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General Introduction

Transition metal catalysis has promoted the development of valuable molecular transformations in
organic synthesis. In recent years, transition metal catalysis under photoirradiation has further
developed more challenging transformation reactions for organic synthesis which is complementary
to thermal catalysis. The broadly investigated reactions employ synergistic catalytic systems that
combine visible-light-excited photocatalysts and transition metal catalysts. On the other hand,
photoinduced transition-metal-catalyzed reactions in which the single metal plays a dual role as a
photoabsorbent and a center for chemical bond cleavage/formation offer advantages of simplicity of
the reaction system and cost-effectiveness by avoiding the use of expensive external substances. In
addition, better reaction control with metal-bound ligands is an attractive feature of this methodology,
and the use of chiral ligands allows the development of highly enantioselective reactions. Generally,
the proposed mechanism for these reactions involves intermolecular single-electron transfer between
the excited metal complex and the substrate to generate highly active radical species. In contrast to
this intermolecular strategy, intramolecular electron transfer from metal centers to ligands (MLCT)
is rarely reported. On the other hand, since carbonyl compounds are contained in various natural
products, pharmaceuticals, pesticides, and functional materials, it is important to develop efficient
synthetic methods for these compounds. In particular, umpolung acylation is a straightforward
method to synthesize carbonyl compounds. However, stereoselective umpolung acylation has not yet
been explored because it is difficult to generate a chiral acyl anion equivalent in a catalytic manner.
Thus, the author aimed at development of new umpolung asymmetric acylation reaction by direct

excitation of chiral transition metal complex.
1. The Merger of Photoredox and Transition Metal Catalysis in Organic Synthesis

Over the past century, transition metal-catalyzed cross-coupling reactions have evolved into one of
the most commonly used C—C and C-heteroatom bond-forming reactions in chemical synthesis.! The
broad functional group tolerance of these reactions enabled highly modular molecular construction
with various building blocks. On the other hand, visible light photoredox catalysts have recently been
a powerful method for organic synthesis.? This catalyst is excited with visible light, and the organic
molecule is activated by the excited catalyst through single-electron transfer (SET). This approach is
attractive for its ability to generate active species distinct from conventional thermal activation, which
facilitates the use of abundant and inexpensive starting materials. By combining these two powerful
bond-forming methods, the metallaphotoredox catalyst method was born and has become the

mainstay of synthetic methodologies in recent years.® Photoredox catalyzed generation of radical



species and transition-metal-catalyzed bond activation and formation have made it possible to form

previously difficult bonds from simple starting materials.

1.1. Nickel Metallaphotocatalysis

In 2014, Macmillan, Doyle, and co-workers reported photoredox and nickel transition metal
catalyzed C(sp?)-C(sp’) decarboxylative cross-coupling of carboxylic acids and aryl halide
electrophiles (Scheme 1).4

Scheme 1. Photoredox and nickel catalyzed C(sp?)-C(sp®) decarboxylative cross-coupling.
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Excitation and intersystem crossing of the photocatalyst produce a strongly oxidative and long-lived
triplet excited state, which reacts with a carboxylic acid nucleophile in SET. A subsequent
decarboxylation reaction produces an alkyl-centered radical. Concurrently, nickel(0) species, which
is probably generated via two sequential electron-transfer events from a nickel(Il) precatalyst, can
undergo oxidative addition with the aryl halide electrophile to afford nickel-aryl species. Oxidative
radical capture by this intermediate produces Ni(Ill)-aryl-alkyl complex, which can undergo rapid
reductive elimination to give the desired C(sp?)—C(sp?) coupled product. Finally, the generated
nickel(I) species and the reduced photocatalyst undergo SET, regenerating both active catalysts

simultaneously (Figure 1).
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Figure 1. Proposed catalytic cycle for photoredox and nickel dual catalytic system.



In 2014, at the same time as the previous reaction, a photoredox and nickel-catalyzed cross-coupling
using alkylboron nucleophiles was described by Molander and co-workers (Scheme 2).> They found
that alkyltrifluoroborates are converted to carbon-centered radicals by SET using an excited
photocatalyst, leading to a C(sp?)-C(sp?) cross-coupling reaction with an aryl bromide. The reaction
pathway forming the alkyl—nickel species avoids a traditional transmetallation with alkylboron
reagents. These methods have since been expanded to a number of mechanistically related
transformations not only for carbon-carbon bond formation but also for carbon-heteroatom bond

formation.®

Scheme 2. Photoredox and nickel catalyzed cross-coupling using alkylboron nucleophiles.

2 mol% photocatalyst
3 mol% Ni(cod),

Br 3 mol% dtb
R1@/\BF3K . | \_Rg o—py> R1@/\O|\—R2
= = 2,6-lutidine F F

acetone/MeOH
26 W CFL light, 23 °C

Photocatalyst

1.2 Copper Metallaphotocatalysis

In 2012, Sanford and co-workers reported the photoredox and copper-catalyzed trifluoromethylation
of arylboronic acids to synthesize valuable trifluoromethylarenes (Scheme 3).” The reaction involves
the addition of reductively generated trifluoromethyl radical to an appropriate Cu(Il) species,
followed by transmetallation with an arylboronic acid nucleophile to generate a key Cu(Ill)-aryl-CF;
species. Reductive elimination from this high-valent copper complex produces the desired product,
and SET between the excited photocatalyst and reduced Cu(I) complex regenerates both active

catalysts.



Scheme 3. Photoredox and copper-catalyzed trifluoromethylation of arylboronic acids.
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This protocol has been applied not only to the trifluoromethylation of various (hetero)arylboronic

acids, but also to the decarboxylative trifluoromethylation of carboxylic acids and the

trifluoromethylation of aryl and alkyl bromides (Scheme 4).8 Additionally, the protocol was extended

to other related electrophiles with similar efficiency.’

Scheme 4. Photoredox- and copper-catalyzed trifluoromethylation
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2. Visible Light-Induced Excited-State Transition-Metal Catalysis

The development of transition metal catalysis under visible light that dose not rely on typical
photoredox catalysts is a rapidly developing research area and has been actively investigated in recent
years.!? Distinct from the metallaphotoredox reaction, a transition metal complex performs two roles
as an absorbent of light energy and a center of bond forming/breaking mostly via a single catalytic
cycle, thus contrasting the established dual photocatalysis in which an exogenous photosensitizer is
employed. This protocol offers the advantages of simplicity and cost effectiveness of the reaction
system by avoiding the use of expensive external substances. In addition, the better reaction control
by metal-bound ligands is an attractive feature of this methodology as evidenced by the growing
number of reports in this regard, some of which detail highly enantioselective reactions by the use of

chiral ligands.
2.1 Direct Excitation of Palladium Catalysts

The first visible light-induced palladium-catalyzed transformation was reported by Gevorgyan’s
group in 2016 by disclosing the generation of an unprecedented hybrid aryl palladium-radical species
from aryl iodides (Scheme 5).!! In this case, visible light excitation led to the formation of a high-
energy Pd(0) species, that can transfer a single electron to aryl iodide, thereby engaging it in hybrid
palladium-radical chemistry. To date, the majority of palladium visible light photocatalytic reactions
take place via this oxidative quenching pathway, resulting in SET from photoexcited palladium to an

organic halide or its equivalent.!?



Scheme 5. Palladium-catalyzed desaturation via direct excitation of palladium catalyst
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2.1 Direct Excitation of Copper Catalysts

In 2012, Fu, Peters, and co-workers reported the photoinduced Ullmann C—N coupling reaction via
an unprecedented radical pathway (Scheme 6a).! This is the first report on the reactivity of copper
catalysts under visible light irradiation. In the same year, Hwang’s group demonstrated that
Sonogashira coupling, which typically requires a copper/palladium dual catalyst, could be achieved
using a single copper catalyst under visible light irradiation (Scheme 6b).!"* In both cases, a
Cu()—nucleophile complex (amide and acetylide, respectively) is involved, which upon
photoexcitation acts as a single electron reductant and engages the aryl halide coupling partner in a
SET pathway (Scheme 6¢). Since then, various visible light induced copper-catalyzed reactions based

on these mechanisms have been achieved.!?



Scheme 6. Pioneering works for photoinduced copper-catalyzed reactions
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2.3 Direct Excitation of Chiral Copper Catalyst

In 2016, Fu, Peters, and co-workers expanded their visible-light-induced copper-catalyzed
asymmetric C—N couplings to an enantio-convergent reaction of racemic tertiary alkyl chlorides by
using a chiral photo-copper catalyst (Scheme 7).'® This is the first report of asymmetric synthesis in
a photoinduced copper-catalyzed reaction with a single catalyst. The catalytic cycle begins with the
in situ formation of Cu(I)—nucleophile complex, which upon photoexcitation involves the
electrophilic substrate in the SET process. The resulting intermediate may have a radical character,
or exist as a conventional Cu(Ill) oxidative addition complex. A subsequent formation of
carbon—heteroatom bond furnishes product with enantioselectivity controlled by the chiral catalyst
and releases Cu(I) species. The photoactive complex is then regenerated by ligand exchange with
another nucleophile molecule. The authors reported various asymmetric C—N coupling reactions

using this approach.!”

Scheme 7. Visible-light-induced copper-catalyzed asymmetric C—N couplings

~- I

%27 TN !
9 o % cucl(d mol%) 0 =
“ L(1.2mol%
RzN& + HN #» RoN™
R' R? LiO'Bu, toluene R R2
(racemic) —40 °C, Blue LED
via %
Q Blue LED O R-X | g
LCu'—N — | LCu'—N —» LCu'X—N
SET



In 2020, Liu and co-workers reported the photo-induced asymmetric alkyl Sonogashira coupling
with a copper catalyst having a quinine-derived chiral ligand (Scheme 8).!® Following their previous
report on asymmetric alkyl Sonogashira coupling using secondary alkyl halides in 2018, the redox-
active esters were used as secondary alkyl radical precursors to perform similar transformation under
photoirradiation. In addition to these reports, various asymmetric reactions based on photoexcitation

of organocopper species have been developed for C—C and C-O bond formations.?

Scheme 8. Visible-light-induced asymmetric alkyl Sonogashira coupling
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3. Acylation Reaction

Carbonyl compounds are found in a wide variety of natural products, pharmaceuticals, agricultural
chemicals, and functional materials.?! A carbonyl group is also a useful functional group which can
be converted to other functionalities in organic synthesis. Therefore, development of methodology
for introducing a carbonyl group into organic molecules has attracted much interest in synthetic
chemistry for a long time.?

An acylation reaction of a carbon nucleophile with a carboxylic acid derivative is known as the well-
studied method.? In recent years, transition metal catalysts have been used to achieve acylation
reactions under mild reaction conditions with excellent functional group tolerance. The key to these
reactions is the formation of acyl metal species through oxidative addition of transition metal catalysts
to acylating agents, and carbonyl compounds can be synthesized using various organometallic
reagents as nucleophiles (Scheme 9a). The use of transition metal catalysts to catalytically generate
nucleophilic species in the reaction system is attractive in that it does not require prior preparation of
organometallic reagents.?* In this context, several reductive coupling reactions have been reported
using vinyl arenes as nucleophile precursors and carboxylic acid derivatives as acylating electrophiles
in the presence of hydrosilanes or H> as hydrogen sources (Scheme 9b). Acylboration reactions have

also been achieved using diborane as a nucleophile.

Scheme 9. Transition-metal-catalyzed acylation reactions
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In 2020, the author, Iwai, and Sawamura reported a synergistic dual metal-catalyzed acylation
reaction that combines nickel-catalyzed activation of acyl electrophiles and copper-catalyzed in-situ
formation of nucleophiles (Scheme 10).2° The reaction tolerates broad functional groups because

mildly reactive acyl fluorides can be used as acylation reagents.



Scheme 10. Nickel-copper-catalyzed hydroacylation of vinylarenes

0 2 Ni(cod),/DCYPBz O
I Ar _ (5 mol%, 1:1) AP
o~ F W + HSiMe(OMe), ———————  A(!
Ar CuF,/DPPBz
(0.15 mmol) (2.5 eq) (2 eq) (10 mol%, 1:1) H

@V @V Q DCYPBz:R=Cy !

o (cu] R,F PR, DPPBz:R=Ph
[Ph)l\[Ni(ll)]— ] [ Ar}

.............................

3.2 Umpolung Acylation

The umpolung reaction that reverses the original reactivity of the functional group has attracted
attention because it can improve the efficiency of the synthetic route in organic synthesis. In the case
of an acylation reaction, while the carbon of a common carbonyl group has an electrophilic property,

it can work as a nucleophile by converting the polarity, allowing access to carbonyl compounds that

were otherwise difficult to synthesize.

3.2.1 Dithiane as an acyl anion equivalent

The concept of umpolung was first proposed by Corey and Seebach in 1975 (Scheme 11).2° They
succeeded in employing an aldehyde, which was originally an "electrophile", as a "nucleophile"
through protection of carbonyl group with dithiane. Recently, the method has been applied to an

asymmetric synthesis by combining with a chiral Pd catalyst (Scheme 12).%

Scheme 11. Concept of carbonyl umpolug via dithiane
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Scheme 12. Pd-catalyzed asymmetric allylic substitution with 1,3-dithianes
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3.2.2 Breslow intermediate as an acyl anion equivalent

Another method for umpolung of a carbonyl group is given by a formation of Breslow intermediates
from aldehydes and N-heterocyclic carbenes (NHC), which works as an acyl anion equivalent.?
Various bond-forming reactions including acylation of aryl iodide, allylic alcohol, allylic esters, and
unsaturated carbonyl compounds have been developed by combining them with organometallic

catalysts.?

Scheme 13. Umpolung acylation through hybrid NHC/Pd catalysis
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3.2.3 Acyl radical

Nucleophilic acyl radicals serve as versatile synthetic intermediates in Giese-type additions to
activated alkenes, Minisci-type acylations of heteroarenes, and in the preparation of a wide range of
natural and bioactive molecules.’® The conventional methods for generating acyl radicals, however,
generally require harsh reaction conditions such as UV irradiation or high temperatures.’! Recently,
various methods to generate acyl radicals have been reported using visible light photoredox
catalysts.>

In 2017, MacMillan and co-workers reported arylation, vinylation, and alkylation of aldehydes via
an acyl radical intermediate using aryl, vinyl, and alkyl bromides as coupling partners through a triple
catalytic protocol with quinuclidine, Ni!, and a photocatalyst (Scheme 14).>* The mechanistic
hypothesis for this protocol is shown in Scheme 14. SET from quinuclidine to the excited iridium
photocatalyst generates an electrophilic quinuclidinium cation radical, which selectively abstracts the
hydrogen atom of aldehyde to form the acyl radical. Oxidative addition of the aryl bromide to Ni® on
the other hand produces an aryl-Ni!! species, which is intercepted by the acyl radical to form acyl-
Ni'l complex. Reductive elimination then forms the desired ketone product and a Ni! species. A

111

single-electron transfer between It and Ni! regenerates the Ir'! and Ni° catalysts and closes the
g g y

catalytic cycle.

11



Scheme 14. Direct C—H arylation via the combination of triple catalysis
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This protocol was extended to other related electrophiles.’* Additionally, various visible-light-
driven acyl radical generation methods have been reported using not only aldehydes but also a-
ketocarboxylic acids, carboxylic acids, carboxylic acid anhydrides, acylthioesters, acid chlorides, or

acylsilanes as acyl radical precursors.?

12



4. Overview of This Thesis

The author developed the photoinduced copper-catalyzed asymmetric umpolung acylation reactions.
These reactions proceeded with high regioselectivities and stereoselectivities. Generally, the
proposed reaction mechanism of photoinduced transition metal catalysts consists of intermolecular
single-electron transfer (SET) between the catalytic metal complex and the substrate, followed by
homolytic bond dissociation in the resulting open-shell state of the substrate to liberate a highly
reactive free radical, which may then recombine with the metal (Figure 2a). In a clear departure from
this reaction design, we envisaged that metal-to-ligand charge transfer (MLCT) photoexcitation of
organometallic intermediates may lead to mechanistically different photoinduced metal catalysis

centered at a charge-separated species (Figure 2b).3

a) Intermolecular single-electron-transfer chemistry

*
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AN E—— | E——
. 2 +
free radical R RI—R2
b) Intramolecular metal-to-ligand charge transfer chemistry
Lewis acid
*
* n+1 n
n hv n+1 R2-X e X-M- L
RI-M— L —> | R=M=L RANAT I M L | =
MLCT (- N — 4
R2—X " R'-R?

charge-separated species

Figure 2. SET vs MLCT

In Chapter 1, development of photoinduced copper-catalyzed asymmetric acylation of allylic
phosphates with acylsilanes is described. In Chapter 2, the author discusses the reaction mechanism
of photoinduced copper-catalyzed asymmetric acylation of allylic phosphates, which is based on
copper-to-acyl metal-to-ligand charge transfer (MLCT) photoexcitation that generates a charge-
separated triplet state as a highly reactive intermediate. In Chapter 3, the strategy for the synthesis of
chiral 1.4-dicarbonyl compounds via photoinduced copper-catalyzed asymmetric conjugate addition

reaction of acylsilanes to a,B-unsaturated ketones and aldehydes is described.

13



4.1 Photoinduced Copper-Catalyzed Asymmetric Acylation of Allylic Phosphates with

Acylsilanes

In Chapter 1, the author describes that visible-light irradiation with a blue LED lamp induced
copper-catalyzed highly enantioselective umpolung acylation of y-monosubstituted or v,y-
disubstituted primary allylic phosphates with acylsilanes as acyl anion equivalents (Scheme 15). This
reaction offers straightforward access to enantioenriched a-branched B,y-unsaturated ketones, which
serve as versatile chiral building blocks in organic synthesis. For the reaction design, we envisioned
the formation of an acylcopper(I) —alkene complex coordinated with a chiral NHC ligand via
photoisomerization of an acylsilane to a siloxycarbene and subsequent Cu-to-acyl MLCT
photoexcitation. Formalistically, this MLCT produces a charge-separated triplet species with an a-
oxy-anion-substituted carbon radical and a positively charged Lewis-acidic Cu(II) center covalently

bound together through a Cu—C o-bond.

Scheme 15. Photoinduced Cu-catalyzed enantioselective umpolung allylic acylation
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4.2 Mechanistic Investigation of Photoinduced Copper-Catalyzed Asymmetric Acylation of
Allylic Phosphates with Acylsilanes

The author developed the photoinduced copper-catalyzed asymmetric acylation of allylic
phosphates with acylsilanes (Chapter 1). In this work, the author assumes that the reaction proceeds
by MLCT from the copper center to the acyl group due to photoexcitation. In Chapter 2, the author
performed mechanistic investigation combined experiments and calculations to elucidate the
proposed mechanism. These results suggest a novel photochemical reaction pathway featuring
molecular activation by the charge-separated MLCT species. In this process, the author obtained an
interesting finding that the photoexcited acyl copper activates the leaving group of the allylic
phosphate to generate allyl radicals, which weakly bound to the copper complex (Scheme 16).

14



Scheme 16. A novel photochemical reaction pathway supported by mechanistic investigation
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4.3 Photoinduced Copper-Catalyzed Asymmetric Conjugate Addition Reaction of Acylsilanes

to a,p-unsaturated Ketones and Aldehydes

Chiral 1,4-dicarbonyl compounds are important synthetic intermediates for a variety of natural

products and pharmaceuticals. In Chapter 3, the author describes an asymmetric conjugate addition

reaction of acylsilanes to synthesize chiral 1,4-dicarbonyl compounds by using a,B-unsaturated

ketones or aldehydes as substrates in place of the allylic phosphates (Scheme 17). The desired

asymmetric conjugate addition reaction occurred with high enantioselectivity with copper/chiral N-

heterocyclic carbene catalysts under the modified reaction conditions.

Scheme 17. Photoinduced Cu-catalyzed asymmetric conjugate addition reaction of acylsilanes
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Chapter 1

Photoinduced Copper-Catalyzed Asymmetric Acylation
of Allylic Phosphates with Acylsilanes
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Introduction

Transition-metal-catalyzed enantioselective allylic substitutions are important methods for a C—C
bond formation with constructing a stereogenic carbon center.! The palladium-catalyzed Tsuji—Trost
reaction is a pioneering and representative example of catalytic asymmetric allylic couplings, which
has been applied to total syntheses of various complex molecules.? In addition to palladium catalyst,
other metals such as copper, thodium, iridium, molybdenum, etc. have also been used in recent years
for catalytic allylic coupling.? In particular, copper is the most studied metal for the catalytic reactions
compared to other rare metals, because “copper” is attractive in terms of its low-cost, low-toxic, and
abundant presence on earth.*

Previously the author’s laboratory reported several copper-catalyzed asymmetric allylic substitution
reactions using a new chiral N-heterocyclic carbene (NHC) ligand bearing a phenolic hydroxyl
group.’ Among them, copper-catalyzed three-component coupling of isocyanides, hydrosilanes, and
v,y-disubstituted allylic phosphates has been developed for an asymmetric synthesis of a-quaternary
formimides.>® Since there is the only example of using a special acyl anion equivalent, formimidoyl
anion, in copper-catalyzed asymmetric allylic acylation,® the author conceived the use of acylsilanes
as a more general acylating reagent. The photoisomerization of acylsilanes to siloxycarbene has been
known for a long time, and Kusama and co-workers recently reported a series of interesting synthetic
reactions utilizing acylsilanes.” The author hypothesized that the siloxycarbene formed under
photoirradiation could coordinate onto an appropriate copper(I) complex, and the basic ligand on the

copper would nucleophilically attack the silicon group to form acylcopper(I) (Scheme 1).

Scheme 1. The strategy for generating acylcopper(I) species

O  BuelED 0" CuOR? OA’)S' 0

L, === J. — (/oR2—> J_ + sior?
R!" S R R! (el R" “cu
Acylsilane Siloxycarbene Acylcopper(l)

In chapter 1, the author describes the development of a photoinduced copper-catalyzed asymmetric
allylic acylation reaction based on this hypothesis. Unlike copper-catalyzed allylic substitution
reactions previously reported in the laboratory, the phenolic hydroxyl group was unexpectedly not
required for the asymmetric ligand, and the acylcopper(I) complex showed high reactivity and
stereoselectivity, while in the neutral reaction conditions. The author assumed that this unusual

reactivity was attributed to MLCT photoexcitation of the acyl copper complex.
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Working Hypothesis

Prior to the development of this reaction, the author envisioned a reaction pathway that involves the
generation of acylcopper(I) species and its photoexcitation as shown in the Scheme 2. The author
conceived this study by considering the possibility that acylcopper would be produced by the reaction
of CuOtBu and siloxycarbene (Scheme 1). This generated acyl copper (I) complex does not have
sufficient nucleophilicity to react with the allylic phosphate. However, irradiation of this species with
blue LED results to a MLCT from the copper(I) center to the acyl ligand leading to the formation of
copper(Il) complex consisting of a cationic copper(Il) and a ketyl radical-type ligand. The cationic
copper(II) center then captures and activates the leaving group of the allylic phosphate substrate as a
Lewis acid, and at the same time, a nucleophilic carbon radical at the ketyl radical site is added to the
allylic substrate to form ,y-unsaturated ketone and copper(I) phosphate. Similar to CuOtBu, this
complex also reacts with siloxycarbene to regenerate acyl copper(I) complex and establishes a

complete catalytic cycle.

Scheme 2. Plausible reaction pathway for photoinduced Cu-catalyzed asymmetric allylic acylation
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Result and Discussion

Based on the working hypothesis, the author commenced the initial reaction development by
investigating the coupling between benzoyltrimethylsilane (1a, 0.15 mmol) and (Z)-allylicphosphate
2a (0.15 mmol) with a combination of CuCl (10 mol %), achiral ligands (12 mol %), and NaOtBu
(10 mol %) in THF at 25 °C under blue LED photoirradiation (465 nm) over 12 h (Table 1, entries 1-
7). The employment of Cu(I) as a metal center was inspired by the ubiquitous MLCT activities of d'°
Cu(I) complexes involving m-acceptor ligands® and by successful utilizations of chiral copper(I)
complexes for enantioselective y-selective allylic substitution reactions.” While phosphine- and

pyridine-based ligands did not induce any reactivity (entries 1—3), N-heterocyclic carbene (NHC)
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ligand IMes (1,3-dimesitylimidazol-2-ylidene, as 1:1 IMes:- HCI/NaOtBu) caused complete

consumption of the acylsilane (1a), producing the y-acylation product (3aa) in 33% yield based on

'"H NMR analysis (entry 4). The low yield of 3aa was due to side reactions of the photochemically

produced siloxycarbene intermediate generating diacyl 4 and acyloin 5. Other NHC ligands
(SIMes-HCI, IPr-HCI) were also examined, but the yield did not improve (entry 5,6). The allylic

acylation product 3aa (20%) was produced even at —40 °C with complete consumption of 1a,

suggesting the generation of a highly reactive organocopper species (entry 7).

Table 1. Achiral ligand screening of photoinduced copper-catalyzed asymmetric allylic acylation.

CuCl (10 mol%)
ligand (12 mol%)

Ko+ o, o8B! *(V I G
3 OP(O)(OEY2 THF (0.6 mL) . o) OH

entry ligand temp. °C Yield of 3aa %
1 PPh3 25 0
2b DPPBz 25 0
3b dtbpy 25 0
4¢ IMes-HCI/NaOsBu 25 33
5¢ SIMes-HCI/NaOrBu 25 33
6¢ [Pr-HCl/NaOsBu 25 33
7¢ IMes-HCI/NaOsBu —40 20

OO Q \
PPh; DPPBz dtbpy

Yoot e

SIMes-HCI

IMes-HCI

“Yield determined by 'H NMR analysis. ® Conditions: 1a (0.15 mmol), 2a (0.15 mmol), CuCl (10 mol%), ligand

(12 mol%), NaO¢Bu (10 mol%), THF (0.60 mL), blue LED irradiation, 12 h. ¢ Conditions: 1a (0.15 mmol), 2a (0.15

mmol), CuCl (10 mol%), NHC-HX (12 mol%), NaOsBu (20 mol%), THF (0.60 mL), blue LED irradiation, 12 h.
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Next, various chiral NHC ligands with a (S,5)-1,2-diphenylethylenediamine backbone were
employed toward developing an enantioselective reaction (Table 2). Surprisingly, the simple C2-
symmetric N,N'-diphenyl NHC ligand (L1) gave enantioenriched 3aa with an enantiomeric excess
(ee) as high as 85% in favor of the S configuration in 51% yield (entry 1). N,N'- Dimesityl ligand L2
gave an even better chemical yield (60%) with slightly decreased enantioselection (81% ee) (entry
2). Ligand modification at one of the two N-aryl groups with the other remaining as the mesityl group
(entry 3-7) identified the o-MeO-Ph- substituted ligand (L.4) as the optimal ligand, providing
excellent enantioselectivity (98% ee) with good chemical yield (61%) (entry 4). When the more
compact ligand L8 was used, in which the mesityl group of L4 was replaced by a Ph group, the yield
and enantioselectivity were decreased (entry 8). The author also examined a chiral NHC ligand with
a phenolic hydroxyl group previously developed in the author’s laboratory (entry 9-12). The ligand
L12, which is structurally similar to L4 and has 2-hydroxyphenyl and mesityl groups on the nitrogen
atom of the imidazolium salt, also showed good yields and high stereoselectivity (entry 9). Contrary
to the results of previous studies, the phenolic hydroxyl group of the ligand was not required in this
reaction, and the acylcopper(I) complex showed high reactivity even in the neutral conditions. This
result supports the hypothesis, that photoexcitation of the copper center acquires the unusual
reactivity. The author also studied several structures of NHC ligands with phenolic hydroxyl groups,
referring to previous reports, but failed to improve yield and stereoselectivity (entry 10-12). Finally,
a quantitative yield of 3aa based on the allylic phosphate (2a) was achieved by using 2 equiv of the
acylsilane (1a) without affecting the enantioselectivity (98% ee). Diacyl 4 (0.014 mmol) and acyloin
5 (0.006 mmol) were also obtained as byproducts (entry 13). No reaction occurred without blue LED

irradiation under the same conditions leaving both substrates intact (entry 14).

Table 2. Chiral NHC ligand screening of photoinduced copper-catalyzed asymmetric allylic acylation.

