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Chapter 1: Computational Studies of Heteroatom-
Assisted C−H Activation at Ru, Rh, Ir, and Pd as a Basis
for Heterocycle Synthesis and Derivatization

Figure 1.1 Computed reaction profile for C−H
activation in Pd(OAc)2(Me2NCH2Ph). Energies are in
kcal/mol and include a correction for zero-point
energies; selected distances in Å [8].
Figure 1.2 C−H activation transition states derived
from 4, involving internal (TS4A) and external
(TS4B) deprotonation. Computed free energies in
kcal mol−1 and key distances in Å [10].
Figure 1.3 (a) Pd-catalyzed formation of
dihydrobenzofurans and (b) alternative transition
states for C(sp3)−H activation with computed free
energies relative to Pd(Ar)(OAc)(PMe3), 7, in kcal
mol−1 [12].
Figure 1.4 (a) Pd-catalyzed formation of
cyclobutarenes and (b) transition state for C(sp3)−H
activation via deprotonation of a C−H bond that is
geminal to an agostic interaction; key distances in Å
[14].
Figure 1.5 Pd-catalyzed formation of indolinones
(experiment, R = Cy, R′ = tBu) with selected key
intermediates based on B3LYP calculations (R = Me,
R′ = Me, relative free energies in kcal mol−1) [18].
Figure 1.6 Cyclometalation transition state structures
for (a) N-methylbenzylimine at Pd(OAc)2 in acetic
acid [19]; (b) N-methoxybenzamide at Pd(OAc)2 in
methanol [20]; and (c) an anionic alanine amide
species at Pd(2-Me−C5H4N)(HCO3) (PhthN =
phthalimido; ArF = 4-C6F4−CF3) [21].



Figure 1.7 Meta selectivity via remote CN directing
groups: (a) Pd-catalyzed alkenylation of 16–17 in the
presence of an MPAA coligand via computed C−H
activation transition state TS16 featuring
deprotonation by the N-acyl group (Ar = 2-C6H4−CN)
[22] and (b) Pd/Ag-catalyzed alkenylation of 18–19
via computed heterobimetallic C−H activation
transition state TS18 [23].
Figure 1.8 (a) Pd-catalyzed amination of N-
arylbenzamides (experiment, R = tBu, Ar = 4-
C6F4CF3, X = Cl, OAc,OBz) and (b) computed CsF-
stabilized heterobimetallic transition state (R = Ar =
H) [25].
Figure 1.9 Computed C−H activation transition state
for C(sp3)−H bond activation of oxazolines (R1 = R2 =
tBu, 25a; R1 = Et, R2 = iPr, 25b), highlighting the
preferred anti arrangement for 25a [30].
Figure 1.10 Enantioselective indoline formation from
R-26 via Pd−NHC intermediate 27. Free energies (at
413 K) for the enantio-determining C−H activation
transition states leading to products cis-/trans-28 and
29 are indicated in kcal mol−1 [31a].
Figure 1.11 Computed reaction profile for C−H
activation of benzene at Pd(κ2-CO2H)2; MP4(SDQ)
energies are in kcal mol−1 and selected distances in Å
[32].
Figure 1.12 Computed transition state for C−H bond
activation of C6F5H at Pd(Ph)(HCO3)(PtBu2Me), with
selected distances in Å [33].
Figure 1.13 Computed free energy activation barriers
(kcal mol−1) for C−H activation of selected
heterocycles at Pd(Ph)(OAc)(PMe3) [35].



Figure 1.14 The activation strain model illustrated for
C−H activation of benzene at Pd(Ph)(κ2-OAc)(PMe3)
with component energies indicated in kcal mol−1

[37a].
Figure 1.15 Different reactivity trends in the direct
arylation of thiazole and 2-methylthiophene [42].
Figure 1.16 C4 versus C5 selectivity in the direct
arylation of 2-phenyl-3-methoxythiophene [45].
Figure 1.17 Pd-catalyzed meta-selective alkenylation
of pyridine in the presence of an MPAA coligand
(experiment R = nBu; computed R = Et) [46].
Figure 1.18 Computed free energy activation barriers
(kcal mol−1) for C−H activation at Pd(Ph)(κ2-OAc)
(PMe3) for N-methylimidazole and oxazole (with and
without bound CuCl), thiozole, and thiazole N-oxide
[37c].
Figure 1.19 Computed key stationary points with
energies in kcal mol−1 for the reactions of thiophene
and N-methylimidazole at a Pd(OAc)2 catalyst [52].

