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| General Introduction

1.1. Organoboron compounds

An organoboron represents a multi-functional organic compound that has C—B bond(s) on the
carbon skeleton."? Since the Frankland group achieved the first preparation of an organoboron
compound in 1860,** their reactivities in the transformation reactions, optical properties, electronic
properties, and bioactivities have been gathering attention from researchers in a variety of research
fields.

The organoboron compounds play essential roles in organic synthesis.!>*"'° A slightly polarized
and electron-rich nature of the C—B bond and a Lewis acidity at the boron center can show nucleophilic
and/or electrophilic reactivities according to the reaction conditions and substituents on the boron atom
(Figure 1). The electron-rich C—B bond is readily oxidized to a boronic acid ester (C—O-B) by
treatment with peroxides or oxygen, which was originally reported by the Johnson group in 1938
(Figure 2A).!""!* The C-B bond can formally be transformed into the C—O bond. In 1956, the Brown
group developed a sequential procedure of hydroboration/oxidation of double bonds (Figure 2B).!>"!7
This reaction is a reliable anti-Markovnikov hydroxylation of alkenes via the corresponding
organoboron compounds. Recently, the C—B bonds were found to be transformed into the other C—
heteroatom bonds in one step, i.e., C-N and C-halogen bonds (Figure 2C).” Another essential role of
the organoboron compounds is a source of alkyl or aryl groups through a transmetallation process in
transition metal catalysis (Figure 3).> The pioneering work on palladium catalysis is known as the
Suzuki-Miyaura reaction reported in 1979.!%!° The substituent on the boron atom can be transferred
onto the palladium or other transition metal species via activation of the boron center with a Lewis
base, which has been commonly used for the generation of the organometallic species (Figure 3).1:%20-
22 Thus, the organoboron compounds are nowadays recognized as versatile intermediates in organic

synthesis.

_ 2— ¢lectrophilic

\ J/ vacant p-orbital
—C=B_

/ r} 0
. Organoboron
electron-rich d
o(C-B) bond compounds

Figure 1. Nucleophilicity and electrophilicity derived from the boryl group in organoboron

compounds.



A. Oxidation of alkyl boranes with oxygen and peroxide (Johnson,1938)

R O, or PhCOzH R R‘o
I - I
B - B R ©r I
PA=EN P R\ ’B\ ’R
R” R R™ O o° o
alkyl boranes boronic esters

B. Hydroboration/oxidation of alkenes (Brown, 1956)

BH3 R HzOQ/NaOH
Iy —» B(\ i R/\/OH
R/\/ \/\R
alkenes trialkyl boranes alcohols

C. Oxidative functionalization of C-B bonds
Np o 7~ N

B O N Hal
1 - | | |
/(|:\ /(|:\ /(|:\ /?\
C-B bond C-0 bond C—N bond C—halogen bond

Figure 2. Oxidation reactions of organoboron compounds.

transmetallation

A o /\
v U2 N \ /oNu M \ various

—e_ > —CompB— - —e- —
/C 8\ /C rf B\ /C M - transformations
organoboron activated other organometallic
compounds o(C-B) bond reagents

Figure 3. Organoboron compounds as transmetallation reagents. M = Pd, Ni, Rh, Cu, Fe, etc.

The boron-containing organic molecules have also been well explored as functional organic
materials for optical, electronic, and pharmaceutical applications as well as catalysts.”>>° Boron
moieties having triaryl groups have a high electron affinity. They are thus used as electron-acceptor
units in optical and electronic materials, i.e., fluorescent materials, electron transport materials, and
molecular sensors (Figure 4).27273% The innovative and practical example of boron-containing drugs
is the bortezomib, an anti-cancer agent that acts as a proteasome inhibitor (Figure 5).*33! The
introduction of boron groups in drug molecules can sometimes give positive modifications to the drug.
Furthermore, many types of boron catalysts are developed (Figure 6).° For instance, chiral
oxazaborolidines are used as the catalyst for asymmetric hydrogenation of ketones, which is known as
Corey—Bakshi—Shibata reduction.??-3¢



Me Phz

N
EZB MfS/ n/S\ MB?% N@%"?’; Me Q . O
e I\/IeE

Me
s Q S SND
Me Ph,N
Me Me
electron-transporting and thermally activated delayed fluoride anion sensor
light-emitting material fluorescence (TADF) emitter

Figure 4. Applications of organoboron compounds in functional materials.

0 N Ho_ PH N
ORI L) AR g L)
> 8
Q N ~ Q N ~
Me NJ\( N Me)\)\NJ\( N
H o) H o)
Ph Ph

K; = 1600 nM Ki=0.18 nM
bortezomib

Figure 5. An application of organoboron compounds in pharmaceuticals.

F
H Ph AT
F F
N‘B’O F g_ R
1
F F
R e Y
F" E g F
oxazaborolidines used in used as Lewis acid and
Corey—Bakshi-Shibata reduction a part of FLP

Figure 6. Applications of organoboron compounds in catalysts.

The organoboron compounds are attractive multi-functional organic materials. The development
of novel organoboron compounds should contribute to numerous research fields. In this thesis, I focus
on the synthesis of aliphatic organoboron compounds functionalized as alkenyl and allylic boronates,

or chiral boronates.

1.2. Borylation reactions of organic molecules

Traditionally, Non-catalytic procedures of organoboron compounds have been developed.!* In
1860, the Frankland group first synthesized an organoboron compound via nucleophilic substitution
on electrophilic boronic ester with an organozinc reagent (Figure 7A).>* This classical procedure and
similar combination of reagents, including boronic esters and halo boron compounds as the

electrophilic boron source, and organolithium, -magnesium, and -zinc compounds for the nucleophilic

6



organometallic reagents, has still been used for synthesizing the organoboron compound.' The Brown
group developed another famous and practical procedure for introducing a boryl group in organic
molecules, hydroboration reaction reported in 1956 (Figure 7B).!>"!7 The hydroboration of multiple
bonds furnishes the organoboron compounds in anti-Markovnikov manner, which can be used for the

preparation of alcohols via oxidation of the boryl group as well as for transmetallation reagents.

A. Preparation of organoboron compounds using electrophilic boron sources

R2 R2
R'—M +  X-E —> R-E
s2 a2
R R
organometallic electrophilic organoboron
reagent boron source compounds

(M = Li, Mg, Zn,...) (X =OMe, OPr, Cl,...)

B. Preparation of organoboron compounds via hydroboration reaction

R2 /R22 i ,
---B= R
RI'Y + H-BE — -8R !
\ 1 1 1/\/B\ 2
R2 1/_'-—— R R
R
alkenes boranes organcboron

compounds

Figure 7. Non-catalytic preparation method of organoboron compounds.

The catalytic methods are also practically used for preparing the organoboron compounds. The
first catalytic reaction is a rhodium(I)-catalyzed hydroboration of unactivated alkenes using catechol
boronate as the boron source, which was reported by the Noth group in 1985 (Figure 8A).>” This
reaction proceeds toward terminal alkenes with anti-Markovnikov selectivity to produce the
corresponding terminal alkyl boronates.*®*° In 1995. The group of Miyaura and Ishiyama developed a
palladium(II)-catalyzed borylative substitution of aryl halides using a diboron reagent as the boron
source, which is known as Miyaura-Ishiyama borylation reaction (Figure 8B).***! This reaction is
useful and commonly used for the preparation of aryl boron compounds.*** Also, the Hartwig group
reported the first transition metal-mediated borylation of C(sp>)-H bonds using boryl-manganese, -

5,44 and then developed the catalytic version of the C(sp*)-H

)'46

rhenium and -iron complexes in 199
bond borylation reaction using iridium- and rhodium catalyst in 2000 (Figure 8C).” Furthermore, in
2002, the Ishiyama and Hartwig group found the iridium can catalyze the C(aryl)-H bond borylation
reaction (Figure 8D).*”*8 After these pioneering works, many types of catalytic borylation reactions

have been developed to date. !4



A. Rh-catalyzed hydroboration of alkenes (N&th, 1985)

@] RhCI(PPh3); cat. 0
R‘I/\ + H_B/ ( 3)3 > Bl @
\O RW/\/ \O

alkenes catechol boronate organocboron
compounds

B. Boryl substitution of aryl halides (Miyaura—Ishiyama borylation, 1995)

& - it = TS

aryl halides diboron reagent aryl boronates

C. Ir- and Rh-catalyzed C(sp®)—-H bond borylation (Hartwig, 2000)

R/\ H Ir or Rh cat. (l)‘\%
base RAc’B‘O
Ho

aliphatic diboron reagent alkyl boronates
substrates

D. Ir-catalyzed C(aryl)-H bond borylation (Ishiyama and Hartwig, 2002)

O
YH O\ /O Ir cat. : J%
+ B-B, — Bsg
o o) base @

aryl substrates diboron reagent aryl boronates

Figure 8. Pioneering works on catalytic borylation reactions.

1.3. Copper(I)-catalyst/diboron system for borylation reactions

In 2000, the Hosomi and Ito group and the Miyaura and Ishiyama group independently developed
the copper(I)-catalyzed borylation reaction of multiple bonds using a diboron reagent, bis(pinacolate)
diboron which possesses B-B bond, as the boron source (Figure 9A).>>® The active catalyst species,
boryl copper(I) intermediate, is generated in sifu via 6-bond metathesis between the diboron reagent
and a copper(l) alkoxide (Figure 9B).>* %! The 1,2-insertion of the boryl copper(I) species to enone
substrates furnishes the alkyl copper(I) intermediate, and the subsequent protonation gives the
corresponding protoboration product with concomitant regeneration of the copper(I) alkoxide. This
formal conjugate addition of the boryl group indicates the nucleophilicity of the boryl group, even
though boryl groups have electrophilicity in general mainly due to the vacant p-orbital of the boron
atom.>® To date, a variety of electrophiles has been found to suitable to the borylation reactions, e.g.,
conjugated esters, allylic electrophile, carbonyl compounds, and imines (Figure 10).>°%! In 2005 and
2007, the Ito and Sawamura group developed the copper(I)-catalyzed enantiospecific and
enantioselective y-borylation of allylic electrophiles for synthesizing allylic boronates (Figure 11).6%63
Recently, the Ito group also reported that electron-deficient aromatic rings were also able to be

borylated using the boryl copper(1) species (Figure 12).646
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A. Copper(l)-catalyzed borylation of enone substrates

o o 0 Cu cat. 050 o
+ B-B —_—
Ph/\)LPh o o base Ph)\/U\Ph

enone diboron reagent conjugate addition
product

B. o-Bond metathesis between diboron reagent and copper(l) alkoxide

0 C.“'Q'V'e o) 0
L—Cu—OMe + O: 1 O_,i;v'- o | L—cu-g * ‘B-OMe

bo) 0 (0]
coppe_r(l) diboron reagent o-Bond metathesis boryl copper(l)
alkoxide species

Figure 9. Pioneering works on copper(I)-catalyzed borylation reactions using a diboron reagent

boronic ester

: /UL conjugate addition product
/ conjugated esters

R OEt
o X
L—Cu—& R (pin)B
e} allylic electrophile” R)\/ y-substitution product
boryl copper(l)

species X

\ R1JLR2 (pin)B X
> X

carbonyl compounds
and imines

] ) a-addition product
R R

Figure 10. Reactions of boryl copper(I) species and various electrophiles.

A. Enantiospecific y-substitution of allylic electrophiles

10 mol % Cu(O-t-Bu)
OCOQMe 10 mol % Xantphos B(pin)
n-Bu AN THF, 0 °C nBu” Ve

98% ee (2.2 equiv)

95%, 96% ee
B. Enantioselective y-substitution of allylic electrophiles

5 mol % Cu(O-t-Bu)
\/1 \ 5 mol % (R,R)-QuinoxP* B(pin)
OCOzMe THF, 0 °C

RN

(2.0 equiv)

85%, 95% ee
Figure 11. y-Borylation of allylic electrophiles.



B(pin)

L N A 0] 10 mol % Cu(O-t-Bu)
R'T . o PO 10 mol % (R.R)-xy-BDPP__ ...{
N OR3 + B-B
)§O o © t-BuOH (2.0 equiv) OR3

R20 Na(O-t-Bu) (2.0 equiv)
THF, 30 °C, 4-18 h R%0
(2.0 equiv) up to 98%, 98% ee
dr=97:3

Figure 12. Asymmetric dearomative borylation of indoles.

In 2000 and 2001, the Miyaura and Ishiyama group reported that the boryl copper(I) species has
reactivity to unactivated multiple bonds such as terminal alkynes to produce alkenyl boronates (Figure
13).°%°7 This reaction proceeds via the boryl cupration (1,2-di-metallation) of the multiple bonds and
the subsequent generation of alkenyl copper(I) intermediate, which represents the boryl copper(I)
species has the reactivity of reduction of multiple bonds. Afterward, these types of borylation reactions
of the other multiple bonds have been developed, including alkenes, allenes, dienes, and enynes (Figure
14A).%°-%! Furthermore, the use of organocopper(I) intermediates generated via the boryl cupration of
the multiple bonds has been studied (Figure 14B and C).®”%® The trapping of the intermediate with
electrophiles can introduce an additional functional group, including a carbon skeleton next to the
introduction of the boryl group. Although these three-component couplings are challenging owing to
the chemoselectivity issue, the reactions are useful for the preparation of highly functionalized and

densely-substituted organoboron compounds.

O .
protonolysis
R/ + L—Cu—B: —> LCu (PJ% E— H PJ%
(6] R)\/B\ R)\/B

(@) e
alkynes alkenyl copper(l) alkenyl boronates
intermediate

Figure 13. Copper(I)-catalyzed protoboration of terminal alkynes.

RELTTLELTEE e .

/7R RN v o Y

' alkyne alkene allene ! “B” LCu O

1 ' or |

: i . B~
: X ' R)\‘/CUL R)\/ o)

regio- and stereoselectivities
were controllable by ligand

e l """""""""" " + '|l

A B C
Pln (pin)B n)
or e or
H )\/B (pin) )\/C or )\/B(pm) R X )\/B (pin)

protoboration carboboration X =N, O, Sn

==
[}
>
®
®
=)
<
>
®

pl

Figure 14. Copper(I)-catalyzed borylation reactions of multiple bonds.
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The copper(I)/diboron system can also be applied to the boryl substitution of aryl and alkyl
halides.**®! In 2009, the Lin and Marder group reported the first Miyaura borylation of aryl halides
using copper(I) catalyst and diboron reagent (Figure 15A).%° Recently, the Niwa and Hosoya group
achieved a copper(I)-catalyzed Miyaura borylation of aryl fluorides, which proceeds via radical

)70

mechanism (Figure 15B).”" Also, in 2012, the Steel, Marder, and Liu group and the Ito group

independently reported the boryl substitution reaction of alkyl halides (Figure 15C).”"’? In spite of
these pioneering works, the enantioselective borylative substitution reaction of alkyl halides has not

been developed.

A. Copper(l)-catalyzed Miyaura borylation reaction (Marder, 2009)

10 mol % Cul
, 13 mol % n-BusP %
> B<
‘ K(O-t-Bu) (1.5 equiv) )
THF, rt

aryl halides (1.5 equiv) aryl boronates

B. Copper(l)-catalyzed borylation of aryl fluorides (Niwa and Hosoya, 2017)

o 5-20 mol % CuCI(PCya)z _ ?J%
B\
‘ ' CsF (3.0 equiv) o
toluene 80°C,24h

aryl fluorides (2.0 equiv) aryl boronates

C. Copper(l)-catalyzed borylation of alkyl halides (Steel, Marder and Liu, and Ito, 2012)

o o Cu cat. \}_k
monophosphine ligand o, .0
j; B-E i Prose e B
base
O © " J\R2

alkyl halides diboron reagent alkyl boronates

Figure 15. Copper(I)-catalyzed borylation reactions of aryl and alkyl halides.

1.4. Characterization of boryl copper(I) species

In 2005, the Sadighi group first isolated a boryl copper(I) complex having a bulky N-heterocyclic
carbene (NHC) ligand, IPr (Figure 16).”* The complex was fully characterized via NMR and single-
crystal X-ray analysis. The di-coordinated copper(I) center was found to be a linear geometry. The
structurally related complexes were isolated and characterized as the similar linear geometry of the
copper(l) center (Figure 17).7*77 Di-coordinated linear boryl copper(I) complexes could also be
prepared via boryl anions and copper(I) salts reported by the Yamashita and Nozaki group (Figure
18).78-% Although boryl copper(I) complexes that have other ligands, including phosphine ligands, are
rarely isolated due to their instability under ambient conditions, similar structures have been
computationally predicted by many researchers (Figure 19). Such linear monomeric boryl copper(I)

complexes are commonly proposed as catalysis active species.
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‘ 2’ Bs(pin)s (1.0 equiv) \<Q/

N pentane
[N)>—Cu—0 [N>—Cu B i

)v rt, 20 min
/ﬁ\ 91% yield

X-ray X-ray

Tsuji, 2013 Kleeberg, 2019 Kleeberg, 2020

Figure 17. X-ray structures of boryl copper(I) species supported with NHC ligand.

P
NN

Figure 18. Preparation of boryl copper(I) complex from boryl anion and copper(]) salt.
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!E R R
N ol R 0 . 0
[ »—Cu—E R—P—Cu—E ( Cu—E
\ / \ / \
N el R 0 {0
a

NHC ligands monophosphine ligands diphosphine ligands
(linear) (linear) (planar triangle)

Figure 19. Geometries of boryl copper(I) complex related to the ligands.

In 2017 and 2018, the Kleeberg group revealed that boryl copper(I) complexes having dppf or
less-bulky NHC ligand forms the dimer, characterized by single-crystal X-ray analysis (Figure 20).8!?
Also, in 2017, Tobisch reported that the dimerization of dppf-boryl copper(I) complex is
thermodynamically favored by 11.0 kcal/mol, which was estimated by density functional theory (DFT)
calculation.®® However, the in-situ dimerization of boryl copper species and its influence in catalysis

have not been studied well.

A. Boryl copper(l) complex having 1,2-bisphosphine ligand

Ph Pn Fu’h( " ey
\/ \
@ECU o jé (Ll 1) -
/B\\ <
PH Ph L i) pRh
(dppf)CuB(pin) dimer

B. Boryl copper(l) complex having small NHC ligand

Fo
e — Qe 3
= )V(p?")%

(ItBu)CuB(pin) dimer

Figure 20. Isolated boryl copper(I) dimers.

1.5. Overview

Copper(I)-catalyzed borylation reactions using diboron reagents are recognized as a powerful and
reliable way for the preparation of organoboron compounds. After careful designing and optimizing
catalysts, the system can afford the functionalized organoboronates in a stereo- and enantio-controlled

manner. In this thesis, I focus on the development of novel stereo- and enantioselective synthetic

13



methods of multi-substituted allylic and alkenyl boronates. Furthermore, the stereo- and enantio-
determining mechanisms are exhaustively explored by DFT calculation analysis.

Chapter 2 describes the development of a new series of chiral QuinoxP*-type 1,2-bisphosphine
ligands for asymmetric y-boryl substitution reactions of racemic allylic electrophiles (Figure 21).34 The
modification of the parent ligand, QuinoxP*, was implemented by introducing silyl groups into the
ligand backbone where the silyl groups can interact with substituents on the phosphorous atoms
through non-covalent interactions. The new ligands showed higher reactivity in the copper(I)-catalyzed
direct enantioconvergent borylation of cyclic substrates than the parent ligand without a drop of the
enantioselectivity. Furthermore, the first development of borylative kinetic resolution of linear
substrates was also achieved. A computational study revealed that the suppression of boryl copper(I)
dimer as a dormant species in catalysis improves the reactivity of the catalyst using the new ligand.
Moreover, the detailed analysis on the enantio-determining mechanism of the direct enantioconvergent
borylation reactions was conducted using newly defined descriptors for conformation of 1,2-

bisphosphine ligands.

Reaction development [ttt

R'O ?& (si
N o Cucat. R B. O \P
Rﬂ + B-B — Z 0 (si N\
Y\X )0—2 (o) o) base Y\X )0_2 N ""iMe

Me m
racemic diboron up to 92% yield N
(X=C, N, 0) 96% ee 7\ new ligand

» development of a new series of QuinoxP*-type ligands
» direct enantioconvergent borylation of 5-7 membered ring substrates including heterocycles

°J§<
|
B.

Me0,CO o © Cucat.  MeO,CO,,
N . B8 Suet, TN R
R R2 g o base R" R? R?
racemic diboron up to 92% ee up to 90% ee
E/Z = <1:99 E/Z = >99:1

» the first borylative kinetic resolution of linear substrates

DF T study [l

~si”
(pln) |/ \ ND’Q ,Me
’{__ Sl/ ¥ e 0

,—SI —>_ U CU "

N/ suppression of
S|| (pln) dimer formation
~—

dormant dimer species " enantio-determining TS

conformational analysis
of phosphine ligand

» computationally confirmed suppression effect to dimer formation by silyl groups
» detailed mechanistic study on the direct enantioconvergent borylation

Figure 21. Graphical abstract of Chapter 2.
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Chapter 3 describes the first development of an intramolecular alkylboration reaction of allenes
(Figure 22).%5 A regioselective borylcupration furnishes the allylcopper(I) intermediate, and trapping
the intermediate with an intramolecular alkyl halides moiety produces the cyclization product
containing alkenyl boron and four-membered ring structures. Furthermore, products were obtained in
high diastereoselectivity, enabled by facile allylic isomerization of allylcopper(I) species, which was

confirmed by DFT calculations of the cyclization step.

Reaction development [l

Br O\ Cu cat. B(pin) B(pin)
in
R12 \-\ ’ O' base R1m P ! Rﬂ
R X

terminal allenes diboron up to 81% yield
3/4 =98:2, dr = 93:7

/ \

» the first alkylboration of allenes » construction of four-membered ring
» regio- and diastereoselective cyclization enabled by facile allyl copper(l) isomerization

Br. Br:
R1j\/3% 2 R1||
4 S S
R x R?
+ Lcu'
LCu'—B(pin) stable unstable (transient)

» computation of whole reaction pathways > detailed analysis on the allyl copper(l) isomerization

Figure 22. Graphical abstract of Chapter 3.

Chapter 4 describes the synthesis of multi-substituted allylic boronates, which contains a
differentially tetrasubstituted alkene moiety, via a copper(I)-catalyzed stereoselective alkylboration

of gem-disubstituted allenes (Figure 23).56

Ligands having two pocket-like structures realized the
regioselective 1,2-borylcupration of allenes and their first use in carboboration reactions. The reaction
could be applied to a variety of allene substrates, including exo-cyclic allenes. Furthermore,
allylboration of aldehydes with the borylation products afforded the densely substituted homo-allylic
alcohols with high diastereoselectivity. A computational investigation revealed an unprecedented
regio- and stereoselectivity-determining mechanism, which involves the coordination step of the

boryl copper(I) species to allenes in addition to the borylcupration step.
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Figure 23. Graphical abstract of Chapter 4.

Chapter 5 describes the first computational investigation on an enantio-face recognition of benzyl
radical species with the boryl copper(Il) intermediate (Figure 24).%7 The transition state analysis
indicated that the reaction proceeds via the concerted mechanism of boryl transfer to the radical
species. Furthermore, an analysis focused on non-covalent interactions revealed that the

enantioselectivity is determined by a combination of attractive C—H/m interaction and repulsive steric

repulsion.
DFT study [l bt
' C—H/rj
cl interaction |
@ R B? B(pin)
o—
— N L* | =
+ ("\\_/ Clu” L R
B(pin) H{ MeO
_ /,e @ @ [y R chiral
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e L .
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» first computational investigation on enantioselective radical borylation mechanism
» non-covalent interaction analysis for enantio-determining mechanism

Figure 24. Graphical abstract of Chapter 5.
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II Modification of QuinoxP*-Type Bisphosphine Ligands for High-
Performance Asymmetric Boryl Substitution of Racemic Allyl
Electrophiles

2.1. Introduction

a-Chiral allylic boronates play essential roles in the field of organic synthesis and
pharmaceuticals.'? Various methods for stereospecific transformation of the boryl group have been
developed and are now available, including allylboration, oxidation, amination, halogenation, and
homologation reactions, as well as cross coupling reactions, which proceeds at a- or y-position (Figure
1).37!® Therefore, the chiral boronates are recognized as versatile intermediates. Thus, the development

of novel a-chiral allylic boronates and their synthetic approach is important research target.

\ .B
o~ SN B~
1J\/\ 2 1/'\/\ 2 1J\/\ 2
R R R R R R
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Figure 1. Derivatization reactions of a-chiral allylic boronates.

Chiral bisphosphine ligands have made a significant contribution to the evolution of
enantioselective organic transformations.!”*! Focused on structural modification of the ligand for

improvement of the catalyst performance (Figure 2),%2 %

an exchange of the backbone structure is one
of the successful strategies, e.g., BINAP to SEGPHOS in catalytic hydrogenation reaction.>> 2’ Also,
an exchange or modification of substituents on the phosphorous atom(s) is effective because the
substituents are positioned around the metal center and directly interact with the contacting substrate,
e.g., a series of Duphos ligand.?®3? However, those drastic structural change sometimes requires
laborious reconsideration of synthetic route and may cause unexpected influence on the asymmetric

reaction space of the catalyst.

substituents Modification of ligand backbone Modification of substituents on P atoms

,jfﬁ OO P C O P ve Mo Mo U\ e
. - - ~Ph -y E/Q E
backbone — —_—
‘é\R O‘ ;;hph (O O ;;hph ¢ p :

o Me  Me Me™ Me Me” “Me

bisphosphine ligand (R)-BINAP (R)-SEGPHOS (R,R)-Me-Duphos (R,R)-iPr-Duphos
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Figure 2. C>-symmetrical chiral bisphosphine ligands.

In 2005, the Imamoto group developed a C>-symmetrical P-chirogenic bisphosphine ligand (R,R)-
QuinoxP* (Figure 3).% This ligand can be prepared in one-pot from commercially available 2,3-
dichloroquinoxaline and a chiral phosphine anion. In 2018, the Ito group reported that the modification
of alkyl substituents on the phosphorous atoms in this ligand was able to improve the regio- and
enantioselectivities in Markovnikov asymmetric protoboration of terminal alkenes (Figure 4).> For
further development of QuinoxP*-type ligand for high performance in copper(I)-catalyzed borylation
reactions, I planned a new strategy for the modification of the ligand in such a way that the supporting
groups are introduced into the ligand backbone and interact with the substituents on the phosphorous
atoms from the back side through non-covalent (through-space) interaction (Figure 5A).3*? As the
asymmetric reaction space would not be drastically changed with this strategy, reactions that QuinoxP*
ligand originally works well might be improved. In this study, | demonstrated that this strategy was
successfully implemented in the QuinoxP* ligand and improved the reactivity and enantioselectivity
of the asymmetric borylative substitution reaction of racemic allylic electrophiles. The reactivity of
boratian reaction in a copper(I)-catalyzed direct enantioconvergent borylation of six-membered
substrates including heterocycles was increased without drop of enantioselectivity (Figure 5B).*
Furthermore, the new ligands enabled the first borylative kinetic resolution of the linear substrates
(Figure 5C).

BH3
I' Me‘ N
N, _Cl M~ \Me N _P
XX = I X
~ —
N“>ci TMEDA N>R
[M = Lior K] 2
Me
2,3-dichloroquinoxaline (R,R)-QuinoxP*

Figure 3. The Synthesis of QuinoxP* ligand.
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Figure 4. Modification of QuinoxP*-type ligand and its application to asymmetric Markovnikov

protoboration reaction.
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A. Ligand modification with non-covalent interaction strategy

Modification with substituents
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B. Direct enantioconvergent borylation of racemic six-membered allylic electrophiles
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Y\X 0-2 - y Y\X )0_2
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C. Borylative kinetic resolution of racemic linear allylic electrophiles
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E/Z =<1:99 E/Z =>99:1
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Figure 5. Modification of QuinoxP*-type ligand with non-covalent interaction strategy and its

application to asymmetric borylation of racemic allylic electrophiles.

2.2. Results and discussion

Inspired by a lithiation/silylation at 5 and 8-position of 2,3-dichloroquinoxaline reported by
Knochel group in 2014,* I introduced silyl groups into the backbone of QuinoxP* ligand (Figure 6).
Dilithiation of 2,3-dichloroquinoxaline with lithium 2,2,6,6-tetramethylpiperidine (TMPLi) and
subsequent silylation with silyl chloride or triflate gave the corresponding 2,3-dichloro-5,8-
disilylquinoxaline. Then, a chiral phosphine blocks were introduced into the quinoxaline derivative
using phosphine anion reagent, which was prepared from (S)-tert-butylmethylphosphine—borane and
n-butyl lithium or potassium zert-butoxide.*>*> Accordingly, I synthesized a series of novel QuinoxP*-
type chiral bisphosphine ligands, (R,R)-5,8-Si-QuinoxP* (Si = TMS, TES, or TIPS) (F igure 7).

$ R. IR
/ IMe
OO ™= 1 o~ L I
[X= CIorOTf] TMEDA
si. [M = Lior K]
R Fli R
2,3-dichloro- in situ
quinoxaline (R,R)-5,8-SI-QUInOXP*

Figure 6. Synthesis of silylated QuinoxP*-type ligands; (R,R)-5,8-Si-QuinoxP*.
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A. The parent ligand . B. The new ligands
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(R,R)-QuinoxP* ' (R,R)-5,8-TMS-QuinoxP*  (R,R)-5,8-TES-QuinoxP* (R,R)-5,8-TIPS-QuinoxP*
Figure 7. A series of QuinoxP*-type ligands; (R,R)-5,8-Si-QuinoxP*.

A single-crystal X-ray diffraction analysis of those ligands and the parent ligand, (R,R)-QuinoxP*,
was carried out to investigate the ligand structures (Figure 8). Focused on the twisting distortion of
quinoxaline backbone, the dihedral angle of 7.4° was found in (R,R)-QuinoxP* when the angle was
measured with C1-C2-C3-C4 (Figure 8A and B). Contrary, the angles for (R,R)-5,8-Si-QuinoxP* (Si =
TMS, TES, or TIPS) were 11.8°, 12.0°, and 14.6°, respectively (Figure 8C—-E). Those large distortion
of backbone compared to that for the parent ligand indicated the existence of through-space
interactions between the silyl groups and phosphine groups in spite that those groups are located at
three bonds distant from each other. Also, a palladium complex of (R,R)-5,8-TMS-QuinoxP* was
prepared to compare the ligand structure in the form of free and coordinated to a metal (Figure 8F).
The angle of the distortion was 8.8°, which is smaller than that of free (R,R)-5,8-TMS-QuinoxP*, but
still larger than that of (R,R)-QuinoxP*. Thus, the through-space interactions between the silyl and

phosphine groups in (R,R)-5,8-Si-QuinoxP* are valid in metal—ligand complex.

A. Definition of C1-C4 and ¥ B. (R,R)-QuinoxP* C. (R,R)-5,8-TMS-QuinoxP*

Me\\L

N F
C4~ e
C34 N/ /\(’:2
L
j Me

Y: C1-C2-C3-C4 Y =74° Y =11.8°

D. (R,R)-5,8-TES-QuinoxP* E. (R,R)-5,8-TIPS-QuinoxP* F. PdCI,[(R,R)-5,8-TMS-QuinoxP*]

Y =12.0°

Figure 8. X-ray structure of QuinoxP*-type ligands.
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For a benchmark of the catalytic performance of those ligands, I chose the copper(I)-catalyzed
direct enantioconvergent borylation of racemic six-membered cyclic allyl electrophiles. This type of
enantioconvergent transformation of racemic substrate is rare and proceeds via different mechanism
from other enantioconvergent reactions that the substrate is racemized or converted to an achiral
intermediate in situ, which was first reported by the Ito and Sawamura group in 2010 (Figure 9).4>46-
49 The enantio-enriched borylation product is afforded via the anti-Sn2’ pathway from one enantiomer
of the substrate, and syn-Sn2’ pathway from another enantiomer, which has been realized by using a
copper(I)-catalyst and (R,R)-QuinoxP* ligand. However, the reactivity of a six-membered ring
substrate was low, although the reaction of five-membered ring substrates proceeded smoothly at room
temperature and completed within 24 h.*3 Thus, I decided to explore the ligand performance using the

six-membered substrate.

(RO syn-Sy2'
R L*Cu—B(pin) ! Me‘\\\L
R20 (R)-1 \ » 394? : AN
Y S o 5 X
R! / : N P
rac-1 R20‘© L*Cu—B(pin) enantio-enriched % Me
anti-Sy2' product '
~ (9 | L*= (R.R)-QuinoxP*

Figure 9. Direct enantioconvergent borylation of racemic allyl electrophile using a copper(1)/(R,R)-

QuinoxP* catalyst reported by the Ito and Sawamura group.

For the baseline of the ligand investigation, the borylation reaction was conducted with (R,R)-
QuinoxP* using [Cu(MeCN)4]BF4 as the precursor of copper(I) catalyst and semi-equivalent amount
of base at 50 °C for 24 h (Table 1). The substrate was not fully consumed to afford the product in low
yield with moderate enantioselectivity (entry 1: 39% conv., 12% yield, 79% ee). In contrast, the use of
(R,R)-5,8-TMS-QuinoxP* drastically improved the reactivity and enantioselectivity of the reaction to
produce the chiral cyclic allylic boronate in high yield with high enantioselectivity (entry 2: 94% conv.,
92% yield, 93% ee). The reaction using Cu(O-#-Bu) gave the product in slightly decreased yield (entry
3: >95% conv., 77% yield, 94% ee).** The TES-group introduced ligand, (R,R)-5,8-TES-QuinoxP*,
showed high reactivity to fully consume the substrate, however, the enantioselectivity was dropped
(entry 4: >95% conv., 94% yield, 85% ee). With the TIPS-group introduced ligand, (R,R)-5,8-TIPS-
QuinoxP*, the product was obtained in high yield with high enantioselectivity (entry 5: >95% conv.,
95% yield, 93% ee). Thus, it could be concluded that introduction of bulky silyl groups into the
backbone of the QuinoxP* ligand enhances the reactivity and enantioselectivity of the direct
enantioconvergent borylation reaction of the six-membered allyl electrophile. Then, I also investigated
other commercially available chiral bisphosphine ligands, i.e. (R,R)-BenzP*, (R)-SEGPHOS and
(R,R)-Me-Duphos, for comparing the performance against the QuinoxP*-type ligands. The (R,R)-

BenzP* ligand was found to be suitable for the direct enantioconvergent borylation of rac-1a to give

27



the product in high yield with high enantioselectivity (entry 6: >95% conv., 92% yield, 93% ee). The
other ligands, which are chiral ligands possessing C>-symetric structure as well as QuinoxP*, showed
high reactivity in the reaction. However, the enantioselectivities were lower than (R,R)-QuinoxP* and
the series of (R,R)-5,8-Si-QuinoxP* (entry 7: 92% conv., 57% yield, 25% ee; entry 8: 94% conv., 89%
yield, 45% ee).

Table 1. Chiral Ligand Screening”

5 mol % [Cu(MeCN)4]BF 4 10
MeO,CO 0, je 5 mol % chiral ligand !
+ B-B > Bso
o o 50 mol % K(O-t-Bu)

THF (1.0 M), 50 °C, 24 h

rac-1a 2 (2.0 equiv) (S)-3a
entry chiral ligand Cl(;n[‘:%(])bf ;/;el[f;)o]f 326[;36

1 (R,R)-QuinoxP* 39 12 79

(R,R)-5,8-TMS-QuinoxP* 94 92 93
34 (R,R)-5,8-TMS-QuinoxP* >95 77 94
4 (R,R)-5,8-TES-QuinoxP* >95 94 85
5 (R,R)-5,8-TIPS-QuinoxP* >95 95 93
6 (R,R)-BenzP* >95 92 93
7 (R)-SEGPHOS 92 57 25
8 (R,R)-Me-Duphos 94 89 45

“Conditions: [Cu(MeCN)4]BF4 (0.025 mmol), chiral ligand (0.025 mmol), rac-1a (0.5
mmol), B2(pin)2 (1.0 mmol), and K(O-z-Bu) (0.25 mmol) in THF (0.5 mL) at 50 °C for
24 h. "Determined by quantitative 'H NMR analysis of the crude material using an
internal standard. ‘Determined by HPLC analysis after allylboration of benzaldehyde
with the borylation product. “Conditions: Cu(O-z-Bu) (0.05 mmol), chiral ligand (0.05
mmol), rac-1a (0.5 mmol), B2(pin)2 (0.75 mmol) in Et20 (0.5 mL) at 30 °C for 24 h.

Then, I investigated the substrate scope of this reaction by employing commercially available
[Cu(MeCN)4]BF4 as the catalyst precursor, and (R,R)-QuinoxP* and (R,R)-5,8-TMS-QuinoxP* as the
ligand for comparing the ligand performance (Table 2). The model substrate (S)-3a, which is an
aliphatic six-membered-ring, was obtained in high yield with high enantioselectivity when (R,R)-5,8-
TMS-QuinoxP* was employed (92%, 93% ee). However, (R,R)-QuinoxP* showed low reactivity and
enantioselectivity (12%, 79% ee). Then, hetero-cyclic substrates were investigated in this reaction,
which have not been examined in the direct enantioconvergent borylation reaction in the previous
report from the Ito and Sawamura group. With the parent ligand, (R,R)-QuinoxP*, the
tetrahydropyridine substrates bearing tosyl- (Ts), tert-butoxycarbonyl- (Boc), and benzyloxycarbonyl-
(Cbz) protected amine group were converted to the corresponding cyclic allylic boronates in moderate
to good yield with good enantioselectivity [(R)-3b: 50%, 76% ee; (R)-3¢c: 67%, 83% ee; (R)-3d: 38%,
82% ee]. In contrast, (R,R)-5,8-TMS-QuinoxP* showed higher reactivity and enantioselectivity for
those tetrahydropyridine substrates to give the product in high yield with high enantioselectivity [(R)-
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3b: 85%, 95% ee; (R)-3c: 84%, 90% ee; (R)-3d: 84%, 90% ee]. Also, for the dihydropyran substrate
rac-1e, the new ligand afforded the product (R)-3e in higher yield with higher enantioselectivity than
the parent ligand [(R,R)-QuinoxP*: 84%, 80% ee; (R,R)-5,8-TMS-QuinoxP*: 92%, 96% ee]. Then, I
examined the substrate which has substituents at the “X”-position as shown in Table 2. Although the
borylation product (S)-3f was not obtained using the parent ligand, the new ligand gave the product in
high yield even with slightly lowered enantioselectivity [(R,R)-QuinoxP*: <5%; (R,R)-5,8-TMS-
QuinoxP*: 73%, 84% ee]. The substrates possessing a heteroatom at the “Y”-position are then
investigated. For these substrates, methoxy and benzyloxy group was adopted as the leaving group
because of the high stability of the substrate. However, the N,O-acetal substrate 1g showed high
reactivity than the other substrates, thus the reaction was performed at the lowered temperature (0 °C).
At this temperature, the product was obtained in low yield with the parent ligand, while the new ligand
furnished the product in high yield [(R,R)-QuinoxP*: 10%; (R,R)-5,8-TMS-QuinoxP*: 90%, 79% ee].
Also, similar difference in the reactivity was observed for the O,0-acetal substrate 1h, although the
product was obtained merely in moderate yield even with the new ligand [(R,R)-QuinoxP*: <5%;
(R,R)-5,8-TMS-QuinoxP*: 40%, 56% ee]. Next, the effect of the ring size was explored. The five-
membered-ring substrates has already been studied in the report from the Ito and Sawamura group,
and found to show high reactivity under conditions with (R,R)-QuinoxP*. A simple substrate 1i was
successfully converted to the corresponding allylic boronate (S)-3i in high yield with high
enantioselectivity using the both ligands [(R,R)-QuinoxP*: 81%, 91% ee; (R,R)-5,8-TMS-QuinoxP*:
80%, 92% ee]. In the case of the substrate bearing substituent R, (R,R)-QuinoxP* gave the product in
moderate yield with high enantioselectivity (48%, 97% ee), while (R,R)-5,8-TMS-QuinoxP* afforded
the product in higher yield with slightly decreased enantioselectivity (92%, 94% ee). Then, the seven-
membered substrate was investigated. The reaction with the parent ligand showed insufficient
reactivity to produce the allylic boronate in low yield. With the new ligand, the product was obtained
in good yield, although the enantioselectivity was not improved compared to the parent ligand. In
summary, the use of the new ligand instead of the parent ligand improve the reactivity for all types of
the substrate investigated here, while the obvious increase of the enantioselectivity was found in the

six-membered-ring substrates.
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Table 2. Substrate Scope*

. 5 mol % [Cu(MeCN),]BF, o)
RQ O O 5 mol % chiral ligand !
R X + \B_B’ ’ R =z B\O
Yo o o 50 mol % K(O-t-Bu) Y.
X THF (1.0 M), 50 °C, 24 h X
rac-1 2 (2.0 equiv) (Ror S)-3

N N N
Ts Boc Cbz
(S)-3a (R)-3b (R)-3¢c (R)-3d
[OR' = OCO,Me] [OR'= OCO,Me] [OR'= OCO,Me] [OR'= OCO,Me]
(R,R)-QuinoxP* (R,R)-QuinoxP* (R,R)-QuinoxP* (R,R)-QuinoxP*
12%, 79% ee 50%, 76% ee 67%, 83% ee 38%, 82% ee
(R,R)-5,8-TMS-QuinoxP* (R,R)-5,8-TMS-QuinoxP* (R,R)-5,8-TMS-QuinoxP* (R,R)-5,8-TMS-QuinoxP*
92% (86%), 79% ee 85% (77%), 95% ee 84% (52%), 90% ee 84% (79%), 90% ee

Me Me
(R)-3e (S)-3f (S)-3g>° (S)-3h®
[OR' = OCO,Me] [OR' = OCO,Me] [OR' = OMe] [OR' = OBn]
(R,R)-QuinoxP* (R,R)-QuinoxP* (R,R)-QuinoxP* (R,R)-QuinoxP*
84%, 80% ee <5% 10% <5%
(R,R)-5,8-TMS-QuinoxP*  (R,R)-5,8-TMS-QuinoxP*  (R,R)-5,8-TMS-QuinoxP*  (R,R)-5,8-TMS-QuinoxP*
92% (57%), 96% ee 73% (58%), 84% ee 90%, 79% ee 40%, 56% ee
0 0 "’)§<
B n-Bu B. B~o
(R)-3e (S)-3f9 (S)-3g
[OR' = OBn] [OR' = OMe] [OR' = OCO,Me]
(R,R)-QuinoxP* (R,R)-QuinoxP* (R,R)-QuinoxP*
81% (57%), 91% ee 48%, 97% ee 27%, 63% ee
(R,R)-5,8-TMS-QuinoxP*  (R,R)-5,8-TMS-QuinoxP*  (R,R)-5,8-TMS-QuinoxP*
80% (51%), 92% ee 92% (79%), 94% ee 79% (72%), 68% ee

“Conditions: [Cu(MeCN)4]BF4 (0.025 mmol), chiral ligand (0.025 mmol), rac-1 (0.5 mmol), B2(pin)2 (1.0 mmol), and K(O-#-Bu)
(0.25 mmol) in THF (0.5 mL) at 50 °C for 24 h. The yield was determined by quantitative '"H NMR analysis of the crude material
using an internal standard. The isolated yield is given in parenthesis. The enantioselectivity was determined by HPLC analysis after
allylboration of benzaldehyde with the borylation product. *The reaction was conducted at 0 °C. “The reaction was conducted with

5 mol % of K(O-z-Bu) (0.025 mmol). “The reaction was conducted at 30 °C.

30



Thus, I anticipated that this catalyst system with the new ligand, (R,R)-5,8-TMS-QuinoxP*, can
be applied to the direct enantioconvergent borylation or the borylative kinetic resolution of the internal
linear allyl electrophiles,>® which has no reactivity in the copper(I)-catalyzed borylation reactions with
(R,R)-QuinoxP*ligand (Table 3). At first, the direct enantioconvergent borylation of the linear substrate
(£)-4 was attempted under the standard conditions applied in the investigation of the substrate scope.
However, the reaction resulted in insufficient conversion of the substrate and low enantioselectivity
(74%, 48% ee). Then, the reaction was examined with the standard conditions but at low temperature.
The reaction of the racemic mixture of the internal linear allyl carbonates rac-(Z)-4a—4d successfully
furnished the enantio-enriched substrates (S5,72)-4a—4d and products (S,E)-5Sa—Sd with high
enantioselectivity and perfect stereoselectivity [(S,2)-4a: 58%, 63% ee; (S,E)-5a: 42%, 86% ee, s =
21.2; (S,2)-4b: 51%, 74% ee; (S.E)-5b: 45%, 89% ee, s = 16.9; (S,2)-4¢: 44%, 92% ee; (S.E)-5¢: 51%,
83% ee, s = 21.3; (S,2)-4d: 45%, 81% ee; (S,E)-5d: 45%, 88% ee, s = 12.0].%! For the substrate bearing
iso-propyl group [rac-(Z)-4e], the product was obtained with high enantioselectivity, while the
enantioselectivity of the recovered substrate was moderate [(S,2)-4e: 36%, 88% ee; (S,E)-5e: 51%,
55% ee, s = 6.3]. The reaction was able to apply the substrate possessing MOM-protected hydroxyl
group and proceeded with high selectivity factor of 46.4 [(S,2)-4f: 42%, 90% ee; (S,E)-5f: 57%, 69%
ee, s = 46.4]. Contrary, (R,R)-QuinoxP* and similar ligand, (R,R)-BenzP*, showed low conversion of
rac-(Z)-4.5*

Table 3 Substrate Scope for the Borylative Kinetic Resolution”

5 mol % [Cu(MeCN),]BF4 o
Me0,CO V‘]/\ . o\B_B/o 5 mol % (R,R)—S,S-TMS-QuinoxP; MeO,CO,,, (\ . RWé‘O
R'" R? o © 50 mol % K(O-t-Bu) R' R2 ]
THF (1.0 M), =40 °C - 0 °C, 24 h R
rac-(Z)-4 2 (2.0 equiv) (5.2)-4 (S,E)-5

E/Z = <1:99 E/Z = >99:1

9J§< "’J§< "’J§<
Me Z B\O Ph\/\/\rB\o Me Z B\o
Ph

Me Ph Me
(S,2)-4a (S,E)-5a (S,2)-4b (S,E)-5b® (S,2)-4¢c (S,E)-5¢?
58% (49%), 63% ee 42% (33%), 86% ee 51% (45%), 74% ee 45% (30%), 89% ee  44% (38%), 92% ee 51% (45%), 83% ee
selectivity factor s = 21.2 selectivity factor s = 16.9 selectivity factor s = 21.3

9J§< I§ 9J§< "’J§<
Ph Ao Me” AP0 Ph\/\/\@
Me Ph OMOM

(S,Z2)-4d (S,E)-5d° (S,Z2)-4e (S,E)-5e¢ (S,2)-4f (S,E)-5f¢
45% (38%), 81% ee 45% (38%), 88% ee 51% (47%), 55% ee 36% (27%), 88% ee  57% (52%), 69% ee 42% (34%), 90% ee
selectivity factor s = 12.0 selectivity factor s = 6.3 selectivity factor s = 46.4

“Conditions: [Cu(MeCN)4]BF4 (0.025 mmol), chiral ligand (0.025 mmol), rac-(Z)-4 (0.5 mmol), B2(pin)2 (1.0 mmol), and K(O-#-Bu)
(0.25 mmol) in THF (0.5 mL) for 24 h. The yield was determined by quantitative "H NMR analysis of the crude material using an
internal standard. The isolated yield is given in parenthesis. The enantioselectivity was determined by HPLC analysis. The selectivity
factor was calculated from s = In{(1-C)/(1—ee)}/In{(1-C)/(1+ee)}, where C is the conversion of the substrate, and ee is the
enantioselectivity of the recovered substrate. *The reaction was conducted at —40 °C. “The reaction was conducted at —20 °C. “The
reaction was conducted at 0 °C.
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As the cyclic allylic boronates synthesized in this method were sometimes unstable to silica gel
column chromatography, a one-pot sequence of the borylation and allylboration was employed (Figure
10).5>°* The direct enantioconvergent borylation of rac-1¢ was performed under the standard reaction
conditions. After stirring for 24 h, an aryl aldehyde was added to the reaction mixture to produce the
corresponding homoallylic alcohol (S,5)-6 in improved yield with slightly decreased enantioselectivity
compared to the two-step procedure described in Table 2 (87%, dr =>95:5, 87% ee).>

o] o
5 mol % [Cu(MeCN),]BF ,& 4 HO
(6] o} H
( =

MeO,CO N 5 mol % (R,R)-5,8-TMS-QuinoxP* T o -
“’[\/j 50 mol % K(O-t-Bu) | B 3.0 equiv) . < N
N (pin)B—B(pin) (2) (1.2 equiv) (j’ THF, 50 °C, 24 h o N
|'30C THF (1.0 M), 50 °C, 24 h E IIBOC
e oc
rac-1c Standard conditions (R)-3¢ (S.5)-6
w/o quenching 87%, dr = >95:5

87% ee

Figure 10. One-pot sequence of the direct enantioconvergent borylation and allylboration.

To gain insight into the reaction mechanism of the direct enantioconvergent borylation reaction,
the deuterium label study was conducted with the model six-membered substrate having deuterium
atom at the a-position of the leaving group (rac-1a-D) using (R,R)-5,8-TMS-QuinoxP* ligand (Figure
11). The reaction under the standard conditions gave the product with the same enantioselectivity as
the non-labeled substrate (84%, 93% ee). In the product, the deuterium atom was found at y-position
of the boryl group. Thus, the reaction was proceeded through syn- and anti-Sn2’ mechanism rather
than Sn2 and Sx2’ mechanism or summarization via n-allyl copper(Ill) intermediate,*~%>° which is in
good agreement with the mechanistic study using a five-membered substrate reported by the Ito and

Sawamura group.*

MeozDCO 50 mol % K(O-t-Bu) - D Ié\O
o (pin)B-B(pin) (2) (1.2 equiv) \O’
(95%-D) THF (1.0 M), 50 °C, 24 h

rac-1a-D Standard conditions (S)-3a-D
84%, 93% ee

5 mol % [Cu(MeCN),]BF,
5 mol % (R,R)-5,8-TMS-QuinoxP*  (95%-D) o

Figure 11. Deuterium labeling study.

The proposed reaction mechanism was shown in Figure 12.43:69°62 At first, the copper(I) alkoxide
I is generated from the off-cycle copper(I) salt and alkoxide base. The 6-bond metathesis between I
and the diboron reagent 2 furnishes the boryl copper(I) species II. After the subsequent coordination
of substrate to II, the selectivity-determining borylcupration via the corresponding TS (TS1) occurs to

generate alkyl copper(I) intermediate I'V. The following reductive elimination produces the borylation
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product 3a and copper(I) alkoxide I via the corresponding TS (TS2).

anti-Sy2' mechanism syn-Sy2' mechanism
L | : L* s
KB B(pin) x_ &

\ B(pin)

1 (pln) :{ \
L - L (5)3 — ™
" B(pin) TS2-anti \( \'/ TS2-syn X‘E B(pin)
><5

IV-anti *L—Cu'-OR IV-syn
f ' ?
(pin)B—B(pin) (pin)B—OR
L ¥ 2 L ¥
CU~B(pin) X CU=B(pin)

x@ *L—Cu'-B(pin) @

racemic mixture

Figure 12. Proposed reaction mechanism of the direct enantioconvergent borylation.

To investigate the origin of reactivity enhancement by introduction of silyl groups into the ligand
backbone, I focused on the dormant species in boryl copper(I) catalysis. Recently, several research
groups were found that the dimeric boryl copper(I) species is thermodynamically more stable than the
monomer, although the monomeric form is known to be the active species in copper(I)/diboron system-
catalyzed borylation reactions. In 2017, the Kleeberg group reported the dppf—boryl copper(I) complex
could be isolated as the dimeric form, which was confirmed by a single-crystal X-ray diffraction
analysis.% Also, in 2017, Tobisch reported the dimeric dppf-boryl copper(I) complex is more stable
than the monomeric form and can be an off-cycle dormant species in the catalytic reaction, which was
estimated by DFT calculations.®* The dppf, which is a 1,2-bisphosphine bearing aryl backbone, is
structurally related to the QuinoxP* and 5,8-TMS-QuinoxP*. Therefore, I speculated that the stability
of the dimeric boryl copper(I) intermediate as the dormant species should be different between that
having (R,R)-QuinoxP* and (R,R)-5,8-TMS-QuinoxP* ligand. However, all experimental attempts
toward isolation and detection of the boryl copper(I) species having those ligands failed. Thus, I
decided to perform DFT calculations as the mechanistic study (Figure 13). The thermochemical
properties on dimerization of the boryl copper(I) species were estimated by calculating the
corresponding monomers and dimers. The dimerization Gibbs free energy of the (R,R)-QuinoxP*—
boryl copper(I) complex was —8.3 kcal/mol (AG = —8.3 kcal/mol). On the other hand, that of (R,R)-
5,8-TMS-QuinoxP* complex was obviously smaller than that of the other ligands (AG =-2.4 kcal/mol).
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The difference in the dimerization Gibbs free energy is —5.9 kcal/mol (AAG = —5.9 kcal/mol), which
indicates that the dimerization was suppressed by introduction of silyl groups into the ligand backbone.
Then, focused on the enthalpy and entropy term, the absolute value of difference in the enthalpy term
is much smaller than that in the entropy term [AAH = 0.1 kcal/mol, A(~TAS) = —6.0 kcal/mol].
Therefore, the suppression is attributable to entropy effects, which is assumed to be correlated to
difference in the structure flexibility of the monomeric and dimeric form of the boryl copper(I) species.
In particular, I speculated that the rotation mode of the silyl groups at the backbone of (R,R)-5,8-TMS-
QuinoxP* ligand would be regulated via dimerization, which cause the entropic destabilization, and
resulted in the suppression of the dimerization. In summary, introduction of silyl groups into the
backbone of (R,R)-QuinoxP* causes the entropic destabilization of the dimeric boryl copper(I)

complex to make the complex being the reactive monomer more easily.

A. Dimerization of boryl copper(l) species: (R,R)-QuinoxP*
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Figure 13. Dimerization energies of boryl copper(I) complexes.

