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Abstract

In general, the mechanism of organic reactions is believed to undergo the
two-electron transfer pathways. However, the one-electron transfer could
also exist in some biology and radical chemistry. Copper has surfaced as
omnipresent catalysts in organic reactions because of their easily accessible
Cu(0), Cu(I), Cu(I), and Cu(III) oxidation states. Thus, the mechanism of
the Cu-catalyzed reactions could be quite complex with the change of the
oxidation states of the metal centers in different reaction conditions and ligand
spheres. Both the one-electron (radical) and two-electron processes could
occur for the bond-breakage and bond-formation processes. In addition, the
Cu(II), which could act both the promoter and terminal oxidant, capable of
promoting a wide range of reactions initiated with the single-electron transfer
(SET) process. Molecular oxygen is often used as a sink for the electrons to
regenerate the copper(Il) or to achieve the higher Cu(IIl) oxidation state for
the two electron reductive elimination.

With the development of new synthetic methods, the need for mechanistic
understanding of the reaction details is urgent. Thus, computational chemistry
has been proved as the powerful tool to gain mechanistic information of these
reactions. In this thesis, we have applied density functional theory (DFT) to
perform a comprehensive computational study on the mechanism of the Cu
catalyzed or co-catalyzed reactions. In particularly, we pay our attention on
the single electron process, together with the reactivity and selectivity.
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The first chapter will give an overview on the copper chemistry and the sin-
gle electron transfer process, whereas Chapter 2 will give some introduction
on the theoretical methods used in this thesis.

Chapter 3 presents the mechanism Cu-catalyzed borylative ring closing
C-C coupling reaction. Our computational results give reasonable explanation
on the reactivity by varying the nature of the organic reactant R, the leaving
group X, the counter cation C in the base as well as the number of explicit
THF molecules around the cation. The key steps for all the catalytic cycles
are the halogen abstraction and C-C coupling processes via a concerted or
stepwise manner, which determining the reactivity.

In Chapter 4, the mechanism of enantioselective intermolecular cyano-
trifluoromethylation of styrenes by using chiral bis(oxazoline)/Cu(I) catalyst
was elucidated. Our results indicate that the rate determining step is the release
of CFj3 radical and the enantioselectivity determining step is the reductive
elimination process from the Cu(IIl) center. The NCI plot and the energy
decomposition analysis indicate that the small steric repulsion between the
ligand and the benzylic cation makes the formation of the R-products more
favorable.

Chapter 5 covers the mechanism study of Iridium catalyzed aerobic «,f3-
dehydrogenation of y,0-unsaturated amides and acids under the presence of
Cu(OAc);-H,0 and O, as oxidant. An alternative mechanism was proposed
from our theoretical calculations. An Ir-enolate intermediate is confirmed to
be involved instead of the Ir-allyl species. The rate determining transition state
is the a-C-H bond activation, where both the Cu and Ir play an important role
in this process. The AgBF, and [Cu(OAc),-H;0], are proved to be important
in this new mechanism; the first one activates the initial Ir(IIl) catalyst by Cl
abstraction and the latest one cooperated in the C-H activation and facilitating
the catalyst recovery by Ir(I) oxidation.

At the last Chapter 6, we calculated the mechanism for the synthesis of 1H-
indazole through C-H amidation and N-N bond formation by a Rh(III)/Cu(II)-
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cocatalyst system. The mechanism shows that the key step is the N-N bond
reductive formation from the Cu(IIl) center. The interactions between the Cu
and Rh that connected by the acetate ligand and the coordination of substrate

to the Rh(III) center are quite important for this N-N bond formation process.
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Chapter 1

Introduction

1.1 Cu catalysts

Organic synthesis is the transformative science that focuses on the intentional
construction of new organic compounds with wide applications in a variety
of fields including modern materials, biochemistry, and pharmaceutical indus-
tries. During the past decades, organic synthesis has confirmed its role as a
key tool in molecular sciences.[1]

A number of very significant advances in transformative organic synthesis
have been accomplished through the application of the catalytic ability of 4d
and 5d transition metal complexes. For example, palladium,[2-9] iridium,[10-
16] rhodium,[17-23] and ruthenium[24—32] are present in many of the most
widely used transition metal complexes used as catalysts. Unfortunately, as
shown in Figure 1.1, these 4d and 5d transition metals are quite expensive
and most of them are rather toxic, which will limit their wide applications in
the organic synthesis of the future.[1]

The more earth-abundant (Figure 1.2) 3d-transition metals are usually
more cost-effective than 4d and 5d metals. 3d-transition metal complexes are
increasing becoming alternative catalysts. They have been proven as powerful

options for the development of novel synthetic methods.[33—45] Moreover,
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Fig. 1.1 Price of transition metals (TMs) that are widely used in organic

synthesis.[1]

the prominent involvement of 3d metals in enzymatic processes indicates they
are usually less toxic than their 4d and 5d counterparts.[1]

m3d TMs
m4d TMs
5d TMs

Fig. 1.2 Natural abundance of 3d, 4d, and 5d transition metals. This figure is
from Chem. Rev. 2019, 119, 2192-2452.

As a representative member of the group of 3d transition metals, copper
has surfaced as an omnipresent catalysts in organic reactions thanks in part to
its easy access to the Cu(0), Cu(I), Cu(Il), and Cu(I1l) oxidation states.[46]
The mechanism of the Cu-catalyzed reactions can thus be especially com-
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1.2 Aerobic Cu-catalyzed organic reactions 3

plicated. Both one-electron (radical) and two-electron steps can participate
in bond cleavage and bond formation processes.[47] The diversity of oxida-
tion states also provides high versatility and tolerance to a lot of different
functional groups.[48] A number of reviews have been published by dif-

ferent groups on Cu-catalyzed[46, 49—56] and Cu-mediated[57-59] organic
reactions.

1.2 Aerobic Cu-catalyzed organic reactions

Reaction of Carbanions and Carbanion Equivalents
Reactions of Azides Oxidation of Phosphorus Compounds

Reactions of Alcohols
Reactions of Thiols

Reactions of Hydrocarbons
Reactions of Amines

Reactions of Ethers Reactions of Phenols and Naphthols

Reactions of Anilines Reactions of Enamines and Enol Ethers

Reactions of Carbonyls and Carbonyl Equivalents

Fig. 1.3 Aerobic Copper-Catalyzed Organic Reactions.

Molecular oxygen attracts academic and industrial interest as an ideal oxi-
dant for green and sustainable chemistry. It is easily available in nature, has
low cost and is environmentally friendly.[51, 52] During the past decades, sig-

nificant advances in transition-metal catalyzed reactions employing molecular
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oxygen as the sole oxidant have been achieved as shown in Figure 1.3. Pun-
niyamurthy and co-workers published indeed a review on the transition-metal
catalyzed oxidation of organic substrates with molecular oxygen. Molecular
oxygen has also found an active role in C—H functionalization (Figure 1.4),
oxidative Heck reactions, oxidative dehydrogenative coupling reactions, and
free radical reactions.[51]

@(@ /
\I \l
N N
H Nu

oY - o,

Fig. 1.4 Copper-Catalyzed Aerobic Oxidative C-H Functionalizations.

However, there are also many reactions involving oxidation which cannot
operate with O, as the sole oxidant. Other oxidants, such as PhI(OAc),,
benzoquinone, Cu(Il) or Ag(l), are essential for these transformations to
achieve catalytic turnover. These oxidants are usually proposed to participate
in the formation of high-valent intermediates promoting reductive elimina-
tion steps.[52, 60-62] Among these alternative oxidants, the combination of
Cu(II) with molecular O, has been particularly successful in recent years.[63]
Copper(Il) is a versatile oxidant, able to act either as promoter or terminal
oxidant, in particular because of this ability to participate in single-electron

transfer (SET) processes. Molecular oxygen acts in these cases as a sink
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1.3 Single electron transfer processes 5

for the electrons, and it allows the copper species to regenerate its catalytic
active form. H;O, occasionally H,O,, is usually the by-product of these
transformations.[46, 52, 64] The field has been reviewed by a number of
authors. Stahl and co-workers summarized the mechanistic knowledge on
Cu-catalyzed aerobic oxidative C-H functionalizations (Figure 1.4).[52] Ko-
zlowski and co-workers published a comprehensive review of Cu-catalyzed
aerobic organic reactions.[46] Additional reviews on the copper-catalyzed
aerobic oxidations of organic molecules have been also reported by Stahl’s
group.[65, 66]

1.3 Single electron transfer processes

In the industrial field, the traditional way to obtain radicals is the homolytic
bond cleavage at high temperature, an approach which may also be used by
synthetic chemists in academia.[67]

Most organic reactions take place through two-electron transfer processes.
However, one-electron transfer steps also exist in a number of cases. They
are usually known as single electron transfers (SET).

The obtention of radical cations and radical anions through electrochem-
istry is well known since the 19th century. The SET process in organic
synthesis was firstly characterized by Faraday in 1834. He observed for-
mation of new organic compounds in electrodes as shown in Figure 1.5.
Following this pioneering work, similar treatments for organic synthesis were
used by the groups of Wurtz,[68] Barbier, and Sandmeyer[69]

One well-known example of application of SET in organic chemistry is
the combination of a colorless electron-donor (D) and a colorless electron-
acceptor (A) to form a colored electron donor-acceptor (EDA) complex. A
total (or partial) transfer of one electron is involved in these charge transfer
complex (CTC). The study of this type of compounds was one of the first

examples of application of quantum chemistry. The ground state of this
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electrode
CH;COO" —— 3 CH;3CH;

Mechanism,

CO,
0
-e
cHcoor —» 4» "CH3
H3C‘/"' (o}

2- CH3 — CH3CH3

Fig. 1.5 Faraday’s synthesis of ethane by SET.

EDA complex was confirmed to be stabilized by donor-acceptor interactions
with the quantum mechanical theory developed by Mulliken in 1952.[70] As
shown in Figure 1.6, the mixture of the colorless species D and A produced
the encounter complex [D, A]. And the encounter species was colored because

of the charge transfer between the two fragments.

diffusion o
D+A —/——— [D,A] —= |[D,A]

D : Donor A : Acceptor

Fig. 1.6 Mulliken Definition of ET.

Single electron transfer(SET) processes became widely recognized only
especially after the publication of the Taube[71-73] classification and the
Marcus[74] theory. In 1953, Taube studied the SET process from organic
compounds to metal complexes and introduced the original definition of ISET
(inner-sphere electron transfer) and OSET (outer-sphere electron transfer). He
postulated that the ISET should exist between two metals that were connected
by a bridging ligand, while the OSTE should happen in absence of the bridging
ligand. These ISET and OSET models were further adapted to organic
chemistry by Eberson, Chanon, and Kochi in the early 1980s.[75] They
are shown in Figure 1.7. According to the commission of physical organic
chemistry from the organic division of the IUPAC, the ISET is associated
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1.3 Single electron transfer processes 7

to strong D-A enthalpic interactions (Hp4 > 5 kcal/mol) while the OSET is
associated to weak interactions (Hps < 4 kcal/mol).[76]

o4 * -—
— D, A
S:%;;; [[) /\] B S [ ] \Qtttis
(b) e "

D+A ——= [D----A] ——= [D----A] ——>= p + A
?c\k\ [D--A] === [D—A] /

(a) OSET Hpa < 4 kcal/mol
(b) ISET Hpa > 5 kcal/mol
(c) Polar Step Hpa = 15-20 kcal/mol

Hp, is the donor-acceptor interaction enthalpy.

Fig. 1.7 OSET, ISET, and Polar Step

Another significant development was the publication of the Marcus the-
ory for the description of the rate of OSET processes. The key ideas are
shown in Figure 1.8.[74] The validity of the Marcus equation was confirmed

experimentally by the measure of the rates of electron transfer by Sutin and

Bennett.
diffusion ch— -
D+A —/—— [D,A] —= [D,A] = p taA

D : Donor A : Acceptor

Fig. 1.8 Marcus Conception of OSET.

Nowadays, the commission of physical organic chemistry from the organic
division of the IUPAC defined the SET reaction as “a reaction mechanism
characterized by the transfer of a single electron between the species oc-
curring on the reaction coordinate of one of the elementary steps.”’[67, 76]

The process of bond formation and cleavage via SET is well established in
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organic chemistry. A classification of SET processes and radical processes
is presented in Figure 1.9. Different reactivity patterns are possible, such
as radical-radical coupling, single electron transfer, atom or group transfer,

radical addition and elimination reactions.
(a) Reactivity Patterns of SET Processes
+e A
A
-e

>+

B At B
+e A-B —>» A B

AB —
ot .
AB — A+EB

(b) Reactivity Patterns of Radicals

. . Coupling
A*tB—>» AB
A 2=l % KR
é
SET A

. Atom Transfer )
A * B-C > A-B + C

. Radical Addition _
A * B=C » A-B-C

Fig. 1.9 Reactivity Patterns of SET(a) and Radicals(b).

