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Abstract
Many reactions involving aryl radicals result in several side products due to the high
reactivity of aryl radicals. Although some remote C–H functionalization reactions involving aryl
radicals by intramolecular hydrogen atom transfer (HAT) have been reported recently, the C–H
functionalization through intermolecular HAT enabled by aryl radicals remains a great challenge.
Herein, we have developed the first facile alkane/heterocycle dehydrogenation reaction involving
an intermolecular HAT enabled by aryl radicals. In this reaction, we have used a yet
underexplored diimine as a novel redox noninnocent ligand to facilitate the aryl iodide to a
highly reactive aryl radical in the presence of a Ru catalyst. This protocol is not only applicable
to intermolecular HAT reactions (Scheme Ⅰ a) but also to intramolecular HAT reactions (Scheme
Ⅰ b).

Scheme I. Ru-catalyzed dehydrogenation of alkanes and heterocycles.

The synthetic applications of this protocol have been demonstrated on gram-scales. In
these gram-scale reactions, two borylation products (from linear alkanes) were isolated from
one-pot tandem reactions (Scheme ⅠI a), and an epoxide product was isolated in two separate
ix

steps (Scheme ⅠI b). Furthermore, a radical mechanism proceeding through an intermolecular
HAT cascade has been supported by mechanistic and organometallic studies.

Scheme II. Applications of this protocol on gram-scales.

Following the above research, we have taken advantage of the same catalytic system to
realize a rare example of selective cross-dehydrogenative coupling (CDC) reactions of innate
Csp3−H (benzylic site, etc.) with hydroxyketonic Csp3−H bonds. Using this valuable redox
neutral strategy, a wide range of functionalized substrates have given the desired products in
moderate to good isolated yields (Scheme ⅠII). Subsequent mechanistic studies have also been
performed, which support a radical mechanism proceeding through an intermolecular HAT.

Scheme III. Ru-catalyzed selective cross-dehydrogenative couplings.
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Zusammenfassung
Viele Reaktionen mit Arylradikalen führen aufgrund der hohen Reaktivität letzterer zu
vielen

Nebenprodukten.

Obwohl

in

letzter

Zeit

über

einige

entfernte

C–H-

Funktionalisierungsreaktionen unter Beteiligung von Arylradikalen durch intramolekularen
Wasserstoffatomtransfer (HAT) berichtet wurde, bleibt die C–H-Funktionalisierung durch
intermolekulare HAT, die durch Arylradikale ermöglicht wird, eine große Herausforderung. In
dieser Arbeit haben wir die erste einfache durch eine intermolekulare HAT durch Arylradikale
ermöglichte Dehydrierung von Alkanen und Heterozyklen entwickelt. Bei dieser Reaktion haben
wir ein noch wenig erforschtes Diimin als einen neuartigen, nicht-unschuldigen Redox-Liganden
verwendet, um ein Aryliodid in Gegenwart eines Ru-Katalysators in ein hochreaktives
Arylradikal zu versetzen. Dieses Protokoll ist nicht nur auf intermolekulare HAT-Reaktionen
(Schema Ⅰ a), sondern auch auf intramolekulare HAT-Reaktionen (Schema Ⅰ b) anwendbar.

Schema I. Ru-katalysierte Dehydrierung von Alkanen und Heterozyklen.

Die synthetische Anwendbarkeit dieses Protokolls wurde im Gramm-Massstab
demonstriert, zwei Borylierungsprodukte (aus linearen Alkanen) wurden aus Eintopfxii

Tandemreaktionen isoliert (Schema ⅠI a), und ein Epoxidprodukt wurde nach zwei sequentiellen
Schritten isoliert (Schema ⅠI b). Darüber hinaus wurde ein radikalischer Mechanismus, der durch
eine intermolekulare HAT-Kaskade abläuft, durch mechanistische und organometallische
Studien unterstützt.

Schema II. Anwendung dieses Protokolls auf Gramm-Massstab.

Im Anschluss an die obigen Untersuchungen haben wir dasselbe katalytische System
genutzt, um ein seltenes Beispiel für selektive dehydrierende Kreuzkupplungsreaktionen (crossdehydrogenative coupling, CDC) von inerten Csp3−H (benzylische Position, etc.) mit Csp3−H
Bindungen α zu Hydroxyketonen zu realisieren. Durch Verwendung dieser wertvollen
redoxneutralen Strategie wurde eine breite Palette von funktionalisierten Substraten in die
gewünschten Produkte in mäßigen bis guten isolierten Ausbeuten überführt (Schema ⅠII).
Anschliessend wurden mechanistische Studien durchgeführt, die einen radikalen Mechanismus
unterstützen, der durch ein intermolekularen HAT Prozess abläuft.

xiii

Schema III. Ru-katalysierte selektive Kreuz-Dehydrierung-Kupplungen.

xiv

List of Abbreviations
Ac

acetyl

acac

acetylacetonate

Ad

adamantyl

Ag

silver

AIBN

2,2'-azo bisisobutyronitrile

aq

aqueous

Ar

argon

atm

atmosphere

BDE

bond dissociation energy

Bn

benzyl

Boc

tert-butyloxycarbonyl

BHT

butylated hydroxytoluene

BQ

1,4-benzoquinone

Bu

butyl

Bz

benzoyl

Cat.

catylst

CDC

cross-dehydrogenative coupling

Ce

cerium

COPC

cobaloxime pyridine chloride

Co

cobalt

Cp*

1,2,3,4,5-pentamethylcyclopentadienyl

Cu

copper

Cy

cyclohexyl

DAF

4,5-diazafluorenone

DBAD

di-tert-butyl azodicarboxylate

dba

dibenzylideneacetone

DCE

1,2-dichloroethane

DCM

dichloromomethane

DDQ

2,3-dichloro-5,6-dicyano-1,4-benzoquinone
xvi

DFT

density-functional theory

DIPEA

N,N-diisopropylethylamine

DMAP

4-dimethylaminopyridine

DMF

dimethylformamide

DMSO

methyl sulfoxide

dppb

1,4-bis(diphenylphosphino)butane

dppe

1,2-bis(diphenylphosphino)ethane

dppf

1,1′-ferrocenediyl-bis(diphenylphosphine)

dppp

1,3-bis(diphenylphosphino)propane

dr

diastereomeric ratio

equiv.

equivalent

EDA

electron donor-acceptor

ee

enantiomeric excess

EPR

evolutionary power reactor

Et

ethyl

Fe

iron

g

gram

GC

gas chromatography

GC-Ms

gas chromatography–mass spectrometry

GPC

gel permeation chromatography

h

hour

HAA

hydrogen atom abstract

HAT

hydrogen atom transfer

HLF

Hofmann–Löffler reaction

HRMS

high resolution mass spectrometry

Hz

Herz

i

iso

IBX

2-iodoxybenzoic acid

Ir

iridium

J

coupling constant

LED

light-emitting diode
xvii

LMCT

ligand-to-metal charge transfer

M

molar concentration

Me

methyl

mg

milligram

min

minute

mL

milliliter

mmol

millimol

Ms

mesyl

Mn

manganese

Mo

molybdenum

Ni

nickel

NMR

nuclear magnetic resonance

OMe

methoxyl

OTf

triflate

PCET

proton-coupled electron transfer

Pd

palladium

Ph

phenyl

phd

1,10-phenanthroline-5,6-dione

Phos

phosphine

ppm

parts per million

Pr

propyl

Pt

platinum

py

pyridine

Re

rhenium

Rh

rhodium

Ru

ruthenium

rr

regioisomeric ratio

rt

room temperature

sat

saturated

SET

single electron transfer

t

tert
xviii

TBA

tert-butylethylane

TBE

tert-butylethylene

TBHP

tert-butyl hydroperoxide

TBHBQ

4-tert-Butyl-2-hydroxy-4-benzoquinone

TEMPO

2,2,6,6-Tetramethyl-1-piperidinyloxy

Tf

trifluoromethanesulfonyl

TFA

trifluoroacetic acid

THF

tetrahydrofuran

TLC

thin-layer chromatography

TMEDA

N,N,N′,N′-tetramethylethylenediamine

TMP

bis-2,2,6,6-tetramethylpiperidinyl

TMS

trimethylsilyl

TOF

turnover frequency

TON

turnover number

Ts

toluenesulfonyl

UV

ultraviolet

μL

microliter

Zn

zinc

xix

Introduction: Dehydrogenation Reactions

1. Introduction:
Dehydrogenation
Reactions

1

Introduction: Dehydrogenation Reactions

1. Introduction
1.1. Alkane Dehydrogenation
Alkenes are among the most versatile and important building blocks in petrochemistry and
natural product synthesis.1 Thus, the synthesis of alkenes is of great interest and significance.
The direct dehydrogenation of alkanes to form the corresponding alkene is regarded as an ideal,
attractive, and efficient strategy. 2 In industry, alkenes are generally accessed through a
dehydrogenation process, albeit under extremely harsh reaction conditions, which limit the
applicability of these reactions in fine chemical synthesis.3 In contrast to these heterogeneous
catalysts, homogeneous catalysts generally show a broader tolerance of substrates.4 In 1979, the
first Ir(III)-mediated alkane dehydrogenation was reported by Crabtree and co-workers.5 In this
case, the Ir(III)-complex could dehydrogenate cyclopentane or cyclooctane to give
corresponding cyclopentadienyl or cyclooctadiene iridium complexes in 30‒75% yields (Scheme
1.1) using a hydrogen acceptor, 3,3-dimethyl-1-butene (tert-butylethylene, TBE). Subsequently,
similar stoichiometric transfer dehydrogenation reactions of cycloalkanes were reported by
Felkin and co-worker. 6 In these reactions, [L2ReH7] (L = PPh3 and PEt2Ph) complexes
underwent a similar pathway to the above mentioned Ir(III)-complex, giving the corresponding
cyclopentadienyl or cyclooctadiene rhenium complexes.

1

Weissermel, K.; Arpe, H.-J. Olefins. In Industrial Organic Chemistry, Wiley-VCH, Weinheim, 2008, pp. 59.

2

(a) Labinger, J. A.; Bercaw, J. E. Nature. 2002, 417, 507. (b) Bergman, R.G. Nature. 2007, 446, 391.

3

(a) Jensen, C. M. Chem. Commun., 1999, 2443. (b) Zhang, Y.; Yao, W.; Fang, H.; Hu, A.; Huang, Z. Sci. Bull.

2015, 60, 1316.
4

(a) Resasco, D. E. “Dehydrogenation by Heterogeneous Catalysts”, in Encyclopedia of Catalysis, ed. Istvan T.
Horvath, Wiley-VCH, 2002. (b) Nawaz, Z. Rev. Chem. Eng. 2015, 31, 413.

5

Crabtree, R. H.; Mihelcic, J. M.; Quirk, J. M. J. Am. Chem. Soc. 1979, 101, 7738.

6

(a) Baudry, D.; Ephritikhine, M.; Felkin, H. J. Chem. Soc., Chem. Commun. 1980, 1243. (b) Baudry, D.;

Ephritikhine, M.; Felkin, H. J. Chem. Soc., Chem. Commun. 1982, 606.
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Scheme 1.1. Ir-complex-mediated stoichiometric transfer dehydrogenation of alkanes.

Surprisingly, after a few years, some [L2ReH7] (L = PPh3, P(p-CH3-C6H4)3 and P(p-FC6H4)3) complexes were used as catalysts in alkane transfer dehydrogenations to give the
corresponding alkene products, albeit with limited turnover numbers (3‒9) (Scheme 1.2).7 Soon
thereafter, a few Ir(III)-complexes were also proven to be efficient catalysts for the
dehydrogenation of alkanes.8

Scheme 1.2. Re-catalyzed transfer dehydrogenation of alkanes.

Following these achievements of catalytic alkane dehydrogenations, various metal
complexes were developed to improve the efficiency of this dehydrogenation reaction. 9 A
general mechanism for the alkane transfer dehydrogenations catalyzed by Ir, Re, or Ru was
proposed.10 As shown in Scheme 1.3, a 16-electron metal complex 1.1-A coordinates with TBE
to form a metal-TBE π-species 1.1-B, which undergoes a hydrometallation of TBE to give an
alkyl metal hydride species 1.1-C, followed by reductive elimination to result in a highly reactive
14-electron species 1.1-D and 3,3-dimethyl-1-butane (tert-butylethylane, TBA). Subsequently,

7

Baudry, D.; Ephritikhine, M.; Felkin, H.; Holmes-Smith, R. J. Chem. Soc., Chem. Commun. 1983, 788.

8

Burk, M. J.; Crabtree, R. H.; Parnell, C. P.; Uriarte, R. J. Organometallics. 1984, 3, 816.

9

Jensen, C. J. Chem. Soc., Chem. Commun. 1999, 2443.

10

(a) Felkin, H.; Fillebeen-Khan, T.; Holmes-Smith, R.; Zakrzewski, J. Tetrahedron Lett. 1984, 25, 1279. (b) Belli,
J.; Jensen, C. M. Organometallics. 1996, 15, 1532.
3
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the critical 14-electron species 1.1-D undergoes a Csp3‒H oxidative addition of an alkane (RH)
to produce a 16-electron alkyl metal hydride species 1.1-E, followed by β-hydride elimination to
form a metal-alkene π-species 1.1-F. Finally, the dissociation of the alkene regenerates the 16electron metal catalyst 1.1-A to complete the catalytic cycle. In these cases, TBE was widely
used as a sacrificial hydrogen acceptor through the formation of TBA.

Scheme 1.3. Proposed mechanism of the catalytic alkane transfer dehydrogenations by metal
complexes.

In previously mentioned catalytic alkane dehydrogenation reactions shown in Scheme 1.2,
the turnover numbers were limited due to the slow rate of the dehydrogenation processes and the
rapid decomposition of the catalysts.10 By contrast, in 1991, Goldman and co-workers reported
the first thermal transfer dehydrogenation of alkanes catalyzed by [Rh(PMe3)2(CO)Cl],11 which
exhibits a greater efficiency in this reaction. However, the thermal transfer dehydrogenation
reaction was only possible under a hydrogen atmosphere, and a catalytic cycle for this reaction
was proposed (Scheme 1.4).11b As shown in Scheme 1.4, the hydrogen adds to a four-coordinate

11

(a) Maguire, J. A.; Goldman, A. S. J. Am. Chem. Soc. 1991, 113, 6706. (b) Maguire, J. A.; Petrillo, A.; Goldman,
A. S. J. Am. Chem. Soc. 1992, 114, 9492.
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specie 1.1-G to yield an 18-electron specie 1.1-H. Subsequently, the dissociation of carbon
monoxide from 1.1-H generates a 16-electron species 1.1-I, followed by dehydrogenation to
afford a highly reactive 14-electron species 1.1-J. One equivalent hydrogen acceptor is required
for removing the hydrogen from species 1.1-I. Finally, some processes similar to those of
Scheme 1.3, such as Csp3‒H oxidative addition of an alkane, β-hydride elimination of alkyl
metal hydrides, regeneration of 1.1-l, etc., occur to complete the catalytic cycle.

Scheme 1.4. The first thermal transfer dehydrogenation of alkanes.

Following the first thermal transfer dehydrogenation of alkanes, a series of catalytic alkane
transfer dehydrogenations have been reported. In these reports, the excess of sacrificial hydrogen
acceptors was greatly reduced due to the high efficiency of the catalysts used in the reactions.12
On the other hand, a variety of advances in catalytic alkane transfer dehydrogenations have been
achieved since seminal reports were disclosed by Felkin7 and Crabtree8 groups. Especially in the
last decades, significant progress has been made in the development of new catalysts for alkane
dehydrogenation, including acceptorless dehydrogenation, catalysts with significantly improved
stability, and bio-inspired dual catalytic dehydrogenation systems. This progress results in higher
catalyst efficiency and a wider range of substrates compatible with the dehydrogenation
reaction.3b,

9, 13

However, the development of practical systems for alkane catalytic

dehydrogenations remains a huge challenge.

12

(a) Miller, J. A.; Knox, L. K. J. Chem. Soc., Chem. Commun. 1994, 1449. (b) Braustein, P.; Chauvin, Y.; Nahring,
J.; DeCian, A.; Fischer, J.; Tiripicchio, A.; Ugozzoli, F. Organometallics. 1996, 15, 5551.

13

(a) Dobereiner, G. E.; Crabtree, R. H.; Chem. Rev. 2010, 110, 681. (b) Choi, J.; MacArthur, A. H. R.; Brookhart,
M.; Goldman, A. S. Chem. Rev. 2011, 111, 1761. (c) Kumar, A.; Bhatti, T. M.; Goldman, A. S. Chem. Rev. 2017,
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1.1.1. Pincer Complex-Catalyzed Alkane Dehydrogenation
Metal pincer complexes (Figure 1.1) have been widely developed since the seminal reports
were disclosed by Shaw and co-workers.14 A variety of transition metals (Rh, Ir, Ni, Pd, Pt, etc.)
have successfully coordinated with pincer ligands to form a wide range of metal pincer
complexes.14 The attractiveness of such compounds lies in the high thermal stability provided by
the tridentate coordination mode and the steric shielding, which inhibit undesired dimerization or
oligomerization while allowing small molecules to approach the metal center. These features
allow the pincer complexes to have excellent reactivity in catalytic reactions.

9,13a,13b,13c,14a

Furthermore, the modularity of metal pincer complexes makes it possible to synthesize many
permutations of the three coordination groups, allowing almost unlimited fine-tuning of the
catalyst.

Figure 1.1 Metal pincer complexes.

The first catalytic alkane dehydrogenation utilizing Ir- or Rh-pincer complexes (PCP1.1a and PCP-1.2a) was developed by Jensen, Kaska, and co-workers in 1996 (Scheme 1.5).15
In this report, dihydride pincer complexes (PCP-1.1b and PCP-1.2b) were prepared (Scheme
1.5, equation 1) from the corresponding hydride chloride complexes (PCP-1.1a and PCP-1.2a)
and their activities were investigated through catalytic transfer dehydrogenation of the
benchmark substrates (cyclooctane/TBE) at different temperatures (Scheme 1.5, equation 2).
The Ir-pincer complex PCP-1.1b was used as a catalyst in this reaction, giving TOFs of 12 min-1,

117, 12357. (d) Budweg, S.; Junge, K.; Beller, M. Catal. Sci. Technol. 2020, 10, 3825. (e) West, J. G.; Sorensen,
E. J. Isr. J. Chem. 2017, 57, 259.
14

(a) Moulton, C. J.; Shaw, B. L. J. Chem. Soc., Dalton Trans. 1976, 1020. (b) Empsall, H. D.; Hyde, E. M.;
Markham, R.; McDonald, W. S.; Norton, M. C.; Shaw, B. L.; Weeks, B. J. Chem. Soc., Chem. Commun. 1977,
589.

15

Gupta, M.; Hagen, C.; Flesher, R. J.; Kaska, W. C.; Jensen, C. M. Chem. Commun. 1996, 2083.
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82 h-1, and 20.5 h-1 at 200 oC, 150 oC, and 100 oC, respectively. By contrast to PCP-1.1b, Rhpincer complex PCP-1.2b used as a catalyst showed a reduced activity under the same reaction
conditions, giving TOFs of 1.8 h-1 and 0.8 h-1 at 200 oC and 150 oC, respectively. One possible
reason for the low activity of the Rh-pincer complex PCP-1.2b is that the Rh-pincer complex
PCP-1.2b undergoes unfavorable thermodynamic addition of a C‒H bond of alkane to form an
unstable Rh-pincer complex bearing Rh‒H and Rh‒C bonds, which undergoes further
decomposition at high temperatures and loses its reactivity.16 Interestingly, the cyclohexane was
found to afford a mixture of alkene and aromatic products under similar reaction conditions
when PCP-1.1b was used as a catalyst (Scheme 1.5, equation 3).17

Scheme 1.5. The catalytic alkane dehydrogenations by Ir/Rh-pincer complex.

Subsequently, Goldman and co-workers first reported the efficient acceptorless
dehydrogenation of alkanes catalyzed by a less crowded Ir-pincer complex PCP-1.1c (containing
16

(a) Xu, W.; Rosini, G. P.; Gupta, M.; Jensen, C. M.; Kaska, W. C.; Krogh-Jespersen, K.; Goldman, A. S. Chem.
Commun. 1997, 2273. (b) Wang, D. Y.; Choliy, Y.; Haibach, M. C.; Hartwig, J. F.; Krogh- Jespersen, K.;
Goldman, A. S. J. Am. Chem. Soc. 2016, 138, 149.

17

Gupta, M.; Hagen, C.; Kaska, W. C.; Cramer, R. E.; Jensen, C. M. J. Am. Chem. Soc. 1997, 119, 840.
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iPr substituents on two phosphorus atoms of the pincer ligand). In this acceptorless
dehydrogenation reaction, 863 turnovers were achieved at 201 oC after 20 hours (equation 1.1).16
However, the catalytic acceptorless dehydrogenation of alkanes must operate at elevated
temperatures over greater periods to release hydrogen gas, which is generated via direct
reductive elimination from PCP-1.1c.

Additionally, the Ir-pincer complex PCP-1.1b has also been investigated in alkane
acceptorless dehydrogenation reactions, giving 536 turnovers. Based on computational and
experimental studies using the pincer-Ir complex PCP-1.1b as a catalyst for the
transfer/acceptorless dehydrogenation of alkane reaction, the proposed mechanism for this
dehydrogenation was proposed (Scheme 1.6). 18 As shown in Scheme 1.6, in the transfer
dehydrogenation pathway, the key 14-electron species PCP-1.1b-A is generated through βhydride elimination of alkyl iridium hydride species PCP-1.1b-F. On the other hand, in the
direct dehydrogenation pathway, the 14-electron species PCP-1.1b-A is generated by the direct
release of molecular hydrogen from the pincer-Ir complex PCP-1.1b. Further mechanistic
studies including kinetic, in situ 31P and 1H NMR, as well as deuterium labeling experiments for
the transfer dehydrogenation system show that the turnover-limiting step is dictated by the
concentration of TBE: when a low concentration of TBE is used in the catalytic transfer
dehydrogenation system, the hydrometallation of TBE is the turnover-limiting step; when a high
concentration of TBE is used in this dehydrogenation system, the C‒H oxidative addition of
alkane is the turnover-limiting step.18a However, mechanistic studies for the acceptorless
dehydrogenation system show that the loss of hydrogen gas is the turnover-limiting step.18c,18d
Furthermore, mechanistic studies for transfer and acceptorless dehydrogenation systems disclose
18

(a) Renkema, K. B.; Kissin, Y. V.; Goldman, A. S. J. Am. Chem. Soc. 2003, 125, 7770. (b) Kanzelberger, M.;
Singh, B.; Czerw, M.; Krogh-Jespersen, K.; Goldman, A. S. J. Am. Chem. Soc. 2000, 122, 11017. (c) KroghJespersen, K.; Czerw, M.; Goldman, A. S. J. Mol. Catal. A 2002, 189, 95. (d) Krogh-Jespersen, K.; Czerw, M.;
Summa, N.; Renkema, K. B.; Achord, P. D.; Goldman, A. S. J. Am. Chem. Soc. 2002, 124, 11404.
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that both dehydrogenation pathways can be suppressed by the coordinated complex PCP-1.1b-D
generated through the alkene coordination with the metal center of PCP-1.1b-A, or be inhibited
by the PCP-1.1b-G generated through the TBE oxidative addition with PCP-1.1b-A (Scheme
1.6).18

Scheme 1.6. The proposed mechanisms for the transfer and acceptorless dehydrogenation of
alkanes with Ir-pincer complexes.

Interestingly, the Ir-pincer complexes PCP-1.1b and PCP-1.1c were also found to be
efficient for catalytic n-octane transfer dehydrogenation at 150 oC.19 Interestingly, the terminal
octene isomer was formed in more than 90% of total alkene isomers within the first 5 minutes,
19

(a) Liu, F.; Goldman, A. S. Chem. Commun. 1999, 655. (b) Liu, F.; Pak, E. B.; Singh, B.; Jensen, C. M.; Goldman,
A. S. J. Am. Chem. Soc. 1999, 121, 4086.
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although subsequent isomerization resulted in the ultimate formation of thermodynamic internal
octenes. (equation 1.2). Initial mechanistic experiments suggested that the terminal octene
product could be isomerized by the Ir-pincer catalyst during the reaction.

Soon thereafter, a variety of Ir-pincer complexes were also reported to show similar
regioselectivity for the catalytic alkane transfer dehydrogenation reactions. Subsequently, the
deeply mechanistic studies for the terminal alkene isomerization were investigated by 1H NMR
experiments, DFT calculations, and X-ray analysis. Two pathways for this isomerization were
proposed (Scheme 1.7):20 in the hydride addition pathway (Scheme 1.7, pathway A), PCP-B is
generated by the addition of the terminal alkene with the PCP-A, then β-elimination of hydrogen
yields the internal alkene and regenerates PCP-A; in the allyl pathway (Scheme 1.7, pathway B),
PCP-C undergoes an oxidative addition of allylic C‒H bond from the terminal alkene product to
generate the intermediate PCP-D, which is further isomerized via a formal 1,3-hydride shift to
give the intermediate PCP-F, followed by the reductive elimination of internal alkene to
regenerate the key reactive species PCP-C.

20

(a) Morales, D. M., Redon, R.; Yung, C.; Jensen, C. M. Inorg. Chim. Acta. 2004, 357, 2953. (b) Biswas, S.;
Huang, Z.; Choliy, Y.; Wang, D. Y.; Brookhart, M.; Krogh-Jespersen, K.; Goldman, A. S. J. Am. Chem. Soc. 2012,
134, 13276. (c) Kumar, A.; Zhou, T.; Emge, T. J.; Mironov, O.; Saxton, R. J.; Krogh-Jespersen, K.; Goldman, A. S.
J. Am. Chem. Soc. 2015, 137, 9894. (d) Knapp, S. M. M.; Shaner, S. E.; Kim, D.; Shopov, D. Y.; Tendler, J. A.;
Pudalov, D. M.; Chianese, A. R. Organometallics. 2014, 33, 473.
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Scheme 1.7. The proposed mechanisms the terminal alkene isomerization.

To improve the efficiency and practicability of these catalytic alkane dehydrogenation
systems, a variety of modified pincer ligands with different electronic and steric properties have
been explored.3b,13b,13c The changes (Figure 1.2) of pincer ligands include: 1) substituents at the
para-position of the aromatic backbones; 2) substituents on the ligating atoms; 3) types of
ligating atoms; 4) types of linkers connecting the backbone and ligating atoms; 5) types of
aromatic backbones. Since there are many variables available on the pincer ligand, a large
number of pincer ligands can be synthesized by changing any variable. However, only a few
pincer ligands have been reported to exhibit good activity for alkane catalytic dehydrogenations
so far.

Figure 1.2 Modifications of pincer ligands.
11
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In 2004, Goldman and co-workers described an acceptorless dehydrogenation of alkanes
catalyzed by p-methoxy-substituted Ir-pincer complexes PCP-1.1d and PCP-1.1e. In this
approach, PCP-1.1d and PCP-1.1e showed higher activity for the acceptorless dehydrogenation
than the p-nonsubstituted Ir-pincer complexes PCP-1.1b (Table 1.1). 21 In particular, the
sterically less bulky complex PCP-1.1e (less crowded iPr on the phosphorus atoms) exhibited the
highest efficiency for the acceptorless dehydrogenation under the same conditions, giving a total
of 3050 turnovers after 72 hours (Table 1.1, cyclodecane). DFT calculations indicated that the πdonating methoxy groups in the para position of aromatic backbones and less crowded groups on
the phosphorus atoms are favorable to undergo the C‒H bond oxidative additions of alkane in the
acceptorless dehydrogenation reaction.

22

The results obtained using PCP-1.1b, PCP-1.1d,

and PCP-1.1e as catalysts for the acceptorless dehydrogenation were in agreement with the
above DFT predictions. Unfortunately, the π-donating methoxy groups of PCP-1.1d and the
sterically less bulky complex PCP-1.1e (less crowded groups of iPr on the phosphorus atoms)
did not significantly improve their catalytic activities for the acceptorless dehydrogenation of nundecane (Table 1.1, n-undecane). In addition, Kaska, Jensen, Roddick, and other groups have
also developed a similar type of p-substituted Ir-pincer complexes for alkane dehydrogenations,
but these Ir-pincer complexes did not show further improvement for the dehydrogenation
reaction.13c

21

Zhu, K.; Achord, P. D.; Zhang, X.; Krogh-Jespersen, K.; Goldman, A. S. J. Am. Chem. Soc. 2004, 126, 13044.

22

Krogh-Jespersen, K.; Czerw, M.; Zhu, K.; Singh, B.; Kanzelberger, M.; Darji, N.; Achord, P.D.; Renkema, K.B.;
Goldman, A. S. J. Am. Chem. Soc. 2002, 124, 10797.
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Table 1.1 Catalytic acceptorless dehydrogenation of cyclodecane and n-undecane.

In the same year, Brookhart and co-workers prepared a series of resorcinol-derived
bis(phosphinite)-based PCP iridium complexes PCP-1.1F1-6 for the transfer dehydrogenation of
benchmark substrates (cyclooctane/TBE) (Scheme 1.8).23 In this methodology, a high number of
turnovers were obtained within 15 hours. The DFT calculations for the dehydrogenation reaction
disclosed that the iridium center space of PCP-1.1F1-6 is much less crowded than the iridium
center space of PCP-1.1a-e. The less crowded iridium center space of PCP-1.1F1-6 results in a
more open geometry in PCP-1.1F1-6, on the other hand, the π-donating oxygen atom linkers of
PCP-1.1F1-6 could increase the electron density of aromatic backbones. Compared to PCP-1.1ae, these factors increased the activity of PCP-1.1F1-6 for the transfer dehydrogenation of
cyclooctane.21, 24 However, PCP-1.1F1-6 showed low efficiency and activity for the catalytic
23

(a) Göttker-Schnetmann, I.; White, P.; Brookhart, M. J. Am. Chem. Soc. 2004, 126, 1804. (b) Göttker Schnetmann,
I.; Brookhart, M. J. Am. Chem. Soc. 2004, 126, 9330.

24

(a) Biswas, S.; Choliy, Y.; Krogh-Jespersen, K.; Brookhart, M.; Goldman, A. S. Abstracts of Papers, 238th ACS
National Meeting, Washington, DC, Aug 16-20, 2009; American Chemical Society: Washington, DC, 2009;
INOR-479. (b) Biswas, S.; Brookhart, M.; Choliy, Y.; Goldman, A.; Huang, Z.; Krogh-Jespersen, K. Abstracts of
Papers, 239th ACS National Meeting, San Francisco, CA, March 21-25, 2010; American Chemical Society:
Washington, DC, 2010; INOR-674. (c) Biswas, S.; Ahuja, R.; Ray, A.; Choliy, Y.; Krogh-Jespersen, K.;
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transfer dehydrogenation of linear alkanes. In addition, Jensen and co-workers also reported a
similar type of Ir-pincer complexes for the transfer dehydrogenation of benchmark substrates
(cyclooctane/TBE) at 200 oC to give a TOF of 13 min-1, but this type of Ir-pincer complexes did
not show high efficiency and activity for the acceptorless dehydrogenation of n-undecane.20a

Scheme 1.8. PCP-1.1F1-6 for the transfer dehydrogenation of benchmark substrates.

In 2014, a new Ir-pincer complex PCP-1.1g bearing a linker of one sulfur atom was
synthesized by Huang and co-workers. PCP-1.1g showed very high efficiency for cyclooctane
and n-octane transfer dehydrogenations at 200 oC, giving 5900 turnovers for cyclooctane after 15
hours and 500 turnovers for n-octane after 1 hour, respectively (Scheme 1.9).25 Additionally,
PCP-1.1g also showed good regioselectivity in n-octane transfer dehydrogenation reaction at
100 oC, giving 100% terminal octene after 1 hour. Even after 8 hours, the terminal octene
remained the main product of this reaction.

Brookhart, M.; Goldman, A. S. Abstracts of Papers, 236th ACS National Meeting, Philadelphia, PA, Aug 17-21,
2008; American Chemical Society: Washington, DC, 2008; INOR-125.
25

Yao, W.B.; Zhang, Y.X.; Jia, X.Q.; Huang, Z. Angew Chem Int Ed. 2014, 53,1390.
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Scheme 1.9. PCP-1.1g for the transfer dehydrogenation of cyclooctane and n-octane.

In 2020, based on the above results, the same group synthesized some new Ir-pincer
complexes for cyclooctane and n-octane transfer dehydrogenations. These Ir-pincer complexes
are the most efficient catalysts for transfer or acceptorless dehydrogenation of alkane by far.26 As
shown in Scheme 1.10, PCP-1.1j affords 14720 turnovers for cyclooctane transfer
dehydrogenation after 15 hours at 200 oC. PCP-1.1h and PCP-1.1i afford the same turnover
number (8700) for n-octane dehydrogenation at 200 oC after 10 hours. PCP-1.1h affords 3890
turnovers for acceptorless dehydrogenation of 1,2,3,4-tetrahydronaphthalene at 250 oC after 15
hours. In this 1,2,3,4-tetrahydronaphthalene dehydrogenation reaction, the aromatic product was
obtained.

Scheme 1.10. Selected new Ir-pincer complexes for different alkane dehydrogenations.

26

Zhang, X.; Wu, S. B.; Leng, X.; Chung, L. W.; Liu, G.; Hunag, Z. ACS Catal. 2020, 10, 6475.
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In recent years, many different types of Ir-pincer complexes have been prepared and
tested, showing high activity for the catalytic transfer dehydrogenation of benchmark substrates
(cyclooctane/TBE). Selected examples are shown in Scheme 1.11.27 PCP-1.1l activated in situ
by NaOtBu gives 4820 turnovers for cyclooctane transfer dehydrogenation at 230 oC after 24
hours. PCP-1.1m and PCP-1.1n afford 3300 and 2571 turnovers for cyclooctane transfer
dehydrogenation at 180 oC after 8 hours, respectively. PCP-1.1k affords the lowest turnovers
(960) for cyclooctane transfer dehydrogenation at 175 oC after 24 hours.

Scheme 1.11. Selected Ir-pincer complexes for the transfer dehydrogenation of benchmark
substrates.

Besides, some different skeletons of Ir-pincer complexes are shown in Figure 1.3. 28
These complexes show alternative modifications of pincer ligands for the catalytic alkane
dehydrogenations, but they did not exhibit very high activity for the catalytic transfer
dehydrogenation of benchmark substrates (cyclooctane/TBE).

27

(a) Brayto, D. F.; Beaumont, P. R.; Fukushima, E.Y.; Sartain, H.P.; Morales-Morales, D.; Jensen, C.

Organometallics. 2014, 33, 5198. (b) Shi, Y.; Suguri, T.; Dohi, C.; Yamada, H.; Kojima, S.; Yamamoto, Y. Chem
Eur J. 2013, 19, 10672. (c) Kuklin, S.A.; Sheloumov, A.M.; Dolgushin, F. M.; Ezernitskaya, M. G.; Peregudov, A.
S.; Petrovskii, P. V.; Koridze, A. A. Organometallics. 2006, 25, 5466.
28

(a) Jia, X.Q.; Zhang, L.; Qin, C.; Leng, X.; Huang, Z. Chem. Commun. 2014, 50, 11056. (b) Zuo, W. W.;

Braunstein, P. Organometallics. 2011, 31, 2606. (c) Haenel, M. W.; Oevers S, Angermund, K.; Kaska, W. C.; Fan,
H.-J.; Hall, M. B. Angew Chem Int Ed. 2001, 40, 3596. (d) Tanoue, K.; Yamashita, M. Organometallics. 2015, 34,
4011. (e) Shih, W.-C.; Ozerov, O. V. Organometallics. 2017, 36, 228.
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Figure 1.3 Selected novel skeletons of Ir-pincer complexes for alkane dehydrogenations.

1.1.2. Ru- and Os-Pincer Complexes Catalyzed Alkane Dehydrogenation
In addition to Ir-pincer complexes, a few Ru-and Os-pincer complexes have been
reported as catalysts for alkane dehydrogenation, but they are less common. Selected examples
are shown (Scheme 1.12).29 In 2011, Roddick and co-workers29a developed an electron-deficient
pincer Ru-complex PCP-1.1o (Scheme 1.12) based on a strongly π-accepting pincer ligand.
When PCP-1.1o was used as a catalyst for the transfer dehydrogenation of the benchmark
substrates (cyclooctane/TBE), the initial TOF of 1000 h-1 was obtained at 200 oC, but at the end
of the reaction, only 186 total turnovers were obtained. The mechanistic studies of the catalytic
transfer dehydrogenation have shown that the activity of the catalyst PCP-1.1o is lost over time
due to the decomposition of the catalyst PCP-1.1o at high temperatures. Subsequently, a similar
Os-pincer complex of PCP-1.1p (Scheme 1.12) was prepared by the same group.29b Under
similar conditions, when PCP-1.1p was employed as a catalyst for cyclooctane transfer
dehydrogenation or cyclodecane acceptorless dehydrogenation, it afforded the 610 turnovers for
the transfer dehydrogenation of cyclooctane at 200 oC after 8 hours or 125 turnovers for the
acceptorless dehydrogenation of cyclodecane at 190 oC after 1 hour.
In 2016, Huang and co-workers29c prepared the pincer Ru-complex PCP-1.1q (Scheme
1.12). By contrast to PCP-1.1o, PCP-1.1q is thermally robust. In alkane transfer
dehydrogenation reaction, PCP-1.1q gave 370 turnovers at 200 oC. Recently, Goldman and co-

29

(a) Gruver, B. C.; Adams, J. J.; Warner, S. J.; Arulsamy, N.; Roddick, D. M. Organometallics. 2011, 30, 5133. (b)

Gruver, B. C.; Adams, J. J.; Arulsamy, N.; Roddick, D. M. Organometallics. 2013, 32, 6468 (c) Zhang, Y.; Fang, H.;
Yao, W.; Leng, X.; Huang, Z. Organometallics. 2016, 35, 181. (d) Zhou, X.; Malakar, S.; Zhou, T.; Murugesan, S.;
Huang, C.; Emge, T. J.; Krogh-Jespersen, K.; Goldman, A. S. ACS Catal. 2019, 9, 4072.
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workers29d reported another Ru-pincer complex PCP-1.1r. This complex is the most effective
Ru-based species for cyclooctane transfer dehydrogenation so far, giving TOFs of 1 s-1 and 0.2 s1

at 150 oC and 120 oC, respectively. The number of TOFs represents the highest rate of the

catalytic transfer dehydrogenation of benchmark substrates (cyclooctane/TBE) ever reported at
the same temperature. However, PCP-1.1r was less effective for transfer dehydrogenation of noctane and did not show high activity for the catalytic acceptorless dehydrogenation of
cyclooctane. Mechanistic experiments and DFT calculations showed that the alkene products
could coordinate with the ruthenium center of the pincer complex to form an extremely stable η3allyl hydride complex, which was ineffective for the alkane dehydrogenation.

Scheme 1.12. The evaluation for these Ru- and Os-pincer complexes by the transfer
dehydrogenation of benchmark substrates.

1.1.3. Catalytic Alkane Dehydrogenation under Irradiations
In 1985, Crabtree and co-workers

30

reported the first photochemical transfer

dehydrogenation of benchmark substrates (cyclooctane/TBE) using [IrH2(CF3CO2)(PR3)2] (R =
C6H4F-p or Cyclohexyl) as a catalyst. In this photochemical transfer dehydrogenation reaction,
only 7 turnovers were obtained in 7 days. Soon thereafter, Tanaka, Saito, and Goldman groups

30

Burk, M. J..; Crabtree, R. H.; McGrath, D. V. J. Chem. Soc., Chem. Commun. 1985, 1829.
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disclosed that [trans-Rh(PMe3)2(CO)Cl] (1.1.1A) could give improved activity for the
photochemical dehydrogenation of alkanes, compared with [IrH2(CF3CO2)(PR3)2]. Mechanistic
studies of the 1.1.1A catalyzed-photochemical dehydrogenation ruled out a radical pathway for
alkane C‒H activation and supported a reversible C‒H oxidative addition process.31 Goldman
and co-workers31c further demonstrated that [trans-Rh(PMe3)2(CO)Cl] (1.1.1A) was the only
significant photoactive species in this reaction, and the subsequent release of CO enabled by UV
light was necessary for generating the catalytically active species 1.1.1B. As shown in Scheme
1.13, the main steps of C‒H oxidative addition, β-hydrogen elimination, and release of H2 are
analogous to the Ir-pincer complex-catalyzed alkane dehydrogenation systems previously
mentioned in Scheme 1.7.

Scheme 1.13. Photochemical acceptorless dehydrogenation of alkanes.

In 2014, Beller and co-workers used the same catalyst (1.1.1A) along with additives, such
as bipyridine and bathocuproine, to get enhanced turnovers for acceptorless dehydrogenation of
alkanes. The high efficiency of this methodology was shown in Scheme 1.14, when octane,
31

(a) Sakakura, T.; Sodeyama, T.; Tokunaga, Y.; Tanaka, M. Chem. Lett. 1988, 17, 263. (b) Nomura, K.; Saito, Y. J.

Chem. Soc., Chem. Commun. 1988, 161. (c) Maguire, J. A.; Boese, W. J.; Goldman, A. S.; J. Am. Chem. Soc. 1989,
111, 7088.
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cyclooctane, and H12-NEC were employed as substrates, 28%, 71%, and 75% of corresponding
dehydrogenated products were obtained in the presence of 0.1 % of 1.1.1A, respectively.
However, strong UV light had to be used in this acceptorless dehydrogenation reaction.32

Scheme 1.14. The enhanced photochemical acceptorless dehydrogenation of alkanes.

Subsequently, in 2015, Sorensen and co-workers33 reported a dual catalytic system for
alkane dehydrogenation. The imitation of natural desaturase systems operating through
cooperative hydrogen atom transfers (HATs) has been successfully applied to this protocol. Two
photocatalysts (tetra-n-butylammonium decatungstate, TBADT, and cobaloxime pyridine
chloride, COPC) were applied in this acceptorless dehydrogenation protocol. As described in
Scheme 1.15, the cascade is comprising two HAT processes, which are achieved by the
photocatalysts TBADT and COPC. First, the highly reactive TBADT irradiated by light could
abstract a hydrogen atom from a strong C‒H bond (BDEC-H ~100 kcal mol-1) of alkane to result
in an alkyl radical species, and this HAT was defined as a slow HAT. Subsequently, the other
photocatalyst COPC irradiated by light could quickly abstract a hydrogen atom from a weakened
C‒H bond (BDEC-H < 50 kcal mol-1) of the resulting alkyl radical species to generate the alkene
product, and this HAT was defined as a fast HAT. However, the yields of alkene products are
less than 20% in these reactions. This novel dual catalytic system is the first report of an alkane

32

Dutta Chowdhury, A.; Weding, N.; Julis, J.; Franke, R.; Jackstell, R.; Beller, M. Angew. Chem., Int. Ed. 2014, 53,

6477.
33

West, J. G.; Huang, D.; Sorensen, E. J. Nat. Commun. 2015, 6, 10093.
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acceptorless dehydrogenation under visible light, and it provides a novel design for alkane
dehydrogenation.34

Scheme 1.15. A dual catalytic acceptorless dehydrogenation of alkanes.

1.1.4. Catalytic Dehydrogenation of Heterocycles
In recent years, some important breakthroughs of tandem catalytic systems based on these alkane
catalytic dehydrogenations have been made, such as the catalytic alkane metathesis using a tandem alkane
dehydrogenation-olefin metathesis35 and the catalytic, terminal functionalization of acyclic alkanes using
a tandem chain walking strategy.36 However, the regioselectivity for the acyclic alkane dehydrogenation
remains an unsolved problem, and the terminal alkene or another single alkene isomer has never been
isolated in the reaction. Many C‒H bonds with a chemically similar environment in acyclic alkanes
should be responsible for the poor regioselectivity of the acyclic alkane dehydrogenation. Compared to
acyclic alkanes, the heterocycles have a few C‒H bonds with chemical different environments, which

34

West, J. G.; Sorensen, E. J. Isr. J. Chem.2017, 57, 259.

35

(a) Goldman, A. S.; Roy, A. H.; Huang, Z.; Ahuja, R.; Schinski, W.; Brookhart, M. Science. 2006, 312, 257. (b)

Haibach, M. C.; Kundu, S.; Brookhart, M.; Goldman, A. S. Acc. Chem. Res. 2012, 45, 947. (c) Dobereiner, G. E.;
Yuan, J.; Schrock, R.R.; Goldman, A. S.; Hackenberg, J. D. J. Am. Chem. Soc. 2013, 135, 12572.
36

(a) Jia, X.; Huang, Z. Nat. Chem. 2016, 8, 157. (b) Tang, X.; Huang, Z. J. Am. Chem. Soc. 2018, 140, 4157.
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would lead to better chemo-selectivity in the dehydrogenation reactions. Various catalytic
dehydrogenation reactions of heterocycles have been explored in fine chemical synthesis, such as
obtaining indoles, quinolines, benzofuran from straightforward dehydrogenation of amines and ethers.37

In 2012, Stahl and co-workers disclosed a biomimetic approach of quinone-catalyzed
primary amine dehydrogenations under aerobic conditions. 22 substrates were explored, and up
to 93% yield was obtained in this biomimetic reaction. 38 a However, secondary amines and
tertiary amines were inefficient in this reaction. Stahl and co-workers suggested that the oxidant
4-tert-butyl-2-hydroxybenzoquinone (TBHBQ) is weakly effective on secondary amines and
tertiary amines.38a A possible mechanism of this catalytic approach was proposed. As shown in
Scheme 1.16, the iminoquinone intermediate 1.1.4-1 is formed by the condensation of the
primary benzylic amine with TBHBQ. This species subsequently tautomerizes to generate the
aromatic species 1.1.4-2, which would react with a second equivalent of amine to give 1.1.4-3.
Then, the imine product is liberated from 1.1.4-3 to form the aminohydroquinone 1.1.4-4. The
subsequent aerobic oxidation 1.1.4-4 gives iminoquinone 1.1.4-5, which undergoes
transamination with a primary amine to release ammonia and complete the catalytic cycle. At the
same time, a similar work was reported by Largeron group.38b

37

(a) Zhang, X.; Fried, A.; Knapp, S.; Goldman, A. S. Chem. Commun. 2003, 2060. (b) Gu, X.-Q.; Chen, W.;

Morales-Morales, D.; Jensen, C. M. J. Mol. Catal. A 2002, 189, 119. (c) Lyons, T. W.; Bézier, D.; Brookhart, M.
Organometallics 2015, 34, 4058. (d) Brayton, D. F.; Jensen, C. M. Chem. Commun. 2014, 50, 5987. (e) Yamaguchi,
R.; Ikeda, C.; Takahashi, Y.; Fujita, K.-i. J. Am. Chem. Soc. 2009, 131, 8410.
38

(a) Wendlandt, A. E.; Stahl, S. S. Org. Lett. 2012, 14, 2850. (b) Largeron, M.; Fleury, M.-B. Angew. Chem. Int. Ed.

2012, 51, 5409. (c) Wendlandt, A. E.; Stahl, S. S. J. Am. Chem. Soc. 2014, 136, 506. (d) Dhineshkumar, J.; Lamani,
M.; Alagiri, K.; Prabhu, K. R. Org. Lett. 2013, 15, 1092. (e) Iida, S.; Togo, H. Tetrahedron. 2007, 63, 8274. (f) Li,
B.; Wendlandt, A. E.; Stahl, S. S. Org. Lett. 2019, 21, 1176.
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Scheme 1.16. The quinone-catalyzed dehydrogenation of primary amines.

Following the dehydrogenation of primary amines, the same group developed a
biomimetic quinone-catalyzed dehydrogenation of secondary amines (Scheme 1.17).38c In this
reaction, 26 substrates were used, and up to 98% yield was achieved. However, the tertiary
amines and primary amines were not tolerated in this reaction.

