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ABSTRACT: A novel synthetic approach to amidoquinones
by the reaction of naphthoquinones with hydroxamic acids
under basic conditions was developed. The reaction is mild
and operationally simple, and it affords high yields of
amidoquinones. With this new method, a novel, very strong
HDACS6 inhibitor, which showed high toxicity to AML cells,
was successfully synthesized.
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midoquinones are core structures of many biologically
active natural products and synthetic molecules. Some of
these compounds, such as hygrocin A and salinisporamycin
(Scheme 1a), exhibit very important anticancer and antibiotic

activities.'* ™ Besides their biological applications, amidoqui-

. Af
nones have also been used as metal chelators in catalysis.

Recently, a novel amidoquinone-based HDACG6-selective

Scheme 1. Amidoquinone Structures and Synthetic Methods
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highly potent HDACE inhibitor!
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inhibitor, NQN-1, that showed selective toxicity toward acute
myeloid leukemia (AML) cells at micromolar concentration was
developed.2 To date, mainly two methods are available to access
such amidoquinone structures (Scheme 1b): (1) An amino-
quinone is obtained by directly warming a mixture of a quinone
and NaNj; in AcOH, and the aminoquinone is then reacted with
an acyl chloride in the presence of strong base to form the final
amidoquinone product. The strong base, such as NaH, is
indispensable in the acylation reaction because the amino group
is highly deactivated by the quinone ring, and the generation of a
nitrogen anion with the strong base is necessary to make the
nucleophilic substitution reaction proceed. As a result, the need
to work with this corrosive and explosive NaN;/AcOH reaction
system and to handle the susceptible acylation reaction make this
method considerably labor-intensive and time—consuming.3 (2)
The amidoquinone is directly formed by oxidation of the
corresponding dimethoxy-N-phenylamide with a strong oxidant
such as a hypervalent iodine compound. This method can afford
various amidoquinones with different substituents.” However,
substrates that are susceptible to strong oxidants cannot tolerate
these reaction conditions. In this context, the development of
more concise and environmentally benign synthetic methods to
access these amidoquinone structures is highly desirable and of
great significance.

Many methods to access aryl C—N bonds have been reported,
and the most reliable ones are Buchwald—Hartwig amination, the
Ullman coupling reaction, and the Chan—Lam coupling
reaction.” The advent of direct amination using hydroxylamine
or its derivatives as amination reagents by N—O bond cleavage
provides chemists with new powerful tools to create such C—N
bonds, but these N—O bond cleavages usually need the
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assistance of transition metals.” Recently, metal-free synthetic
methods to access arylamines have attracted more and more
attention.” To our knowledge, March and Engenito® reported
the first noncatalyzed direct amidation of aromatic compounds
via N—O bond cleavage with hydroxamic acid using poly-
(phosphoric acid) (PPA) as a solvent, but this method cannot be
practically useful because of its extremely limited substrate scope,
low yields, and harsh conditions. In 2015, Chen and Wang’
reported a direct amidation method to access aminophenol
compounds with N-hydroxyindolinones, which involved a
regioselective [1,3] arrangement. Very recently, Cheng, Li, and
co-workers reported direct aminations of benzofuran-2(3H)-
ones with hydroxylamine derivatives via a single electron transfer
event in which the two types of reactants act as electron donors
and electron receptors, repectively.'’ Despite these achieve-
ments, direct amidation of quinones has never been reported. We
envisioned that the amidoquinone structure could be achieved by
direct amidation of quinones with hydroxamic acid or its
derivatives under specific reaction conditions. With our
continuing interest in quinone-based organic molecules,”*“"!
we report here a metal-free direct amidation of naphthoquinones
with hydroxamic acids (Scheme 1c) and its application in the
synthesis of a highly potent HDACS inhibitor.

