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Abstract: We disclose a mediated electrochemical [2+2
+2] annulation of alkynes with nitriles, forming sub-
stituted pyridines in a single step from low-cost, readily
available starting materials. The combination of electro-
chemistry and a triarylamine redox mediator obviates
the requirements of transition metals and additional
oxidants. Besides the formation of diarylpyridine moi-
eties via the homocoupling of two identical alkynes, the
heterocoupling of two different alkynes depending on
their electronic nature is possible, highlighting the
unprecedented control of chemoselectivity in this cata-
lytic [2+2+2] process. Mechanistic investigations like
cyclic voltammetry and crossover experiments combined
with DFT calculations indicate the initial oxidation of an
alkyne as the key step leading to the formation of a vinyl
radical cation intermediate. The utilization of continu-
ous flow technology proved instrumental for an efficient
process scale-up. The utility of the products is exempli-
fied by the synthesis of m-extended molecules, being
relevant for material or drug synthesis. )

Introduction

The omnipresence of the pyridine moiety in natural
products, pharmaceuticals, organic materials, and catalysts
accentuates its privileged character; examples relevant to
this work are shown in Figure 1A.I% Given this importance,
many metal-catalyzed pathways,[”! such as C—H activation,®
rearrangement,”)  ring-expansion,!'”  multicomponent
reactions,!"] and molecular editing approaches!'” have been
developed for its synthesis. Transition metal-catalyzed intra-
molecular [2+2+2] annulations™ by coupling two alkynes
with nitriles, which take advantage of using tethered diynes
(Figure 1B) to reduce the entropic penalty have been proven
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as an effective route to pyridines.' Since the pioneering
work of Wakatsuki and Yamazaki on CpCo(I)-catalyzed
reactions,!"” this cycloaddition has been extensively explored
with the aid of various transition metal catalysts, including
cobalt," nickel,"" iron,"® ruthenium,'” rhodium,?” and
iridium.”!! Relevant to this work, the intramolecular cycliza-
tion of two different alkynes could be achieved as well by
tethering either the two alkynes or one alkyne with the
nitrile moiety!"’*!%2"#%2! (Figure 1B), thus allowing to con-
trol chemoselectivity.

Intermolecular transition metal-catalyzed cycloadditions
between nitriles and alkynes also represent a straightforward
but scarcely explored atom-economical approach for synthe-
sizing multisubstituted pyridines (Figure 1B).** However,
following this strategy, only the coupling of two identical
and symmetrical alkynes was possible, while unsymmetrical,
e.g. terminal alkynes, generally give rise to regioisomers. To
the best of our knowledge, the intermolecular coupling
between two different alkynes and a nitrile was only
accomplished in a stepwise fashion using stoichiometric
amounts of Cp,ZrEt, and NiCl,(PPh;), by Takahashi and
co-workers™ or using titanium alkoxide by Sato and co-
workers,?*! alternatively vinyliodonium salts as one cou-
pling partner have been employed.?*!

Thus, a catalytic strategy to realize a three-component
cross-annulation of two different alkynes with nitriles would
consist of a valuable expansion of the current state of the
art, allowing the synthesis of diverse pyridine scaffolds.

Recent discoveries and upsurge of research in the photo-
and electrochemistry domain offer an alternative to classical
metal-mediated reaction conditions to construct pyridine
rings. Wang, Meng, and co-workers reported a photo-
catalytic [2+242] cyclization of aromatic alkynes with
nitriles for the synthesis of 2,3,6-trisubstituted pyridines
using a pyrylium salt as the photoredox catalyst (Fig-
ure 1C)*! that was able to overcome the high oxidation
potentials of alkynes being the major challenge in this
transformation. Electrochemistry has the advantage of
employing electrons as traceless redox reagents for activat-
ing common and inert organic molecules, particularly
alkynes,” for generating highly reactive intermediates.
Recently, electrochemical transformations have undergone a
renaissance,”” and in the context of this study, [2+2+2]
electrochemical homo cyclotrimerizations of alkynes to
arenes have been well explored. (Figure 1D).” We demon-
strate here an intermolecular cyclization strategy of alkynes
and nitriles providing 2,3,6-tri-substituted pyridines via
constant-current electrolysis using the combination of a
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C. Photocatalytic synthesis of 2,3,6-tri-substituted pyridines (ref. 25)
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E. This work: Triarylamine-mediated Electrochemical [2+2+2] cyclization of alkynes

