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Preface

Process chemistry will be one of the most important sciences in the twenty-first
century. It passes the baton in a relay race from discovery of useful new materials to
their industrial production. Economic and environmentally benign procedures are
essential. Because the stagnation of process chemistry is estimated to cause
industrial depression and excessive loss, chemists focus on process chemistry
consistently to provide a stimulus by the development of novel and efficient new
methods, reactions, and technologies applicable to scalable production.

In December 2015, the International Chemical Congress of Pacific Basin
Societies 2015 (Pacifichem 2015) was held in Hawaii, and the symposium
“New Horizon of Process Chemistry by Scalable Reactions and Technologies” was
convened as one of the technical programs, supported by the Japanese Society for
Process Chemistry. A series of interesting lectures by 35 speakers was delivered,
and 33 topics were presented at the poster session. Topics of these lectures and
presentations included new catalysts, reactions, and methods for the synthesis of
functional materials including pharmaceuticals, agrochemicals, chemical raw
materials, and other materials oriented toward process chemistry, with green and
sustainable chemistry as one of the major topics. Furthermore, various isolation
methods including crystallization, development of reactors and equipment, direct
observational methods of the progress in reactions, and process design to increase
scale were also important topics.

This book is a selection of the above-mentioned presentations; however, it is not
a proceedings of the symposium but rather a collection of mini-reviews based on
the presentations. Readers will be able to enjoy reading about the latest develop-
ments in the field of process chemistry, new methodology intended for process
chemistry, and medicinal chemistry.

We hope process chemistry will be more productive and will flourish in the near
future.

Kyotanabe, Japan Kiyoshi Tomioka
Nagoya, Japan Takayuki Shioiri
Gifu, Japan Hironao Sajiki



Contents

Recent Advances in Rare Earth Metal Asymmetric Catalysis
Toward Practical Synthesis of Therapeutics. . ............. ... ... .. 1
Naoya Kumagai and Masakatsu Shibasaki

Metal Catalyzed Synthetic Reactions via Aerobic Oxidation
asaKey Step . ... .. 11
Mitsuru Shindo and Kenji Matsumoto

Heterogeneous Platinum Metal Catalyzed Deuterium

Generation and Labeling Methods Using Hydrogen Gas

and Deuterium Oxide as Key Reagents. . ......................... 29
Hironao Sajiki

Pd on Spherical Carbon (Pd/SC)-Catalyzed Chemoselective
Hydrogenation. . .. ......... . .. ... .. .. .. 41
Hiroyoshi Esaki

Environment-Friendly Iron-Catalyzed Reactions . . ................. 51
Yoshinari Sawama

Tetranuclear Zinc Cluster-Catalyzed Transesterification. ... ......... 65
Takashi Ohshima

Vinyl Ruthenium Carbenes: Valuable Intermediates in Catalysis. . . . .. 89
Damian Padin, Jesus A. Varela and Carlos Saa

Radical-Based Late Stage C—H Functionalization
of Heteroaromatics in Drug Discovery ........................... 103
Yuta Fujiwara and Phil S. Baran

Magnetic Nanoparticle-Supported Iodoarene Oxidative

Catalysts and Its Application to Phenol Oxidation.................. 121
Hisanori Nambu, Ikumi Shimokawa, Tomoya Fujiwara

and Takayuki Yakura

vii



viii

Recent Development of Diphenyl Phosphorazidate (DPPA)

as a Synthetic Reagent . . .. ... ... ... ... ... ... . ... ... ... ...,

Takayuki Shioiri
Methylenation Reaction of Carbonyl Compounds Using

Julia-Kocienski Reagents .. ....... ... ... .. .. ... ... ... ...

Kaori Ando
Development of Shelf-Stable Reagents for Electrophilic

Trifluoromethylthiolation Reaction ... ........................

Zhongyan Huang and Norio Shibata

Practical and Environmentally Friendly Transformation
of Tetrahydrofuran-2-Methanols to y-Lactones via Oxidative

Cleavage . .. ... ...

Tomoya Fujiwara, Yuto Horiuchi, Akihiro Yamada,
Hisanori Nambu and Takayuki Yakura

Five Step Asymmetric Total Synthesis of p-Lycorane Employing
Chiral Diether Ligand-Controlled Conjugate Addition-Michael

Reaction Cascade . ....... . ... ... ... .. . . . . . . ... . . .

Kiyoshi Tomioka

Concise Synthesis of Peptide Analogs Using a Fluorous-Fmoc

Protection Strategy . . ... ....... ... ... ... ... . ... ...

Masato Matsugi

A Challenging Synthesis of the Highly Functionalized
Echinocandin ASP9726: A Successor of Micafungin—How Can

We Achieve the Large-Scale Synthesis? . ................... ...

Shinya Yoshida, Joji Hayashida, Yasuhiro Morinaga, Shoji Mizobata,
Akihiro Okada, Kazumi Kawai, Shinjirou Tanoue, Tomohide Nakata,
Minoru Kitayama, Atsushi Ohigashi, Mitsutaka Matsuura,

Takumi Takahashi, Shigeru Ieda and Minoru Okada

The Role of Silyl Protecting Group for the Synthesis

of Procyanidins and Their Derivatives ........................

Noriyuki Nakajima and Akiko Saito

Chemical Modification of the 3'-Dangling End of Small
Interfering RNAs Such as siRNAs and miRNAs:

The Development of miRNA Replacement Therapy..............

Yukio Kitade, Takashi Mori and Yukihiro Akao

Contents

Lo 217



Contents ix

Antiviral Agents Towards Chikungunya Virus: Structures, Syntheses,

and Isolation from Natural Sources. . .. .......................... 251
Jih Ru Hwu, Tapan K. Pradhan, Shwu-Chen Tsay, Mohit Kapoor,

Sergey O. Bachurin, Oleg A. Raevsky and Johan Neyts

Analytical Standards Purity Determination Using Quantitative

Nuclear Magnetic Resonance . . ... .......... ... ... ... ... ....... 275
Toru Miura, Naoki Sugimoto, Takako Suematsu, Kevin K. Millis,

Katsuo Asakura and Yuko Yamada



Recent Advances in Rare Earth Metal
Asymmetric Catalysis Toward Practical
Synthesis of Therapeutics

Naoya Kumagai and Masakatsu Shibasaki

Abstract Two case studies regarding the development of rare earth metal-based
asymmetric catalysts are summarized, with particular focus on the process of
refining catalysts amenable to industrial applications. Amide-based chiral ligands in
combination with lanthanum or neodymium cations furnished robust catalytic
systems for asymmetric amination or nitroaldol reactions, respectively. Although
rare earth metal catalysis is generally characterized by a peculiar coordination
chemistry and Lewis acidic catalytic functions, its wide availability and moderate
tolerance to moisture are also important features to be noted, making the application
of rare earth metal catalysis beneficial for industrial large-scale synthesis.

Keywords Amination + Asymmetric catalysis « Flow reaction - Nitroaldol - Rare
earth metals

1 Introduction

Homochirality has become an indispensable feature for the manufacture of active
pharmaceutical ingredients (APIs), attracting increasing attention to enantioselec-
tive catalysis in medicinal and process chemistry as an efficient method for pro-
ducing chiral building blocks of interest. Efficiency in lab-scale synthesis and
feasibility in large-scale operations, however, are often difficult to achieve in par-
allel; the majority of newly developed methods in enantioselective catalysis are
rarely applied to industrial applications. Particularly for chiral hard Lewis acid
catalysts, the requirement for rigorous drying of the substrates and reaction vessels
to achieve high fidelity in the reaction severely hampers industrial application.
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Herein we document chiral rare earth metal catalysts that are promising for
prospective application in large-scale industrial operations. Despite the term ‘rare’,
not all ‘rare’ earth metal are expensive and available in only small quantities [1];
indeed, the natural abundance of lanthanum, one of the most representative rare
earth metals, in the earth’s crust is close to that of zinc or boron. The relatively low
toxicity concerns of rare earth metals are also favorable for application to the
manufacture of APIs. This chapter summarizes two rare earth metal-based asym-
metric catalysts featuring lanthanum and neodymium as key components respon-
sible for catalytic functions.

2 La-based Catalysis: Catalytic Asymmetric Amination

Nitrogen is a key element embedded in carbon-based skeletons in a myriad of
natural products and therapeutics, thereby the development of synthetic method-
ologies to incorporate nitrogen functionalities have been a sustained topic in
organic synthesis. Electrophilic amination utilizing azodicarboxylates as elec-
trophiles is commonly exploited to install nitrogen functionality in certain nucle-
ophiles, including latent enolates [2]. Despite its early discovery [3-5], no
enantioselective variants were reported until Evans et al. disclosed catalytic
asymmetric o-amination of N-acyloxazolidines and enolsilanes promoted by Mg
and Cu complexes in the late 90s [6, 7]. Since this demonstration of enantiose-
lective introduction of nitrogen functionality, the flurry of reports on catalytic
asymmetric amination appeared based on both organocatalysts and metal catalysts,
and has been compiled in various review articles [8—12].

In this context, we were particularly intrigued by the fact that simple
succinimide-type substrate 1 eluded the introduction of a nitrogen functionality in a
catalytic and enantioselective manner (Scheme 1). Amination product 2 is a known
key intermediate of ranirestat (AS-3201) [13, 14], which is under clinical trials led
by Dainippon-Sumitomo Pharma for the treatment of diabetic neuropathy.
Previously identified organocatalysts and metal-based catalysts in the literature

4 o ocatalytic HN
N asymmetric (0] o
amination HN , _

N 7. .0 Br
0 — N
/I o 7 — N
07 OEt H,N" "CO,Et T

1 2 ranirestat
(AS-3201)

multiple
coordination modes

Scheme 1 Catalytic asymmetric amination of succinimide derivative 1 for the enantioselective
synthesis of ranirestat, a candidate drug for diabetic neuropathy
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Scheme 2 Catalytic asymmetric amination of 1 and azodicarboxylate 3 promoted by La(O'Pr)s/

(R)-4

promote the amination of 2 with insufficient enantioselectivity, presumably because
the multiple coordination modes of 2 compromise enantiodifferentiation controlled
by asymmetric catalysts. The high potency of ranirestat as an aldose reductase
inhibitor and the prospective requirement for large quantities of the compound
prompted us to initiate the development of a practical catalytic asymmetric ami-
nation of a highly coordinative substrate like 1 [15-19]. We aimed to develop a
catalytic system that could incorporate a highly coordinative substrate as a ligand to
build a highly ordered transition state architecture through multiple non-bonding
interactions that might drive the reaction through a specific stereochemical course to
achieve high enantioselectivity. Screening of the amination reaction of 1 and di-
tert-butyl azodicarboxylate 3 revealed that a catalytic system comprising La(O'Pr);
and amide-based chiral ligand (R)-4 effectively afforded product 5 with 92% ee
(Scheme 2) [20-23]. La3+, a rare earth metal cation, accepts up to 12 coordinating
Lewis basic functionalities, and its coordination pattern is flexible depending on the
chemical environment [1]. Substrate 1, azodicarboxylate 3, and ligand (R)-4, a
highly coordinative bisamide with multiple hydrogen bonding sites and Lewis basic
sites, forms an ordered assembly with La®" at the center to render amination pre-
dominantly at the Re-face of the enolate generated from 1.

The reaction promoted by La(O'Pr)s/(R)-4 could be reproducibly performed under
air, and the chiral ligand (R)-4 was readily prepared from p-Val without chromato-
graphic purification. On the other hand, the cost, limited supply, and moisture sen-
sitivity of La(O’Pr); impeded large-scale application. To develop a cost effective and
more robust catalytic protocol, we evaluated neutral La’* salts, which are generally
inexpensive and readily available in large quantities. For solubility in common
organic solvents, neutral La(NO;); - 6H,O was optimal, and the combined use of
amines was tested to promote the enolization of 1 [24]. Interestingly, the amine
structure, including the chirality, was determinant of the reaction rate and enantios-
electivity, suggesting that the additional amine participated in the transition state
assembly. This assumption was consistent with the observed large negative activation
entropy determined by Eyring’s plot. H-p-Val-O'Bu proved optimal as an amine
co-catalyst, which was used in 3-fold excess to La*, and the reaction was repro-
ducibly performed in less toxic ethyl acetate at 0 °C on 100 g scale (Scheme 3).
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OH 0 Y
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ligand (R)-4 1.0 mol %

Y 0
Boc La(NO3)3* XHZO 1.0 mol %
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Il
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Scheme 3 Catalytic asymmetric amination of 1 and azodicarboxylate 3 promoted by La
(NO3); - xH,0O/(R)-4/H-p-Val-O'Bu

N-non-protected N-non-protected
succinimide derivative a-alkoxycarbonyl amide
O o O O
H hydrogen-bonding array He
°N OEt I N OR?
H R
o 7
La(N03)3 6H,O 10 mol %
O O _Boc (R)-4 10 mol % o O
u . N H-D-Val-0Bu 30 mol % " N)S/U\OEt
H2N OEt N o . 2 .
R Boc” AcOEt, 0 °C, 10-48 h R II\IBOC
45-99% yield, 83-99% ee NHBoc
7 3 8
o O
IVIe\NJ\)kOEt No reaction
H
R
9

Scheme 4 Catalytic asymmetric amination of N-nonsubstituted o-alkoxycarbonyl amides 7 and
azodicarboxylate 3 promoted by La(NO3); - 6H,O/(R)-4/H-p-Val-O'Bu

H-p-Val-O'Bu was separated and recovered by partitioning the reaction mixture. The
crude product was then treated with HCl gas, which allowed us to isolate the
hydrazine hydrochloric salt 6 with 91% ee by filtration. The reaction and a ternary
complex of La(NOs); - 6H,0O/(R)-4/H-p-Val-O'Bu, which would be formed in
equilibrium in dynamic association/dissociation kinetics, was observed in
high-resolution mass spectrometry [25]. The thus-identified ternary catalytic system
was uniquely effective for catalytic asymmetric amination of substrates bearing the
hydrogen-bonding array shown in I (Scheme 4). N-Nonsubstituted o-alkoxycarbonyl
amides 7 were competent substrates for affording the desired products 8 with high
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>1.5 kg scale ligand (R)-4
La(NOg);+6H,0
0 1.0 mol % o) o o)
HN _Boc  H-p-Val-O'Bu HN Ranei-Ni HN
. N 3.0 mol % HCl (gas) Hy, 90 psi
0 N AcOEt pron 97 )7 EtOH
CO,Et Boc 0-8°C,1h 50 °C Hl‘\l CO,Et 50 °C H,N  CO.Et
96% yield (2 steps), 92% ee NH,-HCI 58-60%
1 3 6 (after crystallization) 2

ranirestat <—‘

Scheme 5 Large-scale application of catalytic asymmetric amination and transformation into key
intermediate 2

enantioselectivity, but N-Me derivatives 9 failed the reaction, likely due to an
insufficient coordination propensity to participate in the organized structure at the
transition state. The ternary catalytic system allowed for easy set-up under an ambient
atmosphere from readily available and bench-stable materials. Reaction conditions
were further refined by process chemists to be feasible for industrial application; the
amination of 1 over a 1.5-kg scale completed with 1 mol% of catalyst in ethyl acetate
at 0-8 °Cfor 1 h, and the product 3 was safely converted to 2 by acidic removal of the
Boc groups followed by Raney-Ni reduction of the N-N bond (Scheme 5) [26].

3 Nd-Based Catalysis: Catalytic Asymmetric Nitroaldol
Reaction

Although nitroaldol (Henry) reaction is one of the most classical carbon-carbon
bond-forming reactions, which was discovered more than a century ago [27], the
reaction is still commonly used in organic synthesis. The substrates, aldehydes and
nitroalkanes, are readily available in large quantities and the products provide
vicinal amino alcohols, which constitute an important class of compounds fre-
quently used in the synthesis of natural products and therapeutics [28-31].
Stereoselectivity is crucially important to the synthetic utility of the reaction, and
several recently developed asymmetric catalysts afford syn [32—41] and anti [42—
55] nitroaldol products in an enantioselective fashion.

Based on our exploration of the synthetic utility of amide-based ligand 4 described
above [22, 23, 56-65], we disclosed that slightly modified ligand (S)-10 constitutes a
heterobimetallic complex comprising neodymium and sodium cations, which exhibit
high catalytic activity and stereoselectivity in an asymmetric anti-selective nitroaldol
reaction (Scheme 6) [66, 67]. In contrast to common asymmetric catalysts, the Nd/Na
heterobimetallic catalyst serves as a heterogeneous catalyst and inspired us to further
refine the catalyst toward practical applications. The Nd/Na heterogeneous catalyst
was readily prepared via self-assembly (Scheme 7a); sequential addition of
NdO5(0'Pr),3/5 (0x0 complex of Nd(O'Pr);) and NaHMDS to a THF solution of
ligand 10 gave the insoluble precatalyst, which was dissolved by the addition of
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Bu OH

(0]
, H
NdO;5(0Pr)1z5  + HO\@kaJ\n/N\@ +  NaHMDS
oo
F F

amide-based ligand (S)-10

self-assembly

heterogeneous
Nd/Na heterobimetallic catalyst OH
JJ\ + r 1-6 mol % _ R1)\_/ R2
R "H NO, THF, —40 °C :
yield 75-95% NO,
anti/syn = 3.4/1-40/1
77-98% ee

Scheme 6 anti-Selective catalytic asymmetric nitroaldol reaction promoted by the Nd/Na
heterobimetallic catalyst

(a) Prototype Nd/Na heterobimetallic catalyst

THF  NdO;5(0Pr);g5 NaHMDS EtNO,
! centrifuge
ligand 10 4 4 Y l self-assembly " 4
wash
&
clear solution

(b) MWNT-confined Nd/Na heterobimetallic catalyst

multi-walled carbon nanotube [MWNT] ";‘-,-
(chemically inert fibrous solid support)

THF  NdO,5(0Pr)yas NaHMDS MWNT EtNO, self-assembly
¥ in nanotube network

{ v y = z
HEMSs e
. clear solution '

Scheme 7 Preparation procedure of the prototype Nd/Na heterobimetallic catalyst and the
MWNT-confined Nd/Na recyclable catalyst

centrifuge
ligand 10

nitroethane. Self-assembly gradually proceeded to furnish heterogeneous catalyst as
a white solid. Inductively coupled plasma—atomic emission spectroscopy (ICP-AES)
and X-ray fluorescence (XRF) analyses indicated the composition of the heteroge-
neous catalyst as ca. Nd:10:Na = 1:1:2, and high resolution mass spectrometry
(HRMS) revealed that the nitroethane used for catalyst preparation was incorporated
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into the catalyst. Unsuccessful trials of catalyst reuse prompted us to produce a more
durable heterogeneous catalyst. By taking advantage of the self-assembly process,
we reasoned that self-assembly in the presence of a chemically inert solid support
with a minute matrix would allow the catalyst to grow inside the matrix. With the
judicious choice of multi-walled carbon nanotubes (MWNT) as the solid support for
the additive during catalyst preparation, the self-assembled catalyst was efficiently
trapped in the fibrous network of MWNT to furnish a recyclable heterogeneous
catalyst (Scheme 7b) [65, 68, 69]. Transmission electron microscopy
(TEM) revealed that 20-200 nm small catalyst clusters were dispersed on the
MWNT surfaces. In contrast to the usual solid support catalysts, the Nd/Na catalyst
confined within MWNT was prepared through a simple operation (mixing and
centrifugation) by harnessing self-assembly without covalent bond linkage.

The discovery of heterogeneous asymmetric catalysts directed us to use a
continuous-flow platform for the nitroaldol reaction. Continuous-flow reactions have
received growing attention as an alternative to batch reactions with high practical
impact [70-78]. The number of reports on the applications of flow technologies to
the synthesis of APIs is increasing [79-83], and chiral catalyst modules amenable to
concatenation in a flow system are in high demand [70, 76, 84, 85]. Catalytic
asymmetric nitroaldol reactions generally require cryogenic control to prevent retro
reactions and erosion of stereoselectivity. Implementing the continuous-flow
nitroaldol reaction using a chiral catalyst module significantly reduces the cooling
volume, decreasing the electric cost expected for such a large-scale reaction.
Preliminary application of a MWNT-confined Nd/Na catalyst in a continuous-flow
platform proved effective for miniaturization of the reactor with a turnover number
of 200 (Scheme 8) [86]. Nitroaldol adduct 12 was produced in 12.4 g yield using a
small (15.7 mL) catalyst column, a 20-fold smaller reaction volume than in a batch
reaction for a comparable amount of product. Similarly to the case of La(O'Pr)s, the
cost and limited availability of moisture-sensitive NdO,5(O'Pr), 5,5 were bottlenecks
for prospective large-scale application. Re-examination the catalyst preparation
procedure revealed that the use of readily available NdCl; - 6H,0 and NaO'Bu in
place of NdO, /5(O'Pr),3/5s and NaHMDS, respectively, was feasible for preparing the
Nd/Na catalyst with comparable catalytic activity and stereoselectivity, leading to a
120-fold decrease in the cost [87]. The Nd/Na heterobimetallic catalyst exhibited

MWNT-confined Nd/Na
heterobimetallic catalyst

o in continuous flow OH
MeO oo+ ( —40 °C MeO y
NO, —catalyst column— NO
¢ 20 x 50 mm, inner vol 15.7 mL 2
1 0.294 mmol (based on Nd) 12
[0.15 M/THF] [1.5 M/THF]

- operated for 28 h at 30 mL/h

+ TON =200

* no work-up procedure

*+ 93% isolated yield (12.4 g)
antilsyn = 93/7, 88% ee (anti)

Scheme 8 anti-Selective catalytic asymmetric nitroaldol reaction in a continuous-flow platform
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broad substrate generality and played a pivotal role in the enantioselective synthesis
of zanamivir (relenza), an anti-influenza drug [88]. Further improvement and
engineering of the flow reaction process to achieve a higher turnover number are
anticipated to streamline the production of enantioenriched anti-vicinal amino
alcohols for the synthesis therapeutic agents.

4 Conclusion

Recent advances of rare earth metal-based asymmetric catalysts with prospective
industrial application are discussed. Rare earth nitrates and halides are inexpensive,
easy-to-handle, and available in large quantities, and thus promising primary
components of metal-based catalysts. Despite the additional notable characteristics
of rare earth metals, such as their unique coordinating properties and durable Lewis
acidity in the presence of amines, their utility in asymmetric catalysis has been
underestimated in both academia and industry. The two examples described herein
represent the potential utility of rare earth metal-based catalysts in manufacturing
APIs in an enantioselective manner. More intensive research of rare earth
metal-based catalysts will elicit hidden chemical properties of these intriguing
metals to advance the art of asymmetric catalysis for prospective use in practical
synthesis.
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Metal Catalyzed Synthetic Reactions
via Aerobic Oxidation as a Key Step

Mitsuru Shindo and Kenji Matsumoto

Abstract New aerobic oxidative metal catalyzed synthetic reactions are described:
The Cu(Il) complex catalyzed the acylation of thioester in Wittig lactonization
under neutral conditions and the dissymmetrization of symmetric dithiomalonates
via selective monoacylation. The key step in this reaction was the formation of an
acylketene, the stability of which would contribute to selectivity. The aerobic
Rh/C-catalyzed oxidative homo- and cross-coupling of aryl amines was developed.
The coupling reactions afforded symmetrical and nonsymmetrical biaryl amines in
excellent yields. These reactions provide a mild, operationally simple, and efficient
approach for the synthesis of biaryls which are important to pharmaceutical and
materials chemistry.

Keywords Aerobic oxidation - Metal catalysts - Acylation - Coupling
Heterogeneous catalysts - Recyclable

1 Introduction

Metal-catalyzed reactions are one of the main topics in synthetic organic chemistry
and process chemistry. Needless to say, numerous metal-catalyzed reactions have
achieved highly efficient C—C, C-O, and C—heteroatom bond formations. Oxidative
(or oxidation) reactions are frequently used in not only functional group transfor-
mation but also C—C or C-O bond formation along with C-H bond cleavage
(oxidative coupling). In the oxidative metal-catalyzed reactions, if air or oxygen is
an oxidant, usage of hazardous peroxides or toxic high valence metals can be
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avoided. In terms of green chemistry as well as practical synthesis, aerobic con-
ditions would be favorable. Furthermore, reaction control would be more easily
accomplished under aerobic conditions than inert gas atmosphere.

In this chapter, we describe our recent results on aerobic Cu(Il) catalyzed acy-
lation, in which catalyst deactivator is eliminated by oxidation, and aerobic metal
catalyzed oxidative coupling reactions.

2 Aerobic Cu-Catalyzed Acylation-Wittig Reaction Under
Neutral Conditions

2.1 Acylation-Wittig Reaction Under Neutral Conditions

During the course of our synthesis of xanthanolide sesquiterpenoids [1, 2], we
found one-pot acylation-Wittig lactonization of acyloins (Fig. 1). A mixture of the
acyloin 1 (o-hydroxy-cyclic hemiacetal as its equivalent) and excess amount of
Wittig reagent 2 was heated in xylene at 150 °C to form a butenolide 3 in excellent
yield. When the ester moiety was replaced to more acidic eliminating group like
thiophenol, the reaction was fairly accelerated, albeit under harsh conditions
(Fig. 2). These results indicated a reaction mechanism of the initial rate-determining
acylation and the following intramolecular Wittig reaction.

2.2 Cu(Il)-Catalyzed Acylation-Wittig Reaction [3]

In this successive lactonization, harsh conditions of an excess amount of the Wittig
reagent and high temperatures were still required to complete the reaction. We then
examined metal catalyzed reactions of this acylation-Wittig reaction under mild and
neutral conditions [4, 5]. We focused on thioesters, which are easily handled, stable
acylating agents of alcohols in organic syntheses and biological systems. Acylations
with a thioester should be carried out under basic conditions for activation of the

OCH,CF;
PhyP.
3 o)
Me 2
\ xylene HO: o)
reflux
PhaP.
. 3 Y&o

Fig. 1 One-pot acylation-Wittig lactonization of acyloins
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(e}
0]
Ph,P Vi
+ _—
OH o reflux, xylene o)
PhS 12 h

10 equiv >99%

lati
acyla 'on\)\ PhsP, /\;Vittig reaction

o)
PhSH
C)-o

Fig. 2 One-pot lactonization using Wittig reagent with a thioester

Table 1 Acceleration of acylation by metal salts

metal
o o salts Ph,P Me 0
o Mem)\ (150 mol%)| o OYJ\ )
é/ ¥ SPh ThE é 0 ©
Ph;P reflux
(1.5 equiv) Ar
4 5 6
Entry Metal salt Time (h) Yield (%)
1 None - No reaction
2 Mg(OAc), 3.5 Trace
3 Fe(OAc), 35 11
4 Zn(0OAc), 35 61
5 Ag(OAc), 3.5 51
6 Cu(OAc), 0.5 80
7 CuCl, - No reaction
8 Cu(OTf), - No reaction

alcohols. Although there have been several reports on O-acylations using thioesters
accelerated by stoichiometric or substoichiometric amounts of soft metal salts, such
as Hg(Il), Ag(), Cu(I), and Cu(I) [6-9], no catalytic reactions under neutral
conditions were reported, because the thiolates eliminated by the acylation would
deactivate the metal salts.

The reaction did not proceed in the absence of metal salts (Table 1, entry 1), and
the hard metal salt such as magnesium acetate did not promote the reaction (entry
2). In contrast, 150 mol% of soft metal salts promoted the reaction to give the
desired lactone 6 in good to moderate yields, (entries 3—6). And among the metals,
Cu(OAc), provided the best result (entry 6). The other Cu(Il) salts did not almost
accelerate the reaction (entries 7 and 8).
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o o Cu(OAc)2 Me o
Me (10 mol%) i
OH + SPh ——— > S
PhsP THF
) 60 °C
7 5 (1.5 equiv) Ar 8
28%
Fig. 3 Cu(Il)-catalyzed acylation-Wittig reaction of acyloin 7
Fig. 4 Concept for catalytic <active>
cycle L,Cu (Il)
9
oxidation acylation
<inactive> <inactive>
LCu (1) LCu (Il)=SPh

12\_{ 10

PhSSPh (11)

The next issue was how to develop the catalytic reaction. 10 mol% of Cu(OAc),
promoted the model reaction (Fig. 3) to yield the product 8 in only 28% under
argon.

In the reaction cycle, thiophenol is eliminated. This byproduct forms an inactive
thiophenol-Cu complex 10. Therefore, the generation of this complex must be
suppressed for the catalytic system. A small amount of diphenyl disulfide (11) was
detected as a side product, which was formed by oxidation of the thiol along with
reduction of the catalyst (Cu(Il) to Cu(l)). We anticipated that in order to regenerate
the active catalyst Cu(Il) 9, the thiolate should be oxidized to the disulfide 11,
possibly a poorer ligand for Cu(Il), and the resulting Cu(I) 12 should be oxidized to
Cu(I) (Fig. 4) [10].

Based on this concept, we attempted the Cu(Il)-catalyzed Wittig lactonization of
2-hydroxyindanone (7) under air to achieve catalytic turnover using 10 mol% of
Cu(OAc), (Table 2, entry 1). After screening of ligands, the bidentate-type sali-
cylate complex (14) provided 8 in higher yields (entry 2). Furthermore, OXONE®
accelerated the catalytic reaction to provide 8 in 2 h in high yield (entry 3). Even
when 2 mol% of the catalyst 14 was used, 8 was obtained in good yield (entry 4).
These results suggested the rate determining step being re-oxidation of Cu(I) to Cu
(II) in this catalytic system. Finally, the Wittig reagent 13 having
2,6-dimethylphenylthioester afforded 8 in excellent yield catalyzed by only 2 mol%
of the copper complex 14, probably because the sterically more hindered ArS—Cu
(IT) complex was more readily converted into disulfide and Cu(l).
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Table 2 Optimization of Cu (II)-catalyzed acylation-Wittig lactonization

e} Me O
o Cu (II) catalysts y
OH  Me sph MS4A o)
PhyP gil;lF, 60 °C
(1.5 equiv)
7 5 8
Entry Catalyst mol% Wittig reagent Oxidants Time (h) Yield (%)
1 Cu(OAc), |10 5 Air 6 82
2 14 10 5 Air 5 97
3 14 10 5 OXONE®* |2 92
4 14 2 5 OXONE®* |5 76
5 14 2 13 OXONE®* |4 91
3 equivalents

0
Ph,P
3 ? /(:fl\o
° ¢
u
MeO o

13 14

Various kinds of acyloins were treated with 13 in the presence of the catalyst 14
in toluene, which was safer than THF under oxidative conditions, to provide the
lactones in high yields (Fig. 5). Not only hydroxyketones (15a-f) but also a
hydroxylactone 15g could be employed to afford butenolides 16. The hemiacetal
15h was also transformed into the butenolide under much milder conditions than
the original conditions. The sterically labile precursor 15i of heritonin [11] was
converted into the corresponding butenolide in high yield, without epimerization
[12], because of mild and neutral conditions. Therefore, base or acid-labile sub-
strates could be subjected to this acylation without decomposition or isomerization.
This reaction was applied to synthesis of karrikinolide [13].

Figure 6 shows a proposed mechanism for this catalytic cycle. The Cu(Il) cat-
alyst 14 would activate the thioester 13 [6, 7], which is converted into the phos-
phonium ketene intermediate 17 by double activation of the C—S and O-H bonds.
The soft Lewis acidic Cu(Il) specifically interacts with the thioester to accelerate
elimination of the thiolate with the aid of electron-donating phosphorus ylide.
Simultaneously, the alcohol 15 is deprotonated by salicylate to be converted into
alkoxide 18, which is acylated by 17, followed by the intramolecular Wittig
reaction, to furnish the lactone 16. The resulting thiolate complex 19 would be
homolytically cleaved into a thiyl radical 20 and the Cu(I) complex 21. The former
species would form the disulfide 22, and the latter would be oxidized to regenerate
the catalyst 14. Molecular sieves could trap the water generated by oxidation.
Accordingly, the Cu(Il) catalyst would play a double role: activation of the thioester
and oxidative removal of the thiolate.



M. Shindo and K. Matsumoto

16
(0]
fe) OH 14 (cat.)
+ 13 (o)
Ri R (150quv) MS4A OXONE® |
toluene, 60 °C, air Rt R2
15
16
o
o ) G 0 ()
91%
15a 90% 93% © .
96% 15¢ 15d 84%
15b 15e
=
O - (0]
OH 7 i OH
-on 8
S - MeO
>99% 73 % HO OH ]
15f 15g 70% 959, Cis:trans = 6:1
15h 15i
Fig. 5 Cu(II)-catalyzed one-pot lactonization
1 1
— 0, —H,0
4 2 0
o2 e
—_— (S-Ar)2 - e Q— T 13 COSAr
o cu(l) MeO o +
0) OH

22
14 )
R' R?

15

° co
/ MeO 0-Cu(ll)~SAr A
R2 16
o
—0 \
Ph?P 17 R? H¢£>/©OMG
SAr %
0

Ph,P=0 PPhy o [
o U /
R! \g:O R1Jg/d@ \O
0o 18 R2
OMe

HO,C

Fig. 6 Proposed mechanism for Cu(Il)-catalyzed acylation
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2.3 Cu(Il) Catalyzed Dissymmetrization
of Dithiomalonates [14]

Selective synthesis of dissymmetric malonates from the symmetric malonates is
sometimes uncontrollable because esterification of malonic acid frequently pro-
duces the corresponding diester as well as the mono-ester, even if it is executed
with an equimolar alcohol. Enzymatic methods are common for this conversion, but
with the drawback of strong substrate specificity [15]. Nucleophilic ring-opening of
Meldrum’s acid have also been used [16, 17]; however, they are not always efficient
due to facile decarboxylation. Niwayama’s selective mono-hydrolysis of diesters
including malonates successfully gives the dissymmetric half esters [18, 19].
A more efficient dissymmetrization of malonates that provides mono-esters (e.g. 24)
with an activated acyl group such as a thioester would be a valuable synthon
directing to functionalized malonates 25 from inexpensive symmetrical malonates
(Fig. 7) [20, 21].

A dithiomalonate 26 was found to be selectively converted into a malonic acid S,
O-ester 27 in excellent yield in the presence of the catalyst 14 (Fig. 8), although the
Cu(II) catalyst did not activate simple thiol esters.

Interestingly, even in the absence of the Cu(Il) catalyst 14, the reaction was
completed under the similar conditions to give the dissymmetric product 27 in
excellent yield. This result suggested that the selective mono-alcoholysis was
attributed to the intrinsic properties of dithiomalonates. Therefore, we started
studies on this reaction under non-catalytic conditions.

The solvent effect was important because only polar solvents accelerated the
reaction (Table 3). Finally, acetonitrile was the best solvent for mono-alcoholysis,
giving the dissymmetric S,0-ester 27 quantitatively (entry 4).

The non-catalytic mono-alcoholysis of diphenyl dithiomalonates (26) with var-
ious alcohols provided the corresponding S,0-malonates 29 in 5-24 h in excellent

O O ROH O O N o o
— —
A NN NN .

23 24 25

Fig. 7 Preparation of dissymmetric malonates

Cu (Il) cat.
(0] (0] 14 O (0]
)J\/U\ + n-BuOH —— 5
PhS SPh (3 equiv.) CH;CN n-BuO
26 reflux
40 min 2

SPh

98%

Fig. 8 Dissymmetrization of dithiomalonate 26



18 M. Shindo and K. Matsumoto

Table 3 Screening of solvents
O O 0O O O O

PhSJ\/U\SPh o RO BUOJ\/U\SPh i BUOJ\/U\OBU

(3 equiv.)  Solvent

26 (0.1 M) 27 28
Entry Solvent Temperature (°C) Time (h) Ratio (27/28) Yield (%)
1 Toluene 60 3.5 0
2 CH,Cl, 40 35 0
3 THF 60 3.5 Trace
4 CH;CN 60 2 >20:1 96
5 DMF 60 1.2 >20:1 83

Table 4 Dissymmetrization of diphenyl dithiomalonate (26)

O (0] (14) 0 0
+
prs A~ Agpp, * ROH S 4 A ROJ\/U\SPh
26 CH4CN, 60 °C 2
Entry Alcohol Without 14 With 14 (1 mol%)
Time (h) Yield (%) Time (h) Yield (%)
1 n-BuOH 2 96 0.6 91
2 i-PrOH 24 93 2 88
3 t+-BuOH 24 70 1 82
4 HC=CCH,OH 24 0 4 71
5 CH,=CHCH,OH 24 0 2.5 82

yields with high selectivities except for propargyl and allyl alcohols (Table 4). The
copper catalyst 14 significantly accelerated this mono-acylation with the aid of
MS4A for trapping water, described section in Sect. 2.2. The reactions were
completed within several hours, and even the less reactive allyl and propargyl
alcohols gave the dissymmetric S, O-esters in excellent yields.

a-Alkyl-substituted dithiomalonates were also converted into dissymmetric S,0-
malonates catalyzed by 14, although the reaction was retarded (Fig. 9). The
a-fluoromalonate showed much lower reactivity than o-alkylmalonate, even though
its steric factor could be negligible. Neither o,0-dimethylmalonate 30 nor diphenyl
dithiosuccinate (31) were inert to this reaction.

The thermal transesterification of ethyl acetoacetate has been known to proceed
through an acylketene intermediate [22, 23]. In the alcoholysis of dithiomalonates,
acylketenes would also be a key intermediate owing to the inertness of
a,o-dimethylmalonate 30 and dithiosuccinate 31. Rate constants of the reaction of 26
with n-butanol in acetonitrile were independent of the concentration of n-butanol.
Therefore, the key intermediates in this alcoholysis were the ketenes 32, and the
ketene formation (26 — 32) was the rate-determining step in the case of
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14 (1 mol%)

0o 0 o o
, nBuoH _MS4A_
PhS SPh  (3.0equiv.) CHsCN n-BuO SPh
R

60 °C R
48 h R =i-Pr: 76%
R=F:67%

O 0} O
30 31 ©

Fig. 9 Cu-catalyzed mono-butanolysis of a-substituted dithiomalonates

PhSH ®
M 2= 0 =
<— | pPhS <> pps @ - Phs)\(
32 H
ROH l
o
0O O o 0 o .0
- %. Q, /
hS)J\/U\OR < VJ\OR @\H\OR
29
H H
35 36

Fig. 10 Proposed mechanism for mono-alcoholysis of dithiomalonates

n-butanol (Fig. 10). The pronounced stability of 32 would be attributed to resonance
structures (33 and 34) in addition to a intramolecular electrostatic interaction in 33,
according to the Tidwell’s reports [24, 25]. The ketene 32 would be more stable than
the oxocarbonylketene 35; therefore, zwitterionic stabilization in 36 was relatively
ineffective. Consequently, the high selectivity of mono-alcoholysis could be attrib-
uted to the different stabilities of the acylketenes. The copper catalyst accelerated the
conversion to 32 by activating the thioester. In the case of the less reactive alcohols
and less reactive sterically hindered malonates, the rate-determining step may be
shifted to acylation (32 — 29).

In this section, aerobic Cu(Il)-catalyzed acylations of Wittig lactonization and
dissymmetrization of dithiomalonates were described. The Cu(l) complex-
catalyzed reaction was the first catalytic acylation using thioesters under aerobic
neutral conditions. Although this catalytic reaction is thus far limited to the Wittig
reagent and dithiomalonates as thioesters, it may become a new principle for cat-
alytic acylation. Further development of more efficient catalysts can be expected in
the future. Since acylation is a conventional and fundamental method for C-C, C—
O, and C-N bond formation, these aerobic catalytic methods will be valuable in
synthetic organic chemistry and process chemistry.
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3 Heterogeneous Metal-Catalyzed Aerobic Oxidative
Biaryl Coupling

3.1 Aerobic Oxidative Homo-Coupling of Aryl Amines [26]

Biaryl compounds are privileged structural motifs found in many biologically
important natural products, synthetic pharmaceuticals, and functional materials. In
recent years, with the increasing pressure to develop environmentally friendly and
sustainable methodologies, direct arylation, aryl-aryl bond formation through C-H
bond activation, has captured growing attention as a very attractive methods for
preparation of biaryls because the reactants do not have to be pre-functionalized,
and because of the atom- and step-economy (Fig. 11) [27-33]. Among direct
arylation methodologies, oxidative biaryl coupling is a simple and direct method for
aryl-aryl bond formations. The oxidative coupling of naphthols and phenols
leading to BINOL and biphenol derivatives has been well studied [34-37]. In
strictly contrast, the oxidative coupling of aryl amines remains largely unexplored
[38, 39], because aryl amines are easily oxidized, generating many side products. At
the start of our study, catalytic processes are particularly limited and only an
example of catalytic process was reported by Yang using catalytic amounts of
FeCl; in combination with mCPBA [40]. Furthermore, the use of molecular oxygen
as clean, safe, and inexpensive oxidant represents an important advance [41].

We anticipated that upon protonation of aryl amines under acidic conditions, the
resulting ammonium salts may prevent side reactions induced by the high nucle-
ophilicity or oxidation potential of aryl amines and undergo the desired oxidative
coupling smoothly to yield homo-coupled products. The feasibility of this concept
was confirmed by the oxidative coupling of 2-aminoanthracene (37) under
heterogeneous aerobic conditions using 5% Rh/C catalyst (Table 5). To our delight,
the use of methanesulfonic acid afforded the desired product 38, but the yield was
low (entry 1). Following this result, we examined various acidic solvents and found
that trifluoroacetic acid (TFA) afforded the best result for obtaining dimer 38 in high
yield (entry 2), whereas either difluoroacetic acid or acetic acid, the acidities of
which are weaker than that of TFA, led to the reduced yields of 38 (entries 3 and 4).
Interestingly, the reaction in hexafluoroisopropanol (HFIP) resulted in the exclusive
formation of carbazole 39 in 76% yield (entry 5), but ethanol was unsuitable solvent
(entry 6). The other aprotic solvents did not afford the coupling products (entries 7

P _ metal catalyst
oxidants

D+ (] _ metal catalyst
oxidants

Fig. 11 Aryl-aryl bond formation via direct arylation
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Table 5 Solvent effect for oxidative homo-coupling of aryl amines

5% Rh/C OO OCO
Hy 5mol%
NH
solvent NH2
e ooy
39

Entry Solvent pKa Time (h) Yield (%)

38 139
1 CH;3SOs;H -2.6 26 Low yield
2 CF;COH -0.2 0.8 90 2
3 CF,HCO,H 1.2 4 60 14
4 CH;CO,H 4.8 34 51 36
5 (CF;) ,CHOH 9.3 6 0 76
6 EtOH 15.5 24 15 6
7 THF - 26 No reaction
8 CH,Cl, - 26 No reaction

NH2 - 59, Rh/C 0.25 mol% OOO NH,

TFA, rt, O, (1 atm) 2 TON =316
37 6h

Fig. 12 Rh/C—catalyzed oxidative homo-coupling of 2-aminoanthracene

and 8). These results indicate that the acidic properties of solvents not only
accelerate the reaction, but also control the product selectivity.

Besides Rh/C, other heterogeneous catalysts such as Rh/Al,O3, Ru/C, Pd/C, and
PtO, also afforded 38 in high yields. Under 1 atm of oxygen, the reaction pro-
ceeded faster to give 38 in excellent yield. Furthermore, even using 0.25 mol% of
5% Rh/C, 38 was obtained in good yield and the turnover number (TON) reached
up to 300 (Fig. 12). This is the first heterogeneously catalyzed aerobic oxidative
coupling of aryl amines, which would provide the operationally simple and greener
methodology for the efficient preparation of biaryl diamines.

With the optimized conditions in hand, the substrate scope was investigated with
various aryl amines (Fig. 13). Using N-substituted-2-aminoanthracenes and
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5% Rh/C
Ar—NR'RZ2  ——  dimers
TFA, rt, air
‘ ‘ ‘ NHC,H; ‘ ‘ ‘ NHBn g g NHC;H;
ey oy oy
72% 90% 83%

NMe,
OOWORROORNGOS
Yy

NMe,

7% 84% 40: 99%

Fig. 13 Rh/C—catalyzed oxidative homo-coupling of aryl amines

2-aminonaphthalenes, dimers were obtained in good yields. Interestingly,
1-aminonaphthalenes underwent C—C bond formation at 4-position, generating
dimers in excellent yields. The octahydroanthracene derivative, which is not a fused
arene, also dimerized to afford the corresponding product 40 in quantitative yield.
Thus, the anthracenes as well as naphthalene and aniline derivatives underwent
oxidative coupling to afford the corresponding dimers in good yields, which show
that this catalytic coupling reactions are highly versatile.

To gain insights into the reaction mechanism, the electron spin resonance
(ESR) spectrum of the reaction using 37 and 5% Rh/Al,O3 under air was measured
at room temperature, which indicated that the radical species are generated in the
reaction mixture. Accordingly, the proposed mechanism is shown in Fig. 14. The
catalytic cycle begins with a one-electron transfer from the ammonium salt 41 to the
rhodium catalyst to produce the radical cation intermediate 42 and reduced rho-
dium, which is oxidized by molecular oxygen to regenerate the active rhodium
metal. The radical cation 42 dimerizes to give the diiminium salt 43, which tau-
tomerizes to afford the coupled product 45 after work-up. Unlike the TFA system,
in the presence of HFIP, the carbazole 39 is preferably produced. Probably owing to
the higher pK, value of HFIP, amino iminium intermediate 44 undergoes cycliza-
tion to produce 46, which release ammonium to afford carbazole 47.



Metal Catalyzed Synthetic Reactions via Aerobic ... 23
0,

N .
RhA"  Rh™ hom O‘
coupl/ng g NH g NH
- SoLaPeL
3

41

Radical cation (42)

HFIP

=
o oO OO

Fig. 14 Proposed mechanism for aerobic oxidative coupling of aryl amines

3.2 Aerobic C—H/C-H Cross-Coupling of Aryl Amines [42]

The C-H/C-H cross-coupling between two distinct aromatic compounds, also
known as cross-dehydrogenative coupling (CDC), has recently attracted great
attention as an efficient and promising strategy to synthesize a broad array of
unsymmetrical biaryls [43-45]. In spite of significant development, the vast
majority of C-H/C-H cross-coupling reactions are still limited by the high tem-
peratures and stoichiometric amounts of strong oxidants that are required [46—49].
In particular, the oxidative C—H/C-H cross-coupling between two arenes with
similar chemical and physical properties, such as phenol—-phenol or aniline—aniline,
are difficult to achieve due to the concomitant formation of homo-coupling products
[50-53]. Kita and co-workers reported the metal-free oxidative cross-coupling of N-
Ms protected aryl amines using hypervalent iodine reagents as the stoichiometric
strong oxidant and developed the catalytic transformation in combination with
mCPBA [54]. Waldvogel and co-workers have developed electrochemical oxidative
phenol-aniline cross-coupling with high selectivity [55-57]. Despite these advan-
ces, since oxidative coupling of aryl amines are particularly difficult, there remains
no general method for aniline—aniline cross-coupling [58].

We envisioned extending the above oxidative homo-coupling of aryl amines to
CDC reaction. In comparison to homo-coupling, the control of selectivity for
desired cross-coupling over homo-coupling represents a great challenge. Based on
our previous results, we hypothesized that the homo-coupling could be suppressed
if 48 had sterically hindered substituents on the amino group; the resulting radical
cations 49 would preferentially react with sterically less hindered arenes 50 to
provide cross-coupled biaryls 51 (Fig. 15).

Thus, we selected N, N-dimethylamino-2-naphthalene (52) as a substrate with a
bulky amino group and optimized the cross-coupling of 52 with 3 equivalents of 53
in TFA under 1 atm of oxygen (Fig. 16). In the presence of 5% Rh/C (5 mol% of



24 M. Shindo and K. Matsumoto

H 3 ar) 0
-+
“/NR2 Rh NR, 50
— _ >
OO H* R = bulky groups OO NR,

48
Radical cations (49) 51

Fig. 15 Working hypothesis for C-H/C-H cross-coupling of aryl amines

NMe,

NMe, O
NMe, 5% Rh/C 5 mol %
+ o
OO TFA, 1t, O, (1 atm) OO L.
52

(3.0 equw ) cross: homo=10.9: 1

NMe2

NMe,

“/ 5% Rh/C 5 mol % O 93%
o .
TFA, 1t, O, (1 atm) l I 92% (1.5 equiv. of 53)

@0 equw ) cross: homo =>20: 1

Fig. 16 Oxidative C—H/C-H cross-coupling of aryl amines

rhodium), the desired cross-coupled product 54 was obtained in 85% along with a
small amount of the dehydrodimer of 52. Following this result, we investigated the
cross-coupling using various 2-naphthyl amines and found that amino substituents
played important role on the selectivity of the reaction. When piperidino analog 55
was employed, the homo-coupling product was not observed and desired product
56 was obtained in 93% yield. Furthermore, even using a small amount of 53, the
reaction of 55 provided 56 in excellent yield.

Since high selectivity was obtained with 55, the substrate scope was investigated
with various aryl amines (Fig. 17). Several kinds of anilines, phenols and anisoles
were reacted with 55 to give unsymmetrical biaryls in excellent yields and selec-
tivities. N,N-Dibenzylamino-2-naphthalene also reacted with aniline to give 57
efficiently. Furthermore, even using 0.27 mol% of 5% Rh/C, 57 was obtained in
good yield and the turnover number (TON) reached up to 280 [59].

To demonstrate the potential applications of the present cross-coupling, the
preparation of versatile 1,1'-binaphtyl-based ligands was examined (Fig. 18).
Cross-coupling of 52 with an excess of 2-naphthol proceeded to give NOBIN analog
58 in 62%. NOBIN is used not only in asymmetric catalysis, but is also used as a
source of various 1,1’-binaphthyl-based ligands [60]. Additionally, since the amino
groups can be used for further transformations, our methodology provides efficient
access to a variety of biaryls with interesting functions and biological activities.
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Fig. 18 Synthetic utility of the cross-coupling reaction

4 Conclusion

We demonstrated two kinds of aerobic oxidative metal catalyzed synthetic reactions
that we recently developed. The homogeneous Cu(Il) complex catalyzed acylations
present new synthetic strategies of one-pot lactonization and dissymmetrization of
malonate. These reactions can be carried out under mild and neutral conditions,
which are compatible with acid- or base-labile functionality, especially for synthesis
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of complex molecules. The aerobic oxidative metal catalyzed coupling reactions
provide not only homo-coupled biaryl products but also cross coupled ones, which
are highly useful for materials and medicinal chemistry. Furthermore, the reaction
has special features including dehydrogenative direct C—C coupling, recyclable
heterogeneous catalysts used, and oxygen as an oxidant. The current catalytic
reactions will provide benign and scalable processes in synthetic organic chemistry.
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Heterogeneous Platinum Metal Catalyzed
Deuterium Generation and Labeling
Methods Using Hydrogen Gas

and Deuterium Oxide as Key Reagents

Hironao Sajiki

Abstract Deuterium (heavy hydrogen, D or 2H), a stable isotope of hydrogen (‘H)
consists of one proton, one neutron and one electron and used extensively in a wide
range of fields including science, chemistry, medicine, etc. We have developed
quite simple and post-synthetic D labeled methods using a combination of platinum
metal on carbon and deuterium oxide (D,0O) as the catalyst and a D source in the
presence of organic substrates, and a highly pure D, gas preparation method
occurred at room temperature (rt) via the catalytic H,—D, exchange reaction
between the H atom of the H, gas with the D atom of D,O without any substrates.
This review illustrates and describes such straightforward and useful
methodologies.

Keywords Deuterium labeling - H-D exchange -« C-H activation
Platinum-group metal on carbon - Deuterium gas preparation - Deuterium oxide -
Hydrogen gas

Deuterated products have received attention not only as useful tools for the inves-
tigation of drug metabolisms [1, 2] or reaction mechanisms [3, 4] as tracers or
surrogate compounds, but also as functional materials such as fully deuterated
polymers as components of optical fibers for high-speed telecommunication, which
are virtually free of any optical absorption based on the C—H stretching vibration [5].
Multi-deuterated alkanes are anticipated as internal markers to prevent the distri-
bution of illegal (illicit) light diesel oil [6] and deuterated medicines are expected to
become new drugs having a longer duration of action based on the isotopic effect
(resistant to the drug metabolism) [7]. Since the atomic nucleus of D can be fused
with a tritium (T or 3H) nucleus into a helium (He) and a neutron together with the
emission of a massive amount of energy (fusion energy) [8], it is expected as one of
the most useful new sources of energy that avoids CO, generation.
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As summarized above, D is widely used in a variety of scientific fields as a
representative nuclide of a stable isotope. The precedent preparation methods of
D-labeled compounds can be classified into three types: (1) total synthetic methods
starting from small deuterated raw materials; (2) reduction of reducible function-
alities using deuterated reducing agents; and (3) post-synthetic direct deuteration
(H-D exchange reaction). It is patently obvious that the catalytic reduction using D,
gas (deuterogenation) as a part of (2) and the catalytic H-D exchange reaction of
non-deuterated compounds as (3) are preferable and practical methodologies
associated with less waste. By the way, what kind of deuterium source is desired to
achieve the H-D exchange reactions? The cheapest and most productive one is
D,0. Natural water contains ca. 0.015% (150 ppm) of the D atom [9], which exists
in the form of HDO by a disproportionation equilibrium. The D-abundance ratio
that is highly enriched by the dual temperature isotope exchange process utilizing
the difference in the chemical equilibrium constant between HDS and HDO in a
temperature-dependent manner [H,S obtains a deuterium atom from HDO at a
higher temperature (ca. 125 °C) and H,O obtains a deuterium from HDS at a lower
temperature (ca. 25 °C); Girdler-Sulfide (GS) method] [10, 11]. Although nearly
pure D,O has been industrially manufactured using the GS method, D, gas is still
produced by electrolysis of the incrassate (nearly pure) D,O using an enormous
amount of electric energy. Since D, gas, D,0 and some deuterated compounds are
designated as international controlled materials and subject to rigid control
regarding import and export under security trade control, the development of effi-
cient, mild, easily handled and catalytic preparation methods of regulated and
combustible D, gas would have to be developed in the respective countries, or
even, each manufacturing site including laboratories in order to avoid the export,
import and transportation problems.

In this review, we would like to describe the efficient platinum metal on
carbon-catalyzed post-synthetic direct H-D exchange reactions using D,O as the
deuterium source under a H, atmosphere and a simple replacement method of
sealed H, gas by D, gas via the Pd/C-catalyzed H,-D, exchange reaction between
H; and D,O developed by us.

1 Heterogeneous Platinum Metal Catalyzed Post-synthetic
Deuterium Labeling Method Using D,O
as the Deuterium Source in the Presence
of Hydrogen Gas

We have discovered that the H-atoms on the benzylic position of the substrate were
time-dependently and site-selectively replaced with an equal number of D-atoms
derived from D,O under mild and Pd/C-catalyzed hydrogenation conditions
(Fig. 1) [12-14].

The catalyst activity for the H-D exchange reaction under Pd/C—H,-D,0O con-
ditions was dramatically enhanced by the application of heat which facilitated the
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Fig. 2 Catalyst activity for the H-D exchange reaction

H-D exchange reaction at not only the benzylic sites, but also the inactive C-H
bonds of alkyl-substituted aromatic compounds and heterocyclic nuclei [15-20].
Pt/C is an appropriate catalyst for the deuteration of aromatic nuclei, and the H-D
exchange reaction smoothly proceeded under milder conditions [21, 22].
Furthermore, the mixed use of Pd/C and Pt/C or a bimetallic Pd-Pt on carbon was
also found to be more efficient for the H-D exchange reaction in comparison to the
independent use of Pd/C or Pt/C [23-25]. Furthermore, simple alkanes, which are
inactive substrates by most definitions, could also be efficiently deuterated under the
Rh/C-catalyzed heating conditions in a sealed tube (Fig. 2) [26].

The use of Ru/C enabled the regiospecific and efficient D incorporation at the
a-position of alcohols at rt —80 °C and the results were applied as a regio- and
stereoselective multi-deuteration method of sugar derivatives (Fig. 3) [27, 28].

H, gas is essential as an activating agent of the zero valent platinum group metal
on carbon. Moreover, these H-D exchange methodologies are available to apply to
the H-T (tritium, *H) exchange reaction using highly diluted tritiated water
(THO) indicating a low level of radioactivity, and the multi-tritium incorporated
products indicates a higher specific radioactivity in comparison to the HTO based on
the suppression of the reverse reaction due to the isotope effect of T (Fig. 4) [29].
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Fig. 4 H-T exchange reaction in highly diluted tritiated water

These deuterium and tritium labeling methods using the platinum group metal on
carbon-D,0-H, combination can be achieved under simple and mild conditions in
comparison to conventional methods, and a wide variety of labeled compounds are
obtained in good to quantitative yields and deuterium efficiencies [30-32].

