0(1), 126.9(8), 126.9, 126.3, 125.7, 124.6, 124.5, 115.3, 114.9, 114.7, 114.4, 114.0, 112.1,
66.2, 65.4, 56.0, 55.9, 40.1, 38.2, 25.9, 18.8, 18.6, 18.0, —3.4, —4.0, —4.2, —4.4, two peaks were not
found probably due to overlapping, (for £ isomer) d 152.6, 151.4, 144.9, 144.7, 143.7, 142.6, 141.9,
141.3, 140.8(4), 140.8(0), 128.0(4), 127.9(9), 127.0, 126.8, 126.4, 125.6, 124.5(4), 124.4(7), 114.9(1),
114.8(5),114.5,114.4,112.9,64.0,63.2, 55.9(3), 55.8(9), 38.1,36.2,26.1, 18.5, 18.4,17.7,-3.5,-3.9,

\ Ph

—4.3, —4.4, seven peaks were not found probably due to overlapping; HRMS (ESI): Calcd for
C23H330,NSSi" ([M+H]") 480.2387. Found 480.2382.

TBSO Me 3w (Z/E>20:1, dr of Z-isomer is 1.1:1): The reaction was performed for 18
NN Nepmp  h. '"H NMR (400 MHz, CDCls) 6 7.59 (1H, d, J = 2.0 Hz), 7.58 (1H, d, J =
<" Ph 2.0 Hz), 7.56 (1H, d, J=2.0 Hz), 7.53 (1H, d, J= 2.0 Hz), 7.39 (2H, d, J =
7.2 Hz), 7.35-7.17 (8H, m), 6.68-6.60 (4H, m), 6.45-6.38 (4H, m), 6.30 (1H, t, J=2.0 Hz), 6.29 (1H,
t,J=2.0 Hz), 4.99 (1H, d, /= 10.4 Hz), 4.80 (1H, d, J = 10.4 Hz), 4.33 (1H, d, /=4.4 Hz), 3.89 (1H,
d,J=9.2 Hz), 3.67 (3H, s), 3.66 (3H, s), 3.21-3.10 (1H, m), 2.92-2.80 (1H, m), 1.07 3H, d, J= 7.6
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Hz), 1.04 (9H ,s), 1.01 (9H, s), 0.94 (3H, d, /= 6.8 Hz), 0.09 (3H, s), 0.07 (3H, s), 0.02 (3H, s), —0.02
(3H, s); *C NMR (151 MHz, CDCls) 6 151.9, 151.7, 144.1, 143.4(1), 143.3(5), 142.4, 141.8, 141.0,
140.5,140.4, 128.6, 128.5, 128.4,128.2, 127.9, 127.6, 127.2,127.0, 114.9, 114.8, 114.6, 114.3, 106.4,
106.2, 104.0, 102.4, 65.5, 63.6, 55.9(2), 55.9(0), 37.9, 36.4, 25.9, 18.4, 18.3, 17.7, 4.4, —4.6, —4.7(0),
—4.7(2), two peaks were not found probably due to overlapping; HRMS (ESI): the peak pattern
corresponding to 3w was not observed probably due to the loss of pyrazole group under the

measurement condition.

Derivatization of Alkylated Enol Silyl Ethers

TBSO cat. diarylborinate 0 H O, _NH»
CH,0 aq. B!
H > N-PMP
N‘PMP CI(CH,).Cl, r.t.
Ph H ph FsC CF3
3b 5 diarylborinate

