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of Chemistry In this study, a mechanochemical protocol for highly efficient and ammonia-free sodium-based Birch
reduction was developed, leveraging the use of cheap and easy-to-handle sodium lumps. The key to
achieving this transformation is the use of p-(+)-glucose as a proton source, which solidifies the reaction
mixture in bulk state, enhancing the efficiency of the in situ mechanical activation of sodium lumps
through the ball-milling process. Under the developed conditions, a diverse array of aromatic and
heteroaromatic compounds were selectively reduced to produce the corresponding 1,4-cyclohexadiene

derivatives in high yields within 30 min. Notably, all synthetic operations can be carried out without inert
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without any yield losses. These results suggest that the present mechanochemical approach offers
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Introduction

Birch reduction using alkali metals has been recognized as
a powerful synthetic approach to convert arenes into 1,4-cyclo-
hexadiene derivatives." Notable examples among several others
are lithium-based Birch reduction protocols, which have
garnered significant attention owing to the exceptional reduc-
tion ability of lithium metal.> However, considering the limited
availability of lithium resources, there is an increasing need to
explore alternative options, such as replacing lithium metal
with sodium metal in organic synthesis.® In this context,
sodium-based Birch reduction has attracted considerable
attention as a more sustainable alternative to well-established
lithium-based methodologies. Conventional sodium-based
Birch reduction uses sodium lumps.! However, this protocol
necessitates the use of caustic and toxic liquid ammonia, which
substantially reduces its practical utility in organic synthesis.'*
To address this issue, several ammonia-free modifications have
been devised. In 2005, Dye et al. reported an ammonia-free
method using sodium nanocrystals absorbed in silica gel [Na-
SG(I)] (Scheme 1a).* Later, An et al. developed Birch reduction
using sodium dispersion with 15-crown ether (Scheme 1a).?
More recently, Takai, Asako, and co-workers revealed that the
use of 1,3-dimethyl-2-imidazolidinone (DMI) as a ligand facili-
tates Birch reduction with sodium dispersion (Scheme 1a).®
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These activated sodium sources have a large surface area,
enabling highly efficient reduction even in the absence of liquid
ammonia. Although these achievements are remarkable, the
requirement for activated sodium sources imposes substantial
costs and renders them less appealing for large-scale synthesis.
In the case of sodium dispersions, the inherent lack of shelf
stability presents an additional drawback for practical synthetic
applications.” Therefore, the use of commercially available,
cost-effective, and easy-to-handle sodium Ilumps remains
significant from economic and practical perspectives.

a. Sodium-based Birch reductions using activated sodium source

activated Dye (2005): Na-SG(l)
N h
R— W’L» R— || An(2018): Na dispersion/15-crown-ether
~ inertgas

Asako and Takai (2023): Na dispersion/DMI
A expensive sodium source A poor shelf stability (Na dispersion)

b. This work: mechanochemical Birch reduction using unactivated sodium lumps

OH
. X
R—-
O H2o oH Me~\"SN-Me
OH Y

D-(+)-glucose DMI

“Na lumps"
7Y, DMI as additive
R—+ —_—
Z  D-(+)-glucose
ball milling
5-30 min, in air

Cutting sodiumin air

Addition in air

Ball milling

O cheap and high shelf stability sodium source O air tolerant and room temperature

Scheme 1 Sodium-based Birch reduction (a) state-of-the-art
sodium-based Birch reductions using activated sodium source. (b) Air-
tolerant sodium lump-based Birch reduction using ball milling tech-
nigue (this work).
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Table 1 Optimization of the mechanochemical sodium-based Birch reduction of 1-phenyldecane (la)*
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Na lumps (6.0 equiv)
DMI (6.0 equiv)
CioH21  D-(+)-glucose (3.0 equiv) CioH21
©/ 10 mL jar (stainless-steel) O/
10 mm ball x 2 (stainless-steel)
1a ball milling (30 Hz), 15 min 2a

Entry Variation from standard conditions Yield (%)
1 None 96
2 t-BuOH instead of p-(+)-glucose 6
3 i-PrOH instead of p-(+)-glucose 18
4 t-BuOH instead of p-(+)-glucose sea sand (100 mg), 30 min 13
5 1-AdOH instead of p-(+)-glucose 18
6 HMPA instead of DMI 19
7 15-Crown-5 instead of DMI 23
8 Without DMI <5
9 10 mm ball x 1 (stainless steel) 85
10 Ball milling (25 Hz) 72
11 Na lumps, DMI (4.0 equiv.) 86
12 5 min 61

“ Unless otherwise noted, reactions were carried out in a 10 mL stainless-steel ball-milling jar with two 10 mm stainless-steel balls at 30 Hz. The
yields were determined by "H NMR spectroscopy using an internal standard.

b) 1-AdOH

¢) D-(+)-glucose

N
33

Fig.1 Reaction mixtures after grinding in a ball mill: (a) i-PrOH. (b) 1-
AdOH. (c) p-(+)-glucose.

