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Herein, a straightforward and efficient route for the construction of dual «,p-C(sp®)—H functionalized
cyclic N-aryl amines using a combination of electrocatalysis and iron catalysis is disclosed. This method is
achieved by multiple single electron oxidations and is carried out in an operationally simple manner with
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high chemo- and site-selectivity, setting the stage for the challenging multiple site selective C-H
functionalization. The mechanism is supported by a variety of experimental probes and theoretical investi-
gations, including cyclic voltammetry tests, a bipolar ultramicroelectrode (BUME) methodology combined
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Introduction

Electrocatalysis has gained popularity over the past few years
as an alternative and environmentally-friendly method for sus-
tainable transformations in modern organic synthesis. It
benefits from bypassing the use of stoichiometric oxidants or
reductants through efficient electron transfer' and has been
applied to C-H activation,® alkene functionalization,® C-H oxi-
dation,” cross-coupling reactions,® and others.® Among which,
electro-oxidative C(sp®)-H bond functionalization attracts
much attention because the C(sp®)-H bond is one of the most
ubiquitous motifs in organic molecules, including the benzylic
C(sp®)-H bond,**” the allylic C(sp®)-H bond,*¢"*>* the C(sp*)-
H bond adjacent to an X (X = N, O, S) atom?*° represented by
Shono oxidation,"® and even the inert C(sp®)-H bond
(Fig. 1a)*>*'* Despite the significant progress in this field, the
vast majority of such methods have mainly focused on the
transformation of the single C(sp®)-H bond, whereas many
synthetic targets require the transformation of multiple C-H
bonds which have been far elusive. One of the major chal-
lenges of such reactions is that the installation of one func-
tional group is inclined to deactivate the surrounding C-H
bonds. Hence, the development of simultaneous electro-
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with nano-electrospray ionization mass spectrometry, and density functional theory calculations.

chemical methodologies for direct, efficient, and selective mul-
tiple C-H functionalization in a greener, more general, and
economic way, facilitating potential practical applications, is
still scarce and highly desirable yet challenging.'> Notably,
Lambert and co-workers reported an elegant electrophotocata-
lytic diamination of vicinal C(sp®)-H bonds by successive
Ritter-type aminations,”® using a combination of light and
electrical energy,"* and this strategy was also further success-

(a) Shono oxidation: a-C(sp®)-H functionalization of cyclic amines
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Fig. 1 Background and current work. (a) Shono oxidation: «-C(sp®-H
functionalization of cyclic amines. (b) Electrochemical dual o,3-C(sp*)-H
functionalization (this work).
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fully applied to the oxygenation of multiple adjacent C(sp®)-H
bonds," which are elegant examples of synthesizing multi-
functionalized compounds by electrophotocatalysis with the
potential for further applications.

With our continuous interest in the electrochemical C-H
functionalization of cyclic amines'® and sustainable electro-
chemical transformation,"”” herein, we report the first iron-
catalyzed electrochemical dual a,p-C(sp®)-H functionalization
of cyclic amines (Fig. 1b). Notable features include: (a) high
chemo- and site-selectivity, (b) one-step functionalization of
vicinal C(sp®)-H bonds, (c) an inexpensive and Earth-abundant
iron complex used as both a mediator and catalyst, (d) environ-
mentally-friendly synthesis with H, and H,O as by-products
and (e) non-requirement of stoichiometric amounts of the
electrolyte.

Results and discussion

Optimization of electrochemical dual C(sp*)-H
functionalization

We began our investigation by employing N-phenyl piperidine
1 and 2-oxo-2-phenylacetic acid 2 as model substrates for the
initial optimization of the envisioned transformation. To our
delight, the desired dual C(sp®)-H functionalized product 3
was obtained in 80% yield with constant current electrolysis
selectively performed in the presence of a catalytic amount of
the iron catalyst (Fe(phen)Cl; (10 mol%)) with cheap carbon
felt (CF, price of CF: 25 dollars per m?, and the CF could also
be reused.) being employed as the anode and a nickel plate as
the cathode (Table 1, entry 1). To further optimize this reac-

Table 1 Screening of the reaction conditions?