2 Replacement of Hydrogen Gas by Deuterium Gas
via Pd/C-Catalyzed H,-D, Exchange Reaction Between
H, and D,O

As for the preparation methods of D, gas on a laboratory scale, the reaction of
metals, such as sodium [33], iron [34], and magnesium [35] with D,O, have been
reported in the literature, although a large quantity of metal sludge is produced and
drastic reaction conditions (several hundred degrees Celsius) are required. While
numerous catalytic H,—D, exchange reactions between H, and D,0O have also been
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Metal/C

2D,0 (excess) + H, gas 2HDO * D, gas

Metal: Rh, Pd, Ir, Pt

Fig. 5 Quantitative transmutation of H, gas into D, gas at room temperature

reported in the literature [36—44], such methods could not produce highly pure D,
gas and also required a high pressure, the use of a special catalyst, and/or strongly
basic or acidic reaction conditions.

We have developed an efficient and quantitative in situ transmutation reaction of
H, gas into D, gas utilizing the heterogeneous platinum group metal-catalyzed
H,-D, exchange reaction derived from D,O as the deuterium source that occurs at
rt [30-32, 45, 46]. H, gas sealed in the reaction flask is totally converted into nearly
pure D, gas (Fig. 5), which can be used for the one-pot reductive deuteration
(deuterogenation) of a wide variety of substrates possessing reducible functionali-
ties within the molecule. Since Rh/C indicates the highest activity and Pd/C, Ir/C
and Pt/C are also effective as catalysts, the H,—D, exchange study was effected by
the selection of Pd/C as the catalyst from the aspect of cost and ready availability.

The H,y—D, exchange efficiency after 24 h of stirring of 7.4 mg of 10% Pd/C in
D,0 (3.0 mL, 166 mmol) in a hydrogen filled sealed flask with an effective internal
volume of 160 mL (6.5 mmol/H, at 25 °C; that is to say commercially designated
as a 100 mL eggplant flask) at rt was determined by the incorporation ratio of the
deuterium into dihydrocinnamic acid (2-d,)) by the 10% Pd/C-catalyzed hydro-
genation and/or deuterogenation of cinnamic acid (1) at rt for 6 h in the H,—D,
exchanged sealed flask (Table 1). The deurterogenation of 1 efficiently proceeded
by a 24 h pre-stirring (H,—D, exchange reaction), and nearly 50% deuterium
efficiencies (theoretical value) were observed on both the C1 and C2 methylenes
(2-d,, Entry 1). On the other hand, little deuteration was observed without the 24 h
pre-stirring (Entry 2). The deuterium efficiency was reduced with an inclease in
volume of H, using a larger flask (Entries 3 and 4). The D, purity is significantly
affected by the use a ratio of H, and D,O based upon the H,—D, exchange effi-
ciency under the same time frame and reaction temperature.

The replacement efficiency of H, by D, decreased with the deterioration in the
deuterium content of D,O (Entries 5-8). The significant decrease in the deuterium
efficiency of the deuterogenated product was observed and 50% D,0O (HDO) led to
virtually no incorporation of deuterium (Entry 7). Since the deterioration in purity
of the D,O caused a significant drop in the H,—D, exchange efficiency, an excess
amount of D,O (3 mL, 166 mmol vs. 160 mL, 6.5 mmol of H,) should be required
to circumvent the drastic degradation of the D,O purity.

The Pd/C-catalyzed H,-D, exchange reaction is very likely proceeding via the
illustrated reaction pathway shown in Fig. 6. The oxidative addition of the O-D
bond of D,O to the Hj-activated Pd metal on charcoal (I) produced the Pd(II)
complex (II). Subsequently, the H-D exchange on a Pd(II) complex (III)
and reductive elimination to give a HD-activated Pd metal on charcoal (IV).
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Table 1 H,-D, exchange efficiency under various conditions®

CO,H
Ph/\/ 2 c1
1(0.5mmol) =_
H D
Hy  10% Pd/C (7.4 mg) Ph&COZH
D20 rt, 24 h rt, 6 h D
H ~
2-d, Cc2
Entry |H, (mL/mmol) |D,O (mL) |H,O (mL) |D efficiency Isolated yield (%)
(%)
Cl1 C2
1 160/6.5 3.0 0 48 46 98
2° 160/6.5 3.0 0 2 0 97
3 285/12.2 3.0 0 44 42 100
4 690/28.2 3.0 0 31 29 100
5 160/6.5 2.7 0.3 30 26 98
6 160/6.5 2.1 0.9 13 12 94
7 160/6.5 1.5 1.5 5 6 98
8 160/6.5 0.9 2.1 0 0 95

“The reaction was performed in a hydrogen-charged sealed flask using 7.4 mg of 10% Pd/C in
D,0 or D,0-H,O mixed solvents (each 3.0 mL) at room temperature (25 °C) for 24 h.
Subsequently, trans-cinnamic acid (1, 0.5 mmol) was added, and the reaction was quenched after
6h

"The D content was determined by "H NMR on the basis of the integration of the aromatic protons
“Without initial 24 h-stirring prior to the addition of frans-cinnamic acid (1)

H, ..... H exchange HroH
D20/' D-Pd—0D - H—’i’d:‘OD — apparently no reaction
..... VI
H::”":H u exchange (" DrH favorable exchange( HD
Pd 1 m H ~Pd—0D LorIV HdeiOD — > apparently no reaction
H2 HDO X
L h
Pd Pd \TorIV Hrny <XCnange HD
% v | s ). z s
D D unfavorable Y HO-Pd—D HO-Pd—H
2 —\\ 2 / D0 e X X1
DD ("L‘"'P Dy Sxehange DD
3 exchange D—lbd\—OD -3 e
Pd HO-Pd—D HO-Pd—H

vit . DD oy
HDO  H-Pd-0OD
VI

XII XIII

Fig. 6 Plausible reaction mechanism



Heterogeneous Platinum Metal Catalyzed Deuterium Generation ... 35

Further oxidative addition of excess D,O to IV, H-D exchange, reductive elimi-
nation and discharge of D, gas could turn over the catalyst cycle.

The reaction progress is clearly controlled by the isotopic effect between H and
D. The oxidative addition of HDO to H, or HD-activated Pd metal on charcoal (I or
IV) should preferably occur at the O—H bonds (VIII or X) compared to the O-D
bond (IX or XII) and virtually no reaction was observed as a result of the H-H
exchange on VIII or X. Therefore, the formation of the complex (II or V) derived
from D,0 and I or IV should be necessary to generate HD or D,. The oxidative
addition of the HD-activated Pd metal (IV) to D,O gave the complex (V), which
would undergo the intramolecular H-D exchange, leading to the D, generation via
complex VI. Namely, increasing the H,O content in D,O with the ratio of 50% or
more would result in no reaction due to the complexation with HDO or H,O and Pd
metal (I or/and IV) followed by the intramolecular H-H exchange based on the
isotopic effect (see also Table 1, Entries 7 and 8). Therefore, the use of a reasonably
excess molar number of D,O compared with the use of H, to avoid the unfavorable
H-H exchange process should be required for the efficient generation of pure D,
gas.

The generated deuterium gas in a sealed flask is easily applicable for the one-pot
deuterogenation of various substrates possessing a wide variety of reducible
functionalities within the molecule, and the desired deuterium-incorporated prod-
ucts are obtained in excellent to quantitative deuterium efficiencies as shown in
Table 2. The heterogeneous catalyst can be recovered by simple filtration, and the
acidic deuterium atoms on the carboxylic acid, alcohol and amine functionalities
were replaced by hydrogen atoms during the aqueous workup.

The chemoselective one-pot deuterogenation was also possible by the addition of
a catalyst poison [47-53]. For example, the chemoselective one-pot deuterogena-
tion of an olefin in the presence of an aromatic ketone or benzyl ester within the
molecule proceeded with excellent deuterium efficiencies by the addition of a very
low loading (0.01 equiv) of diphenylsulfide (Ph,S) as a catalyst poison (Table 2,
14-d, and 16-d,), while the deuterogenation of the aromatic ketone or benzyl ester
cannot be avoided without the addition of Ph,S (Table 2, 13-d, and 15-d;) [45, 46].
Furthermore, a quite mild and fruitful deuterogenation of an aromatic nucleus is
also possible. A partially (nearly 50%) deuterated cyclohexane derivative (17-dg)
can be easily obtained by the use of 10% Rh/C as a catalyst under gentle heating
conditions (50 °C) [54-57].

It is noteworthy that almost pure and dried (waterless) D, gas can be collected in
a rubber balloon or gas collection bag via a drying tube from a pressure-resistant
reaction vessel with an internal volume of 170 mL after the H,—D, exchange
reaction at rt although the increased use of 10% Pd/C (30-40 mg) and D,O (6-
10 mL) under medium H, pressure (3—4 atm) was required. The collected waterless
D, gas can be applied to the anhydrous deuterogenation and deuteration reactions,
while the one-pot and in situ method is not applicable to water-sensitive substrates
and reactions.
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Table 2 Deuterium efficiency of deuteration using in-situ generated D, gas™™

51 49
A D A D
Ph)KK\OH P X" 0H Ph)*COZEt Ph/\/C02Et
D, D,
H ~ H~
45 45
3-d, 83% 4d, 82%
49 55 45
NH, O D\H NH, O ) D}
©)J\O . Ph o0 A ph ph%;p'h Ph/WPh
D ~D D
/:7 45 “55
5-d;, 80% 6-dy, 95%
100 96 92
%
5D 5D DN
EtO,C CO,Et EtO,C————CO,Et Ph%Ph Ph—=——=——Ph
D D D
D D D
“100 9\2\ “%6
7-d, 93% 8-d; 100 %
58
o 4w 0
H COLH N COH qp cl
H D OH
D cl 100 0
D /fg
95
9-d; 89% 10-d, 95%
DEQH OCOMe D—g% o
Ph)\Ph X Ph)J\Ph
Ph” “Ph Ph™ "Ph
11-d; 100 % 12-d, 80%
100 73 46
Ph Ph Ph Ph
H b Phk/\Ph Hb Ph)]\/\Ph
50 45
13-d, 88 % 14-d, 91 %°
60 46
7D aD
Ph&gozH ph S\ COzBN Phxﬁgozsn o COzBN
D D
%6 )
15-d, 96 % 16-d, 85 %°
D Po
V\/\C02H O
Ph” COH
D D average 49°

17-dg 49 %%

“The substrate is indicated in parentheses

bDigits located adjacent to each D atom indicate the deutrium efficiency
0.01 equiv of Ph2S were added as a catalyst poison

910% Rh/C was used as a catalyst instead of 10% Pd/C

“The theoretical D-efficiency is 55%
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In summary, the H-D and H,-D, exchange reactions introduced in this manu-
script are readily and independently available at each laboratory and manufacturing
site. when necessary. Interestingly, these results strongly indicate that the H-H
exchange reaction between the H, gas, substrates and protic solvents, such as H,O,
MeOH, etc. without the influence of the isotopic effect must frequently and con-
tinuously occur under the hydrogenation conditions, while the reaction seems to
apparently undergo no reaction. This review should be helpful for the various
international research groups who need the presented methodologies to prepare D
labeled compounds and D, gas. Since the methodologies in this review have
already been put to practical use by Wako Pure Chemical Industries, Ltd. (deu-
terium labeled reagents and contract manufacturing service), it is possible to use
such a service according to your needs.

References

1. Foster, A. B., “Deuterium Isotope Effects in Studies of Drug Metabolism” Trends Pharmacol.
Sci. (1984) 5, 524-527.

2. Davidova, 1. A.; Gieg, L. M.; Nanny, M.; Kropp, K. G.; Suflita, J. M., “Stable Isotopic Studies
of n-Alkane Metabolism by a Sulfate-Reducing Bacterial Enrichment Culture” Appl. Environ.
Microbiol. (2005) 71, 8174-8182.

3. Lowry, T. H.; Richardson, K. S., “Mechanism and Theory in Organic Chemistry”, Harper &
Row, New York (1987).

4. Perrin, C. L.; Dong, Y., “Secondary Deuterium Isotope Effects on Acidity of Carboxylic
Acids and Phenols”, J. Am. Chem. Soc. (2007) 129, 4490-4497.

5. Kondo, A.; Ishigure, T.; Koike, Y., “Fabrication Process and Optical Properties of
Perdeuterated Gradedindex Polymer Optical Fiber” J. Lightwave Technol. (2005) 23,
2443-2448.

6. Suzuki, Y.; Korenaga, T.; Chikaraishi, Y., “A Novel Method to Identify Illegal Diesel Fuel,
II: the Use of [1-D] N-Alkane with Stable Hydrogen Isotope Analysis” Chem. Lett. (2006) 35,
532-533.

7. Sanderson, K., “Big Interest in Heavy Drugs” Nature (2009) 458, 269.

8. Harms, A. A.; Schoepf, K. F.; Miley, G. H.; Kingdon, D. R., “Principles of Fusion Energy:
An Introduction to Fusion Energy for Students of Science and Engineering”, World Scientific,
Singapore (2000).

9. Scrimgeour, C. M.; Rollo, M. M.; Mudambo, S. M. K. T.; Handley, L. L.; Prosser, S. J., “A
Simplified Method for Deuterium/Hydrogen Isotope Ratio Measurements on Water Samples
of Biological Origin”, Biol. Mass Spectrom., (1993) 22, 383-387.

10. Benedict, M; Pigford, T. H., “Nuclear Chemical Engineering”, McGraw-Hill, New York,
(1957).

11. Kikuchi, M.; Azumi, M., “Frontiers in Fusion Research II: Introduction to Modern Tokamak
Physics”, Tritium and Deuterium Chemistry, pp. 327-333, Springer, Heidelberg, (2015).

12. Sajiki, H.; Hattori, K.; Aoki, F.; Yasunaga, K.; Hirota, K., “Pd/C—H,—Catalyzed Deuterium
Exchange Reaction of the Benzylic Site in D,O”, Synlett (2002) 1149-1151.

13. Maegawa, T.; Akashi, A.; Esaki, H.; Aoki, F.; Sajiki, H.; Hirota, K., “Efficient and Selective
Deuteration of Phenylalanine Derivatives Catalyzed by Pd/C”, Synlett (2005) 845-847.

14. Kaurita, T.; Hattori, K.; Seki, S.; Mizumoto, T.; Aoki, F.; Yamada, Y.; Ikawa, K.; Maegawa,
T.; Monguchi, Y.; Sajiki, H., “Efficient and Convenient Heterogeneous Palladium-Catalyzed
Regioselective Deuteration at the Benzylic Position”, Chem. Eur. J., (2008) 14, 664-673.



38

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

H. Sajiki

Sajiki, H.; Aoki, F.; Esaki, H.; Maegawa, T.; Hirota, K., “Efficient C-H/C-D Exchange
Reaction on the Alkyl Side Chain of Aromatic Compounds Using Heterogeneous Pd/C in
D,0”, Org. Lett. (2004) 6, 1485-1487.

Sajiki, H.; Esaki, H.; Aoki, F.; Maegawa, T.; Hirota, K., “Palladium-Catalyzed Base-Selective
H-D Exchange Reaction of Nucleosides in Deuterium Oxide”, Synlett (2005) 1385-1388.
Esaki, H.; Aoki, F.; Maegawa, T.; Hirota, K.; Sajiki, H., “Synthesis of Base-Selectively
Deuterium-Labeled Nucleosides by the Pd/C-Catalyzed H-D Exchange Reaction in
Deuterium Oxide”, Heterocycles (2005) 66, 361-369.

Esaki, H.; Ito, N.; Sakai, S.; Maegawa, T.; Monguchi, Y.; Sajiki, H., “General Method of
Obtaining Deuterium Labelling heterocyclic Compounds Using Neutral D,O with
Heterogeneous Pd/C”, Tetrahedron (2006) 62, 10954—-10961.

Esaki, H.; Aoki, F.; Umemura, M.; Kato, M.; Maegawa, T.; Monguchi, Y.; Sajiki, H.,
“Efficient H-D Exchange Reaction of Alkyl-substituted Benzene Derivatives Using Pd/C—
H,-D,0 System”, Chem. Eur. J. (2007) 13, 4052—-4063.

Modutlwa, N.; Tada, H.; Sugahara, Y.; Shiraki, K.; Hara, N.; Deyashiki, Y.; Maegawa, T.;
Monguchi, Y.; Sajiki, H., “Deuterium-Labelled Benzyladenine: Synthesis and Application as
a Surrogate”, Heterocycles (2012) 84, 419-429.

Sajiki, H.; Ito, N.; Esaki, H.; Maesawa, T.; Maegawa, T.; Hirota, K., “Aromatic Ring
Favorable and Efficient H-D Exchange Reaction Catalyzed by Pt/C”, Tetrahedron Lett.
(2005) 46, 6995-6998.

Ito, N.; Esaki, H.; Maesawa, T.; Imamiya, E.; Maegawa, T.; Sajiki, H., “Pt/C-Catalyzed
Efficient H-D Exchange Reaction of Aromatic Rings And its Scope and Limitations”, Bull.
Chem. Soc. Jpn. (2008) 81, 278-286.

Ito, N.; Watahiki, T.; Maesawa, T.; Maegawa, T.; Sajiki, H., “Synergistic Effect of a
Palladium-on-Carbon/Platinum-on-Carbon Mixed Catalyst in Hydrogen/Deuterium Exchange
Reactions of Alkyl-Substituted Aromatic Compounds”, Adv. Synth. Catal. (2006) 348,
1025-1028.

Ito, N.; Watahiki, T.; Maesawa, T, Maegawa, T.; Sajiki, H., “H-D Exchange Reaction Taking
Advantage of a Synergistic Effect of a Heterogeneous Pd and Pt Mixed Catalysz”, Synthesis
(2008) 9, 1467-1478.

Maegawa, T.; Ito, N.; Ohno, K.; Monguchi, Y.; Sajiki, H., “Bimetallic Palladium-Platinum on
Carbon Catalyzed H-D Exchange Reaction: Synergistic Effect on Multiple Deuterium
Incorporation”, Synthesis (2009) 16, 2674-2678.

Maegawa, T.; Fujiwara, Y.; Inagaki, Y.; Esaki, H.; Monguchi, Y.; Sajiki, H., “Mild and
Efficient H-D Exchange of Alkanes Based on C—H Activation Catalyzed by Heterogeneous
Rhodium on Charcoal”, Angew. Chem. Int. Ed. (2008) 47, 5394-5397.

Maegawa, T.; Fujiwara, Y.; Inagaki, Y.; Monguchi, Y.; Sajiki, H., “A Convenient and
Effective Method for the Regioselective Deuteration of Alcohols”, Adv. Synth. Catal.
(2008) 350, 2215-2218.

Fujiwara, Y.; Iwata, H.; Sawama, Y.; Monguchi, Y.; Sajiki, H., “Regio-, Chemo- and
Stereoselective Deuterium Labeling Method of Sugars Based on Ruthenium-Catalyzed C-H
Bond Activation”, Chem. Commun. (2010) 46, 4977-4979.

Maegawa, T.; Hirota, K.; Tatematsu, K.; Mori, Y.; Sajiki, H., “Facile and Efficient
Postsynthetic Tritium Labeling Method Catalyzed by Pd/C in HTO” J. Org. Chem. (2005) 70,
10581-10583.

Esaki, H.; Kurita, T.; Fujiwara, Y.; Maegawa, T.; Monguchi, Y.; Sajiki, H., “An Efficient
Deuteration Method Catalyzed by Heterogeneous Platinum Group Metals”, J. Synth. Org.
Chem., Jpn. (2007), 65, 1179-1190.

Sawama, Y.; Monguchi, Y.; Sajiki, H., “Efficient H-D Exchange Reactions Using
Heterogeneous Platinum-Group Metal on Carbon-H,-D,O System”, Synlett (Account),
(2012) 23, 959-972.

Sajiki, H., “Development of Deuterium Labeling Method Based on the Heterogeneous
Platinum Group Metal-Catalyzed C-H Activation”, J. Pharm. Soc. Jpn. (2013) 133,
1177-1193.



Heterogeneous Platinum Metal Catalyzed Deuterium Generation ... 39

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Mann, W. B.; Newell, W. C., “The Exchanges of Energy between a Platinum Surface and
Hydrogen and Deuterium Molecules”, Proc. Roy. Soc., A (1937) 158, 397-403.

Coppock, J. B. M., “The Volume Coefficient of Expansion of Deuterium” Trans. Faraday Soc.
(1935) 31, 913-914.

Knowlton, J. W.; Rossini, F. D., “Method and Apparatus for the Rapid Conversion of
Deuterium Oxide into Deuterium”, J. Res. Nat. Bur. Stand. (1937) 19, 605-612.

Farkas, A.; Farkas, L.; Yudkin, J., “Decomposition of Sodium Formate by E. coli in the
Presence of Heavy Water”, Proc. Roy. Soc. (1934) B115, 373-379.

von Hahn, H. E.; Peters, E., “Kinetics of Copper(Il)- and Copper(I)-Catalyzed Deuterium
Exchange in Sulfuric and Perchloric Acid Solutions” J. Phys. Chem. (1971) 75, 571-579.
Palibroda, N.; Grecu, E.; Marginean, P., “Catalytic Activity of Ni—Cr,03 in the II,-NH; and
H,—H,0 Deuterium Exchange Reactions” Isotopenpraxis (1986) 22, 435-438.

El-Nour, F. A.; Belacy, N.; Abdel-Khalik, M.; Khalil, T.; Aly, H. F., “H/D Isotopic Exchange
between Hydrogen and Water Vapour on Ni/Cr,O3/ThO, Catalysts” Isotopenpraxis (1990)
26, 529-531.

Mochizuki, M.; Noda, S.; Morishima, T., “A Simple Method for Determination of Heavy
Water by. Combined Use of Gas Chromatography and Platinum Catalyst”, Radioisotopes
(1987) 36, 163-168.

Baba, A.; Nishikawa, M.; Eguchi, T., “Isotope Exchange Reaction on Li,ZrO3”, J. Nucl.
Mater. (1997), 250, 29-35.

Yoshida, T.; Okano, T.; Saito, K.; Otsuka, S., “Activation of Water. 3. Oxidative Addition of
Water to Rhodium(I) Hydrido Compounds and Application as Catalyst for Deuteration of
Aromatic Hydrocarbons and Hydrogen with D,0”, Inorg. Chim. Acta. (1980) 44, L135—
L13e6.

Collman, J. P.; Wagenknecht, P. S.; Hembre, R. T.; Lewis, N. S., “Dihydrogen Complexes of
Metalloporphyrins: Characterization and Hydrogen-transfer Reactivity” J. Am. Chem. Soc.
(1990) 112, 1294-1295.

Grundler, P. V.; Yazyev, O. V.; Aebischer, N.; Helm, L.; Laurenczy, G.; Merbach, A. E.,
“Kinetic Studies on the First Dihydrogen Aquacomplex, [Ru(Hz)(H20)5]2+: Formation under
H, Pressure and Catalytic H/D Isotope Exchange in Water”, Inorg. Chim. Acta. (2006) 359,
1795-1806.

Sajiki H., Kurita T., Esaki H., Aoki F., Maegawa T., Hirota K., “Complete Replacement of
H, by D, via Pd/C-Catalyzed H/D Exchange Reaction”, Org. Lett., (2004) 6, 3521-3523.
Kurita T., Aoki F., Mizumoto T., Maejima T., Esaki H., Maegawa T., Monguchi Y., Sajiki H.,
“Facile and Convenient Method of Deuterium Gas Generation Using a Pd/C Catalyzed Hy—
D, Exchange Reaction and Its Application to Synthesis of Deuterium-Labeled Compounds”,
Chem. Eur. J., (2008) 14, 3371-3379.

Sajiki, H., “Selective Inhibition of Benzyl Ether Hydrogenolysis with Pd/C Due to the
Presence of Ammonia, Pyridine and Ammonium Acetate”, Tetrahedron Lett., (1995) 36,
3465-3468.

Sajiki, H.; Hattori, K.; Hirota, K., “The Formation of a Novel Pd/C-Ethylenediamine
Complex Catalyst: Chemoselective Hydrogenation without Deprotection of the O-Benzyl and
N-Cbz Groups”, J. Org. Chem., (1998) 63, 7990-7992.

Sajiki, H.; Hirota, K., “A Novel Type of Pd/C-catalyzed Hydrogenation Using a Catalyst
Poison: Chemoselective Inhibition of the Hydrogenolysis of O-Benzyl Protective Groups by
the Addition of a Nitrogen-containing Base”, Tetrahedron (1998) 54, 13981-13996.

Sajiki, H.; Hirota, K., “Pd/C-catalyzed Chemoselective Hydrogenation in the Presence of a
Phenolic MPM Protective Group Using Pyridine as a Catalyst Poison”, Chem. Pharm. Bull.
(2003) 51, 320-324.

Mori, A.; Miyakawa, Y.; Ohashi, E.,; Haga, T.; Maegawa, T.; Monguchi, Y.; Sajiki, H.,
“Pd/C-Catalyzed Chemoselective Hydrogenation in the Presence of Diphenylsulfide”, Org.
Lett. (2006) 8, 3279-3281.



40

52.

53.

54.

55.

56.

57.

H. Sajiki

Mori, A.; Mizusaki, T.; Miyakawa, Y.; Ohashi, E.,; Haga, T.; Maegawa, T.; Sajiki, H.,
“Chemoselective Hydrogenation Method Catalyzed by Pd/C Using Diphenylsulfide as a
Reasonable Catalyst Poison”, Tetrahedron (2006) 62, 11925-11932.

Yabe, Y.; Yamada, T.; Nagata, S.; Sawama, Y.; Monguchi, Y.; Sajiki, H., “Development of
Palladium on Boron Nitride Catalyst and Its Application to Semihydrogenation of Alkynes”,
Adyv. Synth. Catal. (2012) 354, 1264-1268.

Maegawa, T.; Akashi, A.; Esaki, H.; Aoki, F.; Sajiki, H.; Hirota K., “Efficient and Selective
Deuteration of Phenylalanine Derivatives Catalyzed by Pd/C”, Synlett (2005) 845-847.
Maegawa, T.; Akashi, A.; Yaguchi, K.; Iwasaki, Y.; Shigetsura, M.; Monguchi, Y.; Sajiki, H.,
“Efficient and Practical Arene Hydrogenation by Heterogeneous Catalysts under Mild
Conditions”, Chem. Eur. J. (2009) 6953-6963.

Hattori, T.; Ida, T.; Tsubone, A.; Sawama, Y.; Monguchi, Y.; Sajiki, H., “Facile Arene
Hydrogenation under Flow Conditions Catalyzed by Rhodium or Ruthenium on Carbon”,
Eur. J. Org. Chem.. (2015) 2492-2497.

Sawama, Y.; Mori, M.; Yamada, T.; Monguchi, Y.; Sajiki, H., “Hydrogen Self-Sufficient
Arene Reduction to Cyclohexane Derivatives Using a Combination of Platinum on Carbon
and 2-Propanol”, Adv. Synth. Catal. (2015) 3667-3670.



Pd on Spherical Carbon
(Pd/SC)-Catalyzed Chemoselective
Hydrogenation

Hiroyoshi Esaki

Abstract It is well known that the activity of a supported catalyst is deeply
dependent on the physicochemical properties of the support material that include
fabric, size, shape, steric structure, and dispersion of the supported metal. We have
developed a chemoselective hydrogenation method using a heterogeneous
zero-valent palladium catalyst supported on spherical carbon (Pd/SC) with a large
average diameter (0.36 mm). Pd/SC was found to be an efficient catalyst for the
hydrogenation of alkyne, alkene, azido, nitro, and aliphatic O-fert-butyldi-
methylsilyl (TBS) functionalities without the hydrogenolysis of benzyl ester and
ether, nitrile, aromatic ketone, aromatic O-TBS, and N-carbobenzyloxy (N-Cbz)
functionalities. The present method is promising as a general, practical, and
chemoselective hydrogenation process.

Keywords Pd/SC - Spherical carbon - Chemoselectivity - Hydrogenation -
Solvent effect

1 Introduction

Selective transformation methods for specific functional groups among a variety of
functionalities using economical and environmentally benign reaction conditions
have been the subject of extensive studies in chemistry during the last decades.
Chemoselective hydrogenation methods using transition metal catalysts have been
extensively studied [1, 2]. Ever since Lindlar introduced a semi-hydrogenation
method of alkynes using a calcium carbonate supported palladium catalyst partially
deactivated with lead acetate and quinoline [3], suppression of catalyst activity
through the use of coordination-induced catalyst poisoning effects using nitrogen-
or sulfur-containing substances has received widespread attention [4—7]. Sajiki and
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co-workers found that the addition of an appropriate catalyst poisons to the
hydrogenation system using Pd on activated carbon (Pd/C) selectively suppressed
the catalyst activity [8—14]. These results led to the development of novel and
commercially available heterogeneous catalysts, which contain a nitrogen or sulfur
component as a catalyst poison {e.g., Pd/C—ethylenediamine complex [Pd/C(en)
(Wako Co., Ltd.; 169-21443)] [15-23], Pd—polyethyleneimine complex [Pd/PEI
(Wako Co., Ltd.; 167-22223) [24], and Pd/C—diphenylsulfide complex [Pd/C(Ph,S)
(N.E. CHEMCAT Co.; SGS-10DR)] [25]}. It is also well known that the properties
of supported catalysts are deeply influenced by the fabric, size, shape, and the
physicochemical character of the support material, and/or the dispersivity of
the supported noble metals [26-32]. A wide variety of substances such as silica
[32-36], alumina [32, 37-39], zeolite [40-42], clays [43, 44], resins [45, 46], and
organic polymers [47-53] are applicable as catalyst supports. Taking advantage of
the properties of the support material, Sajiki and co-workers have also developed Pd
supported on fibroin (a protein produced by silkworms) [Pd/Fib (Wako:
163-22183)] [54-56] and molecular sieves (Pd/MS) [57, 58] as chemoselective
hydrogenation catalysts. Furthermore, they have focused on boron nitride (BN) as a
catalyst support and found that Pd/BN enables the selective semi-hydrogenation of
mono- as well as di-substituted alkynes to the corresponding alkenes in the presence
of diethylenetriamine [59].

During the screening of new heterogeneous catalysts for chemoselective
hydrogenation, we recently found that a zero-valent palladium catalyst supported on
spherical carbon (Pd/SC, YMC Co., Ltd.), which had been developed as a catalyst
for a continuous-flow hydrogenation reactor, achieved chemoselective hydrogena-
tion without the addition of catalyst poisons [60]. 0.5% Pd/SC is commercially
available from YMC Co., Ltd. (Kyoto, Japan), and the Pd species within Pd/SC
consists mainly of Pd(0). Furthermore, electron probe microanalysis (EPMA) of
0.5% Pd/SC clarified that the Pd metal is distributed only on the surface of the SC
(Fig. 1). Herein, we provide a brief account of Pd/SC-catalyzed chemoselective
hydrogenation [60].

Fig. 1 EPMA images of 0.5% Pd/SC. Reproduced from ref. [60] by permission of John Wiley &
Sons Ltd.
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2 Results and Discussion

2.1 Catalytic Activity of Pd/SC for Hydrogenation Reactions

0.5% Pd/SC was indicated to have a chemoselective catalyst activity toward the
hydrogenation of azido (Table 1, entries 1-3, and 6), nitro (entries 4 and 10), alkene
(entries 9, 12, 14—16) and alkyne (entry 13) functionalities, and the desired products
were obtained in excellent isolated yields.

Although it is well known that aromatic carbonyls are easily reduced to the
corresponding methylene compounds via the intermediary benzyl alcohol under
Pd/C-catalyzed hydrogenation conditions, the carbonyl group of benzophenone
derivatives were tolerated by 0.5% Pd/SC as a catalyst (entries 5 and 6, hydro-
genated products were observed in trace amounts in the case of acetophenone or
acetonaphthone derivatives).

Aromatic benzyl ether (entry 7) and benzyl ester (entry 8) functionalities were
found to undergo partial hydrogenolysis in methanol, while the benzyl ester
functionality was completely tolerated in methanol in the presence of an azido
group within the molecule (entry 1). This is probably owing to the catalyst poi-
sonous effect of the liberated amine moiety produced by the rapid hydrogenation of
the coexisting azido group.

tert-Butyldimethylsilyl (TBS) ether, one of the most widely used protecting
group of hydroxyl groups, is generally removed by fluoride ion or acid treatment.
Furthermore, the smooth Pd/C-catalyzed hydrogenolysis of O-TBS ethers under
neutral conditions has also been reported [21, 61-63]. The TBS groups of aliphatic
O-TBS ethers were easily cleaved by hydrogenolysis (entries 11 and 12), although
the deprotection of aromatic O-TBS ethers never proceeded during the chemose-
lective hydrogenation of a coexisting alkene and nitro group within the molecule
(entries 9 and 10).

N-Carbobenzyloxy (N-Cbz) protecting group is widely used for the protection of
amino groups in organic synthesis because of its easy introduction as well as ease of
removal under the mild Pd/C-catalyzed hydrogenolysis conditions. The results in
entries 13—15 demonstrate the selective hydrogenation of the alkene and alkyne by
the use of 0.5% Pd/SC in the presence of an N-Cbz group within the molecule.

Although the hydrodechlorination of 4-chlorobenzoic acid was not observed
under the 0.5% Pd/SC-catalyzed conditions (entries 16 and 17), it was difficult to
block the partial dechlorination of 4-chloro-2-methyl-1-nitrobenzene (entry 18).
This result was presumably caused by the amine moiety derived from the nitro
group, which could accelerate the hydrodechlorination as a single electron source
[64, 65], since the similar result (partial dechlorination) could be arisen by the
addition of triethylamine to the 5% Pd/SC-catalyzed hydrodechlorination of
4-chlorobenzoic acid (entry 19; compared to entry 17). It is interesting to note that
the hydrogenolysis of the aromatic bromide is completely chemoselective in the
presence of the aromatic carbonyl group by the addition of triethylamine (entry 20).
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Table 1 Chemoselective hydrogenations® Substrate

0.5% Pd/SC, H, (balloon)

H. Esaki

Product

MeOH, 24 h

Entry Substrate Product Yield (%)b

1 N3 NH, 96
BnO,C” i BnO,C” :

2 o oo
O,N O,N

3 96

N, NH,

O,N O,N

4 OH OH 100
O,N” : H,N~ :

5 0] Recovery 96

6 (e} (e} 99
BnO

8 ©/\/COZBn _d _

X

10° /©/OTBS /©/OTBS 100
O,N H,oN

12¢ ©/\/\OTBS ©/\/\OH 87

13 /ij/NHCbZ \)@/NHCbZ 100
Z

148 Cbz Cbz 97"
©/N\/\ @/NV\

158 NNNF SO 93

ébz (Isz
16' 100!

(continued)



Pd on Spherical Carbon (Pd/SC)-Catalyzed Chemoselective ... 45

Table 1 (continued)

Entry Substrate Product Yield (%)°
17 CO,H Recovery 95

C

slegty

NO,

Cl

19! CO,H _m _

C

20"

a.
B

Br
“Reproduced from ref. [60] by permission of John Wiley & Sons Ltd. Unless otherwise noted, reactions were
performed in methanol using 0.5% Pd/SC (0.05 mol% of the substrate) with stirring under ordinary hydrogen
pressure and at room temperature for 24 h

“Isolated yield

°A 92:8 mixture of 4-benzyloxyphenylacetic acid and 4-hydroxyphenylacetic acid was obtained

9A complex mixture including benzyl 3-phenylpropionate and 3-phenylpropanoic acid was obtained

“The reaction time was 48 h

The reaction time was 72 h

The reaction time was 3 h

A 98:2 mixture of N-benzyloxycarbonyl-N-propylaniline and N-propylaniline was obtained. The yield of the
desired product in the mixture was determined by the calculation based on the 'H NMR ratio, total weight of
the mixture, and molecular weight of each material

ICD;0D was used as the solvent, owing to the low boiling point of the products

IThe quantitative formation of 1-chloro-4-ethylbenzene was observed by "H NMR in CD;OD after removal of
the catalyst

¥A complex mixture including the substrate, 4-chloro-2-methylaniline, and 2-methylaniline was obtained
1Et3N (1.2 eq. relative to the substrate) was added

™A 55:45 mixture of 4-chlorobenzoic acid and benzoic acid was obtained

"The low yield is due to the volatile nature

The solvent selection is also an effective way for preventing the undesirous
over-hydrogenation. The coordinable ability and polarity of the solvents can
drastically alter the catalyst activity. Sajiki and co-workers have reported that the
solvents capable of mildly coordinating to the catalyst metal such as THF and
1,4-dioxane, decrease catalyst activity toward hydrogenation [12-15, 18, 20, 22—
24, 54-56, 61]. With the expectation of the complete suppression of the
hydrogenolysis of the benzyl ether, the hydrogenation of 4-benzyloxyphenylacetic
acid was investigated in several solvents (Table 2). Although hydrogenation in
methanol resulted in the formation of 8% of 4-hydroxyphenylacetic acid as an
over-hydrogenation product together with 92% of unchanged starting material
(entry 1, compared to Table 1, entry 7), EtOAc, THF, and acetonitrile indicated
comparatively suppressive effects (entries 2—4), the benzyl ether was completely
resistant to hydrogenolysis in 1,4-dioxane (entry 5).
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Table 2 The solvent effect on the hydrogenolysis®

/@/\COZH 0.5% Pd/SC, H, (balloon) - /©/\C02H
BnO Solvent, rt, 24 h HO

1 2
Entry Solvent 1:2°
1 MeOH 92:8
2 EtOAc 95:5
3 THF 97:3
4 MeCN 97:3
5 1,4-dioxane 100:0

“Reproduced from ref. [60] by permission of John Wiley & Sons Ltd.
Determined by "H NMR spectroscopy

The complete suppression of the hydrogenolysis of aromatic benzyl ether and
aromatic carbonyl functionalities could be achieved by the use of 1,4-dioxane as a
solvent instead of methanol, while the hydrogenation of olefins proceeded (Table 3,
entries 1-3, 7, 8). Furthermore, benzyl esters are also completely tolerated in
1,4-dioxane or acetonitrile as a solvent (entries 2, 4-6, compared to Table 1, entry 8).

A diagrammatic summary of the catalyst activity of 0.5% Pd/SC in comparison
with other hydrogenation catalysts developed by Sajiki and co-workers is provided
in Fig. 2. Unsaturated C—C bonds, azido, and nitro groups can easily be hydro-
genated by the use of 0.5% Pd/SC as a catalyst in the presence of benzyl ethers and
esters, nitriles, aromatic ketones, and N-Cbz protective groups. The distinctive
feature of the 0.5% Pd/SC is its catalyst activity toward the hydrogenolysis of O-
TBS ethers and aromatic halides and the chemoselective hydrogenation of an azido
group in distinction from a nitro group within the molecule (Table 1, entries 2 and
3). When an azido group coexists with a nitro group, only the azido group is
expeditiously reduced to the corresponding amine with the nitro group intact on the
basis of the suppressive effect of the amine moiety derived from the azide as an
appropriate catalyst poison.

2.2 Reuse of Pd/SC

Reusability is one of the most important properties of heterogeneous catalysts from
an economical and environmental point of view. 0.5% Pd/SC could be reused a
second time without any loss of catalyst activity, although activity significantly
decreased after the third run (Table 4).

While the leaching of Pd species from the activated spherical carbon as the
catalyst support was carefully investigated to determine the cause of the deterio-
ration in catalyst activity of 0.5% Pd/SC after reuse test (Table 4), no Pd leaching
(<1 ppm) was detected by ICP-AES. On the other hand, the SEM image of the
catalyst after its second use showed that significant mechanical damage of the
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0.5% Pd/SC, H, (balloon)

Table 3 Chemoselective hydrogenation Substrate Product
Solvent, rt, 24 h

Entry Substrate Solvent Product
Yield (%)°

1 /©/\COZH 1,4-dioxane Recovery 100°
BnO

2 ©/\c025n 1,4-dioxane Recovery 93¢
BnO

3 MeO S 1,4-dioxane MGOD/\/ 98
BnO BnO

4 ©/\/C02Bn MeCN @/\/COZBH 99

5 CO4Bn MeCN Ycoan 86

6 /©/0025” MeCN Recovery 97°
Cl

7 o) 1,4-dioxane Recovery 97°¢

8 o 1,4-dioxane o 92
O nee

HO HO

“Reproduced from ref. [60] by permission of John Wiley & Sons Ltd. Reactions were carried out
using 1.0 mmol of substrate and 0.5% Pd/SC (0.05 mol% relative to the substrate) in each solvent
(1.0 mL) under ordinary hydrogen pressure and at room temperature for 24 h

PIsolated yield

“Yield of the recovered starting material

_ PdfC ~
______ ArCN alkyl-N-Cbz \\
Cpd/Clen) ~.|
Ve R-CO,Bn  aromatic-N-Cbz\
R-OBn )
Ar-COR
Pd/sC — ArX
CPa/clPh;s]
“Pd/Fib )
aryl alkyl (/e e
O-TBS | O-TBS (jcmsgik
— alkene
ArtNO, c PdfP_EFI‘)—
\ alkyne
\_ e RIN,

Fig. 2 Comparison of the catalyst activities of various heterogeneous platinum group metal
catalysts for chemoselective hydrogenation: functional groups of within each frame are reducible
by the captioned catalyst. Reproduced from ref. [60] by permission of John Wiley & Sons Ltd.
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Table 4 Reuse of 0.5% Pd/SC?*

X"oH 0.5% Pd/SC, H, (balloon) N-"OH WOH
MeOH, rt, 24 h

1 2
Run Recovered Pd/SC (%) 1:2°
Ist 100 0:100 (92)
2nd 91 0:100 (98)
3rd 99 79:21
4th 95 99:1

“Reproduced from ref. [60] by permission of John Wiley & Sons Ltd.
"Determined by "H NMR spectroscopy. Isolated yield is indicated in parentheses

Fig. 3 SEM image of 0.5% Pd/SC after its second use test at 200 magnification

catalyst had occurred, and many small crushed particles were observed (Fig. 3).
Consequently, the deterioration of the catalyst activity of 0.5% Pd/SC would be
attributed to mechanical damage of the Pd rich surface during vigorous stirring.

3 Conclusions

In conclusion, 0.5% Pd/SC is an excellent chemoselective hydrogenation catalyst
for alkyne, alkene, azido, nitro, aromatic bromide, and alkyl O-TBS functionalities,
leaving nitrile, aromatic chloride, N-Cbz, and aryl O-TBS functionalities intact. We
have also shown that the choice of solvent is important for the suppression of
hydrogenation toward benzyl ether and ester, and aromatic ketone functionalities.
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The use of 1,4-dioxane or acetonitrile instead of methanol resulted in desired
chemoselective hydrogenations. 0.5% Pd/SC is expected to be a practical catalyst
for the chemoselective hydrogenation process.
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Environment-Friendly Iron-Catalyzed
Reactions

Yoshinari Sawama

Abstract Aromatics composed of benzene, naphthalene, heteroarene etc., are
useful backbones in various scientific fields, such as the pharmaceutical and
material chemistries. Iron (Fe) metal is one of the bountiful resources on the earth
and iron trichloride (FeCls) is widely utilized as an inexpensive and commercially
available reagent for organic synthesis. Meanwhile, the reactions generating neutral
wastes and/or reducing wastes are valuable methods from the viewpoint of green
chemistry. We have continuously investigated the FeCl;-catalyzed benzylic acti-
vations of various substrates to construct highly-functionalized aromatics. The
reactions that only generate water, methanol or silanol derived from substrates as a
neutral waste are regarded to be environmentally friendly and green sustainable in
comparison with the similar reported reactions, which generate acidic waste and/or
require the use of rare metals. In this review, our recent results, related to the
chemo-selective transformations and construction of highly-substituted aromatics,
etc., are summarized.

Keywords Iron catalyst - Neutral waste - Aromatics - Benzylic activation

From the viewpoint of process chemistry, the synthetic methodologies using
inexpensive and easily available catalysts and enabling the reduction of wastes are
recognized as green sustainable reactions. Meanwhile, FeCl; is utilized as a ver-
satile Lewis acid catalyst in many organic reactions. Although the nucleophilic
substitutions are also widely adapted to construct highly-functionalized target
molecules, the general leaving groups cause the generation of acidic wastes orig-
inating from their elimination process. We have recently revealed that FeCl; could
efficiently activate various benzylic carbon (C)-oxygen (O) bonds as a catalyst and
highly-substituted aromatic products could be effectively constructed in a regio-
and/or chemo-selective manner accompanied by the generation of methanol
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(MeOR), silanol (SiOH) or water (H,O) as a nearly neutral waste. These FeCls-
catalyzed environmentally-friendly methods are summarized in this review.

1 Use of Siloxy and Alkoxy Groups as Leaving Groups

Silyl and alkyl ethers are generally utilized as protected alcohols [1]. Therefore, the
nucleophilic substitution via the elimination of the corresponding siloxy or alkoxy
group has not been reported. Since the nucleophilic substitutions generally require
good and well-known leaving groups, such as acetoxy (AcQO), tosyloxy (TsO),
halogen, etc., accompanied by the formation of acidic wastes by their eliminations,
a neutralization process is necessary after the reactions (Fig. 1). Meanwhile, if the
silyl and methoxy ethers are utilized in the nucleophilic substitutions, the nearly
neutral silanol and methanol are generated as byproducts (Fig. 1). Namely, the
corrosion of the reaction apparatus due to the acidic wastes can be suppressed and
the neutralization process is avoidable. Furthermore, these methodologies are useful
from the viewpoint of the direct transformation of protected substrates resulting in a
reduction of the number of synthetic steps.

1.1 Nucleophilic Substitutions of Benzylic Silyl Ethers

1.1.1 Azidation

The secondary benzylic trimethylsilyl (TMS) ether effectively underwent the FeCls-
catalyzed nucleophilic substitution using TMSN; as a nucleophile at room tem-
perature to produce the corresponding azido product in good yield within a short
time (Fig. 2) [2]. Meanwhile, the free alcohol as a substrate was less reactive under
the same reaction conditions to form the azido product in low yield and the dimer
product as a byproduct in 40% yield (calculated by the consumption of two
molecules of substrate), which indicated that this reaction proceed by the

FeCl,-catalyzed method
OSi SiOH or MeOH (neutral)

or
0 OMe FeCly ?
general leaving groups :
A LG ®® " ﬁg'a|;y5|iVi”9 group
LG ) LA: Lewis acid

acidic waste Nu: nucleophile

LG = OAc, OTs, Bretc.

Fig. 1 Concept
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cat. FeCl3
PhJ\OTMS TMSN, | PhJ\Ns
(CH,Cl)y, rt, 30 min 71%

cat. FeCl3

PhJ\OH TSNy /L BN /L

N3 + Ph
CH,Cl),, 1t, 3 h
(CHZCI), 28 % 40%

Fig. 2 Azidation of benzylic silyl ether

FeCl,
OO OTMS TMSN; + N3
(CHLCI),, rt
R-isomer TMSO" racemic

Fig. 3 Mechanistic study

OTMS N3
OTMS FeBrs
_TMSN; Ph)ﬁ\
OH

TMSO OTMS T (CH,CN); AcO )
90% (5 min) 82% (30 min)
after acetylation
of primary alcohol moiety

Fig. 4 Chemoselective azidation

elimination of the siloxy group, and the reaction path via the acid-mediated
deprotection of the silyl ether to the alcohol may be minor.

Since the R-isomer of TMS ether was transformed into the racemic azido product
under the FeCls-catalyzed conditions, the Syl reaction via the carbocation inter-
mediate generated by elimination of the siloxy group is considerable in the
nucleophilic azidation (Fig. 3).

The FeCl; (or FeBrs)-catalyzed azidation of silyl ethers can be a powerful tool to
transform the secondary and tertiary benzylic alcohols in the presence of other
alcoholic hydroxyl groups (Fig. 4). Although the primary TMS ethers were acid
labile and deprotection of the TMS group easily occurred during the aqueous
work-up, secondary and tertiary aliphatic silyl ethers were also tolerant under the
reaction conditions. Because FeBr; is sometimes more reactive to give the product
in higher yield than FeCls, the chemoselective transformations were carried out
using FeBrj instead of FeCls;. The former product was isolated after acetylation of
the resulting primary benzyl alcohol moiety resulting from the deprotection of the
primary benzylic TMS ether during the reaction, because the unidentified byproduct
was contaminated with primary benzyl alcohol product.
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1.1.2 Friedel-Crafts Benzylation

Although the Friedel-Crafts reaction using non-activated arenes is an
environment-friendly method to introduce an aromatic moiety, harsh reaction
conditions are sometimes required depending on the nucleophilicity grade of the
arenes. Actually, the Friedel-Craft benzylation is a valuable method to construct the
pharmaceutically-useful biarylmethane skeleton, and heating conditions and/or
strong Lewis acids were generally required even with the use of highly-removable
leaving groups [3-5]. On the other hand, the FeCl;-catalyzed Friedel-Craft ben-
zylation of silyl ethers could proceed at room temperature for a short time to form
various biarylmethane derivatives possessing highly-substituted arenes including
the halogen-containing arenes, which are known to be less reactive for the
Friedel-Crafts benzylation (Fig. 5) [6].

It is noteworthy that the excess use of the silyl ether towards an arene directly
provided a bis-benzylated arene derivative by the double Friedel-Craft benzylation
(Fig. 6). The related compounds can be the core of dendoritic molecules [7] and the
previous method based on the Friedel-Crafts benzylation cannot be applied to
synthesize the bis-benzylated arenes.

OMe
OMe
R OTMS OTMS PhJ\@i Ph><©\
N OMe
F>h>< Ph/\/l\ cat. FeCl, OMe N
TMS ether — Ph
. (CHLCl)y, 1t
|
arene (excess) X X
PhJD/ phJ\C[ o
MeO OMe
OMe
X=F,Cl,Br,I

Fig. 5 Friedel-Crafts benzylation of silyl ethers

R2 R? R2 R
g O 9ye

+ 2
OTMS cat. FeCI3 O O R O O
A A “CHCa t
TMS ether (excess) O OMe O OMe

R? R'=MeO, I R2
RZ=H, MeO, CI, F

Fig. 6 Double Friedel-Crafts benzylation
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1.2 Site-Selective Nucleophilic Substitution
of Secondary/Tertiary Benzylic Methyl or Benzyl Ethers

Although methyl ethers are also utilized as stable protected alcohols, strong acidic
conditions are required for deprotection of the mother alcohols. Therefore, the
direct transformation of methyl ethers is useful due to avoiding the deprotection
process. The secondary and tertiary benzylic methyl ethers were efficiently con-
verted to the corresponding azido derivatives in the presence of the catalytic FeCl;
and TMSNj; at room temperature (Fig. 7) just like the reaction of silyl ethers
(Sect. 1.1) [8]. Additionally, the azidation of the allyl and propargyl alcohol methyl
ethers possessing a conjugated phenyl group also sufficiently occurred.

The chemo-selective elimination was perfectly accomplished by the use of
unsymmetric dibenzyl ethers possessing secondary and primary benzylic moieties
(Fig. 8). In the presence of the catalytic FeCls, the more stable secondary carbo-
cation intermediate was generated in a perfect chemo-selective manner. Therefore,
the FeCls-catalyzed azidation efficiently proceeded at the secondary benzylic
positions, while the primary benzylic and aliphatic benzyl ether moieties in the
same molecule remained completely unchanged (Fig. 9).

Other nucleophiles, such as allyITMS, TMSCN and TMS phenylacetylene, were
also applied in the FeCls-catalyzed transformation of methyl and benzyl ethers to
form the corresponding products (Fig. 10) [8].

OMe pp OMe /@J\ >(N;;
Me cat. FeCl; N3
A)\ TMSNs /\)\ /
CH,Cly, rt Ph
N;
Ph)\L
MeO OMe MeO OMe

Fig. 7 Azidation of benzylic methyl ethers

Fig. 8 Comparison of Less reactive
reactivities R R ¢ FeCls )R
= +
Ar/kOBn Ar”,.> 07 "Ph AT

¢ OBn

High reactive
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A

Ph” >0Bn Ph” N,
cat. FeCl3
N TMSN; N s
_ VS 3
Ph)\L CHoCly, 1t Ph)\L
|
BnO OBn Bn(ID OBn

Fig. 9 Chemoselective azidation of benzylic ethers

cat. FeCl; (or Au catalyst)
OMe or OBn allylITMS, TMSCN

Ph
1 or Ph—=—TMS /(\ )C\N
Ph Ph > Ph Ph %

CH,Cl, rt Ph

Fig. 10 Application using other nucleophiles

1.3 Deprotection of Methoxyphenylmethyl Type-Protected
Alcohols and Carboxylic Acids

Although the primary benzylic position is obviously less reactive (Sects. 1.1 and
1.2), the introduction of an electron-donating methoxy (MeQO) group on the benzene
ring of the primary benzyl ether can facilitate the generation of the cation inter-
mediate by cleavage of the benzylic C—O bond. Namely, a 4-methoxyphenylmethyl
(MPM)-protected alcohol (4-methoxybenzyl alkyl ether) could be -effectively
deprotected into the mother alcohol (Fig. 11, top) [9]. The 4-MPM-protected
alcohols are generally deprotected by the use of stoichiometric oxidants, such as
ceric ammonium nitrate (CAN) and 2,3-dichloro-5,6-dicyano-p-benzoquinone
(DDQ), or nucleophiles in the presence of catalytic Lewis acids, and the wastes
derived from the stoichiometric reagents should be removed by purification using
silica-gel column chromatography [2]. Meanwhile, the FeCl;-catalyzed deprotec-
tion could proceed without any additional nucleophiles by the self-cleaving

S O-(-MPm) cat. FeCls OH
o CH,Cl,, rt o
. 67%

MeO OMe
0-(2,4-DMPM) __ ¢t FeCls OH O
e o [T

CH,Cl,, rt
2V 99%

5 min
less soluble
precipitate

Without purification using silica-gel column chromatography

Fig. 11 Iron-catalyzed deprotection of MPM type-protected alcohols
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TBSO or BnO 0-(2,4-DMPM TBSO or BnO OH
g ) cat. FeCly o
> | AcO, ,O. ,OH
AcO o -(2,4-DMPM CH,Cly, rt
\(‘/710T\/71%) ( ) 2Clp 10 ™o
5 min > 99%

Without purification using silica-gel column chromatography

Fig. 12 Mild deprotection of 2,4-DMPM-protected alcohols

Ny $O(2,4-DMPM) &ZOZH
(oj\o cat. FeCl3 (oj\o
/L(\%COZ-(ZA-DMPM) T oL )MCOZH
OTBS 5 min OTBS
,CO,-(2,4-DMPM) )\MACOzH
high yields

Only filtration using a small amount of silica-gel

Fig. 13 Deprotection of 2,4-DMPM-protected carboxylic acids

mechanism, in which the electron-rich benzene ring of the 4-MPM group could
work as an embedded nucleophile. It is noteworthy that the deprotection of a
2,4-dimethoxyphenylmethyl (DMPM)-protected alcohol was also catalyzed by
FeCl; to give the deprotected alcohol accompanied by the generation of resorcin[4]
arene octamethyl ether as a hardly-soluble precipitate, which was easily removed by
simple filtration (Fig. 11, bottom). The FeCl;-catalyzed deprotection method using
2,4-DMPM as a protecting group is green sustainable without purification using
silica-gel column chromatography [9, 10].

tert-Butyldimethylsilyl (TBS) ether, benzyl ether, acetoxy group, etc., could be
tolerant under the FeClz-catalyzed deprotection conditions of 2,4-DMPM-protected
alcohols, and the corresponding mother alcohols were obtained in excellent yields
within 5 min without silica-gel column chromatography (Fig. 12) [9, 10].

Furthermore, the 2,4-DMPM-protected carboxylic acids were also sufficiently
deprotected in the presence of the catalytic FeCl; to give the corresponding mother
carboxylic acids in high yields. The resulting reaction mixtures were directly fil-
tered through a small amount of silica-gel to provide high purity carboxylic acids
(Fig. 13) [10].

2 Ring-Opening Substitutions

Aromatic (Ar)-Ar linked compounds, such as biaryls, etc., are well-known to be
important backbones in the material and pharmaceutical sciences. Although the
transition metal-catalyzed cross coupling reactions of two different preliminarily
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Transition metal-catalyzed cross coupling

cat. Pd
AX M@ ligand @ @
= halogen etc. var|ous biaryl

M Si, B, Sn etc. wastes

FeCl;-catalyzed Ring-Opening Friedel-Crafts Arylation

_
AN | OH ] I
= cat. FeCly |RL \ <@r2 R©©\/
R+ | — X f VAP
x -
oLA®

H,O naphthalene-benzene linked biaryl
(waste)

Fig. 14 Ring-opening arylation

Fig. 15 Iron-catalyzed

: . . cat. FeCl, o
ring-opening of cyclic ether )n 4»[1 " |— products
derivatives Ar” O A

substituted arenes are powerful tools to construct a variety of biaryl products, a
large quantity of waste derived from the substrates and ligands are still problematic
issues (Fig. 14, top). Biaryls possessing a naphthalene core are also useful com-
pounds in various fields, and we designed environment-friendly construction
methods of naphthalene-arene from the 1,4-epoxy-1,4-dihydronaphthalenes, which
are easily prepared by the cycloaddition between benzynes and furans (Fig. 14,
bottom). Biaryl derivatives can be obtained by traping of the corresponding cation
intermediate generated by the FeCls-catalyzed cleavage of the benzylic C—O bond
of the 1,4-epoxy moiety with arene nucleophiles. During the reaction, H,O should
be the only generated waste.

