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General Introduction

1. Traditional Methods for the Functionalization of Heterocycles

Heterocycles widely exist in bioactive natural products and pharmaceutical
compounds (Figure 1). The development of efficient methods that enable rapid
functionalization of N-adjacent C—H bonds in these heterocycles is very attractive from
the standpoint of drug discovery. The most conventional method for the direct
functionalization of N-heterocycles is a-lithiation with alkyllithium/diamine complexes,
producing a dipole-stabilized carbanion, followed by electrophilic substitution (Scheme
l1a) but the stoichiometric strong base was required for deprotonation of heterocycles
and limited electrophiles were utilized in this method.! Recently, photoredox catalysis
has emerged as a powerful tool for the functionalization of heterocycles. Under
irradiation of visible light, amino radical cations were generated and subsequent H-
atom abstraction or deprotonation followed by oxidation provided the electrophilic
iminium ion intermediates (Scheme 1b).> The usefulness of this method is highlighted
by the compatibility of a broad range of nucleophiles resulting in functionally diverse
products, while the asymmetric version has not been well-established.
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Figure 1. Some Biologically Significant Compounds Containing Heterocycles



Scheme 1. Traditional Methods for the Functionalization of Heterocycles
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2. Transition Metal-Catalyzed a-C(sp3)—H Bond Activation of Heterocycles

2.1 Introduction

Transition metal-catalyzed a-C(sp*)—H bond activation of heterocycles has drawn
much attention owing to its high efficiency and straightforwardness. This introduction
outlines three sections, each describing a different strategy for the functionalization of
heterocycles — the use of pincer ligands for the dehydrogenation of heterocycles to
produce heteroarenes (section 1.2), a-C(sp>)-H functionalization of heterocycles in the
presence of directing groups (section 1.3), metal-catalyzed carbene insertions (section
1.4).

Scheme 2. The Selective Strategies for the Functionalization of Heterocycles
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2.2 Use of Pincer Ligands for the Dehydrogenation of Heterocycles to Produce
Heteroarenes

The selective dehydrogenation of inexpensive and abundant alkanes to produce
higher value alkenes is an important task. Since the initial reports of alkane
dehydrogenation by Grabtree and Felkin (Scheme 3),” numerous homogeneous alkane
dehydrogenation catalysts have been developed allowing dehydrogenation under
milder conditions (150-250 °C).* However, little work has been extended to
heterocycles. In 2014, Huang group reported a new phosphinothious/phosphinite
(iPr4PSCOP)Ir pincer complex. Upon activation with NaO7Bu, this complex exhibited
exceptionally high activity for transfer dehydrogenation of alkanes with tert-
butylethylene as a hydrogen acceptor. In addition, new catalytic systems were applied
to the selective dehydrogenation of a wide variety of heterocycles to produce
heteroarenes (Scheme 4).”

Scheme 3. Examples of Active Iridium Pincer Complexes for Alkane Dehydrogenation
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Scheme 4. Iridium Pincer-Catalyzed Dehydrogenation of N- and O-containing
Heterocycles
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In 2015, Brookhart group reported a novel iridium pincer catalyst for the
dehydrogenation of ethers using fert-butyl ethylene as a hydrogen acceptor. At 120 °C,
cyclic ethers were dehydrogenated with high turnover numbers (over 400 in many



cases).® Acyclic ethers such as diethyl ether can also be dehydrogenated catalytically
with TONs up to 90. The efficient dehydrogenation of cyclic and acyclic ethers using
tert-butyl ethylene as a practical hydrogen acceptor has been demonstrated for the first
time (Scheme 5).

Scheme 5. Iridium Pincer-Catalyzed Dehydrogenation of Ethers
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2.3 a-C(sp’)-H Functionalization of Heterocycles in the Presence of Directing
Groups

Murai has contributed extensively to the general area of transition metal-catalyzed
C-H activation, and in 1997, first reported the rhodium-catalyzed carbonylation of N-
(2-pyridinyl)piperazine via sp’ C—H bond activation to produce desired product
(Scheme 6).” Several factors were found to be critical to the success of the reaction.
First, the 1,4-relationship of the amines in the piperazine core was essential for the
reaction to proceed. Second, the reaction was strongly influenced by electronic
perturbation of the substituents at both nitrogen termini: electronic donating groups
were favored at the distal piperazine nitrogen, instead, electron-withdrawing groups on
the pyridine improved reactivity. In addition, Murai and co-workers have also
accomplished the same transformation on N-acylpiperazines, suggesting that other
directing groups are also applicable for this reaction.

Mechanistic investigations revealed that ethylene was crucial for the conversion of
A to the unsaturated tetrahydropyrazine D, which suggested that the process involved
two steps: (a) Rh-catalyzed, pyridine-directed dehydrogenation of the piperazine via
sp> C—H activation adjacent to nitrogen to form tetrahydropyrazine D, and (b) Rh-
catalyzed, pyridine-directed carbonylation of D via sp> C—H activation adjacent to
nitrogen to produce desired product G (Scheme 6).



Scheme 6. Rh-Catalyzed Carbonylative Coupling of Piperazines with Olefins
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In 2001, Murai and co-workers described a catalytic reaction which involves the

cleavage of an sp’ C—H bond adjacent to a nitrogen atom in N-2-pyridynyl alkyamines
(Scheme 7).* The use of Ruz(CO);» as the catalyst resulted in the addition of the acyclic
and cyclic alkenes to give the coupling products. The presence of directing groups such

as pyridine, pyrimidine or an oxazoline ring on the nitrogen of the amine was critical

for the reaction. In addition, the substitution of an electron-withdrawing group on the

pyridine ring dramatically retards the reaction. Cyclic amines are more reactive than

acyclic ones.



Scheme 7. Ru(CO);,-Catalyzed C(sp’)-H Functionalization of N-Heterocycles
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In 2004, Sames and co-workers reported the iridium-catalyzed formation of

pyrrolizidinone from N-acylated pyrrolidine, which relied on directed sp® C—H insertion

adjacent to nitrogen followed by intramolecular C—C bond formation with an olefin

tether (Scheme 8).” Optimization studies of the iridium catalyst revealed that N, N -bis-

(2,6-diisopropylphenyl)imidazolyl carbene provided the best yield and selectivity for

the 5-exo cyclized product over the 6-endo cyclized product. Addition of

norbornene(NBE) to the reaction as a hydrogen acceptor further increased the yield by
minimizing the formation of reduction side product.

Scheme 8. Iridium-Catalyzed C(sp’)-H Functionalization of N-Heterocycles
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In 2012, Maes group reported a general directed Ru-catalyzed C(sp’)-H o-
alkylation protocol for piperidines (less-reactive substrates than the corresponding five-



membered cyclic amines) (Scheme 9).'° The use of a hindered alcohol (2,4-dimethyl-
3-pentanol) as the solvent and catalyst activator, and a catalytic amount of trans-1,2-
cyclohexanedicarboxylic acid was necessary to achieve a high conversion to product.
This protocol allowed to effectively synthesize a number of 2-hexyl- and 2,6-dihexyl
piperidines, as well as the alkaloid (+)-solenopsin A. Kinetic studies revealed that the
carboxylic acid additive has a significant effect on catalyst initiation, catalyst longevity,
and reverses the reaction selectivity compared with the acid-free reaction.

Scheme 9. Ru-Catalyzed C(sp’)-H Functionalization of N-Heterocycles
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In 2012, Sawamura and co-workers reported a Rh-catalyzed C(sp>)-H borylation
of amides, ureas, and 2-aminopyridine derivatives at the position a to the N atom (N-
adjacent position) that yields the corresponding a-aminoalkylboronic acid derivatives
(Scheme 10)."" The Rh catalysis occurs under mild conditions in the presence of the
silica-supported triaryphosphine ligand Silica-TRIP, which contains an immobilized
triptycene-type cage structure with a bridgehead P atom. The a-aminoalkylboronic acid
derivatives underwent C—C bond formation reactions, such as Suzuki— Miyaura
coupling with an aryl bromide and one-carbon homologation to a f-aminoalkylboronate.
This novel transition-metal catalysis with an immobilized phosphine ligand offers a
new method for the development of useful molecular transformations through
heterogeneous approaches.

Moreover, in 2019, the same group reported a Rh-monophosphite chiral catalytic
system that enables a highly efficient enantioselective borylation of N-adjacent
C(sp*)—H bonds for a range of substrate classes including 2-(N-alkylamino)heteroaryls
and N-alkanoyl- or aroyl-based secondary or tertiary amides, some of which are
pharmaceutical agents or related compounds (Scheme 11).'* Various stereospecific
transformations of the enantioenriched a-aminoboronates, including Suzuki—Miyaura
coupling with aryl halides and the Rh-catalyzed reaction with an isocyanate derivative
of a-amino acid, affording a new peptide chain elongation method, have been
demonstrated. As a highlight of this work, the borylation protocol was successfully
applied to the catalyst-controlled site-selective and stereoselective C(sp’)—H borylation
of an unprotected dipeptidic compound, allowing remarkably streamlined synthesis of
the anti-cancer drug molecule bortezomib and offering a straightforward route for the
synthesis of privileged molecular architectures.

Scheme 10. Rh-Catalyzed C(sp”)-H Functionalization of N-Heterocycles
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Scheme 11. Rh-Catalyzed Enantioselective C(sp’)-H Functionalization of N-
Heterocycles
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In 2017, Yu group reported an alkoxy-thiocarbonyl directing group for C(sp’)-H
alkylation of saturated azacycles using a cationic iridium(I) catalyst (Scheme 12a)."
Although the one-step installation and removal of this directing group was

advantageous over previous reports employing heterocyclic directing groups, the olefin
coupling partner scope was limited to only mono-substituted olefins. In 2020, the same
group reported a novel amidoxime directing groups for an iridium(I)-catalyzed a-
C(sp’)-H alkylation of saturated azacycles (Scheme 12b).'"* They observed an
unprecedented selectivity for branched C(sp”)—H alkylation products with ethyl acrylate
as the olefin coupling partner. The first step involves the directed a-C—H activation of
the pyrrolidine substrate via an oxidative addition mechanism, leading to the formation
of a cationic Ir(Ill) intermediate. Next, a molecule of acrylate may react reversibly with
this iridium-hydride species in two different ways—Pathways L and B. In Pathway L,
acrylate undergoes a sterically controlled 1,2-migratory insertion into the Ir—H bond,
leading to a linear Ir-alkyl species, which upon a C—C reductive elimination gives the
linearly a-alkylated product. In Pathway B, acrylate undergoes an electronically
controlled 2,1-migratory insertion into the Ir—H bond leading to a branched Ir-alkyl
species, which upon a C-C reductive elimination gives the branched a-alkylated
product.

11



Scheme 12. Ir-Catalyzed Enantioselective C(sp’)-H Functionalization of N-
Heterocycles
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In 2015, Shibata and co-workers have developed an enantioselective Ir-catalyzed
sp> C—H bond activation of y-butyrolactam with various alkenes, such as styrene
derivatives and electron-deficient olefins.'” The present reaction provides a new simple
protocol for the synthesis of chiral 5-alkylated y-lactams and 4-alkylated y-amino acids.
Mechanistically, the oxidative addition of the N-adjacent methylene C—H bond to the
Ir(I) catalyst coordinated to the chiral binaphthyl-based ligand is followed by insertion
into olefins or alkynes to give the alkylated or alkenylated products. This strategy was
further utilized for the C(sp>)-H alkylation of butyrolactam to generate enantioenriched

y-lactams that are inherently important in natural products (Scheme 13). As an example,

12



the alkylated product from acrylate was transformed into the key intermediate in the

synthesis of pyrrolam A.

Scheme 13. Ir-Catalyzed Enantioselective Alkylation of N-Adjacent C—H Bonds of

Heterocycles and Applications
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In addition, Yu and co-workers reported a Pd(II)/Pd(0)-catalyzed enantioselective
functionalization of thioamines with boronic acids via the activation of C—H bonds in
the substrate adjacent to the N-atom. This functionalization allowed the synthesis of
essential motifs containing ethyl amines, azetidines, pyrrolidines, piperidines, azepanes,
indolines and tetrahydroisoquinolines. The use of chiral phosphoric acid ligand
demonstrated efficient coupling of activated methylene C—H bonds leading to their

differentiation in a chiral environment (Scheme 14).16

Scheme 14. Enantioselective o-C(sp’)-H Functionalization of Thioamines
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2.4 Metal-Catalyzed C(sp3)—H Functionalization of Heterocycles via Carbene
Insertion

By far the most excellent example of metal-catalyzed sp’ C—H bond activation
adjacent to nitrogen in heterocycles was the intermolecular, asymmetric C—H insertion
of aryldiazoacetates into cyclic N-Boc-protected amines, which was catalyzed by
dirhodium tetraprolinate complexes cat.1—cat.4 (Scheme 15)."” This powerful method
was originally reported by Davies and co-workers for the highly regio-, diastero-, and
enantioselective C—H insertion of a range of arydiazoacetetes into N-Boc-pyrrolidine
catalyzed by chiral dirhodium complex cat.1-4. Application of this method to cyclic
amines of various ring sizes showed that the 5, 7, and 8-membered substrates worked
very well, delivering C—H insertion products with a high degree of regio-, diastero-, and
enantioselectivity.

Scheme 15. C(sp”)-H Functionalization of Heterocycles via C—H Insertion
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3. Metal (Di)Hydride Species in Organic Reactions

3.1 Introduction

Metal (di)hydride species has a long history, which can be traced to 1930s. Many
efforts have been devoted to develop efficient catalysts to produce active and relatively
stable metal (di)hydride. A) One strategy is that the metal (di)hydride intermediate
could be in situ generated via catalyst abstraction from hydrogen donors and then apply
it for hydrogenation/dehydrogenation reactions. B) Another strategy is that the prepared
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precatalysts containing metal-(di)hydride bonds could be used for the reactions
involving hydrogen transfer process.

3.2 Metal (Di)hydride as Intermediate for the Reactions

A typical example is the hydrogenation reaction. Hydrogenation is one of the most
fundamental transformations in organic synthesis, and its industrial applications span
from fine chemicals to pharmaceuticals synthesis. Direct hydrogenation with a pressure
of H, gas and transfer hydrogenation (TH) are the two employed strategies for
hydrogenation.'® Simple bischelated ligands such as bisphophines produce ligand-
metal-dihydride as the key intermediate, while ligand-metal cooperative catalysts
produce hydride-ligand-metal-hydride as the key intermediate. These active
intermediates could be used for hydrogenation of unsaturated bonds (Scheme 16).

Scheme 16. Metal (Di)hydride as Intermediate for the Hydrogenation
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Ligand-modified copper hydride complexes have been well-known for 1.4-
reduction reactions. Buchwald group found that these hydride complexes could undergo
migratory insertion (hydrocupration) with relatively unactivated and electronically
unpolarized olefins, producing alkylcopper intermediates that can be applied for a
variety of useful bonds formations such as asymmetric hydroamination (Scheme 17)."

Scheme 17. Cu—H Complexes for Hydrofunctionalization Reaction
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Sawamura group developed a 4-fold polystyrene-cross-linking bisphosphine ligand
PS-DPPBz based on 1,2-bis(diphenylphosphino)benzene (DPPBz) exhibited high
ligand performance in Cu/Co catalyzed hydroboration reactions (Scheme 18).”° The
location of the DPPBz bisphosphine moiety at the branching points of the cross-linked
network organic polymer allowed controlled bisphosphine monochelation to transition
metals.

Scheme 18. PS-DPPBz for Cu/Co-Catalyzed Hydroboration involving Cu—H/Co—H
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Dong group developed a series of Rh hydride catalysis and then applied them for
efficient reactions. Recently, the group developed Rh hydride catalysis to solve a
synthetic challenge by affording the enantioselective reduction of allenes, thereby
yielding access to motifs commonly used in medicinal chemistry (Scheme 19).”'
designed Josiphos ligand promotes the generation of chiral benzylic isomers in the
presence of a Hantzsch ester as the reductant. This semi-reduction proceeds
chemoselectively in the presence of other functional groups, which are typically
reduced using conventional hydrogenations.
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Scheme 19. Rh—H Complexes for Enantioselective Reduction of Allenes
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Moreover, several groups developed different ligand-metal cooperative catalysts
for the acceptorless dehydrogenation reactions, the metal dihydride species generated
from dehydrogenation of various heterocycles was proposed as a key intermediate to
produce hydrogen gas (Scheme 20).”? The pioneering work by Fujita and co-workers
shows promising efficiency of metal-ligand bifunctional Ir(IIl) catalysts with 2-
hydroxypyridine-type ancillary ligands. Importantly, the same catalyst systems were
able to promote hydrogenation as a backward reaction, demonstrating the reversibility
of the process. Later, Jones and co-workers reported iron catalyst system for similar
reversible processes, while Xiao and co-workers developed a cyclometalated imino-
Ir(IlT) catalyst. This method is not only used for the functionalization of partially
saturated heterocycles to form heteroarenes but also potentially used for hydrogen
storage carriers.

Scheme 20. Ligand-Metal Cooperative Catalysts for Acceptorless Dehydrogenation
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3.3 Precatalysts Containing Metal-(Di)hydride Bonds for the Reactions

Apart from above works, Milstein and co-workers developed ligand-metal
cooperative catalyst. The pincer ligand in combination with additional strong field
ligands (hydride, CO) stabilize d® low spin state of ruthenium, which enables binding
of substrates such as H, or alcohols. Then applied the catalyst for
hydrogenation/dehydrogenation of ketones/alcohols (Scheme 21).7

Scheme 21. Metal-Ligand Cooperative Catalysts for Hydrogenation/Dehydrogenation
Reactions

Chirik and co-workers developed o-diimine nickel(I) hydride complex for H/D
exchange reaction (Scheme 22).>* The dimeric inactive complex can be readily prepared.
The platform derives from Brookhart catalyst, in which, the aryl groups were replaced
by bulky aliphatic moieties. Owing to the repulsion between the bulky groups, dimeric
inactive complex facilitates the generation of active monomeric Ni-H complex, then
applied it for H/D exchange reactions in pharmaceuticals.
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Scheme 22. a-Diimine Nickel(I) Hydride Complex for H/D Exchange
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Based on these literatures and Sawamura group previous studies on the property of
PS-DPPBz, the author considered to develop/discover simple bisphosphines for
stabilization the iridium dihydride complex generated from C(sp’)-H activation of
heterocycles (Scheme 23) and then to utilize this complex for hydrogen transfer
processes. To improve the efficiency of catalyst, inactive species such as hydride-
bridged polynuclear complexes should be avoided. After examination of bisphosphine
ligands, I found that the bulky and electron-rich ligand DCyPE ligated iridium catalyst
shows high catalytic performance for transfer hydrogenation reaction with 1,4-dioxane
as H source (Chapter 1). Another promising ligand is the heterogeneous PS-DPPBz,
which can provide spatial isolation of catalytic center. The ligand was successfully used
for both transfer hydrogenation reaction (Chapter 1) and acceptorless
dehydrogenation/hydrogenation reactions (Chapter 2).

Inactive dimer

Scheme 23. Designed Strategy in this Thesis (My Work)
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4. Overview of This Thesis

The author developed catalytic hydrogenation and dehydrogenation through
C(sp’)-H activation of heterocyclic compounds. In Chapter 1, iridium-catalyzed
alkene-selective transfer hydrogenation with 1,4-dioxane as hydrogen donor is outlined:
the commercially available bulky and electron-rich ligand DCyPE was identified to be
a particularly high-performing ligand. A polystyrene-cross-linking bisphosphine PS-
DPPBz produced a reusable heterogeneous catalyst. In Chapter 2, Ir-catalyzed
reversible acceptorless dehydrogenation/hydrogenation of N-substituted and
unsubstituted heterocycles enabled by a polymer-cross-linking bisphosphine is
described. The reaction triggered by a-C(sp’)—H activation of N-heterocycles.

