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ABSTRACT: Copper or silver-catalyzed direct C(sp*)—H/
N-H electrochemical cross-coupling of phthalimide and
heterocyclic arenes (2-phenylpyridine, benzo[h]quinoline,
benzoxazole, and benzothiazole, etc.) for the efficient synthesis
of phthalimide derivatives is described. This reaction features
good yield, mild conditions, and broad substrate scope, which
provides an efficient and straightforward protocol to access
this type of tertiary amines. For the first time, the proposed
protocol is based not only on a copper catalyst but also on
silver, which has never been used for this purpose before, and
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both give comparable results. Mechanistic investigations (voltammetry, ESR studies) disclosed that a free-radical pathway might
be excluded in this process accomplished through Cu(I)/Cu(II)/Cu(Ill) or Ag(I)/Ag(Il) cycles.

Bl INTRODUCTION

The aromatic and heteroaromatic amines are ubiquitous in
naturally occurring compounds, bioactive compounds (phar-
maceuticals, agrochemicals) and organic materials (polymers,
dyes), ligands for catalysts, and flavors, as important
intermediates, which has inspired synthetic chemists to
develop new more efficient synthetic methodologies for
constructing C—N bonds." Metal-catalyzed C—N cross-
coupling name reactions, such as the Buchwald—Hartwig,
Ullman, or Chan—Evans—Lam couplings, have been developed
as a powerful tool for organic chemists."”> Despite the
apparent advances, the prefunctionalization of arenes by
(pseudo)halides or boronic acids as substituents is required
and results in the production of substantial quantities of waste.

Recently, the dehydrogenative C—H/N—H cross-coupling
of amines and aromatic C—H partners has emerged as a
straightforward pathway for the synthesis of (hetero)-
arylamines, which has been an atom-economic and more
effective process for the formation of C—N bonds.” However,
most cases of metal-catalyzed C—H/N—H cross-coupling
reactions are related to expensive precious metals, such as
Pd, Rh, and Ru,>* but the use of readily available widely used
transition metals such as Cu, Ni, Co is crucial and promising.3
In the past few years silver is extensively used in homogeneous
and heterogeneous catalysis for organic synthesis owing to its
Lewis acidity, and as not only a powerful one-electron, but also
two-electron oxidant.” Silver has provided a unique oppor-
tunity in organic catalytic reactions owing to its more
economical than other expensive transition metals, excellent
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selectivity and stability, and environmentally benign nature.
The higher reactivity exhibited by silver derivatives in the
activation of various organic substrates place them among the
most prominent reagents in free radical reactions. Silver
catalysts are used much less frequently in C—H amination
reactions than copper, rhodium, cobalt, and most other known
catalysts for these reactions. There are reports of the
cooperative action of silver and other metals—rhodium,”
palladium,™® nickel” or copper,” and so on. Successful
examples of the use of silver catalysts are often associated
with nitrene transfer reactions, at which the amination of
C(sp*)—H bonds occurs;” most often this is an intramolecular
reaction. Silver-catalyzed amination of aromatic C(sp®)—H
bonds has been described only in single papers.'’

The amine reagents used in the amination reactions are
amines, amides, sulfonamides, N—O reagents and N—X (X =
halogen) reagents,3 but the amines themselves, not their
derivatives, are the most interesting as aminating agents.
Interestingly, phthalimide, which is a valuable ammonia
equivalent and used to synthesize primary amines, by a
reaction called the Gabriel reaction,'’ has recently captured
much attention from chemists. Phthalimide, in particular, is
known as an ideal starting point for the development of the
amination technology, because it is commercially available,
inexpensive, and easy to handle, and once coupled, its
derivative can be readily converted to a primary amine,
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Scheme 1. Known Approaches toward N—Arylphthalimides
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which can be further derivatized. Recently, a number of
phthalimide derivatives, thalidomide, and others have been
found to have several important biological activities, including
the inhibition of tumor necrosis factor-a (TNF-a) production,
as well as the highest in vivo anti-inflammatory activity,
antiangiogenic, and cyclooxygenase inhibitory activities.'” A
number of N-arylphthalimides have been shown to have
anticancer activity'® and anti-inflammatory activity.'* The
photoreactions of substituted phthalimides can be used to
efficiently construct a number of interesting heterocyclic
structures.” It has recently been shown that some phthalimide
derivatives form highly concentrated eutectic electrolytes
promising for creating organic redox flow batteries with
enhanced reversibility.'® Therefore, the search for a new direct
atom-saving option of obtaining N-arylphthalimides is relevant
and in demand. However, all known methods for the synthesis
of N-arylphthalimides have a number of disadvantages, and
there are virtually no convenient atom-saving, relatively
environmentally acceptable methods, based on direct cross-
dehydrative C(sp?)—H/H—N combination (phthalimide itself,
not its derivative) without using excess organic oxidants
PhI(OAc),, with the participation of catalysts based on
cheaper and more common metals such as Cu, Ag, Ni, Co,
and not the most expensive noble Pd, Rh, Ru, under mild
conditions at room temperature, eliminating toxic solvents
(toluene, o-dichlorobenzene, etc.).