Scheme 1.17. The quinone-catalyzed dehydrogenation of secondary amines.
23
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Mechanistic studies, including variable-temperature 1H NMR, kinetic, and analysis of Xray crystal structure of an isolated intermediate, indicated that the 1,10-phenanthroline-5,6-dione
(phd) was activated by ZnI2. In this step, iodide was generated, which subsequently acted as an
important redox-mediator to enhance aerobic catalytic turnover. In this reaction, at least two
reasonable mechanistic pathways are considered (Scheme 1.18 Mechanism A and B). According
to mechanism A, the amine oxidation is mediated by 1,10-phenanthroline-5,6-dione (phd) to give
a hemiaminal intermediate, followed by β-H elimination to generate the imine product and Znphd-H2 intermediate. Mechanistic studies disclosed that the oxidation of Zn-phd-H2 intermediate
involved the iodide/triiodide (I2/I-3) cycle reported by Prabhu and co-workers.38d However,
according to mechanism B, the dehydrogenation of amine is mediated by the iodide/triiodide
(I2/I-3) cycle, and the aerobic re-oxidation of iodine is mediated by the phd-based redox cycle.38e
Based on mechanistic studies, both mechanistic pathways suggested that the catalyst turnover
involves the iodide/triiodide (I2/I-3) cycle.
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Scheme 1.18. The proposed mechanism for the quinone-catalyzed dehydrogenation of secondary
amines.

In addition to Stahl and co-workers, Huang and co-workers also reported the transfer
dehydrogenation of amines and ethers using the Ir-pincer complex PCP-1.1g as a catalyst.25 In
this methodology, a wide range of ethers, nitrogen heterocycles, and secondary amines were used,
and up to 96% yield was obtained in this reaction. Recently, they used an alternative pincer Ircomplex PCP-1.1r as a catalyst to do the same reaction, getting excellent yields.39 As shown in
Table 1.2, the PCP-1.1g and PCP-1.1r exhibited the highest activity to date in the transfer
dehydrogenation reaction of amines and ethers catalyzed by the Ir-pincer complex.
Table 1.2 Selected substrates of heterocycle dehydrogenations.

39

Wang, Y.; Huang, Z.; Liu, G.; Hunag, Z. Chin. J. Chem. 2020, 38, 837.
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In 2017, Kanai and co-workers developed an approach for acceptorless dehydrogenation
of N‑heterocycles and tetrahydronaphthalenes by combining a photocatalytic system and a
palladium catalytic system to give aromatic products at room temperature (Scheme 1.20). 40
Various isoquinolines and indoles were obtained from tetrahydroisoquinolines or indolines using
a co-catalytic system of acceptorless dehydrogenation. Up to 96% yield was obtained in this
reaction (Scheme 1.20 a). More challenging substrates of substituted tetrahydronaphthalenes
were also converted to corresponding substituted naphthalenes under modified conditions
(Scheme 1.20 b). These mild conditions and good yields using this co-catalyst system for
acceptorless dehydrogenation shows high promise for applications in fine chemical synthesis.

Scheme 1.20. Photocatalytic systems for acceptorless dehydrogenation of N‑heterocycles and
tetrahydronaphthalenes.

40

Kato, S.; Saga, Y.; Kojima, M.; Fuse, H.; Matsunaga, S.; Fukatsu, A.; Kondo, M.; Masaoka, S.; Kanai, M. J. Am.

Chem. Soc. 2017, 139, 2204.
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Additionally, more examples of acceptorless dehydrogenation of N‑heterocycles were
reported by Xiao 41 and Jones 42 groups. The well-defined Ir/Fe/Co complexes were used as
catalysts to promote the N‑heterocycle dehydrogenation. In these reactions, a wide range of
substrates was used, and high yields were obtained but required high temperatures.

1.1.5. Catalytic Dehydrogenation of Aldehydes, Ketones, Esters, Amides, Nitriles, and
Carboxylic Acids
In addition to the dehydrogenation of alkanes and aliphatic groups, the dehydrogenation
of functional compounds, such as the carbonyl compounds and nitriles has also been developed
in recent years. Compared to the dehydrogenation of alkanes and aliphatic groups, the
dehydrogenation of functional compounds seems more useful in target-oriented synthesis.43 In
2000, Nicolaou and co-workers44 disclosed the direct dehydrogenation of ketones and aldehydes
using excess o-iodoxybenzoic acid (IBX) as the oxidant. By using this oxidative
dehydrogenation strategy, a series of α,β-unsaturated ketones and aldehydes were obtained
(equation 1.3). However, the use of excess IBX in this reaction is not atom economical.

41

Wu, J.; Talwar, D.; Johnston, S.; Yan, M.; Xiao, J. Angew. Chem. Int. Ed. 2013, 52, 6983.

42

(a) Chakraborty, S.; Brennessel, W. W.; Jones, W. D. J. Am. Chem. Soc. 2014, 136, 8564. (b) Xu, R.; Chakraborty,

S.; Yuan, H.; Jones, W. D. ACS Catal. 2015, 5, 6350.
43

(a) Muzart, J. Eur. J. Org. Chem. 2010, 3779. (b) Zhou, Z.-F.; Liu, H. L.; Zhang, W.; Kurtán, T.; Mándi, A.;

Bényei, A.; Li, J.; Taglialatela-Scafati, O.; Guo, Y.-W. Tetrahedron. 2014, 70, 6444. (c) Barcelos, R. C.; Pastre, J.
C.; Vendramini-Costa, D. B.; Caixeta, V.; Longato, G. B.; Monteiro, P. A.; de Carvalho, J. E.; Pilli, R. A. Chem.
Med. Chem. 2014, 9, 2725.
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(a) Nicolaou, K. C.; Zhong, Y. L.; Baran, P. S. J. Am. Chem. Soc. 2000, 122, 7596. (b) Nicolaou, K. C.;

Montagnon, T.; Baran, P. S.; Zhong, Y. L. J. Am. Chem. Soc. 2002, 124, 2245.
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In 2011, Stahl and co-workers

45

first disclosed the aerobic dehydrogenation of

cyclohexanones and cyclohexenones to form corresponding substituted phenols. More than 17
substrates were employed and up to 96% yield was achieved under oxygen conditions along with
Pd(TFA)2/2-Me2Npy catalyst system (Scheme 1.21 A). Soon thereafter, they also disclosed an
aerobic dehydrogenation strategy of cyclic ketones catalyzed by Pd(DMSO)2(TFA)2 catalyst
system under similar conditions to give the corresponding enones. 16 substrates were employed
and up to 94% yield was obtained in the dehydrogenation reactions (Scheme 1.21 B).

Scheme 1.21. Palladium systems catalyzed dehydrogenation of cyclohexanones and cyclohexenones.

According to the results of kinetic experiments and other mechanistic studies, 46 a
catalytic cycle for aerobic dehydrogenation of cycloketones was proposed in Scheme 1.22 A. In
the Pd(DMSO)2(TFA)2 catalyst system, the reaction would be initiated by the formation of a
Pd(II)-enolate, followed by β-hydride elimination to dissociate the enone product; in the
Pd(TFA)2/2-Me2Npy catalyst system, the transitional enone product would be further oxidized
by O2 to afford the corresponding phenol product. Sequential kinetic studies show that the
relative rates of the corresponding dehydrogenation steps are significantly different between the
two catalyst systems. As shown in Scheme 1.22 B, the rate of the first dehydrogenation step (K1)
45

(a) Izawa, Y.; Pun, D.; Stahl, S. S. Science. 2011, 333, 209. (b) Diao, T.; Stahl, S. S. J. Am. Chem. Soc. 2011, 133,

14566. (c) Diao, T.; Pun, D.; Stahl, S. S. J. Am. Chem. Soc. 2013,135, 8213.
46

Diao, T.; Pun, D.; Stahl, S. S. J. Am. Chem. Soc. 2013,135, 8205.
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is 33-fold faster than the rate of the second step (K2) in the Pd(DMSO)2(TFA)2 catalyst system;
by contrast, the rate of the first dehydrogenation step (K1) is almost 2-fold slower than the rate of
the second step (K2) in the Pd(TFA)2/2-Me2Npy catalyst system.45b Further evidence suggested
that the DMSO can strongly inhibit the conversion of enone toward the phenol in the
Pd(DMSO)2(TFA)2 catalyst system.45c

Scheme 1.22. The proposed catalytic cycle for aerobic dehydrogenation of cycloketones.

In addition, similar Pd(II) or 4,5-diazafluorenone (DAF) catalyst systems for aerobic
dehydrogenations of linear aldehydes and ketones were independently reported by Stahl and
Huang groups in 2012.47 A wide range of linear aldehydes and ketones were used, but monoesters and amides were ineffective in their catalyst systems. Selected substrates are shown in
Scheme 1.23. In the report of Huang and co-workers, the dehydrogenation of β-arylbutanone
derivatives was achieved in the absence of the DAF ligand, albeit at 110 oC. After one year,
Nozaki and co-workers 48 reported an acceptorless dehydrogenation of cyclic ketones, cyclic
amides, and cyclic esters to give corresponding aromatic products catalyzed by Ir-complexes.
47

(a) Diao, T.; Wadzinski, T. J.; Stahl, S. S. Chem. Sci. 2012, 3, 887. (b) Gao, W.; He, Z.; Qian, Y.; Zhao, J.; Huang,

Y. Chem. Sci. 2012, 3, 883.
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However, in this reaction, the yield of products is low, the substrate scope is narrow, and high
reaction temperature (200 oC) is required.

Scheme 1.23. The Pd (II)/ DAF catalyst systems for dehydrogenations of linear aldehydes and
ketones.

By contrast to the α-C‒H bonds in ketones and aldehydes, the α-C‒H bonds in esters and
amides are less acidic. Thus, the formation of metal enolates from esters and amides is more
challenging than from ketones and aldehydes, and strong bases or strong acids should be utilized
for the carbonyl enolizations of esters and amides. Newhouse and co-workers have
systematically investigated the palladium-catalyzed dehydrogenations of esters, nitriles, tertiary
amides, ketones, and carboxylic acids using a strong base for the carbonyl enolizations.49 By
contrast, Dong and co-works have developed palladium or platinum-catalyzed dehydrogenations
of esters, tertiary amides, and cyclic ketones using a strong Lewis acid for the carbonyl

49

(a) Chen, Y.; Romaire, J. P.; Newhouse, T. R. J. Am. Chem.Soc. 2015, 137, 5875. (b) Chen, Y.; Turlik, A.;

Newhouse, T. R. J. Am. Chem. Soc. 2016, 138, 1166. (c) Szewczyk, S. M.; Zhao, Y.; Sakai, H. A.; Dube, P.;
Newhouse, T. R. Tetrahedron. 2018, 74, 3293. (d) Huang, D.; Zhao, Y.; Newhouse, T. R. Org. Lett. 2018, 20, 684.
(e) Zhao, Y.; Chen, Y.; Newhouse, T. R. Angew. Chem., Int. Ed. 2017, 56, 13122.
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enolizations.50 Selected substrates of their protocols are shown in Scheme 1.24. A wide range of
substrates was employed and high yields were achieved in their dehydrogenation reactions.
However, the requirements for stoichiometric strong base or strong Lewis acid prevent their
broad application in synthesis. Besides, only tertiary amides were efficient in their reactions.

Scheme 1.24. The dehydrogenation of carbonyl compounds by strong bases or strong Lewis acids.

50

(a) Chen, M.; Dong, G. J. Am. Chem. Soc. 2017, 139, 7757. (b) Chen, M.; Rago, A.; Dong, G. Angew. Chem., Int.

Ed. 2018, 57, 16205.
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In 2017, Huang and co-workers reported iridium-catalyzed aerobic α,β-dehydrogenation
of γ,δ-unsaturated amides, acids, and ketones. In this approach, an allyl-iridium intermediate
(Scheme 1.25) was generated by iridium-catalyzed β-C−H activation, which was proposed to
enhance the acidity of the α-C−H bond. In this reaction, the functional groups were well tolerated
and the product yield was high, but saturated alkyl amide, ester, and nitrile were less efficient in
this approach (Scheme 1.25).51

Scheme 1.25. The Ir-catalyzed α, β-dehydrogenation of γ, δ-unsaturated carbonyl compounds.

Inspired by seminar reports from Stahl and co-workers,45,46 Dong and co-worker 52
disclosed a copper-catalyzed dehydrogenation of lactones, lactams, and ketones through catalytic
enolizations (Scheme 1.26). In this approach, strong bases or strong Lewis acids were not
required for the carbonyl enolizations. A series of mechanistic experiments, such as control,
kinetic, radical trap, and deuterium labeling experiments have been performed. These

51

Wang, Z.; He, Z.; Zhang, L.; Huang, Y. J. Am. Chem. Soc. 2018, 140, 735.
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Chen, M.; Dong, G. J. Am. Chem. Soc. 2019, 141, 14889.
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mechanistic results were consistent with a reversible α-deprotonation pathway mediated by a
Cu(II)−OtBu species. Selected substrates are shown in Scheme 1.26. A wide range of lactones,
lactams, ketones, and sterically encumbered steroid-based substrates could afford the
corresponding dehydrogenated products in moderate to good yields, but the scope is only limited
to cyclic substrates.

Scheme 1.26. Cu-catalyzed dehydrogenation of carbonyl compounds under pH-neutral conditions.

1.1.6. Homogeneous Catalytic Dehydrogenation of Alkyl Arenes
Compare to the dehydrogenation of alkanes, heterocycles, and carbonyl compounds,
homogeneous catalytic dehydrogenations of alkyl arenes (except 1,2,3,4-tetrahydronaphthalene
derivates) are rare. In 1997, Jenson and co-workers53 first reported the catalytic dehydrogenation
of ethylbenzene by the pincer Ir-complex PCP-1.1b to give styrene with 2000 turnovers at 150

53

Gupta, M.; Kaska, W. C.; Jensen, C. M. Chem. Commun. 1997, 461.
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C after 12 hours, however, ethylbenzene was the only example in this reaction. Due to the

narrow scope of this reaction, it is very difficult to evaluate the methodology.
In 2005, the direct dehydrogenation of alkyl arenes was disclosed under metal-free
conditions (Scheme 1.27).

54

A stoichiometric amount of 2,3-dichloro-5,6-dicyano-1,4-

benzoquinone (DDQ) and a catalytic amount of silica was applied in this dehydrogenation
reaction. DDQ was used as an oxidant in this reaction, but the role of silica was unknown.
Additionally, the scope of substrates is only limited to electron-rich alkyl arenes, and propyl
benzene was completely ineffective in this reaction.

Scheme 1.27. Dehydrogenation of electron-rich alkyl arenes by DDQ.

In 2013, Goldman and co-workers reported a tandem catalytic strategy for alkyl-group
cross-metathesis reactions at relatively high temperatures (Scheme 1.28). 55 In this tandem
catalytic reaction, the catalytic dehydrogenation, olefin metathesis, and hydrogenation were
performed in one pot to prolong the carbon chain. The styrene product was only a transition
intermediate that was never isolated in this tandem catalytic reaction.

54

Joshi, B. P.; Sharma, A.; Sinha, A. K. Tetrahedron. 2015, 61, 3075.
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Dobereiner, G. E.; Yuan, J.; Schrock, R. R.; Goldman, A. S; Hackenberg, J. D. J. Am. Chem. Soc. 2013, 135,
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Scheme 1.28. Tandem catalytic reaction involving dehydrogenation of ethylbenzene.

Recently, Newhouse and co-workers developed a Ni-catalyzed benzylic dehydrogenation
of electron-deficient heteroarenes to give E-heterocyclic styrenes as the main products in
moderate to good yields. A variety of functional groups are tolerated in this catalytic
dehydrogenation reaction (Scheme 1.29). 56 Control experiments of Z/E isomerization showed
that the pure Z-isomer of a product could undergo isomerization to give the more
thermodynamically stable E-isomer under the standard conditions, which may in part explain the
E-selectivity. However, electron-deficient 5-membered heterocycles were ineffective in this
oxidation system.

56

Zhang, P.; Huang, D.; Newhouse, T. R. J. Am. Chem. Soc. 2020, 142, 1757.
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Scheme 1.29. Ni-Catalyzed benzylic dehydrogenation of electron-deficient heteroarenes.

A plausible mechanism was proposed by Newhouse and co-workers (Scheme 1.30).
Thienyl-Ni intermediate 1.1.6 B is generated by oxidative addition of Ni-species 1.1.6 A with Ox,
followed by transmetalation with benzyl Zn-species 1.1.6 C to give a benzylic thienyl-Ni species
1.1.6 D. Subsequent β-hydride elimination gives the dehydrogenation product and a thienyl-Ni
hydride 1.1.6 E, which undergoes reductive elimination to afford 2-methylthiophene 1.1.6 F and
regenerate the low valent Ni-species 1.1.6 A. In this catalytic cycle, the oxidation state at Ni is
ambiguous.

Scheme 1.30. A plausible mechanism for dehydrogenation of electron-deficient heteroarenes.
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1.2. Redox Non-Innocent Ligands in Homogeneous Catalytic Reactions
Redox non-innocent ligands have been widely used in non-precious metal catalytic
reactions owing to their unique redox properties. The main differences between traditional
ligands and redox non-innocent ligands are summarized in Scheme 1.31 (the top part: manners of
the traditional ligand and the redox non-innocent ligand).57 Generally, traditional ligands can be
modified sterically and electronically to control the performance of catalysts. Traditional ligands
thus mostly act as spectators without participating in the whole reactions. The metal centers play
the dominant roles in the reactions. In many traditional reactions, the metal undergoes twoelectron oxidation state changes, such as an oxidative addition step of Pd(0)/Pd(II) or Ir(I)/Ir(III)
and a reductive elimination step of Pd(II)/Pd(0) or Ir(III)/Ir(I), to give the intermediate or final
product, while the ligand always keeps the same oxidation state (Scheme 1.31, the traditional
ligand). In contrast, redox non-innocent ligands can directly participate in redox events, enabling
completely novel reactivity. In some examples, the metal can even keep the same oxidation state
throughout the catalytic reaction (Scheme 1.31, the redox-noninnocent ligand). Two main types
of reactivity in the redox non-innocent ligand and metal catalyst systems were defined by de
Bruin and co-workers:57b 1) the redox-active ligand participates in the catalytic cycle only by
accepting or donating electrons; 2) the ligand actively participates in the processes of covalent
bonds making or breaking, which involves substrate activation. On the basis of these two types
of behavior, four main application strategies of redox-active ligands in catalysis were also
proposed: a) tuning the electronic properties (such as Lewis acidity or basicity) of metal by the
oxidation or reduction of ligand (Scheme 1.31 a); b) being an electron reservoir by the oxidation
state change of the ligand (Scheme 1.31 b); c) participating in the making and breaking of
chemical bonds during reactions by the generation of reactive ligand radicals (Scheme 1.31 c); d)
activating substrates by a single electron transfer of ligand to substrates (Scheme 1.31 d).57 These
behaviors expand upon the common reactivity of metals and allow the first-row transition metals
(Fe, Co, Cu, etc.), which often tend to undergo single-electron oxidation state changes, to mimic
57

(a) Chirik, P. J. Inorg. Chem. 2011, 50, 9737. (b) Lyaskovskyy, V.; de Bruin, B. ACS Catal. 2012, 2, 270. (c) Kaim,

W. Eur. J. Inorg. Chem. 2012, 343. (d) Luca, O. R.; Crabtree, R. H. Chem. Soc. Rev. 2013, 42, 1440. (e) Broere, D.
L. J.; Plessius, R.; van der Vlugt, J. I. Chem. Soc. Rev. 2015, 44, 6886. (f) van der Vlugt, J. I. Chem. Eur. J. 2019, 25,
2651.
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noble transition metals (Pd, Ir, Rh, etc.) by an overall two-electron change. 58 In this section,
selected classical examples of redox non-innocent ligands used in organic chemistry will be
discussed.

Scheme 1.31. Behaviors of traditional ligands and redox non-innocent ligands.

1.2.1. Redox Non-Innocent Ligands as Electron-Reservoirs
The redox non-innocent ligands that act as electron-reservoirs can help the metal
maintain a favorable oxidation state by storing and releasing electrons (Scheme 1.32). This is the
most straightforward strategy of redox non-innocent ligands used in catalytic reaction systems.59

58

Chirik, P. J.; Wieghardt, K. Science. 2010, 327, 794.
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Scheme 1.32. Redox non-innocent ligand as an electron-reservoir.

Chirik and co-workers have systematically investigated this type of redox non-innocent
ligands and made great achievements. 60 In 2006, they reported a Fe-catalyzed [2π + 2π]
cycloaddition of olefins to form cyclobutanes by the redox activity of the supporting bis(imino)pyridine ligand.60b Generally, this type of [2π + 2π] cycloaddition reaction was achieved by a
photochemical protocol. Based on mechanistic studies for the Fe-catalyzed [2π + 2π]
cycloaddition of olefins,60c,60d a proposed catalytic cycle was presented (Scheme 1.33). As shown
in Scheme 1.33, the bis(imino)-pyridine Fe(II)-complex 1.2.1-A reacts with the diene substrate to
form the Fe(I)-π-complex 1.2.1-B with loss of two dinitrogen ligands, followed by subsequent
C–C coupling and metallacyclopentane formation to give the Fe(III)-complex 1.2.1-C. Next,
1.2.1-C undergoes a formal two-electron reductive elimination to afford the cyclobutane product
and regenerate the bis(imino)-pyridine Fe(II)-complex 1.2.1-A. Throughout the pathway, an
overall two-electron change occurs by the assistance of the bis(imino)-pyridine, which confers
the nobility of the iron catalyst to act similarly to the late transition metals (Pd, Ir, Rh, etc.).

60
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Scheme 1.33. Fe-Bis(imino)-pyridine complex catalyzed [2π + 2π] cycloaddition of olefins.

Following the Fe-catalyzed [2π + 2π] cycloaddition of olefins, in 2009, Chirik and coworkers developed a catalytic cyclization of 1,6-enynes and diynes (Scheme 1.34 a) to afford
excellent yields of desired products using a Fe-bis(imino)-pyridine complex.60e Mechanistic
experiments and DFT calculations indicated that the bis(imino)pyridine ligand participated in the
substrate activation by a single electron transfer. A proposed catalytic cycle was shown in
Scheme 1.34 b.60c,60d In this catalytic cycle, the bis(imino)-pyridine Fe(II)-complex 1.2.1-A
undergoes similar steps shown in Scheme 1.33, to give the Fe(III)-intermediate 1.2.1-D,
followed by the addition of hydrogen to afford the Fe(III)-hydride intermediate 1.2.1-E. In this
step, the formation of new C–H and Fe–H bonds occurs either by oxidative addition/reductive
elimination or σ-bond metathesis, but the oxidation state of iron did not change. Finally, the
formal two-electron reductive elimination occurs to give the final products and complete the
catalytic cycle.
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Scheme 1.34. Fe-Bis(imino)-pyridine complex catalyzed cycloaddition of 1,6-enynes and diynes.

Furthermore, Chirik and co-workers have also extended the intramolecular [2π + 2π]
cyclization to intermolecular cross cycloadditions of dienes and unactivated alkenes (Scheme
1.35).60f,60g Regio-selectivity and stereo-selectivity of this methodology could be well controlled
by a rational ligand design. However, the sterically hindered dienes and sterically hindered
alkenes were inefficient. Based on these results, they have also developed the Fe-catalyzed [4 +
4]-cycloaddition of 1,3-dienes60h and successfully extended the strategy of redox non-innocent
ligands to cobalt,61 molybdenum,62 and nickel63chemistry.

61

Schmidt, V. A.; Hoyt, J. M.; Margulieux, G. W.; Chirik, P. J. J. Am. Chem. Soc. 2015, 137, 7903.

62

(a) Margulieux, G. W.; Bezdek, M. J.; Turner, Z. R.; Chirik, P. J. J. Am. Chem. Soc. 2017, 139, 6110. (b) Bezdek,

M. J.; Chirik, P. J. J. Am. Chem. Soc. 2018, 140, 13817.
63

(a) Pappas, I.; Treacy, S.; Chirik, P. J. ACS Catal. 2016, 6, 4105. (b) Joannou, M. V.; Bezdek, M. J.; Albahily, K.;

Korobkov, I.; Chirik, P. J. Organometallics. 2018, 37, 3389. (c) Léonard, N. G.; Yruegas, S.; Ho, S. C.; Sattler, A.;
Bezdek, M. J.; Chirik, P. J. Organometallics. 2020, 39, 2630.
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Scheme 1.35. Fe-catalyzed intermolecular cycloadditions of diene and unactivated alkene.

1.2.2. Redox Non-Innocent Ligands for Substrate Single Electron Transfer
This concept is nicely illustrated by the Co-porphyrin catalyzed cyclopropanation of a
terminal alkene and strongly supported by a range of mechanistic investigations. 64 In the
catalytic cycle (Scheme 1.36), the Co(II)-porphyrin catalyst 1.2.2-A reacts with the diazoester
compound to form the transient radical species 1.2.2-B by a single-electron transfer (SET) from
the Co(II) to the diazoester compound, followed by N2-elimination to afford the relevant carbene
or nitrene intermediate 1.2.2-C (a one-electron-reduced Fischer-type carbene). The DFT
calculations showed that the formation of the carbene/nitrene intermediate 1.2.2-C is the ratelimiting step in this catalytic cycle. Subsequently, the intermediate 1.2.2-C would react with an
alkene to form the intermediate 1.2.2-D, which then readily undergoes a closed-loop reaction to
produce the cyclopropane.65

64

(a) Dzik, W. I.; Xu, X.; Zhang, X. P.; Reek, J. N. H.; de Bruin, B. J. Am. Chem. Soc. 2010, 132, 10891. (b) de

Bruin, B.; Dzik, W. I.; Li, S.; Wayland, B. B. Chem.–Eur. J. 2009, 15, 4312.
65

Bury, A.; Corker, S. T.; Johnson, M. D.; J. Chem. Soc., Perkin Trans. 1, 1982, 645.
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Scheme 1.36. Co-porphyrin catalyzed cyclopropanation of a terminal alkene.

Zhang and co-workers have successfully made a systematical investigation of Coporphyrin catalyst systems for cyclization, amination, and carbonylation. They demonstrated that
the Co-porphyrin catalyst systems could be applied in intramolecular and intermolecular
reactions. Selected examples are shown in Scheme 1.37.66 A variety of excellent results, such as
a wide range of substrates and good enantioselectivity, were achieved in intramolecular and
intermolecular reactions. Recently, van der Vlugt and co-workers have also disclosed some
seminal reports in the research field of Co-porphyrin catalyst systems, but with a different type
of reaction and different types of redox ligands.67

66

(a) Zhu, S.-F.; Xu, X.; Perman, J. A.; Zhang, X. P. J. Am. Chem. Soc. 2010, 132, 12796. (b) Cui, X.; Xu, X.;

Wojtas, L.; Kim, M. M.; Zhang, X. P. J. Am. Chem. Soc. 2012, 134, 19981. (c) Jiang, H.-L.; Lang, K.; Lu, H.-J.;
Wojtas, L.; Zhang, X. P. J. Am. Chem. Soc. 2017, 139, 9164. (d) Paul, N. D.; Lu, H.-J.; Zhang, X. P.; de Bruin, B.
Chem. Eur. J. 2013, 19, 12953.
67

(a) van Leest, N.P.; Tepaske, M. A.; Oudsen, J.-P. H.; Venderbosch, B; Rietdijk, N. R.; Siegler, M. A.; Tromp, M.;

van der Vlugt, J. I.; de Bruin, B. J. Am. Chem. Soc. 2020, 142, 552. (b) Zhou, M.; Lankelma, M; van der Vlugt, J. I.;
de Bruin, B. Angew. Chem. Int. Ed. 2020, 59, 11073.
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Scheme 1.37. Selected examples developed by Zhang and co-workers.

Additionally, Betley and co-workers68 reported a high-spin synthetic analog of Fe(II)complex based on dipyrromethene ligands for carbene or nitrene transfer reactions (Scheme 1.38
a) in 2011. In these reactions, the azide directly reacted with the Fe(II)-complex 1.2.2-E to
generate the Fe(III)-imido-complex 1.2.2-G, which would undergo a C–H bond amination
achieved by the carbene or nitrene insertion of sp3 C–H bonds to form the amide product.
Alternatively, the Fe(III)-imido-complex 1.2.2-G would undergo an alkene aziridination
achieved through the transfer of the carbene or nitrene to the double bond. Mechanistic
experiments indicated that the isolated Fe(III)-imido-complex 1.2.2-G should be a high-spin (S =
2) iron complex and the hydrogen atom abstraction process was probably the rate-limiting step in
the amination reaction. On the basis of mechanistic studies, a possible catalytic cycle was
proposed (Scheme 1.38 b). As shown in Scheme 1.38 b, in the initial step, the Fe(II)-complex
1.2.2-E coordinates with azide by a ligand exchange reaction to form the transient Fe(II)68

(a) King, E. R.; Hennessy, E. T.; Betley, T. A. J. Am. Chem. Soc. 2011, 133, 4917. (b) Wilding, M. J. T.; Iovan, D.

A.; Betley, T. A. J. Am. Chem. Soc. 2017, 139, 12043.
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complex 1.2.2-F, followed by N2-elimination to afford Fe(III)-imido-complex 1.2.2-G, which
undergoes a hydrogen atom abstraction from an sp3 C–H bond to generate the Fe(III)-complex
1.2.2-H and an alky radical species. Subsequently, the alky radical intermediate reacts with the
Fe(III)-complex 1.2.2-H (a radical rebound action) to give the Fe-complex 1.2.2-I, which
undergoes the liberation of the product to regenerate the Fe(II)-coordination-complex 1.2.2-E
(Scheme 1.38 b). Subsequent mechanistic studies made by the same group have also supported
this catalytic cycle.68b

Scheme 1.38. A high-spin Fe(II)-dipyrromethene complex catalyzed a carbene/nitrene transfer.
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Following these mechanistic studies of Fe(II)-dipyrromethene complexes, the same group
has developed intramolecular diastereoselective C–H bond aminations (Scheme 1.39 a) 69 and
intermolecular N-group transfer reactions with a range of alkene substrates using Fe(II)dipyrromethene complexes (Scheme 1.39 b). 70 In the C–H bond amination reactions, a wide
range of cyclic amines were obtained. Additionally, the enhanced diastereoselectivity of cyclic
amine products could be achieved through the systematic modification of the catalyst. This result
was consistent with the corresponding DFT calculations. This methodology provides a facile
entry to N-heterocyclic products through direct amination of aliphatic C–H bonds and highlights
the development of the C–H bond functionalization chemistry. In contrast, the intermolecular Ngroup transfer reactions have shown a narrower scope of substrates and less functional group
tolerance. Only terminal alkenes are efficient in this intermolecular methodology. Betley and coworkers have also explored the Co, Cu, or Ni-dipyrromethene analogs for the direct amination of
aliphatic C–H bonds. High turnover numbers and excellent chemoselectivity have been achieved
under mild reaction conditions.71 It should be noted that most of the Cobalt imido complexes
featured closed-shell electronic configurations with high stability. 72 However, Betley and coworkers reported that the three coordinated Co-dipyrromethene complex has an open-shell (high
spin) electronic configurations, which is likely responsible for the high reactivity in the
amination of aliphatic C–H bonds.68a,71c

69

(a) Hennessy, E. T.; Betley, T. A. Science. 2013, 340, 591. (b) Iovan, D. A.; Wilding, M. J. T.; Baek, Y.; Hennessy,

E. T.; Betley, T. A. Angew. Chem. Int. Ed. 2017, 56, 15599.
70

Hennessy, E. T.; Liu, R. Y.; Iovan, D. A.; Duncan, R. A.; Betley, T. A. Chem. Sci. 2014, 5, 1526.

71

(a) Baek, Y.; Betley, T. A. J. Am. Chem. Soc. 2019, 141, 7797. (b) Baek, Y.; Hennessy, E. T.; Betley, T. A. J. Am.

Chem. Soc. 2019, 141, 16944. (c) King, E. R.; Sazama, G. T.; Betley, T. A. J. Am. Chem. Soc. 2012, 134, 17858. (d)
Carsch, K. M.; DiMucci, I. M.; Iovan, D. A.; Li, A.; Zheng, S.-L.; Titus, C. J.; Lee, S. J.; Irwin, K. D.; Nordlund, D.;
Lancaster, K. M.; Betley, T.A. Science. 2019, 365, 1138. (e) Dong, Y.; Clarke, R. M.; Porter, G. P.; Betley, T. A. J.
Am. Chem. Soc. 2020, 142, 10996.
72

(a) Jenkins, D. M.; Betley, T. A.; Peters, J. C. J. Am. Chem. Soc. 2002, 124, 11238. (b) Hu, X.; Meyer, K. J. Am.

Chem. Soc. 2004, 126, 16322.
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Scheme 1.39. Selected examples of high-spin Fe(II)-dipyrromethene complexes catalyzed reactions.

Inspired by seminal reports of Betley and co-workers,68 van der Vlugt and co-workers
developed a redox-active high-spin Fe(III)-centered complex 1.2.2-J supported by a pyridineaminophenol ligand to catalyze the intramolecular amination of aliphatic C–H bonds. In this
intramolecular amination reaction, high turnover numbers (1 mol% of 1.2.2-J, 12 h, TON = 62;
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0.1 mol% of 1.2.2-J, 7 days, TON = 620) were obtained. Unfortunately, the chemo-selectivity of
this methodology is not good due to background reactions of the azide substrates and di-tertbutyl dicarbonate (Boc2O). Thus, some byproducts of amines are formed in these reactions.
Mechanistic experiments and DFT calculations suggested that the well-defined and air-stable
Fe(III)-complex 1.2.2-J should be best described as a ligand-centered NNOISQ radical, and a
possible catalytic cycle was proposed (Scheme 1.40).73 In the proposed catalytic cycle, Fe(III)complex 1.2.2-J reacts with Boc2O to generate the cationic Fe(III) species 1.2.2-K, which
coordinates to the azide substrate to give the Fe(III) species 1.2.2-L. Subsequently, the Fe(III)
species 1.2.2-L undergoes an N2 elimination to form the Fe(III)-nitrenoid species 1.2.2-M,
followed by a direct nitrene insertion or a hydrogen atom abstraction along with a subsequent
radical rebound mechanism to give the Fe(III)-pyrrolidine-adduct 1.2.2-N, which subsequently
reacts with a Boc-containing species to release the final product and regenerate the Fe(III)complex 1.2.2-J.

73

Bagh, B.; Broere, D. L. J.; Sinha, V.; Kuijpers, P. F.; van Leest, N. P.; de Bruin, B.; Demeshko, S.; Siegler, M. A.;

van der Vlugt, J. I. J. Am. Chem. Soc. 2017, 139, 5117.
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Scheme 1.40. A possible catalytic cycle of Fe(III)-ligand-centered NNOISQ radical for
intramolecular amination of aliphatic C–H bonds.
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1.3 C–H Functionalization Enabled by a Hydrogen Atom Transfer
Hydrogen atom transfer (HAT) (or Hydrogen Atom Abstraction, HAA) is one of the most
fundamental reactions in modern organic synthesis. The well-known cases are Hofmann–
Löffler–Freytag reaction (HLF reaction) 74 and Barton 75 reaction, reported by Hofmann and
Barton in 1883 and 1960, respectively (Scheme 1.41). As shown in Scheme 1.41, the N-centered
radical species or the O-centered radical species are generated through photolytic homolysis,
followed by an intramolecular 1,5 hydrogen atom transfer (HAT) to produce a new C-centered
radical species. Subsequently, the C-centered radical species is trapped by Cl-radical species or
ON-N-centered radical species to give the corresponding product. Finally, the intramolecular C–
H amination or the intramolecular tautomerization occurs to afford the final product. Both
reactions are good representative examples of selective intramolecular HAT reactions. Since the
seminal reports to achieve selective functionalization of C–H bonds have been disclosed, a wide
variety of HAT reactions have been developed. Particularly in recent decades, many modern
methods for generating free radical species via single electron transfer (SET) have been
developed, which have greatly improved the application of selective HAT reactions in organic
synthesis. 76 Selected reports of intramolecular and intermolecular HAT reactions will be
discussed in the following subsections.

74

(a) Hofmann, A. W. Chem. Ber. 1883, 16, 558. (b) Löffler, K.; Freytag, C. Chem. Ber. 1909, 42, 3427.
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(a) Barton, D. H. R.; Beaton, J. M.; Geller, L. E.; Pechet, M. M. J. Am. Chem. Soc. 1960, 82, 2640. (b) Barton, D.

H. R.; Beaton, J. M.; Geller, L. E.; Pechet, M. M. J. Am. Chem. Soc. 1961, 83, 4076.
76

(a) Prier, C.K.; Rankic, D.A.; MacMillan, D. W. C. Chem. Rev. 2013, 113, 5322. (b) Stateman, L.M.; Nakafuku, K.

M.; Nagib, D. A. Synthesis. 2018, 50, 1569.
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Scheme 1.41. Pathways of Hofmann–Löffler–Freytag reaction and Barton reaction.

1.3.1 C–H Functionalization Enabled by an Intramolecular Hydrogen Atom Transfer
The biggest challenge to C–H functionalization is the selectivity of the reaction. In
general, the selectivity of an intramolecular HAT reaction is typically controlled via a remote C–
H bond activation, such as the most typical 1,5-HAT process, which can suggest a good strategy
for the selective C–H functionalization. In 2008, Baran and co-workers developed an
intramolecular HAT-based C–H halogenation to obtain 1,3-diols. In this reaction, the unique
chemo- and regioselectivity was achieved by the use of the masked alcohol enabled by the
formation of N-bromocarbamates 1.3-A (Scheme 1.42 a).77 As shown in Scheme 1.42 a, the 1,6HAT is mediated by the photoinitiated homolysis of N–Br bond. In this process, a sevenmembered transition state is required for the 1,6-HAT, although the HLF reaction usually
undergoes 1,5-HAT. After the 1,6-HAT, a C-centered radical species 1.3-B is formed.
Subsequently, the C-centered radical species 1.3-B is trapped by Br• to afford the alkyl bromide
compound 1.3-C, which undergoes a cyclization to result in the intermediate 1.3-D. Next, the
intermediate 1.3-D hydrolyzes to unmask the 1,3-diol. In 2016, Cook and co-workers reported
the first Fe-catalyzed chemoselective fluorine transfer by 1,5-HAT to give the corresponding
products in high yields (Scheme 1.42 b).78 Crossover experiments and DFT calculations for this
fluorine transfer reaction indicate that a short-lived radical intermediate with F-transfer is formed,
77

Chen, K.; Richter, J. M.; Baran, P. S. J. Am. Chem. Soc. 2008, 130, 7247.
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Groendyke, B. J.; Abusalim, D. I.; Cook, S. P. J. Am. Chem. Soc. 2016, 138, 12771.
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and the transposition of the N–F to the benzylic C–F is directly mediated by the iron catalyst in
this reaction. Subsequently, Roizen and co-workers 79 disclosed N-chlorosulfamates facilitate
highly selective halogenation of γ-C–H bonds by 1,6-HAT (Scheme 1.42 c). Quantum yield
measurements for the highly selective halogenation reaction suggest that a radical chainpropagation process initiated by blue light is involved in this halogenation reaction, and the good
γ-selectivity depends on the favorable geometry of sulfamate.

Scheme 1.42. C–H functionalization via an intramolecular 1,5 or 6-HAT.

In 2019, Liu and co-workers developed the first copper-catalyzed enantioselective crosscoupling of δ C–H bonds with alkynes by 1,5 or 1,6 HAT in a highly regio-, chemo-, and
enantioselective manners (Scheme 1.43).80 As presented in Scheme 1.43, a wide range of (hetero)

79

Short, M. A.; Blackburn, J. M.; Roizen, J. L. Angew. Chem. Int. Ed. 2018, 57, 296.
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Zhang, Z.-H.; Dong, X. -Y.; Du, X.-Y.; Gu, Q. S.; Li, Z.-L.; Liu, X.-Y. Nat. Commun. 2019, 10, 5689.
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aryl and alkyl alkynes and (hetero) benzylic and propargylic Csp3–H bonds were employed
under mild reaction conditions, giving more than 47 examples, up to 98% yield, and up to 97%
ee.

Scheme 1.43. Enantioselective C–H functionalization via 1,5 or 6-HAT.

Despite advances in HLF reactions, these transformations typically require the
preinstallation or in situ generation of the N–X (X = F, Cl, or Br) bonds from amide substrates.
The actions of halogen preinstallation may limit the scope of substrates for these reactions, as
some substrates may not be well tolerated under halogenation conditions. Additionally, these
methods are also not very atom-economical, as the preloading and dismantling of halogens will
generate large amounts of waste. In contrast, direct homolysis of the N–H bonds of amides to
form N-centered radical species would be more efficient. In 2016, the Knowles and Rovis groups
independently disclosed the direct activation of amide N–H bonds to generate the N-centered
radical species through a concerted proton-coupled electron transfer (PCET) process enabled by
an Ir-photocatalyst (Scheme 1.44).81 As shown in Scheme 1.44, the 1,5-HAT is mediated by the
N-centered radical species produced by Ir-photocatalyst, followed by intermolecular radical
trapping and Ir-photocatalyst regeneration to afford a final product with good regioselectivity
and moderate to good yields. These excellent methodologies afford a good strategy for directly
forming the N-centered radical species from amides and extend the scope of HLF reactions in
synthetic chemistry.

81

(a) Choi, G. J.; Zhu, Q.; Miller, D. C.; Gu, C. J.; Knowles, R. R. Nature. 2016, 539, 268. (b) Chu, J. C. K.; Rovis,

T. Nature. 2016, 539, 272. (c) Chen, D.-F.; Chu, J. C. K.; Rovis, T. J. Am. Chem. Soc. 2017, 139, 14897.
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Scheme 1.44. C–H functionalization enabled by the homolysis of N–H bonds.

Recently, Liu and co-workers developed an enantioconvergent tertiary β-Csp3–H
amination of racemic ketones by pre-installation of a hydrazone from p-toluenesulfonohydrazide
(TsNHNH2). More than 66 substrates were employed to afford up to 85% yield and up to 96% ee
by using this methodology (Scheme 1.45).82 In this reaction, a similar HLF reaction is initiated
by the homolysis of N–H bond to form the N-centered radical species, followed by a 1,5 HAT,
an association with Cu-chiral phosphate complex, and an enantioselective C–N bond formation
to yield the final products (Scheme 1.45). This methodology can override the limitations of other
transition metal-catalyzed C–H functionalization of prochiral C–H bonds.
82

(a) Yang, C.-J. S.; Zhang, C.; Gu, Q.-S.; Fang, J.-H.; Su, X.-L.; Ye, L.; Sun, Y.; Li, Z.-L.; Liu, X.-Y. Nat.Catal.

2020, 3, 539.
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Scheme 1.45. An enantioconvergent tertiary β-Csp3–H amination of racemic ketones.

At the same time, Nagib and co-workers also developed a multi-catalytic strategy for an
enantioselective radical C–H amination. In this strategy, more than 49 substrates were used, and
up to 99% yield and up to 99% ee were obtained (Scheme 1.46).83 Mechanistic experiments
showed that triplet energy sensitization of a Cu-bound radical precursor facilitates 1,5-HAT
stereoselectivity to form chiral products. In an initial step, an oxime imidate is generated by the
reaction of an imidoyl chloride chaperone and alcohol. In the presence of a chiral carboxylate,
this radical precursor coordinates with a copper catalyst bearing a chiral bisoxazoline ligand to
give a Cu imidate complex 1.3.1-A. The Cu imidate complex 1.3.1-A then undergoes an energy
transfer through an Ir-photocatalyst with an excited state under visible light conditions to
generate an N-centred radical species 1.3.1-B. Subsequently, regioselective 1,5 HAT and
stereoselective amination steps occur to obtain the corresponding products (Scheme 1.46).

83
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Scheme 1.46. An enantioselective radical C–H amination by a multi-catalytic strategy.

All of the above cases were triggered by N-centered radical species in a similar manner to
an HLF reaction. A variety of intramolecular cases triggered by O-centered radical species have
also been successfully developed on the basis of Barton reaction. In 2016, Chen and co-workers
first reported the visible-light-induced formation of alkoxyl radicals from N-alkoxyphthalimides
to enable δ-C–H allylation. More than 29 substrates were employed, and up to 91% yield of
product was obtained using this strategy (Scheme 1.47 a).84a In the same year, the groups of
Oisaki and Kanai reported a complementary pathway to obtain γ-ketones or γ-nitrated alcohols in
moderate to good yields by single-electron-transfer (SET) reduction of the N–O in N-alkoxyphthalimides (Scheme 1.47 b).84b,84c In these examples, special free-radical-initiating groups are
required. This may limit their application in synthetic chemistry.
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(a) Zhang, J.; Li, Y.; Zhang, F.; Hu, C.; Chen, Y. Angew. Chem. Int. Ed. 2016, 55, 1872. (b) Ozawa, J.; Tashiro,
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Chem. 2016, 14, 4378.
56

Introduction: Dehydrogenation Reactions

Scheme 1.47. Remote C–H functionalization enabled by O-center radical species.

In 2018, Zuo and co-workers disclosed a δ‑selective C–H functionalization of unmasked
alkanols enabled by visible-light-induced ligand-to-metal charge transfer (LMCT). 18 substrates
were employed and up to 84% yield was achieved by the use of this method (Scheme 1.48). In
this reaction, a novel alkoxy radical was generated by CeCl3 catalysis under visible-light
conditions. The authors proposed that the Ce(IV)−OR homolysis of coordination Ce-alcohol
complex can be photoexcited by visible-light irradiation to give an alkoxy radical, followed by a
thermodynamically favorable 1,5 HAT to generate a highly nucleophilic alkyl radical species,
which is trapped by di-tert-butyl azodiformate (DBAD) to afford a final product. 85 This
methodology provides a simple, efficient, and versatile platform for exploring the Barton
reaction through simple unmasked alcohols.
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Hu, A.; Guo, J. J.; Pan, H.; Tang, H.; Gao, Z.; Zuo, Z. J. Am. Chem. Soc. 2018, 140, 1612.
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Scheme 1.48. Selective C–H functionalization of unmask alkanols enabled by 1,5 HAT.

In addition to the HAT mediated by N/O-centered radical species, the HAT mediated by
C-centered was explored, especially in recent years. In 2012, Baran and co-workers employed an
aryltriazene as an aryl radical precursor to promote an intramolecular HAT for the
dehydrogenation of remote C–H bonds. Using this protocol, more than 20 substrates were
employed, and up to 92% yield was obtained (Scheme 1.49).86 In this reaction, a stabilized alky
radical species was generated by a rare 1,7 HAT. Subsequently, the alky radical species was
oxidized by TEMPO+ previously generated in the reaction to form the corresponding carbocation,
which underwent an elimination event to afford remote alkenes (Scheme 1.49).

Scheme 1.49. An intramolecular HAT for the desaturation of remote C–H bonds.
86
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Aryl halides appear to be more common and convenient to be used as free radical
precursors than aryltriazenes compounds. In 2016, Gevorgyan and co-workers reported the first
visible-light-induced generation of hybrid aryl Pd-radical species from aryl iodide and Pd(0)
complex. In this approach, the hybrid aryl Pd-radical species would undergo a 1,5 HAT to give a
stabilized alky radical species, followed by a β-H-elimination event to give alkenes and
regenerate the Pd(0) complex. 29 substrates were employed, and up to 95% yield was obtained
using this strategy (Scheme 1.50). 87 In these reactions, the classical toxic reagents (such as
Bu3SnH/AIBN) for the generation of radical species can be avoided.

Scheme 1.50. Desaturation of remote C–H bonds enabled by hybrid Pd/radical species.

Following this report, the same group expanded their strategy to the selective
desaturation of aliphatic amines (Scheme 1.51 a) 88a and Heck reaction at Csp3–H bonds of silyl
protected alcohols (Scheme 1.51 b).88b More interestingly, they also used the alternative radical
precursors to realize intramolecular cyclization by the same HAT strategy (Scheme 1.51 c).88c,88d
These excellent results have shown the remarkable reactivity of the hybrid Pd-radical species and
suggested a new strategy for intramolecular HAT reactions. However, deeper mechanistic
studies of these reactions have yet to be performed.
87
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Scheme 1.51. Extended desaturation of remote C–H bonds enabled by hybrid Pd/radical species.

