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SUMMARY

Nowadays, one of the main goals in organic chemistry and fine industry is the development of
new synthetic methodologies for the preparation of life-relevant products in a sustainable
manner. The use of first-row transition-metals to mediate these transformations has drastically
revolutionized the field. In order to develop efficient protocols, mechanistic understanding of
the steps that occur in each transformation is required. For first-row transition-metal mediated
transformations, this fundamental knowledge is usually scarce due to the elusive character of the
intermediate species formed in situ and to the different reaction pathways that can occur
depending on the reaction conditions applied. This doctoral dissertation is focused on the
mechanistic understanding of different reactions mediated by first-row transition-metals using

specially designed ligands to stabilize the otherwise very reactive intermediate species.

The first part of this thesis deals with reactivity of two copper systems bearing bioinspired
ligands for the activation of molecular oxygen. First, we developed a copper complex bearing a
macrocyclic ligand to mimic the activity of the tyrosinase enzyme, which consists in the ortho-
hydroxylation of phenolic substrates. We were able to detect a side-on peroxodicopper(IL)
species, yet no oxidative reactivity was observed because it was coordinatively congested. Then,
we studied the detailed mechanism of another copper system for oxygen activation previously
developed by Stack and co-workers, which is able to perform the ortho-defluorination-

hydroxylation of 2-fluorophenol derivatives.

In the second part of this thesis we turned our attention to C-C and C-O bond forming reactions
mediated by organometallic iron and nickel complexes. We explored the reactivity of a well-
defined aryl-iron(II) complex bearing a macrocyclic model substrate with phenyl Grignard
reagent, obtaining the phenylcarbonylation C-C product stemming from the insertion of one
CO ligand to the phenyl group prior to the reductive elimination step to release the final organic
coupling product. Moreover, upon applying different reaction conditions an unprecedented
tertiary-amine-to-amide conversion of a cyclic substrate is observed. Subsequently, the synthesis
and redox reactivity of well-defined organometallic nickel(II), nickel(III) and nickel(IV)
complexes is explored towards the formation of new C-C or C-O bonds by using oxygen-transfer

oxidants.
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RESUM

Actualment, un dels objectius principals en quimica organica i la industria és el
desenvolupament de noves sintesis per la preparacié de productes biologicament rellevants de
forma sostenible. L’as de metalls de la primera série de transicié per efectuar aquestes
transformacions ha revolucionat drasticament el camp. Per tal de desenvolupar protocols
eficients cal entendre a tarvés de quin mecanisme té lloc per cada transformacié. En les reaccions
catalitzades per metalls de la primea série de transicié aquests coneixements fonamentals sovint
son escassos degut a que els intermedis formats in situ son esquius i a I'existéncia de diferents
vies de reaccidé que es donen en funcié de les condicions aplicades. Aquesta tesi doctoral se
centra en entendre el mecanisme de diferents reaccions efectuades per metalls de la primera série
de transicié mitjangant I'as de lligands especialment dissenyats per estabilitzar els intermedis de

L4 b 7 :
reaccid, que d’altra manera sén altament reactius.

La primera part de la tesi estudia la reactivitat de dos sistemes de coure amb lligands bioinspirats
per l'activacié d’oxigen. En primer lloc vam desenvolupar un complex de coure amb un Iligand
macrociclic per mimetitzar la reactivitat de I'enzim tirosinasa, la qual consisteix en la hidroxilaci6
de substrats fenolics. Tot i que vam poder detectar un intermedi “side-on peroxodicoure(1I)”,
aquest no va desenvolupar cap tipus d’oxidacié ja que no té posicions de coordinacié lliures.
Aleshores, vam estudiar detalladament el mecanisme d’un altre sistema de coure, préviament
descrit pel grup de Stack, que és capag d’efectuar I'orto-hidroxilacié d’enllagos C-F en compostos

derivats del 2-fluorofenol.

En la segona part d’aquesta tesis vam enfocar el nostre estudi cap a les reaccions per formar
enllagos C-C i C-O mitjangant complexos organometal-lics ben definits de ferro i niquel. Vam
explorar la reactivitat d'un complex aril-ferro(II) coordinat a un substrat model macrociclic amb
reactiu fenil Grignard, obtenint el producte de fenilcarbonilacié C-C provinent de la inserci6
d’un lligand CO al grup fenil just abans del pas d’eliminaci6 reductiva que allibera el producte
final. A més, a I'aplicar diferents condicions de reaccié es va observar una conversié d’amina-a-
amida terciaria sense precedents en substrats ciclics. Finalment, es va estudiar la sintesi i
reactivitat redox d'uns complexos organometal lics de niquel(II), niquel(III) i niquel(IV) per la

formacié de nous enllagos C-C o C-O amb oxidants amb transferéncia d’oxigen.
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RESUMEN

Actualmente, uno de los objetivos principales en quimica orgdnica y la industria es el desarrollo
de nuevas sintesis para la preparaciéon de productos biolégicamente relevantes de forma
sostenible. El uso de metales de la primera serie de transicidn para efectuar estas
transformaciones ha revolucionado drasticamente el campo. Para desarrollar protocolos
eficientes es necesario entender el mecanismo operativo para cada transformacién. En las
reacciones catalizadas por metales de la primera serie de transicion estos conocimientos basicos
amenudo son escasos debido a que los intermedios formados in situ son esquivos, asi como a las
diferentes vias de reaccion que se dan segun las condiciones aplicadas. Esta tesis doctoral se
focaliza en entender el mecanismo de diferentes reacciones efectuadas por metales de la primera
serie de transicion mediante el uso de ligandos especialmente disenados para estabilizar las

especies intermedias altamente reactivas.

La primera parte de la tesis estudia la reactividad de dos sistemas de cobre con ligandos
bioinspirados capaces de realizar la activacién de oxigeno. Primero, desarrollamos un complejo
de cobre con un ligando macrociclico para mimetizar la reactividad de la enzima tirosinasa, que
consiste en la hidroxilacién de sustratos fendlicos. Aunque pudimos detectar un intermedio
“side-on peroxodicobre(II)”, éste no desarrolld ningtn tipo de oxidacién puesto que estd
coordinativamente saturado. A continuacion, estudiamos detalladamente el mecanismo de otro
sistema de cobre, previamente descrito por el grupo de Stack, que es capaz de realizar la orto-

hidroxilacién de enlaces C-F en compuestos derivados del 2-fluorofenol.

En la segunda parte de esta tesis cambiamos nuestro estudio hacia las reacciones para formar
enlaces C-C y C-O mediante complejos organometélicos bien definidos de hierro y niquel.
Exploramos la reactividad de un complejo arilo-Fe(II) junto a un sustrato modelo macrociclico
con reactivo fenilo Grignard, obteniendo el producto de fenilcarbonilacién C-C proveniente de
la inserciéon de un ligando CO en el grupo fenilo justo antes del paso de eliminacién reductiva
que libera el producto final. Ademads, al aplicar diferentes condiciones de reaccion se observé
una conversion de amina-a-amida terciaria sin precedentes en sustratos ciclicos. Por dltimo, se
estudio la sintesis y reactividad redox de unos complejos organometalicos de Ni(II), Ni(IIl) y

Ni(IV) para la formacién de enlaces C-C/O con oxidantes con transferencia de oxigeno.
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General Introduction

1.1 SUSTAINABLE CHALLENGES IN ORGANIC SYNTHESIS

The discovery and development of new synthetic methodologies to enhance efficiency, atom
and step economy in current organic transformations is one of the main goals for synthetic
chemists to build up chemical complexity in molecules. Life-relevant products such as
pharmaceuticals, agrochemicals, polymers, and natural products can be obtained from relatively
simple organic scaffolds.! These compounds have a high percentage of C-C, C-H and C-
Heteroatom bonds, and therefore the activation and/or functionalization of these bonds has
gained significant attention over the last decades in order to build up molecular complexity.
Current industrial processes involve reagents such as organometallic compounds, superacid
electrophiles, stoichiometric oxidants, carbocations or free radicals> However, the
functionalization of these ubiquitous bonds is far from trivial and often requires harsh reaction
conditions (high temperatures, toxic reagents, etc.), which result in expensive methodologies

with undesirable waste generation, in addition to the production of unwanted side-products.

Some of the problems mentioned above can be solved with the use of transition metal-based
catalysts. Indeed, their use has drastically revolutionized organic synthesis, and this is now a field
of paramount interest. The use of catalysts enables transformations that would not be easy or
not even feasible by traditional methodologies.>® These strategies range from organocatalysis to
supramolecular chemistry, being transition metal catalysts the most widely used. Nonetheless,
in order to develop novel, efficient and ecofriendly synthetic procedures, detailed studies on the
mechanism of operation of these transformations must be undertaken. These mechanistic
studies can proceed either via direct probes by isolating and characterizing intermediate species
using different spectroscopic or spectrometric techniques (single crystal X-ray diffraction,
nuclear magnetic resonance, mass spectrometry, EPR, vibrational spectroscopy, etc) , or
alternatively via indirect probes involving isotope labelling experiments, kinetic studies or the
use of radical traps among others. A deep mechanistic knowledge of most of these catalytic
transformations remains a challenging feature as they often proceed through very unstable and

highly reactive species, which are particularly difficult to isolate or even detect.

In this thesis, mechanistic investigations have been performed on three different first-row

transition metal-based approaches which can be divided in two blocks: (i) the oxidation or
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CHAPTERI

oxygenation of hydrocarbons using bioinspired copper systems in tandem with a green oxidant
such as molecular oxygen (Section 1.3), and (ii) the cross-coupling (and C-H activation) reaction

mediated by first-row transition metals like iron and nickel (Section 1.4).

1.2 MECHANISTIC STUDIES: THE MACROCYCLIC APPROACH

As described above, gaining knowledge on the underlying pathways behind metal-based
catalytic transformations would open new doors for both improvement of previously reported
methodologies and the development of new protocols. Whether direct or indirect methods are
performed to elucidate and comprehend at a molecular level the nature of the reactive species
involved in reaction mechanisms, one strategy commonly used by our and other research groups
and in this particular thesis is the so-called macrocyclic approach. This strategy consists in the use
of model ligands and/or substrates which can bind to the metal center (model system) in order
to stabilize these otherwise elusive intermediate species. In particular, model systems used for
the study of oxidation or oxygenation of hydrocarbons are usually inspired by the ones found in
nature (bioinspired), such as metalloenzymes (this will be further explained in Section 1.2.1).
These model ligands and/or substrates are usually tri- or tetradentate nitrogen-based
macrocycles of different ring sizes, structure and functionalities depending on the metal they

hold (Figure L.1).

Tri- and tetradentate N-based triazamacrocyclic ligands

? e ? ? |

o' e ./~M\. Q—I—O Q—I—O

~
Geometries
®-=N
.l/,,“I“\\\\ .l”"M“\\‘. =C
./ ‘\ g 90 = cis-labile position
Oy Dyn
L y,

Figure I.1 Schematic representation of tri- or tetradentate N-based macrocyclic model ligands or substrates.
Inset: Typical octahedral and square planar coordination geometries for these model ligands.
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In our group triazacyclononane-type ligands have been used to stabilize high-valent manganese-
oxo’, iron-oxo* ", iron-nitrido' and iron-tosylimido'® intermediate species. These ligands are
aza-crown ethers with the general formula (C;H4NR)s, which consist of a cyclononane where
three equidistant methylene groups have been replaced with NR groups (R = H, pyridine,
methyl, etc.) (Scheme I.1a). Depending on the amine substituents the ligand can be tri- (i.e, R
=H, Me, etc), tetra- (i.e, R=2H/Meand py) or pentadentate (i.e, R=H/Meand 2py). Another
macrocyclic ligand platform, PyNMes, developed in our group has been successfully employed
to stabilize high-valent iron(IV)/iron(V)-ox0'® ! species and cobalt-peroxo'® species. This
tetradentate N-based macrocyclic ligand binds through one pyridine and three aliphatic amines,
which upon coordination to the metal center leaves two cis-labile positions available to interact
with exogenous ligands (Scheme L.1b). Thus, all these features make it a suitable ligand to

stabilize high-valent complexes such as metal-oxygen intermediate species.

a)
E N, || o | || (\ fIII:N—D
( ’> (\ Fe 'N O ‘0 jlj [4 Fe ‘N o
R N\_/N R | ¥
R =2Me, Py; Me, 2Py; etc. [(2M°r[’ytacn)Fe V(O)(OH)]+* [(?MePytacn)Mn!V(O)(OH)]+ [(Me2Pytacn)Fe V(N) ]2+
Rtacn
b)
A
| 2 NJ 2+ /\\N‘ 2+ /\NA 3
N (s | (s | ()
N/, v=0 =\ Nu, L y=0 N' n—"2e
- N Fe‘OAc /N——Te‘NCCH 70~
k/,l,\) \ / \\l N \\N‘ 3 \ / Ll
PyNMe, [(PyNMe,)FeV(0)(OA)] 2* [(PyNMe,)FelV(O)(CH,CN)]?* [(PyNMe,)Colll(y2-0,) *

Scheme I.1 High-valent complexes stabilized and detected with a) Rtacn ligand and b) PyNMe; ligand.

Also in our group, Ribas and co-workers developed a series of macrocyclic scaffolds in order to
trap organometallic intermediates, otherwise non-detectable, relevant for cross-coupling
transformations. These model substrates are triazamacrocyclic-type ligands that contain aryl-
halide or arene moieties. One of these ligands, that consists of an aryl-H/halide moiety and three
aliphatic amines, was demonstrated to stabilize a series of aryl-metal complexes (Cu(III)!*?,
Ag(III)* and Ni(II)** %) (Figure 1.2a). Another version of these model substrates, which
consists of an arene moiety with two aliphatic amines and a pyridine, was useful to trap aryl-
cobalt(IIT) and aryl-rhodium(III) complexes* and a masked carbene aryl-cobalt(III) complex*’
(Figure L.2b).
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Figure 1.2 Organometallic complexes isolated with a) RL-X model substrate and b) RL-H model substrate.

1.2.1 Biomimetic model systems

Metalloenzymes are very efficient catalysts and so understanding their mechanism of operation
is of great interest to build up new catalysts. However, working with the entire protein is a tough
task due to the complexity of these structures and the difficulty to purify and obtain proteins in
large quantities. To simplify the study of these systems, chemists focus their attention on the
active site, where the metal center is found and most chemical reactions occur. Per se,
biomimetics is the study and development of synthetic systems which purpose is to imitate the
formation, function, or structure of biological substances and materials, and biological

mechanisms and processes. So, from this definition it can be said that two main objectives can
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be drawn from this approach: i) imitating the function of an enzyme involved in a chemical
transformation and so being able to reproduce its reactivity; i) gaining insight into the biological
system by affording mechanistic, structural and spectroscopic information. In this regard, the
bioinorganic strategy for studying active sites consists in developing low molecular weight
transition metal complexes, in which the metal is bound in a similar environment to that found

in the enzyme (Figure 1.3).

cl

Fe
y N
7
\b Z
©

- e

Metalloprotein Active Site Synthetic Model
Figure 1.3 Biomimetic approach: from a metalloprotein to a synthetic model.

Transition metals are prime candidates for catalysis as their ability to give and take electrons
translates into a wide variety of oxidation states, which give them their chemical properties.
Moreover, from the perspective of green chemistry, first-row transition metals (Mn, Fe, Co, Ni
and Cu) are earth abundant and less toxic in comparison to their second and third-row transition
metal counterparts. Overall, the development of model systems offers a chance to understand,
reproduce the chemistry performed by the original enzymes and develop new synthetic

systems.”®?

1.3 BIOINSPIRED COPPER-BASED OXIDATIONS WITH DIOXYGEN

As mentioned in section I, the functionalization of inactivated C-H bonds is a very powerful
reaction as hydrocarbons are a major source of feedstocks. The selective functionalization of
these ubiquitous bonds could allow for further derivatizations. However, these transformations
are very challenging due to the inert nature of these C-H bonds. This lack of reactivity arises
from the fact that hydrocarbons are held together via strong and non-polarized C-H and C-C
bonds.** Moreover, selectivity issues add up to this chemical inertness because, as mentioned
before, these bonds are basically present in any organic molecule. One of the most desirable
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functionalities to be introduced in hydrocarbons for their further transformations are oxygen-
containing groups. For this reason, oxidation and oxygenation reactions are gaining great

attention from synthetic researchers.”

At present, owing to environmental reasons, efforts are being directed towards the development
of catalytic processes (in substitution to stoichiometric ones) in order to reduce waste
generation and diminish the use of harmful oxidants (i.e. meta-chloroperbenzoic acid, sodium
hypochlorite, permanganate, etc.). These stoichiometric oxidants are being outdated due to
their noxiousness, the intolerable amounts of toxic waste generated, high reaction temperatures
and long reaction times. In addition, these reactions exhibit low selectivities and poor yields.
Thus, taking into account environmental and economic costs, and as outlined before, these
methodologies are being substituted by catalytic processes which involve transition-metal based
catalysts in tandem with greener (less toxic) and cheaper oxidants. So, following the sustainability
trends for these reactions, the ideal green oxidant should be readily available, environmentally
friendly and with a high content of active oxygen to meet high atom economy. These

requirements are fulfilled by dioxygen or hydrogen peroxide (Table L.1).>*

Table I.1 Commonly used oxidants in organic synthesis and their respective by-products ordered according to
their percentage of active oxygen.

Oxidant % Active Oxygen* By-product
0. 100.0 / 50.0 -/ H,O
HO, 47.0 H,O
N,O 36.4 N,
0; 33.3 0,
KMnO, 30.4 Mn(II) salts
HNO; 25.0 NO,
CrO; 24.0 Cr(III) salts
NaOCl 21.6 NaCl
CH;CO;H 21.1 CH;COH
m-CPBA 9.3 m-CBA
PhIO 7.3 PhI

*The mass amount of oxygen transferred to the substrate with respect to the total mass
of the oxidant.

Nature is and has been a source of inspiration for the development of biomimetic or bioinspired
methodologies, as we can find this kind of transformations happening spontaneously in our

environment in an efficient manner under mild reaction conditions. Indeed, metalloenzymes
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use dioxygen to perform an extensive range of highly selective oxidation and oxygenation
reactions, with the involvement of redox processes together with proton transfers.”” However,
the reaction mechanism through which these transformations take place is most of the times
arduous to model. As a consequence, the need for the development of new strategies to mimic

the activity of metalloenzymes is still very remarkable.

1.3.1 O2 activation: the ideal oxidant

Dioxygen plays a very important role in our life as it is the terminal electron acceptor in aerobic
processes such as cellular respiration, which enables the biosynthesis of energy-rich substrates
used through the metabolism.* Another function of molecular oxygen in aerobic biological
systems involves enzymes that can convert O, into highly specialized oxidizing species used to
catalyze the synthesis of relevant biomolecules and the degradation of xenobiotics. Moreover, as
shown in Table L1, dioxygen is the ideal oxidant to be employed for oxidation reactions: due to
its high abundance and readily availability it becomes a cheap oxidant, and it offers high atom

economy as its active oxygen content is 100% (or 50% with just water as by-product).

Nevertheless, molecular oxygen itself does not act as an oxidant at room temperature. If this was
the case, atmospheric O, would spontaneously react with all the organic molecules producing
carbon dioxide and water. In fact, this reaction is exothermic, so favored from a thermodynamic
point of view. Thus, the lack of reactivity of dioxygen is explained by the unfavorable kinetics,
which is dictated by the electronic structure of O, (Figure 1.4a, left). Dioxygen is a triplet
molecule in its ground state (S=1, two unpaired electrons in the antibonding molecular orbitals
Top* and T, *). Since most organic molecules are closed-shell molecules (S=0), the reaction

with O, is a spin-forbidden process.*

Despite these thermodynamic limitations, biological systems are constantly using O, as an
oxidant to carry out oxidative processes. This finds an explanation in the fact that nature has
strategies to overcome the low reactivity of molecular oxygen by the interaction with molecules
containing unpaired electrons such as radicals (S=12) or paramagnetic transition metals
(S>12) (Figure L4, right). An evidence of this is that there are enzymes containing a transition

metal in their active site which can bind and activate dioxygen by transforming it into more
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reactive species such as superoxides (O, S=122) or peroxides (O,%, S=0) that will easily react

with organic substrates in a controlled manner.*”3*
a)
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Figure 1.4 a) Activation of molecular oxygen to give its active reduced forms, and b) reduction of molecular
oxygen to yield its reduced forms.

As depicted in Figure 1.4b, the activation of O, involves its reduction by one, two or four
electrons. In nature the origin of these electrons is quite diverse: the organic substrate itself, a
co-substrate, a cofactor or a transition metal (in the case of metalloproteins). From a
bioinorganic point of view, this last case is the most interesting because earth abundant
transition metals such as iron and copper are found in the active site of metalloenzymes.*® For
example, Rieske dioxygenases contain a mononuclear iron center in their active site that
activates O, to perform the syn-dihydroxylation of arenes (Scheme 1.2, top),” 3 % while
tyrosinase presents a dinuclear copper center in its active site responsible for the O, reduction
coupled with the ortho-hydroxylation of phenols to catechols which are the precursors of

melanin (Scheme 1.2, bottom).2*
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Rieske dioxygenase
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Scheme I.2 Top: reduced form of the Rieske Dioxygenase active center (mononuclear non-heme iron-containing
metalloprotein) which uses O; as oxidant for the syn-dihydroxylation of arenes (Naphthalene dioxygenase,
NDO). Bottom: reduced form of the tyrosinase active center (dinuclear copper-containing metalloprotein),
which uses O, as oxidant in the ortho-hydroxylation of phenols (Phenolase).

1.3.2 Copper oxygenases

It is well established that copper is an essential element found in trace amounts in most living
systems. It can be found in metalloenzymes with mononuclear or coupled multinuclear
configurations involved in intricate redox processes.”® * The most common oxidation states of
copper in biological systems are +1 and +2 so it is considered a one electron shuttle. As for the
+3 oxidation state, it is believed to be present in highly reactive intermediate species in some
enzymatic reactions. Nevertheless, due to the highly positive Cu" / Cu'" redox potential, Cu™
oxidation state is considered to be unreachable in natural systems and so far it has not been
directly detected in nature, although it has been proposed to be involved in the mechanism of

some systems such as particulate methane monooxygenase (pMMO).**

In general, the structure of the active site of copper-based metalloproteins enables to
accommodate the structural changes it suffers when the copper center changes its oxidation
state. Thus, the structure of the active center is flexible to tolerate these conformational changes
but robust enough to prevent side reactions to occur. In addition, the binding pocket around the
active site is also tailored for the interaction of the metallic center with a unique substrate in a
specific orientation. Finally, yet importantly, the second coordination sphere plays a key role

optimizing the orientation of the substrate via non-covalent interactions towards the active site.
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The high variety of copper species is translated in the broad range of biological reactions that
they catalyze: binding and activation of small molecules (i.e, CO,, CO, NO,, O,) usually
coupled to electron transfer reactions, superoxide disproportionation and four electron water
reduction. However, the main roles of copper are found in electron transfer mechanisms, O,
activation (followed by substrate oxidation/oxygenation) and transport of molecular oxygen.*
At present, it is known that copper proteins involved in dioxygen binding and activation operate
through the (reversible) formation of reactive intermediates such as superoxides, peroxides or
oxides, which have been characterized by resonance Raman and UV-vis spectroscopy.” The
most relevant spectroscopically characterized copper-dioxygen intermediates are summarized
in Table I1.2. Different coordination modes and stoichiometries have been described for these
Cu:0; intermediate species (Table 1.2). By far, the most studied family is the one with a Cu:O,
stoichiometry of 2:1. In this group, four different intermediate species ("P, °P, P and O) are
known, containing copper centers in the oxidation state +2 or +3. Biomimetic studies on mono-
and multinuclear copper oxidases and oxygenases have not been as successful as those on
dinuclear copper proteins.** ¥ Importantly, a number of these intermediates has been

characterized with the use of model systems, and a separate section will be devoted to them (see

Section 1.3.3).
Table 1.2 Different Cu*:O, intermediate species reported in literature.
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Specially for this thesis, attention will be devoted on two of the most studied examples of copper-
containing proteins, which are tyrosinase and hemocyanin. Both proteins have almost identical
active sites: the reduced form is constituted by two copper(I) atoms, each one coordinated to
three histidine residues. Moreover, in the oxygenated form dioxygen is reduced to form a

peroxide species which binds between two copper(1l) centers in a side-on configuration(°P,

022') (Table 1.2). Although both proteins have very similar active sites, their biological functions
are very different due to the polypeptidic chain that surrounds the active site.** Hemocyanin
serves as a reversible dioxygen carrier in some arthropods and mollusks (analogous to the
hemoglobin in vertebrates) because the interaction of external substrates with the active site is
inhibited by the steric hindrance imposed by the protein domain (Scheme 1.3b); in contrast, the
active site in tyrosinase is closer to the molecular surface thus facilitating the interaction with an
exogenous substrate. Given this close interaction, tyrosinase acts as a monooxygenase enzyme
performing the ortho-hydroxylation of phenols to give catechols and further oxidation to

quinones, which are the precursors of melanin (Scheme 1.3a).2*
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Scheme 1.3 a) Proposed mechanism for the hydroxylation of phenols by tyrosinase, and b) deoxy and oxy form of
hemocyanin upon dioxygen binding.
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1.3.3 Copper bioinspired oxidations

As mentioned above, model systems have been crucial to characterize copper-dioxygen Cu:O,
2:1 intermediate species.” These model systems have been obtained with different approaches.
One of the methodologies consists in the synthesis of a ligand with two binding sites in order to
hold two metal centers. An alternative strategy, which is the one used in this thesis, relies on the
preparation of a mononuclear metal complex (LM, L = ligand with one binding site for a single
metal) that reacts with O to obtain a metal-dioxygen adduct (LM-0O,) that further reacts with
another mononuclear metal complex (L'M’) to yield a dinuclear metal-dioxygen adduct (LM-
0,-L'M’).#:30:51 Regardless of the strategy used to synthetize these model systems, the final goal
is to characterize and, if possible, isolate this Cu:O, 2:1 species in order to gain mechanistic
insight. However, these transient species are thermally unstable and the use of low-temperatures

to spectroscopically characterize these copper-oxygen adducts is often required.*”*'

This thesis will focus on models that mimic the enzymes tyrosinase and hemocyanin. Even
though the structures of these enzymes are nowadays well established by X-ray diffraction, some
key aspects of their mechanisms of action are still unclear. In this sense, as shown in the previous
section, the use of models has proven successful to shed light in this type of chemistry and to
perform selective oxidation of organic substrates. As tyrosinase and hemocyanin have a
histidine-rich environment, reproduction of the structure and functionality of these enzymes
requires copper atoms being surrounded by ligands containing nitrogen atoms (secondary and

tertiary amines, pyridines, imidazoles... ).2% #4752

The first synthetically prepared Cu,O, species capable of mimicking the reactivity of tyrosinase
was reported by the group of Casella.”® It consisted in a dicopper complex bearing the
dinucleating ligand L66 that binds to the metal through an aliphatic amine and two
benzimidazole units. Reaction of [Cu',(L66)]** with O, at low temperature (-80 °C) gave a
species whose spectroscopic characterization was fully consistent with a P compound.
Subsequent reaction of this transient Cu,O, adduct with p-carbomethoxyphenolate at low

temperature resulted in the corresponding catechol product (Scheme 1.4).
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Scheme 1.4 Reported synthetic *P species using the dinucleating "L66 ligand that performs the ortho-
hydroxylation of phenolates.

Remarkably, Stack and co-workers reported that Cu,-bis(pt-oxo) species (O) could also perform
the ortho-hydroxylation of phenols, thus mimicking tyrosinase-like reactivity.***¢ In this work
they used a bidentate N-based mononucleating ligand, N,N’-ditertbutylethylenediamine
(DBED), to form the corresponding mononuclear copper(I) complex, [Cu'(DBEB)]*. In this
case, reaction with molecular oxygen at -80 °C yields the corresponding 5P species, characterized
by UV-vis and rRaman spectroscopy. However, when the reaction of this Cu,O, adduct with
3,5-di-tert-butylphenolate was monitored by UV-vis spectroscopy at extremely low
temperatures (-120 °C), the formation of a new transient species was observed and assigned to
a bis(p-oxo) core (O) with a coordinated phenolic substrate (Scheme LS). Indeed, this result
has caused intense discussion because the existence of a rapid equilibrium between a P and O
species hampers the assignment of the true hydroxylating species in natural and synthetic

systems.
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Scheme 1.5 Schematic representation of the reaction of [ Cu'(DBED)]* using dioxygen and phenolates to
generate a ’P and a O species, respectively.

In a work done by our group, the key role played by the flexibility of the ligand to hold the
conformational changes that the copper center suffers when changing the oxidation state among
dioxygen binding and activation is demonstrated.”” A dinucleating N-based ligand, m-XYLYAY,
was used, consisting of two binding triamine sites connected by a single meta-xylyl group. The
metal centers in the corresponding dicopper(I) complex, [Culy(m-XYLMAN)]2* coordinate
through the three aliphatic amines presenting a distorted trigonal planar geometry, similarly to
the coordination sphere found in tyrosinase. [ Cul(m-XYLMAN) ]2* readily reacts with O, at low
temperature affording a bis(p-oxo) core (O), trapped and spectroscopically characterized by
UV-vis and rRaman spectroscopy, which is the species responsible for the ortho-hydroxylation
of para-substituted phenolates (Scheme L6, left). Moreover, and very remarkably, another work
performed in our group by Company, Costas and co-workers demonstrated the ability of this
system for the selective cleavage of ortho-C-F bonds in phenolate substrates (Scheme L6,
right).® This is a very important contribution from a mechanistic perspective as tyrosinase is

known to operate through a P species for the ortho-hydroxylation of phenols. However,
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tyrosinase is not capable of hydroxylating 2-fluorophenols as these substrates inhibit its
enzymatic activity. The enzymes responsible for the hydroxylation of 2-fluorophenols by
cleaving the C-F bond are FAD-dependent phenol hydroxylases. Thus, this reactivity opens new
doors to oxidative cleavage of C-F bonds, which are very challenging to break due to their
inertness and also for their applications in fluorinated organic compound degradation

(pharmaceuticals and agrochemicals) to lower their bioaccumulation.
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Scheme I.6 Recaction of [ Cu®(m-XYLMAN) [+ towards O, to generate the O species and subsequent reaction of
this with phenolates (left) and 2-fluorophenolates (right) to yield the corresponding catechols.
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1.4 CROSS COUPLING REACTIONS

Cross-coupling chemistry consists in the assembly of two coupling partners assisted by a
transition metal promoter (Scheme 1.7a). These transformations have been known for more
than a century, but they became very popular in the seventies when the first reactions catalyzed
by palladium were reported.®*' Thenceforward, cross-coupling reactions have become a
revolution in the area of organic synthesis as they have provided synthetic chemists with valuable
means to build-up complexity in relevant molecules such as pharmaceuticals, agrochemicals,
polymers and other compounds with extensive industrial applications.®** In fact, the impact of
palladium-catalyzed C-C couplings was recognized in 2010 with the Nobel Prize in Chemistry
awarded to Akira Suzuki, Ei-ichi Negishi and Richard F. Heck.®® These early palladium-based
methodologies were restricted to the coupling of aryl and vinyl halides as the electrophile
counterparts, with organometallic reagents as the nucleophilic partners. Nonetheless, this was a
way to obtain in one step scaffolds such as biaryls, aryl-alkenyls, aryl-alkynyls, conjugated
alkenes, etc. which until then could only be prepared by multistep reactions.®® The general
mechanism for palladium-catalyzed cross-coupling reactions (Scheme 1.7b) starts with an
oxidative addition of the organic (pseudo)halide (electrophilic coupling partner) to the metal
catalyst. After that, the nucleophilic coupling partner (usually an organometallic reagent)
undergoes transmetalation to the metal catalyst. From here, the organic moieties of both
coupling fragments are covalently bound to the same palladium center. The last step is the
reductive elimination of the organic moieties of the two coupling partners to achieve the new
organic product via a new C-C bond formation and the recovery and regeneration of the metal

catalyst to restart the catalytic cycle.*!
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transition metal

catalyst
X = (pseudo)halide New
Y = metal C-C/ C-Heteroatom
bond
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Il / Il /
L,Pd \ L,Pd NG
X
= Ar —M

=R
M-X Transmetallation

Scheme 1.7 a) Schematic and general representation of a cross-coupling reaction, and b) general mechanism for
palladium cross-coupling reactions.

It was not until the early nineties that Hartwig and Buchwald upgraded the field of palladium-
catalyzed cross-coupling reactions by developing protocols for the formation of new C-N bonds,
specifically for the arylation of amines, and so broadening the architectures accessible by cross-
coupling to an ample choice of aromatic amines (Scheme 1.8). ® Over the years, the
development of new systems for C-heteroatom cross-coupling transformations is on the rise,
allowing to expand the scope of coupling partners to amine-, sulfide- and oxygen-based

69,70

nucleophiles and aryl halides.
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Scheme I.8 Selected examples of the most relevant C-C and C-Heteroatom bond forming cross-coupling and
Heck reactions.

In summary, cross-coupling reactions constitute one of the most successful ways to build new
C-C bonds as well as C-Heteroatom bonds.”" Improvement of traditional cross-coupling
procedures would require avoiding the prefunctionalization step of the substrate, as direct cross-
coupling reactions of C-H bonds would afford greener and more sustainable approaches, as is

described below.”?
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1.4.1 C-H activation: the strategy towards sustainability

The need of functionalized coupling partners in cross-coupling reactions imposes an important
drawback for these transformations. That is, most of the fuels, chemicals and materials are
obtained from petroleum feedstocks, which mainly consist of saturated and unsaturated
hydrocarbons, and therefore derivatization of these precursors is needed before the coupling
reaction. Therefore, the direct use of hydrocarbons in coupling reactions is highly desirable, as
it would simplify reaction schemes and improve atom economy. However, the exploitation of
such resources is impeded by the lack of reactivity of carbon-hydrogen bonds, as shown by their
bond dissociation energies of 100 kcal/mol in alkanes and 110 kcal/mol in arenes and olefins.*
Consequently, harsh conditions and reagents have traditionally been employed to achieve the
functionalization of C-H bonds in industry.> The use of these conditions became especially
troublesome more than twenty years ago, when the establishment of the 12 Principles of Green
Chemistry triggered chemists towards the pursuit of new synthetic routes and materials while
preserving natural resources.” This situation improved with the introduction of transition-metal
catalysis, which, as mentioned in the previous section, opened new perspectives in this area.’
Specifically, the possibility of directly introducing a new functionality through a selective metal-
mediated C-H bond cleavage (C-H bond activation) is a highly appealing strategy as, in
comparison with cross-coupling reactions, it avoids the requirement for prefunctionalization of

both partners (Scheme 1.9).

Cross—coupling reactions

-Y
-H — -X 4@_, ~[TM] —
Pre-functionalization New
step C-C/ C-Heteroatom
bond
....................................... DS = e e e X = (pseudo)halide
Y = metal
-Y/H
S Ty :
Pre-functionalization C-H activation New
step step C-C/ C-Heteroatom
bond

C-H activation reactions

Scheme 1.9 Advantages of C-H activation and functionalization reactions in comparison with cross-coupling
reactions.
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Going deeper into the general mechanism of “C-H activation”, formally the term activation
involves the cleavage of the C-H bond by means of a metal center and so the formation of an
organometallic species (metal-C bond), which can be further functionalized by another
coupling partner/reagent to release the final organic product. In other words, the concept of C-
H Activation implies the interaction of the substrate’s C-H bond directly with the metal-reagent
or catalyst.”* In this organometallic approach, the metal-carbon intermediate is formed, after the
C-H bond cleavage, through an inner-sphere mechanism. On the contrary, the outer-sphere
mechanism or coordination chemistry approach consists in high-valent metals with activated
ligands (X = oxo, carbene, nitrene, imido ... ), and these activated ligands are the ones which will
interact with the C-H bond either via radicals pathways (hydrogen atom abstraction) or direct

insertion (Scheme 1.10).757

[TM] -H
[T™M]
C-H activation Funtionalization

ste
P Transition-metal

Alkyl/Aryl intermediate

C — — O
t

-H
[TM] s
N——
Direct O
insertion
[TM]
High-valent
metal H-atom

abstraction l’i Rebound

Scheme I.10 Inner sphere mechanism (top) and outer sphere mechanism (bottom) for C-H functionalization
transformations.

Over the past decades, important breakthroughs have been accomplished in the field and
nowadays different C-H activation protocols have been put forward. However, similarly to the

cross-coupling reaction, these were mostly based on scarce precious metals.
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1.4.2 Drawbacks and alternatives

In spite of the extraordinary results obtained with palladium systems and other precious metals
for both C-H activation and cross-coupling reactions, several disadvantages began to arise, such
as the high costs and toxicity related to the employment and removal of these second-row
transition-metal based catalysts. From this need, several new procedures have evolved for the
substitution of palladium-based systems by other more sustainable and less expensive first-row
transition metals, which have proved efficiently successful for these types of transformations.* 7
81 For instance, the natural abundance of first-row transition metals is approximately 32% for Fe,
0.88% for Co, 1.8% for Ni and 0.31% for Cu.* Consequently, the organic chemists’ community
shifted its attention to the use of earth-abundant first-row transition metals such as the ones

mentioned above, as they have lower toxicity and are less expensive.®

In this thesis, we focus our attention on catalysts based on iron and nickel, which will be

explained in more detail in sections 1.4.3 and 1.4.4, respectively.

1.4.3 Iron-mediated cross-coupling and C-H activation
reactions

Iron is considered one of the most relevant metals in nature as it is the most abundant transition
metal in the earth’s crust, it is cheap and non-toxic. Moreover, iron is tightly related to the life of
many living systems and its versatility is unique as demonstrated by the presence of this metal in
the active center of a wide variety of metalloenzymes. In this line, iron complexes have huge
potential for their application in homogeneous organic transformations due to its various

reachable oxidation states and high availability.”

The study of iron is one of the oldest fields in chemistry, and the development of organic
chemistry mediated by iron has never been ceased due to its advances and relevance. Two fields
in which the development of iron catalysis is now fundamental are cross-coupling reactions and

C-H activation reactions.®
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1.4.3.1 Iron-mediated cross-coupling chemistry

Prof. Jay Kochi, considered one of the pioneers in the field of iron-based cross-coupling
transformations, proved in the seventies that naked ferric salts could catalyze the formation of
C-C bonds between alkenyl halides and Grignard reagents in a stereoselective manner (Scheme
L.11).%% Although these pioneer works demonstrated huge potential for further development,
iron catalysis was kept in the shadow of late transition metals cross-coupling for decades, as the

latter were easier to handle (bench-stable catalysis).

Kochi (1971)
CH3MgBr
(0.1 mol %)
A Br AXwCHs
THF, 25 °C, 45 min .
> 95 % yield
Cahiez (1998)
RMgBr g
R? (1 mol %) R
R'IJ\KR:S R1J\(R3
Br THF, (9 equiv), R
-5t0 0°C, 15 min 6
R = Me, By, etc. PSR
Nakamura (2007)

p-TolMgBr (2.5 equiv)
FeF3'H20 (5 mol %)

(15 mol %)
Was
THF, 60 °C, 24 h

98 % yield
Nakamura (2011)
PhMgBr
FeCly( ) (0.5 mol %)
(O O
(0.5 mol %),
o .
25°C, 20 min 92 % yield

slow addition

Scheme I.11 Selected examples of iron-catalysed cross-coupling reactions using naked iron salts, additives, NHC
or phosphine ligands.

There are many methodological studies on iron-catalyzed cross-coupling reactions. The metal
center can consist of iron-naked salts***” to metal complexes in which elaborated ligands (such
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as bisamine,**° N-heterocyclic carbene®**

and bisphosphine®'® ligands) and additives'® were
used (Scheme L11). However, there is a lack of mechanistic studies and most reported
mechanisms rely on hypothesis based on transient data, such as spectroscopy, while

characterization of intermediates has been rather scarce.!% 10

1.4.3.2 Iron-mediated C-H activation

At present, the field of iron-mediated C-H activation is very extensive, and there is a plethora of
methodological studies. A full review of the field is beyond the scope of the present thesis
introduction, and therefore this section will be focused only in the arylation of arenes with

organometallic reagents, as this is the reaction that is covered in Chapter V of this thesis.

The field of C-H activation has seen important advances with the use of iron catalysts. In 2008,
Nakamura and co-workers reported the first iron-catalysed C-H activation. In this seminal work,
the authors achieved the ortho-arylation of a-benzoquinoline using phenylzinc reagents
generated in situ from phenyl Grignard reagents together with ZnCl, in the presence of 1,10-
phenantroline as ligand and 1,2-dichloroisobutane (DCIB) as the optimal oxidant (Scheme
L.12). In the following years the scope of the reaction was expanded by using different aryl-zinc
reagents and different substrates.'*® 7 Afterwards, the methodology was improved in terms of
sustainability, by substitution of the expensive organodichloride-type oxidant, by a most
desirable oxidant such as molecular oxygen.'”® Nowadays a wide range of protocols have been
reported involving different substrates and organometallic coupling partners.'*”'">

ZnCl,-TMEDA (3 equiv)
PhMgBr (6 equiv)

(10 mol%) A
1,10-phenanthroline (10 mol%) _
> N
DCIB (2 equiv)
THF, 0°C, 16 h Ph
99 %
N I
N M
I N ’]‘/\/ > cl c
~-N
1,10-phenanthroline TMEDA 1,2-dichloroisobutane

Scheme I.12 Iron-catalysed arylation of a-benzoquinoline with phenyl Grignard reagent and DCIB as oxidant
reported by Nakamura and co-workers in 2008.
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Remarkably, from the perspective of mechanistic proposals, in 2011, a new methodology was
described by Nakamura’s group that allowed the use of Grignard reagents directly as coupling
partners (slowly added and at low temperature), without the need for the in situ generation of
the organozinc reagent.''® In order to get deeper insight into the mechanism of this iron-
catalyzed C-H activation and functionalization, the authors of this work conducted several
mechanistic studies which allowed them to propose a four-step catalytic cycle: (i) reversible N-
coordination of the pyridyl moiety (substrate) to the previously generated aryliron species; (ii)
irreversible ferracycle formation by ortho-C-H bond cleavage together with arene elimination;
(iii) oxidation of the ferracycle with DCIB to trigger the reductive elimination step and release
of the final coupling product; and (iv) regeneration of the active catalytic species via
transmetallation of the previously formed dichloroiron species with aryl Grignard reagent. To
turther support the experimental mechanistic studies and elucidate the reaction mechanism,
Chen and co-workers performed theoretical calculations, which uncovered a two-state reactivity
(TSR, very briefly explained in section 1.4.3.3) of the organoiron species to cleave the C-H
bond."”
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Scheme 1.13 Schematic representation of the proposed mechanism via Fe(1I) /Fe(III) /Fe(I) for C-H
activation/C-C cross-coupling reactions.

= N

Ph Ar-Ph

These results led to the conclusion that organoiron can effectively perform C-H activation via
deprotonation if the metal is in +2 or +3 oxidation state. However, when the organoiron is in 0
or +1 oxidation state it is less likely to promote the cleavage of the C-H bond through an
oxidative addition as they react reversibly with arene C-H bonds and with dihydrogen.''*?°
Based on that, generally the mechanism can proceed either via Fe(II) /Fe(I1I) /Fe(I) (Scheme
L.13) or Fe(II) /Fe(T) (Scheme I.14) catalytic cycles.
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Scheme I.14 Schematic representation of the proposed mechanism via Fe(III) /Fe(I) for C-H activation / C-C
cross-coupling reactions.

Interestingly in terms of sustainability, in 2019 the group of Ackermann described a “greener”
approach under mild conditions and a DCIB-free procedure in which the reductive elimination
step was electrochemically induced (Scheme 1.15)."?! Thus, this work states for the first example

of environmentally friendly electrochemical iron-catalyzed C-H activation.

il

AngBr (7 equiv)

o Fe(acac); (10 mol%) 0
dppe (10 mol%) _ N,TAMB“
H ~ “N—-nBu o H
N=N ZnCl,-TMEDA (3 equiv)
H — — —— THF, 40°C, 6 h Ar

Ar = p-MeO-CgHy4
dppe = thp/\/ Pth

Scheme I.1S First example of iron-electro-catalysed C-H arylation under mild conditions.
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1.4.3.3 Mechanistic understanding

As described above, iron-based cross-coupling reactions and C-H activation have attracted
considerable research interest due to the major advantages in comparison with noble-metal
cross-coupling transformations. Even though these methodologic studies have proven
successful in terms of efficiency for these transformations, the underlying mechanisms and the

structures of the key active species have remained elusive and scarcely described.®

The absence of such insight is ascribed to the struggles found when studying iron-mediated
reactions. Application of conventional characterization techniques such as nuclear magnetic
resonance (NMR) spectroscopy is not plausible due to the large number of paramagnetic
species that are formed in situ.’** Indirect physical-organic probes, including kinetic studies,
radical-clock trials and deuterium labeling experiments constitute the main source of
information to get a deeper understanding of the fundamental mechanisms of many of these
transformations.® Yet, an in-depth knowledge of the systems is restricted due to the lack of direct

evidence of in situ generated iron species.'?> '**

In order to address these limitations, different strategies are required compared to those
employed to investigate the mechanisms and speciation of C-H activation and cross-coupling
transformations catalyzed by noble metals. For example, in comparison with palladium-based
cross-couplings, iron-mediated cross-couplings can occur within a wider range of redox couples
(i.e, Fe(I)/Fe(1ll),** Fe(0)/Fe(Il),* Fe(-1I)/Fe(0),'** and Fe(Il)/Fe(I1ll)?*) (Scheme

1.16).124’ 126
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Scheme I.16 General scheme for iron-mediated cross-coupling catalytic cycles based on the redox couples
involved: Fe(I)/Fe(III), Fe(0)/Fe(Il), Fe(-1I)/Fe(0), and Fe(II)/Fe(III).

Due to the numerous oxidation and spin states that iron can adopt in these transformations, a
generalized mechanism has not certainly been proposed. Moreover, in the case of iron it is
known that different spin states of a given intermediate can coexist and undergo different
reactivity. These spin state changes on the iron intermediates can happen due conformational
alterations (geometry, ligands, oxidation state...) during the reaction course and are known as
the Two-State Reactivity (TSR). Very briefly, the TSR is considered when a given spin state
change on a given transition state lowers the energy barrier from one intermediate to the next

one (Figure L.5).1712
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Figure L5 Different spin-state scenarios possible for the reaction coordinates given by the TSR affording smaller
activation barriers. The purple and orange curves represent different spin states, and the red dots represent spin
inversions.

As mentioned above, the generation of paramagnetic iron species not only challenges the
reaction monitoring by NMR spectroscopy, but it also precludes a precise quantification. In
addition, most commonly these reactive organoiron species are very sensitive to air, moisture

and temperature, so that they are difficult to handle, and strict control of reaction conditions and

parameters is required.

In order to address all these complications, physical-inorganic spectroscopic methods, such as
S’Fe Mossbauer spectroscopy, electron paramagnetic resonance (EPR) and magnetic circular
dichroism (MCD) spectroscopy, in combination with X-ray absorption spectroscopy (XAS),
have been successfully utilized.*> '**'** Moreover, additional techniques such as theoretical
calculations together with X-ray diffraction (XRD) have allowed to further elucidate the
coordination environment of the iron active species and to get mechanistic insights of the

corresponding transformation (Figure 1.6).!313
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Figure 1.6 Representation of the iron-mechanistic toolbox using a combination of physical-inorganic
spectroscopies, concurrent iron speciation reactivity studies and low-temperature synthesis of organometallic iron
complexes.

In the past decade, relevant advances in gaining insight into the mechanism of these reactions
were achieved by trapping key alkyl or aryl organoiron species. A myriad of organoiron
complexes have been reported in the literature since the 1960s (see the upcoming sections
1.4.3.3.1 and 1.4.3.3.2), including those coming from the activation of C-H bonds, and from the
activation of C-(pseudo)halide bonds. Still, in the specific case of aryl-iron complexes bearing
directing groups attached to the substrate, detection of such ferracycle species has remained

elusive for a long time and only limited spectroscopic characterization has been described.

1.4.3.3.1 Organoiron complexes via C-X activation

All cross-coupling reactions start with a C-halogen bond activation, and thus gaining knowledge
on how iron-mediated C-X bond activation works is of vital importance in order to develop new
iron catalysts. Considerable efforts have been devoted to the characterization of reaction
intermediates. However, the process towards the elucidation of the underlying mechanism
behind iron-catalyzed cross-coupling reactions has evolved much slower than those of

analogous palladium catalyzed reactions. Indeed, while in the latter case the reactions are known
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to proceed via net two-electron steps (oxidative-addition / transmetalation / reductive-
elimination),' iron catalyzed reactions can also proceed via polar and radical pathways.!* 14
Formation of radical species represents a fundamental problem in experimental mechanistic
investigations, as these species are prompt to decomposition and their spectroscopic
characterization is significantly more complex than for closed-shell compounds. Furthermore,
in some cases in which iron is in the +2 or +3 oxidation state, pre-activation of the catalyst is
required by transmetallation with an organometallic reagent and subsequent reductive
elimination (homocoupling) to generate the active iron(0) or iron(I) species which can then

undergo C-X bond activation.® *!"'%7

In the case of iron, addition of aryl- or alkyl-halides to reduced iron complexes usually proceeds
via a radical halogen-atom abstraction which results in the one-electron oxidized iron complex
and the organic radical fragment, thus posing difficulties for a proper characterization of the iron

Species.91' 92, 130, 131, 148-152

Therefore, modification of the reaction conditions to favor polar
mechanisms has been an enduring challenge in the field, and the synthesis of low valent and
reduced iron complexes which enable net two-electron oxidative addition of aryl- and alkyl-

halides has become fundamental for enhancing mechanistic insights.'?> 3 140

An approach that has proven especially successful is the use of strong-field ligands like CO,
which allows for the net two-electron oxidative addition of organic halides to iron."*'5¢ In 1988
Zanazzi and co-workers could isolate a series of alkyl and/or n>-acyl iron(II) iodide complexes
bearing CO and phosphine ligands upon reaction of the corresponding iron(0) precursors and
alkyliodides (Scheme 1.17).!” Interestingly, the stability of these species was attributed not only

to the use of strong-field ligands, but also to the steric hindrance of the phosphine substituents.
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Scheme I.17 Synthesis of a) alkyl-Fe(II), b) ionic alkyl-Fe(II), and c) n'-acyl-Fe(II) bearing strong-field ligands
such as carbon monoxide and phosphines via oxidative addition. Larger cone angles (¢) of the phosphine ligands
favours the ionic- and acyl-type complexes due to steric effects.

Another strategy that proved successful was the use of specially designed ligands with haloaryl
moieties with directing groups (Figure 1.7a). In 2009, Sun and co-workers reported the first
structures of aryl-iron(II) chloride complexes formed via oxidative addition.'s® In this case, the
authors used ortho-directing groups to stabilize the intermediates (Figure 1.7b). Later in 2010,

Nishiyama and co-workers described a similar example of aryl-Fe(Il) complex via oxidative
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addition using an ortho-directing substrate and strong field ligands (Figure 1.7¢).'%

S0



General Introduction
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Figure 1.7 a) General scheme of the directing group approach for the activation of ortho-, meta- and para-
positions of aryl-X groups. Example of an ortho-directing group strategy; b) Isolated and XRD characterized aryl-
Fe(II) complexes obtained via polar oxidative addition using a phenylimine substrate for the ortho-directing
group strategy together with strong field ligands such as trimethyl phosphine and carbon monoxide, and c)
Isolated and XRD characterized aryl-Fe(II) complexes obtained via polar oxidative addition using a
(oxazolinyl)phenyl substrate for the ortho-directing group strategy together with carbon monoxide as strong field
ligand.
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The most recent breakthrough occurred very recently in 2021, when Chirik and co-workers
prepared an iron(0) complex bearing an (arylimidazole-2-ylidene)pyridine and dinitrogen
ligands capable of undergoing formal two-electron oxidative addition of both aryl- and alkyl-
halides (Figure 1.8).'° The resulting organometallic iron(II) halide complexes were successfully
isolated. Mechanistic investigations combining competition experiments, radical clock trials and
stereochemical probes were also performed. The performance of a net two-electron
transformation was attributed to the strong ligand field around the iron center provided by the
electrodonating carbene pincer ligand. Nevertheless, experiments with radical clocks and
deuterium labeling probes suggested a radical pathway in the case of alkyl halides, even though

the resulting iron complexes are very similar to those obtained via two-electron oxidative

addition processes.
-
toluene, r.t., 1h
N,
— ) N\/N\Ar
NN
AN // X-ray structures
N Fe, ] (hyd d
N ydrogen atoms an
Ea>/ | N, mesityl unit omitted
N> for clarity)
L //\
— NSZN<p, o O
NN | L
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toluene, rt., 1h E)>/ | \Nz
N, N CH3

84 %

Figure 1.8 Isolated and XRD characterized aryl- and alkyl-Fe(II) complexes obtained via oxidative addition of the
phenyl and methyl iodide, respectively, towards the corresponding iron(0) precursor using a carbene pincer
ligand that provides a strong field ligand environment to stabilize the resulting organometallic iron(II) complexes
(Chirik 2021).

Despite the recent achievements, synthesis of iron compounds able to undergo polar reactivity
still poses a big challenge. Synthesis of such compounds would not only bring better
understanding of the mechanism but would also allow for the development of less expensive and

more sustainable iron-catalyzed cross-coupling transformations.
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1.4.3.3.2 Aryl-iron intermediates via C-H activation

Generation of low-valent aryl-Fe species from a C-H activation can occur through two different
processes depending on the oxidation state of the starting iron complex: (1) oxidative addition
at an iron(0) center to yield the corresponding aryl-Fe hydride, or (2) via transmetalation at an
iron(II/I1I) center where the R group is the responsible for removing the hydrogen atom as a
proton (o-bond metathesis or deprotonative metalation, the organic moiety of the
organometallic reagent acts as a base).'! In some cases concerted metalation-deprotonation

(CMD) by an iron(II) center has been also proposed (Scheme 1.18).!¢?

oxidative addition

—H Ik

L,Fe? > |L,Fel : > L,,Fe'lH

low-valent organometallic
Fe(II)-hydride

o-bond metathesis

I —H sl , i I
LnFe r gm-H "R .- L,—,Fe —
CMD
> | ¥
—H D=
L.Fel + RCO, > [L,Fe' —> L, Fe'-

Scheme I.18 Described C-H activation mechanisms mediated by iron: oxidative addition to a low valent iron
complex to generate the corresponding organoiron hydride complex, o-bond metathesis where the organic group
(R) of the initial iron complex acts as an internal base to remove the proton, and concerted metalation
deprotonation with an internal or an external base to remove the proton.

An early example of an organoiron complex obtained via C-H activation was reported by Hata
et al. in 1968.1 UV light irradiation of an ethylene-iron(0) complex bearing 1,2-
bis(diphenylphosphino)ethane (dppe) ligands, [Fe(dppe)»-C2Ha], results in the generation of
a hydride ferracycle complex, with the iron center in the +2 oxidation state, and loss of ethylene
gas. This transformation proceeds via an oxidative addition of one of the phenyl hydrogen atoms
in ortho from the dppe ligand to the iron(0) center (Scheme 1.19). Since then, other similar
examples of organoiron complexes bearing phosphine/phosphite-based ligands'>® %1% or

170-177

carbonyl ligands obtained via oxidative addition have been reported in literature.

S3



CHAPTERI

oxidative addition

(\
o F(\Pph2 . Ph,b Fith
22N UV light N\ _H
/F’eo—" o /Fle"
PPh, - CoHy P
~ k/F>h
[Fe(dppe)zCaHal [Fe(H)(CgH4PPh-CH,CHo-PPh;)(dppe)]

Scheme 1.19 Reaction of [Fe(dppe)»-C2H,] under UV light to generate the corresponding ferracycle hydride
complex by oxidative addition of one of the ortho-C-H in the phenyl groups from the dppe ligand.

In 2009 Camandali and co-workers described a work in which a dimethyl-iron(II) complex
bearing trimethylphosphine ligands, FeMe,(PMes; ), reacts with benzophenone imine to form
an ortho-methylated iron(II) hydride complex.'”® In this case, the mechanism of this
transformation involves three main steps. Opening, the benzophenone imine substrate
coordinates by ligand exchange (decoordination of one trimethylphosphine ligand). Then,
ortho-ferration via o-bond metathesis, in which one of the methyl ligands acts as a base to
deprotonate the phenyl C-H bond and subsequent release of methane. After that, reductive
elimination occurs and a new C-methyl bond is formed and a new iron(0) complex bearing
trimethylphosphine ligands, Fe(PMes)s. Finally, the new iron(0) complex undergoes oxidative
addition to another accessible C-H bond from the previously formed product resulting in an

ortho-methylated hydride iron(II) ferracycle (Scheme 1.20).

