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Selective C(sp’)-H Amination Catalyzed by High-Valent
Cobalt(l1)/(IV)-bpy Complex Immobilized on Silica
Nanoparticles
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High-valent cobalt"-bpy complex stabilized in silica matrix was  least. The optimal nanocatalyst (1 mol%) provides 100%

detected as catalytically active form and intermediate in cobalt-
mediated oxidative C—H/NH cross-coupling reaction. These Co"
species prepared by electrooxidation of Co"(bpy);-doped silica
nanoparticles (SNs) at relatively low anodic potentials have
demonstrated high catalytic activity. Both size and architecture
of the SNs are highlighted as the factors beyond the complex
structure affecting its oxidation potential and catalytic effi-
ciency. The factors have been optimized for the catalyst with
high efficiency, easy separation and reusability for 7 times at

1. Introduction

The developing an efficient, selective and environmentally
friendly catalyst system is of paramount importance, especially
for the highly sought-after reactions of atom-economy direct C-
H functionalization. First row transition metals are promising
catalysts due to both great diversities in coordination geometry,
and multiple spin states that help in the manipulation of the
electronic structure of the resulting complex as required during
different steps of the catalysis. Although numerous catalytic
systems based on transition metal salts or complexes have
been developed for this purpose,!”’ in most of them separation
of the catalyst from the homogeneous reaction mixture and its
subsequent recovery in active form is cumbersome. Thus,
considerable efforts are directed towards the development of
heterogeneous or nanoheterogeneous catalysts for organic
reactions but there are not so many successful examples for
C—H activation and functionalization, and no reports on C—H
amination. In this regard, encapsulation and/or immobilization
of homogeneous catalysts on the surface and in the cavities of
suitable supports such as zeolites and structurally tailored sol-
gel materials have received considerable attention in recent
times.”) Moreover, in addition to the easily product separation,
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conversion of reactants in a single step of ligand-directed
coupling of H,NTs with arenes under electrochemical regener-
ation conditions. The results emphasize both synthetic route for
efficient embedding of Co"(bpy); into silica support and the
electrochemical generation of Co" complexes as a facile route
for developing the efficient nanocatalyst of oxidative function-
alization. The observed reactivity has the potential in develop-
ment of Co-catalyzed coupling reactions.

catalyst recovery and reusability, the transfer of catalytically
active transition metal complexes from homogeneous to nano-
heterogeneous forms can often improve an activity and
selectivity of the catalyst.”” Catalytic systems that work under
oxidative conditions would allow for a broader scope of
applications in C—H bond functionalization. A more recent trend
is the use of earth-abundant and inexpensive first-row metals,
such as Cu"™ Ni"¥* and Co"™**% as opposed to precious
metals such as Pd, Ir, Rh. Currently, there are mainly two types
of Co" catalysts for CH activation/functionalization reactions.
First type,® is characterized by bearing a cyclopentadienyl (Cp)
type ligand"*"¥; the other type,® has no Cp type ligand, but
the existence of N,N’- or N,O-bidentate directing groups in the
substrates is indispensable in most cases. The catalysis is based
on Co(OAc), as the Co" precatalyst which is oxidized to Co"
coordinated with N,N’- or N,O-bidentate directing groups under
the action of chemical or electrochemical oxidants.

Moreover, Co is still a rare oxidation state, and the isolated,
well characterized examples that are stable at room or even low
temperature are few.” Terminal cobalt(IV)-oxo (Co"“—0) species
and mixed-valence, tetranuclear cobalt(lll, IV) complexes have
been implicated as key intermediates in some cobalt-mediated
oxidation reactions, mainly for the oxidation of water or
alcohols™. Recently, three-coordinate (IMes)Co"(NDipp), and
[(IMes)Co"(NDipp),l[BArF,] bis-imido complexes, where IMes=
1,3-bis(1',3',5'-trimethylphenyl)imidazol-2-ylidene, Dipp = 2,6-dii-
sopropylphenyl, have been reported from the Deng group.”
Interestingly, the imido-bound Co" (S='/) undergoes intra-
molecular C-H activation of a benzylic C—H bond from the IMes
ligand (with a subsequent C—N forming step). Co" complexes as
a platform for oxidative C-H functionalization including C—H/
NH coupling are practically not studied, although there are
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many cobalt-catalyzed reactions."® This is due to the difficulty
in obtaining and stabilization of Co", since the highly oxidized
cobalt derivatives are very sensitive to moisture, light, and, as a
rule, have a high reactivity. Thus, strong oxidizing conditions
(PhIO, Na,S,0, or irradiating in the presence of [Ru"(bpy);]”"? are
required to obtain Co" complexes with their further stabiliza-
tion by complex methods. For example, [Co“(O)(M")]"*2+
intermediates are stabilized by complicated ligands! 3 refs thereinl
or redox-inactive Lewis acidic metal ion (e.g., S * ion) (M* =
S, Ce*’, Y3*, and Zn?!)"*? which can interfere with the Co"
under their use in catalysis.