For example, Hartwig and co-workers documented a Pd-
catalyzed (Pd(OAc), with +-Bu,P ligand) intermolecular C—H
amination reaction of arenes with phthalimide to form N-aryl
phthalimides using 6 equiv of PhI(OAc), as an oxidant in
benzene at 100 °C with a yield of 30% (Scheme 1, a)."”

Similar works reported by Chang (140 °C)'® and DeBoef
(145 °C, MW)'" were performed in the presence of
PhI(OAc), (2.5—5 equiv) (Scheme 1, b). The DeBoef
group”’ reported the Au(I)-catalyzed (Au(PCy,)Cl) oxidative
C—H amidation of alkylbenzenes by using phthalimide as an
aminating source with high yields, but using 8 equiv of
PhI(OAc), at 100 °C (Scheme 1, c).

At the same time, Li et al.”' demonstrated an Rh(III) and Ag
cocatalyzed C—H amination of arenes bearing directing groups
using N-OTs phthalimide as an amidating reagent (Scheme 1,
d). In all of the examples above, the choice of arenes is rather
limited; the best yields are given by substituted toluenes.

In 2015, Shen documented a Cu(I)-catalyzed C—H
amidation of N-pyrimidyl(pyridyl) indoles and 2-arylpyridines
under oxygen using phthalimide as an aminating source
(Scheme 1, e).** The best results were obtained at high
temperatures, at 150 °C, in solvents that are not “green”,
toluene/o-dichlorobenzene (1:1), at that, with CuOAc being
more effective than Cu(OAc),, the content of the catalyst is
relatively high, 20 mol %, and requires 2—4 days to reach
completion.

In many recent studies on the introduction of phthalimide
moiety on the aromatic C—H bond, it is not phthalimide itself
that is used, but its derivatives. For example, N-(arylthio)i(a)-
mides PhthN-S-Ph,” N-acyloxyphthalimides PhthN-OCF,,*’
N-hydroxyphthalimide PhthN-OH,** PhthN-OTs*>*° or N-
chlorophthalimides®” were used in metal-catalyzed cross-
coupling reactions. Although this technique is convenient for
increasing the reactivity of phthalimide, it adds new stages to
the synthesis of N-arylphthalimides.
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Scheme 2. Electrochemical Examples of CH/NH Cross-Coupling
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There are some successful recently published examples of
electrochemical amination of heterocyclic substrates. 3o For
example, Lei described electrooxidative C(sp*)—H amination
of azoles via intermolecular oxidative C(sp*)—H/N—H cross-
coupling®® (Scheme 2, a). Aromatic C(sp*)—H bonds are not
aminated under these conditions.

Little suggested using an I7/I, pair as a mediator in the
combination of secondary amines and benzoxazole® (Scheme
2, b). Ackermann™ selected the conditions for electrochemical
ligand-directed amination—the Co(OAc),-4H,0 catalyst,
KOAc and Bu,NPF¢ in y-valerolactone (GVL) as a solvent;
however, the choice of reagents is limited to arenes with
directing groups including pyridine oxide (PyO = pyridine-1-
oxide), and secondary amines are only cyclic aliphatic ones
(Scheme 2, c¢). The key importance of N,O bidentate
coordination mode for electrochemical C—H nitrogenation
was discovered (Scheme 2, b). It is noteworthy that N,N
bidentate chelation and electron deficient amides did not
facilitate the cobalt catalyzed C—H amination.

Recently, Ackermann®' described electrochemical amination
of morpholine benzoxazoles without a catalyst; AcOH
(Scheme 2, d) plays the role of electrolyte. Recently, Lei*
and Nicholls®” groups (Scheme 2, ef) independently
developed metal(Il)-catalyzed electrooxidative chelate-pro-
moted ortho-C—H amination with cyclic amines (such as
morpholine, etc.) under conditions similar to those proposed
by Ackermann® (Scheme 2, c). However, Lei’® used
Co(OAc),, like Ackermann,*® and Nicholls** used Cu(OAc),.
It should be noted that the synthesis conditions in the work of