Then, I calculated the whole reaction paths of the direct enantioconvergent borylation of (R)- and
(S)-1a wusing (R,R)-5,8-TMS-QuinoxP* as the ligand (Figure 14). For enantioconvergent
transformations of racemic substrate, four paths should be considered as the individual reaction paths:
the reactions of (R)- and (S)-1a give the major product (5)-3a [path-a' and path-b', respectively], and
the reactions of (R)- and (S)-1a give the minor product (R)-3a [path-¢' and path-d', respectively].
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The boryl copper(I) dimer V’ was used for the energy reference of the relative Gibbs free energies
(AG = 0.0 kcal/mol). The dissociation of one molecule of the boryl copper(I) species from the dimer
forms the slightly unstable monomeric species II’ (AG = 2.4 kcal/mol). Then, substrate coordination
forms the transient species III (AG = 19.9-22.9 kcal/mol), followed by boryl cupration via TS1 (AG*
=27.6-30.0 kcal/mol) to generate alkyl copper(I) intermediates IV (AG = —8.8 — —3.9 kcal/mol). This
activation barrier of approximately 30 kcal/mol is assumed to be gone over at the reaction temperature
of 50 °C. For the next B-elimination step, anti-eliminations on path-a’ and -d’ (AG* = —6.3 — —2.1
kcal/mol) are more favored than the syn-eliminations on path-b’ and -¢’ (AG* = 10.7-13.5 kcal/mol).
Regardless of those differences, the activation energies are smaller than that of TS1, and the next
restoration of copper(I) carbonate VI’ is highly exergonic (AG = —43.2 kcal/mol). Through the
following dissociation of carbon dioxide to form copper(I) alkoxide I’ (AG = —34.0 kcal/mol). Finally,
the boryl copper(I) species II’ is regenerate via o-bond metathesis with the diboron reagent (AG =
—57.3 kecal/mol). According to those energy profile, the enantioselectivity-determining step should be

TS1 because the subsequent steps are irreversible.
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Figure 14. Free energy diagram of the direct enantioconvergent borylation of 1a.
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Focused on the TSs of enantioselectivity-determining step (TS1), I conducted the comprehensive
conformational search of the TS and picked up the most stable conformers for the respective paths a’
to d’ (Figure 15) (for details, see chapter 2.5). The anti- and syn-boryl cupration of (S)-1a produce (S)-
and (R)-3a via TS1-S-anti (TS1-a’-1) and TS1-S-syn (TS1-c’-1), respectively [TS1-S-anti: AAG = 0.6
kcal/mol, TS1-S-syn: AAG = 2.1 kcal/mol]. Also, the syn- and anti-boryl cupration of (R)-1a produce
(S)- and (R)-3a via TS1-R-syn (TS1-b’-1) and TS1-R-anti (TS1-d’-1) , respectively [TS1-S-syn: AAG
= 0.0 kcal/mol, TS1-S-anti: AAG = 2.4 kcal/mol]. The barrier height is not affected by the
configuration of the leaving group, while that is controlled by directions from which the boryl copper(I)
species inserts to the double bond, e.g., the boryl cupration from the top side is more favored than that
from the bottom side shown in Figure 15. Thus, it is considered that such a strong enantio-face
recognition ability of the boryl copper(I) species realizes the enantioconvergent introduction of the
boryl group to the substrate. The predicted enantioselectivity considering all the TS conformers was in

good agreement with the experimental selectivity (eepre: 95% ee; eeexp: 93% ee).5

LD \ &
(S)-1a (R)-1a
/ \A*h/ \ X

CU-Bpin)  x SU'-B(pin) A

\ . P -
Cu'— H B q
& *L_—- B in i ‘o
X :: 3 (pin) *L/Cu —B(pin)

TS1-S-anti TS1-R-syn TS1-S-syn TS1-R-anti
(TS1-a'-1) (TS1-b-1) (TS1-¢-1) ( )
AG*=+28.2 (+0.6) AG*=+27.6(+0.0) AG¥=+29.7 (+2.1) AG*=+30.0 (+2.4)

N \ /
@ P @"B(pin)

(5)-3a (R)-3a
major minor

Figure 15. Free energies of most stable conformers of TS1.
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For better understanding of enantio-determining mechanism, I focused on the conformations of
the bisphosphine ligand in TS1 because the orientations of phosphine substituents are directly affected
to the chiral environment around the metal center created by the ligand (Figure 16). The comprehensive
conformational search of TS1 produced 38 different conformers (for details, see chapter 2.5). For the
categorization of those structures, I defined a new descriptor based on the dihedral angles in core five-
membered ring found in 1,2-bisphosphine/metal complex (Figure 16A and B: ¥; = C'-C>-P>-[M]; ¥::
C>—C'-P'-[M]).%67 Using a combination of ¥; and ¥, the conformation of the ligand can be described

and categorized into four conformer groups (Figure 16C).
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Figure 16. Descriptors for conformation of 1,2-bisphosphine ligands.
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Then, distribution of the conformer structures is analyzed using scatter plot on the dihedral angles
¥ and P>, which was colored based on the activation barrier energy (Figure 17). The conformers were
discretely distributed in this plot and could be categorized in to three groups: 1) bottom-opened
conformer group with positive ¥i and negative ¥> (¥1 > 0, ¥, < 0) values; 2) top-opened conformer
group with negative ¥ and positive > (¥1 <0, ¥> > 0) values; 3) twisted conformer group, in which
both dihedral angles are negative (¥ < 0, ¥> < 0). The lowest-energy TS conformers of major paths
(path-a’ and path-b") were found in the twisted conformer group (TS1-a'-1: AG* = +28.2 kcal/mol, ¥;
=-10.5°, ¥,=-21.9°, TS1-b'-1: AG* = +27.6 kcal/mol, ¥, =-7.8°, ¥,=-24.1°), while that of minor
paths (path-¢’ and path-d’) were found in the top-opened conformer group (TS1-c'-1: AG* = +29.7
kcal/mol, ¥1=-29.1°, ¥,=7.2°, TS1-d'-1: AG* =+30.0 kcal/mol, ¥, =-27.7°, ¥>=8.0°). Additionally,
the twisted conformer group more contained the low-barrier conformers than the other groups. Thus,
the twisted ligand structure is assumed to be favored for the production of (S)-3a. Contrary, this twisted
conformer group was not found with (R,R)-QuinoxP* instead of (R,R)-5,8-TMS-QuinoxP* (for details,
see chapter 2.5).
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Figure 17. Scatter plot of conformations of TS1 based on dihedral angles ¥ and ¥-.
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Finally, the structural analysis was carried out to investigate the enantio-determining mechanism
of the direct enantioconvergent borylation of the racemic substrate 1a. The lowest-energy conformers
of respective paths were picked up (as well as those in Figure 15) and the steric maps of ligands in
those TSs were prepared (Figure 18). For the twisted conformers of TS1-a’-1 and TS1-b’-1 (Figure
18A and B), the B(pin) group is located at top side without significant steric repulsion because there is
no sterically hindered substituent around there shown in their steric maps. Also, the substrate is located
in the large pocket around the bottom side of the ligand, thus the steric repulsion between the substrate
and the ligand was not found. This pocket structure is large enough to accept the inclined leaving group
X even in the cis-configuration in TS1-b’-1. Therefore, the enantioselectivity of both enantiomers of
the substrate is assumed to be controlled merely by the enantio-face recognition of the prochirality of
C=C double bond moiety regardless of the chirality of the leaving group X. In contrast, large steric
repulsions were found between the substrate and one of tert-butyl group of the ligand in the top-opened
conformers of TS1-c’-1 and TS1-d’-1, although the B(pin) group is inclined into the pocket around
the top side (Figure 18C and D).
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Figure 18. Structural analysis of lowest-energy conformers of TS1.
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2.3. Conclusions

A novel series of chiral 1,2-bisphosphine ligands, (R,R)-5,8-Si-QuinoxP*, was developed based
on the non-covalent interaction strategy demonstrated by the introduction of silyl groups on the ligand
backbone. The ligand could be synthesized in two steps from commercially available 2,3-
dichloroquinoxaline. The ligand showed high reactivity and enantioselectivity in the direct
enantioconvergent borylation of racemic and cyclic allylic electrophiles including five- to seven-
membered ring and heterocycles (up to 92% yield and 96% ee). Furthermore, the ligand enabled the
first borylative kinetic resolution of racemic linear allylic electrophiles with high selectivity factor of
s (up to 90% ee, s = 46.4). A computational study revealed the introduction of the silyl group
contributed to suppress the dimer formation of boryl copper(I) species, and thus promote the generation
of active monomeric boryl copper(I) species. Also, the mechanism of the direct enantioconvergent
borylation using (R,R)-5,8-TMS-QuinoxP* was also studied in detail. Conformers of the enantio-
selectivity determining TS were found to be categorized into three groups: top-opened, bottom-opened,
and twisted conformer groups. The lowest-energy TS conformers producing the major enantiomer (S)-
3 were categorized in the twisted conformer group, and the absence of significant steric repulsions in
the TS make these structures more favored than the minor TSs categorized in the top-opened conformer

group and having the steric congestion between the substrate and ligand.
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2.4. Experimental details

2.4.1. Instrumentation and Chemicals

Materials were obtained from commercial suppliers and purified by standard procedures unless
otherwise noted. Solvents were also purchased from commercial suppliers, degassed via three freeze-
pump-thaw cycles, and further dried over molecular sieves (MS 4A). NMR spectra were recorded on
JEOL JNM-ECX400P and JNM-ECS400 spectrometers ('H: 400 MHz, 3C: 100 MHz).
Tetramethylsilane ('H, 0.00 ppm) and CDCls ('3C, 77.0 ppm) were employed as the external standards,
respectively. [Cu(MeCN)4]BF4 (T2666-1G, >98%) was purchased from Tokyo Chemical Industry Co.
and stored in an argon-filled glove box. The clear crystal of this copper(I) salt should be used until it
turns a dull green color. K(O-#-Bu)/THF (1.0 M, 328650-50ML) was purchased from Sigma-Aldrich
Co. and used as received. GLC analyses were conducted with a Shimadzu GC-2014 or GC-2025
equipped with a ULBON HR-1 glass capillary column (Shinwa Chemical Industries) and a FID
detector. HPLC analyses with chiral stationary phase were carried out using a Hitachi LaChrome Elite
HPLC system with a L-2400 UV detector. Specific optical rotations were measured with HORIBA
SEPA-300 and a Rudolph Research Analytical Autopol IV Polarimeter. High-resolution mass spectra
were recorded at the Global Facility Center, Hokkaido University or GC-MS & NMR Lab., Research
Faculty of Agriculture, Hokkaido University. Single crystal X-ray structural analyses were carried out
on a Rigaku XtalLAB PRO MMO007 diffractometer using graphite monochromated Mo-K, or Cu-K,
radiation. The structure was solved by direct methods and expanded using Frontier techniques. Non-
hydrogen atoms were refined anisotropically. Hydrogen atoms were refined using the riding model.
All calculations were performed using Olex crystallographic software package except for refinement,
which was performed using SHELXL.%®
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2.4.2. General Experimental Procedure

Procedure A: Procedure for the Copper(I)-Catalyzed Direct Enantioconvergent Borylation of 1a.

5 mol % [(MeCN),Cu]BF,4

5 mol % (R,R)-TMS-QuinoxP* HO
MeO,CO 50 mol % K(O-t-Bu) % PhCHO (2.0 equiv) H
- B > Ph7SYY
(pin)B—B(pin) (2.0 equiv) 0 toluene, 60 °C, 16 h G
THF, 50 °C, 24 h

rac-1a (S)-3a (S,R)-S1a

[Cu(MeCN)4]BF4 (7.9 mg, 0.025 mmol) and bis(pinacolato)diboron (2) (253.9 mg, 1.00 mmol),
(R,R)-5,8-TMS-QuinoxP* (12.0 mg, 0.025 mmol) were placed in an oven-dried reaction vial in an
argon-filled glove box. After the vial was sealed with a screw cap containing a Teflon®-coated rubber
septum, the vial was taken from the glove box. Dry THF (0.25 mL) and K(O-#-Bu)/THF (1.0 M, 0.25
mL, 0.25 mmol) were added in the vial through the rubber septum using a syringe. After stirring for
15 min, rac-1a (77.5 mg, 0.50 mmol) was added to the mixture at 50 °C. After the reaction was
completed, the reaction mixture was passed through a short silica gel column (@: 10 mm, the height
of the silica-gel column: ca. 30 mm) eluting with EtoO/hexane 5:95. The crude material was purified
by flash column chromatography (SiO», Et;O/hexane, typically 0:100-3:97) to give the corresponding
borylation product (S)-3a as a colorless oil.

In the reaction vial, allyl boronate (S)-3a (41.5 mg, 0.20 mmol) and benzaldehyde (40.8 pL, 0.40
mmol) were dissolved in dry toluene (0.4 mL). After stirred for 16 h at 60 °C, the reaction mixture was
quenched by 10% triethanolamine solution in DCM (1.0 mL) and H>O (1.0 mL), and extracted with
Et,0 three times (2.0 mL x3). The combined organic layer was then dried over MgSQOs. After filtration,
the solvents were removed by evaporation. The crude product was purified by flash column
chromatography (SiO>, EtOAc/hexane, typically 0:100-6:94) to obtain the corresponding alcohol

(S,R)-S1a as a colorless oil.

Procedure B: Procedure for the Copper(I)-Catalyzed Direct Enantioconvergent Borylation of 1g.

5 mol % [(MeCN),Cu]BF,

5 mol % (R,R)-TMS-QuinoxP* HO
MeO.,_~xy 5 mol % K(O-t-Bu) 0 PhCHO (2.0 equiv) H
- - > B< >  Ph7R Tr X
Boc (pin)B=B(pin) (2.0 equiv) z 0 toluene, 60 °C, 17 h N
oc THF, 0°C, 24 h _N Boc”
Boc
rac-1g (S)-3g (R,R)-S1g

[Cu(MeCN)4]BF4 (7.9 mg, 0.025 mmol) and bis(pinacolato)diboron (2) (253.9 mg, 1.00 mmol),
(R,R)-5,8-TMS-QuinoxP* (12.0 mg, 0.025 mmol) were placed in an oven-dried reaction vial in an
argon-filled glove box. After the vial was sealed with a screw cap containing a Teflon®-coated rubber
septum, the vial was taken from the glove box. Dry THF (475 pL) and K(O-#-Bu)/THF (1.0 M, 25 puL,
0.025 mmol) were added in the vial through the rubber septum using a syringe. After stirring for 15

min, rac-1g (106.5 mg, 0.50 mmol) was added to the mixture at 0 °C. After the reaction was completed,
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the reaction mixture was passed through a short silica gel column (&: 10 mm, the height of the silica-
gel column: ca. 30 mm) eluting with EtO/hexane 50:50. The crude material was purified by flash
column chromatography (SiO2, Et;O/hexane, typically 0:100-10:90) to give the corresponding
borylation product (5)-3g with a small amount of bis(pinacolato)diboron. In the reaction vial, the allyl
boronate (S)-3g and benzaldehyde (102.0 uL, 1.00 mmol) were dissolved in dry toluene (1.0 mL).
After stirred for 17 h at 60 °C, the reaction mixture was quenched by 10% triethanolamine solution in
DCM (1.0 mL) and H>O (1.0 mL), and extracted with Et;O three times (2.0 mL %3). The combined
organic layer was then dried over MgSQg4. After filtration, the solvents were removed by evaporation.
The crude product was purified by flash column chromatography (SiO., EtOAc/hexane, typically
5:95-20:80) to obtain the corresponding alcohol (R,R)-S1g as a colorless oil with a small amount of

pinacol.

Procedure C: Procedure for the Copper(I)-Catalyzed Direct Enantioconvergent Borylation of 1i.
5 mol % [(MeCN)4Cu]BF,

5 mol % (R,R)-TMS-QuinoxP* Ho
Bno@ 50 mol % K(O-t-Bu) —? PhCHO (2.0 equiv) H
(pin)B-B(pin) (2.0 tol 60°C,16h Ph/g\.
Tp|_||nF: A °CF,"24 2 equiv) @‘ oluene, ®
rac-1i (S,R)-S1i
[Cu(MeCN)4]BF4 (7.9 mg, 0.025 mmol) and bls(plnacolato)dlboron (2) (253.9 mg, 1.00 mmol),

(R,R)-5,8-TMS-QuinoxP* (12.0 mg, 0.025 mmol) were placed in an oven-dried reaction vial in an

argon-filled glove box. After the vial was sealed with a screw cap containing a Teflon®-coated rubber
septum, the vial was taken from the glove box. Dry THF (0.25 mL) and K(O-#-Bu)/THF (1.0 M, 0.25
mL, 0.25 mmol) were added in the vial through the rubber septum using a syringe. After stirring for
15 min, rac-1i (87.2 mg, 0.50 mmol) was added to the mixture at 0 °C. After the reaction was
completed, the reaction mixture was passed through a short silica gel column (®: 10 mm, the height
of the silica-gel column: ca. 30 mm) eluting with EtO/hexane 5:95. The crude material was purified
by flash column chromatography (SiOz, Et2O/hexane, typically 0:100-3:97) to give the corresponding
borylation product (S)-3i as a colorless oil.

In the reaction vial, allyl boronate (5)-3i (21.9 mg, 0.11 mmol) and benzaldehyde (23.1 pL, 0.23
mmol) were dissolved in dry toluene (0.22 mL). After stirred for 16 h at 60 °C, the reaction mixture
was quenched by 10% triethanolamine solution in DCM (1.0 mL) and H>O (1.0 mL), and extracted
with EtO three times (2.0 mL %3). The combined organic layer was then dried over MgSOs. After
filtration, the solvents were removed by evaporation. The crude product was purified by flash column
chromatography (SiO2, EtOAc/hexane, typically 0:100-6:94) to obtain the corresponding alcohol
(S,R)-S1i as a colorless oil.
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Procedure D: Procedure for the Copper(I)-Catalyzed Direct Enantioconvergent Borylation of 1j.

5 mol % [(MeCN)4Cu]BF,
5 mol % (R,R)-TMS-QuinoxP*
OMe 50 mol % K(O-t-Bu)

X
> Bo
Me/\/\@ (pin)B-B(pin) (2.0 equiv) MeN\@‘ ©

THF, 30 °C, 24 h
rac-1j (S)-3j

PhCHO (1.1 equiv)

BF3°OEt, (1.0 equiv) HO A~ Me
DCM,-78°C,3h F’h
(S,R)-81]

[Cu(MeCN)4]BF4 (7.9 mg, 0.025 mmol) and bis(pinacolato)diboron (2) (253.9 mg, 1.00 mmol),
(R,R)-5,8-TMS-QuinoxP* (12.0 mg, 0.025 mmol) were placed in an oven-dried reaction vial in an
argon-filled glove box. After the vial was sealed with a screw cap containing a Teflon®-coated rubber
septum, the vial was taken from the glove box. Dry THF (0.25 mL) and K(O-#-Bu)/THF (1.0 M, 0.25
mL, 0.25 mmol) were added in the vial through the rubber septum using a syringe. After stirring for
15 min, rac-1j (76.8 mg, 0.50 mmol) was added to the mixture at 30 °C. After the reaction was
completed, the reaction mixture was passed through a short silica gel column (@: 10 mm, the height
of the silica-gel column: ca. 30 mm) eluting with EtO/hexane 5:95. The crude material was purified
by flash column chromatography (SiOz, Et2O/hexane, typically 0:100-3:97) to give the corresponding
borylation product (S)-3j as a colorless oil.

In the reaction vial, allyl boronate (S5)-3j (50.9 mg, 0.20 mmol) was dissolved in dry DCM (0.4
mL). After the mixture was cooled to —78 °C, benzaldehyde (23.0 puL, 0.22 mmol) and BF3-OEt> (26.0
pL, 0.20 mmol) were added to the mixture. After stirred for 3 h at —78 °C, the reaction mixture was
quenched by 10% triethanolamine solution in DCM (1.0 mL) and H>O (1.0 mL), and extracted with
Et;0 three times (2.0 mL x3). The combined organic layer was then dried over MgSOs. After filtration,
the solvents were removed by evaporation. The crude product was purified by flash column
chromatography (SiO2, EtOAc/hexane, typically 0:100-6:94) to obtain the corresponding alcohol
(S,R)-S1j as a colorless oil.
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Procedure E: Procedure for the Copper(I)-Catalyzed Enantioselective Borylation of (Z)-4a

through Kinetic Resolution.
5 mol % [(MeCN),CulBF,

MeO,CO N 5 mol % (R,R)-TMS-QuinoxP* MeO,CO,,, N
50 mol % K(O-t-Bu) 1%
Me Ph > Me Ph + Me B.
(pin)B—B(pin) (2.0 equiv) MQ/O
Me

Me THF, —40 °C, 24 h Me Ph
rac-(Z)-4a (S,Z2)-4a (S,E)-5a
Me0,CO,,
NaBO3+4H,0 (2.0 equiv)
> Me Ph + Me OH
THF/H,0 (3:2), 1t, 5 h Z
Me Me Ph
(S,2)-4a (S,E)-S2a

[Cu(MeCN)4]BF4 (7.9 mg, 0.025 mmol) and bis(pinacolato)diboron (2) (253.9 mg, 1.00 mmol),
(R,R)-5,8-TMS-QuinoxP* (12.0 mg, 0.025 mmol) were placed in an oven-dried reaction vial in an
argon-filled glove box. After the vial was sealed with a screw cap containing a Teflon®-coated rubber
septum, the vial was taken from the glove box. Dry THF (0.25 mL) and K(O-#-Bu)/THF (1.0 M, 0.25
mL, 0.25 mmol) were added in the vial through the rubber septum using a syringe. After stirring for
15 min, rac-(Z)-4a (138.1 mg, 0.50 mmol) was added to the mixture at —40 °C. After the reaction was
completed, the reaction mixture was passed through a short silica gel column (@: 10 mm, the height
of the silica-gel column: ca. 30 mm) eluting with EtoO/hexane 5:95. The crude material was purified
by flash column chromatography (SiO2, EtoO/hexane, typically 0:100-3:97) to give the mixture of the
corresponding borylation product (S,E)-5a and the substrate (S,Z)-4a. In the reaction vial, the mixture
of the products was dissolved in THF (0.75 mL) and H>O (0.5 mL). To the mixture, NaBO3*4H,O
(153.9 mg, 1.0 mmol) was added and the mixture was stirred for 5 h at room temperature. Then, the
reaction mixture was extracted with Et:O three times (2.0 mL %3). The combined organic layer was
then dried over MgSOs4. After filtration, the solvents were removed by evaporation. The crude product
was purified by flash column chromatography (SiO2, EtOAc/hexane, typically 0:100-10:90) to obtain

the corresponding oxidation product (S,£)-S2a as a colorless oil and the recovered substrate (5,2)-4a.
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2.4.3. Substrate Preparation Procedure

Preparation of cyclohex-2-en-1-yl methyl carbonate (1a).%
MeOCOCI (2.2 equiv)

HO pyridine (4.5 equiv) Me0,CO
DCM (1.0 M)

0°C—-rt,7h

1a
85% vyield

In a vacuum dried 30 mL two-neck round-bottomed flask, cyclohex-2-en-1-ol (0.99 mL, 10
mmol) and pyridine (3.63 mL, 45 mmol) were dissolved in dry DCM (10 mL), and the mixture was
cooled to 0 °C under a nitrogen atmosphere. Methyl chloroformate (1.69 mL, 22 mmol) was added to
the mixture dropwise, and the mixture was warmed to room temperature. After the mixture was stirred
for 7 h, the reaction mixture was quenched by H>O (10 mL) and extracted with hexane three times (10
mL x3). The combined organic layer was then dried over MgSQj4. After filtration, the solvents were
removed by evaporation. The crude product was purified by flash column chromatography to obtain
the corresponding allyl carbonate (1.33 g, 8.50 mmol, 85%) as a colorless oil.

'H NMR (400 MHz, CDCl3, 8): 1.58-1.68 (m, 1H), 1.70-2.04 (m, 4H), 2.05-2.15 (m, 1H), 3.78
(s, 3H), 5.09-5.15 (m, 1H), 5.78 (ddt, J=10.0, 3.9, 2.0 Hz, 1H), 5.99 (dtd, J=10.1, 3.6, 0.8 Hz, 1H).
3C NMR (100 MHz, CDCls, §): 18.4 (CHz), 24.7 (CH>), 28.1 (CH>), 54.4 (CH3), 71.7 (CH), 124.8
(CH), 133.2 (CH), 155.4 (C). HRMS-EI (m/z): [M]" calcd for CsHi203, 156.0786; found, 156.0788.

Methyl (1-tosyl-1,2,3,6-tetrahydropyridin-3-yl) carbonate (1b).”°

MeOZCO\(ﬁ

N
|

Ts
1b

1b was prepared from the corresponding alcohol according to the procedure described above. The
product 1b was obtained in 87% yield (800.0 mg, 2.6 mmol, white solid).

"H NMR (400 MHz, CDCl3, §): 2.44 (s, 3H), 3.31 (dd, J = 12.3, 5.2 Hz, 1H), 3.42 (dd, J = 12.3,
4.3 Hz, 1H), 3.58 (dq, J=17.2, 2.3 Hz, 1H), 3.70 (ddt, J=17.1, 3.5, 1.8 Hz, 1H), 3.80 (s, 3H), 5.11—
5.18 (m, 1H), 5.84 (ddt, J=10.3, 4.2, 1.8 Hz, 1H), 5.94 (dtd, /= 10.1, 3.2, 1.1 Hz, 1H), 7.33 (d, J =
8.1 Hz, 2H), 7.69 (d, J = 8.1 Hz, 2H). 3C NMR (100 MHz, CDCls, §): 21.3 (CH3), 44.2 (CH»), 46.1
(CH>), 54.7 (CH3), 68.6 (CH), 123.2 (CH), 127.4 (CH), 128. 2 (CH), 129.6 (CH), 132.9 (C), 143.7 (O),
154.8 (C). HRMS-ESI (m/z): [M+Na]" calcd for C14H17NOsSNa, 334.0720; found, 334.0717.
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tert-Butyl 3-[(methoxycarbonyl)oxy]-3,6-dihydropyridine-1(2H)-carboxylate (1c).”

MeOzCO\(j

N
Boc
1c

1¢ was prepared from the corresponding alcohol according to the procedure described above. The
product 1¢ was obtained in 84% yield (248.6 mg, 0.97 mmol, colorless oil).

"H NMR (400 MHz, CDCls, §): 1.46 (s, 9H), 3.53-3.67 (m, 1H), 3.71-3.88 (m, 2H), 3.79 (s, 3H),
3.95-4.19 (m, 1H), 4.98-5.16 (m, 1H), 5.90 (ddt, J = 10.2, 4.1, 2.1 Hz, 1H), 5.93-6.03 (m, 1H). 1*C
NMR (100 MHz, CDCls, 9): 28.3 (CHs), 43.0 (br, CH), 44.5 (br, CH>), 54.6 (CH3), 69.2 (CH), 80.0
(O), 123.4 (CH), 130.7 (br, CH), 154.6 (C), 155.2 (C). HRMS-ESI (m/z): [M+Na]" calcd for
C12H19NOsNa, 280.1155; found, 280.1153.

Benzyl 3-[(methoxycarbonyl)oxy]-3,6-dihydropyridine-1(2H)-carboxylate (1d).”

MeOZCO\(ﬁ

N
|

Cbz
1d

1d was prepared from the corresponding alcohol according to the procedure described above. The
product 1d was obtained in 84% yield (983.3 mg, 3.4 mmol, colorless oil).

"H NMR (400 MHz, CDCls, §): 3.66 (dd, J = 14.0, 3.6 Hz, 1H), 3.74 (s, 3H), 3.82-3.99 (m, 2H),
4.02-4.29 (m, 1H) , 4.99-5.25 (m, 1H), 5.16 (q, J = 11.5 Hz, 2H), 5.83-6.15 (m, 2H), 7.27-7.40 (m,
5H). 13C NMR (100 MHz, CDCls, §): 43.0 (CH>), 43.9 and 44.4 (a pair of CH,), 54.6 (CH3), 67.0 and
67.2 (a pair of CHz), 68.6 (CH), 122.8 and 123.2 (a pair of CH), 127.5 and 127.8 (a pair of CH), 128.3
(CH), 129.5 (CH), 130.5 (CH), 136.3 (C), 136.4 (C), 155.0 (C). HRMS-ESI (m/z): [M+Na]" caled for
Ci15sH17NOsNa, 314.0999; found, 314.0996.

3,6-Dihydro-2H-pyran-3-yl methyl carbonate (1e).

Meozco\(j

0
1e

1e was prepared from the corresponding alcohol according to the procedure described above. The
product 1e was obtained in 68% yield (457.5 mg, 2.9 mmol, colorless oil).

"H NMR (400 MHz, CDCls, 8): 3.80 (s, 3H), 3.84 (dd, J = 12.4, 3.3 Hz, 1H), 3.97 (ddd, J = 12.4,
3.1,0.9 Hz, 1H), 4.09 (dq, /= 17.1, 2.1 Hz, 1H), 4.22 (dddd, /= 17.1, 3.3, 2.2, 1.2 Hz, 1H), 4.94-5.00
(m, 1H), 5.97 (ddtd, J = 10.3, 4.4, 2.2, 0.9 Hz, 1H), 6.10 (dddd, J = 10.3, 3.0, 2.1, 0.9 Hz, 1H). 1*C
NMR (100 MHz, CDCl;, 6): 54.5 (CH3), 64.7 (CH2), 66.9 (CH2), 67.9 (CH), 121.6 (CH), 132.4 (CH),
155.1 (C). HRMS-ESI (m/z): [M+Na]" calcd for C7H1004Na, 181.0471; found, 181.0472.
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5,5-Dimethylcyclohex-2-en-1-yl methyl carbonate (1f).

Meozco\Q

1f

1f was prepared from the corresponding alcohol according to the procedure described above. The
product 1f was obtained in 67% yield (409.3 mg, 2.2 mmol, colorless oil).

"H NMR (400 MHz, CDCls, §): 0.96 (s, 3H), 1.01 (s, 3H), 1.53 (dd, J = 12.3, 8.3 Hz, 1H), 1.74—
1.88 (m, 2H), 1.94 (dq, J = 17.8, 2.8 Hz, 1H), 3.78 (s, 3H), 5.16-5.24 (m, 1H), 5.67-5.74 (m, 1H),
5.80-5.88 (m, 1H). *C NMR (100 MHz, CDCl3, §): 26.6 (CH3), 30.3 (C), 30.4 (CH3), 38.7 (CHo),
40.7 (CHy), 54.5 (CH3), 73.2 (CH), 124.3 (CH), 130. 6 (CH), 155.5 (C). HRMS-EI (m/z): [M-Me]"
calcd for CoH1303, 169.0865; found, 169.0864.

Cyclohept-2-en-1-yl methyl carbonate (1k).”!
Me0,CO

O

1k

1k was prepared from the corresponding alcohol according to the procedure described above. The
product 1k was obtained in 85% yield (624.3 mg, 3.7 mmol, colorless oil).

"H NMR (400 MHz, CDCl3, §): 1.35-1.46 (m, 1H), 1.59-1.80 (m, 3H), 1.89-2.00 (m, 2H), 2.03—
2.14 (m, 1H), 2.17-2.27 (m, 1H), 3.78 (s, 3H), 5.27 (d, J=9.9 Hz, 1H), 5.71 (d, J=11.2 Hz, 1H), 5.85
(dddd, J=11.4, 9.3, 4.8, 2.4 Hz, 1H) '*C NMR (100 MHz, CDCls, §): 26.4 (CH>), 26.5 (CH>), 28.4
(CH>), 32.7 (CH2), 54.6 (CH3), 78.2 (CH), 131.8 (CH), 132.9 (CH), 155.3 (C). HRMS-ESI (m/z):
[M+Na]" caled for CoH1403Na, 193.0835; found, 193.0836.
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Preparation of zer-butyl 6-methoxy-3,6-dihydropyridine-1(2H)-carboxylate (1g).

0@ DIBAL-H (1.5 equiv) HOO @
> +
, _N
N THF, -78°C, 2 h Boc Boc
s3 s4

Boc

obtained as mixture
w/o purification

0.26 mol % p-TsOH+H ,0 @ NIS (1.1 equiv) MeO
’ —_—
N
Boc”

DBU (3.0 equiv) Meo@
—_—

N
toluene Boc”

toluene, reflux, 1 h MeOH/DCM
0°C—rt, 16 h Boc” reflux, 48 h
S4 S5 1g
w/o purification 75% yield 33% yield
(3 steps)

In a vacuum dried 300 mL two-neck round-bottomed flask, tert-butyl 2-oxopiperidine-1-
carboxylate (3.98 g, 20.0 mmol) was dissolved in dry THF (80 mL), and the mixture was cooled to —
78 °C under a nitrogen atmosphere. Diisobutylaluminium hydride solution in hexane (1.0 M, 30.0 mL,
30.0 mmol) was added to the mixture dropwise, and the mixture was stirred for 2 h. The reaction
mixture was quenched by saturated potassium sodium tartrate aqueous solution (40 mL) and the
mixture was stirred for 3 h to turn to clear solution. Then, the mixture was extracted with ethyl acetate
three times (40 mL x3). The combined organic layer was dried over MgSOs. After filtration, the
solvents were removed by evaporation. The crude product, a mixture of S3 and S4, was used to the
next reaction without further purification.

In a vacuum dried 100 mL two-neck round-bottomed flask equipped with reflux condenser and
Dean—Stark apparatus, the crude mixture of S3 and S4 was dissolved in dry toluene (30 mL) under a
nitrogen atmosphere. p-Toluenesulfonic acid mono hydrate (10 mg, 0.05 mmol) was added to the
mixture, and the mixture was warm up to 135 °C and stirred for 1 h. The mixture was passed through
a short silica gel (@: 15 mm, the height of the silica-gel column: ca. 100 mm) eluting with ethyl acetate.
After the solvents were removed by evaporation, the crude product S4 was used to the next reaction
without further purification.

In a vacuum dried 200 mL two-neck round-bottomed flask, the crude S4 was dissolved in dry
DCM (20 mL), and the mixture was cooled to 0 °C under a nitrogen atmosphere. N-Iodosuccinimide
(4.95 g, 22.0 mmol) solution in MeOH (44 mL) was added to the mixture dropwise until the color of
the reaction mixture turn to yellow. After stirring for 16 h, 10% Na2S204 aqueous solution was added
to the mixture until the reaction mixture turn to colorless. Then, the mixture was extracted with
dichloromethane three times (20 mL x3). The combined organic layer was dried over MgSOa. After
filtration, the solvents were removed by evaporation. The crude product was purified by flash column
chromatography to obtain the corresponding piperidine derivative S5 (5.15 g, 15.1 mmol, 75% in three
steps) as a colorless oil.

In a vacuum dried 30 mL two-neck round-bottomed flask equipped with reflux condenser, S5
(1.56 g, 5.0 mmol) and DBU (2.24 mL, 15.0 mmol) was dissolved in dry toluene (10 mL), and the

mixture was warm up to 135 °C under a nitrogen atmosphere. After stirring for 48 h, the solvents were
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removed by evaporation. The crude product was purified by flash column chromatography to obtain
the corresponding allyl ether 1g (353.3 mg, 1.66 mmol, 33%) as a colorless oil.

"H NMR (400 MHz, CDCls, §): 1.49 (s, 9H), 1.87-2.04 (br-m, 1H), 2.09-2.30 (br-m, 1H), 2.94—
3.20 (br-m, 1H), 3.36 (s, 3H), 3.85-4.22 (br-m, 1H), 5.28-5.55 (br-m, 1H), 5.69-5.85 (br-m, 1H),
5.91-6.10 (br-m, 1H). *C NMR (100 MHz, CDCl3, §): 24.6 and 24.9 (a pair of CH>), 28.3 (CH3), 35.1
and 36.7 (a pair of CH>), 55.3 and 55.4 (a pair of CH3), 79.0 and 79.7 (a pair of CH), 79.9 and 80.3 (a
pair of C), 124.9 and 125.4 (a pair of CH), 129.5 and 129.9 (a pair of CH), 154.3 and 154.9 (a pair of
C). HRMS-ESI (m/z): [M+Na]" calcd for C11H19O3NNa, 236.1257; found, 236.1262.

Preparation of 6-(benzyloxy)-3,6-dihydro-2H-pyran (1h).

\/\/Oj/\ 5 mol % Grubbs 1st cat. BnO X
OBn DCM, rt, 18 h O

S6 1h
74% yield

The dihydropyran 1h was prepared according to the literature procedure.”” In a vacuum dried 300
mL two-neck round-bottomed flask, Grubbs catalyst® 1st generation (164.6 mg, 0.20 mmol) and a 1,7-
diene S6 (873.2 mg, 4.0 mmol) were dissolved in dry and degassed dichloromethane (133 mL) under
an argon atmosphere. After stirring for 18 h, the solvents were removed by evaporation. The crude
product was purified by flash column chromatography to obtain the corresponding dihydropyran
derivative 1h (563.9 mg, 2.97 mmol, 74%) as a colorless oil.

"H NMR (400 MHz, CDCl3, 8): 1.86-1.96 (m, 1H), 2.26-2.39 (m, 1H), 3.76 (dd, J=11.2, 6.3 Hz,
1H), 3.99 (td, J=11.4,3.6 Hz, 1H), 4.57 (d, /= 12.1 Hz, 1H), 4.81 (d, /= 11.7 Hz, 1H), 5.01 (s, 1H),
5.75 (dtd, J=10.2, 2.8, 1.3 Hz, 1H), 6.01-6.08 (m, 1H), 7.24-7.30 (m, 1H), 7.31-7.41 (m, 4H). 1*C
NMR (100 MHz, CDCl3, 6): 24.6 (CHz), 57.3 (CHz2), 69.2 (CH2), 92.9 (CH), 125.7 (CH), 127.5 (CH),
127.9 (CH), 128.3 (CH), 129.1 (CH), 138.1 (C). HRMS-ESI (m/z): [M+Na]" caled for Ci2H1402Na,
213.0886; found, 213.0889.

Preparation of ((cyclopent-2-en-1-yloxy)methyl)benzene (1i).*

HO\® 1. NaH (1.5 equiv) Bn0\®
2. BnBr (2.5 equiv) -
s7 THF, 0°Ctort, 17 h 1i

57% yield

In a vacuum dried 50 mL two-neck round-bottomed flask, NaH (60% paraffin liquid dispersion,
648 mg, 16.2 mmol) was suspended in THF (20 mL) at 0 °C. To the suspension, allyl alcohol S7 (905
mg, 10.8 mmol) was slowly added and the mixture was warmed up to room temperature. After stirring
for 30 min, the mixture was cooled to 0 °C again. Then, benzyl bromide (3.21 mL, 27.0 mmol) was
added. After stirring for 17 h at room temperature, the reaction mixture was quenched by H>O (20 mL)
and extracted with hexane three times (20 mL x3). The combined organic layer was then dried over

MgSOs. After filtration, the solvents were removed by evaporation. The crude product was purified by
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flash column chromatography to obtain the corresponding allyl ether (1.08 g, 6.21 mmol, 57%) as a
colorless oil.

"H NMR (400 MHz, CDCl3, §): 1.82-1.90 (m, 1H), 2.11-2.21 (m, 1H), 2.22-2.32 (m, 1H), 2.46—
2.57 (m, 1H), 4.53 (q, J = 10.7 Hz, 2H), 4.65-4.70 (m, 1H), 5.89 (dq, /= 6.0, 1.9 Hz, 1H), 6.03 (dtd,
J=5.7,2.3,1.2 Hz, 1H), 7.24-7.29 (m, 1H), 7.30-7.38 (m, 4H). 3*C NMR (100 MHz, CDCl;, §): 29.7
(CH2), 31.0 (CH»), 70.4 (CH»), 84.3 (CH), 127.3 (CH), 127.6 (CH), 128.2 (CH), 130.7 (CH), 135.5
(CH), 138.8 (C). HRMS-EI (m/z): [M]" caled for C12H140, 174.1045; found, 174.1045.

Preparation of 3-butyl-3-methoxycyclopent-1-ene (1j).

OH 1. NaH (1.5 equiv) OMe

Me/V\@ 2. Mel (2.5 equiv) Me/\/\©

THF, 0°Ctort, 17 h
S8 1j
56% yield

In a vacuum dried 50 mL two-neck round-bottomed flask, NaH (60% paraffin liquid dispersion,
264 mg, 6.6 mmol) was suspended in THF (13 mL) at 0 °C. To the suspension, allyl alcohol S8 (616.5
mg, 4.4 mmol) was slowly added and the mixture was warmed up to room temperature. After stirring
for 30 min, the mixture was cooled to 0 °C again. Then, methyl iodide (0.70 mL, 11.0 mmol) was
added. After stirring for 17 h at room temperature, the reaction mixture was quenched by H,O (10 mL)
and extracted with hexane three times (10 mL x3). The combined organic layer was then dried over
MgSOq. After filtration, the solvents were removed by evaporation. The crude product was purified by
flash column chromatography to obtain the corresponding allyl ether (382.4 mg, 2.48 mmol, 56%) as
a colorless oil.

"H NMR (400 MHz, CDCls, §): 0.90 (t, J = 6.9 Hz, 3H), 1.25-1.36 (m, 4H), 1.55-1.70 (m, 2H),
1.79 (ddd, J = 14.0, 8.9, 5.0 Hz, 1H), 1.95 (ddd, J = 13.9, 9.1, 4.7 Hz, 1H), 2.25-2.35 (m, 1H), 2.37—
2.47 (m, 1H), 3.13 (s, 3H), 5.59 (dt, J= 5.8, 2.2 Hz, 1H), 5.97 (dt, J= 5.6, 2.6 Hz, 1H). >*C NMR (100
MHz, CDCl3, 8): 14.1 (CH3), 23.3 (CH2), 26.3 (CH2), 31.7 (CH2), 31.9 (CH2), 39.2 (CH2), 50.0 (CH3),
91.2 (C), 133.6 (CH), 134.6 (CH). HRMS-EI (m/z): [M]" caled for CioH;s0, 154.1358; found,
154.1357.

Preparation of (Z)-methyl (2-methyl-8-phenyloct-5-en-4-yl) carbonate [rac-(Z)-4a].

HO MeOCOCI (2.2 equiv) MeO,CO
pyridine (4.5 equiv)
Me Ph > Me Ph
DCM (1.0 M)

Me 0°Ctort,17 h Me

S9 rac-(Z)-4a
96% yield
E/Z < 5:95

An allyl alcohol (Z)-2-methyl-8-phenyloct-5-en-4-ol S9 was synthesized according to the
literature procedure.*’ In a vacuum dried 20 mL two-neck round-bottomed flask, (Z)-2-methyl-8-
phenyloct-5-en-4-ol S9 (1.09 g, 5.0 mmol, E/Z < 5:95) and pyridine (1.81 mL, 22.5 mmol) were
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dissolved in dry DCM (5 mL), and the mixture was cooled to 0 °C under a nitrogen atmosphere. Methyl
chloroformate (0.85 mL, 11 mmol) was added to the mixture dropwise, and the mixture was warmed
to room temperature. After the mixture was stirred for 17 h, the reaction mixture was quenched by H,O
(5 mL) and extracted with hexane three times (5 mL %3). The combined organic layer was then dried
over MgSOs4. After filtration, the solvents were removed by evaporation. The crude product was
purified by flash column chromatography to obtain the corresponding allyl carbonate rac-(Z)-4a (1.32
g, 4.78 mmol, 96%, E/Z < 5:95) as a colorless oil.

"H NMR (400 MHz, CDCls, §): 0.87 (d, J = 4.5 Hz, 3H), 0.89 (d, J = 4.5 Hz, 3H), 1.11-1.24 (m,
1H), 1.51-1.66 (m, 2H), 2.41-2.70 (m, 3H), 2.71-2.81 (m, 1H), 3.75 (s, 3H), 5.28-5.44 (m, 2H), 5.60
(dt, J = 13.3, 5.2 Hz, 1H), 7.13-7.23 (m, 3H), 7.24-7.32 (m, 2H). 3*C NMR (100 MHz, CDCl;, §):
22.3 (CHa3), 22.8 (CH3), 24.2 (CH), 29.8 (CH>), 35.7 (CH>»), 43.5 (CH>), 54.4 (CH3), 73.0 (CH), 125.9
(CH), 128.3 (CH), 128.5 (CH), 128.6 (CH), 133.1 (CH), 141.5 (C), 155.3 (C). HRMS-ESI (m/z):
[M+Na]" caled for C17H2403Na, 299.1618; found, 299.1717.

(Z2)-Methyl (1-phenylhex-4-en-3-yl) carbonate [rac-(Z)-4b].

Me0,CO._
Phﬂe
rac-(Z)-4b
EIZ < 5:95
rac-(Z)-4b was prepared from the corresponding alcohol according to the procedure described
above. The product rac-(Z2)-4b was obtained in 85% yield (274.8 mg, 1.17 mmol, E/Z < 5:95, colorless
oil).
"H NMR (400 MHz, CDCl3, §): 1.68-1.74 (m, 3H), 1.79-1.93 (m, 1H), 2.02-2.16 (m, 1H), 2.59—
2.74 (m, 2H), 3.77 (s, 3H), 5.36-5.47 (m, 2H), 5.71 (dq, J = 15.4, 4.6 Hz, 1H), 7.15-7.23 (m, 3H),
7.24-7.33 (m, 2H). 3C NMR (100 MHz, CDCls, §):13.4 (CH3), 31.2 (CHz), 36.1 (CH>), 54.4 (CH3),
73.7 (CH), 125.9 (CH), 128.20 (CH), 128.23 (CH), 128.3 (CH), 129.2 (CH), 141.1 (C), 155.2 (C).
HRMS-ESI (m/z): [M+Na]" calcd for C14Hi1303Na, 257.1148; found, 257.1151.

(Z2)-Methyl (6-phenylhex-3-en-2-yl) carbonate [rac-(Z)-4c].
MeO,CO_
Me Ph
rac-(2)-4¢
EIZ < 5:95
rac-(Z)-4¢ was prepared from the corresponding alcohol according to the procedure described
above. The product rac-(Z)-4¢ was obtained in 58% yield (808.9 mg, 3.45 mmol, £/Z < 5:95, colorless
oil).
"H NMR (400 MHz, CDCl3, §): 1.18 (d, J = 5.8 Hz, 3H), 2.40-2.57 (m, 2H), 2.58-2.69 (m, 1H),
2.70-2.82 (m, 1H), 3.75 (s, 3H), 5.34-5.46 (m, 2H), 5.49-5.62 (m, 1H), 7.12-7.22 (m, 3H), 7.24-7.33
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(m, 2H). 3C NMR (100 MHz, CDCl3, §): 20.6 (CH3), 29.6 (CHa), 35.5 (CHz), 54.5 (CH3), 71.0 (CH),
125.9 (CH), 128.3 (CH), 128.5 (CH), 129.4 (CH), 132.3 (CH), 141.4 (C), 155.1 (C). HRMS-ESI (m/z):
[M+Na]" caled for C14Hi3s03Na, 257.1148; found, 257.1147.

(£)-Methyl (1-phenylnon-4-en-3-yl) carbonate [rac-(Z)-4d].

Meozc\oj/i/\
Ph
M
rac-(Z)-4d
E/Z < 5:95

e

rac-(Z2)-4d was prepared from the corresponding alcohol according to the procedure described
above. The product rac-(Z)-4d was obtained in 87% yield (2.13 g, 7.72 mmol, E/Z < 5:95, colorless
oil).

"H NMR (400 MHz, CDCl3, §): 0.85-0.92 (m, 3H), 1.23-1.42 (m, 4H), 1.78-1.89 (m, 1H), 2.02—
2.19 (m, 3H), 2.58-2.74 (m, 2H), 3.77 (s, 3H), 5.34-5.44 (m, 2H), 5.55-5.66 (m, 1H), 7.15-7.22 (m,
3H), 7.24-7.32 (m, 2H). *C NMR (100 MHz, CDCls, §): 13.9 (CH3), 22.3 (CH>), 27.6 (CH>), 31.2
(CH>), 31.6 (CH2), 36.3 (CH>), 54.5 (CH3), 74.1 (CH), 125.9 (CH), 127.1 (CH), 128.3 (CH), 128.4
(CH), 135.0 (CH), 141.1 (C), 155.2 (C). HRMS-FD (m/z): [M]" calcd for C17H2403, 276.1725; found,
276.1714.

(Z2)-Methyl (2-methyl-7-phenylhept-4-en-3-yl) carbonate [rac-(Z)-4e].

MeOzCOn/
Ph
Me Me

rac-(Z)-4e
E/Z < 5:95

rac-(Z)-4e was prepared from the corresponding alcohol according to the procedure described
above. The product rac-(Z)-4e was obtained in 92% yield (1.94 g, 7.40 mmol, E/Z < 5:95, colorless
oil).

"H NMR (400 MHz, CDCl3, §): 0.85 (d, J= 6.8 Hz, 3H), 0.92 (d, J = 6.8 Hz, 3H), 1.81 (octet, J
=6.7 Hz, 1H), 2.38-2.79 (m, 4H), 3.76 (s, 3H), 5.12 (dd, J=9.5, 6.8 Hz, 1H), 5.32-5.40 (m, 1H), 5.68
(dt, J=13.4, 5.5 Hz, 1H), 7.15-7.23 (m, 3H), 7.25-7.33 (m, 2H). '*C NMR (100 MHz, CDCls, d):
17.8 (CH3), 18.0 (CH3), 29.8 (CH»), 32.1 (CH), 35.6 (CH>), 54.5 (CH3), 78.9 (CH), 125.9 (CH), 126.3
(CH), 128.3 (CH), 128.4 (CH), 134.2 (CH), 141.5 (C), 155.3 (C). HRMS-ESI (m/z): [M+Na]" calcd
for C16H2203Na, 285.1461; found, 285.1455.
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(£)-8-(Methoxymethoxy)-1-phenyloct-4-en-3-yl methyl carbonate [rac-(Z£)-41].

MeO,CO_
Phj\k/\OMOM
rac-(Z)-4f
ElZ <5:95
rac-(2)-4f was prepared from the corresponding alcohol according to the procedure described
above. The product rac-(Z)-4f was obtained in 56% yield (714.6 mg, 2.22 mmol, £/Z < 5:95, colorless
oil).
"H NMR (400 MHz, CDCls, §): 1.58-1.74 (m, 2H), 1.79-1.91 (m, 1H), 2.03-2.14 (m, 1H), 2.15—
2.29 (m, 2H), 2.59-2.75 (m, 2H), 3.36 (s, 3H), 3.51 (t, J = 6.6 Hz, 2H), 3.77 (s, 3H), 4.61 (s, 2H),
5.36-5.46 (m, 2H), 5.59-5.66 (m, 1H), 7.15-7.22 (m, 3H), 7.25-7.32 (m, 2H). 1*C NMR (100 MHz,
CDCls, 6): 24.5 (CH2), 29.4 (CH), 31.2 (CH2), 36.2 (CH»), 54.5 (CH3), 55.0 (CH3), 67.0 (CH>), 73.9
(CH), 96.3 (CH2), 125.9 (CH), 127.8 (CH), 128.2 (CH), 128.3 (CH), 133.9 (CH), 141.0 (C), 155.1 (O).
HRMS-FD (m/z): [M]" calcd for CisH250s, 322.1780; found, 322.1787.
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2.4.4. Borylation Product Characterization

(5)-2-(Cyclohex-2-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane [(S)-3a].>°

S

(S)-3a
The reaction was conducted with 77.5 mg (0.50 mmol) of 1a by using procedure A. The product
(5)-3a was obtained as a colorless oil in 86% yield (88.9 mg). The enantioselectivity was determined
by the following stereospecific derivatization of the boryl group.
"H NMR (400 MHz, CDCls, 8): 1.25 (s, 12H), 1.53—1.71 (m, 3H), 1.72-1.85 (m, 2H), 1.95-2.03
(m, 2H), 5.63-5.75 (m, 2H). 3*C NMR (100 MHz, CDCls, §): 21.7 (br, B—-CH), 22.4 (CH,), 24.0 (CH>),
24.6 (CH3), 24.7 (CH3), 24.9 (CH>), 83.0 (C), 125.9 (CH), 127.5 (CH). HRMS-EI (m/z): [M]" caled
for C12Hz1'"BO», 208.1637; found, 208.1637. [a]p*’ +1.2 (¢ 0.8, CHCl3).

HO

H

(S,R)-S1a

The allylboration reaction was conducted with 41.5 mg (0.20 mmol) of (S)-3a. The product (S,R)-
S1a* was obtained as a colorless oil in 81% yield (30.5 mg) with 93% ee.

"H NMR (400 MHz, CDCls, §): 1.43-1.61 (m, 2H), 1.64—1.81 (m, 2H), 1.84 (d, J = 2.7 Hz, 1H),
1.95-2.04 (m, 2H), 2.46-2.55 (m, 1H), 4.59 (dd, /= 6.3, 2.7 Hz, 1H), 5.39 (dq, J = 10.1, 2.0 Hz, 1H),
5.82 (dq, J = 10.0, 3.3 Hz, 1H), 7.24-7.30 (m, 1H), 7.32-7.38 (m, 4H). '3C NMR (100 MHz, CDCls,
0): 21.1 (CH>), 23.8 (CH2), 25.2 (CH»), 43.0 (CH), 77.4 (CH), 126.5 (CH), 127.4 (CH), 128.0 (CH),
128.2 (CH), 130.3 (CH), 142.8 (C). HRMS-ESI (m/z): [M+Na]" caled for C13HisONa, 211.1099; found,
211.1091. [a]p®® +4.7 (c 0.9, CHCl3, 93% ee). Daicel CHIRALPAK® OD-3, 2-PrOH/hexane = 3/97,
0.50 mL/min, 40 °C, (S,R) isomer: tr = 17.4 min., (R,S) isomer: fr = 20.2 min.

(R)-3-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1-tosyl-1,2,3,6-tetrahydropyridine [(R)-3b].

‘?J§<

N
|

Ts
(R)-3b
The reaction was conducted with 155.3 mg (0.50 mmol) of 1b by using procedure A. The product
(R)-3b was obtained as a white solid in 77% yield (140.1 mg). The enantioselectivity was determined
by the following stereospecific derivatization of the boryl group.
"H NMR (400 MHz, CDCl3, §): 1.24 (s, 12H), 2.05-2.14 (m, 1H), 2.43 (s, 3H), 3.02 (dd, J=11.7,
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8.1 Hz, 1H), 3.42 (dq, J= 16.3, 2.8 Hz 1H), 3.47 (dd, J = 11.6, 5.3 Hz, 1H), 3.68 (dq, J= 16.2, 2.8 Hz,
1H), 5.58 (dq, J=10.1, 3.3 Hz, 1H), 5.81 (dq, J= 10.2, 2.6 Hz, 1H), 7.32 (d, J = 8.1 Hz, 2H), 7.69 (d,
J=8.5Hz, 2H). '3C NMR (100 MHz, CDCl, 8): 21.3 (CHz), 22.9 (br, B-CH), 24.5 (CHs), 24.6 (CHs),
44.0 (CHa), 44.7 (CHa), 83.6 (C), 121.2 (CH), 126.1 (CH), 127.5 (CH), 129.4 (CH), 133.2 (C), 143.2
(C). HRMS-ESI (m/z): [M+Na]" caled for CisHas''BNO4SNa, 386.1568; found, 386.1571. [a]p? —

19.2 (¢ 0.8, CHCl;).
cY”

N
]

Ts
(R)-S1b
The oxidation reaction was conducted with 78.5 mg (0.22 mmol) of (R)-3b. The product (R)-S1b
was obtained as a white solid in 74% yield (40.4 mg) with 95% ee.
'"H NMR (400 MHz, CDCl3, 8): 1.97 (d, J=9.4 Hz, 1H), 2.44 (s, 3H), 3.06 (dd, J = 11.7, 3.6 Hz,
1H), 3.31-3.42 (m, 2H), 3.77 (d, J = 16.6 Hz, 1H), 4.15-4.26 (br-m, 1H), 5.77-5.84 (m, 1H), 5.87—
5.94 (m, 1H), 7.34 (d, J = 8.1 Hz, 2H), 7.69 (d, J = 8.1 Hz, 2H). >*C NMR (100 MHz, CDCl3, §): 21.5
(CH3), 44.8 (CH»), 50.0 (CH), 63.4 (CH), 125.7 (CH), 127.7 (CH), 128.1 (CH), 129.8 (CH), 132.9
(O), 143.9 (C). HRMS-ESI (m/z): [M+Na]" calcd for C12HisNO3SNa, 276.0665; found, 276.0664.
[o]p?® —92.9 (c 0.9, CHCls, 95% ee). Daicel CHIRALPAK® OD-3, 2-PrOH/hexane = 10/90, 0.50

mL/min, 40 °C, (R) isomer: fr = 25.3 min., (S) isomer: fr = 23.8 min.

tert-Butyl (R)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3,6-dihydropyridine-1(2H)-

carboxylate [(R)-3c].
e

\
Boc
(R)-3c

The reaction was conducted with 127.5 mg (0.50 mmol) of 1¢ by using procedure A. The product
(R)-3¢ was obtained as a colorless oil in 52% yield (79.9 mg). The enantioselectivity was determined
by the following stereospecific derivatization of the boryl group.

"H NMR (400 MHz, CDCls, 8): 1.24 (s, 12H), 1.47 (s, 9H), 1.89-2.05 (m, 1H), 3.37-3.52 (m,
1H), 3.57-3.75 (m, 1H), 3.76-3.86 (m, 1H), 3.88-3.99 (m, 1H), 5.55-5.71 (m, 1H), 5.79-5.92 (m, 1H).
13C NMR (100 MHz, CDCl3, §): 22.8 (br, B-CH), 24.6 (CH3), 24.7 (CH3), 28.4 (CH3), 41.0 and 41.9
(a pair of CH»), 42.7 and 43.5 (a pair of CH>), 79.1 (C), 83.4 (C), 123.1 (CH), 125.9 and 126.3 (a pair
of CH), 154.7 (C). HRMS-ESI (m/z): [M+Na]" calcd for C1sHas'"BNO4sNa, 332.2007; found, 332.2004.

[0]p?” —48.6 (¢ 1.0, CHCL;).

(S.5)-S1c



The allylboration reaction was conducted with 26.4 mg (0.09 mmol) of (R)-3¢. The product (S,S)-
S1c was obtained as a colorless oil in 73% yield (18.1 mg) with 90% ee.

"H NMR (400 MHz, CDCl3, §): 1.50 (s, 9H), 2.21-2.55 (br-m, 1H), 3.08-3.59 (br-m, 1H), 3.73
and 3.77 (a pair pf q, J = 2.5 Hz, 1H), 3.91-4.25 (br-m, 2H), 4.27-4.55 (br-m, 1H), 5.24-5.50 (br-m,
1H), 5.56-5.80 (br-m, 1H), 7.21-7.26 (m, 2H), 7.32-7.43 (m, 4H). *C NMR (100 MHz, CDCls, §):
28.4 (CH3), 41.6 (CH»), 43.2 (CH), 44.4 (CH»), 75.3 (CH), 80.1 (C), 125.7 and 126.3 (a pair of CH),
126.3 and 127.0 (a pair of CH), 126.6 (CH), 127.6 (CH), 128.3 (CH), 142.1 (C), 154.9 and 155.8 (a
pair of C). HRMS-ESI (m/z): [M+Na]" calcd for C17H23NO3Na, 312.1570; found, 312.1569. [o]p*®
+52.1 (¢ 0.8, CHCl3, 90% ee). Daicel CHIRALPAK® OD-3, 2-PrOH/hexane = 5/95, 0.50 mL/min, 40
°C, (S,S) isomer: tr = 13.7 min., (R,R) isomer: fr = 15.0 min.

Benzyl (R)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3,6-dihydropyridine-1(2H)-

carboxylate [(R)-3d].
X

\
Cbz
(R)-3d
The reaction was conducted with 147.0 mg (0.50 mmol) of 1d by using procedure A. The product
(R)-3d was obtained as a colorless oil in 79% yield (122.6 mg). The enantioselectivity was determined
by the following stereospecific derivatization of the boryl group.
"H NMR (400 MHz, CDCls, §): 1.22 (s, 12H), 1.93-2.08 (m, 1H), 3.36-3.94 (m, 2H), 3.81-4.10
(m, 2H), 5.15 (s, 2H), 5.56-5.72 (m, 1H), 5.83-5.92 (m, 1H), 7.28-7.44 (m, 5H). 1*C NMR (100 MHz,
CDCls, 9): 22.5 (br, B-CH), 24.5 (CH3), 24.6 (CH3), 41.6 and 41.7 (a pair of CHz), 43.2 (CHz), 66.7
(CH>), 83.4 (C), 122.5 and 122.8 (a pair of CH), 126.0 and 126.4 (a pair of CH), 127.7 (CH), 128.2
(CH), 136.8 (C), 155.2 (C). HRMS-ESI (m/z): [M+Na]" calcd for C19Has''BNOsNa, 366.1851; found,
366.1844. [0]p>’ —38.9 (¢ 0.9, CHCl5).

Cbz
(S,5)-s1d

The allylboration reaction was conducted with 41.7 mg (0.14 mmol) of (R)-3d. The product (S,S)-
S1d was obtained as a colorless oil in 73% yield (32.0 mg) with 90% ee.

"H NMR (400 MHz, CDCls, §): 1.90-2.14 and 2.93-3.09 (a pair of br-s, 1H), 2.46-2.57 (br-m,
1H), 3.27-3.57 (br-m, 1H), 3.82 and 3.86 (a pair of q, J = 2.6 Hz, 1H), 3.99-4.25 (br-m, 2H), 4.31-
4.48 (br-m, 1H), 5.09-5.26 (br-s, 2H), 5.28-5.46 (br-m, 1H), 5.57-5.80 (br-m, 1H), 7.23-7.43 (m,
10H). 1*C NMR (100 MHz, CDCl3, §): 42.2 (CH»), 42.9 (CH), 43.9 (CH»), 67.3 (CH>), 75.1 (CH),
125.3 and 126.1 (a pair of CH), 126.1 and 126.9 (a pair of CH), 126.6 (CH), 127.7 (CH), 127.9 (CH),

57



128.0 (CH), 128.3 (CH), 128.5 (CH), 136.6 (C), 142.1 (C). HRMS-ESI (m/z): [M+Na]" calcd for
C20H2NOsNa, 346.1414; found, 346.1408. [a]p®® +83.0 (c 0.8, CHCls, 90% ee). Daicel
CHIRALPAK® OD-3, 2-PrOH/hexane = 3/97, 0.50 mL/min, 40 °C, (S,S) isomer: #r = 61.9 min., (R,R)

isomer: fr = 71.8 min.