4.1. Iridium-Catalyzed Alkene-Selective Transfer Hydrogenation with 1,4-
Dioxane as Hydrogen Donor. (Chapter 1)

Chapter 1 describes iridium-catalyzed alkene-selective transfer hydrogenation with
1,4-dioxane as hydrogen donor. This hydrogenation protocol is alkene selective in the
presence of polar unsaturated bonds such as C=0, C=N and C=N bonds.
Mechanistically, this reaction is triggered by oxidative addition of a 1,4-dioxane
C(sp”)-H bond.

o)

\\_ e - I j cat. [Ir/DCyPE] H re 4 [ j

o
(H donor)
FG = reducible functional groups

DCyPE

4.2. Ir-Catalyzed Reversible Acceptorless Dehydrogenation/Hydrogenation of N-
Substituted and Unsubstituted Heterocycles Enabled by a Polymer-Cross-Linking
Bisphosphine (Chapter 2)

This chapter describes a polystyrene-cross-linking bisphosphine-Ir complex (PS-
DPPBz)-Ir for the acceptorless dehydrogenation of N-heterocycles. The protocol is
applicable to the dehydrogenation of N-substituted indoline-type substrates,
applicability to which has not been well explored with the reported catalytic systems.
A catalytic reaction pathway involving oxidative addition of the N-adjacent C(sp”)-H
bond to the bisphosphine-Ir(I) species is proposed.
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Chapter 1
Iridium-Catalyzed Alkene-Selective Transfer Hydrogenation

with 1,4-Dioxane as Hydrogen Donor

The iridium-catalyzed transfer hydrogenation of alkenes using 1,4-dioxane as a
hydrogen donor is described. The use of 1,2-bis(dicyclohexylphosphino)ethane
(DCyPE), featuring bulky and highly electron-donating properties, led to high catalytic
activity. A polystyrene-cross-linking bisphosphine PS-DPPBz produced a reusale
heterogeneous catalyst. These homogeneous and heterogeneous protocols achieved
chemoselective transfer hydrogenation of alkenes over other potentially reducible
functional groups such as carbonyl, nitro, cyano, and imino groups in the same molecule.
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Introduction

Transition metal catalyzed transfer hydrogenations are useful methods for
reducing polar unsaturated bonds in organic molecules due to their high
chemoselectivity without the need to use flammable hydrogen gas or complex
equipment.' Furthermore, they have potential for enantioselective catalysis. In fact,
transfer hydrogenations of ketones” and imines’ with protic H donor molecules such as
2-propanol and formic acid have been well established (Scheme 1). Noyori—Ikariya-
type transfer hydrogenation is a typical highly enantioselective reaction (Scheme 2).*
In contrast, the chemoselective transfer hydrogenation of C=C bonds in the presence of
C=0 bonds and other potentially reducible functional groups such as benzylic ethers,
nitriles and imines is a long-standing challenge. Although transfer hydrogenation
protocols achieving appreciable but incomplete chemoselectivities in favor of C=C
bonds over ketoic C=0 bonds have been reported,””’ the substrates were restricted to
conjugated enone derivatives or the selectivities relied on careful control of the reaction
conditions.

Scheme 1. Catalytic Transfer Hydrogenation of C=X Bonds (X=0, NR) with 2-

Propanol
H

R'" "R2 Me  ~Me R'" "R2 Me  “Me

(H donor)

Scheme 2. Noyori-Ikariya-type Asymmetric Transfer Hydrogenation
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In my investigation of metal-catalyzed C(sp’)-H functionalizations,®® I
encountered a significant reduction of C=C bonds of alkenes with 1,4-dioxane as a two-
H donor in the presence of [IrCl(cod)]. and some bisphosphine ligands under
reasonably mild reaction conditions (bath temperature 120-145 °C, 1-4 mol% Ir,
Scheme 3). Importantly, this transfer hydrogenation was exclusively selective toward
C=C bonds over C=0 bonds of ketones, which are the preferred reduction sites under
most transfer hydrogenation conditions.”” Although a similar transfer hydrogenation of
alkenes with 1,4-dioxane catalyzed by the Wilkinson complex [RhCI(PPh;);] had been
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reported in 1972, the reaction conditions were harsh (170 °C) and the substrate scope
was limited to a few simple cycloalkenes.'® Therefore, I decided to investigate the
interesting Ir catalysis for ligand effects, substrate scope, and chemoselectivity, having
applications in  organic  synthesis in mind. As a result, 1,2-
bis(dicyclohexylphosphino)ethane (DCyPE) was identified as an optimal ligand, which
produced, in combination with [IrCl(cod)],, a catalyst that promoted the highly
chemoselective transfer hydrogenation of conjugated polar alkenes and isolated non-
polar alkenes in the presence of ketones or other potentially reducible functional groups
(Scheme 3). To date, a broadly useful and versatile metal-catalyzed protocol that
enables selective transfer hydrogenation of isolated non-polar alkenes in the presence
of ketones has not been reported. Although Huang and co-workers recently realized a
similar transformation through the utilization of ethanol as a hydrogen donor catalyzed
by an Ir-NCP catalyst, only two isolated non-polar alkenes were used and
chemoselectivity was not totally controlled."’

Scheme 3. C=C Reduction with 1,4-Dioxane

o)

cat. [Ir/DCyPE] H
\ e I ) e+ [ )

o
(H donor)
FG = reducible functional groups

DCyPE

Results and Discussion

Specifically, stirring and heating of a solution of cyclic ketone 1a (1.1 g, 8.0 mmol)
bearing a fert-alkyl-substituted terminal alkene moiety, [IrCl(cod)], (26.8 mg, 0.04
mmol, 1 mol% Ir), and DCyPE (33.8 mg, 0.08 mmol, 1 mol%) in refluxing 1,4-dioxane
(10 mL) (bath temperature 120 °C) under argon atmosphere over 4 h led to complete
conversion of the starting material and afforded the corresponding saturated ketone (2a)
in 97% isolated yield (eq 1). Notably, no other reduction products 3a and 4a were
produced. The protocol is operationally simple, and 1,4-dioxane serves as a good
solvent for a range of organic compounds, suggesting a practical merit of this
hydrogenation method. '

H H
0 [IrCl(cod)], (1 mol% Ir) O o o'y
DCyPE (1 mol%) _
% 1,4-dioxane (10 mL) B Me * @&3 + Me ()
— reflux (bath temp. 120 °C) =
4h H H H H
1a (8 mmol, 1.10 g) 2a (97%,1.08g)  3a 0% 4a 0%

Monitoring reaction time courses by '"H NMR spectroscopy clearly showed the
difference between 1,4-dioxane and 2-propanol as hydrogen donors (Figure 1). Thus,
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consistent with the above-mentioned results from the gram-scale reaction, the Ir-
catalyzed transfer hydrogenation (1 mol% Ir) of 1a (0.2 mmol) in 1,4-dioxane heated
at 120 °C in a sealed screw vial was exclusively chemoselective throughout the reaction
(Figure 1a). On the other hand, the reaction in 2-propanol at 60 °C (4 mol% Ir) was
only alkene-selective from the initiation of the reaction up to the half-conversion of the
substrate (Figure 1b). After the brief appearance of enol 3a (40 min, 57% conv. of 1a),
overreduction product 4a started to form and became the major component at 90 min.
A similar trend was observed in the transfer hydrogenation of a conjugated polar alkene
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Figure 1. Time Courses of Transfer Hydrogenation of 1a.

Reaction conditions: a) 1a (0.2 mmol), [IrCl(cod)], (1 mol% Ir), DCyPE (1 mol%), 1,4-dioxane (1
mL), 120 °C (Teﬂon®—sealed screw vial). b) 1a (0.2 mmol), [IrCl(cod)], (4 mol% Ir), DCyPE (4
mol%), 2-propanol (1 mL), 60 °C (Teﬂ0n®—sealed screw vial).

The author also conducted time course of transfer hydrogenation of an enone 1q
with 1,4-dioxane as hydrogen donor. Stirring and heating of a solution of (£)-4-
phenylbut-3-en-2-one (1q, 29.2 mg, 0.2 mmol, 1 equiv), [IrCl(cod)], (2.7 mg, 0.04
mmol, 4 mol% Ir), and DCyPE (3.4 mg, 0.08 mmol, 4 mol%) in refluxing 1,4-dioxane
(1 mL) (bath temperature 120 °C) under argon atmosphere (eq 2). As depicted in Figure
2, the Ir-catalyzed transfer hydrogenation of 1q in 1,4-dioxane was exclusively
chemoselective throughout the reaction. The alkene-selective reduction product 2q was
obtained in quantitative yield, while other reduction products such as reduction of
carbonyl moiety product 3q was not detected any all. The trend is consistent with
transfer hydrogenation of non-conjugate ketone 1a just as described above, which
shows the merit of using 1,4-dioxane as hydrogen donor.

O [IrCl(cod)], (4 mol% Ir) H o hn oHf
X Me DCyPE (4 mol%) _ H
1,4-dioxane (1 mL) - Me Me 2)
120 °C H H
19 (0.2 mmol) 2q 3q
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Figure 2. Time-Conversion Curve of Transfer Hydrogenation of 1q using 1,4-Dioxane
as H Donor

Reaction conditions: 1q (0.2 mmol), [IrCl(cod)], (4 mol% Ir), DCyPE (4 mol%), 1,4-dioxane (1
mL), 120 °C (Teﬂ0n®—sealed screw vial).

To further demonstrate different reduction trends using 1,4-dioxane and 2-propanol
as hydrogen donors for transfer hydrogenation reaction, time course of transfer
hydrogenation of 1q with 2-propanol was also conducted. Stirring and heating of a
solution of (£)-4-phenylbut-3-en-2-one (1q, 29.2 mg, 0.2 mmol, 1 equiv), [[rCl(cod)],
(2.7 mg, 0.04 mmol, 4 mol% Ir), and DCyPE (3.4 mg, 0.08 mmol, 4 mol%) in 2-
propanol (1 mL) (bath temperature 70 °C) under argon atmosphere (eq 3). The result
was shown in Figure 3, which appeared different trend comparing with 1,4-dioxane as
hydrogen donor (Figure 2). The reaction in 2-propanol was only alkene-selective since
the initiation of the reaction till the half-conversion of the substrate (~20 min).
Overreduction product 3q started to form and became a major component at 120 min.
In summary, chemoselective reduction of C=C bonds over C=0O bonds was achieved
using 1,4-dioxane as hydrogen donor, while no chemoselectivity was detected when
1,4-dioxane was replaced by 2-propanol.

0] [IrCl(cod)], (4 mol% Ir) H O H O

N DCyPE (4 mol%) H
Me > Me Me @)
2-propanol (1 mL) +
70°C H H

1q (0.2 mmol) 2q 3q
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Figure 3. Time-Conversion Curve of Transfer Hydrogenation of 1q Using 2-propanol
as H Donor
Reaction conditions: 1q (0.2 mmol), [IrCl(cod)], (4 mol% Ir), DCyPE (4 mol%), 2-propanol (1 mL),

70 °C (Teﬂ0n®—sealed screw vial).

The author also examined other promising ethers as hydrogen donors such as
tetrahydrofuran and 1,2-diethoxyethane. Initially, the reaction was performed at 90 °C
in the presence of 2 mol% catalyst using (£)-4-phenylbut-3-en-2-one as model substrate.
The desired alkene-selective reduction product 2q was obtained in 63% NMR yield. In
contrast, only 12% NMR yield of product was detected when tetrahydrofuran (THF)
was used as hydrogen donor. In addition, the reaction was conducted at 120 °C to
compare different reactivity between 1,4-dioxane and 1,2-diethoxyethane (eq 5).
Obviously, 1,4-dioxane as hydrogen donor shows high reactivity, while 1,2-
diethoxyethane as hydrogen donor induced no reactivity.

(0] [IrCl(cod)]5 (2 mol% Ir) H O
DCyPE (2 mol% : . .

N e DYPE @ mol%) Me | 14-dioxane;63% @
solvent (1 mL) H ; THF; 12%
90°C,10h '

1q (0.2 mmol) 2q (NMR)
(0] [IrCl(cod)]5 (2 mol% Ir) H O
DCyPE (2 mol%) di .

O Me - Me 1,4 d!oxane, 99% (1.5 h) )
solvent (1 mL) H : 1,2-diethoxyethane; trace
120°C, 10 h '

1q (0.2 mmol) 2q (NMR)

Other phosphines were also examined for ligand performance in the transfer
hydrogenation of 4-tert-butylstyrene (1b) with 1,4-dioxane on a smaller reaction scale
(1b, 0.2 mmol, 0.5 mol% Ir, It/L 1:1, 1,4-dioxane 1 mL, 120 °C in a sealed vial, 1 h).
The results are summarized in Table 1. 1,2-bis(diphenylphosphino)benzene (DPPBz)
induced slight activity, giving 2b in 9% yield (entry 9). The yield of 2b was improved
to 44% with a bulkier variant (SciOPP) of DPPBz having P-3,5-di-fert-butylphenyl
groups instead of the P-Ph groups (entry 10). Similarly, another bulkier variant
(DCyPBz) with P-Cy groups also gave an increased product yield of 26% (entry 2).
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Changing the 1,2-phenylene backbone of DCyPBz to the 3,4-thiophene-diyl backbone
(DCyPT, entry 3)) caused a significant increase of the yield (45%). This may be
attributed to the higher electron-donating ability of the 3,4-thiophen-diyl than the
phenylene group. While PS-DPPBz gave 2b in a yield (11%, entry 11) comparable to
that with the corresponding homogeneous ligand DPPBz under the otherwise same
conditions, the polymer effect was significant at a longer reaction time (9 h, 1 mol% Ir):
97% yield with PS-DPPBz, 48% yield with DPPBz.

Similar trends were observed in the examination of bisphosphine ligands with
saturated carbon backbones. Namely, while a small-bite-angle ligand (DPPM, entry 12)
with P-Ph groups did not induce the reaction, changing the P-Ph groups to P-Cy groups
(DCyPM, entry 4) gave a highly active catalyst, leading to 89% yield. Analogously, the
replacement of the P-Ph groups of 1,2-bis(diphenylphosphino)ethane (DPPE, entry 13)
with P-Cy groups led to a dramatic increase in the product yield (from 5% to 99%, entry
1), while the effect of the change to P-Et groups was only marginal (12% yield, entry
8). Overall, the reactivity of the transfer hydrogenation was enhanced by steric bulk and
more electron-donating ligands. Monodentate phosphine ligands (entries 18-21) and
large-bite-angle bisphosphine ligands such as DPPF (entry 16) or Xantphos (entry 17)
were totally ineffective.

Table 1. Ligand Effects in the Ir-Catalyzed Transfer Hydrogenation of 1b*

[IrCl(cod)] (0.5 mol% Ir) H

/@/\ ligand (0.5 mol%) H
Bu 1.4-dioxane (1 mL) - B
1b (0.2 mmol) 120°C, 1h . 2b
2b [%, 'H
Entry Ligand N[MOR]
1 Q N 9 DCyPE 99
— =7
) *1 Q Ya DCyPBz 26
" 7
[: s ﬁ\
3 PQP DCyPT 45
4 Q P DCyPM 89
N TRAy '
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Me_ Me

17 Xantphos 0

Ph,P PPh,
18 PPh; (1 mol%) 0
19 PnBus (1 mol%) 0
20 PCys; (1 mol%) 0
21 PtBu; (1 mol%) 0

“Reaction condition : 1b (0.2 mmol), [IrCl(cod)], (0.5 mol% Ir), Ligand (0.5 mol%), 1,4-dioxane (1
mL), 120 °C (Teﬂ0n®—sealed screw vial).

The effects of transition metal species in the transfer hydrogenation of 1b were also
investigated (Table 2). [[rCl(cod)], shows higher reactivity (entry 1), while the yield of
product was decreased to 56% when [IrCl(cod)], was changed to [IrCl(coe),]. (entry 2).
In the replacement of anionic chloride in [IrCl(cod)], with methoxyl led to little
reactivity. Cationic [Ir(cod);]BF4 and [IrC1,Cp*] induced no reactivity. Other transition
metal species such as Rh, Ru or Co are inactive for this reaction.

Table 2. Metal Effects in the Transfer Hydrogenation of 1b*

[M] (0.5 mol% M) H
/@/\ DCyI?E (0.5 mol%) /©)\/H
vt TR0,

Entry Metal 2b [%, 'H NMR]
1 [IrCl(cod)], 929
2 [IrCl(coe),]» 56
3 [[r(OMe)(cod)]2 4
4 [Ir(cod),]BF4 0
5 [[rCL,Cp*] + NaO7Bu (1 mol%) 0

(w/o DCyPE)

6 [RhCl(cod)]> 0
7 [RuCl,(p-cymene)], 0
8 Col, + NaBEt;H (1 mol%) 0

“Reaction condition A: 1b (0.2 mmol), [M] (0.5 mol%), DCyPE (0.5 mol%), 1,4-dioxane (1 mL),

120 °C (Teﬂon®-sealed screw vial).

With the optimized reaction conditions in hand, I then explored the transfer
hydrogenation of various simple alkenes (Scheme 4). Styrene derivatives (1b—j)
underwent transfer hydrogenation smoothly. In general, substrates with an electron-
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donating substituent at the para position of the aromatic ring were more reactive and
required lower reaction temperature (120 °C) and catalyst loading (1 mol% Ir).
Remarkably, the benzyloxy group in 1¢ and the nitro group in 1f remained untouched.
Substrates bearing either exocyclic C=C bonds (1h) or cyclic olefinic bonds (1j) were
hydrogenated in high yields. The protocol was also applicable to various aliphatic
alkenes (1k—p). Notably, the allyl and benzyl ether moieties of 10 were innocent of
hydrogenolysis reactivity.

Alkynes also underwent the transfer hydrogenation using 1,4-dioxane as H donor
with the same catalyst. Diphenylacetylene (5) was converted to 1,2-diphenylethane (6)
through double transfer hydrogenation with 4 mol % Ir loading at 140 °C over 20 h (eq
6), while the reaction of a terminal alkyne phenylacetylene suffered from significant
oligomerization under the same reaction condition

Scheme 4. Scope of Simple Alkenes”

[IrCl(cod)], (1-4 mol% Ir)  H

» DCyPE (1—4 mol%) ) : condition A; 1 mol% [Ir], 120 °C
xR o R
R Tadoane(im) R ' condition B; 4 mol% [Ir], 130 °C

120-130 °C 2 H
(0.20 mmol) 120-130
aryl alkenes
1bR= iBu 99% (A, 1 h) 19, 96% (A, 3 h) 1h, 95% (B, 10 h)

1c R = OBn, 95% (A, 3 h)

1d R = OMe, 94% (A, 3 h) J]\

1e R =CO,Me, 95% (B, 10h)  Ph” “Ph

1f R = NO,, 98% (B, 2 h) 1i,94% (B, 3h)  1j, 92% (B, 10 h)

aliphatic alkenes

X
Q/W N
1k, 88% (B, 10h) 11, 99% (B, 10 h)@ 1m, 96% (A, 3 h)l@

1n, 96% (A, 3 h)l@l 10, 93% (B, 20 h) 1p, 65% (B, 40 h)l!

“Reaction condition A: 1 (0.2 mmol), [IrCl(cod)], (1 mol% Ir), DCyPE (1 mol%), 1,4-dioxane (1
mL), 120 °C (Teﬂ0n®—sealed screw vial). Reaction condition B: 1 (0.2 mmol), [IrCl(cod)]; (4 mol%
Ir), DCyPE (4 mol%), 1,4-dioxane (1 mL), 130 °C (Teﬂ0n®—sealed screw vial). Yields of isolated
product are shown. “Yield was determined by 'H NMR analysis of the crude product.
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H H
Ph—=—Ph —> ph&Ph ©)
(0.20 mmol) H H

88%
(4 mol% [Ir], 140 °C, 20 h)

The chemoselectivity of this protocol toward C=C hydrogenation was further
examined with various functionalized alkenes as showcased in Scheme 5.
Benzylideneacetone derivatives (1g—w) bearing electron-donating or withdrawing
groups on the aromatic ring were suitable substrates, providing the desired products
with excellent yields and exclusive chemoselectivity. The protocol was applicable to
the sulfide-functionalized enone (1v), although a higher reaction temperature and
longer reaction time were required. The aromatic ring could be polycyclic (1x, 1y) or
S-heterocyclic (1ab). An aliphatic conjugated enone (1z) and chalcone (1aa) also
underwent clean C=C reduction. The protocol was also applicable to more sterically
hindered enones such as 4,4-dimethyl-2-cyclohexene-1-one (lac) and (E)-4-
phenylpent-3-en-2-one (1ad). Conjugated enoates (lae, 1af) and an enamide (1ag)
were also reduced at the C=C bond.

Scheme 5 also shows the scope of functionalized non-polar alkenes. Terminal
alkenes bearing an acetophenone or cyclohexanone (1ah—al) underwent site-selective
reduction at the alkene moiety. Tolerance toward nitro and cyano groups was confirmed
in the reaction of the biphenyl derivatives 1am and 1an. The C=N bond in N-sulfonyl
ketimine 1ao also remained untouched. The chemoselective transfer hydrogenation of
an estrone derivative (1ap) highlights the synthetic utility of this hydrogenation method.
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Scheme 5. Alkene-Selective Transfer Hydrogenations

X [IrCl(cod)], (4 mol% Ir)
/. DCyPE (4mol%) H Y
R—//_ 1,4-dioxane (1 mL) R;gi

1 130°C, 10 h H 2
(0.20 mmol)

conjugated polar alkenes

o) o) 0
X
N e R/\)LMe Ph/\)LPh
R 1x (R = 2-Naph), 97% 1aa, 96%
19 (R = H), 94% 1y (R=1- Pyren) 95%
1r (R = 4-OMe), 95% 1z (R = Cy), 96%

1s (R = 4-Cl), 97%

1t (R = 4-F), 96% o
1u (R = 4-CF), 97% \ |

1v (R = 4-SMe), 93%7 1ab, 98% 1ac, 99%°
1w (R = 2-Me) 95%

o 0]
Me O
)i/u\ )\/U\ OBn Ph/\)LNMeZ

1ad, 94% 1ae, 99% 1af, 96% 1ag, 96%

functionalized non-polar alkenes

(e} @) 0 e} z
7 7 X

1ah, 95% 1ai, 98% 1aj, 94% 1ak, 98%

1al (R = COMe), 98%
1am (R = NO,), 96%
1an (R = CN), 98%

1a0, 87%"°¢

1ap, 98%

Reaction conditions: 1 (0.2 mmol), [IrCl(cod)], (4 mol% Ir), DCyPE (4 mol%), 1,4-dioxane (1 mL),
130 °C (Teflon®-sealed screw vial), 10 h. Yields shown are of isolated product. “Run at 145 °C
(glass pressure tube) over 48 h. ’Run in 1,4-dioxane (1.5 mL) at 145 °C (glass pressure tube) over
48 h. “Yield was determined by 1H NMR analysis of the crude product.

