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Chapter 1. General introduction

Catalyst-based molecular transformation processes play an important role not only used
on laboratory scale, but also in the production of chemical industry. Especially, in the
production of the pharmaceutical industry and fine chemicals, a vital matter of waste is
mainly caused by stoichiometric reagents in traditional organic transformations.!!) Highly
active catalysts propose solutions for environmental issues that are becoming more
serious every year. The development of an atom-economical, green, practical
transformation is strongly desired.l?! Transition-metal catalyzed transformation from
readily available starting materials would be a powerful methodology.

For example, A3 (Alkyne, Aldehyde and Amine) coupling reaction, could be used to
allow for propargyl amines with higher atomic efficiency than the traditional Grignard
reaction. The addition reactions such as [2+2+2] cycloaddition, hydroamination, and
hydrosilylation belongs the greenest reactions category, where all atoms from the
reactants are included in the final products. [*) Chapterl part A summarize development
of [2+2+2] cycloaddition since 2010-2020. In addition, Olefin metathesis is widely used
in the fields of organic chemistry, polymer chemistry, and materials science as an efficient
methodology of C-C bonds formation under mild conditions.[*! Ring-opening metathesis
polymerization (ROMP) of olefin metathesis reaction can produce polymers with
excellent heat resistance and transparency by hydrogenation the multiple bonds in the
polymer chain after polymerization.!”’

Metal nanoparticles

Metal nanoparticles (>100 nm) and nanoclusters (<2 nm) (M NPs and NCs) have
attracted significant interest because of their high surface to volume ratios, nano-catalysts
have high catalytic activities. These exceptional features of metal nanoparticles make the
for application, as catalysts, sensing, biology, electronics.[®) Metal nano-catalysis conform
with the twelve principles of green chemistry. The development of metal nano-catalysis
eliminates the need for Ligands, external additives for conventional transformation.l”! The
pioneering work conducted by Haruta, which enabled low-temperature Au NP-catalyzed

CO oxidations, has had a considerable impact on nano-catalysis.[®!

In general, M NPs and M NCs are synthesized from metal precursors by reduction in the
presence of stabilizers in the liquid phase, i.e., the bottom-up method (Scheme 1). The
bottom-up approach has been used to access a variety of M NPs with a size-controlled
NP core in the presence of surface stabilizers.”] However, stabilizers such as phosphine
and thiolate surfactants, and polymers are needed to avoid excess aggregation, which

hampers access to catalytically active unsaturated surface sites.

3



Scheme 1 Schematic diagram of metal nanoparticle preparation pathways

metal Stabilizer Reductant
precursor (e.g. thiol,polymer) (e.g- NaBH4,H,)

Solvent Metal NPs,NCs

Surfactant-free synthesis provides a simple way to provide maximum access to
catalytically active sites. Surfactant-free means preparation in the absence of added
external stabilizing agents. Such metal NPs are stabilized by solvents or the ions of
reducing agents or salts. In catalytic applications of NPs, capping molecules act as
stabilizers and also affect the catalytic performance because of charge transfer between
the metal and stabilizer.'”) The relationship between surface properties and catalytic
behavior is attracting considerable research interest because of its potential importance in
enabling new organic transformations to be achieved. Chapter 1 part B summarize a

development of DMF-protected metal nanoparticles for catalytic application.

In this thesis, research achievement has been devoted to design and applications of a

novel practical, green, and atom-economical catalyst system using metal nanoparticles.

In chapter 2, Au2s(SC2H4Ph)1s nanocluster were found to have high catalytic activity
for hydroamination of terminal alkynes. The reaction proceeds under air or Oz. The
presence of molecular oxygen has a positive effect on the catalyst activity. The catalyst

can be separated from the reaction mixture and reused.

In chapter 3, N,N-dimethylformamide Pd nanoparticles have been achieved cross-
coupling reactions of aryl halides with hydrosilylation/disilanes. The cross-coupling
reactions proceeded without ligands with low catalyst loadings. The Pd nanoparticles

can be recycled five times under both hydrosilane and disilane reaction conditions.

In chapter 4, the combination of DMF protected Fe2O3 NPs and Pt NPs for the
hydrosilylation of various industrially relevant alkenes and tertiary silanes. The DMF-
protected Fe2O3 and Pt NPs catalysts were characterized by TEM, XAFS, and XPS. The
catalyst of DMF-protected Fe2O3 NPs combined with Pt NPs can be recycled for five
cycles by a simple extraction using hexane/DMF. The developed combination Fe2O3 /Pt

NPs catalyst is effective up to the 1-kilogram scale.

Chapter 5 demonstrates the synthesis DMF-protected Ru NPs and their catalytic
performance in Guerbet reaction of primary alcohols. The Ru NPs were prepared in
one-step and thoroughly characterized by TEM, XPS, XAFS, FT-IR, TG-TOF-MS. The



Ru NPs catalyzed Guerbet reaction affords branched alcohols in up to 92 % yield in the

absence of any external ligand and solvent.

In chapter 6, the results and conclusions of the various developments covered in this

thesis have been summarized.



Part A
Transition-Metal-Mediated/Catalyzed Synthesis of Pyridines, Pyrimidines,
and Triazines by [2+ 2+ 2] Cycloaddition Reactions

Six-membered N-heterocycles are widely found scaffolds in compounds in a variety of
fields such as pharmaceuticals, polymers, agrochemicals, and organic dyes.!'! The
[2+2+2] cycloaddition reaction is an atomically efficient reaction using transition metal
complexes with readily available compounds such as alkynes, alkenes, and nitriles.
Nitrogen-containing six-membered heterocycles such as pyridines, pyrimidines, and
triazines are useful in pharmaceuticals and agrochemicals. Pyridines and pyrimidines are
significant structural components of pharmaceuticals (Scheme 1).1?!

1,3,5-Triazines (s-triazines) are also used as bioactive compounds. Atrazine and
simetryn are used as agrochemicals (Scheme 2).1*) These versatile applications of six-
membered N-heterocycles have motivated synthetic chemists to explore efficient and
environmentally benign access to these compound classes.

! t
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7 \( N

Oo._F cl N HN HN
7 H \F( O. iN‘N\CNH /N \©\
N Cl o Cl HoN N/ o:§:o
NH,
Roflumilast Crizotinib Pazopanib Rilpivirine
Scheme 1. Examples of pharmaceuticals with pyridine and pyrimidine units.
1 2
AL XL
NTONTONTS AONTONTONTS
H H H H
Atrazine Simetryn

Scheme 2. Example of s-triazine-containing agrochemicals.

The first successful [2+2+2] cycloaddition was reported by Reppe et al. in 1948.11 This
led to the development of transition- metal-mediated/catalyzed transformations for
synthesizing substituted carbo- and hetero-cyclic rings.®) The synthetic utility of this
reaction type arises from the ease of attaching substituents to aromatic rings. Compared
to the traditional synthetic methods listed in Scheme 3,[®! [24+2+2] cycloaddition is an
efficient alternative for the direct synthesis of N-containing six-membered heterocycles

such as pyridines, pyrimidines, and triazines.



Pyridines i Pyrimidines

Krohnke pyridine synthesis Pinner Condensation
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Hantzsch pyridine synthesis Pinner s-triazine synthesis
o R O ; OH
o o o R20 Nore | JLH . )CL N%N
P RakH * NHiOA P i HN” Ar o e - P
RN R! Ar N™ “Ar

Scheme 3. Representative named reactions for heterocycle synthesis.

In addition, alkynes and nitriles are readily available and easy to handle starting materials.
The development of synthetic methods for pyridines, pyrimidines, and triazines by metal-
mediated/catalyzed [2+2+2] cycloadditions of alkynes/diynes and nitriles has therefore

attracted considerable attention.

2. Synthesis of pyridines
2.1 General pyridine synthesis strategies via [2+2+2] cycloadditions

The proposed reaction mechanism for transition-metal- mediated/catalyzed pyridine
synthesis is based on the common mechanism for cyclotrimerization of three alkyne units.
The proposed overall reaction cycle is shown in Scheme 4. As previously reported,!” there
are two possible reaction pathways. First, pathway (A), which is the most general
mechanism for pyridine construction. The catalytic cycle starts with oxidative addition of
two alkynes or a diyne 1 to form metal cyclopentadiene 2. Reaction with a nitrile via
[2+2] or [4+2] addition, or insertion gives pyridine 3. In the final step, reductive
elimination from the metal center gives a pyridine derivative. In contrast, in pathway (B),
the heterocoupling alkyne and nitrile generates the aza-metallacycle. Subsequent alkyne
insertion or [4+2] addition gives 5, and reductive elimination affords the desired pyridine

derivative.



Pathway A MXLn Pathway B MXLn
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: N
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[ ] [4+2]
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5

Scheme 4. Schematic [2+2+2] cycloaddition of alkynes and nitriles process via (A)
metallacyclopentadiene or (B) azametallacycle as key intermediate.
Group 4 metals (Ti, Zr) and Nb -mediated / catalyzed pyridine synthesis
2.2 Titanium-meditated pyridine synthesis

The early work on the use of Ti(Il) alkoxide, derived from Ti(OPr)4/2'PrMgCl, to
mediate pyridine synthesis was discussed by Urabe et al. (Scheme 5).! The authors
classified the reactions into four type. A divalent Ti(Il) alkoxide reagent enabled
completely regioselective coupling of two different, unsymmetrical acetylenes and a

nitrile to form a single-isomer pyridine.

R
R
I 0 - RPN
[ + ) + TP = 9
L R S0, Tol Ti(OiPr),(SO,Tol)
R
R
I “ R A
Il + + I+ oy —m0m—— SN
R R™ "SO,Ar R )
Ti(OPr)»(N(R)SOLAr
R
R
I — R R
Il + + “‘ + T(OPR, ——————————= “ N
& R “SOAr o
N(R)TI(O'Pr),(SOAr)
0
Et,N__O EtoN Ti(OPr),

"Ti(O'Pr),"

——
+
=
+
==z
+
Py

Scheme 5. Reaction of Ti(O'Pr), with alkynes and nitriles.
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Later, Six and co-workers developed pyridine synthesis by using Ti(O’Pr)4/"BuLi and an
alkynenitrile. The in situ-generated Ti mediates alkyne trimerization and pyridine
synthesis."”) For example, addition of "BuLi (3.3 mmol) to a mixture of diphenylacetylene
(1.0 mmol) and Ti(OiPr)s (2.2 mmol) in THF (10 mL) resulted in formation of
titanacyclopropene species. After stirring for 2 h at 0 °C, a solution of hex-5-ynenitrile
(1.25 mmol) in THF (1.0 mL) was added dropwise. The substituted pyridine was obtained
in 59% yield (Scheme 6).

i
. . N=

ey | ™ opr | 1sewn  Pho
Ph—=—=—ph J]:Ti

—_— |

o'Pr Ph” N7
59%

Ph

Scheme 6. Synthesis of fused bicyclic pyridine by Ti(OiPr)s/nBuLi-mediated cycloaddition.

2.3 Zirconium- mediated pyridine synthesis

Early work for Zirconium mediated [2+2+2] cycloaddition of alkyne with nitrile was
reported by Takahashi and co-workers. The selective synthesis of pyridines, pyridones,
and iminopyridines from two different alkynes were conducted via aza-zirconacycle.[”!
The reaction of Cp2ZrEt2 with the first alkyne and nitrile gave aza-
zirconacyclopentadiene. The aza-zirconacycle reacted with the second alkyne and
NiCl2(PPhs)2 to give the corresponding penta-substituted pyridine (Scheme 7). The
reaction of CuCl, aza-zirconacyclopentadiene, and propargyl bromide gave

tetrasubstituted pyridine derivatives in excellent yields (Scheme 8).

™S R3——~Ph TMS

R R3 R’

CpZrBu, = 2nd alkyne X

TMS——=—R! CpozZr, |
R?CN N™ “R2 NiCl,(PPhs), Ph” "N~ "R2

1st alkyne
selected examples GC yields, Isolated Yields are given in parentheses
77(52)% 5(53)% 2(49)% 9(59)% 58(45)%

Scheme 7. Cp2ZrBuy/NiCly(PPhs)-mediated substituted pyridine synthesis.



Br

R’ =/ R'
2 2
CpZrBu, S 2nd alkyne R
11— 2
R'-—=—R -  CpoZr, _ |
RCN N~ g3 cucl R3ON

1st alkyne

selected examples GC yields, Isolated Yields are given in parentheses

Et Pr Ph TMS TES
Eta AL Pre AL Ph | X Eta AL Ph AL
| pZ | pZ i~ | pZ | pZ
Ph N Et N Pr N Ph N Et N
98(77)% 57(43)% 66(57)% 54(46)% 94(81)%

Scheme 8. Substituted pyridine synthesis mediated by Cp>ZrBu,/CuCl.

A subsequent study showed that aza-zirconacyclopentadiene can be used in one-pot
pyridine synthesis.[”! For example, the reaction of a aza-zirconacyclopentadiene derived
from 3-hexyne and acetonitrile with 4-octyne gave the corresponding pyridine in 86%
yield (Scheme 9).

iii) "Pr—=—=-"Pr
2nd alkyne
Et 2.5 mmol, Et
i) CpZrEt, Et iv) NiCly(PPh3), Et Pr
1 mmol = 1 mmol N
Et—=—Et CPoZr( _ -
ii) MeCN N N~ “Pr
1 mmol 1 mmol 50°C,9h 86%

single isomer

Scheme 9. One-pot pyridine synthesis.
2.4 Niobium-catalyzed pyridine synthesis

Niobium complexes consisting of low-valent Nb(III) and a Lewis acid have good
reactivities.!'?) In 2013, Satoh and Obora reported a low-valent-Nb-catalyzed pyridine
synthesis.!'¥] The reaction of tert-butyl acetylene (1 mmol) and benzonitrile (3 mmol) in
the presence of a catalytic amount of NbCls (20 mol%), zinc (20 mol%), and Ph2Si(OMe)2
(60 mol%) as an additive in toluene at 80 °C gave the 2,3,6-trisubstitued pyridine in 80%
yield (Scheme 10). A mechanistic experiment indicated that cycloaddition proceeds via a

five-membered niobacyclic intermediate (Scheme 11).
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¢at. NbClg (20 mol%)

Zn (120 mol%) ‘Bu
Ph,Si(OMe), (60 mol%) SN
t —_— — >
Bu— + Ph—=N toluene Pz Ph
80C,16 h
Bu
82%

Scheme 10. Low-valent-Nb(III)-catalyzed [2+2+2] cycloaddition of two terminal alkynes and nitrile.

[Nb] D,0 (DH  H(D)

Bu Bu .
— - \ By \ //'Bu
cat NbClg (20 mol%)
t o . Zn (120 mol%) 717?’;A)D
Bu—= *+ Ph—=N Ph,Si(OMe), (60 mol%) (77%0)
0.5 mmol 1.5 mmol Toluene (3 mL)
Nb
. 3h [Nb] D,0 (D)H NH (OH 0
— 4 [
n.d. n.d.

Scheme 11. investigation of formation of niobacyclic intermediates.
Group 8 metals (Fe,Ru) catalyzed pyridine synthesis
2.5 Tron-catalyzed pyridine synthesis

In 2011, Louie et al. reported that Fe(OAc)2/sterically hindered pyridylbisimine ligands
catalyzed [2+2+2] cycloadditions of alkynenitriles and alkynes (Scheme 12).14 The
reaction of alkynenitrile with 5-decyne in the presence of a catalytic amount (1 mol%) of
Fe(OAc)2 and pyridylbisimine ligand (13 mol%), and Zn (20 mol%) in THF at room
temperature gave the desired pyridine in 70% yield This system afforded various
substituted pyridines.

cat Fe(OAC), (10 mol%)

ﬁ\
Pr Ny Pr
L
BnO Pr Pr

_ 13 mol%
MeO,C - Zn (20 mol% n
ool v =y n@mon) o K e
eO, =N THF, 24 h, rt | Pz

MeOzC N "By

OBn

70% yield
Scheme 12. Fe(OAc)./pyridylbisimine ligand-catalyzed reaction of alkynenitrile and alkyne.
Wan et al. reported the Fe-catalyzed regioselective cycloaddition of a diyne and nirile,!!*!
and the pyridine derivative was obtained in excellent yield in the presence of Fel2 (5
mol%), dppp (10 mol%), and Zn (10 mol%) (Scheme 13). The use of easily accessible

11



phosphine ligand generates highly active catalyst for the [2+2+2] cycloaddition.

cat- Fel, (5 mol%)
dppp (10 mol%)

=S Zn (10 mol%) MeO,C A
MeOzC>< * Ph—=N MeO,C | _N
MeO,C — THF, rt, 24 h, 2

quant.

Ph

Scheme 13. Fe/dppp-catalyzed cycloaddition of diyne and benzonitrile.

Fe-catalyzed regioselective cycloaddition of a diyne and cyanamide reported Wan and
co-workers.['®! 2-Aminopyridine was obtained in excellent yield. In typical procedure, a
mixture of diyne (0.75 mmol), cyanamide and PPh3(10 mol %) in THF was heated at
135 °C for 24 h in the presence Felz (5 mol%) and dppp (10 mol%) reduced by Zn (10

mol%). The corresponding 2-aminopyridine was obtained in 92% yield (Scheme 14).

cat- Fel, (5 mol%)

dppp (10 mol%) ,L

MeO,C :: . \N —y Zn (10 mol%) _ MeOC I\ ~
MeOC™ \__— / THF, rt, 24 h, MeO,C 2N

92% isolated yield

Scheme 14. Fe/dppp-catalyzed cycloaddition of diyne and cyanamide.

In 2014, Renaud et al. reported pyridine ring construction by using air-stable Fe(ll)
complex and phosphine ligand.!'”! The combination of 10 mol% [CpFe(naphth)][PFs] and
10 mol% generates an active catalyst, which can be used for the [2+2+2] cycloaddition

of diyne and acetonitrile (Scheme 15). The desired pyridine was obtained in 81%.

cal. CpFe(naphth)[PFg]

(10 mol%)
OMe
MeO P
— ome /. X
TsN + Me—=N N n
~
— toluene,
MW,120 °C
1 min, 81% isolated yield

Scheme 15. Fe-catalyzed [2+2+2] cycloaddition of diyne and nitrile.

In 2017, Louie’s group reported a Fe/*PDAl-catalyzed [2+2+2] pyridine synthesis.!?!
Terminal alkyne and cyanamide were reacted in toluene at room temperature for 24 h in
the presence of Felz (5 mol%), MSPDAI (10 mol%), and Zn (10 mol%). The reaction gave

12



the corresponding 2,4-disubstituted 2-aminopyridine regio- and chemo-selectively
(Scheme 16). A mechanistic experiment showed that using an excess of cyanamide caused
formation of a catalytically inactive Fe complex (Scheme 17).

cat. Fel, (5 mol%) |

Ph N
MespDAI (10 mol%) | X
\ 0 N
/ toluene, 24 h, 3 h Ph

93% isolated yield
Scheme 16. Fe/M*PDAI-catalyzed cycloaddition of terminal alkyne and cyanamide.

l\
0
Ar” \FefN SAr
\N/<\ /
I NN~ Ph SN
/ N N
e N 5 mol% | _ . | P
P—= + N—=N Ph” N T/ SNTONTONT
| |
not detected trace

Scheme 17. Mechanistic exploration of formation of catalytically inactive species.

An Fe/PDAl-catalyzed cycloaddition was used to synthesize an estrogen receptor ligand.
Cycloaddition and subsequent deprotection gave the estrogen ligand in 70% overall yield
(Scheme 18).

cat- Fel, (5 mol%)

MespDAI (10 mol%) KOH
TBSO@—: + H Zn (10 mol%) 3 equiv
N Ph
N/// h toluene EtOH f“l/\/
Overall yield

70%

Scheme 18. Synthesis of estrogen ligand via Fe-catalyzed [2+2+2] cycloaddition.
2.6 Ruthenium-catalyzed pyridine synthesis

In 2011 Deiters and co-workers reported Ru-catalyzed [2+2+2] cycloaddition of diyne
and an electron-deficient thiazocarbonitrile.!”” The reaction of diyne and nitrile in the
presence of 5 mol% Cp*RuCl(cod) (Cp* = 1,2,3,4,5-pentamethyl-cyclopentadienyl) in
dichloroethane gave the desired pyridine derivatives in 95% yield (Scheme 19).
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cal. Cp*RuCl(cod)

S/\>‘
_ « ) —CO,Et
Et0,C./ — | SN 5 mol% EtO,C NN
E10,C” < * J: ;- DCE EtO,C 2N
2 = Eto,c” N

60 °C, 20 h

95%

Scheme 19. Ru-catalysed [2+2+2] cycloaddition of diyne and thiazolecarbonitrile.

In 2012, Perez-Castells and co-workers reported Hoveyda-Grubbs 2nd catalyst serve as
efficient activity for [2+2+2] cycloaddition diyne and nitirles.?’ In a typical procedure,
diyne reacted with malononitrile using Ru-catalyst (5 mol%) at 90 °C for 15 min gave the
corresponding pyridine (Scheme 20).

cat.

Mes—Ns—=N-Mes
o |

o
-0

BnOZC:< = . <CN 5 mol% BnO,C NN
BnOzC — CN DCE BnOzC N

90 °C, 15 min

95%

Scheme 20. Ru-carbene catalyzed [2+2+2] cycloaddition of diyne with malononitrile.

In 2017, Michelet et al. reported the Ru-catalyzed [2+2+2] cycloaddition of diynes and
cyanamide (Scheme 21).2! The Cp*Ru(MeCN):PFs catalyst showed high catalytic
activity in 2-aminopyridine synthesis. When this reaction was performed with 1 mol% of
Cp*Ru(MeCN)3PFg, diyne (0.5 mmol), and cyanamide (1 mmol) at room temperature for
5 min under Ar, the corresponding 2-aminopyridine was obtained in 95% yield. The

reaction proceeds under additional ligand and additive-free conditions.

MeO,C. < — .
M602C —

Scheme 21. Synthesis of 2-aminopyridine derivatives by Ru-catalyzed [2+2+2] cycloaddition.

o (\ 0
j %8t Cp*Ru(MeCN);PFg 1 mol% N

MeO,C |

solvent-free, MeO,C
rt, 5 min

~-N

Z2=/2=

95%

Michelet group also reported applications of Cp*Ru(MeCN)sPFe-catalyzed
[2+2+2]cycloaddition.?? A mixture of diyne (0.5 mmol) and cyanamide was heated at
50 °C for 2 h. As a result, the corresponding 2-aminopyridine was obtained in 82% yield.
In addition, a gram-scale synthesis of [2+2+2] cycloaddition was demonstrated (Scheme
22).
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g N—=N
(A
a)

N A

Q

b)
X S —. O - 8
cat Cp o _ cat Gp o N
Cp"Ru(MeCN)3PFg 5 mol% Z N/\ MeO,C = [ j Cp"Ru(MeCN)3PFg 2 mol% MeO,C. ‘ Y
. . -
0 DCM (1 M) a K/o MeO,C — N A: solvent-free Me0,C 2N
H 50C,2h H - \‘\ , 5 min
o ~o N

58% 5mmol1.04g 2.0 equiv 1.31g, 82%

Scheme 22. Application of (a) late-stage functionalization and (b) gram-scale synthesis.

Recently, In 2018, Michelet and Ratovelomanana-Vidal group reported Ru-catalyzed
synthesis of azafluorenone.?® Typically, azafluorenone were obtained by the reaction of
benzoyl bridged diyne with cyanamide (3 equiv) in the presence of Cp*Ru(MeCN)3PFe
(2 mol%) as catalyst. The reaction proceeded smoothly under solvent-free conditions and

gave the desired pyridine in 87% yield (Scheme 23).

o n
0 Bu
"By cat Cp*Ru(MeCN)3PFg 2 mol% B
+ — N
CN N solvent-free —
35°C, 10 min NQ
87%

Scheme 23. Synthesis of 2-azafluorenone by Ru-catalysed [2+2+2] cycloaddition.
Ratovelomanana-Vidal group reported Cp*Ru(MeCN)3PFs under microwave irradiation
was found to be an effective catalyst for the synthesis of 2-aminopyridines.?* The reaction
of diyne and cyanamide with [Cp*Ru(MeCN)3]PFs under 50 W microwave irradiation in
MeTHF at 50 °C for 10 min gave the desired 2-aminopyridine quantitatively (Scheme
24).

o
;o= —\ cat. [Cp*Ru(MeCN);]PFg 2 mol% N N\)
Ts—N + 0 N—=N > Ts—N ||
— g _/ MeTHF _N
50 °C,
MW 50W, 15 min Br
quant.

Scheme 24. Synthesis of 2-azafluorenone by Ru-catalysed [2+2+2] cycloaddition.

In 2017, Goswami and Chowdhury developed chemo- and regio- selective [2+2+2]
cycloaddition.?®> The reaction of diyne and N-cyanoindole was carried out under open-
flask and solvent-free conditions (Scheme 25). The desired 1-(2-pyridyl)indoles was
obtained in 93% vyield. This protocol provides a method of synthesis of indole N-
substituted pyridines to use readily accessible catalyst under low catalyst loading and

solvent- free conditions.
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(0]
O —
— ¢at. Cp*RuCl(cod) 0.5 mol% N
EtO,C — EtO,C | N
. * EtO,C _N

/
EtO,C N open-flask, solvent-free
¢

rt, 5 min

N 93%

Scheme 25. Synthesis of 1-(2-pyridyl) indole scaffolds by Ru-catalysed [2+2+2] cycloaddition.
Later, Goswami group reported the synthesis of 2-aryloxypyridine and 2,2°/ 2,3’-
diaryloxybipyridine.?® The reaction of diyne and phenyl cyanate with Cp*RuCl(cod) (2
mol%) under solvent-free condition at room temperature gave the corresponding 2-
aryloxypyridine in 90% yield (Scheme 26). This reaction also led to the formation of 2,2’

and 2,3’-diaryloxybipyridines from the reaction of tetraynes with aryl cyanates.