Over the past decades, ball milling has attracted attention as
a new tool for organic synthesis.*® This protocol has the
advantages of requiring few organic solvents for the reactions,
a short reaction time, and simple experimental operations.
Furthermore, recent findings have revealed that zero-valent
metals can be efficiently activated by the mechanical impact
provided by the ball-milling process, and metal-surface reac-
tions with organic molecules are significantly accelerated under
mechanochemical conditions.'™ Recently, we reported an
ammonia-free, extremely fast lithium-based Birch reduction
using a ball-milling technique.”” The reduction of various
aromatic compounds can be conducted without inert gases and
achieved within a short duration of 1 min, without the need for
a bulk organic solvent. The observed exceptional efficiency is
likely attributed to the in situ mechanical activation of lithium
metal, which serves to eliminate the inactive surface layer and
increase the reactive surface area. Motivated by this success, we
envisioned that a mechanochemical protocol could activate
sodium lumps, which are much less reactive than sodium
dispersions. This concept has the capacity to facilitate the
realization of a highly efficient, sustainable, and economically
viable sodium-based Birch reduction method.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Herein, we report the development of a highly efficient Birch
reduction method using unactivated sodium lumps under
mechanochemical conditions (Scheme 1b). Notably, this
procedure can be performed without inert gases or the need for
a bulk solvent. Under optimized ball-milling conditions,
a diverse array of aromatic compounds exhibited significant
chemoselectivity upon reduction. The successful realization of
this conversion relies on the synergistic use of mechanical
activation of sodium metal in conjunction with p-(+)-glucose as
a solid proton source. Notably, o-(+)-glucose is a safe, sustain-
able, abundant, and inexpensive reagent. A scaled-up synthesis
was also accomplished without decreasing the yield, empha-
sizing the synthetic utility of this protocol. These results suggest
that mechanochemistry opens vast possibilities for the wide-
spread implementation of a more sustainable and economically
appealing sodium-Birch reduction method in organic synthesis.

Results and discussion

Our study commenced with the optimization of the reaction
conditions using 1-phenyldecane 1a as the substrate (Table 1). All
mechanochemical reactions were performed using a Retsch
MM400 ball-mill. After removing the mineral oil by wiping with
paper, the sodium lump was subjected to cutting, resulting in
a diameter of approximately 4-5 mm. Subsequently, the sodium
lump was weighed and introduced into a 10 mL stainless steel jar
along with two 10 mm stainless steel balls in air. Through a series
of extensive trials, it was determined that mechanochemical
sodium-based Birch reduction proceeded efficiently to produce
the corresponding reduction product 2a in 96% yield when
employing a combination of sodium lump (6 equiv.), o-(+)-glucose
(3 equiv.) as a proton source, and 1,3-dimethyl-2-imidazolidinone
(DMI) (6 equiv.), which is an effective additive for sodium

Chem. Sci., 2024, 15, 4452-4457 | 4453
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Table 2 Substrate scope of the mechanochemical sodium-based Birch reduction®
' Na lumps (2.2-6.0 equiv) f OH o
A ! DMI (6.0-9.0 equiv) !
£ A ) .
Z ! D-(+)-glucose (3.0-6.0 equiv) ' Hoo OH N” N
10 mL jar (stainless-steel) OH —
1 10 mm ball x 2 (stainless-steel) 2
ball milling (30 Hz), 5-30 min D-(+)-glucose DMI
H o 0
c
1oHz1 OMe OH NH, Ny Mt
N~ O NH,
OMe o) H
2a 2b 2c 2d 2e 2f 2g
99% yield 86% yield (76% yield) 60% yield 82% yield 67% yield (51% yield)

o Pr iPr
e OO 07
ipr iPr

O
W,

0
SA®

2h 2i 2j 2k 21 2m 2n
(88% yield) 86% yield 89% vyield (44% yield) 81% yield 78% yield 55% yield
o™ "o " oo
N
” Me
20 2p 2q 2q' 2r 2s 2t
91% yield 58% yield (34% yield) (43% yield) 96% yield 50% yield (49% yield)

¢ Unless otherwise noted, the following reaction conditions were used: 1.0 mmol arene; 10.0 mL stainless steel ball-milling jar with two 10 mm
stainless steel balls; 30 Hz. See the ESI for detailed reaction conditions. Isolated yields are presented normally, and "H NMR yields are shown in

parentheses.