To gain insight into the mechanism, the effects of deuterated 1,4-dioxane were
investigated. Thus, the Ir-catalyzed transfer hydrogenation of 1¢ (0.1 mmol, 4 mol% Ir)
in a mixed solvent system composed of 1,4-dioxane (0.3 mL) and 1,4-dioxane-ds (0.3
mL) conducted at 130 °C proceeded at a much reduced rate than in the single
component non-deuterated 1,4-dioxane, resulting in the formation of 2¢ in only 48%
yield after 24 h with no D-incorporation in the product (eq 7). When the reaction was
performed in the single component deuterated solvent 1,4-dioxane-ds (0.3 mL) under
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the same reaction conditions, the deuterated product was obtained in 13% yield with
82% D-incorporation in the methylene group and 118% D-incorporation in the methyl
group (eq 8). The '"H NMR was depicted in Figure 4. These results prove that 1,4-
dioxane is the hydrogen donor. The unusually high kinetic isotope effect suggests that
dissociations of two different C(sp>)-H bonds in 1,4-dioxane, one at C(2) and the other
at C(3), doubly affect the rate of the catalysis. Namely, it is suggested that both C(2)—
H oxidative addition to an Ir center forming an Ir-monohydride species and the
subsequent f-hydride elimination giving an Ir(IIl) dihydride species may contribute to
the total kinetics of the catalysis. Furthermore, the unequal D-incorporation at C(o) and
C(B) of 2¢ is suggestive of the occurrence of f-hydride elimination of a benzylic
alkyliridium intermediate.

[IrCl(cod)], (4 mol% Ir)

/@/\ DCyPE (4 mol%) /©)\/
BnO 1,4-dioxane (0.3 mL)

1,4-dioxane- d8 (0.3 mL) BnO

1c (0.1 mmol) 130°C, 24 h 2c  48%
51% conv. 2¢c-d 0%
[IrCl(cod)], (4 mol% Ir) D 82%
/@/\ DCyPE (4 mol%) /@)\/D 118%
BnO 1,4 ciloxane dg (0.3 mL) BnO
130°C, 24 h
1c (0.1 mmol) Berd 155
13% conv.
D H, -
D =
* He
BnO Hp
H grease

2.00

1.80

117

T
9.0

oooooo

2
0
8.
6
4
0
189
173
0.000 — =+

DDt P S A . B pu o

X : parts per Million : Protos

Figure 4. "H NMR Spectrum of the Material obtained from the Reaction of 1c¢ in 1,4-
Dioxane-dg (400 MHz, CDCls)
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On the basis of the above experimental results, a catalytic reaction pathway for
the transfer hydrogenation of an alkene with 1,4-dioxane can be proposed as outlined
in Scheme 6. Oxidative addition of a C(sp’)-H bond in 1,4-dioxane to the Ir(I) center
in A yields Ir(III) monohydride B. Subsequent f-hydride elimination generates Ir(I1I)
dihydride species C, which, depending on the nature of the phosphine ligand bound to
the Ir atom, should be in equilibrium with hydride-bridged dimeric iridium complex C-
dimer as an off cycle species.'’ The alkene coordinates to C to form D. This is followed
by insertion of the alkene to the Ir-H bond of D to form Ir-alkyl complex E, which
undergoes reductive elimination to produce the 1,2-hydrogenation product 2 with
regeneration of A. '* In contrast, a reaction pathway for the transfer hydrogenation with
2-propanol would involve the generation of alcohol-bound Ir-hydride species (F),
which may offer a route for outer-sphere concerted transfer of proton and hydride. This
would be responsible for the reactivity of the C=0O bonds.

Scheme 6. Proposed Reaction Pathway

_2/Ie
H Me
AH OFH

) o [Ir]i — [I-H E R'1 R2
()
H
C=;I ) Q slow 0 with 2-propanol
; [ir] _o B
E A
o
[ir] = Ir(P-P)
% I\/O
slow
¢ ;
F‘| [:r]—H [:r]—H —
H
D RN Hoc = C.dimer
1 off-cycle species

According to this C(sp’)-H activation triggered reaction pathway, the ligand
electronic effect favoring the electron-rich nature may be due to the promotion of
oxidative addition of the C(sp’)-H bond of 1,4-dioxane in A to form B, while the
favorable effect of the sterically hindered bisphosphine ligands can be ascribed to an
inhibitory effect for the dimerization of C.

This mechanistic consideration prompted us to use a polystyrene-cross-linking
bisphosphine PS-DPPBz'” as an effective ligand for a reusable heterogeneous catalyst
system-(Scheme 7), as its excellent ligand performance has been demonstrated for some
heterogeneous transition metal catalysis. The characteristic ligand property was due to
spatial isolation of the bisphosphine unit in the polymer matrix, inhibiting the formation
of a bischelated metal complex or a dimer of a monochelate complex (c.f. C-dimer in
Scheme 6). Specifically, the hydrogenation of 1a (1 mmol) with 1,4-dioxane (0.33 M)
at 145 °C in the presence of [[rCl(cod)], and PS-DPPBz (Ir/L 1:1, 1 mol% Ir) was
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complete at 4 h (98% yield by '"H NMR analysis) (Scheme 7, 1 run). The [Ir-(PS-
DPPB2z)] catalyst in a form of orange-colored beads could be reused until the third
reaction cycle without a significant reduction of the product yield under the identical
reaction conditions (4—5 h), while the catalytic efficiency was gradually reduced after

the third cycle. The photographic images of the reaction mixtures are shown in Figure
5.

Scheme 7. Heterogeneous Transfer Hydrogenation of 1a with 1,4-Dioxane and [Ir-(PS-
DPPBz)] Catalyst System”

o} [Ir-(PS-DPPBz)] 0
(1 mol% Ir, Ir/L 1:1)
—_—_—
Me 1,4-dioxane (0.33 M) Me
1a — 145 °C (bath temp.) 2a
(1 mmol) H
(PS) (PS)
Bu O ‘B“ Cycle Time[h] Yield [%]
Qe oW L
PS) AR ®3) ond 4 92
PS) (PS)
‘X! gy b
4t 5 64
Bu (PS) (PS) tBu 5th 9 45
PS-DPPBz

“Reaction conditions: 1a (1 mmol), [IrCl(cod)], (0.005 mmol, 1 mol% Ir), PS-DPPBz (0.1 mmol/g,
0.01 mmol, 1 mol%), 1,4-dioxane (0.33 M), 145 °C (glass pressure tube). Yield was determined by
'"H NMR analysis of crude product.

5" cycle (0 h) 5™ cycle (9 h)
Figure 5. Photographic Images of the Reaction Mixture in 1%, 3 and 5™ cycles
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Conclusion

In conclusion, I have developed a new operationally simple method for the
transfer hydrogenation of alkenes with 1,4-dioxane as a hydrogen donor. The
commercially available bulky and electron-rich ligand DCyPE was identified to be a
particularly high-performing ligand. A polystyrene-cross-linking bisphosphine PS-
DPPBz produced a reusable heterogeneous catalyst. In contrast to the transition metal
catalyzed transfer hydrogenation with protic hydrogen donor reagents or solvents, the
present hydrogenation protocol is alkene selective in the presence of polar unsaturated
bonds such as C=0, C=N and C=N bonds. Mechanistically, this hydrogenation is
triggered by oxidative addition of a 1,4-dioxane C(sp’)—H bond. I anticipate this method
to find widespread application in organic synthesis.
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Experimental Section
Instrumentation and Chemicals

NMR spectra were recorded on a JEOL ECXII, operating at 400 MHz for '"H NMR,
100.5 MHz for °C NMR, 376 MHz for '°F NMR. Chemical shift values for 'H NMR
and °C NMR are referenced to Me4Si (0 ppm) and the solvent resonance (CDCls, 77
ppm), respectively. '’F NMR is reference to CF3COOH (~76.55 ppm). High-resolution
mass spectra were recorded at the Instrumental Analysis Division, Global Facility
Center, Creative Research Institution, Hokkaido University (JEOL JMS-T100GCyv for
EI-MS) and the GC-MS & NMR Laboratory, Research Faculty of Agriculture,
Hokkaido University (JEOL JMS-T100GCv for FD-MS). Melting points were
determined on a micro melting point apparatus using micro cover glass (Yanaco MP-
500D). Optical rotations were measured on a JASCO P-2200. TLC analyses were
performed on commercial glass plates bearing 0.25-mm layer of Merck Silica gel 60Fs4.
Silica gel (Kanto Chemical Co., Silica gel 60 N, spherical, neutral) was used for column
chromatography. IR spectra were measured with a PerkinElmer Frontier instrument.

All reactions were carried out under nitrogen or argon atmosphere. Materials were
obtained from commercial suppliers or prepared according to standard procedures
unless otherwise noted. 1,4-Dioxane (dehydrated-Super-) was purchased from Kanto
Chemical Co., Inc., and degassed by freeze-pump-thaw cycle. 1,4-Dioxane-ds was
purchased from Cambridge Isotope Laboratories, Inc., and used as received.
[IrCl(cod)], was prepared according to the reported procedure.'®
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Synthesis of the Substrates
Alkenes 1b, 1d-1f, 1j—1m, 1p, 1q, 1aa, 1ac, 1af, 1ak are commercial available.
Other substrates listed in Figure 6 are reported in the literature.

Aryl alkenes

q'ﬁf@f@hpﬁ@ﬁ

1e

1h20 1|19
Aliphatic alkenes
OBn
NS
©/\/\ X ~SNA /\/\”/\/\ O/\ ©
1k 11 1m 1n?! 10 1p

Conjugated polar alkenes
0O o] 0O 0] (0] o]
WMe /©/\)LM9 /©/\)LMG /©/\)LM6 WM(& /@/\)LMe
MeO r22 Cl §22 F {23 CF3 u24 MeS V25
Me @j Me ©)\)‘\OMe Mejﬁkosn N NMe,
\

Functionalized non-polar alkenes

@*ﬁ@ﬂ&%

1ah3* 1ai® 1a1%7

Figure 6. Alkene Substrates used in this Work.

((Cyclohex-1-en-1-ylmethoxy)methyl)benzene (10)

O/CHO NaBH, O/\OH NaH, BnClI O/\OBn

EtOH, 0 °C DMF, 0 °C-to-r.
NaBH4 (318 mg, 8.4 mmol, 1.2 equiv) was added in several portions to a stirring
solution of 1-cyclohexene-1-carboxaldehyde (775 mg, 7.0 mmol, 1.0 equiv) in ethanol
(15 mL) at 0 °C. After the reaction mixture was stirred at this temperature for 2 h,
saturated NH4Cl solution (10 mL) and H,O (5 mL) were added to the mixture. The

resulting mixture was stirred for 5 min, and then extracted with CH,ClI, (3 x 10 mL).
The organic layer was dried over Na,SO,, filtered and evaporated to afford the
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corresponding cyclohexenylmethanol, which was used without further purification. To
a solution of cyclohexenylmethanol in DMF (15 mL) at 0 °C was added 55% NaH in
mineral oil (367 mg, 8.4 mmol, 1.2 equiv) and benzyl chloride (1.06 g, 8.4 mmol, 1.2
equiv). After the reaction mixture was stirred at room temperature overnight, the
reaction was quenched with saturated NH4Cl solution (20 mL). The resulting mixture
was extracted with CH,Cl; (3 x 10 mL). The organic layer was reduced under vacuum.
The residue was purified by silica gel column chromatography (hexane/EtOAc (95:5))
to provide 1o (1.16 g, 63% yield) as colorless liquid. '"H NMR (400 MHz, CDCls): 6
1.69-1.58 (m, 4H), 2.05-2.02 (m, 4H), 3.88 (s, 2H), 4.46 (s, 2H), 5.71 (br-s, 1H), 7.39—
7.25 (m, 5H). *C NMR (100.5 MHz, CDCl3): ¢ 22.38, 22.50, 25.00, 25.93, 71.57,
75.01, 125.21, 127.41, 127.69 (2C), 128.29 (2C), 134.85, 138.62. IR (ATR): 732, 1029,
1073, 1096, 1117, 1361, 1450, 2850, 2921 cm™'. EI-HRMS (m/z): [M]" Calcd for
Ci4H,50, 202.13576. found. 202.13529.

3-(4-Vinylphenyl)benzo[d]isothiazole 1,1-dioxide (1a0)

Saccharine (1 equiv, 2.00 g, 10.92 mmol) was dissolved in THF (20 mL) and cooled to
0 °C. (4-Vinylphenyl)magnesium bromide (2.2 equiv, 24.02 mmol, in situ prepared
from 4-bromostyrene and magnesium) was added dropwise. The cooling bath was
removed and the mixture was stirred at room temperature for 16 h. After NH4C1 (0.6 g)
was added at 0 °C, the mixture was stirred at room temperature for 30 min. Filtration
over alumina with ethyl acetate as eluent, removal of the solvent under reduced pressure
and recrystallization from hot ethanol gave 1ao as a white solid (1.71 g, 6.35 mmol,
58%). M.P. 177.1-179.6 °C. "H NMR (400 MHz, CDCl3) 6 5.48 (d, J=11.0 Hz, 1H),
595(d,J=17.4 Hz, 1H), 6.81 (dd, J=17.9, 11.0 Hz, 1H), 7.63 (d, J = 8.2 Hz, 2H),
7.81-7.73 (m, 2H), 8.02-7.92 (m, 4H). *C NMR (100.5 MHz, CDCl;): ¢ 117.56,
123.06, 126.51, 126.88 (2C), 129.49, 129.98 (2C), 130.57, 133.34, 133.62, 135.57,
141.06, 142.64, 170.46. IR (ATR): 756, 803, 853, 967, 1170, 1331, 1526, 1604 cm .
EI-HRMS (m/z): [M]" Calcd for C;sH;;NO,S, 269.05105. found. 269.05157.

Experimental Procedures

General Procedure for Scheme 4, Condition A: In a nitrogen-filled glove box,
[IrCl(cod)]2 (0.67 mg, 0.001 mmol, 1 mol% Ir; prepared ¢ = 0.005 mol/L 1,4-dioxane
solution, 0.2 mL), DCyPE (0.85 mg, 0.002 mmol, 1 mol%; prepared ¢ = 0.01 mol/L
1,4-dioxane solution, 0.2 mL) and 1,4-dioxane (0.6 mL; total 1 mL) were placed
successively in a 10-mL glass tube containing a magnetic stirring bar. After stirring at
room temperature for 5 min, alkene substrate 1 (0.2 mmol) was added. The tube was
sealed with a screw caps with a Teflon®-coated sealing disk, and was removed from the
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glove box. The mixture was stirred at 120 °C for 1-3 h. After being cooled to room
temperature, the solvent was removed in vacuo. An internal standard (1,1,2,2-
tetrachloroethane) was added to the residue. The yield of the hydrogenated product 2
was determined by '"H NMR. The crude material was purified by silica gel column
chromatography to give the hydrogenated product 2.

General Procedure for Scheme 4, Condition B: In a nitrogen-filled glove box,
[IrCl(cod)]2 (2.7 mg, 0.004 mmol, 4 mol% Ir), DCyPE (3.4 mg, 0.008 mmol, 4 mol%)
in 1,4-dioxane (1 mL) were placed successively in a 10-mL glass tube containing a
magnetic stirring bar. After stirring at room temperature for 5 min, alkene substrate 1
(0.2 mmol) was added. The tube was sealed with a screw caps with a Teflon®-coated
sealing disk, and was removed from the glove box. The mixture was stirred at 130 °C
for 2—40 h. After being cooled to room temperature, the solvent was removed in vacuo.
An internal standard (1,1,2,2-tetrachloroethane) was added to the residue. The yield of
the hydrogenated product 2 was determined by '"H NMR. The crude material was
purified by silica gel column chromatography to give the hydrogenated product 2.

General Procedure for Scheme 5: In a nitrogen-filled glove box, [IrCl(cod)], (2.7 mg,
0.004 mmol, 4 mol% Ir), DCyPE (3.4 mg, 0.008 mmol, 4 mol%) in 1,4-dioxane (1 mL)
were placed successively ina 10-mL glass tube containing a magnetic stirring bar. After
stirring at room temperature for 5 min, alkene substrate 1 (0.2 mmol) was added. The
tube was sealed with a screw caps with a Teflon®-coated sealing disk, and was removed
from the glove box. The mixture was stirred at 130 °C for 10 h. After being cooled to
room temperature, the solvent was removed in vacuo. An internal standard (1,1,2,2-
tetrachloroethane) was added to the residue. The yield of the hydrogenated product 2
was determined by '"H NMR. The crude material was purified by silica gel column
chromatography to give the hydrogenated product 2.

Gram-Scale Reaction of 1a (Eq 1): An oven-dried 50 mL two-necked, round-
bottomed flask equipped with a magnetic stirring bar and refulx condenser was charged
with [IrCl(cod)], (26.8 mg, 0.04 mmol, 1 mol% Ir) and DCyPE (33.8 mg, 0.08 mmol,
1 mol%). After the flask was evacuated and backfilled with argon three times, 1,4-
dioxane (10 mL) was added. The resulting solution was stirred for 5 min at room
temperature. Then, the substrate 3-methyl-3-vinylcyclohexan-1-one 1a (1.10 g, 8 mmol,
1.0 equiv) was added. The mixture was stirred at 120 °C for 4 h. After the reaction flask
was cooled to room temperature, the solvent was removed under reduced pressure. The
residue was purified by silica gel column chromatography (hexane/EtOAc, 95:5) to
give the corresponding hydrogenated product 2a in 97% (1.08 g) isolated yield as
colorless oil.

Gram-Scale Reaction of 1q: An oven-dried 50 mL two-necked, round-bottomed flask
equipped with a magnetic stirring bar and refulx condenser was charged with
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[IrCl(cod)]» (94 mg, 0.14 mmol, 4 mol% Ir) and DCyPE (118 mg, 0.28 mmol, 4 mol%).
After the flask was evacuated and backfilled with argon three times, 1,4-dioxane (10
mL) was added. The resulting solution was stirred for 5 min at room temperature. Then,
the substrate (E£)-4-phenylbut-3-en-2-one 1q (1.02 g, 7 mmol, 1.0 equiv) was added.
The mixture was stirred at 130 °C for 36 h. After the reaction flask was cooled to room
temperature, the solvent was removed under reduced pressure. The residue was purified
by silica gel column chromatography (hexane/EtOAc, 95:5) to give the corresponding
hydrogenated product 2q in 95% (0.98 g) isolated yield as colorless oil.

Catalyst Reuse (Scheme 7): In a nitrogen-filled glove box, PS-DPPBz (0.1 mmol/g,
100 mg, 0.01 mmol, 1 mol%), [IrCl(cod)], (3.4 mg, 0.01 mmol, 1 mol% Ir) and 1,4-
dioxane (2 mL) were successively placed in a 100-mL glass pressure tube containing a
magnetic stirring bar. The tube was sealed with a screw cap and removed from the glove
box. After stirring at 100 °C for 10 min, the tube was placed inside the glove box. A
solution of 3-methyl-3-vinylcyclohexan-1-one (1a, 138.2 mg, 1 mmol, 1 equiv) in 1,4-
dioxane (1 mol/L, 1 mL) was added, and the tube was sealed with a screw cap and was
removed from the glove box. The mixture was stirred at 145 °C for 4 h. After the
reaction was completed, the tube was placed inside the glove box. The solution phase
was taken out with a glass pipette, and PS resin was washed with hot 1,4-dioxane (1
mL). Then, a hot solution of 1a (1 mmol, 1 equiv) in 1,4-dioxane (0.33 M) was added
to the pressure tube quickly. The tube was sealed with a screw cap and removed from
the glove box. The mixture was stirred at 145 °C for 4 h. After the crude reaction
mixture was evaporated under vacuum, an internal standard (1,1,2,2-tetrachloroethane)
was added to the residue. The yield of 2a was determined by 'H NMR analysis. This
reuse procedure was repeated for additional 3 times (1* run, 98% (4 h); 2™ run, 92% (4
h); 3™ run, 96% (5 h); 4™ run, 64% (5 h); 5" run, 45% (9 h)).