OCN

t o -
f0,C _ cal. Cp*Ru(cod)Cl 2 mol% MeOZCWO\Q
+
EtO,C : — solvent-free MeO,C 2N

rt, 2 min

90%

Scheme 26. The synthesis of 2-aryloxypyridine by Ru-catalyzed [2+2+2] cycloaddition.

Goswami et al. reported an additive-dependent 2-alkynylpyridine synthesis.?’
Cp*RuCl(cod) (3 mol%) and AgOTT (3 mol%) in dimethoxyethane at room temperature
catalyzed the selective [2+2+2] cycloaddition of diyne and alkynenitrile. The reaction
proceeds smoothly to give the corresponding 2-alkynylpyridine in excellent yield
(Scheme 27). When the reaction was performed without AgOTT, the benzene derivative
was obtained in 62% yield (Scheme 28).

¢at. Cp*RuCl(cod) 3 mol% Ph
EtO,C — AgOTf 3 mol% =
><: + Ph———=CN EtO,C | X

EtO,C = DME (0.5 mL) EtO,C _N

T rt, 2-15 min

yield up to 86%

Scheme 27. Synthesis of 2-alkynylpyridines via Ru-catalyzed [2+2+2] cycloaddition of diyne and

alkynenitrile.
cat cp*RuCl(cod)
cat. cp*RuCl(cod) o 0 3 mol%
3 mol% t0.C /—— AgOTf 3 mol%
EtO,C (] - || [ ———— EtO,C X o
EtO,C Q DME (0.5 mL) EtO,C = N DME (0.5 mL) EtO,C _N
CN rt, 30 min rt, 2-3 min
Benzene Pyridine
62% 81%

Scheme 28. Additive-controlled chemoselective [2+2+2] cycloaddition to give pyridine or benzene.
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The [2+2+2] cycloaddition of an alkynyltriazene and nitrile in the presence of 5 mol%
[Cp*Ru] was reported in 2019 by Cramer’s group.?® In this reaction, the cycloaddition
proceeds regioselectively with Cp*Ru(MeCN)3PFs (10 mol%)/BusNI (16 mol%)
(Scheme 29). The Cp*Ru(MeCN)s:PFs system was effective in the reactions of
triazenyldiynes and various nitriles to give pyridyl triazenes with good regioselectivity.
The product regioselectivity arises from introduction of the triazenyl group and yields a
more sterically hindered product.

cat Cp*Ru(MeCN);PFg 10 mol%

— | Bu,NI 16 mol% NsR'
o + R/N\N/,N S 4 ° - Cl AN 32
< =N N 1,4-dioxane, 100 °C, 1 h =

Selected examples

A N3Pr, N;Pr, N N3'Pr,
N MeO,C 7 TsN ¢

1% 61% 95%
AN N3iPr2 BN N3iCy2 BN N3iPr2
TsN | N/ TsN | N/ TsN | N/ Ph
54% 60% 52%

Scheme 29. Synthesis of pyridylriazenes from nitriles and alkynyltriazine.

To date, several examples of Ru-catalyzed selenopyridine have been reported (Scheme
30)**3° Both Cp*RuCl(cod) and Cp*Ru(MeCN):PFs complex catalyst system gave
excellent yields, respectively. Goswami reported an efficient catalytic system for
selenopyridine synthesis under short reaction time and external ligand or additive free
condition. Ratovelomanana-Vidal et al. demonstrated synthesis of various diaryl selenium

derivatives and post-functionalization of cycloadduct.
a) Goswami et al. b) Ratovelomanana-Vidal et al.
EO,C —= SecN @ Cp*RuCl(cod) 2 mol% . Se MeO,C_—= SeCN  cat [Gp*Ru(MeCN);IPFs 5 mol% !
. — T - EOC N . . Se
E'°?°><:: @ nF;on:n Et02c><jCN( \© Me02C><:: 80 Pcc,ieh ng;gm \©
90% 90%

Scheme 30 Synthesis of selenopyridines by Ru-catalysed diyne and selenocyanates.
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Group 9 metal catalyzed pyridine synthesis
2.7 Cobalt-catalyzed pyridine synthesis

Co complexes show high catalytic activities in [2+2+2] cycloadditions, and pyridine
synthesis via various Co-catalyzed [2+2+2] reactions has been reported. CpCoL2 [Cp =
cyclopentadienyl; L = CO, PR3, cod (cyclooctadiene)] systems have enabled enantio- and
regio-selective pyridine synthesis and have featured in several reviews.*!]

In 2010, Mclver and Deiters reported a tricyclic alkaloid core structures using
CpCo(CO)2 under microwave irradiation (300 W).*! The diyne and cyano alcohol gave
the fused bicyclic pyridine rings in 90% yield (Scheme 31).

N HO e CpCo(CO), OH
\\/\/\\ + 20 mol% | X
N N
toluene, 150 °C,
MW (300 W) 90%

Scheme 31. Co-mediated [2+2+2] cyclotrimerization.
The optimized conditions have been applied to the synthesis of citrinadin A and B core.
The alkaloid core structures derived the overall yield from diyne was 30% and 28%,

respectively. (Scheme 32).

TMS
3 Mscl
1. %@ CpCo(CO), 20 mol%
HO xylenes, 150 °C, N
_(\‘)n—\ _\ MW (300 W) DCM
2. KF, MW 4. NaBH,
n=2 H,O/THF MeOH/H,0 n =2, 30% ; overall yield from substrate
n=1 n =1, 28% ; overall yield from substrate

Scheme 32. Construction of the scaffolds of Citrinadin A and B
In 2010, Siegel and co-workers developed Co-mediated [2+2+2] cycloaddition for total
synthesis of (+)-complanadine A (Scheme 33).1%*]

Me,

:> ( \ + :> +
A N N (N CN (N CN I
¢ «wMe R ,:'\/\ ) X ) \\
desilylation — :"'IN/ [2+2+2] ~ N R R ™S
Y / cycloaddition \
[2+2+2] desilylation

cycloaddition
(+)-complanadine A

Scheme 33. Retrosynthetic analysis for Complanadine A.
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The first ring construction succeeded regioselectively in the presence of CpCo(CO): at
140 °C in THF (Scheme 34). For example, the desired pyridine was obtained in 79%. The
second ring construction required excess amount of PPhs (8 equiv) by using formyl group

derivative (Scheme 35).

Me,
Me,
Me, ™S ’
CpCo(CO (
. || pCo(CO), ( N N | SN
CN || THF, 140 °C N | SN Bn =
N Bn ¥
Bn T™S N Il
™S ™S
™S
79% 3%

| CpCo(CO), 1equiv
. ( PPh; 8 equiv
- .
CN THF, 140°C, 5 h
TR

Scheme 35. Co-mediated second [2+2+2] cycloaddition.

Siegel group reported the synthesis of Lycodine derivatives and the controlled-formation
of 2,3’-bipyridyl core.** The effect of Lewis-basic additives was examined. The use of
PPhs proved to be best reactivity and regioselectivity. The use of PPh3 led to selective
formation of 2,3’-bipyridyl core, whereas additive-free condition led to form 2,2’-

bipyridyl core (Scheme 36).
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Me

( CN
LS
07 "NMe,
( CpCo(CO),
N SN Additive *
Bn ‘
R THF, 140 °C ~Me
T™S
A
Additive ratio (A: B)  yield Additive ratio (A : B) yield
no additive 1:4 50% AsPh; 1:13 35%
PPh3 1:11 44% P(o-toluyl) 1:2 32%
DMAP 15:1 20% DPPE - 0%
P(2-furyl) - 0%

Scheme 36. Screening of Lewis basic additives.

In 2011, Sugiyama and Okamoto reported Co-catalyzed [2+2+2] cycloaddition of o ® -
diyne with nitrile.* The dppe (1,2-bis(diphenylphosphino)ethane), CoClz2:6H20 and Zn
system was found to be an effective catalyst for pyridine synthesis in excellent yields at
room temperature to 50 °C in NMP(N-methylpyrrolidone) (Scheme 37).

3t CoCly'6H,0 5 mol%

dppp 6 mol%
Et0,C. < =, oe=N Zn 10 mol% Et0,C o
EtO,C — NMP EtO,C N
rtto110 °C
20 equiv 96%

Scheme 37. Annulated pyridine synthesis via Co/dppp-catalyzed cycloaddition.

In 2012, Gandon et al. reported Co-catalyzed cycloaddition between yne—ynamides and
nitriles.*®! The use of [CpCo(CO)(dmfu)] (dmfu = dimethyl fumarate) as a pre-catalyst
enabled the use of cyanoformates as a CN substrate. Cycloaddition of an yne—ynamide
and nitrile was performed with 10 mol% [CpCo(CO)(dmfu)] at 110 °C in toluene
(Scheme 38). The corresponding 3-aminopyridine was obtained in 72% yield. A wide
range of functional groups survived the reaction conditions. Replacing the yne—ynamide
substitution pattern switched the product regioselectivity from 3-aminopyridine to 4-
aminopyridine. Density functional theory (DFT) calculations indicate that a formal [4+2]

cycloaddition is responsible for 3-aminopyridine formation.
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V4

‘ X
cat CpCo(dmfu) 10 mol% N N
N——=—Tms * Me—=N !
toluene Ts TMS
Ts 110 °C, 15 h

2%

Scheme 38. [CpCo(CO)(dmfu)]-catalyzed [2+2+2] cycloaddition of acetonitrile with yne—ynamide to
give 3-aminopyridine.

In 2013, Hapke reported the use of [CpCo(H2C=CHSiMe3)] (5 mol%) as an efficient
catalyst for [24+2+2] cycloaddition.*”! It is noteworthy that they described various CpCo'
complexes synthesis either olefin-phosphite ligands and two phosphite ligands. In one
example, 1,6-heptadiyne was allowed to react with benzonitirle in the presence of Co
complex in THF at 50 °C for 15 h to give the cycloaddition product in excellent yield
(Scheme 39).

cat.

<

Co
TMSTXY  P(OPh)s
= Ph

- 5 mol% N
+ Ph—=N \ N
— THF z

50°C, 15 h 98%

Scheme 39 [CpCo(H2C=CHSiMe3)]-catalyzed [2+2+2] cycloaddition of diyne and benzonitrile.

In 2013, Hapke reported synthesis air stable- and recyclable CpCo'-complex and their
catalytic use of [24+2+2] cycloaddition.*®! To solution of Co-complex catalyst, diyne and
benzonitrile were added. The mixture was stirred at 100 °C for 3h, and then the desired

pyridine was obtained in excellent yield (scheme 40).

cat.

o GOOCH;
(EtO)sP~ >/
COOCH;

= 5 mol% ~Fh
< — * Ph—=N toluene ‘ N
— =

100°C, 3h

Scheme 40. indenyl Co-catalyzed [2+2+2] cycloaddition of diyne and benzonitrile.

Hapke group also demonstrated catalytic activities various Co-catalyzed asymmetric
[2+2+2] cycloaddition.*”! The photochemical cycloaddition of the diynes and nitriles
catalyzed by [CpCo(cod)] was found to serve as an efficient synthetic route to the
construction of the heterobiaryls (Scheme 4la). The use of [CpCo(trans-
MeO:CHC=CHCO:2Me){P(OEt);}] under microwave conditions were shown to be
effective to the access of (Scheme 41b). Furthermore, the five-membered ring backbone

substituents affect the configurational stability of biaryl axis.
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a) b) cat.
o GOOCH;
s (B0

COOCH; N
TN || N
>

Ph
‘ cat[CpCo(cod)]
‘ ‘ ‘ ‘ . o= 10 mol% 10 mol%

OM
OMe THF, hv, 0°C toluene, OO ¢
OlO MW, 140 °C

Scheme 41. Representative examples of Co-catalyzed [2+2+2] cycloaddition of diynes and

benzonitrile.

In an extension of these works, Hapke et al. reported the development of Co-indenyl
complex-catalyzed asymmetric [2+2+2] cycloadditions.*”) For example, the reaction of
a naphthyldiyne with nitrile was performed in the presence of Co complex in THF at room
temperature for 24 h under photochemical conditions. The desired arylpyridine was
obtained in 86% yield and with 64% ee (Scheme 42). In another example, chiral indenyl

Co catalyst succeed in enantioselective synthesis of heterobiaryl in 80% ee.

cat.
'Pr,

<<

/ '}
Co
(Et0):P” %

P(OEt)3

‘ ‘ ‘ ‘ +  Ph—=N 5 mol%

OMe THF
OO 0°C, hv, 24 h

Scheme 42. Enantioselective synthesis of hetrobiaryl.

86%,64% ee (R)

In 2017, Kawatsura et al. reported Co-catalyzed synthesis of trifluoromethyl-substituted
ethyl picolinate derivatives.*!! In typical procedure, the reaction of trifluolomethyl-
substituted internal alkyne and ethyl cyanoformate was carried out by using Col220 mol%
and dcype 40 mol% (1,2-bis(dicyclohexylphoshino)ethane) in THF for 16 h. The desired

substituted picolinate was obtained in 94% (Scheme 43).

cat. Col, 20 mol%

dcype 40 mol% CFs
O Zn 1.2 equiv Ph -~ COaEt
Ph—="CF Eto)\\ B [N
NN ;THF Ph =
60 °C,15h CF,
94%

Scheme 43. Co- catalyzed [2+2+2] cycloaddition of trifluoromethyl substituted internal alkyne and

cyanoformate.
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2.8 Rhodium-catalyzed pyridine synthesis

The early work on Rh based [2+2+2] cycloadditions of alkynes and nitriles was
performed by Tanaka et al.**!In 2013, Gandon et al. reported [2+2+2] cycloaddition of
diyne and sulfonimines.**} In the presence of 2.5 mol% [Rh(hexadiene)Cl]> and
diphosphine ligand (5 mol%), and AgSbFs (5 mol%), the reaction of diyne and oxime at
80 °C for 48 h gave the corresponding pyridine in 77% yield and 92% ee (Scheme 44).

¢t [Rh(hexadiene)Cl], 2.5 mol%

Et = R)-ditBu-MeOBiphep 5 mol%
02C>< + ']‘lsozph ® Phep . EtO,C | SNSO,Ph
EtO,C = AgSbFg (5 mol%) EtO,C =
2 Ph DCE (3 mL) 2 Ph
i, 3h

77% vyield, 92%ee

Scheme 44. Rh-catalyzed [2+2+2] cycloaddition of diyne and sulfonimine.

In 2013, Wan et al. reported the synthesis of pyridine derivatives via [2+2+2]
cycloaddition of diyne and oxime.[**! In typical procedure, a mixture of diyne with oxime
in the presence of 5 mol% [Rh(cod):]BFs combined with 6 mol% dppf(l,1'-
Bis(diphenylphosphino)ferrocene) and 4A molecular sieves (200 mg) was heated at 80 °C
for 48 h. The corresponding pyridine was obtained in 69% yield (Scheme 45).

¢at [Rh(cod),]BF4 5 mol%
EtO,C — ,OH dppf 6 mol%
2 X N /Ill\l EtO,C N
EtO,C = CF3CH,0H (3 mL) EtO,C >
2 Ph 4A MS, 80 °C, 48 h Ph
yield up to 69%

Scheme 45. Rh-catalyzed [2+2+2] cycloaddition of diyne and oxime.

In 2016, Tanaka et al. developed cationic Rh(I)/(S)-Hs-BINAP complex-catalyzed
atroposelective [2+2+2] cycloadditions (Scheme 46).1*] For example, the reaction of a
diyne with a nitrile was performed in the presence of Rh(cod)2BF4 (10 mol%) and (S)-
Hs—BINAP (10 mol%) in dichloromethane at room temperature for 16 h. This produced
the desired arylpyridine in 80% yield and with 99% ee. The optimized reaction tolerated
a range of diynes and nitriles (up to 89% yield and 98%ee). Decreased enantioselectivity
was observed when ortho methoxy and methoxycarbonyl substituents were present on the
phenyl group of the diynes. It should be noted that when the ortho substituents were alkyl
groups, the regioselectivity switched to give achiral 6-arylpyridines in high yield. The

proposed reaction mechanism is shown in Scheme 47.
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R1
5 %L Rh(cod),BF 4/(S)-Hg-BINAP
COR
= 10 mol%
Z * l
= R? z dichloromethane, rt, 16 h

R'

3
X COR

R2
chiral
R'=halogen:high ee
R'=OMe, CO,Me: low ee

Selected Examples

Br (0]
EtO,C N

OEt
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EtO,C N o EtO,C N e
_N E10,C _N _N

Et0,C Et0,C

80%,99%ee 93%,98%ee 89%,98%ee
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Et0,C
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N
% OEt
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Scheme 46. Rh-catalyzed atroposelective [2+2+2] cycloaddition of diyne and nitrile.

T R
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/ /
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Scheme 47. Two possible reaction pathways: (a) chiral 3-arylpyridine and (b) achiral 6-arylpyridine

synthesis.
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2.9 Iridium-catalyzed pyridine synthesis

In 2012, Takeuchi et al. reported Ir/dppf- or BINAP-catalyzed reactions of various
aliphatic nitriles.[*®! Typically, penta-substituted pyridines were obtained by the reaction
of 2,7-nonadiyne with benzonitrile (3 equiv) in the presence of [Ir(cod)Cl]2 (1 mol%) and
dppf (2 mol%). Reaction in refluxing benzene for 1 h gave the desired pyridine in 91%
yield (Scheme 48). DFT calculations indicate that formal [4+2] cycloaddition is
responsible for the formation of 3-aminopyridine. The enantioselective synthesis of

pyridine was achieved by kinetic resolution of racemic nitrile (Scheme 49).
eat [1r(cod)Cl], (1 mol%) Ph

__+ Ph-CN MeO,C _N
MeO,C S benzene, 80 °C, 3 h

91 % yield

Scheme 48. Ir/BINAP-catalyzed [2+2+2] cycloaddition of diyne and nitrile.

cat [Ir(cod)Cl], (4 mol%)

MeO,C —= Ph R)-BINAP (8 mol%
>< N \g/ (R) (8 mol%)
MeO,C “—= CN

20 equiv 75%, 80% ee

Scheme 49. Enantioselective cycloaddition of diyne and nitrile.

Takeuchi and co-workers showed that the same Ir/biphosphine catalytic system could be
used for the cycloaddition of an a,m-diyne and acyl cyanide.[*’”! The [Ir(cod)Cl]2/rac-
BINAP combination generates a highly active catalyst, which was used for regioselective
[2+2+2] cycloaddition of diyne and acyl cyanide to give the desired acylpyridine in 99%
yield (Scheme 50). Although it is difficult to introduce functional groups at the 2-position
of pyridine, [2+2+2] cycloaddition of o,w-diynes with aliphatic, aromatic, or
heteroaromatic acyl cyanides gave 2-acylpyridines.

cat 1ir(cod)Cl], (4 mol%)

MeO,C :: Ph R)-BINAP (8 mol%
+ \g/ ( ) ( mo 0) _
MeO,C = CN

20 equiv 75%, 80% ee

Scheme 50. Synthesis of 2-acylpyridine catalyzed by [Ir(cod)Cl]»/rac-BINAP.
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In an extension of these works, synthesis of multisubstituted azatriohenylene reported
by Takeuchi group.[*®! In typical procedure, a mixture of biaryl-linked diyne and nitrile
was added to [Ir(cod)Cl]2 (1 mol%) and dppf (2 mol%) in toluene. The corresponding
azatriphenylene was obtained in 91% yield (Scheme 51). Various nitrile and
functionalized biaryl-linked diyne can be applied to [2+2+2] cycloaddition.

cat. [Ir(cod)Cl], 1 mol%

dppf 2 mol%
+ Ph—=N

benzene, reflux, 24 h

91% yield

Scheme 51. Ir-catalyzed [2+2+2] cycloaddition of biaryl-linked diyne with nitrile.

Ni- and group 11 metals (Cu, Au)-mediated /catalyzed pyridine synthesis
2.10 Nickel-catalyzed pyridine synthesis
In 2011, Louie et al. disclosed the reaction mechanism of the Ni-NHC-catalyzed [2+2+2]

(4 For example, the reaction of diyne with cyanamide

cycloaddition of diynes and nitriles.
in the presence of Ni(cod)2 (5 mol%) and IPr [IPr = 1,3-bis(2,6-diisopropylphenyl)
imidazolidine] (10 mol%) gave the 2-aminopyridine in 99% yield (Scheme 52). The
proposed catalytic cycle, which is based on a subsequent mechanistic study, is shown in
Scheme 53.1°Y This reaction is initiated by selective binding of the nitrile over alkyne (A).
Subsequent IPr ligand loss and oxidative heterocoupling of an alkyne and the nitrile occur
at the Ni center (B). Insertion of a second alkyne leads to the nickelacyclic
cycloheptatriene intermediate (C). Reductive elimination and IPr coordination complete

the catalytic cycle and produce the corresponding pyridine derivative.

cat- Ni(cod), (5 mol%) |

MeO,C ><:: \ IMes (10 mol%) MeO,C | LN
+ N——=N - >
MeO,C — Vi toluene, rt, 30 min MeO,C N

99%

Scheme 52. Ni/IPr;-catalyzed 2-aminopyridine synthesis.
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IPr Ni(IPr),
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|
No / IPre, .
poNFN=—R1 (A)

\/R AIPr
N
Ni (IPrNilJ
e =%
R R

Scheme 53. Proposed catalytic cycle in the Ni catalyzed [2+2+2] cycloaddition

Louie’s group later reported the use of catalytic amounts of Ni(cod)2 and SIPr [SIPr =
1,3-bis(2,6-diisopropylphenyl)imidazolidine] in 3,5-disubstituted 2-iminopyridine
synthesis (Scheme 54).°!1 In a typical procedure, a mixture of 1-pentyne and N-butyl-N-
tosylcyanamide was added to Ni(cod)2 (5 mol%) and SIPr (10 mol%) in toluene. The
mixture was stirred at room temperature for 4 h. The corresponding 2-aminopyridine was

obtained in 68% yield and 3-aminopyridine was obtained in 5% yield as a by-product.

Ph
cat Ni(cod), (5 mol%) br Pr
T SIPr (10 mol%) | X | N
Pr— + \N_:N = Ts + i~ s
BY toluene, rt,4 h N N Ph N N
Bu Bu
3,5-disubstitued 4 6-disubstitued
major minor
68% 5%

Scheme 54. Ni/SIPr-catalyzed 3,5-disubstituted 2-aminopyridine synthesis.
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In 2016, Ogoshi et al. reported Ni-catalyzed synthesis of dihydropyridine by [2+2+2]
cycloaddition of imines with alkynes.[®*l The combination of imine, Ni(cod)2 (2 mol%),
and IMes (2 mol%) generates a highly active catalyst, which can be used for
regioselective [2+2+2] cycloaddition with alkynes (Scheme 55). The stoichiometric
reaction imine and 2-methyl-1-hexen-3-yne gave aza-niclelacycle in 77% isolated yield
(Scheme 56). The five-membered aza-nickelacycle would be considered as a key
intermediate of the [2+2+2] cycloaddition.

CFs
/©/ cat. Ni(cod), (2 mol%) npr
N IMes (2 mol%) npy
+ pr——
H THF, KON
40°C, 24 h P \©\
Pr CF

Scheme 55. Ni/IMes-catalyzed [2+2+2] cycloaddition of imine and alkyne.
CF,
Ni(cod
N/©/ Et (IPr 2
+ / /
H toluene,
rt, 10 min

Scheme 56. The isolation of ( n?-N-aryl imine) nickel (0) complex.

77% yield

In 2016, Liu et al. reported the synthesis of fused pyridines by using a combination of
Ni and a Lewis acid.®*! The combination of Ni(cod)2 (5 mol%), PBus (10 mol%), and
BPhs (20 mol%) generates a highly active catalyst, which can be used for regioselective
[2+2+2] cycloaddition of alkynenitriles with alkynes (Scheme 57). Mechanistic

experiments indicated that BPhs assisted formation of an aza-nickelacycle.

cat Ni(cod), (5 mol%)

PBu3 (10 mol%) OTBS Ph
BPhs (20 mol%) §
NN + Et————Et / Et
N Ph toluene, 24 h, rt N=
CN Et
92% yield

Scheme 57. Ni/BPhs-catalyzed [2+2+2] cycloaddition of alkyne and cyanamide.
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In 2017, Liu et al. reported a NiCl2(DME)/dppp/Zn catalytic system for [2+2+2]
cycloaddition of functional alkynenitriles with alkynes.>*! Typically, 8-carbolines are
derived from ynamide-nitrile with 3-hexyne in the presence of a catalytic amount (10
mol%) of NiCl2(DME). The addition of dppp (10 mol%) and Zn (1 equiv) and subsequent
reaction in 1,4-dioxane at room temperature for 2.5 h gives the desired 6-carboline in 96%
yield (Scheme 58). It has been proposed that the Lewis acid coordinates with an imine

group, which facilitates the reductive elimination step (Scheme 59).

cat NiCl,(DME) (10 mol%) Et
dppp (10 mol%) N=
CN Ph Zn (1 equiv) wa
N/ v+ B—H 1.4-dioxane,t, 2.5h Ny
| Ts
TS 93%

Scheme 58. Ni-catalyzed [2+2+2] cycloaddition of alkynenitrile with alkyne.

N cat. NiCl,(DME) (10 mol%) N— Et
dppp (10 mol%)
/ + Et———Et \ " Et
N 1,4-dioxane, rt, 8 h N

Ts 'i's Ph

with ZnCl, (10 mol%) 67%
without ZnCl,(10 mol%) trace

Scheme 59. Control experiment to explore role of ZnCl,.
2.11 Copper-catalyzed pyridine synthesis

In 2013, Chen’s group reported Cu(OTf)catalyzed [2+2+2] pyridine synthesis.[*>! The
combination of Cu(OTf): (10 mol%) diaryliodoniums, and benzonitrile generates
anactive catalyst, which can be used for regioselective [2+2+2] cycloaddition with

alkynes. The corresponding pyridine was obtained in 83% yield (Scheme 60).

