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Abbreviations

The following abbreviations are used in the thesis.

anal. Elemental analysis

aq. aqueous

Ar aryl

atom atmospheric pressure

br broad

Bn benzyl

Bu butyl

caled calculated

cat. catalyst

CI chemical ionization

COA cyclooctane

cod/COD 1,5-cyclooctadiene

COE cyclooctene

COSY correlated spectroscopy

Cy cyclohexyl

°C degrees Celcius

d doublet

) chemical shift of NMR signal in ppm
DFT density functional theory

DME 1,2-dimethoxyethane

dr diastereomeric ratio

ee enantiomeric excess

EI electron ionization

eq(s). equation(s)

equiv equivalent

Et ethyl

Et,O diethylether

FAB fast atom bombardment

GC gas chromatography

h hour(s)

Hex hexyl

HMBC hetero-nuclear multiple-bond connectivity
HMQC hetero-nuclear multiple quantum coherence
HPLC high-performance liquid chromatography

HRMS high resolution mass spectrometry

v



Hz hertz

i iso

IPr 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene
IPr* 1,3-bis(2,6-bis(diphenylmethyl)-4-methylphenyl)imidazol-2-ylidene
IMes 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene
I'Bu 1,3-di-tert-butylimidazol-2-ylidene

J coupling constant in NMR

KIE kinetic isotope effect

L ligand

M metal

m meta

Me methyl

min minute(s)

mL milliliter

uL microliter

MS mass spectral

n normal

NHC N-heterocyclic carbene

NMR nuclear magnetic resonance

0 ortho

ORTEP Oak Ridge thermal ellipsoid plot

)% para

Ph phenyl

Pr propyl

PR; trialkyl- or triaryl-phosphine

q quartet

quant quantitative

rt room temperature

s second(s)

s singlet

SFC supercritical fluid chromatography

SIPr 1,3-bis(2,6-diisopropylphenyl)imidazolin-2-ylidene
SIMes 1,3-bis(2,4,6-trimethylphenyl)imidazolin-2-ylidene
t (tert) tertiary

t triplet

Tf trifluoromethylsulfonyl

THF tetrahydrofuran

TMS trimethylsilyl

Vs. versus






General Introduction

Aldehydes are common carbonyl compounds, and often need to be activated for their use
in organic synthesis. Coordination of aldehydes to various typical- and transition-metals
has been reported as a method to activate aldehydes. An n! coordination of carbonyl
oxygen to Lewis acidic metals is accepted as a particularly important method (Scheme
1a).l1 The electrophilicity at the carbonyl carbon is enhanced via this ' coordination,
which promotes the addition of a variety of nucleophiles to aldehydes. Ann? coordination
of aldehydes to low-valent transition-metals has also been reported (Scheme 1b).”) Both
the carbonyl oxygen and carbon demonstrate nucleophilic reactivity due to the
contribution of an oxametallacyclopropane resonance form, which would enhance an

interest in the reactivity of n?-aldehyde complexes.
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Scheme 1. Activation of aldehydes via a) n! coordination to Lewis acidic metals
and b) n? coordination to low-valent transition-metals.

In addition, simultaneous coordination of aldehydes and unsaturated compounds
such as alkynes, allenes, dienes, and alkenes to transition-metals are known. Oxidative
cyclization then takes place to provide five-membered oxa-metallacycles with the
formation of C—C, C-M, and O-M bonds (Scheme 2).2-! These five-membered oxa-
metallacycles are often proposed as key intermediates in transition-metal-catalyzed
synthesis of oxygen-containing compounds via formation of a C—C bond between
aldehydes and unsaturated compounds,'® e.g., hydroacylation reaction (Scheme 2a),**!

5d—g]

reductive coupling reaction (Scheme 2b),! and oxa-Pauson-Khand reaction (Scheme

R
Hydroacylation - (@)
M = Ni ¢ o
H
R oxidative H R Reductive Coupling H R
Y /4 H'ﬁ Cyclization [ R'-m
s O — /! > ( (b)
lo} — R ¢ Om
M M’ M =Ti, Ni, Rh
Oxa-Pauson-Khand H R
co [ (©)
M =Ti, Ni, Mo, Ru o
o

Scheme 2. Transformation of aldehydes via five-membered oxa-metallacycles:
a) hydroacylation, b) reductive coupling, and c) oxa-Pauson-Khand reactions.



2¢).5" Therefore, the development of efficient methods to generate metallacycles would
offer further opportunities to access a variety of organic compounds.

Five-membered oxa-metallacycles containing early transition-metals such as
titanium and zirconium are well-known, and these complexes are stabilized by a strong
interaction between oxygen and metals.[*** For example in 1990s, Whitby reported the
formation of oxa-titanacycles given by o,e-unsaturated carbonyl compounds and
TiCp2(PMes)2 (Scheme 3).%¥ Furthermore, Buchwald and Crowe independently reported
titanium-mediated/-catalyzed reductive coupling (Scheme 3a)[®! and oxa-Pauson-Khand
reactions (Scheme 3b).I” However, the strong interaction between oxygen and titanium
in oxa-titanacycle intermediates significantly limits the catalytic turnover. Late transition-
metal-catalyzed coupling reactions have also been well-investigated. In order to generate
five-membered oxa-metallacycle intermediates in late transition-metal-catalyzed
coupling reactions, strong back-donation from a metal center to n?-aldehyde and n?-
unsaturated ligands is essential. Thus, the combination of an electron-rich transition-metal

and a strong electron-donating ligand such as phosphine or N-heterocyclic carbene

(NHC) ligands would be ideal.
Sl H [g ]
— (a)
= SiR; 0OSi

)/l Cp.Ti(PMes),
—— —
Z H o (o}

T co
Ti=TiCp, — > o T o
/
Ti
d o

Scheme 3. Titanium-mediated a) reductive coupling reaction with hydrosilanes
and b) oxa-Pauson-Khand reaction via five-membered oxa-titanacycles.

Nickel(0) species would be a promising candidate since several reports on the
isolation of five-membered oxa-nickelacycles!®) and on nickel(0)-catalyzed coupling
reactions via oxa-nickelacycle intermediates have been reported.!**¢! In 1970s, Stone and
co-workers reported the first example on isolation of five-membered oxa-nickelacycles a
and b formed by reactions of hexafluoroacetone with either hexafluoroacetone or
hexafluoroacetone imine on tetrakis-(tert-butyl isocyanide)nickel,*** and Penfold and

co-workers reported the first crystallographic identification of the five-membered oxa-

Ph

+CF3 +CF3
F3C>( 3C>k /2/_.’% )
CY3P/N IB)Z, L,ng

‘BuNC/ CNBu ‘BuNC/ \CN'Bu L = PCys, PPhy
a b c d

Figure 1. Examples of the reported five-membered oxa-nickelacycles.
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nickelacycle b (Figure 1).11 Our group has also contributed to these developments by the
direct observation of the formation of oxa-nickelacycles ¢ and d from (n?-aldehyde:n?-
alkyne)nickel and (n*-aldehydem?-alkene)nickel complexes via oxidative cyclization
(Figure 1), and observation of the following quantitative transformation into the
corresponding oxygen-containing organic compounds.[*¢1!

Oxa-nickelacycle is proposed as a key intermediate in a nickel(0)-catalyzed coupling
reaction of aldehydes and unsaturated compounds (Scheme 1). Especially, nickel(0)-
catalyzed reductive coupling reactions have been well-developed. In 1997, Montgomery
and co-worker reported the first example on nickel(0)-catalyzed intramolecular reductive
coupling reaction of aldehydes and alkynes with organozinc reagents (Scheme 4).”! They
proposed the reaction pathway proceeding via transmetallation between the oxa-
nickelacycle with the organozinc reagent. After their first report, the reactions of
aldehydes with alkynes have been well-developed.’*# The use of 1,3-dienes!!”) or
allenes!!!! instead of alkynes was also reported. In 2000, Mori, Sato, and co-workers
reported the nickel(0)-catalyzed intramolecular reductive coupling of aldehydes and 1,3-
dienes with hydrosilanes (Scheme 5).'%l Montgomery and co-worker developed the
nickel(0)-catalyzed intramolecular reductive coupling of aldehydes and allenes with

] Nevertheless, the use of alkenes has been rare, which

20 mol% Ni(cod),
80 mol% P"Bus Et,Zn H*
+ EtZn ————————> — —
|| H"o 2 THF, 0°C, 2 h !/ o 7 oznEt oH
Ni

3.0 equiv Ni-Et 74%
Ni = Ni(P"Bus),

organozinc reagents (Scheme 6).!

Scheme 4. Nickel(0)-catalyzed reductive coupling of aldehyde and alkyne.

R R R R R R

10 mol% Ni(cod),
20 mol% L Si-H
Z H X0 * (EtO);SiH /] —> |\ —>

CH,CN, —30 °C, 8 h

5.0 equiv < :O /—§ Osi ﬁ‘s ”OSi
= | N 7 Wi-H /=
R = CO,Me L= P—Ph Ni = NiL,, Si= Si(OEt); 83%, 73% ee

w

Scheme 5. Nickel(0)-catalyzed reductive coupling of aldehyde and 1,3-diene.

Ts 20 mol% Ni(cod), s N Ts
:\I\ 80 mol% P"Bu, Et,Zn H*
R ——— — —
_Z i o * RN ETeec, 30 min _
z 3.5 equiv 0 OzZnEt OH
> €q Ni Ni-Et

66%
Ni = Ni(P"Buj),

Scheme 6. Nickel(0)-catalyzed reductive coupling of aldehyde and allene.



might be due to the difficulty of both the simultaneous coordination of these two
components to nickel(0) and the following oxidative cyclization.[*! Thus far, the use of
alkenes has been limited to the highly reactive ones such as methylenecyclopropane
(Scheme 7a),'?! norbornene (Scheme 7b).['3 The reaction using ethylene and silyl
triflates was also reported by Jamison and co-workers (Scheme 8).['*) In addition,
nickel(0)-mediated intramolecular reductive coupling reaction of aldehydes and alkenes

with diethylaluminum cyanide was reported by Ho (Scheme 9).['!

10 mol% Ni(cod),

Ph
) 10 mol% IMes
+ H{  + PrSiH ——> Ph (a)
> THF, rt, 15 h H
2 equiv 0Si'Prs

88%

10 mol% Ni(cod),

Ph

@ Ph 20 mol% PCy; b
+ + Et;B >

H_<o ¥ THF rt,15h OH (b)

2 equiv 2 equiv H
87%

Scheme 7. Nickel(0)-catalyzed reductive coupling of aldehydes and alkenes.

20 mol% Ni(cod),
40 mol% P(o-anisyl); Ph

Ph
6 eq. Et;N
J + WX+ EtsioTi 2 - 7~
S toluene, rt, 18 h 7 osikt,
1 atm 1.25 equiv 1.75 equiv 82%

Scheme 8. Nickel(0)-catalyzed reductive coupling of aldehyde and ethylene with

silyl triflate.
1.0 equiv Ni(cod),
1.1 equiv IPr H*
0 + ELAICN > > — 0
toluene, 0°C, 2 h rt, 18 h
H™ SO0 . OH
| 2.0 equiv
CN

92%

Scheme 9. Nickel(0)-mediated reductive coupling of aldehyde and alkene with
diethylaluminum cyanide.

The purpose of this study is the development of intramolecular coupling reactions
of simple alkenes with carbonyl compounds such as aldehydes and ketones via oxa-
nickelacycle key intermediates. In addition, the development of practical method to
synthesize a highly reactive and versatile Ni(0)-NHC precursor, where NHC stands for
N-heterocyclic carbene, and utilization of these nickel(0) complex in organic synthesis

are also the aim of this study.



This thesis consists of the general introduction in this chapter and the following three
chapters (Scheme 10). In chapter 1, the mechanistic studies on the nickel(0)-catalyzed
intramolecular hydroacylation of alkenes are described (Scheme 10a). Chapter 2 deals
with the nickel(0)-catalyzed intramolecular reductive coupling reactions of carbonyl
compounds with alkenes (Scheme 10b). During the course of the studies on nickel(0)-
catalyzed coupling reactions through chapters 1 and 2, I focused on a versatile
Ni(0)-NHC precursor with labile and less noxious n®-arene ligand. In chapter 3, the
development of practical preparation method for (n®-arene)Ni(NHC) complexes is

discussed (Scheme 10c). Finally, this thesis is summarized in conclusion.

—> HQ-“H —_— Hg{ (a)

cat. 0 pB-H Elimination 0

ﬂ Ni(0) Ni H

o L

L5 H H L H H (b)
0 Transmetallation oM

Ni R’
= ” H i
TN+ Ar~NTSN-Ar — 5 i' (c)
M \===/ arene Ar<N“SN-Ar
Ni(cod), NHC -2 (n8-arene)Ni(NHC)

Scheme 10. This thesis: a) nickel(0)-catalyzed intramolecular hydroacylation, b) nickel(0)-
catalyzed intramolecular reductive coupling reaction, and c) practical preparation method
for (n®-arene)Ni(NHC) complexes.
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Chapter 1

Mechanistic Studies on

Nickel(0)-Catalyzed Intramolecular Hydroacylation

Abstract: Our group previously reported the first example of a nickel(0)-catalyzed
intramolecular hydroacylation of alkenes. No decarbonylation took place in our
hydroacylation system while the decarbonylation has been an undesired, albeit
unavoidable, side reaction in a long history of transition-metal-catalyzed hydroacylation.
Thus, our hydroacylation system would be accepted as a practical and novel development
in this field. Although some preliminary mechanistic studies using stoichiometric
experiments were already reported, further studies were required to clarify all details of
the reaction mechanism. Herein, a combined experimental and theoretical studies of
nickel(0)-catalyzed intramolecular hydroacylation of alkenes is described. The results
support the hypothesis that this intramolecular hydroacylation proceeds via an oxa-

nickelacycle key intermediate.



1.1. Introduction

Transition-metal-catalyzed hydroacylation has been accepted as a promising synthetic
method to form C—C bonds between an aldehyde and unsaturated compounds, such as
alkynes and alkenes (Scheme 1.1). In 1972, Sakai and co-workers reported the first

%, * Hio - g ﬂo
|—> M—§R Z» EM‘\gR

H o H
Scheme 1.1. Transition-metal-catalyzed hydroacylation.

example of intramolecular hydroacylation of alkenes by using a stoichiometric amount of
Wilkinson’s complex RhCI(PPh3);.[! The first example of rhodium-catalyzed
intramolecular hydroacylation of alkenes was reported by Miller and co-worker in
1976.12) Since these reports, significant advances have been achieved.[*! The reaction
mechanism is believed to proceed via an acyl metal intermediate generated by oxidative
addition of the aldehyde to the metal center. The acyl metal complex is also proposed as
a key intermediate in transition-metal-catalyzed decarbonylation of aldehydes. For
example, Tsuji reported that decarbonylation of benzaldehyde took place in the present
of RhCI(PPh3); to give benzene and rhodium carbonyl complex RhCI(PPh;3)>(CO)

(Scheme 1.2).11 Thus, decarbonylation causes a decrease in the yield of the target product

Ph  RhCI(PPh;), Ph
> Rh—< —> Ph—H + Rh—CO
H o toluene, reflux, 2 h H/ b} 83% 92%
-PPh; Rh = RhCI(PPhj),

Scheme 1.2. Decarbonylation of benzaldehyde with RhCI(PPhs)s.
in hydroacylation and a deactivation of the catalyst via the coordination of carbon
monoxide. In order to enhance the efficiency of the hydroacylation process, many
strategies have been developed to suppress undesired decarbonylation from the acyl metal
intermediate. In particular, chelation-assisted systems have significantly progressed, and
these systems have become a major strategy in the design of novel hydroacylation
systems.*] For example, Bendorf and co-workers reported rhodium-catalyzed chelation-
assisted intramolecular hydroacylation of alkenes (Scheme 1.3).5% In this reaction,

coordination of both the sulfur tether atom and the alkene to a vacant site of the acyl

5 mol% RhCI(PPh;)
P~"s i B s .
CH,Cl,, rt, 24 h Rh o
AT

H™ O

Rh = RhCI(PPh,), 92%

Scheme 1.3. Rhodium-catalyzed chelation-assisted hydroacylation of alkenes.
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rhodium intermediate suppress the decarbonylation.

Nickel(0)-catalyzed intermolecular hydroacylation of alkyne was reported by Tsuda,
Saegusa, and co-worker in 1990.1%7] They proposed two possible reaction pathways: a)
proceeds via an acyl nickel intermediate, and b) proceeds via an oxa-nickelacycle

intermediate (Scheme 1.4). They concluded that the former was more plausible because

(a) via acyl metal intermediate

cat. Ni(0) Ni.\( _____ - Ni—co+H_R
P e
vk, a
Ni(0) — _T
e 5" —

(b) via oxa-nickelacycle intermediate

Scheme 1.4. Nickel-catalyzed hydroacylation of alkyne via a) an acyl nickel
intermediate or b) an oxa-nickelacycle intermediate.

of observation of the formation of nickel carbonyl complex and decarbonylated olefinic
side products in the reaction with benzaldehyde. On the other hand, during the course of
our research on hetero-nickelacycles,®! our group demonstrated that an oxa-nickelacycle
prepared by oxidative cyclization of an alkyne and an aldehyde with nickel(0) slowly
decomposed to furnish a hydroacylated product and no decarbonylated product.®®! This
result indicated that the oxa-nickelacycle can act as a potential intermediate in nickel(0)-
catalyzed hydroacylation alkyne (Scheme 1.4b). The formation of dimeric oxa-
nickelacycles in the stoichiometric reaction of o-allylbenzaldehyde (0-ABA), Ni(cod)a,
and tertiary phosphines has been reported as well.[¥ Thus, the construction of a catalytic
hydroacylation of alkene via the oxa-nickelacycle seemed quite effective for the
generation of a hydroacylated product without decarbonylation. Recently, we have
developed the first example on Ni(0)/I'Bu-catalyzed intramolecular hydroacylation of
alkenes (Scheme 1.5).°) Remarkably, no decarbonylation was observed under our
catalytic conditions, and thus this Ni(0)/I'Bu-catalyzed hydroacylation represents 100%
atom efficiency. A plausible reaction mechanism was proposed as shown in Scheme 1.5
based on the results of preliminary mechanistic studies using o-ABA (1a): i) (n°-
aldehydem?-alkene)nickel complex Cla and dimeric oxa-nickelacycle (C2a): were
isolated by stoichiometric experiments of 1a, Ni(cod)., and I'Bu; and, ii) transformation
of (C2a): into 2-methylindanone (2a) was confirmed under both stoichiometric and
catalytic conditions.

Herein, additional results obtained by kinetic and theoretical studies and detailed

insights into the reaction mechanism are described.
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cat. Ni(cod),/I'BU AL ..

or H . !
y cat. (C2a), : %N’\N’Q :
> : \—/ :

mesitylene, 130 °C'

4
H” o o ... By .
1a 2a

Ni(cod),/I'Bu

toluene, 22 °C toluene, 130 °C

83% 32% (con. 32%)

———-

H
i H toluene, 22 °C H
N 2 84% 0
I Ni
| o’
I'Bu 1'Bu
C1la C2a
Isolated Isolated, X-ray

Scheme 1.5. Ni(0)/I'Bu-catalyzed intramolecular hydroacylation of alkene.
A reaction mechanism previously proposed is shown.

1.2. Result and Discussion

1.2.1. Kinetic Experiments

The reaction of 1a (0.40 mol m™) with Ni(cod), (2.0x102 mol m) and I'Bu (2.0x107?
mol m™) in mesitylene at 130 °C was monitored by means of GC (Figure 1.1a). The rate
constants of the disappearance of 1a (k) and the production of 2a (kp) were evaluated
by the least-squares fitting of the time—concentration profiles to zeroth-order rate
equations (Egs. 1 and 2):

—d[1a]/dt = kg = 3.39(11) x 1075 [mol m~3 s71] (1)
d[2a]/dt = kp = 2.66(7) X 107> [mol m~3 s™1] (2)
0.35 8 746)
.
0.30 2a(R?=0.98)
& 6 55(2)
£ 0.25 = R?=0.97
e 2 5
E 020 E 41(2)
£ 24 .
o015 o 266(7)
8 = .
§ 0.10 1a(R?=099) £
0.05 1
(]
0.00 0
0 2000 4000 6000 8000 10000 0 001 002 003 0.04 005 006 007 0.08
time [s] concentration of Ni{cod),/IBu [mol m*)]

Figure 1.1. a) The profiles of the concentration of the disappearance of 1a (0) and the
production of 2a (®) with respect to reaction time. Reaction was monitored by GC using
pentadecane as an internal standard. b) The profile of kp with respect to the concentration of
Ni(cod),/1'Bu. All reactions were monitored by GC using pentadecane as an internal standard.
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The zeroth-order dependence on the concentration of 1a indicates that the coordination
of 1a to a Ni(0)/I'Bu complex yielding Cla is not involved in the rate-determining event.
Next, the kp values were estimated by varying the concentrations of Ni(cod), and I'Bu
from 2.0x107%to 8.0x102 mol m™ (Figure 1.1b). Thus, the kinetic order in the Ni(0)/I'Bu
catalyst is the first-order.

1.2.2. Theoretical Experiments

Two reaction mechanisms for the hydroacylation of 1a were evaluated with DFT
calculation, which proceeds via 1) oxidative cyclization giving C2a (Figure 1.2) and ii)
cleavage of the aldehyde C—H bond giving acyl nickel intermediate C8a (Figure 1.3). All
minima and transition state geometries were optimized with B3PWO91 function
implemented in Gaussian 09.1'%! For calculation of the potential energies, the SDD basis
set was used for Ni with an f polarization function, and 6-311+G(d,p) was used for other
atoms. The SCRF (mesitylene) with IEF-PCM solvation model was used in all
calculations. All relative energies presented herein are Gibbs free energies in kilocalories
per mole (kcal mol') at 403.15 K with respect to Ni(0)/I'Bu+1a. Zero-point vibration
energies and thermodynamic corrections at 403.15 K were calculated at the same level as
the geometry optimization.

The calculation results on the transformation of 1a to (n?-2a)Ni(I'Bu) (C6a) via
oxidative cyclization giving oxa-nickelacycle intermediate C2a are shown in Figure 1.2.
The optimized molecular structures for anti-Cla, trans-TS1, trans-C2a, TS2, C3a, and
TS4 are also given. Coordination of 1a to Ni(0)/I'Bu yields two isomers, anti-Cla (—29.5
kcal mol ™) and syn-Cla (-31.5 kcal mol™), depending on the orientation of the C1-H1
bond with respect to the C5-H5 bond. The molecular structure of (n*n?-o-
homoallylbenzaldehyde)Ni(I'Bu) was previously confirmed by X-ray analysis, and the
corresponding syn orientation was determined.”® Oxidative cyclization from anti-Cla
produces monomeric oxa-nickelacycle trans-C2a (—22.3 kcal mol™!) via trans-TS1 (6.5
kcal mol!), and the activation barrier in this step is thus AG* = 23.0 kcal mol™!. The
interatomic distance between C1 and C5 varies from 2.74 A in anti-Cla to 1.52 A in
trans-C2a via trans-TS1 (C1--C5 1.68 A), which shows the formation of the C1-C5
bond during this oxidative cyclization process. The monomeric oxa-nickelacycle complex
cis-C2a (-29.5 kcal mol!) and dimeric cis-(C2a)2 (-30.6 kcal mol! without BSSE
correction; —26.3 kcal mol™! with BSSE) are also accessible from syn-Cla via cis-TS1
(7.6 kcal mol™!). Thus, the oxidative cyclization to form cis-C2a (and the following
dimerization to give cis-(C2a)2) could occur easily under the catalytic conditions, which
is consistent with the experimental result wherein cis-(C2a)2 was isolated in 88% yield

as a precipitation from toluene solution of Cla after 33 days at room temperature.[%?]
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Figure 1.2. Gibbs free energy surface of the pathways via oxidative cyclization followed by
B-hydride elimination. Relative Gibbs free energies in mesitylene (IEF-PCM solvation model)
with respect to Ni(0)/I'Bu+1a (= +0.0) are shown, calculated by DFT at the B3PW91/SDD(f) for
Ni and 6-311+G(d,p) for other atoms (403.15 K). Optimized structures of anti-Cla, trans-TS1,
trans-C2s, TS2, C3a, and TS4 are also given. Hydrogen atoms except H1 and H5 are omitted
for alacrity. Selected distances [A] and angles [°]: (anti-C1a) O-Ni 1.96, C1-Ni 1.94, C1---C5
2.74, C5-Ni 2.03, C6—Ni 2.02, C1-0 1.30, C5-C6 1.40, Ni—C7 1.99; (trans-TS1) O—Ni 1.96,
C1--Ni2.24,C1--C51.68, C5:-:Ni 2.27, C6—-Ni 1.88, C1-0 1.37, C5-C6 1.51, Ni—C7 1.85, C6—Ni—
0 117.1, C6—-Ni—C7 103.3, 0—Ni—C7 139.4, 0-C1-C5 119.7, C6—C5-C1 114.5; (trans-C2a) O—Ni
1.83, C1--:Ni 2.63, C1-C5 1.52, C5--:Ni 2.67, C6-Ni 1.94, C1-0 1.39, C5-C6 1.52, Ni—C7 1.92,
C6—-Ni—C7 99.3, C7-Ni-O 169.4, O—Ni—C6 91.0; (TS2) O---Ni 2.36, C1:--Ni 2.22, H1--Ni 1.56,
C1--H11.61,C1-01.27,C1-C51.57, C5-C6 1.52, C6-Ni 1.93, Ni-C7 1.93, C6—Ni—H1 82.6, C6—
Ni—C7 103.6, H1-Ni—C7 163.9; (C3a) H1-Ni 1.46, H1:--C6 2.23, Ni-C6 1.90, C7—Ni 2.01, C6—Ni-
C7 111.0, C7-Ni—H1 166.9, H1-Ni-C6 82.2; (TS4) C6---H1 1.63, H1-Ni 1.43, C6—Ni 1.91, Ni—C7
1.92, C6-Ni—H1 56.2, C6—-Ni—C7 175.1, H1-Ni—C7 126.8. [a] Energy value without BSSE
correction (—26.3 kcal mol* with BSSE).

A rational structure for TS2 (+4.9 kcal mol™) is found in the B-hydride elimination step
from trans-C2a forming nickel hydride intermediate C3a (~13.5 kcal mol™!); however,
an activation complex in B-hydride elimination from cis-C2a was not found under the
present calculation conditions. Thus, #rans-C2a is key for the production of 2a. After the

formation of C3a, isomerization to C4a (-19.8 kcal mol') followed by reductive
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elimination via TS4 (-15.9 kcal mol™!) affords C6a. The overall activation barrier for this
reaction mechanism is AG* = 36.4 kcal mol™!, which is calculated using the steps from
syn-Cla to TS2.

The reaction pathways via cleavage of the aldehyde C—H bond were also evaluated
under the same calculation conditions. The results and optimized structures of anti-TSS5,
anti-C7a, trans-TS6, C8a, and TS7 are shown in Figure 1.3, wherein the participation of
a ligand-to-ligand hydrogen transfer process via cis- or trans-TS6 is revealed.!'!) First,

the formation of anti/syn-C1a occurs followed by a change in the coordination mode of

cis-TS6 trans or cis t
A (+13.0)

pribe [

W/

T | Nijo)1Bu anti or syn + ; N~
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H” |
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H
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Figure1.3. Gibbs free energy surface of the pathways via cleavage of the aldehyde C—H bond
giving an acyl nickel intermediate. Relative Gibbs free energies in mesitylene (IEF-PCM
solvation model) with respect to Ni(0)/1'Bu+1a (= +0.0) are shown, calculated by DFT at the
B3PW91/SDD(f) for Ni and 6-311+G(d,p) for other atoms (403.15 K). Optimized structures of
anti-TS5, anti-C7a, trans-TS6, C8a, and TS7 are also given. Hydrogen atoms except H1 and H5
are omitted for alacrity. Selected distances [A] and angles [°]: (anti-TS5) O---Ni 2.59, C1-Ni
2.08, H1:--Ni 1.79, C1-H1 1.15, C1-0 1.24, C5-Ni 1.99, C6—-Ni 1.96, Ni-C7 1.96, Ni-C1-H1 59.2,
0-C1-H1 118.2; (anti-C7a) O---Ni 2.76, C1-Ni 2.01, H1-Ni 1.62, C1-H1 1.22, C1-0 1.24, C5-
Ni 1.98, C6—-Ni 1.97, Ni—C7 1.96, Ni-C1-H1 53.6, 0—C1-H1 115.7; (trans-TS6) O---Ni 2.87, C1-
Ni 2.01, H1-Ni 1.37, C1---H1 2.73, C6---H1 2.25, C5—-Ni 1.98, C6-:-Ni 2.08, Ni—-C7 1.94, C1-Ni—
H1 106.0, C6-Ni—H1 78.5, C6—Ni—C7 127.7, C7-Ni—C1 104.2, C6—Ni—C1 128.0, C5-Ni—-C1 87.1;
(C8a) C1-Ni 1.84, C5—-Ni 1.90, C6---Ni 2.34, Ni—C7 1.97, C5-Ni—-C7 163.9, C7-Ni—C1 109.1, C5—
Ni—C1 87.0; (TS7) O---Ni 2.66, C1-Ni 1.88, C1:--C5 1.74, C5--Ni 2.16, Ni—C7 1.89, C5—-Ni—C7
175.2, C7-Ni—C1 127.4, C5-Ni—-C1 50.6.
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the aldehyde group from n2-(x-C,0) to n?-(x-C,H) to give anti-C7a (—19.2 kcal mol™)
and syn-C7a (—15.9 kcal mol!). The optimized molecular structures of an#i-TS5 and
anti-C7a illustrate this change in coordination mode from anti-Cla to anti-C7a via anti-
TSS5. The interatomic distances between Ni to H1 and Ni to O vary from 2.45 to 1.62 A
and from 1.96 to 2.76 A, respectively, via anti-TS5 (Ni--H1 1.79 A, Ni--O 2.59 A). A
rational transition state for the oxidative addition of the aldehyde C1-HI bond in
anti/syn-C7a to the nickel(0) center affording a nickel hydride intermediate was not
found under the present calculation conditions. Alternatively, the pathways were
predicted to proceed via the hydrogen transfer from the n?-(k-C,H)-aldehyde ligand in
syn- or anti-C7a to the n?>-alkene ligand via cis- (+13.0 kcal mol™!) or trans-TS6 (+10.4
kcal mol ™), respectively. As a result, an acyl nickel intermediate C8a (-28.8 kcal mol™)
is formed. In the optimized structure of #rans-TS6, the C1-H1 bond is cleaved (C1---H1
2.73 A) to form a Ni-H1 bond (Ni-H1 1.37 A), and then the covalent bonds between C6
and H1, C5 and Ni, and C1 and Ni form simultaneously. From C8a, reductive elimination
via TS7 (-14.0 kcal mol ™) furnishes the product Céa. Thus, the overall activation barrier
is AG*= 41.9 kcal mol!, which is given by the steps from syn-Cla to trans-TS6.