We have previously revealed that FeCl; effectively activated the benzylic
positions of 2-aryl-dihydrofuran and tetrahydrofuran to generate the corresponding
zwitterionic intermediates, which could be trapped with various nucleophiles
(Fig. 15) [11, 12]. We planned that these discoveries would be applied to the
ring-opening functionalizations of the 1,4-epoxy-1,4-dihydronaphthalenes.

Since the zwitterionic intermediates derived from the
1,4-epoxy-1,4-dihydronaphthalenes were short-lived, the electron-donating sub-
stituents (R' and R?) on both bridge-heads were necessary to adequately stabilize
the intermediates and provide enough time for the introduction of the arene
nucleophiles (Fig. 16) [13]. Various arenes including heteroarenes (e.g., benzofu-
ran, pyrrole, indole, etc.) could be adapted to form the corresponding biaryls.
Especially, sulfur-containing heteroarenes (e.g., thiophene, thieno[3,2-b]thiophene,
2,2":5,2"-terthiophene, etc.) were highly reactive to produce the binaphthyl thio-
phene derivatives. Allylic, cyano and azido groups were also introduced to give the
corresponding naphthalene or 1,2-dihydronaphthalene derivatives [14, 15].
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1 1
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Fig. 16 Iron-catalyzed ring-opening functionalizations of 1,4-epoxy-1,4-dihydronaphthalenes

3 Application of Ring-Opening Reaction and Elimination
of Siloxy Group to Form Naphthoquinone Methides

Quinone methides (QMs) are reactive intermediates and typically prepared from
phenol derivatives bearing an activated benzylic carbon [16]. The introduction of
easily-removable leaving groups, such as AcO, TsO, halogen, etc., producing acidic
wastes are necessary on the benzylic carbon (Fig. 17, top). On the other hand, the
1-siloxymethyl-1,4-epoxy-1,4-dihydronaphthalenes, prepared by the Diels-Alder
reaction of the corresponding benzynes and furans, were efficiently transformed in
the presence of FeCl; into naphthoquinone methide (NQM) intermediates via a
tandem reaction mechanism accompanied by the elimination of a silanol (Fig. 17,
bottom; Fig. 18) [17, 18].

The substituents (R) on the bridge-head carbon strongly influence the structure
of NQM [ortho-NQM (A) or para-NQM (B)] (Fig. 18). In the case of the 4-alkyl or
silyl-1-siloxymethyl-1,4-epoxy-1,4-dihydronaphthalene, the benzylic C—O bond is
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General preparation of quinone methide intermediates
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Fig. 17 Preparation of quinone methides
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Fig. 18 Selective constructions of ortho- or para-naphthoquinone methides

regio-selectively cleaved by the coordination control between the iron metal and
two oxygen atoms to form the zwitterionic intermediate (C). The subsequent
rearrangement of the siloxymethyl group and aromatization produce the interme-
diate E. The elimination of the siloxy group then furnishes the ortho-NQM
(A) [17]. Alternatively, 1-siloxymethyl-1,4-epoxy-1,4-dihydronaphthalene (R=H)
possessing only a hydrogen substituent on the bridge-head carbon is completely
converted into the para-NQM (B). The more stable tertiary carbocation interme-
diate (F) is generated by the regio-selective cleavage of the benzylic C—O bond, and
the  following  hydride  shift and  aromatization  provide  the
4-siloxylmethyl-1-naphthol (H), which is transformed into the para-NQM
(B) accompanied by the elimination of silanol [18].
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Fig. 19 Various transformation of naphthoquinone methides
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Fig. 20 Double functionalizations via ortho- and para-naphthoquinone methides

The obtained ortho-NQM (A) and para-NQM (B) were sufficiently transformed
into a wide variety of materially useful basic skeletons (Fig. 19). Arene nucle-
ophiles, such as the electron-rich benzene, naphthalene, indole derivatives, etc.,
were efficiently reacted with A and B to form various biarylmethane derivatives
(Fig. 19) [17, 18]. Meanwhile, allyITMS, benzofuran or indene assumed the role of
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a dienophile to promote the annulation with A and produce fused and complicated
heterocycles.

Furthermore, 1,4-disiloxymethyl-1,4-epoxy-1,4-dihydronaphthalene was effec-
tively transformed into the highly-functionalized naphthalene derivatives via both
the ortho- and para-NQM intermediates (Fig. 20) [17, 18].

In summary, we have developed a variety of FeCls-catalyzed
environment-friendly methods accompanied with the generation of H,O, methanol
(alcohol) or silanol as a nearly neutral waste. These regio- and chemo-selective
reactions could easily supply highly-functionalized and materially useful aromatic
compounds. We eagerly expect that our developed methods will be able to con-
tribute to many scientific fields.
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Tetranuclear Zinc Cluster-Catalyzed
Transesterification

Takashi Ohshima

Abstract Our studies on tetranuclear zinc cluster-catalyzed environmentally
friendly transesterification are presented here. The newly developed
p-oxo-tetranuclear zinc cluster is a highly efficient catalyst for the transesterification
of various methyl esters including o-amino esters, B-keto esters, and even highly
unstable o,B-unsaturated esters; for the acetylation of alcohols in EtOAc; and for
the deacylation of esters in MeOH. A unique hydroxy group-selective acylation in
the presence of inherently much more nucleophilic amino groups was also achieved
by this zinc cluster. Zinc cluster-catalyzed transesterification was drastically
accelerated by the addition of alkyl amine and N-heteroaromatic ligands, which
coordinate with the metals, stabilize the clusters with lower nuclearities, and
enhance catalytic activity for the transesterification. Based on our mechanistic
studies, the deprotonation of nucleophiles was the most important step in this
process, not only for achieving high catalytic activity but also for determining
chemoselectivity. In addition, we also developed the second generation zinc cata-
lyst: bis(imidazole)/zinc complexes and the third generation zinc catalyst: hetero-
geneous zinc/imidazole catalyst, enabling the recovery of the catalyst through
simple filtration with the same or higher catalytic activity.

Keywords Chemoselectivity - Cooperative mechanism - Atom economy
E-factor - Recycle - Heterogeneous catalyst

1 Introduction

Increasing the supply of scarce or inaccessible natural products is essential for the
production of more sophisticated pharmaceutical agents and biological tools.
Therefore, the development of catalyst-promoted atom-economical [1] and envi-
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ronmentally benign processes is in high demand [2, 3]. Among these processes,
ester bond formation is a fundamental and well-studied methodology because it is a
ubiquitous chemical bond, abundant in both natural and synthetic organic com-
pounds [4-7]. Ester synthesis is commonly performed in synthetic organic chem-
istry using carboxylic acid with alcohol under stoichiometric amounts of
condensation reagent, or by treatment with a highly reactive acylating reagent. An
attractive alternative method of ester synthesis is transesterification promoted by a
catalytic amount of metal reagent [8—11]. This process generates only nontoxic
lower alcohols, and can be performed under almost neutral conditions, allowing for
high functional group compatibility. Furthermore, ease of handling, as well as high
solubility of the esters in most organic solvents compared with the corresponding
carboxylic acids, makes them advantageous as a starting material. Several
metal-catalyzed transesterification reactions have recently been reported [12-27].
Most of these methods, however, require the use of toxic metal salts or tediously
strict reaction conditions. In addition, the application of sterically demanding
alcohols to catalytic transesterification remains difficult. Therefore, the development
of highly active nontoxic metal-catalyzed transesterification reactions is highly
desirable for practical utility. Recently, we developed a p-oxo-tetranuclear zinc
cluster, Zny(OCOCF5)sO (1b), which efficiently catalyzed the transesterification of
various methyl esters under mild conditions, and exhibited high tolerance for
various functional groups (Fig. 1) [28—43]. This review presents our studies on
tetranuclear zinc cluster-catalyzed environmentally friendly reactions, including the
unprecedented O-selective acylation of aminoalcohols, and further development of
more reactive and recyclable zinc catalysts.

2 Tetranuclear Zinc Cluster

An acetate-bridged tetranuclear zinc cluster Zn,(OCOCH;3)¢O (1a) was first syn-
thesized by Auger and Robin in 1924, [44] and its p-oxo structure was later
determined by X-ray crystallographic analysis [45, 46]. Other tetranuclear zinc
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clusters with different carboxylate ligands (R = Et, n-Pr, +-Bu, Ph, etc.) were sub-
sequently prepared using similar pyrolytic methods [47-51]. Although these zinc
clusters were inefficient catalysts in almost all the reactions we examined, during
our studies on catalytic oxazoline formation, we found that trifluoroacetate-bridged
tetranuclear zinc cluster Zns(OCOCF3)O (1b) dramatically improved the catalytic
activity [28]. We synthesized 1b as white solid in good yield by pyrolysis of the
corresponding zinc carboxylates and purification by vacuum distillation
(<0.02 mmHg). These preparation methods can be performed in gram-scale. Later,
we aimed to develop a practical large scale synthesis of 1b, and we revealed that
construction of the py-oxo tetranuclear zinc trifluoroacetate motif proceeded
smoothly even at 110 °C. Heating zinc trifluoroacetate hydrate 2b under toluene
reflux conditions, and simple filtration of the resulting precipitates, afforded a white
solid, which was a mixture of trifluoroacetate-bridged tetranuclear zinc cluster 1b
and its TFA adduct Zns(OCOCF;)cO-CF3CO,H [35]. The catalytic activity and
functional group tolerance of the TFA adduct in transesterification and oxazoline
formation were almost identical to those of 1b. Currently, the TFA adduct is
commercially available under the name of ZnTAC24™, and more than 200 kg of
ZnTAC24™ have been produced to date.

3 Transesterification

3.1 Introduction

Transesterification is an equilibrium reaction, therefore, it is difficult to attain high
conversions. The following methods have been used to force the reaction toward
the product side: (i) the use of excess amounts of either of the reactants, (ii) the use
of an enol ester as a reactant, and (iii) the removal of the resulting lower alcohol by
molecular sieves or continuous distillation. The last approach is the most ideal
method, and several catalytic transesterifications at high temperature using esters of
lower alcohols were developed [8—11]. There is great demand, however, for the
development of a versatile transesterification under mild and harmless conditions to
produce highly functionalized compounds such as pharmaceutical agents.

3.2 Scope and Limitations

Using zinc cluster 1b as a catalyst, we first examined various reaction conditions,
including solvent effects and reaction temperature, and finally, we decided to use
diisopropyl ether (bp = 68 °C) reflux conditions as the optimal conditions in terms
of mildness and functional compatibility [52]. Then, the scope and limitations of
alcohols 3a—i were examined (Table 1) [30]. Transesterification with a variety of
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primary and secondary aliphatic alcohols 3a—i, including benzylic alcohols and
allylic alcohols, was efficiently catalyzed by 1b to afford the corresponding esters 4
in high yield (up to 99% yield). We also estimated the substrate generality of the
ester component (Table 2) [30]. Aromatic esters with various substituents at the
para position were converted to the corresponding butyl esters 4 in good to
excellent yield (Entries 1-7). Due to the large reactivity difference between ali-
phatic and aromatic alcohols, the reaction of 4-hydroxybenzoate 2g provided the
corresponding product 4gb in good yield without the formations of a phenol ester
(Entry 6). Because the reaction conditions are almost neutral, various functional
groups, including acid sensitive TBDMS (Table 1, Entry 5) and tetrahydropyranyl
ethers (Table 2, Entry 10), were compatible under the catalytic conditions.
o-Amino esters are widely present in natural and unnatural bioactive com-
pounds, and play an important role in the development of pharmaceuticals.
Therefore, the transesterification of o-amino acid esters with a broader scope of N-
protective groups (Cbz, Boc, Fmoc, Ns, Bz, Pht, etc.) and side chains were
investigated [30, 36]. Transesterification of the methyl esters of alanine (5b), leu-
cine (Se), and phenylalanine (5f) proceeded smoothly to give the corresponding
butyl esters in high yield (Table 3, Entries 1, 4, and 5). In contrast, the reaction rates
of methyl esters of valine (5¢) and isoleucine (5d), both of which have congested
secondary aliphatic side chains, were retarded, and the transformations were sup-
pressed, resulting in rather low yields (Entries 2 and 3). These reactions were later

Table 1 Transesterification of various alcohols

Zn,(OCOCF3)60 (1b)

o (1.25 mol%) O
Ph/\)J\OMe+ HOR i-Pr0, reflux Ph/\)]\OR
2a 3(1.2eq) 4
Entry Alcohol (HOR) Time (h) Yield (%)
1 3a: HOBn 18 79 (4aa)
2 3b: HO(CH,);CH; 18 92 (4ab)
3 3¢: HO(CH,)sCH; 24 94 (4ac)
4 3d: HO(CH,);7,CHj; 18 99 (4ad)
5 HO 24 92 (4ae)
3e: /\Q
OTBDMS
6 3f: o F 40 76 (4af)

7 3g: HOM\Q 40 91 (4ag)
8 ) M 40 91 (4ah)
3h:
HO ™ &

9 H 40 96 (4ai)




Tetranuclear Zinc Cluster-Catalyzed Transesterification 69

Table 2 Transesterification of various methyl ester

Zny(OCOCF3)0 (1b)
(1.25 mol%)

i-Pr50, reflux R~ ~OBu

0
J__+ HOBu
R™ "OMe
2

3b (1.2 eq) 4
Entry Ester (RCO,Me) Time (h) Yield (%)
1 2b: R =H o) 40 96 (4bb)
> 2R = Cl /@*om 24 91 (dch)
3 2d: R’ = Br R' 40 90 (4db)
4 2e: R’ = CN 2b-h 24 77 (deb)
5 2f: R' = NO, 40 >99 (4fb)
6 2g: R' = OH 40 76 (4gb)
7 . §—<\O] 44 93 (4hb)
N~"jpr
8 o) 24 86 (4ib)
2i: Wom
9 2j: CH5(CH,);4CO,Me 24 92 (4jb)
10 2k: THPO(CH,)sCO,Me 44 87 (4kb)
11 2l: c-Hex-CO,Me 40 97 (4lb)
12 ﬁ 40 >99 (4mb)
" MeO,C~ "N”>CO,Me
13 40 97 (4nb)
2n:
MeO,C  © CO,Me

improved by the addition of DMAP (vide infra). This catalyst system was applied to
the transesterification of other N-Cbz-protected amino acid methyl esters bearing an
additional protective group, such as MOM ether (5i) (Entry 8), thioether (5j and 5k)
(Entries 9 and 10), a trityl group on imidazole (5o) (Entry 14), and those with
different functionalities such as cyano (Sm) (Entry 12) and indole (Sn) (Entry 13)
groups. Phenylglycine derivatives are racemized much more easily than any natural
amino acid esters in peptide coupling reactions conducted under basic conditions
because of the higher acidity of the proton at the benzylic chiral center. Zinc
catalyst 1b was advantageous in that no racemization was observed for the smooth
transesterification of N-Cbz-protected phenylglycine methyl ester Sq with 3b to
give 6qb (Entry 16). The reactions of dipeptides also proceeded in good yield with
no epimerization of the stereocenters (Entries 17 and 18).

B-Keto esters are highly useful for various transformations, such as condensation
reactions and alkylation, because of their electrophilic and nucleophilic nature; they
are thus used as organic building blocks for the synthesis of complex bioactive
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Table 3 Transesterification of various N-protected o-amino esters
Zn,(OCOCF3)s
(1b)
H o (1.25 mol%)
+HOBU —mM8M8M8M8@™ >
Cbz OMe -Pr,0, reflux OO
16~24 h
3b (1.2 eq)
Entry | Ester Yield Entry | Ester Yield
(%) (%)
1 H O 96 9 H O 84 (6jb)
5b: oz NvHome | (6bb) 5j: ooz N owme
Me \SMe
2 H O 41 10 5k: 84
sc Coz N tome | (6eb) H Q (6kb)
Mo~ Mo cbz- N ome
~SBn
3 H O 44 11° 5l: 91 (6lb)
5d: Cbz’N"éOMe (6db) i
Me ~-Me Cbz” "~ "OMe
e =
~COo,Me
4 H O 97 12 Sm: 79
Se: CozNPome | 6eh) H O (6mb)
' S Me cbz- NP ome
Me “CN
5 H O 96 13 5n: 99
st oz Noome | (6M) H Q (6nb)
X cbz- NP ome
Ph :
T
N
H
6 5g: 87 14 50: 99
H O (6gb) H © (60b)
Cbz’N\)J\OMe Cbz’N\:)J\OMe
CeHy-4-OH SN
N=/
7 5h 90 15 CbzO 97
H O (6hb) sp: NOoe (6pb)
cbz- NP ome -
~""NHCbz
8 H O 87 16 5q: 90
si: bz N ome | 6D) H Q (6qb)
N cbz- Ny om
OMOM L8 ©

(continued)
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Table 3 (continued)

Entry | Ester Yield Entry | Ester Yield
(%) (%)
17 Ph 92 (6rb
. 4O (6rb)
r: Cbz~ N\)LOMe
H o
18 Ph 82 (6sb
H \)OJ\ (6sb)
s Cbz\N N —~OMe
S H 0 H
: OTBDMS

4 eq of 3b was used

natural products [53]. The transesterification of B-keto esters is sluggish and requires
an excess of B-keto ester and high boiling alcohols [8-11]. In addition, unlike simple
esters, the chelation nature of -keto esters suppresses the activity of metal catalysts
through the formation of a coordinate bond to metal ions, and the acidic nature of
B-keto esters (pK, ca. 14 in DMSO) suppresses the activity of the base catalyst.
Fortunately, zinc cluster 1b was highly effective for the transesterification of B-keto
esters as well [40]. Under toluene reflux conditions, the reactions of various primary
alcohols, including sterically congested neopentyl alcohol (3j), gave the desired
products in high yield (Table 4, Entries 1-3). Although B-keto esters of allylic
alcohols such as 8ag are difficult to prepare because they readily proceed to Carroll
rearrangement, the reaction of cinnamyl alcohol (3g) under i-Pr,O refluxed condi-
tions to give 8ag in 86% yield (Entry 4). The highly acid-sensitive THP ether group
was partially decomposed due to the acidity of B-keto ester 7a, but the addition of
10 mol% of DMAP (vide infra) efficiently suppressed the decomposition of THP
ether to provide 8an in 94% yield (Entry 8). Notably, the reactions of sterically more
congested secondary and the tertiary alcohol adamantanol (3s) and ferz-butanol (3t)
also proceeded smoothly (Entries 9-13). This zinc catalysis was highly effective for
B-keto esters as well as for other active PB-dicarbonyl derivatives, including
B-diesters, Meldrum’s acid, methyl-N-hexyl malonamide, and trimethyl phospho-
noacetate [40].

There is another way to look at zinc cluster-catalyzed transesterification: We
used ethyl acetate as an acetylation reagent [32]. The acetylation of alcohols is one
of the most important and fundamental reactions in organic synthesis. In general,
the acetylation of hydroxyl groups is conducted with acetyl chloride or acetic
anhydride in the presence of greater than stoichiometric amounts of a base, resulting
in the formation of greater than stoichiometric amounts of unwanted chemical
waste. Alternatively, catalytic transesterification has been applied to acetylation.
High conversion, however, is difficult to attain with the direct use of methyl acetate
and ethyl acetate for acetylation because of the low electrophilicity of these simple
acetates and the existence of a reverse reaction [54—60]. Thus, most reported
acetylations by transesterification use enol esters as the acetyl donor to improve
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Table 4 Transesterification of B-keto ester with various alcohols

Zn,(OCOCF3)g
(1b)
j’\j’\ (1.25 mol%) M
+ HOR —————>
Ph OMe toluene reflux ~ Ph OR
Time
7a 3(1.2€eq) 8
Entry Alcohol (HOR) Time (h) Yield (%)
1 3a: HOBn 45 89 (8aa)
2 3c¢: HO(CH,)sCH3 48 86 (8ac)
3 3j: HOCH,-+-Bu 44 89 (8aj)
4 3g: Ho/\/\© 65 86 (8ag)
5 K Ho/\M 48 82 (8ak)
e

6 31: HO(CH,)sOCO--Bu 60 89 (8al)
7 3m: HO(CH,);OTBDMS 48 86 (8am)
8P 3n: HO(CH,);OTHP 48 94 (8an)
9 30: HOCH(Pr), 44 89 (8ao0)
10 3p: HO-c-Hex 45 95 (8ap)
11 HO 44 93 (8aq)

3q: WU
12¢ Me . _Me 44 97 (8ar)

3r: Me &

HO

13¢ 72 85 (8as)

3s:

HO

14° 3t: HO--Bu 72 82 (8at)

4-Pr,O was used as the solvent
10 mol% of DMAP was added
1.5 eq of 3r was used
92.0 eq of 3s was used
5.0 eq of 3t was used

reactivity and prevent the reverse reaction. In contrast, our zinc catalysis uses ethyl
acetate as the acetyl donor based on its high stability, accessibility, and economic
advantages. Acetylation of a variety of alcohols using ethyl acetate was efficiently
promoted by only 1.25 mol% of zinc catalyst 1b (Table 5). Of particular note is that
highly acid-sensitive TES ether survived under the reaction conditions (Entry 5).
Moreover, the benzoyl (Entry 7) and pivaloyl (Entry 8) groups were not scrambled.
Acetylation of the p-glucose derivative 3o, which has both isopropylidene and
benzylidene acetal functionalities, proceeded in quantitative yield without cleavage
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Table 5 Catalytic acetylation of various alcohols

73

Zn4(OCOCF3)¢O
(1b) (1.25 mol%)
HOR AcOR
EtOAc, reflux
Time 9
Entry Alcohol (HOR) Time (h) Yield (%)
1 3a: R'"=H HO/\©\ 18 98 (9a)
2 3u: R'=Cl R’ 38 76 (9u)
3 3v: R’ =Br 3a,e,u-z 38 81 (9v)
4 3e: R’ = OTBDMS 24 97 (e)
5 3w: R’ = CH,OTES 18 89 (9w)
6 3x: R’ = CH,OMEM 36 96 (9x)
7 3y: R’ = CH,OCOPh 40 83 (9y)
8 3z: R’ = CH,OCO-#-Bu 36 89 (9z)
9 3d: HO(CH,),7,CH; 38 >99 (9d)
10 3g: HOM\Q 38 94 (9g)
11 ) 24 97 (9h)
HO =

12 18 >99 (9a)
13 18 75 9q)
14 40 >99 (9B)
15 40 >99 (9y)
16 40 >99 (98)*
17 40 93 (9i)

“Yield of the corresponding 17-OAc product
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of the acetal protecting groups (Entry 12). To the best of our knowledge, this is the
first example of a highly chemoselective catalytic acetylation of secondary aliphatic
alcohols over that of aromatic alcohols through transesterification.

Deacylation reaction, which is the reverse reaction of the above mentioned
acetylation reaction, was also promoted by zinc catalyst 1b by employing methanol
as the solvent [33].

4 Chemoselective Acylation of Alcohols Over Amines

4.1 Introduction

Esters and amides are ubiquitous functional groups in natural and synthetic organic
compounds, and they are commonly synthesized by acylation of the corresponding
alcohol and amine, respectively, with carboxylic acid, acid chloride, or acid anhydride.
As the nucleophilicity of the amino group is much greater than that of the hydroxyl
group, the amine can be selectively acylated to give the corresponding amide, even in
the presence of excess alcohol and/or water. This chemoselectivity has been well uti-
lized for several highly efficient amidation reactions, such as the Schotten-Baumann
reactions (Scheme 1, path a, 10 — 11) [61]. On the other hand, selective O-acylation
(path b, 10 — 12) is quite difficult to perform under ordinary organic reactions. When
aminoester 12 was targeted, the only feasible route was an indirect
protection-deprotection process including in situ protection with acid (path c). The
requirement for such a multistep transformation decreases the atom-economy of this
process. To comply with the demand for an environmentally benign process, reversing
the normal chemoselectivity of path a and minimizing waste are very important. The
ideal method leading to the development of a new transformation without using pro-
tecting groups is a direct catalytic conversion of aminoalcohol 10 to aminoester 12 in a
highly chemoselective manner (path b); however, there were no examples of such a
reaction using an artificial catalyst.

path a: common acylation conditions 0 @\
N OH

(RCO,H, RCOCI, (RCO),0, etc.) \‘\Fl
H 11

path b drect Oacyiatonroug. () )
HN"—"0H HN<—"0" "R
12

10
\_pjth c. indirect route o JA
@NQ\OH»@NQ\O)J\R
H 13 H 14

Scheme 1 Acylation of amino alcohol




Tetranuclear Zinc Cluster-Catalyzed Transesterification 75

4.2 Optimization of Reaction Conditions

We first investigated selective O-acylation using a 1:1 mixture of cyclohexanol (3p)
and cyclohexylamine (15p) (Scheme 2) [29]. When PhCOCI or (PhCO),O was
used as an acylation reagent with base, the acylation of amine 15p proceeded
exclusively to give the corresponding N-cyclohexylbenzamide (16bp) in >99%
yield, and cyclohexyl benzoate (4bp) was not detected (Egs. 1 and 2), consistent
with normal chemoselectivity. To tackle the issue of chemoselectivity, we focused
on transesterification using the tetranuclear zinc cluster 1b as a catalyst because
during our studies on zinc cluster catalysis we found that 1b was a highly efficient
catalyst for transesterification, but not for amidation. Although so-called mono-
meric zinc complexes Zn(OCOR), showed only moderate reactivity, when 1b was
used for this chemoselective acylation reaction, alcohol 3p was selectively acylated
to afford ester 4bp in 96% yield, along with only 1% of amide 16bp (Eq. 3).

4.3 Scope and Limitations

We performed the selective O-acylation using various combinations of alcohols and
amines. All of the reactions that we evaluated using primary amines proceeded in a
highly chemoselective manner [29]. To demonstrate the usefulness and effective-
ness of this zinc catalysis in organic synthesis, we performed the O-selective
acylation of amino alcohols 10 (Table 6). When B-amino alcohol 10a was used as a

Scheme 2 Chemoselective HO-c-Hex PhCOO-c-Hex
PhCOCI (1.0
acylation using a 1:1 mixture  (3p) (1.2 eq) EIS(N €A " (4bp) (<1%)
of alcohol and amine + Qo ~ + Eqg. 1
H,N-c-Hex CHCl, PhCONH-c-Hex
(15p) (1.2 eq) rt (16bp) (>99%)
HO-c-Hex PhCOO-c-Hex
PhC0),0 (1.0 e
@3p)(12eq) CPRE 0D (abp) (<19%)
+ - + Eq. 2
H,N-c-Hex pyridine PhCONH-c-Hex
(15p) (1.2 eq) rt (16bp) (>99%)
Zn4(OCOCF4)s0
(1b) (1.25 mol%)
HO-c-Hex PhCO,Me PhCOO-c-Hex
(3p) (1.2 eq) (2b) (1.0 eq) 4bp) (96%
+ B —— + Eq. 3
HoN-c-Hex FFPry0 PhCONH-c-Hex

(15p) (1.2 eq) reflux (16bp) (1%)
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Table 6 Chemoselective acylation of various amino alcohols

Zn,(OCOCF 3)0

(1b) (1.25 mol%)
BzOMe + _——
HoN OH i-Pr50 reflux HN OBz

18~24h
2b 10 12
(1.2 eq)
* cank on” sunvk )
BzHN OH BzHN OBz
1 15
Entry Aminoalcohol Yield of 12 (%) Yield of 11 (%) Yield of 15 (%)
HoN
1 10a: 2l \E/\OH ND (12ba) 77 (11ba) 23 (15ba)
i-Pr
10b: H,N-(CH,)s—OH 82 (12bb) ND (11bb) 18 (15bb)
3 10c: H,N—(CH,)s—OH 90 (12bc) ND (11bc) 7 (15bc)
10d: H,N—(CH,),,-OH |90 (12bd) ND (11bd) 7 (15bd)
5 10e: H2N----<:>-OH 99 (12be) ND (11be) ND (15be)
6° Lo HNO\A 92 (12bf) ND (11bf) 7 (15bf)
' OH

“Toluene was used as the solvent instead of i-Pr,O

substrate, hydroxyamide 11ba was obtained in 77% yield along with diacylation
products 15ba in 23% yield (Entry 1). The product 15ba is produced through O-
acylation (10a — 12ba), with a subsequent complete O — N acyl transfer reaction
(12ba — 11ba) due to the instability of the resulting amino ester 12ba. When
amino alcohols 10b-d tethered by long alkyl chains were treated, we obtained
amino esters 12bb-bd in good yield (82-90%) (Entries 2—4). Furthermore, the
reaction of trans-4-aminocyclohexanol (10e) provided amino ester 10be exclusively
(99%), presumably due to trans-stereochemistry preventing the intramolecular
O — N acyl transfer reaction. Even when amino alcohol 10f with highly nucle-
ophilic secondary amino group (piperidine unit) was used, the reaction proceeded in
an O-acylation selective manner to give the corresponding amino esters 12bf in
high yield (92%).

Based on these results, we anticipated that this selectivity allowed for the
transesterification of amino acid esters bearing a primary or secondary aliphatic
amino group. In fact, transesterification of N-protection-free valine methyl ester
(16) with 1-butanol (3b) afforded the butyl ester 18 in 69% yield upon treatment
with CbzCl (Scheme 3) [36]. As a substrate with a secondary aliphatic amino
group, the reaction of N-benzyl glycine methyl ester (19) gave the corresponding
butyl ester 20 in 89% yield. Acylation of the amino group was not observed in
either reaction.
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Zn,(OCOCF3)g
N % N
2 \)J\OME+ HOBU 1b) (1 25 mol/ 2 \)J\OBU
i-Pr50, reflux
Me™ Me 8 h Me™ e
16 3b (1.2 eq) 17

(@]
CbzCl

1. CbzHN

(13 eq) z %OBU

_—
NaHCOj aq. -
he Me” ~Me

18
(69%, 2 steps)

o Zn,(OCOCF3)s o
(1b) (1.25 moi%)
BnHN + HOBu ——— > BnHN
\)J\OME i-Pr,0, reflux QJ\OBU
18 h
19 3b (1.2 eq) 20

(89%)

Scheme 3 Transesterification of o-amino esters bearing a primary or secondary aliphatic amino
group

Scheme 4 Additive effects HO-c-Hex  Zny(OCOCF3)gO 0
of amine on transesterification (3p) (1.2 eq) (1b) (1.25 mol%)
2a + + = o
H,N-c-Hex i-Pr50, reflux
(15p) (x eq) 4ap

without 15p: 22% yield (48 h)
with 15p (1.2 eq):94% yield (18 h)
with 15p (0.2 eq):90% vyield (18 h)

5 Activation by N-Heteroaromatics

5.1 DMAP

Transesterification of sterically demanding substrates remains a difficult and chal-
lenging task. During the course of our studies on the above-mentioned chemose-
lective acylation of hydroxyl groups over amino groups, we discovered important
clues to solving this problem. In the presence of an equivalent amount of cyclo-
hexylamine (15p), for example, the acylation of cyclohexyl alcohol (3p) with
methyl 3-phenylpropanoate (2a) provided the corresponding ester 4ap in 94% yield
after refluxing for 18 h, whereas in the absence of 15p, the reaction provided the
same product but in only 22% yield, even after refluxing for 48 h (Scheme 4) [34].
These results clearly indicate that under this acylation condition, highly nucle-
ophilic alkylamine, which is in general acylated in preference to alcohol, greatly
accelerates the acylation of alcohol without being converted to the corresponding
amide. Further, the addition of only a catalytic amount of alkylamine (20 mol%)
was sufficient to achieve satisfactory catalyst activity.
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Fig. 2 Time-course for the 100 1
1b-catalyzed
transesterification of 2b with 90 1
3p in the presence of 20 mol% 80
of 15p (filled triangle),
20 mol% of DMAP (filled 70 1
square) or in the absence of e
additives (filled circle) S 97
3 50
5]
T 40
< c-Hex-NH, (15p)
30 1
20 1
no additive
10 1

0 5 10 15 20 25
Reaction Time (h)

Encouraged by such drastic additive effects of alkylamine 15p, we further
examined a variety of additives [34]. Based on the fact that metal ions in the active
site of some metalloenzymes, such as aminopeptidase, are supported by both car-
boxylate and imidazole ligands, we examined heteroaromatics as additives as well,
and found that N-methylimidazole (NMI), N,N-dimethylaminopyridine (DMAP)
and 4-pyrrolidinopyridine were highly effective. The time-course for the reaction in
the presence of the best alkylamine-type additive 15p and the best
N-heterocycle-type additive DMAP revealed that the addition of 20 mol% of these
additives increased the initial rate of the reactions more than 3- and 15-fold,
respectively (Fig. 2). The addition of these additives at any stage of the reaction
sufficiently accelerated the reaction.

With the best additive, DMAP, in hand, we investigated the substrate generality
of the transesterification of comparatively low reactive esters, as well as alcohols
[34]. As shown in Table 7, DMAP had drastic positive effects on the reaction,
resulting in great improvement of the chemical yield (up to 98%). The reactions of
various methyl esters, including highly congested methyl 1-adamantanecarboxylate
(2r), with 1-butanol (3b) in the presence of 20 mol% DMAP resulted in satisfactory
yields, though sluggish reactions were observed for the corresponding substrates in
the absence of the additive (Entries 1-4). The DMAP additive system was also
superior for the less reactive alcohols (Entries 5-8). Notably, the addition of DMAP
not only accelerated the catalytic rate but also suppressed undesirable side reactions
because of the neutral reaction conditions; the reaction of 2b with 1-indanol (3u)
afforded the product 1-indanyl 3-phenylpropanoate (4bu) in 88% yield despite
observations that the same reaction conducted in the absence of DMAP resulted in a
complex mixture of decomposed products from 3u via a carbocation intermediate
(Entry 7). The addition of DMAP (20 mol%) also accelerated the transesterification
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Table 7 Additive effects of DMAP on 1b-catalyzed transesterification: scope and limitations

0 Zn4(OCOCF3)0O 0
(1b) (1.25 mol%)
J + HOR? L
R!” “OMe DMAP(x mol %)  R!~ “OR?2
2 3(1.2 eq) solvent, reflux 4
2b: R' =Ph 3a: R2=Bn
20: R' = CgH4-2-Me 3b: R2=Bu
2p: R' = CgH4-4-OMe 30: R2 = CH(Pr),
2q: R' = ¢c-Hex .
2r.R' = 5\@ 3u:R%= &
3v:R2= s : ~
Entry Ester Alcohol Solvent Time Yield (%) Yield (%)
(h) (x=0) (x =20)
1 20 3b Toluene 48 2 89
2 2p 3b Toluene |18 7 89
3 2q 3b i-Pr,O 18 25 98
4 2r 3b Toluene 90 <1 94
5 2b 3a Toluene 18 58 92
6 2b 30 i-Pr,O 48 37 93
7 2b 3u i-Pr,0 18 5 88
8 2b 3v i-Pr,O 72 23 83

of less reactive o-amino esters, increasing the yield of 6¢cb from 41% (Table 3,
Entry 2) to 95%, and that of 6db from 44% (Entry 3) to 90% yield, respectively.

5.2 Bis(imidazole) Ligand (2nd Generation Zn Catalyst)

Encouraged by the additive effects of DMAP, we next examined various bidentate
and multidentate ligands having amines and/or N-heterocyclic units [38]. Because
our mechanistic studies (vide infra) revealed the key intermediate: dinuclear metal
complexes, we expected that proper multidentate N-heteroaromatic ligands could
stabilize such active dinuclear metal complexes, leading to enhanced catalytic
activity. Thus, several N-heteroaromatic additives were investigated with zinc
cluster 1b, and eventually we found that bis(imidazole)/zinc catalyst 22 (Fig. 3)
was more active than 1b/DMAP system [39]. Tertiary alcohol, previously not an
applicable substrate for the transesterification of simple esters, could also be used,
and the corresponding product was isolated in high yield (Table 8). Labile acrylate
and methacrylate could be transesterificated in preference to 1,4-addition, indicating
that the present zinc complex catalysis could be useful for the synthesis of various
monomers using readily available methyl acrylate and methacrylate [39, 42].
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Zn(OCOCF3)2-XH20
+ — = F
THF
N@/\Q/\N\;\\/N reflux
t-Bu
21a (2.0 eq) 22a (91%)

FUF
F
WN-__ | Nv
~Zn<
Fj
_ FOF _n

Fig. 3 Highly stable crystalline zinc complex 22a and X-ray crystallographic structure

Zinc complex 22a also catalyzed the transesterification using dimethyl or diethyl
carbonate 23 to afford various linear carbonates 24, cyclic carbonates 26, and cyclic
oxazolidinones 28 in high yield (Table 9) [39]. In addition, zinc complex 22a also
catalyzed the chemoselective transesterification of unprotected-amino alcohols
using dimethyl carbonate with better chemoselectivity (O/N = ca. 12/1) than
Zny(OCOCF3)O (1b) (O/N = ca. 2/1). To the best of our knowledge, this is the
first example of chemoselective transesterification using dimethyl carbonate [39].

Zinc complex 22a can be prepared in multigram scale using a simple procedure.
A water addition experiment revealed the high stability of zinc complex 22a
compared to 1b. The stable nature of zinc complex 22a allowed for its recovery and
reuse in transesterification reactions [39]. The recovered zinc complex was reused
five times without a significant loss of catalytic activity (average over 95% yield;
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Table 8 Bis(imidazole)/zinc-catalyzed transesterification of various methyl esters

Condition A
Zn complex 22a (5.0 mol%)
or
Condition B
1b (5.0 mol%)

0
+21b (10 mol%)
+ HOR? J

R' "OMe Solvent

2 3(1.2 eq) reflux 4

=0

Structures of Products 4

Me
(0]
Ph)J\ (02
Me” " Me
94% vyield 99% yield
(Condition A, PhCl) (Condition A, PhCI)
i-Bu
0" Ph m
oMe
O
90% yield 90% yield 98% yield

(Condition A, PhCl) (Condition A, PhCI) (Condition A, PhCl)

o) o o
Ph/\)LO@ H* 0" Ph P o SiMes

98% yield 82% yield? 94% vyield
(Condition B, xylene) (Condition B, HCO,Et) (Condition B, toluene)

H O

(0]
A coz N rLOBu
Ph™ 0" ™
N NE
/\’ t2 Me” "Me
93% yield 93% vyield (>99% ee)
(Condition B, toluene) (Condition B, i-Pr,0)
(0]
~Ao~ph \)Lo Ph
86% yield 76% yield
(Condition B, i-Pr,0) (Condition B, i-Pr,0)

“HCO,Et was used as an electrophile instead of HCO,Me
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Table 9 Transesterification using dimethyl or diethyl carbonates

o Zn complex 22a 0
(5.0 mol%)
+ HORl ~————20»
MeO)J\OMe reflux MeO)J\OR1
23a (Solvent) 3 24
(0]
(0] Zn complex 22a
L . OH (5.0 mol%) >‘0
MeO™ ~"OMe HO\)\/RZ reflux o\)\/R2
23a (Solvent) 25 26
(0]
O Zn complex 22a
P . NH, n(g.omrfmel)é/c,) %NH
_— T »
Et0O” "OEt HO\)\/ RS toluene O\)\/R3
23b (1.05 eq) 27 reflux 28

Structures of Products

o) 0 /O 0 /@
MeO)J\O/\ Ph MeOJ\O MeO)J\O

97% yield 90% vyield 93% yield
0O @) (0]
>0 >0 >0
o_J\_cl OO0~ O_J_OPh
93% yield 97% vyield 95% yield
(6} O 0]
>0 ("o )=NH )-NH
O\)\/N\) O\/\/ Ph O\)"Ph
99% vyield 83% vyield 84% yield
(>99% eej (>99% &)
Scheme 5 Recovery and o Zn comple>§ 22a o
reuse experiment using zinc )J\ (5.0 mol%)
+ HOBh —mM@MM™>
complex 22a Ph OMe OBn toluene Ph OBn
reflux, 5h
2b 3a 4ba
Run Yield (%)
1 96
2 97
3 97
4 97
5 97
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Scheme 5). Even after five runs, zinc complex 22a could be recovered in 91% yield
without any decomposition.

5.3 Polystyrene Resin-Supported Imidazole Ligand
(3rd Generation Zn Catalyst)

The high stability of bis(imidazole)/zinc complex 22 enabled the practical use of 22
for transesterification reactions without strict concern regarding air and moisture.
The highly crystalline nature of 22 stemming from its infinite network structure,
however, limits the applicability of 22 in organic solvents. Moreover, because of
high superiority of heterogeneous catalysts in catalyst recycling, we were interested
in the development of a heterogeneous zinc catalyst for transesterification and
transcarbonation reactions in a variety of organic solvents.

After several examinations, we found that newly developed heterogeneous zinc
complex 30, which was derived from Merrifield resin-supported imidazole ligand
29 and Zn(OCOCFs3),, was highly effective in a broad-spectrum of solvents, such as
toluene, ethyl acetate, methanol, and dimethyl carbonate [41]. For complexation of
imidazole resin 29 and zinc salt, the zinc/imidazole ratio and solvent selection were
crucial for obtaining high catalytic activity. Very interestingly, although newly
developed heterogeneous zinc/imidazole catalyst 30 was completely insoluble
during the course of the reaction, it had comparable catalytic performance as the
homogeneous zinc/NMI catalyst (Table 10). The recyclability of catalyst 30 was
also demonstrated by recovery-reuse experiments, and catalyst 30 promoted various
reactions in various solvents at least five times without loss of the activity
(Scheme 6).

Table 10 Evaluation of zinc catalysts on transesterification

o Catalyost o
)J\ + HOBn (5 mol%) )J\
Ph” “OMe toluene Ph” ~OBn
2b 3a reflux, 2 h 4ba
Entry Catalyst Yield (%)
1 Zn(OCOCF;), 19
2 Zn4(OCOCF;)60 (1b) 21
3 Bis(imidazole)/zinc 22a 38
4 Zn(OCOCFs3), + NMI 97
5 Heterogeneous imidazole/zinc 30 97
6 Imidazole resin 29 ND
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Scheme 6 Recovery and catalyst 30
recuse experiments in various (5 mol%)
reaction AcOEt + HOBn — > AcOBn
reflux, 1 h
(Solvent) 3a 9a
Run 1st 2nd 3rd 4th 5th

Yield (%) >99 >99 >99 >99 >99

catalyst 30
(5 mol%)
AcOBn + MeOH —— HOBnN
reflux, 2 h
9a (Solvent) 3a
Run 1st 2nd 3rd 4th 5th

Yield (%) >99 >99 >99 >99 >99

] catalyst 30 i
(5 mol%)
MeO)J\OMe + HOBn e o5 BMO” TOMme
23a (Solvent)  3a onu% O 24a
Run 1st 2nd 3rd 4th 5th

Yield (%) >99 >99 >99 >99 >99

6 Mechanistic Studies

As presented here, we developed several environmentally friendly transesterifica-
tion using p-oxo-tetranuclear zinc cluster as the catalyst. Moreover, we achieved
unprecedented O-selective acylations in the presence of much more nucleophilic
primary and secondary alkyl amino groups, indicating that such innate chemose-
lectivity is reversible in a catalytic manner. Our intensive mechanistic studies using
cobalt cluster [62] instead of zinc cluster revealed that the transesterification pro-
ceeds with Michaelis-Menten behavior through an ordered ternary complex
mechanism similar to dinuclear metallo-enzymes, suggesting that the formation of
metal alkoxide-bridged dinuclear metal complex, followed by coordination of the
ester, is responsible for the unique O-selective acylation (Scheme 7) [38]. Because
of the high efficiency in terms of atom economy and step economy, these direct new
catalyses will be a powerful tool for organic synthesis, and I hope that the findings
discussed herein will facilitate the development of new environmentally friendly
reactions, including new catalyst-controlled chemoselective reactions [63].
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Scheme 7 Possible reaction mechanism for transesterification catalyzed by cobalt cluster

7 Conclusion

As presented here, we developed several environmentally friendly reactions using
p-oxo-tetranuclear zinc cluster (1st generation), bis(imidazole)/zinc complex (2nd
generation), and heterogeneous PS-resin/zinc complex (3rd generation) as the
catalyst. These zinc catalysts efficiently promoted the transesterification of various
methyl esters including o-amino esters, [-keto esters, [-nonsubstituted-
o,B-unsaturated esters (acrylate and methacrylate); the acetylation of alcohols in
EtOAc; and the deacylation of esters in MeOH. Because the reaction conditions of
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this method are almost neutral, this zinc catalysis has broad substrate generality
wherein even in acid sensitive functional groups, such as THP ether and TES ether,
catalysis persisted, and side reactions such as isomerization, cyclization,
1,4-addition, did not occur. Moreover, we achieved unprecedented O-selective
acylations in the presence of much more nucleophilic primary and secondary alkyl
amino groups.
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Vinyl Ruthenium Carbenes: Valuable
Intermediates in Catalysis

Damian Padin, Jesis A. Varela and Carlos Saa

Abstract Vinyl ruthenium carbenes are easily prepared from the neutral Ru(Il)
complex Cp RuCl(cod) in the presence of functionalized alkynes and diazoalkanes.
These intermediates have been proposed for several transformations in which the
nature of the products are strongly dependent of the functionality on the alkyne
substituents. New modes of catalytic cyclizations due to the electrophilicity of these
vinyl ruthenium carbene intermediates are presented in this chapter. Alkynyl
acetals, ethers and amines gave rise to complex bicyclic structures, spiro- and fused,
in an intramolecular redox, neutral process that involved [1,n]-hydrogen transfers/
cyclization. New catalytic heterocyclizations have been also achieved by trapping
the in situ generated vinyl ruthenium carbenes with O- and N-nucleophiles from
alkynals/alkynones and alkynylamines.

Keywords Alkynyl derivatives - Benzoxazines - Bicyclic compounds
Carbenes - Catalysis - Cyclization - Heterocycles - Ruthenium - Vinyl ruthenium
carbenes

1 Introduction

Metal carbene complexes have proven their value in synthetic chemistry due to the
number of catalytic organometallic transformations in which they are involved [1].
For example, metal carbenes have been investigated in a wide variety of catalytic
alkene metathesis transformations such as cross metathesis (CM), ring-closing
metathesis (RCM), acyclic diene metathesis (ADMET), and ring-opening metathesis

D. Padin - J.A. Varela (X)) - C. Saa

Centro Singular de Investigacion En Quimica Bioloxica e Materiais
Moleculares (CIQUS), e Departamento de Quimica Orgénica,

Universidade de Santiago de Compostela, 15782 Santiago de Compostela, Spain
e-mail: jesus.varela@usc.es

C. Saa
e-mail: carlos.saa@usc.es

© Springer Nature Singapore Pte Ltd. 2017 89
K. Tomioka et al. (eds.), New Horizons of Process Chemistry,
DOI 10.1007/978-981-10-3421-3_7



90 D. Padin et al.

polymerization (ROMP) [2-9], as well as in reactions involving alkynes such as
alkyne polymerization [10-12], enyne metathesis [13—15], cyclopropenation [16],
etc. Other in situ generated metal carbenes, either from diazo compounds or from
activation of alkynes with electrophilic metals [1, 17, 18], have been considered as
key intermediates for catalytic cyclopropa(e)nation reactions, X-H insertions or
intricate skeleton rearrangements [19-26].

Conjugated vinyl ruthenium carbenes D (Scheme 1), smoothly prepared under
mild conditions by treatment of neutral Ru(Il) complex Cp*RuCl(cod) in the
presence of functionalized alkynes and diazoalkanes, have been recently proposed
in catalytic transformations that involve the formation of carbon-carbon bonds [27].

The type of the reaction products is strongly dependent on the nature of the
alkyne functionality (Scheme 2). Functionalized 1,3-dienes could be catalytically
obtained by (a) trapping the initially formed vinyl ruthenium carbene with a second
molecule of a diazo compound [28, 29] and (b) Rautenstrauch rearrangement of
propargylic carboxylates followed by trapping of the transient vinyl ruthenium
carbene with a diazoalkane [30]. In addition, (c) enynes bearing terminal triple
bonds led to alkenyl bicyclo[3.1.0]hexanes [31, 32], (d) disubstituted 1,6-enynes at

(a) (bZ’ N (C) d)
con e Cp* ¥
Cci- Ru
Cp*CIRu(cod) ﬁL“CI ngup JY ( cl EU—F(
N,CHY

Scheme 1 Mechanistic hypothesis for the formation of vinyl ruthenium carbenes from Cp"CIRu
(cod) in the presence of diazo compounds and alkynes

RR

// 0O,CR
NZCHY

Cp*RuCI (cod)
% (c)/_\ ’CE
\ d
e 9 (T

R

(@)R—=

Scheme 2 Type of products obtained by reaction of catalytic amounts of CpRuCl(cod) with
diazo compounds and alkynes
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the propargylic positions afforded a-alkenyl alkylidene cyclopentanes [33], while
(e) 1,6-allenynes were converted to E,Z-mixtures of o-alkenyl alkylidenes bicyclo
[3.1.0]hexanes [34].

In all the previous transformations the vinyl ruthenium carbene intermediate
evolves to the final products via non-polar mechanisms (reductive eliminations,
[2+2] cycloadditions and 1,2-insertions). This chapter will be devoted to the syn-
thetic opportunities (new catalytic cyclizations) derived from the polar chemistry of
vinyl ruthenium carbene intermediates (electrophilic carbenes). New carbo- and
heterocyclizations by intramolecular nucleophilic attack to the ruthenium carbene
intermediates will be described. Specifically, the neutral redox processes in which
an activated hydrogen (a “hydride”) is intramolecularly transferred to the ruthenium
carbene and the nucleophilic attack of oxygenated and nitrogenated nucleophiles
will be presented. Finally, computational calculations would rationalize the stere-
oselectivity observed for such transformations.

2 Intramolecular Ruthenium Catalyzed Redox, Neutral
[1,n]-Hydride Transfer/Cyclization Processes

The functionalization of relatively unreactive C—H bonds remains a major topic in
organic synthesis, particularly from the viewpoint of sustainability and efficiency,
since new C—C and C-heteroatom bonds can be directly formed without previous
prefunctionalization [35-40]. For this purpose, a large number of methodologies
have been developed, being most of them oriented to the transition metal-catalyzed
C(sp®)-H activation, while the most difficult C(sp3)-H activation still remains a
challenge owing to its high bond dissociation energy. The intramolecular redox,
neutral [1,n]-hydride transfer/cyclization processes has emerged as one efficient and
powerful method for selective activation and direct functionalization of inactive
C(sp3)-H bonds towards 5-, 6- and 7-membered carbo-, hetero-, spiro-, or fused
cycles [41, 42].

Vinyl ruthenium carbene intermediates, obtained by treatment of catalytic
Cp RuCl(cod) with (trimethylsilyl)diazomethane and alkynylacetals, ethers or
amines, can act as hydride acceptors in intramolecular [1,n]-hydride transfers to
afford functionalized spiro- and fused bicycles [43]. Tertiary C(sp>)-H of cyclic and
acyclic acetal derivatives of alkynals could be activated under the mild conditions
to generate vinyl ruthenium carbenes to give the corresponding functionalized
cyclic compounds resulting from a [1,5] and [1,6]-hydride transfer/cyclization in
good yields (Scheme 3).

Gratifyingly, the less activated tertiary C(sp”)-H of alkynyl tetrahydrofurans and
pyrans (X = O, n = 1, 2) or pyrrolidines (X = N) underwent the [1,5] and [1,6]-
hydride transfer/cyclization processes to afford the oxa- and azaspiranic bicycles in
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Scheme 3 Ruthenium-catalyzed tertiary [1,5]- an [1,6]-hydride transfer/cyclization in alkynyl
acetals
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Scheme 4 Ruthenium-catalyzed tertiary [1,5]- and [1,6]-hydride transfer/cyclization in alkynyl
tetrahydrofurans/pyrans and pyrrolidines

fairly good yields with good diastereoselectivity or as single diastereomer,
respectively (Scheme 4).

Even the alkynyl ethers bearing secondary C(sp’)-H also underwent [1,5]-
hydride transfer/cyclization processes in moderate to good yields. Trans homoal-
lylic ethers (mono- and bicyclic structures) could be obtained from acyclic ethers
and tetrahydrofurans, respectively (Scheme 5). Secondary C(sp®)-H of amines
could also be activated to give the corresponding bicyclic piperidine derivative as a
single diastereoisomer.

The proposed mechanism for the Ru-catalyzed intramolecular redox, neutral
[1,n]-hydride transfer/cyclization processes is shown in Scheme 6. The starting
neutral precatalyst ruthenium(Il) complex in the presence of the (trimethylsilyl)-
diazomethane and the alkyne would easily form the ruthenium carbene complex I,
which smoothly evolves to the conjugated vinyl ruthenium carbene species II. This
complex would undergo a [1,5]-hydride transfer to the electrophilic carbene
assisted by the heteroatom(s) to afford a transient oxonium ion which is trapped to
give the ruthenacycle III. Finally, reductive elimination would give rise to the spiro
compound with recovery of the catalytic Ru(Il) species.
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3 Heterocyclizations via Vinyl Ruthenium Carbene
Intermediates from Alkynals and Alkynones

New catalytic heterocyclizations have been also achieved by trapping the in situ
generated electrophilic vinyl ruthenium carbenes (obtained by treatment of catalytic
amounts of Cp RuCl(cod) with alkynals/alkynones and (trimethylsilyl)dia-
zomethane) with O-nucleophiles from the carbonyl functionalities. Indeed,
3,3-disubstituted and 3,3,4-trisubstituted alkynals afforded the corresponding
2-vinyl-3,4-dihydropyrans in good yields with high diastereoselectivity (Scheme 7)
[44].

The diastereoselectivity of the reaction was further evaluated by using
3-monosubstituted alkynals as starting materials. Alkynals bearing methoxycar-
bonyl, benzyloxymethyl and acetoxymethyl substituents gave rise to the corre-
sponding 2-vinyl-3,4-dihydropyrans as single cis diastereomers (Scheme 8).
However, alkynals bearing bulkier 3-silyloxy substituents showed lower diastere-
oselectivity for the heterocyclization process.

6-Substituted 2-vinyl-3,4-dihydropyrans could also be achieved by ruthenium
catalyzed heterocyclization of alkynones instead of alkynals (Scheme 9). The
heterocyclization of 3-monosubstituted alkynones showed complete diastereose-
lectivity to give the cis 2,4,6-trisubstituted dihydropyrans, which could be applied
to the obtention of enantiomerically pure dihydropyrans by just starting from
(R) 3-(tert-butylsilyloxy)alkynones (Scheme 9).

R2 R2  y—
R! = Cp*RuCl(cod) (10 mol%) R! T™S
R H N,CHTMS R\ o
o -ProH, t R'= CO,Me, R?= H; 71%

R' = CH,0Bn, R? = H; 80%
R' = CH,0Ac, R?2= H; 70%
R' = CO,Me, R? = Me; 68%

Scheme 7 Ruthenium-catalyzed heterocyclization of alkynals to 2-vinyl-3,4-dihydropyrans

H —

— N TMS
Cp*RuCl(cod) (10 mol%
R _ Cp"RuCl(cod) 6) R o
N,CHTMS —
i-PrOH, rt

@) R = CO,Me; 25%, cis isomer
R = CH,0Bn; 72%, cis isomer
R = CH,0Ac; 68%, cis isomer
R = OTBS; 72%, cis:trans 3.3:1
R = OTIPS: 82%, cis:trans 4:1

Scheme 8 Diastereoselectivity of the ruthenium-catalyzed heterocyclization of 3-alkynals to
2-vinyl-3,4-dihydropyrans
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Scheme 9 Ruthenium-catalyzed heterocyclization of alkynones to 6-substituted 2-vinyl-
3,4-dihydropyrans and studies of diastereoselectivity
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Scheme 10 Ruthenium-catalyzed heterocyclization of N-tethered alkynals and alkynones to
2-vinyl-3,4-dihydro-2H-1,4-dihydrooxazines

N-Tethered alkynals and alkynones also cyclized under the typical catalytic
reaction conditions (diethyl ether as solvent) to give the corresponding 2-vinyl-
3,4-dihydro-2H-1,4-oxazines in moderate to good yields (Scheme 10).

The proposed mechanism for the Ru-catalyzed heterocyclization of alkynals and
alkynones to give 2-vinyl-3,4-dihydropyrans (and 2-vinyl-3,4-dihydrooxazines, not
shown) is depicted in Scheme 11. It would start with the initial formation of the
electrophilic vinyl ruthenium carbene intermediate II that undergoes a nucleophilic
attack of the carbonyl to afford the zwitterionic intermediate III. The diastereose-
lectivity of the process could be rationalized if the nucleophilic attack of the car-
bonyl takes place through the more stable chair-like conformer of the ruthenium
carbene IIa with all the substituents in equatorial position. Final deprotonation and
reprotonation of the C—Ru bond would afford the observed dihydropyran with
recovery of the catalytic species.
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Scheme 11 Proposed mechanism for the ruthenium-catalyzed heterocyclization of alkynals and
alkynones

4 Heterocyclizations via Vinyl Ruthenium Carbene
Intermediates from Ortho-(Alkynyloxy)Benzylamines

Other catalytic heterocyclizations have been achieved by trapping the in situ gen-
erated electrophilic vinyl ruthenium carbenes (obtained by treatment of catalytic
amounts of Cp*RuCI(cod) with w-alkynyl benzylamines and (trimethylsilyl)dia-
zomethane) with N-nucleophiles from benzylamine derivatives. Indeed, ruthenium-
catalyzed intramolecular heterocyclization of ortho-(alkynyloxy)benzylamines gave
rise to 2,2-disubstituted dihydro-1,3-benzoxazines, which would involve a nucle-
ophilic attack of the amine to the in situ generated vinyl ruthenium carbene inter-
mediate followed by a skeletal rearrangement (Scheme 12) [45]. The presence of
the oxygenated tether was crucial for the rearrangement since the corresponding
alkynyl benzylamine afforded the linear conjugated diene instead the cyclized
product (probably by B-hydrogen elimination from the vinyl ruthenium carbene
intermediate).