Among these reactivity patterns, the atom-transfer radical addition (ATRA)
has attracted a lot of attention since the seminal work by Kharasch, Engel-
mann, and Mayo in 1973. The general reaction and the mechanistic scheme of

ATRA is summarized in Figure 4.2. The reaction initiates with the abstraction
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B A
AB + g —
R

A = H, Halogen
Y = Carbon, Heteroatom

Mechanism:

In +AB — 3 In-A + B

B + AR _>B\/\R

. A
B.i~Np +AB —» + B
R B
\)\R
Fig. 1.10 The ATRA Reaction and its mechanistic scheme.

of an X atom from X-Y by an inductor In-, which produces the radical Y-.
In the propagation step Y- is added to the C=C double bond of the alkene
and the further abstraction of X- from X-Y occurs successively. The whole
process is rapid and exothermic.

The transition metal version of ATRA reaction was first published by
Minisci in 1961 by using FeCl, as shown in Figure 1.11 The field of transition
metal-catalyzed ATRA reaction has been further developed by various re-
search groups, including those of Asscher and Vofsi, Barton, and Curran.[77]
Different transition metals, such as Cu, Fe, Ru, and Ni can be used in the

radical generation process.

1.4 Objectives

Cu-catalyzed organic synthesis are abundant and important, and a better
mechanistic understanding is highly desirable, especially in cases involving
single electron transfer (SET).
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2CCl, + Fe —— 3 FeCl, + 2 CCl3

CCl, + FeCl, — 3 FeCl; + CCl;

é(ﬂ3 + 455\\Ch1 —_— c“3c\\,/;\\Chl

Cl
Cl;C :
N FeCl; — CISC\)\CN + FeCl,

Fig. 1.11 The transition metal-catalyzed ATRA Reaction.

In this thesis, we carry out DFT calculations on the mechanism of four
different representative Cu-catalyzed or co-catalyzed organic reactions.

-In Chapter 3, we will try to rationalize the mechanism of a C-C coupling
process via Cu-catalyzed borylative ring closing. The role of different factors,
such as the nature of the organic reactant R, the leaving group X, and the
counter cation C in the base, will be considered.

-In Chapter 4, we aim to elucidate the role of the single electron trans-
fer process in the mechanism of the enantioselective intermolecular cyano-
trifluoromethylation of styrenes using chiral bis(oxazoline)/Cu(I) catalyst.
The origin of enatioselectivity will be an important target for our study.

-In Chapter 5, we will try to understand the mechanism and the role of
Cu(Il) and Ag(I) on the iridium catalyzed aerobic «,3-dehydrogenation of
¥,0-unsaturated amides and acids.

-In Chapter 6, we will attempt to clarify the mechanism of the oxidative
synthesis of 1H-indazole through C-H amidation and N-N bond formation
with azides as amino sources in the presence of a Rh(III)/Cu(II)-cocatalyst
system. The cooperative role of the Rh(III) and Cu(lIl) in the catalytic cycle,
especially in the N-N bond formation, are especially puzzling.

We expect that the study of these diverse processes will bring a better

general understanding on the role of copper complexes in catalysis.



UNIVERSITAT ROVIRA I VIRGILI

THE ROLE OF COPPER IN HOMOGENEOUS CATALYSIS: SINGLE ELECTRON TRANSFER
AND BEYOND.

Shaofei Ni

Chapter 2

Theoretical Background

2.1 Open-shell systems in DFT

Single electron, or the unpaired electrons, are always exist in the intermedi-
ates and transition states along the reaction pathways of the single electron
transfer process or the Cu(Il) related reactions. DFT methods are not multi-
configurational, it cannot be used to describe the unpaired electrons. In these
cases, only the multiconfigurational approach can be used to describe the
wavefunctions. However, the high level multiconfigurational methods are
quite computationally demanding and not suitable for our systems.

The unrestricted Kohn-Sham (UKS) formalism is the alternative way to
obtain accurate energies of these systems. Here, the o orbital is not forced
to be identical with the B orbital. Unfortunately , this approach provides
the formally incorrect spin densities, as the KS orbitals produced from this
unrestricted calculation are not eigenfunctions of the spin operator. The break
of the spin symmetry could be contaminated with higher multiplicity spin
states. However, this provides a better description of the energies than that
obtained with restricted approach, even though the restricted approach shows
better realistic densities. Therefor, the unrestricted version is used here for

the calculation of the unpaired electron systems.
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2.2 Implicit solvation model

For most of the cases, the reactivities of the chemical species are strongly
related and effected by the medium. The choose of proper solvent is always
the key factors during the optimization of the reaction conditions. The reaction
results could be largely affected by the stabilization or distabilization of the
reactants, intermediates, transition states, and products with different solvent.
Therefore, adequate description of the solvent is quite important for the
computational chemistry. However, the use of explicit solvent models is
quite computationally demanding due to the large systems. In addition, the
optimization of the intermediates and transition states become more and more
difficult because it is not easy to find the minimum with different spatial

configurations.

Fig. 2.1 Left: explicit solvent; Right: continuum solvent model.

These problems could be avoided by using the widely applied continuum
solvation methods, where the molecular is placed in the cavity of the field
with the dielectric constant of the real solvent as shown in Figure 2.1 Several
continuum models have been developed and the Solvent Model based on
Dispersion (SMD) will be used in this thesis. The SMD model divide the free
energy of the solvent into two terms. The first term is the bulk electrostatic
contribution, which is based on the traditional Polarized Continuum Model.
The second term is the cavity dispersion, which takes the short-range effects
of the solvent and the molecule into consideration.
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2.3 Marcus theory of electron transfer

Energy

Reaction coordinate

Fig. 2.2 Marcus diagram for OSET.

As for the OSET (outer-sphere electron transfer) mentioned in Chapter 1,
the electron donor (D) and the electron acceptor (A) interact with each other
through the single electron transfer process, this is quite different from other
elementary steps containing bond broken or formation process. To estimate
this electron transfer barrier, the Marcus theory is widely used (Figure 1.8).
[74] The activation energy of the SET process of the donor-acceptor pair can
be estimated by locating the crossing point of the two intersecting parabolas
of the reactants and products as shown in Figure 2.2

According to the Marcus equation, the solvent reorganization energy A

may be calculated from equation 2.1 :

Ao = (332kcal /mol) (L—FL—%) (L—%) (2.1

2a 1 2612 Eop
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D+A=DT+A" (2.2)

al and a2 are the radii of the molecules D and A, R = al + a2, g, is the
optical dielectric constant (g,, = 2.05), € is the static dielectric constant for
the solvent.

According to Marcus theory, the barrier can be calculated by equation 2.3:

2

AG

AGL; = AG] (1 + 4AG;) (2.3)
0

where AG, is the reaction energy, and AGy7 is the intrinsic barrier.
A
4

We estimate the inner reorganization energy for the reactants A; = 0. Thus,

AGT = (2.4)

the total reorganization energy A = Ao + A;.
Then,

AG,+2)?
AGT, = (4—1) 2.5)

2.4 Selectivity calculation

In organic chemistry, the development of novel synthetic methodology for
specific products is always the goal for organic chemists. This is related to
the selectivity, such as the regioselectivity, chemoselectivity, and enantiose-
lectivity. It will be quite helpful for the further development of the organic
chemistry with the understanding of the origin of selectivity. For the experi-
mental investigations, the deeply understanding of the reaction mechanism
and the further analysis of the selectivity is not that easy. Computational chem-
istry could provide reasonable solution for this. By calculating the mechanism

of the reactions, the different pathways leading to different products could be
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figured out. In addition, the reaction barriers of each elementary steps of the
mechanism could be estimated from computational chemistry. The selectivity
determining transition states could also be identified, which could be used
to analysis where the selectivity come from and how the selectivity of the
process works.

In principal, the reaction will follow a Boltzmann distribution of the
energy barriers when the different pathways have similar activation barriers
and the reaction steps are irreversible. The difference of the barrier could be
used to express the reaction ratios y by equation 2.6, where the AG; and AG,
represents the activation free energy barriers of the different pathways.

Y. eAGu/(RT))
r= Y e—AG/(RT)) (2.6)

2.5 Standard state for free energy calculation

In this thesis, all the calculations are carried out under the ideal gas (1 atm.)
conditions. According to the Ideal Gas Law, this corresponds to a concen-
tration of 1/24.5 M. So a correction of 1.89 kcal/mol has to be added to all
the calculations for the transfer of 1 atom. to 1M. This term can be easily
obtained from the following equation 2.7:

2.7

1/24.5M
AGiy = —RTn (/—5>

IM
Here, R is the ideal gas constant and T is the temperature.
This correction is self-compensating when the numbers of the reactants
and products are the same. But this is not the case when numbers change.
Here, all the calculations in this thesis include this correction.
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Chapter 3

C-C Coupling through
Cu-Catalyzed Borylative Ring
Closing

3.1 Background

The synthesis of spirocyclic scaffolds has witnessed exponential growth
recently due to the exclusive properties of these compounds due to their dense
and rigid structures with high application in modern medicinal chemistry.
If we take the 4-membered rings as an example, more than 2 millions of
structures of the spirocyclic 4-membered rings have been reported.[78]

In general, spirocyclic compounds have a high sp?/sp? ratio thus facil-
itating the design of new classes of biologically active molecules with im-
proved properties. Spirocyclic compounds have the added appeal of a reduced
lipophilicity compared to analogous cyclic molecules because of their com-
pactness, which can be even increased by introducing heteroatoms in the
spirocycles. These spiroheterocycles are also superior to traditional saturated
heterocycles in their unique structural advantages both in physicochemical

properties and pharmacokinetic effects.[79, 80]
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Because of this, organic chemists have been attracted to discover new
strategies for the synthesis of these compounds, and they have been also
incorporated into other complex structures.[78]

Some representative examples of construction of spirocycles are depicted
in Figure 3.1. In 2013, Ito and co-workers explored the Cu-catalyzed boryla-
tive exocyclization process to build spirocyclobutane rings onto saturated car-
bocycles. Later on, the reaction leading to a spirocyclobutylpiperidine-based
skeleton was also explored by the same group in 2017.[81-83] Fernandez
and co-workers focused on the synthesis of [m,n]-spiroheterocyclic struc-
tures (m,n = 3-5) with a methylene boronate substituent bound to a cyclic
backbone, aiming to expand the chemical space of multifunctional cores.
For the preparation of this target spiroheterocyclic structures, they employed
a synthetic strategy whereby an O- or N-containing heterocycle is already
present in the starting material as shown in Figure 3.2. The spiroheterocylce
structures with a pendant methylene boronate substituent were then formed
through Cu-catalyzed borylative ring closing C-C coupling.[80] This could
be further used as a handle for functionalization toward primary alcohols,
aldehydes, acids and esters, or olefination using gem-bisborylsilyl methane
species. Furthermore, attempts to synthesize dispirocyclic compounds by
assembly of three different cyclic systems were also explored in her group.

The experimental investigation by Ferndndez shows that the reactivity
depends non-trivially on a variety of factors.[80] The C-C coupling reactions
towards the 5-membered rings is observed to be more challenging hat to the
4-membered rings, but is faster than for the 6-membered rings. In addition,
the use of iodinated substrates is shown to accelerate the transformation
when compared with the corresponding Br substrates. Also, as far as the
base is concerned, KOtBu is found to be optimal, as the related NaOtBu is
proved to be less efficient. These observations prompted us to colaborate with
Ferndndez’s group carrying out density functional theory studies to shed light

on the mechanism of this reaction.[84—86]



UNIVERSITAT ROVIRA I VIRGILI

THE ROLE OF COPPER IN HOMOGENEOUS CATALYSIS: SINGLE ELECTRON TRANSFER
AND BEYOND.

Shaofei Ni

3.1 Background

19

a) Borylative exo-cyclization by Ito (2013)
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Fig. 3.1 Cu-catalyzed borylative cyclization process.
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Fig. 3.2 Cu-catalyzed borylative ring closing C-C coupling toward spiro- and
dispiroheterocycles.
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3.2 Computational details

The wB97X-D[87] functional was used for all calculations, which were car-
ried out with the Gaussian 09 program.[88] Two different basis sets were
used. Basis set I was used for geometry optimizations and frequency calcula-
tions. The effective core potentials (ECPs) of Hay and Wadt with a double-{
valence basis set (LANL2DZ) were employed for Cu, P, Br, I, and K,[89-92]
supplemented with polarization shells with the following exponents: Cu (f =
3.525), P (d=0.387), Br (d =0.428), I (d = 0.289), and K (d = 1.000);[93] and
the all-electron 6-31G(d) basis set was used in describing all other atoms.[94]
All calculations, including geometry optimizations were carried out within a
solvent (THF) represented via the SMD model. All stationary points were
confirmed as minima (no imaginary frequency) or transition state structures
(only one imaginary frequency). The latter were confirmed to connect appro-
priate intermediates, reactants, or products by intrinsic reaction coordinate
(IRC) calculations. Potential energies were refined through single point cal-
culations with a larger basis set II, which consisted of LANL2TZ(f) for Cu,
LANLO8(d) for P, Br and I, LANLOS for K, and 6-311++G(d,p) for other
atoms.[95-97] Free energy corrections were considered at a concentration
of 1 M and a temperature of 298.15 K. The 3D structures were drawn by
CYLview program.

3.3 Results

A total of 28 different free energy profiles were calculated varying the nature
of the organic reactant R, the leaving group X, the counter cation C in the base
as well as the number of explicit THF molecules. In the following sections,

we will analyze the mechanism and the roles of these factors one by one.