' Ph
dH . j\ Fe(pr?an)(a)gl (:llt)(n)wl%) Cfgzo 14 _;QN_S
N7@H Ph™ "COOH  CH,CN, 70 °C, air, 6 h N~ O ke
Ph . CCE at 3.0 mA, 2.2 F/mol Ph cl” (!‘.I\CI
1 2, 1.2 equiv. 3 Fe(phen)Cl,
Entry Variation Yield?/%
1 None 80
2 No Fe(phen)Cl; Trace
3 No electricity 7
4 FeCl; (10 mol%) + 1,10-phen (10 mol%) 59
5 w/0 1,10-phen 44
6 Fe(phen)Cl, 58
7 ZnCl, or CuCl, 26 or 33
8 B(C4F5)s —
9 GF(+) 56
10 Pt (-) 73
11 Ni foam (-) 38
12 5.0 mA 54
13 50 °C 66
14 RT 35

“Reaction conditions: undivided cell, carbon felt (CF) anode, nickel
plate cathode, constant current = 3.0 mA, N-phenyl piperidine 1
(0.3 mmol), 2-oxo-2-phenylacetic acid 2 (0.36 mmol, 1.2 equiv.), Fe
(phen)Cl; (10 mol%), CH;CN (5.0 mL), 70 °C, 6 h. ”Yield of the iso-
lated product. GF = graphite felt. RT = room temperature.
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tion, several reaction parameters were examined. Firstly,
control experiments showed that only a trace amount of the
dual functionalized product was obtained in the absence of Fe
(phen)Cl;, which demonstrated the crucial role of the iron
catalyst (Table 1, entry 2). Interestingly, 7% of 3 was obtained
without electricity, and it was considered that the Fe(m)
complex could undergo a single electron transfer (SET) with 1
(Table 1, entry 3). Using FeCl; (10 mol%) and 1,10-phenanthro-
line (10 mol%) in place of Fe(phen)Cl; resulted in a lower
yield of 3 (59%) (Table 1, entry 4), and in the absence of 1,10-
phenanthroline, the yield of the product harshly decreased to
44% with a considerable amount of the starting material
remaining, which demonstrated the significant role of the
ligand (Table 1, entry 5). Different valences of iron catalysts
were also investigated, such as Fe(phen)Cl,, which gave the
product in a lower yield (58%) (Table 1, entry 6). Next, consid-
ering that the iron catalyst could also act as a Lewis acid in
this transformation, we explored other commonly used Lewis
acids such as ZnCl,, CuCl,, and B(C¢Fs);, and the results
showed a much lower efficiency (Table 1, entry 7) or even com-
plete impediment of the reaction (Table 1, entry 8). Using a
graphite felt anode instead of carbon felt afforded the desired
product in 56% (Table 1, entry 9). Replacing the Ni plate with a
Pt plate as the cathode furnished the product with a slight
decrease in the yield (Table 1, entry 10), and when a larger
specific surface area Ni foam was also used as the cathode, it
resulted in only 38% yield of 3 (Table 1, entry 11). Next, we
investigated the influence of the constant current and temp-
erature, and the results showed that a higher current led to a
lower yield of 3 (54%) possibly due to overoxidation (Table 1,
entry 12). The reaction worked well at a lower temperature
(50 °C) although in a slightly lower yield (66%, Table 1, entry
13), and 35% yield of 3 was obtained at room temperature
(Table 1, entry 14).

Substrate scope

Encouraged by the successful optimization of the reaction
conditions, we explored the generality of this electrochemical
dual C(sp®)-H functionalization on various cyclic N-aryl
amines and aryl keto acids (Fig. 2). Firstly, a diverse range of
N-aryl piperidines bearing different electron donating groups
(EDGs) or electron withdrawing groups (EWGs) were
screened, which all worked well to afford the corresponding
products in moderate to good yields (4-13), and no obvious
electronic affect was observed. Other aryl motifs, including
naphthalene (Np) and dihydrobenzofuran, were all well toler-
ated and gave the corresponding products in moderate yields
(14, 15). Substrates bearing different substituents on the
piperidine motif such as 2-Me, 3-Me, 4-Me, or even a poten-
tially sensitive ester group at the 4-position all worked
smoothly and generated the corresponding products with a
diastereomeric ratio of 3:1 and 1.67:1 for 16 and 17,
respectively. Remarkably, 4-Me and 4-CO,Et substituted
piperidine substrates could furnish the corresponding pro-
ducts in high levels of stereoselectivity (18, 19), and the con-
figuration of 19 was verified by X-ray analysis. To our

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Scope of the electrochemical dual C(sp®)—H functionalization. Reaction conditions: carbon felt anode, Ni plate cathode, cyclic N-aryl amines
(0.3 mmol), aryl keto acid (0.36 mmol, 1.2 equiv.), Fe(phen)Clz (10 mol%), CHsCN (5.0 mL), constant current = 3.0 mA, 70 °C, air, 6 h. 5 mA. °7 mA.