(R)-2-(3,6-Dihydro-2H-pyran-3-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane [(R)-3e].”*

‘?J§<

0
(R)-3e

The reaction was conducted with 79.0 mg (0.50 mmol) of 1e by using procedure A. The product
(R)-3e was obtained as a colorless oil in 57% yield (60.3 mg). The enantioselectivity was determined
by the following stereospecific derivatization of the boryl group.

"H NMR (400 MHz, CDCls, 8): 1.25 (s, 12H), 2.02-2.12 (m, 1H), 3.76 (dd, J=11.1, 7.9 Hz, 1H),
3.96 (dd,J=11.1,5.2 Hz, 1H), 4.13 (q, /= 2.7 Hz, 2H), 5.70 (dq, /= 10.2, 2.6 Hz, 1H), 5.90 (dq, /=
10.2, 2.5 Hz, 1H). *C NMR (100 MHz, CDCls, §): 23.1 (br, B-CH), 24.6 (CHs), 24.7 (CH3), 65.3
(CHz), 65.6 (CH>), 83.4 (C), 125.1 (CH), 125.2 (CH). HRMS-EI (m/z): [M]" calcd for C11Hi9!'BOs3,
210.1429; found, 210.1438. [a]p*’ —24.3 (c 0.9, CHCl5).

HO
H
Ph”s :s\

0
(S.5)-81e

The allylboration reaction was conducted with 27.5 mg (0.13 mmol) of (R)-3e. The product (S,S)-
Sle was obtained as a colorless oil in 82% yield (20.5 mg) with 96% ee.

"H NMR (400 MHz, CDCl;, 8): 2.38-2.46 (m, 1H), 2.48 (d, J = 4.0 Hz, 1H), 3.75 (dd, J=11.7,
4.0 Hz, 1H), 4.06 (dd, J=11.4, 3.4 Hz, 1H), 4.08—4.21 (m, 2H), 4.72 (dd, /= 7.2, 4.0 Hz, 1H), 5.45—
5.53 (m, 1H), 5.84 (dq, J = 10.4, 2.2 Hz, 1H), 7.27-7.33 (m, 1H), 7.33-7.41 (m, 4H). '*C NMR (100
MHz, CDCl;, 6): 41.8 (CH), 65.6 (CH») , 65.6 (CH>), 75.2 (CH), 125.4 (CH), 126.4 (CH), 127.6 (CH),
128.4 (CH), 142.9 (C). HRMS-ESI (m/z): [M+Na]" calcd for C12H402Na, 213.0886; found, 213.0889.
[o]p?® +79.7 (¢ 0.9, CHCls, 96% ee). Daicel CHIRALPAK® OD-3, 2-PrOH/hexane = 3/97, 0.50
mL/min, 40 °C, (S,S) isomer: tr = 27.0 min., (R,R) isomer: tr = 30.6 min.

(5)-2-(5,5-Dimethylcyclohex-2-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane [(S)-3f].*

r5<
Qo

(S)-3f

@)
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The reaction was conducted with 92.6 mg (0.50 mmol) of 1f by using procedure A. The product
(8)-3f was obtained as a colorless oil in 58% yield (68.5 mg). The enantioselectivity was determined
by the following stereospecific derivatization of the boryl group.

"HNMR (400 MHz, CDCls, §): 0.87 (s, 3H), 0.92 (s, 3H), 1.25 (s, 12H), 1.35-1.49 (m, 2H), 1.66—
1.75 (m, 1H), 1.79-1.89 (m, 2H), 5.56-5.63 (m, 1H), 5.65-5.72 (m, 1H). 3C NMR (100 MHz, CDClI;,
0): 19.6 (br, B-CH), 24.6 (CH3), 24.7 (CH3), 25.9 (CH3), 28.4 (C), 30.6 (CH3), 36.6 (CH2), 38.7 (CH>),
83.1 (C), 124.9 (CH), 126.1 (CH). HRMS-EI (m/z): [M]" calcd for C14Ha5'"BO2, 236.1950; found,

236.1953. [0]p> —38.8 (c 0.8, CHCL).
HO

H
Ph”s ’c

(S,R)-S1f
The allylboration reaction was conducted with 47.6 mg (0.20 mmol) of (S)-3f. The product (S,R)-

S1f was obtained as a colorless oil in 87% yield (38.1 mg) with 84% ee.
"H NMR (400 MHz, CDCls, 8): 0.85 (s, 3H), 0.95 (s, 3H), 1.28 (d, J = 11.2 Hz, 1H), 1.31-1.40
(m, 1H), 1.66—-1.76 (m, 1H) , 1.81-1.92 (m, 1H), 1.83 (d, /= 2.7 Hz, 1H), 2.47-2.59 (m, 1H), 4.65 (dd,
J=5.8,2.2 Hz, 1H), 5.40-5.47 (m, 1H), 5.75 (ddt, J=10.2, 5.2, 2.5 Hz, 1H), 7.23-7.32 (m, 1H), 7.33—
7.40 (m, 4H). 3C NMR (100 MHz, CDCls, §): 25.1 (CH3), 29.3 (C), 32.1 (CH3), 36.8 (CH>), 39.1
(CH2),41.7 (CH), 77.6 (CH), 126.5 (CH), 126.7 (CH), 127.3 (CH), 128.2 (CH), 129.1 (CH), 142.8 (O).
HRMS-ESI (m/z): [M+Na]" calcd for C1sH200Na, 239.1412; found, 239.1421. [a]p*® —22.8 (c 1.1,
CHCl3, 84% ee). Daicel CHIRALPAK® OD-3, 2-PrOH/hexane = 3/97, 0.50 mL/min, 40 °C, (S,R)

isomer: fr = 15.3 min., (R,S) isomer: tr = 20.6 min.

tert-Butyl (R)-6-[(R)-hydroxy(phenyl)methyl]-3,6-dihydropyridine-1(2H)-carboxylate [(R,R)-

S1g].>?
9J§<
B\ &j

(S)-3g (R,R)-S1g

Boc”

The reaction was conducted with 106.5 mg (0.50 mmol) of 1g by using procedure B. Although
the borylation product (S)-3g was detected in 'H NMR analysis (90% 'H NMR yield), the product
could not be isolated due to its instability to silica gel. After the allylboration of benzaldehyde using
the crude material including (S)-3g, the product (R,R)-S1g was obtained as a colorless oil with a small
amount of pinacol in 41% yield (59.4 mg) with 79% ee.

'"H NMR (400 MHz, CDCls, 8): 1.35-1.60 (br-s, 9H), 1.87-2.01 (br-m, 1H), 2.09-2.30 (br-m,
1H), 2.72-3.10 (br-m, 1H), 3.81-4.29 (br-m, 1H), 4.46—4.76 (br-m, 2H), 5.04-5.42 (br-m, 1H), 5.75—
5.99 (br-m, 1H), 7.27-7.42 (m, 5H). 3C NMR (100 MHz, CDCls, §): 24.4 and 24.7 (a pair of CHy),
28.3 (CH3), 36.7 and 38.1 (a pair of CH»), 58.1 (CH), 75.7 and 76.7 (a pair of CH), 80.3 and 80.5 (a

59



pair of C), 124.4 and 124.7 (a pair of CH), 127.0 (CH), 127.8 (CH), 128.2 (CH), 130.0 and 133.1 (a
pair of CH), 140.9 and 141.4 (a pair of C), 155.1 and 157.1 (a pair of C). The NMR charts contain
inseparable pinacol impurities. HRMS-ESI (m/z): [M+Na]" calcd for C17H2303NNa, 312.1570; found,
312.1573. [a]p?’ +124.1 (c 0.8, CHCls, 79% ee). Daicel CHIRALPAK® IA-3, 2-PrOH/hexane = 3/97,
0.50 mL/min, 40 °C, (R,R) isomer: tr = 36.3 min., (S,S) isomer: fr = 44.2 min.

(R)-[(R)-5,6-Dihydro-2H-pyran-2-yl](phenyl)methanol [(R,R)-S1h] 3

(PJ% "9 H

By Ph%

5 o}
(S)-3h (R,R)-S1h

The reaction was conducted with 95.2 mg (0.50 mmol) of 1h by using procedure A. The borylation
product (S)-3h was detected in '"H NMR analysis (40% 'H NMR yield). After the allylboration of
benzaldehyde using the crude material including (S)-3h, the product (R,R)-S1h was obtained as a
colorless oil with a small amount of pinacol in 31% yield (29.3 mg) with 56% ee.

"H NMR (400 MHz, CDCl3, §): 2.00-2.10 (m, 1H), 2.20-2.31 (m, 1H), 3.14 (s, 1H), 3.74 (ddd, J
=15.3,7.7,3.9 Hz, 1H), 4.05 (dt,J=11.0, 4.8 Hz, 1H), 4.14 (doublet of quintet, /= 7.7, 2.5 Hz, 1H),
4.55(d, J=8.2 Hz, 1H), 5.35 (dq, J=10.4, 1.8 Hz, 1H), 5.91 (doublet of quintet, /= 10.3, 2.5 Hz,
1H), 7.28-7.42 (m, 5H). *C NMR (100 MHz, CDCl3, §): 25.1 (CHz), 62.5 (CH>), 76.3 (CH), 78.0
(CH), 125.7 (CH), 126.7 (CH), 127.3 (CH), 128.0 (CH), 128.3 (CH), 139.7 (C). The NMR charts
contain inseparable pinacol impurities. HRMS-ESI (m/z): [M+Na]" caled for Ci2H1402Na, 213.0886;
found, 213.0887. [a]p?” +7.9 (c 0.9, CHCls, 56% ee). Daicel CHIRALPAK® OZ-3, 2-PrOH/hexane =
3/97, 0.50 mL/min, 40 °C, (R,R) isomer: fr = 26.7 min., (§,S) isomer: tr = 29.1 min.

(5)-2-(Cyclopent-2-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane [(S)-3i].”!
g
B
@‘ o
(S)-3i

The reaction was conducted with 87.2 mg (0.50 mmol) of 1i by using procedure C. The product
(8)-3i was obtained as a colorless oil in 51% yield (50.0 mg). The enantioselectivity was determined
by the following stereospecific derivatization of the boryl group.

"H NMR (400 MHz, CDCl3, 8): 1.24 (s, 12H), 1.81-1.91 (m, 1H), 1.97-2.08 (m, 1H), 2.12-2.21
(m, 1H), 2.30-2.40 (m, 2H), 5.69—5.75 (m, 2H). *C NMR (100 MHz, CDCls, §): 24.7 (CH3), 25.5
(CH»), 29.4 (br, B-CH) 32.8 (CH>), 83.1 (C), 129.7 (CH), 131.3 (CH). HRMS-EI (m/z): [M]" caled
for C11H19''"BO2, 194.1478; found, 194.1484. [0]p*® —97.9 (c 1.2, CHCI:).
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HO
Ph
(S,R)-S1i

The allylboration reaction was conducted with 21.9 mg (0.11 mmol) of (S)-3i. The product (S,R)-
S1i was obtained as a colorless oil in 78% yield (15.3 mg) with 92% ee.

"H NMR (400 MHz, CDCls, §): 1.80-1.99 (m, 2H), 1.85 (d, J = 2.7 Hz, 1H), 2.25-2.45 (m, 2H),
3.07-3.16 (m, 1H), 4.59 (dd, J = 6.5, 2.5 Hz, 1H), 5.39-5.45 (m, 1H), 5.84-5.90 (m, 1H), 7.24-7.31
(m, 1H), 7.32-7.39 (m, 4H). '*C NMR (100 MHz, CDCl3, §): 25.0 (CH>), 32.2 (CH>), 53.9 (CH), 76.9
(CH), 126.3 (CH), 127.3 (CH), 128.2 (CH), 131.2 (CH), 133.7 (CH), 143.4 (C). HRMS-ESI (m/z):
[M+Na]* caled for C12H14ONa, 197.0942; found, 197.0939. [a]p*® +21.6 (¢ 1.5, CHCIs, 92% ee).
Daicel CHIRALPAK® OD-3 + OD-3, 2-PrOH/hexane = 1/99, 0.50 mL/min, 40 °C, (S,R) isomer: tr =
76.2 min., (R,S) isomer: fr = 67.7 min.

(5)-2-(3-Butylcyclopent-2-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane [(S)-3]].

o
B
Me \o

i

(S)-3

The reaction was conducted with 76.8 mg (0.50 mmol) of 1j by using procedure D. The product
(5)-3j was obtained as a colorless oil in 79% yield (98.1 mg). The enantioselectivity was determined
by the following stereospecific derivatization of the boryl group.

"H NMR (400 MHz, CDCl3, §): 0.89 (t,J = 7.2 Hz, 3H), 1.18-1.34 (m, 2H), 1.24 (s, 12H), 1.36—
1.46 (m, 2H), 1.87 (dq, J = 18.0, 5.1 Hz, 1H), 1.97-2.09 (m, 3H), 2.11-2.18 (m, 1H), 2.21-2.29 (m,
2H), 5.27-5.31 (m, 1H). 1*C NMR (100 MHz, CDCls, §): 13.9 (CH3), 22.5 (CH>), 24.67 (CH3), 24.69
(CH3), 26.0 (CH2), 29.3 (br, B-CH), 30.0 (CH2), 30.8 (CH2), 35.6 (CH>), 82.9 (), 123.4 (CH), 144.2
(C). HRMS-EI (m/z): [M]" calcd for CisH27''BO,, 250.2104; found, 250.2114. [a]p* —66.4 (c 1.1,
CHCI).

HO _~_Me

Y

(S,R)-S1j
The allylboration reaction was conducted with 50.9 mg (0.20 mmol) of (5)-3j. The product (S,R)-

S1j was obtained as a colorless oil in 46% yield (21.3 mg) with 94% ee.

"H NMR (400 MHz, CDCl3, §): 0.86 (t, J = 6.7 Hz, 3H), 1.15-1.29 (m, 4H), 1.33-1.50 (m, 3H),
1.91 (d, J= 1.8 Hz, 1H), 2.04-2.31 (m, 3H), 4.64 (d, J = 1.8 Hz, 1H), 5.46-5.52 (m, 1H), 5.83-5.90
(m, 1H), 7.23-7.38 (m, SH). '*C NMR (100 MHz, CDCls, §): 14.2 (CH3), 23.5 (CH>), 26.7 (CH>), 28.6
(CH>), 32.7 (CH>), 36.0 (CH>»), 58.7 (C), 78.9 (CH), 127.3 (CH), 127.6 (CH), 127.7 (CH), 133.3 (CH),
135.2 (CH), 141.6 (C). HRMS-ESI (m/z): [M+Na]" calcd for Ci6H220ONa, 253.1574; found, 253.1562.
[o]p?® —34.1 (¢ 1.1, CHCls, 94% ee). Daicel CHIRALPAK® OD-3, 2-PrOH/hexane = 5/95, 0.50
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mL/min, 40 °C, (S,R) isomer: fr = 10.6 min., (R,S) isomer: tr = 12.8 min.

(5)-2-(Cyclohept-2-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane [(S)-3k].”*

o

|
: ;B\o

(S)-3k

The reaction was conducted with 85.2 mg (0.50 mmol) of 1k by using procedure A. The product
(8)-3k was obtained as a colorless oil in 72% yield (79.7 mg). The enantioselectivity was determined
by the following stereospecific derivatization of the boryl group.

"H NMR (400 MHz, CDCls, 8): 1.25 (s, 12H), 1.39-1.58 (m, 2H), 1.63—1.84 (m, 4H), 1.91-2.01
(m, 1H), 2.04-2.18 (m, 2H), 5.75-5.88 (m, 2H). 3C NMR (100 MHz, CDCls, §): 24.7 (CH3), 24.8
(CH3), 25.9 (br, B-CH), 27.3 (CH>), 28.80 (CH>), 28.85 (CH2), 31.3 (CH>), 83.1 (C), 131.5 (CH),
133.0 (CH). HRMS-EI (m/z): [M]" calcd for C13H23!'BO2, 222.1791; found, 222.1788. [a]p?® —51.4 (¢
1.0, CHCIy).

HO

H
Phs

(S,R)-S1k

The allylboration reaction was conducted with 37.0 mg (0.17 mmol) of (5)-3k. The product (S,R)-
S1k was obtained as a colorless oil in 75% yield (25.5 mg) with 68% ee.

"H NMR (400 MHz, CDCl3, §): 1.24—1.41 (m, 2H), 1.48-1.61 (m, 1H), 1.63—1.73 (m, 1H), 1.84
(d, J= 3.6 Hz, 1H), 1.85-1.93 (m, 1H), 1.94-2.03 (m, 1H), 2.04-2.21 (m, 2H), 2.62-2.71 (m, 1H),
4.63-4.70 (m, 1H), 5.50-5.58 (m, 1H), 5.74-5.83 (m, 1H), 7.24-7.30 (m, 1H), 7.32-7.38 (m, 4H). 1*C
NMR (100 MHz, CDCls, 8): 26.7 (CH»), 28.1 (CH»), 28.6 (CH2), 30.0 (CH2), 46.9 (CH), 77.4 (CH),
126.7 (CH), 127.4 (CH), 128.2 (CH), 132.4 (CH), 133.5 (CH), 143.2 (C). HRMS-ESI (m/z): [M+Na]"
caled for C14H1sONa, 225.1255; found, 225.1266. [a]p>® —14.4 (¢ 1.0, CHCls, 68% ee). Daicel
CHIRALPAK® OD-3, 2-PrOH/hexane = 5/95, 0.50 mL/min, 40 °C, (S,R) isomer: tr = 14.1 min., (R,S)

isomer: fr = 15.8 min.

(S,E)-7-Methyl-1-phenyloct-4-en-3-ol [(S,E)-S2a].

Me Z B\O = OH
Me Ph Me Ph

(S.E)-5a (S,E)-S2a

The reaction was conducted with 138.1 mg (0.50 mmol) of rac-(Z)-4a by using procedure E. The
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borylation product (S,E)-5a and the carbamate (S,Z)-4a were detected in 'H NMR analysis [(S,E)-5a:
42% "H NMR yield; (S,Z)-4a: 58% "H NMR yield]. After the oxidation of the roughly purified material
including (S,2)-4a and (S,E)-5a, the corresponding alcohol (S,E)-S2a was obtained as a colorless oil
in 33% yield (36.1 mg) with 86% ee.

"H NMR (400 MHz, CDCls, §): 0.89 (d, J = 1.8 Hz, 3H), 0.90 (d, /= 1.8 Hz, 3H), 1.43 (d, J =
3.6 Hz, 1H), 1.63 (nonet, J = 6.8 Hz, 1H), 1.75-2.00 (m, 4H), 2.62-2.77 (m, 2H), 4.09 (dq, J = 6.5,
5.5 Hz, 1H), 5.44-5.54 (m, 1H), 5.59-5.70 (m, 1H), 7.15-7.23 (m, 3H), 7.24-7.39 (m, 2H). *C NMR
(100 MHz, CDCl3, 6): 22.2 (CH3), 22.3 (CH3), 28.2 (CH), 31.8 (CH»), 38.8 (CH>), 41.5 (CH»), 72.4
(CH), 125.7 (CH), 128.3 (CH), 128.4 (CH), 131.2 (CH), 133.9 (CH), 142.0 (C). HRMS-ESI (m/z):
[M+Na]" caled for C1sH220Na, 241.1563; found, 241.1563. [a]p*’ —5.9 (c 1.0, CHCl3, 86% ee). Daicel
CHIRALPAK® OD-3, 2-PrOH/hexane = 3/97, 0.50 mL/min, 40 °C, (S,E) isomer: tr = 19.8 min., (R,E)

isomer: fr = 28.0 min.
Me0,CO,,_A
Me Ph

Me
(S,2)-4a
After oxidation of the mixture of (S,2)-4a and (S,E)-5a, the substrate (5,2)-4a was recovered in
49% (67.3 mg) with 63% ee. [a]p>’ +18.7 (¢ 1.1, CHCl3, 63% ee). Daicel CHIRALPAK® OD-3 + OD-
3, 2-PrOH/hexane = 0.25/99.75, 0.50 mL/min, 40 °C, (S,Z) isomer: tr = 31.7 min., (R,Z) isomer: tr =
38.2 min.

(S,E)-6-Phenylhex-3-en-2-ol [(S,E)-S2b].”

Ph Ph
9J§<
% B\O Z OH
Me

Me
(S,E)-5b (S,E)-S2b

The reaction was conducted with 116.6 mg (0.50 mmol) of rac-(Z)-4b by using procedure E. The
borylation product (S,E)-5b and the carbamate (S,Z)-4b were detected in '"H NMR analysis [(S,E)-5b:
45% "H NMR yield; (S,Z)-4b: 51% "H NMR yield]. After the oxidation of the roughly purified material
including (S,2)-4b and (S,E)-5b, the corresponding alcohol (S,£)-S2b was obtained as a colorless oil
in 30% yield (26.0 mg) with 89% ee. The absolute configuration was confirmed by the literature.’®

"H NMR (400 MHz, CDCls, 8): 1.24 (d, J = 6.3 Hz, 3H), 1.38 (s, 1H), 2.34 (q, J = 7.3 Hz, 2H),
2.69 (t,J=7.9 Hz,2H), 4.21-4.31 (m, 1H), 5.49-5.58 (m, 1H), 5.62-5.73 (m, 1H), 7.13-7.23 (m, 3H),
7.24-7.34 (m, 2H). 3C NMR (100 MHz, CDCls, §): 23.3 (CH3), 33.9 (CH>), 35.5 (CH>), 68.8 (CH),
125.8 (CH), 128.3 (CH), 128.4 (CH), 129.9 (CH), 134.8 (CH), 141.7 (C). HRMS-EI (m/z): [M]" caled
for C12H160, 176.1201; found, 176.1202. [a]p?’ ~7.5 (c 0.9, CHCls, 89% ee). Daicel CHIRALPAK®
IA-3, 2-PrOH/hexane = 3/97, 0.75 mL/min, 40 °C, (S,E) isomer: tr = 23.9 min., (R,E) isomer: fr =25.5

min.
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Me0,COy,
Phﬂe
(S,2)-4b
After oxidation of the mixture of (S,2)-4b and (S,E)-5b, the substrate (5,2)-4b was recovered in
45% (52.8 mg) with 74% ee. [a]p>’ —5.9 (¢ 1.2, CHCls, 74% ee). Daicel CHIRALPAK® OD-3 + OD-

3, 2-PrOH/hexane = 0.25/99.75, 0.50 mL/min, 40 °C, (S,Z) isomer: tr = 64.5 min., (R,Z) isomer: tr =
51.9 min.

(S,E)-1-Phenylhex-4-en-3-ol [(S,E)-S2¢].”¢

‘?J§<
Me = B\O Me = OH
Ph Ph

(S,E)-5¢ (S,E)-S2¢
The reaction was conducted with 116.9 mg (0.50 mmol) of rac-(Z)-4¢ by using procedure E. The
borylation product (S,E)-5c¢ and the carbamate (S,Z)-4¢ were detected in 'H NMR analysis [(S,E)-5¢:
51% '"H NMR yield; (S,Z)-4¢: 44% '"H NMR yield]. After the oxidation of the roughly purified material
including (S,2)-4¢ and (S,E)-5c¢, the corresponding alcohol (S,E)-S2¢ was obtained as a colorless oil in
45% yield (39.9 mg) with 83% ee. The absolute configuration was confirmed by the literature.”
'H NMR (400 MHz, CDCls, 8): 1.43 (d, J = 4.0 Hz, 1H), 1.71 (dd, J= 7.2, 0.9 Hz, 3H), 1.75-
1.93 (m, 2H), 2.61-2.77 (m, 2H), 4.02-4.12 (m, 1H), 5.48-5.57 (m, 1H), 5.62-5.73 (m, 1H), 7.14—
7.23 (m, 3H), 7.24-7.33 (m, 2H). *C NMR (100 MHz, CDCl3, §): 17.6 (CH3), 31.7 (CH>), 38.7 (CH>),
72.3 (CH), 125.7 (CH), 127.1 (CH), 128.3 (CH), 128.4 (CH), 134.0 (CH), 142.0 (C). HRMS-EI (m/z):
[M]" caled for Ci12Hi60, 176.1201; found, 176.1207. [a]p®® —15.6 (¢ 1.2, CHCls, 83% ee). Daicel
CHIRALPAK® OZ-3, 2-PrOH/hexane = 3/97, 0.50 mL/min, 40 °C, (S,E) isomer: tr = 15.6 min., (R,E)

isomer: fr = 14.5 min.
Me0,CO0,,
Me Ph

(S,2)-4c

After oxidation of the mixture of (S5,2)-4¢ and (S,E)-Sc, the substrate (5,72)-4¢ was recovered in
38% (44.8 mg) with 92% ee. [a]p*® +36.2 (¢ 1.2, CHCl3, 92% ee). Daicel CHIRALPAK® OD-3 + OD-
3, 2-PrOH/hexane = 0.25/99.75, 0.50 mL/min, 40 °C, (S,Z) isomer: tr = 51.1 min., (R,Z) isomer: tr =
49.4 min. After deprotection of the carbonate group, the absolute configuration was confirmed by

comparing the optical rotation of the corresponding alcohol with that in the literature.”’

(S,E)-1-Phenylnon-3-en-5-ol [(S,E)-S2d].

Ph Ph
9J§<
B z OH

Me Me
(S,E)-5d (S,E)-S2d
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The reaction was conducted with 138.4 mg (0.50 mmol) of rac-(Z)-4d by using procedure E. The
borylation product (S,E)-5d and the carbamate (S,2)-4d were detected in '"H NMR analysis [(S,E)-5d:
45% "H NMR yield; (S,2)-4d: 45% '"H NMR yield]. After the oxidation of the roughly purified material
including (§,2)-4d and (S,E)-5d, the corresponding alcohol (S,E)-S2d was obtained as a colorless oil
in 38% yield (41.6 mg) with 88% ee.

"H NMR (400 MHz, CDCl3, §): 0.90 (t, J = 7.0 Hz, 3H), 1.17-1.37 (m, 5H), 1.39-1.59 (m, 2H),
2.36 (q, J= 7.3 Hz, 2H), 2.70 (t, J = 7.9 Hz, 2H), 4.02 (qd, J = 6.6, 3.3 Hz, 1H), 5.47 (ddt, J = 15.3,
7.1,1.3 Hz, 1H), 5.67 (dt, J=15.3, 6.8 Hz, 1H), 7.14-7.21 (m, 3H), 7.24-7.31 (m, 2H). '*C NMR (100
MHz, CDCl;, 6): 14.0 (CHs), 22.6 (CH2), 27.5 (CHz), 33.9 (CH2), 35.6 (CH2), 36.9 (CH>), 73.0 (CH),
125.8 (CH), 128.2 (CH), 128.4 (CH), 130.9 (CH), 133.8 (CH), 141.6 (C). HRMS-FD (m/z): [M]" caled
for C15sH220, 218.1671; found, 218.1679. [a]p* —23.9 (¢ 1.0, CHCls, 88% ee). Daicel CHIRALPAK®
IA-3, 2-PrOH/hexane = 3/97, 0.50 mL/min, 40 °C, (S,E) isomer: tr = 23.1 min., (R,E) isomer: fr =25.3

min.
Ph
M

(S,2)-4d
E/Z < 5:95

e

After oxidation of the mixture of (S,2)-4d and (S,E)-5d, the substrate (5,2)-4d was recovered in
38% (53.0 mg) with 81% ee. [a]p® +9.7 (¢ 1.1, CHCIs, 81% ee). Daicel CHIRALPAK® OD-3 + OD-
3, 2-PrOH/hexane = 0.25/99.75, 0.50 mL/min, 40 °C, (S,Z) isomer: tr = 45.4 min., (R,Z) isomer: tr =
37.0 min.

(S,E)-6-Methyl-1-phenylhept-4-en-3-ol [(S,E)-S2e].

Me ’ J% Me on
Me” S Bo Me)\/\E/
oh Ph
(S,E)-5e (S,E)-S2e

The reaction was conducted with 131.3 mg (0.50 mmol) of rac-(Z)-4e by using procedure E. The
borylation product (S,E)-5e and the carbamate (S,Z)-4e were detected in '"H NMR analysis [(S,E)-5e:
36% "H NMR yield; (S,Z)-4e: 51% "H NMR yield]. After the oxidation of the roughly purified material
including (S,2)-4e and (S,E)-5e, the corresponding alcohol (S,E)-S2e was obtained as a colorless oil in
27% yield (28.1 mg) with 88% ee.

"H NMR (400 MHz, CDCl3, §): 0.99 (s, 3H), 1.00 (s, 3H), 1.43 (d, J=4.1 Hz, 1H), 1.75-1.94 (m,
2H), 2.30 (octet, J= 6.6 Hz, 1H), 2.61-2.76 (m, 2H), 4.07 (qd, J = 6.5, 4.0 Hz, 1H), 5.44 (dd, /=154,
7.2 Hz, 1H), 5.63 (dd, J = 15.4, 6.3 Hz, 1H), 7.15-7.23 (m, 3H), 7.24-7.32 (m, 2H). *C NMR (100
MHz, CDCls, 6): 22.26 (CH3), 22.30 (CH3), 30.7 (CH), 31.8 (CH>), 38.8 (CH2), 72.5 (CH), 125.7 (CH),
128.3 (CH), 128.4 (CH), 129.7 (CH), 139.5 (CH), 142.0 (C). HRMS-EI (m/z): [M]" calcd for C14H200,
204.1514; found, 204.1517. [o]p?” —6.5 (¢ 1.0, CHCls, 88% ee). Daicel CHIRALPAK® ID-3, 2-
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PrOH/hexane = 3/97, 0.50 mL/min, 40 °C, (S,E) isomer: fr = 18.3 min., (R,E) isomer: tr = 17.6 min.

MeOZCOﬂ
Ph
Me Me

(S,2)-4e
EIZ < 5:95
After oxidation of the mixture of (S5,2)-4e and (S,E)-Se, the substrate (5,7)-4e was recovered in
47% (23.7 mg) with 55% ee. [a]p*® +25.9 (¢ 0.9, CHCls, 55% ee). Daicel CHIRALPAK® OD-3 + OD-
3, 2-PrOH/hexane = 0.25/99.75, 0.50 mL/min, 40 °C, (S,Z) isomer: tr = 29.6 min., (R,Z) isomer: tr =
36.0 min.

(S,E)-1-(Methoxymethoxy)-8-phenyloct-5-en-4-ol [(S,E)-S2f].
Ph /& Ph
o}
_ é\o A~ sOH

OMOM OMOM
(S,E)-5f (S,E)-S2f

The reaction was conducted with 161.3 mg (0.50 mmol) of rac-(Z)-4f by using procedure E. The
borylation product (S,E)-5f and the carbamate (S,Z)-4f were detected in 'H NMR analysis [(S,E)-5f:
42% "H NMR yield; (S,2)-4f: 57% 'H NMR yield]. After the oxidation of the roughly purified material
including (S,2)-4f and (S.E)-5f, the corresponding alcohol (S,E)-S2f was obtained as a colorless oil
with a small amount of pinacol in 34% yield (44.9 mg) with 90% ee.

"H NMR (400 MHz, CDCls, §): 1.52-1.70 (m, 4H), 1.81 (d, J= 3.6 Hz, 1H), 2.36 (q, J= 7.3 Hz,
2H), 2.70 (t, J= 7.9 Hz, 2H), 3.32-3.40 (m, 3H), 3.48-3.58 (m, 2H), 4.04—4.11 and 4.43—4.48 (a pair
of m, 1H), 4.63 (s, 2H), 5.48 (dd, /= 15.5, 7.0 Hz, 1H), 5.69 (dt, J=15.1, 6.8 Hz, 1H), 7.12-7.22 (m,
3H), 7.24-7.33 (m, 2H). *C NMR (100 MHz, CDCls, §): 25.7 (CH>), 33.9 (CH>), 34.1 (CH>), 35.5
(CH2), 55.1 (CHa3), 67.6 (CH2), 72.5 (CH), 96.3 (CH»), 125.8 (CH), 128.2 (CH), 128.4 (CH), 130.9
(CH), 133.5 (CH), 141.6 (C). The NMR charts contain inseparable pinacol impurities. HRMS-FD
(m/z): [M]" calcd for C16H2403, 264.1725; found, 264.1733. [a]p*® —2.8 (¢ 0.9, CHCl3, 90% ee). Daicel
CHIRALPAK® IA-3, 2-PrOH/hexane = 5/95, 0.50 mL/min, 40 °C, (S,E) isomer: fr = 33.4 min., (R,E)

isomer: fr = 39.8 min.
MeOZC\Oﬂ/i/\
Ph OMOM

(S,2)-4f
E/Z < 5:95

After oxidation of the mixture of (S,2)-4f and (S,E)-5f, the substrate (S,2)-4f was recovered in
52% (84.1 mg) with 69% ee. [0]p*® 4.4 (¢ 1.0, CHCIl3, 69% ee). Daicel CHIRALPAK® IB-3, 2-
PrOH/hexane = 1/99, 0.50 mL/min, 40 °C, (S,E) isomer: fr = 30.7 min., (R,E) isomer: fr = 29.6 min.
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2.4.5. One-pot Borylation/Allyl Boration Procedure

5 mol % [(MeCN),CulBF,
MeO,CO N 5 mol % (R,R)-TMS-QuinoxP* (’D
\(j 50 mol % K(O-t-Bu) . B
N (pin)B=B(pin) (2.0 equiv)

Boc THF, 50 °C, 24 h l}l
Boc
1c (R)-3¢
w/o purification
HO
H
Piperonal (3.0 equiv) <O S
THF, 50 °C, 24 h e} N
I
Boc
(S,S)-6

87% vyield, 87% ee

[Cu(MeCN)4]BF4 (7.9 mg, 0.025 mmol) and bis(pinacolato)diboron (2) (253.9 mg, 1.00 mmol),
(R,R)-5,8-TMS-QuinoxP* (12.0 mg, 0.025 mmol) were placed in an oven-dried reaction vial in an
argon-filled glove box. After the vial was sealed with a screw cap containing a Teflon®-coated rubber
septum, the vial was taken from the glove box. Dry THF (0.25 mL) and K(O-#-Bu)/THF (1.0 M, 0.25
mL, 0.25 mmol) were added in the vial through the rubber septum using a syringe. After stirring for
15 min, 1c (128.1 mg, 0.50 mmol) was added to the mixture at 50°C. After the reaction was completed,
piperonal (225.2 mg, 1.50 mmol) solution in THF (0.50 mL) was added to the reaction mixture. After
the mixture was stirred additionally for 24 h at the same temperature, the reaction mixture was passed
through a short silica gel column (@: 10 mm, the height of the silica-gel column: ca. 30 mm) eluting
with ethyl acetate/hexane 50:50. The crude material was purified by flash column chromatography
(S103, ethyl acetate/hexane, typically 5:95-20:80) to give the corresponding alcohol product (S,S)-6
(144.5 mg, 0.433 mmol, 87%) as a colorless oil. The enantioselectivity was determined by HPLC (87%
ee).

"H NMR (392 MHz, CDCl3, §): 1.50 (s, 9H), 2.36-2.46 (br-m, 1H), 3.09-3.47 (br-m, 1H), 3.75
(br-dd, J=18.6, 2.5 Hz, 1H), 3.88-4.43 (br-m, 2H), 4.13 (br-d, J=4.7 Hz, 1H), 5.23-5.52 (br-m, 1H),
5.55-5.79 (br-m, 1H), 5.95 (s, 2H), 6.77 (s, 2H), 6.87 (s, 1H). *C NMR (99 MHz, CDCls, §): 28.3
(CH3), 41.5 (br, CH»), 43.1 (CH), 44.3 (br, CH>), 74.9 (CH), 80.0 (C), 100.8 (CH), 106.9 (CH), 107.8
(CH), 120.0 (CH) , 125.6 and 126.1 (a pair of CH) , 126.1 and 126.9 (a pair of CH), 136.2 (C), 146.8
(O), 147.5 (C), 154.8 and 155.7 (a pair of C). HRMS-ESI (m/z): [M+Na]" calcd for CisH230sNNa,
356.1468; found, 356.1471. [a]p®® +122.7 (¢ 1.2, CHCI3, 87% ee). Daicel CHIRALPAK® OD-3, 2-
PrOH/hexane = 5/95, 0.50 mL/min, 40 °C, (S,S) isomer: fgr = 32.5 min., (R,R) isomer: fr = 27.3 min.
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2.4.6. Leaving Group Effect

The leaving group effect on the reactivity and enantioselectivity of the direct enantioconvergent
borylation reaction was investigated (Table S1). Methyl carbonate group showed high reactivity and
enantioselectivity (entry 1). Similarly, Cbz group also showed good reactivity and almost the same
enantioselectivity (entry 2). In contrast, the reactivity was dropped when Boc group was used for the

leaving group, while the enantioselectivity retained (entry 3).

Table S1. Screening of Leaving Group

5 mol % [(MeCN),Cu]BF4 o
LG 5 mol % (R,R)-TMS-QuinoxP* [

50 mol % K(O-t-Bu)

- o
(pin)B—B(pin) (2.0 equiv)

THF, 50 °C, 24 h

rac-1 (S)-3a
entry LG NMR vyield [%]  ee [%]
1 —-0COMe 92 93
2 —0CO;2Bn (Cbz) 92 94
3 —0OCOz(#-Bu) (Boc) 82 93
2.4.7. Large-scale Borylation Reaction
5 mol % [(MeCN),Cu]BF,
5 mol % (R,R)-TMS-QuinoxP* (e}
MeOzCOO 50 mol % K(O-t-Bu) _ E"\o
(pin)B—B(pin) (2.0 equiv) l @l
THF, 50 °C, 24 h
rac-1a (S)-3a
(2 mmol) 74% NMR yield (79% conv.)

(64% isolated yield)
92% ee

The direct enantioconvergent borylation of allyl carbonate 1a was conducted in large-scale. The
enantioselectivity remained almost the same as the standard conditions, however the substrate
conversion and the yield were decreased probably because the reduced efficiency of carbon dioxide

evolution would affect the reactivity.
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2.4.8. Deuterium Labeling Study

Preparation of cyclohex-2-en-1-yl-1-d methyl carbonate (1a-D)"®

NaBD,4 (1.0 equiv) MeOCOCI (2.2 equiv)
O CeCl3+*7H,0 (1.0 equiv) EO pyridine (4.5 equiv) MeOz([Z)O
MeOH, 0 °C, 1 h o @ DCM (1.0 M) - @
0°Ctort,4h
S10 1a-D (95%-D)

In a vacuum dried 100 mL two-neck round-bottomed flask, cyclohex-2-en-1-one (0.97 mL, 10.0
mmol) was dissolved in dry MeOH (30 mL), and the mixture was cooled to 0 °C under a nitrogen
atmosphere. Cerium(IIl) chloride heptahydrate (3.73 g, 10.0 mmol) and deuterated sodium
borohydride (418.8 mg, 10.0 mmol, 98%-D) were added to the mixture, and the mixture was stirred
for 1 h. The reaction mixture was quenched by H,O (20 mL) and the mixture was extracted with
dichloromethane three times (20 mL x3). The combined organic layer was dried over MgSQOq. After
filtration, the solvents were removed by evaporation. The crude product was purified by flash column
chromatography to obtain cyclohex-2-en-1-d-1-ol (S10) (708.3 mg, 7.1 mmol, 71%) as a colorless oil.

In a vacuum dried 30 mL two-neck round-bottomed flask, cyclohex-2-en-1-d-1-ol (S10) (708.3
mg, 7.1 mmol) and pyridine (2.59 mL, 32.1 mmol) were dissolved in dry DCM (7 mL), and the mixture
was cooled to 0 °C under a nitrogen atmosphere. Methyl chloroformate (1.21 mL, 15.7 mmol) was
added to the mixture dropwise, and the mixture was warmed to room temperature. After the mixture
was stirred for 4 h, the reaction mixture was quenched by H>O (7 mL) and extracted with hexane three
times. (7 mL x3) The combined organic layer was then dried over MgSOa. After filtration, the solvents
were removed by evaporation. The crude product was purified by flash column chromatography to
obtain cyclohex-2-en-1-yl-1-d methyl carbonate (1a-D) (643.6 mg, 4.1 mmol, 57%, 95%-D) as a
colorless oil.

"H NMR (392 MHz, CDCl3, §): 1.58-1.69 (m, 1H), 1.70-1.93 (m, 3H), 1.94-2.15 (m, 2H), 3.78
(s, 3H), 5.09-5.15 (m, 0.05H), 5.77 (dt, J=10.1, 2.0 Hz, 1H), 5.99 (dt, J=10.1, 3.7 Hz, 1H). 1*C NMR
(99 MHz, CDCl;, 6): 18.6 (CHz), 24.9 (CH>), 28.1 (CH>), 54.5 (CH3), 71.4 (t,J=23.0 Hz, CD), 124.9
(CH), 133.4 (CH), 155.5 (C). HRMS-EI (m/z): [M]" caled for CsH11DO3, 157.0849; found, 157.0855.
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Copper(I)-Catalyzed Direct Enantioconvergent Borylation of rac-1a-D.

5 mol % [(MeCN),Cu]BF,

5 mol % (R,R)-TMS-QuinoxP* HO
Me02CQ 50 mol % K(O-t-Bu) ?’? PhCHO (2.0 equiv) D
A@ . R N :

> D B« L
(pin)B—B(pin) (2.0 equiv) 0 toluene, 60 °C, 19 h
THF, 50 °C, 24 h

rac-1a-D (95%-D) (S)-3a-D (S,R)-S1a-D

[Cu(MeCN)4]BF4 (7.9 mg, 0.025 mmol) and bis(pinacolato)diboron (2) (253.9 mg, 1.00 mmol),
(R,R)-5,8-TMS-QuinoxP* (12.0 mg, 0.025 mmol) were placed in an oven-dried reaction vial in an
argon-filled glove box. After the vial was sealed with a screw cap containing a Teflon®-coated rubber
septum, the vial was taken from the glove box. Dry THF (0.25 mL) and K(O-#-Bu)/THF (1.0 M, 0.25
mL, 0.25 mmol) were added in the vial through the rubber septum using a syringe. After stirring for
15 min, rac-1a-D (78.4 mg, 0.50 mmol) was added to the mixture at 50°C. After the reaction was
completed, the reaction mixture was passed through a short silica gel column (@: 10 mm, the height
of the silica-gel column: ca. 30 mm) eluting with EtoO/hexane 5:95. The crude material was purified
by flash column chromatography (SiO», Et;O/hexane, typically 0:100-3:97) to give the corresponding
borylation product (S)-3a-D (79.8 mg, 0.382 mmol, 77%) as a colorless oil.

In an oven-dried reaction vial, (S)-3a-D (37.3 mg, 0.178 mmol) and benzaldehyde (36.4 uL, 0.356
mmol) were dissolved in dry toluene (350 pL) under a nitrogen atmosphere. The reaction mixture was
warmed up to 60°C and stirred for 19 h. After the reaction was complete, the reaction mixture was
quenched by triethanolamine solution in dichloromethane (10 vol%, 2 mL) and H>O (1.0 mL), and
extracted with Et2O three times (2.0 mL x3). The combined organic layer was dried over MgSQO4. After
filtration, the solvents were removed by evaporation. The crude product was purified by flash column
chromatography to obtain (S)-[(R)-cyclohex-2-en-1-yl-1-d](phenyl)methanol [(S,R)-S1a-D] (28.2 mg,
0.149 mmol, 84%) as a colorless oil. The deuterated position and the deuteration ratio were determined
by '"H NMR analysis (95%-D). The enantioselectivity was determined by HPLC (93% ee).

"H NMR (392 MHz, CDCls, §): 1.42-1.59 (m, 2H), 1.63-1.82 (m, 2H), 1.85 (d, J = 2.7 Hz, 1H),
1.94-2.05 (m, 2H), 2.46-2.55 (m, 0.05H), 4.59 (d, /J=2.1 Hz, 1H), 5.38 (d, /= 10.2 Hz, 1H), 5.82 (dt,
J=10.2, 3.7 Hz, 1H), 7.23-7.31 (m, 1H), 7.32-7.40 (m, 4H)."*C NMR (99 MHz, CDCls, §): 21.0
(CH), 23.7 (CH»), 25.2 (CH»), 42.4 (t, J = 19.7 Hz, CD), 77.3 (CH), 126.5 (CH), 127.3 (CH), 127.9
(CH), 128.2 (CH), 130.4 (CH), 142.8 (C). HRMS-ESI (m/z): [M+Na]" calcd for Ci3H;sDONa,
212.1162; found, 212.1152. [a]p®® +6.2 (¢ 1.0, CHCIl3, 93% ee). Daicel CHIRALPAK® OD-3, 2-
PrOH/hexane = 3/97, 0.50 mL/min, 40 °C, (S,R) isomer: fr = 17.5 min., (R,S) isomer: fr = 20.4 min.
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2.4.9. Asymmetric Allylic Boryl Substitution of An Achiral Allyl Carbonate

For the initial performance evaluation of the new ligand (R,R)-5,8-TMS-QuinoxP*, the ligand
was applied to a reported asymmetric borylation reaction (Table S2).”° In the enantioselective allylic
borylation of an achiral (£)-allyl carbonate S11, (R,R)-5,8-TMS-QuinoxP* showed higher reactivity

and enantioselectivity than the parent ligand (R,R)-QuinoxP*.

Table S2. Enantioselective allylic borylation of (£)-allyl carbonate

5 mol % Cu(O-t-Bu) #_P
Ph/\/\L 5 mol % chiral ligand

0OCO,Me (pin)B—B(pin) (2.0 equiv) =

THF PhW
s (R)-812
isolated yield
entry chiral ligand temp. [°C]  time [h] yield [%] ee [%]
1 (R,R)-QuinoxP* 0 18 57 96
2 (R,R)-5,8-TMS-QuinoxP* 0 2 81 97
3 (R,R)-5,8-TMS-QuinoxP* —20 3 82 98
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2.4.10. Ligand Synthesis and Characterization

(R,R)-2,3-Bis(tert-butyl(methyl)phosphino)-5,8-bis(trimethylsilyl)quinoxaline [(R,R)-5,8-TMS-

QuinoxP*]

1. n-BuLi (3.0 equiv) St Meg g
BH . h-buLl .U equiv N
Ny @ = THF, 78 °Ctort, 3 h Nae P
_ t Mev P - _
NP X j< 2. TMEDA rt, 2h N R
/Sli\ /Sli\ % Me
s s12 (R,R)-5,8-TMS-QuinoxP*
(3.0 equiv) 47% yield

The bisphosphine was synthesized according to the literature procedure.>> A 23-
dichloroquinoxaline derivative S11** and a phosphine borane S12%° were prepared according to the
literature. A hexane solution of n-BuLi (1.55 M, 6.0 mmol, 3.9 mL) was added to a solution of the
chiral phosphine—borane complex S12 (6.0 mmol, 707.8 mg, >99% ee) in dry THF (12 mL) at —78 °C
under nitrogen atmosphere. After stirring for 15 min, the solution of the bis(trimethylsilyl)
dichloroquinoxaline S11 (2.0 mmol, 686.8 mg) in THF (12 mL) was added to the reaction mixture in
one portion. The mixture was warmed up to room temperature over 1 h and stirred for additional 3 h.
Then, TMEDA (3 mL) was added to the mixture. After stirring for 2 h, the reaction was quenched by
1.0 M HCI aqueous solution (24 mL) and the mixture was extracted with hexane twice (24 mL x2).
The combined organic layer was washed with 1.0 M HCI aqueous solution (12 mL) and brine (12 mL),
and dried over Na;SO4. After filtration, the solvents were removed by evaporation under reduced
pressure. The crude material was purified by flash column chromatography (SiO», Et2O/hexane,
0:100-2:98). Recrystallization of the purified material with MeOH/hexane (1:1) gave the chiral
bisphosphine as an orange crystal (452.6 mg, 0.945 mmol, 47% yield) (Figure S2, Table S3). The
single crystal suitable for X-ray structural analysis was obtained by liquid-liquid diffusion
(MeOH/hexane = 1:1).

"H NMR (400 MHz, CDCl3, §): 0.45 (s, 18H), 0.94-1.01 (m, 18H), 1.44—1.48 (m, 6H), 7.85 (s,
2H). 3C NMR (100 MHz, CDCls, §): 0.1 (CH3), 4.6 (C), 27.8-28.1 (m, CH3), 32.3-32.5 (m, CH3),
135.9 (CH), 143.3 (C), 145.3 (C), 162.6-162.8 (m, C). *'P NMR (160 MHz, CDCls, §): —12.9 (s).
HRMS-ESI (m/z): [M+H]" caled for C24HasN2P2Sia, 479.2591; found, 479.2595. [a]p?’ +112.3 (¢ 1.0,
CHCI).
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(R,R)-2,3-Bis(tert-butyl(methyl)phosphino)-5,8-bis(triethylsilyl)quinoxaline [(R,R)-5,8-TES-
QuinoxP*]

cl BH, K(O-t-Bu) (2.4 equw)
\:[ | TMEDA (5.0 equiv)

AN
+ Me\\'P I

N/ 4 W< THF, —=20 °C to rt, overnight N/ P
N 5y A

s13 s12 (R,R)-5,8-TES-QuinoxP*
(2.2 equiv) 88% yield

A 2,3-dichloroquinoxaline derivative S13** and a phosphine borane S12%° were prepared
according to the literature. In a vacuum dried 30 mL two-neck round-bottomed flask, the 2,3-
dichloroquinoxaline derivative S13 (2.0 mmol, 855 mg) and the chiral phosphine—borane complex S12
(4.4 mmol, 519 mg, >99% ee) were dissolved in dry and degassed THF (4 mL) and TMEDA (10 mmol,
1.49 mL), and the mixture was cooled to —20 °C under argon atmosphere. Then, K(O-z-Bu)/THF (1.0
M, 4.8 mL, 4.8 mmol) was added dropwise to the mixture over 10 min. The mixture was allowed to
warm to room temperature over 1.5 h to form orange precipitates, and stirred overnight. The reaction
was quenched by 2.0 M HCI aqueous solution (8.6 mL) at 0 °C. The resulting yellow precipitate was
filtered and washed with water and MeOH. Recrystallization of the precipitate with EtOAc under argon
atmosphere gave the chiral bisphosphine as an orange crystal (995 mg, 1.77 mmol, 88% yield) (Figure
S3, Table S3). The single crystal suitable for X-ray structural analysis was obtained by slow
evaporation from the solution in CDCls.

"H NMR (400 MHz, CDCls, §): 0.87-0.98 (m, 36H), 0.99—1.15 (m, 12H), 1.43-1.49 (m, 6H),
7.81 (s, 2H). '3C NMR (100 MHz, CDCl3, 8): 3.9 (CHz), 4.4-4.5 (m, C), 7.7 (CH3), 27.6-28.0 (m,
CH3), 32.1-32.4 (m, CH3), 137.1 (CH), 140.2 (C), 145.5 (C), 162.0-162.2 (m, C). *'P NMR (160 MHz,
CDCl3, 8): —12.6 (s). HRMS-EI (m/z): [M]" calcd for C30HssN2P2Siz, 562.3457; found, 562.3441.
[a]p?* +195.8 (¢ 1.0, CHCI3).

(R,R)-2,3-Bis(tert-butyl(methyl)phosphino)-5,8-bis(triisopropylsilyl)quinoxaline [(R,R)-5,8-
TIPS-QuinoxP*]

M
Ny P
I X
. N FZ//
TI AR
(R,R)-5,8-TIPS-QuinoxP*

(R,R)-5,8-TIPS-QuinoxP* was prepared from the corresponding 2,3-dichloroquinoxaline
derivative according to the procedure described above. The product (R,R)-5,8-TIPS-QuinoxP* was
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obtained in 54% yield (246 mg, 0.38 mmol, yellow powder). The recrystallization was conducted with
MeOH/CHCI3 (1:1) (Figure S4, Table S3). The single crystal suitable for X-ray structural analysis was
obtained by slow evaporation from the solution in CDCls.

"H NMR (400 MHz, CDCls, 8): 0.82-0.89 (m, 18H), 1.08 (d, /= 7.6 Hz, 18H), 1.12 (d, J= 7.6
Hz, 18H), 1.40-1.45 (m, 6H), 1.86 (septet, J = 7.6 Hz, 6H), 7.86 (s, 2H). '*C NMR (100 MHz, CDClI;,
8):3.9-4.1 (m, C), 12.8 (CH), 19.2 (CH3), 19.3 (CH3), 27.5-27.8 (m, CH3), 32.1-32.3 (m, CH3), 137.4
(CH), 138.8 (C), 145.6 (C), 160.5-160.7 (m, C). *'P NMR (160 MHz, CDCls, 8): —11.0 (s). HRMS-
ESI (m/z): [M+H]" calcd for C36HeoN2P2Siz, 647.4469; found, 647.4467. [a]p> +386.7 (¢ 1.0, CHCl5).

[(R,R)-5,8-TMS-QuinoxP*]PdCl: complex

|
\Si/ Me

AN
N P
A \
I + (COD)PdClI, I :
N Et20 rt,21h 7
s A

(R,R)-5,8-TMS-QuinoxP* (1.0 equiv) [(R,R)-5,8-TMS-QuinoxP*JPdCl,

In order to investigate a structure of the ligand—metal complex with (R,R)-5,8-TMS-QuinoxP*, |
attempted to prepare a [(R,R)-5,8-TMS-QuinoxP*]CuCl complex. However, I failed to obtain crystals
which are suitable to the single crystal X-ray diffraction analysis. Instead, a preparation of [(R,R)-5,8-
TMS-QuinoxP*]PdCl> complex was conducted.

In the reaction vial, (COD)PdCl; complex (28.6 mg, 0.10 mmol) was dissolved in Et2O (1.0 mL)
under nitrogen atmosphere. To the reaction mixture, a solution of (R,R)-5,8-TMS-QuinoxP* (47.9 mg,
0.10 mmol) in Et2O (1.0 mL) was added at room temperature. After stirred for 21 h, the mixture was
filtered and washed with cooled Et;O to give the corresponding palladium complex (53.7 mg, 0.082
mmol, 82% yield). The recrystallization was conducted with acetone (Figure S5, Table S3). The single
crystal suitable for X-ray structural analysis was obtained by slow evaporation from the solution in
acetone.

"H NMR (400 MHz, CDCls, 8): 0.46 (s, 18H), 1.20 (d, J = 16.6 Hz, 18H), 2.28 (d, J = 11.7 Hz,
6H), 8.13 (s, 2H). *C NMR (100 MHz, CDCls, §): 0.1 (CH3), 5.5-6.1 (m, CH3), 28.0 (CH3), 36.5—
37.0 (m, C), 139.6 (CH), 144.5 (C), 146.4-146.7 (m, C), 150.4-151.6 (m, C). *'P NMR (160 MHz,
CDCls, 8): 55.7 (s). HRMS-ESI (m/z): [M+Na]" caled for C24H4N2NaP,PdSi,, 679.0821; found,
679.0810. [a]p*’ +97.9 (c 1.0, CHCl5).
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Figure S1. ORTEP structure of (R,R)-QuinoxP*. Thermal ellipsoids are drawn at the 50% probability
level.

Figure S2. ORTEP structure of (R,R)-5,8-TMS-QuinoxP*. Thermal ellipsoids are drawn at the 50%
probability level.
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Figure S3. ORTEP structure of (R,R)-5,8-TES-QuinoxP*. Thermal ellipsoids are drawn at the 50%
probability level.

Figure S4. ORTEP structure of (R,R)-5,8-TIPS-QuinoxP*. Thermal ellipsoids are drawn at the 50%
probability level.
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Figure S5. ORTEP structure of [(R,R)-5,8-TMS-QuinoxP*]PdCl;-acetone. Thermal ellipsoids are
drawn at the 50% probability level.
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Table S3. Summary of X-ray Crystallographic Data.

(R,R)-5,8-TMS-

Compound (R,R)-QuinoxP* QuinoxP*
CCDC Name 2013923 1949894
Empirical Formula C1gH28N2P2 C24H4aN2P2Si;
Formula Weight 334.36 478.73
Crystal System monoclinic monoclinic
Crystal Size / mm 0.200%0.200x0.400 0.100%0.100x0.100
alA 10.1381(2) 13.7047(2)
b/A 17.5752(4) 10.18090(10)
c/A 11.1531(2) 11.7274(2)
al® 90.0000 90.0000
pl° 93.175(2) 113.970(2)
yl° 90.0000 90.0000
V/A3 1984.20(7) 1495.16(4)
Space Group C2 (#5) C2 (#5)
Z value 4 2
Dcalc/gcm™3 1.119 1.063
Temperature / K 123 123
20max | ° 147.7 147.062
u (CuKa) / mm™ 1.964 2.171
u (MoKa) / mm™ - -
No. of Reflections Total: 7669 Total: 7908
AR S U
(A refiections) 7669 2784
Residuals: Ry 0.0346 0.0316
(1>2.000 (1))
Residuals: WRz 0.1038 0.0851
(Al reflections)
Goodness of Fit Indicator 1.049 1157
(GOF)
I\/_Iaximl_Jm Peak in 0.25 0.37
Final Diff. Map / A3
Minimum Peak in _0.25 _0.23
Final Diff. Map / A3
Flack parameter 0.001(15) —0.009(16)

“Not available because of the twin analyses.
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Table S3 (continue). Summary of X-ray Crystallographic Data.