Na lumps (2.6 equiv)
DMI (6.0 equiv)

D-(+)-glucose (3.0 equiv)
10 ml jar (stainless-steel)
r 10 mm ball x 2 (stainless-steel) 2r
3.0 mmol x2 ball milling (30 Hz), 15 min 95% yield
(total 1.073 g) (1.030 g)

Scheme 2 Scaled-up synthesis of 2r.

dispersion-based Birch reduction developed by Takai, Asako, and
co-workers (entry 1).°* The requirement of an excess of sodium
lumps is comparable to that in conventional sodium-based Birch
reduction protocols using ammonia.' Notably, p-(+)-glucose was
found to be an optimal proton source under ball milling condi-
tions. When the reactions were carried out using proton sources
commonly used in solution-based Birch reduction, such as t-
BuOH and i-PrOH, the desired product 2a was obtained in only
6% and 18% yield, respectively (entries 2 and 3). Under these
conditions, the reaction mixture exhibited an oily state, and the
sodium lumps were not crushed into smaller particles but just
elongated because of their inherent softness (Fig. 1a). We expected
that solidifying the reaction mixture in the bulk state would
facilitate the effective transmission of mechanical force provided
by ball milling to the sodium metal, promoting the Birch reduc-
tion process. Taking this into consideration, sea sand was added
to the mixture as a grinding auxiliary. However, the reaction effi-
ciency improved only slightly, even after a prolonged reaction time
(13%, entry 4). We also attempted to use solid alcohols, such as 1-

4454 | Chem. Sci, 2024, 15, 4452-4457

adamantanol (1-AdOH), instead of liquid alcohols to solidify the
reaction mixture (entry 5). However, the reaction mixture retained
its oily consistency after ball milling, which was probably due to
the high solubility of 1-AdOH in DMI (Fig. 1b). As such, a subop-
timal yield was obtained (18%), and the sodium lumps remained
intact (entry 5 and Fig. 1b). Given this result, we decided to use o-
(+)-glucose, which is hardly soluble in organic solvents, as the
solidifying alcohol additive. Notably, the reaction mixture using p-
(+)-glucose after ball milling exhibited a solid state, and the
sodium lumps were fully consumed (Fig. 1c), providing the
desired product 2a in 96% yield (entry 1). We also tested other
commonly used additives, such as 15-crown-5 and hexamethyl-
phosphoric triamide (HMPA), instead of DMI, which resulted in
poor efficiency (entries 6 and 7, 19% and 23% yields, respec-
tively).>** No reaction occurred in the absence of DMI (entry 8).
When the number of balls or the frequency of ball milling was
decreased, lower yields were obtained (entries 9 and 10, 85% and
72% yields, respectively), suggesting that a strong mechanical
impact to activate the sodium metal is essential for efficient Birch
reduction. Furthermore, reducing the sodium and DMI loadings
to 4.0 equivalents led to a decreased yield (entry 11, 86%). Simi-
larly, shortening the reaction time (5 min) also reduced the yield
of 2a (entry 12, 61%).

With the optimized conditions in hand, we explored the
substrate scope of the mechanochemical Birch reduction using
sodium lumps (Table 2). Overall, this method is amenable to
a broad range of arenes and heteroarenes and is comparable to
conventional solution-based Birch reduction protocols. The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a. our developed conditons in THF

©/C10H21

1.0 mmol

Na lumps (6.0 equiv)
D-(+)-glucose (3.0 equiv)
DMI (6.0 equiv)

THF (0.28 M)
rt, 15 min

@/CWHN

<5% (NMR)

Remaining bulk sodium

b. using Na lump instead of Na dispersion under Takai and Asako's conditions

©/C10H21

1.0 mmol

Na lumps (4.0 equiv)
BUOH (4.0 equiv)
DMI (2.6 ml)

THF (1.0 ml)
0°C, 15 min

O/Cme ;;
-

<5% (NMR)
Remaining bulk sodium

c. using Na lump instead of Na dispersion under An's conditions

= oy “/rea
Na lumps (9.0 equiv) f=—
C1oH21 /ProH (9.0 equiv) C1oH21 i
D —
©/ 15-crown-5 (9.0 equiv) @/ .
THF (6.0 ml) -
1.0 mmol 0°C, 30 min 9% (NMR) -

Remaining bulk sodium

Scheme 3 Reactivities of sodium lumps in solution (a) our developed
conditions in THF. (b) Takai and Asako's conditions originally devel-
oped for the use of sodium dispersion. (c) An's conditions originally
developed for the use of sodium dispersion.