Initially, we employed 14-naphthoquinone (la) and N-
hydroxybenzamide (2d) as starting materials to interrogate
different reaction conditions (Table 1). To our great delight, the

Table 1. Optimization of the Reaction Conditions”

_base _
HO solvent t fe]
QO

entry solvent base (equiv) t (°C) yield (%)

1 1,4-dioxane K,CO; (2.0) 70 68

2 1,4-dioxane - 70 none
3 THF K,CO, (2.0) 70 60

4 CH,Cl, K,CO, (2.0) 70 21

S MeOH K,CO; (2.0) 70 none
6 DMF K,CO, (2.0) 70 72

7 CH,CN K,CO; (2.0) 70 75

8 CH,CN iPr,NEt (2.0) 70 87

9 CH,CN iPr,NEt (1.0) 70 S3
10 CH,CN Et,N (2.0) 70 76
11 CH,CN pyridine (2.0) 70 69
12 CH,CN DBU (2.0) 70 messy
13° CH,CN iPr,NEt (2.0) 25 80
147 CH,CN iPr,NEt (2.0) 70 86

“Reactions were performed by warming a mixture of 1a (0.6 mmol),
2d (0.5 mmol), and the base (1.0 mmol) in the indicated solvent (4

mL) for 12 h. PIsolated ylelds based on 2d. “The reaction was
performed at room temperature. “The reaction was performed under
argon.

desired product (3ad) was obtained in 68% yield when the
starting materials were treated with K,CO; at 70 °C in 1,4-
dioxane (entry 1). However, no desired product was found when
1a and 2d were stirred under the same reaction conditions but in
the absence of the base (entry 2). This indicated that the base is
indispensable for the coupling reaction between la and 2d.
Following the initial attempt, several other solvents were then
screened for the reaction. CH;CN was found to be the most
suitable solvent, affording 3ad in 75% yield (entry 7), while THF,
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CH,Cl,, MeOH, and DMF offered the desired product 3ad in
60%, 21%, 0%, and 72% yield, respectively (entries 3—6). Besides
K,CO;, other types of bases, including both organic and
inorganic bases, were carefully tested for the reaction. Finally,
iPr,NEt was proved to be the most efficient base for the coupling
reaction, affording 3ad in 87% yield (entry 8), while others, such
as Et;N, pyridine, etc., were also effective bases but gave lower
yields (entries 10 and 11). However, the reaction was messy
when the stronger organic base DBU was employed (entry 12). It
was also found that 2 equiv of iPr,NEt (based on 2d) is required
for the best performance of the reaction, and the yield of 3ad
decreased when the loading of iPr,NEt was lowered (entry 9).
The reaction was slightly less productive when performed at
room temperature, giving an 80% yield of the final product (entry
13). There was no difference when the reaction was performed
under argon atmosphere (entry 14), which indicated that oxygen
and moisture do not affect the reaction.

Subsequently, the substrate scope of hydroxamic acids was
explored with the most effective protocol. As shown in Scheme 2,

Scheme 2. Substrate Scope of Hydroxamic Acids”
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“Reactions were performed by warming a mixture of 1a (0.6 mmol), 2
(05 mmol), and i-Pr,NEt (1.0 mmol) in CH;CN (4 mL) for 12 h.
The reaction was performed in DMF.

substitution of the hydroxamic acid at different positions of the
phenyl ring did not affect the yield of the final product (3aa—ac).
Electron-withdrawing or electron-donating substituents at the
para position of the phenyl ring of the hydroxamic acid seemed
to have little influence on the reaction, and the desired products
were obtained in good yields (3ae—ah). N-hydroxynaphtha-
mides have very poor solubility in CH;CN, but reactions went
smoothly in DMF and gave slightly lower isolated yields of the
final products (3ai and 3aj). Hydroxamic acids with hetero-
aromatic rings are also suitable substrates, giving the
corresponding products in good yields (3ak—an). Alkyl
hydroxamic acids are more challenging substrates, affording the
desired substrates in moderate yields (3a0—aq). Notably, Boc-
protected hydroxylamine can also be applied under the optimal
reaction conditions, furnishing the product in high yield (3ar).
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To further test the limitations of this reaction, the scope of
various quinones was also investigated (Scheme 3). The results

Scheme 3. Substrate Scope of Quinones”

[¢] o]
R ] Xq R? j)\ iPrNEt _R! | Xy Rzo
+ HO. o
N~ ~R? CHyCN, 70°C
-~ N P g
[e] o] H
1 2dor2l 3

NH NH NH
o O‘

3bd, 36% yleld” 3cd, 84% yleldb 3dd, 84% yleldb
o

O S
NH NH O‘
NH
OMe

3ed, 60% yleldb 3fd, 43% y|e|d° 3gd, 85% yleld

N\
[o] OO SN o o
(X GO O
P N
AR
0 0 o

3hd, 79% yield 3il, 75% yield 3jd, 90% vyield

“Reactions were performed by warming a mixture of 1 (0.6 mmol), 2d
or 21 (0.5 mmol), and i-Pr,NEt (1.0 mmol) in CH;CN (4 mL) for 12
h. "Pyridine was used as the base.