UNIVERSITAT ROVIRA I VIRGILI

THE ROLE OF COPPER IN HOMOGENEOUS CATALYSIS: SINGLE ELECTRON TRANSFER
AND BEYOND.

Shaofei Ni

22 C-C Coupling through Cu-Catalyzed Borylative Ring Closing

3.3.1 General mechanism

As a preliminary calculation, we evaluated the stability of KOtBu and NaOtBu
with the coordination of different numbers of THF molecules. The results
shown in Figure 3.3 indicate that the coordination of one molecule of THF on

the cation center gives the most stable structures for both KOtBu and NaOtBu.

O-tBu
KieiEi] THF K THF THF“"]K\o & THF ||(
-tBu) ——— PN —_ -ibuU —— -
THF O-tBu e THE' | “THF
THF
0.0 -0.2 0.8 2.5
THF THF Na TH Q-tBu
Na(O-tBu) —— THF/Na\O By~ THF“‘/ ~OtBu—» Na_
“tBu THF THF" [/ "THF
THF
0.0 2.3 0.3 .7

Fig. 3.3 Stability of KOtBu and NaOtBu with different numbers of THF
molecules (Gibbs energies in solvent in kcal/mol).

We carried out our first set of calculations on the mechanism proper on
the experimental system leading to the formation of 5-membered spirocyclic
product with Br as the leaving group and KOtBu as base. The calculated free
energy profile is shown in Figure 3.4. The starting point is intermediate 11,
the diphosphine copper(I) alkoxide complex that could be readily obtained
upon mixing CuCl, the Xantphos ligand and the base. The corresponding
Cu-B species 12 would then form readily through the exothermic reaction
of I1 with B,piny. The substrate Br-spiro-RS approaches the Cu(I) center
by coordination of the C=C double bond, and the C=C bond inserts into
the Cu-B bond via transition state Br-spiroC5-TS1. This process needs to
overcome a barrier of 14.6 kcal/mol, leading to a stable intermediate Br-

spiro-14. From Br-spiro-14, halogen abstraction occurs with the assistance
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of cationic K™ via transition state K-Br-spiroC5-2THF-TS2. As shown in
the 3D presentation of K-Br-spiroCS5-2THF-TS2 in Figure 3.5, the C-Br
bond is elongated to 2.502 A, while the Cu-C bond (2.808A) is starting to
form. The free energy barrier for this step has a respectable value of 25.7
kcal/mol. Remarkably, the Cu(Ill) intermediate K-Br-spiroC5-2THF-I6,
which had been postulated by Ito and co-workers, appears in this mechanism.
This Cu(III) intermediate does not seem however kinetically significant, as it
sits in a shallow well, and undergoes a rapid reductive elimination process via
transition state spiroCS-TS3 to give the spirocyclic product. The Cu-C bonds
in the Cu(III) intermediate in Figure 3.5 are 1.986 and 1.965 A, and they are
elongated to 2.052 and 2.000 A in the reductive elimination transition state
spiroC5-TS3. The new C-C bond starts to emerge in spiroC5-TS3, although
with a quite long bond length of 2.345 A. The highest barrier in the catalytic
cycle is associated to the conversion from Br-spiro-14 to K-Br-spiroCs-
2THF-TS2, with a value of 25.7 kcal/mol, and decides the overall efficiency
of the process. This value is in line with the experimental observation that the
reaction producing a 45% yield after 4 h at 30 °C.
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spiroC5-17 spiroC5-TS3

Fig. 3.5 3D structures of the key intermediates and transition states for the
formation of the 5S-membered spiro-ring product.

We next evaluated the effect on this mechanism of the number of THF
molecules coordinating the K cation. We recomputed the barrier associated
to the key transition state by changing the number of THF molecules from 0
to 3. The results are collected in the first column of Table 3.1. The barriers
cover a range from 25.7 to 29.8 kcal/mol. This indicates that the description
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Table 3.1 Summary of the free energy barriers (kcal/mol) for the rate deter-
mining transition states(m: numbers of THF).

K(O-tBu) Na(O-tBu)
Br I Br
spiroC5 C4 C5 C6 C5 Cé6 C5
m=0 29.8 23,5 295 33.1 264 33.6 36.2
m=1 28.7 19.3 282 349 22.1 30.8 32.5
m=2 25.7 17.5 26.0 345 19.3 26.6 28.7
m=3 28.3 21.6 26.0 31.5 20.0 29.6 28.6

of the K(THF),, species is quite critical for the computational reproduction of
the system.

Alternative mechanisms without the involvement of the cation were also
studied and were found to have significantly higher barriers (see Figure 3.6).

Our next test concerned the computational model. We evaluated the role
of the connected spiro ring by replacing it with two hydrogen atoms. The
corresponding energy values for this model have been already included in
parentheses in the free energy profile of Figure 3.4 reported above. A minor
effect is observed in the barrier of the rate determining transition state, which
increased only by 0.3 kcal/mol to 26.0 kcal/mol. We consider that this error is
sufficiently small to justify the use of this simplified model lacking the spiro
connection in out later calculations.

We concluded this study on the general mechanism by considering the pos-
sibility of a Heck-type mechanism.[98, 99] The calculated results are shown
in Figure 3.7. The key feature of this mechanism is that initial activation of
the substrate occurs through the C-X bond rather than from the C=C double
bond. The free energy barrier corresponding to the activation of the C-Br
bond in Br-spiro-RS is as high as 34.5 kcal/mol via Br-spiroC5-TS4a, much

higher than that for the mechanism in Figure 3.4. Other possible transition
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Fig. 3.6 Computed free energy profile (in kcal/mol) for the formation of the
S-membered ring product without the cation K.
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states for the activation of C-Br bond were also located and found to have high

free energy barriers incompatible with the reported experimental conditions.

Br-spiroC5-TS4a

P P
N/ N 77N
Lu. PP R P
Bpin ,.-Br ch el
= ,’ﬂ’>B T TN
wgg PPN .. Bpin
o Br Br
[ (o] [0}
20.5 26.7 29.9
Br-spiroC5-TS4d Br-spiroC5-TS4c Br-spiroC5-TS4b

Fig. 3.7 Computed free energy profile (in kcal/mol) of the possible transition
states starting with Heck-type C-Br activation.

3.3.2 Role of the ring size

Experimental results indicate a strong dependence of the reaction efficiency

on the size of the rings being formed. So we repeated the study reported
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Fig. 3.8 Computed free energy profile (in kcal/mol) for the formation of the
4-membered ring product by using the model reactant with Br as the leaving
group and KOtBu as base.
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Fig. 3.9 Computed free energy profile (in kcal/mol) for the formation of the
6-membered ring product by using the model reactant with Br as the leaving
group and KOtBu as base.
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above for the process leading to the 5-membered ring products, now with
reactions starting from different organic chains that would lead to 4- and
6-membered ring products. Free energy profiles of the mechanism leading to
the 4 and 6-membered ring products are shown in Figure 3.8 and 3.9. The
main qualitative features of the mechanism for the formation of the 4 and
6-membered ring products were identical to those for the 5-membered rings.
The only minor difference is that the Cu(III) intermediates are not located
for either the 4 or 6-membered ring systems. Instead of the stepwise halogen
abstraction and ring closure process via Cu(Ill) in Figure 3.4, a concerted
step consisting of the halogen abstraction and C-C bond coupling transition
state was observed for both the 4 and 6-membered ring systems. This further
indicates that this intermediate is not kinetically relevant. The transition states
with different numbers of THF were also located and the barriers of the rate
determining transition states are summarized in Table 3.1.

Ph K

g - g o

\ /,’ '\K\(,THF @ cu
OBu—Cu-. F@ THE ("
Bpin_ i~ @o
@ C

n @B

v H

K-Br-C4-2THF-TS2

Fig. 3.10 3D structure of K-Br-C4-2THF-TS2.

The overall barriers corresponding to the formation of 4- and 6-membered
ring products with the same leaving group and base are 17.5, and 31.5
kcal/mol, respectively. Our calculated barriers of 17.5, 26.0 and 31.5 kcal/mol
for the 4,5,and 6-membered rings clearly reproduced the experimental trend
in favor of smaller rings (93%, 45%, and 20% yields for 4-, 5-, 6-membered
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rings). Differences in barriers are certainly larger than expected, but we must
mention that the isolated yield of 93% for the 4-member ring corresponds in
practice to quantitative conversion, and the 20% observed for the 6-membered
ring may come from a different reaction path. A simple qualitative explana-
tion on the preference for the more strained small rings can be made from
inspection of the 3-D drawing in Figure 3.10. The increasing negative charge
of the leaving bromide group is stabilized by the nearby presence of the
potassium cation, which is also interacting with phenyl rings attached to the
phosphines. The formation of the 4-membered ring brings naturally the bro-
mide in the vicinity of potassium. This is not the case for the transition states
leading to the 5- and 6-membered rings. The organic chains in these systems
have to distort, with the subsequent energy penalty, to keep the attractive

interactions.

3.3.3 Role of the leaving group X

Next, we analyzed the influence of the leaving group X by replacing bromide
with iodide. The barriers of the rate determining transition states for the
formation of the 5- and 6-membered ring products are summarized in Fig-
ure 3.11 and 3.12. The lowest barrier for the formation of 5- and 6-membered
ring products are 19.3 and 26.6 kcal/ mol, respectively. These two barriers
are lower than those reported above using Br as the leaving group (26.0
and 31.5 kcal/mol, respectively), which correlates well with the increased
experimental reactivity of the iodinated systems. We attribute this result to
the lower strength of the C-I bond compared to the C-Br bond, which makes

the halogen abstraction process much easier for the iodinated structures.

3.3.4 Role of the counter cation C

Finally, we studied computationally the role of the alkaline ion by changing

the base from KOtBu to NaOtBu. For the system leading to the formation of
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Fig. 3.11 Role of the leaving group: Key rate-determining transition states by

replacing bromide with iodide.
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Fig. 3.12 Role of the leaving group: Key rate-determining transition states by

replacing bromide with iodide.
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a 5-membered ring, the barrier increases by 2.6 kcal/mol, going from 26.0 to
28.6 kcal/mol. This reproduces the experimental sluggishness of the reaction
conducted using NaOtBu as base, and confirms the relevance of the cation
in the key transition state TS2 corresponding to the halogen abstraction and
ring closing. The 3-D drawing in Figure 3.10 also indicates that the size of
the cation is important for the interactions between the leaving group X, the
cation C, and the phenyl group on the ligand, highlighting that potassium
seems more adequate for these particular systems.

3.4 Conclusions

Density functional theory calculations (DFT) were used to shed light on the
reaction mechanism of the synthesis of spiro- and dispiroheterocycles via
copper-catalyzed C-C coupling through borylative ring closing. A total of
28 different free energy profiles were computed by varying the nature of the
organic reactant R, the leaving group X and, the counter cation C in the base
as well as the number of explicit THF molecules around the cation. Our
computational results shows that the key steps for all the catalytic cycles
are the halogen abstraction and C-C coupling processes via a concerted or
stepwise manner, which determining the reactivity.

The computed barriers for the formation of 4-, 5- and 6-membered ring
products correlate well with the experimental observation that the reaction
trend in favor of smaller rings. This can be explained by inspecting the key
transition states of halogen abstraction. When the 4-membered rings are
formed, the short organic chain brings naturally the leaving group in the
vicinity of cation. In contrast, the longer organic chains in the case of 5- and
6-membered rings have to distort to keep the attractive interactions, and this
has a free energy penalty.
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The influence of the leaving group X was explored through replacement
of bromide by iodide and we found that the higher yield can be attributed to
the lower strength of the C-I bond when compared with the C-Br bond.

Finally, the investigation of the role of the alkaline ion through the replace-
ment of potassium by sodium shows that the size of the cation is important for
the interactions between the leaving group, the cation and the phenyl group.
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Chapter 4

Enantioselective
Cyanotrifluoromethylation of
Alkenes

4.1 Background

Functionalization of simple alkenes has been a long-standing research topic
in organic chemistry that has developed into a powerful tool for the synthesis
of highly functionalized skeletons.[100, 101] Among the efforts in this area,
transition-metal-catalyzed vicinal difunctionalization of alkenes has been par-
ticularly relevant. The introduction of two different functional groups across
a double bond is a step-economic strategy to access multiple carbon—carbon
and carbon-heteroatom bonds.[102—-105] The pioneering work was reported
by Béckvall and co-workers on the palladium-catalyzed amination of alkenes
to afford the 1,2-functionalized products.[106]

Two types of metal-catalyzed reactions - nucleophilic [101, 107-109]
and radical difunctionalization - dominate this research field for both the
intramolecular and intermolecular versions(see Figure 4.1). The mecha-

nism for the radical processes is particularly intriguing. The general mecha-
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nism of the intramolecular radical difunctionalization is shown in Figure 4.1
(b). The reaction takes place with alkenes containing tethered nucleophilic
groups. After the extrinsic radical addition an alkyl radical or carbocation
intermediate is generated. The reaction terminates with the intramolecular
C-Nu (Nu = C, N, O) bond formation and release the product. A variety
of intramolecular radical difunctionalizations have been shown to increase
molecular complexity.[110, 111]

The intermolecular radical process starts with the addition of the radical
to the C=C double bond. This generates a C-centered radical intermediate,
as shown in Figure 4.1 (d). This intermediate has two options: further
functionalization by combination with an extrinsic radical donor (Path A)
or further oxidation to a carbocation (Path B). For example, the copper-
catalyzed intermolecular azidotrifluoromethylation of alkenes using the Tog-
CF3 reagent as the CF3; source was developed by Liu and co-workers in
2014.[112] This provided a new strategy for the construction of a variety of
CF3-containing organoazides from a wide range of olefins. Regiospecific
additions of the CFj radical to the terminal carbon of the alkenes were
observed,[113-117] and could be further extended to the trifluoromethylation
of alkynes, allenes, and enynes.[105, 118, 119]

Some of the reactions described above for radical difunctionalization of
alkenes described above are good examples of atom- or group-transfer radical
addition (ATRA). ATRA and ATRA-type reactions are becoming increas-
ingly popular, as they allow the conversion of simple alkenes into complex
molecules in a rapid and convenient manner. Within this context, the issue
of asymmetric ATRA-type reactions has been traditionally challenging. This
is mainly due to the difficult of enantioselective control in the presence of
radicals.[100, 120, 121] These challenges have been circumvented in selected
cases. A pioneering work on asymmetric intramolecular oxytrifluoromethyla-
tion of alkenes was reported by Buchwald and coworkers in 2013.[103, 122].