Figure 1.20 Proposed mechanism for the direct
arylation of pyridine N-oxides in the Pd(OAc)2/PtBu3
system.
Figure 1.21 Direct, C8-selective arylation of QNO by
Pd(OAc)2 in acetic acid and the proposed computed
transition state [57].
Figure 1.22 C−H activation transition state for
cyclometalation of 2-phenylpyridine at {cis-
Ru(Cl)2(IMe)} in the presence of bicarbonate base
[60].



Figure 1.23 (a) Cyclometalation of N-alkylimines (H-
L1–5) and 2-phenylpyridine (H-L6) at [MCl2Cp*]2 (M
= Rh, Ir); relative experimental and computed
reactivities for substrates H-L1–6 at [MCl2Cp*]2, (b)
M = Rh, and (c) M = Ir. Computed data (kcal mol−1)
give the overall free energy changes, ΔGcalc, for M =
Rh and calculated activation barriers, ΔG‡

calc, for M =
Ir [61].
Figure 1.24 Computed free energy reaction profiles
(kcal mol−1) for C−H activation of H-L3 at
[MCl2Cp*]2 for M = Ir (in CH2Cl2) and M = Rh (in
MeOH). Computed C−H activation transition states
are shown with key distances in Å (Rh, plain text; Ir,
italics) and nonparticipating H atoms omitted for
clarity.
Figure 1.25 Comparison of OMe-assisted and σ-bond
metathesis transition states at [Ir]R species ([Ir] =
Ir(acac)2; R = OMe, TS50 [68]; R = PhCH2CH2,
TS51 [69]). Key selected distances are given in Å.
Figure 1.26 Key distances (Å) and relative free
energies (kcal mol−1) in transition states for
C(sp3)−H activation (TS54) and C(sp2)−H activation
(TS55) of an α-imidazolium ester, 53, at Ir(OAc)2Cp*.

Figure 1.27 Computed catalytic cycle for the coupling
of N-acetoxybenzamide with acetylene at Rh(OAc)2Cp
[75]. Computed free energies of intermediates and
transition states are given in kcal mol−1, with the
latter indicated in square brackets, and are quoted
relative to the reactants at 0.0 kcal mol−1.
Figure 1.28 (a) Reactions of PhC(O)NH(OR) (OR =
OMe, OPiv) with ethene at Rh(OAc)2Cp* [76]. Key



stationary points (kcal mol−1; free energies quoted
relative to the reactants at 0.0 kcal mol−1) for (b)
alkenylation for OR = OMe and OPiv (in italics); data
for the onward reaction of IIIOR for OMe only; and (c)
C(sp3)−N coupling for OR = OPiv. Double arrows
indicate several steps are involved with the energy of
the highest transition state between the two minima
indicated in square brackets.
Figure 1.29 Regioselective dihydroisoquinolone
formation with Rh-cyclopentadienyl catalysts [77].
Figure 1.30 Rh-catalyzed lactam formation from N-
acetoxybenzamide and 3-methylhexa-1,2,5-triene
[78].
Figure 1.31 Rh-catalyzed benzocyclopentanone
formation from benzophenone ammonium salts and α-
diazoesters (R = CO2

iPr) [80].

Figure 1.32 Key stationary points on free energy
profiles (kcal mol−1) for the Rh(OAc)2Cp*-catalyzed
reaction of 2-acetyl-1-arylhydrazines with
diphenylacetylene to give indoles [81]. Double arrows
indicate several steps are involved, with the energy of
the highest transition state between the two minima
indicated in square brackets.
Figure 1.33 (a) Rh- and Ru-catalyzed oxidative
coupling of 5-methyl-3-phenylpyrazole and 4-octyne
to form a pyrazoloisoquinoline. (b) Key stationary
points on the free energy profiles (kcal mol−1) for (i)
{RhCp*} (BP86(DCE), red), (ii) {RhCp*} (BP86-
D3(DCE), blue), and (iii) {Ru(p-cymene)} (BP86-
D3(MeOH), black), quoted relative to reactants set to
0.0 kcal mol−1 in each case [84]. a8.6 kcal mol−1