and nitriles to form 2,3,6-tri-substituted pyridines
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Figure 1. Synthesis of Polysubstituted Pyridines: Literature Survey and Present Work

catalytic amount of triphenylamine (TPA) and benzoic acid
as a redox shuttle which obliviates the use of metals and
other external additives (Figure 1E). The cross-cyclization
of two different alkynes is especially possible, being to the
best of our knowledge, unprecedented. Moreover, a com-
petitive alkyne [2+2+2] cyclotrimerization is not observed.

Results and Discussion

We hypothesized that the key to success for this method-
ology relies on the formation of an electrophilic radical
cation species via the single-electron oxidation of alkynes
(Scheme 1). While the direct anodic oxidation of phenyl-
acetylene (1a, E™,,= +2.35V) in acetonitrile (2a) indeed
gave rise to the desired cycloadduct 3a, the yield was only
moderate (Table 1, entry2). Taking learnings from the
success of triarylamines as redox mediators in electro-
chemical reactions,” we employed TPA (8 mol%) in a
catalytic loading to facilitate the process (c¢f mechanistic
discussion, see below), which doubled the yield of 3a
(Table 1, entry 1). TPA, together with tetrabutylammonium
hexafluorophosphate ("Bu,NPFg, 0.15 M) as an electrolyte,
was optimal, contrasting other combinations tested (Table 1,
entries 3-5). Equally important was the employment of
benzoic acid (Sequiv) as a sacrificial reductant that
generated hydrogen on the cathode, while other proton
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sources proved less effective (Table 1, entries 6-8). It should
be noted that benzoic acid is cost-effective (approximately
10 % of the price of widely used trifluoroacetic acid as an
over-stoichiometric additive in electrochemistry)®™ and a
benign choice, being abundantly used as a food additive.
Furthermore, the choice of the electrode material was
crucial: Best results were obtained with a reticulated
vitreous carbon (RVC) anode—a microporous, glassy car-
bon electrode material—and a platinum cathode.A graphite
plate was also acceptable as anode, albeit giving a slightly
lower yield, while a graphite plate as both electrodes gave
no reaction (Table 1, entries 9-10). Decreasing the reaction
time or increasing the current decreased the product yield
(Table 1, entry 11-12). Divided cell experiments emphasized
the benefits of an undivided cell and its operational
simplicity (Table 1, entry 13). No product was obtained by
constant potential electrolysis controlling the anodic poten-
tial at +1.3 V, whereas 3a was obtained in 23 % yield by
applying a constant potential of +2.5V (Table 1, entry 14).
We, therefore, concluded that the anodic oxidation of the
alkyne is essential to initiate the cycloaddition reaction. An
inert atmosphere was important (Table 1, entry 15), and
moreover, no product formation without electricity passed
excluded the possibility of a background reaction (entry 16).

With the optimized conditions in hand, we examined the
scope of the reaction (Scheme 2). Phenylacetylenes with
moderately electron-donating (Alkyl) and electron-with-
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Scheme 1. TPA-PhCOOH Assisted Electrosynthetic [2+ 2+ 2] Cycliza-
tion of Alkynes with Nitriles: Working Hypothesis

drawing (ortho-F, para-Cl, Br) groups allowed the coupling
with 2a, giving rise to 3b-i in good to high (51-78 %,
Scheme 2a) yields. The structure of pyridine 3i, which
proved valuable for further transformations (see below,
Scheme 4), was confirmed by single crystal X-ray analysis."
A phenyl acetylene derivative with a strong electron-
donating group at the para- position (p-OMe) was also
coupled successfully, however, in this case pyridine 3j could
be obtained without the TPA additive. Alkynes containing
stronger electron-withdrawing substituents (4-carboxylic
ester, 4-trifluoromethyl, 3,5-disubstituted halides (F, Cl))
were found to be unreactive (3k-3n), suggesting that their
initial electrochemical oxidation to a radical cation is not
possible under these conditions (cf mechanistic discussion,
see below).