Characterization of Products
3-Ethyl-3-methylcyclohexan-1-one (2a)
0

Oy

H H
[4 mol% Ir, 130 °C (condition B), 10 h] The product 2a (26.0 mg, 93% yield) was
isolated by silica gel column chromatography with hexane/EtOAc (95:5). Colorless oil.
"H NMR (400 MHz, CDCls): d 0.84 (t, J = 7.6 Hz, 3H), 0.90 (s, 3H), 1.34-1.29 (m,
2H), 1.56-1.49 (m, 1H), 1.66—-1.59 (m, 1H), 1.90-1.82 (m, 2H), 2.20-2.08 (m, 2H),
2.28 (t, J= 6.8 Hz, 2H). *C NMR (100.5 MHz, CDCl3): d 7.73, 22.10, 24.39, 33.90,
35.33,38.65,41.05, 53.37,212.60. IR (ATR): 729,917, 1079, 1228, 1313, 1381, 1462,
1709, 2879, 2939, 2963 cm .
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1-(tert-Butyl)-4-ethylbenzene (2b)

/@)\/H
Bu

[1 mol% Ir, 120 °C (condition A), 1 h] The product 2b (32.1 mg, 99% yield) was
isolated by silica gel column chromatography with hexane/EtOAc (99:1). Colorless oil.
"H NMR (400 MHz, CDCls): 6 1.24 (t, J= 7.6 Hz, 3H), 1.31 (s, 9H), 2.63 (q, J=7.8
Hz, 2H), 7.14 (d, J = 8.0 Hz, 2H), 7.32 (d, J = 8.0 Hz, 2H). *C NMR (100.5 MHz,
CDCl): 0 15.51, 28.25, 31.42 (3C), 34.31, 125.17 (2C), 127.49 (2C), 141.14, 148.32.
IR (ATR): 732, 829, 909, 1268, 1518, 2871, 2964 cm .
1-(Benzyloxy)-4-ethylbenzene (2¢)

m@

[1 mol% Ir, 120 °C (condition A), 3 h] The product 2¢ (40.2 mg, 95% yield) was
isolated by silica gel column chromatography with hexane/EtOAc (95:5). Colorless oil.
"H NMR (400 MHz, CDCLs): § 1.21 (t, J = 7.6 Hz, 3H), 2.59 (q, J = 7.6 Hz, 2H), 5.03
(s, 2H), 6.92-6.89 (m, 2H), 7.12-7.10 (m, 2H), 7.29-7.44 (m, 5H). *C NMR (100.5
MHz, CDCl;): 6 15.86, 27.96, 70.00, 114.64 (2C), 127.45 (2C), 127.85, 128.52 (2C),
128.71 (2C), 136.65, 137.22, 156.80. IR (ATR): 731, 827, 1025, 1175, 1234, 1380,
1510, 2963, 3032 cm .

1-Ethyl-4-methoxybenzene (2d)
H

jond
MeO

[1 mol% Ir, 120 °C (condition A), 3 h] The product 2d (25.5 mg, 94% yield) was
isolated by silica gel column chromatography with hexane/EtOAc (95:5). Colorless oil.
"H NMR (400 MHz, CDCls): 6 1.21 (t, J= 7.6 Hz, 3H), 2.59 (q, J = 7.6 Hz, 2H), 3.79
(s, 3H), 6.85-6.80 (m, 2H), 7.14-7.10 (m, 2H). *C NMR (100.5 MHz, CDCl3): 6 15.91,
27.94, 55.23, 113.67 (2C), 128.68 (2C), 136.36, 157.55. IR (ATR): 811, 827, 1035,
1176, 1238, 1300, 1511, 1611, 2963 cm .

Methyl 4-ethylbenzoate (2¢)
H

H
MeO

(0]

[4 mol% Ir, 130 °C (condition B), 10 h] The product 2e (31.0 mg, 95% yield) was
isolated by silica gel column chromatography with hexane/EtOAc (95:5). Colorless oil.
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"H NMR (400 MHz, CDCL3): 6 1.26 (t, J = 7.6 Hz, 3H), 2.71 (q, J = 7.8 Hz, 2H), 3.90
(s, 3H), 7.26 (d, J = 8.8 Hz, 2H), 7.95 (d, J = 8.4 Hz, 2H). *C NMR (100.5 MHz,
CDCls): 6 15.23, 28.94, 51.96, 127.57, 127.88 (2C), 129.68 (2C), 149.74, 167.21. IR
(ATR): 730, 853, 908, 1020, 1179, 1276, 1435, 1611, 1717, 2969 cm .

1-Ethyl-4-nitrobenzene (2f)
H

o
02N

[4 mol% Ir, 130 °C (condition B), 2 h] The product 2f (29.6 mg, 98% yield) was
isolated by silica gel column chromatography with hexane/EtOAc (95:5). Colorless oil.
"H NMR (400 MHz, CDCls): 6 1.28 (t, J = 7.6 Hz, 3H), 2.76 (q, J = 7.6 Hz, 2H), 7.36—
7.34 (m, 2H), 8.16-8.13 (m, 2H). *C NMR (100.5 MHz, CDCl): ¢ 15.05, 28.83,
123.61 (2C), 128.62 (2C), 146.16, 152.01. IR (ATR): 731, 849, 1053, 1110, 1341, 1512,
1599, 2971 cm ™.

(3-Methylbutan-2-yl)benzene (2g)

[1 mol% Ir, 120 °C (condition A), 3 h] The product 2g (28.4 mg, 96% yield) was
isolated by silica gel column chromatography with hexane/EtOAc (99:1). Colorless oil.
"H NMR (400 MHz, CDCl3): 6 0.74 (d, J = 6.9 Hz, 3H), 0.93 (d, J= 6.9 Hz, 3H), 1.23
(d, J=7.3 Hz, 3H), 1.79-1.72 (m, 1H), 2.45-2.36 (m, 1H), 7.19-7.14 (m, 3H), 7.29—
7.25 (m, 2H). “C NMR (100.5 MHz, CDCL): § 18.75, 20.17, 21.18, 34.42, 46.84,
125.65, 127.64 (2C), 128.00 (2C), 147.09. IR (ATR): 750, 770, 1015, 1056, 1385, 1452,
2872,2959 cm.

1-Methyl-1,2,3,4-tetrahydronaphthalene (2h)
H

»e
[4 mol% Ir, 130 °C (condition B), 10 h] The product 2h (27.7 mg, 95% yield) was
isolated by silica gel column chromatography with hexane/EtOAc (99:1). Colorless oil.
"H NMR (400 MHz, CDCl3): 6 1.29 (d, J= 6.9 Hz, 3H), 1.57-1.53 (m, 1H), 1.80-1.68
(m, 1H), 1.91-1.88 (m, 2H), 2.82-2.71 (m, 2H), 2.93-2.87 (m, 1H), 7.24-7.04 (m, 4H).
BC NMR (100.5 MHz, CDCls): 6 20.36, 22.85, 29.94, 31.42, 32.40, 125.35, 125.55,

128.07, 128.97, 136.83, 142.13. IR (ATR): 728, 753, 796, 1043, 1374, 1445, 1489,
2867,2929 cm .

Ethane-1,1-diyldibenzene (2i)

47



H
H

J O

[4 mol% Ir, 130 °C (condition B), 3 h] The product 2i (34.2 mg, 94% yield) was
isolated by silica gel column chromatography with hexane/EtOAc (99:1). Colorless oil.
"H NMR (400 MHz, CDCls): 6 1.63 (d, J= 7.3 Hz, 3H), 4.15 (q, J= 7.2 Hz, 1H), 7.29—
7.15 (m, 10H). ®C NMR (100.5 MHz, CDCl3): 6 21.83, 44.73, 125.99 (2C), 127.59
(4C), 128.32 (4C), 146.33 (2C). IR (ATR): 729, 754, 782,909, 1025, 1374, 1449, 1493,
1599, 2931, 2967, 3026 cm .

2,3-Dihydro-1H-indene (2j)
H

C

[4 mol% Ir, 130 °C (condition B), 10 h] The product 2j (21.7 mg, 92% yield) was
isolated by silica gel column chromatography with hexane/EtOAc (99:1). Colorless oil.
"H NMR (400 MHz, CDCl;): d 2.06 (quin, J = 7.6 Hz, 2H), 2.91 (t, J = 7.6 Hz, 4H),
7.15-7.11 (m, 2H), 7.25-7.21 (m, 2H). *C NMR (100.5 MHz, CDCls): § 25.32, 32.85
(2C), 124.35 (2C), 125.94 (2C), 144.14 (2C). IR (ATR): 736, 748, 1459, 1482, 2867,
2845, 2944 cm™'.

Butylbenzene (2k)
H

©/\)\/H
[4 mol% Ir, 130 °C (condition B), 10 h] The product 2k (23.9 mg, 88% yield) was
isolated by silica gel column chromatography with hexane/EtOAc (99:1). Colorless oil.
"H NMR (400 MHz, CDCls): § 0.92 (t, J= 7.3 Hz, 3H), 1.38-1.33 (m, 2H), 1.64—1.54
(m, 2H), 2.61 (t, J = 7.8 Hz, 2H), 7.19-7.15 (m, 3H), 7.29-7.25 (m, 2H). *C NMR
(400 MHz, CDCl3): 6 13.96, 22.37, 33.68, 35.66, 125.52, 128.19 (2C), 128.39 (20),

142.88. IR (ATR): 743, 910, 1030, 1104, 1378, 1454, 1496, 1604, 2859, 2929, 2958,
3027 cm ™.

Octane (21)
H

/\)\(\/

H

[4 mol% Ir, 130 °C (condition B), 10 h (for 11)] 99% yield (based on 'H NMR analysis
of the crude product). '"H NMR (400 MHz, CDCLs): 6 0.88 (t, J = 6.4 Hz, 6H), 1.32—
1.27 (m, 12H).

Octane (21)
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NN

H

[1 mol% Ir, 120 °C (condition A), 3 h (for 1m)] 96% yield (based on '"H NMR analysis
of the crude product). '"H NMR (400 MHz, CDCL): 6 0.88 (t, J = 6.4 Hz, 6H), 1.32—
1.27 (m, 12H).

5-Methylnonane (2n)

/\/\fl'l\/\

H
[1 mol% Ir, 120 °C (condition A), 3 h] 96% yield (based on "H NMR analysis of the
crude product). "H NMR (400 MHz, CDCls): 6 0.91-0.84 (m, 9H), 1.30-1.08 (m, 13H).

((Cyclohexylmethoxy)methyl)benzene (20)

Saae

H

[4 mol% Ir, 130 °C (condition B), 20 h] The product 20 (38.0 mg, 93% yield) was
isolated by silica gel column chromatography with hexane/EtOAc (95:5). Colorless oil.
"H NMR (400 MHz, CDCls): § 0.99-0.87 (m, 2H), 1.30-1.10 (m, 3H), 1.81-1.58 (m,
6H), 3.27 (d, J = 6.4 Hz, 2H), 4.49 (s, 2H), 7.34-7.25 (m, 5H). *C NMR (400 MHz,
CDCl): 0 25.87 (2C), 26.61, 30.12 (2C), 38.09, 72.91, 76.28, 127.37, 127.50 (2C),
128.29 (2C), 138.79. IR (ATR): 732, 1028, 1096, 1117, 1361, 1450, 2850, 2921 cm .
FD-HRMS (m/z): [M]" Calcd for C4H,00, 204.15142. found. 204.15158.

O

[4 mol% Ir, 130 °C (condition B), 40 h] 65% yield (based on '"H NMR analysis of the
crude product). "H NMR (400 MHz, CDCls): 6 1.54 (s, 16H).

Cyclooctane (2p)

4-Phenylbutan-2-one (2q)
H O

Me
H

[4 mol% Ir, 130 °C (condition B), 10 h] The product 2q (27.8 mg, 94% yield) was
isolated by silica gel column chromatography with hexane/EtOAc (95:5). Colorless oil.
"H NMR (400 MHz, CDCls): d 2.14 (s, 3H), 2.76 (t, J = 7.8 Hz, 2H), 2.90 (t, J= 7.6
Hz, 2H), 7.21-7.17 (m, 3H), 7.30-7.25 (m, 2H). *C NMR (100.5 MHz, CDCl;): &
29.66, 30.05, 45.14, 126.06, 128.25 (2C), 128.45 (2C), 140.93, 207.97. IR (ATR): 749,
915, 1031, 1081, 1161, 1228, 1283, 1356, 1454, 1497, 1603, 1714, 2927, 3028 cm .

4-(4-Methoxyphenyl)butan-2-one (2r)
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H O

o
H
MeO

[4 mol% Ir, 130 °C (condition B), 10 h] The product 2r (33.8 mg, 95% yield) was
isolated by silica gel column chromatography with hexane/EtOAc (95:5). Colorless oil.
"H NMR (400 MHz, CDCl3): 6 2.12 (s, 3H), 2.72 (t, J = 7.3 Hz, 2H), 2.83 (t, J= 7.3
Hz, 2H), 3.77 (s, 3H), 6.84-6.79 (m, 2H), 7.26-7.08 (m, 2H). *C NMR (100.5 MHz,
CDCls): 6 28.76,30.02, 45.35, 55.14,113.77 (2C), 129.13 (2C), 132.89, 157.82,208.12.
IR (ATR): 743, 820, 1033, 1159, 1178, 1243, 1512, 1612, 1712, 2936 cm .

4-(4-Chlorophenyl)butan-2-one (2s)
H O

oy
Cl H

[4 mol% Ir, 130 °C (condition B), 10 h] The product 2s (35.4 mg, 97% yield) was
isolated by silica gel column chromatography with hexane/EtOAc (95:5). Colorless oil.
"H NMR (400 MHz, CDCl): d 2.14 (s, 3H), 2.74 (t, J = 7.3 Hz, 2H), 2.86 (t, J= 7.3
Hz, 2H), 7.13-7.10 (m, 2H), 7.26-7.22 (m, 2H). *C NMR (100.5 MHz, CDCl;): &
28.93,30.10, 44.89, 128.53 (2C), 129.68 (2C), 131.80, 139.43, 207.54. IR (ATR): 811,
1015, 1093, 1161, 1359, 1408, 1493, 1714, 2923 cm .

4-(4-Fluorophenyl)butan-2-one (2t)
H O

MMG
H
F

[4 mol% Ir, 130 °C (condition B), 10 h] The product 2t (31.9 mg, 96% yield) was
isolated by silica gel column chromatography with hexane/EtOAc (95:5). Colorless oil.
"H NMR (400 MHz, CDCl): d 2.14 (s, 3H), 2.74 (t, J = 7.6 Hz, 2H), 2.87 (t, J=7.6
Hz, 2H), 6.99-6.94 (m, 2H), 7.16-7.11 (m, 2H). *C NMR (100.5 MHz, CDCl;): &
28.80, 30.11, 45.16, 115.19 (d, Jcr = 21.1 Hz, 2C), 129.67 (d, Jcr = 7.6 Hz, 2C),
136.57 (d, Jer = 3.8 Hz), 161.3 (d, Jer = 243.4 Hz), 207.75. ’F NMR (376 MHz,
CDCl3): 0-117.87. IR (ATR): 749, 822,913, 1158, 1220, 1366, 1509, 1716, 2902 cm™
1

4-(4-(Trifluoromethyl)phenyl)butan-2-one (2u)

H O

Me
FsC H

[4 mol% Ir, 130 °C (condition B), 10 h] The product 2u (42.1 mg, 97% yield) was
isolated by silica gel column chromatography with hexane/EtOAc (95:5). Colorless oil.
"H NMR (400 MHz, CDCls): d 2.15 (s, 3H), 2.78 (t, J = 7.6 Hz, 2H), 2.95 (t, J= 7.4
Hz, 2H), 7.30 (d, J = 8.2 Hz, 2H), 7.52 (d, J = 8.2 Hz, 2H). *C NMR (100.5 MHz,
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CDCl3): 6 29.23, 29.89, 44.41, 124.07 (q, Je_r = 272.1 Hz), 125.42 (q, Jo_r = 3.8 Hz,
2C), 128.30 (q, Jo_r = 32.6 Hz), 128.62 (2C), 145.17, 207.14. ’F NMR (376 MHz,
CDCl3): 6 —63.26. IR (ATR): 731, 823, 1019, 1066, 1108, 1160, 1323, 1716, 2936 cm™
1

4-(4-(Methylthio)phenyl)butan-2-one (2v)
H O

oy
H
MeS

[4 mol% Ir, 145 °C, 48 h in 10 ml a glass pressure tube] The product 2v (36.2 mg, 93%
yield) was isolated by silica gel column chromatography with hexane/EtOAc (95:5).
Pale yellow oil. "H NMR (400 MHz, CDCls): 6 2.14 (s, 3H), 2.46 (s, 3H), 2.74 (t, J =
7.4 Hz,2H), 2.85 (t,J= 7.4 Hz, 2H), 7.10 (d, J = 8.4 Hz, 2H), 7.19 (d, J = 8.0, Hz, 2H).
BC NMR (100.5 MHz, CDCl3): § 16.16, 29.10, 30.09, 45.05, 127.07 (2C), 128.81 (2C),
135.69, 137.99, 207.84. IR (ATR): 806, 1016, 1095, 1160, 1358, 1405, 1495, 1711,
2920 cm ™.

4-(o-Tolyl)butan-2-one (2w)
Me H O

Me
H

[4 mol% Ir, 130 °C (condition B), 10 h] The product 2w (30.7 mg, 95% yield) was
isolated by silica gel column chromatography with hexane/EtOAc (95:5). Colorless oil.
"H NMR (400 MHz, CDCl3): 6 2.16 (s, 3H), 2.31 (s, 3H), 2.72-2.69 (m, 2H), 2.90—
2.86 (m, 2H), 7.16-7.09 (m, 4H). *C NMR (100.5 MHz, CDCl;): 6 19.25, 26.96, 30.00,
43.82, 126.07, 126.22, 128.48, 130.24, 135.85, 139.00, 208.06. IR (ATR): 755, 1027,
1161, 1261, 1359, 1493, 1716, 2922 cm ™.

4-(Naphthalen-2-yl)butan-2-one (2x)

Me
H

[4 mol% Ir, 130 °C (condition B), 10 h] The product 2x (38.2 mg, 97% yield) was
isolated by silica gel column chromatography with hexane/EtOAc (95:5). Colorless oil.
"H NMR (400 MHz, CDCl3): 6 2.15 (s, 3H), 2.84 (t,J = 7.6 Hz, 2H), 3.06 (t, J="7.8
Hz, 2H), 7.32 (dd, J=8.5, 1.6 Hz, 1H), 7.46-7.42 (m, 2H), 7.62 (s, 1H), 7.80-7.76 (m,,
3H). *C NMR (100.5 MHz, CDCls): d 29.81, 30.13, 45.04, 125.29, 125.99, 126.35,
127.00, 127.40, 127.56, 128.06, 132.00, 133.51, 138.44, 207.95. IR (ATR): 748, 814,
859, 1161, 1360, 1408, 1508, 1601, 1714, 2922, 3053 cm .

4-(Pyren-1-yl)butan-2-one (2y)
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SR

[4 mol% Ir, 130 °C (condition B), 10 h] The product 2y (52.0 mg, 95% yield) was
isolated by silica gel column chromatography with hexane/EtOAc (95:5). Pale yellow
solid. M.P. 89.1-91.7 °C. "H NMR (400 MHz, CDCls): 6 2.15 (s, 3H), 2.97 (t, J="7.8
Hz, 2H), 3.61 (t, J = 7.8 Hz, 2H), 7.86 (d, J = 7.8 Hz, 1H), 8.01-7.96 (m, 3H), 8.11—
8.08 (m, 2H), 8.17-8.15 (m, 2H), 8.21 (d, J = 9.2 Hz, 1H). *C NMR (100.5 MHz
CDCls): 627.25,30.15,45.29, 122.89, 124.83, 124.88, 125.01, 125.87, 126.76, 127.09,
127.43, 127.54, 128.43, 129.99, 130.78, 131.34, 135.08, 207.94 (two carbons are
missing due to overlapping). IR (ATR): 720, 759, 842, 1160, 1183, 1360, 1416, 1711,
2948, 3040 cm”. EI-HRMS (m/z): [M]" Caled for CyoH6O, 272.12011. found.
272.11987.

4-Cyclohexylbutan-2-one (2z)
H O

Me
H

[4 mol% Ir, 130 °C (condition B), 10 h] The product 2z (29.6 mg, 96% yield) was
isolated by silica gel column chromatography with hexane/EtOAc (95:5). Colorless oil.
"H NMR (400 MHz, CDCls): § 0.92-0.83 (m, 2H), 1.26-1.07 (m, 4H), 1.49—1.44 (m,
2H), 1.70-1.62 (m, 5H), 2.14 (s, 3H), 2.43 (t, J = 7.8 Hz, 2H). *C NMR (100.5 MHz,
CDCls): 626.21 (2C), 26.49,29.83, 31.18, 33.06 (2C), 37.18,41.35, 209.73. IR (ATR):
891, 1162, 1356, 1449, 1716, 2851, 2921 cm .