CuCl (10 mol%)

0 Ph ligand (12 mol%) Q 0 o
M @ RaofBy (2 mo) P " [+ Ph)l\[(Ph+ F’“J\/Ph
Ph™ “SiMe; + OP(O)(OEt), THF (0.6 mL) S 0 OH

1a 2a blue LED irrad. (465 nm)

(0.15 mmol) (0.15 mmol) -40°C,12h 3aa 4 °
3aa
entry ligand yield, % ee, %"
1¢ L1-HBF4/NaO7Bu 51 85
2¢ L2-HBF4/NaO7Bu 60 81
3¢ L3-HBF4/NaO7Bu 60 97
4¢ L4-HBF4/NaOBu 61 98
5¢ L5-HBF4/NaOrBu 43 96
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6¢ L6-HBF4/NaOrBu 62 97

7¢ L7-HBF4+/NaOsBu 62 97
8¢ L8-HBF4+/NaOsBu 46 92
9¢ L9-HBF4+/NaOsBu 71 96
10¢ L10-HBF4/NaOrBu 64 96
11¢ L11-HBF4/NaO7Bu 37 86
12¢ L12-HBF4/NaOrBu 24 46
1394 L4-HBF4+/NaO7Bu quant (93)° 98
14f L4-HBF4+/NaOfBu N.R. -
“;; Jéc;;;d @r“gsﬁu Q(“;Fbéx
. o o oo
L5-HBF, L6-HBF, L7-HBF, L8-HBF,
”;Jﬂ C(“;J t“;ﬁ? ‘”;FT ‘

2Yield determined by 'H NMR analysis. ® Enantiomeric excess determined by chiral HPLC analysis.
¢ Conditions: 1a (0.15 mmol), 2a (0.15 mmol), CuCl (10 mol%), NHC-HX (12 mol%), NaOtBu (20
mol%), THF (0.60 mL), blue LED irradiation, 12 h. ¢ 2.0 equiv of 1a (0.30 mmol) were used. ¢ Yield
of isolated product. f Conditions: 1a (0.15 mmol), 2a (0.15 mmol), CuCl (10 mol%), NHC-HX (12
mol%), NaOtBu (20 mol%), THF (0.60 mL), No blue LED irradiation, 12 h, 25 °C

Next, the effect of silyl group on acylsilane was investigated (Table 3). When the trimethylsilyl
(TMS) group was replaced with triethylsilyl (TES) group, no significant change was observed in yield
and enantioselectivity (entry 1,2). When bulkier #-butyldimethylsilyl (TBS) and triisopropylsilyl
(TIPS) groups were used instead of TMS groups, yield of 3aa was significantly reduced, while
enantioselectivity remined high (entry 3, 4). This result suggests that the silyl group is not involved

in the enantioselectivity determination step.

The effect of solvent is also shown in Table 3. Reaction in toluene gave better yield of 3aa than in
THF (entry 5). Dichloromethane (DCM) and acetonitrile (MeCN) were ineffective in the reaction
(entry 6,7). Although the reaction proceeded with high stereoselectivity in any solvents, it was not as

good as in THF.
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Table 3. Effect of silyl group and solvents *

CuCl (10 mol%) Ph Ph

o} J
o} : % A
) @P“ NeOBU O mabk) e Ph 'y
Ph™ "SI OP(O)(OEY: Solvent (0.6 mL) | S Q/ Hhvi
2a blue LED irrad. 3aa oMe
(0.15mmol)  (0.15 mmol) -40°C,12h ('"H NMR yield, % ee) L4-HBF,
entry Si solvent yield, %" ee, %o°
1 TMS THF 61 98
2 TES THF 60 97
3 TBS THF 32 97
4 TIPS THF 0 _
5 ™S Toluene 70 97
6 T™S DCM 39 97
7 T™S MeCN 53 96

2 Conditions: acylsilane (0.15 mmol), 2a (0.15 mmol), CuCl (10 mol%), L4-HBF4 (12 mol%),
NaOtBu (20 mol%), Solvent (0.60 mL), blue LED irradiation, 12 h.® Yield determined by 'H NMR

analysis. ¢ Enantiomeric excess determined by chiral HPLC analysis.

The effect of leaving group of allylic substrate was summarized in Table 4. The use of allyl ester,
acetate or chloride as an allylic electrophile under the conditions described for entry 1, decreased both
yield and enantioselectivity (entries 2-4). The alkene configuration affected the enantioselectivity,
e.g., (E)-2a afforded (S)-3aa in 53% yield with diminished enantiomeric excess (62% ee) as was the

case for the previous report.

Table 4. Effect of leaving group *

CuCl (10 mol%) Ph Ph

o} J
ph  L4-HBF, (12 mol%) Dami
)OL E\/ NaOfBu (20 mol%)  pp, Ph N N
+ —_—_— X
Ph” > TMS ~LG  THF (06 mL) N @\/" BF.-
blue LED irrad. 3aa OMe
(0.30 mmol)  (0.15mmol) ~40°C,12h ("H NMR yield, % ee) L4-HBF,
entry allylic substrate yield, %" ee, %o¢

Ph
1 (/\O/P(O)(OEUZ quant 98
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2 (/\O/COZMe 0 B
Ph

3 CO/COMe 0 )

Ph
Cl

Ph
3 (EtO)z(O)PO\/(\/ >3 62

 Conditions: 1a (0.30 mmol), allylic substrate (0.15 mmol), CuCl (10 mol%), L4-HBF4 (12 mol%),
NaOtBu (20 mol%), THF (0.60 mL), blue LED irradiation, —40 °C, 12 h.® Yield determined by 'H

NMR analysis. ¢ Enantiomeric excess determined by chiral HPLC analysis.

With the optimal conditions in hand, the author explored the generality of the reaction with different
acylsilanes (1) and allylic phosphates (2) (Table 5). Benzoyltrimethylsilanes (1b—1e) with electron-
withdrawing or -donating substituents at the para position reacted with 2a to give the products 3ba—
3ea in high yields with excellent enantioselectivities. In particular, the p-fluorobenzoylsilane 2b
reacted with virtually perfect enantioselectivity (>99.9% ee). Various disubstituted benzoylsilanes
(1f-1h) served as suitable substrates to give the corresponding products (3fa—3ha). The protocol was
also applicable to acylsilanes with a more ex-tended m system or a heterocycle (3ia, 3ja). An
acylsilane derived from Probenecid, a uricosuric drug, participated in this reaction to afford 3ka with
90% ee. Alkanoylsilanes are known to isomerize to siloxycarbenes by energy transfer from a suitable
photocatalyst under visible light irradiation conditions.!® The author investigated the reaction of
alkanoylsilanes under the conditions with an Ir photocatalyst, but the reaction did not proceed (3la,
3ma).

The scope of allylic phosphates [(Z)-2] with a Z configuration was investigated employing 1a as a
coupling partner (Table SA). The allylic phosphate with a y-Me substituent (2b) reacted cleanly with
1a to afford a-methyl-branched ketone 3ab with 97% ee (S) in 71% yield. The S configuration of 3ab
was determined by comparing the specific rotation with the literature data'! and was used as the basis
of configuration assignment for the other a-tertiary B,y-unsaturated ketones (3). The protocol showed

a broad functional group compatibility as demonstratedby the preparation of 3ac—3ak. For instance,
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allylic phosphates bearing pivalate (2¢), p-toluenesulfonate (2d), 1,3-benzodioxole (2e), and silyl
ether (2f) groups in the aliphatic y-substituent reacted with 1a to afford the corresponding ketones
(3ac—3af) in good to high yields with excellent enantioselectivities (87-98% ee). Bromo (-Br),
trifluoromethyl (-CF3), cyano (-CN), and dimethylamino (-NMe;) substitutions were tolerated on the
aromatic ring of benzoate-substituted phosphate substrates (2g—2j). The compatibility of a cyclic
carbamate was indicated by the efficient formation of 3ak (92% yield, 93% ee). The significant
tolerance of the protocol toward steric demand was demonstrated by the synthesis of a-phenyl- or a-
cyclohexyl-branched ketones (3al, 70% yield, 95% ee; 3am, 90% yield, 99% ee).

The protocol was also applicable to the construction of quaternary asymmetric carbon centers (Table
5B). The reactions of 1a with allylic phosphate (Z)-2n having y-methyl and y-2-phenylethyl groups
occurred with exclusive y-selectivity and high enantioselectivity (85% ee), affording the
corresponding a-quaternary f,y-unsaturated ketone (3am) in 52% yield. The y-methyl-y-
prenylmethyl-substituted allylic phosphate [(Z)-20] also reacted for generating a quaternary

asymmetric center (3ao0, 47% yield, 78% ee).
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Table 5. Scope of the photoinduced copper-catalyzed asymmetric allylic acylation constructing tertiary (a)

and quaternary (b) stereogenic centers “

A CuCl (10 mol%) : Ph Ph :
R2 L4-HBF, (12 mol%) o} : : :
i . E/ NaOtBu (20 mol%) \ R2 : Ne N :
BhiaCtiel G : :
R1” “SiMe; OP(O)OEt:2  THE (0.6 mL) R 5@:"; - ;
1 2 blue LED irrad. ~ : ome :
(0.30 mmol) (0.15 mmol) 40°C.12h 3 : L4-HBF,
————— Scope of Acylsilanes —m0 — ¥ —0 - -
(0] lo) 0 (0]
N
F > cl ~ MeO S
3ba 3ca 3da nPr’ 3ea
90%, >99.9% ee 85%, 87% ee 75%, 96% ee 85%, 96% ee

(reaction over 24 h)

o 0 o
Ph Me@)‘\(\)’h OID)‘\(\/ Ph “)\(\/Ph
F < , q SORY

o
7/

MeO'
3fa 3ga 3ha 3ia
94%, 98% ee 91%, 88% ee 83%, 96% ee 73%, 90% ee
i i Ph 0 o
> Ph nEr /@)\(\/ Ph/\)‘\'(\/Ph O)A\.(Vph
NS N
\ le) & nPr //S\\ X X
3ja 00 3ka 31a® 3mab
45%, 96% ee 38%, 90% ee N.D. N.D.

from Probenecid

Scope of Allylic Phosphates
o]

o o o o
Ph Me Ph)K(\/\OPiv Ph)‘\(\/\OTs Ph)mo> Ph)k(\OTBS
N N X N o N
3ab 3ac 3ad 3ae 3af
71%, 97% ee 84%, 95% ee 97%, 98% ee 75%, 87% ee 67%, 89% ee
o o o o o o
Ph (o}
)I\/\ Jl\@\ oh o o o
R S NCbz \ \
3ag R=Br 98%, 96% ee
3ah R=CF; 96%, 96% ee 3ak 3al 3am
3ai R=CN 95%, 97% ee 92%, 93% ee 70%, 95% ee 90%, 99% ee
3aj R =NMe, 89%, 97% ee
B CuCl (10 mol%) CuCl (10 mol%)

L3-HBF4 (12 mol%) L3-HBF,4 (12 mol%

NaO?Bu (20 mol%) Ph ! Me Me NaOtBu (20 mol%)
ME\C/Ph (L3-CuOtBu 8 mol%) om0 mool%) Ph b | X (L3-CuOIBu 8 mol%) mol%) Phi
la + OP(0)(OE “Me ; a -+ Me
(O)(OEt), THF (0.6 mL) ! (0.30 mmol) THF (0.6 mL)

(0.30 mmol) blue LED irrad. blue LED irrad.
2n _fgocy 1;? 3an OP(O)OBY:  _45'ec 121 3ao
(0.15 mmol) 52% , 85% ee 20 47% , 78% ee
(0.15 mmol)

¢ Conditions: 1a—1m (0.30 mmol), 2a—20 (0.15 mmol), CuCl (10 mol%), L3-HBF4 (12 mol%),
NaO7Bu (20 mol%), THF (0.60 mL), blue LED irradiation (465 nm), 12 h. Yields of isolated products
(3) are reported. ? 2 mol% of [Ir {dFCF3ppy} 2(bpy)]PFs was added.
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Conclusion

In summary, the author developed a photoinduced copper-catalyzed asymmetric acylation of allylic
phosphates with acyl silanes. The reaction was promoted by a copper(I)/chiral NHC catalyst under
visible light irradiation, affording a-stereogenic p,y-unsaturated ketones with excellent
enantioselectivity. Unlike copper-catalyzed asymmetric allylic substitution reactions previously
reported, this reaction does not require a phenolic hydroxyl group on the chiral NHC ligand. Based
on these results, the author assumes that the acylcopper(I) intermediate formed in situ is converted
into a highly active species by MLCT photoexcitation, and further mechanistic investigations are

discussed in Chapter 2.
Experimental Section

Instrumentation and Chemicals

NMR spectra were recorded on a JEOL ECX-400, operating at 400 MHz for 'H NMR, 101 MHz
for *C NMR. Chemical shift values for 'H NMR and '3C NMR are referenced to MesSi (0.00 ppm
for 'H NMR) and CDClI3 (77.0 ppm for '*C NMR). Chemical shifts are reported in § ppm. High-
resolution mass spectra were recorded at the Instrumental Analysis Division, Global Facility Center,
Creative Research Institution, Hokkaido University (Thermo Fisher Scientific Exactive or JEOL
JMS-T100LP for ESI-MS) and the GC-MS & NMR Laboratory, Research Faculty of Agriculture,
Hokkaido University (JEOL JMS-T100GCv for FD-MS). HPLC analyses were conducted on a
HITACHI ELITE LaChrom system with a HITACHI L-2455 diode array detector. Optical rotations
were measured on a JASCO P-2200. TLC analyses were performed on commercial glass plates
bearing 0.25-mm layer of Merck Silica gel 60Fs4. Silica gel (Kanto Chemical Co., Silica gel 60 N,
spherical, neutral) was used for column chromatography. IR spectra were measured with a
PerkinElmer Frontier instrument.

All reactions were carried out under nitrogen or argon atmosphere. Materials were obtained from
commercial suppliers or prepared according to standard procedures unless otherwise noted. CuCl was
purchased from Aldrich Chemical Co., stored under nitrogen, and used as received. THF was
purchased from Kanto Chemical Co., and purified by passing through activated alumina under
positive argon pressure as described by Grubbs et al.!> NaO7Bu was purchased from TCI Chemical

Co., stored under nitrogen, and used as received.
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Preparation of Substrates and Ligands

Substrates
0

(0] (0] (0]
@SiMea /@J\SiMea /©)‘\SiMe3 /@*SiMes
F cl MeO
1a 1b 1c

1d
o)
0 o) 0
SiMe
° FD)\SNGS SiMe, <OI>)\snvle3
. MeO (0]
nPr"
1e 1f 1g 1h
o} 0 o )
OQ SiMes \\o SiMes o /\)I\SiMes O)J\snweg
1i 1j 1l im
| Ph IMe | OPiv C/\OTS
OP(O)(OEt), OP(O)(OEt), OP(O)(OEt), OP(O)(OEY),
2b 2c 2d
0
Gt 700, OO0,
OP(O)(OEt), Br
OP(O)(OEt),
OP(O)(OEt), O)(OEt),
2e 2f 2¢g 2h
0
*O QAR *C
N,Me NCbz
0)(OEt), OP(O)(OEt), Me 0)(OEt),
2i 2j 2k
M M
Me e | A e
| Ph Me
| OP(O)(OEt),
O)(OEt), OP(O)(OEY), OP(O)(OEt),
2m 2n 20

Figure 1. Substrates utilized in this work.
Acylsilanes 1a-11"47¢1013 and allylic phosphates 2a-20°'4

literature methods.
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Ligands
The preparation of the chiral NHC ligands was previously reported.>!# See the section for reaction

optimization for the variants of this ligand system.

Synthesis of Acylsilane 1k

O o}

[(N®-C4Hs)PACll, (5 mol%)

P(OEt)5 (10 mol% ;
nPr /©)LCI + MesSi—SiMes (OEt)3 ( o) . nPr O)\SlMes
’N\S toluene, 110 °C ’N\S

7N, nPr 7N,
o0 00

nPr

Acylsilane 1k were prepared according to reported literature.!*® Acid chloride (304 mg, 10.0 mmol)
was added in dropwise to a stirred solution of allylpalladium chloride dimer (183 mg, 0.50 mmol, 5
mol%), triethyl phosphite (166 mg, 1.0 mmol, 10 mol%), and hexamethyldisilane (2.4 g, 16.5 mmol,
1.65 equiv) in toluene (6 mL) at 0 °C. This mixture was stirred overnight at 110 °C in an oil bath.
After cooling to room temperature, the reaction was transferred to eggplant flask and concentrated
under reduced pressure. The product was isolated by silica gel column chromatography with
hexane/CH>Cl; (50:50) as yellow oil (511 mg, 1.5 mmol, 15% yield).

N,N-dipropyl-4-((trimethylsilyl)carbonyl)benzenesulfonamide (1k)
0

nPr /©)\SiMe3
/N;/,S‘eo
TH NMR (400 MHz, CDCl;):  7.92 (s, 4H), 3.11 (t, J = 7.8 Hz, 4H), 1.62-1.51 (m, 4H), 0.88 (t, J =
7.4 Hz, 6H), 0.39 (s, 9H); 13C NMR (101 MHz, CDCl,): § 235.4, 143.4, 143.2, 127.7 (2C), 127.4
(2C), 49.9 (2C), 21.9 (2C), 11.1 (2C), —1.6 (3C); IR (ATR): 2966, 2877, 1617, 1589, 1561, 1467,
1394, 1341, 1291, 1251, 1198, 1173, 1155, 1088, 1041, 991, 937, 838, 797, 776, 743, 701, 677 cm™
I, HRMS (ESI) m/z : [M+Na]" Calcd for CisH27NNaO3SSi 364.13786, found 364.13673.

nPr
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Reaction Setup

Reaction vials were irradiated with a photo-reactor Kessil A 160 WE Tuna Blue 40W (Amax = 465
nm) in the constant temperature bath filled with 2-propanol. Blue LED lamp was placed at a distance
of 5 cm diagonally above the reaction vials to allow all vials to be evenly exposed to light. The entire
reaction apparatus was covered with aluminum foil (Figure 2). (Note: Longer distances between the

LED lamp and the reaction vials, for example 15 cm, resulted in the lower product yield.)

Figure 2. Photoreaction Setup.

Substrate Scope

General Procedure for the Cu-Catalyzed Asymmetric Allylic Acylation Reaction.

In a N»-filled glove box, CuCl (1.5 mg, 0.015 mmol), L3-HBF4 (9.6 mg, 0.018 mmol), and
NaOBu (2.9 mg, 0.030 mmol) were placed in a vial containing a magnetic stirring bar. THF (0.6 mL)
was added to the vial, which was sealed with a cap and was removed from the glove box. The mixture
was stirred at room temperature for 10 min. Next, allylic phosphate 2 (0.15 mmol) and acylsilane 1
(0.30 mmol) were added via a syringe. After 12 h stirring at —40 °C under blue LED irradiation, the
reaction mixture was diluted with Et;O and filtered through a pad of silica gel (eluting with Et;0O).
The volatiles were removed under vacuum, and then an internal standard (dibenzyl) was added to
determine the "H NMR yield. The crude product was purified by silica gel column chromatography.
Enantiomeric excess of the products was determined by HPLC analysis with a chiral stationary phase

column.
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(5)-2-Phenethyl-1-phenylbut-3-en-1-one (3aa)

o

Ph
Ph
X

The product was isolated by silica gel column chromatography with hexane/EtOAc (99:1 to 90:10)
as a colorless oil (34.9 mg, 0.14 mmol, 93% yield). The ee value (98% ee) was determined by HPLC
analysis [CHIRALCEL® IA-3 column, 4.6 mm x 250 mm, Daicel Chemical Industries, hexane/2-
propanol 99.0:1.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 7.4 min for the S isomer
and 8.3 min for the R isomer]. "TH NMR (400 MHz, CDCls): J 7.88 (d, J = 6.8 Hz, 2H), 7.55 (t, J =
7.2 Hz, 1H), 7.43 (t, J = 7.6 Hz, 2H), 7.30-7.23 (m, 2H), 7.22-7.15 (m, 3H), 5.98-5.88 (m, 1H),
5.22-5.16 (m, 2H), 4.04 (q, J = 7.2 Hz, 1H), 2.72-2.59 (m, 2H), 2.28-2.18 (m, 1H), 1.98-1.89 (m,
1H); 3C NMR (101 MHz, CDCl3): § 200.7, 141.5, 136.8, 136.5, 133.0, 128.6 (4C), 128.44 (20),
128.39 (2C), 126.0, 118.1, 50.7, 33.4, 33.2; IR (ATR): 3062, 3027, 2929, 2859, 1679, 1634, 1597,
1497, 1448, 1337, 1221, 1179, 1075, 1029, 993, 971, 920, 847, 749, 697 cm™!; HRMS (ESI) m/z :
[M+Na]* Calcd for C1sHisNaO 273.12553, found 273.12499; [a]3® = +60.9 (¢ = 1.0, CHCI).

(8)-1-(4-Fluorophenyl)-2-phenethylbut-3-en-1-one (3ba)

o

@W‘
E X

The product was isolated by silica gel column chromatography with hexane/EtOAc (99:1 to 90:10)
as a colorless oil (36.2 mg, 0.14 mmol, 90% yield). The ee value (>99.9% ee) was determined by
HPLC analysis [CHIRALCEL® OD-3 column, 4.6 mm x 250 mm, Daicel Chemical Industries,
hexane/2-propanol 99.0:1.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 8.5 min for
the S isomer and 9.6 min for the R isomer]. 'H NMR (400 MHz, CDCls): 6 7.92-7.87 (m, 2H), 7.31—
7.25 (m, 2H), 7.22-7.14 (m, 3H), 7.09 (t, J = 8.4 Hz, 2H), 5.96-5.86 (m, 1H), 5.23-5.16 (m, 2H),
3.97 (q,J= 7.6 Hz, 1H), 2.72-2.59 (m, 2H), 2.27-2.18 (m, 1H), 1.98-1.89 (m, 1H); 13C NMR (101
MHz, CDCl3): 0 199.0, 165.7 (d, J = 255 Hz), 141.4, 136.6, 132.8, 131.1 (d, J = 10 Hz, 2C), 128.6
(20), 128.4 (20), 126.0, 118.2, 115.6 (d, J = 22 Hz, 2C), 50.6, 33.4, 33.1; IR (ATR): 3064, 3027,
2929, 2850, 1681, 1634, 1597, 1506, 1458, 1408, 1335, 1297, 1224, 1155, 1100, 1030, 994, 971, 921,
845, 747, 699, 641 cm™!'; HRMS (ESI) m/z : [M+Na]" Calcd for CisHi7FNaO 201.11611, found
291.11556. [a]%® = +52.9 (¢ = 1.0, CHCL3).
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(S)-1-(4-Chlorophenyl)-2-phenethylbut-3-en-1-one (3ca) '3

)

/@)K(\/Ph
cl A

The product was isolated by silica gel column chromatography with hexane/EtOAc (99:1 to 90:10)
as yellow solids (36.3 mg, 0.13 mmol, 85% yield). The ee value (87% ee) was determined by chiral
HPLC analysis [CHIRALCEL® OD-3 column, 4.6 mm x 250 mm, Daicel Chemical Industries,
hexane/2-propanol 99.0:1.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 9.2 min for
the R isomer and 10.3 min for the S isomer]. 'TH NMR (400 MHz, CDCl3): 6 7.79 (d, J= 8.8 Hz, 2H),
7.39 (d, J= 8.0 Hz, 2H), 7.31-7.28 (m, 2H), 7.22-7.19 (m, 1H), 7.15 (d, /= 7.2 Hz, 2H), 5.95-5.85
(m, 1H), 5.23-5.16 (m, 2H), 3.96 (q, J = 7.6 Hz, 1H), 2.72-2.59 (m, 2H), 2.26-2.16 (m, 1H), 1.96—
1.88 (m, 1H); 13C NMR (101 MHz, CDCl3): § 199.4, 141.3, 139.5, 136.4, 134.7, 129.9 (2C), 128.8
(2C), 128.6 (2C), 128.4 (2C), 126.0, 118.4, 50.6,33.3, 33.0; [a]%® = +36.8 (c=1.0, CHCl;). Spectral

data match those reported in the literature.!®

(5)-1-(4-Methoxyphenyl)-2-phenethylbut-3-en-1-one (3da)

0]

joned
MeO X

The product was isolated by silica gel column chromatography with hexane/EtOAc (99:1 to 90:10)
as white solids (29.4 mg, 0.11 mmol, 75% yield). The ee value (96% ee) was determined by HPLC
analysis [CHIRALCEL® IA-3 column, 4.6 mm x 250 mm, Daicel Chemical Industries, hexane/2-
propanol 99.0:1.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 14.4 min for the R
isomer and 19.1 min for the S isomer]. '"H NMR (400 MHz, CDCl5): 6 7.87 (d, J = 8.8 Hz, 2H), 7.30—
7.26 (m, 2H), 7.22-7.14 (m, 3H), 6.90 (d, J = 7.2 Hz, 2H), 5.97-5.88 (m, 1H), 5.20-5.15 (m, 2H),
3.99 (q,J=7.6 Hz, 1H), 3.87 (s, 3H), 2.67-2.58 (m, 2H), 2.24-2.18 (m, 1H), 1.97-1.87 (m, 1H); 13C
NMR (101 MHz, CDCL): 6 199.2, 163.4, 141.6, 137.1, 130.7 (2C), 129.5, 128.6 (2C), 128.4 (2C),
1259, 117.7, 113.7 (2C), 55.4, 50.3, 33.5, 33.2; IR (ATR): 3065, 3020, 2951, 2926, 2863, 2837,
2047, 1663, 1632, 1600, 1573, 1509, 1494, 1459, 1436, 1423, 1346, 1317, 1263, 1209, 1176, 1027,
988, 923, 859, 843, 820, 766, 741, 697, 640 cm™'; HRMS (ESI) m/z : [M+Na]" Calcd for C19H20NaO»
303.13610, found 303.13555; [a]3® = +31.3 (c = 1.0, CHCL).
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(S)-2-Phenethyl-1-(4-(trans-4-propylcyclohexyl)phenyl)but-3-en-1-one (3ea)

O
Ph

nPr*'

The product was isolated by silica gel column chromatography with hexane/EtOAc (99:1 to 90:10)
as white solids (47.8 mg, 0.13 mmol, 85% yield). The ee value (96% ee) was determined by HPLC
analysis [CHIRALCEL® IG-3 column, 4.6 mm x 250 mm, Daicel Chemical Industries, hexane/2-
propanol 99.0:1.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 16.0 min for the S isomer
and 24.2 min for the R isomer]. "TH NMR (400 MHz, CDCls): 6 7.81 (d, J = 8.4 Hz, 2H), 7.30-7.22
(m, 4H), 7.21-7.13 (m, 3H), 5.99-5.87 (m, 1H), 5.20-5.15 (m, 2H), 4.03 (q, J = 7.6 Hz, 1H), 2.71-
2.48 (m, 3H), 2.27-2.16 (m, 1H), 1.97-1.83 (m, 4H), 1.50-1.18 (m, 8H), 1.12-0.99 (m, 2H), 0.90 (t,
J=17.2 Hz, 3H); 3C NMR (101 MHz, CDCl3): 6 200.2, 153.6, 141.6, 137.0, 134.3, 128.6 (2C), 128.5
(20), 128.3 (2C), 127.0 (2C), 125.9, 117.8, 50.6, 44.7, 39.6, 33.9 (2C), 33.5, 33.3 (3C), 33.2, 20.0,
14.4; IR (ATR): 3031, 2953, 2923, 2850, 1670, 1629, 1603, 1569, 1497, 1449, 1417, 1361, 1295,
1256, 1209, 1183, 994, 921, 849, 834, 744, 700, 673 cm™'; HRMS (ESI) m/z : [M+Na]" Calcd for
C27H34Na0 397.25074, found 397.25019; [a]3® = +25.9 (c = 1.0, CHCL).

(5)-1-(3-Fluoro-4-methoxyphenyl)-2-phenethylbut-3-en-1-one (3fa)

0]

MeO A

The product was isolated by silica gel column chromatography with hexane/EtOAc (98:2 to 80:20)
as white solids (44.1 mg, 0.14 mmol, 94% yield). The ee value (98% ee) was determined by HPLC
analysis [CHIRALCEL® IG-3 column, 4.6 mm x 250 mm, Daicel Chemical Industries, hexane/2-
propanol 97.0:3.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 14.0 min for the S isomer
and 19.1 min for the R isomer]. "H NMR (400 MHz, CDCl3): 6 7.68-7.60 (m, 2H), 7.31-7.27 (m,
2H), 7.24-7.14 (m, 3H), 6.95 (t, J = 8.6 Hz, 1H), 5.96-5.82 (m, 1H), 5.22-5.13 (m, 2H), 3.97-3.89
(m, 4H), 2.69-2.57 (m, 2H), 2.27-2.16 (m, 1H), 1.97-1.87 (m, 1H); ¥C NMR (101 MHz, CDCl3): ¢
198.3,151.9 (d, /=248 Hz), 151.8 (d, /=12 Hz), 141.4, 136.8, 129.7, 128.5 (2C), 128.4 (2C), 126.0,
125.7(d,J=3 Hz), 118.1, 116.1 (d,J=19 Hz), 112.2, 56.2, 50.3, 33.4, 33.1; IR (ATR): 2954, 1672,
1610, 1578, 1519, 1434, 1329, 1285, 1223, 1136, 1025, 991, 925, 817, 791, 764, 738, 698, 645 cm™
I HRMS (ESI) m/z : [M+Na]* Calcd for C19H19FNaO; 321.12668, found 321.12613; [a]3® = +37.7
(c=1.0, CHCL).
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(5)-1-(4-Fluoro-3-methylphenyl)-2-phenethylbut-3-en-1-one (3ga)

0]

Mem/Ph
F X

The product was isolated by silica gel column chromatography with hexane/EtOAc (99:1 to 90:10)
as colorless oil (38.5 mg, 0.14 mmol, 91% yield). The ee value (88% ee) was determined by HPLC
analysis [CHIRALCEL® OJ-H column, 4.6 mm % 250 mm, Daicel Chemical Industries, hexane/2-
propanol 99.0:1.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 12.9 min for the S isomer
and 14.9 min for the R isomer]. "H NMR (400 MHz, CDCl3): 6 7.72-7.68 (m, 2H), 7.31-7.26 (m,
2H), 7.22-7.17 (m, 1H), 7.16 (d, J= 6.8 Hz, 2H), 7.02 (t, J = 8.6 Hz, 1H), 5.97-5.87 (m, 1H), 5.22—
5.15 (m, 2H), 3.97 (q, J = 7.6 Hz, 1H), 2.72-2.58 (m, 2H), 2.28 (s, 3H), 2.26-2.15 (m, 1H), 1.97—
1.87 (m, 1H); 3C NMR (101 MHz, CDCl3): 6 199.4, 164.3 (d, J =254 Hz), 141.4, 136.7, 132.5 (d,
J =3 Hz), 132.3 (d, /=7 Hz), 128.6 (2C), 128.4 (2C), 128.3, 126.0, 125.3 (d, J = 17 Hz), 118.1,
115.2 (d, J= 23 Hz), 50.4, 33.5, 33.1, 14.6 (d, J = 3 Hz); IR (ATR): 3063, 3027, 2928, 2850, 1680,
1634, 1609, 1587, 1497, 1455, 1337, 1281, 1247, 1146, 1113, 993, 918, 826, 754, 699, 646, 622 cm™
I HRMS (ESI) m/z : [M+Na]* Calcd for C19H1oFNaO 305.13176, found 305.13121; [a]3® = +36.4
(c=1.0, CHCL).