Given the lower overall activation barrier of 36.4 kcal mol™! for the former versus
41.9 kcal mol™! for the latter, it is likely that the former pathways proceed via the oxidative
cyclization depicted in Figure 1.2. Furthermore, this former reaction mechanism is
consistent with the following experimental results: 1) the transformation of 1a to 2a
showed the zeroth- and first-order dependence upon the concentrations of la and
Ni(0)/I'Bu, respectively (Figure 1.1); ii) the isolation of cis-(C2a)2 and its conversion into
C2a took place under both stoichiometric and catalytic conditions (Scheme 1.5); and,
iii) no decarbonylation was observed under the optimized catalytic conditions.”*

Details of the catalytic cycle are summarized in Scheme 1.6. First, the coordination
of 1a to Ni(0)/I'Bu gives anti-Cla and/or syn-Cla, in which 1a coordinates to the Ni(0)
center in an m’-alkene and an m’-aldehyde fashion. Under the present calculation
conditions, syn-Cla is predicted to be energetically more stable. The oxa-nickelacycles
trans-C2a and cis-C2a are generated from anti-Cla and syn-Cla, respectively, via
oxidative cyclization processes. The dimeric complex cis-(C2a)2 was previously
experimentally isolated;"®* however, the present calculations show that trans-C2a is the
key intermediate for the production of 2a. -Hydride elimination occurs from trans-C2a
to afford nickel hydride intermediate C3a. The transition state with the highest relative
Gibbs free energy is given in this B-hydride elimination process. Thus, the reaction rate
is determined by the pathways from syn-C1la to C3a. Isomerization to C4a and reductive
elimination occur to give 2a, along with regeneration of anti-Cla and/or syn-Cla by
coordination of 1a to Ni(0)/I'Bu.
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Scheme 1.6. Catalytic pathways for Ni(0)/I'Bu-catalyzed intramolecular
hydroacylation of o-allylbenzaldehyde 1a.

1.3. Conclusion

In conclusion, experimental and theoretical studies on the Ni(0)/I'Bu-catalyzed
intramolecular hydroacylation of alkenes were performed. Two plausible reaction
mechanisms were fully evaluated by DFT calculation. The mechanism proceeding via 1)
an oxa-nickelacycle intermediate given by the oxidative cyclization of n?-alkene and n?*-
aldehyde ligands on nickel(0) is likely when compared to the mechanism proceeding via
ii) an acyl nickel intermediate given by a ligand-to-ligand hydrogen transfer from 1>-(k-
C,H)-aldehyde to n?-alkene ligands. Kinetic experiments of the reaction showed the
zeroth- and first-order dependence on the concentrations of the substrate and the
Ni(0)/I'Bu catalyst, respectively. All theoretical predictions and experimental results are
well consistent with the conclusion that the Ni(0)/I'Bu-catalyzed intramolecular
hydroacylation of o-allylbenzaldehyde proceeds via the oxa-nickelacycle with trans-

conformation as a key intermediate.
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1.4. Experimental Section

1.4.1. General

All manipulations were conducted under a nitrogen atmosphere using standard Schlenk
or dry box techniques. Analytical gas chromatography (GC) was carried out on a
Shimadzu GC-2014 gas chromatograph, equipped with a flame ionization detector.

1.4.2. Materials

Mesitylene was distilled from sodium benzophenone ketyl prior to use. Pentadecane was
distilled over CaH; under reduced pressure prior to use. 1,3-Di-tert-butylimidazol-2-
ylidene (I'Bu) was furnished by the known procedures.!'?! 0-Allylbenzaldehyde (1a) was

prepared by the procedure reported previously.?

1.4.3. Kinetic Studies

Determination of order in substrate (Figure 1.1a)

Determination of the reaction rate constant for the hydroacylation with 1a: To a
solution of Ni(cod)> (22.0 mg, 0.08 mmol) and I'Bu (14.4 mg, 0.08 mmol) in mesitylene
(4 mL) was added 1a (235.6 mg, 1.61 mmol) and pentadecane (207.7 mg) as an internal
standard. Initially the reaction mixture was heated at 128—130 °C for 15 min, and then
the monitoring of the reaction started at the indicated temperature by GC. The results
were summarized in Figure 1.4. kg and kp were evaluated by the least-squares fitting

of the time—concentration profiles to zeroth-order rate equations (Egs. 1 and 2):

—d[1a]/dt = kg = 3.39(11) x 1075 [mol m~3 s71] (1)

d[2a]/dt = kp = 2.66(7) X 107> [mol m~3 s™1] (2)
0.35
0.30 2a (R2=0.98)
E 025 /‘
[=]
£ 920
s
S 015
=
]
g 0.10 . 1a (R2=0.99)
0.05
[ ]
0.00
0 2000 4000 6000 8000 10000

time [s]
Figure 1.4. The profiles of the concentration of 1a (O) and 2a (®) with respect to reaction
time. Reaction was monitored by GC using pentadecane as an internal standard.

Determination of the order of the reaction in catalyst (Figure 1.1b)
[Ni(cod)2/I'Bu] = 0.08 M: To a solution of Ni(cod)> (88.0 mg, 0.32 mmol) and I'Bu (57.6
mg, 0.32 mmol) in mesitylene (4 mL) was added 1a (234.0 mg, 1.60 mmol) and
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pentadecane (177.4 mg) as an internal standard. Initially the reaction mixture was heated
at 130 °C for 15 min, and then the monitoring of the reaction started at the indicated
temperature by GC. The results were summarized in Figure 1.5. kp at [cat] = 0.08 M
was evaluated by the least-squares fitting of the time—concentration profile to zeroth-

order rate equation (Eq. 3).
kp = d[2a]/dt = 7.1(5) X 107> [mol m~3 s71] (3)

0.200
0.175 °
0.150
2a (R?=0.97)
0.125
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0.000
0
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Figure 1.5. The profile of the concentration of 2a with respect to reaction time when
[Ni(cod)2/1'Bu] is 0.08 M. Reaction was monitored by GC using pentadecane as an internal
standard.

[Ni(cod)2/I’Bu] = 0.06 M: To a solution of Ni(cod)> (33.0 mg, 0.12 mmol) and I'Bu (21.6
mg, 0.12 mmol) in mesitylene (2 mL) was added 1a (116.5 mg, 0.80 mmol) and
pentadecane (99.9 mg) as an internal standard. Initially the reaction mixture was heated
at 130 °C for 15 min, and then the monitoring of the reaction started at the indicated

temperature by GC. The results were summarized in Figure 1.6. kp at [cat] = 0.06 M

kp = d[2a]/dt = 5.5(2) x 107> [mol m~3 s™1] (4)
0.175
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2a (R?=0.99)

0.100 e

0.075

concentration [mol m™]

0.050

0.025

0.000
0

500 1000 1500 2000 2500 3000
time [s]

Figure 1.6. The profile of the concentration of 2a with respect to reaction time when
[Ni(cod)2/1'Bu] is 0.06 M. Reaction was monitored by GC using pentadecane as an internal
standard.
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was evaluated by the least-squares fitting of the time—concentration profile to zeroth-
order rate equation (Eq. 4).

[Ni(cod)2/I’Bu] = 0.04 M: To a solution of Ni(cod)> (22.0 mg, 0.08 mmol) and I'Bu (14.4
mg, 0.08 mmol) in mesitylene (2 mL) was added 1la (118.6 mg, 0.81 mmol) and
pentadecane (103.7 mg) as an internal standard. Initially the reaction mixture was heated
at 130 °C for 15 min, and then the monitoring of the reaction started at the indicated
temperature by GC. The results were summarized in Figure 1.7. kp at [cat] = 0.04 M
was evaluated by the least-squares fitting of the time—concentration profile to zeroth-

order rate equation (Eq. 5).
kp = d[2a]/dt = 4.1(2) X 107> [mol m™3 s71] (5)

0.15 ° 2a (R?=0.99)

concentration [mol m]

0 1000 2000 3000 4000 5000 6000
time [s]

Figure 1.7. The profile of the concentration of 2a with respect to reaction time when
[Ni(cod)2/1'Bu] is 0.04 M. Reaction was monitored by GC using pentadecane as an internal
standard.

Order in catalyst: From these results, the profile of kp with respect to the concentration
of Ni(cod)./I'Bu gave a straight line (R> = 0.97), suggesting the kinetic order in the
Ni(0)/I'Bu catalyst is the first-order (Figure 1.8).

8 74(5)
7 [ 2
_ 6 5.5(2)
“n R%=10.97
2. 5
E 41(2)
2 4 .
"32 3 2.66(7)
=i *
-
2
1
0

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
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Figure 1.8. The profile of kp with respect to the concentration of Ni(cod),/I'Bu. All
reactions were monitored by GC using pentadecane as an internal standard.
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1.4.4. Theoretical Study

Computational details (Figure 1.2 and 1.3): All calculations were performed with the
Gaussian 09 package!'”! of programs with the hybrid B3PW91 function.['*) For initial
geometry optimization, Ni was represented by the effective core potentials (ECPs) of Hay
and Wadt with a double-¢basis set (LANL2DZ)!'* augmented with an f-type polarization
function.['>] The 6-31G(d,p) basis set was used for C, H, N, and O. The geometry
optimizations were performed without any symmetry constraint followed by analytical
frequency calculations to confirm that a minimum or a transition state had been reached.
The nature of the species connected by a given transition state structure was checked by
IRC. The Gibbs free energies were calculated at 403.15 K and 1 atm from the harmonic
approximation for frequencies. Potential energies were also obtained by performing
single point calculations using the above optimized geometries with the following basis
sets: The SDD!'® augmented by an f polarization function for the outer ones for Ni, the
6-311+G(d,p) basis set for all the other atoms. Solvent effects (mesitylene; &= 2.2650)
were introduced through the single-point calculation at the optimized gas-phase
geometries for all the minima and transition states by means of the polarizable continuum
model (IEFPCM) implemented in Gaussian 09.!'”1 Relative Gibbs free energies were
obtained by adding the Gibbs free energy corrections derived from the analytical
frequency calculations to the single-point energies. These calculations involve a certain
margin error. The molecular geometries for the transition states TS3, anti-TSS, and syn-
TSS were first estimated by Reaction plus software package,!'®! based on the nudged
elastic band (NEB) method,""”! and were and were subsequently re-optimized using
Gaussian 09 software package.
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Table 1.1. Computed Cartesian coordinates (x,y,z) and energies for the optimized structures.

anti-Cla
E[a.u.] =-1173.426318
G [a.u.] =-1173.512814
Ni -0.175000 -0.361000 0.172000 -2.383000 -2.528000 1.056000

-0.759000 -0.109000 -1.680000
2.831000 -0.513000 -0.231000
2.191000 1.518000 0.111000
-0.196000 -1.107000 2.051000
-1.478000 -0.678000 1.699000
-2.695000 -1.545000 1.436000
-3.602000 -0.828000 0.465000
-4.928000 -0.506000 0.741000
-5.667000 0.282000 -0.147000
-5.071000 0.764000 -1.311000
-3.744000 0.441000 -1.601000 0.757000 -2.381000 -0.237000
-3.011000 -0.361000 -0.725000 4.130000 -2.206000 1.431000

H

H -3.233000 -1.729000 2.377000
H
H
H
H
H
H
H
H
H
H
H

-1.629000 -0.819000 -1.029000 H 3.252000 -3.677000 0.974000

H
H
H
H
H
H
H
H
H
H
H
H
H

-5.384000 -0.852000 1.667000
-6.701000 0.529000 0.080000
-5.639000 1.387000 -1.997000
-3.270000 0.799000 -2.511000
-1.556000 -1.923000 -1.112000
4.954000 -0.103000 -0.460000
4.143000 2.460000 -0.053000
1.701000 -3.628000 -1.073000
1.343000 -2.080000 -1.878000

1.716000 0.236000 0.027000 2.385000 -2.323000 1.728000
3.965000 0.281000 -0.281000 5.026000 -2.139000 -0.924000
3.562000 1.555000 -0.076000 3.916000 -1.862000 -2.287000
2.901000 -1.998000 -0.357000 4.005000 -3.447000 -1.502000
1.593000 -2.549000 -0.924000 0.970000 2.416000 2.366000
3.184000 -2.585000 1.031000 -0.267000 1.731000 1.289000
4.035000 -2.369000 -1.325000 -0.201000 3.482000 1.558000
1.343000 2.741000 0.245000 -0.088000 3.814000 -0.974000
0.405000 2.579000 1.442000 -0.082000 2.054000 -1.253000
0.547000 2.925000 -1.052000 1.227000 3.064000 -1.900000
2.232000 3.966000 0.481000 2.858000 3.853000 1.373000
0.038000 -2.172000 2.0459000 1.586000 4.834000 0.636000
0.443000 -0.491000 2.677000 2.871000 4.189000 -0.379000
-1.757000 0.338000 1.991000
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-0.175000
-0.759000
2.831000
2.191000
-0.196000
-1.478000
-2.695000
-3.602000
-4.928000
-5.667000
-5.071000
-3.744000
-3.011000
-1.629000
1.716000
3.965000
3.562000
2.901000
1.593000
3.184000
4.035000
1.343000
0.405000
0.547000
2.232000
0.038000
0.443000
-1.757000

-0.361000
-0.109000
-0.513000
1.518000
-1.107000
-0.678000
-1.545000
-0.828000
-0.506000
0.282000
0.764000
0.441000
-0.361000
-0.819000
0.236000
0.281000
1.555000
-1.998000
-2.549000
-2.585000
-2.369000
2.741000
2.579000
2.925000
3.966000
-2.172000
-0.491000
0.338000

0.172000
-1.680000
-0.231000

0.111000

2.051000

1.699000

1.436000

0.465000

0.741000
-0.147000
-1.311000
-1.601000
-0.725000
-1.029000

0.027000
-0.281000
-0.076000
-0.357000
-0.924000

1.031000
-1.325000

0.245000

1.442000
-1.052000

0.481000

2.049000

2.677000

1.991000
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-2.383000
-3.233000
-5.384000
-6.701000
-5.639000
-3.270000
-1.556000
4.954000
4.143000
1.701000
1.343000
0.757000
4.130000
3.252000
2.385000
5.026000
3.916000
4.005000
0.970000
-0.267000
-0.201000
-0.088000
-0.082000
1.227000
2.858000
1.586000
2.871000

E[a.u.] =-1173.430867
G [a.u.] =-1173.516090

-2.528000
-1.729000
-0.852000
0.529000
1.387000
0.799000
-1.923000
-0.103000
2.460000
-3.628000
-2.080000
-2.381000
-2.206000
-3.677000
-2.323000
-2.139000
-1.862000
-3.447000
2.416000
1.731000
3.482000
3.814000
2.054000
3.064000
3.853000
4.834000
4.189000

1.056000
2.377000
1.667000
0.080000
-1.997000
-2.511000
-1.112000
-0.460000
-0.053000
-1.073000
-1.878000
-0.237000
1.431000
0.974000
1.728000
-0.924000
-2.287000
-1.502000
2.366000
1.289000
1.558000
-0.974000
-1.253000
-1.900000
1.373000
0.636000
-0.379000



trans-C2a
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-2.277000
0.260000
-1.404000
3.110000
2.690000
-0.461000
-1.902000
-3.096000
-4.245000
-5.587000
-6.466000
-6.003000
-4.655000
-3.783000
-2.311000
2.097000
4.291000
4.030000
2.995000
1.996000
2.555000
4.362000
1.994000
0.937000
1.347000
3.012000
-0.386000
0.089000

-1.776000
-0.112000
-0.167000
-0.781000
1.338000
-0.639000
-0.188000
-0.608000
-0.334000
-0.100000
0.168000
0.199000
-0.045000
-0.308000
-0.658000
0.126000
-0.147000
1.181000
-2.267000
-2.625000
-2.834000
-2.850000
2.659000
2.752000
2.773000
3.790000
-1.736000
-0.228000

g
4

-0.381000
-0.578000
-1.327000
0.049000
0.142000
1.141000
0.991000
1.876000
0.914000
1.191000
0.134000
-1.182000
-1.466000
-0.418000
-0.400000
-0.085000
0.385000
0.437000
-0.075000
-1.177000
1.280000
-0.458000
0.041000
1.145000
-1.345000
0.210000
1.146000
1.993000
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-1.927000
-3.041000
-3.185000
-5.952000
-7.516000
-6.696000
-4.291000
5.220000
4.695000
1.949000
2.308000
0.989000
3.282000
2.480000
1.582000
5.099000
4.762000
4.239000
1.397000
0.190000
0.432000
0.901000
0.542000
2.087000
3.481000
2.484000
3.791000

E[a.u.] =—-1173.416029
G [a.u.] =-1173.501379

0.912000
-1.680000
-0.059000
-0.108000

0.362000

0.417000
-0.020000
-0.666000

2.000000
-3.714000
-2.206000
-2.258000
-2.581000
-3.924000
-2.434000
-2.763000
-2.377000
-3.916000

2.653000

1.964000

3.721000

3.765000

2.038000

2.629000

3.779000

4.742000

3.762000

0.941000
2.121000
2.820000
2.216000
0.342000
-1.991000
-2.491000
0.545000
0.647000
-1.276000
-2.139000
-0.950000
2.059000
1.223000
1.572000
0.346000
-1.361000
-0.663000
2.133000
1.022000
1.092000
-1.462000
-1.469000
-2.137000
1.199000
0.111000
-0.558000
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2.628000
-0.205000
1.250000
-2.339000
-3.039000
0.746000
1.769000
3.019000
3.917000
5.032000
5.705000
5.263000
4.145000
3.480000
2.267000
-1.919000
-3.675000
-4.115000
-1.485000
-0.532000
-0.713000
-2.380000
-3.106000
-2.198000
-2.658000
-4.547000
1.263000
0.103000

-2.514000
-0.386000
-1.083000
1.570000
-0.475000
-0.453000
-1.593000
-1.373000
-0.546000
0.220000
0.918000
0.855000
0.086000
-0.614000
-1.524000
0.284000
1.599000
0.318000
2.796000
2.690000
2.935000
4.026000
-1.959000
-2.626000
-2.309000
-2.438000
0.516000
-0.538000

-0.899000
-0.619000
-1.405000
0.138000
0.140000
1.024000
0.902000
1.788000
0.894000
1.229000
0.223000
-1.101000
-1.436000
-0.435000
-0.557000
-0.065000
0.491000
0.488000
0.061000
-1.132000
1.378000
-0.142000
-0.035000
1.001000
-1.459000
0.166000
1.050000
1.907000
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1.286000
2.785000
3.499000
5.372000
6.574000
5.792000
3.787000
-4.215000
-5.099000
0.058000
-1.088000
0.161000
-1.403000
-0.089000
-0.068000
-3.000000
-3.024000
-1.737000
-2.512000
-1.163000
-2.248000
-2.766000
-1.603000
-3.263000
-4.910000
-4.571000
-5.235000

E[a.u.] =—-1173.426995
G [a.u.] =-1173.512886

-2.555000
-0.874000
-2.329000
0.285000
1.523000
1.410000
0.041000
2.505000
-0.066000
3.608000
2.564000
1.849000
3.022000
3.834000
2.071000
4.245000
3.917000
4.896000
-2.367000
-2.306000
-3.714000
-3.385000
-2.055000
-1.780000
-2.238000
-3.521000
-1.990000

1.109000
2.737000
2.041000
2.261000
0.474000
-1.872000
-2.462000
0.703000
0.693000
-1.202000
-2.067000
-1.020000
2.223000
1.352000
1.542000
0.732000
-1.020000
-0.303000
2.018000
0.858000
0.890000
-1.626000
-1.613000
-2.202000
1.178000
0.018000
-0.558000
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1.050000
-0.848000
3.812000
3.707000
0.873000
-0.621000
-1.245000
-2.695000
-3.824000
-5.086000
-5.213000
-4.076000
-2.819000
-1.443000
2.933000
5.093000
5.027000
3.554000
2.137000
3.775000
4.543000
3.258000
2.080000
2.856000
4.411000
-1.009000
0.862000
-3.390000
-3.881000
-0.686000
0.171000

0.385000
0.439000
-0.236000
1.533000
1.345000
1.476000
0.357000
0.389000
-0.061000
0.150000
0.804000
1.241000
1.025000
1.423000
0.531000
0.287000
1.385000
-1.474000
-1.998000
-1.143000
-2.557000
2.589000
3.379000
1.918000
3.566000
-0.198000
-0.550000
1.171000
-0.752000
-1.052000
-2.262000

1.150000
1.003000
2.009000
0.761000
2.824000
3.125000
3.988000
3.575000
4.253000
3.689000
2.462000
1.774000
2.329000
1.822000
1.296000
1.933000
1.151000
2.807000
2.598000
4.290000
2.347000
-0.210000
0.362000
-1.526000
-0.470000
-0.882000
-0.617000
-1.917000
-1.049000
-2.567000
-2.194000

5
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0.941000
2.359000
3.429000
4.693000
4.883000
3.809000
2.539000
1.243000
-2.829000
-4.752000
-5.056000
-2.680000
-1.417000
-2.330000
-3.609000
-3.842000
-3.710000
-2.682000
-5.149000
1.397000
1.335000
-0.844000
-0.796000
-1.098000
-3.733000
-5.976000
-6.201000
-4.180000
-1.465000
5.941000
5.813000

E [a.u.] =—2346.892603
G [a.u.] =-2347.029410

-2.892000
-2.416000
-2.557000
-2.105000
-1.522000
-1.373000
-1.808000
-1.790000
0.093000
0.978000
-0.219000
2.329000
2.685000
1.950000
3.552000
-2.134000
-3.124000
-2.296000
-2.399000
0.844000
2.334000
2.428000
-0.613000
0.514000
-0.548000
-0.181000
0.982000
1.752000
2.404000
-0.151000
2.056000

-3.384000
-3.208000
-4.092000
-3.714000
-2.458000
-1.579000
-1.961000
-1.162000
-1.282000
-2.095000
-1.552000
-2.540000
-1.761000
-3.986000
-2.530000
-0.475000
-1.640000
0.504000
0.286000
3.650000
2.727000
3.636000
3.734000
5.063000
5.222000
4.219000
2.044000
0.819000
1.316000
2.434000
0.854000
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2.021000
1.952000
1.380000
4.793000
3.615000
3.075000
5.585000
4.436000
4.334000
2.342000
1.211000
1.810000
2.493000
2.071000
3.713000
4.750000
4.049000
5.264000
-0.090000
-1.543000
-0.470000
0.515000
0.907000
3.283000

-2.912000
-2.245000
-1.278000
-0.787000
-2.039000
-0.372000
-2.291000
-2.750000
-3.486000
3.844000
2.734000
4.171000
2.681000
1.173000
1.416000
4.060000
4.342000
3.084000
-0.327000
-1.349000
-3.020000
-2.599000
-3.990000
-3.021000

3.191000
1.550000
2.914000
4.478000
4.897000
4.622000
2.548000
1.276000
2.885000
1.318000
0.513000
-0.344000
-2.224000
-1.364000
-1.985000
0.447000
-1.149000
-0.957000
-3.143000
-3.185000
-1.729000
-4.352000
-3.348000
-5.065000
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5.534000

5.873000

3.960000

1.333000
-5.396000
-6.010000
-0.942000
-1.654000
-0.701000
-3.232000
-1.841000
-1.653000
-4.464000
-3.977000
-3.043000
-4.544000
-2.777000
-3.712000
-2.726000
-1.714000
-2.739000
-6.021000
-5.065000
-5.326000

-2.212000
-1.181000
-0.911000
-2.545000
1.699000
-0.712000
3.545000
2.955000
1.857000
1.694000
2.792000
1.094000
3.444000
3.765000
4.423000
-3.019000
-2.957000
-4.151000
-3.305000
-2.168000
-1.568000
-2.464000
-3.364000
-1.630000

-4.395000
-2.164000
-0.609000
-0.358000
-2.569000
-1.473000
-2.243000
-0.729000
-1.745000
-4.551000
-4.486000
-4.003000
-3.204000
-1.522000
-2.874000
-2.342000
-2.184000
-1.260000

0.925000

0.012000

1.315000
-0.372000

0.794000

1.043000
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0.244000
-2.177000
3.317000
2.591000
-0.529000
-2.032000
-2.903000
-4.079000
-5.228000
-6.176000
-5.993000
-4.851000
-3.908000
-2.639000
2.170000
4.410000
3.953000
3.392000
2.581000
2.849000
4.849000
1.671000
0.763000
0.847000
2.488000
-0.168000
-0.026000
-2.214000

-0.175000
0.755000
-0.538000
1.487000
-1.374000
-1.428000
-1.994000
-1.057000
-1.162000
-0.140000
0.981000
1.089000
0.061000
-0.063000
0.189000
0.288000
1.563000
-2.030000
-2.553000
-2.560000
-2.474000
2.651000
2.721000
2.464000
3.941000
-2.375000
-1.061000
-2.037000

-0.570000
2.051000
0.011000

-0.046000
0.688000
0.936000

-0.203000

-0.302000

-1.086000

-1.033000

-0.209000
0.576000
0.521000
1.271000

-0.128000
0.202000
0.161000

-0.008000

-1.197000
1.324000

-0.173000

-0.189000
1.044000

-1.470000

-0.308000
0.413000
1.614000
1.840000
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-2.333000
-3.217000
-5.385000
-7.075000
-6.749000
-4.684000
-1.098000
5.414000
4.495000
2.594000
3.015000
1.543000
3.441000
2.905000
1.810000
5.465000
5.304000
4.867000
1.358000
0.167000
0.077000
0.246000
0.113000
1.492000
3.062000
1.798000
3.169000

E[a.u.] =-1173.397072
G [a.u.] =—1173.487378

-1.977000
-3.029000
-2.022000
-0.213000
1.761000
1.943000
-0.227000
-0.074000
2.489000
-3.647000
-2.204000
-2.211000
-2.174000
-3.653000
-2.264000
-2.217000
-2.051000
-3.563000
2.853000
1.808000
3.569000
3.360000
1.638000
2.288000
4.148000
4.777000
3.917000

-1.141000
-0.024000
-1.733000
-1.640000
-0.187000
1.227000
-1.143000
0.339000
0.254000
-1.195000
-2.140000
-1.151000
2.160000
1.342000
1.469000
0.694000
-1.074000
-0.270000
1.953000
1.143000
0.955000
-1.658000
-1.388000
-2.335000
0.600000
-0.453000
-1.164000
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0.609000
-2.350000
3.326000
1.921000
-0.620000
-2.128000
-2.666000
-3.705000
-4.603000
-5.457000
-5.425000
-4.534000
-3.686000
-2.673000
2.011000
4.026000
3.142000
3.909000
3.348000
3.535000
5.434000
0.658000
0.091000
-0.332000
0.951000
-0.328000
-0.387000
-2.659000

-0.905000
-0.359000
0.146000
1.768000
-2.270000
-2.092000
-2.076000
-0.983000
-0.633000
0.451000
1.189000
0.843000
-0.246000
-0.815000
0.407000
1.314000
2.334000
-1.226000
-1.931000
-1.993000
-1.135000
2.530000
2.136000
2.189000
4.032000
-3.245000
-2.302000
-2.900000

0.340000
2.382000
-0.282000
-0.077000
0.816000
0.657000
-0.790000
-0.811000
-1.820000
-1.616000
-0.423000
0.586000
0.378000
1.296000
-0.015000
-0.521000
-0.391000
-0.354000
-1.594000
0.919000
-0.453000
0.154000
1.521000
-0.965000
0.144000
0.401000
1.903000
1.196000
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-1.846000
-3.077000
-4.639000
-6.161000
-6.104000
-4.491000
0.170000
5.077000
3.302000
3.760000
3.613000
2.258000
3.875000
4.001000
2.449000
5.868000
5.760000
5.841000
0.820000
-0.191000
-0.811000
-1.271000
-0.540000
0.074000
1.666000
0.017000
1.324000

E[a.u.]=-1173.407177
G [a.u.] = —1173.497497

-1.830000
-3.041000
-1.191000
0.730000
2.027000
1.392000
-1.105000
1.346000
3.394000
-2.943000
-1.384000
-1.996000
-1.461000
-2.983000
-2.136000
-0.603000
-0.652000
-2.150000
2.324000
1.078000
2.719000
2.729000
1.115000
2.474000
4.316000
4.566000
4.374000

-1.477000
-1.105000
-2.753000
-2.396000
-0.292000
1.523000
-0.998000
-0.750000
-0.488000
-1.667000
-2.504000
-1.528000
1.813000
0.903000
0.981000
0.400000
-1.379000
-0.455000
2.316000
1.542000
1.731000
-0.808000
-0.971000
-1.941000
0.923000
0.341000
-0.826000
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-0.336000
-2.936000
-1.476000
-1.583000
-3.547000
-3.000000
-1.911000
-3.206000
-3.461000
-3.195000
-3.591000
-2.108000
-3.620000
-5.068000
-5.519000
-5.489000
-5.361000
-0.182000