It is worth noting that no reliable evidence for the
generation of Co" species as part of a catalytic cycle in C—H
transformations has been provided thus so far. However, the
search for new efficient reusable catalytic systems based on
high-valent cobalt compounds is extremely in demand and
relevance. An attractive goal is to obtain cobalt derivatives in
highest degrees of oxidation, stabilized by specific environment
so that they will be highly effective in catalytic reactions and at
the same time easy to handle and separate from the reaction
mixture, suitable for reactivation and regeneration. It is very
important for successful catalysis to find a suitable inner-sphere
cobalt environment and specific external conditions, such as
the nature of the matrix in which the cobalt species are
immersed, size and architecture of a composite nanomaterial.

Transparency and stability of silica matrix, as well as an easy
size limitation providing a synthesis of nanosized silica particles
are the reasons for their wide application as a platform for
embedding of different metal-based species. The embedding of
the complexes into silica nanoparticles enables to facilitate their
applicability in catalysis and biosensing due to greater reus-
ability and smaller toxicity. Literature data introduce some
synthetic tools to vary the main characteristics of composite
silica nanoparticles, including their size, uploading efficiency
and the morphology.” The present work introduces the optimal
synthetic techniques for embedding of Co" complexes into
silica nanoparticles as the route to stabilize the Co" complex
forms produced by the electrochemical oxidation. The Co"
(bpy); complexes due to their kinetic inertness are rather
promising candidates for embedding into silica nanoparticles,
although the previously documented redox data on Co(bpy),X,
in solutions were always limited to Co™ ™" transfers or even
Co" " but never Co™V transition, since it was impossible to
generate Co"-bpy in the homogeneous conditions.

It is worth noting that both synthetic routes for embedding
of the tris-bipyridine complexes into silica nanoparticles and
their electrochemical behavior are documented in greater
extent for Ru"" versus Co"'? complexes. For the best of our
knowledge there are very few articles on synthesis and electro-
chemical behavior of silica nanoparticles doped with Co"(bpy);
complexes. Moreover, an effect of the size and morphology
of Co"(bpy);-doped silica nanoparticles on their electrochemical
behavior is rather poor if any documented in literature. Thus,
the present work is aimed at highlighting facile synthetic route
for efficient uploading of differently sized (4.5-140 nm) silica
nanoparticles by Co"(bpy); complexes. Correlation of the
uploading efficiency and the size of the composite silica
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nanoparticles with synthetic conditions are also introduced
herein along with correlation of their electrochemical behavior
with the morphology and the size of the composite nano-
particles. The present study considers the inclusion of the
complexes into silica confinement as the convenient way to
solve the problem of stabilization of the cobalt complexes in
high oxidation state, which enables to introduce the composite
silica nanoparticles as very interesting platform for oxidative
catalytic reactions. The Co" complex will be produced electro-
chemically by oxidation of Co"(bpy); within a silica confine-
ment, so as to obtain stable nanoparticulate systems, however,
active in C—H bond substitution reactions, namely aromatic CH
amination.

2. Results and Discussion
2.1. Co"(bpy);-doped Silica Nanoparticles Synthesis

Presentation of the synthesized composite silica nanoparticles is
worth proceeding by discussion of the main synthetic routes
applied for these purposes. Two main synthetic procedures are
worth noting. The first procedure is based on adsorption of
metal ions or complexes at a silica surface which, in turn, is
driven by coordinative and/or electrostatic interactions. The
former interactions derive from the presence of Si—-OH groups
at a silica surface which makes probable inner-sphere coordina-
tion of metal ions or complexes via Si-O~ groups. This tendency
was previously reported for different metal ions and
complexes." It was, in particular, demonstrated, that the
coordination via Si—O~ groups occurs even under the adsorp-
tion of Co'(en); resulting in the ternary complex formation
accompanied by a partial dechelation of the complex.* The
second way of the embedding is the so-called doping or
uploading procedure based on the inclusion of metal com-
plexes into silica confinement when the growth of silica
nanoparticles occurs in the presence of metal complexes.?**
The inclusion of the complexes in the silica nanoparticles results
from both adsorption of the complexes onto silica surface and
precipitation of the complexes in the silica confinement. The
adsorption, in turn, can result from inner-sphere coordination
via Si—O~ groups and/or outer-sphere electrostatic attraction
between complex cations and negatively charged silica surface.
Some of the previous reports indicate the inner-sphere
coordination accompanied by the dechelation of labile tran-
sition complexes including Ni'(bpy); as a consequence of the
doping procedure.”*¥ The embedding of kinetically inert
complexes Ru'(bpy); and Co"(bpy); exemplify rather specific
case, since their inclusion into silica confinement is mainly
based on electrostatic attraction, Van der Waals interactions
and physical absorption without detectable changes in the
inner-sphere environment of the metal ions.!""'%