(8)-1-(Benzo|[d][1,3]dioxol-5-yl)-2-phenethylbut-3-en-1-one (3ha)

O
$ «

The product was isolated by silica gel column chromatography with hexane/EtOAc (98:2 to 80:20)
as pale yellow solids (36.6 mg, 0.12 mmol, 83% yield). The ee value (96% ee) was determined by
HPLC analysis [CHIRALCEL® IG-3 column, 4.6 mm x 250 mm, Daicel Chemical Industries,
hexane/2-propanol 97.0:3.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 15.2 min for
the S isomer and 20.2 min for the R isomer]. "H NMR (400 MHz, CDCls): 6 7.46 (dd, J = 8.0, 1.6
Hz, 1H), 7.38 (d, J = 2.0 Hz, 1H), 7.31-7.25 (m, 2H), 7.20 (d, J = 7.6 Hz, 1H), 7.15 (d, J = 6.8 Hz,
2H), 6.81 (d, J = 8.0 Hz, 1H), 6.03 (s, 2H), 5.96-5.86 (m, 1H), 5.21-5.14 (m, 2H), 3.94 (q, J= 7.6
Hz, 1H), 2.70-2.56 (m, 2H), 2.26-2.14 (m, 1H), 1.97-1.86 (m, 1H); 13C NMR (101 MHz, CDCl5):
0198.7,151.7, 148.2, 141.5, 137.0, 131.3, 128.6 (2C), 128.4 (2C), 126.0, 124.7, 117.8, 108.3, 107.8,
101.8, 50.4, 33.6, 33.1; IR (ATR): 3084, 3028, 2912, 1714, 1672, 1657, 1634, 1603, 1502, 1487,
1440, 1355, 1329, 1248, 1158, 1106, 1037, 991, 936, 923, 892, 835, 806, 796, 757, 740, 720, 697,
666. cm!'; HRMS (ESI) m/z : [M+Na]" Caled for CioH1sNaOs 317.11536, found 317.11482;
[a]%® = +35.7 (¢ = 1.0, CHCL).
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(8)-1-(Naphthalen-2-yl)-2-phenethylbut-3-en-1-one (3ia)

o

Ph
SORE

The product was isolated by silica gel column chromatography with hexane/EtOAc (99:1 to 90:10)
as pale yellow solids (32.9 mg, 0.11 mmol, 73% yield). The ee value (90% ee) was determined by
HPLC analysis [CHIRALCEL® OD-3 column, 4.6 mm x 250 mm, Daicel Chemical Industries,
hexane/2-propanol 99.0:1.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 12.7 min for
the R isomer and 14.2 min for the S isomer]. 'TH NMR (400 MHz, CDCls): § 8.31 (s, 1H), 7.97 (dd,
J=28.4,14Hz, 1H), 7.91-7.85 (m, 3H), 7.62-7.51 (m, 2H), 7.31 (t, /= 7.0 Hz, 2H), 7.26-7.17 (m,
3H), 6.06-5.94 (m, 1H), 5.30-5.21 (m, 2H), 4.20 (q, J = 7.5 Hz, 1H), 2.79-2.62 (m, 2H), 2.47-2.24
(m, 1H), 2.06-1.93 (m, 1H); 3C NMR (101 MHz, CDCl3): 6 200.7, 141.5, 136.8, 135.5, 133.7, 132 .4,
130.1, 129.6, 128.6 (2C), 128.4 (4C), 127.7, 126.6, 126.0, 124.2, 118.1, 50.5, 33.6, 33.1; IR (ATR):
3059, 3027, 2920, 2862, 2162, 1958, 1716, 1674, 1624, 1593, 1494, 1460, 1438, 1413, 1385, 1366,
1297, 1273, 1257, 1169, 1129, 1155, 1026, 992, 966, 923, 864, 822, 784, 758, 698, 650 cm™'; HRMS
(ESI) m/z : [M+Na]" Caled for C22H2NaO 323.14118, found 323.14064; [a]3® = +7.1 (¢ = 1.0,
CHCL).

(8)-1-(Furan-2-yl)-2-phenethylbut-3-en-1-one (3ja)

0]

Ph
S

\_0 .

The product was isolated by silica gel column chromatography with hexane/EtOAc (90:10 to
80:20) as a red brown oil (16.2 mg, 0.07 mmol, 45% yield). The ee value (96% ee) was determined
by HPLC analysis [CHIRALCEL® IG-3 column, 4.6 mm % 250 mm, Daicel Chemical Industries,
hexane/2-propanol 99.0:1.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 22.8 min for
the S isomer and 25.7 min for the R isomer]. "TH NMR (400 MHz, CDCls): 6 7.57 (s, 1H), 7.29-7.26
(m, 2H), 7.21-7.11 (m, 4H), 6.52-6.50 (m, 1H), 5.94-5.85 (m, 1H), 5.23-5.18 (m, 2H), 3.81 (q, J =
7.6 Hz, 1H), 2.71-2.58 (m, 2H), 2.27-2.16 (m, 1H), 1.99-1.87 (m, 1H); *C NMR (101 MHz,
CDCl3): 0 189.5, 152.2,146.6, 141.5, 136.2, 128.5 (2C), 128.4 (2C), 125.9, 118.2,117.8, 112.2, 51.7,
33.1, 33.0; IR (ATR): 3133, 3085, 3027, 2929, 2860, 1671, 1634, 1603, 1565, 1413, 1393, 1336,
1276, 1250, 1227, 1085, 1014, 994, 977, 920, 883, 829, 812, 759, 698, 650, 607 cm™'; HRMS (ESI)
m/z : [M+Na]* Calcd for C16H1sNaO2 263.10480, found 263.10425; [a]3® = +54.4 (¢ = 0.7, CHCl).
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(5)-4-(2-phenethylbut-3-enoyl)-N,V-dipropylbenzenesulfonamide (3ka)
0

o O)‘\(\/Ph
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oo
The product was isolated by silica gel column chromatography with hexane/EtOAc (98:2 to 80:20)
as colorless oil (23.8 mg, 0.06 mmol, 38% yield). The ee value (90% ee) was determined by HPLC
analysis [CHIRALCEL® IE-3 column, 4.6 mm x 291 mm, Daicel Chemical Industries, hexane/2-
propanol 90.0:10.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 16.5 min for the S
isomer and 19.4 min for the R isomer]. 'TH NMR (400 MHz, CDCls): § 7.94 (d, J= 8.0 Hz, 2H), 7.84
(d, J=8.4 Hz, 2H), 7.29 (t, /= 7.4 Hz, 2H), 7.23-7.14 (m, 3H), 5.96-5.86 (m, 1H), 5.26-5.18 (m,
2H), 4.00 (q, J = 7.6 Hz, 1H), 3.09 (t, J= 7.8 Hz, 4H), 2.74-2.59 (m, 2H), 2.27-2.16 (m, 1H), 2.01-
1.90 (m, 1H), 1.62-1.49 (m, 4H), 0.87 (t, J = 7.4 Hz, 6H); 13C NMR (101 MHz, CDCI3): § 199.6,
144.0, 141.1, 139.2, 136.0, 128.9 (2C), 128.5 (2C), 128.4 (2C), 127.2 (2C), 126.1, 115.8, 51.0, 49.9
(20), 33.2, 33.0, 22.0 (2C), 11.1 (2C); IR (ATR): 3027, 2935, 2876, 1723, 1686, 1634, 1596, 1570,
1497, 1456, 1398, 1341, 1272, 1216, 1156, 1108, 1089, 991, 924, 855, 797, 748, 700, 667 cm™!;
HRMS (ESI) m/z : [M+Na]" Calcd for C2sH3 NNaO;3S 436.19223, found 436.19057; [a]3® = +15.4
(c=1.0, CHCL).

(S)-2-Methyl-1-phenylbut-3-en-1-one (3ab) !!

o

M
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The product was isolated by silica gel column chromatography with hexane/EtOAc (99:1 to 90:10)
as a colorless oil (17.1 mg, 0.11 mmol, 71% yield). The ee value (97% ee) was determined by HPLC
analysis [CHIRALCEL® OJ-H column, 4.6 mm % 250 mm, Daicel Chemical Industries, hexane/2-
propanol 99.0:1.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 7.4 min for the R isomer
and 7.8 min for the S isomer]. "H NMR (400 MHz, CDCls): § 7.98 (d, J = 6.8 Hz, 2H), 7.56 (t, J =
7.4 Hz, 1H), 7.48 (t,J=7.6 Hz, 2H), 6.04-5.95 (m, 1H), 5.18 (d, J=17.2 Hz, 1H), 5.14 (dd, /= 10.8
Hz, 1H), 4.18 (quin, J = 6.8 Hz, 1H), 1.34 (d, /= 6.8 Hz, 3H); 13*C NMR (101 MHz, CDCl;): § 201.2,
138.1, 136.3, 133.0, 128.6 (2C), 128.5 (2C), 116.5, 45.6, 17.0; [a]3® = +50.2 (¢ = 1.0, CHCL3).

Spectral data match those reported in the literature.!!
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(5)-4-Benzoylhex-5-en-1-yl Pivalate (3ac)
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The product was isolated by silica gel column chromatography with hexane/EtOAc (99:1 to 90:10)
as a colorless oil (36.3 mg, 0.13 mmol, 84% yield). The ee value (95% ee) was determined by chiral
HPLC analysis [CHIRALCEL® IE-3 column, 4.6 mm X 250 mm, Daicel Chemical Industries,
hexane/2-propanol 97.0:3.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 9.3 min for
the R isomer and 10.1 min for the S isomer]. 'TH NMR (400 MHz, CDCl3): 6 7.97 (d, J= 6.8 Hz, 2H),
7.57 (t,J=7.4 Hz, 1H), 7.47 (t, J= 7.6 Hz, 2H), 5.94-5.84 (m, 1H), 5.23-5.17 (m, 2H), 4.09—4.03
(m, 3H), 1.99-1.90 (m, 1H), 1.74-1.64 (m, 3H), 1.18 (s, 9H); 13C NMR (101 MHz, CDCls): 6 200.5,
178.6, 136.6, 136.5, 133.1, 128.6 (2C), 128.4 (2C), 118.2, 63.8, 51.1, 38.7, 28.1, 27.2 (3C), 26.3; IR
(ATR): 3053, 2959, 2873, 1724, 1683, 1635, 1597, 1542, 1480, 1448, 1398, 1365, 1343, 1283, 1209,
1152, 1075, 1036, 992, 917, 843, 771, 701, 687, 646 cm™!; HRMS (ESI) m/z : [M+Na]* Caled for
C1sH24NaO3 311.16231, found 311.16152; [a]3® = +60.9 (c = 1.0, CHCL).

(5)-4-Benzoylhex-5-en-1-yl 4-methylbenzenesulfonate (3ad)
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The product was isolated by silica gel column chromatography with hexane/EtOAc (85:15 to
70:30) as a dark brown oil (52.2 mg, 0.15 mmol, 97% yield). The ee value (98% ee) was determined
by HPLC analysis [CHIRALCEL® OZ-H column, 4.6 mm X 250 mm, Daicel Chemical Industries,
hexane/2-propanol 85.0:15.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 14.8 min for
the R isomer and 16.0 min for the S isomer]. 'TH NMR (400 MHz, CDCl3): 6 7.94 (d, J= 7.2 Hz, 2H),
7.77 (d, J= 8.0 Hz, 2H), 7.57 (t, J = 7.2 Hz, 1H), 7.46 (t, J = 7.8 Hz, 2H), 7.33 (d, J = 8.4 Hz, 2H),
5.86-5.76 (m, 1H), 5.18-5.14 (m, 2H), 4.06-3.99 (m, 3H), 2.44 (s, 3H), 1.92-1.84 (m, 1H), 1.73—
1.62 (m, 3H); 3C NMR (101 MHz, CDCl3): 6 200.1, 144.7, 136.2, 133.2, 132.9, 129.8 (2C), 129.1,
128.6 (2C), 128.4 (2C), 127.8 (2C), 118.4, 70.1, 50.7, 27.5, 26.4, 21.6; IR (ATR): 3065, 2958, 1682,
1635, 1597, 1579, 1495, 1448, 1355, 1307, 1291, 1275, 1218, 1189, 1173, 1120, 1097, 1019, 1000,
963, 926, 814, 792, 768, 730, 702, 687, 661 cm™!; HRMS (ESI) m/z : [M+Na]* Calcd for
C20H22NaO4S 381.11365, found 381.11271; [a]%® = +50.3 (c = 1.0, CHCl5).
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(8)-2-(Benzo|[d][1,3]dioxol-5-ylmethyl)-1-phenylbut-3-en-1-one (3ae)

0]
O,
Ph
gqes

The product was isolated by silica gel column chromatography with hexane/EtOAc (99:1 to 90:10)
as colorless oil (31.5 mg, 0.11 mmol, 75% yield). The ee value (87% ee) was determined by HPLC
analysis [CHIRALCEL® IE-3 column, 4.6 mm x 250 mm, Daicel Chemical Industries, hexane/2-
propanol 97.0:3.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 13.6 min for the R
isomer and 15.8 min for the S isomer]. 'H NMR (400 MHz, CDCl3): 6 7.92 (d, J = 6.8 Hz, 2H), 7.54
(t,J=7.4 Hz, 1H), 7.44 (t, J = 7.8 Hz, 2H), 6.70-6.67 (m, 2H), 6.65-6.62 (m, 1H), 5.96-5.88 (m,
3H), 5.16-5.07 (m, 2H), 4.30 (q, J = 7.6 Hz, 1H), 3.19 (dd, J = 13.6, 6.8 Hz, 1H), 2.83 (dd, J = 13.6,
7.2 Hz, 1H); 13C NMR (101 MHz, CDCl3): 6 200.2, 147.4, 145.9, 136.6, 136.3, 133.1, 133.0, 128.6
(20), 128.4 (2C), 122.1, 118.3, 109.6, 108.1, 100.8, 53.8, 37.8; IR (ATR): 3062, 2892, 2777, 1851,
1679, 1634, 1597, 1580, 1502, 1488, 1444, 1346, 1243, 1222, 1188, 1122, 1097, 1037, 1001, 991,
924, 854, 801, 775, 758, 701, 686, 667 cm™'; HRMS (ESI) m/z : [M+Na]" Calcd for CisHisNaOs3
303.09971, found 303.09895. [a]3® = +39.6 (¢ = 0.9, CHCL;).

(R)-2-(((tert-Butyldimethylsilyl)oxy)methyl)-1-phenylbut-3-en-1-one (3af)
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The product was isolated by silica gel column chromatography with hexane/EtOAc (99:1 to 90:10)
as a colorless oil (29.2 mg, 0.10 mmol, 67% yield). The ee value (89% ee) was determined by HPLC
analysis [CHIRALCEL® OD-3 column, 4.6 mm x 250 mm, Daicel Chemical Industries, hexane/2-
propanol 99.0:1.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 7.8 min for the S isomer
and 8.3 min for the R isomer]. "TH NMR (400 MHz, CDCl): 6 7.98 (d, J = 7.2 Hz, 2H), 7.55 (t, J =
7.4 Hz, 1H), 7.46 (t,J= 7.4 Hz, 2H), 5.94-5.85 (m, 1H), 5.24-5.18 (m, 2H), 4.36 (q, /= 7.6 Hz, 1H),
4.08 (t,J=9.6 Hz, 1H), 3.77 (dd, J = 9.6 Hz, 6.0 Hz, 1H), 0.80 (s, 9H), 0.02 (s, 3H), —0.03 (s, 3H);
I3C NMR (101 MHz, CDCl3): 6 200.5, 137.4, 134.0, 132.9, 128.5 (2C), 128.4 (2C), 118.8, 64.9, 54 4,
25.7 (30), 18.2, =5.52, =5.56; IR (ATR): 3066, 2954, 2929, 2885, 2857, 1683, 1636, 1598, 1581,
1472, 1464, 1448, 1413, 1377, 1361, 1345, 1252, 1211, 1180, 1097, 1029, 1002, 965, 923, 875, 834,
775, 702, 686, 670 cm™'; HRMS (ESI) m/z : [M+Na]" Calcd for C17H26Na0,Si 313.15998, found
313.15931; [a]%® = +40.5 (¢ = 1.0, CHCl).
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(8)-4-Benzoylhex-5-en-1-yl 4-bromobenzoate (3ag)
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The product was isolated by silica gel column chromatography with hexane/EtOAc (98:2 to 80:20)
as a colorless oil (56.7 mg, 0.15 mmol, 98% yield). The ee value (96% ee) was determined by HPLC
analysis [CHIRALCEL® IE-3 column, 4.6 mm x 250 mm, Daicel Chemical Industries, hexane/2-
propanol 97.0:3.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 18.9 min for the R
isomer and 20.2 min for the S isomer]. '"H NMR (400 MHz, CDCl3): 6 7.95 (d, J= 7.6 Hz, 2H), 7.84
(d, J= 8.8 Hz, 2H), 7.54-7.52 (m, 3H), 7.42 (t, J = 7.4 Hz, 2H), 5.93-5.83 (m, 1H), 5.22-5.16 (m,
2H), 4.31 (t, J = 6.2 Hz, 2H), 4.09 (q, J = 6.4 Hz, 1H), 2.09-1.92 (m, 1H), 1.89-1.71 (m, 3H); 13C
NMR (101 MHz, CDCl): ¢ 200.3, 165.8, 136.5, 136.4, 133.1, 131.6 (2C), 131.0 (2C), 129.1, 128.6
(20),128.4(2C), 127.9,118.3,64.8,51.1,28.2,26.3; IR (ATR): 2975, 2864, 1720, 1684, 1635, 1591,
1484, 1448, 1398, 1382, 1350, 1174, 1151, 1114, 1103, 1012, 1001, 920, 846, 757, 702, 685 cm!;
HRMS (ESI) m/z : [M+Na]* Calcd for C20H19BrNaOs 409.04153, found 409.04109; [a]35 = +49.5
(c=1.0, CHCL).

(8)-4-Benzoylhex-5-en-1-yl 4-(trifluoromethyl)benzoate (3ah)
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The product was isolated by silica gel column chromatography with hexane/EtOAc (99:1 to 90:10)
as a colorless oil (54.2 mg, 0.14 mmol, 96% yield). The ee value (96% ee) was determined by HPLC
analysis [CHIRALCEL® IE-3 column, 4.6 mm x 250 mm, Daicel Chemical Industries, hexane/2-
propanol 97.0:3.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 10.5 min for R isomer
and 10.9 min for S isomer]. '"H NMR (400 MHz, CDCls): 6 8.13 (d, J= 8.0 Hz, 2H), 7.98 (d, J= 7.6
Hz, 2H), 7.69 (d, J = 8.4 Hz, 2H), 7.56 (t, J = 7.4 Hz, 1H), 7.45 (t, J = 7.6 Hz, 2H), 5.96-5.85 (m,
1H), 5.26-5.18 (m, 2H), 4.38 (t, J = 6.6 Hz, 2H), 4.12 (q, J = 6.6 Hz, 1H), 2.12-2.02 (m, 1H), 1.93—
1.75 (m, 3H); 13C NMR (101 MHz, CDCl3): 6 200.3, 165.3, 136.5, 136.4, 134.3 (g, J=33 Hz), 133.4,
133.2,129.9 (2C), 128.6 (2C), 128.4 (2C), 125.3 (q, /=4 Hz, 2C), 124.7 (q, /=273 Hz), 118.4, 65.2,
51.1,28.2,26.3; IR (ATR): 3063, 2959, 1720, 1683, 1635, 1597, 1581, 1514, 1449, 1412, 1324, 1272,
1167, 1123, 1100, 1017, 1001, 922, 862, 702, 687 cm™!; HRMS (ESI) m/z : [M+Na]" Calcd for
C21H19F3Na03 399.11840, found 399.11747; [a]%® = +60.5 (¢ = 1.0, CHCl;).
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(8)-4-Benzoylhex-5-en-1-yl 4-cyanobenzoate (3ai)
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The product was isolated by silica gel column chromatography with hexane/EtOAc (98:2 to 80:20)
as a colorless oil (47.5 mg, 0.14 mmol, 95% yield). The ee value (97% ee) was determined by HPLC
analysis [CHIRALCEL® IF-3 column, 4.6 mm x 250 mm, Daicel Chemical Industries, hexane/2-
propanol 95.0:5.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 20.4 min for the R
isomer and 22.0 min for the S isomer]. '"H NMR (400 MHz, CDCl3): 6 8.11 (d, J = 8.8 Hz, 2H), 7.98
(d,J=7.2Hz, 2H), 7.73 (d, /= 8.4 Hz, 2H), 7.57 (t, /= 7.2 Hz, 1H), 7.46 (t, J= 7.6 Hz, 2H), 5.97—
5.83 (m, 1H), 5.27-5.19 (m, 2H), 4.40—4.35 (m, 2H), 4.11 (q, J = 7.6 Hz, 1H), 2.12-2.01 (m, 1H),
1.92-1.74 (m, 3H); ¥C NMR (101 MHz, CDCls): 6 200.2, 164.8, 136.4, 136.3, 133.9, 133.1, 132.1
(20), 133.0(2C), 128.6 (2C), 128.4 (2C), 118.3,117.9,116.2, 65.4, 51.1, 28.1, 26.2; IR (ATR): 3059,
2958, 2231, 1719, 1680, 1634, 1610, 1597, 1579, 1448, 1405, 1345, 1310, 1271, 1221, 1177, 1118,
1107, 1019, 1001, 992, 921, 861, 767, 702, 689, 643 cm™!; HRMS (ESI) m/z : [M+Na]" Calcd for
C21H19NNaO; 356.12626, found 356.12538; [a]3 = +56.1 (¢ = 1.0, CHCI3).

(8)-4-Benzoylhex-5-en-1-yl 4-(dimethylamino)benzoate (3aj)
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The product was isolated by silica gel column chromatography with hexane/EtOAc (98:2 to 80:20)
as pale yellow solids (47.0 mg, 0.13 mmol, 89% yield). The ee value (97% ee) was determined by
HPLC analysis [CHIRALCEL® IG-3 column, 4.6 mm x 250 mm, Daicel Chemical Industries,
hexane/2-propanol 85.0:15.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 36.0 min for
the R isomer and 39.1 min for the S isomer]. 'TH NMR (400 MHz, CDCl3): 6 7.98 (d, J= 7.2 Hz, 2H),
7.89 (d, J= 8.8 Hz, 2H), 7.55 (t, J = 7.6 Hz, 1H), 7.45 (t, J= 7.4 Hz, 2H), 6.63 (dt, /= 9.2, 2.4 Hz,
2H), 5.96-5.85 (m, 1H), 5.24-5.16 (m, 2H), 4.29 (t, J = 6.2 Hz, 2H), 4.12 (q, J = 6.8 Hz, 1H), 3.04
(s, 6H), 2.10-1.99 (m, 1H), 1.90-1.72 (m, 3H); 3C NMR (101 MHz, CDCls): J 200.6, 166.9, 153.2,
136.6, 136.4, 133.0, 131.2 (2C), 128.6 (2C), 128.4 (2C), 118.1, 116.9, 110.6 (2C), 63.7, 51.1, 40.0
(20), 28.3, 26.4; IR (ATR): 3417, 3061, 2935, 2894, 2866, 2112, 1909, 1694, 1673, 1637, 1607,
1580, 1557, 1525, 1475, 1446, 1415, 1390, 1370, 1336, 1317, 1278, 1227, 1182, 1107, 1065, 1014,
1000, 958, 932, 851, 830, 792, 769, 757, 701, 685, 634 cm™!; HRMS (ESI) m/z : [M+Na]* Calcd for
C22H2sNNaO; 374.17321, found 374.17235; [a]3® = +48.2 (¢ = 1.0, CHCl).
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(5)-4-(4-Benzoylhex-5-en-1-yl) 1-benzyl piperidine-1,4-dicarboxylate (3ak)
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The product was isolated by silica gel column chromatography with hexane/EtOAc (90:10 to
50:50) as colorless oil (62.0 mg, 0.14 mmol, 92% yield). The ee value (93% ee) was determined by
HPLC analysis [CHIRALCEL® OJ-H column, 4.6 mm X 250 mm/OD-H column, 4.6 mm % 250 mm,
Daicel Chemical Industries, hexane/2-propanol 85.0:15.0, 1.0 mL/min, 40 °C, 254 nm UV detector,
retention time = 33.0 min for the S isomer and 37.6 min for the R isomer]. "H NMR (400 MHz,
CDCl): 6 7.97 (d, J= 7.2 Hz, 2H), 7.56 (t, J = 7.6 Hz, 1H), 7.44 (t, J = 7.6 Hz, 2H), 7.36-7.35 (m,
4H), 7.34-7.29 (m, 1H), 5.93-5.82 (m, 1H), 5.22-5.17 (m, 2H), 5.12 (s, 2H), 4.16—4.00 (m, 5H), 2.90
(br, 2H), 2.47-2.38 (m, 1H), 2.00-1.80 (m, 3H), 1.74-1.57 (m, 5H); 1*C NMR (101 MHz, CDCl):
0200.3,174.3, 155.1, 136.6, 136.5, 136.4, 133.1, 128.6 (2C), 128.42 (2C), 128.39 (2C), 127.9, 127.8
(20), 118.2, 67.0, 64.1, 51.1, 43.1 (2C), 40.9, 28.1, 27.8 (2C), 26.2; IR (ATR): 3055, 2954, 2861,
2249, 1728, 1683, 1635, 1597, 1578, 1498, 1470, 1447, 1430, 1354, 1311, 1275, 1221, 1173, 1123,
1073, 1035, 1001, 953, 913, 840, 764, 730, 697, 647 cm™!; HRMS (ESI) m/z : [M+Na]" Calcd for
C27H31NNaOs 472.20999, found 472.20898. [a]%® = +27.6 (¢ = 1.0, CHCl;).

O
Ph
A

The product was isolated by silica gel column chromatography with hexane/EtOAc (99:1 to 90:10)
as a colorless oil (23.3 mg, 0.11 mmol, 70% yield). The ee value (95% ee) was determined by HPLC
analysis [CHIRALCEL® IE-3 column, 4.6 mm x 250 mm, Daicel Chemical Industries, hexane/2-
propanol 99.0:1.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 11.9 min for the S isomer
and 12.9 min for the R isomer]. '"H NMR (400 MHz, CDCls): 6 7.97 (d, J = 7.6 Hz, 2H), 7.51 (t, J =
7.2 Hz, 1H), 7.41 (t, J=7.8 Hz, 2H), 7.33-7.29 (m, 4H), 7.25-7.22 (m, 1H), 6.41-6.32 (m, 1H), 5.29
(d, J = 7.6 Hz, 1H), 5.23 (d, J = 10.0 Hz, 1H), 5.10 (d, J = 16.8 Hz, 1H); 13C NMR (101 MHz,
CDCl): 6 198.5, 138.3, 137.1, 136.3, 130.0, 129.0 (2C), 128.8 (2C), 128.5 (2C), 128.3 (20), 127.2,
117.2,57.9; [a]3® =—154.5 (¢ =0.70, CHCIs). Spectral data match those reported in the literature.'6

(R)-1,2-Diphenylbut-3-en-1-one (3al) '¢

45



(R)-2-Cyclohexyl-1-phenylbut-3-en-1-one (3am)

O
Ph
A

The product was isolated by silica gel column chromatography with hexane/EtOAc (99:1 to 90:10)
as a colorless oil (30.8 mg, 0.14 mmol, 90% yield). The ee value (99% ee) was determined by HPLC
analysis [CHIRALCEL® IE-3 column, 4.6 mm x 250 mm/IF-3 column, 4.6 mm x 250 mm, Daicel
Chemical Industries, hexane/2-propanol 99.0:1.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention
time = 19.2 min for the R isomer and 20.2 min for the S isomer]. "H NMR (400 MHz, CDCls): 6 7.96
(d, J=6.8 Hz, 2H), 7.56 (t, /= 7.2 Hz, 1H), 7.46 (t, J = 7.4 Hz, 2H), 5.91-5.81 (m, 1H), 5.16-5.11
(m, 2H), 3.85 (t, J = 8.8 Hz, 1H), 1.96-1.62 (m, 6H), 1.27-1.08 (m, 3H), 1.03-0.88 (m, 2H); 1*C
NMR (101 MHz, CDCl3): 6 201.8, 137.5, 136.3, 132.9, 128.5 (2C), 128.3 (2C), 118.1, 58.5, 40.1,
31.9,30.2,26.3,26.2 (2C); IR (ATR): 3062, 3027, 2924, 2852, 1679, 1635, 1597, 1580, 1495, 1447,
1413, 1342, 1293, 1200, 1180, 1075, 996, 917, 846, 832, 776, 699, 687 cm™!; HRMS (ESI) m/z :
[M+Na]* Calcd for C16H20NaO 251.14118, found 251.14064; [a]3® = +42.7 (¢ = 1.0, CHCI).

