Okinawa Institute of Science and Technology

Graduate University

Thesis submitted for the degree

Doctor of Philosophy

Synthesis and Reactivity of
Transition Metal Complexes Supported by

Non-Phosphine Ligands in Metal-Ligand

Cooperation and Fluoroalkyl Incorporation

by
Hoan M. Dinh
‘g
4

Supervisor: Dr. Julia R. Khusnutdinova

June 2024



Declaration of Original and Sole Authorship

I, Hoan M. Dinh, declare that this thesis entitled Synthesis and Reactivity of Transition Metal
Complexes Supported by Non-Phosphine Ligands in Metal-Ligand Cooperation and
Fluoroalkyl Incorporation and the data presented in it are original and my own work.

I confirm that:

This work was done solely while a candidate for the research degree at the Okinawa
Institute of Science and Technology Graduate University, Japan.

No part of this work has previously been submitted for a degree at this or any other
university.

References to the work of others have been clearly attributed. Quotations from the
work of others have been clearly indicated and attributed to them.

In cases where others have contributed to part of this work, such contribution has
been clearly acknowledged and distinguished from my own work.

None of this work has been previously published elsewhere, with the exception of
the following:

Dinh, M. H.; He, Y.-T.; Fayzullin, R. R.; Vasylevskyi, S.; Khaskin, E.;
Khusnutdinova, J. R. "Synthesis of Aryl-Manganese(III) Fluoride Complexes via a-
Fluorine Elimination from CF3 and Difluorocarbene Generation" Eur. J. Inorg. Chem.

2023, 26 (32), €202300460.

Declaration of contribution: 1 (Hoan M. Dinh) synthesized and characterized the
Mn'" complexes, performing the difluorocarbene trapping experiment and reactivity
of Mn"! dibromo complex in difluorocarbenation reaction.

Dinh, M. H.; Govindarajan, R.; Deolka, S.; Fayzullin, R. R.; Vasylevskyi, S.;
Khaskin, E.; Khusnutdinova, J. R. "Photoinduced Perfluoroalkylation Mediated by
Cobalt Complexes Supported by Naphthyridine Ligands" Organometallics, 2023, 42,
2632-2643.

Declaration of contribution: 1 (Hoan M. Dinh) synthesized and characterized all
complexes, performed the reactivity and catalytic activity of cobalt complexes in
photo-induced perfluoroethylation, as well as conducted the computational
calculations.

Dinh, M. H.; Gridneva, T.; Karimata, A.; Garcia-Roca, A.; Pruchyathamkorn, J.;
Patil, P. H.; Petrov, A.; Sarbajna, A.; Lapointe, S.; Khaskin, E.; Fayzullin, R. R.;
Khusnutdinova, J. R. "Single and Double Deprotonation/Dearomatization of N,S-
Donor Pyridinophane Ligand in Ruthenium complexes" Dalton Trans. 2022, 51,
14734-14746.

Declaration of contribution: 1 (Hoan M. Dinh) synthesized and characterized the
Ru(Il) complexes and performed the deprotonation experiments and reactivity tests
of the deprotonated complexes.

Sarbajna, A.; He, Y.-T.; Dinh, M. H.; Gladkovskaya, O.; Rahaman, S. M. W,;
Karimata, A.; Khaskin, E.; Lapointe, S.; Fayzullin, R. R.; Khusnutdinova, J. R.
"Aryl-X Bond-Forming Reductive Elimination from High-Valent Mn—Aryl
Complexes" Organometallics 2019, 38, 4409-4419.



Date:

Declaration of contribution: 1 (Hoan M. Dinh) optimized the synthesis of the
complexes, performed characterization and magnetic measurements in solution and
mechanistic studies.

Sarbajna, A.; Patil, P. H.; Dinh, M. H.; Gladkovskaya, O.; Fayzullin, R. R.; Lapointe,
S.; Khaskin, E.; Khusnutdinova, J. R. "Facile and Reversible Double
Dearomatization of Pyridines in Non-Phosphine Mn' Complexes with N,S-Donor
Pyridinophane Ligand" Chem. Commun. 2019, 55, 3282-3285.

Declaration of contribution: 1 (Hoan M. Dinh) synthesized the first Mn' complex and
explored the double deprotonation in this complex, as well as conducted the reactivity
tests of the double deprotonated complexes.

Authorization for the reuse of the work that includes co-author’s contribution has been
signed.

2024/06/04

Signature:

II



Abstract

The thesis describes the synthesis and reactivity of metal complexes supported by non-
phosphine ligands in metal-ligand cooperation and fluoroalkyl incorporation. The first
chapter introduces the literature review on metal-ligand cooperation as a tool for bond
activation and catalysis, and the synthesis of manganese(I) and ruthenium(Il) complexes
supported by non-phosphine N,S-donor macrocyclic pyridinophane ligands. These
complexes undergo a facile, reversible single and double dearomatization in pyridine rings
in the presence of the base. In the second chapter, we continue utilizing the macrocyclic
pyridinophane scaffolds for the synthesis of high-valent manganese(Ill) complexes via
oxidative addition of aryl bromide to manganese(I) precursor and study Ar-Br reductive
elimination via one-electron oxidation. We also present the new synthetic route to
cyclometalated high-valent manganese(IIl) fluoro complexes using a trifluoromethylating
reagent via transmetalation followed by o-fluorine elimination, resulting in the release of a
difluorocarbene. That facile generation of a difluorocarbene could be utilized in
difluorocarbenation of alkenes and alkynes using Zn trifluoromethyl reagent at lower
temperatures and shorter time as compared to a manganese-free reaction. The third chapter
includes literature review on radical fluoroalkylation mediated by first-row transition metal
complex, then focusing on the synthesis of cobalt perfluoroethyl complexes supported by
simple N-donor naphthyridine ligands. These complexes showed Co-C>Fs bond homolysis
under visible-light irradiation and could be utilized as catalysts for light-induced C-H bond
perfluoroalkylation in arenes using Togni reagent.
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Chapter 1. Introduction

1.1.  Metal-ligand cooperation by aromatization/dearomatization

Homogeneous transition metal-catalyzed reactions have emerged as powerful tools in the
contemporary manufacture of diverse chemical products over the past several decades.!™
The catalytic processes enable the production of a vast array of commodity chemicals and
high-value pharmaceuticals with remarkable efficiency and selectivity, thereby minimizing
energy consumption and waste generation.” The development of well-defined transition
metal catalysts has expanded the scope with improved activity due to the ability of transition
metals to participate in various reaction types, such as oxidative addition, reductive
elimination, and B-hydride elimination.”® In many classical examples of homogeneous
catalysis, such transformations occur at the metal center, while the ligands act as “spectators”
only to provide electronic and steric effects and remain structurally unchanged over the
course of the reaction.

However, in both chemical and biological processes, certain types of catalysis involve
ligands and metal centers collaborating to activate bonds, resulting in the chemical
modification of both the ligand and the metal center. For example, in [FeFe], [NiFe], and
[Fe]-only hydrogenases, H» activation occurs through the synergistic action of the ligand and
the metal, causing H> to undergo heterolytic splitting across the metal-ligand bond without
changing the metal's oxidation state.”” The identification of such systems has led to the
development of innovative approaches to ligand design and has expanded the range of
catalytic reactions.

There are several different approaches in which metal-ligand cooperation has been
demonstrated for bond activation: (1) a ligand can act as a Lewis base to accept a proton,
together with the metal center cleaving H-X bond (H-X; X = H, OH, OR, NHo, C..); (2) a
ligand can act as a Lewis acid to accept electron from the substrate, while the metal center
plays arole as a Lewis base to cooperatively cleave a substrate bond; (3) a polydentate ligand
containing aromatic framework which can undergo dearomatization/aromatization by
deprotonation to promote bond activation; (4) a redox non-innocent ligand can act as an
electron donor/acceptor to maintain the oxidation state in the metal center during a catalytic
cycle or act as a radical source to activate bond.!°

Since the first introduction in the 1970s by Shaw!'! and van Koten!*!?, pincer ligands and

their corresponding complexes have been widely utilized in bond activation and catalysis.
Lutidine and picoline-based ligand are a type of pincer ligand which contains a CH» group
adjacent to the aromatic ring that is acidic and can be deprotonated in the presence of a strong
base. Although the deprotonation occurs in the remote CH> group, the electronic
redistribution leads to the dearomatization of the pyridine ring converting it into an anionic
amide-donor type ligand. The dearomatized complex can then activate bonds (H-X; X = H,
OH, OR, NHo, C..), and rearomatization in the ligand, while the oxidation state of the metal
center remains unchanged.



Scheme 1.1. Metal-ligand cooperation via aromatization/dearomatization
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In 2006, Milstein and coworkers reported the metal-ligand cooperation via
aromatization/dearomatization in Ir! complex supported by PNP pincer ligand.'* Reaction of
It complex 1.1 with KO'Bu in THF at room temperature led to the formation of dearomatized
1.2. '"H NMR spectrum of 1.2 showed an up-field shift of three protons in the dearomatized
pyridine ring. According to the XRD analysis, the C6-C7 bond distance is shortened to 1.350
A, which is consistent with typical double C-C bond (ca. 1.34 A).!* Additionally, the C7-P2
bond was slightly shortened compared to the C1-P1 bond, suggesting the minor contribution
of phosphor-ylide resonance structure.'*

Scheme 1.2. Deprotonation leading to the dearomatization in PNP pincer Irf complex 1.2.

\
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Figure 1.1. ORTEP of 1.2 at 50 % probability level according to single-crystal X-ray diffraction. Hydrogen
atoms are omitted for clarity. Selected bond distances (A): C1-C2 1.506, C6—C7 1.351, C1-P1 1.830, C7-P2
1.784, Ir-N 2.089.



The treatment of dearomatized complex 1.2 with benzene led to the C(sp?)-H activation of
benzene and the re-aromatization of the pyridine ring, resulting in the formation of the
phenyl iridium(I) complex 1.3.'* The reaction of 1.3 with dihydrogen yields the trans-
dihydride complex 1.4 as a product. Notably, no evidence of a cis-dihydride complex was
observed, indicating that the mechanism of H» activation does not involve oxidative addition
at the iridium center. The reaction of deuterium (D2) with 1.3 surprisingly led to the
formation of an H-Ir'"-D complex, with one deuterium atom incorporating into the ligand
arm. This suggests that while a two-electron oxidation process occurs at the iridium center
post-reaction, Hx activation likely takes place at the Ir'! center via the dearomatized Ir'"
complex 1.5. To validate this hypothesis, the authors independently synthesized the
dearomatized Ir'! complex 1.5 at low temperature and demonstrated its reaction with H> to
yield the expected trans-dihydride Ir'! complex 1.4.'

Scheme 1.3. H; activation mediated by Ir' complex 1.3.
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Ruthenium is one of the transition metals which has shown great reactivity for bond
activation/catalysis via metal-ligand cooperation concept.!>!” Below are some examples of
application of metal-ligand cooperation via aromatization/dearomatization in bond
activation and catalysis mediated by ruthenium complexes.

In 2006, the Milstein group demonstrated the formation of dearomatized PNP and PNN
pincer complex 1.8 and 1.9 by deprotonation of the precursors 1.6 and 1.7, respectively.?’
Notably, the deprotonation of PNN complex 1.7 resulted in the selective formation of a P-
arm deprotonated complex 1.9. Treatment of complexes 1.8 and 1.9 with dihydrogen led to
the formation of frans-hydride complexes 1.10 and 1.11 in a reversible fashion, which was
confirmed by 'H NMR spectroscopy. Both complexes have shown a catalytic activity for
ester hydrogenation, however, the dearomatized PNN complex 1.9 is more active.?’ The
reverse reaction, alcohol dehydrogenation, could be catalyzed by complex 1.6 and 1.7 in the



presence of the base, or by dearomatized complex 1.9 with the absence of the base.?!
Complex 1.9 was also demonstrated as a good catalyst for amide synthesis by acceptorless
dehydrogenative coupling of alcohols and amines.?? In both these reactions, the reversible
H, activation was suggested as one of the key steps to produce or consume hydrogen.?% 22

Scheme 1.4. H» activation mediated by dearomatized ruthenium complexes 1.8 and 1.9 and the catalytic
activity of these complexes in ester hydrogenation and acceptorless dehydrogenative reactions.
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In 2011, Milstein and coworkers used the bipyridyl-PNN Ru dearomatized pincer complexes
1.12 to catalyze the hydrogenation of organic carbonates, carbamate esters’® and urea
derivates®* to yield methanol, alcohols and amines. In 2015, this group demonstrated the
one-pot two-step methanol generation by catalyst 1.12 via in situ CO2 capturing and
hydrogenation.? In particular, CO, was first captured by aminoalcohol at low pressure (1-3
atm) in the presence of Cs2COj3 and the in situ formed oxazolidinone was hydrogenated by
complex 1.12 to generate methanol.



Scheme 1.5. Hydrogenation of esters, organic carbonates, carbamates, and urea by complexes 1.12.
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In order to understand the mechanism of alcohol dehydrogenation catalyzed by pincer
ruthenium complexes, Milstein and coworkers reported the alcohol activation by
dearomatized (PNP)Ru complex.?® Treating complex 1.13 with excess amount of benzyl
alcohol or ethanol led to the reversible formation of alkoxo complex 1.14. Warming up the
reaction mixture to -30 °C, the alkoxo complex disappeared and underwent alcohol
dehydrogenation to generate dihydride complex 1.15 and complex 1.16, resulting from new
Ru-O bond formation and C-C coupling with the ligand P-arm. No free aldehyde was
observed under these conditions. In addition, complex 1.13 reacted with aldehydes even at
-70 °C to yield complex 1.16. Warming up the reaction to —50 °C led to the aldehyde
elimination to give an equilibrium mixture of 1.16, 1.13 and aldehyde. In addition, facile
alcohol dehydrogenation occurs even at -30 °C, suggesting that dehydrogenation mechanism
did not likely involve B-hydride elimination mechanism, since coordinative unsaturation is
not favored at this temperature.?®



Scheme 1.6. Alcohol and aldehyde activation with dearomatized PNP Ru complex 1.13.
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In 2013, the Sanford group reported a study of carbonyl compound activation using
dearomatized (PNN)Ru complex 1.9.27 The treatment of 1.9 with benzaldehyde at low
temperature generated a P-arm adduct 1.17a’ as a kinetic product. Upon raising the
temperature of the reaction to room temperature, the aldehyde group migrated to the N-arm,
yielding 1.17a as a mixture of diastereomers. Similarly, reactions of 1.9 with formate esters
and ketones at room temperature resulted in the formation of N-arm products 1.17b, 1.17c,
and 1.17d. With the exception of benzaldehyde, the reaction of 1.9 with carbonyl compounds
was found to be reversible, and 1.9 could be regenerated by removing volatiles under
vacuum conditions. The equilibrium constants (Keq) of the reaction are sensitive to both
steric and electronic properties of carbonyl compounds.?’” No reaction was observed when
treating 1.9 with N,N-dimethyl formamide and methyl acetate, while only trace amount of
product was obtained with acetone.



Scheme 1.7. Ketone activation mediated by dearomatized PNN Ru'! complex 1.9.
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In 2012, the Milstein group reported a new mode of CO: activation via metal-ligand
cooperation by aromatization/dearomatization.?® Reaction of CO, with dearomatized PNP
pincer Ru complex 1.13 at room temperature resulted in the coordination of COz via both
Ru-O bond formation at the metal center and C-C bond formation at the methylene arm,
leading to the aromatization of the Ru complex 1.18. Later, Sanford group reported the CO»
activation in dearomatized PNN pincer Ru complex.?’ At room temperature, CO» reacts
reversibly in 5 min with the dearomatized PNN pincer Ru complex 1.9 to form C-C bond at
P-arm. Interestingly, after prolonging the reaction overnight or heating at 70 °C for 15 min,
a second product 1.20 was obtained, where CO> binds to the N-arm.



Scheme 1.8. CO; activation by dearomatized pincer Ru complexes via aromatization/dearomatization.
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In 2014, Milstein and coworkers reported the boron-hydrogen activation via
aromatization/dearomatization metal-ligand cooperation. Treating the dearomatized PNP
ruthenium complex 1.13 with cathecholborane or pinacolborane at room temperature led to
the formation of a mixture of rearomatized dihydride complex 1.15 and dearomatized
complex 1.21 where the boryl group bound to the dearomatized methine arm, while heating
the reaction to 60 °C resulted in the complete conversion of 1.21. Based on DFT calculations,
the mechanism of B-H activation was proposed through an unobserved intermediate 1.22,
followed by a H» elimination to generate complex 1.21 as a product.*®

Scheme 1.9. Boron-hydrogen activation mediated by dearomatized PNP pincer ruthenium complex.
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Similarly, the dearomatized PNN ruthenium complex 1.9 reacted with pinacol borane at
room temperature to give the borylation product 1.23 at the methine P-arm. Treatment of the



complex 1.9 with 1.05 equiv of less-bulky cathecholborane led to the formation of c-boryl
complex 1.24 where the boryl group bound to the metal center. *°

The author demonstrated the catalytic activity of complex 1.9 and 1.13 in dehydrogenative
coupling of boranes, however, diborane product was obtained in low yields. Complex 1.9
could play a role as a catalyst for C-H borylation of benzene and toluene, however, the
detailed mechanism of this reaction was not reported.*°

Scheme 1.10. Boron-hydrogen activation mediated by dearomatized PNN pincer ruthenium complex 1.9.
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The scarcity, high cost, and toxicity associated with precious second and third-row transition
metals have led to a growing interest in replacing "traditional" precious metal complexes
with more economical, environmentally friendly, earth-abundant first-row transition metal
complexes. Manganese complexes, particularly those in the Mn' oxidation state, have
become the focus of recent research. One notable advantage of Mn' complexes is their
diamagnetic characteristics, which, combined with the metal-ligand cooperation via
aromatization/dearomatization, typically does not result in a change in the metal center's
oxidation state throughout catalytic cycle. As a result, these complexes provide valuable
insights to understand the detail of mechanism by using NMR spectroscopy.

For example, in 2016, Milstein and coworkers reported the first example of dehydrogenative
coupling of amine and alcohol to form imines catalyzed by pincer manganese(l)
complexes.’! In detail, reaction of alcohol and amine with the presence of 3 mol% of
complex 1.25 in benzene at 135 °C for 60 h produced imine with the liberation of H». Notably,
the presence of the base is not required for the reaction. An in-depth mechanistic study based
on NMR monitoring and intermediate isolation was carried out. First, dearomatized complex
1.25 reacted with alcohol to form an alkoxo Mn complex 1.26 in an equilibrium fashion. The
complex 1.26 was independently synthesized by reacting 1.25 with 3 equiv. of alcohol,
which was confirmed by NMR spectroscopy and XRD analysis, to confirm the O-H bond
activation by metal-ligand cooperation.’! Thus, the mechanism was proposed to proceed
through the formation of an intermediate 1.27, followed by direct B-hydride elimination of
the alkoxy ligand to release aldehyde and form hydride complex 1.28, which was confirmed



by NMR and XRD analysis. The aldehyde then reacts with amine to form hemiacetal,
followed by a release of water to yield the imine product, whereas hydride complex 1.28
undergoes dehydrogenation to form back 1.25 with the release of H».*!

Scheme 1.11. Imine formation via acceptorless dehydrogenative coupling catalyzed by Mn'! complex 1.25 and
the proposed mechanism.
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In 2018, the Milstein group reported a protocol for deoxygenative hydrogenation of amide
to amine catalyzed by Mn' complex 1.29.% In detail, the reaction operated in the presence of
5 mol% complex 1.29, 6 mol% of KO'Bu as a base and 1.5 equiv of B(C¢Fs)3 in m-xylene
at 150 °C under 50 bar H> for 72 hours. (Scheme 1.12a)** In the same year, the same group
reported the usage of bpy-based pincer (PNN)Mn' complex 1.30 as a catalyst for the
acceptorless dehydrogenative cross-coupling of primary alcohols to form a cross-ester.
(Scheme 1.12b)** One year later, Milstein and coworkers demonstrated complex 1.30 as a
first example of earth-abundant metal catalyst for hydrogenation of carbamates and urea.
(Scheme 1.12¢)** In both these reactions, the mechanistic investigation based on
experimental studies was carried out, suggesting that the reversible H> activation via
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manganese(l) hydride intermediate was suggested as one of the key steps to produce or
consume hydrogen.>>3*

Scheme 1.12. Catalytic activity of pincer Mn' complexes 1.29 and 1.30.
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In 2019, Milstein and coworkers reported the study of reactivity of Mn' complex in CO,
activation.®> Reaction of dearomatized PNN pincer Mn' complex 1.31 with CO; resulted in
the formation of 1,3 CO; addition product 1.32 along with the Mn-O bond formation at the
metal center and C-C bond formation at P-arm. On the other hand, reaction of complex 1.31
with dihydrogen led to the formation of Mn' hydride complex 1.33 with the aromatized PNN
pincer ligand. Treatment of Mn' hydride complex 1.33 with 1 bar of CO, immediately led to
the formation of 1.34, where CO: inserted to the hydride ligand. The authors also reported
the hydrogenation of CO; catalyzed by 10 mol% of 1.31, however, only low yield of formate
was obtained.®
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Scheme 1.13. Reactivity of dearomatized PNN Mn! complex 1.31 with H, and COs.
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1.2. Small molecule activation and catalysis mediated by non-phosphine metal
complexes

The majority of well-known effective homogeneous catalysts contain phosphine in their
ligand framework, providing these complexes with remarkable stability. However, the
presence of phosphine causes the ligand to be highly susceptible to air and moisture
instability, in addition to contributing to the high cost and complexity of synthesis. Therefore,
the substitution of phosphines with alternative "soft" donors, such as sulfides, may yield
ligand types that are potentially more air-stable and less expensive, while maintaining similar
reactivity patterns. For example, Gusev and coworkers reported the use of catalytically
active Ru complexes featuring an SNS ligand.*® With a minimal amount of catalyst
(substrate/catalyst ratio up to 80000), the (SNS)Ru complex 1.35 exhibited excellent
catalytic activity in the hydrogenation of ketones, aldehydes, imines, and esters under mild
conditions. Additionally, this complex 1.35 was identified as a catalyst for the acceptorless
dehydrogenative coupling of alcohols, a reverse reaction of ester hydrogenation.*®

In 2018, the Vries group demonstrated the utility of an air-stable NNS pincer-based
[Ru(NNS)(PPh3)Cla] (NNS = 2-(methylthio)-N-(pyridine-2-yl-methyl)ethan-1-amine)
complex 1.36 as a catalyst for ester hydrogenation.’” The catalyst was employed at a 0.05
mol% loading, with a 0.25 mol% KO'Bu base, under mild conditions (40 °C, 30 bar H»),
resulting in a 92% yield of ester. Additionally, the authors reported that changing the alkyl
group in the sulfur arms from methyl to tert-butyl, or switching the solvent from toluene to
methanol, led to a change in reaction selectivity from ester hydrogenation to olefin
reduction.?’

12



Scheme 1.14. Ester hydrogenation catalyzed by non-phosphine pincer-based Ru complexes.
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In 2018, Balaraman and coworkers reported the synthesis of pyrroles, pyridines and pyrazine
via acceptorless dehydrogenative coupling of aminoalcohols with alcohol catalyzed with the
presence of phosphine-free SNS pincer dimeric Co' complex 1.37 as catalyst.(Scheme
1.15)* The reaction was carried out by heating a mixture of secondary alcohols and - or y-
aminoalcohols in m-xylene at reflux condition for 24 hours in the presence of 2 mol%
catalyst loading of 1.37 and an equivalent amount of KO'Bu as a base to yield pyrroles or
pyridines, respectively. In addition, reaction of B-aminoalcohol with a stoichiometric amount
of KO'Bu in the presence of 1.37 as a catalyst led to the formation of pyrazine in gram
scale.’®

In 2019, the Srimani group published a study that focused on the utilization of phosphine-
free NNS pincer Mn' complexes as catalysts for the N-alkylation reaction via the "borrowing
hydrogen" coupling of amine and alcohol. (Scheme 1.16)*° By utilizing 0.5 mol% of
complex 1.38 in the presence of KO'Bu as a base, the desired amine products were obtained
in 52- 90% yields.** Furthermore, the reaction between amines and alcohols could yield
imines as the primary products when the base was changed from KO'Bu to KOH. Notably,
this transformation was found to be applicable in the synthesis of 2,3-dihydro-1H-perimidine
derivatives, achieving an 84% yield. In a separate report, Srimani and coworkers used the
same complex (1.38) as a catalyst for synthesis of quinazoline and 2-amino quinazoline via
acceptoerless dehydrogenative annulation of nitrile and 2-aminobenzyl alcohol.** The
authors also demonstrated one-pot synthesis approach for 2-alkylaminoquinolines via two
steps: (1) dehydrogenative annulation of dehydrogenative annulation and (2)
dehydrogenative coupling of 2-amino quinazoline and primary alcohol by only 1.38
presented as a catalyst.*’
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Scheme 1.15. Synthesis of pyrroles, pyridines via acceptorless dehydrogenative annulation of alcohols with
aminoalcohols catalyzed by dimeric complex 1.37
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Scheme 1.16. Hydrogen auto-transfer coupling of amine and alcohol catalyzed by phosphine-free NNS pincer-
based Mn' complex 1.38.
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Chapter 2. Single and Double Dearomatization in Non-Phosphine
Complexes Supported by N,S-Donor Pyridinophane Ligand

The content described in this chapter is reported in the two following publications:*!-*

1. Sarbajna, A.; Patil, P. H.; Dinh, M. H.; Gladkovskaya, O.; Fayzullin, R. R.; Lapointe, S.;
Khaskin, E.; Khusnutdinova, J. R. “Facile and Reversible Double Dearomatization of
Pyridines in Non-Phosphine Mn' Complexes with N,S-Donor Pyridinophane Ligand” Chem.
Commun. 2019, 55, 3282-3285. Copyright 2019 Royal Society of Chemistry.

Declaration of contribution: Prof. Julia R. Khusnutdinova guided the project. Dr. Abir
Sarbajna and Dr. Pradnya H. Patil performed the characterization of all complexes in this
study and studied the reversible dearomatization transformation. I (Hoan M. Dinh)
synthesized the first Mn! complex and explored the double deprotonation in this complex, as
well as conducted the reactivity tests of the double deprotonated complexes. Dr. Olga
Gladkovskaya helped with ligand synthesis. Dr. Sebastien Lapointe and Dr. Eugene Khaskin
performed X-ray data collection. Dr. Robert R. Fayzullin finalized X-ray structural
measurement to publication level.

The figure 2.1-2.3 and scheme 2.3-2.5 in this chapter are from this publication.*?

2. Dinh, M. H.; Gridneva, T.; Karimata, A.; Garcia-Roca, A.; Pruchyathamkorn, J.; Patil, P.
H.; Petrov, A.; Sarbajna, A.; Lapointe, S.; Khaskin, E.; Fayzullin, R. R.; Khusnutdinova, J.
R. "Single and Double Deprotonation/Dearomatization of N,S-donor Pyridinophane Ligand
in Ruthenium Complexes" Dalton Trans. 2022, 51, 14734-14746. Copyright 2022 Royal
Society of Chemistry.

Declaration of Contribution: Prof. Julia R. Khusnutdinova guided the project and
performed DFT calculations. I (Hoan M. Dinh) synthesized and characterized the Ru(II)
complexes and performed the deprotonation experiments and reactivity tests of the
deprotonated complexes. Ms. Tatiana Gridneva, Dr. Ayumu Karimata, Dr. Aleria Garcia-
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Sarbajna were involved in the synthesis and characterization of the complexes. Dr. Sebastien
Lapointe and Dr. Eugene Khaskin helped with the crystal mounting. Dr. Robert R. Fayzullin
finalized X-ray structural measurement to publication level.

The scheme 2.4-2.7, figure 2.4-2.9 and table 2.1-2.2 in this chapter are from this
publication.”!
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2.1. Introduction

As discussed in chapter 1, the development of a new class of N,S-donor ligands has emerged
recently as cheaper, less toxic alternatives for phosphine-based ligands to stabilize transition
metal complex and also show comparable reactivity in hydrogenation, and acceptorless
dehydrogenative coupling reaction. However, research on the deprotonation reactivity of
sulfur-based ligands, crucial to understand the mechanism, have been relatively scarce. For
example, the Milstein group investigated the deprotonation of a PNS pincer ligand in Ru
complex 2.1, which resulted in the dimerization of Ru complex and eventually to an
irreversible cleavage of the ligand framework to form 2.2. (Scheme 2.16)** On the other
hand, dearomatized Rh complex supported by sulfoxide-based NNS pincer ligands exhibited
no reprotonation even in the presence of excess protic solvent.*

Scheme 2.1. Deprotonation of pincer (PNS)Ru complex 2.1.

H
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Our research group has been interested in the investigation of tetradentate macrocyclic
pyridinophane N2Y2-type ligands, which consist of two pyridine fragments linked by four
methylene bridges to two donor atoms, typically nitrogen or sulfur (Scheme 2.2). When
compared to tridentate pincer ligands, these N2Y2 ligands may be viewed as two pincer
fragments linked together via coordinating heteroatoms, with two isolated pyridine donors.
This class of ligands exhibits a unique coordination behavior, capable of binding to a metal
center in either a k? (bidentate), k> (tridentate), or k* (tetradentate) mode, depending on the
nature of the metal center, therefore showing coordinating properties different from the
classical pincer motifs.***® The «* coordination mode is particularly known for its ability to
stabilize uncommon oxidation states or other reactive species that may not be attainable
using alternative ligand frameworks.*”* In another variation of this ligand, one of the
pyridine rings may be replaced with a phenyl or substituted phenyl ring, which then may be
cyclometalated serving as an anionic aryl ligand (Scheme 2.2).

Scheme 2.2. N2Y2-and NY2C-Pyridinophane ligand structure and their coordination modes in metal

complexes.
A N Y?
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In this study, we utilize the macrocyclic structure and high stability of the pyridinophane
N2S2 ligand (N2S2 = 2,11-dithia[3.3](2,6)pyridinophane to stabilize the Mn' and Ru"
complexes and investigate their reactivity for deprotonation in the presence of base, which
gives us access to the structural analysis of the deprotonation of N,S-donor ligand.

2.2.  Result and Discussion
2.2.1 Synthesis and reactivity of manganese(I) complexes
2.2.1.1. Complex synthesis

Our first efforts to obtain metal complexes supported by N2S2 ligand were focused on using
Mn! precursor. Mn(CO)sBr was reacted with 1 equivalent of the ligand in a toluene/methanol
mixture at 80 °C for 24 hours to produce the yellow-colored compound 2.3. Complex 2.3
was isolated in 95% yield and characterized by NMR, UV-vis, IR spectroscopy and
elemental analysis. The NMR spectrum was consistent with a Cay-symmetrical structure in
solution, showing two doublets at 4.79 and 4.90 ppm that correspond to the geminally
coupled CH;> group of N2S2. The para-protons and two equivalent mefa-protons of pyridine
appeared as a triplet at 7.74 and a doublet at 7.47 ppm, respectively. The stretching bands of
carbonyl ligands in the solid-state FT-IR spectrum appear at 1934 and 1866 cm™!. The X-ray
structure shows a distorted octahedral Mn center with the N2S2 ligand bound in a syn-boat-
boat conformation.

Scheme 2.3. Synthesis scheme of complex 2.3.
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—
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Figure 2.1. ORTEP at 50 % probability anisotropic displacement ellipsoids of non-hydrogen atoms for
compound 2.3. Selected interatomic distances [A]: Mnl-S1 2.2712(5), Mn1-S2 2.2609(5), Mnl-N1
2.0582(15), Mn1-N2 2.0572(14), Mn1-C1 1.7897(18), Mn1-C2 1.797(2).

2.2.1.2. Deprotonation of Mn' complexes
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Treating complex 2.3 with 2.2 equivalents of KO'Bu in THF led to the formation of an orange
solution within a few seconds. Orange single crystals were generated by diffusing pentane
to the THF solution at -30 °C. SC-XRD data confirmed the doubly deprotonated structure of
2.3b. According to XRD, the bond distance of C11-C12 and C26-C27 are significantly
shortened to 1.384(4) and 1.367(4) A, respectively, which is consistent with a typical double
C-C bond length (ca 1.34 A), whereas the bonds C16-C17 and C21-C22 are of 1.499(4) and
1.508(4) A, suggesting that the deprotonation occurred at C11 and C27 centers. The positions
of the hydrogen atom H11 and H27 of the deprotonated arms were determined by difference
Fourier maps. On the other hand, the sulfur-carbon bonds S1-C11 and S2-C27 (1.737(3) and
1.752(3) A) in the deprotonated arms are significantly shorter compared to the S1-C21 and
S2-C17 bonds in the non-deprotonated arms (1.820(3) and 1.825(3) A). The shortening in
sulfur-carbon bonds (4 = 0.08 A) is less significant compared to the carbon-carbon bonds
(4= 0.13 A), suggesting the sulfur ylide resonance structure has much less contribution
compared to the dearomatized pyridine ring resonance.