1,3-Diphenylpropan-1-one (2aa)

SRA®

[4 mol% Ir, 130 °C (condition B), 10 h] The product 2aa (40.3 mg, 96% yield) was
isolated by silica gel column chromatography with hexane/EtOAc (95:5). White solid.
"H NMR (400 MHz, CDCLs): 6 3.07 (t, J= 7.8 Hz, 2H), 3.31 (t, J= 7.8 Hz, 2H), 7.32—
7.19 (m, 5H), 7.47-7.43 (m, 2H), 7.58-7.51 (m, 1H), 7.98-7.95 (m, 2H). *C NMR
(100.5 MHz, CDCl3): ¢ 30.07, 40.43, 126.10, 128.00 (2C), 128.40 (2C), 128.50 (2C),
128.57 (2C), 133.05, 136.77, 141.25, 199.20. IR (ATR): 743, 974, 1028, 1205, 1290,
1448, 1598, 1683, 3027, 3062 cm .

4-(5-Methylthiophen-2-yl)butan-2-one (2ab)
H O
S

Me
N

Me
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[4 mol% Ir, 130 °C (condition B), 10 h] The product 2ab (33.0 mg, 98% yield) was
isolated by silica gel column chromatography with hexane/EtOAc (95:5). Colorless oil.
"H NMR (400 MHz, CDCls): 6 2.16 (s, 3H), 2.42 (s, 3H), 2.78 (t, J = 7.6 Hz, 2H), 3.02
(t,J=17.6 Hz, 2H), 6.56-6.52 (m, 2H). *C NMR (100.5 MHz, CDCl;): § 15.23, 24.04,
30.06,45.21, 124.22, 124.66, 137.73, 141.26, 207.46. IR (ATR): 735, 794, 1162,1230,
1357, 1714, 2920 cm ™.

4,4-Dimethylcyclohexan-1-one (2ac)

H

H
Me" Me

[4 mol% Ir, 130 °C (condition B), 10 h] 99% yield (based on '"H NMR analysis of the
crude product). "H NMR (400 MHz, CDCl): d 1.09 (s, 6H), 1.65 (t, J = 7.0 Hz, 4H),
230 (t,J=6.8, Hz, 4H).

4-Phenylpentan-2-one (2ad)

H Me O

Me
H

[4 mol% Ir, 130 °C (condition B), 10 h] The product 2ad (30.6 mg, 94% yield) was
isolated by silica gel column chromatography with hexane/EtOAc (95:5). Colorless oil.
"H NMR (400 MHz, CDCl3): 6 1.26 (d, J = 7.2 Hz, 3H), 2.06 (s, 3H), 2.66 (dd, J =
16.0, 8.0 Hz, 1H), 2.76 (dd, J = 16.8, 6.4 Hz, 1H), 3.35-3.26 (m, 1H), 7.22-7.16 (m,
3H), 7.32-7.28 (m, 2H). *C NMR (100.5 MHz, CDCl3): 6 21.97, 30.55, 35.38, 51.92,
126.27, 126.71 (2C), 128.50 (2C), 146.11, 207.87. IR (ATR): 758, 910, 1025, 1162,
1357, 1453, 1494, 1603, 1714, 2963, 3029 cm .

4-Phenylpentan-2-one (2ae)
H Me O
OMe
H

[4 mol% Ir, 130 °C (condition B), 10 h] The product 2ae (35.2 mg, 99% yield) was
isolated by silica gel column chromatography with hexane/EtOAc (95:5). Colorless oil.
"H NMR (400 MHz, CDCl;): 6 1.30 (d, J = 6.8 Hz, 3H), 2.54 (dd, J = 15.2, 8.0 Hz,
1H), 2.62 (dd, J = 14.8, 6.8 Hz, 1H), 3.33-3.24 (m, 1H), 3.62 (s, 3H), 7.23-7.18 (m,
3H), 7.32-7.28 (m, 2H). *C NMR (100.5 MHz, CDCl3): 6 21.74, 36.37, 42.69, 51.49,
126.37, 126.67 (2C), 128.47 (2C), 145.64, 172.83. IR (ATR): 763, 841, 881, 1022,
1085, 1166, 1268, 1436, 1736, 2963, 3029 cm .
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Benzyl isobutyrate (2af)

o}
Me\gi\o/\©

H
[4 mol% Ir, 130 °C (condition B), 10 h] The product 2af (34.3 mg, 96% yield) was
isolated by silica gel column chromatography with hexane/EtOAc (95:5). Colorless oil.
"H NMR (400 MHz, CDCl3):  1.19 (d, J = 6.9 Hz, 6H), 2.60 (sept, J = 6.8 Hz, 1H),
5.11 (s, 2H), 7.39-7.28 (m, 5H). *C NMR (100.5 MHz, CDCl3): ¢ 18.93 (2C), 33.96,
65.98, 127.92 (2C), 128.04, 128.48 (2C), 136.20, 176.91. IR (ATR): 733, 909, 966,
1070, 1147, 1188, 1258, 1343, 1456, 1733, 2975 cm .

N,N-Dimethyl-3-phenylpropanamide (2ag)

H O

NMe,
H

[4 mol% Ir, 130 °C (condition B), 10 h] The product 2ag (34.3 mg, 96% yield) was
isolated by silica gel column chromatography with hexane/EtOAc (80:20). Colorless
oil. "H NMR (400 MHz, CDCls): § 2.62 (t, J= 7.8 Hz, 2H), 2.91 (s, 3H), 2.95 (s, 3H),
2.97 (t,J=17.6 Hz, 2H), 7.23-7.18 (m, 3H), 7.31-7.26 (m, 2H). *C NMR (100.5 MHz,
CDCls): 631.30,35.28,35.37,37.10, 126.03, 128.36 (2C), 128.40 (2C), 141.43,172.13.
IR (ATR): 753, 851, 1076, 1140, 1266, 1346, 1397, 1454, 1495, 1640, 2931, 3027 cm~
1

1-(4-Propylphenyl)ethan-1-one (2ah)

H Me
H

[4 mol% Ir, 130 °C (condition B), 10 h] The product 2ah (30.8 mg, 95% yield) was
isolated by silica gel column chromatography with hexane/EtOAc (95:5). Colorless oil.
"H NMR (400 MHz, CDCls): 6 0.95 (t, J = 7.3 Hz, 3H), 1.66 (sext, J = 7.2 Hz, 2H),
2.58 (s, 3H), 2.64 (t,J=7.6 Hz, 2H), 7.26 (d, /= 8.2 Hz, 2H), 7.88 (d, J= 8.7 Hz, 2H).
BC NMR (100.5 MHz, CDCl5): § 13.70, 24.18, 26.50, 37.95, 128.38 (2C), 128.60 (2C),
134.83, 148.50, 197.88. IR (ATR): 740, 759, 955, 1046, 1250, 1355, 1600, 1685, 1738,
2872,2962 cm™.

1-(2-Propylphenyl)ethan-1-one (2ai)

H
H
0”™M
[4 mol% Ir, 130 °C (condition B), 10 h] The product 2ai (31.7 mg, 98% yield) was

isolated by silica gel column chromatography with hexane/EtOAc (95:5). Colorless oil.
"H NMR (400 MHz, CDCls): 6 0.96 (t, J = 7.6 Hz, 3H), 1.59 (sext, J = 7.2 Hz, 2H),
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2.57 (s, 3H), 2.82 (t, J = 7.8 Hz, 2H), 7.27-7.23 (m, 2H), 7.38 (td, J= 7.2, 1.2 Hz, 1H),
7.63-7.61 (m, 1H). *C NMR (100.5 MHz, CDCls): § 14.15, 24.90, 29.98, 35.93,
125.61, 128.90, 131.15, 131.19, 138.06, 142.55, 202.38. IR (ATR): 757, 954, 1046,
1072, 1249, 1355, 1684, 2932, 2962 cm ™. EI-HRMS (m/z): [M]" Calcd for C;1H,40,
162.10446. found. 162.10483.

1-(4-Ethylphenyl)ethan-1-one (2aj)
)

Me
H

H

[4 mol% Ir, 130 °C (condition B), 10 h] The product 2aj (27.5 mg, 94% yield) was
isolated by silica gel column chromatography with hexane/EtOAc (95:5). Colorless oil.
"H NMR (400 MHz, CDCls): 6 1.26 (t, J= 7.6 Hz, 3H), 2.58 (s, 3H), 2.71 (q, J= 7.6
Hz, 2H), 7.28 (d, J = 8.7 Hz, 2H), 7.89 (d, J = 8.2 Hz, 2H). *C NMR (100.5 MHz,
CDCl): 0 15.18, 26.52, 28.88, 128.01 (2C), 128.50 (2C), 134.83, 150.02, 197.86. IR
(ATR): 731, 830, 956, 1182, 1267, 1357, 1607, 1681, 2968 cm .

2-Propylcyclohexan-1-one (2ak)

[4 mol% Ir, 130 °C (condition B), 10 h] The product 2ak (27.7 mg, 98% yield) was
isolated by silica gel column chromatography with hexane/EtOAc (95:5). Colorless oil.
"H NMR (400 MHz, CDCl3): § 0.90 (t, J= 7.4 Hz, 3H), 1.43—1.11 (m, 4H), 1.91-1.60
(m, 4H), 2.15-1.95 (m, 2H), 2.38-2.30 (m, 3H). *C NMR (100.5 MHz, CDCl;): &
14.17, 20.25, 24.76, 28.00, 31.52, 33.77, 41.92, 50.44, 213.68. IR (ATR): 734, 815,
1064, 1119, 1449, 1709, 2862, 2932 cm ™.

1-(4'-Ethyl-[1,1'-biphenyl]-4-yl)ethan-1-one (2al)
0]

o
Ne

H

[4 mol% Ir, 130 °C (condition B), 10 h] The product 2al (44.0 mg, 98% yield) was
isolated by silica gel column chromatography with hexane/EtOAc (95:5). White solid.
"H NMR (400 MHz, CDCls): 6 1.28 (t, J= 7.6 Hz, 3H), 2.64 (s, 3H), 2.71 (q, J= 7.6
Hz, 2H), 7.31 (d, J = 8.2 Hz, 2H), 7.56 (d, J = 8.4 Hz, 2H), 7.68 (d, J = 8.4 Hz, 2H),
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8.02 (d, J=8.7 Hz, 2H). ®C NMR (100.5 MHz, CDCl;): d 15.54, 26.66, 28.54, 126.96
(20), 127.17 (2C), 128.48 (2C), 128.88 (2C), 135.53, 137.15, 144.56, 145.72, 197.78.
IR (ATR): 745, 819, 913, 1078, 1267, 1359, 1398, 1679, 2967 cm '

4-Ethyl-4'-nitro-1,1'-biphenyl (2am)

lNo2
e

H

[4 mol% Ir, 130 °C (condition B), 10 h] The product 2am (43.7 mg, 96% yield) was
isolated by silica gel column chromatography with hexane/EtOAc (95:5). Pale yellow
solid. "H NMR (400 MHz, CDCl;): 6 1.28 (t, J= 7.6 Hz, 3H), 2.72 (q, J = 7.6 Hz, 2H),
7.32 (d, J=8.4 Hz, 2H), 7.55 (d, /= 8.0 Hz, 2H), 7.71 (d, /= 8.8 Hz, 2H), 8.26 (d, J =
8.4 Hz, 2H). ®C NMR (100.5 MHz, CDCl;): 6 15.45, 28.54, 124.04 (2C), 127.27 (2C),
127.44 (2C), 128.66 (2C), 135.99, 145.35, 146.75, 147.53. IR (ATR): 754, 828, 856,
1344, 1486, 1515, 1597, 2849, 2917 cm .

4'-Ethyl-[1,1'-biphenyl]-4-carbonitrile (2an)

!CN
e

H

[4 mol% Ir, 130 °C (condition B), 10 h] The product 2an (40.6 mg, 98% yield) was
isolated by silica gel column chromatography with hexane/EtOAc (95:5). White solid.
"H NMR (400 MHz, CDCls): § 1.28 (t, J = 7.8 Hz, 3H), 2.71 (q, J = 7.5 Hz, 2H), 7.31
(d,J=7.8Hz, 2H), 7.51 (d,J= 7.8 Hz, 2H), 7.71-7.68 (m, 4H). *C NMR (100.5 MHz,
CDCl3): 6 15.48,28.53,110.46, 119.03, 127.11 (2C), 127.44 (2C), 128.62 (2C), 132.52
(2C), 136.44, 145.03, 145.56. IR (ATR): 730, 818, 957. 1004, 1186, 1266, 1358, 1398,
1601, 1679, 2967 cm .

3-(4-Ethylphenyl)benzo|d]isothiazole 1,1-dioxide (2a0)
o}

A

Os
S

N

[4 mol% Ir, 145°C, 48 h in 10 ml glass pressure tube] 87% yield (based on '"H NMR
analysis of the crude product, using 1,1,2,2-tetrabromoethane as an internal standard).

56



Analytically pure 2ao was isolated by silica gel column chromatography with
hexane/EtOAc (95:5), albeit with significant loss of 2ao (11.4 mg, 21% isolated yield).
White solid. M.P. 121.2-122.8 °C. "H NMR (400 MHz, CDCl3):  1.32 (t, J=7.8 Hz,
3H), 2.79 (q, J = 7.6 Hz, 2H), 7.44 (d, J = 8.2 Hz, 2H), 7.80-7.71 (m, 2H), 7.95-7.91
(m, 3H), 8.01 (d, J = 6.9 Hz, 1H). *C NMR (100.5 MHz, CDCl;): 6 15.17, 29.05,
123.00, 126.62, 127.85, 128.77 (2C), 129.75 (2C), 130.73, 133.23, 133.53, 141.12,
150.72, 170.85. IR (ATR): 731, 801, 969, 1172, 1265, 1334, 1507, 1532, 1609, 2970,
3057 cm”'. EI-HRMS (m/z): [M]" Caled for C;sH;3NO,S, 271.06670. found.
271.06657.

(8R,95,135,14S5)-3-Ethyl-13-methyl-6,7,8,9,11,12,13,14,15,16-decahydro-17H-
cyclopentaja]phenanthren-17-one (2ap)

[4 mol% Ir, 130 °C (condition B), 10 h] The product 2ap (55.4 mg, 98% yield)
was isolated by silica gel column chromatography with hexane/EtOAc (95:5). White
solid. MLP. 141.3-142.5 °C. "H NMR (400 MHz, CDCl3): § 0.91 (s, 3H), 1.23 (t, J =
7.6 Hz, 3H), 1.63—1.37 (m, 6H), 2.19-1.91 (m, 4H), 2.35-2.26 (m, 1H), 2.54-2.40 (m,
2H), 2.59 (t,J=17.6 Hz, 2H), 2.91-2.89 (m, 2H), 6.96 (s, 1H), 7.00 (d, /= 8.0 Hz, 1H),
7.22 (d, J= 8.4 Hz, 1H). *C NMR (100.5 MHz, CDCl3): J 13.82, 15.60, 21.57, 25.72,
26.56, 28.27, 29.40, 31.57, 35.86, 38.21, 44.27, 48.01, 50.46, 125.32 (1C+1C,
overlapping), 128.50, 136.31, 136.94, 141.71, 221.07. IR (ATR): 823, 890, 1007, 1084,
1258, 1456, 1500, 1737, 2868, 2928, 2961 cm'. EI-HRMS (m/2): [M]" Calcd for
CaoHa60, 282.19836. found. 282.19795. [a]p>® +171.957 (¢ 0.42, CHCL,).
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Chapter 2

Iridium-Catalyzed Reversible Acceptorless
Dehydrogenation/Hydrogenation of N-Substituted and
Unsubstituted Heterocycles Enabled by a Polymer-Cross-

Linking Bisphosphine

The polystyrene-cross-linking bisphosphine ligand PS-DPPBz was effective for the
Ir-catalyzed reversible acceptorless dehydrogenation/hydrogenation of N-heterocycles.
Notably, this protocol is applicable to the dehydrogenation of N-substituted indoline
derivatives with various N-substituents with different electronic and steric natures. A
reaction pathway involving oxidative addition of an N-adjacent C(sp’)—H bond to a
bisphosphine-coordinated Ir(I) center is proposed for the dehydrogenation of N-
substituted substrates.

64



Introduction

The dehydrogenation of N-heterocycles is a fundamentally important
transformation for the construction of unsaturated heterocycles, such as indoles and
quinolines, that are found in biological molecules.' Typically, these transformations can
be achieved through the stoichiometric use of strong oxidants such as DDQ and KMnO4
or through catalytic reactions employing olefinic hydrogen acceptors in stoichiometric
amounts.” Compared to these reactions, catalytic acceptorless dehydrogenations can be
cleaner and atom-economical processes, producing only molecular hydrogen as a side
product.”” In addition, catalytic acceptorless dehydrogenation has the potential to be a
chemical hydrogen storage process.” The pioneering work by Fujita et al. shows
promising efficiency of metal-ligand bifunctional Ir(Ill) catalysts with 2-

hydroxypyridine-type ancillary ligands (Scheme 1, top).**®"

Importantly, the same
catalyst systems were able to promote hydrogenation as a backward reaction,
demonstrating the reversibility of the process. Later, Jones and co-workers reported iron
and cobalt catalyst systems for similar reversible processes,’** while Xiao and co-
workers developed a cyclometalated imino-Ir(Il) catalyst.® Regardless of these
advances, the catalytic acceptorless dehydrogenation/hydrogenation of N-heterocycles
is largely limited to reactions involving heterocyclic compounds with one or more free
N-H bonds (Scheme 1, top). Although several novel protocols have emerged more
recently for the dehydrogenation of N-substituted heterocycles using photoredox
catalysts in combination with a cobalt or a palladium catalyst (Scheme 2a),’ a frustrated
Lewis pair catalyst (Scheme 2b),” or a quinone catalyst (Scheme 2c),® electron-
withdrawing groups on the N atom such as acetyl or tosyl groups completely inhibited
the reaction.

Here, I report the heterogeneous catalytic acceptorless dehydrogenation of N-
heterocycles enabled by a combination of [IrCl(cod)], and the polystyrene-cross-
linking bisphosphine PS-DPPBz (Scheme 1, bottom).” Applicability toward indoline-
type N-heterocycles with electron-donating or -withdrawing N-substituents is a notable
feature of this catalysis. The same (PS-DPPBz)-Ir catalyst system also promoted
backward hydrogenation of N-heteroarenes with molecular hydrogen.
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Scheme 1. Acceptorless Dehydrogenation by Transition Metals

Previous Work
2 2
X /R 2R
i cat. [M] ,¢_f * T
g )—H R » +H
P> N —_— ! N) 2
H

H
limited to NH-free heterocycles

selected examples of well-defined catalysts

* « Cp* OMe
H
=F

f(ipf)z

|
—c O Ir O Cl—Ir—N ;
| NI N N | N=FgZCO
cl Me H
ZoH \ 7/ \ 7 P(Pr),
Fujita, 2009 Fujita, 2014 Xiao, 2013 Jones, 2014

e
This Work

H
N cat N R2
Rl )_H r()/PS-DPPBz X, HzT
Z =N

h (R = H or alkyl, aryl groups) R

(PS) (PS) tB

(PS) Q\QO (PS)
pate B Y

(PS) (PS)
PS-DPPBz

66



Scheme 2. Acceptorless Dehydrogenation of N-Substituted Heterocycles

———
a) Me
H cat. (20 mol%)
Pd(BF,), - 4MeCN (5 mol%) g
R KSbF¢ (100 mol%) \ T Me Me
H + Hz N
N CH,Cl, (0.125 M), rt N O ® O
Me 430 nmLED, 45h Me N/
VWC)
Me ~CIO,
\ cat.
b)
H 3
R®  B(CgFs); (5 mol%) i mR
2 H ——>
R N toluene, 120 °C N‘
R R?
R'= alkyl or aryl groups
c)
H
X /R3 [Ru(phd)3](PFg)s (5 mol%) n
R24r » R
N Co(salophen) (5 mol%)
\ MeOH, O, 40 °C
R1
R'= alkyl or aryl groups [Ru(phd)al,2* )

.

Results and Discussion
The acceptorless dehydrogenation of N-methylindoline (1a) in the presence of

[IrCl(cod)]2 (2 mol% Ir) and PS-DPPBz (2 mol%) proceeded in p-xylene at 130 °C over
3 h to give N-methylindole (2a) in 91% NMR yield (Scheme 3). I found that the same
reaction also occurred with the commercially available Fujita’s bipyridonate-Cp*[r(I1I)
catalyst (cat.1) under the same conditions but in a much lower yield (47%).