corresponds to the lowest point on the profile and is



the N−H-activated form of I. bThe formation of II
from I involves several steps and TS(I–II) is the
highest point in this process.
Figure 1.34 Rate-limiting transition states with key
distances (Å) for the C−H activation of 5-methyl-3-
phenylpyrazole at {Rh(OAc)Cp*} (TS(I–II)Rh) and
{Ru(OAc)(p-cymene)} (TS(I–II)Ru). Associated
experimental and computed kH/kD KIE data are also
shown [84].
Figure 1.35 (a) Ru-catalyzed oxidative coupling of
benzylamines with 2-butyne to form isoquinolones;
(b) transition state for C−H activation via external
deprotonation with key distances (Å); and (c) key
stationary points on the free energy profile (kcal
mol−1; energies quoted relative to the reactants at
0.0 kcal mol−1). Double arrows indicate several steps
are involved, with the energy of the highest transition
state between the two minima indicated in square
brackets [85].
Figure 1.36 (a) Ir-catalyzed isocoumarin formation
[86] and (b) Rh-catalyzed phosphaisocoumarin
formation [87].
Figure 1.37 (a) Rh-catalyzed alkenylation of m-
tolyldimethylcarbamate with ethyl acrylate and (b)
key stationary points on the free energy profile (kcal
mol−1; energies quoted relative to the reactants at
0.0 kcal mol−1) [90].
Figure 1.38 Rh-catalyzed alkenylation reactions: (a)
3-phenylpyrazole with H2C=CHR (R = Ph, CO2Me)
[92] and (b) N-methoxybenzamide with dimethyl-2-
vinylcyclopropane-1,1-dicarboxylate [93].



Figure 1.39 Gp 9-catalyzed amination of N-tert-
butylbenzamide with organic azides, along with the
structure of the AMLA-4 C−H activation transition
state, TS60, with key distances in Å.

Chapter 2: Pd-Catalyzed Synthesis of Nitrogen-
Containing Heterocycles

Figure 2.1 Nitrogen-containing heterocycles.
Scheme 2.1 C(sp3)−H activation strategies: (a) the
allylic C−H activation and (b) the unactivated C−H
activation. DG = directing group.
Scheme 2.2 Larock's allylic C−H activation.
Scheme 2.3 Broggini's allylic C−H activation.
Scheme 2.4 White's allylic C−H activation.
Scheme 2.5 A macrolactonization reaction via allylic
C−H activation.
Scheme 2.6 Poli's allylic C−H activation.
Scheme 2.7 Synthesis of indolines by C(sp3)−H
activation.
Scheme 2.8 The relative reactivity of activated versus
unactivated C−H bonds.
Scheme 2.9 Intramolecular competition experiment.
Scheme 2.10 Proposed mechanism for indoline
formation.
Scheme 2.11 Azetidine formation.
Scheme 2.12 Synthesis of pyrrolidine via C−H
activation.
Scheme 2.13 Heterocycle synthesis via C−H
activation.
Scheme 2.14 Controlled experiment.



Scheme 2.15 Heterocycle synthesis via four-
membered-ring cyclopalladation complex.
Scheme 2.16 Scope of aziridination reaction.
Scheme 2.17 Scope of the C−H carbonylation
reaction.
Scheme 2.18 Pd-catalyzed C(sp3)−H carbonylation.
Scheme 2.19 Carbazole synthesis via C(sp2)−H
activation.
Scheme 2.20 Indazole synthesis via C(sp2)−H
activation.
Scheme 2.21 Proposed mechanistic hypothesis for
C(sp2)−H activation.
Scheme 2.22 Carbazole synthesis via C(sp2)−H
activation.
Scheme 2.23 Formation of N-glycosyl carbazoles.
Scheme 2.24 Indoline synthesis via C(sp2)−H
activation.
Scheme 2.25 Synthesis of condensed pyrroloindoles
via intramolecular C(sp2)−H activation.
Scheme 2.26 Proposed mechanistic pathways.

Chapter 3: Pd-Catalyzed Synthesis of Oxygen-Containing
Heterocycles

Figure 3.1 Selected examples of functional molecules
containing oxacycles.
Scheme 3.1 General pathways for the synthesis of
oxacycles. (a) C−H activation/C−O formation and (b)
C−H activation/C−C formation.
Scheme 3.2 Pd-catalyzed intramolecular arylation of
phenol derivatives.



