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Herein, we have demonstrated the dual functionality of boric and/or boronic acids as reducing agents in
the reduction of 1,2,3,4-tetrahydroacridine N-oxides into azaaromatics and as oxidizing agents in the
%—OH) at the C4 position of 4-hydroxy-1,2,3,4-tetrahydroacridine
N-oxides into the corresponding ketones, furnishing a series of 2,3-dihydroacridin-4(1H)-one derivatives.

oxidation of benzylic alcohols (C(sp

The 4-hydroxy-1,2,3,4-tetrahydroacridine N-oxide precursors are synthesized via a Cu-catalysed,
regioselective C(sp®)—H hydroxylation of tetrahydroacridine N-oxides under aerobic conditions. This
protocol exhibits broad substrate scope and high selectivity, affording dihydroacridinones in excellent
yields under mild conditions. The integration of experimental data with density functional theory (DFT)
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calculations provides valuable insights into the intricate reaction mechanism, shedding light on the dual-
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Introduction

Nitrogen heterocycles are unequivocally privileged scaffolds in
medicinal chemistry, playing an indispensable role in drug
discovery and pharmaceutical development, which necessitates
continuous advancements in their efficient synthesis and struc-
tural diversification to access novel therapeutic agents." Among
those, acridine and tetrahydroacridine derivatives are nitrogen-
containing heterocyclic compounds that have attracted great
attention due to their unique physical and chemical properties,
with a broad spectrum of biological properties, such as
anticancer, antimalarial, antiviral, anti-inflammatory, antitu-
bercular, antimicrobial, antiparasitic, and fungicidal activities
(Fig. 1).” Beyond their therapeutic potential, these compounds
are also effective as acetylcholinesterase inhibitors for the
treatment of Alzheimer’s disease and find utility in materials
science as potential organic electronic device and organic light-
emitting diode materials.>* A key functionality that often
enhances the biomedical utility of such molecules is the N-
oxide group. N-Oxides are prevalent in nature and play a crucial
role in medicinal chemistry as synthetic intermediates,
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reaction pathways facilitated by boric/boronic acids.

prodrugs, and active drugs (Fig. 1).> This functionality can
enhance water solubility, decrease membrane permeability, or
impact redox reactivity, which is vital for drug targeting and
cytotoxicity.

Meanwhile, organoboron reagents are ubiquitous in organic
chemistry due to their broad application in cross-coupling

Tacrine Amlnacrlne Proﬂavme
/o N\//
O pe
Nig |
/\/N
DACA m-AMSA Helietidine
?5 " OR
l:l\]/% +f /\/OH +
{ I .z p
N N
|
0 OH O
Carbadox Olaquindox lodonin (R = H)
Myxin (R = CH3)

Fig. 1 Synthetic and natural bioactive derivatives of tetrahydroacridine/
acridines and related heterocyclic N-oxides.
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Fig. 2 Synthetic applications of boric/boronic acids and present work for
the redox reaction.