(R,R)-5,8-TES-

(R,R)-5,8-TIPS-

Compound . .
QuinoxP* QuinoxP*

CCDC Name 2012612 2012613
Empirical Formula CsoHssN2P2Si2 CssHesN2P2Si2
Formula Weight 562.88 647.04
Crystal System monoclinic orthorhombic
Crystal Size / mm 0.400x0.200x0.200 0.200x0.100x0.100
alA 14.1804(2) 8.51892(5)
b/A 10.19430(10) 23.66109(13)
c/A 12.3812(2) 10.24320(6)
al® 90.0000 90.0000
ple 112.342(2) 90.0000
yl° 90.0000 90.0000
V/A3 1655.46(4) 2064.69(2)
Space Group C2 (#5) P2:2:2 (#18)
Z value 2 2
Dcalc/gcm™3 1.129 1.041
Temperature / K 123 123
20max | ° 147.458 147.466
u (CuKa) / mm™ 2.027 1.678
u (MoKa) / mm™ - -
No. of Reflections Total: 8772 Total: 12846
Measured tJRnrl,tq 2%.8%8) %JRn,:? ﬂ%_éggé)
ot uservtions
Residuals: Ry 0.0333 0.0261
(1>2.000 (1))
Residuals: WRz 0.0928 0.0707
(Al reflections)
Goodness of Fit Indicator 1.086 1.049
(GOF)
I\/_Iaximl_Jm Peak in 0.32 0.19
Final Diff. Map / A3
Minimum Peak in 0.29 _0.23
Final Diff. Map / A3
Flack parameter —0.007(19) —-0.001(7)
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Table S3 (continue). Summary of X-ray Crystallographic Data.

Compound

[(R,R)-5,8-TMS-
QuinoxP*]PdClL:+acetone

CCDC Name
Empirical Formula
Formula Weight
Crystal System
Crystal Size / mm
alA

b/A

c/A

al®

p1°

yl°

V/A3

Space Group

Z value

Dcalc /g cm™3
Temperature / K
20max | °

41 (CuKa) / mm™?
u (MoKa) / mm™?

No. of Reflections
Measured

No. of Observations
(Al reflections)

Residuals: R1
(1>2.000 (1)
Residuals: WR2

(Al reflections)
Goodness of Fit Indicator
(GOF)

Maximum Peak in
Final Diff. Map / A3
Minimum Peak in
Final Diff. Map / A3
Flack parameter

1949893
C27H50CI2N20P2PdSi2
714.11
orthorhombic
0.200x0.050%0.050
8.0306(6)
19.5519(13)
22.4572(13)
90.0000

90.0000

90.0000

3526.1(4)

P21212;1 (#19)

4

1.345

123

50.696

0.859

Total: 27383
Unique: 6460
(Rint = 0.0457)

6460

0.0355
0.0714
1.112
0.92

-0.38
0.013(11)
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2.5. Computational details

2.5.1. Computational Methods and Software Libraries

Quantum chemical calculations: All geometry optimizations and thermal energy correction
calculations (frequency analyses) using density functional theory (DFT) were performed with
Gaussian 09 (revision D.01)3! and Gaussian 16 (revision B.01)%? suite of programs. A substrate 1a,
bisphosphine ligands (R,R)-QuinoxP* and (R,R)-5,8-TMS-QuinoxP*, and a pinacol boronate ester
were chosen for the computational model without simplification. The thresholds defined in Gaussian
09 were used for all the computations otherwise noted. The geometry optimizations were carried out
at ®B97X-D¥ level of theory in THF using SMD solvation model®* with Def2-SVP as a basis set.?>%
Harmonic frequency calculations were conducted at the same level of theory on the optimized
geometries to check all the stationary points as either minima or first-order saddle points. Intrinsic
reaction coordinate (IRC)®’ calculations were carried out to confirm the transition states connecting
the correct reactants and products on the potential energy surface. The zero-point energy (ZPE) and
thermal energy corrections were calculated using vibrational frequencies with GoodVibes python script
2.0.2%% employing a quasi-harmonic approximation for entropy calculation at the solution of 0.05 M
and temperature of 323.15 K with frequency scale factor 0.975 and free-rotor description below 100
cm’!, as proposed by Grimme.*® The self-consistent field (SCF) energies were corrected at ©®B97X-D
level of theory in THF using SMD solvation model with Def2-TZVP as a basis set.?>*¢ The calculated
structures were visualized with GaussView 6.0.16, Chemcraft 1.8, and Mercury 4.1.0. Summary of the
level of theory: ®B97X-D/Def2-TZVP/SMD(THF)//@B97X-D/Def2-SVP/SMD (THF).

DLPNO-CCSD(T) calculation: Single point calculations using DLPNO-CCSD(T) method®* %>
were performed with Orca 4.1.2 program.”*** A large basis set Def2-TZVPP3#¢ was applied with the
SMD solvation model** with “TightPNO” and “TightSCF” options. Summary of the level of theory:
DLPNO-CCSD(T)/Def2-TZVPP/SMD(THF).

Clustering of computed structures: Data preprocessing, clustering, and visualization were
conducted using Python 3.6.5% and its modules; NumPy 1.17.0% and Scikit-learn 0.21.3°7 for
clustering, and NetworkX 2.3%® and Matplotlib 3.1.1% for visualization. t-Distributed stochastic
neighbor embedding (t-SNE)!® implemented in Scikit-learn was conducted with the following
parameters; dimension of the embedded space (n_components) = 2, the maximum number of iterations
(n_iter) = 5000, the seed of the random number (random_state) = 0 and the others with the default
value.

Electron density analysis: Qualitative non-covalent interactions (NCIs) in the computed

structures were visualized with the non-covalent interaction index!?!

using the optimized electron
density at the same level of theory as the SCF energy correction. The wave function files in a wtn file
format were obtained from the corresponding formatted gaussian checkpoint files in a fchk file format
using Multiwfn program.!'®? The following thresholds were applied to generate the NCI isosurface with

NCIPLOT program;'® sign(42)p ranging from —0.2 to 0.2 au and reduced density gradient (RDG) =
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0.45 au. The surfaces were colored on a blue-green-red (BGR) scale using VMD program!** according
to values of sign(42)p ranging from —0.02 to 0.02 au. The blue region indicates strong attractive
interactions, and the red region indicates strong repulsive interactions.

Inter-functional group interaction analysis: Quantitative interaction analysis between pairs of
functional groups in the computed structures was conducted with the intramolecular symmetry-adapted
perturbation theory (I-SAPT)!% implemented in the PSI4 1.3 program package.!?® The reference wave
function was re-calculated at SAPTO level of theory. The basis set recommended by the developers
was applied; Def2-SVP, Def2-SVP-JKFIT, Def2-SVP-RI, and cc-pVTZ-MINAO for Cu atom, and
jun-cc-pVDZ, jun-cc-pVDZ-JKFIT, jun-cc-pVDZ-RI, and cc-pVTZ-MINAO for the other atoms. The
multiplicities of the two functional groups were set to doublet, that of the other link structure was set
to singlet, and that of the overall molecule was set to singlet. Finally, it was confirmed that two link
bonds were assigned into the link structure as a result of automatic IBO localization and link bond

selection in the I-SAPT calculations.
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2.5.2. Detailed Computational Investigation on Boryl Copper(I) Dimers

2.5.2.1.

A distortion—interaction analysis was performed on the dimerization reaction of the boryl
copper(I) complexes (Figure S6 and Table S4). As shown in Figure S6, for both (R,R)-QuinoxP* and
(R,R)-5,8-TMS-QuinoxP* complex, two different patterns should be present when the dimer is split
(split pattern 1: SP1, split pattern 2: SP2) into the monomers (left: Part A, right: Part B), depending

Distortion—Interaction Analysis (DIA)

on which boryl group is assigned in which part. In each split pattern, Part A and Part B have almost
the same geometry because the dimer has C> or near-C> symmetry. Conversely, the geometries of Part
Asp1 and Part Asp2 are different (Part Bsp1 and Part Bsp2 as well). Subsequently, the electronic
energies of these parts were calculated and converted to the distortion and interaction energies (E%t
and E™ in Table S4). Here, the relative dimerization electronic energy (AE) is sum of the distortion
energies and the interaction energy. As for the (R,R)-QuinoxP* complex, the distortion energy of Part
Asp1 [E9SY(Asp1) = 13.5 kcal/mol] and Part Bspi [E4(Bsp1) = 15.9 kcal/mol] were different because
the dimer does not have strict C» symmetry [Part Asp2: E¥'(Asp2) = 18.4 kcal/mol and Part Bsp::
E9SY(Bsp2) = 14.9 kcal/mol as well]. On the other hand, the (R,R)-5,8-TMS-QuinoxP* complex has
more strict C> symmetry, thus the distortion energies in each part were identical [EY*'(Asp1) = E“(Bsp1)
= 14.8 kcal/mol; E¥'(Asp2) = E¥S(Bsp2) = 16.0 kcal/mol]. Then, I focused on the relative values
between the two ligands, (summarized in the bottom of Table S4). For both split patterns, one relative
value of the distortion energy (AEYS") was positive, and the other was negative [SP1: AEY{(Asp1) = 1.3
kcal/mol, AEYS(Bsp1) = —1.1 kcal/mol; SP2: AEYSY(Asp2) =—2.4 kcal/mol, AEYS{(Bsp2) = 1.1 kcal/mol].
Nevertheless, the difference of the relative dimerization electronic energies (AAE) are smaller than the
relative value of the entropy terms (JAAE| = 1.6 kcal/mol, |A(-TAS)| = 6.0 kcal/mol, Table S4). Hence,
as | conclude in the previous chapter 11.2.1, the formation of the boryl copper(I) dimer should be
suppressed by the entropy effect.

‘:ﬁ%s:i_,

C, or near C, symmetry —
(Dln) \
_‘ perpendicular
+ l / plane
1
=
@- \ E //\ ,

Monomer (pin) symmetry axis
Dimer
. . e \
— Tow different split patterns / \ .
[ (pin)
an AL 2, \
f Part A, \ -
! wou Part B
\ B/ % Part Bgp, \ \B o
(pin) (pin)
Split pattern 1 (SP1) Split pattern 2 (SP2)

83




Figure S6. Schematic illustration of distortion—interaction analysis (DIA) of the boryl copper(I) dimers.

Table S4. Distortion—Interaction Analysis (DIA) of The Boryl copper(I) Dimers

Distortion—interaction analysis

(pin)

Split pattern 1 (SP1)
Edist (Agpr)= 14.8
Edist (Bgpy) = 14.8

E™(Aspy, Bspq) = —61.1
AE=-316

Split pattern 2 (SP2)
Edst (Agpy)= 16.0
Edst (Bgpy) = 16.0

E™(Aspy, Bspp) = —63.6
AE=-316
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AE=-30.0 AE=-30.0
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values

AETS (Agpy)=1.3
AE"St (Bgpy)=-1.1
AE™(Aspy, Bsp)=-1.7
AAE=-16

AETS (Agpy)=-2.4
AE"S (Bgpy)= 1.1
AE™ (Agpy, Bgpa)= 0.1
AAE=-18
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2.5.2.2. Structure analysis

Then, to reveal the intramolecular interaction in the boryl copper(I) dimer, the structure analysis
and non-covalent interaction (NCI) plot were performed (Figure S7 and S8). Some short H-H contacts
were found in the (R,R)-QuinoxP* complex (Figure S7d, S7g, and S7j). The shortest distance was 2.18
A. Besides, the green region found in the NCI plot indicated the intramolecular van der Waals
interaction (Figure S7e, S7h, and S7k). On the other hand, the shortest H-H contacts in the (R,R)-5,8-
TMS-QuinoxP* complex was shorter than that in (R,R)-QuinoxP* complex (2.06 A, Figure S8d, S8g,
and S8j). However, the additional green regions were observed around the TMS groups (Figure S8e,
S8h, and S8k). These results suggested that the steric repulsions enhanced by the TMS group was
canceled out by the intramolecular weak attractive interactions. I assumed that the short H-H contacts
around TMS were not the result of the strong steric repulsion, but these interactions can inhibit the

rotation motion of the TMS group, which can contribute to the entropy loss upon the dimer formation.
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Figure S7. a) Structure of borylcopper(I) dimer with (R,R)-QuinoxP* V. b) Plots of the non-covalent

interaction index within the dimer V. ¢), f), 1) Ball-and-stick and space-filling models of the dimer V:

a ball-and-stick model for the front-side structure, and a space-filling model for the back-side structure.
Color code: white = H; green = B; grey = C; light blue = N; red = O; orange = P; brown = Cu. d), g),
j) Short H-H contacts in the dimer. e), h), k) Non-covalent interaction (NCI) plot in the dimer.

86



a) b)

i,j,k) top view f:g;h) back-side view

P
~
/
@
\

\

“\ 2
%i

=z
Z\\

o L
- -

PN
(. %5
7=

\
P
~
reduced density gradient

Do @« @w® @N OP @« @ “TMsgroup”

Figure S8. a) Structure of borylcopper(I) dimer with (R,R)-5,8-TMS-QuinoxP* V’. b) Plots of the
non-covalent interaction index within the dimer V’. ¢), f), 1) Ball-and-stick and space-filling models
of the dimer V’: a ball-and-stick model for the front-side structure, and a space-filling model for the
back-side structure. Color code: white = H; green = B; grey = C; light blue = N; red = O; orange = P;
brown = Cu; dark blue = TMS group. d), g), j) Short H-H contacts in the dimer. €), h), k) Non-covalent
interaction (NCI) plot in the dimer.
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2.5.2.3. Screening of computational method

Abnormally large entropy loss was found in the dimerization of a borylcopper(I) complex with
(R,R)-5,8-TMS-QuinoxP* ligand (—TAS = 26.4 kcal/mol) compared to (R,R)-QuinoxP* ligand (—TAS
= 20.4 kcal/mol) (Figure 13). In order to check the dependency of computational methods on the
balance between the dimerization enthalpy and entropy, DFT functionals and quasi-harmonic (QH)
approximations were systematically examined (Table S5). As for DFT functionals, ®B97XD showed
larger differences of the relative dimerization free energy and entropy [entries 1-3, AAG: 4.6—8.6
kcal/mol, A(=TAS) : 4.7-8.8 kcal/mol], while M06 showed smaller AAG and A(—TAS) [entries 7-9,
AAG: 0.5-0.8 kcal/mol, A(—=TAS) : 0.8—1.1 kcal/mol]. Next, as for QH approximations, the cutoft of
low frequencies decreased A(—7TAS) value by 0.1—4.1 kcal/mol compared to uncorrected results. The
Truhlar’s method with ®B97XD or M06 functional tended to suppress the entropy effect more largely
than the Grimme’s method, whereas the difference of A(—TAS) value of those QH approximations with
B3LYP-D3 functional was negligible. Although there is such a tendency depended on the DFT
functionals and QH approximations, the dimerization of the borylcopper(l) complex was suppressed
by entropy effect because the difference of the enthalpy term (AAH) was smaller than the A(—TAS)

value in all cases.

Table S5. Thermochemical properties for the dimerization of a borylcopper(I) complexes

. uasi-harmonic . Dimerization

Entry Functional Spproxima tions Ligand G N “TAS
(R,R)-QuinoxP* —-8.8 —28.7 19.9

1 ®B97XD uncorrected (R,R)-5,8-TMS-QuinoxP* —0.1 —28.8 28.7
AAX (AX = AG, AH or —TAS) 8.6 —=0.2 8.8

(R,R)-QuinoxP* -8.3 —28.7 20.4

2 oB97XD Grimme’s (R,R)-5,8-TMS-QuinoxP* 2.4 —28.8 26.4
AAX (AX = AG, AH or —TAS) 5.9 —=0.2 6.0

(R,R)-QuinoxP* -9.3 —28.7 19.3

3 ®B97XD Truhlar’s (R,R)-5,8-TMS-QuinoxP* —4.8 —28.8 24.1
AAX (AX = AG, AH or —TAS) 4.6 —=0.2 4.7

(R,R)-QuinoxP* =5.7 -25.6 19.9

4 B3LYP-D3 uncorrected (R,R)-5,8-TMS-QuinoxP* -2.8 —25.4 22.6
AAX (AX = AG, AH or —TAS) 3.0 0.2 2.7

(R,R)-QuinoxP* -5.0 -25.5 20.5

5 B3LYP-D3 Grimme’s (R,R)-5,8-TMS-QuinoxP* —2.6 —253 22.7
AAX (AX = AG, AH or —TAS) 24 0.2 2.2

(R,R)-QuinoxP* -6.3 -25.5 19.2

6 B3LYP-D3 Truhlar’s (R,R)-5,8-TMS-QuinoxP* -3.9 —253 21.5
AAX (AX = AG, AH or —TAS) 2.5 0.2 2.3

(R,R)-QuinoxP* -3.3 -25.8 22.5

7 MO6 uncorrected (R,R)-5,8-TMS-QuinoxP* —2.5 —26.1 23.6
AAX (AX = AG, AH or —TAS) 0.8 -0.3 1.1

(R,R)-QuinoxP* -3.7 -25.8 22.1

8 MO06 Grimme’s (R,R)-5,8-TMS-QuinoxP* -2.9 —26.1 23.1
AAX (AX = AG, AH or —TAS) 0.8 -0.3 1.0

(R,R)-QuinoxP* -5.6 -25.8 20.2

9 MO06 Truhlar’s (R,R)-5,8-TMS-QuinoxP* 5.1 —26.1 21.0
AAX (AX = AG, AH or —TAS) 0.5 -0.3 0.8
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2.5.3. Computational Analysis on Enantio-Determining Transition State

2.5.3.1. Conformation search of transition states

To investigate the variety of the ligand structures on the potential energy surface determining the
enantioselectivity, conformation search of transition states (TSs) on the borylcupration of the cyclic
allyl carbonate 1a was conducted (Figure S9 and S10). The conformations based on the following
structures were considered in this search; the cyclic conformer of the six-membered ring of the
substrate, the rotamer of the leaving group of the substrate and the meshing manner of the functional
groups between or within the ligand and the substrate. After careful exclusion of the duplicated
structures, I found 38 different TSs for (R,R)-5,8-TMS-QuinoxP* complex. The conformers derived
from the meshing between the substituent on phosphorus atoms and the TMS groups were found only
for (R,R)-5,8-TMS-QuinoxP*. In addition, I have also found 21 different TSs for (R,R)-QuinoxP*

complex.

TS1-2-2

AAG*: 0.69 kcal/mol AAG*: 0.78 kcal/mol AAGH*: 0.96 kcal/mol AAGH*: 0.97 kcal/mol

twisted twisted twisted twisted

TS1-2-6
AAGH*: 1.08 kcal/mol AAGH: 1.41 keal/mol AAG*: 2.11 kcal/mol AAG*: 2.19 kcal/mol
bottom-opened bottom-opened top-opened bottom-opened

TS1-a-5

Figure S9. Ball-and-stick and space-filling models of transition states for the borylcupration of the
substrate 1a with (R,R)-5,8-TMS-QuinoxP*: a ball-and-stick model for the substrate and B(pin)
structure, and space-filling model for the ligand and copper atom. Color code: white = H; green = B;
grey = C; light blue = N; red = O; orange = P; brown = Cu; dark blue = TMS group.
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TS1-2-9 TS1-2-10 TS1-2-11 TS1-2-12

AAGH*: 3.00 kcal/mol AAG*: 3.34 kcal/mol AAGH#: 4.65 kcal/mol AAGH#: 7.36 kcal/mol

bottom-opened top-opened twisted top-opened

TS1-b-1 T81-b-2 TS1-b-3 TS1 -b'-4

AAG*: 0.00 kcal/mol AAGH*: 1.15 kcal/mol AAGH: 1.28 kecal/mol AAG*: 1.29 kcal/mol

twisted twisted top-opened bottom-opened

TS1-b'-5 TS1-b6 TS1-6-7 TS1-b-8

AAGH: 1.43 kcal/mol AAGH: 1.55 kcal/mol AAGH: 1.62 kcal/mol AAG*: 2.85 kcal/mol

top-opened twisted twisted top-opened

TS1-5-9 TS1-¢-1 TS1-¢-2

AAG#: 5.55 keal/mol AAG*: 2.19 kcal/mol AAGH: 3.63 kcal/mol AAG#: 3.70 keal/mol

top-opened top-opened twisted top-opened

TS1-c-4 TS1-¢'-5

AAGE: 3.94 kcal/mol AAGH: 4.53 kcal/mol AAGH#: 2.41 kcal/mol AAGH*: 2.95 kcal/mol
bottom-opened twisted top-opened top-opened

Figure S9 (continue). Ball-and-stick and space-filling models of transition states for the
borylcupration of the substrate 1a with (R,R)-5,8-TMS-QuinoxP*.
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TS1-d-3 TS1-d-5

AAG¥: 3.46 kcal/mol AAG*: 4.07 kcal/mol AAG?: 4.24 kcal/mol AAG*: 4.88 kcal/mol

twisted twisted bottom-opened twisted

TS1-d-7 TS1-d-8

AAG*: 5.02 kcal/mol AAGH: 5.08 kcal/mol AAGH: 6.96 kcal/mol AAGH: 7.49 kcal/mol
top-opened bottom-opened top-opened bottom-opened

TS1-d-12
AAG¥: 7.88 kcal/mol AAG*: 8.66 kcal/mol
bottom-opened twisted

Figure S9 (continue). Ball-and-stick and space-filling models of transition states for the
borylcupration of the substrate 1a with (R,R)-5,8-TMS-QuinoxP*.

TS1-a-2 TS1-a-3

AAG?: 0.00 kcal/mol AAG*: 0.03 kcal/mol AAGH: 0.67 kcal/mol AAG*: 0.72 keal/mol
bottom-opened bottom-opened bottom-opened bottom-opened

Figure S10. Ball-and-stick and space-filling models of transition states for the borylcupration of the
substrate 1a with (R,R)-QuinoxP*: a ball-and-stick model for the substrate and B(pin) structure, and a
space-filling model for the ligand and copper atom. Color code: white = H; green = B; grey = C; light

blue = N; red = O; orange = P; brown = Cu.
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D

TS1-a-5 TS1-2-6 TS1-a-7 TS1-b-1

AAGH*: 2.75 kcal/mol AAG*: 4.19 keal/mol AAG?: 4.51 kecal/mol AAG?: 0.62 kecal/mol

C, symmetry bottom-opened bottom-opened bottom-opened

TS1-b-2 TS1-b-3 TS1-¢-1 TS1-c-2

AAG*: 1.00 keal/mol AAG*: 1.95 kcal/mol AAGH*: 1.25 kcal/mol AAG*: 2.98 kcal/mol

bottom-opened bottom-opened top-opened bottom-opened

TS1-d-1 TS1-0-2

AAG¥: 3.65 kecal/mol AAGH*: 3.15 kcal/mol AAG*: 3.41 keal/mol AAG*: 3.71 kcal/mol

top-opened top-opened top-opened top-opened

TS1-d-5 TS1-d-7
AAGH?: 3.73 keal/mol AAGH: 3.84 kcal/mol AAGH: 3.87 kcal/mol AAGH¥: 3.88 kcal/mol
top-opened bottom-opened bottom-opened bottom-opened

TS1-0-8
AAGH: 7.53 kcal/mol
bottom-opened

Figure S10 (continue). Ball-and-stick and space-filling models of transition states for the
borylcupration of the substrate 1a with (R,R)-QuinoxP*.
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2.5.3.2. Verification of computational accuracy of the DFT method

In order to confirm the reliability of the calculation with the DFT method, I performed DLPNO-
CCSD(T) calculation for the lowest TS1s as the representatives of conformers. The DLPNO-CCSD(T)
method is one of the state-of-the-art post-HF methods with high accuracy comparable to the canonical
CCSD(T) method. Although analytical hessian and even analytical gradient calculations are not
implemented yet, a single point calculation can be performed within a practical wall time. The relative
electronic energies based on TS1-a-1 or TS1-a’-1 with the DFT method and the DLPNO-CCSD(T)
method were shown in Figure S11. For both cases with (R,R)-QuinoxP* and (R,R)-5,8-TMS-QuinoxP*
ligand, the slopes of the regression line were almost identical to 1.0, and the goodness of fit R?
parameters were also close to 1.0. Hence, I concluded that the DFT method used in this study is in
good agreement with the reference DLPNO-CCSD(T) method.

A. SCF energies of TS1 with (R,R)-QuinoxP* B. SCF energies of TS1 with (R,R)-5,8-TMS-QuinoxP*
4 2

y=0.935x TS1-d-1
(R2=0.978) o

y=1.041x
(R?=0.985) o

TS1-d-1

0 o TS1-a-1

TS1-c-1 6 TS1-¢'-1

0 99 TS1-a-1
TS1-b-1

Relative electronic energy AAE* [kcal/mol]
Method: wB97X-D/Def2-TZVPISMD(THF)

Relative electronic energy AAE* [kcal/mol]
Method: wB97X-D/Def2-TZVP/SMD(THF)

0 TS1-61

-1 -3
-1 0 1 2 3 4 -3 -2 -1 0 1 2

Relative electronic energy AAEt [kcal/mol] Relative electronic energy AAEt [kcal/mol]
Method: DLPNO-CCSD(T)/Def2-TZVPP/SMD(THF) Method: DLPNO-CCSD(T)/Def2-TZVPP/SMD(THF)

Figure S11. Comparison of SCF energies of the lowest transition states TS1 with (R,R)-QuinoxP* and
(R,R)-5,8-TMS-QuinoxP* ligand.
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2.5.3.3. Statistical analysis of thermochemical properties

Relative values of the free energy (AGY), the enthalpy (AH?), the entropy [(—TAS)*], and the
electronic energy (AE?) of the rate-limiting and enantio-determining transition states TS1 for (R,R)-
5,8-TMS-QuinoxP* were illustrated in Figure S12. The TS types in the figures represent the suffix
defined in Figure 14 and 15. The Boltzmann-weighted average enantioselectivity of TS1 is 95% ee;
this predicted value is in excellent agreement with the experimental value (93% ee, Figure S12a).
Furthermore, a pairwise correlation plot between those thermochemical properties was presented to
illustrate the relationship between those values (Figure S13). The diagonal plots show the distribution
of each value, while the off-diagonal plots show the relationship between the two values.

Focused on correlations of the thermochemical properties, there is no definite correlation between
the entropy [(—TAS)*] and the other properties (AG*, AH* and AE?, Figures S13d, S13e and S13i,
respectively). On the other hand, there is moderate positive correlation between the free energy (AG?)
and the enthalpy (AH*) (Figure S13b). Therefore, it is assumed that the free energy is determined
mainly under enthalpy control. Furthermore, there is strong positive correlation between the enthalpy
(AHY) and the electronic energy (AEY) (Figure S13h). This enables the discussion of the

enantioselection using the electronic energy instead of the Gibbs free energy and the enthalpy.
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Figure S12. Diagram of Gibbs free energy (AG*), enthalpy (AH*), entropy [-(TAS*)], and electronic
energy (AE*) for the transition state TS1.
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Figure S13. Pairwise correlation plot of thermochemical properties for the transition state TS1.
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2.5.3.4. Distortion—interaction analysis (DIA)

Next, I attempted distortion—interaction analysis (DIA) for enantio-determining TS1 (Figures S14
and S15, Equation S1). Based on the standard protocol for the distortion—interaction analysis, the TS1
was split into the boryl copper(I) species (catalyst) and the substrate 1a. Then, the electronic energies
of those species were calculated and converted to the distortion and interaction energies. As shown in
Figure S15, the catalyst and the substrate on the major paths (TS1-a” and TS1-b") tend to exhibit a
smaller distortion compared to those on the minor paths (TS1-c” and TS1-d”). Contrary, the interaction
energies are almost identical in those TSs. Therefore, it is assumed that the enantioselectivity is

determined by steric match/mismatch effect.
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Figure S14. Schematic diagram of distortion—interaction analysis of the transition state TS1.
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Figure S15. Diagram of the distortion energy of boryl copper(I) catalyst species in the transition state
TS1.
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2.5.3.5. Transition state analysis of acetal substrate

According to the conformation search using substrate 1a, the lowest transition states on
borylcupration of the simplified acetal substrate 1h were calculated (Figure S16). The leaving group
OBn in the substrate 1h was simplified to OMe. The estimated ee value from the four transition states
(48% ee) was good agreement with the experimental value (56% ee). The differences of the free energy
[A(AAGH)] for both (S)-1h [TS1-a’ vs. TS1-¢’: A(AAGY) = 2.84 kcal/mol] and (R)-1h [TS1-b’ vs. TS1-
d’:A(AAG*) = 0.01 kcal/mol] was decreased compared to the substrate la. The drop of
enantioselectivity was attributable to the diminish of steric repulsion between the substrate and the 4th
quadrant substituent (#~-Bu group) of the ligand due to substitution of —CHz— group to —O— in the
substrate structure.

b : Yo b
TS1-a (acetal) TS1-b’ (acetal) TS1-¢’ (acetal) TS1-d (acetal)
AAG*: 0.00 kcal/mol AAG*: 0.78 kcal/mol AAGH: 2.84 kcal/mol AAG*: 0.79 kcal/mol
twisted twisted top-opened top-opened
l J | ]
v v
(S)-3h (R)-3h
major minor

Figure S16. Ball-and-stick and space-filling models of the lowest transition states for the
borylcupration of the simplified substrate 1h with (R,R)-5,8-TMS-QuinoxP*: A ball-and-stick model
for the substrate and B(pin) structure, and a space-filling model for the ligand and copper atom. Color
code: white = H; green = B; grey = C; light blue = N; red = O; orange = P; brown = Cu; dark blue =
TMS group.
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2.5.3.6. Transition state analysis of linear substrate

The transition states of the borylcupration of simplified linear substrates were calculated with
(R,R)-5,8-TMS-QuinoxP* as the ligand (Figure S17). After the conformational search, the respective
lowest transition states of the four paths were found [Figure S17, TS1-a’ to &’ (linear)]. In contrast to
the cyclic substrates, the anti-insertion paths (TS1-b’ and TS1-¢’) are more favored than the syn-
insertion paths (TS1-a’ and TS1-d”). However, TS1-5" has the prominently low reaction barrier in the
four paths, which is in good agreement with the experimental kinetic resolution. As well as the TSs of
the cyclic substrates, the leaving group, and the surroundings are positioned in the 3™ quadrant of the
catalyst system in TS1-a’ and TS1-b’ or the 4" quadrant in TS1-¢’ and TS1-4’. Because the steric
bulkiness around the leaving group is larger than that of the cyclic substrate, the steric repulsion
between the catalyst and the substrate can be increased. In TS1-a’, the clash of the leaving group and
the methyl group in 3™ quadrant of the ligand should destabilize the structure, albeit this TS is favored

in the case of the direct enantioconvergent borylation of the cyclic substrates.

TS1-a’ (linear) TS1-b’ (linear) TS1-¢’ (linear) TS1-d (Vlihear)

AAGH: 3.71 kecal/mol AAGH*: 0.00 kecal/mol AAGH*: 2.38 kcal/mol AAGH*: 4.63 kecal/mol
twisted bottom-opened top-opened top-opened
anti-3- anti-- anti-B- anti-3-
elimination elimination elimination elimination
(S,2)-5 (S,E)-5 (R,E)-5 (R,2)-5
minor major minor minor

Figure S17. Ball-and-stick and space-filling models of the lowest transition states for the
borylcupration of the simplified linear substrate with (R,R)-5,8-TMS-QuinoxP*: A ball-and-stick
model for the substrate and B(pin) structure, and a space-filling model for the ligand and copper atom.
Color code: white = H; green = B; grey = C; light blue = N; red = O; orange = P; brown = Cu; dark
blue = TMS group.
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2.5.4. Computational Analysis on Conformation of (R,R)-5,8-TMS-QuinoxP*

2.5.4.1. Analysis of ligand structure distribution on transition states of borylcupration based on
descriptive dihedral angles

The in-depth analysis of the conformations of (R,R)-5,8-TMS-QuinoxP* ligand in the calculated
transition state was conducted. I defined two dihedral angles ¥ and ¥ (Figures 16 and S18). These
are the descriptive angles of the pseudo rotation in the Cu—P;—Ci—C>—P> ring. The positions of
substituents on the phosphorus atoms, methyl and zert-butyl groups on the chiral phosphorus centers,
depended on those dihedral angles. Moreover, the combination of the two dihedral angles (71 and ¥-)
could describe the conformation of bisphosphine: 1) Bottom-opened conformers, with a positive ¥
and negative V2 (W1> 0, ¥2<0), 2) top-opened conformers with a negative Y1 and positive W2 (V1 <
0, Y>> 0), 3) C> symmetric conformers, in which both dihedral angles were close to zero (W1~ V2~
0), and 4) twisted conformers, in which both dihedral angles were negative (V1 < 0, W2 < 0) (Figure
S19). The correlation diagrams of relative free energies of the transition states against ¥; and ¥> were
shown in Figures 17, S20 and S21. In the case of (R,R)-5,8-TMS-QuinoxP*, traces of the IRCs were
clearly divided into three regions which can be categorized as bottom-opened, twisted and top-opened
conformer groups (Figure S20). The separated traces implied that the categorization of the phosphine
conformations is not only effective on a point of the transition states but also during the reaction
coordinates. (Figure S20b). Contrary, in the case of (R,R)-QuinoxP*, the transition states and traces of
the IRCs were linearly distributed (Figure S21). Therefore, it is assumed that the TMS-groups affects

the phosphine conformations.

/‘N Me i Me .. ____

\X\ + N 2‘ | [dihedral angles (¥)] |

- S / | y.Cc-c:-P2Cu |

CU “B(pin) . ,CU"B\ | W, C:-C-P'-Cu !

' N Ct | . . |

X i\ new bisphosphine |

"/\ descriptor :
side view topview

Figure S18. Definition of dihedral angles for the phosphine conformation in boryl copper(I) species.
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Figure S19. Relationship between dihedral angles for the phosphine conformation
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Figure S20. Correlation diagram of relative free energy of the transition states against %1 and > with

(R,R)-5,8-TMS-QuinoxP*. a) The serial numbers of the plotted transition states.
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B. IRC traces
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Figure S20 (continue). Correlation diagram of relative free energy of the transition states against ¥
and > with (R,R)-5,8-TMS-QuinoxP*. b) Traces of the IRCs of each transition state.
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Figure S21. Correlation diagram of relative free energy of the transition states against ¥1 and > with

(R,R)-QuinoxP*. a) The serial numbers of the plotted transition states.
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B. IRC traces
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Figure S21 (continue). Correlation diagram of relative free energy of the transition states against ¥
and > with (R,R)-QuinoxP*. b) Traces of the IRCs of each transition state.
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2.5.4.2. Analysis of ligand structure distribution on transition states of borylcupration based on
clustering approach

The ligand structures in TS1 were categorized automatically using a clustering approach. A
preprocessing of the input data was conducted based on interatomic distance matrixes of the transition
state structures (TS1) to handle all the transition state structures in a unified manner. First, two types
of input structures were prepared according to the following two different procedures; A) the substrate
la was removed from each transition state to build a distorted borylcopper(I) complex, B) the substrate
la and the pinacolate structure were removed from each transition state with leaving the boron atom
to build a pinacolate-free distorted borylcopper(I) complex (Figure S22). Next, interatomic distance
matrixes of those structures were prepared and arranged in lines. Then, each of the sequences was
sorted according to the atomic numbers (1% and 2™ priority) and the measured distances (3™ priority).
In the respective two measured atoms, the first atomic number is less than or equal to the second atomic
number. For example, H-H (atomic number = 1, 1) distances are listed first in ascending order. Then,
H-B (atomic number = 1, 5), H-C (atomic number = 1, 6) and H-N (atomic number = 1, 7) distances
follow also in ascending order. The two P—Cu (atomic number = 15, 29) distances are the final elements
of the sorted list. This sorting makes the input data invariant to translational and rotational
displacements and exchanges of the atomic labels during the manual construction of the molecules.
Moreover, this preprocess should retain the commutative property between the structure of the
molecules and the processed data. Heatmaps of the input data for visualization were shown in Figures
S23A, S24A, S25A, and S26A. Furthermore, the errors from the average array for clarifying the
fingerprint of the input were shown in Figures S23B, S24B, S25B, and S26B.

*

P *
~ou--Bn = GA |
u = P gu—B(pin)

o P P X
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Procedure A

input structure

~&y—Bpin) = C
transition state c'.u o Py = “cu—B Procedure B
X /
re.r}roved input structure

Figure S22. Preprocess procedure for preparing input structures.
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Figure S23. Heatmap of input data for procedure A with (R,R)-5,8-TMS-QuinoxP*

106



A. Linear representation of distance matrix (input data): Procedure B with (R,R)-5,8-TMS-QuinoxP*
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Figure S24. Heatmap of input data for procedure B with (R,R)-5,8-TMS-QuinoxP*
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A. Linear representation of distance matrix (input data): Procedure A with (R,R)-QuinoxP*
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Figure S25. Heatmap of input data for procedure A with (R,R)-QuinoxP*
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A. Linear representation of distance matrix (input data): Procedure B with (R,R)-QuinoxP*
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Figure S26. Heatmap of input data for procedure B with (R,R)-QuinoxP*
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As for a clustering method, t-distributed stochastic neighbor embedding (t-SNE) was employed.
t-SNE is one of unsupervised clustering methods using dimensionality reduction. The reduced features,
typically two or three features, can be plotted like a scatter plot. The more similar data are located
closer in the plot. To the preprocessed data described above, t-SNE was applied at the following
perplexity parameters; 1, 2, 5, 10, 15, and 25 (Figure S27). The shapes and colors of the data points
represented types of the transition states according to the four distinctive paths shown in Figure 5B
(see figure notes in Figure S27 for the details). The scatter plots were shown as medium cluster sizes
at the appropriate perplexities, where the data were divided into two or three clusters [a) procedure A
with (R,R)-QuinoxP* at perplexity = 5 and 10, b) procedure A with (R,R)-5,8-TMS-QuinoxP* at
perplexity = 10 and 15, ¢) procedure B with (R,R)-QuinoxP* at perplexity = 5 and 10, d) procedure B
with (R,R)-5,8-TMS-QuinoxP* at perplexity = 10 and 15]. In those optimized plots, the resulting
clustering of (R,R)-QuinoxP* and (R,R)-5,8-TMS-QuinoxP* were expressed differently. In the case of
(R,R)-5,8-TMS-QuinoxP*, The data were categorized into three clusters at the perplexity parameters
=10 and 15. The clusters have all types of the data points; the shapes, and the colors. Furthermore, the
results of the clustering are in good agreement with the categorization with the dihedral angles (see
Figure S28A for the schematic summary). Contrary, the clustering tendency completely changed in the
case of (R,R)-QuinoxP*. The same shapes located closer to each other in Figure S27B at perplexity =
2, 5, and 10. The data points were clustered by whether the transition states are connected to major or
minor products. Therefore, the clustering results is not in agreement with the dihedral angles (see
Figure S28B for the schematic summary). These clustering analyses suggested the presence of the
different dominant factors for determination of the ligand structures in the transition states for (R,R)-
5,8-TMS-QuinoxP*.
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A. t-SNE: Procedure A with (R,R)-5,8-TMS-QuinoxP*
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Figure S27. Clustering of transition state structures using t-distributed stochastic neighbor embedding.
Labels in the data points represent the indexes of the transition state (“T'S1” is abbreviated). The shapes
and colors of the data points represent as follows; red is the transition state from the (S)-substrate (S)-
1a, blue is the transition state from the (R)-substrate (R)-la, circle shape is the transition state
connecting to the major product (S)-3a, and square shape is the transition state connecting to the minor
product (R)-3a.
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C. t-SNE: Procedure B with (R,R)-5,8-TMS-QuinoxP*
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D. t-SNE: Procedure B with (R,R)-QuinoxP*
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Figure S27 (continue). Clustering of transition state structures using t-distributed stochastic neighbor
embedding.
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A. (R,R)-5,8-TMS-QuinoxP*
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Figure S28. Comparison between distribution of dihedral angles and clustering analysis.
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2.5.4.3. Intramolecular symmetry-adapted perturbation theory (I-SAPT) analysis

I investigated the effect of the silyl-modulators on the ligand backbone against the ligand
conformation in the transition state TS1 (Figure S29, Table S6). To estimate the steric interactions
between the silyl-modulators and the phosphine moieties, I employed the energy decomposition
analysis between the silyl-modulators and substituents of the phosphine moieties of each conformer
(twisted conformation, top-opened and bottom-opened conformer) by using intramolecular symmetry-
adapted perturbation theory (I-SAPT).!%>1% This I-SAPT calculation can decompose the interaction
energy between the two functional groups to physically meaningful components, including
electrostatic interaction (Elst), exchange repulsion (Exch), induction effect (Ind), and dispersion
interaction (Disp) terms. The I-SAPT analysis of the twisted conformation (TS1-a’-1) consisted by up-
shift (engagement A) structures indicated that the exchange interactions, namely steric repulsion, in
the quadrant II and IV were higher than those of the quadrant I and III because the bulky fert-butyl
groups strongly interact with the silyl-modulators (Figure S29A, Eexcn= +1.8 kcal/mol for quadrant I,
Eexch = +2.4 keal/mol for quadrant IV). However, the destabilization energy was almost canceled by
the attractive dispersion interactions (Figure S29A, Euisp = —1.3 kcal/mol for quadrant II, Egisp = —1.4
kcal/mol for quadrant IV; Eioa1 = +0.3 kcal/mol for quadrant I, Eioa1 = +0.5 kcal/mol for quadrant IV).
Whereas, in the case of the top-opened conformer consisted by engagement B (down-shift) for P! and
engagement A (up-shift) for P? (TS1-d’-1), the analysis indicated that the exchange interaction in the
quadrant II was significantly larger than the other interaction energy components (Figure S29B, Eexch=
+4.5 kcal/mol for quadrant II). Furthermore, the exchange interaction in the quadrant IV of the bottom-
opened structure consisted of engagement A (up-shift) for P! and engagement B (down-shift) for P
(TS1-a’-5) was also large significantly (Figure S29C, Eexcn=14.7 kcal/mol for quadrant IV). Although
these large steric repulsion energies can also be canceled by the large dispersive attraction, the total
interaction energy values in the quadrant II for top-opened conformation (TS1-d’-1) and the quadrant
IV for bottom-opened conformation (TS1-a’-5) were still higher than those of the twisted conformation
(Figure S29B, Etotal = +0.6 kcal/mol for quadrant II in TS1-d’-1; Figure S29C, Etotal = +0.8 kcal/mol
for quadrant IV in TS1-a’-5). These results suggested that the engagement B (down-shift), which the
silyl group meshes with one of the methyl groups in the tert-butyl of the ligand closely, should be
unfavored compared to the engagement A (up-shift).

In conclusion, the steric interactions of engagement A (up-shift) between the silyl-modulators and
the phosphine moiety can generate the new twisted conformation group, which cannot be generated

from the catalyst bearing (R,R)-QuinoxP* without the silyl modulator.
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Table S6. Results of energy decomposition analysis using I-SAPT.

. Electrostatic Exchange Induction Dispersion Total
Transition state  Quadrant
[kcal/mol] [kcal/mol] [kcal/mol] [kcal/mol] [kcal/mol]
I 0.40 0.58 —-0.09 —0.68 0.20
I —-0.10 1.84 —-0.19 -1.25 0.30
TS1-a’-1
111 0.40 1.02 —-0.15 —-0.89 0.37
v —0.22 243 —0.24 —1.44 0.54
I 0.25 1.57 —-0.20 —-1.10 0.51
I —0.46 4.47 —-0.51 —2.86 0.64
TS1-d’-1
I 0.33 0.44 —0.08 —0.45 0.25
v —-0.10 1.81 —-0.20 -1.23 0.28
I 0.28 0.57 —-0.10 —-0.49 0.26
I -0.22 2.26 -0.22 -1.37 0.46
TS1-a’-5
I 0.27 1.40 0.1 —-1.03 0.45
v —0.50 4.66 —0.49 -2.87 0.79
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2.5.5. Calculated Properties of All Structures

Table S7. Calculated energies and thermochemical parameters of the optimized structures.

Structure £ i 15 .
[hartree] [hartree] [hartree] [hartree]
Catalyst, substrate, and product

[(R,R)-5,8-TMS-QuinoxP*]CuOMe I’ —4068.259191 —4067.548347 0.134271 —4067.682618
[(R,R)-5,8-TMS-QuinoxP*]CuB(pin) II’ —4364.415331 —4363.558939 0.153549 —4363.712489
{[(R,R)-5,8-TMS-QuinoxP*]CuB(pin)}, V’ —8728.880994 —8727.163828 0.265018 —8727.428846
[(R,R)-5,8-TMS-QuinoxP*]CuOCO,Me VI’ —4256.903225 —4256.173219 0.141818 —4256.315036
[(R,R)-QuinoxP*]CuB(pin) I —3547.009806 —3546.368577 0.115003 —3546.483579
{[(R,R)-QuinoxP*]CuB(pin)}, V —7094.067462 —7092.782844 0.197533 —7092.980377
Substrate 1a —537.8027632 —537.5983632 0.05346 —537.6518222
Product 3a —645.388873 —645.058216 0.063845 —645.12206

Ba(pin), —822.6277948 —822.2474558 0.073005 —822.3204608
MeOBpin —526.506886 —526.27166 0.056114 —526.327774
CO, —188.6068524 —188.5912704 0.026419 —188.6176894

Equilibrium structures with (R,R)-5,8-TMS-QuinoxP*

1II-a’ —4902.22478 —4901.160304 0.176127 —4901.33643

1I-b’ —4902.223234 —4901.15799 0.173627 —4901.331617
I-¢’ —4902.224064 —4901.159626 0.174719 —4901.334345
I-d’ —4902.225293 —4901.160566 0.17569 —4901.336256
IV-a’ —4902.271983 —4901.207659 0.174593 —4901.382252
IV-b’ —4902.268098 —4901.203711 0.174672 —4901.378383
Iv-¢’ —4902.266399 —4901.201197 0.173211 —4901.374408
Iv-a —4902.26899 —4901.204448 0.174268 —4901.378716

Transition state structures of borylcupration with (R,R)-QuinoxP*

TS1-a-1 —4084.80778 —4083.961675 0.139418 —4084.101093
TS1-a-2 —4084.808776 —4083.962104 0.138949 —4084.101052
TS1-a-3 —4084.808426 —4083.961612 0.138409 —4084.100021
TS1-a-4 —4084.807729 —4083.961286 0.138658 —4084.099944
TS1-a-5 —4084.804555 —4083.957971 0.138745 —4084.096716
TS1-a-6 —4084.803088 —4083.956409 0.138 —4084.094409
TS1-a-7 —4084.80348 —4083.956177 0.137726 —4084.093903
TS1-b-1 —4084.807813 —4083.961255 0.138858 —4084.100113
TS1-b-2 —4084.80668 —4083.96042 0.139079 —4084.099499
TS1-b-3 —4084.804912 —4083.958487 0.139491 —4084.097978
TS1-c-1 —4084.806979 —4083.960292 0.138808 —4084.0991

TS1-c-2 —4084.805774 —4083.959013 0.137324 —4084.096338
TS1-c-3 —4084.803175 —4083.956398 0.139022 —4084.09542
TS1-d-1 —4084.802699 —4083.956375 0.139699 —4084.096075
TS1-d-2 —4084.803418 —4083.956922 0.138739 —4084.095661
TS1-d-3 —4084.80285 —4083.956125 0.139062 —4084.095187
TS1-d-4 —4084.803472 —4083.956628 0.138517 —4084.095145
TS1-d-5 —4084.80172 —4083.955172 0.139796 —4084.094969
TS1-d-6 —4084.80172 —4083.955169 0.139756 —4084.094924
TS1-d-7 —4084.801719 —4083.955165 0.139738 —4084.094903
TS1-d-8 —4084.79633 —4083.949728 0.139364 —4084.089092

Transition state structures of borylcupration with (R,R)-5,8-TMS-QuinoxP*
TS1-a’-1 —4902.211274 —4901.148784 0.174384 —4901.323168
TS1-a’-2 —4902.211731 —4901.149377 0.173645 —4901.323022
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TS1-a’-3
TS1-a’-4
TS1-a’-5
TS1-a’-6
TS1-a’-7
TS1-a’-8
TS1-a’-9
TS1-a’-10
TS1-a’-11
TS1-a’-12
TS1-b’-1
TS1-b’-2
TS1-b’-3
TS1-b’-4
TS1-b’-5
TS1-b’-6
TS1-b’-7
TS1-b’-8
TS1-b’-9
TS1-¢’-1
TS1-¢’-2
TS1-¢’-3
TS1-¢’-4
TS1-¢’-5
TS1-d’-1
TS1-d’-2
TS1-d’-3
TS1-d’-4
TS1-d’-5
TS1-d’-6
TS1-d’-7
TS1-d’-8
TS1-d’-9
TS1-d’-10
TS1-d’-11
TS1-d’-12

—4902.212143
—4902.211339
—4902.212539
—4902.213586
—4902.210623
—4902.212139
—4902.213086
—4902.209026
—4902.207074
—4902.205385
—4902.215418
—4902.214255
—4902.210029
—4902.212991
—4902.213498
—4902.211973
—4902.211907
—4902.209923
—4902.206952
—4902.213307
—4902.209085
—4902.209525
—4902.212449
—4902.205018
—4902.209606
—4902.20932
—4902.206626
—4902.206217
—4902.206861
—4902.205463
—4902.2062
—4902.206526
—4902.20308
—4902.204272
—4902.202627
—4902.199734

—4901.149053
—4901.148984
—4901.149672
—4901.149962
—4901.147634
—4901.148765
—4901.148975
—4901.145755
—4901.144117
—4901.141169
—4901.15244
—4901.151155
—4901.147464
—4901.149914
—4901.150171
—4901.149207
—4901.149322
—4901.146802
—4901.143149
—4901.149603
—4901.146003
—4901.146122
—4901.148496
—4901.142363
—4901.146651
—4901.146356
—4901.144087
—4901.143565
—4901.143814
—4901.14247
—4901.143011
—4901.143264
—4901.140206
—4901.140344
—4901.139356
—4901.137188

0.17368
0.173742
0.172876

0.17205
0.173263
0.172013
0.170506
0.173193
0.172744
0.171375
0.171825
0.171281
0.174765
0.172292
0.171811

0.17259
0.172364

0.17293
0.172276
0.171168
0.172471
0.172251
0.169485
0.174679
0.173774
0.173209

0.17467
0.174222
0.173696
0.174016
0.173257
0.172913

0.17297
0.171992
0.172353
0.173277

Transition state structures of B-elimination with (R,R)-5,8-TMS-QuinoxP*

TS2-a’
TS2-b’
TS2-¢’
TS2-d’

Substrate 1h (LG = OMe)
TS1-a’ (acetal)
TS1-b’ (acetal)
TS1-¢’ (acetal)
TS1-d’ (acetal)

Linear substrate
TS1-a’ (linear)
TS1-b’ (linear)
TS1-¢’ (linear)

—4902.263833
—4902.235471
—4902.240498
—4902.258302

—4901.20229
—4901.173185
—4901.178063
—4901.196367

0.175875
0.173449
0.173064
0.175232

Transition state structures of borylcupration to acetal substrate

—385.0969904
—4749.508283
—4749.506961
—4749.505413
—4749.508222

—384.9349464
—4748.488737
—4748.487983
—4748.486026
—4748.48849

0.045281
0.167264
0.166262
0.165457
0.166036

Transition state structures of borylcupration to linear substrate

—499.6880583
—4864.10069

—4864.105482

—4864.102283
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—499.4919753
—4863.047314
—4863.052248
—4863.048559

0.056
0.174369
0.175343
0.175231

—4901.322732
—4901.322726
—4901.322548
—4901.322012
—4901.320897
—4901.320779
—4901.319481
—4901.318948
—4901.316861
—4901.312544
—4901.324266
—4901.322435
—4901.322229
—4901.322206
—4901.321982
—4901.321796
—4901.321685
—4901.319732
—4901.315424
—4901.320771
—4901.318474
—4901.318373
—4901.317981
—4901.317042
—4901.320426
—4901.319565
—4901.318758
—4901.317787
—4901.31751
—4901.316485
—4901.316268
—4901.316176
—4901.313176
—4901.312335
—4901.311709
—4901.310465

—4901.378165
—4901.346634
—4901.351127
—4901.371599

—384.9802
—4748.6560
—4748.6542
—4748.6515
—4748.6545

—499.5479753
—4863.221683
—4863.227591

—4863.22379



TS1-d’ (linear) —4864.098836 —4863.045375 0.174832 —4863.220207

SCF energies at DLPNO-CCSD(T)/Def2TZVPP/SMD(THF) level of theory

TS1-a-1 —4079.899729 - - -
TS1-b-1 —4079.899977 - - -
TS1-c-1 —4079.899658 - - -
TS1-d-1 —4079.894295 - - -
TS1-a’-1 —4895.953133 - - -
TS1-b’-1 —4895.956917 - - -
TS1-¢’-1 —4895.954895 - - -
TS1-d’-1 —4895.951016 - - -
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III  Allylcopper(I) Isomerization-Enabled  Copper(I)-Catalyzed
Intramolecular Alkylboration of Terminal Allenes

3.1. Introduction

Alkenyl boronates are widely used organometallic compounds as transmetallation reagents for
transition metal-catalyzed reactions,? e.g., Suzuki—-Miyaura cross-coupling reaction (Figure 1).>~> The
reaction is commonly used for the synthesis of styrene and diene derivatives, including multi-
substituted ones. Thus, expansion of the skeletal diversity of the alkenyl boronates benefits the

accessible structure of the resulting coupling products.

stereospecific
2
R2 (,)J% cross-coupling R
—
R3J\(B\O R3 A R3J\Ar

R!
alkenyl boronates styrene derivatives diene derivatives

Figure 1. Alkenyl boronates as coupling partner in Suzuki—Miyaura cross-coupling reaction.

A copper(I)-catalyzed carboboration of carbon—carbon multiple bonds is a three-component
coupling reaction between the multiple bonds, including alkenes, alkynes, allenes, and dienes, carbon
electrophiles, and a boron source (Figure 2).5® The reaction proceeds via the construction of carbon—
carbon and carbon—boron bonds and is able to afford multifunctional organoboron compounds. In
particular, the reaction of alkynes and allenes can produce the multisubstituted alkenyl boronates in

one step (Figure 2, bottom).

Rl_—_R2? + carbon O\B—B’o Cucatt. —¢ B-O
== electrophile g % _>base R1> _ <R2

multiple bonds diboron reagent carboboration
product
Rle—e 2 —» _V/ O\& J\ J% or R2TX J%
N A ’W
R R :
alkynes carboboration allenes carboboration
product product

Figure 2. Carboboration reaction of carbon—carbon multiple bonds, including alkenes, alkynes, allenes,

and dienes.
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An intramolecular carboboration, called a borylative cyclization, furnishes the organoboron
compounds bearing cyclic functionality, which are useful building blocks for the preparation of
complex skeletons.” In 2013, the Ito group developed the first intramolecular alkylboration reaction of
terminal alkenes and synthesized the alkyl boronates bearing cyclic moiety including small rings
(Figure 3A).1%!2 The reaction using copper(l) catalyst and diboron reagent as the boron source
proceeds through the borylcupration of the alkene moiety to generate the alkyl copper(I) intermediate,
and subsequent intramolecular a-alkylation with the alkyl halide moiety. In 2015, the Ito group also
reported the borylative cyclization of alkynylsilanes tethered to alkyl halides (Figure 3B).!3 In 2017, 1
and co-workers in the Ito group then developed the intramolecular alkylboration of propargyl ethers
and amines, which proceeded via alkenyl copper(I) intermediate and furnished the heterocyclic

compounds having exo-alkenyl boronates (Figure 3C).!*

A. Intramolecular alkylboration of terminal alkenes

Br B(pin)
B Y 2
R1j)\n/\ — 4/r hogt — ( |
2 N R B(pin) R*ﬁ
2
+ R R2
LCu'-B(pin) intramolecular alkyl boronate
alkylation
B. Intramolecular alkylboration of alkynyl silanes
Br
Br
R! < - .
. e —_— i
Si A-BFin) PR
Ph Ph St Ph Ph R
+ Ph Ph Rt
oy intramolecular alkenyl boronate
LCu'-B(pin) alkylation
C. Intramolecular alkylboration of propargyl ethers and amines
Br
Br
H R < “ Bloi
M / Cu'L X% (pin)
X B(pin
R3 R? S (pin) R3IR2 R!
N R®R? Rt
|y intramolecular alkenyl boronate
LCu'-B(pin) alkylation

Figure 3. Intramolecular carboboration reaction of alkenes and alkynes.

Hence, I planned to develop the intramolecular alkylboration reaction of allenes to synthesize the
exo-cyclization product (Figure 4A). Since the Hoveyda group reported the first carboboration reaction
of allenes using carbonyl compounds as the electrophile in 2013,'° some types of electrophiles that
have an electrophilic C=X bond were found to be applicable to the carboboration reaction of internal
double bond of the allene substrates (Figure 4B).!6* These reactions proceed through the y-addition
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of the electrophile to the allyl copper(I) intermediate via a chair-like six-membered transition state.”
However, the use of alkyl halide as the electrophile has not been developed and expected to be
challenging because the alkyl halide does not have y-addition reactivity. Thus, I anticipated that the
1,3-allylic isomerization of the allyl copper(I) intermediate can form the internal allyl copper(I) Ia
from more stable terminal isomer Is, and the following intramolecular a-alkylation affords the desired

exo-cyclization product (Figure 4A).716:34738

A. Intramolecular alkylboration of terminal allenes

Br internal double bond [ Br

1
culL
1 3 /4 1 s ; fast 3.5 .
R y \_2\1 LCu' cat. R "2 3 |2 B(pin) - " B(pin)
R \ R "

base
1 / Tl YA regio- and R? 3

+ or diastereoselective
\ a-alkylation 1 :
2_B(pin
O‘B—B’o Lcul cat. 7@/ o
’ S e I N (e > 1
o ') base slow R 3

allylcopper(l) isomerization

B. Reported internal carboboration of allenes

internal double bond

3

2 3 : (pin)B t X
’/\_\1 LCu'—B(pin) 2 B(pin) 2 1_culL - C
[ _ = — y/ & — 3 .
. ' 1 wnC= . 2_B(pin)
*Cc=X oo eull X
S u ,‘
~ 1

inter- or X
intramolecular y-substitution X=C/N,O

Figure 4. Intramolecular carboboration reaction of alkenes and alkynes.