indicated that naphthoquinones with an electron-deficient group
at the 2-position afford higher yields of the desired products (3cd
and 3dd), while naphthoquinones with an electron-donating
group at the 2-position afford lower yields of the desired products
(3ed—fd and 3il). However, a 1,4-naphthoquinone with a 2-
chlorophenyl substituent at the 2-position gave an extremely low
yield of the corresponding product (3bd), probably because the
steric hindrance hindered the formation of 3bd. A 1,4-
naphthoquinone with an amido substituent at the 2-position
gave a high yield of 3gd. Quinoline-5,8-dione is also a favorable
substrate for this reaction that afforded a 79% yield of the desired
product 3hd. 6-Methyl-1,4-naphthoquinone gave a high yield of
amido-substituted products, but it was a 1:1 mixture of 2- and 3-
substituted products, which is difficult to purify (3jd). However,
when 2-methylnaphthoquinone (1k), 1,4-benzoquinone (11), or
2,5-dimethyl-1,4-benzoquinone (1m) was subjected to the
standard conditions, no desired amidoquinone product was
detected.”’

In order to probe the mechanism of the reaction, we carried
out several control experiments as shown in Scheme 4. The
model reaction proceeded well in the presence of excess 2,2,6,6-
tetramethylpiperidin-1-oxyl (TEMPO), which indicated that the
reaction does not go through a radical pathway (Scheme 4a).
There was no reaction when 1,4- naphthoquinone was treated
with N-methylhydroxamic acid (Scheme 4b). However, the
desired product was obtained in 78% vyield when 1,4-
naphthoquinone was treated with O-methylhydroxamic acid
(Scheme 4c). The results imply that the generation of amide
anion is essential for the reaction. We also evaluated the kinetic
isotope effect (KIE) for the reaction, and a small KIE value was
observed (Scheme 4d). This indicated that the reaction does not
involve direct C—H activation. We then proposed a plausible

Scheme 4. Control Experiments
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mechanism based on the results obtained (Scheme 5). The
reaction takes place via initial abstraction of H" from compound

Scheme S. Proposed Mechanism

2d by the base to form intermediate A,'> which then attacks 1a
via nucleophilic addition, affording intermediate B. A molecule of
water is abstracted from B to form intermediate C, and the final
product 3ad is then generated after electron rearrangement.
With great interest in amidoquinone-based HDACG6 inhib-
itors, we had been endeavormg to synthesize compound 9 but
were unsuccessful.'> With our newly developed method of direct
amidation of 1,4-naphthoquinones, however, compound 9 was
obtained in 31% overall yield (Scheme 6). Compounds 1a and 7
were subjected to the optimal reaction conditions to yield
compound 8, and deprotection of 8 in MeOH with a catalytic

Scheme 6. Synthesis of Novel HDACG6 Inhibitor 9 by the
Newly Developed Direct Amidation Reaction of Quinones
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amount of p-TsOH-H,O afforded compound 9. Biological
studies of 9 showed that it has extremely high inhibition potency
against human recombinant HDAC6 enzyme with an ICs, of 6
nM; it is stronger than SAHA (vorinostat), the first FDA-
approved HDAC inhibitor in the clinic, which has an IC, of 484
nM against HDAC6. Besides, Western immunoblot showed that
9 induces hyperacetylated tubulin because of HDACS inhibition.
Upregulation of Hsp70 suggests HDACG6-associated Hsp90
inhibition followed by degradation of the oncogenic protein
FLT-3 and STATS in AML cells. In the end, compound 9
exhibited high toxicity toward AML cells with an EC, 0of 367 nM,
compared with approximately 1 mM for SAHA, which indicates
promising biological prospects.'’

In conclusion, we have developed a new metal-free method to
construct biologically valuable amidoquinone structures by the
direct reaction of quinones with hydroxamic acids under mild
basic conditions, and it unveiled a new N—O bond cleavage
reaction of hydroxamic acids. The newly developed C—N bond
formation reaction is convenient and operationally simple, has a
broad substrate scope, and affords the final products in high yield
(up to 91%). In particular, with this newly developed method, we
successfully synthesized a highly potent HDACG6 inhibitor (ICs,
=6 nM) that is hard to access by usual methods, and the inhibitor
exhibits promising biological activities, such as high toxicity
toward AML cells (ECs, = 367 nM). Further biological studies
are underway.
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