Substitution on the aromatic ring of benzylamines is well tolerated for this
transformation (Table 1). Both electron-donating and electron-withdrawing sub-
stituents are well accepted since the corresponding 1,3-benzoxazines were obtained
in reasonably good yields being slightly better for electron-poor aromatic rings. On
the other hand, functionalized halo-1,3-benzoxazines could be easily prepared using
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Scheme 12 Ruthenium-catalyzed reactions of C- and O-tethered ortho-alkynylbenzylamines

Table 1 Ruthenium-catalyzed heterocyclization of aryl substituted ortho-(alkynyloxy)-benzyla-
mines to 1,3-benzoxazines

Bn

R B H/ Cp*RuCl(cod) (5 mol %) iy 2 N/slz
RPN N,CHTMS T O)i_/TMS
—\ Et,0 —

T e O, T,

55% 58% X = Br81%
X =Cl73%
/©f\ TMS ©\/\ % : /E/TMS
)L/ /E/TMS
52% 70% 0%

this methodology, which facilitates other functionalizations by further manipula-
tions, with the exception of the ortho bromo substituted 1,3-benzoxazines due, most
probably, to steric reasons.

Ortho-(Alkynyloxy)benzylamines bearing alkynyl substituents also cyclized to
give the corresponding 1,3-benzoxazines in fairly good yields, although longer
reaction times, high catalyst loadings and/or heating to 65 °C was necessary to
proceed (Scheme 13).

Primary and secondary alkyl substituted benzylamines such as propyl and
cyclohexyl are well tolerated and gave rise to the corresponding 1,3-benzoxazines
in good yields. In the case of the N-allyl substituted benzylamine, the recovery of
the allyl group intact seems to indicate that polar nucleophile/electrophile interac-
tions dominate the reactivity of the putative carbene intermediate (Scheme 14).
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Scheme 13 Ruthenium-catalyzed heterocyclization of alkynyl substituted ortho-(alkynyloxy)-
benzylamines to 1,3-benzoxazines
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Scheme 14 Ruthenium-catalyzed heterocyclization of N-substituted ortho-(alkynyloxy)-benzy-
lamines to 1,3-benzoxazines
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R'=H, R? = Me, R® = Me; 28%

Scheme 15 Ruthenium-catalyzed heterocyclization of propargyl substituted ortho-(alkynyloxy)-
benzylamines to 1,3-benzoxazines

The reaction also tolerates substrates substituted at the propargylic position.
When the ortho-(alkynyloxy)benzylamine bears one methyl substituent at the
propargylic position, the rearranged 2-ethyl substituted 1,3-benzoxazine was
obtained in moderate yield. Similarly, when the ortho-(alkynyloxy)benzylamine
bears two methyl substituents at the propargylic position, the rearranged
2-isopropyl substituted 1,3-benzoxazine was obtained in low yield (Scheme 15).

The proposed mechanism would start with the smooth formation of the vinyl
ruthenium intermediate II, in which the nitrogen lone pair might coordinate to the
ruthenium to give the 18 e~ complex. Then, nucleophilic attack of the nitrogen to
the electrophilic ruthenium carbene would afford the zwitterionic species III which
could evolve by ring opening (phenoxide as good leaving group) to a transient
enamine IV with recovery of catalytic species I. Finally, iminium formation from
IV is trapped with the phenoxide to afford the final 1,3-benzoxazine (Scheme 16).
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Scheme 16 Proposed mechanism for the ruthenium-catalyzed heterocyclization of
ortho-(alkynyloxy)benzylamines to 1,3-benzoxazines

S DEFT Studies of the TMS-Substituted Vinyl Ruthenium
Carbenes: Formation and Stereoselective Cyclizations

In all the previous transformations, the geometry of the double bond (stereoselec-
tivity) of the in situ generated vinyl carbene intermediate and the final product
seems to be dependent of the type of cyclization (type of mechanism), being
E configuration in the case of the [l,n]-hydride transfer/cyclization and
Z configuration for the oxygen and nitrogen nucleophilic trap of the electrophilic
carbene. An early explanation for the origin of the stereoselectivity derives from the
assumption of formation of the vinyl ruthenium carbene during the electrocyclic
opening of ruthenacyclobutene (Scheme 1), in which the Cp” and Y groups should
be anti to avoid unfavorable steric interactions. If Y = SiMes, strong attractive
interactions should be established between SiMe; and Cl groups forcing a
favourable Z configuration after ring-opening. On the other hand, if Y # SiMe;
steric hindrance should be the major driving force for the torquoselectivity deliv-
ering favourable E-configuration of the double bond (Scheme 17) [28].

To clarify this early assumptions for the formation of vinyl ruthenium carbenes,
we carried out DFT calculations for the [1,n]-hydride transfer/cyclization
(Scheme 18) [46]. The calculations showed the presence of three conformers in
equilibria for the initial ruthenium carbene complex coordinated to the alkyne:



100 D. Padin et al.

Al ér o

cl cl

COzEt Y Me,Si
Z~OFEt

S|M93

Scheme 17 Z- and E-vinyl ruthenium carbenes by ring-opening of ruthenacyclobutenes
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Scheme 18 Free energy profile for the conformational analysis of ruthenium carbene, formation
of D, E and isomerization of D to F for the [1,5]-hydrogen migration/cyclization of alkynylacetals
using the B3ALYP-D3/LANL2DZ for Ru and 6-311++G(d,p) for all other atoms, SCRF using SMD
model (diethyl ether). Energies are relative to A and are mass balanced

(a) the more stable conformer A, with the hydrogen pointing to the Cp” ring, and
(b) two less stable conformers B and C, with the TMS group pointing to the Cp"
ring backwards and forward, respectively.

This initial ruthenium carbene complex can evolve either to the Z- or E- vinyl
ruthenium carbene species D and E, respectively, through transition states separated
by 2.8 kcal mol™! that favor the formation of Z isomer D. The most favorable
pathway for the [1,5]-hydrogen transfer/cyclization process involved the initial
isomerization of Z isomer D to the E isomer F, distinct stereoisomer of E, through
ruthenacyclobutene intermediate G, which could explain the E geometry of the
vinyl substituents of the final products in these transformations.

For the cases of vinyl ruthenium carbene intermediates that undergo nucleophilic
attack either by an oxygenated (alkynals and alkynones) or nitrogenated
(ortho-(alkynyloxy)benzylamines) nucleophile, the most favorable pathway would
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Scheme 19 New modes of catalytic cyclizations from vinyl ruthenium carbene intermediates

start from intermediates of type D without isomerization, which would explain the
formation of the final products bearing vinyl substituents with Z geometry.

6 Conclusions

In summary, it has been described new modes of catalytic cyclizations from the in situ
generated vinyl ruthenium carbene intermediates by the intramolecular nucleophilic
attack to the carbene (Scheme 19). Complex spiro and fused bicyclic structures can be
obtained by an intramolecular neutral/redox process which involves a mild formation
of catalytic vinylic ruthenium carbenes from alkynyl acetals, ethers and amines which
behave as hydride acceptors.

On the other hand, trapping the in situ generated catalytic vinyl ruthenium
carbenes with carbonyl nucleophiles allowed the synthesis of valuable 2-vinyl
dihydropyrans.

Finally, trapping the catalytic vinyl ruthenium carbenes with nitrogen nucleophiles
generated from alkynyloxybenzylamines afforded the rearranged 2,2-disubstituted
1,3-benzoxazines.
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Radical-Based Late Stage C-H
Functionalization of Heteroaromatics
in Drug Discovery

Yuta Fujiwara and Phil S. Baran

Abstract The development of the radical-based C-H functionalization of
heteroaromatics is in demand, since it can directly introduce medicinally important
functionalities (Me, CFj3, etc.) to druggable compounds during the late stage of
synthesis. Classical methods using alkyl carboxylic acids and alkyl halides as a
radical precursor have been reported, however, they are still under development
regarding the reaction conditions and the substrate scope. These drawbacks inspired
us to invent two radical-based C—H functionalization methods. The first topic
covers the C—H alkylation and arylation using boronic acids as a radical precursor,
while the latter covers the C—H alkylation using sulfinate salts as a radical pre-
cursor. Additionally, new reagents for the C—H functionalization were invented
during the course of these studies. Under ambient conditions using inexpensive
reagents and simple procedures, our methods can supply a rapid access to complex
molecules which are difficult to prepare by traditional methods. Due to these fea-
tures and the growing demand for the late stage functionalization in drug discovery,
our strategies have already been utilized by Pfizer and Sigma-Aldrich.

Keywords Late stage functionalization - C-H functionalization
Trifluoromethylation - Langlois salt - Minisci reaction - Sulfinate

Y. Fujiwara (D<)

Department of Medicinal Chemistry, Meiji Seika Pharma Co., Ltd.,
760 Morooka-Cho, Yokohama-shi, Kanagawa 222-8567, Japan
e-mail: yuuta.fujiwara@meiji.com

P.S. Baran

Department of Chemistry and Chemical Biology, The Scripps Research Institute,
10550 North Torrey Pines Rd, La Jolla, CA 92037, USA

e-mail: pbaran@scripps.edu

© Springer Nature Singapore Pte Ltd. 2017 103
K. Tomioka et al. (eds.), New Horizons of Process Chemistry,
DOI 10.1007/978-981-10-3421-3_8



104 Y. Fujiwara and P.S. Baran

1 Introduction

With the progress in C—H functionalization, late stage functionalization (LSF) has
become a powerful tool in drug discovery [1]. It can directly introduce small
functionalities, such as a methyl group, to a pharmacophore and efficiently provide
important information about structure-activity relationships (SAR), structure-
property relationships (SPR), and absorption-distribution-metabolism-excretion
(ADME), while traditional methods usually require multi-step syntheses to obtain
them. It can also be useful for the preparation of radiolabelled molecules and
large-scale synthesis in process chemistry to prepare drug candidates for preclinical
safety studies using higher animal models.

The radical-based C—H functionalization of heteroaromatics is undeveloped,
fruitful, and basic research for the LSF of druggable molecules, because their motifs
are found in many pharmaceuticals. To demonstrate the potential of this method-
ology, we began with the synthesis of irinotecan. The radical-based C-H ethylation
of a complex natural product was designed as the key step in the synthesis
(Scheme 1a) [2]. Chemists developed this radical-based strategy in 1991, but this
field has not been well-studied. Rapid progress has come to this field. In 2012,
MacMillan reported C-H trifluoromethylation using trifluoromethanesulfonyl
chlorides as a radical precursor with visible light and photoredox catalysts [3].

(@) "

Camptothecin
(Natural product) -

H,0,, TFA
then, hv, HSO,4

Irinotecan )
(Anticancer)

NH NH
‘/\ Ir catalyst N ‘/\
o M Ir catalyst

O§S/N Oy N r catalys O%S/N

- O/OW( 043 thiol catlyst o7
N Et N MeoH N

N| N| TSOH, DMSO N|
Z A Blue LEDs, 23 °C Z
o o

Et 56% Fasudil Me 82%

(Vasodilator)

Scheme 1 Applications of radical-based C-H alkylation to pharmaceuticals
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Under similar conditions, the alkyl peroxide-mediated C—H alkylation [4] and alkyl
alcohol-mediated C-H alkylation [5] have been reported. They cover the C-H
functionalization of complex pharmaceuticals, such as atorvastatin and fasudil
(Scheme 1b), and highlighted that a radical-based C—H functionalization would be
a powerful tool in drug discovery.

In this report, we describe the development of two radical-based C-H func-
tionalization methods. The first topic covers the C—H alkylation and arylation using
boronic acids as a radical precursor. The latter covers the C-H alkylation using
sulfinate salts as a radical precursor.

2 C-H Functionalization with Aryl/Alkylboronic Acids

2.1 Direct C-H Arylation of Heteroaromatics
with Arylboronic Acids

The introduction of aryl groups to heteroaromatics is widely employed in various
scientific fields, such as natural product synthesis and drug discovery. General
access to arylated heteroaromatics is the Pd-catalyzed cross coupling, such as the
Suzuki coupling [6]. Recently, the transition metal catalyzed (Pd, Rh, Ni, etc.)
direct C-H arylation methods for heteroaromatics have been reported [7]. On the
other hand, the radical-based C—H functionalization is an underdeveloped area, and
the mild protocol for the generation of aryl radicals is unknown.

Due to these drawbacks (Fig. 1) and our recent studies regarding the silver
catalyzed regioselective oxidation, highly complex alkaloids, such as palau’amine,
we designed a C-H arylation which is based on the Ag-catalyzed addition of
radicals to heteroaromatics (Minisci reaction) [8]. A classical method can generate
an alkyl or acyl radical through the oxidative decarboxylation of the corresponding
carboxylic acids, while our first approach for the generation of an aryl radical using
benzoic acid failed. We then postulated that arylboronic acid could be a significant
radical precursor. Based on the report for the C—H arylation under the Mn(OAc)s-
mediated C—H functionalization of electron-rich heteroaromatics [9], the homolytic
cleavage of the C—B bond could be induced in a manner similar to decarboxylation.
Actually, the C-H arylation using arylboronic acids worked even at room tem-
perature (rt) (Scheme 2a) [10]. The procedure is very simple. To a stirred solution
of the in situ generated heteroaromatics/trifluoroacetic acid (TFA) salt (1 eq) and
arylboronic acid (1.5 eq) in dichloromethane (DCM)/H,O (1:1 v:v) were added
silver nitrate (AgNOj3) and potassium persulfate (K;S,Og) at rt. The reaction
mixture was stirred at rt for 3—-12 h. An inert atmosphere or purification of
solvents/reagents is not necessary. These features [simplicity of procedure, mild
conditions, inexpensive reagents (AgNO; ca. 1 $/g, K,S,05 ca. 1 cent/g), solvents,
and scalability] indicated the potential of this reaction in process chemistry. In
addition, it can also be a powerful tool in medicinal chemistry. The reaction
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Fig. 1 Overview of the synthesis of arylated electron-deficient heteroaromatics

displayed a broad scope with respect to both heteroaromatics and arylboronic acids
and functional group tolerance, although the regioselectivities and yields are
insufficient. The most notable example of this reaction is the direct C—H arylation of
complex druggable molecules (Scheme 2b). These results display the utility of this
reaction in the LSF, because multisteps, which involve prefunctionalization, such as
halogenation, are generally required for the synthesis of these products.

The proposed mechanism can be explained in a manner similar to the Minisci
reaction (Fig. 2). In the presence of a silver (I) salt, the persulfate anion is cleaved
into the sulfate dianion and sulfate radical anion. This radical can react with boronic

(a)

Ar: Me
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K3S,04 (3-6 eq)

R
"\N/ Dichloromethane/H,0, rt
4 N
N F
N Ar N
o
58% 30% 52%

(C3: C4=1:3)

46% 51%

~
R Ar
7
N
Het Het

45%

Ph CN
D o D 0
Het Het Het Het

60%

42% 47% 33%

Scheme 2 Scope of the coupling of arylboronic acids to heteroaromatics
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Fig. 2 Proposed mechanism for the direct C—H arylation

acid and provide the aryl radical [11, 12]. It is probable that this aryl radical reacts
with protonated heterocycles A to form the radical cation B, which is reoxidized by
silver (I), producing the desired product C and regenerating the silver (I) catalyst.
This hypothesis led us to investigate new substrates which have a high capacity to
receive radicals.

2.2 C-H Functionalization of Quinones
with Aryl/Alkylboronic Acids

The quinone moiety, which possesses electron and proton transfer properties, is
found in various chemicals, such as natural products and medicines [13, 14].
Among them, arylated quinones are useful in photosynthesis and the dye industry
due to their unique visual and electronic properties [15, 16]. However, the elec-
tronic properties make their synthesis difficult in the case of the addition of orga-
nometallics, Heck coupling and prehalogenation followed by a palladium-catalyzed
cross coupling. In the case of the radical-based C—H functionalization, conventional
methods require unstable and explosive aryldiazonium salts, which are difficult to
prepare. Therefore, a practical method for the direct access to arylated quinones is
in demand.

Based on the proposed mechanism for the radical-based C—H arylation of
heteroaromatics using arylboronic acids and the inherent reactivity of quinones to
radicals, it was assumed that our method could be applicable to the direct arylation
of quinones. This prediction was verified when quinones were exposed to aryl-
boronic acids (1.5 eq) with the combination of AgNO; (0.2 eq) and K,S,0¢ (3 eq)
in a DCM/H,0 solvent system (the use of o,o,0-trifluorotoluene as an organic
solvent significantly improved the efficiency when multi-functionalized quinones
were employed as the substrate). Almost all the reactions were completed within
24 h at rt without bis-arylation and O-arylation, and the arylated quinones were
obtained with good yields after purification (Scheme 3a) [17].
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Scheme 3 C-H arylation/alkylation of quinones using boronic acids

In addition, this reaction displayed several features which were different from the
C-H arylation of heteroaromatics. First, the trifluoroborates (Molandar salts) are
applicable as a radical precursor. Second, the organic solvent of the biphasic solvent
system can be omitted. The desired products were obtained in quantitative yield in
both cases (Scheme 3b). The most notable feature is shown in Scheme 3c. Several
alkylboronic acids and the trifluoroborate of farnesol provided the desired products
in decent to fair yields. Unfortunately, the benzyl, vinyl and zerz-butyl boronic acids
failed to give the desired products. These results led us to design the divergent
synthesis of natural products which have a quinone or hydroquinone unit in their
structure.
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2.3 Divergent Synthesis of Meroterpenoids Using Radical
Based C-H Alkylation

Quinone or hydroquinone units are found in many terpenoids [18-20]. These
natural products have attracted much attention because of their structural diversity
and biological activity for anti-fungal, anti-cancer and anti-HIV [21-23]. Despite
these important biological activities, traditional synthesis requires more than 12
steps due to the use of protecting groups and subsequent redox manipulations.
Therefore, a quick approach to these natural products is in demand. As shown in
Scheme 4a, it was proposed that the direct coupling of a terpenoid donor with a
non-terpenoid donor could minimize the reliance on concession steps. Based on the
results of the C—H alkylation of quinones, the non-terpenoid donor would be
derived from 1,4-benzoquinone, and the terpenoid donor would be derived from the
alkyl radical precursor.

Based on this hypothesis, the radical-based C-H alkylation using
1,4-benzoquinone and various radical precursors was investigated. Our first
approaches using a variety of radical precursor, such as carboxylic acids, iodides,
and trifluoroborates which were derived from (+)-sclareolide, failed. However, it
was found that the use of only trifluoroborates as a radical precursor gave the
interesting byproduct, (+)-yahazunone, in 10-20% yield. Furthermore, the use of
borono-sclareolide, 5 eq of an oxidant and degassing of the reaction gave
(+)-chromazonarol in an improved 60% yield on a gram-scale (Scheme 4b).

@ o

(b) oH

1,4-benzoquinone
AgNO;/K;S,04

PhCF3/H;0, 60 °C

borono-sclareolide (+)-chromazonarol (+)-yahazunone
(ca. 60% overall yield over 5 steps 60% not observed
from (+)-sclareclide [ca. 5%/g])

Scheme 4 A global approach to meroterpenoids utilizing borono-sclareolide
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This radical precursor was prepared in an ca. 60% overall yield from
(+)-sclareolide (ca. $5/g) in 5 steps. Including the above transformation,
borono-sclareolide displayed the ability as a divergent intermediate to rapidly
access 10 meroterpenoids: (+)-chromazonarol (6 steps, 34% overall yield),
(—)-isozonarol and (—)-zonarol (7 steps, 25% overall yield), (—)-yahazunone
(7 steps, 29% overall yield), (+)-yahazunol (8 steps, 26% overall yield),
(—)-zonarone and (—)-isozonarone (8 steps, 24% overall yield), (+)-8-epi-puupe-
hedione (9 steps, 8% overall yield), the formal synthesis of (—)-pelorol (11 steps,
8.5% overall yield), and synthesis of (+)-dictyvaric acid (7 steps, 33% overall
yield); (Scheme 5) [24].

(-)-zonarol

(+)-yahazunone (+)-chromazonarol 8-epi-puupehedione

(+)-yahazunol (-)-zonarone (-)-isozonarone

Scheme S Divergent synthesis of meroterpenoids via (+)-chromazonarol
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3 C-H Functionalization with Sodium/Zinc Alkyl
Sulfinates

3.1 Radical-Based C-H Trifluoromethylation
of Heteroaromatics

The introduction of the trifluoromethyl group to heteroaromatics is becoming a
powerful tool in the development of pharmaceuticals, agrochemicals, liquid crystals,
dyes, and polymers, because it can easily modify the chemical space, molecular
weight, lipid solubility, electron density, etc. [25-30]. Due to these drawbacks, a
practical and rapid introduction of the trifluoromethyl group is desirable and some
elegant methodologies have been reported [31-38]. Among them, the direct C-H
trifluoromethylation of heteroaromatics is an undeveloped area in spite of their high
potential for drug development. These drawbacks and radical-based C—H alkylation
and arylation using boronic acids led our attention on the radical based C-H
trifluoromethylation of heteroaromatics. Unfortunately, the reaction with KF;B—CF;
or K(OMe);B-CF; as a radical source failed for the trifluoromethylation of pyridine
derivatives although the use of boronic acids or trifluoroborates was supposed to be
important as the trifluoromethyl radical source. Over 500 reactions using various
trifluoromethylation reagents, oxidants, Lewis acids and solvents, revealed that
only the use of trifluoromethanesulfinate (Langlois salt) gave desired the
trifluoromethylated product. This result was surprising to us because Langlois’s
pioneering studies covered the trifluoromethylation of electron rich substrates, such
as anisole, anilines and enol, due to their electrophilic nature [39, 40]. Further
investigation revealed that the use of Langlois salt, an aqueous solution of /BuOOH
(TBHP), and the two-phase solvent system of CH,Cl, and H,O gave the desired
product with an acceptable yield. Using these standard conditions, various hetero-
cycles were directly trifluoromethylated at room temperature (Scheme 6) [41].
A second addition of the Langlois salt and TBHP drove the reaction toward com-
pletion when the conversion was exceptionally low. In contrast, the reaction for a
highly reactive substrate, such as caffeine and uracil, could even be carried out under
purely aqueous conditions without an organic workup. Solvent effects play a sig-
nificant role in not only the conversion, but also the regioselectivity. In the case of
4-acetyl pyridine, a complete reversal in regioselectivity was observed by substi-
tuting dimethysulfoxide (DMSO) for DCM [42].

The combination of previous studies with our experimental results allowed for a
putative mechanism to be proposed (Fig. 3). The tert-butoxy radical, presumably
generated from trace metals, which contaminate the Langlois salt (in the Langlois
salt, many kinds of metals, such as Fe and Zn, were detected by a trace metal
analysis), reacts with CF3SO, to provide CF;SO,-. This transient intermediate
disproportionates, releasing SO, and CF3- (CF; radical was detected in situ EPR
studies of Langlois salt and TBHP in aqueous solution). The fate of the inherently
reactive CF; radical after its generation can follow many pathways. The productive
pathway involves capture of the CF; radical with Ar—H, followed by reoxidation to
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NaSO,CF; (3-6 eq)

| H} tBUOOH (5-10 eq) - F
- - Dichloromethane/H,0, rt 3C

o o
/ CN
N N 4
0)\ Wil N D D
N N N N Z
| - N
84% 67% (C2:C3=2.6:1) 529 (C2:C3= 2:1)

(gram scale) 60% (C2:C3= 1:5)* 46% (C2:C3= 1:2.5)*

70% (C4:C5= 2.3:1)

CF;-caffeine
0o
F,;C 5
3 NH N OH
| X
/Ko HN
N
H N/ 2 -~
90% 50% (C2:C5= 1:4) Fs;C N
(gram scale) 449
CF3-uracil CF;-varenicline CF3-Quinione

*The reaction was performed in DMSO/H,0.

Scheme 6 C-H trifluoromethylation of heteroaromatics using Langlois salt

Ar—CF;, concomitantly generating another molecule of the tert-butoxy radical. Two
competitive pathways give two undesired byproducts. Abstraction of a hydrogen
atom yields CF3H (observed by '"F-NMR). Alternatively, the reaction with iso-
butene, which is generated from TBHP followed by the reaction with an arene,
leads to an alkyltrifluoromethyl byproduct, such as A in Fig. 3 (confirmed by
'H-NMR and MS).

metal . CF3S0,
tBUOOH ———  {BuO

tBuOOH

N e \ solvent
Ol | o
N cF, N~ CF, ) Detected by  Detected by
ESR 3 19F NMR

®

N

N

Confirmed%ﬁ <_‘); )\/CF;, <—/K ﬁ tBuo’
HO®

by 'H NMR and MS A

tBuO *+ SO,

Fig. 3 Proposed mechanism for the C—H trifluoromethylation
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These surprising reactivities of the Langlois salt and the proposed mechanism
encouraged us to investigate the utility of sulfinates on the C—H functionalization of
heteroaromatics. Fortunately, no paper had been published about the
sulfinate-mediated C-H functionalization except for Langlois’s report when we
started this project.

3.2 Direct and Practical C-H Difluoromethylation Using
Zn(SOZCFzH)Z

Heteroaromatics are found in a large number of pharmaceuticals, natural products,
agrochemicals, etc. Direct introduction of a small functional group, such as CF;
[25-30] or the Me [43] group, to them can extremely simplify their synthesis or
modification because traditional access to functionalized heteroaromatics requires
pre-functionalization. Due to these drawbacks and the proposed mechanism of the
C-H trifluoromethylation, we designed new C—H functionalization methods with
various sulfinate salts. Our idea begins with the estimation of the radical precursors
based on the bond dissociation energy (BDE) (Fig. 4).

In contrast to their more widely available relatives, carboxylic acids, sulfinates
have a significantly weaker energy barrier for homolysis leading to radicals. This
relatively weak C—S bond in sulfinates makes them ideal radical precursors as
compared to carboxylic acids, which often require strong oxidants, heat, light and
specialized transition-metal catalysis. Actually, trifluoroacetic acid or its salt did not
act as the CFj; radical precursor under mild reaction conditions, while the use of the
Langlois salt enabled the radical-based C—H trifluoromethylation.

As a starting point to demonstrate our hypothesis for the invention of a new
toolkit for the C—H functionalization of heteroaromatics, the sulfinate-mediated
C-H difluoromethylation was chosen because the seemingly simple extension of
the C-H trifluoromethylation using the Langlois salt allows us to smoothly carry
out the research.

Our approach started from the synthesis of various difluoromethane sulfinates,
because it was assumed that the metal counteraction could make a difference in the
reactivity. After several strategies to prepare them, difluoromethane sulfonyl
chloride was recognized as a convenient and commercially available starting point

(o} OH (o}
! ! !
R" MH R7 TOH R oH
Carboxylic Boronic Sulfinic
. . acid acid acid
Bond dissociation .
energy 83 kcal mol™' 90 kcal mol”! 65 kcal mol-!

Fig. 4 Bond dissociation energy of various radical precursors
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Zn(SO,CF,H), (2-4 eq)
N tBUOOH (3-6 eq)
H_l Het > HF,C
A Dichloromethane/H,0, rt 2

(o]
)\)5: Ve CFH Y > CFH QCFZH
T 2 MeO,C
62%
73% (gram scale) 65% 40% (C4:C5= 4:1)
CF,H-caffeine
CO,Et
CFH j\ HF,C
[ /: ¢ CF,H
CF,H 2 N CEH ©
% 40% 0,
69% 50% 66% 2%

CF,H-varenicline

Scheme 7 C-H difluoromethylation using DFMS

for the synthesis of various difluoromethane sulfinates. Among the prepared salts,
Zn(SO,CF,H), (DFMS) gave 100% conversion and good yield of the C-H
difluoromethylation of caffeine. In addition, many heteroaromatics displayed a good
reactivity toward DFMS under standard conditions using TBHP in a DCM/H,0
solvent system (Scheme 7) [44]. In a manner similar to the C—H trifluoromethy-
lation with the Langlois salt, a second addition of DFMS and TBHP drove the
reaction toward completion, and substituting DMSO for DCM as the organic sol-
vent gave a significant reversal in regioselectivity. However, this reaction has two
different properties regarding the regioselectivity and the substrate scope from the
C-H trifluoromethylation. First, the reaction takes place at an electron deficient
position. In the case of varenicline and dihydroquinine, the C-H trifluoromethy-
lation mainly takes place at the electron rich position, while the C-H
difluoromethylation occurs at an electron deficient position with high selectivity.
These results suggest that the difluoromethyl radical can act as nucleophilic radical.
Regarding the substrate scope, not only heteroaromatics, but also the S—H bond of
an aromatic thiol and double bond of «,f-unsaturated enones are reactive.

3.3 Direct and Practical C-H Alkylation Using Various
Zinc Sulfinates

The sulfinate-mediated C—H trifluoromethylation and difluoromethylation aroused
interest in the direct introduction of other medicinally-important functionalities. In a
manner similar to DFMS, alkylsulfonyl chlorides are a convenient starting point of
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X X
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= solvent/H,0, rt-50 °C %
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Scheme 8 C-H alkylation of heteroaromatics using zinc sulfinates

various alkylsulfinates. They were easily prepared by only the zinc-mediated
reduction in water, and the C-H alkylation and C-H fluoroalkylation of
heteroaromatics using them are then performed. The desired functionalization
proceeded in various solvents under mild conditions although the yields depended
on the solvents (Scheme 8) [45].

These results demonstrated the power of our sulfinate reagents on the C-H
functionalization, and the increasing commercial demand for alkylsulfinates led us
to establish new synthetic methods of the sulfinates [46—49]. As shown in
Scheme 9, various alkylsulfinates have been prepared by several methods. They are
usually free flowing and bench-stable powder. Additionally, the stability at room
temperature and in air allows us to run the reactions in air and an aqueous solvent

z
R—S0,CI H—';> Zn(SO4R), » 2H;0 + 2ZnCly
2

o 1)(COCI)2 \"/ visible ||ght N 1)RuCl
4>
RJ\OH 2) NaO. ):j T Et0Ac i _J T2yNaoet T k> ona
S

=O

0\\ P Zn, (CH,Br), o\ L
s pr TMSCI XX s Jan
pi’ THF, 40 °C, pr’ N o
then SO, 2

Scheme 9 General procedures to prepare sulfinates
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Scheme 10 Direct C-H functionalization of pharmaceuticals using sulfinates

system with extreme operational ease (No special tools, such as a glove box, and no
dehydrated/deoxidized solvents are required). Twenty sulfinates are now com-
mercially available from Aldrich.

Diversification of the sulfinates enabled us to expand this sulfinate chemistry
into other scientific studies such as the prediction of drug metabolism [50], the
preparation of drug-antibody conjugates [51] and electrochemistry [52].

3.4 Power of Alkylsulfinates-Mediated C—-H
Functionalization in Drug Discovery

From the view point of drug discovery, perhaps this topic covers the most intriguing
applications of our methods. First, to demonstrate the power of our method as the

o o /
N N/ Zn(SO3R), or NaSO,R N
N | > tBuOOH N | > R
)\ / organic solvent/H,0 )\ N/
0” N N o T

| rt-90 °C

R: @
o o OO

$—chF $—cHyCl -;J\CF?, §7<\/\/\/ NS,%_/\O/\/O\/\O/

F F

Scheme 11 Diversification of caffeine using sulfinates
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LSF strategy, the C—H functionalization of complex molecules was performed
(Scheme 10). With one-step and a simple procedure, various natural products and
pharmaceuticals were functionalized under ambient conditions, although the yield
and regioselectivity should be improved [41, 44, 45, 47-49].

In addition, the diversification of commercially-available sulfinates enables us to
quickly collect information about SAR, SPR, ADME, etc. In the case of caffeine,
our methods can provide over nineteen derivatives within several days
(Scheme 11).

These results demonstrate that our methods can accelerate drug discovery for
both the lead identification and the lead optimization.

Features of our methods about reducing the pre-functionalization step, the
simple protocol and inexpensive reagents (starting material, radical source, oxidant
and solvent) will likely render them useful tools in process chemistry [53, 54]. As
shown in Scheme 12, the conventional routes to A, B, C and D involve 6-step,
5-step, 3-step and S-step sequences, respectively [55-57]. Additionally, they
sometimes require the use of a hazardous reagent, such as DAST, KCN and dia-
zomethane, which should be avoided in process chemistry, and result in a low

Conventional route cl cl Our route
DFMS
O 6 steps A tBuOOH \
= 1 step, 51% Z
HF,C~ N N~ HCI
3500 $/g 1.1 $/g
Conventional route
X Suzuki coupling
| 4 steps 3% yleld
Br N/ use of CH,N,
Our route FaC SO:Na FaG
L 2 ; BPin
| tBuOOH F
Z 90°C, 1h 3 Pd (0) cat, B
¢ isolated 2-Br-5-CN-pyridine
59 $/g notisolated 4ne-pot, 37% yield
Conventional route Our route
N Ac CF,Me N
A
I j/ 3 steps Ji j/ _ NaSOiCFMe /[ j
HO,C N/ 11% 1 step, 55% HO,C N/
Conventional route Our route
5 steps NaSO,CF,Me

9%

Io
EtO’ (o]

SO

R OO

Scheme 12 Comparison of conventional and C-H functionalization route

1 step, 95%
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overall yield. In contrast, our methods directly provide A, B, C and D from
commercially-available inexpensive starting materials with significant improvement
in the overall yields (51, 37, 55, and 95%, respectively) [45, 47, 49], and represent
ideal syntheses [58].

4 Summary

In summary, new methods and reagents, which enable the C—H functionalization of
medicinally-relevant heteroaromatics, have been invented. Our methods can
directly introduce medicinally-important functionalities, such as Me and CF3, under
ambient conditions, and displays a broad scope of substrates and high functional
group tolerance. Additionally, the simple protocol and inexpensive reagents make
them powerful tools for the LSF of druggable molecules in drug discovery. In fact,
our strategies have already been utilized at Pfizer and many alkylsulfinates are
commercially available from Sigma-Aldrich. With growing interest in the LSF
strategy for drug discovery, we anticipate their widespread application in the near
future.
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Magnetic Nanoparticle-Supported
Iodoarene Oxidative Catalysts and
Its Application to Phenol Oxidation

Hisanori Nambu, Ikumi Shimokawa, Tomoya Fujiwara
and Takayuki Yakura

Abstract Iodoarene oxidative catalysts immobilized on magnetite (Fe;0,) were
developed. The catalysts showed reactivities similar to that of 4-iodophenoxyacetic
acid for the oxidation of 4-alkoxyphenols in the presence of Oxone® as a
co-oxidant. In addition, they were easily recovered by the use of an external magnet
and could be recycled up to eight times. The oxidation of various 4-alkoxyphenols
with the catalyst proceeded smoothly at room temperature to give the corresponding
p-quinones in good to high yields. This is the first example of a magnetic
nanoparticle-supported iodoarene catalyst.

Keywords Hypervalent compounds - Magnetic properties - Nanoparticles -
Oxidation - Quinones

1 Introduction

Environmentally benign procedures are required for the production of pharma-
ceuticals, flavors and fragrances, and agrochemicals. Hypervalent iodine com-
pounds, trivalent iodine reagents such as phenyliodine(IIl) diacetate (PIDA) and
phenyliodine(II) bis(trifluoroacetate) (PIFA), and pentavalent iodine reagents such
as Dess—Martin periodinane (DMP) and o-iodoxybenzoic acid (IBX), have recently
received significant attention as efficient, useful, and non-metallic oxidants in
organic synthesis owing to their low toxicity, ready availability, and ease of han-
dling (Fig. 1) [1-3]. With respect to the principles of green chemistry, hypervalent
iodines are not ideal because stoichiometric amounts of iodine reagents are nec-
essary during oxidation to produce equimolar amounts of iodine waste.
Accordingly, many researchers have made efforts to overcome these disadvantages
by two approaches: (1) use of easily recoverable and recyclable iodine reagents,
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Fig. 2 Structures of recyclable hypervalent iodoarene reagents

(2) developing catalytic versions of hypervalent iodine oxidation. (1) Two types of
recyclable stoichiometric iodine reagents were reported, polymer-supported
reagents [3, 4] and nonpolymer ones such as 1,3,5,7-tetraphenyladamantane-
derived, [5] tetraphenylmethane-derived [6], ion-supported [7, 8], and fluorous [9,
10] compounds (Fig. 2). Although the polymer-supported reagents can be easily
recovered, they show much less reactive than the corresponding monomeric forms
owing to steric hindrance of the reactive sites. On the other hand, nonpolymeric
reagents show high reactivity, but they require solvent-choice. (2) Several
iodoarenes in combination with the appropriate co-oxidant were used in a catalytic
system based on in situ generation of hypervalent iodine species (Scheme 1) [11,
12]. m-Chloroperbenzoic acid (mCPBA) [13, 14], Oxone® (2KHSOs - KHSO, -
K,S0y) [15, 16], hydrogen peroxide [17], and peracetic acid [18] have been utilized
as a co-oxidant. Moreover, recoverable iodoarenes such as 1,3,5-triazine-derived
[19], ion-supported [20], and fluorous [21] compounds have been applied to cat-
alytic reactions (Fig. 3). We have also reported catalytic hypervalent iodine oxi-
dation of 4-alkoxyphenols 1 to p-quinones 2 using a catalytic amount of
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Scheme 1 Catalytic co-oxidant: mCPBA, Oxone®
oxidation with iodoarenes and H,0,, AcOOH
co-oxidants /\<
Arl (1ll)
or Arl (1)
Arl (V)

substrate / oxidized product

OTf '
| .,
+ mCPBA N
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“°N
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Fig. 3 Combination of recyclable iodoarene catalysts and co-oxidants
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OH (@]
kO kO
7 ’ R
R'/\ R'/
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1 2

Scheme 2 A catalytic hypervalent iodine oxidation of 4-alkoxyphenols 1 to p-quinones 2 using
4-iodophenoxyacetic acid (3) with Oxone®

4-iodophenoxyacetic acid (3) with Oxone® (Scheme 2) [22, 23]. This system needs
easier procedure to separate 3 from the reaction than that in other iodoarene catalyst
systems because of the high solubility of 3 in an alkaline solution. However, several
treatments of acid-base liquid separation are required to recover 3.

Magnetic nanoparticles have recently shown their efficiency as a core for catalyst
support [24, 25]. The catalytic reactivity of these supported catalysts is higher than
that of usual polymer-supported heterogeneous catalysts, and they show the com-
parable reactivity to homogeneous catalysts owing to a large surface area to volume
ratio. Therefore, they are often called “quasi-homogeneous catalysts”. Moreover,
they can be easily separated from the reaction by application of an external mag-
netic field, allowing simple separation of the catalysts without liquid separation and
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Scheme 3 Magnetite-supported hypervalent iodine reagent for alcohol oxidation reported by Zhu
and Wei

filtration. In 2012, Zhu and Wei introduced magnetite-supported reagent to
hypervalent iodine chemistry. They prepared magnetite-PIDA, which worked as a
co-oxidant in TEMPO oxidation of alcohols (Scheme 3) [26]. However, the cat-
alytic use of the reagent has not yet been accomplished. Very recently, we applied a
magnetic nanoparticle-supported catalyst system to hypervalent iodine oxidation to
develop easily recoverable and recyclable iodoarene catalysts for oxidation of
4-alkoxyphenols to p-quinones [27]. Here, we describe the details of the devel-
opment of magnetite-supported iodoarene catalysts.

2 Silica-Coated Magnetic Nanoparticle-Supported
Iodoarene Catalyst

We initially prepared a silica-coated iodoarene catalyst 4a as shown in Scheme 4.
The known silica-coated magnetite S [28] was obtained by coupling magnetite with
3-aminopropyltriethoxysilane, which acts as the linker to catalyst. Acylation of 5
with acid chloride 6 derived from 3 was used to combine the magnetic nanoparticles
and catalyst. Amidation of § with 6 was conducted in the presence of triethylamine
and 4-(N,N-dimethylamino)pyridine (DMAP) in dichloromethane to give 4a. The
organic loading of 4a was very low (0.087 mmol/g) as determined by elemental
analysis of iodine.

Catalyst 4a was evaluated for the oxidation of 4-methoxy-2-pivaloyloxy
methylphenol (1a) to p-quinone 2a by using our reported procedure [22, 23] for

__~ OFt Clﬁl/\og

|
Fe,O \sl' NH © 6 Fe,O 70\(3?'& H /©/
394 Si 3% Si
0 ~ 2 5 ~ \“/\O
(0]

Et,;N, DMAP

5 CH,Cl,, 1t, 4 h 4a

Scheme 4 Synthesis of magnetic nanoparticle-supported iodoarene catalyst 4a
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Table 1 Recyclability of 4a for the oxidation of 1a

OH o (10 mol%)
OJ\’< Oxone® (1 eq) J\’<
solvent gﬂﬂ
room temperature

OMe 1a
Cycle Solvent Time (h) Yield (%) Recovery of 4a (%)
1 CF;CH,0OH/H,0 (1:2) 1.5 84 93
2 CF;CH,0OH/H,0 (1:2) 4.5 82 96
3 CF;CH,OH/H,0 (1:2) 8 68° 97
1 CF;CH,OH/buffer* (1:2) 2 91 98
2 CF;CH,OH/buffer® (1:2) 4 91 100
3 CF;CH,OH/buffer® (1:2) 8 91 100
4 CF;CH,OH/buffer® (1:2) 24 80 100

“Buffer: 0.1 M phosphate buffer solution
"Unknown by-product was isolated

3 (Table 1). When 1a was treated with 10 mol% of catalyst 4a in the presence of
Oxone® (1 eq) in CF;CH,OH-H,O (1:2) at room temperature, the reaction was
completed within 1.5 h to give the corresponding p-quinones 2a in 84% yield. The
magnetic catalyst 4a was rapidly collected in 93% yield by application of an
external magnet, washed with EtOAc, H,O, acetone and Et,0, and dried to recover
and reuse. The recovered 4a was used again to oxidize 1a under the same condi-
tions to give 2a in 82% yield with recovery of 4a in 96% yield, although the
reaction required a longer time of 4.5 h for completion. The catalytic reactivity of
4a in the third use was poor and gave 68% yield of 2a with a significant amount of
unknown by-product after 8.0 h. These results indicate that 4a decomposes under
these conditions and that pure 4a could not be recovered by our hands. Next, we
investigated the use of 0.1 M phosphate buffer instead of H,O to avoid the strong
acidic conditions caused by the presence of Oxone®. The oxidation of 1a with 4a in
CF;CH,OH-0.1 M phosphate buffer (1:2) also proceeded smoothly at room tem-
perature to afford 2a in 91% yield after 2 h and recovery of 4a in 98% yield [29].
The reusability of 4a in CF;CH,OH-0.1 M phosphate buffer was examined again.
The reactivity of 4a gradually lowered, resulting in an increase in the reaction time.
The fourth use of 4a needed 24 h to complete the reaction.

3 Phosphonic Acid-Coated Magnetic
Nanoparticle-Supported Iodoarene Catalyst

Since Tucker-Schwartz and Garrell demonstrated that the phosphonic acid-coated
particles remain stable under the highly acidic oxidizing conditions [30], we syn-
thesized the phosphonic acid-anchored catalyst 4b as shown in Scheme 5.
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Scheme 5 Synthesis of magnetic nanoparticle-supported iodoarene catalyst 4b

Table 2 Recyclability of 4b for the oxidation of 1a in CF;CH,OH/buffer” (1:2)
OH o 0] 0]

4b (10 mol%)
OJ\’< Oxone® (1 eq) OJ\’<

CF4,CH,OH/bufferfal (1:2)

OMe 1a room temperature o) 2a
Cycle Time (h) Yield (%) Recovery of 4b (%)
1 4 80 98
2 4 81 97
3 5.5 80 98
4 7.5 82 96
5 8 82 96
6 11 81 99
7 15 78 96
8 24 71° 96

“Buffer: 0.1 M phosphate buffer solution
®Starting material 1a was recovered in 3% yield

1-Iodo-4-(prop-2-ynyloxy)benzene (7) [31] was prepared by propargylation of
4-iodophenol. Coupling of iodoarene 7 and known magnetite-supported
3-azidopropylphosphonate (8) [30], prepared by a three-step sequence from the
commercially available diethyl 3-bromopropylphosphonate, was accomplished by
treatment with CuSQOy via the “click” reaction to afford phosphonic acid-coated
catalyst 4b, whose organic loading (0.33 mmol/g) was much higher than that of 4a.

The reactivity of the catalyst 4b was tested for the oxidation of 1la to 2a in
CF;CH,OH-0.1 M phosphate buffer (1:2) (Table 2). The reaction with 4b was
completed within 4 h to give 2a in 80% yield. The catalyst 4b was also rapidly
collected by an external magnet and washed with EtOAc, H,O, acetone, and Et,0.
No signs of iodoarene catalyst could be detected in the crude reaction mixture,
obtained by concentration of the EtOAc solution, and the residues (<1 mg), obtained
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Table 3 Oxidation of 4-alkoxyphenols 1 using catalyst 4b*

Entry  Substrate Product Time (h) Yield (%)
OH (o}

o)
o)* i;ﬁo&
4 80 (98)°
OMe 1a 2a
o)

OH
1b:R=H 0.5 81 (96)®
1¢:R = Me 2 95 (93)®
1d: R = Et 3 93 (99)®

2b

011G

OH o)
5 @X (;X 25 73 (98)°
OMe 1e 2c
OH o)
6 @ﬁNs %ﬁﬁNs 25 68 (92)°
ome 1 2d
OH o)
OTBDPS
OMe 19 2e
OH o o 0
N
8 0 W 07y 75 (98)°
Me 1h 2f

OH O

IS PPN
9 0 i;ﬂo 4 76 (92)°
Me 1i 2g

“Reactions were conducted in CF;CH,OH/0.1 M phosphate buffer solution (1:2) at room
temperature

"Yields in parentheses were that of recovered catalyst 4b
°CF3CH,0H/0.1 M phosphate buffer solution (3:1) was used as a solvent

by concentration of acetone and Et,0 solutions, by 'H NMR spectroscopy. The
recovered catalyst 4b could be efficiently recycled up to eight times, although the
reaction times gradually increased [32, 33]. In all cases, 4b was recovered in over
96% yields. These results suggest that the phosphonic acid-coated catalyst 4b is
more stable than the silica-coated catalyst 4a under acidic conditions [34].



128 H. Nambu et al.

With the optimal conditions in Table 2, we next investigated the ability of our
synthesized catalyst 4b to oxidize other 4-alkoxyphenols bearing several sub-
stituents (Table 3). Simple hydroquinone (1b), 4-methoxyphenol (1c¢), and
4-ethoxyphenol (1d) were oxidized to p-benzoquinone (2b) in excellent yields
(entries 2—4). The reaction of the phenol 1e, possessing a bulky ferz-butyl group at
the C2 position, proceeded smoothly to give the corresponding quinone 2¢ in 73%
yield (entry 5). Azido and tert-butyldiphenylsilyloxy (TBDPSO) groups were tol-
erated under the oxidation conditions (entries 6 and 7), although the reaction of 1g
required changing the solvent to a 3:1 mixture of CF;CH,OH-0.1 M phosphate
buffer owing to its solubility (entry 7). The use of an ethyl ester 1h [35] led to good
product yield (75%, entry 8). This oxidation could be applied to the synthesis of
blattellaquinone (2g) [36], the sex pheromone of the German cockroach, Blattella
germanica, isolated in 2005 (entry 9). Oxidation of 1i under the standard conditions
afforded 2g in 76% yield. In all cases, the magnetic catalyst 4b could be recovered
by an external magnet in 86-99% yields.

4 Conclusion

Magnetic nanoparticle-supported catalysts 4a and 4b were easily synthesized as
magnetic iodoarene nanocatalysts and were evaluated for the oxidation of
4-alkoxyphenols 1 to p-quinones 2. Catalyst 4b could be recycled up to eight times
by simple magnetic separation. The oxidation of various 4-alkoxyphenols 1a—i with
4b proceeded smoothly at room temperature to give the corresponding p-quinones
2a—-g in good to high yields.

5 Experimental Procedure

Typical procedure for the oxidation of p-alkoxyphenols 1 using magnetic
nanoparticle-supported iodoarene catalyst 4b.

Magnetic nanoparticle-supported iodoarene catalyst 4b (121 mg, 0.04 mmol,
10 mol%) was added to a solution of p-alkoxyphenol 1 (0.40 mmol) and Oxone®
(246 mg, 0.40 mmol) in CF;CH,OH-0.1 M phosphate buffer (2.0 mL, 1:2). After
completion of the reaction (checked by TLC), the catalyst 4b was collected at the
bottom of the flask using an external magnet, and the supernatant carefully dec-
anted. The catalyst 4b was washed three times with EtOAc, three times with H,O,
three times with acetone, two times with Et,O, and dried in vacuo. Then, the
recovered catalyst 4b was reused in the next reaction cycle. The organic layer was
washed with H,O and brine, dried over Na,SO,, and concentrated in vacuo. The
residue was purified by column chromatography (silica gel, 10% EtOAc in hexane)
to provide p-quinone 2.
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Recent Development of Diphenyl
Phosphorazidate (DPPA)
as a Synthetic Reagent

Takayuki Shioiri

Abstract Recent development of the synthetic use of diphenyl phosphorazidate
(DPPA, (PhO),P(O)N3) is described. DPPA can be used for the peptide bond
formation, macrolactamization, the modified Curtius reaction, conversion of
hydroxyl groups to azides, azidation of pyridine N-oxides, N-alkylation, 1,3-dipolar
cycloaddition, phosphoramidation, carbamate synthesis and the activation of car-
bamate anions.

Keywords Diphenyl phosphorazidate - Peptide bond formation
Macrolactamization « The modified Curtius reaction - Azidation - N-Alkylation -
1,3-Dipolar cycloaddition - Phosphoramidation - Carbamate

1 Introduction

In 1972, we revealed the efficient use of diphenyl phosphorazidate (DPPA,
(PhO),P(O)N3;) for the peptide synthesis and the Curtius reaction [1]. Since then,
More than 4 decades have elapsed and DPPA proved to be a versatile synthetic
reagent. As of today many manufacturers produce DPPA commercially. Since the
development of the synthetic use of DPPA was summarized in 2007 [2], this
mini-review will mainly focus the development of the synthetic use of DPPA after
that time, but some of the interesting works before 2007 will be referred. The topics
described here are not comprehensive but limited on the interesting ones.
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2 Peptide and Amide Bonds Formation

DPPA proved to be a suitable reagent for the amide bond formation. It is especially
useful for the peptide bond formation with little epimerization in the fragment
coupling [1-3].

The tuftsin derivatives 1 were prepared by stepwise addition of proline, lysine,
and threonine derivatives to nitroarginine benzyl ester using DPPA-triethylamine,
as shown in Scheme 1 [4]. The method affords 1 with high chiral purity and little
impurities in a good yield of 75-80% in each step, which was higher than those
reported using DCC (N,N'-dicyclohexylcarbodiimide) or N-ethoxycarbonyl-2-
ethoxy-1,2-dihydroquinoline (EEDQ). Acylation of the threonine amino group in
the protected tuftsin derivatives 1 with the isoglutamine carboxyl group of muramyl
dipeptide or nor-muramyl dipeptide 2 was accomplished using the DPPA coupling
procedure to give several conjugates 3.

Coupling of the imidazole carboxylic acid 4 with the imidazole amine 5 was
reported to be fruitless when 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
(EDC) or benzotriazol-1-yloxytris(pyrrolidino)phosphonium hexafluorophosphate
(PyBOP) was used. However, the use of DPPA in the presence of N,N-diisopro-
pylethylamine (Hiinig’s base) in acetonitrile provided the coupling product 6 in
70% yield [5], as shown in Scheme 2. The compound 6 is a precursor of imidazole
analogues of Lissoclinum cyclopeptides.

Screening of the reaction conditions for the coupling of the amine 7 with the
carboxylic acid 8 giving the amide 9 revealed that efficiency of EDC

Protected Tuftsins 1:
Boc-Thr-Lys(Z)-Pro-Arg(NO,)-OBn
Z-Thr-Lys(Z)-Pro-Arg(NO,)-OBn

HO HO
HO Q H HOS o,
R TFA<H-Thr-Lys(Z)-Pro-Arg(NO,)-OBn R
AcNH AcNH

OBn DPPA, Et;N, DMF OBn
07 “L-X-D-Glu-NH, 0°C,3h;rt, 48h 07 “L-X-D-Glu-NH,
o 46-54%
2 2 R=Me or H; X=Ala, Val or Pro 3 Thr-Lys(2)-Pro-Arg(NO,)-OBn

Unless otherwise stated, amino acid derivatives have L-configulation.

Scheme 1 Synthesis of Tuftsin derivatives

\
\ *€_<N
~N
NN N DPPA, i-Pr,NEt SN N :(
=,/ COH + & _—— _ NH N
N
o)

N CHHN N MeCN, t, 4 days

CO,Me
BocHN 5 70% BocHN

6

Scheme 2 Synthesis of diimidazole amide derivatives
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Coupling conditions (R)-8:(R)-9 (S)-9 (%)
EDC: Me,N(CH,)3-N=C=N-Et
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Scheme 3 Comparison of coupling efficiency in the synthesis of amide derivatives 9

0 12: X=OH
(azumamide E)

TPSO _ NH HN DPPA | DMF
NHB NH,Cl | -18 °C
oc ;

EtzN
NH HN 3 ovt:rnlght
DPPA, NH4CI, EtzN 54%
10: X=OH 11: X=NH v

DMF, -16 °C, overnight 2 O 13: X=NH,

79% (azumamide A)

Scheme 4 Primary amide synthesis using DPPA

hydrochloride-HOBt (1-hydroxybenzotriazole) and DPPA was comparable but
DPPA caused slightly more racemization [6], as shown in Scheme 3. In contrast,
1,1'-carbonyldiimidazole (CDI) and thionyl chloride activation gave a poor reaction
profile.

As shown in Scheme 4, primary amides can also be constructed by using
DPPA-NH,Cl-triethylamine in DMF. The primary amide 11 was obtained from the
carboxylic acid 10 while azumamide E (12) of marine origin afforded azumamide A
(13) through amidation [7].

3 Macrolactamization

DPPA is quite effective for intramolecular macrolactamization of linear peptides
[2]. The macrolactamization is usually carried out under high dilution conditions to
avoid the intermolecular condensation. In many cases, the yields are not high (more
than 50% yield will be acceptable), and excesses of coupling reagents and bases
will be required in longer reaction times (more than one day) to increase the yields.
Scheme 5 shows examples of macrolactamization and cyclotrimerization.
13-Membered cyclic largazole analogue 14 was prepared by use of DPPA-Hiinig’s
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Scheme 5 Macrolactamization and cyclotrimerization using DPPA
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Scheme 6 Synthesis of polymyxin B analogues

base in 79% yield [8]. DPPA can also be used for cyclotrimerization, as shown in
Scheme 5. The oxazole and thiazole amino acids 15 underwent the cyclotrimer-
ization to give the 18-membered cyclic trimers 16 [9]. After a search of several
methods for a one-pot process, DPPA was found to be the most advantageous for
the cyclotrimerization in this case.

More than 20 analogues of polymyxin B were prepared in excellent yields by the
DPPA method among which the construction of 23-membered cyclic polymyxin
analogue 17 was depicted in Scheme 6 [10].
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4 The Modified Curtius Reaction

One of the most used reactions utilizing DPPA is the modified Curtius reaction.
While the amide and peptide bond formation reaction using DPPA is carried out at
or below room temperature, the Curtius reaction requires a thermal process since
the acid azides first formed from carboxylic acids and DPPA rearrange accompa-
nied with nitrogen evolution under thermal conditions, giving the corresponding
isocyanates. Some representative examples of the DPPA Curtius reactions are
shown in Schemes 7 and 8 [11-16].