(S)-2-Methyl-2-phenethyl-1-phenylbut-3-en-1-one (3an) !’

0]

Ph
Ph

( “Me

The product was isolated by silica gel column chromatography with hexane/EtOAc (99:1 to 90:10)
as a colorless oil (20.6 mg, 0.078 mmol, 52% yield). The ee value (85% ee) was determined by HPLC
analysis [CHIRALCEL® IE-3 column, 4.6 mm x 250 mm/OZ-H column, 4.6 mm x 250 mm, Daicel
Chemical Industries, hexane/2-propanol 99.0:1.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention
time = 17.2 min for the R isomer and 17.8 min for the S isomer]. "H NMR (400 MHz, CDCls): § 7.88
(d,J=7.2Hz, 2H), 7.49 (t, /= 7.4 Hz, 1H), 7.39 (t, J= 7.6 Hz, 2H), 7.25-7.21 (m, 2H), 7.15 (t, J =
7.4 Hz, 1H), 7.05 (d, J = 7.2 Hz, 2H), 6.21 (dd, J = 17.6, 11.2 Hz, 1H), 5.29 (d, J = 10.4 Hz, 1H),
5.26 (d,J=17.6 Hz, 1H), 2.59 (dt,J=4.9 Hz, 13.0 Hz, 1H), 2.39 (dt, /= 13.0, 4.3 Hz, 1H), 2.21 (dt,
J=13.0,4.4 Hz, 1H), 2.05 (dt, J= 13.0, 4.7 Hz, 1H), 1.47 (s, 3H); 13C NMR (101 MHz, CDCl3): 6
200.5, 142.8, 142.2, 137.6, 131.7, 129.0 (2C), 128.33 (2C), 128.27 (2C), 128.0 (2C), 125.8, 115.1,
53.6, 41.2, 30.8, 22.9; [a]f,s = +30.4 (¢ = 1.0, CHCI;). Spectral data match those reported in the

literature.!”
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(85)-2,6-Dimethyl-1-phenyl-2-vinylhept-5-en-1-one (3a0)

0]

M
Ph” 7 X e

\ Me Me

The product was isolated by silica gel column chromatography with hexane/EtOAc (99:1 to 90:10)
as a colorless oil (17.1 mg, 0.071 mmol, 47% yield). The ee value (78% ee) was determined by HPLC
analysis [CHIRALCEL® OJ-H column, 4.6 mm % 250 mm, Daicel Chemical Industries, hexane/2-
propanol 97.0:3.0, 0.3 mL/min, 40 °C, 254 nm UV detector, retention time = 15.9 min for the S isomer
and 17.1 min for the R isomer]. '"H NMR (400 MHz, CDCls): 6 7.84 (d, J = 7.6 Hz, 2H), 7.45 (t, J =
7.4 Hz, 1H), 7.36 (t, J = 7.8 Hz, 2H), 6.16 (dd, J = 17.6, 10.8 Hz, 1H), 5.27-5.18 (m, 2H), 5.01 (br,
1H), 1.94-1.88 (m, 2H), 1.77-1.73 (m, 2H), 1.72 (s, 3H), 1.43 (s, 3H), 1.36 (s, 3H); 13C NMR (101
MHz, CDCl3): 6 204.7, 143.1, 137.7, 132.0, 131.5, 129.0 (2C), 127.9 (2C), 123.9, 114.8, 53.5, 38.9,
25.6,22.93, 22.88, 17.4; [0{]12,5 =+1.9 (¢ = 1.0, CHCI3). Spectral data match those reported in the

literature.?
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Chapter 2

Mechanistic Investigation of Photoinduced Copper-Catalyzed Asymmetric
Acylation of Allylic Phosphates with Acylsilanes
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Introduction

Photoinduced catalysis enables novel molecular transformations for organic synthesis
complementary to thermal catalytic reactions.! In particular, photoinduced transition metal catalyzed
reactions based on direct excitation of chiral transition metal catalysts by visible light can be
asymmetrically controlled by chiral ligands, and thus have a different appeal from commonly
investigated photocatalyst-based transformation reactions.? In most cases, the proposed reaction
mechanisms consist of intermolecular photo-induced single-electron transfer between the catalytic
metal complex and the substrate followed by homolytic bond dissociation of the resulting open-shell
species to liberate a highly reactive free radical, which may recombine with the metal afterward.

As described in Chapter 1, the author developed that visible-light irradiation with a blue LED lamp
induced copper-catalyzed highly enantioselective umpolung acylation of y-mono- or y,y-disubstituted
primary allylic phosphates with acylsilanes as acyl anion equivalents. This reaction offers
straightforward access to enantioenriched a-branched p,y-unsaturated ketones, which serve as
versatile chiral building blocks in organic synthesis. In this work, the author assumes that the reaction
proceeds by MLCT from the copper center to the acyl group upon photoexcitation. In Chapter 2, the
author describes the results of a mechanistic investigation that combines experiments and calculations
to elucidate the proposed mechanism. In this process, it was supported that the allylic phosphate
substrate in the excited state undergoes novel molecular activation into an allylic radical weakly
bound to the copper complex (Scheme 1). Furthermore, in the mechanistic analysis, secondary allylic

phosphates were found to be suitable reaction substrates.

Scheme 1. Mechanistic Investigation of Photoinduced Copper-Catalyzed Asymmetric Acylation
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Result and Discussion

In order to gain a mechanistic insight, the effects of trans-stilbene (frans-4) as a triplet quencher
were studied (Scheme 2).> When a mixture of acylsilane 1a, methanol, and frans-4 was irradiated
with blue LED at r.t. for 12 h, 1a was quantitatively converted to silylacetal 5 (Scheme 2a).* Thus,
while the triplet quencher did not influence the photoisomerization of 1a to the corresponding
siloxycarbene, the triplet energy of la was partially transferred to trans-4 as indicated by the
formation of cis-stilbene (cis-4) in 50% yield. In contrast, the copper-catalyzed allylic acylation of
2a with 1a was significantly suppressed by the addition of trans-4 in a dose-dependent manner, the
acylation product (3aa) being obtained in only 29% and 6% yields with 1.2 and 2.5 equivalents of
trans-4, respectively (Scheme 2b). Furthermore, trans-4 was sensitized to undergo double bond
isomerization into cis-4. It was confirmed that most of trans-4 was recovered in the absence of
acylsilane 1a and allylic phosphate 2a (Scheme 2c). These observations are in accord with the

existence of triplet photoexcited organocopper species.
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Scheme 2. Effects of trans-stilbene triplet quencher
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The author attempted to observe the key acylcopper intermediate by spectroscopic techniques. First,
UV-vis spectra of acylsilane (1a, 300 pM) (blue line), allylic phosphate (2a, 300 uM) (green line),
the mixture of L3-CuCl (300 uM) and NaOtBu (300 uM) (brown line), and the mixture of 1a (300
uM), 2a (300 uM), L3-CuCl (300 uM), and NaOtBu (300 uM) (red line) were recorded, respectively,

using THF as a solvent (Figure 1). However no distinctive absorption indicative of a new

organocopper species was observed upon addition of 1a and 2a.
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Figure 1. UV-vis absorption spectra of the reaction components.

Next, emission spectra of acylsilane (1a, 100 uM) (blue line) and the mixture of L*-CuCl (100 uM),
NaOtBu (100 uM), 1a (100 uM), and allylic phosphate 2a (100 uM) (red line) were recorded at 468
nm excitation (Figure 2). While no distinctive signal indicative of a new organocopper species was

observed upon addition of 1a and 2a, the slightly enhanced broad band emission around 610 nm and

the disappearance of the 500 nm suggest the change of the existing chemical species.
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Figure 2. Emission spectra of the reaction components in THF at 468 nm excitation.

Futuremore, the author measured emission spectra of the reaction mixture after photoirradiation.
Allylic carbonate 6, which was inert to the allylic acylation reaction but could coordinate to the copper
center, was used instead of 2a. A mixture of 1a (0.015 mmol), 6 (0.015 mmol), L*-CuCl (0.015
mmol), and NaO’Bu (0.015 mmol) in THF (0.6 mL) was irradiated with blue LEDs at —40 °C for 3 h,
and the mixture was diluted with THF to 100 uM and transferred to a quartz cuvette for measurement.
Emission spectra of the resulting mixture were recorded at 468 nm excitation (Figure 3). Emission of
acylsilane 1a was dominant, and no distinctive signal corresponding to a new organocopper species

was observed.
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Figure 3. Emission spectra of a mixture of L*-CuCl (100 uM), NaO'Bu (100 uM), 1a (100 uM), and alkene
S1 (100 uM) in THF at 468 nm excitation after photoirradiation.

Since it was difficult to directly observe the intermediates by experimental methods, the reaction
mechanism was analyzed by DFT calculations (B3LYP-D3/6-31G**). Shown in Figure 4 is a
potential energy profile for generation of an acylcopper intermediate from the siloxycarbene and
L-CuO7Bu. Starting from copper(I) fert-butoxide 7 generated by coordination of siloxycarbene to
L-CuOrBu, the fert-butoxide ligand of 7 attacks the silicon atom to eliminate silyl fers-butoxide
through five-membered-ring transition state TS7.s (AE = 11.3 kcal/mol). This is consistent with the

experimental result that the reaction proceeds at —40 °C.
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Figure 4. Energy diagrams for the generation of acylcopper intermediates from copper(l) tert-butoxide 7
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Calculated frontier molecular orbitals of a ground-state copper complex 9 and a triplet excited state
complex 10 are shown in Figure 5. DFT calculations for the achiral model acylcopper(I) complex 9
n*-coordinated with dimethyl (Z)-2-butenyl phosphate gave a rationale for the reaction design based
on Cu-to-acyl MLCT photoexcitation. At ground state, HOMO (denote as HOMOso) of 9 mainly
possesses a copper d-orbital character. LUMO (denote as LUMOy) and LUMO+1 (denote as
LUMO+150) have nearly equal orbital energies and are localized in the NHC ligand and the acyl group,
respectively. At the triplet state, two a-SOMO orbitals are very similar to HOMOs and LUMO++ 1,
indicating that the electrons in the HOMOy were excited to the LUMO+14 orbital. These results
indicate that photoexcitation of copper complex 9 induces electron transition from HOMO to

LUMO+1, which corresponds to metal-to-ligand charge transfer (MLCT) excitation.

9, ground state (Sg)

-

9, HOMO (-4.15 eV) 9, LUMO (-0.60 eV) 9, LUMO+1 (-0.57 eV)

10, excited state (T,)
p
.f 10, a-SOMO (-5.21 eV)

P
{ 10, a-SOMO (-2.07 eV) MeO

Meog/P\O/HBW(Me
[ '/la Ph, ¢ H
5 = N u__Ph
. Y
‘ g N o
2 Ph
9 (Sp)

Figure 5. Frontier molecular orbitals of copper complex 9

The calculated excited states of copper complex 9 at TD-DFT level were shown in Table 1. Both
S1 and T; states are below the experimental energy of blue LED (465 nm, 2.7 eV). In addition, T
state was located close to the LED energy. Therefore, it is proposed that copper complex 9 was excited
to higher excited states and finally decays into T state to form active species complex 10. Due to the
high activities and low concentration of active species 9, it is difficult to compare the calculated data

with the experimental ones.
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Excited E../eV A, nm
state
Ty 1.92 646
S 2.38 520
T, 2.74 453
S, 2.90 427
T; 3.08 403
T4 3.34 372
S5 3.36 369
S4 3.48 356

Table 1. Excited states of copper complex 9 at TD-DFT level. Ecx and A are vertical excitation energy and

absorption wave length relative to Somin.

Potential energy profiles at triplet state of the copper-photocatalytic allylic acylation reaction are
shown in Figure 6. As shown in Figure 6, the most populated ground state of 9 (S, 0 kcal mol™) can
be excited to S; state and decay into T state via nonradiative processes to form active species complex
10 (46.9 kcal/mol). Subsequent geometric relaxation of 10 leads to charge-separated copper-bound
ketyl radical species 11 as the T; local minimum (38.0 kcal mol™'). This transition increases the
positive charge at the copper atom (9, +0.74; 10, +0.82; 11, +0.82). The spin density of 11 is localized
at the carbonyl carbon and oxygen atoms, reflecting the ketyl radical character of this species. Note
that the separated charges are significantly neutralized through an O---Cu electrostatic interaction as
indicated by the narrowed Cu—C—O angles (9, 114.4° vs. 11, 99.3°). Intermediate 11 then alters its
conformation in the allylic substrate toward coordination of the phosphate leaving group to the
positively charged copper atom (TSi1-12). The resulting cyclic intermediate (12, 41.0 kcal mol™!)
undergoes facile C—O bond cleavage with a barrier of 5.8 kcal mol™' (TSi2-13) to form a novel
acylcopper(Il) complex (13, 14.1 kcal mol™") with an electronically neutral allylic radical fragment
(total NBO charge of the crotyl group: —0.005), which is 7?-coordinated with the Cu atom. Notably,
this radical coordination is markedly weaker than the normal 7?-coordination of the allylphosphate
substrate in the precursor complexes 9—12 as indicated by the elongated C—Cu atomic distances. This
triplet state 13 undergoes intersystem crossing (ISCis.14), forming a ground state (So) acyl(n'-
allyl)copper(IIT) phosphate (14, —15.4 kcal mol™"). Finally, reductive elimination furnishes the a-
branched B,y-unsaturated ketone 15 (=35.0 kcal mol™).
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Figure 6. Energy diagram for calculated photochemical reaction of 9. All energies are relative to 9 (kcal mol”

". TS: transition state. ISC: intersystem crossing

Frontier molecular orbitals for 13, ISC, and 14 are analyzed to clarify the origin of site-selectivity
for C—C bond formation. As shown in Figure 7, C, is closest to Cu with a distance of 2.28 A in 13.
The a-SOMO with lower energy is populated at the C, and C, atoms of the allylic fragment and the
Cu atom, and C, and Cu possess an anti-bonding interaction. Another a-SOMO does at the Cu and
acyl group. With the geometry change from 13 to ISC at T state, the distances of C,—Cu and Cg—Cu
become nearly equal, 2.29 A and 2.27 A, respectively. A bonding character appears between Cy and
the acyl carbonyl carbon atom at a-SOMO orbital (a-SOMOr;) with a lower energy. Another a-
SOMO orbital showed an anti-bonding orbital character between the allylic fragment and Cu. When
the spin state changes from T to Sp at ISC, an electron at a-SOMOT; with the higher energy switches
to the one with lower energy to form a doubly occupied orbital, HOMO. Therefore, the bonding

character between C, and Cu is strengthened and 14 is formed with the Cu—C, bond formation.
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Figure 7. Molecular orbitals of copper complex 13 (triplet state), ISC (ground state, triplet state) and 14
(ground state)

Although the triplet-quenching experiments (Scheme 2) suggested that allylic substitution of the
acylcopper(l) intermediate should go through the photoexcited reaction pathway, the author also
considered potential energy profiles of copper-catalyzed allylic acylation at the ground state (Figure
8). Starting from the copper complex 9, an oxygen atom of the phosphate group coordinates to the
copper center through transition-state TSo.16 (4.9 kcal/mol) to produce intermediate 16 (3.9 kcal/mol).
The cyclic copper complex 16 undergoes concerted C(allyl)-O bond cleavage and Cu—O bond

formation to afford intermediate 14, which is shared with the excited-state reaction pathway discussed
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in the Figure 6, through TS16.14. The energy of this transition state is 10.2 kcal/mol higher than that
of starting copper complex 9. Thus, the photoexcitation pathway is more feasible than the ground

state pathway for the present allylic acylation reaction.
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Figure 8. Calculated ground-state reaction pathway (less favorable pathway)

A proposed catalytic cycle for the photoinduced copper-catalyzed enantioselective allylic acylation
involving two photoexcitation events is shown in Scheme 3. First, photoexcitation of the acylsilane
(1) produces a singlet siloxycarbene species,® which leads to the acylcopper(I) intermediate (9”)
through coordination to L*-CuOrBu,’ followed by nucleophilic attack of the alkoxo ligand to the
silicon atom. The second photoexcitation occurs with 9’ in an MLCT fashion to generate the charge-
separated triplet excited state 12’. Next, the allylic phosphate undergoes molecular activation by the
charge-separated species through Lewis acid activation of the leaving group, accompanied by a shift
in the electron density from the anionic acylcopper moiety to the allylic system to produce an
acylcopper(Il) complex bound with an allylic radical fragment (13”). This species undergoes regio-
and stereo-controlled C—Cu bond formation under the influence of the chiral NHC ligand, resulting
in the formation of the ground state (S,) copper(IIl) complex (14”). Finally, stereoretentive reductive
elimination produces enantioenriched allylic acylation product 3 and a copper(I) phosphate complex,
which reenters the catalytic cycle through the reaction with the photochemically produced

siloxycarbene species.
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Scheme 3. A proposed catalytic cycle for photoinduced copper-catalyzed enantioselective allylic acylation.
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Conclusion

In summary, the author performed mechanistic investigation combined experimental and theoretical
studies to elucidate the proposed mechanism. These results supported the reaction design based on
copper-to-acyl metal-to-ligand charge transfer (MLCT) photoexcitation that generates a charge-
separated triplet state as a highly reactive intermediate. In the process, the interesting finding that the
photoexcited acyl copper activates the leaving group of the allyl phosphate substrate to generate allyl

radicals, which are bound on the copper complex by dispersion force, was obtained.
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Experimental Section

Instrumentation and Chemicals

NMR spectra were recorded on a JEOL ECX-400, operating at 400 MHz for 'H NMR, 101 MHz
for *C NMR. Chemical shift values for 'H NMR and '3C NMR are referenced to MesSi (0.00 ppm
for 'H NMR) and CDClI3 (77.0 ppm for '*C NMR). Chemical shifts are reported in § ppm. High-
resolution mass spectra were recorded at the Instrumental Analysis Division, Global Facility Center,
Creative Research Institution, Hokkaido University (Thermo Fisher Scientific Exactive or JEOL
JMS-T100LP for ESI-MS) and the GC-MS & NMR Laboratory, Research Faculty of Agriculture,
Hokkaido University (JEOL JMS-T100GCv for FD-MS). HPLC analyses were conducted on a
HITACHI ELITE LaChrom system with a HITACHI L-2455 diode array detector. Optical rotations
were measured on a JASCO P-2200. TLC analyses were performed on commercial glass plates
bearing 0.25-mm layer of Merck Silica gel 60Fs4. Silica gel (Kanto Chemical Co., Silica gel 60 N,
spherical, neutral) was used for column chromatography. IR spectra were measured with a
PerkinElmer Frontier instrument.

All reactions were carried out under nitrogen or argon atmosphere. Materials were obtained from
commercial suppliers or prepared according to standard procedures unless otherwise noted. CuCl was
purchased from Aldrich Chemical Co., stored under nitrogen, and used as received. THF was
purchased from Kanto Chemical Co., and purified by passing through activated alumina under
positive argon pressure as described by Grubbs et al.’ NaOBu was purchased from TCI Chemical

Co., stored under nitrogen, and used as received.

General procedure for mechanism analysis experiment using frans-4

In a N»-filled glove box, CuCl (1.5 mg, 0.015 mmol), L.3-HBF4 (9.6 mg, 0.018 mmol), and NaO'Bu
(2.9 mg, 0.030 mmol) were placed in a vial containing a magnetic stirring bar. THF (0.6 mL) was
added to the vial. The mixture was stirred at room temperature for 10 min. #rans-4 (64.9 mg, 0.32
mmol) was added to the vial, which was sealed with a cap and was removed from the glove box. Next,
allylic phosphate 2a (0.15 mmol) and acylsilane 1a (0.30 mmol) were added via a syringe. After 12
h stirring at room temperature under blue LED irradiation, the reaction mixture was diluted with Et;O
and filtered through a pad of silica gel (eluting with Et2O). The volatiles were removed under vacuum,

and then an internal standard (dibenzyl) was added to determine the 'H NMR yield.
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Spectroscopic analysis

All UV-vis absorption spectra were recorded on a JASCO V-730 spectrophotometer using a screw-
top quartz cuvette (10 x 10 mm, 3.5 mL). All emission spectra were recorded on a HITACHI
fluorescence spectrophotometer F-4500 using a screw-top quartz cuvette (10 x 10 mm, 3.5 mL). In

both cases, samples were prepared in a N»>-filled glove box and then taken out of the glove box.

Computational Studies

All computations in the present study were performed by Density Functional Theory implemented
in Gaussian 09 program.!’ The optimizer implemented in GRRM17!12 were used for all the
optimizations of intermediates, transition states (TSs) and intersystem crossing points. B3LYP
functional with the D3 empirical dispersion correction (B3LYP-D3)!? was selected as the exchange-
correlation functional and 6-31G** basis set was used for all the atoms. The reaction pathways at
excited state (triplet state, T1) and ground state (So) were done by unrestricted B3LYP-D3 (UB3LYP-
D3) and restricted B3LYP-D3 (RB3LYP-D3), respectively. The transition states were verified by
frequency calculations and IRC calculations. Natural population analysis (NPA)!*!°> was done to
calculate the natural atomic charge with Gaussian NBO Version 3.1. The intersystem crossing point
was optimized to be a minimum energy crossing point (MECP) and it was confirmed by comparing
the energy difference of So/T1 and reaction pathway connections. The simplified computational model

of achiral NHC ligand and allylic phosphate were shown below.
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Cartesian coordinates of the structures optimized by calculation at the B3LYP+D3/6-31G** level of

theory
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2.239365784511
3.442743270991
3.145711086048
4.217929683975
4.329364032057
4.558164696142
5.078381311908
3.653580213646
5.332320940489
4.929631204965
6.209287292366
0.915474926565
2.688972176612
-1.549247432274
-2.063273488190
1.728463444297
-1.456217604714
5.613760542677
5.219949076564

1.655443061553
1.531188603304
1.306905299780
2.471145413639
0.771189686828
0.528543283603
0.490344794622
-0.825581864643
1.517233447731
-1.089312847640
1.236706414555
2.533284617596
-0.063145544818
-2.108857380878
2.040540082382
-0.276633073017
-0.051633887966
0.747237546915
-1.413279832227
0.169113016131
-1.987450515971
-1.197376121221
0.781542319941
-3.055863386261
-0.895511112544

0.543903815678
-2.482076851648
-2.267053259995
-2.934466328311
-2.532579668826
-2.659500848269
-3.703555185810
-2.405954791395
-2.030568743445
-2.145324755260
-3.124224010203
-1.531290436766
-1.548346016579
-0.610301329390

0.680086142148
-0.402204761947
-1.628858597586
-1.549095938541
-2.301939813480
-1.974886249057
-1.084244437095
-0.236861110653
-0.763220460492

3.831444850792

1.710652738713
-0.232415111145

2.758369506212

1.622964144809

2.911071862447
-1.888737458999
-1.179582358119

2.107492132062
2.775853781912
2.740481218425
2.746527762995
0.932627199442
1.928223964052
0.065859165977
-0.368382787120
-0.355282590586
-1.262931193738
-1.233982455831
-0.011982764255
-1.701717979922
-1.600975978486
-1.561667925463
-2.391719545111
2.341021252853
2.479755613264
2.651682522193
2.925285618758
3.069494537616
3.212724521520
3.022649661455
3.250368012023
-0.673879752643
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0.945762418105
-0.059653262778
1.064500506415
-1.366106092464
-2.529572956242
-1.571442300464
-3.797780171318
-2.407592965148
-2.851675936132
-0.700196536697
-3.984265091129
-4.661276090187
-2.979550601334
-4.983286373921
0.211747217150
0.786957135597
0.904574922119
1.872788656203
-1.191431527207
-1.216214120551
-1.541160177208
-1.907757768668
0.081082141556
0.368258103311
-1.003892802323
0.487000163598
-0.597509215910
-1.588064022157
0.323665978695
-1.234192213978
1.340012404642
0.906137656646
2.117521102462
-2.479499247458
-3.199941613545
-2.316953526364
0.959106621417
2.499846994000
2.828095767843
-0.148361036476
-2.097353287617
-4.316466630679
-2.848797601256
1.759749080880

-3.210440005015
-2.102514804257
-4.154023202205
-1.883699627653
-2.613492669199
-0.948965323814
-3.349188473521
-2.989420833592
-4.436097151527
-3.689572597666
-5.140576301025
-4.719598876050

0.157449667996
-2.747534320630
-3.271095656085
-3.273201178523
-2.471162727165
-4.638130009328
-3.001629788982
-1.416497837179
-5.145437363710
-5.259310101497
-4.345619370588
-2.360632689768
-6.184608024680
-4.754545600314
-1.283229761490
-0.014927179464
-2.110350349536

0.065263172867
-1.548965196083
-1.557293524476
-2.516766228423
-0.799718520282

1.262776806802

1.633715645010

1.147447341157

2.322097915813

2.856722442789

1.900097799596

3.525339794327

4.104749570330

4.472774623776

5.286533936904

3.972578954679

4.654741596025

3.856734570378

5.235118537274

1.175087073062

2.681588111349
-1.633456967805
-2.013167059286

1.790381689068
-1.650205855843

5.312697506716

4.871764536817

1.283375776245
2.289110772484
1.750383475793
2.326273449491
0.549652434682
1.744079110498
-0.346693779502
-0.519991736697
-1.051900611325
-1.431174634153
-1.948019647988
-0.920488918632

0.862326779332
-0.055757973226
0.139416056284
0.033003793353
-0.183494003282
0.423768521699
-0.038798486571
-0.418347254532
0.567633366345
0.606604052018
0.333685727316
-0.199805644108
0.864065680366
0.448128407161
-2.630047798393
-2.470903301213
-2.786227583000
-2.491743673984
-3.119942810176
-4.217615325380
-2.757774268248
-2.772832182074
-2.792381695311
-3.782048116649
-2.765570967132
-1.863174930454
-0.824561827775
-0.288611661630
0.319346263594
-1.634378609690
-0.067526304064
-0.655591497833
-0.651072472452
-1.156216351339
-0.960266601292
-0.241420428158
3.808720611921
1.799213342368
-0.001835829701
2.526154117729
2.191934261017
3.530442120664
-1.943777218092
0.857263795218

1.024516070316
1.367607692775
0.731741816669
2.435917765733
-0.105352236426
0.624879029013
-0.909381272800
-2.256062618311
-0.380028620941
-3.042110882289
-1.185597533145
0.658852508720
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-4.766247338199
-3.398224242506
-5.979035168837
-5.313497228517
0.303446592049
0.956719040775
0.852554272168
2.180343575402
2.094728384694
2.756196436748
2.698302165505
2.549403884797
-0.059532746159
-1.275197274371
0.951669376893
0.082647266429
2.335482541399
3.151897450221
2.951844239702
4.490916407109
2.696654775840
4.293264654315
2.341661548881
5.087071708995
5.084458818251
4.737518711627
6.137961292310
0.526676566835
-0.570194084878
0.308293651612
-1.558452477392
1.956069973459
2.150092342170
2.639687280015
2.191763960956
-0.477933622920
-1.174002350688
0.525821042905
-0.893839014610
0.261777946475
1.242036372577
-0.585340635305
0.920743205725
-1.563586465531
-1.104883503403
-2.379625413838
2.254683958685
2.907190309327
2.231760276845
-2.320990673563
-3.403734372397
-2.169037754047
0.326031379675
0.528915724649
3.724242607066
2.611547433973
-1.941838099343

-2.150222293341
-1.564747010318
-2.495837495748
-2.852141070737
2.425324854602
2.674938525016
2.853211975421
3.340847016199
3.488090258750
3.736610359825
3.526859842694
3.763231303443
-0.509360811717
0.749149824607
0.389272041559
0.527201694616
0.678724712256
0.495119726292
1.250070797018
0.841712394777
0.124300166480
1.594881431931
1.408791974585
1.391815452870
0.700254456020
2.026999621715
1.664442967315
-2.367579499916
-2.456025362144
-2.456667983356
-2.554977695008
-2.670527481790
-3.749978046666
-2.160034657669
-2.326704116329
-2.961163636497
-3.788899768278
-3.312275288212
-1.974403016047
-1.052877284249
-0.465776298938
0.044667130535
-2.020707704741
-0.391669449580
-1.046931858587
-0.920950260699
-1.716938609105
-1.474801814455
-0.874963917224
3.303154827481
0.596984128229
0.053554853727
2.653850385303
2.307866653311
4.228184491295
-2.610071057797
0.510309649155