0.532000

1.496000
-0.072000

0.708000
-0.442000

0.522000
-0.945000
-1.028000

0.654000

1.625000

-0.844000
0.304000
1.858000
0.529000

-1.026000

-1.551000

-1.718000

-0.849000

-2.514000

-1.980000

-1.607000

-2.077000

-2.971000

-0.888000

-0.561000

-1.868000

-0.196000
2.595000
2.497000
3.011000
2.958000
1.449000
4.066000
4.577000
4.188000
4.568000
1.959000
2.457000

-0.483000
-0.044000
0.283000
-0.022000
-0.324000
-1.656000
-1.614000
-2.469000
-1.895000
0.823000
1.773000
0.912000
0.633000
-0.432000
0.511000
-0.671000
-1.227000
0.379000
-0.972000
-0.925000
-1.761000
-1.231000
0.713000
0.779000
1.678000
-0.063000
1.492000
1.562000
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0.816000
0.144000
-2.723000
-2.872000
-3.640000
-4.714000
0.756000
1.504000
1.875000
2.640000
0.717000
2.903000
2.417000
3.459000
2.972000
0.137000
1.073000
0.043000
2.404000
3.679000
4.607000
4.125000
2.338000
4.936000
5.250000
4.404000
5.835000

E[a.u.] =—-1173.446439

0.901000
2.047000
2.431000
3.468000
1.456000
1.507000
-2.214000
-1.559000
-2.121000
-0.697000
-2.450000
-1.112000
-3.056000
-0.441000
-0.198000
-1.550000
-2.884000
-3.172000
-0.376000
-1.589000
0.334000
0.572000
-0.418000
0.842000
0.532000
0.961000
1.441000

G [a.u.] =-1173.534051

1.272000
2.457000
0.455000
0.703000
0.250000
0.288000
-0.969000
-0.125000
1.261000
-0.527000
2.189000
1.816000
1.041000
0.583000
-1.789000
2.420000
3.130000
1.718000
2.462000
2.425000
0.443000
-1.926000
-2.644000
-0.817000
1.298000
-2.902000
-0.940000
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0.101000
1.383000
-2.231000
-2.773000
0.210000
1.457000
2.611000
3.456000
4.765000
5.577000
5.099000
3.807000
2.975000
1.580000
-1.718000
-3.568000
-3.903000
-1.525000
-0.066000
-1.622000
-2.196000
-2.706000
-2.007000
-1.944000
-4.127000
0.061000
-0.424000
1.748000

-0.246000
-2.378000
1.427000
-0.652000
0.090000
-0.347000
0.594000
0.239000
0.723000
0.386000
-0.475000
-0.980000
-0.614000
-1.173000
0.209000
1.319000
0.016000
2.740000
2.576000
3.270000
3.731000
-2.141000
-2.521000
-2.702000
-2.717000
1.144000
-0.589000
-1.382000

0.507000
-0.688000
-0.423000
-0.206000

2.444000

1.949000

1.709000

0.503000

0.397000
-0.683000
-1.672000
-1.569000
-0.503000
-0.496000
-0.057000
-0.770000
-0.644000
-0.358000
-0.784000

1.078000
-1.320000
-0.077000

1.229000
-1.284000
-0.054000

2.676000

3.010000

2.137000
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2.232000
3.274000
5.155000
6.588000
5.732000
3.421000
0.748000
-4.172000
-4.846000
0.432000
0.004000
0.468000
-2.668000
-1.122000
-1.148000
-3.200000
-2.253000
-1.596000
-2.532000
-0.973000
-1.991000
-1.970000
-0.895000
-2.407000
-4.733000
-4.058000
-4.646000

E[a.u.] =-1173.409441
G [a.u.] = —1173.496521

1.621000
0.612000
1.366000
0.781000
-0.757000
-1.666000
-0.420000
2.154000
-0.466000
3.549000
2.197000
1.882000
3.397000
4.241000
2.574000
4.020000
3.327000
4.644000
-2.101000
-2.163000
-3.610000
-3.796000
-2.394000
-2.370000
-2.277000
-3.792000
-2.590000

1.606000
2.588000
1.184000
-0.744000
-2.509000
-2.318000
-0.968000
-1.079000
-0.832000
-0.739000
-1.808000
-0.125000
1.374000
1.158000
1.773000
-0.995000
-2.336000
-1.352000
2.092000
1.242000
1.324000
-1.260000
-1.265000
-2.219000
0.745000
0.133000
-1.009000



syn-C7a

<

I O 0O O T OO I O I O I O I OO I T O OITOoOoZ2220

-0.155000
-1.326000

2.420000

2.750000
-0.326000
-0.242000

0.361000
-1.537000
-1.713000
-2.814000
-3.414000
-2.564000
-3.634000
-4.972000
-5.462000
-5.683000
-6.723000
-5.056000
-5.604000
-3.721000
-3.229000
-3.010000
-1.585000
-0.810000

1.770000

1.809000

0.493000
-0.247000

-0.040000
-2.059000
1.324000
-0.807000
-0.064000
-1.080000
0.646000
0.355000
1.432000
-0.459000
-0.201000
-1.524000
-0.223000
0.171000
0.300000
0.406000
0.717000
0.245000
0.427000
-0.155000
-0.292000
-0.382000
-0.853000
-0.080000
0.139000
2.685000
2.706000
2.036000

0.426000
-0.829000
-0.272000
-0.169000

2.390000

2.777000

2.844000

1.807000

1.732000

1.830000

2.714000

1.921000

0.587000

0.623000

1.586000
-0.555000
-0.508000
-1.790000
-2.711000
-1.840000
-2.801000
-0.660000
-0.710000
-1.165000
-0.031000
-0.197000
-0.979000
-0.525000
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0.648000
0.080000
1.569000
2.504000
0.860000
1.157000
2.759000
3.683000
2.259000
3.011000
2.544000
1.674000
1.565000
0.679000
2.131000
1.873000
1.796000
2.465000
0.862000
3.900000
3.721000
4.454000
4.527000
3.965000
4.871000
3.761000
4.462000

E [a.u.] =—-1173.403262
G [a.u.] =-1173.491188

2.400000
3.719000
3.042000
3.004000
2.343000
4.053000
3.714000
3.831000
4.686000
3.462000
-2.289000
-2.684000
-3.773000
-2.243000
-2.363000
-2.693000
-3.784000
-2.348000
-2.282000
-2.992000
-4.065000
-2.654000
-2.861000
-0.224000
-0.782000
1.111000
1.899000

-2.018000
-0.970000
1.274000
1.841000
1.721000
1.353000
-0.820000
-0.246000
-0.825000
-1.855000
-0.156000
1.037000
1.054000
0.959000
1.979000
-1.475000
-1.531000
-2.329000
-1.532000
-0.028000
0.081000
0.854000
-0.916000
-0.484000
-0.640000
-0.539000
-0.749000
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0.029000
0.659000
-1.720000
-2.765000
0.380000
1.344000
2.636000
3.272000
4.623000
5.239000
4.515000
3.184000
2.551000
1.100000
-1.555000
-2.984000
-3.638000
-0.663000
0.417000
-0.072000
-1.278000
-3.100000
-2.433000
-2.610000
-4.620000
0.797000
-0.017000
1.525000

-0.598000
-1.592000
1.741000
-0.131000
-1.201000
-1.425000
-0.636000
-0.431000
-0.068000
0.157000
-0.004000
-0.393000
-0.601000
-1.006000
0.389000
2.045000
0.870000
2.762000
2.651000
2.514000
4.165000
-1.583000
-2.364000
-2.083000
-1.763000
-0.591000
-2.131000
-2.485000

0.672000
-1.752000
-0.096000
-0.336000

2.909000

1.758000

1.792000

0.433000

0.350000
-0.878000
-2.062000
-1.995000
-0.760000
-0.766000

0.036000
-0.565000
-0.718000

0.175000
-0.905000

1.565000

0.143000
-0.451000

0.682000
-1.815000
-0.333000

3.719000

3.326000

1.557000

33

I r IrITITITIIITII T T ITIT T T T T T T I I T I I T T T

2.447000
3.388000
5.197000
6.286000
4.993000
2.599000
-0.540000
-3.331000
-4.644000
1.192000
-0.013000
0.882000
-0.847000
0.684000
0.410000
-2.090000
-1.649000
-0.500000
-2.751000
-1.338000
-2.717000
-2.866000
-1.525000
-3.092000
-5.012000
-4.840000
-5.159000

E[a.u.] =—1173.423407
G [a.u.] =-1173.511835

0.354000
-1.105000
0.039000
0.450000
0.161000
-0.555000
-0.623000
3.048000
0.687000
3.405000
2.810000
1.663000
2.559000
3.275000
1.530000
4.274000
4.433000
4.887000
-1.991000
-2.307000
-3.418000
-3.140000
-1.968000
-1.522000
-1.309000
-2.833000
-1.354000

2.234000
2.449000
1.268000
-0.912000
-3.024000
-2.897000
2.587000
-0.741000
-1.053000
-0.738000
-1.899000
-0.879000
2.336000
1.784000
1.606000
0.869000
-0.851000
0.403000
1.661000
0.615000
0.604000
-1.937000
-1.895000
-2.623000
0.583000
-0.301000
-1.192000
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0.135000
-1.309000
2.956000
2.628000
-0.366000
-1.736000
-2.978000
-4.079000
-5.449000
-6.269000
-5.721000
-4.344000
-3.539000
-2.045000
1.968000
4.200000
3.996000
2.777000
1.566000
2.612000
4.021000
1.978000
1.033000
1.218000
3.053000
-0.278000
0.078000
-1.854000

-0.082000
0.289000
-0.843000
1.291000
-0.674000
-0.220000
-0.923000
-0.495000
-0.397000
0.069000
0.426000
0.317000
-0.146000
-0.412000
0.098000
-0.243000
1.086000
-2.323000
-2.644000
-2.900000
-2.931000
2.640000
2.719000
2.852000
3.722000
-1.759000
-0.139000
0.858000

-0.161000
-1.438000
-0.124000
0.103000
1.550000
1.115000
1.704000
0.765000
0.985000
-0.050000
-1.283000
-1.506000
-0.476000
-0.525000
-0.027000
-0.033000
0.102000
-0.238000
-1.116000
1.173000
-0.901000
0.132000
1.334000
-1.184000
0.273000
1.677000
2.391000
1.292000
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-2.838000
-3.154000
-5.879000
-7.339000
-6.369000
-3.900000
-1.953000
5.125000
4.715000
1.478000
1.678000
0.636000
3.493000
2.491000
1.736000
4.910000
4.238000
3.831000
1.574000
0.235000
0.576000
0.780000
0.406000
1.898000
3.631000
2.554000
3.737000

E[a.u.] =-1173.391929
G [a.u.] =-1173.476230

194.41i [em™]
-2.015000 1.682000
-0.641000 2.747000
-0.659000 1.949000
0.164000 0.113000
0.797000 -2.073000
0.592000 -2.459000
-1.520000 -0.665000
-0.790000 -0.081000
1.881000 0.189000
-3.730000 -1.216000
-2.211000 -2.114000
-2.263000 -0.684000
-2.682000 1.786000
-3.986000 1.122000
-2.475000 1.665000
-2.874000 -0.265000
-2.455000 -1.862000
-3.992000 -1.085000
2.545000 2.269000
1.979000 1.246000
3.713000 1.375000
3.855000 -1.192000
2.128000 -1.307000
2.768000 -2.038000
3.612000 1.196000
4.694000 0.310000
3.738000 -0.581000
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-0.088000
0.932000
-1.945000
-2.920000
0.527000
1.476000
2.902000
3.645000
4.766000
5.280000
4.678000
3.554000
3.048000
1.862000
-1.686000
-3.310000
-3.917000
-0.945000
0.288000
-0.574000
-1.575000
-3.172000
-2.506000
-2.616000
-4.680000
1.028000
-0.195000
1.046000

-0.550000
-1.530000
1.699000
-0.239000
-0.532000
-1.640000
-1.473000
-0.643000
0.164000
0.846000
0.718000
-0.097000
-0.773000
-1.718000
0.358000
1.923000
0.717000
2.811000
2.462000
3.057000
4.080000
-1.707000
-2.468000
-2.160000
-1.972000
0.413000
-0.799000
-2.612000

-0.165000
-1.479000
0.049000
0.000000
1.589000
1.178000
1.759000
0.742000
0.909000
-0.199000
-1.453000
-1.617000
-0.514000
-0.493000
-0.005000
0.111000
0.074000
0.103000
-0.732000
1.570000
-0.489000
-0.163000
0.986000
-1.519000
-0.125000
1.824000
2.362000
1.435000
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2.896000
3.372000
5.232000
6.150000
5.085000
3.062000
2.245000
-3.746000
-4.966000
0.980000
0.014000
0.814000
-1.460000
0.145000
-0.127000
-2.375000
-1.964000
-0.802000
-2.887000
-1.423000
-2.716000
-2.854000
-1.528000
-3.070000
-5.131000
-4.839000
-5.207000

E [a.u.] =—-1173.393293
G [a.u.] =-1173.477982

260.47i [cm ]
-1.031000 2.761000
-2.464000 1.850000
0.275000 1.886000
1.489000 -0.080000
1.260000 -2.303000
-0.204000 -2.580000
-2.761000 -0.505000
2.905000 0.166000
0.480000 0.088000
3.309000 -0.709000
2.267000 -1.773000
1.583000 -0.351000
3.326000 2.154000
3.879000 1.642000
2.166000 2.014000
4.488000 0.135000
3.902000 -1.496000
4.851000 -0.557000
-2.127000  1.954000
-2.326000 0.965000
-3.537000 0.886000
-3.218000 -1.674000
-2.047000 -1.572000
-1.585000 -2.333000
-1.662000 0.823000
-3.049000 -0.228000
-1.484000 -0.951000
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0.036000
-1.388000
2.838000
2.741000
-0.502000
-1.851000
-3.079000
-4.044000
-5.392000
-6.082000
-5.438000
-4.090000
-3.409000
-2.000000
1.952000
4.139000
4.077000
2.465000
1.477000
1.842000
3.717000
2.266000
1.182000
1.714000
3.444000
-0.593000
0.228000
-1.915000

-0.263000
1.511000
-1.078000
1.078000
-0.207000
0.456000
-0.388000
-0.287000
-0.636000
-0.484000
0.016000
0.373000
0.210000
0.625000
-0.036000
-0.621000
0.729000
-2.520000
-2.664000
-3.006000
-3.347000
2.499000
2.757000
2.729000
3.445000
-1.198000
0.388000
1.464000

-0.106000
-0.744000
-0.099000
0.051000
1.741000
1.487000
1.905000
0.750000
0.695000
-0.510000
-1.647000
-1.591000
-0.389000
-0.067000
-0.029000
-0.042000
0.049000
-0.242000
-1.405000
1.070000
-0.553000
-0.037000
1.011000
-1.449000
0.217000
2.191000
2.293000
1.922000
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-2.781000
-3.516000
-5.904000
-7.135000
-5.994000
-3.576000
-1.400000
5.000000
4.880000
1.247000
1.896000
0.531000
2.547000
1.578000
0.938000
4.435000
4.216000
3.411000
1.530000
0.270000
0.940000
1.423000
0.826000
2.472000
3.902000
3.064000
4.214000

E[a.u.] =-1173.372686
G [a.u.] =-1173.458008

430.05/ [cm™]
-1.437000 2.040000
-0.061000 2.855000
-1.017000 1.575000
-0.751000 -0.564000

0.136000 -2.573000
0.785000 -2.455000
-0.849000 -0.298000
-1.264000 -0.071000
1.443000 0.112000
-3.722000 -1.563000
-2.256000 -2.330000
-2.151000 -1.179000
-2.891000 1.900000
-4.065000 0.985000
-2.434000 1.287000
-3.341000 0.272000
-3.008000 -1.466000
-4.385000 -0.707000
2.483000 2.012000
2.211000 0.763000
3.825000 1.012000
3.778000 -1.563000
2.115000 -1.615000
2.498000 -2.205000
3.277000 1.198000
4.470000 0.201000
3.375000 -0.557000
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0.302000
-2.276000
3.403000
2.507000
-0.668000
-2.184000
-3.024000
-4.092000
-5.165000
-6.019000
-5.816000
-4.750000
-3.900000
-2.723000
2.192000
4.438000
3.873000
3.573000
2.809000
3.030000
5.057000
1.485000
0.659000
0.593000
2.183000
-0.341000
-0.194000
-2.434000

-0.472000
0.587000
-0.374000
1.583000
-1.605000
-1.587000
-2.104000
-1.061000
-1.069000
0.034000
1.139000
1.151000
0.043000
-0.186000
0.256000
0.539000
1.773000
-1.858000
-2.449000
-2.399000
-2.211000
2.673000
2.579000
2.501000
4.034000
-2.625000
-1.305000
-2.185000

-0.308000
2.167000
-0.119000
-0.114000
0.848000
1.032000
-0.154000
-0.367000
-1.259000
-1.294000
-0.454000
0.437000
0.469000
1.335000
-0.129000
-0.086000
-0.088000
-0.111000
-1.300000
1.216000
-0.237000
-0.121000
1.166000
-1.356000
-0.187000
0.597000
1.798000
1.925000
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-2.394000
-3.455000
-5.336000
-6.859000
-6.499000
-4.570000
-0.937000
5.479000
4.344000
2.915000
3.202000
1.743000
3.572000
3.149000
1.970000
5.642000
5.494000
5.150000
1.302000
0.133000
-0.087000
-0.138000
0.034000
1.188000
2.812000
1.417000
2.789000

E [a.u.] =-1173.395985
G [a.u.] =-1173.485611

65.23i [cm™]
-2.186000 -1.049000
-3.094000 0.034000
-1.916000 -1.919000
0.037000 -1.985000
1.983000 -0.503000
1.990000 1.102000
-0.657000 -1.009000
0.264000 -0.069000
2.741000 -0.077000
-3.539000 -1.301000
-2.061000 -2.245000
-2.198000 -1.239000
-1.964000 2.062000
-3.486000 1.253000
-2.161000 1.324000
-1.855000 0.617000
-1.818000 -1.160000
-3.300000 -0.265000
2.681000 2.047000
1.621000 1.224000
3.379000 1.188000
3.314000 -1.400000
1.554000 -1.312000
2.515000 -2.275000
4.216000 0.689000
4.814000 -0.207000
4.142000 -1.093000
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0.633000
-2.328000
2.027000
3.367000
-0.681000
-2.196000
-2.829000
-3.850000
-4.796000
-5.623000
-5.516000
-4.574000
-3.753000
-2.701000
2.064000
3.263000
4.105000
0.797000
1.130000
0.267000
-0.242000
3.895000
3.212000
3.596000
5.409000
-0.415000
-0.368000
-2.675000

-0.841000
0.004000
1.735000
0.057000

-2.125000

-1.955000

-2.159000

-1.055000

-0.845000
0.276000
1.186000
0.979000

-0.147000

-0.589000
0.371000
2.247000
1.192000
2.547000
4.037000
2.244000
2.174000

-1.337000

-2.078000

-2.026000

-1.313000

-3.175000

-1.879000

-2.668000

0.394000
2.287000
-0.129000
-0.321000
0.915000
0.814000
-0.580000
-0.711000
-1.714000
-1.634000
-0.571000
0.431000
0.347000
1.288000
-0.035000
-0.479000
-0.600000
0.102000
-0.004000
1.507000
-0.962000
-0.370000
-1.524000
0.966000
-0.595000
0.737000
1.957000
1.508000
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-2.063000
-3.278000
-4.892000
-6.365000
-6.174000
-4.472000
-0.179000
3.461000
5.151000
0.218000
1.487000
1.875000
-0.022000
-0.619000
1.026000
-0.471000
0.135000
-1.162000
3.429000
2.127000
3.570000
3.987000
2.511000
4.057000
5.675000
5.776000
5.933000

E [a.u.] =—1173.400213
G [a.u.] =-1173.491196

732.79i [em™]
-2.056000 -1.360000
-3.150000 -0.702000
-1.538000 -2.546000
0.449000 -2.409000
2.049000 -0.535000
1.664000 1.268000
-1.570000 -0.531000
3.297000 -0.607000
1.179000 -0.852000
4.608000 0.186000
4.310000 -1.002000
4.345000 0.738000
1.191000 1.595000
2.853000 1.711000
2.467000 2.265000
1.105000 -0.900000
2.395000 -1.966000
2.744000 -0.801000
-1.591000 -2.480000
-2.082000 -1.370000
-3.112000 -1.572000
-3.048000 0.953000
-2.070000 1.132000
-1.485000 1.798000
-0.873000 -1.561000
-2.343000 -0.593000
-0.773000 0.200000



anti-TS5

Ni

I T T O O O O OO OO0 00000 O0O0O0O0O0OO0OO0 2220

0.112000
1.291000
-2.541000
-2.672000
0.308000
1.562000
2.646000
3.614000
4.985000
5.885000
5.426000
4.064000
3.155000
1.705000
-1.782000
-3.854000
-3.932000
-2.118000
-0.662000
-2.308000
-2.989000
-2.347000
-1.348000
-1.773000
-3.627000
0.078000
-0.244000
1.941000

-0.032000
-1.753000
1.129000
-0.993000
0.563000
0.166000
1.150000
0.556000
0.812000
0.200000
-0.706000
-0.980000
-0.343000
-0.628000
0.053000
0.756000
-0.573000
2.560000
2.683000
3.141000
3.331000
-2.437000
-2.593000
-2.997000
-3.196000
1.622000
-0.092000
-0.817000

0.436000
-1.092000
-0.448000
-0.063000

2.294000

1.788000

1.403000

0.406000

0.484000
-0.388000
-1.343000
-1.426000
-0.573000
-0.766000
-0.055000
-0.678000
-0.450000
-0.475000
-0.920000

0.932000
-1.478000

0.150000

1.297000
-1.157000

0.525000

2.406000

2.966000

2.078000
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2.187000

3.217000

5.354000

6.947000

6.124000

3.680000

1.065000
-4.623000
-4.779000
-0.387000
-0.518000

0.008000
-3.355000
-2.015000
-1.697000
-4.027000
-2.976000
-2.587000
-1.748000
-0.396000
-1.148000
-1.578000
-0.833000
-2.487000
-4.130000
-3.354000
-4.335000

E [a.u.] =-1173.405550
G [a.u.] =-1173.491137

93.73i [cm™]
2.065000 0.998000
1.469000 2.287000
1.488000 1.253000
0.418000 -0.308000
-1.198000 -2.014000
-1.684000 -2.158000
0.291000 -1.045000
1.442000 -0.985000
-1.231000 -0.536000
3.742000 -0.950000
2.258000 -1.917000
2.168000 -0.224000
3.071000 1.243000
4.196000 0.951000
2.594000 1.653000
3.434000 -1.147000
2.858000 -2.465000
4.342000 -1.583000
-2.177000 2.226000
-2.099000 1.075000
-3.659000 1.448000
-4.069000 -1.049000
-2.499000 -1.407000
-2.862000 -1.977000
-2.744000 1.385000
-4.220000 0.795000
-3.266000 -0.307000
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-0.142000
-1.194000

2.663000

2.611000
-0.306000
-0.206000

0.382000
-1.528000
-1.736000
-2.773000
-3.345000
-2.486000
-3.672000
-5.057000
-5.494000
-5.881000
-6.955000
-5.324000
-5.959000
-3.946000
-3.503000
-3.116000
-1.642000
-1.045000

1.797000

2.268000

1.589000

0.698000

0.119000
-1.153000
1.085000
-1.074000
0.047000
-0.969000
0.765000
0.467000
1.540000
-0.388000
-0.221000
-1.449000
-0.114000
0.003000
-0.084000
0.227000
0.322000
0.328000
0.499000
0.204000
0.270000
0.000000
-0.147000
0.846000
0.026000
2.521000
2.710000
2.081000

0.401000
-1.478000
-0.090000
-0.044000

2.361000

2.740000

2.803000

1.804000

1.782000

1.811000

2.735000

1.818000

0.631000

0.774000

1.767000
-0.328000
-0.191000
-1.602000
-2.467000
-1.761000
-2.752000
-0.653000
-0.894000
-0.988000

0.038000
-0.219000
-1.581000
-1.656000
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2.271000
1.290000
1.327000
1.804000
0.406000
1.066000
3.514000
4.070000
3.191000
4.187000
2.170000
1.017000
0.734000
0.140000
1.313000
1.739000
1.457000
2.563000
0.879000
3.339000
2.969000
3.752000
4.145000
3.932000
4.742000
3.965000
4.809000

E[a.u.] =-1173.401548
G [a.u.] =-1173.488472

132.46i [cm™]
2.440000 -2.394000
3.754000 -1.713000
2.916000 0.919000
2.762000 1.892000
2.325000 0.887000
3.974000 0.823000
3.412000 -0.148000
3.260000 0.783000
4.456000 -0.177000
3.259000 -0.997000
-2.500000 -0.159000
-2.789000 0.800000
-3.842000 0.700000
-2.179000 0.568000
-2.605000 1.837000
-2.742000 -1.611000
-3.791000 -1.746000
-2.519000 -2.298000
-2.115000 -1.859000
-3.426000 0.203000
-4.455000 0.229000
-3.191000 1.189000
-3.398000 -0.537000
-0.703000 -0.227000
-1.406000 -0.309000
0.647000 -0.254000
1.305000 -0.359000
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-0.001000
0.769000
-1.959000
-2.595000
0.427000
1.471000
2.722000
3.338000
4.686000
5.317000
4.611000
3.285000
2.633000
1.182000
-1.582000
-3.174000
-3.570000
-1.208000
0.182000
-1.141000
-1.949000
-2.676000
-1.536000
-2.541000
-4.018000
0.520000
-0.248000
1.595000

-0.507000
-1.464000
1.581000
-0.480000
-0.805000
-1.200000
-0.371000
-0.238000
0.138000
0.324000
0.111000
-0.293000
-0.460000
-0.875000
0.305000
1.573000
0.286000
2.837000
2.778000
3.007000
4.047000
-1.963000
-2.500000
-2.500000
-2.365000
0.107000
-1.548000
-2.263000

0.837000
-1.756000
-0.250000
-0.404000

2.846000

1.969000

1.829000

0.447000

0.365000
-0.861000
-2.048000
-1.981000
-0.749000
-0.749000

0.072000
-0.917000
-1.016000

0.069000
-0.576000

1.593000
-0.514000
-0.361000

0.499000
-1.791000

0.265000

3.431000

3.263000

1.758000
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2.512000
3.498000
5.249000
6.361000
5.100000
2.709000
0.301000
-3.662000
-4.452000
0.737000
0.092000
0.757000
-2.149000
-0.576000
-0.660000
-2.944000
-2.038000
-1.371000
-1.577000
-0.566000
-1.611000
-2.607000
-1.569000
-3.337000
-4.124000
-4.071000
-4.870000

E[a.u.]=-1173.363178
G [a.u.] =-1173.449301

571.46/ [cm™]
0.640000 2.210000
-0.776000  2.496000
0.289000 1.285000
0.629000 -0.892000
0.248000 -3.010000
-0.499000 -2.879000
0.769000 1.245000
2.465000 -1.270000
-0.134000 -1.470000
3.690000 -0.335000
2.705000 -1.665000
1.917000 -0.231000
3.106000 2.008000
3.912000 1.839000
2.154000 2.075000
4.176000 -0.077000
3.991000 -1.603000
4.944000 -0.277000
-2.085000 1.512000
-2.318000 0.005000
-3.587000 0.588000
-3.593000 -1.784000
-2.207000 -2.198000
-2.121000 -2.440000
-1.941000 1.269000
-3.455000 0.343000
-2.039000 -0.339000
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-0.022000
0.735000
-2.820000
-1.629000
0.292000
0.354000
-0.369000
1.362000
1.445000
2.659000
3.383000
2.506000
3.322000
4.688000
5.232000
5.363000
6.420000
4.680000
5.201000
3.332000
2.771000
2.636000
1.147000
-0.835000
-1.605000
-3.334000
-2.395000
-1.349000

-0.551000
-1.422000
-0.051000

1.722000
-1.199000
-0.331000
-1.986000
-1.498000
-2.525000
-0.732000
-1.256000

0.244000
-0.521000
-0.211000
-0.150000

0.017000

0.268000
-0.088000

0.081000
-0.423000
-0.542000
-0.631000
-0.926000
-1.654000

0.361000
-1.459000
-2.327000
-2.230000

0.751000
-1.908000
-0.398000
-0.069000

2.681000

3.337000

3.029000

1.795000

1.437000

1.792000

2.434000

2.275000

0.440000

0.417000

1.359000
-0.779000
-0.765000
-1.993000
-2.932000
-1.985000
-2.909000
-0.784000
-0.857000

0.831000

0.082000
-0.418000
-1.263000
-0.967000
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-2.454000
-2.698000
-3.473000
-4.192000
-2.522000
-3.835000
-4.725000
-5.466000
-5.058000
-4.709000
-0.512000

0.488000

1.284000

1.011000

0.011000

0.162000

0.997000
-0.545000

0.546000
-1.063000
-0.232000
-1.607000
-1.729000
-2.814000
-3.034000
-3.560000
-4.546000

E[a.u.] =—-1173.359204
G [a.u.] =-1173.445114

579.37i [em™]
-2.032000 -2.315000
-3.377000 -1.183000
-1.959000 1.026000
-1.342000 1.574000
-1.925000 1.562000
-2.992000 1.024000
-1.494000 -1.064000
-0.926000 -0.494000
-2.535000 -1.087000
-1.134000 -2.097000
2.657000 0.213000
1.975000 1.141000
2.675000 1.412000
1.155000 0.609000
1.625000 2.059000
3.025000 -1.115000
3.710000 -0.939000
3.516000 -1.791000
2.128000 -1.609000
3.906000 0.913000
4.561000 1.189000
3.637000 1.824000
4.486000 0.269000
2.139000 -0.646000
3.170000 -0.868000
1.031000 -0.846000
0.941000 -1.265000
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0.018000
0.772000
-2.597000
-1.618000
0.952000
1.617000
0.306000
1.796000
2.339000
2.819000
3.723000
2.402000
3.149000
4.185000
4.862000
4.353000
5.157000
3.504000
3.654000
2.480000
1.825000
2.299000
1.245000
0.321000
-1.440000
-2.895000
-2.101000
-1.028000

-0.426000
-2.721000
-0.127000

1.779000
-1.323000
-1.359000
-2.205000
-1.314000
-2.265000
-0.182000
-0.366000

0.772000
-0.112000

0.604000

1.201000

0.545000

1.106000
-0.242000
-0.289000
-0.976000
-1.613000
-0.896000
-1.618000
-0.430000

0.431000
-1.590000
-2.177000
-2.121000

0.882000
-0.235000
-0.444000
-0.153000

3.018000

3.893000

3.060000

1.734000

1.740000

1.591000

2.190000

1.943000

0.118000
-0.478000

0.130000
-1.863000
-2.333000
-2.649000
-3.724000
-2.055000
-2.643000
-0.673000

0.107000

3.147000

0.039000
-0.534000
-1.706000
-1.510000
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-2.339000
-2.364000
-2.519000
-3.048000
-1.439000
-2.795000
-4.397000
-5.003000
-4.610000
-4.714000
-0.636000

0.664000

1.407000

0.490000

1.065000
-1.193000
-0.454000
-2.120000
-1.366000
-0.399000

0.312000

0.013000
-1.334000
-2.835000
-3.183000
-3.444000
-4.405000

E[a.u.] =-1173.401594
G [a.u.] =-1173.488265

175.89i [cm™]
-1.646000 -2.634000
-3.232000 -1.838000
-2.277000 0.781000
-1.824000 1.625000
-2.220000 0.953000
-3.335000 0.722000
-1.788000 -0.776000
-1.301000 -0.006000
-2.860000 -0.741000
-1.431000 -1.761000
2.834000 0.238000
2.607000 -0.537000
3.358000 -0.250000
2.685000 -1.615000
1.612000 -0.325000
4.219000 -0.103000
4.968000 0.196000
4.438000 0.438000
4.340000 -1.176000
2.752000 1.750000
3.524000 2.060000
1.771000 2.013000
2.896000 2.301000
2.039000 -0.752000
3.028000 -0.994000
0.846000 -0.940000
0.633000 -1.373000
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Chapter 2

Nickel(0)-Catalyzed Reductive Coupling Reactions of

Carbonyl Compounds with Alkenes

Abstract: Nickel(0)-catalyzed intramolecular reductive coupling reactions of carbonyl
compounds and alkenes with reducing reagents are described. The reductive coupling
reaction of o-allylbenzaldehyde derivatives with triethylsilane provided silyl-protected
indanol derivatives. On the other hand, the reaction of o-homoallylbenzaldehyde
derivatives with triethylsilane gave silyl-protected cyclic allyl alcohol derivatives. In
addition, this catalyst system could be applied to the synthesis of a seven-membered
cyclic allyl alcohol. When triethylborane was employed instead of triethylsilane, tetralol
derivatives were obtained. The results of mechanistic studies including deuterium-

labeling experiments are also demonstrated.