In contrast to the Csp2-centered initiators described above, the Csp3-centered initiators for
HAT are uncommon, because of the small energy difference between the initial Csp3-radical
species and the resultant Csp3-radical species after HAT. Liu and co-workers developed a radical
tandem protocol to solve this problem. A highly selective α-functionalization of carbonyl
compounds by a copper catalyst or an electron donor-acceptor (EDA) complex in situ generated
via the intermolecular π-π stack was achieved, giving 72 substrates and up to 90% yield (Scheme
1.52).89 In these methods, unactivated alkenes were activated by CF3-Togni reagent to give Csp3centered radical species, followed by a 1,5 HAT to afford a more stabilized Csp3-centered radical
species adjacent to the carbonyl/phenyl groups. Subsequently, the α-Csp3-centered radical
species underwent oxidation to give an α- Csp3-cation species, which would react with a wide
range of nucleophiles to yield α-halo- (including chloro, bromo, and iodo), α-cyano-, α-azido-,
and α-hydroxycarbonyl products. More interestingly, the α-azidonated carbonyl compounds, in
situ generated via a domino strategy, could be transformed by the simple addition of Et3N to
89

(a) Huang, L.; Zheng, S.-C.; Tan, B.; Liu, X.-Y. Chem. Eur. J. 2015, 21, 6718. (b) Huang, L.; Zheng, S.-C.; Tan,

B.; Liu, X.-Y. Org. Lett. 2015, 17, 1589. (c) Huang, L.; Lin, J.-S.; Tan, B.; Liu, X.-Y. ACS Catal. 2015, 5, 2826.
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various CF3-containing γ‑Lactam and Spirobenzofuranone-Lactam. In these reactions, 18
substrates and up to 93% yield were obtained in one pot.

Scheme 1.52. Selective remote C–H functionalization enabled by sp3-C-centered radical species.

1.3.2 C–H Functionalization Enabled by an Intermolecular Hydrogen Atom Transfer
In intramolecular HAT reactions, the radical site is also usually used as the guiding group
to promote C–H bonding of 1,n (n = 5, 6, 7) HAT of C–H bonds. However, due to the lack of
any directing group in intermolecular HAT reactions, the selectivity of this reaction is difficult to
control. Thus, intermolecular HAT reactions are generally limited to the C–H bonds of
cycloalkanes or active α-sites (such as α-sites of carbonyl/phenyl/groups or some heteroatoms).
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In 2015, MacMillan and co-workers90 reported an efficient method of the α-C–H arylation of
allylic/benzylic sp3 C–H bonds using a photoredox catalyst (Ir(III)(ppy)3) and an organocatalyst
(triisopropylsilanethiol) in presence of a 26 W fluorescent used as the light source to obtain the
desired products in good yields. Furthermore, this method is the potential for the late-stage
modification of highly functionalized structures (Scheme 1.53 a). The catalytic cycles were
proposed in Scheme 1.53 b: in the initial step, Ir(III)(ppy)3 is reversibly promoted to the excited
state *Ir(III)(ppy)3 through the absorption of a photon from the 26-W light source; subsequently,
the *Ir(III)(ppy)3 employed as a powerful reductant to donate an electron to 4-cyanopyridine to
generate the radical anion 1.3.2-1 and the strong oxidant Ir(IV)(ppy)3; then, the strong oxidant
Ir(IV)(ppy)3 would undergo a single-electron transfer event with thiol catalyst to give the thiyl
radical species and regenerate the photocatalyst Ir(III)(ppy)3; next, the thiyl radical species could
abstract an allylic hydrogen atom (intermolecular HAT) from 1.3.2-2 to form the allylic radical
species 1.3.2-3, followed by a radical-radical coupling reaction of 1.3.2-1 and 1.3.2-3 to afford
the coupling product 1.3.2-4, which then undergoes an elimination of –CN to form the
aromatized product 1.3.2-5.

90

Cuthbertson, J. D.; MacMillan, D. W. C. Nature. 2015, 519, 74.
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Scheme 1.53. Photocatalytic arylation of allylic/benzylic sp3 C–H bonds by an intermolecular HAT.

Based on these results, MacMillan and co-workers have expanded this cooperative
catalytic strategy to achieve the α-C–H bond alkylation of alcohols (Scheme 1.54 a),91 direct αC–H bonds arylation of tertiary amines (Scheme 1.54 b),92 and even direct arylation of aliphatic

91

Jeffrey, J. L.; Terrett, J. A.; MacMillan, D. W. C. Science. 2015, 349, 1532.

92

Shaw, M. H.; Shurtleff, V. W.; Terrett, J.V.; Cuthbertson, J. D.; MacMillan, D. W. C. Science. 2016, 352, 1304.
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C–H bonds (Scheme 1.54 c). 93 The Alexanian, 94 Nicewicz, 95 Betley69,70, Sorensen33,34, and
Melchiorre 96 groups have also successfully developed the cooperative catalytic strategies to
access direct C–H bonds functionalization by intermolecular HAT. All cases exhibit the potential
of this cooperative catalytic strategy for organic synthesis.

Scheme 1.54. Cooperative catalytic strategies to access direct C–H bonds functionalization.

Additionally, in 2018, Zuo and co-workers reported the photocatalytic C–H bond
amination, alkylation, or arylation of natural gases, such as methane, ethane, and even higher
alkanes at mild conditions (Scheme 1.55 a). 97 In this method, an abundant and inexpensive
93

Perry, I. B.; Brewer, T. F.; Sarver, P. J.; Schultz, D. M.; DiRocco, D. A.; MacMillan, D. W. C. Nature. 2018, 560,

70.
94

(a) Margrey, K. A.; Czaplyski, W. L.; Nicewicz, D. A.; Alexanian, E. J. J. Am. Chem. Soc. 2018, 140, 4213. (b)

Morton, C. M.; Zhu, Q.; Ripberger, H.; Troian-Gautier, L.; Toa, Z. S. D.; Knowles, R. R.; Alexanian, E. J. J. Am.
Chem. Soc. 2019, 141, 13253.
95

McManus, J. B.; Griffin, J. D.; White, A. R.; Nicewicz, D. A.J. Am. Chem. Soc. 2020, 142, 10325.

96

(a) Murphy, J. J.; Bastida, D.; Paria, S.; Fagnoni, M.; Melchiorre, P. Nature. 2016, 532, 218. (b) Mazzarella, D.;

Crisenza, G. E. M.; Melchiorre, P. J. Am. Chem. Soc. 2018, 140, 8439.
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Hu, A.; Guo, J.-J.; Zuo, Z. Science. 2018, 361, 668.
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cerium salt was used as a photocatalyst, and alcohol was used as a HAT catalyst to achieve high
catalytic efficiency in C–H bond aminations of methane (turnover numbers up to 2900) and
ethane (turnover numbers up to 9700). A proposed mechanism for this reaction is presented
(Scheme 1.55 b). As shown in Scheme 1.55 b, in the initial step, a simple alcohol catalyst could
react fast with a Ce(IV) salt to in situ generate a Ce(IV)-alkoxy complex, which would undergo
the photoinduced LMCT to form a high energy electrophilic alkoxy radical species and a reduced
Ce(III) species, followed by an intermolecular HAT of alkane mediated by the high energy
electrophilic alkoxy radical to yield an alkyl radical species. Subsequently, the alkyl radical
species would readily be trapped by di-tert-butyl azodicarboxylate (DBAD) to give an Ncentered radical species, which undergoes a single electron reduction by the Ce(III) species to
regenerate the active Ce(IV) catalyst and deliver the desired product after protonation.
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Scheme 1.55. Photocatalytic C–H bonds functionalization of nature gases by intermolecular HAT.

66

Introduction: Dehydrogenation Reactions

1.4

Conclusion and Project Outline
Alkenes are among the most versatile molecules in organic synthesis. A direct catalytic

alkane dehydrogenation to generate the corresponding alkene products would be regarded as
perhaps one of the most efficient methods to access these products. In addition to simple alkanes,
the dehydrogenations of heterocycles and functional compounds have also attracted great interest.
Many breakthroughs in dehydrogenation reactions have been made in the past decades.
To the best of our knowledge, the pincer-ligated complexes are the most efficient catalysts
for the alkane dehydrogenations (chapter 1.1), but their complex synthesis and the harsh reaction
conditions required for the alkane dehydrogenations are significant drawbacks of this method.
The tandem catalytic systems based on alkane dehydrogenations with the pincer-ligated
complexes as catalysts can give the selective functionalization of linear alkanes, but also require
harsh reaction conditions for the alkane dehydrogenation step. As a result, the applications of
these pincer-ligated catalyst systems are limited in synthetic chemistry. The novel dual catalytic
systems for alkane dehydrogenations can operate under mild conditions, but the dehydrogenation
reactions are less efficient and require energetic UV light (chapter 1.1.3). In contrast, the
selective dehydrogenations for heterocycles and functional compounds show better applicability,
practicality, and milder reaction conditions (chapter 1.1.4). The selective dehydrogenations
enabled by intramolecular HAT also show excellent results of applicability and practicality
(chapter 1.3.1, Scheme 1.51). However, the substrate scopes of these selective dehydrogenations
are limited. Thus, the development of alkane dehydrogenations with mild conditions and simple
catalyst systems is highly appealing.
In recent decades, many novel ligands and modern catalytic methodologies have been
developed to explore new organic reactions (chapter 1.2). For example, the use of redox
noninnocent ligands for organic reactions has been successfully explored over the last decades.
The well-known cases of n + m cyclization of alkene/alkyne with diazoester compounds have
been developed under mild reaction conditions. These reactions are based on the electrons
transfer potentials of redox noninnocent ligands. However, the types of reactions using redox
noninnocent

ligands

are

limited

to
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intramolecular/intermolecular C–H bond amination. Therefore, the development of the redox
noninnocent ligands for novel organic reactions with mild conditions is very attractive.
In this thesis, the combination of a redox-active ligand and a sterically hindered aryl radical
intermediate is used to enable intermolecular hydrogen atom transfer (HAT) for
dehydrogenations of alkanes/aliphatic groups and couplings of Csp3−H with Csp3−H bonds. In
this novel strategy, a Ru-redox-active ligand complex is regarded as a radical initiator to promote
an aryl radical species from an aryl iodine compound. This is the key step for dehydrogenation
and coupling reactions. In chapter 2, a conceptually novel strategy for the catalytic
dehydrogenation of alkanes and heterocycles is presented. In chapter 3, following the advantage
of the catalytic dehydrogenation system, a rare example of selective cross-dehydrogenative
coupling between two different Csp3–H bonds is described.
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Abstract
The catalytic dehydrogenation of alkanes offers one of the most versatile and efficient
strategies to access alkenes directly from the corresponding alkanes. One of the most widespread
methodologies for alkane dehydrogenation uses Pincer-Ligated-Ir complexes at a temperature as
high as 200 oC. The harsh conditions often required have limited the applicability of this catalytic
manifold. Here, we report a conceptually novel approach to the catalytic dehydrogenation of
alkanes using Ru and a redox-active ligand through the intermolecular HAT (Hydrogen Atom
Transfer) process. Our strategy has used a yet underexplored diimine scaffold to facilitate the
generation of a highly reactive aryl radical, which can mediate a facile intermolecular alkane
dehydrogenation reaction that goes beyond the state-of-the-art both in terms of functional group
tolerance and catalytic activity. The protocol developed was applicable to a wide range of
functionalized substrates as well as heterocycles. We were also able to successfully perform
gram-scale reactions isolating borylation products (from dodecane and tetradecane) by a one-pot
tandem strategy and an epoxidation product by two separate steps, which further proved the
synthetic utility of this protocol. Aside from these synthetic aspects, we have isolated two
important Ru-diimine complexes and investigated their catalytic efficiency in the alkane
hydrogenation reaction. We have also conducted mechanistic and organometallic studies to
support the radical mechanism enabled by an intermolecular HAT. This novel reaction provides
a conceptual blueprint for developing a new and promising type of catalyst for the
dehydrogenation of alkanes and functionalized compounds.

(This work has been carried out in cooperation with Dr. Alessandro Bismuto, B.Sc. Simon A.
Rath, and Dr. Nils Trapp)
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2.1. Background and Motivation
Many elegant methodologies for direct dehydrogenation of heterocycles and alkanes to
yield corresponding dehydrogenated products have been achieved since the first reaction of
Ir(III)-mediated alkane dehydrogenation was reported by Crabtree and co-workers5 in 1979 (see
introduction 1.1). The pincer-ligated metal complexes are the most efficient for direct
dehydrogenation of alkyl groups and alkanes; however, high temperatures (200‒250 oC) are
required for these dehydrogenation reactions. The general proposed mechanism of these catalytic
dehydrogenation reactions (Scheme 2.1) indicates that a pincer-ligated metal catalyst undergoes
an oxidative addition of the inert C‒H bond to generate an alkyl pincer-ligated metal hydride
intermediate, followed by a β-hydride elimination to yield the corresponding alkene product and
regenerate the pincer-ligated metal catalyst.13 In the β-hydride elimination step, alkyl pincerligated metal hydride intermediate undergoes an H2 reductive elimination or delivers H2 to the H2
acceptor tert-butylethylene (TBE; 3,3-dimethyl-1-butene).

Scheme 2.1. A general pathway for pincer-ligated metal complexes catalyzed dehydrogenations.

In 2012, Baran and co-workers86 designed an intramolecular 1,6 or 1,7 HAT for selective
dehydrogenation of remote C‒H bonds (Scheme 2.2). In this methodology, an aryltriazene was
used as an aryl radical precursor to generate a highly reactive aryl radical intermediate, which
would abstract a hydrogen atom through a remote 1,6 or 1,7 HAT to form a Csp3-centered
radical intermediate. Subsequently, the Csp3-centered radical intermediate would undergo
oxidation and elimination to generate an alkene.
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Scheme 2.2. Selective remote alkane dehydrogenations of aryltriazene.

Gevorgyan and co-workers have also demonstrated a similar intramolecular HAT
strategy.87,88a They developed a Pd-catalyzed protocol to generate remote alkenes under visible
light conditions (Scheme 2.3). In this protocol, a critical hybrid Pd/aryl radical intermediate was
generated from an aryl iodide under Pd catalyst and blue LED conditions. Next, the hybrid
Pd/aryl radical intermediate underwent an intramolecular 1, n (n = 5, 6, or 7) HAT to form a
stabilized alkyl radical intermediate, followed by β-H-elimination to give a remote alkene. These
methods offer practical solutions for intramolecular selective dehydrogenations; however, the
more challenging intermolecular dehydrogenations have not yet been reported.

Scheme 2.3. Selective remote alkane dehydrogenations of aryl iodides.

Recently, Sorensen and co-workers reported a dual catalytic dehydrogenation of alkanes
upon the release of hydrogen gas. An interesting tandem HAT process has been proposed for this
cooperative catalyst system described in Scheme 2.4. First, a tungsten photocatalyst (tetra-nbutylammonium decatungstate, TBADT) abstracted a hydrogen atom (the first HAT) from a C‒
H bond to form a Csp3-centered radical intermediate. Subsequently, a cobalt cocatalyst
(cobaloxime pyridine chloride, COPC) would abstract a hydrogen atom (the second HAT) from
an α-C‒H bond of the resulting Csp3-centered radical intermediate to generate alkenes.33,34 In
this protocol, the first HAT should be slow due to the high bond dissociation energy (BDE) of
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alkane C‒H bond (BDEC-H ~ 100 kcal mol-1), and the second HAT should be fast due to the
weakened α-C‒H bond (BDEC-H < 50 kcal mol-1) of the resulting Csp3-centered radical
intermediate.98 Although this strategy suffers from drawbacks such as low yield (< 20 % yield)
and limited substrate scope, it is still considered as state-of-the-art in the catalytic intermolecular
dehydrogenations based on a HAT process. Thus, the development of complementary strategies
is highly appealing.

Scheme 2.4. A cooperative catalyst system for alkane dehydrogenations.

Due to the high reactivity of aryl radicals, many reactions involving aryl radicals generate
side products, such as undesired products generated by hydrogen abstraction from lower energy
C–H bonds or halogen transfer from the substrates.99 To the best of our knowledge, aryl radicals
are usually used to introduce aryl groups into molecular scaffolds, such as the well-known
Meerwein type arylation reactions. 100 In contrast, the remote C–H bond dehydrogenation
mentioned above are valuable and have shown that the highly reactive aryl radicals could also be
used as a powerful tool to activate inert C–H bonds using HAT strategies. Based on the
literature,101 the bond dissociation energy (BDE) of Csp3–H bond (for the most alkane) are < 105
kcal mol-1, and the bond dissociation energy (BDE) of Csp2–H bond (such as Ph–H) are > 110
98

Zhang, X.-M. J. Org. Chem. 1998, 63, 1872.

99

Feray, L; Kuznetsov, N.; Renaud, P. Radicals in Organic Synthesis. Vol. 2 (Eds: P. Renaud, M. P. Sibi), Wiley-

VCH, Weinheim, 2001, pp. 263 –270.
100

(a) Heinrich, M. R. Chem. Eur. J. 2009, 15, 820. (b) Ghosh, I.; Marzo, L.; Das, A.; Shaikh, R.; König, B. Acc.

Chem. Res. 2016, 49, 1566.
101

Luo, R.-Y. Hand Book of Bond Dissociation Energies in Organic Compounds. CRC Press LLC, 2003.
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kcal mol-1; thus, from thermodynamic considerations, the highly reactive aryl radical could be
used for the abstraction of C–H from most alkanes (Figure 2.1). We thus reasoned that the highly
reactive aryl radical species could act as an intermolecular HAT initiator for alkane
dehydrogenation.

Figure 2.1 Bond dissociation energies (BDE) of Ph–H and Csp3–H bonds.
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2.2. Reaction Design
Based on our interest in alkane dehydrogenation using a highly reactive aryl radical
species as an intermolecular HAT initiator, we examined the literature on different radical
precursors. We have noticed that arenediazonium salts and aryl halides are the most efficient aryl
radical precursors in organic synthesis.100 Generally, the aryl diazonium salts have to be
synthesized in the laboratory or purchased from commercial sources at a relatively high price.
Additionally, the aryl diazonium salts are not stable and should be stored at low temperatures.100
In contrast, aryl halides are more easily available, cheap, and stable.102 However, the classical
method of generating aryl radicals from aryl halides generally requires the use of the toxic
Bu3SnH/AIBN.102a To overcome these drawbacks, other elegant alternatives have been
developed in recent decades, such as the generation of aryl radicals from aryl halides under
photocatalytic,87,88a,102b,102c

Ru-complex,102f

and

metal-free

(1,10-phenanthroline)

conditions102d,102e (Scheme 2.5).

Scheme 2.5. Elegant methods for the generation of aryl radicals.

Here, we hypothesized that the use of a Ru catalyst and ligand system could facilitate the
generation of sterically hindered aryl radicals from aryl iodides. Subsequently, the highly
102

(a) Bowman, W. R.; Storey, M.D. Chem. Soc. Rev. 2007, 36, 1803. (b) Nguyen, J.D.; D’Amato, E. M.;

Narayanam, J. M. R.; Stephenson, C. R. J. Nat. Chem. 2012, 4, 854. (c) Le, C.; Chen, T. Q.; Liang, T.; Zhang, P.;
MacMillan, D. W. C. Science. 2018, 360, 1010. (d) Ghosh, I.; Ghosh, T.; Bardagi, J. I.; König, B. Science. 2014,
346, 725. (e) Sun, C.-L.; Li, H.; Yu, D.-Y.; Yu, M.; Zhou, X.; Lu, X.-Y.; Huang, K.; Zheng, S.-F.; Li, B.-J.; Shi, Z.J. Nat. Chem. 2010, 2, 1044. (f) Haibach, M. C.; Stoltz, B. M.; Grubbs, R. H. Angew. Chem. Int. Ed. 2017, 56,
15123.
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reactive aryl radical intermediate can abstract a hydrogen atom from cyclooctane to form the
thermodynamically stable alkyl radical species, which would be transformed into cyclooctene
(Scheme 2.6). As shown in the reaction of Scheme 2.6, the aryl iodide is used as an oxidant in
the alkane dehydrogenation reaction, converting an alkane to an alkene. Notably, in order to
avoid arylation reactions of the solvent with the aryl radical, the sterically hindered mesityl
iodide was chosen as an aryl radical precursor for the alkane dehydrogenation reaction.

Scheme 2.6. Our working hypothesis for alkane dehydrogenation.
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2.3. Evaluation of Our Hypothesis
On the basis of our hypothesis, we started our investigation of alkane dehydrogenation,
selecting cyclooctane and mesityl iodide as benchmark substrates, Ru3(CO)12 as precatalyst, 1,2bis-(diphenylphosphino) ethane (dppe) as a ligand, and Cesium carbonate (Cs2CO3) as a base.
Unfortunately, only a trace of the desired product was observed in the initial experiments (Table
2.1, entry 1). We found that the addition of 4,5-diazafluorenone (DAF) was crucial for this
reaction as it gave the desired product (21) in 42% yield (Table 2.2, entry 2). We reasoned that
DAF could also be a ligand in this reaction, therefore we removed the phosphine ligand (dppe)
and found that only 14% of the product was obtained (Table 2.1, entry 3). These results showed
that the DAF may serve as an additive in this reaction. With these preliminary results, we started
to investigate the ligand effect for the dehydrogenation reaction in the presence of DAF. Various
of phosphine ligands were employed in subsequent reactions (Table 2.1, entry 4–20). Compared
to dppe, ligands with longer linkers between phosphorus atoms, such as dppp and dppb, or
electron-rich substituents on both phosphorus atoms did not increase the product yield (entry 4–
7). Even the tridentate phosphine ligand (L2) only gave the product in 6% yield (entry 8). Some
rigid bidentate phosphine ligands were then investigated; however, lower yields were obtained
compared with dppe (entry 9–15). Next, some mono-phosphine ligands and some N-P ligands
were also studied; unfortunately, these ligands gave poor results compared to dppe (entry 16–20).
Thus, dppe was the most efficient ligand for the dehydrogenation reaction, even though it only
gave the product in 42% yield.
Table 2.1 Investigation of ligand effects for the benchmark dehydrogenation.a
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Entry
Ligand (10 mol%)
Additive (20 mol%)
21 (%)b
1
dppe
0
trace
2
dppe
DAF
42
3
0
DAF
14
4
dppp
DAF
36
5
bppb
DAF
26
6
depye
DAF
17
7
L1
DAF
16
8
L2
DAF
6
9
binap
DAF
30
10
L3
DAF
29
11
L4
DAF
9
12
Xantphos
DAF
14
13
L5
DAF
19
14
L6
DAF
13
15
L7
DAF
14
16
PPh3
DAF
21
17
P(Cy)3
DAF
28
18
JohnPhos
DAF
12
19
L8
DAF
22
20
L9
DAF
27
a
Reaction conditions: S21 (0.2 mmol), S22 (1.0 mmol), Cs2CO3 (0.4
mmol), PhCl (0.5 mL), 150 oC for 24 h. bGC-yields (base on S21) are
given using dodecane as internal standard.
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Following ligand investigation, we started to evaluate the effect of different additives for
the dehydrogenation reaction in the presence of dppe (Table 2.2, entry 1–25). First, we
investigated the effect of the carbonyl group in different additives. Several electron-rich and
electron-deficient carbonyl additives (additive 1–5) were studied, albeit only trace amounts of
the desired product were observed in these reactions (Table 2.2, entry 2–6). These results ruled
out carbonyl as a possible contributing motif to the additive. Next, several additional additives
with different scaffolds containing nitrogen atoms were tested; unfortunately, only trace amounts
of product were obtained in these reactions (entry 7–11). With these results in mind, we
encountered the seminar reports of the Stahl group38 and wondered whether DAF could
participate in redox processes, as shown in Figure 2.2. Based on this hypothesis, a various range
of diketone additives, including electron-rich (additive 13), electron-deficient (additive 12),
aliphatic (additive 17, additive 18, BQ, and DDQ), or rigid (additive 19, additive 20, additive 21
and 1,10-phenanthroline-5,6-dione (Phd)) diketone additives, were investigated (entry 12–25).

79

Ru-catalyzed Alkane Dehydrogenation Enabled by an Intermolecular Hydrogen Atom Transfer

Figure 2.2 A proposed single-electron shuttle within DAF.

Fortunately, an improved yield (62%) was obtained when the additive 19 was used in this
reaction (Table 2.2, entry 20). Inspired by this positive result, we started to test the activity of
selected ligands which exhibited moderate performance in the above benchmark reaction (See
Table 2.1, entry 4 and 9) in the presence of additive 19. When dppp (Table 2.2, entry 27) or
binap (Table 2.2, entry 28) were used, 72% or 46% yield was afforded, respectively. In the
absence of the phosphine ligand, no product was obtained (Table 2.2, entry 26). This result
showed that the phosphine ligand plays a crucial role in the dehydrogenation reaction.

Figure 2.3 Proposed redox activity of additive 19 and redox non-innocent ligand.

Furthermore, following literature precedent on redox non-innocent ligands,57,59 we
recognized that the redox activity of additive 19 (Figure 2.3 a) was probably similar to that of
non-innocent ligands (Figure 2.3 b).59c As shown in Figure 2.3, a single- or even double electron
transfer could take place between the redox non-innocent ligand and the metal center. To the best
of our knowledge, diimine and bis(imino)-pyridine compounds are more commonly used than
diketone compounds in redox non-innocent ligand chemistry.57,59,60,68 More details of redox noninnocent ligands have been discussed in chapter 1 (introduction 1.2).
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Table 2.2 Investigation of additive effects on the benchmark dehydrogenation. a

Entry
Ligand (10 mol%)
Additive (20 mol%)
21 (%)b
1
dppe
DAF
42
2
dppe
additive 1
trace
3
dppe
additive 2
trace
4
dppe
additive 3
trace
5
dppe
additive 4
trace
6
dppe
additive 5
trace
7
dppe
additive 6
trace
8
dppe
additive 7
trace
9
dppe
additive 8
trace
10
dppe
additive 9
trace
11
dppe
additive 10
trace
12
dppe
additive 11
20
13
dppe
additive 12
12
14
dppe
additive 13
12
15
dppe
additive 14
16
16
dppe
additive 15
trace
17
dppe
additive 16
trace
18
dppe
additive 17
trace
19
dppe
additive 18
trace
20
dppe
additive 19
62
21
dppe
additive 20
20
22
dppe
Phd
40
23
dppe
additive 21
40
24
dppe
BQ
trace
25
dppe
DDQ
trace
26
additive 19
0
27
dppp
additive 19
72
28
binap
additive 19
46
a
Reaction conditions: S21 (0.2 mmol), S22 (1.0 mmol), Cs2CO3 (0.4
mmol), PhCl (0.5 mL), 150 oC for 24 h. bGC-yields (base on S21) are
given using dodecane as internal standard.
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Based on the redox-active ligand hypothesis, we moved to investigate the effects of redox
non-innocent compounds (diimine and bis(imino)-pyridine compounds) for the benchmark
dehydrogenation reaction in the presence of dppp. A series of diimine and bis(imino)-pyridine
compounds were synthesized and studied (Table 2.3). First, different types of redox noninnocent compounds (N1 and N3-6) were used as additives (not as ligands) in the dehydrogenation
reaction, but only gave trace amounts of product (Table 2.3, entry 2–6). Next, we decided to use
15 mol% of a diimine or bis(imino)-pyridine compound as a ligand in this reaction. Fortunately,
except for the bis(imino)-pyridine compounds (N1 and N2), which gave the desired product in
trace amounts (Table 2.3, entry 7, 8), the other diimine compounds gave the desired product in
10–81% yields (Table 2.3, entry 9–19). Interestingly, N9 and N11 are the most efficient ligands
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for the benchmark dehydrogenation, giving the desired product in the same yield (81%). N9 and
N11 were further tested under reduced catalyst loading conditions (2 mol% of Ru3(CO)12),
affording 59% (Table 2.3, entry 20) and 47% yields (Table 2.3, entry 21), respectively.
Furthermore, the increasing loading of N9 (18 mol%) was tested twice, giving the desired product
in 83% and 85% yields (Table 2.3, entry 22). These results showed that the diimine compound
N9 (18 mol%) is the best ligand for the benchmark dehydrogenation
Table 2.3 Effects of redox non-innocent ligands on the benchmark dehydrogenation.a

Entry
Ligand (10 mol%)
Additive (mol%)
21 (%)b
1
dppp
additive 19 (20)
72
2
dppp
N1 (20)
trace
3
dppp
N3 (20)
trace
4
dppp
N4 (20)
trace
5
dppp
N5 (20)
trace
6
dppp
N6 (20)
trace
7
0
N1 (15)
trace
8
0
N2 (15)
trace
9
0
N3 (15)
10
10
0
N4 (15)
17
11
0
N5 (15)
35
12
0
N6 (15)
69
13
0
N7 (15)
71
14
0
N8 (15)
75
15
0
N9 (15)
81
16
0
N10 (15)
74
17
0
N11 (15)
81
18
0
N12 (15)
34
19
0
N13 (15)
12
20
0
N9 (15)
59c
21
0
N11 (15)
47c
22
0
N9 (18)
83,85
a
Reaction conditions: S21 (0.2 mmol), S22 (1.0 mmol), Cs2CO3 (0.4
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mmol), PhCl (0.5 mL), 150 oC for 24 h. bGC-yields (base on S21) are
given using dodecane as internal standard. cRu3(CO)12 (2 mol%).

Further optimization of catalysts and bases were explored based on these optimized
conditions (Table 2.4). First, some low-valent metal complexes were studied under the current
conditions; however, none of them afforded the desired product (Table 2.4, entry 2–8). Then,
selected Ru(III)-catalysts showed no efficiency in the reaction (Table 2.4, entry 9 and 10).
Interestingly, the Ru(II)-catalysts, which can be reduced into Ru(0)-species in situ, were able to
afford about 20% yield (Table 2.4, entry 11,12) of the product. These results showed that the
Ru(0)-species may be the active intermediate in this dehydrogenation reaction. Subsequently,
different amounts of Cs2CO3 were tested and the results showed that lower loadings of Cs2CO3
gave lower yields of the product (Table 2.4, entry 13,14). However, the higher loading of
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Cs2CO3 did not increase product yield (Table 2.4, entry 15). Next, different bases, such as K2CO3,
Na2CO3, and pyridine, were tested and found to give the desired product in lower yields (Table
2.4, entry 16–18). In the absence of base (Table 2.4, entry 19), the reaction gave a trace amount
of product. At lower temperatures (Table 2.4, entry 20 at 120 oC), the reaction gave only 36%
yield of the product. Thus, the conditions of Ru3(CO)12 (3 mol%), N9 (18 mol%), Cs2CO3 (2
equiv.), and 150 oC were established as the best conditions for the benchmark dehydrogenation
reaction.
Table 2.4 Further optimization of catalysts and bases.a

Entry
Catalyst (mol%)
Base (equiv.)
21 (%)b
1
Ru3(CO)12 (3)
Cs2CO3 (2)
83,85
2
Ni(COD)2 (10)
Cs2CO3 (2)
0
3
Co2(CO)8 (5)
Cs2CO3 (2)
0
4
Co2(CO)10 (5)
Cs2CO3 (2)
0
5
Mo(CO)6 (10)
Cs2CO3 (2)
0
6
Fe3(CO)12 (3)
Cs2CO3 (2)
0
7
Fe(CO)5 (10)
Cs2CO3 (2)
0
8
Pd(PPh3)4 (10)
Cs2CO3 (2)
0
9
RuI3 (9)
Cs2CO3 (2)
0
10
Ru(acac)3 (9)
Cs2CO3 (2)
trace
11
(Ph3P)3RuHCl(CO) (9)
Cs2CO3 (2)
20
12
(Ph3P)3RuH2(CO) (9)
Cs2CO3 (2)
21
13
Ru3(CO)12 (3)
Cs2CO3 (1.5)
62
14
Ru3(CO)12 (3)
Cs2CO3 (1)
58
15
Ru3(CO)12 (3)
Cs2CO3 (3)
86
16
Ru3(CO)12 (3)
K2CO3 (2)
36
17
Ru3(CO)12 (3)
Na2CO3 (2)
20
18
Ru3(CO)12 (3)
Pyridine (2)
10
19
Ru3(CO)12 (3)
trace
20
Ru3(CO)12 (3)
Cs2CO3 (2)
36c
a
Reaction conditions: S21 (0.2 mmol), S22 (1.0 mmol), PhCl (0.5 mL),
150 oC for 24 h. bGC-yields (base on S21) are given using dodecane as
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internal standard. cAt 120 oC.

Next, different types of aryl radical precursors were tested with the optimized conditions
which were established in Table 2.4 entry 1. As shown in Scheme 2.7, the best aryl radical
precursor was mesityl iodide (S21) which gave 83% and 85% GC-yields of product in two
independent runs (Table 2.4 entry 1). The other aryl radical precursors, such as S21-Br (2bromomesitylene) gave only 23% GC-yield due to the low reactivity of S21-Br (equation 1),
S21-OTf/OTs showed inactivity for this reaction (equation 2), and less sterically hindered aryl
radical precursors (S21-Me0 and S21-Me1) gave the desired product in moderate yields
(equations 3 and 4). Additionally, in equations 3 and 4, some coupling products of aryl radical
species with solvent were detected by GC and GC-MS. These results suggest that aryl radical
precursors containing less sterically hindered groups lead to side-product formation arising from
aryl radical reaction with the aromatic solvent. Thus, sterically hindered aryl radical precursors
bearing electron-rich or electron-deficient groups were tested under the same conditions, giving
56% or 81% GC-yield (equations 5 and 6) with no solvent coupling products.
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Scheme 2.7. Evaluation of aryl radical precursors.

In principle, the alkene product 21 should be more reactive toward HAT than alkane
substrate S22 due to the lower BDE of α-C–H bond adjacent to the double bond of 21.101 To
investigate this possible HAT of the alkene product, control experiments of the benchmark
dehydrogenation reaction were performed. These results were summarized in Scheme 2.8. When
alkene 21 was used as a substrate, the diene product 21' was not formed under standard
conditions. However, the trace amounts of dimer product 21'' were detected by GC-MS, and
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oligomers/polymers were detected by GPC/1H-NMR (Scheme 2.8, equation 1). In this reaction,
40% of the aryl radical precursor (S21) was recovered. When 21 (1 equiv.) was added to the
benchmark dehydrogenation reaction, as shown in Scheme 2.8 equation 2, 150% of 21 was
obtained, oligomers/polymers were detected by GPC/1H-NMR, and 21% of aryl radical
precursor (S21) was recovered. Interestingly, in the same control reaction, when 6 mol% of
catalyst and 36 mol% of N9 were used, as shown in Scheme 2.8 equation 3, 192% of
dehydrogenated product 21 was obtained along with the full conversion of S21. In both control
experiments, Scheme 2.8 equation 2 and equation 3, the diene product 21' was not found, and the
dimer product 21'' and oligomers/polymers were found in trace. These control experiment results
showed that the HAT of alkene product is probably disfavored using our dehydrogenation
protocol because the radical coupling reactions of dimer 21'' and oligomers/polymers may break
the catalytic cycle.

Scheme 2.8. Control experiments regarding product stability.
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2.4. Substrate Scope
Under the optimized conditions, we sought to explore the scope of the dehydrogenation
methodology. As shown in Table 2.5, the substrate cyclooctane (S22) gave cyclooctene (21) in
84% 1H-NMR yield under standard conditions. The other cycloalkanes, under modified
conditions with more loadings of catalyst and ligand, gave the corresponding alkenes in
moderate to good 1H-NMR yields (Table 2.5, 45–91%). Generally, cycloalkanes with a larger
ring size gave the corresponding alkenes higher yield, such as alkanes S25 and S26. They
afforded the alkene product 25 as a mixture of E/Z isomers (E/Z = 2/3) in 82% 1H-NMR yield
and the alkene product 26 as an unidentified mixture of E/Z isomers in 91% 1H-NMR yield,
respectively. By contrast, the small ring size S23 gave the alkene 23 in 45% 1H-NMR yield. It
should be noted that yields of these cycloalkenes seem to be correlated with the boiling points of
corresponding alkane substrates in this dehydrogenation protocol, possibly hinting a material loss
through evaporation. Unfunctionalized, linear alkanes also successfully afforded the
corresponding alkene as a mixture of isomers in 52% to 67% 1H-NMR yields under modified
conditions (Table 2.5, 27–210). Furthermore, a mixture of substituted cyclohexanes was able to
give the product as a mixture of regio-isomers (211/211' = 1/1) in 1H-NMR 34% yield under
modified conditions. To our delight, we found that using 1-iodo-2-methylbenzene as an aryl
radical precursor gave different ratios of the regio-isomers (211/211' = 1/2) in 49% 1H-NMR
yield. Next, a series of aliphatic heterocycles, such as aliphatic ethers and amines, were also
explored using this dehydrogenation protocol, giving the corresponding dehydrogenated products
with good chemo-selectivity (Table 2.5, 212–220), albeit aromatic substituted ethers and amines
gave trace amounts of the corresponding dehydrogenated products (Table 2.5, 216 and 220).
These results shown in Table 2.5 indicate that the normal alkanes and aliphatic heterocycles are
suitable for this dehydrogenation protocol and show a broad scope of substrates.
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Table 2.5 Substrate scope of intermolecular dehydrogenation.a

To examine the practicality of our methodology, various aromatic heterocycles and
intramolecular substrates were investigated under standard conditions, and the corresponding
dehydrogenated products were successfully isolated in moderate to good yields (Table 2.6).
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Dehydrogenated products such as indoles (Table 2.6, 221–224), quinolines (Table 2.6, 225 and
226), isoquinolines (Table 2.6, 227 and 228), lactone (229), and arylimine (230) were obtained
from the corresponding heterocyclic substrates using this dehydrogenation protocol. A wide
range of functional groups (F, Br, methyl, and methoxy) (222–224, 226, and 228) was tolerated,
and no byproducts involving reactions of methyl and methoxy groups were isolated. Harmine
(231), a potent alkaloid used in several medicinal applications,103 could also be obtained under
standard conditions, showcasing the synthetic potential of the dehydrogenation protocol.
Subsequently, intramolecular reactions were also evaluated using this procedure with a slight
modification of the reaction conditions (using 0.1 mL of PhCl as solvent). The corresponding
dehydrogenated products were isolated in good yields (Table 2.6, 232, 233, and 234).
Table 2.6 Scope of aryl heterocyclic and intramolecular substrate dehydrogenations.a

103

Brierley, D. I.; Davidson, C. Prog. Neuropsychopharmacol. Biol. Psychiatry. 2012, 39, 263.
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To rule out any possible uncatalyzed background reaction of heterocyclic substrates in
our dehydrogenation protocol, several control experiments were performed. As shown in Scheme
2.9, the reactions carried out in the absence of catalyst, ligand, or aryl radical precursor (S21) did
not yield the corresponding dehydrogenated products, except the reaction of heterocyclic
substrate S225 which gave some (15%) aromatic product 225 in the absence of the ligand
(Scheme 2.9, entry 12).

Scheme 2.9. Control experiments for heterocyclic substrates.

Despite its broad scope, the protocol has nevertheless some limitations (Table 2.7). While
amide S233 gave successfully underwent the intramolecular dehydrogenation (233) in 69%
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isolated yield (Table 2.6), the analogous substrate (S235) for the intermolecular protocol did not
give any dehydrogenated product under standard conditions. Esters (S236–S238) did not give
any dehydrogenated products, but with the full conversion of aryl iodide and side products. Next,
additional intramolecular substrates (Table 2.7, S239–S250) were tested under the standard
conditions. However, all of them showed poor results using this protocol, possibly due to the
coupling between aryl radical species and the solvent. We also tried other dehydrogenation
conditions shown in Table 2.2 entry 1, 20, 27, and 28, for these unsuccessful substrates, but
unfortunately, we did not obtain any corresponding dehydrogenated products in these reactions.
Table 2.7. Unsuccessful examples.
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To the best of our knowledge, the direct dehydrogenation of propyl benzene to form
methylstyrenes remains unknown.54,55 To overcome this challenge, the dehydrogenation of
propyl benzene was conducted using our dehydrogenation protocol. Excess of propyl benzene
(S251, 15 equiv.) was used under standard conditions to give the desired product (251) in 11%
GC-yield while the dimerization product (251' with 1:1 ratio of meso/DL) was obtained in 18%.
Only 47% conversion of S21 was observed by GC-analysis (Scheme 2.10 a). Fortunately, under
the conditions shown in Table 2.2 entry 27 (using 10 mol% of dppp and 20 mol% of additive 19),
the propyl benzene could give much better results: the dehydrogenated product (251) was
obtained in 54% GC-yield with only minor traces of the dimerization product (251' with 1:1 ratio
of meso/DL, 6%) and good overall conversion of 87% (Scheme 2.10 b).

Scheme 2.10. Initial results of propyl benzene dehydrogenation.

Based on the above results of propyl benzene dehydrogenation, we started to optimize the
conditions for propyl benzene dehydrogenation. As shown in Table 2.8, 3 mol% of Ru3(CO)12,
10 mol% of dppp, and 30 mol% of additive 19 were used for propyl benzene dehydrogenation.
This reaction afforded 57% GC-yield of the desired product (251), trace amounts of dimerization
product (251'), and 92% conversion of S21 (Table 2.8, entry 2). Increasing the loadings of
catalyst, dppp, or additive 19 could not further improve the yield of 251 (Table 2.8, entry 15–18).
The use of other ligands, such as dppe, dppb, dcype, and Xantphos did not increase the yield of
251 either (Table 2.8, entry 4–9). It should be noted that increasing the amount of additive 19 led
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to a decrease in the amount of the dimerization product (251', Table 2.8, entry 2, 10–12). Also,
the addition of an excess of 19 inhibited the conversion of S21 (Table 2.8, entry 12). In summary,
the conditions of entry 2 were the optimized conditions for propyl benzene dehydrogenation to
obtain the desired product (251) in 57% GC-yield.
Table 2.8. Optimization of propyl benzene dehydrogenation.a

Entry

Ru3(CO)12

P-ligand

Additive GC-yield
GC-yield of 251' Conversio
19
of 251
n of S21
(meso:DL = 1:1)
1
3%
30%
0
0
0
2
3%
dppp (10%)
30%
57%
trace
92%
3
3%
dppp (10%)
trace
38%
67%
4
3%
dppe (10%)
30%
37%
trace
90%
5
3%
dppb (10%)
30%
40%
trace
93%
6
3%
dcype (10%)
30%
19%
trace
50%
7
3%
Xantphos (10%)
30%
31%
trace
60%
8
3%
Ph3P (20%)
30%
19%
trace
88%
9
3%
Cy3P (20%)
30%
22%
trace
92%
10
3%
dppp (10%)
10%
23%
30%
80%
11
3%
dppp (10%)
20%
54%
6%
87%
12
3%
dppp (10%)
40%
48%
trace
65%
13
3%
dppp (20%)
10%
11%
22%
40%
14
3%
dppp (20%)
20%
46%
16%
100%
15
3%
dppp (20%)
30%
54%
trace
97%
16
3%
dppp (20%)
40%
57%
trace
88%
17
3%
dppp (20%)
60%
57%
trace
78%
18
6%
dppp (20%)
60%
54%
trace
100%
a
Reaction conditions: S21 (0.2 mmol), S251 (3.0 mmol), PhCl (0.5 mL), 150 oC for 24 h, GCyields (base on S21) and conversions using dodecane as the internal standard.

With the optimized conditions in hand, we started to investigate the scope of alkylarene
dehydrogenation using 0.5 mmol of S21. As shown in Table 2.9, the model substrate of propyl
benzene was performed twice under the optimized conditions, giving dehydrogenated product
251 with 1H-NMR yields of 48% and 52%, respectively, which were slightly lower than the GC95
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yield of 57% (Table 2.8, entry 2). Alkylarenes bearing different substituents (Cl, Br, and
methoxy) in para position gave the dehydrogenated products in moderate to good 1H-NMR
yields (Table 2.9, 252–254, 256, 256', and 256''). Interestingly, substrate S256 gave the
dehydrogenated product as a mixture of regioisomers (256/256' = 1/1.2) in 47% 1H-NMR yield
and aromatic product 256'' in 12% 1H-NMR yield. In addition, 3-pentylthiophene could also
give the dehydrogenated product (257) in 32% 1H-NMR yield. However, 4-Propylpyridine S258
only gave a trace amount of dehydrogenated product and only low conversion of reagent S21
was observed. Carbonyl-containing alkyl arenes were inefficient for this alkylarene
dehydrogenation protocol (S259 and S260). All unsuccessful substrates were tested using some
modified conditions, but only trace amounts of dehydrogenated products were obtained in all the
reactions.
Table 2.9. The scope of alkylarene dehydrogenation.a
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2.5. Application of Our Dehydrogenation Protocol
To demonstrate the applicability and scalability of this dehydrogenation protocol, and
inspired by pioneer reports on alkene chain walking,104 we performed two gram-scale reactions
using dodecane (S29) and tetradecane (S210) as substrates through the combination of tandem
reactions, giving borylation105 products (261 and 262) in 52% and 54% isolated yields by the
two-step, one-pot protocol (Scheme 2.11 a). Furthermore, a gram-scale reaction using
cyclooctane as a substrate was also investigated, successfully affording epoxidation product 263
in 69% isolated yields by two separate steps (Scheme 2.11 b). 106 These results of tandem
reactions demonstrate the synthetic applicability of this dehydrogenation protocol.

Scheme 2.11. Applicability and scalability of our dehydrogenation protocol.

104

Sommer, H.; Juliá-Hernández, F.; Martin, R.; Marek, I. ACS Cent. Sci. 2018, 4, 153.

105

(a) Pereira, S.; Srebnik, M. Tetrahedron Lett. 1996, 37, 3283. (b) Hadebe, S. W.; Robinson, R. S. Tetrahedron

Lett. 2006, 477, 1229. (c) Chen, H.; Schlecht, S.; Semple, T. C.; Hartwig, J. F. Science. 2000, 287, 1995.
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Garcia, A.; Otte, D. A. L.; Salamant, W. A.; Sanzone, J. R.; Woerpel, K. A. Angew. Chem. Int. Ed. 2015, 54, 3061.
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2.6. Establishment of a Mechanistic Hypothesis
To gain insight into the mechanism of the reaction, radical-trapping experiments were
conducted, as shown in Scheme 2.12. When the radical-trapping reagent 2,2,6,6tetramethylpiperidinooxy (TEMPO) was added to the reaction (Scheme 2.12, equation 1), the
dehydrogenation reaction was significantly inhibited, and only 12%

1

H-NMR yield of

dehydrogenated product was obtained along with 16% conversion of S21. Interestingly, when
2,6-di-tert-butyl-4-methylphenol (BHT) was added to the reaction (Scheme 2.12, equation 2), 46%
1

H-NMR yield of an alkyl-BHT adduct (2RT-1) was obtained along with 12% 1H-NMR yield of

the dehydrogenated product. This adduct (2RT-1) was further isolated by flash column
chromatography and structurally characterized by 1H/13C-NMR. Similar alkyl-BHT adducts to
2RT-1 have been reported in the literature.107 Two proposed pathways for the formation of alkylBHT adduct 2RT-1 are suggested in Scheme 2.12. In pathway A:107b a HAT of BHT occurred to
generate the O-centered radical 2-I, followed by a reversible isomerization to yield the Ccentered radical 2-II, which would be trapped by the alkyl radical formed from cyclooctane to
give the alkyl-BHT adduct 2RT-1. In pathway B: a reversible dehydrogenation of BHT occurs to
generate the intermediate 2-III, which would react with the alkyl radical 21-A generated from
cyclooctane to give the alkyl-BHT adduct 2RT-1. These results clearly indicate that radical
intermediates were involved in the dehydrogenation protocol. Furthermore, the dimerization
product 251' (as shown in Scheme 2.7) and the coupling products of the aryl radical with solvent
(as shown in Scheme 2.10, equation 3 and 4) further support the involvement of radical
intermediates in the dehydrogenation protocol.