Exploring the scope of nitriles (Scheme 2b) required to
identify a suitable solvent other than acetonitrile. After
extensive screening (see S.I. for details; Table S10 and S11),
we found that nitromethane would allow the coupling of
aliphatic nitriles bearing different carbon chains with
phenylacetylenes to provide the corresponding 2,3,6-trisub-
stituted pyridines (30-3t, Scheme 2b). Nitriles having a
halogen atom at the terminal position were also found to be
suitable and afforded the respective pyridine derivatives 3u,
3v (confirmed by single crystal X-ray analysis)®"! and 3w;
however, competitive reduction to 3a was observed for the
later. Nitriles with a vinylic and allylic double bond were
converted to the pyridine derivatives 3x and 3y. The lower
yields might be explained by a competing radical cyclization
of the intermediate arene radical onto the alkene double

Angew. Chem. Int. Ed. 2024, 202411930 (3 of 9)
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Table 1: Reaction Development.?

+]_| -
RVC I Pt O _
= + NZC-CH | + @ T
3 TPA (8 mol %) Ny
"BusN-PF (0.15 M) O
1a 2a PhCOOH (5 equiv) CHs

3a
5mA, 12 h, Ny, rt

EntryDeviation from standard conditions Yield 3a
(9%)®

1 None 76 (74)

2 without triphenylamine (TPA) 38

3 tris(4-bromophenyl)amine instead of triphenylamine 17

4 "Bu,NBF, instead of "Bu,NPF; 42

5 "Bu,NPF (0.2 M) 56

6  without PhnCOOH 0

7  CF,COOH instead of PhACOOH <5

8  PivOH instead of PhCOOH 48

9  Gf(+)/Pt(—) instead of RVC(+)/Pt(—) 66

10 Gf(+)/Gf(—) instead of RVC(+)/Pt(—) 0

11 5mA, 6hinstead of 5mA, 12 h 47

12 10 mA, 6 h instead of 5mA, 12 h 33

13 Divided cell (Anodic chamber: Ta, TPA, 0.15 M
"Bu,NPFg, 4 mL MeCN; Cathodic chamber: PhCOOH, 47
0.15 M "BuyNPFg, 4 mL MeCN)

14 Constant potential: @1.3 V/@2.5 V 0/23
15  under air 49
16  without electricity 0

[a] Reaction conditions: 1a (0.5 mmol, 1equiv), 2a (4 mL), TPA
(8 mol %), "BuyNPFs (0.15M in 4 mL 2a), PhCOOH (5 equiv), RVC
anode (1.5 cmx0.8 cmx0.5 cm), Pt wire cathode, constant current
5mA, 12 h, under N, room temperature, undivided cell. [b] yields
were determined by 'H NMR spectroscopy. [c] yield of isolated
product.

bond, and indeed, such a process was confirmed with the
isolation of 3x’ that was formed along with 3x. Deuterated
acetonitrile (CD;CN) afforded d3-3a in good yield with no
observable erosion of the deuterium incorporated. However,
no product formation was observed if aromatic nitriles were
employed.

To turn the inability of electron-poor alkynes (EnoA) to
undergo the title transformation into an advantage, we
investigated whether coupling nitriles with two electronically
different alkynes (EoA and EnoA) is possible. Indeed, by
combining 1a (1 equiv), successful in the homo-annulation,
with the unsuccessful alkyne 1k (1.3 equiv), the cross-
annulated product 4a was obtained in 64 % yield (Sche-
me 3A) along with 8 % of the homo-annulated product 3a,
but no homo-coupled product 3k was observed. Conse-
quently, we successfully combined 1a with alkynes 1l-o to
yield the cross-annulated products 4b-4e (Scheme 3B),
unambiguously proven by a single-crystal X-ray diffraction
analysis of 4b and 4j.” Noteworthy, pyridine derivative 4g,
synthesized in 53 % yield from 4-bromophenylacetylene 1i
(EoA) and 3,5-dibromophenylacetylene 1p (EnoA), showed
that subtle differences in the electronic nature of the alkynes
are sufficient to achieve heterocouplings.