3.2. Results and discussion

An aliphatic terminal allene 1a was chosen as the model allene substrate for optimizing the
reaction conditions (Table 1). The reaction optimization was started from the condition used in the
borylative cyclization of alkynes which I and co-workers reported in 2017. The reaction with (o-tol)s;P
ligand for the copper(I) catalyst in 0.5 M of THF resulted in full conversion of substrate 1a but a low
yielding of the desired four-membered cyclization product 3a (entry 1: 32%). The lower concentration
of the reaction was found to furnish the product in higher yield with high regioselectivity of the
intermolecular alkylation (entry 2: 70%, 3a/4a = 98:2; entry 3: 75%, 3a/4a = 98:2). This implies that
unidentified intermolecular side reactions were supressed at low concentrations. The reaction with the
monodentate phosphine ligands (PPhs and PCys), whose cone angles are smaller than that of (o-tol);P,*
furnished the product in moderate to good yield (entry 4: 46%, 3a/4a = 96:4, entry 5: 62%, 3a/d4a =
99:1), suggesting that the steric hindrance of the ligand plays important role in production of the
product. Bulkier ligands (mes);P* and XPhos*'*> were also effective in this reaction to afford the
product in high yields (entry 6: 74%, 3a/4a =97:3, entry 7: 70%, 3a/4a = 98:2). Although the bidentate
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phosphine ligand dppp gave the product in moderate yield (entry 8: 44%, 3a/4a = 97:3), Xantphos was
found to be not suitable for this reaction (entry 9: 8%). Then, I investigated the effect of the copper(I)
salt for the catalyst precursor. The use of Cul instead of CuCl improved the yield, whereas cationic
copper(I) salt [(MeCN)4CuBF4] was less effective (entry 10: 81%, 3a/4a = 98:2, entry 11: 63%, 3a/4a
= 98:2). Thus, I selected the conditions in entry 10 as the optimal conditions for the intramolecular

borylative cyclization of terminal allenes.

Table 1. Reaction optimization*

5 mol % Cu cat.
Br 5 mol % ligand il 0
. . A '
N Ba(pin)2 (2) (1.2 equw)= - \I?/O .\ ~Beg
\°§. K(O-t-Bu) (1.2 equiv) (0] |1
THF, 30 °C, 24 h

1a 3a 4a
entry Cu cat. ligand conc. [M]  yield [%]°  3a/4a[%]’
1 CuCl (0-tol)sP 0.50 3¢ nd?
2¢ CuCl (o-tol);P 0.25 70 98:2
3 CuCl (o-tol);P 0.10 75 98:2
4 CuCl PPhs 0.10 46 96:4
5 CuCl PCys 0.10 62 99:1
6 CuCl (mes) 3P 0.10 74 97:3
7 CuCl XPhos 0.10 70 98:2
8 CuCl Dppp 0.10 44 97:3
9 CuCl Xantphos 0.10 8 nd?
10/ Cul (0-tol)sP 0.10 81 98:2
11 [Cu(MeCN)JBF:  (o-tol)sP 0.10 63 98:2

“Conditions: Cul (0.0125 mmol), ligand (0.0125 mmol), 1a (0.25 mmol), Bz2(pin)2 (2) (0.30 mmol), and
K(O-z-Bu) (0.30 mmol) in THF (2.5 mL) at 50 °C for 24 h. *Determined by GC analysis of the reaction
mixture using an internal standard. ‘Determined by 1H NMR analysis of the crude material using an
internal standard. “nd = not determined. °020 mmol of 1a was used. /0.50 mmol of 1a was used.

I then investigated the scope of the substrate in this borylative cyclization reaction with a variety
of allene substrates bearing bromine as the leaving group (Table 2). The model allene substrate 1a
could successfully be converted to the corresponding alkenylboronate 3a, which possesses a
spiro[3.5]nonane structure (3a: 68%, 3a/4a = 98:2). The borylation products from the substrate bearing
heterocycles were also obtained with high regioselectivity (3b: 60%, 3b/4b = 98:2, 3¢: 67%, 3¢/4c =
98:2). The substrate with non-cyclic substituents R! and R? was also applicable to this reaction,
affording the product in lower yield with high regioselectivity (3d: 61%, 3d/4d = 95:5). However, in
the absent of those substituents, the cyclobutene product was obtained merely in low yield with
moderate regioselectivity (3e: 30%, 3e/4e = 70:30). Next, I investigated the diastereoselective
cyclization of allenes for the synthesis of 1,3-disubstituted cyclobutanes (3f-3h). Using a mono-
phenyl-substituted allene substrate 1f, a trans-disubstituted cyclobutane (zrans-3f) was obtained with
good regio- and diastereoselectivity (3f: 64%, 3t/4f = 91:9, dr = 86:14). In contrast, the reactions with
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mono-alkyl-substituted substrates proceeded with higher diastereoselectivity (3g: 71%, 3g/4g = 92:8,
dr = 93:7, 3h: 71%, 3h/4h = 73:27, dr = 91:9). To demonstrate the synthetic utility of the
alkenylboronates prepared via this intramolecular alkylboration reaction of terminal allenes, I carried
out Suzuki—Miyaura cross-coupling reactions of the borylation products (Scheme 2, eq. 1 and 2). The
coupling reaction between alkenylboronate 3a and an aryl bromide afforded the product 5 in high yield
(5: 87%). The reaction of alkenylboronate 3b and an alkenyl bromide also gave the corresponding
coupling product 6 in moderate yield (6: 60%). Recently, the Ito group reported a method for the
synthesis of acylboron compounds from alkenylboronates via ozonolysis. Through ozonolysis of
alkenyl MIDA boronate 7 which was synthesized from alkenyl boronate 3a, acylboron 8 was obtained
in high yield (Scheme 2, eq. 3, 8: 83%).

Table 2. Substrate Scope®

5 mol % Cul
L/\ , 5 mol % (o-tol)sP
‘ K(O-t-Bu) (1.2 equiv) \,K

THF (0.10 M), 30 °C, 24 h

1a (1.2 equiv)
E\ro I?,o ?/O
(0] (0] B 0
0 Boc”
3a: 68% 3b: 60% 3c:67%
3/4 =98:2 3/4 =98:2 3/4 =08:2
.0
M : e
e
0]
Me
3d:61% 3e: 30%
3/4 =955 3/4 =70:30
B TBDPSO._ o
3f: 64%® 3g: 71%" 3h: 71%P
3/4=919 3/4=92:8 3/4 =73:27
dr = 86:14 dr=93:7 dr=91:9

“Conditions: Cul (0.025 mmol), ligand (0.025 mmol), 1a (0.50 mmol), Ba(pin)2 (2) (0.60 mmol), and K(O-z-Bu) (0.60 mmol) in
THF (5.0 mL) at 30 °C for 10-24 h. Isolated yield. 3/4 ratio and diastereoselectivity were determined by GC analysis of the reaction
mixture. *The product was isolated as a mixture of the regioisomer and the diastereomer.
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To demonstrate the synthetic utility of the alkenyl boronates synthesized via this intermolecular
alkylboration of terminal allenes, Suzuki—Miyaura cross-coupling reactions were performed with the
borylation products and aryl and alkenyl halides (Figure 5A). The conditions using SPhos* ligand
were found to be suitable for this coupling reactions to produce the corresponding product in moderate
to good yields (5: 87% yield, 6: 83% yield). Then, the synthesis of the acyl boron compound was
conducted by applying the conditions reported from the Ito group (Figure 5B).** Acyl boron compound
8 was obtained in high yield via ozonolysis of alkenyl MIDA boronate 7 (83%).

A. Suzuki=Miyaura cross-coupling reaction of borylation products

2 mol % Pd,(dba)y

4 mol % SPhos _

THF/3 M NaOH aq (3:1)

60°C, 13 h CN

(1.5 equiv) 5
87% yield
2 mol % Pd,(dba)s Me
EE,O . \)M\e 4 mol % SPhos . ZMe
o) B N me THF/3 M NaOH aq (3:1)
o] 80°C, 19h o]
3b (1.5 equiv) 6
60% yield

B. Synthesis of acyl boron compound

1. KHF; (4.5 equiv) M‘e O3 bubbling o ME
MeOH/H,0, rt, 1 h B’N acetone
- \
2. TMS;MIDA (1.0 equiv) 69@10 then, Me,S \&
BF4+OEt; (1.0 equiv) [o}

MeCN, 80 °C, 14 h 7
48% yield 83% yleld

Figure 5. Derivatization reactions of the alkenyl boronates synthesized via this alkylboration reaction

of allenes.

For the mechanistic investigation, I conducted protonolysis of the allylic copper(I) intermediate
generated in situ (Figure 6). The protoboration product, alkenylboron compound 9, was obtained in
high yield retaining the alkyl halide moiety (9: 79%). Thus, it is assumed that the allene moiety is more

reactive than the alkyl halide moiety under these reaction conditions. The reaction would be initiated

from borylcupration of allene moiety rather than a radical generation from the C—Br bond.* 8

5 mol % Cul

Br 5 mol % (o-tol);P Br o
B,(pin), (2) (1.2 equiv)‘ B'

" MeOH (2.0 equiv) Ny o
K(O-t-Bu) (1.2 equiv) H

1a THF, 30 °C, 24 h 9

79% NMR yield
E/Z = <5:95

Figure 6. Protonolysis of the allyl copper(I) intermediate.
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The proposed catalytic cycle in this reaction is shown in Figure 7. The borylcopper(I) species V
are generated in situ from Cul and the diboron reagent in the presence of base. According to the
mechanistic study shown above, the borylcopper(l) intermediate V reacts with the allene rather than
the alkyl halide moiety of substrate 1 to form the allylic copper(I) intermediate Ia or Is through boryl
cupration of the internal or terminal double bond in the allene, respectively (the subscript A denotes
species for four-membered-ring product 3; the subscript B denotes species for six-membered-ring
product 4). The resulting allylic copper(I) species Ia and I are easily interconvert at room temperature.
Then, reversible coordination of an alkoxide base to the copper(I) center formed cuprates Ila and
II8.*-° The subsequent intramolecular Sx2-type oxidative addition of the copper(I) to the C—Br bond
produces cupracycles IIIa and IIIg.***! In this step, the formation of five-membered cupracycle I11a
is kinetically favoured over that of seven-membered cupracycle I1Is (see the Supporting Information
for the detailed discussion).’? As potassium bromide (KBr) is precipitated from the solution, this Sx2-
type oxidative addition step would be irreversible, and thus determines the regioselectivity of the C—C
bond formation. Reductive elimination of IIIa forms the four-membered-ring product 3 and copper(I)-
alkoxide IV. Finally, borylcopper(l) intermediate V is restored by the reaction between IV and diboron

reagent 2.

exo-cyclization pathway endo-cyclization pathway

Br

(pin)
R‘I
7D)L B(pin) LCu'—B(pin) R2 N Lcu B(pln) Q/

RO-B( RO—-B(pin)
LCu! OR (pin) (P LCu' OR
B,(pin); (2) B,(pin); (2)

L OR B(pm) = R1 B(pin) | OR
ull | ~Gylt
1
RR2 @78 (pin)
m, CPn 7) +ROK +ROK @

Br —KBr/

RO '
Br. C IL K 4
*_ R’ - B(Pin)
B(pin) : R2
| LCu' K©

lig © \OR

KBr

Figure 7. Proposed catalytic cycle.

Based on the above-proposed catalytic cycle, I then performed detailed DFT calculations to

analyse the mechanism of diastereoselectivity producing the trans-disubstituted cyclobutane as the
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major product (Figure 8). I used allene 1x as the model substrate and Me3;PCuB(en) (V’) instead of (o-
tol)sPCuB(pin) (V) as the simpler model catalyst. All calculations were carried out at ©®B97X-D/def2-
SVP/SMD(THF) level of theory (see the Supporting Information for the computational details). The
energy diagram, which the relative energies are respect to 1x and V’°, are shown in Fig. 2.
Borylcupration of alkene moieties in the allene substrate 1x can potentially forms four different
isomers of allylcopper(I) species: trans-Ia (—31.4 kcal/mol) and cis-Ia (—31.7 kcal/mol) as the internal
allyl copper(I) species, and trans-Is (—36.7 kcal/mol) and cis-Is (—33.9 kcal/mol) as the terminal allyl
copper(l) species. The trans-Ia can directly isomerize to trans-Is and cis-Is through a low energy
barrier, but not to cis-Ia (see the Supporting Information for a detailed discussion). In the same manner,
cis-1a can directly isomerize to trans-Is and cis-Is, but not to frans-Ia. Coordination of an alkoxide to
the copper(l) center in intermediates I forms the metastable intermediates II, which is an exergonic
reaction by 14.2—15.0 kcal/mol. The copper(I) center in II has a trigonal planar geometry. Also, the
potassium cation is chelated by two oxygen atoms in the alkoxide base and B(pin) group. According
to the energy profiles described in this paragraph, the cuprate trans-Ila can be isomerized into cis-Ila

via the transient intermediates I, e.g., in the sequence as trans-1la, trans-1a, cis-Is, cis-1a and cis-1Ia.

Ix+V
model 0.0
0.0 Br
l/\ > 0
Me' = /\'. ¥ 3 ’>
=
1x OB/O Me & e " - *
100 Me K. N
LCu'-B(en) ﬁ:Ls,, f’;'; boryleupration ”a”s I”‘ u‘oMeK
V' (L = PMiey) ci-OMe of allsne B-0
! o.
-20.0 cis-TS, \)
e trans-TSy
(€M e —
3 ’i:lv
E 00 < d4-oMe Me
= L
g
£ " BAGH e i-oMe
g ;
40.0 :

(22.1) @11 (en) -
cis-lll, : KOMe KOMe trans-lll,
-447 | KBr : KBr | -44.9
p— : S
c’fg'é\ trans-1l,
-50.0 K@/ - -46.4 ~ @
MeO~ "\ MeO~ "
Br- s | Br- L~ ! 1
kcio o ~cle o LCu'-OR
LCu'-OR B A B w
60.0 W Me (0] Me O

CuL ‘IL

B Br " "B(en)
JD)L (en) 0 Me \B ﬂ
Me! = o}

Me
-70.0 Me cis-3 B"o o) trans-3
-74.3 \ / =73.7
— cis-lg CuL trans-lg _—
-36.7 -33.9
-80.0 - t — t t t — } -
reductive oxidative cuprate cuprate oxidative reductive
elimination addition formation formation addition elimination

Figure 8. Free energy diagram of the intramolecular alkylboration of terminal allenes.

I then elucidated the mechanism of diastereoselectivity in the intramolecular cyclization step. The
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oxidative additions from trans-IIa and cis-IIa generate more unstable cupracycle trans-Illa and cis-
I1a, respectively, with the release of KBr. However, KBr should be precipitated from the solution,
thus those steps would be irreversible. Along this step, copper(I) is oxidized to copper(I1l), which has
a square planar geometry. Focused on the activation energy difference between these two steps, the
value (AAG*.is—AAG*ans) is 1.0 keal/mol, which is in good agreement with the value calculated from
the experimental results (experimentally: 1.1-1.5 kcal/mol, cis/trans = 86:14-93:7). It is considered
that the stability of these transition states is affected by the configuration of the substituent on
cupracycle in the transition state. The cis-oriented substituents in cis-TSa would cause the steric
repulsion to destabilise the structure. Moreover, I could not find an energetically reasonable
isomerization path from cis-1Ila to frans-111a, which implies allylic isomerization of allylcopper(III)
would not occur.>®>! Thus, it is assumed that the diastereoselectivity is determined at the Sn2-type

oxidative addition step under kinetic control.

3.3. Conclusions

I have developed an intramolecular borylative cyclization of terminal allenes for the synthesis of
alkenylboronates having a four-membered-ring structure. The products were obtained with high regio-
and diastereoselectivity, which was enabled by facile allylic isomerization of allylcopper(I) species.

The DFT studies could explain these kinetic control selectivities.
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3.4. Experimental details

3.4.1. Instrumentation and Chemicals

Materials were obtained from commercial suppliers and purified by standard procedures unless
otherwise noted. Solvents were also purchased from commercial suppliers, degassed via three freeze-
pump-thaw cycles, and further dried over molecular sieves (MS 4A). '"H NMR spectra were recorded
on JEOL JINM-ECX400P (400 MHz) and JNM-ECS400 (400 MHz) spectrometer and spectra are
referenced to tetramethylsilane (0.00 ppm). *C NMR spectra were recorded on JEOL INM-ECX400P
(100 MHz) and JNM-ECS400 (100 MHz) spectrometer and spectra are referenced to the solvent
(CDCl3: 77.0 ppm; acetone-ds: 29.92 ppm). CuCl (ReagentPlus® grade, 224332-25G, >99%) and
K(O-#-Bu)/THF (1.0 M, 328650-50ML) were purchased from Sigma-Aldrich Co. and used as received.
GC analyses were conducted with a Shimadzu GC-2014 or GC-2025 equipped with a ULBON HR-1
glass capillary column (Shinwa Chemical Industries) and an FID detector. High-resolution mass

spectra were recorded at the Global Facility Center, Hokkaido University.

3.4.2. General Experimental Procedure
Procedure for the Copper(I)-Catalyzed Intramolecular Alkylboration of 1a.

Copper iodide (4.8 mg, 0.025 mmol) and bis(pinacolato)diboron (2) (152.4 mg, 0.60 mmol), tri(o-
tolyl)phosphine (7.6 mg, 0.025 mmol) were placed in an oven-dried reaction vial. After the vial was
sealed with a screw cap containing a teflon-coated rubber septum, the vial was connected to a
vacuum/nitrogen manifold through a needle. It was evacuated and then backfilled with nitrogen. This
cycle was repeated three times. Dry THF (4.4 mL) and K(O-#-Bu)/THF (1.0 M, 0.6 mL, 0.6 mmol)
were added in the vial through the rubber septum using a syringe. After stirring for 30 min, 1a (114.8
mg, 0.50 mmol) was added to the mixture at 30°C. After the reaction was completed, the reaction
mixture was passed through a short silica gel column (&: 10 mm, height of the silica-gel column: ca.
30 mm) eluting with Et,0O. The crude material was purified by flash column chromatography (SiO»,
CH>Cl, /hexane, typically 0:100-8:92) to give the corresponding borylation product 3a as a colorless
oil.
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3.4.3. Substrate Preparation
Preparation of 1-(bromomethyl)-1-(buta-2,3-dien-1-yl)cyclohexane (1a).

OH CBry4 (1.1 equiv) Br

PPh3 (1.1 equiv)
N THROCom 19h AN

S1 1a

The bromide 1a was synthesized through the reaction of the corresponding alcohol S1 according
to the literature procedure.> In a vacuum dried 50 mL two-neck round-bottomed flask, [1-(buta-2,3-
dien-1-yl)cyclohexyl]methanol (S1) (0.856 g, 5.15 mmol) and carbon tetrabromide (1.88 g, 5.67
mmol) were dissolved in dry THF (10 mL), and the mixture was cooled to 0 °C under a nitrogen
atmosphere. Triphenylphosphine (1.49 g, 5.67 mmol) was added to the mixture, and the mixture was
warmed to room temperature. After the mixture was stirred for 4 h, the solvents were removed by
evaporation. The crude product was purified by flash column chromatography and bulb-to-bulb
distillation to obtain the corresponding bromide 1a (0.778 g, 3.40 mmol, 66%) as a colorless oil.

"H NMR (400 MHz, CDCl3, 8): 1.35-1.53 (m, 10H), 2.13 (td, J = 5.4, 2.5 Hz, 2H), 3.40 (s, 2H),
4.65 (td, J = 4.5, 2.1 Hz, 2H), 5.00 (tt, J = 9.9, 3.4 Hz, 1H). '3C NMR (100 MHz, CDCl;, 8): 21.5
(CH>), 26.0 (CH»), 33.8 (CH>), 35.3 (CH»), 37.2 (C), 43.5 (CH>), 73.7 (CH), 84.5 (CH), 209.9 (O).
HRMS-EI (m/z): [M]+ calcd for C11H7Br, 228.0514; found, 228.0508.

4-(Bromomethyl)-4-(buta-2,3-dien-1-yl)tetrahydro-2H-pyran (1b).

Br

\O
0 X

1b

1b was prepared as a colorless oil from the corresponding alcohol according to the procedure
described above.

"H NMR (400 MHz, CDCls, §): 1.52-1.65 (m, 4H), 2.25 (dt, J = 8.1, 2.2 Hz, 2H), 3.44 (s, 2H),
3.67 (t,J = 5.6 Hz, 4H), 4.68 (dt, J = 6.7, 2.2 Hz, 2H), 5.00 (tt, J= 9.9, 3.2 Hz, 1H). 3C NMR (100
MHz, CDCl3, 8): 33.8 (CH»), 34.2 (CH), 35.2 (C), 42.0 (CH>), 63.3 (CH>), 74.1 (CH»), 83.7 (CH),
210.0 (C). HRMS-EI (m/z): [M]+ calcd for C10H15BrO, 230.0306; found, 230.0306.

tert-Butyl 4-(bromomethyl)-4-(buta-2,3-dien-1-yl)piperidine-1-carboxylate (1c¢).
Br

mr@u\

[

1c¢ was prepared as a colorless oil from the corresponding alcohol according to the procedure

described above.
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"H NMR (400 MHz, CDCls, §): 1.42-1.62 (m, 13H), 2.19 (dt, J = 8.2, 2.3 Hz, 2H), 3.33 (ddd, J
=18.0, 8.8, 4.4 Hz, 2H), 3.40 (s, 2H), 3.41-3.51 (m, 2H), 4.68 (dt, J = 6.7, 2.3 Hz, 2H), 4.99 (tt, J =
8.0, 7.2 Hz, 1H). 3C NMR (100 MHz, CDCls, §): 28.3 (CH3), 33.0 (CH,), 34.0 (CHz), 36.1 (C), 38.7
(CH2), 39.7 (CH»), 41.7 (CH»), 74.2 (CH2), 79.5 (C), 83.8 (CH), 154.7 (C), 210.0 (C). HRMS-ESI
(m/z): [M+Na]+ calcd for C1sH24BrNO2Na, 352.0883; found, 352.0884.

5-(Bromomethyl)-5-propylocta-1,2-diene (1d).
Br

Me\//:}/\/\.\

Me
3d

1d was prepared as a colorless oil from the corresponding alcohol according to the procedure
described above.

"H NMR (400 MHz, CDCl3, 8): 0.92 (t,J= 7.0 Hz, 6H), 1.16-1.33 (m, 8H), 2.03 (dt, J=8.1, 2.2
Hz, 2H), 3.30 (s, 2H), 4.65 (dt, J= 6.3, 2.2 Hz, 2H), 4.97 (tt, J= 8.0, 7.2 Hz, 1H). >*C NMR (100 MHz,
CDCls, 9): 14.7 (CH3), 16.4 (CH>), 34.4 (CH>), 37.0 (CH>), 40.1 (C), 42.1 (CH»), 73.8 (CH>), 84.8
(CH), 210.0 (C). HRMS-EI (m/z): [M]+ calcd for Ci2H21Br, 244.0827; found, 244.0830.

6-Bromohexa-1,2-diene (1e).
Br

N

A
1e

le was prepared as a colorless oil from the corresponding alcohol according to the procedure
described above.

"H NMR (400 MHz, CDCls, §): 1.99 (quint, J = 7.0 Hz, 2H), 2.16 (nonet, J = 3.4 Hz, 2H), 3.46
(t,J= 6.5 Hz, 2H), 4.71 (dt, J = 6.7, 3.3 Hz, 2H), 5.10 (quint, J = 6.6 Hz, 1H). *C NMR (100 MHz,
CDCls, 9): 26.5 (CH»), 31.8 (CH»), 33.0 (CH>), 75.4 (CH>), 88.3 (CH), 208.6 (C). HRMS-EI (m/z):
[M]+ caled for CsHoBr, 159.9888; found, 159.9885.

(1-Bromohexa-4,5-dien-2-yl)benzene (1f).
Br

PhJ/\/\

X
1
1f was prepared as a colorless oil from the corresponding alcohol according to the procedure
described above.
"H NMR (400 MHz, CDCls, §): 2.36-2.47 (m, 1H), 2.55-2.65 (m, 1H), 3.09 (dt, /= 14.8, 6.7 Hz,
1H), 3.57-3.68 (m, 2H), 4.59—4.68 (m, 2H), 4.96 (quint, J= 6.9 Hz, 1H), 7.17-7.38 (m, 5H). *C NMR
(100 MHz, CDCls, 9): 33.1 (CH»), 37.8 (CH2), 47.5 (CH), 75.1 (CH»), 87.0 (CH), 127.1 (CH), 127.7
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(CH), 128.4 (CH), 141.6 (C), 209.1 (C). HRMS-EI (m/z): [M]+ caled for C12H13Br, 236.0201; found,
236.0205.

[3-(Bromomethyl)hepta-5,6-dien-1-yl]|benzene (1g).
Br

~
19

1g was prepared as a colorless oil from the corresponding alcohol according to the procedure
described above.

"H NMR (400 MHz, CDCl3, §): 1.68-1.86 (m, 3H), 2.13-2.22 (m, 2H), 2.56-2.72 (m, 2H), 3.53
(d,J=3.6 Hz, 2H), 4.69 (dt, J = 6.6, 2.8 Hz, 2H), 5.04 (quint, J = 7.0 Hz, 1H), 7.15-7.33 (m, 5H). *C
NMR (100 MHz, CDCls, 6): 31.3 (CHz2), 32.8 (CH>), 34.0 (CH2), 38.3 (CH2), 39.0 (CH), 74.9 (CH>),
86.8 (CH), 125.9 (CH), 128.3 (CH), 128.4 (CH), 141.8 (C), 209.2 (C). HRMS-EI (m/z): [M]+ calcd
for C14H7Br, 264.0514; found, 264.0517.

{[2-(Bromomethyl)hexa-4,5-dien-1-yl]oxy}(tert-butyl)diphenylsilane (1h).

Br
>‘\ -‘O\)/\/\
/SI ‘\

PhPh
1h

1h was prepared as a colorless oil from the corresponding alcohol according to the procedure
described above.

"H NMR (400 MHz, CDCl3, §): 1.06 (s, 9H), 1.93-2.04 (m, 1H), 2.09-2.17 (m, 2H), 3.59-3.75
(m, 4H), 4.64 (dt, J= 6.4, 3.1 Hz, 2H), 5.00 (quint, J= 7.0 Hz, 1H), 7.36-7.47 (m, 6H), 7.64-7.70 (m,
4H). *C NMR (100 MHz, CDCls, §): 19.3 (C), 26.8 (CH3), 28.4 (CH>), 35.6 (CH>), 42.6 (CH), 63.7
(CH2), 75.2 (CH2), 87.1 (CH), 127.7 (CH), 129.7 (CH), 133.4 (C), 133.4 (C), 135.6 (CH), 135.6 (CH),
209.0 (C). HRMS-ESI (m/z): [M+Na]+ caled for C23H20BrOSiNa, 451.1063; found, 451.1071.
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3.4.4. Borylation Product Characterization
4,4,5,5-Tetramethyl-2-[1-(spiro[3.5]nonan-2-yl)vinyl]-1,3,2-dioxaborolane (3a).

E|3/O
(0]
3a

The reaction was conducted with 114.8 mg (0.50 mmol) of 1a. The product 3a was obtained as a
colorless oil in 68% yield (94.0 mg) with 3/4 = 98:2.

'"H NMR (400 MHz, CDCls, 8): 1.26 (s, 12H), 1.33 (s, 6H), 1.39-1.47 (m, 2H), 1.50-1.63 (m,
4H), 1.95 (td, J=9.1, 2.5 Hz, 2H), 2.98 (quint of triplet, /= 9.0, 1.7 Hz, 1H), 5.51-5.56 (m, 1H), 5.73
(dd, J= 3.1, 1.6 Hz, 1H). 1*C NMR (100 MHz, CDCls, §): 22.8 (CH>), 23.1 (CH>), 24.7 (CH3), 26.2
(CH>), 33.2 (CH), 35.3 (), 36.9 (CH2), 38.2 (CH>), 40.6 (CH>), 83.1 (C), 125.4 (CH), 146.3 (br, B—
C). HRMS-EI (m/z): [M]+ calcd for C17H29''BO2, 276.2264; found, 276.2260.

2-[1-(7-Oxaspiro[3.5]nonan-2-yl)vinyl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3b).

E\./O
0]
0]
3b

The reaction was conducted with 115.7 mg (0.50 mmol) of 1b. The product 3b was obtained as a
colorless oil in 60% yield (82.9 mg) with 3/4 = 98:2.

"H NMR (400 MHz, CDCls, §): 1.27 (s, 12H), 1.50 (t, J = 5.2 Hz, 2H), 1.66-1.74 (m, 4H), 2.06
(td, J=9.1, 2.5 Hz, 2H), 2.99-3.10 (m, 1H), 3.54 (t, J = 5.2 Hz, 2H), 3.65 (t, /= 5.4 Hz, 2H), 5.52—
5.57 (m, 1H), 5.76 (dd, J = 2.7, 1.6 Hz, 1H). 1*C NMR (100 MHz, CDCls, §): 24.7 (CH3), 32.7 (C),
33.2 (CH), 37.0 (CH2), 37.8 (CH2), 40.1 (CH2), 64.6 (CH2), 64.9 (CH>), 83.1 (C), 125.8 (CH>), 145.6
(br, B-C). HRMS-EI (m/z): [M]+ calced for C16H27''BO3, 278.2056; found, 278.2055.

tert-Butyl 2-[1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl]-7-azaspiro[3.5]nonane-7-

l?/o
O
_N
Boc
3c

The reaction was conducted with 165.0 mg (0.50 mmol) of 1¢. The product 3¢ was obtained as a
colorless oil in 67% yield (126.7 mg) with 3/4 = 98:2.

"H NMR (400 MHz, CDCls, 8): 1.26 (s, 12H), 1.38-1.48 (m, 4H), 1.45 (s, 9H), 1.59-1.70 (m,
4H), 2.02 (td, J = 9.1, 2.5 Hz, 2H), 3.04 (quint, J = 8.9 Hz, 1H), 3.26 (t, /= 5.6 Hz, 2H), 3.36 (t, J =
5.4 Hz, 2H), 5.52-5.56 (m, 1H), 5.76 (dd, J=2.9, 1.8 Hz, 1H). 3C NMR (100 MHz, CDCls, §): 24.6

carboxylate (3c).
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(CHz), 28.3 (CHs), 33.1 (CH), 33.5 (C), 35.8 (CHa), 37.1 (CHa), 39.1 (CH,), 40.4 (br, CHa), 40.9 (br,
CH,), 78.9 (C), 83.1 (C), 125.8 (CHa), 145.3 (br, B-C), 154.8 (C). HRMS-ESI (m/z): [M+Na]+ calcd
for C21Has''BNO4Na, 400.2634; found, 400.2635.

2-[1-(3,3-Dipropylcyclobutyl)vinyl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3d).

The reaction was conducted with 121.0 mg (0.50 mmol) of 1d. The product 3d was obtained as a
colorless oil in 61% yield (87.7 mg) with 3/4 = 95:5.

"H NMR (400 MHz, CDCls, §): 0.85 (t, J= 7.2 Hz, 3H), 0.92 (t, J= 7.2 Hz, 3H), 1.08-1.31 (m,
6H), 1.26 (s, 12H), 1.43—-1.50 (m, 2H), 1.61 (td, J=9.5, 2.4 Hz, 2H), 1.90 (td, /= 9.1, 2.6 Hz, 2H),
2.92-3.04 (m, 1H), 5.50-5.54 (m, 1H), 5.72 (dd, J = 3.3, 1.8 Hz, 1H). '3C NMR (100 MHz, CDCl;,
d): 14.8 (CH3), 14.9 (CH3), 17.0 (CH2), 17.4 (CH2), 24.7 (CH3), 33.3 (CH), 37.2 (C), 37.8 (CHy), 39.7
(CH2), 42.7 (CH»), 83.1 (C), 125.4 (CH), 146.2 (br, B-C). HRMS-ESI (m/z): [M+H]+ calcd for
CisH34!'BO2, 293.2650; found, 293.2652.

2-(1-Cyclobutylvinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3e).
Ty
O7Z<
3e

The reaction was conducted with 80.5 mg (0.50 mmol) of 1e. The product 3e was obtained as a
colorless oil in 30% yield (31.6 mg) with 3/4 = 70:30.

"H NMR (400 MHz, CDCls, §): 1.26 (s, 12H), 1.66-1.75 (m, 1H), 1.82-1.95 (m, 3H), 2.02-2.14
(m, 2H), 3.03-3.14 (m, 1H), 5.52-5.57 (m, 1H), 5.75 (dd, J = 3.5, 1.6 Hz, 1H). '*C NMR (100 MHz,
CDCls, 9): 18.1 (CH»), 24.7 (CH3), 28.2 (CH»), 40.2 (CH), 83.1 (C), 125.7 (CH2). HRMS-EI (m/z):
[M]+ caled for C12H21''BO2, 208.1637; found, 208.1643.

trans-4,4,5,5-Tetramethyl-2-[1-(3-phenylcyclobutyl)vinyl]-1,3,2-dioxaborolane (trans-3f).
trans-3f

The reaction was conducted with 118.8 mg (0.50 mmol) of 1f. The product trans-3f was obtained
as a colorless oil in 64% yield (90.6 mg) with 3/4 = 91:9 and dr = 86:14. The 'H and '*C NMR charts
include cis-3f and 4f.
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'H NMR (400 MHz, CDCls, 8): 1.28 (s, 12H), 2.31-2.45 (m, 4H), 3.14-3.24 (m, 1H), 3.50 (quint,
J=17.9Hz, 1H), 5.72-5.76 (m, 1H), 5.88 (dd, J= 2.9, 1.7 Hz, 1H), 7.14-7.36 (m, 5H). *C NMR (100
MHz, CDCls, 8): 24.7 (CHs), 33.5 (CH), 35.3 (CH), 35.7 (CH), 83.2 (C), 125.5 (CH), 125.5 (CHa),
126.5 (CH), 128.2 (CH), 146.4 (C). HRMS-EI (m/z): [M]+ caled for C1sHas''BO,, 284.1951; found,
284.1949.

trans-4,4,5,5-Tetramethyl-2-[1-(3-phenethylcyclobutyl)vinyl]-1,3,2-dioxaborolane (trans-3g).

T

trans 39

The reaction was conducted with 132.6 mg (0.50 mmol) of 1g. The product trans-3g was obtained
as a colorless oil in 71% yield (111.5 mg) with 3/4 = 92:8 and dr = 97:3. The 'H and '*C NMR charts
include cis-3g and 4g.

"H NMR (400 MHz, CDCl3, 8): 1.26 (s, 12H), 1.78-1.91 (m, 4H), 2.00-2.10 (m, 2H), 2.10-2.19
(m, 1H), 2.55 (t,J= 7.9 Hz, 2H), 3.14 (quint, J = 7.8 Hz, 1H), 5.56-5.62 (m, 1H), 5.75-5.80 (m, 1H),
7.13-7.20 (m, 3H), 7.23-7.31 (m, 2H). '3C NMR (100 MHz, CDCls, §): 24.7 (CH3), 30.4 (C), 32.0
(CH2), 33.9 (CH2), 35.9 (CH), 37.9 (CH>), 83.1 (C), 125.3 (CH2), 125.5 (CH), 128.1 (CH), 128.3 (CH),
142.7 (C), 145.4 (br, B-C). HRMS-EI (m/z): [M]+ caled for C20Ha9!'BO2, 312.2264; found, 312.2260.

trans-tert-Butyldiphenyl{{3-[1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
ylvinyl]cyclobutyl}methoxy}silane (frans-3h).

>Ls| RL 7Z<
Ph Ph
trans-3h

The reaction was conducted with 214.7 mg (0.50 mmol) of 1h. The product trans-3h was obtained
as a colorless oil in 71% yield (168.3 mg) with 3/4 = 73:27 and dr = 91:9. The 'H and *C NMR charts
include cis-3h and 4h.

"H NMR (400 MHz, CDCl3, 8): 1.06 (s, 9H), 1.26 (s, 12H), 1.99 (dd, J = 8.3, 6.6 Hz, 4H), 2.37
(septet, J = 6.4 Hz 1H), 3.09 (quint-d, J = 8.3, 1.4 Hz, 1H), 3.73 (d, J = 7.0 Hz, 2H), 5.56-5.61 (m,
1H), 5.77 (dd, J=3.1, 1.6 Hz, 1H), 7.34-7.45 (m, 6H), 7.62-7.71 (m, 4H). '>*C NMR (100 MHz, CDCl;,
0): 19.3 (0), 24.7 (CH3), 26.9 (CH3), 29.0 (CH), 32.7 (CH), 36.2 (CH), 67.5 (CH»), 83.1 (), 125.4
(CH2), 127.5 (CH), 129.4 (CH), 134.1 (C), 135.6 (CH), 145.5 (br, B-C). HRMS-ESI (m/z): [M+Na]+
calcd for C2oHa1''BO3SiNa, 499.2816; found, 499.2818.
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The configuration of trans-3h was determined by '"H NMR NOESY experiment of trans-S2 after
the derivatization of the boryl group in trans-3h. The results were summarized as following schemes.

A solid curved gray arrow indicates the all observed nOe except the inside of the TBDPS group.

# NaBOz+4H;0 (4 equiv)_ H H
TBDPSO__ THF/H,0O (1:1), rt, 4 h TBDPSO_ . ° = H H
N TBDPSO Hi\

trans-3h trans-S2

'H NMR (400 MHz, CDCls, 8): 1.06 (s, 9H), 2.00-2.12 (m, 2H), 2.09 (s, 3H), 2.22-2.32 (m, 2H),
2.35-2.49 (m, 1H), 3.19 (tt, J = 9.3, 6.9 Hz, 1H), 3.67 (d, J = 5.9 Hz, 2H), 7.35-7.48 (m, 6H), 7.61—
7.72 (m, 4H). 3C NMR (100 MHz, CDCls, §): 19.3 (C), 25.7 (CHz), 26.8 (CH3), 27.2 (CHs), 32.7 (CH),
42.9 (CH), 66.8 (CHa), 127.6 (CH), 129.6 (CH), 133.8 (C), 135.6 (CH), 210.2 (C).
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3.4.5. Functionalization Procedures of Borylation Products

4-[1-(Spiro[3.5]nonan-2-yl)vinyl]|benzonitrile (5).

N Pd,(dba) O
2 3
B/O SPhos PCy,
: + —_— MeO OMe
o) NaOH, H,0
THF, 60 °C CN
3a Br

SPhos

The palladium catalyzed cross-coupling reaction with aryl halide was performed according to the
literature procedure.>* 4-Bromobenzonitrile (68.7 mg, 0.375 mmol), Pd2(dba); (4.6 mg, 0.005 mmol)
and SPhos (4.1 mg, 0.010 mmol) was placed in an oven-dried reaction vial under a nitrogen atmosphere.
A solution of 3a (69.5 mg, 0.25 mmol) in dry THF (2.25 mL) was added to the vial followed by addition
of 3 M NaOH aq (0.75 mL). Then, the mixture was warmed to 60 °C and stirred for 13 h. After the
reaction mixture was cooled to room temperature, the reaction mixture was quenched by H>O and
extracted with Et;O three times. The combined organic layer was then dried over MgSO4. After
filtration, the solvents were removed by evaporation. The crude mixture was purified by flash column
chromatography (Si0., Et2O/hexane, 0:100—14:86) to give the corresponding coupling product 5 (55.2
mg, 0.220 mmol, 87%) as a colorless oil.

'"H NMR (400 MHz, CDCl3, §): 1.29-1.40 (m, 6H), 1.41-1.51 (m, 2H), 1.55-1.68 (m, 4H), 2.07
(td, J=9.1, 2.5 Hz, 2H), 3.28-3.39 (m, 1H), 5.17 (d, /= 2.0 Hz, 1H), 5.42 (t, /= 0.8 Hz, 1H), 7.44
(dt, J= 8.3, 1.6 Hz, 2H), 7.59 (dt, J = 8.2, 1.6 Hz, 2H). '3C NMR (100 MHz, CDCls, §): 22.7 (CH>),
23.0 (CH2), 25.9 (CH»), 32.4 (CH), 35.1 (0), 36.8 (CH2), 38.4 (CH>), 40.5 (CH>), 110.6 (CO), 112.5
(CH»), 118.9 (C), 126.7 (CH), 131.9 (CH), 145.5 (C), 151.2 (C). HRMS-EI (m/z): [M+]+ calcd for
CisH21N, 251.1674; found, 251.1670.

2-(4-Methylpenta-1,3-dien-2-yl)-7-oxaspiro[3.5]nonane (6).

sz(dbﬁ)g} O
g-© \\/J\\ SPhos | = PCy,
. v Br = MeO OMe
0 NaOH, H,0
7 nee b g
3b

6 SPhos

The palladium catalyzed cross-coupling reaction with an aryl halide was performed according to
the literature procedure.’* 1-Bromo-2-methylprop-1-ene (68.7 mg, 0.375 mmol), Pd>(dba)s (4.6 mg,
0.005 mmol) and SPhos (4.1 mg, 0.010 mmol) were placed in an oven-dried reaction vial under a
nitrogen atmosphere. A solution of 3b (61.8 mg, 0.22 mmol) in dry THF (2.25 mL) was added to the
vial followed by addition of 3 M NaOH aq (0.75 mL). Then, the mixture was warmed to 60 °C with
stirring for 19 h. After the reaction mixture was cooled to room temperature, the reaction mixture was
quenched by H>O and extracted with Et2O three times. The combined organic layer was then dried

over MgSOs. After filtration, the solvents were removed by evaporation. The crude mixture was
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purified by flash column chromatography (SiO2, EtoO/hexane, 0:100—4:96) to give the corresponding
coupling product 6 (27.5 mg, 0.133 mmol, 60%) as a colorless oil.

"H NMR (400 MHz, CDCl3, 8): 1.50 (t, J= 5.3 Hz, 2H), 1.64-1.72 (m, 4H), 1.75 (d, J = 1.2 Hz,
3H), 1.78 (d, /= 1.2 Hz, 3H), 2.02 (td, /= 9.1, 2.7 Hz, 2H), 2.89 (quint, J = 8.8 Hz, 1H), 3.55 (t, J =
5.3 Hz, 2H), 3.64 (t,J= 5.3 Hz, 2H), 4.77 (d, /= 1.6 Hz, 1H), 4.93 (t, /= 1.9 Hz, 1H), 5.57 (d, /= 0.8
Hz, 1H). *C NMR (100 MHz, CDCls, 8): 19.5 (CH3), 26.5 (CH3), 32.5 (C), 34.7 (CH), 37.1 (CH»),
37.3 (CH), 40.2 (CH2), 64.6 (CHz), 65.0 (CH2), 109.9 (CH2), 124.1 (CH), 135.2 (C), 149.6 (C).
HRMS-EI (m/z): [M]+ caled for C14H220, 206.1671; found, 206.1671.

6-Methyl-2-(spiro[3.5]nonane-2-carbonyl)-1,3,6,2-dioxazaborocane-4,8-dione (8).

-0,
B KHF, BF K
(e} MeOH/H,0
3a

S3
(TMS),MIDA \ 05 bubbling Q \
BF3°OEt, B’ 1] acetone B 1
—_— \\O, O —_— \\ _ O
MeCN 0 o then, Me,S o) o
7 8

The acylboron compound 8 was synthesized through the literature procedure.** 3a (124.4 mg,
0.45 mmol) and KHF; (158.2 mg, 2.03 mmol) was placed in a flask equipped with a stir bar and a
rubber septum. MeOH (5 mL) and H>O (2.5 mL) were then added into the flask using syringes through
the septum, and then the resultant solution was stirred at room temperature for 1 h. After the reaction
mixture was concentrated in vacuo, the resulting solid was suspended in acetone and filtered off to
remove KHF». The extract was concentrated in vacuo and the resulting solid was washed with Et20O to
remove pinacol. The filtrate was concentrated in vacuo and the product S3 was obtained in 88% yield
(101.2 mg, 0.395 mmol). The product S3 was used in the next reaction without further purification.

S3 (89.4 mg, 0.35 mmol) was placed in an oven-dried reaction vial. After the vial was sealed with
a screw cap containing a teflon-coated rubber septum, the vial was connected to a vacuum/nitrogen
manifold through a needle. It was evacuated and then backfilled with nitrogen. This cycle was repeated
three times. MeCN (3.5 mL), (TMS),MIDA (102.0 mg, 0.35 mmol), and BF3-Et;O (44.0 pL, 0.35
mmol) were added to the vial, and then the resultant solution was stirred at 80°C for 14 h. After the
reaction mixture was concentrated in vacuo, the crude mixture was purified by flash column
chromatography (SiO2, AcOEt/hexane, 20:80—-100:0) to give the corresponding product 7 (59.1 mg,
0.194 mmol, 55%) as a white solid.

Alkenyl MIDA boronate 7 (45.6 mg, 0.15 mmol) and a small amount of Sudan III were placed in
an oven-dried reaction vial. The vial was filled with nitrogen gas and then sealed with a screw cap
containing a Teflon-coated rubber septum. Dry acetone (1.00 mL) was added in the vial through the
rubber septum using a syringe, then the solution turned pink. The solution was cooled to —78°C, at

which point a stream of O3/O; gas was introduced through a needle until which time the reaction
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mixture started to turn blue. The addition of O3/O> gas was then stopped and O, gas was bubbled
through the solution for 5 minutes to remove the remained O3 gas. The vial was charged with Me>S
(0.15 mL) and stirred at —78°C for 5 minutes. The reaction mixture was then warmed to room
temperature and stirred for 5 minutes. The solvent was then removed in vacuo. The resulting solid was
washed with hexane and Et;0 to give the corresponding product 8 (38.3 mg, 0.125 mmol, 83%) as a
white solid.

"H NMR (400 MHz, acetone-ds, 8): 1.26-1.38 (m, 6H), 1.40-1.48 (m, 2H), 1.51-1.59 (m, 2H),
1.79-1.94 (m, 4H), 3.04 (s, 3H), 3.48 (tt, /=9.2, 8.2 Hz, 1H), 4.11 (d, /= 16.9 Hz, 2H), 4.33 (d, J =
16.9 Hz, 2H). 13C NMR (100 MHz, acetone-ds, 8): 23.2 (CH>), 23.6 (CH>), 26.6 (CHz), 33.8 (CH>),
36.0 (C), 38.5 (CH2), 40.0 (CH>), 42.9 (CH), 47.2 (CH3), 63.0 (CH2), 168.9 (C), 206.3 (C). HRMS-
ESI (m/z): [M+Na]+ calcd for C1sH22'"BOsNNa, 330.1486; found, 330.1487.

147



3.4.6. Protonolysis Experiment of Allylcooper(I) Intermediate

5 mol % Cul

Br 5 mol % (o-tol)3P Br
(pin)B-B(pin) (2) (1.2 equivl

N MeOH (2.0 equiv) X B

K(O-t-Bu) (1.2 equiv)

1a THF, 30 °C, 24 h 9

79% NMR yield
E/Z = <5:59

To confirm the generation of allylcopper(I) intermediate, I performed the reaction with 2.0
equivalent of MeOH. The protoboration product 9 was obtained in a high yield (79%), which indicates
the allene is more reactive than the alkyl halide moiety under this conditions. Although I cannot
identify that the product 9 was generated through whether y-protonolysis of Ia or a-protonolysis of Is,

it is clear to generate the allylcopper(I) intermediate in situ (Figure S1).

+ | y-protonolysis
“ LCul-B(pin) I MeOH
Br P A \ Br
\'
or B(pin
‘XN chemoselective N - B (Pin)
. borylcupration Br. MeOH .
a
i -protonolysis
N B(pin) [o-P ysi

Figure S1. Generation of allylcopper(l) intermediate through the chemoselective borylcupration of

allene 1a
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3.5. Computational details

All calculations were performed with the Gaussian 09 (revision D.01) suite of programs.>’
Geometry optimizations and transition state (TS) calculations were carried out at ®B97X-D>° level of
theory in THF (SMD solvation model)®’ with Def2-SVP>7 basis set. Frequency calculations were
conducted at the same level of theory on the optimized geometries to check the all the stationary points
as either minima or transition states and to obtain zero-point energy (ZPE), thermal energy and Gibbs
free energy corrections at 298.15 K (1.0 atm). Intrinsic reaction coordinate (IRC) calculations were
carried out to confirm the transition state connecting the correct reactant and product on the potential
energy surface.

I choose 6-bromo-5-methylhexa-1,2-diene (1x) as a model substrate to describe the overall
reaction mechanism and the regio- and diastereoselectivity. In the calculations, PMes; and B(en) group

was used as a model catalyst system instead of (o-tol);P and B(pin) group, respectively.

3.5.1. Isomerization of allylcopper(I) intermediates

I conducted the DFT calculations on isomerization step of allylcopper(I) intermediates (Figure S2
and S3). I used electron energy (E) for the energy comparison because I encountered the transition
state with low frequency (25; cm™') on which the energy correction is not correct due to their high
anharmonicity. The relative energies based on cis-Is, which is the most stable intermediate, were
illustrated in Figure S2 and S3, and the activation energies of the isomerization were illustrated in
Figure S2. The highest energy barrier [13.2 kcal/mol (cis- I to cis-Ia via TS3)] was relatively high
for the isomerization at room temperature. But the isomerization could also occur via TS4 with the
second highest activation energy [11.6 kcal/mol (cis- I to trans-Ia via TS4)]. The barrier value is low

enough to pass over at room temperature.

BrWUL

+7.7

Me AN +2.1
— —

3.3 trans IB(en)
-l
B
Br cuL (2.6) " cuL
B(en) ~ B(en)
Me AAE (kcal/mol) Me
cis-lp Br trans-lp
(7.0) +13.2 +5.0 (6.6)
% Me N Pen ‘%’
+6.2 +11.6
LCu
cis-lg
(0.0)

Figure S2. Isomerization of allyl-copper(I) intermediates and the activation energies
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Figure S3. Energy diagram of isomerization steps of allylcopper(I) intermediates

3.5.2. Energy diagram of six-membered-ring formation pathway

I conducted the DFT calculations of six-membered-ring formation pathway for 4 (Fig. S2). cis-Is
is formed through borylcupration of 1x and isomerization of the allylcopper(l) intermediates 1. After
the formation of cuprate cis-IIs, oxidative addition is occurred to generate cupracycle cis-IIIs. The
activation energy of this step is 21.9 kcal/mol, which is larger than that of the pathway to produce
trans-3 (21.1 kcal/mol) and smaller than that of the pathway to produce cis-3 (22.1 kcal/mol). This
tendency is in good agreement with alkyl-group-substituted substrates (3g: 3/4 = 92:8, dr = 93:7, 3h:
3/4 = 73:27, dr = 91:9). Furthermore, this result implies that the seven-membered-ring formation is

kinetically more disfavored than five-membered-ring formation.
10.0

Br:
ey j\/\
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0.0 Me \'\\\
Me ¥ x
-10.0 ool / C'r, -Br LCu'-B(en)
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Figure S4. Energy diagram of six-membered-ring formation pathway
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IV~ Intermolecular Alkylboration of gem-Disubstituted Allenes for
Stereoselective Synthesis of Multi-Alkylated Allylic Boronates

4.1. Introduction

Allylic boronates have been recognized as essential building blocks in organic synthesis,*? as the
carbon—boron bond can be stereospecifically transformed into carbon—carbon and carbon—heteroatom
bonds at the y- or o-position.>!® Actually, these reactions are practically used in total syntheses of
natural products.'®?> Among the possible substitution patterns of multisubstituted allylic boronates,
2,3,3-all-carbon-trisubstituted allylic boronates that possess a stereodefined tetrasubstituted alkene
moiety are attractive precursors of contiguous and densely substituted sp?- and sp*-carbon skeletons
(Figure 1A). For example, the homoallylic alcohols bearing a quaternary carbon atom are obtained as
the y-coupling products via allylboration reaction of aldehydes. Also, the allylic functionalized
tetrasubstituted alkenes such as allylic amines and alcohols are obtained via oxidative 1,2-migration
of the boryl group. However, the stereoselective synthesis of sterically congested tetrasubstituted
alkene moiety in the trisubstituted allylic boronates, especially having four different substituents, is

highly challenging.

tetrasubstituted
alkene structure

LR c,)J% OH R? RS,

o1 : 1

Ry 5o J\/j\ \)\’NHB“ "N~ Boin)
R2

i R2 R' R2
2,3,3-all-carbon- homoallylic alcohols allylic amines homoallylic boronate
trisubstituted via allylboration via amination via homologation

allylic boronates

Figure 1. Allylic boronates as building blocks.

In 2002, the group of Hall first developed a regio- and stereoselective synthetic approach of
differentially 2,3,3-all-carbon-trisubstituted allylic boronates using a conjugate addition of
organocopper species to alkynyl esters and a succeeding reaction with a boron source (Figure 2A).%
Following this development, they developed the syntheses and applications of similar trisubstituted
allylic boronates.!>**?> In spite of the excellent regio- and stereoselectivities, and functional-group
tolerance, the electron-withdrawing group (EWGQG) in the substrate and a stoichiometric amount of
organocopper reagent are necessary in this reaction. Furthermore, the authors stated that this reaction
should be carried out at a cryogenic temperature for high stereoselectivity because the stereochemistry
of the alkenyl copper(I) species gets unstable above —30 °C.?* The groups of RajanBabu and Disier
independently reported the allylic boronates embedded in cyclopropene and -butenes (Figure 2B).2*%°
Despite these excellent pioneering studies, the structural variety of differentially 2,3,3-all-carbon-

trisubstituted allylic boronates still remains limited.*%>!
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A. Hall's synthesis of differentially 2,3,3-trisubstituted allylic boronates
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i+ indispensable electron-withdrawing group (EWG)
i+ stoichiometric amount of copper(l) reagent [(R2),CulLi]

B. Allylic boronates embedded in cyclopropene and -butenes

R R! R’
A Posm e
R? B(pin) R2 R?
Didier (2016) Didier (2016) RajanBabu (2019)

Figure 2. Previous works toward synthesis of differentially 2,3,3-all-carbon-trisubstituted allylic
boronates.

A copper(I)-catalyzed carboboration reaction of allenes is three-component coupling between
allenes, carbon electrophiles, and a boron source to potentially produce allylic and alkenyl boronates
(Figure 3A).3273% Thus reaction is an attractive research target because the regio- and stereodivergence
of the carbon—boron and carbon—carbon bonds formation reactions, which potentially provide various
alkenyl and allylic boronates. Up to date, most research groups have focused on the 2,1-borylcupration
of allenes and the synthesis of linear-type alkenyl boronates I and branched-type alkenyl boronates 11
(left arrow in Figure 3A, and Figure 3B). For these reactions, as allyl copper(I) intermediate generated
via the 2,1-borylcupration of the terminal double bond of allenes is the key intermediate for production
of the alkenyl boronates. The Tsuji, Hoveyda, Brown, and Liu groups independently reported the inter-
and intramolecular reactions for the synthesis of linear-type (Z)-alkenyl boronates 1% The other
several groups including I and co-workers also reported the preparation of the branched-type alkenyl

boronates IT.40-38
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A. Potential regiodivergence of carboboration reactions of allenes
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Figure 3. Carboboration reactions of allenes to access alkenyl and allylic boronates.

During my previous study on the intramolecular alkylboration of allenes, ** I got interested in the
regiodivergence of borylcupration of the allenes. I speculated that the multisubstituted allylic boronates
III might be synthesized via the alkenyl copper(I) intermediate generated by the 1,2-borylcupration of
the allene (right arrow in Figure 3A). The group of Ma has previously demonstrated the 1,2-
borylcupration of gem-dialkylallenes and the generation of alkenylcopper(I) species as a mechanistic

study on the protoboration reaction of allenyl silane substrates.’* However, the carboboration reaction
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that can furnish the differentially 2,3,3-all-carbon-trisubstituted allylic boronates III has not yet been
developed (Figure 3B). This reaction is supposed to be highly challenging from both aspect of
reactivity and selectivity. The efficient reactivity of the carbo-functionalization is necessary for
constructing sterically congested tetrasubstituted alkene moiety. Also, high chemoselectivity of the
boryl copper(I) species toward allenes rather than carbon electrophiles are required as well as high
regio- and stereoselectivity of the borylcupration of the allenes.

To deal with these issues of regio- and stereoselectivity, I planned to optimize the ligand for the
copper(I) catalyst such that steric congestion between the ligand and the small substituent (R) in the
substrate would be as small as possible, while the large substituent (RY) in the substrate would clash
with the ligand and the B(pin) group (Figure 4). The 1,2-borylcupration from the side of RS would
generate the desired stereoisomer of the alkenyl copper(I) intermediate, and the following alkylation
affords the allylic boronate I1I. Based on this catalyst design, I developed the copper(I)-catalyzed the
alkylboration reaction of gem-dialkylallenes for the synthesis of differentially 2,3,3-trialkylsubstituted
allylic boronates. The SIMes and Xantphos ligands, which have pocket-like structures, realize the high
regio- and stereoselectivities by recognizing the bulkiness of the two alkyl groups in the allene
substrates. Those structures are not found in the previous ligands producing alkenyl boronates I or 11
listed at the bottom-right in Figure 2C. A density functional theory (DFT)-based computational
mechanistic study revealed that the transition states of the m-coordination of the allenes moiety to
borylcopper(l) species is energetically comparable to that of the borylcupration step. These steps are

crucial for the high regio- and stereoselectivity.
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Figure 4. Carboboration reactions of allenes to access alkenyl and allylic boronates.