The carbamate 19 is the early intermediate for the synthesis of candesartan
cilexetil, an antihypertensive drug [11]. The synthesis of 19 was first carried out by
the method A which was the usual Curtius reaction of the carboxylic acid 18 in 3
steps. At present, the method B which is the modified Curtius reaction using DPPA
in 1 step is employed. Tomioka and co-workers utilized the DPPA method for the
conversion of the carboxylic acid 20 to the carbamate 21, which was ultimately

Method A

o_ 0
COM
2M€ 4 SOCl,, 2. NaN,, 3. t-BuOH COzMe <oj©\u-©w,/cozﬂ
CO,H Method B NHBoc o} X

DPPA, Et;N, t-BuOH DPPA, Et;N; -BuOH

N ) ) - Y=
02 48 NO, 19 20: X=CO,H toluene, reflux, 4 days
21: X=NHBoc 80%
) DPPA, Et;N AcO
CO.Bn __ toluene 80°C, 1h °c,1h RO CO.Bn
2 2
2) BnOH, 50 °C 8h NHCDb:
COZH MeO z

0,
R=MeO(CH,)3 7% 23

Scheme 7 The modified Curtius reaction using DPPA
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EtzN (1.5 L), toluene N TMSCI N
_refux,2h _ 7 N—ome . Nal _ 7 N oMe
2 MeOH (18 L) — MeCN —

COZM reflux, 12 h NHCO,Me reflux, 4 h NH;
24: R=Me (1 2 kg) 26 27 (0.75 kg,
25: R= H NaOH 82% from 24)

HO, ,Me HO, Me HO, ,Me HO, ,Me Me, ,OH
<} DPPA (7.9 kg) <} <} o
N EtsN, THF N; 2N HClag B
WINCOMH — 3 NH, + S N)kN
25-35 °c 55-65 °c H H
cl 28 16 h Cl o cl 31

30:31=1.3:1

Ba(OH),, diglyme, H,0, 100 °C, 7 days

Scheme 8 Large scale use of DPPA for the modified Curtius reactions
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Scheme 9 Synthesis of novel photochromic oxazine compounds using DPPA

transformed to lycorine, one of the representative Amaryllidaceae alkaloids [12].
Another interesting modified Curtius reaction using DPPA is the synthesis of the
benzyl carbamate 23 from the carboxylic acid 22, an intermediate for the synthesis
of the renin inhibitor aliskiren [13]. In this particular case, the reaction did not
proceed in fert-butanol [Scheme 7].

Large scale use of DPPA (1.7 L) was accomplished in the modified Curtius
reaction of 25 obtained from the ester 24 [14], and the product 26 was finally
converted to (—)-huperzine (27) effective for Alzheimer’s disease, as shown in
Scheme 8. Conversion from the ester 24 to (—)-huperzine (27) was conducted
without isolation of the intermediates. In the kilogram synthesis of an Akt kinase
inhibitor, treatment of the carboxylic acid 28 with DPPA at room temperature
immediately afforded the acid azide 29, which underwent the Curtius rearrangement
with hot hydrochloric acid to give a mixture of the required amine 30 and the urea
31 in a ratio of 1.3:1 [15]. The urea 31 gave the amine 30 by forcing alkaline
conditions.

Novel photochromic oxazine compounds 37 were prepared in a single step from
the acrylic acids 32 and 9,10-phenanthrenequinone by treatment of DPPA, tri-
ethylamine, and a catalytic amount of triphenylarsine oxide in hot toluene [16]. As
shown in Scheme 9, the azide 33 formed from the acid 32 by the action of
DPPA-base yields the isocyanate 34 through the Curtius rearrangement. Trapping
of 34 with triphenylarsine oxide forms the arsonium ylide 35 which undergoes the
aza-Wittig reaction with 9,10-phenanthrenequinone to generate the quinone imine
36 that cyclizes to the oxazine 37.

Continuous flow chemical processes are also applied to the modified Curtius
reaction using DPPA [17-19].

5 Conversion of Hydroxyl Groups to Azides

In 1977, Bose and co-workers reported the use of stable DPPA in place of haz-
ardous hydrogen azide for the Mitsunobu conversion of alcohols to the corre-
sponding azides [20]. Furthermore, the Merck chemists used a combination of
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DPPA and DBU (1,8-diazabicyclo[5.4.0]Jundec-7-ene) for the same one-pot con-
version in 1993 [21, 22]. Since then both methods have been utilized by many
researchers for the effective azidation. Some recent typical examples will be
reviewed here.

5.1 The Bose-Mitsunobu Azidation

The intermediate 38 for the synthesis of harmonine, the toxic principle of the Asian
lady beetle Harmonia axyridis, has primary and secondary alcohol functions, both
of which underwent the azidation under the Bose-Mitsunobu conditions (DPPA,
triphenylphosphine, and diisopropyl azodicarboxylate (DIAD) in THF at room
temperature) to give the azide 39 [23]. Since the reaction proceeds through an Sy2
manner, the chiral center at the sec-alcohol position is inverted in the azide, as
shown in Scheme 10. In the 5- and 6-membered ring compounds, 40 and 42,
having sec-hydroxyl functions, the Bose-Mitsunobu reaction afforded the azides, 41
and 43, respectively, with complete inversion of the configuration [24, 25].

Multikilogram synthesis of a HCV polymerase inhibitor was carried out by the
use of Bose-Mitsunobu inversion of the secondary alcohol 44 with DPPA [26]. As
shown in Scheme 11, the alcohol 44 was first activated with diisopropyl azodicar-
boxylate (DIAD) (1.2 equiv.) and triphenylphosphine (1.2 equiv.) in THF. DPPA
(1.2 equiv.) was added after the triphenylphosphine had fully reacted with DIAD
since triphenylphosphine reacts with DPPA to form the corresponding iminophos-
phorane with release of nitrogen. Hiinig’s base (1.0 equiv.) was also added at the
reaction outset to ensure the pH of the system remained basic to avoid the release of
toxic and highly explosive hydrazoic acid (HN3) in the reactor headspace. Smooth
conversion to the azide 45 took place at room temperature (20-25 °C) and with
typical assay yields of 95%. Without handling of the azide 45, the Staudinger
reduction of 45 to the iminophosphorane followed by hydrolysis with water afforded
the primary amine, which was isolated as the hydrochloride salt 46 in an overall yield
of 84% with minimal erosion of enantiopurity. In this case, the Merck azidation of
the alcohol 44 with DPPA-DBU did not give the desired azide 45.

HO BN 14 OH pppa, peap B"O H s
|| DPPA, DIAD PhyP, THF
_PhaP. THF e T
O
OH 35 O 0°C,18h o 10

rt4h

73%
81% 40 ° #
OMe OMe o
WOBn 1. Hy, Pd-C, MeOH N3 o oo ne JU R
S oPPADIAD oM RN "o
(0] OQko -Bu 2. DPPA, DIAD (o) O-t-Bu o] DIAD: R=i-Pr
42 PhsP, THF 43 DEAD: R=Et

95% over 2 steps

Scheme 10 The Bose-Mitsunobu azidation using DPPA
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Scheme 11 Large scale use of DPPA for the Bose-Mitsunobu azidation

5.2 The Merck Azidation

Although the Bose-Mitsunobu azidation is an excellent method for the conversion
of alcohols to azides, treatment and removal of the by-products, triphenylphosphine
oxide and 1,2-dialkoxycarbonylhydrazine, poses a problem. The Merck azidation
using DPPA-DBU allows treatment and removal of the by-products much easier.
Some recent examples are shown in Scheme 12 [27-30]. An efficient conversion of
the alcohol 47 to the azide 48 was achieved by the Merck procedure by the use of
DPPA-DBU [27, 28]. The primary alcohol 49 smoothly afforded the azide 50 under
the reaction conditions of the Merck azidation [29]. The mechanism of the Merck
azidation is shown in the conversion of the nucleosides S1a and 51b to 53a and
53b, respectively [30]. Treatment of 51a and 51b with DPPA in conjunction with
DBU afforded the phosphates 52 as an intermediate, which underwent an SyAr
reaction with azide anion to yield 53a and 53b, respectively.

The Merck azidation also offers an efficient method for a smooth conversion of
alcohols to azides, but alcohols should be active ones in most cases. We found that
bis(p-nitrophenyl) phosphorazidate (p-NO,DPPA, (p-NO,CcH40),P(O)N3) was
much more effective than DPPA (31,32). As shown in Scheme 13, decan-2-ol (54)
was smoothly converted to the corresponding azide 55 using p-NO,DPPA-DBU in
toluene while the use of DPPA-DBU sluggishly proceeded to give 55 in low yield.
Highly stereoselective inversion was observed in the conversion of the optically
active alcohols 56 and 58 to the azides 57 and 59, respectively [31]. In the synthesis
of o,a-disubstituted o-azido esters from the corresponding hydroxy esters, an
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Scheme 12 The Merck azidation using DPPA
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Scheme 13 Conversion of alcohols to azides using p-NO,DPPA

excess of p-NO,DPPA (2.5 equiv.) and DBU (3 equiv.) in toluene proved to be a
best choice [32]. Again DPPA was less efficient. Various hydroxy esters could be
converted to the azide esters in good yields with complete inversion without loss of
stereochemical integrity, and the latter were conveniently transformed into
a,o-disubstituted o-amino acid esters by catalytic hydrogenation. One example
(conversion of 60 to 62 via 61) is shown in Scheme 13. It will be worthy of note
that this azide synthesis proceeds through an SN2 inversion mechanism while an
Sn1 reaction or elimination will usually occur in tertiary alcohols.
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6 Azidation of Pyridine N-Oxides Using DPPA

Pyridine N-oxides 63 were converted to tetrazolo[1,5-a]pyridines 65 in good to
excellent yields by heating in the presence of phosphoryl or sulfonyl azides and
pyridine under solvent free conditions. DPPA proved to be the most convenient
reagent and gave high yields [33]. Pyridine N-oxides 63 will first attack the
phosphorus atom of DPPA to give the phosphate 66 with liberation of an azide ion.
Nucleophilic attack of the azide ion to the 2-position of pyridine nucleus will give
the azide 67, from which diphenyl phosphate will be removed to afford
2-azidopyridines 64, as shown in Scheme 14. The azide 64 will be in equilibrium
with tetrazolo[1,5-a]pyridines 65, but the equilibrium will be shifted to 65.

7 N-Alkylation with DPPA

N-Alkyaltion occurs with DPPA as shown in Scheme 15. Treatment of the piper-
idine derivative 68 having primary and secondary alcohols with DPPA in the
presence triethylamine afforded the cyclized product 69 [34]. Obviously, the pri-
mary alcohol function of 68 preferentially reacts with DPPA to give the corre-
sponding phosphate and/or azide, which will intramolecularly react with piperidinyl
amine to produce the N-alkylated compound 69.
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8 [3+2] Dipolar Cycloadditions of DPPA

The azide group of DPPA also works as a 1,3-dipole [35-39]. Benzylic alcohols 70
reacted with active ketones (71, EWG = electron withdrawing groups) in the
presence of DPPA and DBU to give the 1,2,3-triazoles 72, as shown in Scheme 16
[35]. Benzylic alcohols 70 will first produce the corresponding azides just like the
Merck azidation, and then the [3+2] cycloaddition of the azides with the enolates
from the active ketones 71 accompanied with expulsion of water yields the triazoles
72. The amides 73 afforded the tetrazoles 74 by treatment with DPPA, DIAD, and
diphenyl-2-pyridylphosphine just like the Bose-Mitsunobu azidation [36].

DPPA was employed as an efficient partner in the Cu-catalyzed three component
reaction with l-alkynes and amines to produce the corresponding phosphoryl
amidines 75, as shown in Scheme 17 [37]. The Cu acetylide 76 first formed will
undergo the [3+2] cycloaddition with DPPA to give the 1,2,3 triazole intermediate
77, which will undergo a ring opening rearrangement with expulsion of nitrogen to
yield the ketenimine intermediate 78. Subsequent addition of amines will afford the
phosphoryl amidines 75 [38].

The direct synthesis of sulfur-containing triazoles 79 was achieved by
Cu-catalyzed transformation of alkynes with DPPA and dimethyl sulfoxide
(DMSO), as shown in Scheme 18. Alkenes also underwent the reaction but yields
were moderate [39]. Initially, DPPA will react with DMSO to give thionium ion 81
via intermediate 80 with releasing an azide ion just like the Pummerer reaction. The
azide ion will attack 81 to give the Pummerer product 82, which will undergo
1,3-dipolar cycloaddition to alkynes to produce the triazoles 79 under copper cat-
alytic conditions.
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Scheme 17 Cu-catalyzed three component reactions
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Scheme 19 Phosphoramidation with DPPA

9 Synthesis of Phosphoramidates and Carbamate
Using DPPA

The C-N bond formation (phosphoramidation and carbamate synthesis) was
achieved with DPPA in various ways as shown in Schemes 19 and 20 [40-42]. An
iridium-catalyzed phosphoramidation of arene C—H bonds with DPPA as the amino
source was realized to give N-aryl phosphoramidates [40]. The arenes bearing
pyridinyl, pyrazoyl and quinolinyl as the directing group smoothly afforded N-aryl
phosphoramidates using DPPA [40]. Conversion of the pyridinyl compounds 83 to
the corresponding phosphoramidate 84 is shown in Scheme 19 as a typical
example. Phosphoramidation of aldehydes was carried out by using DPPA as a
nitrene source and [Ru"(TTP)(CO)] as a catalyst to give N-acylphosphoramidates
85 in good yields [41].

Furthermore, treatment of the compound 86 with lithium diisopropylamide
(LDA) followed by DPPA and then di-tert-butyl dicarbonate (Boc,0O) afforded the
carbamate 87 in 85% yield as a mixture of diastereomers [42], shown in
Scheme 20.
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Scheme 21 Reactions of carbamate anions with DPPA

10 Reactions of Carbamate Anions with DPPA

Treatment of various primary amines with DPPA, sodium azide and tetram-
ethylphenylguanidine (PhTMG) under carbon dioxide atmosphere in acetonitrile
yielded carbamoyl azides 88, as shown in Scheme 21 [43]. Amines react with
carbon dioxide under basic conditions to give transient carbamate anions, which
react with DPPA just like amide bond formation and subsequently afford carbamoyl
azides 88. Addition of sodium azide facilitates the azidation and suppresses the
formation of ureas. This carbamate anion method was extended to 1,2- and
1,3-amino-alcohols 89a and diamines 89b to give the activated intermediates 90a
and 90b, respectively [44]. The intramolecular cyclization of 90a and 90b produces
the cyclized products 91a (2-oxazolidinones and 2-oxazinones) and 91b (cyclic
ureas). In this case, PhATMG could be replaced with triethylamine and no sodium
azide is required.

11 Conclusion

Recent various aspects of DPPA in organic synthesis have been summarized. It will
have other possibilities which will be found and developed further in near future.
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Methylenation Reaction of Carbonyl
Compounds Using Julia-Kocienski
Reagents

Kaori Ando

Abstract Methylenation of carbonyl compounds is an important reaction in
organic synthesis. In this mini-review, typical and most often used methylenation
reactions are summarized briefly. The new Julia-Kocienski type methylenation
reagents are fully summarized together with its reaction mechanism and applica-
tions to the total synthesis of natural products.

Keywords Methylenation reagents - Julia-Kocienski reaction - Olefination -
Carbonyl compounds - Heteroaryl sulfones

1 Introduction

The synthesis of alkenes from carbonyl compounds is one of the most fundamental
reactions in organic synthesis. Since terminal alkene structures are not only found in
many natural products but also used as substrates for many synthetic reactions such
as olefin metathesis and sigmatropic reactions, their preparation has been studied
intensively and many methylenation reagents have been developed [1]. The Wittig
reaction [2], discovered by Georg Wittig in 1953, is one of the most often used
reactions for this transformation. The reaction involves treatment of an aldehyde or
a ketone with a phosphonium ylide 1, yielding an alkene with the concomitant
generation of phosphine oxide (Scheme 1). The methylenation reagent, CH;P
(CeHs)3Br is commercially available, inexpensive and used widely after the treat-
ment with base such as n-BuLi. Although this reaction has been used extensively in
organic synthesis, it includes some drawbacks. (1) The separation of the product
akene from the byproduct, Ph;P=0, is not always easy. (2) Since the Wittig
reagents are strongly basic, the formation of enolates from carbonyl compounds is
problematic. (3) The Wittig reaction with sterically hindered ketones often gives
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PhsP + CHBr—s Ph;P-CHj Br%» PhaP-CHy<—s PhyP=CH,| -~CHO, J + PhyP=0
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Scheme 1 Methylenation using the Wittig reaction

low yields or fails. To overcome these problems, many methodologies were
developed. For examples, polymer-bound or fluorus-tagged phosphines, and water
soluble phosphines have been invented for the separation of the byproduct phos-
phine oxides. Salt-free conditions were used for the reaction of an enolizable
a-chiral ketone to give the corresponding methylene in good yield and high epi-
meric purity [3].

Peterson reported that trimethylsilyl-substituted organometallic compounds,
(CH;)3;SiCHMR, were effective intermediates in the conversion of carbonyl com-
pounds to the corresponding alkenes [4]. Both (CHj;);SiCH,MgCl and
(CH3)3SiCH,Li are commercially available. When either an aldehyde or a ketone is
treated with (CH3);SiCH,M (M = MgCl, Li), an addition product such as 3 forms
(Scheme 2). Treatment of 3 with either K-base or Lewis acid causes the elimination
of trimethylsilanol to give the corresponding methylene compound. Relatively
speaking, the reagent 2 can react even with sterically hindered ketones and the
by-product is easily removable hexamethyldisiloxane, Me3SiOSiMes. Although
their high basicity is sometimes problematic, it was reported that the reagent derived
from Me;SiCH,Li and anhydrous CeCl; gave better yields of addition products from
enolizable aldehydes and ketones than Me;SiCH,M (M = MgX, Li) [5].

The gem-dimetallic reagents have been studied extensively for methylenation
reagents for carbonyl compounds. Tebbe reported the reagent 4 prepared from
Cp,TiCl, and AlMej; can react with carbonyl compounds, not only aldehydes and
ketones but also esters and amides, to give the corresponding methylene products
(Scheme 3) [6]. The active species is believed to be Cp,Ti=CH,, which is also the
active species of the Petasis reagent 5 [7]. The Petasis reagent, Cp,TiMe,, is easily
prepared from Cp,TiCl, with either MeMgCl or MeLi and can be isolated as a
relatively stable solid. It undergoes thermal o-elimination at 60—65 °C to afford

' PMgCl KH or t-BuOK
n-C;H5CHO + (CH3)3SiCH,MgCl —> ,,_(37H15(_-;HC;|.|2S(C|_|3)3m> n-C;H5CH=CH,

2 3

Scheme 2 Methylenation using the Peterson reaction

Cp.__CHy Me  Cp_ Me Q 5, toluene GHa
e Pl § i
Cp Cl Me CP Me R* X or5 tolueneorTHF R X

4 5 60-65 °C

X =H, alkyl, aryl, vinyl, OR', NR'R"

Scheme 3 Methylenation with Tebbe reagent 4 and Petasis reagent 5
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Cp,Ti=CH, and reacts with carbonyl compounds including both esters and amides
to give the corresponding methylene compounds in good yields. Since 5 does not
contain strongly Lewis acidic aluminum compounds, the reaction of 5 is milder
than that of Tebbe reagent 4 and the methylenation reaction is more reproducible.
Although both reagents 4 and 5 are commercially available, the cost of these
reagents as well as sensitivity and functional compatibility calls for alternative
procedures.

Nozaki/Oshima/Takai and Lombardo reported the methylenation of aldehydes
and ketones with a CH,X,-TiCl4—Zn (X = Br, I) system [8, 9] and Takai/Utimoto
later discovered that the effective lots of zinc contained 0.04—0.07 mol% of lead on
the basis of zinc and the less effective zinc sample was free of lead [10]. From their
study, a catalytic amount of lead promotes the formation of a geminal dizinc
compound, CH,(ZnX),, which is a key intermediate of the methylenation reaction
[11]. In the improved procedure, PbCl, (1 mol% based on zinc) is added to zinc
from the beginning (Scheme 4). Generally, the CH,Br,—TiCl;—Zn-PbCl, system is
useful for the methylenation of aldehydes and ketones especially when the sub-
strates cannot tolerate basic conditions. Commercially available Nysted reagent 7 is
also used for the methylenation of aldehydes and ketones in the presence of Lewis
acid such as BF;3-OEt, BF;-OEt/TiCl,, and TiCly [12, 13].

Transition metal-catalyzed methylenation reactions using TMSCHN, have also
been reported. Not only Rhodium catalyst [14] (Scheme 5) but also Copper-carbene
complexes [15] can be used as a catalyst.

The methods mentioned above are all useful methylenation reactions and often
used in the synthesis of natural products. However, the methylenation reactions
sometimes failed or gave only disappointing yields. For example, attempted
methylenation of 8 by employing either a Wittig reaction or a Peterson olefination
of the corresponding silyl ether proved unsuccessful or met with only limited
success (Scheme 6) [16]. This transformation of 8 was accomplished by application
of the method of Nozaki/Oshima/Takai and Lombardo to give the corresponding
methylene in 48% yield [8, 9]. Various attempted methylenation of 9, including

cat. PbCl,
X-CHp-X +Zn ————> XZn-CH,-ZnX
2 THF, 0 ° 6 Bz Oz
X=8Br,| 7
Takai/Uchimoto reagent Zh Nysted reagent
Scheme 4 Takai/Uchimoto reagent 6 and Nysted reagent 7
N
0 TMS)kH (1.4 equiv) (H2
R)kH CIRh(PPhs); (2.5 mol%), THF RO H

i-PrOH (1.1 equiv), PPh3 (1.1 equiv)

Scheme 5 Rhodium-catalyzed methylenation
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Scheme 6 Examples of methylenation reactions

Peterson, Wittig, Lombardo, and Tebbe olefinations, failed or gave only disap-
pointing yields of the methylene product [17]. The best results were achieved by
using the Petasis method [7] to give the desired alkene in 90% yield. Attempted
methylenation of 10a to give 1la with either the Wittig reagent or the
Takai/Uhimoto reagent [10] resulted in complete recovery of 10a at room tem-
perature and decomposition at elevated temperature [18]. Interestingly, both 11¢
and 11d were obtained at high yields by the Wittig reaction, while 11b was not
obtained at all. Thus, the results of the methylenation reactions depend on only a
slight difference of the substrate structures and the methods used. Therefore, there is
still a need to develop a new and practical route to the methylenation reaction.

2 Methylenation Reaction with Benzothiazol-2-yl
(BT) Methyl Sulfone

The Julia-Kocienski reaction (one-pot Julia olefination) is a very efficient tool for
direct alkene synthesis from carbonyl compounds and used extensively in the last
decade for the construction of C=C bonds present in many natural products [19,
20]. In 1991, Sylvestre A. Julia and co-workers described a direct olefine synthesis
from the reaction of carbanions of benzothiazol-2-yl sulfones (BT-sulfones) 12 with
ketones and aldehydes [21, 22]. When 12 was treated with LDA in the presence of
carbonyl compounds at —78 °C and then the temperature was allowed to rise to
room temperature, alkenes were obtained in reasonable yields (Scheme 7). This
Barbier-type procedure (a reagent is treated with base in the presence of a carbonyl
compound) gave better yields than the procedure that a reagent is treated with base
before the addition of a carbonyl compound. A plausible reaction mechanism is also
shown in Scheme 7. The reaction of alkyl BT-sulfones with aliphatic aldehydes
gave a mixture of E and Z-alkenes (generally E/Z =~ 50/50). E-alkenes were
obtained from the reaction of either alkyl BT-sulfones with aromatic aldehydes, or
benzyl BT-sulfones with branched aldehydes, o,B-unsaturated aldehydes, or aro-
matic aldehydes. Z-alkenes were obtained from the reaction of propargylic
BT-sulfones. Although this reaction is useful for not only alkene synthesis but also
fragment linkage, it has some limitations. That is, high stereoselectivities are only
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Scheme 7 One-pot Julia olefination with the BT sulfone 12

Scheme 8 Methylenation

RI
with the BT methyl sulfone @:N Q }ZO THF R!
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12a y. 20-64%
N O
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obtained in special cases and many lithiated BT-sulfones are unstable and undergo
self-condensation even at low temperature as shown in Scheme 8. In addition, the
Barbier conditions are likely to be incompatible with complex aldehyde substrates.

Julia and co-workers also studied the methylenation reaction of ketones and
aldehydes briefly with benzothiazol-2-yl (BT) methyl sulfone 12a [21, 22]. When a
THF solution of 12a and carbonyl compound was treated with LDA at —78 °C
under the Barbier conditions, terminal alkenes were obtained in 20-21% yields
from an aliphatic aldehyde and ketone, and in 44-64% yields from aromatic
aldehydes and ketones (Scheme 8). The lithiated carbanion derived from 12a
proved to be unstable. Treatment of 12a with 1.1 equiv of LDA at —78 °C for 3 h
gave compound 13 (52%) resulting from the nucleophilic attack of the lithiated
carbanion at the ipso position of itself or 12a. Since 12a are susceptible to nucle-
ophilic attack at the ipso position, deprotonation of 12a should be performed with
non-nucleophilic bases. For the methylenation reaction, the reagent 12a is only
useful for the reactive carbonyl compounds such as aromatic aldehydes and
ketones.

Methylenation of sugar-derived lactones using the reagent 12a was reported by
Gueyard et al. [23]. Although the standard modified Julia procedure gave low yields
of the corresponding methylene exoglycals, a two-step sequence worked. The first
step consists of the addition of (Me3Si),NLi (LiIHMDS) to a THF solution of 12a
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1) LIHMDS, THF  Bno o
-78°C,0.5h CH
\>—S —CH; ————————> BnO 2
@ 3 2) aq. work-up /W

3) DBU, THF, 1 h
OBn  66% yield
Scheme 9 Methylenation of sugar-derived lactones with 12a

and lactone at —78 °C to provide the hemiketal intermediate. After aqueous
work-up, treatment of the crude intermediate with DBU in THF led to the
methylene exoglycals in 46-74% yields (7 examples) (Scheme 9). Both pyranose
and furanose rings were successfully employed.

3 Methylenation Reaction with Methyl
1-Phenyl-1H-tetrazol-5-yl (PT) Sulfone

In order to improve carbanion stability and stereoselectivity, Kocienski and
co-workers examined many heterocyclic sulfones and found 1-phenyl-1H-
tetrazol-5-yl (PT) sulfones 14 gave much better yields and stereoselectivity compared
with its BT counterpart 12 [24]. The PT-sulfone anions are less prone to
self-condensation and the reactions of 14 with aldehydes can be performed via
premetallated carbanions (non-Barbier conditions). Simple E-alkenes were obtained
from the reaction of the alkyl PT-sulfones with aldehydes highly selectively, while
the BT-sulfones gave a mixture of E- and Z-alkenes (1:1). For examples, the reaction
of n-pentyl PT-sulfone 14a with n-hexanal gave 5E-undecene in 71% yield with E:
Z = 94:6 selectivity and a similar reaction of 12b gave a nearly 1:1 mixture
(Scheme 10). Generally, a combination of potassium hexamethyldisilazide
(KHMDS) as base and 1,2-dimethoxyethane (DME) as solvent results in high
E-selectivity with a sacrifice in yield compared with LIHMDS and NaHMDS as base.
When the yield is unacceptable, the use of NaHMDS in DME provides optimum
yield and stereoselectivity. The BT-sulfones and the PT-sulfones were prepared from
the commercially available benzothiazole-2-thiol and 1-phenyl-1H-tetrazole-5-thiol,
respectively, by alkylation and the following oxidation.

1) MHMDS, DME

Q@ M9 o CsH
V] N T -60 °C,0.5h AN i
N N N 60 ©,0onh
N g R WS T e CHO ) o
Ly O L, O 60°Ctort M=K 71%, EZ=94:6
Ph Ph Na 92%, E:Z = 86:14
14 14a Li 95%, E:Z=77:23

” LDA, THF
@i /\/\ +n-CgH7CHO —————» /\/\;\JCBHW

-78°Ctort
8 ° 48%, E:Z=1:1
12b

Scheme 10 Julia-Kocienski reactions with 14a and 12b
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Scheme 11 A plausible reaction mechanism of olefination with the PT sulfone 14

The reactions of 14 with carbonyl compounds are believed to occur in a similar
way as the reactions of the BT-sulfones in Scheme 7. The anions derived from 14
and base react with carbonyl compounds to give the alkoxide A, from which
nucleophilic addition to the tetrazole ring occurs to give B (Scheme 11). Alkene
products would be formed by Smiles rearrangement along with 15 and SO,.

The methylenation reaction using methyl PT-sufone 14b was first reported by
Hale and co-workers [25]. In their formal total synthesis of (—)-Agelastatin A, the
Wittig methylenation of 16 with Ph;P=CH, was unsuccessful under all the con-
ditions that they studied. Tebbe and Peterson olefination with Cp,Ti=CH, and
Me;SiCH,MgCl, respectively, also failed to give 17. Finally, they prepared the
Kocienski’s Me reagent 14b and a THF solution of 14b and 16 was treated with a
toluene solution of KHMDS (3.6 equiv) at —20 °C to give 17 (Barbier conditions)
contaminated with tetrazole by-product. After ring-closing metathesis and then
heating with K,CO5 in MeOH at reflux, 18 was obtained in 36% overall yield from
16 (Scheme 12). The same procedure was applied for the methylenation of 19 with
14b by Davis and co-workers in the synthesis of piperidine (25,3S)-(+)-CP-99,994

OSETy, NN o KHMDS in toluene ~ OSETy,
HO + ’\GI\N»\Q—Me (3.6 equiv)
O>\N\ NHSES b O THF, -20 °C Q%\
MeO H MeO H
16 14b1.4 eq

SES = SO,CH,CH,TMS

OSETs, o%

RCM O>\ | KoCO3, MeOH, A NH
—_— N\ _—
ved N NHSES 451 (36% from 16) sEs 18
Boc. = 14b (1.4 equiv) Boc.
W KHMDS (3.6 equiv) W=
ATES b eauw)
P Y THF, -20 °C P Y TS
NBn, 93% NBn,
19 20

Scheme 12 Methylenation with the PT methyl sulfone 14b
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Scheme 13 Preparation of 14b and its use in synthesis

[26]. Termianl alkene 20 was obtained in 93% yield. Attempted Wittig reaction of
19 using Ph;PCH;*Br /+-BuOK resulted in decomposition.

Hale and co-workers also reported the methylenation using the reagent 14b
under the Barbier conditions in the formal total synthesis of Bryostatin 7 [27].
Several unsuccessful methods were explored for homologation of 21 to prepare 22
(Scheme 13). This could be achieved by sequential TPAP oxidation of 21 and the
Julia-Kocienski methylenation with 14b to give 23 in 44% overall yield. The Wittig
reaction of the same aldehyde with Ph;P=CH, gave totally unsatisfactory results.
The terminal alkene 23 was transformed to the alcohol 22 by Evans’
rhodium-catalyzed hydroboration and oxidative workup. Thus, the methyleneation
reaction can be used for the homologation of alcohols. The reagent 14b was pre-
pared from commercially available 1-phenyl-1H-tetrazole-5-thiol by methylation
using NaH and Mel in DMF and the following oxidation by 30% H,O, catalyzed
by ammonium molybdate in ethanol [28, 29].

Rychnovsky and co-workers reported the methylenation of 24 using 14b in the
total synthesis of SCH 351448 and the terminal alkene 25 was obtained in 93%
yield (Scheme 14) [30]. They used NaHMDS as base in THF and the premetallated
sulfone was treated with aldehyde 24 at —78 °C followed by warming to room
temperature. Zhu and Panek also performed the same methylenation of 24
according to the procedure of Rychnovsky and got a similar high yield of 25 [31].
Krishna et al. [32] used similar conditions for the methylenation of 26 to give 27 in
74% yield in the formal synthesis of amphidinin B. In the synthesis of aglycone of
Mandelalide A, alcohol 28 was oxidized with Dess-Martin periodinane (DMP) to
give an aldehyde which was subjected to the Julia-Kocienski methylenation using
Rychnovsky’s procedure by Ghosh et al. [33]. The terminal alkene 29 was obtained
in 80% yield from 28. They used the same procedure for the methylenation of
a-chiral aldehyde in the total synthesis of (—)-bitungolide B & E [34]. The desired
alkene was obtained in 78% yield from the corresponding alcohol over two steps.
Smith and co-workers also reported methylenation of a similar system to 28 using
the same procedure and got a terminal alkene in high yield [35].
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1) 14b (1.6 equiv), THF, -78 °C
NaHMDS (1.6 equiv), 30 min o

O
2) aldehyde 24, -78 °C to rt
04 OO \ 93% 25 070"\
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OTBS 1) 14b (1.6 equiv), THF, -78 °C QTBS
R NaHMDS (1.6 equiv), 30 min H
TBDPSO™ CHO TBDPSO™ ™Y TN
H H 2) aldehyde 26, -78 °C to rt £ E
26 74% 27

oPMP 1) DMP, CH,Cly, 0°Ctort
2) 14b (3 equiv), THF,
NaHMDS (2 equiv), -78 °C

3) aldehyde, -78 °C to rt
80% (2 steps)

OTBS
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Scheme 14 Examples of methylenation reaction with 14b

14b (1.0 equiv), THF,

-78 °C, LIHMDS (1.2 equiv) /\/k/
OHC\/'\/OTBDPS = OTBDPS

-78 °C, 3 h then warmed to rt

30 81% 31
PhsPCH; B s-BuLi (2.5 equiv)‘ 30 80%
(2.5equiv) THF,-78°C,1h -78 °Ctort

Scheme 15 Methylenation with 14b and the Wittig reagent

Li, Piccirilli and co-workers reported methylenation of aldehyde 30 in the total
synthesis of [-p-mannosyl phosphomycoketide [36]. The Julia-Kocienski
methylenation was performed by treating a THF solution of 14b and 30 with
LiHMDS (1.2 equiv) at =78 °C, and then the mixture was allowed to warm to room
temperature (Barbier conditions) (Scheme 15). The alkene 31 was obtained in 81%
yield. The Wittig reaction of 30 using Ph;PCH;"Br~ (2.5 equiv) and s-BuLi (2.5
equiv) in THF was also performed and 31 was obtained in 80% yield.

4 Methylenation Reaction with 1-Tert-Butyl-1H-
tetrazol-5-yl (TBT) Methyl Sulfone

Although the PT-sulfones 14 are more stable than the BT-sulfones 12, they too
decompose, especially when KHMDS is used as base. Kocienski and co-workers
reasoned that by simply increasing the steric bulk of the substituent on the tetrazole
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Scheme 16 The preparation of the TBT sulfones 33 and their olefination reaction

ring, the stability of the corresponding metallated sulfones should be enhanced.
They prepared 1-tert-butyl-1H-tetrazol-5-yl sulfones which is in fact more stable
than the PT-sulfones under the basic conditions. The thiol 32 is readily prepared in
73% yield by the reaction of commercial zert-butyl isothiocynate with sodium azide
(1 equiv) in refluxing aqueous 2-propanol for 20 h (Scheme 16) [37]. Alkylation of
32 with alkyl halide followed by oxidation gave 1-fers-butyl-1H-tetrazol-5-yl
(TBT) sulfones 33. The oxidation was accomplished by three different procedures.
The n-pentyl sulfone 33a was prepared by oxidation with oxone in MeOH (81%) or
MCPBA in CH,Cl, in the presence of 2.5 equiv of NaHCOj; (73%). The allyl
sulfone 33c was prepared in 49% yield by oxidation with ammonium molybdate
and H,0,. By contrast, oxidation of the benzyl sulfide was poor by any method and
the best yield of 33b was 12% using oxone in MeOH. The olefination reaction of
aldehydes with 33 using KHMDS in DME was briefly studied (only 4 examples)
(Scheme 16) [38]. Although the yields of alkenes are higher with 33a, the E-
selectivity is lower compared with the reaction with the PT-analogue 14. The Z-
alkenes were obtained highly selectively from the reaction of both 33b and 33c¢ with
n-decanal.

The methylenation reaction using the TBT-sulfone was reported by Aissa [39].
Since the TBT-sulfones are more stable than the PT- and BT-sulfones, methyl
TBT-sulfone 33d is supposed to be useful for methylenation. The reagent 33d was
prepared from 32 by methylation with NaH and Mel in THF followed by oxidation
with H,O, and Mo,0,4(NHy)g in EtOH in 91% yield (Scheme 17). It became clear
that a Barbier-type procedure was convenient and the generation of the premetalled
sulfone led only to low conversion to the terminal alkene and degradation.

A: 33d (1.2 equiv),

N—N NaHMDS (1.3 equiv),
” >—SH 1) NaH, Mel, THF N\>—sozlv|e j’\ THF, -78°C to rt
2)Mo;Oz(NHg)g ) R”OR' B:33d (1.3 equiv), R™OR
tB“ H,O,, EtOH tBu Cs,CO; (3 equiv)
202, d o 2003 (5 equiv),
32 33d y. 91% THF-DMF, reflux

Scheme 17 Methylenation with the TBT methyl sulfone 33d
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B NN A
6 H \ H
34a t-Bu 33d 35a

NaHMDS, THF, -78 °C .,
65% 2
Aissa's conditions

Scheme 18 Examples of methylenation with 33d

Two different sets of conditions were found to be best. With conditions A,
NaHMDS (1.3 equiv) was added to a THF solution of 33d and an aldehyde or a
ketone at —78 °C, and the mixture was slowly warmed to room temperature. With
conditions B, a suspension of Cs,COs3 (3 equiv), 33d, an aldehyde or a ketone in
THE-DMF (3:1) was heated at 70 °C. Both aldehydes and ketones reacted
smoothly to furnish the desired terminal alkenes in good to excellent yields (A: 59—
99% yields, 10 examples, B: 45-96% yields, 11 examples). The reaction displayed
a good functional group compatibility as esters, lactones, carbamates, acetals, silyl,
and p-methoxybenzyl ethers were tolerated.

During the synthetic study of Lindenene, the ketone groups of compounds 34a
and 34b were transformed to exo-methylene groups by Baldwin and co-workers
(Scheme 18) [40]. This seemingly trivial functional group modification turned out
to be more difficult than expected. Mixture 34a and 34b was found to be completely
inert toward Ph3P=CH,, presumably due to steric factors. When Nysted reagent 7
and TiCl,; was used, substantial decomposition of compounds 34a and 34b
occurred, presumably due to the acid-sensitive nature of the furan ring and the
strong Lewis acidity of TiCly. Finally, a mixture of 34a and 34b was transformed to
epi-lindenene 35a and iso-lindenene 35b in 65% combined yield by using 33d and
NaHMDS at —78 °C according to Aissa’s procedure. A similar ketone 36 was also
methylenated using the same procedure to give the corresponding terminal alkene
in 72% yield [41].

Methylenation of 37 using 33d (10 equiv) and NaHMDS (10 equiv) under the
Barbier conditions was reported by Sasaki and co-workers during the synthetic study
of (—)-Exiguolide analogues to give 38 in 100% yield (Scheme 19) [42]. On the other
hand, methylenation of the ketone prepared from 39 by oxidation with Dess-Martin
periodinane in the presence of NaHCO; was performed via premetallated sulfone
from 33d by Zhao and Qian. The terminal alkene 40 was obtained in 99% yield from
39 over two steps in the total synthesis of (+)-chloranthalactone F [43].
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33d (10 equiv)
NaHMDS (10 equiv)
THF, -78 to -17°C

‘Me 100%

Barbier conditions

o) 1) DMP, NaHCO,4 o _ o
CH,Cl,, 0°C to rt
wH H
OH 2)33d (3.0 equiv), THF
NaHMDS (2.5 equiv)
-78 °C, 30 min
then ketone, -78°C
39 2h, 99% 40

Scheme 19 Examples of methylenation with 33d

5 Methylenation Reaction with 3,5-Bis(trifluoromethyl)
phenyl Methyl Sulfone

Nijera and co-workers studied the reaction of 3,5-bis(trifluoromethyl)phenyl
methyl sulfone 41 with various aldehydes and ketones (Scheme 20) [44]. The
reaction proved to be much more efficient when Barbier-type conditions were used
and employing P4-t-Bu as base. The terminal alkenes were obtained in 30-82%
yields (9 examples). Since both 3,5-bis(trifluoromethyl)thiophenol and P4-z-Bu are
very expensive and the yields are just moderate, no application for the total syn-
thesis has been reported so far.

FaC SH FsC SMe FsC SO,Me
NaH, Mel 30% H,0,, NaHCO;
—_—
CH4CN, 1d, rt MnSOy, (cat.), CHsCN
CF, CF, CF, 41
t-Bu
(@] ’ NMe; N NMe;
P P4-t-Bu (1.2 equiv) J\ Me;N—P=N—P—N=P—NMe;
M+ RAOR, THF R R, 30-82% yields AMe, N NiMe,
aldehydes: -78 °C to rt

MezN—IID—N Me,
NMe,

P4-t-Bu

ketones: 0 °C to rt

Scheme 20 Methylenation with 3,5-bis(trifluoromethyl)phenyl methyl sulfone 41
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6 Methylenation Reaction with 1-Methylbenzimidazoly
(MBI) Methyl Sulfone

Since Kocienski and co-workers demonstrated that the anions derived from TBT
alkyl sulfones are more stable than the PT and BT counterparts [35], 33d seems to be
the best methylenation reagent. However, the starting material for the preparation of
33d is expensive, the metalation reaction requires rather expensive bases such as
NaHMDS or Cs,COs3, and there is some room for improvement of the yields. Kende
and Mendoza reported that the imidazolyl sulfones 42 react with aldehydes to give
B-hydroxy imidazolyl sulfones, which can be transformed to alkenes using Sml,
[45]. We had a working hypothesis that the benzo-fused imidazolyl sulfone 43 can
react with carbonyl compounds to afford alkenes directly. New methylenation
reagent 43a was prepared from cheap 2-mercaptobenzimidazole by dimethylation
and oxidation in 92% yield. A DMF solution of 43a and a ketone was treated with
NaHMDS (1.7 equiv) at —55 °C and the mixture was slowly warmed to room
temperature. After aqueous work-up with aq. NH4Cl, the corresponding terminal
alkenes were directly obtained in 86-95% yields along with 44 (Scheme 21) [46].
Although the reactions with aldehydes proceeded efficiently in the same procedure,
it is better to use 1.3 equiv of base instead of 1.7 equiv.

The methylenation reaction of ketones and aldehydes with 43a was also per-
formed using -BuOK (2.6-4.0 equiv) in DMF at room temperature (Scheme 22)
[46]. Excess amount of #~-BuOK is needed in order to get higher yields especially for
the reaction of ketones. Generally, the reaction completed within 1 h to give the
terminal alkenes in high yields. a-Tetralone 45g is known to be easily deprotonated
to give a stable enolate ion and it was reported that treatment of 45g with
Ph;P=CH, gave its enolate instead of leading to any alkene product. On the other
hand, the reaction of 45g with 43a gave the terminal alkene in 71% yield. The yield

1) NaHMDS
N N R -
[ >_ﬁﬂ _THF,-78°C I \(\) 3m|2 @ >_S CHyR

"2 RcHO
Me 42 X 43

N 1) 2.6 equiv NaH, THF, 0 °C, 0.5 h N e}
@: N 230 equiv Mel, 0 °Clort 3 b, quant_ @: \>_g_Me
ITI 3) 3.0 equiv oxone, MeOH-H,0 (1:1), ’Tl 6

N it, 5 h, 92%

Me 43a
N8 o SsCun N
\>—S—Me . - or 1JL 2+ >=0
@iry g R1J\R2 2) aq. NH,CI RT R N
Me 43a Barbier conditions  86-97% (6 examples) Me a4
(1 equiv)

Scheme 21 Methylenation with 1-methylbenzimidazoly methyl sulfone 43a
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N O
@:»—#—Me . ji t-BUOK (2.6-4.0 equiv) JL

1 2
N O R °R? DMF, tt, 1 h R* R
X 43ax=Me 45 76-99% (13 examples)
(1.1-1.2 equiv)
. /@)‘\ /@)J\ [ I ]
BoC 45d 459
92% 95% 96% 99% 91% 91% 71 (T7%)?
CHO MeO
/©/ :©/ 2 /H\/CHO
Y 0 c
/__\45h
60% (76%)°  93% 92% 91% 97% 63% (74%)?

a: 1.5 equiv of 43a was used. b:43b (X = j-Pr) was used instead of 43a

Scheme 22 Methylenation with 43a using +-BuOK at room temperature

of the alkene was improved to 77% along with the recovered 45g (23%) by using
1.5 equiv of 43a. The reaction of sterically hindered (—)-menthone 45 h with 43a
gave the terminal alkene in 60% yield along with the recovered 45h (39%) and trace
amount of 43a. The results show that 43a decomposes slowly in the presence of #-
BuOK in DMF at room temperature, and the yield of the alkene was just moderate
because of the low reactivity of sterically hindered 45h. The yield was increased to
76% by using the more stable reagent 43b (X = i-Pr). The combined yields of the
product alkenes and the recovered carbonyl compounds 45 in Scheme 22 were
nearly equal to 100% except for the reaction with n-octanal 45Sm, where 45m was
not left at all after 1 h. Since simple aldehyde 45m is not stable under basic
conditions, the yield of the alkene is moderate (74%).

For comparison, the PT-sulfone reagent 14b was reacted with ketone 45d using
t-BuOK (3.0 equiv) in DMF at room temperature for 1 h. The alkene was obtained
in 72% vyield along with the recovered 45d (14%). The sulfone 14b was not
recovered at all. Since 43a is much more stable than 14b in the presence of base,
this seems to be the reason that 43a gave much higher yield (99%).

A plausible reaction mechanism is shown in Scheme 23. The anion derived from
43a and base reacts with carbonyl compound to give the adduct A, from which
nucleophilic addition to the benzimidazole part occurs to give B. The terminal
alkene would be formed by Smiles rearrangement along with 44 and SO,. Since we
could not detect any gas bubble even in a 5 mmol scale reaction, SO, probably
reacts with -BuOK to form ~BuOSO,K. After aqueou workup with aq NH,Cl, the
alkene and 44 were obtained. The byproduct 44 can be removed from the reaction
mixture by either filtration or column chromatography. When the reaction mixture
was diluted with hexane and washed with 1 M NaOH in order to remove the anion
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(0]
+-BuOK II/O 0.0
432+ R1J\R2 4% 1_’©[ %ﬁ
|
CH, CH H
aq. NH4CI 2

I, @[\H vs0, T+ [T oo

R R2 R R 'Tl

Me 44 Me

Scheme 23 A plausible reaction mechanism of methylation with 43a

of 44, the usual workup gave almost pure alkenes. At least, in some cases, higher
yields were obtained after basic workup rather than neutral workup.

7 Conclusions

In this mini-review, the Julia-Kocienski type methyenation reagents were fully
summarized. At present, five Julia-Kocienski type methylenation reagents were
invented. Both their reactivity and stability under basic conditions is dependent on
the heteroaryl group of these reagents. For comparison, classical methylenation
reaction of carbonyl compounds, the Wittig reaction, the Peterson reaction, the
reaction with gem-dimetallic reagents such as Tebbe reagent, Petasis reagent,
CH,(ZnX), reagents, and Nysted reagent, and transition metal-catalyzed methyle-
nation reaction are also summarized briefly. Although these methods may be still
the first choice of the methylenation reaction, the Julia-Kocienski reaction is
becoming one of the most reliable methylenation methods. I believe some of the
Julia-Kocienski type reagents are useful complements to the classical methods and
have wide applicability for the synthesis of bioactive active molecules and
materials.
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Development of Shelf-Stable Reagents
for Electrophilic Trifluoromethylthiolation
Reaction

Zhongyan Huang and Norio Shibata

Abstract Pharmaceutical and agrochemical companies are interested in fluorinated
compounds as a promising source of drug candidates. About 25% of marketed
pharmaceuticals and 40% of agrochemicals contain fluorine atom(s) in their
chemical structures. Therefore, the development of efficient synthetic methodology
for organofluorine compounds is an important task for synthetic chemists in the
field of medicinal chemistry. Among a variety of fluorinated compounds, we dis-
cuss herein trifluoromethylthio (SCF3) compounds. The SCF; group is one of the
most lipophilic functional groups in organic chemistry. The electron-withdrawing
effect of the SCF; group is similar to that of the popular trifluoromethyl (CF3)
group. Hence, the replacement of the CF5; moiety in market drugs and drug can-
didates by a SCF; group is a potential strategy to control bioavailability and
cell-membrane permeability of original compounds. In recent decades, a large
number of reports for the synthesis of SCF; compounds have been appeared.
Among them, direct trifluoromethylthiolation reaction using shelf-stable reagents is
obviously attractive since this functionalization can be performed at a late stage of
the multistep synthesis of target molecules. Currently, several shelf-stable reagents
for electrophilic trifluoromethylthiolation have been developed. We herein intro-
duce our recent contributions for the development of efficient, shelf-stable reagents
for electrophilic trifluoromethylthiolation reaction. Design, synthesis and reactivity
of two novel shelf-stable reagents, trifluoromethanesulfonyl hypervalent iodonium
ylide and its diazo-derivative are discussed.
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1 Introduction

Organofluorine compounds are of great importance in the field of agrochemicals
and pharmaceuticals. About 25% of marketed pharmaceuticals and 40% of agro-
chemicals contain fluorine atom(s) in their chemical structures. In the development
of pharmaceuticals, natural products have played an important role over the past
half century. However, new drug discovery is going to be increasingly difficult
based on a natural product strategy, thus pharmaceutical companies will be inter-
ested in fluorinated compounds as a promising source of drug candidates. In con-
trast to natural products, fluorinated pharmaceuticals are completely man-made.
Only a handful of organofluorine compounds have been found in nature [1] and it is
thus unrealistic to use natural fluorinated compounds as starting materials for drug
synthesis. Therefore, the development of practical ways to introduce fluorine or a
fluorinated functional group into organic compounds has caught the attention of
more and more chemists. In particular, fluorination and trifluoromethylation are two
of the most important reactions for the synthesis of biologically attractive orga-
nofluorine compounds as evidenced by a large number of fluorinated and
trifluoromethylated pharmaceuticals that are available on the market.

Although there are a variety of fluorinated compounds, we discuss herein tri-
fluoromethylthio (SCF3) compounds. The SCF; group is one of the most lipophilic
functional groups in organic chemistry. The electron-withdrawing effect of the
SCF; group is similar to that of the popular trifluoromethyl (CF3) group. Hence, the
replacement of the CF; moiety in market drugs and drug candidates by a SCF3
group is a potential strategy to control bioavailability and cell-membrane perme-
ability of original compounds [2]. Indeed, the SCF; group is frequently found in
many pharmaceutical products, such as Toltrazuril [3], Tiflorex [4], and Cefazaflur
[5], among others. In the last few decades, a large number of effective method-
ologies have been reported for the synthesis of SCF;-containing molecules [6].
Fundamental methods for the preparation of the SCF; functional group can be
divided into three categories: (1) halogen-fluorine exchange [7, 8];
(2) trifluoromethylation of sulfur-containing compounds [9-11]; and (3) direct
introduction of the SCF; unit into targets by the trifluoromethylthiolation reaction.
Obviously, direct trifluoromethylthiolation is ideal and practical since this func-
tionalization can be performed at a late stage of the multistep synthesis of target
molecules. However, the reagents for direct trifluoromethylthiolation generally
include liable trifluoromethylthiolate salts or toxic, gaseous reagents such as Hg
(SCFs3),, HSCF;, CISCF5 or FsCSSCF; [12-18]. Therefore, in recent years, much
effort has focused on the development of shelf-stable reagents for this purpose.
Currently, several shelf-stable reagents for electrophilic trifluoromethylthiolation
have been developed by Munavalli, Billard and Shen (a—f, Fig. 1) [19-25]. These
reagents can be prepared by trifluoromethylthiolation or related trifluoromethylation
reactions.

In addition to the SCF3 unit, we are interested in the trifluoromethanesulfonyl
(SO,CF;) unit. SO,CF; is stable and the strongest electron-withdrawing functional
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Fig. 1 Shelf-stable reagents for electrophilic trifluoromethylthiolation

group. The lipophilicity of SO,CF; is less than that of the CF; group. Hence,
replacement of the CF; group in biologically active molecules by SO,CF; is also an
attractive strategy for drug development. During our research on the synthesis of
SO,CF3 compounds (triflones), the idea to use SO,CF; compounds as
trifluoromethylthiolation reagents emerged. SO,CF3 compounds are ubiquitous and
commercially available general reagents such as CF;SO,Cl, CF;SO,Na, CF;SO,H
and (CF5S0,),0. We envisaged that these SO,CF; compounds could be used as
sources for introducing the CF3S moiety while combining reductive conditions. In
order to realize this idea, we focused on iodonium ylides, which are attractive
progenitors for carbene-generation and react with a variety of substrates under
thermal or catalytic conditions [26-28]. They are easily synthesized by the use of
hypervalent iodine compounds such as phenyliodine diacetate (PIDA) and can be
stabilized by two strong electron-withdrawing groups. Two very unique reports
showed that the phenyl thio group is generated in situ from phenyliodonium bis
(phenylsulfonyl) methylide under light or thermal conditions with copper catalysis
(Scheme 1) [29, 30].

Encouraged by these reports, we assumed that a reactive, electrophilic SCF;
species might be produced from steady SO,CF3 compounds by carbene-mediated

PhO,S. _SOPh  heat or Ay o an
II ——>| PhO;S-C-S~Ph === PhO,S-C=S~Ph
“Ph o] o]
I -CO I
Ph—S—SPh ~—2 | Pho,S—C-0-SPh PhO,S—C—S—Ph
o} 0

Scheme 1 Reduction of phenyliodonium bis(phenylsulfonyl) methylide
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in situ reduction under copper catalysis. Therefore, we designed a novel SO,CF;
iodonium ylide compound as an electrophilic trifluoromethylthiolation reagent
based on the CF;SO, analogue of phenyliodonium bis(phenylsulfonyl) methylide.

2 Trifluoromethanesulfonyl Hypervalent Iodonium Ylide:
Preparation and Reactivity

2.1 Synthesis of Trifluoromethanesulfonyl Hypervalent
Iodonium Ylide 1

A trifluoromethanesulfonyl hypervalent iodonium ylide 1 was synthesized as fol-
lows [31]. We first synthesized 2-bromo-1-phenylethanone by bromination of
acetophenone with N-bromosuccinimide (NBS) in the catalysis of p-toluenesulfonic
acid. The bromide obtained was transformed to the corresponding triflone by
reaction with NaSO,CF3 in DMF. Finally, compound 1 was synthesized by the
treatment of triflone with PIDA in CH3CN at 0 °C for 2 h simply by filtration of the
precipitate and a wash with water and ether (Scheme 2). Reagent 1 is stable at room
temperature for more than one week, and for more than one year in a refrigerator,
without showing any signs of decomposition.

2.2 Reaction of Reagent 1 with Enamines

Enamines are multipurpose intermediates for many types of organic synthesis
[32-34]. We first examined the electrophilic trifluoromethylthiolation of enamines.
The reaction of variety enamines with hypervalent iodonium ylide reagent 1 in the
presence of 20 mol% CuCl in 1,4-dioxane at room temperature proceeded very
rapidly to afford the corresponding SCF3 compounds in high to excellent yields in
5 min (Scheme 3). Various substitutions on the amino groups such as aromatic and

O NBS (1.0 equiv.) o) 0
TSOHH,0 (10 mol%) Br NaSO,CF; (1.1 equiv.) SO,CFs
_—

neat, r.t., 3h DMF, 50 °C, 24 h
83% yield 76% yield
O

PhI(AcO), (1.0 equiv.) (j)S/SOZCF3
MeCN, 0°C, 2 h !
quantitative yield

Scheme 2 Synthesis of trifluoromethanesulfonyl hypervalent iodonium ylide 1
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Scheme 3 Trifluoromethylthiolation of enamines with reagent 1

aliphatic substituents gave high yields of SCF3-enamines under copper catalysis
conditions. Not only B-enaminoesters, but also -enaminoketones were efficiently
trifluoromethylthiolated under standard conditions by reagent 1. Unprotected
enamine also reacted with 1 to give SCF;-enamine in 84% yield [31].

2.3 Reaction of Reagent 1 with Indoles and f-Keto Esters

Indole derivatives are vital structural units in biologically active natural compounds
in pharmaceuticals and agrochemicals [35]. Direct electrophilic trifluoromethylth-
iolation of indoles by 1 was next examined. Trifluoromethylthiolation of indole
with 1 under standard conditions for enamines only resulted in low yield.
Fortunately, the addition of a catalytic amount of N,N-dimethylaniline sharply
increased the reactivity and afforded the desired trifluoromethylthiolated product in
good yield. With a slight change in reaction conditions, a series of indoles were
smoothly transformed to the corresponding trifluoromethylthiolated products in
moderate to high yields within 2h at room temperature (Scheme 4).
1-Indanone-2-carboxylate with a tetrasubstituted sp3 carbon center and ethyl
3-phenylpropanoate were trifluoromethylthiolated with 1 in the presence of 10 mol%
CuCl and 20 mol% 2.,4,6-collidine (Scheme 4) [31].
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Scheme 4 Trifluoromethylthiolation of indoles and B-keto esters with reagent 1

2.4 Reaction of Reagent 1 with Pyrroles

Pyrroles are five membered nitrogen-containing heterocyclic compounds which are
often encountered in natural products, as exemplified by porphyrins. Pyrroles are
also popular as a unit of man-made biologically active molecules and dyes for solar
cells [36]. Thus, the development of synthetic methods that provide
fluoro-functionalized pyrrole derivatives is of great importance in the fields of
medicinal chemistry and material sciences. Pyrroles are highly sensitive towards
oxidation and polymerization, and mild and neutral conditions are required for their
transformation. Trifluoromethylthiolation of pyrroles was originally examined
using gaseous and toxic CISCF;, but the scope of substrates was narrow and
conversion yields were not satisfactory [37]. In 2012, Billard and co-workers
attempted the trifluoromethylthiolation of pyrroles by shelf-stable reagents,
trifluoromethanesulfanylamides, and ArNRSCF; (Billard—Langlois reagents), but
failed, resulting in polymerization [38]. We thus attempted the direct
trifluoromethylthiolation of pyrroles with reagent 1 under copper catalysis. After
optimization of the reaction conditions using 2-phenyl pyrrole and reagent 1, cat-
alyst of 20 mol% CuF; in N-methyl-2-pyrrolidinone (NMP) afforded the best yield
of the desired product, i.e., 94% yield. Under these optimized reaction conditions, a
broad set of pyrroles were nicely transformed to their corresponding
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Scheme S Trifluoromethylthiolation of pyrroles with reagent 1

trifluoromethylthiolated pyrroles in moderate to excellent yields (Scheme 5) [39].
Most of the reactions were completed within 1 h and the desired products were
obtained smoothly, independent of the substitution of pyrroles. Regioselective
trifluoromethylthiolation was achieved with substrates having multiple reaction
centers.