Fe''Mey(PMe3),

. WH o Me3P,,,' I
O N > H "I|=e"\—N~H Me
- PMes, - CH
3 4 Me3P PMe3
74 %
- PMe; oxidative
addition
Ph Fe%(PMes)s
. _ii-(PMeg); ol oyl O O
. ,F‘i Me 'l:e\_N ~H reductive
Me Me elimination |
Mesp  PMes Me N~y H

Scheme 1.20 Synthesis of an ortho-methylated Fe(II) hydride complex via C-H activation involving first a o-bond
metathesis and then an oxidative addition.
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The above-mentioned examples correspond to stoichiometric C-H activation processes via
organoiron complexes. The first direct empirical evidence of a catalytically relevant organoiron
intermediate in C-H activation was not reported until recently by Neidig and Ackermann.'*
Their investigations shed light into the mechanism and structure of key cyclometalated iron
species active in triazole-assisted C-H activation and C-arylation transformations, a
methodological work previously reported by Ackermann in 2014." To do so, they performed
freeze-trapped *’Fe Mossbauer spectroscopy and single-crystal X-ray crystallography together
with reactivity studies. They were able to trap the organoiron species formed right after the C-
H activation step which was identified as a low-spin iron(II) dimer. Most remarkably, they could
also identify the organometallic iron compound formed upon reation with a phenyl Grignard

reagent which corresponds to a diamagnetic iron(1I)-bisaryl dimer (Figure 1.9).

u—!\,/IgX;[(sub-A)Fe(dppbz)(THF)]

ArMgBr (1 equiv) o -~
0 s FeCly » S8
i $ dppbz \§ Nsy

Cop : - First example of low-spin aryl-Fe(II)
— species via C-H activation
: Ph,P PPh, ; - Very unstable

: - Low temperature XRD & Mossbauer

,u—[/\f\g{(THF);{(subfb)Fe(dppe)(Ph)]

PhMgBr (3 equiv)
FeCI2
dppe

c
Iz
=
i\
Z\
=
1
@
=}

...........................

Figure 1.9 (1) Synthesis of the aryl-Fe(II) dimer formed right after the C-H activation step using one equivalent
of Grignard reagent, and (2) formation of the bisaryl-Fe(II) dimer using three equivalents of Grignard reagent.
Hydrogen atoms and some of the carbon atoms from the diphosphine ligands of the X-ray structures have been

omitted for clarity.

In 2020, Ackermann and co-workers reported the isolation of an aryl-iron(1I)-hydride via
oxidative addition of the phenone substrate to an iron(0) precursor, Fe(PMe;),, under mild

conditions (Figure 1.10). In this contribution the Ackermann group studied the hydroarylation
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of allenes using phenone substrates. This transformation proceeds with excellent ortho-

regioselectivity near the carbonyl group.'”

H 7 FeO(PM63)4 H_Fe“_o
14 I
tBu Me3P tBu
N,, toluene, vacuum,
12 h, 26 °C
(via oxidative addition) 1 %

Figure 1.10 Synthesis of aryl-Fe(II) hydride complex via oxidative addition to an iron(0) source. All hydrogen
atoms (except the Fe-H) have been omitted for clarity.

1.4.4 Nickel-mediated cross-coupling reactions

The use of nickel in organometallic chemistry comes before many other metals as it was isolated
in 1751 and Wilke was able to shed light into the structure and reactivity of different nickel
complexes, including that of Ni(COD), and olefin oligomerization, in 1899.1%° In 1912 the
scientist Paul Sabatier was awarded with the Nobel Prize in Chemistry for his groundbreaking
work on nickel-mediated ethylene hydrogenation. Then, in the seventies, the use of nickel was
expanded to cross-coupling transformations and reactions of alkenes and alkynes (nucleophilic
allylation, oligomerization, cycloisomerization and reductive couplings). However, the
development of nickel-based protocols was limited by the extensive use of palladium-based
catalysts for many years. It was not until the past decade, that the need for the substitution of
palladium for a less expensive and more sustainable candidate such as nickel occurred. Since
then, nickel chemistry has experienced a period of special interest both academically and
industrially. Thus, nickel has become a synthetically important metal that is able to catalyze a
broad range of challenging transformations and huge improvements have been made in the area
of nickel catalysis over the last decade.'®''** Nevertheless, nickel catalysis has not made profit

from the same exhaustive mechanistic organometallic studies as palladium."®'

As before stated, the popularity of nickel catalysts is in part attributed to its high natural
abundance in the Earth’s crust which results in its low cost (roughly 2000 times cheaper than
palladium) and high sustainability.'® In terms of chemical properties, nickel is an attractive

metal as in most of the cases it has demonstrated complimentary and/or increased reactivity
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when compared to its group 10 counterparts. This can be due to the relative electropositivity of

nickel which makes the oxidative addition step more feasible than for Pd and Pt based systems."'®*

One example would be cross-coupling reactions that involve the cleavage of C-F bonds,'®'%

190-192

tertiary alkyl halides and tertiary phenol derivatives'® %1% (Scheme 1.21).

a) C-F activation (Chatani, 2011)

Ni(COD), (20 mol%)
PCy; (0.8 eq)

o} ZrF4 (0.4 eq)
)+ X ) - )~
(e} CsF (3 eq), toluene,

100°C, 12 h
(3 eq) 80 %

b) Activation of tertiary alkyl halides (Fu, 2013)

NiBr,-diglyme (10 mol%) Lty By *
1 (11 mol%) 5 — — 5

Li'BuO (2.4 eq), : N N

(2.5 eq) 'BUOH (2.4 eq), 84% ... L ;
benzene, 40 °C

c) Activation of tertiary phenol derivatives (Dankwardt, 2004)

A0l [NiCI5(PCy3),] (5 mol%)
™ O L OO

iPr,0, 60°C, 15 h

(3 eq) 93 %

Scheme .21 Selected examples of Ni-catalyzed cross-coupling reactions of a) C-F bond activation, b) tertiary
alkyl halides activation, and c) tertiary phenol derivatives activation.

Another feature that enriches the chemistry performed by nickel is that not only it can perform
two electron processes as Pd and Pt (i.e, M(0), M(II) and M(IV) species), but also one electron
events, making all nickel oxidation states (i.e, Ni(0), Ni(I), Ni(II), Ni(III) and Ni(IV))

mechanistically accessible."”

However, this fact also complicates nickel’s mechanistic studies
due to the formation of paramagnetic species in comparison with the well-known and
established processes held by palladium-based catalysts. For this reason, specific key facts of its
reactivity, particularly in the higher oxidation states, remain rather obscure. Nevertheless,

different mechanistic cycles have been commonly proposed: (i) Ni(0)/Ni(II), (ii)
Ni(I)/Ni(II)/Ni(III) or Ni(I)/Ni(IIl), and more rarely (iii) Ni(I[)/Ni(IV) (Scheme 1.22).%¢

159
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) o « Not analogous to Pd ) vsi
et L « Frequently proposed in catalysis In catalysis

« Well-characterized « Rarely isolated examples

« Scarce well-characterized intermediates
intermediates

E Ni'! \ /\ E P -
Ni0/Nill b o Nil/Nill/Ni'T g Nil/Nill g i g Nill/NilV ‘_N
- E N@ @ E NL - N,I
« Analogous to Pd%/PdIL: Te + « Analogous to Pd!l/PdV
« Frequently proposed E * « Uncommonly proposed

Scheme 1.22 Commonly proposed Ni(0)/Ni(Il), Ni(I)/Ni(II)/Ni(III) and Ni(I)/Ni(III) catalytic cycles and
rarely invoked Ni(II) /Ni(IV) catalytic cycle, and comparison with Pd chemistry.

Even though nickel catalysis has grown significantly over the past decade, challenges for
forecasting and controlling the operative mechanistic routes persist. Thereby, conducting
systematic studies on organonickel complexes will enable deeper mechanistic understanding
and help in the improvement of already existing bond-forming reactions and development of

much more difficult new transformations.

1.4.4.1 High-valent organometallic nickel chemistry

It has been mechanistically well-stablished and demonstrated that the lower oxidation states of
nickel (Ni(0), Ni(I) and Ni(IL)) are catalytic intermediate species in many types of C-C and C-
Heteroatom bond-forming transformations.'”*?® Instead, nickel(III)*'?% and nickel(IV)
species®”?!* have not been proposed as catalytic intermediates in nickel-mediated cross-
coupling reactions until more recently. These higher oxidation states of nickel can undergo
transformations that are not achievable by low-valent nickel species or other metal ions. For this
reason, lots of efforts are being devoted in elucidating the underlying reactivity of nickel(III) and

nickel(IV) complexes by means of both stoichiometric and catalytic studies.

Nickel(III) species are commonly invoked as catalytically competent intermediates in nickel-
mediated cross-coupling transformations, yet studies that support these hypotheses remain
scarce. In the late 70s, Kochi reported the first contribution that provided indirect evidence for
the involvement of a Ni(III) intermediate species by stoichiometrically studying the oxidative

C-C bond formation reaction starting from an organometallic Ni(II) complex (Scheme
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1.23a)."* Later in 1995, Hillhouse and co-workers conducted a similar study but this time
through and oxidative C-N bond-forming transformation (Scheme 1.23b).2'* Nevertheless, the
first organonickel(III) complex was not isolated until 1983 by Van Koten and co-workers. To
do so, they used a pincer ligand to stabilize the nickel(III) center (Scheme 1.23c).*'¢ Later in
2009, Sanford’s group proved the ability of this species to undergo C-Br reductive elimination

(Scheme 1.23¢) .27

a) Kochi, 1979

@l:,_ \PEt3 = @.,Nﬁm,\PEt"g O
/ . .
EtsP ﬁ anodic oxidation EtsP” b fast 0
reductive

elimination C-C coupling
Putative
organonickel(I1I)
species (n.d.)
b) Hillhouse, 1995
Acp A+
Fc N
or ~ tol
! /N:, \N |20/’02 J NI,. -III"N
202 NI - > N—tol
oxidation f ;N °C reductive
2 elimination C-N coupling
Putative
organonickel(11I)
species (n.d.)
c) Van Koten, 1983
\%
. N
~
N, _“““Br CuBry | i pyridine, 150 °C | |
Ni e Ni /" 5% N N
SN— oxidation | g, Sanford (2009)
® N\ reductive Br
/ elimination C-Br coupling
Ist isolated
organonickel(I1I)
complex

Scheme 1.23 a) and b) selected contributions with reactivity on nickel-mediated cross-coupling reactions via
proposed organonickel(III) intermediates, in which a lelectron oxidant is added to the Ni(II) precursor which
results in the formation of the organic coupling product, thus indicating the putative formation of a Ni(III)
intermediate species. c) First isolated organonickel(III) complex and reactivity studies towards C-Br bond-
forming reactions.

The above-mentioned contributions were a springboard for the upcoming investigations in the
area of organometallic Ni(III) complexes relevant for cross-coupling catalysis. In the past
decade, the group of Mirica has been able to isolate several organonickel(III) complexes. For

this purpose, they employed tri- and tetradentate N-based macrocyclic ligands to stabilize
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nickel(III) centers together with different carbon-donor ligands such as aryl groups, methyl
groups and the cycloneophyl ligand (a special cyclic alkyl/aryl carbon-donor ligand with no -
hydrogens which prevents from undesired side reactions such as p-hydride elimination, -
CH,CMe;-0-C¢Hy-). In addition, they performed reactivity studies that demonstrated that these

nickel(III) complexes were able to promote C-C and C-Heteroatom bond formation

).218—221

transformations under mild conditions (Figure 1.11

OR’, i
R [y, BUN  OR NBu
red. N
elim. | E
4
C-O coupling

'
g

/ 1t socc

N

< N or
P — blue light, r.t.
QAN —
5‘1 red.

elim.

2017 ‘ C-C coupling

Figure .11 Examples of recently isolated well-defined organonickel(III) complexes relevant for cross-coupling
transformations by the Mirica group.

Sanford and co-workers also provided great contribution in the field by isolating several
organonickel(III) complexes bearing a facial tridentate tris(pyrazolyl)borate ligand (Tp) and
performing reductive elimination studies relevant for nickel-catalyzed C-C bond forming
reactions (Scheme 1.24).22* In all cases, the organonickel(1II) complexes thermally decomposed
under mild conditions to yield the corresponding C-C coupling product. Moreover, and by
means of mechanistic studies, they demonstrated that the final coupling products occurred

directly from the nickel(III) species.
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Scheme 1.24 Isolated organonickel(III) complexes by Sanford and co-workers and subsequent thermolysis
studies yields to C-C bond-forming products by reductive elimination, respectively.

Even though all these seminal works have supplied excellent evidences for the involvement of
nickel(I1I) species in nickel-mediated cross-coupling transformations, much more is yet to be

known about this oxidation state.

Oppositely to organometallic nickel(III) species, which has been usually invoked as a
catalytically active intermediate for cross-coupling transformations, nickel(IV) is not often
proposed and was believed to be inaccessible under usual reaction conditions. Nonetheless,
since the recent discovery of the reactivity performed by Pd(IV) and Pt(IV) species a new
window was opened to study the related capability of Ni(IV) to promote difficult
transformations.??>?2¢ The first example of isolated organonickel(IV) complex was reported in
1994 by Klein and co-workers, via oxidation of the corresponding Ni(II) precursor with methyl
iodide (Scheme 1.25).*” Even though no reactivity studies were performed, this work
demonstrated that organonickel(IV) species were accessible and could be investigated
employing the appropriate conditions. From then, other examples of organonickel(IV)
complexes were isolated by Dimitrov and Nuckolls, using very specific carbon-donor ligands to
stabilize the metal center (Scheme 1.25).2% 2 Nevertheless, these ligands did not allow the

investigation of catalytically important cross-coupling and bond-forming transformations.
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",

(Klein, 1994) (Dimitrov,2003) (Nuckolls, 2009)
Scheme 1.25 First isolated organonickel(IV) complexes.

It has not been until more recently that organonickel(IV) complexes relevant for cross-coupling
reactions have been isolated by using specially designed ligands and selected reaction
conditions. In 2018, the group of Sanford reported the isolation of an organonickel(IV) complex
bearing a facial tridentate N-based ligand (tris(2-pyridyl)methane, Py;CH), a trifluoromethyl
ligand and a cycloneophyl ligand.** To synthesize this organonickel(IV) the corresponding
organonickel(II) precursor was oxidized by two electrons with a “CF;*” source. Moreover, its
reactivity was tested towards exogenous acetate to afford the C-O coupling product, and also
upon thermolysis to yield the reductive elimination C-C bond forming product (Figure 1.12).
This work was a stepping stone to gather all the information needed to isolate a series of
organonickel(IV) complexes by changing some variables in a well-designed and controlled
manner. In most of the cases they used the Tp ligand together with different stabilizing carbon-
donor ligands (biphenylene, cycloneophyl, etc.), trifluoromethyl groups and aryl
electrophiles.* ¢ They also performed reductive elimination as well as coupling with
exogenous nucleophiles achieving coupling products in good yields. This supports the initial
hypotheses that organonickel(IV) complexes are catalytically competent for cross-coupling

transformations.
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Figure I.12 Synthesis, X-ray structure and reactivity of the organonickel(IV) complex isolated by Sanford and co-
workers.

Following this line, the group of Mirica also provided seminal contribution in isolating a well-
defined organonickel(IV) complex relevant for cross-coupling transformations. In this case they
used a tridentate N-based macrocyclic ligand (N,N,N-trimethyl-triazacyclononane, tacn) to
provide a stable environment to the metal center, and cycloneophyl as the bis-carbon-donor
ligand.*"” In addition, they performed reactivity studies regarding reductive elimination, C-C, C-

O and C-Cl bond forming reactions (Figure 1.13).

80°C
or

blue light, r.t.
+ —
/\N/ _‘ red.
N, |

lim.
NilV" elm C-C coupling

Il
| CI, 80 °C d< ©)§ ©:|L
—>
red.
| o cl

C-Cl coupling C-C coupling

Figure I.13 X-ray structure of the isolated organonickel(IV) complex reported by Mirica and co-workers and
reductive elimination reactivity studies upon thermolysis and chlorination, respectively.

1.4.4.1.1 High-valent organonickel complexes via C-H activation

Nickel-mediated C-H activation/functionalization reactions have drawn great attention in the
past decade due to the low-cost of Ni-based catalysts and to the many advantages in terms of

green chemistry that provides direct C-H functionalization over traditional cross-coupling
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transformations. For these reasons, the scientific community has devoted a lot of efforts in
developing methodologies for Csp*3-H activation and functionalization transformations
mediated by nickel(II) catalysts.2*” 2323 Nevertheless, there are only scarce examples of Csp*>-
H activation/functionalization transformations performed by high-valent nickel complexes

analogously to its group 10 high-valent counterparts.

In order to gain insight into the feasibility of this transformation and inspired by the emerging
studies on Pd(IV) C-H activation, some fundamental studies have been published on well-
defined high-oxidation state organonickel complexes obtained via C-H activation. In 2016, the
group of Mirica reported the characterization of an organonickel(III) complex obtained via C-
H activation under mild conditions.** In order to stabilize the high-valent intermediate species,
they used a modified version of their previously used tetradentate N-based pyridinophane ligand
by replacing one of the pyridine moieties for an aryl group as a carbon-donor source where the
C-H activation will take place following a directing group strategy. They also reported reactivity
studies towards aromatic cyanoalkylation of the model substrate through double C-H activation

mediated by the organonickel(III) complex (Scheme 1.26a).

a) Mirica, 2016: Ni(III)

(@\ 1. INi"] (1 eq)
H 2.Ag* (3eq)

NpN NNp >

N

N

=

b) Sanford, 2017: Ni(IV)

Scheme .26 a) Isolated organonickel(III) complex obtained via C-H activation and reactivity studies towards

cyanoalkylation by Mirica and co-workers, and b) isolated organonickel(IV) complex via C-H activation by
Sanford and co-workers.

One year later, Sanford and co-workers reported a well-defined organonickel(IV) complex

obtained by C-H activation under mild conditions. In this case, they modified their previously
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used Py;CH ligand by replacing one of the pyridine arms by an aryl moiety in order to promote
a directed C-H activation, and trifluoromethyl groups as supporting ligands (Scheme 1.26b).2#
Yet, the authors note that with the gathered information and experimental evidences, the
involvement of an undetected organonickel(III) intermediate in the C-H cleavage step cannot

be discarded based on previously reported literature.

Opverall, the knowledge acquired in all these investigations will serve as a trampoline to the
discovery of new transformations involving high-valent nickel intermediate species in C-H
activation and functionalization transformations such as the ones reported by Sanford in

2019.234, 242
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Objectives

In this thesis, within the context of the development of new synthetic methodologies mediated
by Earth-abundant first-row transition metals, mechanistic investigations of important
transformations have been performed: (i) the oxidation or oxygenation of C-H and C-F bonds
using bioinspired copper systems in tandem with a green oxidant such as molecular oxygen
(Chapters Illand IV), and (ii) the cross-coupling (and C-H activation) reaction mediated by first-

row transition metals like iron and nickel (Chapters V and VI).

The first part of this thesis will be aimed to the study of O,-activating copper enzymes such as

tyrosinase (Chapter I1I) and FAD-containing phenol hydroxylase (Chapter IV).
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Scheme II.1 Schematic representation of the objectives corresponding to the first part of this thesis (top: Chapter
111, and bottom: Chapter IV): copper complexes for O,-activation and substrate oxidation using bioinspired
model ligands.

To this end, in Chapter III we will develop a new bioinspired copper(I) complex capable of
mimicking the reactivity of tyrosinase upon dioxygen exposure. We envision the use of the
PyNMe; ligand to mimic the nitrogen-rich environment found in the active site of tyrosinase.
This tetradentate nitrogen-based 12-membered macrocyclic ligand was previously used by
Company, Costas and coworkers to stabilize high-valent iron-oxo species. If the corresponding
mononuclear copper(I) complex can be obtained, its reactivity towards O, at low temperature

will be explored with the aim of trapping and characterizing any Cu,:0, adduct formed. Finally,
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CHAPTERII

to ensure that this system is a functional model of tyrosinase, the hydroxylation of phenolate

derivatives by the in situ generated copper-oxygen adduct will also be studied (Scheme IL.1, top).

In Chapter IV we will explore further the reactivity of a Cu,:O, adduct reported by Stack and
coworkers generated al low temperature. This system is supported by a bidentate nitrogen-based
ligand, and upon exposing the corresponding copper(I) complex to dioxygen at low
temperatures the SP species is observed by UV-vis spectroscopy. Moreover, when adding a
phenolate, the O species with the phenolate coordinated is also be detected. Given the fact that
both the *P and the O species are observable for this system, the main goal is to explore if this
functional model of tyrosinase can also perform the challenging ortho-defluorination-
hydroxylation of 2-fluorophenols, in contrast to tyrosinase which activity is inhibited in the

presence of C-F bonds (Scheme IL.1, bottom).

The second part of this thesis will be focused on the organometallic chemistry mediated by iron
(Chapter V) and nickel (Chapter VI) with carefully designed model substrates that will provide

the metal center with a more stable environment for its isolation and characterization.

In Chapter V, we will use 12-membered macrocyclic model substrate to study the iron-mediated
C-H activation pathway using a Grignard reagent as coupling partner. This model platform was
previously used to isolate and characterize high-valent organometallic palladium, nickel and
cobalt complexes. Given this precedent, and due to the lack of mechanistic information in the
tield of organometallic iron chemistry, the aim of this work is to be able to isolate a well-defined
aryl-iron(II) complex, characterize it and study its reactivity towards Grignard reagents. If
successfully achieved, this new family of well-defined aryl-iron(II) complexes could serve as a
stepping stone for unraveling the wunderlying mechanism of other iron-mediated

transformations in the field of organometallic chemistry (Scheme IL.2, top).
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Scheme I1.2 Schematic representation of the objectives corresponding to the second part of this thesis (top:
Chapter V, and bottom: Chapter VI): isolation of organometallic iron and nickel complexes bearing model
substrates and model ligands relevant for C-H activation and cross-coupling transformations.

Finally, in Chapter VI we envision the use of the PyNMe; ligand together with a bis-carbon-
donor ligand such as cycloneophyl to isolate and characterize an organometallic low-valent
nickel(II) complex and its corresponding high-valent nickel(III) and nickel(IV) analogues via
stepwise one-electron oxidation. Noteworthy, PyNMe; has never been used to stabilize
organometallic complexes. This system is interesting due to the non-symmetric arrangement
provided by the two ligands which will allow for the study of the trans-effect. Moreover, the
reactivity of the different species in the presence of oxidants towards the formation of new C-C
or C-O bonds will also be investigated, in order to shed more light into the presumed
involvement of organometallic nickel(IV) species in nickel-mediated cross-coupling reactions

(Scheme IL.2, bottom).
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The synthesis and solution characterization of the mononuclear copper(l) complex [Cu'(PyNMes)
(CH3CN)]™ (1) is described. This compound presents a C; symmetric architecture as ascertained by
NMR spectroscopy and corroborated by DFT calculations. The reactivity of 1 towards O, in a CH3CN:
THF 1:19 mixture at —100 °C was monitored by UV-vis spectroscopy, which evidenced the formation
of a new species (2) with a highly intense absorption at 353 nm (& > 17200 M~! cm™) that was not stable
even at this low temperature (t;> = 6 min at —100 °C). This spectroscopic signature is characteristic of pi-

Ié(e;y Wg;dS: 1?:n2-peroxodicopper(Il) complexes, which typically exhibit one single intense absorption between 340
Di (l;l:y gen and 380 nm. Despite the fact that such species are involved in the catalytic cycle of tyrosinase, a copper-

based enzyme that ortho-hydroxylates phenols, attempts to hydroxylate phenolates by 2 turned out to be
unsuccessful. Most probably, the rigid macrocyclic tetradentate architecture of the PyNMes ligand hin-
ders simultaneous peroxide and phenolate coordination in the same copper center, a necessary step prior
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to the ortho-hydroxylation of this substrate.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Copper-containing proteins are one of the most relevant sub-
groups of O,-activating enzymes [1,2]. Their reaction mechanism
usually entails the reductive activation of O, by a copper(I) center
to form copper-dioxygen adducts (Cu,:0,) in which the oxidation
state of the metal center is +2 or +3 and the O, moiety has been
reduced to superoxide, peroxide or oxide moieties. These Cu,:0,
adducts are key intermediates in the catalytic cycle of the enzymes
and they are directly involved in the oxidation/oxygenation of
organic substrates [3,4]. However, their intrinsic reactivity turns
them into elusive species which are difficult to trap and character-
ize. In this context, a particularly valuable strategy to get informa-
tion about such compounds involves the synthesis,
characterization, and detailed evaluation of the reactivity of dis-
crete molecules that contain copper—oxygen moieties [5-7]. Such
small molecular bioinspired models serve as platforms to unravel
key aspects about the structure and electronic properties of these
biologically relevant Cu,:0, adducts.

These studies have enabled the characterization of a myriad of
copper-dioxygen adducts, ranging from mononuclear centers to

* Corresponding author.
E-mail address: anna.company@udg.edu (A. Company).

http://dx.doi.org/10.1016/j.ica.2017.08.061
0020-1693/© 2017 Elsevier B.V. All rights reserved.

multinuclear or heterometallic configurations. In most cases, neu-
tral N-based ligands combining tertiary amines, imines or hetero-
cyclic amines (pyridines, pyrazoles, imidazoles) constitute the
coordination environment around the copper center. In the present
work, we use a tetradentate nitrogen-based marocyclic ligand
(PyNMes), which coordinates the metal center through three ali-
phatic nitrogens and one pyridine (Fig. 1). We will study the ability
of PyNMes to coordinate to copper(l) and the binding and activa-
tion of O, by the resulting copper(I) complex. Noteworthy, PyNMe3
has been previously used in our laboratory for the synthesis of
high-valent iron-oxygen species [8,9], and later Cho et al. reported
its use for the synthesis of mononuclear (hydro)peroxidocobalt(III)
species [10].

2. Experimental section
2.1. Materials and methods

Anhydrous solvents were purchased from Scharlau or Sigma-
Aldrich and used as received. Reagents were of commercially avail-
able reagent quality. Ligand PyNMes; was synthesized following
previously reported procedures [8,9].

NMR spectra were recorded on Bruker Ultrashield Avance 111400
and Ultrashield DPX300 spectrometers. Mass spectra were


http://crossmark.crossref.org/dialog/?doi=10.1016/j.ica.2017.08.061&domain=pdf
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[Cu(PyNMe3)(CH3CN))(OTf)
compound 10Tf

Fig. 1. Synthesis of [Cu'(PyNMes)(CH3CN)](OTf) (10Tf) by reaction of PyNMes with
1 equiv [Cu'(CH3CN)4](OTf) along with the DFT computed structure for 1.

performed by electrospray ionization in a high-resolution mass
spectrometer Bruker micrOTOF QII (Q-TOF) with a quadrupole ana-
lyzer with positive and negative ionization modes. UV-vis spec-
troscopy was performed on an Agilent 8453 UV-vis
spectrophotometer with 1 cm quartz cells and low temperature
control was achieved with a cryostat from Unisoku Scientific
Instruments (Japan).

2.2. Synthesis of [Cu(PyNMes)(CH5CN)](OTf) (10Tf)

In the glovebox, PyNMes (4.6 mg, 0.02 mmols) was dissolved in
anhydrous CH5CN (1 mL) and [Cu(CH3CN)4](OTf) (OTf = trifluo-
romethanesulfonate) (7.0 mg, 0.02 mmols) was added directly as
a solid. The resulting yellow mixture was stirred for 5 min. Spec-
troscopic and mass spectrometry analyses of the resulting solution
indicated the formation of the title compound. CD3;CN was used as
solvent for the NMR characterization of 10Tf. 'H-NMR (CDsCN,
400 MHz, 298K) &, ppm: 7.76 (t, J=7.8Hz, 1H), 7.21 (d,
J=7.8Hz, 2H), 3.95 (d, ] = 15.2 Hz, 2H), 3.59 (d, ] = 15.2 Hz, 2H),
2.68 (s, 6H), 2.58 (m, 2H), 2.47 (s, 3H), 2.32 (m, 2H), 2.23 (m,
2H), 1.83 (m, 2H); 3C-NMR (CDsCN, 400 MHz, 298 K) &, ppm:
156.72, 137.81, 122.37, 63.34, 56.10, 53.93, 45.94, 44.28. HR-MS
(m/z): Calc. for [Cu'(PyNMes)]* 311.1291, found 311.1319; calc.
for [Cu'(PyNMe;)(CH5CN)]" 352.1557, found 352.1535.

2.3. Reaction of [Cu'(PyNMes)(CH5CN)](OTf) (10Tf) with O,

Samples of 10Tf to monitor its reaction with O, by UV-vis spec-
troscopy were prepared under an inert atmosphere in the glove-
box. A freshly prepared 20 mM solution of 10Tf in CH3CN (see
above) was diluted 10 times to afford a 2 mM stock solution of
the copper(l) complex in CH3CN. A UV-Vis cuvette with a cell path
length of 1 cm was charged with 100 uL of the 2 mM stock solution
of 10Tf and 1.9 mL of dry THF were added. Thus, the final concen-
tration of 10Tf in the sample was 0.1 mM in a CH3CN:THF 1:19
mixture. The UV-vis cuvette was capped with a septum, taken
out of the glovebox and placed in a Unisoku thermostated cell
holder designed for low-temperature experiments at 173 K. After
reaching thermal equilibrium a UV-vis spectrum of the starting
complex was recorded. Dioxygen was injected into the cell with
a balloon and a needle through the septum causing immediate
reaction.

2.4. DFT calculations

All calculations were performed with the Gaussian 09 package
[11]. The B3LYP level of theory [12-15] and the 6-311G(d) basis
set [16-20] were used to optimize the geometries and calculate
the frequencies of each structure. Empirical dispersion was
included with the Grimme’s GD3B] model [21] and solvation
effects in acetonitrile were taken into account with the PCM-
SMD model [22]. Also, under the same conditions, Single Point
Energy (SPE) computations were performed with the cc-pVTZ basis
set [23,24], a more flexible basis set, to obtain more accurate
energy values. Additionally, a correcting factor in the Gibbs energy
was included to compensate the change from gas-phase standard
concentration of 1atm to 1 M gas-phase standard concentration
(+1.89 kcal mol~! for the species and +3.64 kcal mol~! for the ace-
tonitrile, which is defined as the solvent).

3. Results and discussion

3.1. Synthesis and characterization of [Cu'(PyNMe;)(CHsCN)](OTf)
(101f)

10Tf was synthesized by mixing equimolar amounts of [Cul(-
CH3CN)4](OTf) and PyNMe;s in the glovebox at room temperature.
THF, CH,Cl,, acetone and CH3CN were tested as solvents. Unfortu-
nately, the synthesis of 10Tf in THF, CH,Cl, or acetone caused the
immediate disproportionation of copper(l) as evidenced by the for-
mation of copper mirror and a deep-blue colored solution attribu-
table to copper(ll) species. Such disproportionation reactions are
not uncommon in the chemistry of copper(l) and they depend on
the stability of Cu' relative to Cu", which is affected by both the sol-
vent and the ligand geometry [25-29]. In contrast, CH;CN pre-
vented the decomposition of copper(l), and an intense yellow
solution was obtained. ESI-MS analysis of this solution by high-res-
olution mass spectrometry afforded a clean spectrum dominated
by a peak at m/z 311.1319 with a mass value and isotopic pattern
fully consistent with the desired copper(l) ion [Cu'(PyNMes)]"
(Fig. S1). Attempts to crystallize or isolate this complex were
unsuccessful because disproportionation of the metal complex
occurred during the crystallization or isolation process even in
CH5CN.

Although an X-ray structure of this compound could not be
obtained, most likely PyNMes behaves as a tetradentate ligand as
previously observed for the corresponding iron(Il) and cobalt(II)
compounds [9,10]. DFT calculations were performed in order to
get a picture of the possible structure of the copper(I) complex
(see SI). From all the calculated structures, the most stable geom-
etry corresponded to a C; symmetric distorted square pyramidal
compound with the copper(I) center coordinated to the four nitro-
gens of the PyNMes ligand and to one CH3CN ligand (trans to the
pyridine ring), yielding [Cu'(PyNMes)(CH3CN)](OTf) as the general
formula for the copper(l) complex of the PyNMes ligand (10Tf,
Fig. 1). Optimization of the structures where the CH3CN ligand is
bound trans to the N-methyl group always led to the formation
of the isomer with the CH3CN trans to the pyridine. The optimized
geometry with no coordinated CH3CN was less stable by
9.3 kcal mol~! (Gibbs free energy difference, AG°) and no structure
could be optimized with the copper(I) center ligated to two ace-
tonitrile molecules. The optimized geometry for [Cu'(PyNMes)
(CH3CN)]* (1) is in agreement with the structures reported for cop-
per(I) complexes with other tetradentate ligands, in which a CHs-
CN molecule fullfills a square-pyramidal pentadentate
coordination environment [30,31]. Indeed, the high-resolution
ESI-MS spectrum of 10Tf (Fig. S1) also showed the presence of a
small peak corresponding to the coordination of one CH3;CN mole-
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cule to the copper center ([Cu'(PyNMe;)(CH5CN)]", m/z 352.1535),
which further supports the proposed formulation.

NMR characterization of 10Tf could be achieved by performing
its synthesis in CDsCN and transferring the resulting solution in an
NMR tube inside the glovebox. To our delight the 'H NMR spec-
trum of 10Tf exhibited well resolved signals that could be assigned
with the help of 3C and two-dimensional NMR experiments (no
traces of unreacted PyNMes; were detected). This observation is
quite remarkable because copper(l) complexes are intrinsically
labile compounds (d'° metal ions) that tend to give fluxional struc-
tures with broadened NMR signals [31,32] In this case, the PyNMes
ligand confers certain rigidity to the metal center, so that well
resolved signals are observed.

According to the NMR data compound 10Tf presents a Cs sym-
metry, which is consistent with the computed structure (Fig. 1).
This is also in agreement with the C; symmetry previously
observed for paramagnetic [Fe"(PyNMes)(CH5CN),](OTf), and
[Co"(PyNMe;)(CH5CN),](OTf), complexes [9,10], suggesting that a
similar folding and coordination of the PyNMejs ligand may be tak-
ing place around the copper(l) system. Accordingly, the aromatic
region consists of a triplet at 7.76 ppm and a doublet at
7.21 ppm corresponding to the y proton and to the two equivalent
B protons of the pyridine ring, respectively. The four methylenic
protons next to the pyridine appear as two well defined doublets
at 3.95 and 3.60 ppm, indicating that the two protons on the same
carbon are diastereotopic, while two equivalent N-methyl groups
appear as a singlet at 2.68 ppm and the other N-methyl unit at
2.47 ppm (Fig. 2). Assignment of the methylenic protons between
the aliphatic nitrogens, which appear as four different multiplets

C. Magallon et al. /Inorganica Chimica Acta 481 (2018) 166-170

in the 2.6-1.8 ppm range, was more complicated. However, with
the help of a NOESY experiment the interactions of some of these
protons with one of the two singlets of the methyl groups could
be observed (Fig. 3a). These through-space correlations together
with an HSQC experiment (Figs. 3b and S3) allowed the allocation
of these protons on a particular carbon center of the PyNMes struc-
ture and their orientation with respect to the methyl groups could
be unequivocally established (see assignments in Fig. 2).

3.2. Reaction of [Cu'(PyNMe;)(CH5CN)](OTf) (10Tf) with O,

As copper-dioxygen adducts are known to be intensely colored
compounds, the reaction of compound 10Tf towards O, was mon-
itored by UV-vis spectroscopy at low temperature. Initial attempts
were performed at —40 °C and using CH3CN as solvent, but no
absorption band that could be attributed to the formation of a cop-
per-dioxygen adduct was observed. Instead, direct oxidation of
10Tf to copper(Il) was observed. In an attempt to further lower
the temperature and trap a putative copper-dioxygen adduct, sol-
vents with lower melting points were used. As detailed above, the
use of THF, CH,Cl, or acetone as solvents caused the immediate
decomposition of 10Tf, so that the presence of a certain proportion
of CH3CN was necessary in order to keep the nature of the starting
reagent. After optimization, we found that reaction of 10Tf with O,
at —100°C in a CH3CN:THF 1:19 solvent mixture caused an imme-
diate color change from yellow to deep brown, which was accom-
panied by the appearance of an intense absorption band at
Amax =353 nm (e>17200 M~! cm™~! per Cu dimer) in the UV-vis
spectrum (Fig. 4). This new species (2) reached its maximum
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Fig. 2. '"H-NMR (a) and >*C-NMR (b) spectra of [Cu'(PyNMe;)(CH5CN)](OTf) (10Tf) in CD5CN at 298 K.
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Fig. 4. UV-vis spectra corresponding to the reaction of [Cu'(PyNMes)(CH3CN)](OTf)
(10Tf, 0.1 mM) with O, in a CH3CN:THF 1:19 solvent mixture at —100 °C. Inset:
time trace of the band at Ap.x = 353 nm.

absorbance after 120s but it immediately decomposed
(ty2 =6 min at —100 °C). By analogy to previously reported Cup:
0, systems, 2 may correspond to a p-12:n2-peroxodicopper(ll)
(5P) complex, which typically exhibit one single intense absorption
band between 340 and 380 nm [6]. This species would be formed
by reaction of two molecules of 1 with a single O, molecule. MS
analysis of the reaction mixture after the self-decay of 2 indicated
the formation of copper(ll) species coordinated to the unchanged
PyNMejs ligand.

SP species are often considered the arene hydroxylating agent in
tyrosinase [33], which catalyzes the ortho-hydroxylation of phe-
nols to catechols and subsequent two-electron oxidation to
ortho-quinones using molecular O, as oxidant. The biological rele-
vance of SP compounds has also been substantiated by model sys-
tems [34-41], although isomerization towards the bis(}-0xo)
dicopper(lll) isomer has been also proposed to precede arene
hydroxylation [42-46]. In order to check if 2 behaved as a func-
tional model of tyrosinase, its reaction with sodium para-
chlorophenolate was monitored by UV-vis spectroscopy. Upon
maximum formation of 2, a THF solution containing 10 equiv of
sodium para-chlorophenolate was added into the cuvette. This
caused the fast decay of the characteristic band of 2 at 353 nm.
Unfortunately, analysis of the crude did not show the presence of

any catechol product, indicating that compound 2 fails in eliciting
tyrosinase-like reactivity. Most probably, the rigid tetradentate
PyNMejs ligand strongly coordinates to the copper center, affording
a coordinatively saturated SP unit. This prevents simultaneous
binding of peroxide and the phenolic substrate to the same copper
center, a mandatory requirement necessary for the attack of the
peroxide unit over the aromatic ring. A similar situation has been
observed in SP species derived from 1,4,7-tri-tert-butyl-1,4,7-tri-
azacyclononane ring, in which the steric hindrance imposed by
the ligand makes the copper center inaccessible to phenolates,
and thus tyrosinase-like reactivity is not detected [47]. In the case
of 2, the interaction of the phenolic substrate causes the unproduc-
tive decomposition of the SP unit without substrate hydroxylation.
As a matter of fact, SP species usually bear tridentate or bidentate
nitrogen-based ligands that leave room for interaction with the
substrate [7,34]. In the same line, the typical electrophilic sulfide
oxidation carried out by SP compounds was not observed for 2
and the addition of 4-methoxythioanisole to 2 only afforded 2%
of the corresponding sulfoxide oxidation product.

4. Conclusions

In this work we have described the synthesis and characteriza-
tion of the copper(l) complex [Cu'(PyNMes)(CH5CN)](OTf) (10Tf).
Despite the fact that no crystal structure has been obtained for this
compound, comprehensive NMR analyses together with DFT calcu-
lations have allowed to unequivocally establish the structure of
this compound in solution. Remarkably, 10Tf is highly reactive
with O, at low temperature and this reaction leads to the forma-
tion of a p-n2:n?-peroxodicopper(Il) (2) as ascertained by UV-vis
spectroscopy. Despite the fact that such species are known to be
key intermediates in the mechanism of reaction of the copper
enzyme tyrosinase, in the current system no phenol ortho-hydrox-
ylation analogous to that observed for the enzyme has been
detected. We speculate that the rigid tetradentate structure of
the PyNMe; ligand affords a coordinatively saturated SP species
with no capacity to coordinate any exogenous substrate, which
contrasts with the lower coordination numbers of tyrosinase func-
tional models. Compound 2 constitutes the first example of a SP
species with a tetradentate N-based ligand and adds to the grow-
ing family of bioinspired copper(I) complexes capable of stabilizing
Cu,:0, adducts, which are biologically relevant.
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ABSTRACT: C—F bonds are one of the most inert functionalities. Nevertheless, some e
[Cu,0,]*" species are able to defluorinate-hydroxylate ortho-fluorophenolates in a fj
chemoselective manner over other ortho-halophenolates. Albeit it is known that such
reactivity is promoted by an electrophilic attack of a [Cu,0,]** core over the arene ring, the

crucial details of the mechanism that explain the chemo- and regioselectivity of the reaction [ i!u" i cji (\w\!um °\ch(]
remain unknown, and it has not being determined either if Cu",(5*#*0,) or Cu™,(4-0), ' ° ) Ard H/)N
species are responsible for the initial attack on the arene. Herein, we present a combined _@ _@
theoretical and experimental mechanistic study to unravel the origin of the chemoselectivity

of the ortho-defluorination-hydroxylation of 2-halophenolates by the [Cu,(O),(DBED),]* @ o e

complex (DBED = N,N’-di-tert-butylethylenediamine). Our results show that the equilibria @ ©

between (side-on)peroxo (P) and bis(u-oxo) (O) isomers plays a key role in the Major Product ﬁ,‘
mechanism, with the latter being the reactive species. Furthermore, on the basis of quantum- e

mechanical calculations, we were able to rationalize the chemoselective preference of the
[Cu,(0),(DBED),]*" catalyst for the C—F activation over C—Cl and C—H activations.

B INTRODUCTION the corresponding chatecols.””® On the contrary, tyrosinase,
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The high electronegativity of fluorine strongly polarizes and
shortens C—F bonds, reinforcing the ionic component of the
chemical bond. As a consequence, the C—F bond has the
largest C—X (X = F, CJ, Br, I) dissociation energy (up to 130
keal-mol™)." Thus, C—F is considered the most inert organic
functionality, which confers a high thermal stability to the
fluorinated organic compounds. On the one hand, because of
the increment of the lipophilicity caused by the fluorination,
fluorinated drugs present larger in vivo residence times than
their nonfluorinated counterparts.”® Therefore, fluorinated
compounds are of great interest in medicinal chemistry and
agrochemlstry In addition, fluorinated compounds are also
currently in the spotlight, since their metabolization is very
difficult due to the aforementioned high stability, which
triggers their bioaccumulation and environmental persistence.
This scenario pops up a dilemma, since we are facing two sides
of the same coin. The particular properties of fluorinated
organic molecules make them interesting for medicinal
chemistry or agrochemistry. However, they are also respon51ble
for their bioaccumulation and blomagmﬁcatlon Therefore,
finding strategies to promote the activation and subsequent
transformation of C—F bonds into more reactive function-
alities is the key to facilitate the degradation of the fluorinated
organic molecules.

In nature, aliphatic and aromatic fluorinated compounds can
be enzymatically functionalized. In particular, the defluorina-
tion of aromatics occurs in cytochrome P450, chloroperox-
idase, and flavin adenine dinucleotide (FAD)-containing
phenol hydroxylases, which can convert 2-fluorophenols into

© 2020 American Chemical Society

7 ACS Publications

which catalyzes the ortho-hydroxylation of phenols, cannot
ortho-defluorinate-hydroxylate 2-fluorophenols.”'® Indeed, 2-
fluorophenols inhibit the catalytic activity of tyrosinase. The
active species of this enzyme consists of a (1%:77*-peroxo)-
dicopper(I) species (P), which is able to hydroxylate phenols
through an electrophilic aromatic substitution. Some of us have
shown that bioinspired systems such as [Cu™,(u-O),(m-
XYLMAN) ]2 and [Cu,(u—n*n*0,)(DBED),]** (Figure 1)
elicit the hydroxylation-defluorination of 2-fluorophenolates to
give the corresponding catechols (XYL = meta-xylyl-
N,N,N’,N’,N"’-pentamethyldipropylenetriamine; DBED =
N,N’-di-tert-butylethylenediamine)."" In contrast, other
model systems such as [Cu,(u—n*n*0,)(LP?),]** are
unable to cleave the C—F bond. Although the peroxo (P)
species is the most stable isomer of both [Cu,(u—nn*
0,)(DBED),]*" and [Cu,(u—n*n*-0,)(L7?5?),]**, the for-
mer is in equilibrium with the bis(u-oxo)dicopper(1lI) (O)
isomer. This led us to consider that the latter isomer is the

active species in the defluorination of 2-fluorophenols (Figure
1),12-14
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Figure 1. Three Cu,0,-based species. Green tick marks indicate that
defluorination-hydroxylation products are obtained, whereas the red
cross indicates the opposite.

In the case of [Cu™,(u-0),(m-XYLM**N)]>* only the O
isomer is observed,'> further supporting the idea that this
isomer is the only one competent to perform the
defluorination reaction."’ Of relevance to these observations,
high-valent iron-oxo and iron-manganese species have also
shown analogous reactivity.'*> In addition, de Visser and co-
workers showed that a p-nitrido diiron phthalocyanine
complex is able to activate and hydroxylate the C—F bonds
of hexafluorobenzene derivatives.”'

In this work, theory and experiments are combined to
determine the details of the mechanism of the selective ortho-
hydroxylation—defluorination of 2-fluorophenolates with
[Cu,0,(DBED),]** (1), a compound first described by
Stack and co-workers.'”"? Specifically, our study was directed
to address the following questions; to unravel which is the
actual defluorination-oxygenation agent, either the P or O
species, (1° and 1°, Figure 2). Both isomers have been

Bu Bu Bu Bu
\NH % HN/ \NH (O} HN/
o
ENH @ HN\] ENH @ HN\j
‘Bu/ Bu ‘Bu/ Bu

1P 10

Figure 2. Schematic representation of the two studied isomers of
[Cu,0,(DBED),]** (1): the (5*n*peroxo)dicopper(Il) species (1%,
left) and the bis(u-oxo)dicopper(III) species (1°, right).

experimentally detected for this system: The P isomer is
generated upon reaction of the copper(I) precursor with O,,
while the O compound is experimentally detected upon
coordination of a phenolic substrate to P. A second aspect to
clarify is the origin of the selective oxygenation at the ortho C—
F over the ortho C—H position in the reaction with 2-
fluorophenols, despite the former being devised as more
electron poor than the latter. Finally, the study aimed at
explaining the reason for C—Cl bonds, weaker than C—F
bonds, remaining unreactive.

B COMPUTATIONAL DETAILS

The computationally aided modeling of [Cu,0,]*"-based
compounds for the defluorination-hydroxylation of fluorophe-
nols has been exploited in the past decade, yet it is not an easy
task.””>* Because of the high number of electrons that must
be correlated, multireference methods have not been
extensively used to study [Cu,0,]** reactivity. Density
functional theory (DFT) arises as a powerful alternative to
study these compounds due to its good accuracy/cost
balance.”*”” However, some important considerations must
be taken into account. In particular, and of high interest for the
current manuscript, is that an unequivocal characterization of
[Cu,0,]*" isomerization equilibria is certainly quite difficult to
achieve by DFT means.”****’ Whereas (end-on)peroxo/(side-
on)peroxo isomerization equilibria is usually well-described by
hybrid functionals, (side-on)peroxo/bis(u-oxo) (P/O) equi-
libria presented by 1 is better described by pure functionals.*
Hybrid functionals tend to understabilize bis(u-oxo) species,
the magnitude of the understabilization being proportional to
the amount of exact exchange introduced in the functional
definition. Therefore, we performed the DFT calculations
using a pure functional. Nevertheless, the DFT results of the
P/O equilibria, which have a key relevance in the present
manuscript, were improved with the domain-based local pair
natural orbital coupled cluster method (DLPNO-CCSD(T))
calculations, which produce more reliable predictions than
DET. 2!~

DEFT electronic structure calculations were performed with
the Gaussian 09 software package®® using the spin-unrestricted
UMO6-L*° density functional. For the geometric optimizations
the molecular orbitals were spanned into the Pople-type 6-
311G(d) basis set’””® (Method A). Singlet (both open and
closed shell) and triplet spin symmetries were explored,
reporting always the most stable one. The nature of the
stationary points was determined by analytical frequency
calculations. To compute subsequent Gibbs free energy
corrections, the temperature was set up at 183.15 K to
simulate the experimental conditions. Furthermore, the
connection between the transition state (TS) and intermedi-
ates was unambiguously established by intrinsic reaction path
calculations (IRCs),”” using the local quadratic approximation
to determine the prediction step.*” All DFT energy values were
systematically improved by evaluating the electronic structures
of the optimized geometries using the Dunning’s correlation
consistent triple-{ basis set cc-pVTZ, suppressing the functions
with higher angular momentum only for the Cu atoms (cc-
pVTZ-g)*"** and introducing solvation (acetone) effects
through the universal solvation model (SMD) (Method B).*
Spin contamination was removed if necessary by using the

. L 26,4445
following expressions
_ Es = “E(s+1)
spin—corr l —a (1)

_ (&) -8+
(Ssin) = S(S+ 1) @)

where Eg and Es, ) are the broken-symmetry DFT energies for
the S and S+1 spin states, respectively, obtained at UMO06-L/
cc-pVTZ-g ~ SMD level of theory. (S*) and (S, ,)*) are the
expectation values of the square total spin momentum
obtained at the same level of theory for the S and S+1 spin
states, respectively. And E is the spin-corrected DFT

spin-corr
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Figure 3. Schematic representation of the ortho-defluorination-hydroxylation reaction mechanism (Path A) and the competing ortho-hydroxylation
reaction mechanism (Path B). The proton source in the final steps is HCIO, (0.5 M). In Path A, the source of the electrons of the last step is given
by an external reducing agent (ascorbate or Zn powder)'' or, in its absence, by an intermolecular decomposition of a second Cu,O, complex.
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Figure 4. (A) Relative stability (kcal-mol_l) of 1%/1° and 2%/2° computed at the DLPNO-CCSD(T)/cc-pVTZ ~ SMD//M06-L/6—331G(d)
level. (B) Reactive 2° conformers for 2-fluorophenolate and 2,6-difluorophenolate (apical coordination) and 6-chloro-2-fluorophenolate (basal

coordination).

electronic energy. In this manner, the a parameter takes into
account the amount of spin contamination on the S state due
to the S+1 state.

ORCA 4.1.0 software package46 was used for the domain-
local pair natural orbitals coupled cluster with singles, doubles,
and perturbative triples;, DLPNO-CCSD(T), single-point
energy calculations, together with the cc-pVTZ basis set
(and cc-pVTZ as auxiliary basis) and SMD solvent corrections.
Tight PNO cutoffs were set for the transformation of the
orbitals into the DLPNOs. A tight self-consistent field (SCF)
criterion was set for the convergence of the SCF and the
coupled cluster (CC) iterations.

The values of T1 diagnostic of all DLPNO-CCSD
calculations were always lower than 0.024, indicating that
most of the correlation energy is captured by the DLPNO-
CCSD(T) method. Therefore, there is no evidence of
requiring multireferential calculations to obtain a good
description of the studied species.

B RESULTS AND DISCUSSION

To address the questions described at the end of the
Introduction, we performed a detailed computational study

17020

of the ortho-defluorination-hydroxylation mechanism of 2-
fluorophenolate and 2,6-difluorophenolate promoted by 1
(Figure 3).

Furthermore, we investigated the chemo-selectivity that 1
exhibits on the C—F bond activation over C—H or C—Cl bond
activations for 2-fluorophenolate and 2-chloro-6-fluoropheno-
late. Therefore, a total of five different possible reaction paths
were studied (Figure S).

The proposed mechanism of ortho-defluorination-hydrox-
ylation of 2-fluorophenolate compounds performed by 1
presents two principal steps (Figure 3). The first main step
is the electrophilic attack of the [Cu,0,]*" core to the aromatic
ring, which implies the pyramidalization of the attacked
carbon. This C—X activation can occur at each of the two
phenolate ortho positions, giving two possible reaction paths,
Path A or Path B, which will be indicated using either A or B
subscripts in the name of the intermediates and TSs. The
second main step is given by the rearomatization of the
substrate that leads to the catechol product either by the
transfer of the halogen to one of the metals (Path A, ortho-
defluorination-hydroxylation reaction) or through the proton
abstraction by the remaining oxygen atom of the core (Path B,
ortho-hydroxylation). Path A has some important differences
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with respect to the mechanism of defluorination-hydroxylation
of hexafluorobenzene catalyzed by a pu-nitrido diiron
phthalocyanine complex. In the latter case a ketone
intermediate is formed after a 1,2-fluoride shift, and only one
transition metal is involved in the C—F activation.”’ However,
in both defluorination-hydroxylation mechanisms the rear-
omatization of the ring plays a key role.

1 is formed in situ by the reaction of [Cu'(DBED)-
(CH,CN)]** and atmospheric oxygen.11 Although the most
stable isomer is the species 1%, this compound may be in
equilibrium with its bis(u-oxo)dicopper(IIl) isomer, 1°. The
first requirement to elucidate the reaction mechanism is to
determine which is the actual reactive species, 1° or 1°.
Spectroscopic monitoring of the reaction of 17 with
fluorophenolates (vide infra) reveals that it proceeds via an
initial phenolate binding to one of the copper atoms.
Consequently, using 2-fluorophenolate as a model substrate,
we computed the relative Gibbs energies of P and O isomers
either without (1°/1°) or with (2F/2°) 2-fluorophenolate
coordinated to the complex at the DLPNO-CCSD(T)/cc-
pVTZ ~ SMD//M06-L/6—331G(d) level of theory. In the
absence of substrate, the 1¥ species is 4.1 kcal'mol™' more
stable than 1°. However, upon substrate coordination, this
behavior is reversed, and 2° becomes 3.6 kcal-mol™ more
stable than 2° (Figure 4A). These results are in line with those
previously described by Stack and co-workers, indicating that
conversion to the O isomer occurs when P coordinates to a
phenolic substrate."?

Thus, the DLPNO-CCSD(T) single-point calculations agree
with the experimental observation that, when the Cu,O,
species is generated by reaction of the copper(I) precursor
[Cu'(DBED)(CH,CN)]* with O,, the main isomer is 1°.
However, upon addition of the phenolic substrate in the
reaction mixture, the equilibrium is shifted toward 2°.
Therefore, we placed the focus of our study on the 2° species,
although both 2° and 2 isomers were considered as possible
active species of the reaction mechanism.

It is worth highlighting that, for all fluorophenolate
substrates studied, both apical and basal coordination motifs
(with respect to the N,CuO, plane) were explored and that, in
all cases, the former was the most stable. However, for the
particular case of the attack over the position 6 of 6-chloro-2-
fluorophenolate (Figure S), we were only able to find the

o o o
F H F F F cl
A Yy A a S

Figure S. Five possible attacks studied in this manuscript over 2-
fluorophenolate, 2,6-difluorophenolate, and 6-chloro-2-fluoropheno-
late.

transition state corresponding to the electrophilic attack for the
isomer presenting basal coordination (Figure 4B). In this case,
the activation barrier corresponding to the C—F activation, the
reaction observed experimentally, is smaller than the barrier
associated with a hypothetical C—Cl cleavage, which therefore
is irrelevant.

The first step of the reaction corresponds to a noncovalent
attractive interaction between the reactive halogen (F or Cl)
with the less coordinatively saturated Cu, giving intermediate
3. Within crystal field theory, for a square-planar Cu(III)
center, all d orbitals are occupied but the d,>_,?, which does not

have the proper symmetry to form an apical bond. Therefore,
combination of the d> of the Cu(III) and one lone pair of the
halogen leads to a nonbonding covalent interaction. However,
there exists a noncovalent attractive interaction between the
halogen and the Cu(IIl), as it can be seen in attractive
interaction isosurfaces generated by the NCIPLOT***
program based on the real-space analysis of the reduced
density gradient (see Figure 6 and the Supporting
Information).

Along with the aforementioned Cu—X interaction, the C—X
bond is slightly elongated (from 1.35 to 1.38 A). This key
attractive interaction does not exist for the attack at position 6
of 2-fluorophenolate, because the proton obviously does not
have a lone pair to interact with the Cu(III). Therefore, for the
competing C—H ortho-hydroxylation reaction intermediate 3y
does not exist.

For all substrates, the next step of the reaction is an
electrophilic attack of the [Cu,0,]*" core to the aromatic ring.
This attack is ruled by the electrophilic character of the Cu,
and therefore it is particularly favored in the bis(u-oxo)-
dicopper(IlI) 2° isomer compared to the (17%:77*-peroxo)-
dicopper(I) 2" species (see Supporting Information for
details). The highest occupied molecular orbital (HOMO) of
the intermediate 3 is mainly located over the arene, which
agrees with its nucleophilic character, while the lowest
unoccupied molecular orbital (LUMO) is an antibonding
orbital mainly placed on the [Cu,0,]** core, which agrees with
its electrophilic character (Figure 7). In the transition state of
this step, which corresponds to the rate-determining step (rds)
of the reaction, the C—X (TS1,) or C—H (TS1g) bond is
elongated, while the C—O distance is shortened, and the
attacked carbon of the aromatic ring is pyramidalized. The
apical attack of the [Cu,0,]** on the arene cannot be
explained only with the participation of the HOMO and
LUMO, and, for instance, the apical attack to the 2,6-
difluorophenolate requires the participation of the HOMO-2
and LUMO+2 orbitals (Figure 7).