Nicholls®® were very unusual, since the process progressed at a
scaled-down current of 2 mA, and the passage of 1 F electricity
only in an undivided cell yielded up to 79% of product, while
the material and electronic balance of the reaction according to
the equation (see the general scheme reported throughout the
literature, Scheme 2) requires at least 2 F of electricity per
mole of the arene (amine is taken in excess). In similar
reactions by Ackermann®® or Lei,””* 8 and 4.5 F are required,
respectively. Usually, in an undivided cell, the current
efficiencies are lower than in a divided one, considering side
reactions on both electrodes are unavoidable. The given
voltamperometric data® for each of the components and given
mechanisms leave much to be desired, since it is known that
Cu(OAc), is oxidized at high anodic potentials, and water and
NaOAc (the known Kolbe reaction) are oxidized much earlier,
so cyclic voltammetry of the mixture of these components
cannot describe oxidation of Cu'”™ as the authors believe, thus
building on their reaction mechanism, but without evidence.*
However, in no case in the above-described conditions of
electrosynthesis was phthalimide used as an aminating agent,
as some authors specifically mentioned, for example, Little.””
Earlier, we proposed an electrocatalytic approach to the
direct aromatic C(sp?)—H functionalization (phosphonation
or fluoroalkylation) using transition metal complexes and salts
as catalysts.”*~* The authors confirmed the success of
electrochemically inducing C—H/P—H cross-coupling of
dialkyl-H-phosphonate with different (hetero)aromatic mole-
cules, such as benzenes bearing electron donor and electron
withdrawing substituents in the ring or coumarins under the
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action of Ni, Co or Mn catalysts and the mixtures of metal
complexes,35_38’4o and azole derivatives (benzo-1,3-azoles, 3-
methylindole, 4-methyl-2-acetylthiazole) under the action of
Ag catalyst.”® Mention may be made of electrooxidative
coupling of diphenylphosphine oxide with acetylenes in the
presence of catalytic amounts of Ag" resulting in the formation
of benzo[b]phosphole oxides.*” The authors have proven that
electrochemical transfer of an electron to (from) metal
phosphonate generates a phosphonyl radical, which can then
react with different arenes giving the products of aromatic C—
H phosphonation in some cases,”’ > but ligand-directed C—H
functionalization includes hi§h oxidation states of metal
catalysts, Nilll or PV 34424747

Thus, the purpose of this study is to develop a method for
the synthesis of N-arylphthalimides by direct C(sp*)—H/N—H
cross-coupling of phthalimide and heterocyclic arenes under
mild electrochemical conditions involving copper or silver
salts, affordable and relatively inexpensive catalysts (10 mol %)
under mild reaction conditions at room temperature, without
chemical oxidants, using environmentally benign electricity.
We also propose to develop a universal method for amination
with phthalimide of arenes of various nature such as 2-
phenylpyridine, benzo[h]quinoline, benzoxazole, and benzo-
thiazole, etc., which, according to the authors’ data, have never
before been able to engage in a direct reaction with
phthalimide at all or only under harsh conditions.

B RESULTS AND DISCUSSION

The study commenced with the reaction of phthalimide
(PhthNH) 1 with 2-phenylpyridine 2 as the model reaction
(Table 1). The desired product la was obtained at 78% yield

Table 1. Optimization of the Reaction Conditions”

o) - 2e,
™ cat (10 mol %), N
. | solvent, rt |
N-H N — N
-2H*
© H NthPh
PhthNH 1 2 1a
divided or yield of
entry catalyst solvent  additive undivided cell 1a, %"
1 Cu(OAc), CH,CN - divided 78
2 Cu(OAc), CH;CN K,CO; divided 45
3 Cu(OAc), CH,CN  KOAc divided 45
4 Cu(OAc), DMF - divided 20
S Cu(OAc), CH,CN - undivided S
6 Cul CH,CN - divided 0
7 Ag,0 CH,CN - divided 76
8 Ag,0 CH;CN - undivided 0
9 Ag,0 CH,CN  KOAc divided 38
10 Ag,0 DMF - divided S
11 AgOAc CH;CN - divided 72
12 Pd(OAc), CH,CN - divided 56
13 Co(OAc), CH,CN - divided 62
14 Co(bpy) CH,CN  — divided 64
(BE,,
15 Ni(bpy) CH,CN - divided 0
(BE,),
16  without CH,CN - divided 0
catalyst

“Reaction conditions: 1 (1.0 mmol), 2 (1.0 mmol), catalyst (0.1
mmol), solvent (15 mL) at 25 °C under Ar, 2F electricity (54 mA-h).
bIsolated.

by using Cu(OAc), (10 mol %) as the catalyst in CH;CN
(entry 1). Further evaluation of different catalysts, solvents,
and additives revealed that the reaction proceeded efficiently
also with Ag,0 or AgOAc as a catalyst to afford the product 1a,
but any additives were useless.

Acetonitrile as a solvent is much better than DMF (entries 4
and 10). Palladium and cobalt salts or complexes (entries 12
and 13—14, where bpy is added for better solubility of the
catalyst) could not give a higher yield than copper or silver salt
(or oxide), but Ni(bpy)(BF,), proved to be an ineffective
catalyst (entry 15).

Without a catalyst, the reaction does not proceed (entry 16),
and in an undivided cell, the yields are much lower or no
product is formed at all (entries S and 8).