Scheme 3.3 Pd-catalyzed intramolecular C−H
arylation reaction to construct sultones.
Scheme 3.4 Pd-catalyzed synthesis of dibenzofurans
via intramolecular C−H arylation.
Scheme 3.5 Pd-catalyzed intramolecular C−H
arylation of indoles.
Scheme 3.6 Synthesis of coumarins and 3,4-
dihydrocoumarins.
Scheme 3.7 Pd(II)-catalyzed reaction of phenols with
acrylates.
Scheme 3.8 The one-pot process of sequential
dehydrogenation-oxidative Heck cyclization.
Scheme 3.9 Palladium-catalyzed directed C−H
alkenylation of phenols.
Scheme 3.10 Pd(II)-catalyzed C−H alkenylation/C−O
cyclization of flavones.
Scheme 3.11 Palladium-catalyzed cycloaddition of
alkynyl aryl ethers with internal alkynes.
Scheme 3.12 Palladium-catalyzed domino reaction.
Scheme 3.13 Palladium-catalyzed synthesis of
benzofurans.
Scheme 3.14 Palladium-catalyzed one-pot synthesis of
benzofurans.
Scheme 3.15 Palladium-catalyzed oxidative
annulation of phenols and alkynes.
Scheme 3.16 Pd-catalyzed oxidative coupling of
benzoic acids and vinyl arenes.
Scheme 3.17 Pd(II)-catalyzed hydroxyl-directed C−H
olefination.



Scheme 3.18 Formation of oxygen-containing tricyclic
heterocycles.
Scheme 3.19 Construction of polycyclic oxacycles
based on Catellani reaction.
Scheme 3.20 Palladium-catalyzed synthesis of
benzolactones.
Scheme 3.21 Pd-catalyzed C−H carbonylation of
benzoic and phenylacetic acid derivatives.
Scheme 3.22 Pd-catalyzed C−H carbonylation
synthesis of isatoic anhydrides.
Scheme 3.23 Pd-catalyzed C−H carbonylation
synthesis of oxaphosphorinanone oxides.
Scheme 3.24 Pd-catalyzed synthesis of
oxaphosphorinanone oxides via C−H carbonylation.
Scheme 3.25 Pd-catalyzed C−H carbonylation of
phenol to prepare lactones.
Scheme 3.26 Pd-catalyzed C−H carbonylation of
phenol to prepare lactones.
Scheme 3.27 Pd-catalyzed C−H carbonylation to
prepare polycyclic heterocyclic compounds.
Scheme 3.28 Pd-catalyzed C−H carbonylation of
diaryl ethers to prepare xanthones.
Scheme 3.29 Pd-catalyzed C−H carboxylation of 2-
hydroxystyrenes to prepare coumarins.
Scheme 3.30 Pd-catalyzed C−H activation/C−O
cyclization of aliphatic alcohol.
Scheme 3.31 Enantioselective synthesis of highly
functionalized 2,3-dihydrobenzofurans.
Scheme 3.32 Pd-catalyzed silanol-directed C−H
oxygenation.



Scheme 3.33 Pd-catalyzed C−H activation/C−O
cyclization of 2-arylphenols.
Scheme 3.34 Pd(II)-catalyzed enantioselective C−H
activation/C−O bond formation.
Scheme 3.35 Pd(II)-catalyzed C−H activation/C−O
cyclization to benzofuranones.
Scheme 3.36 Pd(II)-catalyzed C−H activation/C−O
cyclization of biphenyl carboxylic acid.
Scheme 3.37 Pd-catalyzed C(sp2 and sp3)−H
activation/C−O bond formation.
Scheme 3.38 Synthesis of oxazole and thiazole
derivatives.
Scheme 3.39 Palladium-catalyzed cyclization of
alkenoic acids to synthesize lactones.
Scheme 3.40 Synthesis of oxazolidinones via allylic
C−H oxidation.
Scheme 3.41 Synthesis of chromans, isochromans,
and pyrans via allylic C−H oxidation.
Scheme 3.42 Oxidative cyclization of 4-alkenoic acid
derivatives.