Later on, the intramolecular enantioselective amino-di/trifluoromethylation,
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Fig. 4.1 Mechanisms for difunctionalization of alkenes.
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aminoperfluoroalkylation, diamination and oxytrifluoromethylation of alkenes
were discovered successively by Liu and coworkers employing a chiral phos-
phoric acid/Cu(I) dual catalyst system.[120, 123—125] Another successful
combination has been obtained with Cu and Rh systems, which have led
to enantioselective intermolecular ATRA-type difunctionalization reactions
such as enantioselective aminoarylation, aminocyanation, azidocyanation,
trifluoromethylarylation, and trifluoromethylcyanation of styrene.[126—134]

X

1
RZJ\/ R’ RI-X

Trapping Initiation

Mn+1x

2‘8\/R1
R - RZ/\

Fig. 4.2 Mechanism of ATRA difunctionalization.

The mechanistic understanding of this ATRA-type difunctionalization
reactions is still superficial and incomplete. Two of the main issues are the
role of the transition metal catalysts in the radical generation, and the origin
of enantioselectivity in the whole process. Because of this, we decided to
study computationally the mechanism for a representative process.

We chose one example involving the CF3 group. The CF3 group is
common in bioactive compounds and has a wide application in a number
of modern industries.[135-140] The enantioselective intermolecular cyano-
trifluoromethylation of styrenes by using a chiral bis(oxazoline)/Cul catalyst
was developed by Liu and coworkers in 2016.[128] As shown in Figure 6.1
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(a), the reaction furnished CF3-containing alkylnitriles with high yield (up to
96%) and excellent enantioselectivity (up to 99% ee).

The proposed mechanism in the experimental publication is shown in
Figure 6.1 (b). It consists of some off-cycle steps and a catalytic cycle.
In a first off-cycle step the reaction between the monocationic [L*Cu(I)]™
complex, the Togni’s reagent (which we label as Tog-CF3) and TMSCN
produces the Tog-TMS molecule, the monocationic [L*Cu(II)(CN]* complex
and a CFj3 radical. The copper is oxidized in this step, which includes a single
electron transfer (SET). The CF; radical subsequently attacks the styrene
molecule to yield a benzylic radical. In the next step, the copper is reduced
back to Cu(I) through an outer-sphere single electron transfer (OSET) process
with the benzylic radical. This results A, which is postulated to be the active
species in the catalytic cycle.

In the proposed catalytic cycle, A reacts with new molecules of Tog-CF3
and TMSCN, resulting in intermediate C, containing a Cu(II) center and
two cyanide ligands. C reacts with a benzylic radical to generate the Cu(III)
species D. The final reductive elimination from Cu(IlI) leads to release of the
products and regeneration of A, which can reinitiate the catalytic cycle. Mech-
anisms involving similar intermediates to D, with two CN groups have been
proposed in other Cu-catalyzed processes of alkene difunctionalization(see
Figure 6.1 (¢)).[105, 129, 132, 141]

While some mechanistic research have been carried out, [105, 141] the
whole picture remains still superficial and incomplete. This is why we decided
to carry out a DFT study on the process experimentally reported by Liu and
co-workers. Our main goal is to explain how the active radical is captured by

the metal center in order to achieve the high enantioselectivity.
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Fig. 4.3 Enantioselective intermolecular cyano-trifluoromethylation of
styrenes by using chiral bis(oxazoline)/Cul catalyst.
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4.2 Computational details

The structures of all species were optimized using the ®B97X-D[87] func-
tional in the Gaussian 09 program.[88] The effective core potentials (ECPs)
of Hay and Wadt with a double-{ valence basis set (LANL2DZ) were used
for Cu and I atoms,[89-92] complemented with polarization functions (f
with exponent 3.525 for Cu) and (d with exponent 0.289 for I).[93] The
all-electron basis set 6-31+G(d) was used in describing all other atoms.[94]
Potential energies were refined by using a larger basis set: LANL2TZ(f)
on Cu, LANLS8(d) on I, and 6-311++g(d,p) on other atoms.[95-97] Solvent
effects were taken into account in all calculations through the continuum
model SMD for CH3CN solvent. The harmonic vibrational frequencies and
the number of imaginary frequencies determine the nature of all intermediates
(no imaginary frequency) and transition state structures (only one imaginary
frequency). The latter were confirmed to connect appropriate intermediates,
reactants, or products by intrinsic reaction coordinate (IRC) calculations.
Free energy corrections were considered at a concentration of 1 M and a
temperature of 298.15 K. The charge decomposition analysis was carried out
by the Multiwfn program.[142] The non-covalent interactions (NCI) were
visualized by NClplot 3.0.[143, 144] The 3D molecular structures of all the
species were drawn by using the CYLview program. All the reported energies
correspond to Gibbs free energies in solution.

4.3 Results

4.3.1 Mechanistic proposal from the experimental publica-
tion

In this section, the feasibility of the mechanism outlined in Figure 6.1 (b) will
be analyzed with DFT calculations.
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Figure 4.4 presentws the reaction between the Cu(I) precursor Cu(CH3CN)4
and the chiral ligand L*. We find out that the preferred species I2 retains one
molecule of CH3CN coordinating the Cu(I) center. We will use this species

I2 as the starting point for discussion that follows.

Cu(CH;CN),' &

P T,
] 2 L* K/"

Fig. 4.4 Rapid ligand exchange process.

We started our investigation on the reaction between the copper intermedi-
ate I2 and Tog-CF3. The resulting free energy profile is shown in Figure 4.5.
The replacement of CH3CN by Tog-CFj3 in the nickel coordination sphere
leads to the slightly unstable intermediate I3, where the Togni’s reagent co-
ordinates to the Cu(I) center through the O atom. Then, the single electron
transfer occurs from the Cu(I) center to the O-I(III) bond of Togni’s reagent,
promoting the homolytic cleavage of the C-I a-bond, and the formation of
the CF3 radical. The oxidation state of copper increases to Cu(Il) in complex
I4, which remains neutral because it contains the formally negative Tog™

ligand. The free energy barrier for the associated open shell singlet transition
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Fig. 4.5 Free energy profile of the CF3 radical generation process.
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Table 4.1 Benchmark of theoretical calculations with different basis sets.

Cu 1 other atoms AG?7

BSI LANL2TZ(f) LANL8(d) 6-311+g** 24.8
BS2 LANL2TZ(f) LANLS(d) def2tzvp  26.5
BS3 LANL2TZ(f) LANLS(d)  ccpvtz 258
BS4 LANL2TZ(f) LANLS(d) def2tzvpp 26.4
BSS SDD SDD  6-311++g** 26.1
BS6 LANL2TZ(f) LANLS(d) 6-311++g** 24.7

state TS1 is 24.7 kcal/mol. The spin density diagram of TS1 presented in
Figure 4.6 shows that the 8 spin is mainly located on the CF3 moiety while
the o spin is delocalized on the Cu-O moiety.

We used this specific step to make a method calibration. Different basis
set were tested for Cu, I, and the other atoms, the results are presented in
Table 4.1. They show that the difference of the barriers with associated to
changes in the basis set is quite small. This further demonstrates the reliability
of our computational method.

O fﬂ"ﬁ,ﬁﬁ?

N '
A '
- [
F;;f_?..—‘o I:0.010 “ ‘f:
0: 0.151 ‘)‘ )
Cu: 0.300 ‘o fJ
CF; : -0.560 f‘*‘
9
TS1 Spin Density

Fig. 4.6 The spin density of TS1 (isovalue 0.0018).

An alternative process for the reaction of copper with Tog-CF3 without the

participation of the chiral ligand was also considered. The calculated results
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Fig. 4.7 The release of CFj3 radical by Cul catalyst without the participation
of chiral ligand.
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are shown in Figure 4.7. Three different transition states (TS1-1, TS1-2, and
TS1-3) with different numbers of CH3CN coordinated to Cu(I) center were
considered. The barriers are 27.9, 32.1, and 35.8 kcal/mol for TS1-1, TS1-2,
and TS1-3, respectively. They are higher than that of TS1 in Figure 4.5. This
agrees well with the experimental observation that the reaction proceeds more
slowly in absence of the chiral ligand (yield = 19 % 30h).[128] Thus reaction
routes without the chiral ligand will no longer be discussed in this work.
Another alternative process consisting of the reaction between Tog-CF3
and TMSCN was also evaluated and the profile is shown in Figure 4.8. This
activation mode is also thermodynamically disfavored despite the fact that it
had been proposed by previous experimental investigations.[117, 128, 130]

\
—S8i—C=N CF3
- N
o—>Si

CI:Fa /_6 CN

i

\

[CF3-CN]

° o :

Tog-CF;

Fig. 4.8 The mutual activation of Tog-CF3 and TMSCN.

The reaction continues following the profile outlined in Figure 4.9. The
Cu(II) intermediate 14 undergoes a rapid transmetalation process with TM-
SCN to give intermediate 16, which could be further stabilized by the co-
ordination of one molecular of CH3CN to give I7. All attempts to get this
transmetalation transition state failed as all geometry optimizations led to
intermediate 16. We consider that given the very close energies, the barrier
must be quite low.

The CF; radical generated in a previous step can react with styrene to
produce the benzylic radical I8 via TS2. The intermolecular outer-sphere
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Fig. 4.9 Free energy profile of the preliminary oxidation and reduction process
leading to the Cu(I) active species.
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Fig. 4.10 Calculated potential energy surface of the experimental proposed
radical generation process by I11 and NBO charge of the key transition states
TS1 and TS3.
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single electron transfer (SET) between I8 and I7 can then take place to
produce the Cu(I) intermediate 19 and the benzylic cation 110.[120, 137,
145-150] A low free energy barrier of 6.4 kcal/mol for this outer-sphere
SET process was estimated through the Marcus-Hush theory and related
formulations.[151-153] After, the disassociation of CH3CN from I9 yields
a stable Cu(I) intermediate I11, which is the active species A in Figure 6.1
(b) proposed by the experimental group.[128] Intermediate A, labeled here as
I11 is thus accessible through relative low barriers, and from the calculations
presented so far, it could indeed be the catalytic species.

The problem appears when we try to use this species in the catalytic
cycle proposed in Figure 6.1(b). The first step should be a SET process
between I11 and the Tog-CF3 reagent. The calculated free energy barrier,
shown in Figure 4.10, is 38.5 kcal/mol, which is obviously too high for the
experimental conditions.[128] The presence of a strong ligand such as cyanide
on the Cu center seems to be sufficient to block the reaction. In transition
state TS3, the charge transfer from the Cu center to the o* I-CF3 orbital is
more difficult than that in TS1. The results of the NBO charge analysis, in
TS1 and TS3 are interesting. The NBO charges on Cu and O in TS1 are
0.638 and -0.842, respectively, while the corresponding values are 0.560 and
-0.757 for TS3. It is important to realize that the high barrier from I11 to TS3
is the only block for an easy reaction, as the subsequent steps would occur
rapidly: transmetalation, radical addition, and the final reductive elimination,
as shown in Figure 4.11.

We summarize our calculations on the experimentally proposed mecha-
nism in Figure 4.12. The reaction proceeds smoothly until transition state
TS3. The SET process from I11 is calculated to be unfavorable, with a high
barrier of 38.5 kcal/mol. A further complication is that our DFT calculations
in Figure 4.11 (b) show that the final reductive elimination product of this
would be in the S configuration (P(S) via TS5(S)), which also contradicts the
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Fig. 4.11 Calculated potential energy surface of the experimental proposed
mechanism.
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experimental observation that the R configuration is the main product. As a

result, the mechanism proposed in Figure 4.12 must be discarded.