'H NMR spectrum of complex 2.3b in THF-dj is consistent with double deprotonation: two
equivalent CH groups appear as a singlet at 3.38 ppm, whereas the two protons on the non-
deprotonated CH» groups appear as two geminally coupled doublets at 3.44 ppm. In addition,
the 'H NMR spectrum showed an upfield-shifted of the pyridine protons which appear as a
doublet of doublets at 6.13 ppm for the proton in the para-position and two doublets at 5.74
and 5.37 ppm for the two meta-protons.

Scheme 2.4. Double deprotonation/dearomatization of complex 2.3.

KO'Bu (2.2 eq.)
—_—
THF-dg

2.3b

18



Figure 2.2. ORTEP at 50 % probability anisotropic displacement ellipsoids of non-hydrogen atoms for
compound 2.3b. Minor disordered components of THF ligands are omitted for clarity. Selected interatomic
distances [A]: Mn1-S1 2.2756(8), Mn1-S2 2.2867(7), Mn1-N1 2.044(2), Mn1-N2 2.049(2), Mn1-C1
1.767(3), Mn1-C2 1.779(3), C11-C12 1.384(4), C26—-C27 1.367(4), C16—C17 1.499(4), C21-C22 1.508(4),
S1-C11 1.737(3), S1-C21 1.820(3), S2—-C17 1.825(3), S2—-C27 1.752(3).

After having a full characterization of complex 2.3b, we next examined if the deprotonation
was reversible. Addition of 2.5 equivalent of HBr in diethyl ether to the in situ generated
2.3b led to the formation of 2.3, which was confirmed by XRD and other spectroscopies.

After observing the double dearomatization in complex 2.3, we next examine if we can find
the monodeprotonated Mn' complexes. Treating 2.3 with 1.2 — 1.8 equiv. of KO'Bu did not
lead to the formation of monodeprotonated complexes. Instead, incomplete conversion of
doubly deprotonated complex 2.3b was observed in all cases. We then reacted doubly
dearomatized complex 2.3b with 1 equiv. of HBr, interestingly, a neutral monodeprotonated
compound 2.3a was yielded, which was confirmed by NMR spectroscopies and XRD
analysis. '"H NMR spectrum of 2.3a showed six sets of doublets for the three non-
deprotonated methylene groups and one singlet for dearomatized CH group at 3.54 ppm. The
aromatic region in 'H NMR displays one triplet and two doublets at 7.55 — 7.32 ppm,
whereas the dearomatized pyridine appeared as three upfield-shifted peaks at 6.27 — 5.63
ppm. DEPT-135 NMR analysis showed the carbon peak of deprotonated CH arm at 54.6
ppm, whereas the non-deprotonated CHz arms appeared reversed in phase at 60.1, 52.2 and
47.5 ppm.

XRD analysis confirmed the neutral structure of 2.3a without counteranions. The structure
is CH2/CH disordered (Figure 2.3) into two components with the same occupancies. The
apparent geometry of the ligand seems to be an average of two configurations, with either
the C11 or C27 arm being deprotonated. The overall lengths of the C11-C12 and C26—C27
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bonds are approximately 1.44 A, shorter than those of C16—C17 and C21-C22 (around 1.50
A). Similarly, the sulfur—carbon bonds S1-C11 and S2-C27 (about 1.78 A) in the

deprotonated segments are shorter than those of S1-C21 and S2—-C17 (approximately 1.82
A).

S1
O i1 O

Figure 2.3. ORTEP at 50 % probability anisotropic displacement ellipsoids of non-hydrogen atoms for
compound 2.3a. Minor disordered component is shown by dash lines. Selected interatomic distances [A]: Mn1—
S12.2726(9), Mn1-S2 2.2866(9), Mn1-N1 2.051(2), Mn1-N2 2.056(2), Mn1-C1 1.782(3), Mn1-C2 1.784(3),
C11-C12 1.444(4), C26—C27 1.441(4), C16—C17 1.507(4), C21-C22 1.494(5), S1-C11 1.784(3), S1-C21
1.816(3), S2-C17 1.823(3), S2—C27 1.784(3). The geometry is averaged over two forms with either C11 or
C27 arm being deprotonated.

Singly deprotonated 2.3a could be deprotonated by one equiv. of KO'Bu to form doubly
deprotonated 2.3b. In addition, complex 2.3a could be protonated by reacting with one equiv.
of HBr to form back the non-aromatized complex 2.3.

Interestingly, treating doubly deprotonated complex 2.3b with one equiv. of H>O as a weakly
acidic proton donor led to the clean formation of monodeprotonated 2.3a. Even after a
presence of >10 equiv. of water, only 2.3a is yielded. The formation of 2.3a from 2.3b could
also be proceeded in a weakly basic media by using one equiv. of aqueous ammonia solution.
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Scheme 2.5. Interconversions between 2.3, 2.3a and 2.3b.
+
—l Br~

KO'Bu (2.2 eq.)

1 eq. HX,
1 eq. HBr H20 or NH4OH 5q)

After fully characterizing singly and doubly dearomatized complexes, we next examined the
reactivity of these complexes in small molecule activation and catalysis. Reaction of doubly
deprotonated 2.3b with CO; led to the formation of unidentified insoluble products. The
complex 2.3b showed no catalytic reactivity in hydrogenation of CO2 or ketone under a
range of conditions. We reasoned that the lack of reactivity in complex 2.3b is likely due to
the presence of strongly bound carbonyl ligands and the system is needed to have more labile
ligands to create a vacant site to enable metal-ligand cooperation reactivity. At the same time,
carbonyl ligand is required for stabilization of Mn' and our attempts to replace it with another
ligand under UV light irradiation were unsuccessful.

As an alternative way to circumvent this problem, we have decided to switch our attention
to another metal commonly used to study metal-ligand cooperation pincer-like complexes —
ruthenium. Ruthenium(IT) complexes feature a d® configuration and they can be conveniently
obtained using a variety of precursors containing non-carbonyl ligands. The initial
expectation behind this choice was that the presence of Ru'' may enable greater
stoichiometric or even catalytic reactivity, allow for stabilization of reactive species, such as
hydrides, and potentially allow for the synthesis of precursors containing more labile and
easily replaced ligands. The final results showed that the reactivity of Ru complexes is
further complicated by unexpected ligand rearrangement.

2.2.2 Synthesis and reactivity of Ru!' complexes
2.2.2.1. Ru'' complexes preparation and characterization

As previously discussed, Mn' complexes supported by non-phosphine N2S2 ligand showed
a facile, stable single and double dearomatization in the presence of a base. However, no
metal-ligand cooperation reactivity was observed, likely due to the lack of labile
coordination ligands. Ruthenium, on the other hand, has proved to have a great reactivity in
metal-ligand cooperation reactivity, also, has a range of common precursors containing labile
ligands. Therefore, we next targeted ruthenium complexes containing our N,S-donor N2S2
ligand, with the aim to study both metal-ligand cooperation and find the reactivity of the
deprotonated complexes.

We examined the reactivity of the N2S2 ligand with a range of common ruthenium
precursors which allowed us to obtain dicationic and monocationic (N2S2)Ru complexes.
First, the [RuClx(p-cymene)], dimer was pre-treated with silver triflate in acetonitrile
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solution followed by the addition of the N2S2 ligand, which yielded the dicationic bis-
acetonitrile complex 2.4 (Scheme 2.6). Complex 2.4 was isolated in 64% yield and
characterized by NMR, UV-vis, IR spectroscopy and elemental analysis. The 'H NMR
spectrum was consistent with a C2,-symmetrical structure in solution, showing two doublets
at 4.76 and 4.74 ppm that correspond to the geminally coupled CHx groups of N2S2.
The para-protons and two equivalent meta-protons of pyridine appeared as a triplet at 7.60
and a doublet at 7.38 ppm, respectively. The uncoordinated triflate counteranion appears at
—79.25 ppm in the "’F NMR spectrum, ruling out the interaction with the ruthenium center.
Crystals were obtained by diethyl ether diffusion into an acetonitrile solution and analyzed
by single-crystal X-ray diffraction (SC-XRD), showing the expected «*-coordination
geometry.

Scheme 2.6. Synthesis of Ru complexes

1. AgOTf (4 equiv), 3 h
2. N2S2 (2 equiv), 18 h

[RuCly(p-cymene)l, >

MeCN, RT
| AN
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CH20|2/MeOH
16 h, RT
X
»
N RuH(CO)CI(PPhs);
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N
| _ 80°C, 16 h
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Next, the monocationic chloro-complexes 2.5 and 2.6 were obtained by the reaction of
N2S2 with RuClz(PPhs); or RuCl2(DMSO)4, respectively (Scheme 2.6). Treating N2S2
ligand with 1 equiv. of RuCl(PPhs3); precursor in DCM at room temperature in 16 hours led
to the formation of complex 2.5. Complex 2.5 was isolated as a yellow powder in 70% yield
and characterized by XRD, NMR, ESI-HRMS, UV-vis and IR spectroscopy. According to
SC-XRD, the N2S2 bound to ruthenium in a k* fashion. The PPh; and coordinated chloro
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ligands bound to ruthenium in the trans-position compared to N-donor pyridines, whereas
one uncoordinated chloride plays as a counteranion. The 3'P{'H} NMR spectrum shows the
signal of the coordinated phosphine in 2.5 at 46.28 ppm.

Similarly, reaction of N2S2 ligand with 1 equiv. of RuCl,(DMSO)s in DCM/methanol
mixture at room temperature resulted in the formation of complex 2.6. The complex 2.6 was
isolated as crystalline solids in 84% yield. According to SC-XRD, DMSO and Cl ligand bind
to the ruthenium center in the trans position compared to N-donor pyridines and one
uncoordinated CI™ appears as a counteranion. In 'H NMR spectrum of 2.6 in chloroform-ds,
the two para-protons and four meta-protons of pyridines appeared as a triplet at 7.50 and
7.35 ppm and a doublet at 7.53 and 7.43 ppm, respectively; whereas the CH> protons
appeared as four sets of geminally-coupled doublet at 5.67, 5.64, 4.74 and 4.69 ppm. The
Ru-bound DMSO of 2.6 appears as a singlet at 3.48 ppm in the 'TH NMR spectrum.

In an attempt to obtain a ruthenium hydride complex, we reacted a common hydride
precursor, RuHCI(CO)(PPhs)3;, with N2S2 ligand in a mixture of toluene and methanol.
However, even after heating at 80 °C for 16 hours, the N2S2 binds to the ruthenium center
in a «>-fashion resulting the formation of 2.7, where one of the S-donor in the ligand
remained unattached, which was confirmed XRD. According to SC-XRD, the hydride is
present in a trans-position to the coordinated S atom, while CO and PPhj3 are located in trans-
positions to pyridines, and one chloride is present as a counteranion (Figure 2.6). The 'H
NMR spectrum showed highly unsymmetrical structures of 2.7 with 8 geminally-coupled
doublets of CH2 protons at 6.46, 5.96, 5.89, 4.32, 3.94, 3.39 and 3.15 ppm, and the hydride
proton appears as doublet at -6.68 ppm due to phosphorus splitting. The *'P{'H} NMR
spectrum of 4 shows one singlet at 62.90 ppm corresponding to the coordinated PPhs. The
IR spectrum shows the CO stretching frequency at 1934 cm™!.
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Figure 2.4. ORTEP of cationic parts of complexes 2.4 (a), 2.5 (b), 2.6 (c) and 2.7 (d) at 50 % (b, d), 70 % (a)
or 80 % (c) probability level according to SC-XRD. Hydrogen atoms, except for [Ru]H]1, are omitted for clarity.
In the case of 2.5, one of two symmetry independent molecules is shown. Selected interatomic distances [A]:
Rul-S1 2.3226(12), Rul-S2 2.3144(12), Rul-N1 2.045(4), Rul-N2 2.046(4), Rul-N3 2.054(4), Rul-N4
2.040(4) for 2.4; Rul-CI1 2.4315(7), Rul-S1 2.3228(8), Rul-S2 2.3186(8), Rul-P1 2.3070(7), Rul-NI1
2.122(3), Rul-N2 2.042(2) for 2.5; Rul-Cl1 2.4293(3), Rul-S1 2.3190(3), Rul-S2 2.3173(3), Rul-S3
2.2521(3), Rul-N1 2.0856(10), Rul-N2 2.0495(10) for 2.6; Rul-S1 2.3840(15), Rul-P1 2.2994(14), Rul—
N1 2.219(5), Rul-N2 2.223(5), Rul-C1 1.851(7), Rul-H1 1.60(3) for 2.7.

2.2.2.2. Deprotonation of ruthenium complex
a. Deprotonation of 2.4

Based on our previous studies of single and double dearomatization of Mn complexes with
the N2S2 ligand, we expected similar reactivity in (N2S2)Ru complexes upon treatment with
variable amounts of base.

First, treatment of complex 2.4 with 2.2 equiv. of KO'Bu in toluene-ds gave a poorly soluble
doubly deprotonated product 2.4b (Scheme 2.7). Filtration of the toluene solution and
crystallization at -20 °C yielded orange single crystals of 2.4b. XRD of 2.4b confirmed the
double deprotonated structure in the N2S2 ligand. The bond length of C16-C17 and C21-
C22 are significantly shortened (1.387(3) and 1.382(3) A, respectively), which is close
agreement with a typical C-C double bond (ca 1.34 A), suggesting that the deprotonation has
occurred in C16 and C21 centers. The position of the hydrogen atom H17 and H21 were
determined by difference Fourier maps. On the other hand, the C11-C12 and C26-C27 bond
distances are 1.501(3) A and 1.502(3) A, respectively, which is consistent with the typical
Csp2-Csp3 bond. In addition, the methine C—S distances at the deprotonated arms are also
considerably shorter, 1.730(2) A and 1.733(2) A, as compared to the methylene C—S
distances of 1.839(2) A and 1.847(2) A.
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The double deprotonation in 2.4b was also confirmed by 'H NMR spectroscopy. The 'H
NMR of 2.4b in toluene-ds shows a significant upfield shift of the para- and meta-protons
in the pyridines which appear at 6.13 ppm as a doublet of doublets and 5.74 and 5.37 ppm
as a doublet, respectively. The two equivalent CH protons of the deprotonated arms appear
as a singlet at 4.18 ppm, whereas the remaining CHz groups appear as two geminally coupled
doublets at 3.89 and 3.73 ppm.

Interestingly, the doubly deprotonated 2.4b was moderately stable in acetonitrile-ds: treating
of 2.4 with 2.2 equiv. of KOtBu in CD3CN led to the formation of 2.4b with 80% NMR yield,
which was proved by 'H NMR. 'H NMR spectrum of 2.4b in CD3CN showed a doublet of
doublets at 6.28 ppm and two doublets at 5.85 and 5.53 ppm, however, the peaks of CH/CH>
disappeared due to H/D exchange with the deuterated solvent.

The compound 2.4b was slowly decomposed in room temperature in acetonitrile-ds or
toluene-ds: when 2.4b was generated by deprotonation of 2.4 with 2 equiv. of KO'Bu, only
about half of the initially formed complex remained in solution after 10 min at RT, forming
an insoluble precipitate.

Next, we attempted to generate monodeprotonated species by reacting 2.4 with 1.1 equiv. of
KO'Bu in toluene-ds, however, only 2.4b was found in the solution, along with a poorly
soluble precipitate which might contain monodeprotonated product. Interestingly,
monodeprotonated product 2.4a was formed by reacting 2.4 with 1.1 equiv. of KO'Bu in
acetonitrile-ds giving in 90% yield, which was confirmed by '"H NMR. The dearomatized
pyridine peaks are upfield shifted and appear as a doublet of doublets at 6.37 ppm and two
doublets at 5.92 and 5.75 ppm, whereas the aromatic pyridine protons appear in the 7.24-
7.53 range. In CD3CN solution, the methylene and methine groups undergo slow H/D
exchange.

LJ U d L; ‘ J S y} L .

78 76 74 72 7.0 68 66 6.4 6.2 6.0 58 56

Figure 2.5. Pyridine peaks in '"H NMR spectra of 2.4 (top; in CD3CN), 2.4a (middle; in CD;CN) and 2.4b
(bottom; in toluene-ds). Peaks of residual toluene are marked with an asterisk.
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Next, we examined if the deprotonated complexes 2.4a and 2.4b can be re-protonated.
Treating complex 2.4a and 2.4b with HBFs resulted in the full recovery of
[(N2S2)Ru(MeCN),]>", proving that the deprotonation in complex 2.4 is reversible.

Unfortunately, an attempt to get single crystals of 2.4a was not successful. Therefore, we
tested the reactivity of monocationic complex 2.5-2.7 with the base as an alternative route
to get monodeprotonated species. We expected that single deprotonation of these complexes
would lead to the formation of neutral species, thereby improving the solubility and stability
in nonpolar solvents.

Scheme 2.7. Deprotonation of 2.4-2.7.

2+
|7 20Tf KOBU (2.2 equiv)
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Figure 2.6. ORTEP of complexes 2.4b (a), 2.5a (b) and 2.6a (c) at 70 % (a, b) or 30 % (c) probability level
according to SC-XRD. In the case of 2.4b, one of two symmetrical independent molecules is shown. The minor
disorder component for 2.6a and solvent molecules are omitted for clarity. Selected interatomic distances [A]:
Rul-S1 2.3441(5), Rul-S2 2.3280(5), Rul-N1 2.0416(18), Rul-N2 2.0425(17), Rul-N3 2.0473(19), Rul—
N4 2.0461(19) for 2.4b; Rul-Cl11 2.4548(6), Rul-S1 2.3229(7), Rul-S2 2.3196(7), Rul-P1 2.2950(7), Rul-
N1 2.099(2), Rul-N2 2.052(2) for 2.5a; Rul-Cl1 2.442(2), Rul-S1 2.329(3), Rul-S2 2.316(2), Rul-S3
2.235(5), Rul-N1 2.104(7), Rul-N2 2.061(7) for 2.6a.

b. Deprotonation of monocationic complexes 2.5-2.7

Treating monocationic phosphine complex 2.5 with 1.1 equivalent of KO'Bu in benzene-ds
for 20 min resulted in a formation of a new singly deprotonated complex 2.5a with 88%
yield. Orange single crystals were obtained by vapor diffusion of pentane into a benzene
solution. According to SC-XRD, 2.5a is a neutral complex with Cl and PPh; bound to
ruthenium center. The single deprotonation structure of the N2S2 with one CH and three
CH; arms as confirmed by X-ray and NMR. The SC-XRD structure reveals one shortened
C21-C22 bond (1.368(4) A), whereas the other C11-C12, C16-C17 and C26—C27 bond
distances are 1.501(4) A, 1.504(4) A and 1.500(4) A, respectively. Similar to the double
deprotonated 2.4b, the methine C-S bond in the deprotonated arm is shortened to 1.744(3)
A, while the methylene C-S bond distances in the non-deprotonated arms are 1.852(3),
1.829(3) and 1.828(3) A.

The singly deprotonated structure of 2.5a was also confirmed by NMR spectroscopy. The
deprotonated methine group shows a singlet peak at 3.86 ppm that corresponded to the '*C
signal at 65.0 ppm as confirmed by HMQC and DEPT spectroscopy, while the non-
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deprotonated CH» protons appear as a set of six geminally-coupled doublets at 4.81, 4.02,
3.82, 3.23, 2.96 and 2.76 ppm. The protons of the dearomatized ring are upfielded shifted,
showing as a doublet of doublets at 6.04 ppm and two doublets at 5.92 and 5.06 ppm
corresponding to a proton in para- and meta-position, respectively. For comparison, the
protons of the aromatic pyridine ring appear as a triplet at 6.33 ppm and two doublets at 6.29
and 6.06 ppm.

Similarly, the monocationic DMSO-coordinated complex 2.6 reacted with 1.1 equiv. of
KO'Bu in benzene-ds for 20 min to give a monodeprotonated complex 2.6a in 57% yield,
which was also characterized by NMR and SC-XRD. SC-XRD confirmed that 2.6a is a
neutral complex with S-coordinated DMSO and CI bound to the metal center. The C21-C22
and S1-C21 bonds distance are shortened (1.406(17) and 1.681(15) A, respectively),
indicating that the deprotonation occurred in C21 position. According to 'H NMR
spectroscopy, the deprotonated methine proton appears at a singlet at 3.86 ppm and the
proton in methylene groups appear a six set of doublets at 4.75, 4.61, 3.74, 3.20 and 3.08

Both complexes 2.5a and 2.6a are unstable in the presence of an excess amount of base:
reaction of 2.5 or 2.6 with 2 equiv. of KO'Bu led to the formation of unidentified products.

Treating hydride complex 2.7 with 1.1 equiv. of KO'Bu in benzene-ds also yielded a singly
deprotonated complex 2.7a selectively, while the Ru-H remained intact, which was proved
by 'H NMR spectroscopy. The Ru-H hydride peak appears as a doublet at -6.55 ppm, the
deprotonated CH peak appears as a singlet at 3.81 ppm, while the non-deprotonated
methylene protons appear at a six set of geminally-coupled doublet. In contrast to
monodeprotonated 2.5a and 2.6a, complex 2.7a showed noticeable stability in the presence
of an excess of base (up to 4 equiv.) with the yield ranging from 96 — 99%.

Table 2.1. Selected bond distance (A) for complexes 2.4-2.7 and their deprotonated species according to SC-
XRD data®

Complex | SI-CI11 | SI-C21 | S2-C17 | S2-C27 | C11-C12 | C16-C17 | C21-C22 | C26-C27
24 1.825(5) | 1.822(5) | 1.810(5) | 1.823(5) | 1.494(6) | 1.496(6) | 1.499(6) | 1.494(6)
2.4b° 1.847(2) | 1.7332) | 1.7302) | 1.8392) | 1.501(3) | 1.387(3) | 1.382(3) | 1.502(3)
2.5 1.821(4) | 1.817(3) | 1.818(4) | 1.8123) | 1.501(5) | 1.497(5) | 1.497(4) | 1.503(4)
2.5a 1852(3) | 1.744(3) | 1.8293) | 1.828(3) | 1.501(4) | 1.504(4) | 1.368(4) | 1.500(4)
2.6 1.8158(13) | 1.8198(13) | 1.8140(12) | 1.8181(12) | 1.4964(17) | 1.4990(16) | 1.5017(17) | 1.4998(16)
2.6a 1.832(11) | 1.681(15) | 1.837(11) | 1.795(12) | 1.456(17) | 1.459(16) | 1.406(17) | 1.471(16)
2.7 1.791(7) | 1.791(7) | 1.834(8) | 1.829(7) | 1.504(9) | 1.497(9) | 1.508(9) | 1.498(10)

@ Atom numbering corresponds to that of Figures 2.5 and 2.6. ® There are two complexes in the asymmetric
cell, data are tabulated for the first complex

Unfortunately, we could not obtain single crystal of 2.7a. To prove the structure of 2.7a, we
calculated the Gibbs free energy of several possible isomers of 2.7a by DFT calculations,
and the structure 2.7a-A with the deprotonated CH>S coordinated to the ruthenium center,
while the 2.7a-C and 2.7a-D with the deprotonation in the dangling S-arm are highly
unstable.
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Relative Gibbs free energies (kcal mol™):

1 \
3 \ “, ~CO ZANN .CO
.\ .CO RU. T
RU. ~ PPh,
| ~pPh, > | ~PPhs |
H H
H
S
2.7a-B 2.7a-C 2.7a-D
0 1.78 20.8 20.5

Figure 2.7. Relative Gibbs free energies (kcal mol™) for DFT-optimized isomers of 2.7a (M06/SDD(Ru), 6-
311+g(d,p); SMD solvation in benzene).

Similar with complex 2.4a, the singly deprotonated complex 2.5a and 2.6a could be
reprotonated by reacting with HBF4 to form back the [(N2S2)RuCI(L)]" core (L = PPh; or
DMSO). At the same time, treating complex 2.5a or 2.6a with MeOH did not result in the
formation of the reprotonation products and the deprotonated complexes remained unreacted.
On the other hand, treatment of singly deprotonated complexes 2.7a with 1.1 equiv. of HBF4
resulted in the recovery of the hydride complex [(k*-N2S2)RuH(CO)(PPhs)] with no effect
of the strong acid to the hydride ligand.

c. Reactivity of deprotonated complexes

To our disappointment, both complexes 2.4b and 2.5a showed no reactivity towards H> or
terminal alkyne activation. Treatment of these complexes with CO2 and CS; resulted in a
complex mixture of insoluble products. We then examined the reactivity of these
deprotonated complexes as catalysts for hydrogenation or transfer hydrogenation, however,
complex 2.4-2.7 were inactive in hydrogenation or transfer hydrogenation of acetophenone
in the presence of base. Complex 2.4b showed no reactivity in nitrile hydration of
acetonitrile, dehydrogenation of benzyl alcohol, and hydrogenation of benzonitrile or benzyl
benzoate.

The observed lack of catalytic activity could be due to the presence of strongly coordinating
ligands and potential decomposition of the sulfur-containing ligand framework which was
reported earlier by Milstein and coworkers in ruthenium complexes supported by PNS pincer
ligands. ** As expected, prolonging the deprotonation of 2.5 with excess (3.6 equiv.) of
KO'Bu or NaH in THF or benzene led to the formation of a mixture of products, from which
a rearrangement product 2.8 was isolated and crystallized.

Scheme 2.8. Formation of 2.8.

KO'Bu (3.6 equiv)

benzene-dg, RT
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Figure 2.8. ORTEP for 2.8 at 30 % probability level according to SC-XRD. Hydrogen atoms and minor
disorder components are omitted for clarity. Selected interatomic distances [A]: Rul-S1 2.3758(9), Rul-S2
2.2996(8), Rul-P1 2.2713(10), Rul-N1 2.297(3), Rul-N2 2.080(3), Rul-C17' 2.194(3) (symmetry code i:
5/3—x, 4/3—y, 4/3—z).

According to SC-XRD, complex 2.8 is a centrosymmetric binuclear complex, where the
N28S2 ligand undergoes macrocycle ring rearrangement via 1,2-migration of a picolyl CHz
carbon from sulfur to the CH arm (Figure 2.8). The sulfur atom serves as an anionic donor
for the ruthenium center and the pyridine ring is re-aromatized. In addition, each ruthenium
atom is also coordinated to the remaining deprotonated CH arm of the counterpart ligand
with the Ru-C bond distance of 2.194(3) A, leading to the re-aromatization of the second
pyridine ring. In the "TH NMR spectrum of 2.8 in THF-ds, the methylene CH> protons appear
as four sets of doublets at 3.94, 3.49, 3.08 and 2.41 ppm, corresponding to the carbon
methylene peaks at 59.93 and 58.87 ppm, based on DEPT and HMQC NMR analyses. The
two CH groups appear as two singlets at 3.47 and 3.58 ppm, showing correlation to the *C
peaks at 64.35 and 63.48 ppm.

The formation of complex 2.8 suggests that the inherent reactivity of the sulfide-containing
pincer structure could be a contributing factor to the observed absence of catalytic activity
and irreversible ligand decomposition in the presence of a base. This is similar to the
dimerization in (PNS)Ru complex 2.1 by deprotonation leading to the catalytic deactivation
reported by the Milstein group.** Notably, the picolyl arm migration within a pincer-like
structure has been reported in other pincer-type ligands. For instance, Khaskin and
coworkers showed the migration of a picolyl arm in a functionalized PNP pincer ligand,
resulting in the chelate ring expansion and ultimately leading to the loss of catalytic
function.>® Hence, the pincer ligand framework, traditionally perceived as highly stable due
to robust chelation, may undergo significant rearrangements under basic conditions, thereby
altering the coordination environment of the metal and consequently affecting catalytic or
stoichiometric reactivity.

2.2.2.3. DFT calculations

To get more insight into how the ligand framework changes during single and double
deprotonation and dearomatization, we carried out DFT calculations to compare the structure
of complex 2.4, 2.4a and 2.4b. The geometries of these complexes were optimized using
MO06 functional and SDD (for Ru)/6-311+g(d,p) (for all other elements) basis set, SMD
model was used to account for the solvation in toluene.
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To explain why the double deprotonation occurred at two methylene group in the opposite
sites of the N2S2 ligand framework, we calculated three possible isomers of complex 2.4b:
the experimentally observed 2.4b and the alternative isomers 2.4b-A and 2.4b-B where
deprotonation occurs at the methylene sites adjacent to the same pyridine rings or to the same
S-atom, respectively. As expected, both alternative isomers were significantly less stable
than 2.4b (figure 6), consistent with the experiment that 2.4b was the only species observed
in SC-XRD and NMR spectroscopies.

Relative Gibbs free energies (kcal mol™):

2.4b-B
8.67

Figure 2.9. Relative Gibbs free energies (kcal mol™') for DFT-optimized isomers of 2.4b (M06/SDD(Ru), 6-
311+g(d,p); SMD solvation in toluene).

Next, we calculated the Wiberg bond indices (WBI) and partial atomic charges (Truhlar’s
Charge Model 5, CM5) for DFT solution-optimized structures for the non-deprotonated
complex 2.4, singly deprotonated complex 2.4a, and doubly deprotonated complex 2.4b
(Table 2.2). The Wiberg bond indices of C-C bond between the methylene group and
pyridine o-carbon in complex 2.4 and in non-dearomatized ring in singly deprotonated 2.4b
are WBI ~1.0 corresponding to a single bond character, whereas the bond index in this bond
in the dearomatized site in singly deprotonated 2.4b and doubly deprotonated 1a increases
to WBI ~1.4, suggesting a double bond character. The dearomatized system of the pyridine
ring is characterized by changing of the bond indices indicating single and double bond
character and consistent with deprotonation-induced dearomatization of the pyridine ring. In
the singly dearomatized 2.4a, alternating single/double bond system only occurs at the
pyridine ring attached to the deprotonated methine group, while no significant changes were
observed at the non-dearomatized ring proving by the analogous bond indices to that in 2.4.

According to CMS5 charges analysis in doubly deprotonated 2.4b, the negative charge
accumulation is mostly observed at the methine carbons and the N-atoms of dearomatized
pyridine ring, and to a much lesser extent at the meta-carbons. In the singly deprotonated
2.4a, the charge distribution in the aromatic pyridine ring matches up to that in non-
deprotonated 2.4, whereas the negative charge accumulation was only observed in the
dearomatized pyridine ring, in a way similar to that in doubly deprotonated 2.4b.

Overall. The WBI and CMS5 charge analysis of the macrocyclic N2S2 pyridinophane ligand
indicates that during the deprotonation of one or two methylene arms, the pyridine binding
to the methine arms undergoes partial dearomatization, and the N-atom of the dearomatized
pyridine takes on the characteristics of the amide donor, which is similar to how the
dearomatization in PNP-type pincer ligands.>!
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Table 2.2. Selected Wiberg bond indices and Partial Atomic Charges (Turhlar’s CM5 Model) for optimized
structures of 2.4 (cationic part), 2.4a (cationic part) and 2.4b.