Ph
cat. Cy(OTf), 10 mol%
+ \
@—l@ + Ph—=N + Ph——== |
- —
PFg DCE, 120 °C, 12 h N™ Ph

86%
Scheme 60. Cu-catalyzed three-component cycloaddition for substituted quinolines
In 2017, [2+2+2] cycloaddition for pyridine reported Chen’s group also reported CuBr-
catalyzed pyridine synthesis via cycloaddition.[*®! In a typical procedure, a solution of the
vinylliodonium salt and benzonitrile was heated at 130 °C in the presence of Cu(OTf)2
for 12 h, the corresponding pyridine was obtained in 92% yield (Scheme 61). The

alkenylation of nitrile with vinyliodonium salts catalyzed by CuBr and react with alkynes.
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Ph

j@ cat CuBr (10 mol%) P
Ph + Ph—=N + Ph—=——Ft |
N

oTf DCE, 130 °C, 12 h Ph
92%

Scheme 61. Cu-catalyzed pyridine synthesis vinyliodonium, nitrile, and alkynes.
2.12 Gold-catalyzed pyridine synthesis

Liu et al. reported a Au-complex-catalyzed [2+2+2] pyridine synthesis (Scheme 62).1°¢!
In this method, [PhsPAuNTTf:] serves as a mw-acid in the reaction to alkynes. Cycloaddition
of ynamides and nitriles was achieved with good chemoselectivity (pyridine/pyrimidine).
Scheme 63 shows the reaction mechanism. The reaction is initiated by Au coordination
with an ynamide. Then a second ynamide attacks the Au(I)-rn-alkyne to generate a 1-

azaallenium species. Subsequent reaction with a nitrile produces the desired 2,4-

diaminopyridine.
\N/TS
| cal phyPAUCI (5 mol%)
N. + . AgNTf, (5 mol%) N
= T Ph—=N PP
DCE, rt, 6.5 h Ph™ °N 'Tj
Ts
4 equiv 74%
Scheme 62. Au-catalyzed [2+2+2] cycloaddition of ynamide and nitrile.
EWG., .R
LAu]* R o N’
[ ] R LAY N-Ewa =—Ph
== N —_— = ~ N
EWG R />/ \v EWG\N/fNj\Ph
N//' [LAul* IIQ
Z RN
RyZ EWG
EWG

Scheme 63. A plausible reaction mechanism for pyridine synthesis.
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3. Synthesis of pyrimidines
Early-transition metal mediated/catalyzed pyrimidine synthesis
3.1 Zirconium-mediated/catalyzed pyrimidine synthesis

In 2013, Liu and co-authors reported a zirconium-mediated synthesis of pyrimidines
(Scheme 64).°% In a typical procedure, a zirconocene—butadiyne complex derived from
1,4-bis(tert-butyldimethylsilyl)buta-1,3-diyne (0.5 mmol) was reacted with benzonitrile
(1.5 mmol) at 80 °C for 5 h in toluene. The desired pyrimidine was obtained in 81% yield.
The reaction of an aliphatic nitrile with the zirconocene—butadiyne complex gave enynyl

ketones after hydrolysis. This indicates formation of azazirconacycle (Scheme 65).

H Ph—=N
CpaZr-—--|| 3 equiv Bh
1.3 equiv TBS XN
TBS————=——TBS | )\
-78°Ctort, 80 °C N” >Ph
in toluene Z
TBS
81%

Scheme 64. Zr/butadiyne-complex-mediated [2+2+2] cycloaddltlon for pyrimidine synthesis.

\\ TBS
CpoZr---|| R—=N 8BS
1.3 equiv 3 equiv Co.Z 3N HCI \\ TBS
TBS—=—=TBS P2 r\ = =
-78 °C tort, 80°C,8h
in toluene R
o
R=Me R=Me, 64%
R=0-bromobenzyl R=0-bromobenzyl 32%

Scheme 65. Formation of enynyl ketones by hydrolysis of aza-zirconacycle.

More recently, Agapie and co-workers reported synthesis and use of a Zr—bisphenoxide
ligand complex to catalyze pyrimidine synthesis (Scheme 66).°° The redox-active
complex Zr'V—Anth™! was derived by photolytic reduction. This transformation proceeds

in the presence of 5 mol% of the Zr'V—Anth™ complex and leads to pyrimidines.

|
Mes ~ O—Zr-Q Mes

catz V_Anthred "
L b s 5 mol% ‘ SN
= _ Smobe
6 R—=N M RE-="R toluene R! N/)\R‘
208 T N
Selected examples
Ph "By ™S Ph Ph Ph
thN "B N rN N N N
Ph NJ\Ph Ph N/)\Ph Ph" N Ph Tol N/)\Tol N/)\©\ N/J\©\
F F FsC CF,
94% 96% 96% 94% 97% 86%

Scheme 66. Zr/anthracene-based ligand complex-catalyzed [2+2+2] cycloaddition of nitriles and

alkynes to pyrimidines.
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3.2 Niobium-mediated/catalyzed pyrimidine synthesis

In 2012, Obora and co-workers reported NbCls-mediated pyrimidine synthesis via
cycloaddition.!® In a typical procedure, a solution of alkyne (1 mmol) and benzonitrile
(2 mL) was heated at 60 °C by adding NbCls (0.2 mmol) in six portions, one every 2 h,
over 22 h, the corresponding pyrimidine was obtained in 86% yield (Scheme 67).

npr
[NbCls (20 mol%)/2 hlg "Pr | SN
"Pr——="Pr + Ph——=N
60 °C, 22 h Ph N/)\Ph
1 mmol 2mL 86%

Scheme 67. NbCls mediated pyrimidine synthesis.

In 2017, Fuji and Obora reported FeCls-assisted NbCls-catalyzed [2+2+2] pyrimidine
synthesis.!®! In the presence of NbCls (20 mol%) and FeCls (2 equiv), the reaction of 3-
hexyne and benzonitrile gave the corresponding pyrimidine in 83% yield (Scheme 68).
FT-IR analysis was performed to clarify the roles of NbCls and FeCls. The affinity of
NbCls toward the nitrile is higher than that of FeCls. The initial nitrile activation is
assisted by NbCls then FeCls serves as a sacrificial reagent (Scheme 69).

cat. NbCls (20 mol%) Et
L . FeCl3 (2 equiv) - Et | SN
Et———rEt + Ph—=N 60°C.4h o N/)\Ph
83%

Scheme 68. Nb-catalyzed [2+2+2] cycloaddition of alkyne and nitrile.

R
NbCI4
FeCls R
f\ FeCly R
] X AL
7
R
NbCls
2R—=N
Cift - NECla
* |
NS
R/\N)\R

Scheme 69. Plausible mechanism of catalytic pyrimidine synthesis.
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Late-transition metal mediated/catalyzed pyrimidine / quinazoline
synthesis
3.3 Iron-catalyzed pyrimidine synthesis

An Fe/P'PDAI system was found to be an effective catalyst for the [2+2+2]
cycloaddition of alkynenitriles and cyanamides (Scheme 70).1°! The reaction of
alkynenitrile and cyanamide with Felz (5 mol%), P"PDAI (10 mol%), and Zn (30 mol%)
in toluene at 40 °C gave the corresponding 2-aminopyrimidine in 90% yield.

cat Fel, (5 mol%)
PrpDAI (10 mol%)

ﬁ\
Pri Ny Pr
O 0
Pr pr
MeOZC — \ ) MeOZC SN
+ N—=N Zn (30 mol A)) | /)\
: : / MeO,C N~

MeO,C =N N
toluene, 40 °C,12 h |

90%

Scheme 70. Fe/I"PDAl-catalyzed 2-aminopyridine synthesis.
3.4 Copper-catalyzed quinazoline synthesis

In 2013, Chen group reported Cu-catalyzed synthesis of quinazoline derivertives.!®* In
a typical procedure, a solution of diphenyliodonium and benzonitrile was heated at 130 °C
in the presence of Cu(OTf)2 for 12 h and the corresponding quinazoline was obtained in
84% yield (Scheme 71).

cat Cu(OTh, (10 mol%) N _Ph
. ; |
| + PA—=N —MM ——— » N
_ DCE,
PFs 130°C, 12 h Ph

84%
Scheme 71. Cu-catalyzed quinazoline synthesis via [2+2+2] cycloaddition.
3.5 Gold-catalyzed pyrimidine synthesis
In 2014, Liu et al. reported a Au-catalyzed 4-aminopyridine synthesis.!®” The reaction
of N-methyl-N-(phenylethynyl)methanesulfonamide and benzonitrile in the presence of
Ph3AuCl/AgNTf2 (5 mol%) in 1,2-dicholomethane at 75 °C for 4 h gave the
corresponding 4-aminopyridine in 95% yield (Scheme 72).

.Ms
| cat. Ph;PAUCI/AgNTS, (5 mol%) N
N. — ~ Ph
Z Ms *  Ph—=N 8 )N\
Ph DCM, 75°C, 4 h ~
Ph™ 'N° "Ph
Ms= methanesulfonyl
95%

Scheme 72. Synthesis of 4-pyrimidines catalyzed by Phs AuNTf.
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A DFT computational study indicated that Au(I)-alkyne species are more active than the

Au(I)-nitrile intermediate in nucleophilic attack of the second nitrile (Scheme 73).[6]

\
[Aul] ¢ N-EWG R R

. R
ELAU] R LAY "N -Ewe RY W >:& /
R—==—N EE— = _— o N. )N
EWG ROONY R’;’HR i N
/}\R [LAU]* R
] N ] N

Scheme 73. Proposed reaction mechanism of Au-catalyzed pyridine synthesis.
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4. Synthesis of triazines

Because of the low reactivity of nitriles, the catalyst-free trimerization of a C—N triple
bond requires extremely harsh conditions such as high pressures (35 000-50 000 atm)
and high temperatures (350-500 °C).1! Strong acids e.g., H2SO4 and T20 or a base, e.g.,
NaH or EtONa, promote nitrile trimerization.!®”] The reaction of bis(silyl-substituted)
methyllithium and a hydrogen-free nitrile is shown in (Scheme 74).1°) The reaction of
benzonitrile (10 mmol) in the presence bis(silyl-substituted) methyllithium (1.3 mmol)
results in formation of the desired triazine in 91% yield. Because of the presence of an a-

hydrogen, alkylnitriles do not give the corresponding triazines.

[(TMS),CSiMe,NMe,]Li(TMEDA) ph
1.3 mmol NN
Ph—=N I
hexane, 0-rt °C, overnight Ph/‘\N Ph
10 mmol 91%

Scheme 74. Bis(silyl-substituted)-methyllithium-mediated triazine synthesis.

In 2012, Hulliger et al. reported that ZnCl: catalyzes the synthesis of 2,4,6-trisubstitued
triazines at 250-300 °C. The products are obtained in good yields.[®”! For example, the
reaction of bromobenzonitrile and ZnCl, (molar ratio 5:1) at 270 °C for 60 h gave the

corresponding 2,4,6-tris(4-bromophenyl)-1,3,5-triazine in 69% yield (Scheme 75).

Br

cat. ZnCl, 20 mol%

N"SN
‘ ~
N
270°C, 60 h /©)\ )\©\
Br Br

69%

Scheme 75. ZnCl,-catalyzed triazine synthesis.

In 1988, Sanders and co-workers reported that yttrium (III) triflate or lanthanum triflate
catalyzed ammonia-assisted nitrile trimerization.[’”) In the presence of 1 mol% Y(OTf)3,
the reaction of a 1:1 molar mixture of benzonitrile and ammonia at 200 °C for 24 h gave

the corresponding triazine in 100% yield (Scheme 76).

<t Y(OTf)z (1 mol%)

Ph
NH3 1 equiv
_ NN
Ph—=N
Ph/H\N//kPh
200 °C, 24 h
quant.

Scheme 76. Yttrium (III) trifluoromethanesulfonate-catalyzed triazine synthesis.
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In 2002, Shen et al. reported Sml2-catalyzed nitrile cyclotrimerization in the presence of
amine co-catalysts.[’!! In a typical procedure, a mixture of Smlz (2.5 mol%), hexylamine
(20 mol%), and benzonitrile was stirred at 80 °C for 3 h. The desired triazine was obtained
in 96% yield (Scheme 77). Various arylnitriles gave the corresponding s-triazines. The
proposed reaction mechanism is shown in Scheme 78. The amine co-catalyst assists

formation of an amidine intermediate.

cat S, (2.5 mol%) ji‘
_ hexylamine (20 mol%) N N
Ph—=N |
/k “
80°C,3h Ph N° "Ph
96%
Scheme 77. Smly/amine-catalyzed synthesis of s-triazine.
Ar—C=NR' ArCN
NHR'
' R'NH,
[Sm(im] N
m —C—=
Ar—=N + RNH, — Ar—C=NH ArCN N)*N + R'NH,
NHR' | —————= ]I
Ar N~ “Ar

ArCN

Scheme 78. Plausible reaction mechanism for Sm(II) complex/n-hexylamine catalysis.
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Part B

N, N -Dimethylformamide-protected single-sized metal nanoparticles and

their use as catalysts for organic transformations

1. General mechanism of synthesis of DMF-stabilized metal nanoparticles.

DMF is a well-known as high boiling point and polar solvent in organic chemistry.[!]
Because of its structure, the use of DMF has been explored in a wide range of applications,
e.g., as a reagent in colloidal synthesis. Because of the high oxidation potential of DMF
(1.9 V vs SHE),!! it can reduce metal salts and form NPs in the solution phase.”*) In early
studies of DMF-based reduction of metal precursors and nanocrystal synthesis, Liz-
Marzan and coworkers used PVP as a capping agent.'¥ DMF based reduction method
advantage, Metal ion reduction rate depends on DMF decomposition. The reduction rate
can be controlled by a various parameter (temperature and metal precursor concentration)
various Metal NPs/NCs can be obtained with narrow size distribution.!*) The proposed
reduction mechanism is shown in eq 1; carbamic acid is readily oxidized to CO2 and
(CH3)2NH.[

O 0

n \NJ\H + oM™ + nH,O —— 2M° +  2nH* n \NJ\OH (1)

I I
In other reduction pathways, formic acid generated from DMF decomposition serves as
a reductant for the metal precursor; CO or Hz reduces metal ions (eq 2).

[0} A o

N LR} |

N”H WSy T COz + i H

( ;

Reducin
species

DMF also acts as a protectant in surfactant-free synthesis. Surfactant-free Au NPs was
first synthesized by Li and coworkers as fluorescent quantum dots.*! Since 2011,
Kawasaki and our group have reported external-surfactant- and stabilizer-free syntheses

of various M NPs and their use as organic transformation catalysts."!
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2. DMF-stabilized metal nanoparticles and nanoclusters for organic transformations
2.1.Palladium

DMF-stabilized Pd NCs were synthesized from PdClz. Our group reported the synthesis
and cross-coupling catalytic activities of DMF-protected Pd NCs. The Pd NCs showed
high catalytic activities in the Suzuki—Miyaura cross-coupling and Mizoroki—-Heck
reactions (egs. 3 and 4).!°! High turnover numbers (TONs) were achieved, i.e., 4.5 x 10°
and 6.0 x 103.The DMF-stabilized Pd NCs showed higher TONs than polymer micelles
stabilized Pd NPs up to 2.8 x 10°. The DMF-stabilized Pd NCs were recyclable. The Pd
NCs were separated from the substrates and products by simple extraction with
hexane/DMF (Scheme 2). The Pd NCs were recycled at least five times without
significant loss of activity.

Suzuki-Miyaura cross coupling cat pg NCs

0.0002-0.2 mol%
! K,COs(1 &
2CO3(1 equiv)
/©/ * (HO)QB@ NMP/H,0 O @
20,
100°C, 5 h

Mizorogi-Heck reaction cat pg NCs

1.0 x 107-0.1 mol%
|
©/ + 2 C0,E

NEt3(1 equiv),

©A\/002Et @

DMF
140°C, 15 h

TONs = > 5.0 x10* .

8 examples TONs =6.0 x 10

69-95% isolated yields 9 examp|_es )

50-95 % isolated yields
Scheme 2 Procedure for recycling Pd NCs
Reaction
mixture
hexane layer Substrates) Substrates,

Extraction - » | Products Base
hexane/DMF

DMF layer  Evaporation

DMF-protected
metal NPs

nextcycle — o
—_—

Substrates,
Products

In 2013, DMF-stabilized Pd NCs were used to catalyze the Migita—Kosugi—Stille
coupling reaction (eq 5).I"" Reactions of aryl halides with tributylphenyl-/tributyl-
vinylstannane gave the corresponding cross-coupling products. The Pd NCs gave high

TONSs (up to 3.5 x 10%).

Migita-Kosugi-Stille reaction

cat pd NCs

X 0.0001-0.1 mol% R2

1_0N A 2. 1 X

RI=r +  R%SnBug NMP/DMF R ®)
= 120 °C, 15 h Z
open air

X=l, Br P I TONSs up to
R'=Me,CF3,0Me R2=Ph,vinyl 3.5 104
6 examples

yields up to 90 %
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Indole derivatives are key motifs in many bioactive compounds. The reaction of 2-
haloanilies with alkynes, namely the Larock indole synthesis, is a useful method for
accessing indole motifs. DMF-stabilized Pd NCs successfully catalyzed the synthesis of
2,3-disubstituted indoles from 2-iodoanilines and internal alkynes under external-ligand-
free conditions at low catalyst loadings (0.3 mol%) (eq 6).1*) The Pd NC catalyst can be

reused at least three times.

X R’ cat pd NCs
RO <l 0.3 mol% R T Dr g
Z NH, , KoCO4(3 equiv), A N
R NaCl (3 equiv) H
- DMF
X=1, Br 135°C,48 h
R=H,4-Me,5-Me R'R?= Ph Et/Bu TONs 3.2 x 102
7 examples

yields up to 88%

Sanda and our group achieved Sonagashira—Hagihara (eq 7) and Mizoroki-Heck
coupling (eq 8) polymerization by using DMF-stabilized Pd NCs as the catalyst.!!

OR cat. Pd NCs X OR —‘
X — —
n\<_> — + n | cul \ /= (7)
N\ 7/ DMF/NEt; >—/ J
RO RO

100°C, 72 h n

R=(CH2CH20)QCH3

OR cat pd NCs A\ OR
\ O
n \* ! [ (8)
DMF/NEts
RO 100°C, 72 h RGO

n
R=(CH2CH20)QCH3
The catalytic reaction provided poly(phenyleneethynylene)s and
poly(phenylenevinylene) of moderate molecular weights (Mh 6700 and 5900). These
results are similar to those achieved with conventional PdCl2(PPhs)2 and Pd(PPhs)4
complex catalysts. The ligand-free Pd NC polymerization system avoids contamination

of the growing polymer by ligand-derived phosphorus impurities.
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2.2.Gold

Kawasaki and coworkers investigated the catalytic activities and specific properties of
Au NPs.['% The DMF-stabilized Au NCs consisted on average of 13 Au atom clusters.
FT-IR and 'H-NMR spectroscopic investigations showed a strongly coordinated DMF
layer around the Au NCs. These DMF-stabilized Au NCs catalyzed reduction of 4-
nitrophenol to 4-aminophenol by NaBH4 (eq 9). An induction time (~3000 s) was
observed, which indicates that the DMF layer hindered access to catalytically active site.
Thermally aged Au NCs had a shorter induction time (~100 s at 80 °C for 8 h).

cat Au NCs
HO NO, NaBH HO NH, (9)
4

100 °C, 16 h

Lang et al. reported DMF-stabilized Au NPs of three different sizes (1.0, 2.5, and 5.5

nm).'") The solution temperature and nucleation time were used to control the particle

size. The catalytic activities of these three Au NPs in the Ullmann homocoupling reaction
were evaluated (eq 10).

%2t Au NPs
3 mol%

K3P0O4(0.4 mmol)
- "

130 °C
0.2 mmol 48 h

catalytic activity order
Au NPs 2.5 nm > Au NPs <1.0 nm > Au NPs 5.5 nm

The order of the catalytic activities was Au (2.5 nm) > Au (<1 nm) > Au (5.5 nm). These
Au NPs were stable. They were recycled fewer than three times and their catalytic activity

gradually decreased.
2.3.Copper

DMF-stabilized Cu NPs were prepared from CuClz. The particle size was determined
by TEM and DLS (2—7 nm). The catalytic activity in Ullmann-type cross-coupling of aryl
halides with phenol derivatives under ligand-free conditions was evaluated (eq 11);!'? the
reaction of iodobenzene (1.5 mmol) with 3,5-dimethyphenol (1.0 mmol) was used as a
model reaction. When this reaction was performed in the presence of DMF-protected Cu
NPs (0.2 mol%) and Cs2COs3 (2.0 mmol) in DMF at 110 °C for 24 h. the corresponding
product was obtained in 92% yield. The DMF-stabilized Cu NPs showed high catalytic
activity (TONs up to 2.2 x 10*). The Cu NPs can be reused three times.
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% Cu NPs

X HO 0.1 mol% O
©/ N Cs,CO4(2 equiv) (1)
DMF
110 °C, 24 h

TONSs up to 2.2 x10*

9 examples

66-85% isolated yields

The Sonogashira—Hagihara coupling reaction is a powerful tool for obtaining acetylenes.

The DMF-stabilized Cu NPs showed high catalytic activity in this reaction (eq 12).13! In
a typical procedure, a mixture of iodobenzene (0.5 mmol), phenylacetylene (0.75 mmol),
and PPhs (10 mol%) in DMF (1 mL) was heated at 135 °C for 24 h in the presence of
DMF-stabilized Cu NPs (0.2 mol%). The corresponding product was obtained in 96%
yield. The presence of PPhs or bipyridine (bpy) was necessary for this reaction. TEM
observations from a reaction mixture showed that the Cu NPs retained their single-nano-
sized structure after the catalytic reaction. The DMF-stabilized Cu NPs are themselves
inactive, but they act as a catalyst precursor when PPhs and bpy are used as additives.
Some of the DMF dissociates from the Cu NPs, and in situ- generated PPhs-stabilized Cu
NPs catalyze the Sonogashira cross-coupling.

&t Cu NPs 0.2 mol% Additive

@ = Additive (10 mol%) @ @ none PPhg PCy, dppe bpy
X = ) - = (12)
/ KoCO3 (1 equiv), \_7/ / 7% >99% trace trace >99%
_ DMF

X=1,Br 135°C, 48 h

Isolated yield: 96%
10 examples
yields up to 57-97%

2.4 Iron

Iron oxide NPs were prepared from Fe(acac)s under open-air conditions. The DMF-
stabilized Fe oxide NPs were characterized by XANES and XPS. The Fe oxide NPs were
identified as a-Fe203. The Fe2O3 NPs were efficient catalysts in hydrosilylation of alkenes
(eq 13).' Various alkenes and primary/secondary hydrosilanes were used under these
conditions and the corresponding hydrosilylation products were obtained in moderate to
good yields. Alkenes with various functional groups were tolerated in this reaction. The
Fe203 NPs were recycled multiple times. Catalyst pre-activation process was not needed

prior to their reuse. The Fe20O3 NPs maintained nanosized particles even after fifth run.
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%t Fe,03 NPs

0, .
CgH X+ SiH;Ph 0Amol%e . ~_SHPh  (13)
g7 3 CgHi7
THF, 70°C, 24 h
84%
13 examples

Isolated yields up to 39-84%
2.5.Iridium

DMF-stabilized Ir NCs were prepared from IrCls. The particle diameter was determined
to be 1-1.5 nm from HR-TEM images. Ir complexes are generally efficient catalysts in

(151 In particular,

alkylations with alcohols, which involve a hydrogen-borrowing reaction.
methylation is a widely used modification in medicinal chemistry. Methylation uses
hazardous reagents, e.g., (CH30)2SO4 and Mel. Methylation using methanol as the C1
source is a challenging transformation. However, methanol oxidation requires harsh
conditions. DMF-stabilized Ir NCs showed high catalytic activity in promoter-free
methylation of anilines by alcohols.!'?! In a typical procedure, the reaction of 1-phenyl-1-
ethanol with methanol (2 mL) in the presence of Ir NCs (0.1 mol%) and Cs2COs3 gave the
desired dimethylated product in 94% yield with high alcohol selectivity (eq 14).
[Cp*IrClL2]2 and [IrCl(cod)]2 known to be a good catalyst for a-methylation resulted in
lower 25%, 21% yields. Monomethylation at the p-carbon (eq 15) and N-alkylation of
anilines (eq 16) were achieved under modified conditions. The DMF-stabilized Ir NCs
have high catalytic activity in N-methylation. A high TON was achieved for N-
methylation of anilines (up to 310000).