To confirm the electrophilic nature of the attack of the
Cu,O0, over the aromatic ring, a Hammett plot was
experimentally determined (Figure 8). Compound 1° was
generated at —80 °C in Me-THF (THF = tetrahydrofuran)
upon reaction of the copper(I) precursor [Cu(DBED)-
(CH;CN)]* with O,. This process was monitored by UV—
vis spectroscopy. Once 1° was fully formed, the temperature
was lowered to —110 °C, and the appropriate amount of
sodium 2-fluoro-4-Y-phenolate (Y = Cl, F, H, CH;) was added.
This resulted in the formation of the corresponding 2° species,
in which the bis(u-oxo) core is bound to the phenolate. The
experimental characterization of 2° was solely done by
comparison of the UV—vis spectra with those of analogous
species previously generated for m-XYLMN systems'' and
taking into account that analogous species have been
experimentally detected for the DBED system with 2-tert-
butyl-4-Y-phenolates.'> Decay of the UV—vis spectroscopic
features of 2° showed a first-order kinetics and could be
adjusted to a single exponential function. The decay rate (k)
was dependent on the nature of the para-substituent Y. Thus,
plotting the logarithm of the decay rate (k) as a function of the
Hammett parameter of the para-substituent (o) resulted in a
linear correlation with a negative slope (p = —3.5, Figure 8)
indicative of an electrophilic attack over the aromatic ring,
which agrees with the proposed mechanism based on

https://dx.doi.org/10.1021/acs.inorgchem.0c02246
Inorg. Chem. 2020, 59, 1701817027


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c02246/suppl_file/ic0c02246_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c02246/suppl_file/ic0c02246_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c02246/suppl_file/ic0c02246_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02246?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02246?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02246?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02246?fig=fig5&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c02246?ref=pdf

Inorganic Chemistry

pubs.acs.org/IC

Stronger

z: towards the reader
X

Weaker
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theoretical calculations. The calculated free-energy profile of
the different mechanisms studied is shown in Figure 9.

The intermediates 4, (Figure 9) of Path A contain a
dearomatized ring presenting one nearly sp® carbon bound to
both the reactive oxygen from the [Cu,0,]*" core and the
halogen. This halogen (either Cl or F) is strongly interacting
with the closest Cu. For the attack at position 6 of 2-
fluorophenolate (Path B), the intermediate 4y is generated
(Figure 9). This intermediate presents also one nearly sp’
carbon, but in this case, it is bound to the reactive oxygen from
the [Cu,0,]*" core and one proton. The main difference of 45
with respect to 4, is that the proton cannot interact with the
Cu(III), ultimately determining the reactivity of 45. Neither 4,
nor 4y are stable intermediates and quickly rearomatize and
evolve to the final product. For Path A, such a product (5,) is
obtained through a halogen transfer from the aromatic ring to
the metal. Because of the inclusion of the entropic and thermal
corrections, the Gibbs energy barriers of the halogen transfers
are close to zero or even negative, indicating that this step is a
barrierless process. Interestingly, for the attack at the chlorine
position of 2-chloro-6-fluorophenolate, the intermediate 4,
does not exist, and TS1, evolves directly to products in a
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concerted asynchronous manner (confirmed by IRC calcu-
lations).

For the alternative ortho C—H oxygenation, the mechanism
homologous to Path A would lead to a Cu—H species, which
has not been experimentally detected. Computationally, for 2-
fluorophenolate, the formation of the copper hydride is
endergonic by 15 kcal'mol™. Instead, the Path B mechanism
leads to a kinetically and thermodynamically favorable pathway
for the ortho-hydroxylation of the 2-halophenolates. This path
differs from Path A at intermediate 4g, which suffers a quasi-
barrierless proton transfer to the remaining oxygen of the

[Cu,0,]*" core forming an OH group. In the transition state of
this step (TS2g) the substrate rearomatizes. To do so, the
nearly sp* carbon formed in the previous step has to become
sp® again, releasing the proton. This proton is very close in
space to the remaining O of the [Cu,0,]*" core to which it
ultimately will be transferred (Figure 9, top). The formation of
the final product Sy is highly exergonic (i.e., AG = —60.9 kcal:
mol™).

The computed energy barriers (AG*) determined by TS1,
from lowest to highest, are 9.3 kcal'mol™ for the C—F
activation of 2-chloro-6-fluorophenolate, 11.7 kcal'mol™" for
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the C—F activation of 2,6-difluorophenolate, 14.5 kcal-mol ™!
for the C—F activation of 2-fluorophenolate, 15.5 kcal-mol™
for the C—H activation of 2-fluorophenolate, and 15.6 kcal-
mol™" for the C—Cl activation of 2-chloro-6-fluorophenolate.
These DFT barriers are in full agreement with observed
chemoselectivities. The attack on fluoride instead of chloride in
2-chloro-6-fluorophenolate is 6.3 kcal-mol™ more favorable,
which is in concordance with the fact that experimentally only
the ortho-defluorination is observed.'' For case of 2-
fluorophenolate substrate, for which both Path A and Path B
are possible, the attack on C—F (Path A) is 1 kcal'mol™" more
favored compared with the attack on C—H (Path B), again in
reasonable agreement with the fact that both products are
obtained, although the ortho-defluorination is the major
reaction (18:1 C—F vs C—H oxygenation, 38% total yield).

The precision of the computed reaction barriers was
checked by experimentally measuring the decay rate of 2°
formed in the reaction of 1° with sodium 2,6-difluorophenolate
at different temperatures via an Eyring plot analysis (see
Supporting Information for details). The experimentally
derived AGieXP is 11.8 + 0.6 kcal-mol™", which is in excellent
agreement with the aforementioned computed AG*, = 11.7
kcal-mol™. Indeed, the difference between the experimental
and theoretical AG* is far lower than the DFT or experimental
errors.

Once the reactivity for the bis(u-oxo) catalyst was
understood, we computationally analyzed whether the 7%:77*-
peroxospecies could present the same reactivity. We performed
linear transit calculations starting from 2° and explored the
electrophilic attacks from both oxygens to the aromatic ring at
UMO6-L/6-311G(d) level.

The energy profiles presented in Figure 10 were obtained
performing relaxed potential energy surface (PES) scan
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Figure 10. Schematic representation of linear transit calculations
starting from 2F using C—O1 (green) and C—02 (red) distances as
reaction coordinate. DBED ligand omitted for clarity.

calculations with respect to Cy,—O distances. Both linear
transits were targeting a transition state equivalent to TS1,. At
this level of theory, species 2° is 7.0 kcal'mol™" higher in
energy than 2°, preserving the DLPNO-CCSD(T) trends.

In the first linear transit calculation, the O1 approaches the
C of the C—F bond. At the beginning of the relaxed scan the
electronic energy increases ~10 kcal-mol™!. However, at the
01-C bond distance of 2.27 A, there is a significant drop in
energy corresponding to the isomerization from distorted 2° to
2°. As discussed above, 2° may evolve until reaching the

targeted TS1,. Although O2 is not properly located to react
with the aromatic ring, we also performed a second linear
transit calculation, where the O2 approached the C of the C—F
bond.

However, in this relaxed scan the energy rises ~40 kcal-
mol™" without finding a structure similar to that of TS1,.
These two linear transit calculations further suggest that only
bis(p-oxo0) isomers are able to perform the C—F activation,
and then 2% should evolve to 2° in order to perform the
electrophilic attack.

Our results also give theoretical insight about why some
compounds such as [Cu™,(O),(m-XYLMAN)]2+% and
[Cu",(0,)(DBED),]** (1) are able to perform ortho-
defluorination-hydroxylations, whereas [Cu™,(0,)(LP?%),]*,
which has been previously reported by Itoh,'* does not show
this chemistry. Our computations suggest that ortho-defluori-
nation-hydroxylation reactions can only be performed by O
isomers, which is the most stable species of [Cu™,(O),(m-
XYLMAN)]** and 2. On the contrary, the P isomer, which is
the only populated stable isomer of [Cu',(0,)(LP**),]*, is
unable to activate the C—F bonds of the aromatic rings. These
computational results are in full concordance with the known
reactivity of tyrosinase; 2-fluorophenolates are known inhib-
itors of oxytyrosinase, which has been spectroscopically
characterized as a pure P species. The corresponding O
isomer has never been detected and is computed to be at least
23 keal-mol™" higher in energy.””

B CONCLUSIONS

In this manuscript we have explored the reaction mechanism of
the ortho-dehalogenation-hydroxylation of 2-fluorophenolates
by combining computational methods and experiments. By
using high-level DLPNO-CCSD(T) calculations we have
reproduced the experimental description of [Cu,0,-
(DBED),]** (1), for which there is an equilibrium between
P and O isomers, shifted toward O upon substrate
coordination. Our coupled cluster and DFT calculations
revealed that O is the real executor of the ortho-
defluorination-hydroxylation, as it was previously suggested.'"
This fact explains why Cu,O, complexes for which only the P
isomer is stable are unable to perform defluorination-
hydroxylation reactions, and it also suggests a plausible reason
why tyrosinase is inhibited by 2-fluorophenols.

The full reaction mechanism was determined for three
substrates (2-fluorophenolate, 2,6-difluorophenolate, and 2-
chloro-6-fluorophenolate) exploring attacks of the Cu,O, core
at the 2 and 6 positions. Thus, we took into account also the
possibility of having a competing hydroxylation over a C—H
bond (Path B). In all cases, the attack of one oxygen of the
[Cu202]2+ core over the arene was the rate-determining step,
while the second step was barrierless or quasi-barrierless. This
result reproduces the experimental observation of the
phenolate-Cu,O, adduct as the last spectroscopically detect-
able intermediate.

The electrophilic character of the rate-determining step was
elucidated by means of an experimental Hammett plot.
Analysis of the frontier molecular orbitals for the substrates
further confirm the electrophilic nature of the reaction.

An Eyring plot experiment for 2-fluorophenolate as substrate
showed full agreement with calculations (AGEIEeXP = 11.8 keal:
mol™; AG*_. = 11.7 kcal'mol™). The experimental chemo-
selectivity was rationalized on the basis of relative activation
energy differences between C—F, C—H, and C—Cl activations.
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In all cases, the ortho C—F bond is kinetically preferred over
the other possible ortho bond (either C—Cl or C—H)
explaining the observed chemoselectivity for the [Cu,(O),-
(DBED),]** catalyst.

The identification of the O isomer as the active species and
the rationalization of the chemoselectivity that [Cu,0,]*
species present over specific substrates may facilitate the
design of more efficient systems, eventually catalytic, and may
also broaden their scope of applications.”” >® Because of the
bioinspired nature of such catalysts, they can be understood as
simplified (bio)models, and therefore their relatively easy study
and understanding is also helpful to acquire greater knowledge
on the behavior of bigger systems such as the ubiquitous
copper-based metalloproteins.
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ABSTRACT: Herein we explore the intrinsic organometallic
reactivity of iron embedded in a tetradentate N;C macrocyclic
ligand scaffold that allows the stabilization of aryl-Fe species, which
are key intermediates in Fe-catalyzed cross-coupling and C—H
functionalization processes. This study covers C—H activation
reactions using M°Ly and FeCl,, biaryl C—C coupling product
formation through reaction with Grignard reagents, and cross-
coupling reactions using MLy, or "Ly, in combination with
Fe’(CO);. Synthesis under light irradiation and moderate heating
(50 °C) affords the aryl-Fe" complexes [Fe'(Br)(™°L)(CO)]
(1) and [Fe"(L)(CO),]Br (1¥). Exhaustive spectroscopic
characterization of these rare low-spin diamagnetic species,

high-spin Fe' |
1-Cl, N )
s Ph N \
N
|
[ I |
PhMgBr oxidative work-up

o”%

N
[] = coorsolv. Prh/ \
1Me —

low-spin aryl-Fe''

o

including their crystal structures, allowed the investigation of their intrinsic reactivity.

O rganoiron species have been invoked for a long time in
cross-coupling transformations and C—H functionaliza-
tion reactions for the formation of C—C products. Early in the
1970s, Kochi reported that simple FeCl; could catalyze the
methylation of haloalkenes with the use of alkyl Grignard
reagents.”” Since then, many reports using cheap and nontoxic
iron-based catalysts have appeared, highlighting the use of N-
methylpyrrolidine (NMP) as an additive.””® More recently,
the use of bisphosphine’™” ligands or N-heterocyclic
carbene'’™" ligands to tune the reactivity of the in situ
formed organoiron species has allowed the development of a
variety of cross-coupling C—C bond forming transforma-
tions.'*~** Many iron-catalyzed C—H functionalization proto-
cols have also flourished in the past decade involving C,»—H
and C,;'—H activation, C—C bond forming reactions being the
vast majority,”’ "> although some examples of C—X bond
formation (X = N, B, Si, O, halides) have also been reported.26
In the past decade, important advances in understanding the
mechanism of these reactions relied on trappin% relevant aryl
or alkyl organoiron intermediate species.®”’ ™" However, in
the particular case of aryl-Fe species bearing directing groups
(DG) attached to the substrate, detection of the organo-
metallic species involved in cross-coupling or C—H activation
catalysis has been quite elusive for a long time, and only scarce
spectroscopic characterization has been reported. Either
oxidative addition®” at Fe® or o-bond metathesis at Fe'' has
been proposed to lead to the formation of aryl-Fe" species
(Scheme 1a).>**® Concerted metalation—deprotonation
(CMD) by Fe' has also been proposed in some cases.”*
Nakamura postulated a cyclometalated iron species as the
active intermediate in an arene-containing substrate using the

© 2021 American Chemical Society
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aminoquinoline (AQ) directing group, but actual spectroscopic
data on this compound were not reported.** This lack of
mechanistic understanding stems from the metastable
character of organoiron species together with their multiple
geometries and oxidation and spin states. Recently Neidig
reported a series of insightful publications in which the
combination of advanced spectroscopic techniques such as
Mossbauer spectroscopy and X-ray crystallography proved to
be a successful strategy to identify catalytically relevant
organoiron species.’” >

Moreover, there are very few examples of key low-spin aryl-
Fe' species stemming from C—H metalation in DG-bearing
substrates. One of them was recently trapped by Neidig at very
low temperatures using noncyclic substrates with an amide-
triazole bidentate directing group (Scheme 1b).** Another
species was reported by Ackermann featuring a cyclometalated
low-spin aryl-Fe'"-hydride species ligated with a ketone DG and
three PMe;, ligands."' With regard to well-defined systems
featuring aryl-halide oxidative addition processes, Nishiyama
reported a low-spin aryl-Fe'' complex using a bisoxazoline aryl-
Br pincer ligand and Fe,(CO),.* Recently, Fout described
the synthesis of an aryl-Fehydride stabilized within a
bis(carbene) pincer CCC ligand, but no reactivity of the
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Scheme 1. Relevant Examples of Iron-Mediated C—H
Activation: (a) 6-Bond Metathesis at Fe' and Oxidative
Addition at Fe’, (b) Low-Spin Aryl-Fe' Trapped at Low
Temperature, and (c) Reactivity of Well-Defined Aryl-Fe"
Species formed via C—H Activation or Cross-Coupling to
Undergo C—C Coupling (This Work)
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aryl-FeII was reported.43 An alternative strategy to get access to
well-defined aryl-Fe"" species consists of the use of macrocyclic
aryl-X and aryl-H model substrates capable of stabilizing
otherwise very reactive species. These size-tunable macrocyclic
model substrates have been used by our group and others to
stabilize square-planar aryl-Cu™,** aryl-Ag",** and aryl-Ni',*®
as well as octahedral aryl-Co™*” and aryl-Mn™ species.®

Following this strategy, herein we report the reactivity of well-
defined octahedral aryl-Fe'' species and their C—C cross-
coupling reactivity with ArMgX reagents (Scheme 1c).

The model arene substrate M°Ly; was exposed to FeCl, in
CH;CN to obtain the coordination complex [Fe"(Cl),(M°Ly)]
(1-Cl,) in 86% yield, which was isolated as a yellowish
crystalline solid (Figure 1a). Paramagnetic '"H NMR spectros-
copy clearly indicated a high-spin Fe"' species, which was
confirmed by X-ray crystallography (Figure 1b). The Fe'
center featured a pentacoordinated distorted-square-pyramidal
geometry (7 = 0.46)* with long Fe—N distances (>2.1 A).
Noticeably, the sixth coordination site was occupied by an
interaction with the inner aromatic C—H bond of M°Ly, which
conformed to an incipient C,,-H---Fe interaction (Figure S59).
The analogous structure with bromides as counterions was also
obtained (1-Br,, 7 = 0.46; Figure 1b and Figure S60).

These structures suggested that an octahedral geometry
featuring an organometallic aryl-Fe bond was feasible,
provided the C, —H activation could be executed. At this
point we explored the reactivity of the complex 1:Cl, with
PhMgBr Grignard reagent, seeking for a biaryl coupling
product. By performing the reaction in THF at low

1196
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—N H N— —_— Fell ————— > —>» —N Ph N—
N N, MeCN N7 el b) air, 1h N
s rt, 24h @/N\ S
Z Z
Me_ 1-Cl, wer_
" 86 % o6 :/:
b)

Figure 1. (a) Synthesis of the Fe" complex 1-Cl, and subsequent
reactivity with PhMgBr to obtain the biaryl C—C coupling product
(MeLpy). (b) Crystal structures of 1°Cl, and 1+Br, (ellipsoids set at
50% probability and H atoms removed for clarity, except for inner
Ar—H).

temperature (—78 °C) for 1 h and warming up the mixture
to room temperature for an additional 2 h, we obtained a 66%
yield of the C>~Cy biaryl coupling product (M“Lpy,) after
workup under aerobic conditions (Figure la). The product
was fully characterized by NMR and HR-ESI-MS (see the
Supporting Information). Despite no organoiron species
derived from C—H activation could be isolated, the
intermediacy of an aryl-iron species is clearly inferred by the
obtained coupling product. Whether C—H activation proceeds
via o-bond metathesis or concerted metalation—deprotonation
(CMD) at the iron(II) center is difficult to establish.**~>*>°
This prompted us to attempt another synthetic strategy to
stabilize and isolate relevant aryl-iron species via aryl-halide
oxidative addition at Fe’. Thus, we prepared aryl-Br ligand
analogues (*Lg,, R = H, Me, tBu; Figure 2a) and reacted them

a)
Br -
LNR LN
P Fe(CO)s Fe(CO)s %
LN co SN, | .Br
X pelt «~—————— R-N Br N-R Rt
| ~co N 16 h N N, THF, 50 C | eo
\N R=H (THF, 50 °C, [ 254nm, 16 h N
R 254 nm) z R=Me
R =H, 1 (63 %) R = tBu (dioxane, RLg, 1Me (67 %)
R = tBu, 1Y (58 %) 100 °C) R =H, Me, Bu

Figure 2. (a) Experimental conditions for the synthesis of 1%, 1M,
and 1" via aryl-Br oxidative addition at Fe’. (b) Crystal structures of
1™ and 1" (monocation shown) (ellipsoids set at 50% probability
and H atoms removed for clarity). Selected bond distances (A): for
1", Fe—C,,;; 1.925(2), Fe—N,, 1.928(2), Fe—N9 2.030(2), Fe—N18
2.034(2), Fe—C20 1.837(3), Fe—C22 1.759(3); for 1™, Fe—C,,
1.904(3), Fe—N,, 1.935(3), Fe—N12 2.095(3), Fe—N22 2.102(3),
Fe—Br 2.571(2), Fe—C3 1.785(4).
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with Fe’(CO);. In the case of MLy, upon overnight
photoirradiation (254 nm) at S0 °C, the oxidative addition
aryl-Fe" product was obtained. The compound [Fe"(Br)-
(MeL)(CO)] (1™, Figure 2a) was characterized as a low-spin
Fe' species and displayed diamagnetic NMR spectra (Figures
$19—S823), which was directly related to the coordination of
the strong-field carbonyl ligand. The crystal structure of 1™
confirmed a distorted-octahedral structure of the Fel' center,
featuring a short Fe—aryl bond (1.904(3) A) and a long Fe—Br
bond (2.571(2) A) trans to the aryl moiety, with a CO ligand
completing the coordination sphere (Figure 2b). This trans
disposition indicated that the reaction must entail an aryl-Br
oxidative addition concomitant with a cis to trans rearrange-
ment.”">* Indeed, the analogous [Fe(*L)(CO),]Br complex
(1) featured two CO ligands coordinated to the Fe' center
and a noncoordinating Br™ anion, clearly indicating that Br~
and CO ligands can easily exchange. Indeed, the trans effect of
the aryl moiety is visualized by a longer Fe—CO bond trans to
the aryl (1.837(3) A) compared to the Fe—CO bond trans to
the pyridine (1.759(3) A). To evaluate the electronic effects of
the tertiary amines, we also prepared the analogous complex
[Fe"(®"L)(CO),]Br (1'®*) (Figure 2a), which was charac-
terized by NMR and HR-ESI-MS.

At this point, we centered our efforts on investigating the
intrinsic reactivity of [Fe(Br)(M°L)(CO)] (1™¢) as a
reference compound for well-defined low-spin aryl-Fe' species.
In order to determine whether this species could be involved in
the reaction of the complex 1°Cl, with the Grignard reagent,
we reacted 1M with PhMgBr under experimental conditions
and workup analogous to those described above for 1:Cl,,
obtaining a relevant 38% yield of the M*L¢qpy, product (Figure
3, top). NMR and HR-ESI-MS confirmed the nature of the

LN a) PhMgBr (3 eq)
(/\-& | & Ny, THF,
Fe(CO)s X et -78°Ctort,3h
—N B N | Nk N
N N, THF, \N b) air, 1h Ny
| 254 nm, 50 'C ~ q
z 16h e P
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[ co ——» —>» —N H N
N2, MeCN, co N
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24h N\ P
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Meco) L-COy

807 99%
Figure 3. Synthesis of *L¢opy, from well-defined aryl-Fe' (top) and
synthesis of ML-COy from MLy, via 2M°(CO) in an unprecedented
amine-to-amide transformation (bottom).

coupling product, which stemmed from a putative [Fe"(ML)-
(Ph)(CO)] (1Me-Ph) followed by a CO migratory insertion
and reductive elimination to form the aryl-COPh bond in
MLeoph:

It is worth noting here that the products MLy, (derived
from 1:ClL) and M®Loop, (derived from 1¢) are obtained
presumably via exposure of [Fe"(M°L)(Ph)] and [Fe'(™°L)-
(Ph)(CO)] to O, (or air) and a subsequent acid/base workup.
An evident change in color (UV—vis monitoring, Figures S1
and S2) from dark green to reddish brown was observed upon
contact with air, suggesting an oxidation to an Fe' species that
triggered the C—C reductive elimination, as reported in other
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examples.””>® Despite cryo-MS analysis at —40 °C of the

mixture immediately after exposure to O,, the decay was so fast
that only the final coupling product MLy, was detected as a
single peak in the mass spectrum (Figure S2b). Moreover,
when the crude mixture containing [Fe"(™°L)(Ph)] was
quenched with HCI prior to air exposure, MLy was solely
obtained (85%) with no signs of biaryl coupling. Finally, since
1,2- dichloroisobutane (DCIB) is generally used as an oxidant
in Fe-catalyzed C—H activations,”® the addition of 2 equiv of
DCIB under N, to the green species [Fe'(™°L)(Ph)] afforded
Mep b, in 45% yield, a value slightly lower than that with O,
exposure (66%) (section 7.3 in the Supporting Information).
Interestingly, DCIB addition at the beginning of the reaction
only afforded a 9% yield of MLy, suggesting that oxidation to
Fe'' at the initial stages is detrimental to the observed
chemistry. In line with the latter, catalytic attempts have been
unfruitful.

On the basis of all these experimental observations, feasible
mechanistic proposals are outlined in Figure 4a for the

a
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Figure 4. (a) Proposed mechanism for the synthesis of MLy, via Fe'-
mediated C—H activation. (b) Proposed mechanism for the synthesis
of MLcop, via the reaction of 1M® with PhMgBr (E-1 and E-2
quintuplet DFT optimized structures shown as insets; see the
Supporting Information).

synthesis of MLy, and in Figure 4b for the synthesis of
MeLcopn The reaction of 1-:Cl, with PhMgBr (Figure 4a)
affords species A, which undergoes C—H activation, presum-
ably via o-bond metathesis, to give species B. A second
equivalent of the Grignard reagent generates species C, which
undergoes oxidative reductive elimination via C* upon
exposure to O,. With regard to the reactivity of 1™® with
PhMgBr (Figure 4b), first the Br™ ligand is exchanged by Ph~
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to afford D, and then a CO migratory insertion occurs to give
E-1 or E-2. Both species would form the final product M*L¢qpy,
via reductive elimination. To discern between the two
possibilities, the crude compound was treated with HCl(aq)
prior to air exposure, and M°Ly; was obtained as the product in
95% yield. This supports the idea that E-1 is the most plausible
intermediate, which is backed by DFT studies (Gibbs energies
with respect to D are 6.19 kcal/mol for E-1 and 9.72 kcal/mol
for E-2; Figure 4b and the Supporting Information).

While exploring the reactivity of MLy, with Fe(CO)s, we
also performed the reaction under thermal conditions (100
°C) instead of via photoirradiation (Figure 3, bottom).
Strikingly, the nature of the low-spin Fe'' complex 2M¢(CO)
obtained after 24 h was completely unexpected. A detailed
diamagnetic 1D/2D NMR and FT-IR characterization
concluded that a formal CO insertion occurred by amine to
amide conversion at a pyridine-benzylic position, still holding
the organoiron aryl-Fe'' moiety: ie., [Fe'(Br)(™L-CO)-
(CO),] (2M¢(CO)) (Figure 3). *C NMR integration of the
coordinated CO signal and the lack of a HR-ESI-MS peak
clearly points toward the coordination of two CO and one Br~
ligand to the Fe' center, leaving the amide moiety
uncoordinated. The amide moiety was corroborated upon
protodemetalation, affording M°L-COy as the resulting macro-
cyclic compound (see the Supporting Information for
characterization). To our knowledge, carbonylation into the
ligand backbone to transform a tertiary amine to a tertiary
amide is unprecedented and is reminiscent of an unreported
inverse Curtius-like rearrangement.”* Although it is not the
same transformation, Cantat recently reported the iron-
catalyzed amine to amide transformation of an N,N-
dimethylaniline substrate by taking advantage of the acylation
of a tertiary amine followed by the extrusion of Me* as MeL.>
Also, the participation of Fe in Curtius-like rearrangements has
only a few precedents, such as the work from Xia, forming
isocyanates from hydroxamates through an Fe'-nitrenoid
complex.”®

In order to gain insight into the mechanism of this
unprecedented reactivity, the well-defined 1™ complex was
heated under a CO atmosphere (1 bar). The reaction was
monitored by 'H NMR, and formation of 2M¢(CO) was
observed (14%) just after 2 h, together with the starting 1M
and protodemetalation byproduct (M?Ly,), thus suggesting that
aryl-Br oxidative addition at Fe’ takes place prior to the amine
to amide conversion. Also, the nature of the tertiary amine is
crucial, since a tBu-N-substituted ligand (*"Lg,) did not
undergo the amine to amide transformation, whereas "Ly,
afforded PL-COy in a sluggish manner (section 8 in the
Supporting Information).

In conclusion, model macrocyclic aryl-Fe species have been
studied in detail by taking advantage of the stabilizing effect
imposed by the macrocyclic N;C-type ligands *Ly (X = H, Me;
Y = H, Br). The system affords the C—C biaryl cross-coupling
products through C—H activation at a Fe' complex using
ArMgX reagents and the phenylcarbonylation cross-coupling
products when well-defined aryl-Fe" species are used, featuring
C—C coupling with Grignard reagents, concomitantly with CO
insertion. Furthermore, the overstabilized 1M® species under-
goes at high temperatures an unprecedented CO insertion—
carbonylation into the tertiary amine ligand backbone,
rendering a tertiary amide quantitatively. Such model aryl-
Fe'' complexes provide a neat mechanistic picture for C—H
arylation and cross-coupling reactions that should inspire
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others in the design of improved Fe-catalyzed bond forming
transformations.
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Abstract: Pyridinophane tetradentate ligands have successfully been shown to stabilize
uncommon high-valent organometallic nickel complexes. In this work, PyNMe; is used as a
tetradentate N-based macrocyclic ligand which coordinates the nickel center through three
aliphatic nitrogens and a pyridine. The synthesis and spectroscopic and structural
characterization of well-defined organometallic Ni(II) and Ni(III) complexes bearing PyNMe;
and the cycloneophyl ligand (an alkyl/aryl C-donor ligand) are described. Furthermore,
spectroscopic and cryo-MS studies suggest the formation of a transient Ni(IV) organometallic

complex, and its relevance to C-C and C-O bond formation reactions is discussed.

Introduction

The formation of new C-C and C-heteroatom bonds through transition-metal catalyzed cross-
coupling reactions (i.e., Suzuki, Kumada, and Negishi reactions) are currently one of the most
powerful tools in organic chemistry." In this context, noble metal-based systems are the more
commonly used catalysts for these transformations, due to their widely understood
mechanism.*” For example, Pd-catalyzed reactions usually occur via Pd’/Pd" catalytic cycles
and mostly involve diamagnetic intermediate species, which makes their characterization more
teasible.® In contrast, the mechanisms of Ni-catalyzed cross-coupling reactions are far less
understood since this first-row transition-metal can easily undergo both one- and two-electron
redox processes, often involving paramagnetic intermediate species that lead to more complex
mechanistic pathways.”!! Although traditionally Ni-catalyzed cross-coupling reactions have

12-14

been proposed to involve Ni’ Ni' and Ni" intermediates,'>'* recent studies suggest that high-
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valent Ni"" and Ni'V species are key intermediates in the C-C/C-heteroatom bond-forming

15-24

step.

In the past several years, Mirica and co-workers have employed a series of tetradentate
pyridinophane ligands with different amine N-substituents (*N4 ligands, R = Me, Ts, ‘Pr, ‘Bu,
Np) as well as the tridentate 1,4,7-trimethyl-1,4,7-triazacyclononane ligand (Mestacn) to
stabilize Pd"™"™ and Ni"™V complexes that undergo C-C/C-heteroatom bond formation

).25-40

reactions (Fig. la Recently, a macrocyclic N-based tetradentate ligand PyNMe; has been

employed by Costas, Company and coworkers to stabilize high-valent intermediate species and

IV/V_oxo species and dinuclear Cu' side-on peroxo species (Fig.

has proved successful to trap Fe
1b).*# However, the use of the PyNMe; ligand has never been employed to explore the

reactivity of organometallic Ni complexes.

Herein we report the synthesis, characterization, and initial reactivity studies of a series of
organometallic Ni", Ni'" and Ni'V complexes supported by the PyNMe; ligand and containing
the cycloneophyl fragment, an alkyl/aryl C-donor ligand (Fig. 1c). The cycloneophyl ligand was
developed by Carmona et al. as an ancillary ligand to isolate organonickel complexes, since the
resulting Ni(cycloneophyl) complexes are less prone to reductive elimination or B-hydride

elimination.*¢8

In addition, the cycloneophyl moiety has been widely and successfully
employed together with N-based ligands independently by Sanford and Mirica in order to study
C-C and C-heteroatom bond forming reactions.****-* The current study reports the reactivity

of the isolated [ (PyNMe;)Ni'(cycl)] complex with oxidants to promote C-C or C-O reductive

elimination through Ni'V intermediate species is described.
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Fig. 1 (a) Isolated organometallic nickel complexes bearing tridentate or tetradentate N-donor ligands and
cycloneophyl as the C-donor ligand; (b) spectroscopically characterized high-valent iron-oxo intermediate species
relevant for O, activation chemistry bearing the tetradentate N-based PyNMe; ligand, and (c) synthesis of well-
defined organometallic nickel complexes bearing the PyNMe; and the cycloneophyl ligands.

Results and Discussion

Our first attempt to isolate organometallic nickel complexes bearing the PyNMe; ligand
consisted of the in situ oxidative addition of 1-bromo-4-fluorobenzene using Ni(cod),. The
putative [(PyNMe;)Ni"(pF-Ph)(Br)] complex could not be isolated due to fast
decomposition and rapid ligand exchange that lead to the formation of 0.5 equiv.
[(PyNMe;)Ni"Br,] (1-Br) and 0.5 equiv. [ (PyNMe;)Ni"(pF-Ph).]. The latter di-aryl complex
then undergoes reductive elimination to afford the homocoupled product pF-Ph-Ph-pF (as
detected via GC-MS), free ligand and Ni(0) (Fig. 2a). In addition, the reaction of the complex

[(PyNMe;)Ni'(Cl).] (1-ClI) with MeMgCl in THF at -50°C led to an intractable mixture due
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to fast decomposition of the desired nickel(II)-dimethyl complex (Fig. 2b). Nonetheless, the
putative [(PyNMe;)Ni"(Me).] species could be detected via "H-NMR, which revealed two
singlets below 0 ppm that integrated to three protons each and presumably correspond to the

two inequivalent methyl groups directly attached to the Ni center (Fig. S1).

a)
AN
| Ni(COD), \/\N/
5 N | pF-Pher 1 'o,bll.,,wB’ -
K/N\) vt F-Ph-Ph-F + /2/ /I'Br + 1/, Ni° (s)
| GC-MS N
N
PyNMe; 1-Br
X-ray
gl B fast
desired
©\F (undesired)
[(PyNMe3)Ni"(PhF)(Br)]
not detected
b)

MeMgCl (2 eq) N, .Me }S(SH)at -0.3 ppm

il
N</NI ~Me

N, THF, s (3H) at -1.2 ppm
-50 °C N
\
1-Cl [(PyNMey)Ni'(Me),]
X-ray "H NMR (broad)

Fig. 2 (a) Attempt to synthesize complex [(PyNMe;)Ni"(PhF)(Br)] via oxidative addition at nickel(0), and
(b) attempt to synthesize [ (PyNMe;)Ni"(Me),] via transmetallation at the nickel(II)-chloride precursor, 1-CL.

Gratifyingly, the combination of PyNMe; and cycloneophyl (CH,CMe;-0-CsHy-, or cycl) as
ligands allows the stabilization and isolation of complex [ (PyNMe;)Ni(cycl)] (2) in 67 % yield.
The complex was synthesized via ligand exchange of the Ni(II) precursor [ (py).Ni"(cycl)] with
an equimolar amount of PyNMe; in 1:1 toluene/pentane, for 16 hours at room temperature
under a nitrogen atmosphere (Fig. 3a). The X-ray structure revealed a square planar geometry
around the Ni(II) center, with the PyNMe; ligand coordinated in a bidentate fashion (Fig. 3b).
This new system allows for the observation the trans influence of the ligands. Interestingly,
PyNMe; ligand coordinates to the Ni(II) center through the pyridine moiety which is trans to
the alkyl ligand, and one of the adjacent amines trans to the phenyl group. This type of
coordination could not be observed with the previously reported systems bearing symmetric
pyridinophane type ligands (*"N4). In addition, the 'H-NMR spectrum confirms that 2 is a low-

spin diamagnetic Ni(II) complex. Detailed NMR experiments were used to assign all proton and
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carbon peaks for 2 (Fig. $2-S9). The broadness of the peaks, especially the methylene protons
on the PyNMe; ligand, is likely due to rapid ligand exchange of the four types of N donors.
Furthermore, the unusual Ni(II) structure allows for an anagostic interaction of the methylene
protons vicinal to the tertiary amine and the Ni metal center, with a Ni---H distance of 2.40 A

and a Ni---H-C angle of 170e.

a)
=
»
SN (Py)oNi"(eyel)
N,, toluene/pentane (1:1),
N 2
~ | ~ rt,15h
PyNMe;
b)
c)

0.03V

=
Current (UA)

T
1

N

o

0.63V

&
S

172 08 04 0 -04 -08 -12
E vs Fc (V)

Fig. 3 (a) Synthesis and characterization of complex [ (PyNMe;)Ni(cycl)], 2; (b) X-ray crystal structure of 2
(selected bond distances (A): Ni-C1, 1.888(2); Ni-C2, 1.932(2); Ni-N1, 2.0535(19); Ni-N4, 1.9923(19), and
(c) CV of 2in 0.1 M NBu,(PFs)/MeCN at a scan rate of 100 mV/s.

The cyclic voltammogram (CV) of 2 in 0.1 M (nBusN)PFs/MeCN reveals a quasi-reversible
redox event at E;/»= 250 mV vs ferrocene (Fc), followed by another quasireversible oxidation at
Ei2= 630 mV (Fig. 3c). These observed pseudo-reversible oxidations are presumably assigned
to the Ni"" and Ni'¥"™ redox couples, respectively. This result suggests accessible Ni(III) and
Ni(IV) species, likely due to the stabilizing effect of the two anionic chelating C donors from the
cycloneophyl ligand, as well as the tetradentate PyNMe; ligand, as reported previously for high-

valent iron-oxo species.”” 337
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Fig. 4 (a) Synthesis and characterization of complex [ (PyNMe;)Ni'(cycl) ](PF), 3; (b) ORTEP representation
of 3 (50% probability thermal ellipsoids): Ni-C1, 1.9492 (12); Ni-C2, 1.9693 (14); Ni-N1, 1.9944 (11); Ni-N2,
2.2543 (13); Ni-N3, 2.1463 (12); Ni-N4, 2.2470 (12); (c) EPR spectra of complex 3 at 77 K 1:3 MeCN/PrCN
(black: experimental; red: simulated), and (d) cryo-HR-MS of 3 showing the monocationic peak (3*) atm/z =

438.2289 (top) and the simulation of its isotopic pattern (bottom).
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In fact, 2 was rapidly oxidized with 1 equiv. of ferrocenium hexafluorophosphate (FcPFs) in
MeCN at-35 °C to yield the reddish product [ (PyNMe;)Ni"(cycl) ] (PFs), 3 (Fig. 4a). The EPR
spectrum of 3 in 1:3 MeCN/PrCN is consistent with a Ni (III) d’ complex and exhibits a
pseudoaxial signal with superhyperfine coupling to two nitrogen atoms in the g, direction (Axx
=13.7 G), indicating that two I = 1 nitrogen atoms, presumably from the ligand and/ or solvent,
coordinate to the Ni(III) center (Fig. 4c). Luckily, complex 3 was stable and isolated at low

temperature in a 73 % yield.

The single crystal Xray structure of 3 confirmed the six-coordinate Ni(III) center in a distorted
octahedral geometry where the 6 coordination positions are occupied by the PyNMe; and
cycloneophyl ligands, thus confirming the EPR data (Fig. 4b). Intriguingly, both the Ni-N and
Ni-C bond distances in 3 are longer than those in 2, as previously observed for similar complexes,
and likely due to the change in the coordination number from 4 to 6 upon oxidation.*> ¥
Moreover, cryo-ESI-mass spectrometry at -40 °C was performed to further characterize this
Ni(III) complex. The MS spectrum showed a major monocharged peak with a m/z = 438.2289

and an isotopic pattern fully consistent with the calculated values for 3%

[ (C14H24N4) NiHI(C 10H12) ] * (Flg 4d) .

Attempts to synthetize the corresponding Ni(IV) complex were conducted through a stepwise
oxidation of 2. The oxidation of complex 2 to obtain complex 3 was monitored by low
temperature UV/vis spectroscopy (Fig. Sa and b). This experiment was performed at -40 °C
using a 0.5 mM solution of complex 2 in MeCN. An initial spectrum was recorded for the starting
Ni(II) complex, which exhibits an absorption band at Am«x = 462 nm. For the one-electron
oxidation of each complex monitored by low-temperature UV/vis, NO(SbFs) was used as
oxidant in order to obtain a cleaner spectrum, since Fc* exhibits two absorption bands at 325 nm
and 440 nm that could interfere with the detection of the new species. Thus, addition of 1 equiv.
of NO* to 2 immediately yields complex 3*, which exhibits an absorption band with An. = 513
nm. Afterwards, another equivalent of the same oxidant was added to generate the new Ni(IV)
complex, 4**. Upon addition of the second equivalent of oxidant the UV /vis spectrum instantly
changed and showed the formation of two absorption bands with A, of 384 nm and 470 nm,

and a shoulder at 620 nm (Fig. Sb). The subsequent injection of an aliquot into cryo-ESI-mass
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spectrometer confirmed the generation of species 4** with a dicationic major peak with a mass
value of m/z = 219.1120 and an isotopic pattern fully consistent with the calculated value for
[(C14HauN4)Ni"(C1oH12) ]** (Fig. Sc). This novel complex was further characterized by NMR
spectroscopy, where a stepwise injection of 2 equiv. NO* resulted in the observation of a new

Ni(IV) species (Fig. S10-S11).

a) \‘r‘q //'\\N/ j(SbFS) /\N P —I(SbFG)Z
st F -
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Fig. 5 (a) Step-wise one-electron oxidation to nickel(IV) from 2 using NO(SbFj) as an oxidant; (b) UV-vis
characterization of complexes 2, 3 and 4 obtained by the consecutive one-electron oxidation of 2 with NO(SbFe),
respectively, and (c) cryo-HR-MS of 4 showing the dicationic peak (4**) at m/z = 219.1120 (top) and simulation

of its isotopic pattern (bottom).

In line with the UV-vis results, monitoring the oxidation by NMR provided complementary
information. A color change from orange to red-pink was observed upon the addition of 1 equiv.
of oxidant in CD;CN at -35 °C, while the obtained paramagnetic NMR spectrum supports the
formation of a Ni(IIl) species. Interestingly, a second equivalent of oxidant allowed the
formation of a new diamagnetic species, tentatively assigned as a Ni(IV) complex. The inherent
broadness of the NMR spectrum of the putative Ni(IV) species is likely caused by the residual
Ni(I1I), which made peak assignment difficult. However, the obtained Ni(IV) spectrum closely
resembles those of the recently reported Ni"V-cycloneophyl complexes supported by the N-
based macrocycles pyridinophane (M*N4) and triazacyclononane (Mtacn).*** Due to the highly
electrophilic nature of the Ni(IV) species, a key structural feature observed in both N4 and
Metacn Ni"V-cyclonephyl systems is a large shift of the Ni"V-CH,- protons from ~2.10 ppm in their

Ni"-CH,- counterparts to 5.33 ppm and 5.50 ppm, respectively. A similar shift was observed for
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complex 4, in which the Ni"V-CH,- protons shifted to 5.29 ppm, similar to what was observed for

[(Metacn)NiV(cycl)].22

Next, we focused on the reactivity of 3 and 4 in C-C or C-O bond formation reactions. First, we

' complex 3 to high temperatures (80 °C) to evaluate its stability, and it was

exposed the Ni
found that the compound decomposed to an intractable mixture, which contains ~15% of the
protodemetalation product t-butylbenzene. Then, since the Ni(IV) complex 4 was metastable,
we studied its reactivity by generating it in situ through oxidation of 2 with a variety of two-
electron oxidants such as XeF,, NFTPT and PhI(OAc),, yet no promising reactivity was

observed. On the contrary, interesting results were obtained when exploring its reactivity with

green oxidants, such as O,, H,O,, and ‘BuOOH (Fig. 6).

oxidant H H
H ) OH
2-MeTHF, -78 °C to 82 °C
B C

Entry  Oxidant A D
1 0, 59 % 0% 6 % 2%
2 H0, 9% 1% 11% 2%
3 ‘BuO,H 3% 1% 8 % 3%

GC-MS

Fig. 6 Reactivity studies of complex 2 in front different two-electron oxidants, and the quantification of the
respective organic products by GC-MS.

In these reactions, only trace amounts (<1%) of protodemetalation product t-butylbenzene, B,
were observed in GC-MS, indicating a nearly full conversion of 2 into corresponding Ni"'/Ni'"
species. The reaction of 2 with 2 equiv. H,O, in 2-MeTHEF results in the formation of 11% C and
9% A as the primary organic products. The reaction of 2 with ‘BuOOH shows similar
distribution of products. On the other hand, the reaction of complex 2 with dioxygen generated
up to 59% of C-C coupled product A, exhibiting an appreciable C-C bond formation reactivity,
which is proposed to occur via the intermediacy of the Ni(IV) species 4. It is important to note
that this tetradentate PyNMe; ligand system displays a different reactivity from the structurally
related pyridinophane N4 system,” where C-O reductive elimination was greatly enhanced. In

that case, itis likely that a Ni'V-hydroxo transient, yet metastable intermediate was generated and
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led to competing C-C/C-O reductive elimination steps, which has been observed for M"Y
complexes (M = Pt, Pd) bearing ligands that are prone to reductive elimination.*>** By contrast,
the [(PyNMe;)Ni(cycl)] system seems to favor the C-C bond formation reactivity over the
formation of any oxygen-containing products, possibly because the PyNMe; ligand is flexible
enough to strongly bind to the Ni(IV) species and complete the octahedral coordination

geometry, without allowing the coordination of any additional oxidant-derived, O-donorligand.
Conclusion

In summary, we have been able to explore the rich organometallic redox chemistry of Ni by
characterizing spectroscopically Ni"" (2), Ni' (3) and Ni' (4) complexes supported by the
tetradentate N-donor ligand PyNMes. 2 features a square-planar geometry with two pendant
aliphatic amine moieties, which enter into the coordination sphere of the metal upon oxidation
to a Ni(III), 3, that features a distorted octahedral geometry. Further reaction of 3 with another
equivalent of oxidant affords the putative Ni(IV) complex 4. Reactivity studies indicate that the
in situ formed Ni(IV) complex, [(PyNMe;)Ni"(cycl)](SbFe). (4), promotes C-C coupling
over C-O coupling despite the use of O-based oxidants, in contrast to the related pyridinophane
"N4 systems.”> Overall, this new PyNMe; ligand system provides important insight in
understanding at a molecular level the electronic properties of dissymmetric macrocyclic ligands
on well-defined Ni" (2), Ni" (3) and Ni'¥ (4) organometallic complexes and their role in C-C

and C-O bond formation transformations.
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Results and discussion

VII.1 PREPARATION OF A COORDINATIVELY SATURATED p-n2:n2-
PEROXODICOPPER(Il) COMPOUND

As explained in section 1.3 (0), Cua:O; adducts are intermediates which play a key role in the
catalytic cycle of O-activating copper-containing enzymes as they are directly involved in the
oxidation/oxygenation of hydrocarbons.” > However, these copper-oxygen adducts are very
reactive and for this reason these compounds are difficult to trap and characterize. In this regard,
a useful strategy to gain insight into such elusive species involves the synthesis, characterization
and reactivity studies towards dioxygen of discrete molecular bioinspired copper-based
complexes.>s In this context, we envisioned the use of the PyNMe; ligand, which is a
tetradentate nitrogen-based macrocyclic ligand that can coordinate the metal center through
one pyridine and three aliphatic nitrogens. PyNMe; was the ligand of choice as it was previously
used in our laboratory for trapping high-valent iron-oxo species,*® and later by Cho and co-
workers for the synthesis and characterization of a mononuclear (hydro)peroxodicobalt(III)

complex.’

The synthesis of the PyNMe; ligand and its characterization was previously reported by our
group.® Thus, we focused our attention to the synthesis of the corresponding mononuclear
copper(I) complex, [Cu'(PyNMe;)(CH;CN)](OTf) (10Tf). The synthesis of 10Tf was
carried out under anaerobic conditions in a N,-filled glovebox. The addition of 1 equivalent of
[Cu'(CH;CN)4](OTHY) to a solution of PyNMe; in acetonitrile at room temperature afforded a
yellow solution, indicating the coordination of the copper(1) center to the ligand (Figure VIL1).
All the attempts to crystallize or isolate this compound were unsuccessful due to the tendency
of copper(I) to disproportionate during the process. For this reason, everyday freshly prepared
solutions of complex were used both to characterize the complex and to study its reactivity with
molecular oxygen. Even though the X-Ray structure of this complex could not be obtained, DFT
calculations suggested a C, symmetric distorted square pyramidal geometry with the copper(I)
center coordinated to the four nitrogens of the PyNMe; ligand and to one CH;CN ligand
positioned in trans to the pyridine moiety (the optimized geometry without the coordination of
CH;CN ligand was 9.3 kcal mol” less stable) (Figure VIL1). The optimized geometry for

[Cu'(PyNMe;)(CH3CN)]* (1) is in agreement with previously reported copper(I) complexes

127



CHAPTERVII

bearing tetradentate ligands and one CH3;CN molecule to complete the square-pyramidal

pentadentate coordination environment.'!!

XN e 1o
[ N
L [CU'(CHSCN)J(OTH) (1 equiv) LN
—Cu
k/,r\) Ny, CH3CN, r.t. LN”’ NCCH,
>
PyNMe; [Cu'(PyNMes)(CH3CN))(OT)
10Tf

Figure VIL1 Synthesis of 10Tf by reacting equimolar amounts of PyNMe; ligand and [ Cu!(CH3CN),](OTf) in
acetonitrile alongside with the DFT computed structure for compound 1.

10Tf was characterized by several techniques such as high-resolution mass spectrometry (HR-
MS) and NMR spectroscopy. Regarding the HR-MS, a clean spectrum was obtained with a very
intense peak at m/z 311.1319 with a mass value and an isotopic pattern fully consistent with
[Cu'(PyNMe;)]*. Moreover, a small peak corresponding to the coordination of an CH;CN
molecule to the copper center was also observed ([Cu!(PyNMe;)(CH;CN)]*, m/z 352.1535),

thus further supporting the formulation proposed by DFT (Figure VIL.2).

Experimental Experimental

311.1319 311.1319 352.1535

||, |I‘|
350 354 358

308 313 318

N Calcd for
Calcd for [Cu(PyNMez)] [Cu(PyNMes)(CH3CN)]“
311.1291 352.1557
|I ] |
308 313 318 — I | IS
m/z 350 354 358
I m/z
— . . -“ r “ . . . T Llih T ‘I - - - - ]
140 240 miz 340 440

Figure VIL.2 HR-ESI-MS spectra of [ Cu'(PyNMe;)](OTf) (10Tf). Left inset: the expanded view of the main
peak atam/z = 311.1319 corresponding to [ Cu'(PyNMe;)]* and the expanded view of the corresponding
calculated spectrum for this molecular formula. Right inset: the expanded view of the small peak atam/z =

352.1535 corresponding to [ Cu'(PyNMe;) (CH;CN)]* and the expanded view of the corresponding calculated

spectrum for this molecular formula.
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10Tf could also be characterized by NMR spectroscopy by synthesizing the compound directly
in CD;CN. Luckily, "TH-NMR of this diamagnetic complex exhibited well-resolved signals due
to the rigidity provided by the PyNMe; ligand which enabled its assignment with the help of
13C-NMR and bidimensional experiments (Figure VIL3).
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Figure VIL.3 a) '"H-NMR spectrum of 10Tfin CD;CN at room temperature; b) *C-NMR spectrum of 10Tfin
CD;CN at room temperature; c) expanded view of the HSQC aliphatic region spectrum of 10Tfin CD;CN at
room temperature, and d) expanded view of the NOESY aliphatic region spectrum of 10Tfin CD;CN at room

temperature.
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According to the NMR data, 10Tf presents a C, symmetry as predicted by the DFT calculations
and in agreement with previously reported paramagnetic complexes bearing the PyNMe;
ligand.** Most of the protons were readily identified using either the chemical shift, the
multiplicity of the signal or its integral. Hence, the signals corresponding to the pyridine y proton
and the two equivalent  protons are found in the aromatic region and consist of a triplet at 7.76
ppm and a doublet at 7.21 ppm, respectively. The four benzylic protons next to the pyridine
appear as diastereotopic protons at 3.95 and 3.60 ppm as two sharp doublets. In the case of the
N-methyl groups, the two equivalent methyl groups appear as a singlet at 2.68, while the other
one appears at 2.47 ppm. However, methylenic protons between the aliphatic amines (Hi/Hj
and Hu/Hg) in the 2.6 - 1.8 range could not be differentiated by monodimensional experiments
and NOESY was necessary: Hi/Hj present a NOESY exchange peak with Hr (CHj; group that
integrates 3), while Hu/Hg present a NOESY exchange peak with Hy (CH; group that integrates
6). Moreover, HSQC was required which showed that H; and Hj are attached to the same carbon

(Cn), which is different from that bound to Hy and Hg (Cg).

At this point and with all the characterization data in hand, we wanted to study the reactivity of
complex 10Tf towards molecular oxygen. As well-established in literature, the metal-dioxygen
species formed upon reaction of copper(I) complexes and dioxygen at low temperatures
normally have very characteristic colors, ranging from purple, dark yellow to brown. For this
reason, the reaction of 10Tf towards O, was monitored by UV-vis spectroscopy at low
temperature. But first, to evaluate the reactivity of 10Tf towards oxygen, we performed

qualitative experiments to detect if any color change was taking place.

Early attempts of visually monitoring the reaction of 10 Tfwith molecular oxygen in acetonitrile
at-40 °C did not show a clear color change that could be attributed to the formation of a transient
Cu:0, intermediate. Thus, we tried to synthesize the initial complex with other solvents such as
acetone or THF that would allow us to lower the temperature to -90 or -100 °C. However, all
attempts failed (direct oxidation from Cu(I) to Cu(Il) or disproportionation to Cu(II) and
formation of copper mirror was observed). Consequently, based on previous experiences in the
group, the presence of CH;CN is required in order to stabilize the +1oxidation state. For this
reason, we tried solvent mixtures containing CH3CN and another solvent such as THF or

acetone. A mixture of CH;CN:THF (1:19) was found to be optimal for the formation of the
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intermediate species. At this point, when a O, atmosphere was bubbled to the complex solution
in CH;CN:THEF 1:19 at -100 °C, the color of the solution clearly turned from yellow to deep
brown. This color change was indicative of the formation of copper-dioxygen intermediates.

The color disappeared upon warming up the reaction mixture to room temperature.

In order to further study the nature of the copper-dioxygen intermediate species formed, the
reaction was monitored by means of low-temperature UV/vis spectroscopy using a 0.1 mM
solution of 10Tf in CH;CN:THF (1:19) at -100 °C. During the reaction, the formation of an
intense absorption band at Amw = 353 nm (g = 17200 M'cm™) was observed in the UV-vis
spectra (Figure VIL.4). This new species (2) reached its maximum absorbance after 120 seconds
and then it immediately decayed (ti,» = 6 min at -100 °C) (Figure VIL4). By analogy with
previously reported Cu,:O; species, compound 2 may correspond to a p-n%:m*peroxo (°P)
species which typically exhibits UV-vis spectra with a single high intensity band between 340
and 380 nm.* This species would form by reaction of two molecules of 1 with only one molecule
of O,. Nevertheless, rRaman experiments would be necessary to unequivocally establish the
coordination mode of the bound O, in this transient compound. HR-ESI-MS analysis of the
reaction mixture after the self-decay of 2 revealed the formation of a copper(Il) complex

coordinated to the PyNMe; ligand.
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Figure VII.4 UV-vis spectra corresponding to the reaction of 10Tf (0.1 mM) with O, in CH;CN:THF (1:19) at
-100 °C (yellow: 10Tf; orange: 2). Inset: time trace of the band at Anw = 353 nm corresponding to the formation
and self-decay of compound 2 at -100 °C.
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As stated in section 1.3.2 (0), tyrosinase carries out the ortho-hydroxylation of phenols to
catechols and successive two-electron oxidation to ortho-quinones using molecular oxygen as
oxidant. This reaction occurs via the involvement of a SP intermediate species.'? Thus, with the
idea of mimicking the activity of the enzyme, preliminary studies of the reactivity of 2 towards
phenolates were performed, to test if this compound behaves as a functional model of tyrosinase.
To do so, the reaction of 2 with sodium para-chlorophenolate was monitored by UV-vis at low
temperature. In a typical experiment, and upon maximum formation of 2, a solution containing
10 equivalents of sodium para-chlorophenolate in THF was added into the UV-vis cell, which
caused the immediate decay of the intense band at 353 nm characteristic of 2. This rapid decay
of the band might be indicative of the coordination of the phenolate to the copper-dioxygen
intermediate species. Sadly, no presence of neither catechol nor ortho-quinone was detected
when analyzing the reaction crude, indicating that species 2 does not succeed in reproducing
tyrosinase reactivity. This result could find an explanation in the rigidity given by the
tetradentate PyNMe; ligand which strongly coordinates the copper center and yields a
coordinatively saturated P compound 2. This might preclude the phenolate from binding to
the copper center in 2 and so the attack of the peroxide moiety to the aromatic ring is hampered

(Scheme VIL.1).12

N

coordinatively saturated

- No vacant for the phenolate
to coordinate the copper center
- Attack from the peroxo moiety is
prevented

Scheme VII.1 O activation by 10Tf affording the 5P species 2, which is not able to oxidize phenolates.
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In view of these results, we decided to test other substrates such as electrophilic sulfides as SP
species are known to oxidize them. We tried the oxidation of 4-methoxythioanisole by
compound 2, although only a 2% of the corresponding sulfoxide oxidation product was obtained

(Scheme VIL.2).

ONa S\
/©/ coordinatively saturated
Cl MeO

O

OH 2 S
/@ No vacant for the substrates /©/
Cl OH MeO

to coordinate the copper center
2%

Scheme VII.2 Structure of compound 2; its lack of reactivity towards phenolates (left), and its scarce reactivity to
oxidize 4-methoxythianisole.