With the optimized conditions at hand, we proceeded in
exploring the scope of arenes (Scheme 3, Table 2) with two of

Scheme 3. C—H/N—H Cross-Coupling of Phthalimide with
Various Heteroarenes

/7 cat. (10%), -2e e

PhthN—H + H—C , ————— PhthN—C !
\_,f \_’,

CH4CN, 25 °C

Ar (HetAr), HetCycles

Table 2. Yields of Cross-Coupling Product for Various
Aromatic and Heterocyclic Partners”

entry C(sp?)—H partner catalyst, 10 mol % yield of cross-coupling, %"

1 2 Cu(OAc), 78
2 Ag,0 76
3 3 Cu(OAc), 80
4 Ag,0 74
S 4 Cu(OAc), 67
6 Ag,0 64
7 S Cu(OAc), 63
8 Ag,0 65
9 6 Cu(OAc), 29
10 Ag,0 25
11 7 Cu(OAc), 39
12 Ag,0 36
13 8 Cu(OAc), S0
14 Ag,0 54

“Reaction conditions: 1 (1.0 mmol), 2 (1.0 mmol), catalyst (0.1
mmol), CH;CN (15 mL) at 25 °C under Ar, 2F electricity (54 mA-
h), divided cell. *Isolated.

the best catalysts, Cu(OAc), and Ag,O. Phthalimide as an
aminating reagent was tested in electrocatalytic amination of
arenes and heterocyclic compounds, as ligand-directed, using
2-phenylpyridine and benzo[h]quinoline, 1-phenylpyrazole, 2-
phenylquinoline, benzoylpyridine, and heteroazole substrates:
benzoxazole and benzothiazole.
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As shown in Table 2, the electrochemical approach to the
amination of 2-phenylpyridine with phthalimide proved to be
effective; the yield of the ortho-aminated derivative of 2-
phenylpyridine was 78%. With good yield (80%), benzo[h]-
quinoline is also aminated under the same conditions. In the
case of using 2-benzoylpyridine as the substrate, the yield of
the aminated product was about 50%.

In all reactions of ligand-directed (pyridine-directed)
amination, 2-aminated derivatives are formed, in the cases of
benzoxazole-2-(benzo[d]oxazol-2-yl)isoindoline-1,3-dione and
benzothiazole-2-(benzo[d]thiazole-2-yl) isoindoline-1,3-dione.
Regardless of the catalyst used, benzoxazole and benzothiazole
are aminated to approximately the same yield (entries 9—12,
Table 2).

Electrochemical Study. Different techniques were applied
to monitor the changes in the key components over the course
of these homogeneous reactions. For a detailed investigation of
the reaction pathway, the cyclic voltammetry (CV) and
electron paramagnetic resonance spectroscopy (EPR) methods
were applied.

The redox properties of all participants in the catalytic CH/
NH cross-coupling were studied using cyclic voltammetry and
electrochemical data, which are summarized in Table 3.

Table 3. Electrochemical Data for Participants of Catalytic
C—H/N-H Cross-Coupling”

E, of oxidation (V)

compound Pt w.e.,, CH;CN CPE, CH;CN

1 3.00 1.00
1.10 (in DMF) -

2 2.2 -

3 1.945 -

4 2.06 -

S 1.88 -

6 226 -

7 2.13 -

8 2.56 -

Cu(OAc), 24 -

Co(OAc), insoluble 1.35

Cobipy(BF,), 1.50 -

Nibipy(BE,), 1.83 -

Ag,0 insoluble 1.25

AgOAc 1.89 -

Pd(OAc), 1.90

“CH,CN (or DMF), Pt (or CPE) w.e., 0.1 M Bu,NBF4, 100 mV/s,
Ag/AgCl reference electrode.

CH;CN. Both aromatic reaction partners and phthalimide
and Cu(OAc), in acetonitrile on a platinum electrode are
oxidized in the high potential region (Figures 1 and 2). In the
presence of Cu(OAc), (1:1), E, ™ 2-PhPy (2) shifts to lower
potentials and an increase in the oxidation current at this
potential by two in comparison with diffusion indicates the
coordination of 2-phenylpyridine 2 with Cu" (Figure 1).
Cu(OAc), itself is more difficult to oxidize, at ~2.4 V ref Ag/
AgCl. If there was no coordination, one would observe the
superposition of independent Cu" and arene 2 peaks, that is,
the current would increase approximately at the potential of
the second oxidation peak 2. The addition of amine—
phthalimide (1:1:1), which is not electrochemically active in
CH;CN up to 3.0 V, leads to the appearance of a complex

0,0008
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— 0,0004

0,0002

0,0000

T T T T T T T 1

: — .
0,0 0,5 1,0 1,5 2,0 2,5 3,0
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Figure 1. Cyclic voltammograms (CVs) for 2 (black), mixture of 2
with Cu(OAc), (1:1) (red), mixture of 1 and 2 with Cu(OAc),
(1:1:1) (blue). Concentration 5 X 107> M for all compounds,
CH,CN, Bu,NBF, (107" M). Ref. Ag/AgCl, 100 mV/s, Pt w.e.

wave, approximately 7 electrons in total, which indicates a
catalytic reaction with Cu" regeneration.

Analysis of the redox behavior of the PhthNH with
Cu(OAc), system (Figure 2) shows that the addition of
phthalimide to Cu(OAc), has little effect on the cyclic
voltammetry of the latter.