C4 C4 C4
cs’ e cs ey ¢’ ¢,
(I:I (I: I | I |
PACNE2EN NN 6. 2
R
S, Ru;——S§;4 S, Rui——S;4 S, Rui——S§,4
| l | l | | I
Co_ Na_ _Ciy Co_ Ny _Cu Cyu Ny _GCy
Cy Cis Co 13 9 13
I | I | | [
Cio. ~Cr2 Cio. ~C12 Cio. _Cr2
1 Ci C
2.41 2.41a 2.41b
Bond Wiberg bond index Atom CMS5 charge
24 |24a |2.4b 2.4 2.4a | 2.4b

N1-C2 1.29 | 1.16 | 1.16 |Rul [0.83 |0.83 | 0.83
N1-Cé6 1.30 | 1.25 | 1.27 | NI -0.38 | -0.42 | -0.41
N2-C9 1.29 131 | 1.16 | N2 -0.38 | -0.37 | -0.41
N2-C13 | 1.30 [ 1.28 | 1.27 | S] 0.05 [0.00 |-0.04
S1-Cl 0.98 [ 1.09 | 1.08 | S2 0.05 [0.01 |-0.04
S1-C14 1 0.98 1 0.89 10.90 | Cl -0.11 | -0.20 | -0.21
S2-C7 0.98 1097 1090 | C2 0.13 10.10 | 0.10
S2-C8 0.98 1098 | 1.08 | C3 -0.06 | -0.10 | -0.11
C1-C2 1.03 1144 [ 143 [ C4 -0.03 | -0.07 | -0.09
C2-C3 142 1 1.19 | 1.19 | C5 -0.06 | -0.13 | -0.14
C3-C4 1.41 | 1.61 | 1.59 | C6 0.13 10.10 | 0.11
C4-C5 142 1126 | 1.28 | C7 -0.11 | -0.12 | -0.14
C5-Cé6 141 1149 | 1.46 | C8 -0.11 | -0.12 | -0.21
Co6-C7 1.03 | 1.03 | 1.03 | C9 0.13 10.13 | 0.10
C8-C9 1.03 11.02 | 143 | Cl10 |-0.06 |-0.08 | -0.11
C9-C10 | 142 [1.40 [1.19 |Cl11 [-0.03 |-0.05|-0.09
CI10-CI1 | 1.41 | 143 | 1.59 | C12 |-0.06 | -0.07 | -0.14
Cll-C12 | 142 [ 141 | 1.28 |CI13 [0.13 [0.13 |0.11
Ci12-C13 141 [ 141 | 146 |[Cl14 |-0.11 |-0.14]-0.14
C13-C14 | 1.03 | 1.04 | 1.03
Rul-N1 1044 048 | 0.47
Rul-N2 1044 | 0.44 | 0.47
Rul-S1 1049 | 0.50 | 0.47
Rul-S2 1049 1045 |0.47

2.3. Conclusion

In conclusion, we reported the synthesis and characterization of manganese(I) and a series
of monocationic and dicationic ruthenium(II) complexes supported by an N,S-donor
pyridinophane ligand. Under the presence of the base, the manganese(I) and ruthenium(II)
complexes undergo single or double deprotonation of the CH»>S arms, leading to the single
or double dearomatization of pyridine rings. We also demonstrated that the dearomatization
in both Mn'! and Ru'! complexes are reversible in the presence of suitable Bronsted acid/base.
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In contrast with previous reports of deprotonated ruthenium complexes supported by N,P-
donor pincer ligand, the deprotonated (N2S2)Ru complexes exhibit lower stability, which is
one of the main reasons that hinders their application in selective bond activation. One of
the decomposition products was isolated and identified as the consequence of macrocyclic
ring rearrangement, resulting in the decreased macrocycle size and forcing sulfur into the
exocyclic position.

2.4. Experimental section
Below experimental data is reported in the following publications:

1. Sarbajna, A.; Patil, P. H.; Dinh, M. H.; Gladkovskaya, O.; Fayzullin, R. R.; Lapointe, S.;
Khaskin, E.; Khusnutdinova, J. R., Facile and Reversible Double Dearomatization of
Pyridines in Non-Phosphine Mn' Complexes with N,S-Donor Pyridinophane Ligand. Chem.
Commun. 2019, 55, 3282-3285.

2. Dinh, M. H.; Gridneva, T.; Karimata, A.; Garcia-Roca, A.; Pruchyathamkorn, J.; Patil, P.
H.; Petrov, A.; Sarbajna, A.; Lapointe, S.; Khaskin, E.; Fayzullin, R. R.; Khusnutdinova, J.
R. "Single and Double Deprotonation/Dearomatization of N,S-Donor Pyridinophane Ligand
in Ruthenium Complexes" Dalton Trans. 2022, 51, 14734-14746.

General considerations

Solvent and reagents: Unless otherwise indicated, all solvents and reagents were used as
received without further purification. Non-deuterated solvents were taken from a solvent
purification system (MBRAUN SPS). Anhydrous deuterated solvents were purchased from
Eurisotop and stored over 4 A molecular sieves. N2S2 ligand was synthesized according to
the literature procedure.>

Nuclear Magnetic Resonance (NMR) spectroscopic analyses: NMR spectra were measured
on JEOL ECZ400S 400MHz, JEOL ECZ600R 600 MHz, Bruker Avance II 400 MHz and
Bruker Avance III 500 MHz. The following abbreviations are used for describing NMR
spectra: s (singlet), d (doublet), t (triplet), vt (virtue triplet), q (quartet), dd (doublet of
doublets), m (multiplet), quat (quaternary carbon). Residual solvent peaks or internal
standard was used as a reference for chemical shifts in "H NMR spectra.

Solid-state FT-IR spectra were measured using Agilent Cary 630 with ATR module in an
argon-filled glovebox. The following abbreviations are used for describing FT-IR spectra: s
(strong), m (medium), w (weak), br (broad).

Electrospray Ionization Mass Spectrometry (ESI-MS) measurements were performed on a
Thermo Scientific ETD apparatus using MeOH or MeCN as a solvent for injection.

Elemental analyses were performed using an Exeter Analytical CE440 instrument.
UV-vis spectra were recorded on an Agilent Cary 60 spectrophotometer.

The X-ray diffraction data for the single crystals 2.3-2.7, 2.3a, 2.3b, 2.4b, 2.5a and 2.6a
were collected on a Rigaku XtaLab PRO instrument.

Computational details: All calculations were performed using density functional theory
(DFT) as implemented in the Gaussian 16 suite of programs.>*> Geometry optimizations and
frequency analyses were carried out without symmetry restrictions; ground states
corresponded to the absence of imaginary frequencies. The initial atomic coordinates were
taken from the crystal structures determined by SC XRD. Gibbs free energies are reported
as the ‘Sum of electronic and thermal free energies’. The results reported in Tables XX and
XX are reported for geometries optimized using M06 functional®* and SDD (for Ru)™ /6-
311+g(d,p) (for other elements)>** basis set taking into account solvent effect via SMD
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model.®* This method was found to provide good match to the structural parameters from

SC XRD data for complex 2.4b and was previously used for computational analysis of
dearomatized pincer Ru complexes.®

Synthesis of [Mn(CO)2(N2S2)|Br 2.3

X
P
N Mn(CO)sBr
S S °
N Toluene/methanol
N
| 80 °C
=
N2S2 23

95 %

206.0 mg (0.751 mmol) of N2S2 ligand and 200.2 mg (0.729 mmol, 0.97 equiv.) of
Mn(CO)sBr were combined in a flame dried Schlenk flask inside a glove box and 10 mL
toluene was added to give a yellow suspension. Subsequently, 1 mL methanol was added to
the reaction mixture to yield a clear solution. The flask was taken outside the glove box and
heated at 80 °C for 24 hours and then cooled inside the glove box to room temperature. The
solution was then filtered through a celite pad. The filtrate obtained was evaporated under
reduced pressure to yield a yellow solid which was washed thrice with copious amounts of
diethyl ether (~15 mL) and then dried to produce 2.3. Yellow crystals were grown by vapor
diffusion of ether into a 1:1 dichloromethane and methanol mixture of the complex. Yield:
330 mg (95 %).

"H NMR (400 MHz, 25 °C, DMSO-ds): § 7.74 (t, *Jun = 7.8 Hz, p-Hpy, 2H), 7.47 (d, *Jun=
7.8 Hz, m-Hpy, 4H), 4.90 (d, 2Jun = 18.0 Hz, Py-CH>-N, 4H), 4.79 (d, 2Jun= 18.0 Hz, Py-
CH>-N, 4H).

BC NMR (151 MHz, 25 °C, DMSO-ds): § 225.6 (CO), 159.0 (quat. Cpy), 137.2 (p-Cpy),
121.4 (m-Cpy), 49.1 (Py-CH,-N).

Anal. Calcd. for Mn1C16H14N2S202Br: C, 41.30; H, 3.03; N, 6.02. Found: C,41.41; H, 3.03;
N, 6.03.

UV-vis, A, nm (g, M"! em™!), CH2Cl:MeOH (1:1): 225 (27900), 259 (17900), sh 282 (7960),
342 (7560), sh 366 (7160).

FT-IR (ATR, solid): v 2935 (m), 2880 (m), 1935 (s), 1864 (s), 1593 (m), 1567 (m), 1457 (),
1426 (m), 1398 (br), 1384 (br), 1156 (br), 905 (w), 858 (s), 778 (s), 668 (s) cm’.

ESI-HRMS (m/z): calculated for [CisH14aMnN20,S2]", ((M-Br]", z = 1): 384.9872; Found:
384.9868.
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Synthesis of 2.3b from 2.3
_l Br

KO'Bu (2.2 eq)

THF, 30 min, RT

23 2.3b

42.0 mg (0.090 mmol) of 2.3 was weighed out in a scintillation vial inside a glove box and
5 mL THF was added to give a yellow suspension. 22.1 mg (0.198 mmol, 2.2 equiv.) of
KO'Bu was weighed out in another vial and added in one portion to the yellow suspension.
The solution immediately turned into a deep orange color and was stirred for 30 minutes.
After 30 minutes, the solution was filtered through a layer of celite and a clear orange
solution was obtained that was characterized as 2.3b. 4 THF solution of the compound is
stable at -30 °C for about 2 days but if solvent is evaporated, the orange solid starts to
decompose immediately and turns black within minutes. Hence, isolated yield of the
compound could not be calculated, however, NMR shows complete conversion. All
subsequent yields were based upon the parent compound used in the reaction. Yellow
crystals were grown by vapor diffusion of pentane into a THF-ds solution of 2.3b at -30 °C
overnight.

"H NMR (600 MHz, -30 °C, THF-ds): 6.13 (dd, *Juu = 7.1, 8.1 Hz, p-Hpy, 2H), 5.74 (d, *Jun
= 8.3 Hz, m-Hpy, 2H), 5.37 (d, *Juu = 6.5 Hz, m-Hpy, 2H), 3.44 (2 doublets, >Jun= 14.7 Hz,
Py-CH>-N, 4H), 3.38 (s, Py-CH-N, 2H). tert-Butanol is a by-product of the reaction giving
a singlet at § 1.13 (CHs, tBu) and a broad peak at § 10.6 (br s, OH). 1*C NMR (151 MHz, -
30 °C, THF-ds): 6230.5 (CO), 166.2 (quat. Cpy), 156.9 (quat. Cpy), 129.6 (p-Cbry), 109.6 (m-
Cry), 99.6 (m-Cpy), 63.8 (Py-CH-N), 60.0 (Py-CH>-N). tert-Butanol is a by-product of the
reaction giving two peaks in *C NMR at § 66.6 (C(CH3)-OH), 33.7 (C(CH3)-OH).

UV-vis, A, nm (g, M™' em™), THF: 211 (43200), 294 (28200), 322 (25800), 438 (4480), sh
493 (1790).

FT-IR (ATR, solid): v 3795 (w), 3693 (w), 3052 (m), 2951 (w), 2880 (m), 2234 (m), 2090
(m), 1889 (s), 1801 (s), 1597 (s), 1517 (s), 1475 (s), 1418 (s), 1383 (s), 1286(s), 1247 (s),
1158 (s), 1095 (m), 1023 (s), 969 (s), 872 (s), 833 (s), 746 (s), 720 (s), 679 (s) em’..

ESI-MS could not be determined accurately due to high air and moisture sensitivity of 2.3b.
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Synthesis of 2.3 from 2.3b

K(THF

HBr (3.2 eq)

2.3b 23

Compound 2.3b was prepared from 42.0 mg (0.090 mmol) of [1]Br and 22.1 mg (0.198
mmol, 2.2 equiv.) of KO'Bu in THF. To the orange solution, 680 pL of 33% HBr in acetic
acid (0.225 mmol, 3.2 equivalents) was added using a microsyringe. The solution upon
complete addition of acid turned yellowish in color. The solution was then evaporated to
give a yellow solid identified as 2.3. Crystals of 2.3 could be re-grown from vapor diffusion
of hexane into the dichloromethane solution of the yellow compound. Yield: 36 mg (86%).
NMR is identical to the complex obtained as described above from N2S2 and Mn(CO)sBr.

Synthesis of 2.3a from 2.3b using aq. ammonia

K(THF)3

NH4OH (4 eq)

2.3b 2.3a

Compound 2.3b was prepared from 42.0 mg (0.090 mmol) of 2.3 and 30.4 mg (0.271 mmol,
3 equiv.) of KO'Bu in THF. To the yellowish orange solution, aqueous ammonia (28%) (15
pL, 0.36 mmol, 4 equiv.) was added using a microsyringe. The solution immediately turned
reddish. The solution was stirred for 15 minutes and filtered through a plug of celite, and the
filtrate was evaporated to dryness to yield a red solid 2.3a which was confirmed by NMR.

"H NMR (600 MHz, -30 °C, THF-ds): § 7.55 (vt, *Jun = 7.5 Hz, p-Hpy, 1H), 7.41 (d, >Jun =
7.6 Hz, m-Hpy, 1H), 7.32 (d, *Jun = 7.2 Hz, m-Hpy, 1H), 6.27 (dd, *Jun= 8.7 Hz, 6.5 Hz, p-
Hpy, 1H), 5.84 (d, *Jun = 8.7 Hz, m-Hpy, 1H), 5.63 (d, *Jun = 6.5 Hz, m-Hpy, 1H), 4.67 (d,
2Jun = 16.8 Hz, Py-CH>-N, 1H), 4.28 (d, %Jun = 16.8 Hz, Py-CH>-N, 1H), 4.23 (d, %Juu =
16.8 Hz, Py-CH>-N, 1H), 4.17 (d, >Jun = 16.8 Hz, Py-CH>-N, 1H), 4.05 (d, Jun= 16.8 Hz,
Py-CH>-N, 1H), 3.84 (d, 2Jun = 16.8 Hz, Py-CH>-N, 1H), 3.54 (s, Py-CH-N,1H). '*C NMR
(151 MHz, -30 °C, THF-ds): & 228.7 (CO), 228.1 (CO), 166.5 (quat. Cpy), 162.6 (quat. Cpy),
160.5 (quat. Cpy), 152.9 (quat. Cpy), 135.9 (p-Cpy), 130.6 (p-Cbpy), 123.4 (m-Cpy), 120.8 (m-
Cpy), 111.3 (m-Cry), 100.6 (m-Cpy), 64.6 (Py-CH-N-), 60.1 (Py-CH>-N), 52.2 (Py-CH>-N),
47.5 (Py-CH>-N).

UV-vis, A, nm (g, M"' em™), THF: 214 (7860), 261 (244), 329 (3400), sh 368 (120), 436 (50)
sh 498 (20).

FT-IR (ATR, solid): v3844 (w), 3759 (w), 3676 (w), 3055 (m), 2913 (br), 2235 (m), 2081
(br), 1914 (s), 1834 (s), 1605 (s), 1517 (s), 1476 (s), 1403 (), 1293 (s), 1253 (s), 1169 (s),
1107 (s), 1046 (s), 1023 (s), 976 (s). 909 (m), 866 (s), 841 (s), 779 (m), 742 (s), 723 (s), 669
(s) em™.
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Synthesis of 2.3a from 2.3b using H20

K(THF),

2.3b 2.3a

Compound 2.3b was prepared from 42.0 mg (0.090 mmol) of 2.3 and 30.4 mg (0.271 mmol,
3 equiv.) of KO'Bu in THF. To the yellowish orange solution, 1.6 puL of deionized H20O (0.090
mmol, 1 equiv.) was added using a microsyringe. The solution immediately turned reddish.
The solution was stirred for 15 minutes and filtered through a plug of celite and the filtrate
was evaporated to dryness to yield a red solid 2.3a which was confirmed by NMR.

Stability of 2.3a in the presence of excess of water

THF)3

H,0 (12.9 equiv)

2.3b 2.3a

Compound 2.3b was prepared from 20.0 mg (0.043 mmol) of 2.3 and 14.5 mg (0.129 mmol,
3.0 equiv.) of KO'Bu in THF. To the yellowish orange solution, 10 pL of degassed DO (0.55
mmol, 13 equiv.) was added using a microsyringe. The solution immediately turned reddish.
The solution was stirred for 15 minutes and filtered through a plug of celite and the filtrate
was directly used for the NMR characterization.

Synthesis of complex 2.4, [Ru(N2S2)(MeCN)2](OTf):

1. AgOTf (4 equiv), 3 h
2. N2S2 (2 equiv), 18 h

[RuCly(p-cymene)l,
MeCN, RT

In a glove box, 155 mg (0.253 mmol) of dichloro(p-cymene)ruthenium(Il) dimer was
dissolved in 12 mL of acetonitrile. To the red solution, 260 mg (1.012 mmol, 4 equiv.) of
AgOTf was added and the mixture was stirred in the dark for 3 hours. The AgCl precipitation
was then filtered off, and 136 mg (0.495 mmol, 2 equiv.) of N2S2 ligand was added. The
resulting solution was stirred for 18 hours. The mixture was filtered through celite to remove
the remaining AgCl precipitation to give a yellowish-orange solution. The obtained solution
was subsequently evaporated to give a yellowish-orange solid, which was washed thrice with
a copious amount of ether and pentane and then dried to produce 1. Yellowish orange crystals
were grown by vapor diffusion of diethyl ether to the saturated acetonitrile solution of 2.4.
Yield: 244 mg (0.323 mmol - 64%).
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"H NMR (600 MHz, 23 °C, CD3CN): § 7.60 (t, *Jun = 7.9 Hz, p-Hpy, 2H), 7.38 (d, *Jun =
7.9 Hz, m-Hpy, 4H), 4.76, 4.74 (ABq, Jag = 18 Hz, Py—CH>-S, 8H), 2.35 (s, NC-CH3, 6H).

13C{'H} NMR (151 MHz, 23 °C, CDsCN): § 162.29 (quat. Cpy), 137.35 (p-Cpy), 130.28
(SO3-CF3), 123.05 (m-Chy), 48.43 (Py—CH»-S), 4.74 (NC—CH).

F NMR (376 MHz, 23 °C, CD3CN): § —79.25 (SO3-CF3).
EA Found (Calculated) C20H20N4OsFsRuS4: C 31.78 (31.79), H 2.67 (2.67), N 7.41 (8.00).
ESI-HRMS (m/2): calculated for [C1sH20NsRuS2]*": 230.0082; Found: 230.0086.

FT-IR (ATR, solid): 2980 (br), 2915 (br), 1602 (m), 1596 (br), 1463 (m), 1406 (m), 1257 (s),
1222 (m), 1148 (s), 1027 (s), 915 (m), 856 (m), 775 (m), 750 (m). UV-Vis (CH;CN), A, nm
(e, M~! cm™!): 344 (8670), 250 (9723), 213 (21954).

Synthesis of complex 2.5, [Ru(N2S2)(PPhs3)CI|Cl

| N
N RUCly(PPh3)s
S S -
| AN CH,Cl,/MeOH
Z 16 h, RT
2.5
N2S2

In a glove box, 174.2 mg (0.182 mmol) of dichlorotris(triphenylphosphine)ruthenium(Il)
and 51.6 mg (0.188 mmol, 1.0 equiv.) of N2S2 ligand were dissolved in 5.0 mL of
dichloromethane in a 20 mL vial to give a dark red solution. The reaction mixture was stirred
at room temperature for 19 hours, during which time the solution color gradually changed to
yellow. The obtained solution was subsequently evaporated at reduced pressure to give a
yellow solid, which was washed with ether (3 x 5 mL) and a 1:1 dichloromethane and ether
mixture (3 X 5 mL) and then dried to produce 2.5. Yellow needle crystals were grown by
vapor diffusion of diethyl ether into the dichloromethane solution of the complex. Yield: 109
mg (0.154 mmol - 85%).

"H NMR (600 MHz, 23 °C, CD2Cly): § 7.54-7.12 (m, Hppns and Hpy, 21H), 5.29 (d, *Jun =
17.1 Hz, Py—-CH>-S, 2H), 5.10 (d, 2Jun = 17.9 Hz, Py—CH>-S, 2H), 4.82 (d, >Jun = 17.0 Hz,
Py—-CH>-S, 2H), 3.37 (d, 2Jun = 17.5 Hz, Py—-CH>-S, 2H).

BC{'H} NMR (151 MHz, 23 °C, CD2Cl):  161.22 (quat. Cpy), 159.02 (quat. Cpy) 136.59
(p-Cry), 134.29 (d, 'Jpc = 47.0 Hz, quat. CP), 133.84 (m-Cry), 133.61 (d, 2/pc = 10.3 Hz, o-
CP), 130.59 (m-Cry), 128.74 (d, *Joc = 9.4 Hz, m-CP), 122.18 (d, 2Jec = 25.3 Hz, p-CP),
50.34 (Py—CH2>-S), 48.98 (Py—CH>-S).

3Ip{'H} NMR (162 MHz, 23 °C, CD,Cly): & 46.28 (PPhs).

EA Found (Calculated) C75HsoClsN4P2Ru2S4 (2 Ru(N2S2)(PPh3)CI)CI-1 CH2Clp): C 51.24
(51.97), H 3.90 (4.03), N 3.74 (3.73).

ESI-HRMS (m/z): Found (Calcd): C32H2oN2CIPRuS;": 673.0231 (673.0236).

FT-IR (ATR, solid) : 3057 (m), 2924 (m), 2858 (m), 1595 (m), 1590 (m), 1457 (m), 1431
(m), 1185 (m), 1155 (m), 1091 (s), 910 (m), 856 (m), 776 (m), 747 (s), 694 (s).

UV-Vis (CH2Clb), A, nm (g, M! cm™): 379 (5843).
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Synthesis of complex 2.6, [Ru(N2S2)(DMSO)CI|C1

X
P

N RuCl,(DMSO0),

S S

| N 16 h, RT

=

2.

N2S2 6

In a glove box, 87.7 mg (0.182 mmol) of dichlorotetrakis(dimethylsulfoxide)ruthenium(II)
and 50.0 mg (0.182 mmol, 1.0 equiv.) of N2S2 ligand were dissolved in a 5.0 mL mixture of
2:1 dichloromethane and methanol in a 20 mL vial to give a yellow solution. The reaction
mixture was stirred at room temperature for 16 hours. Yellow needle crystals were grown by
vapor diffusion of diethyl ether into the obtained solution of complex to produce 2.6. Yield:
67.0 mg (0.128 mmol - 70%).

'H NMR (600 MHz, 23 °C, CDCl3): & 7.53 (d, *Juu = 7.0 Hz, m-Hpy, 2H), 7.50 (t, 3Jun =
7.4 Hz, p-Hpy, 1H), 7.43 (d, *Jun = 7.5 Hz, m-Hpy, 1H), 7.35 (t, *Jun = 7.8 Hz, p-Hpy, 1H),
5.67 (d, 2Jun = 17.8 Hz, Py—CH>-S, 2H), 5.64 (d, 2Jun = 17.4, Py—-CH>-S, 2H), 4.74 (d, >Jun
=17.6 Hz, Py-CH,»-S, 2H), 4.69 (d, Jun = 17.8 Hz, 2H), 3.48 (s, (CH3)2S0, 6H).

3C{'H} NMR (151 MHz, 23 °C, CDsCl): & 161.18 (quat. Cpy), 159.31 (quat. Cpy), 137.30
(p-Cpy), 135.88 (p-Cry), 122.69 (m-Cpy), 122.45 (m-Cpy), 49.05 ((CH3)S0), 48.35 (Py—
CH,-S), 48.24 (Py—CH»-S).

EA Found (Calculated) C16H20C12N2ORuS;3 C 35.7 (35.34), H 3.92 (3.36), N 4.92 (4.89).
ESI-HRMS (m/z): Found (Calcd): Ci16H20CIN2ORuS3": 488.9461 (488.9464).

FT-IR (ATR, solid): 3214 (br), 2871 (br), 1596 (m), 1591 (m), 1459 (s), 1396 (m), 1161 (s),
1083 (s), 1012 (s), 908 (s), 855 (m), 779 (s), 718 (m), 684 (m).

UV-Vis (CH3;0H), A, nm (¢, M~ em™): 335 (4253), 256 (7404).
Synthesis of complex 2.7, [Ru(N2S2)H(CO)(PPh3)|Cl

| X
~
N RuH(CO)CI(PPh3)3
S S >
N toluene/MeOH
AN
| > 80°C, 16 h
N2S2

In a glove box, 102.0 mg (0.372 mmol) of N2S2 ligand and 354.0 mg (0.372 mmol, 1 equiv.)
of RuHCI(CO)(PPhs); were dissolved in a mixture containing 6 mL toluene and 3 mL of
methanol. The mixture was then transferred into flame dried Schlenk flask. The flask was
taken outside the glove box and heated at 80 °C overnight to give a clear yellow solution.
The solution was then evaporated under reduced pressure inside the glove box to yield a
yellow solid, which was washed thrice with a copious amount of diethyl ether and pentane
and then dried to produce 2.7. Yellow crystals were grown by vapor diffusion of diethyl ether
into a concentrated solution of 2.7 in dichloromethane. Yield: 246.4 mg (0.351 mmol - 94%)).
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"H NMR (600 MHz, 23 °C, CD2Cl,): § 7.58-6.88 (m, Hppns and Hpy, 21H), 6.46 (d, 2Jun =
13.5 Hz, Py—CH>-S, 1H), 5.96 (d, 2Jun = 17.5 Hz, Py—CH>-S, 1H), 5.89 (d, 2Jun = 17.8 Hz,
Py—CH>-S, 1H), 5.60 (d, 2Jun = 13.6 Hz, Py—CH>-S, 1H), 4.32 (d, 2Jun = 17.1 Hz, Py—CH>»—
S, 1H), 3.94 (d, 2Jun = 14.1 Hz, Py—CH>-S, 1H), 3.39 (d, 2Jun = 17.3 Hz, 1H), 3.15 (d, *Jun
=14.1 Hz, 1H), —6.68 (d, 2Jpu = 28.9 Hz, Ru-H, 1H).

13C{'H} NMR (151 MHz, 23 °C, CD,Cl):  204.07 (d, 2Jpc = 18.2 Hz, Ru-CO), 164.29
(quat. Cpy), 163.32 (quat. Cpy), 161.47 (quat. Cey), 160.23 (quat. Cry), 139.31 (d, 'Jpc = 25.1
Hz, quat. CP), 133.64 (d, 2Jec = 10.4 Hz, 0-CP), 131.04 (p-CP), 128.88 (d, 3Jpc = 10.4 Hz,
m-CP), 124.51 (p-Cpy), 124.34 (p-Cpy), 123.77 (m-Cpy), 123.64 (m-Chy), 46.18 (Py—CH-S),
44.07 (Py—CH»-S), 43.73 (Py—CH,-S), 42.28 (Py—CH,-S).

31P{'H} NMR (243 MHz, 23 °C, CD,CL): § 62.90 (PPhs).
EA Found (Calculated) C33H30CIN2OPRuS:: C 51.14 (50.97), H 3.91 (3.85), N 3.53 (3.50).
ESI-HRMS (m/z): Found (Calcd): C33H30N20PRuS:": 667.0580 (667.0575).

FT-IR (ATR, solid) : 3043 (br), 2876 (br), 2173 (br), 1934 (s), 1598 (m), 1594 (m), 1480 (m),
1455 (m), 1432 (m), 1398 (m), 1311 (m), 1157 (s), 1091 (s), 998 (m), 852 (s), 788 (m), 745
(s), 724 (m), 693 (s).

UV-Vis (CH2Clb), A, nm (e, M' cm™!) : 382 (843).
Formation of 2.4a in acetonitrile-d3

In a glove box, 10.0 mg (0.013 mmol) of complex 2.4 was weighed in a 20 mL vial equipped
with a stirring bar. The complex was dissolved in 1 mL of acetonitrile-d3, and 1.6 mg (1.1
equiv.) of KO'Bu was added. The reaction mixture was stirred for 3 min and then filtered
through celite to give a solution of 2.4a. The solution of 2.4a was directly characterized by
NMR.

"H NMR (CDsCN, -30 °C, 600 MHz): & 7.53 (t, *Jun = 7.7 Hz, p-Hpy, 1H), 7.26 (m, m-Hpy,
2H), 6.37 (dd, *Jun = 9.0 Hz, 6.5 Hz, p-Hpy, 1H), 5.92 (d, m-Hpy, *Jun = 8.9 Hz, 1H), 5.75
(d, *Jun = 6.5 Hz, m-Hpy, 1H).

BC{™H} NMR (CDsCN, -30 °C, 151 MHz): 5 167.87 (quat. Cpy), 163.05 (quat. Cpy), 162.95
(quat. Cpy), 154.95 (quat. Cpy), 135.87 (p-Cbry), 130.71 (p-Cpy), 123.75 (m-Cpy), 120.90 (m-
Cpy), 111.18 (m-Cpy), 101.80 (m-Cbpy), 61.70 (Py—CH-S), 58.48 (Py—CH>-S), 49.32 (Py—
CH>-S), 45.53 (Py—CH2-S).

Yield determination of 2.4a

In a glove box, 10.0 mg (0.013 mmol) of complex 1 was weighed in a 20-mL vial equipped
with a stir bar. The complex was dissolved in 1.5 mL of acetonitrile-d3 and 1.6 mg (0.014
mmol, 1.1 equiv.) of KO'Bu were added. 1.8 puL (0.013 mmol, 1 equiv.) of mesitylene was
added to the solution by microsyringe as an internal standard. The reaction mixture was
stirred for 3 min. After the reaction, the solution was taken out to analyze by 'H NMR
spectroscopy. The yield of 2.4a was determined by the peak of complex 2.4a at 6.37 ppm
against the internal standard peak at 6.80 ppm. Yield: 98%.

Protonation of 2.4a by HBF4

Complex 2.4a was prepared in-situ from 10.0 mg (0.0132 mmol) of 1 with 1.6 mg (0.0145
mmol) of KO'Bu in acetonitrile-d3 in 3 min. To the orange solution of 2.4a, 2.0 uL (0.015
mmol — 1.1 equiv.) of tetrafluoroboric acid diethyl ether complex (HBF4.Et;O) was added
by micro syringe, and the solution color immediately changed to yellow. The solution was
identified as 2.4 by '"H NMR spectroscopy.
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Formation of 2.4b in toluene-ds

In a glove box, 15.0 mg (0.020 mmol) of complex 2.4 was weighed in a 20 mL vial equipped
with a stirrer bar. The complex was dissolved in 1.5 mL of toluene-ds, and 4.5 mg (0.040
mmol, 2.0 equiv.) of KO'Bu were added. The reaction mixture was stirred for 3 min. The
crude was filtered using an HPLC filter, leaving a brown solid in the filter, and the filtrate is
collected in a second vial to give 2.4b. The solution of 2.4b was directly characterized by
NMR spectroscopy. The orange crystals of 2.4b were grown by cooling a saturated toluene
solution at —20 °C.

"H NMR (C7Ds, -30 °C, 600 MHz): § 6.38 (dd, *Jus= 8.6, 6.6 Hz, p-Hpy, 2H), 6.26 (d, *Jun
= 8.7 Hz, m-Hbpy, 2H), 5.76 (d, *Jun = 6.5 Hz, m-Hpy, 2H), 4.18 (s, Py—CH-S, 2H), 3.89 (d,
2Jun = 14.5 Hz, Py—-CH>-S, 2H), 3.73 (d, >Juu = 14.5 Hz, Py-CH>-S, 2H), 0.41 (s, NC-CH3,
6H).

13C{'H} NMR (C7Ds, 30 °C, 151 MHz): 5 168.49 (quat. Cpy), 156.68 (quat. Cpy), 129.70
(p-Cpy), 110.58 (m-Cpy), 101.67 (m-Cpy), 61.43(Py—CH-S), 58.23 (Py—CH»-S), 1.55 (NC—
CHs), 1.38 (NC-CHs).

Yield determination of 2.4b, general procedure

In a glovebox, the mixture of 2.4 and KO'Bu was added to toluene-ds. After stirring, the
reaction mixture was filtered through a syringe filter to get a clear yellow solution of 2.4b.
4.0 uL (0.029 mmol) of mesitylene was added to the solution as an internal standard. The
solution was taken out to analyze by 'H NMR spectroscopy. The yield of 2.4b was
determined by the peak of 2.4b at 4.18 ppm against the internal standard peak at 6.66 ppm.
Using 0.5 equiv. to 2 equiv. of base in all cases produced similar yields of 2.4b, 17-21%,
limited by the solubility of 2.4b in toluene. When the formed precipitate was collected and
dissolved in a more polar solvent such as CD3CN, its '"H NMR also corresponded to 2.4b
showing that low solubility was the main factor responsible for limited yield determined in
non-polar solvents.

Formation of 2.4b in acetonitrile-d3

In a glove box, 10.0 mg (0.013 mmol) of complex 2.4 was weighed in a 20 mL vial equipped
with a stir bar. The complex was dissolved in 1.5 mL of acetonitrile-d3, and 3.2 mg (0.029
mmol, 2.2 equiv.) of KO'Bu was added. The reaction mixture was stirred for 3 min and then
filtered through celite to give a solution of 2.4b. 1.8 puL of mesitylene (0.013 mmol, 1 equiv.)
was added to the solution as an internal standard. The obtained solution was characterized
by "H NMR spectroscopy. The yield of 2.4b was determined by the peak of 2.4b at 4.18 ppm
against the internal standard peak at 6.66 ppm. Yield: 80%.