-2.514177966083
-4.079453439748
-0.765601446277
-3.135613073601
0.630630295927
1.840129998822
-0.580710499877
1.829751421794
-0.582718610341
0.618871103886
2.766167090494
-1.528333282027
-1.094524026659
-0.210815607414
-2.559507613214
-3.454713122814
-2.554213559554
-1.396003120591
-3.715493546212
-1.412629713759
-0.483046515975
-3.704101442975
-4.599116417755
-2.562171857314
-0.512277931436
-4.598506387572
-2.564250778651
-1.545128943212
-0.672426204924
-2.609383850054
-1.116430707326
-1.166359859835
-1.225350404175
-1.846535194232
-0.156690705897
0.737433545158
0.889926855440
0.987037982302
1.757651053719
2.358063316389
1.417383180187
3.180596602127
3.472516639265
4.145775391078
4.891658717281
3.645784246977
3.937780981233
3.095848314167
4.637322763081
1.014031727330
1.857637374290
-2.677325816078
-1.505866603867
2.766165130147
0.612301311365
4.451903650642
4.628963327927
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-3.229712556148
-2.203283926714
-4.235064143259
-1.938140434587
-2.648761613320
-1.047947410198
-3.344745492848
-3.001812266892
-4.376819892587
-3.670210289500
-5.048438066915
-4.641722768094
-4.696348874927
-3.390829074247
-5.844026202901
-5.218614090991
0.190370924179
0.820407600236
0.770661540995
2.042404870307
2.007344077546
2.643063200051
2.538611519578
2.473241675564
0.011247825149
-1.334374762387
0.943436819292
0.174109538482
2.382984213008
3.155366487012
3.037321858420
4.520640857297
2.667495391699
4.402766186057
2.444765876041
5.158782749736
5.096145594407
4.888182444940
6.226474762944
0.652234610667
-0.573404901693
0.590252371562
-1.484111399724
1.995114651607
2.154625293931
2.799595062956
2.086874155685
-0.706225267940
-1.610184967964
0.176235442166
-1.069022492161
0.161791551708
1.020715679398
-0.438151803333
1.013898795280
-1.262916487200
-0.718280184431

1.147168740389
2.237339658115
1.530879778837
2.245377482798
0.552023736775
1.825462143823
-0.367603952473
-0.484959393412
-1.149679163172
-1.406694759602
-2.059511659507
-1.068577161173
-2.198000345232
-1.497419859465
-2.667143033938
-2.909329961481
2.524960310056
2.780055670756
2.948215117158
3.449542909100
3.591576803473
3.848755365948
3.638424987899
3.881514917513
-0.397203391938
0.847371603373
0.445070462309
0.442789829825
0.585474861620
0.535718279631
0.898430706107
0.779347565022
0.322920981431
1.149654633883
0.943602563708
1.089547155245
0.738613162568
1.389686701715
1.286450875202
-2.239735368547
-2.496844138474
-2.244938180751
-2.481406436391
-2.640410831566
-3.721545225991
-2.120642941138
-2.390147016660
-3.046673259336
-3.619932072740
-3.505027485688
-1.871296485688
-1.039478714833
-0.384100215771
0.070272121609
-2.055152324232
-0.385393096837
-1.098311124730

1.140739202210
1.477647979029
0.952370585824
2.535334844013
-0.076049027953
0.655755662144
-0.888107394175
-2.245064322686
-0.358194895650
-3.045452283518
-1.176983542445
0.690345113007
-2.519274856721
-4.090729550682
-0.755871117027
-3.151448139178
0.692755362049
1.913747699262
-0.506908504904
1.926840842972
-0.484656079902
0.729865727885
2.874422360567
-1.420613111421
-0.968223358545
-0.216226869467
-2.503462256479
-3.473443849259
-2.517977619250
-1.330935174608
-3.739141865750
-1.372226092860
-0.385637042184
-3.760502576215
-4.647099680644
-2.582233677490
-0.451130396476
-4.703380813862
-2.605218849579
-1.511387484347
-0.841828401147
-2.598966079277
-1.432948213031
-0.954220818378
-1.070826019377
-1.478695931617
0.104608452035
0.483559645749
0.658521370032
0.922551169703
1.734127082995
2.200915015011
1.168062976092
3.228008344271
3.137232104085
4.315994875880
4.942604743599
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-2.171919117204
2.362570562208
2.931732172974
2.364028932750

-2.530032963924

-3.276901445421

-2.203604943330
0.264529325829
0.383425269868
3.604926290529
2.806395262312

-1.520521942442

-3.079915447751
-2.006567252751
-4.076744302199
-1.675461747251
-2.559607092943
-0.906863007552
-3.271713856121
-3.136324450636
-4.078166755170
-3.811566915766
-4.761224740606
-4.110193689792
-4.633728067315
-3.696318344555
-5.378648965485
-5.164431616818
0.348816145160
1.161189481847
0.758127535812
2.386923798472
1.992242222820
2.805965035367
3.027104648035
2.322242092945
0.028057111478
-1.262698150060
0.714461611873
0.015988011028
2.166868324038
2.958951503309
2.719771544111
4.290542383767
2.527757937924
4.049913143036
2.083712570854
4.836682582578
4.897501486923
4.477686011344
5.874003335436
1.792880604884
0.534935904616
2.621499591323
0.488067405976
2.111365898628

-0.861172483405
-1.678051116704
-1.433692268542
-0.813625983186
3.240972086813
0.386524803013
0.125263739289
2.743971053403
2.406363115369
4.352251072781
-2.535832530592
0.497818593722

1.269206613786
2.339253434581
1.682276090281
2.340497780158
0.625767683145
1.897419975250
-0.355752052877
-0.377270076871
-1.291631269080
-1.346555851751
-2.246071253928
-1.312618106839
-2.277435972855
-1.369061387378
-2.981894966338
-3.026960313726
2.566194119572
2.652723821645
3.129261983350
3.311098990845
3.771944645262
3.869057685742
3.369875043619
4.178287880021
-0.470324450149
0.899865601749
0.306341005722
0.522710409374
0.711233128884
0.479914434635
1.352714565157
0.890617337202
0.011502028297
1.761976556722
1.523653348547
1.531101191089
0.721947988671
2.261450479435
1.853900895803
-3.011805203653
-2.643676208757
-2.970625322856
-2.390293873863
-3.457016784187

3.935643887442
3.476514162117
2.575897619420
4.149745030360
1.181509530634
1.929130867844
-2.656009503487
-1.442439100033
2.832119813943
0.744364108882
3.983974288862
4.903371361026

1.194236478960

1.467716171249

1.024061423569

2.507263252248
-0.030015685566

0.584371946744
-0.762666402291
-2.157292888245
-0.110744780971
-2.896400828776
-0.864877825556

0.971568083586
-2.255150427822
-3.975844699039
-0.358491944727
-2.834384571610

0.521931107023

1.655704742352
-0.690650764484

1.565617514441
-0.773905321440

0.354913476150

2.441040430397
-1.724435202713
-0.839014913992
-0.234421667119
-2.487852895550
-3.463344329191
-2.477652395338
-1.345346786037
-3.595554004177
-1.329784601396
-0.464528501759
-3.578066767395
-4.458428351386
-2.443845121127
-0.445418972244
-4.442976194054
-2.429842719991
-1.323941632997
-1.811440079515
-2.027117959251
-2.868635393705

0.063864363190
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2.400881154447
2.970356677604
1.284930997858
-0.679774934830
-1.605183934546
-0.770858844711
-1.681254205285
-0.249560569574
0.661766480360
-0.118902976915
0.475428182811
-0.860812904263
-0.465841291182
-1.918178480251
1.847372189739
2.460914905361
1.954507039994
-2.324084258871
-3.110293105910
-2.471307959194
0.117758203425
0.850271532883
3.768962815497
2.181939440048
-0.757518794094
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.182725901
111788146
.178258201
.816649938
.649233240
-0.987754240
-3.365821533
-3.087494475
-4.336477051
-3.762673909
-5.017169625
-4.524870235
-4.732479980
-3.535557299
-5.761760253
-5.261425483
0.251747020
1.089181566
0.607273793
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.288117349
.813878245
.653250920
2.950220951
2.102923142
-0.028434902
-1.334283601
0.869663134
0.255319705
2.305507358
2.982765286
2.962109165

-4.517885881715
-2.896740914183
-3.315544682129
-2.616229125697
-2.482138189868
-2.936048385302
-1.499778375759
-1.131210864412
-0.803321691846
0.180627403522
-2.302262672294
0.116614556396
-0.665813401336
-0.092125339142
-2.110947190117
-1.914165786723
-1.271946821167
3.350861211074
0.520049087993
0.330997091160
3.032263561765
2.159475185533
4.366262659465
-3.031331722982
1.087430116622

1.281462413
2.357888854
1.686845177
2.427091958
0.593366482
1.850841975
-0.389921584
-0.574213156
-1.171396823
-1.561978857
-2.147062033
-1.050546590
-2.350691545
-1.708397562
-2.760807203
-3.115335494
2.550114821
2.650085662
3.142893816
3.352706995
3.833555916
3.943577584
419661273

4.268178113
-0.561677453

0.823280944

0.252420091

0.409178274

0.673314979

0.530793452

1.233148549

W

0.070979247231
0.452674744535
0.758606978650
-1.114869951446
-1.661402697018
-0.083617417676
2.031810326962
2.246141628508
1.060142202775
3.244897073278
3.129400081840
4.467886741191
5.126215636568
4.272963825580
3.490400646168
2.605916225259
4.188294827756
1.188755752116
1.990025948538
-2.641711064259
-1.560989509417
2.568754425306
0.288891094136
3.974155918033
4.959488440974

1.057174160

1.298643952

0.862582262

2.347536484
-0.135947043

0.483618575
-0.850554814
-2.214075369
-0.218104805
-2.925791349
-0.948121462

0.842169432
-2.298930233
-3.977554245
-0.450001781
-2.859362284

0.390352075

1.503457495
.824669496
.390489634
.930472452
.177995216

2.248736248
-1.881848447
.822254460
.302629020
367416178
405189664
.235988269
-1.017733283
.343317134

(=}

—_

S O

(=}

N O

w

N

w



I I @ODIZIZTT@DTDOZTDOO0O0oOo0Ov"OoODIITaODR D IO D OO DO OEON

—
N

o@D ToDnTITaoazDo000000ZzZz T OO0

4.307133437
2.469352546
4.284733388
2.413554128
4.958477143
4.826334171
4.793439974
5.989938529
.522251830
.140899210
2.150789641
.192077675
.213392788
.753908912
.959852842
.528740513
-0.848454325
-1.891260613
-0.632167302
-1.550571098
-0.065540310
.809630299
.355324624
.495040505
-0.353128159
-0.106532312
-1.434957231

1.884523297

2.510289591

2.111082474
-2.408694660
-3.206655376
-2.325658620
-0.052392077

0.822327568

3.596389095

2.102303186
-0.044118668
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-2.914233841430
-1.850724376410
-3.839531821220
-1.584360583147
-2.234409894195
-0.686216270513
-2.886676024466
-2.522695555836
-3.907567839837
-3.146181530015
-4.537213204558
-4.177963936707
-4.155742673311
-2.847036606569
-5.321414820606
-4.645770682828

0.606719335476

1.415669544229

0.952586633
0.125915684
1.649481272
1.334982898
1.510199251
0.855892852
2.083654322
1.839935868
-2.791407825
-2.628122173
-2.643856252
-2.432443550
-3.148453739
-4.098592774
-2.385264742
-3.227585188
-2.698949915
-2.667838612
-2.988283700
-1.101004580
-0.992150016
-0.692537833

0.156196656
-2.365542547

0.119382519
-0.787677097

0.142863649
-2.416692629
-2.151318362
-1.731097690

3.352660347

0.563783798

0.033743976

3.034264857

2.134632885

4.474760322
-3.441587031

0.996980888

1.576597443906
2.681116004095
1.893282070963
2.891628458339
0.547286550218
2.060567513938
-0.653245298817
-1.299620450697
-1.182278650528
-2.494355736380
-2.366383917325
-0.704270451891
-3.034214628716
-2.992332450272
-2.774342269838
-3.959815324402
2.657994432124
2.306413511904

-0.910477979
-0.151083373
-3.230809306
-4.274303979
-2.012050289
0.038258549
-4.087022583
-1.923380165
-1.567400848
-1.746676307
-2.441879848
-2.764981796
-0.294609542
-0.407166364
-0.041871823
0.548810133
-0.761402140
-1.045165512
0.259117541
2.166138686
2.298031005
1.080799931
3.407248567
2.999903796
4.651017306
5.215783865
4.483372931
3.339031402
2.480730528
4.164102767
0.944674685
1.881354424
-2.692344711
-1.679347805
2.418370956
0.093528759
3.648471051
5.224459226

0.658323703715
0.754117410066
0.169936443761
1.791167522766
-0.159346263644
0.084087021626
-0.541107400872
-1.728725028174
0.257700644018
-2.083625628900
-0.120881665352
1.190301444719
-1.286006534705
-3.001046046899
0.509987528778
-1.572010027957
0.222909916193
1.306453495446
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1.009370768353
2.651085844277
2.240915877884
3.060975993342
3.288082564720
2.567277726906
0.409865386401
-0.928627636764
0.823864836832
0.073184791759
2.024808509204
3.023817574017
2.153064430112
4.153001210044
2.912731492142
3.273295001351
1.368581409352
4.277942555065
4.924587356862
3.371031631718
5.155743105402
1.611595308699
0.541925094422
2.176627601589
0.007052338146
2.565363716109
3.084831847347
3.327670907931
2.042650354519
0.159466130394
-0.663400116978
0.645487135734
-0.888662190611
-0.530096132139
0.168285129292
0.467315333367
-1.885418484751
0.137126308633
-0.797554645902
0.030881345272
-1.840035220335
-1.613028295405
-1.086109696415
-2.129238587528
-3.124521460758
-1.772615554427
0.365912153340
1.045042839433
4.021875020244
-2.828568079997

0.954854557919
TS1213
C -0.923636690509
C 0.358411417587
H -1.002119461857
H 0.168081189376
N -0.772435547409

3.635145540696
2.937289624839
4.265517499221
3.917432377164
2.667873051144
5.012329104116
-0.580431968289
0.819120524524
0.059717632243
-0.188510224201
0.932158174316
1.003102951422
1.673656826939
1.789772174382
0.446722887535
2.474346198522
1.600425927847
2.527379405937
1.839611357636
3.050630843113
3.146567517998
-2.063890658949
-3.025872966298
-1.806095000131
-2.802592555734
-2.433048553494
-3.369005506489
-1.660471790171
-2.559240951350
-4.088236607165
-4.718975368791
-4.352501738230
0.495766141978
-0.926884996784
-1.307957725618
-1.567400382864
-1.824871833539
-1.321129032834
-1.824943215502
-0.247809295737
-3.185470516529
-3.230104095846
-3.755749153096
3.608487452544
1.165054328712
-0.864999384894
3.877521433005
1.571442065889
4.407235111818
-3.610822414357
-1.724627169149

-0.025664412402
0.821463377098
-0.703791620864
1.872060985282
-0.781059264558

-0.689458503099
1.461806832106
-0.519999128296
0.555818698142
2.298965227794
-1.236531793944
-0.704347496014
-0.334902275728
-2.433624857342
-3.356391190459
-2.611052083043
-1.635141423766
-3.795090159482
-1.845872756100
-0.711229138899
-3.996329990286
-4.540979864766
-3.024691634601
-1.084724129096
-4.911764115934
-3.186157116192
-1.311773685285
-1.651537039041
-2.210956582685
-2.574100827579
-0.185575435521
-0.433221671604
-0.047186927396
0.762475837520
-0.927473555810
-1.249195370133
0.005935546983
2.674923724446
2.374928922474
1.061588080649
3.497378035142
2.504244174713
4.869651973598
5.144165221029
5.056868702036
2.048148063004
0.980045781325
2.603257216096
0.243474361066
1.646918639744
-2.379956927433
-1.528964211599
2.012941952757
0.683408736278
2.231664363984
5.470894090224

-3.403848895324
-3.412394346698
-4.256646264307
-3.639077154685
-2.144850715856
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0.827597200459
-1.788663365346
-1.463757186331
-3.076038670321
-2.434891121674
-4.038976816523
-3.290567238630
-3.722040674586
-2.180014727181
-5.033278400691
-4.475015746023

1.768298768303

1.457740277595

2.989578891022

2.381780994654

3.902653970577

3.602794796846

2.132064901944

4.853083373776

0.020050864013

0.128259810707

1.390572954844

1.157351485160

2.785927415571

3.093289860747

3.813282526734

4.402569812790

2.311283046147

5.122381511832

3.556275007392

5.420141881983

4.618194672784

5.912009543604

6.441021434180

0.474388228316
-0.898481424689

1.130691971039
-0.950218602277

0.618376870935

0.325176605346

1.657079534860
-0.012382663994
-1.999425465978
-2.948540454722
-2.000143802050
-1.927941435762
-2.090147163116
-1.255255217765
-1.771850798587
-3.667797014316
-2.284257280524
-3.380771130690
-1.940626485086
-4.040871961571
-3.614237849791
-3.704468972404

1.114836475267
-1.815472106247

0.692490775206
-1.670726734297
-3.007485627837
-1.187279572085
-3.866362083527
-2.056100779475
-0.135807128116
-3.393976790166
-4.902581855678
-1.678741426536
-4.064905889741

1.613250722447

2.367441904344

1.801890380173

3.290592682237

2.734749007573

3.481842345107

3.871232522989

2.870624842778
-0.580618770344
-0.220066793059
-1.941584389849
-3.026665766093
-1.381101481839
-0.079075003283
-2.202893895531

0.394139180029

0.584073892541
-1.733563013176
-3.204306706686
-0.433081686471

1.413251412156
-2.379083847172
-0.065219244095
-1.759464051946
-2.342979087190
-2.564922935900
-3.148570259930
-0.620888483003
-0.998844408731
-0.295944133946

0.241081635029
-1.980153060168
-2.466915050886
-1.178987483508

1.819518970881

1.739994881881

0.755213483699

3.173705823980

1.477223447480

4.349681382653

4.357141216128

4.407683956830

1.125881168816

0.157488093193

1.883791338047

0.434425060962

0.602541545725

-2.012245826843
-1.663381000242
-1.425720840272
-1.407394274636
-0.908733006856
-0.896479836598
-1.556773688381
-0.646148962420
-0.708046555013
-0.677849144245
-0.242703115533
-1.477337516203
-0.340642939762
-2.132267697507
0.147021477544
-1.643674572668
-0.502217379710
1.030022906889
-2.150891010503
0.554987061183
-1.324607592246
0.769104855554
0.234548596645
0.758304038622
1.170858251844
0.271701724803
1.106818512013
1.518779015940
0.212698160980
-0.055888860535
0.630445423483
1.408641013135
-0.161308764644
0.579897305403
2.316794599255
2.148850886918
2.661862945020
1.421883418037
3.334385318637
4.321252908338
3.408414409135
3.107400173824
2.812816512200
2.612426543239
3.544356710630
-1.128129652479
0.357149683018
1.191839100387
1.082315843918
0.678333015888
0.444209630110
0.457858439321
-0.593248649343
2.015624656781
2.289805373402
2.733018721683
-4.104155972864
-3.332894644812
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-0.449795370921
3.227384001012
0.507182237040
4.314946045274

-5.131933912882

-1.911181819230

-0.076367867213
0.994868140524
0.256054676302
0.824517749519

-0.316187684380
0.833241221224

-1.287166865987

-0.852135542363

-2.648196575633

-1.793468286121

-3.580295445216

-2.941147092483

-3.155722193906

-1.457855311206

-4.638932134897

-3.885885569496
1.466052386040
1.093016801246
2.487560072778
1.751643924232
3.135178778234
2.780622201063
1.433489097360
3.924006731383

-0.742332268158
0.076400825487
1.898061074442
1.485409894860
2.933936095533
3.250541012731
3.594489461241
4.205738729518
2.741615611466
4.549816168877
3.336001675494
4.859146171419
4.427272975352
5.054796270295
5.607523407259
1.288709034002

-0.201164676376
1.339567262152

-0.645691133099
1.982621037631
1.654689456494
3.069480078195
1.731173079711

-1.044850538777

-2.103111034150

-0.659387528580

-3.346576854885
1.206648284750
2.228088355330
4.209700512481
1.071770257320
5.206728150873

-0.372544172849

0.675974545557
-1.145199035182

1.616981309074
-0.933556314740

0.866691849004
-1.968534542831
-3.277237211423
-1.647379152124
-4.278081350021
-2.658333431573
-0.614626449837
-3.969742310710
-5.292965221759
-2.417146342042
-4.750367387614

1.932757403175

2.307830147210

2.650197137319

3.347624062395

3.697481909273

4.048694805017

3.624886251686

4.236978794209
-0.248161000216
-0.108838290628
-2.744433776069
-3.871595923927
-2.141727992400
-0.777405582733
-3.026662525185
-0.311500280370
-0.061762221291
-2.563519326823
-4.078668241800
-1.200294875211

0.749677356354
-3.261104204925
-0.835027244599
-2.074342161377
-1.874774789603
-2.901774244491
-2.718144690239
-0.870010373220
-0.772453938192
-0.982730094254

0.067824621650
-1.074382975284
-1.312599395984
-0.435883430449

-1.597749319183
-3.008146040761
0.154288181173
-0.124958655058
2.035325633845
1.009697851343

-2.934415349079
-2.628149423271
-3.630682690287
-3.154549714343
-1.593261674514
-1.171137755454
-1.379095205421
-1.169053474841
-1.378621781568
-0.924770031471
-1.141037054365
-1.540636530564
-0.911101195169
-0.735788183702
-1.127347333912
-0.718047876324
-0.501556270928
0.798654342183
-1.145062245001
1.445792279372
-0.488369037043
0.813089607091
2.445964943500
-1.004422819314
1.128457572874
-0.615965764088
1.145433099412
0.894046959531
0.244033044152
0.183994621782
-0.629699188682
-0.720995524338
0.810764149199
-1.526604583981
-0.584671975926
-1.574335878680
-0.754719321429
-2.188240787522
-2.272005344982
2.397959223002
2.138091323667
3.121144272724
1.610358492925
3.042833147662
4.081594046596
3.046681957036
2.538555781306
2.905889463338
2.979142096006
3.698033284759
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-2.187647411047
-2.439127812133
-2.093432305709
-1.639497046883
-4.008149955319
-1.385803634076
-2.258083033581
-1.139800486862
-4.486515765004
-4.367149050205
-3.949419964994

2.007599506284
-1.004313560435

0.208742356777

2.793499042010

0.247361182517

3.286121313897
-5.545572779049
-0.537314871127

2.297333063831
0.904484695309
3.093778717242
0.418979497969
2.127198824742
0.161588404406
3.204192731564
3.393919507586
4.073166126787
4.423151302581
5.112200309029
3.925761895372
5.284185769431
4.558007895474
5.778638124183
6.088379224765
-1.099560329846
-2.198793297330
-1.195521462366
-3.403642224949
-2.409510221763
-3.512974077164
-4.264536014058
-2.491825830434
0.346156010781
0.880779747305
0.096834549791
1.115512797985
-1.234441714735
-2.417796896018
-1.308544254176
-3.658763319968
-2.354597315414
-2.544236967234
-0.376387270760
-3.722821325968
-4.571750962224

1.536941822835
2.015790011893
1.128697264397
3.406600452386
2.424126731930
4.328625705976
4.969773138908
3.798833412917
2.836808289212
2.034536472818
3.726000814434
0.312504303627
0.088848971116
-3.496789793969
2.389916648958
1.831553736725
4.863878698662
3.076991670957
4.943951913931

1.539756045616
1.477817159302
1.144883579173
2.455567126195
0.680424189170
0.584036062934
0.364166996901
-0.961816453756
1.369160168150
-1.256187110892
1.056860207169
2.393923128156
-0.253776395978
-2.282509542598
1.843126284839
-0.493070061187
0.056126937148
0.904150589344
-1.297864322795
0.382748837550
-1.815844205838
-0.975819151310
1.036360702798
-2.877437228548
-0.912571858201
0.170217989488
-2.725738964493
-3.353635621011
-3.419325341555
-2.749369753982
-4.706144200462
-3.348141198940
-1.737764641881
-5.309253531411
-5.202697509318
-4.630223639954
-2.813677011357

-1.511364478610
-0.115562226831
1.096370807425
0.207775589288
0.025656424315
-0.854768202953
-1.030788211266
-1.779658778757
1.310969589864
2.045870995807
1.661473127990
-2.841989630055
-3.286360190053
-1.151996888995
-2.150950029365
1.271399854361
1.320851967699
1.192295960272
-0.545175366132

2.070560646490
2.722108312148
2.709607488515
2.757050520901
0.883843475655
1.809387963979
0.018696347100
-0.398063316571
-0.418746226088
-1.291155574732
-1.295330912031
-0.093760127798
-1.744057456120
-1.618970149390
-1.637597893095
-2.433144697951
2.222420783747
2.374308821259
2.552108522188
2.842924092628
3.000888443990
3.151718916097
2.949115314562
3.210116903671
-0.760529215450
0.755173349522
-0.112964982982
0.212278268901
0.074589684688
-0.250290486466
0.625365908754
-0.036621775520
-0.642286310995
0.846100670517
0.879192405987
0.513332069367
-0.283525991213
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-2.597444343123
-4.687509942124
0.201935446279
0.761640797417
0.908483650420
1.845809640838
-1.195156380697
-1.219735086481
-1.536625170546
-1.924948581152
0.047038618897
0.340484659706
-1.037064144239
0.422132034840
-0.704506300936
-1.791720665855
0.158278014854
-1.206046393901
1.251315346981
0.908869746576
2.038859369635
-2.422508800490
-3.221933157076
-2.266188518806
0.921727064216
2.565630772993
2.750435221216
-0.329823048224
-2.111994637515
-4.459199387690
-2.686365804155
1.627067221741

-3.161879402747
-2.025845642478
-4.080371447677
-1.854206217149
-2.561994372005
-0.864783077214
-3.305427914180
-2.916820147886
-4.426206442191
-3.625699161647
-5.138543685520
-4.730013225181
-4.736390719214
-3.312613003408
-6.003866161879
-5.289062588923
0.375334075461
1.081737269669
0.829382631491
2.259472329254
2.018064318425
2.733515670005
2.818222786480
2.391661386995

-6.306039368884
-5.099705870191
-1.176120942048
0.102709248476
-1.962032210080
0.190720045567
-1.412603921955
-1.313484272316
-2.417853135058
-0.709434655661
1.380364215901
1.808063195660
1.254760303446
2.415027029951
2.972083428305
2.064760346985
3.552832061953
4.291749838337
4.448739155633
5.305341451000
3.922987341512
4.921015259619
4.182568735630
5.424406900094
1.048908781218
2.557737491842
-1.756895569410
-1.937816657582
1.941916991793
-1.379673118146
5.659817539117
4.792640102639

1.247200736198
2.208277752068
1.749569782126
2.268634030430
0.496374388169
1.590608533630
-0.371302110650
-0.541375451482
-1.045486706511
-1.424735677341
-1.912131035758
-0.914311301799
-2.114518980999
-1.558789623369
-2.437147949334
-2.794151822440
2.301094225913
2.515368750630
2.844381574057
3.259558732255
3.572093177874
3.782961329863
3.415751258327
3.950368783758

1.276712822256
0.687141931233
-2.704747438686
-2.454999060188
-2.972089550102
-2.514000856556
-3.236354718601
-4.330305989867
-2.979089059482
-2.824320438207
-2.741459428918
-3.706500777892
-2.730353479305
-1.758645865631
-0.788634924680
-0.365252620507
0.450212254131
-1.586587518092
0.169883553383
-0.418067883816
-0.377302928970
-1.139036190929
-1.036912024277
-0.178225922711
3.728814092525
1.778135111300
-0.026399061158
2.425294617070
2.079244958842
3.499590227681
-1.897103906069
1.135022352873

0.945315961874
1.318637014869
0.632334596429
2.395013231411
-0.169508058063
0.645003592533
-1.001061584795
-2.340275380420
-0.504962528029
-3.150293369417
-1.335482071436
0.528289335611
-2.655757249599
-4.181210126886
-0.941609332168
-3.297054657607
0.620909177329
1.806598813789
-0.583103089588
1.775957592604
-0.607928291198
0.570303883051
2.694153086701
-1.553791702834
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-0.072328136739
-1.211558008247
0.805233421011
0.118643070772
2.258413583671
3.033788862985
2.831249677622
4.363559571138
2.577656945982
4.159722783783
2.203853832846
4.928636045130
4.953385610128
4.601479622041
5.964633351284
0.482376054922
-0.604484313915
0.240102672903
-1.594673579553
1.912817282422
2.087634465229
2.602975165084
2.169524171996
-0.476692121740
-1.192404295137
0.524346911740
-0.820725990078
0.388827597657
1.437238542167
-0.383842408748
0.954034100591
-1.433597368012
-1.071079395146
-2.279394348566
2.284426052892
2.982158117520
2.294331732728
-2.181825281387
-3.398758815624
-2.073923798815
0.270142490914
0.723401513573
3.661911472146
2.565516731938
-1.739053430669

-3.048356580098
-1.965494167515
-4.046367609788
-1.668546211492
-2.544595570855
-0.848806918614
-3.300057655671
-3.049030590072
-4.292116391224
-3.768248581742
-5.016699375609