Chapter 4: Pd-Catalyzed Synthesis of Other Heteroatom-
Containing Heterocycles

Scheme 4.1 Pd-catalyzed direct synthesis of
benzo[b]thiophenes from thioenols.
Scheme 4.2 The proposed mechanism.
Scheme 4.3 Palladium-catalyzed synthesis of
dibenzothiophenes from aryl sulfoxides.
Scheme 4.4 Palladium-catalyzed arylation of 2-bromo-
diaryl sulfoxides.



Scheme 4.5 Synthesis of dibenzothiophenes by Pd-
catalyzed dual C−H activation.
Scheme 4.6 Synthesis of sulfur-bridged polycycles via
Pd-catalyzed dehydrogenative cyclization.
Scheme 4.7 Pd-catalyzed regioselective C−S bond
cleavage of thiophenes.
Scheme 4.8 The proposed mechanism.
Scheme 4.9 Palladium-catalyzed synthesis of 2-
substituted benzothiazoles.
Scheme 4.10 Palladium-catalyzed synthesis of 2-
aminobenzothiazoles.
Scheme 4.11 Pd- and Cu-catalyzed regioselective
synthesis of 2-aminobenzothiazoles.
Scheme 4.12 Synthesis of sugar-based benzothiazoles
through C−S coupling.
Scheme 4.13 Palladium-catalyzed synthesis of 2-
trifluoromethylbenzothiazoles.
Scheme 4.14 Synthesis of sultones via Pd-catalyzed
intramolecular direct arylation.
Scheme 4.15 Pd-catalyzed intramolecular coupling
reaction of benzenesulfonic acid 2-bromophenyl
esters.
Scheme 4.16 Pd-catalyzed intramolecular coupling
reaction of 2-bromobenzenesulfonic acid phenyl
esters.
Scheme 4.17 Pd-catalyzed synthesis of tricyclic
sultones.
Scheme 4.18 Pd-catalyzed intramolecular coupling
reaction to synthesize polycyclic sultams.
Scheme 4.19 The proposed mechanism.



Scheme 4.20 Synthesis of skeletally diverse
benzofused sultams based on a central α-halo
benzene sulfonamide.
Scheme 4.21 The several methods for the synthesis of
phospholes.
Scheme 4.22 Pd-catalyzed synthesis of
dibenzophosphole oxides.
Scheme 4.23 Proposed mechanism for the formation
of dibenzophosphole oxides.
Scheme 4.24 Pd-catalyzed synthesis of a phosphine
oxide with a chiral phosphorus center via C−H
phosphination.
Scheme 4.25 Pd-catalyzed intramolecular direct
arylation reactions of ortho-halodiaryl-phosphine
oxides.
Scheme 4.26 Pd-catalyzed direct synthesis of
phosphole derivatives from triarylphosphines.
Scheme 4.27 A possible mechanism.
Scheme 4.28 Pd-catalyzed C−H activation/C−O bond
formation.
Scheme 4.29 Palladium-catalyzed carbonylation of
C−H bonds of phosphonic and phosphinic acids.
Scheme 4.30 Proposed mechanism of carbonylation.
Scheme 4.31 Pd-catalyzed C−H intramolecular
amination oriented by a phosphinamide group.
Scheme 4.32 Synthesis of functionalized 9-
silafluorenes via palladium-catalyzed intramolecular
direct arylation.
Scheme 4.33 Palladium-catalyzed intramolecular
coupling of 2-[(2-pyrrolyl)silyl]aryl triflates through 1,



2-silicon migration.
Scheme 4.34 A plausible mechanism.
Scheme 4.35 Pd-catalyzed asymmetric synthesis of
Si-stereogenic dibenzosiloles.
Scheme 4.36 Proposed reaction pathways to
dibenzosilole and its isomer.
Scheme 4.37 Arylation of TBDPS-protected o-
bromophenols.
Scheme 4.38 The transformation of oxasilacycles and
azasilacycle to arylated phenols and aniline.

Chapter 5: Rh-Catalyzed Synthesis of Nitrogen-
Containing Heterocycles

Scheme 5.1 A possible mechanism for the synthesis
of N-heterocycles by C−H bond activation.
Scheme 5.2 Proposed catalytic mechanism for indole
formation.