Ag,0 is insoluble in CH;CNj therefore, it is impossible to
determine the potential for oxidation of the latter in solution.
However, during the oxidative electrolysis of the studied
mixtures, very fast dissolution of Ag,O is observed, its black
precipitate quickly disappears. In order to assess the redox
properties of insoluble or poorly soluble participants in this
reaction, a carbon paste electrode (CPE) with an ionic liquid
as a binder was used, allowing the study of redox properties in
a wide range of potentials.””*” Phthalimide is oxidized in CPE
at ~1.0 V (Figure S1), and Ag,O at 1.25 V (Table 3).

DMF. Phthalimide is oxidized in a solution of DMF at ~1.1
V (Figure S2), that is, much easier than in CH;CN, and that is
closer to the potentials of solid-phase oxidation in CPE.
However, a small window of available DMF potentials (DMF
is oxidized at ~1.5 V) usually prevents the use of this solvent in
oxidative electrosynthesis. Our results confirm that, under the
conditions studied, DMF is not indifferent, oxidizes, and
participates in the functionalization of arenes, even at lower
potentials, reducing the overall yield of the desired product of
the C—H/N—H coupling (Table 1). Therefore, this paper will
consider only current—voltage data in the available area of the
DME oxidation potentials.

Voltammetric studies of the reaction mixtures in the
presence of silver catalysts proved difficult, since Ag,O is not
soluble in CH;CN, AgOAc is poorly soluble, and no effects as
well as no catalytic current increases or significant shifts in the
oxidation potentials of arenes in their presence were observed
(Figure S3).

However, during the coelectrolysis of 1 and 2 and Ag,O
catalyst (1:1:1), a decrease in the oxidation current of 2-
phenylpyridine, 2, was observed; that is, it was consumed,
Ag,O dissolved, and new waves of intermediate compounds
appeared, possibly coordinated with Ag®, oxidized at about 1.5
V (Figure S4).
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Figure 2. CVs for 1 (black), mixture of 1 with Cu(OAc), (1:1) (red), mixture of 1 with excess Cu(OAc), (1:6) (blue). Concentration 5 X 107> M,

CH,CN, Bu,NBF, (107" M). Ref. Ag/AgCl, 100 mV/s, Pt w.e.

Electron Paramagnetic Resonance Spectroscopy
(EPR). The changes in the copper (or silver) oxidation state
and/or nuclearity and other expectative paramagnetic species
were monitored by electron paramagnetic resonance (EPR)
spectroscopy.

Solutions without Catalyst. When oxidizing phthalimide
solution in DMF at 0.9 V (ref Pt wire), the EPR spectrum of
radical 1 is observed (Figure 3). The resulting spectrum was
simulated (Figure 3):

exp

sim

3405 3420 3435 3450 3465 3480
Magnetic field / G

Figure 3. EPR spectrum of phtalimide 1 oxidation in DMF recorded
at 293 K with simulations. g = 2.0071, ay = 8.26 G, ay;, = 821 G, ay,
=7.04 G, ays = 6.53 G, ay, = 1.46 G, AH = 0.6 G.

The magnetic resonance parameters of the EPR spectrum
during oxidation 1 are somewhat similar to the parameters of
the anion radical observed during the reduction 1.°° In Torzo’s
study,”® hyperfine splitting constant (hps) on nitrogen is very
close to that proposed by the authors (8.2 G) and the hps
constants from 4 protons are also observed. However, the two
protons have greater constants, 20 and 31 G, but the oxidation
and reduction products 1 cannot coincide.

Surprisingly, despite numerous talks about the imidyl
radicals chemistry including the phthalimide radical,">*""*
there is no description of the EPR spectrum of the latter and
the corresponding magnetic resonance parameters in the
literature, that is, the authors recorded it for the first time.

The combined oxidation of phthalimide and phenylpyridine
in DMF at a potential of 0.9 V (ref Pt wire) in the EPR cell
gives a similar spectrum, but with broadened lines (Figure 4):
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3405 3420 3435 3450 3465 3480
Magnetic field / G

Figure 4. EPR spectrum recorded during joint oxidation of 1 and 2 in
DMEF solution. AH = 1.8 G.

The causes of broadening could be numerous, for example,
the existence of several similar radical forms of the molecule.
That is, during oxidation of 1 in the presence of 2-
phenylpyridine 2 in the absence of a catalyst, the EPR signal
does not disappear (at least for a day), which indirectly
confirms the absence of a fast reaction between the oxidized
form of PhthNH (its radical cation or radical after the loss of a
proton) and an arene.

Phthalimide oxidation in an EPR cell in CH;CN also gives a
signal, but its magnetic resonance parameters are somewhat
different (see Figure SS). Apparently, there is a signal of a
radical product with the solvent.