-0.632853242457
0.611109319457
0.285752931398
0.588880283195
0.699688423726
0.486018708381
1.340315853529
0.904447348984
0.031413164925
1.756480900887
1.504657888318
1.538014264801
0.749446732150
2.252046291589
1.865722758988
-2.473715520758
-2.509705494827
-2.685844069666
-2.664954945659
-2.787213891548
-3.872303603490
-2.343642307913
-2.381524919965
-2.985369165554
-3.781742570514
-3.358731907390
-1.953947084395
-1.138869537709
-0.590867496789
-0.001346707159
-2.183050361166
-0.385580938687
-1.121969816059
-0.804315483008
-1.975474934447
-1.764679318951
-1.144294020693
3.220714230199
0.565427667055
0.012077092691
2.661863645942
2.072078748200
4.345712407998
-2.897179071819
0.523258563396

1.108906699871
2.162629366914
1.526164741668
2.207983669605
0.470948590253
1.655985272369
-0.442464789068
-0.550823130915
-1.226761070791
-1.469963576595
-2.132839635766

-1.162829308918
-0.209176322568
-2.618433150028
-3.604095139254
-2.611766167559
-1.465589301572
-3.719168762548
-1.425340435724
-0.589922473404
-3.683779575541
-4.590585896891
-2.534195072011
-0.526195266891
-4.544732030853
-2.504243115106
-1.535623223448
-0.616679046219
-2.577185227465
-1.041255144646
-1.156098934344
-1.140376407292
-1.877281148599
-0.174073054548
0.794138759019
1.009719593763
1.021816994483
1.814404088108
2.444435663101
1.554388270569
3.292204138451
3.547737177343
4.199753990644
4.922994554387
3.646932658009
4.063194965002
3.249226431821
4.776688174618
0.927363070180
1.771792103018
-2.748014716434
-1.493534502872
2.727399111429
0.548803895734
4.574652774938
4.720764269049

1.128549148114
1.393042005580
0.977776340022
2.441326038073
-0.099191391180
0.568598826875
-0.863948729463
-2.241180624660
-0.268020322864
-3.000132582838
-1.044056053112
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-4.475683813456
-4.755408694852
-3.560859337991
-5.780130366174
-5.318587503696
0.381671165393
1.165822014502
0.763912324597
2.343143713351
1.950791311792
2.740035941346
2.963340243775
2.265425409404
-0.047823076803
-1.217206632654
0.920983189175
0.279981659274
2.365157866259
3.059996378330
3.008895979389
4.385421740694
2.549800018023
4.333920278920
2.442815474501
5.023977468304
4.915514037068
4.832758206840
6.057205437077
0.555656874043
-0.657996474650
0.439294110662
-1.587741499452
1.915776439018
2.051365852932
2.705155444269
2.050502317109
-0.724415788703
-1.617063495758
0.181524757651
-1.106582551458
0.184049557447
1.172042415631
-0.315060576370
0.862196223451
-1.209532522516
-0.742613351431
-2.135369922670
2.209493751178
2.860844142249
2.246737492149
-2.250879651786
-3.080411357981
-2.282615927003
0.149514445159
0.868455268439
3.667848279949
2.540753997916
-1.429199391172

-1.154663011316
-2.263836787910
-1.556786468753
-2.745640980352
-2.973148409389
2.375220295420
2.528670650717
2.963318558306
3.270208397621
3.691528192286
3.848961037619
3.380071283485
4.113681510980
-0.601163097489
0.676193346998
0.293603944932
0.596467784492
0.692811310393
0.484218876370
1.319585122599
0.900629822949
0.034889872265
1.729176629805
1.478819907763
1.520275172874
0.751919602730
2.212515266895
1.844100554620
-2.379293916540
-2.581374763354
-2.546908376050
-2.638575787934
-2.766553317426
-3.856288332087
-2.304545325736
-2.433662691895
-3.082869023396
-3.631154436985
-3.465704200182
-1.806932744452
-1.125454589536
-0.574106002446
0.057355527006
-2.230102951693
-0.300852613759
-1.028973538420
-0.727987840255
-1.988141312697
-1.779118421533
-1.140542314697
3.165116062144
0.364294332604
0.066103190796
2.815086326944
2.036195563346
4.410051577154
-2.891889218346
0.616474282952

0.798278466466
-2.408266959089
-4.062347730597
-0.573756149461
-3.006731781852

0.501565668371

1.647304061983
-0.706512616201

1.572218262166
-0.774947312945

0.363640146577

2.457008186621
-1.723636136430
-1.170169553989
-0.266729055809
-2.565892223590
-3.569827779139
-2.453497065021
-1.255914775349
-3.530477865004
-1.136950587457
-0.409560745352
-3.412916124402
-4.443322524286
-2.212942457499
-0.200613009918
-4.248891259759
-2.118844565789
-1.621370072973
-0.859936923912
-2.692628990464
-1.419197071506
-1.087113778423
-1.126821172624
-1.684312917596
-0.055867822593

0.466809927197

0.743376454225

0.927121235049

1.763786523711

2.279821453730

1.306395471863

3.295076564470

3.270406974392

4.359760240254

5.030683457943

3.961267365049

3.707389328543

2.854314195701

4.402051316849

1.051861864697
1.932071203268
-2.702331200003
-1.587870208100

2.565079457698

0.307515307465

4.222384684565

4.910015965240
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-0.187520597233
-1.475392319186
-0.384129388916
-1.447244305162
0.522999063179
-1.493961649157
1.903836207471
2.488278090003
2.699845551738
3.856772606083
4.063439165207
2.250771553123
4.651652149481
4.297689342223
4.666590728511
5.716988835724
-2.604456562928
-2.680592947510
-3.662992199197
-3.778594922670
-4.760881019595
-4.828913034665
-3.806554269247
-5.564949548112
0.158666851350
-0.280147009292
-0.078112677370
-1.296697289531
-2.142334717759
-1.660688271266
-3.313720873047
-1.852798201252
-2.840524030442
-1.011033613822
-3.669311495061
-3.952233476980
-3.118939739019
-4.589147524144
-2.361295137587
0.403396620800
1.883803861042
-3.641868032578
-1.882200640262
-5.684172730527
1.015341994240
0.801684610225
2.076040678849
3.369717297417
3.612686995228
4.290291006461
2.977113140560
2.728929433968
1.944655925594
3.545839530241
3.114130995643
1.258429795543

-3.858374987328
-3.734700614629
-3.870910322337
-4.331086008779
-2.624475933813
-2.297548537842
-2.472448179461
-3.198690758191
-1.642300238996
-3.087369812108
-1.537230175754
-1.093431940051
-2.256433210483
-3.651937824223
-0.888743658339
-2.173940790661
-1.742054211273
-0.367534016864
-2.569157263924
0.160242731285
-2.027544418000
-0.662779321042
1.227512833918
-2.687579007844
0.150685925167
-1.694824072873
1.616500688210
1.852506808870
0.773959729051
3.143576092269
0.974354722739
-0.221616626692
3.346407262582
3.977453682036
2.261927797650
0.129737387942
4.347882163473
2.422052561503
-4.016803847659
-4.740337582258
-3.840518323955
-3.636099597147
0.287413743787
-0.246729265013
0.439611228187
2.582801943376
3.136555607981
1.813286231577
1.296792275762
2.254791232030
1.093048218449
4.602008062570
5.346290904352
5.092550099535
4.285369085860
3.595689927358

-1.157212363825
-0.349678334039
-2.236283825736
0.570752388685
-0.781368501974
-0.015024372805
-1.058045766459
-2.105282777009
-0.256756414682
-2.350763728349
-0.518978865837
0.564189508801
-1.561341713473
-3.167049366567
0.108159519407
-1.753074948308
0.663780241854
0.936490014377
1.073387655401
1.604864980641
1.743094148071
2.015612229221
1.801354561988
2.054983411213
0.170678399018
-0.208758113812
-0.993858008590
-1.799594550817
-2.114829673828
-2.231855043696
-2.839185995398
-1.799834093289
-2.939558392786
-1.990059160129
-3.247111135070
-3.080521551864
-3.255113499276
-3.802504230371
-0.923052706932
-0.900195563854
-2.736922802363
0.888496534454
0.611526143985
2.538325459421
1.831491454959
-1.228037447445
-0.184734141937
0.054624418626
-0.877954471325
0.454047711724
0.777919118996
-1.162421705664
-1.333973559308
-0.621434755911
-2.137311276671
1.428059228848
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1.974332926183
0.418544220884
0.908751455092
0.861779124227
-0.284275288346
2.189270018008
3.000405187033
2.426601800703
2.151394204293
-0.072977263532
-0.430394767481
-1.218281507783
0.552266061234
-0.414800069125
1.319892648493
0.513829244739
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-0.154209417787
-1.365589519508
-0.448059334757
-1.205472769207
0.497740096414
-1.457810534886
1.785245522278
2.336098769637
2.536343957214
3.611268603396
3.808158824481
2.145165756270
4.355267711283
4.017865920608
4.380762703966
5.349475793560
-2.605545113934
-2.847165410685
-3.538303504345
-3.987298842502
-4.680499154589
-4.914796641924
-4.148273437541
-5.387672250280
0.054975916257
-0.318650364998
-0.235608894762
-1.271291018930
-2.003612925506
-1.554210373841
-3.003015365415
-1.763720698111
-2.552221837862
-0.979717468778
-3.277844944340
-3.565481852262
-2.771072876125
-4.056904782371
-2.281172038145
0.518502373940

4.061328866547
4.283905926727
2.654830102123
-0.155841173341
0.541333793837
0.039567457030
-0.460445779611
1.106901053334
-0.360812144758
1.612057747309
0.131796163508
0.423601969773
-1.664938673203
-1.820293671406
-2.171874184214
-2.137948447877

-4.163891414157
-3.982273822509
-4.372295926677
-4.423323428872
-2.847500306139
-2.516417954773
-2.637882904898
-3.592841719625
-1.497132405759
-3.405415857387
-1.326552041046
-0.770669258631
-2.272698829010
-4.153588246579
-0.449233797253
-2.130563418447
-1.907942809042
-0.535179365848
-2.681606514809
0.048148565953
-2.084921897210
-0.720150778982
1.112387466072
-2.699252321760
-0.040614501898
-1.880809332053
1.645524033566
2.023228682636
0.993581118235
3.359597053960
1.283742911611
-0.030541453287
3.651423233188
4.147487176882
2.614047951957
0.480801564022
4.683679155632
2.846533787109
-4.402236497147
-4.956207879073

2.115063166103
1.288689886761
1.872418177503
3.088731141087
3.849214385117
3.848628570231
3.307696494688
3.899298093139
4.868756337155
3.936483778888
4.856457977031
3.289800110104
2.988404639943
2.500937265059
2.394240325056
3.976670076500

-0.689454858823

0.220334720973
-1.725960190374

1.212133834420
-0.598313294855

0.324180527774
-1.143186988615
-2.011702728983
-0.814079159011
-2.544561096831
-1.352105632764
-0.112458338315
-2.220637653966
-3.218609636678
-1.072192471206
-2.631985444322

0.882084689593

0.720432960950

1.590233544172

1.259247573026

2.125813561970

1.966549879390

1.116653128501

2.675314833143
-0.050584812005
-0.087667458666
-0.912525593006
-1.901744951542
-2.511005795478
-2.238289036512
-3.437374380519
-2.238122397749
-3.161106840777
-1.762494179293
-3.760969991023
-3.904583109678
-3.419250044229
-4.481842271656
-0.202867840461
-0.353075069608
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1.776554159365
-3.380187270235
-2.130231796357
-5.804840948226

1.042518103288

0.401526849047

1.920446512389

3.607331160945

3.857972448597

4.392739671305

3.661978607129

2.631349601532

1.932020204828

3.560950339969

2.875203778609

1.361725312066

2.143561472805

1.127755884324

0.466694563982

1.105769410188
-0.345026385117

1.872294322583

2.887087688593

1.353290428591

1.944637979471
-0.846593597668
-0.389168293477
-0.899619242471

1.767797090526

1.234196523304

2.808906017280

1.747763826938

-0.719944441081
-1.658415824293
-1.267423978527
-1.289535274951
0.118508307313
-1.598621560547
1.298780174308
1.498080610546
2.292620215885
2.664735741406
3.451731164706
2.165984406996
3.646321578531
2.798495501888
4.210747034860
4.551759687131
-2.578804830171
-2.938495838032
-3.234776976938
-3.919920450063
-4.222788034145
-4.569326289593
-4.178058940973
-4.717749619316

-4.478276697045
-3.742913820895
0.061593565608
-0.262067473229
1.034337782217
2.644157597761
2.638148688204
1.729661123848
1.350216458621
2.454139506357
0.893783690268
3.819778174581
4.616050092719
4.289317595168
3.270992978407
3.902388954120
4.112636040377
4.840070624732
3.574840001976
0.460825682400
0.314644150677
1.315538430566
1.549166410304
2.248387185215
0.754432107622
1.285720156966
-0.061686949758
-0.376594859673
-0.926746532582
-1.561440864850
-0.854675084765
-1.415836733851

-3.681214053080
-3.765691417813
-3.467654805733
-4.477259914460
-2.534360803653
-2.387598532250
-2.218885279388
-2.696941171802
-1.429542846595
-2.374536964731
-1.116061823133
-1.083279767096
-1.579603765852
-2.744401967125
-0.505646934829
-1.329194839916
-1.928149628546
-0.573789080337
-2.848284182765
-0.151302902155
-2.413108071239
-1.063380159867
0.902825538912
-3.137241541708

-2.289538123724
1.741862555404
0.172017603673
2.385866100832
1.387685217126
-0.432528260897
0.689985746164
0.858670349891
-0.139369805237
1.106358589290
1.554341596036
-0.689839908639
-0.965022908143
-0.342203435930
-1.609094327031
1.985475594573
2.722159514915
1.472562896617
2.519228672755
2.714799600285
3.202342422755
3.744590341305
3.420767016277
3.962632739261
4.681968801924
3.159562044992
4.230392670691
2.563098804289
2.644679747715
1.934136780350
2.319802965897
3.624174409556

-1.215550888611
-0.017639224265
-2.143636493010
0.732732617126
-0.835319196021
0.503894647901
-1.536332235877
-2.839940095179
-0.934614256730
-3.533630179970
-1.639753026900
0.082596601571
-2.942455666276
-4.545893982064
-1.159371483216
-3.485802732145
1.416407399560
1.472723675423
2.248710083096
2.365501459627
3.131707809565
3.199494441327
2.391021463009
3.772371107584
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-0.116360517415

-0.500972218831
-1.056607512331
-1.025165986575
-0.276702828329
-1.722285096260
-0.222294133622
0.268015704042
-1.668018831544
-2.298861067035
-0.918474610530
0.363583941276
-2.207427129151
-0.876796730626
-2.682193910925
-0.115712133172
0.739246845696
-2.971164473714
-2.454814873723
-5.338911229345
1.476344580880
-1.835810221658
2.069676572803
3.824163516524
4.454903450997
4.265900013681
3.878279697459
2.201845937408
1.292542344914
3.032893666155
2.392297043162
0.877222486890
0.840267828616
1.170521639531
-0.128049030836
1.289152797555
-0.169160026566
2.226425706544
3.274631693098
2.027330736239
2.064023166866
-0.429065130442
-0.342130116053
-0.844347315205
1.604033022268
0.974559457827
2.653353161615
1.414393178298

-1.114403919476
-2.470666004307
-0.731535222367
-3.313555191395
-0.272414505554
-2.290835243698
1.100212385200
1.969689687369

0.145129675959
-1.701578445924
1.561146523956
1.784475718331
0.921304140126
2.843450159518
1.101674646922
0.109312362817
3.033777360212
3.498689159434
2.161728743455
0.422794968216
3.858083545571
2.311621858411
-4.036388794077
-4.579584875472
-3.299886640601
-3.900019186811
0.148256973599
-0.728730187900
0.841778578809
2.279583837614
2.376793289152
2.685716386015
1.798750344553
3.486989481329
2.993328022393
2.336128640343
2.697895318700
2.979690480886
1.332283638691
3.708605669228
3.814129647636
4.679571545260
3.471445669365
0.360926138918
0.612930602158
1.057217607880
0.903986728024
2.129944950699
0.631458266955
1.665612246094
0.333721948579
0.019495947059
-1.135879501654
-1.630998743368
-1.300420739271
-1.586387770845

4.272876903339
3.738892266754
5.075021643581
4.092811758027
3.062653254804
2.283258537839
3.091657531600
3.998265360502

0.168063388976

0.064290812786
-0.719087142345
-2.219752491445
-3.027521252438
-2.817295529088
-4.408790063173
-2.552875219644
-4.195916640453
-2.170491203848
-4.994775826730
-5.022997786414
-4.655844300622
-6.070518132300
-0.284497970194
-1.360012220254
.325762681038
.222310762550
829545273914
888176965219
521534545471
.064682562584
.017487657181
656790519377
.528532210778
052794973599
703023506127
.854895197400
.335213342715
167722139679
.240132371514
583272937364
.672313463148
167019792213
219637608954
900415597403
291995148153
891854731601
627418756085
959002266025
886510006543
159145050453
.335951660420
.675282885815
869513131351
127366534968
.605890079283
848382225248
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-0.182197873900
0.290331761525
0.451626152311

-0.307491678559

-0.095698576965
0.133498159270

-0.468140616995
0.149596047667
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1.578100710055
3.318646467501
2.932936957586
0.908324152937
3.804681363919
3.992384472698
3.291431527047
4.858334453806
-3.384808749929
-3.351136239886
-4.506451084221
-4.421310176005
-5.577876579002
-5.536985384585
-4.380169524993
-6.440958651167
-0.206616352190
-0.987598161526
0.676231081279
2.144846972213
2.877630707608
2.834602128730
4.266308557365
2.341454910402
4.223921045917
2.267073116229
4.941620981106
4.828974990785
4.738858339276
6.026828347839
-2.657747732480
-1.138844783224
1.596748488036
-4.536484685470
-2.501149715866
-6.370029214095
0.159269427580
-1.506450112983
-1.929678860851
-1.882185719506
-1.195239315760
-2.935598264346
-1.533054176507
-1.181230938465
-2.548853737637
-0.891825878474
-2.470794404296
-3.540445196117
-2.330508443883
-2.085557693995
0.945508499906
0.797372983974
-0.263610085424
2.190978398243
0.575322114018
3.432901686868
3.683240088651
3.386968671666

2.207206166260
4.011383504745
2.213039153422
1.500470781575
3.115497845792
4.710941357915
1.492654819118
3.119988180177
1.386008265910
0.222351720144
1.667703136908
-0.667759517362
0.775249588443
-0.400289632175
-1.572928045422
0.997438143895
0.168870872102
1.920532967667
-0.961494811099
-0.940796851890
-2.088583952181
0.245113781913
-2.042067326682
-3.009617233704
0.297135168774
1.123222080544
-0.848447057330
-2.934891879873
1.224794178351
-0.816966833045
3.988005475029
4.630215029557
4.667607518705
2.565341010741
0.024393559248
-1.095817400749
-1.963625734876
-2.449250146345
-3.015457515147
-2.182548172620
-3.746704466308
-3.449457573940
-3.854588312787
-3.523410512732
-4.247672396180
-4.676722964967
-0.947532844623
-1.028408169685
-0.758448686432
-0.086861910305
-2.868311244633
-1.699744821641
-0.608402621706
-0.825052418224
-2.217462084595
-1.520446098921
-2.080115877695
-2.207879762251

-1.442346704074
-0.202796921051
-1.769562684761
-1.918144244383
-1.159571938833
0.282877607359
-2.495657419750
-1.422159821780
0.160927015264
-0.620704309734
0.950151033848
-0.570478893714
0.977515808765
0.226322851767
-1.167738429800
1.597986180585
0.166493161969
0.031480137665
1.377010434061
1.514102206049
1.869806629825
1.219448946792
1.925936996105
2.065193531481
1.293420462744
0.936903422832
1.643355282600
2.183133212382
1.065076378308
1.689231995810
1.342114848310
-1.219248653469
0.918593718245
1.558750580992
-1.265216801339
0.253566395160
2.063722654128
2.041139203834
0.315483787227
-0.388074303762
-0.030824617181
0.285683652498
3.280919649190
4.263169431931
3.400512689230
2.947513449534
2.611712105443
2.398806697913
3.680517016455
2.057821282493
-1.008009795082
-1.919655910709
-1.659840812875
-2.018156008183
-3.452450472244
-1.862500675294
-2.772200809049
-1.015071157914
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-0.898644524826
-2.234652512706
-0.402683920884
-3.106310225810
-0.140238078828
-2.161083308756
1.219194550690
2.149904733666
1.643949783553
3.499297642353
2.998176999852
0.924315610159
3.931025768381
4.216642612556
3.308385409307
4.985432830504
-3.289705731891
-3.395129501114
-4.320672997597
-4.513076749516
-5.439362150563
-5.539119932498
-4.577821778530
-6.230103566398
-0.184993333603
-0.907968333868
0.816536299764
2.104842933623
2.957138365139
2.502549444430
4.175260711127
2.644591423209
3.723032306156
1.840918299800
4.562001943648
4.830114323115
4.017874082568
5.516567229315
-2.312039120459
-1.002557657068
1.829986471269
-4.250212979979
-2.617096163666
-6.409365072244
0.548185007596
-0.986785573429
-2.404158003834
-2.574599422627
-2.163438652591
-3.339587810003
-0.462742033676

-1.231082567729
-0.644034529366
-0.551394127821
-1.764079772257
-0.763348045981

4.387794117116
3.978228175892
5.184297299555
4.340673835119
3.124266410709
2.506029289011
3.030561711561
3.978411102887
1.950759413234
3.826947927996
1.794248579190
1.239442357785
2.727567410749
4.561319892513
0.930030986231
2.603323624261
1.696349217385
0.420482815990
2.181115395641
-0.364931746589
1.387199715739
0.110488884414
-1.353747228571
1.770314906489
0.285834109688
2.044993839456
-0.887320940325
-0.482830279015
-1.407852816427
0.858635235027
-0.994688167006
-2.445324140811
1.275885692172
1.565200348775
0.348294616867
-1.714107359549
2.317682565336
0.666477957173
4.320962795426
4.709612701647
4.808912544882
3.165361393307
0.061151239465
-0.506422488101
-2.124638751333
-3.078588669686
-3.289321249673
-2.353208006350
-4.052776238732
-3.561127750555
-4.770672594195

-4.464066398527
-4.253349859174
-4.538755355356
-5.410406936119
-1.675800744904

-0.397314941266
0.233775984235
0.160776192793

-0.316301295715

-0.341262408115
0.185582283000

-0.737145565710

-0.293699208459

-1.523654521398

-0.612504403209

-1.811087787858

-1.908742123141

-1.358506690622

-0.258175740870

-2.389035809133

-1.584831933362
0.457568685495

-0.115100718064
1.272996495248
0.153862746855
1.525050209535
0.972711520549

-0.286690021957
2.163360694911
0.120776467331

-0.040299426287
1.249264085863
1.883131456989
2.513135024043
1.804458312322
3.042639780356
2.570883320237
2.330587105474
1.319070574019
2.950318356207
3.526693722680
2.248276680986
3.360736241761
1.272700735156

-1.440612507806
0.327053994110
1.723287940428

-0.778631513412

1.173531915340
1.442860565047
0.749064787731

-0.526607506196

-1.069449197287

-1.271992363891

-0.023894478288

1.374623454598
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0.222822905188
-1.343530712838
0.031633988157
-1.970913704938
-3.000452458959
-1.485498338097
-2.024556611652
0.185878426680
0.376498630504
-0.480434643808
1.924481490971
0.200241442781
2.940065393206
3.080062338190
2.674622718524
0.285207529500
-0.469179348811
1.281676610380
0.103220396350
3.858998303850

-0.818845219781
-2.103073150257
-0.218830363488
-3.011063081251
-0.117967784983
-2.040470917907
1.151393483030
1.846401074453
1.742463150036
3.105117736291
3.001352965665
1.210800776087
3.695398167513
3.625242481765
3.427180117937
4.676803602649
-3.105125219528
-3.159765472655
-4.130852957086
-4.209153641011
-5.182517397892
-5.226805946982
-4.227613952221
-5.966463083829
-0.251689192332
-0.847876582771
0.603038243653
1.897583572028
2.533768273507
2.498056449802
3.744364847266
2.051233668044
3.716250417884
1.995286041721
4.340472464001

-4.684211167859
-5.334378964203
-5.341037113246
-2.119599075472
-2.482743367949
-2.179994821412
-1.057232978423
-2.992698935215
-1.879032084677
-0.632127590663
-1.383934696692
-2.586083937689
-2.240516801407
-3.132051251308
-2.536527265381
-1.752313348091
-0.960639942092
-1.304060033341
-2.399921565086
-1.652316741590

4.505898639839
4.235387566999
5.299174594575
4.503577188375
3.211810085086
2.783128752453
3.041401637712
4.145098493761
1.769909068703
3.972640910861
1.613156865211
0.907744867530
2.711344618119
4.840150731598
0.614956075299
2.586083882282
2.082477084161
0.679338291862
2.781970227904
-0.000715731743
2.085990393295
0.693358529212
-1.083913722443
2.643347321691
0.498631278624
2.230181831162
-0.701024476250
-0.363936048428
-1.293236063886
0.882464121695
-0.982824736107
-2.255157887795
1.198069425780
1.594036728882
0.264812942465

2.222359326543
1.701736852974
0.583059574050
2.086894595762
2.169844742815
3.066021706527
1.821876621464
-0.823705922377
-1.852059201123
-1.741593549100
-1.822550507801
-3.292771249017
-1.268620294733
-1.888767256534
-0.252285892832
-4.459940386788
-4.422875590190
-4.543300354330
-5.318949589114
-1.254420797398

-0.768417638015
0.024144266933
-0.313758159383
-0.523521056184
-0.702198615722
0.247006775158
-1.296158895559
-1.816676021277
-1.383575634347
-2.395317934042
-1.949474086958
-1.008745285738
-2.463095971869
-2.791089984214
-1.982704990904
-2.909614455898
0.852933353168
0.795714496997
1.505364612827
1.403432239883
2.102404084908
2.061588570908
1.348956160929
2.606758661494
0.365768631064
-0.096634240270
1.604265102203
2.319609766840
3.155936715830
2.114063113230
3.768719136851
3.304644942231
2.716402766088
1.464452065147
3.546625457164
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4.230164567656
4.177025926941
5.287636920214
-2.109531502120
-1.011223317332
1.422211234432
-4.112717353215
-2.399400915269
-6.045604743246
0.193810015708
-1.153439282955
-1.831303268824
-2.232564741494
-1.051079290790
-2.639518319870
-0.351706605516
0.067167718350
-1.086090490965
0.446977894951
-2.415057297257
-2.770676369290
-3.273809897210
-1.930847307462
0.144385967570
0.490829509472
-0.469071806678
1.966089656357
0.669870614339
2.709851016990
3.006062939188
2.112667106570
0.869879435138
0.040237149273
1.808755109884
0.911692659516
3.589425132991

-1.705777446370
2.166453370243
0.506608106317
4.768554832861
4.777212948893
5.141316823922
3.864115135334
0.131241517044
0.155693015244
-1.872830655188
-4.131464548641
-5.337784550103
-4.805510377397
-6.019733646701
-5.941667959657
-4.999010726788
-4.248732953551
-5.596462315129
-5.670791759233
-2.856361956875
-2.263947217455
-3.345665398724
-2.192023005833
-3.350356833336
-1.902635325564
-0.799239546237
-1.579529993738
-2.098967325691
-2.491718172998
-3.376337170863
-2.772794924936
-0.913398262050
-0.215122500202
-0.418488486829
-1.247279779894
-1.938273333853

4.419391517998
2.540744224947
4.021742825661
0.981703635433
-1.812782679678
-1.775064475798
1.565109843257
0.252419896758
2.529232016702
1.750767779011
-0.376637250728
-1.646516003614
-2.515214871705
-1.999725280460
-1.218549521539
1.071786966625
1.747981916516
1.623860387598
0.740197063312
0.141120221756
-0.706260760343
0.615341568691
0.861632915359
-1.207142326516
-1.685253578276
-1.363118482270
-1.142122447359
-3.272053336568
-0.301156023677
-0.871579452699
0.566580241566
-4.069723970092
-3.930161176077
-3.801911514632
-5.107039787183
0.026375190504
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Chapter 3

Photoinduced Copper-Catalyzed Asymmetric Conjugate Addition Reaction of
Acylsilanes to a,p-Unsaturated Ketones and Aldehydes
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Introduction

Chiral 1,4-dicarbonyl compounds are important synthetic intermediates for a variety of natural
products and pharmaceuticals.! A convenient method for their synthesis is the 1,4-addition reaction
of an acyl anion (or its equivalent) to an a,f-unsaturated carbonyl compound. In 2008, Henser and
co-workers reported the asymmetric intermolecular Stetter reaction catalyzed by a novel triazolium-
derived N-heterocyclic carbene (NHC) (Scheme 1a).?® The Breslow intermediate, which is
catalytically generated in situ from aldehyde and NHC, acts as an acyl anion equivalent, and
stereoselectively synthesizes chiral 1,4-dicarbonyl compounds under the influence of chirality on the
NHC catalyst. In 2019, Melchiorre and co-workers reported the synthetic method for chiral 1,4-
dicarbonyl compounds using visible light (Scheme 1b).> In this reaction, an acyl radical
photochemically generated from 4-acyl-1,4-dihydropyridines attacks the alkene moiety of an «,f-
unsaturated aldehyde activated by an asymmetric organocatalyst to afford enantioenriched products.
Although these methods are pioneering examples of access to chiral 1,4-dicarbonyl compounds,* the

enantiomeric excess of the products remains less than 80%.