"H NMR (CD;3CN, -30 °C, 600 MHz): § 6.28 (dd, *Jun = 8.7 Hz, *Jun = 6.6 Hz, p-Hpy, 2H),
5.85 (d, *Jun = 8.7 Hz, m-Hpy, 2H), 5.53 (d, *Jun = 6.5 Hz, m-Hpy, 2H).

Protonation of 2.4b by HBF4: Complex 2.4b was prepared in-situ from 10.0 mg (0.0132
mmol) of 1 with 3.7 mg (0.0331 mmol — 2.5 equiv.) of KO'Bu in acetonitrile-ds in 3 min. To
the red solution of 2.4b, 4.5 pL (0.033 mmol — 2.5 equiv.) of tetrafluoroboric acid diethyl
ether complex (HBF4.Et,0) was added by micro syringe, and the solution color immediately
changed to yellow. The formation of [(N2S2)Ru(MeCN).]*" was established by a
comparison of the '"H NMR spectrum with complex 2.4.

Formation of 2.5a in benzene-ds

In a glove box, 10.0 mg (0.014 mmol) of 2.5 was added to 1 mL of benzene-ds. To the
mixture, 3.0 mg (0.025 mmol, 1.8 equiv.) of KO'Bu was added to the mixture. The solution
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gradually became orange-red and was stirred for 20 min. After 20 minutes, the solution was
filtered through a layer of celite and a clear orange solution was obtained that was
characterized as 2.5a. Orange crystals were grown by vapor diffusion of pentane to the
benzene solution of 2.5a.

"H NMR (600 MHz, 23 °C, CeDs): & 8.02 (t, *Jun = 8.6 Hz, o-Hppns, 6H), 7.12 (t, 3Jun = 6.8
Hz, p-Hrpns, 6H), 7.04 (t, *Jun = 7.3 Hz, m-Hppns, 3H), 6.33 (t, *Jun = 7.6 Hz, p-Hpy, 1H),
6.29 (d, *Jun = 7.6 Hz, m-Hpy, 1H), 6.06 (d, *Juu = 7.6 Hz, m-Hpy, 1H), 6.04 (dd, *Jun = 9.0
Hz, p-Hpy, 1H), 5.92 (d, 3Jun = 8.7 Hz, m-Hpy, 1H), 5.06 (d, *Jun = 6.6 Hz, m-Hpy, 1H),
4.81 (d, 2Jun = 14.7 Hz, Py—CH>-S, 1H), 4.02 (d, Jun = 17.9 Hz, Py—-CH>-S, 1H), 3.86 (s,
Py—CH-S, 1H), 3.82 (d, 2Jun = 14.8 Hz, Py—CH>-S, 1H), 3.23 (d, 2Jun = 16.5 Hz, Py—-CH>—
S, 1H), 2.96 (d, 2Jun = 15.9 Hz, Py—CH>-S, 1H), 2.76 (d, >Juu = 15.9 Hz, Py—CH>-S, 1H).

BC{™H} NMR (151 MHz, 23 °C, C¢Ds): & 167.51 (quat. Cpy), 162.35 (quat. Cpy), 157.94
(quat. Cpy), 153.68 (quat. Cpy), 136.02 (d, 'Jpc = 40.9 Hz, quat. Cepn3), 134.57 (d, *Jpc = 10.1
Hz, 0-Cppn3), 133.47 (0-Cry), 129.28 (m-Crphs), 128.35 (p-Crpnz), 122.37 (m-Cpy), 118.32
(m-Cpy), 110.85 (m-Cbpy), 99.75 (m-Cpy), 65.03 (Py—CH-S), 61.20 (Py—CH2-S), 51.62 (Py—
CH>-S), 48.68 (Py—CH>-S); (the signal of dearomatized ortho-Cpy peak overlaps with
benzene-ds peak and cannot be clearly detected).

3P {'H} NMR (243 MHz, 23 °C, C¢D¢): 8 52.37 (s, PPhs3).

A similar procedure was used to determine the yield of 2.5a in benzene-ds in the presence of
mesitylene as an internal standard. The yield of 2.5a in the presence of 0.9-1.4 equiv. of
KO'Bu was found to be identical, 88%, after 60 min at RT. The yield of 2.5a was determined
by the peak of complex 2.5a at 4.81 ppm against the internal standard peak at 6.73 ppm.

Using over 2 equiv. of base leads to decomposition, accelerated by an excess base. When 2
equiv. of KO'Bu are used, initially formed 2.5a (36% after 20 min) decomposes after 60 min,
while using 3 equiv. and more leads to no detectable 2.5a and the formation of a mixture of
products.

Protonation of 2.5a by HBF4

Complex 2.5a was prepared in-situ from 10.0 mg (0.0141 mmol) of 2 with 1.7 mg (0.0155
mmol) of KOBu in benzene-ds in 1 hour. To the orange solution of 2.5a, 2.1 pL (0.016 mmol
— 1.1 equiv.) of tetrafluoroboric acid diethyl ether complex (HBF4.Et20) was added by micro
syringe, and the yellow precipitate was immediately formed. The benzene solvent was
evaporated under vacuum to give a yellow powder, which was identified as 2.5[BF4] by
NMR spectroscopy (with dichloromethane-d> as NMR solvent).

Protonation of 2.5a by acetic acid:

Complex 2.5a was prepared in-situ from 10.0 mg (0.0141 mmol) of 2 with 1.7 mg (0.0155
mmol) of KOBu in benzene-ds in 1 hour. To the orange solution of 2.5a, 0.9 puL (0.016 mmol
— 1.1 equiv.) of acetic acid was added via microsyringe, and the yellow precipitate was
immediately formed. The benzene solvent was evaporated under vacuum to give a yellow
powder, which was identified as 2.5[OC(O)CH3] by 'H NMR spectroscopy (with
dichloromethane-d> as NMR solvent).

Formation of 3a in benzene-ds

In a glove box, 10.0 mg (0.019 mmol) of 3 was added to 0.7 mL of benzene-ds. To the
mixture, 2.4 mg (0.021 mmol, 1.1 equiv.) of KO'Bu was added to the mixture. The mixture
gradually became orange and was allowed to stir for 1 hour. After 1 hour, the solution was
filtered through a layer of celite, and a clear orange solution was obtained that was
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characterized as 3a. Orange crystals were grown by vapor diffusion of pentane to the
benzene solution of 3a.

"H NMR (600 MHz, C¢Ds, 23 °C) & 6.31 (t, *Jun = 7.7 Hz, p-Hpy, 1H), 6.21-6.20 (m, m- and
p-Hpy, 2H), 6.04 (d, 3Jun = 8.8 Hz, m-Hpy, 1H), 5.89 (d, *Jun = 7.7 Hz, m-Hpy, 1H), 5.46 (d,
3Jun = 6.7 Hz, m-Hpy, 1H), 4.75 (d, 2Jun = 15.8 Hz, Py—CH>-S, 1H), 4.61 (d, 2Jun = 14.8
Hz, Py-CH,-S, 1H), 3.86 (s, Py—CH-S, 1H), 3.74 (d, 2Jun = 14.8 Hz, Py—-CH>-S, 1H), 3.64
(d, 2Jun = 17.9 Hz, Py—CH>-S, 1H), 3.33 (s, (CH5)2S0, 3H), 3.20 (d, 2Jun = 15.7 Hz, Py—
CH>-S 1H), 3.08 (d, 2Jun = 17.9 Hz, Py—CH>-S, 1H), 2.50 (s, (CH3):S0, 3H).

Yield determination of 2.6a

In a glovebox, 5.0 mg (0.01 mmol) of 2.6 was combined with 2 mL of benzene-ds; KO'Bu
(1.1 or 2.0 equiv) was then added. 1.3 pL (0.01 mmol, 1 equiv.) of mesitylene was added to
the solution as an internal standard. The solution was placed into an NMR tube and analyzed
by '"H NMR spectroscopy. The yield of 2.6a was determined by the peak of complex 2.6a at
5.46 ppm against the internal standard peak at 6.72 ppm. When 1.1 equiv. of KO'Bu was
used, the yield of 2.6a was 29% after 20 min and further increased to 55% after 60 min.
When 2.0 equiv. of KO'Bu was used, no detectable 2.6a was present and an intractable
mixture of products formed.

Protonation of 2.6a by HBF4

Complex 2.6a was prepared in-situ from 10.0 mg (0.0141 mmol) of 2.6 with 2.4 mg (0.021
mmol) of KOBu in benzene-ds in 60 min. To the orange solution of 2.6a, 2.9 uL (0.021
mmol — 1.1 equiv.) of tetrafluoroboric acid diethyl ether complex (HBF4.Et2O) was added
by micro syringe, and the yellow precipitate was immediately formed. The benzene solvent
was evaporated under vacuum to give a yellow powder, which was identified as 2.6[BF4] by
NMR spectroscopy (with dichloromethane-d> as NMR solvent).

Deprotonation of complex 2.7

In a glove box, 14.0 mg (0.020 mmol) of 2.7 was added to 0.7 mL of benzene-ds. To the
mixture, 2.5 mg (0.022 mmol, 1.1 equiv.) of KO'Bu was added. The mixture gradually
became red and was allowed to stir for 1 hour. After 1 hour, the solution was filtered through
celite and a clear red solution of 2.7a was obtained that was characterized by NMR
spectroscopy.

"H NMR (600 MHz, 23 °C, CsD¢): & 7.82 (t, *Jun= 9.6 Hz, o-Hppns, 6H), 7.06 (t, *Jun = 6.9
Hz, p-Hpphs, 6H), 7.02 (d, *Jun = 6.9 Hz, m-Hppns, 3H), 6.67 (d, 2Jun = 13.7 Hz, Py-CH»>-S,
1H), 6.46 (d, 2Jun = 8.2 Hz, p-Hpy, 1H), 6.36 (d, *Jun = 5.5 Hz, m-Hpy, 1H), 6.05 (vt, *Jun=
8.7 Hz, 6.6 Hz p-Hpy, 1H), 5.92 (d, *Jun = 9.6 Hz, m-Hpy, 1H), 5.70 (d, 2Jun = 13.7 Hz, Py—
CH>-S, 1H), 4.98 (d, *Jun = 6.9 Hz, m-Hpy, 1H), 3.90 (d, 2Jun = 13.7 Hz, Py—-CH>-S, 1H),
3.81 (s, Py-CH-S, 1H), 3.74 (d, >Jun = 13.7 Hz, Py—CH>-S, 1H), 3.46 (d, *Jun = 13.7 Hz,
Py—CH>-S, 1H), 2.61 (d, 2Jun = 13.7 Hz, Py—-CH>-S, 1H), —6.55 (d, *Jpn = 28.8 Hz, Ru-H,
1H).

BC{'H} NMR (151 MHz, 23 °C, C¢Ds): § 206.58 (d, 2Jpc = 18.6 Hz, Ru-CO), 170.78 (quat.
Cpy), 165.65 (quat. Cpy), 164.60 (quat. Cpy), 158.80 (quat. Cpy), 135.62 (m-Cbpy), 135.24 (d,
IJpc = 47.7 Hz, quat. Cppp3), 134.14 (d, 2Jpc = 10.5 Hz, 0-Cppi3), 132.00 (p-Cry), 129.77 (m-
Crpn3), 128.35 (p-Cppns), 123.53 (p-Cpry), 122.78 (m-Cpy), 113.50 (m-Cpy), 102.82 (m-Cbpy),
59.69 (Py—CH-S), 58.54 (Py—CH>-S), 53.32 (Py—CH>-S), 43.61 (Py—CH>-S), 43.25 (Py—
CH>-S).

31P{'H} NMR (162 MHz, 23 °C, C¢Ds): & 67.86 (PPhs).
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Yield determination of 2.7a: In a glovebox, 5.0 mg (0.007 mmol) of 2.7 was combined with
2 mL of benzene-ds; KO'Bu was then added (1.1, 2.0, 3.0 or 4.0 equiv.). 1.0 uL (0.01 mmol,
1 equiv.) of mesitylene was added to the solution as an internal standard. After 60 minutes,
the solution was taken out for analysis by '"H NMR spectroscopy. The yield of 2.7a was
determined by the peak of complex 2.7a at 4.98 ppm against the internal standard peak at
6.73 ppm. The yields varied in the range of 96-99% when 1.1, 2.0, and 3.0 equiv. of KO'Bu
were used. In the presence of 4.0 equiv. of KO'Bu, a slightly diminished yield of 77% was
obtained after 60 min.

Protonation of 2.7a by HBF4

Complex 2.7a was prepared in-situ from 10.0 mg (0.0142 mmol) of 2.7 with 1.8 mg (0.0157
mmol) of KO'Bu in benzene-ds in 30 min. To the orange solution of 2.7a, 2.1 uL (0.016
mmol — 1.1 equiv.) of tetrafluoroboric acid diethyl ether complex (HBF4.Et,O) was added
by micro syringe, and the yellow precipitate was immediately formed. The benzene solvent
was evaporated under vacuum to give a yellow powder, which was identified as 2.7[BF4] by
NMR spectroscopy (with dichloromethane-d> as NMR solvent).

Formation of complex 2.8

KO'Bu (3.6 equiv)

benzene-dg, RT

2.8

In a glove box, 50.0 mg (0.070 mmol) of 2.5 was dissolved in THF. To the mixture, 25 mg
(0.023 mmol, 3.2 equiv.) of potassium tert-butoxide was added. The mixture was stirred at
room temperature for 1.5 hours. During this time, the solution became dark brown. The
solution was then concentrated under vacuum. 2 mL of benzene was added to dissolve the
solid and the obtained solution was filtered through Celite and left for crystallization by
vapor diffusion of pentane. Complex 2.8 was obtained as red crystals in very low
yield, ca. 5-10 mg, as a part of a more complex mixture of unidentified products that could
be isolated.

"H NMR (600 MHz, 23 °C, THF-ds): § 7.50 (t, *Jun = 8.6 Hz, o-Hppns, 12H), 7.16 (t, *Jun =
7.2 Hz, p-Hpphs, 6H), 7.10 (t, 3Jun = 7.6 Hz, m-Hppn3, 12H), 6.34-6.29 (m, p-Hpy, 2H), 5.96-
5.93 (m, p-Hpy & m-Hpy, 4H), 5.73 (d, *Jun = 8.3 Hz, m-Hpy, 2H), 5.56 (d, 3Jun = 6.2 Hz,
m-Hpy, 2H), 4.95 (d, *Jun = 6.2 Hz, m-Hpy, 2H), 3.94 (d, 2Jun = 14.5 Hz, Py-CH>-S, 2H),
3.49 (d, 2Jun = 13.8 Hz, Py—CH>-S, 2H), 3.47 (s, Py-CH(Ru)-S, 2H), 3.08 (d, 2Jun = 14.5
Hz, Py-CH>—CH, 2H), 2.41 (d, *Jun = 14.5 Hz, P-CH,—CH, 2H); (proton peak of Py—
CH(CH>)-S overlaps with THF).

13C{'H} NMR (600 MHz, 23 °C, THF-ds): & 168.78 (quat. Cey), 166.20 (quat. Cpy), 159.50
(quat. Cry), 157.97 (quat. Cry), 138.13 (d, 'Jep = 36.1 Hz, quat. Cepn3), 135.31 (d, 2Jep = 10.1
Hz, 0-Cppn3), 130.72 (p-Chy), 128.90 (p-Cepn3), 128.14 (p-Chy), 127.78 (d, *Jep = 10.1 Hz, m-
Crpnz), 109.54 (m-Cpy), 108.81 (m-Cpy), 101.14 (m-Cpy), 100.78 (m-Cpy), 64.35 (Py—
CH(CH.)-S), 63.48 (Py—CH(Ru)-S), 60.30 (Py—CH,-S), 59.36 (Py—CH,—CH).
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Chapter 3. Mn"™ N3C-Pyridinophane Complexes and Their Reactivity in
C-Halide and C-C Bond Formation

The content described in this chapter is reported in the two following publications: %%’

1. Sarbajna, A.; He, Y.-T.; Dinh, M. H.; Gladkovskaya, O.; Rahaman, S. M. W.; Karimata,
A.; Khaskin, E.; Lapointe, S.; Fayzullin, R. R.; Khusnutdinova, J. R. “Aryl-X Bond-Forming
Reductive Elimination from High-Valent Mn—Aryl Complexes” Organometallics 2019, 38,
4409-4419. Copyright 2019 American Chemical Society.

Declaration of Contribution: Prof. Julia R. Khusnutdinova guided the project. I (Hoan M.
Dinh) optimized the synthesis of the complexes, performed characterization and magnetic
measurements in solution and mechanistic studies. Dr. Sarbajna and Dr. He studied C-X
elimination and initial mechanistic studies. Dr. Gladkovskaya, Dr. Rahaman and Dr.
Karimata participated in synthesis of ligands and PPMS measurements in solid state. Dr.
Lapointe and Dr. Khaskin performed X-ray data collection that was then refined by Dr.
Fayzullin.

The scheme 3.11 — 3.12 and figure 3.1 — 3.4 in this chapter are from this publication.’’

2. Dinh, M. H.; He, Y.-T.; Fayzullin, R. R.; Vasylevskyi, S.; Khaskin, E.; Khusnutdinova, J.
R. “Synthesis of Aryl-Manganese(IIl) Fluoride Complexes via a-Fluorine Elimination from
CF3 and Difluorocarbene Generation” Eur: J. Inorg. Chem. 2023, 26 (32), €202300460.

Declaration of Contribution: Prof. Julia R. Khusnutdinova guided the project. I (Hoan M.
Dinh) synthesized and characterized the second complex, conducted the difluorocarbene trap
experiment and studied the reactivity of manganese(Ill) dibromide complex in
difluorocyclopropanation and difluorocyclopropenation. Dr. Yu-Tao He synthesized and
characterized the first complex. Dr. Eugene Khaskin and Dr. Serhii Vasylevskyi performed
X-ray data collection. Dr. Robert R. finalized X-ray structural measurement to publication
level.

The Scheme 3.13 — 3.16, Figure 3.5 — 3.6 and Table 3.1 — 3.3 in this chapter are from this
publication.®®
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3.1. Introduction

The results described in Chapter 2 indicated that the presence of sulfur in a pyridinophane
macrocycle might have imposed limitations to the complex stability under forcing
conditions, although the ability of the N2S2 ligand to strongly chelate to a metal center was
crucial to enable characterization and structural and spectroscopic comparison of
deprotonate species.

To overcome the problems associated with low stability of N2S2 ligand scaffold, another
pyridinophane ligand motif was then examined in manganese complexes, an N3C-type
pyridinophane, which cyclometalates to a metal center coordinating with one aryl group and
three N-donors. The presence of cyclometalated aryl was further expected to assist in
stabilization of organomanganese derivatives in higher oxidation states and provided a
convenient handle to study elementary reaction steps at high-valent paramagnetic Mn center,
such as oxidative addition, reductive elimination, and a-fluorine elimination.

3.1.1 Oxidative addition and reductive elimination in first-row transition metal
complexes

Oxidative addition and reductive elimination stand as key elemental steps in numerous
transitional-metal-mediated catalytic processes including C-C coupling and C-H bond
functionalization.’"% ® Due to the propensity of second and third-row transition metals, such
as Pt, Pd, Ir, Rh, to participate in two-electron oxidative addition and reductive elimination
steps, precious metals have been playing a major role in catalytic reactions that involve these
steps. ®72 By contrast, first-row metals that tend to participate in one-electron oxidation or
reduction events have rarely been studied in these transformations, and mechanistic studies
of the oxidative addition and reductive elimination are often based on using diamagnetic
precious metal complexes as model systems.’”>*! However, due to the scarcity, high cost, and
toxicity of the precious metals, the urge to find alternative catalysts based on cheap, non-
toxic first-row transition metals that can provide similar or better reactivity has intensified.
In terms of that, manganese complexes have recently gained a lot of attention as a catalyst
for C-H bond functionalization and C-C coupling reaction.®*%’

While the majority of C-H functionalization reactions catalyzed by manganese complexes
are proposed to be carried out via Mn'! intermediate with no change in the oxidation state®-
%, some studies proposed the involvement of Ar-Mn" or Ar—Mn' species, however, no
experimental evidence was reported.®” °1* However, compared with second and third-row
transition metals, the investigation of fundamental reactivity such as oxidative addition and
reductive elimination from manganese complexes, or first-row transition metal complexes
in general, is still a challenge due to their low stability, paramagnetism, and multiple
available oxidation states.””® The studies of two-electron aryl-X oxidative addition and
reductive elimination at iron’”"1% and cobalt'%!!%? are scarce, while there is no report so far
for manganese.

One common approach to studying mechanisms in first-row transition metals is to utilize the
macrocyclic aryl-X or aryl-H substrate model in order to stabilize reactive species. For
example, in 2010, Ribas and coworkers reported the synthesis of aryl-Cu™-X complexes
supported by triazamacrocyclic ligands L.3.1.!% The Cu-Cl and Cu-Br complex was prepared
via disproportionation of Cu! salts to afford 0.5 equiv. of Cu'X (X = CI, Br) and the
protonated ligand. The complex is stable under heating conditions. Interestingly, in the
presence of Bronsted acid CF3SO;H, the complex undergoes reductive elimination to form
protonated aryl-X product L3.2H* and Cu' species. Interestingly, the protonated ligand
L3.2H" undergoes reversible oxidative addition with Cu' precursor [Cu(MeCN)4]OTf in the
presence of Proton Sponge® as a base to form back Cu' complex 3.1 (Scheme 3.1).
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Scheme 3.1. Synthesis of Cu™™ complex 3.1. and reversible reductive elimination/oxidative addition promoted
by Bronsted acid.

_|+
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Scheme 3.2. Synthesis of Ni'! complex 3.2 and C-CF; bond formation via reductive elimination.
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In 2017, the Ribas group utilized a similar triazamacrocyclic scaffold to synthesize the Ni'l-
aryl complex 3.2 via oxidative addition of L3.2 to Ni(COD). in THF or C-H activation of
L3.1 with Ni"(NO3), in MeCN.!* Treating complex 3.2 with 2 equiv of electrophile CF3
sources (Togni or Umemoto’s reagent) led to the formation of aryl-CF3 coupling product
L.3.3, likely through reductive elimination from a Ni'¥ intermediate species. (Scheme 3.2)

Macrocyclic pyridinophane-based ligands are also utilized to study the mechanism of C-C
or C-X bond formation mediated by first-row transition metals due to their coordination to
stabilize unusual oxidation states or another type of reactive species.*’* For example, in
2015, Mirica and coworkers showed the synthesis of bis(acetonitrile) and bis(alkoxo) aryl-
Ni'! complexes 3.3 and 3.4 supported by tetradentate pyridinophane ligands. % Treatment
complex 3.3 with PhI(PyOMe)>(OTf); as an oxidant in the presence of an excess amount of
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nucleophilic alkoxyl group OR" resulted in the formation of Ar-OR elimination product,
presumably due to the reductive elimination in Ni'¥ intermediate. (Scheme 3.3)

Scheme 3.3. Synthesis of cyclometalated Ni™
elimination.

-aryl complexes 3.3 and 3.4 and their C-OR reductive

—|2+

1Bu | X
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. (oxidant)
iz NeMe Bu-N OR N-'Bu
NCMe OR" (excess)
R =Me, H
"By
3.3 3.4 ‘BN3COR
2+
X
P
N
Phl(PyOMe),(OTf),: @l
N
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X
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In 2016, the Mirica group reported the synthesis and reactivity of Ni''-dimethyl complex 3.6

supported by macrocyclic pyridinophane ligands.!% Treatment of Ni''{(Me), complex 3.5
supported x*-coordinated pyridinophane-based ligand with 1 equiv. of FcPFs led to the
formation of a high-valent nickel(IIl) dimethyl complex 3.6 with the ligand bound to the
center in a tetradentate fashion. In the presence of a one-electron oxidant, complex 3.6
undergoes reductive elimination to yield ethane as a C-C coupling product and nickel(II)
complex 3.7, presumably via nickel(IV) intermediates.(Scheme 3.4)

Scheme 3.4. Synthesis of nickel(Ill) dimethyl complex supported by pyridinophane-based ligand and its
reductive elimination promoted by one-electron oxidant.

3.5 3.6 3.7

In 2016, to understand the mechanism of alkyne annulation catalyzed by cobalt complexes,
Ribas and coworkers isolated cyclometalated cobalt(Il) complex 3.8 obtained by C-H
activation of "N3CH ligand to Co"(OAc): under air.'”” Treatment of complex 3.8 with an
alkyne led to the formation of an annulated product L3.4 or L3.5, depending on the nature
of the alkyne and the reaction temperature. This finding shed light on the mechanism of
cobalt-mediated alkyne annulation, with solid evidence of Co™ species as an intermediate
for the reaction.
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Scheme 3.5. Synthesis of Co™ complex 3.8 and its reactivity in alkyne annulation.
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In 2021, Ribas and coworkers reported the synthesis of cyclometalated aryl-iron(Il) complex
3.9 via oxidative addition of Ar-Br bond to Fe®(CO)s precursor.!% Treatment of the complex
3.9 with Grignard reagent PhMgBr followed by reacting with oxygen under air led to the
formation of C-C bond formation product M*N3CCOPh. Based on DFT calculations, the
mechanism was proposed via the transmetalation of PhMgBr, followed by a carbonyl
insertion to form intermediate 3.11. In the presence of air, the Fe!' intermediate 3.11 is
oxidized to form unstable Fe'! intermediate 3.12, prone to reductive elimination to yield
aryl-benzoyl product.

Scheme 3.6. Synthesis of Fe!! complex 3.9 and C-C aryl-benzoyl bond formation.
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3.10 3.1 3.12

3.1.2 Synthesis of high-valent fluoro complexes

The incorporation of fluorine atom into bioactive compounds plays important roles in
pharmaceuticals and agrochemicals, which can increase hydrophobicity, metabolic stability,
binding selectivity, and membrane permeability.'%-1% In this regard, high-valent fluoro and
perfluoroalkyl complexes of inexpensive, abundant first-row transition metals are of great
interest as reagents and potential intermediates in various procedures of stoichiometric or
catalytic fluorine incorporation.

However, synthesis of high-valent transition-metal fluoro complexes is challenging and most
of the existing methodologies require expensive or highly reactive reagents. One of the
common methods for fluoro complexes preparation is based on halogen exchange with silver
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fluoride. For example, in 2012, the Groves group reported the synthesis of high-valent Mn'"
fluoride complex 3.14 by treating Mn'V chloride complex 3.13 supported by substituted
porphyrin ligand with an excess amount of AgF (Scheme 3.7a).!'" This complex 3.14 was
proven as a key intermediate for oxidative C-H fluorination catalyzed by porphyrin-based
manganese(IIl) complexes. In 2015, the Baker group showed the synthesis of perfluoroalkyl
cobalt(III) fluoride complex 3.16 by treating perfluoroalkyl cobalt(IIl) iodide complex 3.15
with 3 equiv. of silver fluoride in dichloromethane (Scheme 3.7b).!'! Recently, Nebra and
coworkers have reported the synthesis of Cu-F complex 3.18 by treating the anionic
[Cu(CF3)3Cl] 3.17 with an excess amount of AgF in acetonitrile at 0 °C (Scheme 3.7¢).!!?

Scheme 3.7. Synthesis of high-valent fluoro complexes of first-row transition metal complex by reaction with
silver fluoride.
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—_—
-Agl
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3.13 3.14
=
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O--, _—
:tll N
b) 7\ Agl L/CO\ F
Ry DCM R¢
3.15 3.16

L = PPhs, PPh,Me, R = CF3, CoF5

Py [ een, _ |*pph,

F.C ‘ AgF (4 equiv) FsC,, .CFj
.. | \CF -~ .
©) P TR MeCN, 0 °C, 15 min . C/C“\F
CARRY 3
Fs;C Cl - AgCl, - py
3.17 3.18

Another approach to obtain high-valent complexes is to oxidize low-valent complex by high-
reactive xenon difluoride or Selectfluor reagent. For example, in 2017, the Nebra group
obtained high-valent nickel(IIl) and nickel(IV) fluoro complexes via oxidation of
Ni'l(CF3)2(py)2 by XeF2.!3 In detail, treatment of Ni(CF3)2(py)2 with one equiv. of XeF> led
to the formation of mono- and dimeric Ni'! complexes 3.19 and 3.20. The addition of one
more equiv. of XeF resulted in the formation of Ni'¥ complex 3.21. The complex 3.21 can
also be prepared by reacting Ni(CF3)2(py)2 with 2 equiv. of XeF> at low temperatures
(Scheme 3.8a). In the same year, Smith and coworkers reported the synthesis of
pyridinophane Mn"'F» complexes 3.23 by treating Mn" complexes 3.22 with XeF: in
acetonitrile at room temperature (Scheme 3.8b).!'*
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Scheme 3.8. Synthesis of high-valent fluoro complexes of first-row transition metal complex by reaction with
Xer.
F
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Py | T~cr,
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R = Me (a), iPr (b), Cy (c), 'Bu (d)

Scheme 3.9. Synthesis of nickel(IV) fluoride complex 3.13 via oxidation by Selectfluor reagent.
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High-valent metal fluoride complexes could be prepared by using fluorinated metal
precursors such as Mn''F3. For example, in 2003, Duboc-Toia and coworkers reported the
synthesis of Mn" complexes Mn(bpea)F; 3.26 (bpea = N,N-bis(2-pyridylmeth-yl)-
ethylamine) and Mn(terpy)F3 3.27 (terpy = terpyridine) by simply mixing the suitable ligand
with MnF3 in methanol at room temperature (Scheme 3.10a).!'> Smith and coworkers
showed an alternative approach to synthesize 3.23a and 3.23b by treating pyridinophane
ligand M¢N4 or "P"N4 with 1 equiv of MnF3 in the presence of NaPF (1 equiv) in methanol
at 50 °C (Scheme 3.10b).!'*
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Scheme 3.10. Synthesis of Mn™ fluoride complexes of first-row transition metal complex by complexation
with MnF3 precursor.
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Considering that the macrocyclic pyridinophane-based ligand can stabilize unsual oxidation
states or other types of reactive species, in this chapter, we reported the synthesis of
cyclometalated aryl-Mn"" dibromide complexes supported by macrocyclic pyridinophane-
based BUN3C- ligand via oxidative addition of an aryl bromide to a manganese(I) precursor
Mn(CO)sBr. In the presence of one-electron oxidant, the complex underwent reductive
elimination to form aryl bromide adduct and Mn'! species, presumably via Mn'Y intermediate.
We also present the alternative synthesis of cyclometalated high-valent manganese(III)
fluoro complexes using trifluoromethyl reagent via transmetalation followed by a-fluorine
elimination, resulting in the release of a difluorocarbene. That facile generation of a
difluorocarbene could be utilized in difluorocarbenation of alkenes and alkynes using Zn
trifluoromethyl reagent at lower temperatures and shorter time as compared to manganese-
free reaction.