107

(a) Zhang, W.-M.; Dai, J.-J.; Xu, J.; Xu, H.-J. J. Org. Chem. 2017, 82, 2059. (b) Egami, H.; Ide, T.; Kawato, Y.;

Hamashima, Y. Chem. Commun. 2015, 51, 16675.
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Scheme 2.12. Radical-trapping experiments.

To further investigate the mechanism, an intermolecular competition experiment (Scheme
2.13, equation 1) of S214 and deuterated substrate d4-S214 was carried out, giving rise to a large
primary kinetic isotope effect (KIE = 6.5) under the standard conditions. This large primary KIE
is comparable to the values reported for C–H amination involving a hydrogen atom transfer
(HAT) mechanism enabled by Ru-bis-imido complexes (KIE: 4.8–11).108 In addition to these
experiments, two potential reaction intermediates (complex 2-IV and complex 2-V) were
isolated by Dr. Bismuto and B.Sc. Rath. Importantly, the isolated complexes 2-IV and 2-V were
shown to be catalytically competent in the dehydrogenation reaction to afford 42% and 32% GCyields of dehydrogenated products, respectively (Scheme 2.13, equation 2). These results
revealed that the complexes 2-IV and 2-V could possibly be involved intermediates in this
dehydrogenation protocol. Single crystal X-ray analysis of complexes 2-IV and 2-V were
108

(a) Au, S. M.; Huang, J. S.; Yu, W. Y.; Fung, W. H.; Che, C. M. J. Am. Chem. Soc. 1999, 121, 9120. (b) Leung, S.

K. Y.; Tsui, W. M.; Huang, J. S.; Che, C. M.; Liang, J. L.; Zhu, N. Y. J. Am. Chem. Soc. 2005, 127, 16629.
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performed by Dr. Bismuto and Dr. Trapp, and, in contrast with similar complexes previously
reported, 109 the solid-state structure of complexes 2-IV and 2-V could indicate a redox noninnocent behavior.

110

This redox non-innocent behavior might be essential for our

dehydrogenation protocol, especially with regards to the challenging generation of aryl radical
species from the aryl iodide precursors. Further experiments and calculations will be necessary to
confirm these preliminary observations.

Scheme 2.13. The KIE experiment and valuation of potential reaction intermediates.

Based on the above experimental analysis and results, a proposed catalytic cycle was
proposed for the benchmark reaction conditions. As shown in Scheme 2.14, in the initial step, the
reactive complex 2-V, in situ generated from the reaction of Ru3(CO)12 with N9, could likely
abstract an iodine atom from aryl iodide102f to generate the highly reactive aryl radical species
and the putative complex 2-VI. The highly reactive aryl radical would undergo a direct
109

(a) Gallagher, M.; Wieder, N. L.; Dioumaev, V. K.; Carroll, P. J.; Berry, D. H. Organometallics. 2010, 29, 591. (b)

Noss, M. E.; Hylden, A. T.; Carroll, P. J.; Berry, D. H. Inorg. Chem.2018, 57, 435. (c) Yang, X.; Gianetti, T. L.;
Wörle, M. D., Van Leest, N. P.; De Bruin, B.; Grützmacher, H. Chem. Sci. 2019, 10, 1117.
110

(a) Muresan, N.; Chlopek, K.; Weyhermüller, T.; Neese, F.; Wieghardt, K. Inorg. Chem. 2007, 46, 5327. (b)

Kreisel, K. A.; Yap, G. P. A.; Theopold, K. H. Inorg. Chem. 2008, 47, 5293.
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intermolecular HAT from S21 to yield the alkyl (cyclooctyl) radical species 21-A. Subsequently,
three possible pathways for β-H elimination of the alkyl (cyclooctyl) radical species 21-A can be
proposed: 1) oxidation to carbocation 21-B, followed by loss of a proton (P1) to give product 21
and complex 2-VII, which further undergoes reductive elimination to regenerate complex 2-V in
the presence of base; 2) another direct intermolecular HAT33,34 to deliver the dehydrogenated
product 21 and complex 2-VII, followed by reductive elimination to regenerate complex 2-V in
the presence of a base (P2); 3) a radical rebound mechanism with the putative complex 2-VI to
generate the complex 2-VIII, followed by β-H elimination to deliver the dehydrogenated product
21 and regenerate complex 2-V in the presence of a base (P3). Combining our experimental
analysis and results with the reported literature,33,34 the pathway P2 should be the most likely in
our dehydrogenation protocol, and further mechanistic studies, such as DFT calculations and
EPR experiments, should be conducted to support this pathway.

Scheme 2.14. A proposed catalytic cycle of the dehydrogenation protocol
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2.7. Conclusion and Outlook
In Chapter 2, we described a novel methodology for the dehydrogenation of alkanes and
heterocycles using Ru3(CO)12 as a precatalyst and a diimine compound (N9) as a redox-active
ligand. A challenging intermolecular HAT initiated by an aryl radical has been successfully
developed using this methodology. The intermolecular HAT is crucial for the dehydrogenation
reaction. Compared to previous pincer-ligated metal complexes catalyzed alkane and heterocycle
dehydrogenations, this protocol operates at lower temperatures and is suitable for a wide variety
of substrates, such as simple alkanes, amines, ethers, alkyl arenes, and amides. Notably, gramscale reactions have also been successfully performed to isolate borylation products (from linear
alkanes) in one-pot tandem reaction, as well as the epoxide product in two separate steps. These
gram-scale reactions further demonstrated the synthetic applicability of the alkane
dehydrogenation protocol. In order to gain insight into the mechanism of the reaction, some
radical trapping and KIE experiments have been conducted. Additionally, two important Rudiimine complexes have been isolated and further analyzed through X-ray. By analogy with
similar species previously reported, the single crystal X-ray analysis results of Ru-diimine
complexes could indicate a redox non-innocent behavior in the solid state. Furthermore, the
catalytic efficiency of these complexes has been investigated, and they were shown to be
catalytically competent. These mechanistic and organometallic studies are best explained by a
radical mechanism proceeding through an intermolecular HAT enabled by an aryl radical species.
However, the selectivity of alkane dehydrogenation remains a huge challenge for this
protocol, despite some selective functionalization of linear alkanes made possible through a onepot tandem strategy. In addition, functionalized compounds, such as amides and esters could not
undergo intermolecular dehydrogenation reactions to give corresponding dehydrogenated
products using this dehydrogenation protocol. Further mechanistic experiments and calculations
for this dehydrogenation protocol will be necessary to improve its scope and efficiency. We hope
that the novelty of this catalytic system will inspire researchers to design new redox noninnocent ligands or complexes for the dehydrogenation of alkanes. We believe that the results
reported herein thus provide an important conceptual blueprint for the development of a
completely new family of alkane selective dehydrogenation catalytic systems.
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Abstract
Cross-dehydrogenative couplings (CDC) have been widely used to synthesize numerous
complex molecules by direct functionalization of Csp3−H bonds in organic chemistry. The
selective CDC of Csp3−H with Csp3−H bonds is appealing yet also very challenging. Most
couplings between two Csp3−H bonds employ reagents such as TBHP, DTBP, DDQ, O2, or other
strong oxidants, which highlights the need for developing selective CDC of Csp3-H with Csp3−H
in the absence of strong oxidants. To the best of our knowledge, hydroxyketones have been
applied as synthetic building blocks to construct many bioactive molecules and pharmaceuticals
but there are no examples of selective cross-dehydrogenative radical couplings between Csp3−H
and hydroxyketonic Csp3−H. With these issues in mind, we developed a new methodology
through Ru-catalyzed selective CDC of innate Csp3−H with hydroxyketonic Csp3−H bonds,
enabled by intermolecular hydrogen atom transfer (HAT) cascade. In this protocol, a wide range
of functionalized innate Csp3−H and hydroxyketonic Csp3−H compounds reacted to afford the
desired products in moderate to good isolated yields. Several mechanistic studies were also
investigated to support a radical mechanism enabled by intermolecular HAT cascade.
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3.1. Introduction: Selective Cross-Dehydrogenative Coupling
The selective formation of C−C bond is a fundamental transformation in organic
synthesis. The development of new synthetic methodologies for selective C−C bond formation
has been significant over the past decades.111 The cross-dehydrogenative coupling (CDC) is one
of the well-known cases for selective C−C bond formation, in which two C−H bonds are cleaved
to access new C−C bonds under a variety of oxidative conditions.112 As shown in Scheme 3.1 a,
with this approach, both C−H bonds can be activated in situ by a catalyst or a mediator to
generate nucleophilic carbon-containing species. Subsequently, one of the nucleophilic carboncontaining species is oxidized to generate an electrophilic carbon-containing species, followed
by coupling with the previously generated nucleophilic species to yield the desired product. This
CDC strategy can avoid substrate prefunctionalization generally required in classic crosscoupling reactions (Scheme 3.1 b),111a,113 making synthetic steps shorter and more efficient.

111

(a) Meijere, A. d.; Diederich, F. Metal-Catalyzed Cross-Coupling Reactions, 2nd completely rev. and enl. ed.;

Wiley-VCH: Weinheim, 2004. (b) Dyker, G. Handbook of C−H Transformations: Applications in Organic
Synthesis; Wiley-VCH: Weinheim, 2005. (c) Liu, C.; Zhang, H.; Shi, W.; Lei, A. Chem. Rev. 2011, 111, 1780. (d)
Hong, Y.; Zhang, G.; Wang, H.; Huang, Z.; Wang, J.; Singh, A. K.; Lei, A. Chem. Rev. 2017, 117, 9016. (e) Chen,
Z., Rong, M.-Y.; Nie, J.; Zhu, X.-F.; Shi, B.-F.; Ma, J.-A. Chem. Soc. Rev. 2019, 48, 4921. (f) He, J.; Wasa, M.;
Chan, K. S. L.; Shao, Q.; Yu, J.-Q. Chem. Rev. 2017, 117, 8754. (g) Fagnoni, M.; Dondi, D.; Ravelli, D.; Albini, A.
Chem. Rev. 2007, 107, 2725.
112

(a) Li, C.-J. Acc. Chem. Res. 2009, 42, 335. (b) Girard, S. A.; Knauber, T.; Li, C.-J. V. M. Angew. Chem. Int. Ed.

2014, 53, 74. (c) Le Bras, J.; Muzart, J. Chem. Rev. 2011, 111, 1170. (d) Yeung, C. S.; Dong, V. M. Yeung, C. S.;
Dong, V. M. Chem. Rev. 2011, 111, 1215. (e) Jana, R.; Pathak, T. P.; Sigman, M. S. Chem. Rev. 2011, 111, 1417. (f)
Liu, C.; Yuan. J.; Gao, M.; Tang, S.; Li, W.; Shi, R.; Lei, A. Chem. Rev. 2015, 115, 12138. (g) Huang, C.-Y.; Kang,
H.; Li, J.; Li, C.-J. J. Org. Chem. 2019, 84, 12705.
113

(a) Ritleng, V.; Sirlin, C.; Pfeffer, M. Chem. Res. 2002, 1022, 1731. (b) Naota, T.; Takaya, H.; Murahashi, S. I.

Chem. Rev. 1998, 98, 2599. (c) Arndtsen, B. A.; Bergman, R. G.; Mobley, T. A.; Peterson, T. H. Acc. Chem. Res.
1995, 28, 154.
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Scheme 3.1. Strategies for cross-coupling reactions.

In 2004, the term CDC was coined by Li and co-workers.114 In this well-defined CDC
protocol, the direct oxidative alkynylation of tertiary amines was disclosed by using copper
bromide as a catalyst and tert-butyl hydroperoxide (TBHP) as an oxidant (Scheme 3.2). More
than 13 substrates were employed, and up to 82% yield was obtained. A proposed mechanism for
this reaction is presented in Scheme 3.2. An imine-type intermediate (coordinated to copper) was
formed through the activation of Csp3−H adjacent to nitrogen catalyzed by copper in the
presence of TBHP. Subsequently, the imine-type intermediate coupled with terminal alkyne
copper species generated from the reaction of the terminal alkyne and copper to give the desired
product and regenerate the copper catalyst.

114

Li, Z.; Li, C.-J. J. Am. Chem. Soc. 2004, 126, 11810.
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Scheme 3.2. Selective CDC reaction of an amine with alkyne and its proposed mechanism.

Since the publication of this seminal report, the CDC reaction has become a useful
strategy for C−C bond formation and a growing research field of interest. A wide range of
efficient procedures and novel methodologies of the CDC reactions have been developed112b,112g,
which allow C−C bond formation directly from two different C−H bonds, such as Csp−H,
Csp2−H, and Csp3−H bonds with each other. Next, the most challenging regio- and
stereoselective CDC of two Csp3−H bonds will be discussed.
In 2005, Li and co-workers first reported the cross-dehydrogenative aza-Henry (Scheme
3.3 a)115a and Mannich-type reactions (Scheme 3.3 b).115b In these reactions, various N-arylated
tertiary amines were successfully coupled with an excess of nitroalkanes or malonates in the
presence of catalytic CuBr and stoichiometric amounts of TBHP at room temperature.

115

(a) Li, Z.; Li, C.-J. J. Am. Chem. Soc. 2005, 127, 3672. (b) Li, Z.; Li, C.-J. Eur. J. Org. Chem. 2005, 3173.
107

Ru-catalyzed Selective Cross-Dehydrogenative Couplings

Scheme 3.3. The cross-dehydrogenative aza-Henry reaction and Mannich-type reaction.

Following these CDC aza-Henry and Mannich-type reactions, the development of various
homogeneous catalyst systems for the aerobic cross-dehydrogenative aza-Henry reaction and
Mannich-type reaction has been realized. As shown in Scheme 3.4 a, when the alternative
oxidants 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ), 116 a (diacetoxy)iodobenzene (DIB)116b,
or catalytic amounts of iodine in combination with hydrogen peroxide116c were used, it allowed
the nitroalkylation of various tetrahydroisoquinoline derivatives to operate under metal-free
conditions. Also, photo-oxidation catalysts have been successfully applied in crossdehydrogenative aza-Henry reactions and can use visible light as a mediator (Scheme 3.4
a).116, 117 Stephenson and co-workers demonstrated the coupling of tetrahydroisoquinoline
derivatives with nitroalkanes catalyzed by [(bipy)3Ru]Cl2 or [(ppy)2(dtbpipy)Ir]PF6 under
irradiation with visible light.117a,117b Furthermore, König and co-workers used the organic dye
eosin Y as the catalyst to develop the first metal-free photoredox procedure for the crossdehydrogenative aza-Henry reaction at room temperature.117c On the other hand, Prabh and co-
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(a) Tsang, A. S.-K.; Todd, M. H. Tetrahedron Lett. 2009, 50, 1199. (b) Shu, X.-Z.; Xia, X.-F.; Yang, Y.-F.; Ji, K.-

G.; Liu, X.-Y.; Liang, Y.-M. J. Org. Chem. 2009, 74, 7464. (c) Nobuta, T.; Tada, N.; Fujiya, A.; Kariya, A.; Miura,
T.; Itoh, A. Org. Lett. 2013, 15, 574.
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(a) Condie, A. G.; Gonzleza-Gomez, J. C.; Stephenson, C. R. J. J. Am. Chem. Soc. 2010, 132, 1464. (b) Freeman,

D. B.; Furst, L.; Condie, A. G.; Stephenson, C. R. J. Org. Lett. 2012, 14, 94. (c) D. P. Hari, B. Kçnig, Org. Lett.
2011, 13, 3852.
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workers 118a reported the first metal-free DDQ-catalyzed cross-dehydrogenative Mannich-type
reaction in the presence of 10 mol% AIBN under an oxygen atmosphere (Scheme 3.4 b).118 In
this reaction, 7 examples were presented and up to 92% yield was obtained. Besides, Sodeoka
and co-workers introduced an enantioselective cross-dehydrogenative Mannich-type reaction
catalyzed by a chiral palladium phosphine complexes. In this reaction, 5 examples were
presented, obtaining up to 97% yield and up to 86% ee of the product. The slow addition of DDQ
is the key to get high enantioselectivities and good yields.118b Despite these advances in aerobic
cross-dehydrogenative aza-Henry reaction and Mannich-type reaction, more efficient catalytic
systems for control of the diastereoselectivity and the enantioselectivity remain underdeveloped.

Scheme 3.4. Alternative conditions for cross-dehydrogenative aza-Henry reaction and Mannichtype reaction.

The highly selective CDC reaction between a Csp3−H bond adjacent to oxygen and a
Csp3−H bond of a pronucleophile was also developed for the synthesis of oxygen-containing

118

(a) Alagiri, K.; Devadig, P.; Prabhu, K. R.; Chem. Eur. J. 2012, 18, 5160. (b) Dubs, C.; Hamashima, Y.;

Sasamoto, N.; Seidel, T. M.; Suzuki, S.; Hashizume, D.; Sodeoka, M. J. Org. Chem. 2008, 73, 5859.
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compounds. The selected examples are described in Scheme 3.5. When malonate was used as the
pronucleophile and DDQ was used as the oxidant, the Csp3−H bond of ether was directly
converted to the β-diester ether catalyzed by a combination of indium and copper catalysts.119a 16
examples were presented to give the desired products in 17−71% yields with high
regioselectivity. However, acyclic ethers gave low yields using this methodology, and less
reactive nucleophiles, such as simple ketones, were not able to react under the reaction
conditions. Soon thereafter, the metal- and solvent-free coupling of various aliphatic ketones,
acetophenones, and pyruvates with ethers was disclosed (Scheme 3.5).119b 16 substrates were
employed to afford 24−86% yields. The proposed mechanism for metal- and solvent-free CDC
reaction mediated by DDQ is shown in Scheme 3.5. A radical cation and a DDQ radical anion
are generated by a single electron transfer (SET) from the benzyl ether to DDQ. Subsequently,
the radical oxygen of the DDQ radical anion abstracts a hydrogen atom from the radical cation to
form a benzyloxy cation and the anionic oxygen of DDQ anion. Then, the anionic oxygen of
DDQ anion was used as a base to accept a proton from an α-site of the ketone to generate an
enolate, followed by the attack of the enolate on the benzyloxy cation to generate the CDC
product and the quinone derivative.

119

(a) Zhang, Y.; Li, C.-J. Angew. Chem. Int. Ed. 2006, 45, 1949. (b) Zhang, Y.; Li, C.-J. J. Am. Chem. Soc. 2006,

128, 4242.
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Scheme 3.5. The cross-dehydrogenative couplings of Csp3−H bond adjacent to oxygen.

In addition to the CDC reactions of Csp3−H bonds adjacent to nitrogen or oxygen, the
direct formations of Csp3−Csp3 bonds from other types of Csp3−H bonds, such as the benzylic
Csp3−H and the allylic Csp3−H bonds, have also attracted great attention. As shown in Scheme
3.6, the Tsuji-Trost-CDC reactions were reported and a wide range of 1,3-dicarbonyl compounds
or nitroacetate were successfully coupled with various cyclic olefins or allylbenzenes in the
allylic position. 120 The aerobic alkylation reaction of the allylic Csp3−H bond suggests a
complementary way to access Tsuji–Trost coupling products.

120

(a) Li, Z.; Li, C.-J. J. Am. Chem. Soc. 2006, 128, 56. (b) Lin, S.; Song, C.-X.; Cai, G.-X.; Wang, W.-H.; Shi, Z.-J.

J. Am. Chem. Soc. 2008, 130, 12901. (c) Young, A. J.; White, M. C. J. Am. Chem. Soc. 2008, 130, 14090.
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Scheme 3.6. The Tsuji–Trost-type CDC reactions.

Interestingly, another type of CDC reaction builds similar Tsuji-Trost coupling products
through a radical trapping pathway.121a,121b As shown in Scheme 3.7 (the proposed mechanism
part), a similar Tsuji-Trost coupling product was generated from the radical coupling reaction of
the benzyl radical species with the Fe(III)-enolate complex. In the reaction, both cyclic and
acyclic benzyl compounds, as well as the electronic properties of the substituents, showed a
slight effect on the reaction results. 16 substrates were applied to afford up to 87% yield with a
low isomers ratio in the presence of a FeCl2 catalyst and a di-tert-butyl peroxide (DTBP) oxidant.
However, other transition-metal salts, such as CuBr or CoCl2, were far less efficient in this
reaction (Scheme 3.7, equation 1). Besides, the groups of Venkateswarlu121c, Bao121d, and
Cozzi121e greatly extended the scope of the benzylation reactions using DDQ as the oxidant. The
simple non-functionalized hydrocarbons were also successfully coupled with 1,3-dicarbonyl
compounds to show 20 examples with up to 88% yield. However, the methodology is only
restricted to cyclic alkanes (Scheme 3.7, equation 2).121b
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(a) Li, Z.; Li, C.-J. Angew. Chem. Int. Ed. 2007, 46, 6505. (b) Zhang, Y.; Li, C.-J. Eur. J. Org. Chem. 2007, 4654.

(c) Ramesh, D.; Ramulu, U.; Rajaram, S.; Prabhakar, P.; Venkateswarlu, Y. Tetrahedron Lett. 2010, 51, 4898. (d)
Cheng, D.; Bao, W. J. Org. Chem. 2008, 73, 6881. (e) Benfatti, F.; Capdevila, M. G.; Zoli, L.; Benedetto, E.; Cozzi,
P. G. Chem. Commun. 2009, 5919.
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Scheme 3.7. Fe-catalyzed CDC reactions.
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3.2. Selective Cross-Dehydrogenative Couplings between different Csp3−H Bonds Enabled
by an Intermolecular Hydrogen Atom Transfer
3.2.1. Motivation and Reaction Design
Despite the aforementioned advances in CDC reactions of two Csp3−H bonds, TBHP,
DTBP, DDQ, or other strong oxidants are required for such CDC reactions (See section 3.1
introduction). Thus, we wondered if we can apply redox neutral reagents to achieve the selective
cross-dehydrogenative coupling between different Csp3−H bonds. As described in chapter 2, the
bond dissociation energy (BDE) of most Csp3–H bonds is less than 105 kcal mol-1, and the bond
dissociation energy (BDE) of Ar–H is more 110 kcal mol-1; thus, the highly reactive aryl radical
would be a thermodynamically viable species to perform the hydrogen abstraction from most of
the sp3-C–H bonds. Based on the results of the previous project (chapter 2), we envisioned that
the activation of one Csp3−H bond could be achieved through an intermolecular HAT mediated
by a highly reactive aryl radical species to give a Csp3-centered radical species (Scheme 3.8 a),
which would undergo a radical coupling reaction with the intermediate generated from the
second Csp3−H bond activation (Scheme 3.8 b) to form the desired coupling product of two
Csp3−H bonds (Scheme 3.8 c). The main challenge is to activate the second Csp3−H bond to
generate an intermediate for the radical coupling reaction (Scheme 3.8 b).

Scheme 3.8. The initial design for the radical coupling reaction of Csp3−H with Csp3−H bonds.

To the best of our knowledge, α-hydroxy carbonyl compounds are widely used to
construct the Csp3−Csp3 bond and significant progress has been made in synthesis.122 Selected
122

(a) Enders, D.; Niemeier, O.; Henseler, A. Chem. Rev. 2007, 107, 5606. (b) Enders, D.; Balensiefer, T. Acc. Chem.

Res. 2004, 37, 534. (c) Marion, N.; Diez-Gonzalez, S.; Nolan, S. P. Angew. Chem. Int. Ed. 2007, 46, 2988. (d)
Enders, D.; Narine, A. A. J. Org. Chem. 2008, 73, 7857. (e) Enders, D.; Henseler, A. Adv. Synth. Catal. 2009, 351,
1749. (f) Lebeuf, R.; Hirano, K.; Glorius, F. Org. Lett. 2008, 10, 4243. (g) Jiang, X.; Chen, W.; Hartwig, J. F.
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examples are shown in Scheme 3.9. In these reactions, the enolate intermediates were generated
from the α-hydroxy carbonyl compounds in the presence of a Lithium bis(trimethylsilyl)amide
(LHMDS)/CuBr system122g or an aryl boronic acid,122h which were proposed to control the
Csp3−Csp3 bond coupling. Using this strategy, the selective α-hydroxy carbonyl derivatives with
tertiary and trisubstituted stereocenters, bearing an oxygen atom, were generated. This type of αhydroxy carbonyl derivatives has received increasing attention in recent years due to its unique
pharmaceutical and agrochemical properties.123

Scheme 3.9. Selected Csp3−Csp3 bond formations from the α-hydroxy carbonyl compounds.

Recognizing that the α-hydroxy carbonyl compounds possess an acidic C−H bond, which
could tautomerize to form an enolate intermediate in the presence of a base, we reasoned that the
enolate intermediate could couple with a Csp3-centered radical species to generate α-hydroxy
carbonyl derivatives. Our design of the selective cross-dehydrogenative coupling of Csp3−H with
Csp3−H bonds was proposed in Scheme 3.10. A Csp3-centered radical species could be generated
through an intermolecular HAT mediated by a hindered aryl radical species in the presence of a
Ru-catalyst and diimine ligand (as described in chapter 2). Subsequently, the Csp3-centered
radical species would be trapped by the enolate intermediate generated from an α-hydroxy
carbonyl compound under basic conditions to the give desired product.

Angew.Chem., Int. Ed. 2016, 55, 5819. (h) Trost, B. M.; Schultz, E. S.; Chang, T.; Maduabum, M. R. J. Am. Chem.
Soc. 2019, 141, 9521.
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Curr. Top. Med. Chem. 2012, 12, 962. (c) Prakash, G. K. S.; Yudin, A. K. Chem. Rev. 1997, 97, 757. (e) Bizet, V.;
Besset, T.; Ma, J. A.; Cahard, D. Curr. Top. Med. Chem. 2014, 14, 901. (d) Yang, X.; Wu, T.; Phipps, R. J.; Toste, F.
D. Chem. Rev. 2015, 115, 826.
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Scheme 3.10. The design of the intermolecular HAT cascade for the coupling between two different
Csp3−H bonds.

3.2.2. Evaluation of the Reaction Conditions
Following chapter 2, we started our investigation of the selective cross-dehydrogenative
coupling (CDC) of Csp3−H with Csp3−H bonds, selecting benzoin (0.2 mmol), m-xylene (3.3
mmol, 0.4 mL), and mesityl iodide (0.3 mmol) as benchmark substrates; Ru3(CO)12 (0.009 mmol)
as precatalyst, diimine compound N9 (0.03 mmol) as the ligand, potassium carbonate (K2CO3, 0.4
mmol) as the base, and PhCl (0.2 mL) as the solvent. These results are presented in Table 3.1.
Fortunately, in the model reaction, we obtained the desired product in 81% yield (Table 3.1,
entry 1). The catalyst and ligand were found to be crucial for the reaction because, in the absence
of the catalyst or ligand, no desired product was obtained (Table 3.1, entry 2 and 3). Other
diimine and bis(imino)-pyridine ligands were investigated, but none of them increased the yield
(Table 3.1, entry 4−10). Then, diketone compounds and phosphine ligands were also studied, and
interestingly, only the phosphine ligands gave the desired product in moderate yields (Table 3.1,
entry 11−14). Therefore, the diimine and phosphine ligands were efficient for the selective CDC
of Csp3−H with Csp3−H bonds. Based on these results for the ligands, we lowered the
temperature of the model reaction to 130 oC, and the diimine ligand N9 and some phosphine
ligands were investigated at 130 oC (Table 3.1, entry 15−22). When using the diimine ligand N9,
we obtained the desired product in 78% yield (Table 3.1, entry 15), but in the absence of the base,
only a trace amount of the desired product was obtained (Table 3.1, entry 16). When using the
phosphine ligand dppe and dcype, we also got the desired product in 71% and 67% yields,
respectively (Table 3.1, entry 17 and 21), but using the other phosphine ligands, lower yields
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were obtained (Table 3.1, entry 18−20 and entry 22). Subsequently, we continued to lower the
temperature of the model reaction to 110 oC, however, only a trace amount of the desired product
was obtained in the presence of N9 (Table 3.1, entry 23). Considering that the yield (81%)
obtained at 150 oC was not much higher than the yield (78%) obtained at 130 oC, we decided to
use 130 oC as the standard temperature for the reaction. Thus, 4.5 mol% of Ru3(CO)12, 15 mol%
of N9, and 130 oC were chosen as the optimized conditions for the selective CDC between two
different Csp3−H bonds.
Table 3.1 The optimization of the model reaction.a

Entry

Ligand (15 mol%)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

N9
N9
N5
N6
N7
N8
N10
N1
N2
additive 19
additive 11
dppp
dppe
N9
N9
dppe
binap
dppb
dppf
dcype
Xantphos

o

T ( C)
150
150
150
150
150
150
150
150
150
150
150
150
150
150
130
130
130
130
130
130
130
130
117

31 (%)b
81
0c
0
66
71
76
76
32
59
61
0
0
51
71
78
traced
71
20
trace
trace
67
trace
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23
N9
110
Trace (bad conversion)
Reaction conditions: S21 (0.3 mmol), S31 (0.2 mmol), S41 (0.4 mL), K2CO3
(0.4 mmol), PhCl (0.2 mL), 12 h. bIsolated yields (base on S31). cNo Ru3(CO)12.
d
No K2CO3.
a

3.2.3. Substrate Scope of the Selective CDC Reaction
After obtaining the optimized conditions, we sought to explore the scope of the selective
CDC of Csp3−H with Csp3−H bonds. First, in the presence of an α-hydroxy carbonyl compound
(0.5 mmol), different Csp3−H donors were used under the standard conditions. As shown in
Table 3.2, the model substrate m-xylene gave the desired product 31 in 76% isolated yield. The
other substituted toluenes, including a range of functional groups (F, Cl, Br, and methyl),
afforded the corresponding products in moderate to good yields (32−36). The structure of 33 was
confirmed by X-ray analysis.124 The aromatic heterocyclic substrates were also employed to give
the desired coupling products in moderate to good yields (37, 38). The other innate Csp3−H
donors, such as the Csp3−H of α-O, S, or N aromatic substrates, were investigated, giving the

124

33 See page 241.
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desired products in moderate yields (309−311). Interestingly, the substrate benzyl methyl ether
could afford the regioselective coupling product as a mixture of stereoisomers (312, dr = 7.4) in
72% yield, and the major isomer (312) was confirmed by X-ray analysis. 125 The good
regioselectivity can be explained by the lower BDE of benzylic Csp3−H in benzyl methyl ether.
Furthermore, the dimeric coupling product of benzyl methyl ether (312') was isolated in this
reaction, which probably involved a radical homo-coupling process. The simple heterocyclic
substrate tetrahydrofuran (THF) could give the regioselective coupling product as a mixture of
stereoisomers (313, dr = 3.3) in 65% yield. 1,4-Dioxane gave the regioselective coupling product
as a mixture of stereoisomers (314, dr = 6.7) in 52% yield, and both major isomer (314) and
minor isomer (314') were confirmed by X-ray analysis. 126 Besides, the aliphatic α-hydroxy
carbonyl compound valeroin was also studied under the modified conditions (using dppe as the
ligand). When the model substrate m-xylene was used as the Csp3−H donor in the reaction, we
could isolate the desired product (315) in 65% yield and the rearranged product (315') in 6%
yield. When 1-bromo-4-ethylbenzene was used as the Csp3−H donor in the reaction, we could
isolate the desired product (316) in 69% yield.

125

312 See page 242.

126

314 and 314' See pages 243 and 244.
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Table 3.2 The scope of Csp3−H donors.a
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Next, we investigated the scope of α-hydroxy carbonyl compounds (0.5 mmol) by the use
of toluene as the Csp3−H donor under standard conditions and found a wide range of α-hydroxy
carbonyl compounds, such as electron-deficient, electron-rich, cyclic, and hindered substrates, to
be efficient for the coupling protocol. The scope is presented in Table 3.3. Symmetrical aromatic
α-hydroxy carbonyl compounds, such as the heterocyclic compound S33, S34, and the electronrich compound S35 were used to give the desired products in moderate to good yields (317, 318,
and 319). To extend the scope, a range of the unsymmetrical α-hydroxy carbonyl compounds
were studied. The unsymmetrical aromatic α-hydroxy carbonyl compound S36 was applied in
the reaction, and two regioisomers were isolated in 40% of C1 product 320 and 33% of C2
product 320' yields, respectively (regioselective ratio (rr) = the yield of C1 product/ the yield of
C2 product = C1/C2 = 320/320' = 1.2). In addition, both structures of 320 and 320' were
confirmed by X-ray analysis.127 Subsequent α-ketol rearrangement experiments (section 3.2.4.)
indicated that regioisomers (C1 product 320 and C2 product 320') could be transformed into each
other by thermodynamic α-ketol rearrangements under the standard conditions. When the alkylaryl α-hydroxy carbonyl compound S37 was used, the coupling products were isolated as a
mixture of regioisomers in 54% yield (321/321' = 3.9 analyzed by the mixture 1H-NMR).
Additionally, the rearranged product (321'') was isolated in 25% yield. Based on the results or
rules of the α-ketol rearrangement experiments (section 3.2.4.), we can infer that the rearranged
product (321'') is likely generated from C1 product 321 through a thermodynamical α-ketol
rearrangement reaction enabled by aryl group (4-ClPh) shift of 321, and thus this reaction
showed moderate regioselectivity (rr = C1/C2 = (321 + 321'')/321' = 6.2). Furthermore, the major
coupling product 321 was isolated by recrystallization of the regioisomer mixture, and its
structure was confirmed by X-ray crystallography. 128 Interestingly, when the alkyl-aryl αhydroxy carbonyl compound S38 containing an electron-deficient-aryl group (4-CF3Ph) was
employed, the major coupling product (C1 product 322) was obtained in 44% isolated yield and
the minor coupling product (C2 product 322') was detected in less than 5% 1H-NMR yield; also,
the rearranged product (322'') was isolated in 34% yield. According to the α-ketol rearrangement
rules (section 3.2.4.), high reaction regioselectivity was achieved in this reaction (rr = C1/C2 =

127
128

320 and 314' See pages 245 and 246.
321 See page 247.
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(322 + 322'')/322' > 20). Additionally, both structures of 322 and 322'' were confirmed by X-ray
crystallography. 129 However, the reaction using the alkyl-aryl α-hydroxy carbonyl compound
S39 containing an electron-rich-aryl group (4-MeO-Ph) as a substrate showed low
regioselectivity (rr = C1/C2 = (323 + 323'')/323' = 1). In this reaction, the coupling products (C1
product 323 and C2 product 323') were isolated as a mixture of regioisomers in 42% yield, and
the rearranged product (323'') was isolated in 14% yield. To our delight, the hindered alkyl-aryl
α-hydroxy carbonyl compound S310 was used as a substrate to show high regioselectivity for the
reaction (rr = C1/C2 = (324 + 324'')/324' > 20). In this reaction, the major coupling product (C1
product 324) and the rearranged product (324'') were isolated in 40% and 31% yields,
respectively, and the minor coupling product (C2 product 324') was obtained in less than 5% 1HNMR yield. The unsymmetrical alkyl-alkyl α-hydroxy carbonyl compound S311 was also
investigated by the use of this protocol, isolating the coupling product (C1 product 325 and C2
product 325') as a mixture of regioisomers in 51% yield (325/325' = 1.4 or 325'/325 = 1.4
analyzed by the mixture 1H-NMR) and the rearranged product (C1 product 325'') in less than 5%
1

H-NMR yield. Interestingly, the cyclic α-hydroxy carbonyl compound S312 afforded the single

coupling product (326) in 40% isolated yield

129

322 and 322'' See pages 248 and 249.
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Table 3.3 The scope of α-hydroxy carbonyl compounds.a
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3.2.4. Control Experiments for the α-Ketol Rearrangement
The α-Ketol rearrangement has been widely used to construct otherwise inaccessible
molecular frameworks by 1,2-carbon-to-carbon migration under acidic, basic, or thermal
conditions (Scheme 3.11).

130

This reversible reaction can also be influenced through

thermodynamical and conformational control, and unstable α-hydroxy carbonyl products cannot
be synthesized using the α-Ketol rearrangement protocol.

Scheme 3.11. The α-Ketol rearrangement.

To investigate the influence of the α-Ketol rearrangement and the regioselectivity for the
Csp3−H and Csp3−H

coupling protocol, some control experiments were conducted under

standard reaction conditions (Scheme 3.12). First, 322 and 322'' were studied using the control
strategy, and the product distribution was analyzed by crude 1H-NMR at the end of the reaction.
As shown in Scheme 3.12 equations 1 and 2, 322 and 322'' could be transferred to each other
through the α-Ketol rearrangement enabled by [1, 2] or [2, 1]-4-CF3Ph shift, and interestingly,
the same product distribution (50% of 322, 41% of 322'', and 9% of 322') were obtained at the
end of both control reactions. It should be noted that 9% of 322' was probably produced from
322 through the α-Ketol rearrangement enabled by [1, 2]-PhCH2 shift or 322'' through the αKetol rearrangement enabled by [2, 1]-Me shift. In order to further investigate the alkyl group
shift in the α-Ketol rearrangement, the control reaction of 316 was performed under the same
reaction conditions (Scheme 3.12, equation 3). At the end of this reaction, 96% of 316 and only 4%
130

(a) Elphimoff-Felkin, I. Bull. Soc. Chim. Fr. 1956, 1845. (b) Elphimoff-Felkin, I.; Colard, P.; Verrier, M. Bull.

Soc. Chim. Fr. 1961, 516 (c) Paquette, L. A.; Hofferberth, J. The α-Hydroxy Ketone (α- Ketol) and Related
Rearrangements. Org. React. 2003, 62, 477-567. (d) Brunner, H.; Stohr, F. Eur. J. Org. Chem. 2000, 2777. (e)
Mundy, B. P.; Ellerd, M. G.; Favaloro, F. G., Jr. Name Reactions and Reagents in Organic Synthesis, 2nd ed.; John
Wiley & Sons, Inc.: Hoboken, NJ, 2005. (f) Lee, S. D.; Chan, T. H.; Kwon, K. S. Tetrahedron Lett. 1984, 25, 3399.
(g) Rubin, M. B.; Inbar, S. J. Org. Chem. 1988, 53, 3355. (h) Han, S.; Movassaghi, M. J. Am. Chem. Soc. 2011, 133,
10768. (i) Li, G.; Piemontesi, C.; Wang, Q.; Zhu, J. P. Angew. Chem., Int. Ed. 2019, 58, 2870. (j) Dai, L.; Li, X.;
Zeng, Z.; Dong, S.; Zhou, Y.; Liu, X.; Feng, X. Org. Lett. 2020, 22, 5041.
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of the α-Ketol rearrangement product 316' was shown. This product distribution showed that the
α-Ketol rearrangement enabled by the alkyl group (n-Bu) shift may be undesirable in the control
reaction of 316. Thus, in the Csp3−H coupling reaction of the alkyl-aryl α-hydroxy carbonyl
compound with toluene, the rearranged product was probably produced through the α-Ketol
rearrangement enabled by aryl shift, which could provide a method or rule to calculate the
regioselectivity of the coupling reactions (see Table 3.3). Furthermore, the separate control
reactions of 320 and 320' were also conducted under the same conditions and, they showed the
same product distribution (46% of 320, 46% of 320', and only 8% of 320'') at the end of both
reactions (Scheme 3.12, equation 4 and 5). Based on this product distribution, we suggest that
the α-Ketol rearrangement product 320'' was probably generated from 320 or 320' via [1,2] or
[2,1]-aryl shift. Then 320'' would further undergo the α-Ketol rearrangement to generate the 320
and 320' in the reaction (Scheme 3.12, a possible pathway for the transfer of 320 or 320').
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Scheme 3.12. Control experiments for the α-Ketol rearrangement.
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3.2.5. Mechanistic Investigations
To demonstrate the radical processes involved in the Csp3−H and Csp3−H coupling
protocol, the separate radical-trapping experiments with 2,2,6,6-tetramethyl-1- piperidinyloxy
(TEMPO) and butylated hydroxytoluene (BHT) were performed. The reaction did not proceed,
indicating radical reaction inhibition (Scheme 3.13, equations 1 and 2). Also, benzyl methyl
ether S412 was used as a substrate to isolate the dimeric coupling product (312'), which probably
supports the formation of a long-lived benzylic radical species from S412 under the current
reaction conditions (Scheme 3.13, equation 3).

Scheme 3.13. Radical-trapping and radical coupling experiments.

Based on the above experiments (Scheme 3.13), a possible pathway for the formation of
rearranged products and the regioisomers, in the coupling reactions of unsymmetrical α-hydroxy
carbonyl compounds with toluene, was proposed. As shown in Scheme 3.14, the benzyl radical
species would attack the C1 and C2 in S3n-1 generated by the tautomerization of S3n to form the
radical intermediates S3n-2 and S3n-3. Subsequently, there are two possibilities for the radical
intermediate: 1) S3n-2 and S3n-3 would be oxidized to give the coupling product S3n-6 and
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S3n-7; 2) S3n-2 and S3n-3 would undergo an intramolecular radical rearrangement (similar to
the Pinacol rearrangement) to generate the radical intermediate S3n-4, followed by oxidation to
afford the rearranged product S3n-5. According to this pathway and the regioselectivity in the
coupling reactions of unsymmetrical α-hydroxy carbonyl compounds with toluene (Table 3.3),
when R1 is an electron-deficient group (Table 3.3, S37 and S38) or R2 is a hindered group (Table
3.3, S310) the benzylic radical species will prefer to attack the C1 in S3n-1 to show good
regioselectivity for the coupling reactions; when R1 is an electron-rich group (Table 3.3, S39) or
the electron density of R1 and R2 is similar (Table 3.3, S36 and S311) the benzylic radical
species will indiscriminately attack the C1 and C2 in S3n-1 to give low regioselectivity for the
coupling reactions.

Scheme 3.14. A possible pathway for the formation of products.

To further investigate the aryl radical process involved in the Csp3−H with Csp3−H
coupling protocol, a deuterium labeling experiment was performed with deuterated d8-toluene as
a substrate. At the end of this reaction, we isolated the corresponding product [D]-33 in 76%
yield and [D]-22 with complete transfer of the deuterium label to the iodide-position of S21
(Scheme 3.15 a). These observations probably support the formation of aryl radical species from
the aryl iodide and the intermolecular HAT mediated by the aryl radical species under the current
reaction conditions. Interestingly, we found a mixture in benzyl-H/D atoms of the isolated [D]33 and [D]-22 by the analysis of their 1H-NMR spectra. A possible H/D exchange process for
generating [D]-33 was proposed (Scheme 3.15 b). As shown in Scheme 3.15 b, in the deuterium
labeling reaction, the generated product [D1]-33 with 100% deuterated benzyl-D atoms would
undergo a reversible α-Ketol rearrangement via Ph-shift to form the [D1]-33' with high acidity of
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benzyl-D atoms. The highly acidic benzyl-D atoms of [D1]-33' would perform an H/D exchange
to form the [D2]-33 with high acidity of benzyl-H atoms, followed by a further α-Ketol
rearrangement via Ph-shift to afford [D]-33 bearing incomplete substitution of benzyl-D atoms.
On the other hand, we suggest that a possible intermolecular deuterium or hydrogen atom
transfer (D/HAT) mediated by benzyl radical species could be involved in the formation of [D]22 with incomplete benzyl-H atoms (Scheme 3.15 c). We also cannot rule out the possibility of
intermolecular D/HAT for the formation of [D]-33 with incomplete benzyl-D/H atoms.

Scheme 3.15. The deuterium labeling experiment and possible processes for H/D exchange.

Next, an intermolecular competition experiment using equimolar amounts of toluene and
d8-toluene was conducted (Scheme 3.16). Three runs of this reaction for 12 hours gave an
average KIE (kH/kD) of 4.3 using 1H NMR analysis of the product mixture. Meanwhile, two
parallel reactions using toluene or d8-toluene were examined under the same conditions. The
reactions were stopped within 100 min to keep a low conversion. Three runs of the parallel
reactions gave a primary KIE (kH/kD) of 1.7 ± 0.3. These observations of KIE are comparable to
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the reports78, 131a of benzyl C−H activation mediated by HAT, and suggest that the HAT may be
involved in the rate-determining step of the reaction.131b

Scheme 3.16. The kinetic isotope effect.

On the basis of these experimental observations and the results from the previous project
(chapter 2), a proposed mechanism for the present selective CDC of benzoin with toluene is
shown in Scheme 3.17. First, the reactive complex 3-I in situ generated from the reaction of
Ru3(CO)12 with N9 could likely abstract the iodine atom from aryl iodide102f to generate the
highly reactive aryl radical species and the putative complex 3-II. The highly reactive aryl
radical could abstract a hydrogen atom from toluene to yield the benzyl radical species.
Subsequently, the benzyl radical species can attack the enolate intermediate S31' tautomerized
from S31 to form a radical species 3-1, which would undergo oxidation to give the desired
product 33 and regenerate the reactive complex 3-I in the presence of a base and the putative
complex 3-II.

131

(a) Paradine, S. M.; Griffin, J. R.; Zhao, J.; Petronico, A. L.; Miller, S. M.; White, M. C. Nat. Chem. 2015, 7, 987.