Methylation of Alcohols

et | NCs 3t |r NCs
o 0.001-0.1 mol% OH S oH 0.1 mol% N oH
N Cs,CO3 (3 equiv) N R Cs,CO3 (3 equiv) R
/ MeOH (2 mL) = MeOHC(Z mL)
150 °C, 24 h 150°C, 48 h 5 examples
6 examples R=H, m,p-Me, m-CI 54—94%pyield
R=H, p-Me, m-CI 87-94% yield OMe,
OMe TON up to 4.8 x 104
Methylation of Anilines
cat | NCs
0.0001-0.1 mol% H
QNHZ Cs,CO;3 (0.5 equiv) NG
A
MeOH (2 mL) /©/ (16)
R 150 °C, 24 h R
R=H, Me, CI 3 examples

78-87% yield
TON up to 3.1 x 10°
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In these metal nanoparticle syntheses, DMF served as a stabilizer, reductant, and solvent.
In the DMF-stabilized M NPs and NCs, the DMF molecules surrounded the surface of
the metal center. The DMF stabilized M NPs/NCs are thermally stable (at 150 °C) as
thiolate stabilized M NCs. Whereas strongly binding ligand (thiolates, phosphines) also
acts catalyst poison, surface capping DMF does not hinder catalytic reactions. The
resulting M NPs were stable for a long time, which hampered aggregation during catalytic
reactions. The DMF-stabilized M NPs showed high catalytic activities (TONs and
selectivities). Partial liberation of DMF molecules from the surfaces of the M NPs opened
active sites to serve as the active catalyst in various organic transformations such as cross-
coupling reactions, hydrogen borrowing reactions, and alkene hydrosilylation reactions.
In addition, the use of M NPs enabled catalyst recycling in various reaction systems by
using liquid-liquid extraction. Finally, control of the M NP properties (shape, size, and
capping state) will provide new and specific reactivities. Innovative transformations
could be achieved by alloying NPs (e.g., Pd—Cu)!” to modify the catalytic properties of
M NPs. can control and improve -catalytic activities, as has been shown by
photoluminescence properties. Further advances in combining M NPs and NCs will play
a key role in future progress in organic chemistry. The author hope that to explore further
applications of stable, practical, and highly active catalytic DMF-stabilized M NPs in

organic chemistry.
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Chapter 2. Thiolate-protected Auzs (SC:HsPh)is nanoclusters as a
catalyst for intermolecular hydroamination of terminal alkynes

R1
°at Au,5(SC,H,4Ph) /©/
Z 25(9L2M4FN)48
NH, = (0.1 mol%) N
+ o
R R2 neat,

70 °C, 24 h,
under O, R2

12 examples
37-82% yields
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Introduction

Imines are important building blocks for a variety of organic reactions. They have high
reactivity toward various nucleophiles, such as in aza-Henry or Mannich-type reactions,
nucleophilic addition, asymmetric hydrogenation, and cycloaddition.!'! Nitrogen-
containing products are widely used as the scaffolds of synthetic drugs or natural products.
Traditional imine synthesis is an equilibrium reaction, and hydroamination is one of the
most atom economical and sustainable imine formation methods.!

In late-transition metal (Pd, Ru, Ir, Rh, Pt, and Au) catalyzed hydroamination of alkynes,
C—C triple bond activation is generally the key step.[>3] Au(I) catalysts have m-acidic
properties, and various gold-activated reactions have been investigated for
hydroamination.!*! Mizushima and Tanaka reported intermolecular hydroamination of
alkynes with acidic promoters (eq 1 in Scheme 1).°% He and Brouwer reported
hydroamination of 1,3-dienes. The noncoordinating anion effect was observed (eq 2 in
Scheme 1).5°! Generation of more electrophilic gold active species is necessary. Co-acidic
and stable counter anions are required for application of the catalysts. Additives that can

be easily removed from the desired products are desirable.

Mizushima,Hayashi,Tanaka

cat-phsPAUMe NAr
A—NH, + R—=R, _____° ~ _ SR, ™
acidic promotor Ry

He and Brouer

NHCbz
CbzNH, + \ @ PhsPAUOTF mﬂ )
_ =

Kitahara and Sakurai

{“f\ 2t Ay NPs:PVP
3)
o N Air Ph

Ph

ZT

Scheme 1 Hydroamination of multiple bonds activated by gold catalysts

Among the attempts to activate Au complex, considerable attention has been focused on
gold nanoparticles owing to their unique properties.l Haruta found significant
differences in the catalytic activities of bulk metals and small particles(<10 nm).[”]
Ligand-protected nanoclusters, such as thiolate, phosphine, and dendrimer protected
clusters, have been studied in detail, and they are suitable as models for catalytic reaction
investigation because it is easy to produce nanoparticles of a specific size.®) Atomically
precise Au nanoclusters with very small particle sizes (1-2 nm) are known to have high
catalytic activity!®! for CO oxidation, Sonogashira cross-coupling, hydrogenation, alcohol
oxidation, and hydroamination reactions. In 2010, Sakurai and Kitahara reported gold

nanoclusters (NCs) stabilized by poly(N-vinyl-2-pyrrolidone) (Au NCs :PVP, mean size
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= 1.3 nm) as versatile catalysts for intramolecular cycloaddition of primary amines to
unactivated alkenes (eq 3 in Scheme 1).[!% They proposed that Oz is initially adsorbed on
the gold surface to form electron-deficient reactive sites. From the results of density
functional theory calculations, absorption of Oz provides superoxo-like species and Lewis
acidic sites for Au NCs. Substrate alkene activation is favorable, whereas a high activation
barrier prevents amine activation. Corma reported that nano-gold supported on chitosan
is an efficient catalyst for hydroamination of terminal alkynes in the absence of an acid
promoter. Nanocatalysts possess the potential to replace conventional reaction
promoters.'!l Thiolate-protected Au NCs catalyze the C-N bond formation reaction. Jin
et al. reported that the thiolate-protected Au NCs Auss(SC2H4Ph)2sa catalyzes three
component (amine, aldehyde, and alkyne, A3) coupling reactions.!'?! Recently, our
research group reported that Auzs(SC2H4Ph)is gives the corresponding propargylamines

in good to excellent yields under O2.['?%]
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Result and discussion

In this study, Au2s(SC2H4Ph)i1s serve as an efficient catalyst for hydroamination of
alkynes. Notably, the hydroamination yield is different under Oz and Ar atmospheres.
Aus(SC2H4Ph)1s NCs are activated under an Oz atmosphere and catalyze intermolecular
hydroamination of terminal alkyne.

Table 1. Auas(SC,H4Ph) s-catalyzed hydroamination of terminal alkynes

P J
NH, 7 cat Au,5(SCoHaPh)g N
+
neat, ©)J\

70°C,24 h
1a 2a 3a
Entry Conditions® Yield (%)°
1 Standard 80(63)
2 Toluene solvent Trace
3 Toluene solvent 42
4 Ratio of 1a:2a=1:1 62
5 Ratio of 1a:2a =3:1 54
6 Under air (balloon) 58
7 Under Ar (balloon) 52

2Standard conditions: 1a (0.5 mmol) was allowed to react with 2a (1.5 mmol) in the presence of the Auas(SC2HsPh)is catalyst (0.1 mol % based on the

amount of 1a) at 70 °C for 24 h. "NMR yields based on 1a. The isolated yield is given in parenthesis.

The reaction of aniline (1a) (0.5 mmol) with phenylacetylene (2a) (1.5 mmol) was
performed in the presence of Au2s(SC2H4Ph)is (0.1 mol%) under an Oz balloon at 70 °C
for 24 h, giving 3a in 80% NMR yield and 63% isolated yield (entry 1, Table 1). Side
reactions were not observed and remaining starting material was recovered. The highest
catalytic activity and yield of 3a were achieved when the reaction was performed in the
absence of a solvent. The use of representative nonpolar and polar solvents was
ineffective under these conditions. (entries 1-3, Table 1). Reaction of 1a with 2a at a
1a:2a molar ratio of 3:1 gave 3a in high yield (54%). However, reaction with equimolar
amounts of 1a and 2a gave in the higher yield (62%). The use of excess amine resulted
in a decrease in the catalytic activity (entry 5). The reaction proceeded under open air and
argon atmospheres (entries 6 and 7). However, the catalytic reaction performed better
with Oz rather than with air or inert gas. An amount of Oz in the system gave a good yield
(Figure 1).
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Figure 1 Plots of the reaction yields under (a) O, (black curve), (b) air (blue curve), and (c) argon
(orange curve) atmospheres.

Thereafter, various substituted anilines and phenylacetylenes were studied for the
hydroamination under these conditions (Figure 2). Using aniline derivatives bearing
electron-rich substituents gave the corresponding ketimines 3b—3d in good to moderate
yields. Anilines bearing fluoro/chloro substituents were found to be less effective.
Anilines bearing methoxy and fert-butyl groups gave the corresponding imines 3g and 3h
in good yields. Heteroaromatic terminal alkynes were also tolerated in this reaction (3k
and 31). The use of 3-aminopridine with phenylacetylene was not suitable for this reaction
and desired product was obtained only in low yield (<10%) under these conditions. The
reaction of 1a with terminal aliphatic alkyne such as 1-octyne was sluggish. Unfortunately,
internal alkynes (e.g. diphenylacetylene, 4-octyne) and aliphatic amines (e.g hexylamine,

cyclohexylamine) did not give the desired products and starting materials were recovered.
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R1
cat.
AT C /@
NH, Z (0.1 mol %) N
+ '
R R2 neat,

70 °C, 24 h,
under O, R2

1a-e 2a-e 3b-l

3b 3c 3d 3e X=Br 37%
82% 79% 48% 3f X=F 38%
N : N : N :
Meo/@)& X@)‘\ X/@)K
39 3h 3i X=Br 52%
79% 79% 3j X=F 60%

X S
| \_4

3k 3l
42% 42%

Figure 2 Reaction of various anilines and phenylacetylenes

A plausible reaction mechanism based on the most general pathway is shown in Scheme
2.2 Initially, Au2s(SC2H4Ph)1s NCs generate Lewis acidic sites. Terminal alkynes are
activated by electron deficient (Lewis acidic) sites. An oxygen atmosphere results in
nanoclusters oxidation.['*) Auzs(SC2HsPh)is has an electron rich Auiz core and
delocalized valence electrons. The Auiz shell is positively charged owing to electron
transfer from gold to sulfur. In the presence of molecular oxygen, it has been proposed

that electron transfer from the Auis core to absorbed oxygen occurs.['*! This coordination
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of Oz has been well investigated by research of CO oxidation and the olefin epoxidation
mechanism.!"”! Overall, cationic activated Auzs(SC2H4Ph)1gs promotes activation of the
alkyne triple bond. After attack of the aniline, the hydroamination product is released
from the enamine intermediate.

The catalyst recyclability is important for its use in industrial and chemical research.
Metal nanoparticles are possible recoverable and recyclable catalysts.['®) The author
investigated the reusability of the catalyst. The reaction was performed under the standard
conditions. Catalyst separation and recovery were performed by filtration and extraction
(Figure 3). For five reusing experiments, the desired product 3a was obtained in 38%—
78% yield (Figure 4). The catalyst tolerated multiple cycles. To understand the significant
loss in the catalytic activity, the particle size was measured by dynamic light scattering
(DLS). After Ist run, the particle was retained their size (1-2 nm). Aggregated clusters
(210 nm) were found after the fifth run (Figure 5). The decrease in the yield can be
attributed to gradual decomposition of Au2s(SC2H4Ph)is. A study of the stability of

Auzs(SR)1s agrees with our results.['”]

Hexane Toluene
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Figure 3 Catalyst reusing process.
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Figure 4. Reusing of the Auzs(SC2H4Ph)1s catalyst five times
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Scheme 2: A plausible reaction mechanism of Au,s(SC2H4Ph);s catalyzed

hydroamination

Conclusion

The author has demonstrated that the Au2s(SC2H4Ph)is catalyst has high catalytic activity
for hydroamination of terminal alkynes. Abundant molecular oxygen plays an important
role in gold activation. This catalytic system can be easily separated from the product and

provides access to imines. The Auzs(SC2H4Ph)1s catalyst can be reused.
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Experimental
General

GC analysis was performed with a Shimadzu GC-2010 a flame ionization detector (FID) using a 0.22
mm X 25 m capillary column (BP-5 SGE). 'H and *C NMR were measured at 400 and 100 MHz,
respectively, in CDCl; with tetrametylsilane as the internal standard (0 and 77 ppm). The products
were characterized by 'H NMR, *C NMR, and GC-MS(EI).
Preparation of the Auys(SC2H4Ph)s catalyst

The Au,s(SC2HsPh)s nanoclusters were synthesized according to a previously reported method.!'®!
HAuCls'4H,O (2 mmol) was dissolved in 150 ml tetrahydrofuran (THF) solution containing
tetraoctylammonium bromide (2.4 mmol) at room temperature. After stirring for 15 min, 2-
phenylethanethiol (10 mmol) was added and the solution was stirred for 15 min 2 h. A cold aqueous
solution (25 ml) containing NaBH4 (20 mmol) was then rapidly added to the solution, and the solution
was then stirred at room temperature. After 15 h, the THF solvent was evaporated, and the remaining
red brown powder was washed with methanol to remove excess thiol and other byproducts. The
Auzs5(SC,H4Ph); 5 clusters were extracted from the dried sample using acetonitrile.
General Procedure and the analytical data of some typical compounds

The reaction of aniline (1a) with phenylacetylene (2a) was performed as follows. The prepared 1
mM Auys(SC2H4Ph)ig nanocluster solution in toluene (0.5 mL) was added to a Schlenk flask and the
solvent was evaporated. 1a (0.5 mmol) and 2a (1.5 mmol) were then added and the solution was stirred
for 24 h at 70 °C under O3 (balloon). The chemical yield of imine 3a was determined by integrating
the '"H NMR spectrum with respect to an internal standard (1,3,5-trimethoxybenzene). 3a was isolated
by column chromatography (25 pm silica gel, n-hexane:ethylacetate = 99:1).
Characterization of the compounds
3a Phenyl-(1-phenylethylidene)amine, yellow solid. m.p. 40-41 °C; 'H-NMR (400
MHz, CDCls) 6: 7.98-7.96 (2H, m), 7.45-7.44 (3H, m), 7.34 (2H, t,J= 7.7 Hz), 7.08 N/©
(1H,t,J=7.2Hz), 6.79 (2H, d,J=7.9 Hz), 2.22 (3H, s);'3*C-NMR (100 MHz CDCl;)
d: 165.48 (C), 151.65 (C), 139.42 (C), 130.46 (CH), 128.94 (CH), 128.36 (CH),
127.14 (CH), 123.20 (CH), 119.36 (CH), 17.38 (CHs); GC-MS (EI) m/z (relative intensity) 195 (53)
[M]", 180 (100), 118 (12)
3b Naphthyl-(1-phenylethylidene)amine, yellow solid. m.p. 85-86 °C; 'H-NMR (400 O
MHz CDCl) &: 8.12-8.10 (2H, m), 7.84-7.77 (2H, m), 7.60-7.40 (7H, m), 6.78 (1H, \ O
d,J=7.2 Hz), 2.19 (3H, s); *C-NMR (100 MHz CDCl5) &: 166.42 (C), 147.93 (C),
139.20 (C), 134.15 (C), 130.64 (CH), 128.43 (CH), 127.94 (CH), 127.28 (CH), ©)J\
126.08 (CH), 125.90 (C), 125.88 (CH), 125.37 (CH), 123.55 (CH), 123.21 (CH), 113.44 (CH), 17.66
(CHs3);GC-MS (EI) m/z (relative intensity) 246 (12), 245 (62) [M]", 231 (20), 230 (100), 128 (6), 127
(53)
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3¢ 4-Methoxy-N-(1-phenylethylidene)benzenamine, pale yellow solid. m.p. 85- OMe
86 °C; 'H-NMR (400 MHz CDCl;) &: 7.98-7.95 (m, 3H), 7.45-7.44 (m, 3H), 6.92- N/©/
6.74(m, 2H), 3.82 (s, 3H), 2.25 (s, 3H); *C-NMR (100 MHz CDCls) §: 165.73 (C), ©)‘\

155.91 (C), 144.80 (C), 139.74 (C), 130.31 (CH), 128.32 (CH), 127.09 (CH), 120.73

(CH), 114.21 (CH), 55.47 (CH3), 17.31 (CH3);GC-MS (EI): m/z (relative intensity): 225 (70) [M]",
210 (100), 211 (12);

3d 4-tert Butyl-N-(1-phenylethylidene)benzeneamine, pale yellow solid. m.p. 80-

81 °C;'H-NMR (400 MHz CDCl;) &: 7.98-7.96 (2H, m), 7.45-7.43 (3H, m), 7.37- /©)<
7.35 (2H, m), 6.74-6.73 (2H, m), 2.25 (3H, s), 1.34 (9H, s); *C-NMR (100 MHz N

CDCl3) 6: 165.25 (C), 148.91 (C), 145.95 (C), 139.62 (C), 130.30 (CH), 128.30 (CH), ©)J\

127.12 (CH), 125.69 (CH), 119.05 (CH), 34.26 (C), 31.49 (CH3), 17.36 (CH3); GC-

MS (EI) m/z (relative intensity) 251 (36)[M]", 236 (100), 118 (8);

3e, 4-Bromo-(1-phenylethylidene)benzeneamine, pale yellow solid. m.p. 70- .
71 °C; "TH-NMR (400 MHz CDCl3) 8: 7.96-7.94 (m, 2H), 7.45-7.44 (m, SH), 6.92- /©/
6.74 (m, 2H), 2.25 (s, 3H) ; *C-NMR (100 MHz CDCls) &: 166.2 (C), 150.6 (C), \

139.1 (C), 132.0 (CH), 130.7 (CH), 128.4 (CH), 127.1 (CH), 121.2 (CH), 116.2 ©)‘\

(CH), 17.4 (CH3); GC-MS (EI) m/z (relative intensity) 275 (60), 273 (59) [M]",

260 (99), 258 (100), 157 (22), 155 (23);

3f 4-Fluoro-(1-phenylethylidene)benzeneamine, yellow solid. m.p. 84-85 °C; 'H- F
NMR (400 MHz CDCl3) 6: 7.96-7.94 (m, 2H), 7.45-7.44 (m, 5H), 6.92-6.74 (m, N/©/
2H), 2.25 (s, 3H); 3C-NMR (100 MHz CDCls) 8: 166.3 (C), 159.3 (d, Jo.r =241

Hz), 147.6 (d, Jc-r=2.9 Hz),139.1 (C), 132.0 (CH), 130.7 (CH), 128.4 (CH), 127.1 ©)J\

(CH), 120.7 (CH, d, Jc.r = 7.7 Hz), 115.6 (d, Jc.r =22.2 Hz), 17.3 (CH3); GC-MS (EI) m/z (relative
intensity) 214 (8), 213 (58) [M], 199 (14), 198 (100), 136 (15), 95 (40)

3g Phenyl-(4-methoxy-1-phenylethylidene)amine, white solid. m.p. 84-85 °C; 'H-

NMR (400 MHz CDCl3)8: 7.99-7.96 (m,2H), 7.35-7.33(m, 2H), 7.14-7.07 (m, N/©
3H), 6.79-6.77 (m, 2H), 3.86 (s, 3H) , 2.19 (s, 3H); *C-NMR (100 MHz CDCl;)

6 :164.51 (C), 161.51 (C), 151.90 (C), 132.19 (C), 128.91 (CH) 122.99 (CH), MeO

119.59 (CH), 113.58 (CH), 55.38 (CH3), 17.3 (CH3); GC-MS (EI) m/z (relative intensity) 225 (51)
[M]", 210 (100), 195 (5)
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3h Phenyl-(4-tert-butyl-1-phenylethylidene)amine, yellow solid. m.p. 62-63 °C; /@
"H-NMR (400 MHz CDCl;) &: 7.94-7.92 (m, 2H), 7.49-7.47(m, 2H), 7.14-7.07 N

(m, 3H), 6.7 (m, 2H), 2.22 (s, 3H), 1.37 (s, 9H); 3*C-NMR (100 MHz CDCl5) &:

165.16 (C), 153.86 (C), 151.87 (C), 136.72 (C), 128.92 (CH) 126.97 (CH), 125.30

(CH), 123.07 (CH), 119.44 (CH), 32.81 (C), 31.22 (CH3)17.25 (CHz3); GC-MS (EI) m/z (relative
intensity) 251 (45) [M]", 236 (100), 221 (15)

NMR (400 MHz CDCL;) & :7.85-7.83 (m, 2H), 7.58-7.56 (m, 2H), 7.37-7.33 (m,

2H), 7.11-7.07 (m, 1H), 6.79-6.77 (m, 2H), 2.20 (s, 3H); '3C-NMR (100 MHz J@)‘\
CDCls) &: 164.36(C), 151.29 (C), 138.29 (C), 131.51 (C), 128.99 (CH), 128.78 &r

(CH), 125.08 (CH), 123.43 (CH), 119.28 (CH), 17.21 (CHs); GC-MS (EI) m/z (relative intensity) 273
(52) [M]", 257 (100), 178 (5)

3i Phenyl-(4-bromo-1-phenylethylidene)amine, yellow liquid. m.p. 80-81 °C; 'H- /@
N

3j Phenyl-(4-fluoro-1-phenylethylidene)amine, pale yellow solid. m.p. 83-84 °C;
"H-NMR (400 MHz CDCl3) &: 7.99-7.96 (m,2H), 7.35-7.33(m, 2H), 7.14-7.07 (m, N/©
3H), 6.79-6.77 (m, 2H), 2.21 (s, 3H); *C-NMR (100 MHz CDCls) 166.4(C, d, Jc. /©)\

r= 250 Hz), 164.1 (C), 151.5 (C), 135.7 (C, d, Jc.r=3Hz), 129.3 (CH,d Jc.r=9 F

Hz) 129.0 (CH), 123.3 (CH), 119.4 (CH), 115.3 (CH, d, Jc.r=22 Hz), 17.3 (CH3); GC-MS (EI) m/z
(relative intensity) 214 (9), 213 (59) [M]", 199 (14), 198 (100), 118 (10)

3k N-[1-(3-Pyridinyl)ethylidene]benzenamine, yellow solid. m.p. 67-68 °C; 'H-
NMR (400 MHz CDCls) &: 9.146 (d, J = 1.5 Hz, 1H), 8.70-8.69 (m, 1H), 8.33-8.30 N/©
(m, 1H), 7.39-7.35 (m, 3H), 7.11 (t, |H J=7.6 Hz), 6.80 (d, 2H, J=7.6 Hz) , 2.23 (s, | A

3H); *C-NMR (100 MHz CDCl5) &: 163.44 (C), 151.30 (CH), 150.99 (C), 148.76 N

(CH), 134.83 (C) 134.51 (CH), 129.06 (CH), 123.68 (CH), 123.30 (CH), 119.27 (CH) 17.22 (CHz);
GC-MS (EI) m/z (relative intensity) 196 (70) [M]", 181 (100), 118 (21)

31 N-[1-(2-thienyl)ethylidene]benzenamine, pale yellow solid. m.p. 69-70 °C; 'H-
NMR (400 MHz CDCl3) &: 7.47-7.44 (m, 2H), 7.35-7.31 (m, 2H), 7.09-7.07 (m, N/©
2H), 6.83- 6.80 (m, 2H), 2.23 (s, 3H);'"*C-NMR (100 MHz CDCl;)5:160.30 (C), /~
150.54 (C), 146.47 (C), 129.90 (CH), 128.86 (CH), 128.49 (CH), 127.44 (CH), s

123.53 (CH), 119.99 (CH), 17.44 (CH3); GC-MS (EI) m/z (relative intensity) 201 (63) [M]", 186 (100),
77 (66).
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Chapter 3. Dimethylformamide-stabilized

palladium  nanoclusters

catalysed coupling reactions of aryl halides with hydrosilanes/disilanes

- H—SiRs
R+ +
Z

Me3Si—SiMe3

cat.
Pd NCs 9 examples
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Introduction

Arylsilanes have attracted a great deal of interest in various fields. Silicon-containing
molecules have unique and specific properties and multiple uses, such as in medicine,!!!
in photonics,'?! and as organic intermediates.”] Conventional methods for arylsilane
synthesis are unsatisfactory because of byproducts and side reactions.'! Accordingly,
considerable attention has focused on their selective synthesis.!”! Transition metal
catalysed cross-coupling reactions between aryl halides and hydrosilanes or disilanes
have emerged as selective and easy to handle protocols. However, these reactions are
generally achieved using transition metal complexes, such as Pd!®! and Rh!”! complexes,
with 1-5 mol % of the catalyst. In addition, hydrosilanes act as weak reducing reagents
(8] and using them as coupling substrates inhibits reduction of aryl halides. Moreover,
owing to the stability of the Si—Si bond, disilanes show low reactivity for silylation
reagents, so the coupling reactions require bulky phosphorus ligands.!

Metal nanoparticles (NPs) and nanoclusters (NCs) have unique physical and chemical
properties.!'” They are expected to show high catalytic performance owing to their
stability, selectivity, activity, and recyclability.'"'?) On the other hand, colloidal
nanocatalysts require removal of capping agent to access catalytically active surfaces.
Stabilizing agents such as thiolates, phosphines, surfactants, and polymers, behaves a
protective shell for reactant.!'3] Obora and co-workers have reported a surfactant-free
preparation of dimethylformamide (DMF)-stabilized transition-metal (Au, Fe, Ir, Cu, and
Pd) NPs by the DMF reduction method.['*¥ Among these NPs, Pd NCs have proven to be
highly effective in various palladium-catalysed cross-coupling reactions, such as Suzuki—
Miyaura, Mizoroki-Heck,!'** and Migita—Kosugi-Stille coupling reactions.!'>*) DMF-
stabilised Fe2O3 NPs also show high catalytic activity for hydrosilylation of unactivated
terminal alkenes.['® The Pd-Pt-Fe2Os nanocatalyst has recently been reported for
coupling aryl halides with hydrosilanes. However, the Pd monometallic catalyst shows
low reactivity and causes decomposition.!'”]

In this chapter, the author describes DMF-stabilised palladium NCs catalysed coupling
reactions of aryl halides with hydrosilanes/disilanes to give arylsilanes with moderate to
good yields. These reactions proceed at low catalyst loading under ligand and additive
free conditions. In addition, the Pd NCs catalysts in both the hydrosilane/disilane reaction

systems can be recycled at least five times.
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Results and disucussions

Initially, the author chose to study the cross-coupling reaction between iodobenzene (1a)
and dimethylphenylsilane (2a) using LiOAc as a base in DMF at 100 °C. After 16 h,
dimethyldiphenylsilane (3a) was obtained in moderate yield (Table 1, entry 1). When the
author changed N-dimethylacetamide (DMACc) solvent to the reaction, the yield increased
to 80% (entry 2), which indicates that there is a significant solvent effect. The reaction
was not accelerated in N-methyl-2-pyrrolidone (NMP) and toluene (entries 4 and 5).
Various bases were tested. LiOAc gave the highest yield (entries 5-7). The reaction also
occurred in the absence of a base (entry 8). To test the specific solvent effect, the author
prepared Pd NCs in DMF and DMAc at 100 °C for 24 h. A BF-TEM image and the
particle size distribution of the DMAc-displaced Pd NCs are shown in Figure 1. The
average particle size of 2 nm is the same as that of the prepared Pd NCs (Figure 1).