The size of silica nanoparticles can be controlled by
variation of the synthetic conditions, such as a nature of
surfactant and/or solvent, concentrations of the key synthetic
components, as well as their concentration ratios.”) The
uploading efficiency is mainly controlled by concentration of
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Scheme 1. Schematic representation of different techniques for synthesis of Co"(bpy);-doped silica nanoparticles. CF means centrifugation stage.

the added complex and its phase state (as true solution or
colloids) in the synthetic mixture,"¥ since silica coating of
colloidal nanoparticles can be the alternative process to
adsorption of the molecular complexes onto silica surface under
the growth of composite silica nanoparticles. This can be a
reason for greater polydispersity of the composite nano-
particles. Thus, any precipitation of metal complexes in the
synthetic mixture greatly influences a size uniformity of silica
nanoparticles. The problem of convenient solubility of the
dopant can be solved by both proper choice of synthetic
procedure and its modification. In particular, silica spheres grow
within aqueous nano-droplets of inverse micelles in the frame-
work of water-in-oil microemulsion technique.®® Thus, the
latter is convenient for efficient uploading of silica spheres by
water soluble metal complexes, while Stéber procedure is more
convenient for the complexes with enough solubility in
alcohol.>¥

Indeed, the synthesis by means of water-in-oil micro-
emulsion procedure schematically illustrated by Scheme 1
results in the uploading of Co"(bpy); complexes into universe in
size 50 £5 nm silica spheres (Figure 1, A), which is evident from
the content of Co in the composite nanoparticles. The size,
content and colloid characteristics of the composite nano-
particles designated as SNs-1 are in the Table 1. Good water
solubility of Co"(bpy); complexes is the prerequisite for the
result.

Stober procedure is another versatile synthetic framework
widely applied for producing composite SNs.**¥ The low
solubility of Co"(bpy); complexes in alcohol is the reason for
their addition into the alcohol-based synthetic mixture in a
form of the aqueous aliquotes which is also illustrated by the
Scheme 1. However, the solubility of Co"(bpy); complex in the
synthetic solutions is still inconvenient which is manifested by
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Figure 1. TEM images of different types of silica nanoparticles doped with
Co"(bpy)s: SNs-1 (A), SNs-3 (B), SNs-4 (C), SNs-5 (D).

the appearance of a turbidity under its addition to the synthetic
mixture. The TEM analysis of the separated silica nanoparticles
reveals significant polydispersity. In particular, silica nano-
particles with two different sizes both ~5 and above 100 nm
(SNs-2) were separated from the synthetic mixture when the
aqueous solution of Co"(bpy); was added at the beginning of
the synthesis. The separation of the differently sized nano-
particles is based on the quicker sedimentation of the smaller
nanoparticles in the aqueous solutions which enables to

3 © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

These are not the final page numbers! 77


http://orcid.org/0000-0001-9497-4006

\\;* ChemPubSoc

* e

Table 1. Diameter of [Co"(bpy);@SiO,] by TEM (d), their Si:Co Molar ratio
by ICP-OES technique, Peak means of Size distribution by number (n=3),
Polydispersity index (PDI) and zeta potential values (¢) (SD=3 mV, n=3)
depending on type of silica nanoparticles (C=0.2 gL™") in water.

Sample d [nm] Si:Co mo- Peak means, nm PDI C

lar ratio [mV]
SNs-1 50+£5 100:0.726 144 £1 0.105 -33
SNs-2 - 100:0.368 167+£3 0325 -50
SNs-3 45+1 100:0.659 204 +32-85%, 0495 -—15

874+247-15%

SNs-4 140+9 100:0.098 170£2 0.028 —51
SNs-5 116£19 100:0.427 151+£25-99.6 %, 0.755 —-41

1513 £274-0.4%

separate small (~5 nm) and large (~ 140 nm) silica spheres from
each other. The TEM images of the small and large composite
nanoparticles designated as SNs-3 and SNs-4 are presented in
panels B and C of Figure 1, while SNs-2 are the mixture of SNs-3
and SNs-4. Synthetic conditions were modified to avoid the
polydispersity of the nanoparticles. For this reason, the
complexes were added after some time from the synthesis
beginning in order to avoid the precipitation of the complexes
by their adsorption onto silica seeds. It is known that one hour
is enough time duration for the preliminary synthesis of silica
spheres, while their growth is incomplete.?**¥ The addition of
the aqueous solution of Co"(bpy); after one hour from the
synthesis beginning results in the growth of rather universe in
size (120410 nm) silica spheres designated as SNs-5 (Figure 1).
The insignificant degradation of Co"(bpy); complexes within
the synthesis and their efficient transfer from the synthetic
solutions to the silica nanoparticles is confirmed by the analysis
of the supernatant synthetic solutions (Figure S1 in Sl).