Scheme 3. Ir-Catalyzed Acceptorless Dehydrogenation of N-Substituted Heterocycles

H  [rCicod)l, (2 mol% Ir) H20\| P
PS-DPPBz (2 mol%) o I 0
N p-xylene (1 mL) N '
Me 130°C,3h Me ; \ 7 \_7
1a (0.2 mmol) 2a 91% (NMR) i cf. 47% with cat.1

E
£

During the reaction with (PS-DPPBz)-Ir catalyst, the polymer-bound catalyst
changed its color from yellow to dark red, while the solution phase remained colorless
(Scheme 3). This observation indicates that virtually all Ir species was retained in the
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polymer matrix. The recovered catalyst was reusable for the following dehydrogenation
albeit with significant reduction in the product yield (1st run, 87%; 2nd run, 52%; 3rd
run, 46%, Scheme 4). The decrease in the activity of the recovered catalysts should be
deduced to partial structure change of the polymer-bound catalyst to an inactive form
rather than to metal leaching as the solution remained colorless. The *'P CP/MAS NMR
signal of the recovered catalyst appeared with nearly the same chemical shift value to
that of the (PS-DPPBz)-Ir catalyst precursor but with apparent broadening (Figures 1-
3)."! That can explain the reduced reactivity of catalyst in reuse experiments.

Scheme 4. Catalyst Reuse Experiments and its Photographic Images
H  [rcicod)l, (2 mol% Ir)
m‘* PS-DPPBz (2 mol%)= @ . HzT
N p-xylene (1 mL) N
M Me

e 130°C,3h
1a (0.2 mmol) 2a

i
1*run, 3h 2" run, 3 h 3 run, 3 h
87% yield 52% yield 46% yield
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[irCl(cod)], + PS-DPPBz 24
~ [(PS-DPPB2)-Ir]

PS-DPPBz
_‘! 7

I I I T I I

140 120 100 8 6 40 20 0 -20 -40 60 -80 ppm
Figure 1. A Photographic Image of the Reaction Mixture of [[rCl(cod)], and PS-DPPBz

in p-xylene. The *'P CP/MAS NMR spectrum of polymer beads obtained after fitration
and drying under vacuum.

[IrCl(cod)], + PS-DPPBz + 1a 25
(before the reaction)

~—— [(PS-DPPB2)-Ir]

PS-DPPBz
-17

T T \ \ T T \ \ T \ T T
140 120 100 80 60 40 20 0 -20 -40 -60 -80 ppm

Figure 2. A Photographic Image before the Reaction of 1a with [IrCl(cod)], and PS-
DPPBz in p-xylene. The >'P CP/MAS NMR spectrum of polymer beads obtained after
fitration and drying under vacuum.
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[IrCl(cod)], + PS-DPPBz + 1a 23
(after the reaction)

PS-DPPBz
-19
T T T T T T T T T T I T
140 120 100 80 60 40 20 0 -20 -40 -60 -80 ppm

Figure 3. A Photographic Image after the Reaction of 1a with [IrCl(cod)], and PS-
DPPBz in p-xylene. The *'P CP/MAS NMR spectrum of polymer beads obtained after
fitration and drying under vacuum.

To investigate the different characters between PS-DPPBz and its homogeneous
form DPPBz, the author conducted parallel experiment using DPPBz instead of PS-
DPPBz (eq 1). The reaction at 130 °C (closed system) was monitored by *'P NMR
spectroscopy. Several signals were detected during the reaction (~17 h), which indicate
that catalyst deactivation pathways may occurred and some inactive catalyst species
should be formed in this process. This observation can explain the low reactivity of
DPPBz. While the signal at 23.2 ppm remained after 17 h, which is similar to the *'P
CP/MAS NMR signal of the recovered catalyst from the (PS-DPPBz)-Ir catalyst
precursor (Figure 4).
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Figure 4. Photographic Images and *'P NMR Spectra of the Reaction Mixture of
[IrCl(cod)],, DPPBz and 1a in toluene-ds [(a) 0 h; (b) 1 h; (¢) 3 h; (d) 6 h; (e) 17 h]
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To further study the inactive species, the author conducted the reaction with a
shorter reaction time (3 h) and a slightly higher catalyst loading (10 mol%) at 130 °C
(eq 2). The red precipitates formed immediately once the reaction mixture was stirred
at 130 °C. After the reaction, the resulting mixture was analyzed with *'P NMR
spectroscopy (Figure 5). The signal at 56 ppm was assignable to [Ir(DPPBz),]X. The
signals at 41 ppm and 33 ppm have remained elusive. This results indicates that DPPBz
causes bischelation to an Ir(I) complex and other species, which serve as inactive
species and thus decrease the efficiency of catalysis.

H

[IrCl(cod)]5 (10 mol% Ir) y 1
DPPBz (10 mol%) ST
\ H » red solids 2 ‘

foluene (1 mL) analyzed by 3'P NMR i

Me 130°C, 3h in toluene/CD,Cl, (1:1)
1a (0.2 mmol)

Before the reaction After the reaction
41
56
Ph
PhT J-Ph cl
0
AN
Phet ’ N \
Ph Ph
Ph
Ph v CI
33 DL
12 AP
Ir\
/ p/ !
Ph71
Ph

X : ppm  Phosphorus3 1

Figure 5. °'P NMR Spectrum of the Reaction Mixture of [IrCl(cod)],, DPPBz and 1a
in toluene/CD,Cl, (1:1)

The use of the polymer ligand PS-DPPBz is crucial for efficient dehydrogenation
of 1la (Table 1). The soluble counterpart of PS-DPPBz, 1,2-
bis(diphenylphosphino)benzene (DPPBz, entry 3), induced only a little activity,
indicating the critical importance of the polystyrene cross-linking. Introduction of
sterically demanding substituents (fBu) on the P-Ph groups (SciOPP, entry 4) of the
soluble ligand DPPBz increased its catalytic activity, but the yield was much lower than
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that with PS-DPPBz (16% vs 91%). DPPE, DEtPE and DCyPE (entries 7-9) with an
ethylene linker between the two P atoms were also less effective. Larger bite-angle
bisphosphines (Xantphos, entry 10), monophosphines (PPhs, entry 13) and bipyridine-
based ligands (dtbpy, entry 12) exhibited no catalytic activity.

Table 1. Ligand Effects on the Ir-Catalyzed Acceptorless Dehydrogenation of 1a“

H  [IrCiicod)l, (2 mol% Ir)
©\/ng ligand (2 mol%) - H, T
N p-xylene (1 mL) |
Me 130°C, 3 h Me
1a (0.2 mmol) 2a
_ 2a [%, 'H
Ent L d
ntry igan NMR]
(PS) (PS) fB
(PS) Q\ Q /©/ (PS)
1 (PS) / \ (PS) PS'DPPBZ 91
(PS) PS)
HQO Cp
o) /\I( 0
N N
2 1 4
\ 7\ s cat !
(w/o [IrCl(cod)]>)
3 DPPBz 4
Ph,P  PPh,
Q\ /@ Bu
4 PR SciOPP 16
Bu
5 Q Q D DCyPBz 0
" =7
s
6 PS—Z DCyPT 3
7 PP PPh, DPPE 3
8 LP/ \PJ DEtPE 0
~ N—
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P

9 ‘i/ N \é DCyPE 5

)
@
o]
<
"

10 Xantphos 0
Ph,P PPh,
@,PPhg
11 é\ DPPF 0
PPh,
Bu Bu
12 =P Dtbpy 0
13 PPhs (4 mol%) 0

“Conditions: 1a (0.2 mmol), [IrCl(cod)], (2 mol% Ir), ligand (2 mol%), p-xylene (1 mL), 130 °C, 3
h. Yield of 2a was determined by 'H NMR analysis of the crude product.

The solvent effects were also examined (Table 2). The catalyst showed most
effective in p-xylene (entry 1). Toluene as solvent is also a good candidate, which
promote the reaction in a slightly low yield (88%, entry 2). Ethers as solvents such as
CPME Bu,0, 1,4-dioxane and THF were also examined but resulted in much lower
yield (entries 3—6). DMF can not be used as solvent for this reaction (entry 7)

Table 2. Solvent Effects on the Ir-Catalyzed Acceptorless Dehydrogenation of 1a“

H

[IrCl(cod)]5 (2 mol% Ir)
©\/g7 PS-DPPBz (2 mol%) @
H > + H2
N solvent (1 mL) N
Me 130°C, 3 h Me
1a (0.2 mmol) 2a
Entry  Solvent Tem. [°C] 2a [%, 'H NMR]
1 p-xylene 130 91
2 toluene 130 88
3 CPME 130 52
4 nBu,O 130 41
5 1,4-dioxane 110 15

74



6 THF 70 0

7 DMF 130 0

“Conditions: 1a (0.2 mmol), [IrCl(cod)], (2 mol% Ir), PS-DPPBz (2 mol%), solvent (1 mL), 130 °C,
3 h. Yield of 2a was determined by 'H NMR analysis of the crude product.

The effects of transition metal species in the Ir-catalyzed acceptorless
dehydrogenation of 1a were also investigated (Table 3). [IrCl(cod)], shows higher
reactivity (entry 1), while the yields of product were decreased to 49% and 36% when
[IrCl(cod)]» was changed to [IrCl(coe),], and [IrCl(C,Hy)2 ]2, respectively (entries 2-3).
In the replacement of anionic chloride in [IrCl(cod)], with methoxyl group led to little
reactivity. Cationic [Ir(cod),]BF4 and [IrCl,Cp*] induced no reactivity (entries 5—6).

Table 3. Metal Effects on the Ir-Catalyzed Acceptorless Dehydrogenation of 1a

H

Ir source (2 mol% Ir)
m PS-DPPBz (2 mol%) @
H > + Hp
N p-xylene (1 mL) N
Me  130°C,3h Me
1a (0.2 mmol) 2a (NMR)

Entry Metal 2a [%, 'H NMR]
1 [IrCl(cod)], 91
2 [IrCl(coe),]2 49
3 [II‘C](CQH4)2]2 36
4 [Ir(OMe)(cod)]2 5
5 [Ir(cod),]|BF4 0
6 [IrCL,Cp*], + NaO7Bu (5 mol%) 0

(w/o PS-DPPBz)

Next, I examined the scope of N-substituted indolines with the (PS-DPPBz)-Ir
system (4 mol% Ir, p-xylene, 130-160 °C, 1048 h, Scheme 5). Not only electron-
neutral (2b) and donating (2¢) substituents but also electron-withdrawing chloro and
nitro (2d and 2e) substituents were tolerated in the carbon framework of the N-
methylindoline scaffold. cis-1,2,3-Trimethylindoline (cis-1f) underwent efficient
dehydrogenation, while its trans isomer did not participate in the dehydrogenation at
all, indicating that the cis arrangement of the two vicinal hydrogen atoms was crucial
for the dehydrogenation.

Importantly, various N-substituents were tolerated in the indoline scaffold (2g-2p).
Even in the presence of B-hydrogen atoms in the N-alkyl substituent as in Et, n-Bu, i-
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Bu and Cy groups, the dehydrogenation occurred at the indoline ring with exclusive
site-selectivity. It is also noteworthy that branching was tolerated at the positions a or
f to the N atom. Thus, this protocol is useful for the synthesis of N-alkylindoles since
the direct N-alkylation of indole derivatives under basic conditions often suffers from
competitive elimination reactions of the alkylating reagents.'’ Moreover, the reaction
of 1k bearing a 4-methoxybenzyl group at the N atom, which should be sensitive to the
oxidation conditions, occurred cleanly to give 2k in high yield, while the oxidation with
stoichiometric DDQ (in THF at 40 °C for 12 h) produced 2k in only 57% yield along
with unidentified byproducts. A phenyl group on the N atom was also tolerated (2m).

The indoline (1n) with a strongly electron-withdrawing N-tosyl group underwent
efficient dehydrogenation to give 2n in 89% yield, whereas Fujita’s catalyst cat.1 did
not promote the reaction. N-Trifluoromethylsulfonyl or N-acyl-substituted indolines
were also suitable substrates (10 and 1p) although the yields were moderate.

The (PS-DPPBz)-Ir catalyst system is also applicable to the acceptorless
dehydrogenation of NH-free heterocycles (1g-1ab). The reaction of 1q was conducted
on a gram-scale with a reduced catalyst loading of 0.08 mol% (10 mmol scale, 94%
NMR yield, TON 1175) with reasonable hydrogen gas release (~210 mL, 94% based
on Hy). The reaction apparatus for the gram-scale reaction is depicted in Figure 6 and
the GC analysis of evolved H, gas is shown in Figure 7. Two- or three-fold
dehydrogenation occurred from tetrahydroquinoline-, tetrahydroisoquinoline-,
tetrahydroquinoxaline- and piperazine-type substrates to give the corresponding N-
heteroarenes. 2-Phenyl-2,3-dihydrobenzothiazole (1ab) also participated in this
reaction.
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Scheme S. Scope of N-Heterocycles for Acceptorless Dehydrogenation
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1 (0.2 mmol) Condition B: 160 °C, 48 h 2

N-substituted indolines, isolated yield
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Me Me
cat. [Ir] (4 mol%)
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cis-1f 2f, 87%

\ 29 (R=EY,91%(A) 2n(R=Ts), 89% (B) A
N, 20 (R=nBu),93% (A) 20 (R=T), 41% (B) N Me
R

2i (R = i-Bu), 95% (A)  2p (R =Ac), 46% (B)

2j (R=Bn), 94% (A) 2k, 92% OMe
2l (R =Cy), 92% (A) (140 °C, 10 h)
2m (R =Ph), 91% (A) cf. 57% with DDQ (1.2 eq)

(THF, 40 °C, 12 h)

NH-free heterocycles, isolated yield

N 10 mmol scale 1.29) N

H 0.08 mol% [Ir] H
2q (R = H), 99% (A) p-xylene (0.5 mL) 2s, 98% (A 2t, 89% (A)
2r (R = Me), 98% (A) 160 °C, 60 h

CC J U Lo
o3, B 0n L

u (R = H), 64% (B) O @: S/>_Ph
v (R = Me), 93% (B) N 2x (R = H), 51% (B) N

2w, 67% (B) 2y (R = Me), 93% (B) 2ab, 81% (A)

Reaction conditions: 1 (0.2 mmol), [IrCl(cod)], (4 mol% Ir), PS-DPPBz (4 mol%), p-xylene (1 mL),
130 °C, 20 h (condition A) or 160 °C, 48 h (condition B). Isolated yields are shown. “Yields are

determined by 'H NMR analysis of the crude product.
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Figure 6. The Reaction Apparatus for the Gram-scale Reaction.
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Figure 7. GC Analysis of Evolved H, Gas (contaminated with small amounts of O, and
N, gas during the analysis operation).

To demonstrate the utility of this catalytic acceptorless dehydrogenation, I applied
the protocol to the synthesis of pharmacologically active molecules having N-
substituted indoline scaffolds. The dehydrogenation of indolines lac and lad
proceeded smoothly to provide CDK4/cyclin D1 inhibitors 2ac and 2ad, respectively,
in high vyields (Scheme 6a,b). When the corresponding dehydrogenative
transformations were conducted using a large excess of activated MnQO,, the yields were
only moderate.! Compound 1ae, having piperidine and pyridine moieties, was
transformed to the precursor of enzastaurin (2ae)'* in 37% yield (5 mol% Ir, 43% conv.
of 1ae, Scheme 6¢).
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Scheme 6. Synthesis of Pharmacologically Active Molecules
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To gain insights into the mechanism, the reactions of deuterated N-methylindolines
were conducted. The dehydrogenation of 2,2- and 3,3-di-deuterated N-methylindolines
[2 mol% (PS-DPPBz)-Ir, 130 °C, for 2 h] proceeded at only slightly reduced rates
compared to that of nondeuterated N-methylindoline (61% and 53% '"H NMR yields vs.
78%, Scheme 7a—c). A deuteration effect in the reaction of 2,2,3,3-tetradeuterated N-
methylindoline (3%, Scheme 7d) was much more significant than expected from the
combination of the effects of the deuteration at the C2 and C3 positions. These results
suggest that the rate of the catalytic reaction may be mainly affected by H; release from
a putative iridium (di)hydride intermediate rather than by dissociations of two C(sp’)—
H bonds at the C2 and C3 positions of the N-substituted indolines.
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Scheme 7. Deuterium Isotope Experiments®

@ H ® Hy
H cat. [Ir] N\ D cat. [Ir] N\
N —H, N N —HD N
Me Me Me Me
1a 2a 78% 1a-C2-D, 2a-C2-D 61%
c d
© p b " D @ p b y D
cat. [Ir cat. [Ir
O 2 OO | O 52 Crd»
N H -HD N N D -Dg N
Me Me Me Me
1a-C3-D, 2a-C3-D 53% 1a-(C2,C3)-D, 2a-(C2,C3)-D, 3%

“Conditions: 1 (0.2 mmol), [IrCl(cod)], (2 mol% Ir), PS-DPPBz (2 mol%), p-xylene (1 mL), 130 °C,
2 h. Yield was determined by "HNMR analysis of the crude product.

Based on the above results, I propose a reaction pathway for the acceptorless
dehydrogenation of N-substituted indolines (1) (Scheme 8), which should be distinct
from the well-established pathway for the acceptorless dehydrogenation of NH-free
heterocycles, in which metal-ligand cooperation is essential for NH deprotonation and
H, release from the catalyst as in Fujita’s Cp*Ir(III) catalyst system."> The reaction
starts from a coordination of the sp’-hybridized N atom of 1 to bisphosphine-Ir(I)
complex A. Oxidative addition of an N-adjacent C(sp>)-H bond to the indoline-bound
Ir(T) center in B gives Ir(IIT) monohydride C."*"> Subsequent B-hydrogen elimination
provides dehydrogenated product 2 and Ir(Ill) dihydride species D.'® The latter is in
equilibrium with a hydride-bridged dimeric iridium complex (D-dimer) as an off-cycle
species.”” Finally, H; is released from D with the regeneration of A. This step is likely
rate-determining on the basis of the experiments with the deuterated substrates.

According to the proposed reaction pathway, the ligand effect of PS-DPPBz can be
ascribed to the controlled monochelation due to spatial isolation of the bisphosphine
unit in the polymer matrix,” which suppresses formation of the inactive D-dimer
species and hence facilitates the rate-determining H, releasing step.
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Scheme 8. Plausible Reaction Pathway
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Based on the overall reaction mechanism, the reason for the observed different
reactivities towards the dehydrogenation of cis-1f and trans-1f was proposed (Scheme
9). The oxidative addition of N-adjacent C—H bond in cis isomer to Ir(I) gives
coordinatively saturated Ir(II) complex. Dissociation of cod as a n°-ligand produces
good o acid Ir(IIT) with an empty d orbital. The coplanar Ir-C-C-H unit is prone to form
two electron three center B-agostic interaction with a closed 3-H to metal center. The
back donation of d electron in metal center to o* orbital of C—H bond breaks this bond
and delivers desired product. In contrast, the frans isomer with the fixed configuration
by heterocyclic ring gives a y—agostic interaction with transition metal. For the moment
I hypothesize that due to the high BDE of primary C—H and less strain in five membered
ring intermediate, the weak back donation arising from the poor st-base Ir(III) unable to
beak y C-H bond.

Scheme 9. Plausible Pathway for the Dehydrogenation of cis-1f and trans-1f
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In view of the potential for organic hydride hydrogen storage, the development of
efficient methods for reversible acceptorless dehydrogenation and hydrogenation with
the same catalyst remains an important challenge.” Thus, the applicability of the (PS-
DPPBz)-Ir system for hydrogenation of N-heteroarenes with molecular hydrogen, as
the backward reaction of dehydrogenation, was examined. As illustrated in Scheme 10,
a variety of N-substituted and unsubstituted indoles (2a, 2n and 2q) and six-membered
heteroarenes (2v, 2x and 2z) were hydrogenated in high yields at 30 or 40 atm H,

pressure.

Scheme 10. Hydrogenation of N-Heteroarenes

H
> [IrCl(cod)], (4 mol% Ir) R2
R ‘()R PS-DPPBz (4 mol%)  gifL “S—H
N + H > N
N 2 N
\ (40 atm) p-xylene (1 mL) \
R3 130 °C, 20 h R®
2 (0.2 mmol)
1a, 98% 1n, 95% 19, 81%

(30 atm H2 40 h)

@d@@@ﬂ

1v, 96% 1x, 87% 1z, 92%

Conditions: 2 (0.2 mmol), [IrCl(cod)], (4 mol% Ir), PS-DPPBz (4 mol%), H, (40 atm), p-xylene (1
mL), 130 °C, 40 h. Isolated yields are shown.

Conclusion

In summary, a polystyrene-cross-linking bisphosphine-Ir complex (PS-DPPBz)-Ir
showed high activities for the acceptorless dehydrogenation of N-heterocycles. The
protocol is applicable to the dehydrogenation of N-substituted indoline-type substrates,
applicability to which has not been well explored with the reported catalytic systems.
A catalytic reaction pathway involving oxidative addition of the N-adjacent C(sp”)-H
bond to the bisphosphine-Ir(I) species is proposed. The same Ir catalyst was applicable
to backward hydrogenation of N-heteroarenes with molecular hydrogen.