Scheme 1. Synthesis of chiral 1,4-dicarbonyl compounds by 1,4-addition reaction

a) o Cat. NHC (10 mol%) 4 @ Ph |
A2_~__Ph  Cs,CO4 (10 mol%) -

BF
A" H 0 THF,0°C, 6 h 4
1 H
R ' OR1
up to 78% ee ! Cat. NHC
b ey
) OR' ) v CF3 CFs CF '
Cat. amine (10 mol%) 0 ' F 3 '
EtO,C CO,Et R2 _~ H TFA (80 mol%) H o :
| + \/\n/ A > RN b F H CF. |
0 visible light (465 nm) R0 ; 31
Me ” Me MeCN, —15°C, 40 h : N OTDS :
upto76%ee . Cat. amine
visible light l Cat. amine l
(Uj 2 + Giese-type addition
R + RiA~eN

Acyl radical Iminium ion

As described in Chapters 1 and 2, the author developed the asymmetric allylic acylation of allylic
phosphates with acylsilanes using a blue LED and a chiral copper catalyst. In this method, acylcopper,
which has low nucleophilicity in its ground state, is excited upon photoirradiation and utilized in the
acylation reaction with high enantioselectivity. Based on this finding, the author thought that 1,4-
dicarbonyl compounds could be synthesized stereoselectively by replacing allylic phosphates with
o,f-unsaturated carbonyl compounds. Chapter 3 describes the development of a photoinduced
copper-catalyzed asymmetric conjugate addition reaction of acylsilanes to a,p-unsaturated ketones or
aldehydes for the synthesis of chiral 1,4-dicarbonyl compounds (Scheme 2). The proposed
photoexcitation of an acyl copper intermediate enabled the desired asymmetric conjugate addition
reaction with both high yield and high enantioselectivity (up to 92%)).
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Scheme 2. Photoinduced Cu-catalyzed asymmetric conjugate addition reaction of acylsilanes
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Working Hypothesis

The proposed reaction mechanism is shown in Scheme 3. First, siloxycarbene generated by
photoisomerization of acylsilane 1 reacts with CuOtBu to generate acylcopper(I) complex 4 as is the
case of the previous chapters. Then, coordination of the ¢, f-unsaturated ketone 2 onto the metal center
of 4 affords the copper complex 5, which undergoes metal-to-ligand charge transfer (MLCT) from
the copper(I) center to the acyl ligand upon photoexcitation, resulting in an excited state copper
intermediate 6. The cationic copper center of 6 acts as a Lewis acid, and activating the carbonyl group
of the a,B-unsaturated ketone, and the 1,4-addition reaction of the acyl substituent proceeds to form
the f-acylated copper enolate 7. Subsequently, the copper enolate 7 reacts with the siloxycarbene
generated from the acylsilane under visible light irradiation to afford the chiral silyl enol ether 8 and
regenerate the acyl copper(I) complex 4, completing the catalytic cycle. The desired chiral 1,4-
dicarbonyl compound can be obtained by hydrolysis of this silyl enol ether with an acid.

Scheme 3. Proposed reaction mechanism
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Results and Discussion

Based on the working hypothesis, the effect of chiral NHC ligands was investigated in the coupling
reaction between benzoyltrimethylsilane (1a, 0.30 mmol) and frans-a, f-unsaturated ketone 2a (0.15
mmol) with a combination of CuCl (10 mol %), chiral NHC ligands (12 mol %), and NaOtBu (20
mol %) in THF at —20 °C under blue LED photoirradiation (465 nm) for 12 h (Table 1). After
photoirradiation, the reaction was treated with acetic acid to obtain the desired 1,4-dicarbonyl
compound. As expected, 1,4-diketone 3aa was obtained in 75% yield, 74% ee using NHC ligand L.1-
HBF4, which has a mesityl group and a 0-MeO-Ph group on the nitrogen atoms of an imidazolidine
ring (entry 1). To improve the enantioselectivity, the author explored other ligands. Changing the N-
mesityl group of L1-HBF4 to o-F-Ph group (L.2-HBFj4) or o-difluoro-Ph group (L3-HBF4) decreased
both yield and enantiomeric excess of 3aa (entry 3, 4). On the other hand, the use of ligand LL.4-HBF4,
having a 2-biphenyl group, resulted in the enhancement of enantioselectivity (entry 4, 80% ee). Hence,
the author demonstrated further ligand modifications based on 2-biphenyl-substituted NHC ligands.
NHC ligands having a combination of sterically hindered mesityl group (LS-HBF4) or compact o-F-
Ph group (L6-HBF4) with 2-biphenyl groups did not give better results (entry 5, 6). Ligand L7- HBF4,
bearing a 2-(o-tolyl)phenyl group instead of the 2- biphenyl group also showed no significant changes
in yield and enantioselectivity from L4-HBF4 (entry 7). In contrast to these C>-asymmetric ligands,
Cr-symmetric  N,N’-di-2-biphenyl NHC ligand (L8 - HBF4) gave a good yield (60%) and
enantioselectivity (81% ee) (entry 8). The best result was given by the C>-symmetric ligand bearing
2-(3,5-dimethylphenyl)phenyl groups (L9 -HBF4) (entry 9, 83% yield, 86% ee). When the four
methyl groups of ligand L9-HBF, was replaced with F (L10-HBF4), OMe (L11-HBF4), or ‘Bu (L12-
HBF,), however, yield and/or enantioselectivity dropped (entry 12-14).

Table 1. Chiral NHC ligand screening of photoinduced copper-catalyzed asymmetric conjugate addition

reaction ?

CuCl (10 mol%)
Ligand (12 mol%) o

0 " % .
1a 2a t_)|2u§ eléqérfd' 3aa
(030mmol)  (0.15mmol) then GHsCOOH ('"H NMR yield)
3aa
entry ligand yield, %" ee, %°

1 L1-HBF4/NaO7Bu 75 74
2 L2-HBF4/NaO7Bu 35 72
3 L3-HBF4/NaO7Bu 68 50
4 L4-HBF4/NaOrBu 72 80
5 L5-HBF4/NaOrBu 29 34
6 L6-HBF4/NaOrBu 45 78
7 L7-HBF4/NaOtBu 52 82
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8 L8-HBF4/NaOrBu 60 81

L9-HBF4/NaOrBu 83 86
12 L10-HBF4/NaO7Bu 71 84
13 L11-HBF4/NaO7Bu 50 88
14 L12-HBF4/NaO7Bu 34 76

? Conditions: 1a (0.30 mmol), 2a (0.15 mmol), CuCl (10 mol%), Ligand (12 mol%), NaOtBu (20 mol%), THF
(0.60 mL), blue LED irradiation, —20 °C, 12 h. ® Yield determined by 'H NMR analysis. ¢ Enantiomeric excess
determined by chiral HPLC analysis.

Phe  Pho
> \ N\ N
N N N N N
X N X BF4
BF4 BF4 BF4
OMe OMe F
L1-HBF, L2-HBF, L3-HBF, L4 HBF4
Ph Ph Ph Ph
OO0 oo
é':47 F éF4 BF4 B'ﬂ?
L5-HBF, L6-HBF, L7-HBF, L8-HBF,

; N\ N N\ N N\ N N\ N
E BF4 BF4 BF4 B|:4
; Me 0 : MeO 0 Bu 0

Me ! OMe Bu
L9-HBF, R L10-HBF4 L11-HBF, L12-HBF,

Next, using L9*HBF4 as a ligand, the effect of base, reaction temperature, and reaction time was
investigated (Table 2). First, when potassium carbonate (K2CO3) was used as a base instead of
NaO'Bu, the yield of 3aa decreased significantly (entryl, 2). On the other hand, the use of
stoichiometric amounts of K,COj3 rather than catalytic amounts improved the product yield without
affecting the enantioselectivity (entry 3). Therefore, further reaction optimization was carried out
with stoichiometric amounts of weak bases. Potassium salts such as a potassium fluoride (KF) and
potassium hydrogen carbonate (KHCOs3) gave the similar result as K>COs; in yield and
enantioselectivity (entry 4, 5). Lithium carbonate (Li2CO3) or sodium carbonate (Na,COs3) did not
give the target product at all probably due to low solubility in THF (entry 6, 7). Cesium carbonate
(Cs2C0:3), which is more basic and more soluble in organic solvent than K>COs, gave the best result,
and the desired products were obtained in 83% yield (entry 8). Further improvement in
enantioselectivity was achieved at lower temperature without affecting reactivity (84% yield, 89%
ee) (entry 9). This result is in contrast to the fact that the use of a catalytic amount of NaO'Bu at —
40 °C decreased the product yield (entry 10).
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Table 3. Effect of base, reaction temperature and reaction time *

CuCl (10 mol%)
L9-HBF4(12 mol%)

©30mmol) (0,15 mmo) i{%‘fﬁ’gg; ('H Nl?/laRa yield) 0
... LOHBF,
entry Base (X eq) Temp (°C) Time (h) yield, %" ee, %°
1 NaO'Bu (0.2) 20 12 83 86
2 K>CO3 (0.2) —20 12 27 -
3 K>COs (2.0) -20 12 82 86
4 KF (2.0) -20 12 61 87
5 KHCO; (2.0) -20 12 76 86
6 Li2CO;s (2.0) -20 12 0 -
7 NaxCOs (2.0) -20 12 0 -
8  (Cs:C0;5(2.0) -20 12 83 86
9 Cs2C0s (2.0) 40 20 75 (84) 89
10 NaO'Bu (0.2) —40 20 60 89

# Conditions: 1a (0.30 mmol), 2a (0.15 mmol), CuCl (10 mol%), L9*HBF, (12 mol%), Base (X eq), THF (0.60
mL), blue LED irradiation. ® Yield determined by "H NMR analysis. ¢ Enantiomeric excess determined by chiral
HPLC analysis. ¢ Yield of isolated product.

With the optimized conditions in hand, the substrate scope was examined (table 4). First, the scope
of a,f-unsaturated ketone 2 was investigated in the reaction with 1a as a coupling partner. The o, f-
unsaturated ketone with a f-"CsHi; substituent (2b) reacted cleanly with 1a to afford desired 1,4-
diketone 3ab in 90% yield with 90% ee. The S configuration of 3ab was determined by comparing
the specific rotation with the literature data® and was used as the basis of configuration assignment
for the other 1,4-dicarbonyl products. The reaction also proceeded when alkyl chains at the B-position
were changed to a methyl group (3ac) or a phenylethyl group (3ad). However, the reaction of the
o,f-unsaturated ketone with the bulkier cyclohexyl group (3ae) resulted in a slight decrease of
enantioselectivity (82% ee). Next, the substituent adjacent to the carbonyl group (R?) was examined.
Ethyl ketone (3af) was found to be a suitable substrate. The bulky phenyl group (3ag) and cyclohexyl
group (3ah) afforded the desired products, albeit with slightly decrease in enantioselectivity (79% ee,
72% ee). A broad functional group compatibility of the present method was demonstrated by the
preparation of 3ai-3ao. For instance, o,f-unsaturated ketones bearing benzoyloxy (2i), siloxy (2j),
and benzyloxy (2k) groups reacted with 1a to afford the corresponding 1,4-diketones (3ai—3ak) in

good to high yields with good enantioselectivities (83—90% ee). Functional groups such as fluoro (-
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F), bromo (-Br), trifluoromethyl (-CF3), and methoxy (-OMe) substitutions were tolerated on the
aromatic ring of benzyloxy-substituted a,f-unsaturated ketone substrates (21-20).

Next, the author explored the generality of acylsilanes (1) in the reaction with a, f-unsaturated ketone
2b. Benzoyltrimethylsilanes with electron-withdrawing fluoro (1b) or electron-donating methoxy
(1c¢) substituents at the para position gave the products (3bb—3cb) in high yields with excellent
enantioselectivities. Disubstituted benzoylsilane le served as a suitable substrate to give the
corresponding product (3eb). The protocol was also applicable to an acylsilane with a more extended
n system (3fb).

Table 5. Substrate Scope *

CuCl (10 mol%)

o 1

R~ R2
Ar” siMey t \/\g/
1 2
(0.30 mmol) (0.15 mmol)

L9-HBF, (10 mol%)
Cs,C03 (2.0 eq)

——
THF (0.6 mL)

blue LED irrad.
-40°C, 20 h

then CH;COOH (isolated yield)

Scope of a,B-Unsaturated Ketones
o

M

Ph” Y Me Ph)l\;/\[( ¢
By O "CgHyy O
3aa 3ab

84%, 89% ee 90%, 90% ee

[¢] (0]
PR Ph)WPh
gy O Bu O
3af 3ag

93%, 88% ee 89%, 79% ee

o]
Ph)l\;/\IfMe

0
Ph)l\:/\IrMe N o
:\ 0 o
0. i
!
Ph
F
3ak 3al

77%, 86% ee 74%, 89% ee

Scope of Acylsilanes

(0]
Phk;/\n/Me
Me O

3ac
78%, 90% ee

3ad
80%, 90% ee

3ae
68%, 82% ee

(0]
M O
0 L J e
) Ph” Y
Ph” Y \ O
gy O O Ph \
\n/ OTBS
o
3ah 3ai 3aj
67%, 72% ee 66%, 83% ee 94%, 90% ee
o (0]
[¢]
PhMMe PhMMe o Me
2 e) :
\ [¢] \o _\ o
Br CFs MeO OMe
3am 3an 3ao

66%, 91% ee 90%, 88% ee 91%, 90% ee

o [0}
F "C5-H11 o MeO "C5_H11 o
npr\"
3bb 3cb

76%, 92% ee 87%, 88% ee

o
Me 0 o]
H F. Me Me
RN ere slo o
MeO CsH1q nCgHqq O
3db 3eb 3fb

77%, 90% ee 93%, 92% ee 86%, 76% ee

¢ Conditions: 1a—1f (0.30 mmol), 2a—20 (0.15 mmol), CuCl (10 mol%), L9-HBF4 (12 mol%), Cs2COs (2.0 equiv),
THF (0.60 mL), blue LED irradiation (465 nm), —40 °C, 12 h. Yields of isolated products (3) are reported.
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This protocol can also be applied to @, f-unsaturated aldehydes instead of a,f-unsaturated ketones
(Scheme 4). Under the optimized conditions, the asymmetric 1,4-addition reaction of acylsilane 1a

to unsaturated aldehyde 2p proceeds efficiently to give the corresponding 1,4-dicarbonyl compound
(3ap).

Scheme 4. Application to a,f-unsaturated aldehydes

CuCl (10 mol%) ; Ph Ph

L9-HBF,4(12 mol%) o : bamt 5
)Cl)\ MCes, o~ Cs,CO0; (2.0 eq) on )J\T/\H/H ; NN ;
Ph” “SiMes © THF (0.6 mL) . : BF, O :
s O biye LED irrad. CoHin O Me 5
1a 2p -40°C, 20 h 3ap : 0 ;
(0.30 mmol) (0.15 mmol)  then CH;COOH 85%, 91% ee
L9-HBF,

The produced chiral 1,4-dicarbonyl compounds are amenable to further derivatization as shown in
Scheme 5. Reduction of both carbonyl groups of 3ap with NaBH4 proceeded in a diastereoselective
manner (d.r. = 9:1)° to obtain the corresponding 1,4-diol (9) in 85% yield with retaining its

enantiomeric excess.

Scheme 5. Derivation of the resulting chiral 1,4-dicarbonyl compounds

o) OH
. NaBH, (2.0 eq) T,
H 4
Ph EtOH Ph/\/\

nC5—H11 (e} 0 OC, 2h nC5H11 OH
3ap 9
0.1 mmol 85% yield
91% ee 9:1dr, 91% ee

Conclusion

In summary, the author developed a photoinduced copper-catalyzed asymmetric conjugate addition
reaction of acylsilanes to a,p-unsaturated ketones or aldehydes for the synthesis of chiral 1,4-
dicarbonyl compounds. The proposed photoexcitation of an acyl copper intermediate enabled the
desired asymmetric conjugate addition reaction under mild reaction conditions with readily available
blue LEDs. The combination of Cs-symmetric N,N’-di-2-(3,5-dimethylphenyl)phenyl
imidazolidinium ligand and a stoichiometric amount of cesium carbonate was crucial for high
reaction efficiency and high enantioselectivity. These results demonstrate that the photoinduced
copper-catalyzed strategy is applicable to asymmetric acylation reactions with a wide range of
electrophiles.
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Experimental Section

Instrumentation and Chemicals

NMR spectra were recorded on a JEOL ECX-400, operating at 400 MHz for 'H NMR, 101 MHz
for *C NMR. Chemical shift values for 'H NMR and '3C NMR are referenced to MesSi (0.00 ppm
for 'H NMR) and CDClI3 (77.0 ppm for '*C NMR). Chemical shifts are reported in § ppm. High-
resolution mass spectra were recorded at the Instrumental Analysis Division, Global Facility Center,
Creative Research Institution, Hokkaido University (Thermo Fisher Scientific Exactive or JEOL
JMS-T100LP for ESI-MS) and the GC—-MS & NMR Laboratory, Research Faculty of Agriculture,
Hokkaido University (JEOL JMS-T100GCv for FD-MS). HPLC analyses were conducted on a
HITACHI ELITE LaChrom system with a HITACHI L-2455 diode array detector. Optical rotations
were measured on a JASCO P-2200. TLC analyses were performed on commercial glass plates
bearing 0.25-mm layer of Merck Silica gel 60Fs4. Silica gel (Kanto Chemical Co., Silica gel 60 N,
spherical, neutral) was used for column chromatography. IR spectra were measured with a
PerkinElmer Frontier instrument.

All reactions were carried out under nitrogen or argon atmosphere. Materials were obtained from
commercial suppliers or prepared according to standard procedures unless otherwise noted. CuCl was
purchased from Aldrich Chemical Co., stored under nitrogen, and used as received. THF was
purchased from Kanto Chemical Co., and purified by passing through activated alumina under
positive argon pressure as described by Grubbs et al.” NaOsBu was purchased from TCI Chemical

Co., stored under nitrogen, and used as received.

Preparation of Substrates and Ligands
Acylsilanes® and o, S-unsaturated carbonyl compounds® were synthesized according to the literature
methods. The preparation of the chiral NHC ligands was previously reported.! See the section for

reaction optimization for the variants of this ligand system.

&9



Substrate Scope

General Procedure for the Cu-Catalyzed Asymmetric Conjugate Addition Reaction.

In a N»o-filled glove box, CuCl (1.5 mg, 0.015 mmol), L9*HBF4 (9.6 mg, 0.018 mmol), and Cs2COs
(97.7 mg, 0.30 mmol) were placed in a vial containing a magnetic stirring bar. THF (0.6 mL) was
added to the vial, which was sealed with a cap and was removed from the glove box. The mixture
was stirred at room temperature for 10 min. Next, a,f-unsaturated carbonyl compound 2 (0.15 mmol)
and acylsilane 1 (0.30 mmol) were added via a syringe. After 20 h stirring at —40 °C under blue LED
irradiation, acetic acid was added to the reaction mixture, which was stirred for 30 minutes. The
reaction mixture was diluted with Et;O and filtered through a pad of silica gel (eluting with Et;0O).
The volatiles were removed under vacuum, and then an internal standard (dibenzyl) was added to
determine the "H NMR yield. The crude product was purified by silica gel column chromatography.
Enantiomeric excess of the products was determined by HPLC analysis with a chiral stationary phase

column.

(5)-2-butyl-1-phenylpentane-1,4-dione (3aa)
0

M
Ph ©

"Bu O

The product was isolated by silica gel column chromatography with hexane/EtOAc (90:10 to
70:30) as a colorless oil (29.3 mg, 0.13 mmol, 84% yield). The ee value (89% ee) was determined by
HPLC analysis [CHIRALCEL® IC-3 column, 4.6 mm x 250 mm, Daicel Chemical Industries,
hexane/2-propanol 90.0:10.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 9.1 min for
the S isomer and 16.2 min for the R isomer]. 'TH NMR (400 MHz, CDCl3): 6 7.99 (d, J= 7.3 Hz, 2H),
7.56 (t,J=7.3 Hz, 1H), 7.47 (t,J= 7.6 Hz, 2H), 3.96-3.89 (m, 1H), 3.16 (dd, J=9.2Hz, 8.7 Hz, 1H),
2.61 (dd, J =17.9 Hz, 4.1 Hz, 1H), 2.17 (s, 3H), 1.71-1.60 (m, 2H), 1.48-1.41 (m, 1H), 1.26 (t,J =
3.4 Hz, 3H), 0.84 (t, J = 6.9 Hz, 3H); 13C NMR (101 MHz, CDCls): 6 207.4, 203.3, 136.7, 132.9,
128.6 (2C), 128.4 (2C), 45.0, 41.1, 32.0, 30.1, 29.3, 22.7, 13.8; IR (ATR): 3061, 2957, 2931, 2860,
1715, 1678, 1597, 1580, 1448, 1398, 1358, 1240, 1195, 1166, 1104, 1074, 1002, 979, 936, 849, 777,
700, 654 cm™'; HRMS (ESI) m/z : [M+Na]" Caled for CisHxoNaO> 255.13555, found 255.13509;
[a]3! =—58.8 (¢ =0.81, CHCL).
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(S)-2-pentyl-1-phenylpentane-1,4-dione (3ab)

0]

M
S

"CsHyy O

The product was isolated by silica gel column chromatography with hexane/EtOAc (90:10 to
70:30) as a colorless oil (35.2 mg, 0.14 mmol, 90% yield). The ee value (90% ee) was determined by
HPLC analysis [CHIRALCEL® IC-3 column, 4.6 mm x 250 mm, Daicel Chemical Industries,
hexane/2-propanol 95.0:5.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 12.1 min for
the S isomer and 23.1 min for the R isomer]. 'TH NMR (400 MHz, CDCl3): 6 7.99 (d, J= 8.2 Hz, 2H),
7.56 (t, J = 6.9 Hz, 1H), 7.48-7.45 (m, 2H), 3.96-3.89 (m, 1H), 3.16 (dd, J = 9.6 Hz, 8.7 Hz, 1H),
2.61 (dd, J=17.9, 4.1 Hz, 1H), 2.16 (s, 3H), 1.70-1.62 (m, 1H), 1.45-1.18 (m, 5H), 0.92-0.82 (m,
5H); BC NMR (101 MHz, CDCls): 6 207.4, 203.3, 136.7, 132.8, 128.5 (2C), 128.3 (2C), 45.0, 41.2,
32.2,31.7,30.0,26.8,22.3,13.9; [ot]lz,5 =—49.1 (¢ = 0.5, CHCI3). Spectral data match those reported

in the literature.’

(5)-2-methyl-1-phenylpentane-1,4-dione (3ac)

(0]

Ph)j\i/\I(Me
Me O

The product was isolated by silica gel column chromatography with hexane/EtOAc (90:10 to
70:30) as a colorless oil (34.9 mg, 0.14 mmol, 90% yield). The ee value (90% ee) was determined by
HPLC analysis [CHIRALCEL® IC-3 column, 4.6 mm x 250 mm, Daicel Chemical Industries,
hexane/2-propanol 90.0:10.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 11.4 min for
the S isomer and 22.3 min for the R isomer]. 'TH NMR (400 MHz, CDCl3): 6 7.99 (d, J= 7.3 Hz, 2H),
7.56 (t,J=17.3 Hz, 1H), 7.47 (t, J = 7.8 Hz, 2H), 4.02-3.93 (m, 1H), 3.17 (dd, J = 9.6 Hz, 8.2 Hz,
1H), 2.56 (dd, J=17.9 Hz, 5.0 Hz, 1H), 2.18 (s, 3H), 1.19 (d, J = 7.3 Hz, 3H); '3*C NMR (101 MHz,
CDCls): 6 207.1, 203.2, 135.6, 132.9, 128.6 (2C), 128.4 (2C), 46.7, 36.2, 30.1, 17.7; [a]3® =-19.2
(c = 0.40, CHCI3). Spectral data match those reported in the literature.!!
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(S)-2-phenethyl-1-phenylpentane-1,4-dione (3ad)

(0]

M

e
Ph
The product was isolated by silica gel column chromatography with hexane/EtOAc (90:10 to 70:30)
as a colorless oil (33.6 mg, 0.12 mmol, 80% yield). The ee value (90% ee) was determined by HPLC
analysis [CHIRALCEL® IC-3 column, 4.6 mm X 250 mm, Daicel Chemical Industries, hexane/2-
propanol 95.0:5.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 16.9 min for the S isomer
and 26.9 min for the R isomer]. "H NMR (400 MHz, CDCls): 6 7.89 (d, J = 7.3 Hz, 2H), 7.57-7.53
(m, 1H), 7.43 (t, ] = 7.6 Hz, 2H), 7.29-7.24 (m, 2H), 7.21-7.17 (m, 1H), 7.09 (d, J = 6.9 Hz, 2H),
4.08-3.93 (m, 1H), 3.20 (dd, ] =9.2 Hz, 8.7 Hz, 1H), 2.69-2.53 (m, 3H), 2.17 (s, 3H), 2.05-1.96 (m,
1H), 1.84-1.72 (m, 1H); C NMR (101 MHz, CDCl3): 6 207.1, 202.9, 141.0, 136.4, 133.0, 128.6
(2C), 128.4 (4C), 128.3 (2C), 126.1, 45.0, 40.6, 33.7, 33.3, 30.0; [a]3® =—44.2 (¢ = 0.77, CHCL).
Spectral data match those reported in the literature.!'?