Figure 1. (a) BF-TEM image (scale bar = 5 nm) and (b) nanoparticle size distribution of the DMAc-
displaced Pd NCs.

Table 1. Optimisation of the coupling reaction conditions with hydrosilane®

I cat. ) SiPhMe,
+ HSiPhMe, Pd NCs (0.1 mol%)
Base (1 equiv)

1a 2a Solvent (1 mL), 100 °C, 16 h 3a
Entry Solvent Base Yield (%)°
1 DMF LiOAc 52
2 DMAc LiOAc 80 (75)
3 NMP LiOAc 41
4 Toluene LiOAc 7
5 DMAc NaOAc 68
6 DMAc KOAc 57
7 DMAc KOrBu 8
8 DMAc - 52

“Reaction conditions: 1a (1.0 mmol), 2a (3.0 mmol), Pd NCs (0.1 mol %), and base (1.0 mmol) in solvent (1.0 mL) at

100 °C for 16 h. ?the yields were determined by gas chromatography analysis. The isolated yield is shown in parenthesis.
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'"H-NMR  spectroscopy, Fourier  transform-infrared (FT-IR)  spectroscopy,
thermogravimetric (TG) analysis, and X-ray photoelectron spectroscopy (XPS) were
performed to analyse the DMAc-substituted Pd NCs. From 'H-NMR analysis, the formyl
group proton (6 = 8.14 ppm) disappears after solvent displacement (Figure 2).

(a) O
D,0 @ju\N/
|
- 1. . ) J'\%A_L_AJL«'LL, A —
(b) 0]

b0
H3CJLN/
‘ I

‘. U‘ | |
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Figure 2 "H NMR (400 MHz, D20, 20 °C) spectra of (a) Pd NCs and (b) DMAc displaced
Pd NCs

=0
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Figure 3 FT-IR measurement (red) DMAc displaced Pd NCs (blue) as prepared Pd NCs
FT-IR analysis (Figure 3) shows a peak at 1670 cm™', which is attributed to the n(C=0)
stretching vibration and indicates the presence of DMF and DMAc molecules. The

thermal stability of the Pd NPs was investigated by TG analysis (Figure 4). The TG curves
of Pd NCs-DMF and Pd NCs-DMACc are constant between 25 °C to 200 °C. Subsequent
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weight loss rates and its speeds were different for two samples. These results suggested

that solvent displacement caused exchange of the surface capping agents.

0

——Pd NCs DMF

. —Pd NCs DMAc

-40

Weight/ %

-60

-80

-100

25 125 225 325
Temperature / °C

Figure 4. TG analysis of Pd NCs—DMF (blue) and Pd NCs—DMAc (red).

The surface states of the as-prepared Pd NCs and solvent-displaced Pd NCs with
DMACc were determined by XPS. The binding energy positions of Pd 3ds» and Pd 3ds»
are shown in Figure 5. The other main peaks (C, O, and N) are shown in Figure 6-8. Peak
FWHMs are described in table 2. The main peaks of Pd at 338.8, 337.2 eV of 3ds2 and
344.0, 342.1 of 3ds,2 was higher than that of bulk Pd (Pd 3ds2 335.1 eV and Pd 3ds/2 340.
3 eV). 18191 The Pd 3ds2 and 3d3/2 spectrum of Pd NCs with DMF is shown in Figure 3a.
The DMAc Pd NCs have a broad peak (Pd 3ds2 343.7,341.8 eV and Pd 3d32 338.5, 336.6
eV) (Figure 5b). A significant peak shift in Pd NCs with DMAc by increase of the
measurement time (Figure 5d). In contrast, the as-prepared Pd NCs remain unchanged
(Figure 5¢). The changes in the two samples are caused by removal of the protective
molecules on the surface. With irradiation by X-ray and sample heating, the protective
molecules (DMF rigid protecting layer) are removed as the number of measurements
increases. With elimination of the protective surface molecules, surface palladium is
reduced. These data are associated with the TG analysis results, where DMAc
displacement of the Pd NCs removes the capping molecules and results in easy access to
the active sites.

66



Pd NCs-DMF {a) Pd NCs-DMAC {h)
1st measurement 1st measurement

Pd NCs-DMF (c) Pd NCs-DMAC (d)
3rd measurement 3rd measurement

LI LN N L Y L B ) I LB TR B T T P L R I T [ I S

348 344 340 136 332 348 344 340 EXld 33z

Binding Erergy (eV)
Figure 5. XPS spectra of Pd NCs with DMF (a) at first measurement, (b) at third measurement, and

Pd NCs with DMA which substituted from DMF (c) at 1st and (d) at 3rd measurement.

Table 2. XPS peak positions, FWHMs

Binding Energy (eV) [FWHM]

Element Pd 3ds» Pd 3d;» N s O ls Cls
(a) Pd NCs 338.8[1.2] 344.0[1.5] 400.8 [2.4] 532.8[3.0] 288.2[1.5]
337.2[2.3] 342.1[2.2] 531.9[1.5] 286.4[1.4]
285.1[1.1]
(b)DMAc-substituted Pd NCs 338.5[1.6] 343.7[1.9] 402.2[1.5] 532.5[1.9] 288.2[1.5]
336.6 [2.1] 341.8 [2.1] 400.5 [2.0] 286.4 [1.4]
285.1[1.1]
(c)Pd NCs-DMF 338.8[0.9] 344.0 [1.3] 400.7 [2.4] 533.6[2.9] 288.5[1.2]
at the third measurement 338.0[2.1] 343.3[2.3] 532.1[1.8] 286.3 [2.2]
(d)DMAc-substituted Pd NCs 335.7[1.8] 342.1[1.7] 399.8 [2.4] 532.0[1.8] 288.0 [1.4]
at the third measurement 334.7[1.4] 340.2 [1.6] 285.7[1.4]
284.6 [1.1]
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(A)Figure 6. XPS Spectra of C Is from (i) Pd NCs, (ii)) DMA-substituted Pd NCs, (iii)
Pd NCs—DMF at the third measurement, and (iv) DMAc-substituted Pd NCs at the

third measurement,
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(B) Figure 7 XPS Spectra of O 1s from (i) Pd NCs, (i1) DMAc-substituted Pd NCs, (iii)
Pd NCs—DMF at the third measurement, and (iv) DMAc-substituted Pd NCs at the

third measurement,
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(C) Figure 8 XPS Spectra of N 1s from (i) Pd NCs, (ii) DMAc-substituted Pd NCs, (iii) Pd NCs—
DMF at the third measurement, and (iv) DM Ac-substituted Pd NCs at the third measurement,
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Next, the author tested aryl halides bearing both electron-donating and electron-
withdrawing substituents (Scheme 2). Electron-donating substrates (4-methyl and 4-
methoxy, and 4-fert-butyl) gave excellent yields (84%, 97%, and 82% for 3b, 3¢, and 3d,
respectively). Electron withdrawing substrates were less effective (34% and 42% for 3e
and 3f, respectively). Various silanes were investigated. The corresponding arylsilanes
diphenylmethylsilane (3g), triethylsilane (3h), and triethoxysilane (3i) were obtained in
38%, 32%, and 25% yield, respectively.

Scheme 2. Scope of various substrates

0 cat pg NCs (0.1 mol%h) Ny o
R + Silane - - R
= LiOAc (1 equiv) =

1a 2a-d DMA (1 mL), 100 °C, 16 h 3a-i

a) Scope of Aryl Halides

SiPhMe, /©/SiPhM82 /©/SiPhMez
©/ MeO Bu

3a, 75% 3b, 84% 3c, 97%
SiPhMe, SiPhMe, /©/SiPhMez
/©/ F30/©/ MeOOC
3d, 82% 3e, 34% 3f, 42%

b) Scope of Silane

: _SiPh,Me ©/SiEt3 ©/Si(OEt)a

39, 38% 3h, 32% 3i, 25%
The author wanted to extend the coupling reaction to disilanes. Hexamethyldisilane is
readily available as a Rochow direct process byproduct.l*” The reaction of iodobenzene
with hexamethyldisilane at 120 °C afforded 5a in 52% yield (Table 3, entry 1). Various
bases were examined. NaOAc showed the best performance (entries 2—5). The same
solvent effect was observed for DMF and DMAc (entry 6). The presence of a base was

necessary for the reaction (entry 7).
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Table 3. Optimisation of the arylsilylation condition with hexamethyldisilane®

X SiMe
A cat. o N 3
RO + MesSisiMe; —— o TCe (01 mak) o ¢

NaOAc (1 equiv) =
1 4 DMA (1 mL), 120 °C, 24 h 5

Entry Solvent Base Yield (%)

1 DMAc LiOAc 70

2 DMAc NaOAc 85 (70)

3 DMAc KF 73

4 DMAc NaxCO;3 78

5 DMAc KOtBu 27

6 DMF NaOAc 69

7 DMAc - 32

“Reaction conditions: 1a (1.0 mmol), 4 (3.0 mmol), Pd NCs (0.1 mol %), and base (1.0 mmol) in
solvent (1.0 mL) at 120 °C for 24 h. *The yields were determined by GC analysis. The isolated yield
is shown in parenthesis.

Table 4 Coupling Reaction of Aryl Halides 1a with hexamethyldisilane”

R o X © Me,SiSiMe cat. pd NCs (0.1 n?ol%) R - SiMe;
= NaOAc (1 equiv) _
1 4 DMA (1 mL), 120 °C, 24 h :
Entry X R Product  Yield® (%)
1 ! H Sa 71
2 p-Me 5b 65
3 p-OMe 5c¢ 73
) p-Bu 5d 86
> p-COMe  5e ”
6 p-COOMe 5 5
! p-CEs 5¢ 48
8 Br H 52 5
’ cl H Sa Trace®

“Reaction conditions: 1a (1.0 mmol), 2a (3.0 mmol), Pd NCs (0.1 mol %), and base (1.0 mmol) in
DMAc (1.0 mL) at 120 °C for 24 h. “Isolated yield. ‘GC Yield.
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Iodobenzene derivatives bearing electron-donating groups, such as p-methyl, p-methoxy,
and p-tert-butyl groups, gave the corresponding products in good yields (Table 4, entries
2-4). Electron-withdrawing groups were less effective (entries 5—7). However, the
reaction of bromo/chlorobenzene under these conditions was sluggish.

Based on the experimental results and those reported in the literature, a plausible
reaction mechanism are shown in Figure 9. ?!! Todobenzene or hydrosilane oxidatively

adds to the Pd NCs. The desired coupling product is obtained by the o-bond metathesis

reaction.
Ar-SiRs PdNCs Ar\l‘ Ar-SiRs PdNCs Ar\l\
SiR3 A SiRg _Ar
PdNCs PdNCs PdNCs PdNCs
AN \| \I
Ar Ar
Hl.Base _[Si].Basel ] o
/I:i b R3Si-H ./$|Me3 b Me;Si-SiMes
R3Si : MesSi :
P P
PdNCs PdNCs
Base Sar Base Sar

Figure S7 a plausible reaction mechanism of Pd NCs catalyzed coupling reactions of aryl halides
with hydrosilanes(left)!/disilanes(right)

(221 After the reaction, the author

The author investigated possible reuse of the catalyst.
performed annular dark field scanning transmission electron microscopy (ADF-STEM)
and inductively coupled plasma-atomic emission spectroscopy (ICP-AES) analysis. The
particle size remained the same (Figure 10). Based on a previous study, the results suggest

that the Pd NCs possess recyclability in the coupling reaction.

005 05-1 1-1.5 152 225 253 3-35 354 445 455

Particle Size (nm)

Figure 10. (a) ADF-STEM image (scale bar = 20 nm) and (b) particle size distribution of the Pd NCs

after the reaction.
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The author tested the recyclability of the Pd NCs. After performing the reaction with the
disilane system (Table 4, entry 1), the hexane layer was extracted using 8 mL of hexane
five times. The hexane layer (containing the starting materials and products) was removed.
The DMAc was evaporated from the residual DMAc layer containing Pd NCs and the
residue was reused as the catalyst for the reaction under the same conditions (Table 3,
entry 1). The Pd NCs gave good yields five times. the author also tested the coupling
reaction of aryl halide with hydrosilane (reaction conditions as in Table 1, entry 2). In the
hydrosilane coupling reaction, the extraction solvent was modified. Product 3a and the
starting materials were extracted using a mixed solvent (hexane:ethyl acetate = 95:5). The

Pd NCs catalyst tolerated multiple cycles.

X SiMe
AN cat. 0 AN 3
R + MesSiSiMes Pd NCs (0.1 mol%) - R
= NaOAc (1 equiv) =
1 4 DMAc (1 mL), 120 °C, 24 h 5

100
83

80 78 76 78 e 76

60

Yield (%)

40

20

0 1 2 3 4 5
Run (times)

Figure 11. Multiple catalyst recycling for coupling of iodobenzene with disilane (conditions as in Table

| cat. " SiPhMez
+ HSiPhMe, Pd NCs (0.1 mol%) .
LiOAc (1 equiv)

1a 9a  DMAc(1mL), 100 °C, 16 h 3a

4, entry 1).

100

80 75 74
7 68 69 68

0 1 2 3 4 5
Run (times)

Figure 12. Multiple catalyst recycling for coupling of iodobenzene with hydrosilane (conditions as in

Table 1, entry 2).

73



Conclusion

The author has developed Pd NCs catalytic system for silylation of aryl halides with
hydrosilanes/disilanes. The Pd NCs catalyst can be separated and reused at least five times
without notable loss of the catalytic activity. DMAs displacement enables easy access to

the active sites of the Pd NCs.
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Experimental

General

GC analysis was performed with a flame ionisation detector using a 0.22 mm x 25 m capillary column
(BP-5). The 'H and *C NMR spectra were recorded at 400 and 100 MHz, respectively. The 'H and
13C NMR chemical shifts are reported in ppm with respect to the residual chloroform (‘H 7.26 ppm,
13C 77 ppm). The products were characterised by 'H NMR, '*C NMR, and GC-MS. The TEM and
STEM images were obtained with a JEM-ARM200F(JEOL) instrument at an accelerating voltage of
200 kV. ICP-AES was performed with a ICPS-8100 spectrometer (Shimadzu). XPS analysis was
performed with a PHI5000 VersaProbe (ULVAC-PHI) with Al Ka radiation. The measured spectra
were calibrated by the C 1s electron peak (284.5 eV). TG analysis was performed with a Thremo Plus
EVO device (Rigaku, Japan) at a heating rate of 10 °C min ! under N, flow.

All of the synthesised compounds (3a,2%? 3b,2? 3¢,2%2 3d,23® 3e,2 3£,2%* 3g,23¢ 3h,23¢ 3j,23d 5a,242 5,24
5¢,2%¢ 5d, 5e,2* 5f,2*d and 5g 2**) are known compounds and have been previously reported.

All of the starting materials were commercially available and used without further purification. The
DMF-protected Pd NCs were prepared according to a previously reported method.!*?

(a) Preparation of the DMF-stabilised Pd NCs

DMF (50 mL) was added to a 300 mL three-necked round bottom flask. The solution was preheated
to 140 °C (£2 °C) and stirred at 1500 rpm for 5 min. PdCI; solution (0.1 M, 500 pL) was then added
to the hot DMF solution, which was allowed to react for 10 h under stirring (1500 rpm) at 140 °C
(£2 °C). The resulting clear yellow solution was used as the 1 mM Pd NCs solution in DMF. After
vacuum evaporation of the solvent, the residue was dissolved in selected solvents for the
measurements and coupling reaction.

(A) Reaction of aryl halides with hydrosilanes

A mixture of iodobenzene (1a, 204 mg, 1 mmol), dimetheylphenylsilane (2a, 409 mg, 3 mmol), LiOAc
(67 mg, 1 mmol), Pd NCs in DMAc (1 mL, 1 mM) as a catalyst, and solvent was stirred at 100 °C for
16 h in an Ar atmosphere. The product and substrate conversions and yields were estimated by GC
from the peak areas based on an internal standard (n-decane). 3a was obtained in 80% yield. 3a was

isolated by column chromatography [silica gel (230—400 mesh), n-hexane as eluent] in 75% yield (159
mg).

Characterization of the compounds

3a dimethyldiphenylsilane, colorless liquid, 'H-NMR (400 MHz CDCls) &: 7.57-7.54 /@
(m, 4H), 7.39-7.38 (m, 6H), 0.59 (s, 6H); *C-NMR (100 MHz; CDCl5) &: 138.22 (C) Sli\
134.22 (CH), 129.11 (CH), 127.82 (CH), -2.42 (CH3); GC-MS (EI) m/z (relative ©/
intensity) 212(23) [M]", 197(100), 198 (19), 105(9).
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3b dimethyl(phenyl)(p-tolyl)silane, colorless liquid, 'H-NMR (400 MHz CDCl;) &: /©/
7.57-7.55 (m, 2H), 7.48-7.46 (m, 2H), 7.39-7.38 (m, 3H), 7.23-7.21 (m,. 2H), 2.39 Sli\

(s, 3H), 0.58 (s, 6H);'*C-NMR (100 MHz CDCl5) &: 138.96 (C), 138.50 (C), 134.53 ©/

(C), 134.23 (CH), 134.15 (CH), 129.00 (CH), 128.65 (CH), 127.76 (CH), 21.45 (CHzs), -2.32
(CH3);GC-MS (EI) m/z (relative intensity) 226(18) [M]", 211(100), 212 (21), 105(7)

3c (4-ethoxyphenyl)dimethyl(phenyl)silane, colorless liquid, 'H-NMR (400 MHz OMe
CDCl3) 8: 7.53-7.44 (m, 7H), 6.97-6.95 (m, 2H), 3.85 (s, 3H), 0.58 (s, 6H); *C-NMR S|<©/
(100 MHz CDCl3) 6: 160.48 (C), 138.66 (C), 135.62 (CH), 134.11 (CH), 128.97 ©/

(CH), 127.75 (CH), 113.58 (CH), 54.97 (CH3), -2.32 (CH3); GC-MS (EI) m/z (relative

intensity) 242 (20) [M]", 227 (100), 135 (4).

3d (4-(tert-butyl)phenyl)dimethyl(phenyl)silane, colorless liquid, 'H-NMR (400
MHz CDCl;) &: 7.21-7.01 (m, 9H), 0.98 (s, 9H), 0.21 (s, 6H);'*C-NMR (100 MHz |_©)<
CDCl3) 8: 151.98 (C), 138.46 (C), 134.59 (C), 134.15 (CH), 134.04 (CH), 128.99 ©/SI\

(CH), 127.75 (CH), 124.77 (CH), 34.62 (C), 31.22 (CH3), -2.34 (CH3); GC-MS (EI)

m/z (relative intensity) 268 (16) [M]" 253 (100) 237 (6) 105 (10).

3e dimethyl(phenyl)(4-(trifluoromethyl)phenyl)silane, 'H-NMR (400 MHz CDCl;) CF;
3: 7.64-7.61 (m, 4H), 7.53-7.52 (m, 2H), 7.41-7.38 (m, 3H), 0.60 (s, 6H); *C-NMR sli

(100 MHz CDCls) &: 143.36 (q, “Jc.r = 1.0 Hz, CH), 137.03 (CH), 134.41 (CH), ©/ )

134.10 (CH), 130.99 (q, %/ c.r= 32.2 Hz, CH,), 129.45 (CH), 127.97 (CH), 124.29 (q,

3Jcr=3.7Hz, CH), 124.19 (q, 'Jc.r=273.0 Hz, C,), -2.63 (CH3); GC-MS (EI) m/z (relative intensity)
280(4) [M]", 265(100), 184(15).

3f methyl 4-(dimethyl(phenyl)silyl)benzoate, colorless liquid,'H-NMR (400 MHz 0
CDCl) 9: 8.00 (dd, 2H, J=8.3, 0.7 Hz), 7.60 (dd, 2H, J= 8.3, 0.7 Hz), 7.51-7.49 (m, I /@J\O/
2H), 7.38-7.37 (m, 3H), 3.92 (s, 3H), 0.58 (d, 6H); *C-NMR (100 MHz; CDCl5) &: Sil

167.22 (C), 144.63 (C), 137.28 (C), 134.13 (CH), 134.11 (CH), 130.49 (C), 129.34 ©/

(CH), 128.51 (CH), 127.91 (CH), 52.12 (CH3), -2.61 (CH3); GC-MS (EI) m/z (relative intensity)
270(7) [M]", 256 (20), 255(100), 239(2)

3g methyltriphenylsilane, colorless liquid, 'H-NMR (400 MHz CDCl;) &: 7.56-7.36
(m, 15H), 0.87 (s, 3H); 3C-NMR (100 MHz CDCl) &: 136.06 (C), 135.25 (CH), ©

129.37 (CH), 127.83 (CH), -3.40 (CHs); GC-MS (EI) m/= (relative intensity) 274 (5) @r‘?O
[M]", 259 (100), 180 (12).
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3h triethyl(phenyl)silane, colorless liquid,"H NMR (400 MHz CDCl;): § 7.50-7.35 L -
(m, 2H), 7.34-7.25 (m, 3H), 0.96 (t, 9H , J =8.0 Hz), 0.79 (q, 6H, J =7.2 Hz);"3C- Si
NMR (100 MHz CDCl): ¢ 137.8 (C), 134.5 (CH), 129.0 (CH), 127.9 (CH), 7.7 )
(CHs), 3.6 (CHz); GC-MS (EI) m/z (relative intensity) 192(6) [M], 163(59), 135(100), 107(77)

3i triethoxy(phenyl)silane, colorless liquid, 'H NMR (400 MHz CDCl;): § 7.68 (d, J Si(OEt)
= 6.4 Hz, 2H), 7.34 (m, 3H), 3.87 (q, J =7.2, 6H), 1.25 (t, 9H, J =6.8 Hz);'3C-NMR ©

(100 MHz CDCL3): § 134.8 (C), 130.9 (CH), 130.4 (CH), ..127.9 (CH), 58.7 (CHa), 18.2 (CH3);GC-
MS (EI) m/z (relative intensity) 240(23) [M]", 195(42), 145(100), 135(36).

5a (Trimethylsilyl)benzene, '"H NMR (400 MHz CDCl3) 7.66-7.46 (m, 2H), 7.40-7.33 (m, /@
3H), 0.27 (s, 9H); *C-NMR (100 MHz; CDCl5) &: 140.47 (C), 133.28 (CH), 128.75 (CH), :sli
127.71 (CH), -1.16 (CHz).; GC-MS (EI) m/z (relative intensity) 150 (18) [M]", 136 (12),

135(100).

5b trimethyl(p-tolyl)silane: colorless liquid, 'H- NMR (400 MHz CDCl;): § 7.45 (d, 2H J
=8.0 Hz), 7.20 (d, 2H, J= 7.6 Hz), 2.37 (s, 3H), 0.27 (s, 9H); *C-NMR (100 MHz CDCl3): :Si/©/
8 138.6 (C), 136.8 (C), 133.3 (CH), 128.6 (CH), 21.5 (CH3), -1.1 (CH3); GC-MS (EI) m/z

(relative intensity) 164(13) [M]*, 149(100), 121(9).

5¢ 4-methoxyphenyl)trimethylsilane: colorless liquid, 'H-NMR (400 MHz CDCl;): OMe
8 7.20 (d, 2H, J = 8.8 Hz), 6.67 (d, 2H, J = 8.4 Hz), 3.56 (s, 3H), 0.00 (s, 9H) ;'3C- \Si/©/
NMR (100 MHz CDCl;): 6 162.2 (C), 135.7 (CH), 132.2 (C), 114.4 (CH), 55.9 (CH3), “l

0.00 (CH3);GC-MS (EI) m/z (relative intensity) 180(16) [M]*, 165(100), 135(9).

MHz CDCL): § 7.49 (d, 2H, J = 8.4 Hz), 7.41 (d, 2H, J = 8.0 Hz), 1.34 (s, 9H), 0.27
(s, 9H);*C-NMR (100 MHz CDCL): § 151.7 (C), 136.9 (C), 133.2 (CH), 124.7 (CH), -
34.6 (C), 31.2 (CH;), -1.06(CHs); GC-MS (EI) m/z (relative intensity) 206(12) [M]*, 191(100), 176(7).

5d (4-(tert-butyl)phenyl)trimethylsilane: white solid, m.p 77.5-78, 'H-NMR (400 /©)<
s

5e 1-(4-(trimethylsilyl)phenyl)ethan-1-one:colorless liquid, 'H-NMR (400 MHz o
CDCl3) 8: 7.92-7.91 (m, 2H), 7.63-7.61 (m, 2H), 2.60 (s, 3H), 0.29 (s, 9H);'*C-NMR

(100 MHz CDCl3) 6: 198.33 (C), 147.21 (C), 137.17 (C), 133.48 (CH), 127.19 (CH), >S|I

26.58 (CHs), -1.38 (SiMes); GC-MS (EI) m/z (relative intensity) 192 (14) [M]", 177(100), 162 (1),
119 (7).
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5f methyl 4-(trimethylsilyl)benzoate: colorless liquid, "H-NMR (400 MHz CDCl3) &:
7.99 (d, 2H, J = 8.3 Hz), 7.59 (d, 2H, J = 8.2 Hz), 3.92 (s, 3H), 0.29 (s, 9H); 13C-
NMR (100 MHz CDCls) &: 167.28 (C), 146.84 (C), 133.27 (CH, s), 130.19 (C),
128.44 (CH), 52.09 (CHs), -1.34 (CH3); GC-MS (EI) m/z (relative intensity) 208 (5)
[M]", 193 (100), 133 (14).