47



2.1. Introduction

Reactions of oxa-nickelacycles comprising of carbonyl compounds and unsaturated
compounds like alkynes, 1,3-dienes, and allenes with reducing reagents such as
hydrosilanes, organoaluminiums, organoboranes, and organozincs were extensively
studied so far, which have been also proposed as the key process in nickel(0)-catalyzed
reductive coupling reactions (Scheme 2.1).1" Among them, the reaction of aldehydes and

H R

R cat. Ni(0 _k
%' + |-|—§ + R-M —”» 4 oM
o}

-
H H
| R R'-M R _T
A —_
" ’o ’ oM
Ni iR"

Scheme 2.1. Reductive coupling reaction of aldehydes and unsaturated
compounds via oxa-nickelacycle.

alkynes was especially well-developed.l?) The first example on nickel(0)-catalyzed
reductive coupling reaction was reported by Montgomery and co-workers in 1997 (see
Scheme 3 in General Introduction).”” So far, the use of 1,6-enyne,?! 1,3-dienes,' or
allenes® instead of alkynes was also reported. Nevertheless, the use of alkenes has been
rare, which probably is due to the difficulty of both the simultaneous coordination of these
two components to nickel(0) and the following oxidative cyclization.['! Thus far, the use
of alkenes has been limited to the highly reactive ones such as methylenecyclopropane,®
norbornene!”! and tetrafluoroethylene.[®! The reaction using ethylene and silyl triflates was
also reported by Jamison and co-workers.'®”! In addition, intramolecular reductive
coupling reaction of aldehydes and alkenes with diethylaluminum cyanide was reported
by Ho.l""

In the previous chapter, the nickel(0)-catalyzed intramolecular hydoacylation
proceeding via oxa-nickelacycle intermediate was reported. This oxa-nickelacycle could

give a reductive coupling product by reaction with reducing reagents. Herein, nickel(0)-

cat. Ni(0)/L
z + R'-M >

om
-
L ? R'-M ? /I
—_—
o oL
Ni Ni_ M
v v K

Scheme 2.2. Intramolecular reductive coupling reaction of 0-ABA via
oxa-nickelacycle.

H™ SO0
o-ABA
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catalyzed intramolecular reductive coupling reactions of 0-ABA derivatives with

reducing reagents are described (Scheme 2.2).

2.2. Result and Discussion

2.2.1. Reaction of o-Allylbenzalehyde Derivatives with Hydrosilanes

The results on optimization of the reaction conditions using o-allylbenzaldehyde (o-ABA:
1a) and triethylsilane are summarized in Table 2.1. The formation of 1-triethylsiloxy-2-
methylindan (3a) was confirmed when NHC ligands were employed, whereas PPh3z and
PCys were not effective (entries 1-6). Among the examined NHCs, SIPr gave 3a in a
better yield at room temperature (69%, entry 5). In this reaction system, (n°-
toluene)Ni(SIPr) (TNSI) was generated as a precursor for an active nickel(0)/SIPr
catalyst (see Chapter 3 for details about this nickel(0) complex). Indeed, the reaction
conducted with TNSI provided 3a without a loss of the yield compared with the system
comprising Ni(cod), and SIPr (entry 7 vs. 5). Thus, TNSI was used for a further
optimization since TNSI can be prepared by a single-step, one-pot, and gram-scale
method, and it readily dissolves in a variety of solvents including alkane mediums, unlike
Ni(cod)>. In addition, the experimental manipulations were simplified and made more

accurate by using the prepared nickel(0) complex. The reaction at 40 °C resulted in

Table 2.1. Optimization of reaction conditions using 1a and triethylsilane.

5 mol% catalyst

= + Et;SiH —————————>
toluene

H” SO0 OSiEt;

1a rac-3a
entry catalyst solvent temp. [°C] time [h] yield [%]@ dr (syn:anti)
11 Ni(cod),/PCy; toluene rt 24 <1 -
201 Ni(cod),/PPh;  toluene rt 24 <1 -
3 Ni(cod),/IPr toluene rt 24 14 86:14
4 Ni(cod),/IMes toluene rt 24 5 70:30
5 Ni(cod),/SIPr toluene rt 24 69 94:6
6 Ni(cod),/SIMes toluene rt 24 20 69:31
7 TNSI toluene rt 24 69 93:7
8 TNSI toluene 40 12 94 (99)1  >99:1
9 TNSI THF 40 12 83 >99:1
10 TNSI 1,4-dioxane 40 12 92 >99:1
1" TNSI cyclohexane 40 12 80 92:8

[a] Determined by GC using n-pentadecane as an internal standard.
[b] Employment of 5 mol% of Ni(cod), and 10 mol% of phosphine ligand.
[c] Isolated yield.
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improvements in both yield and diastereoselectivity giving 3a in 99% isolated yield (entry
8). Among the various solvents, toluene gave the highest yield and diastereoselectivity
(entries 8-11). The syn-conformation between the silyl ether and the methyl groups in 3a
was confirmed by comparison with reports in the literature after desilylation with TBAF
(94% isolated yield, see Experimental Section for detail).l'!]

The impact of the steric and electronic nature of silanes on both the yield and
diastereoselectivity was not significant (Table 2.2). Good to excellent yields and
diastereoselectivities were obtained across a broad range of hydrosilanes, with the
exception of (EtO);SiH (entry 7). Other reducing reagents such as diethylzinc or

triethylborane were less effective in this reaction (Table 2.3).

Table 2.2. Scope of hydrosilanes.

5 mol% TNSI
z + R,SiH >
toluene, 40 °C, 12 h
H™ ™0 OSiR;
1a rac-3a
entry  R3SiH yield [%][®]  dr (syn:anti)@
1 Et,SiH 94 (99)[b] >99:1
2 (Pr);SiH 98 96:4
3 ‘BuMe,SiH 86 >99:1
4 PhMe,SiH 90 96:4
5 Ph,MeSiH 86 >99:1
6 Ph3SiH 98 >99:1
7 (EtO);SiH 49 96:4

[a] Determined by GC using n-pentadecane as an internal standard.
[b] Isolated yield.

Table 2.3. Scope of reducing reagents.

5 mol% Ni(cod),

Z reducing 5 mol% SIPr = H+
reagen.t toluene, 40 °C, 12 h
(2.0 equiv)
o OH
1a rac-5a
entry reducing reagent conv. [%]®@ yield [%]©® dr (syn:anti)!?]
1 Et;B (1.0 M in pentane)  >99 91[b] >99:1
2 Et,Zn (1.0 M in heptane) >99 63 >99:1

[a] Determined by GC using n-pentadecane as an internal standard.
[b] Isolated yield.

The scope of the reaction was investigated with respect to 0-ABA derivatives (1a—
j) (Table 2.4). When an electron-donating group was bonded to the benzene ring (1b and
1c), the reaction proceeded well to give the corresponding silyl-protected 1-indanol
derivatives (3b and 3c¢) in >97% isolated yields. The fluorine substituted products (3d—f)
were obtained in >89% isolated yields; however, a trace amount of chlorine-substituted
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Table 2.4. Intramolecular reductive coupling reaction of 0-ABA derivatives with
triethylsilane.!

R? X L,
| R 5 mol% TNSI
Z + Et;SiH >
toluene, 40 °C,12 h
R0
1 rac-3 (> 99:1 dr)
o0\ F
OMe ?0 F ? gCFa
j 5OSiEt3 j EOSiEt3 OSiEt, j EOSiEt3 OSiEt, OSiEt,
3a 3b 3c 3d 3e 3f
99% 97% >99% 90% >99% >99%
" C
. N
. i '""Me Me
OSiEt; OSiEt, OSiEt, OSiEt, OSiEt, OSiEt,
3g 3h 3 3j 3k 3|
<5%!bl >99% >99% >99% 98% >99%
(24 h) (60 °C, 24 h)

[a] Isolated yields of 3 are presented. Diastereoselectivity was determined by GC.

[b] Determined by GC using n-pentadecane as an internal standard.
product 3g was obtained. Both products with the o-benzyl group (3h) and the naphthyl
structure (3i) were obtained in >99% isolated yields. In all of these reactions, the syn-
isomer was obtained with >99:1 dr. The substituted allyl group was also employed to
afford 3j in >99% isolated yield. In addition, this catalyst system could be applied to a
reductive coupling reaction of ketones and alkenes with triethylsilane. The reaction of o-
allylacetophenone (1k) took place efficiently to afford the corresponding silyl-protected
1-methyl-1-indanol (3k) in 98% isolated yield and >99:1 dr. The syn-conformation
between the silyl ether and the methyl groups in 3k was confirmed by comparison with
reports in the literature after desilylation with TBAF (see Experimental Section for
detail)."?l The substituted allyl group was also employed at 60 °C, giving 31 in >99%
isolated yield.

Preliminary results of the expansion of the presented reaction to an enantioselective
version are given in Table 2.5. Chiral NHC ligands (LL1-L5) generated in situ by treating
the imidazolinium salts (Ln-HBF4) with ‘BuOK were applied in this reaction. The
reductive coupling reaction of 1a and triethylsilane was catalyzed by 5 mol% of Ni(cod)>
and chiral NHC ligand at room temperature for 24 h in 1,4-dioxane and provided 3a. The
enantiomeric excess of 3a was determined using supercritical fluid chromatography
(SFC) after converting it into 2-methyl-1-indanol (5a) via desilylation using TBAF (see

Experimental Section for detail). A novel ligand L2 was prepared according to the
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Table 2.5. Enantioselective intramolecular reductive coupling reaction of 1a with
triethylsilane.[

5 mol%Ni(cod),
5 mol% (R,R)-Ln-HBF,

5 mol% ‘BuOK
= + Et;SiH >
1,4-dioxane, rt, 24 h
H” Yo OSiEt;
1a (15,25)-3a
BF4
“cy $ s —
Ph Ph Ph Ph
(R,R)-L1-HBF, (R,R)-L2-HBF, (R R) L3 HBF4
92% 98% 99%
>99:1 dr, 15% ee >99:1 dr, 38% ee >99:1 dr, 2% ee
(C]
® H
N » N NS
3 N ph” N7 N"pp
Ph Ph
(R,R)-L4-HBF, (R,R)-L5-HBF,
20%](b] 16%][b]
80:20 dr >99:1 dr

[a] Isolated yields of 3a are presented. Diastereoselectivity was determined by GC,
and enantioselectivity was determined by SFC after converting into 5a by desilylation.
[b] Determined by GC using n-pentadecane as an internal standard.

procedures of L1 reported by Montgomery and co-workers,''*! and the system utilizing
L2 afforded further improved results (98% isolated yield, >99:1 dr, and 38% ee).
The absolute configuration of (15,25)-3a was confirmed by comparing the specific
rotation of corresponding desilylation product (15,25)-5a with data found in the
literature.[!!°]

To gain insight into the reaction mechanism, deuterium labeling experiments were

conducted (Scheme 2.3). In the presence of 5 mol% of TNSI, the reaction of la-di

5 mol% TNSI
2 + Et;SiH > (a)
toluene, 40 °C, 12 h \
HD
b~ ~o OSiEt,
H
1a-d1 3a'd1
>99%D 95%, >99%D
5 mol% TNSI
=z + "Bus;SiD > (b)
toluene, 40 °C, 12 h \
X0 >99%D "H
0Si"Bu,
D
1a 3a'-d,

83%, >99%D
Scheme 2.3. Deuterium labeling experiments.
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(>99% D) and triethylsilane proceeded to give 3a-d1 in 95% yield, and no H/D exchange
was observed (Scheme 2.3a). The reaction of 1a and tributylsilane-di (>99% D) was also
conducted in the presence of 5 mol% of TNSI to provide 3a’-d1 in 83% yield with >99%
deuterium incorporation at the methyl group (Seheme 2.3b). Thus, this intramolecular
reductive coupling would proceed via oxidative cyclization of an aldehyde and an alkene
affording an oxa-nickelacycle intermediate as shown in Scheme 2.2. The oxidative
cyclization process might be promoted by a Lewis acidic silane reagent,!!*!%14 followed

by -bond metathesis and reductive elimination giving the product.!”!

2.2.2. Reaction of o-Homoallylbenzalehyde Derivatives with Triethylsilane

The results on optimization of the reaction conditions using o-homoallylbenzaldehyde (o-
homoABA: 1m) and triethylsilane are summarized in Table 2.6. In the presence of 5
mol% of TNSI, the reaction of 1m and triethylsilane proceeded to give a cyclic allyl
alcohol 4m as a major product with a trace amount of 3m (entries 1 and 2). The reaction
conducted with Ni(cod)>/SIPr instead of TNSI provided 4m in 64 % yield (entry 3).
Employment of 2 equivalents of SIPr with respect to Ni(cod): resulted in the improvement
of the yield of 4m (entry 4). Among various solvents, 1,2-dimethoxyethane (DME) gave
the highest yield (entries 5-8).

Table 2.6. Optimization of reaction conditions using 1m and triethylsilane.

5 mol% catalyst
X + Et;SiH °—>
H o OSiEt; OSiEt;

1m
entry catalyst solvent time [h] M
3m 4m
1 TNSI toluene 24 <1 22
2 TNSI toluene 40 2 53
3 Ni(cod),/SIPr toluene 40 3 64
4] Ni(cod),/SIPr toluene 40 3 76
5[b] Ni(cod),/SIPr THF 40 3 60
6lb! Ni(cod),/SIPr 1,4-dioxane 40 5 93
71b] Ni(cod),/SIPr Et,0 40 2 45
glbl Ni(cod),/SIPr DME 40 5 96

[a] Determined by GC using n-pentadecane as an internal standard.
[b] Employment of 5 mol% of Ni(cod). and 10 mol% of SIPr.
The scope of the reaction was investigated with respect to o-homoABA derivatives
(Im-r) (Table 2.7). The reaction of 1m and triethylsilane took place to give 4m in 90%
isolated yield. When an electron-donating group was bonded to the benzene ring (1n and

1o), the reaction proceeded efficiently to provide the corresponding cyclic allyl alcohols
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Table 2.7. Intramolecular reductive coupling reaction of o-homoABA derivatives with

triethylsilane.[®
(e

5 mol% Ni(cod),

R 10 mol% SIPr
X - + Et;SiH ———— |
DME, 40 °C, 40 h
H N0 OSiEt,
1 4
OMe O—'\ F

#) i OO

OSiEt, OSiEt, OSiEt, OSiEt, ﬁosmg OSiEt,

4m 4n 4o 4p 4q 3r
90% 98% 95% 79% 51% >99%
(60 °C, 24 h) (>99:1 dn)l®!

[a] Isolated yields of 3 and 4 are presented. [b] Diastereoselectivity was determined by GC.

(4n and 40) in >95% isolated yields. The fluorine substituted
product (4p) was obtained in 79% isolated yield. In addition,
this catalyst system could be applied to a synthesis of a seven-
membered cyclic allyl alcohol (4q). The reaction conducted

at 60 °C for 24 h giving 4q in 51% isolated yield. However,

naphthyl substituted derivative (1r) provided simple

reductive coupling product 3r in >99% isolated yield and Figure 2.1. Steric

>99:1 dr. The steric hindrance repulsing among nickel/SIPr,  hindrance around nickel.

silyl ether, and naphthyl units might significantly promote reductive elimination
(Figure2.1).[1%

5 mol% Ni(cod),

A i 10 mol% SIPr
+ Et38iH — 3 (a)
DME, 40 °C, 40 h D
D" 0 OSiEt,
1m'd1 4m-d1
>99%D 90%, >99%D
5 mol% Ni(cod),
A 10 mol% SIPr
" PSP DmE407c.40m ®
>99%D ’ ’ H
H” o OSi"Bu,
im

4am'
77% (conv. 80%)[@]

Scheme 2.4. Deuterium labeling experiments. A plausible reaction mechanism
is shown. [a] Determined by GC using n-pentadecane as an internal standard.
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To gain insight into the reaction mechanism, deuterium labelling experiments were
conducted (Scheme 2.4). In the presence of 5 mol% of Ni(cod) and 10 mol% of SIPr, the
reaction of 1m-d1 (>99% D) and triethylsilane proceeded to give 4m-d1 in 90% yield, and
no H/D exchange was observed (Scheme 2.4a). The reaction of 1m and tributylsilane-d;
(>99% D) was also conducted in the presence of 5 mol% of Ni(cod), and 10 mol% of
SIPr to provide 4m’ in 77% yield (conv. 80%) (Scheme 2.4b). These results support that
this intramolecular reductive coupling would proceed via an oxa-nickelacycle
intermediate followed by 6-bond metathesis with Si—H, B-hydride elimination of H* and

reductive elimination.

2.2.3. Reaction of o-Homoallylbenzalehyde Derivatives with Triethylborane

The results on optimization of the reaction conditions using 1m and triethylborane are
summarized in Table 2.8. The formation of 2-methyl-1-tetralol (Sm) was confirmed in
high yield and diastereoselectivity when both phosphine and NHC ligands were employed
(entries 1-7). Especially, the reaction with 5 mol% of Ni(cod) and P"Bu; proceeded to
give Sm >99% yield and >99:1 dr (entry 8). The syn-conformation between the hydroxyl
and the methyl groups in Sm was confirmed by comparison with reports in the

literature.!'®]

Table 2.8. Optimization of reaction conditions using 1m and triethylborane.

5 mol% catalyst H*
A + Et;B >—>
15 equiv THF, 40 °C, 24 h oH

H” S0

1m rac-5m
entry catalyst yield [%]%! dr (syn:anti)[a]
1[b] Ni(cod),/PCy, 93 96:4
2[bl Ni(cod),/P"Bus 95 97:3
3[bl Ni(cod),/PPh, 89 93:7
4 Ni(cod),/IPr 94 95:5
5 Ni(cod),/IMes 95 96:4
6 Ni(cod),/SIPr 93 96:4
7 Ni(cod),/SIMes 93 95:5
8 Ni(cod),/P"Bug >99 >99:1

[a] Determined by NMR after treatment with sat. NH4Cl aq.
[b] Employment of 5 mol% of Ni(cod). and 10 mol% of phosphine ligand.

The scope of the reaction was investigated with respect to o-homoallylbenzaldehyde
derivatives (1m—p, r—t) (Table 2.9). When an electron-donating group was bonded to the
benzene ring (1n and 10), the reaction proceeded well to give the corresponding tetralol

derivatives (5n and 50) in >91% isolated yields. The fluorine substituted product (5p)
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Table 2.9. Intramolecular reductive coupling reaction of o-homoABA derivatives
with triethylborane.?

5 mol% Ni(cod),

N 1
| R 5 mol% P"Bu, H*
+ EttB —— > —>»
R THF, 40°C, 24 h
R R o 1.5 equiv
1
OMe o—\ F
o}
OH OH OH OH

5m 5n 50 5p
98%, >99:1 dr  98%, >99:1 dr 91%, >99:1dr  90%, >99:1 dr

| OH OH

OH
5r 5s 5a
90%, >99:1 dr 97% 88%, 86:14 dr | 95%, >99:1 dr
(80 °C) (60 °C) (80 °C)

[a] Isolated yield of 5 are presented. Diastereoselectivity was determined by NMR.

was obtained in 90% isolated yield. The product with the naphthyl structure (5r) was also
obtained in 90% isolated yield. In all of these reactions, the syn-isomer was obtained with
>99:1 dr. The substituted allyl group was also employed to afford Ss in 97% isolated yield.
In addition, this catalyst system could be applied to a reductive coupling reaction of
ketones and alkenes with triethylborane. The reaction of o-homoallylacetophenone (1t)
took place to afford the corresponding tetralol derivative (5t) in 88% isolated yield and
86:14 dr. The reaction of 1a proceeded to give the corresponding reductive coupling
product 5a in 95% isolated yield and >99:1 dr, so this catalyst system would be also
applied to the reaction of o-ABA derivatives.

To gain insight into the reaction mechanism, deuterium labelling experiments were
conducted (Scheme 2.5). In the presence of 5 mol% of Ni(cod), and P"Bus, the reaction
of 1a-d1 (>99% D) and triethylborane proceeded to give Sa-d1 in >99% yield, >99:1 dr,
and no H/D exchange was observed. During the reaction, generation of ethylene was
confirmed by '"H NMR spectroscopy. Therefore, this intramolecular reductive coupling
reaction would proceed via oxidative cyclization of an aldehyde and an alkene affording
an oxa-nickelacycle intermediate in Scheme 2.2. The oxidative cyclization process might
be promoted by a Lewis acidic organoborane reagent,'®!%!4 followed by c-bond
metathesis, B-hydride elimination of HP at the ethyl group on the nickel, and reductive

elimination giving the product.!!*
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5 mol% Ni(cod),
5 mol% P"Bu, H*

+ EtB —0— "% o
z *  THF, 40°C, 24 h
1.5 equiv "D
D (o] OH
1a-d1 53-d1
>99%D >99%, >99%D

B

Scheme 2.5. Deuterium labeling experiment. A plausible reaction mechanism is shown.
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2.3. Conclusion

Nickel(0)-catalyzed intramolecular reductive coupling reactions of carbonyl compounds
and alkenes with reducing reagents were developed (Scheme 2.6). Mechanistic studies
including stoichiometric and deuterium-labeling experiments were demonstrated. The
reductive coupling reaction of o-ABA derivatives with triethylsilane provided silyl-
protected indanol derivatives in excellent yields and diastereoselectivities via oxidative
cyclization of an aldehyde and an alkene affording an oxa-nickelacycle intermediate
followed by 6-bond metathesis with hydrosilane and reductive elimination (Scheme 2.6a).
On the other hand, the reaction of 0-homoABA derivatives with triethylsilane gave silyl-
protected cyclic allyl alcohol derivatives in high yields via oxidative cyclization affording
an oxa-nickelacycle intermediate followed by o-bond metathesis with hydrosilane, -
hydride elimination, and reductive elimination (Scheme 2.6b). In addition, this catalyst
system could be applied to the synthesis of a seven-membered cyclic allyl alcohol. When

triethylborane was employed instead of triethylsilane, tetralol derivatives were obtained

Red. Elim. &
OSIEt3
. Na.
cat. A | p-H Elim. ()
Ni(0)/L (
o

H o Ni’ O
v ‘7 ‘
Et;B B-H Elim. Red Elim.
> o —>
Ni BEt, Ni BEtz
v 1 Y “H OBEt,

H n=1,2

Et,SiH

Scheme 2.6. Plausible reaction pathways.
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in high yields and diastereoselectivities via oxidative cyclization affording an oxa-
nickelacycle intermediate followed by c-bond metathesis with triethylborane, B-hydride

elimination, and reductive elimination (Scheme 2.6¢).

2.4. Experimental Section

2.4.1. General

All manipulations were conducted under a nitrogen atmosphere using standard Schlenk
or dry box techniques. 'H, '*C, and '°F nuclear magnetic resonance (NMR) spectra were
recorded on Bruker AVANCE III 400, Bruker AVANCE III 600, and JEOL AL-400
spectrometers at 25 °C unless otherwise noted. The chemical shifts in the 'H NMR spectra
were recorded relative to MesSi or residual protonated solvent (CHCI3 (6 7.26)). The
chemical shifts in the 3C NMR spectra were recorded relative to MesSi or residual
protonated solvent (CDCl3 (§ 77.16)). The chemical shifts in '°F NMR spectra were
recorded relative to a,o,a-trifluorotoluene (6 —65.64). Assignment of the resonances in
the 'H and '*C NMR spectra was based on 'H-'H COSY, HMQC and HMBC experiments.
Mass spectra were obtained using a Shimadzu GCMS-QP 2010 instrument with an
ionization voltage of 70 eV. Analytical gas chromatography (GC) was carried out on a
Shimadzu GC-2014 gas chromatograph, equipped with a flame ionization detector.
Medium-pressure column chromatography was carried out on a Biotage Flash
Purification System Isolera, equipped with a 254 nm UV detector. High resolution mass
spectrometry (HRMS) was performed at Instrumental Analysis Center, Faculty of
Engineering, Osaka University. Enantioselectivities were recorded by means of JASCO-
Supercritical Fluid chromatography (SFC) equipped with PU-2080-CO2 plus CO2
delivery pump and MD-2018 plus as a photodiode array detector. Optical rotations were
measured in JASCO-DIP 1000 polarimeter with a path length of 1 dm using the sodium
D line, 589 nm.

2.4.2. Materials

Toluene, 1,4-dioxane, THF, Et,O, DME, and cyclohexane were distilled from sodium
benzophenone ketyl prior to use. All commercially available reagents were distilled over
CaH; under reduced pressure prior to use. Ni(cod)2 was recrystallized from toluene prior
to use. All synthesized starting materials were purified either by distillation over CaH> or
recrystallization prior to use for catalytic reactions. NHCs shown in Figure 2.2 were
prepared according to the reported procedures.!!”! (n®-Toluene)Ni(SIPr) (TNSI) was
prepared according to the procedure in the Chapter 3. The preparation procedures for

chiral imidazolinium salts (Ln-HBF4) are shown in Section 2.4.3.7. The preparation
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procedures for substrates (1a—t, 1a-di, 1m-di, tributylsilane-d;) are shown in Section
2.4.3.8, Section 2.4.4.4, and Section 2.4.5.4.

Sorlp Shop e S

SIMes

Figure 2.2. NHCs employed in this chapter.

2.4.3. Reaction of 0-Allylbenzalehyde Derivatives with Hydrosilanes

2.4.3.1. Optimization of Reaction Conditions (Table 2.1)

General procedures: A reaction tube was charged with 1a (0.80 mmol) and triethylsilane
(0.80 mmol) in the presence of catalyst (0.04 mmol) in solvent (3.0 mL). The reaction
mixture was stirred at room temperature or 40 °C. The reaction was monitored by GC,

and GC yield of 3a was determined by using n-pentadecane as an internal standard.

1.8 equw TBAF
THF rt,2h
OSlEt3

94%

Desilylation of 3a with TBAF: To a solution of 3a (221.2 mg, 0.84 mmol) in THF (2.0
mL) was added TBAF (1M in THF, 2.0 mL, 2.0 mmol) at room temperature and stirred
for 2 h to complete the reaction. Then, the reaction was quenched by sat. NH4Cl aq., and
the organic layer was extracted with ethyl acetate and dried over anhydrous Na>SO4. After
the filtration, the solvent was removed under reduced pressure followed by the
purification by the silica gel column chromatography to give 5a (117.0 mg, 0.80 mmol,
94%) as a colorless solid. Spectroscopic data of 5a were identical to that previously

reported.!!)

2.4.3.2. Scope of Hydrosilanes (Table 2.2)

General procedures: A reaction tube was charged with 1a (0.40 mmol) and hydrosilane
(0.40-0.45 mmol) in the presence of TNSI (0.02 mmol) in toluene (1.5 mL). The reaction
mixture was stirred at 40 °C. The reaction was monitored by GC, and GC yield of 3a was

determined by using n-pentadecane as an internal standard.