Moreover, late-stage functionalization of bioactive mole-
cules and agrochemicals using 4-ester substituted phenyl-
acetylenes derived from (—)-menthol, (£)-isoborneol and
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Scheme 2. Substrate Scope of Electrochemical [2 +2 + 2] Annulation between EoAs and Nitriles. Reaction conditions: [a]1 (0.5 mmol, 1 equiv), 2
(4 mL), TPA (8 mol %), "Bu,NPF, (0.15 M in 4 mL 2a), PhCOOH (5 equiv), RVC anode (1.5 cmx0.8 cmx0.5 cm), Pt wire (0.06 cm) cathode,
constant current=>5 mA, 12 h, under N,, room temperature, undivided cell. [b] without TPA, [c] T (0.5 mmol, 1 equiv), 2 (10 mmol, 20 equiv), TPA
(8 mol %), CH;NO, (4 mL), nBu,NPF, (0.15 M in 4 mL CH;NO,), PhCOOH (5 equiv), RVC anode (1.5 cmx0.8 cmx0.5 cm), Pt wire (0.06 cm)
cathode, constant current=>5 mA, 12 h, under N,, room temperature, undivided cell; yields are of the isolated products.
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CHs O
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4f, 59%° 49,53% Br
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CHj; O Oq ;: CHs %
o

CHs
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4h,57% | _pmenthol 4i,24% (pL)-Isoborneol

Ny
CHg
from
4j, 44% Methylparaben CCDC 2349470

Scheme 3. Three Component Electrochemical [2+ 2+ 2] Annulation of
EoAs, EnoAs and Nitriles. Reaction conditions: [a]1 (0.25 mmol,

1 equiv), 2a (4 mL), Tkt (0.325 mmol, 1.3 equiv), TPA (8 mol %),
"BuyNPF; (0.15 M in 4 mL 2a), PhCOOH (5 equiv), RVC anode

(1.5 cmx0.8 cmx0.5 cm), Pt wire (0.06 cm) cathode, constant cur-
rent=>5 mA, 12 h, under N,, room temperature, undivided cell. [b] 2b
(10 mmol, 20 equiv), CH;NO, (4 mL); yields are of the isolated
products.

methylparaben furnished the desired pyridine derivatives

4h-j in moderate to good yields (Scheme 3B).
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Scale-up in batch was demonstrated for coupling 1i
(6 mmol) and 2a (Scheme 4A), requiring an increase of the
current to 12 mA and extending the reaction time to 72 h to
give rise to 3i in 66 % yield. If desired, benzoic acid can
partly be recovered (40 %) during the workup (see the S.I.
for details).

The transformation could also be performed in a
continuous electro-flow reactor: Compared to the batch
setup, the reaction time was significantly shorter with similar
efficiency (1 mmol scale, 16 h, 69 % yield; t= 20 min per
pass vs. 72h, 66 % yield; Scheme 4B, see S.I. for details).
Scale up to 8 mmol increased the reaction time to 24 h (56 %
yield of 3i) and proved robust and reproducible.

3i set the stage for exploring post-functionalizations
(Scheme 4b). Aiming at the extension of the n-system, a
Suzuki-Miyaura reaction gave rise to 5 (82 % yield), while
the sequence of a Sonogashira coupling, TMS-deprotection,
and copper-catalyzed azide-alkyne cycloaddition resulted in
bis-triazolyl derivative 7 (59 % yield over 3 steps).