chemistry.® Beyond their established function as synthetic
reagents, boronic acids and other organoborane species exhibit
remarkable catalytic activity attributable to the distinctive
electronic characteristics of boron atoms.” In this context, Hall
and Taylor’s research groups have published scholarly reviews on
organoboron acids as catalysts.®>® The Lewis acid nature of
organoboron species makes them more promising reagents for
catalysis, which generally relies on the complexation of the
substrate to boron as a Lewis acid-base complex.'® Thus, several
general reactions become popular targets for organoboron cata-
lysis, like alkylation, carbonyl condensation, cycloaddition, acyla-
tion, and dehydration.’®"" Contrary to the typical function of
organoborons, Kokatla et al. found bis(pinacolato)diboron to be
an excellent reducing agent for aliphatic, aromatic, and hetero-
aromatic N-oxides (Fig. 2a)."** Building upon this, numerous
strategies have since been developed to achieve N-oxide reduction
using various boron derivatives.'*”? Later, phenylboronic acid
was also explored as a reducing agent for the reduction of tertiary
amine N-oxides (Fig. 2b)."* Additionally, the metal-free reduction
of phosphine oxides, sulfoxides, and N-oxides was achieved with
hydrosilanes, where borinic acid was used as a precatalyst.'* Later,
boric acid-catalyzed amidation and boronate-ester-catalyzed
amide bond formation were also reported.’® Apart from the
catalytic activity and reducing nature of boron species, a couple
of oxidation reaction processes were also known, such as the
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chemoselective oxidation of sulphides to sulfoxides or sulfones
and conversion of 1,2-diols to a-hydroxy ketones using boric acid
as a catalyst (Fig. 2c)."® Motivated by the dual reactivity of boron
and the biological significance of 1,2,3,4-tetrahydroacridine, we
envisioned a redox-active substrate bearing both reducible
(N-oxide) and oxidizable (C(sp®)-OH) functionalities (Fig. 2d).
Our target, 4-hydroxy-1,2,3,4-tetrahydroacridine N-oxide, was read-
ily synthesized via a two-step sequence involving N-oxidation and
subsequent copper-catalyzed C(sp®)-H oxidation (Fig. 2e). Upon
successful synthesis of this model substrate, its treatment with
boric acid or phenylboronic acid remarkably facilitated a one-pot
redox transformation (Fig. 2f). This process simultaneously
involved the reduction of the azaaryl N-oxide to the corresponding
azaaromatic and the oxidation of the C(sp®)-OH group to a ketone,
efficiently yielding functionalized 2,3-dihydroacridin-4(1H)-ones.
Herein, we report a novel, one-pot redox approach for the direct
transformation of 4-hydroxy-1,2,3,4-tetrahydroacridine N-oxide into
a highly functionalized dihydroacridinone using stoichiometric
boric acid or phenylboronic acid under mild conditions.

Results and discussion

In pursuit of our objective, 1,2,3,4-tetrahydroacridine N-oxide (2a)
was initially synthesized from tetrahydroacridine (1a) via an
N-oxidation using m-CPBA in CH,Cl, at 0 °C (see the SI). Sub-
sequently, to generate our target molecule, 4-hydroxy-1,2,3,4-
tetrahydroacridine N-oxide (3a), 1,2,3,4-tetrahydroacridine
N-oxide was subjected to various copper-catalyzed C(sp®)-H oxida-
tion reactions, specifically targeting the benzylic position, guided
by our prior experience with similar systems."”'® Towards this, 2a
was treated with Cul (10 mol%) in the presence of TBHP (tert-butyl
hydroperoxide; 2 equivalents) as the co-oxidant under an oxygen
atmosphere in CH;CN at 80 °C for 24 h, and the desired product
3a was obtained with 45% yield (Table 1, entry 1). To optimize the
yield of 3a, we explored various copper and other metal catalysts
in different solvents at varying temperatures, as given in Table 1. It
is interesting to note that the reaction is working without a co-
oxidant but with similar yields (entries 2 and 3). The formation of
the desired product was not observed in the absence of a catalyst
(entry 4), indicating that the presence of the catalyst is required
for the success of the reaction. Solvent screening revealed no
reaction in EtOH, H,O, DCM, and THF (entries 5-8), whereas
toluene and xylene proved to be effective, yielding the desired
product in 68% and 72%, respectively, in 16 h (entries 9 and 10).
Further optimization with DMSO and DMF as solvents at 80 °C
and 100 °C led to a significant improvement in the yields to 83%-
92% (entries 11-13). Although both DMSO and DMF performed
similarly, DMF offered a slight advantage by reducing the reaction
time to 2.5 hours, despite slightly lower yields at elevated tem-
peratures (entries 14 and 15). In addition to the solvents, various
copper sources [Cu(l) to Cu(u)] like CuCl, CuBr, CuCl, H,0,
Cu(OAc),'H,0, and CuSO,-5H,0 were evaluated. While all the
copper salts produced the desired product, the yields were
relatively low (entries 16-20). Alternative metal sources such as
FeCl,-4H,0 and NiCl,-6H,0 failed to provide the hydroxyl product

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Table 1 Optimization of the reaction conditions?