Chapter 6: Rh-Catalyzed Synthesis of Oxygen-Containing
Heterocycles

Scheme 6.1 Selected examples of natural products,
pharmaceuticals, and biologically active compounds
with oxygen-containing heterocycles.
Scheme 6.2 (a) Synthesis of 3-substituted phthalides
from aldehydes and aromatic acids and (b) synthesis
of 3-alkylidenephthalides from benzoic acids.
Scheme 6.3 Synthesis of phthalides from
benzimidates and aldehydes.
Scheme 6.4 Synthesis of phthalides by oxidative
coupling of aldehydes.
Scheme 6.5 Synthesis of benzofurans from N-
phenoxyacetamides and alkynes.



Scheme 6.6 Synthesis of furans via Rh(III)-catalyzed
alkenyl C−H functionalization.
Scheme 6.7 Dehydrogenative Heck reaction of
salicylaldehydes with electron-deficient olefins.
Scheme 6.8 Mechanism studies.
Scheme 6.9 Synthesis of benzoxaphosphole 1-oxides
from arylphosphonic acid monoethyl esters and
alkenes.
Scheme 6.10 Synthesis of dihydrobenzofuro[2,3-
d]oxazoles from aryloxyacetamide and alkynes.
Scheme 6.11 Synthesis of dihydrobenzofuran via
Rh(III)-catalyzed C−H functionalization of aromatic
imines with tethered 1,1-disubstituted alkenes by
Rovis. (a) Mechanistic hypothesis; (b) Rh(III)-
catalyzed intramolecular hydroarylation; and (c)
Rh(III)-catalyzed intramolecular amidoarylation.
Scheme 6.12 Rh(III)-catalyzed intramolecular
amidoarylations by Glorius.
Scheme 6.13 Synthesis of chiral dihydrobenzofurans
via Rh(III)-catalyzed enantioselective hydroarylation.
Scheme 6.14 Synthesis of dibenzofuran via
decarbonylative C−H arylation of 2-aryloxybenzoic
acids.
Scheme 6.15 Synthesis of naphtho[1,8-bc]pyran
derivatives from 1-naphthols and alkynes.
Scheme 6.16 Synthesis of isochromenes by oxidative
annulation of benzyl alcohols with alkynes by Miura
and Tanaka.
Scheme 6.17 Synthesis of naphtho[1,8-bc]pyrans via
Rh(III)-catalyzed oxidative coupling of substituted
benzoylacetonitriles with alkynes.



Scheme 6.18 Synthesis of benzopyrans from 2-aryl-3-
hydroxy-2-cyclohexenone.
Scheme 6.19 Synthesis of tetracyclic naphthoxazoles
from naphthoquinone.
Scheme 6.20 Synthesis of 2H-chromene via
rhodium(III)-catalyzed annulation of cyclopropenes
with N-phenoxyacetamides.
Scheme 6.21 Proposed mechanism.
Scheme 6.22 Synthesis of 2,2-disubstituted 2H-
chromenes from 2-alkenylphenols and allenes.
Scheme 6.23 (a) Synthesis 2,3-disubstituted
chromones by oxidative coupling between
salicylaldehydes and internal alkynes by Miura and
Satoh and (b) synthesis of chromone and chromane
from salicylaldehyde and styrene by Glorius.
Scheme 6.24 (a) Synthesis of 3,4-
diphenylisocoumarin via oxidative coupling of benzoic
acids with alkynes; (b) synthesis of 3,4-
diphenylisocoumarin under air; (c) synthesis of
functionalized α-pyrone by oxidative coupling of
substituted acrylic acids with alkynes; and (d)
synthesis of 3-substituted isocoumarins from benzoic
acids and geminal-substituted vinyl acetates.
Scheme 6.25 (a) Synthesis of phosphaisocoumarins
from phenylphosphinic acids and (b) synthesis of
phosphaisocoumarins from arylphosphonic acid
monoesters.
Scheme 6.26 Synthesis of isocoumarins from N,N-
diethyl-O-benzoylhydroxylamine and alkynes.
Scheme 6.27 Synthesis of (4-benzylidene)isochroman-
1-ones from benzamides and propargyl alcohols.



Scheme 6.28 Synthesis of diverse bisheterocycles.
Scheme 6.29 Synthesis of dihydropyrans from
acetylenic sulfones.
Scheme 6.30 Synthesis of dihydrobenzopyrans via
intramolecular hydroarylation or amidoarylation. (a)
Intermolecular hydroarylation; (b) intermolecular
amidoarylation; and (c) intermolecular Heck-type
reaction.
Scheme 6.31 Synthesis benzoxepines via Rh(III)-
catalyzed annulation of o-vinylphenols with alkynes.
Scheme 6.32 Synthesis of 1,2-oxazepines from N-
phenoxyacetamides and α,β-unsaturated aldehydes.
Scheme 6.33 Synthesis of 3,4-fused indole skeletons
via intramolecular cyclization of tethered alkynes.