4.3.2 Revised mechanism

We were able to find an efficient mechanism using many of the steps reported
above, but introducing a significant change. This was the possibility of hav-
ing the Cu(l) intermediate I11 to react with the benzylic cation 110. This
mechanism is shown in Figure 4.13. The 4-coordinated Cu(Ill) intermediates
I19(R) and I19(S) could be formed quickly by trapping the benzylic cation
asymmetrically via the transition states TS6(R) and TS6(S). Similar to the
mechanism that was proposed by the previous study about the reductive elim-
ination at the Cu(III) centers,[154—156] the current reductive elimination via
transition states TS7(R) and TS7(S) leads to the chiral CF3-containing alkyl
nitrile products P(R) and P(S) and regenerates the catalyst. The free energy
barriers for the enantioselectivity-determining transition states are 6.7 and
8.3 kcal/mol for TS7(R) and TS7(S), respectively. This is in accordance with
the experimental observation that the R configuration is the main product
(ee 98%).[128] We also considered the possibility of the rebound of ben-
zylic radical I8 to the Cu(Il) center as proposed in the previous theoretical
reports.[105, 141] All the attempts to locate these radical-radical coupling
transition states failed.

In summary, the reaction should finish the catalytic cycle by a different
mechanism that is shown in Figure 4.14 (in green colour). Reaction should
start with the SET oxidation and OSET reduction process to give the Cu(I)
intermediate I11, that is the same as proposed experimentally. However,
from I11, different from the oxidation process of Cu(I) to Cu(II) proposed
by experimental study, the direct rebond of benzylic cation to Cu(l) gives
the Cu(Ill) species 119, where the reductive elimination happens to give
the products. The rate determining step for this new catalytic cycle is the

generation of CFj3 radical via TS1, which needs a barrier of 24.7 kcal/mol.
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Fig. 4.12 Calculated potential energy surface of the experimental proposed
mechanism.
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The enantioselectivity determining step is the reductive elimination process.
This newly proposed mechanism by our DFT calculation provides reasonable
explanation about the reactivity and enantioselectivity of this copper-catalyzed

intermolecular enantioselective cyanotrifluoromethylation of alkene.[128]

4.3.3 Non-covalent interaction (NCI) analysis

Having established the new mechanism of the catalytic cycle, a comprehen-
sive analysis on the origin of the enantioselectivity process was performed.
In particular, we pay our attention on the enantioselectivity determining tran-
sition states TS7(R) and TS7(S) in Figure 4.13. Rational explanation for the
observed asymmetric induction could be provided by the clear presentation of
the structures of transition states in Figure 4.15 and the non-covalent interac-
tion (NCI) in Figure 4.16. As shown in the space-filling model in Figure 4.15,
when the Re-face of benzylic cation coordinates to the Cu center, the CF;
group is well accommodated in the binding pocket in TS7(R). However, this
is not the case when the benzylic cation coordinate to the Cu center by the
Si-face. The CF3 group will clash with the arm of the chiral ligand, which
makes the benzylic cation cannot bury deeply into the chiral pocket in TS7(S).
This is quite in accordance with the bond length shown in Figure 4.16, both
the bond length of Cu-C1 and C1-C2 in TS7(R) (Cu-C1 =2.231 A, Cl1-C2=
2.095 A) are shorter than that TS7(R) (Cu-C1 = 2.264 A, C1-C2 = 2.133 A).
The NCI plots in Figure 4.16 give us a direct presentation of this steric repul-
sion. More repulsive area (red dashed circle of the front view and side view)
between the ligand arm and the benzylic cation in the disfavored transition

state TS7(S), makes the formation of S-product unfavorable.

4.3.4 Energy decomposition analysis

To better understand the origin of the 1.6 kcal/mol difference between the

barriers of the enantioselective determining transition states TS7(R) and
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Fig. 4.13 Free energy profile of the alternative routes leads to the enantiose-
lective formation of the products.
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Favored TS7(R) Disfavored TS7(S)

Fig. 4.15 Space-filling model for TS7(S) and TS7(R).

TS7(S), we use Wheeler’s energy decomposition model to analysis the energy
difference.[157] First of all, we noticed that the gas-phase energy difference,
AAE7 is 0.8 kcal/mol, which means that the entropic and solvent effect
increased the energy gap by 0.8 kcal/nol. The AAE7 in gas-phase can be
decomposed into three components as shown in Figure 4.17. The AAE,,;,
is the energy difference between the benzylic cation in TS7(R) and TS7(S);
AAE_4 is the difference of the energy of the catalyst in TS7(R) and TS7(S)
geometries; and AAE;,, is the difference of the interaction energies between
the substrates and catalysts in these two transition states. Remarkably, we
noticed that the interaction energy AE;,; (repulsion interaction, 1.7 kcal/mol)
dominates the energy difference in gas-phase. While the AAE,,;, and AAE .,
are negative and the substrate and catalyst in TS7(S) are 0.1 and 0.8 kcal/mol
lower than in TS7(R), the strong repulsion still makes the gas-phase energy
of TS7(S) 0.8 kcal/mol higher than that in TS7(R).
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.

C1,, =0y 1 2.133
Cu-C, : 2.264

Cu-C;:2.231
Cu-C, :1.907

[

Favored TS7(R) Disfavored TS7(S)

Fig. 4.16 Structure parameters and visualization of the NCI plot of the key
enantioselevtive determining TSs, NCI surface shows only intermolecular
interactions. (red : strong and repulsive; green : weak interaction; blue :
strong and attractive).
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These results suggest that the enantioselectivity arises from the more
favorable binding of benzylic cation to Cu center in TS7(R), the strong

repulsion in TS7(S) plays a crucial role in elevating the energy barrier.

% AAESUb = '0.1
AAEjn: = 1.7
TS7(S) 0.8

AAE* = 0.8

TS7(R) ———— 0.0

AAEF = AAEgup + + AAEjnt

Fig. 4.17 Energy decomposition analysis of the energy difference of the
enantioselective transition states.

4.3.5 Charge decomposition (CDA) analysis

The charge decomposition analysis (CDA) could further give us a qualitative
explanation for the origin of the enantioselectivity,[158] which also has been
successfully used on the discussion of the C-C bond cleavage mechanism
before.[159, 160] Here, the reductive elimination transition states TS7(R)
and TS7(S) were divided into two fragments, the C-C bond formation moiety
(Labeled as C-C, red) and the Cu catalyst moiety (Labeled as Cu, gray) in
Figure 4.18. For both of these two C-C o-bond formation transition states,
electron transfer from the HOMO (the highest occupied molecular orbital) of
the C-C moiety to the LUMO (the lowest unoccupied molecular orbital) of the
Cu moiety. The charge transfer for the favored transition state TS7(R) is 0.180
e, which is less than that of the disfavored TS7(S) (0.194 e). More charge
transfer from C-C bond to Cu center in TS7(S) makes the new emerging C-C
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Fig. 4.18 Fragment molecular orbital analysis and charge decomposition
analysis (CDA) of the enantioselective transition states corresponding to the
C-C bond formation processes. (isovalue 0.02).
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bond not as strong as the one in TS7(R), indicating the difficult of C-C bond
formation in TS7(S). This also agrees well with the structure parameters that
the C-C bond in TS7(S) (2.133 A) is longer than that in TS7(R) (2.095 A) in
Figure 4.16.

The visualization of the NCI plot, the qualitative energy decomposi-
tion and charge decomposition analysis give us rational explanation of the
experimental outcome that the formation of P(R) product with excellent

enantiomeric €xcess.

4.4 Conclusions

In summary, DFT calculations have been performed to investigate the reac-
tion mechanism of copper-catalyzed intermolecular enantioselective cyan-
otrifluoromethylation of alkene. Different from the experimental proposed
mechanism, our theoretical investigation reveals an alternative mechanism
scenario where the reaction initiated with the preliminary oxidation (SET) to
release the CFj3 radical, followed by the rapid radical addition and intermolec-
ular SET process to give I11. The catalytic cycle finished by the reductive
elimination from Cu(III) center as shown in Figure 4.14. The rate determining
step is the release of CF3 radical and the enantioselectivity determining step
is the reductive elimination process from the Cu(Ill) center. By the structure
parameters analysis, the non-covalent interaction (NCI) visualization, and
the energy decomposition analysis, the small steric repulsion between the
ligand and the benzylic cation makes the formation of the R-products more
favorable. Also the charge decomposition analysis (CDA) shows that the
more charge transfer from the emerging C-C bond to the Cu center, the more
difficult the formation of the C-C bond will be, thus disfavors the formation
of the S-product. This work uncovers a new general manifold for the copper-

catalyzed intermolecular enantioselective difunctionalization of alkenes via
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radical process and will give more implication to improve the reactivity and
enantioselectivity on this ATRA-type reaction.
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Chapter 5

Aerobic o,3-Dehydrogenation of
¥,0-Unsaturated Amides

5.1 Background

Dehydrogenation is an important strategy for the increase of the oxidation
state of organic compounds. It can convert the relatively inert and low
value alkane chains to reactive and valuable alkene functional group, which
can be in turn used as precursors to aldehydes, polymers, and aromatics
compounds.[161-163] Dehydrogenation requires the activation of the C-H
bond,[164-168] a process that has been subject of high development dur-
ing the last years. The intrinsic inertness of the C-H bond requires cataly-
sis, usually based on inorganic complexes containing metals such such as
Pd,[169, 170] Ru,[171] Fe,[172] and others.

The direct o,B-dehydrogenation strategy has allowed the straightfor-
ward conversion of aldehydes, [173—176] ketones, [175-185] esters, [186,
187] nitriles, [187] and amines [188] to the corresponding a,f3-unsaturated
compounds.[189-191] An important milestone in this type of processes
was the first tandem dehydrogenative Diels-Alder reaction to yield com-

plex cyclohexenyl rings from simple terminal olefins reported by the group of
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White.[192] This dehydrogenation methodology has been used with success
in the synthesis of natural producrs. Stahl and co-workers prepared cyclic
enones via the Pd-catalyzed aerobic dehydrogenation of ketones, and the
cyclopentene-o-dione precursor to the natural product (-)-terpestacin was
obtained in 90% yield.[193] Newhouse and co-workers reported a palladium-
catalyzed ketone dehydrogenation process where various precursors for bi-
ologically active compounds were prepared efficiently.[194] The generally
accepted mechanism for these transformations, shown in Figure 5.1 (a), in-
volves a metal enolate as key intermediate.[195-197] A computational study
by Pihko and co-workers supported the involvement of a Pd-enolate species

in a cross coupling reaction involving dehydrogenation.[198]

(a) a-C-H activation (b) B-C-H activation
Pd, Ir, Rh, Cu, e ¥ 9 B
aldehyde,ester, RJ\/LR ! R)W
ketone,n_ltrlle, H ! H
2° amide |
M E Ir/Cu o Ir
O H 0" H | amide, acid |
- | N/
e s G RN
R R i
M i ! H
M-enolate Ir-allyl

L»RJOK/»RRJOW«J

Fig. 5.1 Mechanism proposal of a,f-dehydrogenation.

Despite the large success achieved in the dehydrogenative synthesis of
o, 3-unsaturated ketones, aldehydes, and esters, the analogous a,3-dehydrogenation
of amides remains challenging, probably due to the lower a-H acidity of these
compounds. The traditional solution to increase amide reactivity has been the
introduction of an a-leaving group such as halogen or sulfur.[195, 196, 199—
202] The need for pre-functionalization and the usual requirement strong
bases limit however the generality of this solution. New strategies to reach
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o, B unsaturated amines from the corresponding saturated amides are thus
highly desired. Several examples have been reported recently. In 2016,
Newhouse ef al. used an allyl-palladium catalyst to achieve unsaturated
amides.[203] Later, the dehydrogenation of amides was also reported by the
groups of Huang[204], Dong[199], and Maulide.[205] A transition metal-free
process of a,-dehydrogenation of saturated amides was also developed by
Kang and co-workers under mild conditions.[206] These transformations are
proposed to start with the a-C-H activation and the enolate intermediate is

probably also involved in these reactions as shown in Figure 5.1 (a).

[IrCp*Cl2]2, AgBF,

(o) H CLK()AC)Q’H2C) (o)
NW air N)W
©/\H H 1,4-dioxane ©/\H
R 60 or 90 °C P
yield = 99%

1 [IrCp*Cl,], Cu(OAc),*H,0 / air AgBF, > 99%
2 [IrCp*Cl,], Cu(OAc),*H,0 / air — 8%
3 [IrCp*Cl,], air AgBF, <5%

Fig. 5.2 Aerobic «,3-dehydrogenation of v,8-unsaturated amides developed
by Huang.

The scope of the amide dehydrogenation strategies indicated in the previ-
ous paragraph was relatively limited, as they did not apply to primary amides
and acids. Things changed in 2018 when Huang and co-workers reported
the direct iridium catalyzed aerobic o,-dehydrogenation of y,5-unsaturated
amides and acids under the presence of catalytic amounts of Cu(OAc),-H,O
and O, as terminal oxidant.[207] This strategy tolerates primary amides and
acids. It was proposed that the reaction does not proceed through an M-enolate
intermediate, but through an M-allyl intermediate, as shown in Figure 5.1 (b).
This M-allyl would be produced by a selective -C-H activation, with the
amides and acids work as directing groups.
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The mechanism of the process is in any case far from being fully character-
ized. The control experiments presented in Figure 5.2 show that this reaction
is only efficient when using the Ir catalyst with a combination of Cu(Il) and
Ag(I) salts. Although this mixture of Ag/Cu oxidant species with a transition
metal catalyst has been demonstrated by our group to be a “privileged combi-
nation” in many oxidative couplings,[208-210] the mechanism and role of
the Cu(Il) and Ag(I) complexes has not been examined in dehydrogenations.
We decided thus to carry out a DFT study on the mechanism of this reaction.
We were interested in two specific issues: (1) the participation of either the
Ir-allyl intermediate or the Ir-enolate in the catalytic cycle; (2) the roles of the
Cu(Il) and Ag(I) complexes.