Experimental Section
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Instrumentation and Chemicals

NMR spectra were recorded on a JEOL ECXII, operating at 400 MHz for 'H NMR,

100.5 MHz for °C NMR and 161.8 MHz for *'P NMR. Chemical shift values were
reported relative to MesSi (0 ppm) and CH>Cl, (5.32 ppm) for 'H NMR, the solvent
resonance (CDCls, 77 ppm; CD,Cl,, 53.8 ppm) for °C NMR and H3PO4 (0 ppm) for
'P NMR. Magic angle spinning (MAS) NMR spectra were recorded on a Brucker
MSL-300 spectrometer, operating at 121.5 MHz for *'P NMR (spinning rate 10 kHz).
High-resolution mass spectra were recorded at the Instrumental Analysis Division,
Global Facility Center, Creative Research Institution, Hokkaido University (JEOL
JIMS-T100GCyv for EI-MS) and the GC-MS & NMR Laboratory, Research Faculty of
Agriculture, Hokkaido University (JEOL JMS-T100GCv mass spectrometer for FD-
MS). Melting points were determined on a micro melting point apparatus using micro
cover glass (Yanaco MP-500D). TLC analyses were performed on commercial glass
plates bearing 0.25-mm layer of Merck Silica gel 60F,s4. Silica gel (Kanto Chemical
Co., Silica gel 60 N, spherical, neutral) was used for column chromatography. IR
spectra were measured with a PerkinElmer Frontier instrument.
All reactions were carried out under nitrogen or argon atmosphere. Materials were
obtained from commercial suppliers or prepared according to standard procedures
unless otherwise noted. p-Xylene was purchased from Kanto Chemical Co., Inc., and
degassed by freeze-pump-thaw cycle. PS-DPPBz and [IrCl(cod)], were prepared
according to the reported procedures.”'® Fujita’s iridium catalyst cat.1 (CAS: 1436571-
06-0) was perphased from Kanto Chemical Co., Inc.

Synthesis of the Substrates

N-Heterocycles 1q—1s, 1u, 1v, 1x—1aa are commercial available. Other substrates
listed in Figure S1 are reported in the literature.
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N-Substituted indolines
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Figure 6. N-Heterocycle Substrates used in This Work.

5-Chloro-1-methylindoline (1d)

NaH Mel cl
cl (1.4 equiv) (1.2 equiv) m
N THF THF N
H O0°Ctort O°Ctort Me

To a well-stirred solution of 5-chloroindoline (1.0 g, 7.0 mmol, 1.0 equiv) in THF
(15 mL) at 0 °C was added NaH (55% in mineral oil, 426 mg, 9.8 mmol, 1.4 equiv).
The reaction was warmed to room temperature and allowed to stir for 30 min. The flask
was cooled again to 0 °C and Mel (1.2 g, 8.4 mmol, 1.2 equiv) was added dropwise.
The reaction mixture was warmed to room temperature and allowed to stir until the
reaction completed (monitored by TLC) and then quenched with saturated aqueous
NH4CI at 0 °C. The mixture was extracted with Et,O (3 x 20 mL). The organic layer
was dried over anhydrous Na,SOy, filterd and concentrated under vacuum. The crude
product was purified by column chromatography (using 10% EtOAc/hexane) to give
1d (928 mg, 85% yield) as yellow oil. "H NMR (400 MHz, CDCls): d 2.72 (s, 3H),
2.90 (t,J=8.2 Hz, 2H), 3.29 (t,J= 8.2 Hz, 2H), 6.33-6.37 (m, 1H), 6.99-7.03 (m, 2H).
BC NMR (100.5 MHz, CDCl3): 0 28.46, 36.15, 56.16, 107.66, 122.23, 124.41, 126.89,
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132.11, 152.01. IR (ATR): 717, 796, 871, 1094, 1196, 1268, 1419, 1491, 1604, 1671,
2812, 2951 cm'. EI-HRMS (m/z): [M]" Caled for CoH;(NCl, 167.04963. found.
167.05003.

1-Methyl-6-nitroindoline (1e)

NaH Mel
m (1.5 equiv) (1.2 equiv) m
N > > O,N N

N THF THF 2
0°Ctort 0°Ctort Me

O,N
To a well-stirred solution of 6-nitroindoline (821 mg, 5.0 mmol, 1.0 equiv) in THF
(15 mL) at 0 °C was added NaH (55% in mineral oil, 327 mg, 7.5 mmol, 1.5 equiv).
The reaction mixture was warmed to room temperature and allowed to stir for 30 min.
The flask was cooled again to 0 °C and Mel (852 mg, 6 mmol, 1.2 equiv) was added
dropwise. The reaction mixture was warmed to room temperature and allowed to stir
until the reaction completed (monitored by TLC) and then quenched with saturated
aqueous NH4Cl at 0 °C. The mixture was extracted with Et;O (3 x 20 mL). The organic
layer was dried over anhydrous Na,;SQOy, filtered and concentrated under vacuum. The
crude product was purified by column chromatography (using 10% EtOAc/hexane) to
give le (766 mg, 86% yield) as red solids. M.P. 53.8-55.6 °C. "H NMR (400 MHz,
CDCls): 6 2.83 (s, 3H), 3.03 (t, J = 8.6 Hz, 2H), 3.46 (t, J = 8.6 Hz, 2H), 7.10 (d, J =
8.0 Hz, 1H), 7.16 (d, J = 1.6 Hz, 1H), 7.54 (dd, J= 7.8, 1.8 Hz, 1H). *C NMR (100.5
MHz, CDCls): 0 28.56, 35.23, 55.75, 100.41, 113.47, 123.76, 137.92, 148.60, 154.09.
IR (ATR): 735, 841, 1065, 1292, 1338, 1392, 1508, 1594, 1612, 2924 cm™'. EI-HRMS
(m/z): [M+H]" Caled for CoH;;N,0O,, 179.08150. found. 179.08181.

cis-5,6,6a,11b-Tetrahydro-7H-indeno|2,1-c]quinolin-7-one (1w)
0

TfOH . H
N. (2:2equiv) (2.0 equiv) O
3 — —>
©/\ CH,Cl,  CH.Cl, N

0°Ctort 0°Ctort H

1w was prepared via hetero-Diels-Alder reaction according to Pearson’s
procedure.” To a solution of BnN3 (282 mg, 2.1 mmol, 1.0 equiv.) in CH,Cl, (15 mL)
at 0 °C was added TfOH (698 mg, 4.7 mmol, 2.2 equiv) was added. The mixture was
allowed to stir for 10 min at room temperature. Next, 1H-Inden-1-one (550 mg, 4.2
mmol, 2.0 equiv) was added at 0 °C. The reaction mixture was warmed to room
temperature and allowed to stir until the reaction completed (monitored by TLC) and
then quenched with saturated aqueous NaHCO3. The mixture was extracted with EtOAc
(3 x 100 mL). The organic layer was dried over anhydrous Na,SOs, filtered and
concentrated under vacuum. The crude product was purified by column
chromatography (using 10% EtOAc/hexane) to give 1w (304 mg, 61% yield) as yellow
solids. ML.P. 162.3—-164.4 °C. "H NMR (400 MHz, CDCl;): 6 3.20-3.25 (m, 1H), 3.32
(dd, J=11.2,5.2 Hz, 1H), 3.63 (br-s, 1H), 3.75 (dd, J=11.2, 2.8 Hz, 1H), 4.66 (d, J =
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8.4 Hz, 1H), 6.53 (dd, J = 8.0, 0.8 Hz, 1H), 6.86 (td, J= 7.6, 1.2 Hz, 1H), 7.02 (td, J =
7.6, 1.6 Hz, 1H), 7.34 (t, J= 7.6 Hz, 1H), 7.47-7.64 (m, 3H), 7.73 (d, J = 7.6 Hz, 1H).
13C NMR (100.5 MHz, CDCly): § 40.23, 44.35, 50.27, 115.90, 119.62, 123.28, 124.44,
126.26, 127.24, 127.75, 129.20, 135.29, 135.63, 146.53, 156.52, 207.84. IR (ATR):
750,793,959, 1011, 1254, 1460, 1485, 1601, 1710, 3055, 3338 cm . EI-HRMS (m/2):
[M+H]" Caled for Ci6H 40N, 236.10699. found. 236.10734.

Experimental Procedures

General Procedure for Scheme 3: In a nitrogen-filled glove box, [[rCl(cod)], (1.34
mg, 0.002 mmol, 2 mol% Ir; prepared ¢ = 0.01 mol/L p-xylene solution, 0.2 mL), PS-
DPPBz (40 mg, 0.004 mmol, 2 mol%) and p-xylene (0.8 mL; total 1 mL) were placed
successively in a 10-mL glass tube containing a magnetic stirring bar. After stirring at
room temperature for 5 min, N-heterocycle substrate 1a (0.2 mmol) was added. The
tube was sealed with a screw top-hole caps with a Teflon®-coated sealing disk, and was
removed from the glove box. The tube was connected with an empty balloon. The
mixture was stirred at 130 °C for 3 h. After being cooled to room temperature, the
mixture was filtered through a Celite pad (eluting with Et;O). The volatiles were
removed under reduced pressure, and an internal standard (1,1,2,2-tetrachloroethane)
was added to determine the yield of 1-methyl-1H-indole 2a.

General Procedure for Scheme 5: In a nitrogen-filled glove box, [IrCl(cod)], (2.7 mg,
0.004 mmol, 4 mol% Ir), PS-DPPBz (80 mg, 0.008 mmol, 4 mol%) and p-xylene (1
mL) were placed successively in a 10-mL glass tube containing a magnetic stirring bar.
After stirring at room temperature for 5 min, N-heterocycle substrate 1 (0.2 mmol) was
added. The tube was sealed with a screw top-hole caps with a Teflon®-coated sealing
disk, and was removed from the glove box. The tube was connected with an empty
balloon. The mixture was stirred at 130 °C for 20 h. After being cooled to room
temperature, the mixture was filtered through a Celite pad (eluting with Et;O). The
volatiles were removed under reduced pressure, and an internal standard (1,1,2,2-
tetrachloroethane) was added to determine the yield of 2. The crude material was
purified by silica gel column chromatography to give the dehydrogenated product 2.

General Procedure for Scheme 9: In a nitrogen-filled glove box, [IrCl(cod)], (2.7 mg,
0.004 mmol, 4 mol% Ir), PS-DPPBz (80 mg, 0.008 mmol, 4 mol%) and p-xylene (1
mL) were placed successively in a 50 mL stainless steel Parr pressure reactor. After
stirring at room temperature for 5 min, N-heterocycle substrate 2 (0.2 mmol) was added.
The reactor was sealed, flushed with H, three times, and placed under 30 or 40 atm H,
pressure. The solution was heated to 130 °C and stirred for 20 h. After being cooled to
room temperature, the mixture was filtered through a Celite pad (eluting with Et,0).
The volatiles were removed under reduced pressure, and an internal standard (1,1,2,2-
tetrachloroethane) was added to determine the yield of 1. The crude material was
purified by silica gel column chromatography to give the hydrogenated product 1.
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Gram-Scale Reaction of 1q: The reaction apparatus is shown in Figure 6. In a two-
necked Schlenk flask, [IrCl(cod)], (2.7 mg, 0.004 mmol, 0.08 mol% Ir), PS-DPPBz (80
mg, 0.008 mmol, 0.08 mol%) and p-xylene (0.5 mL) were placed successively after the
flask was evacuated and backfilled with argon three times. After stirring at room
temperature for 5 min, indoline 1q (1.2 g, 10 mmol) was added. The mixture was stirred
at 160 °C for 60 h. An internal standard (1,1,2,2-tetrachloroethane) was added to
determine the yield of 2q (94%). The volume of evolved H; gas was measured by a gas
burette, and the molar amount of H, was calculated using the ideal gas law (210 mL,
94%). H; gas evolution was confirmed by GC analysis (Figure 7).

Characterization of Products

1-Methyl-1H-indole (2a)

Co
N

Me
[4 mol% Ir, 130 °C, 20 h] The product 2a (25.9 mg, 99% yield) was isolated by silica
gel column chromatography with hexane/EtOAc (90:10). Colorless oil. "H NMR (400
MHz, CDCls): 6 3.70 (s, 3H), 6.46 (d, /= 3.2 Hz, 1H), 6.99 (d, /= 3.2 Hz, 1H), 7.06—
7.13 (m, 1H), 7.17-7.23 (m, 1H), 7.28 (dd, J = 8.0, 0.8 Hz, 1H), 7.62 (d, J = 8.0 Hz,
1H). ®C NMR (100.5 MHz, CDCl3): 6 32.68, 100.77, 109.11, 119.17, 120.77, 121.38,
128.37, 128.72, 136.57.

1,2-Dimethyl-1H-indole (2b)

N

Me
[4 mol% Ir, 130 °C, 20 h] The product 2b (28.4 mg, 98% yield) was isolated by silica
gel column chromatography with hexane/EtOAc (90:10). Light yellow oil. '"H NMR
(400 MHz, CDCls): 6 2.40 (s, 3H), 3.63 (s, 3H), 6.23 (s, 1H), 7.05 (t, J = 8.0 Hz, 1H),
7.14 (td, J= 7.6, 0.8 Hz, 1H), 7.22 (t, J = 8.6 Hz, 1H), 7.51 (d, J = 8.0 Hz, 1H). *C
NMR (100.5 MHz, CDCls): ¢ 13.32, 29.91, 100.05, 109.25, 119.75, 120.13, 120.94,
128.45, 137.34, 137.81

5-Methoxy-1-methyl-1H-indole (2¢)
MeO
T
N
Me
[4 mol% Ir, 130 °C, 20 h] The product 2¢ (28.9 mg, 90% yield) was isolated by silica
gel column chromatography with hexane/EtOAc (95:5). White solid. "H NMR (400
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MHz, CDCls): § 3.74 (s, 3H), 3.84 (s, 3H), 6.39 (dd, J= 3.2, 0.8 Hz, 1H), 6.88 (dd, J =
8.8, 2.4 Hz, 1H), 7.00 (d, J=2.8 Hz, 1H), 7.08 (d, J= 2.4 Hz, 1H), 7.19 (d,J= 8.4 Hz,
1H). *C NMR (100.5 MHz, CDCls): 6 33.03, 55.92, 100.39, 102.47, 109.98, 111.89,
128.79, 129.37, 132.13, 154.01.

5-Chloro-1-methyl-1H-indole (2d)

cl
o
N
Me
[4 mol% Ir, 130 °C, 20 h] The product 2d (28.8 mg, 87% yield) was isolated by silica
gel column chromatography with hexane/EtOAc (95:5). Colorless oil. "H NMR (400
MHz, CDCls): 6 3.73 (s, 3H), 6.40 (d, /=4.0 Hz, 1H), 7.03 (d, J = 2.8 Hz, 1H), 7.13—
7.22 (m, 2H), 7.57 (d, J=2.0 Hz, 1H). *C NMR (100.5 MHz, CDCls): 6 32.94, 100.50,
110.16, 120.11, 121.69, 124.99, 129.34, 130.07, 135.03.

1-Methyl-6-nitro-1H-indole (2¢)
| \>
O,N N

2 Me
[4 mol% Ir, 130 °C, 20 h] The product 2e (34.1 mg, 97% yield) was isolated by silica
gel column chromatography with hexane/EtOAc (95:5). Yellow solid. "H NMR (400
MHz, CDCl;3): 0 3.89 (s, 3H), 6.58 (d, /= 3.2 Hz, 1H), 7.34 (d, J = 2.8 Hz, 1H), 7.64
(d, J=9.2 Hz, 1H), 8.00 (dd, J = 8.8, 2.4 Hz, 1H), 8.31 (d, J= 2.0 Hz, IH). *C NMR
(100.5 MHz, CDCls): d 33.25, 102.08, 106.33, 114.80, 120.66, 133.21, 134.54, 135.20,
142.86.

1,2-Dimethyl-1H-indole (2f)

Me

C(&Me

N

Me
[4 mol% Ir, 140 °C, 20 h, cis-1f] The product 2f (27.7 mg, 87% yield) was isolated by
silica gel column chromatography with hexane/EtOAc (90:10). Light yellow oil. "H
NMR (400 MHz, CDCls): 0 2.23 (s, 3H), 2.29 (s, 3H), 3.55 (s, 3H), 7.01-7.25 (m, 3H),

7.47 (t,J = 6.6 Hz, 1H). *C NMR (100.5 MHz, CDCl5): § 8.75, 10.03, 29.33, 106.04,
108.27, 117.80, 118.44, 120.36, 128.27, 132.54, 136.35.

N
\\ Me

[4 mol% Ir, 130 °C, 20 h] The product 2g (26.4 mg, 91% yield) was isolated by silica
gel column chromatography with hexane/EtOAc (95:5). Colorless liquid. '"H NMR
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(400 MHz, CDCls): 6 1.42 (t, J = 7.4 Hz, 3H), 4.12 (q, J = 7.2 Hz, 2H), 6.48 (dd, J =
3.2, 0.8 Hz, 1H), 7.05-7.12 (m, 2H), 7.16-7.22 (m, 1H), 7.32 (d, J = 8.0 Hz, 1H), 7.62
(d, J = 8.0 Hz, 1H). *C NMR (100.5 MHz, CDCls): 6 15.40, 40.85 100.90, 109.20,
119.12, 120.90, 121.24, 126.93, 128.54, 135.59.

1-Butyl-1H-indole (2h)

Co
N

\_/"Me
[4 mol% Ir, 130 °C, 20 h] The product 2h (32.2 mg, 93% yield) was isolated by silica
gel column chromatography with hexane/EtOAc (95:5). Yellow oil. "H NMR (400
MHz, CDCls3): 6 0.93 (t, J= 7.6 Hz, 3H), 1.19-1.39 (m, 2H), 1.76-1.85 (m, 2H), 4.10
(t, J=7.0 Hz, 2H), 6.48 (d, J = 3.2 Hz, 1H), 7.06-7.12 (m, 2H), 7.17-7.23 (m, 1H),
7.33 (d, J= 8.0 Hz, 1H), 7.62 (d, J = 8.0 Hz, 1H). *C NMR (100.5 MHz, CDCls): §
13.69, 20.16, 32.29, 46.07, 100.74, 109.34, 119.09, 120.88, 121.22, 127.77, 128.49,
135.89.
1-Isobutyl-1H-indole (2i)

Co
N\\(Me
Me
[4 mol% Ir, 130 °C, 20 h] The product 2i (32.9 mg, 95% yield) was isolated by silica
gel column chromatography with hexane/EtOAc (95:5). Colorless oil. "H NMR (400
MHz, CDCls): 6 0.92 (d, J= 6.4 Hz, 6H), 2.13-2.27 (m, 1H), 3.90 (d, ] = 7.2 Hz, 2H),
6.48 (d, J = 3.2 Hz, 1H), 7.04-7.12 (m, 2H), 7.16-7.22 (m, 1H), 7.33 (d, J = 8.0 Hz,
1H), 7.63 (d, J = 7.6 Hz, 1H). ®C NMR (100.5 MHz, CDCl;): 6 20.31 (2C), 29.49,
54.12, 100.66, 109.56, 119.08, 120.85, 121.21, 128.39, 128.47, 136.17.

1-Benzyl-1H-indole (2j)
o
he

[4 mol% Ir, 130 °C, 20 h] The product 2j (39.0 mg, 94% yield) was isolated by silica
gel column chromatography with hexane/EtOAc (95:5). Yellow solid. "H NMR (400
MHz, CDCl;): 0 5.31 (s, 2H), 6.55 (d, J = 2.8 Hz, 1H), 7.07-7.19 (m, 5H), 7.21-7.31
(m, 4H), 7.65 (d, J = 8.0 Hz, 1H). *C NMR (100.5 MHz, CDCl3): 6 50.03, 101.63,
109.65, 119.48, 120.93, 121.64, 126.71 (2C), 127.54, 128.23, 128.65, 128.72 (2C),
136.24, 137.50.

1-(4-Methoxybenzyl)-2-methyl-1H-indole (2k)
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[4 mol% Ir, 140 °C, 10 h] The product 2k (46.2 mg, 92% yield) was isolated by silica
gel column chromatography with hexane/EtOAc (95:5). Yellow oil. "H NMR (400
MHz, CDCls): 0 2.34 (s, 3H), 3.70 (s, 3H), 5.19 (s, 2H), 6.30 (s, 1H), 6.76 (d, J = 8.8
Hz, 2H), 6.88 (d, J = 8.4 Hz, 2H), 7.03-7.12 (m, 2H), 7.19 (d, J = 7.6 Hz, 1H), 7.52—
7.56 (m, 1H). *C NMR (100.5 MHz, CDCl3): § 12.73, 45.80, 55.15, 100.28, 109.15,
114.02 (2C), 119.37, 119.62, 120.61, 127.14 (2C), 128.07, 129.84, 136.62, 137.04,
158.68.