2.4.3.3. Scope of Other Reducing Reagents (Table 2.3)

General procedures: A reaction tube was charged with 1a (0.80 mmol) and reducing
reagent (1.6 mmol) in the presence of Ni(cod)> (0.04 mmol) and SIPr (0.04 mmol) in
toluene (3.0 mL). The reaction mixture was stirred at 40 °C for 12 h and quenched with
sat. NH4Cl aq. followed by 1M HCl aq. The organic layer was extracted with ethyl acetate,
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and dried over anhydrous Na;SO4. After filtration, the solvent was removed under
reduced pressure. The reaction was monitored by GC, and GC yield of 5a was determined

by using n-pentadecane as an internal standard.

2.4.3.4. Scope of Substrates (Table 2.4)

General procedures: A reaction tube was charged with 1a-1 (0.80 mmol) and
triethylsilane (0.80 mmol) in the presence of TNSI (0.04 mmol) in toluene (3.0 mL). The
reaction mixture was stirred at 40 °C for 12 h. The reaction was monitored by GC. The

products were isolated either by silica gel column chromatography or Kugelrohr

distillation.
5 mol% TNSI
=z + Et;SiH >
toluene, 40 °C,12 h
H” o OSiEt;,
1a 3a

99%, >99:1 dr

Reaction of 1a giving 3a: The general procedure was followed with 1a (118.0 mg, 0.81
mmol) and triethylsilane (130.0 pL, 0.82 mmol). Purification by Kugelrohr distillation
(0.4 mmHg, 120 °C) gave 3a (209.9 mg, 0.80 mmol, 99 %, >99:1 dr) as colorless oil. 'H
NMR (400 MHz, CDCl3): 6 7.30 (t, J = 3.2 Hz, 1H, Ar-H), 7.20-7.19 (m, 3H, Ar-H),
5.11 (d, J= 6.4 Hz, 1H, CHOSI), 2.91 (dd, J=15.2, 6.4 Hz, 1H, ArCH>CH), 2.64 (dd, J
=15.2,4.8 Hz, 1H, ArCH>CH), 2.56-2.50 (m, 1H, CH.CHCH3), 1.01 (t,J= 7.2 Hz, 12H,
CHCH3 and Si(CH2CHs)3), 0.69 (apparent q, J = 7.2 Hz, 6H, Si(CH>CH3)3). BC{'H}
NMR (100 MHz, CDCls): 6145.2, 142.3, 127.6, 126.4, 125.0, 124.5, 77.8, 40.3, 38.0,
14.1,7.1, 5.3. HRMS (EI): m/z Calcd for Ci16H260Si: (M") 262.1753, found 262.1752.

OMe
5 mol% TNSI
z + Et;SiH >
toluene, 40 °C, 12 h
H o OSiEt;

1b 3b
97%, >99:1 dr

OMe

Reaction of 1b giving 3b: The general procedure was followed with 1b (142.4 mg, 0.81
mmol) and triethylsilane (130.0 pL, 0.82 mmol). Purification by Kugelrohr distillation
(0.4 mmHg, 150 °C) gave 3b (229.5 mg, 0.79 mmol, 97 %, >99:1 dr) as colorless oil. 'H
NMR (400 MHz, CDCI3): 6 7.08 (d, J = 8.0 Hz, 1H, Ar-H), 6.86 (d, J=2.0 Hz, 1H, Ar-
H), 6.75 (dd, J = 8.0, 2.0 Hz, 1H, Ar-H), 5.08 (d, J = 5.6 Hz, 1H, CHOSI), 3.80 (s, 3H,
OCHs), 2.85 (dd, J = 15.6, 7.4 Hz, 1H, ArCH>CH), 2.56-2.53 (m, 2H, ArCH>CH and
CH:CHCH3), 1.03-0.97 (m, 12H, CHCHj5 and Si(CH2CHs)3), 0.70 (q, J = 7.4 Hz, 6H,
Si(CH>CH3)3). BC{'H} NMR (100 MHz, CDCl3): & 158.9, 146.6, 134.0, 125.7, 113.7,
109.8, 78.0, 55.5, 40.7,37.1, 14.2, 7.1, 5.3. HRMS (EI): m/z Calcd for C17H230,Si: (M")
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292.1859, found 292.1865.

0—\ 0\
o) (0]
5 mol% TNSI
z + Et;SiH >
toluene, 40 °C, 12 h
o} OSiEt;
1c 3c

>99%, >99:1 dr

Reaction of 1c giving 3c: The general procedure was followed with 1¢ (153.0 mg, 0.80
mmol) and triethylsilane (130.0 pL, 0.82 mmol). Purification by Kugelrohr distillation
(0.4 mmHg, 180 °C) gave 3¢ (244.6 mg, 0.80 mmol, >99 %, >99:1 dr) as colorless oil.
TH NMR (400 MHz, CDCl3): 8 6.75 (s, 1H, Ar-H), 6.65 (s, 1H, Ar-H), 5.91 (d, J=2.8
Hz, 2H, OCH-0), 5.00 (d, J = 6.0 Hz, 1H, CHOSI), 2.80 (dd, J = 16.4, 8.0 Hz, 1H,
ArCH>CH), 2.54-2.51 (m, 2H, ArCH>CH and CH,CHCH3), 1.02-0.98 (m, 12H, CHCH;
and Si(CH2CH3)3), 0.68 (q, J = 7.6 Hz, 6H, Si(CH>CHz3)3). BC{'H} NMR (100 MHz,
CDCls): 6147.5, 146.5, 138.3, 135.6, 105.6, 105.2, 101.0, 77.6, 40.7,37.9, 14.3, 7.1, 5.3.
HRMS (EI): m/z Calcd for C17H2603Si: (M") 306.1651, found 306.1650.

F
5 mol% TNSI
z + Et;SiH >
toluene, 40 °C,12 h
H™ 0 OSiEt;

1d 3d
90%, >99:1 dr

F

Reaction of 1d giving 3d: The general procedure was followed with 1d (132.1 mg, 0.80
mmol) and triethylsilane (130.0 pL, 0.82 mmol). Purification by Kugelrohr distillation
(0.4 mmHg, 150 °C) gave 3d (201.6 mg, 0.72 mmol, 90 %, >99:1 dr) as colorless oil. 'H
NMR (400 MHz, CDCl3): & 7.12-7.09 (m, 1H, Ar-H), 6.96 (d, J = 8.0 Hz, 1H, Ar-H),
6.90-6.85 (m, 1H, Ar-H), 5.08 (d, /= 5.6 Hz, 1H, CHOSI), 2.86 (dd, J = 16.0, 7.2 Hz,
1H, ArCH>CH), 2.58-2.55 (m, 2H, ArCH,CH and CH.CHCH3), 1.03-0.96 (m, 12H,
CHCH3 and Si(CH2CH?3)3), 0.70 (q, J = 8.0 Hz, 6H, Si(CH>CH3)3). BC{'H} NMR (100
MHz, CDCl3): 6 162.3 (d, Jcr = 240.8 Hz), 147.3 (d, Jcr = 7.6 Hz), 137.3 (d, Jcr = 2.5
Hz), 126.0 (d, Jcr = 8.3 Hz), 114.4 (d, Jcr = 22.3 Hz), 111.4 (d, Jcr = 21.7 Hz), 77.7 (d,
Jcr = 2.0 Hz), 40.9, 37.1, 14.0, 7.0, 5.2. Y’F NMR (376 MHz, CDCl3): 6 —117.2. HRMS
(EI): m/z Calcd for Ci6HasFOSi: (M") 280.1659, found 280.1659.
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5 mol% TNSI
z + Et;SiH >
toluene, 40 °C,12 h
(o] OSiEt;
1e 3e
89%, >99:1 dr

Reaction of 1e giving 3e: The general procedure was followed with 1e (131.0 mg, 0.80
mmol) and triethylsilane (130.0 pL, 0.82 mmol). Purification by Kugelrohr distillation
(0.4 mmHg, 150 °C) gave 3e (198.9 mg, 0.72 mmol, 89 %, >99:1 dr) as colorless oil. 'H
NMR (400 MHz, CDCl3): & 7.24-7.20 (m, 1H, Ar-H), 6.88-6.86 (m, 2H, Ar-H), 5.04 (d,
J=6.0 Hz, 1H, CHOSI), 2.87 (dd, J = 15.6, 7.2 Hz, 1H, ArCH>CH), 2.62 (dd, J = 15.6,
4.8 Hz, 1H, ArCH>CH), 2.56-2.51 (m, 1H, CH,CHCH3), 1.01-0.97 (m, 12H, CHCH3 and
Si(CH2CHs)3), 0.68 (q,J= 7.6 Hz, 6H, Si(CH>CH3)3). *C{'H} NMR (100 MHz, CDCl3):
8 162.9 (d, Jcr =242.2 Hz), 144.8 (d, Jcr = 8.7 Hz), 140.9 (d, Jcr = 2.0 Hz), 125.6 (d, Jcr
=8.7 Hz), 113.3 (d, Jcr = 22.1 Hz), 112.0 (d, Jcr = 21.4 Hz), 77.0, 40.8, 38.0 (d, Jcr =
2.0 Hz), 14.1, 7.1, 5.2. ’F NMR (376 MHz, CDCl3):  —115.8. HRMS (EI): m/z Calcd
for C16H2sFOSi: (M") 280.1659, found 280.1657.

CF3 CF3
5 mol% TNSI
z + Et;SiH -
toluene, 40 °C, 12 h
H o

OSiEt,
1f 3f
>99%, >99:1 dr

Reaction of 1f giving 3f: The general procedure was followed with 1f (171.9 mg, 0.80
mmol) and triethylsilane (130.0 pL, 0.82 mmol). Purification by Kugelrohr distillation
(0.4 mmHg, 150 °C) gave 3f (267.8 mg, 0.81 mmol, >99 %, >99:1 dr) as colorless oil.
TH NMR (400 MHz, CDC13): 6 7.51 (s, 1H, Ar-H), 7.46 (d, J= 8.0 Hz, 1H, Ar-H), 7.28
(d, J= 8.0 Hz, 1H, Ar-H), 5.12 (d, J = 6.0 Hz, 1H, CHOSI), 2.94 (dd, J = 15.6, 6.8 Hz,
1H, ArCH>CH), 2.67 (dd, J = 15.6, 4.0 Hz, 1H, ArCH>CH), 2.61-2.55 (m, 1H,
CH>CHCH3), 1.02-0.98 (m, 12H, CHCH3 and Si(CH2CHs3)3), 0.70 (apparent q, J = 8.0
Hz, 6H, Si(CH>CHzs)3). BC{'H,"F} NMR (100 MHz, CDCls): § 146.4, 146.0, 129.0,
125.4,124.8,124.7,121.4,77.3,40.5, 37.8, 13.9, 7.0, 5.2. ’F NMR (376 MHz, CDCl5):
8-61.9. HRMS (CI): m/z Caled for Ci7H26F30Si: [M+H]" 331.1705, found 331.1700.

Cl Cl
5 mol% TNSI
z + Et3SiH -
toluene, 40 °C, 12 h
H o OSiEt;

1g 39
<5%

Reaction of 1g giving 3g: The general procedure was followed with 1g (70.2 mg, 0.39
mmol), triethylsilane (70.0 pL, 0.44 mmol), and TNSI (10.8 mg, 0.02 mmol) in toluene
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(2.0 mL). The reaction was monitored by GC, and GC yield of 3g was determined by

using n-pentadecane as an internal standard.

5 mol% TNSI
z Bn + Et;SiH > Bn
toluene, 40 °C, 12 h
H (o)

OSiEt,
1h 3h
>99%, >99:1 dr

Reaction of 1h giving 3h: The general procedure was followed with 1h (189.4 mg, 0.80
mmol) and triethylsilane (130.0 pL, 0.82 mmol). Purification by silica gel column
chromatography gave 3h (285.4 mg, 0.81 mmol, >99 %, >99:1 dr) as pale yellow oil. '"H
NMR (400 MHz, CDCI3): & 7.30-7.05 (m, 7H, Ar-H overlapped with residual CHCIl3),
6.81 (d, J=7.2 Hz, 1H, Ar-H), 5.23 (d, /= 5.6 Hz, 1H, CHOSI), 4.15 (s, 2H, ArCH-Ph),
2.84 (dd, J=15.2, 6.8 Hz, 1H, ArCH>CH), 2.72 (dd, J = 15.2, 6.8 Hz, 1H, ArCH>CH),
2.42-2.39 (m, 1H, CH.CHCH3), 1.10 (d, J = 6.8 Hz, 3H, CHCH}3), 0.95 (t, J = 8.0 Hz,
9H, Si(CH.CHj3)3), 0.65 (q, J = 8.0 Hz, 6H, Si(CH>CHz3)3). BC{!H} NMR (100 MHz,
CDCl3): 6 143.7,143.4,141.3,137.6,129.2,128.5,128.2,127.7,126.0, 122.9,77.9, 40.9,
38.1,37.9,14.6,7.2,5.7. HRMS (FAB): m/z Calcd for C23H320SiNa: [M+Na]" 375.2120,
found 375.2133.

O 5 mol% TNSI O
Z + Et;SiH > .

toluene, 40 °C,12 h
(o] OSiEt;
1i 3i
99%, >99:1 dr

Reaction of 1i giving 3i: The general procedure was followed with 1i (158.2 mg, 0.81
mmol) and triethylsilane (130.0 pL, 0.82 mmol). Purification by silica gel column
chromatography gave 3i (250.6 mg, 0.80 mmol, 99 %, >99:1 dr) as pale yellow oil. "H
NMR (400 MHz, CDCls): 6 7.86 (d, J = 8.0 Hz, 1H, Ar-H), 7.81 (d, J= 8.0 Hz, 1H, Ar-
H), 7.73 (d, J = 8.4 Hz, 1H, Ar-H), 7.51-7.43 (m, 3H, Ar-H), 5.30 (d, J = 6.4 Hz, 1H,
CHOSI), 3.23 (dd, J = 15.8, 7.0 Hz, 1H, ArCH>CH), 2.99 (dd, J = 15.8, 4.6 Hz, 1H,
ArCH>CH), 2.76-2.70 (m, 1H, CH.CHCH3), 1.10 (d, J=7.2 Hz, 3H, CHCHs3), 1.03 (t,J
= 8.0 Hz, 9H, Si(CH2CH3)3), 0.84 (q, J = 8.0 Hz, 6H, Si(CH>CH3)3). BC{'H} NMR (100
MHz, CDCls): 6 141.8, 138.5, 133.6, 130.7, 128.6, 127.2,125.9, 125.4, 124.5, 122.9, 78.5,
39.9, 36.3, 14.8, 7.1, 5.3. HRMS (EI): m/z Calcd for C20H30Si: (M") 312.1909, found
312.1905.
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5 mol% TNSI
+ Et3SiH >
toluene, 40 °C, 12 h
H o OSiEt;

1j 3j
>99%

Reaction of 1j giving 3j: The general procedure was followed with 1j (129.8 mg, 0.81
mmol) and triethylsilane (130.0 pL, 0.82 mmol). Purification by Kugelrohr distillation
(0.4 mmHg, 160 °C) gave 3j (227.3 mg, 0.82 mmol, >99 %, >99:1 dr) as colorless oil.
TH NMR (400 MHz, CDCl3): § 7.26-7.14 (m, 4H, Ar-H overlapped with residual CHCl3),
4.76 (s, IH, CHOSI), 2.71 (d, J=15.2 Hz, 1H, ArCH>C(CHs)2), 2.61 (d, J=15.2 Hz, 1H,
ArCH;C(CHz3)2), 1.17 (s, 3H, C(CH3)), 1.02 (t, J = 8.0 Hz, 9H, Si(CH2CH3)3), 0.94 (s,
3H, C(CH?3)), 0.71 (q, J = 8.0 Hz, 6H, Si(CH>CH3)3). BC{'H} NMR (100 MHz, CDCl3):
0 145.6, 141.5, 127.4, 126.3, 125.0, 124.3, 83.7, 45.7, 45.0, 26.8, 21.8, 7.1, 5.4. HRMS
(EI): m/z Calcd for C17H230Si: (M") 276.1909, found 276.1911.

5 mol% TNSI
= + Et;SiH >
toluene, 40 °C, 24h mpe
Me o

OSiEt,
1k 3k
94%, >99:1 dr

Reaction of 1k giving 3k: The general procedure was followed with 1k (128.4 mg, 0.80
mmol) and triethylsilane (130.0 pL, 0.82 mmol), and reaction was conducted at 40 °C for
24 h. The reaction mixture was stirred at 40 °C for 24 h. Purification by Kugelrohr
distillation (0.4 mmHg, 160 °C) gave 3k (208.6 mg, 0.75 mmol, 94 %, >99:1 dr) as
colorless oil. "TH NMR (400 MHz, CDCl3): § 7.32 (d, J = 6.8 Hz, 1H, Ar-H), 7.22-7.17
(m, 3H, Ar-H), 2.79 (dd, J=15.2, 7.2 Hz, 1H, ArCH>CH), 2.67 (dd, J=15.2, 9.6 Hz, 1H,
ArCH>CH), 2.10-2.04 (m, 1H, CH.CHCHs), 1.55 (s, 3H, C(CH3)0S1), 1.12 (d, J = 6.8
Hz, 3H, CHCH»), 0.79 (t, J = 8.0 Hz, 9H, Si(CH2CHs)3), 0.32 (apparent q, J = 8.0 Hz,
6H, Si(CH>CH3)3). BC{'H} NMR (100 MHz, CDCls): & 148.4, 144.3, 128.1, 125.9, 124.9,
123.2,82.1,47.8,38.2,25.2,12.9, 7.1, 6.3. HRMS (EI): m/z Calcd for C17H230Si: (M)
276.1909, found 276.1906.

1.8 equw TBAF
vy THF rt,2 h .
OSiEt;
3k

88%

Desilylation of 3k with TBAF: To a solution of 3k (386.2 mg, 1.4 mmol) in THF (4.0
mL) was added TBAF (1M in THF, 3.0 mL, 3.0 mmol) at room temperature and stirred
for 2 h to complete the reaction. Then, the reaction was quenched by sat. NH4Cl aq., and

the organic layer was extracted with ethyl acetate and dried over anhydrous Na>SOa. After
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the filtration, the solvent was removed under reduced pressure followed by the
purification by the silica gel column chromatography to give 5k (198.9 mg, 1.2 mmol,

88%) as pale yellow oil. Spectroscopic data of 5k were identical to that previously

reported.['!
5 mol% TNSI
+ Et;SiH >
toluene, 60 °C, 24h nple
Me” N0 OSiEt,
1 3l

>99%

Reaction of 11 giving 31: The general procedure was followed with 11 (140.6 mg, 0.81
mmol) and triethylsilane (130.0 pL, 0.82 mmol), and reaction was conducted at 60°C for
24 h. Purification by Kugelrohr distillation (0.4 mmHg, 180 °C) gave 31 (233.6 mg, 0.80
mmol, >99%) as colorless oil. '"H NMR (400 MHz, CDCl3): § 7.28-7.26 (m, 1H, Ar-H
overlapped with residual CHCI3), 7.20-7.15 (m, 3H, Ar-H), 2.95 (d, J = 15.2 Hz, 1H,
ArCH>C(CHz3)2), 2.42 (d, J = 15.2 Hz, 1H, ArCH>C(CHs)2), 1.42 (s, 3H, C(CH3)OSi),
1.13 (s, 3H, ArCH2C(CHj3)2), 0.83-0.79 (m, 12H, Si(CH2CH3)3 and ArCH>C(CHz)»),
0.38-0.32 (m, 6H, Si(CH>CHz3)3). BC{'H} NMR (100 MHz, CDCls): & 148.0, 143.6,
127.9, 125.8, 125.2, 123.5, 85.0, 48.6, 45.6, 25.0, 21.8, 21.1, 7.2, 6.4. HRMS (EI): m/z
Calcd for Ci3H300Si: (M") 290.2066, found 290.2066.

2.4.3.5. Enantioselective Reductive Coupling Reaction (Table 2.5)

General procedures: A reaction tube was charged with Ln+HBF4 (0.04 mmol) and
‘BuOK (0.04 mmol) in 1,4-dioxane (3.0 mL). After stirring for 5 min, the reaction mixture
was added Ni(cod)> (0.04 mmol), 1a (0.80 mmol), and triethylsilane (0.82 mmol). The
reaction mixture was stirred at room temperature for 24 h. The reaction was monitored
by GC, and GC yield of 3a was determined by using n-pentadecane as an internal standard.
3a was isolated by Kugelrohr distillation. The enantioselectivity of 3a was determined by
using SFC after converting it into desilylated product Sa. Desilylation was conducted by
the same procedure as mentioned above (see Section 2.4.3.1).

Chiral separation (Figure 2.3): The enantioselectivity was measured by using SFC with
Chiralpak IC (back pressure = 15 MPa, flow (CO2) = 4.0 mL/min, flow (isopropanol) =
0.3 mL/min, 25 °C, A = 264 nm). Retention time: t; = 2.3 min (1§,25-enantiomer) and
2.5 min (1R,2R-enantiomer).
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Figure 2.3. Chiral separation by using SFC.

2.4.3.6. Deuterium Labeling Experiments (Scheme 2.3)

Reaction of 1a-di with triethylsilane: A reaction tube was charged with 1a-d1 (59.5 mg,
0.40 mmol) and triethylsilane (70.0 pL, 0.44 mmol) in the presence of TNSI (10.8 mg,
0.02 mmol) in toluene (4.0 mL). The reaction mixture was stirred at 40 °C for 12 h.
Purification by silica gel column chromatography gave 3a-d1 (101.4 mg, 0.38 mmol, 95 %,
>99% D) as pale yellow oil.

Reaction of 1a with tributylsilane-di: A reaction tube was charged with 1a (58.7 mg,
0.40 mmol) and tributylsilane-di (85.5 mg, 0.42 mmol) in the presence of TNSI (10.8 mg,
0.02 mmol) in toluene (4.0 mL). The reaction mixture was stirred at 40 °C for 12 h.
Purification by silica gel column chromatography gave 3a’-di (115.6 mg, 0.33 mmol,
83 %, >99% D) as pale yellow oil.

2.4.3.7. Preparation of Chiral Imidazolinium Salt (Ln-HBF4)
Chiral imidazolinium salt Ln-HBF4 was prepared by literature procedures.!'8) A novel
chiral imidazolinium salt L.2-HBF4 was prepared according to the procedures reported for

L1-HBF4 by Montgomery and co-workers.[!%2

2.1 equiv AICI3 Br
+ Br, >
Br o °Ctort,1h CHCI;, 0°Ctort, 16 h

2.0 equiv

L2-(i), 90% L2-(ii), 105%
10 mol% Pd(dba), Be®
12 mol% rac-BINAP 1.2 equiv NH,BF, ¢
Br i 10 equiv HC(OEt,
3.0 equlv BuONa NH HN q ( )3
toluene 110 °C,40 h 120 °C,24h
2.4 equiv L2- (|||) 40% L2- HBF4 89%

Preparation of (4R,5R)-1,3-bis(2,4-diisopropyl-6-methylphenyl)-4,5-diphenyl-4,5-
dihydro-1H-imidazol-3-iumtetrafluoroborate (L2-HBF4): Synthesis of 3,5-
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diisopropyl toluene (L2-(i)),!'”! 2-bromo-3,5-diisopropyl toluene (L2-(ii)),*"! and 1R,2R-
N' N*-bis(2,4-diisopropyl-6-methylphenyl)-1,2-diphenylethane-1,2-diamine (L2-(iii))™"
were previously reported. To a solution of L2-(iii) (4.5 g, 8.0 mmol) in triethyl
orthoformate (12.0 g, 80.0 mmol) was added ammonium tetrafluoroborate (1.0 g, 9.6
mmol) and formic acid (3 drops). The reaction mixture was stirred at 120 °C for 24 h.
The crude reaction mixture was purified by silica gel column chromatography (with
5% methanol/CH2Clz) to give (4R,5R)-1,3-bis(2,4-diisopropyl-6-methylphenyl)-4,5-
diphenyl-4,5-dihydro-1H-imidazol-3-iumtetrafluoroborate (L2-HBF4) (4.7 g, 7.1 mmol,
89%) as a pale yellow solid. The complicated spectroscopic data suggest an existence of
rotamers. "H NMR (400 MHz, CDCl3): 6 8.80 (s, 0.13H), 8.58 (s, 0.60H), 8.31 (s, 0.29H)
(correspond to the three rotamers of a single proton: NCHN), 7.39-7.26 (m, 10H, Ar-H
overlapped with residual CHCl3), 7.09 (bs, 2H, Ar-H), 6.86—6.80 (m, 2H, Ar-H),
6.09-6.06 (m, 1H), 5.85-5.77 (m, 1H) (correspond to three rotamers of two protons:
NCHPh), 3.30-3.18 (m, 1H, CH(CH3)2), 2.84-2.65 (m, 8H, CH(CH3) and CH;),
1.90-1.08 (m, 21H), 0.57 (d, J = 6.4 Hz, 2H, CH(CHs)2), 0.47 (d, J = 6.4 Hz, 2H,
CH(CHj3)2). BC{'H} NMR (100 MHz, CDCl3): 6 158.5,157.9, 152.1, 151.8, 151.7, 147 4,
146.4, 145.2,137.6, 135.0, 134.6, 131.4, 131.3, 131.0, 130.9, 130.8, 130.4, 129.8, 129.8,
129.6,129.4,129.4, 129.0, 127.9, 127.8, 127.7, 127.5, 127.4, 127.2, 127.0, 123.2, 122.7,
122.7, 77.4, 74.8, 72.9, 72.7, 34.1, 34.0, 29.9, 29.3, 25.8,. 25.6, 25.2, 24.7, 23.8, 23.8,
22.6, 22.3, 19.4, 19.1, 18.8. HRMS (FAB+): m/z Calcd for C41H51BF4N2: [1V[—BF4Tr
571.4047, found 571.4039.

2.4.3.8. Preparation of Substrates
la-b, 1d, 1g—j, and la-di were prepared by following the procedure reported

previously.[?1-%!
(o) O (o)
—_\0 —_\o 1) "BulLi _ —\o
montmorillonite clay K-10 2) CuBr Br- HCl aq.
> > > ———
Br HC(OCH3);, rt Br THF, -78 °C THF, -78 °C to rt z
H” S0 o~ "o H” ~0

| |
1c-(i) 1c-(ii) 1c

Preparation of 1¢: A mixture of montmorillonite K-10 (20 g) and trimethyl orthoformate
(30 mL) was stirred for 10 min at room temperature. Then, 1c-(i) (10.0 g, 43.7 mmol)
was added and the resultant mixture was stirred for 1 h. After filtration, all volatiles were
removed under reduced pressure to give 1¢-(ii) (12.0 g, 43.6 mmol, >99%) as pale yellow
oil, which was employed in the next step without further purification. 'H NMR (400 MHz,
CDCl3): ¢ 7.09 (s, 1H, Ar-H), 7.00 (s, 1H, Ar-H), 5.98 (s, 2H, OCH»0), 5.46 (s, 1H,
CH(OCHs3)2), 3.37 (s, 6H, CH(OCHj3)2).
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To a solution of 1e-(ii) (12.0 g, 43.6 mmol) in THF (40 mL) was added dropwise a
solution of "BuL.i (2.6 M in hexane, 20.0 mL, 56.0 mmol) in THF (40 mL) at —78 °C, and
the reaction mixture was stirred at —78 °C for 1 h. CuBr (6.3 g, 43.7 mmol) was added
portionwise and the reaction mixture was stirred at —78 °C for 4 h. To this reaction mixture
was added dropwise a solution of allyl bromide (6.3 g, 52.0 mmol) in THF (30 mL), and
then the resultant mixture was allowed to warm to room temperature with stirring
overnight. 1 M HCI aq. was added to the reaction mixture, and stirred for 10 min. The
organic layer was extracted with ether and dried over anhydrous Na>SOj4. After filtration,
the solvent was removed under reduced pressure to give 1¢ (8.2 g, 43.1 mmol, 99%) as
pale yellow oil. "H NMR (400 MHz, CDCI3): § 10.12 (s, 1H, CHO), 7.33 (s, 1H, Ar-H),
6.72 (s, 1H, Ar-H), 6.09-5.98 (m, 3H, OCH>0 and CH,CH=CH>), 5.11 (d, J = 10.4 Hz,
1H, CH.CH=CH>), 4.98 (d, J = 16.8 Hz, 1H, CH,CH=CH>), 3.72 (d, J = 6.0 Hz, 2H,
CH,CH=CH). BC{'H} NMR (100 MHz, CDCls): & 189.6, 152.7, 147.1, 139.9, 137.1,
128.6, 116.7, 110.7, 108.6, 102.1, 36.1. HRMS (EI): m/z Calcd for Ci1H;003: (M")
190.0630, found 190.0628.

montmorillonite clay K-10 Mg Br/\/ HCI aq.

Y o

Br HC(OCHj;)3, rt Br THF, reflux THF, reflux =z

v

H” o0 CIJ? H” >0

1e-(i) 1e-(ii) 1e
Preparation of le: Synthesis of le-(ii) was conducted by the same procedure as
mentioned above. To a suspension of Mg (3.8 g, 157.0 mmol), which had been activated
by stirring under reduced pressure for 3 h, in THF (40 mL) was added slowly a solution
of 1e-(ii) (36.2 g, 145.3 mmol) in THF (100 mL) at 0 °C. The reaction mixture was stirred
at 80 °C for 2 h. Then, to this solution was added dropwise a solution of allyl bromide
(19.0 g, 157.0 mmol) in THF (80 mL) at 0 °C. The reaction mixture was stirred at 80 °C
for 16 h. After cooling to room temperature, 5 M HCI aq. was added to the reaction
mixture, and stirred for 4 h. The organic layer was extracted with ether and dried over
anhydrous Na>SOs. After filtration, the solvent was removed under reduced pressure to
give 1e (24.0 g, 146.2 mmol, >99%) as orange oil. Spectroscopic data of 1e were identical

to that previously reported.?*!