Cu(OAc), Solutions. Initially, the Cu(OAc), solution does
not deliver EPR spectra, which indicates that the Cu(II) is in a
dimeric form in solution. Earlier, it was shown that the EPR
signal of the copper(1I) acetate dimer [Cu,(OAc),(H,0),] in
CH,;CN was undetectable at room temperature53 (week ERP).
Adding to Cu(OAc), both 1 and 2, or a mixture of them does
not lead to the appearance of the EPR signal of the monomeric
Cu(II), the solutions are EPR silent.
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During the co-oxidation of Cu(OAc), and2-phenylpyridine
in CH,CN at a potential of ~1.8 V (ref Pt wire) in the EPR
cell, the EPR spectrum of the metal complex shown in (Figure
S) begins to appear. There are the lines with the different
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Figure 5. EPR spectrum registered during joint oxidation of
Cu(OAc), and phenylpyridine 2 in CH;CN solution

widths in the low-field and high-field parts of the signal, while
the width is quite significant and the lines overlap. The lines (4
pcs), in turn, arise due to the splitting on the Cu(Il) nucleus
with a nuclear spin 3/2. Thus, the formation of mononuclear
copper(Il) complexes in oxidizing conditions is observed. The
spectrum was simulated and the following parameters were
obtained: g = 2.17, ac, = 45 G; AH =49 + 53 G.

The EPR spectrum of the solution obtained as a result of
preparative joint electrolysis of Cu(OAc), and 2-phenyl-
pyridine 2 in CH;CN is characterized by the same signal,
but of greater intensity. Since the concentration of
mononuclear copper(II) complexes is much higher, the lines
are even more significantly broadened and the signal
degenerates into a single irregular line (Figure 6). Preservation
of the signal for a long time (several hours, at least) indicates
the stability of the formed mononuclear Cu(II).

2400 2800 3200 3600 4000
Magnetic field / G

Figure 6. EPR spectrum recorded after joint preparative electrolysis of
Cu(OAc), and 2.

Analysis of the products of joint electrolysis of Cu(OAc),
and 2 in CH;CN shows the formation of the known dimer
2,2'-bis(pyridin-2-yl)biphenyl according to the following
Scheme 4 with the yield of the isolated product about 40%,
at a conversion of 2 about 60% after 2 F per mol of 2.

Co-oxidation of Cu(OAc),, 1, and 2 (1:1:1) in CH;CN
or DMF. At a potential of up to 1.0 V, no EPR signals appear,
including those corresponding to organic radicals. This
indirectly indicates that phthalimide 1 does not exist here in

Scheme 4. Cu-Electrocatalyzed Homo-Cross-
Dehydrogenative Coupling of 2-Phenylpyridine

free-form, but is coordinated with Cu(II). The results of all
three EPR experiments on the oxidation in DMF solution are
summarized in one Figure S6.

At high potentials, the EPR signal begins to show some
growth in CH;CN, similar to that shown in Figure 6,
corresponding its g-factor to the spectrum of the mononuclear
Cu(Il) complex. With a further increase in potential (at least
up to +2.2 V), the intensity of the signal increases.

Thus, under the conditions of electrolysis, organic radical
particles in the presence of Cu(OAc), are not detected,
catalytic regeneration of Cu(II) is observed at potentials of
about 2 V, and monomerization of the Cu(II) complex during
oxidation with 2 (or also 1) is observed. Likewise monomer-
ization of palladium dimeric complexes with 2-phpy, [Pd-
(phpy)P(O)(OEt),], during the electrochemical oxidative C—
H phosphonation was observed earlier.**”

Considering the fact that the reaction being studied goes
best with CH;3CN, whereas phthalimide itself is more difficult
to oxidize than other participants in the reaction—both
Cu(OAc), and 2-phenylpyridine—it should be recognized that
the first stage of the catalytic cycle is not radical in nature. The
EPR data in DMF also confirm that in the presence of Cu(Il),
phthalimide 1 itself does not oxidize and its radical cations or
radicals are not formed, apparently due to the coordination of
1 in complex with Cu(II).

Since it was not possible to isolate any complexes suitable
for X-ray analysis from the mixtures of reaction participants,
the authors analyzed the EPR spectra of solid powders isolated
from acetonitrile, after mixing the reaction participants, before
and after electrochemical oxidation. The results are shown in
Figure 7.

As is known, Cu(OAc), in solid form is a paramagnetic
compound with anomalous magnetic properties,”* which can

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

Figure 7. EPR spectra for powders: Cu(OAc), pure (1, black), and
precipitates in CH;CN after mixture Cu(OAc), with 2 (2, red), with
1 (3, blue) and after joint oxidation of Cu(OAc), with 2 (4, pink) in
CH,;CN.
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Scheme §. Proposed Catalytic Cycle