24 h.

delight, substrates with different ring sizes of cyclic N-phenyl
amines, also successfully led to the formation of the corres-
ponding seven-membered product with good efficiency (for
example, 20). Next, we focused on the scope of the o-aryl
keto acid component. Both EDGs and EWGs at the ortho-,
meta- or para-position of the benzene ring could furnish the
corresponding desired products in moderate to good yields
(21-30), and no obvious electronic effect was observed. In
addition, this electrochemical C(sp®)-H dual functionali-
zation was also compatible with other aromatic motifs such
as 2-Np and MDB (1,2-methylenedioxybenzene) substituted
keto acids, furnishing 31 and 32 in good yields.

We next investigated the application of this electrochemical
dual C(sp®)-H functionalization for late-stage modification
(Fig. 3). To our delight, a variety of complex compounds were
suitable substrates. Carbohydrates such as p-Galactose (33)

This journal is © The Royal Society of Chemistry 2023

could furnish the corresponding dual functionalization
product in 58% yield with a diastereomeric ratio of 1:1 (see
the ESI for detailst). Moreover, different configurations of
p-mannofuranose reacted smoothly to generate products 34
and 35 in 53% and 61% yields, respectively. Furthermore, the
use of natural product derivatives such as pr-isoborneol and
pi-menthol furnished the desired products with good
efficiency (36, 37, and 38, respectively). Notably, a potentially
sensitive ester group was well tolerated and gave the corres-
ponding product 38 in 68% yield (dr = 1:1). The unique
ability of this dual functionalization strategy was also high-
lighted by the modification of derivatives of a-amino acids. To
this end, natural amino acid derivatives of r-phenylalanine
bearing a piperidine motif were investigated and the corres-
ponding products with a-phenyl (4-H, 4-OMe) keto acids were
obtained in good yields (39, 40).

Green Chem., 2023, 25, 2681-2689 | 2683
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Fig. 3 Late-stage modification. Reaction conditions: carbon felt anode, Ni plate cathode, N-aryl piperidine (0.3 mmol), aryl keto acid (0.36 mmol,
1.2 equiv.), Fe(phen)Cls (10 mol%), CHsCN (5.0 mL), constant current = 3.0 mA, 70 °C, air, 6 h. 5 mA. 7 mA. €24 h.

Mechanistic studies

To further illustrate the synthetic utility of this method, we
carried out a gram-scale preparation of the product. As a
result, the reaction of N-phenyl piperidine 1 (10 mmol, 1.61 g)
with 2-oxo0-2-phenylacetic acid 2 (12 mmol, 1.2 equiv.) under a
constant current at 50 mA, furnished product 3 in 61% iso-
lated yield (1.78 g) after 12 hours (Fig. 4A). Notably, the catalyst
loading could be further reduced to 3 mol%.

Next, we sought to demonstrate the role of the iron catalyst.
Firstly, we synthesized and isolated Fe complex 41 by treating
2-ox0-2-phenylacetic acid 2 with Fe(phen)Cl; in CH3CN at
70 °C for 3 h, according to the method of a previous report
(Fig. 4B, (i)),"® and we hypothesized that this Fe complex could
furnish the transformation directly. However, it turned out
that 41 could not furnish product 3 under the standard con-
ditions (Fig. 4B, (ii)). This result revealed that Fe(phen)Cls
could not dissociate and participate in the catalytic cycle
under standard conditions. The dissociation of the iron cata-
lyst involves a chlorine anion to generate Fe(phen)Cl; from 41,
as a consequence, a catalytic amount of HCI (1.0 M, 0.2 equiv.)
was added to the reaction, and the desired product 3 could be

2684 | Green Chem., 2023, 25, 2681-2689

obtained in 59% yield, which supported the abovementioned
hypothesis (Fig. 4B, (iii)). Next, the reaction of N-phenyl piper-
idine 1 and 41 could furnish the desired product 3 in 73%
yield on introducing 1 mol% Fe(phen)Cl; (Fig. 4B, (iv)). These
results support that Fe(phen)Cl; could act as both a catalyst
and an electro-mediator.