3.2. Results and Discussion

3.2.1 Synthesis of aryl-Mn!"! dibromide complexes supported by B'N3C ligand
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Scheme 3.11. Synthesis of Mn™ complex 3.28
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As a strategy for preparation of manganese(Ill) organometallic complexes, we targeted
oxidative addition of the macrocylic pyridinophane-based ®"N3CBr to manganese(I)
precursor, Mn(CO)sBr. Considering that such oxidative addition would require removal of
carbonyl ligands to allow for vacant coordination sites, we performed the reaction under UV
light irradiation to facilitate CO dissociation. Irradiation of the solution containing equimolar
amounts of BYN3CBr and Mn(CO)sBr in dichloroethane using a mercury lamp resulted in
the formation of (*B*N3C)MnBr; complex 3.28, which was isolated as a deep-red crystalline
solid in 58% yield. The complex was characterized by single crystal X-ray diffraction (SC-
XRD), '"H NMR spectroscopy, ultraviolet—visible (UV—vis), and Fourier transform infrared
(FT-IR) spectroscopies, high-resolution mass spectrometry (HR-MS), and elemental
analysis. According to SC-XRD, complex 3.28 has a distorted octahedral geometry around
the metal center surrounded by B"N3C" ligand coordinating in k* coordination mode, and
two bromide ligands. The Mn—Namine distances in 3.28 (2.474(2) A and 2.445(2) A) are
elongated compared to Mn—Npyrigine bond distance (2.063(11) A). The Mn—Cipso bond
distance is 2.027(14) A, and the Mn-Br bond distances are 2.4623(4) and 2.4793(5) A. The
magnetic moment determined by the Evans method for a DCM solution of 3.28 was 4.98 s,
suggesting an S = 2 ground state corresponding to a high-spin ¢’ configuration for the Mn'"
center. ESI-HRMS analysis of 3.28 shows the presence of a peak at 484.1149 (z = 1), which
was assigned to [3.28 — Br]* fragment.
<
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/‘rm \
\-\ // r2\\)
g1 @ /
o

/7
\g
N\l

Figure 3.1. ORTEP of neutral complexes 3.28 (a) at 50 % probability level according to single crystal X-ray
diffraction data. Hydrogen atoms and minor disordered components are omitted for clarity; equivalent atoms
are labelled by the superscript i (—x+1, =y, —z+1). Selected interatomic distances [A]: Br1-Mn1 2.4623(4), Br2—
Mnl 2.4793(5), Mn1-C1 2.027(14), Mn1-N1 2.063(11), Mn1-N2 2.474(2), Mn1-N3 2.445(2).
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Sine complex 3.28 was obtained by two-electron oxidative addition to a manganese(I) center,
which could be via either non-radical or radical mechanism. To examine if the reaction
involves a free radical formation, (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) as a
radical trap or 9,10-dihydroanthracene as an H-atom donor was added in the reaction. No
TEMPO adducts or anthracene was detected in the reaction mixtures, ruling out free Ar
radical formation hypothesis. To argue against the possibility of free Br radical or Br
formation after, the synthesis of 3.28 was carried out in the presence of 1-hexene or 1-decene.
As expected, no brominated products were detected by GC-MS analysis. These results
proved that the mechanism of the reaction is via non-radical oxidative addition, and the role
of UV light irradiation in the reaction is likely to promote CO ligand dissociation.

3.2.2 Reductive elimination in aryl-Mn'"! dibromide complexes

After having complex 3.28 in hand, we next examined if the complex could undergo
reductive elimination. Heating the complex at 150 °C with or without the presence of strong
coordinated ligand like PPhs or CO did not lead to the formation of any reductive elimination
products. These results suggested that reductive elimination could not be feasible in Mn'"
oxidation state. This is not unexpected as the two-electron reductive elimination from Mn'!
is expected to produce Mn' complex, while our experiments showed that the reverse reaction,
oxidative addition of aryl bromide to Mn', is favorable.

By analogous with literature that uses oxidant to increase the oxidation state in the metal
center and promote reductive elimination,!'®!" we hypothesized that the aryl-Br reductive
elimination can be achieved in the higher oxidation state of manganese. Therefore, we next
studied the electrochemical properties of complex 3.28 by cyclic voltammetry to gain insight
into the accessibility of other oxidation states. The anodic scan revealed a quasi-reversible
oxidation wave at £, = 0.47 V vs Fc'/Fc (AE, = 290 mV), which was assigned tentatively
as a Mn"/Mn'¥ oxidation, along with an irreversible oxidation at higher positive potentials
(Ew= 1.12 V). This suggested that the le™-oxidized product can be accessible by using
conventional chemical oxidants. '*°
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Figure 3.2. Cyclic voltammogram of 3.28 (2 mM) in 0.1 M "BusNPF¢/MeCN at 25 °C (scan rate 50 mV s™';
1.6 mm Pt disk working electrode; the arrow indicates the initial scan direction). Eox = 0.611 V; Ereqr = 0.321
V (quasi-rev.); AE, =290 mV; E, = 0.466 mV; Eoo = 1.120 mV (irrev.).
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First, NOBF4 was used as an oxidant to react with complex 3.28. Treatment of complex 3.28
with 1.1 equiv of NOBF; in dichloromethane led to a gradual change of the initial red-
colored solution to yellow within 2 h. The analogous reaction in acetonitrile resulted in a
complete change of the solution color to yellow within a minute. ESI-HRMS analysis of the
resulting solution showed a peak of m/z 430.1836, corresponding to a metal-free
[**N3CBr + H]" species (calculated m/z 430.1852). Interestingly, when 2 equiv. of NOBF4
was used, single crystals were obtained from acetonitrile solution showing a cocrystallized
metal-free B"N3CBr together with [Mn(MeCN)s]*", NO*, and BF4 counterions. Although
the crystal disorder prevents an unambiguous assignment of charges and oxidation states for
all components, this structure proves the formation of ®*N3CBr. The existence of excess
NO" equivalents implies that less than 2 equivalents of the oxidant may be necessary.
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Figure 3.3. ORTEP of co-crystal of free ligand “N3CBr and hexakis(acetonitrile)manganese(II) complex at
50 % probability level according to single crystal X-ray diffraction data. Hydrogen atoms, minor disordered
components, counterions and solvent molecules are omitted for clarity; equivalent atoms are labelled by the
superscript i (—x+1, —y, —z+1).

NMR analysis of the crude product confirms the formation of free B*N3CBr with 84% NMR
yield based on internal standard. By using flash chromatography for purification, the free
BUN3CBr was isolated in 65% yield as an average of three trials. The byproduct of the
reaction was identified as the protonated ligand BYN3CH, formed in ca. 16-17% yield. The
formation of the byproduct is likely due to the protonation of the ligand by protic impurities
present in the oxidant or the solvent. Indeed, the formation of B“N3CH was also observed
when the reaction was carried out in CD2Clz, CD3CN, or in CD2Cly/toluene-ds, suggesting
that ‘BuN3CH does not result from H-atom abstraction from the solvent or benzylic protons,
as would be anticipated for the formation of free aryl radical.
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Scheme 3.12. Oxidatively-Induced Reductive Elimination of Ar—Br Bonds

Bu
N /
NOBF,

Y

“\ o Br (1 equiv)  'Bu—N  Br N-'Bu +[Mn'] + Bu—N N-'Bu
nlll\
/ Br 96%
N,
Bu
tBUN.CBr tBUN,CH
3.28 84% o
(isol. 65%) ca. 16-17%

To examine the product containing Mn, the reaction mixture resulting from the treatment of
3.28 with 1.1 equivalents of NOBF4 in MeCN solution was diluted with water and subjected
to analysis using electron paramagnetic resonance (EPR) spectroscopy. The EPR spectrum
recorded at 298 K exhibits a distinctive sextet at g =2.01 (A =95 G), which is characteristic
of Mn?" salts showing hyperfine splitting from >>Mn (1= 5/2) (see Figure 3.4). This spectrum
closely resembles that of [Mn(H20)s]*>" obtained by dissolving manganese(Il) sulfate in
water. By using spin integration against a standard solution of MnSO4, we were able to
estimate the yield of Mn?* salt as 96% based on an average of two experimental runs.

—— MnSO,
—— Sample of reaction mixture

A
VYV Y Y

I I L] I
280 300 320 340 360
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Figure 3.4. X-band EPR spectra of H,O-diluted sample from oxidation of 3.16 with 1.1 equiv of NOBF, (red)
and reference sample of MnSO, in H,O (blue) at 298 K.

We next examined whether reductive elimination could proceed in the presence of other
oxidants. Reaction of 3.28 with 1.1 equiv of arylaminium radical “Magic Blue” led to the
formation of organic product ®*N3CBr in 56% yield after 12 h. The analogous reaction with
H>0: resulted in ®*N3CBr in 37% yield. Overall, these experiments suggest that the aryl-
bromide elimination can be achieved by using different oxidants not specific to NOBFa.

Next, to understand the mechanism of this reaction, we carried out the experiments in the
presence of TEMPO that could trap carbon-based radicals. However, no TEMPO adduct was
detected in NMR spectroscopy and GC-MS analysis, and the isolated yield of aryl-bromide
elimination product was not changed significantly in 78-82% yield, suggesting that free Ar
radical formation does not play a significant role. The aryl-bromide elimination in the
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presence of 1-decene did not produce any products of bromination of 1-decene, proving no
involvement of either Br; or free Br radical in the reaction. We then tried to detect proposed
Mn'Y intermediates by a variable temperature UV-Vis spectroscopy at -78 to 20 °C in
acetonitrile; however, no intermediates were detected.

3.2.3 Synthesis of aryl-Mn'" fluoro complexes

Next, we focused on synthesizing aryl-Mn'" fluoro complexes to study the possibility of C-
F bond elimination mediated by manganese complexes. Based on the previous literature, our
first efforts to obtain Mn'! aryl fluoro-complexes by reacting complex 3.28 with an excess
amount of silver fluoride or other fluoride salts; however, none of the efforts led to the
formation of the desired product and the starting complex 3.28 remained unreacted. Based
on our previous study showing that complex 3.28 undergoes transmetalation using common
organolithium, Grignard, and organozinc reagents and then reductive elimination to form C-
C coupling product,'?! we then treated the complex 3.28 with a common bis(trifluoromethyl)
zinc precursor [Zn(CF3)(DMPU),]'?? supported by two DMPU ligands. Interestingly,
instead of obtaining Mn'!-CF3 complexes or aryl-CF3 reductive elimination product, treating
3.28 with 2 equiv. of [Zn(CF3)2(DMPU),] in methanol at room temperature for 16 hours
resulted in the formation of difluoro Mn' complex 3.29, which was isolated as a purple
crystalline solid in 74% yield. Complex 3.29 was characterized by single crystal X-ray
diffraction (SC-XRD), UV-Vis and IR spectroscopy, electrospray ionization high-resolution
mass spectrometry (ESI-HRMS) and elemental analysis. SC-XRD revealed that 3.28 is a
bimetallic complex, where one fluoride acts as a bridging ligand between manganese and
zinc atoms. The Mn atom showed a distorted octahedral geometry and was surrounded by a
BUN3C- ligand coordinating in a tetradentate fashion and two fluorides.

Similar to the structure of 3.28, the Mn-Npyridine bond distance in 3.29 (2.0536(17) A) are
shortened compared to the Mn-Namine distances (2.3932(18) and 2.3933(17) A). The bond
distance of manganese and a bridging fluoride ligand is 1.9645(12) A), which is slightly
longer than the bond distance of Mn and terminal fluoride (1.9125(13) A). SC-XRD showed
the distorted tetrahedral structure in Zn atom, which is surrounded by two bromides, one
fluoride, and a methanol ligand. The presence of protonated methanol coordinating the Zn
atom rather than a methoxyl group was confirmed by SC-XRD, with the hydrogen’s position
determined by the Fourier difference maps. The Zn-O bond distance is 2.0125(17) A, which
was consistent with typical tetrahedral Zn-methanol bond length (1.97-2.05 A)!?3-126 while
the Zn-O distance in Zn-methoxide complex is significantly shorter (1.80-1.90 A)!?7-130,
According to SC-XRD, one methanol molecule was co-crystallized in the complexes which
binds to the terminal [Mn—]F atom and the O atom of the methanol co-ligand through
hydrogen bond. The magnetic moment measured by the Evans method of complex 3.29 in
dichloromethane was 4.82 uB, suggesting an S = 2 ground state corresponding to a high-
spin d’ configuration for the Mn'" center.
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Scheme 3.13. Synthesis of 3.29 and 3.30. Isolated yields are shown in parentheses.

O
DMPU = \'\il\)N/

Zn(CF3),(DMPU), (2 equiv)

MeOH, RT, 16 h

1. AgPFg (2.1 equiv), 3 h
2. Zn(CF3)2(DMPU)2
(2 equiv), 3 h

CH,Cly, RT

Next, complex 3.28 was treated with 2.1 equiv. of AgPFs in dichloromethane in order to
remove the bromides, and then 2 equiv. of [Zn(CF3)2(DMPU),] was added, which led to the
formation of cationic monofluoride complex 3.30. Complex 3.30 was isolated as a red
crystalline solid in 22% yield and was characterized by SC-XRD, ESI-HRMS, elemental
analysis and UV-Vis and IR spectroscopies. According to SC-XRD, complex 3.30 is a
cationic complex with PF¢ present as a counteranion. The X-ray structure of 3.30 reveals a
distorted octahedral geometry around Mn'" center surrounded by three N-donors, an aryl,
one fluoride and one DMPU ligand. Similar to complexes 3.28 and 3.29, the Mn-Namine
bond distances are 2.4081(13) and 2.4033(13) A, which is longer than the Mn-Npyridine
distance (2.049(13) A), while the Mn-Cipso bond length is 1.9990(15) A. The Mn-F bond
distance in complex 3.30 is 1.8578(9) A, shorter than the Mn-F bonds in complex 3.29, likely
due to the cationic nature of the complex. Similar to complex 3.29, complex 3.30 is
paramagnetic with the effective magnetic moment measured by Evans method in
dichloromethane solution is 4.71 pB, suggesting an S = 2 ground state and a high-spin &*
configuration of the Mn'" center.

Figure 3.5. ORTEP of 3.29 (a) and 3.30 (b) at the 80% and 60% probability levels, respectively. The hydrogen
atoms (except for [O]H), solvent molecules, and PF¢~ anion (for 3.30) are omitted for clarity.
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Table 3.1. Selected bond distances [A] for complexes 3.29 and 3.30 in the crystals according to SC-XRD.

Complex| Mnl1-N1 | Mnl1-N2 | Mnl-N3 | Mnl-C1 | Mnl-F1 | Mnl-F2 | Mnl1-O1
3.29 |2.0536(17)|2.3932(18)|2.3933(17)|1.9933(19)|1.9645(12)|1.9125(13)] N/A
3.30 |2.0490(13)|2.4081(13)|2.4033(13)[1.9990(15)| 1.8578(9) N/A  |2.0197(12)

*N/A: not applicable.

After having full characterization of complexes 3.29 and 3.30, we next examined if these
complexes could undergo aryl-fluoride reductive elimination. However, our attempts to
promote aryl-fluoride reductive elimination under heating, light irradiation or in the presence
of oxidant did not lead to the formation of aryl-F bond elimination product; the starting
compound remained unreacted or decomposed in all cases. On the other hand, the cyclic
voltammograms of complex 3.29 and complex 3.30 showed that the oxidation potentials are
comparable with the aryl-Mn'"" dibromo complex 3.28, suggesting that the aryl-fluoride
elimination in these Mn'!-F complexes cannot be achieved likely due to its high-kinetic
barrier but not the inaccessibility of oxidized species.

15 1.0

T
0.5 0.0 -0.5

Potential, V vs Fc'/Fc

Figure 3.6. Cyclic voltammograms of 3.29 (blue) and 3.30 (red) in 0.1 M "BusNPF¢/MeCN at 25 °C
(concentration 1 mM, scan rate 50 mV s'; 1.6 mm Pt disk working electrode; the arrow indicates the initial
scan direction).

3.2.4 Difluorocarbene Trapping Experiments and Proposed Mechanism of Mn'!!
Fluoride Formation

Although we could not detect or organomanganese intermediates or fluoro-organic
byproducts of Mn" fluoride complex formation directly, the reaction of 3.28 with
[Zn(CF3)2(DMPU),] likely occur via initial transmetalation to form unstable Mn'"
trifluoromethyl intermediate.> ** '2I- 3! The unstable intermediate undergoes to an o-F
elimination to form manganese(Ill) fluoride complex and carbene generation, which is
similar to the decomposition pathways in unstable trifluoromethyl or perfluoroalkyl of main
group metals. For example, trifluoromethyl lithium or trifluoromethyl magnesium iodide
was reported to decompose even at low temperatures to form tetrafluoroethylene,
presumably via dimerization of difluorocarbene generated by o-F elimination. 3213
Similarly, heptafluoropropyl lithium decomposes to form lithium fluoride and
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hexafluoropropene.'*> When the temperature is above 5 °C, bis(trifluoromethyl)cadmium
Cd(CF3)2 decomposes to CdF and the release of difluorocarbene.!** In 2020, the Finze group
demonstrated the preparation of perfluoroethylaluminate complexes and their decomposition
via a-F elimination with the loss of carbene CF(CF3).!* The trifluoromethyl zinc precursor
[Zn(CF3)2(DMPU),] has been known to generate difluorocarbene, although heating
condition is required.!*® To the best of our knowledge, a-F elimination reactivity has not
been previously reported for organomanganese complexes.

By analogy with previous literature, we hypothesized that the o-F elimination occurred at
Mn-CF; intermediate would lead to the generation of difluorocarbene. To test our hypothesis,
the synthesis of complex 3.29 was carried out in the presence of 4 equiv of 1,I-
diphenylethylene as a difluorocarbene trap for 16 h at RT, led to the formation of 2,2-
difluoro-1-phenylcyclopropyl)benzene in 22% yield, which was confirmed by '°F NMR and
GC-MS analysis (Scheme 3.14a). This experiment confirms the difluorocarbene generation
during the preparation of 3.29. At the same time, the control experiment using
[Zn(CF3)2(DMPU);] without the presence of Mn complex 3.29 resulted in only 4% yield of
(2,2-difluoro-1-phenylcyclopropyl)benzenes, indicating that the background reactivity of
zinc reagent only has a minor contribution for the generation of difluorocarbene. On the
other hand, treating manganese salts like Mn'"'(OAc)s; or Mn'"l(acac); (acac=acetylacetonate)
with 2 equiv. of [Zn(CF3)2(DMPU);] in the presence of 1,1-diphenylethylene under similar
conditions did not result in the formation of difluorocyclopropanation product after 16 hours,
suggesting the important role of BYN3C- pyridinophane ligand to promote a-F elimination
and difluorocarbene generation.

In order to eliminate the possibility of CF; radical generation from Mn-C bond homolysis,
we tried to trap CF; radical by performing the synthesis of 3.29 in the presence of 2 equiv.
of (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) radical trap in 24 hours; however no
TEMPO-CF5 adduct was detected by '’F NMR spectroscopy, arguing against the CF; radical
formation (Scheme 3.14b)

Scheme 3.14. a. Difluorocarbene trapping by 1,1-diphenylethylene. b. Attempted radical trapping with
TEMPO.

(a) Difluorocarbene trapping with DPE

Ph
3.28 + Zn(CF3),(DMPU), + oo &F’h +3.29
PH 2Ll
1 equiv 2 equiv DPE 16h, RT 22 %
4 equiv

detected by
9F NMR and GC-MS

(b) Attempted CFj; radical trapping with TEMPO

3.28 + Zn(CF3),(DMPU), >(j< >(j<
N CDZCIZ, '}‘ +3.29

1 equiv 2 equiv ' ) 16h, RT ON
CF;
TEMPO TEMPO-CF4
2 equiv Not detected

Based on these experiments, the mechanism of Mn''-F in complexes 3.29 and 3.30
formation is proposed via the transmetalation from Zn-CF3 precursor to form an unstable
Mn"-CF3 intermediate, followed by o~F elimination to generate Mn'" fluoride and
difluorocarbene (Scheme 3.15). While the production of 3.30 needs the transmetalation of
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only one Mn'"-Br bond, the second bromide is eliminated by AgPFs; the formation of 3.29

most likely requires two transmetalation steps to replace both Mn"'-Br bonds.

Scheme 3.15. Proposed mechanism of the formation of 3.29.

transmetalation
+ Zn(CF3),(DMPU),

3.28 > <
-[Zn(CF3)Br]

transmetalation,
a-F elimination

Ph
+ Zn(CF3),(DMPU), Ph>: EE
3.29 i — < F— Ph
MeOH Ph

3.2.5 The Effect of Mn'"! On Difluorocyclopropanation and Cyclopropenation of
Alkenes and Alkynes

Considering that the synthesis of 3.29 and 3.30 generated difluorocarbene under mild
condition without any additives, we next tried to take advantage of this reactivity in
difluorocyclopropanation and difluorocyclopropenation of alkenes and alkynes.

Based on our experiments which trapped difluorocarbene by 1,1-diphenylethylene at room
temperature in the presence of Mn'"! complex 3.28, we anticipated that transmetalation to
Mn'" from Zn could promote more facile difluorocarbene formation as compared to the zinc
reagent [Zn(CF3)2(DMPU);] alone and then accelerate difluorocyclopropanation of alkene
with [Zn(CF3)2(DMPU);] under milder conditions. To test that hypothesis, a-methylstyrene
was chosen as a model substrate to react with [Zn(CF3)2(DMPU);] as a trifluoromethyl group
source in the presence or absence of (B"N3C)Mn"Br, complex 3.28 at room temperature or
at mild-heating condition. The reaction of a-methylstyrene with 2 equiv. of
[Zn(CF3)2(DMPU);] in the presence of 1 equiv. of 3.28 at room temperature for 12 hours
resulted in the formation of difluorocyclopropanated product 3.Ib in low yield (14%, entry
1, Table 3.2), whereas no reactivity was observed in the absence of 3.28 at the analogous
conditions. Heating a-methylstyrene with 2 equiv of [Zn(CF3)2(DMPU);] in the presence of
1 equiv of 3.28 in toluene at 60 °C for 4 h yield difluorocyclopropanation product 3.Ib in
84% yield (entry). For comparison, the analogous reaction in the absence of 3.28 at 60 °C
for 4 h gave 3.Ib in only 8% (entry 4). On the other hand, the reaction with the presence of
1 equiv of 3.28 at 60 °C for shorter time (2 h) yields only 66% of the product (entry 5). Only
low yields of 3.Ib were obtained when MeCN, THF or dichloromethane was used as a
solvent instead of toluene, while using strongly coordinating solvents (DMF, DMSO) failed
to give any product.
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Table 3.2. Optimization for difluorocyclopropanation mediated by complex 3.28.

Zn(CF3),(DMPU), (2 equiv) F
3.28 (0 or 1 equiv) F

3.]a 3.Ib
Entry | Solvent | T (°C) | Amount of 1 (equiv) | Time (h) | Yield of 3.Ib (%)?*
1 Toluene | RT 1 12 14
2 Toluene | RT 0 12 0
3 Toluene | 60 1 4 84
4 Toluene | 60 0 4 8
5 Toluene | 60 1 2 66
6 Toluene | 60 0 2 6

*Yield was determined by NMR integration using fluorobenzene as an internal standard. Typical conditions:
a-methylstyrene (0.01 mmol), [Zn(CF3),(DMPU),] (0.02 mmol), 1 (0.01 mmol), toluene (0.5 mL) in a sealed
reaction tube.

After getting an optimal condition, we then tested the reactivity with other substrates like
alkenes or terminal alkynes in a standard condition using a substrate : 2 : 1 molar ratio of 1
: 2 : 1 in toluene at 60 °C for 4 hours. In all cases, the yields were compared for the reaction
in the presence and absence of 3.28. The highest yields were observed in the cases of
electron-rich substrates, giving 84-67% for 3.Ib — 3.IVb. as compared to 23-50% in the
absence of 3.28, showing moderate yield enhancement in the presence of 3.28. At the same
time, when electron-deficient halogenated substrates 3.Vb — 3.VIIIb were used, only trace
amount of cyclopropanated product was obtained in the absence of 3.28. More pronounced
difference in reactivity was observed in the presence of 3.28, although at the sacrifice of
synthetic yield. The yield could not be further improved at longer reaction time. On the other
hand, no cyclopropanated product was obtained when unactive alkyne such as cyclohexene
was used both with or without the presence of 3.28 under standard conditions.

In summary, this study indicates that a Mn'"" complex 3.28 shows moderate enhancement in

difluorocyclopropanation of alkenes and alkynes when using Zn(CF3)>(DPMU), complex,
increasing the yield at least two-fold compared to the similar condition in the absence of Mn.
While the practical utility of Mn'™ in difluorocyclopropanation catalysis may be limited,
these findings suggest the potential of Mn'! perfluoroalkyl compounds as reactive species in
carbene transfer reactivity.
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Scheme 3.16. Scope of difluorocarbenation mediated by 3.28. Yield in the bracket is the yield of the control
experiment without the presence of 3.28. * reaction was conducted at 80 °C for 4 h.

Zn(CF3),(DMPU), (2 eq) R F

R" R? 3.28 (1 eq)
>—<_ >~ R? R3
RZ2 R4 toluene, 60 °C, 4h R2 R4
F F F
F F F F F
/\
Ph
Ph
3.Ib 3.lIb 3.lllb 3.IVE
84% (8%) 67% (23%) 81% (50%) 100% (58%)
F F R F
F
Br F
3.Vb 3.Vlb 3.Vlib 3.Vllib
56% (6%) 28% (3%) 20% (4%) 28% (3%)
F F
F
E Br
3.1Xb 3.Xb
0% (0%) 0% (0%)

3.3. Conclusion

In conclusion, we reported a stable monoaryl Mn' bromo complexes synthesized via

oxidative addition of Ar-Br bond to a Mn' precursor Mn(CO)sBr. In the presence of one-
electron oxidation, the complex undergoes facile non-radical reductive elimination, resulting
in Ar-Br bond formation and the release of Mn! species. These studies therefore provided
the first example of observation of Ar-X oxidative addition to Mn' followed by oxidatively-
induced Ar-X reductive elimination. Although these steps could not be connected to a
catalytic cycle due to lack of accessible pathways to recycle Mn!" product into reactive Mn'
species, it provided clear evidence that these elementary steps may be observed at the single
Mn center.

Driven by the initial intent to obtain Mn"" trifluoromethyl complexes to study C-C reductive

elimination, we unexpectedly uncovered a new way of preparation of high-valent
manganese(IIl) neutral difluoro and cationic monofluoro complexes using trifluoromethyl
zinc reagent under mild conditions. Compared to the trifluoromethyl zinc complex, the
proposed trifluoromethyl manganese(I1l) intermediated are more reactive and undergo more
facile a-fluoride elimination to yield Mn'" fluorides and release difluorocarbene, which was
detected by a trapping experiment.

Such more facile difluorocarbene generation from Mn'!! results in moderate enhancement of

difluorocyclopropanation and difluorocyclopropenation of alkenes and alkynes using
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trifluoromethyl zinc reagent at lower temperature (20 — 60 °C) and shorter reaction time (4
h), suggesting potential application of perfluoroalkyl manganese(Ill) complexes as reactive
agents for carbene transfer reactivity.

3.4. Experimental section
Below experimental data is reported in the following publications:

1. Sarbajna, A.; He, Y.-T.; Dinh, M. H.; Gladkovskaya, O.; Rahaman, S. M. W.; Karimata,
A.; Khaskin, E.; Lapointe, S.; Fayzullin, R. R.; Khusnutdinova, J. R., Aryl-X Bond-Forming
Reductive Elimination from High-Valent Mn—Aryl Complexes. Organometallics 2019, 38,
4409-4419.

2. Dinh, M. H.; He, Y.-T.; Fayzullin, R. R.; Vasylevskyi, S.; Khaskin, E.; Khusnutdinova, J.
R. Synthesis of Aryl-Manganese(III) Fluoride Complexes via a-Fluorine Elimination from
CF3 and Difluorocarbene Generation. Eur. J. Inorg. Chem. 2023, 26 (32), €202300460.

General considerations

All reactions were performed using standard Schlenk or glovebox techniques under a dry
argon or nitrogen atmosphere if not indicated otherwise. Unless noted otherwise, all
chemicals were purchased from major commercial suppliers (TCI, Sigma-Aldrich, and
Nacalai-Tesque) and used without further purification. Anhydrous solvents were dispensed
from an MBRAUN solvent purification system and degassed prior to use. Anhydrous
deuterated solvents were purchased from Eurisotop and stored over 4 A molecular sieves.
BUN3CBr ligand was synthesized according to previously reported procedure with some
modifications.!® Complex [Zn(CF;).(DMPU).]'?? were prepared according to the literature
procedures. NMR spectra were recorded on a JEOL ECS400S 400 MHz and JEOL
ECZ600R 600 MHz. The following abbreviations are used for describing NMR spectra: s
(singlet), d (doublet), t (triplet). A typical Evans method magnetic moment measurement was
done in a coaxial tube containing the solvent and the internal standard. Electrospray
1onization high-resolution mass spectrometry (ESI-HRMS) measurements were performed
on a Thermo Scientific ETD apparatus using MeOH or MeCN as a solvent for injection. Gas
chromatography/mass spectrometry (GC-MS) analysis was performed using a Shimadzu
GCMS-QP2010 equipped with a Shimadzu SH-Rxi-1 ms 30-meter column. Elemental
analyses were performed using an Exeter Analytical CE440 instrument. Solid-state FT-IR
spectra were recorded using an Agilent Cary 630 with an ATR module in an argon-filled
glovebox. UV-vis spectra were recorded on an Agilent Cary 60 spectrophotometer. The X-
ray diffraction data for single crystals 3.28-3.30 was recorded on a Rigaku Xtalab Pro
diffractometer or a Bruker D8 Venture diffractometer.
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Synthesis of ®*N3CBr

N N
| _ aqg. Na,COg4 . | _
N + toluene, A N
\{/NH HN\{/ Br Br Br \{/N Br N\{/

tBuN3CBr

A single neck round bottomed flask was charged with mixture of 100 mL of toluene, 40 mL
of 10% (w/w) NaxCOs solution and 2,6-bis(tert-butylaminomethyl)pyridine (2.18 g, 8.74
mmol, 1 equiv). The flask was supplemented with 2-neck extension; one neck was connected
to reflux condenser, and the other one with an additional funnel. The reaction mixture is
heated up to 80 °C wunder nitrogen atmosphere. A solution of 2-bromo-1,3-
bis(bromomethyl)benzene (2.70 g, 7.88 mmol, 0.9 equiv) in 100 mL of toluene was added
dropwise through the addition funnel to the reaction mixture over the course of 3 hours.
Afterwards, the temperature was adjusted to 90 °C and the reaction was left to stir for 20
hours. After completion, the reaction was cooled down and transferred to separation funnel.
The aqueous layer was discarded and the pale-yellow toluene layer was washed 3 times with
saturated Ko»COs and dried over anhydrous MgSO4 for 10 min. The solvent was removed
under vacuum and the solid residue was washed with a minimal amount of methanol and
filtered off. The insoluble part was collected and dried to give a pure product, typical yield

1.45 g (3.34 mmol, 43%). NMR spectra were consistent with those reported in the literature.
105

'H NMR (400 MHz, CDCls), 8: 7.13 (t, J= 7.5 Hz, 1H, ArH), 6.79 (d, J= 7.5 Hz, 2H, ArH),
6.74 (d, J= 7.5 Hz, 2H, ArH), 6.60 (t, J = 7.5 Hz, 1H, ArH), 4.20-4.10 (m, 4H, two CH,
groups), 4.04 (d, J = 12.8 Hz, 2H, CHa), 3.57 (d, J = 13.2 Hz, 2H, CH,), 1.32 (s, 18H, /Bu).

'H NMR (400 MHz, CDs), 8: 6.96 (t, J=7.5 Hz, 1H, ArH), 6.88 (d, J= 7.5 Hz, 2H, ArH),
6.70 (d, J=17.5 Hz, 2H, ArH), 6.61 (t, J= 7.5 Hz, 1H, ArH), 4.38 (d, /= 12.7 Hz, 2H, CH,),
4.02 (d, J= 13.4 Hz, 2H, CH,), 3.95 (d, J = 12.7 Hz, 2H, CH.), 3.85 (d, J = 13.4 Hz, 2H,
CHa), 1.12 (s, 18H, Bu).
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Synthesis of (‘B*N3C)Mn'"Br; (3.28)

| A
~
N Mn!(CO)sBr
'Bu—N Br N-Bu ——
hv, DCE
tBUN,CBr 3.28

First, 410 mg of ®*N3CBr ligand (0.952 mmol) and 261.4 mg of Mn(CO);Br (0.951 mmol)
were combined in a flame-dried Schlenk flask inside a glovebox, and 20 mL of
dichloroethane was added to give a yellow suspension. The flask was taken outside the
glovebox and stirred in a water bath in front of a mercury lamp. The reaction vessel was
subjected to vacuum for 1 s every hour, then stirred under static vacuum, and after 3 h, the
reaction was then stirred under a static vacuum overnight. After 13 h, the solution appeared
wine-red, and all the solvent evaporated under reduced pressure. The solid obtained was
redissolved in a minimal amount of dichloromethane and filtered through Celite. The filtrate
obtained was evaporated under reduced pressure to yield a red solid which was washed three
times with copious amounts of diethyl ether (= 15 mL) and then dried to yield 3.28. Deep
red crystals were grown by vapor diffusion of diethyl ether into a dichloromethane solution
of the complex (about 6 mL of DCM). Yield of isolated product 310 mg (0.548 mmol), 58%.
The product was recrystallized second time to give 260 mg of the crystalline product as large
dark-red crystals (0.460 mmol).

UV-vis, A, nm (g, M'-em™'), CH,Cl,: 547 (560), 430 (620, sh), 383 (1720), 270 (10 200).
ter = 4.98 uB (298 K, Evans method, CD,CL).

FT-IR (ATR, solid, cm™): v 3049 (w), 2972 (w), 2008 (w), 1926 (w), 1598 (w), 1575 (w),
1457 (w), 1430 (w), 1267 (s), 1194 (w), 849 (w), 731 (s), 701 (m).