5.2 Computational details

The structures of the reactants, products, intermediates and transition states
were optimized in solution with the @B97X-D [87] functional in the Gaussian
09 program.[88] The continuum model SMD was used to take account the
solvent effects for solution in dioxane. Other functionals such as B3LYP-
D3(BJ) and M06-D3 were used to calibrate the results(see Figure 5.3). A firs
basis set was used for geometry optimizations and frequency calculations, It
consisted of effective core potentials (ECPs) of Hay and Wadt with a double-{
valence basis set (LANL2DZ) for Ir, Cu, and Ag atoms,[211] supplemented
with polarization functions added for Ir (f = 0.938), Cu (f = 3.525) and Ag (f
=1.611),[93] and the all-electron basis set 6-31G(d) for all other atoms.[94]
The potential energies were refined by carrying out single point calculations
with a larger basis set: LANL2TZ(f) on Ir, Cu, and Ag, and 6-311++G(d,p)
on other atoms.[95-97] The number of imaginary frequencies was used
to determine the nature of all intermediates (no imaginary frequency) and
transition state structures (only one imaginary frequency). The transition

states were confirmed to connect the appropriate intermediates, reactants,
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or products by intrinsic reaction coordinate (IRC) calculations. Free energy
corrections were considered at a concentration of 1 M and a temperature of
298.15 K. All the 3D molecular structures of the species were drawn by using

the CYLview program.

T-TS3-7
5.3 22.§ ©BO7X-D
R 4.3 20.7 B3LYP-D3(BJ)

\ 1.7 19.7 M06-D3
O-L‘Z

T-13
Cata-Ir

Fig. 5.3 Comparison of the free energy barriers of the rate determining transi-
tion states by using different functional

5.3 Results and discussion

5.3.1 Computational model

We chose 7,0-unsaturated amide R shown in Figure 5.2 as the reactant. This
substrate has been experimentally shown to undergo an o,3-dehydrogenation
process to give the conjugated dienyl carbonyl product P. We investigated
the mechanistic alternatives involving either the a-C-H and -C-H activation
routes leading to the M-enolate or M-allyl species, respectively, We also
explored the role of the oxidant. Gibbs free energies in solution (in kcal/mol)
are used throughout the discussion. The control experiments had shown
the optimum Ir/Ag ratio to be 1/1, This suggests that the catalyst precursor
[IrCp*Cl, ], is activated by one equivalent of AgBF, as shown in the equations
in Figure 5.4. Because of this, the cationic Ir species [IrCp*CI]™, labeled as

Cata-Ir, was chosen as the starting point in our calculations.



UNIVERSITAT ROVIRA I VIRGILI

THE ROLE OF COPPER IN HOMOGENEOUS CATALYSIS: SINGLE ELECTRON TRANSFER
AND BEYOND.

Shaofei Ni

72 Aerobic o, 3-Dehydrogenation of y,0-Unsaturated Amides

\

9.5
1/2 [IrCp*Clyl, + AgBF; — 7, AgCIi + Ir- (equ. 1)
c1” CBFy

Cata-Ir

cl

\

1/2 [IrCp*Cly], + AgBF,4 1.5 1/2 Ag Agl + /‘Ir\ (equ. 2)
\ Cl BF,
ci Cata-Ir

Fig. 5.4 Ligand exchange before the catalytic cycle.

5.3.2 The activation of the first C-H bond

We started exploring the first C-H bond activation. We considered both «-
and -C-H activation routes by Ir catalysts. We also considered mechanisms
with and without the participation of Cu(OAc),-H;O. First of all, different
adducts were obtained upon mixing of [IrCp*Cl,],, the [Cu(OAc),-H;0]5,
and the substrate. An adduct between Cata-Ir and substrate R is found to be
the most stable. This adduct (I3), with an energy of -3.2 kcal/mol respect to
the separated reactants (see Figure 5.5) will be used as resting state.

We first calculated the Ir-catalyzed B-C-H bond activation route proposed
by the experimental investigation.[207] The results are shown in Figure 5.6.
The process starts with a ligand exchange between the [Cu(OAc),-H,0]; and
Cata-Ir complexes where an acetate ligand moves from the Cu(II) center to
the Ir(IT) center. This is mildly exergonic, and the acetate base on iridium
is necessary to assist the C-H bond activation. A concerted metallation-
deprotonation (CMD) transition state TS1-4 leading to the Ir-allyl intermedi-
ate 14 was located for the C-H activation; it is shown in Figure 5.6. However,
the associated barrier is too high, 36.6 kcal/mol above the resting state 13,
clearly unaffordable under the experimental conditions.[207]

This was not surprising. After all, the experimental data suggest participa-
tion of the co-catalyst [Cu(OAc),-H;0],, as a yield of less than 5% yield is
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Fig. 5.5 Possible forms of the initial adduct.
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observed when only air is used as oxidant(Figure 5.2).[207] So we decided
to evaluate an alternative mechanism with involvement of the co-catalyst
Cu(OAc),-H;O, results are also shown in Figure 5.6. [Cu(OAc),-H,O],, has
been shown to be in a triplet dimeric state.[208-210, 212, 213] We hoped
the acetate ligand coordinated to the Cu(II) center could exchange with other
ligands such as the chloride from the Ir(IIl) catalyst precursor, and favor the
process. A CMD transition state T-TS1-4 with Cu(II) was located with the
chlorine atom in the bridging position between the Cu(II) and Ir(III), being
the Cu-Cl and Ir-Cl distances of 2.353 A and 2.494 A, respectively. The spin
densities are concentrated on the Cu(Il) center in T-TS1-4. The densities are
practically the same as in [Cu(OAc),-H;0O],, this indicates that no electron
transfer happens during this process. In any case, contrary to our hope, the
interaction between the Cu(IT) and Ir(IIT) makes the 3-C-H bond activation
even more difficult, with a barrier of 44.9 kcal/mol. This mechanism must
thus be discarded.

Other possibilities of B-C-H bond activation by using the C=C double
bond as the directing group were also studied and all the transition states
TS2-6 and T-TS2-6 have high barriers as shown in Figure 5.7. In summary,
although the experimentally proposed Ir-allyl intermediate T-IS is more stable
by 8.6 kcal/mol than the resting state, the high barriers found for the 8-C-H
bond activation preclude the formation of this Ir-allyl species.

This forced us to consider alternative -C-H bond activation routes for this
reaction. The free energy profile for the first set of them is shown in Figure 5.8.
Transition state TS3-7 leading to the Ir-enolate intermediate 17 without the
participation of [Cu(OAc),-H,O]; is calculated to have a free energy barrier
of 38.3 kcal/mol, which makes the reaction more difficult when compared
with the -C-H activation transition state TS1-4. We next tried a cooperative
transition state T-TS3-7 with involvement of the [Cu(OAc),-H,O], moiety.
Similar to T-TS1-4, in the CMD transition state T-TS3-7, the chlorine atom
is in the bridging position between the Cu(Il) and Ir(III). To our delight, this
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Fig. 5.6 Free-energy profiles (in kcal/mol) of the B-C-H bond activation
routes. (Pink color: spin density; Green color: bond distance.)
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Fig. 5.7 Free-energy profiles (in kcal/mol) of the B-C-H bond activation routes
by using C=C double bond as the directing group. (Pink color: spin density;
Green color: bond distance.)
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interaction makes the a-C-H activation much easier. An affordable barrier of
25.3 kcal/mol was found for this process. As shown in the 3D structure the
copper center is connected with Ir(III) by CI atom placed near the midpoint
between the two centers (Cu-Cl : 2.395 A; Ir-Cl : 2.474 A). The spin densities
in Cu(II)-Cu(Il) center indicates that there is no electron transfer between
copper(Il) and Ir(IIT).

Other a-C-H activation transition states with the carbonyl O group of
the substrate coordinated to the Ir center were also located; they are shown
in Figure 5.9. Transition state T-TS3-8 shows a free energy barrier similar
to that T-TS3-7. The inclusion of an extra water molecule in T-TS3-8-H,O
shows no positive effect in terms of lowering the barrier of the o-C-H bond
activation process.

All the mechanism reported above start with involvement of the Ag
species through removal of Cl ligands from Ir. For the sake of comple-
tion, we evaluated also mechanisms where the Ag species was not available.
The o- and B-C-H bond activation routes catalyzed by the [IrCp*Cl,], and
[Cu(OAc),-H,O], without the of Ag are not favorable, they have high barriers
as shown in Figure 5.10. This further confirms the importance of the AgBF,4
salt in this reaction, and agrees well with the experimental observation of a
low yield in its absence (Figure 5.2).[207]

Summarizing the calculations reported in this section, we conclude that
the reaction starts with the &-C-H bond activation leading to an Ir-enolate
intermediate. We discard thus the experimentally proposed Ir-allyl species.

5.3.3 The activation of the second C-H bond and the regen-
eration of the catalyst

We continued our study with the search for the second C-H bond activation.
The computed free energy profile is presented in Figure 5.11. Once the alkyl
chain is metalated at the o position forming the Ir-enolate intermediate T-17,

the reaction continues through a ligand exchange. One of the acetates from the
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Fig. 5.8 Free-energy profiles (in kcal/mol) of the -C-H bond activation
routes. (Pink color: spin density; Green color: bond distance.)
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copper dimer replaces the acetic acid resulting from the first CMD (Figure 5.8).
The resulting intermediate T-I15 undergoes activation of the 3-C-H bond
with a barrier of only 0.1 kcal/mol (T-TS15-16) respect to this intermediate
I15. An Ir(ITT)-H-Cu(II)-Cu(Il) intermediate T-I16 is formed, with the o,f3-
dehydrogenated dienyl carbonyl product coordinated to the Ir(IIl) center.
From this intermediate, the bridging acetate abstracts the hydride from the
Ir-H bond through T-TS16-17, generating the reduced Cu(Il)-Cu(I)-Ir(I)
intermediate T-I17, where the spin density is still located on the Cu(II)-Cu(II)
moiety. This spin location indicates that no electron transfer occurs between
both metal fragments.

The lack of electron transfer between the iridium fragment and the di-
copper unit means that the current mechanism differs sharply from the co-
operative reductive elimination on Rh/Cu catalysis previously reported in
our group.[208-210] In cooperative reductive elimination, Rh was partially
reduced by one electron forming Rh(II), and the other electron went to the
dicopper unit. Instead, in this dihydrogenation mechanism reported here,
Ir accepts two electrons, forming the closed-shell Ir(I) intermediate. The
two-electron transfer is consistent with the change in the Ir-Cl and Cu-Cl
distances, which change from 2.457 A to 2.502 A and from 2.397 A to 2.365
A, respectively.

The continuation of the reaction is the regeneration of the catalyst from
Ir(I) to Ir(III). This is accomplished from intermediate T-I17, which is in the
triplet spin state, through a minimum energy crossing point (MECP). The free
energy barrier of associated to this MECP is 2.6 kcal/mol. Again, the electron
transfer can be followed by the displacement of the bridging Cl atom: the
reduction of the copper dimer by two electron elongates the Cu-Cl bond (from
2.365 A in 117 t0 3.679 A in S-I17) while the oxidation of Ir center decreases
the Ir-Cl bond distance from 2.502 A to 2.391 A. The electronic structure of
the resulting intermediate S-I17 consists on a cluster with Ir(III)-Cu(I)-Cu(I)
oxidation steps. Finally, the [Cu(OAc),-H,O], co-catalyst is regenerated by
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Fig. 5.11 Free-energy profiles (in kcal/mol) of the second C-H bond activation
and catalyst regenaration.
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Table 5.1 Comparison of the free energies of the triplet, open shell singlet and
closed-shell singlet states.

Triplet Open-shell singlet Closed-shell singlet

T-13 53 5.0 48.1

T-TS3-7 22.1 22.8 81.8

T-17 33 3.5 50.6
T-115 59 6.4 \
T-TS15-16 6.0 6.7 \
T-116 1.2 1.6 \
T-TS16-17 6.5 6.8 \
T-117 4.9 4.9 \

consumption of O, with H>O as the waste product. The overall process is
exergonic by 33.0 kcal/mol. The consideration of open-shell singlet electronic
states instead of closed-shell states brought only minor changes, as shown in
Table 5.1

We were puzzled by the presence of the Ir(I) intermediate in the catalytic
cycle, so we explored other alternative electron distributions for the key
transition state in the second C-H bond activation. The results are summarized
in Figure 5.12. Five different transition states were located in our calculations
and these TSs cannot compete with the B-H elimination transition state T-
TS15-16 in Figure 5.11. All the spin density analysis of these five transition
states shows that these TSs share a Cu(I-II)-Cu(I-1I)-Ir(II) structure, which is
similar to the previous reported Cu(I-II)-Cu(I-II)-Rh(II) species,[208-210],
but different from the current Cu(II)-Cu(II)-Ir(I) structure T-TS15-16. The
iridium center strongly disfavours the Ir(II) oxidation state. Further research
will be necessary to see if this is an intrinsic feature or iridium or is related to
the dehydrogenation process.