In order to further understand the reaction mechanism of
this electrochemical dual C(sp®)-H functionalization, several
cyclic voltammetry (CV) tests were performed. As depicted in
Fig. 4C, an irreversible oxidation peak of N-phenyl piperidine 1
at E = 0.66 V (vs. Ag/Ag") was observed at a scan rate of 100 mV
s~' (Fig. 4C (a), red line). Intriguingly, another oxidation peak
of 1 at E =1.17 V (vs. Ag/Ag") was observed (Fig. 4C (a), green
line) when the CV test was performed at a different scan rate
(75 mV s7'). We speculated that this oxidation peak could be
the second oxidation of N-phenyl piperidine 1 according to
previous reports.”® Surprisingly, an obvious catalytic current
appeared and the second oxidation peak increased distinctly
from 0.49 mA to 0.75 mA in the presence of Fe(phen)Cls
(Fig. 4C (a), blue line), which demonstrated that the Fe catalyst
likely participates in the second electron transfer process from
the N radical cation to the iminium ion as an oxidative

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Mechanistic studies. (A) Gram-scale preparation. (B) Control experiments. (C) Cyclic voltammetry, using glass carbon as the working elec-
trode, Pt plate as the counter electrode and Ag/Ag* as the reference electrode. (CHsCN, 1 (10.0 mM), 2 (10.0 mM), Fe(phen)Cls (1.0 mM), 0.1 M

"BusNBF,4, 100 mVs™2). (D) BUME of the twice single electron oxidation.

mediator. In addition, 2-oxo-2-phenylacetic acid 2 exhibited
an oxidation peak at E = 1.99 V (vs. Ag/Ag") as shown in
Fig. 4C (b) (red line), representing the electrochemical de-
carboxylation process. No peaks of Fe(phen)Cl; could be
observed (Fig. 4C (b), green line) and, in sharp contrast, the
oxidation peak of 2 surprisingly disappeared in the presence
of 1.0 equivalent of Fe(phen)Cl; (Fig. 4C (b), blue line), which
supports that the presence of Fe(phen)Cl; clearly restrained
the oxidation of the keto acid and hence we consequently
speculated that Fe(phen)Cl; could also prevent the keto acid
from decarboxylation.

This journal is © The Royal Society of Chemistry 2023

To capture and identify short-lived reactive intermediates in
electrochemical reactions, a bipolar ultramicroelectrode
(BUME) methodology combined with nano-electrospray ioniza-
tion mass spectrometry was also developed. The fabrication of
the bipolar ultramicroelectrode has been described in details
previously.”® With this method, the electrospray ionization and
faradaic reaction occurred simultaneously, permitting a rapid
transfer of the electrochemically generated short-lived inter-
mediates into an LTQ-XL mass spectrometer (Thermo-Fisher,
Waltham, MA) for analysis. When a positive high voltage is
applied, half-reactions occur on the far end of the carbon film

Green Chem., 2023, 25, 2681-2689 | 2685
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that is closer to the spray tip and the mass spectrometer inlet,
facilitating the mass analysis of the oxidation products. In this
experiment, a positive voltage of 896 V was applied to the Cu
wire to induce a redox reaction from a BUME nanopipette
filled with 50 uM N-phenyl piperidine 1 in acetonitrile. As a
result, the N-phenyl piperidine radical cation 1" (m/z 161.2)
was immediately captured, and subsequently, the radical
cation underwent another single electron oxidation, followed
by deprotonation to generate iminium 42 (m/z 160.2), which
was also observed by mass spectrometry (Fig. 4D), and
suggested that the radical played a key role in initiating the
reaction.