'H NMR (CD,CL, 400 MHz, 25 °C), 5: 47.80 (br), 36.55 (br), 23.73 (br), 11.38, 3.73, 3.42,
1.29, 1.14, 0.87, 0.08, —20.49 (br), —105.21 (br), —154.97 (br).

ESI-HRMS in CH;CN (m/z): calculated for [C;;H»BrN;Mn]*, ([M-Br]*, z= 1): 484.1155.
Found: 484.1149.

Anal. Calcd for Mn,CxH.B,N;: C, 49.02; H, 5.72; N, 7.46. Found: C, 49.01; H, 5.75; N,
7.47.

Oxidation of 3.28 by 2 equiv of NOBF4 in MeCN and Crystallization of the Co-Crystal
of B*N3CBr with Mn(MeCN)s** and NO* and BF4~ Counterions

First, 56.3 mg (0.1 mmol) of 3.28 was weighed out in a scintillation vial inside a glovebox,
and 5 mL of acetonitrile was added. To the red solution was added 1.1 equiv (for ESI-MS
measurements) or 2 equiv (for crystallization) of NOBF4 in one portion, and the mixture was
allowed to stir for 2 h and analyzed by ESI-MS. The resulting yellow solution was
concentrated to ca. 2 mL and filtered through a small pad of Celite, and crystals of the adduct
were grown by vapor diffusion of ether into the filtrate.

Isolation of B"N3CBr Product after Oxidation

First, 56.3 mg (0.1 mmol) of 3.28 was weighed out in a scintillation vial inside a glovebox,
and 5 mL of dichloromethane was added. To the red solution was added 12.2 mg (0.11 mmol)
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of NOBF, in one portion, and the mixture was allowed to stir for 2 h over which time period
the color of the solution gradually changed to yellow and the reaction stopped. The solvent
was then completely removed under vacuum, and the yellow solid was dried completely.
The vial was then taken out of the glovebox, and 5 mL of a saturated solution of K,CO; was
added to it and vigorously stirred for 30 min. Initially, some effervescence is seen, and
gradually a dark brown precipitate appears. The aqueous solution was extracted with
dichloromethane, filtered, and then dried over anhydrous MgSO.. The dichloromethane was
completely evaporated by a rotavapor, and the solid left behind was identified to be **N3CBr.
NMR yield was confirmed by adding 1,3,5-trimethoxybenzene (0.33 mmol) to the
CDCI; solution. Analytically pure ®*N3CBr could be isolated by a short flash column
chromatography in 3:97 methanol/dichloromethane mixture. /n situ yield (before
chromatography) was found to be 84% based upon internal standard, whereas isolated yields
were averaged to be 65% based on average three runs.

Isolation of ®*N3CBr was performed after reaction in CH,CL solution, since attempted
isolation from CH;CN even after evaporation of the solvent leads to partial transferring of
the paramagnetic species (presumably solvated Mn? ion) into the organic layer even after
treatment with a base, leading to broadening of NMR spectra. 'H NMR (400 MHz, CDCL),
0:7.13 (t,J=7.6 Hz, 1H, ArH), 6.79 (d, /= 7.5 Hz, 2H, ArH), 6.74 (d, /= 7.6 Hz, 2H, ArH),
6.60 (t,J=7.4 Hz, 1H, ArH), 4.19-4.10 (m, 4H, two CH groups), 4.04 (d, /= 12.8 Hz, 2H,
CH,), 3.57 (d, J=13.3 Hz, 2H, CH,), 1.32 (s, 18H, Bu). *C NMR (101 MHz, CDCl), &:
160.05, 138.88, 135.04, 131.54, 131.08, 125.69, 121.38, 56.78, 55.94, 54.47, 27.85. ESI-
(HR)MS (first most intense peak): m/z 430.1837 (calcd [M + HJ*, C3H3;N;Br, m/z 430.1852).

Quantitative Determination of a Mn?** Product by Spin Integration

Standard 10.0 mM MnSQO, solution in water was prepared for comparison of spin integration
values. Measurements were performed in quartz precision capillary tubes (50 pL) at RT;
microwave frequency 9114 MHz.

First, 14.1 mg (25 pmol) of 3.28 was dissolved in 4 mL of acetonitrile, and 3.2 mg (1.1
equiv) of NOBF, was added and stirred for 1 h. Next, a 1000 puL aliquot of this solution was
taken and diluted to 10 mL by addition of 9 mL of water in a volumetric flask to give a final
solution with a final expected concentration of Mn species of 0.625 mM.

EPR measurements were performed at RT in quartz thin capillary tubes. Spin integration was
compared for the reaction mixture and the standard MnSO, solution. The measurements
were performed two times, and the average of two runs was used. The concentration of
Mn?*" in the final solution was calculated as 0.601 mM corresponding to the yield of 96% as
an average of two trials.

The sextet corresponding to Mn?* species obtained from the reaction mixture was observed
at g =2.01 and shows hyperfine splitting to **Mn (I = 5/2; 4 =95 G). An identical signal was
obtained by dissolving MnSO, in water (g =2.01, 4 =95 G).
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Synthesis of 3.29

0]
\NJ\N/

DMPU = v

Zn(CF3),(DMPU), (2 equiv)

MeOH, RT, 16 h

In the glove box, 56.3 mg of 3.28 (0.100 mmol) was dissolved in 4.0 mL methanol and stirred
at room temperature for 10 minutes. 91.6 mg of [Zn(CF3)2(DMPU).] (0.200 mmol — 2 equiv)
was added to the mixture, and then the reaction was further stirred at room temperature for
16 hours. During this time, the solution color changed to purple from wine-red. The resulting
mixture was filtered through a pad of celite. Purple crystals were grown by vapor diffusion
of diethyl ether into the obtained solution to produce 3.29. Yield: 54.0 mg (74%).

Ueft = 4.82 uB (298 K, Evans method, CD»Cl).

ESI-HRMS in MeOH (m/z): calculated for [C23H32F2N3sMn]', ([M — F]', z = 1): 424.1955;
found: 424.1958.

EA found (calc.): MnZnCo4H36Br2FoN3O: C 40.88 (41.14), H 5.26 (5.18), N 5.76 (6.00).
UV-vis (CH2CL), A, nm (g, M™' m™): 549 (340), 363 (1330), 234 (8071).

FT-IR (ATR, solid, em™): v 3070 (w), 2975 (w), 2787 (w), 1603 (w), 1464 (w), 1249 (s),
1015 (s), 910 (w), 853 (W), 726 (s).

Synthesis of [(‘B“N3C)Mn(DMPU)F|PFs 3.30

1. AgPFg (2.1 equiv), 3 h +
2. Zn(CF3),(DMPU), Bu PFg
(2 equiv). 3 h (\f \
- Mn"Z
o)
CH,Cl,, RT / #J
3.28 3.30

In the glove box, 56.5 mg (0.100 mmol) of 3.28 was dissolved in 10 mL of dichloromethane,
and 53.0 mg (0.210 mmol, 2.1 equiv) of AgPF¢was added and stirred for 3 hours in the dark.
The AgBr salt was filtered off through a pad of celite to give a yellow-colored solution. To
the obtained solution, 91.9 mg (0.200 mmol, 2.0 equiv) of [Zn(CF3)2(DMPU);] was added.
The resulting mixture was stirred for 3 hours and then filtered through a pad of celite to give
a deep red solution. Red crystals were grown by vapor diffusion of ether into THF solution
of the complex. The desired complex 3.30 was obtained in 22% yield (15 mg) after
recrystallization.

Uett = 4.71 uB (294 K, Evans method, CD>Cl,).
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ESI-HRMS (m/z), calculated for [(‘B*N3C)MnF]" (C23H32Fi1MniN3): m/z observed (cald):
424.1980 (424.1955).

EA found (calc.): CaoHasF7MnNsO1P: C 49.34 (49.93), H 5.86 (6.36), N 9.65 (10.04).
UV-vis (CH2Clo), &, nm (g, M™! m™1): 554 (1585), 363 (6185).

FT-IR (ATR, solid, cm™): 2960 (br), 2890 (br), 1578 (s), 1564 (s), 1480 (m), 1422 (m), 1323
(m), 1226 (m), 1194 (m), 1068 (m), 834 (s), 724 (s), 702 (m).

Observation of difluorocarbene formation

In the glove box, 7.1 mg of 3.28 (0.013 mmol), 11.5 mg of [Zn(CF3)2(DMPU);] (0.025 mmol
— 2 equiv), and 1,1-diphenylethylene (0.05 mmol — 4 equiv) were dissolved in 0.5 mL of
CD2Cly. To the solution, 4.7 uL of fluorobenzene (0.05 mmol — 4 equiv) was added as an
internal standard. The resulting mixture was stirred for 24 hours. The formation of the
product 1,1-difluoro-2,2-diphenyl cyclopropane was identified by GC-MS and comparison
of NMR spectra with the literature reports. 37 The yield of 1,1-difluoro-2,2-diphenyl
cyclopropane was determined by ”F NMR integration against fluorobenzene as an internal
standard.

Radical trap experiment

In the glove box, 7.1 mg of 3.28 (0.013 mmol), 11.5 mg of [Zn(CF3)2(DMPU),] (0.025 mmol
— 2 equiv), and 3.9 mg of (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) (0.025 mmol —
2 equiv) were dissolved in 0.5 mL of CD,Cl,. To the solution, 4.7 uL of fluorobenzene (0.05
mmol — 4 equiv) was added as an internal standard. The resulting mixture was stirred for 24
hours and then analyzed by '°F NMR spectroscopy. No TEMPO-CF3 adduct was found.

Attempted difluorocarbene detection in the presence of Mn'"(OAc)s and
Mn'"!(acac)s (acac=acetylacetonate)

In the glovebox, 0.013 mmol of Mn(OAc);or Mn(acac);, 11.5mg of
[Zn(CF3),(DMPU),1 (0.025 mmol — 2 equiv), and 1,1-diphenylethylene (0.05 mmol — 4
equiv) were dissolved in 0.5 mL of CD,Cl. To the solution, 4.7 pL of fluorobenzene (0.05
mmol — 4 equiv) was added as an internal standard. The resulting mixture was stirred at RT
for 16 hours. 1,1-difluoro-2,2-diphenyl cyclopropane product was not detected in °’F NMR
spectroscopy or GC-MS.

Cyclodifluoropropanation mediated by 3.28, general procedure

In the glove box, 9.2 mg (0.02 mmol — 2 equiv) of [Zn(CF3)2(DMPU);] and 5.7 mg of 1
(0.01 mmol — 1 equiv) were combined in an 11 mL screw-cap reaction tube. To the reaction
tube, 0.01 mmol of alkene and 0.5 mL of toluene were added. The tube was then sealed by
electric tape to avoid gas exchange and brought out of the glove box. The tube was heated
at 60 °C for 4 hours. After the completion of the reaction, 1.9 pL of fluorobenzene (0.02
mmol — 2 equiv) was added to the mixture as an internal standard and the resulting mixture
was analyzed by NMR and GC-MS spectroscopy. The formation of the
difluorocyclopropanation product was identified by GC-MS and comparison of NMR
spectra with earlier literature reports.'*” The yields were determined by '°F NMR integration
against fluorobenzene.
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Chapter 4. Photoinduced Perfluoroalkylation Mediated by Cobalt
Complexes Supported by Naphthyridine Ligands

The content described in this chapter is partially reported in the following publication:!3®
Reprinted and adapted with permission from Dinh, M. H.; Govindarajan, R.; Deolka, S.;
Fayzullin, R. R.; Vasylevskyi, S.; Khaskin, E.; Khusnutdinova, J. R. "Photoinduced
Perfluoroalkylation Mediated by Cobalt Complexes Supported by Naphthyridine Ligands"
Organometallics, 2023, 42, 2632-2643. Copyright 2023 American Chemical Society.

Declaration of Contribution: Prof. Julia R. Khusnutdinova guided the project. I (Hoan M.
Dinh) synthesized and characterized all complexes, performed the reactivity and catalytic
activity of cobalt complexes in photo-induced perfluoroethylation, as well as conducted the
computational calculations. Dr. Ramadoss Govindarajan helped with ligand synthesis. Dr.
Shubham Deolka synthesized the first complex. Dr. Eugene Khaskin performed X-ray data
collection. Dr. Robert R. Fayzullin and Dr. Serhii Vasylevskyi finalized X-ray structural
measurement to publication level.

All of the figure, table and scheme 4.24 — 4.30 in this chapter are from this publication.'*
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4.1. Introduction

In the previous chapter, we described the attempted synthesis of manganese(IlI)
trifluoromethyl complexes via transmetalation, which instead results in difluorocarbene
elimination likely due to intrinsic reactivity of manganese(Ill) perfluoroalkyl derivatives
formed as intermediates. The lack of available coordination sites at Mn center supported by
a tetradentate chelating ligand likely hindered its catalytic reactivity; however, it has shown
the potential of using inexpensive and earth-abundant first-row metals as catalyst for the
synthesis of fluorine-containing organic compounds. These results have further prompted us
to study a wider range of first-row metal complexes with simple N-donor ligands as catalyst
for the synthesis of fluorinated compounds, either via difluorocarbene transfer or fluoroalkyl
group incorporation. For this purpose, we have stepped away from macrocyclic tetradentate
ligands and examined the reactivity of first-row metal complexes with other types of N-
heterocycle-based ligands, eventually leading to the development of photoinduced Co-
catalyzed perfluoroalkylation described in this chapter.

4.1.1 Trifluoromethylation mediated by first-row transition metal

The incorporation of the fluoroalkyl group into bioactive compounds has a significant role
in pharmaceuticals and agrochemicals, which can modulate the properties of the compounds
such as lipophilicity, membrane permeability, binding selectivity, and avoid unwanted
metabolic degradation.!3-14!

C-H trifluoromethylation mediated by first-row metal complexes, particularly with nickel
and copper, as an alternative for precious metals has recently gained significant attention.
For example, in 2015, Sanford and coworkers reported a bis(trifluoromethyl) nickel(IV)
complex 4.3 supported by tris(pyrazolyl)borate (Tp) ligand.'*? The complex was synthesized
via oxidation of Ni"-CF3; complex 4.1 using aryliodonium salts at -35 °C or oxidation of Ni'-
CF; complex 4.2 by Umemoto reagent at room temperature. At 55 °C, the complex
undergoes reductive elimination to yield (trifluoromethyl)benzene and release Ni(Il)
complexes. (Scheme 4.1)
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Scheme 4.1. Synthesis pathways of nickel(IV) complex 4.3 and its reductive elimination to form
benzotrifluoride
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Later, the same group reported the synthesis of TpNi'! complexes 4.4 with phenyl and
trifluoromethyl group via one-electron oxidation of TpNi'l complex 4.2.1* Upon heating to
80 °C for 5 min, the complex undergoes reductive elimination to form trifluoromethylated
arene. (Scheme 4.2)

Scheme 4.2. Synthesis of nickel(I1T) complex 4.4 and its reductive elimination at 80 °C to from benzotrifluoride

N/_>_| H

HB—— B
\ @N CF, A9BF4 (1 equiv) \ N cF, 80°C.5min CF3
SN, et N1, e o _—

4.2 44

In 2017, Sanford and coworkers reported the synthesis of Ni'V-CF3 complex 4.6 by the
reaction between Ni'V-OC(O)CFs complex 4.5 in the presence of excess amount of
tetramethylammonium fluoride.'*® Upon heating to 70 °C for 12 hours, the complex
underwent aryl-CF3 reductive elimination to form nickel(Il) complex 4.7. (Scheme 4.3)
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Scheme 4.3. Synthesis of trifluoromethyl nickel(IV) complex 4.6 and its reductive elimination to functionalize
co-ligand.
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The same year, the Nebra group reported a preparation of Ni'V-CF3; complex supported by
simple pyridine ligands and its application in stoichiometric trifluoromethylation.'!
Treatment of Ni(CF3)2(py)2 with one equiv. of XeF» led to the formation of mono- and
dimeric Ni"' complexes 4.9 and 4.8. Addition of one more equiv. of XeF resulted in the
formation of Ni'V complex 4.10. The complex 4.10 can also be synthesized by reacting
Ni(CF3)2(py)2 with 2 equiv. of XeF; at low temperature. This complex 4.10 has shown C-H
activation of 1,2-dichlorobenzene under room temperature in 3 days to form
trifluoromethylated adducts with 94% yield. (Scheme 4.4)
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Scheme 4.4. Synthesis of Ni™ and Ni'¥ complex supported by monodentate pyridine ligands.
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In 2019, the Sanford group demonstrated the first catalytic methodology for
trifluoromethylation by high-valent nickel(IV) complexes.'* By using 5 mol% of (Tp)Ni'V-
CF3 complex 4.11 loading, the trifluoromethylation using Umemoto reagent II as an oxidant
and trifluoromethyl group source was operated at room temperature in DMSO with the yield
up to 99%. This protocol can be applied to late-stage trifluoromethylation of biologically
active molecules such as melatonin, Boc-L-tryptophan, resorcinol, and tadalafil. The
mechanism studies were carried out by both experiments and DFT calculations, and they
supported the radical pathway with the involvement of Ni''~CF3, Ni"'~CF3, and Ni'¥—CF3
intermediates. (Scheme 4.5)'*

Scheme 4.5. Trifluoromethylation of arenes using Umemoto’s reagent catalyzed by Ni'V complex 4.11.
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In 2020, the Vicic group reported the synthesis of anionic nickel(Il) tris(trifluoromethyl)
(4.12) and nickel(II) tetrakis(trifluoromethyl) (4.13). This was achieved through the reaction
of NiBrz(glyme) with an excess of in situ AgCF3 in the presence of PPh4Cl. The subsequent
reaction of anionic nickel complex 4.12 with an aryl iodonium salt resulted in the formation
of trifluoromethylated arene, likely facilitated by a high-valent oxidation state of nickel. The
plausibility of the proposed intermediate was validated by reacting another anionic nickel

precursor, 4.13, with potassium persulfate as an oxidant, leading to the formation of a Ni'V
complex, 4.14.'%
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Scheme 4.6. a. Synthesis of anionic tris(trifluoromethyl) and tetrakis(trifluoromethyl) nickel(II) complex 4.12
and 4.13. b. Reaction of complex 4.12 with an aryl iodonium salt to form trifluoromethylated product. c.
Synthesis of nickel(IV) complex 4.14
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In 2021, Vicic and coworkers reported the preparation of high-valent
tetrakis(trifluoromethyl)nickel(IV) complex 4.15 by reacting anionic nickel(II) complex
4.13 with “magic blue” as an oxidant. The authors also reported that the nickel(Il) precursor
4.13 can play as a catalyst for trifluoromethylation of arenes and heteroarenes by Umemoto
reagent II in good yield. The mechanism was proposed through a radical pathway with the
involvement of Ni'V intermediate.'*®

Scheme 4.7. a. Synthesis of solvated tetrakis(trifluoromethyl) nickel(IV) complex and b. Trifluoromethylation
of arenes using Umemoto’s reagent catalyzed by anionic Ni(Il) complex 4.13.

[SbClg]
<Br4< >>»N
3

CF,
NI(CE.. 12 (magic blue) FSC/I"“I\‘H"‘ wCF3
i = .
(NHCF )] MeCN MecN”" ‘ cr,
b MeCN
415

CF; -
L+ OTf
R_O + Q O [NMe,L,[Ni(CF3)q] (5 mol%) R@
= DMSO, 18h, RT N
F F

75




Copper has also shown much promise in trifluoromethylation. In the beginning, most of the
examples of copper-mediated trifluoromethylation were carried out through the in-situ
generation of “Cu'-CF3” species.'¥”1° In 2008, the first example of a well-defined
trifluoromethyl copper(I) complex was reported by the Vicic group.!' Treatment of tert-
butoxide copper complex supported by unsaturated NHC-carbene ligand with TMSCF3 led
to the formation of a mixture of two Cu!-CF3 complexes 4.16 and 4.16b, where the silylated
complex 4.16 is a major product. On the other hand, the analogous reaction of tert-butoxide
copper dimer supported by saturated NHC-carbene ligands 4.17 with 2 equiv. of TMSCF3
led to the exclusive formation of Cu'-CF3 complex 4.18 with 91% isolated yield. The authors
also showed the application in trifluoromethylation of halogenated arenes mediated by
complex 4.18 generated in situ in DMF at room temperature with the yield up to 99%.
(Scheme 4.8)

Scheme 4.8. Synthesis of Cu'-CF3 complex supported by NHC-carbene ligands
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In 2011, Hartwig and coworkers disclosed the preparation of Cu'(CF3)(phen) complexes 4.19
(phen = 1,10-phenanthroline) by reaction of copper(I) tert-butoxide with 1,10-
phenanthroline, followed by the addition of TMS-CF5.!°> Heating complex 4.19 in the
presence of halogenated arenes at 50 °C for 18 hours led to the formation of

trifluoromethylated products. (Scheme 4.9)

Scheme 4.9. Stoichiometric trifluoromethylation of halogenated arenes mediated by (phen)Cu'-CF; complexes
4.19.
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The same year, the Grushin group reported the synthesis of air-stable Cu'-CF3 complexes
4.20 supported by triphenylphosphine ligands.'** The complex was prepared by reaction of
CuF2.3H>0 with triphenylphosphine in methanol, followed by the addition of TMSCF3. The
phosphine ligands are labile, which was proved by the ligand exchange reaction with 1,10-
phenanthroline (phen) to yield Cu' complex 4.21. Both complexes 4.20 and 4.21 were proven
as good trifluoromethylation reagents of aryl and heteroaryl iodides. (scheme 4.10)

Scheme 4.10. Synthesis of phosphine-stabilized copper(I)-CF3 complexes.
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High-valent trifluoromethyl copper(Ill) complexes have also gained a lot of attention since
they have frequently been proposed as key intermediates for reductive elimination in copper-
catalyzed coupling reactions.!>*!>> The first isolation and characterization of copper(Ill)
complexes was reported by Burton and coworkers in 1989, where oxidation of anionic
[Cul(CF3)2]” by thiuramdisulphide led to the formation of square-planar
Cu''(CF;)(dithiocarbamate) complex.!*® This complex performed stoichiometric
trifluoromethylation of halogenated arenes at 90-100 °C. Later, by using halogen to oxidize
in situ Cu' trifluoromethyl complex, Naumann and coworkers reported the synthesis and
characterization of anionic square planar [Cu(CF3)4]” complexes.!®’ The synthesis of this
complex was optimized by the Grushin group by treating CuCl with TMSCF3 in the presence

of KF under air as an oxidant.'®

In 2016, Zhang and coworkers reported the synthesis and characterization of
tris(trifluoromethyl) copper(Ill) complexes supported by bidentate phen or bpy ligand.!>’
These complexes were obtained by treating copper(l) iodide with an excess amount of
TMSCF; and AgF in the presence of the respective ligand. The authors demonstrated the
reactivity of copper(IlI) complex 4.22 in stoichiometric trifluoromethylation of boronic acid
derivatives mediated at room temperature. In contrast, the reaction of bipyridine-supported
complex 4.23 with aryl boronic acids required heating conditions at 50 °C. (Scheme 4.11)

Scheme 4.11. Synthesis of tris(trifluoromethyl) copper(Ill) complexes 4.22 and 4.23 and stoichiometric
trifluoromethylation of boronic acid derivatives mediated by these complexes

phen or bpy (1 equiv) | ~ CF4 | N CF,
TMSCF; (6 equiv) _ N\ _N |
cul AgF (4 equiv) /Cu—CF3 or >Cu—CF3
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| > |
R~ R~
— DMF, O,, —

RT-50 °C, 3-18 h
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Scheme 4.12. a. structure of Cu™-CF3 complexes 4.24-4.27 supported by mono-, bi- and tridentate ligands. b.
trifluoromethylation of boronic acid derivatives and terminal arylacetylenes mediated by copper(Ill)
complexes. c. syn-fluoro- and -oxy-trifluoromethylation of alkynes mediated by copper(I1ll) complexes 4.24.

a.
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{ N—cu— O N—Cu— N—Cu—CF,4
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CF3 CFs ©
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CF; 6h, O,
4.24
CF,
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<\ MNTCU—CF; 4 A =H —> Ar—=-CF,
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F CF,
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C or NaOPh (2 equiv) Ar H
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In 2018, Zhang and coworkers reported the synthesis of a new set of Cu"-CF3 complexes

4.24-4.27 supported by mono-, bi- and tridentate ligands.'®® These complexes showed good
reactivity to trifluoromethylation of boronic acid derivatives or terminal arylacetylenes, as
well as syn-fluoro- and -oxy-trifluoromethylation of alkynes. (Scheme 4.12)

In 2019, the Liu group demonstrated the synthesis of [alkyl-Cu'-(CF3);]" complexes by

reaction of Cu''(CF3)3(py) (py = pyridine) with alkyl zinc reagent in acetonitrile at room
temperature for 5 min.'®" Upon heating to 50 °C for 2 hours, these alkyl-Cu'(CF3);
undergoes alkyl-CF3 reductive elimination to form trifluoromethylated adducts and Cu(I)
species. The authors also demonstrated the application of these complexes in late stage
trifluoromethylation of high functionalized organozinc reagents. (Scheme 4.13)

Scheme 4.13. Synthesis of [alkyl-Cu™-(CF;);] complex 4.28 and its reductive elimination reaction.

— CFs R-ZnBr (1 equiv) CFs 55 °C. 2h _
\ ,N~-Cu—CFs > R-CQu=CF3 ——— [Cu(CF3)] + R-CF3
7 Lk, MeCN, RT, 5 min CF,
4.24 4.28

In the same year, Shen and coworkers reported the preparation of [aryl-Cu-(CF3)s]
complexes by treating Cu(CF3)3(bpy) 4.23 with aryl pinacolyl boronate in the presence of
Cs2CO; and "BusNBr.'®? Heating the complex in dichloroethane at 95% for 4-12 hours, the
complexes underwent C(sp?)-CF3 reductive elimination to generate trifluoromethylated
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arene and Cu' species. Mechanistic studies, including kinetic experiments and DFT
calculations, revealed that the reductive elimination occurred via a three-membered ring
transition state. (Scheme 4.14)

Scheme 4.14. Synthesis of [aryl-Cu''-(CF;);]" complex 4.29 and its reductive elimination.

F F CFy ~ JnBunN
423  1.Cs,CO4

CF ,
Lo DMSO, RT, 30 min R Cu—CF,
R F . 2. nBu,NBr |
/ F F CF3
R4<j :>—B
\ 4.29
O
FF CICH,CH,CI
95 °C, 4-12 h
FEF
R CF3 + [CU(CF3)2]-[nBr4N]+
F F

Scheme 4.15. Synthesis and reductive elimination reactivity of neutral of neutral five-coordinate
organocopper(IIl) complex 4.30.

= —Cu—CF ~ nBuN"
N ® 4 RT.15h CFy
—————> Me-Cu—CF
CFy 423 2. nBuyNBr i 3
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nBu” ! 4.30
THE [Cu(bpy),] [Cu(CF3),
M ——————— + + F,C-Me
®  50°C, 40 min 3
(bpy)CuCF3
bpy = 2,2'-bipyridine
+

In 2020, Shen and coworkers reported the synthesis and characterization of neutral five-
coordinate organocopper(Ill) complex Cu(Me)(CF3)2(bpy) (4.30) (bpy=2,2’-bipyridine).'
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At 50 °C for 40 min, the complexes underwent C(sp3)-CF3 reductive elimination to form
CH;-CF; and a mixture of Cu'(CF3)(bpy) and [Cu(bpy).]'[Cu(CF3).]. The kinetic
experiments and DFT calculations suggested that the mechanism of the CH3-CF3 reductive
elimination occurs via three-membered ring transition state. (Scheme 4.15)

4.1.2 Longer-chain perfluoroalkylation mediated by first-row transition metals

While trifluomethylation has become a major focus, the incorporation of longer chain
perfluoroalkyl has underexplored, although the presence of longer perfluoroalkyl groups
may have a significant effect on pharmacokinetic properties of organic compounds as
compared to trifluoromethyl groups. The addition of one or more CF» groups can
significantly alter the physical properties, such as increasing the steric -effect,
electronegativity, and hydrophobicity.'®*!'®> Hence, longer-chain perfluoroalkylation is
applied in some bioactive molecules, such as KC-515'%6-167 (antihypertensive potassium (K ™)
channel opener), DuP 532681 (angiotensin II receptor antagonist) and Fulvestrant!’%-17!
(antibreast cancer drug).

Scheme 4.16. Representative longer-chain perfluoroalkyl groups in drug design.
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The common approach to incorporating longer-chain perfluoroalkyl group into organic
compounds is typically cross-coupling of organohalides with appropriate perfluoroalkyl
reagents mediated by transition metal.!”>!”> The protocol might require the presence of
expensive reagents/additives or in special conditions.!’®!”8 Meanwhile, examples for longer-
chain perfluoroalkylation of arenes and heteroarenes catalyzed by inexpensive first-row
transition-metal complexes are still scarce. For example, in 2021, the Vicic group described
perfluoroalkylation of iodonium salts and diazonium salts mediated by solvated
perfluoroalkyl nickel(Il) complexes.!*® The authors also showed the catalytic activity of
ligandless trifluoromethyl nickel(Il) complexes in trifluoromethylation using Umemoto
reagent II. Meanwhile, only stoichiometric reactivity was observed in longer-chain
perfluoroethylation. (Scheme 4.17)
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Scheme 4.17. Stoichiometric pentafluoroethylation of diazonium salts mediated by solvated
[Ni(CaF5)3(MeCN)](NMes)] complexes.

®
N N2 MeCN, RT ~C2Fs
R—— + [Ni(C2F5)3(MeCN)[(NMey) ———— = R——
= =
2 equiv 1 equiv

In 2022, our group reported a simple catalytic protocol for perfluoroalkylation of arenes and
heteroarenes by using solvated nickel(II) bis(perfluoroalkyl) complexes in combination with
commercially available Acid Togni reagents containing trifluoromethyl, perfluoroethyl or
perfluoropropyl groups.'” The protocol proceeds in mild conditions without the need for
light or additives or photosensitizers. This protocol can be applied to late stage
perfluoroethylation of natural products, drug molecules and peptides. The mechanistic
investigations suggested the involvement of high-valent nickel intermediates and the
catalysis proceeds through a radical mechanism. (Scheme 4.18)

Scheme 4.18. Perfluoroalkylation using Acidic Togni reagents catalyzed by solvated nickel(II) complexes.

Ri——I—O0
H Xx_ H @O R
X X Re
(Y J J
% N/ _— _
Ni(MeCN)x(Ry), (cat.) N
y R
R R = CF3, C,Fs, C3F7 R

In a recent study, our research group demonstrated the utility of solvated cyclometalated
nickel complex 4.31 as a catalyst for the perfluoroalkylation of arenes, heteroarenes, and
peptides by using commercially available Acid Togni reagents under mild conditions,
without the need for photosensitizers.'®° This approach represents a significant advancement
over previous methodologies, which required the synthesis of suitable solvated nickel(II)
bis(perfluoroalkyl) precursors for each perfluoroalkyl-chain incorporation. The new protocol
simplifies the requirement for nickel catalysts and reduces the amount of Togni reagents
needed, thereby lowering the operational costs associated with perfluoroalkyl incorporation
reactions. Mechanistic insights were studied through a combination of experimental and
computational analyses, which suggested the involvement of a high-valent Ni'¥ intermediate
in the generation of perfluoroalkyl radicals and Ni'! intermediates. Density functional theory
(DFT) calculations further proposed that Togni reagents play a crucial role in stabilizing the
Ni"! species and their adducts with the substrate.
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Scheme 4.19. Perfluoroalkylation using Acidic Togni reagents catalyzed by solvated nickel(II) metallocycle
complex 4.31.
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4.1.3 Synthesis and reactivity of cobalt perfluoroalkyl complexes

While nickel or copper have garnered significant attention in the field of trifluoromethylation
and perfluoroalkylation, the utilization of cobalt complexes in these reactions remains
relatively unexplored. Notably, there are limited examples of perfluoroalkylation mediated
by cobalt complexes. For example, in 2018, the Hisaeda group reported on an approach
involving a combined electrochemical/photochemical perfluoroalkylation of electron-rich
arenes and heteroarenes, catalyzed by cobalamin derivatives containing ester-derivatized
tetradentate corrin macrocyclic ligands (4.32).!8! The proposed mechanism involves the
visible light-induced formation of perfluoroalkyl radicals from Co™-R¢ complexes. Initially,
a cobalt(I) species is generated through the electroreduction of Co complexes. The Co'
species then reacts with perfluoroalkyl iodide to form the Co™-R¢ complex, which, upon
light irradiation, rapidly releases the perfluoroalkyl radical.