(b) Simmons, E. M.; Hartwig, J. F. Angew. Chem., Int. Ed. 2012, 51, 3066.
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Scheme 3.17. A proposed mechanism for the selective CDC of benzoin with toluene.
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3.3. Conclusion and Outlook
In Chapter 3, a novel methodology for selective cross-dehydrogenative coupling of
Csp3−H with Csp3−H has been presented. In this protocol, an aryl radical species generated from
aryl iodide catalyzed by a Ru complex can abstract a hydrogen atom from an innate Csp3−H
bond to form the Csp3-centered radical species, which subsequently attack the enolate
intermediate tautomerized from the α-hydroxy carbonyl compound to give the coupling product
of Csp3−H with Csp3−H. A wide range of substrates containing innate Csp3−H bonds reacted
with symmetrical aromatic α-hydroxy carbonyl compounds to give a single product in moderate
to good isolated yields. On the other hand, unsymmetrical aromatic α-hydroxy carbonyl
compounds give the products as a mixture of rearranged isomers. In order to gain insight into the
regioselectivity and the rearrangement of this reaction, some control experiments were conducted
under standard conditions. These results of control experiments likely supported the classical αKetol rearrangement for the generation of rearrangement products in the reaction. Additionally,
radical trapping reactions, the deuterium labeling experiment, and the kinetic isotope effect were
employed to support a possible radical mechanism proceeding through intermolecular HAT
mediated by aryl radical species. Meanwhile, a possible radical rearrangement (similar to the
Pinacol rearrangement) has also been proposed to explain the regioselectivity of reactions and
the generation of rearranged products. This HAT strategy for the coupling of Csp3−H with
Csp3−H avoids employing TBHP, DTBP, DDQ, O2, or other strong oxidants typically used in
such coupling reactions, and increases the functional group tolerance of the reaction. Also, our
protocol provides the first selective cross-dehydrogenative coupling of innate Csp3−H with
hydroxyketonic Csp3−H bonds.
Following this protocol, we can design some hindered diimine ligands to control the
regioselectivity of the coupling between two different Csp3−H bonds. Additionally, we can
probably explore some coupling reactions of Csp3−H with Csp2−H using intermolecular HAT
strategy mediated by aryl radical species, such as a radical Heck-type reaction. To the best of our
knowledge, various elegant methodologies have been developed to generate the aryl radical
species at room temperature using photocatalysis in recent decades. We wonder if we can use
photocatalysis or combine photocatalysis with Ru catalyst to explore different types of selective
CDC reactions through intermolecular HAT mediated by aryl radical species.
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General Information
The ruthenium-catalyzed reactions were set up in an argon atmosphere glovebox
(LABmaster Pro SP, MBraun). The substrates and reagents for catalytic reactions were degassed
and stored in the glovebox. Triruthenium dodecacarbonyl (Ru3(CO)12, 98%), 1,2bis(diphenylphosphino) ethane (dppe), and 1,3-bis(diphenylphosphino) propane (dppp) were
purchased from Strem Chemicals. Anhydrous chlorobenzene, cyclooctane, 5H-cyclopenta [2,1b:3,4-b'] dipyridin-5-one (DAF), Cesium carbonate and 4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(HBpin)

were

purchased

tris(triphenylphosphine)rhodium(I)

from

Sigma-Aldrich.

chloride

(Wilkinson’s

Mesityl
catalyst),

Iodide
and

(98%),
9,10-

phenanthrenequinone were purchased from TCI. All commercially available materials were used
as received without any further purification. Ligands were synthesized as reported. 1H NMR and
13

C NMR spectra were recorded at 400 MHz (or 500 MHz) and 100 MHz (or 125 MHz),

respectively on a spectrometer in CDCl3 at room temperature. 1H NMR was reported as follows:
chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quadruplet, br = broad signal
and m = multiplet), coupling constants (J values) in Hz and integration. Chemical shifts (δ) were
reported with respect to the corresponding solvent residual peak at 7.26 ppm for CDCl3 for 1H
NMR. 13C NMR spectra (1H-broadband decoupled) were reported in ppm using the central peak
of CDCl3 (77.16 ppm). High-resolution mass spectrometric measurements were provided by the
mass spectrometry service of the Laboratorium für Organische Chemie at ETH Zürich. The
molecular ion [M]+, [M+H]+ and [M+Na]+ respectively or the anion are given in m/z units. Thin
Layer Chromatography analyses were performed on silica gel coated glass plates (0.25 mm) with
fluorescence indicator UV254 (Macherey-Nagel, TLC plates SIL G-25 UV254). For the
detection of spots, irradiation of UV light at 254 nm or oxidative staining using potassium
permanganate solution (KMnO4) was used. Flash column chromatography was conducted with
silica gel 60 (particle size 40–63 μM, Merck) at room temperature and under elevated pressure.
GC analysis information: GC: Shimadzu GC-2025
Column: OPTIMA 5 - MACHEREY-NAGEL, 30.0 m × 0.25 mm × 0.25 μm
Carrier gas: He (1.31 mL/min) Temperature program: 50°C (2 min); 15°C/min to 320°C; 320°C
(10 min) Injector temperature: 250°C; Detector temperature: 340°C; Split ratio: 50
Injection volume: 1 μl.
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4.1. Experimental Part to Chapter 2
4.1.1. Preparation and Characterization of Redox Non-innocent Compounds
Synthesis and characterization of 1,1'-(pyridine-2,6-diyl)bis(N-phenylethan-1-imine) (N1)

Procedure: Under a nitrogen atmosphere, 2,6-diacetylpyridine (2.5 mmol, 0.41 g) and paratoluenesulfonic acid monohydrate (10 mol%, 43.1 mg) were weighed and dissolved in dry
toluene (30 mL) and the corresponding aniline (5.5 mmol, 0.52 g) was then added. The resulting
mixture was heated at reflux under Dean-Stark conditions for 20 hours. After the solvent was
removed and the product was purified by crystallization from hot methanol to give the product as
yellow needles (N1, 0.39 g, 50 % yield). The spectral data are consistent with those reported in
the literature.132
Characterization of N1
1H

NMR (400 MHz, CDCl3): δ 8.35 (d, J = 7.6 Hz, 2H), 7.88 (t, J = 8.0 Hz, 1H), 7.39 (t, J = 8.0

Hz, 4H), 7.13 (t, J = 7.2 Hz, 2H), 6.86 (d, J = 7.6 Hz, 4H), 2.41 (s, 6H).
13C

NMR (100 MHz, CDCl3): δ 167.50, 155.60, 151.42, 136.98, 129.15, 123.75, 122.48, 119.40,

16.37.
Synthesis and characterization of 2,6-bis-[1-(2,6-dimethylphenylimino)ethyl]pyridine (N2)

132

Guo, J.; Wang, B. L.; Bi, J. F.; Zhang, C. Y.; Zhang, H. X.; Bai, C. X.; Hu, Y. M.; Zhang, X. Q. Polymer. 2015,

59, 124.
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Procedure: 2,6-diacetylpyridine (1.63 g, 10 mmol) and 2,6-dimethylaniline (3.64 g, 30 mmol)
were dissolved in 80 mL of CH3OH in a round-bottom flask. Ten drops of 97% formic acid were
added, and the resulting mixture was stirred at 50 oC overnight. The solution was cooled in an ice
bath, resulting in the formation of a yellow precipitate that was isolated by filtration (N2, 1.85 g,
50%). The spectral data are consistent with those reported in the literature.133
Characterization of N2
1H

NMR (400 MHz, CDCl3): δ 8.51 (d, J = 8.0 Hz, 2H), 7.93 (t, J = 8.0 Hz, 1H), 7.41 (d, J = 8.0

Hz, 4H), 6.97 (t, J = 7.6 Hz, 1H), 2.27 (s, 6H), 2.08 (s, 12H).
13C

NMR (100 MHz, CDCl3): δ 166.94, 155.23, 147.91, 136.98, 131.23, 126.07, 123.45, 122.29,

24.76, 13.87.
Synthesis and characterization of 1,1'-(pyridine-2,6-diyl)bis(N-phenylethan-1-imine) (N3)

Procedure: Under a nitrogen atmosphere, a solution of aniline (5.0 mmol, 0.47 g) and 2
pyridinecarboxaldehyde (5.0 mmol, 0.54 g) in toluene (2.5 ml) was stirred at rt for 24 h. The
reaction mixture was concentrated under reduced pressure and the residue was dried under high
vacuum to give the ligand (N3) as a yellow oil (0.91 g, quant.). The spectral data are consistent
with those reported in the literature.134
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Small, B. L.; Brookhart, M.; Bennett, A. M. A. J. Am. Chem. Soc. 1998, 120, 4049.
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Pfeifer, L.; Gouverneur, V. Org. Lett. 2018, 20, 1576.
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Characterization of N3
1H

NMR (500 MHz, CDCl3): δ 8.58 (d, J = 4.5 Hz, 1H), 8.50 (s, 1H), 8.08 (d, J = 8.0 Hz, 1H),

7.66 (t, J = 8.0 Hz, 1H), 7.31 ‒ 7.28 (m, 2H), 7.23 ‒ 7.13 (m, 4H).
13C

NMR (125 MHz, CDCl3) δ 160.61, 154.56, 150.98, 149.68, 136.62, 129.22, 126.72, 125.10,

121.86, 121.10.
Synthesis and characterization of N4

Procedure: Under a nitrogen atmosphere, a solution of 2,6-dimethylaniline (15.0 mmol, 1.82 g)
and DABCO (45.0 mmol, 5.05 g) in toluene (30 ml) was heated to 90 oC. The hot reaction
mixture was added dropwise to a solution of TiCl4 in toluene (1.0 M, 15.0 ml) over 30 min,
followed by the addition of a suspension of 9,10-phenanthrenequinone (5.0 mmol, 1.05 g) in 10
ml of toluene. The mixture was heated to reflux (ca. 140 ◦C) for 24 h. The precipitate was
removed by hot filtration and the filtrate was concentrated under reduced pressure. The residue
was purified by flash column chromatography on silica gel (hexane/ethyl acetate = 10:1) and
further recrystallization in hexane gave (L9) as a red solid (0.75 g, 36 % yield). The spectral data
are consistent with those reported in the literature.135
Characterization of N4
1H

NMR (500 MHz, CDCl3): δ 8.34 (d, J = 7.5 Hz, 1H), 7.95-7.91 (m, 2H), 7.63 (t, J = 7.5 Hz,

1H), 7.52 (t, J = 7.5 Hz, 1H), 7.41 (t, J = 7.5 Hz, 1H), 7.00 (br, 2H), 6.93 (t, J = 7.5 Hz, 1H),
6.88 (t, J = 7.5 Hz, 4H), 6.84-6.78 (m, 3H), 6.72 (d, J = 7.5 Hz, 1H), 2.06 (s, 6H), 1.40 (s, 6H).

135

Li, L.; Jeon, M.; Kim, S. Y. J. Mol. Catal. Chem. 2009, 303, 110.
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13C

NMR (125 MHz, CDCl3) 160.03, 158.38, 149.11, 147.68, 134.69, 134.22, 133.57, 131.98,

131.52, 129.18, 128.00, 127.83, 127.66, 127.52, 127.09, 125.34, 124.98, 124.75, 123.23, 122.64,
123.0, 122.5, 18.54, 17.34.
Synthesis and characterization of N', N'-diphenylbutane-2,3-diimine (N5)

Procedure: The 2,3-butanedione (2.5 mmol, 0.22 g) was dissolved in dry methanol (30 mL) and
the corresponding aniline (5 mmol, 0.54 g) was then added. The resulting mixture was stirred for
24 hours. After the reaction mixture was filtered and washed with methanol to give the pure
ligand (N5) as a yellow solid (0.46 g, 78 % yield). The spectral data are consistent with those
reported in the literature.136
Characterization of N5
1H

NMR (400 MHz, CDCl3): δ 7.37 (t, J = 7.6 Hz, 4H), 7.12 (t, J = 7.2 Hz, 2H), 6.79 (d, J = 7.2

Hz, 4H), 2.15 (s, 6H).
13C

NMR (100 MHz, CDCl3): δ 168.43, 151.09, 129.14, 123.97, 118.89, 15.56.

General procedure 2A: For the synthesis of diimine redox Non-innocent Compounds (N6, N7,
N8, N9, N11, N12) 137

Procedure: Under a nitrogen atmosphere, trimethylaluminum (6.0 mL, 2.0 M in hexane) was
slowly added to a solution of arylamine (12 mmol) in anhydrous toluene (20 mL) at room
136

Espinoza-Hicks, C.; Montoya, P.; Bautista, R.; Jiménez-Vázquez, H. A.; Rodríguez-Valdez, L. M.; Camacho-

Dávila, A. A.; Cossío, F. P.; Delgado, F.; Tamariz, J. J. Org. Chem. 2018, 83, 5347.
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Zhu, X.; Du, H. Org. Lett. 2015, 17, 3106.
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temperature. The reaction mixture was refluxed for 2 hours and then was cooled to ambient
temperature. 1,2-diarylketone (5 mmol) was added and the mixture was stirred for another 6 h at
the same temperature. After the solution was cooled to 0 °C, and carefully hydrolyzed with 5%
aqueous NaOH solution. The mixture was then extracted with ethyl acetate and the solvent
removed. The pure ligands were obtained by recrystallization in toluene/hexane.
Characterization of N6, N7, N8, N9, N10, N11, N12, N13
N,N'-(1,2-Diphenylethane-1,2-diylidene) dianiline (N6)

Procedure: The compound (N6) was prepared following the general procedure 2A and obtained
as a yellow solid (0.76 g, 42 % yield) by recrystallization in toluene/hexane. The spectral data
are consistent with those reported in the literature.137
Characterization of N6
1H

NMR (500 MHz, CDCl3): δ 7.91 (d, J = 8.0 Hz, 4H), 7.47 ‒ 7.39 (m, 6H), 7.10 ‒ 7.07 (m,

4H), 7.03 ‒ 7.00 (m, 2H), 6.54 (d, J = 7.5 Hz, 4H).
13C

NMR (125 MHz, CDCl3): δ 164.02, 149.44, 137.76, 131.25, 128.88, 128.52, 128.47, 125.02,

120.21.
N,N'-(1,2-Bis(4-fluorophenyl)ethane-1,2-diylidene) dianiline (N7)
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Procedure: The compound (N7) was prepared following the general procedure 2A and obtained
as a yellow solid (1.03 g, 52 % yield) by recrystallization in toluene/hexane. The spectral data
are consistent with those reported in the literature.138
Characterization of N7
1H

NMR (400 MHz, CDCl3): δ 7.93-7.88 (m, 4H), 7.14 ‒ 7.08 (m, 8H), 7.06 ‒ 7.02 (m, 2H),

6.58 ‒ 6.55 (m, 4H).
13C

NMR (100 MHz, CDCl3): δ 164.60 (d, JCF = 251.4 Hz), 162.42, 149.09, 133.73 (d, JCF = 3.2

Hz), 130.54 (d, JCF = 8.7 Hz), 128.59, 125.23, 120.17, 116.07 (d, JCF = 21.8 Hz).
19F

NMR (376 MHz, CDCl3): δ -108.14.

N,N'-(1,2-Diphenylethane-1,2-diylidene) bis(4-fluoroaniline) (N8)

Procedure: The compound (N8) was prepared following the general procedure 2A and obtained
as a yellow solid (0.91 g, 46 % yield) by recrystallization in toluene/hexane. The spectral data
are consistent with those reported in the literature.138
Characterization of N8
1H

NMR (400 MHz, CDCl3): δ 7.87 (d, J = 6.8 Hz, 4H), 7.50 ‒ 7.39 (m, 6H), 6.82 ‒ 6.76 (m,

4H), 6.54 ‒ 6.50 (m, 4H).
13C

NMR (100 MHz, CDCl3): δ 164.2, 160.5 (d, JCF = 242.7 Hz), 145.5 (d, JCF = 2.9 Hz), 137.4,

131.5, 129.0, 128.4, 121.9 (d, JCF = 8.2 Hz), 115.4 (d, JCF = 22.3 Hz).
19F

NMR (376 MHz, CDCl3): δ -108.03.

N,N'-1,2-Tetrakis(4-fluorophenyl) ethane-1,2-diimine (N9)
138

Ogle, J. W.; Zhang, J.; Reibenspies, J. H.; Abboud, K. A.; Miller, S. A. Org. Lett. 2008, 10, 3677.
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Procedure: The compound (N9) was prepared following the general procedure 2A and obtained
as a yellow solid (1.2 g, 56 % yield) by recrystallization in toluene/hexane.
Characterization of N9
1H

NMR (400 MHz, CDCl3): δ 7.89 ‒ 7.83 (m, 4H), 7.13 ‒ 7.07 (m, 4H), 6.83 ‒ 6.77 (m, 4H),

6.55 ‒ 6.50 (m, 4H).
13C

NMR (100 MHz, CDCl3): δ 164.77 (d, JCF = 252.0 Hz), 162.62, 160.58 (d, JCF = 243.2 Hz),

145.13 (d, JCF = 2.9 Hz), 133.45 (d, JCF = 3.1 Hz), 130.50 (d, JCF = 8.8 Hz), 121.88 (d, JCF = 8.2
Hz), 116.29 (d, JCF = 21.8 Hz), 115.49 (d, JCF = 22.4 Hz).
19F

NMR (376 MHz, CDCl3): δ -107.49, -117.44.

HRMS (ESI) calcd. for C26H17N2F4 (M+H): 433.1322, Found: 433.1327.
Synthesis of 1,2-diphenyl-N,N'-bis(4-(trifluoromethyl)phenyl) ethane-1,2-diimine (N10)132

Procedure: Under a nitrogen atmosphere, benzil (2.5 mmol, 0.53 g) and para-toluenesulfonic
acid monohydrate (10 mol%, 43.1 mg) were weighed and dissolved in dry toluene (30 mL) and
4-(trifluoromethyl)aniline (5.5 mmol, 0.89 g) was then added. The resulting mixture was heated
at reflux under Dean-Stark conditions for 20 hours. After the solvent was removed and the
product was purified by crystallization from hot methanol to give the product as yellow needles
(N10, 0.8 g, 65 % yield).
Characterization of N10
142

Experimental Part
1H

NMR (400 MHz, CDCl3): δ 7.86 (d, J = 7.2 Hz, 4H), 7.55 ‒ 7.51 (m, 2H), 7.48 ‒ 7.44 (m,

4H), 7.35 (d, J = 8.4 Hz, 4H), 6.51 (d, J = 8.4 Hz, 4H).
13C

NMR (100 MHz, CDCl3): δ 164.76, 152.28, 137.22, 132.11, 129.19, 128.63, 127.05 (q, JCF

= 32.4 Hz), 125.86 (q, JCF = 3.8 Hz), 124.30 (q, JCF = 270.0 Hz), 120.07.
19F

NMR (376 MHz, CDCl3): δ -62.08.

HRMS (ESI) calcd. for C28H19N2F6 (M+H): 497.1447, Found: 497.1438.
Synthesis of 1,2-bis(4-fluorophenyl)-N,N'-bis(4-(trifluoromethyl)phenyl) ethane-1,2-diimine
(N11)132

Procedure: Under a nitrogen atmosphere, 4,4′-difluorobenzil (2.5 mmol, 0.62 g) and paratoluenesulfonic acid monohydrate (10 mol%, 43.1 mg) were weighed and dissolved in dry
toluene (30 mL) and 4-(trifluoromethyl)aniline (5.5 mmol, 0.89 g) was then added. The resulting
mixture was heated at reflux under Dean-Stark conditions for 20 hours. After the solvent was
removed and the product was purified by crystallization from hot methanol to give the product as
yellow needles (N11, 0.59 g, 40 % yield).
Characterization of N11
1H

NMR (400 MHz, CDCl3): δ 7.92 ‒ 7.87 (m, 4H), 7.36 (d, J = 8.0 Hz, 4H), 7.18 ‒ 7.13 (m,

4H), 6.47 (d, J = 8.0 Hz, 4H).
13C

NMR (100 MHz, CDCl3): δ 165.11 (d, JCF = 253.2 Hz), 163.11, 151.95 (d, JCF = 1.1 Hz),

133.30 (d, JCF = 3.2 Hz), 130.87 (d, JCF = 8.9 Hz), 127.27 (q, JCF = 32.4 Hz), 125.94 (q, JCF = 3.7
Hz), 124.22 (q, JCF = 270.0 Hz), 120.03, 116.52 (q, JCF = 21.9 Hz).
19F

NMR (376 MHz, CDCl3): δ -62.08, -106.32.

HRMS (ESI) calcd. for C28H17N2F8 (M+H): 533.1259, Found: 533.1262.
N,N'-(1,2-Diphenylethane-1,2-diylidene) bis(4-fluoroaniline) (N12)
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Procedure: The compound (N12) was prepared following the general procedure 2A and obtained
as a yellow solid (0.95 g, 45 % yield) by recrystallization in toluene/hexane. The spectral data
are consistent with those reported in the literature.138
Characterization of N12
1H

NMR (500 MHz, CDCl3): δ 7.86 (d, J = 8.0 Hz, 4H), 7.43 ‒ 7.35 (m, 6H), 6.68 ‒ 6.63 (m,

8H), 3.73 (s, 6H).
13C

NMR (125 MHz, CDCl3): δ 163.42, 157.47, 142.61, 137.57, 130.95, 128.84, 128.20, 122.28,

113.87, 55.49.
N,N'-1,2-Tetrakis(4-methoxyphenyl)ethane-1,2-diimine (N13)

Procedure: The compound (N13) was prepared following the general procedure 2A and obtained
as a yellow solid (0.95 g, 45 % yield) by recrystallization in toluene/hexane. The spectral data
are consistent with those reported in the literature.139
Characterization of N13
1H

NMR (500 MHz, CDCl3): δ 7.81 (d, J = 9.0 Hz, 4H), 6.87 (d, J = 9.0 Hz, 4H), 6.83 (s, 8H),

3.82 (s, 6H), 3.72 (s, 6H).

139

Ōkubo, M.; Fukuyama, Y.; Sato, M.; Matsuo, K.; Kitahara, T.; Nakashima, M. J. Phys. Org. Chem. 1990, 3, 379.
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13C

NMR (125 MHz, CDCl3): δ 162.99, 161.82, 157.15, 142.87, 130.56, 129.96, 122.26, 114.17,

113.79, 55.47.

4.1.2. General Procedures for the Evaluation of Alkane
Calibration curve of cyclooctene for GC yield
Procedure: Five different mixtures of cyclooctene and dodecane were prepared and analyzed by
GC to obtain the calibration curve. The response factor was calculated to be R = 0.57
(cyclooctene to dodecane).

General procedure for Table 2.1 of Chapter 2: Investigation of ligand effects for the
benchmark dehydrogenation

Procedure: In an argon-filled glovebox, Ru3(CO)12 (3 mol%, 0.006 mmol, 3.9 mg ), ligand (10
mol%, 0.02 mmol), 4,5-diazafluorenone (DFA, 20 mol%, 0.04 mmol, 7.3 mg), S21 (2-iodo145
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1,3,5-trimethylbenzene, 0.2 mmol, 50 mg ), Cs2CO3 (0.4 mmol, 130.4 mg), and S22 (1.0 mmol,
112 mg ) were added into an oven-dried 8 mL vial with a magnetic stirring bar, followed by
addition of chlorobenzene (0.5 mL). The vial was sealed and taken out of the glovebox and was
heated at 150 °C. After 24 h, the vial was cooled to room temperature. The reaction was
quenched by exposing the solution to air and diluted with ethyl acetate. Dodecane (0.1 mmol, 24
μL) was added to the solution as an internal standard. The mixture was stirred for 10 mins at
room temperature. An aliquot was removed from the vial and analyzed by GC and GC-MS.
General procedure for Table 2.2 of Chapter 2: Investigation of additive effects for the
benchmark dehydrogenation

Procedure: In an argon-filled glovebox, Ru3(CO)12 (3 mol%, 0.006 mmol, 3.9 mg ), dppe (10
mol%, 0.02 mmol, 8 mg), additive (20 mol%, 0.04 mmol), S21 (2-iodo-1,3,5-trimethylbenzene,
0.2 mmol, 50 mg ), Cs2CO3 (0.4 mmol, 130.4 mg), and S22 (1.0 mmol, 112 mg ) were added into
an oven-dried 8 mL vial with a magnetic stirring bar, followed by addition of chlorobenzene (0.5
mL). The vial was sealed and taken out of the glovebox and was heated at 150 °C. After 24 h, the
vial was cooled to room temperature. The reaction was quenched by exposing the solution to air
and diluted with ethyl acetate. Dodecane (0.1 mmol, 24 μL) was added to the solution as an
internal standard. The mixture was stirred for 10 mins at room temperature. An aliquot was
removed from the vial and analyzed by GC and GC-MS.
General procedure for Table 2.3 of Chapter 2: Effects of redox non-innocent compounds
for the benchmark dehydrogenation
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Procedure: In an argon-filled glovebox, Ru3(CO)12 (3 mol%, 0.006 mmol, 3.9 mg ), additive (15
‒ 20 mol%, 0.03 ‒ 0.04 mmol), S21 (2-iodo-1,3,5-trimethylbenzene, 0.2 mmol, 50 mg ), Cs2CO3
(0.4 mmol, 130.4 mg), and S22 (1.0 mmol, 112 mg ) were added into an oven-dried 8 mL vial
with a magnetic stirring bar, followed by addition of chlorobenzene (0.5 mL). The vial was
sealed and taken out of the glovebox and was heated at 150 °C. After 24 h, the vial was cooled to
room temperature. The reaction was quenched by exposing the solution to air and diluted with
ethyl acetate. Dodecane (0.1 mmol, 24 μL) was added to the solution as an internal standard. The
mixture was stirred for 10 mins at room temperature. An aliquot was removed from the vial and
analyzed by GC and GC-MS.
General procedure for Table 2.4 of Chapter 2: Further optimization of catalysts and bases

Procedure: In an argon-filled glovebox, catalyst (3 ‒ 18 mol%, 0.006 ‒ 0.036 mmol), N9 (0. 036
mmol, 15.6 mg), S21 (2-iodo-1,3,5-trimethylbenzene, 0.2 mmol, 50 mg ), base (0.2 ‒ 0.6 mmol),
and S22 (1.0 mmol, 112 mg ) were added into an oven-dried 8 mL vial with a magnetic stirring
bar, followed by addition of chlorobenzene (0.5 mL). The vial was sealed and taken out of the
glovebox and was heated at 150 °C. After 24 h, the vial was cooled to room temperature. The
reaction was quenched by exposing the solution to air and diluted with ethyl acetate. Dodecane
(0.1 mmol, 24 μL) was added to the solution as an internal standard. The mixture was stirred for
10 mins at room temperature. An aliquot was removed from the vial and analyzed by GC and
GC-MS.
General procedure for Scheme 2.7 of Chapter 2: Evaluation of aryl radical precursors
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Procedure: In an argon-filled glovebox, Ru3(CO)12 (3 mol%, 0.006 mmol, 3.9 mg), N9 (0. 036
mmol, 15.6 mg), Ar-I/OTf/OTs (0.2 mmol), Cs2CO3 (0.4 mmol, 130.4 mg), and S22 (1.0 mmol,
112 mg) were added into an oven-dried 8 mL vial with a magnetic stirring bar, followed by
addition of chlorobenzene (0.5 mL). The vial was sealed and taken out of the glovebox and was
heated at 150 °C. After 24 h, the vial was cooled to room temperature. The reaction was
quenched by exposing the solution to air and diluted with ethyl acetate. Dodecane (0.1 mmol, 24
μL) was added to the solution as an internal standard. The mixture was stirred for 10 mins at
room temperature. An aliquot was removed from the vial and analyzed by GC and GC-MS.
General procedure for Scheme 2.8 of Chapter 2: Control experiments for standard conditions
of dehydrogenation protocol

Procedure: In an argon-filled glovebox, Ru3(CO)12 (3 mol%, 0.006 mmol, 3.9 mg), N9 (0. 036
mmol, 15.6 mg), S21 (2-iodo-1,3,5-trimethylbenzene, 0.2 mmol, 50 mg), Cs2CO3 (0.4 mmol,
130.4 mg), and 21 (1.0 mmol, 110 mg ) were added into an oven-dried 8 mL vial with a
magnetic stirring bar, followed by addition of chlorobenzene (0.5 mL). The vial was sealed and
taken out of the glovebox and was heated at 150 °C. After 24 h, the vial was cooled to room
temperature. The reaction was quenched by exposing the solution to air and diluted with ethyl
acetate. Dodecane (0.1 mmol, 24 μL) was added to the solution as an internal standard. The
mixture was stirred for 10 mins at room temperature. An aliquot was removed from the vial and
analyzed by GC, GC-MS, and GPC.
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Procedure: In an argon-filled glovebox, Ru3(CO)12 (3 mol%, 0.006 mmol, 3.9 mg), N9 (0. 036
mmol, 15.6 mg), S21 (2-iodo-1,3,5-trimethylbenzene, 0.2 mmol, 50 mg), Cs2CO3 (0.4 mmol,
130.4 mg), 21 (0.2 mmol, 22 mg ), and S22 (1.0 mmol, 112 mg ) were added into an oven-dried
8 mL vial with a magnetic stirring bar, followed by addition of chlorobenzene (0.5 mL). The vial
was sealed and taken out of the glovebox and was heated at 150 °C. After 24 h, the vial was
cooled to room temperature. The reaction was quenched by exposing the solution to air and
diluted with ethyl acetate. Dodecane (0.1 mmol, 24 μL) was added to the solution as an internal
standard. The mixture was stirred for 10 mins at room temperature. An aliquot was removed
from the vial and analyzed by GC and GC-MS.

Procedure: In an argon-filled glovebox, Ru3(CO)12 (6 mol%, 0.012 mmol, 8 mg), N9 (0. 072
mmol, 31.2 mg), S21 (2-iodo-1,3,5-trimethylbenzene, 0.2 mmol, 50 mg), Cs2CO3 (0.4 mmol,
130.4 mg), 21 (0.2 mmol, 22 mg ), and S22 (1.0 mmol, 112 mg ) were added into an oven-dried
8 mL vial with a magnetic stirring bar, followed by addition of chlorobenzene (0.5 mL). The vial
was sealed and taken out of the glovebox and was heated at 150 °C. After 24 h, the vial was
cooled to room temperature. The reaction was quenched by exposing the solution to air and
diluted with ethyl acetate. Dodecane (0.1 mmol, 24 μL) was added to the solution as an internal
standard. The mixture was stirred for 10 mins at room temperature. An aliquot was removed
from the vial and analyzed by GC and GC-MS.

4.1.3. General Procedures for Substrate Scope of the Intermolecular Dehydrogenation
(Table 2.5 of Chapter 2)
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General procedure 2B: In an argon-filled glovebox, Ru3(CO)12 (3 mol%, 0.015 mmol, 9.8 mg),
N9 (18 mol%, 0.09 mmol, 39 mg), S21 (2-iodo-1,3,5-trimethylbenzene, 0.5 mmol, 125 mg),
Cs2CO3 (1.0 mmol, 326 mg) and S2n (2.5 mmol) were added into an oven-dried 8 mL vial with a
magnetic stirring bar, followed by addition of chlorobenzene (1.0 mL). The vial was sealed and
taken out of the glovebox and was heated at 150 °C. After 24 h, the vial was cooled to room
temperature. The reaction was quenched by exposing the solution to air and diluted with
chloroform-d. Dibromomethane (0.2 mmol, 14 μL) was added to the solution as an internal
standard. The mixture was stirred for 10 mins at room temperature. An aliquot was removed
from the vial and analyzed by 1H NMR, GC, and GC-MS (except low-boiling substrates and
products).
Characterization of cyclooctene (21)

Procedure: Prepared by general procedure 2B. Crude 1H NMR (400 MHz, CDCl3): CH2Br2: δ
4.96 (s, 4H); double bond of 21: δ 5.81 ‒ 5.73 (m, 8.4 H); NMR-yield of 21: 84%.
Characterization of cyclohexene (23)
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Procedure: Prepared by a slight modification of the general procedure 2B: Ru3(CO)12 (6 mol%,
0.03 mmol, 19.6 mg), N9 (36 mol%, 0.18 mmol, 78 mg), and cyclohexane (10 mmol, 840.2 mg)
were used. Crude 1H NMR (400 MHz, CDCl3): CH2Br2: δ 4.96 (s, 4H); double bond of 23: δ
5.83 ‒ 5.82 (m, 4.5 H); NMR-yield of 23: 45%.
Characterization of cycloheptene (24)

Procedure: Prepared by a slight modification of the general procedure 2B: Ru3(CO)12 (5 mol%,
0.025 mmol, 16.3 mg ) and N9 (30 mol%, 0.15 mmol, 65 mg) were used. Crude 1H NMR (400
MHz, CDCl3): CH2Br2: δ 4.96 (s, 4H); double bond of 24: δ 5.91 ‒ 5.89 (m, 7.2 H); NMR-yield
of 24: 72%.
Characterization of cyclododecene as a mixture of E/Z (3/2) isomers (25)

Procedure: Prepared by a slight modification of the general procedure 2B: Ru3(CO)12 (5 mol%,
0.025 mmol, 16.3 mg) and N9 (30 mol%, 0.15 mmol, 65 mg) were used. Crude 1H NMR (400
MHz, CDCl3): CH2Br2: δ 4.96 (s, 4H); double bonds of 25: E isomer: δ 5.49 ‒ 5.47 (m, 4.9 H); Z
isomer: δ 5.44 ‒ 5.42 (m, 3.3 H); NMR-yield of 25: 82% (49% + 33%). The spectral data are
consistent with those reported in the literature.140
Characterization of cyclopentadiene as a mixture of E/Z isomers (26)

140

Asako, S.; Sakae, T.; Murai, M.; Takai, K. Adv. Synth. Catal. 2016, 358, 3966.
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Procedure: Prepared by a slight modification of the general procedure 2B: Ru3(CO)12 (5 mol%,
0.025 mmol, 16.3 mg) and N9 (30 mol%, 0.15 mmol, 65 mg) were used. Crude 1H NMR (400
MHz, CDCl3): CH2Br2: δ 4.96 (s, 4H); double bonds of 26: δ 5.46 ‒ 5.42 (m, 9.1 H); NMR-yield
of 26: 91% (E/Z could not be separated by NMR and GC).
Characterization of decene isomers (27)

Procedure: Prepared by a slight modification of the general procedure 2B: Ru3(CO)12 (6 mol%,
0.03 mmol, 19.6 mg), N9 (36 mol%, 0.18 mmol, 78 mg), and decane (5 mmol, 711.5 mg) were
used. Crude 1H NMR (400 MHz, CDCl3): CH2Br2: δ 4.96 (s, 4H); double bonds of 27: δ 5.61 ‒
5.55 (m, 5.2 H); NMR-yield of 27: 52%.
Characterization of undecene isomers (28)

Procedure: Prepared by a slight modification of the general procedure 2B: Ru3(CO)12 (6 mol%,
0.03 mmol, 19.6 mg), N9 (36 mol%, 0.18 mmol, 78 mg), and undecane (5 mmol, 781.5 mg) were
used. Crude 1H NMR (400 MHz, CDCl3): CH2Br2: δ 4.96 (s, 4H); double bonds of 28: δ 5.60 ‒
5.52 (m, 5.2 H); NMR-yield of 28: 52%.
Characterization of dodecene isomers (29)
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Procedure: Prepared by a slight modification of the general procedure 2B Ru3(CO)12 (6 mol%,
0.03 mmol, 19.6 mg), N9 (36 mol%, 0.18 mmol, 78 mg), and dodecane (5 mmol, 851.5 mg) were
used. Crude 1H NMR (400 MHz, CDCl3): CH2Br2: δ 4.96 (s, 4H); double bonds of 29: δ 5.60 ‒
5.52 (m, 5.3 H); NMR-yield of 29: 54%.
Characterization of tetradecene isomers (210)

Procedure: Prepared by a slight modification of the general procedure 2B: Ru3(CO)12 (6 mol%,
0.03 mmol, 19.6 mg), N9 (36 mol%, 0.18 mmol, 78 mg), and tetradecane (5 mmol, 992 mg) were
used. Crude 1H NMR (400 MHz, CDCl3): CH2Br2: δ 4.96 (s, 4H); double bonds of 210: δ 5.60 ‒
5.49 (m, 6.7 H); NMR-yield of 210: 67%.
Characterization of 1,3-dimethyl-5-methylenecyclohexane and 1,3,5-trimethylcyclohex-1ene isomers (211 and 211')

Procedure: Prepared by a slight modification of the general procedure 2B: Ru3(CO)12 (6 mol%,
0.03 mmol, 19.6 mg), N9 (36 mol%, 0.18 mmol, 78 mg), 1-iodo-2-methylbenzene (0.5 mmol,
109 mg), and 1,3,5-trimethylcyclohexane isomers (10 mmol, 1.26 g) were used. Crude 1H NMR
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(400 MHz, CDCl3): CH2Br2: δ 4.96 (s, 4H); double bonds of 211: δ 4.73 ‒ 4.71 (m, 1.7 H);
NMR-yield of 211: 17%; double bonds of 211': δ 5.31 (s, 1.6 H); NMR-yield of 211': 32%.
Characterization of 212

Procedure: Prepared by general procedure 2B. Crude 1H NMR (400 MHz, CDCl3): CH2Br2: δ
4.96 (s, 4H); double bond of 212: δ 5.92 ‒ 5.91 (m, 2.8 H); NMR-yield of 212: 56%.
Characterization of 213 as a mixture of E/Z (1/1.3) isomers

Procedure: Prepared by general procedure 2B. Crude 1H NMR (400 MHz, CDCl3): CH2Br2: δ
4.96 (s, 4H); double bonds of 213: E isomer: δ 6.37 (d, J = 12.4 Hz, 1.0 H), 4.88 (dd, J = 12.4,
7.6 Hz, 1.0 H); Z isomer: δ 5.94 (d, J = 6.4 Hz, 1.3 H), 4.35 (dd, J = 8.8, 6.4 Hz, 1.3 H); NMRyield of 213: 46% (20% + 26%). The results are similar to those reported in the literature.141
Synthesis of benzofuran (214)

Procedure: In an argon-filled glovebox, Ru3(CO)12 (3 mol%, 0.015 mmol, 9.8 mg), N9 (18 mol%,
0.09 mmol, 39 mg), S21 (2-iodo-1,3,5-trimethylbenzene, 0.5 mmol, 125 mg), Cs2CO3 (1.0 mmol,

141

Lyons, T. W.; Bezier, D.; Brookhart, M. Organometallics. 2015, 34, 4058.
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326 mg) and 2,3-dihydrobenzofuran (2.5 mmol, 300.5 mg) were added into an oven-dried 8 mL
vial with a magnetic stirring bar, followed by addition of chlorobenzene (1.0 mL). The vial was
sealed and removed from the glovebox and was heated at 150 °C. After 24 h, the vial was cooled
to room temperature. The reaction was quenched by exposing the solution to air and the reaction
mixture was purified by flash column chromatography on silica gel (hexane/ethyl acetate = 10:1)
to give a mixture of products. Then dibromomethane (0.2 mmol, 14 μL) was added to the
solution as an internal standard. The mixture of products was analyzed by 1H NMR spectroscopy
and GC.
Characterization of benzofuran (214)
Crude 1H NMR (400 MHz, CDCl3): CH2Br2: δ 4.96 (s, 4H); double bonds of 214: δ 7.71 ‒ 7.69
(m, 7.5 H (Hc)), 7.61 (d, J = 7.2 Hz, 3.9 H (Ha)), 6.86 ‒ 6.85 (m, 3.8 H (Hb)); NMR-yield of 214:
76%.
Characterization of 215

Procedure: Prepared by a slight modification of the general procedure 2B: Ru3(CO)12 (6 mol%,
0.03 mmol, 19.6 mg), N9 (36 mol%, 0.18 mmol, 78 mg), and 1,4-dioxane (10 mmol, 881 mg)
were used. Crude 1H NMR (400 MHz, CDCl3): CH2Br2: δ 4.96 (s, 4H); double bonds of 215: δ
6.02 (s, 4.1 H); NMR-yield of 215: 41%.
Characterization of 217
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Procedure: Prepared by general procedure 2B. Crude 1H NMR (400 MHz, CDCl3): CH2Br2: δ
4.96 (s, 4H); double bonds of 217: δ 6.06 (d, J = 13.6 Hz, 2.6 H), 4.29 ‒ 4.23 (m, 2.4 H); NMRyield of 217: 50%. The results are similar to those reported in the literature.142
Characterization of 218

Procedure: Prepared by general procedure 2B. Crude 1H NMR (400 MHz, CDCl3): CH2Br2: δ
4.96 (s, 4H); double bonds of 218: δ 6.05 (d, J = 15.2 Hz, 2.9 H), 4.35 ‒ 4.28 (m, 2.6 H); NMRyield of 218: 55%. The results are similar to those reported in the literature.142
Characterization of 219

Procedure: Prepared by general procedure 2B. Crude 1H NMR (400 MHz, CDCl3): CH2Br2: δ
4.96 (s, 4H); double bonds of 219: δ 5.23 ‒ 5.25 (m, 2.8 H); NMR-yield of 219: 56%. The results
are similar to those reported in the literature.142

4.1.4. General Procedures for Substrate Scope of Aryl Heterocyclic and Intramolecular
Dehydrogenation (Table 2.6 of Chapter 2)
142

Zhang, X.; Fried, A.; Knapp, S.; Goldman, A. S. Chem. Commun. 2003, 2060.
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General procedure for substrate scope of aryl heterocyclic dehydrogenation

General procedure 2C for synthesis of 221, 222, 223, 224, 229, 230, 231: In an argon-filled
glovebox, Ru3(CO)12 (3 mol%, 0.015 mmol, 9.8 mg), N9 (18 mol%, 0.09 mmol, 39 mg), S21 (2iodo-1,3,5-trimethyl benzene, 0.6 mmol, 150 mg), Cs2CO3 (1.0 mmol, 326 mg), and S2n (0.5
mmol) were added into an oven-dried 8 mL vial with a magnetic stirring bar, followed by
addition of chlorobenzene (1.0 mL). The vial was sealed and taken out of the glovebox and was
heated at 150 °C. After 16 h, the vial was cooled to room temperature. The reaction was
quenched by exposing the solution to air and diluted with ethyl acetate. Then the mixture was
filtered through a pad of silica gel. The solvent was removed under reduced pressure, and the
residue was purified by flash column chromatography on silica gel (hexane/ethyl acetate, 10:1 ‒
8:1).
1H-Indole (221)

Procedure: The compound (221) was prepared following the general procedure 2C. 45.1 mg (77%
isolated yield) of 221 was obtained by flash column chromatography on silica gel (hexane/ethyl
acetate, 10:1 ‒ 8:1). The spectral data are consistent with those reported in the literature.143
Characterization of 221
1H

NMR (400 MHz, CDCl3): δ 8.07 (br, 1H), 7.74 ‒ 7.68 (m, 1H), 7.41 (d, J = 8.0 Hz, 1H), 7.28

‒ 7.14 (m, 3H), 6.62-6.58 (m, 1H).
143

He, K. H.; Tan, F. F.; Zhou, C. Z.; Zhou, G. J.; Yang, X. L.; Li, Y. Angew. Chem. Int. Ed. 2017, 56, 3080.
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13C

NMR (100 MHz, CDCl3): δ 135.87, 127.94, 124.30, 122.11, 120.86, 119.94, 111.18, 102.71.

5-Fluoro-1H-indole (222)

Procedure: The compound (222) was prepared following the general procedure 2C. 55.4 mg (82%
isolated yield) of 222 was obtained by flash column chromatography on silica gel (hexane/ethyl
acetate, 10:1 ‒ 8:1). The spectral data are consistent with those reported in the literature.143
Characterization of 222
1H

NMR (400 MHz, CDCl3): δ 8.10 (br, 1H), 7.37 ‒ 7.33 (m, 1H), 7.32 ‒ 7.28 (m, 1H), 7.24 (t, J

= 3.2 Hz, 1H), 7.03 ‒ 6.98 (m, 1H), 6.57 ‒ 6.55 (m, 1H).
13C

NMR (100 MHz, CDCl3): δ 159.21, 144.64 (d, JCF = 244.9 Hz), 132.40, 128.26 (d, JCF =

10.3 Hz), 126.08, 110.47 (d, JCF = 26.3 Hz), 105.50 (d, JCF = 23.3 Hz), 102.83 (d, JCF = 4.6 Hz).
19F

NMR (376 MHz, CDCl3): δ -124.85.

5-Bromo-1H-indole (223)

Procedure: The compound (223) was prepared following the general procedure 2C. 78.4 mg (80%
isolated yield) of 223 was obtained by flash column chromatography on silica gel (hexane/ethyl
acetate, 10:1 ‒ 8:1). The spectral data are consistent with those reported in the literature.143
Characterization of 223
1H

NMR (400 MHz, CDCl3): δ 8.15 (br, 1H), 7.79 ‒ 7.78 (m, 1H), 7.30 ‒ 7.21 (m, 2H), 7.21 (t, J

= 2.8 Hz, 1H), 6.51 ‒ 6.50 (m, 1H).
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13C

NMR (100 MHz, CDCl3): δ 134.50, 129.74, 125.49, 124.98, 123.34, 113.15, 112.56, 102.44.

2-Methyl-1H-indole (224)

Procedure: The compound (224) was prepared following the general procedure 2C. 54.4 mg (83%
isolated yield) of 224 was obtained by flash column chromatography on silica gel (hexane/ethyl
acetate, 10:1 ‒ 8:1). The spectral data are consistent with those reported in the literature.143
Characterization of 224
1H

NMR (400 MHz, CDCl3): δ 7.80 (br, 1H), 7.54 (d, J = 7.6 Hz, 1H), 7.30 ‒ 7.27 (m, 1H), 7.15

‒ 7.07 (m, 2H), 6.24 ‒ 6.23 (m, 1H), 2.45 (d, J = 0.8 Hz, 3H).
13C

NMR (100 MHz, CDCl3): δ 136.14, 135.17, 129.16, 121.03, 119.74, 110.32, 100.49, 13.84.

