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Herein, we unveil a method for synthesizing substituted pyrrole and
pyrazine compounds via a double dehydrogenative coupling of
amino alcohols with primary alcohols, facilitated by Mn()-PNP
catalysis, which uniquely enables the simultaneous formation of
C-C and C-N bonds.

The essence of sustainable chemical synthesis lies in its com-
mitment to reducing environmental impact and preserving
resources. This approach involves devising synthetic pathways
that leverage renewable resources, decrease energy demands,
minimize waste, and avoid hazardous by-products.” The sus-
tainable synthesis of N-heterocyclic compounds is particularly
noteworthy in contemporary science due to their extensive
chemical and biological properties, essential in areas such as
materials science, pharmaceuticals, and agrochemicals.> Conse-
quently, a plethora of methods for synthesizing N-heterocyclic
compounds have been established.®> Of particular interest is the
recent rise of acceptorless dehydrogenative coupling for producing
aromatic N-heterocycles, a method that notably employs environ-
mentally benign alcohols as starting materials. Extensive research
has been conducted on various catalytic systems utilizing 3d and
4d-transition metals.*

In the realm of acceptorless dehydrogenative coupling
(ADC), the spotlight has traditionally been on secondary alco-
hols, such as diols and activated benzylic alcohols, for crafting
N-heterocyclic compounds, with both noble and base-metal
catalysts playing a pivotal role.® However, the synthesis techni-
ques for N-heteroaromatics that employ unactivated primary
alcohols, such as phenylethyl alcohol, remain underdeveloped
despite the use of precious metal catalysts. Recently, we have
demonstrated the synthesis of quinolines and pyridines by
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employing a variety of primary alcohols in a double dehydrogenative
coupling process with amino alcohols facilitated by manganese-
based catalysis.** Following our research work, the research group of
Banerjee also achieved a similar synthesis employing a nickel-
catalysis system.” This reflects an increased focus on primary
alcohols in ADC, especially for the synthesis of the pyrrole deriva-
tives. Expanding on this, we have honed our synthetic strategy to
produce pyrrole via tandem double dehydrogenative coupling with
primary and amino alcohols and to generate the pyrazine structure
through dehydrogenative self-coupling of amino alcohols. The
importance of pyrroles is underscored by their widespread presence
in various natural products, pharmaceuticals, catalysts, and materi-
als science.

Polypyrroles, known for their conductive properties, are
utilized in the fabrication of batteries and solar cells.”*
The conventional synthesis of pyrrole has been traditionally
accomplished via well-known methodologies, including the
Paal-Knorr, Knorr, and Hantzsch techniques.® Recent advance-
ments in research have introduced a variety of dehydrogenative
coupling methods for the formation of pyrroles (see ESIt).*"*°
These methods predominantly utilize a variety of substituted
secondary alcohols, ketones, and diols. However, the literature
has not yet reported on the synthesis of pyrrole through
dehydrogenative coupling involving primary alcohols. Our pre-
sent work deals with the unprecedented synthesis of pyrrole
directly from primary alcohols, employing a double dehydro-
genative coupling with amino alcohol in a solvent-free environ-
ment (Scheme 1).

Initially, we selected 2-phenylglycinol and 2-phenylethanol
as representative substrates. A systematic investigation was
conducted to assess diverse Mn-based catalysts, bases, and
temperatures, aiming to determine the optimal reaction con-
ditions for the selective synthesis of pyrrole derivatives (Table 1
and ESIt). Consequently, the reaction of 2-phenylglycinol (1a)
with 2-phenylethanol (2a) in the presence of [Mn]-1 (2 mol%)
and Cs,COj3; (10 mol%) under solvent-free conditions at 130 °C,
emerged as the optimal protocol. The present catalytic system
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Scheme 1 Direct synthesis of pyrrole and pyrazine via the ADDC strategy.

yielded product 3a with an isolated yield of 70%, while the self-
dehydrogenated product 4a was produced in negligible quan-
tities (Table 1, entry 1). A series of [Mn]-complexes were
evaluated for their efficacy in synthesizing 2,4-disubstituted
pyrrole (Table 1, entries 2-4, and ESIt). The [Mn]-1 complex
emerged as particularly potent, significantly advancing the
catalytic tandem transformation. Notably, in the absence of
the Mn[I]-catalyst and base, the formation of product 3a was
minimal (Table 1, entries 5 and 6). Exploring solvent influence
with n-octane, 1,4-dioxane, m-xylene, THF, mesitylene, and
toluene, we achieved a moderate yield of 3a under standard
conditions (Table 1, entry 7). Notably, substituting Cs,CO; with
other bases such as NaO'Bu, KO‘Bu, KOH, and KH led to a
lower yield of 3a (Table 1, entry 8), indeed, with stronger bases
favoring the by-product 4a. Additionally, lowering the reaction
temperature was found to adversely affect the yield of 3a.
Upon establishing the optimal conditions for the tandem
catalytic synthesis of pyrrole derivatives, we expanded our
investigation to encompass the generality of the present [Mn]-
catalysis, as detailed in Table 2. The compound 2-
phenylglycinol (1a) was selected as a standard substrate. Thus,
under optimal reaction conditions, 1a dehydrogenatively
coupled with various phenethyl alcohols (2) and effectively led
to the formation of the desired 2,4-disubstituted pyrroles (3),
achieving high yields, as shown in Table 2. Indeed, the use of