X cat. AN

,’\"/ solveqt ,’(‘/

- temp., time -

[¢] [¢] OH

2a 3a
Entry Catalyst Solvent Temp (°C) Time (h) Yield” (%)
1 Cul’ CH,CN 80 24 45
2 Cul CH;CN 80 24 46
3 Cul CH;CN 100 24 47
4 — CH;CN 80 24 n.r.
5 Cul EtOH 80 24 n.r.
6 Cul H,0 80 24 n.r.
7 Cul DCM 80 24 n.r.
8 Cul THF 80 24 Trace
9 Cul Toluene 80 16 68
10 Cul Xylene 80 16 72
11 Cul DMSO 80 6 83
12 Cul DMSO 100 3 92
13 Cul DMF 100 2.5 92
14 Cul DMF 120 2.5 85
15 Cul DMF 140 1.5 78
16 CuBr DMF 80 2 84
17 CuCl DMF 80 2 85
18 CuCl,-H,0 DMF 80 4 70
19 Cu(OAc),H,0 DMF 80 4 70
20 CuS0,4-5H,0 DMF 80 4 68
21 FeCl,-4H,0 DMF 80 24 n.r.
22 NiCl,-6H,O DMF 80 24 n.r.

“ Reaction conditions: all the reactions were carried out with 2a
(0.3 mmol) and Cul (10 mol%) under an oxygen atmosphere in 2 mL
of solvent and conditions mentioned in the table. ® Isolated yield.
¢ TBHP (0.6 mmol) was used. n.r. = no reaction.

(entries 21 and 22). Among the conditions tested, 10 mol% Cul
under a molecular oxygen atmosphere in DMF at 100 °C (entry 13)
was identified as the optimal condition for this protocol.
Having established the optimal reaction conditions, we
prepared a range of substituted tetrahydroacridine N-oxides
(2b-2t) using an established method in our hand and subjected
them to benzylic C(sp®)-H oxidation with Cul (10 mol%) and
molecular oxygen (Scheme 1). During this process, it was
observed that the substrates bearing substituents such as
-CH; and -Ph at the C9 position reacted efficiently under
optimized conditions, yielding the desired products (3b and
3c) in good yields. Notably, electron-withdrawing groups,
including -Cl, -Br, and -NO, at the C7 position, significantly
enhance the yields of the oxidized products (3d-3f), affording
them in excellent yields. Furthermore, substitution at the C2
aliphatic site with methyl and ter¢-butyl groups did not impede
the reaction, providing 3g and 3h in 84% and 83% yields,
respectively. Upon further investigation of the reaction’s versa-
tility, we observed that incorporating a keto group at the C1
aliphatic site of the tetrahydroacridine N-oxide, alongside sub-
stituents such as -CH; and —-Ph at C9 and -Cl at C7, facilitated
smooth oxidation, yielding the desired products (3i-3k) in
excellent yields. Moreover, the presence of a dimethyl group
at the C3 position was well-tolerated, affording 31 and 3m with
high efficiency. It is worth noting that the strong electron-
deficient substrates such as methyl, allyl, and propargyl esters
at the C9 position were also compatible with this protocol,

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Scheme 1 Substrate scope of 4-hydroxy-1,2,3,4-tetrahydroacridine N-
oxides. Unless until mentioned, all the reactions were conducted using
2a-2t (0.3 mmol) and Cul (10 mol%) in 2 mL of DMF under an oxygen
atmosphere at 100 °C for 4 to 8 h. The yields are calculated based on the
isolated quantities of the product.

generating the oxidised products 3n-3p in good yields. Remark-
ably, benzyl ester exhibited unique reactivity, undergoing regio-
selective C4 hydroxylation (3q, 87% yield) instead of benzylic
oxidation. Finally, substrates with —Cl substitution at C9, or
combined substituents at C9 and the aromatic ring (6-Br, 6-
NO,), were smoothly oxidized to the corresponding products
(3r-3t), achieving excellent yields ranging from 92 to 95%.
Following the successful synthesis of 4-hydroxy-1,2,3,4-
tetrahydroacridine N-oxides (3a-3t), our attention was shifted
towards demonstrating the proposed hypothesis (sequential
reduction followed by oxidation) by treating 4-hydroxy-1,2,3,4-
tetrahydroacridine N-oxide (3a) with phenylboronic acid
(2 equiv.) in DMF at room temperature for 24 h. However, no
reduction of the N-oxide (4a’) nor the oxidation of alcohol
product (4a”) was observed (Table 2, entry 1). Upon increasing
the temperature to 40 °C, the formation of 2,3-dihydroacridin-
4(1H)-one (4a) as the sole redox product was noticed with 35%
yield after 24 h, along with unreacted starting material (entry 2).
Encouraged by this result, we sought to improve the yield of 4a
by gradually increasing the reaction temperature (from 60 °C to
100 °C). As anticipated, the yield of 2,3-dihydroacridin-4(1H)-one
(4a) was improved to 98% (entries 3-5). Though the yield was
greater, the reaction still required a longer time to complete.
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Table 2 Optimization of the reaction conditions®