Analysis of the nanoparticles in their aqueous colloids by
means of both ICP-OES and DLS techniques reveals greater
tendency of the smaller nanoparticles to aggregate due to the
charge neutralization, in turn, arisen from their greater upload-
ing by Co"(bpy); complexes which are both positively charged
and tend to locate close to an interfacial zone due to the small
nanoparticulate size. The evaluated by ICP-OES technique Si:Co
molar ratios for the differently sized (5 and 140 nm) composite
nanoparticles indicate the greater content of Co in the smaller
nanoparticles (Table 1). Vice versa, the greater sized silica
spheres SNs-4 exhibit greater colloid stability due to high
negative charge of their silica surface correlating with their
poor uploading by Co"(bpy); complexes. The size (~120+
10 nm) of SNs-5 is characterized by rather high content of Co
measured by ICP-OES technique (Table 1). The TEM images of
the SNs-5 reveal the bright rings inside the silica spheres which
can be attributed to included Co"(bpy); complexes. Thus, the
aggregation is the most for the smallest SNs-3 and detectable
for SNs-1 (Table 1). The tendency correlates with the electro-
kinetic potential values of the nanoparticles which, in turn, are
greatly affected by the concentration of the complexes in the
interfacial zones of the silica spheres. The results point to some
silica surface charge neutralization due to the presence of the
complex cations at the silica/water interface, although the
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leaching of the complexes from the nanoparticles is rather low
(Figure S2 in SI).

The Si:Co ratios of the composite nanoparticles SNs-1(2-5)
collected in Table 1 indicate the greatest content of Co"(bpy);
in SNs-1 obtained by the microemulsion procedure. The EDX
measurements were performed for SNs-1 and SNs-5 to get the
additional confirmation of the inclusion of Co"(bpy); into the
silica spheres (Figure S3 in Sl). The Co-content in SNs-2(3-5)
synthesized through the Stéber procedure is somewhat smaller
than that for SNs-1 and greatly depends on the synthetic mode.
In particular, the Co-content is the greatest for the smallest
nanoparticles SNs-3 among SNs-2(3-5). This confirms the above
mentioned assumption that their formation results from the
silica coating of the nano-sized precipitates of Co"(bpy);, when
the latter is added at the beginning of the synthesis. However,
the precipitation doesn’t exclude the growth of the greater
sized silica spheres SNs-4 with the smallest Co-content, since
the equilibrium concentration of Co"(bpy); in the synthetic
mixture is significantly decreased by the precipitation. The
optimal result from the viewpoints of the size university and
the Si:Co ratio was obtained for SNs-5 synthesized when Co"
(bpy); was added 60 minutes after the synthesis beginning. It is
worth noting that 60 minutes is enough time for the growth of
the silica seeds® with an active surfaces open for the
adsorption of Co"(bpy);. This fact along with the lower
concentrations of TEOS and ammonia in the synthetic mixture
can be the reason for the insignificant precipitation of the
added complex. The adsorption of the complex onto the silica
seeds, nevertheless, doesn’t prevent further silica coating which
results in the Co(lll)-doped silica nanoparticles with the better
university in size. In the assumption that the bright rings in the
TEM images of SNs-5 (Figure 1) indicate the layers of the doped
complex, the sizes of silica seeds exceed 50-100 nm after one
hour of the synthesis, while the thickness of the further silica
coating of the adsorbed complex is about 35 nm.

Transparency of a silica matrix provides the opportunity to
reveal the spectral behavior of the complexes. Thus, the
complexes inside the nanoparticles are manifested by the
spectral pattern (two absorption bands) similar with that for
Co"(bpy); in acetonitrile solutions (Figure 2). However, both
change in the intensity ratio of the bands and their shifting to
longer wavelengths versus the wavelengths of the “free” Co"
(bpy); can be considered as “rigidochromism”."

3. Electrochemical and ESR Studies

The redox behavior of Co"(bpy); within SNs-1(2-5) was
examined by cyclic voltammetry (CV) using the carbon paste
electrode (CPE) based on the phosphonium salt. This technique
was previously reported as very efficient route for analyzing
redox properties of insoluble or low-soluble and nanoparticu-
late complexes in a wide range of potentials.”'® The measured
CVs are presented in Figure 3. The electrochemical character-
istics of the nanoparticulate complexes are collected in Table 2
along with the similar values for the initial [Co(bpy);1(CIO,);
complex measured in CH,CN solution for the comparison.
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Figure 2. UV-vis absorption spectra of Co(bpy);(ClO,); solution
(C=1.67-10"° M) (1) and SNs dispersions (C=0.2 gL™") in acetonitrile: SNs-1
(2), SNs-2 (3), SNs-3 (4), SNs-4 (5), SNs-5 (6).
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Figure 3. Cyclic voltammograms (CVs) of SNs-1(2-5) WE: CPE, CH;CN, 107" M
Bu,NBF, Potentials vs. Ag/AgCl recalculated to Fc*/Fc.