CFs montmorillonite clay K-10 CFs Mg Br” % HClaq. CFs
- —_—
Br HC(OCHs)s, rt Br THF, rt  THF, reflux Z
H o (o) o H 0]

| |
1£-(i) 1£-(ii) 1f

Preparation of 1f: Synthesis of 1f-(ii) was conducted by the same procedure as
mentioned above. To a suspension of Mg (0.6 g, 24.7 mmol), which had been activated
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by stirring under reduced pressure for 3 h, in THF (10 mL) was added slowly a solution
of 1f-(ii) (5.7 g, 19.1 mmol) in THF (30 mL) at 0 °C. The reaction mixture was stirred at
room temperature for 3 h. Then, to the solution was added dropwise a solution of allyl
bromide (3.4 g, 28.5 mmol) in THF (20 mL) at 0 °C. The reaction mixture was stirred at
80 °C for 6 h. After cooling to room temperature, 5 M HCl aq. was added to the reaction
mixture, and stirred for 3 days. The organic layer was extracted with ether and dried over
anhydrous Na>SOs. After filtration, the solvent was removed under reduced pressure to
give 1f (3.9 g, 18.0 mmol, 94%) as pale yellow oil. '"H NMR (400 MHz, CDCls): & 10.29
(s, IH, CHO), 8.12 (s, 1H, Ar-H), 7.78 (d, J= 8.0 Hz, 1H, Ar-H), 7.45 (d,J=8.0 Hz, 1H,
Ar-H), 6.07-5.97 (m, 1H, CH,CH=CH>), 5.15 (d, J = 10.0 Hz, 1H, CH.CH=CH>), 5.00
(d, J=16.8 Hz, 1H, CH,CH=CH>), 3.87 (d, J = 6.0 Hz, 2H, CH.CH=CH,). BC{'H,"F}
NMR (100 MHz, CDCI3): 6 190.9, 146.1, 136.0, 134.2,131.9, 130.3, 129.8, 128.2, 123.7,
117.5, 36.5. YF NMR (376 MHz, CDCl3): § —62.8. HRMS (CI): m/z Calcd for
CuiHioF30: [M+H]" 215.0684, found 215.0682.

montmorillonite clay K-10 Mg BrM HCI aq.
Br » Br —_— - ——
HC(OCHj3)s, rt THF, rt THF, reflux
Me” SO Me o o Me” SO
7
1k-(i) 1k-(ii) 1k

Preparation of 1k: Synthesis of 1k-(ii) was conducted by the same procedure as
mentioned above. To a suspension of Mg (3.0 g, 126.5 mmol), which had been activated
by stirring under reduced pressure for 3 h, in THF (20 mL) was added slowly a solution
of 1k-(ii) (28.2 g, 115.1 mmol) in THF (50 mL) at 0 °C. The reaction mixture was stirred
at room temperature for 3 h. Then, to the solution was added dropwise a solution of allyl
bromide (16.7 g, 138.0 mmol) in THF (30 mL) at 0 °C. The reaction mixture was stirred
at 80 °C for 2 h. After cooling to room temperature, | M HCI aq. was added to the reaction
mixture, and stirred for 1 h. The organic layer was extracted with ether and dried over
anhydrous Na>SOg. After filtration, the solvent was removed under reduced pressure to
give 1k (18.1 g, 113.0 mmol, 98%) as pale yellow oil. Spectroscopic data of 1k were

identical to that previously reported.(>¥

Br Z
montmorillonite clay K-10 Mg /ﬁ/ HCI aq.
Br » Br PR . S S ——

HC(OCHj)3, rt THF, rt THF, reflux
Me” Yo Me” 1O Me” Yo

7
11-(i) 11-(ii) 1l
Preparation of 1l: Synthesis of 1l-(ii) was conducted by the same procedure as
mentioned above. To a suspension of Mg (1.0 g, 43.0 mmol), which had been activated
by stirring under reduced pressure for 3 h, in THF (10 mL) was added slowly a solution

of 11-(ii) (9.8 g, 40.0 mmol) in THF (50 mL) at 0 °C. The reaction mixture was stirred at

69



room temperature for 3 h. To the solution was added dropwise a solution of methallyl
bromide (6.5 g, 48.0 mmol) in THF (40 mL) at 0 °C. The reaction mixture was stirred at
80 °C for 2 h. After cooling to room temperature, 3 M HCl aq. was added to the reaction
mixture, and stirred for overnight. The organic layer was extracted with ether and dried
over anhydrous Na,SOs. After filtration, the solvent was removed under reduced pressure
to give 11 (6.9 g, 39.6 mmol, 99%) as pale yellow oil. 'TH NMR (400 MHz, CDCls): &
7.61 (d,J=7.6 Hz, 1H, Ar-H), 7.39 (dd, /= 7.6 Hz, 1H, Ar-H), 7.30-7.24 (m, 2H, Ar-H
overlapped with residual CHCI3), 4.77 (s, 1H, CHC(CH3)=CH»), 4.42 (s, 1H,
CH>C(CH3)=CH>), 3.59 (s, 2H, CH,CH=CH>), 2.54 (s, 3H, ArCOCHz), 1.72 (s, 3H,
CH2C(CH3)=CHz). BC{'H} NMR (100 MHz, CDCls): & 202.6, 145.6, 139.1, 139.0,
131.8, 131.3, 128.8, 126.3, 111.7, 41.4, 30.0, 23.1. HRMS (EI): m/z Calcd for C12H140:
(M") 174.1045, found 174.1044.

"Bu,SiCl + LIAID, ———— "By,SiD

0.8 equiv THF, t, 3 h

Preparation of tributylsilane-di: A mixture of chlorotributylsilane (2.5 g, 10.6 mmol),
lithtum aluminum deuteride (325 mg, 7.7 mmol, 98% isotopic purity), and THF (40 mL)
was stirred for 3 h at room temperature. After cooling to 0 °C, sat. potassium sodium
tartrate tetrahydrate aq. was added to the reaction mixture, and stirred for 1 h at room
temperature. Then, organic layer was extracted with ether and dried over anhydrous
NaxSOg4. After filtration, the solvent was removed under reduced pressure to give
tributylsilane-d1 (2.0 g, 9.9 mmol, 93%, >99%D) as pale yellow oil. Purification by
Kugelrohr distillation gave colorless oil. 'TH NMR (400 MHz, CDCls): 6 1.36—1.28 (m,
12H), 0.90—-0.87 (m, 9H), 0.60-0.56 (m, 6H). HRMS (EI): m/z Calcd for Ci2H27DSi:
(M") 201.2023, found 201.2025.

2.4.4. Reaction of o-Homoallylbenzalehyde Derivatives with Triethylsilane

2.4.4.1. Optimization of Reaction Conditions (Table 2.6)

General procedures: A reaction tube was charged with 1m (0.40 mmol) and
triethylsilane (0.40 mmol) in the presence of catalyst (0.02 mmol) in solvent (3.0 mL).
The reaction mixture was stirred at 40 °C. The reaction was monitored by GC, and GC

yield of 4m was determined by using n-pentadecane as an internal standard.

2.4.4.2. Scope of Substrates (Table 2.7)

General procedures: A reaction tube was charged with Im-r (0.80 mmol) and
triethylsilane (0.80 mmol) in the presence of Ni(cod): (0.04 mmol) and SIPr (0.08 mmol)
in DME (4.0 mL). The reaction mixture was stirred at 40 °C for 40 h. The reaction was
monitored by GC. The products were isolated either by silica gel column chromatography

or Kugelrohr distillation.
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5 mol% Ni(cod),
10 mol% SIPr
X + Et;SiH —— >
DME, 40 °C, 40 h .
H N0 OSiEt;

1m 4am
90%

Reaction of 1m giving 4m: The general procedure was followed with 1m (128.2 mg,
0.80 mmol) and triethylsilane (130 pL, 0.82 mmol). Purification by Kugelrohr distillation
(0.4 mmHg, 120 °C) gave 4m (198.9 mg, 0.72 mmol, 90 %) as colorless oil. "H NMR
(400 MHz, CDCl3): 6 7.37 (d, J = 6.8 Hz, 1H, Ar-H), 7.23-7.16 (m, 2H, Ar-H), 7.09 (d,
J=6.8 Hz, 1H, Ar-H), 5.12 (s, 1H, CHOSi), 5.10 (s, 1H, C=CH>), 4.94 (s, 1H, C=CH>),
3.00-2.93 (m, 1H, ArCH>CH>), 2.88-2.80 (m, 1H, ArCH>CH), 2.72-2.65 (m, 1H,
ArCH:CH»), 2.51-2.44 (m, 1H, ArCH.CH>), 1.00 (t, J = 7.6 Hz, 9H, Si(CH2CHs)3), 0.71
(q, J = 7.6 Hz, 6H, Si(CH>CHz3)3). BC{'H} NMR (100 MHz, CDCl3): & 148.3, 140.1,
136.9,128.3,127.3,127.2,126.3, 108.5, 72.7, 30.8, 28.6, 7.1, 5.2. HRMS (EI): m/z Calcd
for C17H260Si: (M") 274.1753, found 274.1751.

OMe OMe
5 mol% Ni(cod),
10 mol% SIPr
A + Et;SiH >
DME, 40 °C, 40 h
H o) OSiEt;
1n 4n

98%

Reaction of 1n giving 4n: The general procedure was followed with 1n (153.7 mg, 0.81
mmol) and triethylsilane (130 pL, 0.82 mmol). Purification by Kugelrohr distillation (0.4
mmHg, 130 °C) gave 4n (241.2 mg, 0.79 mmol, 98 %) as colorless oil. "H NMR (400
MHz, CHCL3): 8 7.25 (1H, Ar-H, overlapped with CDCls), 6.76 (dd, J = 8.4, 2.4 Hz, 1H,
Ar-H), 6.61 (d, J= 2.4 Hz, 1H, Ar-H), 5.07 (s, 1H, CHOSI), 5.06 (s, 1H, C=CH>), 491
(s, 1H, C=CH>), 3.77 (s, 3H, OCH3), 2.98-2.91 (m, 1H, ArCH>CH>), 2.84-2.76 (m, 1H,
ArCH,CH>), 2.73-2.66 (m, 1H, ArCH.CH>), 2.45-2.39 (m, 1H, ArCH,CH>), 0.99 (t, J =
8.0 Hz, 9H, Si(CH2CHs)3), 0.69 (q, J = 8.0 Hz, 6H, Si(CH>CH3)3). *C{'H} NMR (100
MHz, CDCIls): & 158.9, 148.6, 138.3, 132.5, 128.9, 113.1, 112.4, 108.6, 72.5, 55.3, 31.3,
28.4,7.1,5.2. HRMS (EI): m/z Calcd for C1sH2802Si: (M") 304.1859, found 304.1857.

0—\ 0o\
o) (0]
5 mol% Ni(cod),
10 mol% SIPr
S + Et;SiH >

DME, 40 °C,40 h

H o OSiEt;

10 40

95%
Reaction of 1o giving 40: The general procedure was followed with 10 (163.9 mg, 0.80
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mmol) and triethylsilane (130 pL, 0.82 mmol). Purification by Kugelrohr distillation (0.4
mmHg, 150 °C) gave 40 (241.8 mg, 0.76 mmol, 95 %) as colorless oil. 'H NMR (400
MHz, CDCL): 6 6.81 (s, 1H, Ar-H), 6.54 (s, 1H, Ar-H), 5.90-5.89 (m, 2H,0CH-0), 5.05
(s, 1H, C=CH), 5.00 (s, 1H, CHOSI), 491 (s, 1H, C=CH>), 2.89-2.83 (m, 1H,
ArCH>CH»), 2.77-2.61 (m, 2H, ArCH>CH; and ArCH>CH>), 2.44-2.38 (m, 1H,
ArCH>CH»), 0.99 (t,J=7.6 Hz, 9H, Si(CH2CHs)3), 0.70 (q, J= 7.6 Hz, 6H, Si(CH>CH3)3).
BC{IH} NMR (100 MHz, CDCIl3): & 148.3, 146.2, 133.2, 130.4, 108.6, 108.2, 107.6,
100.9, 77.4, 72.7, 31.1, 28.5, 7.1, 5.2. HRMS (EI): m/z Calcd for CigH2603Si: (M")
318.1651, found 318.1655.

F F
5 mol% Ni(cod),
10 mol% SIPr
g + Et;SiH >
DME, 40 °C,40 h
H (o} OSiEt;
1p 4p

79%

Reaction of 1p giving 4p: The general procedure was followed with 1p (145.7 mg, 0.82
mmol) and triethylsilane (130 pL, 0.82 mmol). Purification by Kugelrohr distillation (0.4
mmHg, 130 °C) gave 4p (190.3 mg, 0.65 mmol, 79 %) as colorless oil. "H NMR (400
MHz, CDCl3): 6 7.31 (dd, J= 8.4, 6.4 Hz, 1H, Ar-H), 6.89 (ddd, J = 8.4, 8.4, 2.0 Hz, 1H,
Ar-H), 6.78 (d, J = 9.2 Hz, 1H, Ar-H), 5.09 (s, 1H, C=CH>), 5.07 (s, 1H, CHOSI), 4.94
(s, 1H, C=CH>), 2.98-2.91 (m, 1H, ArCH>CH>), 2.85-2.77 (m, 1H, ArCH>CH>»), 2.72—
2.65 (m, 1H, ArCH,CH>), 2.48-2.42 (m, 1H, ArCH.CH>), 0.99 (t, J = 8.0 Hz, 9H,
Si(CH2CHs)3), 0.70 (q, J = 8.0 Hz, 6H, Si(CH>CH3)3). *C{'H} NMR (100 MHz, CDCl3):
0 162.1 (d, Jcr = 243.5 Hz), 147.9, 139.2 (d, Jcr = 7.4 Hz), 135.9 (d, Jcr = 2.7 Hz), 129.1
(d, Jcr = 8.7 Hz), 114.7 (d, Jcr = 20.7 Hz), 113.3 (d, Jcr = 20.7 Hz), 109.0, 72.3, 30.9 (d,
Jcr = 1.3 Hz), 28.2, 7.1, 5.1. YF NMR (376 MHz, CDCl3): 6 —119.2. HRMS (EI): m/z
Calcd for C17H2sFOSi: (M") 292.1659, found 292.1662.

5 mol% Ni(cod),
10 mol% SIPr
z + Et3SiH ——— >
DME, 60 °C, 24 h OSiEt,
H™ SO0

1q 4q
51%

Reaction of 1q giving 4q: The general procedure was followed with 1q (139.4 mg, 0.80
mmol) and triethylsilane (130 pL, 0.82 mmol), and reaction was conducted at 60 °C for
24 h. Purification by silica gel column chromatography gave 4q (118.6 mg, 0.41 mmol,
51 %) as colorless oil. '"H NMR (400 MHz, CDCl3): § 7.38 (dd, J= 7.2, 1.6 Hz, 1H, Ar-
H), 7.18-7.10 (m, 2H, Ar-H), 7.05 (dd, /= 7.2, 1.6 Hz, 1H, Ar-H), 5.18 (s, 1H, CHOSI),
4.96 (d, J= 1.6 Hz, 1H, C=CH>), 4.75 (d, J = 1.6 Hz, 1H, C=CH>), 3.24-3.18 (m, 1H,
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ArCH,CH,CHy), 2.86-2.79 (m, 1H, ArCH.CH,CHb), 2.77-2.70 (m, 1H, ArCH>CH,CH,),
2.41-2.35 (m, 1H, ArCH.CH.CHs), 1.75-1.69 (m. 2H, ArCH.CH>CH>), 0.93 (t, J = 8.0

Hz, 9H, Si(CH2CH3)3), 0.59 (q, J = 8.0 Hz, 6H, Si(CH>CHs)s). BC{'H} NMR (100 MHz,

CDCl): & 151.2, 143.3, 140.8, 129.8, 127.1, 126.3, 125.8, 109.6, 78.8, 36.5, 35.1, 29.3,

7.0, 5.0. HRMS (EI): m/z Caled for C1sHasOSi: (M") 288.1909, found 288.1906.

OO 5 mol% Ni(cod), OO
10 mol% SIPr
S + Et,SiH >
DME, 40 °C, 40 h

H o) OSiEt;

1r 3r
>99%, >99:1 dr

Reaction of 1r giving 3r: The general procedure was followed with 1r (171.7 mg, 0.82
mmol) and triethylsilane (130 puL, 0.82 mmol). Purification by silica gel column
chromatography gave 3r (266.5 mg, 0.82 mmol, 99 %, >99:1 dr) as colorless oil. "H
NMR (400 MHz, CDCl3): 6 8.17 (d, J = 8.8 Hz, 1H, Ar-H), 7.79 (d, J= 8.0 Hz, 1H, Ar-
H),7.68 (d,J = 8.8 Hz, 1H, Ar-H), 7.51 (t,J=7.2 Hz, 1H, Ar-H), 7.42 (t,J = 7.2 Hz, 1H,
Ar-H), 7.22 (d, J = 8.0 Hz, 1H, Ar-H), 5.41 (s, 1H, CHOSIi), 3.09-2.89 (m, 2H,
ArCH>CH»), 2.10-1.99 (m, 1H, ArCH>CH>), 1.88-1.82 (m, 1H, CHCH3), 1.65-1.60 (m,
1H, ArCH.CH>»), 1.22 (d, J= 6.8 Hz, 3H, CHCH5), 0.75 (t, /= 8.0 Hz, 9H, Si(CH2CH>)3),
0.41 (q,J= 8.0 Hz, 6H, Si(CH>CH3)3). 3C{'H} NMR (100 MHz, CDCl3): 5 134.9, 134.2,
132.4, 131.9, 128.6, 128.3, 127.8, 125.8, 124.8, 123.2, 68.2, 35.6, 30.3, 24.0, 19.1, 7.1,
6.1. HRMS (EI): m/z Calcd for C21H300Si: (M") 326.2066, found 326.2067.

2.4.4.3. Deuterium Labeling Experiments (Scheme 2.4)

Reaction of 1m-di with triethylsilane: A reaction tube was charged with 1m-d1 (66.4
mg, 0.41 mmol) and triethylsilane (80.0 puL, 0.50 mmol) in the presence of Ni(cod)2 (5.5
mg, 0.02 mmol) and SIPr (15.6 mg, 0.04 mmol) in DME (4.0 mL). The reaction mixture
was stirred at 40 °C for 40 h. Purification by silica gel column chromatography gave 4m-
d1 (102.8 mg, 0.37 mmol, 90 %, >99% D) as pale yellow oil.

Reaction of 1m with tributylsilane-di: A reaction tube was charged with 1m (67.8 mg,
0.42 mmol) and tributylsilane-d; (84.8 mg, 0.42 mmol) in the presence of Ni(cod)> (5.5
mg, 0.02 mmol) and SIPr (15.6 mg, 0.04 mmol) in DME (4.0 mL). The reaction mixture
was stirred at 40 °C for 40 h. The reaction was monitored by GC, and GC yield of 4m’
was determined by using n-pentadecane as an internal standard (conv. 88%, yield 77%).
After the purification by silica gel column chromatography, deuterium content was
determined by NMR.
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2.4.4.4. Preparation of Substrates

1m—q were prepared by following the procedure reported previously.?!22!

1) 1.2 equiv "BulLi

1.2 equiv Bng/\/ 2) 1.8 equiv DMF-d;
> N > N
THF, 80 °C,2 h THF, -78 °C
Br Br Br
D (o)

1m-d-(i) 1m-d,(ii) 1m-d,

Preparation of 1m-di: 1m-di-(ii) were prepared by following the procedure reported
previously.??! To a solution of 1m-di-(ii) (4.6 g, 21.8 mmol) in THF (10 mL) was added
dropwise a solution of "BuLi (2.6 M in THF, 10 mL, 26.2 mmol) in THF (15 mL) at —78
°C, and the reaction mixture was stirred at —78 °C for 30 min. DMF-d7 (3 mL, 39.3 mmol)
was added dropwise and the reaction mixture was warmed up to room temperature for 16
h. Then, sat. NH4Cl aq. was added to the reaction mixture, and stirred for 10 min. The
organic layer was extracted with ether and dried over anhydrous Na;SOj4. After filtration,
the solvent was removed under reduced pressure to give 1m-di as pale yellow oil.
Purification by Kugelrohr distillation gave 1m-d1 (3.2 g, 19.8 mmol, 91%, >99%D) as
colorless oil. 'H NMR (400 MHz, CDCl3): & 7.84 (d, J = 7.6 Hz, 1H, Ar-H), 7.51 (dd, J
=17.6, 7.6 Hz, 1H, Ar-H), 7.38 (dd, J = 7.6, 7.6 Hz, 1H, Ar-H), 7.28 (d, /= 7.6 Hz, 1H,
Ar-H), 5.92-5.81 (m, 1H, CH,CH=CH>), 5.06—-4.98 (m, 2H, CH.CH=CH>), 3.13 (t,J =
7.8 Hz, 2H, ArCH>CH>»), 2.38 (dt, J = 7.8, 6.8 Hz, 2H, ArCH,CH>). HRMS (EI): m/z
Calcd for C11H11DO: (M") 161.0951, found 161.0949.

2.4.5. Reaction of o-Homoallylbenzalehyde Derivatives with Triethylboranes
2.4.5.1. Optimization of Reaction Conditions (Table 2.9)

General procedures: A reaction tube was charged with 1m (0.40 mmol) and
triethylborane (1.0 M in hexane, 0.40 mmol) in the presence of catalyst (0.02 mmol) in
THF (4.0 mL). The reaction mixture was stirred at 40 °C for 24 h. After treatment with
sat. NH4Cl aq., the organic layer was extracted with ethyl acetate and dried over
anhydrous Na>SO4. After filtration, the solvent was removed under reduced pressure. The

yields and diastereoselectivities of Sm were determined by NMR.

2.4.5.2. Scope of Substrates (Table 2.10)

General procedures: A reaction tube was charged with 1m—p, 1r—t, 1a (0.80 mmol) and
triethylborane (1.0 M in hexane, 0.40 mmol) in the presence of Ni(cod)2 (0.04 mmol) and
P"Bus (0.04 mmol) in THF (4.0 mL). The reaction mixture was stirred at 40 °C for 24 h.
After treatment with sat. NH4Cl aq., the organic layer was extracted with ethyl acetate
and dried over anhydrous Na»SO4. After filtration, the solvent was removed under

reduced pressure. The products were isolated by silica gel column chromatography.
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5 mol% Ni(cod),
A 5 mol% P"Buj H*
+ Et8 —— —>
THF, 40 °C, 24 h

H o 1.5 equiv OH

1m 5m
98%, >99:1 dr

Reaction of 1m giving Sm: The general procedure was followed with 1m (130.2 mg,
0.81 mmol) and triethylborane (1.0 M in hexane, 1.2 mL, 1.2 mmol). Purification by silica
gel column chromatography gave Sm (127.7 mg, 0.79 mmol, 98 %, >99:1 dr) as colorless

oil. Spectroscopic data of 5Sm were identical to that previously reported.['!]

OMe OMe
5 mol% Ni(cod),
\ 5 mol% P"Buj; H*
+ EzB @ —m—m—mm——————— ——>
THF, 40 °C, 24 h
H o 1.5 equiv OH
1n 5n

98%, >99:1 dr
Reaction of 1n giving 5n: The general procedure was followed with 1n (154.7 mg, 0.81
mmol) and triethylborane (1.0 M in hexane, 1.2 mL, 1.2 mmol). Purification by silica gel
column chromatography gave 5n (153.6 mg, 0.80 mmol, 98 %, >99:1 dr) as a colorless
solid. 'H NMR (400 MHz, CDCl3): 6 7.28 (d, J = 8.0 Hz, 1H, Ar-H), 6.76 (dd, J = 8.0,
2.8 Hz, 1H, Ar-H), 6.64 (d, J=2.8 Hz, 1H, Ar-H), 4.52 (dd, J=5.6, 3.2 Hz, 1H, CHOH),
3.79 (s, 3H, OCH»), 2.85-2.71 (m, 2H, ArCH>CH>), 1.90-1.83 (m, 1H, ArCH>CH>),
1.79-1.69 (m, 1H, CHCH3), 1.65-1.60 (m, 1H, ArCH,CH>), 1.36 (d, J = 5.6 Hz, 1H,
CHOH), 1.13 (d, J= 6.8 Hz, 3H, CHCH3). BC{'H} NMR (100 MHz, CDCl3): 8 159.2,
138.3, 131.5, 131.2, 113.4, 112.5, 71.1, 55.3, 34.6, 29.5, 24.7, 17.3. HRMS (EI): m/z
Calcd for Ci12H1602: (M") 192.1150, found 192.1147.
0—\ o\

0 5 mol% Ni(cod), o

5 mol% P"Bus H*
+ EtzB —————» —>
. THF, 40°C,24h
H X0 1.5 equiv OH

10 50
91%, >99:1 dr

Reaction of 10 giving 50: The general procedure was followed with 10 (163.1 mg, 0.80
mmol) and triethylborane (1.0 M in hexane, 1.2 mL, 1.2 mmol). Purification by silica gel
column chromatography gave So (149.7 mg, 0.73 mmol, 91 %, >99:1 dr) as a colorless
solid. '"H NMR (400 MHz, CDCl3): & 6.81 (s, 1H, Ar-H), 6.57 (s, 1H, Ar-H), 5.91-5.90
(m, 2H,0CH>0), 4.45 (dd, J= 6.0, 3.6 Hz, 1H, CHOH), 2.78-2.63 (m, 2H, ArCH>CH>),
1.89-1.82 (m, 1H, ArCH2CH>), 1.75-1.57 (m, 1H, CHCHj3 and ArCH2CH>), 1.41 (d, J =
6.0 Hz, 1H, CHOH), 1.11 (d, J= 6.8 Hz, 3H, CHCH?3). 3C{'H} NMR (100 MHz, CDCl5):
S 147.4, 146.0, 131.9, 130.5, 109.5, 108.6, 100.9, 71.6, 34.4, 29.3, 24.8, 17.1. HRMS
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(EI): m/z Calcd for C12H1403: (M") 206.0943, found 206.0940.

F

5 mol% Ni(cod),

5 mol% P"Bu, H*
+ EtsB —— > —>
. THF, 40°C,24h
o 1.5 equiv OH

1p 5p
90%, >99:1 dr

Reaction of 1p giving 5p: The general procedure was followed with 1p (145.9 mg, 0.82
mmol) and triethylborane (1.0 M in hexane, 1.2 mL, 1.2 mmol). Purification by silica gel
column chromatography gave Sp (133.1 mg, 0.74 mmol, 90 %, >99:1 dr) as a colorless
solid. '"H NMR (400 MHz, CDCls): & 7.32 (dd, J = 8.4, 5.6 Hz, 1H, Ar-H), 6.89 (ddd, J
= 8.4, 8.4, 2.8 Hz, 1H, Ar-H), 6.81 (dd, J = 9.6, 2.8 Hz, 1H, Ar-H), 4.55-4.53 (m, 1H,
CHOH), 2.88-2.71 (m, 2H, ArCH>CH>), 1.94-1.84 (m, 1H, ArCH>CH>), 1.80—1.69 (m,
1H, CHCH3;), 1.67-1.61 (m, 1H, ArCH,CH>), 1.47 (d, J = 5.6 Hz, 1H, CHOH), 1.13 (d,
J=6.8 Hz, 3H, CHCH?3). BC{'H} NMR (100 MHz, CDCl3): 8 162.3 (d, Jcr = 244.3 Hz),
139.3 (d, Jcr = 7.3 Hz), 134.6 (d, Jcr = 2.9 Hz), 131.7 (d, Jcr = 8.8 Hz), 115.2 (d, Jcr =
20.4 Hz), 113.4 (d, Jcr = 21.2 Hz), 71.0, 34.4, 29.2 (d, Jcr = 1.5 Hz), 24.4, 17.0. YF NMR
(376 MHz, CDCl3): 8 —114.7. HRMS (EI): m/z Caled for Ci1H;3FO: (M") 180.0950,
found 180.0948.

5 mol% Ni(cod),
. OO 5 mol% P"Bu; H*
+ Et;B > —>
THF, 80 °C,24 h
H o) 1.5 equiv OH

1r 5r
90%, >99:1 dr

Reaction of 1r giving Sr: The general procedure was followed with 1r (168.7 mg, 0.80
mmol) and triethylborane (1.0 M in hexane, 1.2 mL, 1.2 mmol), and reaction was
conducted at 80 °C for 24 h. Purification by silica gel column chromatography gave 5r
(153.8 mg, 0.72 mmol, 90 %, >99:1 dr) as a pale yellow solid. Spectroscopic data of 5r
was identical to that previously reported.>”]

5 mol% Ni(cod),
5 mol% P"Bu, H*
+ Et;B > ——»
THF, 60 °C, 24 h
H o) 1.5 equiv OH

1s 5s
97%

Reaction of 1s giving Ss: The general procedure was followed with 1s (141.2 mg, 0.81
mmol) and triethylborane (1.0 M in hexane, 1.2 mL, 1.2 mmol), and reaction was
conducted at 60 °C for 24 h. Purification by silica gel column chromatography gave Ss

(138.5 mg, 0.79 mmol, 97 %) as colorless oil. Spectroscopic data of 5s were identical to
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that previously reported.?®!

5 mol% Ni(cod),
5 mol% P"Bu,
A + EtB
THF, 80 °C, 24 h
H (o} 1.5 equiv

1t

88%, 86:14 dr
Reaction of 1t giving St: The general procedure was followed with 1t (142.6 mg, 0.82
mmol) and triethylborane (1.0 M in hexane, 1.2 mL, 1.2 mmol), and reaction was
conducted at 80 °C for 24 h. Purification by silica gel column chromatography gave St
(127.4 mg, 0.72 mmol, 88 %, 86:14 dr) as a pale yellow solid. Spectroscopic data of 5t

were identical to that previously reported.?’]

5 mol% Ni(cod),
/\/@ 5 mol% P"Buj H*
= + EtB —— ——>
THF, 40 °C, 24 h
H 0 1.5 equiv OH
1a 5a
95%, >99:1 dr
Reaction of 1a giving 5a: The general procedure was followed with 1a (117.2 mg, 0.80
mmol) and triethylborane (1.0 M in hexane, 1.2 mL, 1.2 mmol). Purification by silica gel

column chromatography gave Sa (112.6 mg, 0.76 mmol, 95 %, >99:1 dr) as a colorless

solid. Spectroscopic data of Sa were identical to that previously reported.!'!!