reagent X ' N N :
> | = or NZ |

solvent N ' N N [
temp,, time : OH 6o o !

4a O 4a' 4a"
i Expected as per Expected as per :
' the literature the literature 1
.. Notdetected ________Notdetected _}
Entry Reagent Solvent Temp. (°C) Time (h) Yield® (%)
1 PhB(OH), DMF rt 24 n.r.
2 PhB(OH), DMF 40 24 35
3 PhB(OH), DMF 60 24 44
4 PhB(OH), DMF 80 12 98
5 PhB(OH), DMF 100 8 98
6 PhB(OH), DMF 120 4 98
7 PhB(OH), DMF 140 8 90
8 PhB(OH), DMSO 120 4.5 95
9 PhB(OH), DMSO 140 12 88
10 PhB(OH)Z Toluene 120 24 78
11 PhB(OH), Xylene 120 24 79
12 PhB(OH), DCM 120 12 93
13 PhB(OH), DCE 120 12 92
14 PhB(OH), CH3;CN 120 10 89
15 PhB(OH), 1,4-Dioxane 120 24 15
16 PhB(OH), MeOH 120 24 78
17 PhB(OH), H,O0 120 24 n.r.
18 H3;BO; DMF rt 24 Trace
19 H;3;BO;3; DMF 80 14 96
20 H;BO;3; DMF 100 5.5 98
21 H,;BO; DMF 120 4 98

4 Reaction conditions: all reactions were carried out with 3a (0.3 mmol)
and PhB(OH), or H;BO; (0.6 mmol) in 2 mL of solvent and the
conditions mentioned in the table. ? Isolated yields are reported.
n.r. = no reaction.

To reduce the reaction time, the experiments were con-
ducted in DMF at elevated temperatures. It was observed that
the outcome of the product was the same at 120 °C in 4 h, but
increasing the reaction temperature to 140 °C resulted in a
decrease in yield. This reduction in yield may be attributed to
the decomposition of the reaction complex or intermediate
(entry 7). Similar observations were also noticed when dimethyl
sulfoxide (DMSO) was employed as a solvent, with no notice-
able impact on the generation of the targeted ketone (entries 8
and 9). To investigate further, we conducted experiments in
different solvents, but the results were not promising (entries
10-14). Notably, 1,4-dioxane proved unsuitable due to poor
solubility of the starting material, leading to a low product
yield (entry 15). Subsequently, a transition from aprotic sol-
vents to protic solvents, specifically methanol (MeOH) and
water (H,0), was explored (entries 16 and 17). This alteration
resulted in a satisfactory product yield in the case of MeOH,
while the use of aqueous media showed no significant improve-
ment in the progress of the reaction. To simplify the reaction
conditions, we also investigated boric acid as a reagent, con-
ducting a temperature study from 80 to 120 °C in DMF (entries
18-21). Ultimately, we found that 2 equivalents of either
phenylboronic acid or boric acid in DMF at 120 °C represented
the optimal conditions, providing excellent yields of the corres-
ponding ketone (4a) (Scheme 2).