Scheme 4.20. Perfluoroalkylation catalyzed by Co(II) complexes 4.32 supported by corrin-based ligand.
3.32 (1 mol%)
-1 R (1 eq) xR

Pz methanol _—
-0.8 V vs Ag/AgCl, 9h
hv (> 420 nm)

R

CO,CHj

To confirm their proposed mechanism, this group later reported the synthesis of Co-CF3
complex 4.33 supported by ester-derivatized tetradentate corrin macrocyclic ligand by
reacting vitamin B derivative 4.32 with trifluoroiodomethane under the presence of NaBH4
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in the dark.'®? As expected, the complex 4.33 is unstable under visible light (hv > 420 nm),
showing a Co-CF3 bond homolysis and releasing CF3 radical, which was proved by PBN
trapping experiment(PBN = alpha-phenyl N-tertiary-butyl nitrone) (Scheme 4.21).

Scheme 4.21. Synthesis of Co™-CF; complexes 4.33 supported by corrin-based ligand and its photo-induced
Co-CF; bond homolysis.
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In 2018, the Soper group reported the preparation of Co''-CF3; complex 4.34 by treating Co"

complex supported by non-innocent OCO pincer ligand with AgF and TMS-CF3. Exposure
complex 4.34 under visible light resulted in the facile Co-CF3; bond homolysis and the release
of CFj3 radical, which was confirmed by TEMPO radical trap experiment. This complex has
shown light-induced C-H functionalization of arenes and heteroarenes under room
temperature in 3 days to yield trifluoromethylated adducts.(Scheme 4.22)!'%3

Scheme 4.22. Photo-induced trifluoromethylation mediated by Co™-CF; complexes supported by OCO pincer
ligand.

Bu
CF3
“ Bu \NG 16W compact fluorescence Iami) R (j
O A o
R-— + ~c¢ N NMP, 25 °C, 16h P cr
K s / \ 3
X H MeCN (0) By
Bu
20 equiv. 1 equiv.
4.34

Vicic group has reported the synthesis and isolation of Co(Rf)3(MeCN); (Rf = CF3, CoFs) by
reacting CoBr> with the excess amount of AgF and TMSR¢. (Scheme 4.22)'3%+185 While the
preparation and isolation of Co(CF3)3(MeCN); 4.35a is tedious due to its insolubility and
instability, Co(C2F5)3(MeCN)3 4.35b precursor was more convenient to obtain in good yield.
Later, the Vicic group showed that Co(CF3)3(MeCN)3 4.35a is less reactive compared to the
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ligand-less trifluoromethyl nickel complexes as a catalyst for trifluoromethylation using the
Umemoto reagent I1.146

Scheme 4.23. Synthesis of acetonitrile-supported cobalt(III) perfluoroalkyl complexes

NCMe
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Overall, compared with nickel complexes, perfluoroalkylation mediated by cobalt
complexes has received less attention due to their perceived lower activity.!*® Furthermore,
the number of methodologies for longer-chain perfluoroalkylation is still limited despite the
fact that the addition of one more CF» group can significantly alter the physical properties
of the substrate.

Previously, our group reported a photo-induced trifluoromethylation catalyzed by nickel(III)
complexes supported by simple naphthyridine-based ligands.'®® Based on the previous
studies, our objective was to extend this reactivity to cobalt using simple naphthyridine
ligands. Given that the longer-chain perfluoroethyl cobalt precursors are conveniently
accessible, we aimed to obtain perfluoroethyl Co complexes supported by naphthyridines
and study its reactivity in perfluoroalkylation, potentially via light irradiation.

Therefore, in this chapter, I focus on the synthesis of a new family of cobalt complexes with
naphthyridine and perfluoroethyl ligands and studied their structure and electronic properties.
These N-donor cobalt complexes could undergo Co-C>Fs bond homolysis under visible-light
exposure without the need for a macrocyclic or redox-innocent ligand. Although limited to
electron-rich substrates, preliminary investigations revealed that these complexes possess
the ability to catalyze C(sp®)-H perfluoroethylation using the commercially available
perfluoroethyl Togni reagent.

4.2.  Results and Discussion
4.2.1 Complex synthesis and characterization

4.2.1.1. Neutral cobalt(III) complexes

Our initial attempts to synthesize Co'! complexes supported by naphthyridine ligands were

focused on the use of a common precursor, Co'™(C2Fs)3(MeCN)s, as reported by Vicic and
coworkers.!®* The treatment of Co™(C2Fs)3;(MeCN)s with 1 equiv. of 1,8-naphthyridine (L1)
in tetrahydrofuran (THF) solution at room temperature (RT) for 16 hours resulted in the
formation of a neutral complex Co(L1)(MeCN)(CFs); (4.36), which was isolated as a pale
yellow crystalline solid in 65% yield (Scheme 4.23). Similarly, the treatment of
monomethyl-substituted  2-methyl-1,8-naphthyridine ligand with 1 equiv. of
Co™(C,Fs)3(MeCN); led to the formation of complex 4.37 with 68% isolated yield.
Complexes 4.36 and 4.37 were fully characterized by NMR spectroscopy, ESI-HRMS,
elemental analysis, UV-Vis and FT-IR spectroscopies, and single-crystal X-ray diffraction
(SC-XRD). According to SC-XRD analysis, complexes 4.36 and 4.37 have a distorted
octahedral geometry around the cobalt center, supported by bidentate-coordinated
naphthyridine and one MeCN ligand (Figure 4.1, a-b). The Co—C bond distances of C2Fs
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trans to N-atoms of naphthyridine are ranging from 1.942(3)-1.987(2) A, while this value of
Co—C bond trans to MeCN is in the range of 1.976(6)-1.981(2) A.

Scheme 4.24. Synthesis of neutral tris(perfluoroethyl) cobalt(III) complexes
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The 'H NMR spectrum of 4.36 showed two multiplets in the aromatic region assigned to the
L1 ligand, which is consistent with the symmetry of the complex. The '°’F NMR spectrum
of 4.36 showed two signals for CF3 groups in 2 :1 ratio at —80.58 and —80.79 ppm,
corresponding the two set of inequivalent C,Fs groups in trans- and cis-position to the N-
atoms of naphthyridine ligand. On the other hand, the aromatic protons of complex 4.37
appeared as four sets of doublets and a doublet of doublets due to the unsymmetrical
structure of L2. The ""F NMR spectrum of 4.37 showed a set of three broad singlets
corresponding for CF, groups and six doublets assigned for CF3 groups due to the three
inequivalent C>Fs ligands.

Interestingly, treatment of bulkier bis(methyl)-substituted 2,7-dimethyl-1,8-naphthyridine
ligand (L3) with Co™(C2Fs)3(MeCN)s precursor resulted in the formation of two isomers
4.38a and 4.38b. When the reaction was monitored by 'H NMR spectroscopy in acetone-ds,
L3 was almost consumed after 1 hour at room temperature, and a major product 4.38a was
appeared, accompanied by a minor product 4.38b with a ratio 4.38a : 4.38b =20 : 1. The
aromatic protons of the major species 4.38a appeared in 'H NMR spectrum as two doublets
at 8.53 and 7.71 ppm, where the proton signal of methyl groups showed as a singlet at 3.34
ppm, consistent with the presence of a plane of symmetry in fac-(C2Fs);Co™ isomeric
structure. Yellow crystals are obtained from pentane/THF solution from the reaction mixture
at -30 °C, which was confirmed as 4.38a by SC-XRD analysis. According to SC-XRD, 4.38a
has a distorted octahedral geometry around cobalt center, with three C2Fs groups are present
in cis-position to each other. The naphthyridine-based ligand L3 binds to the cobalt center
in bidentate fashion, and the MeCN ligand is at cis-position compared to an N-atom of L3.

Heating of the mixture at 65 °C for 16 hours led to the formation of a mixture of 4.38a :
4.38b = 1 : 4, where the minor species 4.38b becomes the predominant product. Orange
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crystals were obtained from pentane/THF solution of the reaction mixture at. The orange
crystal structure was confirmed by SC-XRD as 4.38b in mer-Co(C:Fs); configuration, where
the MeCN ligand is at the trans-position compared to an N-atom of L3. Due to the
unsymmetrical environment around cobalt center, 'H NMR spectrum showed a set of four
doublets in a range of 8.51 — 7.53 ppm in the aromatic region and two singlets at 2.81 and
2.62 ppm corresponding to the two inequivalent methyl group of L3.

Further prolonged the reaction at 65 °C for 2 days did not result to the formation of 4.38b as
the only product and the isomeric ratio of 4.38a : 4.38b stayed unchanged, suggesting that
the two isomers have similar kinetic stability, and fac-isomer 4.38a is slightly less
thermodynamically stable compared to mer-4.38b, likely due to the steric bulk caused by
two ortho-Me groups in L3 ligand. DFT calculations also confirmed the relative stability of
two isomers by showing that 4.38b is marginally more stable than 4.38a by 0.26 kcal/mol,
although this value is within the error expected from DFT calculations.

Figure 4.1. ORTEP 0f 4.36 (a), 4.37 (b), 4.38a (c), and 4.38b (d) at 50 % probability level according to single-
crystal X-ray diffraction. Minor disorder components and hydrogen atoms are omitted for clarity.
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Table 4.1. Selected internuclear distances [A] for 4.36-4.38b according to single-crystal X-ray diffraction.
Data for the main disorder component is present. Atomic numbering scheme is given in Figure 4.1.

Bond 4.36 4.37 4.38a 4.38b
Col-NI11 2.082(4) 2.130(2) 2.082(3) 2.045(5)
Col-N12 2.057(4) 2.073(2) 2.123(3) 1.996(6)
Col-N2 1.959(4) 1.9645(17) 1.974(3) 1.881(6)
Col-C31 1.963(6) 1.987(2) 1.965(3) 1.933(13)
Col—-C41 1.982(5) 1.942(3) 1.987(4) 2.047(6)
Col-C51 1.976(6) 1.981(2) 1.963(4) 2.085(15)

4.2.1.2. Cationic cobalt(IIl) complexes

Scheme 4.25. Synthesis of monocationic cobalt(Ill) complexes
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Based on our previous study which showed that cationic [(L3):Ni"(CF3)2]" complexes
supported by two naphthyridine-based ligands were active in photo-induced C(sp?)-H
trifluoromethylation, our next attempts were focused on obtaining the similar structure in
cationic cobalt complexes with two CaFs groups and two naphthyridine ligands. To obtain
such complexes, we started with a different approach from the bis(naphthyridine)Co"'Cl»
complexes. Treating 2 equiv. of L1 or L2 with 1 equiv. of anhydrous CoCl> in MeOH-DCM
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solution at room temperature for 16 hours led to the formation of complexes Co(L1).Cl>
4.39 and Co(L2):Cl> 4.40, which were isolated as blue crystals with 70 and 98% yield,
respectively. The complexes 4.39 and 4.40 were characterized by UV-vis, FT-IR
spectroscopy, ESI-HRMS, elemental analysis, and SC-XRD. SC-XRD analysis confirmed
the distorted tetrahedral structure around cobalt center in complex 4.39 and 4.40, where two
naphthyridine-based ligands coordinate in a monodentate fashion. The analogous reaction of
CoCl to 2 equiv. of L3 generated complex 4.41 in 64% isolated yield. In contrast with
complexes 4.39 and 4.40, SC-XRD analysis revealed a distorted octahedral geometry around
the cobalt center in complex 4.41, with two L3 ligands coordinating in a bidentate mode
(Figure 4.2, c¢). The magnetic moment measured by the Evans method in methanol-dy
solutions of complex 4.39, 4.40 and 4.41 were 4.65, 5.06 and 4.88 us, respectively,
suggesting the high-spin d’ configuration (§=3/2) in the Co'.

Table 4.2. Selected internuclear distances [A] for 4.39-4.41 according to single-crystal X-ray diffraction. For

4.40, data for one of three symmetry-independent molecules are present. Atomic numbering scheme is given
in Figure 4.2.

Bond 4.39 4.40 4.41
Col-N11 2.0381(17) 2.0267(19) 2.272(2)
Col-N12 3.0177(18) 2.738(2) 2.188(2)
Col-N21 2.0371(16) 2.040(2) 2.269(2)
Col-N22 3.0860(17) 2.9134(19) 2.183(2)
Col—Cll 2.2770(5) 2.2747(7) 2.3748(7)
Col-CI2 2.2679(5) 2.2867(7) 2.3512(7)

Next, treatment of 4.39 with 4 equiv. of TMSCF; and 3.2 equiv. of AgF in the presence of 1
equiv. of NaPFg in acetonitrile resulted in the formation of Co™ complex 4.42 with 61%
isolated yield as orange crystals (Scheme 4.24). Complex 4.42 was air-stable for months in
solid form without any sign of decomposition. The analogous reaction of complex 4.40 with
3.2 equiv. of AgF, 4 equiv. TMSC>Fs, and 1 equiv. of NaPFg in acetonitrile afforded complex
4.43 in 37% isolated yield as an orange crystalline solid. Complexes 4.42 and 4.43 were
characterized by multinuclear NMR, UV-vis, IR spectroscopy, ESI-HRMS, elemental
analysis, and SC-XRD (Figure 4.2 and Table 4.3). In contrast, the analogous reaction with
complex 4.41 resulted in the formation of a mixture of two unknown products that cannot
be separated by crystallization or characterized by other methods.

SC-XRD analysis showed that complex 4.42 and 4.43 have a distorted octahedral structure
around Co™ center with two CyFs groups in cis-positions to each other and two
naphthyridine-based ligands coordinating in a bidentate mode. The PFs group was also
present as a counteranion, according to SC-XRD. The structure of complexes 4.42 and 4.43
were also confirmed by NMR spectroscopy. 'F NMR spectrum of complex 4.42 showed
two doublets of unresolved multiplets at -86.13 ppm and -94.08 ppm that correspond to the
geminally coupled F-atoms of the CF, group and one triplet at -81.58 ppm (Jrr ~ 5 Hz)
corresponding to the CF3 group. The uncoordinated counteranionic PF¢™ group appeared at -
72.81 ppm as a doublet. Similarly, the '°F NMR spectrum of 4.43 showed two doublets at -
84.24 ppm and -94.08 ppm corresponding to the geminally coupled CF» groups and one
multiplet at -81.77 ppm corresponding to the CF3 group, as well as a doublet at -72.78 ppm
assigned to uncoordinated PFs™ group.
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Figure 4.2. ORTEP of 4.39 (a), 4.40 (b), 4.41 (c), 4.42 (d), and 4.43 (e) at 80 % (4.39) or 50 % (4.40-4.43)
probability level. Minor disorder components, solvent molecules, and hydrogen atoms are omitted for clarity.
For 4.40, one of three symmetry-independent molecules is shown.

4.2.1.3. Cyclic voltammetry of cobalt(III) complexes

After having the perfluoroethyl cobalt(IIl) complexes in hand, we next investigated the redox
properties of these complexes by cyclic voltammetry to examine whether we can access to
other oxidation states of Co-C,Fs complex. The anodic scan of neutral complexes 4.36-4.38
showed irreversible oxidation waves at high potentials (>1 V vs. Fc¢"/Fc), while the cathodic
scan revealed two irreversible reduction waves at highly negative potentials (ca. -1.6 V vs
Fc'/Fc for the first wave), suggesting that both higher and lower oxidation states are difficult
to access or provide unstable products from the neutral complexes. On the other hand, the
complexes 4.42 and 4.43 showed a quasireversible reduction wave in the cathodic scan at —
0.76 V and —0.90 V vs. Fc¢'/Fc, respectively, as well as two irreversible reduction peaks at
highly negative potentials, suggesting that Co"-C,Fs complex can be accessible and provide
stable product from one electron reduction of cationic bis(perfluoroethyl) Co™ complexes.
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Figure 4.3. Cyclic voltammograms of complex 4.36,4.37,4.38a + 4.38b (4.382:4.38b= 1:4),4.42,
and 4.43 (2 mM) in 0.1 M "BusNC10O4/MeCN solution at 23 °C (scan rate 100 mV s'; 1.6 mm glassy carbon
disk working electrode; the arrow indicates the initial scan direction).

As expected, treatment of complex 4.42 with 1 equiv. of potassium graphite (KCsg) as a
reductant in THF led to the formation of a new Co'' complex 4.44 as a deep-red crystals with
52% isolated yield. The magnetic moment of 4.44 measured by the Evans method in acetone-
ds was 1.85 ug, suggesting an S=1/2 ground state to a low-spin d’ configuration for the Co"
center.

Scheme 4.26. Synthesis of perfluoroethyl cobalt(Il) complexes
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SC-XRD analysis confirmed that 4.44 is a neutral complex, where two C2Fs groups and two
naphthyridine ligands bound to the cobalt center. The short Co-N11 (1.9918(16) A) and
Col-N21 (1.9954(17) A) are present in trans-position to the carbon atoms of C,Fs groups,
while the significant longer Co-N12 and Co-N22 distance (2.5049(18) and 2.4053(17) A)
appear in cis-position to C2Fs groups. That such significant difference of Co-N distances and
axially elongated octahedral geometry around cobalt center could be explained by the Jahn-
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Teller distortion in d’ configuration Co" complexes, similar with the elongated octahedral
structure in d’ Ni'! complexes with L3 ligand reported earlier.'

Figure 4.4. ORTEP of 4.44 at 50 % probability level. Minor disorder components, solvent molecules, and
hydrogen atoms are omitted for clarity.

Table 4.3. Selected internuclear distances [A] for 4.42-4.44 according to single-crystal X-ray diffraction.
Atomic numbering scheme is given in Figure 4.2.

Bond 4.42 4.43 4.44
Col-NI11 2.074(5) 2.0778(17) 1.9918(16)
Col-N12 1.926(4) 1.9429(17) 2.5049(18)
Col-N21 2.073(5) 2.0765(16) 1.9954(17)
Col-N22 1.942(4) 1.9354(16) 2.4053(17)
Col—C31 1.948(6) 1.949(2) 1.9451(19)
Col-C41 1.935(6) 1.9443(19) 1.957(2)

To further explain the structure of complex 4.44, the quantum theory of atoms in molecules
(QTAIM) was used to analyze the DFT-optimized structure of this complex. According to
QTAIM, all interactions around atom Col in complex 4.44 are characterized by the small
positive values of the electron density p, and the Laplacian of electron density Vp, at the
corresponding bond critical points (Figure 4.5 and table 4.4), with the lower values of the
electron density at the bond critical points located along axially elongated Co—N bonds.
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Figure 4.5. Molecular graph of gas-phase optimized complex 4.44. Bond critical points and bond paths are
shown as magenta spheres and black lines. These elements are omitted if the value of electron density at the
bond critical point is less than 0.02 a.u. If the value of electron density at the bond critical point is less than
0.03 a.u., the corresponding bond paths are shown as dashed lines.

Table 4.4. Selected internuclear distances (d, A) as well as the values of the electron density (pp, a.u.), its
Laplacian (V2p,,, a.u.), and delocalization indices at the corresponding critical bond points for gas-phase
optimized complex 4.44.

Bond d? Py’ V2p,© DI¢

Col-N11 | 2.03749 | 0.070901 | 0.430733 | 0.435116
Col-N12 | 2.45412 | 0.029185 | 0.122357 | 0.192274
Col-N21 | 2.03659 | 0.071073 | 0.431815 | 0.436411
Col-N22 | 2.45659 | 0.029079 | 0.121303 | 0.190935
Col—-C31 | 1.97454 | 0.111561 | 0.294288 | 0.753186
Col—C41 | 1.97537 | 0.111342 | 0.294331 | 0.752245
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4.2.2 Photoinduced Co—C:Fs bond homolysis and C—H bond perfluoroethylation.

4.2.2.1. Co-C2Fs bond homolysis
Table 4.5. Photoinduced Co-C,Fs bond homolysis trapped by TEMPO.

[Co] >[j< 14 W blue LED >[j<
+
| N N

CoFs D CD4CN, 1 h, RT 6\CZF5
TEMPO TEMPO-C,F5

Entry Complex Modification of standard Yield of TEMPO-C;F5

conditions (%)?

1 4.36 None 21

2 4.37 None 46

3 4.38a+4.38b None 46

4 4.42 None 74

5 4.43 None 37

6 4.44 None 6

7 Co(C2F5)3(MeCN); | None 18

8 4.42 No blue LED Not detected

2Yields were determined by '°F NMR integration against a,a,o-trifluorotoluene as an internal standard.

To evaluate the ability of the obtained Co-C>Fs complexes in Co-C bond homolysis, the
complexes were subjected to blue LED irradiation (465 nm) in the presence of 2 equiv. of
2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO) as the radical trap (refer to Table 4.5).
Exposure of neutral complexes 4.36, 4.37, or an isomeric mixture complexes 4.38a and
4.38b (4.38a: 4.38b = 1:4) to blue LED light for 1 hour at room temperature resulted in the
generation of a TEMPO-CxFs adduct, as confirmed by 'F NMR spectroscopy (see Table
4.5). 1% The yield, determined by '’F NMR integration against o,a,0-trifluorotoluene as an
internal standard, showed moderate amounts of TEMPO-C,Fs, ranging between 21% and
46% yield based on the quantity of Co complex. Similarly, irradiation of cationic complexes
4.42 and 4.43 under blue LED for 1 hour led to the formation of TEMPO-C,Fs adduct, with
the highest yield observed in complex 4.42 supported by L1 ligand as 74%. Treatment of
complex 4.42 with 2 equiv. of TEMPO in the absence of light did not yield the desired
TEMPO-C,Fs product. For comparison, exposure of a Co precursor Co™(C2Fs)3(MeCN); in
the presence of TEMPO under analogous conditions only resulted in 18% NMR yield of
TEMPO-C,Fs. These results suggested that, akin to previously reported Ni'l complexes'®,
visible light irradiation of Co™ complexes led to the formation of a C,Fs radical trapped by
TEMPO, and this reactivity is enhanced in the presence of a naphthyridine ligand.
Interestingly, subjecting a Co'! complex 4.44 with blue LED under similar conditions yielded
only a small amount of TEMPO-C:Fs adduct, indicating potentially less efficient light-
induced bond homolysis at the Co! oxidation state.
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Although the Co-containing product after irradiation could not be isolated in a pure form,
ESI-MS analysis of the solution of 4.42 after blue LED irradiation in the absence of TEMPO
revealed a peak of m/z 438.0344, corresponding to the cationic [Co(L1)2(C2Fs)]" fragment
(calculated m/z 438.0309), resulting from the loss of one CyFs group (see Scheme 4.26).
Similarly, exposure of complex 4.43 under analogous conditions and analysis of the resulting
reaction mixture by ESI-HRMS allowed the detection of the corresponding peak of
[Co'(L2)2(C2Fs)]" characterized by m/z 466.0659 (calculated m/z 466.0622).

Scheme 4.27. Photoinduced Co™-C,Fs bond homolysis in complex 4.42.
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4.2.2.2. Stoichiometric C(sp2)-H pentafluoroethylation mediated by cobalt complexes

Next, we examined the reactivity of Co complexes in stoichiometric C(sp?)-H

perfluoroethylation. The cobalt perfluoroethyl complexes were reacted with 1 equiv. of an
electron-rich substrate, either N-phenylpyrrole (4.1a) or 1,3,5-trimethoxybenzene (4.Ib), in
acetonitrile-d; for 24 hours at room temperature under blue LED light irradiation. The
highest yields of mono-pentafluoroethylated products 4.11a and 4.1Ib were observed in the
reaction with cationic bis-naphthyridine-based complexes 4.42 and 4.43, while the
analogous reaction with neutral complexes 4.36-4.38 received significantly lower yields.
Co!' complex 4.44 yielded no detected amount of perfluoroethylated products in both cases,
while only trace amount of pentafluorethylated product was obtained in the presence of
cobalt(Ill) precursor Co(C2Fs5)3(MeCN);. Without blue LED irradiation, no
perfluoroethylated product was detected in the reaction of 4.1a or 4.Ib with complex 4.42.

In all cases, only mono-perfluoroethylation products were obtained in photo-induced
perfluoroethylation. The double-perfluoroethylation products were not detected in
both GC-MS analysis and NMR spectroscopy. '"’F NMR spectroscopy verified that
pentafluoroethane (C2FsH) was always present as a byproduct with a yield ranging from 3
to 15% in both cases, while no other fluorine-containing byproducts were found.
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Table 4.6. Stoichiometric C-H perfluoroethylation of 4.Ia and 4.Ib by cobalt complexes.?

@ [Co] (1 equiv) @Cst

l}l 14 W blue LED - \

Ph CD3CN, 24 h, RTr Ph

4.la 4.lla

OMe [Co] (1 equiv) OMe
14 Wblue LED CoFs
MeO ome CPCN.24NRT w6 OMe
4.1b 4.11b

Entry | Substrate | [Co] complex Product | Yield (%)°
1 4.1a 4.36 4.11a 24
2 4.1a 4.37 4.11a 29
3 4.1a 4.38a+4.38b 4.11a 54
4 4.1a 4.42 4.11a 60
5 4.1a 4.43 4.11a 59
6 4.1a 4.44 4.11a 2
7 4.1a 4.42°¢ 4.11a n.d.
8 4.1a Co(CoFs5)3(MeCN)s | 4.11a 3
9 4.1b 4.36 4.11b 11
10 4.1b 4.37 4.11b 24
11 4.1b 4.38a+4.38b 4.11b 15
12 4.1b 4.42 4.11b 58
13 4.1b 4.43 4.11b 43
14 4.1b 4.44 4.11b n.d.
15 4.1b 4.42°¢ 4.11b n.d.
16 4.Ib Co(CoFs5)3(MeCN)s | 4.11b 10

*The reactions were performed under N> atmosphere for 24 hours using 1 equiv. of substrate and 1 equiv. of a
complex in acetonitrile-ds at RT under blue light LED (465 nm) unless indicated otherwise "Yields were
determined by '°F NMR integration against a,0,a-trifluorotoluene as an internal standard. “Without 14W blue
LED irradiation. n.d. — not detected.

Among these perfluoroethylated cobalt(I1l) complexes supported by naphthyridine ligands,
cationic complexes 4.42 and 4.43 exhibit higher absorption in the visible region evidenced
by the broad bands at 4.74 nm and 4.73 nm, respectively, showing better overlap with blue
LED emission band (4.65 nm). On the other hand, neutral complexes 4.36-4.38 show less
absorption in the range of blue LED emission, which also correlates with their less reactivity
in photoinduced perfluoroethylation, compared with cationic complex 4.42 and 4.43
Additionally, the unreactive cobalt(Il) complexes 4.44 exhibit a great visible absorption at
471 nm; however, its lack of reactivity could likely be attributed to the instability of the Co'
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product resulting from the Co-C>Fs bond homolysis due to poor stabilization of this low
oxidation state by N-donor ligands.
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Figure 4.6. Overlay of UV-vis absorption spectra of complexes 4.36, 4.37, 4.38a + 4.38b, 4.42, 4.43, and 4.44
in MeCN.

Scheme 4.28. Reactivity of 4.42 with other substrates in stoichiometric perfluoroethylation.
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To evaluate the reactivity to other substrates, complex 4.42 underwent reactions with arenes
and heteroarenes using standard conditions (Scheme 4.27), producing perfluoroethylated
products in moderate yield (72%) with 3-methylindole and low yield (33%) with mesitylene.
Notably, no reactivity was observed with electron-poor meta-dichlorobenzene. In all cases,
only one equiv. of a substrate relative to the complex was used and resulted in only the
formation of mono-perfluoroethylation, while most reported protocols for radical
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trifluoromethylation used a large excess of a substrate, probably to prevent the side reactions
such as double perfluoroalkylation.

Based on the radical trap experiment and previous literature, the mechanism for the reaction
mediated by cationic complexes 4.42 and 4.43 is proposed in Scheme 4.28. A similar
pathway might operate in the case of neutral complexes 4.36—4.38. The formation of a
perfluoroethyl-substituted arene in a stoichiometric reaction is likely to occur first through
light-induced Co™-C>Fs bond homolysis, followed by the C,Fs radical attack at the electron-
rich arene to yield a radical 4.II1. Given that stoichiometric perfluoroethylation did not
include the use of sacrificial reagents, the starting material (complex 4.42 or 4.43) might act
as a sacrificial oxidant to produce inactive 4.44 and release proton. The formation of
byproduct C2FsH might occur due to the H-atom abstraction from radical 4.I11, which could
limit the reaction yield to just 58—60% of perfluoroethylated arene in the best conditions
shown in Table 4.5.

Scheme 4.29. Proposed mechanism for perfluoroethylated arene formation in the presence of cationic
complexes 4.42 or 4.43.
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In order to study the effect of additives (base and oxidant) in the perfluoroethylation
mediated by complex 4.42, the reaction was first performed in the presence of 2 equiv. of
free naphthyridine ligand or 2,6-di-fert-butyl-pyridine, which could potentially play as a
proton acceptor during the reaction. However, slightly lower yields were obtained in both
cases. In the presence of one equivalent of HBF4, 68% of the complex remained stable after
24 hours at room temperature, suggesting that a minor amount of acid generated during the
reaction might be tolerated in these conditions. On the other hand, the presence of 1 equiv.
of copper(Il) triflate or ferrocenium as one-electron oxidant improved the yield of
perfluoroethylated product 4.IIa (73 and 65%, respectively) compared to the control
experiment under the same conditions (50-60%). Similarly, the addition of 1,4-benzoquinone,
which can play as both proton and electron acceptors, also led to the increase of the yield
(70%). Surprisingly, azobenzene had a negative impact, most likely due to its strong
absorption in the visible spectrum and competing reactivity. Therefore, one possible
explanation for the limited yield in stoichiometric perfluoroethylation by 4.42 could be its
role as a sacrificial reagent via reduction to inactive 4.44 by 4.11I in the absence of external
oxidants, or unproductive release of CoFsH via a H atom abstraction by the C»Fs radical.
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Table 4.7. Stoichiometric C-H pentafluoroethylation of 4.1a mediated by 4.42 with the presence of additives.

[ 7 N addiives (| N o,

N L\ G N

. N .

N | YCFs 14 W blue LED
/ YN CD4CN, 24 h, RT
412 T \_/ 442 4.lla
Entry | Additive Equiv. | Yield of 4.11a (%)

1 1,8-naphthyridine 2 44
2 | 2,6-ditertbutylpyridine 2 41
3 | Cu(OTf): 1 73
4 Fc'PFe 1 65
5 | benzoquinone 1 70
6 azobenzene 1 43
7 none 50

4.2.2.3. Catalytic activity of cobalt complexes in perfluoroethylation

We next examined the possibility of cobalt perfluoroethyl complexes as a catalyst for photo-
induced perfluoroethylation. While trifluoromethylation catalyzed by nickel or cobalt
complexes 1s often performed with Umemoto or Langlois reagents, or
trifluoromethanesulfonyl chloride, the analogous reagents containing perfluoroethyl group
are not easy to access. We first attempted to test the catalytic activity of 4.42 using TMS-
C>Fs in the presence of oxidant, however, no catalytic results were observed. Therefore, we
continued to study the catalytic reactivity with a commercially available pentafluoroethyl-
1,2-benziodoxol-3(1H)-one (Acid CyFs-Togni reagent, 4.V) as a pentafluoroethylation

reagent, which was previously used in Ni-catalyzed perfluoroalkylation reported by our

group. '

1-phenylpyrrole was chosen as a model substrate to react with Acid C,Fs-Togni reagent 4.V
in the presence of 10 mol% of complex 4.42 in DMSO-ds under blue LED irradiation for 24
in room temperature, resulting in the selective formation of mono-pentafluoroethylated
product with 76% yield. Changing the solvent to acetonitrile-d3 did not affect the reaction
yield. A significantly lower yield of 32% was obtained in the absence of complex 4.42, and
only 14% of product 4.Ila was formed in the absence of LED light.
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Table 4.8. Perfluoroethylation of 4.1a using Acid C;Fs-Togni reagent IV and complex 4.42.