2.4.5.3. Deuterium Labeling Experiments (Scheme 2.5)

Reaction of 1a-d1 with triethylbarane: A reaction tube was charged with 1a-di1 (60.2
mg, 0.41 mmol) and triethylborane (1.0 M in hexane, 0.6 mL, 0.6 mmol) in the presence
of Ni(cod)2 (5.5 mg, 0.02 mmol) and P"Bus (5.0 pL, 0.02 mmol) in THF (4.0 mL). The
reaction mixture was stirred at 40 °C for 24 h. Purification by silica gel column
chromatography gave 5a-d1 (61.3 mg, 0.41 mmol, >99 %, >99% D) as colorless oil.

2.4.5.4. Preparation of Substrates
All of the substrates (1a, Im—p, 1r, 1s, and 1t) were prepared by following the procedure

reported previously.[?!-?8!
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Chapter 3

Development of Practical Synthesis of

(m°-Arene)Ni(N-Heterocyclic Carbene) Complexes

Abstract: The combination of nickel(0) and NHCs has been paid special attention
because of its high reactivity toward the activation of unreactive bonds and the bond-
forming reactions. Thus, it would be worthwhile to provide a highly reactive, easily
accessible, and versatile Ni(0)-NHC precursor. Herein, a practical preparation method
for (nS-arene)Ni(NHC) complexes from commercially available Ni(cod), and NHCs (or
its salt) via hydrogenation of COD is described. The structure and bonding situations of
(n®-arene)Ni(NHC) complexes were evaluated by NMR, X-ray, and DFT studies.
Applications of (n°-arene)Ni(NHC) complexes as the source for a Ni(0)-NHC unit are
also demonstrated.
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3.1. Introduction
N-Heterocyclic carbenes (NHCs) are cyclic

. . h

carbenes bearing at least one nitrogen atom ;‘ @ push
within the ring structure (Figure 3.1).[Y1 Early EN> /G O&

work on these compounds carried out N D

Upull G

Figure 3.1. N-Heterocyclic carbene.

independently by Wanzlick and co-worker and
Ofele in 1968,! and was followed by important
organometallic studies by Lappert and co-workers in 1970s.5] The breakthrough came
from the Arduengo group with the isolation of “free carbene” IAd, which opened up a
novel opportunities for NHCs to be employed in organic synthesis.!*!

Over the past couple of decades, a wide range of fields in chemistry, including
synthetic, organometallic, and inorganic, have benefited from the development of the
chemistry of NHCs. Because of their distinctive electronic and steric properties, NHCs
have been widely employed as auxiliary ligands and as organocatalysts in the field of
organic synthesis.!'*! As a part of these pursuits, the combination of palladium and NHCs
has been well established.>® In contrast, the application of NHCs toward nickel-
catalyzed/-mediated reactions has been less developed, although nickel is a more
inexpensive and ubiquitous element.>” Thus, it would be worthwhile to provide a readily
accessible, highly reactive, and widely applicable Ni(0)-NHC source from commercially
available Ni(cod)s.

A variety of Ni(0)-NHC complexes have been synthesized to date, such as
Ni(CO)3(NHC), bis(n*-alkene)Ni(NHC), (n*n?-diene)Ni(NHC), and Ni(NHC), (Figure
3.2).8] These complexes have been used as a source of Ni(0)-NHC reactive species;

o co MeO;/Cl\ /c\qom 0 b\
o

s _co

i meooC Nii coome 1‘
Me\N N—Me Mes\N\_/N/Mes N\_/N \q

Mes = 2,4,6-trimethylphenyl

Z

L
(=<3

Figure 3.2. Examples of reported Ni(0)—NHC complexes.

however, difficulties in preparation and ligand substitution may make chemists hesitant
to use them. In contrast to these well-known Ni(0)-NHC complexes, less is known about
(n®-arene)Ni(NHC) complexes.”!!! Two examples of (n®-arene)Ni(NHC) complexes
have been reported (Scheme 3.1). One is [Ni(IPr)],, in which one of the 2,6-
diisopropylphenyl rings in the Ni(0)—IPr moiety coordinates with the other nickel(0) atom
to form a dimeric structure.!”’ The complex was synthesized from Ni(cod), and
Ni(dme)Cl, in 19% overall yields (Scheme 3.1a). The other is (n°-toluene)Ni(IPr*)
(TNI*), which was synthesized from Ni(dme)Clz in 56% yield (Scheme 3.1b).l'") The
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(a) Reported by Sadighi and co-workers —
Ni(cod), Pr 'BuONa (Bpin), % T § e Structual determinatiorli by
+ NG |pr_N|/ s Ni NMR, elemental analysis, X-ray
Ni(dme)Cl, toluene benzene J\ CID * 3 Steps
19% Total yield
\_/

[Ni(IPr)],

(b) Reported by Hillhouse, Cundari, and co-workers @_

Cl ® Structual determination by

. IPr* | Mg !
Ni(dme)Cl, ——>» |Pr"—Ni—THF —————> elemental analysis
THF (|:I THF/toluene « 2 Steps
56% Total yield
Ph

Scheme 3.1. Reported synthetic methods of (nG-arene)Ni(NHC) complexes: a) [Ni(IPr)]2
reported by Sadighi and co-workers, and b) TNI* reported by Hillhouse, Canduri, and
co-workers.

formation of TNI* was confirmed by elementary analysis. The reactivity of these (n°-
arene)Ni(NHC) complexes is very intriguing, since the n®-arene ligand would be more
labile and less noxious than olefins, carbon monoxide, and other donor ligands. Therefore,
developing a simple and practical preparation method for (n%-arene)Ni(NHC) complexes
would expand the range of applications for them as catalyst precursors in organic
synthesis and as a source of Ni(0)-NHC units in organometallic chemistry.

Herein, the single-step, one-pot, and gram-scale synthesis of a series of (n°-
arene)Ni(NHC) complexes is described. The hydrogenation of a mixture of Ni(cod), and
NHC in an arene medium at room temperature gave an (n°-arene)Ni(NHC) complex in
nearly quantitative yield (Scheme 3.2). This is the first crystallographic structure of a
monomeric (n°-arene)Ni(NHC) complex with the solid evidence of the n® coordination
mode of an arene ring. In addition, the applications of (n®-arene)Ni(NHC) complexes as

the source for a Ni(0)-NHC unit are also demonstrated.

T oy fie

Ni(cod), (n® arene)Nl(NHC)
(R,R") = (H Me) (Me, Ph) Ar = 11 -arene

Scheme 3.2. Synthesis of (n®-arene)Ni(NHC) complexes.
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3.2. Result and Discussion

3.2.1. Synthesis of (n°-Arene)Ni(NHC) Complexes

During the course of the present research on Ni(0)-NHC catalysis,'?! 1 found the
generation of (n°-benzene-ds)Ni(IPr) (BNI-ds) by mixing Ni(cod), and IPr in benzene-ds
at room temperature (Scheme 3.3). After 31 h, the concomitant formation of Ni(IPr)2 (9%)
was also observed, while the major product was BNI-ds (72%). Neither BNI-d¢ nor
Ni(IPr), was obtained as a single product, even when the reaction time was prolonged for
several days, which indicates that BNI-ds and Ni(IPr); exist in equilibrium with Ni(cod)z,
IPr, and 1,5-cyclooctadiene (COD) in benzene-de.!'*! In order to prepare BNI-ds
selectively, it is important to remove COD before the formation of Ni(IPr),. However, an
attempt to isolate BNI-ds via the evaporation of COD failed to give an inseparable
mixture of Ni(cod), IPr, BNI-ds, and Ni(IPr).

% /=\ é
Ni(cod), + IPr ———— > N|
benzene-dg, rt 5 ::.

BNI-dg N|(IPr)2

conversion of yield of yield of

IPr BNI-dg Ni(IPr),
5 min 56% 56% <1%
31h 90% 72% 9%
evaporation 53% 34% 19%

Scheme 3.3. Generation of BNI-ds.

Next, I tried the hydrogenation of COD to cyclooctane (COA), a compound that
would no longer have the ability to coordinate to Ni(0).['*) The treatment of a toluene
solution of Ni(cod). and IPr with H> (8 atm) at room temperature resulted in the formation
of (n®-toluene)Ni(IPr) (TNI) as a single product via the hydrogenation of COD to COA.
The reaction mixture was filtered through a Celite followed by concentration in vacuo to
give TNI as a reddish brown solid in 97% isolated yield with >99% purity. This simple
operation can afford TNI on a 2.00 mmol scale (>1.00 g). (n%-Toluene)Ni(SIPr) (TNSI),
(n°-toluene)Ni(IPr*) (TNI*), and their benzene-coordinated complexes (BNI, BNSI, and
BNI*) were also prepared (Scheme 3.4a). Gram-scale preparation of TINI and TNSI
would be particularly noteworthy, since IPr and SIPr are one of the most frequently
employed NHCs to date, and they are commercially available.l*”! Furthermore, an in situ
preparation of TNI was successfully achieved by the reaction of Ni(cod)> (0.080 mmol),
IPr-HCI (1.1 equiv), ‘BuOK (1.0 equiv), and Hz (1 atm) in toluene for 30 min, which was
confirmed by 'H NMR in benzene-ds via transformation into BNI-ds (Scheme 3.4b). In
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(a) Isolation on 2.00 mmol scale

. 8 atm H, 1 @
Ni(cod), + NHC > Ni > Ni
toluene, rt, overnight | benzene, rt, 5 min [
-2COA NHC quant NHC
TNI (97%) TNSI (99%) TNI" (99%)
(b) In situ preparation!®"] >
. ¢ 1 atm H, |
Ni(cod), + IPr-HCI + '‘BuOK > Ni
. . toluene, rt, 30 min |
1.1 equiv 1.0 equiv —2 COE IPr
TNI
quant
(isol. 96%)

Scheme 3.4. Single-step, one-pot, gram-scale, and selective synthesis of (n°-
arene)Ni(NHC) complexes via hydrogenation of COD: a) preparation on 2.00 mmol
scale with isolated yields; b) in situ preparation. [a]0.08 mmol scale. [b] Determined
by *H NMR in C¢Ds via transformation into BNI-d.

this case, the formation of cyclooctene (COE) was observed while BNI-de was formed as
a single nickel complex in an arene medium. Thus, this method would be suitable for the
generation of (n°-arene)Ni(NHC) complexes in situ prior to the Ni(0)-NHC catalysis or
organonickel complex synthesis. Under these reaction conditions, the reduction of COD
to COA was completed within 30 h. The preparation of (n°-arene)Ni(IMes) failed under
the present hydrogenation conditions, and the formation of Ni(IMes). was observed as a
major product.

3.2.2. Identification of (n®-Benzene)Ni(IPr*) Complex
The molecular structure of BNI* was unambiguously determined by X-ray
crystallography, which clearly shows that the coordination mode of the benzene ring

Figure 3.3. Molecular structure of BNI*
(ellipsoids set at 30% probability). Hydrogen
atoms are omitted for clarity. Selected bond
distances [A]: Ni—CeHs (centroid of the ring)
1.588(4), Ni—C1 2.123(8), Ni—C2 2.128(8),
Ni—-C3 2.15(1), Ni-C4 2.117(8), Ni—C5
2.120(6), Ni—C6 2.132(9), Ni—C7 1.836(6).
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is 1° (Figure 3.3). The distance between Ni and the n®-benzene ring is 1.588(4) A, which
is almost the same value as that observed in (n°®-benzene)Ni[bis(di-tert-
butylphosphino)methane] (1.606(5) A)®! and (m°®-toluene)Ni(R%,:Si), (RY, = 1,1,4,4-
tetrakis(trimethylsilyl)butane-1,4-diyl ~ substituent) (1.617(1) A).®?l  The angle
C7-Ni—(centroid of the coordinated benzene ring) is 177°, which also supports its n°
coordination. To the best of our knowledge, this is the first crystallographic identification
of a monomeric (n®-arene)Ni(NHC) complex. This result supports the proposed structure
of TNI*, as reported by Hillhouse, Cundari, and co-workers.!!!!

In the 'H and '3C NMR spectra measured in THF-ds at —60 °C, resonances of the
coordinated benzene of BNI* were observed at on 5.26 and dc¢ 89.9, respectively. These
chemical shifts were shifted upfield in comparison with those of non-coordinated benzene
(0u 7.29 and &¢ 129.0). Moreover, they were comparable to those of the structurally well-
defined (n%-benzene)Ni[bis(di-zert-butylphosphino)methane] (8u 5.95 and 8¢ 92.0 in
THF-ds at —60 °C).°°! A significant change was not observed in the 'H NMR spectra
measured in THF-dg from —60 to —5 °C (Figure 3.11). The coordination of the arene ring
in all of the complexes presented in Scheme 3.4, with the exception of BNI*, was
validated by 'H and '3C NMR spectra in cyclohexane-di> at 25 °C. For example,
resonances of the arene moiety of the coordinated toluene in TNI were observed at 6u
5.07 (1H) and 5.17-5.22 (4H) and &¢ 88.5, 89.9, 90.7, and 101.6 in the 'H and '3*C NMR
spectra, which were shifted upfield in comparison with those of non-coordinated toluene
(0n 7.1-7.3 and oc 125.8, 128.7, 129.4, 137.9). These results are consistent with the
results of the X-ray analysis.

3.2.3. Calculated Molecular Orbitals of (n®-Benzene)Ni(IPr) Complex

In order to gain insight into the bonding situation in BNI, a DFT calculation was
conducted (see Section 3.4.7 for detail). The highest occupied molecular orbital (HOMO)
of BNI consists of two degenerate orbitals (-3.67 eV), which involve both contribution
of the back-donation from the electron-rich nickel(0) center to IPr (Figure 3.4a, left) and
the donation from IPr to the nickel(0) center (Figure 3.4a, right). The energy levels of
HOMO-1, HOMO-2, and HOMO-3 are —3.80, —4.35, and —4.37 eV, respectively.
Although HOMO-1 is antibonding, HOMO-2 and HOMO-3, both of which would be
almost degenerate, show the back-donation from the nickel(0) to the n* orbital of benzene
(Figure 3.4b). The LUMO was calculated to consist mainly of N-2,6-diisopropylphenyl
moieties on IPr (—0.05 eV; Figure 3.16).
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(a) The calculated HOMOs

(b) The calculated HOMO-2 and HOMO-3

Figure 3.4. Selected calculated molecular orbitals of BNI: a) HOMOs;
b) HOMO-2 (left) and HOMO-3 (right).

3.2.4. Ligand Exchange Reactions of (n°-Toluene)Ni(IPr) Complex

The equilibrium constants of the exchange reaction between the coordinated toluene in
TNI and arenes were determined by means of NMR in cyclohexane-di», showing that a
more electron poor arene ring can strongly coordinate to the Ni(0)—IPr unit, since such an
arene can efficiently accept back-donation from the electron-rich nickel(0) center
(Scheme 3.5).[1%)

- ke, <
r\fi + arene >  toluene + Ni
- |
IPr cyclohexane-d,, IPr
22°C 6 .
TNI (n°-arene)Ni(IPr)

[(rf‘-arene)Ni(IPr)][tquene]
[TNI][arene]

MeO OMe FsC CF,

OMe CF;
not detected Keq 0.3(1) - Keq 20.6(3)

Keq =

Scheme 3.5. Equilibrium constant of arene exchange reaction.

An interconversion between mononuclear TNI and binuclear [Ni(IPr)]> was
examined (Scheme 3.6). The conversion of TNI into [Ni(IPr)]2 took place in THF at room
temperature, and [Ni(IPr)]> was isolated in 77% yield after 48 h. In addition, [Ni(IPr)]»
was reversibly converted into TNI quantitatively in toluene at 40 °C after 2 days.['®
The preparation of bis(n?-PhCH=CH)Ni(IPr),® Ni(dppe)(IPr),®! Ni(IPr),,B" [(m?*-
quinoline)Ni(IPr)]>, and Ni(IMes)(IPr) was also demonstrated via a ligand substitution
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|
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bis(n2-PhCH=CH,)Ni(IPr)
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|
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S

\—/
Ni(IMes)(IPr) Ni(IPr), TNI [(nz-quinoline)Ni(lPr)]z
DPI’V NHF

Ph P/_\PPh tc::ine N/=\N
2 \ / 2 | T
Ni Ni Ni
NJ\N NLN é

\—/ \=/
Ni(dppe)(IPr) [Ni(IPr)],

Scheme 3.6. Preparation of Ni(0)—IPr complexes from TNI via ligand exchange reactions.
The reaction was carried out in n-pentane at room temperature, and quantitative formation
of the products was observed within 30 min except for the interconversion between TNI and
[Ni(IPr)]..
reaction with TNI. These reactions were completed within 30 min in n-pentane at room
temperature to afford the products quantitatively and also took place in arene mediums
such as benzene and toluene. The quantitative formation of [(?-quinoline)Ni(IPr)]> is
especially noteworthy, because the selective preparation of [(n?-quinoline)Ni(IPr)]> from
Ni(cod), is quite challenging. In fact, [(n?-quinoline)Ni(IPr)]» was generated as an
inseparable equilibrium mixture of [(n?-quinoline)Ni(IPr)]2, Ni(cod)z, IPr, quinoline, and
COD in the reaction of quinoline, Ni(cod), and IPr. The structure of [(n>-quinoline)
Ni(IPr)]> was unambiguously determined by NMR and X-ray analyses. As shown in
Figure 3.5, [(h?-quinoline)Ni(IPr)], forms a dimeric structure with a 16-electron nickel
center in which the nitrogen atom of the quinoline ligand coordinates to the Ni(0)—IPr
fragment and one of the C=C bonds (C7—C8) coordinates to the other nickel. The C7-C8
bond distance is elongated to 1.445(5) A in comparison with that of non-coordinated
quinoline (1.36-1.38 A).['”) In addition, both the 'H and '*C NMR spectra of [(n*-
quinoline)Ni(IPr)], clearly indicate the n* coordination of the C7—C8 double bond to the
nickel(0) center, as shown by the upfield shift of those signals (6u 3.62 and 3.68, and oc
45.9 and 52.9, respectively). These results indicate that the elongation of the C7—C8 bond
in quinoline is due to the back-donation from the Ni(0)—IPr unit. A variety of coordination

(181 however, the direct

modes of quinoline to transition metals have been reported to date;
observation of the n? coordination of its benzene moiety is quite rare.!'” The heteroleptic

bis-NHC nickel(0) complex Ni(IMes)(IPr) was also identified by X-ray analysis (Figure
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3.6). To the best of our knowledge, this is the first example of a heteroleptic bis-NHC
20]

nickel(0) complex.|

Figure 3.5. Molecular structure of [(n’ | Figure 3.6. Molecular structure of
quinoline)Ni(IPr)].  (ellipsoids set at 30% | Ni(IMes)(IPr) (ellipsoids set at 30%
probability). Hydrogen atoms and 'Pr groups are | probability). Hydrogen atoms are omitted
omitted for clarity. Selected bond distances [A]: | for clarity. Selected bond distances [A]:
Ni-N1 1.973(3), Ni-C7* 1.981(3), Ni—C8* | Ni—C1 1.815(8), Ni—C2 1.830(9). Selected
2.009(3), Ni—C10 1.887(3), C7—C8 1.445(5). bond angle [°]: C1-Ni-C2 179.6(3).

3.2.5. Catalytic Application of TNI

Recently, our group reported the nickel(0)-catalyzed synthesis of 3-aryl-2,1-
benzoxasiloles from benzaldehydes with arylsilyl moiety at the ortho position, which
proceed via an activation of organosilanes with (n*-aldehyde)Ni(IPr) complex.!*!) The
reaction of chlorine-substituted o-dimethylphenylsilylbenzaldehyde did not take place in
the presence of 10 mol % Ni(cod), and IPr at room temperature or 100 °C due to the
deactivation of the catalyst by oxidative addition of the Ar—Cl bond to the nickel(0) center
(Scheme 3.7). Although lowering the reaction temperature might have been effective in
preventing this deactivation pathway, this would have caused a significant decrease in the
solubility of Ni(cod), toward toluene. Thus, TNI was employed as a Ni(0)—IPr source
since TNI dissolves easily into toluene even at =78 °C. With 4 mol % TNI, the target
chlorine-substituted benzoxasilole was obtained in 99% yield at =30 °C. This result

suggests the utility of (n%-arene)Ni(NHC) complexes as a precursors of a Ni(0)-NHC
22]

unit.!
@‘ { [a] 10 mol% Ni(cod),/IPr, rt |
cl Ni c H :
4 mol% IPr I
Phegi > g P Phg;
A toluene, —30 °C, 6 h /S!O 5 q
H o th : H o

94% (trace)?! M o detected |

Scheme 3.7. Catalytic application of TNI for synthesis of benzoxasiloles.
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3.3. Conclusion

A practical method for the synthesis of (n®-arene)Ni(NHC) complexes was developed.
(n°-Arene)Ni(NHC) complexes having IPr, SIPr, and IPr* can be prepared on a gram
scale from commercially available Ni(cod)> via simple, single-step, and one-pot
procedures. The key feature of the present method is the hydrogenation of COD. The
products were fully characterized by NMR, which would support the coordination of
arene to a Ni(0)-NHC unit. Moreover, the first crystallographic structure of a monomeric
(n%-arene)Ni(NHC) complex is reported, providing solid evidence for the n® coordination
of the arene. A study of the equilibrium between the coordinated toluene in TNI and the
arenes in a ligand exchange reaction showed that a (n°-arene)Ni(IPr) with a more
electron-poor arene would be thermodynamically favored. The preparation of some
Ni(0)-IPr complexes was demonstrated via a ligand substitution reaction from TNI. In
particular, the selective preparation of [(n?-quinoline)Ni(IPr)]2, in which the C7-C8
double bond coordinates to the nickel(0) center, and Ni(IMes)(IPr), a nickel(0) complex
having two different NHCs, was achieved for the first time. (n®-Arene)Ni(NHC)
complexes could be very useful precursors of a Ni(0)-NHC unit in the field of organic
and organometallic chemistry. Thus, I hope the present work and the methodology will

lead to further developments in these fields of chemistry.

3.4. Experimental Section

3.4.1. General

All manipulations were conducted under a nitrogen atmosphere using standard Schlenk
or dry box techniques. The 'H, 1*C, *'P and !°F nuclear magnetic resonance spectra were
recorded on JEOL AL-400, Bruker DPX 400, and Bruker AVANCE III spectrometers at
25 °C unless otherwise stated. The chemical shifts in 'H nuclear magnetic resonance
spectra were recorded relative to MesSi or residual protonated solvent (C¢DsH (6 7.16),
C7D7H (5 2.09), THF-d7 (8 1.72) or CsDiiH (8§ 1.38)). The chemical shifts in the '*C
spectra were recorded relative to Me4Si or deuterated solvent (CsDs (6 128.06), C7Dg (6
137.48), THF-ds (5 67.21) or C¢D12 (8 26.43)). The chemical shifts in the >'P NMR spectra
were recorded using 85% H3POs as external standard. The chemical shifts in the ’F NMR
spectra were recorded relative to o,a,0-trifluorotoluene (6 —65.64). Assignment of the
resonances in 'H and '*C NMR spectra was based on 'H-'H COSY, HMQC and HMBC
experiments. Elementary analyses were performed at Instrumental Analysis Center,
Faculty of Engineering, Osaka University. X-ray crystal data were collected by a Rigaku
RAXIS-RAPID Imaging Plate diffractometer.
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3.4.2. Materials

Benzene, toluene, hexane, pentane, cyclohexane, benzene-ds, toluene-ds, THF-ds, and
cyclohexane-di» were distilled from sodium benzophenone ketyl prior to use. All
commercially available reagents were distilled over CaH» under reduced pressure prior to

use. NHCs shown in Figure 3.7 were furnished by the known procedures.>’!

FoR FoR FoB T

IMes

Figure 3.7. NHCs employed in this chapter.

3.4.3. Synthesis of (n°-Arene)Ni(NHC) Complexes

Note: Employing well-dried and -degased solvents should be essential to generate (n°-
arene)Ni(NHC) complexes quantitatively. Commercially available dehydrated solvents
may cause a decrement of purity of the products.

General procedures: A reaction tube was charged with Ni(cod): (2.0 mmol), NHC (2.0
mmol), and solvent (20 mL). The resulting solution was transferred into an autoclave
reactor, and then H was pressurized quickly (within 5 min recommended) into the reactor
at 5-8 atm. After the reaction mixture was stirred at room temperature for overnight (~16
h), the resultant brown solution was quickly filtered, and all volatiles were removed under
the reduced pressure to give (n°-arene)Ni(NHC) as a reddish-brown solid.

. 8 atm H2 N|
Ni(cod), + IPr
toluene, rt, 16h
-2COA

TNI
97%

Synthesis of (n°-toluene)Ni(IPr) (TNI): The general procedure was followed with
Ni(cod)2 (549 mg, 2.00 mmol), IPr (778 mg, 2.00 mmol), and toluene (20 mL), and
reaction was conducted at room temperature for 16 h to give TNI (1.05 g, 1.94 mmol,
97%) as a reddish-brown solid. "TH NMR (400 MHz, C¢D12): 6 7.27 (t, J = 7.4 Hz, 2H,
Ar-H), 7.16 (d, J = 7.4 Hz, 4H, Ar-H), 6.58 (s, 2H, NC2HLN), 5.22-5.17 (m, 4H, nS-
CeHsCH3), 5.07 (t, J = 5.4 Hz, 1H, n%-CeHsCH3), 2.88-2.81 (m, 4H, CH(CH3)2), 1.53 (s,
3H, n°®-C¢HsCHs), 1.31 (d, J = 6.8 Hz, 12Hz, CH(CH;),), 1.07 (d, J = 6.8 Hz, 12H,
CH(CHs3),). BC{'H} NMR (100 MHz, C¢D12): 8 196.2, 147.0, 139.8, 128.6, 123.6, 119.6,
101.6 (n5-CsHsCH3), 90.7 (n5-CsHsCH3), 89.9 (n5-CsHsCH3), 88.5 (05-CsHsCH3), 29.1,
24.7,23.7,21.4 n®-C¢HsCH3). Anal. Caled for C3sH44N2Ni: C, 75.70; H, 8.22; N, 5.19.
Found: C, 75.27; H, 8.53; N, 5.51.

91



. 8 atm Hz
Ni(cod), + IPr
benzene rt, 16 h
-2COA

BNI
96%

Synthesis of (n%-benzene)Ni(IPr) (BNI): The general procedure was followed with
Ni(cod)2 (551 mg, 2.00 mmol), IPr (779 mg, 2.00 mmol), and benzene (20 mL), and
reaction was conducted at room temperature for 16 h to give BNI (1.01 g, 1.92 mmol,
96%) as a reddish-brown solid. 'TH NMR (400 MHz, Cs¢D12, Figure 3.8a): 8 7.29 (t, J =
7.6 Hz, 2H, Ar-H), 7.16 (d, J= 7.6 Hz, 4H, Ar-H), 6.59 (s, 2H, NCo/2N), 5.22 (s, 6H, n°-
CeHs), 2.84-2.77 (m, 4H, CH(CH3)2), 1.30 (d, J= 6.8 Hz, 12Hz, CH(CHs)2), 1.07 (d, J =
6.8 Hz, 12H, CH(CH3)2). BC{'H} NMR (100 MHz, C¢D12, Figure 3.8b): 8 195.9, 147.1,
139.6, 128.8,123.6, 119.6, 89.1 (n®-CeHs), 29.2, 24.7,23.7. Anal. Caled for C33H42N2Ni:
C, 75.44; H, 8.06; N, 5.33. Found: C, 75.25; H, 8.17; N, 5.90. The '"H NMR spectrum of
BNI-ds (400 MHz, C¢Dg) is also shown in Figures 3.9. The synthesis of BNI was also

possible by the reaction of TNI with benzene (excess) quantitatively.

i 8 atm H2
Ni(cod), + SIPr
toluene rt, 16 h
-2COA

TNSI
99%

Synthesis of (n°-toluene)Ni(SIPr) (TNSI): The general procedure was followed with
Ni(cod)2 (550 mg, 2.00 mmol), IPr (780 mg, 2.00 mmol), and toluene (20 mL), and
reaction was conducted at room temperature for 16 h to give TNSI (1.07 g, 1.98 mmol,
99%) as a reddish-brown solid. "TH NMR (400 MHz, C¢D12): 6 7.20 (t, J = 7.2 Hz, 2H,
Ar-H), 7.11 (d, J = 7.2 Hz, 4H, Ar-H), 5.18-5.12 (m, 4H, 1%-CsHsCHj3), 5.05 (t, J = 5.4
Hz, 1H, 15-C¢HsCH3), 3.64 (s, 4H, NC2HuN), 3.13-3.08 (m, 4H, CH(CHa)2), 1.49 (s, 3H,
n°-CsHsCH3), 1.18 (d, J = 6.8 Hz, 12H, CH(CHs)2). The resonances of ‘Pr-Hs (12H) are
obscured by CsD11H (8 1.38). 3C{'H} NMR (100 MHz, CsD12): 6 214.2, 148.2, 140.6,
127.9, 124.0, 103.4 (n®-C¢HsCH3), 91.7 (n%-CsHsCH3), 91.2 (n%-CsHsCH3), 89.5 (n°-
Ce¢HsCHs), 52.5, 29.3, 25.3, 24.4, 21.2 (0°-C¢HsCH3). Anal. Caled for C3sH4sN2Ni: C,
75.42; H, 8.56; N, 5.17. Found: C, 74.95; H, 8.73; N, 5.65.

