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A copper-catalyzed one-pot amine-alkylation of quinones with
amines and alkanes in the presence of di-tert-butyl peroxide
(DTBP) was developed via a radical reaction process. Various
alkanes and aromatic or aliphatic amines with diverse structures
and electronic properties are suitable substrates, and the chirality
of amines can be maintained for the transformation. This method
has high step and atom economy for straightforward access to
aminated and alkylated quinones from readily available starting
materials.

Introduction

Quinones play significant roles in developing pharmaceuticals
and functional materials and act as building blocks in total
synthesis." Owing to their unique structure and electron trans-
port properties, quinone derivatives exhibit a wide range of
biological and pharmacological activities in biological
systems.” It is worth noting that amino and alkyl substituted
quinones display good biological activity, including antibacter-
ial, antibiotic and antitumor activities (Fig. 1).> Therefore, the
development of novel, simple and efficient methods to syn-
thesize amine and alkyl substituted quinones is of great sig-
nificance. Generally, the methods for synthesizing amine and
alkyl substituted quinones are rarely described, and there are
two main methods: (i) the treatment of 1,4-naphthoquinones,
via sequential amination and alkylation of the quinones,
to form amine and alkyl substituted quinones® and (ii) the
direct amination reaction of methyl substituted quinones with
amines also yields amine and alkyl substituted quinones.’
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Regrettably, these ways required multistep reaction procedures
and the substrate scope was very restricted. Therefore, develop-
ing high atom economy and more facile methods for the syn-
thesis of amine and alkyl substituted quinones from quinones
in a one-pot fashion is highly desirable.

Recently, due to its excellent features, such as high step
economy and atom economy, the difunctionalization of
alkenes via a radical pathway is used for the construction of
polyfunctionalized molecules.® Meanwhile, significant pro-
gress has been achieved in a plethora of alkene difunctionali-
zations, such as carbo-, oxy-, halo-, cyano-, azido-, and amine-
alkylation.” In contrast, although there have been many
reports on monofunctionalization of quinones, such as alkyl-,
aryl-, alkynyl-, and trifluoromethylation,® reports on one-pot
difunctionalization of quinones have been very rare. In 2002,
Theodorakis and co-workers reported alkylation and thioether-
ification of quinones by photochemical decarboxylation of
thiocarbonyl derivatives (Scheme 1a).” In 2019, the group of
Chen developed a copper-catalyzed one-pot three-component
thioamination of 1,4-naphthoquinone with thiols and amines
(Scheme 1b)."® Despite the significant development, as far as
we know, the direct amine-alkylation of quinones in a one-pot
manner has not yet been reported. Inspired by these results
and our group’s continuous interest in the functionalization of
quinones,"" we envisage the synthesis of amines and alkyl-sub-
stituted quinones in a one-step manner from quinones with
amines and alkanes via a radical process. Herein, we report for

Q,
NH,
o o
HzN OMe /©/OH

N NH O‘ N
o] o H
Mitomycin C P Ha i
antibacterial Tanespimycin anttumor

antibiotic

Fig. 1 Amine-alkyl substituted quinones with biological and pharmaco-
logical activities.
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Scheme 1 The one-pot difunctionalization of quinones.

the first time a copper-catalyzed one-pot amine-alkylation of
quinones with amines and alkanes in the presence of DTBP.

Results and discussion

Initially, we selected 1,4-naphthoquinone 1a as a model sub-
strate, aniline 2a as an amination reagent, and cyclohexane 3a
as an alkylation reagent to evaluate our hypothesis (Table 1, as
well as Tables S1-S6 in the ESIt). Fortunately, in the presence
of DTBP (2 equiv.), 1a was converted to the amine-alkylated
1,4-naphthoquinone 4a in 46% yield with a 10 mol% loading
of Cu(OTf), in a sealed tube at 120 °C for 20 hours in cyclo-
hexane (entry 1). Subsequently, the oxidant was screened.
DTBP was proved to be more efficient than others, such as tert-
butyl-hydroperoxide (TBHP), tert-butyl-peroxybenzoate (TBPB),
dicumyl peroxide (DCP), and benzoyl peroxide (BPO) (entries

Table 1 Optimization of reaction conditions?

g = >
2 © T oA
Cu(OTf)2(1O mol%) NH | /]\ Ny
@ ORE Oy pr
120 °C Time ‘ A%I("/\
o
4a X-ray structure for 4a

CCDC 2014782

Entry Oxidant (2 equiv.) Addition (1 equiv.) Time (h) Yield” (%)