CoFs—1—O0 4.42 (10 mol%)

Z/ \5 @\C F
N+ 0] 14 W blue LED N 2"s
Ph 24h, DMSO-dg ,RT  Ph

4.v 4.l1a
4.la .
1 equiv

Entry | Modification of standard conditions | Yield (%)
1 None 76

2 CD;CN instead of DMSO-ds 76

3 No catalyst 4.42 present 32

4 No blue LED irradiation 14

After obtaining the optimal conditions, other arene and heteroarene substrates were tested,
and the results indicated that only the electron-rich N-phenylpyrrole and 1,3,5-
trimethoxybenzene exhibited significant reactivity, while mesitylene and meta-
dichlorobenzene remained mostly unreacted. Low yield (33%) was obtained in the case of
3-methylindole (Scheme 4.29). These experiments showed that complex 4.42 can be a
catalyst under these conditions, yet it is not as competitive compared to Ni-catalyzed
perfluoroalkylation,!”-18

Scheme 4.30. Scope of pentafluoroethylation catalyzed by 4.42.
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4.3. Conclusion

In this chapter, a new family of cobalt(III) and cobalt(Il) perfluoroethyl complexes supported
by 1,8-naphthyridine ligand or its mono- and dimethylsubstituted analogs were synthesized
and characterized the structural and electronic properties. Under blue LED irradiation, these
complexes undergo facile Co-C,Fs bond homolysis and release a CoFs radical, which can be
trapped by TEMPO radical trap. Selective, monoperfluoroethylation of arenes and
heteroarenes mediated by cobalt(Ill) complexes was observed under blue light irradiation,
while cobalt(I) complexes were unreactive. Catalytic C(sp?)-H perfluoroethylation with
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pentafluoroethyl-1,2-benziodoxol-3(1H)-one (Acid CyFs-Togni reagent) catalyzed by
cobalt(IIl) complexes has also demonstrated the potential for catalytic applications, albeit
moderate yields were observed and the reactivity was limited to electron-rich arenes.
Although the catalytic reactivity is less competitive than the reported nickel complex, this
study demonstrates the possibility of cobalt catalysts in perfluoroalkylation, perhaps with
different ligand system.

4.4. Experimental section
Below experimental data is reported in the following publication:

Dinh, M. H.; Govindarajan, R.; Deolka, S.; Fayzullin, R. R.; Vasylevskyi, S.; Khaskin, E.;
Khusnutdinova, J. R. "Photoinduced Perfluoroalkylation Mediated by Cobalt Complexes
Supported by Naphthyridine Ligands" Organometallics, 2023, 42, 2632-2643.

Co(C2Fs)3(MeCN); was prepared according to the literature procedure. '%*

General Specifications

All reactions were performed using standard Schlenk or glovebox techniques under a dry
nitrogen atmosphere if not indicated otherwise. Unless noted otherwise, all chemicals were
purchased from major commercial suppliers (TCI, Sigma-Aldrich, and Nacalai-Tesque) and
used without purification. Anhydrous solvents were dispensed from an MBRAUN solvent
purification system and degassed prior to use. Anhydrous deuterated solvents were
purchased from Eurisotop and stored over 4 A molecular sieves. NMR spectra were recorded
on a JEOL ECS400S 400 MHz and JEOL ECZ600R 600 MHz. The following abbreviations
are used for describing NMR spectra: s (singlet), d (doublet), t (triplet), m (multiplet), dd
(doublet of doublets), tt (triplet of triplets), tq (triplet of quartets), vd (virtual doublet), br
(broad). A typical Evans method magnetic moment measurement was done in a coaxial tube
containing the solvent and the internal standard. Electrospray ionization high-resolution
mass spectrometry (ESI-HRMS) measurements were performed on a Thermo Scientific
ETD apparatus using MeOH or MeCN as a solvent for injection. Elemental analyses were
performed using an Exeter Analytical CE440 instrument. Solid-state FT-IR spectra were
recorded using an Agilent Cary 630 with an ATR module in an argon-filled glovebox. The
following abbreviations are used for describing FT-IR spectra: s (strong), m (medium), w
(weak), and br (broad). UV-vis spectra were recorded on an Agilent Cary 60
spectrophotometer. The X-ray diffraction data for single crystals 1-9 was recorded on a
Rigaku Xtalab Pro diffractometer or a Bruker D8 Venture diffractometer. Cyclic
voltammetry experiments were performed on an ALS CHI 660E electrochemical
workstation under N, atmosphere. Electrochemical grade tetrabutylammonium perchlorate
(TBAP) from Sigma-Aldrich was used as the supporting electrolyte in anhydrous MeCN as
a solvent. A glassy carbon disk electrode (d = 1.6 mm) was used as a working electrode. A
nonaqueous Ag-wire reference electrode assembly was filled with 0.01 M AgNO; in 0.1 M
TBAP/MeCN solution as a reference electrode. A Pt-wire was used as an auxiliary electrode.
The reference electrode was calibrated against FeCp, (Fc), where the Fc/Fc* couple vs
Ag/AgNO,/MeCN. Blue LED light was purchased from Akiba LED, 14W, 465 nm.
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Synthesis of 4.36:

y NCMe
N... | m-+CoFs
N '
/_ N” | CoFs
CoFs

In a glove box, 50.0 mg (0.384 mmol) of 1,8-naphthyridine and 207.1 mg (0.384 mmol, 1
equiv.) of fac-(MeCN);Co(C2Fs); were dissolved in 5 mL of THF. The reaction mixture was
stirred at room temperature for 16 hours. The yellow resulting solution was then crystallized
by slow diffusion of pentane to yield 4.36 as yellow crystals. Yield: 146 mg (65%).

"H NMR (600 MHz, 30 °C, acetone-ds): & 9.09 (vd, Jun = 4.9 Hz, 0-Hnaph, 2H), 8.86 (dd,
Jun = 8.4, 1.6 Hz, p-Hyaph, 2H), 8.03 (dd, Jun = 8.4, 4.8 Hz, m-Hyaph, 2H), 2.14 (s, CH3-CN,
3H).

F NMR (565 MHz, -30 °C, acetone-ds) & -80.58 (br s, CF5-CF2, 6F), -80.79 (br s, CF;-
CFa, 3F), -94.88 - -96.67 (m, CF3-CF>, 4F).

BC{'H} NMR (151 MHz, 30 °C, acetone-ds) & 159.42 (quat.-Cnaph), 156.03 (0-Cnaph),
139.80 (p-Cnaph), 126.33 (m-Cnaph), 125.45 (CF3-CF2), 123.15, 121.35 (quat.-Cnaph), 121.23,
119.31, 117.39 2.44 (CH;3-CN). The carbon atom of the nitrile group could not be identified
due to low intensity. Peaks at 123.15, 121.23, 119.31, and 117.39 ppm were not clearly
identified due to splitting from F and low intensity.

ESI-HRMS (m/z): found (caled.): Ci14HoCo1F1oN3": 467.9897 (467.9963).

Elemental analysis found (calcd.): Ci6HoCo1F15N3: C 33.20 (32.73), H 1.53 (1.54), 6.96
(7.16).

UV-Vis (CH3CN), A, nm (g, M' cm™): 425 (360), 357 (1880), 308 (9430).

FT-IR (ATR, solid): 3163 (br), 2999 (br), 2944 (br), 2291 (m), 2252 (s), 1434 (m), 1418 (br),
1374 (s), 1038 (s), 747 (s), 665 (m), 654 (m).
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Synthesis of 4.37:

/7 NCMe
N"'COIII-“C2F5
7 N7 ] YCoFs
CoFs

In a glove box, 27.0 mg (0.188 mmol) of 2-methyl-1,8-naphthyridine and 101.1 mg (0.188
mmol, 1 equiv.) of fac-(MeCN)3Co(C2Fs); were dissolved in 3 mL of THF. The reaction
mixture was stirred at room temperature for 16 hours. The yellow resulting solution was then
crystallized by slow diffusion of pentane to yield 4.37 as yellow crystals. Yield: 76.5 mg
(68%).

'H NMR (600 MHz, —30 °C , acetone-ds): 8 9.13 (d, *Jun = 5.2 Hz, 0-Hnaph, 1H), 8.80 (d,
3Jun = 8.2 Hz, p-Hyaph, 1H), 8.68 (d, *Jun = 8.5 Hz, p-Hyaph, 1H), 7.97 (dd, Juu = 8.3, 5.0
Hz, m-Hyaph, 1H), 7.83 (d, 3Jun = 8.4 Hz, m-Hyaph, 1H), 2.76 (s, Hve, 3H), 2.23 (s, CH5CN,
3H).

F NMR (565 MHz, -30 °C , acetone-ds) & -78.86 (br s, CF3-CFa, 3F), -79.89 (br s, CF3-
CF3, 3F), -81.01 (d, 2Jrr = 256.8 Hz, CF3-CF>, 1F), -81.09 (br s, CF3-CF3, 3F), -88.26 (d, J
=237.9 Hz, CF3-CF>, 1F), -91.83 (d, 2Jrr = 258.9 Hz, CF3-CF>, 1F), -97.36 (d, 2Jrr = 238.1
Hz, CF3-CF, 1F), -98.45 (d, 2 = 259.2 Hz, CF3-CF3, 1F), -100.39 (d, %J&r = 259.0 Hz,
CF3;-CF, 1F).

BC{H} NMR (151 MHz, —30 °C, acetone-ds) & 210.13 (CH3-CN), 168.66 (quat.-Ciaph),
159.63 (quat.-Cnaph), 155.20 (0-CnNaph), 139.62 (p-CNaph), 138.99 (p-Chaph), 128.62 (m-Cnaph),
126.09 (CF3-CF»), 125.14 (m-Cnaph), 119.81 (quat.-Cnaph), 22.91 (Cwme), 2.53 (CH3-CN). The
carbon atoms of C,Fs could not be identified due to splitting from F and low intensity.

ESI-HRMS (m/z): found (calcd): Ci1sH11Co1F10N3™: 482.0055 (482.0120).
Elemental analysis found (calcd): C17H11Co1F15N3: 34.15 (33.96), 1.61 (1.84), 7.03 (6.91).
UV-Vis (CH3CN), A, nm (g, M! cm™'): 425 (260), 311 (9097), 267 (9867).

FT-IR (ATR, solid): cm™' 3162 (br), 3002 (br), 2943 (br), 2292 (m), 2251 (s), 1441 (s), 1428
(m), 1374 (s), 1038 (s), 917 (s), 747 (s).
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Synthesis of 4.38a + 4.38b:

VAR NCMe VAR C2F5
N ‘|o”' ~CoFs N"'--éom-"Cst
! N7 T CoFs 7 W] “NCMe
CaFs CaFs

In a glove box, 31.6 mg (0.2 mmol) of 2,7-bis(methyl)-1,8-naphthyridine (L.3) and 107.8
mg (0.2 mmol, 1 equiv.) of fac-(MeCN)3Co(C>Fs); were dissolved in 5 mL of THF. The
mixture was then transferred to a 25 mL Schlenk flask and brought out of the glove box. The
reaction was heated at 65 °C for 16 hours to yield a mixture 4.38a : 4.38b =1 : 4 . The
resulting orange solution was then crystallized by slow diffusion of pentane to yield 4.38a :
4.38b = 1:4 as orange crystals. Yield: 76.5 mg (68%).

ESI-HRMS (m/z): found (caled): Ci6H13Co1F10N5": 496.0214 (496.0274).

EA found (cald): CisHi3Co1Fi5N3: C 35.14 (35.14), H 1.71 (2.13), N 6.72 (6.83). UV-Vis
(CH3CN), A, nm (e, M em™): 450 (265), 311 (16142).

FT-IR (ATR, solid, cm™): 3163 (br), 3003 (br), 2943 (br), 2291 (s), 2251 (s), 1779 (br), 1694
(br), 1440 (s), 1429 (br), 1374 (s), 1037 (s), 917 (s), 748 (s), 674 (s).

"H NMR for 4.38a (600 MHz, 23 °C, acetone-ds): & 8.53 (d, *Jun = 8.3 Hz, Hnaph, 2H), 7.71
(d, 3Jun = 8.3 Hz, Hnaph, 2H), 2.79 (s, CH3, 6H).

"H NMR for 4.38b (600 MHz, 23 °C, acetone-ds): & 8.51 (d, *Jun = 8.5 Hz, Hapn, 1H), 8.47
(d, *Jun = 8.4 Hz, Huapn, 1H), 7.74 (d, *Jun = 8.5 Hz, Hnaph, 1H), 7.53 (d, *Jun = 8.4 Hz, 1H),
2.81 (s, CH3, 3H), 2.65 (s, CH3-CN, 3H), 2.62 (s, CH3, 3H).

F peaks of 4.38a are broadened in '°F NMR spectrum and could not be fully resolved even
at low temperature. In '°F NMR spectrum obtained for 4.38a : 4.38b = 1 :4 mixture, only
peaks of 4.38b could be clearly assigned (eq = equatorial C2Fs in-plane with naphthyridine;
ap —apical CoFs groups perpendicular to naphthyridine place): 'F NMR of 4.38b (565 MHz,
23 °C, acetone-ds): & -75.68 (br m, CF3-CF> eq, 2F), -79.24 (tt, >Jrr = 9.2, 25 Hz, CF3-CF,
eq, 3F), -81.75 (t, *Jrr = 7.8 Hz, CF5-CF; ap, 6F), -96.82 (dq, 2Jrr = 283 Hz, *Jrr = 8.5
Hz,CF3-CFF ap, 2F), -103.11 (dm, 2Jrr = 284 Hz, CF3-CFF ap, 2F).

BC{'H} NMR of 4.38a : 4.38b = 1 : 4 (151 MHz, 23 °C, acetone-ds) & 210.03, 170.44,
168.24, 167.40, 159.27, 138.79, 138.69, 138.04, 133.43, 129.14, 127.97, 127.83, 127.51,
124.44, 124.23, 124.01, 122.52, 122.31, 122.10, 120.79, 120.57, 120.39, 118.86, 118.64,
118.15, 116.29, 69.20, 68.04, 66.10, 54.95, 54.78, 54.66, 54.53, 22.25, 22.20, 22.15, 21.42.

Observation of the 4.38a+4.38b (4.38a : 4.38b = 20 : 1) formation at RT: In a glove box,
2.9 mg (0.18 mmol) of L3 and 10.0 mg (0.18 mmol, 1 equiv.) of fac-(MeCN);Co(CFs)3
were dissolved in 1 mL of acetone-ds. The reaction mixture was stirred at room temperature
for 1 hour, and then was analyzed by '"H NMR, showing the formation of a mixture 4.38a :
4.38b =20 : 1. Single crystals of 4.38a could be obtained by diffusing pentane to the solution
at -30 °C.
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Synthesis of 4.39:
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200.0 mg of L1 (1.537 mmol, 2 equiv.) and 41.0 mg of CoCl, (0.768 mmol, 1 equiv.) were
dissolved in 10 mL of 2:1 DCM-MeOH mixture. The dark blue solution was then stirred
vigorously at room temperature for 16 h, then recrystallized by diffusing ether to the mother
solution to yield 4.39 as blue crystals. Yield: 210 mg (70%).

EA found (calcd) : Ci6H12Co1Cl2N4: C 48.45 (49.26), H 2.84 (3.10), N 13.89 (14.36).
ESI-HRMS (m/z): found (caled): Ci6H12C0o1CliN4": 354.0080 (354.0077).
UV-Vis (CH3;0H), A, nm (g, M' em™): 530 (11), 301 (15024).

FT-IR (ATR, solid): 3047 (br), 1595 (s), 1498 (s), 1391 (m), 1293 (m), 1235 (m), 1197 (m),
1143 (s), 1128 (s), 1062 (s), 1034 (m), 956 (m), 841 (s), 800 (s). 782 (s).

Uefr = 4.65 uB (298 K, Evans method, methanol-ds).
Synthesis of 4.40:
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200.0 mg of L2 (1.387 mmol, 2 equiv.) and 89.6 mg of CoClz (0.694 mmol, 1 equiv.) were
dissolved in 15 mL of 2:1 DCM-MeOH mixture. The dark blue solution was then stirred
vigorously at room temperature for 16 h and recrystallized by diffusing ether to the mother
solution to yield 4.40 as blue crystals. Yield: 284.2 mg (98%).

ESI-HRMS (m/z): found (caled): C1sH16Co1C1iN4": 382.0386 (382.0390).
EA found (calcd) : C1sHi6Co1CLlNg: C 51.23 (51.70), H 3.75 (3.86), N 12.78 (13.40).
UV-Vis (CH3;0H), A, nm (g, M~! em™): 315 (7535), 298 (8472), 7262 (257), 224 (7484).

FT-IR (ATR, solid): 3048 (br), 1613 (s), 1566 (s), 1493 (), 1421 (m), 1376 (s), 1300 (s),
1286 (s), 1218 (m), 1138 (s), 1132 (m), 1063 (m), 1035 (m), 909 (m), 847 (), 798 (s), 708
(m), 656 (3).

Hefr = 5.06 uB (298 K, Evans method, methanol-ds).
Synthesis of 4.41:
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100.0 mg of L3 (0.632 mmol, 2 equiv.) and 41.0 mg of CoCl; (0.316 mmol, 1 equiv.) were
dissolved in 10 mL of 2:1 DCM-MeOH mixture. The dark blue solution was then stirred
vigorously at room temperature for 16 h, then recrystallized by diffusing ether to the mother
solution to yield 4.41 as blue crystals. Yield: 90 mg (64%).

ESI-HRMS (m/z) found (caled): Ca0Ha0Co1CliN4+: 410.0692 (410.0703).
UV-Vis (CH;0H), A, nm (¢, M em™): 316 (18660), 310 (15600), 253 (6900). 217 (27000).

FT-IR (ATR, solid): 3061 (br), 3007 (br), 1609 (s), 1566 (m), 1509 (s), 1439 (s), 1377 (s),
1313 (s), 1252 (s), 1215 (m), 1141 (s), 1035 (m), 998 (m), 853 (s), 800 (s), 789 (br).

Uefr = 4.88 uB (298 K, Evans method, methanol-ds).

Synthesis of 4.42:
+
~{ B PFe
NU"‘\Co”"‘\CZFS
N/’ Cafs
/ N

In a glovebox, 100.0 mg of AgF (0.820 mmol, 3.2 equiv.) and 180 pL of TMSCyFs (1.03
mmol, 4 equiv.) were mixed in 10 mL of acetonitrile. The reaction mixture was stirred in a
dark for 2 hours, then the mixture was transferred to a 20-mL vial containing 100.0 mg of
4.39 (0.256 mmol, 1 equiv.) and 47.4 mg of NaPFs (0.282 mmol, 1.1 equiv.). The mixture
was stirred vigorously in the dark for 3 days. The resulting yellow-brown slurry was filtered
over celite, and the solvent was removed under vacuum to yield an orange-red precipitate,
which was washed by pentane. Orange single crystals were grown by slow diffusion of
pentane to the THF solution of 4.42. Yield: 109 mg (61%).

'H NMR (400 MHz, 23 °C, CD;CN) & 8.80 (dd, *Jum = 8.5, 1.4 Hz, Hyaph, 2H), 8.77 (dd,
JHH = 5.2, 1.4 HZ, HNaph, ZH), 8.73 (dd, JHH = 8.6, 1.5 HZ, HNaph, 2H), 8.68 (dd, JuH = 4.8,
1.5 Hz, Hyaph, 2H), 7.90 (dd, Jim = 8.5, 5.2 Hz, Hyaph, 2H), 7.82 (dd, *Jun = 8.5, 4.8 Hz,
Hyaph, 2H).

9F NMR (564 MHz, 23 °C, CD3CN): § -72.81 (d, 'Jpr = 706.4 Hz, PFs, 6 H), -81.58 (t, J ~
5 Hz, CF3-CF2, 6H), -86.13 (vd, 2Jr = 228.5 Hz, CF3-CF, 2H), -94.08 (vd, 2Jrr = 227.5 Hz,
CF;-CF», 2H).

BC{'H} NMR (101 MHz, 23 °C, CDsCN): § 159.11 (quat.-Cnaph), 158.76 (0-CNaph), 155.53
(p-Cnaph), 141.69 (0-Cnaph), 140.60 (p-Cnaph), 127.60 (m-Cnaph), 127.43 (0-Cnaph), 121.43
(quat.-Cnaph). The carbon atoms of C2Fs could not be identified due to splitting from F and
low intensity.

ESI-HRMS (m/z): found (caled): C20Hi12Co1F10N4": 557.0245 (557.0229).

EA found (calculated) C20H12Co1F16N4Py: C 33.81 (34.21), H 1.33 (1.72), N 7.93 (7.98). UV-
Vis (CH;CN), A, nm (g, M~! cm™'): 474 (534), 302 (22000).

FT-IR (ATR, solid) 3162 (br), 3002 (br), 2943 (br), 2626 (br), 2405 (br), 2291 (s), 2251 (s),
1738 (m), 1442 (m), 1420 (br), 1374 (s), 1038 (s), 918 (s), 748 (s), 667 (m).
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Synthesis of 4.43:

In a glovebox, 97.1 mg of AgF (0.765 mmol, 3.2 equiv.) and 168 uL of TMSC,Fs (0.96
mmol, 4 equiv.) were mixed in 10 mL of acetonitrile. The reaction mixture was stirred in a
dark for 2 hours, then the mixture was transferred to a 20-mL vial containing 100.0 mg of
4.40 (0.239 mmol, 1 equiv.) and 44.1 mg of NaPFs (0.263 mmol, 1.1 equiv.). The mixture
was stirred vigorously in the dark for 3 days. The resulting yellow-brown slurry was filtered
over celite, and the solvent was removed under vacuum to yield an orange-red precipitate,
which was washed by pentane. Orange single crystals can be recrystallized by slow diffusion
of pentane to the THF solution of 4.43. Yield 64.2 mg (37%).

"H NMR (400 MHz, 23 °C, CD3CN) & 8.80 (d, *Jun = 5.1 Hz, 0-Hxaph, 2H), 8.75 (dd, Jun =
8.3, 1.2 Hz, p-Hyaph, 2H), 8.54 (d, *Jun = 8.7 Hz, p-Hyaph, 2H), 7.85 (dd, Jun = 8.5, 5.1 Hz,
m-Hyaph, 2H), 7.64 (d, *Jun = 8.7 Hz, m-Hyaph, 2H), 1.77 (s, CH3, 6H).

F NMR (564 MHz, 23 °C, CD3sCN) § -72.78 (d, 'Jpr = 706.3 Hz, PFs, 6F), -81.77 (m, CF3-
CF,, 6H), -84.27 (vd, 2Jrr = 226.2 Hz, CF3-CF>, 2F), -93.13 (vd, 2Jrr = 219.8 Hz, CF3-CF>,
2F).

BC{'H} NMR (101 MHz, 23 °C, CD3CN): § 168.25 (quat.-Cnaph), 159.19 (quat.-Ciaph),
157.95 (0-Cnaph), 141.74 (p-Cxaph), 139.54 (p-Cnaph), 129.49 (m-Cniaph), 126.72 (m-Chaph),
119.24 (quat.-CNaph), 21.42 (Cwme). The carbon atoms of CoFs could not be identified due to
splitting from F and low intensity.

ESI-HRMS (m/z): found (caled): C22Hi16Co1F10N4™: 585.0559 (585.0542).
EA found (cald): 36.77 (36.18), 1.99 (2.21), 7.08 (7.67).
UV-Vis (CH3CN), A, nm (g, M' cm™): 473 (322), 304 (17130).

FT-IR (ATR, solid): cm™! 3162 (br), 3001 (br), 2943 (br), 2628 (br), 2405 (br), 2291 (s), 2251
(s), 1738 (m), 1442 (m), 1417 (br), 1374 (s), 1217 (br), 1038 (s), 917 (s), 747 (s), 667 (br).

Synthesis of 4.44:
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In a glove box, 100.0 mg (0.142 mmol) of complex 4.42 was dissolved in 5 mL of THF. The
orange solution was then transferred to a 20-mL vial containing 19.3 mg (0.142 mmol, 1
equiv.) of potassium graphite and the reaction mixture was stirred for 3 hours. The mixture
was filtered through celite to remove any precipitate, and the solvent was removed under a
vacuum to yield a red-wine powder, which was washed with a copious amount of pentane.
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Red wine single crystals were recrystallized by slow diffusion of pentane to the THF solution
of 4.44. Yield: 41 mg (52%).

tefr = 1.85 uB (298 K, Evans method, acetone-ds).

ESI-HRMS (m/2): found (caled): CisHi2Co1FsNs*: 438.0335 (438.0309).

EA found (cald): C20Hi2Co1F10N4: C 41.17 (43.11), H 1.85 (2.17), N 9.55 (10.05).
UV-Vis (MeCN), A, nm (g, M em™): 471 (641), 389 (681), 296 (13250).

FT-IR (ATR, solid) : 2972 (m), 2857 (m), 1459 (br), 1176 (br), 1067 (s), 907 (s).

Radical trap by TEMPO experiments: In a glove box, a specified cobalt complex (0.01
mmol) and 3.1 mg of TEMPO (0.02 mmol, 2 equiv.) were dissolved in 0.7 mL of acetonitrile-
d3. To the solution, 1.2 pL of a,0,a-trifluorotoluene (0.01 mmol, 1 equiv.) was added as an
internal standard. The resulting solution was then transferred to a young NMR tube and was
placed 2-3 cm far away from a 14 W blue LED light equipped with a fan. The reaction was
irradiated under the blue LED for one hour. The yield of the reaction was determined by '°F
NMR integration against a,a0,a-trifluorotoluene as an internal standard.

ESI-HRMS analysis of the reaction mixture containing cobalt(Ill) complexes after
irradiation: In a glove box, 0.01 mmol of a Co™ complex (4.42 or 4.43) was dissolved in 1
mL of acetonitrile. The resulting solution was transferred to a J. Young NMR tube, which
was then placed 2-3 cm far away from 14 W blue LED light equipped with a fan and
irradiated for 30 minutes. The reaction mixture was immediately analyzed by ESI-HRMS.
The HRMS analysis shows the appearance of a new peak, which was not present in the
solution of the starting complexes before irradiation.

After irradiation of complex 4.42, a new peak is assigned to [Co(L1)2(C2Fs)]"
(C1sH12Co1Fs5Ny): m/z observed (cald): 438.0344 (438.0309).

After irradiation of complex 4.43, a new peak is assigned to [Co(L2)2(C2Fs)]"
(C20H16Co1Fs5Ny): m/z observed (cald): 466.0659 (466.0622).

General procedure for stoichiometric C-H perfluoroethylation: In a glove box, an arene
or heteroarene substrate (0.01 mmol) and cobalt complex (0.01 mmol, 1 equiv.) were
dissolved in 1 mL of acetonitrile-ds. The solution was transferred to a J. Young NMR tube,
which was then placed 2-3 cm far away from a 14 W blue LED light and irradiated for 24
hours. The reaction setup was equipped with a fan to avoid heating from irradiation. After
the completion of the reaction, a,a,a-trifluorotoluene (0.01 mmol, 1 equiv.) was added to the
reaction mixture. The yields were determined by '°F NMR integration against a,0.,0.-
trifluorotoluene as an internal standard. The formation of CyFsH is established by NMR
spectroscopy by comparison with the literature reports!®®-1%% and the yield are shown for
individual reaction mixtures in the Supporting Information.

A similar procedure was used for perfluoroethylation of N-phenylpyrrole in the presence of
additives.

General procedure for perfluoroethylation in the presence of catalytic amount of 4.42
and Acid C:Fs-Togni reagent: In a glove box, an arene or heteroarene substrate (0.05
mmol), complex 4.42 (3.5 mg, 0.005 mmol, 10 mol%) and 1-pentafluoroethyl-1,2-
benziodoxol-3(1H)-one (18.3 mg, 0.05 mmol, 1 equiv.) were dissolved in 1 mL of DMSO-
ds or different solvent. The mixture was then transferred to an 11 mL screw-cap reaction tube
and sealed with electric tape to avoid gas exchange. The tube was placed 2-3 cm far away
from a 14 W blue LED light and irradiated for 24 hours. The reaction setup was equipped
with a fan to avoid heating from irradiation. After the completion of the reaction, 6.1 uL of
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a,a,0 -trifluorotoluene (0.01 mmol, 1 equiv.) were added to the reaction mixture as internal
standard and the resulting mixture was analyzed by NMR and GS-MS spectroscopy. The
yields were determined by '’F NMR integration against a,a,0-trifluorotoluene as an internal
standard.

Computational details. All DFT calculations were implemented in the Gaussian 16
program. >° Geometries were optimized without symmetry restrictions using MO6L
functional'®® and SDD*® (for Co)/6-31++g(d,p) >4%* (for other elements) basis set; ground
state corresponded to the absence of imaginary frequencies. For comparison of relative
stabilities of 4.38a and 4.38b, the structures were optimized taking into account the solvent
(acetone) effect via the SMD model. ®* The quantum-topological analysis of the calculated
electron density for “gas-phase” and solution (acetone) optimized structures was performed
within the quantum topological theory of atoms in molecules by means of the AIMAII
package (v 19.10.12).1%1
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Conclusion and Future Outlook

This thesis presents a study of the synthesis and reactivity of metal complexes supported by
non-phosphine ligands, with a particular focus on metal-ligand cooperation and fluoroalkyl
incorporation. The new family of manganese(I) and ruthenium(II) complexes supported by
N,S-donor macrocyclic pyridinophane ligand showed reversible single and double
deprotonation of the CH>S arms, leading to the formation of single and double
dearomatization of the pyridine rings.

The main conclusion followed from my initial studies of the reactivity of tetradentate N2S2-
pyridinophane Mn and Ru complexes is that the macrocyclic ligand framework allows to
some extent to stabilize singly and even doubly deprotonated and dearomatized species,
making them more accessible as compared to sulfur-containing tridentate pincer ligands.
This allowed for their direct structural and spectroscopic comparison. However, the
application of these complexes in catalytic and stoichiometric bond activation was limited
by two factors: (1) lack of vacant coordination sites and (2) irreversible rearrangement of the
sulfur-containing macrocycle (in the case of a Ru complex). Even when relatively more
labile acetonitrile ligand was employed at the Ru center, no catalytic activity could be
observed. Therefore, more robust ligand framework that at the same time allows for the
presence of vacant coordination sites is required to obtain potentially catalytically active
transition metal complexes supported by non-phosphine, N,S-donor ligands.

The macrocylic pyridinophane ligand was then utilized to stabilize high-valent aryl-Mn'!

dibromide complex via oxidative addition of Ar-Br bond to manganese(I) precursor. Upon
one-electron oxidation, the complex underwent reductive elimination, likely via Mn'Y
intermediate, to form Ar-Br coupling product and Mn" species. This result suggested that
tetradentate N,C-donor pyridinophane ligand scaffolds offer a unique possibility to stabilize
organometallic Mn'" derivatives and enable studying oxidative addition/reductive
elimination processes at the first-row metal center, especially in paramagnetic high-valent
complexes. At the same time, catalytic activity was prevented in this case due to multidentate
nature of the ligand and lack of accessible pathway to recycle paramagnetic Mn'' product
into reactive Mn! species. However, these studies showed that aryl-heteroatom reductive
elimination was not possible at the Mn'""! center and required its further chemical oxidation,
presumably to Mn'".

Unexpectedly, my further studies into developing similar N3C-pyridinophane Mn'

complexes for C-C bond elimination yielded in uncovering an unexpected synthetic
approach to prepare high-valent manganese(Ill) fluoro complexes via transmetalation
followed by a-fluorine elimination, resulting in the release of a difluorocarbene. That more
facile generation of a difluorocarbene was then employed in difluorocyclopropanation and
difluorocyclopropenation of alkene and alkynes using trifluoromethyl zinc reagent, under
milder conditions (lower temperature and shorter time) as compared to manganese-free
reaction.

Following these results that led me to the topic of fluorine incorporation into organic
molecules, 1 then further simplified the ligand scaffold and utilized a simple, bidentate N-
donor ligand, naphthyridine and its methyl-substituted derivatives. This led to the isolation
of a a new series of Co!' and Co' perfluoroethyl complexes. These complexes exhibited Co-
C>Fs bond homolysis under visible-light irradiation and could serve as catalysts for arene
perfluoroalkylation using the Togni reagent.
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Overall, through the course of my studies, I have been able to study the reactivity of a range
of first-row metal complexes (except Ru) with non-phosphine-donor ligands, progressing
from macrocyclic, tetradentate N,S-donor ligands to N,C-donor pyridinophanes and
eventually simple N-donor ligands, which ultimately lead to the development of catalytic C-
H bond perfluoroalkylation under visible light. These studies show that among various
ligand scaffolds utilized in this work, tetradentate macrocyclic pyridinophane ligands are
convenient tools to study elementary reaction steps in organometallic chemistry such as
oxidative addition, reductive elimination, a-fluorine elimination; however, catalytic activity
is generally hindered due to overstabilization of otherwise inaccessible species. At the same,
using simple but non-trivial naphthyridine ligands, photocatalytically active complexes
could be eventually obtained, by contrast to previous literature where sophisticated
multidentate ligand design was employed.

In the future, I expect that further studies will be needed to clarify the role of the
naphthyridine ligand in first-row transition metal complexes and its electronic and steric
differences with other commonly employed N-heterocycles, such as bipyridine-based
ligands.
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