Table 1 Optimization studies?
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Table 2 ADC of primary alcohols with amino alcohols: direct synthesis of
pyrrole derivatives®”
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“ Reaction conditions: substrate 1 (0.5 mmol), 2a (0.75 mmol), [Mn]-1
(2 mol%), and Cs,CO; (10 mol%) were heated at 130 °C (silicone oil-
bath temperature) for 8 h under an argon atmosphere. ? Isolated yields.

2-phenylethanol bearing electron-donating methyl and meth-
oxy groups on the aromatic ring led to the synthesis of 2,
4-disubstituted pyrroles, achieving very good isolated yields (up
to 75%; Table 2, products 3b-3g).

Notably, employing phenyl ethylalcohols with halogen sub-
stituents (-Br, -Cl, -F), such as compounds 2h-21, resulted the
corresponding pyrroles with excellent yields, ranging from 72%
to 80% (Table 2, products 3h-3l). The significance of these
halogenated derivatives lies in their potential to facilitate
further functionalization reactions, thereby unlocking avenues
for the synthesis of diverse molecular forms. Furthermore, the
incorporation of extended m-conjugated systems, as seen with
2-(1-naphthyl)ethanol (2m) and 2-(2-naphthyl)ethanol (2n),

OH Ph [Mn] -1 (2 mol%) ﬂ
+ "0

/[ :f +2H20+@T

Ph” NH, Cs,C0O3 (10 mol%)
1a 2a 130°C 3a

Entry Deviation from above 3a Yield” (%) 4a Yield” (%)
1 No variation 70 <5
2 [Mn]-2 as a catalyst 63 <10 H [,
3 [Mn]-3 as a catalyst 60 <10 ( s
4 Mn(CO);Br/*"PNP-ligand (1:1) <58 <15 ~ [ Sco
5 No [Mn]-catalyst — Trace [;:1]_10’?: o
6 No Cs,CO;3 — Trace [Mn]-2R = Pr
7 n-Octane, 1,4-dioxane, m-xylene, THF, mesitylene, toluene as a solvent <50 <10 [Mn]-3 R = Cy
8 NaO'Bu, KO'Bu, KOH, KH as a base <52 <25

“ Reaction conditions: substrate 1a (0.5 mmol), 2a (0.6 mmol), [Mn]-1
temperature) for 8 h under an argon atmosphere. ” Isolated yield.
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culminated in the high yield of the expected compounds 3m-3n
(up to 80% isolated yield). Under the optimal reaction condi-
tions, 2-phenyl ethanol derivatives with electron-withdrawing
functionalities, specifically 2-(4-(trifluoromethyl)phenyl)ethan-
1-ol (20), and heteroaromatic alcohols such as 2-(thiophene-2-
ylethan-1-ol (2p), demonstrated excellent reactivity. This led to
the successful synthesis of compounds 30 and 3p, achieving
yields of 81% and 69%, respectively. However, it was found that
aliphatic primary alcohols, modified 2-phenylglycinol deriva-
tives, and aliphatic amino alcohols did not undergo the Mn-
catalyzed reaction under the same conditions.

Furthermore, we have expanded the present Mn[I]-catalysis
for the dehydrogenative self-coupling of B-amino alcohols,
enabling the synthesis of pyrazine derivatives. The current
methodology for self-coupling amino alcohols to produce
pyrazines has been explored in the literature.****'%* Pioneering
work by Milstein’s group illustrated this process utilizing
PNP-Ru and an acridine-derived PNP-Mn complex.®”'** In
continuation of our work on base metal catalysis, we have
demonstrated a transformation akin to that of Milstein’s group,
utilizing a cobalt-based complex.®? In the current study, we
have used a molecularly defined PNP-Mn catalyst, i.e., [Mn]-1,
for the self-coupling of Bf-amino alcohols under acceptorless
conditions, further expanding the utility of this catalytic sys-
tem. After establishing the optimized conditions for the dehy-
drogenative self-coupling method in the synthesis of pyrazine
derivatives (see ESIt), the reaction involving 2-phenylglycinol
(1a), a catalytic amount of [Mn]-1 (2 mol%), and 20 mol% KOH
under solvent-free conditions at 130 °C was identified as the
optimal condition, affording the desired product 4a with an
isolated yield of 80% (Table 3, product 4a). A variety of
2-phenylglycinol derivatives, including those with methyl (1b),
dimethyl (1C), tert-butyl (1d) and halogen (-F, -Cl, and -Br)
substituents (1e-1g), as well as aliphatic B-amino alcohols like