We can now present in Figure 5.13 the free energy profile for the full
catalytic cycle. The reaction starts with the CMD type o-C-H activation with
the participation of [Cu(OAc),-H,O]J,. An Ir-enolate intermediate is involved
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Fig. 5.12 Summary of the other possible transition states of the second C-H
bond activation (Pink color: spin density; Green color: bond distance).
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in the mechanism instead of the previously proposed Ir-allyl intermediate.
After this, the B-H elimination occurs to give the o,3-dehydrogenated dienyl
carbonyl product. The rate determining transition state is the o-C-H bond
activation, where both the copper and iridium moieties play an important role
in this process. The reaction does not operate through cooperative reductive
elimination, as intermediates containing Ir(II) are not observed.
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5.3.4 The need for terminal alkenes

—
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Fig. 5.14 Free-energy profiles (in kcal/mol) of the first C-H bond activation
of substrates with an internal alkene.

Experimental studies indicate that a double bond must be in the terminal
position for the reaction to be possible. Substrates containing long-chain
amides do not react. We evaluated computationally the behavior of these
systems. The o-C-H bond activation process of a saturated long-chain amide
was studied at the same theoretical level, and the results are shown in Fig-
ure 5.14. A CMD transition state T-TS28-29 with a free energy barrier of
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28.7 kcal/mol could be located for the @-C-H bond activation. This is higher
than for the substrate with terminal alkene, and the difference is sufficient to
explain the lack of reaction.[207] The terminal C=C double bond makes the
C-H bond more active for the formation of the conjugated products.

5.4 Concluding remarks

T-TS3-7

T

Cu
Cu
+ BF4- 25.3 (OL-H)
R 25.4 (a-D)
Cata-Ir \
13

0.0

KIEcq = 1.16
KIE gy, = 1.18

Fig. 5.15 The barrier of the a-deuterated amides used in the KIE calculation.

The mechanism of the Ir(IlT)/Cu(Il) co-catalyzed dehydrogenation of
amides has been elucidated by DFT computational means. The first C-H bond
activated is in the o position. The reaction proceeds by cooperation between
the main Ir(IIT) catalyst and the copper(II) acetate dimer leading to Ir-enolate
intermediate. Then, the reaction continues through the f-H elimination to
release the desired product. The computed mechanism confirms the need for
the AgBF, and [Cu(OAc),-H,O], species. The silver species activates the
initial Ir(IIT) catalyst by CI abstraction and the copper species cooperates in
the C-H activation and is necessary for the regeneration of the iridium(III)
catalyst.

The rate determining transition state is the o-C-H bond activation. We
calculated a KIE value of 1.16 for the a-deuterated amides. This agrees well
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with the experimental study measuring a KIE value of 1.18 for ¢t-deuterated
amides and a much smaller 1.04 value for -deuterated amides.
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Chapter 6

Synthesis of 1H-Indazoles through
N-N bond formation

6.1 Background

Heterocycles, in particularly the nitrogen-containing heterocycles, are some
of the most ubiquitous and important structural motifs with remarkable appli-
cation in natural product research, pharmaceutials, and material sciences.[48,
214] Drived by these exceptional properties, the synthesis of nitrogen hete-
rocycles has attracted tremendous attention, thus motivated the chemists to
develop safe, convenient, and efficient synthetic strategies.[214, 215] With
the rapid and significant development of transition metal-catalyzed C-H bond
activation in organic synthesis, direct catalytic nitrogenation of ubiquitous and
fundamental C-H bonds into valuable C-N bonds, have appeared as one of the
most efficient and powerful procedures for the construction of N-containing
heterocycles and other useful scaffolds.[48, 214, 216-221] Hence, extensive
efforts have been devoted to developing new synthetic methods for this C-H
bond cleavage and C-N bond formation transformation.[214, 222]

The nitrogen-nitrogen (N-N) containing heterocyclic compounds, such as

the indazoles, are widely appeared in the drugs and drug candidates due to
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the pronounced biological and pharmacological activities. These broad appli-
cations have prompted organic chemists to construct the structurally novel
and biologically active N-N bond containing indazole frameworks from easily
obtained starting materials under milder conditions.[223-230] Most of the
approaches, both the transition metal-free and the newly developed transition
metal catalyzed processes as summarized in Figure 6.1, take the advantage
of the N-N bonds already inside the starting materials. For example, Pd-
catalyzed C-H functionalization of tosylhydrazones was reported by Inamoto
and Hiroya, which delivered the 3-substituted indazoles by the intramolecular
amination.[231] Other methodology starting with hydrazones by using Fe-,
Cu-catalysts were also explored by Bao,[232] Jiang,[233] Yamamoto[234],
Larock[235], Kim[229, 236], You [237], Wang [238], Ellman [219, 239] and
their coworkers. However, these strategies usually suffered from the harsh
reaction conditions and expensive, limited or carcinogenic starting materi-
als, such as organo-hydrazines (Figure 6.1 a), hydrazones(Figure 6.1 b), or
diazos(Figure 6.1 c).[215, 240-245]

The alternative way to construct the indazole is by the N-N coupling (Fig-
ure 6.1 d) or ring transformation process(Figure 6.1 e). These processes have a
lot of limitations including the synthetic efficiency and substrate scope, which
limits their wide application.[243, 246—250] Therefor, other methods for the
direct N-N bond formation processes are highly desired. In recent years, other
alternative nitrogen sources, such as azides, nitrosobenzenes, have emerged
in the transition-metal-catalyzed direct amination/amidation of aromatic C-H
bonds as shown in Figure 6.1 {.[224, 251-255] Take some examples shown in
Figure 6.2, Glorius and coworkers reported oxidative synthesis of 1H-indazole
through C-H amidation and N-N bond formation with azides as amino sources
by a Rh(IIT)/Cu(II)-cocatalyst system in 2013.[256] Subsequently, similar
strategy using azides as amino sources under oxidant-free conditions has
also been disclosed by the group of Zhu.[222] In 2016, several works by

using nitrosobenzenes or anthranil reagent as convenient aminating reagent
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Fig. 6.1 The reported strategies for the synthesis of 1H-indazoles.

under synergistic Rh(III)/Cu(II) or Co(III)/Cu(Il)-cocatalyst are reported by
Li and workers.[221, 245, 257] Amines were also used as N-sources for the
copper catalyzed sequential Ullmann-type process to construct N-N bond of
indazoles by Jiang and workers.[244] Most recently, rhodium(III)-catalyzed
intermolecular C-H amination of ketoxime and iodobenzene diacetate-enabled
N-N bond formation by using sulfonamide as the nitrogen source has been
developed.[258]

Despite the big success achieved to construct indazoles by the N-N bond
formation strategies, challenges still remain.[214] On the one hand, the de-
velopment of new catalytic strategies with increased efficiency under mild
conditions are still highly desired; On the other hand, mechanistic under-
standing of the reported reactions are still superficial and on its early stage.
We believe that the better understanding of the mechanism would provide
more inspirations for the further development of this field. So in this project,

we choose one of the pioneering work by Glorius and coworkers,[256] the



UNIVERSITAT ROVIRA I VIRGILI

THE ROLE OF COPPER IN HOMOGENEOUS CATALYSIS: SINGLE ELECTRON TRANSFER
AND BEYOND.

Shaofei Ni

94 Synthesis of 1H-Indazoles through N-N bond formation
Glorius,
— Ry [Rh][Cu] —
R Zhu, [Cu]

Li,
@NH —} > ArNO —— [Rh][Cu]
H N )
— ~ N\
L [ColiCu] | (:E\N
R R v
NOAc Jiang,
—>» RNH; —_— [Cu]
Br

R

Zhao,
NOMe —» RNH, —_— [Rh] —
H

Fig. 6.2 Selected examples for the synthesis of indazoles through the N-N
bond formation with different amino source.

oxidative synthesis of 1H-indazole through C-H amidation and N-N bond
formation with azides as amino sources by a Rh(III)/Cu(II)-cocatalyst system,
to conduct a comprehensive study on the mechanism of this kind reaction.
As shown in Figure 6.3, this reaction uses the readily available substrates to
construct the indazoles. O, is used as the terminal oxidant while leaving N,
and H;O as the byproducts. Only a trace amount of product was detected in
the absence of either Rh(III) or Cu(Il), indicating that both the two catalyst are
quite important for this reaction. We are particularly interested in two aspects
of this reaction from our DFT calculations: (1) the mechanism, especially the
mechanism of N-N formation process; (2) the cooperative role of the Rh(III)

and Cu(II) in the catalysis system.

6.2 Computational details

The wB97X-D [87] functional was used to optimize all the structures of
the reactants, products, intermediates and transition states at T = 298.15 K



UNIVERSITAT ROVIRA I VIRGILI

THE ROLE OF COPPER IN HOMOGENEOUS CATALYSIS: SINGLE ELECTRON TRANSFER
AND BEYOND.

Shaofei Ni

6.2 Computational details 95

[Cp*RhCI;]2 (2.5 mol%)

OEt . AgSbF (10 mol%) OEt
N X
NH . 2 CulOAc), (25mol%) @N
. Ts 4AM.S. O, (1atm) N’
DCE, 110°C, 24h Ts
R N3 P

C-H Activation C-N Formation N-N Formation

Fig. 6.3 Synthesis of indazole through N-N bond formation with zaide as
amino source.

and 1 atm pressure by Gaussian 09 program.[88] All the optimizations were
carried out in solvent by using the continuum model SMD with dichloroethane
solution. The effective core potentials (ECPs) of Hay and Wadt with a double-
{ valance basis set (LANL2DZ) were used for Rh, Cu, and Sb atoms,[211]
and polarization functions were also added for Rh (f = 0.350), Cu (f = 3.525)
and Sb (f = 0.218),[93] whereas the all-electron basis set 6-31G(d) was
used in describing all other atoms.[94] The Gibbs free energies in solvent
were refined by carrying out single point calculations with larger basis set:
LANL2DZ on Rh, Cu, and Sb, and 6-311++g(d,p) on other atoms.[95-97]
All the intermediates (no imaginary frequency) and transition state structures
(only one imaginary frequency) were confirmed by the harmonic vibrational
frequencies and the number of imaginary frequency. The intrinsic reaction
coordinate (IRC) calculations were used to confirm the transition states and
the connected intermediates, reactants, or products. Free energy corrections
were considered at a concentration of 1 M and a temperature of 298.15 K. All
the 3D molecular structures of the species were drawn by using the CYLview

program.
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6.3 Results and discussion

In this work, arylimidate R is chosen as the reactant in Figure 6.3, which
undergoes the C-H bond activation, C-N and N-N bond formation to give the
desired 1H-indazole. Cationic Rh(III) species Cp*Rh(III)(SbF¢), (name as
Cata-Rh) is believed to be generated with the trap of chloride atoms by silver
upon the mix of reactants, AgSbFg and catalysis precursor [Cp*RhCl,],. The
Cata-Rh is used as the starting point, following the C-H bond activation, C-N
and N-N bond formation processes to deliver the product P. The Gibbs free

energies in solvent are used here for all the following discussions.

6.3.1 The C-H activation

We commence out theoretical investigation with the C-H bond activation
process. As shown in Figure 6.4, the reaction is initiated by the rapid ligand
exchange between the [Cu(OAc); ], and Cata-Rh together with the coordi-
nate of reactant R to the Rh(III) center to generate the first intermediate I1.
This process is calculated to be slightly endothermic with the energy of 2.0
kcal/mol higher than the starting point. In this process, one of the acetate
ligand moves from the Cu(II) center to the Rh(III) center, which will partici-
pate in the ortho C-H bond activation process by the concerted metallation
deprotonation (CMD) transition state TS1-2 to afford the five-membered rho-
dacyclic complex I2. The further release of acetic acid gives the more stable
rhodacyclic species I3, which is exothermic of 1.8 kcal/mol when compared
with the starting point Cata-Rh.

Considering the role of Cu(Il) in the C-H bond activation of our previous
studies in the last chapter and the possibility of the acetate ligand works
as the bridging ligand between the Cu(Il) and the Rh(III), we decided to
examine the possibility of involving the Cu(Il) species in the C-H bond
activation process. The calculated results are shown in Figure 6.4. Similar to
the previous study, [Cu(OAc); ], is believed to be in its triplet dimeric state
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Fig. 6.4 DFT calculated potential energy surface of the C-H bond activation

process with or without the help of Cu(II).
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instead of the monometallic state.[208—-210, 212, 213] The stable intermediate
I4 is therefore formed by using two of the acetates work as the bridging
ligands between Cu(Il) and Rh(III), which is 3.5 kcal/mol more stable than
the reactants. One of the bridging acetate ligands will then participate in
the deprotonation process of the CMD transition state TS4-5. However, a
free energy barrier as high as 40.1 kcal/mol is needed for this C-H bond
activation process, which is obviously different from our previous study and
unfavorable for the current experimental conditions.[257] As a result, the C-H
bond activation process for this reaction should work through a CMD process
via TS1-2 and the free energy barrier is estimated to be 17.5 kcal/mol.

