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We developed a Jocic-type protocol for the construction of the pyrrolonaphthoxazepine (PNOX) core.
After an initial investigation based on the isolation of a trichloromethyl carbinol derivative, we shifted
our attention towards a multicomponent single-step protocol. Screening of a variety of bases and solvents
led to the identification of the optimum conditions for the preparation of the key a-aryloxy carboxylic
acids to undergo intramolecular cyclization. The novel chemical route significantly improved overall
yields for the preparation of PNOX-based compounds and was successfully extended to the preparation
of 1,4-benzoxazinone-based templates.

� 2018 Published by Elsevier Ltd.
Pyrrolo-1,5-benzoxazepines (PBOXs) and pyrrolonaphthox-
azepines (PNOXs) are pharmaceutically relevant heterocycles. As
a part of our research activity, a major focus was directed toward
the development of novel PBOXs and PNOXs as potent antitumor
agents, inhibitors of adenosine kinase and nonnucleoside inhibi-
tors of human immunodeficiency virus reverse transcriptase
(HIV-1 RT) [1–12]. In particular, our continuing efforts in the field
of antitumor agents led to the development of PBOX- and PNOX-
based compounds as potent proapoptotic agents [4]. Several mem-
bers of this latter class of compounds were shown to potently inhi-
bit the growth of a number of cancer cell lines. In addition, a
number of PBOXs and PNOXs were effective in ex vivo patient sam-
ples from chronic lymphocytic leukemia (CLL), chronic myeloid
leukemia (CML) and multiple myeloma (MM) and in in vivo tumor
models of breast cancer and CML with limited effects in normal
cells [13,14]. Among the developed analogues, PNOX derivative
1a (Fig. 1) stood out as extremely potent proapoptotic agent, also
demonstrating interesting radiosensitizing properties in glioblas-
toma and prostatic cancer cell lines [15]. Thus, compound 1a
became our prototype for the development of optimized PNOX
ysis and
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derivatives. With the aim of further improving PNOXs in terms of
antitumor potency and drug-like properties and to fully elucidate
their mechanism of action, we modified the PNOX scaffold at dif-
ferent levels. In particular, we aimed at reducing the high
lipophilicity of the early developed analogues typified by 1a, by
introducing specific structural modifications such as heteroatoms.
Accordingly, a small series of analogues were designed by replac-
ing the terminal naphthyl moiety with a quinolyl system in which
a number of nitrogen positions and quinoline ring decorations
were explored. Among them, compounds 1b,c were developed
bearing a 5-quinolyl and a 8-quinolyl system, respectively. Both
compounds showed excellent proapoptotic potential in a relevant
panel of tumor cell lines (including multidrug-resistant cell lines)
and displayed a superior drug-like profile with respect to proto-
typic compound 1a [16].

As represented in Fig. 1, the cyclic ketone PNOX template (2)
could derive from an alkylation reaction between pyrrolylphenol
derivatives (3) and the suitable a-bromo esters (4) providing the
aryl-alkyl ether skeleton to undergo intramolecular cyclization
on the pyrrole a-position.

Due to the lengthy and often problematic synthesis of a-bro-
mopheylacetic derivatives of quinolines and other heterocycles,
we later on envisioned a Mitsunobu-based route for the construc-
tion of the key aryl-alkyl ether template. Accordingly, a glyoxylate
intermediate could represent a new and convenient access to the
required a-hydroxyester derivatives (5) to undergo Mitsunobu
reaction with the pyrrolylphenol derivatives (3). This revised path
provided a 3-step shorter route to the desired PNOX template 2,
with respect to the original one [16]. However, both the designed
routes displayed a number of drawbacks which led to unsatisfac-
tory overall yields for the preparation of the target PNOX-based
compounds, thus compromising a large scale preparation. Both
alkylation and Mitsunobu routes involved the treatment of an aryl
bromide (9) with n-butyllithium in order to insert the a-carbon
atom to serve as the handle for appending the required a-bromo
or a-hydroxy functionalities for aryl-alkyl ether construction
(Fig. 2). In particular, for the alkylation route, the preparation of
the a-bromo quinolylacetic esters (4) started from the suitable
aldehydes (7) easily accessible by treatment with dry N,N-
dimethylformamide in the presence of n-butyllithium. The addi-
tional carbon unit was then inserted by Wittig homologation lead-
ing to the formation of the corresponding enolether which, upon
Fig. 2. Outline of the synthesis of the key a-bromo derivatives 4 and a-hydroxy
derivatives 5, key intermediates for the construction of PNOX scaffold 2, according
to the previously employed alkylation and Mitsunobu routes.
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treatment with aqueous hydrochloric acid, afforded the homolo-
gated aldehyde (6).