4.2. Results and discussion

The development of the carboboration reaction was started with cyclohexyl methyl allene (1a)
and alkyl halide (2a) as model substrates by applying the standard conditions described in Table 1. The
Xantphos ligand, which is a rigid and large-bite-angle bidentate phosphine ligand, furnished allylic
boronate 4aa with perfect regioselectivity but moderate E/Z selectivity (entry 1: 88%, E/Z = 60:40, 4:5
= >99:1). Using the backbone-flexible bisphosphines dppp or dppf gave the product with lower
regioselectivity (entry 2: 30%, E/Z = 70:30, 4:5 = 44:56; entry 3: 5%, 4:5 = 6:94). The use of
monophosphine PCys; resulted in production of a trace amount of the desired product (entry 4: 2%, 4:5
= 81:19), with generating the borylative substitution product of the alkyl halide 2a in a significantly
increased yield.®®* Then, N-heterocyclic carbene (NHC) ligands were examined with lower catalyst
loadings at lower reaction temperatures because the NHC ligands showed higher reactivity than
phosphine ligands. The backbone-saturated NHC SIMes afforded the product in high yield with high
selectivities (entry 5: 73%, E/Z = >95:5, 4:5 = 92:8). Contrary, the yield was dropped when the
backbone-unsaturated NHC IMes was employed, although the selectivities were high (entry 6: 55%,
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E/Z =>95:5, 4.5 = 94:6). The NHC ligand IAd, which has bulky adamantly groups, showed inverted
E/Z selectivity to generate (£)-4aa as the major product (entry 7: 71%, E/Z = 32:68, 4:5 = 98:2). Thus,
SIMes was chosen as the optimal ligand for the substrate 1a. Next, the solvent was screened in order
to explore the effect of solvent polarity on the reaction outcome. Although N,N-dimethylacetamide
(DMA), which is also a polar aprotic solvent as well as N,N-dimethylformamide (DMF), gave the
desired product in moderate yield, a significant amount of the corresponding protoboration product
was generated (entry 10: 48%, E/Z=>95:5,4:5=_85:15). The acetyl group in DMA could be the proton
source for the production of the protoboration product. The less polar aprotic solvents tetrahydrofuran
(THF) and acetonitrile (MeCN) gave the product in low yield (entry 8: 19%; entry 9: 13%). In contrast,
toluene and n-hexane as the non-polar solvents furnished trace amounts of the borylation products,
which is attributed to disfavor of polar Sn2-type reactions in less-polar solvents, i.e., the Sx2-type
oxidative addition of alkenyl copper(I) species to alkyl halides (entry 11: <1%; entry 12: 5%).
Accordingly, I chose DMF as the appropriate solvent of this reaction. When potassium methoxide
(KOMe) was tested as the base, the solution became jelly over the reaction to give a trace amount of
the borylation product (entry 13: 5%). Then, the reaction temperature was screened. The yield and
regioselectivity were improved when the reaction was performed at —5 °C (entry 14: 77%, E/Z=>95:5,
4:5=93:7). However, the yield was dropped at —10 °C, in spite that the regioselectivity was improved
(entry 15: 51%, E/Z =>95:5, 4:5 = 94:6). At lower concentrations, the regioselectivity was improved,
but the yield was decreased (entry 16: 68%, E/Z=>95:5, 4:5=95:5). Therefore, the conditions adopted
in entry 14 were chosen as the optimal reaction conditions (condition A) for the following substrate
scope investigation. Then, the reaction was applied to the bulkier model substrate 1b, which has a tert-
butyl group as R%. However, Conditions A did not show sufficient reactivity and selectivities (entry
17: 58%, 77:23 mixture of isomers). In contrast, Xantphos gave a high yield of the desired product
with perfect E/Z and regioselectivities (entry 18: 83%, E/Z = >95:5, 4:5 = >99:1). These high
selectivities of the borylcupration agrees with the mechanistic investigations reported by the Ma
group.”® Therefore, I selected the conditions applied in entry 18 as the optimized reaction conditions
for bulkier substrates (Conditions B).
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Table 1. Reaction optimization”

x mol % [Cu]

1”7 ""CF, 2a (2.0 equiv) CF,

Me 7  (pin)B-B(pin) (3) (1-2 equiv) _ _ e T(p'”) GFs
! : > Me ot Bpin) + Mes
R2 K(O-t-Bu) (1.2 equiv) 1 L,
DMF (0.5 M), temp., 24 h R2 R
1x (E)-4xa (E and/or Z)-5xa
_ yield of 4xa
T G T R B
(V]

1 la (Cy) CuCl/Xantphos (5) 30 none 88 (88) 60:40 >99:1
2 1a (Cy) CuCl/dppp (5) 30 none 30 (68) 70:30 44:56
3 la (Cy) CuCl/dppf (5) 30 none 5 (80) n.d. 6:94
4 1a (Cy) CuCl/PCys (5) 30 none 2(3) n.d. 81:19
5 1a (Cy) SIMesCuCl (2) 0 none 73 (79) >95:5 92:8
6 1a (Cy) IMesCuCl (2) 0 none 55 (58) >95:5 94:6
7 1a (Cy) TIAdCuCl (2) 0 none 71 (72) 32:68 98:2
8 1a (Cy) SIMesCuCl (2) 0 solvent: THF 19 (22) n.d. 87:13
9 1a (Cy) SIMesCuCl (2) 0 solvent: MeCN 13 (16) n.d. 84:16
10 1a (Cy) SIMesCuCl (2) 0 solvent: DMA 48 (56) >95:5 85:15
11 1a (Cy) SIMesCuCl (2) 0 solvent: toluene <1 (<1) n.d. n.d.
12 1a (Cy) SIMesCuCl (2) 0 solvent: n-hexane 5(8) n.d. 60:40
13 1a (Cy) SIMesCuCl (2) 0 base: KOMe 5(6) n.d. 79:21
14 1a (Cy) SIMesCuCl (2) =5 none 77 (83) >95:5 93:7
15 1a (Cy) SIMesCuCl (2) -10 none 51 (54) >95:5 94:6
16 1a (Cy) SIMesCuCl (2) 0 conc.: 0.25 M 68 (72) >95:5 95:5
17  1b (+-Bu) SIMesCuCl (2) =5 none 58%e 77:23 mixture of isomers’
18  1b (+-Bu) CuCl/Xantphos (5) 30 none 834 >95:5 >99:1

“Standard conditions: Cu(I) catalyst (0.025 mmol), 1x (0.5 mmol), 2a (1.0 mmol), 3 (0.6 mmol), and K(O-#-Bu) (0.6 mmol) in
DMF (1.0 mL). ?Yield values and 4xa/5xa selectivities were determined by GC analysis of the reaction mixture using an internal
standard. “Determined by *C NMR analysis of the roughly purified material. “Isolated yield. “Containing small amounts of
protoboration products of 1b and a boryl substitution product of 2a. Determined by '"H NMR analysis of the purified material.
The structure of minor isomer could not be identified.
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With the optimized reaction conditions in hand, the scope of allene and alkyl halide substrates
was investigated (Table 2). For the characterization of the reaction products, some of the borylation
products examined below were isolated after the boryl group was oxidized with reagents because the
desired borylation products were sometimes inseparable from the byproducts. For example, the
protoboration product of the allene and the borylative substitution product of the alkyl halide. The
alkylboration products of allene 1a were obtained in good yield with perfect £/Z and regioselectivity
[(E)-4aa, (E)-4ab, (E)-4ac, (E)-4ad: 49-66%, E/Z = >95:5, 4:5 = >95:5]. As a representative
borylation product produced under Conditions A, the stereochemistry of (£)-4aa was confirmed using
a NOESY experiment (for details, see the Supporting Information). In order to investigate the effect
of bulkiness of a sec-alkyl group R? in the allene, an acyclic sec-alkyl group was examined. Under
Conditions A, the reaction of allene substrate 1¢ resulted in complex mixture, while Conditions B
afforded the corresponding alkylboration product in high yield with high selectivities, which were not
affected by the length of the alkyl group in the halide substrate {(£)-4¢cb, (E)-4cc: 88—89%, E/Z =
88:12, 4:5 = >95:5}. Then, the substituent R! was investigated with n-propyl, n-octyl, and iso-butyl
groups as the prim-alkyl group. Although the yields were decreased slightly in the order of n-propyl >
n-octyl > iso-butyl group, the regio- and E/Z-selectivities were high [(£)-4db, (E)-4dc, (E)-4eb, (E)-
4ec, (E)-4fb, (E)-4fc: 50—87%, E/Z = 87:13—91:9, 4:5 =>95:5]. The catalyst bearing SIMes ligand is
able to recognize the bulkiness between o- and B-branched structure of alkyl groups R' and R?, as
found in (£)-4fb and (E)-4fc. Then, prim-alkyl tert-alkyl allenes were examined to afford the
corresponding products with high regio- and E/Z-selectivities [(E)-4ga, (E)-4ba, (E)-4ha, (E)-4hc:
64—92%, E/Z=>95:5, 4:5=>95:5]. As a representative borylation product produced under Conditions
B, the stereochemistry of (E)-4ga was confirmed by an X-ray analysis with the single-crylstal.
Moreover, even more challenging methyl prim-alkyl allene substrates were found to be applicable to
this reaction. The corresponding borylation products were obtained in moderate to good yield with
high E/Z- and regioselectivities [(E)-4ia, (E)-4ic, (E)-4ja, (E)-4jc: 46—64%, E/Z = 89:11-94:6, 4:5 =
>95:5]. However, the catalysts could not distinguish two prim-alkyl groups, i.e., an ethyl group vs a
benzyl group. The borylation product was obtained under Conditions B in good yield but with no E/Z-
selectivity [(E)-4ke: 67%, E/Z = 50:50, 4:5 = >95:5], while Conditions A resulted in a mixture of
isomers with low conversion of the substrate. It should be noted that the optimized conditions for the
gem-dialkylallenes (Conditions A and B) are not applicable to aryl-substituted allenes (for details, see
the Supporting Information).
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Table 2. Scope of Allene Substrate®><

Me
B(pin)

(E)-4aa, 66%"9
E/Z = >95:5, 4:5 = >95:5

Me
B(pin)

(E)-4ad, 63%"¢
E/Z = >95:5, 4:5 = >95:5

Me
R3
\/\:'p\[
Me

B(pin)

Ar = 4-Bu-Ph
R3 = Et: (E)-4eb, 82%°"
E/Z = 89:11, 4:5 = >95:5
R® = n-Pent: (E)-4ec, 50%°%¢
E/Z = 87:13, 4:5 = >95:5

Me
Me SN CF,
Me Me
B(pin)

(E)-4ba, 83%°
E/Z = >95:5, 4:5 = >95:5

Me
3
Ph\/\)\[R Me

B(pin)

R3 = (CH,);CF3: (E)-dia, 59%2%
E/Z = 89:11, 4:5 = >95:5
R® = n-Pent: (E)-dic, 52%"7
E/Z = 90:10, 4:5 = >95:5

{

Me

B(pin)

(E)-4ab, 62%?¢
E/Z = >95:5, 4:5 = >95:5

% 5

Me
R3
Ar X
M
¢ “B(pin)
Ar = 4-1Bu-Ph
R® = Et: (E)-4cb, 88%°%"
E/Z = 88:12, 4:5 = >95:5
R® = p-Pent: (E)-4cc, 89%°'
E/Z = 88:12, 4:5 = >95:5

Me

Me'
R3
Ar A
M
®  “B(pin)

Ar = 4-Bu-Ph
R® = Et: (E)-4fb, 79%°"
E/Z = 89:11, 4:5 = >95:5

R® = n-Pent: (E)-4fc, 76%°%"

E/Z=91:9, 45 =>955

3
Me \R

Mo Napin)

R3 = (CH,);CF;: (E)-4ha, 69%°"

E/Z = >95:5, 45 = >95:5
R3 = n-Pent: (E)-4hc, 92%°
E/Z = >95:5, 4:5 = >95:5

Me
R3

B(pin)

R3 = (CH,);CF3: (E)-4ja, 64%>7

E/Z=92:8, 45 =>955
R® = n-Pent: (E)-djc, 46%>¢
E/Z = 94:6,4:5 = 95:5

Me
Me

B(pin)

(E)-4ac, 49%> %
ElZ = >95:5, 4:5 = >95:5

Me
R3
Ar X
Mo Nppin)
Ar = 4-1Bu-Ph

R® = Et: (E)-4db, 87%°"
E/Z = 89:11, 4:5 = >95:5
R® = p-Pent: (E)-4dc, 87%°"
E/Z = 89:11, 45 = >95:5

CF,

B(pin)

(E)-4ga, 64%°9
E/Z = >95:5, 4:5 = >95:5

X-ray structure '

Me Me

Ph X

“B(pin)
no stereoselectivity

4kc, 67%°
E/Z = 50:50
4:5=>955

“Isolated yield of the borylation product unless otherwise noted. The E/Z values of 4 and the 4/5 selectivity were determined by 'H
NMR analysis after column chromatography unless otherwise noted. ?Conditions A: SIMesCuCl (0.01 mmol), 1x (0.5 mmol), 2y
(1.0 mmol), 3 (0.6 mmol), and K(O-#-Bu) (0.6 mmol) in DMF (1.0 mL) at =5 °C for 24 h. “Conditions B: CuCl (0.025 mmol),
Xantphos (0.025 mmol), 1x (0.5 mmol), 2y (1.0 mmol), 3 (0.6 mmol), and K(O-#-Bu) (0.6 mmol) in DMF (1.0 mL) at 30 °C for 24
h. 9Isolated yield after oxidation of the boryl group. ¢The reaction was performed at 30 °C. /The regio- and stereoselectivity was
determined by GC analysis after silica gel column chromatography. A small amount of byproduct, possibly the borylation product
of the alkyl iodide, was removed by selective oxidation. "The reaction was performed for 48 h. ‘The reaction was performed at 0 °C.

Subsequently, I investigated the substrate scope of alkyl halides 2 in this reaction (Table 3). As
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well as ethyl and n-pentyl groups which has already been examined above, the n-decyl group as a
longer alkyl chain was applicable as the R? substituent [(E)-4bb, (E)-4bc, (E)-4be: 75-88%, E/Z =
>95:5, 4:5=>95:5]. A B-branched alkyl iodide, iso-Butyl iodide, also showed high reactivity and afford
the borylation product in high yield with marginally dropped E/Z-selectivity [(E)-4bf: 81%, E/Z=91:9,
4:5 = >95:5]. For a benzyl group, benzyl bromide was chosen for the carbon electrophile instead of
unstable benzyl iodide. The corresponding product was obtained in good yield with high selectivities
[(E)-4bg: 55%, E/Z =>95:5, 4:5 = >95:5]. Then, some functionalized alkyl halides were employed.
Although, a methoxy group could be used in this reaction [(£)-4bh: 74%, E/Z =>95:5, 4:5 = >95:5],
the reaction of alkyl iodide containing a silyl ether group or a chloride group gave a mixture of the
desired product and unidentified byproducts [(£)-4bi, (E)-4bj: 44—51%, E/Z = >95:5, 4:5 = >95:5].
Furthermore, iodomethane 2k decomposed under the reaction conditions, probably via etherification
of the alkoxide base or direct borylative substitution of the alkyl iodide. Also, Phenethyl iodide 21
decomposed in the reaction, probably via B-elimination because styrene was detected in the crude
reaction mixture by GC-MS analysis. Besides, sec- and fert-alkyl halide substrate 2m and 2n were not
suitable for this reaction because of the lack of reactivity to alkenyl copper(l) intermediate in the Sn2-

type oxidative addition step.

Table 3. Scope of Alkyl Halide**¢

Me o ’L??./\Me :{\/\/Me
Me N
Me
Me B(pin) (E)-4bb, 75%° (E)-4bc, 83%°
P E/Z=>955,4:5=>955 FE/Z=>955, 45=>955
s ~
Y Me /\r S
Me
(E)-4be, 88%° (E)-4bf, 81%° (E)-4bg, 55%°/
E/Z=>955,45=>955  E/Z=91.9,45=>955 FE/Z=>955, 45 =>955
AN"SoMe 2N \AOTBS N
(E)-4bh, 74%° (E)-4bi, 44%°9 (E)-4bj, 51% %K

E/Z = >95:5, 4:5 = >95:5 E/Z =>95:5,4:5=>95:5 E/Z=>955, 4:5=>955

unsuitable halides

Me
|I—Me |\/\ /O
Ph M
| Br/l(M\e €

2k 2]
decomposition decomposition 2m 2n
of halide of halide complex mixture no reaction

“Isolated yield of the borylation product unless otherwise noted. The E/Z values of 4 and the 4/5
selectivity were determined by 'H NMR analysis after column chromatography unless otherwise
noted. ?Conditions A: SIMesCuCl (0.01 mmol), 1x (0.5 mmol), 2y (1.0 mmol), 3 (0.6 mmol), and
K(O-#-Bu) (0.6 mmol) in DMF (1.0 mL) at =5 °C for 24 h. “Conditions B: CuCl (0.025 mmol),
Xantphos (0.025 mmol), 1x (0.5 mmol), 2y (1.0 mmol), 3 (0.6 mmol), and K(O-#-Bu) (0.6 mmol) in
DMF (1.0 mL) at 30 °C for 24 h. ‘Benzylbromide was used instead of benzyliodide. “Isolated yield
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after oxidation of the boryl group. /The selectivity of C—C bond formation at iodide and chloride was
86:14.

To demonstrate the synthetic utility of the allylic boronates prepared via the above method,
derivatization reactions of the boryl group were carried out (Figure 5). First, a large-scale synthesis of
(E)-4hc was conducted. Similar to the sub-mmol scale reaction, the desired product was obtained in
high yield with perfect selectivities [(£)-4he: 88% (1.86 g), E/Z =>95:5, 4:5=>95:5; Figure 6A]. The
oxidation of the boryl group afforded the corresponding allylic alcohol in high yield [(Z)-6he 89%,
E/Z =>95:5; Figure 6B]. Also, the amination developed by Morken group furnished the allylic amine
in good yield [(Z)-7he: 46%, E/Z =>95:5; Figure 6B]. The Matteson homologation with CH,CIBr as
a mono-carbon source also successfully afforded the corresponding homoallylic boronate in high yield
with perfect stereospecificity [(£)-8he: 73%, E/Z =>95:5; Figure 6B].

5 mol % CuCl Me’
Z 5 mol % Xantphos

Me (pin)B—B(pin) (3) (1.2 equiv) 1%

+ |—n-Pent > B.
Me” | ~Me K(O-t-Bu) (1.2 equiv) Me = o

Me DMF (0.5 M), 30 °C, 24 h M
€ Me
Me

1h (6.0 mmol) 2c (2.0 equiv) (E)-4hc: 88% (1.86 g)

E/Z = >95:5, 4:5 = >95:5

Figure 5. Gram-scale synthesis of 2,3,3-trialkylsubstituted allylic boronates.

n-Bu
NaBO - -
aBO3 . £BUT X n-Pent (2) 6l_1c, 89%
THF/H,0 E/Z = >95:5
n-Bu OH
N -Pent n-Bu
t-Bu — HyNOMe, n-BuLi LB n-Pent  (2)-Thc, 46%
Bpin)  ]then. (Boc),0 EiZ =>95:5
(E)-4hc NHBoc
E/Z = >95:5 n-Bu
CH,CIBr, n-BuLi _ \\"Pent  (E)-8hc, 73%
T tBu EIZ =>955
B(oi
c-Bein)
H,

Figure 6. Derivatization reactions of 2,3,3-trialkylsubstituted allylic boronates.

I then performed allylboration reactions constructing sterically congested quaternary carbon
(Figure 7 and Table 4). The allylboration reaction of formaldehyde with allylic boronate (£)-4he under
heating afforded the homoallylic alcohol product in high yield (9a: 90%; Figure 7).% This product has
vicinal quaternary carbons, which are difficult to construct in general through C—C bond formation
reactions such as intermolecular aldol or Grignard reactions, owing to steric congestion.®®¢” Then,
Lewis-acid-mediated conditions for allylboration reaction allowed the reaction with aryl aldehydes
(Table 4).25%8% The allylboration with benzaldehyde and other aryl aldehydes afforded the product in
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high yield with perfect diastereoselectivity (9b, 9¢, 9d: 52—75%, dr = >95:5). I confirmed the
stereochemistry of allylboration product 9d using an X-ray analysis using the single-crystal (Figure 8).
Considering the relative configuration of the vicinal stereo-defined sp’-carbons in the product, the
transition state (TS) structure was estimated as shown in Figure 9. Substituent R* in the aldehyde
should be at the equatorial position in the TS for avoiding steric repulsion against R! and R? in the
allylic boronate.

Me Me Me,
Mes N (HCHO), (5 equiv) Me
Me > HO
Me 5-O. THF, 65°C,48h Me
|
O\IK Me Me
(E)-4hc 9a, 90%

Figure 7. Allylboration of formaldehyde.

Table 4. Allylboration of Aryl Aldehydes

3 .
N R RCHO (1.5 equw)_ OH R3
BF;+OEt, (1.0 equiv)
o) >
B DCM, —78 °C, 3 h R%
O Cy Me
(E)-4 9

E/Z = >95:5 dr = >95:5
M
OH CF; Br OH e OH Me
Cy Me E Cy Me OO Cy Me
9b, 75% 9c, 60% 9d, 52%

quaternary sp® carbon

Me HO H

OH A

T o

9d

\
\)

gem-disubstituted
alkene

Figure 8. X-ray structure of allylboration product 9d.
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o t
R3 (')J% R4”\H R';\H 9)§< OH R3
R%/B —_—> /J\%-//B\O > R4JY&
o

avoiding steric repulsion

Figure 9. Proposed diastereoselectivity-determining mechanism.

Also, I applied this alkylboration reaction to exo-cyclic allene substrates (Figure 10 and 11). The
simple exo-cyclic allene 11 was first chosen as the model substrate. The corresponding alkylboration
product was furnished in good yield with perfect regioselectivity under Conditions B (4la: 69%, 4:5 =
>95:5; Figure 10). Thus, the reaction was employed with a steroid-type substrate to furnish the products
in high yield with high regio- and stereoselectivity [(£)-4ma, (E)-4mb: 78—-90%, E/Z =>95:5, 4:5 =
>95:5; Figure 11A]. The stereochemistry of the borylation product (£)-4mb was confirmed by an X-
ray analysis using the single-crystal. The borylation product (E)-4ma was then applied to the
allylboration of formaldehyde to afford the homoallylic alcohol 9e, which has five contiguous
stereocenters, containing vicinal quaternary carbons, with perfect diastereoselectivity (9e: 84% dr =
>95:5; Figure 11B). The absolute stereochemistry of 9e was also determined by an X-ray analysis
using the single-crystal. These results demonstrated that this synthesis of multi-substituted allylic
boronates and the subsequent allylboration reaction are useful for the stereoselective construction of

stereo-congested structures.

Ph Ph
\@ 1. Conditions B
+ L N
. 1" CF; 2 NaBOg4H,0 CF;
S OH
11 2a (2.0 equiv) 4|a:4€.$59‘¥) S;tseps)

Figure 10. X-ray structure of allylboration product 9d.
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A. Alkylboration of a steroid substrate

Conditions B
B —

tetra-
v substituted

+ R® = (CH,);CF;: (E)-4ma, 90% alkene
|—R3 ElZ = >95:5, 4:5 = >95:5
) R® = Et: (E)-4mb, 78% : !
2y (2.0 equiv) E/Z = >95'5 4:5 = 5955 X-ray structure

B. Allylboration of a steroid substrate
CF3

vicinal quaternary
centers in five contiguous

(HCHO), stereogenic carbons
(5 equiv)
THF, 65 °C B
24 h
MeO
9e, 84% t :
dr = >95:5 N X-ray structure

Figure 11. X-ray structure of allylboration product 9d.

The proposed reaction mechanism based on the past studies on copper(I)- catalyzed carboboration
reactions using alkyl electrophiles is shown in Figure 6A.>**7%7! The on-cycle species, copper(])
alkoxide Intl, is formed in situ through the reaction between copper(l) salt and K(O-z-Bu). The boryl
copper(I) species Int2, which is the active species in copper(l) catalyst/diboron system for borylation
reactions, is generated through a 6-bond metathesis between Intl and the diboron reagent 3. Then, the
coordination and subsequent borylcupration of allene 1x with Int2 forms the alkenyl copper(I)
intermediate Int3. In general, a borylcupration of multiple bonds is highly exothermic and exergonic.
Therefore this step is assumed to be the regio- and stereoselectivity-determining step. The cuprate Int4
is then generated via alkoxide coordination to the copper(I) atom in Int3.7>"%* The nucleophilic cuprate
Int4 undergoes Sn2-type oxidative addition to the alkyl halide substrate 2y to form the
organocopper(Ill) intermediate IntS. Alternatively, this high-valent copper(Ill) could be a transition
state of the concerted alkylation mechanism.*’! Finally, reductive elimination from Int5 forms the C—

C bond to give the product 4xy with concomitant regeneration of copper(I) alkoxide Intl.
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rRT _d_ B(pin (pin)B-B(pin) (pin)B-OR
\T¢ o (pin) 3 R1
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reductive
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borylcupration
RO\ ,RS
i .
L/Cu\ ./B(IOIn) Sy2-type LCu'\ B(pin)
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Ri—% addition OR coordination R1—-/
R2 ‘}N L—- Cue B (pin) /
Int5
n K—l 1—R3 R1_</ Int3
2y R2
Int4

Figure 12. Proposed reaction mechanism.

To gain further insight into the selectivity-determining mechanism, I conducted DFT calculations
on the reaction paths from Int2 to Int3 (Figure 13). A simplified SIMes ligand, in which the 4-methyl
groups in the two mesityl groups are replaced with hydrogen atoms, and allene 1a were selected as the
model ligand and substrate for the calculations, respectively (for the case of Xantphos ligand and allene
1b, see the Supporting Information). The transition states of the borylcupration (TS2) on the four paths
to regio- and stereoisomers were located at 16-21 kcal/mol higher than the initial state EQ1, which
contains boryl copper(l) Int2 and the substrate 1a (EQ1: AG = 0.0 kcal/mol). During the calculation
of TS2, the transition states for the coordination of the terminal double bond of allene 1a to Int2 (TS1s)
were found to be energetically comparable to TS2s. Although activation barriers of coordination steps
are small in general and negligible in many cases, the relative energy profile calculated here suggests
that the coordination step can be the selectivity-determining step.***> Hence, 1 anticipated that the
substituents R! or R? can cause steric repulsion toward the boryl copper(I) species in the TS1 and TS2
in the case of gem-disubstituted allenes in contrast to the other multiple bonds because the substituents
are perpendicular to the terminal double bond where the borylcupration proceeds. For the path
producing the experimentally major isomer, (E)-4, the intermediate state EQ2*YF is higher than the
precursor state EQ1 in Gibbs free energy, while the product state, alkenyl copper(I) Int3*"£, is more
stable (EQ23ME: AG = 12.4 kcal/mol; Int33E: AG = —25.3 kcal/mol). Focused on the transition
states, TS2%ME for the borylcupration step is located at lower than TS1*¥!"£ for the coordination step
(TS1¥W-E: AGH = 17.0 kcal/mol; TS2¥WE: AG* = 16.4 kcal/mol). Therefore, once EQ2¥YF is
generated, this intermediate is converted to Int3* (the forward reaction) rather than EQ1 (the
reverse reaction). Therefore, the coordination step is presumed to be irreversible. However, the
difference in the energies between those two TSs (TS12¥Z and TS2YF) is not large, hence the reverse
reaction from EQ2*"£ to EQ1 could potentially proceed. Likewise, the energy profile suggested that

lallyl -Z

the reaction path for (Z)-4 is also irreversible, and thus TS is the selectivity-determining step in
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this path (TS1#™% AG* = 18.9 kcal/mol; EQ2¥Y?: AG = 13.0 kcal/mol; TS2W2: AGH = 16.5
kcal/mol; Int3*%: AG = —28.0 kcal/mol). By contrast, the reaction paths for the regioisomers (2)-
and (£)-5 have more unstable transition state of borylcupration than those for allylic boronates (E)-
and (Z)-4. In these paths, TS1 is located at lower than TS2 [for (2)-5; TS12*™!-Z: AG* = 16.0 kcal/mol,
EQ2¥k-Z: AG = 9.4 kcal/mol, TS2#kew!-Z: AGH = 20.1 kcal/mol, Int38* ™2 AG = —26.7 kcal/mol;
for (E)-5; TS18%-E: AGH = 14.7 keal/mol, EQ2¥*W: AG = 9.6 kcal/mol, TS24 W!E: AGH = 19 .4
kcal/mol, Int33*™!"E: AG =—-27.6 kcal/mol]. Because of the relatively low TS1#e™! and high TS22!e!,
the formation of intermediate EQ2¥*™"Z and EQ2¥**"Y"£ {5 reversible, and thus the transition states of
borylcupration (TS2%™!Z and TS23%W!-E) are the selectivity-determining steps of these paths. In brief,
the TSs of coordination (TS1*™"F and TS1%M%) are the selectivity-determining steps for the formation
of allylic boronates, whereas the TSs of borylcupration (TS22%™!Z and TS22*¥-E) are the selectivity-
determining steps for the formation of alkenyl boronates. Therefore, TS1?™'~ is kinetically the most

favorable for the formation of (£)-4, the major isomer of the product.

L

TS 2aIIyI-E

L

“ou'EP ol 6 cu' B(pin)
= _— -
Me\7¢. : Me—-</
TS1aly-E Cy Cy
AG*=17.0 EQ2alV-E Int3alv-E
AG=124 AG=-253
iz r\l/le TS2aly-z ‘/Me
TS13lv- AGt=16.5 Cy—
N L AGE=189  Cy” e g N—e
| L—Cu'-B(pin) X Cu - cu' B(pin)
| (L = SIMesmedel) | L~ (pin) V
E Int2 | EQ2aly-Z Int3aly-Z
; + : AG=13.0 AG=-28.0
i Me !
*——0__e i
i Cy i (pin)B\c I/L TS2alkenyl-Z /L
! 1a | \ 2! AGH=20.1 (pin)B, /Cu'
o EQ1 ——----- Rt Me\.&°=' N\ _.//'_'
AG =00 TS alkeny- | Me \
AGH=16.0 Cy Cy
EQZaIkenyI-Z |nt3alkenyI-Z
AG=94 AG =-26.7
TS1akenyl-£ Me TS2akenyl-£ Me
AGE=14.7 AGt=194 Cy—/
C - §¢=o \\_
y CE | A\ (pin)B/- .cu|
u
(PiN)B” L L
EQzaIkenyI-E |nt3alkenyI-E
AG =96 AG=-276
coordination boryl cupration

Figure 13. Gibbs free energy profiles of coordination (TS1) and borylcupration (TS2) of boryl
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copper(l) Int2 to allene 1a.

The thermochemical properties of the regio- and stereoselectivity-determining TSs were then
analyzed (Figure 14). The relative energies of thermochemical properties, Gibbs free energy (AAGY),
enthalpy (AAHY), and entropy {A(—TAS*)} were estimated as the relative values against those of the
TS1¥WE [AAGH = 0.00 kcal/mol, AAH* = 0.00 kcal/mol, A(—TAS*) = 0.00 kcal/mol; Figure 14-I]. The
TS13£ js more favorable than those of the other reaction paths in terms of both enthalpy and entropy.
The TS1?™Z affording the minor stereoisomer (Z)-4 is more disfavored than the major TS, which gives
an estimated stereoselectivity of £/Z = 97:3 [AAG* = 1.91 kcal/mol, AAH* = 1.08 kcal/mol, A(—TAS?)
= 0.83 kcal/mol; Figure 14-II]. The TSs for the minor regioisomers (TS2#W!Z and TS23ke!-E) a]50
have both higher enthalpies and entropies than those of the major TS [AAG* = 3.10 kcal/mol, AAH* =
1.93 kcal/mol, A(-TAS*) = 1.17 kcal/mol; Figure 14-I11, AAG* = 2.44 kcal/mol, AAH* = 1.20 kcal/mol,
A(—TAS*) = 1.24 kcal/mol; Figure 14-1V]. Considering these relative Gibbs free energies of the four
TSs, the regioselectivity is estimated to be 4:5 = 99:1. The estimated selectivities from DFT study
agree with the experimental selectivities (for 4aa: experimental E/Z = >95:5, 4:5 = 93:7; theoretical
E/Z=973,4:5=99:1).

“pocket” for B(pin)

steric
repulsion

,/ flexibility

(simplified)
TS1aWE TS1aly-Z
AAGt =0.00 AAGt=1.91
AAH*=0.00 AAH*=1.08
A(-TAS): = 0.00 A(-TAS): = 0.83
. V.

steric
repulsion

steric 1,3-allylic

repulsion ¢ -’\ strain
. cy

TS2alkenyl-Z Tszalkenyl-E
AAGt =3.10 AAGt=2.44
AAHF=1.93 AAH*=1.20

A(-TAS)F =1.17 A(-TAS)*=1.24
A . ElZ of 4aa = >95:5 . 1. ElZof 4ay =97:3
Experimental: 4aa/5aa = 93:7 Theoretical: 4ay/Say = 99:1

172



Figure 14. Transition-state structures of regio- and stereo-determining steps.

Finally, the TS structures of the selectivity-determining steps were analyzed (Figure 6C).
Considering the enthalpy and entropy terms in the relative Gibbs free energy of the TSs, the enthalpic
destabilization of the minor TSs is assumed to arise from steric repulsion, meanwhile the entropy effect
is attributable to the degree of structural flexibility. As for the major TS (TS1¥V'£), the methyl (Me)
and B(pin) group can be inclined into the pockets of the ligand for avoiding steric repulsion (Figure
6C-I). In contrast, the steric repulsion between the mesityl (Mes) group in the ligand and the cyclohexyl
(Cy) group in the allene substrate was found in the minor TS for the stereoisomer (TS1*%) to
contribute to the destabilization of the structure (Figure 6C-II). Also, in the minor transition states for
regioisomers (TS2¥*W!-Z and TS23%W!E) the steric repulsion between the substrate and the B(pin)
group exists, which would be contribute destabilization of the structures (Figure 6C-III and VI).
Furthermore, in TS24k  the increasing steric repulsion between the 1- and 3-positions of forming
allylic system, called 1,3-allylic strain, during the borylcupration causes additional destabilization of
the structure. On the other hand, I speculated that the entropic effect would arise from the flexibility
around the Cy group in the substrate. The rotation of the Cy group would not be interfered in TS1¥-
E because the Cy group is directed opposite to the catalyst (Figure 6C-I). In contrast, the rotation mode
of the Cy group was locked in TS1™Z and TS22kw¥E by the interactions between the Cy group and
the catalyst or B(pin) group, which cause entropic destabilization of those structures (Figure 6C-II and
IV). Also, the similar locking effect would be caused by the 1,3-allylic interaction in the minor
TS23keny-Z ajthough the Cy group is positioned far from the catalyst (Figure 6C-III).

To understand the ligand-controlled regioselectivity, the structure of steric-hindrance environment
formed by the ligands were visualized using a steric map and a newly defined “octant model” (Figure
15).36 The “octant model” was defined as follows: All directions, as the copper(I) atom is the center,
were cut into eight regions, from NNE to NNW clockwisely. Each region is colored using a five-step
intensity based on the degree of the steric hindrance. The SIMes and Xantphos ligands for the
production of allylic boronates have the pocket-like structure around the top (N) and bottom (S) regions
(Figure 16-I and II). The N region is assumed to be the pocket into which the small substituent RS (R')
group of allene substrate goes, while the S region is assumed to be the pocket into which the B(pin)
group inclines. Thus, those ligands showed high regio- and stereoselectivity producing (E)-allylic
boronates by averting the steric repulsion. Also, IMes and IAd were found to produce the allylic
boronate as the major product. As well as the SIMes and Xantphos ligands, the steric map and octant
model of those ligands showed existence of pocket-like structure around N and S regions. Contrary,
the dppp and dppf (vide infra) ligands have no pocket and show low regioselectivity for the allylic

boronate.
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Figure 16. Octant models and steric maps for SIMes and Xantphos ligand.

On the other hand, those pockets are presumed to be lacked in the ligands for production of
alkenyl boronates. To date, several ligands affording alkenyl boronates via carboboration of gem-
disubstituted allenes has been reported. The dppf ligand was reported to show high regioselectivity to
produce alkenyl boronates independently from the groups of Gagosz and Riant,*” and Liu** in 2017,
which is same as my results in the optimization study (Figure 17-I and Table 1, entry 3). This ligand
has steric hindrance around NNW and SSE regions. Thus, the steric repulsions against the RS and
B(pin) group would destabilize TS1*¥£, In 2016, IPr and L1 were used in the racemic and
enantioselective carboboration of gem-dialkylallenes with aldimines as the electrophile, which were
reported by the Procter group.*!*> The IPr ligand has large sterically hindered region around N and S
directions (Figure 17-II), thus the TS1¥™"£ should be destabilized. Contrary, the chiral NHC ligand
(L1) has pockets around N and S regions. However, two protruded hindrances around NW and SE,
which are the 1-naphthyl groups, might cause steric repulsion against the RS and B(pin) groups in
TS18E (Figure 17-11I). The alternative assumption is that the C> symmetric steric environment,
which is also found in the dppf ligand, stabilizes TS2%wZ and TS2ken-E Ag the result, the
corresponding alkenyl boronates were obtained instead of allylic boronates. The group of Fujihara and

Tsuji also reported carboboration reactions of gem-dialkylallenes using acyl electrophiles in 2017 and
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2018.4¢5% In their reactions, bulky DTBM-dppbz ligand was developed and found to realize high
regioselectivity for the production of the corresponding alkenyl boronates. The DTBM-dppbz ligand
has sterically hindered region around N side, which would also destabilize TS1*M* (Figure 17-IV).
Recently, the Hoveyda group developed the enantioselective carboboration reaction of allenes
containing gem-dialkylallenes using the DTBM-SEGPHOS and Josiphos ligands, which were also
showed high regioselectivity toward the alkenyl boronate.>” The DTBM-SEGPHOS has a similar steric
map against those of dppfand L1 (Figure 17-V), while the Josiphos ligand has a large steric hindrance
from SW to NE (Figure 17-VI). Thus, I speculated that the two pockets around the N region for the RS
group and the S region for the B(pin) group are necessary for realizing the regioselectivity for the 1,2-

borylcupration to produce the allylic boronates as the major product.
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Figure 17. Octant models and steric maps for ligands producing alkenyl boronate from gem-substituted

allenes via copper(I)-catalyzed carboboration reaction.

4.3. Conclusions

The development of a regio- and stereoselective intermolecular alkylboration of gem-
dialkylallenes were achieved via a challenging three-component coupling reaction between allenes,
alkyl halides, and a diboron reagent. The reaction afforded unprecedented multi-alkylated allylic
boronates, which possess a differentially tetrasubstituted alkene structure. The reaction with a wide
variety of gem-dialkylallenes having prim-, sec-, and fert-alkyl groups was demonstrated and furnished
the corresponding allylic boronate with high stereoselectivity, which was realized by SIMes and
Xantphos ligand with can differentiate the bulkiness of the alkyl groups substituted on the allene
substrate. Moreover, the allylboration reaction with aldehydes afforded the homoallylic alcohols

bearing quaternary carbon atoms with high diastereoselectivity.
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4.4. Experimental details

4.4.1. Instrumentation and Chemicals

Materials were obtained from commercial suppliers and purified by standard procedures unless
otherwise noted. Solvents were also purchased from commercial suppliers, degassed via three freeze-
pump-thaw cycles, and further dried over molecular sieves (MS 4A). NMR spectra were recorded on
JEOL JNM-ECX400P, INM-ECS400, and INM-ECA600 spectrometers (‘H: 400 or 600 MHz, *C:
100 MHz !'B: 126 MHz). Tetramethylsilane (‘H, § 0.00), CDCls (!3C, § 77.0) and BF3-OEt, (''B, §
0.00) were employed as the external standards, respectively. CuCl (224332-25G, >99%) and K(O-¢-
Bu) (659878-5G, 99.99%) were purchased from Sigma-Aldrich Co. and used as received. GLC
analyses were conducted with a Shimadzu GC-2014 or GC-2025 equipped with a ULBON HR-1 glass
capillary column (Shinwa Chemical Industries) and an FID detector. Recycle preparative gel
chromatography (GPC) was conducted with JAILC-9101 using CHCI3 as an eluent. High-resolution
mass spectra were recorded at the Global Facility Center, Hokkaido University and GC-MS & NMR
Lab., Faculty of Agriculture, Hokkaido University. Single crystal X-ray structural analysis was carried
out on a Rigaku XtaLAB PRO MMO007 diffractometer using graphite monochromated Mo-K, and Cu-
K, radiation. The structure was solved by direct methods and expanded using Fourier techniques. Non-
hydrogen atoms were refined anisotropically. Hydrogen atoms were refined using the riding model.
All calculations were performed using the Olex2 crystallographic software package except for

refinement, which was performed using SHELXL.%’

177



4.4.2. Substrate Preparation Procedure

All 1,1-di-substituted allenes (1a—1m) and an alkyl iodide 2h were prepared according to the
references and characterized as described below. Other alkyl iodides (2a-2g and 2i-2n) were
purchased from commercial suppliers (Tokyo Chemical Industry Co. and Sigma-Aldrich Co.).
Spectroscopic data of already known compounds (1a,%® 1b,*° 1g,°° 11,°! 1m,”® and 2h°?) were matched
with those reported.

4.4.2.1. General Procedure of gem-disubstituted allenes synthesis (GP1).”

R CuBr (0.1 equiv) R
[ + R?—MgBr
\/OTS THF, —60 °C, 4 h Rz&'\
s1 S2 1

In a vacuum-dried, round-bottomed flask, CuBr (0.1 equiv) and the corresponding propargyl
tosylate S1 (1.0 equiv) were dissolved in dry THF (0.5 M). After the solution was cooled to —60 °C,
the corresponding Grignard reagent S2 (1.1 equiv) was added dropwise over 1 h under a nitrogen
atmosphere. After stirred for 4 h at the same temperature, the reaction mixture was warmed up to 0 °C.
Then, it was quenched by saturated NH4Cl aqueous solution and extracted with Et2O three times. The
combined organic layer was then dried over MgSO4. After filtration, the solvent was removed by
evaporation. The crude mixture was purified by silica gel column chromatography (typically,
Et,O/hexane 0:100-5:95) to obtain the corresponding 1,1-di-substituted allene product 1.

4.4.2.2. General Procedure of gem-disubstituted allenes synthesis (GP2).”

AICl3 (0.75 equiv)
OH LiAlH, (2.25 equiv)

R1
R1‘J\ >
R2 Ny THF,0°Ct080°C,16h RZ’J\\

S3 1

In a vacuum-dried, round-bottomed flask equipped with a reflux condenser, AICIz (0.75 equiv)
was dissolved in dry THF (0.4 M against AICI3) under an argon atmosphere. After all, AICl; was
suspended, the mixture was cooled to 0 °C followed by a slow addition of a suspension of LiAlH4
(2.25 equiv) in THF (1.8 M against LiAlHg). After stirring for 15 minutes, the corresponding
propargylic alcohol S3 (1.0 equiv) was added as a solution in THF (1.6 M against propargylic alcohol).
The reaction mixture was heated to 80 °C and stirred for 16 h. It was cooled to 0 °C and quenched by
slow addition of H>O (1 mL), 1M NaOH aqueous solution (2 mL), and additional H>O (1 mL). The
precipitate was filtered with Et;O, and the crude material was purified by silica gel column
chromatography (typically, Et2O/hexane 0:100-5:95) to obtain the corresponding 1,1-di-substituted
allene product 1.
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4.4.2.3. Preparation of 1-iodo-3-methoxypropane (2h).”>**

PPh3 (1.5 equiv)
Imidazole (1.86 equiv)

HO” "OMe > 7 "0Me
15 (1.64 equiv)
s4 DCM, 1t, 2 h 2h
45% yield

In a vacuum-dried, round-bottomed flask, PPhs (3.93 g, 15.0 mmol, 1.5 equiv) and imidazole
(1.27 g, 18.6 mmol, 1.86 equiv) were dissolved in dry DCM (100 mL, 0.1 M) under a nitrogen
atmosphere at rt. I (4.16 g, 16.4 mmol, 1.64 equiv) was then added to the reaction mixture, followed
by addition of corresponding alcohol S4 (901 mg, 10 mmol, 1.0 equiv). After stirred for 2 h at rt, the
reaction mixture was quenched by saturated Na>S,03 aqueous solution and extracted with DCM three
times. The combined organic layer was washed with saturated NaHCO3 aqueous solution and brine,
then dried over MgSOg. After filtration, the solvent was removed by evaporation. The crude mixture
was purified by silica gel column chromatography (EtOAc/hexane 0:100-5:95) to obtain the
corresponding alkyl iodide 2h in 45% yield (902.8 mg, 4.5 mmol, colorless oil).

"HNMR (392 MHz, CDCl3, §): 1.99-2.11 (m, 2H), 3.21-3.31 (m, 2H), 3.31-3.38 (m, 3H), 3.39—
3.49 (m, 2H). *C NMR (99 MHz, CDCl3, §): 3.3 (CH>), 33.3 (CHz), 58.7 (CH3), 71.9 (CH,). HRMS-
EI (m/z): [M]" caled for C4HolO, 199.9698; found, 199.9701.
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4.4.3. Substrate Characterization

Buta-2,3-dien-2-ylcyclohexane (1a).%®

Me

o

1a

1a was prepared from corresponding propargyl tosylate (6.73 g, 30.0 mmol) according to the GP1.
The product 1a was obtained in 67% yield (2.73 g, 20.0 mmol, colorless oil).

"H NMR (392 MHz, CDCl3, 8): 1.03—-1.35 (m, 5H), 1.60-1.86 (m, 9H), 4.59 (quintet, J = 2.9 Hz,
2H). *C NMR (99 MHz, CDCls, 8): 17.1 (CH3), 26.3 (CHz>), 26.5 (CH>), 31.7 (CH>), 40.9 (CH), 74.4
(CH»), 103.5 (C), 205.6 (C). HRMS-EI (m/z): [M]" calcd for CioHis, 136.1252; found, 136.1253.

3,4,4-Trimethylpenta-1,2-diene (1b).*

Me

Me
Me X
Me

1b

1b was prepared from corresponding propargyl tosylate (6.73 g, 30.0 mmol) according to the GP1.
The product 1b was obtained in 37% yield (1.21 g, 11.0 mmol, colorless oil).

'H NMR (392 MHz, CDCl3, 8): 1.05 (s, 9H), 1.69 (t, J = 3.1 Hz, 3H), 4.54-4.60 (m, 2H). 1*C
NMR (99 MHz, CDCl3, 6): 14.8 (CH3), 28.9 (CH3), 32.6 (C), 74.2 (CH>), 107.2 (C), 205.2 (C). HRMS-
EI (m/z): [M]" calcd for CsHis, 110.1096; found, 110.1092.

1-(tert-Butyl)-4-(2,3-dimethylpenta-3,4-dien-1-yl)-benzene (1c).

Me

X
Me
tBu

1c

1¢ was prepared from corresponding propargyl tosylate (1.92 g, 5.00 mmol) according to the GP1.
The product 1¢ was obtained in 81% yield (922 mg, 4.04 mmol, colorless oil).

"H NMR (392 MHz, CDCl3, §): 0.98 (d, J = 6.7 Hz, 3H), 1.31 (s, 9H), 1.71 (t, J = 3.1 Hz, 3H),
2.18-2.28 (m, 1H), 2.36-2.44 (m, 1H), 2.79-2.86 (m, 1H), 4.56-4.62 (m, 2H), 7.06-7.11 (m, 2H),
7.24-7.31 (m, 2H). 3C NMR (99 MHz, CDCls, §): 17.1 (CH3), 18.7 (CH3), 31.4 (CH3), 34.3 (C), 38.7
(CH), 41.2 (CH»), 74.8 (CH»), 103.0 (C), 124.9 (CH), 128.7 (CH), 138.0 (C), 148.5 (C), 205.7 (C).
HRMS-EI (m/z): [M~Me]" caled for Ci6Hai1, 213.1643; found, 213.1643.
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1-(tert-Butyl)-4-(2-methyl-3-vinylidenehexyl)-benzene (1d).
Me

X
Me
tBu
1d

1d was prepared from corresponding propargyl tosylate (1.92 g, 5.00 mmol) according to the GP1.
The product 1d was obtained in 92% yield (1.18 g, 4.62 mmol, colorless oil).

"H NMR (392 MHz, CDCl3, §): 0.88 (t, J = 7.4 Hz, 3H), 0.98 (d, J = 6.7 Hz, 3H), 1.30 (s, 9H),
1.37-1.49 (m, 2H), 1.82-2.00 (m, 2H), 2.09-2.26 (m, 1H), 2.31-2.47 (m, 1H), 2.75-2.90 (m, 1H),
4.63-4.71 (m, 2H), 7.04-7.14 (m, 2H), 7.23-7.31 (m, 2H). 1*C NMR (99 MHz, CDCls, §): 13.9 (CH3),
19.1 (CH3), 20.9 (CH>), 31.4 (CH3), 32.9 (CH2), 34.3 (C), 38.0 (CH), 41.7 (CH»), 76.8 (CH2), 108.2
(0), 124.9 (CH), 128.8 (CH), 138.2 (C), 148.4 (C), 205.3 (C). HRMS-EI (m/z): [M-Me]" calcd for
CisHas, 241.1956; found, 241.1948.

1-(tert-Butyl)-4-(2-methyl-3-vinylideneundecyl)-benzene (1e).
Me

AN
Me
1e

tBu

1e was prepared from corresponding propargyl tosylate (1.15 g, 3.00 mmol) according to the GP1.
The product 1e was obtained in 75% yield (587 mg, 1.79 mmol, colorless oil).

"H NMR (392 MHz, CDCl3, 8): 0.88 (t, J= 6.9 Hz, 3H), 0.97 (d, J = 6.4 Hz, 3H), 1.19-1.48 (m,
12H), 1.31 (s, 9H), 1.86—-1.99 (m, 2H), 2.12-2.24 (m, 1H), 2.39 (dd, J=13.3, 8.7 Hz, 1H), 2.82 (dd, J
=13.3, 5.5 Hz, 1H), 4.66—4.70 (m, 2H), 7.05-7.11 (m, 2H), 7.24-7.31 (m, 2H). '*C NMR (99 MHz,
CDCls, 9): 14.1 (CH3), 19.1 (CH3), 22.7 (CH>), 27.6 (CH2), 29.3 (CH3), 29.4 (CH3), 29.5 (CH3), 30.7
(CH2), 31.4 (CH3), 31.9 (CH»), 34.3 (C), 37.9 (CH), 41.6 (CH»), 76.8 (CH>), 108.5 (C), 124.9 (CH),
128.8 (CH), 138.2 (C), 148.4 (C), 205.2 (C). HRMS-EI (m/z): [M-Me]" caled for C23Hss, 311.2739;
found, 311.2732.

1-(tert-Butyl)-4-(2,5-dimethyl-3-vinylidenehexyl)-benzene (1f).
Me

Me
X
Me

tBu
1f

1f was prepared from corresponding propargyl tosylate (1.15 g, 3.00 mmol) according to the GP1.
The product 1f was obtained in 83% yield (674 mg, 2.49 mmol, colorless oil).
'"H NMR (392 MHz, CDCls, 8): 0.85 (d, J = 6.4 Hz, 3H), 0.88 (d, J = 6.0 Hz, 3H), 0.97 (d, J =
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6.9 Hz, 3H), 1.31 (s, 9H), 1.65-1.78 (m, 1H), 1.79-1.86 (m, 2H), 2.09-2.20 (m, 1H), 2.39 (dd, J =
13.8, 8.7 Hz, 1H), 2.81 (dd, J = 13.3, 6.0 Hz, 1H), 4.65-4.71 (m, 2H), 7.05-7.12 (m, 2H), 7.24-7.31
(m, 2H). *C NMR (99 MHz, CDCls, §): 19.1 (CH3), 22.56 (CH3), 22.63 (CH3), 26.6 (CH), 31.4 (CH3),
34.3 (C), 37.9 (CH), 40.5 (CHa), 41.6 (CHa), 76.4 (CHa), 107.2 (C), 124.9 (CH), 128.8 (CH), 138.2
(C), 148.4 (C), 205.8 (C). HRMS-EI (m/z): [M-Me]" caled for C1oHa7, 255.2113; found, 255.2115.

1-(Buta-2,3-dien-2-yl)-adamantane (1g).*
Me

h

19
1g was prepared from corresponding propargylic (1.28 g, 6.28 mmol) alcohol according to the
GP2. The product 1g was obtained in 39% yield (456 mg, 2.42 mmol, colorless oil) via GPC
purification.
"H NMR (392 MHz, CDCls, §): 1.55-1.77 (m, 15H), 1.99 (s, 3H), 4.55-4.62 (m, 2H). '3*C NMR
(99 MHz, CDCls, 6): 13.4 (CH3), 28.8 (CH), 34.2 (C), 36.9 (CH»), 41.1 (CH>), 74.4 (CH), 107.6 (O),
205.7 (C). HRMS-EI (m/z): [M]" calcd for C14Hzo, 188.1565; found, 188.1565.

Me
ol
Me X

Me
1h

3-(tert-Butyl)-hepta-1,2-diene (1h).

1h was prepared from corresponding propargyl tosylate (7.13 g, 27.0 mmol) according to the GP1.
The product 1h was obtained in 69% yield (2.83 g, 18.6 mmol, colorless oil).

"H NMR (392 MHz, CDCls, 8): 0.91 (t, J = 7.3 Hz, 3H), 1.04 (s, 9H), 1.29-1.44 (m, 4H), 1.87—
1.95 (m, 2H), 4.68 (t, J = 5.9 Hz, 2H). *C NMR (99 MHz, CDCls, 8): 14.1 (CH3), 22.6 (CH>), 26.2
(CH>), 29.2 (CH3), 30.5 (CHz), 32.8 (C), 76.8 (CH>), 112.6 (C), 204.5 (C). HRMS-EI (m/z): [M-Me]"
caled for CioH17, 137.1330; found, 137.1329.

(4-Methylhexa-4,5-dien-1-yl)-benzene (1i).

A X

X
1i

1i was prepared from corresponding propargyl tosylate (6.36 g, 19.3 mmol) according to the GP1.
The product 1i was obtained in 76% yield (2.54 g, 14.7 mmol, colorless oil).

"HNMR (396 MHz, CDCl3, §): 1.68 (t,J=3.2 Hz, 3H), 1.76 (quintet, J = 7.4 Hz, 2H), 1.91-2.02
(m, 2H), 2.63 (t,J=7.7 Hz, 2H), 4.61 (sextet, J= 3.1 Hz, 2H), 7.13-7.22 (m, 3H), 7.24-7.32 (m, 2H).
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13C NMR (100 MHz, CDCls, 8): 18.8 (CHs), 29.2 (CHa), 32.8 (CHa), 35.4 (CH,), 74.2 (CHy), 98.1 (C),
125.6 (CH), 128.2 (CH), 128.5 (CH), 142.5 (C), 206.1 (C). HRMS-EI (m/z): [M]" caled for C13Hje,
172.1252; found, 172.1252.

3-Methylundeca-1,2-diene (1j).
Me

TN NPNPN

X
1j

1j was prepared from corresponding propargyl tosylate (3.36 g, 15.0 mmol) according to the GP1.
The product 1j was obtained in 80% yield (1.99 g, 12.0 mmol, colorless oil).

"H NMR (392 MHz, CDCl3, §): 0.88 (t,J= 6.7 Hz, 3H), 1.20-1.35 (m, 10H), 1.36-1.47 (m, 2H),
1.67 (t,J=3.1 Hz, 3H), 1.87-1.96 (m, 2H), 4.57 (sextet, J= 3.1 Hz, 2H). '3*C NMR (99 MHz, CDCls,
d): 14.1 (CHa3), 18.7 (CH3), 22.7 (CH2), 27.4 (CHz2), 29.28 (CH2), 29.31 (CH2), 29.5 (CH2), 31.9 (CH>),
33.5 (CH>), 73.7 (CH>), 98.5 (C), 206.1 (C). HRMS-EI (m/z): [M]" caled for Ci2Haz, 166.1722; found,
166.1723.

(2-Ethylbuta-2,3-dien-1-yl)benzene (1k).

QL
X
1k

1k was prepared from corresponding propargyl tosylate (6.91 g, 29.0 mmol) according to the GP1.
The product 1k was obtained in 9% yield (427 mg, 2.70 mmol, colorless oil) via GPC purification.

"H NMR (401 MHz, CDCls, §): 0.99 (t, J = 7.2 Hz, 3H), 1.85-1.95 (m, 2H), 3.31 (s, 2H), 4.66—
4.73 (m, 2H), 7.16-7.24 (m, 3H), 7.24-7.32 (m, 2H). '3C NMR (99 MHz, CDCls, §): 12.1 (CH3), 24.1
(CH>), 39.6 (CH»), 75.7 (CH2), 104.4 (C), 126.1 (CH), 128.2 (CH), 128.9 (CH), 139.8 (C), 206.4 (C).
HRMS-EI (m/z): [M]" calcd for C12H1s, 158.1096; found, 158.1091.

(4-Vinylidenecyclohexyl)benzene (11).”!

1l

11 was prepared from corresponding propargylic alcohol (1.60 g, 8.00 mmol) according to the
GP2. The product 11 was obtained in 19% yield (274 mg, 1.49 mmol, colorless oil) via GPC
purification.

"HNMR (392 MHz, CDCl3, §): 1.52-1.70 (m, 2H), 1.93-2.03 (m, 2H), 2.11-2.25 (m, 2H), 2.39—-
2.49 (m, 2H), 2.53-2.64 (m, 1H), 4.54-4.66 (m, 2H), 7.15-7.24 (m, 3H), 7.26-7.34 (m, 2H). *C NMR
(100 MHz, CDCl;, 6): 31.0 (CH»), 34.4 (CH>), 43.9 (CH), 72.9 (CH>), 100.0 (C), 126.0 (CH), 126.8
(CH), 128.4 (CH), 146.8 (C), 203.5 (C). HRMS-EI (m/z): [M]" calcd for CisHis, 184.1252; found,
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184.1251.

(8S5,95,135,145)-3-Methoxy-13-methyl-17-vinylidene-7,8,9,11,12,13,14,15,16,17-decahydro-6H-

cyclopenta[a]phenanthrene (1m).”

1m was prepared from corresponding propargylic alcohol (1.55 g, 5.00 mmol) according to the
GP2. The product 1m was obtained in 34% yield (505 mg, 1.72 mmol, white solid).

"H NMR (392 MHz, CDCl3, §): 0.90 (s, 3H), 1.18-1.65 (m, 6H), 1.74-2.01 (m, 3H), 2.14-2.51
(m, 3H), 2.53-2.68 (m, 1H), 2.78-2.97 (m, 2H), 3.78 (s, 3H), 4.66—4.79 (m, 2H), 6.63 (d, /= 2.7 Hz,
1H), 6.71 (dd, J = 8.4, 2.5 Hz, 1H), 7.22 (d, J = 8.6 Hz, 1H). *C NMR (99 MHz, CDCls, §): 18.4
(CHs3), 24.5 (CH2), 26.6 (CH>), 27.3 (CH>), 27.7 (CH2), 29.8 (CH2), 36.0 (CH>), 38.7 (CH), 43.9 (CH),
44.4 (C), 54.4 (CH), 55.2 (CH3), 76.8 (CH2), 111.4 (CH), 111.9 (O), 113.7 (CH), 126.3 (CH), 132.7
(O), 137.9 (O), 157.4 (C), 200.4 (C). HRMS-EI (m/z): [M]" calcd for C21H260, 294.1984; found,
294.1982.