To summarize, we have been able to synthetize a bioinspired copper-based model system
capable of performing O,-binding and activation at low temperatures. Despite the formation of
a SP species upon dioxygen exposure at low temperature, the tetradentate nitrogen-based
environment provided by the PyNMe; ligand does not allow the interaction of the copper center
with the substrate, thus precluding reactivity with exogenous substrates. In fact, functional
models of tyrosinase usually bear tri- or bidentate nitrogen-based ligands which enable the

interaction of the copper center with the phenolic substrate.> '*
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VIl.2 MECHANISTIC INSIGHTS INTO THE ORTHO-
DEFLUORINAITON-HYDROXYLATION OF 2-HALOPHENOLATES
PROMOTED BY A BIS(u-OXO)DICOPPER(III) COMPLEX

Lots of efforts have been devoted towards the bioinspired oxidation/hydroxylation of C-H
bonds. Nevertheless, much remains to be known and investigated to completely understand and
control the mechanism by which these transformations occur. In the meantime, new challenges

have arisen such as the need for cleaving C-F bonds.

Fluorinated organic molecules are used in a daily basis. For example, up to 30% of agrochemical
products and 20% of pharmaceutical compounds used in our everyday routine contain
fluorine.” Fluorinated compounds are interesting in medicinal chemistry and agrochemistry
because they improve the lipophilicity and so present larger in vivo residence times in
comparison with their nonfluorinated analogues.'> ' Nevertheless, the recent increase in the
large-scale production and use of such compounds has led them to debate because of their high
toxicity, ozone depletion and global warming potential, bioaccumulation and environmental
endurance.'”'® All these advantages and drawbacks arise from the same fact: the inertness of C-
F bonds (BDE of 130 kcal mol"). Their high bond dissociation energy is given by fluorine’s
electronegativity that strongly polarizes and shortens C-F bonds, increasing the ionic character
of the chemical bond."” For this reason, C-F bonds are considered the strongest single bond to
carbon and so the most inert functionality, which provides fluorinated organic molecules with
high thermal stability. Hence, the need for the development of new strategies to cleave C-F
bonds for the degradation of fluorinated organic compounds and further transformation of

those into more reactive functionalities has emerged.

As mentioned in section 1.3.2 (0), tyrosinase is a dicopper enzyme responsible for catalyzing the
ortho-hydroxylation of phenols to catechols and their further oxidation to quinones using
molecular oxygen.” ' * Tyrosinase is known to operate through a side-on peroxo-dicopper(II)
species (SP) where the phenolate coordinates one of the copper centers and subsequent attack
of the peroxo moiety over the arene ring affords the corresponding oxidation product. However,
the substrate scope of this copper enzyme is restricted to the cleavage of C-H bonds. Indeed,

replacement of the oxidizable C-H bonds in the substrate by C-F bonds is known to inhibit the
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catalytic activity of tyrosinase.”” > Nonetheless, other natural enzymes, such as cytochrome
P450, chloroperoxidase and flavin adenine dinucleotide (FAD)-containing phenol
hydroxylases, can carry out the defluorination of aromatic compounds.”?> ** For instance, in
analogy with tyrosinase’s reactivity, (FAD)-containing phenol hydroxylases can transform 2-

fluorophenols to catechols.***¢

Thanks to the many studies on model compounds, it has been demonstrated that usually the P
species are in equilibrium with highly electrophilic bis(p-oxo)dicopper(III) species (O).?” This
O species may unravel new oxidative transformations which are unattainable by the P isomer.
Actually, our group demonstrated in 2014 the ability of the O species to catalyze the ortho-
defluorination-hydroxylation of 2-fluorophenolates to yield the corresponding catechols and so
selectively converting Ca-F bond into a Ca-OH functionality.”® This result suggests that the O
isomer is the key active species for the defluorination-hydroxylation of 2-fluorophenols. Given
this precedent, we decided to explore both experimentally and computationally the selective
defluorination-hydroxylation of 2-fluorophenolates with [ Cu,O,(DBED),]** (1), a compound
first described by Stack and co-workers (Scheme VIL.3).>» 3 This system is particularly
interesting because it corresponds to a P species, that upon addition of a phenolate transforms
into a O compound which eventually hydroxylates the substrate. Thus, both P and O isomers
are observed in the same system. Moreover, previous studies in our group have shown that 1 can
also perform the ortho-defluorination-hydroxylation of 2-fluorophenolates, exhibiting
selectivity for C-F over C-H or C-Cl bonds.?® By using this complex, we wanted to give answer
to three different questions: (i) which species P or O is responsible for the C-F bond cleavage
and subsequent hydroxylation of the 2-fluorophenolic substrate; (ii) the origin of the selective
hydroxylation at the ortho-C-F bond over the ortho-C-H bond upon reacting with 2-
fluorophenols, and (iii) why C-Cl bonds remain unreactive despite being weaker than C-F
bonds. The obtained experimental results will be explained in detail, and they will be briefly
related to the computational results performed in this collaborative work by Mr. Pau Besala and

Dr. Josep M. Luis.
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Scheme VIL.3 System described by Stack and co-workers for the ortho-hydroxylation of phenolates.
Synthesis of the copper(I) precursor, [Cu'(DBED)(CH;CN)](PFs), was performed following
a slightly modified procedure from the previously reported one in literature by Mirica et al.*> *
Under a N, atmosphere, 20 mM solutions of the DBED ligand and [Cu' (CH;CN),](PF) in
acetonitrile were prepared. Then equimolar amounts of the ligand and the copper(I) salt were
mixed to give a 20 mM yellow solution of [ Cu'(DBED ) (CH;CN) ] (PFs) after stirring for 1 hour
at room temperature. As this copper(I) compound is very sensitive to oxygen and water, all the

reactivity experiments were performed using freshly prepared [Cu'(DBED)(CH;CN)](PFe)

solutions everyday.

Since Cu,0, adducts are thermally unstable species, low temperature UV-vis monitoring is
required in order to avoid decomposition. As [Cu'(DBED)(CH;CN)](PFs) seems to
decompose in the absence of acetonitrile solvent, so a solvent mixture was required in order to
lower the temperature below -80 °C. The optimal ratio to avoid decomposition of the copper(I)
complex was found to be CH;CN:2-MeTHF in a 1:19 solvent mixture. At this point the reaction
of a 0.5 mM solution of [ Cu'(DBED)(CH;CN)](PFs) in CH;CN:2-MeTHF 1:19 with O, at -
80 °C was monitored by UV-vis spectroscopy giving an intense band at Amx = 356 nm
corresponding to the side-on peroxodicopper(II) species, 1°. This species 1* (¢ =6400 M'cm™)
was fully formed after ca. 15 min (Figure VILS). Even though 17 is the most stable isomer, this
species may be in equilibrium with the 1° isomer. Indeed, the relative Gibbs energies of both
isomers were computed, and the result is in agreement with the experimental finding where the

1” isomer is ca. 4.1 kcal-mol " lower in energy than the corresponding 1° isomer (Figure VILS).
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Figure VILS Top: Reaction of [Cu'(DBED)(CH;CN)]* with O to form 1” and 1° isomers along with the
calculated Gibbs free energies (orange). Bottom: Reaction of [Cu'(DBED)(CH;CN)]* (0.5 mM) with O, in
CH;CN:2-MeTHEF 1:19 at -80 °C monitored by UV-vis spectroscopy. Inset: kinetic trace at Anux = 356 nm.

In order to generate the corresponding O isomer, the previously 1" species was cooled down to
-110 °C. When thermal equilibrium was reached, a new UV-vis spectrum of the 1” species was
recorded. At this point, 1 equivalent (per Cu' precursor) of sodium 2,6-difluorophenolate
dissolved in 50 pL of acetone was added. This addition triggered the decay of the band atA = 356
nm characteristic of 1¥, and the immediate generation of the bis(1-0xo0) species with the bound
phenolate (2°.a) was observed with characteristic absorption bands at A = 445 nm and A = 560
nm (Figure VIL6). 2°.a was not stable even at low temperatures and decomposed as shown in
the kinetic traces (Figure VIL6). This result was further supported by ab initio calculations,
which indicate that the O isomer (2°:a) is 3.6 kcal-mol " more stable than the P isomer (2%-a)
upon phenolate coordination (Figure VIL6). Overall, these results are consistent with those
previously reported by Stack and co-workers, indicating that the conversion to the O isomer

occurs upon coordination of the phenolic substrate to the P isomer.*
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Figure VIL6 Top: Reaction of 1” with 2,6-difluorophenolate to form species 2°-a with the corresponding
calculated Gibbs free energies (orange) of the two possible isomers formed. Bottom: Reaction of 17 (0.25 mM)
with 2 equivalents 2,6-difluorophenolate to form species 2°-a in CH;CN:2-MeTHF 1:19 at -110 °C monitored

by UV-vis spectroscopy. Inset: kinetic traces of A(2%.a) = 445 nm, and A(2°-a) = 560 nm.
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Taking into account both the experimental and computational data, a mechanism for the ortho-
defluorination-hydroxylation of 2-fluorophenolate was proposed. This substrate was used in the
DFT calculations because it bears one ortho-C-F bond and one ortho-C-H bond, so that the
preference for the attack over one bond or the other could be evaluated. After coordination of
the phenolic substrate to species 1* to form the O isomer (2°), the first step consists in the attack
over the ortho-C-X bond which can happen at both ortho positions giving two feasible reaction
paths (Figure VIL7): Path A when the attack occurs at the ortho-C-F bond yielding the major
product, and Path B when it occurs on the ortho-C-H bond yielding the minor product. For Path
A there is an attractive noncovalent interaction between the lone pair of the fluorine atom and
the less coordinatively saturated copper(Ill) center, giving intermediate 3 (observed on the
NCIPLOT, Chapter III Figure 6). Such an interaction does not occur in the activation of the
ortho-C-H bond (Path B) because the hydrogen atom does not have a lone pair to interact with
the copper(I1I) center. The O moiety electrophilically attacks the aromatic ring, which involves
the pyramidalization of the ortho-carbon giving intermediates 44 and 4s, for Path A and Path B,
respectively. This attack is followed by the rearomatization of the substrate that leads to the final
catechol products either via transfer of the fluorine to the less coordinated copper center (Path
A, ortho-defluorination-hydroxylation reaction, intermediate ) or by the proton abstraction
through the remaining oxygen atom of the O core (Path B, ortho-hydroxylation, intermediate

Ss).

As can be seen in the energy profile calculated for 2-fluorophenolate (Figure VIL.7), the ortho-
defluorination-hydroxylation (Path A) and the ortho-hydroxylation (Path B) are both possible.
However, the attack on the fluoride is 1 kcal-mol "' more favored than the attack on the hydrogen
(AG(TS14) = 14.5 kcal-mol! versus AG(TS15) = 15.5 keal-mol ™). This theoretical result agrees
well with the experimental data. Thus, quantification of the two possible catechol products for
the reaction of 1” with sodium 2-fluorophenolate were carried out. In the glovebox, the
copper(1) precursor was prepared in a Schlenk flask in a CH;CN:acetone (1:19) solvent
mixture. The solution was taken out of the glovebox and cooled down to -90 °C in an acetone/N,
bath. Once thermal equilibrium was reached, an O, atmosphere was established, which was
accompanied with an immediate observable color change from pale yellow to deep purple

corresponding to the formation of 1°. The mixture was left stirring at -90 °C for ca. 15 minutes
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to ensure the full formation of 1°. Then, the flask was purged via vacuum/N, cycles to remove
the excess of dioxygen. After that, 1.5 equivalents (per Cu(I) precursor) of 2-fluorophenolate
dissolved in 0.5 mL of acetone were added to the flask which caused an immediate substantial
color change to a deep brown color corresponding to the formation of the bis(p-oxo)
dicopper(III) species with the bound phenolate (2°-c). The mixture was left stirring for 30
minutes at -90 °C. Afterwards, the reaction was quenched with an aqueous solution of HCIO,
and it was let attain room temperature. At this point, 1,3,5-trimethoxybenzene was added as an
internal standard and after working up the reaction crude, the sample was analyzed by HPLC
which afforded a 36% yield of catechol formed via C-F activation (Path A) and a 2% yield of 3-
fluorocatechol via C-H activation (Path B) with respect to the Cu,O, core. Thus, both C-F and
C-H activation products are obtained and the ortho-defluorination product constitutes the
major one (18:1 C-Fvs C-H oxygenation), which is in reasonable agreement with the theoretical
results shown in Figure VIL7. Therefore, the ortho-C-F bond is more reactive against compound

29.c, even in the presence of a presumably weaker bond such as the ortho-C-H bond.

At this point, further experimental mechanistic studies were performed in order to confirm the
electrophilic attack of the Cu,O, core to the aromatic ring as pointed out by DFT calculations.
In order to do so, the kinetics of the reaction of 1” with a series of para-substituted sodium 2-
fluorophenolates with tuned electronic properties (sodium 2-fluoro-4-Y-phenolate; Y = Cl, F,
H and CH;) were monitored by UV-vis spectroscopy. In a typical experiment, compound 1* was
generated at -80 °C by reaction of the copper(I) precursor [Cu'(DBED)(CH;CN)](PFs) and
dioxygen in a CH3;CN:2-MeTHF 1:19 solvent mixture. Once compound 1° reached its
maximum absorbance (Amas = 356 nm; € = 6400 M'cm™!), the temperature was lowered to -110
°C and the appropriate amount of para-substituted sodium 2-fluorophenolate was added. This
caused the conversion of 1* (Amx = 356 nm) into the corresponding phenolate-bound O isomer
with absorption bands between A = 450 — 600 nm (2°-x) (Figure VIL.8). The UV-vis spectra of
species 2°-x were consistent with the analogues previously reported by Stack and co-workers*

and in the group using the m-XYLM**N ligand.*®
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The self-decays of compounds 2°-x were slow enough to be monitored by UV-vis spectroscopy
at -110 °C and they showed a first-order behavior that could be satisfactorily fitted to a single
exponential function by nonlinear regression methods. The decay rate (k) was dependent on
the nature of the para-substituent Y, so the logarithm of k was plotted against the corresponding
Hammett para-substituent constant (o,) affording a linear correlation (R?> = 0.93) with a
negative slope (p =-3.5) (Figure VIL9). A negative p value is indicative of an electrophilic attack
on the aromatic ring of 2-fluoro-4-Y-phenolate, so that the self-decay is faster for more electron-
donating Y para-substituents. This result agrees with the proposed mechanism based on DFT

calculations performed on six frontier orbitals of compound 2°.a (Chapter I1I Figure 7).

1.0
CH,
° 3
y=-3.4592x + 0.0452
0.5 | R2=0-93
< 00 | e
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-0.5 F Cl
®
'1.0 1 1 1 1
-0.2 -0.1 0 0.1 0.2 0.3
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Figure VIL.9 Experimental Hammett plot for the self-decay of 2°x (x=b - e) at -110 °C in CH;CN:2-MeTHF
(1:19).

An Eyring plot was experimentally determined in order to check the precision of the computed
reaction barriers for the reaction of 1* with 2,6-difluorophenolate. Thus, the decay rate of species
2%a formed upon reaction of 1° with 2,6-difluorophenolate was measured at different
temperatures. To do so, in a typical experiment, compound 1 was generated upon reaction of
the copper(I) precursor and O, at -80 °C. Once 1* reached its maximum absorbance, the
temperature was changed and set for each experiment (-110, -100, -95, -90, -85 and -80 °C).
When the new thermal equilibrium was reached, a UV-vis spectrum of 1° was recorded and then
0.5 equivalents of sodium 2,6-difluorophenolate were added causing the immediate formation
of compound 2°a (A = 445 nm and A = 558 nm). The kinetic traces monitored at 558 nm were

analyzed at the different temperatures and reaction rates (k) could be extracted by adjusting the
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decays to single exponential functions through nonlinear regression methods. The obtained k
values depend on the temperature and the Eyring plot analysis reveals a relatively small
activation enthalpy (AH* = 9.6 0.3 kcal-mol ™) and a negative activation entropy (AS*=-12 +
2 cal. K"'mol") (Figure VIL10). The experimentally obtained Gibbs free energy (AG'e, = 11.8 £
0.6 kcal-mol™) nicely agrees with the computed value obtained for this parameter (AG*cuc = 11.7

kcal-mol ™).

y =-4820.6x + 17.643
9 | P, R*=0.9966

In(k,/T)
@

_13 1 1 1 1 1
0.005 0.0052 0.0054 0.0056 0.0058 0.006 0.0062
1/T (K1)

Figure VIL.10 Experimental Eyring plot for the decay of 2°.a in CH;CN:2-MeTHF 1:19 at different
temperatures.

The nice agreement between theory and experiments prompted us to also calculate the different
reaction paths for the interaction of 1° with 6-chloro-2-fluorophenolate. Thus, both the attack
at the ortho-C-F and ortho-C-Cl positions were calculated. In this case, the activation of the C-F
bond is preferred over the C-Cl bond by an energy barrier difference of 6.3 kcal-mol’, and these
DFT barriers are fully consistent with the exclusive activation of the C-F bond, which is

experimentally observed for this substrate.”®

In summary, we have been able to theoretically and experimentally investigate the reaction
pathway of the ortho-defluorination-hydroxylation of 2-fluorophenolates by the
[(DBED)Cu'(CH;CN)]* system. This study reveals the O isomer as the responsible for the
electrophilic attack of the phenolate-Cu,O; core over the ortho-C-F position of the arene ring of
the phenolic substrate. Moreover, the computed chemoselectivity towards the activation of the

C-F bond over C-Cl or C-H bonds was also in agreement with previous experimental results.”®
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VII.3 WELL-DEFINED ARYL-Fe'' COMPLEXES IN CROSS-COUPLING
AND C-H ACTIVATION PROCESSES

Since the development of many efficient and polyvalent iron-mediated cross-coupling and C-H
activation methodologies to avoid the use of toxic and expensive noble metals such as palladium
and platinum, the need for gaining deeper insight into the mechanistic features of iron-mediated
cross-coupling and C-H activation reactions has naturally emerged.*” ** Indeed, detailed
mechanistic comprehension of some fundamental steps is key to develop fruitful synthetic
methodologies. Nevertheless, and referring back to section 1.4.3 (0), due to a) the sensitivity to
temperature, air and moisture of the complexes in situ formed in iron-mediated transformations,
which in most cases lead to paramagnetic species, and b) the ability to undergo one and two-
electron redox processes, and/or radical pathways, only few examples of isolated and
characterized organoiron intermediates relevant for cross-coupling or C-H activation reactions
have been described, which contrasts with the abundant number of methodology-type
publications. In this line, our research group is highly trained in successfully trapping and
characterizing important organometallic intermediates with macrocyclic model substrates (see
section1.2in 0).*%" To this end, we decided to combine two strategies to isolate and characterize
aryl-iron(II) complexes relevant for C-X/H activation and functionalization. On the one hand,
the use of a macrocyclic model substrate that would act as a ligand itself. On the other hand, the
use of strong field ligands to enhance the stabilization of this otherwise elusive aryl-iron(II)
complex. After isolating and characterizing the well-defined aryl-iron(II) complex, preliminary
reactivity studies regarding the formation of new Ca-C bonds will be described, together with

some unexpected and unprecedented reactivity towards the formation of tertiary amides.

For this project a 12-membered macrocyclic model substrate (M*Ly) was chosen, which is
specially designed for the stabilization of octahedral metal geometries due to its bent
arrangement. MLy is a nitrogen-based tridentate ligand containing a pyridine group which
connects symmetrically to two aliphatic amines bearing methyl substituents. These amines are
connected to a phenyl moiety in positions 1 and 3, leaving the C-H bond in position 2 ready for
activation (Scheme VIIL.4). This ligand platform was previously used in our group and has
proven to be an outstanding architecture that enables the isolation of key organometallic aryl-

cobalt(IIT) complexes for C-H activation and functionalization reactions.** ¥ Moreover, the
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group of Mirica used ®Ly for the synthesis and characterization of high-valent organometallic

palladium and nickel complexes.***°

12-membered N-based macrocyclic ligand with an ortho-directed position

C-H activation
ortho-directed /\V :
T —N H N—
._Fe_‘ | N\
O ‘ g
=N

. E MeLH
=4 Geometry

= cis-labile position
.’l,..? _“\\

On
Aryl-iron(ll) complex

Scheme VII.4 Choice and design scheme of the model macrocyclic substrate M*Lg for the formation of
organometallic aryl-iron(II) complexes via C-H activation through an ortho-directing group strategy.

The synthesis of MLy was carried out according to previously reported procedures.’” Thus, the
next goal was the synthesis of the corresponding iron(II) complexes to study the interaction of
the iron center with the corresponding Ca-H bond. With this aim, equimolar amounts of Ly
and FeCl, were mixed in dry acetonitrile at room temperature under a N, atmosphere and the
mixture was vigorously stirred for 24 hours. Compound [ (ML) Fe""(Cl).] (1-Cl,) was obtained
in 86% after recrystallization (Figure VIL.11a). The structure of 1-Cl, was first confirmed by HR-
ESI-MS, 'H-NMR (paramagnetic), FT-IR, elemental analysis and XRD analysis. The latter
showed that the iron center was coordinated to both tertiary amines, the pyridine moiety and
two chlorides, through a distorted-square-pyramidal geometry (1= 0.46).* The long Fe-N bond
distances (>2.1 A) confirmed the high-spin state of the iron(II) center in agreement with the
observation of a paramagnetic 'H-NMR. Even though the iron(II) center was pentacoordinated,
a sixth coordination site, that would constitute the octahedral geometry, was occupied by an
incipient interaction with the targeted inner Ca~-H bond from the Ly ligand, being this out-of-
plane from the phenyl-ring-plane (torsion angle 6 = 14.4°, Figure VIL.11b). Additionally, the

effective magnetic moment of the iron(II) complex was measured by the Evans’ method with a

result of per = 4.81 U, consistent with 4 unpaired electrons for an iron(II) high-spin center.
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Likewise, the analogous complex with bromides as counterions (1.Br,) was also obtained in

82% yield with structural and spectroscopic features similar to 1.Cl, (Figure VIL11c).
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Figure VII.11 a) Synthesis of the iron(II) complex precursors 1.X, (X = Cl and Br), and effective magnetic

moment determined by the Evans’ method for complex 1.Cl, which is consistent with a high-spin iron(1I)

complex; b) and c) X-ray structures of 1.Cl, and 1.Br; determined at 100 K (CCDC 2046155 and CCDC
2046156) along with selected structural parameters.

The X-ray structures of 1.Cl, and 1.Br, suggested that an octahedral geometry was possible as
long as the Ca-H bond activation occurred, affording an organometallic aryl-iron complex with
a Car-Fe bond occupying the sixth coordination site. With this aim, we decided to explore the
reactivity of 1-Cl, towards a phenyl Grignard reagent. First, we sought for the formation of the
biaryl coupling product (MLen) by performing the reaction of 1.Cl, with 3 equivalents of
PhMgBr in THF at -78 °C under a N, atmosphere for 1 hour. The mixture was allowed to attain
room temperature for 2 hours, and finally aerobic work up and purification of the reaction crude
gave the desired C-C biaryl coupling product MLy in a 66% yield (33% yield corresponds to the
protodemetallation product or starting ligand, M°Ly) (Figure VIL.12a). The final C-C coupling
product was fully characterized by HR-ESI-MS spectrometry (calcd. for CosHasN;, [M+H]*
344.2121; exp 344.2133) and NMR spectroscopy. The compound could be fully assigned by
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means of both 1D- and 2D-NMR experiments. Interestingly, from the 'H-NMR spectrum it can
be seen that the rotation between Ca-Cps is impeded as all protons corresponding to both
phenyl rings are nonequivalent. Moreover, one of the ortho-protons from the phenyl moiety is
strongly shifted down-field (8(H) = 9.46 ppm) due to the shielding cone effect induced by its
location between both the aryl and the pyridine rings from the ligand, and so due to
perpendicular positioning of the phenyl ring with respect to the planes of the aryl and pyridine

rings from the ligand (Figure VIL.12b and ¢).
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Figure VII.12 a) Reaction of 1.Cl, towards PhMgBr for the formation of biaryl C-C coupling product (™Lpn); b)
Representation of the shielding cone effect observed by "H-NMR for MLpy, and ¢) '"H-NMR spectrum of MLy, in
CDCl; at room temperature.
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The formation of the desired C-C coupling product is clearly suggesting the involvement of an
aryl-iron intermediate species. Hence, several attempts to isolate the organoiron species derived
from the C-H activation were carried out by performing the reaction under severe inert and dry
atmosphere, at low temperature and using only one equivalent of the phenyl Grignard reagent.
Unfortunately, none of the attempts to isolate the organoiron species was successful. If we
consider the C-H activation step occurs via a o-bond metathesis, and if we analyze in more detail
the structural and electronic properties that this putative aryl-iron complex (B) may have, the

resulting organoiron would be a 16-electron pentacoordinated complex (Scheme VILS).
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Scheme VII.§ Formation of the putative unstable species B upon C-H activation via o-bond metathesis.
At this point we decided to change our synthetic strategy to stabilize and isolate a relevant aryl-
iron complex by a formal two-electron oxidative addition to a C-Br bond was envisioned. To do

so, the initial Ly was modified, and the previous directed ortho-Ca-H bond was changed by

the new targeted ortho-Ca-Br bond (MLg:) (Scheme VIL6).
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Scheme VII.6 New ligand design from C-H activation (™*Ly) to C-Br activation (MLg).

The synthesis of this new macrocyclic model substrate was achieved through six reaction steps
in good yields starting from the commercially available 2,6-bis(chloromethyl) pyridine (Scheme
VIL7). First, the corresponding 2,6-bis(azidomethyl)pyridine (i) is formed with sodium azide

refluxed in dimethylformamide. Then, i is hydrogenated in a H, atmosphere using palladium
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over carbon catalyst in ethanol at room temperature to obtain 2,6-bis(aminomethyl)pyridine
(ii). After that, tosylation with tosyl chloride and triethylamine vyields 2,6-
bis(tosylmethylamine )pyridine (iii). Next, after deprotonation of compound iii with excess of
cesium carbonate, 1 equivalent of 2-bromo-1,3-bis(bromomethyl)benzene is slowly added
dropwise. Once the addition is complete, the crude mixture is refluxed for 24 hours to afford the
protected N-tosyl macrocyclic model substrate (™Ls:). Deprotection of the tosyl groups was
performed using a phenol-assisted cleavage of the S-N bond under acidic conditions. This
reaction resulted in the free-amine macrocyclic model substrate "Lg, which is then further

methylated with formaldehyde and formic acid to furnish the final macrocyclic model substrate
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Scheme VIL.7 Synthetic route for the synthesis of the new model substrate ™*Lg,.

The new macrocycles ™Lg, and "Lg, were used for the synthesis of the corresponding aryl-
iron(II) complexes via formal two-electron oxidative addition to an iron(0) source with strong-
field ligands in order to stabilize the resulting organoiron complexes. In this line, Fe(CO)s was

chosen as the iron(0) precursor. For both ligands equimolar amounts of the ligand and Fe(CO)s
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were mixed in anhydrous THF and photoirradiated with UV light (254 nm) at 50 °C overnight
to yield the corresponding aryl-iron(II) complexes [(ML)Fe'(CO)(Br)] (1™, 67%) and
[(ML)Fe(CO).](Br) (1%, 63%), respectively (Scheme VILS).
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Scheme VIIL.8 Syntheses of the aryl-iron(II) complexes (1™ top and 1" bottom) via photoinduced (254 nm)
oxidative addition of the C-Br bond from the respective model substrates to the iron(0) precursor.

To our delight, X-ray quality crystals were obtained for both complexes 1™ and 1%, exhibiting
distorted octahedral geometries around the iron(II) center (Figure VIL.13). However, both
structures present different features that require to individually analyze each aryl-iron(II)
complex. Surprisingly, in the case of 1™ (Figure VII.13a), the bromide atom resulting from the
Car-Br bond addition to the initial iron(0) source is located trans to the aryl moiety, and so
presents a shorter distance for the Ca-Fe bond (1.904 A) and a longer distance for the Fe-Br
bond (2.571 A). This cis to trans rearrangement may take place simultaneously to the oxidative
addition due to a trans effect that enhances the stability of the resulting complex.* ** The sixth

coordination position is occupied by a CO ligand.
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Figure VIL. 13 X-ray structures of complexa) 1™ and b) 1. Selected bond distances [A] for 1™: Fe-Ciy
1.904(3), Fe-N,, 1.935(3), Fe-N12 2.095(3), Fe-N22 2.102(3), Fe-Br 2.571(2), Fe-C3 1.785(4); for 1": Fe-C,y
1.925(2), Fe-N,, 1.928(2), Fe-N9 2.030(2), Fe-N18 2.034(2), Fe-C20 1.837(3), Fe-C22 1.759(3); (ellipsoids
set at 50% probability and H atoms removed for clarity).

On the other hand, the X-ray crystal structure for 1" (Figure VIL.13b) shows the bromide anion
on the outer sphere of the complex (non-coordinated to the iron(II) center), but instead two
CO ligands were completing the coordination sphere, thus confirming the hypothesis that the
bromide anion and CO ligands can easily exchange. Actually, in this case the trans effect caused
by the aryl moiety is observed by the longer Fe-CO bond trans to the aryl (1.837 A) in

comparison to the shorter Fe-CO bond trans to the pyridine moiety (1.759 A).

The structures of both complexes were also confirmed by HR-ESI-MS and NMR. Interestingly,
the HR-ESI-MS spectrum of 1™ showed a main peak at a m/z ratio and isotopic pattern
corresponding to the complex 1™ with the addition of one CO ligand and loss of the bromide
counterion (calcd. for C1sH,0N30,Fe*, [M+CO-Br]* 378.0900; exp 378.0905), together with
another peak consistent with just the loss of the bromide anion (calcd. for C;sH»N;OFe*, [M-
Br]* 350.0950; exp 350.0888). This supports the idea observed by X-ray diffraction that some
ligand exchange between the bromide and free CO molecules present in the media takes place.
Gratifyingly, both 1™ and 1" complexes exhibit diamagnetic "H-NMR spectra which enabled
their full characterization together with bidimensional NMR experiments. The fact that both
complexes are characterized as low-spin aryl-iron(Il) complexes is directly attributed to the

coordination of strong-field carbonyl ligands.
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The number of CO ligands present in both complexes, was further confirmed by FT-IR (Figure
VIL14), as only one band corresponding to the CO stretching was observed for complex 1M (9
=1899 cm™), while two bands corresponding to the two inequivalent CO ligands were detected

for complex 1" (9 =2019 cm™ and = 1963 cm™).
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Figure VII.14 ATR-FT-IR spectrum of a) 1™ and b) 1" at room temperature. Shaded in purple, the bands
corresponding to the CO stretchings one single band (1899 cm™) for complex 1™, and two bands (2019 cm™'and
1963 cm™) for the two inequivalent CO ligands of 1*.

155



CHAPTERVII

After the synthesis and characterization of these well-defined aryl-iron(1l) complexes, we then
focused our attention on investigating the reactivity of 1™. In order to establish whether an aryl-
iron(II) species could be participating in the reaction of 1.Cl, with a phenyl Grignard reagent
described above, 1™* was reacted with PhMgBr under the same experimental conditions
followed by an aerobic workup analogous to the reaction of 1.CL,. As a result, a significant 38%
yield of the new coupling product that contained a carbonyl group between the aryl and the
phenyl moieties (M*Lcorn) was obtained. The nature of this new coupling product was confirmed
by HR-ESI-MS spectrometry, NMR and FT-IR spectroscopy. All techniques confirmed that the
new C-C coupling product came from a putative [(¥°L)Fe"(Ph)(CO)] (1™-Ph) followed by a

CO migratory insertion and reductive elimination to form the aryl-COPh bond in ™Lcops

1) PhMgBr (3 eq)
78% torh, 3 v 1D &2D NMR
> —NoANpN™ v HR-ESI-MS
2) Air, 1h Ny v FT-IR
S8

(Scheme VIL9).

MeLcopn
38%
0,
co reductive
migratory elimination
insertion
D —

Scheme VIL.9 Synthesis of the organic coupling product ¥Lcops from the reaction of 1" with PhMgBr, along
with a putative mechanism for the CO insertion step.

The HR-ESI-MS spectrum of ™Lcops showed a main peak at a m/z ratio of 372.2070 (calcd. for
C2HasN;O, [M+H]* = 372.2071) which shifted 28 units higher with respect to Lps, further
supporting the incorporation of a carbonyl group to the new coupling product. NMR
experiments not only revealed the type of carbonyl group being this a ketone, but also how it was
connected to the rest of the ligand. Mono- and bidimensional NMR experiments confirmed that

the carbonyl unit was located between the aryl and the phenyl moiety. Moreover, the '"H-NMR
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spectrum showed that the presence of the carbonyl unit between the aryl and the phenyl ring,
enabled the free rotation of the phenyl ring as only 3 signals for this moiety were observed and
no shielding cone effect was present. This contrasts with the analogous non-carbonylated
coupling product MLp, (Figure VIL15). Finally, the FT-IR spectrum further confirmed the
ketone-type carbonyl group with aband at 1672 cm™, being this less energetic than that expected
for an aliphatic ketone (5(C-O)« = 1700 cm™) due to the conjugation generated by both

aromatic ring substituents.
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Figure VIL.15 '"H-NMR spectrum of ™Lcopn with its corresponding assignment.

With this positive result in our hands, we decided to gain more insight into the mechanism of
this reaction. First, it is worth stating that both organic products ™Lpy and ™*Lcopn, resulting
from 1.Cl, and 1™ respectively, are obtained after an oxidative workup with O, (or air). So this
suggests that the reductive elimination step that leads to the formation of ™*Lpy and M*Lcorn
occurs only after the oxidation of the putative [(ML)Fe(Ph)] or [(M<L)Fe"(COPh)]
intermediate species to the corresponding iron(III) species.** * This hypothesis is also
supported by the observed visual color change from dark green to reddish-brown upon

providing an air atmosphere when performing the reaction with 1.CL.
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With this observation, UV-vis monitoring at low temperature was done in tandem with cryo-
MS. To do so, after some optimization, we prepared a UV cell with a 0.5 mM solution of 1.Cl,
in anhydrous THF under a N, atmosphere and set the UV cell-holder at 0 °C. Once thermal
equilibrium was reached, a first spectrum of the starting complex was recorded and then 6
equivalents of PhMgBr were added via syringe. This caused the rapid formation of two new
bands at Amax = 520 nm and A = 635 nm which are attributed to the formation of the proposed
species C ([(ML)Fe"(Ph)]). This new species was fully formed after ca. 13 minutes (Figure
VIL16). Following, O, bubbling into the UV cell to prompt the oxidation of the iron(II) species
C to the corresponding iron(I1I) species (C*). Exposing C to dioxygen caused immediate decay
of the two bands at Anw = 520 nm and Am = 635 nm. Consecutive formation of the putative
short-lived species C* was observed for less than 20 seconds and fast evolution to the final
reaction mixture occurs (Figure VIL.17 a and b). Sadly, all attempts to characterize species C*
with cryo-MS after following its generation via low temperature UV-vis monitoring were
unsuccessful due to the extreme reactivity of such species. Nonetheless, a clean mass spectrum

of the final coupling product was obtained M*Lpy, (Figure VIL.17c).
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Figure VIL.16 a) Reaction of 1.Cl, with PhMgBr and b) UV-vis monitoring of this reaction at 273 K to form the
intermediate species C (green) with characteristic bands at 520 and 635 nm (Inset: time traces of the bands at
520 and 635 nm).
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Figure VIL.17 a) Reaction of C towards O; affording ™*Len; b) UV-vis monitoring of the reaction of C (green)
towards dioxygen at 273 K yielding the decay of the bands at 520 and 635 nm to form unstable species C*
(orange) and immediate formation of the new band at 365 nm (purple) corresponding to the final mixture. Inset:
time traces at 365, 520 and 635 nm. c) Attempt to detect species C* by Cryo-HR-MS analysis. The obtained
spectra only showed the presence of ™*Lpy. Inset: expanded view of the experimental peak ata m/z = 344.2128
corresponding to the monocharged [ C»3HasN3+H]*. Inset: expanded view of this peak along with the

corresponding calculated spectrum.

Yet, regarding the information that can be drawn from the UV-vis monitoring, species C seems
to be a bit more stable than species C*, so further attempts to isolate and characterize

intermediate C were performed. Again, taking a deeper look into the electron count for the
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putative compound C, we are once more in front of a pentacoordinated 16-electron complex,
which makes it highly unstable. In order to elevate the coordination number to form an
octahedral complex with 18 electrons, we envisioned the addition of a strong-field ligand such
as triphenyl phosphine in order to enhance the stability of this intermediate species (C’) (Figure
VIL18a). After some optimization of the process and different attempts, we came up with the
best result with the following methodology. First, under a N, atmosphere, a Schlenk flask was
charged with a solution of 1.Cl, and 1.5 equivalents of triphenyl phosphine in dry THF. The
solution was stirred at room temperature for 1 hour and then the temperature was lowered to -
78 °C. Once thermal equilibrium was reached, 1.8 equivalents of PhMgBr were added dropwise.
When the addition was completed, the temperature was increased at 65 °C generating a color
change to deep-red and the mixture was left stirring for 2 hours. After that, the crude mixture
was cooled down to -40 °C and the solution was cannulated at this temperature to remove the
precipitate formed in the reaction media (Figure VIL.18b). Unfortunately, although no crystals
could be obtained neither a peak corresponding to species C’ by mass spectrometry, the HR-
ESI-MS spectrum of the cannulated solution showed a relevant peak corresponding to the
formation of tetraphenyl phosphonium salt (PPhs*) (Figure VIL.18c). This interesting result
may stem from the P-C reductive elimination and so this would indicate the formation and
involvement of complex C’. In fact, a blank reaction was carried out with phenyl Grignard
reagent and triphenyl phosphine and no formation of the tetraphenyl phosphonium salt was

detected, thus further confirming the role of iron for the previous result.*
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Figure VII.18 a) Scheme of the putative intermediate C (16 eletron complex) versus the corresponding
intermediate C’ containing 18 electrons by addition of a strong-field ligand (triphenyl phosphine); b) Reaction
scheme for the synthesis of the new complex C’, and c) HR-ESI-MS spectrum of the reaction crude containing a
main peak at a m/z = 339.1297 with a mass value and an isotopic pattern fully consistent with the P-C reductive
elimination product [PCyHy]* (Inset: expanded view of this peak (top) and the calculated one for this formula

(bottom)).

With the aim to gain more knowledge on the need for the oxidation from iron(II) to iron(III)
to prompt the reductive elimination, a typical experiment for the obtention of M*Lp, was carried
out but quenching directly with HCl before air exposure (Figure VIL.19a). As a result, the biaryl

coupling product was not detected, but only the protodemetallation product Ly was obtained

161



CHAPTERVII

in a relevant 85% yield. Thus, it seems clear that an oxidation step to iron(III) is required to
trigger the reductive elimination step to form the final biaryl coupling product. The same
experiment avoiding air exposure before acidic work-up was done for the reaction of 1™ with
PhMgBr. In this case, 95% of the protodemetallation product MLy and traces of *Lcopn were
obtained. Interestingly, this result supports the formation of intermediate E-1 upon CO
migratory insertion into the phenyl moiety instead of the aryl moiety that would lead to the
formation of the aldehyde product (M*Lcon) coming from intermediate E-2. This result was
turther validated by DFT calculations which suggest that intermediate E-1 is 3.53 kcal-mol

lower in energy (Gibbs free energy) than E-2 with respect to intermediate D (Figure VIL.19b).
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Figure VIL.19 a) Reaction of 1.Cl, with PhMgBr under anaerobic conditions, and b) reaction of 1™ with
PhMgBr under anaerobic conditions and the corresponding computed Gibbs free energies of the structures for
the putative intermediates E-1 and E-2.

1,2-dichloroisobutane (DCIB) is a widely used oxidant in iron-mediated C-H
activation/functionalization and cross-coupling reactions* and it was used to test if better

results in terms of coupling product yield could be obtained. To do so, the reaction of 1.Cl, with
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PhMgBr was performed as previously described. Under a N, atmosphere, 2 equivalents of DCIB
were added and, after the typical acid/base workup, M*Lpy, was obtained in a 45% yield (lower
than the 66% yield obtained with O,) (Scheme VIL.10). Finally, attempts to add DCIB at the
beginning of the reaction, with the purpose of trying to make this transformation catalytic, only
afforded 9% of MLps. This result suggests that the formation of the iron(III) species at the

beginning of the reaction is unfavorable for this system and for this reason all attempts to make

1) PhMgBr (3 eq)
N,, THF,
-78°Ct00°C, 2 h

this system catalytic failed.

» —N Ph N— + —N H N—
2) N,, DCIB (2 eq), Ny Ny
0°Ctort,1h | |
3) N,, HCI & Z
45 % 55 %
MeLPh MeLH

Scheme VII.10 Reaction of 1.Cl, with PhMgBr using DCIB as oxidant.

With all these results in hand, one mechanism was proposed for each reaction. In the case of the
C-H activation/functionalization transformation, reaction of 1-Cl, with the first equivalent of
phenyl Grignard reagent affords intermediate A via transmetallation. Then, C-H activation takes
place, presumably via o-bond metathesis where the coordinated phenyl moiety acts as an
internal base to deprotonate the target hydrogen atom from the aryl moiety of the ligand,
generating the new aryliron bond (species B) and releasing benzene. After that,
transmetallation of the second equivalent of phenyl Grignard reagent takes place to give species
C (bisaryl-iron(II)). At this point, an oxidation step is required to generate C* and trigger the
final reductive elimination step and release of the final aryl-phenyl coupling product, ™Lpx

(Scheme VIL11).
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Scheme VII.11 Proposed mechanism for the reaction of 1.Cl, with PhMgBr for the obtention of the biaryl C-C
coupling product (MLen) via C-H activation.

A similar reaction pathway could be depicted for the cross-coupling reaction transformation,
which started with the oxidative addition of the Ca-Br bond from the ligand (™*Ls;) to the
iron(0), Fe(CO)s, to give 1™¢. Then, transmetallation of the first equivalent of phenyl Grignard
occurs to form the bisaryl-iron(1I) complex (D). After that,a CO migratory insertion takes place
most likely on the phenyl ring to give E-1 (supported both by DFT calculations and
experimental results previously explained). Finally, oxidation of E-1 to E-1* with O; to trigger

the reductive elimination step occurs and the aryl-COPh coupling product ™Lcopn is released

(Scheme VIL.12).
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Scheme VIIL.12 Proposed mechanism for the reaction of 1 with PhMgBr to obtain the CO-inserted C-C
coupling product *Lcoph.

In order to see if the CO insertion between the aryl and the phenyl moieties could be prevented,
complex 1™ was reacted with PhMgBr under a N, atmosphere and UV-light photoirradiation
(254 nm) to facilitate CO dissociation from the iron complex. However, HR-ESI-MS and NMR
analysis of the reaction crude after aerobic acidic treatment, resulted in the formation of an 8%
yield of the arylated product (M*Les), a 10% of aryl-COPh coupling product (Lcorn), and a
52% of protodemetallation product (MLy) (Scheme VIL13a). In the same direction, to see if
the CO insertion between the aryl and the phenyl moieties could be promoted, complex 1.Cl,
was reacted with phenyl Grignard under a CO atmosphere. Nevertheless, after the typical
aerobic acidic treatment, the protodemetallation product was obtained in a 95% yield and less
than a 3% yield of the desired CO-inserted coupling product (M*Lcorn) was obtained. No biaryl
coupling product M*Lp, was detected (Scheme VIL.13b). This result indicates that providing a
CO atmosphere to the reaction of 1.Cl, with phenyl Grignard is completely unfavorable for the

formation of new C-C bonds.
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Scheme VII.13 a) Reaction of 1 with PhMgBr in the presence of UV-light (254 nm) photoirradiation in order
to avoid the insertion of CO into the coupling product, and b) reaction of 1.Cl, with PhMgBr in the presence of a
CO atmosphere to favour the CO insertion into the organic coupling product.

Interestingly, while exploring the reactivity of *Lg, we came up with an unexpected reactivity.
when the reaction was performed under thermal conditions without UV-light irradiation. Under
a N, atmosphere equimolar amounts of the ligand and Fe(CO)s were reacted in acetonitrile at
100 °C for 24 hours. After workup under an inert atmosphere, an unexpected aryl-iron(1I)
complex was obtained in 80% yield (Figure VI1.20a). All attempts to isolate the complex failed,
thus after exhaustive NMR and FT-IR characterization the structure of the new iron complex
was unraveled. The new compound (2¥¢(CO)) presented a diamagnetic 'H-NMR indicative of
alow-spin aryl-iron(II) complex. Oddly, with the combination of 2D NMR experiments (Figure
VIL.20b) and FT-IR (Figure VIL.20c) we concluded that one of the CO ligands from the starting
iron(0) precursors had inserted between one of the tertiary amines and one of the pyridine-

benzylic carbon atoms. This involves a tertiary amine to a tertiary amide conversion.
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Figure VII.20 a) Synthesis of complex 2¢(CO); b) expansion of the aliphatic (*H) region vs full range (**C) 'H-
13C HMBC spectrum of 2M¢(CO) in DMSO-d; at room temperature (400 MHz), and c) ATR-FT-IR spectrum of

2M¢(CO) at room temperature.
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This new complex 2M¢(CO) was submitted to HR-ESI-MS, but no peaks were obtained with an
isotopic pattern containing iron, thus suggesting that this new complex was neutral (and so the
bromide is directly coordinated to the iron(II) center). The only peak that was obtained had an
m/z value and an isotopic pattern fully consistent with the hydrogenated ligand (Ly) plus a

CO moiety (caled. for C;sH»:N;0, [M+H]* =296.1757; exp 296.1775).

The nature of the new amide product obtained was corroborated by isolating the organic
product via protodemetallation from the iron complex with acidic treatment with HCL. The
reaction proceeded smoothly and after a basic workup a quantitative yield of the organic product
was obtained (M*L-COpg) and it was characterized by NMR, HR-ESI-MS and FT-IR. The *C-
NMR presented a signal at 169.21 ppm corresponding to a quaternary carbon consistent with
the carbonyl moiety of an amide group. Moreover, by FT-IR the C=O stretching frequency was
observed at 1679 cm™ which further supports the amide nature of "*L-COx (Scheme VIL.14b).
Based on our knowledge, the carbonylation reaction to transform a tertiary amine to a tertiary
amide is an uncommon transformation and is evocative of an unreported inverse Curtius-like
rearrangement (Scheme VII.14a).*” Xia and co-workers reported an iron-mediated Curtius-like
rearrangement for the formation of isocyanates from hydroxamates through an iron(II)-
nitrenoid complex.* Despite not being exactly the same mechanism, Cantat and co-workers,
recently reported the iron-catalyzed tertiary amine acylation to tertiary amide by extrusion of

methyl iodide.*”
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Scheme VII.14 a) The Curtius rearrangement transformation mechanism, and b) Synthesis and characterization

of L-COp.

Following this line, with the aim to get more insight into the mechanism of this novel reactivity,

a CO atmosphere was provided to the well-defined 1™ complex dissolved in deuterated DMSO

and then heated up to 100 °C. After only 2 hours a '"H-NMR was taken and a 14% of complex

2M¢(CO) was formed together with a 14% of protodemetallation organic product (M*Lx) and a

71% of starting complex (1M¢) (Figure VIL.21). This result suggests that the oxidative addition

from the C-Br bond to the iron(0) takes place before the amine to amide transformation.
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Figure VII.21 a) Reaction of the well-defined 1™ under thermal conditions for the synthesis of 2*(CO), and b)
'H-NMR spectrum of the crude after 2 hours of reaction.

Moreover, to explore the scope of the reaction by using different amine substituents on the
starting ligand, the same reaction under thermal conditions was performed using the secondary
amine version of the ligand (¥Ls,) and the tert-butyl-N-substituted ligand (L), respectively.
Under a N, atmosphere equimolar amounts of the ligands and Fe(CO)s were reacted at 100 °C
for 24 hours. In the case of ®"Lg, after inert atmosphere workup, the usual aryl-iron(1I) complex,
without the CO insertion into the ligand backbone, was obtained (1%, 58% yield, Scheme
VIL15a). Nevertheless, all attempts to obtain a crystal structure suitable for X-ray diffraction
analysis were unfruitful. On the other hand, when using the secondary amine version of the
ligand, "Lg,, and after an acidic treatment, the outcome of the reaction was totally different,
obtaining a 27% vyield of the amide product (YL-COmn) together with a 22% of the
protodemetallation product ("Lu) and a 51% of unreacted starting ligand (¥Ls,) (Scheme
VIL15b). The scope of the reaction was further confirmed by analyzing the crude by HR-ESI-

MS.
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Scheme VIL.15 a) Thermal reaction of "L, with Fe(CO)s to form complex 1*®*, and b) Thermal reaction of
HLBrWith Fe(CO)5 to form HL-COH

To sum up, we have been able to isolate well-defined aryl-iron(II) complexes via C-Br bond
activation through a net two-electron oxidative addition which is a challenging transformation
considering the facility for iron to undergo one-electron processes.”® These well-defined
organometallic iron complexes have shed light into the mechanism of C-H activation and C-C
bond forming cross-coupling reactions, and constitute a powerful platform for developing new
transformations in the field of iron organometallic chemistry. Furthermore, upon submitting the
system to thermal conditions a tertiary amine to tertiary amide conversion has been observed

on a macrocyclic substrate for the first time.
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VI.4 ORGANOMETALLIC Ni(ll), Ni(lll) AND Ni(IV) COMPLEXES
RELEVANT TO CARBON-CARBON AND CARBON-OXYGEN
BOND FORMATION REACTIONS

As explained in the introduction, the formation of new C-C and C-heteroatom bonds via
transition-metal mediated cross-coupling transformations, and the replacement of noble metals
like palladium by first-row transition metals such as nickel, is nowadays one of the most potent
strategies in organic chemistry. In order to develop more efficient reactions, mechanistic studies
are very important to gain insight on how these reactions work and thus to improve them.
However, first-row transition metals are far less mechanistically studied than their precious
metals counterparts. For instance, it is well-known that palladium-mediated transformations
occur via Pd’/Pd" or Pd"/Pd" catalytic cycles, that involve in most of the cases diamagnetic
species which are easier to characterize.’" > In contrast, nickel-mediated transformations can
undergo both one- and two-electron processes yielding more complex mechanistic cycles, as the
+I and +III oxidation states are also feasible.™*** These species are paramagnetic and thus, they
are more difficult to characterize, which makes their mechanistic understanding more
challenging. Moreover, high-valent nickel(III) and nickel(IV) species have only recently been
invoked in cross-coupling transformations, thus triggering an emerging need to gain more
knowledge into the nature of high-valent organonickel complexes relevant for cross-coupling

reactions.*®

Based on that, we envisioned the use of the PyNMe; ligand, which was previously employed in
our group to stabilize high-valent iron-oxo®* and side-on peroxodicopper(1l)*” intermediates,
but it had never been used to stabilize organometallic compounds. To do this, a collaboration
with Mirica’s research group at University of Illinois at Urbana-Champaign was established to
perform a detailed study on organonickel complexes bearing the PyNMe; ligand. Mirica and co-
workers are experts in the field of high-valent organometallic nickel complexes, but all the
ligands they have employed for the mechanistic studies of high-valent nickel complexes are
highly symmetric.**% Thus, the PyNMe; ligand would allow for a deeper study in terms of

ligands distribution around the nickel center.
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The first attempt to isolate an organonickel complex supported by PyNMe; consisted in the
oxidative addition of the C-Br bond from the 1-bromo-4-fluorobenzene substrate at an in situ
prepared Ni’ complex. To do so, under a N, atmosphere, equimolar amounts of PyNMe; and
Ni(COD), were dissolved in 1-bromo-4-fluorobenzene at room temperature, and stirred for 4
hours. The formation of a green precipitate was observed together with a black solid. After work
up and recrystallization complex [(PyNMe;)Ni'(Br),] (1-Br)was obtained instead of the
desired organonickel compound, [(PyNMe;)Ni"(PhF)(Br)]. Nevertheless, upon GC-MS
analysis of the supernatant from the crystallization set-up, 4,4-difluorobiphenyl was detected,
which corresponds to the homocoupling product resulting from a C-C bond reductive
elimination. This result suggests that the desired [ (PyNMe;)Ni"(PhF)(Br)] complex formed
upon oxidative addition of the C-Br bond at the nickel(0) center rapidly transmetallates with
another molecule of the same complex to generate 1-Br and [(PyNMe;)Ni"(PhF),] which
eventually undergoes reductive elimination to yield the homocoupling biphenyl derivative and

nickel(0) (black solid) (Figure VIL.22).

5 Ni(COD),
A o
—N N— —_—
k/’]‘ . rt, 4h
PyNMe.
i [(PyNMe)Ni"(PhF)(Br)] )1('2"
“ray
not detected Hexacoordinated

Distorted Oy,

Reductive F.
4 elimination O
I —_— ™ O + 17, Ni® (s)
E
i homocoupled product
[(PyNMe;3)Ni"(PhF),] GC-MS

not detected

Figure VII.22 Attempted reaction to synthesise the desired complex [ (PyNMe;)Ni"(PhF)(Br)]. On the right,
X-ray structure for 1-Br (hydrogen atoms have been omitted for clarity).

After that, we designed a different attempt to isolate a dimethylnickel(II) complex via
transmetallation to a nickel(II) precursor. To synthetise the nickel(II) precursor, PyNMe; and
0.8 equivalents of Ni"( DME)Cl, were dissolved in THF and stirred at room temperature for 24
hours in the glovebox, which resulted in a green suspension. After work up and crystallization,
X-ray quality crystals of [(PyNMe;)Ni"(Cl),] (1-Cl) were obtained in 85% vyield (Figure

VIL.23a). The structure of complex 1-Cl presented the same features as its analogue complex
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bearing bromides (1-Br) obtained in the previous reaction. Once 1-Cl was obtained, it was
reacted with 2 equivalents of MeMgBr in THF at -50 °C. Upon dropwise addition of the
Grignard reagent, a color change from green to orange was observed. The reaction work up was
carefully done in the glovebox under rigorous low-temperature conditions to avoid the
decomposition of the putative [(PyNMe;)Ni"(Me),] complex formed (Figure VIL23b).
Unfortunately, all the attempts to isolate or characterize this compound failed due to its high
instability. The obtained orange-black solid was dissolved in deuterated benzene to take a 'H-
NMR at room temperature. Interestingly, despite being a very broad spectrum, two signals
below 0 ppm could be detected that could correspond to the methyl groups directly attached to

the nickel(1I) center (Figure VIL.23c).%
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Figure VIL.23 a) Synthesis of 1-Cl along with its X-ray structure (hydrogen atoms have been omitted for clarity);
b) synthesis of complex [ (PyNMe;)Ni"(Me).], and c) "H-NMR spectrum of complex [ (PyNMe;)Ni'"(Me),].
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At this point we decided to switch our strategy and enhance the stability of the organometallic
nickel complex by using the cycloneophyl ligand (cycl, -CH,CMe,CsHs-) as the carbon-donor
ligand. The cycloneophyl ligand is a bidentate ligand containing an alkyl and an aryl anchoring
groups. Moreover, this alkyl/aryl-donor ligand was designed to decrease the probability of

reductive elimination and avoids the possibility of f-hydride elimination (Scheme VII.16).5+%

No B-hydrogens
Alkyl-donor

LM? ) Po - — L2+
X Position - X

LM" o LM — NB

!
Aryl-donor

Scheme VII.16 Reductive elimination step (top) and B-hydride elimination step (bottom). Inset: the
cycloneophyl ligand structure which hampers both processes.

For all these reasons we decided to synthesize a nickel(II)-cycloneophyl complex bearing the
PyNMe; ligand. To do so, equimolar amounts of PyNMe; and the nickel(1I)-cycloneopyl
precursor, [(Py),Ni"(cycl)], were dissolved in a toluene/pentane (1:1) solvent mixture, under
an anaerobic atmosphere, and the mixture was stirred overnight at room temperature, resulting
in an orange suspension. After work up and crystallization, X-ray quality crystals were obtained
ina 71% yield corresponding to the desired complex [ (PyNMe;)Ni'(cycl) ] (2, Figure VII.24a).
Complex 2 was fully characterized by NMR which showed a diamagnetic low-spin nickel(1I)
complex. Interestingly, the 'H-NMR spectrum exhibits broad peaks, especially the ones assigned
to the methylene protons on PyNMes, presumably due to the fast coordination exchange of the
four types of nitrogen-donors from the ligand (Figure VIL.24b). The X-ray structure of complex
2 presents a square planar geometry around the nickel(II) center, thus confirming the low-spin
nature of the nickel(IT) complex. As above stated, PyNMe; enables the observation of the trans-
effect of the different chelating groups, which could not be observed with "N4 or *N3 type
ligands previously employed by Mirica and co-workers.’®* Interestingly, PyNMe; coordinates
the nickel(II) center in 2 in a bidentate fashion through the pyridine motif trans to the alkyl
moiety from the cycloneophyl, and one of the adjacent amines trans to the phenyl moiety from
the same cycloneophyl ligand (Figure VIL.24c). Furthermore, in order to study the redox

properties of complex 2, a cyclic voltammogram (CV) was performed, which reveals a pseudo-
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reversible oxidation at Ei, = 250 mV (vs. ferrocene) followed by another pseudo-reversible
oxidation event at Ei/» = 630 mV (vs. ferrocene), assigned to the Ni'/! (AE = 220 mV) and
Ni'"" (AE = 130 mV) redox couples, respectively (Figure VIL.24d). These redox potentials

suggest that 2 might be oxidized to the corresponding nickel(III) and nickel(IV) organometallic

complexes.
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Figure VIL.24 a) Synthesis of complex 2; b) '"H-NMR spectrum of complex 2 in benzene-ds at room temperature
(inset: proton assignment); c) X-ray structure of 2 (hydrogen atoms omitted for clarity), and d) CVof 2ina 0.1
M [nBu,N](PFq)/acetonitrile solution as electrolyte at a scan rate of 100mV/s.