Following oxidation to the corresponding methylester deriva-
tive was performed with N-iodosuccinimide and methyl iodide in
the presence of potassium carbonate. The oxidation step, as well
as the subsequent radical bromination, usually displayed moderate
yield, which finally provided the desired a-bromo derivatives in 5
steps (overall yield 15%, Fig. 2A). The Mitsunobu route, although
shorter and apparently more straightforward, displayed several
pitfalls. First, the insertion of the glyoxalyl moiety by reaction with
ethyl chlorooxoacetate in the presence of n-butyllithium led to a
series of side products with consequent tedious purifications and
poor yields. Most importantly, the simultaneous presence of keto
and ester functionalities led to the concomitant over-reduction to
the corresponding diol (overall yield 6%, Fig. 2B). The over-reduc-
tion took place to different extents most likely depending on sub-
strate, temperature, time and reaction scale and, very often, in a
rather unpredictable fashion. Also, the Mitsunobu reaction itself
displayed only moderate yields not suitable for large scale applica-
tions and led to the formation of a significant number of side
products.

In view of the excellent antitumor potential of compounds 1a-c,
we aimed at identifying a more general and expedite chemical
strategy to target compounds, also suitable for scale-up for
in vivo assessment. Thus, we sought to plan a more straightforward
strategy overcoming the issues related to the overlong and low-
yielding functionalization especially with respect to the quinolyl
moiety. To this end, we envisaged a Jocic-type approach as a versa-
tile and efficient option for the rapid synthesis of templates with
significant structural diversity and complexity. In our context, it
could represent an ingenious and convenient shortcut for the con-
struction of key a-aryloxy carboxylic acids 15 (Fig. 3) as the direct
substrate for intramolecular Friedel-Crafts leading to the desired
cyclic ketones 2 as reported [4,17].

Accordingly, the process would employ the suitable aldehyde to
be promptly converted into the corresponding trihalomethyl carbi-
nol and a phenol derivative to function as the nucleophile. As
shown in Fig. 3, our conceived carbinol would undergo conversion
into the corresponding gem-dihaloepoxide which, upon attack of
the phenoxide nucleophile, would provide the corresponding acyl
halide, immediately converted in the reaction medium into the
desired carboxylic acid [18–21].

The Jocic-Reeve reaction involves the deprotonation of a tri-
halomethyl carbinol (11), routinely prepared in one step from the
corresponding aldehyde (10), [22] by a base in protic media to
Fig. 3. Designed Jocic-type path to the carboxylic acid derivative 15, key interme-
diate for the synthesis of the PBOX and PNOX cores.
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generate a reactive gem-dihalo-epoxide (13) (Fig. 3). The epoxide
readily undergoes a regioselective substitution reaction with the
added nucleophile, to afford the corresponding a-substituted acyl
halide intermediate (14), finally generating the carboxylic acid 15
upon nucleophilic acyl substitution. Variations of the original Jocic
reaction, including the popular Corey–Link reaction [23,24], have
been the basis for a variety of new synthetic methods and served
as featured steps in target-directed synthesis [25–28] and in drug
discovery and development [29–35].

Bearing those factors in mind, and in order to assess the feasi-
bility of our newly proposed approach, we conducted a preliminary
investigation preparing the trichloromethyl carbinol derivatives of
1-naphthyl and 5-quinolyl aldehydes using 3 different methodolo-
gies [36]. The first method (Condition 1, Table S1) employed the
methodology reported by Corey and Link [37]; the second method
(Condition 2, Table S1) exploited a solventless procedure firstly
proposed by Aggarwal [38]; the third method (Condition 3,
Table S1) involved the Wyvratt method employing potassium
hydroxide in the presence of chloroform and methanol [39]. All
the three adopted procedures provided the desired carbinols in
nearly quantitative yields, with only a quick filtration on a silica
gel pad needed to obtain satisfactory degrees of purity. However,
all the subsequent attempts to convert the carbinols into the
desired aryloxy carboxylic acids (summarized in Table S1) did
not lead to the desired products. All the employed conditions,
using NaOH, KOH and NaH as the base and a variety of solvent sys-
tems (Table S1, entries 1–11) did not allow the isolation of the
desired carboxylic acids, but led instead to complex mixtures of
byproducts (Table S1, entries 7 and 8) or recovery of unreacted
starting material (Table S1, entries 1–6 and 9).

This first set of attempts, although unsuccessful, resulted useful
to shift our mindset towards a multicomponent approach involv-
ing the addition of an aryl aldehyde to a trihalomethide (formed
by deprotonation of a haloform with a base) and resulting in an
Table 1
Reaction conditions explored for the Jocic-type synthesis of aryloxy carboxylic acids 15.