184



4.4.4. General Borylation Procedure

4.4.4.1. Procedure for the copper(I)-catalyzed alkyl borylation of 1a (Optimized Conditions A
= GP3).

SIMesCuCl was prepared according to the literature.”> SIMesCuCl (4.1 mg, 0.010 mmol),
bis(pinacolato)diboron (3) (152.4 mg, 0.60 mmol), and K(O-z-Bu) (67.3 mg, 0.60 mmol) were placed
in an oven-dried reaction vial in an argon-filled glove box. After the vial was sealed with a screw cap
containing a Teflon™-coated rubber septum and taken from the glove box, dry DMF (1.0 mL) was
added to the vial through the rubber septum using a syringe. After stirred for 10 min, the reaction
mixture was cooled to —5 °C and stirred for 10 min. Then 1a (0.50 mmol) and 2a (1.0 mmol) were
added to the mixture. The reaction mixture was stirred at —5 °C for 24 h. The reaction monitoring and
regioselectivity determination were done by GC analysis. After the reaction was completed, the
reaction mixture was passed through a short silica gel column (@: 10 mm, the height of the silica-gel
column: 30 mm) eluting with EtoO/hexane (5/95). The crude material was purified by flash column
chromatography (SiOz, Et;O/hexane, 0:100-3:97) to give the corresponding allyl boronate (£)-4aa. In
order to remove an undesired boryl substitution product of the alkyl halide and protoboration product
of the allene for the further purification and the determination of the regio- and stereoselectivities, (E)-
4aa was treated with NaBO3+4H>0 as an oxidant for the boryl group in THF/H>O (1:1). The mixture
was stirred at room temperature overnight. After the reaction complete, the reaction mixture was
extracted with Et2O and dried over MgSOs. The solvents were removed under reduced pressure. The
crude material was purified by flash column chromatography (SiO2, EtOAc/hexane, 0:100—12:88) to
give the corresponding alcohol product (Z)-6aa as a colorless oil. Then, the regioselectivity and

stereoselectivity were determined by 'H and '*C NMR analysis.

4.4.4.2. Procedure for the copper(I)-catalyzed alkyl borylation of 1b (Optimized Conditions B
= GP4).

CuCl (2.5 mg, 0.025 mmol), Xantphos (14.5 mg, 0.025 mmol), bis(pinacolato)diboron (3) (152.4
mg, 0.60 mmol), and K(O-#-Bu) (67.3 mg, 0.60 mmol) were placed in an oven-dried reaction vial in
an argon-filled glove box. After the vial was sealed with a screw cap containing a Teflon™-coated
rubber septum and taken from the glove box, dry DMF (1.0 mL) was added to the vial through the
rubber septum using a syringe. After stirring for 10 min, 1b (0.50 mmol) and 2a (1.0 mmol) were
added to the mixture. The reaction mixture was stirred at 30 °C for 24 h. The reaction monitoring was
done by GC analysis. After the reaction was completed, the reaction mixture was passed through a
short silica gel column (@: 10 mm, the height of the silica-gel column: 30 mm) eluting with
Et,O/hexane (5/95). The crude material was purified by flash column chromatography (SiO»,
Et,O/hexane, 0:100-3:97) to give the corresponding allyl boronate (£)-4ba. Then, the regioselectivity

and stereoselectivity were determined by "H NMR analysis.
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4.4.5. Borylation Product Characterization

(£)-2-(1-Cyclohexylethylidene)-6,6,6-trifluorohexan-1-ol [(£)-6aa].

Me
Me
A CFs O)\(\/\
-0 o CF3
?
O\IK OH
(E)-4aa (2)-6aa

The reaction was conducted with 68.0 mg (0.499 mmol) of 1a according to the GP3. The
borylation product (E£)-4aa was obtained in 77% yield with E/Z = <5:95, 4:5 = >95:5 (determined by
GC and 'C NMR analysis). In order to remove an undesired boryl substitution product of the alkyl
halide and protoboration product of the allene for the further purification, the oxidation of the boryl
groups was performed. The product (2)-6aa was obtained in 66% yield with E/Z = <5:95, 4:5 =>95:5
(86.4 mg, 0.327 mmol, colorless oil).

'H NMR (392 MHz, CDCl3, §): 1.07-1.52 (m, 8H), 1.55-1.85 (m, 5H), 1.60 (s, 3H), 1.99-2.16
(m, 2H), 2.20 (t,J= 8.0 Hz, 2H), 2.46-2.63 (m, 1H), 4.14 (s, 2H). *C NMR (99 MHz, CDCls, 8): 13.5
(CHs), 20.8-21.2 (m, CH), 26.0 (CH»), 26.4 (CH>), 30.1 (CH2), 31.4 (CH»), 33.5 (q, J = 28.6 Hz,
CH»), 41.1 (CH), 61.1 (CH>), 127.2 (q, J = 277.6 Hz, C), 130.2 (C), 140.6 (C). HRMS-EI (m/z): [M]*
calcd for C14H23F30, 264.1701; found, 264.1700.

(E)-2-[2-(3,3-Dimethylbutan-2-ylidene)-6,6,6-trifluorohexyl]-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane [(E)-4ba].
Me

Br;z<
O
(E)-4ba

The reaction was conducted with 55.1 mg (0.500 mmol) of 1b according to the GP4. The product
(E)-4ba was obtained in 83% yield with E/Z =>95:5, 4:5 =>95:5 (144.0 mg, 0.413 mmol, colorless
oil).

"HNMR (396 MHz, CDCl3, §): 1.14 (s, 9H), 1.23 (s, 12H), 1.57-1.68 (m, 5H), 1.84 (s, 2H), 1.98—
2.12 (m, 4H). '*C NMR (100 MHz, CDCls, 8): 17.0 (CH3), 19.3-20.9 (m, CH> and br, B-CH>), 24.6
(CHs), 30.7 (CH3), 33.7 (q, J = 28.4 Hz, CH>»), 35.7 ((), 36.5 (CH>), 83.0 (), 127.3 (q, J =277.5 Hz,
0), 128.1 (C), 135.3 (C). "B NMR (126 MHz, CDCl3, 8): 33.0 (br, s). HRMS-EI (m/z): [M]" calcd for
C18H32“BF302, 348.2451; found, 348.2445.
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(£)-3-Cyclohexyl-2-ethylbut-2-en-1-o0l [(£)-6ab].
Me

Br;z< O)\CMG
(0] OH
(E)-4ab (2)-6ab

The reaction was conducted with 68.0 mg (0.499 mmol) of 1a according to the GP3. In order to
remove an undesired boryl substitution product of the alkyl halide and protoboration product of the
allene for the further purification and the determination of the regio- and stereoselectivities, the
oxidation of the boryl groups was performed. The product (Z)-6ab was obtained in 62% yield with E/Z
=<5:95, 4:5=>95:5 (56.5 mg, 0.310 mmol, colorless oil).

"H NMR (392 MHz, CDCl3, §): 0.97 (t,J = 7.6 Hz, 3H), 1.07-1.22 (m, 2H), 1.23-1.48 (m, 6H),
1.56 (s, 3H), 1.62-1.86 (m, 3H), 2.14 (q, J = 7.6 Hz, 2H), 2.48-2.61 (m, 1H), 4.13 (s, 2H). *C NMR
(99 MHz, CDCls, 9): 13.21 (CH3), 13.24 (CH3), 24.3 (CH»), 26.1 (CH»), 26.5 (CH2), 31.5 (CH>), 41.0

(CH), 61.2 (CH>), 133.2 (C), 138.9 (C). HRMS-EI (m/z): [M]" calcd for Ci12H20, 182.1671; found,
182.1673.

(£)-2-(1-Cyclohexylethylidene)-heptan-1-ol [(£)-6ac].

Me
X Me Me
Me
B’O O)\(\/\/
\
O\K OH
(E)-4ac (2)-6ac

The reaction was conducted with 68.0 mg (0.499 mmol) of 1a according to the GP3. In order to
remove an undesired boryl substitution product of the alkyl halide and protoboration product of the
allene for the further purification and the determination of the regio- and stereoselectivities, the
oxidation of the boryl groups was performed. The product (2)-6ac was obtained in 49% yield with E£/Z
=<5:95, 4:5 =>95:5 (55.2 mg, 0.246 mmol, colorless oil).

"H NMR (396 MHz, CDCls, 8): 0.89 (t,J= 7.0 Hz, 3H), 1.06-1.20 (m, 2H), 1.23-1.48 (m, 12H),
1.59 (s, 3H), 1.63-1.84 (m, 3H), 2.05-2.15 (m, 2H), 2.49-2.60 (m, 1H), 4.12 (s, 2H). 3*C NMR (100
MHz, CDCl3, 8): 13.5 (CH3), 14.1 (CH3), 22.6 (CH2), 26.1 (CH2), 26.5 (CH>), 28.6 (CH>), 31.4 (CH>),
31.5 (CH»), 32.0 (CH»), 41.1 (CH), 61.6 (CH>), 131.9 (C), 139.4 (C). HRMS-EI (m/z): [M]" calcd for
Ci5H280, 224.2140; found, 224.2138.
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(£)-2-(1-Cyclohexylethylidene)-5-phenylpentan-1-ol [(Z)-6ad].

Me
Me
X Ph
_0 X Ph
B\ O)\(\/\
O\IK OH
(E)-4ad (Z2)-6ad

The reaction was conducted with 68.1 mg (0.500 mmol) of 1a according to the GP3. In order to
remove an undesired boryl substitution product of the alkyl halide and protoboration product of the
allene for the further purification and the determination of the regio- and stereoselectivities, the
oxidation of the boryl groups was performed. The product (Z)-6ad was obtained in 63% yield with £/Z
=<5:95, 4:5 =>95:5 (86.3 mg, 0.317 mmol, colorless oil).

"H NMR (392 MHz, CDCl3, §): 1.06-1.47 (m, 8H), 1.55 (s, 3H), 1.61-1.80 (m, 5H), 2.12-2.20
(m, 2H), 2.48-2.57 (m, 1H), 2.58-2.66 (m, 2H), 4.11 (s, 2H), 7.12-7.20 (m, 3H), 7.22—7.29 (m, 2H).
3C NMR (99 MHz, CDCls, §): 13.5 (CHs), 26.1 (CH2), 26.5 (CH2), 30.7 (CH2), 31.1 (CHp), 31.5
(CH2), 36.0 (CH»), 41.1 (CH), 61.4 (CH»), 125.6 (CH), 128.2 (CH), 128.3 (CH), 131.4 ((), 139.7 (O),
142.4 (C). HRMS-EI (m/z): [M]" calcd for C19H230, 272.2140; found, 272.2139.

(E)-2-{5-[4-(tert-Butyl)phenyl]-2-ethyl-3,4-dimethylpent-2-en-1-yl}-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane [(E)-4cb].

tBu B

(E)-4cb

The reaction was conducted with 114.0 mg (0.499 mmol) of 1¢ according to the GP4. The product
(E)-4cb was obtained in 88% yield with E/Z = 88:12, 4:5 =>95:5 (169.3 mg, 0.440 mmol, colorless
oil).

"H NMR (392 MHz, CDCls, 8): 0.83-0.94 (m, 6H), 1.22 (s, 12H), 1.30 (s, 9H), 1.45-1.62 (m,
5H), 1.88-2.01 (m, 1H), 2.02-2.14 (m, 1H), 2.45 (dd, J=13.2, 8.8 Hz, 1H), 2.60 (dd, /= 13.0, 6.3 Hz,
1H), 2.79-2.88 (m, 1H), 7.06-7.14 (m, 2H), 7.22-7.28 (m, 2H). '*C NMR (99 MHz, CDCl3, §): 11.9
(CH3), 12.2 (CH3), 16.3 (br, B-CH>), 17.7 (CH3), 24.66 (CH3), 24.74 (CHs), 27.7 (CH2), 31.4 (CH»),
34.2 (C), 37.8 (CH), 40.7 (CH>), 82.8 (C), 124.6 (CH), 128.7 (CH), 129.6 (C), 129.9 (C), 138.6 (O),
148.0 (C). "B NMR (126 MHz, CDCls, §): 32.7 (br, s). HRMS-ESI (m/z): [M+Na]" calcd for
CasHa41'"BO2Na, 407.3096; found, 407.3095.
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(E)-2-(2-{4-|4-(tert-Butyl)phenyl]-3-methylbutan-2-ylidene} heptyl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane [(E)-4cc].

Me
X Me
tBu Me Q/\O,K
o]
(E)-4cc

The reaction was conducted with 114.0 mg (0.499 mmol) of 1¢ according to the GP4. The product
(E)-4cc was obtained in 89% yield with E/Z = 88:12, 4:5 =>95:5 (189.8 mg, 0.445 mmol, colorless
oil).

"H NMR (392 MHz, CDCls, §): 0.84-0.93 (m, 6H), 1.16-1.33 (m, 6H), 1.22 (s, 12 H), 1.29 (s,
9H), 1.45-1.62 (m, 5H), 1.86—-1.97 (m, 1H), 2.00-2.09 (m, 1H), 2.46 (dd, J = 13.5, 8.5 Hz, 1H), 2.60
(dd, J = 13.0, 6.3 Hz, 1H), 2.81-2.90 (m, 1H), 7.06-7.14 (m, 2H), 7.22-7.29 (m, 2H). 3C NMR (99
MHz, CDCl3, 3): 12.1 (CH3), 14.1 (CH3), 16.8 (br, B-CH>), 17.8 (CH3), 22.7 (CHz), 24.68 (CH3), 24.74
(CH3), 27.6 (CHy), 31.4 (CH3), 31.9 (CH»), 34.2 (C), 34.8 (CH>), 37.8 (CH), 40.8 (CH>), 82.8 (O),
124.6 (CH), 128.6 (C), 128.7 (CH), 130.1 (C), 138.6 (C), 148.0 (C). "B NMR (126 MHz, CDCls, §):
32.9 (br, s). HRMS-ESI (m/z): [M+Na]" calcd for C2sHa7!'BO2Na, 449.3566; found, 449.3565.

(E)-2-(3-{1-|4-(tert-Butyl)phenyl]propan-2-yl{-2-ethylhex-2-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane [(E)-4db].
Me

tBu B

(E)-4db

The reaction was conducted with 128.3 mg (0.500 mmol) of 1d according to the GP4. The product
(E)-4db was obtained in 87% yield with E/Z = 89:11, 4:5 = >95:5 (179.9 mg, 0.436 mmol, colorless
oil).

'"H NMR (396 MHz, CDCls, §8): 0.82-0.97 (m, 9H), 1.21 (s, 12H), 1.30 (s, 9H), 1.33-1.44 (m,
2H), 1.48-1.61 (m, 2H), 1.85-2.11 (m, 4H), 2.42 (dd, J=14.7, 7.9 Hz, 1H), 2.65 (dd, J=12.9, 5.7 Hz,
1H), 2.80-2.90 (m, 1H), 7.08-7.15 (m, 2H), 7.21-7.29 (m, 2H). '*C NMR (100 MHz, CDCls, §): 12.9
(CH3), 14.9 (CH3), 15.6 (br, B-CH>), 18.0 (CH3), 24.66 (CH3 and CH>), 24.70 (CH3), 27.1 (CH), 30.2
(CH2), 31.4 (CH3), 34.2 (C), 38.2 (CH), 41.4 (CH»), 82.7 (O), 124.6 (CH), 128.9 (CH), 130.9 (O),
135.0 (C), 138.7 (C), 148.0 (C). "B NMR (126 MHz, CDCls, 8): 32.7 (br, s). HRMS-ESI (m/z):
[M+Na]" calcd for C27Has''BO2Na, 435.3410; found, 435.3409.
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(E)-2-(2-{1-|4-(tert-Butyl)phenyl]-2-methylhexan-3-ylidene} heptyl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane [(EF)-4dc].

Me
Me

Bu Me qiszf:
(0]
(E)-4dc

The reaction was conducted with 128.4 mg (0.501 mmol) of 1d according to the GP4. The product
(E)-4dc was obtained in 87% yield with E/Z = 89:11, 4:5 =>95:5 (197.4 mg, 0.434 mmol, colorless
oil).

"HNMR (396 MHz, CDCls, §): 0.85-0.96 (m, 9H), 1.17-1.43 (m, 8H), 1.21 (s, 9H), 1.30 (s, 12H),
1.47-1.62 (m, 2H), 1.84-2.08 (m, 4H), 2.42 (dd, J=12.9,9.3 Hz, 1H), 2.65 (dd, J=13.1, 5.4 Hz, 1H),
2.80-2.94 (m, 1H), 7.07-7.15 (m, 2H), 7.22-7.31 (m, 2H). 3C NMR (100 MHz, CDCls, 8): 14.1 (CH3),
14.9 (CH3), 16.2 (br, B-CH>), 18.1 (CHs), 22.7 (CH2), 24.6 (CH2), 24.68 (CH3), 24.70 (CH3), 28.1
(CH2), 30.3 (CH), 31.4 (CH3), 32.2 (CH2), 34.2 (C), 34.4 (CH>), 38.2 (CH), 41.4 (CH>), 82.7 (O),
124.6 (CH), 128.9 (CH), 129.8 (C), 135.4 (C), 138.7 (C), 148.0 (C). "B NMR (126 MHz, CDCls, §):
33.3 (br, s). HRMS-ESI (m/z): [M+Na]" calcd for C3oHsi!!BO2Na, 477.3880; found, 477.3877.

(E)-2-(3-{1-|4-(tert-Butyl)phenyl]propan-2-yl}-2-ethylundec-2-en-1-yl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane [(E)-4eb].

Me
X Me
M
Bu © B\’O
(0]
(E)-4eb

The reaction was conducted with 212.0 mg (0.497 mmol) of 1e according to the GP4. The product
(E)-4eb was obtained in 82% yield with E/Z = 89:11, 4:5 =>95:5 (197.5 mg, 0.409 mmol, colorless
oil).

"H NMR (396 MHz, CDCl3, §): 0.82-0.96 (m, 9H), 1.16-1.41 (m, 12H), 1.21 (s, 12H), 1.30 (s,
9H), 1.49-1.60 (m, 2H), 1.85-2.12 (m, 4H), 2.42 (dd, J=13.1, 9.5 Hz, 1H), 2.65 (dd, /= 12.9, 5.7 Hz,
1H), 2.79-2.92 (m, 1H), 7.08-7.15 (m, 2H), 7.23-7.29 (m, 2H). '*C NMR (100 MHz, CDCls, §): 12.9
(CH3), 14.1 (CHa3), 15.7 (br, B-CH), 18.0 (CH3), 22.7 (CH2), 24.67 (CH3 and CH>), 24.70 (CH3), 27.1
(CH2), 27.9 (CH2), 29.4 (CH>), 29.5 (CH2), 30.6 (CH2), 31.5 (CH3), 31.9 (CH>), 34.2 (C), 38.2 (CH),
41.4 (CH»), 82.7 (C), 124.6 (CH), 128.9 (CH), 130.8 (C), 135.1 (C), 138.7 (C), 148.0 (C). "B NMR
(126 MHz, CDCl3, §): 32.6 (br, s). HRMS-EI (m/z): [M—Me]" calcd for C31Hs2!'BO,, 467.4066; found,
467.4063.
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(£)-3-{1-|4-(tert-Butyl)phenyl|propan-2-yl}-2-pentylundec-2-en-1-ol [(£)-6ec].

Me

Me

N Me

Me .0

tBu B
M
(\)\,5 Bu € OH

(E)-4ec (2)-6ec

The reaction was conducted with 213.2 mg (0.500 mmol) of 1e according to the GP4. In order to
remove an undesired boryl substitution product of the alkyl halide and protoboration product of the
allene for the further purification and the determination of the regio- and stereoselectivities, the
oxidation of the boryl groups was performed. The corresponding alcohol (£)-6ec was obtained in 50%
yield with E/Z = 87:13, 4:5 =>95:5 (103.8 mg, 0.250 mmol, colorless oil).

"H NMR (392 MHz, CDCls, §): —0.13 (dd, J = 8.3, 3.8 Hz, 1H), 0.83-0.98 (m, 6H), 1.07 (d, J =
7.2 Hz, 3H), 1.17-1.46 (m, 18H), 1.28 (s, 9H), 1.86-2.15 (m, 4H), 2.47-2.64 (m, 2H), 2.85-3.03 (m,
1H), 3.66 (dd, J=11.7, 8.5 Hz, 1H), 3.85 (dd, J=11.4, 3.8 Hz, 1H), 6.98-7.08 (m, 2H), 7.24-7.31 (m,
2H). 3C NMR (99 MHz, CDCls, §): 14.06 (CH3), 14.11 (CH3), 19.8 (CH3), 22.6 (CH>), 22.7 (CH>),
28.0 (CH2), 28.6 (CH2), 29.31 (CH>), 29.33 (CH>), 30.6 (CH2), 31.0 (CH>), 31.3 (CHs3), 31.4 (CH>),
31.9 (CH»), 32.3 (CH), 34.3 (C), 38.7 (CH), 41.7 (CH»), 61.1 (CH>), 124.9 (CH), 128.8 (CH), 134.7
(O), 138.2 (O), 140.3 (C), 148.8 (C). HRMS-EI (m/z): [M]" calcd for C29Hs00, 414.3862; found,
414.3853.

(E)-2-(3-{1-[4-(tert-Butyl)phenyl]propan-2-yl}-2-ethyl-5-methylhex-2-en-1-yl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane [(E)-4fb].

Me
Me
A Me
tBu Me B\»’O
O
(E)-4fb

The reaction was conducted with 135.3 mg (0.500 mmol) of 1f according to the GP4. The product
(E)-4fb was obtained in 79% yield with E/Z = 89:11, 4:5 = >95:5 (169.6 mg, 0.398 mmol, colorless
oil).

"H NMR (392 MHz, CDCl3, §): 0.85-0.98 (m, 12H), 1.22 (s, 12H), 1.30 (s, 9H), 1.63—1.72 (m,
2H), 1.76-1.88 (m, 1H), 1.89-2.19 (m, 4H), 2.44 (dd, /= 13.0, 9.9 Hz, 1H), 2.72 (dd, /= 13.0, 5.4 Hz,
1H), 2.76-2.88 (m, 1H), 7.10-7.15 (m, 2H), 7.23-7.30 (m, 2H). *C NMR (99 MHz, CDCls, §): 12.6
(CH3), 16.3 (br, B-CH>), 18.3 (CH3), 22.7 (CH3), 22.8 (CH3), 24.7 (CH3), 24.8 (CH3), 27.8 (CH>), 28.6
(CH), 31.4 (CH3), 34.2 (C), 37.3 (CH2), 38.5 (CH), 41.7 (CH»), 82.8 (C), 124.7 (CH), 128.8 (CH),
132.6 (C), 133.2 (C), 138.9 (C), 148.0 (C). "B NMR (126 MHz, CDCls, §): 32.9 (br, s). HRMS-ESI
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(m/z): [M+Na]" calcd for CosHa7''BO2Na, 449.3566; found, 449.3565.

(E)-2-(2-{1-|4-(tert-Butyl)phenyl]-2,5-dimethylhexan-3-ylidene} heptyl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane [(E)-4fc].

Me
Me
N Me
tBu Me Q/\OIK
(0]
(E)-4fc

The reaction was conducted with 135.0 mg (0.499 mmol) of 1f according to the GP4. The product
(E)-4fc was obtained in 76% yield with £/Z=91:9, 4:5=>95:5 (177.4 mg, 0.379 mmol, colorless oil).

"H NMR (392 MHz, CDCl3, §): 0.83-0.95 (m, 12H), 1.14-1.36 (m, 6H), 1.22 (s, 12H), 1.30 (s,
9H), 1.63—-1.73 (m, 2H), 1.76-1.86 (m, 1H), 1.89-2.15 (m, 4H), 2.44 (dd, /= 13.2, 9.6 Hz, 1H), 2.73
(dd, J=13.2, 5.2 Hz, 1H), 2.77-2.88 (m, 1H), 7.09—7.15 (m, 2H), 7.23-7.28 (m, 2H). '3C NMR (99
MHz, CDClIs, 9): 14.1 (CH3), 16.8 (br, B-CH>), 18.4 (CH3), 22.6 (CH3), 22.7 (CH2), 22.8 (CH3), 24.7
(CH3), 24.8 (CH3), 27.9 (CH>), 28.7 (CH), 31.4 (CH3), 32.2 (CH»), 34.2 (C), 35.1 (CH2), 37.4 (CH>),
38.5 (CH), 41.7 (CH>), 82.8 (C), 124.7 (CH), 128.8 (CH), 131.4 (C), 133.6 ((), 138.9 (C), 148.0 (C).
B NMR (126 MHz, CDCls, 8): 33.7 (br, s). HRMS-ESI (m/z): [M+Na]" calcd for C3;Hs3!'BONa,
491.4036; found, 491.4036.

2-{(E)-2-[1-(Adamantan-1-yl)ethylidene]-6,6,6-trifluorohexyl}-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane [(E)-4ga].

Me

X CFs
-0

B
|

O
(E)-4ga

The reaction was conducted with 94.1 mg (0.500 mmol) of 1g according to the GP4. Then, the
mixture of the product and byproducts was exposed to NaBO3+4H>0O (300 mg, 1.94 mmol) in THF (2.0
mL) and H>O (2.0 mL) at room temperature for 4 h. (E)-4ga was not oxidized under the conditions,
and the pure product (£)-4ga was obtained in 64% yield with E/Z = >95:5, 4:5 = >95:5 (135.6 mg,
0.318 mmol, white solid).

"H NMR (396 MHz, CDCls, §): 1.23 (s, 12H), 1.55-1.73 (m, 11H), 1.83-1.98 (m, 11H), 2.00—
2.16 (m, 4H). '*C NMR (100 MHz, CDCl;, §): 16.0 (CH3), 20.2 (B-CH, and CH_), 24.6 (CH3), 29.2
(CH), 33.6 (q, J = 28.4 Hz, CH>), 37.0 (CH>), 37.3 (CH>), 38.5 (C), 41.0 (CH>), 83.0 (), 127.3 (q, J
=277.5 Hz, C), 128.1 (C), 135.1 (C). "B NMR (126 MHz, CDCls, §): 32.9 (br, s). HRMS-EI (m/z):
[M]" caled for C2sHss''BF302, 426.2921; found, 426.2931.
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(E)-2-|3-(tert-Butyl)-2-(4,4,4-trifluorobutyl)hept-2-en-1-yl]-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane [(F)-4ha].

X CFs
o)

B

|
075
(E)-4ha

The reaction was conducted with 76.1 mg (0.500 mmol) of 1h according to the GP4. The product
(E)-4ha was obtained in 69% yield with E/Z =>95:5, 4:5 = >95:5 (134.1 mg, 0.344 mmol, colorless
oil).

'"H NMR (396 MHz, CDCl3, §): 0.91 (t, J = 7.1 Hz, 3H), 1.16 (s, 9H), 1.22 (s, 12H), 1.27-1.39
(m, 4H), 1.60-1.71 (m, 2H), 1.85 (s, 2H), 1.96-2.14 (m, 6H). *C NMR (100 MHz, CDCl;, §): 13.9
(CH3), 19.6 (br, B-CH>), 21.0 (CH), 23.3 (CH>), 24.6 (CH3), 31.0 (CH»), 31.4 (CH3), 33.7 (CH»), 33.8
(q,/=28.4 Hz, CH»), 35.5 (CH»), 35.7 (C), 83.0 (C), 127.3 (q, J=277.5 Hz, C), 129.1 (C), 140.1 (C).
1B NMR (126 MHz, CDCl3, §): 33.0 (br, s). HRMS-EI (m/z): [M]" caled for C21H3s'BF30;, 390.2921;
found, 390.2911.

(E)-2-|3-(tert-Butyl)-2-pentylhept-2-en-1-yl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane [(E)-4hc].
Me

Me

'%/O
sz<
(E)-4hc

The reaction was conducted with 76.1 mg (0.500 mmol) of 1h according to the GP4. The product
(E)-4hc was obtained in 92% yield with E/Z = >95:5, 4:5 = >95:5 (160.8 mg, 0.459 mmol, colorless
oil).

"H NMR (392 MHz, CDCls, 8): 0.83-0.96 (m, 6H), 1.09—1.44 (m, 10H), 1.16 (s, 9H), 1.22 (s,
12H), 1.86 (s, 2H), 1.92-2.08 (m, 4H). '*C NMR (99 MHz, CDCls, §): 14.0 (CH3), 14.1 (CH3), 19.7
(br, B-CH2), 22.7 (CH>), 23.3 (CH2), 24.7 (CH3), 28.6 (CH2), 30.9 (CH»), 31.4 (CH3), 32.5 (CH2), 33.9
(CH»), 35.4 (C), 36.8 (CH>), 82.8 (C), 130.9 (C), 138.4 (C). "B NMR (126 MHz, CDCl3, §): 33.1 (br,
s). HRMS-EI (m/z): [M]" caled for C22Haz'"BO2, 350.3360; found, 350.3358.
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(£)-3-Methyl-6-phenyl-2-(4,4,4-trifluorobutyl)hex-2-en-1-ol [(Z)-6ia].

Ph Me
A CF3
Ph N cF
I?’O 3
o OH

(E)-4ia (2)-6ia

The reaction was conducted with 86.1 mg (0.500 mmol) of 1i according to the GP3. In order to
remove an undesired boryl substitution product of the alkyl halide and protoboration product of the
allene for the further purification and the determination of the regio- and stereoselectivities, the
oxidation of the boryl groups was performed. The product (2)-6ia was obtained in 59% yield with E/Z
=11:89, 4:5 =>95:5 (87.9 mg, 0.293 mmol, colorless oil).

'"H NMR (396 MHz, CDCls, §): 1.18-1.35 (br-m, 1H), 1.52-1.81 (m, 7H), 1.91-2.32 (m, 6H),
2.59 (t, J = 7.7 Hz, 2H), 4.05 (s, 2H), 7.12-7.22 (m, 3H), 7.24-7.32 (m, 2H). *C NMR (100 MHz,
CDCls, 9): 18.3 (CH3), 20.9 (CH»), 29.5 (CH2), 30.5 (CH>), 33.5 (q, J = 28.4 Hz, CH>), 33.6 (CH>),
35.7 (CH), 61.3 (CH2), 125.8 (CH), 128.26 (CH), 128.28 (CH), 129.5 (q,J=274.7 Hz, C), 131.5 (O),
135.2 (0), 142.1 (C). HRMS-EI (m/z): [M]" calcd for Ci7H23F30, 300.1701; found, 300.1702.

(£)-2-(5-Phenylpentan-2-ylidene)heptan-1-ol [(£)-6ic].

(E)-dic (2)-6ic

The reaction was conducted with 86.2 mg (0.500 mmol) of 1i according to the GP3. In order to
remove an undesired boryl substitution product of the alkyl halide and protoboration product of the
allene for the further purification and the determination of the regio- and stereoselectivities, the
oxidation of the boryl groups was performed. The product (£)-6ic was obtained in 52% yield with E/Z
=10:90, 4:5 =>95:5 (67.5 mg, 0.259 mmol, colorless oil).

"H NMR (396 MHz, CDCls, §): 0.89 (t, J= 6.9 Hz, 3H), 1.13-1.45 (m, 7H), 1.61-1.78 (m, 2H),
1.69 (s, 3H), 2.01-2.23 (m, 4H), 2.58 (t, J = 7.7 Hz, 2H), 4.05 (s, 2H), 7.12-7.21 (m, 3H), 7.22-7.32
(m, 2H). *C NMR (100 MHz, CDCls, §): 14.1 (CH3), 18.2 (CH3), 22.6 (CH>), 28.5 (CHz), 30.6 (CH>),
30.7 (CH2), 32.0 (CH>), 33.7 (CH»), 35.7 (CH2), 61.7 (CH>), 125.7 (CH), 128.2 (CH), 133.3 (C), 133.8
(C), 142.3 (C). HRMS-EI (m/z): [M]" calcd for CisH2s0, 260.2140; found, 260.2141.
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(£)-3-Methyl-2-(4,4,4-trifluorobutyl)undec-2-en-1-ol [(£)-6ja].

Me
Me Me
X CF;
Me X CF
I%/O 3
0 OH

(E)-4ja (2)-6ja

The reaction was conducted with 83.1 mg (0.500 mmol) of 1j according to the GP3. In order to
remove an undesired boryl substitution product of the alkyl halide and protoboration product of the
allene for the further purification and the determination of the regio- and stereoselectivities, the
oxidation of the boryl groups was performed. The product (£2)-6ja was obtained in 64% yield with E/Z
=8:92, 4:5 =>95:5 (94.7 mg, 0.322 mmol, colorless oil).

"H NMR (392 MHz, CDCl3, 8): 0.88 (t,J= 6.7 Hz, 3H), 1.13-1.50 (m, 13H), 1.56-1.78 (m, 5H),
1.97-2.16 (m, 4H), 2.22 (t, J = 8.0 Hz, 2H), 4.12 (s, 2H). 1*C NMR (99 MHz, CDCls, §): 14.0 (CH3),
18.4 (CH3), 21.0 (CH), 22.6 (CH>), 29.0 (CH>), 29.2 (CH>), 29.5 (CH>), 29.6 (CH>»), 31.8 (CH>), 33.5
(q,J=28.6 Hz, CH»), 34.1 (CH>), 61.4 (CH»), 127.2 (q,J=277.6 Hz, (), 131.1 (C), 135.9 (C). HRMS-
EI (m/z): [M]" caled for C16H20F30, 294.2171; found, 294.2168.

(£)-3-Methyl-2-pentylundec-2-en-1-ol [(Z)-6jc].
Me

Me\/\/\/\)\(\/\/Me Ve Me Ve
0 OH
(E)-4jc (2)-6jc

The reaction was conducted with 83.3 mg (0.501 mmol) of 1j according to the GP3. In order to
remove an undesired boryl substitution product of the alkyl halide and protoboration product of the
allene for the further purification and the determination of the regio- and stereoselectivities, the
oxidation of the boryl groups was performed. The product (£)-6jc was obtained in 46% yield with E/Z
=6:94, 4:5 =>95:5 (58.9 mg, 0.231 mmol, colorless oil).

"H NMR (392 MHz, CDCl3, 8): 0.79-0.98 (m, 6H), 1.11-1.50 (m, 19H), 1.68 (s, 3H), 1.99-2.19
(m, 4H), 4.10 (s, 2H). *C NMR (99 MHz, CDCls, 8): 14.1 (CH3), 18.2 (CH3), 22.59 (CH>), 22.63
(CH), 28.6 (CH2), 29.0 (CH>), 29.3 (CH>), 29.5 (CH2), 29.6 (CH2), 30.8 (CH>), 31.8 (CH>), 32.0 (CH>),
34.1 (CHy), 61.8 (CH>), 132.8 (C), 134.4 (C). HRMS-EI (m/z): [M]" caled for Ci7H340, 254.2610;
found, 254.2605.
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2-(1-Phenylbutan-2-ylidene)heptan-1-ol [6kc].

4kc 6kc

The reaction was conducted with 79.1 mg (0.500 mmol) of 1k according to the GP4. In order to
remove an undesired boryl substitution product of the alkyl halide and protoboration product of the
allene for the further purification and the determination of the regio- and stereoselectivities, the
oxidation of the boryl groups was performed. The corresponding alcohol product 6ke was obtained in
67% yield with E/Z = 50:50, 4:5 =>95:5 (82.5 mg, 0.335 mmol, colorless oil).

"H NMR (392 MHz, CDCl3, §): 0.80—1.04 (m, 6H), 1.17-1.63 (m, 7H), 1.96-2.10 (m, 2H), 2.14—
2.31 (m, 2H), 3.44 and 3.50 (s, 2H, isomers), 4.18 (d, J = 5.9 Hz, 2H), 7.09-7.21 (m, 3H), 7.21-7.30
(m, 2H). 1*C NMR (99 MHz, CDCl3, §): 13.2 and 14.0 (CHs3, isomers), 14.1 and 14.2 (CH3, isomers),
22.5 and 22.6 (CHz, isomers), 24.3 and 24.8 (CHa, isomers), 28.9 and 29.0 (CHa, isomers), 30.3 and
30.7 (CHz, isomers), 32.1 and 32.2 (CHa, isomers), 36.4 and 36.8 (CH_, isomers), 61.5 and 62.0 (CHz,
isomers), 125.8 (CH), 128.2 and 128.3 (CH, isomers), 128.3 and 128.5 (CH, isomers), 134.6 and 134.7
(C, isomers), 137.8 and 138.1 (C, isomers), 140.2 and 140.6 (C, isomers). HRMS-EI (m/z): [M]" calcd
for C17H260, 246.1984; found, 246.1983.

(E)-2-(2-Ethyl-3,4,4-trimethylpent-2-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane [(E)-4bb].
Me

X Me
/O

X
(E)-4bb

The reaction was conducted with 55.1 mg (0.500 mmol) of 1b according to the GP4. The product
(E)-4bb was obtained in 75% yield with E/Z = >95:5, 4:5 = >95:5 (99.5 mg, 0.374 mmol, colorless
oil).

"HNMR (392 MHz, CDCls, §): 0.93 (t, J= 7.4 Hz, 3H), 1.13 (s, 9H), 1.23 (s, 12H), 1.63 (s, 3H),
1.83 (s, 2H), 2.01 (q, J= 7.5 Hz, 2H). '3C NMR (99 MHz, CDCl3, §): 12.3 (CH3), 16.6 (CH3), 19.4 (br,
B-CH,), 24.7 (CH3), 30.4 (CH>), 30.7 (CH3), 35.6 (C), 82.9 (C), 130.8 (C), 133.3 (C). ''B NMR (126
MHz, CDCls, 8): 33.1 (br, s). HRMS-EI (m/z): [M]" caled for C16H31!'BO2, 266.2420; found, 266.2419.
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(E)-2-[2-(3,3-Dimethylbutan-2-ylidene)heptyl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane [(E)-

4bc].
Me

h)\(\/\ﬂ"e
Eé’;z<
(0]
(E)-4bc
The reaction was conducted with 55.3 mg (0.502 mmol) of 1b according to the GP4. The product
(E)-4bc was obtained in 83% yield with E/Z = >95:5, 4:5 = >95:5 (128.3 mg, 0.416 mmol, colorless
oil).
"H NMR (396 MHz, CDCl3, §): 0.89 (t, J= 6.9 Hz, 3H), 1.13 (s, 9H), 1.19-1.41 (m, 6H), 1.23 (s,
12H), 1.62 (s, 3H), 1.84 (s, 2H), 1.93-2.01 (m, 2H). 3C NMR (100 MHz, CDCls, §): 14.1 (CH3), 16.9
(CHs3), 20.0 (br, B-CH>), 22.7 (CH>), 24.7 (CHs), 27.8 (CH2), 30.7 (CH3), 32.3 (CH»), 35.6 (C), 37.7

(CHz), 82.9 (C), 129.7 (C), 133.6 (C). ''B NMR (126 MHz, CDCls, §): 33.1 (br, s). HRMS-EI (m/z):
[M] caled for C19H37''BO2, 308.2890; found, 308.2886.

(E)-2-[2-(3,3-Dimethylbutan-2-ylidene)dodecyl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane  [(E)-
4be].
Me

>‘)\(\/\/\/\/\Me
E.*’;f
0]
(E)-4be
The reaction was conducted with 55.0 mg (0.499 mmol) of 1b according to the GP4. The product
(E)-4be was obtained in 88% yield with E/Z = >95:5, 4:5 = >95:5 (166.9 mg, 0.441 mmol, colorless
oil).
"H NMR (392 MHz, CDCls, §): 0.88 (t, J= 7.1 Hz, 3H), 1.13 (s, 9H), 1.18-1.44 (m, 16H), 1.23
(s, 12H), 1.62 (s, 3H), 1.83 (s, 2H), 1.96 (t,J = 7.8 Hz, 2H). 3C NMR (99 MHz, CDCl5, §): 14.1 (CHs),
16.9 (CHs3), 20.0 (br, B-CH>), 22.7 (CH>), 24.7 (CH3), 28.1 (CH2), 29.3 (CH>), 29.6 (CH>), 29.7 (CH>),

30.0 (CH»), 30.7 (CH3), 31.9 (CH>), 35.6 (C), 37.7 (C), 82.9 (C), 129.7 (C), 133.6 (C). "B NMR (126
MHz, CDCls, 8): 33.3 (br, s). HRMS-EI (m/z): [M]" calcd for C24Ha7''"BO2, 378.3674; found, 378.3666.

197



(E)-2-(2-Isobutyl-3,4,4-trimethylpent-2-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane  [(E)-
4bf].

(E)-4bf
The reaction was conducted with 55.2 mg (0.501 mmol) of 1b according to the GP4. The product
(E)-4bf was obtained in 81% yield with £E/Z=91:9, 4:5=>95:5 (119.7 mg, 0.406 mmol, colorless oil).
"H NMR (392 MHz, CDCls, §): 0.86 (d, J= 6.3 Hz, 6H), 1.15 (s, 9H), 1.23 (s, 12H), 1.64 (s, 3H),
1.69-1.83 (m, 1H), 1.87 (s, 2H), 1.95 (d, J = 7.4 Hz, 2H). >*C NMR (99 MHz, CDCls, §): 17.6 (CH3),
20.3 (br, B-CH>), 22.5 (CH3), 24.7 (CH3), 27.6 (CH), 30.9 (CH3), 35.8 (), 45.8 (CH>), 82.8 (C), 128.8
(C), 134.8 (C). "B NMR (126 MHz, CDCls, §): 33.1 (br, s). HRMS-EI (m/z): [M]" caled for
CisH3s!'BO2, 294.2733; found, 294.2732.

(E)-2-(2-Benzyl-3,4,4-trimethylpent-2-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane [(E)-
4bg].

(E)-4bg

The reaction was conducted with 55.0 mg (0.500 mmol) of 1b according to the GP4. The product
(E)-4bg was obtained in 55% yield with E/Z = >95:5, 4:5 = >95:5 (90.3 mg, 0.275 mmol, colorless
oil).

'"H NMR (399 MHz, CDCls, §): 1.21 (s, 9H), 1.22 (s, 12H), 1.69 (s, 3H), 1.81 (s, 2H), 3.46 (s,
2H), 7.10-7.18 (m, 3H), 7.23-7.28 (m, 2H). 3*C NMR (100 MHz, CDCls, §): 17.7 (CH3), 20.2 (br, B—
CH»), 24.7 (CHs), 30.7 (CH3), 35.8 (C), 42.2 (CH>), 82.9 (C), 125.5 (CH), 127.5 (C), 128.2 (CH),
128.2 (CH), 136.6 (C), 140.7 (C). "B NMR (126 MHz, CDCls, §): 32.9 (br, s). HRMS-EI (m/z): [M]"
caled for C21Hs3'"BO», 328.2577; found, 328.2578.
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(E)-2-[2-(3-Methoxypropyl)-3,4,4-trimethylpent-2-en-1-yl]-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane [(E)-4bh].

Me
M
SN OMe
Me Me o
B|/
(6]
(E)-4bh

The reaction was conducted with 55.1 mg (0.500 mmol) of 1b according to the GP4. The product
(E)-4bh was obtained in 74% yield with E/Z =>95:5, 4:5 =>95:5 (114.8 mg, 0.370 mmol, colorless
oil).

"H NMR (392 MHz, CDCl3, §): 1.13 (s, 9H), 1.23 (s, 12H), 1.57-1.71 (m, 2H), 1.63 (s, 3H), 1.83
(s, 2H), 2.05 (t, J = 7.8 Hz, 2H), 3.32 (s, 3H), 3.35 (t, J = 6.5 Hz, 2H). '3C NMR (99 MHz, CDCl3, d):
16.8 (CH3), 19.9 (br, B-CH»), 24.6 (CH3), 27.9 (CH2), 30.7 (CH3), 33.7 (CH2), 35.6 (C), 58.3 (CH3),
72.7 (CHz), 82.9 (C), 128.7 (C), 134.3 (C). 'B NMR (126 MHz, CDCl;, §): 33.1 (br, s). HRMS-ESI
(m/z): [M+Na]" calcd for C1sH3s'"BOsNa, 333.2575; found, 333.2569.

(£)-6-|(tert-Butyldimethylsilyl)oxy]-2-(3,3-dimethylbutan-2-ylidene)hexan-1-ol [(£)-6bi].

Me
M O« J<
>SN Si

Me
Me Me o / \ Meh)\[\/\/o\Sik
B Me” Ve 7\
OH

(E)-4bi (2)-6bi

The reaction was conducted with 55.3 mg (0.502 mmol) of 1b according to the GP4. In order to
remove an undesired boryl substitution product of the alkyl halide and protoboration product of the
allene for the further purification and the determination of the regio- and stereoselectivities, the
oxidation of the boryl groups was performed. The corresponding alcohol product (Z)-6bi was obtained
in 44% yield with E/Z = <5:95, 4:5 =>95:5 (69.6 mg, 0.221 mmol, colorless oil).

"H NMR (396 MHz, CDCls, §): 0.05 (s, 6H), 0.89 (s, 9H), 1.18 (s, 9H), 1.35-1.47 (m, 2H), 1.48—
1.62 (m, 3H), 1.68 (s, 3H), 2.13 (t,J = 8.1 Hz, 2H), 3.62 (t, /= 6.3 Hz, 2H), 4.23 (d, /= 5.9 Hz, 2H).
3C NMR (99 MHz, CDCls, 8): —5.3 (CH3), 17.1 (CH3), 18.3 (C), 25.0 (CHa), 25.9 (CH3), 31.7 (CHs),
32.88 (CH2), 32.95 (CH2), 36.0 (C), 62.5 (CH»), 63.0 (CH2), 133.1 (C), 142.1 (C). HRMS-EI (m/z):
[M —Bu]" caled for C14H290:8Si, 257.1937; found, 257.1938.
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(£)-2-(3-Chloropropyl)-3.4,4-trimethylpent-2-en-1-ol [(£)-6bj].

Me
M Me
¢ Me 0 X Cl
B\ Me Me
o OH
(E)-4bj (Z2)-6bj

The reaction was conducted with 55.1 mg (0.500 mmol) of 1b according to the GP4. In order to
remove an undesired boryl substitution product of the alkyl halide and protoboration product of the
allene for the further purification and the determination of the regio- and stereoselectivities, the
oxidation of the boryl groups was performed. The corresponding alcohol product (Z)-6bj was obtained
in 51% yield with E/Z = <5:95, 4:5 = >95:5 (52.3 mg, 0.255 mmol, colorless oil). The selectivity of
C—C bond formation at chloride and iodate was 86:14 (determined by '"H NMR analysis).

'"H NMR (396 MHz, CDCl3, §): 1.19 (s, 9H), 1.30 (br-s, 1H), 1.71 (s, 3H), 1.79-1.98 (m, 2H),
2.19-2.35 (m, 2H), 3.54 (t, J = 6.5 Hz, 2H), 4.25 (s, 2H). *C NMR (100 MHz, CDCls3, §): 17.2 (CH3),
30.5 (CH»), 31.7 (CH3), 31.9 (CH>»), 36.1 (C), 45.2 (CH>), 62.6 (CH>), 131.6 (C), 143.2 (C). HRMS-
EI (m/z): [M]" caled for C11H2:Cl10, 204.1281; found, 204.128]1.

6,6,6-Trifluoro-2-(4-phenylcyclohexylidene)hexan-1-ol (61a).
Ph
Ph
X CF3
-0 A CF,4

; 7z<
0] OH
4la 6la

The reaction was conducted with 92.1 mg (0.500 mmol) of 11 according to the GP4. In order to
remove an undesired boryl substitution product of the alkyl halide and protoboration product of the
allene for the further purification and the determination of the regio- and stereoselectivities, the
oxidation of the boryl groups was performed. The corresponding alcohol product 6la was obtained in
69% yield with 4:5 =>95:5 (107.3 mg, 0.343 mmol, colorless oil).

"HNMR (392 MHz, CDCl3, §): 1.05-1.20 (m, 1H), 1.41-1.60 (m, 2H), 1.62—1.74 (m, 2H), 1.91—
2.18 (m, 6H), 2.28 (t, J = 8.1 Hz, 2H), 2.68-2.80 (m, 2H), 2.84-2.93 (m, 1H), 4.144.24 (m, 2H),
7.16-7.23 (m, 3H), 7.25-7.33 (m, 2H). 3C NMR (99 MHz, CDCls, §): 21.7 (CHz), 29.5 (CH>), 30.1
(CH2), 30.3 (CH2), 33.5 (q, J = 28.6 Hz, CH»), 35.4 (CH), 35.6 (CH>), 44.5 (CH), 61.6 (CH>), 126.0
(CH), 126.7 (CH), 127.2 (q, J=277.9 Hz, (), 128.3 (CH), 128.6 (C), 138.7 (C), 146.4 (C). HRMS-EI
(m/z): [M]" calcd for Ci1sH23F30, 312.1701; found, 312.1703.

200



4,4,5,5-Tetramethyl-2-[(E)-6,6,6-trifluoro-2-{(85,95,135,145)-3-methoxy-13-methyl-
6,7,8,9,11,12,13,14,15,16-decahydro-17H-cyclopenta|a]phenanthren-17-ylidene}hexyl]-1,3,2-
dioxaborolane [(F)-4ma].

(E)-4ma

The reaction was conducted with 147.2 mg (0.500 mmol) of 1m according to the GP4. The
product (E)-4ma was obtained in 90% yield with E/Z =>95:5, 4:5 = >95:5 (240.6 mg, 0.452 mmol,
colorless oil).

"H NMR (396 MHz, CDCl3, §): 0.87 (s, 3H), 1.02-1.82 (m, 10H), 1.24 (s, 12H), 1.83-2.39 (m,
11H), 2.78-2.93 (m, 2H), 3.76 (s, 3H), 6.62 (d, J=2.8 Hz, 1H), 6.70 (dd, J= 8.7 Hz, 2.8 Hz, 1H), 7.20
(d, J= 8.3 Hz, 1H). 13C NMR (100 MHz, CDCl3, §): 16.1 (br, B-CH,), 16.4 (CH3), 19.6 (CH>), 24.0
(CH2), 24.6 (CHs), 24.7 (CH3), 27.0 (CH2), 27.5 (CH2), 29.5 (CH2), 29.8 (CH2), 33.4 (q, J=28.1 Hz,
CH>), 35.3 (CH»), 37.7 (CH»), 38.2 (CH), 43.5 (CH), 44.5 (C), 55.0 (CH), 55.1 (CH), 83.0 (C), 111.3
(CH), 113.6 (CH), 123.6 (C), 126.1 (CH), 127.4 (q, J=277.5 Hz, C), 132.8 (C), 137.9 (C), 143.3 (C),
157.3 (C). "B NMR (126 MHz, CDCl3, §): 33.0 (br, s). HRMS-EI (m/z): [M]" caled for C31Has'BF30s3,
532.3341; found, 532.3322.

2-{(E)-2-[(85,958,135,145)-3-Methoxy-13-methyl-6,7,8,9,11,12,13,14,15,16-decahydro-17H-
cyclopenta[a]phenanthren-17-ylidene]butyl}-4,4,5,5-tetramethyl-1,3,2-dioxaborolane [(E)-4mb].

(E)-4mb

The reaction was conducted with 147.2 mg (0.500 mmol) of 1m according to the GP4. The
product (£)-4mb was obtained in 78% yield with E/Z =>95:5, 4:5 =>95:5 (176.2 mg, 0.391 mmol,
colorless oil).

"H NMR (392 MHz, CDCls, §): 0.86 (s, 3H), 0.94 (t, J= 7.4 Hz, 3H), 1.16-1.59 (m, 5H), 1.25 (s,
12H), 1.62—-1.80 (m, 3H), 1.84-2.05 (m, 4H), 2.14-2.39 (m, 5H), 2.77-2.97 (m, 2H), 3.77 (s, 3H), 6.63
(d,J=2.7 Hz, 1H), 6.70 (dd, J= 8.2, 2.7 Hz, 1H), 7.21 (d, J= 9.0 Hz, 1H). 3*C NMR (99 MHz, CDCls,
d): 11.8 (CH3), 15.8 (br, B-CH>), 16.5 (CH3), 24.1 (CH>), 24.6 (CH3), 24.8 (CH3), 27.1 (CH>), 27.6
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(CHa), 29.06 (CHo), 29.09 (CHa), 29.9 (CH,), 37.8 (CH,), 38.2 (CH), 43.6 (CH), 44.2 (C), 55.1 (CH),
55.2 (CHs), 82.9 (C), 111.4 (CH), 113.6 (CH), 126.2 (CH), 126.7 (C), 133.0 (C), 138.0 (C), 141.1 (C),
157.3 (C). "B NMR (126 MHz, CDCls, §): 33.0 (br, s). HRMS-EI (m/z): [M]" caled for C2oHas'BOs,

450.3310; found, 450.3306.

202



4.4.6. Large Scale Reaction and Synthetic Applications
4.4.6.1. Gram-scale reaction.

Me Me
5 mol% CuCl/Xantphos
(pin)B-B(pin) (3) (1.2 equiv)
+ I/\/\/Me -
K(O-t-Bu) (1.2 equiv) N Me
DMF (0.5 M), 30 °C, 48 h

X
B(pin)

1h (6.0 mmol) 2c (2.0 equiv) (E)-4hc
88% vyield (1.86 g)

CuCl (29.7 mg, 0.30 mmol), bis(pinacolato)diboron (3) (1.83 g, 7.20 mmol), Xantphos (174 mg,
0.300 mmol) and K(O-#-Bu) (808 mg, 7.20 mmol) were placed in a round-bottomed flask under a
nitrogen atmosphere. Dry DMF (12.0 mL) was added to the flask through the rubber septum using a
syringe. After stirring for 30 min at room temperature, 1h (914 mg, 6.00 mmol) and 2¢ (2.38 g, 12.0
mmol) were added to the mixture. Then, the reaction mixture was heated to 30 °C. After the reaction
was completed, the reaction mixture was quenched with water and extracted with EtOAc three times.
The combined organic layer was dried over MgSOs. After filtration, the solvents were removed under
reduced pressure. The crude material was purified by flash column chromatography (SiOo,
Et,O/hexane, 0:100-3:97) to give the corresponding borylation product (£)-4he in 88% yield with £/Z
=>95:5, 4:5=>95:5 (1.86 g, 5.29 mmol, colorless oil).

4.4.6.2. Synthesis of (Z)-3-(tert-butyl)-2-pentylhept-2-en-1-ol [(£)-6hc].
Me Me

NaBO3+4H,0 (4.0 equiv)

L
Y

X Me THF/H,0, rt, 21 h N Me
B(pin) OH
(E)-4hc (2)-6hc
89% yield

In a reaction vial, (E)-4he (70.1 mg, 0.200 mmol) was dissolved in THF (2.0 mL), then H,O (2.0
mL) and NaBO3*4H>O (300 mg, 0.80 mmol) were subsequently added to the reaction mixture at rt
under air. The reaction mixture was stirred at rt for 21 h. The reaction mixture was then quenched by
H>O and extracted three times with EtOAc. The combined organic layer was dried over MgSO4
followed by filtration. The crude material was purified by silica gel chromatography (EtOAc/hexane,
0:100-8:92) to give the corresponding alcohol (Z)-6hc in 89% yield with E/Z =<5:95 (42.9 mg, 0.178
mmol, colorless oil).

"H NMR (392 MHz, CDCl3, 8): 0.86-0.97 (m, 6H), 1.20 (s, 9H), 1.24-1.45 (m, 11H), 2.01-2.12
(m, 4H), 4.26 (s, 2H). >*C NMR (99 MHz, CDCl3, §): 13.9 (CHs), 14.1 (CH3), 22.6 (CH>), 23.4 (CHb),
29.2 (CH»), 30.8 (CH2), 32.1 (CH2), 32.4 (CH3 and CH>), 33.4 (CH>), 35.8 ((), 62.3 (CH2), 134.2 (O),
146.2 (C). HRMS-EI (m/z): [M]" calcd for Ci6H320, 240.2453; found, 240.2454.
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4.4.6.3. Synthesis of tert-butyl (£)-(3-(tert-butyl)-2-pentylhept-2-en-1-yl)carbamate [(£)-7hc].

Me Me
MeONH, (3.0 equiv)
n-BuLi (3.0 equiv)

L

X Me  ThF _78°Cto60°C, 48 h S

then, (Boc),0 (3.0 equiv)
B(pin) NHBoc

(E)-4hc (2)-The
46% yield

Me

According to the literature procedure, the amination of (£)-4he¢ and preparation of MeONH>
solution in THF (0.80 M) were conducted.'? In an oven-dried reaction vial, MeONH; (0.80 M in THF,
751 pL, 0.60 mmol) was diluted with THF (600 pL). After the mixture was cooled to —78 °C, n-BuLi
(1.57 M in hexane, 375 uL, 0.60 mmol) was added dropwise under a nitrogen atmosphere. Then (E)-
4hc (70.1 mg, 0.20 mmol) in THF (400 pL) was added dropwise to the solution and stirred at 60 °C.
After 48 h, (Boc)20 (138 pL, 0.60 mmol) was added to the mixture and stirred for 2 h at rt. The mixture
was then quenched by addition of H20 and extracted three times with EtOAc. The combined organic
layer was dried over MgSO4 followed by filtration and evaporation. After purification by flash silica
gel column chromatography (Et2O/hexane, 0:100—4:96), (£)-7he was further purified by oxidation
reaction with NaBO3*4H>O (300 mg, 0.80 mmol) in THF (2.0 mL) and H>O (2.0 mL) to remove
unreacted starting material. After the oxidation reaction, the crude material was purified by silica gel
chromatography (Et2O/hexane, 0:100—4:96) to give the pure (£)-7hc in 46% yield with E/Z = <5:95
(30.8 mg, 0.091 mmol, colorless oil).