2H-Chromen-2-one (229)

Procedure: The compound (229) was prepared following the general procedure 2C. 34.2 mg (47%
isolated yield) of 229 was obtained by flash column chromatography on silica gel (hexane/ethyl
acetate, 10:1 ‒ 8:1). The spectral data are consistent with those reported in the literature.144
Characterization of 229
1H

NMR (400 MHz, CDCl3): δ 7.71 (d, J = 9.6 Hz, 1H), 7.54 ‒ 7.47 (m, 2H), 7.33 ‒ 7.25 (d, J =

5.6 Hz, 2H), 6.41 (d, J = 9.6 Hz, 1H).

144

Chen, M.; Rago, A. J.; Dong, G. B. Angew. Chem. Int. Ed. 2018, 57, 16205.
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13C

NMR (100 MHz, CDCl3): δ 160.90, 154.13, 143.57, 131.94, 127.98, 124.54, 118.93, 116.98,

116.78.
N-Benzylideneaniline (230)

Procedure: The compound (230) was prepared following the general procedure 2C. 72.4 mg (80%
isolated yield) of 230 was obtained by flash column chromatography on silica gel (hexane/ethyl
acetate, 10:1 ‒ 8:1). The spectral data are consistent with those reported in the literature.145
Characterization of 230
1H

NMR (400 MHz, CDCl3): δ 8.47 (s, 1H), 7.93 ‒ 7.91 (m, 2H), 7.50 ‒ 7.47 (m, 3H), 7.43 ‒

7.39 (m, 2H), 7.27 ‒ 7.22 (m, 3H).
13C

NMR (100 MHz, CDCl3): δ 160.57, 152.19, 136.32, 131.54, 122.29, 128.96, 128.92, 126.09,

121.01.
Harmine (231)

Procedure: The compound (231) was prepared following the general procedure 2C. 64.7 mg (61%
isolated yield) of 231 was obtained by flash column chromatography on silica gel
(dichloromethane/methanol, 8:1 ‒ 4:1). The spectral data are consistent with those reported in the
literature.146

145

Riemer, D.; Schilling, W.; Goetz, A.; Zhang, Y.; Gehrke, S.; Tkach, I.; Hollóczki, O.; Das, S. ACS Catal. 2018, 8,

11679.
146

Eagon, S.; Anderson, M. O. Eur. J. Org. Chem. 2014, 8, 1653.
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Characterization of 231
NMR (400 MHz, DMSO-d6): δ 11.43 (br, 1H), 8.15 (d, J = 5.6 Hz, 1H), 8.05 (d, J = 8.4 Hz,

1H

1H), 7.80 (d, J = 5.6 Hz, 1H), 7.02 (d, J = 2.4 Hz, 1H), 6.84 (dd, J = 8.4, 2.4 Hz, 1H), 3.87 (s,
3H), 2.72 (s, 3H).
13C

NMR (100 MHz, DMSO-d6): δ 160.53, 142.39, 141.73, 138.21, 134.99, 127.66, 123.08,

115.28, 112.40, 109.53, 95.02, 55.77, 20.79.
General procedure 2D for synthesis of 225, 226, 227, 228: In an argon-filled glovebox,
Ru3(CO)12 (5 mol%, 0.025 mmol, 16.3 mg ) and N9 (30 mol%, 0.15 mmol, 65 mg), S21 (2-iodo1,3,5-trimethylbenzene, 1.1 mmol, 275 mg), Cs2CO3 (2.0 mmol, 652 mg), and S2n (0.5 mmol)
were added into an oven-dried 8 mL vial with a magnetic stirring bar, followed by addition of
chlorobenzene (1.0 mL). The vial was sealed and taken out of the glovebox and was heated at
150 °C. After 16 h, the vial was cooled to room temperature. The reaction was quenched by
exposing the solution to air and diluted with ethyl acetate. Then the mixture was filtered through
a pad of silica gel. The solvent was removed under reduced pressure, and the residue was
purified by flash column chromatography on silica gel (hexane/ethyl acetate, 10:1 ‒ 8:1).
Quinoline (225)

Procedure: The compound (225) was prepared following the general procedure 2D. 40.7 mg (63%
isolated yield) of 225 was obtained by flash column chromatography on silica gel (hexane/ethyl
acetate, 10:1 ‒ 8:1). The spectral data are consistent with those reported in the literature.143
Characterization of 225
1H

NMR (400 MHz, CDCl3): δ 8.89 (br, 1H), 8.10 (d, J = 8.0 Hz, 2H), 7.77 ‒ 7.66 (m, 2H), 7.50

(br, 1H), 7.36 ‒ 7.34 (m, 1H).
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13C

NMR (100 MHz, CDCl3): δ 150.47, 148.34, 136.07, 129.51, 129.49, 128.31, 127.84, 126.57,

121.11.
7-Methylquinoline (226)

Procedure: The compound (226) was prepared following the general procedure 2D. 50.1 mg (70%
isolated yield) of 226 was obtained by flash column chromatography on silica gel (hexane/ethyl
acetate, 10:1 ‒ 8:1). The spectral data are consistent with those reported in the literature.143
Characterization of 226
1H

NMR (400 MHz, CDCl3): δ 8.84 (d, J = 4.4 Hz, 1H), 8.04 (d, J = 8.4 Hz, 1H), 8.00 (d, J =

8.4 Hz, 1H), 7.55 ‒ 7.52 (m, 2H), 7.36 ‒ 7.32 (m, 1H), 2.52 (s, 3H).
13C

NMR (100 MHz, CDCl3): δ 149.64, 146.99, 136.47, 135.45, 131.83, 129.20, 128.40, 126.68,

121.16, 21.67.
Isoquinoline (227)

Procedure: The compound (227) was prepared following the general procedure 2D. 47.1 mg (73%
isolated yield) of 227 was obtained by flash column chromatography on silica gel (hexane/ethyl
acetate, 10:1 ‒ 8:1). The spectral data are consistent with those reported in the literature.147
Characterization of 227

147

Muthaiah, S.; Hong, S. H. Adv. Synth. Catal. 2012, 354, 3045.
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1H

NMR (400 MHz, CDCl3): δ 9.23 (s, 1H), 8.50 (d, J = 5.6 Hz, 1H), 7.92 (d, J = 8.0 Hz, 1H),

7.77 (d, J = 8.4 Hz, 1H), 7.67 ‒ 7.54 (m, 3H).
13C

NMR (100 MHz, CDCl3): δ 152.59, 143.06, 136.78, 130.35, 128.70, 127.64, 127.26, 126.49,

120.48.
6-Methoxyisoquinoline (228)

Procedure: The compound (228) was prepared following the general procedure 2D. 43.8 mg (55%
isolated yield) of 228 was obtained by flash column chromatography on silica gel (hexane/ethyl
acetate, 10:1 ‒ 8:1). The spectral data are consistent with those reported in the literature.147
Characterization of 228
1H

NMR (400 MHz, CDCl3): δ 9.09 (s, 1H), 8.42 (d, J = 5.6 Hz, 1H), 7.82 (d, J = 8.8 Hz, 1H),

7.51 (d, J = 5.6 Hz, 1H), 7.20 (dd, J = 8.8 Hz, J = 2.4 Hz, 1H), 7.03 (d, J = 2.4 Hz, 1H), 3.91 (s,
3H).
13C

NMR (100 MHz, CDCl3): δ 160.96, 151.71, 143.63, 137.79, 129.39, 124.58, 120.41, 119.80,

104.03, 55.53.
Synthesis of N-butyl-2-iodo-N-pentylbenzamide (S232)

Procedure: Under a nitrogen atmosphere, an oven-dried 50 mL two-necked flask containing a
stirring bar was charged with dibutylamine (2.0 mmol, 258.4 mg) and triethylamine (4.0 mmol,
404.8 mg) in anhydrous dichloromethane (10 mL). 2-iodobenzoyl chloride (2.2 mmol, 586.3 mg)
163

Experimental Part

was then slowly added to the reaction mixture and the reaction was stirred at room temperature.
The reaction was monitored by TLC. The reaction was filtered through a pad of silica gel and
rinsed with ethyl acetate (30 mL). The solvent was removed under reduced pressure, and the
residue was purified by flash column chromatography on silica gel (hexane/ethyl acetate, 10:1)
to give the pure product S232 (0.71 g, 95% isolated yield). The spectral data are consistent with
those reported in the literature.88a
Characterization of 232
1H

NMR (400 MHz, CDCl3): δ 7.77 (dd, J = 8.0 Hz, J = 1.2 Hz, 1H), 7.33 (td, J = 7.6 Hz, J =

1.2 Hz, 1H), 7.16 (dd, J = 7.6 Hz, J = 2.0 Hz, 1H), 7.01 (td, J = 8.0 Hz, J = 2.0 Hz, 1H), 3.78 ‒
3.71 (m, 1H), 3.21 ‒ 3.13 (m, 1H), 3.05 ‒ 2.95 (m, 2H), 1.73 ‒ 1.62 (m, 2H), 1.54 ‒ 1.31 (m, 4H),
1.08 (q, J = 7.2 Hz, 2H), 0.94 (t, J = 7.6 Hz, 3H), 0.72 (t, J = 7.2 Hz, 3H).
13C

NMR (100 MHz, CDCl3): δ 170.34, 142.91, 139.09, 129.85, 128.14, 127.24, 92.85, 48.29,

44.32, 30.53, 29.14, 20.51, 19.82, 13.96, 13.61.
Synthesis of (2-iodophenyl)(piperidin-1-yl) methanone (S233)

Procedure: Under a nitrogen atmosphere, an oven-dried 50 mL two-necked flask containing a
stirring bar was charged with piperidine (2.0 mmol, 170.4 mg) and triethylamine (4.0 mmol,
404.8 mg) in anhydrous dichloromethane (10 mL). 2-iodobenzoyl chloride (2.2 mmol, 586.3 mg)
was then slowly added to the reaction mixture and the reaction was stirred at room temperature.
The reaction was monitored by TLC. The reaction was filtered through a pad of silica gel and
rinsed with ethyl acetate (30 mL). The solvent was removed under reduced pressure, and the
residue was purified by flash column chromatography on silica gel (hexane/ethyl acetate, 10:1)
to give the pure product S233 (0.62 g, 98% isolated yield). The spectral data are consistent with
those reported in the literature.88a
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Characterization of 233
1H

NMR (400 MHz, CDCl3): δ 7.76 (dd, J = 8.0 Hz, J = 1.2 Hz, 1H), 7.32 (td, J = 7.6 Hz, J =

1.2 Hz, 1H), 7.13 (dd, J = 7.6 Hz, J = 2.0 Hz, 1H), 7.01 (td, J = 7.6 Hz, J = 2.0 Hz, 1H), 3.77 ‒
3.62 (m, 2H), 3.18 ‒ 3.05 (m, 2H), 1.70 ‒ 1.57 (m, 5H), 1.44 ‒ 1.36 (m, 1H).
13C

NMR (100 MHz, CDCl3): δ 169.10, 142.72, 139.10, 129.92, 128.28, 126.77, 92.47, 47.90,

42.44, 26.21, 25.36, 24.44.
Synthesis of (2-iodophenyl)(morpholino) methanone (S234)

Procedure: Under a nitrogen atmosphere, an oven-dried 50 mL two-necked flask containing a
stirring bar was charged with morpholine (2.0 mmol, 174.2 mg) and triethylamine (4.0 mmol,
404.8 mg) in anhydrous dichloromethane (10 mL). 2-iodobenzoyl chloride (2.2 mmol, 586.3 mg)
was then slowly added to the reaction mixture and the reaction was stirred at room temperature.
The reaction was monitored by TLC. The reaction was filtered through a pad of silica gel and
rinsed with ethyl acetate (30 mL). The solvent was removed under reduced pressure, and the
residue was purified by flash column chromatography on silica gel (hexane/ethyl acetate, 10:1)
to give the pure product S234 (0.61 g, 96% isolated yield). The spectral data are consistent with
those reported in the literature.88a
Characterization of 234
1H

NMR (400 MHz, CDCl3): δ 7.83 (dd, J = 8.0 Hz, J = 1.2 Hz, 1H), 7.39 (td, J = 7.6 Hz, J =

1.2 Hz, 1H), 7.20 (dd, J = 7.6 Hz, J = 1.6 Hz, 1H), 7.08 (td, J = 8.0 Hz, J = 2.0 Hz, 1H), 3.89 ‒
3.74 (m, 5H), 3.61 ‒ 3.55 (m, 1H), 3.31 ‒ 3.14 (m, 2H).
13C

NMR (100 MHz, CDCl3): δ 169.46, 141.87, 139.37, 130.51, 128.59, 127.17, 92.56, 66.82,

66.70, 47.35, 42.07.
General procedure for substrate scope of intramolecular dehydrogenation
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Synthesis of 232

Procedure: In an argon-filled glovebox, Ru3(CO)12 (3 mol%, 0.015 mmol, 9.8 mg), N9 (18 mol%,
0.09 mmol, 39 mg), Cs2CO3 (1.0 mmol, 326 mg), and S232 (0.5 mmol, 179.7 mg) were added
into an oven-dried 8 mL vial with a magnetic stirring bar, followed by addition of chlorobenzene
(0.1 mL). The vial was sealed and removed from the glovebox and was heated at 150 °C. After
18 h, the vial was cooled to room temperature. The reaction was quenched by exposing the
solution to air and diluted with ethyl acetate. Then the mixture was combined and filtered
through a pad of silica gel. The solvent was removed under reduced pressure, and the residue
was purified by flash column chromatography on silica gel (hexane/ethyl acetate, 10:1 ‒ 8:1) to
give the pure product 232 (81.0 mg, 70% isolated yield) as a mixture of rotamers. The spectral
data are consistent with those reported in the literature.88a
Characterization of 232
1H

NMR (400 MHz, CDCl3): δ 7.42 ‒ 7.36 (m, 5H), 7.36 ‒ 6.32 (m, 1H), 5.07 (br, 1H), 3.76 ‒

3.40 (m, 2H), 2.14 ‒ 1.93 (m, 2H), 1.63 (br, 2H), 1.41 (br, 2H), 0.95-0.76 (m, 6H).
13C

NMR (100 MHz, CDCl3): δ 170.04, 136.10, 129.95, 128.57, 128.36, 128.06, 113.27, 43.38,

29.01, 23.61, 20.37, 14.64, 13.96.
Synthesis of 233
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Procedure: In an argon-filled glovebox, Ru3(CO)12 (3 mol%, 0.015 mmol, 9.8 mg), N9 (18 mol%,
0.09 mmol, 39 mg), Cs2CO3 (1.0 mmol, 326 mg), and S233 (0.5 mmol, 157.6 mg) were added
into an oven-dried 8 mL vial with a magnetic stirring bar, followed by addition of chlorobenzene
(0.1 mL). The vial was sealed and removed from the glovebox and was heated at 150 °C. After
18 h, the vial was cooled to room temperature. The reaction was quenched by exposing the
solution to air and diluted with ethyl acetate. Then the mixture was combined and filtered
through a pad of silica gel. The solvent was removed under reduced pressure, and the residue
was purified by flash column chromatography on silica gel (hexane/ethyl acetate, 10:1 ‒ 8:1) to
give the pure product 233 (64.6 mg, 69% isolated yield) as a mixture of rotamers. The spectral
data are consistent with those reported in the literature.88a
Characterization of 233
1H

NMR (400 MHz, CDCl3): δ 7.42 ‒ 7.36 (m, 5H), 7.25 ‒ 6.41 (m, 1H), 5.20 ‒ 4.80 (m, 1H),

3.82 ‒ 3.52 (m, 2H), 2.11 ‒ 2.06 (m, 2H), 1.95 ‒ 1.75 (m, 2H).
13C

NMR (100 MHz, CDCl3): δ 169.28, 135.11, 130.15, 128.33, 128.18, 127.48, 124.75, 110.47,

107.56, 46.63, 22.40, 41.08, 21.89, 21.66.
Synthesis of 234

Procedure: In an argon-filled glovebox, Ru3(CO)12 (3 mol%, 0.015 mmol, 9.8 mg), N9 (18 mol%,
0.09 mmol, 39 mg), Cs2CO3 (1.0 mmol, 326 mg), and S234 (0.5 mmol, 158.6 mg) were added
into an oven-dried 8 mL vial with a magnetic stirring bar, followed by addition of chlorobenzene
(0.1 mL). The vial was sealed and removed from the glovebox and was heated at 150 °C. After
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18 h, the vial was cooled to room temperature. The reaction was quenched by exposing the
solution to air and diluted with ethyl acetate. Then the mixture was combined and filtered
through a pad of silica gel. The solvent was removed under reduced pressure, and the residue
was purified by flash column chromatography on silica gel (hexane/ethyl acetate, 10:1 ‒ 8:1) to
give the pure product 234 (73.8 mg, 78% isolated yield) as a mixture of rotamers. The spectral
data are consistent with those reported in the literature.88a
Characterization of 234
1H

NMR (400 MHz, CDCl3): δ 7.42 ‒ 7.36 (m, 5H), 6.68 ‒ 5.86 (m, 1H), 6.17 ‒ 5.80 (m, 1H),

4.19 ‒ 3.98 (m, 2H), 3.91 ‒ 3.67 (m, 2H).
13C

NMR (100 MHz, CDCl3): δ 166.91, 133.97, 132.62, 130.50, 130.40, 129.16, 128.39, 128.26,

127.70, 107.55, 105.17, 64.96, 64.73, 45.82, 40.00.
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General procedure for Scheme 2.9 of chapter 2: Control experiments for heterocyclic
substrates

Entry 1 ‒ 6 and Entry 13 ‒ 15 performed according to General procedure 2C
Entry 2 ‒ 12 performed according to General procedure 2D
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General procedure for Scheme 2.10 of chapter 2: Initial results of propyl benzene
dehydrogenation

Procedure for isolation of 251': In an argon-filled glovebox, Ru3(CO)12 (3 mol%, 0.006 mmol,
3.9 mg), N9 (0. 036 mmol, 15.6 mg), S21 (2-iodo-1,3,5-trimethylbenzene, 0.2 mmol, 50 mg ),
Cs2CO3 (0.4 mmol, 130.4 mg), and S251 (3.0 mmol, 360.6 mg ) were added into an oven-dried
8 mL vial with a magnetic stirring bar, followed by addition of chlorobenzene (0.5 mL). The vial
was sealed and taken out of the glovebox and was heated at 150 °C. After 24 h, the vial was
cooled to room temperature and the reaction was quenched by exposing the solution to air and
diluted with ethyl acetate. Dodecane (0.1 mmol, 24 μL) was added to the solution as an internal
standard. The mixture was stirred for 10 minutes at room temperature. An aliquot was removed
from the vial and analyzed by GC and GC-MS. The GC result showed that the dimerization
product 251' (18% GC-yield) was a mixture of meso/DL isomers. The solvent was removed
under reduced pressure, and the residue was purified by flash column chromatography on silica
gel (hexane) to give the pure product 251' (meso) as a white solid. The spectral data of 251'
(meso) are consistent with those reported in the literature.148
Characterization of 251' (meso)

1H

NMR (500 MHz, CDCl3): δ 7.34 ‒ 7.30 (m, 4H), 7.24 ‒ 7.18 (m, 6H), 2.62 ‒ 2.57 (m, 2H),

1.42 ‒ 1.29 (m, 4H), 0.51 (t, J = 7.0 Hz, 6H).

148

Khan, S.; Ghatak, A.; Bhar, S. Tetrahedron Letters. 2015, 56, 2480.
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13C

NMR (CDCl3, 125 MHz) δ 144.71, 128.57, 128.35, 126.12, 54.39, 27.59, 12.35.

The GC of propyl benzene dehydrogenation (a):

Procedure for propyl benzene dehydrogenation: In an argon-filled glovebox, Ru3(CO)12 (3
mol%, 0.006 mmol, 3.9 mg), dppp (10 mol%, 0.02 mmol, 8.3 mg), additive 19 (30 mol%, 0.06
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mmol, 12.5 mg), S21 (2-iodo-1,3,5-trimethylbenzene, 0.2 mmol, 50 mg), Cs2CO3 (0.4 mmol,
130.4 mg), and S251 (3.0 mmol, 360.6 mg) were added into an oven-dried 8 mL vial with a
magnetic stirring bar, followed by addition of chlorobenzene (0.5 mL). The vial was sealed and
removed from the glovebox and was heated at 150 °C. After 24 h, the vial was cooled to room
temperature. The reaction was quenched by exposing the solution to air and diluted with
chloroform-d. Dodecane (0.1 mmol, 24 μL) was added to the solution as an internal standard.
The mixture was stirred for 10 mins at room temperature. An aliquot was removed from the vial
and analyzed by GC and GC-MS. The GC result showed that the dehydrogenated product 251
was obtained in 54% GC-yield along with 87% conversion of S21.
General procedure for Table 2.8 of chapter 2: Optimization of propyl benzene
dehydrogenation

General procedure 2E: In an argon-filled glovebox, Ru3(CO)12 (3 mol%, 0.006 mmol, 3.9 mg),
phosphine ligand (10 ‒ 20 mol%, 0.02 ‒ 0.04 mmol), additive (10 ‒ 40 mol%, 0.02 ‒ 0.08 mmol),
S21 (2-iodo-1,3,5-trimethylbenzene, 0.2 mmol, 50 mg), Cs2CO3 (0.4 mmol, 130.4 mg), and S251
(3.0 mmol, 360.6 mg) were added into an oven-dried 8 mL vial with a magnetic stirring bar,
followed by addition of chlorobenzene (0.5 mL). The vial was sealed and removed from the
glovebox and was heated at 150 °C. After 24 h, the vial was cooled to room temperature. The
reaction was quenched by exposing the solution to air and diluted with chloroform-d. Dodecane
(0.1 mmol, 24 μL) was added to the solution as an internal standard. The mixture was stirred for
10 mins at room temperature. An aliquot was removed from the vial and analyzed by GC and
GC-MS.
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General procedure for Table 2.9 of chapter 2: The scope of alkylarene dehydrogenation

General procedure 2F: In an argon-filled glovebox, Ru3(CO)12 (3 mol%, 0.015 mmol, 9.8 mg),
dppp (10 mol%, 0.05 mmol, 20.7 mg), additive 19 (30 mol%, 0.15 mmol, 31.3 mg), S21 (2-iodo1,3,5-trimethylbenzene, 0.5 mmol, 125 mg), Cs2CO3 (1.0 mmol, 326 mg), and S251 (7.5 mmol,
901.5 mg) were added into an oven-dried 8 mL vial with a magnetic stirring bar, followed by
addition of chlorobenzene (1.0 mL). The vial was sealed and removed from the glovebox and
was heated at 150 °C. After 24 h, the vial was cooled to room temperature. The reaction was
quenched by exposing the solution to air and diluted with chloroform-d. Dibromomethane (0.2
mmol, 14 μL) was added to the solution as an internal standard. The mixture was stirred for 10
mins at room temperature. An aliquot was removed from the vial and analyzed by 1H NMR.
Characterization of 251

Procedure: Prepared by general procedure 2F. Crude 1H NMR (400 MHz, CDCl3): CH2Br2: δ
4.96 (s, 4H); double bonds of 251: δ 6.59 (d, J = 15.6 Hz, 2.6 H), 6.44 ‒ 6.39 (m, 2.2 H); NMRyield of 251: 48%.
Characterization of 252
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Procedure: Prepared by general procedure 2F. Crude 1H NMR (400 MHz, CDCl3): CH2Br2: δ
4.96 (s, 4H); double bonds of 252: δ 6.47 (d, J = 15.6 Hz, 2.7 H), 6.36 ‒ 6.30 (m, 2.3 H); NMRyield of 252: 50%.
Characterization of 253

Procedure: Prepared by general procedure 2F. Crude 1H NMR (400 MHz, CDCl3): CH2Br2: δ
4.96 (s, 4H); double bonds of 253: δ 6.44 (d, J = 15.6 Hz, 2.8 H), 6.35 ‒ 6.30 (m, 2.3 H); NMRyield of 253: 51%.
Characterization of 254

Procedure: Prepared by general procedure 2F. Crude 1H NMR (400 MHz, CDCl3): CH2Br2: δ
4.96 (s, 4H); double bonds of 254: δ 6.46 ‒ 6.35 (m, 5.3 H); NMR-yield of 254: 53%.
Synthesis of 255

Procedure: In an argon-filled glovebox, Ru3(CO)12 (3 mol%, 0.015 mmol, 9.8 mg), dppp (10
mol%, 0.05 mmol, 20.7 mg), additive 19 (30 mol%, 0.15 mmol, 31.3 mg), S21 (2-iodo-1,3,5trimethylbenzene, 0.5 mmol, 125 mg), Cs2CO3 (1.0 mmol, 326 mg), and 1,2-diphenylethane (2.5
mmol, 455.8 mg) were added into an oven-dried 8 mL vial with a magnetic stirring bar, followed
by addition of chlorobenzene (1.0 mL). The vial was sealed and removed from the glovebox and
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was heated at 150 °C. After 24 h, the vial was cooled to room temperature. The reaction was
quenched by exposing the solution to air and the reaction mixture was purified by flash column
chromatography on silica gel (hexane/ethyl acetate, 20:1) to give a mixture of products (without
ruthenium and ligand). Then dibromomethane (0.2 mmol, 14 μL) was added to the solution as an
internal standard. The crude products were analyzed by 1H NMR.
Characterization of 255
Crude 1H NMR (400 MHz, CDCl3): CH2Br2: δ 4.96 (s, 4H); double bonds of 255: δ 7.34 (s, 8
H); NMR-yield of 255: 80%. The spectral data of 255 are consistent with the commercial
compound.
Synthesis of 256, 256', and 256''

Procedure: In an argon-filled glovebox, Ru3(CO)12 (3 mol%, 0.015 mmol, 9.8 mg), dppp (10
mol%, 0.05 mmol, 20.7 mg), additive 19 (30 mol%, 0.15 mmol, 31.3 mg), S21 (2-iodo-1,3,5trimethylbenzene, 0.5 mmol, 125 mg), Cs2CO3 (1.0 mmol, 326 mg), and 6-methoxy-1,2,3,4tetrahydronaphthalene (2.5 mmol, 405.5 mg) were added into an oven-dried 8 mL vial with a
magnetic stirring bar, followed by addition of chlorobenzene (1.0 mL). The vial was sealed and
removed from the glovebox and was heated at 150 °C. After 24 h, the vial was cooled to room
temperature. The reaction was quenched by exposing the solution to air and diluted with
chloroform-d. Dibromomethane (0.2 mmol, 14 μL) was added to the solution as an internal
standard. The mixture was stirred for 10 mins at room temperature. An aliquot was removed
from the vial and analyzed by 1H NMR.
Characterization of 256
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Crude 1H NMR (400 MHz, CDCl3): CH2Br2: δ 4.96 (s, 4H); double bonds of 256: δ 6.13 ‒ 6.09
(m, 1.1 H (Ha)); NMR-yield of 256: 22%. The spectral data are consistent with those reported in
the literature.149
Characterization of 256'

Crude 1H NMR (400 MHz, CDCl3): CH2Br2: δ 4.96 (s, 4H); double bonds of 256': δ 5.98 ‒
5.93 (m, 1.3 H (Hb)); NMR-yield of 256': 26%. The spectral data are consistent with those
reported in the literature.149
Characterization of 256''

Crude 1H NMR (400 MHz, CDCl3): CH2Br2: δ 4.96 (s, 4H); methoxy of 256'': δ 3.37 (s, 1.9 H
(Ha)); NMR-yield of 256'': 12%. The spectral data are consistent with those reported in the
literature.149
Characterization of 257

149

Bernardo, J. R.; Fernandes, A. C. Green Chem. 2016, 18, 2675.
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Procedure: Prepared by general procedure 2F. Crude 1H NMR (400 MHz, CDCl3): CH2Br2: δ
4.96 (s, 4H); double bonds of 257: δ 6.54 (d, J = 16.8 Hz, 1.8 H); 6.25 ‒ 6.18 (m, 1.4 H); NMRyield of 254: 32%.

4.1.5. General Procedures for the Application of Our Dehydrogenation Protocol

Procedures for borylation of dodecane and tetradecane: In an argon-filled glovebox, Ru3(CO)12
(0.3 mmol, 194 mg), N9 (1.8 mmol, 778 mg), S21 2-iodo-1,3,5-trimethylbenzene (5 mmol, 1.25
g), Cs2CO3 (10 mmol, 3.26 g), and S29 dodecane (50 mmol, 8.5g) or S210 tetradecane (50 mmol,
10 g) were added into an oven-dried 100 mL Schlenk tube with a magnetic stirring bar, followed
by addition of chlorobenzene (10 mL). The Schlenk tube was sealed and taken out of the
glovebox and was heated at 150 °C. After 24 h, the Schlenk tube was cooled to room
temperature and HBpin (8 mmol, 1.02 g) was added. The mixture is stirred for 1 ‒ 2 minutes at
room temperature, then Rh(Ph3P)3Cl (0.15 mmol, 139 mg) was added. After stirring for 24 h, the
reaction was quenched with water and extracted with ethyl acetate. Then, the solvent was
removed by evaporation and the residue purified by flash column chromatography on silica gel
(hexane/ethyl acetate, 40:1 ‒ 20:1) to give the pure product 261 (0.771 g, 52% isolated yield) or
262 (0.899 g, 55% isolated yield).105
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Characterization of 261

1H

NMR (400 MHz, CDCl3): δ 1.43 ‒ 1.36 (m, 2H), 1.29 ‒ 1.24 (m, 30H), 0.87 (t, J = 6.8 Hz,

3H), 0.76 (t, J = 8.0 Hz, 2H).
13C

NMR (100 MHz, CDCl3): δ 82.97, 32.60, 32.08, 29.84, 29.82, 29.74, 29.57, 29.52, 24.96,

24.16, 22.84, 14.28, 11.58.
11B

NMR (128 MHz, CDCl3): δ 34.36.

The spectral data are consistent with those reported in the literature.150
Characterization of 262

1H

NMR (400 MHz, CDCl3): δ 1.41 ‒ 1.35 (m, 2H), 1.29 ‒ 1.24 (m, 34H), 0.87 (t, J = 6.4 Hz,

3H), 0.76 (t, J = 7.6 Hz, 2H).
13C

NMR (100 MHz, CDCl3): δ 82.94, 32.59, 32.07, 29.86, 29.84, 29.82, 29.81, 29.74, 29.57,

29.52, 24.94, 24.15, 22.84, 14.27, 11.62.
11B

NMR (128 MHz, CDCl3): δ 34.17.

HRMS (ESI) calcd. for C20H42BO2 (M+H): 325.3272, Found: 325.3273.

150

Wu, J.; He, L.; Noble, A.; Aggarwal, V. K. O. J. Am. Chem. Soc. 2018, 140, 10700.
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Procedure for epoxidation of cyclooctane: In an argon-filled glovebox, Ru3(CO)12 (0.15 mmol,
98 mg), N9 (0.9 mmol, 389 mg), S21 2-iodo-1,3,5-trimethylbenzene (5 mmol, 1.25 g), Cs2CO3
(10 mmol, 3.26 g), and S22 cyclooctane (25 mmol, 2.8 g) were added into an oven-dried 100 mL
Schlenk tube with a magnetic stirring bar, followed by addition of chlorobenzene (10 mL). The
Schlenk tube was sealed and taken out of the glovebox and was heated at 150 °C. After 24 h, the
reaction was quenched by exposing the solution to air and the reaction mixture was purified by
flash column chromatography on silica gel (pentane as eluent) to give a mixture of products
(without ruthenium and ligand). The solvent was removed by careful evaporation and dodecane
(2.5 mmol, 600 μL) was added as an internal standard. An aliquot was removed from the vial and
analyzed by GC (21: 76% GC yield). Then m-CPBA (1.7 g, 72% with water, 7.1 mmol) in 16
mL CH2Cl2 was slowly added to the solution of crude cyclooctene of CH2Cl2 (10 mL) in 100 mL
flask at 0 °C, and the reaction mixture was warmed to room temperature. After 12 h, saturated
Na2S2O3 (10 mL) was added, followed by saturated NaHCO3 (20 mL) and the mixture was left to
stir for 30 min. The mixture was extracted with CH2Cl2 (50 mL × 3) and the combined organic
layers were washed with brine (40 mL × 3), then dried over MgSO4 and concentrated in vacuo.
The residue was purified by flash column chromatography on silica gel (pentane/ethyl acetate,
25:1) to give the pure product 263 (0.429 g, 68% yield).106
Characterization of 263

1H

NMR (400 MHz, CDCl3): δ 2.89 ‒ 2.84 (m, 2H), 2.14 ‒ 2.08 (m, 2H), 1.62 ‒ 1.37 (m, 8H),

1.29 ‒ 1.19 (m, 2H).
13C

NMR (100 MHz, CDCl3): δ 55.69, 26.61, 26.34, 25.65.

The spectral data are consistent with those reported in the literature.151

151

He, H. S.; Zhang, C. X.; Ka-Wo Ng, C.; Toy, P. H. Tetrahedron. 2015, 61, 12053.
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4.1.6. General Procedures for Mechanistic Investigations
Radical trapping experiments (Scheme 2.12 of Chapter 2)

Procedure: In an argon-filled glovebox, Ru3(CO)12 (3 mol%, 0.006 mmol, 3.9 mg ), N9 (0. 036
mmol, 15.6 mg), S21 (0.2 mmol, 50 mg), S22 (1.0 mmol, 112 mg ), Cs2CO3 (0.4 mmol, 130.4
mg), and 2,6-Di-tert-butyl-4-methylphenol (BHT) or 2,2,6,6-Tetramethyl-1-piperidinyloxy
(TEMPO) (0.4 mmol) were added into an oven-dried 8 mL vial with a magnetic stirring bar,
followed by addition of chlorobenzene (0.5 mL). The vial was sealed and taken out of the
glovebox and was heated at 150 °C. After 24 h, the vial was cooled to room temperature. The
reaction was quenched by exposing the solution to air and diluted with chloroform-d. The
mixture was stirred for 10 mins at room temperature. Dibromomethane (0.2 mmol, 14 μL) and
dodecane (0.1 mmol, 24 μL) were added to the solution as an internal standard. An aliquot was
removed from the vial and analyzed by 1H NMR, GC, GC-MS, and HRMS. The BHT-trapping
product 2RT-1 was detected and analyzed by crude 1H-NMR (yield: 46%). Then, the BHTtrapping product107 was confirmed by flash column chromatography on silica gel to get a mixture
of 2RT-1 and BHT (They cannot be separated by column chromatography).
1H/13C

NMR spectral of 2RT-1
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Kinetic isotope effect (Scheme 2.13 of Chapter 2)
The synthesis of the deuterium substrate

Procedure: To a solution of 50 mol % of CH3ONa (540 mg, 10 mmol) in 8 mL of CD3OD was
added 2-Coumaranone (2.7 g, 20 mmol). The reaction mixture was stirred at room temperature
for 12 h (detected by 1H NMR, 100% of D). Then, the solvent was removed by evaporation and
the residue was used in the next step without purification. To a mixture of the residue of the last
step, NaBD4 (2.9 g, 70 mol), and dry THF (30 mL) were added slowly CD3OD (10 mL) at 60 ‒
70 °C over 1 h. The reaction was stirred for an additional 0.5 h at 70 °C and then allowed to cool
to room temperature and quenched with ethyl acetate and D2O. The organic layer was separated
and an aqueous layer was back-washed with ethyl acetate. The combined organic layer was
washed with dil. DCl, and evaporated. The residue was purified by flash column chromatography
on silica gel (hexane/ethyl acetate, 4:1 ‒ 2:1) to give the pure deuterium product d4-S214' (2.6 g,
yield: 90%).152 To a solution of the deuterium product d4-S214' (2.6 g, 18 mmol) in 90 mL THF
(0.2M), triphenylphosphine (21.6 mmol, 5.7 g) and diethyl azodicarboxylate (27 mmol, 5.2 mL)
were added. The reaction mixture was stirred at room temperature for 2h. Then, the solvent was
evaporated. The residue was purified by flash column chromatography on silica gel
(hexane/ethyl acetate, 20:1) to give the pure deuterium product d4-S214 (1.56 g, yield: 70%).153
Characterization of d4-S214'

152

Inagaki, M.; Matsumoto, S.; Tsuri, T. J. Org. Chem. 2003, 68, 2059.

153

Kuznetsov, A.; Gevorgyan, V. Org. Lett. 2012, 14, 914.
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1H

NMR (400 MHz, CDCl3) δ 7.17 – 7.13 (m,1H), 7.06 (dd, J = 7.6, 2.0 Hz, 1H), 6.90 (d, J =

8.0 Hz, 1H), 6.86 – 6.84 (m, 1H).
13C

NMR (125 MHz, CDCl3) δ 155.23, 131.02, 128.33, 126.64, 120.61, 116.92.

Characterization of d4-S214

1H

NMR (400 MHz, CDCl3) δ 7.21 – 7.19 (m, 1H), 7.14 – 7.09 (m, 1H), 6.87 – 6.83 (m, 1H),

6.81 – 6.79 (m, 1H).
13C

NMR (100 MHz, CDCl3) δ 160.19, 128.06, 126.87, 125.08, 120.42, 109.46.

HRMS (EI) calcd. for C8H4D4O (M+): 124.0821, Found: 124.0822.
Kinetic isotope experiment

Procedure: In an argon-filled glovebox, Ru3(CO)12 (3 mol%, 0.006 mmol, 3.9 mg ), N9 (0. 036
mmol, 15.6 mg), S21 (0.2 mmol, 50 mg), Cs2CO3 (0.4 mmol, 130.4 mg), S214 (1.0 mmol, 120.2
mg), and d4-S214 (1.0 mmol, 124.2 mg) were added to an oven-dried 8 mL vial with a magnetic stirring
bar, followed by addition of chlorobenzene (0.5 mL). The vial was sealed and removed from the glovebox
and was heated at 150 °C. After 24 h, the vial was cooled to room temperature. The reaction was
quenched by exposing the solution to air and the reaction mixture was purified by flash column
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chromatography on silica gel (hexane/ethyl acetate, 10:1) to give a mixture of products. Then
dibromomethane (0.2 mmol, 14 μL) was added to the solution as an internal standard. The crude products
were analyzed by 1H NMR (2 runs. Average: benzofuran: 62% NMR yield and d2-benzofuran: 9.5%
NMR yield; KIEH/D = 6.5).

Valuation of potential reaction intermediates complexes 2-VI and complex 2-V (Scheme
2.13 of Chapter 2)
The synthesis of complexes 2-VI and complex 2-V (by Dr. Bismuto and B.Sc. Rath)

General Procedure: Triruthenium dodecacarbonyl Ru3(CO)12 (0.13 mmol) and the
corresponding diimine ligand (0.04 mmol) were suspended in toluene (4.0 mL) and heated for 24
hours at 110 °C. The purple solution was then allowed to cool to room temperature and the
solvent was evacuated. The solid was washed with hexane (3.0 mL) to give the pure product.
synthesis of complex 2-IV

Procedure: Triruthenium dodecacarbonyl Ru3(CO)12 (0.13 mmol, 83 mg) and N6 (0.4 mmol, 144
mg) were allowed to react according to the general procedure. After washing with hexane the
ruthenium complex 2-IV was isolated (61%, 130 mg) as a purple block shaped crystal. Crystal
suitable for X-ray analysis were grown from 1:1 mixture of toluene/hexane at –35 °C overnight.
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The formation of a minor by-product was obtained which was identified by single crystal X-ray
analysis as delegated species. Any attempts to further characterize this species failed.
Characterization of complex 2-IV
1H

NMR (400 MHz, toluene-d8) δ 7.20 (dd, J = 8.4, 1.3 Hz, 4H), 6.98 – 6.91 (m, 4H), 6.89 –

6.84 (m, 4H), 6.81 (d, J = 7.5 Hz, 2H), 6.75 – 6.64 (m, 6H).
13C{H}

NMR (100 MHz, toluene-d8) δ 199.3, 155.6, 150.9, 136.3, 131.4, 127.6, 127.0, 126.5,

125.2, 125.0.
synthesis of complex 2-V

Procedure: Triruthenium dodecacarbonyl Ru3(CO)12 (0.13 mmol, 83 mg) and N9 (0.4 mmol, 172
mg) were allowed to react according to the general procedure. After washing with hexane the
ruthenium complex 2-V was isolated (42%, 100 mg) as a purple block shaped crystal. Crystal
suitable for X-ray analysis were grown from 1:1 mixture of toluene/pentane at -35 °C overnight.
Formation of minor by-products was obtained which were identified by single crystal X-ray
analysis as delegated and triligated species. Any attempts to further characterize these species
failed.
Characterization of complex 2-V
1H

NMR (400 MHz, toluene-d8) δ 6.90 (dd, J = 8.7, 4.8 Hz, 4H), 6.66 – 6.49 (m, 8H), 6.38 (t, J

= 8.6 Hz, 4H).
13C{H}

NMR (100 MHz, toluene-d8) δ 198.5, 162.0 (d, J = 138.2 Hz), 159.6 (d, J = 134.9 Hz),

151.4 (d, J = 3.3 Hz), 149.4, 132.8 (d, J = 8.0 Hz), 131.8 (d, J = 3.6 Hz), 126.2 (d, J = 8.1 Hz),
114.5 (d, J = 20.5 Hz), 114.3 (d, J = 19.5 Hz).
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19F{H}

NMR (376 MHz, toluene-d8) δ -113.1, -116.6

Evaluation of the bonding situation in complex 2-V (by Dr. Bismuto and Dr. Trapp)
Analysis of the crystal structure of N9 and complex 2-V:

N9

complex 2-V
C(1)–N(1) (Å)

C(1)–C(2) (Å)

N9

1.283(2)

1.527(2)

complex 2-V

1.368(4)

1.395(4)

Ru(1)–N(1) (Å)

2.025(2)

Figure 4-1. Analysis of crystal structure of N9 and complex 2-V.

To support our hypothesis of a monoradical and monoanionic behavior of the diimine ligand, we
focused our attention on C1–C2 backbone and imino C1–N1 and Ru1–N1 bond distances. Using
the structure of the free ligand as a model, we evaluated the difference in bond distances for the
structure of complex 2-V (Figure 4-1). The C1–N1 bond distance in Ru complex 2-V resulted
sensibly elongated when compared to those for the free ligand indicating some sort of reduction
in the bond order of the imine motif. Accordingly, C1–C2 distance in Ru complex 2-V resulted
to be shorted than of that for the free ligand displaying distance values more coherent with an
alkenyl bond. Interestingly, The Ru–N1 in complex 2-V is within the range of the values
reported for monoradical and anionic nitrogen-based ligands154 (2.03 Å vs 1.97 Å)

154

Muresan, N., Chlopek, K., Weyhermüller, T., Neese, F. & Wieghardt, K. . Inorg. Chem. 2007, 46, 5327.
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Analysis of an non-innocent ligand and a Cr-bisimino complex:
A: Non-innocent Ligand154

B: Cr-bisimino complex155

Figure
4-2. A) One and two-electron reduction for bisimino ligand. B) Crystal strucuture of a Cr-bisimino
complex.

After evaluation of the bonding situation using our internal reference, we sought to compare the
values to those reported previously reported for similar ligand and other metals 154,155. To our
delight, a similar ligand scaffold has been previously characterized by DFT and experimentally
and the trend observed is similar to ours for both C–C and C–N bonds (Figure 4-2). Theopold
and co-workers have reported a rare example of a single crystal chromium-bisimino complex
which was considered as a monanionic and monoradical ligand. We infer that the additional
delocalization provided by the aryl group on our ligand scaffold is contributing to the formation
of an even more stable monoradical anion. Thus, by analogy with these species, complex 2-V
could be regarded as a Ru(I) species supported by a ligand having a monoradical and
monoanionic character.
Catalytic Competence of isolated complexes 2-VI and complex 2-V (by Dr. Bismuto and
B.Sc. Rath)

155

Kreisel, K. A., Yap, G. P. A. & Theopold, K. H. Inorg. Chem. 2008, 47, 5293.
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Procedure: In an argon-filled glovebox, Complex 2-IV / Complex 2-V (9 mol%), 2-iodo-1,3,5trimethylbenzene (0.2 mmol), Cs2CO3 (0.4 mmol) and cyclooctane (1.0 mmol) were added into
an oven-dried 8 mL vial with a magnetic stirring bar, followed by addition of chlorobenzene (1.0
mL). The vial was sealed and taken out of the glovebox and was heated at 150 °C. The reaction
was quenched by exposing the solution to air and diluted with ethyl acetate. Dodecane (0.1 mmol,
24 μL) was added to the solution as an internal standard. The mixture was stirred for 10 mins at
room temperature. An aliquot was removed from the vial and analyzed by GC after 24 h.

4.1.7. X-ray analysis (by Dr. Bismuto and Dr. Trapp)
General information
Single crystalline samples were measured on a Rigaku Oxford Diffraction XtaLAB Synergy-S
Dualflex kappa diffractometer equipped with a Dectris Pilatus 300 HPAD detector and using
microfocus sealed tube Cu-Kα or Mo-Kα radiation with mirror optics. All measurements were
carried out at 100K (unless specifically noted) using an Oxford Cryosystems Cryostream 800
sample cryostat. Air-sensitive samples were prepared and mounted using a μCHILL microscopy
stage.156 Data were integrated using CrysAlisPro and corrected for absorption effects using a
combination of empirical (ABSPACK) and numerical corrections. 157 The structures were solved
using SHELXS

158

or SHELXT

159

and refined by full-matrix least-squares analysis

(SHELXL)158,160 using the program package OLEX2.161 Unless otherwise indicated below, all
non-hydrogen atoms were refined anisotropically and hydrogen atoms were constrained to ideal
geometries and refined with fixed isotropic displacement parameters (in terms of a riding model).
CCDC 1970841-1970856 contains the supplementary crystallographic data for this thesis,

156

Trapp, N.; Solar, M. J. Appl. Cryst. 2018, 51, 541.

157

CrysAlisPro and ABSPACK. Rigaku Oxford Diffraction. 2016.

158

Sheldrick, G. M. Acta Cryst. 2008, A64, 112–122.

159

Sheldrick, G. M. Acta Cryst. 2015, A71, 3–8.

160

Sheldrick, G. M. Acta Cryst. 2018, C71, 3–8.

161

Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K.; Puschmann, H. J. Appl. Cryst. 2009, 42, 339.
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including structure factors and refinement instructions. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK

(fax:

+44(1223)-336-033;

e-mail:

deposit@ccdc.cam.ac.uk),

or

https://www.ccdc.cam.ac.uk/getstructures.
Structure Tables
Ligand N6

Ligand N6

Ligand N9

CCDC No.

1970847

1970846

1970844

Empirical formula

C26H20N2

C26H20N2

C33H24F4N2

Formula weight

360.44

360.44

524.54

Temperature/K

100.0(1)

100.0(1)

100.0(1)

Crystal system

triclinic

monoclinic

triclinic

Space group

P-1 (2)

P21/c (14)

P-1 (2)

a/Å

9.3874(3)

13.0466(2)

9.2725(2)

b/Å

13.6798(8)

15.5574(3)

11.7510(2)

c/Å

16.3377(11)

9.5176(2)

12.6581(2)

α/°

67.159(6)

90

87.755(2)

β/°

89.487(4)

92.951(2)

71.930(2)

82.887(4)

90

85.147(2)

1916.9(2)

1929.24(6)

1306.39(4)

4

4

2

1.249

1.241

1.333

0.563

0.559

0.815

760

760

544

0.196×0.103×0.033

0.163×0.121×0.078

0.243×0.195×0.119

Crystal colour

clear orange

clear brown

clear colourless

Crystal shape

plate

block

block

Radiation

CuKα (λ=1.54184)

CuKα (λ=1.54184)

CuKα (λ=1.54184)

2ϴ range/°

5.88 to 133.20

6.78 to 159.05

7.35 to 159.63

-11 ≤ h ≤ 11
-16 ≤ k ≤ 16
-19 ≤ l ≤ 19

-16 ≤ h ≤ 16
-19 ≤ k ≤ 18
-12 ≤ l ≤ 12

-11 ≤ h ≤ 11
-14 ≤ k ≤ 14
-16 ≤ l ≤ 16

10357

23460

33581

10357
Rint = 0.0370
Rsigma = 0.0240

4123
Rint = 0.0412
Rsigma = 0.0285

5535
Rint = 0.0384
Rsigma = 0.0222

γ/°
Volume/Å

3

Z
ρcalc g/cm
μ/mm

3

-1

F(000)
Crystal size/mm

3

Index ranges

Reflections collected
Independent reflections
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Data / Restraints / Param.

10357/0/506

4123/0/253

5535/0/353

1.027

1.047

1.071

Final R indexes
[I≥2σ(I)]

R1 = 0.0759
wR2 = 0.2093

R1 = 0.0375
wR2 = 0.0962

R1 = 0.0383
wR2 = 0.1000

Final R indexes
[all data]

R1 = 0.0929
wR2 = 0.2299

R1 = 0.0416
wR2 = 0.0992

R1 = 0.0420
wR2 = 0.1026

0.32/-0.33

0.21/-0.18

0.27/-0.21

2

Goodness-of-fit on F

Largest peak/hole /eÅ3
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Ligand N9

Ligand N9

Complex 2-IV

1970848

1970843

1970850

C29H23F4N2

C26H16F4N2

C29H20N2O3Ru

Formula weight

475.49

432.41

545.54

Temperature/K

100.0(1)

100.0(1)

100.0(1)

Crystal system

triclinic

monoclinic

triclinic

Space group

P-1 (2)

P21/c (14)

P-1 (2)

a/Å

9.1269(3)

11.07200(10)

9.2176(2)

b/Å

10.7424(5)

9.55080(10)

10.7763(2)

c/Å

12.3093(8)

19.68190(10)

13.2036(3)

α/°

81.511(5)

90

84.549(2)

β/°

85.639(4)

94.1660(10)

79.448(2)

82.752(3)

90

70.994(2)

1182.07(10)

2075.79(3)

1218.18(5)

2

4

2

ρcalc g/cm3

1.336

1.384

1.487

μ/mm

0.839

0.903

5.480

494

888

552

0.255×0.145×0.061

0.151×0.085×0.062

0.131×0.115×0.062

Crystal colour

clear light brown

clear yellow

dark red

Crystal shape

plate

block

block

Radiation

CuKα (λ=1.54184)

CuKα (λ=1.54184)

CuKα (λ=1.54184)

2ϴ range/°

7.27 to 159.68

8.01 to 159.45

8.68 to 159.01

-11 ≤ h ≤ 11
-13 ≤ k ≤ 13
-10 ≤ l ≤ 13

-12 ≤ h ≤ 14
-12 ≤ k ≤ 12
-25 ≤ l ≤ 25

-11 ≤ h ≤ 11
-13 ≤ k ≤ 13
-16 ≤ l ≤ 15

15983

51280

46558

4325
Rint = 0.0536
Rsigma = 0.0485

4472
Rint = 0.0428
Rsigma = 0.0187

5194
Rint = 0.0392
Rsigma = 0.0200

4325/0/317

4472/0/289

5194/0/316

1.058

1.055

1.064

Final R indexes
[I≥2σ(I)]

R1 = 0.0556
wR2 = 0.1512

R1 = 0.0356
wR2 = 0.0896

R1 = 0.0229
wR2 = 0.0575

Final R indexes
[all data]

R1 = 0.0662
wR2 = 0.1617

R1 = 0.0392
wR2 = 0.0922

R1 = 0.0234
wR2 = 0.0577

0.34/-0.33

0.22/-0.18

0.46/-0.56

CCDC No.
Empirical formula

γ/°
3

Volume/Å
Z
-1

F(000)
Crystal size/mm

3

Index ranges

Reflections collected
Independent reflections

Data / Restraints / Param.
2

Goodness-of-fit on F

Largest peak/hole /eÅ3
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Complex 2-IV

Complex 2-V

CCDC No.

1970854

1970845

Empirical formula

C29H20N2O3Ru

C29H16F4N2O3Ru

Formula weight

545.54

617.51

Temperature/K

100.0(1)

100.0(1)

Crystal system

triclinic

monoclinic

Space group

P-1 (2)

P21/c (14)

a/Å

9.2188(2)

20.3728(2)

b/Å

10.7750(2)

10.81460(10)

c/Å

13.2073(3)

24.3251(3)

α/°

84.5580(2)

90

β/°

79.4690(2)

108.8290(10)

70.9960(2)

90

Volume/Å

1218.64(4)

5072.59(10)

Z

2

8

ρcalc g/cm3

1.487

1.617

μ/mm

0.677

5.578

552

2464

0.131×0.115×0.062

0.115×0.031×0.025

Crystal colour

dark red

black

Crystal shape

block

plank

Radiation

MoKα (λ=0.71073)

CuKα (λ=1.54184)

2ϴ range/°

5.18 to 69.78

4.58 to 159.48

Index ranges

-14 ≤ h ≤ 13
-17 ≤ k ≤ 17
-19 ≤ l ≤ 20

-25 ≤ h ≤ 23
-11 ≤ k ≤ 13
-30 ≤ l ≤ 29

Reflections collected

75411

82099

Independent reflections

9683
Rint = 0.0435
Rsigma = 0.0272

10849
Rint = 0.0544
Rsigma = 0.0322

Data / Restraints / Param.