2.5 Reaction of Reagent 1 with Arylamines

Billard—Langlois reagents, ArNRSCF;, are very attractive electrophilic
trifluoromethylthiolation  reagents. Many kinds of trifluoromethylthio-
functionalization reactions have been achieved with ArNRSCF; including of
alkenes, alkynes, indoles, alkylamines, boronic acids, Grignard reagents, lithium
reagents, and allylsilanes [40]. The Billard—Langlois reagents are prepared in
several steps from diethylaminosulfur trifluoride, trifluoromethyltrimethylsilane,
and anilines. In addition to the wide utility of Billard—Langlois reagents for
trifluoromethylthiolation, aryl NSCF; compounds have potential bioactivity.
Reagent 1 was next examined in the one-step synthesis of aryl NSCF; compounds.
Fortunately, a standard set of conditions was found to be effective for the direct
trifluoromethylthiolation of arylamines using 20 mol% CuF, as the catalyst in NMP
at room temperature. A wide range of arylamines were converted into the corre-
sponding SCF;-products in high yields under these standard conditions in 3 h. As
shown in Scheme 6, Billard—Langlois reagents PhNHSCF; and PhN(Me)SCF;
were obtained in 83 and 81% yield in a single step. Hydrazinephthaloimide
derivative was also transformed into the NHNSCF; compound in 77% yield
(Scheme 6) [41].



170 Z. Huang and N. Shibata
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Scheme 6 Trifluoromethylthiolation of arylamines with reagent 1

2.6 Reaction of Reagent 1 with Allylsilanes and Silyl Enol
Esters

The trifluoromethylthiolation of allylsilanes and silyl enol esters were examined
by Qing and Billard, but a different reagent with different conditions were required
[25, 42]. Moreover, the trifluoromethylthiolation of silyl enol esters tends to give
a mixture of mono- and bis-SCF; products. We next examined the
trifluoromethylthiolation of allylsilanes and silyl enol esters with reagent 1. The
combination of catalyst and solvent was very important after screening the opti-
mization of reaction conditions, and 20 mol% CuF, as catalyst in NMP or N,N-
dimethylacetamide (DMAc) at room temperature for 10 h were found to be the best
reaction conditions. Under these optimized conditions, diverse allylsilanes and a
series of silyl enol esters were smoothly transformed to the corresponding SCF;
compounds in satisfactory to good yields (Scheme 7) [43]. Both cyclic and acyclic
substrates were accepted under the same conditions to provide SCF; compounds.

2.7 Reaction of Reagent 1 with Boronic Acids

Aromatic compounds having fluorinated functional groups such as F and CF; are
also important raw materials for the synthesis of more complex fluorine-containing
functional materials and drugs. Hence, trifluoromethylthiolated aromatics were
targeted next. The cross-coupling reaction of boronic acids with reagent 1 is the
most straightforward way to obtain the desired targets. We thus turned our attention
to examine the direct trifluoromethylthiolation of boronic acids. After optimization
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Scheme 7 Trifluoromethylthiolation of allylsilanes and silyl enol esters with reagent 1

of the reaction conditions, the coupling reaction of arylboronic acids with reagent 1
afforded the desired products in satisfactory to moderate yields with 1.2 equivalents
of Cu(OAc), in DMAc at 80 °C for 10 h [44]. Vinyl boronic acids were also
converted to vinyl-SCF; compounds under the same reaction conditions in mod-
erate yields (Scheme 8).

2.8 Reaction of Reagent 1 with Allylic Alcohols

The trifluoromethyl sulfinyl (S(O)CF;) group is found in Fipronil, which is a widely
used phenylpyrazole insecticide [45]. The compounds that contain the S(O)CF3
group may be a new class of drugs and agrochemical candidates. However, the
methods to synthesize S(O)CF; compounds have lagged behind those of SCF; and

reagent 1 (2.0 equiv.)
R X BOH2  cu(OAc); (1.2 equiv.) RN SCFs

DMAc, 80 °C, 10 h AN

SCF SCF3 SCF
/©/ 3 “ OO SCFs ’ - SCFs
MeO

R = PhO, 45% yield o
R = Ph, 25% yield 29%
R =NO,, 27% yield

yield 38% yield X=0,15%yield R =Ph, 45% yield
X=8,12%vyield R =MeO, 55% yield

Scheme 8 Trifluoromethylthiolation of boronic acids with reagent 1
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SO,CF; moieties. The traditional method is oxidation of SCF; compounds. Direct
trifluoromethylsulfinylation uses triflinate salts CF;SO,M (M = Na, K) or N-S(O)
CF; succinimide [6]. Unfortunately, only few references have been reported for
these methods. Thus, the development of alternative routes to enrich this chemistry
is of current interest [46]. We thus attempted the reaction of allylic alcohols with
reagent 1, which afforded trifluoromethyl sulfoxide products via a [2,3]-sigmatropic
rearrangement of sulfenates that were generated in situ by direct
trifluoromethylthiolation of allylic alcohols. (Scheme 9). The reaction of allylic
alcohols with reagent 1 in the presence of a catalytic amount of CuF, in DMAc at
room temperature for 10 h furnished trifluoromethylsulfinyl compounds in good
yields [44].

2.9 Proposed Reaction Mechanism for Copper-Catalyzed
Trifluoromethylthiolation by Reagent 1

The reaction mechanism was proposed based on experimental results, '’F NMR
analysis, and mass spectral data. First, carbene A should be generated in situ via a
copper carbenoid A’ or copper catalysis. Next, oxathiirene B, which is in equi-
librium with carbene A via path I, would rearrange to sulfoxide C. The subsequent
intramolecular nucleophilic collapse of C would then form the reactive species,
thioperoxoate D. Trifluoromethylthiolation from D to the nucleophile (Nu) via an
electrophilic pathway III would yield the desired products Nu—SCF;. In the absence
of a nucleophile, thioperoxoate D collapsed into CF;SSCF; via radical path II,
although path III was more rapid than path II. The friable signals at —56.4 and

reagent 1 (2.0 equiv.)

OH R’ CuF; (20 mol%) RO R oF
RN R RSN 72
R? DMAG, r.t., 24 h R2 O
Rl X ﬁ/CFS § §/0F3 SNog-CFs
Z o o) o)
R=H, 71% yield 62% vyield 35% vyield, dr = 3/2

R = 4-Me, 61% yield

R = 4-MeO, 45% yield @S\/\/CI)SI N
R = 3-MeO, 50% yield NS “CF o]

R = 2-MeO, 60% yield 30% yield 15% yield

R = 4-Cl, 75% yield

— o) N g-CF3
R B 4-CF3’ 440/0 yleld OO\/\/g ©/\/\/\“
AN G ~
R = 4-Bu, 85% yield CF3 _ 0
70% yield 42% yield, E/Z = 22/3

Scheme 9 Trifluoromethylthiolation of allylic alcohols with reagent 1
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—76.6 ppm were assigned to D and C by comparison of the reported data of R—S
(O)CF5 and R—O-SCF; compounds [31, 39]. Although the role of cupper salts,
CuX,, is explained by the generation of carbine A or carbenoide A’, the exact role
of the X group cannot be explained. Deeper DFT calculation should be required for
more discussion [47].

3 2-Diazo-1-Phenyl-2-((Trifluoromethyl)Sulfonyl)
Ethan-1-One: Preparation and Reactivity

3.1 Synthesis of 2-Diazo-1-Phenyl-2-((Trifluoromethyl)
Sulfonyl)Ethan-1-One

We have discussed the wide utility of the trifluoromethanesulfonyl hypervalent
iodonium ylide 1 for the electrophilic trifluoromethylthiolation reaction, including
the coupling reaction. Reagent 1 is stable and easily activated under copper
catalysis to generate a carbene intermediate (Scheme 10). We noticed that the same
carbene intermediate should be generated from a conventional diazo-precursor 2
instead of hypervalent iodonium ylide 1. The diazo-precursor, 2-diazo-1-phenyl-2-
((trifluoromethyl)sulfonyl)ethan-1-one 2 was reported by Zhu and co-authors [48].
It was prepared using polyfluoroalkanesulfonyl azide (I(CF,),O(CF,),SO,N3) as
the diazo transfer reagent. However, we found an alternative protocol using
CF5SO;N3 as the diazo transfer reagent. Our method is easy to conduct in labo-
ratory conditions. First, the diazo transfer reagent CF3SO,N; was prepared fresh
from sodium azide (NaNj3;) with trifluoromethanesulfonic anhydride (Tf,0), then
the CF3;SO,;N3/DCM solution was directly added to a mixture of 1-phenyl-2-
((trifluoromethyl)sulfonyl)ethan-1-one in MeCN. After pyridine was added and
stirred at room temperature for 14 h, the diazo reagent 2 was obtained in 85% yield
(Scheme 11) [49].

3.2 Trifluoromethylthiolation of Nucleophiles
with Reagent 2

With reagent 2 in hand, enamines were first examined in the electrophilic
trifluoromethylthiolation reaction. The corresponding trifluoromethylthiolated
compounds were obtained in moderate to good yields in the presence of a catalytic
amount of CuCl in 1,4-dioxane at 50 °C for 12 h (Scheme 12a). Other nucle-
ophiles, such as indoles, pyrrole, B-keto esters, and anilines were smoothly trans-
formed to the trifluoromethylthiolated products after a slight change in the reaction
conditions. For example, the addition of 0.2 equivalents of PhNMe, in 1,4-dioxane
with CuCl catalysis gave moderate yields of trifluoromethylated indoles, while 0.2
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Scheme 10 Proposed mechanism for copper-catalyzed trifluoromethylthiolation with reagent 1
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Scheme 11 Synthesis of diazo-triflone reagent 2

equivalents of 2,4,6-collidine helped to obtain trifluoromethylated B-keto ester in
58% yield. Trifluoromethylthiolation of pyrrole and aniline were achieved in NMP
in the presence of 20 mol% CuF, (Scheme 12b) [50].

3.3 Trifluoromethylthiolation of Aryl lodides with Reagent 2

Encouraged by the success of direct trifluoromethylthiolation of nucleophiles using
2, we next examined the trifluoromethylthiolation of aromatic compounds under a
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Scheme 12 Trifluoromethylthiolation with reagent 2

cross-coupling type of trifluoromethylthiolation reaction. A two-step heating con-
dition in the presence of 5.0 equivalents of copper in DMF was useful for the
trifluoromethylthiolation of aryl iodides, independent of whether they bear
electron-donating or electron-withdrawing groups, to yield the desired products in
34-56% (Scheme 13). The two-step heating is necessary to get the higher yields of
the products, since the first heating for the generation of reactive species of CuSCF;
and the next heating for the cross coupling reaction [50].

3.4 Reagent 2 as a Building Block for the Synthesis
of B-Lactam Triflones

We are currently interested in extending the applications of our reagents. Reagent 2
was found to be an alternative reagent for the trifluoromethylthiolation reaction.

I 0 Cu (5.0 equiv.)
Ri‘ X . SO,CF3 DMF : SN SCF3
N~ N, 50°C, 12h, then 120°C, 12h R
2
SCF SCF
/©/SCF3 QSCF3 /©/SCF3 /©/SCF3 Q;T 3 Q;( 3
Me' Ph MeO O,N

34% vyield 48% vyield 26% vyield 39% vyield 45% y|e|d 56% yleld

Scheme 13 Trifluoromethylthiolation of aryl iodides with reagent 1



176 Z. Huang and N. Shibata

(e}

)S(SOzCFs 1) toluene, 100 °C, 1 h
Ph

N, 2) RN=CHR', 100°C, 2 h

o . MeO . o i —on.
M7e5£) %I(()atl’/do’y?éld,gj:i 037 39% yield, dr = 70:30 69% vield, dr = 94:6 41% yield, dr = 90:10
MeO, 64% yield, dr = 89:11
MeO, 50% vyield, dr = 91:9
NO,, 56% yield, dr = 84:16
Cl, 70% yield, dr = 94:6
F, 66% vyield, dr = 95:5
Br, 61% vyield, dr = 93:7 Ph
Me;N, 60% yield, dr > 99:1

ADVDDVOONDRD
L T I T T TR TR T

H,
4-
X
3-
4-
4-
4-
4-
4-

21% yield, dr = 88:12  51% yield, dr = 86:14 71% yield, dr = 90:10

SO,CFs3 o

7 o
"Ph
FiC0S8 /Ny N\ SOCFs
Ph™ Y Ph

H Ph Ph H

52% vyield, dr = 90:10  74% yield, dr = 73:27 56% yield, dr = 59:41

Scheme 14 Stereoselective synthesis of B-lactam triflones

We next attempted to discover other utilities of reagent 2. We hypothesized that
reagent 2 should undergo a Wolff-rearrangement under thermolysis conditions. So
we attempted to heat reagent 2 to generate a carbene intermediate without using
copper catalysis. After heating reagent 2 at 120 °C in a solvent-free under N,
atmosphere for 30 min, IR spectroscopy showed the production of ketene triflone at
2150 cm ™', while the original reagent 2 formed a peak at 2131 cm™'. The '*F NMR
peak of reagent 2 also shifted from —77.401 to —77.671 ppm [49]. With this
evidence of ketene species, we attempted the reaction of ketene with imines towards
Staudinger [2 + 2] cycloaddition to afford B-lactams. B-Lactams are a biologically
important class of heterocyclic compounds that play a crucial role in pharmaceutical
chemistry and life sciences [51]. Ketenes bearing strong electron-withdrawing
moieties have difficulty in bringing the ring closer in the Staudinger [2 + 2]
cycloaddition reaction. Fortunately, the reaction proceeded smoothly to provide
3,3-aryltriflyl multisubstituted B-lactams from diazo-triflones with imines. A broad
scope of products was synthesized by our method in good yields (Scheme 14). That
protocol is the first report on the introduction of a triflyl group into the 3-position of
a B-lactam [49].
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4 Conclusions

We have developed two reagents for the electrophilic trifluoromethylthiolation
reaction, trifluoromethanesulfonyl hypervalent iodonium ylide 1 and
2-diazo-1-phenyl-2-((trifluoromethyl)sulfonyl)ethan-1-one 2. Both 1 and 2 are
easily prepared and shelf-stable in the atmosphere. In contrast to other shelf-stable
electrophilic trifluoromethylthiolation reagents, our reagents have a CF3SO, unit
rather than SCF;, which can generate electrophilic SCF; species in situ during the
reaction via carbene and thioperoxoate. Both 1 and 2 are highly reactive with a
broad range of nucleophilic substrates like enamines, indoles, pyrroles, B-keto
esters and amines under copper catalysis. The utility of 1 was greatly expanded to
the functionalization of allylsilanes, silyl enol esters, boronic acids and allylic
alcohols, while 2 was used to direct the trifluoromethylthiolation of aryl iodides
under a cross-coupling reaction. Reagent 2 is not only a reagent for electrophilic
trifluoromethylthiolation but also a trifluoromethanesulfonyl building block for the
synthesis of 3,3-aryltriflyl multisubstituted B-lactams under thermal conditions via a
Wolff rearrangement and a Staudinger [2 + 2] cycloaddition. Although these two
reagents are easily synthesized and shelf-stable, their application in process
chemistry is still a matter of debate [52]. We are now researching possibilities to
expand their practical use.

Acknowledgements The author would like to thank all our collaborators and coauthors listed in
the original papers. These studies were financially supported in part by the Platform for Drug
Discovery, Informatics, and Structural Life Science from the Ministry of Education, Culture,
Sports, Science and Technology (MEXT) Japan, the Japan Agency for Medical Research and
Development (AMED), the Advanced Catalytic Transformation (ACT-C) from the Japan Science
and Technology (JST) Agency, the Hoansha Foundation, and the Kobayashi International
Scholarship Foundation. Mr. Zhongyan Huang thanks the Hori Sciences & Arts Foundation
(Japan) for support.

References

O’Hagan D, Harper DB, J Fluorine Chem. 1999;100:127-133.

Barata-Vallejo S, Bonesi S. Postigo A. Org. Biomol. Chem. 2016;14, 7150-7182.
Laczay P, Voros G, Semjén G. Int J Parasitol. 1995;25:753-756.

Silverstone T, Fincham J, Plumley J. Br J Clin Pharmacol. 1979;7:353-356.
Aswapokee N, Neu HC. Antimicrob Agents Chemother. 1979;15:444-446.

Xu XH, Matsuzaki K, Shibata N. Chem Rev. 2015;115:731-764.

Scherer O. Angew Chem. 1939;52:457—459.

Nodiff EA, Lipschutz S, Craig PN, Gordon M. J Org Chem. 1960;25:60-65.
Wakselman C, Tordeux M. J Chem Soc Commun. 1984;793-794.

Kieltsch I, Eisenberger P, Togni A. Angew Chem Int Ed. 2007;46:754-757.

. Yasui H, Yamamoto T, Tokunaga E, Shibata N. J Fluorine Chem. 2011;132:186-189.
. Man EH, Coffman DD, Muetterties EL. ] Am Chem Soc. 1959;81:3575-3577.

. Andreades S, Harris JF Jr, Sheppard WA. J Org Chem. 1964;29:898-900.

. Hanack M, Kihnle A, Tetrahedron Lett. 1981;22:3047-3048.

—
ORI E WD~

— == e
AN =



178

15.
16.
17.
18.
19.

20.
21.

22.
23.
24.
25.
26.
27.
28.
29.
30.
31.

32.
33.
34.
3s.

36.

37.
38.
39.
40.
41.
42.
43.
44.
45.

46.
47.

48.
49.
50.
51.

52.

Z. Huang and N. Shibata

Kolasa A. J Fluorine Chem. 1987;36:29-40.

Popov VI, Haas A, Lieb M. J Fluorine Chem. 1990;47:131-136.

Adams DJ, Clark JH. J Org Chem. 2000;65:1456-1460.

Kremsner JM, Rack M, Pilger C, Kappe CO. Tetrahedron Lett. 2009;50:3665-3668.
Munavalli S, Rohrbaugh DK, Rossman DI, Berg FJ, Wagner GW, Durst HD. Syn Commun.
2000;30:2847-2854.

Ferry AL, Billard T, Langlois BR, Bacque E. J Org Chem. 2008;73:9362-9365.
Bootwicha T, Liu X, Pluta R, Atodiresei I, Rueping M. Angew Chem Int Ed. 2013;52:
12856-12859.

Shao X, Wang X, Yang T, Lu L, Shen Q, Angew Chem Int Ed. 2013;52:3457-3460.

Xu C, Shen Q, Org Lett. 2014;16:2046-2049.

Xu C, Ma B, Shen Q. Angew Chem Int Ed. 2014;53:9316-9320.

Alazet S, Zimmer L, Billard T, Chem Eur J. 2014;20:8589-8593.

Hayashi Y, Okada T, Kawanisi M. Bull Chem Soc Jpn. 1970;43:2506-2511.

Camacho MB, Clark AE, Liebrecht TA, Deluca JP. J] Am Chem Soc. 2000;122:5210-5211.
Miiller P. Acc Chem Res. 2004;37:243-251.

Hadjiarapoglou L, Spyroudis S, Varvoglis A. J Am Chem Soc. 1985;107:7178-7179.
Sander W, Strehl A, Winkler M. Eur J Org Chem. 2001;3771.

Yang YD, Azuma A, Tokunaga E, Yamasaki M, Shiro M, Shibata N. J Am Chem Soc.
2013;135:8782-8785.

Rappoport Z, editor. The chemistry of enamines (Parts 1 & 2). New York: Wiley; 1994.
Xie JH, Zhu SF, Zhou QL, Chem Soc Rev. 2012;41:4126-4139.

Abdel-Magid AF, Cohen JH, Maryanoff CA. Curr Med Chem. 1999;6:955-970.

Gribble GW, Editor. Heterocyclic scaffolds II: reactions and applications of indoles, Berlin:
Springer-Verlag; 2010.

d’Ischia M, Napolitano A, Pezzella A. Pyrroles and their benzo derivatives: applications. In:
Katritzky AR, Ramsden C A, Scriven EFV, Taylor RJK, editors. Comprehensive Heterocyclic
Chemistry III. Amsterdam: Elsevier; 2008. Vol. 3. p. 353-388.

Haas A, Niemann U. Chem Ber. 1977;110:67-77.

Ferry A, Billard T, Bacqué E, Langlois BR. J Fluorine Chem. 2012;134:160-163.

Huang Z, Yang YD, Tokunaga E, Shibata N. Org Lett. 2015;17:1094-1097.

Toulgoat F, Alazet S, Billard T. Eur J Org Chem. 2014;2415.

Huang Z, Yang YD, Tokunaga E, Shibata N. Asian J Org Chem. 2015;4:525-527.

Liu J, Chu L, Qing FL. Org Lett. 2013;15:894-897.

Arimori A, Takada M, Shibata N. Org Lett. 2015;17:1063-1065.

Arimori A, Takada M, Shibata N. Dalton Trans. 2015;44:19456-19459.

Aajoud A, Raveton M, Azrou-Isghi D, Tissut M, Ravanel P. J Agric Food Chem.
2008;56:3732-3737.

Chachignon H, Maeno M, Kondo H, Shibata N, Cahard D. Org Lett. 2016;18:2468-2470.
Miyamoto K, Iwasaki S, Doi R, Ota T, Kawano Y, Yamashita J, Sakai Y, Tada N, Ochiai M,
Hayashi S, Nakanishi W, Uchiyama M, J. Org. Chem., 2016; 81:3188-3198.

Pang W, Zhu S, Xing C, Luo N, Jiang H, Zhu S. J Fluorine Chem. 2008;129:343-348.
Huang Z, Wang C, Tokunaga E, Sumii Y, Shibata N. Org Lett. 2015;17:5610-5613.
Huang Z, Okuyama K, Wang C, Tokunaga E, Li X, Shibata N. ChemistryOpen. 2016;
5:188-191.

Morin RB, Gorman M. editors. Chemistry and biology of B-lactam antibiotics. New York:
Academic Press, New York: 1982. Vols. 1-3.

The reagent 1 is commercially available. See the websites, “Shibata trifluoromethylthiolation
reagent” from SyQuest Laboratories, http://synquestlabs.com/product/id/98242.html, and
“Shibata Reagent II”, from TCI America, http://www.tcichemicals.com/eshop/en/us/
commodity/P2143/.


http://synquestlabs.com/product/id/98242.html
http://www.tcichemicals.com/eshop/en/us/commodity/P2143/
http://www.tcichemicals.com/eshop/en/us/commodity/P2143/

Practical and Environmentally Friendly
Transformation of Tetrahydrofuran-
2-Methanols to y-Lactones via Oxidative
Cleavage

Tomoya Fujiwara, Yuto Horiuchi, Akihiro Yamada, Hisanori Nambu
and Takayuki Yakura

Abstract Transformation of oxacycle-2-methanols to the corresponding lactones is
often applied to total synthesis of natural products. It is accomplished by either
direct oxidative cleavage reaction using a heavy metal oxidant or multistep con-
version. As a practical and environmentally friendly procedure, a direct oxidative
cleavage reaction of tetrahydrofuran-2-methanols to the corresponding 7y-lactones
was developed. This new catalytic reaction proceeds with a catalytic amount of
2-iodobenzamide and stoichiometric Oxone (2KHSOs5-KHSO,4-K,SO,) at room
temperature.

Keywords Catalysis + Green chemistry - Hypervalent iodine - Oxidative cleav-
age - Oxone

1 Introduction

Lactones are ubiquitously present as a key structural skeleton in natural product and
are utilized as versatile synthetic intermediates. Among many methods for the
preparation of lactones, transformation of oxacycle-2-methanols to the corre-
sponding lactones is often used in total synthesis of natural products. This trans-
formation is classified into two categories. One is the direct oxidative cleavage
reaction and the other is the multistep conversion. The direct transformation clearly
has advantages over the multistep approach, however, all the previously reported
direct reactions require an excess amount of hexavalent chromium oxidant and
harsh conditions. In larger scale synthesis, use of toxic Cr(VI) oxidants should be
avoided. And in the synthesis of chemically labile and structurally complex com-
pounds, mild reaction conditions are preferred. Therefore, development of a direct
oxidative cleavage reaction with non-toxic oxidant at low temperature is strongly
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required. Very recently, we have succeeded in developing a practical and envi-
ronmentally friendly reaction of tetrahydrofuran-2-methanols to the corresponding
v-lactones, which employs a 2-iodobenzamide catalyst and Oxone
(2KHSO5-KHSO4-K,S0,) at room temperature. Here we describe a brief review of
the precedent transformations and the approach to the new catalytic system.

2 Direct Oxidative Cleavage Reactions

Direct oxidative cleavage reactions of tetrahydrofuran-2-methanols to y-lactones
have been developed since early 1990s. In 1990, Borchardt and colleagues reported
the first oxidative cleavage of tetrahydrofuran-2-methanol 1 (Scheme 1a) [1]. When
1 was treated with 4 eq. of pyridinium chlorochromate (PCC) in benzene with a
Dean-Stark apparatus under reflux conditions, the corresponding lactone 2 was
obtained in 56% yield. This conversion was applied to the synthesis of a
transfer-RNA nucleoside [2] and antiplatelet drug metabolites [3] by the groups of
Carell and Shaw, respectively. Similar reaction of the 3,4-epimer of 1 gave lower
yield of the product [4]. At almost the same time as Borchardt, Chandrasekaran and
colleagues reported the oxidative cleavage of 3 to 4 with PCC in the presence of
molecular sieves 3A (MS3A) in CH,Cl, at reflux temperature (Scheme 1b) [5].
Singh, Kumar, and coworkers examined the PCC oxidation of 5§ at room temper-
ature for their synthesis of a selective cyclooxygenase(COX)-2 inhibitor in 2006
(Scheme 1c) [6]. However, the yield of lactone 6 was very low (15%) and a
substantial amount (31%) of carboxylic acid 7 was formed.

Use of pyridinium dichromate (PDC) as an oxidant was reported by
Papaioannou et al. in 1990 (Scheme 2a) [7]. Compound 8 was treated with 1.5 eq.
of PDC in the presence of MS4A in CH,Cl, at room temperature to generate
lactone 2 in 12% yield accompanied with 16% of ester 9 and 7% of aldehyde 10. In
1992, Ryu and colleagues found that a combination of PDC and acetic anhydride
(Ac,0) was effective for oxidation of ribonucleoside derivative 11a (Scheme 2b)
[8]. When uridine derivative 11a was allowed to react with 4 eq. of PDC in the
presence of 12 eq. of Ac,O in a mixture of CH,Cl, and N,N-dimethylformamide
(DMF) at room temperature for 0.5 h, the corresponding lactone 12a was obtained
in 50% yield. However, the oxidation of adenosine derivative 11b resulted in
decomposition. The PDC-Ac,0 system was applied to the preparation of lactone
12¢ and 12d for the syntheses of hydrindene derivatives and diterpenoid lactone,
respectively, by Taber and colleagues [9, 10]. We also applied the PDC-Ac,O
system to the synthesis of an analogue of natural phospholipase A, inhibitor
(Scheme 2¢) [11]. However, the reaction of 13 to 14 required extremely large
amounts of PDC (16 eq.) and very high temperature (150 °C) were required to
complete the reaction.

Direct oxidative cleavage reactions are simple and useful transformations for
synthesizing y-lactones from the corresponding tetrahydrofuran-2-methanols.
However, these reactions have several drawbacks; an excess amount (up to 16 eq.
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to the substrate) of toxic hexavalent chromium oxidant was required, most are
performed at high temperature, and the yields of y-lactones are often low.

3 Multistep Conversion

Lactones are also prepared from tetrahydrofuran-2-methanols in several steps.
Tomooka and coworkers reported the synthesis of y-lactone 17 from 15 by using
sequential two different type oxidations via aldehyde 16 in their total synthesis of a
squalene synthase inhibitor (Scheme 3a) [12]. Oxidation of 15 with a catalytic
amount of tetrapropylammonium perruthenate (TPAP) in the presence of N-
methylmorpholine N-oxide (NMO) as a co-oxidant and MS4A gave the corre-
sponding aldehyde 16 in 98% yield, which was allowed to react with a catalytic
amount of copper(Il) acetate [Cu(OAc),] and 2,2'-bipyridyl in the presence of
1,4-diazabicyclo [2.2.2]octane (DABCO) under oxygen bubbling to afford lactone
17 in 72% yield. Four step conversion from 18 into lactone 22 was accomplished in
high yield by Hatakeyama group in the total synthesis of a phospholipase A,
inhibitor (Scheme 3b) [13]. Oxidation of 18 with Dess-Martin periodinane [14]
produced aldehyde 19, which was subjected to Baeyer-Villiger oxidation to furnish
formate 20. Methanolysis of 20 followed by TPAP oxidation of the resultant lactol
21 afforded 22 in 68% yield from 18. An interesting procedure was reported for the
synthesis of d-lactone 27 from 23 in 2010 (Scheme 3c) [15]. The conversion of 23
to iodide 25 was carried out by tosylation and following iodination. Elimination
reaction of 25 generated exo-olefin 26, whose ozonolysis gave lactone 27.

These multistep conversions successfully produced the desired y-lactones in
good overall yields. However, considering the application of such conversions to
large-scale synthesis, the direct conversion is better in terms of handling, material
use, energy consumption, and environmental pollution.

4 Development of a Practical and Environmentally
Friendly Oxidative Cleavage
of Tetrahydrofuran-2-Methanols into y-Lactones
by 2-Iodobenzamide Catalyst in Combination
with Oxone

Hypervalent iodine compounds have been used extensively in recent organic
synthesis as alternative oxidants of heavy metals because of their low toxicity and
easy handling [16-18]. They usually require stoichiometric amounts and produce
equimolar amounts of organic iodine waste. Moreover, they are very expensive and
some of them are potentially explosive. An excellent solution to these problems can
be a catalytic version of hypervalent iodine oxidation [16-23]. Some iodoarenes
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Scheme 3 Multistep conversions

such as 2-iodobenzoic acid (28) [24, 25], 2-iodobenzenesulfonic acid (29), [26-29]
and their derivatives [30—32] have been employed as a catalyst with Oxone as a
co-oxidant in alcohol oxidation (Fig. 1). These catalytic reactions require the
heating conditions (70 °C) to generate the potentially explosive iodine(V) species
which work to oxidize the substrates. We recently found a novel catalytic oxidation
of alcohols at room temperature, which include a catalytic N-
isopropyl-2-iodobenzamide (30) and Oxone (Scheme 4) [33]. Oxone is well-known
as an environmentally safe oxidant, because Oxone is an inorganic and
water-soluble oxidant with a low order of toxicity, and moreover it is commercially
available and inexpensive [34, 35]. In comparison with other catalytic hypervalent
iodine oxidations and stoichiometric pentavalent iodine oxidations, this catalytic
system converts primary alcohols into the corresponding carboxylic acids not
aldehydes. This result suggested us that tetrahydrofuran-2-methanols might be led
to y-lactones via aldehydes and carboxylic acids.
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Fig. 1 Structures of
2-iodobenzoic acid (28) and
2-iodobenzenesulfonic acid
(29)

0

\\S//O
“OH
I
29

Scheme 4 Oxidation of
primary alcohols to the
corresponding carboxylic
acids using a catalytic amount
of N-
isopropyl-2-iodobenzamide
(30) and Oxone R-SOH Oxone, BuyNHSO, )]\
MeNOz-HZO R OH
room temp.

First, the reaction of tetrahydrofuran-2-methanol 31a with several oxidizing
reagents was examined (Table 1). Reaction of 31a with 4 eq. of PCC in the
presence of MS3A in CH,Cl, under reflux conditions [5] afforded a complex
mixture (entry 1). Oxidation of 31a with either Dess-Martin periodinane (34) [14]
or 2-iodoxybenzoic acid (IBX, 35) [36] gave the corresponding aldehyde 33 in 55
and 38% yields, respectively (entries 2 and 3). On the basis of the previously
reported conditions [33], 31a was treated with 1 eq. of 30 in the presence of 2.5 eq.
of Oxone and 1 eq. of tetrabutylammonium hydrogen sulfate (BuyNHSO,) in an
8:3 mixture of MeNO, and water at room temperature. Fortunately, the desired
oxidative cleavage of 31a successfully proceeded to provide the corresponding
v-lactone 32a in 71% yield after 60 h (entry 4). On the other hand, similar oxidation
with 28 [24, 25] instead of 30 was very slow and produced only a 17% yield of 32a
after 60 h (entry 5). We examined the oxidation of 31a without any iodine reagent
to confirm the role of iodine compound, resulting in no detectable product for-
mation (entry 6). To shorten the reaction time, the effects of Oxone, BuyNHSOy,,
and solvent on the reaction were then investigated. When 31a was reacted with
1 eq. of 30 in the presence of 5 eq. of Oxone, the reaction time (33 h) was much
shorter than that with 2.5 eq. of Oxone (entry 7). The use of 10 eq. of Oxone,
however, was not as effective for shortening the reaction time (entry 8). The oxi-
dation without BuyNHSO, afforded the best result, with 32a obtained in 73% yield
after 26 h (entry 9). Changing the ratio of MeNO, and water did not affect the result
(entry 10). The reaction in water resulted in a very low yield of 32a (entry 11)
whereas MeNO, as a sole solvent led to a high yield of 32a (entry 12). Use of
MeCN, 2,2,2-trifluoroethanol, and toluene gave unsuccessful results (entries 13—
15). The reaction in dimethylsulfoxide (DMSQO) also did not proceed (entry 16)
[37-39]. Interestingly, DMF [40] and N,N-dimethylacetamide (DMA) drastically
accelerated the reaction, which was complete within just 9 and 10 h, respectively
(entries 17 and 18). From these results, we have confidence that the reaction would
work well even with a catalytic amount of 30. When the reaction was performed
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Table 1 Oxidation of 31a to 32a with various oxidizing reagents at room temperature®
reaBgerrlltHso
BnO__ MNQ\/OH 0><onesyowl:nt ) BnO\/O&O +BnO__ MQ\(O
31a room temp, 32a 33 H
0 o)
ok ol
AcO’ 'é,f’c‘“ 7 on
34 35
Entry | Reagent (eq.) | Oxone (eq.) | BuyNHSO, (eq.) | Solvent Time (h) | Product
[yield
(%)]
1° PCC 4) None None CH,Cl, 24 Complex
mixture
34 (2.5) None None MeNO, 24 33 [55]
3 35 (2.5) None None MeNO, 24 33 [38]°
30 (1) 2.5 1 MeNO,— 60 32a [71]
H,0 (8:3)
5 28 (1) 2.5 1 MeNO,— 60 32a [17]°
H,0 (8:3)
6 None 2.5 1 MeNO,— 60 no
H,0 (8:3) reaction®
7 30 (1) 5 1 MeNO,— 33 32a [60]
H,0 (8:3)
8 30 (1) 10 1 MeNO,— 27 32a [67]
H,0 (8:3)
9 30 (1) 5 None MeNO,— 26 32a [73]
H,0 (8:3)
10 30 (1) 5 None MeNO,— 28 32a [73]
H,0 (3:8)
11 30 (1) 5 None H,0 28 32a [35]
12 30 (1) 5 None MeNO, 24 32a [81]
13 30 (1) 5 None MeCN 25 32a [69]
14 30 (1) 5 None CF;CH,OH |25 32a [54]
15 [30(1) 5 None Toluene 48 32a [29]°
16 30 (1) 5 None DMSO 48 No
reaction®
17 30 () 5 None DMF 9 32a [73]
18 30 () 5 None DMA 10 32a [67]
19 30 (0.3) 5 None DMF 15 32a [67]
20 30 (0.1) 5 None DMF 25 32a [63]
214 30 (0.3) 5 None DMF 21 32a [73]

#All reactions were performed using 0.25 mmol of 31a unless otherwise specified

The reaction was performed using 0.40 mmol of 31a
“The starting 31a was recovered
9The reaction was performed using 1.00 mmol of 31a
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using 0.3 eq. of 30 in DMF, 32a was obtained in 67% yield after 15 h (entry 19).
Even with 0.1 eq. of 30, the reaction was complete within 25 h and afforded 32a in
63% yield (entry 20). When 1 mmol of 31a was reacted with 0.3 eq. of 30, the
longer reaction time (21 h) was required to give 32a in slightly increased yield
(entry 21). These results strongly indicate that the oxidative cleavage with 30 and
Oxone becomes a catalytic reaction.

Various tetrahydrofuran-2-methanols 31b-1 were oxidized using 0.3 eq. of 30 in
the presence of 5 eq. of Oxone in DMF at room temperature (Table 2). When 31b
and 31c bearing an acyloxymethyl group at the 5-position were allowed to react
with 30 and Oxone for 22 and 24 h, respectively, the corresponding lactones 32b
and 32c¢ were each obtained in 73% yield (entries 1 and 2). Oxidation of phthal-
imide 31d gave 32d in high yield (entry 3), although tosyloxy derivative 31e
required 0.5 eq. of 30 to complete the reaction (entry 4). Alkylated 31f and 31g
were smoothly converted to the corresponding lactones 32f and 32g (entries 5
and 6). Reactions of 4-substituted 2-methanols 31h and 31i, bicyclic 31j, and
5,5-disubstituted methanol 31k were oxidized to lactones 32h—k in high yields
(entries 7-10). However, the reaction of 311 bearing a fert-butyldiphenylsilyl
(TBDPS) group afforded a complex mixture without the formation of the desired
product 321 (entry 11), presumably due to removal of the silyl group under the
reaction conditions. Catalyst 30 was recovered in high yields after reductive
treatment in all cases.

Next, the focus shifted to understanding the reaction mechanism. Considering
the mechanism of alcohol oxidation with 30 [33], aldehyde 33 and/or carboxylic
acid 36 were proposed as possible reaction intermediates in the present oxidative
cleavage reaction of 31a. Then, 33 and 36 were reacted with 1 eq. of 30 in the
presence of 5 eq. of Oxone in DMF at room temperature (Table 3). While the
reaction of 33 afforded 32a in 77% yield only after 1 h (entry 1), the reaction of 36
did not proceed (entry 2). Interestingly, the reaction of 33 in the absence of 30 was
also complete within 1 h and afforded 32a in 75% yield (entry 3). The reaction of
3la with 1.2 eq. of 2-iodylbenzamide 37, prepared from 30 according to
Zhdankin’s procedure [41], at room temperature for 8 h successfully produced the
corresponding aldehyde 33 in 51% yield (Scheme 5). Based on the above results, a
possible mechanism for the oxidative cleavage of 31 using 30 and Oxone was
proposed (Scheme 6). Iodobenzamide 30 is oxidized by Oxone to iodine(V) species
37, which reacts with 31 to generate aldehyde 39 as a key intermediate. Compound
39 would be then reacted with Oxone to generate not carboxylic acid 41 [40] but
formate 40 [13], which is further oxidized to lactone 32. The iodine(II) species 38
derived during the reaction of 31 and 37 is re-oxidized by Oxone to reform 37.

The direct oxidative cleavage of 31 to 32 using 30 and Oxone [42] is accom-
plished at room temperature without the use of any toxic heavy metals, and the
desired lactones are obtained in good to high yields. It provides a practical and
environmentally friendly transformation to lactones.
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Table 2 Oxidative cleavage of 31b-1 to 32b-1 using 30 and Oxone

187

R 30 (0.3 eq.) R
\4_>\/OH Oxone (5 eq.) t \
o DMF o O
31 t 32
Entry 31 32 Time (h) Yield (%)
1 B2O,_ . OH BZO\/@O 22 73
31b 32b
2 AcO OH AcO 24 73
o \/@o
31c 32¢
3 22 71
o < ;i: 0
N OH
4 \M"Q\/ N \/&o
31d ¢ o
32d
4 TsO_ MQ\/OH TsO \/QQO 14 46°
31e 32e
5 OH 24 66
CiaHas™ Mo C14H29/@0
31f 32f
6 oH 23 51
//\,\M‘Q\/ //\/&O
EOL 31 0
EIO,C 354
7 BnO BnO 20 67
Do Rat
o o 0
31h 32h
8 Ph Ph 22 70
[ o 8%
o o 0
31 32i
9 H H 24 60
o o
Hogg H i
10 Bzo\@\/OH BzO B 22 68
31k 32k
b
11 TBDPSO, MQ\/OH TBDPSO\/@O 24
31 321

0.5 eq. of 30 was used
"Complex mixture was obtained
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Table 3 Oxidative cleavage of 33 and 36 using 30 and Oxone

BRO. ’JJO\ 30, Oxone (5 eq.) BnO\/&
N R B o

O DMF 0O
33: R=CHO room temp. 32a
36: R = CO,H
Entry Substrate 30 (eq.) Time (h) Yield (%)
1 33 1 1 77
2 36 1 24 No reaction
3 33 None 1 75

o[ )\ oH KHSO4 5.0q) R BnO\MQ\{O

O DMF
31a ©8h 33 H
(51%)

Scheme 5 Oxidation of 31a with 2-iodylamide 37

Scheme 6 Proposed (e}
mechanism for the oxidative J\ Y
cleavage of 31 to 32 using 30 H
and Oxone 10
2

0 1
N

H R\j\fo
30 @f: Ko
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5 Summary

Transformation of oxacycle-2-methanols to the corresponding lactones is usually
accomplished by either direct oxidative cleavage reaction or multistep conversion.
We have developed a mild and efficient oxidative cleavage reaction for the con-
version of tetrahydrofuran-2-methanols to y-lactones using 2-iodobenzamide cata-
lyst and Oxone. In this reaction, the conversion is accomplished at room
temperature without the use of any toxic heavy metals, and y-lactones are obtained
in good to high yields. This method provides a new, practical, and environmentally
friendly procedure for the synthesis of y-lactones with various functionalities.
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Five Step Asymmetric Total Synthesis
of B-Lycorane Employing Chiral Diether
Ligand-Controlled Conjugate
Addition-Michael Reaction Cascade

Kiyoshi Tomioka

Abstract Really useful and indispensable tools for the organic synthesis of com-
plex molecules as well as practical manufacturing are reagents and catalysts based
on concept. However, the nature of synthetic schemes towards target molecules
essentially determines the born of these tools. Synthetic scheme is highly desirable
to be as short as possible and operation should be as simple as possible, desirably in
one-pot or in one slide scheme. Described herein the asymmetric construction of a
skeleton of representative Amaryllidaceae alkaloids, optically pure B-lycorane, in 5
steps as we say “asymmetric total synthesis of complex molecule in one slide”
(Nishimura et al. in Synthesis 47:2256-2264, 2015 [1], Nishimura et al. in
Tetrahedron 71:7222-7226, 2015 [2]).

Keywords Short-step-synthesis + Cascade reaction - Amaryllidaceae alkaloid -
One-slide synthesis

1 Introduction

Amaryllidaceae alkaloids have attracted much attention due to their rich bioactiv-
ities, especially anti-Alzheimer activities as has been known as clinically useful
galantamine [3-6] Among these alkaloids, lycorine (1) [7, 8] and its deoxygenated
derivative B-lycorane (2) [9] possess characteristic pyrrolophenanthridine skeleton
(Fig. 1). We have previously reported the asymmetric total synthesis of (—)-lycorine
(1) using chiral ligand-controlled asymmetric conjugate addition cascade [10]. As a
continuous study to show the utility of this cascade reaction as well as mechanistic
pathway, here we report a five-steps asymmetric total synthesis of (+)-B-lycorane
(2) [11-17].
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Fig. 1 Structures of lycorine
and B-lycorane

(=)-lycorine (1) (+)-B-lycorane (2)

2 Asymmetric Conjugate Addition-Michael
Reaction Cascade

The most attractive and powerful methods for the asymmetric construction of
skeletons of complex molecules 1 and 2 are the asymmetric conjugate addition of
carbonucleophiles to electron-deficient olefins activated by an electron withdrawing
group [18-27]. A chiral lithium enolate is produced by an asymmetric conjugate
addition of an organolithium to an o,B-unsaturated carbonyl compound and this
enolate can further react with an electrophile to form the second bond in one-pot. In
the case of intramolecular electrophile, the carbocycles or heterocyles are con-
structed as has been shown in the asymmetric total synthesis of lycorane (2), the
topic of this tutorial presentation. The conformation of the o, f-unsaturated carbonyl
compound, i.e., s-cis or s-trans, is responsible to the facial selectivity of the con-
jugate addition and also to the E,Z-geometry of the resulting lithium enolate, which
should then governs the diastereoselectivity of the subsequent reaction with other
electrophiles. Accordingly, a central interest is the reactive conformation of
o, B-unsaturated carbonyl compounds in which conjugate addition occurs [28-38].

The initial step toward asymmetric total synthesis of B-lycorane 2 starts from the
conjugate addition of aryllithium 4 to bis-enoate 3 giving cyclohexane derivative 7
with three contiguous stereogenic centers through intramolecular Michael reaction
of a lithium enolate 6 (Scheme 1). In these three decades we have been engaged in
an external chiral dieter ligand S-controlled asymmetric conjugate addition reaction

Ph, Ph
MeO OMe
N NG T L U co,tBu
< Ot-BU" 2
t-BuO,C COzt-BU OLi
6
Curtius ~H
rearrangement
L CO,t-Bu < ‘
cyclization

+)-B-lycorane (2)

Scheme 1 Synthetic strategy for (+)-B-lycorane (2)



Five Step Asymmetric Total Synthesis of B-Lycorane ... 193

Scheme 2 Our proposal for Ph, Ph o]

chiral diether ligand 5- ;—< Me Pn /\)J\
mediated asymmetric MeO OMe \O <. 0 R" 9 OR
conjugate addition of lithium 5 — L :
reagents to o, B-unsaturated * A Me

carbonyl compounds R—LI 8

of a variety of lithiated nucleophiles such as organolithium, lithium ester enolate,
lithium thiolate, and lithium amide to linear o,B-unsaturated imine [39, 40], enoate
[41-46] and nitroolefin [47, 48]. Recent our NMR studies revealed that chiral
diether ligand S and a lithium reagent form C,-symmetric-like [49] five-membered
chelate complex 8 by coordination of the two ethereal oxygen atoms of 5 to the
lithium atom. It is important to know that the methyl groups on the oxygen atoms
are fixed to situate up and down faces of the chelation 8, probably by avoiding
steric repulsion by the phenyl groups on the chiral carbon centers [50, 51]. The
reaction of complex 8 with enoate 9 afforded conjugate addition product 12 with
high enantioselectivity. The relationship between the newly created stereogenic
center in 12 and chiral chelate complex 8 lead us to the proposal of cyclic reaction
model 10, in which the lithium atom is coordinated by the carbonyl oxygen atom of
s-cis-enoate on the olefin side. The olefin moiety is placed in the less crowded space
avoiding the steric repulsion by the two methyl groups of 8 (Scheme 2) [39, 40, 44,
52]. Then, organolithium R group attacks the olefin moiety from underneath to
afford lithium enolate 11, providing after protonation 12 with the observed absolute
configuration [39-48]. If s-trans-enoate were involved in the reaction, Z-enolate
with the opposite absolute configuration would result.

Although the similar cyclic reaction models were proposed by other groups for
the conjugate addition of lithium amide to s-cis-enoate [28, 37, 38], lithium-
involved models with s-frans-enoate were also proposed for the conjugate addition
of lithium enolate [53] and methyllithium [54]. Thus, determination of the reactive
conformation of an o,B-unsaturated carbonyl compound in the conjugate addition
of lithium reagent is still a formidable challenging target. Instead of direct identi-
fication of enolate geometry, conjugate addition and following Michael cyclization
of the resulting enolate with intramolecular enoate were designed to identify the
enolate geometry as shown in Scheme 5.

To a toluene solution of chiral diether 5 (2 equiv) at —78 °C, were added
cyclohexane—diethyl ether solution of phenyllithium (1.5 equiv) and then toluene
solution of bis-enoate 13a having quite bulky BHA (2,6-di-tert-
butyl-4-methoxyphenyl) ester 20 min apart [41]. After 30 min stirring at —78 °C,
simple conjugate addition product 14a with 87% ee was obtained in 56% yield along
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5
2 equiv
+ PhLi —— + 13a

1.5 equiv toluene Ph X 13%

_78°C
ArO,C  COAr AO,C  COAr
2 43 2 30 min 40 2

56%, 87% ee
Ar = 2,6-di-tert-butyl-4-methoxyphenyl

X

Scheme 3 Monophenylation of 13a

with recovered 13a in 13% yield. Desired cascade products 15 was not obtained
(Scheme 3).

To our delight, the reaction of bis-tert-butyl ester 13b (=3) of decreased steric
hindrance and phenyllithium (3 equiv) complexed with 5 (4.2 equiv) was completed
within 0.5 h to give desired cascade products trans,trans-cyclohexane #-15a with
71% ee in 50% yield and trans,cis-cyclohexane tc-15a with 3% ee in 9% yield
(Table 1, entry 1) [55]. The relative and absolute configuration of #-15a was
unambiguously determined by derivatization. The other diastereomers c¢-15 and cc-
15 were not obtained. It is noteworthy that 13b mainly reacted with only one
equivalent of phenyllithium. Even though 13b was added into the solution of the
excess amount of phenyllithium and 5, only slight amount of double phenylated
product 16a (Scheme 4) was produced (<10%). In contrast, when the reaction was
conducted in THF as a solvent under the absence of 5, 16a was mainly produced
(79% yield), and only tiny amount of #-15a and fc-15a were obtained (9 and 4%
yields, respectively). These results clearly indicate that chiral ligand S significantly
accelerates the intramolecular Michael addition of resulting lithium enolate with
intramolecular enoate moiety in toluene.

Table 1 Asymmetric conjugate addition-Michael addition cascade

: S
g\g + ArLi —»ArQ +Ar “, + Ar/Q",,l +Ar£;\

toluene

tBUO,C CO,t-Bu  -78°C t-BuO,C COot-Bu t-BuO,C CO,t-Bu t-BuO,C CO,t-Bu t-BuO,C CO,t-Bu

13b tt-15 tc-15 ct-15 cc-15
Entry | Ar 15 tt-15 tc-15 ct-15 cc-15
Yield (%) |ee (%) |Yield (%) |ee (%) |Yield (%) | Yield (%)
1 Ph 15a 50 71 9 3 0 0
2 <0]©/\ 15¢ 40 74 10 72 0 0
O
3 TMS 15d (7) | 68 99 18 88 0 0
O
o)

All reactions were carried out using ArLi (3 equiv) and 5 (4.2 equiv) in toluene
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Ph
CO,t-Bu
13b+ PhLi —> (tt-15a+ tc-15a +
2 equiv COzt-Bu
WV _78°c 9% 4% Ph 16a 79%
0.5h

Scheme 4 Double phenylation in THF

Aryllithium bearing a removable and bulky TMS substituent at the ortho-posi-
tion was effective to enhance the enantioselectivity to give 15d (=7) with 99% ee
(entry 3). Importantly, chiral ligand 5 was quantitatively recovered without any loss
of optical purity, and was reusable.

3 Stereochemical Insight in Cascade Reaction

The production of #-15, having trans,trans-configuration, as the major product
suggests two possibilities: (1) the first conjugate addition proceeded with s-cis-13 to
give E-enolate, which underwent the intramolecular Michael addition with the
enoate moiety of s-cis conformation, or (2) the first conjugate addition proceeded
with s-trans-13, and the resulting Z-enolate undergoes the Michael addition in
s-trans conformation (Scheme 5). Our studies then went to solve this problem.

As shown in Scheme 6 intramolecular Michael reaction of monophenyl adduct
di-tert-butyl ester 14b with LDA (1.2 equiv) in THF at —78 °C gave mainly #-15a,
which is also the main product of the conjugate arylation-Michael cascade reaction
of 13b, in 66% yield along with fc-15a in 28% yield. In contrast, diastereoselec-
tivity of the corresponding methyl ester 14¢ was opposite to give fc-15e as a major
product in 75% yield along with #-15e as a minor product in 17% yield. The
observed impressive difference in diastereoselectivity certainly reflects the differ-
ence in the geometry of the lithium enolates that formed from 14b and 14c.
Interestingly, the cascade reaction of dimethyl bis-enoate 13¢ (R’ = Me) with
phenyllithium in THF at =78 °C gave trans,trans-product #-15e in 19% yield as a
major product and #c-15e in 3% yield, showing the same stereochemical tendency
as that of di-fert-butyl bis(enoate) 13b. These results clearly indicate that the
E-geometry of the lithium enolate that formed by the deprotonation of 14b should
be the same as that formed by the conjugate addition of 13b, whereas those should
be different between dimethyl esters 14¢ and 13c.

The deprotonation of methyl ester 14¢ probably proceeded via 6-membered
transition state C according to the Ireland model [56, 57], where the 1,3-diaxial
interaction between the ao-substituent of the ester and the isopropyl group of LDA
was avoided, to give enolates with Z-geometry. Hence, fc-15e was obtained as a
major product via the Michael addition through s-cis transition state D (Scheme 6).
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R0,

COuR'
AP X tt-15:s-cis-s-cis
N X > COR | A <
O OR' \ ILOR'
CO.R' ) E i . -
s-cis OR "
o~ “OR' o) AT YT
i || s-trans H |
s-cis-13 . Li--—-O R'O,C CO.R’
ﬂ ArLi tc-15:s-cis-s-trans
Ar - Li
2\t~ |
| _0 —> tc-15:s-trans-s-cis
NN R'O s-cis
OR'
CO5R' —>
R'O
s-trans-13

’,
‘,,

Ar
t-BuO,C CO,t-Bu t-BuO,C CO,t-Bu
ct-15 cc-15

Ar

Scheme 5 Products of conjugate addition-Michael cyclization cascade

an,
Y H Ph s-cis
N—, ..|-O Ph R — OR'
v Li — ' >
\( \H Q £ \ OR' | Ph

OR g O—L-© RO,C COR
- tt-15a (R' = +-Bu)66%
tt-15e (R' = Me) 17%

X THF

Ph

-78°C
R'OC  COR 05h
14b (R' = t-Bu) .
14c (R' = Me) Ph

o
R'O,C COZR’
tc-15a (R' = t-Bu)28%
tc-15e (R' = Me) 75%

Scheme 6 Michael cyclization of monophenyl adducts 14b and 14¢ with LDA

Indeed, deprotonation of 14¢ with LDA in 23% HMPA-THF [56, 57], under which
an E-enolate should formed via an open transition state, led to the opposite
diastereoselectivity, giving #-15e as a major product in 21% yield along with c-15e
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in 9% yield. The low yields were due to competitive y-deprotonation of the
alkenoate moiety giving rise to the corresponding deconjugated Z- and E-alkenoates
in 28 and 6% yield, respectively.

Deprotonation of ketones by LDA preferentially gives E-enolate via analogous
transition states to A to avoid steric repulsion between the two substituents on the
carbonyl carbons [56, 57]. Therefore, it is highly probable that the deprotonation of
tert-butyl ester 14b mainly proceeded via transition state A due to the bulkiness of
the a-substituent and the fert-butoxy moiety, giving E-enolate. As a consequence,
tt-15a was produced as a major product by subsequent intramolecular conjugate
addition via s-cis transition state B. All these results lead to the conclusion that the
lithium enolate intermediate should undergo the intramolecular conjugate addition
in s-cis conformation, and consequently, that the both conjugate addition should
proceed with the alkenoate moieties in s-cis conformation as proposed in the
possibility (1) above.

4 Asymmetric Total Synthesis of (+)-f-Lycorane
in Five Steps

The completion of asymmetric total synthesis of (+)-B-lycorane (2) was carried out
by starting from #-15d (=7) as shown in Scheme 7. Treatment of #-15d with HCIl
for 0.5 h in refluxing ethanol gave protodesilylated half ester 17 in 98% yield.
Interestingly, the carboxylic acid at the C-2 position was not esterificated, probably
due to steric hindrance [58]. Curtius rearrangement using diphenylphosphoryl azide
(DPPA) [59] followed by Bischler—Napieralski-type cyclization with polyphos-
phoric acid (PPA) [60, 61] converted 17 into lactam 18 via an isocyanate inter-
mediate in 70% yield. Finally, treatment of 18 with borane—dimethyl sulfide
complex [62] in refluxing THF induced in one pot three manipulation: reduction of

tt-15d (7)
1) DPPA o

toluene

reflux < O BH3*SMe, <O
—_— >

NH  CO2Et THF refux O
2) PPA, 1t 70%
70% ’ (+)-B-lycorane (2)

Scheme 7 Asymmetric total synthesis of (+)-B-lycorane (2)
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the lactam, lactam formation between the resulting amine and the ester moiety, and
finally reduction of the resulting lactam to give (+)-B-lycorane (2) in 70% yield.