Chapter 7: Ruthenium-Catalyzed Synthesis of
Heterocycles via C−H Bond Activation

Scheme 7.1 Proposed mechanism for ruthenium-
catalyzed indole synthesis from 2,6-xylylisocyanides.
Scheme 7.2 Proposed mechanism for ruthenium-
catalyzed pyrrolidone synthesis from allylic
formamides.
Scheme 7.3 Proposed mechanism for ruthenium-
catalyzed intramolecular olefin hydrocarbamoylation
through direct activation of the formyl C−H bond.
Scheme 7.4 Proposed mechanism for ruthenium-
catalyzed intramolecular olefin hydrocarbamoylation
through initial activation of the N−H bond.
Scheme 7.5 Proposed mechanism for ruthenium-
catalyzed benzofuran synthesis from N-
phenoxypivalamide.



Scheme 7.6 Proposed mechanism for ruthenium-
catalyzed cyclocarbonylation of yne-aldehydes.
Scheme 7.7 Proposed mechanism for ruthenium-
catalyzed cyclization of amines with alkynes.
Scheme 7.8 Proposed mechanism for ruthenium-
catalyzed cyclization of benzamides with alkynes.
Scheme 7.9 Proposed mechanism for ruthenium-
catalyzed oxidative annulations of isoquinolones with
alkynes.
Scheme 7.10 Proposed mechanism for ruthenium-
catalyzed 3-(1H-indol-1-yl)propanamide synthesis
from phenylpyrazolidin-3-ones.
Scheme 7.11 Proposed mechanism for ruthenium-
catalyzed oxidative alkenylation and cyclization of N-
methoxybenzamides.
Scheme 7.12 Proposed mechanism for ruthenium-
catalyzed oxidative alkenylation and cyclization of
aromatic nitriles.
Scheme 7.13 Proposed mechanism for ruthenium-
catalyzed three-component coupling reaction of α,β-
unsaturated imines with CO and alkenes.
Scheme 7.14 Proposed mechanism for ruthenium-
catalyzed carbonylation and cyclization of aliphatic
amides.

Chapter 8: Cu-Catalyzed Heterocycle Synthesis
Scheme 8.1 Cu(OAc)2 catalyzed lactams formation
using 5-methoxyquinolyl as directing group.
Scheme 8.2 CuCl catalyzed lactams formation using
5-methoxyquinolyl as directing group.



Scheme 8.3 CuI catalyzed synthesis of 2-
monosubstituted and 2,5-disubstituted pyrroles.
Scheme 8.4 Cu(OAc)2 catalyzed synthesis of 3-
Azabicyclo[3.1.0] hex-2-enes and 4-carbonylpyrroles.
Scheme 8.5 CuI catalyzed synthesis of
polysubstituted pyrroles.
Scheme 8.6 Copper catalyzed synthesis of 2,3,4-
trisubstituted pyrroles.
Scheme 8.7 The regiocontrolled formation of pyrroles
via a formal [3+2] cycloaddition of isocyanides and
electron-deficient alkynes.
Scheme 8.8 Cu(NTf2)2-catalyzed synthesis of pyrroles
from ethoxycarbonyl vinyl azides and ethyl
acetoacetate.
Scheme 8.9 CuOTf-catalyzed synthesis of
polysubstituted pyrroles from diazoketones,
nitroalkenes, and amines.
Scheme 8.10 Cu(OAc)2-promoted oxidative coupling
of enamides with electron-deficient alkynes for the
synthesis of multisubstituted NH pyrroles.
Scheme 8.11 CuPF6-catalyzed pyrrolidines formation
via radical aminohydroxylation of double bonds of
unsaturated N-benzoyloxyamines.
Scheme 8.12 A Cu-Xantphos system for the synthesis
of pyrrolidine and piperidine derivatives.
Scheme 8.13 Intramolecular diastereoselective
aminooxygenation of unactivated alkenes to
pyrrolidines.
Scheme 8.14 Copper catalyzed synthesis of 2-
chloromethylpyrrolidines.
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