=—

W

|
O~ O 0 le)
>Cu< ~J
/0 U~o\ 2 /§=Cu<y
— >7 — X N
O; uZ 25 O— u/O
S o o/% ~0
S S - solvent Cr@
[weak EPR] =
[weak EPR]
28 1
-2 1
-
S/
|
o-Y_0 2 ot 0 (oI )
/O/CU\O O/CU‘O o O’CU\O
< 2 — ¥— = — '
<o\ u/o’> -1 {o- - % Qo - )
o/(f ~0 o~ 1o o f o
1 1 A 0
[weak EPR] [weak EPR] [weak EPR] N o
2
“ | [Cu(OAc)z]2
\N OAc
o] Y
N 1
© Cu(OAc),
D [strong EPR]
= A
S\ |
\ | OAC
u -e
o N
c
ita 2H*,
g Acd \N OAc”
B 0

Cu(I)(CH3CN)4

-2e, cat.
Ar-H + PhthN-H — Ar-NthPh + 2 H*

+2e

2H ———

2

be explained if one assumes that copper atoms are pairwise
coupled by the exchange interaction of an antiferromagnetic
character, leading to a singlet ground state with S = 0 and an
excited paramagnetic triplet with S 1. Copper acetate
monohydrate is a dual-nucleus compound the molecules of
which contain 2 copper ions bound by 4 carboxyl groups of
acetate ions and two water molecules. The closest 6 neighbors
of each copper ion are 4 oxygen atoms belonging to 4 different
carboxyl groups, a copper atom and an oxygen water molecule.
The EPR spectrum of Cu(OAc), observed by us (Figure 7, 1)
coincides with the previously published.”**> The spectrum is
the sum of copper acetate signals and a wide isotropic line in
medium fields with parameters g = 2.17, AH, = 965 G.
Apparently, this line belongs to some copper clusters—it has a
considerable width, as one can observe the envelope from
Cu(II) ions in a cluster, each of which is in its effective

magnetic field, and also experiences interaction with the
neighboring copper ions.

The precipitate after copper acetate is mixed with 2 in
acetonitrile is characterized by an EPR signal (Figure 7, 2)
close to the copper acetate signal; that is to say, it is also a
dimeric complex of Cu(II). The EPR of the precipitate
obtained after mixing copper acetate with phthalimide in
acetonitrile (Figure 7, 3) has the parameters of a broad line in
the middle fields with g = 2.17, AH;,, = 960 G, which is close
to the values characteristic of copper acetate, although there
are certain differences in the waveform, partial separation
occurs. However, oxidation of the amine under the action of
Cu(II) or disproportionation to Cu(I) and Cu(III), which is
sometimes stated in the aforementioned literature, is not
observed.*®

DOI: 10.1021/acs.organomet.9b00443
Organometallics XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.organomet.9b00443

Organometallics

The EPR spectrum of the precipitate obtained after mixing
Cu(OAc), with phthalimide in acetonitrile and their combined
oxidation is characterized by a signal characteristic of
mononuclear Cu(II) complexes in the low-spin state of 3d.”
The spectrum was simulated and the parameters of the spin
Hamiltonian were obtained, which characterize the slightly
distorted axial symmetry of the complex (Figure 7, 4, and
Figure S7): g = 2.27, ac, = 170 G, AH, = 90 G; g = 2.10,
AH, =120 G; g3 = 2.04, AH; = 70 G; (g) = 2.14. The complex
possesses axial symmetry, since g2 and g3 are close, while g1 is
very different. Splittings on the Cu(II) nucleus with a nuclear
spin of 3/2 are also observed.

The EPR spectrum of the precipitate obtained after mixing
Cu(OAc), with 2-phenylpyridine 2 in acetonitrile and their
combined oxidation is characterized by a signal that is closely
related with that described above for the solution (Figure 6).
Thus, the electrochemical oxidation of Cu(OAc), with each of
the participants in the cross-coupling under investigation
proceeds with the regeneration of Cu(II) and the formation of
monometallic intermediate complexes.

The EPR studies of the joint oxidation of a mixture of
AgOAc + 1 and AgOAc + 1 + 2 during oxidation of up to 3V
in CH;CN showed that no paramagnetic particles are formed
under these conditions. This fact may indicate the occurrence
of a catalytic process using the Ag"™ mechanism.

Mechanistic Considerations. Thus, the obtained EPR
and CV data confirm the binding of 2-phenylpyridine and
phthalimide to copper, the oxidation of which leads to catalytic
regeneration of Cu(Il), while organic radical particles in the
presence of copper are not detected under electrolysis
conditions, but the monomerization of Cu(II) takes place. It
should be noted that the mechanism of the transformation of
the reagents (arene, amine, metal-catalyst, oxidant (chemical or
electron)) in the catalytic reaction of the CH/NH coupling has
not yet been established, but, as a rule, it is postulated that
intermediates have not been identified and their reactivity has
not been studied, although different assumptions are made for
compounds of different nature and catalysts.

So, Yu et al.”” proposed a single electron transfer (SET)
pathway of pyridine-directed Cu-catalyzed ortho- C—H
functionalizations (amination or acetoxylation). A SET from
the aryl ring to the coordinated Cu(II) leading to the cation-
radical intermediate as the rate-limiting step was supposed and
the coordination of Cu(Il) to the pyridine was necessary for
the SET process. The observed ortho-selectivity was explained
by an intramolecular anion transfer from a nitrogen-bound
Cu(I)“ate” complex.