5g trimethyl(4-(trifluoromethyl)phenyl)silane: 'H-NMR (400 MHz CDCl;) : § 7.64
(d, 2H, J = 7.6 Hz), 7.59 (d, 2H, J = 8.0 Hz), 0.30 (s, 9H); *C-NMR (100 MHz
CDCl3): 6 145.6 (C), 133.8 (CH), 130.8 (q, /= 31.6 Hz, C), 124.3 (q, J=270.2 Hz,

O

A
_Si

: CF3
Na:
_Si

C), 1242 (q, J= 3.9 Hz CH), -1.41(CHs) GC-MS (EI) m/= (relative intensity) 218(6) [M]", 203(100),

189(0.60).
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Chapter 4. N,N-Dimethylformamide-protected Fe;O3 combined

with Pt nanoparticles : Characterization and catalysis in alkene
hydrosilylation

°atFe,04 NPs
Pt NPs -
RFX + H—Si(OEt) > R \SIOED;

21 examples
yields up to 94%
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Introduction

Alkene hydrosilylation plays the most important role in the production of organosilicon
compounds.!'! The high-performance organosilicon products of hydrosilylation are
widely used in consumer products such as silicon rubbers, lubricants, and adhesives.!
Silane coupling agents, which combine organic resins and inorganic materials, can serve

as a performance enhancer for semiconductor sealants and as a penetrating sealer(Figure
1) 3]

Silane Coupling Agent

Inorganic material Eg ﬁ
0 = =
o\ 1 0 [T
S|

Semiconductor Coating Material

Sealant
X
_____________________ o

..................... Eco-Tires

Figure 1. Schematic illustration of the silane coupling agents and usage example

For over more than half a century, the hydrosilylation reaction has mainly relied on a
platinum complex (e.g. Speier’s,*) Karsted,™) and Marké’s!! catalysts) because of the
high catalytic activity and turnover number (Scheme 1). However, it is difficult to remove
and recover the Pt from the products and to suppress the side reactions. The Pt residues,
which are known to form Pt colloids, cause the production of by-products and degrade
the overall product performance.!”]

Therefore, to overcome these drawbacks, earth-abundant transition metal catalysts,
which are inexpensive, have been developed for the catalytic hydrosilylation of alkenes.®!
The hydrosilylation of alkenes with alkoxysilanes, which is important for the production
of industrially relevant silane coupling agent, is a more challenging transformation. Base
metal complexes that bear a well-defined ligand have been explored. Remarkable bench-
stable Fe,[! Co,['% and Ni'!l catalysts have been developed by Nagashima and Chirik.
In addition, one-pod transformation of alkanes to linear alkylsilanes has been developed
using Ir and Fe pincer complex. °® However, the availability of suitable ligands has been
overlooked. Therefore, the development of practical ligands is still a challenge.

Scheme 1. Precious/base metal complex catalysts for hydrosilylation.
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a) Pt complex catalyst a) Bench-stable earth abundant transition metal complex catalyst

: o :
s : Ni(OR), R= 2-ethylhexanoate

/ P Ly o Fe(OPiv), S ‘ 3 ith
SN ~ él(’ \/S|J N or with N Co ' "
H,PtClg:6H,0 \ Pt Pt / QSi Pt <(N ﬂ Co(OPiv), N : H Ar= 2,6-iPr)-CgH,
2SO AN g AN A

Nagashima et al

Speier's catalyst ' 5
peier's catalys Karstedt's catalyst Marké's catalyst 2016 R=ethylhexanoate

Chirik et al : Chirik et al
2016 ! 2016

The catalytic application of metal nanoparticles ['* and single-atom-catalysts (SAC) [!*!
not only results in a reduction in material cost but also offers an alternative solution for
hydrosilylation. Such heterogeneous catalysts are more recyclable than a homogeneous
catalyst. Many heterogeneous hydrosilylation catalysts, such as supported precious/base
metal NPs and SAC, have been investivated. !* ' In addition, the single-pod integration
CeOz-supported Ru and Rh based SAC achieved selective hydrosilylation process via
tandem alkene isomerization-hydrosilylation even terminal and internal alkene
mixture. !¢

Previously, our group introduced unsupported metal nanoparticles (M NPs). The M NPs
were synthesized by reduction of a metal precursor in the presence of N,N-
dimethylformamide (DMF). DMF serves as a stabilizer, reductant, and solvent for the
synthesis of M NPs. [ Previously, our group reported DMF-protected Fe2O3 NPs for the
hydrosilylation of alkenes with primary and secondary silanes.!!'”' Notably, a reaction with
tertiary hydrosilanes, which are commercially important scaffolds, would be most
beneficial. However, DMF-protected-Fe2O3 NPs-catalyzed hydrosilylation is not
effective for a reaction with tertiary hydrosilanes. To solve this problem, the author
focused on a combination of catalysts for directing practical hydrosilylation. ['®]

Herein, the combination of DMF-protected Fe2O3 NPs and Pt NPs for the hydrosilylation
of alkenes with alkoxysilanes. The characterization of the combination Fe2O3/Pt NPs

suggests that they will exhibit a highly efficient catalytic activity under mild conditions.
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Results and discussions

Initially, the author selected 1-dodecene (1a; 0.5 mmol) and triethoxysilane (2a; 3
mmol) as model substrates with which to perform the hydrosilylation (Table 1). Notably,
no silylated product was obtained and the starting alkene was recovered with the use of
either the Fe2O3 NPs or the Pt NPs (entries 1 and 2). A mixture of Fe2O3 NPs and Pt NPs
(Fe203/Pt NPs) resulted in an excellent yield of the hydrosilylation product (entry 3). In
particular, when the Fe:O3 NPs catalyst was used, a substantial amount of
tetracthoxysilane was produced. On the other hand, when Pt NPs was used, the
disproportionation reaction was significantly suppressed. Although homogeneous Pt
complexes are known to be highly active catalysts in the hydrosilylation of alkenes, the
DMF-protected Pt NPs were not active in the hydrosilylation of C—C multiple bonds. Our
group previously reported that the DMF-protected Fe2O3 NPs have been successfully
employed as active catalysts in the hydrosilylation of alkenes with primary and secondary
hydrosilanes that implied Si—H activation.!!” the hydrosilylation could be performed even
under an Oz atmosphere (entry 5). However, the alkenes 1a were recovered, and 2a was
converted to give byproducts. Thus air atmosphere is the best for the reaction. ()

Table 1 Hydrosilylation of 1-dodecene with triethoxysilane.?

¢al Fe,05 NPs 0.05 mol%

Pt NPs 0.05 mol% ~_-Si(OEt)3
"CiHpr X +  HSI(OEt) ~  "CioHas
neat,
0.5 mmol 3 mmol 100 C?C’ 24h
1a 2a under air (balloon) 3a

Conv.(%) Atmosphere Yield of
Entry Catalyst — T (°O) Yield of 3a®

1a 2a (balloon) TEOS®
1 Fe>O3; NPs 20 41 100 Air n.d. 18
2 Pt NPs 10 15 100 Air n.d. 3
3 Fe,Os /Pt NPs >99 64 100 Air >99 20
4 Fe,O; /Pt NPs 4 15 100 Ar n.d. 2
5 Fe,O3/ Pt NPs 80 99 100 0} 59 37

a) b) GC yield n.d. = not detected by GC. ¢)TEOS yield based on 2a.
a) Reaction conditions: 1-dodecene 1a (0.5 mmol), hydrosilane 2a (3 mmol), Fe,O3 NPs (0.05 mol%), Pt
NPs (0.05 mol%) 100 °C, 24 h. b) GC yield, the number in parentheses shows the yield of isolated product.
¢) Not detected by GC.
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The screening of other trisubstituted hydrosilanes, such as HSiMe(OEt): and
HSiMe2Ph, was shown to give the desired products in good to excellent yields (Scheme
2, 3b-3f). To synthesize industrially important silane coupling agents, the functional
group tolerance is known to play an important role in silicon chemistry. ) Oxygen
based functional alkenes (-epoxy, -esters, ketones) were tolerated and gave the
corresponding products (3g—3m) in good to moderate yields. Sulfur-containing alkenes
gave the silylated products (3n and 30) in a yield of 9%. 3p had a remote chloride and
could be produced by hydrosilylation. 3q, an isocyanurate ring-bearing product, which is
used as a toner external additive, was also obtained in a good yield. The reaction of
primary and secondary silanes gave desired products 3s, 3t, and 3u in good yields,
respectively. Unfortunately, the desired product was not obtained from allyl chloride
styrene derivatives and octadecylsilane. The reaction with octadecylsilane was sluggish
under these conditions.

Scheme 2. DMF-protected Fe,Os/Pt NPs catalyzed hydrosilylation of various functional alkenes with

hydrosilanes.?
Tertiary Silane

Si(OEt),
CeH, 7 N (OEt)s

84%
3b

O\/\Si(orst)3

46%
3f

o
)LO/\/\Si(OEt)g

62%
3
Phsg ™~ si(0Et),

9%
3n

Ph" " Si(OEt),
63%
3c
Q

L\(ﬁ’\suost);

73%
39

[o]

)J\/\/\Si(oens

55%
3k

S _~_-Si(OEt);

9%
30

SiMe(OEt),
"C1DH21/\/ 2

94%
3d

o@\/\
Si(OEt);

65%
3h

Ph‘o/\/\SiMe(OEt)2

78%
3l

1k SIOED;

43%
3p

SiMe,Ph
"C10H21/\/ 2

69%
3e

o@\/\
SiMe(OEt),

68%
3i

Y
(Et0);5i” "0 """ si(OEt),

53%
3m

o
(EtO)ssi/\/\NJLN/\/\Si(OEt);,

0”7 °N” 0

Si(OEt);
43%
3q

Primary Silane Secondary Silane

SiH,Ph SiHMePh SiHPh.
"CyoHp > 2 "CoHai” "CoHai” z

62% 4% 54%
3s 3t 3u

“Reaction conditions: same as entry 1 in Table 1, yield of isolated product. ® Fe;O3; NPs : Pt NPs = 4 :
1 (0.1 mol%), Reaction time 48 h. ¢ Fe;O3 NPs (0.25 mol%) and Pt NPs (0.25 mol%) were used.

Reaction temperature (90 °C).Reaction time 72 h.

85



To further demonstrate the synthetic utility of the combination of DMF-protected Fe203
and Pt NPs catalyst, the author performed the hydrosilylation on the 1-g, 10-g, and 1-kg
scales (Scheme 3). First, the reaction of 1a (5 mmol) and 2b (30 mmol) afforded the
silylated adduct in a yield of 84% (entry 1). In the 10-g scale transformation, the excess
amount of the hydrosilane based on the alkene could be reduced from 6 equivalents to 1.2
equivalents. The use of 1a (50 mmol) and 2a (100 mmol) in the presence of Fe2O3 NPs
(0.005 mol%) and Pt NPs (0.005 mol%) afforded 3a in an excellent yield (86%, entry 2).
The author continued to optimize the amount of hydrosilane. Product 3a was obtained in
85% yield with the reaction of 1a (50 mmol) and 2a (60 mmol) in the presence of Fe2O3
NPs (0.005 mol%) and Pt NPs (0.005 mol%) (entry 3). The scale-up reaction of 10 (50
mmol) and 2b (60 mmol) also gave the desired product 3r in good yield (entry 4). In
addition, the reaction was successfully performed with hydrosilane as the limiting
substrate. The reaction of 10 (60 mmol) and 2b (50 mmol) in the presence of Fe2O3 NPs
(0.005 mol%) and Pt NPs (0.005 mol%) produced 3r in a yield of 91% (entry 5). Finally,
the hydrosilylation was scaled to 1 kilogram in the presence of Fe203 NPs (0.005 mol%)
and Pt NPs (0.005 mol%), 10 (6.55 mol) and 2b (6.29 mol). Product 3r was obtained in
an excellent yield (91%, 1.412 kg, entry 6). The large-scale experiment disclosed
byproducts that were difficult to observe on the small scale (disiloxane 4 and siloxane 5).
For details, see supporting information Figure 2-8.

Scheme 3. Large-scale hydrosilylation.

Multi-gram scale <t Fe,03 NPs 0.05 mol%

PtNPs 0.05 mol% Si(OEY)s
i+ HSIOED "Ct”
neat,
Enty1 4, 2 100°C, 24h 3a
5 mmol 30 mmol under air 84%
142
10 gram scale <t Fe,05 NPs 0.005 mol% <t Fg,05 NPs 0.005 mol%
PtNPs 0.005 mol% | PtNPs 0.005 mol%
Tt N+ HSIOE), T T g, SO CHES HSMEOB), T gy, SMe(ED:
100°C, 24 h 100°C, 24 h
Enty2 1a 2a, under air 3 ' Entry4 1o 2b, under air ar,
50 mmol 100 mmol o ; 5619 8.06g 84%
o | 50 mmol b
1a4g ; mmol 60 mmol Rl
Entry 3 : Entry 5
1a 2a, 3a, H 10 2b, 3r,
50 mmol 60 mmol 85% ; 6739 6719 91%
14.3g ! 60 mmol 50 mmol 12559
1 kilogram scale cat Fe,05 NPs 0.005 mol%
PtNPs 0.005 mol% SiMe(OEY),
N+ HSMe(OEY, "Cotis”
neat,
Enty6 10 2, 100°C, 24 h 3
73449 84429 under alr 91%
6.55 mol 6.29 mol 1412
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catFe,05 NPs 0.005 mol%

Pt NPs 0.005 mol% .
"CeHi X+ HSiMe(OE), > > g, ~SMe(OE),
neat, 100 °C, 19 h 63

3000 mL three-necked flask
DMF-protected Fe,O3 NPs 10 mM, 30 mL
DMF-protected Pt NPs 10 mM, 30 mL

DMF in vacuo
80 °C

hydrosilylation

¢— 1-octene(6.55 mol)

~&—— diethoxymethylsilane (6.29 mol)
dropwise

100°C,19h

Y
quench
¢ filtration, cotton plug

distillation

Figure 2. Reaction setup

<. v 4 ~, 3%

Figure 3. DMF removal under reduced pressure (80 °C).
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i Tede i
Figure 4. After addition of diethoxymethylsilane.

Figure 6. Distillation set up.
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Figure 7. 3r after distillation.

By-product identification

As reported previous hydrosilylation reactions, byproducts such as 2-octene
(isomerization of olefins), methyltriethoxysilane (redistribution of hydrosilane) were
confirmed (GC-MS). The large-scale experiment (1 kg) disclosed byproducts that were
difficult to observe on the small scale (0.5 mmol). Distillation residue (a yellow oil) was
passed t neutralized tb rough a plug of to remove catalyst sludge. was to remove metal
nanoparticles, recycling Preparative HPLC was performed with a LaboACE LC-5060
(Japan Analytical Industry Co., Ltd.) instrument equipped with JAIGEL-1HR+ JAIGEL-
2HR columns and RI-700 LA detector, using CDCI3 as eluent. Main byproduct
4(siloxane) and 5(siloxane) was analyzed by 'H NMR, *C NMR, HRMS, FT-IR.

uVv
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i T T T L S T
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min

Figure 8. Distillation residue.
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Recycling experiments were carried out to demonstrate the recyclability of the DMF-
protected Fe2O3/Pt NPs catalyst system. After the reaction, the DMF protected Fe2O3/Pt
NPs were recovered by extraction (hexane/DMF). The catalysts remained in the DMF
layer, and the products and starting materials moved to the hexane layer. The author
checked the recovery rate of both Fe and Pt by using inductively coupled plasma atomic
emission spectroscopy (ICP-AES). After extraction, the DMF layer contained the Fe NPs
and Pt NPs (recovery rates Fe, >99%, Pt, 96%). After DMF evaporation, the catalysts
were reused for the subsequent hydrosilylation. As shown in Figure 9, the DMF-protected
Fe203 NPs and Pt NPs retained their catalytic activity at least five times. To assess catalyst
stability at intermediate conversion levels, recycling experiments for 2 h were conducted.
The yields were maintained at 67-60% in the 1st to 3rd run and slightly decreased in the
4th and 5th run (53% and 48%) (Figure 9b).

cat Fe,03 NPs 0.05 mol%
total metal 0.05 mol% . _~_Si(OEt),
C1oHa1

"Ciohp” Xy +  HSI(OEt)
neat,
1a 2a 100°C,24 h 3a

0.5 mmol 3 mmol

1 2

4 5

Recy::ll:;g (run)
Figure 9. Recycling experiment of Fe,O3 and Pt NPs in the hydrosilylation of 1a with 2a: (a) 24 h

reaction and (b) 2 h reaction.
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2.2 Characterizations of Fe2O3 NPs and Pt NPs

The transmission electron microscopy (TEM) image (Figure 10) clearly showed that
the average particle sizes of the Fe2O3 and Pt NPs were determined to be 3—4 nm and 2—
3 nm, respectively. Powder XRD measurement was performed to understand the catalyst
(Figure 11). Characteristic XRD pattern was not observed because of the ultra small

size.?V
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Figure 10. (a) (c) Size distribution of the nanoparticles and (b) (d) BF-TEM image of (a)
(b) Pt NPs and (c) (d) Fe2O3 NPs.

2500

@ 800

2000

(b)

o
o

1500

Intensity
N A O
o
o

o
o

Intensity

1000

10 30 50 70 90

0 20 30 40 5 60 70 80 90 2 theta / degree
2theta/ degree

500

o

o]

1500 ( )
C
>
= 1000
5
i= 500
O 1 1 1
10 30 50 70

2 theta / degree
Figure 11. XRD charts (a) Pt NPs (b) Fe203 NPs (c)after reaction Fe2O3/Pt NPs.

Figure 12a shows the Fe K-edge normalized X-ray absorption near-edge region
structure (XANES) spectra of Fe2O3 NPs, Fe2O3/Pt NPs, and the reference samples (Fe
foil and Fe203). As reported in our previous work,!!”! the oxidation state of Fe species in
the DMF-protected Fe2O3 NPs is similar to that in a-Fe2Os. The oxidation state of the
Fe203/Pt NPs was identical to that in the Fe2O3 NPs. The Fe K-edge XANES results
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showed that the Pt NPs did not affect the Fe2O3 NPs. Additionally, Figure 12b shows the
Pt Lu-edge XANES spectra of the DMF-protected Pt NPs, Fe2O3/Pt NPs, and the
reference samples (Pt foil and PtO2). The white line intensities of the Pt NPs and Fe2O3/Pt
NPs were located between those of the Pt foil and PtO2 (Figure 12b). No significant
difference was found between the Pt NPs and Fe2O3/Pt NPs. Therefore, there was no

interaction between the Fe2O3 NPs and Pt NPs before the reaction.

(a) Fe K-edge (b) Pt L edge
H
-
o Fe,0, i Fe,0,/Pt NPs
3 s
@ |Fe,0,/PtNPs X ) Pt NPs
3 AN 5 [ N__ } bl
£ £ Pt foil
& |Fe,0O; NPs P A
g i i 2 ‘J\J\/\_’
7090 7130 7170 11540 11580
X-ray Energy (eV) X-ray Energy (eV)

Figure 12. (a) Fe K-edge XANES spectra of DMF-protected Fe,O3 NPs, mixture of Fe;O3-Pt NPs,
and the reference samples (Fe foil, Fe2O3). (b) Pt Lin-edge XANES spectra of DMF-protected Pt NPs,
mixture of Fe,O3 NPs-Pt NPs, and the reference samples (Pt foil and PtO;).

To examine the active species, the author investigated the time-course for the
reaction.(Figure 13) This reaction system had an induction period of approximately 10
hours. The induction period for the reaction system with Fe2O3 Pt NPs recovered after the
first catalyst recycling test was also investigated and was around only 1 hour. The active
catalyst species assisted by hydrosilane/oxygen may be generated during the reaction

course.
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Figure 13. Reaction profiles for hydrosilylation using (a) pristine Fe»O3/Pt NPs and (b) recovered
Fe,Os3 Pt NPs.
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In addition, the reactions were carried out under these conditions by changing the ratio
of Fe203 NPs and Pt NPs, and no significant difference was observed in the yields of 3a
(Table 2).

Table 2
Effect of the Fe,O3 NPs/ Pt NPs ratio in the hydrosilylation of 1-dodecene (1a) with triethoxysilane
(2a)*

¢t Fe,03 NPs (x mol%)

Pt NPs (y mol%) Si(OEt),
NCiHat X +  HSi(OEt) nCoHay >
neat,
1a 23 100 ‘TC, 24 h 3a
0.5 mmol 3.0 mmol under air (balloon)
Fe,0; NPs Pt NPs
Entry Yield of 3a
(x mol%) (y mol%)
1 0.05 0.005 68
2 0.05 0.0125 7
3 0.05 0.025 78
4 0.025 0.05 83
5 0.0125 0.05 75
6 0.005 0.05 81

a)GC yield
However, the use of small amount of Pt NPs (0.025 mol%) under these conditions

resulted in a retardation in the formation of 3a during the course of reaction. (Figure 14).

100
90 -
80 1 — B |
, © ;
o 70 T
)
"6 60 T )
< 50 A |
% 40 - ; ®Fe 0.025 mol%
= 30 J Pt 0.05 mol%
20 | ® Fe 0.05 mol%
® Pt 0.025 mol%
10 - %
0 o & & T T T T
0 4 8 12 16 20 24
Time (h)

Figure 14. Time-dependence curve for the formation of 3a under the conditions as shown in entry 3,

Table 2 (orange plot) and entry 4, Table 2 (blue plot).
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After the reaction, the Fe2O3/Pt NPs catalyst was collected and observed with a
scanning electron microscope (Figure 15). Material with a size of several hundred
nanometers to the micron-order was observed. Elemental mapping showed that this
material was mainly derived from silicon. In addition, it was clear that these substances
were also composed of Fe and Pt. This result implied that Fe and Pt interacted with each
other inside or on the surface of the silicon substances such as siloxane derived from
hydrosilane/oxygen. High resolution HR-TEM, STEM image of after reaction (Figure 16)
suggested that the size of Pt NPs was retained before and after the reaction. However, Fe

EDS signal intensity was low.

(a)

1.0 pm SiIK ————————— 1.0 ym FeK C—————1.0pm PtM

Figure 15. STEM image Fe,O3/Pt NPs after recycling (a) and elemental mapping, (b) Si, (b) Fe, and
(c) Pt.

20 nm Fe K 20 nm Pt M

Figure 16. Image of (a) BF-TEM (b) DF-TEM (c) HAADF-STEM. (d) EDS analysis result.
elemental mapping (e)Fe and (f)Pt
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Using recovered Fe2O3/Pt NPs catalyst, hydrosilylation were performed under various

conditions to understand changes to the catalyst upon recycling (Table 3).
Table 3. Recovered Fe2Os /Pt NPs catalyzed hydrosilylation of 1-dodecene (1a) with

triethoxysilane (2a)?

cal recovered Fe,03/ Pt NPs

. Si(OEt)
"CoHa N+ HSI(OED - "Cuot ‘°’
1a 2a T°C,24h 3a
Atmosphere (balloon)
1a 2a T Atmosphere .
Entry Yield of 3a
(mmol) (mmol) (°0) (balloon)

1 0.5 3 100 Ar 86

2 0.5 3 100 Air >99

3 0.5 0.6 100 Ar 83

4 0.5 3 80 Ar 95

5 0.5 3 60 Ar 15

a)GC yield

The DMF molecules coordinate on the metal nanoparticles, which would inhibit the

aggregation during the reaction.'®!7l Then silicon-containing compounds such as

siloxanes generated by O2 weakly coordinated on the surface of the Fe/Pt catalyst. The

active catalyst species may be generated by partial liberation of the DMF molecules

surrounded on the metal nanoparticles, and weak coordination of siloxanes to the open

site would stabilize the active species during the course of the catalytic reaction.l’"¢]

Therefore, the recovered Fe203/Pt NPs catalysts gave the desired products in high yields

even under an inert gas atmosphere without the need for an excess amount of hydrosilane.
In addition, the recovered Fe2Os/ Pt NPs catalysts afforded desired products 85% at 80 °C.
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To check the electronic state of the Fe2O3 NPs and Pt NPs catalysts, XPS analysis was
conducted. Figure 17 shows the XPS profiles of Pt 4f for the (a) Pt NPs before reaction,
and (b) Pt NPs after reaction. All measurements showed two peaks at 72.6 eV (Pt 4f72)
and 75.9 eV (Pt 4fs;2). Pt NPs indicating Pt** species.['® Pt 4f did not shift in the presence
of'the Fe2O3 NPs. The results were consistent with the XANES analysis of the Pt Lin edge.
After reaction, although the use of Pt NPs on their own did not show any catalytic activity,
both the Pt NPs only and the Fe2O3/Pt NPs did not affect the oxidation state.

The author also analyzed the XPS Fe 2p3.2 region for the Fe2O3 NPs and Fe2O3/Pt NPs
(Figure 18). For the Fe203 NPs, broad peaks appeared, which were assigned to Fe** peak,
Fe*" (quartet) peaks and surface peak.2!>] Before the reaction, the Fe203 NPs and Fe203
/Pt NPs, Fe?" peak intensities were increased than that of bulk a-Fe203. As a comparison,
the author also performed XPS measurements before and after the reaction using the
Fe203 NPs as a catalyst, where the reaction did not proceed. After reaction, the surface
peak was increased for the Fe2O3 /Pt NPs compared with the Fe2O3 NPs. With the decrease
in coordination, Fe*" ions located in Fe2O3 NPs surface would surrounded by a lower

electron density.2!!