1-Cyclohexyl-1H-indole (21)
o
N

[4 mol% Ir, 130 °C, 20 h] The product 21 (36.6 mg, 92% yield) was isolated by silica
gel column chromatography with hexane/EtOAc (95:5). Colorless oil. "H NMR (400
MHz, CDCls): 6 1.17-1.37 (m, 1H), 1.43-1.56 (m, 2H), 1.64-1.83 (m, 3H), 1.89—-1.98
(m, 2H), 2.09-2.18 (m, 2H), 4.21 (tt, J = 12.0, 3.6 Hz, 1H), 6.50 (d, J = 3.2 Hz, 1H),
7.05-7.12 (m, 1H), 7.16-7.24 (m, 2H), 7.38 (d, J = 8.0 Hz, 1H), 7.63 (d, J = 8.0 Hz,
1H). *C NMR (100.5 MHz, CDCl3): § 25.62, 25.93 (2C), 33.48 (2C), 55.00, 100.90,
109.38, 119.15, 120.89, 121.02, 124.00, 128.37, 135.44.

oy
O

[4 mol% Ir, 130 °C, 20 h] The product 2m (35.2 mg, 91% yield) was isolated by silica
gel column chromatography with hexane/EtOAc (95:5). White solid. "H NMR (400
MHz, CDCls): 6 6.67 (d, J=3.2 Hz, 1H), 7.13-7.24 (m, 2H), 7.29-7.36 (m, 2H), 7.46—
7.51 (m, 4H), 7.56 (d, J="7.6 Hz, 1H), 7.68 (d, J=7.2 Hz, 1H). *C NMR (100.5 MHz,
CDCls): 6 103.53,110.47,120.32, 121.09, 122.31, 124.31 (2C), 126.38, 127.91, 129.26,
129.56 (2C), 135.77, 139.76.

1-Phenyl-1H-indole (2m)

1-Tosyl-1H-indole (2n)

o
N

0]
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[4 mol% Ir, 160 °C, 48 h] The product 2n (48.3 mg, 89% yield) was isolated by silica
gel column chromatography with hexane/EtOAc (95:5). Light red solid. "H NMR (400
MHz, CDCl3): 0 2.31 (s, 3H), 6.64 (dd, J = 3.6, 0.8 Hz, 1H), 7.17-7.25 (m, 3H), 7.30
(t,J=17.8 Hz, 1H), 7.51 (d, J= 8.0 Hz, 1H), 7.56 (d, /= 4.0 Hz, 1H), 7.75 (d, J = 8.4
Hz, 2H), 7.99 (dd, J=8.4, 0.8 Hz, 1H). *C NMR (100.5 MHz, CDCl5):  21.65, 109.13,
113.62, 121.47, 123.37, 124.65, 126.43, 126.91 (2C), 129.97 (2C), 130.83, 134.89,
135.34, 145.03.

1-((Trifluoromethyl)sulfonyl)-1H-indole (20)

Co
N
0=8-CF;

o}
[4 mol% Ir, 160 °C, 48 h] The product 20 (20.4 mg, 41% yield) was isolated by silica
gel column chromatography with hexane/EtOAc (95:5). Colorless oil. "H NMR (400
MHz, CDCls): 6 6.80 (d, J = 3.6 Hz, 1H), 7.32-7.41 (m, 3H), 7.61 (dt, /= 7.8, 1.2 Hz,
1H), 7.91 (d, J=8.4 Hz, 1H). ®C NMR (100.5 MHz, CDCl;): § 111.60, 113.67, 119.56
(q, /=324 Hz), 121.86, 124.86, 125.76, 126.18, 130.65, 135.31.

Co
N
O)‘Me

[4 mol% Ir, 160 °C, 48 h] The product 2p (14.6 mg, 46% yield) was isolated by silica
gel column chromatography with hexane/EtOAc (90:10). Yellow solid. "H NMR (400
MHz, CDCl;): 0 2.65 (s, 3H), 6.65 (dd, J = 7.6, 0.8 Hz, 1H), 7.27-7.31 (m, 1H), 7.36
(td, J=6.8, 1.2 Hz, 1H), 7.43 (d, J=3.6 Hz, 1H), 7.57 (d, J= 8.0 Hz, 1H), 8.45 (d, J =
7.6 Hz, 1H). ®C NMR (100.5 MHz, CDCl3): ¢ 24.02, 109.18, 116.53, 120.82, 123.65,
125.12, 125.21, 130.19, 135.51, 168.66.

1-(1H-Indol-1-yl)ethan-1-one (2p)

1H-Indole (2q)
@
N
H

[2 mol% Ir, 130 °C, 20 h] The product 2q (23.2 mg, 99% yield) was isolated by silica
gel column chromatography with hexane/EtOAc (95:5). White solid. "H NMR (400
MHz, CDCl3): 0 6.54 (s, 1H), 7.09-7.22 (m, 3H), 7.35 (dd, J = 8.4, 0.8 Hz, 1H), 7.65
(d, J= 8.0 Hz, 1H), 8.01 (br, 1H). *C NMR (100.5 MHz, CDCls): 6 102.51, 110.99,
119.75, 120.68, 121.93, 124.12, 127.75, 135.68.

2-Methyl-1H-indole (2r)
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[4 mol% Ir, 130 °C, 20 h] The product 2r (25.7 mg, 98% yield) was isolated by silica
gel column chromatography with hexane/EtOAc (95:5). Yellow solid. "H NMR (400
MHz, CDCls): 0 2.41 (s, 3H), 6.21 (s, 1H), 7.04—7.14 (m, 2H), 7.25 (t,J= 7.4 Hz, 1H),
7.51(d,J=17.2 Hz, 1H), 7.76 (br, IH). *C NMR (100.5 MHz, CDCl5): 6 13.67, 100.31,
110.16, 119.57 (2C, overlapping), 120.86, 128.98, 135.02, 135.96.

5-Bromo-1H-indole (2s)

Br
oo
N
H
[4 mol% Ir, 130 °C, 20 h] The product 2s (38.4 mg, 98% yield) was isolated by silica
gel column chromatography with hexane/EtOAc (95:5). Yellow solid. "H NMR (400
MHz, CDCls): § 6.50 (t, J= 2.6 Hz, 1H), 7.20 (t, J = 3.0 Hz, 1H), 7.23-7.30 (m, 2H),
7.77 (s, 1H), 8.16 (br, 1H). *C NMR (100.5 MHz, CDCl): ¢ 102.28, 112.39, 112.98,
123.18, 124.81, 125.32, 129.57, 134.33.

6-Nitro-1H-indole (2t)

D
O,N ”

[4 mol% Ir, 130 °C, 20 h] The product 2t (28.8 mg, 89% yield) was isolated by silica
gel column chromatography with hexane/EtOAc (90:10). Yellow solid. "H NMR (400
MHz, CDCls): 6 6.65-6.69 (m, 1H), 7.53 (t, J=2.8 Hz, 1H), 7.69 (d, J = 8.4 Hz, 1H),
8.04 (dd, J = 8.8, 2.4 Hz, 1H), 8.41 (s, 1H), 8.75 (br, 1H). *C NMR (100.5 MHz,
CDCls): 6 103.60, 108.05, 115.38, 120.61, 130.03, 132.78, 134.21, 143.25.

C3

@

[4 mol% Ir, 160 °C, 48 h] The product 2u (16.5 mg, 64% yield) was isolated by silica
gel column chromatography with hexane/EtOAc (90:10). Colorless oil. "H NMR (400
MHz, CDCls): 6 7.30-7.37 (m, 1H), 7.51 (t, J= 7.6 Hz, 1H), 7.69 (t, J = 7.6 Hz, 1H),
7.76 (d, J = 8.4 Hz, 1H), 8.10 (t, J = 8.6 Hz, 2H), 8.90 (d, J = 4.4 Hz, 1H). “C NMR
(100.5 MHz, CDCls): ¢ 120.87, 126.33, 127.60, 128.07, 129.25 (2C, overlapping),
135.83, 148.08, 150.23.

Quinoline (2u)

Z-Methquuinoline (2V)
C jt\
N/ Me
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[4 mol% Ir, 160 °C, 48 h] The product 2v (26.6 mg, 93% yield) was isolated by silica
gel column chromatography with hexane/EtOAc (90:10). Colorless oil. "H NMR (400
MHz, CDCls): 6 2.73 (s, 3H), 7.22-7.25 (m, 1H), 7.45 (t, J= 7.4 Hz, 1H), 7.66 (t, J =
7.8 Hz, 1H), 7.73 (d, J = 8.4 Hz, 1H), 7.96-8.05 (m, 2H). *C NMR (100.5 MHz,
CDCl): 6 25.26, 121.84, 125.50, 126.31, 127.34, 128.47, 129.26, 135.99, 147.71,
158.82.

7H-Indeno|2,1-c]quinolin-7-one (2w)

Y

[4 mol% Ir, 160 °C, 48 h] The product 2w (31.6 mg, 67% yield) was isolated by silica
gel column chromatography with hexane/EtOAc (90:10). Yellow solid. "H NMR (400
MHz, CDCls): 6 7.49 (t,J= 7.2 Hz, 1H), 7.63 (td, /= 7.6, 1.2 Hz, 1H), 7.67-7.73 (m,
1H), 7.77 (d, J= 7.2 Hz, 1H), 7.82-7.89 (m, 1H), 8.12 (d, /= 7.2 Hz, 1H), 8.17 (d, J =
8.0 Hz, 1H), 8.47 (d, J = 8.4 Hz, 1H), 9.15 (s, 1H). *C NMR (100.5 MHz, CDCl3): §
123.61,124.53,124.83,124.89, 124.98, 128.23,131.12, 132.16, 133.96, 134.71, 142.49,
144.84, 151.14, 152.58, 193.05.

(2

Isoquinoline (2x)

CO

ZN

[4 mol% Ir, 160 °C, 48 h] The product 2x (13.2 mg, 51% yield) was isolated by silica
gel column chromatography with hexane/EtOAc (90:10). Colorless oil. "H NMR (400
MHz, CDCls): 6 7.56-7.72 (m, 3H), 7.82 (d, /= 8.4 Hz, 1H), 7.97 (d, /= 8.4 Hz, 1H),
8.53(d,J=6.0 Hz, 1H), 9.26 (s, 1H). *C NMR (100.5 MHz, CDCl5): § 120.39, 126.41,
127.17, 127.56, 128.60, 130.27, 135.69, 142.98, 152.50.

O
ZN

Me
[4 mol% Ir, 160 °C, 48 h] The product 2y (26.6 mg, 93% yield) was isolated by silica
gel column chromatography with hexane/EtOAc (90:10). Yellow liquid. "H NMR (400
MHz, CDCls): 6 2.97 (s, 3H), 7.51 (d, J= 6.0 Hz, 1H), 7.60 (t,J= 7.8 Hz, 1H), 7.68 (t,
J=17.6 Hz, 1H), 7.81 (d,J=7.8 Hz, 1H), 8.12 (d, /= 7.6 Hz, 1H), 8.40 (d, /= 4.4 Hz,
1H). ®C NMR (100.5 MHz, CDCl3): 6 22.40, 119.22, 125.57, 126.97, 127.14, 127.43,
129.87, 135.81, 141.77, 158.55.

1-Methylisoquinoline (2y)

Quinoxaline (2z)
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[4 mol% Ir, 160 °C, 48 h] The product 2z (21.3 mg, 82% yield) was isolated by silica
gel column chromatography with hexane/EtOAc (90:10). Light yellow solid. '"H NMR

(400 MHz, CDCLy): & 7.69-7.82 (m, 2H), 8.04-8.16 (m, 2H), 8.86 (s, 2H). *C NMR
(100.5 MHz, CDCls): § 129.40 (2C), 129.96 (2C), 142.90 (2C), 144.88 (2C).

2,5-Dimethylpyrazine (2aa)
Me N
L
N™ "Me

[4 mol% Ir, 160 °C, 48 h] 47% yield (based on "H NMR analysis of the crude product).
"H NMR (400 MHz, CDCL3): d 8.71 (s, 2H), 2.90 (s, 6H).

2-Phenylbenzo|d]thiazole (2ab)

S
O
[4 mol% Ir, 130 °C, 20 h] The product 2ab (34.2 mg, 81% yield) was isolated by silica
gel column chromatography with hexane/EtOAc (90:10). Yellow solid. "H NMR (400
MHz, CDCls): 6 7.39 (td, J = 8.0, 1.2 Hz, 1H), 7.47-7.52 (m, 4H), 7.91 (d, /= 7.6 Hz,
1H), 8.05-8.13 (m, 3H). ®C NMR (100.5 MHz, CDCl3): ¢ 121.60, 123.20, 125.17,
126.30, 127.53 (2C), 129.00 (2C), 130.96, 133.58, 135.03, 154.10, 168.06.

1,2-Di(1 H-indol-1-yl)ethane (2ac)
~
N\/\
S

[4 mol% Ir, 140 °C, 20 h] The product 2ac (50.1 mg, 96% yield) was isolated by silica
gel column chromatography with hexane/EtOAc (90:10). Yellow solid. "H NMR (400
MHz, CDCls): 6 4.46 (s, 4H), 6.38 (d, /= 3.2 Hz, 2H), 6.57 (d, J = 3.2 Hz, 2H), 7.09—
7.25 (m, 6H), 7.62 (d, J = 7.6 Hz, 2H). *C NMR (100.5 MHz, CDCls): § 46.15 (2C),
101.76 (2C), 108.70 (2C), 119.62 (2C), 121.18 (2C), 121.73 (2C), 127.96 (2C), 128.80
(20), 135.46 (2C).

5-Chloro-3-(2-(5-chloro-1H-indol-1-yl)ethyl)-1H-indole (2ad)
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[4 mol% Ir, 150 °C, 48 h] The product 2ad (43.8 mg, 84% yield) was isolated by silica
gel column chromatography with CH,CL/Et,O (50:1). Yellow solid. "H NMR (400
MHz, DMSO-dg) 6 3.15 (t, J= 7.2 Hz, 2H), 4.42 (t,J = 7.2 Hz, 2H), 6.37 (d, J=3.2
Hz, 1H), 7.02-7.12 (m, 3H), 7.33 (d, /= 8.0 Hz, 1H), 7.40 (d, /J=3.2 Hz, 1H), 7.48 (d,
J=8.4Hz, 1H), 7.54 (d, J = 2.0 Hz, 1H), 7.56 (d, J= 2.0 Hz, 1H), 11.03 (br, 1H). *C
NMR (101 MHz, DMSO-d) ¢ 25.62, 46.51, 100.19, 110.91, 111.41, 112.88, 117.67,
119.50,120.78,120.93, 123.14, 123.53, 125.14, 128.23,129.19, 130.43, 134.17, 134.54.

1-(1-(Pyridin-2-ylmethyl)piperidin-4-yl)-1H-indole (2ae)
oy
N
Q

N_7

[5 mol% Ir, 160 °C, 48 h] The product 2ae (21.6 mg, 37% yield; 43% conversion of
lae) was isolated by silica gel column chromatography with hexane/EtOAc (90:10).
Yellow solid. "H NMR (400 MHz, CDCls): 6 2.03-2.20 (m, 4H), 2.33 (td, J=11.2, 2.4
Hz, 2H), 3.09 (d, /= 12.0 Hz, 2H), 3.74 (s, 2H), 4.22-4.32 (m, 1H), 6.52 (d, /= 3.2 Hz,
1H), 7.09 (t, /= 7.2 Hz, 1H), 7.16-7.28 (m, 3H), 7.38 (d, /= 8.0 Hz, 1H), 7.44 (d, J =
7.6 Hz, 1H), 7.63 (d, J=7.6 Hz, 1H), 7.68 (td, /= 8.0, 1.6 Hz, 1H), 8.60 (d, /= 4.8 Hz,
1H). *C NMR (100.5 MHz, CDCl3): § 32.45 (2C), 53.30, 53.39 (2C), 64.56, 101.32,
109.23,119.32,120.97,121.19, 122.10, 123.19, 123.99, 128.44, 135.50, 136.44, 149.36,
158.51.

1-Methylindoline (1a)

H

Cro-

N

Me
[4 mol% Ir, 130 °C, 20 h, 40 atm H;] The product 1a (26.1 mg, 98% yield) was isolated
by silica gel column chromatography with hexane/EtOAc (95:5). Yellow oil. '"H NMR
(400 MHz, CDCls): 6 2.74 (s, 3H), 2.93 (t, J = 8.0 Hz, 2H), 3.27 (t, J = 8.4 Hz, 2H),
6.48 (d, J= 7.6 Hz, 1H), 6.66 (t, J= 7.0 Hz, 1H), 7.06-7.09 (m, 2H). *C NMR (100.5
MHz, CDCls): 6 28.67, 36.21, 56.09, 107.15, 117.68, 124.19, 127.24, 130.22, 153.32.

1-Tosylindoline (1n)
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CL-
N
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[4 mol% Ir, 130 °C, 40 h, 30 atm H,] The product 1n (52.0 mg, 95% yield) was isolated
by silica gel column chromatography with hexane/EtOAc (95:5). White solid. '"H NMR
(400 MHz, CDCls): 6 2.37 (s, 3H), 2.88 (t, J = 8.4 Hz, 2H), 3.91 (t, J = 8.4 Hz, 2H),
6.97 (td, J=7.2, 0.8 Hz, 1H), 7.07 (d, /= 7.6 Hz, 1H), 7.16-7.25 (m, 3H), 7.62-7.70
(m, 3H). ®C NMR (100.5 MHz, CDCl3): § 21.51,27.83, 49.89, 114.96, 123.66, 125.05,
127.29 (2C), 127.67, 129.61 (2C), 131.71, 133.88, 141.93, 144.01.

Indoline (1q)

H
Crp-
N
H

[4 mol% Ir, 130 °C, 20 h, 40 atm H,] The product 1q (19.3 mg, 81% yield) was isolated
by silica gel column chromatography with hexane/EtOAc (95:5). Colorless oil. "H
NMR (400 MHz, CDCl3): 6 2.98 (t, J = 8.0 Hz, 2H), 3.48 (t, J = 8.4 Hz, 2H), 3.63 (br,
1H), 6.60 (d, /= 8.0 Hz, 1H), 6.68 (t,J=7.2 Hz, 1H), 6.99 (t, /= 7.4 Hz, 1H), 7.09 (d,
J=7.2Hz, 1H). ®C NMR (100.5 MHz, CDCl;): § 29.65,47.15,109.29, 118.46, 124.44,
127.02, 129.15, 151.42.

2-Methyl-1,2,3,4-tetrahydroquinoline (1v)

H

CLY

H HMe
[4 mol% Ir, 130 °C, 20 h, 40 atm H;] The product 1v (28.2 mg, 96% yield) was isolated
by silica gel column chromatography with hexane/EtOAc (95:5). Colorless oil. "H
NMR (400 MHz, CDCl3): 6 1.15 (d, J= 6.4 Hz, 3H), 1.48-1.62 (m, 1H), 1.83-1.93 (m,
1H), 2.63-2.87 (m, 2H), 3.28-3.39 (m, 1H), 3.62 (br-s, 1H), 6.42 (d, J = 8.0 Hz, 1H),
6.54-6.64 (m, 1H), 6.88-6.96 (m, 2H). *C NMR (100.5 MHz, CDCl3):  22.42, 26.44,
29.95,46.95, 113.86, 116.78, 120.87, 126.50, 129.10, 144.61.

1,2,3,4-Tetrahydroisoquinoline (1x)

[4 mol% Ir, 130 °C, 20 h, 40 atm H;] The product 1x (23.1 mg, 87% yield) was isolated
by silica gel column chromatography with hexane/EtOAc (95:5). Colorless oil. "H

96



NMR (400 MHz, CDCLs): § 2.78 (t, J = 5.8 Hz, 2H), 3.12 (t, J = 5.8 Hz, 2H), 4.00 (s,
2H), 6.96-7.02 (t, J = 4.4 Hz, 1H), 7.05-7.15 (m, 3H). '*C NMR (100.5 MHz, CDCl;):
§29.12,43.83, 48.25, 125.61, 125.89, 126.12, 129.23, 134.71, 135.92.

1,2,3,4-Tetrahydroquinoxaline (1z)

H
CLX,
N"H
H
[4 mol% Ir, 130 °C, 20 h, 40 atm H;] The product 1z (24.7 mg, 92% yield) was isolated
by silica gel column chromatography with hexane/EtOAc (90:10). Colorless oil. "H
NMR (400 MHz, CDCls): 6 3.42 (s, 4H), 3.64 (br, 2H), 6.46—6.52 (m, 2H), 6.55-6.61

(m, 2H). *C NMR (100.5 MHz, CDCL): 6 41.32 (2C), 114.65 (2C), 118.70 (2C),
133.63 (20).
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