'H and '>C NMR [13, 14], and the specific rotation [14] were in good agreement
with those reported. Notably, the asymmetric total synthesis was accomplished
through only five steps from 3 in high overall yield (33%).

5 Conclusion

This study revealed that the bulky TMS group at the ortho-position of aryllithium is
effective to improve the enantioselectivity of the chiral ligand-mediated asymmetric
conjugate addition cascade of bis-enoate. Cyclohexanes bearing three contiguous
stereogenic centers with trans,trans-configuration were obtained in high optical
purity. It was suggested that the 1,3-diaxial interaction would play an important role
in determining the diastereoselectivity. This methodology enables the formation of
two C—C bonds and three stereogenic centers in one pot to give synthetically useful
chiral cyclohexane derivatives. The utility of this methodology was clearly
demonstrated by the achievement of the shortest asymmetric total synthesis of
(+)-B-lycorane. Importantly, the chiral ligand could be recycled, and the one-pot
reactions are economically and ecologically beneficial.
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Concise Synthesis of Peptide Analogs
Using a Fluorous-Fmoc Protection
Strategy

Masato Matsugi

Abstract The syntheses of fluorous-Fmoc reagents and their application to peptide
synthesis are described. Fluorous-Fmoc reagents bearing C3F;, C4Fy, and C¢F;
chains were prepared at a multigram scale and used as fluorous encoding tags for
amino acids. Using the fluorous-Fmoc reagents, a liquid-phase fluorous mixture
synthesis of various peptides, some of which are analogs of angiotensin-converting-
enzyme inhibitors, was achieved. Similarly, a concise liquid-phase fluorous mixture
synthesis of all stereoisomers of dendroamide A was also achieved by encoding
each asymmetric center of the amino acid starting material. The stereoisomers were
synthesized individually in fewer steps compared with their corresponding linear
synthetic routes.

Keywords Peptide - Fluorous mixture synthesis - f-Fmoc reagent - Natural
product - Stereoisomers

1 Introduction

Since the introduction of fluorous solid-phase extraction (FSPE) as a separation
technique for light-fluorous-tagged molecules (fluorine content is under ca. 30%) in
1997 [1], it has proven to be widely applicable for separating light-fluorous molecules
[2] from organic molecules. This separation technique has the advantage of enabling
an efficient separation of molecules that are not heavily fluorinated [3]. The efficient
separation reduces the costs involved in rendering compounds fluorous and allows for
the application of reaction conditions used in analogous standard reaction protocols.

To date, a variety of light-fluorous protecting groups have been reported, such as
fluorous-z-butoxycarbonyl [4], fluorous-benzyloxycarbonyl [5], fluorous-methoxymethyl
[6], fluorous-triisopropylsilyl [7], and fluorous-phosphates [8], some of which are
now commercially available [9]. The structures of these fluorous protecting groups
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are very similar to those of the original non-fluorous protecting groups, which
allows the protection and deprotection of the fluorous protecting groups under
nearly identical conditions. Furthermore, molecules bearing light-fluorous tags
readily dissolve in organic solvents, allowing the reactions to be monitored by
thin-layer chromatography, high-performance liquid chromatography (HPLC), and
liquid chromatography—mass spectrometry. In the last decade, these fluorous pro-
tecting groups have been used in peptide and oligosaccharide syntheses [10] as well
as the stereoisomer library synthesis of natural products by fluorous mixture syn-
thesis (FMS) [11].

In peptide synthesis, fluorous #-butoxycarbonyl [4] and fluorous benzyloxycar-
bonyl [5] are currently available as amino acid protecting groups. Meanwhile,
9-fluorenylmethoxycarbonyl (Fmoc) [12] is an important N-terminal protecting
group for amino acids because it is easy to introduce, acid-stable, and can be easily
removed under basic conditions (e.g., piperidine) [13]. The FMS of various pep-
tides would be possible if a variety of fluorous-Fmoc (f-Fmoc) reagents bearing
homologous fluorous tags were available. In this chapter, we describe the multi-
gram syntheses of f-Fmoc reagents and their application to the FMS of biologically
active peptides, including natural products.

2  Multigram Syntheses of f-Fmoc Reagents

Scheme 15.1 shows the multigram scale applicable synthetic route to access f-Fmoc
reagents [14] bearing each C3F; or C4Fg or C¢F;3 fluorous chain. After exploring a
variety of conditions to introduce the perfluoroalkyl chain, we found that the

O2NN02 L F4BN2N28F4 Lﬂf Rf

Rf = C4F+: 3a
def Ri 0.0 Rf g.h RfRf
oio”N

C4Fg 3b
CeF13: 3C

OH

Rf = CsF7: 4a o
C4Fg 4b Rf = C4F7: 5a
CeF1a: 4c C4Fg: 5b

CgF13: 5¢

Reagents and conditions: (a) H,, 5 mol% of Pd/C, MeOH/THF, rt, quant.; (b) 3 equiv of NaNO,, 48% aq HBF4, 0 °C
-rt, quant.; (c) 1.0 equiv of RFCH=CH,, 5 mol% of Pd(OAc),, MeOH, 40 °C or 4 °C, 84% (CsF7), 83% (C4Fg), 99%
(CgF43); (d) 5-20 mol% of Pd/C, Hy, MeOH/THF, rt, quant. (CsF), quant. (C4Fg), quant. (C¢F43); (e) 10 equiv of
NaH, HCOEt (excess), diethylether, reflux (f) 5 equiv of NaBH,, MeOH/THF, 0 °C-rt, 87% (C3F7), 72% (C4Fg), 93%
(CeF13) (2steps); (g) 3 equiv of phosgene, 1.5 equiv of N,N-dimethylaniline, CH,Clj, rt; (h) NaOSu, CH,ClIy, rt,
quant. (CaF;), 99% (C4Fg), 98% (C4F43) (2steps).

Scheme 15.1 A multigram scale synthetic route to access the f-Fmoc reagents
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Heck-type reaction of a bis-diazonium salt with fluorous olefin was the most
effective [15]. Therefore, the reaction was used for the introduction of fluorous tags
to the fluorene core structure in the multigram synthesis. First, the hydrogenation of
dinitrofluorene 1 provided the corresponding diaminofluorene. After derivation to
the corresponding bis-diazonium salt 2a—c, a Heck-type reaction was conducted
with the corresponding fluorous olefin to yield the fluorous fluorenes 3a—c in the
range of 83-99% yield. Interestingly, when 1.1 equiv of fluorous-olefin bearing
Ce¢F15 (Rf = C¢Fy3) was used as the substrate, the corresponding product 3¢ was
obtained at 50% yield, corresponding to a 95% yield with regards to the alkene
used. During the reaction, we observed that the bis-diazonium salt did not dissolve
in MeOH; however, the Heck products 3a—c were soluble in the reaction solvent.
We thus believe that either the mono-diazonium salt resulting from the first Heck
reaction may be much more soluble than the bis-diazonium salt or the second Heck
reaction occurs quickly. Further hydrogenation, hydroxymethylation [16], chloro-
carbonylation, and condensation with the sodium salt of N-hydroxysuccinimide
(NaOSu) provided the target f-Fmoc reagents Sa—c. The f-Fmoc were obtained on a
multi-gram scale (Rf = C3F;: 20.1 g, Rf = C4Fo: 30 g, Rf = CgF3: 2.9 g) when
the diazonium salts were used as the starting materials in quantities of 20.1, 30, and
2.9 g, respectively [17].

3 FMS of Simple Peptides Employing f-Fmoc Reagents

3.1 FMS of Tripeptide Derivatives

Here, we describe the first example of the FMS of a variety of tripeptides,
angiotensin-converting enzyme (ACE) inhibitors, encoded by f-Fmoc tags with
three different type of fluorine (F14, F18, F26). First, as shown in Scheme 15.2,
L-alanine, L-phenylalanine, and L-leucine were each protected with f-Fmoc
reagents bearing different fluorine contents. The yields of the protected amino acids
(89-98%) were about the same as that for the non-fluorous standard Fmoc reagent.
A mixture of the protected amino acids was then divided into two groups, and the

Scheme 15.2 f-Fmoc 5a (CsF,-f-Fmoc)
protection of L-alanine, L-Ala-OH f14-Fmoc-Ala-OH
L-phenylalanine, and MeCN, rt, 2h, 98%
L-leucine
5b (C4Fg'f'FmOC)
L-Phe-OH . f;g-Fmoc-Phe-OH
1,4-dioxane

0 °C-rt, 2h, 95%

5¢c (CGF13'f'FmOC)
L-Leu-OH : fog-Fmoc-Leu-OH
1,4-dioxane
0 °C-rt, 2h, 89%
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condensation reaction for the dipeptide synthesis was accomplished using the
2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU)/
1-hydroxy-benzotriazole (HOBt) method [18]. One group was reacted with L-alanine
benzyl ester in 95% yield, whereas the other group was reacted with L-valine
benzyl ester in 98% yield (conditions a and b in Scheme 15.3). Condensation
reactions using Fmoc-protected amino acids proceeded successfully, similar to the
case of conventional Fmoc group. After deprotection of the C-terminus by
hydrogenolysis [19] of the mixture of the two groups in quantitative yields (con-
ditions ¢ and d in Scheme 15.3), each mixture was divided into three groups. The
f-Fmoc groups were not affected at all by the reducing conditions. Each of the six
groups was then allowed to react with four different C-protected amino acids
(Ala-OBn, Val-OBn, Leu-OBn, and Met-OMe) using the same condensation
method (conditions e—j in Scheme 15.3). The yields were satisfactory, ranging from
86 to 96%.

Next, we attempted to separate the pure C-protected tripeptides from each
mixture of the 6 groups (Groups A-F). Figure 15.1 shows the analytical

Group A
e f14-Fmoc-Ala-Ala-Ala-OBn
f,4-Fmoc-Ala-Ala-OBn —> | f;g-Fmoc-Phe-Ala-Ala-OBn
f,g-Fmoc-Phe-Ala-OBn fog-Fmoc-Leu-Ala-Ala-OBn
fog-Fmoc-Leu-Ala-OBn
Group B
f,4-Fmoc-Ala-Ala-OH | Spiit f f14-Fmoc-Ala-Ala-Val-OBn
1, .-Fmoc-Phe-Ala-OH > | f;g-Fmoc-Phe-Ala-Val-OBn
f;Z-Fmoc-Leu-AIa-OH fog-Fmoc-Leu-Ala-Val-OBn
f;4-Fmoc-Ala-OH Split Group C
?S-Emoc-Phe-OH - f14-Fmoc-Ala-Ala-Leu-OBn
6-Fmoc-Leu-OH 9 £ F
1g-Fmoc-Phe-Ala-Leu-OBn
fog-Fmoc-Leu-Ala-Leu-OBn
Group D
h f14-Fmoc-Ala-Val-Ala-OBn
f;4-Fmoc-Ala-Val-OBn —> | fig-Fmoc-Phe-Val-Ala-OBn
f,g-Fmoc-Phe-Val-OBn fog-Fmoc-Leu-Val-Ala-OBn
fog-Fmoc-Leu-Val-OBn
Group E
f14-Fmoc-Ala-Val-OH Split i f14-Fmoc-Ala-Val-Leu-OBn
f1g-Fmoc-Phe-Val-OH > | fig-Fmoc-Phe-Val-Leu-OBn
fag-Fmoc-Leu-Val-OH fog-Fmoc-Leu-Val-Leu-OBn
Group F
j f;4-Fmoc-Ala-Val-Met-OMe
—> | fig-Fmoc-Phe-Val-Met-OMe
fog-Fmoc-Leu-Val-Met-OMe

Reagents and conditions: a) 1.2 equiv Ala-OBn, 1.2 equiv HOBt, 1.2 equiv HBTU, 2.4 equiv DIEA, DMF, rt, 24 h, 95%,; b) 1.2 equiv
Val-OBn, 1.2 equiv HOBt, 1.2 equiv HBTU, 2.4 equiv DIEA, DMF, rt, 24 h, 98%; ¢) 5 mol% Pd/C, 1 atm H,, MeOH/THF, rt, 3 h,
quant.; d) 5 mol% Pd/C, 1 atm Hp, MeOH/THF, rt, 3 h, quant.; e) 1.2 equiv Ala-OBn, 1.2 equiv HOBt, 1.2 equiv HBTU, 2.4 equiv
DIEA, DMF, rt, 24 h, 97%; f) 1.2 equiv Val-OBn, 1.2 equiv HOBt, 1.2 equiv HBTU, 2.4 equiv DIEA, DMF, rt, 24 h, 98%; g) 1.2 equiv
Leu-OBn, 1.2 equiv HOB, 1.2 equiv HBTU, 2.4 equiv DIEA, DMF, rt, 24 h, 92%; h) 1.2 equiv Ala-OBn, 1.2 equiv HOBt, 1.2 equiv
HBTU, 2.4 equiv DIEA, DMF, rt, 24 h, 95%; i) 1.2 equiv Leu-OBn, 1.2 equiv HOBt, 1.2 equiv HBTU, 2.4 equiv DIEA, DMF, rt, 24 h,
98%,; j) 1.2 equiv Met-OMe, 1.2 equiv HOBt, 1.2 equiv HBTU, 2.4 equiv DIEA, DMF, rt, 24 h, 86%; HOBt=1-hydroxybenzotriazole,
HBTU= O-benzotriazole-N,N,N’,N*-tetramethyl-uronium-hexafluoro-phosphate, DIEA= N,N-diisopropylethylamine

Scheme 15.3 Fluorous mixture synthesis of C-protected tripeptides
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f14-Fmoc-Ala-Ala-Ala-OBn
! miscture—Ala—ila
g E Det ACH
"¢= f,3-Fmoc-Phe-Ala-Ala-OBn
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500
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g
L
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1 Det.ACh! /25dnm frin

conditions: FluoroFlash HPLC column; 254nm; flow rate; 1.0 ml/min; 0 to 30 min: 80%
MeCN to 100% MeCN; over 30 min: 100% MeCN

3
fy6-Fmoc-Leu-Ala-Ala-OBn :7{
T

Fig. 15.1 Analytical fluorous HPLC chromatograph of the f;4-Fmoc-Ala-Ala-Ala-OBn, f)g-
Fmoc-Phe-Ala-Ala-OBn, and f,s-Fmoc-Leu-Ala-Ala-OBn mixture

fluorous-HPLC (f-HPLC; FluoroFlash® HPLC column, 4.6 mm i.d., 150 mm
length) chromatograph [20] of the mixture of the tripeptide benzyl ester protected
f-Fmoc compounds (fi4-Fmoc-Ala-Ala-Ala-OBn, f;g-Fmoc-Phe-Ala-Ala-OBn, and
fr6-Fmoc-Leu-Ala-Ala-OBn; Group A). The peaks corresponding to fj4-Fmoc-
Ala-Ala-Ala-OBn, f;g-Fmoc-Phe-Ala-Ala-OBn, and f,5-Fmoc-Leu-Ala-Ala-OBn
appeared at 2.7, 3.4, and 12.5 min, respectively. With this remarkable difference in
retention time, easy separation of the peptides should be possible. We separated
each group of tripeptides by preparative f-HPLC (FluoroFlash® HPLC column,
20 mm i.d., 250 mm length) using the same conditions used in the analytical
f-HPLC. Using 200-mg-scale f-HPLC, the f-Fmoc-protected peptides f;4-Fmoc-
Ala-Ala-Ala-OBn, f;g-Fmoc-Phe-Ala-Ala-OBn, and f,s-Fmoc-Leu-Ala-Ala-OBn
were isolated in 43 mg, 63 mg, and 86 mg, respectively, with minimal loss.
Similarly, the other 5 groups (Groups B—F) were subjected to preparative f-HPLC,
and each pure tripeptide compound was effectively separated with almost quanti-
tative recovery. Finally, deprotection of the f-Fmoc was conducted.

Scheme 15.4 shows the yield of each f-Fmoc deprotection reaction using excess
diethylamine in acetonitrile at room temperature [13]. Eighteen N-deprotected
tripeptides were obtained in the range of 82% to quantitative yield. If the tripeptides
had been synthesized individually using the linear synthetic route outlined in this
work, 90 synthetic steps would have been required; however, we conducted the
syntheses in a mere 31 steps including f-Fmoc protections [21]. This f-Fmoc
encoding strategy provides a new method for synthesizing various peptides in one
fell swoop. It is likely that this strategy will be one of the most useful methods for
divergent polypeptide synthesis.
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f-Fmoc-tripeptides-OBn

DEA (excess)

M. Matsugi

MeCN
rt., 0.5-1h

tripeptides-OBn

82%-quantitative yields

Ala-Ala-Ala-OBn
Ala-Ala-Val-OBn
Ala-Ala-Leu-OBn
Ala-Val-Ala-OBn

Ala-Val-Leu-OBn
Ala-Val-Met-OMe

Phe-Ala-Ala-OBn
Phe-Ala-Val-OBn
Phe-Ala-Leu-OBn
Phe-Val-Ala-OBn

Phe-Val-Leu-OBn
Phe-Val-Met-OMe

Leu-Ala-Ala-OBn
Leu-Ala-Val-OBn
Leu-Ala-Leu-OBn
Leu-Val-Ala-OBn

Leu-Val-Leu-OBn
Leu-Val-Met-OMe

Scheme 15.4 Individual yields of the f-Fmoc group deprotection process

3.2 ACE Inhibitory Assay of the Synthetic Tripeptides

Figure 15.2 shows the results of an ACE inhibitory assay of the eighteen synthetic
C-protected tripeptides and the corresponding eighteen C-deprotected peptides [22].
The ACE inhibitory activities were measured by ACE Kit-WST (Dojindo
Laboratories, Ltd.) at a concentration of 20 uM. The C-protected tripeptides were
dissolved in 10% dimethyl sulfoxide and the C-deprotected peptides were dissolved
in H,O. The tripeptides indicated in bold-type are known ACE inhibitors, and the
half maximal inhibitory concentration (ICsy, mmol/L) of each compound is listed in

Ala-Ala-Ala-OBn 88% Phe-Ala-Ala-OBn Leu-Ala-Ala-OBn 92%
(-OH)  92% (-OH)  97% (-OH) [3] 98%
Ala-Ala-Val-OBn 88% Phe-Ala-Val-OBn  50% Leu-Ala-Val-OBn 95%
(-OH) [25] 97% (-OH)  98% (-OH)  98%
Ala-Ala-Leu-OBn 94% Phe-Ala-Leu-OBn - Leu-Ala-Leu-OBn  83%
(-OH) [93] 99% (-OH)  96% (-OH)  98%
Ala-Val-Ala-OBn 94% Phe-Val-Ala-OBn - Leu-Val-Ala-OBn _
(-OH) 98% (-OH) [6] 98% (-OH)  98%
Ala-Val-Leu-OBn —  Phe-Val-Leu-OBn 71% Leu-Val-Leu-OBn  74%
(-OH) [7] 99% (-OH)  99% (-OH)  99%
Ala-Val-Met-OMe 70% Phe-Val-Met-OMe  96% Leu-Val-Met-OMe  93%
(-OH) [8] 93% (-OH)  97% (-OH)  93%

Fig. 15.2 ACE inhibitory assay of the 36 synthetic C-protected and deprotected peptides
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brackets. The results show that almost all the synthetic tripeptides in this work
showed activity as ACE inhibitors.

4 FMS of Natural Product Isomers Employing
f-Fmoc Reagents

4.1 Application of FMS for the Stereoisomer
Synthesis of Natural Products

A particularly novel application of FMS is the determination of the stereochemical
parameters required for a molecule to possess biological activity. In particular, the
biological activity of peptides is governed by the configuration at the asymmetric
center [23]. From a drug discovery perspective, it is interesting to study the bio-
logical activity of the non-natural configuration to ascertain whether the modifi-
cation enhances the biological activity, diminishes it, or elicits an entirely different
response. Synthetically, the task is daunting, especially in the case of polypeptides,
where each additional center generates 2n possible stereoisomers. However, FMS is
uniquely suited to address this challenge because the various isomers can be
individually labeled with fluorous tags of different lengths and then mixed together.
The mixture can then be carried through the synthesis and separated at the very end
based purely on the fluorine content, thereby deconvoluting the entire mixture. This
strategy saves significant effort because the synthetic steps between mixing and
demixing need not be conducted on each individual isomer to obtain the entire
family of desired stereoisomers isolated individually.

4.2 FMS of All Stereoisomers of Dendroamide A

We introduce an FMS for all stereoisomers of the biologically active compound
dendroamide A 6a to showcase f-Fmoc reagents as tools for effective peptide
stereoisomer library synthesis. Dendroamide A isolated from the terrestrial
blue-green alga (cyanobacterium) Stigonema dendroideum Fremy is a cyclic
hexapeptide that exhibits multidrug-resistance reversing activity [24]. The first total
synthesis of this compound was accomplished by Pattenden’s group in 2000 [25].
Further total syntheses using pioneering strategies were reported by the groups of
Smith [26], Kelly [27], and Shin [28]. A systematic conformational analysis of the
linear precursors for the synthesis of Sa was then reported by Shioiri’s group [29].
The stereoisomers of 6a can be expected to exhibit similar activity or other inter-
esting biological activities.

The absolute configurations of the symmetric centers in the natural compound 6a
have an R absolute configuration, as shown in Fig. 15.3. This compound is
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~_N
H,oN =
dendroamide A (6a) 2 /\( //

Fig. 15.3 Absolute configuration of dendroamide A 6a
o~ D
o)
o)
0>o-N

o
L-valine Rf = C4Fy f,g-Fmoc-L-valine (95%)
or MeCN / aqg. Na,COg3 or
L-alanine 0°C, 5min-rt, 3h f;g-Fmoc-L-alanine (98%)
D-valine Rf =CgF13 fog-Fmoc-D-valine (81%)
or 1,4-dioxane / aq. Na,CO3 or
D-alanine 0°C, 5min-rt, 3h fo6-Fmoc-D-alanine (quant)

Scheme 15.5 N-terminal protection of starting amino acids by f-Fmoc

composed of three components: two thiazole units derived from D-alanine and
D-valine and one methyloxazole unit derived from D-alanine. Our synthetic strat-
egy is based on a split-type mixture synthesis using a mixture of the fluorous-tagged
oxazole unit, which has different absolute configurations. The first step in the
synthesis of the dendroamide family was to protect some amino acids using two
different f-Fmoc reagents bearing C4Fq tags and C¢F 5 tags. L-Alanine and L-valine
were each protected using f-Fmoc reagents bearing C4Fy tags, while D-alanine and
D-valine were protected using CgFi3 tags (Scheme 15.5). In all schemes, the
fig-Fmoc reagent is a bis-C4Fy-tagged Fmoc, while the f,s-Fmoc reagent is a
bis-C¢F}3-tagged Fmoc reagent.

Following the report of Kelly’s group [30], we prepared a thiazole-ring unit
(9-mix) derived from D-valine, L-valine, and L-cysteine as a mixture of enan-
tiomers encoded with different f-Fmoc tags (Scheme 15.6). To remove the organic
by-products and reagents after the reaction, FSPE [31] was conducted in steps ¢ and
d. For example, the condensation reaction in step ¢ was accomplished using the
HBTU/HOBt method. The reaction mixture was loaded onto fluorous silica gel with
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STr 0

H
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o}
; S OAllyl
: 1) preparative Y
d(FspE), e nefesFmOc AN 0 f-HPLC (S)-10
—_— _—
H s/ OAllyl 2) DEA (excess) +

CH4CN, rt, 30 min ~_

: (6]
N
H2N W
S / OAllyl

(R)-10

9-mix (a mixture of 2 compounds)

Reagents and conditions: (a) 2.0 equiv allyl alcohol, 1.1 equiv HOBT, 1.1 equiv HBTU, 2.1 equiv DIEA, DMF, rt, 24 h, quant.;
(b) excess DEA, MeCN; (c) 1.0 equiv each f;g-Fmoc-L- and f,5-Fmoc-D-valine, 2.2 equiv HOBT, 2.2 equiv HBTU, 4.2 equiv

DIEA, DMF, t, 12 h; FSPE: 55% aq. THF on fluorous silicagel 95% (2 steps); (d) 18.0 equiv Ph3PO, 9.0 equiv Tf,O, CH,Cl,,
0°C, 2 h, 77%; FSPE: 70% aq. MeOH on fluorous silicagel; (e) activated MnO,, (10 w/w ), CHCl3, reflux, 30 min, 52%.

Scheme 15.6 Preparation of enantiomerically pure O-allylated thiazol units ($)-10 and (R)-10

O
HeNJ\r/W
; S OAlly!
1) preparative Y
f18,fo6-Fmoc (0]
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Reagents and conditions: (a) 2.0 equiv allyl alcohol, 1.1 equiv HOBT, 1.1 equiv HBTU, 2.1 equiv (R)-12
DIEA, DMF, rt, 24 h, quant.; (b) excess DEA, MeCN; (c) 1.0 equiv each f;g-Fmoc-L- and fo5-Fmoc-D-

alanine, 2.2 equiv HOBT, 2.2 equiv HBTU, 4.2 equiv DIEA, DMF, rt, 12 h; FSPE: 55% aqg. THF on

fluorous silicagel 95% (2 steps); (d) 18.0 equiv PhzPO, 9.0 equiv Tf,0, CH,Cl,, 0 °C, 2 h, 90%; FSPE:

70% aq. MeOH on fluorous silicagel; (e) activated MnO,, (10 w/w ), CHClj, reflux, 30 min, 75%.

Scheme 15.7 Preparation of enantiomerically pure O-allylated thiazol units (S)-12 and (R)-12

tetrahydrofuran (THF), followed by a first elution with aqueous THF. During the
first elution, the non-tagged organic compounds (reagents and reagent by-products)
were washed from the column, while the fluorous-tagged compounds were retained.
A second elution with THF washed the fluorous fraction off the column. In this
way, the target f-Fmoc mixture compounds were isolated in 95% yield (yield after
two steps including deprotection) without the use of a tedious purification proce-
dure. Further separation of 9-mix by preparative f-HPLC using an f-HPLC column
[32] and the successive deprotection of the f-Fmoc group gave the enantiomerically
pure thiazole-ring units ($)-10 and (R)-10.

Similarly, a mixture of a thiazole-ring unit (11-mix) was prepared from the
tagged mixture of L- and D-alanine. Scheme 15.7 shows the synthetic route for
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fig-Fmoc-L-alanine f, g h (FSPE), i H o/ “on—|
and R

fo6-Fmoc-D-alanine

(a tagged-mixture of L- and D-alanine) 13-mix fg:f26" FmOC\
(a mixture of 2 compounds) —>
k (FSPE)

Reagents and conditions: (f) 2.2 equiv L-threonine-OBn, 4.7 equiv HOBT,

4.7 equiv HBTU, 4.2 equiv DIEA, DMF, rt, 24 h, quant. (g) 8.0 equiv 14b-
Dess-Martin periodinane, CH,Cly, reflux, 98%. (h) 18.0 equiv PhsPO, 9.0 -mix OAIIyI
equiv Tf,0, CH,Cl,, 0 °C, 2 h, quant; FSPE: 55% aq. THF on fluorous (a mixture of 2 compounds)

silicagel (i) Hp, 20mol% Pd/C, MeOH/THF, rt, 2 h, 94%.

Reagents and conditions: (j) (R)-12 (2.4 eq.), 4.7
equiv HOBT, 4.7 equiv HBTU, 4.2 equiv DIEA, DMF,
rt, 12 h, 63%; FSPE: 60% aq. THF on fluorous
silicagel (k) (S)-12 (2.4 eq.), 4.7 equiv HOBT, 4.7
equiv HBTU, 4.2 equiv DIEA, DMF, rt, 12 h, 80%;
FSPE: 60% aq. THF on fluorous silicagel.

Scheme 15.8 Syntheses of 14a-mix and 14b-mix via a mixture of methyloxazol ring unit isomers
13-mix

accessing 11-mix as a mixture of two compounds bearing C4Fy or C¢F;3 tags. For
this case as well, FSPE was conducted in steps ¢ and d to easily obtain 11-mix. The
separation of 11-mix by preparative f-HPLC and the successive deprotection of the
f-Fmoc group gave the enantiomerically pure thiazole-ring units (5)-12 and (R)-12.

A mixture of the oxazole-ring unit (13-mix) was prepared from the tagged
mixture of L- and p-alanine. Scheme 15.8 shows the synthetic route for accessing
14a-mix and 14b-mix as a mixture of two compounds bearing tags C4Fy or CgF 3.
FSPE was conducted in step h to obtain 13-mix as the sole product. This
oxazole-ring unit (13-mix), which is a fluorous-tagged mixture of enantiomers, was
used as a starting material for the mixture synthesis. The mixture of two compounds
(13-mix) was divided into two portions and then condensed with thiazole-ring units
(R)-10 and (S)-10 to give 14a-mix and 14b-mix, respectively, each as a mixture of
tagged compounds.

Next, 14a-mix and 14b-mix were each divided into two portions. The allyl
group was deprotected, and each mixture was condensed with ($)-12 and (R)-12
separately. In this way, four pairs of compounds with different fluorine contents
were obtained (Scheme 15.9): 15ab-mix, 15c¢d-mix, 15ef-mix, and 15gh-mix.

We conducted an f-HPLC analysis of 15ab-mix, confirming that the C4Fy-fmoc
15b has a retention time of 16.3 min while the CgF;3-fmoc 15a has a retention time
of 28.3 min, reflecting the fluorine content of each molecule (Fig. 15.4). Based on
the large difference in retention times, each of the four pairs of 15ab-mix,
15cd-mix, 15ef-mix, and 15gh-mix were separated into the corresponding com-
pounds 15a-h in almost quantitative yield by preparative f-HPLC (Scheme 15.10).

After deprotection of both the allyl and the f-Fmoc protecting groups, each
cyclization precursor 15a—h was cyclized using medium-fluorous Mukaiyama
reagent 16 [33] under high dilution using the syringe-pump technique. In this way,
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Reagents and conditions: () 20mol% Pd(PPhj),, 2.0 equiv PhSiH3, CH,Cl,, rt, 30 min. (m) (R)-12 (2.4 eq.),
4.7 equiv HOBT, 4.7 equiv HBTU, 4.2 equiv DIEA, DMF, rt, 12 h; FSPE: 55% aq. THF, on fluorous silicagel;
15ef-mix: 63%, 15ab-mix: 54%, (2 steps). (n) (S)-12 (2.4 eq.), 4.7 equiv HOBT, 4.7 equiv HBTU, 4.2 equiv
DIEA, DMF, rt, 12 h; FSPE: 55% aq. THF, on fluorous silicagel; 15cd-mix: 54%, 15gh-mix: 50% (2 steps).

Scheme 15.9 Synthesis of 15ab-mix, 15cd-mix, 15ef-mix, and 15gh-mix

all the target lactams (6a—h) were obtained in yields of 44-63% for each three-step
process (Scheme 15.11) [34]. The 'H NMR spectrum of dendroamide A 6a
obtained herein is consistent with the data for the natural dendroamide A reported
by Smith’s group [25]. In the spectra of the other stereoisomers, slightly different
methyl and isopropyl chemical shifts were observed between the diastereomers.
The 'H NMR data for the pairs of diastereomers bearing enantiomeric relationships
are consistent with each other.
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Fig. 15.4 Analytical f-HPLC of 15ab-mix
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Scheme 15.10 Separation of 15ab-mix, 15¢d-mix, 15ef-mix, and 15gh-mix by f-HPLC
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PhSiH3, CH.Cly, rt, 30 min; (q) 20.0 equiv medium fluorous-Mukaiyama reagent 16, DMAP, DMF,
50 °C, 24 h, high dilution-conditions; 6a: 63%, 6b: 45%, 6c: 59%, 6d: 52%, 6e: 44%, 6f: 46%, 6g:
52%, 6h: 46% (3 steps). DMAP= N,N-dimethyl-4-aminopyridine.

Scheme 15.11 Macrolactamization of 15a-h to 6a—h employing medium-fluorous Mukaiyama
reagent 16
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5 Summary

In summary, we have demonstrated a liquid-phase split-type synthesis of a large
variety of tripeptides, ACE inhibitors, and a close synthesis of all stereoisomers of
dendroamide A based on the encoding of the stereoisomers of amino acids by
f-Fmoc reagents. If all stereoisomers of dendroamide A are to be synthesized using
the same linear synthetic route, an 80-step reaction would be required; in com-
parison, our synthesis consisted only of 52 steps including the f-Fmoc protections.
We believe that our f-Fmoc encoding strategy will be one of the most useful
methods for the syntheses of divergent polypeptides and their analogs.
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Functionalized Echinocandin ASP9726:
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Abstract Here, we describe a challenging scale-up synthesis of the highly func-
tionalized echinocandin ASP9726 (1) starting from the natural product FR901379
(3), the same raw material of micafungin (2). The synthesis demanded various
difficult chemoselective transformations due to the complexity and the unique
property of the cyclic poly-peptide core. In the present study, we discovered an
efficient, high-yielding route to ASP9726 (1) that is suitable for large-scale pro-
duction. Namely, dehydration of carboxamide (13) to nitrile (14) was accomplished
by the use of EDC + HCI with pyridine. Further, the sequential nitrile reduction and
debenzylation was succeeded with Sponge Nickel- Pd/Ccatalyst mixed catalyst
condition. Reductive amination between primary amine (16) with dihydroxyacetone
(DHA) was accomplished using 2-picoline borane complex in MeOH, yielding
66.6 kg of peptide core unit (17). After the palmityl chain cleavage by biocon-
version, the coupling between the core peptide unit (18) and side chain (9) was
achieved by fert-butyl amine borane complex. Consequently, highly pure ASP9726
(1) was obtained in a practical manner without using silica gel or ODS column
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chromatography purification in any step. The number of step was reduced to
10-steps from 14-steps and the overall yield was drastically increased to 13.8%
from 0.71% in comparison with the prior synthesis.

Keywords ASP9726 - Highly functionalized echinocandin -« A successor of
micafungin - Scale-up synthesis

1 Introduction

ASP9726 (1) is expected to be a successor of micafungin (2), which was launched
by Astellas Pharma Inc. in 2002 (Fig. 1). ASP9726 (1) has shown the potent
efficacy in the treatment of systemic candidiasis and aspergillosis without detectable
concerns of the side effects [1]. Because of the highly functionalized peptide core
unit of 1, the preparation required the significant synthetic challenges, particularly
in the chemoselectivity as well as the physical property. Chemical reactions with
the natural product FR901379 (3) [1f, 2], a starting material of micafungin [1] and
its derivatives, also present numerous processing issues related to the inherent
nature of these lipopeptides (e.g. poor solubility in organic solvents, micellar and
soap-like behavior, hygroscopicity in the solid state, and instability to both strong
acid and strong base).

Under these difficult circumstances, medicinal chemists successfully synthesized
a lab-scale of the target product 1 from 3 (Scheme 1). However, there were several
drawbacks in the method for further scale-up manufacturing.

Drawbacks of the medicinal chemistry synthetic method

Inefficient protection & deprotection steps

Long sequence and poor yield: 14-steps, 0.71% yield
Expensive ODS column chromatography: 14-times
Toxic reagent use: NaBH;CN

Therefore, the development of more efficient and practical approach was
essential.

<" OHg x\\, -

/,,éHu QJ(, ?HHN_ ,»‘13 O O-~ \ _ QHo oK o

l "'O}_N o Hoﬁ/H Side chain o o HO,,('N\OH
OHOIAU 6H0LQOH
O OMe Peptide core HO DSO;Na
ASP9726 (1) micafungin (2)

Fig. 1 Structure of ASP9726 (1) and micafungin (2)
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Scheme 1 Medicinal chemistry synthetic method for ASP9726 (1). Reagents and conditions:
(a) benzyl chloroformate, THF, pH 6.86 standard buffer solution, ODS column chromatography,
68%; (b) Et3SiH, TFA, CH,Cl,, ODS column chromatography, 45%; (c) H,, Pd/C, H,O, ODS
column chromatography, 73%; (d) (Boc),0, NaOH, H,O, 1,4-dioxane, ODS column chromatog-
raphy, 88%; (e) BnBr, LiOH-H,0, DMF, ODS column chromatography, 85%; (f) MsCl, NaHCO3,
i-ProNEt, zeolite, DMF, ODS column chromatography, 41%; (g) 10% HCI1-MeOH, MeOH, ODS
column chromatography; 86%; (h) Mel, LiOH-H,O, DMF, ODS column chromatography, 76%;
(i) Hy, Pd/C, MeOH, ODS column chromatography, quant.; (j) NaBH,, CoCl,-6H,0, MeOH,
H,0, ODS column chromatography, 85%; (k) dihydroxyacetone (DHA), NaBH;CN, AcOH, ODS
column chromatography, 73%; (1) Fmoc-Cl, i-Pr,NEt, DMF, ODS column chromatography, 46%;
(m) TFA, Et3SiH, CH,Cl,, ODS column chromatography, 83%; (n) 10, NaBH;CN, AcOH,
MeOH, DMF, CHCl;, then piperidine, ODS column chromatography; 67%. Overall yield: 0.71%

2 Results and Discussion

2.1 New Synthetic Strategy

In order to overcome the issues in the medicinal method, we made a new synthetic
strategy shown in Scheme 2 [3].

First, we aimed to utilize the C;5H3; side chain of 3 as a useful protective group
of the primary amine. This plan allowed us to avoid the inefficient
protection/deprotection operations. In addition, the direct reduction of the car-
boxyamide 13 to the amine 15 would shorten one further step. However, we pre-
dicted that this chemoselective transformation would be highly ambitious due to the
presences of numerous other amides. Therefore, we also prepared a back-up plan,
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a: reduction of benzyl alcohol and aminal

b: benzylation

c: desulfurization

d: methylation

e: nitrile formation (amide dehydration)

f: nitrile reduction

g: debenzylation

h: reductive amination with dihydroxyacetone
i: deacylation (bioconversion)

j: side chain installation and purification

ASP9726 (1)

Scheme 2 New approach for the synthesis of ASP9726

which is a stepwise approach via nitrile 14. Once the amine 15 is obtained,
debenzylation and reductive amination with dihydroxyacetone (DHA) should afford
the peptide core unit 17. In the end of process, bioconversion would remove the
palmityl group, and the coupling with a thiadiazole side chain 9 [4] should form the
crude target compound. Finally, the purification and the hydrochloride salt for-
mation would give the desired ASP9726 (1). With this strategy in our hands, we
started the process development, so the details are described as follows.

2.2 Challenging Direct Reduction of Amide to Primary
Amine

The synthesis of carboxyamide 13 was accomplished via reduction of benzyl
alcohol and aminal moieties followed by benzylation, desulfurization and methy-
lation using our previous process [1]. Next we attempted to reduce the car-
boxyamide 13 to access the amine 15 directly. The most common reducing agents
such as borane complexes, ionic aluminums, and boron hydride described in the
Table 1 afforded a little amount of the target amine 15. Because of the detections of
many unknown impurities, we tried to conduct the reactions at lower temperature as
well as Leonard’s BSTFA and BH; * THF combination method [5]. Unfortunately,
all of our efforts did not give satisfactory results. Presumably, these were probably
caused by the competitive reductions between the desired primary amide moiety
and numerous others. Given these findings, we realized that this direct approach
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Table 1 Direct reduction of amide to primary amine®

Entry Conditions HPLC yield of amine 15 (%)
1 Red-Al/THF-toluene 3
2 DIBAL-H/THF 5
3 LiAlH,/THF 1
4 BH; + THF complex/THF 1
5 BH; + S(CHj3), complex/THF 2
6 CoCly/NaBH,/THF 16
7 BSTFA then BH; « THF/THF 14

“Reaction temp.: =30 to 25 °C

was not suitable for our system. Therefore, we decided to investigate our back-up
plan, which is the formation of nitrile 14 followed by the reduction.

2.3 Stepwise Approach to Primary Amine

2.3.1 Nitrile Formation

In the medicinal method, the nitrile 6 was prepared in 41% yield by using MsCl,
NaHCO; and i-Pr,NEt. Applying this condition to amide 13 was found to be
problematic for large-scale synthesis because of the decomposition of 13 and nitrile
14. To optimize this transformation, the screening of dehydration reagents was
conducted (Table 2). As a result, cyanuric chloride in DMF (Entry 2) [5], Vilsmeier
reagent in DMF (Entry 5) or NMP (Entry 6) gave the moderate yield. However,
utilizing these reaction conditions in a large-scale manufacturing has three critical
concerns described below.

Table 2 Dehydration of amide 13 to nitrile 14*

Entry | Reagents HPLC area%
amide/nitrile/others

1 MsCl (1.1 eq), NaHCO; (1.1 eq), i-ProNEt (1.1 eq.), 5/56°/39
Zeolite/DMF

2 Cyanuric chloride (2.5 eq)/DMF 2/67/31

3 Cyanuric chloride (2.5 eq)/DMF, water (250 mol%) No reaction

4 Cyanuric chloride (2.5 eq)/NMP No reaction

5 Vilsmeier reagent (2.5 eq)/DMF 2/65/33

6 Vilsmeier reagent (2.5 eq)/NMP 5/64/31

7 Dichlorotriazine (2.5 eq)/DMF 70/25/5

8 (COC1),(3.0 eq), pyridine (6.0 eq)/DMF 11/58/31

“Reaction temp.; —30 °C to rt
PIsolated yiled: 41%
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Table 3 Screening of

g a Entry | Reagents HPLC area% amide/nitrile/others
coupling agents 1 EDC-HCI 2072126

2 CIP 56/27/17

3 TFFH 31/10/59

4 DEPBT 7312125

5 HATU No reaction

6 PyBop No reaction

7 DPPA No reaction

8 CMPI No reaction

9 T3P® No reaction

10 ‘BuOC(= O)Cl | No reaction

11 CDMT No reaction
“Reagent: (10 eq), Pyridine (x28 mol), NMP (x7 vol/wt.), rt to
50 °C, 24-27 h

e The requirement of very slow addition of reagent
e The avoidance of hot spot formation during slow addition
e The robustness of the reaction results.

Because the Vilsmeier type reagents seemed to be too reactive to control the
reaction heat, we aimed to regulate it with milder dehydration conditions.
Therefore, various kinds of peptide coupling reagents were screened (Table 3). As a
result, we were pleased to find that the combination of EDC « HCI and Py afforded
the desired nitrile 14 in 72% yield area with minimum amount of impurities (Entry
1). Interestingly, generally more reactive coupling reagents like PyBop and HATU
were not effective for the reaction at all probably due to the steric hindrance of these
reagents (Entries 5 and 6).

2.3.2 Catalytic Hydrogenation of Nitrile to Amine

Now that the primary amide 13 was successfully converted into the nitrile 14, we
attempted to transform it to the amine 15. Originally, the reduction was performed
in the catalytic Rh/Al,O3 hydrogenation condition [6] (Table 4, Entry 1). However,
we noticed three obvious drawbacks for the scale-up synthesis.

e The use of expensive reagent: Rh/Al,O3
e The robustness of the reaction results
e The poorness of the yield: 45%

In order to solve these issues, the intensive catalyst screening was attempted
(Table 4). The use of Pt/C and Raney Ni afforded the desired amine in the mod-
erated yield (Entries 1 and 2). On the other hands, various types of Pd/C catalysts
[7] gave only debenzylated undesired product with intact nitrile moiety (Entries 4
to 7). To our surprised, Sponge Nickel NDHT-90 [8] purchased from Kawaken
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Table 4 Hydrogenation of nitrile to amine®

Entry | Catalysts HPLC area% nitrile/amine

1 5% Rh/Al,04 22/48, 45% yield (existing method)

2 Pt/C Hydrolysis of nitrile occurred, 48%
yield.

3 Raney Ni (Aldrich) 23/75

4 Pd/C (K-type) Debenzylation occurred without
touching nitrile

5 Pd/C (P-type) T

6 Pd/C (NX-type) T

7 Pd/C (STD-type) T

8 Sponge Cobalt ODHT-60 85/15

9 Sponge Nickel NDT-90 34/66

10 Sponge Nickel NDHT-90 (Kawaken Fine 4/96

Chemicals)

“Solvent: EtOH/NH3aq. = 10/1, hydrogen pressure: 43-58 psig, 40 °C, 8-9 h

Fine Chemicals allowed the remarkably clean conversion to the desired amine 15.
After optimizing the reaction conditions such as temperature, hydrogen pressure
and the ammonia concentration in aqueous ethanol, the yield was improved over
90% (Entry 10).

Now that the problematic reduction step was solved, we decided to try more
economical method. At the beginning of our study, the amine 15 was isolated as
amorphous solid, and then exposed to the deprotection condition to form the phenol
16. In order to raise the operation efficiency, we attempted the one-pot procedure,
which is Sponge Nickel NDHT-90 mediated nitrile reduction followed by Pd/C
catalyzed debenzylation without separating the metal catalysts. Fortunately, this
sequential benzyl removal process cleanly completed within 1 h to give the desired
phenol 16. This highly practical and reproducible method was successfully
demonstrated 63.0 kg scale synthesis of the intermediate 16 as a HCI salt.

2.3.3 Reductive Amination with Dihydroxyacetone

With the free amine 16 in our hand, the installation of the diethanolamine moiety
was investigated.

In the medicinal chemistry synthetic method, reductive amination of the primary
amine with dihydroxyacetone was conducted with NaBH3;CN. However, in the
manufacturing scale, the use of this reagent should be avoided from the safety
concern due to the notorious hydrogen cyanide generation. Furthermore, the crude
diol 17 was purified by economic unfriendly ODS column chromatography. To
solve these defects, we started optimizing the transition metals mediated hydro-
genation conditions. After screening various catalysts including Pd/C, Pt/C, Raney
Ni, Sponge Nickel NDHT-90, and Sponge Cobalt OFT-55, we found the reaction
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with Pt/C afforded the desired diol 17 over 90% based on HPLC area. However,
chemistry for scaling up is not as trivial as it sounds. In the large-scale trial batch,
we faced to the unexpected troubles, the delay of the reaction as well as the
decomposition of the product. Eventually we realized that this hydrogenation
approach did not suit for our scale-up synthesis of 17.

Does Hydride Reduction Work Well?

In order to overcome this crisis, we decided to revisit the hydride reduction con-
ditions. Monitoring the reaction with NaBH(OAc); in DMF revealed that the for-
mation of desired diol 17 was competed with the degradation of it (Fig. 2).

Under the chaos situation, a hypothesis appeared in our brains as described
below.

Desired reaction| > Deconl-upositionaf > De:lornposmonof
reducing reagents desired compound

Desired reaction would proceed prior to decomposition of reducing reagents, and
decomposition of reducing reagents would proceed prior to decomposition of

Initial
0°C
0.5h

. 0
17: 18 area%(HPLC) 23 °C
=2 oAz5 33
ITIT 0 T it T 5h
0 7.5 10.0 12.5 15.0

Fig. 2 HPLC chromatograms of reductive amination with NaBH(OAc); in DMF
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Table 5 Screening of reducing agents for reductive amination®

Entry | Reducing agent 16/17/others Comments
(HPLC area%)
1 NaBH(OAc); ND/80/20 Excess of NaBH(OAc); was
necessary
2 Pyridine borane ND/90/10 Unstable and safety operation
issues
3 2-Picoline borane ND/92/8 The best condition
5-ethyl-2-methylpyridine 10/67/23 Not completed and impurities
borane were observed
5 Triethylamine borane 23/50/27 T
6 t-BuNH, borane 33/41/26 T

“MeOH solvent; reaction temp: —5 to 25 °C

product. If we could find the ideal reaction condition, the desired reaction would
proceed cleanly.

With this hypothesis in our mind, we attempted a reaction with NaBH(OAc); in
MeOH (Table 5, Entryl) under the concise control of hydrogen generation, because
an excessive amount of hydride would be quenched by MeOH. To our delight, the
desired reaction cleanly proceeded to form the diethanolamine 17 in 80% yield.
Now that we finally obtained a positive sign of breakthrough, the optimization of
reducing reagents was conducted (Table 5). The borane complexes with aromatic
amines such as pyridine [9] or 2-picoline [10] gave even the superior yields, 90 and
92% respectively (Entries 2 and 3). On the contrary, the ones with aliphatic amines
such as trimethylamine or 7-buthyl amine showed the inferior results (Entries 5 and
6). Interestingly, from the comparison between 2-picoline and
5-ethyl-2-methylpyridine [11], the fine tuning of electrical property of amine
ligands is crucial for this reaction (Entries 3 and 4). At the end, we selected
2-picoline borane complex from safety point of view [10]. As a result, this reductive
amination method achieved 66.6 kg synthesis of the diol 17 as a HCI salt.

2.4 End Game Process

Now that the modification of the peptide core unit of ASP9726 was completed, the
remained transformation is to switch the palmityl group into a thiadiazole 9, which
was prepared with 9 steps sequence developed by our group [4]. First, the bio-
conversion applied to cleave the C;sH3, side chain without any troubles [12]. Next,
the reductive amination of the peptide core 18 and 9 with +-BuNH, - BH;3 pro-
ceeded smoothly. Finally, the column purification followed by the hydrochloride
salt formation afforded ASP9726 (1) with the applicable high quality.
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3 Conclusion

A challenging synthesis of the highly functionalized echinocandin ASP9726 (1)
was accomplished. 1 was prepared in an efficient and scalable method from fer-
mentation product 3 in 10 steps and 13.8% overall yield. The production efficiency
was dramatically improved in comparison with the initial medicinal chemistry
procedure, 14 steps and 0.71% yield. The synthesis features that only proper
reagents as well as finely tuned reaction conditions allowed to advance the sequence
in chemoselective manner due to the complexity and instabilities of the interme-
diates. For instance, the formation of the primary amine 15 was achieved by the
dehydration of nitrile with EDC-HCI in pyridine followed by hydrogenation with
Sponge Ni NDHT-90 catalyst. The installation of the diethanolamine moiety was
conducted under 2-picoline borane/MeOH condition. The coupling of the peptide
core 18 and the thiadiazole side chain 9 succeeded under -BulNH, borane mediated
reductive amination. Finally, the practical purification and precipitation methods
developed during the course of this study afforded pure ASP9726 (1).
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The Role of Silyl Protecting Group
for the Synthesis of Procyanidins
and Their Derivatives

Noriyuki Nakajima and Akiko Saito

Abstract The intramolecular [4-8] coupling of silyl-protected catechin and epi-
catechins is examined. Coupling reaction of silyl-protected epicatechin/catechin,
epicatechin/epicatechin, catechin/catechin and catechin/epicatechin worked well to
afford the corresponding dimers with excellent selectivity and yield. The series of
procyanidin B analogues synthesis are achieved. We also carried out the synthesis
of 3-O- and/or 5-O-acyl-catechin and epicatechin derivatives on a gram scale.

Keywords Condensed tannin - Oligomeric flavonoid - Synthesis - Protecting
group

1 Introduction

Procyanidins are an important class of natural products [1, 2], and show interesting
various biological activity [3—16]. Many synthetic research have been developed to
obtain procyanidins and their derivatives in pure state [17-29]. In such research,
phenolic hydroxyl group have been commonly protected by benzyl (Bn) groups. In
1968, Weinges reported benzyl protected catechin for the 3-glucosyl and 3-galloyl
catechin synthesis [30]. Bn protection carried out with benzyl-halide (chloride,
bromide) and base such as K,CO3, Na,CO3, Cs,CO5;, NaHCO3;, DBU, NaH, Et;N,
and Hiinig’s base in various solvents such as DMF, acetone, EtOAc, water, and
EtOAc/water with and without phase transfer catalyst (nBuyNI) at room tempera-

N. Nakajima (D<)

Biotechnology Research Center and Department of Biotechnology, Toyama Prefectural
University, 5180 Kurokawa, Imizu, Toyama 939-0398, Japan

e-mail: nori@pu-toyama.ac.jp

A. Saito

Graduate School of Engineering, Osaka Electro-communication

University (OECU), 18-8 Hatsu-cho, Neyagawa-shi, Osaka 572-8530, Japan
e-mail: a-saito@isc.osakac.ac.jp

© Springer Nature Singapore Pte Ltd. 2017 229
K. Tomioka et al. (eds.), New Horizons of Process Chemistry,
DOI 10.1007/978-981-10-3421-3_17



230 N. Nakajima and A. Saito

OBn
OH @EOH Benzylation BnO: O. \“@osn
T
HO O oH HO. O o 1 m
3 3 OH

..,
OH OH BnBr/NaH in DMF . 20% OBn
OH OH BnBr/K2CO3 in DMF . 50-60% 3
1 2
OBn
® ® o & o
OB OBn BnO o
SubOTN e ale > o el o
HO O omn BMO O o8 on O
® ® o
OH OH O 0Bn
OBn 4 OBn 5 6 O 7

Fig. 1 Benzylation reaction of (+)-catechin (1) and obtained by-products (4-7)

ture, at moderate temperature (40-45 °C), or at reflux temperature. However, the
benzyl protection process is low yield because of the by-products (4-7) formation
as shown in Fig. 1 [31, 32]. We report here the synthesis of procyanidin derivatives
to play a role of silyl-protecting group (ferz-butyldimethylsilyl: TBS).

2 Procyanidins Synthesis Incorporating a TBS Protecting
Group

2.1 Synthesis of 3-O-Acyl-Catechin [33]

TBS protection of (+)-catechin (1) and (—)-epicatechin (2) proceeded with TBS-Cl
and imidazole in THF/CH,C, afford 5,7,3',4'-tetra-TBS (+)-catechin (8) and
5,7,3' 4'-tetra-TBS (—)-epicatechin (10) in 95 and 46% yields, respectively.
TBS-protection was able to perform on hundred-gram scales within three hours.
Purification of product was carried out by SiO, short column chromatography.

We first achieved the synthesis of 3-O-acyl-catechin (9) and 3-O-acyl-
epicatechin derivatives (11) with unsaturated fatty acid esters on a gram scale
(Scheme 1). The coupling of 1 and 2 with unsaturated fatty acid (oleic acid, linoleic
acid, a-linoleic acid) were carried out with DCC, DMAP in CH,Cl, at 0 °C. After
stirring for 6-12 h at room temperature, desired pure esters were obtained in
quantitative yield after silica gel column purification. Four TBS protecting groups
were removed by tetra-n-butylammonium fluoride (TBAF, 4.8 eq.) in the presence
of AcOH (6.0 eq.) in THF to give 3-O-acyl-catechin (9a-9c¢) in 65, 55, and 56%,
respectively. 3-O-acyl-epicatechins (11a—11c) were also synthesized in 26-31%
yield.
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9b: R=C1;Ha; (Lin) 55%
9c: R=C17H29 ((X.'Lnn) 56%

Reagents and Conditions: (a) TBSCI (4.4 eq), Imidazole (8.8 eq), THF/CH,Cl, = 3/1 (b) Acid
(2 eq), DCC (2 eq), DMAP (0.4 eq), CH.CI, (0.01 M) (c) TBAF (4.8 eq), AcOH (6 eq), THF.
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Reagents and Conditions: (a) TBSCI (4.4 eq), Imidazole (8.8 eq), THF/CH,CI, = 3/1 (b) Acid
(2 eq), DCC (2 eq), DMAP (0.4 eq), CH,CI, (0.01 M) (c) TBAF (4.8 eq), AcOH (6 eq), THF.

Scheme 1 Synthesis of 3-O-acyl-catechins and 3-O-acyl-epicatechins

2.2 Synthesis of Procyanidin Dimers [34]

Dichloro-dicyano-benzoquinone (DDQ) oxidation at the C4 position of 8 and 10
with ethoxyethanol (EE) in CH,Cl, afforded electrophiles 12 and 14 in 65 and 64%
yields, respectively. The electrophiles were acetylated to give acetates 13 and 15 in
100 and 78% yields, respectively (Scheme 2).

The intramolecular [4-8] coupling of epicatechin electrophile (10) and catechin
nucleophile (13) is examined with SnCl, at 0 °C. Coupling reaction proceeded
smoothly to give only 3,4-trans dimmer 16 in 98% yield. This finding encouraged
us to investigate alternative combinations of nucleophile and electrophile. The

OTBS OTBS
a TBSO. o) \\©E a TBSO. (o) “‘©(0TBS
> 3 OTBS 10 3 J
65% OR 64% “OR

TBSO QOe TBSO  Oee
12:R=H 14R=H .
13 R = Ac <] 0 100% 15 R = Ac < D:78%

Reagents and Conditions: (a) 2-Ethoxyethanol (20 eq), DDQ (2 eq), CH,Cl, rt, 18 h,
(b) AcOH (2 eq), DCC (2 eq), DMAP (0.4 eq), CH.Clj, rt.

Scheme 2 Synthesis of silyl-catechin and silyl-epicatechin electrophiles
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Scheme 3 Synthesis of procyanidin B analogues

intermolecular epicatechin-epicatechin, catechin-catechin, and catechin-epicatechin
condensations using SnCl, worked well (Scheme 3). In all cases, the coupling
reaction afforded the corresponding 3,4-trans products, 20, 24, and 28 in 98, 84,
and 100% yields, respectively.