. 8 atm Hz N|
Ni(cod), + SIPr
benzene, rt, 16h
-2COA

BNSI
100%

Synthesis of (n®-benzene)Ni(SIPr) (BNSI): The general procedure was followed with
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Ni(cod)2 (550 mg, 2.00 mmol), SIPr (781 mg, 2.00 mmol), and benzene (20 mL), and
reaction was conducted at room temperature for 16 h to give BNSI (1.06 g, 2.00 mmol,
100%) as a reddish-brown solid. "H NMR (400 MHz, C¢D12): § 7.21 (t, J= 7.6 Hz, 2H,
Ar-H), 7.11 (d, J = 7.6 Hz, 4H, Ar-H), 5.19 (s, 6H, 15-CeHp), 3.64 (s, 4H, NC2HuN),
3.12-3.05 (m, 4H, CH(CH3)2), 1.37 (d, J = 6.8 Hz, 12H, CH(CHs)>, partially overlapped
with C¢D11H), 1.18 (d, J= 6.8 Hz, 12H, CH(CH3),). BC{'H} NMR (100 MHz, CsD12): &
214.2,148.2, 140.4, 128.0, 123.9, 90.2 (n°-CsHs), 52.5, 29.3, 25.3, 24.4. Anal. Calcd for
C33H44N2Ni: C, 75.15; H, 8.41; N, 5.31. Found: C, 74.61; H, 8.61; N, 5.69.

Ph | Ph
8 atm H, Ph Ni Ph
Ni(cod), + IPr —m8 ———
toluene, rt, 16 h N N
-2COA Ph \—=/ Ph

Ph TNI* Ph
99%

Synthesis of (n%-toluene)Ni(IPr*) (TNI*): A reaction tube was charged with Ni(cod):
(22.2 mg, 0.08 mmol), IPr* (73.2 mg, 0.08 mmol), and toluene (15 mL). The resulting
solution was transferred into an autoclave reactor, and then H, was pressurized at 8 atm.
After the reaction mixture was stirred at room temperature for 12 h, the resultant brown
solution was quickly filtered, and all volatiles were removed under the reduced pressure
to give TNI* (82.8 mg, 0.079 mmol, 99%) as a reddish-brown solid. Identification of
TNI* was conducted by '"H NMR in Ce¢Ds as BNI*-ds, which is identical to that

previously reported.!'!]

Ph | Ph
8 atm H, Ph Ni [-Ph
Ni(cod), + IPr
benzene, rt, 16 h NN
-2 COA Ph = Ph

Ph BNI* Ph
99%

Synthesis of (n°-benzene)Ni(IPr*) (BNI*): A reaction tube was charged with Ni(cod):
(10.8 mg, 0.04 mmol), [Pr* (36.2 mg, 0.04 mmol), and benzene (0.5 mL). The resulting
solution was transferred into an autoclave reactor, and then H» was pressurized at 5 atm.
After the reaction mixture was stirred at room temperature for 3 h, the resultant brown
solution was quickly filtered, and all volatiles were removed under the reduced pressure
to give BNI* (40.3 mg, 0.038 mmol, 99%) as a reddish-brown solid. A single crystal
suitable for X-ray diffraction analysis was prepared by recrystallization from
benzene/hexane at —35 °C. The crystal structure of BNI* can be obtained from Cambridge
Crystallography Data Centre (CCDC 957443). 'H NMR (400 MHz, THF-dg, —60 °C,
Figure 3.10): 6 7.41-7.35 (m, 16H, Ar-H), 7.26 (t, J= 6.2 Hz, 4H, Ar-H), 7.08-7.01 (m,
16H, Ar-H), 6.82 (d, J = 7.2 Hz, 8H, Ar-H), 5.40 (s, 4H, CHPh,), 5.26 (s, 6H, n°-CsH),
4.96 (s, 2H, NC2H2N), 2.29 (s, 6H, CH3). BC{'H} NMR (100 MHz, THF-ds, —60 °C): 3
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194.2, 145.6, 144.8, 142.5, 138.7, 138.1, 131.2, 130.1, 129.7, 128.9, 128.8, 127.1, 126.8,
120.1, 89.9 (n%-C¢Hs), 52.2, 21.8. Anal. Caled for C7sHs2N2Ni: C, 85.79; H, 5.95; N,
2.67. Found: C, 85.42; H, 6.03; N, 3.05.

Note: BNI* was found to be rather unstable in THF. Thus, signals of an unidentified chemical
species were observed in NMR spectra due to decomposition (Figures 3.10 and 3.11)

Cle |
A 1 atm H, Ni
Ni(cod), + P + BuOK >
2 @N _‘N toluene, rt, 30 min N)\N
-2COE \—/

IPr-HCI TNI
96%

Synthesis of TNI via in situ generation of IPr from IPr-HCI: A reaction tube was
charged with IPr- HCI (37.4 mg, 0.088 mmol), ‘BuOK (9.0 mg, 0.080 mmool), and
toluene (10 mL), and then the reaction mixture was stirred at room temperature for 10
min. Then, Ni(cod)> (22.0 mg, 0.080 mmol) was added to the reaction mixture. The
resulting solution was transferred into an autoclave reactor, and the reaction mixture was
stirred at room temperature for 30 min under Hz atmosphere (1 atm). The resultant brown
solution was quickly filtered, and all volatiles were removed under the reduced pressure.
At this moment, the quantitative formation of BNI-ds and the concomitant formation of
cyclooctene were confirmed by 'H NMR in C¢Ds. Several dozen times of azeotropic
removal of COE with toluene gave TNI (41.8 mg, 0.077 mmol, 96%) as a reddish-brown
solid.
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Figure 3.9. H NMR spectrum of BNI* in THF-ds at —60 °C.
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3.4.4. The Variable Temperature Measurement of BNI*

Variable temperature NMR experiment was conducted from —60 °C to 15 °C by using
BNI* in THF-ds, and the result is shown in Figure 3.11. Resonance of the coordinated
benzene was observed at du 5.26 at —60 °C. The signal was slightly shifted downfield
(from dn 5.26 at —60 °C to 5.33 at —5 °C) and broadening along with an elevation of
temperature to —5 °C. At 15 °C, the resonances of BNI* were observed as broad signals.
This might be due to instability of BNI* in non-arene medium at 15 °C, and therefore,
decomposition would occur under these conditions. However I cannot rule out the

possibility of a change of the coordination mode of benzene at 15 °C.

15 °C }% |
oM A A A J\JP‘/L .Jl\ S

__sfc_J!v‘J: W]Iw"g_ﬁ,__AJU\_HL 5 e JLJ\_hJL_
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Figure 3.11. VT NMR spectra for BNI* in THF-ds from —60 °C to 15 °C.
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3.4.5. Determination of Equilibrium Constants of Arene Exchange Reaction
(Scheme 3.5)

Reaction with 1,3,5-tris(trimethoxybenzene)
MeO.

- MeO ome S—ome

bii MeO™ |

A + —A— j‘\l + toluene
N" N CgDq2, 22 °C

\=/ OMe o2 NN

NI

1 equiv of 1,3,5-Tris(trimethoxybenzene): To a solution of TNI (21.3 mg, 0.04 mmol)
in C¢D12 (0.5 mL) was added 1,3,5-tris(trimethoxy)benzene (7.1 mg, 0.04 mmol) at 22
°C. The reaction was monitored by means of 'H NMR. No formation of [n°(1,3,5-
tris(trimethoxy)benzene)|Ni(IPr) was observed.

10 equiv of 3,5-Tris(trimethoxybenzene): To a solution of TNI (22.0 mg, 0.04 mmol)
in C¢D12 (0.5 mL) was added 1,3,5-tris(trimethoxy)benzene (67.4 mg, 0.40 mmol) at 22
°C. The reaction was monitored by means of 'H NMR. No formation of [n°(1,3,5-

tris(trimethoxy)benzene)|Ni(IPr) was observed.+-

Reaction with mesitylene

1 E I
D‘\' + 4—’ j‘\' + toluene
N° 'N Ce¢D42, 22 °C N N
\—/ \—/
TNI MNI

1 equiv of Mesitylene: To a solution of TNI (20.0 mg, 0.04 mml) in CsD12 (0.5 mL) was
added mesitylene (4.5 mg, 0.04 mmol) at 22 °C. The reaction was monitored by means
of "TH NMR, and the result is summarized in Figure 3.12a. From the profile of the Kmn,
where Kyny = [MNI][toluene]/[TNI][mesitylene], with respect to reaction time, an
equilibrium constant (Keq) was estimated as 0.252(1).

3 equiv of Mesitylene: To a solution of TNI (21.1 mg, 0.04 mml) in C¢D12 (0.5 mL) was
added mesitylene (14.2 mg, 0.12 mmol) at 22 °C. The reaction was monitored by means
of "TH NMR, and the result is summarized in Figure 3.12b. From the profile of the Kmn,
where Kyn; = [MNI][toluene]/[TNI][mesitylene], with respect to reaction time, Keq
was estimated as 0.2573(8).

5 equiv of Mesitylene: To a solution of TNI (21.4 mg, 0.04 mml) in C¢D12 (0.5 mL) was
added mesitylene (23.8 mg, 0.20 mmol) at 22 °C. The reaction was monitored by means
of "TH NMR, and the result is summarized in Figure 3.12¢c. From the profile of the Kmn,
where Kyyn; = [MNI][toluene]/[TNI][mesitylene], with respect to reaction time, Keq
was estimated as 0.2594(8).
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Based on the average value of these results, Keq in the ligand exchange reaction of TNI

and mesitylene was estimated as 0.26(1).

a) 1 equiv of mesitylene b) 3 equiv of mesitylene
0.30 0.30
0.25 - 'Y Py * - * 0.25 * * Py * *

* .
0.20 0.20 *
*
Ky 0.15 . Ky 0.15 .
0.10 0.10
0.05 0.05
0.00 0.00
0 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 9 10
time [10° s] time [10°s]

¢) 5 equiv of mesitylene
0.30
0.25 e

*
0.20

Ky 0.15
0.10
0.05
0.00
0o 1 2 3 4 5 6 7 8 9 10
time [10°s]
Figure 3.12. The profiles of Kmn With respect to reaction time.

Isolation of (n®-mesitylene)Ni(IPr) (MNI): To a solution or TNI (22.2 mg, 0.04 mmol)
in pentane (0.5 mL) was added mesitylene (110 pL, 0.80 mmol, 20 equiv) at room
temperature. After the reaction mixture was stirred for several minutes, all volatiles were
removed under the reduced pressure to give MNI as a reddish brown solid (24.5 mg, 0.04
mmol, 100%). "H NMR (400 MHz, C¢D12): & 7.26-7.24 (m, 2H, Ar-H), 7.16 (d, J = 7.2
Hz, 4H, Ar-H), 6.54 (s, 2H, NC2/LN), 5.08 (s, 3H, 15-CeH3(CHs)3), 2.98-2.95 (m, 4H,
CH(CHj3)y), 1.58 (s, 9H, n°-CeH3(CHs)3), 1.33 (d, J = 6.4 Hz, 12H, CH(CH3),, partially
overlapped with C¢D11H), 1.06 (d, J= 6.4 Hz, 12H, CH(CH;)2). *C{'H} NMR (100 MHz,
CeéD12): § 196.0, 147.0, 140.2, 128.5, 123.7, 119.9, 100.0 (n°-Ce¢H3(CHs)3), 93.5 (n°-
Ce¢H3(CHa)3), 29.0, 24.7, 23.9, 21.4 (n%-C6H3(CH3)3).
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Reaction with 1,3,5-tris(trifluoromethyl)benzene

Fs;C

CF
CF, FSC@ 3

:Nl. F3C I.

)\I + —>‘ I + toluene
NN Cg¢Dq2, 22 °C

=/ CFs =

TNI

FNI

1 equiv of 1,3,5-tris(trifluoromethyl)benzene: To a solution of TNI (22.6 mg, 0.04
mmol) in CsD12 (0.5 mL) was added 1,3,5-tris(trifluoromethyl)benzene (11.8 mg, 0.04
mmol) at 22 °C. The reaction was monitored by means of '"H NMR, and the result is
summarized in Figure 3.13a. From the profile of the Krni, where Kgyy =
[FNI][toluene]/[TNI][1,3,5-tris(trifluoromethyl)benene], with respect to reaction
time, Keq was estimated as 21.71(9).

3 equiv of 1,3,5-tris(trifluoromethyl)benzene: To a solution of TNI (21.5 mg, 0.04
mmol) in C¢D12 (0.5 mL) was added 1,3,5-tris(trifluoromethyl)benzene (33.5 mg, 0.12
mmol) at 22 °C. The reaction was monitored by means of '"H NMR, and the result is
summarized in Figure 3.13b. From the profile of the Krni, where Kgy =
[FNI][toluene]/[TNI][1,3,5-tris(trifluoromethyl)benene], with respect to reaction
time, Keq was estimated as 21.4(1).

5 equiv of 1,3,5-tris(trifluoromethyl)benzene: To a solution of TNI (21.3 mg, 0.04
mmol) in C¢D12 (0.5 mL) was added 1,3,5-tris(trifluoromethyl)benzene (56.0 mg, 0.20
mmol) at 22 °C. The reaction was monitored by means of 'H NMR, and the result is
summarized in Figure 3.13c. From the profile of the Kwni, where Kgy =
[FNI][toluene]/[TNI][1,3,5-tris(trifluoromethyl)benene], with respect to reaction
time, Keq was estimated as 18.53(7).

Based on the average value of these results, Keq in the ligand exchange reaction of TNI

and 1,3,5-tris(trifluoromethyl)benzene was estimated as 20.6(3).
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a) 1 equiv of 1,3,5-tris(trifluoromethyl)benzene b) 3 equiv of 1,3,5-tris(trifluoromethyl)benzene
30 30
25 25
0 [* e e T e 0 |+ * e *
Kew 15 Ken 15
10 10
5 5
0 0
0 1 2 3 4 5 6 7 8 o 1 2 3 4 5 6 7 8 9 10
time [10%s] time [10%s]
c) 5 equiv of 1,3,5-tris(trifluoromethyl)benzene
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25
20 . * * . N + PN * *
KFNI 15
10
5
0
o0 1 2 3 4 5 6 7 8 9 10
time [10°%s]

Figure 3.13. The profiles of Keni with respect to reaction time.

Isolation of [n%-(1,3,5-tris(trifluoromethyl)benzene)|Ni(IPr) (FNI): To a solution or
TNI (22.5 mg, 0.04 mmol) in pentane (0.5 mL) was added 1,3,5-tris(trifluoromethyl)
benzene (75 pL, 0.40 mmol, 10 equiv) at room temperature. After the reaction mixture
was stirred for several minutes, all volatiles were removed under the reduced pressure to
give FNI as a purple solid (25.1 mg, 0.03 mmol, 83%). "H NMR (400 MHz, C¢D12): &
7.36 (t,J=7.8 Hz, 2H, Ar-H), 7.22 (d, /= 7.8 Hz, 4H, Ar-H), 6.65 (s, 2H, NC2H>N), 5.89
(s, 3H, 1n%-CeH3(CF3)3), 2.65-2.61 (m, 4H, CH(CHs),), 1.34 (d, J = 6.4 Hz, 12H,
CH(CHs3)2, partially overlapped with C¢D11H), 1.04 (d, J = 6.4 Hz, 12H, CH(CH»)>).
BC{IH} NMR (100 MHz, CsD12): 5 188.9, 146.1, 137.5, 130.2, 125.2 (q, Jcr = 271 Hz,
N°-CsH3(CF3)3), 124.3,122.8,92.4 (q, Jcr = 35 Hz, 1°-CsH3(CF3)3), 81.7 (m®-CsH3(CF3)3),
29.1,25.1,23.6 . F NMR (372 MHz, C¢D1»): § —62.6.
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3.4.6. Conversion of TNI into Ni(0)-IPr Complexes via Ligand Exchange Reactions

Ph  Ph
AN

' X i
Ni
+ >
N)\N ©/\ pentane, rt, 30 min NJ\N
\—/ \—/
TNI

2 equiv
bis(n2-PhCH=CH,)Ni(IPr)
100%

Conversion into bis(n>-PhCH=CH2)Ni(IPr): To a solution of TNI (21.6 mg, 0.04
mmol) in n-pentane (5.0 mL) was added styrene (9.4 puL, 0.08 mmol) at room temperature.

After the reaction mixture was stirred for 30 min, all volatiles were removed under the
reduced pressure to give bis(n?-PhCH=CH,)Ni(IPr) as a dark green solid (28.4 mg, 0.04
mmol, 100%). Spectroscopic data of bis(n>~PhCH=CH,)Ni(IPr) were identical to that
previously reported.[®¥!

>— Ph,P_ PPh,
Ni PPh \Ni/
1 >
Je + php NS 2 > Iy
NN pentane, rt, 30 min NN
\=/ \—/
NI DPPE Ni(dppe)(IPr)

100%
Conversion into Ni(dppe)(IPr): To a solution of TNI (21.6 mg, 0.04 mmol) in n-pentane
(5.0 mL) was added 1,3-bis (diphenylphosphino)ethane (DPPE) (15.9 mg, 0.04 mmol) at
room temperature. After the reaction mixture was stirred for 5 min, all volatiles were
removed under the reduced pressure. The residue was washed with cold n-pentane to give
Ni(dppe)(IPr) as a reddish brown solid (34.3 mg, 0.04 mmol, 100%). Spectroscopic data
of Ni(dppe)(IPr) were identical to that previously reported.®!l

I
ii . Ni :
+ A >
N° N N" N entane, rt, 30 min
\=/ \=/ P NJ\N
TNI IPr

Ni(IPr),
95%

Conversion into Ni(IPr)2: To a solution of TNI (21.6 mg, 0.04 mmol) in n-pentane (5.0
mL) was added IPr (15.6 mg, 0.04 mmol) at room temperature. After the reaction mixture
was stirred for 30 min, all volatiles were removed under the reduced pressure to give
Ni(IPr) as a deep blue solid (32.1 mg, 0.038 mmol, 95%). Spectroscopic data of Ni(IPr)>

were identical to that previously reported.[®"
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A
|

, O
Ni m N T i IPr
+ > Ni |
N)\N NG pentane, rt, 30 min  |p,~ N N
- I
TNI

N

[(n2-quinoline)Ni(IPr)],
100%

Conversion into [(n2-quinolone)Ni(IPr)]: : To a solution of TNI (21.6 mg, 0.04 mmol)
in n-pentane (5.0 mL) was added quinolone (4.9 pL, 0.04 mmol) at room temperature.
After the reaction mixture was stirred for 30 min, all volatiles were removed under the
reduced pressure to give [(n?-quinolone) Ni(IPr)], as a dark brown solid (45.8 mg, 0.04
mmol, 100%). A single crystal suitable for X-ray diffraction analysis was prepared by
recrystallization from C¢Hi2 at room temperature. "TH NMR (400 MHz, CsDs, Figure
3.14a): 6 8.06 (d, J = 5.6 Hz, 2H, quinoline-C2H), 7.33-7.27 (m, 8H, Ar-H), 7.11 (d, J =
7.0 Hz, 4H, Ar-H), 6.75 (d, J = 6.8 Hz, 2H, quinoline-C4H), 6.48 (s, 4H, NC2H>N), 6.13
(dd, J=5.6, 6.8 Hz, 2H, quinoline-C3H), 5.85 (d, J = 8.4 Hz, 2H, quinoline-C5H), 4.74
(dd, /=54, 8.4 Hz, 2H, quinoline-C6H), 3.68 (dd, J = 5.4, 6.0 Hz, 2H, quinoline-C7H),
3.61 (d, J = 6.0 Hz, 2H, quinoline-C8H), 3.39-3.32 (m, 4H, CH(CH3)>), 2.81-2.75 (m,
4H, CH(CHs).), 1.63 (d, J = 6.8 Hz, 12H, CH(CH3).), 1.15 (d, J = 6.8 Hz, 12H,
CH(CHs)2), 1.06 (d, J= 6.8 Hz, 12H, CH(CH3)2), 1.00 (d, J = 6.8 Hz, 12H, CH(CHs)>).
BC{'H} NMR (100 MHz, C¢Ds, Figure 3.14b): 5 199.8, 156.6 (C10), 147.1, 146.2, 145.2
(C2), 138.5,129.2, 127.2 (C9), 124.1, 123.8, 123.7 (C4), 122.6, 113.5 (C5), 112.7 (C3),
52.9 (C8), 45.9 (C7), 28.9, 28.8, 26.4, 25.9, 23.4, 22.1. One Ar-C (C6) is obscured by
C¢Ds. Anal. Caled for C72HssNeNi2: C, 75.01; H, 7.52; N, 7.29. Found: C, 73.34; H,
7.43; N, 7.32.
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a) 'H and b) **C NMR spectra of [(n?-quinoline)Ni(IPr)], in CeDe.
104

Figure 3.14.



< )

N N
pr pentane, rt, 30 m|n @ %
TNI IMes

Ni(IMes)(IPr)
100%

2,
0=
o
£

Conversion into Ni(IMes)(IPr): To a solution of TNI (21.6 mg, 0.04 mmol) in n-pentane
(5.0 mL) was added IMes (12.2 mg, 0.04 mmol) at room temperature. After the reaction
mixture was stirred for 30 min, all volatiles were removed under the reduced pressure to
give Ni(IMes)(IPr) as a deep blue solid (31.7 mg, 0.04 mmol, 100%). A single crystal
suitable for X-ray diffraction analysis was prepared by recrystallization from
toluene/hexane at —35 °C. 'TH NMR (400 MHz, C¢De¢): & 7.33 (t, J = 7.6 Hz, 2H, IPr-
Ar-H), 7.13 (d, J = 7.6 Hz, 4H, IPr-Ar-H), 6.72 (s, 4H, IMes-Ar-H), 6.22 (s, 2H, IPr-
NC2H2N), 5.95 (s, 2H, IMes-NC2H>N), 3.05-2.98 (m, 4H, IPr-CH(CH3)2), 2.30 (s, 6H,
IMes-CH3), 2.02 (s, 12H, IMes-CH3), 1.35 (d, J = 6.8 Hz, 12H, IPr-CH(CH3)2), 1.17 (d,
J=6.8 Hz, 12H, IPr-CH(CH?3)2). BC{'H} NMR (100 MHz, CsDs): 8 194.9, 191.8, 145.8,
139.0, 138.6, 135.9, 135.1, 129.1, 127.9, 123.4, 119.6, 118.5, 28.8, 24.6, 23.7, 21.3, 18.5.
Anal. Calcd for CssHsoNaNi: C, 76.69; H, 8.05; N, 7.45. Found: C, 76.41; H, 8.08; N,

7.50.
Ni
= \_I
TNI

[Ni(IPr)],
77%

Conversion of TNI into [Ni(IPr)]2: A solution of TNI (20.7 mg, 0.038 mmol) in THF
(5.0 mL) was stirred for 48 h (2 days) at room temperature, all volatiles were removed
under the reduced pressure to give [Ni(IPr)]> (13.1 mg, 0.015 mmol, 77%). Spectroscopic

data of [Ni(IPr)]» were identified to that previously reported.'"!

I
@ % toluiene, 40 °C, 48 @NJ\N%
\=/

NI
INi(IPD)], quant

Conversion of [Ni(IPr)]z into TNI: A solution of [Ni(IPr)]> (18.5 mg, 0.021 mmol) in
toluene (8.0 mL) was stirred for 48 h (2 days) at room temperature. The quantitative
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formation of TNI was confirmed by 'H NMR in Ce¢Ds via transformation into BNI-ds.
After removing all volatiles under the reduced pressure, TNI (18.3 mg, 0.034 mmol, 83%)

was given.

3.4.7. DFT Calculation Study

The structure of BNI was optimized with B3LYP implemented in Gaussian 09, Revision
A.02.2The LANL2DZ basis set was used for nickel, and 6-31G(d) was used for other
atoms. The optimized structure of BNI and its information are shown in Figure 3.15 and

Table 3.1. The selected calculated molecular orbitals are shown in Figure 3.16.

Figure 3.15. Optimized structure of BNI.

Table 3.1. Computed Cartesian coordinates (x,y,z) for the optimized structure of BNI.

Ni  0.001021 -0.001414  1.484102
1.078366 -0.001512 -1.246985
-1.076333  0.002640 -1.247763
1.189227  0.755778  3.249192
1.249310 -0.654074  3.250407
0.054826 -1.408699  3.244308
-1.198939 -0.757055  3.248010
-1.258959  0.652599  3.247958
-0.064618  1.407334  3.243117
0.000708 -0.000226 -0.369831
0.678003  0.000234 -2.583124
1.388286 -0.000474 -3.395583
-0.674979  0.003129 -2.583627
-1.384662  0.005142 -3.396606
2.456963 -0.003408 -0.840193
3.113312 -1.237479 -0.655036
4461525 -1.211604 -0.276790
4991036 -2.148762 -0.127420

4.468871  1.199453 -0.291651
5.003909  2.135164 -0.153365
3.120871  1.228784 -0.670530
2.411707 -2.574558 -0.870585
1.366149 -2.367792 -1.113791
2427106  2.567654 -0.900392
1.383666  2.364105 -1.155356
-2.455231  0.004007 -0.842015
-3.119052  -1.228383 -0.673408
-4.467267 -1.199437 -0.295258
-5.002255 -2.135294 -0.157782
-4.460345  1.211617 -0.279245
-4.990113  2.148615 -0.129786
-3.111919  1.237882 -0.656714
-2.425090 -2.567031 -0.903976
-1.381416  -2.363253 -1.157791
-2.410454  2.575175 -0.871432
-1.364773  2.368712 -1.114390
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-2.220855  1.155237  3.243965
-2.114774  -1.339542  3.246693
0.100514 -2.493420  3.237255
-0.110337  2.492038  3.235144
2.105061  1.338264  3.249405
2.211184 -1.156739  3.249222
2417700  3.431615  0.374365
3.433235 3.687743  0.700071
1.880562  4.370655  0.193071
1916468  2.900556  1.189213
3.055754  3.327693 -2.084920
2.516439  4.264778 -2.268717
4.104953  3.580074 -1.889905
3.022623  2.731776 -3.004210
2.413594 -3.434537  0.406841
1.869262 -4.371115  0.234526
3.431392 -3.695665  0.721218
1.924798 -2.898899  1.226249
3.024022 -3.341010 -2.059647
4.075074 -3.594467 -1.876225
2.480573 -4.277725 -2.232896

2.980766 -2.748812 -2.980906
-3.052721 -3.325754 -2.089889
-2.513309 -4.262682 -2.274197
-4.102116  -3.578262 -1.896090
-3.018702 -2.728848 -3.008503
-2.416882 -3.432349  0.369853
-3.432723 -3.688831  0.694334
-1.879587 -4.371198  0.188049
-1.916394 -2.902161  1.185717
-2.412933  3.434673  0.406316
-1.868680  4.371396  0.234553
-3.430881  3.695537  0.720421
-1.924375  2.898828  1.225728
-3.022477  3.342027 -2.060392
-4.073641  3.595212 -1.877237
-2.479129  4.278911 -2.233036
-2.978788  2.750237 -2.981890
-5.133818  0.006707 -0.095764
-6.180746  0.007773  0.197007
5.135118 -0.006898 -0.092402
6.181888 -0.008283  0.200935
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Figure 3.16. Selected calculated molecular orbitals of BNI.
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Conclusion

Described in this thesis are the studies on coupling reactions of carbonyl compounds
with alkenes via oxa-nickelacycle intermediates. The use of alkenes with carbonyl
compounds in the catalytic reactions proceeding via a metallacycle intermediate has been
limited to the highly reactive alkenes, which might be due to the difficulty of the efficient
formation of the metallacycle. Then, I envisioned that the combination of an electron-rich
nickel and a strong electron-donating ligand would promote the formation of metallacycle.
In addition, I envisioned that a highly reactive and versatile Ni(0)-NHC precursor with
labile and less noxious n°-arene ligand would help the coupling reactions of carbonyl
compounds with alkenes.

In chapter 1, the mechanistic studies on a Ni(0)/I'Bu-catalyzed intramolecular
hydroacylation of alkenes were described. All theoretical predictions and experimental
results are well consistent with the conclusion that this intramolecular hydroacylation
proceeds via an oxa-nickelacycle with frans-conformation as a key intermediate.

In chapter 2, a nickel(0)-catalyzed intramolecular reductive coupling reactions of
carbonyl compounds with alkenes were demonstrated. The reductive coupling reaction of
o-allylbenzaldehyde derivatives with triethylsilane provided silyl-protected indanol
derivatives. On the other hand, the reaction of o-homoallylbenzaldehyde derivatives with
triethylsilane gave silyl-protected cyclic allyl alcohol derivatives. In addition, this catalyst
system could be applied to the synthesis of a seven-membered cyclic allyl alcohol. When
triethylborane was employed instead of triethylsilane, tetralol derivatives were obtained.
These studies would provide new strategies for the utilize simple alkenes for nickel(0)-
catalyzed coupling reactions via oxa-nickelacycle intermediates.

During the course of the studies on nickel(0)-catalyzed coupling reactions through
chapters 1 and 2, I focused on a highly reactive and versatile Ni(0)-NHC precursor:
(n®-arene)Ni(NHC) complex. In chapter 3, a practical method for the synthesis of
(n®-arene)Ni(NHC) complexes from commercially available Ni(cod), and NHCs was
developed. The key feature of this method is the hydrogenation of COD. The n’-arene
ligand would be more labile and less noxious than other donor ligands, so (n°-
arene)Ni(NHC) complexes could be very useful precursors of Ni(0)-NHC units in the
field of organic and organometallic chemistry.

In this thesis, the development of the intramolecular coupling reactions of carbonyl
compounds with simple alkenes via oxa-nickelacycle intermediates by using the

combination of an electron-rich nickel and a strong electron-donating ligand as a catalyst
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has been achieved. This result provided that the combination of an electron-rich
transition-metal and a strong electron-donating ligand would promote the formation of
oxa-metallacycles and following transformation into oxygen-containing organic
compounds. In addition, the development of the practical preparation method for highly
reactive and versatile Ni(0)-NHC precursor, (n®-arene)Ni(NHC) complex, has also been
achieved. This result expanded the utility of nickel(0) catalyst. Thus, these studies will

give a significant development in the field of organic and organometallic chemistry.
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