With the aim to obtain complex [ (PyNMe;)Ni"(cycl)]* (3*), first an EPR analysis was done.
To do so, a 0.1 mM solution of complex 2 in acetonitrile was prepared and cooled down to -35
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°C. Subsequently, a cold suspension containing 1 equivalent of ferrocenium
hexafluorophosphate (FcPFs) in PrCN was layered over the complex 2 solution in an EPR tube,
mixed for 5 seconds resulting in a 1:3 MeCN/PrCN mixture solution, and rapidly frozen in
liquid N,. Noteworthy, right after mixing the complex and the oxidant suspension, the dark color
from the oxidant suspension completely vanished and everything became soluble. At this point,
EPR at low temperature was measured obtaining the corresponding nickel(III) d’ center which
exhibits a pseudoaxial signal with hyperfine coupling in the g, direction (Ax = 13.7 G),
suggesting that two I=1 nitrogen atoms, either from PyNMe; or solvent (MeCN or PrCN), are
coordinated to the nickel(III) center (Figure VIL.2S). Moreover, a second EPR spectrum was
recorded after leaving the putative complex 3 at room temperature for 30 minutes without any

significant changes, meaning that complex 3 is stable at room temperature.

EXP

Fc(PFg) \V/
> sImM

Ny, <-35 °C,
MeCN/PrCN (1:3) \v/
g,= 2.016, A = 13.7G
2
290 315 340

Field (mT)

>l

ER:I\/IeorPr

/
z
Z<>

R
y/
=
g
Z—2—z

NGO R
2N: PyNMey 3N: PyNMej 4N: PyNMe,
2N: Solvent 1N: Solvent

Figure VIL25 Top: Reaction of 2 with Fc(Pf6) to afford the corresponding nickel(III) complex (3) and its EPR
spectrum at low temperature in a MeCN/PrCN 1:3 solvent mixture (black line: experimental; red line:
simulated). Bottom: Possible structures of complex 3 based on the EPR spectrum.

With this positive result in hand, the reaction was performed at larger scale with the aim to isolate
complex 3. Complex 2 was dissolved in acetonitrile at -35 °C, and then 1 equivalent of

terrocenium hexafluorophosphate was added and mixed over a period of 3 hours. The resulting
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solution was concentrated and stored at -35 °C giving after a few days red-colored crystals
corresponding to [ (PyNMe;)Ni"(cycl) ](PFs) (3) in a 73% yield (Figure VIL.26). The X-ray
structure of complex 3 presents a distorted octahedral geometry of the nickel(III) center, where
all the coordination positions are occupied by the four binding nitrogens from PyNMe; and
both the alkyl and aryl carbons from the cycloneophyl ligand. This result is in accordance with
the six-coordinate complex observed by EPR and further supports the use of only one A(N)
value as both nitrogen atoms are equivalent due to the symmetry provided by the PyNMes;
coordination mode. As shown in the X-ray structure of complex 3, the pyridine moiety remains
trans to the alkyl group, however this time the N3 amine is trans to the phenyl group, instead of
the N2 amine as observed in complex 2. Interestingly, as previously observed for other similar
complexes reported by Mirica and co-workers, the Ni-C as well as the Ni-N bond distances are

larger in complex 3 than those in complex 2.5%5°

Fc(PFg)
Ny,MeCN
-35°C,3h
2 3
X-ray
Complex 2 Complex 3
Bond Distance (A) Atoms  Bond Distance (A)
1.991* Nil-N1 1.994*
2.055° Nil-N2 2.254
3.989 Nil-N3 2.146*
4.303 Nil-N4 2.247
1.889° Nil-C1 1.949°
1.934* Ni1-C2 1.969*

Figure VIL.26 Top: Synthesis of complex 3. Bottom: Table with selected bond lengths for complex 2 and
complex 3 (*and * are indicative of trans pairs), and their corresponding X-ray structures.

At this stage, and going back to the cyclic voltammogram performed for complex 2, we decided
to go further and try to synthesize and characterize the corresponding nickel(IV) complex. To
do so, the reaction was monitored via low temperature UV-vis spectroscopy in tandem with
cryo-MS experiments to detect the different species formed upon stepwise one-electron
oxidation (Figure VIL27). It is worth mentioning that for this experiment, the oxidant of choice
was a nitrosonium salt (NO*) instead of the previously used ferrocenium salt, because

nitrosonium is a cleaner oxidant (release of NO gas as by-product) compared to ferrocenium
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salts which presents absorption bands (ca. A = 325 and 440 nm for Fc*; ca. A = 450 nm for Fc)

that could interfere with the UV-vis monitoring.

Hence, a 0.5 mM solution of complex 2 in acetonitrile was placed in a UV-vis cell set up at -40
°C, and once thermal equilibrium was reached, a first UV-vis spectrum was recorded. The UV-
vis spectrum corresponding to complex 2 exhibited a band at a Amx = 462 nm (e = 880 M'cm™).
Subsequently, 1 equivalent of NO(SbFs) was injected into the UV-cuvette through the septum,
which caused the immediate disappearance of the band corresponding to complex 2 and a
completely new UV-vis spectrum was obtained with a broad band at a Ay = 513 nm (£ =300 M-
'em™) assigned to complex 3. This result was further confirmed upon injecting an aliquot of this
solution for cryo-MS analysis, which showed a monocharged main peak with a mass value and
isotopic pattern fully consistent with complex 3* (calcd. for C4H3sN4Ni*: m/z = 438.2288; exp:
m/z = 438.2289) (Figure VIL.27b). After that, a second equivalent of the same oxidant was
injected into the UV-cuvette which caused the disappearance of the band corresponding to
complex 3, and the formation of two new bands at 384 nm and 470 nm (¢ = 1200 M"'cm™)
assigned to [ (PyNMe;)Ni"V(cycl)](SbFs), (4). To further support this result, an aliquot of the
solution was analyzed by cryo-MS and to our delight a discharged main peak with a mass value
and isotopic pattern fully consistent with complex 4** was observed (calcd. for CysH36N,Ni**:

m/z=219.1141; exp: m/z = 219.1129) (Figure VIL.27c).

180



Results and discussion

a) NO(SbFs) (1 eq)
1.6
14 ~(SbF)
1.2 2
[2] =0.5 mM
1.0 Amax = 462 nm
8 \
5 3 Amax = 513 nm
2 08 T1(SbFe), m/z = 438.2289
2
2 o6
0.4 NO(SbFg) (1 q)
0.2 A = 384 NM; kmax = 470 nm
m/z = 219.1129 |(PFe)
0.0 + T T T T T T
300 400 500 600 700 800 900 1000
b) wavelength (nm)
Intens. ] +MS, 7.0-7.7min #(415-459)
Intens.. +MS, 7.0-7.7min #(415-459)]
4382280
438.2289
1250+
1000
440.2248
1000 500
J 441.2263 4422035
(C14H24N4)Ni(C10H12), M "438.29
7501 2000 438.2288
1500
500
341.1041 1000 440.2244
439.2321
500
44‘]i275 4422219
250+ i
A
2492066 436 437 438 439 440 441 442 443 444 445 miZ
L L L A
7 = 7 = 7 7 7 7 7
300 400 500 600 700 800 900 m/z
Intens. +MS, 3.5-5.8min #(210-348)
x104 Intens. +MS, 35-5.8min #(210-348)
x104
219.1120
6
219.1120
64
220.1102
219.6133
J 2206109
221.1086
CIATZaNANICTONT2), W 436.29|
4_ 219.1141
1000 220.1119
2
341.1015 . 2105158
173.5795 263.1850 220/?‘35 2211107
584.0493
L l 417.9031 675.1159
c l| L T L T T T T = T T = T T T
200 300 400 500 600 700 800 900 m/z

Figure VIL.27 a) UV-vis spectra and reaction scheme for the synthesis and characterization of complexes 2
(orange), 3 (red) and 4 (burgundy) in MeCN at -40 °C; b) cryo-MS spectrum of the reaction crude after the
addition of 1 equivalent of NO* to a solution of 1 containing a main monocationic peak at a m/z = 438.2289 with
a mass value and an isotopic pattern fully consistent with complex 3* (Inset: expanded view of this peak (top) and
the calculated one for this formula (bottom)), and c) cryo-MS spectrum of the reaction crude after the addition of
2 equivalents of NO* to a solution of 1 containing a main dicationic peak at a m/z = 219.1120 with a mass value
and an isotopic pattern fully consistent with complex 42* (Inset: expanded view of this peak (top) and the
calculated one for this formula (bottom)).
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Species 4 was further characterized by "H-NMR spectroscopy in a similar manner as previously
done by UV-vis monitoring. Thus, 2 equivalents of NO* were added in a stepwise manner at -35
°C into a solution of 2 in deuterated acetonitrile. Prior to oxidant addition, the initial 'H-NMR
spectrum corresponding to 2 was diamagnetic. After that, the first equivalent of oxidant was
added directly in the NMR tube which triggered a color change from orange to red and the
formation of a paramagnetic species attributed to complex 3. Finally, the second equivalent of
oxidant was added to the NMR tube, causing a change to a diamagnetic spectrum different to
the one observed for 2. This diamagnetic species was assigned to the nickel(IV) complex 4
(Figure VIL.28). It is noteworthy that the spectrum corresponding to 4 presents some broadness

most likely due to residual amounts of the paramagnetic complex 3.

NO* equivalents

26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 -1 -2 -3 -4 -5 -6 -7 -8 -
ppm

Figure VII.28 Stacked view of the 'H-NMR spectra of complex 2 (orange), 3 (red) and 4 (burgundy) in CD;CN.

Despite the slightly broadening of the "H-NMR spectrum, complex 4 could be fully assigned by
comparison with nickel(IV)-cycloneophyl complexes bearing *N4 and *N3 type ligands
previously reported by Mirica and co-workers (Figure VIL29).% ¢! Remarkably, a huge
downfield shift is observed for the Ni"V-CHS,- protons to 5.29 ppm in contrast to their Ni"-CH,-
counterparts found at ~2.10 ppm. This trend was also observed for the previously reported

nickel(IV)-cycloneophyl complexes and it is presumably explained by the highly electrophilic
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character of the nickel(IV) center which results in a weaker interaction of the metal center with

the nearby protons.
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Figure VIL.29 'H-NMR spectrum of complex 4 in CD3CN at -35 °C. Inset: complex 4 '"H-NMR assignment.

Next, we decided to study the reactivity of complexes 3 and 4 towards the formation of new C-
C and C-O bonds. On a first experiment, complex 3 was exposed to high temperature (80 °C)
for 24 hours in acetonitrile. After acidic treatment to ensure the protodemetallation and basic
workup to remove the nickel center, the organic layer was analyzed by GC-MS. As a result,
complex 3 decomposed in a troublesome mixture and only a 14.5% yield corresponding to the

protodemetallation product (tert-butylbenzene, B) was detected (Scheme VIL17).

H
> H
MeCN, 80 °C, 24 h
A B

3 n.d. 14.5 %

~1(PFe)

GC-MS

Scheme VII.17 Thermal treatment of complex 3 for the formation of C-C coupling products. The corresponding
reductive elimination C-C product (A) was not detected by GC-MS, while the protodemetallation product (B)
was detected in a 14.5% yield.
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After that, and using a similar protocol, the reactivity of complex 2 was tested towards two-
electron oxidants, such as XeF,, NFTPT and PhI(OAc),, to form in situ complex 4, but without
any positive results. Then, we studied the reactivity of complex 4 formed in situ by the oxidation
of 2, but this time by using two-electron and oxygen transfer oxidants such as O,, H,O, and
‘BuO,H. In order to do so, complex 2 was dissolved in 2-MeTHF and cooled down to -78 °C.
Then the oxidant is added, and the reaction crude is progressively heated to 82 °C for 48 hours.
Finally, the crude is treated with acid to guarantee the protodemetallation of the organic
fragments and subsequent basic work up is done to separate the metal from the organic layer,
which is then injected into the GC-MS together with 1,3,5-trimethoxybenzene as internal

standard (Scheme VIL18).

oxidant H H
- H O OH
2-MeTHF, -78 °C to 82 °C,
48 h
2 Entry  Oxidant A B c D
1 0, 59 % 0% 6 % 2%
2 H,0, 9% 1% 1M1 % 2%
3 'BuO,H 3% 1% 8 % 3%
GC-MS

Scheme VII.18 Reactivity of 2 towards two-electron, oxygen-transfer oxidants for the formation of C-C and C-O
coupling products. Table: results obtained for the different oxidants after GC-MS analysis using 1,3,5-
trimethoxybenzene as internal standard.

Using this protocol, less than 1% of product B (protodemetallation product) was obtained in all
cases, which is indicative of nearly quantitative oxidation of complex 2 to the corresponding
nickel(I1I) or nickel(IV) reactive species. When bubbling dry dioxygen in the reaction mixture,
the major product was the reductive elimination product A in a relevant 59% yield. Regarding
C-O coupling products, only a 6% of product C and a 2% of product D were obtained. For this
reaction the reactivity is clearly better towards the C-C than the C-O bond forming products.
On the other hand, the reactivity with hydrogen peroxide results in a 9% yield of product A (C-
C bond forming) and an 11% yield of product C (C-O bond forming). The reaction using tert-
butyl hydroperoxide yields a 3% of C-C cross-coupling product A, and a total yield of 11%
regarding the C-O bond forming products (8% of C and 3% of D). Overall, taking into account
these results, and despite using oxygen-transfer oxidants, this system clearly favors the C-C bond
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forming reactivity over the C-O bond forming transformations, presumably due to the flexibility
of the PyNMe; ligand which allows for the strong binding to the nickel(IV) center. Thus, this
prevents the coordination of any O-donor ligand coming from the oxidant to the nickel(IV)

core.

As a summary, we have been able to study the redox chemistry of well-defined organometallic
nickel(II), nickel(IIT) and nickel(IV) complexes bearing the cycloneophyl moiety and, for the
first time, the tetradentate nitrogen-based PyNMe; ligand. Furthermore, upon exploring the
reactivity of the in situ generated nickel(IV) species with oxygen-transfer oxidants, C-C bond
forming product is promoted over the formation of C-O coupling products. This result given by
this new system is in contrast with the outcome previously obtained by Mirica and co-workers

for a system bearing *N4 type ligand.*®
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General conclusions

The organic synthetic and research community has devoted many efforts to the use of first-row
transition metals towards the development of new synthetic tools to produce biologically
relevant organic and natural products, such as pharmaceuticals, agrochemicals, polymers, etc.,
in a more sustainable and efficient manner. Two very powerful strategies to fulfill this objective
are oxidation/oxygenation reactions via dioxygen activation (Chapter III and IV), and C-H
activation and/or cross-coupling transformations (Chapter V and VI). However, despite all the
improvements achieved over the past years in the field of organic chemistry, there are still issues
to address such as gaining more insight into the fundamental mechanism of these
transformations mediated by first-row transition-metals. These metals, such as copper, iron and
nickel can undergo both one- and two-electron processes, resulting in the formation of transient
paramagnetic species which are difficult to trap and characterize. In order to gain more insight
into the reactive intermediate species involved in such transformations, our group takes

advantage of the macrocyclic approach to enhance the stability of these otherwise elusive species.

In Chapters III and IV, the focus is directed towards gaining mechanistic insights in the
oxidation of phenolic derivatives by means of bioinspired copper model systems. In Chapter III,
we tried to synthesize a tyrosinase bioinspired model system using the PyNMe; platform which
was previously successfully used in our group to stabilize high-valent iron-oxo species. To do so,
the corresponding copper(I) complex, [ (PyNMe;) Cu'(CH;CN) ] (OTf) (10Tf), was prepared
and characterized which rapidly reacts upon dioxygen exposure at low temperature (-100 °C) to
generate the corresponding p-n*n?-peroxodicopper(1l) (2) as detected by UV-vis monitoring.
Even though side-on peroxodicopper(II) species (SP) are believed to be key species in the ortho-
hydroxylation of phenols to catechols performed by the enzyme tyrosinase, no reactivity was
observed upon reaction of compound 2 towards ortho-phenolates. Our hypothesis is that the
rigidity and robustness of the PyNMe; ligand provide a coordinatively saturated P species
precluding any interaction with exogenous substrates. This fact together with previously
coordinatively saturated reported examples, confirms that to develop a functional model of
tyrosinase the nitrogenated ligand must provide a low coordination environment to the copper
center in order to leave available positions for the exogenous substrates to interact with the P

species formed.
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In Chapter IV, we focused our attention into the copper(I) system [Cu'(DBED)(MeCN)]*
reported by Stack and co-workers in 2005 which exhibited a tyrosinase-like reactivity by
performing the ortho-hydroxylation of phenolates using molecular oxygen as oxidant through a
SP speciesthat converts into a O species upon coordination to a phenolic substrate, which is
eventually ortho-hydroxylated. Interestingly, a previous work in our group indicates that O
species are competent to perform the ortho-defluorination-hydroxylation of 2-fluorophenolates.
Thus, Stack’s system is a good candidate to study whether the ortho-defluorination-
hydroxylation of 2-fluorophenolates occurs via a P or a O species as both isomers are detected.
Based in our experimental and theoretical results, the existing equilibrium between the SP and
O isomers is displaced towards the O species upon coordination of the phenolic substrate.
Moreover, DFT calculations indicate that the O isomer is the responsible for the ortho-
defluorination-hydroxylation reactivity. This is also a strong indication of why Cu,O, adducts
for which SP species are the only isomer observed are unreactive towards 2-fluorophenols.
Remarkably, this system is selective towards ortho-C-F bonds over ortho-C-X (X = H and Cl) in
phenolic substrates. Nevertheless, for all cases, the rate-determining step was the electrophilic
attack of one of the oxygens from the Cu,O, core to the aromatic ring of the phenolic substrate.
Overall, this [Cu'(DBED)(MeCN) ]* complex is a potential candidate to cleave C-F bonds over
weaker bonds (C-H/Cl) and find future application in the degradation of fluorinated
compounds coming from the bioaccumulation of pharmaceuticals and agrochemicals. This
work validates that only the O isomer is the responsible for the ortho-defluorination-
hydroxylation of 2-fluorophenolates. Moreover, this would also explain why tyrosinase enzyme,
for which only the P has been detected so far, would not be able to perform such reaction in the

presence of C-F bonds.

In Chapters V and VI, we shifted our attention to trap and characterize the reactive species
involved in organometallic reactions (such as C-H activation and cross-coupling
transformations) using iron and nickel bound to macrocyclic ligands. Studies conducted in these
two chapters are both successful evidence of the use of specially designed macrocyclic model

ligands to stabilize otherwise unstable and highly reactive intermediate key species.

In Chapter V, we envisioned the use of the MLy model substrate, effectively employed in our

group for the isolation of aryl-cobalt(IIl) complexes via C-H activation and relevant to the
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formation of new C-C bonds, to stabilize and isolate an aryl-iron complex and to further study
its reactivity towards the formation of new coupling products. At first, the reaction of complex
[(MLy)Fe"(Cl).] (1-Cly) towards phenyl Grignard reagent afforded the desired bisaryl
coupling product, MLy, in a good yield via C-H activation (presumably through a o-bond
metathesis). However, all attempts to isolate the aryl-iron(II) complex involved after the C-H
cleavage were unsuccessful. Nonetheless, we changed our approach by synthesizing a new family
of model substrates bearing an ortho-directing C-Br bond, *Ls: (R = H, Me, ‘Bu) in combination
with strong-field ligands (CO) with the aim of activating such bond via a formal two electron
oxidative addition to an iron(0) source. The resulting well-defined aryl-iron(II) complexes were
obtained after irradiation of 254 nm UV-light (for complexes 1 and 1*) or heating (for 1*).
All complexes were fully characterized as low-spin aryl-iron(II) complexes. The high stability of
the aryl-iron(II) complexes is mainly attributed to the strong-field CO ligands that complete the
coordination sphere of the metal center. The reactivity of complex 1"* was tested towards
phenyl Grignard reagents obtaining the phenylcarbonylation product, *Lcopn, coming from the
insertion of one CO ligand to the phenyl group prior to the reductive elimination step to release
the final organic coupling product. Oxidant-free experiments suggest that an oxidant is required
for the obtention of the new C-C cross-coupling product. Furthermore, when submitting the
My, model substrate with Fe®(CO);s under thermal conditions, an unprecedented CO insertion
into the ligand backbone occurs, providing a tertiary amine to amide conversion at the pyridine-

benzylic position in a quantitative manner.

In Chapter VI, we used the PyNMe; ligand for the first time in the field of organometallic
chemistry, to isolate a series of organonickel complexes bearing an alkyl/aryl-donor
cycloneophyl ligand (cycl). We were able to isolate the corresponding low-valent nickel(II) (2),
the high-valent nickel(III) (3), and to detect the high-valent nickel(IV) (4) species with
spectroscopic and spectrometric techniques, through step-wise one electron oxidation.
Complex 2 was diamagnetic and presented a square planar geometry around the nickel(1I)
center, where the pyridine is located trans to the alkyl group and the amine adjacent to the
pyridine coordinates trans to the phenyl moiety. In contrast, complex 3 is a paramagnetic
compound and exhibits a distorted octahedral geometry around the nickel(III) center. The
nature of complex 4 was elucidated by low-temperature UV-vis spectroscopy in tandem with
Cryo-MS spectrometry and it was acknowledged as low-spin nickel(IV) by 'H-NMR. The
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CHAPTER VIII

reactivity of the metastable complex 4 was studied by its in situ formation through the two-
electron oxidation of complex 2 by means of oxygen-transfer type oxidants (O,, H,O, and
‘BuO,H), yielding up to 59% of C-C reductive elimination product (A) versus an 11% C-O
forming product (C). This result is clearly indication that this novel system favors the formation

of new C-C bonds over C-O coupling regardless of the use of oxygen-transfer oxidants.
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I. Instrumentation

All the spectroscopic and chromatographic analyses were carried out in Serveis Tecnics de
Recerca UdG (STR-UdG) or in the laboratories of Grup de Quimica Bioinspirada
Supramolecular i Catalisi (QBIS-Cat Group) at the University of Girona.

UV/Vis spectroscopy was performed with an Agilent 8453 UV/Vis spectrophotometer with 1 cm
quartz cells. Low temperature control was achieved with a cryostat from Unisoku Scientific
Instruments, Japan. HPLC analyses were performed on an Agilent Technologies LC 1200 series
using an Eclipse XDB - C18 analytical column (4.6 x 150 mm, 5 pm Agilent Technologies).
Spectrophotometric detection of the HPLC elution profile in the range 190-400 nm was performed
with an Agilent 1200 Series G1315D diode array detector. Quantification of the catechol in the
reaction mixtures was performed at 215 nm and using 1,3,5-trimethoxybenzene as internal
standard. For HPLC-DAD analyses elution was carried out using 0.1% H3PO4 in milliQ water
(solvent A) and methanol (solvent C), with a flow rate of 0.5 mL/min. Elution started with 40%
solvent A for 2 minutes, the eluting solvent decreased to 30% A over 11 min, and to 0% A over
3 min and stayed at 0% A for 2 additional min. Finally returned to 40% A over 4 min and remained
stable for 8 min.

II. Materials

Reagents and solvents used were of commercially available reagent quality unless otherwise
stated. Solvents were purchased from Scharlab, Acros or Sigma-Aldrich and used without further
purification unless noted otherwise. 2-methyl-THF (2-MeTHF) was distilled from sodium
/benzophenone. All solvents were stored under inert atmosphere Preparation and handling of air-
sensitive materials and Cu(I) complexes were carried out in a N, drybox (Jacomex) with O, and
H>O concentrations <1.0 ppm. N,N'-di-tert-Butyl-ethylenediamine (DBED) was purchased from
TCI Chemicals and used without further purification. The synthesis of the complexes were
performed by following a slightly modified procedure previously reported in the literature. [
Dry sodium salts of 2-fluorophenols were prepared according to reported procedures. All phenols

were synthesized following previously described procedures.!!
III. Synthesis of [Cu'(DBED)](PFs)

N [Cu'(CHgCN)4](PF6) N
[ [ -NCCHjs |(PFg)

N. CH;CN, N.
g‘ N, rt. K‘

[Cu(DBED)](PFg)

In the glovebox, DBED ligand (6.9 mg, 0.04 mmols) was dissolved in anhydrous CH3;CN (2 mL)
leading to a 20 mM solution of the ligand. After that, [Cu'(CH3CN)4](PFs) (15.0 mg, 0.04 mmols)
was dissolved also in anhydrous CH3CN (2 mL) leading to a 20 mM solution of the Cu(I) salt.
Then, 0.5 mL of the 20 mM solution of the ligand and 0.5 mL of the 20 mM solution of de
[Cu'(CH3;CN)4]" complex were mixed to give a 20 mM yellow solution of [Cu'(DBED)](PFe)
after ca. 1 hour of stirring at room temperature.



IV. Preparation and reactivity of Cu0: species for UV/Vis

experiments

Generation of [Cu',(n-1%:1*-0,)(DBED);]*>* (1) monitored by UV/Vis spectroscopy

: 0, N O PN
2| [ 0u-NCCHs|(PFs) ———= [ eu’ | Scu' ]
N. 2-MeTHF, N™ ~0 N
V" N, -80 °C g—l %
1P
A =356 nm

The preparation of the Cu(I) complex for the UV/Vis spectroscopy was performed under an inert
atmosphere in the glovebox. All the UV/Vis experiments were performed in CH3;CN/2-MeTHF
(1:19) as a solvent mixture. A freshly prepared 20 mM solution of [Cu'(DBED)](PFs) in CH;CN
was diluted 10 times with CH3CN to give a 2 mM stock solution. For the preparation ofa 0.5 mM
sample, a UV/Vis cell was charged with 125 pL of the 2 mM [Cu'(DBED)](PFs) solution together
with 2.2 mL of dry MeTHF (CH3CN/2-MeTHF 1:19). The quartz cell was capped with a septum,
taken out of the glovebox and placed in a Unisoku thermostated cell holder designed for low-
temperature experiments at 193 K. Once the thermal equilibrium was reached, a UV/Vis spectrum
of the starting complex was recorded. Dioxygen was injected into the cell with a balloon and a
needle through the septum causing immediate formation of a band at Amax = 356 nm corresponding
to the generation of the side-on peroxo species (17). Full formation of 1¥ (¢ = 28000 M-'cm™!) was
reached after ca. 15 minutes (Figure 1).

Amax =356 nm
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Figure 1. Formation of 17 (1 mM, MeCN/2MeTHF 1:19) monitored by UV/Vis spectroscopy at 193 K (yellow:
[Cu'(DBED)]|(PFs); blue: 17). Inset: time trace of Amax = 356 nm.



Generation of [Cu™(u-0)(DBED);]>* (2°) and reactivity with 2-fluorophenolates

monitored by UV/Vis spectroscopy

O'Na*
X F
N oonr N-H Ng
N, O "N Y N O N
|: cu" |/Cu" j N—=cCu" /Cu'ﬂ j
N. O N MeCN/2-MeTHF (1:19) e ‘H/ ~o N
F" y 110 °C F IH
N e, 0 oy
x/@
1P v 29:x
A =356 nm A = 400-700 nm

A solution of the pre-formed 1* species (see section above) was cooled down to 163 K. Again,
when thermal equilibrium was reached, a UV/Vis spectrum of the 1° was recorded. Then, 1
equivalent of the desired sodium phenolate (0.02 mmol, 50 puL in acetone) was added via syringe
causing immediate disappearance of the characteristic band of 1* at A = 356 nm, and it was
accompanied by the formation of the new bis-oxo species (2°-x) with absorption bands between
400 and 600 nm depending on the added phenolate.
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1.6 4

1.4 A

Absorbance

04 |

1.2 02 L

0.0

100 200 300 400 500 600 700
Time (s)

Absorbance
a
=)
o

S
©

0.6

0.4 -

0.2

0.0 T T T T T T T T T T T 1
250 300 350 400 450 500 550 600 650 700 750 800 850
wavelength (nm)

Figure 2. Generation of 2°-a (0.5 mM, MeCN/2MeTHF 1:19) monitored by UV/Vis spectroscopy at 163 K (blue: 17;
red: 29-a) using o,0-difluorophenolate. Inset: time trace of A(17) = 356 nm; A(2°-a) = 445 nm; A(2°-a) = 560 nm.

These new intermediate species were not stable even at low temperatures and decomposed as
shown by the kinetic traces (Figure 3).



Hammett plot

In a typical experiment, 1 mL of a 10 mM solution of the starting Cu(I) complex
[Cu'(DBED)](PFs) in MeCN was prepared in situ inside the glovebox and diluted in 2-MeTHF.
From this 2.3 mL of a 0.5 mM solution of the starting [Cu’(DBED)](PFs) in MeCN/2-MeTHF
(1:19) was placed in a UV/Vis cuvette which was sealed with a septum, taken out of the glovebox
and cooled down to 193 K in a Unisoku thermostated cell holder designed for low-temperature
experiments. Once the thermal equilibrium was reached, a UV/Vis spectrum of the starting
complex was recorded. Dioxygen was injected into the cell with a balloon and a needle through
the septum causing immediate formation of a band at Amax = 356 nm corresponding to the
generation of the side-on peroxo species (17). Upon maximum formation of the side-on peroxo
species (after ca. 15 minutes, see section above), the temperature was lowered to 163 K. Again,
when thermal equilibrium was reached, a UV/Vis spectrum of the 1° was recorded. Then, 1
equivalent (for Cu(I) complex) of the desired para-substituted sodium phenolate in 50 uL acetone
was added via syringe causing immediate disappearance of the characteristic band of 1* at A =
356 nm, and it was accompanied by the formation of the new bis-oxo species (2°-x) with
absorption bands between A = 450 — 600 nm (Figure 3).
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Figure 3. Generation of 2°-b-e (0.5 mM, MeCN/2MeTHF 1:19) monitored by UV/Vis spectroscopy at 163 K using
para-substituted o-difluorophenolates. Inset: time traces of 2°-b-e.

Eyring plot

In a typical experiment, 1 mL of a 10 mM solution of the starting Cu(l) complex
[Cu'(DBED)](PF¢) in MeCN was prepared in situ inside the glovebox by mixing equimolar
amounts of ligand (DBED) and copper(]) salt solutions From this 2.3 mL of a 0.5 mM solution
of the starting Cu(I) in MeCN/2-MeTHF (1:19) was placed in a UV/Vis cuvette which was sealed
with a septum, taken out of the glovebox and cooled down to 193 K in a Unisoku thermostated
cell holder designed for low-temperature experiments. Once the thermal equilibrium was reached,
a UV/Vis spectrum of the starting complex was recorded. Dioxygen was injected into the cell
with a balloon and a needle through the septum causing immediate formation of a band at Amax =
356 nm corresponding to the generation of the side-on peroxo species (1¥). Upon maximum



formation of the side-on peroxo species (after ca. 15 minutes, see section above), the temperature
was changed and set (163, 173, 178, 183, 188 and 193 K). Again, when thermal equilibrium was
reached, a UV/Vis spectrum of the 1 was recorded. Then, 1 equivalent (for Cu(I) complex) of
o,0-difluorophenolate in 50 pL acetone was added via syringe causing immediate disappearance
of the characteristic band of 1% at A = 356 nm, and it was accompanied by the formation of the
new bis-oxo species (2°-a) with absorption bands at A = 445 nm and A = 558 nm.

Analysis of the reaction rates of 2°-a as a function of the temperature via kinetic traces for the
decay of A = 558 nm, show a pseudo-first order behavior and can be fitted to single exponentials.
The corresponding 4 are dependent on the temperature (Figure 4) and an Eyring analysis reveals
a relatively small activation enthalpy (AH* = 9.58 + 2.80x10"! Kcal-mol') and a negative
activation entropy (AS* =-12.17 £ 1.56 cal-mol™).
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Figure 4. Eyring plot for the thermal decay of 17 with sodium o,0-difluorophenolate in MeCN/2-MeTHF (1:19).

Table 1. Second order rate constants (k2) for the reaction of 1 with sodium o,0-difluorophenolate in MeCN/2-MeTHF
(1:19) at different temperatures.

Entry TK) Kk (M's?)

1 193 1.47x10°!
2 188 6.00x107
3 183 2.81x107
4 178 1.32x107
5 173 6.07x107
6 163 1.17x1073

V. Analysis and quantification of the final oxidized products for C-H

vs C-F activation

In the glovebox, a 50 mL schlenk flask was charged with 20 mL of an in-situ prepared 1 mM
solution of the starting Cu(I) complex, [Cu'(DBED)](PFs) (20 pmols), in MeCN/acetone (1:19)
by mixing equimolar amounts of DBED ligand and copper(I) salt solution. This solution was
taken out of the glovebox and cooled down to 183 K in an acetone/N, bath. Then, an O,



atmosphere was provided by using a balloon filled with dioxygen, which caused an immediate
color change from colorless to dark, leading to the formation of 1°. Upon maximum formation of
the side-on peroxo species (after ca. 15 minutes, see section above), excess O, was removed by
several vacuum/N> cycles and 1.5 equivalents (for Cu(I) complex) of 2-fluorophenolate (4.15 mg,
31 pumols) in 500 pL acetone were added which caused a substantial color change to even darker
corresponding to the formation of 2°-¢. The mixture was stirred for 30 minutes at 183 K, quenched
with 10 mL of HCIO4 0.5 M in water and it was let attain room temperature. Then, 1,3,5-
trimethoxybenzene (1.94 mg, 12 umols) was added as an internal standard. Acetone was removed
under reduced pressure and the resulting aqueous mixture was extracted using dichloromethane
(3x15 mL). The organic layers were combined and dried over anhydrous MgSQO4. The solvent
was removed under reduced pressure to obtain the final sample which was analyzed by HPLC to
quantify the amount and ratio (C-H vs C-F activation) of catechol formed.

Quantification analysis of the products formed by HPLC evidenced that the reaction of 1° in
MeCN/Acetone (1:19) at 183 K with sodium 2-fluorophenolate afforded 36% of catechol (attack
at the C-F bond) and a 2% of 3-fluorocatechol (attack at the C-H bond) with respect to CuxO;
species. 1F proved to be highly selective in the defluorination of unsymmetric phenoates bearing
a hydrogen in the ortho position. Thus, the 0rtho-Caene-F bond is more reactive against 2°-¢ even
in the presence of presumably weaker bonds.

VI. Non-covalent interaction plots

The Cu-X interactions present in intermediates 3 had been characterized and visualized by means
of non-covalent interactions (NCI) plots.l*! The output of this calculation, based on the electron
density and its derivatives, localizes the NClIs in the real space. Focusing on the Cu,O; core of 3
species it is clear that on the basis of NCI analysis, noncovalent interaction exists between one of
the coppers and the heteroatoms of 2-fluorophenolate, 2,6-fluorophenolate and 6-chloro-2-
fluorophenolate. Two figures for each interaction are displayed herein.

Figure S. Two perspectives for the NClIs of the intermediate 3 with 2-fluorophenolate as substrate. Blue/Dark green
surfaces indicates strong non-covalent attractive interactions; light green surfaces indicate weak non-covalent
attractive interactions.



Figure 6. Two perspectives for the NCIs of the intermediate 3 with 2,6-difluorophenolate as substrate. Blue/Dark
green surfaces indicates strong non-covalent attractive interactions; light green surfaces indicate weak non-covalent
attractive interactions.

Figure 7. Two perspectives for the NClIs of the intermediate 3 with 6-chloro-2-fluorophenolate as substrate. Cu-F
interaction. Blue/Dark green surfaces indicates strong non-covalent attractive interactions; light green surfaces
indicate weak non-covalent attractive interactions.



Figure 8. Two perspectives for the NCIs of the intermediate 3 with 6-chloro-2-fluorophenolate as substrate. Cu-Cl
interaction. Blue/Dark green surfaces indicates strong non-covalent attractive interactions; light green surfaces
indicate weak non-covalent attractive interactions.

VII. Cartesian coordinates of the DFT-optimized structures.

Charge, multiplicity and cartesian coordinates for the most stable species necessary for the
construction of the manuscript are the following:

0.966156000 -2.916966000 -0.863854000
1.842894000 -4.335328000 -0.254072000
2.303875000 -3.614646000 -1.800510000
2.481376000 -2.215826000  1.369287000
1.492717000 -1.745492000  1.377332000
2412196000 -3.152396000  1.930882000
3.184001000 -1.569002000  1.904595000
-2.957973000  1.159338000 -0.800074000
-2.934981000  2.484984000 -0.057151000
-2.481252000  2.215790000  1.369282000
-1.492961000  1.744704000  1.377518000
-2.411407000  3.152427000  1.930687000
-3.184408000  1.569621000  1.904680000
-4.315216000  3.134024000 -0.073776000
-4.692929000  3.253912000 -1.094788000
3.471900000  3.701710000  0.531808000 -4.244003000  4.132796000  0.367550000
2.838415000  4.265227000 -0.162154000 -5.058059000  2.577689000  0.504419000
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1
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6
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3.576659000  4.297957000  1.443102000 6 -1.950047000  3.386127000 -0.788140000
1
1
1
6
1
1
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1
1
7
6
6
1
1
1
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29 1.414053000  0.082562000 -0.531733000
-1.414294000 -0.082921000 -0.532612000
0.067457000  -1.124987000 -0.598890000
-0.067653000  1.124675000 -0.597637000
2.692046000  1.579480000 -0.440984000
2281005000  2.255742000 -1.084976000
3.932756000  1.058811000 -1.075896000
4.790049000  1.707500000 -0.868924000
3.765995000  1.074907000 -2.157382000
4.193155000 -0.354552000 -0.614182000
5.023666000 -0.789946000 -1.178341000
4.459316000 -0.388335000  0.441418000
2.862072000  2.344654000  0.866672000

N
Nl

4.467579000  3.608720000  0.087656000 -2.302992000  3.614309000 -1.800638000
3.753883000  1.591967000  1.838055000 -1.842013000  4.335079000 -0.254242000
3.357654000  0.600008000  2.073093000 -0.965550000  2.916423000 -0.863749000
3.799751000  2.152262000  2.776252000 -4.193322000  0.354883000 -0.613579000
4.781978000  1.487368000  1.479958000 -5.023969000  0.790428000 -1.177419000
1.481640000  2.523060000  1.478038000 -4.459029000  0.388860000  0.442135000
1.035758000  1.555973000  1.732380000 -3.933562000 -1.058584000 -1.075260000
1.559649000  3.116071000  2.394309000 -4.790919000  -1.706989000  -0.867658000
0.792424000  3.029976000  0.797652000 -3.767486000 -1.074880000 -2.156846000
2.957929000 -1.159303000 -0.800057000 -2.896675000  1.381548000 -1.796235000
2.896170000 -1.381501000 -1.796192000 -2.692589000 -1.579540000 -0.441092000
2935373000 -2.484930000 -0.057085000 -2.862012000 -2.344526000  0.866761000
4.315816000 -3.133495000 -0.073607000 -3.472464000 -3.701435000  0.532459000
5.058443000 -2.576911000  0.504629000 -2.839581000  -4.265304000 -0.161761000
4244922000  -4.132297000  0.367701000 -3.576905000 -4.297493000  1.443915000
4.693629000  -3.253243000 -1.094598000 -4.468371000 -3.608206000  0.088869000
1.950765000  -3.386419000 -0.788080000 -3.752980000 -1.591465000  1.838654000
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1 -3.356426000
1 -3.798204000
1 -4.781339000
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17 +2, singlet
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-0.218459000
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0.014702000
0.160634000
0.850316000
0.553876000
-0.805296000
-0.859524000
-1.060351000
-0.367483000
-1.822146000
1.377154000
1.272134000
1.898179000
-0.681486000
0.014694000
1.377169000
1.272188000
1.898177000
2.021791000
0.160577000
-0.805369000
0.553815000
0.850243000
-0.859515000
-1.822156000
-0.367482000
-1.060303000
-0.216451000

1 -5.331242000
1 -4.416400000
6 -4.426237000
1 -5.278044000
1 -4.552792000
1 -3.347101000
7 -3.140091000
6  -3.057391000
6  -4.082491000
1 -3.937311000
1 -3.977457000
1 -5.112804000
6  -3.273515000
1 -2.635384000
1 -3.018512000
1 -4.313102000
6 -1.653205000
1 -0.892380000
1 -1.556768000
1 -1.427505000
1 -2.978292000
1 2.989108000

2Pg +1, singlet
29 1.647406000
29  -1.831867000
-0.147529000
-0.076484000
3.148411000
2.957721000
4.384363000
5.263928000
4.542449000
4.247664000
5.136974000
4.162053000
3.202987000
4.251668000
4.027013000
4.266397000
5.263509000
3.512782000
2.796010000
3.443079000
4.522150000
1.829202000
1.068242000
1.853903000
1.505483000
3.017225000
3.162663000
2.627149000
3.828040000
4.581292000
3.507772000
4.310404000
1.563661000
0.731971000
1.165583000
1.972877000
2.049107000
1.166422000
1.741745000
-3.178713000
-2.928829000
-2.597621000
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1.111086000

0.594307000
-0.821118000
-1.378498000
-0.784842000

1.518666000
-1.522772000
-2.395593000
-3.520733000
-4.124839000
-4.185500000
-3.154823000
-1.540574000
-0.648046000
-2.109688000
-1.215810000
-2.985407000
-2.218072000
-3.726106000
-3.488289000
-2.146799000
-1.743151000

0.158226000
-0.026392000
0.822582000
-0.633595000
-1.174192000
-1.618284000
-0.363820000
-0.887098000
-0.224124000
0.986415000
1.594599000
0.874494000
-2.286461000
-3.314990000
-3.726578000
-4.149129000
-2.900134000
-1.701297000
-0.912188000
-2.478737000
-1.280759000
-2.944093000
-2.296306000
-3.872477000
-3.196108000
1.634888000
1.839728000
2.929109000
3.861206000
3.483402000
4.841347000
4.014368000
3.551511000
2.861756000
4.466037000
3.814459000
2.622266000
1.979096000
3.547887000
-1.512540000
-2.687763000
-2.170122000

-0.538266000
0.875055000
-0.767083000
-0.364692000
-1.853745000
-1.669983000
-0.511390000
0.719535000
0.639509000
-0.262887000
1.502351000
0.641889000
1.957443000
1.933006000
2.856147000
2.064136000
0.729069000
0.889517000
1.528455000
-0.218497000
-1.300683000
2.021780000

-0.286742000
-0.070866000
-0.339972000
-0.563354000
-0.124836000
0.775670000
0.038986000
-0.347219000
1.114357000
-0.631071000
-0.428708000
-1.715433000
-1.139106000
-0.724804000
0.266319000
-1.433148000
-0.696553000
-2.507225000
-2.766901000
-3.273993000
-2.563610000
-1.144834000
-1.586609000
-1.723828000
-0.128102000
-0.135190000
0.854549000
-0.798274000
-0.914246000
-1.612101000
-1.281129000
0.057684000
0.094880000
0.253080000
-0.355210000
1.077927000
-2.173283000
-2.093823000
-2.669535000
-0.007449000
-0.905736000
-2.299241000
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-1.693763000
-2.418900000
-3.413247000
-4.139949000
-4.454316000
-3.891847000
-4.996739000
-1.733427000
-1.988792000
-1.393438000
-0.898258000
-4.482521000
-5.309339000
-4.631188000
-4.478655000
-5.414306000
-4.422871000
-3.064180000
-3.294125000
-3.505899000
-4.531231000
-4.219918000
-4.633102000
-5.526322000
-3.949203000
-3.260546000
-3.952264000
-4.959859000
-2.160938000
-1.430181000
-2.272701000
-1.743697000
-2.967579000

2.774808000

2.482106000

1.708037000

1.862034000

2.166805000

2.414394000

0.356580000

0.519267000
-0.232509000
-0.328241000
-1.569151000

3.536392000
-0.059543000

1, singlet

-1.249334000
1.518541000
0.073264000
0.226667000
-2.502725000
-2.141269000
-3.781355000
-4.625079000
-3.669267000
-4.020936000
-4.908752000
-4.190392000
-2.521561000
-3.835453000
-4.062248000
-3.757530000

-1.551158000
-3.004207000
-1.573817000
-3.613585000
-3.911608000
-4.526141000
-3.154523000
-3.420457000
-3.873743000
-4.219892000
-2.734187000
-0.843020000
-1.499027000
-0.588124000
0.396061000
0.949012000
0.096769000
-1.815736000
1.254397000
2.448139000
3.397349000
3.721955000
4.292797000
2.951670000
1.965390000
1.199597000
2.796255000
1.544829000
3.156485000
2.562911000
4.117260000
3.356705000
1.613706000
2.130708000
-0.864316000
-2.015687000
0.380573000
-2.996685000
1.311651000
-1.933288000
0.441885000
-2.843110000
-0.694672000
-0.590894000
-0.921620000
1.674422000

0.105818000
-0.113169000
-1.139312000
1.139662000
1.661501000
2.296458000
1.109098000
1.774492000
1.042014000
-0.264676000
-0.712277000
-0.232460000
2.460389000
3.214619000
3.830943000
3.886013000

-2.285009000
-2.984941000
-2.721855000
-0.952120000
0.054247000
-1.503445000
-1.454915000
-0.311595000
0.653251000
-0.977256000
-0.148085000
-0.136791000
0.162799000
-1.189567000
0.735480000
0.607666000
1.786725000
0.962683000
0.465916000
-0.426109000
0.186134000
1.185425000
-0.434783000
0.269677000
-1.797188000
-2.176973000
-2.509345000
-1.785049000
-0.526918000
-1.081892000
-1.038807000
0.466912000
1.362113000
-2.829467000
3.113420000
2.954839000
2.938827000
3.084331000
3.067823000
2.633940000
2.630560000
2.514585000
2.451008000
2.154709000
3.373308000
2.497715000

-0.341611000
-0.083212000
-0.450905000
-0.374665000
-0.347644000
0.363552000
0.170027000
-0.025046000
1.255319000
-0.394030000
0.064499000
-1.473473000
-1.654507000
-1.811489000
-0.935232000
-2.671814000
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-4.685810000
-2.302884000
-1.353295000
-2.260190000
-3.106761000
-1.368561000
-0.414285000
-1.325684000
-1.494213000
-2.820323000
-2.810029000
-2.818682000
-4.221190000
-4.925535000
-4.173284000
-4.632262000
-1.879882000
-0.895382000
-1.762626000
-2.281501000
-2.331189000
-1.310994000
-2.330163000
-2.976837000
2.993242000
3.152608000
2.996925000
1.997850000
3.138302000
3.736076000
4.516947000
4.693621000
4.552340000
5.346215000
2.060525000
2.213631000
2.072842000
1.076072000
4.222704000
4.957725000
4.670694000
3.839204000
4.702990000
3.415483000
2.660966000
2.752049000
3.116777000
4.385858000
4.322014000
4.531404000
5.281901000
3.294909000
2.392921000
3.484040000
4.137299000
1.945794000
1.018691000
2.142978000
1.791238000
2.213705000
-2.722661000
-1.927647000
-2.143770000
-2.353305000
-2.714707000
-0.596578000

2.552054000
1.532522000
0.991711000
2.116421000
0.799986000
3.452248000
2.933102000
4.061532000
4.132908000
-1.101034000
-1.301816000
-2.437579000
-3.038798000
-2.476968000
-4.054926000
-3.107462000
-3.365450000
-2.909669000
-4.305375000
-3.608915000
-2.210132000
-1.815422000
-3.154882000
-1.516734000
1.090132000
2.452191000
2.294274000
1.925486000
3.257136000
1.599661000
3.051685000
3.081499000
4.082981000
2.515078000
3.344397000
3.509469000
4.322007000
2.892345000
0.263371000
0.695488000
0.257198000
-1.120852000
-1.789141000
-1.070974000
1.204900000
-1.653319000
-2.405386000
-3.226141000
-3.872858000
-3.872409000
-2.605390000
-1.427271000
-0.822853000
-1.975871000
-0.748150000
-3.335649000
-2.772767000
-3.907471000
-4.052647000
-2.300726000
-0.559665000
-1.687278000
0.702425000
-2.681723000
1.615882000
-1.562284000

-1.998331000
-2.843884000
-2.752076000
-3.768023000
-2.958118000
-1.559873000
-1.444234000
-2.467351000
-0.709059000
-0.132403000
0.874624000
-0.855407000
-0.857889000
-1.477823000
-1.261274000
0.155375000
-0.097219000
0.030429000
-0.646171000
0.892951000
-2.278094000
-2.281326000
-2.830465000
-2.826912000
0.507156000
-0.126690000
-1.632655000
-1.885342000
-2.133827000
-2.046352000
0.205948000
1.286459000
-0.158836000
-0.263832000
0.447826000
1.521119000
-0.044725000
0.308860000
0.549614000
1.236756000
-0.447102000
0.999432000
1.029274000
2.005247000
1.470982000
0.138338000
-1.135228000
-0.940297000
-0.058775000
-1.811300000
-0.848814000
-2.288070000
-2.444120000
-3.215997000
-2.136506000
-1.429502000
-1.565502000
-2.341028000
-0.614181000
0.713010000
3.408120000
3.192851000
3.229586000
3.326900000
3.392338000
2.811382000
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-0.822792000
0.009485000
0.046599000

-3.762807000
1.273451000

-0.298699000

+1, singlet

-1.523486000
1.257070000
-0.035552000
-0.292580000
-2.985428000
-2.482548000
-3.863013000
-4.842480000
-3.383333000
-4.006692000
-4.542762000
-4.571471000
-3.687025000
-4.369982000
-3.643269000
-4.871546000
-5.129447000
-4.702599000
-4.241851000
-5.125596000
-5.538880000
-2.627073000
-2.155633000
-3.088492000
-1.832192000
-2.659129000
-2.240106000
-2.653918000
-3.839126000
-4.801422000
-3.745640000
-3.864431000
-1.359421000
-0.495054000
-1.252806000
-1.349706000
-2.714594000
-1.844452000
-2.724571000
-3.620583000
2.564553000
2.214552000
1.644859000
0.713412000
1.432033000
2.349852000
3.445277000
3.931117000
3.137374000
4.189431000
1.181377000
1.621412000
0.806024000
0.337869000
3.897891000
4.690835000
4.031805000

0.806924000
-2.452160000
-0.302727000
-0.648776000
-0.167629000

2.058113000

0.257338000
0.770162000
-0.389375000
1.534642000
1.148985000
1.526529000
0.051977000
0.429667000
-0.369736000
-1.011691000
-1.878059000
-0.647531000
2.343858000
3.129376000
3.480562000
4.008879000
2.538636000
1.895704000
1.282634000
2.778954000
1.340958000
3.206241000
2.686929000
4.121927000
3.487657000
-1.405421000
-1.989595000
-2.230228000
-3.190490000
-2.678036000
-3.850271000
-3.826113000
-3.030994000
-2.377061000
-3.576544000
-3.766465000
-1.267608000
-0.602855000
-1.818274000
-0.652413000
2.016759000
3.484371000
3.917813000
3.385895000
4.991349000
3.725404000
4.315109000
3.948236000
5.348526000
4.339993000
3.622424000
3.386914000
4.649759000
2.946899000
1.728225000
1.986008000
2.354788000

2.849305000
2.636933000
2.623239000
3.712273000
2.286006000
2.694373000

-0.210280000
-0.473694000
-1.004665000
0.129639000
0.783565000
1.587668000
1.275256000
1.586159000
2.162570000
0.213671000
0.615340000
-0.645095000
0.155788000
1.270337000
2.010927000
0.855377000
1.791360000
-0.880768000
-1.662048000
-1.368151000
-0.445702000
-0.510988000
-1.351116000
-0.893909000
0.185107000
-0.265826000
0.461908000
-1.540487000
-1.569281000
-1.654050000
-2.437366000
-0.677597000
-1.544297000
-1.421823000
-2.487154000
-0.730580000
-2.716876000
-2.722530000
-3.662454000
-2.689652000
0.387091000
0.486587000
-0.856580000
-1.072602000
-0.857168000
-1.673734000
0.840387000
1.750675000
1.027897000
0.039344000
1.596454000
2.572768000
1.639777000
1.427957000
-0.185828000
0.523503000
-1.074215000

3.964188000
4.925283000
3.836838000
2.534676000
2.832040000
0.224491000
1.601253000
-0.607880000
2.292905000
-1.683930000
2.102603000
-0.053024000
1.326488000
-0.189397000
1.813865000
2.938999000
2.785981000
2.383753000
1.441113000
2.259334000
3.141884000
1.765364000
2.086574000
1.657530000
0.786350000
4.151373000
4.058850000
4.529192000
4.904740000
-0.900035000
3.452423000
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20 +1, singlet

29 1.840777000
-0.726223000
0.563287000
0.674902000
3.109042000
2.478591000
3.791922000
4.697607000
3.102591000
4.106859000
4.507878000
4.852107000
4.003771000
4.474870000
3.626835000
5.098915000
5.072868000
5.191699000
4.876511000
5.770797000
5.869893000
3.170377000
2.841919000
3.767604000
2.273523000
2.869959000
2.288855000
3.078169000
4.212293000
5.193614000
4.251569000
4.053119000

N
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0.273262000
0.050306000
-0.366732000
1.600727000
0.016770000
-3.982205000
-3.818828000
-2.873636000
-4.648886000
-2.942244000
-2.575848000
-1.654425000
-1.404842000
-4.951844000
-0.291544000
0.670271000
-1.359266000
-2.370282000
-2.083867000
-3.359512000
-2.458336000
-1.288460000
-0.582941000
-2.269710000
-0.974599000
-1.715152000
-2.626460000
-0.926268000
-1.911317000
-0.575419000
-2.443039000

0.001257000
0.840289000
-0.390750000
1.369954000
0.673152000
1.010739000
-0.538922000
-0.279676000
-1.013516000
-1.485337000
-2.426921000
-1.065151000
1.861493000
2.464612000
2.788411000
3.342714000
1.762761000
1.439395000
0.968470000
2.329109000
0.760633000
2.874408000
2.471577000
3.771786000
3.169682000
-1.725186000
-2.356648000
-2.397683000
-3.415717000
-2.955181000
-3.971133000
-4.145675000

-0.564873000
-1.038512000
0.312354000
1.321659000
-1.484063000
2.735625000
2.563734000
2.575888000
2.692789000
2.730586000
2.236821000
2.239785000
1.998265000
2.996516000
1.611516000
-2.264867000
-2.111697000
-1.052630000
-0.583933000
-1.505602000
-0.271040000
-3.240589000
-4.016618000
-3.712948000
-2.871684000
-2.696872000
-3.295847000
-3.357591000
-1.929169000
2.123812000
2.073910000

-0.047534000
0.820522000
1.170125000
-0.217520000
-1.413390000
-2.141202000
-1.940711000
-2.498981000
-2.646505000
-0.808571000
-1.196872000
-0.133780000
-1.088810000
-2.408081000
-3.021453000
-2.216455000
-2.997347000
-0.241287000
0.695628000
0.022086000
-0.766579000
-0.320979000
0.641790000
-0.131391000
-0.872118000
-0.024855000
-0.579561000
1.320243000
1.250294000
1.106555000
2.192613000
0.449496000
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1.777724000
0.921969000
1.804369000
1.624627000
3.397520000
2.572412000
3.566909000
4.306432000
-2.025047000
-1.508712000
-0.529245000
0.337803000
-0.171706000
-0.998574000
-2.657711000
-3.424309000
-2.269621000
-3.139227000
-0.821888000
-1.547179000
-0.342345000
-0.061178000
-3.166701000
-4.073605000
-2.933216000
-3.375969000
-4.190671000
-3.623796000
-2.312828000
-2.101729000
-4.164919000
-4.730359000
-2.805489000
-5.787559000
-2.339618000
-3.930196000
-2.035666000
-2.532943000
-4.776577000
-1.845504000
-1.903673000
-2.125635000
-2.050259000
-1.199127000
-1.951194000
-2.957936000
-0.929728000
-1.050054000
-0.843388000
0.002747000
-3.403081000
-3.330582000
-3.546715000
-4.298705000
-4.493501000
-0.311559000

3p +1, triplet

29
29

— O\ — = 00 0

-1.393697000
1.517132000
-0.074164000
0.067182000
-2.684661000
-2.205485000
-3.861318000
-4.746742000