Table 2. Redox potentials for Figure 3. Conditions: 25°C, CPE (graphite +
ionic liquid 4 SNs-1(2-5)) as working electrode, Bu,;NBF, background salt,
CH;CN, 100 mV/s. Potentials vs. Fc*/Fc, in V.

N°NPs  Oxidation Reduction
Epa/Epc,  AEpa-c  E1/2  1Epc/Epa, V AEpa-c  E1/2
SNs-1 1.04/0.98  0.06 1.01  —-131/-123 0.08 -1.27
SNs-2 0.49/0.28 0.21 040 -151/-1.44 0.07 —147
SNs-3 0.49/0.27  0.22 038 —151/-144 0.07 —1.48
SNs-4 1.09/0.98 0.11 1.04 —1.24/-117 0.07 —1.21
SNs-5 1.07/1.00  0.07 1.04 —1.06/-0.99 0.07 -1.03

The redox potentials for the Co"/Co" and Co"/Co" redox
couples of the SNs are given in Table 2.

Redox behavior of Co"(bpy);X; is well documented for
various X by the easy Co"/Co" reduction in different aprotic
solutions at the potential values close to zero,'% which is
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exemplified by E,,, 0.05V ref Fc*/Fc measured for X=CIlO, in
CH;CN (Figure S5). However, the oxidative behavior of the
complexes within anodic range up to highest potential values is
very poor documented if any. Nevertheless, the oxidation wave
at +2.13 ref. Fc*/Fc derives from the ligand-centered oxidation
(Figure S5). The ESR spectrum of the complex oxidized in the
acetonitrile solutions (Figure S6) is peculiar for radical-anions
with g=2.0093, which argues for the intraligand oxidation.

Cyclic voltammetry of Co"(bpy); within SNs-1(2-5) measured
in the solid state by means of the CPE technique significantly
differ from those recorded in solutions of Co"(bpy); complexes.
In particular, the potentials of solid-state Co"/Co" reduction are
shifted on 1.0-1.4 V to the negative potential range versus the
similar potentials in the solutions (Figures 3), while the reduc-
tion is reversible in both solid state and solutions.

The appearance of quasi-reversible oxidation peak at rather
reasonable potential values under the solid-state oxidation of
SNs-1(2-5) in CPE is rather unusual (Figure 3). The E,,, values of
SNs-1(2-5) collected in Table 2 reveal significant effect of the
nano-architecture of the composite nanoparticles on the
potential values. In particular, the easiest oxidation is observed
for SNs-3. It is worth noting once more the specificity of their
nano-architecture derived from ultrasmall size of SNs-3 and
rather high content of Co (Table 1). This is the reason for
predominant interfacial localization of Co"(bpy); complexes
which, in turn, leads to extremely high activity of Co"(bpy);
complexes. It is also worth noting the super-thin silica layer
onto Co"(bpy); complexes as one more factor facilitating their
oxidation. The oxidation potential is significantly greater for the
larger nanoparticles SNs-1(4, 5), while the potential values
measured for SNs-2 results from the mixture of the largest and
smallest nanoparticles.

The oxidized nanoparticles produced by the preparative
solid-state oxidation of SNs-1 are characterized by widened
peak in the ESR spectrum with g=2.21 (Figure 4), while the
initial SNs-1 are EPR-silent, which is common for the lowspin
3d® Co" ion (S=0). The ESR spectrum also possesses the
additional very widened peak which can't be accurately
characterized due to its widening. It is worth noting that the

0 1000 2000 3000 4000 5000 6000 7000
Magnetic field / G

Figure 4. ESR spectrum of [Co"(bpy);@SiO,] NPs isolated after electrooxida-
tion of SNs-1 at 1V (ref. Fc*/Fc); g=2.21; AH=450 G
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main peak with g=2.21 definitely points to Co" as the result of
the oxidation. However, it is rather difficult to separate between
high- (S=5/2 or 3/2) and low-spin Co" with S='/, since both
these cases generate peak in ESR spectra.”>#®'"! The literature
data demonstrate great number of high-spin 3d’ ions, including
Mn" and Fe", with g=2.0023, while the literature examples”>® ¢
173 of low-spin Co" indicate that the latter is characterized by
the g-factor significantly greater than g=2.0023. Thus, the main
peak with g=2.21 derives from low-spin Co" (S='/,), while in
accordance with literature data"”® the low-field component in
the ESR spectrum can be contributed by some extent of either
interacting low-spin Co" ions or high-spin Co" ions.