Entrya Methodb,c Ar 3a (equiv.) X (equiv.)

1 Ab 1-Naphthyl 0.3 Br (1.7)
2 0.3 Br (1.7)
3 1.0 Br (1.7)
4 1.0 Br (5.0)
5 5-Quinolyl 0.3 Br (1.7)
6 8-Quinolyl 0.3 Br (1.7)
7 0.3 Br (1.7)
8 0.5 Br (1.7)
9 Bc 1-Naphthyl 0.3 Br (1.7)
10 0.3 Br (1.7)
11 0.5 Br (1.7)
12 1.0 Br (5.0)
13 0.5 Br (1.7)
14 0.3 Cl (1.7)

a Reactions were conducted with 1 equivalent of corresponding aldehyde in dry THF
b Phenol was treated with the base and the aldehyde followed by the haloform in a s
c Phenol and the aldehyde, along with the haloform were treated in two separate flasks

solution.
d Temperature was maintained at 0 �C for 1 h and then was allowed to reach at room te

for 1 h before and 1 h after the transferring of the phenoxide system except for entries
e Reaction time after reaching at room temperature.
f Isolated yield of purified product.
g Not reproducible and not scalable.
h Temperature was maintained at 0 �C for 3 h before and 1 h after the transferring of
i Temperature was maintained at 0 �C for 1 h before and 1 h after the transferring of
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a-trihalomethyl alkoxide evolving into the gem-dihaloepoxide
without necessitating the isolation of the carbinol. A challenge
associated with the setting up of our procedure was the selection
of a proper solvent system (protic solvent or mixed media) com-
patible with our phenoxide nucleophile. In addition, since most
protic solvents may also function as nucleophiles, especially in
the presence of the hydroxide, the intended nucleophile must out-
compete the milieu of base, solvent, conjugate base of the solvent,
and halide for nucleophilic substitution.

Also, we were aware of the significant possibility of dealing
with a competing Cannizzaro reaction involving the starting aryl
aldehyde when selecting hydroxides as the preferential base [38].

Accordingly, we identified a series of focused attempts to be
performed based on both literature data and on our longstanding
experience in manipulating a-aryloxycarboxylic acid templates.
Our experiments are summarized in Table 1. First of all, we inves-
tigated the outcome of a single-pot system (entries 1–8, Table 1)
on 1-naphthyl, 5-quinolyl and 8-quinolyl aldehydes by using
sodium hydroxide as the base and bromoform as the halogen
source. Interestingly, this attempt offered us the desired acids for
1-naphthyl (entry 2, Table 1) and 5-quinolyl (entry 5, Table 1)
systems with good yields but remained unsuccessful for the 8-qui-
nolyl aldehyde (entry 6, Table 1). A longer reaction time along with
a modified equivalency (entry 7 and 8, Table 1) of the starting
materials appeared to be unsatisfactory for this system, resulting
in poor yield (entry 7, Table 1) or in a complex mixture of byprod-
ucts (entry 8, Table 1). Moreover, starting materials were recovered
in good extent for almost all the reactions involving the 8-quinolyl
system.

Relying on the mechanistic understanding of the Jocic-Reeve
reaction pathway, we also tried to explore this procedure in a
two-pot system (entry 9 to 14, Table 1). However, it could not offer
us a better outcome, which was also complicated by the lack of
reproducibility (entry 11, Table 1).
Base (equiv.) Temp (oC)d Time (h)e Yield (%)f

NaOH (1.7) rt 6 4
NaOH (1.7) rt 12 48
NaOH (1.7) rt 12 3
NaOH (5.0) rt 12 –
NaOH (1.7) rt 12 28
NaOH (1.7) rt 12 –
NaOH (1.7) rt 48 5
NaOH (1.7) rt 36 –
NaOH (1.7) rt 6 11
NaOH (1.7) rt 12 20
NaOH (1.7) rt 12 37g

NaOH (5.0) rt 12 –
Cs2CO3 (1.7) rth 72 –
NaOH (1.7) 50i 14 –

medium except for entry 11 (2 drops of DMF added to THF solution).
ingle pot system.
followed by the transferring of the phenoxide system to the aldehyde and haloform

mperature for method A; whereas, for method B temperature was maintained at 0 �C
13 and 14.

the phenoxide system.
the phenoxide system and was increased to 50 �C for 2 h.
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For both the attempts, 1-naphthyl and 5-quinolyl systems pro-
duced a considerable amount of Cannizzaro side products. Applica-
tion of a milder alkaline system (entry 13, Table 1) in order to
reduce this particular disadvantage was not helpful as it could
not offer the desired a-aryloxycarboxylic acid.