Then, density functional theory (DFT) calculations ((Fig. 5,
for details, please see the ESIf) were conducted. Firstly, we
explored the formation of the enamine intermediate 43.
According to DFT calculations, the iminium species 42 would
undergo a proton transfer with N-phenyl piperidine 1 to afford
enamine 43 and ammonium salt 1’ which provided support
for this electrolyte-free electrochemical transformation. Next,
Fe(phen)Cl; was proposed as the starting species, which can
be coordinated with keto acid 2 via ligand exchange to afford
N-phenyl piperidinium chloride and Fe complex Intl located
at —2.0 kcal mol™'. Simultaneously, multiple electron oxi-
dations of N-phenyl piperidine 1, along with deprotonation
generated the enamine intermediate 43. Besides, the nitrogen
radical cation 1" could also be oxidized to form 42 via single
electron transfer by Fe'™(phen)Cl; according to the CV tests,
and the subsequently generated Fe'(phen)Cl, could be oxi-
dized by the anode to regenerate Fe''(phen)Cl;. Then, an
intermolecular nucleophilic addition occurred to form inter-
mediate Int3 with 2.7 kcal mol ™" via the transition state TS1
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located at 15.6 kcal mol™", followed by intermolecular hydro-
gen transfers to generate the enamine intermediate Int5 with
1.9 keal mol™" (path A) by traversing TS2 located at 17.3 keal
mol™, and Int5 then needed a barrier of 14.8 kcal mol™" for
C-O bond breakage to form the intermediate Int6 with
13.2 kcal mol™". Then, a hydrogen transfer followed by ligand
exchange and the subsequent dehydration assisted by 1-HCl
formed Int9 with —0.4 kcal mol™" of energy. Finally, the dis-
sociation of Fe(phen)Cl; and intramolecular nucleophilic
addition gave the target product 3 by traversing the transition
state TS4 located at 1.9 kcal mol™. For the overall reaction, the
energy span (SE) of 19.3 kcal mol™" indicates an effective Fe™™-
catalytic process, with TS2 as the TDTS (TOF-determining tran-
sition state), and Int1 as the TDI (TOF-determining intermedi-
ate). In order to test the sequence of the dissociation and the
dehydration process, we also conceived another plausible reac-
tion pathway, in which the dissociation of Fe(phen)Cl;
occurred before the dehydration step (path B), and it was
found that the energy barrier of this process was much higher
than that of path A (via transition state TS3' located at
43.7 keal mol™" and Int9’ with 31.0 kcal mol™"). Therefore,
DFT calculations supported path A as the reaction mechanism
for this electrochemical dual functionalization reaction.

Based on the mechanistic studies and DFT calculations, a
plausible mechanism was proposed (Fig. 6). The reaction was
initiated by multiple electron and proton transfer of N-phenyl
piperidine 1 on the anode to afford enamine 43. Besides, the
nitrogen radical cation 1" could also be oxidized to form 42
via single electron transfer by Fe™(phen)Cl; according to the
CV tests, and the subsequently generated Fe''(phen)Cl, could
be oxidized by the anode to regenerate Fe™(phen)Cl;. Next, Fe
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Fig. 6 The proposed catalytic cycle.

(phen)Cl; could coordinate with keto acid 2 via ligand
exchange to afford N-phenyl piperidinium chloride and Fe
complex I. Then, an intermolecular nucleophilic addition
occurred, followed by intermolecular hydrogen transfers to
generate the enamine intermediate II. Then, a hydrogen trans-
fer followed by ligand exchange and the subsequent dehydra-
tion assisted by hydrochloric acid formed III Finally, the dis-
sociation of Fe(phen)Cl; formed intermediate IV and intra-
molecular nucleophilic addition occurred to furnish the target
product 3.

Conclusions

In conclusion, we developed a facile, selective, and straight-
forward dual a,B-C(sp®)-H functionalization of cyclic amines
with keto acids by merging electrochemistry and iron catalysis.
This transformation relied on the in situ generation of an
enamine intermediate, and the multiple single electron oxi-
dations and deprotonations of amines, as well as the coordi-
nation between the iron catalyst and the aryl keto acid,
resulted in the desired products with high chemo- and site-
selectivity. The reaction proceeded smoothly in the absence of
stoichiometric amounts of the electrolyte under mild con-
ditions, possibly due to the in situ generated ammonium salt
acting as an electrolyte. In addition, cheap carbon felt was
used as the anode and Earth-abundant metal nickel was
employed as the cathode. The gram-scale preparation and late-
stage modification of natural product derivatives showed the
potential application of the method. Specific mechanistic
studies using CV tests, BUME, and DFT calculations showed
consistency and support of the proposed reaction pathway. We
envisioned that the potent power of this functionalization of
dual sp® C-H bonds by electrocatalysis would give a potentially
new perspective on the functionalization of cyclic amines and
even unactivated alkyl C(sp®)-H bonds. Further electro-
chemical transformations of cyclic amines are currently under-
way in our laboratory.
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