It is worth noting that the ESR spectrum remained without
any degradation within one weak at least, which indicates that
the nanoparticulate form exemplified by SNs-1 of the oxidized
complexes provides convenient outer- and inner-sphere envi-
ronment of Co" ions for their long-time stability.

45
4.0
35
3.0
25
20
15
1,0 2
0,5
0.0

L, AR L LA L |
200 250 300 350 400 450 500 550 600 650 700 750 800
A, nm

Figure 5. The solid phase absorption spectra of SNs-1 before (1) and after
the solid state oxidation (2).
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It is well-known that electronic absorption spectra of Co"

(bpy); mainly derive from both intraligand and LMCT transi-
tions, while d-d transitions will be out of the present discussion
due to their low € values. The energy of LMCT transitions is
greatly affected by oxidation state of metal ions, thus the
comparative analysis of the solid state electronic absorption
spectra of SNs-1 before and after the preparative oxidation can
confirm the oxidation of Co""(bpy), within the silica spheres.
Indeed, the solid state electronic absorption spectra of SNs-1
recorded before and after oxidation are quite different (Fig-
ure 5).

The main spectral changes under the oxidation are man-
ifested by the appearance of the electronic adsorption bands at
longer wavelengths. The band at 475 nm and shoulder at
370 nm most probably arise from the LMCT transitions which
for Co"(bpy); inside the silica should be at lower energies and
longer wavelengths than those for Co"(bpy); within SNs-1.7¢ "¢

3.1. Electrocatalytic Properties

Electrocatalytic properties of Co"(bpy); within SNs-1(3-5) as the
nanocatalysts were tested in CH/NH cross-coupling reaction,
exactly in the electrochemical oxidative amination of benzo-h-
quinoline with the use of p-toluenesulfonamide (H,NTs) as the
aminating agent. Both benzo-h-quinoline and p-toluenesulfona-
mide tend to oxidize at very high potential values which are
152V and 2.07V correspondingly (Figure S7). The cyclic
voltammetry of the nanocatalysts reveal catalytic current (i)
growth at the potentials of Co"/Co" oxidation under the
increasing amounts of the added p-toluenesulfonamide (Fig-
ure 6). The i,/i, comes to the saturation level at the specific p-
toluenesulfonamide : Co"(bpy); molar ratios which are within
16:1. Both saturation level and TOFs (turnover frequencies)
calculated by means of the well-known Savéant formula™®
depend on the architecture of the nanocatalysts. The increase
in oxidation current of the catalyst in the presence of the amine

-0.300.80

0.00

-0.301.30
Potential, V vs. Fc/Fc?*

Figure 6. CVs of [Co(bpy);@SiO,] in the absence and in the presence of increasing quantities of H,NTs. Co: H,NTs ratios are from 1:0 (blue) up to 1:16. (black);

CPE, CH;CN, 0.1 Vs
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is the same in both the presence and absence of the aromatic
cross-coupling partner. This indicates that the coordination of
the arene with the cobalt centers of the catalyst is not a rate-
determining stage, while such coordination is targeted at the
ligand directional selectivity of the reaction.

Both i./i, and TOF values are the most for SNs-3 (Table 3)
among other nanoparticles which is rather unusual, since the
oxidation potential of SNs-3 is lowest among the other nano-
catalysts (Table 2). This tendency contradicts the regularities of
many other electrochemical catalytic processes where the most
values of kg (TOF) commonly correlate with the greatest
potential values."® However, the literature data introduce one
example at least of inverted linear correlation between catalytic
activity and formal potential of the catalyst in the electro-
oxidation (or reduction)." Very probably that both high rate of
regeneration and greatest TOF of the SNs-3 derives from their
specific nano-architecture. The specificity of the latter is
manifested by the smallest size (4.5 nm) and very thin silica
coating of the Co"(bpy);-based nanoprecipitates. This, in turn,
provides both greatest surface activity of SNs-3 and availability
of Co""V(bpy); complexes to the substrates, since such ultra-
small size values are well-known as prerequisite for the greatest
amount of the surface located complexes. This assumption is
confirmed by the lowest rate of regeneration for the greatest in
size nanocatalysts SNs-4 (140 nm). However, the cross-coupling
selectivity is the important factor beyond the rate of regener-
ation which can be controlled by the nanocatalyst. The impact
of the nanoparticle’s architecture on the selectivity of the
electrochemical oxidative amination will be discussed below.