-3.118596000
-2.448099000
-3.506610000
-3.969731000
-1.310539000
-0.595890000
-1.748008000
-0.761317000
2.272145000
3.668207000
4.016952000
3.350857000
5.045851000
3.938511000
4.672723000
4.385686000
5.650689000
4.802419000
3.650775000
3.470471000
4.615404000
2.865788000
2.181849000
2.601807000
2.770842000
0.739678000
0.649255000
0.144572000
1.838997000
0.231151000
-2.953099000
-1.739652000
-3.168970000
-1.526808000
-4.102354000
-0.790376000
-2.184690000
-0.921878000
-3.715688000
-0.016388000
0.788905000
-1.215982000
-2.116560000
-1.856542000
-3.161799000
-2.043311000
-1.398249000
-0.799290000
-2.445760000
-1.103278000
-1.502468000
-2.499356000
-0.787301000
-1.494697000
0.393387000
-2.481830000

0.376918000
0.238256000
-0.769023000
1.405068000
1.795103000
2.211744000
1.048423000
1.686714000

1.649498000
1.553294000
2.672230000
0.974820000
2.336205000
2.416483000
3.324754000
2.064656000
0.292092000
0.039582000
1.152366000
1.127675000
1.043392000
2.139910000
0.007280000
-0.720441000
-0.294479000
0.980687000
-1.319595000
-2.121875000
-1.514403000
-1.361275000
1.224542000
0.776088000
2.118708000
1.593321000
2.318015000
0.711330000
-0.592658000
2.148318000
-2.958724000
-2.552958000
-2.750597000
-2.699016000
-3.058320000
-1.959261000
-2.144583000
-1.701123000
-3.432290000
-1.134954000
2.983400000
2.602753000
1.379383000
0.748107000
1.691561000
0.770641000
3.529357000
4.440255000
3.833547000
3.043572000
3.389182000
3.835137000
4.207032000
2.762142000
-1.564826000
-1.894738000

-0.206472000
-0.176410000
-0.634238000
0.083947000
0.363317000
1.161114000
0.876890000
0.960488000
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-3.609079000
-4.151634000
-4.947665000
-4.490665000
-2.972887000
-3.731071000
-3.159937000
-3.901254000
-4.711249000
-3.776651000
-3.287715000
-3.854882000
-4.797147000
-1.637028000
-1.089430000
-1.808879000
-0.991404000
-2.911646000
-2.746273000
-2.976041000
-4.357396000
-5.142527000
-4.347332000
-4.638836000
-1.934119000
-0.951934000
-1.868395000
-2.208969000
-2.659762000
-1.661118000
-2.684084000
-3.388755000
3.113116000
2.977312000
2.510574000
1.548137000
2.386688000
3.229159000
4.296191000
4.684833000
4.146297000
5.070550000
1.924057000
2.265751000
1.718015000
0.991291000
4.352093000
5.217694000
4.552121000
4.184019000
5.098183000
4.006104000
3.104305000
3.001919000
-1.180971000
0.030242000
-1.370506000
0.188595000
-2.290291000
1.030123000
-0.358408000
1.973367000
0.889268000
-1.967820000
1.815040000
3.156160000

0.717525000
-0.155581000
-0.756113000

0.137444000

2.949166000

4.034037000

4.382552000

4.896616000

3.698733000

2.467580000

1.619480000

3.274941000

2.175900000

3.502437000

2.771363000

4.393461000

3.780022000
-0.949621000
-1.421310000
-2.038765000
-2.686763000
-2.001997000
-3.533001000
-3.075896000
-3.086199000
-2.623638000
-3.847303000
-3.597793000
-1.403681000
-0.956148000
-2.155654000
-0.629196000

1.386468000
2.882238000
3.349282000
2.889966000
4.437093000
3.093192000
3.551175000
3.161254000
4.628358000
3.421364000
3.191652000
2.887260000
4.266439000
2.664138000
0.882059000

1.001210000

1.477034000
-0.569658000
-0.922636000
-1.191357000

1.053748000
-0.671829000
-3.272237000
-3.827390000
-1.891708000
-4.901068000
-1.422092000
-3.025370000
-1.103994000
-3.457672000
-1.613101000
-3.902116000
-0.845457000
-0.013920000

1.890577000
0.009572000
0.463076000
-0.984793000
-0.576344000
0.182810000
1.050315000
-0.468671000
0.533389000
-1.773251000
-2.266157000
-2.507373000
-1.508250000
-1.050866000
-1.651159000
-1.663146000
-0.212475000
-0.149289000
0.743070000
-1.203148000
-1.226990000
-1.561096000
-1.921133000
-0.242140000
-0.830059000
-0.700795000
-1.614565000
0.100625000
-2.547833000
-2.528973000
-3.342910000
-2.812100000
0.574671000
0.612804000
-0.759764000
-1.006428000
-0.777744000
-1.546730000
0.993453000
1.941124000
1.120045000
0.231053000
1.668723000
2.665920000
1.704276000
1.441806000
-0.050236000
0.612046000
-0.948495000
-0.440133000
-0.931524000
0.442856000
1.538615000
-1.316604000
3.147316000
2.723021000
3.060596000
2.804748000
3.404175000
2.200795000
2.554954000
1.875721000
2.087865000
3.554624000
1.631640000
-2.084207000
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2.756911000
2.258366000
1.374711000
1.988130000
3.020409000
1.679631000
2.024856000
1.418809000
0.778157000
4.023791000
3.788367000
4.459020000
4.793137000
-0.536542000

3pr +1, singlet

29
29

8
8
7
1
6
1
1
6
1
1
6
6
1
1
1
6
1
1
1
6
1
1
1
7
1
6
6
1
1
1
6
1
1
1
6
1
1
1
7
6
6
1
1
1
6
1
1

-1.523486000
1.257070000
-0.035552000
-0.292580000
-2.985428000
-2.482548000
-3.863013000
-4.842480000
-3.383333000
-4.006692000
-4.542762000
-4.571471000
-3.687025000
-4.369982000
-3.643269000
-4.871546000
-5.129447000
-4.702599000
-4.241851000
-5.125596000
-5.538880000
-2.627073000
-2.155633000
-3.088492000
-1.832192000
-2.659129000
-2.240106000
-2.653918000
-3.839126000
-4.801422000
-3.745640000
-3.864431000
-1.359421000
-0.495054000
-1.252806000
-1.349706000
-2.714594000
-1.844452000
-2.724571000
-3.620583000
2.564553000
2.214552000
1.644859000
0.713412000
1.432033000
2.349852000
3.445277000
3.931117000
3.137374000

-2.006324000
-2.974961000
-2.565470000
-3.933815000
-3.176600000
-1.774358000
-1.079960000
-2.716200000
-1.364767000
-2.533774000
-3.423030000
-1.792272000
-2.825202000

0.234221000

0.257338000
0.770162000
-0.389375000
1.534642000
1.148985000
1.526529000
0.051977000
0.429667000
-0.369736000
-1.011691000
-1.878059000
-0.647531000
2.343858000
3.129376000
3.480562000
4.008879000
2.538636000
1.895704000
1.282634000
2.778954000
1.340958000
3.206241000
2.686929000
4.121927000
3.487657000
-1.405421000
-1.989595000
-2.230228000
-3.190490000
-2.678036000
-3.850271000
-3.826113000
-3.030994000
-2.377061000
-3.576544000
-3.766465000
-1.267608000
-0.602855000
-1.818274000
-0.652413000
2.016759000
3.484371000
3.917813000
3.385895000
4.991349000
3.725404000
4.315109000
3.948236000
5.348526000

-1.966827000
-0.909670000
-0.413191000
-1.365361000
-0.150188000
-3.018790000
-3.795048000
-3.512589000
-2.552370000
-2.635796000
-3.229313000
-3.316101000
-1.914492000
2.518160000

-0.210280000
-0.473694000
-1.004665000
0.129639000
0.783565000
1.587668000
1.275256000
1.586159000
2.162570000
0.213671000
0.615340000
-0.645095000
0.155788000
1.270337000
2.010927000
0.855377000
1.791360000
-0.880768000
-1.662048000
-1.368151000
-0.445702000
-0.510988000
-1.351116000
-0.893909000
0.185107000
-0.265826000
0.461908000
-1.540487000
-1.569281000
-1.654050000
-2.437366000
-0.677597000
-1.544297000
-1.421823000
-2.487154000
-0.730580000
-2.716876000
-2.722530000
-3.662454000
-2.689652000
0.387091000
0.486587000
-0.856580000
-1.072602000
-0.857168000
-1.673734000
0.840387000
1.750675000
1.027897000
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4.189431000
1.181377000
1.621412000
0.806024000
0.337869000
3.897891000
4.690835000
4.031805000
3.964188000
4.925283000
3.836838000
2.534676000
2.832040000
0.224491000
1.601253000
-0.607880000
2.292905000
-1.683930000
2.102603000
-0.053024000
1.326488000
-0.189397000
1.813865000
2.938999000
2.785981000
2.383753000
1.441113000
2.259334000
3.141884000
1.765364000
2.086574000
1.657530000
0.786350000
4.151373000
4.058850000
4.529192000
4.904740000
-0.900035000
3.452423000

3cr +1, singlet

29
29

8
8
7
7
7
7
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6

-1.599996000
1.120770000
-0.365404000
-0.073567000
-3.331270000
-2.682132000
1.904218000
2.350895000
-4.393216000
-3.831988000
-3.371490000
-2.814820000
-2.515866000
-4.800408000
-2.948825000
-1.659200000
-4.091051000
-3.288997000
2.316988000
3.114219000
2.675920000
4.125709000
2.020734000
2.614620000

4.339993000
3.622424000
3.386914000
4.649759000
2.946899000
1.728225000
1.986008000
2.354788000
0.273262000
0.050306000
-0.366732000
1.600727000
0.016770000
-3.982205000
-3.818828000
-2.873636000
-4.648886000
-2.942244000
-2.575848000
-1.654425000
-1.404842000
-4.951844000
-0.291544000
0.670271000
-1.359266000
-2.370282000
-2.083867000
-3.359512000
-2.458336000
-1.288460000
-0.582941000
-2.269710000
-0.974599000
-1.715152000
-2.626460000
-0.926268000
-1.911317000
-0.575419000
-2.443039000

-0.054491000
-0.483224000
-1.383676000
0.852994000
-1.036515000
1.548912000
-0.818108000
-2.018502000
-0.239302000
1.037017000
-2.526847000
-2.744517000
-3.204975000
-3.055296000
2.474345000
2.526298000
1.958183000
3.851819000
-2.212011000
-2.412246000
0.044263000
0.115997000
1.418966000
-0.453889000

0.039344000
1.596454000
2.572768000
1.639777000
1.427957000
-0.185828000
0.523503000
-1.074215000
-0.564873000
-1.038512000
0.312354000
1.321659000
-1.484063000
2.735625000
2.563734000
2.575888000
2.692789000
2.730586000
2.236821000
2.239785000
1.998265000
2.996516000
1.611516000
-2.264867000
-2.111697000
-1.052630000
-0.583933000
-1.505602000
-0.271040000
-3.240589000
-4.016618000
-3.712948000
-2.871684000
-2.696872000
-3.295847000
-3.357591000
-1.929169000
2.123812000
2.073910000

0.253000000
-0.315466000
0.325975000

-0.047820000
0.477200000
-0.050640000
1.950927000
-0.704854000
-0.223147000
-0.829884000
0.183649000
-1.213981000
1.245290000
0.297226000
1.118492000
1.922910000
1.976145000
0.560433000
1.790682000
0.509830000
2.875162000
2.412869000
2.782865000
4.320142000
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1.779274000
0.950081000
0.907176000
2.923298000
-3.515094000
-5.203870000
-4.814671000
-4.613967000
-3.440174000
-2.078018000
-3.421453000
-1.791392000
-2.800743000
-1.502511000
-2.959284000
-2.452565000
-5.253349000
-5.458500000
-4.783503000
-1.418226000
-0.808758000
-1.754416000
-5.047665000
-3.906728000
-4.204108000
-2.460982000
-4.182224000
-3.483561000
0.932961000
1.412287000
2.915098000
3.442434000
4.017935000
3.002425000
4.634409000
4.193101000
4.685697000
1.933690000
1.007830000
2.591733000
1.576317000
3.078152000
3.137770000
0.112831000
1.551739000
0.540488000
1.484279000
0.114988000
0.441506000
3.566452000
3.550743000
2.523955000
2.400920000
2.006585000
0.961481000
0.554695000
1.199728000
2.254546000
2.627915000
2.790388000
-0.256548000
0.888069000
3.659071000
0.185926000

-3.149587000
-2.500769000
-4.045408000
-3.943038000
-0.953730000
-0.044244000
-0.838718000
1.796954000
0.822255000
2.072809000
-2.244256000
-2.365807000
-3.811239000
-2.795944000
-3.080069000
-4.279115000
-2.786233000
-2.704260000
-4.147874000
1.541255000
2.824267000
3.235303000
1.963805000
0.949610000
2.611868000
4.255071000
3.828475000
4.553687000
-0.808507000
-2.827730000
-2.588869000
-3.454325000
-1.798761000
-1.536558000
-0.849244000
0.426536000
0.838578000
1.728807000
1.398233000
2.175961000
-0.529002000
-1.439060000
0.230380000
-1.938934000
-1.806359000
-3.257486000
-4.563398000
-3.464882000
-4.814501000
-3.300863000
-4.435149000
-4.726965000
0.659787000
1.891207000
2.287509000
3.605140000
4.608185000
4.286932000
2.966449000
5.049666000
3.843560000
5.642849000
2.665477000
1.043335000

-1.531374000
-2.631588000
-0.666724000
-2.156365000
1.477402000
0.481764000
-1.029718000
-0.945555000
-1.829198000
-0.685578000
-1.977664000
-1.275095000
-1.458945000
1.259497000
2.240515000
1.046019000
1.257868000
-0.502173000
0.238514000
2.337819000
1.301408000
2.750838000
1.445741000
2.361019000
2.845584000
-0.033532000
-0.071860000
1.376897000
2.248992000
1.751280000
2.633238000
0.429280000
0.531825000
-1.324341000
2.516003000
1.365835000
3.016118000
1.738649000
3.202623000
3.331141000
4.664769000
4.440084000
4.998211000
-2.206029000
-3.229025000
-3.307778000
0.106587000
-0.187850000
-1.291802000
-2.768677000
-1.407098000
-2.807571000
-1.145970000
-1.319129000
-2.196235000
-2.348886000
-1.631816000
-0.779284000
-0.644293000
-0.220401000
-3.031448000
-1.745716000
0.174810000
-3.148478000

TS1r +1, singlet

NN
o O
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-1.587192000
1.272928000
-0.334706000
-0.009453000
-3.195572000
-2.893569000
-4.241683000
-5.244377000
-4.088599000
-4.144439000
-4.858946000
-4.402693000
-3.655982000
-4.653806000
-4.205191000
-4.966453000
-5.560303000
-4.287970000
-3.608796000
-4.516642000
-5.228855000
-2.439190000
-1.718716000
-2.755474000
-1.914067000
-2.755547000
3.027802000
3.085948000
2.352944000
1.308011000
2.357515000
2.814611000
4.527140000
5.098611000
4.532952000
5.058252000
2.385496000
3.000976000
2.190152000
1.433461000
4.089459000
5.066604000
4.164175000
3.716466000
4.492301000
3.595694000
3.155062000
2.392885000
2.319235000
3.591399000
3.836513000
3.446807000
4.458403000
2.058926000
1.138816000
1.938192000
2.881837000
1.131504000
0.233600000
0.956764000
1.306941000
1.999717000
0.561088000
1.872952000

0.122910000
0.557007000
1.447942000
-0.820932000
1.308921000
2.021416000
0.480379000
0.870945000
0.550482000
-0.957369000
-1.581143000
-1.039730000
2.071706000
3.144636000
3.835756000
3.733258000
2.727296000
1.122548000
0.306329000
1.671829000
0.691924000
2.735645000
1.999553000
3.360456000
3.370845000
-1.457034000
-0.502642000
-1.493845000
-0.898099000
-0.687278000
-1.598007000
0.032002000
-1.825513000
-2.176178000
-2.629996000
-0.976055000
-2.756657000
-3.299029000
-3.429312000
-2.510339000
0.531177000
0.102809000
0.936062000
1.605216000
2.372732000
1.156252000
-1.039183000
2.177549000
3.308002000
4.144095000
4.524451000
5.009904000
3.595189000
2.724414000
2.130153000
3.526480000
2.092323000
4.163224000
3.540635000
4.961560000
4.633625000
2.543105000
-3.951274000
-3.572469000

0.119463000
-0.051315000
0.136378000
-0.248716000
0.320419000
0.983939000
0.981099000
0.780373000
2.061227000
0.521617000

1.066686000
-0.535567000
-0.910604000
-0.482057000
0.240154000
-1.349989000
-0.033707000
-1.915444000
-2.184015000
-2.833641000
-1.559729000
-1.534213000
-1.898004000
-2.375593000
-0.815288000

0.643648000
0.191518000

1.334784000
2.526940000
2.275128000
3.368911000
2.872576000

1.710506000
0.844246000
2.453001000
2.149896000
0.858025000
0.133754000

1.699329000
0.380877000
0.208828000

-0.041557000
1.222236000
-0.778681000
-0.851254000
-1.769682000
-0.668423000
-0.433539000
0.582581000
0.589110000
-0.408276000
1.242812000
0.970421000
1.964314000
1.958921000
2.699854000
2.306799000
0.159658000
0.093529000
0.887316000
-0.815377000
-1.298982000
-2.054034000
-2.407662000
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TS1u

-0.420254000

2.631115000
-1.459245000

2.213483000
-0.086728000

3.227157000

1.261542000

0.313874000

1.533514000
-1.109149000
-2.303010000
-3.464864000
-3.074663000
-4.176231000
-4.014036000
-1.618039000
-2.289567000
-1.243102000
-0.761414000
-1.288338000
-1.755999000
-0.494876000
-0.837173000
-2.654606000

+1, singlet

-1.615152000
1.217437000
-0.485023000
0.065506000
-3.403836000
-3.476916000
-4.478245000
-5.039910000
-5.189063000
-3.897510000
-4.661270000
-3.546490000
-3.549238000
-4.989981000
-5.356781000
-5.030779000
-5.690835000
-3.110485000
-2.067763000
-3.196391000
-3.730608000
-2.648492000
-1.626604000
-2.638249000
-3.014185000
-2.700713000
2.776065000
2.328992000
1.092695000
0.307956000
0.691854000
1.316390000
3.426076000
4.346570000
3.099139000
3.671659000
1.986430000
2.885329000
1.544494000

-2.988151000
-4.343425000
-3.250049000
-2.247444000
-1.630712000
-1.964374000
-1.187966000
-5.001123000
0.034578000
-0.800436000
-2.016925000
-2.602461000
-3.096956000
-1.842262000
-3.355201000
-0.915765000
-0.083566000
-1.311259000
-0.515367000
-3.104635000
-3.947321000
-2.699590000
-3.491090000
-2.214016000

-0.029383000
0.635868000
1.382655000
-0.846810000
0.941795000
0.979150000
0.018208000
0.495370000
-0.161262000
-1.273097000
-2.057435000
-1.106259000
2.377870000
2.862373000
2.691568000
3.940554000
2.395346000
2.445272000
2.126527000
3.467262000
1.806799000
3.215704000
2.827699000
4.257054000
3.209265000
-1.702742000
-0.202960000
-0.927058000
-0.214026000
-0.180864000
-0.728568000
0.818251000
-0.968496000
-1.415480000
-1.582641000
0.021213000
-2.347178000
-2.887110000
-2.902446000

-1.931607000
-2.536372000
-1.741447000
-2.582474000
-2.077412000
-2.867118000
-2.442662000
-1.915524000
-2.570188000
-2.432745000
1.992084000
2.781731000
3.676710000
3.119535000
2.206198000
2.795791000
3.028318000
3.745042000
2.243897000
1.670467000
1.147242000
1.039114000
2.589916000
-0.028235000

-0.179557000
-0.315236000
-0.329163000
-0.564593000
0.112491000
1.128210000
-0.362702000
-1.166221000
0.448802000
-0.904841000
-0.951403000
-1.929850000
-0.349649000
-0.184850000
0.833618000
-0.369088000
-0.882080000
-1.802676000
-1.893839000
-2.185599000
-2.442854000
0.547941000
0.527392000
0.210346000
1.582369000
-0.153403000
0.868190000
2.112483000
2.649996000
1.884364000
3.529995000
2.942753000
3.173614000
2.781690000
4.019011000
3.570380000
1.690938000
1.371810000
2.524618000

1.275949000
3.678124000
4.684623000
3.283873000
3.744483000
4465101000
4.077649000
3.288807000
2.396316000
1.922512000
3.060188000
3.579776000
2.652139000
3.800177000
1.310722000
0.557921000
0.817578000
2.058964000
0.858457000
0.064007000
0.413925000
1.293235000
2.425229000
1.029871000
2.394635000
0.131735000
3.116387000
-0.904102000
2.804258000
0.538374000
1.949882000
0.708427000
2.356220000
-2.865564000
-3.919976000
-3.928392000
-4.929090000
-3.712395000
-3.215263000
-4.212342000
-3.198972000
-2.476448000
-1.496204000
-1.205719000
-0.739384000
-1.485370000
-2.215603000
4.105731000
-0.058631000
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TS1gr +1, singlet

29 -1.579625000
29 1.258024000
-0.396626000
0.043457000
-3.349235000
-3.421309000
-4.436045000
-5.055628000
-5.089554000
-3.863156000
-4.627172000
-3.512576000
-3.462392000
-4.902154000
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-2.339235000
0.945125000
0.620751000
1.544748000
1.751679000
2.569995000
1.102291000

-0.864898000
2.239541000
3.575598000
4.588584000
4.670332000
5.576510000
4.356531000
3.383450000
2.590982000
4.307198000
3.140837000
4.061034000
3.316812000
4.996457000
4.254730000
2.357909000

-4.224292000

-3.897278000

-3.258516000

-4.648091000
-3.529292000

-2.608663000

-1.906225000

-1.545054000

-5.252589000

-0.357879000
-2.376124000
-3.471463000
-4.045085000
-3.071917000
-4.172075000
-1.358767000
-0.925923000
-1.846547000
-0.548330000
-2.957959000
-3.736049000
-2.172518000
-3.398670000
-2.380187000

-2.278391000
-1.268556000

0.076015000
0.614521000
1.446436000
-0.815668000
1.093693000
1.316641000
0.109765000
0.478997000
0.018897000
-1.229663000
-2.014297000
-1.172217000
2.423454000
2.937413000

0.861146000
1.092157000
1.384671000
1.916571000
-0.180516000
-0.098149000
-0.996433000
0.287013000
-0.572667000
-0.023427000
0.031010000
-0.930310000
0.267027000
0.802685000
1.357847000
1.327646000
1.679616000
2.117491000
-1.002578000
-1.106611000
-0.648924000
-1.990707000
-1.584484000
-1.516447000
-1.338017000
-1.903763000
-1.024320000
-2.104302000
-1.534278000
-2.082881000
-1.953545000
-1.368166000
-2.105016000
1.192067000
1.116462000
2.048571000
0.974824000
0.299942000
2.269899000
2.153386000
3.249240000
2.301641000
1.509526000
0.793524000
1.462298000
2.510784000
-0.739250000
-1.301905000
-2.729420000

0.014674000
-0.165927000
-0.164523000
-0.347746000
0.163321000
1.155260000
-0.139708000
-0.957362000
0.732192000
-0.551072000
-0.512527000
-1.588467000
-0.560413000
-0.548421000
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-5.327955000
-4.913244000
-5.570952000
-2.966529000
-1.913440000
-3.065792000
-3.544802000
-2.592203000
-1.580138000
-2.533044000
-3.019522000
-2.666311000
2.866072000
2.499429000
1.380014000
0.527952000
1.031040000
1.710314000
3.697988000
4.540179000
3.421798000
4.047463000
2.021828000
2.845283000
1.641817000
1.226114000
3.862852000
4.869463000
3.597566000
3.838493000
4.604974000
4.042415000
3.260626000
2.482655000
2.134391000
3.347506000
3.833993000
3.025017000
4.096415000
1.566880000
0.703392000
1.237336000
2.309245000
1.073182000
0.246632000
0.672991000
1.494305000
2.398942000
0.420456000
1.817226000
-0.364618000
2.447503000
-1.434194000
2.386668000
0.227248000
1.673035000
-0.030656000
2.201649000
-0.481375000
-2.818482000
-3.965770000
-3.974312000
-4.941652000
-3.863022000
-3.022792000
-3.985667000

2.917016000
3.978388000
2.384047000
2.222696000
1.927320000
3.147792000
1.450859000
3.408725000
3.013917000
4.360636000
3.614874000
-1.570047000
-0.356838000
-1.103824000
-0.332205000
-0.202565000
-0.865039000
0.662797000
-1.258361000
-1.743130000
-1.888603000
-0.304286000
-2.482447000
-3.060933000
-3.043731000
-2.400075000
0.721800000
0.319434000
1.300857000
1.585381000
2.363831000
0.962788000
-1.024769000
2.157456000
3.485381000
4.403988000
4.525277000
5.396353000
4.054618000
3.238696000
2.569403000
4.185418000
2.809779000
4.109256000
3.409954000
5.021802000
4.380000000
2.315934000
-4.086773000
-3.950443000
-2.986222000
-4.808483000
-3.077138000
-2.710302000
-1.708049000
-1.514943000
-5.071362000
-0.378226000
-0.755270000
-2.063670000
-3.057638000
-3.508654000
-2.585242000
-3.868520000
-0.899034000
-0.396691000

0.461047000
-0.885746000
-1.212996000
-1.982053000
-1.979351000
-2.558585000
-2.504302000

0.208037000

0.331618000
-0.329324000

1.197114000

0.242692000

0.771022000

2.032581000

2.725937000

2.048707000

3.616674000

3.044096000

2.965779000

2.459973000

3.817192000

3.371056000

1.602791000

1.167856000

2.462369000

0.859960000
0.942444000

1.106710000

1.831091000
-0.292617000
-0.254422000
-1.168736000

0.109470000
-0.505771000

0.151531000

0.230382000
-0.743590000

0.560951000

0.947856000

1.542355000

1.488225000

1.983814000
2.221208000
-0.747676000
-0.902800000
-0.294743000
-1.723298000
-1.509022000
-1.730754000
-1.593685000
-1.999343000
-1.374036000
-2.178542000
-1.724009000
-2.074000000
-2.032609000
-1.643584000
-2.161773000
-2.731051000

1.668992000
1.772586000
2.769782000
1.623412000
1.043374000
2.632462000
2.505911000

1 -2.995264000
1 -2.219908000
6 -1.488788000
1 -1.307660000
1 -0.671025000
1 -1.460371000
1 -2.185562000
9 3.729416000

TS1gq+1, singlet

29 -1.566044000

29 1.268305000
-0.394324000
0.058022000

-3.333723000
-3.375719000
-4.432678000
-5.073725000
-5.062686000
-3.879700000
-4.645823000
-3.567767000
-3.464242000
-4.903934000
-5.311369000
-4.921117000
-5.584902000
-2.998288000
-1.944024000
-3.116949000
-3.581850000
-2.578647000
-1.563941000
-2.531902000
-2.984417000
-2.658359000
2.870374000
2.481635000
1.331002000
0.498718000
0.959316000
1.639078000
3.654747000
4.518662000
3.363225000
3.977746000
2.042150000
2.889584000
1.643819000
1.270755000
3.845799000
4.854430000
3.552335000
3.838438000
4.592331000
4.074032000
3.298261000
2.480825000
2.100082000
3.294563000
3.786066000
2.949940000
4.044630000
1.526372000
0.688292000
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-1.268989000
-0.155647000
-2.730621000
-3.604251000
-2.026792000
-3.061357000
-2.318865000
-2.569831000

0.072265000
0.628453000
1.445797000
-0.814216000
1.091885000
1.320245000
0.111586000
0.481832000
0.027080000
-1.231071000
-2.011789000
-1.177841000
2.418287000
2.931752000
2.912222000
3.972388000
2.378374000
2.211549000
1.921969000
3.132660000
1.432220000
3.408705000
3.015033000
4.357152000
3.620688000
-1.575529000
-0.292008000
-1.009324000
-0.239655000
-0.130565000
-0.759767000
0.765179000
-1.118590000
-1.603829000
-1.729433000
-0.148475000
-2.406751000
-2.979788000
-2.954478000
-2.357453000
0.806495000
0.424790000
1.404552000
1.638177000
2.428867000
0.997925000
-0.972575000
2.185492000
3.522243000
4.466783000
4.569937000
5.461638000
4.153557000
3.304030000
2.602437000

3.661830000
2.533323000
1.989328000
1.351364000
1.824198000
3.031387000
-0.252884000
-1.557609000

0.085571000
-0.154535000
-0.133182000
-0.340622000
0.282206000
1.274722000
0.013724000
-0.786623000
0.903147000
-0.412922000
-0.347284000
-1.462485000
-0.446475000
-0.407181000
0.609807000
-0.745243000
-1.059259000
-1.877621000
-1.895399000
-2.457190000
-2.383263000
0.297114000
0.399949000
-0.247507000
1.294027000
0.340085000
0.867137000
2.138132000
2.780221000
2.074995000
3.669422000
3.089730000
3.109512000
2.642079000
3.969953000
3.498428000
1.730045000
1.335770000
2.589981000
0.959170000
1.034061000
1.232472000
1.900380000
-0.222610000
-0.185633000
-1.078039000
0.239878000
-0.482441000
0.139236000
0.200738000
-0.772881000
0.500104000
0.933398000
1.532773000
1.493236000



1
1
6
1
1
1
1
6
6
6
1
1
6
6
6
1
8
6
6
1
1
1
6
1
1
1
6
1
1
1
1
9

17

1.157398000
2.274855000
1.035409000
0.220207000
0.618614000
1.459569000
2.424329000
0.568883000
1.961819000
-0.245866000
2.615748000
-1.310649000
2.492427000
0.300861000
1.748094000
0.143689000
2.262712000
-2.771707000
-3.905942000
-3.881573000
-4.890656000
-3.815202000
-2.962488000
-3.930198000
-2.910351000
-2.166478000
-1.427962000
-1.260143000
-0.623848000
-1.361804000
-2.196445000
3.826799000
-0.619938000

TS1cr +1, singlet

29
29

8
8
7
1
6
1
1
6
1
1
6
6
1
1
1
6
1
1
1
6
1
1
1
7
7
6
6
1
1

-1.566044000
1.268305000
-0.394324000
0.058022000
-3.333723000
-3.375719000
-4.432678000
-5.073725000
-5.062686000
-3.879700000
-4.645823000
-3.567767000
-3.464242000
-4.903934000
-5.311369000
-4.921117000
-5.584902000
-2.998288000
-1.944024000
-3.116949000
-3.581850000
-2.578647000
-1.563941000
-2.531902000
-2.984417000
-2.658359000
2.870374000
2.481635000
1.331002000
0.498718000
0.959316000

4.253493000
2.927880000
4.103024000
3.388112000
5.021894000
4.352762000
2.328123000
-4.136074000
-3.953612000
-3.079357000
-4.780427000
-3.225695000
-2.707168000
-1.780102000
-1.544736000
-5.125760000
-0.408570000
-2.076761000
-3.082846000
-3.541082000
-2.620330000
-3.887557000
-0.918549000
-0.421102000
-1.294006000
-0.170352000
-2.730537000
-3.608988000
-2.020533000
-3.050082000
-2.323966000
-2.515007000
-0.678873000

0.072265000
0.628453000
1.445797000
-0.814216000
1.091885000
1.320245000
0.111586000
0.481832000
0.027080000
-1.231071000
-2.011789000
-1.177841000
2.418287000
2.931752000
2.912222000
3.972388000
2.378374000
2.211549000
1.921969000
3.132660000
1.432220000
3.408705000
3.015033000
4.357152000
3.620688000
-1.575529000
-0.292008000
-1.009324000
-0.239655000
-0.130565000
-0.759767000

1.935235000
2.235379000
-0.784739000
-0.926349000
-0.360744000
-1.764652000
-1.490173000
-1.510471000
-1.379444000
-1.843351000
-1.113753000
-2.011307000
-1.568039000
-1.998059000
-1.933362000
-1.367451000
-2.086823000
1.766842000
1.895112000
2.888717000
1.777016000
1.157465000
2.740444000
2.637544000
3.766895000
2.628244000
2.050772000
1.415927000
1.851185000
3.094706000
-0.173748000
-1.392296000

-3.039409000

0.085571000
-0.154535000
-0.133182000
-0.340622000
0.282206000
1.274722000
0.013724000
-0.786623000
0.903147000
-0.412922000
-0.347284000
-1.462485000
-0.446475000
-0.407181000
0.609807000
-0.745243000
-1.059259000
-1.877621000
-1.895399000
-2.457190000
-2.383263000
0.297114000
0.399949000
-0.247507000
1.294027000
0.340085000
0.867137000
2.138132000
2.780221000
2.074995000
3.669422000

1.639078000
3.654747000
4.518662000
3.363225000
3.977746000
2.042150000
2.889584000
1.643819000
1.270755000
3.845799000
4.854430000
3.552335000
3.838438000
4.592331000
4.074032000
3.298261000
2.480825000
2.100082000
3.294563000
3.786066000
2.949940000
4.044630000
1.526372000
0.688292000
1.157398000
2.274855000
1.035409000
0.220207000
0.618614000
1.459569000
2.424329000
0.568883000
1.961819000
-0.245866000
2.615748000
-1.310649000
2.492427000
0.300861000
1.748094000
0.143689000
2.262712000
-2.771707000
-3.905942000
-3.881573000
-4.890656000
-3.815202000
-2.962488000
-3.930198000
-2.910351000
-2.166478000
-1.427962000
-1.260143000
-0.623848000
-1.361804000
-2.196445000
3.826799000
7 -0.619938000
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45 +1, triplet

29 -1.485544000
29 1.408628000
-0.146136000

0.066406000

-3.144815000

-3.014213000

-4.379995000

AN — 3 0 X

0.765179000
-1.118590000
-1.603829000
-1.729433000
-0.148475000
-2.406751000
-2.979788000
-2.954478000
-2.357453000

0.806495000

0.424790000

1.404552000

1.638177000

2.428867000

0.997925000
-0.972575000

2.185492000

3.522243000

4.466783000

4.569937000

5.461638000

4.153557000

3.304030000

2.602437000

4.253493000

2.927880000

4.103024000

3.388112000

5.021894000

4.352762000

2.328123000
-4.136074000
-3.953612000
-3.079357000
-4.780427000
-3.225695000
-2.707168000
-1.780102000
-1.544736000
-5.125760000
-0.408570000
-2.076761000
-3.082846000
-3.541082000
-2.620330000
-3.887557000
-0.918549000
-0.421102000
-1.294006000
-0.170352000
-2.730537000
-3.608988000
-2.020533000
-3.050082000
-2.323966000
-2.515007000

-0.678873000

0.099022000
0.368904000
1.350604000
-1.220624000
1.447187000
1.769206000
0.622516000

3.089730000
3.109512000
2.642079000
3.969953000
3.498428000
1.730045000
1.335770000
2.589981000
0.959170000
1.034061000
1.232472000
1.900380000
-0.222610000
-0.185633000
-1.078039000
0.239878000
-0.482441000
0.139236000
0.200738000
-0.772881000
0.500104000
0.933398000
1.532773000
1.493236000
1.935235000
2.235379000
-0.784739000
-0.926349000
-0.360744000
-1.764652000
-1.490173000
-1.510471000
-1.379444000
-1.843351000
-1.113753000
-2.011307000
-1.568039000
-1.998059000
-1.933362000
-1.367451000
-2.086823000
1.766842000
1.895112000
2.888717000
1.777016000
1.157465000
2.740444000
2.637544000
3.766895000
2.628244000
2.050772000
1.415927000
1.851185000
3.094706000
-0.173748000
-1.392296000
-3.039409000

-0.098772000
-0.127962000
-0.270153000
-0.500736000
0.211604000
1.168197000
0.185561000
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-5.119038000
-4.840459000
-4.092421000
-4.967587000
-3.891640000
-3.151336000
-4.496835000
-4.850000000
-4.382363000
-5.286242000
-2.799454000
-1.800325000
-2.810385000
-3.516516000
-2.088817000
-1.144561000
-1.931080000
-2.402548000
-2.869141000
2.917464000
2.432141000
1.294105000
0.485351000
0.867066000
1.638683000
3.543624000
4.403559000
3.173756000
3.898329000
1.939739000
2.767670000
1.508933000
1.176028000
3.975957000
4.931804000
3.678237000
4.136440000
4.972058000
4.384427000
3.305468000
2.872614000
2.610137000
3.879420000
4.416721000
3.619099000
4.572154000
1.958422000
1.071382000
1.647619000
2.642525000
1.634986000
0.777315000
1.271909000
2.119081000
2.864308000
0.147799000
1.551436000
-0.529822000
2.049589000
-1.594343000
2.257618000
0.144557000
1.617739000
-0.355724000
2.200139000
-0.558513000

1.050986000
0.627482000
-0.792688000
-1.433235000
-0.796441000
2.683318000
3.410457000
3.571011000
4.396366000
2.895517000
2.249618000
1.801941000
3.099832000
1.510855000
3.611230000
3.071220000
4.470440000
4.000065000
-1.328882000
-0.736834000
-1.520028000
-0.725357000
-0.550094000
-1.254615000
0.253478000
-1.757840000
-2.262764000
-2.402825000
-0.834224000
-2.867133000
-3.449615000
-3.454334000
-2.746396000
0.254702000
-0.226080000
0.837521000
1.152602000
1.844815000
0.537173000
-1.405781000
1.848561000
3.201991000
4.036895000
4.103215000
5.057415000
3.650119000
3.019997000
2.385595000
3.988704000
2.571740000
3.884991000
3.230906000
4.827832000
4.113795000
1.989150000
-4.123849000
-4.061102000
-3.020712000
-4.983932000
-3.059766000
-2.900793000
-1.700088000
-1.665841000
-5.085895000
-0.577539000
-0.792871000

-0.493284000
1.177889000
-0.266983000
-0.102366000
-1.345678000
-0.654229000
-0.630242000
0.394939000
-1.092610000
-1.185175000
-2.069095000
-2.083461000
-2.759324000
-2.447988000
-0.078342000
0.033465000
-0.738768000
0.899037000
0.356260000
0.785401000
1.984807000
2.618317000
1.898174000
3.476858000
2.972009000
3.002276000
2.548779000
3.805798000
3.468751000
1.470400000
1.048199000
2.287792000
0.700338000
1.062657000
1.304036000
1.938463000
-0.143512000
0.002341000
-1.015152000
0.120925000
-0.465098000
0.152314000
0.275517000
-0.677537000
0.575022000
1.029763000
1.518733000
1.425842000
1.925468000
2.245923000
-0.800459000
-0.983981000
-0.378766000
-1.758010000
-1.472533000
-2.269311000
-2.603324000
-1.904479000
-2.896389000
-1.683375000
-2.572054000
-1.752748000
-2.205089000
-2.329535000
-2.154589000
-2.653262000

6  -2.897914000
6 -4.208918000
1 -4.152599000
1 -5.060130000
1 -4.425679000
6  -2.657638000
1 -3.496168000
1 -2.513708000
1 -1.753249000
6  -1.729979000
1 -1.886549000
1 -0.809844000
1 -1.591418000
1 -2.644022000
1 3.312434000

4y +1, triplet
29  -1.485751000
29 1.208958000
-0.443122000
0.287221000
-3.375939000
-3.297830000
-4.415619000
-5.178524000
-4.930587000
-3.814308000
-4.534112000
-3.592051000
-3.685869000
-5.124059000
-5.359583000
-5.256859000
-5.871734000
-3.421367000
-2.376033000
-3.613028000
-4.068097000
-2.730910000
-1.704107000
-2.831175000
-2.949031000
-2.523805000
2.856401000
2.518450000
1.199174000
0.412655000
0.862846000
1.290479000
3.606002000
4.581058000
3.362622000
3.710536000
2.383568000
3.340936000
2.084164000
1.636047000
3.615862000
4.637506000
3.116255000
3.642857000
4.268652000
4.095722000
3.440583000
2.272713000
1.600636000
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-1.746578000
-2.431310000
-2.833530000
-1.743125000
-3.267666000
-0.546302000

0.155391000
-0.889829000

0.006362000
-2.714996000
-3.625036000
-2.244169000
-3.012490000
-2.176182000
-2.866091000

-0.146014000
0.693070000
1.232933000
-1.144395000
0.810173000
1.125868000
-0.252630000
-0.018315000
-0.289663000
-1.599044000
-2.403761000
-1.622447000
2.040436000
2.515486000
2.628460000
3.496288000
1.851171000
1.702813000
1.399322000
2.567497000
0.888832000
3.118770000
2.750373000
4.026565000
3.390114000
-1.810980000
0.097664000
-0.710163000
-0.173290000
-0.229700000
-0.742532000
0.876091000
-0.618626000
-0.928605000
-1.285880000
0.388764000
-2.161228000
-2.543134000
-2.795947000
-2.260313000
1.337280000
1.128580000
1.890858000
2.146589000
3.037156000
1.544424000
-0.484523000
2.467678000
3.711131000

1.811513000
2.170531000
3.187185000
2.143439000
1.496804000
2.725553000
2.743188000
3.755141000
2.438383000
1.955268000
1.363348000
1.603723000
2.999008000
-0.158472000
-2.836018000

-0.277911000
-0.268421000
-0.948696000
-0.450577000
0.047114000
1.011798000
0.019737000
-0.725159000
0.985560000
-0.331656000
-0.136558000
-1.405930000
-0.765706000
-0.559989000
0.504725000
-1.028398000
-1.002804000
-2.224535000
-2.348594000
-2.868555000
-2.574238000
-0.274022000
-0.346282000
-0.878310000
0.767370000
0.341574000
0.892302000
2.119559000
2.663704000
1.900923000
3.536689000
2.966905000
3.186480000
2.794724000
4.019743000
3.600149000
1.674153000
1.298033000
2.514468000
0.884332000
1.144705000
1.484859000
1.945456000
-0.130131000
-0.013772000
-0.926006000
0.291521000
-0.575135000
-0.024197000



2.601370000
3.241143000
2.061405000
3.246927000
0.787321000
0.095816000
0.198779000
1.421757000
0.664631000
0.014297000
0.041093000
1.232677000
2.314352000
0.458217000
1.899624000
-0.200124000
2.408601000
-1.285953000
2.626880000
0.507910000
2.026129000
-0.075437000
2.690175000
-2.508950000
-3.665866000
-3.561962000
-4.637593000
-3.687126000
-2.535344000
-3.505258000
-2.329715000
-1.764096000
-1.176385000
-1.139687000
-0.365268000
-1.000428000
-2.088291000
3.969724000
0.147387000

4gr +1, singlet

29
29

8
8
7
1
6
1
1
6
1
1
6
6
1
1
1
6
1
1
1
6
1
1
1

-1.612729000
1.224738000

-0.476763000

0.202124000
-3.430313000
-3.364699000
-4.520309000
-5.324315000
-4.963582000
-4.016156000
-4.777324000
-3.821467000
-3.627670000
-5.076189000
-5.470603000
-5.117865000
-5.756566000
-3.188047000
-2.124999000
-3.341141000
-3.760345000
-2.742558000
-1.722341000
-2.725683000
-3.126521000

4.810437000
5.057062000
5.721822000
4.551418000
3.350294000
2.535076000
4.211790000
3.047172000
4.175749000
3.347439000
5.010045000
4.516720000
2.595506000
-4.060957000
-4.112542000
-2.889383000
-5.074022000
-2.857054000
-2.978399000
-1.593188000
-1.661309000
-5.001451000
-0.625817000
-2.132579000
-3.040938000
-3.345628000
-2.545861000
-3.952472000
-0.846004000
-0.341500000
-1.066946000
-0.146014000
-2.835513000
-3.798877000
-2.217761000
-3.022944000
-2.609677000
-3.016427000
-0.828819000

-0.069903000
0.695026000
1.352606000
-1.086125000
0.979153000
1.339437000
-0.034391000
0.276644000
-0.104104000
-1.382038000
-2.154396000
-1.347273000
2.182339000
2.671651000
2.779522000
3.658364000
2.027224000
1.780901000
1.518942000
2.598462000
0.918396000
3.284467000
2.909602000
4.145604000
3.633471000

0.308663000
-0.545957000
0.585555000
1.154314000
1.215860000
0.980251000
1.550766000
2.053944000
-1.133175000
-1.430882000
-0.795959000
-2.007396000
-1.583281000
-2.046193000
-1.953140000
-1.990542000
-1.943552000
-2.070129000
-1.876493000
-1.779371000
-1.910413000
-2.161398000
-1.936991000

1.817162000
2.209251000
3.255831000
2.112863000
1.601922000
2.637536000
2.606210000
3.689897000
2.291352000
2.041360000
1.518029000
1.653741000
3.104803000
-0.115034000
-1.767085000
-2.493684000

-0.149575000
-0.104313000
-0.369924000
-0.458802000
0.125111000
1.075036000
0.107605000
-0.560617000
1.104895000
-0.356364000
-0.193302000
-1.435285000
-0.773046000
-0.778774000
0.237958000
-1.251167000
-1.342722000
-2.172890000
-2.165509000
-2.885059000
-2.535924000
-0.207258000
-0.081555000
-0.883537000
0.760051000
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-2.720717000
2.846676000
2.449116000
1.148698000
0.361989000
0.784479000
1.285646000
3.525283000
4.490709000
3.239314000
3.668900000
2.252429000
3.197925000
1.901209000
1.520570000
3.664031000
4.674595000
3.187746000
3.731392000
4.408113000
4.142521000
3.408669000
2.379254000
1.827106000
2.915119000
3.505031000
2.452181000
3.601580000
1.121432000
0.377486000
0.604844000
1.821675000
0.821642000
0.100612000
0.278193000
1.327702000
2.414692000
0.823976000
2.250383000

-0.027962000
2.915711000

-1.105152000
2.776175000
0.463006000
1.967585000
0.452098000
2.425855000

-0.215527000

-2.686649000

-3.873486000

-3.759698000

-4.824616000

-3.947712000

-2.641700000

-3.569946000

-2.475668000

-1.817038000

-1.380342000

-1.382417000

-0.544436000

-1.206610000

-2.360538000
4.109633000

-1.722998000
-0.094384000
-0.920048000
-0.337308000
-0.338691000
-0.912749000
0.699499000
-0.910518000
-1.252636000
-1.591057000
0.077614000
-2.351415000
-2.773542000
-2.986190000
-2.405459000
1.098798000
0.829190000
1.639622000
1.956962000
2.803901000
1.360923000
-0.687594000
2.383490000
3.687665000
4.741093000
4.872439000
5.705719000
4.510967000
3.433623000
2.640366000
4.340036000
3.153319000
4.152837000
3.355458000
5.036496000
4.423332000
2.496097000
-4.111817000
-3.917008000
-3.070261000
-4.777161000
-3.218913000
-2.672162000
-1.666126000
-1.481246000
-5.132991000
-0.342051000
-0.938160000
-2.164151000
-3.056275000
-3.462791000
-2.514712000
-3.904541000
-0.957813000
-0.380182000
-1.295479000
-0.280651000
-2.936303000
-3.848666000
-2.316766000
-3.227896000
-2.514662000
-2.483074000

0.262538000
0.947983000
2.149984000
2.695203000
1.931415000
3.552769000
3.025786000
3.232491000
2.844057000
4.040894000
3.679250000
1.667541000
1.305477000
2.487243000
0.860110000
1.248610000
1.577582000
2.071308000
0.007338000
0.153437000
-0.814892000
0.337590000
-0.417674000
0.123947000
0.296195000
-0.617846000
0.528452000
1.117136000
1.450668000
1.329328000
1.785415000
2.243509000
-0.923001000
-1.126466000
-0.573678000
-1.857994000
-1.428750000
-1.752710000
-1.824807000
-1.713785000
-1.834609000
-1.690203000
-1.883128000
-1.648043000
-1.905429000
-1.737442000
-2.003853000
-2.699891000
1.712585000
2.047144000
3.057081000
2.022959000
1.357486000
2.647103000
2.650167000
3.675183000
2.391203000
1.851719000
1.243072000
1.522131000
2.891903000
-0.264209000
-1.941757000



4pq +1, singlet

29
29
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-1.678610000
1.031897000
-0.700716000
0.225331000
-3.639137000
-3.705305000
-4.580343000
-5.306221000
-5.154560000
-3.848730000
-4.515588000
-3.526139000
-3.921609000
-5.413647000
-5.849026000
-5.549157000
-6.000920000
-3.378060000
-2.298646000
-3.558473000
-3.855672000
-3.186440000
-2.135850000
-3.241854000
-3.643080000
-2.607878000
2.637020000
2.246785000
0.860442000
0.132506000
0.499811000
0.864606000
3.245484000
4.262014000
2.975983000
3.264712000
2.228434000
3.233173000
1.890826000
1.558830000
3.309903000
4.309157000
2.716440000
3.404017000
3.978053000
3.948231000
3.298381000
2.062364000
1.348567000
2.307339000
2.922088000
1.733432000
2.975854000
0.615383000
-0.006112000
-0.035514000
1.307187000
0.347894000
-0.284520000
-0.290632000
0.863951000
2.175030000
1.182889000
2.583831000
0.239040000

-0.201835000
0.862278000
1.325685000
-1.052290000
0.612019000
0.961113000
-0.534902000
-0.351445000
-0.630284000
-1.819131000
-2.681945000
-1.801462000
1.793074000
2.121474000
2.203178000
3.089154000
1.394178000
1.450939000
1.274814000
2.264750000
0.550662000
2.979903000
2.721237000
3.846256000
3.270550000
-1.950557000
0.296302000
-0.515965000
-0.054010000
-0.164527000
-0.637470000
1.001044000
-0.348143000
-0.610833000
-1.014556000
0.669954000
-1.977985000
-2.314124000
-2.614794000
-2.135161000
1.580383000
1.429674000
2.117709000
2.368930000
3.288141000
1.773064000
-0.262241000
2.628064000
3.906978000
5.088367000
5.190637000
6.014143000
5.024610000
3.699740000
2.800665000
4.553970000
3.601750000
4.157623000
3.275590000
5.014082000
4.381602000
2.664531000
-4.009984000
-3.685452000
-3.049931000

-0.163234000
0.005030000
-0.405900000
-0.326779000
-0.089269000
0.864867000
-0.206299000
-0.999706000
0.720307000
-0.528262000
-0.411419000
-1.576873000
-0.988238000
-1.051251000
-0.048780000
-1.544785000
-1.619113000
-2.365626000
-2.303006000
-3.075470000
-2.772038000
-0.379452000
-0.215539000
-1.046902000
0.575474000
0.258480000
1.208499000
2.422883000
2.861224000
2.047770000
3.714749000
3.159372000
3.564364000
3.251285000
4.390033000
3.963701000
1.994951000
1.710303000
2.818681000
1.147798000
1.496115000
1.921422000
2.241573000
0.210500000
0.361087000
-0.531277000
0.669012000
-0.358259000
0.024964000
0.126440000
-0.774972000
0.237271000
0.990602000
1.344665000
1.283397000
1.560097000
2.187155000
-1.098026000
-1.238562000
-0.859711000
-2.039936000
-1.369116000
-1.593974000
-1.631871000
-1.575377000
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3.308556000
-0.820064000
3.013492000
0.598471000
2.093218000
0.906482000
2.425069000
-0.091244000
-2.694667000
-3.802218000
-3.765241000
-4.798244000
-3.696760000
-2.900587000
-3.894881000
-2.792133000
-2.150750000
-1.331910000
-1.156011000
-0.543246000
-1.244918000
-2.084353000
4.716972000

+1, triplet
1.531342000
-1.332451000
0.309303000
-0.160671000
3.205373000
2.798991000
4.060686000
5.111111000
3.725807000
3.950159000
4.550247000
4.356481000
3.884012000
4.809251000
4.252392000
5.290971000
5.606490000
4.667254000
4.022769000
5.083430000
5.508442000
2.781311000
2.125389000
3.212030000
2.150387000
2.539383000
-3.228051000
-3.462663000
-2.759040000
-1.698874000
-2.818797000
-3.205560000
-4.952604000
-5.487253000
-5.086567000
-5.441054000
-2.868366000
-3.294957000
-3.090382000
-1.785636000
-4.204142000

-4.496121000
-3.297814000
-2.396522000
-1.609260000
-1.283476000
-5.060932000
-0.102011000
-0.953874000
-2.305063000
-3.314552000
-3.645602000
-2.892651000
-4.203652000
-1.050593000
-0.610626000
-1.297011000
-0.283136000
-2.900507000
-3.834121000
-2.198477000
-3.115542000
-2.711077000
-2.017818000

0.105340000
0.463622000
1.320371000
-1.190046000
1.324829000
2.246476000
1.001601000
1.262049000
1.617017000
-0.469392000
-0.687138000
-1.081591000
1.384422000
2.596737000
3.525683000
2.673850000
2.542109000
0.105338000
-0.776445000
0.124286000
-0.016465000
1.521938000
0.647149000
1.628613000
2.393218000
-0.886957000
-0.403323000
-1.252281000
-0.588006000
-0.424821000
-1.216077000
0.379787000
-1.417776000
-1.844656000
-2.103252000
-0.477564000
-2.631686000
-3.090228000
-3.297484000
-2.594347000
0.698489000

-1.640700000
-1.589836000
-1.670064000
-1.494552000
-1.694041000
-1.593394000
-1.766863000
-2.585898000
1.728821000
1.990718000
3.033416000
1.821880000
1.359459000
2.573236000
2.453022000
3.634419000
2.338714000
2.058913000
1.510354000
1.782176000
3.128054000
-0.166599000
-1.733125000

-0.043109000
0.410678000
0.592820000
-0.066045000
0.119116000
-0.028454000
-1.044739000
-0.868002000
-1.885620000
-1.401087000
-2.290746000
-0.592477000
1.461982000
1.513697000
1.345733000
2.493838000
0.765508000
1.713461000
1.638796000
2.725475000
1.023271000
2.501399000
2.489464000
3.502436000
2.300418000
-1.551381000
0.043197000
-1.189141000
-2.363684000
-2.140877000
-3.258810000
-2.613356000
-1.482115000
-0.626035000
-2.324826000
-1.752310000
-0.930658000
-0.029841000
-1.770153000
-0.819589000
0.215550000



-5.200164000
-4.297901000
-3.724536000
-4.462569000
-3.622073000
-3.371521000
-2.386714000
-2.266915000
-3.493765000
-3.699891000
-3.323862000
-4.395543000
-2.050459000
-1.174546000
-1.875390000
-2.912981000
-1.028260000
-0.170436000
-0.813679000
-1.168860000
-1.960825000
0.214631000
-0.508730000
0.496839000
-0.679367000
1.039253000
-0.988977000
0.069645000
-1.560230000
-0.817128000
0.526474000
-1.352527000
1.501690000
1.847639000
2.835330000
2.284062000
3.484119000
3.470179000
1.009454000
1.616814000
0.466258000
0.266308000
0.919839000
1.485720000
0.219335000
0.336893000
2.523948000
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TS2y+1, singlet

29  -1.610655000
29 1.496340000
8 -0.173245000
8 1.012520000
7 -3.634183000
1 -3.857554000
6 -4.423551000
1 -5.231668000
1 -4.913995000
6 -3.533979000
1 -4.095000000
1 -3.228156000
6 -3.872470000
6 -5.324243000
1 -5.603697000
1 -5.480775000
1 -6.030935000

0.315163000
1.234429000
1.621815000
2.408674000
1.052623000
-1.021105000
2.153839000
3.344588000
4.244411000
4.576264000
5.139687000
3.759212000
2.861425000
2.205533000
3.711862000
2.316600000
4.104298000
3.422397000
4.937178000
4.520725000
2.433569000
-4.511786000
-4.409489000
-3.416628000
-5.322090000
-3.473756000
-3.230592000
-2.079395000
-3.175522000
-2.014390000
-5.496668000
-0.942203000
-1.563911000
-0.637119000
-0.528685000
-0.435269000
0.349610000
-1.417287000
0.636797000
1.524945000
0.815455000
0.554383000
-1.824892000
-2.757953000
-1.939464000
-1.683924000
-1.892283000

-0.344209000
0.012523000
0.510770000
0.860000000
-0.164689000
-0.842615000
-0.497376000
0.224037000
-1.465040000
-0.520340000
-0.892392000
0.505350000
1.198048000
1.353934000
0.595913000
2.330480000
1.286975000

0.464716000
-0.733383000
1.310733000
1.502135000
2.242370000
0.842770000
1.001259000
0.068772000
0.137561000
1.161048000
-0.469054000
-0.250962000
-1.361804000
-1.416324000
-2.029457000
-1.752255000
0.529286000
0.548666000
-0.147818000
1.534308000
1.881188000
1.129428000
2.376479000
0.398793000
2.945103000
-0.543256000
2.847538000
0.843526000
3.771383000
2.089225000
0.790027000
2.378894000
1.594027000
-2.887872000
-4.040884000
-4.981857000
-3.961429000
-4.121518000
-2.791071000
-2.583963000
-3.725579000
-1.989728000
-3.118986000
-3.225894000
-2.287865000
-4.034617000
-1.401359000