To a flame-dried test tube were added 3b (21.2 mg, 0.05 mmol), diarylborinate (1.8 mg, 0.005 mmol,
10 mol%) and 1,2-dichloroethane (1 mL, 0.05 M). The reaction tube was sealed with rubber septum
and then evacuated in vacuo and backfilled with Ar five times. A 37% aqueous solution of
formaldehyde (14.9 pL, 0.15 mmol, 3 equiv) was introduced via syringe. After stirring overnight, the
reaction mixture was concentrated. The resulting crude material was purified by column
chromatography on silica gel (hexane/EtOAc = 15: to 5:1 as eluent) to afford 5 in 92% yield (14.8 mg,
0.046 mmol, dr = 1:1). "H NMR (400 MHz, CDCls) § 7.33-7.15 (10H, m), 6.74 (2H, d, J = 9.0 Hz),
6.72 (2H, d, J=9.0 Hz), 6.42 (2H, d, J=9.0 Hz), 6.41 (2H, d, J=9.0 Hz), 4.70 (1H, d, /= 7.2 Hz),
443 (1H, d, J= 3.2 Hz), 4.24 (1H, dd, J = 9.0, 6.4 Hz), 3.80 (2H, d, J = 8.0 Hz), 3.70 (3H, s), 3.69
(3H,s),3.51 (1H, t,J=9.0 Hz), 3.17 (1H, q, J= 8.0 Hz), 3.12-2.99 (2H, m), 2.63-2.46 (1H, m), 2.44-
2.35(1H, m), 2.30 (2H, t, J= 6.6 Hz), 2.13-1.98 (2H, m), 1.86-1.67 (2H, m), 1.65-1.44 (3H, m), 1.44-
1.34 (1H, m); *C NMR (151 MHz, CDCl3) 6 211.0, 210.5, 151.5, 151.4, 143.2, 142.0, 141.5, 140.2,
128.9, 128.6, 127.2, 125.9, 114.9, 114.6(9), 114.6(7), 113.4, 68.9, 67.3, 56.0, 55.9, 52.1, 51.3, 51.0,
50.1, 49.9, 46.9, 39.3(4), 39.2(8), 26.5, 24.2, 23.7, 23.6, two peaks were not found probably due to
overlapping; HRMS (ESI): Calcd for C21H230,NNa” ([M+Na]") 344.1621. Found 344.1611.

TBSO Me A Q
N. )\)\/N\ _ MR PMP.y
U PMP CH,Cl, )ﬁ
= Ph 0°Ctor.t. PHh Me
3w 6

To a solution of 3w (32.7 mg, 0.071 mmol, 1 equiv) in CH,Cl, (1.4 mL, 0.05 M) was added
trifluoroacetic acid (TFA) (27.2 pL, 0.36 mmol, 5 equiv) dropwise at 0 °C, and the resulting mixture
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was allowed to warm to room temperature. After stirring for 2 h, the reaction mixture was diluted with
water and the extractive work-up was conducted with CH>Cl,. The combined organic layers were
washed with saturated aqueous solution of NaHCOs3, dried over Na SOy, filtered and concentrated.
The resulting crude material was purified by column chromatography on silica gel (hexane/EtOAc =
3:1 to 1:1 as eluent) to give 6 in 87% yield (17.5 mg, 0.062 mmol, dr = 1:1). "H NMR (400 MHz,
CDCls) ¢ 7.38-7.13 (10H, m), 6.80-6.73 (4H, m), 5.09 (1H, d, J = 8.0 Hz), 4.65 (1H, d, J = 5.6 Hz),
3.72 (3H, s), 3.71 (3H, s), 2.98-2.83 (1H, m), 2.88 (1H, dd, /= 19.2, 9.2 Hz), 2.69 (1H, dd, J=17.0,
9.8 Hz), 2.42 (1H, dd, /= 17.0, 9.8 Hz), 2.37-2.27 (1H, m), 2.30 (1H, dd, /= 19.2, 9.2 Hz), 1.25 (3H,
d, J= 6.4 Hz), 0.71 (3H, d, J = 6.8 Hz); *C NMR (151 MHz, CDCl;) 6 174.5, 174.4, 157.0, 156.8,
140.3, 137.5, 131.9, 131.3, 128.9, 128.8, 128.1, 128.0, 127.2, 126.7, 124.6, 123.7, 114.0(9), 114.0(5),
72.1, 68.8, 55.4(8), 55.4(5), 39.5, 38.8,37.7, 32.7, 18.9, 16.1; HRMS (ESI): Calcd for C1sHi9O,NNa*
([M+Na]") 304.1308. Found 304.1308.
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