3.2. Electrosynthesis

Screening of the nanocatalyst's efficiency in electrochemical
oxidative amination of benzo-h-quinoline by H,NTs was
performed at the 1:1 (substrate:amine) ratio in accordance to
Scheme 2. The screening was carried out by passing of
electricity (2,1 F) through the separated cell filled by the
acetonitrile solution containing the components of the syn-
thesis. The product of the synthesis was previously synthesized

Table 3. Catalytic current growths i./i, and corresponding TOF, s™' in
oxidation of H,NTs catalyzed by SNPs.

N° NPs /N TOF [s7']

SNs-1 10 3.59

SNs-2 9 291

SNs-3 14 7.05

SNs-4 8 2.30

SNs-5 6 1.29

‘ (0]

g, i Il

2e, Cobalt-catalyst N S@'
2HT Il

Scheme 2. CH/NH cross-coupling catalyzed by Co"".
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in the traditional for C—H activation multicomponent reaction
conditions ([Cp*RhCl,],, 2,5 mol%; AgSbF,; 10 mol%; PhI(OAc),,
1.5 equiv.; 60°C; 24 h) with use of Rh" complex as the
homogeneous catalyst.”” Obviously, that the synthetic protocol
with the use of the nanocatalyst is much simpler: the minimum
of the regenerated cobalt catalyst and the absence of specially
added co-catalysts and oxidants. The conversion extents of the
substrate into the product evaluated by means of 'H NMR
spectral analysis of the reaction mixtures under the use of SNs-
1(3-5) as the catalysts are presented in Table 4. The conversion
extents are greater under the use of the nanocatalysts than for
the homogeneous catalysis by Co"bpy;(ClO,);. However, the
difference between conversion extent of the substrate and the
yield of the product is not the same for the nanocatalysts with
different architecture (Table 4). In particular, the product yield is
the least for SNs-3 becoming greater for the larger nano-
particles, although the best product yield was detected for SNs-
1 which are smaller than SNs-4(5) (Table 4). Thus, there is no
correlation with the size of the SNs, while the results point to
the impact of the nanoparticulate architecture of SNs-3 and
SNs-1 on the catalytic activity of the complexes within them.
The recyclability of the nanocatalysts was evaluated by
measuring the product yields under their repeated use, as well
as the leaching of the Co"(bpy); complexes after the repeated
catalytic cycles. The leaching was measured by the comparative
UV-Vis spectral analysis of the nanoparticles before and after
the catalytic cycles (Figure S4 in Sl). The spectral data reveal the
insignificant leaching of the complexes after the catalytic cycle
from SNs-1 (Figure S4). The leaching becomes somewhat great-
er for the larger nanoparticles SNs-4(5), while it is the greatest
(about 35%) for the smallest ones SNs-3. The immobilized
catalyst SNs-1 was tested in several reaction cycles in CH/NH
cross-coupling. The results in Table 5 demonstrate the insignif-
icant changes in the yields of product under the repeating of
the reaction runs. This indicates rather high stability of the
recycled catalyst, supporting a heterogeneous reaction process.
After each of the rounds in Table 5, the reaction mixture was
centrifuged to separate the immobilized catalyst. The nano-
particles were washed with CH,CN, dispersed in pure CH;CN
with reagents and used directly for the next synthesis.
Sevenfold use of such catalyst led only to negligible decrease in

Table 4. Electrosynthesis efficiency with different catalytic nanoparticles
[Co(bpy);@Si0,] (1 mol%) and Co"bpy,(ClO,); precursor (to compare).
Divided cell, 2.1 F, 0.2 g (1.1 mmol) benzo-h-quinoline, 0.19 g (1.1 mmol) p-
toluenesulfonamide, Co-catalyst in 15 ml CH;CN. Electrolysis potential is 1.0
—1.2 V ref. Ag/AgNOs.

N Catalyst Conversion® [%] Yield of 1" [%)]
1 SNs-1 100 90

2 SNs-2 85 50

3 SNs-3 87 51

4 SNs-4 100 70

5 SNs-5 100 72

6 Co"bpy;(ClO,); 45 38°

[a] Based on "H NMR; [b] Isolated product; [c] Electrolysis potential is 2.05 V
ref. Ag/AgNO;.
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Table 5. Use of recycled [Co(bpy);@SiO,] catalyst (1% SNs-1) ° Reaction
conditions: Substrates ratio 1:1. Q=2,1 F per Bgh, —1.1 V.

Number of repeats Total yield [%]

90
90
90
89
89
89
88

NOuUubhwN =

the products yield. After three reaction cycles no loss of the
catalytic activity of the immobilized catalyst was observed.

With the optimized conditions at hand, we proceeded in
exploring the scope of arenes (Table 6) with the best catalysts,
SNs-1. p-Toluenesulfonamide as an aminating reagent was
tested in electrocatalytic amination of arenes, as ligand-
directed, using 2-phenylpyridine, benzol[hlquinoline and 1-
phenylpyrazole, and also using toluene.