0.124702000
0.219925000
0.815521000
-1.414727000
0.605176000
1.330773000
-0.603016000
-0.760285000
-0.461127000
-1.835975000
-2.702531000
-2.074644000
1.213930000
1.653437000
2.393278000
2.119629000
0.821352000
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-3.481726000
-2.460799000
-3.500873000
-4.149409000
-2.948685000
-1.895033000
-3.127192000
-3.121917000
-2.281239000
3.449388000
3.824566000
2.754630000
1.774524000
2.978571000
2.689109000
5.200445000
5.980408000
5.469918000
5.242296000
3.843721000
4.635288000
4.043659000
2.888443000
4.029601000
5.117900000
3.839276000
3.375030000
3.793228000
3.558082000
3.738117000
1.905552000
1.270967000
2.152542000
2.378126000
1.633043000
3.098861000
0.998599000
0.317696000
0.514170000
1.904130000
-0.067155000
-0.710489000
-0.575312000
0.050739000
1.462112000
-0.662017000
0.104336000
-0.426557000
-0.079109000
-0.970104000
1.091572000
0.541215000
1.468228000
-1.413924000
2.392499000
-2.316424000
-3.354904000
-3.280295000
-4.380712000
-3.210052000
-2.586642000
-3.585967000
-2.511084000
-1.857523000
-0.916469000
-0.714293000

2.246965000
2.067171000
3.249767000
2.260488000
1.287470000
1.266758000
2.213061000
0.458177000
-1.265816000
-0.328378000
-0.832182000
-1.825015000
-1.340920000
-2.229577000
-2.679817000
-1.492502000
-0.814591000
-1.767252000
-2.409744000
0.379929000
1.081463000
0.069681000
0.905050000
-1.050142000
-0.928582000
-2.121614000
-0.528381000
-0.997520000
0.548754000
0.650746000
-0.689802000
-2.025613000
-2.836225000
-2.295944000
-3.754687000
-3.138903000
-2.789975000
-2.203059000
-3.751136000
-2.993777000
-1.714148000
-1.160287000
-2.641221000
-1.115943000
0.023587000
4.094384000
4.831861000
2.763713000
5.893465000
2.180332000
4.236440000
2.076684000
2.862463000
4.612648000
2.285690000
-2.775785000
-3.348356000
-4.438970000
-3.111351000
-2.988093000
-3.240484000
-2.970002000
-4.329170000
-2.812281000
-3.212174000
-2.974537000

0.183927000
-0.172164000
0.618105000
-0.684362000
2.422549000
2.129496000
2.976002000
3.119773000
-1.603707000
-0.262645000
-1.643049000
-2.078211000
-2.130999000
-3.069705000
-1.395538000
-1.643791000
-1.282810000
-2.667201000
-1.048970000
-2.566732000
-2.280334000
-3.595913000
-2.540263000
0.886880000
0.942421000
0.759574000
2.147814000
3.043460000
2.231308000
-0.197884000
2.054932000
2.422660000
3.362568000
4.286964000
3.648156000
2.904031000
1.133770000
0.506828000
1.334565000
0.557524000
3.086816000
2.395194000
3.367726000
3.996551000
2.629229000
-1.663847000
-0.722314000
-1.852356000
-0.574672000
-2.594396000
0.011456000
-1.029927000
-0.166242000
-2.252283000
0.445079000
-1.578802000
-2.534607000
-2.564268000
-2.235578000
-3.558142000
-0.149464000
0.200794000
-0.072065000
0.548683000
-1.996372000
-3.046524000



-0.158865000
-0.781371000
-1.645246000

1.837679000
-0.134923000
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TS2pr +1, triplet
29  -1.488494000
29 1.471974000
-0.040167000
0.037409000
-3.071213000
-3.076791000
-4.336460000
-4.875074000
-4.992437000
-4.078109000
-5.008087000
-3.724309000
-2.845319000
-4.123185000
-4.617420000
-3.872177000
-4.850998000
-2.289628000
-1.346002000
-2.107421000
-2.986352000
-1.830120000
-0.944291000
-1.526450000
-2.264796000
-2.993463000
2.976833000
2.575932000
1.553792000
0.677901000
1.203346000
1.974188000
3.776486000
4.552666000
3.458308000
4.231010000
1.954082000
1.078666000
2.677086000
1.640186000
4.114753000
5.058065000
3.938639000
4.212141000
5.093553000
4.351236000
3.260824000
2.964070000
2.832940000
4.154116000
4.613444000
3.979158000
4.882561000
2.291385000
1.345526000
2.107976000
2.995042000
1.819611000
0.913388000
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-2.708449000
-4.289637000
-1.001365000
4.966011000

1.699325000

0.231045000
0.290368000
1.332186000
-1.304126000
1.692036000
2.091633000
0.931193000
1.277839000
1.126047000
-0.553736000
-1.121019000
-0.742367000
2.841262000
3.638206000
3.926139000
4.560625000
3.105380000
2.260676000
1.745240000
3.044519000
1.539753000
3.754402000
3.182152000
4.558669000
4.224238000
-1.045058000
-0.805838000
-1.399056000
-0.458168000
-0.344196000
-0.840190000
0.539655000
-1.578662000
-2.198710000
-2.084602000
-0.629667000
-2.764373000
-2.691494000
-3.442653000
-3.223124000
0.137734000
-0.377784000
0.842534000
0.869250000
1.517852000
0.137038000
-1.577569000
1.600478000
3.043833000
3.797886000
3.686970000
4.866597000
3.477265000
3.107288000
2.560436000
4.147163000
2.690442000
3.645606000
3.032781000

-1.389631000
-1.871835000
-2.353442000
0.850207000

-0.019781000

0.099210000
0.126375000
0.000067000
0.081945000
0.002509000
0.938201000
-0.161716000
-1.045334000
0.692527000
-0.332015000
-0.204622000
-1.351250000
-0.946689000
-1.209865000
-0.274919000
-1.743861000
-1.828737000
-2.237464000
-2.031273000
-2.980317000
-2.683217000
-0.270696000
0.018385000
-0.949083000
0.621029000
0.539096000
1.010716000
2.347625000
2.977889000
2.326334000
3.942096000
3.147917000
3.272238000
2.810553000
4.189268000
3.569503000
2.083362000
1.437758000
1.614567000
3.026354000
1.063204000
1.278780000
1.880546000
-0.256875000
-0.270223000
-1.060693000
0.406659000
-0.560662000
-0.135060000
-0.234175000
-1.222957000
-0.072787000
0.517420000
1.288562000
1.357133000
1.580631000
2.016069000
-1.103072000
-1.116842000

1
1
1
6
6
6
1
1
6
6
6
1
8
9
6
6
1
1
1
6
1
1
1
6
1
1
1
1
9

1.549867000
2.230170000
2.858649000
-0.389251000
0.553703000
-0.703389000
0.756741000
-1.387986000
1.203375000
-0.089123000
1.025881000
-0.832141000
1.711316000
-1.259283000
-3.250771000
-4.597066000
-4.710952000
-5.437440000
-4.687893000
-3.172681000
-3.999837000
-3.213686000
-2.228511000
-2.117651000
-2.134968000
-1.143543000
-2.201173000
-2.746181000
2.114071000

TS2pq +1, triplet

29

N
Nel
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1.711351000
-1.150893000
0.545643000

-0.097599000
3.434748000
3.186686000
4.484312000
5.489562000
4.429074000
4.275591000
5.022005000
4.421123000
3.795432000
4.826112000
4.437589000
5.083458000
5.757268000
4.339925000
3.624802000
4.518644000
5.292289000
2.513052000
1.780357000
2.720465000
2.047866000
2.890871000

-3.022419000

-3.130383000

-2.216349000

-1.181129000

-2.221942000

-2.527798000

-4.568013000

-5.251414000

-4.625019000

-4.942102000

4.663245000
3.696983000

1.592464000
-4.233823000
-3.978702000
-3.296323000
-4.749728000
-3.509772000
-2.798616000
-1.958190000
-1.751879000
-5.224884000
-0.733898000
-1.087889000
-1.245248000
-1.914282000
-2.160345000
-1.268017000
-2.847282000

0.086062000

0.759334000
-0.088735000

0.605539000
-2.139879000
-3.120796000
-1.684354000
-2.306292000
-1.960643000
-2.559300000

-0.032197000
-0.753574000
-1.375934000
0.987338000
-0.988175000
-1.968652000
-0.648465000
-0.732398000
-1.380807000
0.752826000
0.971742000
1.487794000
-0.823693000
-1.878185000
-2.890096000
-1.789475000
-1.778938000
0.573483000
1.341039000
0.707480000
0.753481000
-1.021836000
-0.247933000
-0.976766000
-1.986962000
0.949925000
-0.188907000
0.273412000
-0.600384000
-0.550327000
-0.271982000
-1.649667000
0.190645000
0.769194000
0.608165000
-0.835700000

-0.803219000
-2.119135000
-1.572147000
-1.887592000
-2.951793000
-0.973738000
-3.691000000
-0.155586000
-3.027020000
-1.017943000
-2.044178000
-1.834860000
-2.007026000
-1.907817000
2.014256000
2.253790000
3.314380000
1.981306000
1.686297000
2.756006000
2.513951000
3.835576000
2.543211000
2.505623000
2.016362000
2.305639000
3.583703000
0.171098000
-3.984477000

0.011926000
-0.050735000
-0.448583000
0.519851000
-0.610736000
-0.492413000
0.376952000
-0.052840000
1.188555000
0.920921000
1.691264000
0.126062000
-2.064665000
-2.456436000
-2.294524000
-3.516909000
-1.888982000
-2.316406000
-2.003324000
-3.387738000
-1.807052000
-2.859630000
-2.612601000
-3.933829000
-2.637285000
1.402765000
0.706596000
2.144098000
2.990311000
2.631778000
4.034703000
2.976392000
2.651810000
2.020253000
3.661855000
2.706146000



-2.679185000
-3.278010000
-2.806826000
-1.629469000
-3.922797000
-4.973102000
-3.812021000
-3.555916000
-4.253228000
-3.645617000
-3.328908000
-2.149269000
-1.805076000
-2.959010000
-3.306960000
-2.625744000
-3.816649000
-1.404584000
-0.552116000
-1.109065000
-2.223070000
-0.603125000
0.196376000
-0.233463000
-0.866623000
-1.838617000
-0.489653000
-1.507838000
0.164414000
-2.000068000
0.925081000
-1.868590000
-0.155286000
-1.251485000
-0.267114000
-1.572373000
1.191596000
2.537875000
3.757144000
3.438356000
4.473733000
4.283175000
1.865379000
2.517861000
1.582090000
0.953926000
1.538740000
1.987234000

0.665637000
1.191102000
2.724503000
7 -3.139932000
5 +1, triplet
29 -1.471309000

29

= N N i )

1.276759000
-0.547066000
-2.414674000
-2.011881000
-3.820188000
-4.478312000
-3.835743000
-4.348192000
-5.349739000
-4.453682000
-2.150147000

1.727682000
2.357359000
2.118847000
1.841695000
-1.314580000
-1.003260000
-2.092014000
-1.840996000
-2.625470000
-1.030064000
0.596532000
-2.282359000
-3.680733000
-4.654259000
-4.663752000
-5.668517000
-4.436442000
-3.634010000
-2.960406000
-4.629907000
-3.297710000
-4.111659000
-3.370972000
-5.086600000
-4.200470000
-2.217407000
4.432913000
4.366432000
3.330812000
5.284894000
3.376105000
3.182644000
2.011385000
1.934820000
5.405863000
0.830160000
1.787472000
0.476658000
0.404441000
0.143294000
-0.360118000
1.363048000
-0.892086000
-1.651211000
-1.241275000
-0.847100000
1.484574000
2.479742000
1.565599000
1.173078000
1.952413000
3.095775000

-0.284545000

0.466443000

0.863770000
-1.940732000
-2.734189000
-1.828588000
-2.500475000
-2.153234000
-0.408033000
-0.382755000
-0.071235000
-2.167209000

2.202637000
1.532762000
3.216511000
1.933481000
0.361314000
0.368474000
1.123164000
-1.005993000
-1.317620000
-1.738173000
0.130582000
-1.042917000
-0.570098000
-0.773231000
-1.811798000
-0.531194000
-0.128327000
0.901168000
1.042249000
1.248882000
1.542979000
-1.402020000
-1.297070000
-1.068996000
-2.463244000
-2.009268000
-0.135034000
-1.148571000
0.286028000
-1.458677000
1.061626000
-1.712147000
-0.267921000
-1.326765000
0.295436000
-1.767613000
-1.300382000
2.809095000
3.718028000
4.731959000
3.400898000
3.779267000
2.727087000
2.282484000
3.725740000
2.121499000
3.364262000
3.466672000
2.711946000
4.354288000
1.386532000
-2.901273000

-0.429707000
0.437009000
0.639421000
0.519982000
0.025409000
0.080719000
0.643550000
-0.962172000
0.159985000
-0.288912000
1.191279000
1.981093000
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-2.832196000
-2.521318000
-2.558440000
-3.923247000
-2.610200000
-2.248246000
-2.202783000
-3.697925000
-0.643685000
-0.135236000
-0.365955000
-0.266110000
-3.434672000
-3.517685000
-3.701558000
-5.143608000
-5.862610000
-5.306158000
-5.377787000
-2.735435000
-1.707961000
-2.829826000
-2.917105000
-3.421490000
-2.415491000
-3.490530000
-4.140446000
3.209209000
3.376773000
2.631065000
1.591004000
2.615693000
3.092832000
4.852473000
5.412261000
4.958317000
5.331419000
2.762384000
3.291486000
2.815952000
1.715373000
4.025866000
5.071197000
4.010942000
3.451611000
4.047206000
3.479341000
3.520176000
2.041256000
1.041782000
1.993171000
0.508973000
2.388792000
-0.228513000
2.407353000
0.902104000
3.132954000
1.900337000
0.734883000
2.277519000
-1.951204000
2.036333000
1.313252000
0.901671000
0.311928000
0.294561000

-3.447021000
-4.311523000
-3.648429000
-3.382696000
-0.968078000
-0.036525000
-1.032672000
-0.913663000
-2.317943000
-1.399883000
-2.532054000
-3.133027000
0.509698000
0.303528000
1.971029000
2.296911000
1.842681000
3.379346000
1.951214000
2.673786000
2.401378000
3.761426000
2.388817000
2.374441000
2.068611000
3.462482000
1.941708000
-0.159533000
-1.223257000
-0.775421000
-0.516381000
-1.577327000
0.096672000
-1.460097000
-1.717070000
-2.295868000
-0.591170000
-2.494863000
-2.824655000
-3.304987000
-2.342772000
1.054076000
0.888825000
1.272661000
2.223359000
3.119167000
2.041975000
-0.560227000
2.402430000
-3.424479000
-2.673683000
-2.926650000
-3.098556000
-3.486714000
-1.440211000
-1.654032000
-0.860739000
-0.867195000
-4.402929000
0.239057000
-1.067375000
2.641428000
3.507818000
2.987961000
2.072189000
3.732779000

2.461658000
1.864467000
3.502289000
2.424622000
2.797357000
2.348092000
3.811127000
2.893145000
2.116466000
1.809025000
3.153058000
1.489147000
-0.539773000
-1.536568000
-0.363670000
-0.743398000
-0.054825000
-0.716539000
-1.756766000
-1.305425000
-1.056386000
-1.234356000
-2.348870000
1.077761000
1.376787000
1.179545000
1.780999000
0.756647000
1.812103000
3.062800000
2.828454000
3.807092000
3.536630000
2.117821000
1.211539000
2.816727000
2.578474000
1.249400000
0.347051000
1.982522000
0.988865000
0.991543000
0.709988000
2.063865000
0.234874000
0.441962000
-0.843596000
-0.127851000
0.636374000
-3.271968000
-4.023052000
-2.108227000
-4.943380000
-1.536654000
-3.606517000
-1.636146000
-4.173779000
-2.389181000
-3.634760000
-1.933394000
-2.091521000
1.629278000
-0.092824000
-1.462912000
-1.365282000
-1.987482000
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1.765377000
0.095331000
0.394901000
-0.507429000
-0.524963000
2.196550000
1.602458000
2.595283000
3.037416000
0.431795000

singlet
-1.633774000
1.494774000
-0.221841000
0.989026000
-3.711835000
-3.947954000
-4.471171000
-5.285430000
-4.955032000
-3.568347000
-4.122441000
-3.269175000
-3.949488000
-5.414454000
-5.757114000
-5.556628000
-6.083152000
-3.480947000
-2.452506000
-3.494208000
-4.107385000
-3.094110000
-2.036628000
-3.200488000
-3.394036000
-2.307367000
3.441729000
3.808906000
2.725742000
1.749298000
2.936561000
2.657443000
5.177617000
5.966617000
5.440233000
5.211973000
3.848797000
4.640710000
4.064146000
2.900048000
4.010182000
5.101826000
3.796572000
3.393885000
3.842104000
3.613231000
3.773202000
1.925196000
1.260916000
2.109007000
2.341379000
1.568355000
3.053000000
0.977620000

2.756544000
3.860347000
4.264083000
4.623843000
2.977656000
4.744217000
5.566776000
5.078172000
4.582888000
-1.160316000

-0.421134000
-0.007192000
0.467673000
0.856256000
-0.250345000
-0.930611000
-0.576083000
0.136730000
-1.549981000
-0.578683000
-0.947594000
0.450891000
1.110594000
1.316420000
0.556976000
2.290382000
1.291423000
2.152797000
1.942792000
3.157071000
2.182264000
1.169794000
1.015254000
2.136577000
0.401060000
-1.316435000
-0.412756000
-0.911886000
-1.888746000
-1.395797000
-2.284300000
-2.749942000
-1.588628000
-0.922611000
-1.857962000
-2.510714000
0.301487000
0.997767000
-0.009520000
0.836347000
-1.173417000
-1.079767000
-2.236395000
-0.682680000
-1.193435000
0.385065000
0.551525000
-0.797416000
-2.119008000
-2.982263000
-2.469689000
-3.896891000
-3.293068000
-2.834928000

-2.091630000
0.748487000
1.723588000
0.246813000
0.913154000

-0.244632000

-0.655412000
0.719838000

-0.925224000

-0.538944000

0.100484000
0.238890000
0.943808000
-1.494911000
0.625506000
1.343885000
-0.599543000
-0.768435000
-0.478252000
-1.825698000
-2.698192000
-2.054303000
1.226010000
1.598039000
2.309055000
2.074827000
0.733036000
0.219578000
-0.099314000
0.651027000
-0.678686000
2.485310000
2.259896000
2.984081000
3.207991000
-1.602681000
-0.260108000
-1.644315000
-2.082438000
-2.119637000
-3.080521000
-1.408552000
-1.657170000
-1.293393000
-2.683860000
-1.069964000
-2.565916000
-2.267610000
-3.591730000
-2.562829000
0.871120000
0.918172000
0.715697000
2.166569000
3.026438000
2.284464000
-0.185118000
2.123582000
2.440025000
3.364820000
4.303574000
3.622845000
2.906551000
1.123823000

1 0.315696000
1 0.465307000
1 1.879219000
6 -0.083420000
1 -0.730362000
1 -0.590465000
1 0.025195000
1 1.528247000
6  -0.727669000
6 0.041599000
6  -0.469864000
1 -0.180260000
1 -1.048106000
6 1.078206000
6 0.648438000
6 1.447022000
1 -1.535488000
8 2.317437000
6  -2.338768000
6  -3.377942000
1 -3.300896000
1 -4.403768000
1 -3.235250000
6  -2.605067000
1 -3.604324000
1 -2.523785000
1 -1.876247000
6  -0.939422000
1 -0.735671000
1 -0.182139000
1 -0.806969000
1 -1.684635000
9 1.795958000
1 -0.297388000

Srr +1, triplet

29 -1.506284000
29 1.102372000
-0.757840000
-2.422118000
-1.925199000
-3.784677000
-4.450579000
-3.677381000
-4.408484000
-5.354948000
-4.646879000
-2.285455000
-2.923315000
-2.494159000
-2.743653000
-4.006587000
-2.908960000
-2.562973000
-2.611444000
-4.002060000
-0.793556000
-0.312258000
-0.615950000
-0.299204000
-3.488183000
-3.447773000
-3.867238000
-5.273629000
-6.041321000
-5.501823000
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-2.209413000
-3.789190000
-3.042282000
-1.805394000
-1.261719000
-2.731680000
-1.199516000
-0.100044000
4.033030000
4.782258000

2.700308000

5.828514000

2.130927000
4.186523000
2.076587000
2.821420000
4.532982000
2.208002000
-2.828682000
-3.400420000
-4.490759000
-3.166350000
-3.037933000
-3.295335000
-3.028842000
-4.383731000
-2.862763000
-3.263293000
-3.016907000
-2.766716000
-4.342123000
-1.051702000
4.873183000

1.429661000

-0.338706000
0.612894000
0.897353000
-2.015125000
-2.801770000
-2.020815000
-2.708658000
-2.396415000
-0.638950000
-0.705496000
-0.259469000
-2.155722000
-3.459801000
-4.324676000
-3.593367000
-3.477386000
-0.958773000
-0.024196000
-0.949799000
-0.979139000
-2.193033000
-1.257810000
-2.341194000
-3.007966000
0.305358000
0.040921000
1.751432000
1.953294000
1.497611000
3.021873000

0.510294000
1.287140000
0.543863000
3.094822000
2.399091000
3.380309000
4.000779000
2.746227000
-1.652219000
-0.728613000
-1.888941000
-0.538035000
-2.615095000
-0.062639000
-1.286206000
-0.281003000
-2.180662000
0.393685000
-1.579598000
-2.535316000
-2.567486000
-2.234380000
-3.558427000
-0.150770000
0.201818000
-0.074535000
0.545166000
-2.000085000
-3.048006000
-1.387079000
-1.885226000
-2.363651000
0.832344000
0.875540000

-0.437672000
0.639298000
0.674404000
0.505889000
0.092197000
-0.068723000
0.465028000
-1.089277000
-0.120365000
-0.672411000
0.872745000
1.995357000
2.472330000
1.954076000
3.543892000
2.324356000
2.697551000
2.241971000
3.750525000
2.674706000
2.288223000
1.988966000
3.357837000
1.748219000
-0.773624000
-1.759673000
-0.715962000
-1.275569000
-0.642548000
-1.344659000



-5.366693000
-2.848052000
-1.843596000
-3.034155000
-2.872817000
-3.780199000
-2.793277000
-3.940849000
-4.538233000
3.046927000
3.228042000
2.361157000
1.318739000
2.382841000
2.694205000
4.693841000
5.334654000
4.820331000
5.063699000
2.760182000
3.348104000
2.870055000
1.710905000
3.764928000
4.837706000
3.648157000
3.182030000
3.708456000
3.298941000
3.441737000
1.738595000
1.497484000
2.479834000
0.793281000
3.029524000
0.041066000
2.726898000
1.035383000
2.042543000
1.310636000
2.288491000
-1.770473000
1.649486000
0.996675000
0.733156000
0.208116000
0.115672000
1.658614000
-0.303534000
-0.107883000
-0.922551000
-0.868083000
1.804363000
1.192834000
2.098835000
2.707178000
0.426820000
3.646338000
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SFCI +1 N triplet
29 1.554583000
29 -0.971079000

8 0.851649000
7 2.693121000
1 2.216951000
6 3.984638000

1.528992000
2.471788000
2.305218000
3.549768000
2.105853000
2.250118000
2.042019000
3.332886000
1.797151000
0.124590000
-0.896855000
-0.485146000
-0.356126000
-1.253603000
0.452035000
-0.999549000
-1.222381000
-1.811342000
-0.085126000
-2.231626000
-2.525419000
-3.018837000
-2.194211000
1.398111000
1.289166000
1.664747000
2.486143000
3.427980000
2.245650000
-0.279334000
2.600367000
-3.624181000
-2.909951000
-3.033585000
-3.391951000
-3.584970000
-1.607786000
-1.685726000
-0.904789000
-4.663249000
0.281493000
-1.208957000
2.903359000
3.602338000
2.968244000
2.015001000
3.628005000
2.768021000
3.915303000
4.405872000
4.592284000
2.999593000
4.887125000
5.637976000
5.307593000
4.743834000
-1.102218000
-0.905040000

-0.419294000

0.608734000
0.955887000
-1.901433000
-2.762665000
-1.888495000

-2.281758000
-1.585211000
-1.193504000
-1.606390000
-2.618865000
0.719978000
1.142466000
0.747599000
1.367370000
1.074163000
2.172599000
3.354422000
3.039889000
4.132973000
3.811209000
2.581578000
1.721235000
3.304680000
3.054367000
1.614446000
0.735900000
2.365890000
1.321180000
1.313009000
1.122650000
2.368392000
0.450382000
0.640965000
-0.610648000
0.225313000
0.741954000
-2.654525000
-3.393891000
-1.632179000
-4.197787000
-1.072641000
-3.088154000
-1.292426000
-2.032422000
-2.913458000
-1.722344000
-2.108302000
1.713402000
-0.110919000
-1.469725000
-1.356010000
-2.087239000
-2.016166000
0.614400000
1.575729000
0.017742000
0.800592000
-0.277688000
-0.788011000
0.690537000
-0.878167000
-0.312632000
-3.772331000

0.479292000

-0.748916000
-0.469604000
-0.531350000
-0.269731000
0.187333000
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4.756127000
3.805536000
4.485480000
5.371803000
4.794476000
2.721074000
3.477305000
3.053313000
3.409894000
4.540360000
3.344030000
2.902958000
3.154103000
4.428327000
1.269929000
0.715772000
1.199191000
0.773967000
3.432574000
3.319853000
3.708603000
5.024276000
5.887373000
5.173046000
5.027686000
2.550392000
1.607102000
2.652633000
2.496431000
3.756606000
2.848520000
3.831238000
4.622479000
-2.811310000
-2.765763000
-1.803715000
-0.828826000
-1.640866000
-2.176535000
-4.156382000
-4.869461000
-4.118055000
-4.555371000
-2.252848000
-2.923641000
-2.190950000
-1.261896000
-3.601481000
-4.673277000
-3.441114000
-3.149971000
-3.716591000
-3.329343000
-3.269832000
-1.697739000
-1.572696000
-2.565444000
-0.816281000
-3.144175000
-0.047098000
-2.787567000
-1.017295000
-2.046568000
-1.418724000
-2.236902000
1.719655000

-2.451090000
-2.401307000
-0.484527000
-0.556736000
0.026573000
-1.857160000
-3.059960000
-4.001678000
-3.068827000
-3.043325000
-0.553048000
0.297207000
-0.417338000
-0.529762000
-1.914451000
-1.056179000
-1.902202000
-2.821752000
0.317736000
-0.049186000
1.784972000
2.011162000
1.656835000
3.080021000
1.502725000
2.356675000
2.158497000
3.438810000
1.906598000
2.423104000
2.197991000
3.510849000
2.097019000
0.051321000
-0.843138000
-0.219684000
-0.022349000
-0.895288000
0.725131000
-1.009286000
-1.391328000
-1.730880000
-0.076213000
-2.198117000
-2.644784000
-2.887718000
-2.119500000
1.290036000
1.096796000
1.633886000
2.361273000
3.279042000
2.063736000
-0.475757000
2.569190000
-3.770349000
-3.048671000
-3.173055000
-3.549843000
-3.722367000
-1.729446000
-1.813499000
-1.025502000
-4.817798000
0.168870000
-1.533787000

-0.351475000
1.134720000
0.473018000
1.116362000

-0.437693000

-2.031827000

-2.592182000

-2.226489000

-3.684755000

-2.336647000

-2.506368000

-1.973876000

-3.575470000

-2.366633000

-2.480757000

-2.090312000

-3.572494000

-2.119487000
1.119096000
2.065320000
1.241304000
1.982721000
1.410777000
2.167609000
2.953651000
2.044702000
1.532761000
2.171299000
3.043417000

-0.140795000

-0.705880000

-0.041080000

-0.725923000

-1.479101000
-2.695530000
-3.698367000
-3.236459000
-4.543590000

-4.106046000
-3.301136000
-2.562210000
-4.123126000
-3.708227000
-2.235264000
-1.491275000
-3.082227000
-1.790425000

-1.680515000

-1.568729000

-2.706857000

-0.723936000

-0.914731000
0.313043000
-0.736249000

-0.900155000
2.288068000
3.003356000

1.309794000
3.774328000
0.772118000
2.724310000
0.994701000
1.704083000
2.534816000
1.393042000
2.006682000



1
6
6
1
1
1
6
1
1
1
6
1
1
1
8
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-1.548682000
-1.100112000
-0.986241000
-0.419548000
-0.469746000
-1.963435000
0.273685000
0.192679000
0.781561000
0.888908000
-1.958979000
-1.429713000
-2.156268000
-2.918639000
-0.340913000
-3.996133000

5crr +1, singlet

29

N
Nl

—_ O\ o e N e = NN — ] —m o e O\ o e N = = N OGN —m m O\ — o O\ — 00

1.517805000
-1.454211000
0.148504000
2.841424000
2.486944000
4.096622000
4.962536000
3.980281000
4.322609000
5.151433000
4.601839000
2.968293000
3.658335000
3.093121000
3.739528000
4.672079000
3.750309000
3.301084000
3.739151000
4.798257000
1.558901000
1.043858000
1.595161000
0.950206000
3.089512000
2.953738000
3.097943000
4.463460000
5.248657000
4.408780000
4.772577000
2.047247000
1.081372000
1.936427000
2.329805000
2.747490000
1.774734000

2.870698000
3.628999000
3.057684000
2.123379000
3.762898000
2.843266000
3.956015000
4.383047000
4.692740000
3.056348000
4.891896000
5.690434000
5.248308000
4.752521000
-1.213515000
-0.822197000

0.034580000
0.428193000
1.236970000
-1.415576000
-2.240433000
-1.024919000
-1.559877000
-1.329198000
0.471596000
0.736103000
0.798667000
-1.805809000
-3.160837000
-3.933285000
-3.473965000
-3.138584000
-0.749106000
0.243408000
-0.991188000
-0.697608000
-1.895460000
-0.928677000
-2.206754000
-2.620952000
1.184069000
1.028978000
2.669343000
3.270323000
2.934078000
4.360548000
3.030377000
3.268721000
2.784944000
4.341139000
3.142609000
2.908564000
2.464586000

-1.865392000
-0.007160000
1.397514000
1.382334000
2.056428000
1.839399000
-0.573785000
-1.581083000
0.056798000
-0.626296000
-0.002857000
0.526253000
-1.020439000
0.502772000
0.071807000
3.590713000

-0.152914000
-0.379539000
-0.161614000
-0.503652000
-0.018556000
0.188679000
-0.216890000
1.232898000
0.124689000
0.792066000
-0.877941000
-1.964515000
-2.060302000
-1.526580000
-3.105873000
-1.648983000
-2.726288000
-2.608883000
-3.792848000
-2.417468000
-2.534795000
-2.489905000
-3.583137000
-1.988292000
0.517042000
1.520562000
0.269992000
0.597884000
-0.085402000
0.518755000
1.620975000
1.192193000
1.035951000
1.003940000
2.244466000
-1.190940000
-1.428404000

0 = = = O\ —m ok O\ = NN = 00— AN = = NN — e O\ N e e QN = e m ON = = O O\ ] — —

2.694701000
3.496985000
-3.160574000
-3.131733000
-2.485853000
-1.456509000
-2.443573000
-3.038081000
-4.546185000
-5.042531000
-4.495860000
-5.181618000
-2.303855000
-2.691842000
-2.343298000
-1.258107000
-4.268671000
-5.194049000
-4.449660000
-3.878428000
-4.665533000
-3.722034000
-3.310709000
-2.602298000
-0.143918000
-0.978836000
0.121386000
-1.169827000
0.758842000
-1.549356000
-0.469116000
-1.369608000
0.288313000
-1.933474000
-2.741396000
-2.139675000
-1.644860000
-0.876237000
-1.218441000
-2.457971000
-1.043623000
-1.444702000
-0.635241000
-0.231423000
-3.293862000
-2.899419000
-3.773363000
-4.060273000
-0.258732000
1.641748000
-2.349957000

3.980637000
2.478569000
-0.583472000
-1.354403000
-0.466309000
-0.206133000
-0.987735000
0.465239000
-1.759660000
-2.331923000
-2.400414000
-0.908364000
-2.615043000
-3.218839000
-3.232321000
-2.387687000
0.404229000
-0.073761000
0.803543000
1.535580000
2.295363000
1.198245000
-1.263771000
2.092548000
-4.040989000
-3.614845000
-3.231862000
-4.256534000
-3.581888000
-2.380564000
-1.960576000
-1.484549000
-5.037236000
-0.370216000
2.312858000
3.371195000
3.041461000
2.267804000
3.936331000
2.695930000
3.953326000
4.231930000
4.860576000
3.240337000
4.372004000
5.345203000
4.507704000
4.092368000
-1.166963000
-0.608284000
-1.946701000

-1.406411000
-1.864594000
-0.891387000
-2.198972000
-3.252119000
-2.975312000
-4.213141000
-3.414410000
-2.609630000
-1.818477000
-3.494879000
-2.865494000
-1.992567000
-1.163436000
-2.894494000
-1.789509000
-0.808255000
-0.474725000
-1.809900000
0.099066000
0.105185000
1.126670000
-0.145867000
-0.411944000
1.985123000
3.045498000
0.899874000
3.900976000
0.090590000
2.982875000
0.809222000
1.871691000
2.031309000
1.787617000
-1.401909000
0.256333000
1.655618000
1.622617000
2.120050000
2.302110000
-0.626718000
-1.609051000
-0.171415000
-0.769495000
0.325308000
0.633304000
-0.650749000
1.052687000
-0.207308000
2.773155000
3.967911000
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1. General considerations

Materials and methods

All reagents and solvents were purchased from Sigma Aldrich, Fisher Scientific or Fluorochem and used
without further purification. NMR data concerning product identity were collected with a Bruker
Ultrashield AVANCE 111400 and a Bruker Ultrashield ASCEND Nanobay 400MHz (Serveis Técnics,
Universitat de Girona) spectrometers (CDCl;, THF-ds, CD3;CN and DMSO-ds) and calibrated relative
the residual protons of the solvent. AllNMR experiments ('H, *C', COSY, HSQC, HMBC, NOESY and
TOCSY) were recorded and processed using standard parameters and no more details are given, unless
otherwise stated. Quantification of reaction yields through integration of peaks was performed using an
internal standard (1,3,5-trimethoxybenzene). Preparation and handling of air-sensitive materials were
carried out in a N, drybox with O, and H,O concentrations < 1 ppm. High resolution mass spectra
(HRMS) were recorded on a Bruker MicrOTOF-Q IITM instrument using ESI as ionization source or
CMS (cryospray ionization, for low temperature experiments) at Serveis Técnics University of Girona.
IR Spectra (FTIR) were recorded on a FT-IR Alpha spectrometer from Bruker witha PLATINUM-ATR
attachment using OPUS software to process the data. UV-vis spectroscopy was performed with an
Agilent 8453 UV-vis spectrophotometer with 1 cm quartz cells. Low temperature control was achieved
with a cryostat from Unisoku Scientific Instruments, Japan. Monocrystal X-Ray diffraction was
performed with a Bruker D8 QUEST ECO diffractometer. Ligands Ly > and ®*Lg. ** were synthesized
following previously described procedures. For ™ Lg; ligand, the synthesis was carried out following a

2,57

slightly modified previously reported procedure.

S1



2. Synthesis of ligand L,

Pd/C
| N NaNj3 | N H, | N
Cl N/ Cl N3 Z N3 H,N Z NH,

DMF, 80 °C, N EtOH, r.t. N
overnight 3h
97 % 96 %
(0] (ii)
TsCl, TEA
DCM, 0 °C to rt,
24 h
| ~
TsHN NE N NHTS
70 %
(iii)
CSZCOQ,
Br Br | MeCN, 100 °C,
24 h
Br
HCOOH
HCHO PhOH
—N Br N «— HN Br NH —— TsN  Br NTs
| Ny 100 °C,24 h | Ns HBr (30 % in AcOH) | Ns
o
P P 100 °C,24 h P
75 % 72 % 68 %
MeL g ALg, TLg,

Scheme S1. Synthesis protocol for Ly, macrocyclic ligand.

2.1. Synthesis of 2,6-bis(azidomethyl)pyridine (i)

e

Cl Z Cl N P N

N DMF, 80 °C, 8 N 8
overnight

97 %
(i)
Scheme S2. Synthesis of 2,6-bis(azidomethyl)pyridine (i).

Sodium azide (9.59 g, 146.0 mmol) and 2,6-bis(chloromethyl)pyridine (2.5 g, 14.0 mmol), were
dissolved in DMF (130 ml) and refluxed overnight at 80 °C. After that, the solvent was removed under
reduced pressure, then the residue was extracted using water (4x60 ml) and EtOAc (100 ml). The
organic layer was washed with brine (3x60 ml), dried over MgSO,, filtered and the solvent was removed

under vacuum to yield a colorless oil corresponding to 2,6-bis(azidomethyl)pyridine (i) (2.56 g, 13.5
mmol, 97 %).

'H.NMR (CDCl;, 400 MHz, 298 K) § (ppm): 7.75 (t, /= 8 Hz, 1 Ha), 7.30 (d, J = 8 Hz, 2 Hb), 4.48 (s,
4 Hc).

S2



2.2. Synthesis of 2,6-bis(aminomethyl)pyridine (ii)

Pd/C
B M B
N3 Z N3 HoN ~ NHz
N EtOH, r.t. N
3h
9% %

(i) (ii)
Scheme $3. Synthesis of 2,6-bis(aminomethyl)pyridine (ii).

Under Ny, a 1 L round flask was charged with 2,6-bis(azidomethyl)pyridine (2.50 g, 13.2 mmol) and
Pd/C (0.25 g, 10%) and then diluted in ethanol (280 ml). After that, the reaction was purged with H, to
remove N,. The reaction was left stirring at room temperature for 3 hours under a H, atmosphere. The
reaction solution was filtered using a celite® pad and rinsed with ethanol (the solid was discarded) and
the filtrates were dried under reduced pressure to yield an orange oil corresponding to 2,6-
bis(aminomethyl)pyridine (ii) (1.75 g, 12.7 mmol, 96%).

'"H-NMR (CD;OD, 400 MHz, 298 K) § (ppm): 7.75 (t, / = 8 Hz, 1 Ha), 7.28 (d, /= 8 Hz, 2 Hb), 3.92
(s, 4 Hc).

2.3. Synthesis of 2,6-bis(tosylaminomethyl)pyridine (iii)

| N TsCl, TEA \/(I
TsHN Z NHT
H2N N NH2 S N S

DCM, 0 °C to rt,
24 h 70 %

(i) (iii)
Scheme S4. Synthesis of 2,6-bis(tosylaminomethyl)pyridine (ii).

\

Triethylamine (4.0 ml, 28.3 mmol) and 2,6-bis(aminomethyl)pyridine (1.85 g, 13.5 mmol) were
dissolved in DCM (75 ml) and chilled to 0 °C. To this solution, TsCl (5.56 g, 28.6 mmol) diluted in
DCM (100 ml) was added dropwise. During addition, the reaction mixture was vigorously stirred and
maintained at 0 °C in an ice-bath. Upon completion of the addition, the reaction mixture was left stirring
for an additional 24 hours allowing the solution to attain room temperature. The organic layer was
washed with water and brine (2x175 ml each), dried with anhydrous MgSO,, and solvent was removed
under reduced pressure to yield a brownish oil. The crude product was purified by silica gel column
chromatography (DCM:EtOAc, 95:5) to obtain 2,6-bis(tosylmethylamine)pyridine (iii) as white
powder (4.21 g, 9.4 mmol, 70 %).

'H-NMR (CDCl;, 400 MHz, 298 K) § (ppm): 7.72 (d, J = 12 Hz, 4 Hd), 7.53 (t, J= 8 Hz, 1 Ha), 7.25

(d, J=12 Hz, 4 He), 7.06 (d, J= 8 Hz, 2 Hb), 5.50 (t, J= 6 Hz,2 NH), 4.17 (d, J= 4 Hz, 4 Hc), 2.41 (s,
6 Hf).
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2.4. Synthesis of "L,

Br\/©\,Br

Br [ :1

| A 032CO3

TsHN AN _NHTs TsN  Br NTs
N MeCN, 100 °C, N
24 h | S
Pz
(iii)

68 %
TsLBr

Scheme SS. Synthesis of ™Lg,.

Cs2CO; (4.16 g, 12.6 mmol) and 2,6-bis(tosylaminomethyl)pyridine (2.60 g, 5.83 mmol) were dissolved
in MeCN (150 ml) in a 500 ml 2-necked round-bottom flask. Once the mixture started refluxing, then a
solution of 2-bromo-1,3-bis(bromomethyl)benzene (2.19 g, 6.25 mmol) in MeCN (100 ml) was slowly
added dropwise. After heating at 100 °C for 24 hours, the crude was cooled down to room temperature
and filtered. The filtrates were evaporated under reduced pressure and the resulting pale-brown solid was
purified by recrystallization in CHCl;:EtOH (1:3) in the freezer. ™Lg: (2.5 g, 3.99 mmol, 68 % yield) was
obtained.

'"H-NMR (CDCl;, 400 MHz, 298 K) § (ppm): 7.79 (d, J= 8 Hz, 4 Hd), 7.39 (d, /= 8 Hz, 4 He), 7.37 (t,
J=8Hz, 1Hi),7.21(d, J=8 Hz,2 Hh), 7.17 (d, J= 8 Hz,2 Hb), 6.86 (t, /= 8 Hz, 1 Ha), 4.88 (d, /=20
Hz,2 Hg), 4.83 (d, /=20 Hz, 2 Hg), 4.49 (d, J= 16 Hz, 2 Hc), 3.92 (d, J= 16 Hz, 2 Hc), 2.48 (s, 6 Hf).

2.5. Synthesis of "Lz,

PhOH
TsN Br NJs ——— HN Br NH
N HBr (30 % in AcOH) N
N N
| 100 °C, 24 h |
S S
72 %
TSLBr HLBr

Scheme S6. Synthesis of HL ..

"L (2.10 g, 3.35 mmol) and phenol (7.88 g, 82.9 mmol) were added as solid to a 250 ml round-bottom
flask, then HBr (30 wt % in AcOH, 100 ml) was added, the resulting solution was stirred and heat up to
100 °C for 24 hours. The crude was concentrated as much as possible and then 40 ml of H,O were added.
Extractions using CHCl; (3 x 40 ml) were performed. The organic layer was discarded, and the aqueous
layer was basified with 50 % NaOH (~40 ml) until pH 14. After that, extractions with CHCl; (3 x 40 ml)
were done again. The organic layer was then dried with MgSOy, filtered and the solvent removed under

reduced pressure. Ly, (0.77 g, 2.42 mmol, 72 % yield) was obtained as a white solid.
P g n

'H-NMR (CDCl;, 400 MHz, 298 K) § (ppm): 7.20 (t, /= 8 Hz, 1Hf), 6.62 — 6.54 (m, SHa,b,e), 4.60 (d,
J=16Hz,2Hd), 4.22 (d, J= 16 Hz, 2Hd), 3.81 (d, J= 16 Hz, 2Hc), 3.58 (d, J= 16 Hz, 2Hc), 1.66 (br.s,
NH).
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2.6. Synthesis of ML,

HCOOH
HCHO
HN Br NH —  + —N Br N—
/Nl 100 °C, 24 h /Nl
A A
75 %
HI-Br MeLBr

Scheme S7. Synthesis of ™Lg,.

HLg (770 mg, 2.42 mmol), formaldehyde (58 ml, 774 mmol) and formic acid (10 ml, 242 mmol) were
mixed in a 100 ml round-bottom flask and heat up to 100 °C for 24 hours. Then the crude mixture was
cooled down to room temperature and the solvent was removed under reduced pressure. After that,
NaOH(aq) 30% (50 ml) was added to the crude and the aqueous phase was extracted using DCM (3 x
40 ml). The organic layer was washed with NaOH(aq) 30% (S0 ml) and the solvent removed under
reduced pressure. The brownish solid obtained was further purified by stirring overnight in hexane. The
colorless solution was decanted and dried to obtain Lz (630 mg, 1.81 mmol, 75 % yield) as a white
solid.

'"H-NMR (CDCls, 400 MHz, 298 K) § (ppm): 7.15 (t, J= 8 Hz, 1Hg), 6.78 (d, J= 8 Hz, 2Hf), 6.69 (d, J
=8 Hz,2Hb), 6.61 (t, J= 8 Hz, 1Ha), 4.26 (d, /= 12 Hz, 2He), 3.94 (d, J= 12 Hz, 2He), 3.65 (d, J= 12
Hz, 2Hc), 3.53 (d, J= 12 Hz, 2Hc), 2.70 (s, 6Hd).

HR-ESI-MS: calcd. for C17Hz0N3Br [M+H]* 346.0913; exp 346.0914.

3. Synthesis of Iron(1I) complexes: 1.Cl, and 1-Br;

—N H N— >
N N,, MeCN,
| X rt., 24 h
Z X =Cl, Br
Mep,, 1-Cl, (86 %)

1-Br, (82 %)
Scheme S8. Synthesis of 1.X, (X = Cl, Br).

In the glovebox, MLy (75.3 mg, 0.28 mmol) and FeCl, (36.1 mg, 0.28 mmol) were dissolved in dry
MeCN (2.0 ml). The mixture was left stirring 24 hours at room temperature. After that, the mixture was
filtered over celite®. Slow Et,O diffusion over a concentrated solution in MeCN/DCM at room
temperature afforded yellow crystals corresponding to [(Lu)Fe"(Cl).] (94.9 mg, 0.24 mmol, 86 %
yield).

'H-NMR (CD:CN, 400 MHz, 298 K) § (ppm): 139.33, 90.10, 65.63, 41.64, 32.26, 18.29,-5.72, -7.82, -
39.45.

Evans’ method: s = 4.81 MB (3.92 unpaired electrons).

HR-ESI-MS: calcd. for C1-H,N3FeCl, [M-CI]* 358.0768; exp 358.0787.

EA: caled. for C;HyN3FeCl,, C 51.10, N 10.66, H 5.37 %; exp. C 51.74, N 10.40, H 5.09 %.
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FT-IR (ATR) D (cm™) = 2877 (Cyps-H str), 1604 (Cypo-Cypa str), 1446 (Cyp3-H bend), 1001 (Cyps-N str),
797 (Fe-Cl str).

The analogous procedure using FeBr, was followed for the synthesis of 1.Br, (82% yield). HR-ESI-MS:
caled. for Ci7H, N3FeBr', [M-Br']* 402.0264; exp 402.0267.

4. Reactivity of 1-Cl, towards PhMgBr reagent

1) PhMgBr (3 eq)
No, THF,
-78°Ctor.t.,3 h

> —N Ph N— 4+ —N H N—
2) air, 1h N\ N\
» »
1-Cl, 66 % 33 %
MeLPh MeLH

Scheme S9. Synthesis of MLy,

In the Schlenk line, complex 1-Cl, (31.10 mg, 0.1 mmol) was dissolved in anhydrous THF (1.5 ml). The
yellow suspension was stirred below -78 °C and 3 equivalents of PhMgBr (236 pl of a 1.0 M solution in
THF) were dropwise added via syringe. The mixture was left stirring below 78 °C for 30 min and then
the temperature was increased to 0 °C for 1 hour. After that, the reaction was let to attain room
temperature for 1 more hour and finally it was stirred under air for an additional hour. Next, concentrated
HCl was added (together with the internal standard) and solvent was removed under reduced pressure.
Ammonium hydroxide was used until pH >14 was reached, and extractions were performed using DCM.
The product was dried over a MgSOj, plug and the solvent was removed. The final organic product was
purified by silica gel chromatography using DCM:MeOH:NH; (95:5:1) as eluent. ¥*Lpy was obtained in
a 66 % yield ("H-NMR calculated using TMB as internal standard, 33% "Ly corresponding to the

protodemetallation product).

'H-NMR (CDCl;, 400 MHz, 298 K) § (ppm): 9.46 (d, J= 8 Hz, 1Hf), 7.63 (td, /=8, 1.5 Hz, 1Hg),
7.41 (tt, J=7.4,1.4 Hz, 1Hh), 7.32 (td, J= 7.4, 1.2 Hz, 1Hi), 7.22 (t, J= 7.7 Hz, 1Hp), 6.87 (d, J= 7.5
Hz, 2Hb), 6.76 (t, J= 7.0 Hz, 3Hj,0), 6.66 (t, J= 7.5 Hz, 1Ha), 3.71 (d, J= 4 Hz, 4Hm), 3.45 (s, 4Hk),
2.53 (d, 6HI).

BC-NMR (CDCl;, 400 MHz, 298 K) § (ppm): 158.90 (Cn), 144.53 (Cd), 140.47 (Ce), 135.76 (Cc),
135.08 (Cp), 132.78 (Cf), 131.61 (Cj), 130.51 (Cb), 127.23 (Cg), 127.19 (Ci), 126.67 (Ch), 126.43
(Ca), 120.63 (Co), 64.64 (Cm), 61.83 (Ck), 49.00 (CI).

HR-ESI-MS: calcd. for C,3H,sN3 [M+H]* 344.2121; exp 344.2133.
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S. Synthesis of Aryl-Iron(II) complexes

S.1. Synthesis of 1M

Fe(CO)s
—N Br N—
N N,, THF, 50 °C
| N 254 nm, 16 h
=
67 %
MeLBr qMe

Scheme S10. Synthesis of 1,

In the glovebox, M®Lg: (53.2 mg, 0.15 mmol) and Fe’(CO)s (20.21 pl, 0.15 mmol) were dissolved in dry
THF (1.5 ml). The mixture was left stirring overnight at 50 °C under UV light (254 nm) in a 8-lamp
photoreactor. After that, rapidly, vacuum was applied to remove any CO present in the atmosphere and
to remove the solvent from the reaction mixture. The mixture was filtered over celite® and slow Et,O
diffusion over a concentrated solution in THF at room temperature afforded green crystals
corresponding to 1™ (44.3 mg, 0.10 mmol, 67 %).

"H-NMR (THF-ds, 400 MHz, 298 K) § (ppm): 7.57 (t, /= 8 Hz, 1Hj), 7.16 (d, J = 4 Hz, 2Hi), 6.47 (s
br, 3Ha,b), 4.06 (d, J= 16 Hz, 2Hd), 3.60 (m, 4Hg,d), 3.50 (d, J= 16 Hz, 2Hg), 2.42 (s, 6He).
BC-NMR (THE-ds, 400 MHz, 298 K) § (ppm): 223.59 (Ck), 183.99 (Cf), 160.09 (Ch), 146.86 (Cc),
136.67 (Cj), 120.89 (Ca), 118.76(Ci), 118.35(Cb), 76.46 (Cg), 72.30 (Cd), 54.89 (Ce).

HR-ESI-MS: calcd. for C19H»N;0,Fe* 378.0900; exp 378.0905. Calcd for CisH,0N30Fe* 350.0950; exp
350.0888.

EA: calcd. for C1sH»N3;OFeBr-0.25C;H, N3, C 53.77, N 10.57, H 5.12 %; exp. C 54.05,N 10.10, H 5.14
%.

FT-IR (ATR) U (cm™)= 2846 (Cys-H str), 1899 (Fe-CO str), 1447 (Cys-H bend), 1015 (Cyps-N str),
761 (Fe-Brstr).

5.2. Synthesis of 1"

Fe(CO)s
HN Br NH
N N,, THF, 50 °C
| N 254 nm, 16 h
P4
LBr

Scheme S11. Synthesis of 1%,

In the glovebox, "Lg: (53.0 mg, 0.17 mmol) and Fe’(CO)s (22.00 yl, 0.17 mmol) were dissolved in dry
THF (1.5 ml). The mixture was left stirring overnight at S0 °C under UV light (254 nm). After that, a
green solid was formed and vacuum was applied to remove any CO present in the atmosphere. The

solvent was decanted-off and the solid residue was redissolved in MeCN. Slow pentane diffusion over a

S7



concentrated solution in MeCN afforded pale green crystals corresponding to 1" (46.1 mg, 0.11 mmol,
63 %).

'H-NMR (DMSO-ds, 400 MHz, 298 K) § (ppm): 7.76 (t, J= 8 Hz, 1Hi), 7.33 (d, /= 8 Hz, 2Hh), 6.94-
6.87 (m, 3Ha,b), 5.63 (br,2NH), 4.32 (d, J= 16 Hz, 2Hf), 4.16 (m, 4Hfd), 3.93 (d, J= 16 Hz, 2Hd).
BC-NMR (DMSO-d¢, 400 MHz, 298 K): 184.73 (Ce), 158.41 (Cg), 145.70 (Cc), 138.59 (Ci), 124.43
(Ca), 121.09 (Cb), 120.23 (Ch), 67.34 (Cd), 64.47 (Cf).

HR-ESI-MS: calcd. for Ci6H6N3;OFe* 322.0637; exp 322.0643.

EA: calcd. for C17H 6N30,FeBr-1.5H,0, C 44.67, N 9.19, H 4.19 %; exp. C 44.52, N 9.32, H 3.29 %.
FT-IR (ATR) D (cm™)= 3072 (N-H str), 2883 (Cy;3-H str), 2019 (Fe-CO str), 1963 (Fe-CO str), 1446
(Cy3-Hbend), 1234 (Cyps-N str).

5.3. Synthesis of 1**

/ Fe(CO)s
%N Br N
N \ N,, Dioxane,
| N 100°C, 24 h
=
58 %
tBuLBr 1tBu

Scheme S12. Synthesis of 1%,

In the glovebox, ®Ls. (31.3 mg, 0.07 mmol) and Fe’(CO)s (9.6 pl, 0.07 mmol) were dissolved in dry
dioxane (1.0 ml). The mixture was left stirring for 24 hours at 100 °C. After that, rapidly, vacuum was
applied to remove any CO present in the atmosphere and to remove the solvent from the reaction

mixture. 1%*(20.9 mg, 0.04 mmol, 58 %) was obtained as a greenish foam.

'H-NMR (DMSO-ds, 400 MHz, 298 K) 8 (ppm): 8.02 (t, /= 8 Hz, 1Hg), 7.52 (d, /= 8 Hz, 2Hf), 7.08
(s, 3Hab), 4.44 (d, J= 16 Hz, 2Hc), 4.31 (d, J= 16 Hz, 2Hc), 3.91 (d, J= 16 Hz, 2He), 3.63 (d, J= 16
Hz, 2He), 1.23 (br, 18HA).

HR-ESI-MS: calcd. for C,4H3,N3;0Fe* 434.1890; exp 434.1908.

6. Reactivity of 1™ with phenyl Grignard (PhMgBr)

1) PhMgBr (3 eq)

N,, THF,
.Br 78°Ctort, 3 h { N
y _ _
co 2) air, 1h o N Ph
| N
~
1Me 38 %
VeL ph

Scheme S13. Synthesis of **Lcopn.

In the Schlenk line, complex 1™ (26.0 mg, 0.06 mmol) was dissolved in anhydrous THF (1.5 ml). The
yellow suspension was stirred below -78 °C and 3 equivalents of PhMgBr (181 pl of a 1.0 M solution
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inTHF) were dropwise added via syringe. The mixture was left stirring below 78 °C for 30 min and then
the temperature was increased to 0 °C for 1 hour. After that, the reaction was let to attain room
temperature for 1 more hour and finally it was stirred under air for an additional hour. Next, concentrated
HCl was added (together with the internal standard) and solvent was removed under reduced pressure.
Ammonium hydroxide was used until pH >14 was reached, and extractions were performed using DCM.
The product was dried over a MgSOj, plug and the solvent was removed. The final organic product was
purified by silica gel chromatography using DCM:MeOH:NHj (95:5:1) as eluent. ¥Lcops was obtained
in a 38 % yield ("H-NMR calculated using TMB as internal standard, 7% ™Lps and 5% “Lu

corresponding to the protodemetallation product).

'"H-NMR (CDCl;, 400 MHz, 298 K) § (ppm): 7.58 (d, J= 8 Hz, 2Hg), 7.47 (t, J= 8, Hz, 1Hi), 7.35 (t, ]
=8 Hz,2Hh), 7.14 (t, J= 8 Hz, 1Ho), 6.85 (br, 3Ha,b), 6.67 (d, J= 8 Hz, 2Hn), 4.26 (br, 2H1), 3.68 (br,
2Hj), 3.53 (br, 2H1), 3.31 (br, 2Hj), 2.46 (s, 6Hk).

BC-NMR (CDCl;, 400 MHz, 298 K) § (ppm): 195.00 (Ce), 158.12 (Cm), 140.49 (Cf), 139.00 (Cd),
137.61 (Cc), 135.32 (Co), 132.04 (Ci), 130.46 (Cb), 129.05 (Cg), 128.75 (Ca), 128.22 (Ch), 121.58
(Cn), 64.86 (Cl), 61.38 (Cj), 48.91 (Ck).

HR-ESI-MS: calcd. for C24HasN3O, [M+H]* 372.2071; exp 372.2070.

FT-IR (ATR) D (em™)=2922 (Cyps-H str), 1672 (Cypo-O str), 1447 (Cyps-H bend), 1122 (Cyps-N str).

7. Mechanistic insights

7.1. UV-vis monitoring of 1.Cl, with PhMgBr

1-Cl, c
Scheme S14. Reaction of 1-Cl, towards PhMgBr monitored by UV-vis spectroscopy at 0 °C.