After acetylation of each C-3" hydroxy group, the eight-TBS protecting groups
of 17, 21, 25, and 29 were removed with TBAF and AcOH in THF to give 18, 22,
26, and 30 in 68-100% yields. All the spectral data [NMR, IR, MS] of the

OBn
8
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% “OH OTBS
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~
32:R=H OTBS
33:R - OEE = @ 34

Reagents and Conditions: (a) DDQ, EEOH, CH,Cl,, 0 °C,
98% (b) TMSOTf, CH,Cl,, -20 °C, 39% (c) TBAF, AcOH, THF (d)
Ac,0, EtgN, DMAP, CHCI, (e) Pd(OH),/C, Hp, THF.

Scheme 4 Synthesis of acetylated procyanidin B1 analogs
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corresponding decaacetyl-procyanidins (19, 23, 27, and 31), were identical to those
of authenticated samples.

Demonstrated TBS-protection method is effective for the acetylated procyanidin
analogs synthesis (35 and 36) as shown in Scheme 4. When the electrophile (33)
derived from epicatechin (2) was condensed with the TBS protected nucleophile (8)
in the presence of TMSOTT as a catalyst, the dimeric compound (34) was obtained
in 39% yield. Deprotection of TBS groups first by TBAF followed by acetylation of
phenolic groups and aliphatic hydroxyl groups and hydrogenation of benzyl group
gave the lower-unit acetylated procyanidin B1 analog (35). On the other hand,
deprotection of Bn groups by hydrogenation followed by acetylation of phenolic
groups and aliphatic hydroxyl groups and TBAF treatment gave the upper-unit
acetylated procyanidin B1 analog (36).

2.3 Synthesis of 3- or 5-O-Galloyl (+)-Catechin and (—)-
Epicatechin Derivatives [35]

We next demonstrated the development of a regioselective deprotection of TBS
protected flavan-3-ols, allowing for modification of the 5-position with various
moieties, such as the galloyl group and the SAR studies of 3- or 5-O-
galloyl-modified (+)-catechin (37 and 39) and (—)-epicatechin (38 and 40) (Fig. 2).
On the treatment of TFA with tetra-TBS products (8) and (10), the 5-O-TBS
groups of 8 and 10 could be regioselectively removed to give 41 and 43 in 85 and
90% yield, respectively. Esterification of dihydroxyl compounds 41 and 43 using
benzyl-protected gallic acid and DCC proceeded smoothly to provide digalloyl
compounds 42 and 44. The TBS groups of 42 and 44 were then removed with
TBAF in the presence of AcOH and following hydrogenation of the six-benzyl
groups, which protect the phenolic hydroxyl groups on the galloyl moiety, gave 37
and 38 in 60 and 18% yields (over 3 steps), respectively (Scheme 5).
5-O-Galloyl derivatives 38 and 40 were also synthesized. 5-Hydroxyl compounds
(41 and 43) were esterified with tri-benzyl gallic acid using EDC as a condensation
reagent to give 45 and 46 in 66 and 88% yields, respectively. Deprotection of the
TBS groups gave 47 and 48 in 65 and 57% yields, respectively. Subsequent

\\‘
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én
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é*@ éﬁé

Fig. 2 Structure of 5-O-galloyl flavan-3-ols
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Reagents and Conditions: (a) TFA, CH,Cl, (b) Benzyl gallic acid, DCC, DMAP, CH,Cl>,
(c) TBAF, AcOH, THF, (e) Pd(OH),/C, H,, THF/MeOH/H,0 (20:1:1)

Scheme 5 Synthesis of 5-O-galloyl flavan-3-ols

hydrogenation afforded (+)-catechin-5-O-gallate (39) and (—)-epicatechin-5-O-
gallate (40) in 67 and 52% yields, respectively.

3 Conclusions

In conclusion, we demonstrated the utility of TBS-protecting group for the series of
procyanidin synthesis. These procedures offer a real advantage for the procyanidin
synthesis over existing methods in this area. Several activities such as DPPH radical
scavenging activity, antimicrobial activity, and inhibitory activity against cancer
cell proliferation of synthesized compounds were investigated and reported in our
papers [33, 35, 36].
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Chemical Modification of the 3'-Dangling
End of Small Interfering RNAs Such

as siRNAs and miRNAs: The Development
of miRNA Replacement Therapy

Yukio Kitade, Takashi Mori and Yukihiro Akao

Abstract The 3'-modified oligonucleotides using aromatic moieties, such as ben-
zene(B)-pyridine(P) analogs (BP-type) and so on, showed prominent nuclease
resistance, especially in vivo, and strong RNAI activity. One of non-coding RNAs
ranging from 20 to 23 nucleotides in length is naturally occurring microRNAs
(miRNAs) that are post-transcriptional regulators of gene expression. The chemi-
cally modified miRNAs for genome therapy is easy, inexpensive, and practical. The
miRNA replacement therapy using these 3’-modified miRNAs may prove useful for
the development of anti-cancer RNA medicine.
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1 Introduction

The discovery of small interfering RNAs, called siRNA, may be one of the major
events in biology in the past decade [1, 2]. Digestion of long double-stranded RNAs
by Dicer generates siRNAs which contain a 2-nucleotide overhang (3'-dangling end)
at the 3’-end of each strand. One of double-strands, an antisense strand, is loaded
onto the RNA-induced silencing complex (RISC). The 3'-dangling end structure is
especially very important and is recognized by RISC. RNA interference (RNAi) can
result in gene silencing or even in the deletion of sequences from the genome. Efforts
to understand the mode of action of siRNAs have revealed that they play a central
role in gene regulation and host defense (see Fig. 1). The specificity, efficiency, and
potency of RNAi make it an attractive tool for analyzing the function of genes. RNAi
can be exploited artificially to inhibit the expression of any gene of interest.
Therefore, RNAi systems have been used clinically to suppress gene expression as a
therapeutic strategy in many hereditary and infectious diseases. The 3'-dangling end
of a siRNA guide (antisense) strand, that is, the 3’-overhang region, is recognized by
the PAZ domain of Ago2; the 2 nt at the 3'-dangling end of the guide strand are
accommodated into a binding pocket composed of hydrophobic amino acids in the
PAZ domain [3] (see Fig. 2).

Fig. 1 Gene silencing
pathway caused by siRNAs / long dsRNA
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2 Chemical Modification for Enhanced Nuclease
Resistance

In order to enhance nuclease resistance of RNAs, we attempted the introduction of
hydrophobic groups to the 3'-dangling end of RNAs. Chemical modifications at the
3'-dangling end, namely the pyridine-pyridine (PP) type and benzene-benzene
(BB) type, were carried out by our group [4] (see Fig. 3a). These analogs were
expected to be nuclease resistant and hydrophobic characteristics. For the modifi-
cation of the 3'-dangling end of RNAs, the phosphoramidites (1a, b) and the
CPGe-resins (2a, b) were developed (see Fig. 4). On the basis of the dual-luciferase
reporter assay, the benzene-benzene (BB type) and pyridine-pyridine (PP type)
analogs demonstrated stronger inhibitory activity than the corresponding
non-dangling analogs. Evaluation of nuclease resistance using snake venom
phosphodiesterase was carried out. The half-life of the natural type of the RNA
oligomer (XX = dTdT) was 7.2 min, that of the benzene-benzene type (XX = BB)
was 63.8 min (an approximate 9-fold increase) and that of pyridine-pyridine type
(XX = PP) is 283.3 min (an approximate 40-fold increase) (see Fig. 3b). Therefore,
these chemical modifications were a useful tool for enhanced nuclease resistance.

3 Role of miRNAs

One of non-coding RNAs ranging from 20-23 nucleotides in length is naturally
occurring microRNAs (miRNAs; miRs) that are post-transcriptional regulators of
gene expression. Over 2500 miRNAs are predicted to exist in humans. Increasing
evidence supports the role of miRNAs in the regulation of a wide range of phys-
iological and pathophysiological processes, including development, cellular apop-
tosis, cellular differentiation, and cell proliferation. First of all, miRNA is expressed
from a much longer RNA-coding gene as a primary transcript known as
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pri-miRNA. That is processed in the cell nucleus by the microprocessor complex,
which consists of Drosha, to form a 70-nt stem-loop structure called pre-miRNA.
This pre-miRNA is transported from nucleus to cytoplasm by exportin 5. The
dsRNA portion of pre-miRNA is bound and cleaved by Dicer to produce the mature
miRNA molecule. The mature miRNA can then be integrated into the RISC
complex and the miRNA-RISC complex mainly inhibits the translation of the
corresponding mRNA (see Fig. 5). The 3'-dangling end of an miRNA guide strand
is also recognized by the PAZ domain of Ago2; the 2 nt at the 3’-dangling end are
also accommodated into a binding pocket composed of hydrophobic amino acids in
the PAZ domain (see Fig. 6).
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Fig. 5 Biogenesis of miRNA and its function
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Fig. 6 Structure of miRNA-Ago2 complex

4 MicroRNAs as Tumor Suppressors

Much evidence indicates that miRNAs behave as novel tumor suppressors or
oncogenes in human carcinogenesis. Previously, we demonstrated that the
expression of miR-143 was severely down-regulated in colon cancers and in
smaller adenomas. This observation suggested that miR-143 and -145 were closely
associated with the initiation of tumor development. The growth of human colon
cancer cells expressing miR-143 at low levels was significantly inhibited by
miR-143. These findings indicated the antioncogenic role of miR-143 [5].

5 MicroRNA Replacement Therapy

An aberrantly expressed miRNAs play important roles in the occurrence of human
disease. The down-regulation of antioncogenes, such as miR-143 and miR-145,
causes imbalance resulting cancer. However, naturally occurring miRNAs are very
fragile in vivo. Therefore, we thought administration of chemically modified
miRNAs showing nuclease resistance may recover a good balance (see Fig. 7).
Restoring the function of a miRNA by using chemically modified miRNAs pos-
sessing enhanced nuclease-resistance is a better promising approach. This approach
is named microRNA replacement therapy [6, 7]. The addition of just small amount
of chemically modified miRNAs modulate to the normal balance. The required
properties for the chemically modified RNAs are nuclease-resistance and sufficient
the knock-down effect. When a low-expression of miRNA causes human cancer,
the microRNA replacement therapy is especially expected as an effective treatment.

Our recent work has revealed that the changing the structure of the passenger
strand of the miR-143 duplex enhanced on the growth of human colon cancer
DLD-1 cells, and that chemical modification of the 3'-dangling end of miR-143
using aromatic moieties, such as benzene(B)-pyridine(P) analogs (BP-type),
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Fig. 7 Replacement therapy Cancer Apoptosis
by using chemically-modified
miRNAs ﬂ /ﬂ\

Modified
miRNAs
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improved its resistance against nucleases. The administration of such modified
miR-143BP via intravenous injection resulted in a potent tumor-suppressive effect
on xenografted human colon cancer cells [5].

5.1 Inhibitory Activity of 3'-Modified miRNA-143 Against
Human Colon Cancer Cells

We synthesized 3'-modified miRNAs possessing hydrophobic groups (benzene
and/or pyridine analogs) at the 3'-dangling end. Secondly, we changed the
sequences of the passenger (sense) strand at the mismatch portions between the
passenger and guide strands (see Fig. 8a). Among these derivatives, the modified
miR-143BP (3) showed the strongest inhibitory activity against human colon cancer
DLD-1 cells (see Fig. 8b).
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Fig. 8 a Sequence design for miR-143, b Anti colon-cancer effect for several miR-143s
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5.2 Anticancer Activities in Mice Xenografted with Human
Colon Cancer

A significant reduction in tumor weight by the miR-143BP (3) in comparison with
the tumor weight of control animals was observed from 3 weeks after weekly
intravenous injections in mice xenografted with human colon cancer tumors. At
2 weeks after the last injection, we evaluated the tumor-suppressive effect of the
miR-143BP (3). Figure 9 showed that the tumor/body weight ratio of the
miR-143BP (3)-treated mice was decreased in compared with that for the control
miRNA. The addition of BP moiety at the 3'-dangling end of miR-143 improved
nuclease resistance, with the amount of miRNA remaining at 5—8-fold more than
that obtained with miR-143 from Applied Biosystems [5].

5.3 Anti-melanoma Activity of miR-205BP

Malignant melanoma is one of the most common skin cancers in humans. The
incidence of melanoma continues to rise more rapidly than that of all malignancies,
expect for lung cancer. The down-regulation of miR-205 is observed frequently in
human and canine, i.e. dog, melanoma. Several modified miR-205BPs possessing a
benzene-pyridine substituent (BP) at the 3'-dangling end were prepared. Because
the modification shows enhanced nuclease-resistance and also binds a hydrophobic
binding pocket of PAZ-domain of Ago2. Among the modified microRNAs, mod-
ified miR-205BP (4) significantly inhibited the growth of human melanoma cells
[8] (Fig. 10).
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Fig. 9 In vivo miR-143BP (liposome entrapped) assay carried out with intravenous injection
(50 pg/a mouse), and total 5 times (one injection per week). Tumor weights measured at 7 weeks
after implantation. Control means injection of non-specific miRNA(purchased). Vertical bars
show tumor weights of implanted colon cancer, and graphics show each developed tissues
(tumors)
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5.4 Clinical Trial of Modified miR-205BP Against Canine

Melanoma

A clinical trial of miR-205BPs against canine melanoma is now in progress. Since
human melanoma and canine melanoma is caused by the reduced expression of the
same miR-205. The intratumoral injection of modified miR-205BP (4) into a
recurrent tumor derived from a naturally occurring canine melanoma has resulted in
complete remission in 2 of 5 cases. Once a week to the oral cancer, topical
administration of a total of seven times resulted in a complete remission (see
Fig. 11). As observed in canines, humans develop melanoma due to the reduced
expression of miRNA-205. If the result of the clinical trials in dogs is remarkable,
we believe that the transition to clinical trials in humans is in the near future.

1stinjection

-

Mon;grel dog (12 yearsold )

2" injection 7th injection
(1 week after) (6 weeks after)

CR (Complete remission)

Fig. 11 Clinical trial for a 12-years-old Mongrel dog, carried out with topical administration
(2 nmole per injection, liposome entrapped), and total 7 times injection. In this case, we confirmed

complete remission
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Fig. 12 Urea-substituted miRNAs (6) by using urea/thiourea-CPG resins (5a-b) and
deoxyribofuranose-substituted miRNAs (7,8)

6 New Type of the 3'-Modified dsRNAs

6.1 The 3'-Dangling End Bearing Urea/Thiourea-Bridged
Aromatic Compounds

When this phosphorodiester bond was converted to form urea bonds, improved cell
membrane permeability was observed. Digestive enzyme tolerance was improved
when the nucleoside moiety was converted to aromatic rings. We prepared the
urea-substituted miRNAs by using urea/thioure-CPG resin (Sa-d) (see Fig. 12). We
prepared controlled pore glass (CPG) solid supports liked to urea/thiourea bridged
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Scheme 1 a-g Synthesis of urea/thiourea-CPG resins. Reagents and conditions: a (a) NaH, DMF,
tt, then TBDMSCI, DMF, 1t, 49%; (b) CBr4, PPh3, NaN3, Et3N, DMF, rt, 93%; (c) PPh3, THF,
H,O0, rt, 93%. b (a) DMTtCl, pyridine, DMF, 1t, 91%; (b) LiAlH4, THF, rt, 94%; (c) CS2, Et3N,
EtOH, rt, then Boc2O, DMAP, EtOH, rt, 96%. ¢ (a) CDI, THF, rt, then 12, THF, rt, 54%;
(b) TBAF, THF, rt, 98%. d (a) 12, CHCI3, reflux, 75%; (b) TBAF, THF, 1t, 90%. e (a) CDI, THF,
rt, 96%; (b) TBAF, THF, rt; (c) DMTrCl, pyridine, DMSO, 1t, 43%. f (a) CSCI2, Et3N, CH2CI2,
rt, (b) TBAF, THF, rt, 43%, (c) DMTtCl, pyridine, DMF, 1t, 18%. g (a) (i) succinic anhydride,

DMAP, pyridine, rt; (ii) CPG, EDCI, DMF, rt
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Scheme 1 (continued)

aromatic dimers (18, 20, 23, and 26 shown in Scheme 1g). To obtain the desired
CPG solid supports, we initially prepared pyridine analogs 12 and benzene analogs
15 and 16 (Scheme 1b, c). Urea/thiourea bridged Benzene-Pyridine analogs (18 and
20) were synthesized from compounds 15 and 12 (Scheme 1c, d). On the other
hand, Pyridine/Pyridine analogs (23 and 26) were prepared from compounds 12
(Scheme le, f). Detailed synthetic methods for the preparation of
urea/thiourea-CPG resins (5a-d) are described in the literature [10]. The modified
urea/thioure-CPG resins were used to simplify the synthetic process. Thus, in the
case of BP-modification, the phoshoramidites (1a, b) and the CPG-resins (2a, b) are
necessary. We have developed chemically modified siRNAs and miRNAs bearing
urea/thiourea-bridged aromatic compounds at their 3’-end for RNAi therapy.
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Chemically modified RNAs possessing urea/thiourea-bridged aromatic compounds
instead of naturally occurring dinucleotides at the 3’-overhang region were easily
prepared in good yields and were more resistant to nucleolytic hydrolysis than
unmodified RNA. SiRNAs containing urea or thiourea analogs (6) showed the
expected knockdown effect. Furthermore, these modified miR-143 duplexes car-
rying the urea/thiourea substituents in each strand inhibited the growth of human
bladder cancer T24 cells. We found that incorporation of these urea/thiourea
substituents into the 3’-end enhances the nuclease resistance [10, 11].

6.2 The 3'-Dangling End Bearing 1-deoxy-D-Ribofuranoses

To elucidate the role of the sugar moiety in the two natural nucleotides of the
3'-dangling end of siRNA, we synthesized siRNAs that incorporated two abasic
nucleosides, 1-deoxy-D-ribofuranose (R™). We improved the method for preparing
an O-protected abasic nucleoside, 1-deoxy-2,3,5-tri-O-benzoyl-B-D-ribofuranose,
via the reductive cleavage of the anomeric position of 1-O-acetyl-2,3,5-tri-
O-benzoyl-B-D-ribofuranose. To incorporate the deoxyribofuranose into oligonu-
cleotides, the deoxyribofuranose was converted into its phosphoramidite derivative
and the solid support linked to a controlled pore glass resin. Chemically modified
RNAs (7) possessing the deoxyribofuranose at the 3’-dangling end were easily
prepared in good yields. These siRNAs showed moderate nuclease-resistance and a
desirable knockdown effect [12].

We also developed a practical and reliable method for synthesizing an abasic
deoxyribonucleoside, 1,2-dideoxy-p-ribofuranose, via elimination of the nucle-
obase from thymidine. To synthesize oligonucleotides bearing the
1,2-dideoxyribofuranose by the standard phosphoramidite solid-phase method, the
dideoxyribofuranose was converted to the corresponding phosphoramidite deriva-
tive and its CPG-resin. Introducing the dideoxyribofuranose to the 3'-end of the
antisense strand of siRNA (8) reduced its knockdown effect [13].

7 Summary

The 3'-modified oligonucleotides showed prominent nuclease resistance, especially
in vivo, and strong RNAI activity. The chemically modified dsRNAs for genome
therapy is easy, inexpensive, and practical. The miRNA replacement therapy using
these 3’-modified miRNAs may prove useful for the development of anti-cancer
RNA medicine.
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Virus: Structures, Syntheses, and Isolation
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Sergey O. Bachurin, Oleg A. Raevsky and Johan Neyts

Abstract Emerging variants of known RNA viruses present an increasing threat to
mankind worldwide through their enlarging impact on morbidity and mortality.
One of them is the chikungunya disease, which becomes a major public health
problem and economic threat. Current world has no approved antiviral drugs
available against chikungunya infection. This Book Chapter mainly focuses on
discussion of the antiviral compounds that have been reported to inhibit chikun-
gunya virus replication. Various syntheses of antiviral agents, compounds isolated
from natural sources, and some structure—activity relationships are illustrated.
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1 Introduction

Chikungunya virus (CHIKV) is an alphavirus and was first recognized as an
epidemic form in East Africa in the early 1950s. Most patients of CHIKYV infection
suffer from severe persistent arthralgia [1]. Female mosquitoes of the species Aedes
aegypti and Aedes albopictus are mainly responsible for its transmission. The dra-
matic turn of CHIKYV history is its unexpected re-emergence in 2004, which was
associated with mutations in the viral genome and a new epidemic strain emerged
from the East, Central, South Africa enzootic linage [1, 2]. The outbreaks took place
mainly around the Indian Ocean, in particular, the French Island of La Réunion
(2005-2006), where about 300,000 cases were confirmed [1, 2]. Since then, thou-
sands of infected travelers imported this virus to many countries of the world. As a
result, it is endemic in northern Italy and southern France in 2007. Around the same
timeframe, several CHIKYV re-emerged incidents happened in Asia, including a local
case in Singapore (2008) [3] and hundreds of cases in southern Thailand (2008—
2009) [4]. In March 2011, autochthonous transmission of CHIKV was reported in
New Caledonia (South Pacific Region), which is also the first report of CHIKV
transmission in this region [5]. Another outbreak of autochthonous chikungunya
fever with more than 10 cases occurred in Montpellier, France in October 2014 [6].
Beginning in late 2013, the virus started to spread to the Caribbean and into Central
and South America, affecting people from 41 countries or more [7, 8]. According to
the data of the Pan American Health Organization, about 1.3 million suspected and
confirmed cases were reported in these regions by March 2015 [7]. Many factors like
commercial transportation, urbanization, deforestation, climate change, have inad-
vertently formed environments, which brought emerging RNA virus pathogens
increasing at an accelerating rate.

In 2008, chikungunya fever is listed as a category C priority pathogen by The U.S.
National Institute of Allergy and Infectious Diseases [9]. Considering the global need
of new antiviral therapeutics and responding to the health theme of European Union
the 7th Framework Call, the Small-molecule Inhibitor Leads Versus Emerging and
Neglected RNA Viruses (SILVER) project was conceived in 2010. The SILVER
project, led by E. A. Gould and J.-L. Romette, include 24 international research teams
and scientists from 12 countries of Europe and Asia. Furthermore, the “Global Virus
Network” was initiated in 2011 to identify research gaps and opportunities, including
models of infection and disease, epidemiology, candidate vaccines, vector control
measures, and antivirals [7].

After being transmitted to the body, CHIKV circulates to the liver, muscle,
joints, lymphoid tissue, and brain [9]. There are two phases of infections that were
reported in the recent epidemic areas. The first is an acute phase, which lasts from a
few days to several weeks. The symptoms include high fever, rigors, headache,
photophobia, and petechial/maculopapular rash [9]. The second is a chronic phase,
which shows symptoms of polyarthralgia. Although its mortality rate is low, the
elderly or those with underlying chronic problems are most likely to have severe
complications [9]. During the most recent epidemics in India and in Réunion Island,
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severe cases have been described involving encephalitis, myelopathy, peripheral
neuropathy, myeloneuropathy, and myopathy [10]. Moreover, some cases of
multiorgan failure and eye infections have also been reported [11].

The CHIKYV belongs to the Togaviridae family and consists of a positive-sense
single-stranded RNA genome of about 11.8 kb size. This genome has two open
reading frames 5’ and 3’ ends. The 5’ end encodes nsP1, nsP2, nsP3, and nsP4
non-structural proteins; the 3’ end encodes the capsid (C), two glycoproteins El,
E2, and two small cleavage products (E3, 6 K) [11]. Keller et al. [12] present a
detailed description of the CHIKV life cycle and identify the key viral target
proteins for drug design in a perspective article.

At the present time, there is no vaccine against CHIKV infection licensed for
human use. Most of the treatments are symptomatic [13]. Even worse is that the
current world has no drug available against CHIKV. Four well-informative review
articles covering structures and biological data have been published by Keller [12],
Kaur and Chu [13], Neyts [14], Bhakat and Soliman [15], and respective
co-authors. The former two are in 2013 and the latter two are in 2015. Moreover,
recent review articles involving the discussion and analysis of epidemiology,
pathogenesis, global virus network, or cellular mechanisms of action were pub-
lished by Thiberville et al. [1], Weaver and Forrester [2], McSweegan et al. [7],
Schwartz and Albert [9], Couderc and Lecuit [16], Singh and Unni [17], Birendra
et al. [18], Parashar and Cherian [19], and Lum and Ng [20].

2 Compound Classes, Structures, Biological Activities,
and Mechanisms of Action

In this review article, we illustrate antiviral agents on the basis of their classes of
compounds, structures, synthetic routes, natural sources, biological activities, as
well as structure—activity relationship (see Table 1). Emphasis will be placed on the
newly developed agents reported after the year of 2013 and syntheses of artificially
designed compounds. Efficacy in vivo of most of these compounds, however, has
not yet been evaluated in animal models on the basis of the information reported in
the original articles.

The established antiviral compounds towards CHIKV can mainly classified
into five categories: purines/pyrimidines, nucleosides, alkaloids, terpenoids, and
flavaglines. Their characteristics and biological data are illustrated as follows.
The table contains information of newly developed antiviral agents reported
during the past three years and some established compounds studied earlier for
comparison.

A. Purines and Pyrimidines

D’hooghe, De Kimpe, and coworkers [21] synthesized a series of purine
derivatives, of which antiviral activities were screened against nine different viruses
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including CHIKV. In 2012, they reported purine B-lactam 1 and purine—amino-
propanol 2 with symptom against CHIKV. The key steps for their synthesis shown
in Scheme 1 include a Staudinger [2 + 2] cyclocondensation between a Schiff base
and a ketene (from PhOCH,COCI) to give a (w-bromoalkyl)-cis-B-lactam with
diastereoselectivity. Then N-alkylation of a purine derivative with this B-lactam
intermediate  gives the desired purine—B-lactam 1. Furthermore, a
LiEt;BH-mediated B-lactam ring opening takes place to produce the target purine 2.

In 2015, Hwu, Tsay, Neyts, and co-workers [22] reported the design and syn-
thesis of a new series of uracil-coumarin—arene conjugates against CHIKV. Five of
22 new hybrid conjugates can inhibit CHIKV in Vero cells with significant potency
and low toxicity. As shown in Scheme 2, their synthesis includes a coupling
reaction to form a coumarin derivative, its condensation with an organosulfonyl
chloride to give sulfonylated intermediate, and a selective S-alkylation of
2-thiobenzouracil at the allylic position of (coumarinyl)chloride to yield the desired
triply conjugated target 3. Its molecular framework is determined unambiguously
by single X-ray diffraction analysis.

N H
B
1. NH,(CH,),,BreHBr | >

Et;N, MgSO, OPh N Z~N
H CH,Cly, rt NHCH,Ph

o 2. PhOCH,COCI N K,CO3
EtsN, CH,Cly, rt In DMF,100 °C

83-89%
( ‘) Br N-alkylation
Staudinger _
. R=H,Cl
cyclocondensation
n=1,2
OPh
OPh
HO
(0] R
N HN
) LIEtsBH, THF, rt (d)n .
—_—
r/N N (64-75%) NN
| /> reductive N | />
N ring opening
NHCH,Ph 1 NHCH,Ph 2
(R=H,n=2) (R=Cl,n=1)

Scheme 1 Synthesis of purine—p-lactam 1 and purine—aminopropanol 2
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The coumarin moiety, -SCH,—, and —SO,— (but not —CH,—) joints in the con-
jugated compounds shown in Fig. 1 are essential to their antiviral activity. Use of
either an Me or an NO, group attached to the arene moiety brings enhanced activity

OH
p- MeC6H4803H Cl
toluene A
75%) Pl &
coupling reaction
P g )
(e}
Me Me NH
Clo O. N&S
PN Cl >s<
o "> H
B
K,CO3, acetone | K,COj3, EtOH
50-55 °C 0 (88%)

(82%) (0] S-alkylation

Scheme 2 Synthesis of benzouracil-coumarin—arene conjugates 3

conjugation
A
r N Jﬁ:s?”
O
R! o. ﬂ\ }m
enhancement | NH )7 not H/C\H
(benzo moiety) T ——
N)\S/\ critical gnhancement
H ‘) (Me or NO,)
%_/
essential — X
joint designed for
essential protease targeting site

Fig. 1 Structure-activity relationship of uracil-coumarin—arene conjugates
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to the target molecules. When coumarin—arenes are conjugated with benzouracil,
the resultant hybrids (such as 3) exhibit better selectivity indexes than their kin with
uracil or 5-methyluracil.

In 2014, Pérez—Pérez et al. [23] identified [1,2,3]triazolo[4,5-d]pyrimidin-7(6H)-
ones as active inhibitors of CHIKYV replication in the low micromolar range with no
cytotoxicity detected up to 668 pM. The synthetic procedure for the most active
compounds 4b as shown in Scheme 3 includes (3 + 2) cycloaddition between an
arylazide and a cyanoacetamide to give a S5-aminotriazole amide. Subsequent
condensation followed by ring formation produces the target triazolopyrimidine 4b.

B. Nucleosides

During the past five decades, nucleosides have been used in clinics and,
nowadays, become cornerstones of treatment for patients with viral infections. Two
drugs in this family were reported with anti-CHIKYV activity in 2004 [24]. Ribavirin
(5), a “synthetic nucleoside” containing a 1H-1,2,4-triazole moiety, is effective
against a variety of RNA viruses, especially in the genus Alphavirus. The combi-
nation of ribavirin and interferon-o. shows a synergistic anti-chikungunya viral
effect [24]. Several studies have elucidated the mechanisms of anti-viral action of
ribavirin. They involve predominantly inhibition of inosine monophosphate dehy-
drogenase (IMPDH) activity, depletion of the intracellular guanosine triphosphate
(GTP) pools, inhibition of viral RNA capping, and induction of an error catastrophe
[14, 37-39].

6-Azauridine (6) [24], containing a 1,2,4-triazine-3,5(2H,4H)-dione moiety, is
an another “synthetic nucleoside” with a broad-spectrum of anti-metabolite. It
inhibits both DNA and RNA virus replication. In comparison with ribavirin (5),
6-azauridine (6) shows a greater potency against CHIKV with EC5y = 0.82 uM and

0]

N
Q 8 HoN N
HNJLW NaH, DMF, rt | °N
2 + e — H,N5 N
O-iPr

c (70%)
N [( ) cycloadd
3 + 2) cycloa ition]
4 O-iPr
EtCOONa Q
EtONa N N
TEoH A PNy
’ Et” N7 N

(53%)
condensation +
4b O-iPr

ring formation

Scheme 3 Synthesis of triazolopyrimidine 4b
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SI = 254. Its activity might be through the inhibition of orotidine monophosphate
decarboxylase activity and the depletion of uridine triphosphate pools [40].

C. Alkaloids

Favipiravir (7) is a pyrazinecarboxamide derivative, which was discovered and
synthesized by Toyama Chemical Co. in Japan as a candidate antiviral drug [41]. It
is active against many viruses, including influenza viruses, West Nile virus, yellow
fever virus, foot-and-mouth disease virus, flaviviruses, arenaviruses, bunyaviruses,
alphaviruses, picornavirus and norovirus [41, 42]. In 2014, favipiravir (7) was
approved in Japan for the treatment of influenza virus disease. The mechanism of its
action is related to the selective inhibition of viral RNA-dependent RNA poly-
merase. In the same year, Neyts et al. [25] disclosed that favipiravir (7) inhibits viral
genome replication of laboratory strains and clinical isolates of CHIKV.

The antiviral drug umifenovir (i.e., arbidol, 8), an indole derivative, was origi-
nally developed at the Research Institute of Pharmaceutical Chemistry in Russia
about three decades ago [43]. Since 1990, this drug has been used in Russia mainly
for the intervention of prophylaxis and acute respiratory infections like influenza
[44, 45]. In 2011, Pastorino et al. [26] reported that umifenovir (8) presents potent
inhibitory activity against CHIKV. The significant anti-viral activity of this drug
may be attributed to the diverse mechanisms of action, including interference with
the early stages of CHIKV attachment or entry or the replication cycle, as well as
alterations of cellular membranes [44, 46]. A synthetic procedure leading to
umifenovir (8) as illustrated in Scheme 4 includes seven steps, for which the key
steps are the Friedel-Crafts alkylation, reductive cyclization, and the Mannich
condenation [43, 47]. On the other hand, this drug can also be produced through
four steps as shown in the synthetic route in Scheme 5. They involve Nenitzescu
indole synthesis, acylation/bromination, S-alkylation, and the Mannich condensa-
tion [48, 49].

Recently, de Lamballerie, Jayaprakash et al. [27] reported a series of aryl
alkylidene alkaloids, among which 1,3-thiazolidin-4-ones 9 and 10 showed
anti-chikungunya activity with ICs, values of 0.42 and 6.8 uM. These two com-
pounds can be synthesized by simple steps shown in Scheme 6 [50, 51]. The key
step is the Knoevenagel condensation. Moreover, the authors performed molecular
docking simulation of the active compound 9 with the X-ray crystal structure of
CHIKV nsP2 protease. As a result, the mechanism of action may come from the
protease inhibition.

Harringtonine (11) is a natural alkaloid isolated from the Japanese plum yew,
Cephalotaxus harringtonia in only 0.0064% yield [52]. In 2013, Chu et al. [28].
reported that it exhibits potent anti-CHIKV activity with an ECs( value of 0.24 pyM
with minimal cytotoxicity. Harringtonine inhibits an early stage of the CHIKV
replication cycle, affects CHIKV RNA production, and interferes with viral protein
expression.
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D. Terpenoids

As a major class of natural compounds, terpenoids display a wide range of
biological activity against a variety of infectious diseases. The four representatives
shown in Table 1 contribute significantly to the anti-CHIKV development.

In 2014, Litaudon et al. [29] reported their isolation of diterpene jatrophane ester
(12) in 0.0006% yield from the whole plant of Euphorbia amygdaloides
ssp. Semiperfoliata, an endemic plant of Corsica and Sardinia. Jatrophane ester (12)
shows an ECs, value of 0.76 puM with a high SI value of 208.

In the same year, Chu et al. [30] disclosed their isolation of two aplysiatoxin-related
compounds 13a,b from the marine cyanobacterium Trichodesmium erythraeum
in ~0.0022% yield. These two 12-membered ring terpenes exhibit significant
anti-CHIKYV activity in post-treatment of infected SJCRH30 cells with EC5 values of
1.3 and 2.7 pM, respectively. Their potency is on the same order as that of the
highly-oxygenated natural trigocherrin A (14) [31]. This chlorinated daphnane
diterpene orthoester was isolated from the bark of Trigonostemon cherrieri in
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0.00017% yield, an endemic plant of New Caledonia [53]. Nevertheless, they are
much less potent in comparison with 12-O-tetradecanoylphorbol 13-acetate (15) [54],
which was reported by Litaudon et al. in 2012 [32]. Tetradecanoyl phorbol acetate 15
presents an ECs, value of 2.9 nM with a very high SI value of 1965. The activation of
the signal transduction enzyme protein kinase C could be the mechanism of action on
its anti-CHIKV activity.

OMe 0._OMe OMe
CaCOg3 O.__OMe
Br butanone
+ —_—
MeO OH Br O MeO 0
substitution
o Br
1. CaCOs, THF OMe o HJK'L
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) o &,
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Scheme 7 Synthesis of flavagline (+)—17
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E. Flavagline

Plant natural products flavaglines are characterized with a unique cyclopenta
[b]benzofuran nuclues. Fused benzofurans display an array of biological effects as
insecticidal, antifungal, anti-inflammatory, and neuroprotective agents [55]. In
2015, Smith et al. [33] reported that flavaglines FL23 (16) and FL3 (17) inhibit the
CHIKYV by interaction with prohibitin-1, which is a receptor protein used by the
virus to enter mammalian cells. The synthetic route to give flavaglines FL3 (£)-(17)
is shown in Scheme 7. The key steps include the Friedel-Craft acylative cycliza-
tion, the Michael addition, and Evans—Saksena reduction reactions [56, 57].

Others

Apart from the above classes of compounds, Freitas—Junior et al. [34] screened a
kinase inhibitor library of 4000 compounds against CHIKV infection by using high
throughput screening. In 2013, they reported that four benzofuran derivatives were
active as inhibitors associated with CHIKYV cell death in a dose-dependent manner.
Compounds with a scaffold as benzofuran 18 (CNDO0335) exhibit the EC5, values
of between 2.2 and 7.1 uM.

Brancale et al. [35] reported their computer-aided identification and design of a
series of (a-carbony)hydrazones with selective activity against CHIKV. They ini-
tially obtained the hit candidates from a virtual screening simulation of ~ 5 million
compounds on the CHIKV nsP2. After investigation of their structure—activity
relationship in silico and optimization of the candidate compounds, a simplified
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chemical structure (o-carbonyl)hydrazone 19 was attained. Synthesis of compound
19 is illustrated in Scheme 8, in which sequential Knoevenagel-Doebner reaction
and condensation reactions are in operation. This compound indeed exhibits
promising activity profile as shown in Table 1.

In 2015, van Hemert et al. [36] first reported that the approved anti-parasitic drug
suramin (20b) inhibits CHIKV RNA synthesis with an ICsq value of ~5 uM. It
also inhibits replication of various CHIKYV isolates in cell culture with an ECs, of
79 uM and CCsy >800 uM. Furthermore, suramin can inhibit a post-attachment
early step of the CHIKV replicative cycle and (re)initiation of CHIKV RNA syn-
thesis by possibly interfering with binding of the template RNA. These findings are
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NaOgS HN /\< arm 7/ NH SO;Na

(essential joint) neck 20b

Fig. 2 Structure—activity relationship of suramin and its derivatives

in agreement with the previous studies in vitro that suramin inhibits RNA viral
polymerases and helicases [36]. Very soon, closely related results on inhibition of
the same virus entry and transmission by suramin (20b) is reported by Kuo, Lin
et al. [58].

A series of suramin derivatives (e.g., 20a) were synthesized by Bolognesi, Hwu
et al. [59] based on the design of compounds with fewer sulfonate fingers, shorter
arms, only one side, or no neck in comparison with suramin. As depicted in
Scheme 9, the representative procedure includes amide formation, followed by
reduction of nitro compounds and carbonylation. These suramin derivatives were
also tested for their ability to inhibit CHIKV RNA synthesis in vitro.
Unsymmetrical compounds possessing only one arm were inactive regardless of its
length. It has been proved that compound with six sulfonate groups showed greater
anti-CHIKV (ECsg = 79 uM) than tetrasulfonate (ECs5yp = 210 uM) in the cell
culture (see Table 1 and Fig. 2).

3 Concluding Remarks

Development of new antiviral compounds for chikungunya fever meets an urgent
need of global societies. It is due to the re-emerged outbreaks occurring in 2004 and
recent spreading to the Americas in late 2013. A limited number of natural products
exhibit great potency with an appealing selective index value. Unfortunately, their
isolation yields are often very low, as represented by the naturally occurring 12-O-
tetradecanoylphorbol 13-acetate (15) obtained in 0.00017% yield. Complex struc-
tures associated with these natural products with multiple stereogenic centers,
various functional groups, and several rings make their total synthesis very
challenging.
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As a result, medicinal chemists, biologists, and virologists with interdisciplinary
expertise have been seeking for unnatural targets that can be obtained in a large
quantity by chemical synthesis. By far, various types of compounds with
anti-CHIKV activity have been obtained; among which the ones reported recently
are listed in the Table 1. These compounds belong to purine/pyrimidine, nucle-
oside, alkaloid, flavagline, etc. Nevertheless, none of them has been yet approved as
a drug to serve the purpose. The opportunity remains high for scientists to devote
their efforts to design and synthesize small molecules to fight for the human battle
against CHIKV with success.

Moreover, some molecules in the compound libraries of the Table 1, such as
benzouracil-coumarin—arene conjugates, suramin derivatives et al. may be suitable
for their development to become potential new drugs for the treatment of neu-
rodegenerative disorders. Multi-functional design, in silico computational screen-
ing, in vitro/ex vivo/in vivo experiments, and organic syntheses of these novel
candidate compounds are in progress.
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Analytical Standards Purity
Determination Using Quantitative
Nuclear Magnetic Resonance

Toru Miura, Naoki Sugimoto, Takako Suematsu, Kevin K. Millis,
Katsuo Asakura and Yuko Yamada

Abstract Quantitative nuclear magnetic resonance (QNMR) with Internal Standard
named as AQARI (Accurate QuAntitative NMR with Internal standard material) has
been adopted by the Japanese Pharmacopoeia and the Japanese Standard of Food
Additives as an official analytical method because of reliability and efficiency. We
have developed Certified Reference Material (CRM) suitable for AQARI and
utilitized AQARI with developed CRM to characterize analytical standards and
certified reference materials (CRMs) for use in developing gNMR and chromato-
graphic calibration standards. AQARI was used to determine the chemical purity of
analytical standards for more than 500 compounds, including the following seven
Japanese Pharmacopoeia crude drug products: magnolol, geniposide, paeonol,
magnoflorine Todide, saikosaponin b,, (E)-cinnamic acid and rosmarinic acid.

Keywords qNMR - AQARI - Internal standard - CRM - Analytical standard

1 Introduction

With the revision of the Food Sanitation Act, a “positive list system” relating to
pesticide residues came into force in Japan in May of 2006 [1], resulting in
tightened regulations for the distribution of approximately 800 types of pesticides,
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both inside and outside Japan. Internationally, the number of chemicals subject to
regulations, such as persistent organic pesticides (POPs), and the chemicals listed in
the Restriction of Hazardous Substances (RoHS) directive and the Registration,
Evaluation, Authorization and Restriction of Chemicals (REACH) legislation are
continually increasing. Generally, the analysis of these hazardous substances must
be performed in accordance with official analytical methods which include gas
chromatography (GC) and high-performance liquid chromatography (HPLC).

The advantages of GC and HPLC, such as high sensitivity and analyte separa-
tion, are very suitable for the analysis of both single- and multi-component solu-
tions. In this type of analysis, a calibration curve using an analytical standard that is
identical to the target analyte is required to conduct accurate quantitative mea-
surements [2]. Depending on the results of such analyses, this type of analysis may
lead to development of international issues through regulation of the distribution of
imported products. It also relates directly to food safety assurance, and thus accurate
measurement results are needed and are extremely important to assure the reliability
of characteristic values for the analytical standard used [2]. In addition, as the
number of controlled substances under the regulations has increased significantly,
these analytical standards should be supplied to the market promptly. Based on
these background issues, we have been proactively supplying analytical standards
for the measurement of pesticide residues. Historically, we have utilized GC and
HPLC methods that confer purity by normalization of peak areas according to the
official analytical method such as official gazette, however, the purity measured
with these methods can be prone to error because the degree of sensitivity differs
depending on the main constituent and the impurities. This situation has led us to
start using the other analytical method for determining the chemical purity of our
analytical standards which is more robust than chromatographic methods. The first
option we tried to utilize was the mass balance method which is able to determine
the absolute purity. But this method is complicated and time-consuming one.
Therefore we tried to utilize AQARI as second option which is able to determine
the absolute purity with reliability and efficiency.

2 AQARI

Quantitative nuclear magnetic resonance (QNMR) refers to when NMR data is
collected and processed in a manner that yields quantitative information. gNMR
relies on a reference NMR signal as an intensity calibration reference. The reference
NMR signal may be purely electronic or may originate from a reference standard.
The reference standard may be “external” (i.e., the standard solution is in a sealed
capillary tube that is run separately or together with the sample) or “internal” (i.e.,
the reference standard is dissolved in the sample). AQARI (Accurate QuAntitative
NMR with Internal standard material) [3] is a '"H qNMR method that uses an
internal standard.
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gNMR requires the NMR data to be acquired under quantitative conditions [4].
When this is achieved, peak areas for resonances become proportional to the
number of hydrogen nuclei producing the resonances [5]. Therefore, when mea-
suring mixtures under quantitative conditions, the area of well-resolved resonances
arising from different molecules are not only proportional to the number of
hydrogen nuclei giving rise to the resonances, but are also proportional to the
concentration of the different molecules that are present in the sample [5]. Utilizing
this property enables standard measurement of the mass of the target substance and
the mass of other substances that could be present in the sample [5].

AQARI requires a substance that has been allocated an accurate degree of purity
(hereafter referred to as the Internal Standard) to be quantitatively added and dis-
solved in the sample solution before the "H NMR measurement is conducted. Once
the spectrum is obtained, the molar ratio of the target molecule to the internal
standard is calculated from the peak area ratio originating from each substance.
Finally, the chemical purity of the measured substance can be calculated using this
molar ratio.

gNMR can be used to rapidly conduct purity determination, which was previ-
ously conducted via complicated quantification methods, such as Area
Normalization Method of GC or HPLC. Attractive features of gqNMR include easy
sample preparation, the ability to achieve absolute quantification with traceability to
the International System of Units (SI), and the ability to quantitate more than one
analyte in a single measurement. Due to the overall reliability of QNMR, and its
ability to achieve absolution quantitation, gNMR has recently been adopted as an
official analytical method by the Japanese Pharmacopoeia and the Japanese
Standard of Food Additives [6, 7]. There are also plans for gNMR to be adopted by
the Japanese Industrial Standards, as qNMR is currently seeing widespread use in
the field of industrial chemistry.

We have started to shift towards a higher level of quality assurance by applying
the superior characteristics of qNMR to the purity assessment of analytical
standards.

3 Development of Certified Reference Material
for AQARI, Sample Preparation, NMR Measurement,
and Data Processing Conditions

The equation used to determine chemical purity using AQARI is shown in Fig. 1
[8]. In this equation, Sa, Sr, ma, Mg, and Pg are the only variables that create
variability and bias in the purity result. Therefore, to obtain accurate quantitative
values with gqNMR, the following conditions must be met:

3.1 A reliable internal standard with traceability to the International System of Units
(SI) should be used
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pP= SfA X i miR MWA xP P C‘alcula\ted value of purity (mass fraction %)
S H m Mw, R Sy . Signal area of the sample target analyte
R A A R Sk Signal area of the internal standard
H, . Hydrogen number shown in the sample target analyte
Hy ©  Hydrogen number shown in the internal standard
my - Weighed the sample target analyte mass (mg)
my . Weighed the internal standard mass (mg)
Mw, - Molar mass of the sample target analyte
Mwyg * Molar mass of the internal standard
P : Purity of the internal standard (mass fraction %)

Fig. 1 Purity equation for qNMR analysis

3.2 The mass of the analyte and internal standard used in sample preparation must
be accurately measured

3.3 The NMR data must be acquired under quantitative NMR conditions

3.4 The NMR data must be processed under conditions suitable for quantitative
measurements

We will now explain the development and setting of conditions for our internal
standard, while explaining the elements shown below.

3.1 The Internal Standard

When we first began investigating the utility of qNMR, a dedicated internal stan-
dard for gNMR had not been distributed on the global market. This situation led us
to develop gNMR standards for use in AQARI. The most important requirements
for an ideal gNMR internal standard are the following: 1. The internal standard
must have a simple 1H-NMR spectrum, preferably a single resonance; 2. The
"H-NMR resonance from the internal standard must be baseline-resolved from all
other resonances in the sample of which it is placed; 3. The internal standard must
be chemically inert; 4. The internal standard must be stable in solution; 5. The
internal standard substance must be easily handled and weighed to produce stable
and accurate mass measurements; and 6. The internal standard must be soluble in
deuterated solvents. Based on these requirements, we selected a number of can-
didate substances to determine if we could develop them into internal standards for
gNMR. We used the freezing point depression method in DSC (Differential
Scanning Calorimetry) to determine the purity of the internal standard candidates as
one of the primary methods of measurement [2].

We also determined the associated expanded uncertainty for chemical purity. The
uncertainty associated with the chemical purity of a standard determined by gNMR
is a composite of uncertainties that arise from the purity of the internal standard, the
analytical balances, and in the NMR measurement. The results of comparing the
content acquired by qNMR to the content acquired with chromatography were
synthesized with uncertainty to prevent a lowering of the accuracy due to the sub-
stance containing analogous compounds, thereby assuring the reliability of that
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Fig. 2 Representative values for uncertainty components in developing certified reference
materials for gNMR

value. Representative values of the contributions of uncertainties in the qNMR
purity results for our Certified Reference Materials (CRMs) are shown in Fig. 2.
Given that both gNMR and freezing point depression are measurement methods that,
in principle, are traceable to the SI, it became possible to assure the measurement
traceability of the analytical value, and develop a highly reliable internal standard for
gNMR that conforms to, or is compliant with, ISO requirement [9].

As a result of these investigations, we started distributing 1,4-bis(trimethylsilyl)
benzene-d, (1,4-BTMSB-d,) and sodium 3-(trimethylsilyl)-1-propane-1,1,2,2,3,3-
dg-sulfonate (DSS-dg), which were the first internal standards for AQARI for the
first time on the global market in 2009. The typical '"H NMR spectra of these two
internal standards are shown in Figs. 3 and 4. As of 2016, we have developed four
CRMs (Table 1), five standards for gNMR (Table 2).

These internal standards are extremely versatile, particularly 1,4-BTMSB-d, and
DSS-ds, which produce a specific signal close to O ppm, making them applicable to
many types of compounds, and have been adopted in official methods, such as by
the Japanese Pharmacopoeia [10]. Also, 3,5-bis(trifluoromethyl)benzoic acid, an
NMIJ CRM, is a hybrid internal standard for qNMR compatible with both
'"H gNMR and "”F gqNMR, and has also attracted a great deal of international
attention because it is currently the only CRM for qNMR that is offered by a
national metrological institution.

3.2 Gravimetry of the Analyte and Internal Standard
in Sample Preparation

The general gNMR measurement work-flow adopted by the Japanese
Pharmacopoeia is shown in Fig. 5 [11]. It is only possible to obtain accurate results
if all sample preparations, NMR measurements and data processing steps are
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Signal of 1,4-BTMSB-ds

signal to noise ratio= 3000

g
H3G—5i—CHy
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1 (ppm)

Fig. 3 'H NMR spectrum of 0.05%w/v 1,4-BTMSB-d, reference material in Acetone-dg
measured by 400 MHz NMR instrument (JNM-ECS400 with NM-03510THS Probe) using the
acquisition and processing parameters listed in Tables 3 and 4

Signal of DSS-ds

Signal to noise ratio=2000

60 55 50 45 40 35 30 25 20 15 10 05 00 -05 10 -15
f1 (ppm)
Fig. 4 "H NMR spectrum of 0.05%w/v DSS-d reference material in Dimethyl Sulfoxide-dg

measured by 400 MHz NMR instrument (JNM-ECS400 with NM-03510THS Probe) using the
acquisition and processing parameters listed in Tables 3 and 4
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Table 1 Certified reference  pyodyct name Chemical shift
materials for gQNMR Sppm®
1,4-BTMSB-d, reference material 0.2
DSS-dg reference material 0.0
Dimethyl sulfone reference material 3.1
Maleic acid reference material 6.4

“Tt means that Chemical shifts may vary according to solvent type

Table 2 Standards for Product name Chemical shift

gNMR Sppm®
1,3,5-trimethoxybenzene standard 3.7,6.1
Triphenylmethane Standard 5.6,7.1-73
Benzoic acid standard 7.5,17.6, 8.0
Dimethyl terephthalate standard 3.9, 8.1
Potassium hydrogen phthalate standard 75,78

“Chemical shifts may vary according to solvent type

NMR measurement

Analyte 1
I Sample Preparation I JEOL RESONANCE
JNM-ECS400

INM-ECA600

Ultra Micro Balance
Internal Standard (0.0001 mg)

B
- EE

Deuterated
Solvent Data Process

JEOL RESONANCE
Ahcc2 for gNMR

Analytical Value

Fig. 5 General gNMR (AQARI) measurement work-flow

carefully implemented using practices compatible with gNMR. To ensure accurate
gravimetry of the sample and internal standard, a stable balance read-out is nec-
essary. Therefore, we developed an aluminum weighing dish for gNMR, which has
a low mass and is less prone to static electricity than plastic weighing dishes. These
aluminum weighing dishes are inert to all commonly used deuterated solvents. It is
normal practice to measure solutions with concentrations of approximately
1 mg/mL. Therefore, an analytical balance that is capable of accurately measuring
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Table 3 General gNMR Observer nucleus q

acquisition parameters Decoupled nucleus 3o
13C Decoupling pulse sequence MPF8
Field strength 400 MHz
Spectral width 20 ppm
DSP ON
Offset 5 ppm
Flip angle 90°
Acquisition time 4s
Digital resolution 0.25 Hz
Relaxation delay 60 s
Probe temperature 25 °C
Number of transitions 8
Dummy scans 2

1 mg of a substance is essential. For this reason, it is also clearly stated in the
Japanese Pharmacopoeia that qNMR measurements are to be taken using an
ultra-micro balance [12].

3.3 Quantitative NMR Data Acquisition

The general measurement conditions adopted in the Japanese Pharmacopoeia [12,
13] are shown in Table 3. Two basic requirements for acquiring gqNMR data is that
all of the signal strength from both the analyte and internal standard must be col-
lected and that the signals themselves are not saturated. To ensure all the signal is
collected, the free induction decay (FID) must be long enough to prevent signal
truncation. An acquisition time of 4 s is sufficiently long for this purpose. To prevent
signal saturation, the sum of the interpulse relaxation delay and acquisition time
should be 10 times longer than the spin-lattice relaxation time (T1) of the resonances
that are monitored from both the analyte and internal standard [8]. Because 'HT1
times for small molecules in solution are on the order of only a few seconds, the
relaxation delay was set to a value of 60 s [8]. Furthermore, 13C satellites (corre-
sponding to approximately 0.55% of the main signal) which are normally observed
on both sides of the main signal are eliminated through decoupling using the MPF8
pulse sequence [14] to ensure accurate integrals are obtained [15].

3.4 Data Processing Under Conditions Suitable
Jor Quantitative Measurements

Generally, in qualitative NMR, the FID prior to Fourier transform is processed with
a window function, which serves to improve either the S/N ratios or the spectral
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Table 4 General gNMR data processing conditions

Software Alice 2 for gNMR and Mnova NMR

Window function OFF

Phase correction Manual optimization for leveling baseline

Integral range Integrals up to the point to where the baseline is lowered by eyesight
Baseline Correction Auto

resolution, depending on the type of window function used. However, the use of
window functions can introduce error in the integrals such that the resonance peaks
areas are no longer proportional to the number of "H nuclei giving rise to the
resonance. Therefore, window function processing usually not performed in
qNMR [16].

Proper phase correction of the spectrum is essential to obtaining accurate results.
Generally, in qualitative NMR, phase optimization is achieved via auto processing,
but in reality it is difficult to achieve complete optimization with auto processing.
Therefore, in gNMR it is necessary to conduct phase optimization manually while
conducting visual checks to ensure proper phasing of the spectrum [17].

In qualitative NMR, the integral range is usually set automatically, but to obtain
an accurate signal area with qQNMR, it is necessary to set the limits of an integral for a
resonance (or a group of resonances) where the integral curve starts to rise and stops
rising which is where the peak intensity is greater than the baseline. Furthermore, it is
necessary to be cautious with baseline correction. In NMR measurements, baseline
correction processing is conducted to flatten out NMR spectral distortion, but,
depending on the algorithm used, the signal area may change by a few percentage
points. Therefore it is essential in gNMR to ensure that the baseline correction point
does not enter within the integral range of each signal [18].

The processing parameters and we applied are shown in Table 4. Specialized
analysis software for gNMR is now marketed by a number of software manufac-
turers, and it is possible to implement data processing suitable for quantitative
measurements using this software [19].

4 Application of AQARI to Creating Analytical Standards

The internal standards for qNMR and the set of qNMR conditions we have
developed since 2011 are now being used to measure chemical purity of analytical
standards in GC and HPLC, as well as other gqNMR reference standards. The
applicable scope of purity determination using QqNMR is broad, and in the five years
up to 2016, this method has been demonstrated to confer absolute purity, with
assured traceability to the SI, for new and existing analytical standards of more than
500 compounds [20]. These products are diverse, including pesticides, crude drugs,
active drug ingredients, catechin, mycotoxins, and amino acids. In particular, a
supply of analytical standards using qNMR for seven crude drug products
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Fig. 6 Structural formulas of seven crude drugs

(magnolol, geniposide, paeonol, magnoflorine iodide, saikosaponin b,, (E)-cin-
namic acid and rosmarinic acid whose Structural formulas shown in Fig. 6 has
commenced [21]; The former three crude drugs are the first analytical standards in
Japan that were produced in an ISO/IEC17025 [22] -accredited laboratory. Also,
the values obtained by qNMR are generally consistent with those obtained by
freezing point depression and mass balance methods using DSC, which are the
absolute quantification methods used until now. Thus, these results demonstrate that
it is possible to promptly and efficiently obtain highly reliable absolute purity.

S Summary

We have used AQARI, a gqNMR method employing an internal standard, to
characterize new qNMR standards and to characterize over 500 chromatographic
analytical standards which have reliability because of having traceability to the
International System of Units (SI). We expect to broaden our use of gNMR to
include the characterization of reagents because qNMR is scheduled to be listed in
the General Rules and Reagent Standards of the Japanese Industrial Standards.
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