As shown in Table 6, the electrochemical approach to the
amination of 2-phenylpyridine proved to be effective; the yield
of the ortho-aminated derivative was 81 %. With moderate yield
(63%), 1-phenylpyrazole is also aminated under the same
conditions. In the case of using toluene as the substrate, the
yield of the aminated products was about 42%, but the
complicated mixture of different o-, m- or p-substituted
products was obtained in our conditions.

3.3. Mechanistic Considerations

On the basis of the experimental results and literature
reports,?" we attempted to propose plausible reaction mecha-
nism illustrated by Scheme 3. It is worth noting that the
substitution occurs selectively into the ortho-position only in
the case of the ligand-directed amination. Thus, the coordina-
tion of cobalt ion via the pyridine fragment of the aromatic
molecule is the stage responsible for the selective ortho-
substitution of arene (product D in Scheme 3,A). However, as it
was previously shown, the formation of intermediate organo-
metallic cobaltacycle with a cobalt-carbon bond is possible only
for cobalt compounds in higher oxidation states®?" . Thus, the
oxidation of Co" catalyst to Co" at anode is the prerequisite for
the coordination of Co" to 2-phenylpyridine and H,NTs to get
Co"-complex A (Scheme 3, A). The C—H activation took place
and the Co"-complex B was formed during oxidation with

Table 6. Yields of cross-coupling product for various aromatic partners.
[Co(bpy);@SiO,] catalyst (1% SNs-1). Reaction conditions: Substrates ratio
1:1.Q=2,1 F per arene, —1.1 V.

Entry C(sp?)-H partner Yield of cross-coupling [%]
1 benzo-h-quinoline 920

2 2-phenylpyridine 81

3 1-phenylpyrazole 63

4 toluene 42 (mixture, o:m:p)
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Scheme 3. Proposed Mechanism.

second proton loss, followed by reductive elimination from
Co"-complex to release the desired product and Co' species C.
Co' species were re-oxidized to Co" at the anode to complete
the whole catalytic cycle of Co (Scheme 3, A).

Since the regeneration of Co" catalyst is revealed in
voltammograms even in the absence of the arene, thus, the
activation of N-H bond cannot be excluded in the catalytic
cycle. However, in the presence of pyridine-guiding groups in
the aromatic substrate, the stage of coordination of the latter
with cobalt is the key to ensure the direction of the general
catalytic reaction. Moreover, both C—H and N-H bonds are
activated under oxidizing conditions. For the toluene amination
reaction, the coordination of cobalt with toluene without
heteroatoms does not occur, however, the formation of organo-
metallic intermediates B with the Co" -carbon bond is possible
(Scheme 3, B). However, the reaction proceeds less selectively
for these clear reasons. The stages of oxidative addition and
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reductive elimination of the product are also characteristic for
this catalytic cycle.

4. Conclusion

Summarizing, the encapsulation of Co"(bpy); complexes into
silica nanoparticles by means of Stéber or water-in-oil micro-
emulsion techniques is the facial and efficient route for
synthesis of differently sized composite silica spheres as the
nanocatalysts in oxidative CH/NH cross-coupling. It is also worth
noting that both size and architecture of the nanoparticles
provide powerful tool for modification of the oxidation
potentials and catalytic activity of Co"(bpy); inside the nano-
particles.

Comparative analysis of the catalytic efficiency and selectiv-
ity in the CH/NH cross-coupling highlights 50 nm sized Co"
(bpy);-doped silica nanoparticles synthesized by water-in-oil
microemulsion technique as the most promising nanocatalyst.
Very low leaching of Co"(bpy); complexes from the silica matrix
within the catalytic cycle along with the high product’s yield is
important advantage of the nanocatalyst. Easy separation of the
nanoparticles after the catalytic cycle facilitates their multiple
reusing. The catalytic reaction is efficient at room temperatures
without the basic and/or oxidative additives commonly used in
CH/NH cross-coupling. Thus, the use of Co as more cheap and
abundant alternate to Rh, Pd™ provides high catalytic efficiency
and selectivity in the oxidative C—H functionalization even at
low concentrations. The developed nanocatalysts have the
potential for new applications in cobalt-catalyzed carbon-
heteroatom coupling or other reactions.

Experimental Section

Experimental Details see Supporting Information.
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Kinetic Studies and CV analysis
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Don't get cross, get coupling! Co"
species prepared by electrooxidation
of Co"(bpy);-doped silica nanopar-

ticles (SNs) at relatively low anodic po-

tentials have demonstrated high
catalytic activity. Both size and archi-
tecture of the SNs are highlighted as

the factors beyond the complex
structure affecting its oxidation
potential and catalytic efficiency.
These factors have been optimized for
a catalyst with high efficiency, easy
separation and reusability.
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