A. Gram-scale synthesis in batch process B. Sy is in electro-flow pi
Br—< >—: + N=C-CH; Gf(+) I Pt (-)
. Ph3N (8 mol%)
1i 2a

"BugNPFg (0.15 M)
/ PhCOOH (5 equiv)
20 mA, 16 h, 1t

1.0 mmol scale, 69% yield

oA fin

PhsN (8 mol %)

"BugNPFg (0.15 M) ‘
PhCOOCH (5 equiv)

8.0 mmol scale, 56% vyield

Gf(+) I Pt ()
PhN (8 mol%)

6. oergrr‘?ollzﬁ’ale "BusNPFg (0.15 M)
o'yl PhCOOH (5 equiv)

Br.
50 mA, 24 h, rt
z
\
C. Synthetic utility

12mA, 72 h, Np, rt

PhB(OH), (2.3 equiv)
Pd(PPhs), (5 mol %)

K2CO3 (5 equiv)

DMF-H,0 (1:1, 4 mL) ——
70°C, N2, 16 h

TMS-acetylene (6 equiv)
— Pd(PPh3),Cl; (5mol %)
Cul (5 mol %)

K2C0s (5 equiv) EtsN, 70°C, 12 h

MeOH:DCM
(1:1, 50 mL)
t,4h l

Z
6,76%
PhCH2N3 (3 equiv) |
CuS0, 5H,0 (5 mol %)
Sodium Ascorbate ¢
(10 mol %) N,
MW, 70°C, 6 h N

bis-triazol derivative, 7

Scheme 4. Gram Scale Synthesis in Batch and Flow and Synthetic
Transformations.
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Mechanistic studies began with a control reaction,
employing the independently prepared TPA radical cation
directly instead of the parent TPA (Figure 2A, see S.I. for
details): Coupling of 1a with 2a gave rise to the desired
product 3a in a similar yield (67 %) but in a decreased
reaction time of 8 h instead of 12 h. Continuous product
formation was observed from the outset. In contrast, an
initial unproductive phase is noted under the standard
reaction conditions, presumably required for complete
anodic oxidation of the (easier to oxidize) TPA before the
alkyne can be oxidized, thus calling for a reaction time of
12 h.

When TEMPO or BHT were added to the reaction
mixture as radical scavengers (Figure 2B), the reaction was
completely inhibited, which was congruent with an operative
radical path. Hydrogen gas evolution was detected on the
cathode, which was qualitatively analyzed by GC (Fig-
ure 2C, see S.I. for details) or by its utilization for the
hydrogenation of 1,2-dihydronapthalene (see S.I. for de-
tails).

CV measurements (see S.I. for details) revealed that the
oxidation potential of TPA is +0.99 V vs SCE, while that of
arylacetylenes is above +2.1 V vs SCE. Thus, TPA should
be initially fully oxidized at the anode but due to the
difference in potentials, it is unlikely to act as a mediator®-?
to oxidize the EoAs. We therefore propose that EoAs
undergo direct single-electron oxidation at the anode after
the complete oxidation of TPA. We then questioned the
role of TPA, which, while not necessary for reactivity, is
beneficial for an improved yield (Table 1, entries 1 and 2).
CV measurements of TPA-PhCOOH mixtures (Figure 2D)
show that with an increasing molar ratio of benzoic acid, the
oxidation current intensity of TPA steadily decreases,
whereas the reduction current intensity of PhCOOH
increases gradually. This implies that the ’‘fresh’ TPA
concentration at the electrode available for oxidation
decreases as the PhnCOOH loading increases. EPR measure-
ments show the complete disappearance of the strong signal
of TPA radical cation® after mixing with potassium
benzoate (Figure 2E, see S.I. for details), suggesting the
single-electron reduction of the TPA radical cation by
benzoate anion.

Based on the above, a plausible mechanistic rationale
(Figure 2F) starts with the initial electrochemical oxidation
of TPA to furnish the TPA radical cation at a relatively mild
potential (1.0 V vs SCE). In turn, the reduction of benzoic
acid leads to hydrogen gas evolution and the formation of a
benzoate anion (BAT), which creates a charge transfer
complex A with the TPA radical cation. In the productive
phase of the reaction, EoA 1 eventually undergoes a single
electron oxidation at the anode to generate a vinyl radical
cation intermediate I. Subsequent nucleophilic trapping of I
by nitrile 2 gives rise to intermediate II, which undergoes
cycloaddition preferentially with EnoA, generating vinyl
radical intermediate III/IV. Single electron transfer from the
charge transfer complex A with concurrent protonation!!
provides the protonated cross-annulated product 4-H* with
concurrent formation of phenylcarboxylic radical (BA®).
Reduction of the latter at the cathode regenerates a phenyl-
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carboxylate anion (BA~), which recombines with the TPA
radical cation to A ready for the next cycle. Intermediate IV
also can be directly reduced at the cathode, which we
assume is less effective than SET by complex A.