'"H NMR (392 MHz, CDCls, 8): 0.84-0.95 (m, 6H), 1.17 (s, 9H), 1.22-1.41 (m, 10H), 1.45 (s,
9H), 1.89-1.97 (m, 2H), 1.98-2.08 (m, 2H), 3.88 (d, J = 5.4 Hz, 2H), 4.22-4.34 (m, 1H). ’°C NMR
(99 MHz, CDClIs, 6): 13.9 (CH3), 14.1 (CH3), 22.5 (CH>), 23.4 (CH2), 28.4 (CH3), 29.1 (CH>), 30.8
(CH»), 32.1 (CH3), 32.3 (CH»), 32.4 (CH>), 33.5 (CH»), 35.6 (C), 42.1 (CH>), 79.1 (C), 131.3 (O),
146.1 (0), 156.0 (C). HRMS-ESI (m/z): [M+Na]" calcd for C21H4102NNa, 362.3030; found, 362.3029.

204



4.4.6.4. Synthesis of (E)-2-(4-(tert-butyl)-3-pentyloct-3-en-1-yl)-4.4,5,5-tetramethyl-1,3,2-
dioxaborolane [(EF)-8hc].
Me Me

n-BuLi (3.0 equiv)
BrCH,CI (4.0 equiv)

L
y

X M IHE _78°Ctort, 21h N Me
B(pin) B(pin)
(E)-4hc (E)-8hc
73% yield

Homologation reaction of (E)-4he was performed according to the literature procedure.”® In an
oven-dried reaction vial, (£)-4hc (70.1 mg, 0.200 mmol) and BrCH>Cl (53.6 uL, 0.800 mmol) were
dissolved in THF (1.2 mL) in a nitrogen atmosphere, and the mixture was cooled to —78 °C. n-BuLi
(1.6 M in hexane, 375 pL, 0.600 mmol) was then added dropwise to the reaction mixture, and the
mixture was stirred at rt for 21 h. The mixture was then quenched by the addition of a saturated aqueous
NH4Cl solution and extracted three times with Et2O. Next, the combined organic layer was washed
with brine, dried over MgSO4 followed by filtration. After evaporation, the crude material was purified
by silica gel chromatography (Et2O/hexane, 0:100-3:97) to give the corresponding boronate (£)-8he
in 73% yield with E/Z =>95:5 (52.8 mg, 0.145 mmol, colorless oil).

'"H NMR (392 MHz, CDCls, §): 0.81-0.94 (m, 8H), 1.16 (s, 9H), 1.20-1.42 (m, 10H), 1.25 (s,
12H), 1.87-1.94 (m, 2H), 1.94-2.02 (m, 2H), 2.19-2.27 (m, 2H). '*C NMR (99 MHz, CDCl3, §): 11.1
(br, B-CH»), 14.0 (CH3), 14.1 (CH3), 22.7 (CH2), 23.4 (CH2), 24.8 (CH3), 26.9 (CH2), 29.2 (CH>), 30.7
(CH»), 31.9 (CH3), 32.5 (CH>), 32.7 (CH>), 33.8 (CH>), 35.5 (C), 82.8 (C), 137.1 (C), 139.4 (C). "B
NMR (126 MHz, CDCl3, §): 33.7 (br, s). HRMS-EI (m/z): [M]" calcd for C23Has''BO,, 364.3517;
found, 364.3516.
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4.4.7. Procedure of Allylboration Reactions
4.4.7.1. Synthesis of 2-(tert-butyl)-2-butyl-3-methyleneoctan-1-ol (9a).

Me Me

(HCHO), (5.0 equiv)
> HO Me
M
X ®  THF, 65°C,48h

B(pin)

(E)-4hc 9a
90% vyield

Allylboration reaction of (E)-4hc was conducted according to the slightly modified literature
procedure.®® In an oven-dried reaction vial, (E)-4he (70.1 mg, 0.200 mmol) and paraformaldehyde
(30.0 mg, 1.00 mmol) were dissolved in THF (1.0 mL) under a nitrogen atmosphere. The reaction
mixture was stirred at 65 °C for 48 h. The mixture was then quenched by the addition of triethanolamine
(10% solution in DCM) and extracted three times with DCM. The combined organic layer was washed
with brine, dried over MgSO4 followed by filtration. After evaporation, the crude material was purified
by silica gel chromatography (Et2O/hexane, 0:100-5:95) to give the corresponding homo-allyl alcohol
9a in 90% yield (45.8 mg, 0.180 mmol, colorless oil).

"H NMR (392 MHz, CDCls, §): 0.92 (s, 9H), 0.80-0.98 (m, 6H), 1.15-1.40 (m, 9H), 1.41-1.56
(m, 2H), 1.60-1.72 (m, 2H), 1.98 (t, J = 7.8 Hz, 2H), 3.76-3.93 (m, 2H), 4.83 (s, 1H), 5.16 (s, 1H).
13C NMR (99 MHz, CDCls, §): 14.1 (CH3), 14.2 (CHs), 22.7 (CHy), 24.1 (CHz), 27.5 (CHs), 27.9
(CH2), 29.2 (CH2), 30.3 (CH2), 32.2 (CH2), 33.5 (CH>), 36.4 (C), 51.7 (C), 64.8 (CH>), 112.5 (CH>),
150.9 (C). HRMS-FD (m/z): [M]" caled for C17H340, 254.2610; found, 254.2605.

4.4.7.2. Synthesis of 2-cyclohexyl-7,7,7-trifluoro-2-methyl-3-methylene-1-phenylheptan-1-ol
(9b).

Me 0 CF3
BF3+OEt, (1.0 eq) H OH
DCM, -78 °C, 3 h -,
B(pin) Cy Me
(E)-4aa (1.5 equiv) 9b
75% vyield

Allylboration reaction of (E)-4aa was conducted according to the slightly modified literature
procedure.®® In an oven-dried reaction vial, (E)-4aa (38.3 mg, 0.102 mmol) was dissolved in dry DCM
(200 pL) under a nitrogen atmosphere, and the solution was cooled to —78 °C. Then, corresponding
aldehyde (15.5 pL, 0.15 mmol) was added to the reaction mixture, followed by the addition of
BF3+OEt; (12.8 puL, 0.10 mmol). After stirring for 3 h at —78 °C, the reaction mixture was quenched by
the addition of triethanolamine (10% solution in DCM) and extracted three times with DCM. Next, the
combined organic layer was washed with brine, dried over MgSO4 followed by filtration. After
evaporation, the crude material was purified by silica gel chromatography (EtOAc/hexane, 0:100—
3:97) to give the corresponding homo-allyl alcohol 9b in 75% yield with dr =>95:5 (27.1 mg, 0.0765

mmol, colorless oil).
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'H NMR (600 MHz, CDCls, 8): 1.08-1.44 (m, 6H), 1.16 (s, 3H), 1.46-1.61 (m, 3H), 1.62-1.92
(m, 8H), 2.02-2.10 (m, 1H), 4.88-4.98 (m, 3H), 7.19-7.31 (m, SH). 3C NMR (99 MHz, CDCl, §):
15.4 (CHs), 20.1 (CHa), 26.9 (CHa), 27.19 (CHa), 27.22 (CHa), 28.7 (CHa), 29.0 (CH2), 32.2 (CHa),
33.5 (q, J = 28.6 Hz, CHa), 44.3 (CH), 51.3 (C), 77.0 (CH), 112.6 (CHa), 127.1 (q, J = 277.6 Hz, C),
127.2 (CH), 127.4 (CH), 127.5 (CH), 142.6 (C), 149.8 (C). HRMS-ESI (m/z): [M-H]" caled for
C21Ha50F3, 353.2098; found, 353.2099.

4.4.7.3. Synthesis of 1-(2-bromo-4-fluorophenyl)-2-cyclohexyl-2-methyl-3-methylenepentan-1-
ol (9¢).

Me

Br H OH
Cy Me
F y

9c

The allylboration reaction was conducted with 58.6 mg (0.200 mmol) of (£)-4ab according to the
procedure described above. The product 9¢ was obtained in 60% yield with dr=>95:5 (44.5 mg, 0.120
mmol, colorless oil).

"H NMR (399 MHz, CDCl3, §): 0.67 (t, J = 7.3 Hz, 3H), 1.01 (qd, J = 12.3, 3.3 Hz, 1H), 1.11—
1.40 (m, 4H), 1.28 (s, 3H), 1.53-1.60 (m, 1H), 1.63-1.78 (m, 6H), 1.82—1.89 (m, 1H), 2.08-2.16 (m,
1H), 4.75 (s, 1H), 4.91 (s, 1H), 5.26 (d, /= 4.1 Hz, 1H), 6.95 (ddd, J=9.6, 6.9, 1.8 Hz, 1H), 7.22 (dd,
J=8.2,2.7Hz, 1H), 7.56 (dd, J = 8.7, 6.4 Hz, 1H). 3C NMR (100 MHz, CDCl;, §): 12.2 (CH3), 13.7
(CH3), 25.0 (CH»), 26.8 (CH2), 27.3 (CH>), 27.5 (CH2), 28.4 (CH>»), 28.8 (CH>), 46.8 (CH), 51.5 (O),
76.6 (CH), 110.3 (CH»), 114.3 (d, J=20.1 Hz, CH), 119.5 (d, J=24.0 Hz, CH), 124.1 (d, /= 8.6 Hz,
0), 130.9 (d,J=8.6 Hz, CH), 138.6 (d, /J=3.8 Hz, (), 153.2 (), 161.1 (d, J=251.1 Hz, C). HRMS-
ESI (m/z): [M-H] calcd for C19H2s0BrF, 367.1078; found, 367.1082.

4.4.7.4. Synthesis of 2-cyclohexyl-2-methyl-3-methylene-1-(naphthalen-2-yl)pentan-1-ol (9d).

Me
H OH

(I o

9d

The allylboration reaction was conducted with 120.8 mg (0.413 mmol) of (£)-4ab according to
the procedure described above. The product 9d was obtained in 52% yield with dr=>95:5 (69.7 mg,
0.216 mmol, white solid).

"H NMR (392 MHz, CDCls, §): 0.81 (t, J= 7.1 Hz, 3H), 1.10-1.42 (m, 5H), 1.19 (s, 3H), 1.51—
1.81 (m, 6H), 1.82—-1.93 (m, 1H), 2.01-2.21 (m, 2H), 4.88 (s, 1H), 4.96 (s, 1H), 5.12 (s, 1H), 7.39—
7.49 (m, 3H), 7.69-7.76 (m, 2H), 7.76-7.84 (m, 2H). '3C NMR (99 MHz, CDCls, §): 12.1 (CH3), 15.8
(CH3), 25.8 (CH2), 27.0 (CH>), 27.2 (CH2), 27.3 (CH2), 28.8 (CH2), 29.0 (CH>), 44.2 (CH), 51.6 (O),
76.7 (CH), 111.4 (CH), 125.5 (CH), 125.7 (CH), 125.9 (CH), 126.1 (CH), 126.5 (CH), 127.4 (CH),
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128.0 (CH), 132.5 (C), 132.6 (C), 140.4 (C), 152.5 (C). HRMS-ESI (m/z): [M+Na]" calcd for
C23H300Na, 345.2189; found, 345.2191.

4.4.7.5. Synthesis of {(85,95,13S5,14S5,17S5)-3-methoxy-13-methyl-17-(6,6,6-trifluorohex-1-en-2-
yD-7,8,9,11,12,13,14,15,16,17-decahydro-6H-cyclopentaa]phenanthren-17-yl}methanol (9e).

The allylboration reaction was conducted with 240.6 mg (0.452 mmol) of (£)-4ma according to
the procedure described in chapter 7.1. The product 9e was obtained in 84% yield with dr= >95:5
(165.1 mg, 0.378 mmol, white solid).

"H NMR (392 MHz, CDCl3, §): 0.72 (s, 3H), 1.18-1.58 (m, 5H), 1.59-2.03 (m, 9H), 2.04-2.40
(m, 6H), 2.76-2.95 (m, 2H), 3.45 (d, J=10.2 Hz, 1H), 3.71 (s, 3H), 3.71-3.85 (m, 1H), 5.09 (d, J =
18.8 Hz, 2H), 6.62 (d, J=2.7 Hz, 1H), 6.69 (dd, J= 8.6 Hz, 2.7 Hz, 1H), 7.16 (d, J= 8.6 Hz, 1H). 1*C
NMR (99 MHz, CDCls, 8): 15.7 (CHs), 20.5 (CH2), 23.4 (CHz2), 26.3 (CH2), 27.7 (CH>), 27.8 (CH>),
29.7 (CH2), 32.4 (br, CHy), 33.1 (CH»), 33.4 (q, J = 28.6 Hz, CH>), 39.2 (CH), 43.3 (CH), 45.9 (O),
50.9 (CH), 55.0 (CH3), 59.5 (C), 63.7 (CH2), 111.3 (CH), 112.9 (CH>), 113.6 (CH), 126.0 (CH), 127.0
(q, J = 277.6 Hz, C), 132.3 (C), 137.8 (C), 150.6 (C), 157.3 (C). HRMS-EI (m/z): [M]" caled for
Ca6H35F302, 436.2589; found, 436.2582.
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4.4.8. Evaluation of Accuracy of '3C NMR Analysis

During the optimization of reaction conditions (Table 1), the stereoselectivity of allyl boron
compound 4aa was determined by '*C NMR analysis because the other analyses, including a
quantitative 'H and '"F NMR, GC, HPLC analysis, were unfortunately not effective for determining
the stereoselectivity of 4aa due to lack of the peak separation between the regio- and stereoisomers.
As the accuracy of *C NMR analysis is not thoroughly investigated,”’ I evaluated the accuracy of '3C
NMR for determining the stereoselectivity of 4aa by comparing the selectivity determined by '*C
NMR analysis of 4aa against that determined by quantitative-'H NMR (q-'"H NMR) analysis of
corresponding oxidation product 6aa obtained via stereospecific oxidation reaction of 4aa (Figure S1).
For this purpose, I chose Xantphos, IMes, and IAd ligand (Table 1, entries 1, 6, and 7, respectively),
because the reactions with those ligands produced 4aa with high regioselectivity (4aa/Saa = >94.:6).
Then, I found a perfect linear correlation between (E)-selectivity of 4aa and (Z)-selectivity of 6aa
(Figure S2). Thus, I could confirm that the accuracy of '*C NMR analysis is the same as that of
quantitative-'H NMR analysis, and I assured the accuracy of the stereoselectivity of 4aa described in
Tablel.

Me NaBO3+4H,0 Me

(4.0 equiv)
X CF; ———m—————» N CF,
. THF/H,0, rt, 24 h
B(pin) OH
(E)-4aa (2)-6aa
(E)-selectivity [%] VS (Z)-selectivity [%]
(determined by '3C NMR analysis) (determined by g-'H NMR analysis)

Figure S1. Method for evaluation of accuracy of '*C NMR analysis.
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[100%, 100%]

100 »
IMes [96.2% (q-'H) , 96.8% (**C)] .~
g Me
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Z 80 O)\(\/\CH
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E (E)-selectivity of 4aa [%0] R?=10.999
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T Xantphos
; [60.9% (q-1H) ,/59.6% (13C)]
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= 4" TAd [32.9% (q-'H) , 31.9% (3C)]
£
z
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2
~"'10.0% , 0.0%]
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(Z)-selectivity determined by q-'H NMR analysis [%]

Figure S2. Relationship between (E)-selectivity of 4aa and (Z)-selectivity of 6aa.
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4.4.9. 2D NMR Study for Determination of Product Stereochemistry

4.4.9.1. Stereochemistry of (E)-4aa.

Me NaBO3*4H,0 Me
(4.0 equiv)
N CF; —m8mm X CF4

. THF/H,0, rt, 24 h
B(pin) OH

(E)-4aa (Z)-6aa
The stereochemistry of (E)-4aa was determined by 'H NMR NOESY experiment after the
stereospecific oxidation of the boryl group in (£)-4aa. After the oxidation reaction of (E)-4aa, the
crude material was purified by silica gel column chromatography to give the (2)-6aa as a single isomer
(E/Z = <5:95). The results were summarized as the following schemes (Figures S3 and S4). A solid

curved arrow indicates the selected nOe around the alkene moiety.
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Figure S4. NOESY spectrum of the alcohol product (Z)-6aa and the selected correlation peaks
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4.4.9.2. Stereochemistry of (£)-4aa.

Me NaBO3-4H20 Me
(4.0 equiv)
N B(pin) e e N

THF/H,0, rt, 24 h
CF3

(Z)-4aa (E)-6aa

The stereochemistry of (Z)-4aa was determined by a '"H NMR NOESY experiment after the
stereospecific oxidation of the boryl group in (2)-4aa. (Z2)-4aa was prepared via the borylation reaction
using IAdCuCl as catalyst (Table 1, entry 7). After the oxidation reaction of (£)-4aa, the crude material
was purified by silica gel column chromatography to give the (£)-6aa as a single isomer (E/Z =>95:5).

The results were summarized as the following schemes (Figures S5 and S6). A solid curved arrow

indicates the selected nOe around the alkene moiety.

“N
,\\bw

CF3

Figure SS. Summary of NOESY analysis of the alcohol product (£)-6aa.
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Figure S6. NOESY spectrum of the alcohol product (£)-6aa and the selected correlation peaks
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4.4.10. Alkylboration of Aryl-substituted Allene.

The optimized conditions for gem-dialkylallenes were applied to an aryl-substituted allene 1n
(Figure S7). Under Conditions A, the reaction afforded a complex mixture (Figure S7A). Allylic
boronate 4nb and alkenyl boronate Snb were found in the mixture, albeit with no regioselectivity (4/5
= 51:49). Conversely, 4nb was obtained as the major product under Conditions B, although the
regioselectivity was not sufficient (Figure S7B). Thus, I conclude that the optimized conditions for

gem-dialkylallenes are not suitable for aryl-substituted allenes.

A. SIMes ligand (Conditions A)

Me 2 mol % SIMesCuCl

Me Me
o Etl (2b) (2.0 equiv) > X Me + N B(pin)
= (pin)B-B(pin) (3) (1.2 equiv) Me
Me' K(O-t-Bu) (1.2 equiv) Me B(pin) Me
1n 4nb 5nb

DMF (0.5 M), =5 °C, 24 h

complex mixture

4/5 = 51:49
B. Xantphos ligand (Conditions B)
5 mol % CuCl
Me 5 mol % Xantphos Me Me
Etl (2b) (2.0 i i
. (2b) (2.0 equiv) . N Me + X B(Pin)
= (pin)B—B(pin) (3) (1.2 equiv) Me
Me K(O-t-Bu) (1.2 equiv) Me B(pin) Me
1n DMF (0.5 M), 30 °C, 24 h 4nb 5nb
64% NMR yield 16% NMR yield
4/5 = 80:20

Figure S7. Alkylboration of aryl-substituted allene 1n using Conditions A and B.
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4.4.11. Stoichiometric Reaction.

A. 1.0 equivalent of K(O-t-Bu)

Me
SIMesCuCl (1.0 equiv) AN Me L I=(CHp):CFs Me CF;
+ 1a (1.0 equiv) . Cu” 2a (2.0 equiv) ™
(pin)B-B(pin) (3) (1.0 equiv) > > Cy)\[ —> Cy
+ DMF (0.05 M) 30°C,3h 0°Ctort
K(O-t-Bu) (1.0 equiv) 30 °C, 30 min B(pin) xh B(pin)
Int3 (in situ) (E)-4aa
13% GC yield (4 h)
52% GC yield (19 h)
B. 2.0 equivalent of K(O-t-Bu)
Me
(@
SIMesCuCl (1.0 equiv) RN Me  OfBU  I(CH,)iCFy Me CF,
+ 1a (1.0 equiv 1©  2a (2.0 equiv
(pin)B—B(pin) (3) (1.0 equiv) > ( d )= Cy N Cu‘L (—q)> Cy N
+ DMF (0.05 M) 30°C,3h 0°Ctort
K(O-t-Bu) (2.0 equiv) 30 °C, 30 min B(pin) xh B(pin)
Int4 (in situ) (E)-4aa

40% GC vyield (4 h)
46% GC yield (19 h)

Figure S8. Stoichiometric reactions using 1.0 and 2.0 equivalents of the alkoxide base.

SIMesCuCl (40.5 mg, 0.10 mmol), bis(pinacolato)diboron (3) (25.4 mg, 0.10 mmol), and K(O-¢-
Bu) (for Figure S8A; 11.2 mg, 0.10 mmol, for Figure S8B; 22.4 mg, 0.10 mmol) were placed in an
oven-dried reaction vial in an argon-filled glove box. After the vial was sealed with a screw cap
containing a Teflon™-coated rubber septum and taken from the glove box, dry DMF (2.0 mL) was
added to the vial through the rubber septum using a syringe. After stirring at 30 °C for 30 min, allene
1a (13.6 mg, 0.10 mmol) was added to the mixture. The reaction mixture was stirred at 30 °C for 3 h.
Then, alkyl halide 2a (47.6 mg, 0.20 mmol) was added to the mixture at 0 °C, and the mixture was
allowed to warm to room temperature. The reaction monitoring was done by GC analysis using 1,4-
diisopropylbenzene was internal standard.

To confirm the generation of cuprate species Int4 in the catalytic cycle (Figure 6A), I performed
stoichiometric reactions as described above (Figure S8). The reaction between the SIMesCuCl
complex and bis(pinacolato)diboron (3) in the presence of 1.0 equivalent of K(O-#-Bu), followed by
the addition of allene 1a can be expected to form borylcopper(I) species Int3 in situ (Figure S8A).
After stirring the mixture for 3 h, the consumption of allene 1a was 66%. The following reaction
between Int3 and alkyl halide 2a gave (E)-4aa in low yield at the initial stage of the reaction (4 h: 13%
GC yield). Thereafter, the yield reached moderate levels (19 h: 52% GC yield). On the other hand, the
reaction with 2.0 equivalent of K(O-#-Bu) can be expected to form cuprate species Int4 (Figure S§B).
After stirring the mixture for 3 h, the consumption of allene 1a was 65%. After the adding 2a, (F)-4aa
was immediately generated in moderate yield (4 h: 40% GC yield). Finally, the yield increased to
almost the same level as that with 1.0 equivalent of the base (19 h: 46% GC yield). These results
indicate that the consumption of the allene is not affected by the amount of alkoxide base. In contrast,

an excess of alkoxide can be expected to promote the alkylation step to produce the alkylboration
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product (E)-4aa faster in the initial stage of the reaction. However, further studies are required to

propose a conclusive mechanism for the alkylation step in situ.
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4.4.12. Single Crystal X-ray Structural Analysis

4.4.12.1. Molecular structure and X-ray crystallographic data of (E)-4ga.
The stereochemistry of (£)-4ga was determined by X-ray crystallographic analysis. The details

were summarized in Figure S9 and Table S1.

Figure S9. Molecular structure of (E)-4ga.
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Table S1. Summary of X-ray crystallographic data of (E)-4ga

CCDC Name
Empirical Formula
Formula Weight
Crystal System

Crystal Size / mm
alA

b/ A

clA

al®

pr°

y/°

VA3

Space Group

Z value

Dcalc /g cm™
Temperature / K
20max / °

u (CuKa) / mm™!
u (MoKa) / mm™!

No. of Reflections

Measured

No. of Observations
(All reflections)
Residuals: R;
(I>2.00c (1))
Residuals: wR»

(All reflections)
Goodness of Fit Indicator
(GOF)

Maximum Peak in
Final Diff. Map / A3
Minimum Peak in
Final Diff. Map / A3

Flack parameter

2062673
C24H33BF302
426.35
monoclinic
0.100x0.100%0.100
11.5507(2)
10.4530(2)
38.0880(8)
90.0000
90.206(2)
90.0000
4598.70(15)
P2i/n

8

1.232

123

58.84

0.091

Total: 60487
Unique: 11431
(Rint = 0.0402)

11431

0.0579

0.1396

1.126

0.31

—0.32
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4.4.12.2. Molecular structure and X-ray crystallographic data of 9d.
The stereochemistry of 9d was determined by X-ray crystallographic analysis. The details were

summarized in Figure S10 and Table S2.

Figure S10. Molecular structure of 9d.
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Table S2. Summary of X-ray crystallographic data of 9d

CCDC Name 2067460
Empirical Formula Ca3H300
Formula Weight 322.47
Crystal System monoclinic
Crystal Size / mm 0.200x0.100x0.100
al A 10.56870(10)
b/ A 15.6326(2)
clA 22.9525(3)
al® 90.0000

p/° 101.9420(10)
y/° 90.0000
VA3 3710.05(8)
Space Group P2i/c

Z value 8

Dcalc /g cm™ 1.155
Temperature / K 123

20max / ° 150.372

u (CuKa) / mm™! 0.516

u (MoKa) / mm™! -

Total: 18532
Unique: 18532

No. of Reflections

Measured
(Rint = N/AY)
No. of Observations
) 18532
(All reflections)
Residuals: R;
0.0708
(I>2.00c (1))
Residuals: wR»
) 0.2115
(All reflections)
Goodness of Fit Indicator L1
(GOF) '
Maximum Peak in
) ) 3 0.43
Final Diff. Map / A
Minimum Peak in
—0.31

Final Diff. Map / A3

Flack parameter -

“Not available because of the twin analyses.
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4.4.12.3. Molecular structure and X-ray crystallographic data of (E)-4mb.
The stereochemistry of (£)-4mb was determined by X-ray crystallographic analysis. The details

were summarized in Figure S11 and Table S3.

Figure S11. Molecular structure of (£)-4mb.
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Table S3. Summary of X-ray crystallographic data of (£)-4mb

CCDC Name
Empirical Formula
Formula Weight
Crystal System

Crystal Size / mm
alA

b/ A

clA

al®

pr°

y/°

VA3

Space Group

Z value

Dcalc /g cm™
Temperature / K
20max / °

u (CuKa) / mm™!
u (MoKa) / mm™!

No. of Reflections

Measured

No. of Observations
(All reflections)
Residuals: R;
(I>2.00c (1))
Residuals: wR»

(All reflections)

Goodness of Fit Indicator

(GOF)

Maximum Peak in
Final Diff. Map / A3
Minimum Peak in
Final Diff. Map / A3

Flack parameter

2070912
C29H43BO3
450.44
orthorhombic
0.200x0.200%0.200
7.41170(10)
12.02580(10)
29.9155(2)
90.0000
90.0000
90.0000
2666.42(5)
P212124

4

1.122

123

153.09

0.538

Total: 42609
Unique: 5506
(Rint = N/AY)

5506

0.0407

0.1061

1.079

0.29

-0.22

~0.10(7)
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4.4.12.4. Molecular structure and X-ray crystallographic data of 9e.
The stereochemistry of 9e was determined by X-ray crystallographic analysis. The details were

summarized in Figure S12 and Table S4.

Figure S12. Molecular structure of 9e.
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Table S4. Summary of X-ray crystallographic data of 9e

CCDC Name 2067461
Empirical Formula Ca6H35F302
Formula Weight 436.54
Crystal System monoclinic
Crystal Size / mm 1.50x1.50%0.200
alA 12.6735(2)
b/ A 6.86020(10)
c/A 26.7831(5)
al® 90.0000
p/° 97.082(2)
y/° 90.0000
VA3 2310.83(7)
Space Group P2,

Z value 4

Dcalc/ g cm™ 1.255
Temperature / K 293

20max / © 150.316

w1 (CuKa) / mm™! 0.772

u (MoKa) / mm™! -

Total: 23607
Unique: 8055

No. of Reflections

Measured
(Rint = 0.0427)
No. of Observations
] 8055
(All reflections)
Residuals: R;
0.0920
(I>2.00c (1))
Residuals: wR»
) 0.3124
(All reflections)
Goodness of Fit Indicator
1.221
(GOF)
Maximum Peak in
) ) 0.58
Final Diff. Map / A3
Minimum Peak in
) ) —0.41
Final Diff. Map / A3
Flack parameter -0.3(2)
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4.5. Computational details

4.5.1. Calculation Method Details

All geometry optimizations and thermal energy correction calculations (frequency analyses) using
density functional theory (DFT) were performed with the Gaussian 16 (revision C.01)°® suite of
programs. The thresholds defined in Gaussian 16 were used. The geometry optimizations were carried
out at ®B97X-D? level of theory with Def2-SVP!%10! basis set because this combination of the DFT
model can reproduce experimental reactivities and selectivities of a various type of borylation reaction
with copper(I)/diboron catalyst system.*-*%192193 The solvation effect of DMF was included in the
calculations using CPCM solvation model.!**!% Harmonic frequency calculations were conducted at
the same level of theory on the optimized geometries to check all the stationary points as either minima

)19 calculations were carried out to

or first-order saddle points. Intrinsic reaction coordinate (IRC
confirm the transition states connecting the correct reactants and products on the potential energy
surface.

Then, the self-consistent field (SCF) energies of the optimized molecular systems were corrected
at a higher level of theory. For this purpose, I chose ®B97M-V!?7 functional with Def2-TZVPP!%-10!
basis set because I need a method with high accuracy to compare two different types of the transition
state (TS), coordination of borylcopper(I) species to allenes (TS1), and borylcupration of allenes (TS2).
®B97M-V is one of the state-of-the-art DFT methods and showed excellent performance on many
benchmarks involving non-covalent interactions, isomerization energies, thermochemical properties,
barrier height, etc. of organic systems including transition metals.!®''% The single-point calculations
were performed with the Orca 4.1.2 program.'!':112 The solvation effect of DMF was included in the
calculations using SMD solvation model.!'* The calculated structures were visualized with VMD
program.'!*

Summary: ®B97M-V/Def2-TZVPP/SMD(DMF)//@B97X-D/Def2-SVP/CPCM(DMF).
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4.5.2. DFT Study for the Case of Xantphos Ligand Conditions

The DFT study on the regio- and stereoselectivity-determining steps in the case of the substrate
1b and Xantphos ligand was conducted (Figure S13), as well as the substrate 1a and SIMes ligand
described in the main text (Figure 6).

In the major path to the allylic boronate (£)-4by, the barrierless coordination of the boryl
copper(l) species Int2 to allene 1b forms the slightly unstable n-complex EQ2*Y"F relative to the
precursor state EQ1 (EQ1: AG = 0.0 kcal/mol, EQ2¥Y"£: AG = 7.3 kcal/mol). The subsequent
borylcupration generates the highly stable alkenyl copper(I) species Int3*V'" via the small transition
state TS2*WE (TS22W-E: AGY = 12.0 kcal/mol, Int3*M£: AG = —24.2 kcal/mol). Thus, this
borylcupration step is irreversible and the selectivity-determining step of this major path. For a path to
the stereoisomer (Z)-4by, the corresponding m-complex EQ2%Y% was not found on the IRC from the
transition state of the coordination step TS1#-Z (TS12!2: AG* = 16.8 kcal/mol). The IRC is directly
connected to the alkenyl copper(I) species Int3*¥ (Int3%; AG = —21.2 kcal/mol). A path to the
regioisomer (Z)-5by, as well as the major path, has no TS1 corresponding to TS12*W!2 Also, the
borylcupration generates the alkenyl copper(I) Int3#¢"¥!"Z via the transition state TS28keny-Z (T S22keny-
Z: AG* = 16.3 kcal/mol, Int33w!Z: AG = —23.2 kcal/mol). Finally, a path to another regioisomer (E)-
Sby has an extremely high transition state of the borylcupration TS2w!E However, the prior
transition state of the coordination TS13ke!-£
major path TS23W-E (TS12kenE: AGE = 13.8 kcal/mol, TS28%™!E: AG* = 31.7 kcal/mol). In summary,
TS23W-E TS1a-2 TSalkenyl-Z and TS22ken-E gre selectivity-determining T'Ss.

Structures of the respective selectivity-determining TSs were shown in Figure S13B. The

is also higher than the selectivity-determining TS of the

predicted selectivities using relative Gibbs free energies are in good agreement with the experimental
values (for 4ba, experimentally E/Z = >95:5, 4:5 = >95:5; theoretically E/Z = >99.9:0.1, 4:5 =
>99.9:0.1). In the major TS TS24Y£ the methyl (Me) group of allene 1b and the boryl [B(pin)] group
incline into the pocket-like space of the catalyst. Therefore, the TS24 can be formed without large
steric repulsions, although the 1,3-allylic strain is found in the substrate 1b [AAG* = 0.00 kcal/mol,
AAH* = 0.00 kcal/mol, A(—TAS*) = 0.00 kcal/mol]. For the minor TS TS1*2| the steric repulsion
between the fert-butyl (+-Bu) group and the catalyst causes a large enthalpic destabilization of the
structure. However, this minor TS is slightly entropically favored than the major TS TS24£ due to
the absence of the 1,3-allylic repulsion [AAG* = 4.75 kcal/mol, AAH* = 4.97 kcal/mol, A(-TAS*) =
—0.22 kcal/mol]. In the TS of one of the minor regioisomers, TS24%™!Z the combination of the steric
repulsion between the substrate and the B(pin) group, and the 1,3-allylic strain destabilizes the
structure both enthalpically and entropically [AAG* = 4.25 kcal/mol, AAH* = 2.41 kcal/mol, A(~TAS*)
= 1.84 kcal/mol]. Finally, for the TS of another regioisomer, TS2%k™-E the tremendous steric
repulsion between the ~Bu group and the B(pin) group induces the huge enthalpic destabilization of
this structure [AAG* = 19.72 kcal/mol, AAH* = 18.55 kcal/mol, A(—~TAS*) = 1.18 kcal/mol]. In
conclusion, those minor paths are destabilized by predominantly enthalpic effect as described above,

meanwhile, the desired isomer (E)-4by can be produced via the major TS TS2*M-£ without significant
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steric repulsion.

As shown in Figures 6B and S13A, the barrier of the selectivity-determining major TS for SIMes
(Figure 6B, TS1*ME AG* = 17.0 kcal/mol) is larger than that for Xantphos (Figure S13A, TS2E,
AG* = 12.0 kcal/mol). However, the reaction with SIMes ligand proceeds under a lower catalyst
loading and reaction temperature than that with Xantphos (Table 1). I speculate that this conflict
between the reaction barrier and the reactivity of those ligands is because the alkylation step (Int4 to
Int5) rather than the coordination TS1 and borylcupration TS2 is the turnover-limiting step (Figure
6A). The alkylation with Xantphos ligand should be disfavored compared to SIMes ligand as the
bidentate of Xantphos to the copper(l) reaction center sterically and electronically suppress the
additional coordination of alkoxide base to make the following alkylation disadvantageous. Thus,
Xantphos ligand showed lower reactivity than SIMes ligand.

A. Gibbs free energy profiles of coordination (TS1) and borylcupration (TS2) of boryl copper(l) Int2 to allene 1b

L Tg2akeny-Z (pin)B I’L L . T§2alHE L
(pin)B cul  aGi=163 Cu Teu BRI 120 Ty B(pin)
f Me o—n barrierless ey . barrierless = \.—f
./ # ~F i Me_ ‘//-.... > '/
Me— B %‘ | L—Cu'-B(pin) | f i Me— \es
t Bu L= Xantphos) t-Bu -Bu
Int3alkenyl-Z EQ2akenyl-Z ; Int2 : EQ2aW-E Int3alv-E
AG=-232 AG=49 : . | AG=73 AG=-24.2
| Me i
Tg2akenyiE : ==
Me Me ! H
- x | t-Bu | . Me
rsu—d\'\ AE; n7 - A N | 1b ; # no stable barrieriess tBu—¢
N I £ EQ1 ! TS13Z structure \.H
(pin)E’ Cu (pi'_"B,c:uL_L AGt=13.8 AG = 0.0 AG=16.8 ,Cu' B(pin)
L [
Int3akeny-E EQ2alkeny-£ Int3aiy-2
AG=-247 AG=115 AG=-21.2
boryl cupration coordination coordination boryl cupration

B. Transition state structures of regio- and stereo-determining steps
I .

A \  ‘pocket”
\ for B(pin)

‘pocket”
for Me e .

t-Bu \ ¢ \ \
y ; | 1,3-allylic H
1,3-allylic : : tBu Shk / , 1,3-allylic
il steric steric ; strain
8 repulsion repulsion :' steric s
i repulsion &
Me* Ty i
| H

tBu” Ny AH

L ti \ [ Me $
b ,O# H “. \ wWH
C vy i / \._n,H ﬁ B-- Cu i
Me\.//' \HH ":‘ (_' \B~ -ot, Az --‘ It ﬁ—%hcl{l
¢Bl wSommmes e I_ ‘é( ¢BY \J. ......... L

boryl cupration coordination boryl cupratlon boryl cupration
TS2alE TS1al+z TS2akeny-Z TS2akenyt£
AAGt =0.00 AAGt=4.75 AAGt=4.25 AAGt =19.72
AAH*=0.00 AAH* = 4.97 AAH* = 2.41 AAH* = 18.55
A(-TAS) =0.00 A(-TAS)* =-0.22 A(-TAS)* =1.84 A(-TAS) =1.18
: . ElZ of 4ba = >95:5 . . ElZ of 4by =>99.9:0.1
Experimental: ypaisba =>95:5  1neoreteal Ly shy = >99.9:0.1

Figure S13. Gibbs free energy profiles and transition state structure with Xantphos ligand; energy

values are given in kcal/mol.
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4.5.3. Discussion about Ligand Effect

As discussed in Tables 1 and 2, SIMes is the optimal ligand for the allene substrates bearing a
small R! and a medium R? substituent in this alkylboration reaction. In contrast, Xantphos ligand is
optimal for the substrate bearing a small R! and a large R? substituent. However, the product was
obtained with moderate stereoselectivity when Xantphos ligand was applied to the substrates bearing
a small R! and a medium R? substituent (e.g., 1a; Table 1, entry 1, E/Z of 4aa = 60:40). Also, the
combination of SIMes and the substrate bearing a small R! and a large R? resulted in the isomer mixture
(e.g., 1b; Table 1, entry 13, 77:23 mixture of isomers, unfortunately, the structure of the minor isomer
could not be identified).

As shown in Figure S13B-II, Xantphos suppresses the TS1#Y!Z by steric repulsion between the
ligand and the R? substituent. Thus, the smaller R? substituent is, the more stable the TS1*Y'"£ becomes.
Although the smaller R? substituent should also make the 1,3-allylic strain in the TS2%£ smaller, the
degree of stabilization of TS1?™-Z would be larger than that of TS2%M-2 Consequently, the
stereoselectivity of the substrate bearing a medium R? is decreased in the reaction with Xantphos ligand.

On the other hand, I then focus on combining SIMes ligand and the substrate bearing a large R?.
As shown in Figures 6B and 6C-I, TS1*¥!"£ is the selectivity-determining step because TS1*¥E is
larger than TS2¥¥E in the case of SIMes ligand and the substrate 1a. However, I speculate that
replacing the Cy group in 1a with larger substituent cause destabilization of TS2%"£ to make this TS
higher than TS1*¥"£ because the increasing 1,3-allylic strain along the borylcupration via TS24
become significant. Also, this large destabilization of TS2%£ makes this major path more disfavored

to cause the decrease of the selectivity.
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4.5.4. Calculated Properties of All Structures

Table S5. Calculated energies and thermochemical parameters of the optimized structures

Structure [harl;jree] [haf;]ree] [haﬁiee] [harGtree]
Ligand: SIMes, substrate: 1a
Catalyst Int2 —2897.899856 —2897.898912 —0.102980 —2898.001892
Substrate 1a —-390.355657 -390.354713 —0.048561 —-390.403274
TS1a-E —3288.257399 —3288.256454 -0.121639 —3288.378093
TS18-2 —3288.254904 —3288.253960 —0.121093 —3288.375053
TS1alkenyl-£ —3288.256106 —3288.255162 —0.124582 —3288.379744
TS1alkenyl-2 —3288.260313 —3288.259369 —-0.122300 —3288.381669
EQ2M-E —3288.261781 —3288.260837 —0.122604 —3288.383441
EQ2M-Z —3288.261602 —3288.260658 -0.121819 —3288.382477
EQ22lkenyl-E —3288.266323 —3288.265379 —0.122734 —3288.388113
EQ22lkenyl-Z —3288.267039 —3288.266095 —0.121835 —3288.387930
TS2:8M-E —3288.256618 —3288.255674 —0.123364 —3288.379038
TS28-2 —3288.259006 —3288.258062 —0.120780 —3288.378842
TS28lkeny-£ —3288.253543 —3288.252598 —-0.120554 —3288.373152
TS28lkenyl-Z —3288.254710 —3288.253766 —-0.120446 —3288.374212
Int32-E —3288.322829 —3288.321885 —0.121583 —3288.443468
Int32h2 —3288.325142 —3288.324198 —0.123632 —3288.447830
Int32kenyl-£ —3288.327429 —3288.326485 —0.119278 —3288.445763
Int32lkenyl-2 —3288.328378 —3288.327434 —0.119909 —3288.447343
Ligand: Xantphos, substrate: 1b
Catalyst Int2 —4314.300915 —4314.299970 —0.132457 —4314.432427
Substrate 1b -312.971634 -312.970690 —0.045390 -313.016080
TS18l12 —4627.272228 —4627.271284 —0.150487 -4627.421771
TS1alkenyl-2 —4627.277299 —4627.276354 -0.150181 —4627.426535
EQ2M-E —4627.284956 —4627.284012 —0.152872 —4627.436884
EQ2?lkenyl-E —4627.290122 —4627.289177 —-0.151570 —4627.440747
EQ22lkenyl-Z —4627.281502 —4627.280557 —0.149602 —4627.430159
TS2:8M-E -4627.280154 —4627.279210 -0.150130 —4627.429340
TS28lkenyl-£ -4627.276318 —4627.275374 —0.147191 —4627.422565
TS28lkenyl-2 -4627.250600 —4627.249656 —0.148257 —4627.397913
Int3a-£ —4627.337341 —4627.336397 —0.149024 —4627.485421
Int3212 -4627.339475 —4627.338530 —0.149307 —4627.487837
Int3alkeny-£ -4627.337375 —4627.336430 —0.150686 —4627.487116
Int3alkenyl-Z -4627.332616 —4627.331671 —-0.150579 —4627.482250
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\% Computational Investigation on Copper(I)-Catalyzed
Enantioselective Radical Borylation of Benzyl Halides

5.1. Introduction

a-Chiral alkyl boron compounds have multifaceted applications in organic synthesis and
pharmaceuticals.'™* To date, various catalytic and non-catalytic methods for the enantioselective
synthesis have been developed.> '° In 1961, the Brown group reported the first synthesis of o-chiral
alkyl boranes through asymmetric hydroboration of alkenes (Figure 1A).!"" Subsequently, in 1980, the
Matteson group developed the new methodology for the synthesis of a-chiral alkyl boronates using a
homologation reaction of achiral boron compounds (Figure 1B).!?> However, these classical procedures
require multi-steps and stoichiometric amount of chiral auxiliary groups. Catalytic asymmetric
borylation of achiral double bonds are one of reliable route to the chiral alkyl boron compounds. In
1989, the Hayashi and Ito group achieved the first enantioselective hydroboration of styrene substrates
(Figure 1C)."* Afterwards, various catalytic methods have been reported. However, the
enantioconvergent boryl substitution of racemic substrates have not been reported up to date (Figure
1D).

A. Brown'’s synthesis of a-chiral alkyl borane (1961)

Me Me/\
Me Me R* _R*
BH3 Me Me \B’
— ——
B—H M
2 Me*’ ©
a-pinene a-chiral alkyl borane

B. Matteson’s synthesis of a-chiral alkyl boronates (1980)
Me Me

Me Me Li .
@LO 0 CI/I\CI
) I pre]
_B ong —_— 8-°,

chiral borane a-chiral alkyl boronates

C. First catalytic synthesis of a-chiral alkyl boronates (Hayashi and lto, 1989)
1-2 mol % [Rh(cod),]BF 4

0, 1-2 mol % (R)-BINAP B(cat)
i + (CLp - X
(0] Ar Me

styrenes catechol borane a-chiral alkyl boronates

D. Synthetic approach of a-chiral alkyl boronates

N
I well established B unprecedented )2(
RW’ \\RZ —— ' —————
R1/C\R2 direct borylation R'"R?
prochiral moiety racemic moiety

Figure 1. Synthetic procedure of a-Chiral alkyl boron compounds.
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In 2012, the Steel, Marder, Liu group and the Ito group independently reported copper(l)-
catalyzed boryl substitution reactions of alkyl halide substrates (Figure 2A).!*!” The mechanistic study
revealed the reaction proceeds via alkyl radical intermediate (Figure 2B). Thus, if this achiral radical
intermediate is asymmetrically trapped with the chiral catalyst and borylated, the enantio-enriched
compounds can be obtained from the racemic alkyl halides.'®* Based on this hypothesis, my co-
workers in the Ito group developed the first copper(I)-catalyzed enantioconvergent boryl substitution
of racemic benzyl chlorides (Figure 2C).>* However, the mechanism of the enantioface recognition of
the radical intermediate could not be proved experimentally. In this study, I performed density
functional theory (DFT) calculations as the computational mechanistic study and analyzed the enantio-
determining transition states (TSs). Interaction analyses based on the non-covalent interaction (NCI)
plot revealed that the combination of an attractive C—H/r interaction in the favored TS and steric

repulsion in the disfavored TS contributes to the high enantioselectivity.

A. Copper(l)-catalyzed boryl substitution of alkyl halides

B o 0 Cu cat. W
r X L

3\ . B—B: monophosphine Ilgand> O\B,O
R17R? o ') base }\

R'” "R?
alkyl halides diboron reagent alkyl boronates

B. Radical clock experiments for mechanistic study

» borylation of optically active substrate

Br conditions [ Phe A B(pin)
Ph 3 Me | =
~""Me Ph Me
>99% ee racemic

> borylation of substrate bearing cyclopropane moiety

conditions “ . B(pin)
A/Br —_— [ % - ] — \/\ + (A/B(Pin))
18% yield 0% yield

C. First copper(l)-catalyzed enantioconvergent boryl substitution of racemic benzyl halides

cl 5 mol % [Cu(MeCN),IBF O B(pin)
5 mol % (S)-Quinox-tBuAd, o-B
R . ‘./\c/}”’l‘* — R
Ba(pin); (2) (1.2 equiv) ("~ Cu

KOMe (1.2 equiv) H{ MeO
benzyl chlorides Et,0, 30 °C, 24-48 h @ O°R a-chiral alkyl boronates

1 L _ 3
mechanism? up to 92% ee

Figure 2. Copper(I)-catalyzed boryl substitution of alkyl halides via radical intermediate.
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5.2. Results and discussion

The proposed catalytic cycle was shown in Figure 3. The 6-bond metathesis between a copper(I)
alkoxide I and a diboron reagent 2 generates the boryl copper(I) species II. After the coordination of
potassium methoxide to the copper(I) center to form the cuprate species,!” a benzyl radical should be
afforded via the reaction between the cuprate and benzyl halide. The generation of the cuprate species
was experimentally probed by my co-workers.”®> Then, the radical species is borylated via
recombination with copper(Il) intermediate, which produce the benzyl boronate (S)-3 and the copper(I)

alkoxide I, which is assumed to be the enantio-determining step.

(pin)B—OR

(pin)B— B(pln % *L—Cu'-B(pin) 1 + KOMe

*L—Cu'-OR /B(pin)
| ® *L-Cule N
K. ‘OMe N:H\ "
% ‘CI‘/ Mem
o. .0 ;

—

UJ

o- L* = (S)-Quinox-tBuAd,

‘/C n-L

(-\
HY MeO
R KCl

v

(S)-3

Figure 3. Proposed catalytic cycle of copper(I)-catalyzed enantioconvergent boryl substitution of alkyl
halides.
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To investigate the enantio-determining step involving IV in Figure 3, I first optimized the
structure of the copper(Il) species (Figure 4). Although some copper(Il) complexes are reported to be
a square planer geometry,”®?® the geometry optimization from the square planer boryl
copper(Il)/bisphosphine complex resulted in the distorted tetrahedral geometry. It is considered that
the steric repulsion between the boryl group and substituents on the phosphorous atoms destabilizes

the square planer geometry and forces the copper(I) center in the distorted tetrahedral geometry.

through
geometry

Q O optimization Q\B/ Q
PP, _— PP
G598 CACAS)
\ OR
Cu(ll)
square planer distorted tetrahedral

Figure 4. Structure of copper(Il) species.

Then, the transition states (TSs) of the enantioselective radical trapping by the copper(Il) species
were calculated. In reactions between alkyl halides and organocopper(I) species instead of boryl
copper(I) species, the reaction sometimes proceeds via copper(I1I) intermediate.>*** Thus, I attempted
to optimize the structure of the copper(Ill) intermediate (Figure 5A), but those structures were not
found, and the borylated product 3 was obtained during the optimization. Hence, my calculation targets
were moved on to the concerted mechanism (Figure 5B).2! As the result of the transition state search,
the corresponding TSs having small reaction barriers for the concerted mechanism were found (Figure
6 and 7). The IRC for both the major and minor paths connected to the product directly. The difference
in activation energy values based on Gibbs free energy was consistent with the experimental results

(experiment: 67% ee; calculation: 68% ee).

A. Possible stepwise mechanism via copper(lll) intermediate

H.( W
R
2 ) @ H o._.0
O\ sR 0o B
,B-O u|||’BI\ > *L—Cu'-OMe +
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1l \
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* < # —C
L\Cu L

\
v OMe copper(lll) intermediate | (S)-3

B. Possible concerted mechanism

Sty L -
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I a D—=r B
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Cu OMe
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Figure 5. Structure of copper(Il) species.
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Figure 6. Structure of copper(Il) species.

Finally, the enantio-determining TSs were analyzed using NCIPLOT (Figure 7).>>% The strong
attractive interaction, which resembles hydrogen bonding, was found between the benzylic hydrogen
atom and the oxygen atom of the methoxide coordinated to the copper center, which was confirmed
by existence of the blue isosurface between those atoms.>* Also, the boryl group inclines into the
sterically less hindered upper-left space for avoiding steric repulsion with the bulky alkyl substituents
on the phosphorous atoms of the ligand, thus creating a rigid chiral environment for an enantioselective
reaction with the radical species. A strong C—H/z interaction between the phenyl ring of the substrate
and the methyl groups of the B(pin) was found in the major TS, as evident from the large green
isosurface in the NCIPLOT analysis (Figure 7A). This analysis of the C—H/x interactions is consistent
with the experimental results, where larger aryl groups, which should exhibit stronger C—H/n
interactions with the B(pin) moiety than a simple phenyl group, have a positive effect on the
enantioselectivity (for 1-naphtyl: 86% ee; for phenyl: 71% ee). The adamantyl moieties not only induce
repulsive but also attractive interactions such as London dispersion between the adamantyl moieties
and the methyl group in the major TS.%-¢ This is also in agreement with the experimental results,
which show that bulky alkyl groups have a positive effect on the enantioselectivity (for Me: 67% ee;
i-Bu: 80% ee). In contrast, the steric repulsion between the adamantyl moieties of the ligand and the
phenyl ring of the substrate found in the minor TS should destabilize the strucrure (Figure 7B). The
efficient combination of a rigid conformation and attractive and repulsive interactions in the complex
contributes to the realization of this challenging enantioselective recognition of achiral radical species
despite the long distance between the substrate radical carbon center and the boron atom compared to
that found in typical transition-metal-mediated reactions (major TS: B-C = 2.89 A, Cu-C = 3.30 A;
minor TS: B-C =2.93 A, Cu—C =3.22 A).
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Figure 7. Structure of copper(Il) species.

5.3. Conclusions

An enantio-determining mechanism of copper(I)-catalyzed boryl substitution of benzyl halides
was computationally investigated. The reaction using a boryl copper(I) species was found to proceed
via concerted radical trapping and borylation mechanism in contrast to reactions involving
organocopper(l) reagents. In the enantio-determining transition states, a strong attractive interaction
was found between the benzylic hydrogen and the oxygen atom of the methoxide coordinated to the
copper center. An attractive C—H/z interaction was also found in the major TS, which should contribute
the stabilization of the structure, while a steric repulsion between the aryl ring in the substrate and
adamantyl moieties in the ligand would destabilize the minor TS.
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5.4. Computational details

5.4.1. Calculation Method Details

All geometry optimizations and thermal energy correction calculations (frequency analyses) using
density functional theory (DFT) were performed with the Gaussian 09 (revision D.01)*” and Gaussian
16 (revision B.01)*® suite of programs. The geometry optimizations were carried out at unrestricted
(U) B3PWO91*° level of theory in gas phase with a mixed basis set; Def2-SVPD for the atoms around
the reaction center, B, P, Cu and a carbon atom to form C-B bond and Def2-SVP for the other
atoms.***! The wavefunction stabilities were tested with “Stable” or “Stable=Opt” keyword*>* in
Gaussian program. Harmonic frequency calculations were conducted at the same level of theory on
the optimized geometries to check all the stationary points as either minima or first-order saddle points.
Intrinsic reaction coordinate (IRC)* calculations were carried out to confirm the transition states
connecting the correct reactants and products on the potential energy surface. The zero-point energy
(ZPE) and thermal energy corrections were calculated using vibrational frequencies with GoodVibes

t* employing a quasi-harmonic approximation for entropy calculation at the solution of

python scrip
0.25 M and temperature of 303.15 K with free-rotor description below 100 cm™, as proposed by
Grimme.*® Frequency scaling was not applied to the GoodVibes calculations. The self-consistent field
energies were corrected at unrestricted (U) ®B97X-D* level of theory in diethyl ether using IEF-
PCM* solvation model with a mixed basis set; Def2-TZVPD for B, P, Cu and a carbon atom to form
C-B bond and Def2-TZVP for the other atoms.***!

Summary: UwB97X-D/Def2-TZVPD, Def2-TZVP/IEF-PCM(Et0)//UB3PW91/Def2-SVPD,

Def2-SVP/Gas phase.

5.4.2. Non-Covalent Interaction (NCI)-plot

Non-covalent interactions (NCI) in the transition states were computed using the non-covalent
interaction index from the optimized electron density at the same level of theory as the geometry
optimizations. The wave function files (.wfn) were obtained from the corresponding formatted
gaussian checkpoint files (.fchk) using Multiwfn program.*® The following thresholds were applied to
generate the NCI plot isosurface with NCIPLOT program;°5? sign(12)p ranging from —0.2 to 0.2 au
and reduced density gradient (RDG) = 0.45 au. The surfaces were colored on a blue-green-red (BGR)
scale using VMD program® according to values of sign(42)p ranging from —0.02 to 0.02 au. The blue
region indicates strong attractive interactions, and the red region indicates strong repulsive interactions.
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Figure S1. Plots of the non-covalent interaction index within the transition state for the major
enantiomer.
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Figure S2. Plots of the non-covalent interaction index within the transition state for the minor
enantiomer.
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5.4.3. Calculated Properties and Geometries

Table S3. Calculated energies and thermochemical parameters of the optimized structures.

Structure £ " e ¢
[hartree] [hartree] [hartree] [hartree]

Benzyl radical -310.232767 —310.081337 —0.039575 —310.120912
Cu(II) complex —4244.629849  —4243.622168 —0.127366 —4243.749534
Major TS —4554.877122  —4553.716580 —0.141170 —4553.857750
Minor TS —4554.875916  —4553.715121 —0.141032 —4553.856153
Cu(I) complex —3833.364832  —3832.549433 —0.104286 —3832.653719
Product —721.605168 —721.258231 —0.060780 —721.319011
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VI  Summary of This Thesis

Organoboron compounds represent a versatile synthetic building block in organic synthesis.
Recently, their applications to functional organic materials, such as fluorescent materials, electron
transport materials, and pharmaceuticals, also gathered attention from researchers. In this thesis, I
focused on the development of novel functionalized organoboron compounds and their stereo- and
enantioselective synthetic methods using copper(I)/diboron systems. Furthermore, for a deeper
understanding of the selectivity-determining mechanisms, DFT calculations were exhaustively
performed.

In Chapter 2, I developed a new series of chiral QuinoxP*-type 1,2-bisphosphine ligands. The
modification was implemented into the parent ligand QuinoxP* by introducing silyl groups onto the
ligand backbone; the silyl groups interact with substituents on the phosphorous atoms through non-
covalent interactions. The new ligands showed higher reactivity in the copper(I)-catalyzed direct
enantioconvergent borylation of six-membered cyclic allyl substrates, including heterocycles, than the
parent ligand without a drop of the enantioselectivity. Furthermore, I achieved the first development
of borylative kinetic resolution of linear allyl substrates using the new ligand. This positive effect of
the silyl groups was computationally explored and found to be attributable to the suppression of dimer
formation of boryl copper(I) species which is assumed to be a dormant species in catalysis. Moreover,
the detailed mechanism of the direct enantioconvergent borylation reaction was comprehensively
investigated. During this computational study, I developed a new descriptor for describing the
conformation of 1,2-bisphosphine ligands and analyzed the enantio-determining transition state.

In Chapter 3, I developed the first intramolecular alkylboration reaction of allenes. The reaction
proceeded in an exo-cyclization manner and produced alkenyl boronates having a four-membered ring
structure. Furthermore, the products were obtained with high diastereoselectivity. Through a
computational mechanistic study on the whole reaction pathways revealed that a facile allylic
isomerization of allylcopper(I) species generated in situ is the key for the high stereoselectivity.

In Chapter 4, I synthesized multi-substituted allylic boronates, which contain a tetrasubstituted
alkene moiety having four different substituents, via a copper(I)-catalyzed regio- and stereoselective
alkylboration of gem-disubstituted allenes. The borylation products were successfully applied to the
allylboration reaction of aldehydes to furnish the densely substituted homo-allylic alcohols with high
diastereoselectivity. A computational study revealed an unprecedented regio- and stereoselectivity-
determining mechanism, involving the boryl copper(I) coordination to allenes in addition to the
borylcupration of the allene. Furthermore, the structural analysis of ligands indicated that the ligands
having two pocket-like structures realized the regioselective borylcupration of the allene substrate.

In Chapter 5, I conducted the first computational mechanistic investigation of enantioselective
borylation of radical species with a boryl copper(Il) intermediate. The transition state analysis revealed
that the reaction proceeds via the concerted mechanism instead of the stepwise mechanism via

copper(Ill) intermediate. Furthermore, a non-covalent interaction analysis indicated that the
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enantioselectivity is controlled by a combination of small interactions: an attractive C—H/xm interaction
and a repulsive steric repulsion between the substrate and catalyst.

Through this thesis, I developed new densely-substituted and functionalized allylic and alkenyl
boronates under high stereo- and enantio-control using copper(I) catalyst. As I demonstrated, the
borylation products could be used as versatile building blocks in organic synthesis. Also, I investigated
and revealed the detailed mechanism of the copper(I)-catalyzed borylation reactions. Those highly
reactive and selective catalyst systems I developed and the deep understanding of the mechanism

would benefit the further development of new reactions and catalyst systems.
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