9683/0/316

10849/0/703

Goodness-of-fit on F

1.061

1.063

Final R indexes
[I≥2σ(I)]

R1 = 0.0276
wR2 = 0.0675

R1 = 0.0341
wR2 = 0.0868

Final R indexes
[all data]

R1 = 0.0320
wR2 = 0.0690

R1 = 0.0442
wR2 = 0.0911

Largest peak/hole /eÅ3

0.80/-0.58

0.82/-1.11

γ/°
3

-1

F(000)
Crystal size/mm

3

2
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Structure Images

Structures of ligand N6 CCDC No. 1970846 (left side), 1970847, Structure (right side).
Hydrogen atoms, solvent molecules, and disorder omitted for clarity, ellipsoids shown at 50%
probability.
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Structures of Ligand N9 CCDC No. 1970848 (left side), 1970850 (center), 1970843 (right side).
Hydrogen atoms, solvent molecules, and disorder omitted for clarity, ellipsoids shown at 50%
probability.

Structures of complex 2-IV CCDC No. 1970850 (left side), 1970854 (right side).

Structures of complex 2-V CCDC No. 1970845. Hydrogen atoms, solvent molecules, and
disorder omitted for clarity, ellipsoids shown at 50% probability.
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Structure Refinement Notes
Ligand N6

CCDC 1970847: Crystallized from Toluene/n-Hexane. Two independent moieties in asymmetric
unit. Previously unknown low-temperature polymorph of known structure (CCDC 400164)37.
COMMENTS TO CHECKCIF A&B ALERTS: Twinned specimen, a HKLF5 file produced
during data integration was used for final refinement. A fraction of the reflections was lost
during the twin integration processing.

CCDC 1970846: Crystallized from Toluene/n-Hexane. Low-temperature redetermination of
previously reported structure (CCDC 400164).162

Ligand N9

CCDC 1970844: Crystallized from Toluene/n-Hexane. One co-crystallized toluene per
asymmetric unit.

CCDC 1970848: Crystallized from Toluene/n-Hexane. 1/2 co-crystallized n-hexane per
asymmetric unit (on the center of inversion), located in channels along the crystallographic b
axis.
COMMENTS TO CHECKCIF A&B ALERTS: Unfortunately, the crystal slipped during
measurement, leading to loss of some reflections during data integration, and this polymorph was
not found again in later attempts.

CCDC 1970843: Crystallized from chlorobenzene. No co-crystallized solvent.

Complex 2-IV

162

Wunderle, J.; Scholz, J.; Frohlich, R. Z. Krist.Cryst.Mater. 1993, 208, 277.
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CCDC 1970850 and 1970854: Single crystals were isolated by slow diffusion from a mixture of
Toluene/n-Hexane at -35 °C. Cu and Mo radiation measurements of the same crystal.

Complex 2-V
CCDC 1970845: Single crystals were isolated by slow diffusion from a mixture of Toluene/nPentane at -35 °C. Two independent moieties in the asymmetric unit.
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4.2. Experimental Part to Chapter 3
4.2.1. Preparation and Characterization of Substrates
Synthesis and characterization of 1-(4-chlorophenyl)-2-hydroxybutan-1-one (S37)

Procedure:163 1-(4-chlorophenyl)butan-1-one (10 mmol, 1.83 g), I2 (20 mol%, 2 mmol, 0.52 g),
and DMSO (15 mL) were added to a 250 mL round-bottom flask under air. The mixture was
stirred at 60 oC for 24 h and it was monitored by TLC. After cooling down to room temperature,
the solution was diluted with ethyl acetate (200 mL), washed with 0.1 mol/L Na2S2O3 (100 mL)
aqueous solution, and extracted with ethyl acetate (3×100 mL). Combined organic phases were
sequentially washed with saturated brine, dried over MgSO4, and the solvent was evaporated.
The crude mixture was purified by column chromatography on silica gel (eluent: hexane/ethyl
acetate = 20:1 – 16:1) to get the desired product S37. Colorless oil (1.43 g, 72%). The spectral
data are consistent with those reported in the literature.163
Characterization of S37
1H

NMR (400 MHz, CDCl3): δ 7.82 (d, J = 8.8 Hz, 2 H), 7.42 (d, J = 8.8 Hz, 2 H), 4.99 – 4.96 (m, 1 H),

3.63 (s, 1 H), 1.94 – 1.86 (m, 1 H), 1.61 – 1.50 (m, 1 H), 0.89 (t, J = 7.6 Hz, 3 H).
13C

NMR (100 MHz, CDCl3): δ 200.94, 140.37, 132.11, 129.91, 129.22, 73.99, 28.77, 8.87.

Synthesis and characterization of 2-hydroxy-1-(4-(trifluoromethyl)phenyl)propan-1-one (S38)

163

Liang, Y.-F.; Wu, K.; Song, S.; Li, X.Y.; Huang, X. Q.; Jiao, N. Org. Lett. 2015, 17, 876.
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Procedure:163 4′-(Trifluoromethyl)propiophenone (30 mmol, 6.07 g), I2 (20 mol%, 1.56 g), and
DMSO (50 mL) were added to a 250 mL round-bottom flask under air. The mixture was stirred
at 60 oC for 24 h and it was monitored by TLC. After cooling down to room temperature, the
solution was diluted with ethyl acetate (500 mL), washed with 0.1 mol/L Na2S2O3 (200 mL)
aqueous solution and extracted with ethyl acetate (3×200 mL). Combined organic phases were
sequentially washed with saturated brine, dried over MgSO4 and solvent was evaporated. The
crude mixture was purified by column chromatography on silica gel (eluent: hexane/ethyl acetate
= 20:1 – 16:1) to get the desired product S38. Colorless oil (3.93 g, 60%). The spectral data are
consistent with those reported in the literature.164
Characterization of S38
1H

NMR (400 MHz, CDCl3): δ 8.04 (d, J = 8.4 Hz, 2 H), 7.77 (d, J = 8.0 Hz, 2 H), 5.20 – 5.15 (m, 1 H),

3.53 (s, 3 H), 1.45 (d, J = 7.2 Hz, 3 H).
13C

NMR (100 MHz, CDCl3): δ 201.73, 136.32, 135.32 (q, J = 32.7 Hz), 129.13, 126.09 (q, J = 3.7 Hz),

123.51 (q, J = 271.1 Hz), 69.81, 22.05.
F NMR (376 MHz, CDCl3): δ -63.30

19

Synthesis and characterization of 2-hydroxy-1-(4-methoxyphenyl)propan-1-one (S39)

Procedure:163 4′-Methoxypropiophenone (10 mmol, 1.64 g), I2 (20 mol%, 0.52 g), and DMSO
(15 mL) were added to a 250 mL round-bottom flask under air. The mixture was stirred at 60 oC
for 24 h and it was monitored by TLC. After cooling down to room temperature, the solution was
diluted with ethyl acetate (200 mL), washed with 0.1 mol/L Na2S2O3 (100 mL) aqueous solution,
and extracted with ethyl acetate (3×100 mL). Combined organic phases were sequentially
washed with saturated brine, dried over MgSO4, and the solvent was evaporated. The crude
mixture was purified by column chromatography on silica gel (eluent: hexane/ethyl acetate =

164

Yang, J. Y.; Xie, D. T.; Zhou, H. Y.; Chen, S. W.; Huo C. D.; Li, Z. Org. Chem. Front. 2018, 5, 1325.
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20:1 – 16:1) to get the desired product S39. Colorless oil (1.26 g, 70%). The spectral data are
consistent with those reported in the literature.163
Characterization of S39
1H

NMR (400 MHz, CDCl3): δ 7.91 (d, J = 9.2 Hz, 2 H), 6.96 (d, J = 9.2 Hz, 2 H), 5.12-5.07 (m,

1 H), 3.87 (s, 3 H), 3.82 (s, 1 H), 1.43 (d, J = 7.2 Hz, 3 H).
13C

NMR (100 MHz, CDCl3): δ 200.77, 164.26, 131.12, 126.13, 114.18, 68.97, 55.66, 22.75.

Synthesis and characterization of 2-Hydroxy-3-methyl-1-phenylbutan-1-one (S310)

Procedure:165 To a solution KOH (110 mmol, 6.16 g) in MeOH (40 mL) was added
Isovalerophenone (20 mmol, 3.24 g) and the mixture was cooled to 0

o

C. Then

(diacetoxyiodo)benzene (22 mmol, 7.09 g) was added and the mixture stirred for 48 h at room
temperature. Reaction was diluted with water (100 mL) and extracted with Et2O (3×200 mL).
Combined organic phases were sequentially washed with saturated NaHCO3 solution and brine,
dried over MgSO4 and the solvent was evaporated under vacuum. The mixture was purified by
column chromatography on silica gel (eluent: petroleum ether/ethyl acetate = 20:1) to give S310.
Colorless oil (1.60 g, 45%). The spectral data are consistent with those reported in the
literature.165
Characterization of S310
1H

NMR (400 MHz, CDCl3): δ 7.88 (d, J = 8.4 Hz, 2 H), 7.61 (t, J = 7.6 Hz, 1 H), 7.49 (t, J =

7.6 Hz, 3 H), 4.97 (d, J = 2.4 Hz, 1 H), 3.58 (s, 1 H), 2.16 – 2.09 (m, 1 H), 1.16 (d, J = 6.8 Hz, 3
H), 0.64 (d, J = 6.8 Hz, 3 H).

165

Stepanek, O.; Hin, N.; Thomas, A. G.; Dash, R. P.; Alt, J.; Rais, R.; Rojas, C.; Slusher, B. S.; Tsukamoto, T. Eur.

J. Med. Chem. 2019, 170, 276.
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13C

NMR (100 MHz, CDCl3): δ 202.37, 134.23, 133.96, 128.95, 128.56, 77.48, 32.75, 20.28,

14.47.
Synthesis and characterization of 3-hydroxyheptan-4-one (S311)

Procedure:163 Heptan-4-one (30 mmol, 3.43 g), I2 (20 mol%, 1.56 g), and DMSO (50 mL) were
added to a 250 mL round-bottom flask under air. The mixture was stirred at 60 oC for 24 h and it
was monitored by TLC. After cooling down to room temperature, the solution was diluted with
ethyl acetate (500 mL), washed with 0.1 mol/L Na2S2O3 (200 mL) aqueous solution, and
extracted with ethyl acetate (3×200 mL). Combined organic phases were sequentially washed
with saturated brine, dried over MgSO4 and the solvent was evaporated under vacuum. The crude
mixture was purified by column chromatography on silica gel (eluent: hexane/ethyl acetate =
20:1 – 16:1) to get the desired product S311. Colorless oil (1.56 g, 40%, it is unstable at room
temperature, even stored in the glovebox). The spectral data are consistent with those reported in
the literature.166
Characterization of S311
1H

NMR (400 MHz, CDCl3): δ 4.12 – 4.09 (m, 1 H), 3.42 (s, 1 H), 2.45 – 2.33 (3, 2 H), 1.89 –

1.80 (m, 1 H), 1.66 – 1.51 (m, 3 H), 0.89 (t, J = 7.2 Hz, 3 H).
13C

NMR (100 MHz, CDCl3): δ 212.41, 77.25, 39.78, 26.75, 17.09, 13.79, 8.89.

Synthesis and characterization of 3-hydroxyheptan-4-one (S312)

166

El-Qisairi, A. K.; Qaseer, H. A. J. Organomet. Chem. 2002, 659, 50.
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Procedure:167 A solution of 1-Indanone (20 mmol, 2.64 g) in MeOH (100 mL) was added to a
previously prepared ice‐cooled solution of KOH (60 mmol, 3.36 g) in MeOH (50 mL) over 5
min. Solid iodobenzene diacetate (22 mmol, 7.09 g) was added in portions at 0 °C during 5 min
and the resulting mixture was stirred at 0 °C for 1 hour and then at room temperature overnight.
Organic solvents were removed under reduced pressure to give a residue which was dissolved in
Et2O, washed with water, and evaporated. The residue was dissolved in EtOH (50 mL) and 6M
HCl aq. (20 mL) was added. It was stirred at room temperature for 30 min, then basified with
K2CO3 and extracted with Et2O. The combined organic layers were washed with brine, dried
over anhydrous Na2SO4, and concentrated under reduced pressure. The crude product was
purified by flash column chromatography to give S312. Colorless oil (1.87 g, 63%). The spectral
data are consistent with those reported in the literature.168
Characterization of S312
1H

NMR (400 MHz, CDCl3): δ 7.72 (d, J = 7.6 Hz, 1 H), 7.60 (t, J = 7.2 Hz, 1 H), 7.42 (d, J =

7.6 Hz, 1 H), 7.36 (t, J = 7.2 Hz, 1 H), 4.58 – 4.55 (m, 1 H), 3.76 (s, 1 H), 3.59 – 3.52 (m, 1 H),
3.04 – 2.98 (m, 1 H).
13C

NMR (100 MHz, CDCl3): δ 207.01, 151.09, 135.93, 134.13, 128.01, 126.82, 124.47, 74.25,

35.24

4.2.2. Evaluation of the Reaction Conditions
General procedure for the optimization of the model reaction (Table 3.1 of Chapter 3)

167

Mato, R.; Manzano, R.; Reyes, E.; Carrillo, L.; Uria, U.; Vicario, J. L. J. Am. Chem. Soc. 2019, 141, 9495.

168

Matsuo, K.; Shindo, M. Org. Lett. 2010, 12, 5346.
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Procedure: In an argon-filled glovebox, Ru3(CO)12 (4.5 mol%, 5.8 mg), ligand (15 mol%), 1 (2iodo-1,3,5-trimethylbenzene, 0.3 mmol, 75 mg, purity: 98%), 2 (0.2 mmol, 42.5 mg), K2CO3 (0.4
mmol, 55.3 mg) and 3 (0.4 mL) were added into an oven-dried 8 mL vial with a magnetic
stirring bar, followed by addition of chlorobenzene (0.2 mL). The vial was sealed, taken out of
the glovebox, and heated at 130 °C. After 12 h, the vial was cooled to room temperature. The
reaction was quenched by exposing the solution to air and diluted with ethyl acetate. Then the
solvent was evaporated and the mixture was purified by column chromatography on silica gel
(eluent: hexane/ethyl acetate = 16:1) to give 31.

4.2.3. Substrate Scope of the Selective Cross-Dehydrogenative Couplings between Two
Csp3−H/Csp3−H Bonds
General procedure for the scope of Csp3−H donors (Table 3.2 of Chapter 3)

General Procedure 3A: In an argon-filled glovebox, Ru3(CO)12 (4.5 mol%, 0.023 mmol 14.5
mg), N9 (32.4 mg, 15 mol%), 2-iodo-1,3,5-trimethylbenzene (0.75 mmol, 188.3 mg, purity: 98%),
hydroxyketone (0.5 mmol), K2CO3 (1.0 mmol, 138.3 mg) and innate Csp3−H compound (1.0
mL, 16 − 22 equiv.) were added into an oven-dried 8 mL vial with a magnetic stirring bar,
followed by addition of chlorobenzene (0.2 mL). The vial was sealed, taken out of the glovebox,
and heated at 130 °C. After 12 h, the vial was cooled to room temperature. The reaction was
quenched by exposing the solution to air and diluted with ethyl acetate. Then the solvent was
evaporated and the mixture was purified by column chromatography on silica gel (eluent:
hexane/ethyl acetate = 20:1 − 10:1) to give the product in isolated yield.
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2-Hydroxy-1,2-diphenyl-3-(m-tolyl)propan-1-one (31)

Procedure: The compound (31) was prepared following the general procedure 3A. Benzoin
(106.2 mg, 0.5 mmol), 2-iodo-1,3,5-trimethylbenzene (0.75 mmol, 188.3 mg, purity: 98%),
Ru3(CO)12 (4.5 mol%, 14.5 mg), N9 (15 mol%, 32.4 mg), K2CO3 (1.0 mmol, 138.3 mg), mxylene (1 mL), and chlorobenzene (0.5 mL) were added into an oven-dried 8 mL vial with a
magnetic stirring bar, at 130 °C for 12 h, affording 120.2 mg (76%) of 31 as a white solid
purified by column chromatography on silica gel (eluent: hexane/ethyl acetate = 16:1).
Characterization of 31
1H

NMR (400 MHz, CDCl3): δ 7.72 (d, J = 7.2 Hz, 2H), 7.55 (dd, J = 7.2 Hz, J = 1.6 Hz, 2H),

7.48 – 7.40 (m, 3H), 7.37 – 7.29 (m, 3H), 7.08 (t, J = 7.6 Hz, 1H), 7.01 (d, J = 7.6 Hz, 1H), 6.76
(d, J = 6.4 Hz, 2H), 4.02 (s, 1H), 3.77 (d, J = 13.6 Hz, 1H), 3.48 (d, J = 13.6 Hz, 1H), 2.23 (s,
3H).
13C

NMR (100 MHz, CDCl3): δ 200.83, 142.19, 137.82, 134.99, 134.97, 132.90, 131.67, 130.40,

129.01, 128.26, 128.20, 128.17, 127.93, 127.76, 125.92, 82.33, 45.02, 21.44.
HRMS for C22H20NaO2 (ESI+) [M+Na]+: calc.: 339.1356, found: 339.1356.
2-Hydroxy-1,2-diphenyl-3-(o-tolyl)propan-1-one (32)

Procedure: The compound (32) was prepared following the general procedure 3A. Benzoin
(106.2 mg, 0.5 mmol), 2-iodo-1,3,5-trimethylbenzene (0.75 mmol, 188.3 mg, purity: 98%),
Ru3(CO)12 (4.5 mol%, 14.5 mg), N9 (15 mol%, 32.4 mg), K2CO3 (1.0 mmol, 138.3 mg), o-xylene
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(1 mL), and chlorobenzene (0.5 mL) were added into an oven-dried 8 mL vial with a magnetic
stirring bar, at 130 °C for 12 h, affording 80 mg (51%) of 32 as a colorless oil purified by column
chromatography on silica gel (eluent: hexane/ethyl acetate = 16:1).
Characterization of 32
1H

NMR (500 MHz, CDCl3): δ 7.77 (d, J = 7.5 Hz, 2H), 7.52 (d, J = 7.0 Hz, 2H), 7.46 – 7.38 (m,

3H), 7.35 – 7.29 (m, 3H), 7.12 – 7.10 (m, 2H), 7.02 – 6.99 (m, 1H), 6.87 (d, J = 7.5 Hz, 1H),
3.81 (d, J = 14.0 Hz, 1H), 3.78 (s, 1H), 3.63 (d, J = 14.0 Hz, 1H), 2.16 (s, 3H).
13C

NMR (125 MHz, CDCl3): δ 200.96, 142.51, 138.69, 134.94, 133.71, 132.86, 131.02, 130.76,

130.48, 129.01, 128.32, 128.17, 127.23, 125.79, 125.74, 80.08, 41.47, 20.25.
HRMS for C22H20NaO2 (ESI+) [M+Na]+: calc.: 339.1356, found: 339.1356.
2-Hydroxy-1,2,3-triphenylpropan-1-one (33)

Procedure: The compound (33) was prepared following the general procedure 3A. Benzoin
(106.2 mg, 0.5 mmol), 2-iodo-1,3,5-trimethylbenzene (0.75 mmol, 188.3 mg, purity: 98%),
Ru3(CO)12 (4.5 mol%, 14.5 mg), N9 (15 mol%, 32.4 mg), K2CO3 (1.0 mmol, 138.3 mg), toluene
(1 mL), and chlorobenzene (0.5 mL) were added into an oven-dried 8 mL vial with a magnetic
stirring bar, at 130 °C for 12 h, affording 120.2 mg (76%) of 33 as a white solid purified by
column chromatography on silica gel (eluent: hexane/ethyl acetate = 16:1).
Characterization of 33
1H

NMR (400 MHz, CDCl3): δ 7.77 (d, J = 6.0 Hz, 2H), 7.57 (d, J = 7.6 Hz, 2H), 7.50 – 7.42 (m,

3H), 7.38 – 7.31 (m, 3H), 7.22 – 7.21 (m, 3H), 7.00 (d, J = 6.4 Hz, 2H), 4.14 (s, 1H), 3.82 (d, J =
13.6 Hz, 1H), 3.58 (d, J = 13.6 Hz, 1H).
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13C

NMR (100 MHz, CDCl3): δ 200.67, 142.08, 135.14, 134.72, 132.93, 130.78, 130.38, 128.99,

128.26, 128.20, 127.11, 125.88, 82.27, 44.98.
HRMS for C21H18NaO2 (ESI+) [M+Na]+: calc.: 325.1199, found: 325.1201.
3-(4-Fluorophenyl)-2-hydroxy-1,2-diphenylpropan-1-one (34)

Procedure: The compound (34) was prepared following the general procedure 3A. Benzoin
(106.2 mg, 0.5 mmol), 2-iodo-1,3,5-trimethylbenzene (0.75 mmol, 188.3 mg, purity: 98%),
Ru3(CO)12 (4.5 mol%, 14.5 mg), N9 (15 mol%, 32.4 mg), K2CO3 (1.0 mmol, 138.3 mg), 4fluorotoluene (1 mL), and chlorobenzene (0.5 mL) were added into an oven-dried 8 mL vial
with a magnetic stirring bar, at 130 °C for 12 h, affording 113.2 mg (71%) of 34 as a white solid
purified by column chromatography on silica gel (eluent: hexane/ethyl acetate = 16:1).
Characterization of 34
1H

NMR (400 MHz, CDCl3): δ 7.72 – 7.69 (m, 2H), 7.53 – 7.51 (m, 2H), 7.48 – 7.46 (m, 1H),

7.44 – 7.40 (m, 2H), 7.38 – 7.29 (m, 3H), 6.93 – 6.83 (m, 1H), 4.21 (s, 1H), 3.75 (d, J = 13.6 Hz,
1H), 3.55 (d, J = 13.6 Hz, 1H).
13C

NMR (100 MHz, CDCl3): δ 200.62, 162.10 (d, JCF = 243.8 Hz), 141.92, 134.54, 133.13,

132.23 (d, JCF = 7.8 Hz), 130.85 (d, JCF = 3.2 Hz), 130.34, 129.10, 128.40, 128.35, 125.92,
114.99 (d, JC-F = 20.9 Hz), 82.11, 43.87.
19F

NMR (376 MHz, CDCl3): δ -115.76.

HRMS for C21H17FNaO2 (ESI+) [M+Na]+: calc.: 343.1105, found: 343.1104.
3-(4-Chlorophenyl)-2-hydroxy-1,2-diphenylpropan-1-one (35)
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Procedure: The compound (35) was prepared following the general procedure 3A. Benzoin
(106.2 mg, 0.5 mmol), 2-iodo-1,3,5-trimethylbenzene (0.75 mmol, 188.3 mg, purity: 98%),
Ru3(CO)12 (4.5 mol%, 14.5 mg), N9 (15 mol%, 32.4 mg), K2CO3 (1.0 mmol, 138.3 mg), 4chlorotoluene (1 mL), and chlorobenzene (0.5 mL) were added into an oven-dried 8 mL vial with
a magnetic stirring bar, at 130 °C for 12 h, affording 134 mg (80%) of 35 as a white solid
purified by column chromatography on silica gel (eluent: hexane/ethyl acetate = 16:1).
Characterization of 35
1H

NMR (400 MHz, CDCl3): δ 7.69 (d, J = 7.2 Hz, 2H), 7.51 – 7.46 (m, 3H), 7.43 – 7.40 (m,

2H), 7.37 – 7.30 (m, 3H), 7.15 – 7.12 (m, 2H), 6.89 – 6.86 (m, 2H), 4.18 (s, 1H), 3.72 (d, J =
10.8 Hz, 1H), 3.55 (d, J = 10.8 Hz, 1H).
13C

NMR (100 MHz, CDCl3): δ 200.52, 141.86, 134.51, 133.72, 133.18, 133.08, 132.09, 130.35,

129.14, 128.44, 128.41, 128.30, 125.93, 82.10, 44.06.
HRMS for C21H17ClNaO2 (ESI+) [M+Na]+: calc.: 359.0809, found: 359.0808.
3-(4-Bromophenyl)-2-hydroxy-1,2-diphenylpropan-1-one (36)

Procedure: The compound (36) was prepared following the general procedure 3A. Benzoin
(106.2 mg, 0.5 mmol), 2-iodo-1,3,5-trimethylbenzene (0.75 mmol, 188.3 mg, purity: 98%),
Ru3(CO)12 (4.5 mol%, 14.5 mg), N9 (15 mol%, 32.4 mg), K2CO3 (1.0 mmol, 138.3 mg), 4bromotoluene (1 mL), and chlorobenzene (0.5 mL) were added into an oven-dried 8 mL vial
with a magnetic stirring bar, at 130 °C for 12 h, affording 135 mg (71%) of 36 as a white solid
purified by column chromatography on silica gel (eluent: hexane/ethyl acetate = 16:1).
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Characterization of 36
1H

NMR (400 MHz, CDCl3): δ 7.69 (d, J = 7.2 Hz, 2H), 7.52 – 7.46 (m, 3H), 7.44 – 7.40 (m,

2H), 7.37 – 7.27 (m, 5H), 6.83 – 6.80 (m, 2H), 4.21 (s, 1H), 3.71 (d, J = 13.6 Hz, 1H), 3.53 (d, J
= 13.6 Hz, 1H).
13C

NMR (100 MHz, CDCl3): δ 200.46, 141.80, 134.42, 134.21, 133.20, 132.45, 131.22, 130.35,

129.13, 128.44, 128.41, 125.91, 122.25, 81.99, 44.07.
HRMS for C21H17BrNaO2 (ESI+) [M+Na]+: calc.: 403.0304, found: 403.0301.
3-(Furan-2-yl)-2-hydroxy-1,2-diphenylpropan-1-one (37)

Procedure: The compound (37) was prepared following the general procedure 3A. Benzoin
(106.2 mg, 0.5 mmol), 2-iodo-1,3,5-trimethylbenzene (0.75 mmol, 188.3 mg, purity: 98%),
Ru3(CO)12 (4.5 mol%, 14.5 mg), N9 (15 mol%, 32.4 mg), K2CO3 (1.0 mmol, 138.3 mg), 2methylfuran (1 mL), and chlorobenzene (0.5 mL) were added into an oven-dried 8 mL vial with
a magnetic stirring bar, at 130 °C for 12 h, affording 114 mg (78%) of 37 as a colorless oil
purified by column chromatography on silica gel (eluent: hexane/ethyl acetate = 16:1).
Characterization of 37
1H

NMR (400 MHz, CDCl3): δ 7.76 (d, J = 7.2 Hz, 2H), 7.53 (d, J = 7.2 Hz, 2H), 7.46-7.37 (m,

3H), 7.34-7.26 (m, 4H), 6.25 (dd, J = 3.2 Hz, 2.0 Hz, 1H), 6.01 (dd, J = 3.2 Hz, 0.8 Hz, 1H),
4.15 (s, 1H), 3.83 (d, J = 14.8 Hz, 1H), 3.49 (d, J = 14.8 Hz, 1H).
13C

NMR (100 MHz, CDCl3): δ 200.46, 150.45, 142.13, 141.43, 134.78, 132.79, 130.32, 128.98,

128.22, 128.20, 125.49, 110.61, 109.13, 82.28, 38.80.
HRMS for C19H16NaO3 (ESI+) [M+Na]+: calc.: 315.0992, found: 315.0989.
2-Hydroxy-1,2-diphenyl-3-(thiophen-3-yl)propan-1-one (38)
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Procedure: The compound (38) was prepared following the general procedure 3A. Benzoin
(106.2 mg, 0.5 mmol), 2-iodo-1,3,5-trimethylbenzene (0.75 mmol, 188.3 mg, purity: 98%),
Ru3(CO)12 (4.5 mol%, 14.5 mg), N9 (15 mol%, 32.4 mg), K2CO3 (1.0 mmol, 138.3 mg), 3methylthiophene (1 mL), and chlorobenzene (0.5 mL) were added into an oven-dried 8 mL vial

with a magnetic stirring bar, at 130 °C for 12 h, affording 77.1 mg (50%) of 38 as a colorless oil
purified by column chromatography on silica gel (eluent: hexane/ethyl acetate = 16:1).
Characterization of 38
1H

NMR (400 MHz, CDCl3): δ 7.74 (d, J = 7.2 Hz, 2H), 7.56 (d, J = 7.6 Hz, 2H), 7.48 – 7.40 (m,

3H), 7.36 – 7.29 (m, 3H), 7.17 (dd, J = 5.2 Hz, 3.2 Hz, 1H), 6.84 (d, J = 3.6 Hz, 1H), 6.73 (dd, J
= 4.8 Hz, 1.2 Hz, 1H), 4.07 (s, 1H), 3.86 (d, J = 14.0 Hz, 1H), 3.51 (d, J = 14.0 Hz, 1H).
13C

NMR (100 MHz, CDCl3): δ 200.83, 141.90, 135.37, 134.75, 132.92, 130.30, 129.80, 129.04,

128.27, 128.24, 125.74, 125.44, 124.19, 82.08, 40.05.
HRMS for C19H16NaO2S (ESI+) [M+Na]+: calc.: 331.0763, found: 331.0765.
2-Hydroxy-3-phenoxy-1,2-diphenylpropan-1-one (39)

Procedure: The compound (39) was prepared following the general procedure 3A. Benzoin
(106.2 mg, 0.5 mmol), 2-iodo-1,3,5-trimethylbenzene (0.75 mmol, 188.3 mg, purity: 98%),
Ru3(CO)12 (4.5 mol%, 14.5 mg), N9 (15 mol%, 32.4 mg), K2CO3 (1.0 mmol, 138.3 mg), anisole
(1 mL), and chlorobenzene (0.5 mL) were added into an oven-dried 8 mL vial with a magnetic
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stirring bar, at 130 °C for 12 h, affording 76.4 mg (48%) of 39 as a colorless oil purified by
column chromatography on silica gel (eluent: hexane/ethyl acetate = 16:1).
Characterization of 39
1H

NMR (400 MHz, CDCl3): δ 7.95 (d, J = 7.2 Hz, 2H), 7.65 (d, J = 7.2 Hz, 2H), 7.49 – 7.42 (m,

3H), 7.40 – 7.32 (m, 3H), 7.30 – 7.25 (m, 2H), 6.99 (t, J = 7.2 Hz, 1H), 6.91 (d, J = 7.6 Hz, 2H),
4.98 (d, J = 8.8 Hz, 1H), 4.35 (s, 1H), 4.11 (d, J = 8.8 Hz, 1H).
13C

NMR (100 MHz, CDCl3): δ 199.31, 158.23, 138.35, 134.93, 132.86, 130.51, 129.60, 129.09,

128.59, 128.14, 125.30, 121.70, 114.99, 82.48, 73.47.
HRMS for C21H18NaO3 (ESI+) [M+Na]+: calc.: 341.1148, found: 341.1147.
2-Hydroxy-1,2-diphenyl-3-(phenylthio)propan-1-one (310)

Procedure: The compound (310) was prepared following the general procedure 3A. Benzoin
(106.2 mg, 0.5 mmol), 2-iodo-1,3,5-trimethylbenzene (0.75 mmol, 188.3 mg, purity: 98%),
Ru3(CO)12 (4.5 mol%, 14.5 mg), N9 (15 mol%, 32.4 mg), K2CO3 (1.0 mmol, 138.3 mg),
thioanisole (1 mL), and chlorobenzene (0.5 mL) were added into an oven-dried 8 mL vial with a
magnetic stirring bar, at 130 °C for 12 h, affording 68.6 mg (41%) of 310 as a colorless oil
purified by column chromatography on silica gel (eluent: hexane/ethyl acetate = 16:1).
Characterization of 310
1H

NMR (400 MHz, CDCl3): δ 7.85 (d, J = 7.2 Hz, 2H), 7.56 (d, J = 6.8 Hz, 2H), 7.46 – 7.28 (m,

8H), 7.26 – 7.18 (m, 3H), 4.46 (s, 1H), 4.15 (d, J = 13.6 Hz, 1H), 3.49 (d, J = 13.6 Hz, 1H).
13C

NMR (100 MHz, CDCl3): δ 199.56, 140.69, 136.07, 134.46, 132.93, 130.59, 130.57, 129.11,

129.07, 128.40, 128.16, 126.92, 125.10, 82.49, 46.90.
HRMS for C21H18NaSO2 (ESI+) [M+Na]+: calc.: 357.0920, found: 357.0917.
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2-Hydroxy-3-(methyl(phenyl)amino)-1,2-diphenylpropan-1-one (311)

Procedure: The compound (311) was prepared following the general procedure 3A. Benzoin
(106.2 mg, 0.5 mmol), 2-iodo-1,3,5-trimethylbenzene (0.75 mmol, 188.3 mg, purity: 98%),
Ru3(CO)12 (4.5 mol%, 14.5 mg), dppe (29.9 mg, 15 mol%), K2CO3 (1.0 mmol, 138.3 mg), N,Ndimethylaniline (1 mL), and chlorobenzene (0.5 mL) were added into an oven-dried 8 mL vial
with a magnetic stirring bar, at 130 °C for 12 h, affording 90 mg (54%) of 311 as a white solid
purified by column chromatography on silica gel (eluent: hexane/ethyl acetate = 16:1).
Characterization of 311
1H

NMR (400 MHz, CDCl3): δ 8.00 (d, J = 7.2 Hz, 2H), 7.67 (d, J = 7.2 Hz, 2H), 7.47 – 7.41 (m,

3H), 7.35 – 7.31 (m, 3H), 7.25 – 7.21 (m, 2H), 6.91 – 6.89 (m, 2H), 6.83 (t, J = 7.2 Hz, 1H), 4.53
(d, J = 14.8 Hz, 1H), 4.34 (s, 1H), 3.62 (d, J = 14.8 Hz, 1H), 2.75 (s, 1H).
13C

NMR (100 MHz, CDCl3): δ 201.19, 151.72, 141.68, 135.27, 132.79, 130.68, 129.23, 129.13,

128.10, 128.01, 124.70, 119.20, 114.83, 82.01, 63.92, 39.69.
HRMS for C22H21NNaO2 (ESI+) [M+Na]+: calc.: 354.1464, found: 354.1468.
Synthesis of 312 and 312'

Procedure: The compounds (312 and 312') were prepared following the general procedure 3A.
Benzoin (106.2 mg, 0.5 mmol), 2-iodo-1,3,5-trimethylbenzene (0.75 mmol, 188.3 mg, purity:
98%), Ru3(CO)12 (4.5 mol%, 14.5 mg), N9 (15 mol%, 32.4 mg), K2CO3 (1.0 mmol, 138.3 mg),
benzyl methyl ether (1 mL), and chlorobenzene (0.5 mL) were added into an oven-dried 8 mL
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vial with a magnetic stirring bar, at 130 °C for 12 h, affording 104.7 mg (63%) of a major isomer
312 as a white solid and 17 mg of 312' as a mixture of meso/DL isomers purified by column
chromatography on silica gel (eluent: hexane/ethyl acetate = 16:1). In addition, 312' was
recrystallized from hexane/Et2O to afford the pure compound as a white crystalline solid (the
meso isomer).
Characterization of 312

1H

NMR (400 MHz, CDCl3): δ 7.93 (d, J = 7.2 Hz, 2H), 7.43 (d, J = 7.6 Hz, 1H), 7.33 – 7.28 (m,

4H), 7.19 – 7.08 (m, 6H), 6.96 (d, J = 6.8 Hz, 2H), 4.98 (d, J = 8.8 Hz, 1H), 5.32 (s, 1H), 4.07 (s,
1H), 3.35 (s, 3H).
13C

NMR (100 MHz, CDCl3): δ 201.19, 137.43, 136.00, 135.80, 132.37, 130.58, 128.56, 128.29,

127.89, 127.74, 127.70, 127.48, 125.32, 86.29, 85.97, 57.44.
HRMS for C22H20NaO3 (ESI+) [M+Na]+: calc.: 335.1305, found: 335.1302.
Characterization of 312' (the meso isomer)

1H

NMR (500 MHz, CDCl3): δ 7.18 – 7.15 (m, 6H), 7.01 – 6.99 (m, 4H), 4.31 (s, 2H), 3.27 (s,

6H).
13C

NMR (125 MHz, CDCl3): δ 201.19, 137.43, 136.00, 135.80, 132.37, 130.58, 128.56, 128.29,

127.89, 127.74, 127.70, 127.48, 125.32, 86.29, 85.97, 57.44.
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The spectral data are consistent with those reported in the literature. 169
2-Hydroxy-1,2-diphenyl-2-(tetrahydrofuran-2-yl)ethan-1-one (313 and 313', dr = 3.3).

Procedure: The compounds (313 and 313') were prepared following the general procedure 3A.
Benzoin (106.2 mg, 0.5 mmol), 2-iodo-1,3,5-trimethylbenzene (0.75 mmol, 188.3 mg, purity:
98%), Ru3(CO)12 (4.5 mol%, 14.5 mg), N9 (15 mol%, 32.4 mg), K2CO3 (1.0 mmol, 138.3 mg),
tetrahydrofuran (1 mL), and chlorobenzene (0.5 mL) were added into an oven-dried 8 mL vial
with a magnetic stirring bar, at 130 °C for 12 h, affording 70 mg (50%) of major isomer 313 and
21 mg (15%) of minor isomer 313' purified by column chromatography on silica gel (eluent:
hexane/ethyl acetate = 16:1).
Characterization of 313

1H

NMR (400 MHz, CDCl3): δ 7.91 (dd, J = 8.8 Hz, J = 1.6 Hz, 2H), 7.57 (dd, J = 8.4 Hz, J =

1.6 Hz, 2H), 7.44 – 7.34 (m, 3H), 7.32 – 7.27 (m, 3H), 5.03 (dd, J = 8.4 Hz, J = 6.8 Hz, 1H),
3.97 (s, 1H), 3.91 (dd, J = 6.8 Hz, 6.0 Hz, 2H), 1.89-1.69 (m, 3H), 1.52-1.45 (m, 1H).
13C

NMR (100 MHz, CDCl3): δ 200.85, 138.52, 135.53, 132.43, 130.44, 128.84, 128.01, 127.95,

125.17, 83.61, 82.46, 69.91, 26.10, 25.97.
HRMS for C18H18NaO3 (ESI+) [M+Na]+: calc.: 305.1154, found: 305.1151.

169

Archer, R.; Hutchby, M.; Winn, M.; C. L.; Fossey, J. S.; Bull, S. D. Tetrahedron, 2015, 71, 8838.
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Characterization of 313'

1H

NMR (400 MHz, CDCl3): δ 7.88 (dd, J = 8.4 Hz, J = 1.2 Hz, 2H), 7.67 (dd, J = 8.8 Hz, J =

1.2 Hz, 2H), 7.48 – 7.38 (m, 3H), 7.35 – 7.27 (m, 3H), 4.76 (dd, J = 8.0 Hz, J = 6.8 Hz, 1H),
3.97 – 3.91 (m, 1H), 3.82 (s, 1H), 3.80 – 3.74 (m, 1H), 2.10 – 2.04 (m, 1H), 1.94 – 1.82 (m, 3H).
13C

NMR (100 MHz, CDCl3): δ 200.11, 141.10, 135.48, 132.98, 130.19, 128.91, 128.21, 128.07,

125.75, 84.30, 84.13, 69.46, 27.08, 26.30.
HRMS for C18H18NaO3 (ESI+) [M+Na]+: calc.: 305.1154, found: 305.1159.
2-(1,4-Dioxan-2-yl)-2-hydroxy-1,2-diphenylethan-1-one (314 and 314', dr = 6.7).

Procedure: The compounds (314 and 314') were prepared following the general procedure 3A.
Benzoin (106.2 mg, 0.5 mmol), 2-iodo-1,3,5-trimethylbenzene (0.75 mmol, 188.3 mg, purity:
98%), Ru3(CO)12 (4.5 mol%, 14.5 mg), N9 (15 mol%, 32.4 mg), K2CO3 (1.0 mmol, 138.3 mg),
1,4-dioxane (1 mL), and chlorobenzene (0.5 mL) were added into an oven-dried 8 mL vial with a
magnetic stirring bar, at 130 °C for 12 h, affording 134 mg (45%) of major isomer 314 and 20
mg (7%) of minor isomer 314' purified by column chromatography on silica gel (eluent:
hexane/ethyl acetate = 16:1).
Characterization of 314

213

Experimental Part

1H

NMR (400 MHz, CDCl3): δ 7.87 (dd, J = 8.4 Hz, J = 1.2 Hz, 2H), 7.57 (dd, J = 8.4 Hz, J =

1.2 Hz, 2H), 7.44 – 7.35 (m, 3H), 7.32 – 7.28 (m, 3H), 4.75 (dd, J = 10.8 Hz, J = 2.8 Hz, 1H),
4.17 (d, J = 2.0 Hz, 1H), 3.88 (dt, J = 12.0 Hz, 2.8 Hz, 1H), 3.76 (dd, J = 11.6 Hz, 2.4 Hz, 1H),
3.64 (dd, J = 12.0 Hz, 2.8 Hz, 1H), 3.54-3.41 (m, 2H), 3.15 (dd, J = 11.6 Hz, 2.8 Hz, 1H).
13C

NMR (100 MHz, CDCl3): δ 200.12, 136.27, 135.47, 132.45, 130.28, 129.01, 128.38, 127.94,

125.02, 88.33, 77.27, 67.13, 66.46, 66.27.
HRMS for C18H18NaO4 (ESI+) [M+Na]+: calc.: 321.1097, found: 321.1098.
Characterization of 314'

1H

NMR (500 MHz, CDCl3): δ 7.87 (dd, J = 8.5 Hz, J = 1.0 Hz, 2H), 7.62 (dd, J = 8.5 Hz, J =

1.5 Hz, 2H), 7.47 – 7.43 (m, 1H), 7.41 – 7.38 (m, 2H), 7.33 – 7.30 (m, 3H), 4.40 (dd, J = 9.5 Hz,
J = 3.0 Hz, 1H), 3.94 (s, 1H), 3.90 (dd, J = 11.5 Hz, 2.5 Hz, 1H), 3.85 – 3.80 (m, 2H), 3.74 (td, J
= 11.0 Hz, 2.5 Hz, 1H), 3.69 (dd, J = 11.5 Hz, 3.0 Hz, 1H), 3.64 – 3.59 (m, 1H).
13C

NMR (125 MHz, CDCl3): δ 199.13, 139.63, 135.36, 133.00, 130.31, 128.83, 128.23, 128.18,

125.81, 83.80, 80.40, 67.62, 66.94, 66.43.
HRMS for C18H18NaO4 (ESI+) [M+Na]+: calc.: 321.1097, found: 321.1094.
Synthesis of 315 and 315'
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Procedure: The compounds (315 and 315') were prepared following the general procedure 3A.
Valeroin (88.8 mg, 0.5 mmol, purity: 97%), 2-iodo-1,3,5-trimethylbenzene (0.75 mmol, 188.3
mg, purity: 98%), Ru3(CO)12 (4.5 mol%, 14.5 mg), dppe (29.9 mg, 15 mol%), K2CO3 (1.0 mmol,
138.3 mg), m-xylene (1 mL), and chlorobenzene (0.5 mL) were added into an oven-dried 8 mL
vial with a magnetic stirring bar, at 130 °C for 12 h, affording 89.8 mg (65%) of 315 and 8.3 mg
(6%) of 315' purified by column chromatography on silica gel (eluent: hexane/ethyl acetate =
16:1).
Characterization of 315

1H

NMR (400 MHz, CDCl3): δ 7.14 (t, J = 7.2 Hz, 1H), 7.04 – 6.96 (m, 3H), 3.67 (s, 1H), 2.95

(s, 2H), 2.61 – 2.53 (m, 1H), 2.45 – 2.39 (m, 1H), 2.30 (s, 3H), 1.86 – 1.70 (m, 2H), 1.56 – 1.42
(m, 3H), 1.33 – 1.26 (m, 4H), 0.98 – 0.87 (m, 7H).
13C

NMR (100 MHz, CDCl3): δ 214.07, 137.84, 135.79, 130.93, 128.20, 127.71, 127.05, 82.16,

45.14, 38.61, 36.83, 25.58, 25.46, 23.09, 22.45, 21.50, 14.08, 14.01.
HRMS for C18H28NaO2 (ESI+) [M+Na]+: calc.: 299.1982, found: 299.1980.
Characterization of 315'
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1H

NMR (400 MHz, CDCl3): δ 7.22 (t, J = 7.2 Hz, 1H), 7.09 (d, J = 7.6 Hz, 1H), 7.02-6.99 (m,

2H), 3.79 (s, 1H), 3.74 (s, 2H), 2.34 (s, 3H), 1.81 – 1.72 (m, 4H), 1.43 – 1.34 (m, 3H), 1.32 –
1.21 (m, 5H), 0.93 – 0.88 (m, 3H), 0.86 (t, J = 7.2 Hz, 6H).
13C

NMR (100 MHz, CDCl3): δ 212.04, 138.33, 133.23, 130.53, 128.59, 128.07, 126.78, 82.19,

42.87, 38.84, 25.61, 23.08, 21.52, 14.07.
HRMS for C18H28NaO2 (ESI+) [M+Na]+: calc.: 299.1982, found: 321.1979.
6-(4-Bromobenzyl)-6-hydroxydecan-5-one (316)

Procedure: The compound (316) was prepared following the general procedure 3A. Valeroin
(88.8 mg, 0.5 mmol, purity: 97%), 2-iodo-1,3,5-trimethylbenzene (188.3 mg, 0.75 mmol, purity:
98%), Ru3(CO)12 (14.5 mg, 4.5 mol%), dppe (29.9 mg, 15 mol%), 4-bromotoluene (1 mL),
K2CO3 (138.3 mg, 1.0 mmol), and chlorobenzene (0.5 mL) were added into an oven-dried 8 mL
vial with a magnetic stirring bar, at 130 °C for 12 h, affording 118 mg (69%) of 316 (did not
isolated the rearranged product) purified by column chromatography on silica gel (eluent:
hexane/ethyl acetate = 16:1).
Characterization of 316
1H

NMR (400 MHz, CDCl3): δ 7.37 (t, J = 8.4 Hz, 2H), 7.07 (t, J = 8.4 Hz, 2H), 3.76 (s, 1H),

2.96 (d, J = 13.6 Hz, 1H), 2.89 (d, J = 14.0 Hz, 1H), 2.56 – 2.42 (m, 2H), 1.82 – 1.67 (m, 2H),
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1.56 – 1.44 (m, 2H), 1.33 – 1.25 (m, 5H), 0.92 – 0.85 (m, 7H), 1.56 – 1.42 (m, 3H), 1.33 – 1.26
(m, 4H), 0.98 – 0.87 (m, 7H).
13C

NMR (100 MHz, CDCl3): δ 213.56, 134.93, 131.81, 131.37, 121.03, 81.89, 44.37, 38.49,

36.57, 25.51, 23.04, 22.46, 14.06, 14.00.
HRMS for C17H25BrNaO2 (ESI+) [M+Na]+: calc.: 363.0930, found: 363.0930.
General procedure for the scope of Csp3−H donors (Table 3.3 of Chapter 3)