Table 3 ADC of amino alcohols: direct synthesis of pyrazine derivatives®™

R\(\OH [Mn]-1 (2 mol%) R\[Nj\ |
" ( AR
NH, KOH (20 mol%) R e @ . Mn

1 130°C, 16 h
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v LK
PR N7 Ph
Br
4h (63%)

o OO

4j (65%) 4K (61%)

4

4a (80%)

"0, QT}@

4b (729

4f (60%)

q::p

4g (60%) 4i (59%)

¢ Reaction conditions: substrate 1 (O 5 mmol), [Mn]-1 (2 mol%), and
KOH (20 mol%) were heated at 130 °C (silicone oil-bath temperature)
for 16 h under an argon atmosphere. ” Isolated yields.
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2-amino-1,2-diphenylethan-1-ol (1h), 2-aminocyclopentan-1-ol
(1i), 2-aminocyclohexan-1-ol (1j) and 2-aminocyclooctan-1-ol
(1k) were employed. These substrates successfully produced
an array of substituted pyrazines, achieving yields as high as
80% (Table 3).

Control experiments were conducted to elucidate the under-
lying mechanism (Scheme 2). Initially, the generation of H, gas
was qualifiedly analyzed under optimal conditions (Scheme 2a).
Further experiments showed that independent reactions of
2-phenylglycinol (1a) and 2-phenyl ethanol (2a) under the
standard conditions led to the formation of 2-amino-2-
phenylacetaldehyde (5) and phenylacetaldehyde (6), respec-
tively. This was accompanied by the release of H, gas, as
outlined in Scheme 2b. These results suggest that the reaction
follows the acceptorless dehydrogenative pathway. Moreover,
the intermolecular coupling for C-N and C-C bond formation
was substantiated by reacting in situ formed intermediate, such
as aldehyde 6 with alcohol 1a, under standard conditions. This
reaction yielded the anticipated 2,4-disubstituted pyrrole pro-
duct in good yield (Scheme 2c). Notably, the presence of radical
scavengers, such as TEMPO and BHT, led to a slight decrease in
product yield. This observation suggests that a single electron
transfer (SET) pathway cannot be entirely ruled out (Scheme 2d).

Based on the insights gained from control experiments and
previous literature reports,”'°” we propose a plausible reaction
mechanism for the synthesis of pyrrole and pyrazine compounds
via a double dehydrogenative coupling of amino alcohols with
primary alcohols, facilitated by Mn(1)-PNP catalysis (Scheme 3).

Initially, the active Mn-catalyst Mn(1)-B is generated from the
precatalyst Mn(1)-A in the presence of Cs,CO;. Subsequently,
the intermediate complex Mn(1)-C is formed from the active
catalyst Mn(1)-B by activating the O-H bond of 2-phenylglycinol
through metal-ligand cooperation (MLC). Following this, the
intermediate Mn(1)-C undergoes B-hydride elimination, result-
ing in the production of 2-amino-2-phenylacetaldehyde (5) and
intermediate Mn(1)-E. Concurrently, 2-phenylacetaldehyde (6) is
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Scheme 2 Control experiments.
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generated via intermediate Mn(1)-D, where 2-phenylethanol coor-
dinates with the active Mn-catalyst Mn(1)-B, followed by f-hydride
elimination to form intermediate Mn(1)}-E. Subsequently, a base-
mediated coupling takes place, bringing together 2-amino-2-
phenylacetaldehyde (5) and 2-phenylacetaldehyde (6) to yield
2,4-disubstituted pyrrole 3a while eliminating two molecules of
water. Finally, the active Mn catalyst Mn(1)-B is regenerated from
intermediate Mn(1)-E, with the liberation of H, gas through the
MLC process.

In summary, we have successfully demonstrated the direct
synthesis of substituted pyrrole and pyrazine compounds
through the double acceptorless dehydrogenative coupling
of amino alcohols with primary alcohols under solvent-free
conditions. This process results in the release of molecular
hydrogen and water as by-products. The utilization of an earth-
abundant manganese catalyst in combination with readily
available starting materials enhances the atom efficiency of
this approach, making it more environmentally friendly and
sustainable for the synthesis of N-heterocycles.
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