(3) PtNPs NPs 75 g3 W, 72.60
before reaction , 3

A

(b) Pt NPs NPs

after reaction 7574 72.42

|-~

WMAA A A

(c) Fe20s /Pt NPs NPs
before reaction

Intensity / a.u.

(d) Fe20s /Pt NPs NPs
after reaction
75.90 72.56

s -ty b
79 76 73 70 67
Binding energy/ eV

Figure 17. XPS profiles of the Pt 4f region for (a) Pt NPs before reaction, (b) Pt NPs after reaction,
(c) Fe20s3/Pt NPs before reaction, and (d) Fe»O3/Pt NPs after reaction.
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(a)Fe,O; NPs
Before reaction

(WU, m
ot v Yo

(b)Fe,0; NPs
After reaction

(c)Fe, 05 /Pt NPs
Before reaction

Intensity (a.u.)

(d)Fe,0; /Pt NPs
After reaction

720 716 712 708 704
Binding Energy (eV)

Figure 18. The Fe 2ps region background-subtracted spectra Fe** (black) Fe**(quartet, blue), and
surface peak (green) from (a) Fe,O3; NPs before reaction, (b) Fe,O3 NPs after reaction, (c) Fe,O3/Pt
NPs before reaction, and (d) Fe,O3/Pt NPs after reaction.
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Conclusion

The author developed a combination of DMF-protected Fe2Os and Pt NPs that can
catalyze anti-Markovnikov selective hydrosilylation of alkenes with hydrosilanes. The
combination catalyst of DMF-protected Fe203 and Pt NPs can be applied to a variety of
functional alkenes, as well as to large-scale experiments up to the kilogram scale. The
DMF-protected Fe203/Pt NPs could be recycled at least five times. The in situ activated

Fe203/Pt NPs catalyst exhibits a short induction time and high catalytic activity.
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Experimental

General

GC analysis was performed with a GC-2025 (Shimadzu) a flame ionization detector (FID) using a
0.22 mm x 25 m capillary column (BP-5 SGE). NMR spectra were recorded on a INM-ECZ400S
(JEOL). 'H, and '3C, NMR spectra were measured at 400 and 100 MHz, respectively. Compound 3r
'"H(600 MHz),'*C(150 MHz) spectra were recorded using a AVANCE III HD 600 spectrometer
(Bruker) with a 5 mm CPBBO BB-1H/19F/D Z-GRD. 'H NMR chemical shifts were referenced to
tetramethylsilane signal (0 ppm) or the residual solvent resonance as an internal standard. *C NMR
chemical shifts were referenced to residual solvent peaks (77 ppm). The high-resolution EI and ESI
mass spectra were obtained on a JEOL JMS-T100GCv and a Thermo Scientific Exactive.

Metal nanoparticle catalyst preparation.
(A) DMF-protected Fe;O; NPs were prepared by a modified method.'”! To a 20-mL vial bottle,
Fe(OAc): (Aldrich, >99.99%) was weighed and dissolved in DMF (10 mL) so that the Fe concentration
was 0.1 mol/L. To a 300-mL three-necked round bottom flask, DMF (50 mL) was added and the
solution was preheated to 140 °C (£2 °C), and stirred at 1500 rpm for 5 min. Then, the 0.1 mol/L
Fe(OAc), DMF solution (500 pL) was added to a hot DMF solution, which was heated for 10 h at
140 °C.
(B) DMF-protected Pt NPs were prepared by a modified method.'*! To a 20-mL vial bottle,
H,PtCls-6H>0 (Aldrich, >99.99%) was weighed and dissolved in DMF (10 mL) so that the Fe
concentration was 0.1 mol/L. To a 300-mL three-necked round bottom flask, DMF (50 mL) was added
and the solution was preheated to 140 °C (£2 °C), and stirred at 1500 rpm for 5 min. Then, the 0.1
mol/L H2PtCls-6H20 DMF solution (500 uL) was added to a hot DMF solution, which was heated for
10 h at 140 °C.
Catalytic hydrosilylation reactions

An as-prepared 1 mM Pt NPs solution in DMF (0.25 mL) and 1 mM Fe,O3; NPs solution in DMF
(0.25 mL) were added to a reaction vessel (30 mL) and the DMF was evaporated. Then, alkene 1a (70
mg, 0.5 mmol), and hydrosilane 2a (325 mg, 3.0 mmol) were added and the mixture was stirred at
100 °C for 24 h under air. The conversions and yields of products were estimated from the peak areas
based on an internal standard using GC, and the product 3a was quantitatively obtained. The product
3a was isolated by column chromatography (230—400 mesh silica gel, neutralized, n-hexane) and in a

yield of 81% (135 mg)
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Catalyst characterization.

Transmission electron microscopy (TEM) and annular dark field scanning transmission electron
microscopy (ADF-STEM) observations were carried out using a JEM-ARM200F microscope (JEOL),
equipped with an energy dispersive X-ray (EDX) analyzer using a copper micro grid, at an accelerating
voltage of 200 kV. X-ray absorption spectroscopy (XAS) measurements of the catalysts were
conducted at the BLO1B1 beamline of SPring-8 Japan Synchrotron Radiation Research Institute. A
Si(311) double crystal was used as a monochromator. The spectra were recorded at the Pt Li- and Fe
K- edges in the transmission mode at room temperature. The obtained XAS data were analyzed using
Athena software version 0.9.26 included in the Demeter package.*’! X-ray diffraction (XRD)
measurement were performed Miniflex 600-C(Rigaku) Cu Ko 40 kV, 15 mA, D/teX Ultra2 detector
using a non-reflective silicon sample plate. X-ray photoelectron spectroscopy (XPS) analysis for the
metal NPs was performed by using a PHIS000 VersaProbe I1I (Al Ko radiation 1487 eV) spectrometer
(ULVAC-PHI). Each measured spectrum background was subtracted shirley-type background. The

binding energies were calibrated with C 1s.

Characterization of the compounds NN NN SO,
3al*d dodecyltriethoxysilane, 81%, 135 mg, a colorless oil,'H-NMR (400MHz CDCl3) &: 3.82 (q, 6H,
J=17.1Hz), 1.43-1.21 (m, 29H), 0.88 (t, 3H, J = 6.9 Hz), 0.65-0.61 (m, 2H); *C-NMR (100MHz
CDCl) 6: 58.30 (CH>), 33.23 (CH>), 31.95 (CH>), 29.71 (CH>), 29.68 (CH>), 29.58 (CH>), 29.38
(CH»), 29.29 (CH»), 22.77 (CH»), 22.71 (CH>), 18.32 (CH3), 14.14 (CH3), 10.38 (CH>); GC-MS (EI)
m/z (relative intensity) 332 (0.3)[M]", 165 (4), 164 (11), 163 (100), 119 (18).

R T
3bl5¢) decyltriethoxysilane, 84%, 128 mg, a colorless oil, 'H-NMR (400MHz CDCl;) &: 3.82 (q, 6H,
J =17.0 Hz), 1.41-1.21 (m, 25H), 0.88 (t, 3H, J = 6.9 Hz), 0.65-0.61 (m, 2H);!*C-NMR (100MHz
CDCl) 6: 58.30 (CH>), 33.23 (CHz), 31.94 (CH>), 29.66 (CH>), 29.57 (CH>), 29.36 (CH>), 29.28
(CH»), 22.77 (CH>), 22.71 (CHy), 18.32 (CH3), 14.14 (CH3), 10.38 (CHz); GC-MS (EI) m/z (relative
intensity) 304 (2)[M]", 258 (7), 163 (100), 135 (17), 119 (64).

Ph” " Si(OEt),
3¢l triethoixy(3-phenylpropyl)silane, 63%, 89mg, a colorless oil, 'H-NMR (400MHz CDCls) &:
7.29-7.25 (m, 2H), 7.18-7.17 (m, 3H), 3.80 (q, 6H, J= 7.0 Hz), 2.64 (t,2H, J=7.7 Hz), 1.74 (t, 2H, J
= 8.2 Hz), 1.22 (t, 9H, J = 6.8 Hz), 0.70-0.66 (m, 2H);'*C-NMR (100MHz CDCl;) &: 142.41 (C),
128.54 (CH), 128.22 (CH), 125.66 (CH), 58.34 (CHz), 39.22 (CH>), 24.83 (CH>), 18.30 (CH3), 10.15
(CH2);GC-MS m/z (relative intensity) 282 (6) [M]", 237 (5), 163 (100), 119 (23).
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AN G((OE ), Me
3d"59 dodecyldiethoxymethylsilane, 94%, 142 mg, a colorless oil, 'H-NMR (400 MHz CDCl;) &:
3.76 (g, 4H, J= 7.0 Hz), 1.36-1.20 (m, 26H), 0.88 (t, 3H, J= 6.9 Hz), 0.62-0.60 (m, 2H), 0.11 (s, 3H);
BC-NMR (100 MHz CDCls) &: 58.05 (CH,), 33.35 (CHa), 31.95 (CH>), 29.71 (CHz), 29.70 (CH,),
29.67 (CH»), 29.59 (CH), 29.38 (CH>), 29.34 (CH»), 22.86 (CH>), 22.71 (CH»), 18.42 (CH3), 14.14
(CHs), 13.82 (CH>), -4.87 (CH3); GC-MS (EI) m/z (relative intensity) 302 (0.1)[M]", 287 (8), 133
(100), 119 (8), 89 (9).

NN i Ph
3el?2) dodecyldimethylphenylsilane, 69%, 105 mg, a colorless oil, 'H-NMR (400 MHz CDCls) &:
7.53-7.34 (5H, m), 1.25 (20H, s), 0.89 (3H, t, J = 6.8 Hz), 0.74 (2H, t,J = 7.9 Hz), 0.25 (6H, s); 1*C-
NMR (100 MHz CDCl;3) 8: 139.77 (C), 133.54 (CH), 128.69 (CH), 127.65 (CH), 33.62 (CH>), 31.92
(CHb»), 29.69 (CH>»), 29.67 (CHa»), 29.64 (CHa»), 29.59 (CHy), 29.36 (CHy), 29.30 (CH,), 23.84 (CH>),
22.69 (CH»), 15.67 (CH>), 14.13 (CH3), -3.03 (CH3); GC-MS (EI) m/z (relative intensity) 289 (5)[M

— CHs]", 226 (8), 141 (8), 135 (100), 121 (24).
O\/\Si(OEm

3f 119 2_(3-cyclohexenylethyl)trimethoxysilane, 46%, 63 mg, a colorless oil,'H-NMR (400MHz
CDCl) 6: 5.65-5.65 (2H, m), 3.82 (6H, q, J = 7.0 Hz), 2.10-2.02 (3H, m), 1.79-1.74 (1H, m), 1.64-
1.60 (1H, m), 1.50-1.41(1H,m) 1.41-1.35 (2H, m), 1.22 (10H, m), 0.66 (2H, m);'*C-NMR (100MHz
CDCls) 6: 127.01 (CH), 126.59 (CH), 58.30 (CH), 36.23 (CH), 31.47 (CH>), 29.35 (CH3), 28.39 (CH>),
25.30 (CHy), 18.27 (CH3), 7.44 (CH,); GC-MS m/z (relative intensity) 272 (10) [M]", 226 (100), 198
(40), 163 (90) 2\/\/\/\/\

Si(OEt),
3g!!% triethoxy(8-(oxiran-2-yl)octyl)silane 73%, 116 mg a colorless oil, 'H-NMR (400 MHz CDCl5)
8:3.75 (6H, q, J= 7.0 Hz), 2.83 (1H, t, J= 4.2 Hz), 2.68 (1H, dd, J = 5.0, 4.0 Hz), 2.40 (1H, dd, J =
5.0,2.7 Hz), 1.46-1.14 (23H, m), 0.56 (2H, t,J = 8.1 Hz); *C-NMR (100 MHz CDCl;) &: 58.27 (CHy),
52.41 (CH), 47.15 (CH), 33.13 (CH), 32.48 (CH), 29.43 (CH), 29.41 (CH), 29.13 (CH), 25.95
(CHy), 22.72 (CH>), 18.29 (CH3), 10.33 (CH,); GC-MS (EI) m/z (relative intensity) 273(0.1)[M —
OCH,CH3]" 163 (100), 135 (25), 119 (36), 149 (14), 79 (14).
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O@\/\
Si(OEt),

3h1% 1,2-epoxy-4-(2-triethoxysilylethyl)cyclohexane 65%, 94mg, a colotless oil, mixture of isomers,
"H-NMR (400MHz CDCl3) &: 3.81 (6H, q, J = 7.0 Hz), 3.16-3.12 (2H, m), 2.21-1.96 (2H, m), 1.82-
1.71 (1H, m), 1.40-1.08 (14H, m), 0.90-0.86 (1H, m), 0.60-0.57 (2H, m);'3*C-NMR (100MHz CDCl5)
8:58.29 (CH), 53.17 (CH), 52.67 (CH), 51.93 (CH), 51.85 (CH), 35.15 (CH), 32.16 (CH), 31.37 (CH»),
30.24 (CH»), 29.52 (CHy), 28.96 (CH>), 26.57 (CH»), 25.28 (CH>), 23.86 (CH»), 23.50 (CH>), 18.24
(CHs), 7.41 (CH>), 7.27 (CH»); GC-MS m/z (relative intensity) 259 (10) [M-CH3CHa]", 242(5), 226(6),

163(100), 135 (34), 119(41). @\A
(0]
Si(OEt),Me

3il154 2-(3,4-epoxycyclohexyl)ethylmethyl diethoxysilane, 65%, 88 mg, mixture of isomers, a
colorless oil, 'H-NMR (400 MHz CDCls) &: 3.75 (4H, q, J = 7.0 Hz), 3.16-3.13 (2H, m), 2.21-1.95
(3H, m), 1.43-1.04 (12H, m), 0.58-0.56 (2H, m), 0.10 (3H, s);'*C-NMR (100MHz CDCls) &: 58.10
(CH,), 53.26 (CH), 52.73 (CH), 52.00 (CH), 51.92 (CH), 35.36 (CH), 32.29 (CH), 31.49 (CH>), 30.35
(CHb»), 29.69 (CH>), 29.14 (CHa, 26.70 (CHa), 25.36 (CH>), 23.98 (CHa), 23.59 (CH>), 18.41 (CH3),
10.84 (CH,), 10.74 (CH»), -4.99 (CH3); GC-MS m/z (relative intensity) 229 (0.4) [M-
CH;CH2]",133(100), 105(30), 105(30).

O
)J\O/\/\Si(OEt)g

3119 3-(triethoxysilyl)propyl acetate, 62%, 82 mg, a colorless oil, 'H-NMR (400 MHz CDCl;) 8: 4.01
(2H, t,J=6.9 Hz), 3.80 (6H, q, J= 7.0 Hz), 2.02 (3H, s), 1.75-1.67 (2H, m), 1.20 (9H, t, J = 7.0 Hz),
0.62 (2H, t, J = 8.4 Hz); "*C-NMR (100MHz CDCl;) §: 171.17 (C), 66.52 (CHz), 58.41 (CHy), 22.15
(CH>), 20.99 (CH3), 18.26 (CH3), 6.49 (CH»); GC-MS (EI) m/z (relative intensity) 249 (3) [M — CH3]",
218 (17), 177 (100), 163 (95), 135 (51), 119 (49), 79 (32). )?\/\/\

Si(OEt);
3k 6-(triethoxysilyl)hexan-2-one, 55%, 72 mg, a colorless oil, 'H-NMR (400 MHz CDCl;) §: 3.74
(6H, q, J=7.0 Hz), 2.36 (2H, t, J= 7.4 Hz), 2.06 (3H, s), 1.58-1.51 (2H, m), 1.39-1.31 (2H, m), 1.15
(9H, t, J=17.0 Hz), 0.57 (2H, t, J = 8.3 Hz); 3C-NMR (100 MHz CDCls) &: 209.40 (C), 58.48 (CH>),
43.61 (CH>), 30.00 (CH3), 27.35 (CH>), 22.63 (CH>), 18.43 (CH3), 10.43 (CH2); GC-MS (EI) m/z
(relative intensity) 216 (29)[M —OCH,CHs;]", 163 (100), 135 (37), 119 (43), 79 (27).
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Ph~ o™ si(0Et),Me

310541 diethoxymethyl(3-phenoxypropyl)silane, 78%, 105 mg, a colorless oil, '"H-NMR (400 MHz
CDCls) 6: 7.29-7.25 (2H, m), 6.90 (3H, tt, J = 8.5, 2.0 Hz), 3.93 (2H, t, /= 6.7 Hz), 3.77 (4H, q, J =
7.0 Hz), 1.89-1.82 (2H, m), 1.21 (6H, t,J = 7.0 Hz), 0.76-0.72 (2H, m), 0.15 (3H, s). *C-NMR (100
MHz CDCls) 8: 158.99 (C), 129.37 (CH), 120.43 (CH), 114.44 (CH), 69.94 (CH,), 58.13 (CH>), 22.83
(CH»), 18.38 (CHs3), 9.89 (CHz), -4.92 (CH3).; GC-MS (EI) m/z (relative intensity) 268(9)[M]",
226(33), 175(26), 133 (100). H, H,

(Et0),si” > S0 S si0ED,
3m!'% 1 3-bis(triethoxysilylethyl)tetramethyldisiloxane, 53%, 136mg, a colorless oil, 'H-NMR (400
MHz CDCl) : 3.78 (q, 12H, J = 7.0 Hz), 1.19 (18H, t, J = 7.0 Hz), 0.50 (8H, s), 0.00 (12H, s); 1*C-
NMR (100MHz CDCls) &: 58.35 (CH»), 18.29 (CH3), 9.16 (CH»), 1.75 (CH>), -0.45 (CH3); GC-MS
(ET) m/z (relative intensity) 351(0.2)[M—Si(OEt)3]", 323(44), 249(100), 205 (42).

Ph.. .
Mg ™" si(0ED,Me

3n?%) diethoxymethyl(3-(phenylthio)propyl)silane, 9%, 14mg, a colorless oil, 'H-NMR (400 MHz
CDCl) 6: 7.33-7.13 (m, 5H), 3.73 (q, 4H, J = 7.0 Hz), 2.93 (t, 2H, J = 7.3 Hz), 1.75-1.67 (m, 2H),
1.18 (t, 6H, J = 7.0 Hz), 0.77-0.73 (m, 2H), 0.09 (s, 3H);!*C-NMR (100MHz CDCls) &: 136.69 (C),
128.97 (CH), 128.78 (CH), 125.66 (CH), 58.10 (CHz), 36.65 (CH>), 22.81 (CH>), 18.35 (CH3), 13.32
(CHa), -4.89 (CH3). GC-MS (EI) m/z (relative intensity) 284(24)[M]", 269(6), 239(8), 133 (100).

S8TNsi(0EY,

302% triethoxy(3-(methylthio)propyl)silane, 9%, 11mg, a colorless oil,'H-NMR (400 MHz CDCl5)
8:3.82 (q, 6H, J= 7.0 Hz), 2.51 (t, 2H, J = 7.3 Hz), 2.08 (s, 3H), 1.75-1.67 (m, 2H), 1.22 (t, 9H, J =

7.0 Hz), 0.73 (t, 2H, J = 8.3 Hz); *C-NMR (100 MHz CDCls) §: 58.52 (CH,), 37.38 (CH>), 22.77
(CHa), 18.44 (CH3), 15.46 (CH3), 8.90 (CHz); GC-MS (EI) m/z (relative intensity) 252 (25)[M]", 191
(81), 163 (100), 147 (59) , 119 (72).

Ce™ ™ si08t),

3p!??] (6-chlorohexyl)triethoxysilane, 43%, 61 mg a colorless oil, 'H-NMR

(400MHz CDCls) é: 3.81 (q, 6H, J = 7.0 Hz), 3.52 (t, 2H, J = 6.7 Hz), 1.76 (quin, 2H, J = 6.7 Hz),
1.45-1.34 (m, 6H), 1.22 (t, 9H, J = 7.0 Hz), 0.63 (t, 2H, J = 8.1 Hz);'*C-NMR (100MHz CDCls) &:
58.46 (CH»), 45.33 (CH>), 32.66 (CH»), 32.47 (CH>), 26.65 (CH»), 22.79 (CH>), 18.45 (CH3), 10.45

(CHz); GC-MS (EI) m/z (relative intensity Si(OEt)s

y) 177 (100), 163 (95), 135 (51), 119 (49), 79 (32)

HRMS(EI):calculated for [M]"(C1oH22ClO2Si) m/z - OYN\(O

237.1078: found [M]" 237.1078; IR(neat, cm™) 2975, 2886, (EtO)SSi\/\/N\n/N\/\/Si(OEt)S
(0]
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1456, 1390, 1104, 1080, 958, 794.

3q, tris(3-triethoxysilylpropyl) isocyanurate, 43%, 165 mg, a colorless oil, 'H-NMR (400 MHz CDCl5)
5:3.82-3.75 (m, 24H), 1.73-1.68 (m, 6H), 1.18 (t, 27H,J = 7.1 Hz), 0.60 (t, 6H, J = 8.5 Hz);'>*C-NMR
(100 MHz CDCls) ¢: 148.84 (C), 58.39 (CH»), 45.29 (CH»), 21.28 (CH»), 18.23 (CHa3), 7.58 (CH>);
FT-IR(neat); 2975, 2928, 2887, 1675 cm™' HRMS(ESI):calculated for [M+Na]*(C30Hs3012N3NaSis)
m/z : 764.3612: found [M+Na]" 764.3605. e~ SI(OEtMe

3r [1% methyloctyldiethoxysilane, 91%, a colorless oil, 'H-NMR (600 MHz CDCls) &: 3.75 (q, 4H, J
= 7.0 Hz), 1.35-1.20 (m, 18H), 0.87 (t, 3H, J = 7.0 Hz), 0.61 (t, 2H, J = 8.1 Hz), 0.10 (s, 3H); 1*C-
NMR (150 MHz CDCl;) 9: 58.04 (CH>), 33.34 (CH»), 31.93 (CHz), 29.29 (CH>), 29.24 (CH>), 22.86
(CH»), 22.69 (CHy), 18.42 (CH>), 14.12 (CHa3), 13.82 (CH>), -4.87 (CH3); GC-MS (EI) m/z (relative
intensity) 231(7)[M—CHs3]", 133 (100), 119(9), 89 (12).

SO SiHMePh
3s 21 dodecylphenylsilane, 62%, a colorless oil, 'H-NMR (400MHz CDCl;) §: 7.58-7.56 (m, 2H),
7.39-7.36 (m, 3H), 4.28 (td, 2H, J = 3.6, 1.7 Hz), 1.49-1.20 (m, 22H), 0.96-0.87 (m, 5H); *C-NMR
(100MHz CDCl3) 8: 135.19 (CH), 132.82 (C), 129.44 (CH), 127.93 (CH), 32.84 (CH>), 31.92 (CH>),
29.66 (CH»), 29.53 (CH), 29.36 (CH>), 29.26 (CH»), 25.06 (CH>), 22.69 (CH»), 14.12 (CH3), 10.00
(CHz). GC-MS (EI) m/z (relative intensity) 198(13)[M—CsHe]", 113(39), 99 (100), 85(22).

S~~~ SiHMePh
3t 1" decylmethylphenylsilane, 47%, a colorless oil, 'H-NMR (400 MHz CDCls) §: 7.54-7.52 (m, 2H,
m), 7.37-7.34 (m, 3H), 4.34 (td, 1H, J= 7.2, 3.7 Hz), 1.35-1.28 (m, 16H), 0.89-0.81 (m, 5H), 0.32 (d,
3H, J= 3.8 Hz); *C-NMR (100MHz CDCl;) &: 136.80 (C), 134.29 (CH), 129.11 (CH), 127.80 (CH),
33.19 (CH»), 31.91 (CHy), 29.64 (CH>), 29.56 (CH»), 29.34 (CH>), 29.29 (CH»), 24.31 (CH>), 22.69
(CHy), 14.12 (CHs), 13.35 (CHp), -5.66 (CH3);GC-MS (EI) m/z (relative intensity)
242(1)[M—CH3]",184(14), 127(31), 121 (100), 113(85).

SN SiHPh,
3u 229 dodecyldiphenylsilane, 54%, a colorless oil, "TH-NMR (400 MHz CDCl3) &: 7.56 (dd, 4H, J =
7.3, 1.5 Hz), 7.40-7.34 (m, 6H), 4.85 (t, 1H, J=3.7 Hz), 1.48-1.12 (m, 22H), 0.89 (t, 3H, J = 6.9 Hz);
BC-NMR (100 MHz CDCls) &: 135.12 (CH), 134.71 (C), 129.44 (CH), 127.92 (CH), 33.17 (CHa),
31.92 (CH»), 29.65 (CHy), 29.53 (CH>), 29.35 (CH), 29.21 (CH>), 24.38 (CH»), 22.69 (CH>), 14.12
(CHs), 12.12 (CHz). GC-MS (EI) m/z (relative intensity) 274(7) [M—CsHs]", 196(20), 183 (100),
175(30), 105(23).