1 DTBP — 20 46
2 TBPB — 20 Trace
3 BPO — 20 Trace
4 DCP — 20 38
5 TBHP — 20 Trace
6 DTBP AcOH 20 52
7 DTBP TFA 20 Trace
8 DTBP TsOH-H,0 20 48
9 DTBP AcOH 4 44
10 DTBP AcOH 6 76
11 DTBP AcOH 8 64
12°¢ DTBP AcOH 6 83

“Reaction conditions: 1,4-Naphthoquinone (0.30 mmol), aniline (1.2

equiv.), Cu(OTf), (10 mol%), oxidant (2 equiv.), additive (1 equiv.), and

cyclohexane (2 ml) as the solvent, 120 °C, sealed tube, and 6 h.
PIsolated yields. “ DTBP 3 equiv.
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2-5). To our delight, when acetic acid was added, the yield of
product 4a was increased to 52% (entries 6-8). The reaction
time was crucial for the present reaction, and 76% yield was
obtained when it was reduced from 20 h to 6 h (entries 9-11).
This is probably because too short reaction time will lead to
incomplete reaction, while too long reaction time will increase
by-products. Finally, the reaction could afford 4a in 83% yield
using 3 equiv. of DTBP (entry 12).

With the optimized reaction conditions in hand, we began
to evaluate the feasibility of the reaction by studying the per-
formance of various amines that bear diverse substituent
groups (Table 2). Gratifyingly, anilines with various substitu-
ents, such as halide, alkyl, ether, thioether, acyl and ester
groups, at the para-, meta- or ortho-position on the aryl ring,
were suitable for this transformation, and the corresponding
products were obtained in moderate to good yields (4a-p,
37-83%). The result indicated that aniline with electron-donat-
ing substituents exhibited more reactivity than those with elec-
tron-withdrawing substituents and no obvious steric effects of
anilines were observed for this reaction. The disubstituted
aniline with diverse electronic properties smoothly afforded
the desired products (4q-u, 39-78%). Notably, by adding an
electron donating group, the nitro substituted products 4t and
4u were successfully obtained in 42% and 39% yields, respect-
ively. For 4v, addition of excess catalyst was necessary for this
reaction (4v, 38%). Moreover, although the yield of aliphatic
amines is lower than that of aromatic amines, the corres-

Table 2 Substrate scope for amines®?
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“Reaction conditions: 1,4-Naphthoquinone (0.30 mmol), amine (1.2
equiv.), Cu(OTf), (10 mol%), DTBP (3 equiv.), additive (1 equiv.), and
cyclohexane (2 ml) as the solvent, 120 °C, sealed tube, and 6 h.
PIsolated yields. © Cu(OTf), (30 mol%)
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ponding product was also obtained. Primary aliphatic amines
such as butylamine, benzylamine, and cyclohexylamine were
suitable substrates under standard reaction conditions, while
the corresponding products were furnished in acceptable
yields (4w-y, 38-45%). Morpholine also reacted successfully
with 1,4-naphthoquinone and cyclohexane to give the desired
product 4z in 58% yield.

To further extend the utility of this amine-alkylation reac-
tion, we have also investigated the substrate scope of alkanes
and quinones (Table 3). Cyclopentane, cycloheptane and
cyclooctane also worked well, providing the desired products
in moderate yields (5a-c¢, 68-74%). To our excitement, this
amine-alkylation reaction was not limited to cycloalkanes.
Benzylic hydrocarbons and chain alkanes were also suitable
substrates with a slight change of the reaction conditions.
Different electronic property substituents on toluene have a
greater impact on this reaction, and toluenes with electron-
withdrawing substituents exhibited more reactivity than those
with the electron-donating substituents (5d-f, 55-70%).
Hexane also took part in the amine-alkylation reaction,
leading to the 2- and 3-functionalized products 5g (2:1) in
total 74% yield. For quinones, 1,4-anthraquinones are suitable
substrates under the standard conditions while the desired
products were obtained in 42% yield (5h). Unfortunately,
hydroxyl substituted 1,4-naphthoquinones are not suitable
substrates under the standard conditions (5i).

Furthermore, the scale-up of the reaction was performed to
reveal the applicability of this method. When 1,4-naphthoqui-
none la was scaled up by 10 mmol, 4a was isolated in 77%
yield (Scheme 2a). Moreover, when a chiral diamine was used

Table 3 Substrate scope of alkanes and quinones®?
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“Reaction conditions: 1,4-Naphthoquinone (0.30 mmol), amine
equiv.), Cu(OTf), (10 mol%), DTBP (3 equiv.), additive (1 equiv.), and
cyclohexane (2 ml) as the solvent, 120 °C, sealed tube, and 6 h.
bIsolated yields.  DTBP (5 equiv.), 12 h. DTBP (5 equiv.), determlned
by "H NMR spectra.
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Scheme 2 The scale-up reaction and synthetic applications.

for the protocol, the product 6 was also successfully obtained,
and it was found that the chirality was maintained by single
crystal diffraction (Scheme 2b). This also provides a new
method for the synthesis of new chiral catalysts or ligands
with a quinoid structure. Finally, we hope to obtain amino and
alkyl substituted quinones via CAN deprotection of the PMP
group."” Interestingly, the compound 4f produced an oxidation
product 8 in 92% yield. Furthermore, the compound 8 could
provide the compound 9 in 76% yield, which is an analogue of
phenylamino naphthoquinone with antitumor activity
(Scheme 2c).