reduction of alkylbenzene-containing acetal (1b), alcohol (1c),
and primary amine (1d) afforded the corresponding products
(2b-2d) in moderate to high yields (86%, 76%, and 60% yields,
respectively). Substrates bearing amines protected with acetyl
groups (1e) and tert-butoxycarbonyl groups (2f) efficiently
underwent Birch reduction. Unsubstituted amide (2g) and
carboxylic acid (2h) were also selectively reduced at the aromatic
ring in good to excellent yields (51% and 88% yields, respec-
tively). The less-reactive electron-rich disubstituted alkylben-
zenes (1i and 1j) also readily reacted with sodium lumps under
mechanochemical conditions to afford the corresponding
products (2i and 2j) in high yields (86% and 89%, respectively).
In contrast, the reaction of meta-disubstituted alkylbenzene (1k)
afforded the reduction product (2k) in moderate yield (44%).
The reactions of conjugated aromatic compounds also provided
the desired reduction products (21-20) in moderate to high
yields (55-91%). While these arenes are often over reduced
under conventional solution-based conditions to produce
complex mixtures, only trace amounts of the overreduced
products were observed under these mechanochemical condi-
tions. Electron-rich aromatic ether (1p) was successfully
reduced, but the yield was moderate (58%). 2-Methoxynaph-
thalene also reacted to yield the desired product 2q (34%);
however, the demethylation side product (2q’) was the major
product (43%).%** Furthermore, we conducted the reduction of
N-heteroarenes. Acridine (1r) was reduced to an excellent yield
(96%) without over-reduction. The reactions of N-alkylated
indole (1s) and quinoline (1t) also afforded the corresponding
N-heterocycles (2s and 2t) in moderate yields (50% and 49%,
respectively). Although most of the products were isolated by
column chromatography on silica gel, non-polar products such
as 2i can be isolated by simple washing the crude mixture with
water (for details, see the ESIt). This result highlights the
practical utility of this mechanochemical protocol.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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To demonstrate the practical utility of this reaction, we
investigated the scaled-up synthesis of 2r (Scheme 2). A 3 mmol-
scale reaction was conducted in 10 mL stainless steel jars with
two 10 mm stainless steel balls. Using MM400, two simulta-
neous reactions were carried out to obtain 2r on the gram scale
(Scheme 2). After ball milling, each 3 mmol-scale reaction was
quenched with methanol. These reaction mixtures were then
mixed, subjected to extraction, and purified by silica gel column
chromatography to afford 2r in 95% yield (1.030 g), which was
comparable to the yield obtained in the small-scale reaction.
This result emphasizes the practical utility of the protocol.*

Control experiments were performed in solution to confirm
the effectiveness of this mechanical activation approach using
ball milling (Scheme 3). Initially, a commercially available
sodium lump was used in a solution-based reaction with
tetrahydrofuran (THF) as the solvent in the presence of b-
(+)-glucose and DMI. Under these conditions, no reaction was
observed, and a large amount of bulk sodium metal remained
unaltered (Scheme 3a). Subsequently, we conducted an exami-
nation of the reactions in solvent using sodium lumps accord-
ing to the experimental settings established by Takai and Asako
(Scheme 3b), as well as the conditions devised by An (Scheme
3c), which were originally developed for sodium dispersions.*®
Both reactions afforded poor results (<5% and 9% yields,
respectively), and a large amount of bulk sodium metal
remained unreacted. These results indicate that the strong
mechanical impact of ball milling is necessary for efficient
Birch reduction using unactivated sodium lumps without liquid
ammonia. We assumed that the iz situ mechanical activation of
sodium metal by ball milling could form smaller metal particles
with high reactivity comparable to that of sodium dispersion.

Conclusion

In summary, we developed a mechanochemical protocol for
highly efficient, economically attractive, and operationally
simple Birch reduction using sodium lumps. The use of b-
(+)-glucose as a proton source, which is a safe, sustainable,
abundant, and inexpensive reagent,'® is the key to efficient
transformations. Notably, this protocol can be performed
without a complicated reaction setup involving inert gases or
the pre-activation of sodium metal. These results demonstrate
the practical utility of Birch reduction using sodium lumps as
an alternative to established protocols that use lithium metal or
other expensive and difficult-to-store activated sodium sources.
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Organosodium compounds and sodium are commonly
considered pyrophoric compounds. On the other hand,
Birch reduction is an exothermic reaction that might
release flammable vapors. Risk management must be
performed to avoid fire and explosion hazards before
attempting to scale up this reaction in the air.

16 Retail price: ca. US $30 per kg (TCI chemicals) in Dec 2023.
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