(30), 105(23) QJ QJ

\/W\/S|i‘0’s|i‘o/\

4 1,1,3-triethoxy-1,3-dimethyl-3-octyldisiloxane, a colorless oil, 'H-NMR (400MHz CDCls) §: 3.78-
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3.76 (m, 6H), 1.31-1.18 (m, 20H), 0.87 (t, 4H, J = 6.9 Hz), 0.59 (t, 2H, m), 0.11-0.11 (m, 6H); 1*C-
NMR (100MHz CDCls) 6: 58.11 (CH>), 58.01(CHz), 33.36 (CHz), 32.00 (CH>), 29.38 (CHa), 29.31
(CH»), 22.89 (CH»), 22.75 (CH>), 18.46 (CH3), 18.31(CH3), 15.60 (CH»), 14.18 (CH3), -2.73 (CH3), -
5.41(CHs); FT-IR(neat); 2964, 2923, 2856, 1457, 1387, 1267, 1079 cm™'; GC-MS m/z (relative
intensity) 335 (5) [M -CHs]*, 305(10), 237(100), 93(35); HRMS(E]):calculated for
[M—CH3]"(Ci15H3504Si2) m/z : 335.2074: found [M—CHs]" 335.2067.

o o

\/\/\/\/SI‘O

Si NS
|

5 1,3-diethoxy-1,3-dimethyl-1,3-dioctyldisiloxane, a colorless oil, 'H-NMR (400MHz CDCl5) &: 3.74
(q,4H,J=7.0 Hz), 1.37-1.19 (m, 30H), 0.88 (t, 6H, J= 6.9 Hz), 0.56 (t, 4H, J=7.9 Hz), 0.08 (s, 6H);
BC-NMR (100MHz CDCl;) §: 57.82 (CHy), 33.32 (CHz), 31.93 (CH>), 29.32 (CH,), 29.25 (CHa),
22.92 (CHy), 22.68 (CH>), 18.42 (CH3), 15.69 (CH>), 14.11 (CHa), -2.62 (CH3); FT-IR(neat); 2956,
2923, 2854, 1390, 1113, 1053, 1048 cm’!; GC-MS m/z (relative intensity) 403 (2) [M —CH;]",
305(100), 261(15), 193(5), 135 (34), 119(41); HRMS(EI):calculated for [M—CH3]"(C21H4703Si2) m/z :
418.3064: found [M—CH3]" 418.3057.
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Chapter 5. Dimethylformamide-stabilized Ru nanoparticles catalyzed
Guerbet reactions.

cat.
Ru NPs R
R Base NOH
\/\OH > R

11 examples
yields up to 94%
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Introduction

Catalytic hydrogen autotransfer has attracted considerable interest as a green and atom-
economical alkylation process.!'! Owing to the importance of sustainability, minimizing
the production of undesired byproduct is highly desired. In particular, Guerbet reaction,
which pioneered in the 1890s by Marcel Guerbet,””! gave Guerbet alcohols, which can be
obtained by dehydrative condensation of aliphatic alcohols are widely found in
surfactants, lubricants, personal care products.l! Heterogeneous catalysts were evolved
for this transformation.') Owing to the harsh conditions and low selectivity motivates
researchers to develop a highly efficient process for the Guerbet reaction.”!

It is also noteworthy that developments in this area by applying homogeneous catalysts
including Ir,' Ru,[” Mn.[®l However, the cost and ease of handling in synthesizing highly
active ligands are underestimated.

Transition metal nanoparticles (M NPs) are highly active at low catalyst loadings owing
to their large surface areas compared with those of the corresponding bulk metals.!® Our
group has focused a simple method for the synthesis of DMF-stabilized M-NPs and their
use in catalytic reactions. In this methodology, DMF is used as a reductant, protectant,
and solvent. Among the various M NPs,”) Ir-NPs show high catalytic activity for -
benzylation of a linear alcohol and B-dimethylation of secondary alcohols with methanol
via the hydrogen autotransfer system.!'”) Herein, The author report synthesis of DMF-
protected Ru NPs, their structural characterization, and their use as a catalyst in the

Guerbet reaction (Homo -alkylation) with primary alcohols.
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Results and discussions

The DMF-protected Ru NPs were synthesized according to the following procedure.
RuCl3-H20 was dissolved hydrochloric acid solution. DMF (50 mL) was added to a 300
mL three-necked round bottom flask, and the solution preheated to 140 °C (£ 2 °C) and
stirred 1300 to 1500 rpm for 5 min. Then the 0.1 M RuCl3'nH20 solution was added to
the hot DMF solution, which allowed to react for 10 h on stirring (1500 rpm) at 140 "C
(£2 ° C). The brown solution to afford Ru NPs. Annular dark-field scanning transmission

microscopy (ADF-STEM) image shows the formation of Ru NPs of a mean diameter of

3.2 nm (Figure 1).

1 1.5 2 25 3 3.5 4 4.5 5
Diameter (nm)

.-fc gm

Figure 1. (a) ADF-STEM image, size distribution histogram of DMF-protected Ru NPs.

The author investigated the Guerbet reaction of 1-dodecanol(1a) as a model substrate
under various conditions (Table 1). The reaction of 1-dodecanol (1a) (1 mmol) was
performed in the presence of Ru NPs (0.05 mol%) and potassium tert-butoxide (KOtBu)
(1 mmol) as a base (1 mL) at 150 °C for 24 h to give the main -alkylated product(2a)
in a moderate yield of 93% and 98% selectivity (entry 1). Second, the effect of base
were tested, A strong base such as KOH gave whereas a weak inorganic base (e.g.
Cs2C03 and K2CO3) were ineffective (entries 2-4). Other Ru complex gave the desired
products in moderate yield (entries 5-7). The use of metal nanoparticles precursor
(RuCl3 H20) as catalyst result in low yield (entry 8). The reaction did not proceed
without Ru NPs (entry 9) and base (entry 10), which shows that a catalyst and base are
necessary for alkylation.
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Table 1 Guerbet reaction of 1-dodecanol with Ru NPs and other catalysts.?

cat Catalyst
(0.05 mol %)

CroHpsOH _BuOKCOmal%) 2 on+ ) o
neat,150 °C, 24 h 9 9
2 mmol
1 2a 3a

Entry  Catalysts Base Conv. Yield (%) Entry  Catalysts base Conv. Yield (%)

(%) 2a: 3a (%) 2a: 3a
1 Ru NPs tBuOK 95 93[98] <1 7 Ru3(CO);2 K'OBu 47 28 13

(83)

2 Ru NPs KOH 85 83 <1 8 RuCl; nH,0O K'OBu 40 33 1
3 Ru NPs Cs,CO3 12 2 <1 9 None K/OBu 12 n.d. <1
4 Ru NPs K,COs 8 trace <1 10 Ru NPs none 10 n.d. <1
5 [Ru(p-cymene)Cl], KO'Bu 35 30 4
6 (PPh3);RuCl,, KO'Bu 60 55 3

a Reaction conditions: 1a (2 mmol) was reacted in the presence of catalyst (0.05 mol %) and (10 mol %) at 150 °C for 24h.the yields derived from GC analysis.

On the basis of the results, we next examined the reaction of various primary alcohols

under the optimized conditions (Table 2). The isolation of products using primary

alcohols was successful (2b—i). Moreover, branched primary alcohols and 3-Cyclohexyl-

1-propanol were allowed to give the corresponding [3-branched products in moderate and

high yields (2j—k).

Table 2. The Ru NPs catalyzed Guerbet reaction of various primary alcohols.

atRu NPs (0.05 mol%)

KO'Bu (10 mol%) R

R"oH
2 mmol neat, 150 °C, 24 h
Entry  Starting Alcohol Isolated Entry Starting Alcohol Isolated
yield (%) yield (%)
1 1-Hexadecanol (2b) 72 6 1-hexanol (2g) 60
2 1-Tetradecanol (2¢) 76 7 1-Pentanol (2h) 46
3 1-Decanol (2d) 75 8 1-Butanol (2i) 39
4 1-Nonanol(2e) 69 9 3,7-Dimethyl-1-octanol(2j) 39
5 1-Octanol (2f) 74 10 3-Cyclohexyl-1-propanol(2k) 64

111



The recyclability of the DMF protected Ru NPs in this reaction was also investigated
(Figure 2). After performing the reaction with 1-octanol, the substrates and the desired
product 2g were removed by vacuum distillation at 130 °C for 1 h under 0.3 mmHg. The
base was removed by reprecipitation. In the first and second cycles, product was obtained
in 73% and 67% yields, respectively. Thus, the Ru NPs can be reused. the size of the
nanoparticles slightly increased during the course of the reaction resulted in a decrease of

yield of products.

¢alRu catalyst (0.05 mol%) )
Base (10 mol%) ® oH
1-octanol > C

neat, 150 °C, 24 h

19 2g
2 mmol
100
73
80 67
X 60
1 44
()]
£ 40
20 10
0 [ |
1 2 3 4
Run Time

Figure 2. Recycling of a Ru NPs catalyst following the Guerbet reaction
Catalyst characterization
To elucidate the reasons for the high catalytic activity of Ru NPs, the author
characterized using electron microscopy, FT-IR, TG-TOF-MS, XAFS, XPS.
First, we analyzed reaction mixture using annular dark-field (ADF) scanning transmission
electron microscopy (STEM). After reaction, Ru NPs mean diameter were slightly

increased 4.4 nm (Figure 3).

Figure 3. ADF-STEM image of DMF-protected Ru NPs after reaction
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FT-IR measurements were performed. Figure 3 show the Ru NPs spectrum after
removing the solvent DMF. The author found that the C=0 and C-N vibration modes of
DMF in DMF-protected Ru NPs were different to those in DMF solvent. The IR
absorption attributed to metal carbonyl not in DMF was observed around 1950 cm™. It is

suggested that CO generated from DMF interacts strongly with metals (Figure 4).['!]

Transmittance (%)

— Ru NPs

—DMF

3660 31‘00 26I00 2100 16I00 1 1'00 600
Figure 4. FT-IR spectra of (gray) DMF solvent and (red) DMF-protected Ru NPs
The thermal stability of Ru NPs was examined by Thermo Gravimetry (TG) at a heating
rate of 10 °C/min in a N2 atmosphere (Figure 5). TG results indicate that the DMF-
protected Ru NPs are stable up to reaction temperature (~150 °C).

0

10 |

-20 A

weight / (%)

70 1é0 17'0 22IO 2:/'0 32'0 37I0
Temp. (°C)

Figure 5. TG profile of DMF-protected Ru NPs

The TG-EI-HR-TOFMS measurement of the Ru NPs was performed, and the mass
spectrum H20, DMF, CO, CO2, dimethylamine was observed (Figure 6). These
compounds were derived from DMF and M NPs.!'?] Three ions (DMF, COz2and CO) were
used to analyze the thermal behavior of the Ru NPs. the extracted ion chromatograms
(EIC) of the above three ions are shown in Figure 6. The CO, coordinating on Ru NPs,
was detected at around 280 °C and over 400 °C.
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Figure 6. TG curve(blue) and Total ion chromatogram(black) of DMF-protected Ru NPs
in He atmosphere and Extracted Ion Chromatogram of CO, COz, and DMF.

The XANES for Ru K-edge position of Ru NPs is situated between Ru foil and RuO2
(Figure 7), suggesting that the oxidation state of Ru in the sample is 6+ (0 <6 <4). The

Ru state maintained even after reaction.
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Figure 7. Ru K-edge XANES spectra of Ru powder, RuO,, Ru NPs, after reaction of Ru NPs

Figure 8 shows the X-ray photoelectron spectroscopy (XPS) results for the DMF-
protected Ru NPs. Ru signals ascribed to Ru 3p32 and Ru 3pi.2 are detected at 461.5 eV
and 483 eV, respectively, in the Ru 3p region (Figure 8).['?! The Ru species in the DMF-

protected Ru NPs were close to those of metallic Ru.
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Figure 8. Ru 3p XPS spectra of Ru powder(gray) and DMF-protected Ru NPs(red).

Based on our experiments, a plausible catalytic mechanism is proposed for the B-
alkylation of primary alcohols. As depicted figure 9, primary alcohol was oxidized to give
aldehyde. The initially formed aldehyde is condensed to give the unsaturated aldehyde.
Thereafter, the o,p-unsaturated aldehyde would undergo a hydrogenation reaction in the
presence of Ru NPs to generate the desired product 2a. Figure 10 shows time-dependent
production of desired products and intermediates. Aldehydes produced during the
reaction were immediately consumed. The Ru NPs catalyst were minimized byproducts

formation due to their dehydrogenation/hydrogenation properties

R\/\OH R
— o n m w mm w mm w mm w wm w mmw OH
R > R/\)\/
~"oH II
Ru NPs
Cat. Cat.
o & o
[Ru NPs H,]
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\/§o base OH H'O
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Figure 9. plausible reaction mechanism of Guerbet reaction of primary alcohols.

115



3t Ru NPs P .
t
CioHasOH 'BUOK(10 mol %) on * 20t gD

neat,150 °C, X h 9 9 10
2 mmol
2 3 4
100
90 -
oot
80 e
70 | o .
60 -
R 50 -
T 40 -
9]
S 30 A
20 -
10 1 e
0+ 2 - . - -
0 4 8 12 16 20 24
Time (h)

Figure 9. Time dependent production of 2(red), 3 and 4(blue).

Conclusion

DMF-protected Ru NPs catalyst for Guerbet reactions. In conclusion, B-alkylation of
primary alcohols to branched alcohols under mild reaction conditions was achieved using
a DMF-protected Ru NPs catalyst. The Ru NPs catalyst promoted Guerbet reaction under
external ligand- and solvent- free conditions. Various primary alcohols were converted
into the corresponding branch alcohols in high yields. This catalytic system has the
significant advantages of mild operating conditions, simple catalyst preparation
procedures, high catalyst reusability, and a broad substrate scope, thus enabling green

sustainable Guerbet reactions.
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Experimental

General procedure

Preparation of DMF-protected Ru nanoparticles

To a 20 mL vial bottle, RuCl; nH>O (Tanaka kikinzoku) was weight and dissolved so that The Ru
concentration 0.1 mol/L. To a 300 mL three-necked round bottom flask, DMF (50 mL) was added and
the solutions. DMF was pre-heated at 140 C After heating the reaction mixture to room temperature,
Guerbet reaction of 1-dodecanol

To a reaction vessel (10 mL), Ru-NPs (0.001 mmol) DMF was evaporated under reduced pressure
(80 °C, 40 hPa), then, 1-dodecanol 1a (372.68 mg, 2 mmol), and potassium tert-butoxide (21 mg, 0.02
mmol) were added, and the mixture was stirred at 150 °C for 24 h. the reaction mixture was cooled to
room temperature, and the product was isolated by silica gel column chromatography ("hexane :

EtOAc = 9:1). The product 2a was obtained 83% yield as a colorless oil.

Catalyst characterization

Ru K-edge X-ray absorption fine structure (XAFS) spectra were collected at the BL14B2 of SPring-8
at the Japan Synchrotron Radiation Research Institute (JASRI) (proposal 2018B1126). A Si(311)
double-crystal monochromator was used for the measurements. The XAFS spectrum was recorded at

room temperature

Compound Characterization
2a, 2-decyltetradecanol, '"H-NMR (400MHz CDCls) &: 3.54 (2H, d, J = 5.5 Hz), 1.27-1.25 (42H, m),
0.88 (6H, t,J = 6.9 Hz) *C-NMR (100 MHz CDCl3) §: 65.75 (CH,), 40.52 (CH), 31.92 (CH,), 30.92
(CH>), 30.06 (CHy), 29.67 (CH>), 29.65 (CH>), 29.63 (CH>), 29.35 (CH>), 29.34 (CH2), 26.88 (CH2>),
22.68 (CHa), 14.11 (CH3); GC-MS (EI) m/z (relative intensity) 336 (4) [M-H>O]", 308(2), 111(49),
97(73), 71(80), 57 (100), 43(67).

U e

2b, tetradecyloctadecanol, "TH-NMR (400 MHz CDCls) §: 3.47 (d, 2H, J= 5.4 Hz), 1.38-1.19 (m, 58H),
0.81 (t, 6H, J= 6.4 Hz); *C-NMR (100 MHz CDCl;) : 65.75 (CH>), 40.53 (CH), 31.93 (CH), 30.93
(CH»), 30.07 (CH»), 29.70 (CHb»), 29.66 (CH»), 29.37 (CHa»), 26.89 (CH»), 22.69 (CH»), 14.11 (CH3);
GC-MS(EI) m/z (relative intensity) 448 (3) [M- H>O]" 252 (4) 71 (80) 57 (100)

T T e
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2¢, 2-dodecylhexadecanol, 'H-NMR (400MHz CDCls) &: 3.51 (2H, d, J= 5.5 Hz), 1.43-1.24 (50H, br
m), 0.86 (6H, t, J = 6.9 Hz); >*C-NMR (100 MHz CDCl;) &: 65.74 (CH>), 40.53 (CH), 31.93 (CH>),
30.93 (CH>), 30.07 (CHy), 29.69 (CH>), 29.66 (CH»), 29.36 (CHz), 26.89 (CH>), 22.69 (CH»), 14.11
(CH3); GC-MS(EI) m/z (relative intensity) 392 (3) [M- H20]" 97 (66) 57 (100)

U T T e

2d, 2-octyldodecanol, colorless oil, 'H-NMR (400 MHz CDCl3) &: 3.53 (2H, d, J = 5.4 Hz), 1.45 (1H,
br s), 1.29 (33H, br s), 0.88 (6H, t, J = 6.9 Hz);'*C-NMR (100 MHz CDCl;) &: 65.71 (CH), 40.53
(CH), 31.95 (CH»), 30.93 (CH>), 30.11 (CHy), 29.72 (CH>), 29.69 (CHy), 29.66 (CH>), 29.39 (CH»),
26.91 (CH>), 22.72 (CH,), 14.14 (CH3); GC-MS (EI) m/z (relative intensity) 280 (3) [M—H,O] ", 252
(2) 85(49), 97 (59), 111 (43) 71 (72), 57 (100), 43(63).

U

2e, 2-heptylundecanol, colorless oil, 'TH-NMR (400 MHz CDCls) &: 3.54 (2H, d, J = 5.4 Hz), 1.27
(30H, br), 0.88 (6H, t,J= 6.7 Hz); *C-NMR (100 Hz CDCl3) 8: 65.76 (CH,), 40.56 (CH), 31.93 (CH»),
30.95 (CH»), 30.10 (CHy), 30.07 (CH>), 29.68 (CH»), 29.66 (CH>), 29.37 (CH»), 29.35 (CH>), 26.92
(CH»), 22.71 (CH>), 14.13 (CH3); GC-MS (EI) m/z (relative intensity) 252 (2) [M—H,O] ", 111 (31)
85 (47), 71 (64), 57 (100), 43(63).

PSS

2f 2-hexyldecanol, colorless oil, 'H-NMR (400MHz CDCl;) &: 3.54 (2H, d, J = 5.4 Hz), 1.42-1.31
(26H, m), 0.88 (6H, t, J = 6.6 Hz); *C-NMR (100 MHz CDCls) &: 40.55 (CH>), 31.92 (CH), 31.90
(CHb»), 30.95 (CH>»), 30.09 (CH»), 29.76 (CHa), 29.63 (CHz), 29.36 (CHy), 26.91 (CHy), 26.88 (CH>),
22.70 (CHa), 14.12 (CH3); GC-MS (EI) m/z (relative intensity) 224 (3) [M—H,O]", 85 (43), 97 (38),
111 (34) 71 (72), 57 (100), 43(63).

U e

2g, 2-butyloctanol, colorless oil, 'H-NMR (400 MHz CDCl;) &: 3.54 (2H, d, J = 5.4 Hz), 1.27 (18H,
br), 0.88 (6H, t, J = 6.7 Hz); *C-NMR (100 MHz CDCl3) &: 65.70 (CH>), 40.50 (CH), 31.85 (CH>),
30.93 (CH»), 30.61 (CHy), 29.72 (CH>), 29.10 (CH), 26.84 (CH>), 23.08 (CH»), 22.65 (CH>), 14.06
(CHs); GC-MS (EI) m/z (relative intensity) 168 (3) [M—H,O]", 140(4), 111(23), 71 (49), 57 (100),
43(67).

e
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2h 2-propylheptanol, colorless oil, 'H-NMR (400 MHz CDCls) &: 3.54 (2H, d, J = 5.5 Hz), 1.49-1.26
(14H, m), 0.92-0.87 (6H, m); *C-NMR (100 MHz CDCl;) &: 65.68 (CH>), 40.26 (CH), 33.22 (CH»),
32.26 (CH>), 30.85 (CH>), 26.52 (CH>), 22.64 (CH>), 19.99 (CH>), 14.45 (CH3), 14.07 (CH3); GC-MS
(EI) m/z (relative intensity) 140 (3) [M—H,O]", 71 (67) 57 (67) 43(100).

POy

2i 2-ethylhexanol, colorless oil, 'H-NMR (400 MHz CDCl) &: 3.55 (2H, d, J = 5.1 Hz), 1.46-1.28
(10H, m), 0.92-0.88 (6H, m); *C-NMR (100 MHz CDCls) &: 65.28 (CH>), 41.93 (CH), 30.09 (CH>),
29.09 (CH>), 23.30 (CHz), 23.07 (CHz>), 14.08 (CH3), 11.07 (CH3); GC-MS (EI) m/z (relative intensity)
112 (2) [IM—H,07", 85 (41), 70 (23), 70(23), 57(100), 43 (91).

o

2j 2,4-dicyclohexylbutanol, colorless oil, 'H-NMR (400 MHz CDCl;) &: 3.52-3.44 (2H, m), 1.67-1.50
(12H, m), 1.31-1.02 (5H, m), 0.87- 0.80 (4H, m); 3*C-NMR (100 MHz CDCl;) §: 65.91 (CH>), 39.08
(CH,), 37.88 (CH»), 37.63 (CH), 37.27 (CH), 34.99 (CH), 33.78 (CH>), 33.71 (CH»), 33.44 (CH»),
33.41 (CHy), 31.62 (CH>), 26.72 (CH>), 26.67 (CHz), 26.41 (CH>), 26.36 (CHz), 23.94 (CH>); FT-
IR(neat) 3307, 2853, 2919, 1447, 1020 cm™'; GC-MS (EI) m/z (relative intensity) 248 (9) [M—H,O]",
96 (100), 83 (62), 55 (85); HRMS(EI) m/z [M—H,0]" calcd for CisH32, 248.2504; found, 248.2503.

OH

2k 2-(1,5-Dimethylhexyl)-5,9-dimethyl-1-decanol, colorless oil,'H-NMR (400 MHz CDCl5) §: 3.64-
3.51 (2H, m), 1.56-1.49 (2H, m), 1.38-1.08 (20H, m), 0.86-0.84 (18H, m); A mixture of 4
diastereomers, *C-NMR (100 MHz CDCls) §: 64.25 (CH,), 64.17 (CHa), 63.69 (CH>), 63.62 (CHy),
45.82 (CH), 45.75 (CH), 45.72 (CH), 45.59 (CH), 39.33 (CHz), 39.30 (CH>), 39.28 (CH>), 39.27 (CH»),
37.33 (CH»), 37.23 (CH), 37.22 (CH>), 37.03 (CH), 35.58 (CH>), 35.52 (CH), 35.26 (CH>), 35.15
(CHy), 34.50 (CH»), 34.39 (CH»), 34.36 (CH>), 34.21 (CH), 33.28 (CH), 33.20 (CH), 33.19 (CH),
33.14 (CH), 33.11 (CH), 32.74 (CH), 32.71 (CH), 27.97 (CH), 27.96 (CH), 27.94 (CH), 25.91 (CH),
25.90 (CH»), 25.49 (CHy), 25.46 (CH>), 24.80 (CH), 24.78 (CH>), 24.75 (CHz), 24.20 (CH>), 24.18
(CH»), 22.72 (CH3), 22.71 (CHas), 22.69 (CHa3), 22.60 (CHzs), 22.59 (CH3), 19.78 (CH3), 19.71 (CH3),
19.69 (CHs), 19.59 (CHs), 16.21 (CHs), 16.00 (CHs), 15.61 (CHs), 15.49 (CHs); FT-IR(neat) 3278,
2957, 2952, 2867, 1459, 1367, 1045 cm™!; GC-MS (EI) m/z (relative intensity) 280 (2) [M—H,0]* 71
(80) 57 (100) 43(60); HRMS(EI) m/z [M—H,0]" calcd for C20Hao, 280.3130; found, 280.3128.

OH
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Chapter 6. General Conclusion

In this thesis, metal nanoparticles have been utilized as highly active organic
transformations catalyst. Thiolate-protected Au nanocluster Au2s(SC2Ha4)i1s and N,N-
dimethylformamide (DMF)-protected metal nanoparticles catalyst in various organic
transformation have been demonstrated. Representative examples are given of external-
stabilizer/protectant-free metal NPs syntheses by reduction with DMF. These applications
have enabled a versatile organic transformation such as hydroamination, C-Si cross-
coupling reactions, hydrosilylation, and 3-alkylation with primary alcohols to be achieved.
These reactions proceed under low catalyst loadings and ligandless conditions.

In chapter 2, the author described Thiolate protected Au nanoclusters-catalyzed
intermolecular hydroamination of terminal alkynes. The reactions smoothly proceeded by
employing aromatic terminal alkynes and anilines in the presence of Au2s(SC2H4Ph)is
catalyst under oxygen atmosphere without any solvents. Several alkynes and anilines
were subjected to the reaction and the corresponding imines were obtained in moderate-
to-high yields. The catalyst was recovered by precipitation with hexane and reused to give
ketimines.

In chapter 3, DMF-stabilized Pd nanoclusters catalyzed coupling reactions of aryl
halides with hydrosilanes/disilanes reports the use of Pd NPs stabilized with DMF for the
coupling reactions of aryl halides with hydrosilanes/disilanes. There are some interesting
results showing ligand exchange from DMF to DMACc and also the reduction of surface
Pd by the action of X-rays in XPS measurements. Moreover, the catalyst could be reused
without significant loss of activity.

In chapter 4, the mixture of Fe2O3 NPs and Pt NPs catalyst that were active in the
hydrosilylation of alkenes. While DMF-stabilized Fe2O3 or Pt NPs independently did not
proceed the reaction, the one-pot integration of both catalysts achieves good to excellent
yields to terminal anti-Markovnikov products. The author performed analysis of
functional group tolerance and recyclability of this catalyst system. Moreover, the
reaction is scaled up to the kg level while retaining the high selectivity and yield of lower
scale tests.

In chapter 5, B-alkylation of primary alcohols has been accomplished using DMF-
protected Ru NPs. The catalytic protocol requires no additives and solvent. The Ru NPs

catalyst shows high catalytic activity and can be recycled three times.
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