6.3.2 The C-N bond formation

With the intermediate I3 that produced through the C-H bond activation
process in hand, we now start to search for the routes that corresponding to
the C-N bond formation. An adduct I6 in Figure 6.5 by the coordination of
azide to the Rh(III) center is formed, which would release the N, passing
through a transition state TS6-7 with two electrons transferring from the
Rh(IIT) center to the azide. A stable cycle Rh(V)-nitrenoid intermediate I8 is
generated with the free energy of -15.8 kcal/mol lower than the reactant. The
calculated N-N bond length of the azide moiety in I6 is 1.251 A, which will
elongate to 1.687 A in the transition state TS6-7, and further be broken in the
intermediate I7 (N-N: 3.203 A). This bond elongation process also suggested
the exist of m-back-donation from the Rh center to an anti-bonding orbital
of azide.[259-261] The Rh(V)-nitrogen bonds in I7 and I8 are calculated to
be 1.830 A and 1.838 A, which are consistent with the double bond feature,
confirming the oxidation process of the metal center from Rh(III) in I6 to
Rh(V) in I7 and I8. The kinetic barrier for this process is 26.9 kcal/mol,
higher than the previous C-H bond formation process. Other possible routes
with the release of N; are also considered in our study and all the transition
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states TS6-7(1), TS6-7(2), and TS6-7(3) possess high barriers about 40.0
kcal/mol, which obviously cannot compete with TS6-7.

I8 is confirmed to be in the closed-shell singlet state, by the migratory
insertion process via a three-centered transition state TS8-9 in Figure 6.6,
the six-membered Rh(IIl)-amido species 19 is generated. This is a super
fast process with a shallow barrier of 7.7 kcal/mol, confirming that once the
Rh-nitrene complex is formed the reaction would proceed smoothly for the
migratory insertion and this process is exothermic about 80.0 kcal/mol. The
triplet version of this nitrene insertion process is also considered (’TS8-9)
and the barrier is 6.5 kcal/mol higher than the closed-shell singlet transition
state TS8-9. This agrees well with the closed-shell singlet state features of the
metal-nitrene of the previous studies.[261-263, 167, 264, 265] In addition,
the possibility of the concerted loss of N> and C-N bond formation similar to
the previous proposed mechanism is also considered, unfortunately, all the
optimization lead to the step-wise transition state TS6-7.[266]

We also calculated the route related to the insertion of nitrene to the
Rh-N bond and the results are shown in Figure 6.6. The barriers for these
three-centered N-N bond formation transition states TS8-10, TS8-10(1), and
TS8-10(2) are much higher than that of the C-N bond formation transition
state TS8-9. Therefore, the routes following the N-N bond formation will not
be further considered.

6.3.3 The N-N bond formation from Rh-center
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From the previous section, it have been confirmed that the C-H activation
and C-N bond formation processes should occur successively at the beginning
of this reaction to give the six-membered Rh(III)-amido species 19. Now we
focus on the last N-N bond formation process. We firstly examined the N-N
bond formation through the reductive elimination process from the Rh(III)
center. Transition state TS11-12 is located with the free energy barrier more
than 90 kcal/mol shown in Figure 6.7. Further more, Cu(II) species are also
introduced to the reductive elimination transition states as shown in TS13-
14 and TS15-16. The interactions between Rh(IIl) and Cu(Il) bridged by
the acetate ligand do help to decrease the reaction barriers with different
extent. Unfortunately, all the barriers are still too much high under the current
experimental conditions.[256]

Other possible routes by the deprotonation and reductive elimination
process are shown in Figure 6.8. From 19, one of the acetate ligand could
help the deprotonation process via a transition state TS17-18 to yield the
Rh(IIT) intermediate 119, which could go through a reductive elimination
transition state TS19-20 to deliver the desired indazole product. However,
these deprotonation and reductive elimination processes possess very high
barriers. Again, the interaction between Rh(III) and Cu(Il) via the bridging
acetate ligand helps to decrease the reductive elimination barrier (see TS21-

22), but not enough.
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At last, the possible single electron transfer process between Rh(III) and
Cu(II) is also taken into account in our calculations, which gives an Rh(IV)
intermediate 124. The reductive elimination from Rh(IV) drive the reaction to
a Rh(II) species I125. Unfortunately, this Rh(II) intermediate is quite unstable,
which is in the energy level of 33.7 kcal/mol higher than I9, indicating that
the Rh(IV)-Rh(II) pathway by the intermolecular single electron transfer is
impossible for this reaction.

—|2+ SbFg
‘ 2+SpFg”

: |
W s
068 _| TS’N

Il) Rh
: |25 e
, Ts~-N—NH
CU SbFe -47.1 \
0 67 T OEt
. 33.8

19
CUspF,
Fig. 6.9 DFT calculated mechanism for the reductive N-N bond formation
from the Rh(IV) center.

6.3.4 The N-N bond formation from Cu-center
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Until now, from our DFT calculations, all the possibilities for N-N bond
formation routes from the Rh(III) or Rh(IV) have been examined and con-
firmed to be unfavorable under the reported experimental conditions. This
forces us to consider other N-N bond formation routes. As proposed by the
experimental study, the N-N bond formation could happen through the reduc-
tive elimination from Cu center. Before the N-N bond formation, the transfer
of N,N moiety from the Rh center to Cu is studied in Figure 6.10. 19 may
undergo the protonation process via transition state TS26-27 to release the
amidated 128, and regenerate the active Rh(III) catalyst Cata-Rh. 128 will
coordinate to the Cu center followed with the rapid deprotonation TS29-30
to form the intermediate I130. The whole process goes smoothly and slightly
endothermic about 7.0 kcal/mol from 19 to 130.

From 130, different routes for the reductive elimination process are studied
by DFT calculations. We will discuss these possibilities one by one in this
section. Similar to the reductive elimination from Rh center, the direct
reductive elimination from the Cu(II) center of 130 is firstly calculated as in
Figure 6.11. However, reaction needs to overcome a barrier more than 60.0
kcal/mol(compared with I9) through TS30-31, which is unfavorable for this
reaction. In addition, the interactions between Rh and Cu center are also taken
into account in our studies, and the barriers of the computationally located
transition states TS32-33 and TS34-35 are both lower than that of TS30-31,
indicating that the bridging interactions have a positive effect on the reaction.
However, all these transition states still have high barriers and that should be

ruled out from the current reaction.
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Another possible route is the oxidation of Cu(Il) from 136 by a depro-
tonation process via TS36-37 and the following MECP (Minimum Energy
Crossing Point) to give the closed-shell singlet Cu(III) intermediate '138 in
Figure 6.12. Then, the reductive elimination from Cu(III) via transition state
'TS38-39 delivers the final indazole product. The direct reductive elimination
via 3TS38-39 from the open-shell triplet state I37 is calculated to have a
much higher barriers compared with the singlet ' TS38-39. However, both the
high barriers of the singlet and triplet routes are unfavorable. We also consid-
ered the interactions between Cu and Rh by introducing the cationic Rh(III)
(Cata-Rh) and all the barriers for these two transition states TS40-41 and
TS42-43 decreased, but still not favorable for this experimental conditions.

As observed in the reductive elimination process from the Rh center in
Figure 6.8, the coordination of another substrate could help to stabilize the
intermediates and transition states with different extent. So inspired by this
observation, another reactant R is involved in the mechanism as shown in
Figure 6.13. Similar to the route calculated in Figure 6.12, from 130, the
interactions between the bridged Rh and Cu centers and the coordination
of R to the Rh(III) center lead the reaction to a quite stable intermediate
144, which is exothermic about 27.0 kcal/mol when compared with 130. The
deprotonation process from 144 goes smoothly via TS44-45 to deliver the 145,
where the spin densities are still around the Cu(II) centers, indicating that no
electron transfer occurs until now. Then the MECP process corresponding to
the spin change occurs from the open-shell triplet state 145 to the closed-shell
singlet state '145. Release of acetic acid and the final N-N bond formation
through ' TS46-47 give the desired indazole product. This process is downhill
with the energy of -99.4 kcal/mol. At last, the Cu(I) will be oxidized by the
0, to regenerate the Rh(III) catalyst (Cata-Rh) and Cu(Il), leaving H,O as
the byproduct.

As we already know that the coordination of another substrate R could

help to stabilize the intermediate. So we re-calculated the route for the
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transfer of the N,N organic part from the Rh to Cu in Figure 6.10, the updated
energy profiles are shown in Figure 6.14. The interaction between Rh and
Cu connected by the bridging acetate ligand stabilize the species 129 from
-76.1 kcal/mol to -87.1 kcal/mol of 148, and the coordination of R to the
Rh(IIT) center further stabilize the intermediate to -93.6 kcal/mol (149). 149
undergoes the deprotonation process via TS49-50 to the intermediate 144 in
Figure 6.13.
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Fig. 6.14 The calculated mechanism of transfer N,N moiety from the Rh to
Cu center with the help of Cu-Rh interactions.

The experimentally proposed single electron transfer process between the

Cu and substrate is also calculated and the SET leads the reaction to unstable

radical species IS1 and I52 in Figure 6.15. Therefore, these routes will not be

followed by our DFT studies.

From our DFT calculations in this section, the N-N bond formation

process should proceed through the Cu center as shown in Figure 6.13. The

interactions between Cu and Rh that connected by the acetate ligand and the

coordination of substrate to the Rh(III) center is essential to make the reaction

happen.
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Fig. 6.15 The calculated mechanism of the single electron transfer process
between Cu and substrate.

6.4 Conclusions

In summary, we have carried out DFT calculations to elucidate the mechanism
of the leading reactions of synthesis of indazoles by the C-H amidation
and N-N bond formation strategies. Our calculated results show that the
reaction should start from the C-H bond activation from Rh(III) center via
the CMD mechanism to give the rhodacyclic species. The release of N,
and the following migratory insertion of the nitrene to the Rh-C bond gives
the six-membered ring species. We proved that the N-N bond formation
from the Rh(IIT) or Rh(IV) center is impossible for this case. Instead, the
transfer of the N,N part from the Rh(III) center to the Cu(Il) would deliver
the Cu(IIl) intermediate, which will release the final N-N bond formation
indazole product. The interactions between the Cu and Rh that connected by
the acetate ligand and the coordination of substrate to the Rh(III) center is

quite important for this N-N bond formation process. The whole process is
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exothermic about 100.0 kcal/mol, and the rate determining transition state
corresponding to the final N-N bond formation process. The overall barrier is
27.7 keal/mol, agrees well with the experimental conditions that the reaction
need a high temperature (110 C, 24h). Our calculations not only shed light on
the mechanism of this reaction, we believe this could give some inspirations on
the Rh-Cu co-catalyzed reactions, especially the related N-N bond formation

process.
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Chapter 7
Conclusions

Our DFT calculations have brought significant clarification to the rich mecha-
nistic diversity of copper-catalyzed organic synthesis. The main results have

been the following:

* The C-C bond formation by Cu-catalyzed borylative ring closing is
ruled by two steps: halogen abstraction and C-C coupling. The more
favorable formation of 4-membered rings is associated to the need for
less distortion in the C-C coupling transition state, the preference for
the I ligand group over Br is explained by the lower C-I bond strength,
and the highest efficiency of K over Na as countercation is related to

the better fit in the space available in the rate-limiting transition state.

* The rate determining step in the enantioselective intermolecular cyano-
trifluoromethylation of styrenes with a chiral bis(oxazoline)/Cu(l) cata-
lyst is the release of CF3 radical and the enantioselectivity determining
step is the reductive elimination from the Cu(IIl) center. The analy-
sis of the structural parameters, the visualization of the non-covalent
interactions (NCI), and the energy decomposition analysis show that
the small steric repulsion between the ligand and the benzylic cation
makes the formation of the R-products more favorable. This uncovers
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Conclusions

a new general manifold for copper-catalyzed intermolecular enantiose-
lective difunctionalization of alkenes via a radical process and can have

important implications for the optimization of this ATRA-type reaction.

An alternative mechanism, different from that proposed from exper-
iment, has been characterized for the iridium-catalyzed aerobic o,f3-
dehydrogenation of y,0-unsaturated amides and acids under the pres-
ence of Cu(OAc);-H,0O with O, as oxidant. An Ir-enolate intermediate
is involved instead of the previously proposed Ir-allyl species. The
AgBF, and [Cu(OAc);-H;0O]; units are shown to play an important
role; the silver complex activates the initial Ir(III) catalyst by CI ab-
straction and the copper complex cooperates in the C-H activation and
facilitates the catalyst recovery by Ir(I) oxidation. The rate determining
step is the a-C-H bond activation, with participation of both the copper

and iridium centers.

The key step in the synthesis of 1H-indazole through C-H amidation
and N-N bond formation by a Rh(III)/Cu(II)-cocatalyst system is the
N-N bond reductive elimination from the Cu(III) center. The interac-
tions between the Cu and Rh connected by the acetate ligand and the
coordination of the substrate to the Rh(III) center play an important

role in the transition state for this step.

The joint consideration of these four specific studies shows the rich mech-

anistic complexity of copper as a catalyst, and the ability of computational

chemistry to clarify the mechanisms and assist in the optimization of the

existing processes and the design of more efficient ones,
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