Acids 15a,b were submitted to intramolecular Friedel-Crafts
cyclization with phosphorous pentachloride in dry dichloro-
methane as reported (Scheme 1) [4,17]. The average overall yield
for obtaining cyclic ketones 2a,b was 18–20% over 2 steps. The
yield to obtain the same cyclic ketone with previous methodolo-
gies was 0.6% for ketone 2b over 5 steps.

To further broaden the scope and extend the utility of our pro-
tocol, we envisaged its application to the construction of 1,4-ben-
zoxazinone- and benzothiazinone-based scaffolds. We were
particularly interested in these templates due to our recent dis-
cover of their utility as dual inhibitors of GSK3b and adenosine
kinase enzymes [6]. Beyond our specific interest, these structural
templates are present in many drugs and are widely used for
medicinal chemistry applications. There are hardly any literature
reports about application on Jocic-type protocols for the construc-
tion of 1,4-benzoxa(thia)zinone cores. The few available reports
rely upon the reaction of trichloromethyl carbinols with
aminophenols directly leading to the cyclized 1,4-benzoxazinone
templates in low yields. However, the yields of these reactions in
the reported conditions were strongly affected by the presence of
competing nucleophiles [40].

We preliminarily interrogated the efficacy of our protocol using
thiophenol nucleophiles 17a-c (Table 2, entries 1–3). The reaction
between thiophenol (17a) and benzaldehyde provided the desired
a-aryloxycarboxylic acid 18a in 27% yield, while the presence of a
p-NO2 functionality (17b) led to a slightly decreased yield (19%) for
the corresponding acid 18b. We then applied our protocol to o-
aminothiophenol 17c (Table 2, entry 3). To our delight, the reaction
led to the formation of the 1,4-benzothiazinone derivative 19a in
48% yield. However, the same protocol did not provide comparable
Table 2
Jocic-type protocol application to diverse phenol and thiophenol nucleophiles.

Entrya Nucleophile Ar R

1 17a 1-Phenyl H
2 17b 1-Phenyl NO2

3 17c 1-Phenyl H
4 17d 1-Phenyl H
5 17e 1-Naphthyl

aReactions were conducted with 1 eq. of aryl aldehyde, 0.3 eq of the nucleophile, and 1.

Scheme 1. Synthesis of cyclic ketones 2a,b from a-aryloxycarboxylic acid deriving
from Jocic-type protocol approach.
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results when applied to the o-aminophenol 17d, affording the cor-
responding 1,4-benzoxazinone derivative 19b only in 7% yield
(Table 2, entry 4). As a further application, we employed our devel-
oped protocol to convert phenylpyrrole derivative 17e (Table 2,
entry 5) to the corresponding a-aryloxycarboxylic acid derivative
18c, in order to verify the compatibility of our method with basic
amine functionalities to be potentially inserted into our PNOX tem-
plates. In particular, we explored a cyclic amine (N-Me piperazine)
as a frequently executed approach in medicinal chemistry for
attaining water solubility of the target compounds. As shown in
Table 2, the reaction proceeded smoothly providing the desired
acid 18c in 37% yield.

The low yield obtained for the synthesis of 1,4-benzoxazinone
scaffold 19b prompted us to attempt a slight modification of the
route in order to improve the yield for this template. We sought
to give up the one-pot approach, in favor of a two-step process
involving the Jocic reaction performed on the corresponding
o-nitrophenol derivative, and the subsequent reduction of the nitro
functionality, immediately prompting intramolecular amide for-
mation thus generating the cyclic 1,4-benzoxazinone scaffold.
We employed for this investigation phenols 20a,b and aldehydes
16a,b, significant to our medicinal chemistry projects (Scheme 2).
Desired carboxylic acids 21a-c were obtained (in 26–28% yield),
and the subsequent reduction in the presence of iron powder and
ammonium chloride rapidly afforded the desired 1,4-benzoxazi-
none core.
 
X Y Yield (%)

S H 18a, 27%
S H 18b, 19%
S NH2 19a, 48%
O NH2 19b, 7%
O 18c, 37%

7 eq. of NaOH and CHBr3.

Scheme 2. Synthesis of 1,4-benzoxazinones 19b and 22a,b exploiting a Jocic-type
protocol.
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Conclusion

In this letter we describe for the first time the synthesis of
PNOX-based scaffolds employing a Jocic-type route. Our screening
of a variety of reaction conditions led to the identification of a reli-
able protocol which allowed a straightforward and scalable route
for the preparation of our PNOX-based antitumor compounds for
animal studies. We strongly reduced the number of steps to the
title compounds and significantly improved the overall yield for
the construction of key cyclic ketone core. We have further broad-
ened the scope of our study and successfully extended our protocol
to the synthesis of a small set of 1,4-benzoxa(thia)zinones.
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