(R)-2-cyclohexyl-1-phenylpentane-1,4-dione (3ae)
0

M
Ph)j\:/\rr e

O o)
The product was isolated by silica gel column chromatography with hexane/EtOAc (90:10 to 70:30)
as a colorless oil (26.4 mg, 0.10 mmol, 68% yield). The ee value (82% ee) was determined by HPLC
analysis [CHIRALCEL® IC-3 column, 4.6 mm X 250 mm, Daicel Chemical Industries, hexane/2-
propanol 90.0:10.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 10.1 min for the R
isomer and 16.2 min for the S isomer]. '"H NMR (400 MHz, CDCl3): 6 7.99 (d, J = 6.9 Hz, 2H), 7.56
(t,J=7.1 Hz, 1H), 7.47 (t, J= 7.8 Hz, 2H), 3.86-3.82 (m, 1H), 3.21 (dd, /= 18.1 Hz, 10.3 Hz, 1H),
2.61 (dd, J = 18.3 Hz, 3.2 Hz, 1H), 2.16 (s, 3H), 1.70-1.55 (m, 6H), 1.25-0.83 (m, 5H); 3C NMR
(101 MHz, CDCls): 6 207.8, 203.3, 137.5, 132.7, 128.5 (2C), 128.4 (2C), 46.5, 42.3, 40.0, 31.7, 30.0,
29.4,26.5,26.3,26.1; IR (ATR): 3057, 2921, 2852, 1721, 1670, 1596, 1579, 1449, 1392, 1357, 1315,
1241, 1195, 1164, 1109, 1077, 1030, 1003, 976, 938, 860, 810, 775, 737, 711, 687, 657, 617 cm™';
HRMS (ESI) m/z : [M+Na]* Calcd for C17H22NaO2 281.15120, found 281.15082; [a]3? = —87.6 (¢
=0.74, CHCl)
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(S)-2-butyl-1-phenylhexane-1,4-dione (3af)
0
PR
n-Bu O

The product was isolated by silica gel column chromatography with hexane/EtOAc (90:10 to 70:30)
as a colorless oil (34.3 mg, 0.14 mmol, 93% yield). The ee value (88% ee) was determined by HPLC
analysis [CHIRALCEL® IC-3 column, 4.6 mm X 250 mm, Daicel Chemical Industries, hexane/2-
propanol 90.0:10.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 6.5 min for the S isomer
and 9.5 min for the R isomer]. "H NMR (400 MHz, CDCl5): 6 8.00 (d, J= 7.3 Hz, 2H), 7.58-7.54 (m,
1H), 7.47 (t, J = 7.6 Hz, 2H), 3.98-3.91 (m, 1H), 3.13 (dd, /= 17.9, 9.6 Hz, 1H), 2.59 (dd, J = 17.9,
4.1 Hz, 1H), 2.49-2.44 (m, 2H), 1.71-1.64 (m, 1H), 1.48-1.39 (m, 1H), 1.30-1.21 (m, 4H), 1.03 (t, J
= 7.3 Hz, 3H), 0.84 (t, J= 6.9 Hz, 3H); ¥*C NMR (101 MHz, CDCls): § 210.2, 203.5, 136.7, 132.8,
128.5 (2C), 128.3 (2C), 43.9, 41.1, 35.9, 32.0, 29.3, 22.6, 13.8, 7.6; IR (ATR): 3062, 2957, 2933,
2860, 1713, 1678, 1597, 1581, 1448, 1411, 1377, 1357, 1317, 1279, 1233, 1179, 1114, 1071, 1002,
991, 944, 860, 759, 699, 644, 687, 657,617 cm™'; HRMS (ESI) m/z : [M+Na]" Calcd for C1¢H22NaO»
269.15120, found 269.15083; [a]%Z =—49.2 (¢ = 0.96, CHCl5)

(5)-2-butyl-1,4-diphenylbutane-1,4-dione (3ag)

o}

The product was isolated by silica gel column chromatography with hexane/EtOAc (90:10 to 70:30)
as a colorless oil (36.7 mg, 0.12 mmol, 89% yield). The ee value (79% ee) was determined by HPLC
analysis [CHIRALCEL® IC-3 column, 4.6 mm X 250 mm, Daicel Chemical Industries, hexane/2-
propanol 90.0:10.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 8.0 min for the S isomer
and 9.3 min for the R isomer]. 'H NMR (400 MHz, CDCl3): ¢ 8.03 (dd, J = 33.9, 7.8 Hz, 4H), 7.60~
7.44 (m, 6H), 4.17-4.10 (m, 1H), 3.73 (dd, J=9.2 Hz, 8.7 Hz, 1H), 3.18 (dd, J = 18.1, 3.9 Hz, 1H),
1.80-1.73 (m, 1H), 1.40-1.23 (m, 5H), 0.86 (t, J = 7.1 Hz, 3H); 3C NMR (101 MHz, CDCl;): ¢
203.4,198.7, 136.8, 136.6, 133.1, 132.9, 128.6 (2C), 128.5 (2C), 128.4 (2C), 128.1 (2C), 41.1, 40.7,
32.2,29.4,22.7,13.8; IR (ATR): 3061, 2957, 2930, 2860, 1676, 1597, 1581, 1448, 1398, 1378, 1350,
1277, 1216, 1178, 1159, 1102, 1074, 1001, 952, 927, 876, 845, 758, 741, 703, 687, 644, 616 cm™!;
HRMS (ESI) m/z : [M+Na]" Calcd for C20H22NaO, 317.15120, found 317.15081; [a]3® = —81.2 (c
=0.92, CHCl)
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(S)-2-butyl-4-cyclohexyl-1-phenylbutane-1,4-dione (3ah)

The product was isolated by silica gel column chromatography with hexane/EtOAc (90:10 to 70:30)
as a colorless oil (30.2 mg, 0.10 mmol, 67% yield). The ee value (72% ee) was determined by HPLC
analysis [CHIRALCEL® IC-3 column, 4.6 mm X 250 mm, Daicel Chemical Industries, hexane/2-
propanol 90.0:10.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 5.5 min for the S isomer
and 7.2 min for the R isomer]. "TH NMR (400 MHz, CDCls): 6 8.00 (d, J = 8.2 Hz, 2H), 7.55 (t, J =
7.3 Hz, 1H), 7.46 (t,J = 7.6 Hz, 2H), 3.97-3.90 (m, 1H), 3.16 (dd, /= 9.6 Hz, 8.7 Hz, 1H), 2.61 (dd,
J=18.1,4.4 Hz, 1H), 2.38 (d, /= 11.0 Hz, 1H), 1.86-1.64 (m, 8H), 1.47-1.18 (m, 8H), 0.92-0.82
(m, 3H); 13C NMR (101 MHz, CDCls): J 212.8, 203.6, 136.8, 132.8, 128.5 (2C), 128.3 (2C), 50.6,
42.4,40.9, 32.0, 29.3, 28.3, 25.8 (2C), 25.6 (2C), 22.7, 13.8; IR (ATR): 2928, 2855, 1705, 1679,
1597, 1581, 1448, 1396, 1376, 1334, 1231, 1196, 1179, 1146, 1067, 1002, 949, 787, 698, 650, 617
cm'; HRMS (ESI) m/z : [M+Na]" Calcd for C20HsNaO, 323.19815, found 323.19777; [a]3® =
—38.1 (¢ = 1.0, CHCl3)

(8)-3-benzoyl-5-oxohexyl benzoate (3ai)

The product was isolated by silica gel column chromatography with hexane/EtOAc (90:10 to 70:30)
as a colorless oil (32.1 mg, 0.10 mmol, 66% yield). The ee value (83% ee) was determined by HPLC
analysis [CHIRALCEL® IC-3 column, 4.6 mm X 250 mm, Daicel Chemical Industries, hexane/2-
propanol 90.0:10.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 27.3 min for the S
isomer and 33.7 min for the R isomer]. 'TH NMR (400 MHz, CDCI3): 6 8.02-7.93 (m, 4H), 7.59-7.52
(m, 2H), 7.42 (q, J = 7.5 Hz, 4H), 4.40-4.25 (m, 2H), 4.20-4.10 (m, 1H), 3.23 (q, J = 9.0 Hz, 1H),
2.73 (dd,J=18.3,4.6 Hz, 1H), 2.27-2.16 (m, 4H), 1.97-1.89 (m, 1H); 3*C NMR (101 MHz, CDCl5):
0206.5,202.2,166.2, 136.1, 133.1, 129.8, 129.5 (2C), 129.4 (2C), 128.6, 128.45 (2C), 128.36 (20),
62.4,45.2,38.1,31.0,29.9; IR (ATR): 2959, 2115, 1708, 1673, 1595, 1580, 1493, 1465, 1450, 1397,
1377,1360, 1316, 1270, 1256, 1196, 1178, 1166, 1112, 1097, 1070, 1057, 1025, 1002, 991, 978, 935,
856, 803, 790, 736, 702, 686, 675, 654, 617 cm™'; HRMS (ESI) m/z : [M+Na]" Caled for C20H20NaO4
347.12538, found 347.12518; [a]3® = —74.6 (c = 1.0, CHCl;)
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(8)-2-(2-((tert-butyldimethylsilyl)oxy)ethyl)-1-phenylpentane-1,4-dione (3aj)

0O

L0
OTBS

The product was isolated by silica gel column chromatography with hexane/EtOAc (90:10 to 70:30)
as a colorless oil (47.2 mg, 0.14 mmol, 94% yield). The ee value (90% ee) was determined by HPLC
analysis [CHIRALCEL® IC-3 column, 4.6 mm X 250 mm, Daicel Chemical Industries, hexane/2-
propanol 90.0:10.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 6.8 min for the S isomer
and 9.3 min for the R isomer]. '"H NMR (400 MHz, CDCls): J 8.05-8.03 (m, 2H), 7.54 (t,J = 8.0 Hz,
1H), 7.45 (t, J = 7.6 Hz, 2H), 4.17-4.10 (m, 1H), 3.63-3.57 (m, 2H), 3.20-3.10 (m, 1H), 2.70-2.61
(m, 1H), 2.16 (s, 3H), 2.00-1.86 (m, 1H), 1.62-1.54 (m, 1H), 0.89-0.85 (m, 9H), —0.00——0.16 (m,
6H); 3C NMR (101 MHz, CDCls): 6 207.1, 203.1, 136.4, 132.9, 128.6 (2C), 128.4 (2C), 60.3, 45.0,
38.0, 35.0, 29.9, 25.8(3C), 18.2, —5.55, =5.57; IR (ATR): 3065, 2954, 2929, 2857, 1717, 1682, 1597,
1581, 1472, 1448, 1398, 1360, 1251, 1193, 1162, 1095, 1003, 980, 939, 834, 809, 775, 736, 698, 662
cm'; HRMS (ESI) m/z : [M+Na]* Caled for C19H30NaO3Si 357.18564, found 357.18532; [a]33 =
=579 (¢ = 1.1, CHCl3)

(5)-2-(2-(benzyloxy)ethyl)-1-phenylpentane-1,4-dione (3ak)

0]

M
S

The product was isolated by silica gel column chromatography with hexane/EtOAc (90:10 to 70:30)
as a colorless oil (35.6 mg, 0.12 mmol, 77% yield). The ee value (86% ee) was determined by HPLC
analysis [CHIRALCEL® IC-3 column, 4.6 mm X 250 mm, Daicel Chemical Industries, hexane/2-
propanol 90.0:10.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 14.3 min for the S
isomer and 19.1 min for the R isomer]. 'TH NMR (400 MHz, CDCls): 6 8.03 (d, J= 6.9 Hz, 2H), 7.58—
7.53 (m, 1H), 7.45 (t,J=17.6 Hz, 2H), 7.35-7.29 (m, 3H), 7.28-7.26 (m, 2H), 4.38 (s, 2H), 4.19—4.12
(m, 1H), 3.51-3.38 (m, 2H), 3.14 (dd, J = 9.6 Hz, 8.7 Hz, 1H), 2.63 (dd, J = 18.1, 4.4 Hz, 1H), 2.13
(s, 3H), 2.05-1.96 (m, 1H), 1.77-1.69 (m, 1H); 3C NMR (101 MHz, CDCl;): 6 207.0, 203.2, 138.1,
136.6, 132.9 (2C), 128.5 (4C), 128.3 (2C), 127.6 (2C), 72.9, 67.4, 45 .4, 38.3, 32.3, 29.9; IR (ATR):
3063, 2859, 1714, 1678, 1596, 1579, 1496, 1448, 1397, 1359, 1243, 1200, 1164, 1099, 1077, 1027,
1002, 978, 912, 783, 736, 697, 648 cm™'; HRMS (ESI) m/z : [M+Na]" Calcd for C20H22NaOs
333.14612, found 333.14575; [a]%® = —62.1 (c = 1.1, CHCL)
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(8)-2-(2-((4-fluorobenzyl)oxy)ethyl)-1-phenylpentane-1,4-dione (3al)
0
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The product was isolated by silica gel column chromatography with hexane/EtOAc (90:10 to 70:30)

as a colorless oil (36.5 mg, 0.11 mmol, 74% yield). The ee value (89% ee) was determined by HPLC
analysis [CHIRALCEL® IC-3 column, 4.6 mm X 250 mm, Daicel Chemical Industries, hexane/2-
propanol 90.0:10.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 15.1 min for the S
isomer and 20.7 min for the R isomer]. '"H NMR (400 MHz, CDCl5): 6 8.01 (d, J = 7.3 Hz, 2H), 7.55
(t,J=7.4 Hz, 1H), 7.45 (t,J = 7.8 Hz, 2H), 7.24-7.18 (m, 2H), 7.00 (t, J = 8.7 Hz, 2H), 4.32 (s, 2H),
4.18-4.10 (m, 1H), 3.48-3.37 (m, 2H), 3.14 (dd, ] = 9.2 Hz, 9.2 Hz, 1H), 2.63 (dd, ] = 18.1, 4.4 Hz,
1H), 2.14 (s, 3H), 2.03-1.96 (m, 1H), 1.78-1.67 (m, 1H); 3C NMR (101 MHz, CDCl3): 6 207.1,
203.2,163.1 (d,J=436 Hz), 136.5, 133.8, 133.1 (d, J=34.5 Hz, 2C), 132.0, 128.6 (2C), 128.4 (2C),
115.1 (d, J = 11.5 Hz, 2C), 72.9, 67.4, 45.4, 38.3, 32.3, 29.9; IR (ATR): 3066, 2864, 1715, 1678,
1602, 1580, 1509, 1448, 1398, 1272, 1157, 1002, 978, 824, 768, 700, 647 cm™'; HRMS (ESI) m/z :
[M+Na]" Caled for C20H21NaOsF 351.13669, found 351.13653; [a]33 = —41.4 (¢ = 0.69, CHCL).

(8)-2-(2-((4-bromobenzyl)oxy)ethyl)-1-phenylpentane-1,4-dione (3am)
o}
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The product was isolated by silica gel column chromatography with hexane/EtOAc (90:10 to 70:30)

as a colorless oil (38.8 mg, 0.10 mmol, 66% yield). The ee value (91% ee) was determined by HPLC
analysis [CHIRALCEL® IC-3 column, 4.6 mm X 250 mm, Daicel Chemical Industries, hexane/2-
propanol 90.0:10.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 15.9 min for the S
isomer and 22.1 min for the R isomer]. 'TH NMR (400 MHz, CDCls): § 8.01 (d, J= 7.8 Hz, 2H), 7.56
(t,J=7.3Hz, 1H), 7.44 (t,J=8.0 Hz, 4H), 7.12 (d, /= 7.8 Hz, 2H), 4.31 (s, 2H), 4.19-4.10 (m, 1H),
3.51-3.37 (m, 2H), 3.14 (dd, /=9.2, 8.7 Hz, 1H), 2.63 (dd, /= 18.1, 4.4 Hz, 1H), 2.14 (s, 3H), 2.04-
1.94 (m, 1H), 1.78-1.70 (m, 1H); 13C NMR (101 MHz, CDCl3): 6 206.9, 203.1, 137.1 (2C), 136.6
(20), 133.0, 131.5,129.3, 128.5 (2C), 128.4 (2C), 121.4,72.1,67.6,45.4,38.3,32.2,29.9; IR (ATR):
2863, 1714, 1678, 1596, 1579, 1488, 1448, 1397, 1359, 1240, 1199, 1164, 1095, 1070, 1010, 978,
802, 700, 643 cm™!; HRMS (ESI) m/z : [M+Na]* Calcd for Ca0H21NaO3Br 411.05663, found
411.05656; [a]3® =—54.1 (c = 1.2, CHCL).
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(8)-1-phenyl-2-(2-((4-(trifluoromethyl)benzyl)oxy)ethyl)pentane-1,4-dione (3an)

0]

Ph)l\é/\[rMe
\ o}

O

CF3

The product was isolated by silica gel column chromatography with hexane/EtOAc (90:10 to 70:30)
as a colorless oil (51.1 mg, 0.14 mmol, 90% yield). The ee value (88% ee) was determined by HPLC
analysis [CHIRALCEL® IC-3 column, 4.6 mm X 250 mm, Daicel Chemical Industries, hexane/2-
propanol 90.0:10.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 11.0 min for the S
isomer and 15.1 min for the R isomer]. '"H NMR (400 MHz, CDCl5): 6 8.01 (dd, J=8.5, 1.1 Hz, 2H),
7.55 (t,J=8.2 Hz, 3H), 7.43 (t,J = 7.8 Hz, 2H), 7.35 (d, /= 8.2 Hz, 2H), 4.40 (s, 2H), 4.20—4.11 (m,
1H), 3.52-3.40 (m, 2H), 3.15 (dd, J = 18.1, 8.9 Hz, 1H), 2.64 (dd, J=17.9, 4.6 Hz, 1H), 2.14-2.09
(m, 3H), 2.07-1.96 (m, 1H), 1.81-1.73 (m, 1H); 3C NMR (101 MHz, CDCl5): 6 206.9, 203.0, 133.6
(g, J =565 Hz), 133.0, 129.6 (q, J = 32 Hz, 2C), 128.5 (2C), 128.4 (2C), 127.4, 125.2, 125.1, 124.1
(q,J=272Hz,2C),72.0,67.9,45.5,38.2,32.3,29.9; IR (ATR): 2866, 1716, 1679, 1622, 1597, 1581,
1449, 1421, 1400, 1361, 1244, 1118, 1103, 1018, 978, 782, 757, 700, 641 cm™'; HRMS (ESI) m/z :
[M+Na]" Calcd for C21H21NaOsF; 401.13350, found 401.13242; [a]3® = —40.3 (¢ = 1.1, CHCl;)

(8)-2-(2-((3,5-dimethoxybenzyl)oxy)ethyl)-1-phenylpentane-1,4-dione (3a0)

The product was isolated by silica gel column chromatography with hexane/EtOAc (90:10 to 70:30)
as a colorless oil (50.6 mg, 0.14 mmol, 91% yield). The ee value (90% ee) was determined by HPLC
analysis [CHIRALCEL® IC-3 column, 4.6 mm X 250 mm, Daicel Chemical Industries, hexane/2-
propanol 85.0:15.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 22.2 min for the S
isomer and 29.9 min for the R isomer]. 'TH NMR (400 MHz, CDCl5): 6 8.03 (dd, J=8.2, 1.4 Hz, 2H),
7.55 (t,J="1.3 Hz, 1H), 7.45 (t, J= 7.6 Hz, 2H), 6.44 (d, J = 2.3 Hz, 2H), 6.38 (t, J = 2.3 Hz, 1H),
4.35(d,J=119 Hz, 1H), 4.30 (d, /= 12.4 Hz, 1H), 4.20—4.12 (m, 1H), 3.77 (s, 6H), 3.49-3.38 (m,
2H), 3.14 (dd, J=18.1, 9.4 Hz, 1H), 2.64 (dd, J = 18.1, 4.4 Hz, 1H), 2.13 (s, 3H), 2.05-1.97 (m, 1H),
1.76-1.68 (m, 1H); 3C NMR (101 MHz, CDCl5): § 206.9, 203.1, 160.7 (2C), 140.5, 136.5, 132.9,
128.5 (2C), 128.4 (2C), 105.2 (2C), 99.5, 72.7, 67.4, 55.2 (2C), 45.2, 38.3, 32.1, 29.9; IR (ATR):
2939, 2841, 1714, 1678, 1596, 1542, 1449, 1397, 1320, 1296, 1203, 1151, 1055, 978, 833, 782, 699
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cm'; HRMS (ESI) m/z : [M+Na]" Calcd for C2:HxsNaOs 393.16725, found 393.16680; [a]33 =
—52.1 (¢ = 0.70, CHCl5)

(5)-1-(4-fluorophenyl)-2-pentylpentane-1,4-dione (3bb)
0

oo
F "CsHy O

The product was isolated by silica gel column chromatography with hexane/EtOAc (90:10 to
70:30) as a colorless oil (30.1 mg, 0.11 mmol, 76% yield). The ee value (92% ee) was determined by
HPLC analysis [CHIRALCEL® IC-3 column, 4.6 mm x 250 mm, Daicel Chemical Industries,
hexane/2-propanol 90.0:10.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 7.0 min for
the S isomer and 7.9 min for the R isomer]. '"H NMR (400 MHz, CDCls): 6 8.04-8.00 (m, 2H), 7.14
(t, J= 8.7 Hz, 2H), 3.90-3.84 (m, 1H), 3.16 (dd, J = 17.9, 9.8 Hz, 1H), 2.62 (dd, J = 18.1, 3.9 Hz,
1H), 2.16 (s, 3H), 1.66—1.59 (m, 1H), 1.49-1.38 (m, 1H), 1.29-1.16 (m, 6H), 0.84 (t, J = 6.6 Hz, 3H);
I3C NMR (101 MHz, CDCl3): 6 207.4,201.9, 165.6 (d, J =254 Hz), 133.2, 131.0 (d, J = 9.6 Hz, 2C),
115.6 (d,J=21.1Hz, 2C),45.2,41.1,32.3,31.7,30.0, 26.8, 22.3, 13.9; IR (ATR): 2957, 2930, 2860,
2350, 1716, 1679, 1597, 1542, 1507, 1457, 1411, 1359, 1299, 1228, 1192, 1156, 1106, 1013, 982,
914, 848, 816, 756, 687, 609 cm™'; HRMS (APCI) m/z : [M+H]" Calcd for Ci6H20F 265.15983,
found 265.15939; [a]L’ = —56.8 (¢ =0.81, CHCl;)

(5)-1-(4-methoxyphenyl)-2-pentylpentane-1,4-dione (3cb)
0

Q)WMG
MeO "CsHyq O

The product was isolated by silica gel column chromatography with hexane/EtOAc (90:10 to
70:30) as a colorless oil (36.3 mg, 0.13 mmol, 87% yield). The ee value (88% ee) was determined by
HPLC analysis [CHIRALCEL® IC-3 column, 4.6 mm x 250 mm, Daicel Chemical Industries,
hexane/2-propanol 90.0:10.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 18.9 min for
the S isomer and 15.2 min for the R isomer]. 'TH NMR (400 MHz, CDCl3): 6 7.98 (d, J= 8.9 Hz, 2H),
6.95 (d, J=9.2 Hz, 2H), 3.92-3.85 (m, 4H), 3.14 (dd, J=17.6, 9.2 Hz, 1H), 2.58 (dd, /= 17.9, 4.1
Hz, 1H), 2.16 (s, 3H), 1.71-1.62 (m, 1H), 1.48-1.39 (m, 1H), 1.33—1.24 (m, 6H), 0.84 (t, ] = 7.1 Hz,
3H); BC NMR (101 MHz, CDCls): 6 207.6, 201.8, 163.4, 130.7 (2C), 129.7 (2C), 113.8, 55.4, 45.3,
45.2,40.8, 32.3, 30.2, 29.3, 22.7, 13.9; IR (ATR): 2931, 2859, 1715, 1670, 1599, 1575, 1510, 1457,
1420, 1397, 1358, 1309, 1242, 1163, 1112, 1028, 980, 916, 881, 840, 801, 757, 731, 699, 611 cm™!;
HRMS (APCI) m/z : [M+H]* Caled for C17H2505 277.17982, found 277.17935; [a]}’ = —33.4 (c
=0.80, CHCl5)
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(S)-2-pentyl-1-(4-((1s,4S8)-4-propylcyclohexyl)phenyl)pentane-1,4-dione (3db)

npp

The product was isolated by silica gel column chromatography with hexane/EtOAc (90:10 to 70:30)
as a colorless oil (42.7 mg, 0.12 mmol, 77% yield). The ee value (90% ee) was determined by HPLC
analysis [CHIRALCEL® IC-3 column, 4.6 mm X 250 mm, Daicel Chemical Industries, hexane/2-
propanol 90.0:10.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 9.1 min for the S isomer
and 11.3 min for the R isomer]. "TH NMR (400 MHz, CDCl3): 6 7.91 (d, J= 8.7 Hz, 2H), 7.29 (d, J =
8.2 Hz, 2H), 3.94-3.88 (m, 1H), 3.14 (dd, J = 17.9, 9.2 Hz, 1H), 2.61-2.49 (m, 2H), 2.16 (s, 3H),
1.91-1.88 (m, 4H), 1.69—1.62 (m, 1H), 1.52-1.19 (m, 14H), 1.11-0.99 (m, 2H), 0.91 (t, /= 7.1 Hz,
3H), 0.83 (t,J = 6.6 Hz, 3H); 13C NMR (101 MHz, CDCl3): 6 207.5, 202.8, 153.3, 134.4, 128.6 (2C),
127.1 (2C), 45.0,44.7, 41.0, 39.6, 36.9, 33.9 (2C), 33.4 (2C), 32.3, 31.7, 30.1, 26.8, 22.4, 20.0, 14.4,
13.9; IR (ATR): 2955, 2921, 2853, 1717, 1676, 1606, 1568, 1542, 1448, 1416, 1398, 1358, 1240,
1181, 1165, 1112, 981, 846, 760, 734, 699, 660, 636 cm™!; HRMS (APCI) m/z : [M+H]" Calcd for
C25H300, 371.19446, found 371.29358; [a]3? = —37.3 (¢ = 0.60, CHCL).

(8)-1-(3-fluoro-4-methoxyphenyl)-2-pentylpentane-1,4-dione (3eb)
0

MeO "CsHyq O

The product was isolated by silica gel column chromatography with hexane/EtOAc (90:10 to
70:30) as a colorless oil (41.1 mg, 0.14 mmol, 93% yield). The ee value (88% ee) was determined by
HPLC analysis [CHIRALCEL® IC-3 column, 4.6 mm x 250 mm, Daicel Chemical Industries,
hexane/2-propanol 90.0:10.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 16.2 min for
the Sisomer and 17.2 min for the R isomer]. "H NMR (400 MHz, CDCls): 6 7.81-7.72 (m, 2H), 7.01
(t, J = 8.5 Hz, 1H), 3.96 (s, 3H), 3.87-3.78 (m, 1H), 3.14 (dd, J = 18.1, 9.4 Hz, 1H), 2.60 (dd, J =
18.3,4.1 Hz, 1H), 2.16 (s, 3H), 1.66—1.59 (m, 1H), 1.44-1.38 (m, 1H), 1.31-1.18 (m, 6H), 0.84 (t,J
= 6.4 Hz, 3H); ¥*C NMR (101 MHz, CDCl3): 6 207.4,201.0, 152.0 (d, J =251 Hz), 151.8 (d, J=10.5
Hz), 129.9, 125.6, 116.0 (d, J = 7.7 Hz), 1129, 111.7 (d, J = 7.7 Hz), 56.2, 40.8, 32.4, 31.7, 30.0,
26.8,22.3,13.9; IR (ATR): 2931, 2859, 1715, 1674, 1610, 1581, 1517, 1457, 1433, 1398, 1359, 1320,
1267, 1228, 1143, 1117, 1023, 907, 852, 816, 763, 731, 648, 626 cm™!; HRMS (APCI) m/z : [M+H]"
Calcd for C17H2405F 295.17040, found 295.16983; [a]3? = —57.2 (¢ = 0.86, CHCI5).
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(S)-2-pentyl-1-(naphthalen-2-yl)pentane-1,4-dione (3fb)
o)

Seras
T i, B

The product was isolated by silica gel column chromatography with hexane/EtOAc (90:10 to 70:30)
as a colorless oil (38.4 mg, 0.13 mmol, 86% yield). The ee value (76% ee) was determined by HPLC
analysis [CHIRALCEL® IC-3 column, 4.6 mm X 250 mm, Daicel Chemical Industries, hexane/2-
propanol 90.0:10.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 12.4 min for the S
isomer and 13.2 min for the R isomer]. 'H NMR (400 MHz, CDCl5): J 8.54 (s, 1H), 8.05-7.98 (m,
2H), 7.89 (t,J=9.2 Hz, 2H), 7.62-7.49 (m, 2H), 4.13-4.06 (m, 1H), 3.22 (dd, ] = 18.1, 9.4 Hz, 1H),
2.66 (dd, J=17.9, 4.1 Hz, 1H), 2.19 (s, 3H), 1.79-1.66 (m, 1H), 1.54-1.43 (m, 1H), 1.33—1.18 (m,
6H), 0.83 (t, J = 6.9 Hz, 3H); *C NMR (101 MHz, CDCls): § 207.5, 203.3, 135.5, 134.0, 132.6,
129.9, 129.6, 128.4, 128.3, 127.7, 126.6, 124.3, 45.2, 41.2, 32.4, 31.7, 30.1, 26.8, 22.3, 13.9; IR
(ATR): 3059, 2955, 2929, 2858, 1715, 1673, 1626, 1596, 1542, 1508, 1466, 1436, 1358, 1276, 1259,
1223, 1164, 1122, 1021, 985, 942, 915, 864, 821, 777, 757, 700, 631 cm™'; HRMS (APCI) m/z :
[M+H]" Caled for C2oH2s02 297.18491, found 297.18427; [a]3? = —35.4 (c = 0.58, CHCL).

(S)-3-benzoyloctanal (3ap)
0

H
"CaHqy O

The product was isolated by silica gel column chromatography with hexane/EtOAc (90:10 to 70:30)
as a colorless oil (29.6 mg, 0.13 mmol, 85% yield). The ee value (91% ee) was determined by HPLC
analysis [CHIRALCEL® OZ-H column, 4.6 mm X 250 mm, Daicel Chemical Industries, hexane/2-
propanol 90.0:10.0, 0.5 mL/min, 40 °C, 254 nm UV detector, retention time = 11.3 min for the R
isomer and 11.8 min for the S isomer]. '"H NMR (400 MHz, CDCl5): 6 9.80 (s, 1H), 7.99 (d, ] = 6.9
Hz, 2H), 7.58 (t, ] = 7.3 Hz, 1H), 7.49 (t, J = 7.6 Hz, 2H), 3.99-3.92 (m, 1H), 3.17 (dd, J = 18.3,9.2
Hz, 1H), 2.66 (dd, J = 19.2, 4.1 Hz, 1H), 1.76-1.67 (m, 1H), 1.55-1.43 (m, 1H), 1.32—-1.20 (m, 6H),
0.90-0.82 (m, 3H); 3C NMR (101 MHz, CDCls): 6 202.5, 200.7, 136.4, 133.1, 128.7 (2C), 128.4
(2C), 45.3, 40.0, 32.2, 31.7, 26.7, 22.3, 13.9; [a]3® =—43.2 (c = 1.0, CHCI;). Spectral data match
those reported in the literature.?
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(1R,25)-2-pentyl-1-phenylbutane-1,4-diol (9)

OH

The product was isolated by silica gel column chromatography with hexane/EtOAc (85:15 to 50:50)
as a colorless oil (19.4 mg, 0.12 mmol, 83% yield). The ee value (90% ee) was determined by HPLC
analysis [CHIRALCEL® OD-H column, 4.6 mm x 210 mm, Daicel Chemical Industries, hexane/2-
propanol 95.0:5.0, 1.0 mL/min, 40 °C, 254 nm UV detector, retention time = 14.7 min for the S isomer
and 30.7 min for the R isomer]. "H NMR (400 MHz, CDCl3): 6 7.34 (d, J = 4.6 Hz, 4H), 7.29-7.24
(m, 1H), 4.79 (d, J = 4.6 Hz, 1H), 3.79-3.72 (m, 1H), 3.66-3.59 (m, 1H), 3.48 (q, J = 7.0 Hz, 1H),
1.92-1.85 (m, 1H), 1.74-1.66 (m, 1H), 1.57-1.49 (m, 1H), 1.40-1.19 (m, 7H), 0.87—0.83 (m, 3H);
13C NMR (101 MHz, CDCls): 6 143.0, 128.0 (2C), 127.1, 126.5 (2C), 76.3, 60.9, 43.1, 32.9, 32.0,
28.6,26.8,22.6, 14.0 IR (ATR): 3311, 2956, 2928, 2859, 1734, 1700, 1676, 1604, 1542, 1494, 1453,
1379, 1340, 1161, 1129, 1023, 951, 915, 817, 763, 738, 700 cm™'; HRMS (ESI) m/z : [M—H]~ Calcd
for C1sH2302 235.17035, found 235.17053; [a]3® = +27.9 (¢ = 0.20, CHCl5).
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