In order to further investigate the mechanism of the amine-
alkylation reaction, several control experiments were carried
out as shown in Scheme 3. The model reaction only afforded

@ O NH, o

N
+ "
@ * O standard conditions 4a + \©
(o}

TEMPO (3 equiv)
1a, 0.3 mmol 0% 10, 28%

* @ O Cu(OT), (10 mol%)
“10ocen 1

with AcOH: 43% vyield

2a,1.2
1a,0.3 mmol a, equiv 3a, 2 ml without ACOH: 23% yield

ﬁ@@

DTBP (3 equiv)

AcOH (1 equnv) 4a
120 °C 6h with Cu(OTf),: 87% yield
o O
10,03 mmol 3a,2ml without Cu(OTf),: 23% yield
@ O NH, o ‘
. N Cu(OTf), (10 mol%)
DTBP(1 equiv)
—_—
4
5 AcOH (1 equiv) & 10 + 4

1a,0.3 mmol 2a,1.2equiv 3a,2ml  120°C,6h 11, 16% 58%  trace
*/‘ © standard conditions
11,03 mmol 0%

Scheme 3 Control experiment.
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the aminated product 10 with the addition of 3 equiv. of
TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl), which suggests
that the amine-alkyl reaction involves a step-by-step reaction
and a radical process (Scheme 3a). The reaction of model com-
pounds 1a, 2a and cyclohexane 3a generated the aminated
product 10 in 43% yield without DTBP, while the aminated
product was obtained in only 23% yield without DTBP and
AcOH, which means that AcOH can promote the amination
reaction (Scheme 3b). Subsequently, 4a was obtained in 87%
yield with the reaction of compound 10 and cyclohexane 3a
under the standard conditions, while the yield of 4a was
decreased from 87% to 26% in the absence of copper salt
(Scheme 3c). This showed that copper played an important
role in this transformation. When the amount of oxidant was
reduced to 1 equiv., the reaction generated compound 10 in
68% yield, alkylated product 11 in 16% yield and trace
amounts of 4a, respectively (Scheme 3d). Moreover, the reac-
tion of compounds 11 and 2a did not give 4a under standard
conditions (Scheme 3e). These results showed that the inter-
mediate was compound 10 instead of compound 11 in this
amino-alkylation reaction.

Based on the control experiment results and previous
literature,*'®"* a possible reaction mechanism is proposed in
Scheme 4. First, in the presence of protons, amine reacted
with 1,4-naphthoquinone activated by Cu(u) to give the inter-
mediate A, which was immediately oxidized to compound 9 by
DTBP. Meanwhile, the tert-butyl radical generated by the
thermal cracking of DTBP abstracts a proton from cyclohexane
to form a cyclohexyl radical. On the one hand, the cyclohexyl
radical generated a cyclohexyl carbocation and regenerated Cu
(1) via a SET process with Cu(u). Thereafter, the reaction of the
cyclohexyl carbocation with intermediate B formed by the
rearrangement of 9 generates intermediate C, and the product

HZN—R
Y DTBP +BuOH o H
“OO O‘ A

~ 07

Cu(II) A OH o

AcOH + tBuO
cu(l)

AcO + t-BUOH
patha

cu(ll),
tBuOH

(cu,. O
0 H
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I .
O‘ Nog . +BuOH
POY: :
(0] Cu(ln tBuO
290

Scheme 4 Possible mechanisms.
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4 is obtained after deprotonation and rearrangement of inter-
mediate C (path a). On the other hand, the cyclohexyl radical
could react with compound 9 activated by Cu(u) to give the
intermediate D. Subsequently, the intermediate D is oxidized
by the tert-butoxy radical to form the product 4 (path b).

Conclusions

In conclusion, a novel and efficient strategy for amine-alkyl-
ation of quinones with amines and alkanes has been
described. The reaction had excellent functional group toler-
ance, and various aromatic or aliphatic amines and alkanes or
benzylic hydrocarbons were suitable substrates for the reac-
tion. Meanwhile, the chirality of the reactant was also main-
tained in this transformation. Finally, we proposed a possible
radical pathway for the reaction based on the results from
control experiments.
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