Nicholls*® proposed that electrooxidative C—H amination
proceeds through a Cu'/Cu'™ catalytic cycle, where R,NH
cyclic amine reacts only with Cu(III) species yielding Cu(III)-
N key intermediate, which after reductive elimination produces
Cu(I) complex of aryl amide, etc. Ackermann®® surmises a
catalytic cycle to initiate the electrochemical formation of the
catalytically active cobalt(III)carboxylate species or radical-
cation of arene (benzamide bearing pyridine-oxide substituent
for coordination with cobalt) by anodic oxidation. Thereafter,
the steps of carboxylate-assisted C—H activation, subsequent
to salt metathesis and reductive elimination from the
cobalt(IV) amido species produces C—N target molecules.

Shen et al.”* in Cu-catalyzed direct amidation of aromatic
C—H bonds of N-pyrimidyl(pyridyl) indoles and 2-arylpyr-
idines concluded that the radical inhibitors, such as TEMPO,
decrease in yield insignificantly, and suggested that a radical

pathway for the C—H amination reaction is possibly unlikely,
but nevertheless, a single electron transfer (SET) pathway as
proposed by Yu et al. cannot be completely excluded. Ribas et
al. opined that the Ag(I)/Ag(1Il) catalytic cycle and the elusive
aryl-Ag(I1I) species as key intermediates in silver(I)-catalyzed
C-X, C-C, C—-N, and C-O cross couplings using the
aminoquinoline directing group.>®

In accordance with our results of the CV and EPR
experiments, a mechanism has been suggested for the
formation of tertiary amines, as outlined in Scheme 5. Initially,
Cu(Il) is coordinated with the nitrogen of the pyridine
fragment 2. The formation of a cyclometalated intermediate
with activation of the adjacent C(sp*)—H bond, similar to well-
established palladium, nickel, and other cycles®**"*>*~*" js
unlikely, since the dimeric structures of copper acetate are
preserved at this stage, as shown by ESR studies. Changes in
the voltammograms of individual compounds Cu(OAc), and
partners 1 and 2, as well as in the EPR spectrum of Cu(OAc),
with additions of 1 and 2, confirm their interaction and
coordination, but, apparently, the complexes are labile.
PhthNH 1 also interacts with the metal center, leading to
the formation of intermediate A, which is subsequently
converted to copper amide intermediate B during electro-
oxidation.

Reductive elimination provides the target cross-coupling
product D with C—N bond with the regeneration of the
copper agent, Cu(I), which after one-electron oxidation gives
the active catalyst Cu(Il). The total reaction involves the
transfer of 2 electrons (Scheme S, general reaction below).
Organic radical intermediates are not detected in this reaction.
The formation of intermediate Cu(I) particles is confirmed by
X-ray analysis of crystals precipitated from the reaction
mixtures, if electrolysis is not fully carried out, but stopped
after passing 1 F electricity, or by simulating a reaction with an
equivalent ratio Cu(II): 1:2. The isolated crystal structures
correspond to the previously known Cu(CH,;CN),(BF,)>’
(Scheme S). The tetrafluoroborate anion appears to diffuse
from the cathode space, where the electrolyte is PyHBF,.

Thus, the Cu(1)/Cu(1l)/Cu(Ill) mechanism works in this
scheme. Anodic oxidation allows avoiding sacrificial stoichio-
metric oxidants. The proposed electrochemical CH/NH cross-
coupling method does not require the pyridine-1-oxide or 8-
aminoquinoline coordinating group, which is re%uired for the
metal-catalyzed reactions of Ackermann,”® Lei,”” and Nich-
olls*® for ligand-directed reaction, the traditional excess of
additional bases like NaOAc (NaOPiv), or heating, but, most
importantly, it allows the use of phthalimide as an aminating
agent, which has never previously reacted with the substrates
studied under such mild conditions. The process is effective at
relatively hi§_h current densities, 3.0 mA/cm?*—for comparison,
Ackermann® states 0.83 mA/cm” and Nicholls*® states 0.44
mA/cm*—which makes it possible to quickly get the product
in an atom-economical way and realize the reaction on a gram
scale.

In conclusion, the ability to oxidatively couple phthalimide
to various arenes is a useful method for synthesizing tertiary
amines that is orthogonal to conventional amination
techniques. Phthalimide, as we said earlier, is an ideal starting
point for the development of the aforementioned oxidative
amination technology. It is commercially available, inexpensive,
and easy to handle, and once coupled, it can be readily
converted to a primary amine. The proposed protocol for the
preparation of N-arylphthalimides is for the first time based not
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only on a copper catalyst but also on silver, which has never
been used for this purpose before, and both give comparable
results. Silver catalysis for C—H amination has exceptionally
inspiring prospects, although it has so far been rarely used for
these purposes.
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