General Procedure 3B: In an argon-filled glovebox, Ru3(CO)12 (4.5 mol%, 0.023 mmol, 14.5
mg), N9 (15 mol%, 32.4 mg), 2-iodo-1,3,5-trimethylbenzene (0.75 mmol, 188.3 mg, purity: 98%),
hydroxyketone S3n (0.5 mmol), K2CO3 (1.0 mmol, 138.3 mg), and toluene (1 mL) were added
into an oven-dried 8 mL vial with a magnetic stirring bar, followed by addition of chlorobenzene
(0.2 mL). The vial was sealed, taken out of the glovebox, and heated at 130 °C. After 12 h, the
vial was cooled to room temperature. The reaction was quenched by exposing the solution to air
and diluted with ethyl acetate. Then the solvent was evaporated and the mixture was purified by
column chromatography on silica gel (eluent: hexane/ethyl acetate = 20:1 − 10:1) to give the
product in isolated yield.
1,2-Di(furan-2-yl)-2-hydroxy-3-phenylpropan-1-one (317)
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Procedure: The compound (317) was prepared following the general procedure 3B. Furoin (98.1
mg, 0.5 mmol, purity: 98%), 2-iodo-1,3,5-trimethylbenzene (188.3 mg, 0.75 mmol, purity: 98%),
Ru3(CO)12 (14.5 mg, 4.5 mol%), N9 (32.4 mg, 15 mol%), toluene (1 mL), K2CO3 (138.3 mg, 1.0
mmol), and chlorobenzene (0.5 mL) were added into an oven-dried 8 mL vial with a magnetic
stirring bar, at 130 °C for 12 h, affording 73 mg (52%) of 317 purified by column
chromatography on silica gel (eluent: hexane/ethyl acetate = 20:1).
Characterization of 317
1H

NMR (400 MHz, CDCl3): δ 7.63 (dd, J = 2.0 Hz, J = 0.8 Hz, 1H), 7.40 (dd, J = 2.0 Hz, J =

0.8 Hz, 1H), 7.21 – 7.18 (m, 4H), 7.03 – 7.01 (m, 2H), 6.54 – 6.52 (m, 2H), 6.41 (dd, J = 3.6 Hz,
J = 2.0 Hz, 1H), 4.57 (s, 1H), 3.79 (d, J = 14.0 Hz, 1H), 3.65 (d, J = 13.6 Hz, 1H).
13C

NMR (100 MHz, CDCl3): δ 186.29, 154.04, 149.73, 147.47, 142.80, 134.49, 130.40, 128.23,

127.22, 121.13, 112.67, 110.86, 108.16, 77.62, 43.04.
HRMS for C17H14NaO4 (ESI+) [M+Na]+: calc.: 305.0790, found: 305.0792.
2-Hydroxy-3-phenyl-1,2-di-p-tolylpropan-1-one (318)

Procedure: The compound (318) was prepared following the general procedure 3B. 4,4'Dimethylbenzoin (122.6 mg, 0.5 mmol, purity: 98%), 2-iodo-1,3,5-trimethylbenzene (188.3 mg,
0.75 mmol, purity: 98%), Ru3(CO)12 (14.5 mg, 4.5 mol%), N9 (32.4 mg, 15 mol%), toluene (1
mL), K2CO3 (138.3 mg, 1.0 mmol), and chlorobenzene (0.5 mL) were added into an oven-dried
8 mL vial with a magnetic stirring bar, at 130 °C for 12 h, affording 119 mg (72%) of 318
purified by column chromatography on silica gel (eluent: hexane/ethyl acetate = 20:1).
Characterization of 318
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1H

NMR (400 MHz, CDCl3): δ 7.64 (d, J = 8.4 Hz, 2H), 7.40 (d, J = 8.0 Hz, 2H), 7.22 – 7.10 (m,

7H), 6.95 (d, J = 7.6 Hz, 2H), 4.24 (s, 1H), 3.72 (d, J = 13.6 Hz, 1H), 3.56 (d, J = 13.2 Hz, 1H),
2.36 (s, 3H), 2.35 (s, 3H).
13C

NMR (100 MHz, CDCl3): δ 200.30, 143.88, 139.51, 137.95, 135.40, 131.97, 130.79, 130.63,

129.71, 129.07, 128.14, 127.04, 125.96, 81.84, 44.74, 21.76, 21.26.
HRMS for C23H22NaO2 (ESI+) [M+Na]+: calc.: 353.1512, found: 353.1511.
2-Hydroxy-1,2-bis(4-methoxyphenyl)-3-phenylpropan-1-one (319)

Procedure: The compound (319) was prepared following the general procedure 3B. Anisoin
(140.4 mg, 0.5 mmol, purity: 97%), 2-iodo-1,3,5-trimethylbenzene (188.3 mg, 0.75 mmol,
purity: 98%), Ru3(CO)12 (14.5 mg, 4.5 mol%), N9 (32.4 mg, 15 mol%), toluene (1 mL), K2CO3
(138.3 mg, 1.0 mmol), and chlorobenzene (0.5 mL) were added into an oven-dried 8 mL vial
with a magnetic stirring bar, at 130 °C for 12 h, affording 100 mg (55%) of 319 purified by
column chromatography on silica gel (eluent: hexane/ethyl acetate = 20:1).
Characterization of 319
1H

NMR (400 MHz, CDCl3): δ 7.75 (d, J = 9.2 Hz, 2H), 7.42 (d, J = 8.8 Hz, 2H), 7.19 – 7.16 (m,

3H), 6.96 – 6.91 (m, 4H), 6.80 (d, J = 8.8 Hz, 2H), 4.39 (s, 1H), 3.82 (s, 6H), 3.74 (d, J = 13.2
Hz, 1H), 3.59 (d, J = 13.6 Hz, 1H).
13C

NMR (100 MHz, CDCl3): δ 198.98, 163.30, 159.37, 135.43, 134.82, 132.95, 130.72, 128.09,

127.38, 127.15, 127.00, 114.34, 113.60, 81.31, 55.51, 55.39, 44.79.
HRMS for C23H22KO4 (ESI+) [M+K]+: calc.: 401.1155, found: 401.1158.
Synthesis of 320 and 320'
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Procedure: The compounds (320 and 320') were prepared following the general procedure 3B.
4-Chlorobenzoin (127.2 mg, 0.5 mmol, purity: 97%), 2-iodo-1,3,5-trimethylbenzene (188.3 mg,
0.75 mmol, purity: 98%), Ru3(CO)12 (14.5 mg, 4.5 mol%), N9 (32.4 mg, 15 mol%), toluene (1
mL), K2CO3 (138.3 mg, 1.0 mmol), and chlorobenzene (0.5 mL) were added into an oven-dried
8 mL vial with a magnetic stirring bar, at 130 °C for 12 h, affording 67.3 mg (40%) of 320 and
55.6 mg (33%) of 320' purified by column chromatography on silica gel (eluent: hexane/ethyl
acetate = 16:1), rr = C1/C2 = 40% of 320/33% of 320' = 1.2.
Characterization of 320

1H

NMR (400 MHz, CDCl3): δ 7.71 (dd, J = 8.8 Hz, 2H), 7.49 – 7.45 (m, 3H), 7.39 – 7.30 (m,

4H), 7.21 – 7.16 (m, 3H), 6.97 – 6.95 (m, 2H), 3.93 (s, 1H), 3.76 (d, J = 13.2 Hz, 1H), 3.46 (d, J
= 13.6 Hz, 1H).
13C

NMR (100 MHz, CDCl3): δ 200.35, 140.75, 134.79, 134.58, 134.20, 133.18, 130.80, 130.38,

129.21, 128.43, 128.41, 127.38, 127.37, 82.04, 45.24.
HRMS for C21H17ClNaO2 (ESI+) [M+Na]+: calc.: 359.0809, found: 359.0810.
Characterization of 320'
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1H

NMR (400 MHz, CDCl3): δ 7.70 (d, J = 9.2 Hz, 2H), 7.50 (d, J = 8.4 Hz, 2H), 7.42 – 7.38 (m,

2H), 7.36 – 7.32 (m, 1H), 7.29 – 7.25 (m, 2H), 7.22 – 7.17 (m, 3H), 6.98 – 6.95 (m, 2H), 3.82 (s,
1H), 3.76 (d, J = 13.6 Hz, 1H), 3.50 (d, J = 13.6 Hz, 1H).
13C

NMR (100 MHz, CDCl3): δ 199.37, 141.78, 139.41, 134.93, 133.08, 131.93, 130.80, 129.12,

128.62, 128.44, 128.36, 127.35, 125.73, 82.43, 45.30. 45.30.
HRMS for C21H17ClNaO2 (ESI+) [M+Na]+: calc.: 359.0809, found: 359.0808.
Synthesis of 321, 321', and 321''

Procedure: The compounds (321, 321', and 321'') were prepared following the general
procedure 3B. S37 (99.3 mg, 0.5 mmol), 2-iodo-1,3,5-trimethylbenzene (188.3 mg, 0.75 mmol,
purity: 98%), Ru3(CO)12 (14.5 mg, 4.5 mol%), N9 (32.4 mg, 15 mol%), toluene (1 mL), K2CO3
(138.3 mg, 1.0 mmol), and chlorobenzene (0.5 mL) were added into an oven-dried 8 mL vial
with a magnetic stirring bar, at 130 °C for 12 h, affording 78 mg (54%) of 321 and 321' (43% of
321 /11% of 321' = 3.9, by 1H-NMR) and 36 mg (25%) of 321'' purified by column
chromatography on silica gel (eluent: hexane/ethyl acetate = 16:1), rr = C1/C2 = (43% of 321 +
25% of 321'')/11% of 321' = 6.2. A mixture of 321 and 321' (3.9:1) was recrystallised from
hexane/Et2O to afford the pure 321 as a white crystalline solid and the remaining mixture of 321
and 321' (1.4:1, by 1H-NMR) as oil.
Characterization of 321
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1H

NMR (500 MHz, CDCl3): δ 7.49 (d, J = 8.5 Hz, 2H), 7.35 (d, J = 9.0 Hz, 2H), 7.26 – 7.24 (m,

3H), 7.14 – 7.12 (m, 2H), 3.78 (s, 1H), 3.61 (d, J = 13.5 Hz, 1H), 3.10 (d, J = 13.5 Hz, 1H), 2.60
– 2.52 (m, 1H), 2.50 – 2.38 (m, 1H), 0.91 (t, J = 7.5 Hz, 3H).
13C

NMR (125 MHz, CDCl3): δ 211.48, 139.84, 134.92, 134.12, 130.44, 128.88, 128.62, 127.62,

127.43, 82.62, 43.85, 30.19, 7.98.
HRMS for C17H17ClNaO2 (ESI+) [M+Na]+: calc.: 311.0809, found: 311.0808.
Characterization of 321'

1H

NMR (500 MHz, CDCl3): δ 7.94 (d, J = 8.5 Hz, 2H), 7.44 (d, J = 8.5 Hz, 2H), 7.19 – 7.17 (m,

3H), 7.07 – 7.05 (m, 2H), 3.81 (s, 1H), 3.34 (d, J = 13.5 Hz, 1H), 3.15 (d, J = 14 Hz, 1H), 2.27 –
2.19 (m, 1H), 2.03 – 1.95 (m, 1H), 0.87 (t, J = 7.5 Hz, 3H).
13C

NMR (125 MHz, CDCl3): δ 203.08, 139.65, 135.63, 133.41, 131.04, 130.37, 128.95, 128.26,

127.01, 83.01, 46.26, 33.47, 8.04.
HRMS for C17H17ClNaO2 (ESI+) [M+Na]+: calc.: 311.0809, found: 311.0809.
Characterization of 321''
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1H

NMR (500 MHz, CDCl3): δ 7.44 (d, J = 9.0 Hz, 2H), 7.37 (d, J = 9.0 Hz, 2H), 7.27 – 7.21 (m,

3H), 6.95 (dd, J = 8.0 Hz, 2.0 Hz, 2H), 4.31 (s, 1H), 3.67 (s, 1H), 2.32 – 2.21 (m, 2H), 0.91 (t, J
= 7.5 Hz, 3H).
13C

NMR (125 MHz, CDCl3): δ 208.77, 139.10, 134.25, 133.36, 129.47, 128.99, 128.61, 128.09,

127.20, 82.92, 42.50, 29.46, 7.57.
HRMS for C17H17ClNaO2 (ESI+) [M+Na]+: calc.: 311.0809, found: 311.0809.
Synthesis of 322 and 322''

Procedure: The compounds (322 and 322'') were prepared following the general procedure 3B.
S38 (109.1 mg, 0.5 mmol), 2-iodo-1,3,5-trimethylbenzene (188.3 mg, 0.75 mmol, purity: 98%),
Ru3(CO)12 (14.5 mg, 4.5 mol%), N9 (32.4 mg, 15 mol%), toluene (1 mL), K2CO3 (138.3 mg, 1.0
mmol), and chlorobenzene (0.5 mL) were added into an oven-dried 8 mL vial with a magnetic
stirring bar, at 130 °C for 12 h, affording 67.8 mg (44%) of 322 and 52.7 mg (34%) of 322'' (did
not isolated

322' of C2 product, <5% detected by crude 1H-NMR) purified by column

chromatography on silica gel (eluent: hexane/ethyl acetate = 16:1), rr = C1/C2 > 20 detected by
crud 1H-NMR.
Characterization of 322

1H

NMR (400 MHz, CDCl3): δ 7.72 – 7.64 (m, 4H), 7.31 – 7.26 (m, 3H), 7.17 – 7.15 (m, 2H),

3.83 (s, 1H), 3.67 (d, J = 14 Hz, 1H), 3.34 (d, J = 14 Hz, 1H), 2.15 (s, 3H).
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NMR (100 MHz, CDCl3): δ 208.30, 144.85 (q, J = 1.1 Hz), 134.59, 130.42, 130.39 (q, J =

13C

32.4 Hz), 128.70, 127.56, 126.62, 125.70 (q, J = 3.8 Hz), 124.11 (q, J = 270.5 Hz), 82.98, 43.60,
24.88.
NMR (376 MHz, CDCl3): δ -62.58.

19F

HRMS for C17H15F3NaO2 (ESI+) [M+Na]+: calc.: 331.0916, found: 331.0913.
Characterization of 322''

1H

NMR (500 MHz, CDCl3): δ 7.66 – 7.59 (m, 4H), 7.26 – 7.22 (m, 3H), 6.95 – 6.93 (m, 2H),

4.33 (s, 1H), 3.73 (d, J = 16 Hz, 1H), 3.67 (d, J = 16 Hz, 1H), 1.84 (s, 3H).
13C

NMR (125 MHz, CDCl3): δ 208.52, 145.22, 133.34, 130.58 (q, J = 32.4 Hz), 129.35, 128.67,

127.27, 126.79, 125.80 (q, J = 3.8 Hz), 124.08 (q, J = 270.5 Hz), 80.28, 42.63, 24.64.
19F

NMR (376 MHz, CDCl3): δ -62.64

HRMS for C17H15F3NaO2 (ESI+) [M+Na]+: calc.: 331.0916, found: 331.0912.
Synthesis of 323, 323', and 323''

Procedure: The compounds (323, 323', and 323'') were prepared following the general
procedure 3B. S39 (90.1 mg, 0.5 mmol), 2-iodo-1,3,5-trimethylbenzene (188.3 mg, 0.75 mmol,
purity: 98%), Ru3(CO)12 (14.5 mg, 4.5 mol%), N9 (32.4 mg, 15 mol%), toluene (1 mL), K2CO3
(138.3 mg, 1.0 mmol), and chlorobenzene (0.5 mL) were added into an oven-dried 8 mL vial
with a magnetic stirring bar, at 130 °C for 12 h. The reaction mixture was purified by column
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chromatography on silica gel (eluent: hexane/ethyl acetate = 16:1). All the tubes were detected
by GC, and the pure and mixed parts were collected respectively, affording 80.2 mg (28%) of a
mixture (14% of 323 and 14% of 323', 1:1 by 1H-NMR), 40.1 mg (14%) of pure 323', and 40 mg
(14%) of pure 323'', rr = C1/C2 = (14% of 323 + 14% of 323'')/(14% +14%) of 323' = 1.
Characterization of 323

1H

NMR (500 MHz, CDCl3): δ 7.45 (d, J = 9.0 Hz, 2H), 7.20 – 7.17 (m, 5H), 6.92 (d, J = 9.0 Hz,

2H), 3.90 (s, 1H), 3.82 (s, 3H), 3.61 (d, J = 13.5 Hz, 1H), 3.36 (d, J = 13.5 Hz, 1H), 2.13 (s, 3H).
13C

NMR (125 MHz, CDCl3): δ 209.00, 159.46, 135.35, 132.93, 128.44, 127.42, 127.19, 126.88,

114.12, 82.66, 55.40, 43.15, 24.59.
HRMS for C17H18NaO3 (ESI+) [M+Na]+: calc.: 293.1148, found: 293.1151.
Characterization of 323'

1H

NMR (500 MHz, CDCl3): δ 8.08 (d, J = 9.0 Hz, 2H), 7.20 – 7.18 (m, 3H), 7.10 – 7.09 (m,

2H), 6.96 (d, J = 9.0 Hz, 2H), 4.05 (s, 1H), 3.89 (s, 3H), 3.38 (d, J = 14 Hz, 1H), 3.17 (d, J = 14
Hz, 1H), 1.68 (s, 3H).
13C

NMR (125 MHz, CDCl3): δ 201.81, 163.53, 136.03, 132.54, 130.42, 128.13, 126.86, 126.80,

113.81, 79.05, 55.60, 47.35, 27.47.
HRMS for C17H18NaO3 (ESI+) [M+Na]+: calc.: 293.1148, found: 293.1150.
Characterization of 323''
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1H

NMR (400 MHz, CDCl3): δ 7.37 (d, J = 8.8 Hz, 2H), 7.27 – 7.21 (m, 3H), 6.96 – 6.91 (m,

4H), 4.40 (s, 1H), 3.83 (s, 3H), 3.67 (s, 2H), 1.81 (s, 3H).
13C

NMR (100 MHz, CDCl3): δ 209.48, 159.63, 133.88, 133.14, 129.45, 128.56, 127.67, 127.09,

114.25, 79.87, 55.47, 42.28, 24.13.
HRMS for C17H18NaO3 (ESI+) [M+Na]+: calc.: 293.1148, found: 293.1144.
Synthesis of 324 and 324''

Procedure: The compounds (324 and 324'') were prepared following the general procedure 3B.
S310 (89.1 mg, 0.5 mmol), 2-iodo-1,3,5-trimethylbenzene (188.3 mg, 0.75 mmol, purity: 98%),
Ru3(CO)12 (14.5 mg, 4.5 mol%), N9 (32.4 mg, 15 mol%), toluene (1 mL), K2CO3 (138.3 mg, 1.0
mmol), and chlorobenzene (0.5 mL) were added into an oven-dried 8 mL vial with a magnetic
stirring bar, at 130 °C for 12 h, affording 53.4 mg (40%) of 324 and 41.5 mg (31%) of 324'' (did
not isolated

324' of C2 product, <5% detected by crude 1H-NMR) purified by column

chromatography on silica gel (eluent: hexane/ethyl acetate = 16:1), rr = C1/C2 > 20 detected by
crud 1H-NMR.
Characterization of 324
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1H

NMR (500 MHz, CDCl3): δ 7.58 – 7.55 (m, 2H), 7.39 – 7.36 (m, 2H), 7.32 – 7.29 (m, 1H),

7.27 – 7.21 (m, 3H), 7.17 – 7.16 (m, 2H), 3.65 (d, J = 14 Hz, 1H), 3.64 (s, 1H), 3.45 (d, J = 14
Hz, 1H), 3.19 – 3.11 (m, 1H), 0.90 (d, J = 6.5 Hz, 3H), 0.69 (d, J = 6.5 Hz, 3H).
13C

NMR (125 MHz, CDCl3): δ 215.48, 140.79, 135.38, 130.7, 128.59, 128.49, 127.98, 127.22,

126.20, 83.20, 43.85, 34.76, 20.34, 19.45.
HRMS for C18H20NaO2 (ESI+) [M+Na]+: calc.: 291.1356, found: 291.1355.
Characterization of 324''

1H

NMR (500 MHz, CDCl3): δ 7.59 – 7.57 (m, 2H), 7.42 – 7.39 (m, 2H), 7.34 – 7.31 (m, 1H),

7.24 – 7.19 (m, 3H), 6.90 – 6.88 (m, 2H), 4.31 (s, 1H), 3.78 (d, J = 16.5 Hz, 1H), 3.73 (d, J =
16.5 Hz, 1H), 2.98 – 2.92 (m, 1H), 0.96 (d, J = 7.0 Hz, 3H), 0.91 (d, J = 7.0 Hz, 3H).
13C

NMR (125 MHz, CDCl3): δ 209.46, 140.00, 133.68, 129.60, 128.80, 128.50, 127.95, 127.07,

127.06, 85.96, 42.22, 32.32, 16.87, 16.52.
HRMS for C18H20NaO2 (ESI+) [M+Na]+: calc.: 291.1356, found: 291.1348.
Synthesis of 325, 325', and 325''
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Procedure: The compounds (325, 325', and 325'') were prepared following the general
procedure 3B. S311 (52.1 mg, 0.4 mmol), 2-iodo-1,3,5-trimethylbenzene (150.6 mg, 0.6 mmol,
purity: 98%), Ru3(CO)12 (11.6 mg, 4.5 mol%), dppe (23.9 mg, 15 mol%), toluene (0.8 mL),
K2CO3 (110.6 mg, 0.8 mmol), and chlorobenzene (0.4 mL) were added into an oven-dried 8 mL
vial with a magnetic stirring bar, at 130 °C for 12 h, affording 45 mg (51%) of a mixture (325
and 325', 325/325' or 325'/325 = 1.4, by crude 1H-NMR) and 7.0 mg (5%) of 325'' (purity: 63%)
purified by column chromatography on silica gel (eluent: hexane/ethyl acetate = 16:1).
Characterization of a mixture (325 and 325')

1H

NMR (400 MHz, CDCl3): δ 7.28 – 7.16 (m, 5H), 3.73 (s, 1H), 3.03-2.94 (m, 2H), 2.66 – 2.38

(m, 2H), 1.93 – 1.74 (m, 2H), 1.63 – 1.45 (m, 2H), 1.02 (t, J = 7.2 Hz, 1H), 0.90 (t, J = 7.6 Hz,
3H), 0.82 (t, J = 7.2 Hz, 2H).
13C

NMR (100 MHz, CDCl3): δ 214.42, 213.81, 135.96, 135.89, 130.10, 130.04, 128.33, 128.31,

126.98, 126.96, 82.31, 82.28, 45.28, 44.87, 41.14, 38.94, 31.56, 30.33, 16.85, 16.82, 14.47, 13.91,
7.70, 7.60.
HRMS for C14H20NaO2 (ESI+) [M+Na]+: calc.: 243.1356, found: 291.1356.
Characterization of 325''

1H

NMR (400 MHz, CDCl3): δ 7.34 – 7.31 (m, 2H), 7.30 – 7.27 (m, 1H), 7.20 – 7.18 (m, 2H),

3.78 (s, 1H), 1.85 – 1.74 (m, 4H), 1.57 – 1.40 (m, 2H), 0.90 (t, J = 7.6 Hz, 3H), 0.79 (t, J = 7.6
Hz, 3H).
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13C

NMR (100 MHz, CDCl3): δ 211.90, 133.34, 129.78, 128.69, 127.30, 82.44, 42.89, 41.06,

31.82, 16.91, 14.48, 7.73.
HRMS for C14H20NaO2 (ESI+) [M+Na]+: calc.: 243.1356, found: 291.1351.
2-Benzyl-2-hydroxy-2,3-dihydro-1H-inden-1-one (326)

Procedure: The compound (326) was prepared following the general procedure 3B. S312 (74.1
mg, 0.5 mmol), 2-iodo-1,3,5-trimethylbenzene (188.3 mg, 0.75 mmol, purity: 98%), Ru3(CO)12
(14.5 mg, 4.5 mol%), N9 (32.4 mg, 15 mol%), toluene (1 mL), K2CO3 (138.3 mg, 1.0 mmol), and
chlorobenzene (0.5 mL) were added into an oven-dried 8 mL vial with a magnetic stirring bar, at
130 °C for 12 h, affording 48 mg (40%) of 326 purified by column chromatography on silica gel
(eluent: hexane/ethyl acetate = 10:1), rr > 20.
Characterization of 326
1H

NMR (500 MHz, CDCl3): δ 7.37 (d, J = 8.0 Hz, 1H), 7.59 (t, J = 7.5 Hz, 1H), 7.39 – 7.36 (m,

2H), 7.27 – 7.24 (m, 2H), 7.22 – 7.19 (m, 3H), 3.36 (d, J = 17.5 Hz, 1H), 3.08 (d, J = 17.0 Hz,
1H), 3.02 (d, J = 13.5 Hz, 1H), 2.95 (d, J = 13.5 Hz, 1H), 2.68 (s, broad, 1H).
13C

NMR (125 MHz, CDCl3): δ 207.33, 151.40, 135.91, 135.63, 134.16, 130.40, 128.32, 127.98,

127.02, 126.72, 124.84, 80.15, 44.29, 39.62.
HRMS for C16H14NaO2 (ESI+) [M+Na]+: calc.: 261.0891, found: 359.0893.
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4.2.4. Procedures for Experiments of the α-Ketol Rearrangement (Scheme 3.12 of Chapter
3)

Procedure: In an argon-filled glove box, 322 (30.8 mg, 0.1 mmol), Ru3(CO)12 (2.9 mg, 4.5
mol%), N9 (6.5 mg, 15 mol%), K2CO3 (27.7 mg, 0.2 mmol), and chlorobenzene (0.5 mL) were
added into an oven-dried 4 mL vial with a magnetic stirring bar, at 130 °C for 12 h. The vial was
cooled to room temperature. The reaction was quenched by exposing the solution to air and
diluted with ethyl acetate. The solvent was evaporated and the mixture was dissolved in CD3Cl,
analyzed by 1H-NMR.

Procedure: In an argon-filled glove box, 322'' (30.8 mg, 0.1 mmol), Ru3(CO)12 (2.9 mg, 4.5
mol%), N9 (6.5 mg, 15 mol%), K2CO3 (27.7 mg, 0.2 mmol), and chlorobenzene (0.5 mL) were
added into an oven-dried 4 mL vial with a magnetic stirring bar, at 130 °C for 12 h. The vial was
cooled to room temperature. The reaction was quenched by exposing the solution to air and
diluted with ethyl acetate. The solvent was evaporated and the mixture was dissolved in CD3Cl,
analyzed by 1H-NMR.
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Procedure: In an argon-filled glove box, 316 (34.1 mg, 0.1 mmol), Ru3(CO)12 (2.9 mg, 4.5
mol%), dppe (6.0 mg, 15 mol%), K2CO3 (27.7 mg, 0.2 mmol), and chlorobenzene (0.5 mL) were
added into an oven-dried 4 mL vial with a magnetic stirring bar, at 130 °C for 12 h. The vial was
cooled to room temperature. The reaction was quenched by exposing the solution to air and
diluted with ethyl acetate. The solvent was evaporated and the mixture was dissolved in CD3Cl,
analyzed by 1H-NMR.

Procedure: In an argon-filled glove box, 320 (33.7 mg, 0.1 mmol), Ru3(CO)12 (2.9 mg, 4.5
mol%), N9 (6.5 mg, 15 mol%), K2CO3 (27.7 mg, 0.2 mmol), and chlorobenzene (0.5 mL) were
added into an oven-dried 4 mL vial with a magnetic stirring bar, at 130 °C for 12 h. The vial was
cooled to room temperature. The reaction was quenched by exposing the solution to air and
diluted with ethyl acetate. The solvent was evaporated and the mixture was dissolved in CD3Cl,
analyzed by 1H-NMR.

Procedure: In an argon-filled glove box, 320' (33.7 mg, 0.1 mmol), Ru3(CO)12 (2.9 mg, 4.5
mol%), N9 (6.5 mg, 15 mol%), K2CO3 (27.7 mg, 0.2 mmol), and chlorobenzene (0.5 mL) were
added into an oven-dried 4 mL vial with a magnetic stirring bar, at 130 °C for 12 h. The vial was
cooled to room temperature. The reaction was quenched by exposing the solution to air and
diluted with ethyl acetate. The solvent was evaporated and the mixture was dissolved in CD3Cl,
analyzed by 1H-NMR.
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4.2.5. Procedures for Mechanistic Investigations
Procedures for radical-trapping

Procedure: In an argon-filled glovebox, benzoin (106.2 mg, 0.5 mmol), 2-iodo-1,3,5trimethylbenzene (188.3 mg, 0.75 mmol, purity: 98%), Ru3(CO)12 (14.5 mg, 4.5 mol%), N9 (32.4
mg, 15 mol%), toluene (1 mL), K2CO3 (138.3 mg, 1.0 mmol), 2,2,6,6-Tetramethyl-1piperidinyloxy (TEMPO) (1.0 mmol) or 2,6-Di-tert-butyl-4-methylphenol (BHT), and
chlorobenzene (0.5 mL) were added into an oven-dried 8 mL vial with a magnetic stirring bar, at
130 °C for 12 h. Then, the vial was cooled to room temperature. The reaction was quenched by
exposing the solution to air and diluted with chloroform-d. The mixture was stirred for 10 mins
at room temperature. Dodecane (0.1 mmol, 24 μL) was added to the solution as an internal
standard. An aliquot was removed from the vial and analyzed by GC and GC-MS.
Procedure for the radical coupling experiment

Procedure: In an argon-filled glovebox, benzoin (106.2 mg, 0.5 mmol), 2-iodo-1,3,5trimethylbenzene (188.3 mg, 0.75 mmol, purity: 98%), Ru3(CO)12 (14.5 mg, 4.5 mol%), N9 (32.4
mg, 15 mol%), benzyl methyl ether (1 mL), K2CO3 (138.3 mg, 1.0 mmol), and chlorobenzene
(0.5 mL) were added into an oven-dried 8 mL vial with a magnetic stirring bar, at 130 °C for 12
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h. The vial was cooled to room temperature. The reaction was quenched by exposing the solution
to air and diluted with ethyl acetate. Solvent was evaporated and the mixture was purified by
column chromatography on silica gel (eluent: hexane / ethyl acetate = 20:1-10:1) to give 17 mg
of 312' purified by column chromatography on silica gel (eluent: hexane/ethyl acetate = 20:1 –
16:1). 312' was recrystallized from hexane/Et2O to afford the pure compound as a white
crystalline solid (meso isomer).
Procedure for the reaction of deuterated d8-toluene

Procedure: In an argon-filled glovebox, Ru3(CO)12 (5.8 mg, 4.5 mol%), N9 (13 mg, 15 mol%),
2-iodo-1,3,5-trimethylbenzene (75 mg, 0.3 mmol, purity: 98%), benzoin (42.5 mg, 0.2 mmol),
K2CO3 (55.3 mg, 0.4 mmol) and d8-toluene (0.4 mL) were added into an oven-dried 8 mL vial
with a magnetic stirring bar. The vial was sealed and taken out of the glovebox and was heated at
130 °C. After 12 h, the vial was cooled to room temperature. The reaction was quenched by
exposing the solution to air and diluted with ethyl acetate. A mixture of 3 runs was combined and
the solvent was evaporated. The mixture was purified by column chromatography on silica gel
(eluent: hexane/ethyl acetate = 20:1-10:1) to give 141.1 mg (76%) of [D]-33 and 20 mg of dmesitylene [D]-22 (All the tubes were analyzed by GC, and the tubes containing the pure [D]-22
were collected).
Characterization of [D]-33
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NMR (500 MHz, CDCl3): δ 7.72 (d, J = 8.5 Hz, 2H), 7.54 (d, J = 7.5, 2H), 7.46 (t, J = 7.5,

1H

1H), 7.41 (t, J = 7.5, 2H), 7.36 – 7.29 (m, 3H), 4.05 – 4.03 (m, 1H), 3.80 (d, J = 13.5, 0.6H), 3.54
(d, J = 13.5, 0.6H).
13C

NMR (125 MHz, CDCl3): δ 200.75, 142.16, 134.83, 132.96, 130.41, 129.05, 128.31, 128.25,

125.94, 82.33, 44.95.
Characterization of [D]-22

1H

NMR (500 MHz, CDCl3): δ 6.83 (s, 2H), 2.30 (s, 7.79H).

13C

NMR (125 MHz, CDCl3): δ 137.87, 137.79, 127.05, 21.34, 21.28.

Procedure for the Kinetic isotope effect studies
a) Intermolecular competition:

Procedure: In an argon-filled glovebox, Ru3(CO)12 (5.8 mg, 4.5 mol%), N9 (13 mg, 15 mol%),
2-iodo-1,3,5-trimethylbenzene (75 mg, 0.3 mmol, purity: 98%), benzoin (42.5 mg, 0.2 mmol),
K2CO3 (55.3 mg, 0.4 mmol), toluene (0.6 mL) and d8-toluene (0.6 mL) were added into an
oven-dried 8 mL vial with a magnetic stirring bar. The vial was sealed and taken out of the
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glovebox and was heated at 130 °C. After 12 h, the vial was cooled to room temperature. The
reaction was quenched by exposing the solution to air and diluted with ethyl acetate. A mixture
of 3 runs was combined and the solvent was evaporated. The mixture was purified by column
chromatography on silica gel (eluent: hexane/ethyl acetate = 20:1-10:1) to give 138 mg of a
mixture (33 and [D]-33), analyzed by 1H-NMR, showing intermolecular competition: kH/kD = 4.3.
1H-NMR

of a mixture (33 and [D]-33):

b) Parallel reactions:
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Procedure: In an argon-filled glovebox, Ru3(CO)12 (11.6 mg, 4.5 mol%), N9 (26 mg, 15 mol%),
2-iodo-1,3,5-trimethylbenzene (150 mg, 0.6 mmol, purity: 98%), benzoin (85 mg, 0.4 mmol),
K2CO3 (110.6 mg, 0.8 mmol), 1,2-dichlorobenzene (58.8 mg, 0.4 mmol) as the internal standard,
toluene (2.5 mL) or d8-toluene (2.5 mL) were separately added into two oven-dried 8 mL vials
with magnetic stirring bars. The vials were sealed and taken out of the glovebox and were heated
at 130 °C. At specific time intervals (25, 35, 45, 55, 65, 75, 85, 95 min), 0.1 mL of the reaction
mixture was taken out via syringe, rinsed with EtOAc (2 mL), and filtered through a short pad of
celite. The reaction mixtures were analyzed by GC. Rate constants of the reaction were
determined by plotting yields of the corresponding products over time (min) and extracting the
slope after linear fitting. Three runs of the parallel reactions gave a primary KIE (kH/kD) of 1.7 ±
0.3.
Calibration-GC of 33 and [D]-33 (1,2-dichlorobenzene as the internal standard)
33

[D]-33

3

3

area ratio of product to 1,2-Dichlorobenzene

2.5
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R² = 0.9943

2

1.5

area
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1
0.5
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R² = 0.9958

2
1.5

area ratio
of…

1
0.5

0

0
0

0.5

1

1.5

0

0.5

KIE results of 3 run parallel reactions
The first KIE result of parallel reaction: KIE = 1.60
The reaction of toluene:
time (mins)
GC-yield of product (%)

55
6.54

65
12.70

75
22.16

85
26.72
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yield of product (%)
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The reaction of d8-toluene:
time (mins)
GC-yield of product (%)
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The second KIE result of parallel reaction: KIE = 1.51
The reaction of toluene:
time (mins)
GC-yield of product (%)

55
6.05

65
12.93

75
21.95

85
30.36
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yield of product (%)

Chart Title
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The reaction of d8-toluene:
time (mins)
GC-yield of product (%)
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The third KIE result of parallel reaction: KIE = 1.85
The reaction of toluene:
time (mins)
GC-yield of product (%)

55
6.94

65
14.85

75
24.27

85
32.30
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yield of product (%)

Chart Title
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The reaction of d8-toluene:
time (mins)
GC-yield of product (%)
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4.2.6. X-ray Structure Tables
General information
Single crystalline samples were measured on a Rigaku Oxford Diffraction XtaLAB Synergy-S
Dualflex kappa diffractometer equipped with a Dectris Pilatus 300 HPAD detector and using
microfocus sealed tube Cu-Kα or Mo-Kα radiation with mirror optics. All measurements were
carried out at 100K (unless specifically noted) using an Oxford Cryosystems Cryostream 800
sample cryostat. Air-sensitive samples were prepared and mounted using a μCHILL microscopy
stage.156 Data were integrated using CrysAlisPro and corrected for absorption effects using a
combination of empirical (ABSPACK) and numerical corrections.157 The structures were solved
using SHELXS158 or SHELXT159 and refined by full-matrix least-squares analysis
(SHELXL)158,160 using the program package OLEX2.161 Unless otherwise indicated below, all
non-hydrogen atoms were refined anisotropically and hydrogen atoms were constrained to ideal
geometries and refined with fixed isotropic displacement parameters (in terms of a riding model).
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X-ray structure of compound 33
Table 1 Crystal data and structure refinement for bm200520_1_1.
Identification code
bm200520_1_1
Empirical formula
C21H18O2
Formula weight
302.35
Temperature/K
100.0(1)
Crystal system
triclinic
Space group
P-1
a/Å
6.1557(6)
b/Å
11.3219(13)
c/Å
12.6072(14)
α/°
114.421(3)
β/°
91.234(3)
γ/°
97.381(3)
3
Volume/Å
790.69(15)
Z
2
3
ρcalcg/cm
1.270
-1
μ/mm
0.080
F(000)
320.0
3
Crystal size/mm
0.18 × 0.1 × 0.08
Radiation
MoKα (λ = 0.71073)
2Θ range for data collection/° 3.56 to 61.44
Index ranges
-8 ≤ h ≤ 8, -16 ≤ k ≤ 16, -18 ≤ l ≤ 18
Reflections collected
18806
Independent reflections
4900 [Rint = 0.0478, Rsigma = 0.0462]
Data/restraints/parameters
4900/1/211
2
Goodness-of-fit on F
1.016
Final R indexes [I>=2σ (I)]
R1 = 0.0458, wR2 = 0.1057
Final R indexes [all data]
R1 = 0.0715, wR2 = 0.1181
-3
Largest diff. peak/hole / e Å 0.40/-0.23
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X-ray structure of compound 312
Table 1 Crystal data and structure refinement for bm180520_1_1.
Identification code
bm180520_1_1
Empirical formula
C22H20O3
Formula weight
332.38
Temperature/K
100.0(1)
Crystal system
monoclinic
Space group
P21/n
a/Å
13.3642(16)
b/Å
9.4352(12)
c/Å
13.9522(17)
α/°
90
β/°
103.904(3)
γ/°
90
3
Volume/Å
1707.7(4)
Z
4
3
ρcalcg/cm
1.293
-1
μ/mm
0.085
F(000)
704.0
3
Crystal size/mm
0.2 × 0.16 × 0.1
Radiation
MoKα (λ = 0.71073)
2Θ range for data collection/° 3.79 to 61.142
Index ranges
-19 ≤ h ≤ 19, -13 ≤ k ≤ 13, -19 ≤ l ≤ 19
Reflections collected
20645
Independent reflections
5238 [Rint = 0.0446, Rsigma = 0.0410]
Data/restraints/parameters
5238/1/230
Goodness-of-fit on F2
1.024
Final R indexes [I>=2σ (I)] R1 = 0.0437, wR2 = 0.1012
Final R indexes [all data]
R1 = 0.0654, wR2 = 0.1124
-3
Largest diff. peak/hole / e Å 0.41/-0.23
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X-ray structure of compound 314
Table 1 Crystal data and structure refinement for bm190520_1_1.
Identification code
bm190520_1_1
Empirical formula
C18H18O4
Formula weight
298.32
Temperature/K
100.0(1)
Crystal system
orthorhombic
Space group
P212121
a/Å
10.4783(7)
b/Å
11.3865(11)
c/Å
12.3839(11)
α/°
90
β/°
90
γ/°
90
3
Volume/Å
1477.5(2)
Z
4
3
ρcalcg/cm
1.341
-1
μ/mm
0.094
F(000)
632.0
3
Crystal size/mm
0.19 × 0.11 × 0.08
Radiation
MoKα (λ = 0.71073)
2Θ range for data collection/° 7.492 to 61.042
Index ranges
-8 ≤ h ≤ 14, -16 ≤ k ≤ 16, -17 ≤ l ≤ 17
Reflections collected
17056
Independent reflections
4489 [Rint = 0.0669, Rsigma = 0.0691]
Data/restraints/parameters
4489/1/202
2
Goodness-of-fit on F
1.030
Final R indexes [I>=2σ (I)]
R1 = 0.0475, wR2 = 0.1041
Final R indexes [all data]
R1 = 0.0637, wR2 = 0.1134
Largest diff. peak/hole / e Å-3 0.32/-0.25
Flack parameter
0.0(7)
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X-ray structure of compound 314'
Table 1 Crystal data and structure refinement for bm230920_1_2.
Identification code
bm230920_1_2
Empirical formula
C18H18O4
Formula weight
298.32
Temperature/K
100.0(1)
Crystal system
orthorhombic
Space group
P212121
a/Å
10.46450(10)
b/Å
11.37280(10)
c/Å
12.35450(10)
α/°
90
β/°
90
γ/°
90
3
Volume/Å
1470.32(2)
Z
4
3
ρcalcg/cm
1.348
-1
μ/mm
0.774
F(000)
632.0
3
Crystal size/mm
0.264 × 0.201 × 0.142
Radiation
Cu Kα (λ = 1.54184)
2Θ range for data collection/° 10.572 to 159.632
Index ranges
-11 ≤ h ≤ 13, -14 ≤ k ≤ 14, -15 ≤ l ≤ 15
Reflections collected
38209
Independent reflections
3175 [Rint = 0.0598, Rsigma = 0.0202]
Data/restraints/parameters
3175/1/202
Goodness-of-fit on F2
1.078
Final R indexes [I>=2σ (I)] R1 = 0.0292, wR2 = 0.0747
Final R indexes [all data]
R1 = 0.0295, wR2 = 0.0749
-3
Largest diff. peak/hole / e Å 0.17/-0.23
Flack parameter
0.10(6)
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X-ray structure of compound 320
Table 1 Crystal data and structure refinement for bm100620_1_1.
Identification code
bm100620_1_1
Empirical formula
C21H17ClO2
Formula weight
336.80
Temperature/K
100.0(1)
Crystal system
monoclinic
Space group
C2/c
a/Å
31.7728(17)
b/Å
5.9587(3)
c/Å
18.5863(11)
α/°
90
β/°
109.252(2)
γ/°
90
Volume/Å3
3322.1(3)
Z
8
3
ρcalcg/cm
1.347
-1
μ/mm
0.240
F(000)
1408.0
Crystal size/mm3
0.2 × 0.12 × 0.02
Radiation
MoKα (λ = 0.71073)
2Θ range for data collection/° 5.868 to 56.654
Index ranges
-39 ≤ h ≤ 42, -7 ≤ k ≤ 6, -24 ≤ l ≤ 24
Reflections collected
12534
Independent reflections
4124 [Rint = 0.0500, Rsigma = 0.0654]
Data/restraints/parameters
4124/1/220
2
Goodness-of-fit on F
1.014
Final R indexes [I>=2σ (I)]
R1 = 0.0481, wR2 = 0.0958
Final R indexes [all data]
R1 = 0.0824, wR2 = 0.1118
-3
Largest diff. peak/hole / e Å 0.45/-0.38
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X-ray structure of compound 320'
Table 1 Crystal data and structure refinement for bm170520_1_1.
Identification code
bm170520_1_1
Empirical formula
C21H17ClO2
Formula weight
336.80
Temperature/K
100.0(1)
Crystal system
monoclinic
Space group
P21/n
a/Å
12.8959(8)
b/Å
5.8669(3)
c/Å
22.2862(13)
α/°
90
β/°
98.210(2)
γ/°
90
3
Volume/Å
1668.87(17)
Z
4
3
ρcalcg/cm
1.340
-1
μ/mm
0.239
F(000)
704.0
3
Crystal size/mm
0.22 × 0.21 × 0.1
Radiation
MoKα (λ = 0.71073)
2Θ range for data collection/° 3.45 to 61.114
Index ranges
-18 ≤ h ≤ 18, -8 ≤ k ≤ 8, -31 ≤ l ≤ 31
Reflections collected
33220
Independent reflections
5120 [Rint = 0.0297, Rsigma = 0.0189]
Data/restraints/parameters
5120/363/329
2
Goodness-of-fit on F
1.037
Final R indexes [I>=2σ (I)]
R1 = 0.0369, wR2 = 0.0945
Final R indexes [all data]
R1 = 0.0471, wR2 = 0.1005
-3
Largest diff. peak/hole / e Å 0.40/-0.28

246

Experimental Part

X-ray structure of compound 321
Table 1 Crystal data and structure refinement for bm210620_1_2.
Identification code
bm210620_1_2
Empirical formula
C17H17ClO2
Formula weight
288.75
Temperature/K
100.0(1)
Crystal system
monoclinic
Space group
P21/c
a/Å
8.2995(5)
b/Å
10.8597(8)
c/Å
16.0882(12)
α/°
90
β/°
101.070(2)
γ/°
90
3
Volume/Å
1423.05(17)
Z
4
ρcalcg/cm3
1.348
-1
μ/mm
0.267
F(000)
608.0
3
Crystal size/mm
0.28 × 0.19 × 0.09
Radiation
MoKα (λ = 0.71073)
2Θ range for data collection/° 4.552 to 56.626
Index ranges
-10 ≤ h ≤ 5, -14 ≤ k ≤ 14, -21 ≤ l ≤ 21
Reflections collected
11836
Independent reflections
3530 [Rint = 0.0225, Rsigma = 0.0221]
Data/restraints/parameters
3530/1/185
2
Goodness-of-fit on F
1.030
Final R indexes [I>=2σ (I)]
R1 = 0.0321, wR2 = 0.0786
Final R indexes [all data]
R1 = 0.0392, wR2 = 0.0827
-3
Largest diff. peak/hole / e Å 0.42/-0.19
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X-ray structure of compound 322
Table 1 Crystal data and structure refinement for bm220620_1_1.
Identification code
bm220620_1_1
Empirical formula
C17H15F3O2
Formula weight
308.29
Temperature/K
100.0(1)
Crystal system
monoclinic
Space group
C2/c
a/Å
28.2872(13)
b/Å
6.2394(3)
c/Å
18.3910(8)
α/°
90
β/°
112.1620(10)
γ/°
90
3
Volume/Å
3006.1(2)
Z
8
3
ρcalcg/cm
1.362
-1
μ/mm
0.113
F(000)
1280.0
3
Crystal size/mm
0.32 × 0.3 × 0.19
Radiation
MoKα (λ = 0.71073)
2Θ range for data collection/° 4.618 to 56.62
Index ranges
-37 ≤ h ≤ 37, -7 ≤ k ≤ 8, -24 ≤ l ≤ 24
Reflections collected
15218
Independent reflections
3743 [Rint = 0.0202, Rsigma = 0.0178]
Data/restraints/parameters
3743/158/260
Goodness-of-fit on F2
1.040
Final R indexes [I>=2σ (I)]
R1 = 0.0374, wR2 = 0.0965
Final R indexes [all data]
R1 = 0.0436, wR2 = 0.1015
-3
Largest diff. peak/hole / e Å 0.35/-0.18
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X-ray structure of compound 322''
Table 1 Crystal data and structure refinement for bm230620_1_1.
Identification code
bm230620_1_1
Empirical formula
C17H15F3O2
Formula weight
308.29
Temperature/K
100.0(1)
Crystal system
monoclinic
Space group
P21/c
a/Å
6.5589(5)
b/Å
30.805(2)
c/Å
7.2286(6)
α/°
90
β/°
94.906(2)
γ/°
90
3
Volume/Å
1455.2(2)
Z
4
3
ρcalcg/cm
1.407
-1
μ/mm
0.117
F(000)
640.0
3
Crystal size/mm
0.28 × 0.2 × 0.14
Radiation
MoKα (λ = 0.71073)
2Θ range for data collection/° 5.29 to 56.6
Index ranges
-8 ≤ h ≤ 8, -41 ≤ k ≤ 41, -9 ≤ l ≤ 9
Reflections collected
27661
Independent reflections
3628 [Rint = 0.0215, Rsigma = 0.0126]
Data/restraints/parameters
3628/2/203
Goodness-of-fit on F2
1.196
Final R indexes [I>=2σ (I)]
R1 = 0.0661, wR2 = 0.1457
Final R indexes [all data]
R1 = 0.0697, wR2 = 0.1475
-3
Largest diff. peak/hole / e Å 0.89/-0.33
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4.3. NMR Spectra
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