A A UV-vis cell was charged with 2.2 ml of a 0.5 mM solution of 1-Cl, in anhydrous THF prepared
in the glovebox. The quartz cell was capped with a septum, taken out of the glovebox, and placed in a
Unisoku thermostated cell holder designed for low-temperature experiments at 273 K. Once the thermal
equilibrium was reached, a UV-vis spectrum of the starting complex was recorded. PhMgBr (10 equiv)
was injected into the cell through the septum causing immediate formation of two bands at Anwx = 520 nm
and Amax = 635 nm corresponding to the generation of the green (C) species proposed (Figure S1).

Maximum formation of such species is formed after ca. 13 min.
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Figure S1. UV-vis spectra of the reaction of 1.Cl, (yellow) towards PhMgBr at 0 °C to form species C (green)
with the corresponding bands at 520 and 635 nm.

| °,

'Fe"\ > —» —N Ph N— + Fe
\ \ Ph THF, 0 °C N
N
N |
=
c+
C MeLPh

Scheme S15. Reaction of C towards dioxygen monitored by UV-vis spectroscopy at room temperature.

B. A first UV-vis spectrum of the new formed species C was recorded. Dioxygen was bubbled into
the cell through the septum causing immediate decay of the two bands at Anuwx = 520 nm and A = 635
assigned to green species (C). Subsequent formation of new species was rapidly observed (< 20 seconds,
orange trace in Figure $S2a) corresponding to the putative C* species that rapidly evolves (< 10 seconds)

to the final reaction mixture (purple trace in Figure S2a).
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Figure $2.a)UV-vis spectra of the reaction of species C (green) towards dioxygen at 0 °C. Decay of the bands at
520 and 635 nm to form unstable species C* (orange) and immediate formation of the new band at 365 nm

(purple) corresponding to the final mixture. b) Cryo-HR-MS spectra of *Ley. Inset: expanded view of the
experimental peak at a m/z = 344.2128 corresponding to the monocharged [C23H2sN3+H]* (top) and the

expanded view of the corresponding calculated spectrum for this molecular formula (bottom).

Attempts to characterize C* by Cryospray ionization/HR-MS

In order to perform HR-MS analysis, in a typical UV-vis experiment, the generation of species C was

monitored at 0 °C. Once it was fully formed the sample was cooled down to -45 °C. On a separated vial

containing DCM, previously cooled down and purged with dioxygen, an aliquot from the UV-vis cuvette

was added and then it was immediately injected into the mass spectrometer equipped with cryospray

ionization at -4S °C. However, all attempts to gain information about the nature of species C* were

unfruitful due to its extremely high reactivity. Nevertheless, a clean mass spectrum of the final coupling

biaryl product ™Len was obtained (m/z = 344.2128 corresponding to [Cy3HasN3+H]") as shown in

Figure S2b.
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7.2. Inert atmosphere work-up for 1.Cl, and 1™ towards phenyl Grignard

1) PhMgBr (3 eq)
N,, THF,
-78 °Ctor.t.,3h

2) Np, HCI | N\ | S
= =

2% 85 %

MeLPh MeLH

Scheme S16. Reaction of 1.Cl, towards PhMgBr in absence of oxidant.

In the Schlenk line, complex 1.Cl, (12.00 mg, 0.03 mmol) was dissolved in anhydrous THF (1.0 ml).
The yellow suspension was stirred at -78 °C and 3 equivalents of PhMgBr (120 pl of a 1.0 M solution in
THF) were dropwise added via syringe. The mixture was left stirring at -78 °C for 30 min and then the
temperature was increased to 0 °C for 1 hour. After that, the reaction was let to attain room temperature
for 1 more hour. Next, concentrated HCI was added (together with the internal standard) under N,
atmosphere and solvent was removed under vacuum. Ammonium hydroxide was used until pH >14 was
reached, and extractions were performed using DCM. The product was dried over a MgSOj plug, filtered
and the solvent was removed. MLz, was obtained in a 2% yield ("H-NMR calculated using TMB as

internal standard, 85% "Ly corresponding to the protodemetallation product).

N— 1) PhMgBr (3 eq)
N,, THF,
u“‘Br 78°Ctort.,3h
Fe > —N N— + —N H N—
~,
(0]
co 2) Np, HCI N Ph N
N N
~ | |
= Z
traces 95 %
MeLcopn MeLy

Scheme S17. Reaction of 1 towards PhMgBr in absence of oxidant.

In the Schlenk line, complex 1 (26.00 mg, 0.06 mmol) was dissolved in anhydrous THF (1.5 ml). The
yellow suspension was stirred at -78 °C and 3 equivalents of PhMgBr (181 pl of a 1.0 M solution in THF)
were added dropwise. The mixture was left stirring at -78 °C for 30 min and then the temperature was
increased to 0 °C for 1 hour. After that, the reaction was let to attain room temperature for 1 more hour.
Next, concentrated HCI was added (together with the internal standard) under N, atmosphere and
solvent was removed under vacuum. Ammonium hydroxide was used until pH >14 was reached, and
extractions were performed using DCM. The product was dried over a MgSO, plug, filtered and the
solvent was removed. ¥Lcopn was obtained in a trace amounts ('"H-NMR calculated using TMB as

internal standard, 95% Ly corresponding to the protodemetallation product).
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7.3. Use of DCIB as oxidant for the reaction of 1.Cl, with PhMgBr

1) PhMgBr (3 eq)
N,, THF,
-78°Ct00°C,2h

2) N, DCIB (2 eq), Ny N
0°Ctort,1h | |

3) Np, HCI = =

45 % 55 %

MeLPh MeLH

Scheme S18. Reaction of 1.Cl, towards PhMgBr in presence of DCIB as oxidant.

In a typical experiment, in the Schlenk line, complex 1.Cl, (32.90 mg, 0.08 mmol) was dissolved in
anhydrous THF (1.6 ml). The yellow suspension was stirred below -78 °C and 3 equivalents of PhMgBr
(251 pl ofa 1.0 M solution in THF) were added dropwise via syringe. The mixture was left stirring below
78 °C for 30 min and then the temperature was increased to 0 °C for 1.5 hour. After that, 2 equivalents
of DCIB, 1,2-dichloroisobutane (20.4 ul), were added the reaction was let to attain room temperature
for 1 more hour. Next, concentrated HCI was added (together with the internal standard) under N,
atmosphere and solvent was removed under vacuum. Ammonium hydroxide was used until pH >14 was
reached, and extractions were performed using DCM. The product was dried over a MgSOj plug, filtered
and the solvent was removed. ™Lpn was obtained in a 45% yield (‘H-NMR calculated using TMB as

internal standard, $5% Ly corresponding to the protodemetallation product).

Noteworthy, addition of DCIB with the rest of reagents at the beginning of the reaction only afforded 9%
yield of MLpn. Attempts to conduct a catalysis with DCIB under N, using 20 mol% of FeCl, were
unfruitful, and only 4% yield of Lp, was obtained.

7.4. Use of CO atmosphere for the reaction of 1.Cl, with PhMgBr

1) PhMgBr (3 eq)
CO atm, THF,
-78°Ctort.,3 h

2) air, 1h N

1-Cl, Mel-oph (R = COPh) < 3 %
MeLy (R=H)>95 %
Me| on (R = Ph) not observed
Scheme S19. Reaction of 1.Cl, towards PhMgBr in presence of CO atmosphere.

In a typical experiment, in the Schlenk line, complex 1.Cl, (38.90 mg, 0.10 mmol) was dissolved in
anhydrous THF (1.5 ml). Once dissolved, a CO atm was provided. The yellow suspension was stirred
below -78 °C and 3 equivalents of PhMgBr (300 pl of a 1.0 M solution in THF) were added dropwise via
syringe. The mixture was left stirring below 78 °C for 30 min and then the temperature was increased to
0 °C for 1 hour. After that, the reaction was let to attain room temperature for 1 more hour and finally it
was stirred under air for an additional hour. Next, concentrated HCI was added (together with the
internal standard) and solvent was removed under reduced pressure. Ammonium hydroxide was used

until pH >14 was reached, and extractions were performed using DCM. The product was dried over a
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MgSO, plug and the solvent was removed. *Lcopn was obtained in less than a 3 % yield ("H-NMR
calculated using TMB as internal standard, >95 % Ly corresponding to the protodemetallation product

and MLy, was not observed).

7.5. Reaction of 1 with PhMgBr under photoirradiation (254 nm).

1) PhMgBr (3 eq), THF,
-78 °C, 30'
2) 254 nm, r.t.,, 2h
» —N R N—
3) air, 1h N

1Me Me| opn (R = COPh) 10 %
Mep ., (R=H)52 %
MeLph (R = Ph) 8 %
Scheme S20. Reaction of 1™ towards PhMgBr in presence of CO atmosphere.

In the Schlenk line, complex 1™ (31.9 mg, 0.07 mmol) was dissolved in anhydrous THF (1.5 ml). The
solution was stirred at -78 °C and 3 equivalents of PhMgBr (230 pl of a 1.0 M solution in THF) were
added dropwise. The mixture was left stirring at -78 °C for 30 min. After that, the mixture was irradiated
with 254 nm lamps and then the temperature was increased to room temperature for 2 hours and opened
to air for 1 more hour. Next, concentrated HCI was added (together with the internal standard) and
solvent was removed under vacuum. Ammonium hydroxide was used until pH >14 was reached, and
extractions were performed using DCM. The product was dried over a MgSO, plug, filtered and the
solvent was removed. ™Lpy was obtained in an 8 % yield ("H-NMR calculated using TMB as internal
standard, 52 % Ly corresponding to the protodemetallation product and a 10 % corresponding to

MeLcorn).

7.6. Attempts to isolate species C’ ([Fe"'(MeL)(Ph)(PPh;)])

Attempt 1
LNT

PPh3 (1.5 eq)

N, | «Cl'  phMgBr (1.8 eq)
Fe'l >
H | ~ci
o N,, THF, 2h,
No -78 to -40 °C
1-Cl, (o

Scheme S21. Attempt to synthetize intermediate C’ with PPh; at low temperature.

Under a nitrogen atmosphere, 1.Cl, (37.4 mg, 0.09mmol) and THF (2 mL) were added to a 25 mL round
bottom flask stirring at -78 °C. Once thermal equilibrium was reached, PhMgBr (170 L, 1.8 eq) was
added dropwise and stirred for 30 min. Then temperature was increased to -40 °C generating a red-
colored solution. At this point 1.5 eq of PPh; (37.7 mg in 0.5 mL THF) were added. After that, the
solution was cannulated at -40 °C to remove the precipitate salts. Crystallization by slow diffusion over
hexane at -40 °C did not afford crystalline material but decomposition of the complex. HR-ESI-MS of
the crude shows the 344.21 peak corresponding to the ®Lp biaryl formation via C-C reductive

elimination.
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Attempt 2

PPh3 (1.5 eq)
PhMgBr (1.8 eq)

N,, THF, 65 °C

1-Cl, c
Scheme $22. Attempt to synthetize intermediate C’ with PPh; at 65 °C.

Under a nitrogen atmosphere, 1.Cl, (35.4 mg, 0.09mmol), PPh; (35.4 mg, 1.5 eq) and THF (3 mL) were
added to a 25 mL round bottom flask stirring at RT for 1 hour. Temperature was lowered to -78°C. Once
thermal equilibrium was reached, PhMgBr (150 pL, 1.8 eq) was added to the vial containing the
iron/PPh; solution dropwise generating a red-colored solution after heating at 65 °C for 2 hours. After
that, temperature was lowered to -40°C and the solution was cannulated to remove the precipitate salts.
Crystallization by slow diffusion over hexane at -40 °C. Compound C’ was neither detected, although
PPh,* was detected by HR-ESI-MS, suggesting a P-C reductive elimination from C’.

8. Amine-to-amide CO insertion reactivity
8.1. Synthesis of 2™*(CO)x and *L-COx

(i) (ii)

Fe(CO)s HCI, 100°C, 3h
Ny N2, MeCN NH3 Extractions N =0
| 100 °C, 24 h in Et,0 |
Z ~
80 % 99 %
"eLg 2"*(co) MeLCO,,

Scheme $23. (i) Synthesis of 2M*(CO). (ii) Synthesis of ™*L-COgy

6)) In the glovebox, ™Ls (31.8 mg, 0.09 mmol) and Fe’(CO)s (12.13 pl, 0.09 mmol) were
dissolved in dry MeCN (1 ml). The mixture was left stirring for 24 hours at 100 °C. After that, rapidly,
vacuum was applied to remove any CO present in the atmosphere and to remove the solvent from the

reaction mixture. 2"*(CO) was obtained as a red-brown foam (33.7 mg, 0.07 mmol, 80 %).

'"H-NMR (DMSO-ds, 400 MHz, 298 K) § (ppm): 7.50 (t, /= 8 Hz, 1Hk), 7.47 (d, J = 8 Hz, 1Hc), 7.40
(t,J=8Hz, 1Hb),7.29 (d, J= 8 Hz, 1Ha), 7.17 (d, /= 8 Hz, 1Hj), 6.95 (d, J= 8 Hz, 1Hl), 4.27 (s,2Hq),
4.00 (s, 2Hf), 3.50 (s, 2Hh), 2.90 (s, 3Hp), 2.28 (s, 2Hn), 2.01 (s, 3Hg).

BC-NMR (DMSO-ds, 400 MHz,298 K) § (ppm): 210.78 (Cs), 168.23 (Co), 159.04 (Ci), 157.22 (Cm),
142.41 (Cr), 137.82 (Cd), 137.19 (Ck), 131.11 (Cb), 129.88 (Ce), 128.37 (Cc), 121.96 (Ca), 121.64
(C1), 119.65 (Cj), 63.42 (Ch), 54.77 (Cf), 51.26 (Cq), 43.96 (Cg), 29.37 (Cp), 24.44 (Cn).

FT-IR (ATR) U (cm™)= 2837 (Cys-H str), 1890 (Fe-CO str), 1677 (Cyn-O str), 1451 (Cys-H bend),
1024 (Cyps-N str).
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(ii) To 2(CO) HCl was added and the reaction was left stirring at 100 °C for 3 additional hours.
After that, NH,OH was added until pH 14. Then extractions were performed in Et,O. The organic layer
was dried in MgSO,, filtered and solvent was removed under vacuum to obtain **L-COx (99 %, NMR
yield).

'H-NMR (CDCl;, 400 MHz, 298 K) § (ppm): 7.68 (d, J= 8 Hz, 1Ha), 7.53 (t, /= 8 Hz, 1HI1), 7.47 (t, ]
=8 Hz, 1Hb), 7.39 (s, 1He), 7.35 (d, J= 8 Hz, 1Hk), 7.28 (d, J= 8 Hz, 1Hc), 6.98 (d, J= 8 Hz, IHm),
4.32 (s, 2Hf), 4.27 (s,2Hq), 3.77 (s, 2Hi), 3.16 (s, 3Hg), 2.53 (s, 2Ho), 2.29 (s, 3Hp).

BC-NMR (CDCl;, 400 MHz, 298 K) § (ppm): 169.21 (Ch), 159.37 (Cj), 157.66 (Cn), 141.50 (Cd),
138.88 (Cr), 136.72 (Cl), 130.94 (Cb), 130.17 (Cc), 128.88 (Ca), 121.44 (Cm), 121.06 (Ce), 119.93
(Ck), 63.85 (Ci), 55.45 (Cq), 51.60 (Cf), 42.59 (Cp), 29.45 (Cg), 24.62 (Co).

HR-ESI-MS: caled. for C1sH21N;O, [M+H]" 296.1757; exp 296.1775. (See Figure $57).

FT-IR (ATR) D (cm™)= 2942 (Cgys-H str), 1679 (Cypo-O str), 1453 (Cqs-H bend), 1044 (Cyps-N str).

8.2. Mechanistic insights

CO atm
> +Me , + 1Me (5 M.)
DMSO-dg
100 °C, 2 h
14 %
1Me 2M6(C0)

Scheme S24. Synthesis of 2M°(CO) starting from the well-defined 1™

In the glovebox, 1™ (19.6 mg, 0.05 mmol) were dissolved in dry DMSO-ds (1 ml). The mixture was left
stirring for 2 hours at 100 °C under a CO atmosphere. After that, rapidly, vacuum was applied to remove
any CO present in the atmosphere and the reaction crude was checked by '"H-NMR. After only 2 hours
of reaction a 14 % of 2"°(CO) could be observed together with a 14 % of Ly (protodemetallation by-
product) and 71 % of starting complex (1™¢).

8.3. Amine-to-amide CO insertion reactivity using "L,

1) Fe(CO)s
Ny, MeCN
100 °C, 24 h
HN Br NH > HN NH + HN Br NH
N 2) HCI, Ny N
| = 100°C, 3h |
P = =
. 27 % 22 % 51 %
e
HLBr L-COH HI-H HI-Br

Scheme S28. Synthesis of "L-COxn
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In the glovebox, "Lg: (32.6 mg, 0.10 mmol) and Fe’(CO);s (13.48 yl, 0.10 mmol) were dissolved in dry
MeCN (1 ml). The mixture was left stirring for 24 hours at 100 °C. After that, HC] was added and the
reaction was left stirring at 100 °C for 3 additional hours. Then, NH,OH was added until pH 14 and
extractions were performed in Et;0. The organic layer was dried in MgSO,, filtered and solvent was
removed under vacuum to obtain "L-COy (27 %, '"H NMR yield). HR-ESI-MS: calcd. for CisH7;N;O
[M+H]*: 268.1450; exp: 268.1446 (See Figure S3).

lnlens._ +MS, 1.3-1.4min #(76-85), Background Subtracted
x104 268.1446

1.0- 240.1503 | 318.0596 { ; )
HN NH

H
N (o]
/ N
0.8+ =
HL-coy
+H]*) = .1450
miz ([C4gH47N;O+H]*) = 268 HN Br NH
0.64 N
| N
¥
0.4+ HN H NH Hig,
N m/z ([C4sH4gN;Br+H]*) = 318.0606
I ¥
0.24 HLH
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Figure $3. HR-ESI-MS of the reaction crude for the synthesis of *L-COg. Three main peaks could be observed.
The experimental peak at m/z = 268.1446 with a mass value and an isotopic pattern fully consistent with the
monocharged [Ci¢H1sN3O]*. The experimental peak at m/z = 240.1503 with a mass value and an isotopic pattern
fully consistent with the monocharged [CsHisN;]*. The experimental peak at m/z = 318.0596 with a mass value
and an isotopic pattern fully consistent with the monocharged [C1sH17;N3Br]".
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9. Spectroscopic characterization
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Figure S4. '"H-NMR spectrum of (i) in CDCl; at room temperature (400 MHz).
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Figure S11. HR-ESI-MS of 1.CL. Inset: expanded view of the experimental peak at a m/z = 358.0787 with a mass
value and an isotopic pattern fully consistent with the peak corresponding to the monocharged [M-Cl']* (top)
and the expanded view of the corresponding calculated spectrum for this molecular formula (bottom). (M =
C7H21N3FeCly; L = C7HyN3).
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Figure S18. HR-ESI-MS of MLy, Inset: expanded view of the experimental peak at a m/z = 344.2133 with a mass
value and an isotopic pattern fully consistent with the monocharged [M+H/Na]* (top) and the corresponding

calculated for these molecular formulas (middle [M+H]*, bottom [M+Na]*). (M = C,3H,sN3).
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Figure S21. "H-C HSQC spectrum of 1™¢ in THF-d; at room temperature (400 MHz).
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Figure $22. '"H-"*C HMBC spectrum of 1™ in THF-d; at room temperature (400 MHz).
m A A
— 4+ L
£3.0
£3.5
é; “ L 1
- » 4.0
4.5
€
a
Fs0 &
£5.5
6.0
D . Les
7.0
~ .
-
. .

T T T T T T T T T T T T T T T T T T T T T T T T T T T T
7.6 74 7.2 7.0 6.8 6.6 6.4 6.2 6.0 5.8 5.6 5.4 5.2 5.0 4.8 4.6 4.4 4.2 4.0 3.8 3.6 3.4 3.2 3.0 2.8 2.6 2.4 2.2
ppm

Figure $23. "H-"H COSY spectrum of 1™ in THF-d; at room temperature (400 MHz).

S27

f1 (ppm)



In(enss +MS, 1.8-5.6min #(108-333)|
x10

378.0905

®
]
N, 391.1221
02 g _Crel'—co
9 SSMST
N \

ludl, Wl
260 250 300 350 310 350 380 400 mz
Intens. +MS, 185 6min #(108-333)

378.0905

3911221

L
(CTTH20N3)Fe(CO)2, M 378 08|

LN
7 J
2000 C\N | co| 3780000
\
co
1500 \|

1000

500 \
1!

(C17TH20N3Fe(CO)CHACN), M 39112
2500 ®

201 391.1216

8
N

Ny
—_—
\

z

[}

(2]

F

1500 \| ~co
1000 '

500 |

3725 3750 3775 380.0 3825 385.0 3875 390.0 3925 mwz
Figure S24. HR-ESI-MS of 1™¢. Expanded view of the experimental peaks with mass value and isotopic pattern
fully consistent with the monocharged [C1sH20N30>Fe]* = 378.0905 and [CaH,3N4OFe]* = 391.1221 (top) and
the corresponding calculated for these molecular formulas (middle [ C1sH20N30,Fe]*, bottom [C20H23N4OFe]*).
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Figure $27. '"H-*C HSQCed spectrum of 1* in DMSO-ds at room temperature (400 MHz).
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Figure $28. '"H-*C HMBC spectrum of 1¥ in DMSO-ds at room temperature (400 MHz).
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Figure $29. '"H-"H COSY spectrum of 1¥ in DMSO-ds at room temperature (400 MHz).
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Figure $30. HR-ESI-MS of 1". Inset: expanded view of the experimental peak with mass value and isotopic
pattern fully consistent with the monocharged [C1sH1sN3OFe]* = 322.0643 (top) and the corresponding

calculated for this molecular formula (bottom).
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Figure S31. ATR-FT-IR spectrum of 1¥ at room temperature.
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Figure $33. Top left: HR-ESI-MS of 1. Top right: expanded view of the experimental peak at m/z = 406.1943
with a mass value and an isotopic pattern fully consistent with the monocharged [C»;H3N3Fe]* (top) and the
corresponding calculated for this molecular formula (bottom). Bottom left: expanded view of the experimental
peak at m/z = 434.1905 with a mass value and an isotopic pattern fully consistent with the monocharged
[C24H32N;OFe]* (top) and the corresponding calculated for this molecular formula (bottom). Bottom right:
expanded view of the experimental peak at m/z = 462.1843 with a mass value and an isotopic pattern fully consistent
with the monocharged [CysH32N30,Fe]* (top) and the corresponding calculated for this molecular formula
(bottom).
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Figure $34. 'H-NMR spectrum of ™Lcopn in CDCl; at room temperature (400 MHz).
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Figure $36. '"H-*C HSQCed spectrum of ™*Lcops in CDCl; at room temperature (400 MHz).
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Figure $38. A: '"H-"*C HMBC spectrum of ™Lcoes in CDCl; at room temperature (400 MHz), ampliation of the
aromatic region for detection of the ketone CO. The presence of chemical exchange dynamics in combination with
relaxation properties of carbonyl nuclei do not allow to detect CO with proper sensitivity. The presence of CO band
in IR spectrum enforce us to optimize a HMBC spectra to improve the sensitivity provided by '*C NMR spectra
and be able to assign the carbonyl nucleus using conventional HMBC without low-pass filter spectrum optimized
with a interscan delay of 3.5s. B: 'H-*C HMBC spectrum of L¢ops in CDCl; at room temperature (400 MHz),
ampliation of the aromatic (*H) and aliphatic (**C) regions to assign the benzylic positions. C: '"H-'H NOESY
spectrum of MLcops in CDCl; at room temperature (400 MHz), ampliation of the aliphatic (f1) region to assign
and further confirm the benzylic positions.
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Figure $39. HR-ESI-MS of M*Lcopn. Inset: expanded view of the experimental peak at m/z = 372.2070 with a mass
value and an isotopic pattern fully consistent with [M+H]* (top) and the corresponding calculated for this
molecular formula (bottom). (M = Cp,H2sN;0).
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Figure $40. ATR-FT-IR spectrum of ™Lcop, at room temperature.
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Figure S41. "H-NMR spectrum of 2**(CO) in DMSO-d at room temperature (400 MHz).
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10. X-ray Diffraction Analysis

Ca-Fe=2.699 A
H---Fe=2.438 A
a =96.0°

0 (torsion) =14.4°

Figure S59. Crystal structure of 1.Cl at 100 K (CCDC 2046155).

Table S1. Crystallographic parameters for 1.Cl,.

1.CL,

Chemical formula C7H»:CLFeN;

Formula weight 394.12 g/mol

Temperature 100(2) K

‘Wavelength 0.71073 A

Crystal system orthorhombic

Space group Pbca(6l)

Unit cell dimensions a=12.855(2) A a=90°
b=14842(2)A B=90°
c=18.151(3)A  y=90°

Volume 3463.2(9) A3

Z, Density (calculated) 8, 1.512 g/cm’

Absorption coefficient 1.181 mm"

F(000) 1632

Crystal size 0.180x0.220x0.250 mm

Theta range for data collection 2.38t026.08°

Index ranges -16<=h<=17

-18<=k<=19
24<=1<=24

Reflections collected / Independent 35615 / 4299

Completeness to Theta

[R(int) = 0.0458]

99.9% (Theta = 26.08°)

Refinement method Full-matrix least-squares on F*

Data / restraints / parameters 4299/0/210

Goodness-of-fit on F> 1.075

Final R indices 3325 data R1 = 0.0449, wR2 =
I>20(1) 0.0911
all data R1=0.0635,wR2 =

0.1006

Largest diff. peak and hole 0.741 and -0.305 eA™
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Car-Fe=2.676 A
H--Fe=2416 A
o =95.3°

0 (torsion) =12.6°

Figure S60. Crystal structure of 1.Br, at 100 K (CCDC 2046156).

Table S2. Crystallographic parameters for 1-Br,.

1.Br,
Chemical formula Ci7H21Br,FeN;
Formula weight 483.04 g/mol
Temperature 100(2) K
Wavelength 0.71076 A
Crystal system orthorhombic
Space group Pbca

Unit cell dimensions

Volume

Z, Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection

Index ranges

Reflections collected / Independent

Completeness to Theta
Refinement method

Data / restraints / parameters
Goodness-of-fit on F*

Final R indices

Largest diff. peak and hole

a=12927(8) A  a=90°
b=15209(9)A B=90°
c=18.193(12) A  y=90°

3577(4) A

8, 1.794 g/cm’

5.313 mm™

1920

0.090x0.110x0.220 mm

3.05t0 30.08°

-18<=h<=18

-21<=k<=12

-25<=1<=2§

83185 /5245

[R(int) = 0.0788]

99.9% (Theta = 30.08°)
Full-matrix least-squares on F?
5245/0/210

1.020

4148 data; R1=0.0282,wR2 =
1>20(1) 0.0495

all data R1=0.0471,wR2 =

0.0543
0.518 and -0.465 eA>
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Figure S61. Crystal structure of 1™ at 100 K (CCDC 2046157).

Table S3. Crystallographic parameters for 1.

IMe

Chemical formula
Formula weight
Temperature
‘Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z, Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection

Index ranges

Reflections collected / Independent

Completeness to Theta
Refinement method

Data / restraints / parameters
Goodness-of-fit on F*

Final R indices

Largest diff. peak and hole

CisH,0BrFeN;O

430.13 g/mol

100(2) K

0.71076 A

monoclinic

P121/cl
a=14751(14) A  a=90°
b=9.565(8) A B=105.17(3)°
c=13.177(10) A y=90°

1794(3) A3

4, 1.592 g/cm’

3.076 mm™

872

0.030x0.100 x 0.100 mm

2.56t027.51°

-19<=h<=19
-12<=k<=12
-17<=1«=17

48846 / 4109
[R(int) = 0.0775]
99.6% (Theta = 27.51°)

Full-matrix least-squares on F*

4109 /0/219

1.062

3288 data; R1 = 0.0403, wR2 =
I>20(1) 0.0805

all data R1=0.0598, wR2 =

0.0872
1.408 and -0.409 eA™
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Figure S62. Crystal structure of 1% at 100 K (CCDC 2046158).

Table S4. Crystallographic parameters for 1.

IH

Chemical formula
Formula weight
Temperature
‘Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z, Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection

Index ranges

Reflections collected / Independent

Completeness to Theta
Refinement method
Data / restraints / parameters

Goodness-of-fit on F?

Final R indices

Largest diff. peak and hole

C17H1sBrFeN;0,, CH;CN

471.14 g/mol

100(2) K

0.71076 A

monoclinic

P121/n1
a=12717(8) A  a=90°
b=10223(7)A  B=97.74(3)°
c=15.008(9)A  y=90°

1933(2) A3

4, 1.619 g/cm’

2.868 mm™

952

0.020 x 0.080 x 0.270 mm

2.57 t0 27.66 °

-16<=h<=16
-13<=k<=13
-19<=1<=19

41971 / 4504
[R(int) = 0.0651]

99.6% (Theta = 27.66°)

Full-matrix least-squares on F*
4504 /0/253

1.020

3668 data; R1 = 0.0290, wR2 =
1>20(1) 0.0545

all data R1=0.0452,wR2 =

0.0591
0.422 and -0.346 eA>
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11. DET Modelling

11.1. Computational details

All DFT calculations were performed with the Gaussian 16 Revision A.03 program.® Geometry
optimizations were carried out using the long-range corrected ®B97X-D functional,” which includes
empirical dispersion correction, along with the def2-SVP basis set.'’ Solvation effects were included as a
Polarizable Continuum using the SMD model."" Subsequently, we performed frequency calculations to
each of the optimized structures to ensure that all local minima have only real frequencies and compute
the Gibbs energy (AG), i.e., to evaluate the entropic and enthalpic corrections, assuming temperature
value of 298.15 K and a pressure of 1.0 atm. Finally, single point energy calculations on the equilibrium
geometries, including solvent effects, were computed with the more flexible basis set def2-TZPV."
Therefore, the values of AG reported in the manuscript are calculated at ®B97X-
D/def2TZVP//®B97X-D/def2SVP level, including solvent effects (SMD) and empirical dispersion

corrections.

11.2. Relative electronic and Gibbs energy values of D, E-1 and E-2

Table S1. Relative Electronic (AE) and Gibbs energy (AG) values in kcal/mol of D, E-1 and E-2 compounds
optimized at ®B97X-D/def2TZVP//®B97X-D/def2SVP level for the spin states S =0, 1 and 2.

Compound AE AG
D Singlet 0.00 1.01
D triplet 2.18 0.00
D quintuplet 22.44 14.13
E-1 Singlet 18.17 17.56
E-1 triplet 19.20 15.51
E-1 quintuplet 11.69 6.19
E-2 Singlet 36.89 34.01
E-2 triplet 26.27 22.86
E-2 quintuplet 15.47 9.72

11.3. XYZ coordinates of DFT optimized structures

All Cartesian coordinates for the optimized structures can be found in the supplementary file

“Magallon_Organometallics_Cartesian_coordinates.xyz”.
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ANNEX 3

1. General considerations

Materials and methods

All manipulations were carried out under a nitrogen atmosphere using standard Schlenk and
glove box (with O, and H,O concentrations < 1 ppm) techniques unless otherwise indicated.
All reagents for which synthesis is not given are commercially available from Sigma Aldrich,
Acros or STREM and were used as received without further purification. Solvents were purified
prior to use by passing through a column of activated molecular sieves using an MBRAUN SPS.
PyNMe; ligand,? (Py).Ni"(cycloneophyl),® were prepared according to previously reported
protocols in the literature. Other abbreviations used throughout the paper and supporting
information: ferrocenium hexafluorophosphate (FcPFs), nitrosonium hexafluorophosphate
(NOPFs), nitrosonium hexafluoroantimonate (NOSbFs), 1-Fluoro-2,4,6-trimethylpyridinium
triflate (NFTPT), hydrogen peroxide (H,O), tert-butyl hydroperoxide (‘BuO.H), xenon
difluoride (XeF,) and (diacetoxyiodo)benzene (PhI(OAc).).

NMR data concerning product identity were collected with a Bruker S00 spectometer (500
MHz). Chemical shifts are reported in ppm and referenced to residual solvent resonance peaks.
Abbreviations for the multiplicity of NMR signals are s (singlet), d (doublet), dd (doublet of
doublets), t (triplet), m (multiplet). All NMR experiments were recorded and processed using
standard parameters and no more details are given, unless otherwise stated. EPR spectra were
recorded using a Bruker 10" EMXPlus X-band Continuous Wave EPR spectrometer at 77 K.
EPR spectra simulation and analysis were performed using Bruker WINEPR SimFonia program,
version 1.25. GC-MS data was collected using an Agilent 7890B GC Series System and an
Agilent 5977B Mass Selective Detector. High resolution mass spectra (HRMS) were recorded
on a Bruker MicrOTOF-Q II'TM instrument using ESI as ionization source or CMS (cryospray
ionization, for low temperature experiments) at Serveis Técnics University of Girona. Samples
were introduced into the mass spectrometer ion source by direct infusion and were externally
calibrated using sodium triflate. The instrument was operated in the positive ion mode.
Electrochemical-grade electrolytes from Fluka were used as the supporting electrolyte for
electrochemical measurements. Cyclic voltammetry experiments were performed with a BASi

EC Epsilon electrochemical workstation or a CHI 660D Electrochemical Analyzer. The
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electrochemical measurements were taken in a glove box under nitrogen. A glassy carbon disk
electrode (d = 1.6 mm) was used as the working electrode for cyclic voltammetry. The auxiliary
electrode was a Pt wire for cyclic voltammetry measurements. The non-aqueous references
electrode used was a silver wire. The reference electrodes were calibrated against ferrocene (Fc).
UV-vis spectroscopy was performed with an Agilent 8453 UV-vis spectrophotometer with 1 cm
quartz cells. Low temperature control was achieved with a cryostat from Unisoku Scientific
Instruments, Japan. Elemental analysis was carried out by the Microanalysis Laboratory at

UIUC using an Exeter Analytical - Model CE440 CHN Analyzer.
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2. Synthesis of [ (PyNMe;)Ni"(PhF)(Br)] and 1-Br Complexes

| XN Ni(COD),
A O
—N N— —
k"r J rt.
PyNMe
yhiies [(PyNMe3)Ni'((PhF)(Br)] )1('3'
-ray

not detected

Reductive F.
4 elimination O
/5 —_— O + 17, Ni% (s)
F
= " = homocoupled product
[(PyNMe3)Ni"(PhF),] GC-MS

not detected

Scheme S1. Attempt to synthesize complex [ (PyNMe;)Ni"(PhF)(Br)].

In a N»-filled glovebox, PyNMe; (38mg, 0.15 mmols) and Ni(COD); (42.1 mg, 0.15 mmols)
were dissolved in ~3 mL of 4-fluorobromobenzene. The mixture was stirred for 4 hours at room
temperature, and a green solid formed with specs of a black solid. The mixture was collected and
washed with diethylether to remove excess solvent and ligand. [ (PyNMe;)Ni"(Br).] (1-Br) and
Ni(0) (64.9 mg, 0.13 mmol, 88% yield).

X-ray quality crystals were obtained from the slow diethylether vapor diffusion over a
concentrated solution of the complex in MeCN at -35 °C. The solid-state structure revealed
complex 1-Br. In addition, the reaction solution contained homocoupled product 4,4-

difluorobiphenyl, detected via GC-MS.
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3. Synthesis of 1-Cl and [ (PyNMe;)Ni"(Me).] Complexes

A
I Z
N Ni'(DME)CI, (0.8 eq)
—N N— >
(N Ny, THF,
| rt., 24 h
PyNMe;

Scheme S2. Synthesis of complex 1-CL

In the glovebox, PyNMe; (29.2 mg, 0.12 mmol) was dissolved in THF (2 mL). Afterwards
Ni"(DME)Cl, (20.0 mg, 0.09 mmol) was added directly as a solid and the mixture was stirred
for 24 hours. After that, the formation of a green suspension was observed. Then the suspension
was crashed out with diethyl ether, filtered and dried under vacuum obtaining 28.5 mg of a green
solid corresponding to [(PyNMe;)Ni" (Cl).], 1-Cl (0.08 mmol, 85% yield). X-ray quality
crystals were obtained after redissolving the green solid in MeCN and by slow diethyl ether

diffusion at room temperature.

«Cl MeMgCl (2 eq)

R
‘Nl

\ = N |

\

—_——Z

¢ N, THF,
-50 °C
N
\
1-Cl [(PyNMe;)Ni'(Me),]
X-ray TH-NMR (broad)

Scheme $3. Attempt to synthesize complex [ (PyNMe3)Nill(PhF)(Br)].

In a N»-filled glovebox, 1-Cl (35.5 mg, 0.09 mmol) was suspended in THF and cooled down to
-50 °C. Then 66 pL of a 3M solution of cold MeMgCl in THF was added dropwise and upon
addition of the MeMgCl a color change from green to red was observed. The suspension was
left stirring for an 1 hour at -50 °C in the glovebox freezer and then the solvent was evaporated
under vacuum at -50 °C. After that toluene was added to precipitate the magnesium salts and

the mixture (orange) was filtered twice through a celite® pad and once through a kim-wipe. The
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solvent was removed under vacuum and the orange-black solid was dissolved in benzene-ds to

take '"H-NMR at r.t of the putative [ (PyNMe;)Ni"(Me),] formed.

* THF

+ Toluene

Figure S1. "H-NMR of the putative [ (PyNMe;)Ni"(Me),] in C¢Ds.

4. Synthesis of [ (PyNMe;)Ni(cycloneophyl) ] complexes

4.1. Preparation of [ (PyNMe;)Ni(cycl), 2

A
| 7~
N (Py)oNi'(cycl)
—N N— =
K,N\) N,, toluene/pentane (1:1)
| rt., 16 h
PyNMe; 2

Scheme $4. Synthesis of complex 2.

In the glovebox, PyNMe; (70.9 mg, 0.28 mmol) and (Py),Ni"(cycl) (65.2 mg, 0.19 mmols)
were dissolved in 3 mL toluene/pentane (1:1). The mixture was stirred for 16 hours at room
temperature. After that the orange-red suspension was dried under vacuum. Then the orange

solid obtained was washed with diethyl ether to remove any ligand in excess. The suspension
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was filtered and the solid was redissolved in the minimum amount of THF. Slow pentane
diffusion over a concentrated solution of the complex in THF at -35 °C afforded orange crystals

corresponding to [ (PyNMe;)Ni"(cycl)], 2 (58.3 mg, 0.13 mmol, 71 % yield).

'H-NMR (C¢D¢, 500 MHz, 298 K) § (ppm): 7.19-7.10 (m, 2H, C), 6.93 (m, 1H, C), 6.86 (m,
1H, F), 6.54 (b, 1H, C), 6.50 (m, 2H, F), 4.82 (d, 2H, G), 3.00 (b, 2H, E), 2.87 (b, 2H, G),
2.44 (b,2H,E), 2.22 (s,3H,D), 2.07 (s, 6H, D), 1.90 (s, 6H, B), 1.85 (b, 3H, ) 1.71 (b, 2H, E),
1.35 (s,2H, A); Ligand Impurities: 6.78, 3.69, 3.56, 2.71, 2.60, 2.33, 2.18

BC-NMR (CsDs, 500 MHz, 298 k), § (ppm): 169.50 (c), 159.80 (f), 159.04 (c), 157.78 (),
136.73 (c), 136.07 (f), 134.50 (f), 122.56 (c), 121.76 (c), 121.43 (f), 120.82 (c), 65.04 (g),
56.49 (e), 55.89 (e), 47.79 (h), 47.08 (d), 44.42 (d), 40.74 (a), 34.16 (b) ; Ligand Impurities:
62.52,52.09, 51.43,45.05, 44.12

EA: calcd. for Co4H3sNuNi, C 65.62, N 12.75, H 8.26 %; exp. C 66.01, N 12.83, H 8.37 %.
UV-vis(233 K): Anax = 460 nm (& = 880 Mlcm™!)

4.2. Preparation of [ (PyNMe;)Ni"(cycl) ](PFs), 3

Fc(PFg)

N,,MeCN
-35°C, 3h

Scheme SS. Synthesis of complex 3.

In the glovebox, complex 2 (23.4 mg, 0.05 mmol) was dissolved in 2 mL of MeCN and Fc(PFy)
(17.6 mg, 0.05S mmols) was added at -50 °C. The mixture was stirred for 3 hours at -35 °C. After
that the mixture was concentrated under vacuum. X-ray quality crystals were obtained after a
few days of storage of a concentrated solution in MeCN at -35 °C corresponding to

[(PyNMe;)Ni™(cycl) ] (PFs), 3 (21.3 mg mg, 0.04 mmol, 73 % yield)

HR-CMS-MS (233 K): calcd. for CosH36NNi* [ M-PF;]* 438.2288; exp 438.2289.
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EPR g,= 2.235; g,= 2.207; g, = 2.016, A = 13.7 G

EA: calcd. for C54H36N4NiPF¢-0.6(CH;CN), C 48.53, N 10.58, H 6.26 %; exp. C 48.22, N 10.47,
H6.17 %.

UV-vis(233 K): Anax = 510 nm (¢ = 300 M'cm™!)

4.3. NMR Scale Preparation of [ (PyNMe;)Ni'V(cycloneophyl) ] (SbF)., 4

NO(PFg) (2 eq)
step-wise addition

\

N2,MeCN
“40°C

Scheme S6. NMR-scale synthesis of complex 4.

In the glovebox, complex 2 (6.0 mg, 0.01 mmol) was dissolved in 200 pL, CD;CN, placed in an
NMR tube and sealed with a septum cap. A separate solution of NO(PFs) (3.5 mg, 0.02 mmols)
in 200 pL of CD3;CN was added at -40 °C in a stepwise fashion. The first equivalent of oxidant
was added and quickly mixed in the NMR tube to get a pink-red paramagnetic solution. The
second equivalent of oxidant was then added and mixed to obtain a dark orange diamagnetic

solution corresponding to complex [ (PyNMe;)Ni"(cycl)](PFs),, 4.

"H-NMR (500 MHz, CD;CN, -35 °C), § (ppm): 8.38 (b, 1H, L), 7.78 (b, 2H, K), 7.14-7.05
(d,3H,B,C,D),6.70 (b, 1H,A), 5.25 (s,2H, F), 3.70-2.86 (d, 4H, J), 2.95-2.73 (d, 8H, 1), 2.17

(s,6H, H), 1.61 (s, 6H, E), 1.37 (s, 3H, G) Impurities: 5.45, 1.3,0.86
HR-CMS-MS (233 K): calcd. for C24H3sNuNi?* [M-2SbFs]* 219.1141; exp 219.1120.

UV-vis(233 K): Anax = 470 nm (e = 1200 M'cm™!)
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5. NMR Spectra for [ (PyNMe;)Ni(cycloneophyl) ] Complexes

5.1. NMR Characterization for complex 2

complex 2
Scheme S7. '"H-NMR (left) and *C-NMR (right) assignations for complex 2.
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Figure S2. "H-NMR of complex 2 in C¢Dg at room temperature.
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PyNMe3NiCycl_13C_012721.23.fid {900
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Figure §3. 3C-NMR of complex 2 in C¢Dg at room temperature.
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Figure $4.3C-APT of complex 2 in C¢Ds at room temperature.
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Figure $5. 'H-"H COSY NMR of complex 2 in C¢Ds at room temperature.
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Figure S6. 'H-'"H TOCSY NMR of complex 2 in C¢Dg at room temperature.
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PyNMe3NiCydE/NOESY_(12721.31.ser 0.5
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Figure S7. '"H-'H NOESY NMR of complex 2 in C¢Ds at room temperature.
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Figure S 8. 'H-3C HSQC NMR of complex 2 in C¢Ds at room temperature.
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Figure §9. 'H-3C HMBC NMR of complex 2 in C¢Ds at room temperature.

5.2. NMR Comparison for complexes 2, 3 and 4

NO(PFg) (1 eq) NO(PFg) (1 eq)
e —
N,. MeCN, N, MeCN,
-35°C -35°C
2 3 4
Red NMR Green NMR Purple/Blue NMR

A stepwise 2e” oxidation of NOPFs to complex 2 in a N-filled NMR tube. The addition of one
equiv. oxidant converted the diamagnetic Ni" complex (Stacked: Red Spectra) to a

111

paramagnetic Ni"' species (3) (Stacked: Green Spectra). Upon the addition of the second equiv.
of oxidant, the NMR signal became diamagnetic to form the proposed Ni'V species (4) (Stacked:
Purple/Blue Spectra). Broad Ni'V peaks were observed, which are likely due to a small amount

residual of Ni'™.
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PyNMe3NillCycl_plus_2ndNOPF6_022521_1H_CD3CN_2min
STANDARD PROTON PARAMETERS

Ni(IV)
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Figure S10. Stacked view of the 'H NMR spectra of Ni'"/Ni"™/Ni" (complexes 2/3/4, respectively) in CD;CN at
-35°C.
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5.3. NMR Characterization of complex 4

complex 4

Scheme $ 8. '"H-NMR assignation for complex 4.
PyNMe3NilICycl_plus_2ndNOPF6_022521_1H_CD3CN_2min
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Figure S$11. "H NMR of complex 4 in CD;CN.

"H-NMR (500 MHz, CD;CN), § (ppm): 8.38 (b, 1H, L), 7.78 (b, 2H, K), 7.14-7.05 (d, 3H,
B,C,D),6.70 (b, 1H, A), 5.25 (s, 2H, F), 3.70-2.86 (d,4H, J), 2.95-2.73 (d, 8H, 1), 2.17 (s, 6H,
H), 1.61 (s, 6H, E), 1.37 (s, 3H, G) Impurities: 5.45, 1.3, 0.86

Peaks were assigned based on the previously isolated NiV complexes

[MN4Ni(Cycloneophyl) ]** and [M* TACNNi(Cycloneophyl) ]>*.**
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6. Cyclic Voltammogram (CV) of complex 2

10.00
0.03V

- 000 __
<
=
- -10.00 £
g
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- -20.00

: ; ; ; : -30.00

12 08 04 0 04 -08 -1

E vs Fc (V)
Figure $12. Cyclic voltammogram of complex 2.

7. Simulation of EPR Spectra of Isolated complex 3

Fc(PFg)

N,, -50 °C,
MeCN/PrCN (1:3)

EPR
Scheme $9. Synthesis of complex 3 for EPR characterization.

In the glovebox, complex 2 (3.6 mg, 0.008 mmol) was dissolved in MeCN (100 pL) and cooled
down to -50°C. Then a cold suspension of FcPFs (2.7 mg, 0.008 mmol) in PrCN (300 pL) was
layered over the complex solution. The resulting solution of 1:3 MeCN:PrCN was shaken for §
seconds and then frozen in liquid nitrogen. After mixing, the dark blue colour of the oxidant

suspension vanished immediately, and everything was in solution.
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EXP

"V

SIM

Vo

g,= 2.016, A= 13.7G

290 315 340
Field (mT)

Figure S13. EPR spectra of complex 3 at low temperature (black line: experimental; red line: simulated).

Obs: The complex is stable at room temperature. Spectra of the initial complex (low temp, no

warming up) and spectra of the complex after 30 min at room temperature remains the same.

8. UV/vis spectra of [ (PyNMe;)Ni(cycloneophyl) | complexes

NO(SbFg) NO(SbFg)
Nj,MeCN N,,MeCN
-40°C -40°C
2 3* 424-

Scheme $10. Reaction scheme for the low-temperature UV /vis characterization of complexes 2, 3 and 4.

A UV-vis cell was charged with 2.2 ml of a 0.5 mM solution of 2 in anhydrous MeCN prepared
in the glovebox. The quartz cell was capped with a septum, taken out of the glovebox, and placed
in a Unisoku thermostated cell holder designed for low-temperature experiments at 233 K. Once
the thermal equilibrium was reached, a UV/vis spectrum of the starting complex was recorded
(orange line). Complex 2 exhibited a band at Amw = 460 nm (e = 880 M'cm™). After that, another
equivalent of NO* was injected into the cell through the septum resulting in an immediate new
spectrum corresponding to complex 3* which showed a band at Amw = 510 nm (e = 300 M cm
1). The nature of complex 3 was confirmed by HR-CMS-MS (calcd. for CosH3sNyNi* [M-SbFs]*
438.2288; exp 438.2289). Finally, another equivalent of the same oxidant was added as before

stated to the cuvette and instantly afforded a different spectrum corresponding to complex 4**
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that presents a band at Amw = 470 nm (e = 1200 M'cm™). Again, the nature of complex 4 was

confirmed by HR-CMS-MS (calcd. for CosH3sN4Ni** [M-2SbFs]* 219.1141; exp 219.1120, at

233 K).
1.6
14 ——Ni(II) —— Ni(III) —Ni(IV)
1.2 ‘ ‘\
g 1.0
<
£ 08
2
2 06
0.4
0.2
0.0 T T T T T T — —— - — — T T — =
300 400 500 600 700 800 900 1000
wavelength (nm)
Figure $14. UV/Vis at -40 °C, 0.5 mM solution of complexes 2, 3 and 4 in MeCN.
9. Cryo-ESI-MS analysis of complexes 3 and 4
[(PyNMe;)Ni™(cycl)]*, 3* (233 K)
Intens. +MS, 7.0-7.7min #(415-459)
15001 [LNi"(cycl)]*
438.2289
1000
[LNiII]2+
153.0681
[LNi"CI]*
oy 341.1041
[L+H]*
249.2066
0: L ]l - 1 . A v . v
200 400 600 800 1000 1200 1400 miz

Figure S15. HR-cryo-MS of complex 3 at -40 °C.
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Intens. +MS, 7.0-7.7min #(415-459)

1500+
438.2289

1000

4402248
439.2313

’
;i L

2500

(C14H24N4)NI(C10H12), M ,438.23

— 4382288

1500

1000 440 2244

| J | 4412276

442 2219
" . , ) L J . N TR ‘ , .
436 440 442 444 mz

|
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Figure $16. Zoom-in of the monocharged peak corresponding to complex 3*.

[(PyNMe;)Ni"(cycl)]*, 4* (233 K)

Ime::;i +MS, 3.5-5.8min #(208-349),
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[LNi"(cyc)]**
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Figure S17. HR—cryo-MS of complex 4 at -40 °C.
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Intens. +MS, 3.5-5.8min #(208-349)
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Figure S18. Zoom-in of the discharged peak corresponding to complex 4*.
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Figure $19. Zoom-in of the monocharged peak corresponding to complex 4*.
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10. Reactivity studies

oxidant H H
> H o OH
2-MeTHF, -78 °C to 82 °C

oxidant: (i) O, A B C D
(i) HyO, 50% (2eq)
(iii) 1BuO,H 70% (2eq)

Scheme S11. Reactivity of complex 2 towards two-electron oxidants for the formation of C-C and C-O coupling
products.

In a N,-filled glovebox, complex 2 (2 mg) and 1.0 eq trimethoxybenzene were dissolved in 2 mL
of 2-methyltetrahydrofuran. The mixture was allowed to cool down to -78 °C, and then bubbled
with dry oxygen for 30 seconds, or injected with 2.0 eq H.O, (50 wt%) or ‘BuO,H (70 wt%).
After 15 minutes, aliquots were taken from the reaction mixture for GC-MS analysis and the
solution was allowed to warm up to 22 °C. After 1 hour at 22 °C, aliquots were taken again, and

the solution was heated to 82 °C. After 24 and 48 hours at 82 °C, aliquots were also taken.

For GC-MS analysis, the aliquots taken were added to 200uL of 14wt% HCIO, solution to
completely protodemetallate the organic fragments. Then 1mL saturated K,COj; solution was
added to the mixture to neutralize, and the organic product was extracted twice with 0.SmL
diethyl ether. The organic layer was dried over MgSO,, filtered and injected into GC-MS for

analysis. The product yield was calibrated with a calibration curve against trimethoxybenzene.

Entry |  Oxidant Time A% | B@o) | ce) | D) | sum@s) | €
Sum (%)

1 15min 5SS 0 0 0 55

2 0, 15min + 1h 41 0 1 1 43 2
3 (30sbubbling) | 15min+ 1h+24h | 41 2 4 1 48 5
4 1Smin+1h+48h | 59 0 6 2 67 8
5 15min 13 0 1 1 15 2
6 H,0, 15min + 1h 9 1 5 2 17 7
7 2eq 15Smin+1h+24h | 8 0 9 2 19 11
8 15Smin+1h+48h | 9 1 11 2 23 13
9 15min 5 0 1 1 7

10 tBuO,H 15min + 1h 3 0 4 2 9 6
11 2eq 1Smin+1h+24h | 3 0 7 2 12 9
12 1Smin+1h+48h | 3 1 8 3 15 11
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11. X-ray Diffraction Analysis

1-Br

Chemical formula C14H4NiN,Br,

Formula weight 466.90 g/mol

Temperature 100(2) K

Wavelength 0.71073

Crystal system orthorhombic

Space group Pca2,

Unit cell dimensions a=14.5110(8) A @ =90°
b=7.7903(5) A B=90°
c=30.1258(17) A y=90°

Volume 3405.6(3) A3

Z, Density (calculated) 8,1.821 g/cm®

Absorption coefficient 5.831mm!

F(000) 1872

Crystal size 0.418x0.295 x 0.206 mm

Theta range for data collection 2.615t027.522°

Index ranges -18<h<18, -10<k<6, -39<1<39

Reflections collected / Independent 32021/

Completeness to Theta

Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices

Largest diff. peak and hole

7798 [R(int) = 0.0466]
99.9% (Theta = 25.242°)

Full-matrix least-squares on F2

7798 /1 /386

1.035

data R1 = 0.0461, wR2 = 0.11901
I>20(1)

all data R1=0.0586, wR2 =0.1259

and eA 1.286 and -1.612 e.A-3
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1-Cl

Chemical formula C14Hx,NiN,Cl,

Formula weight 377.98 g/mol

Temperature 100(2) K

Wavelength 0.71073

Crystal system orthorhombic

Space group Pca2,

Unit cell dimensions a=25.5261(8)A  a=90°
b=7.5526(2) A B=90°
c=34.2402(12) A y=90°

Volume 6601.1(4) A3

Z, Density (calculated) 16,1.521 g/cm®

Absorption coefficient 1.498mm™

F(000) 3168

Crystal size 0.541x0.294x0.107 mm

Theta range for data collection
Index ranges

Reflections collected / Independent

Completeness to Theta

Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices

Largest diff. peak and hole

1.189 to 32.656°
-38<h<38, -5<k<11, -51<I<51

24015/
18871 [R(int) = 0.0447]

99.9% (Theta = 25.242°)

Full-matrix least-squares on F2

7798 /1/770

1.012

data R1 = 0.0447, wR2

I>20(1)

all data R1=0.0671,wR2 =0.0811

and eA 0.549 and -0.660 e.A-3

0.0741
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2

Chemical formula C,4H3sNiN,

Formula weight 439.27 g/mol

Temperature 100(2) K

Wavelength 0.71073

Crystal system orthorhombic

Space group P2,2,2,

Unit cell dimensions a=10.3930(4)A  a=90°
b=13.3946(5)A  B=90°
c=15.9835(6) A y=90°

Volume 2225.06(15)A3

Z, Density (calculated) 4, g/cm?

Absorption coefficient 0.889 mm!

F(000) 984.0

Crystal size 0.446 x 0.297 x 0.227 mm

Theta range for data collection

Index ranges

Reflections collected / Independent

Completeness to Theta

Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices

Largest diff. peak and hole

4.674 to 56.588 °

-13<h<13-16 <k<17-21<1<21

62710/

5516 [Rine = 0.0344, Ryigma = 0.0164]

1.77/1.00 (Theta = 28.294 ©)

Solved with the ShelXT structure solution program

using Intrinsic Phasing and refined with the XL
refinement package using Least Squares minimization.

5516/0/267

1.123

data R1 = 0.0249, wR2 = 0.0641
I>20(1)

all data R1 =0.0259, wR2 = 0.0647

and eA3 0.57/-0.53
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3

Chemical formula C,4H3sNiN,PFq

Formula weight 584.25 g/mol

Temperature 100(2) K

Wavelength 0.71073

Crystal system monoclinic

Space group P2,/n

Unit cell dimensions a=8.4822(2) A o =90°
b=10.1578(2) A B =97.0100(10) °
c=29.7277(6) A y=90°

Volume 2542.21(9) A3

Z, Density (calculated) 4, g/cm?

Absorption coefficient 0.891 mm!

F(000) 1220.0

Crystal size 0.201 x0.113 x 0.079 mm

Theta range for data collection 4.24 to0 56.58°

Index ranges -11<h<11-13<k<13-39<1<39

Reflections collected / Independent 83724/

Completeness to Theta

Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices

Largest diff. peak and hole

6326 [Rine = 0.0351, Ryjgma = 0.0149]
0.999% (Theta =28.290 °)
Solved with the ShelXT structure solution program

using Intrinsic Phasing and refined with the XL
refinement package using Least Squares minimization.

6326/0/330
1.039

data
R; =0.0283, wR, =0.0691

I>20(1)

all data
R;=0.0315,wR, =0.0716

and eA30.50/-0.44
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