To understand the counterintuitive preference of two
electron-poor components (II and EnOA) interacting with
each other selectively to make a cross-annulation possible,
the frontier molecular orbitals of the reacting partners II-
1a--2a and 1a, 1k, and 1p were analyzed (Figure 3).

Based on the orbital energies (¢), the only possible
interaction is between the LUMO of the radical cation II-
1a-2a and the HOMO of the alkyne 1. Hence, the coupling
between II and 1 is best described as a formal [4+2]
cycloaddition® of the C—N and C—C n-bonds with no
involvement of the radical center. To match energetically
the low lying LUMO of the radical cation II, the HOMO of
the alkyne must be low enough in energy, favoring acceptor
substitution at the alkyne. A good indication that the
mechanistic hypothesis of a formal [4+2] is a suitable
description is the observation that the FMO-gaps ( Ae) are
of predictive power for substrate selectivity. The correlation
of Ae-values and the experimentally observed preference of
II-1a-2a for electron-poor alkynes like 1k and 1p over 1ais
readily explained with the smaller FMO-gap, implying a
decreasing barrier of this elementary step.

The signs of the interacting orbitals (Figure 3A) suggest
that a concerted path is possible, leading to a highly
resonance stabilized radical cation III that is significantly
downhill in regard to the starting structures (AgH=
—110.1 kcal/mol for II-1a—2a+1p). Also, this concerted
path explains the regioselectivity for the observed 1,2,5-
substituted III, which can delocalize the unpaired electron
over the aryl ring of the former alkyne reactant, whereas the
opposite regioisomer lacks this possibility (see. S.I. for
details).

Conclusion

In summary, we have developed an operationally simple and
scalable methodology from commercially available starting
materials for the formation of trisubstituted pyridines
through the triphenylamine and benzoic acid promoted
electrochemically induced [2+2+ 2] annulation of aromatic
alkynes with nitriles. Especially, we have identified two
classes of alkynes (EoAs and EnoAs) depending on their
ability to undergo electrochemical oxidation. We have
successfully engaged them with nitriles in an intermolecular
three-component cross-annulation, being the first of its kind.
Additionally, scalability in batch and continuous-flow proc-
esses has demonstrated the effectiveness of the developed
protocol. The synthetic diversification to access n-extended
aromatics emphasizes the utility of this method. A plausible
mechanism has been proposed, supported by a series of
mechanistic studies, radical quenching experiments, CV,
EPR, NMR, and computational studies. The here-developed
electrochemical strategy is complementary to the well-
established and metal-mediated [2+2+2]-cycloaddition be-
tween alkynes and nitriles but stands out in its ability to
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Figure 2. Mechanistic Studies and plausible mechanism.
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allow cross-annulations with two alkynes with high chemo-
and regioselectivity.
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Intermolecular Homo-couplings, but es-
pecially Cross-couplings are challenging!
We reported an electrochemical [2 42
+2] annulation of alkynes with nitriles
using triarylamine as a redox mediator
to form substituted pyridines. Our proc-
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@ Unprecedented Electrochemical [2+2+2] Cross
cycloaddition supported by DFT studies

@ Scalable in Continuous-flow Synthesis

@ Atom economic, Chemo- and Regioselective

@ Prominent Motif in Pharmacophores, Functional
Materials

ess demonstrates unprecedented con-
trol of chemoselectivity, allowing both
homo- and heterocouplings of alkynes
and nitriles. A mechanistic rationale is
proposed, supported by CV, EPR, NMR,
and computational studies.
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