After establishing the optimal conditions, we explored the
broader applicability of the developed strategy by testing a
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Scheme 2 Substrate scope of 2,3-dihydroacridin-4(1H)-ones. Unless
until mentioned, all the reactions were conducted using 3a—3t (0.3 mmol)
and PhB(OH), or HzBOxz (0.6 mmol) in 2 mL of DMF at 120 °C for 8 to 12 h.
The yields are calculated based on the isolated quantities of the product.

range of substituted 4-hydroxy-1,2,3,4-tetrahydroacridine N-
oxides (Scheme 3). This protocol exhibited robust performance
for various types of substituents, including both electron-
withdrawing and electron-donating substituents at C7 and C9
positions. For example, substituents such as -CHj; (4b), -Ph (4c)
and -COOR groups at the C9 position (4j-4m) led to excellent
yields. The presence of electron-withdrawing groups like Cl, Br,
and NO, at the aromatic C7 position (4d-4f) did not adversely
affect the productivity of the desired yield. Moreover, the

a) Gram-scale reaction

Ph Ph
R N HBOs2eq) x
& oH 0

(4c, 3.0 mmol , 88%)

(R=H, 3c, 3.43 mmol)
(4d, 2.745 mmol, 89%)

(R=Cl, 3d, 3.069 mmol)

b) Post-synthetic transformation Ph

_ PBrs (012eq) N
Ph Ph 0°C,5h N
N NaBH, (1.5 eq.) A 6,87% Br
__NaBH;(1.5€q) _
N DCM,0°C,1.5h N Ph
1. MeSO,CI (1.2 eq.)
4 O 5,98% OH DCM, 0 °C, 25 min N
L =20 . oomn
2. NaNj3 (4 eq.) N
DMF, rt, 30 min N
7,78% "3
Scheme 3 (a) Gram-scale reaction; (b) post-synthetic modification.
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introduction of halogen groups like CI at C9, alongside another
halogen (Br), and strong electron-withdrawing groups like NO,
at C6 (4g-4i), did not negatively impact the reaction outcome.
We also observed comparable reactivity with sterically hindered
substituents like -CH; and ~C(CHz); at the C2 position (4n-40).
Additionally, when the keto group was present at the C1
position and a dimethyl group at C3, diketones (4p-4t) were
produced in excellent yields. However, when attempting to
synthesize diketones with no functional groups at the C3
position, only trace amounts were obtained, as confirmed by
HMRS data.

Later, a gram scale experiment was carried out using 3¢ or
3d and boric acid in DMF (10 mL) at 120 °C. The corresponding
ketone 4c¢ or 4d was successfully obtained with a yield of 88%
and 89% as depicted in Scheme 3. Furthermore, given applica-
tions of 2,3-dihydroacridin-4(1H)-ones as ligands in metal
catalysis"® and as intermediates in lactam synthesis,*® the
synthetic utility of compound 4c¢ was further explored by
reducing it to the corresponding hydroxyl product (5), which
was obtained in 98% yield. Similarly, the treatment of 5 with
PBr; led to the formation of the product (6) with 87% yield. In
addition, product (5) was transformed to azide (7) in 78% yield
as shown in Scheme 3. Both the products (6) and (7) can be
used for further functionalization, like cross-coupling and click
chemistry (that is in progress in our laboratory as a part of our
ongoing medicinal chemistry program) to generate a library of
compounds for the acetyl/butyryl cholinesterase inhibition. To
understand the reaction mechanism of the boric acid or
boronic acid-mediated novel redox reaction, the isolation of
the intermediates and further experiments were performed.
Towards this, initially, the reaction of 4-hydroxy-9-phenyl-
1,2,3,4-tetrahydroacridine N-oxide (3¢) and boric/boronic acid
was performed under optimal conditions (Scheme 4). After
careful investigation, we found the N-oxide reduced intermedi-
ate 9-phenyl-1,2,3,4-tetrahydroacridin-4-ol (Scheme 4a) (see the
SI). Then, the same reaction was performed under an inert
atmosphere by using a nitrogen or argon environment to afford
the desired redox product (4c), which eliminates the role of
oxygen in the oxidation process. In this context, a separate
experiment was also conducted with the N-oxide reduced pro-
duct using boric/phenylboronic acid (Scheme 4c¢ and d). But
surprisingly, when the same condition was applied for different
alcohols (with benzylic carbon), no oxidative product was
observed, which indicates that the absence of the ring nitrogen
was playing a key role and hampered the oxidative process
(Scheme 4e-i). In addition, an experiment was conducted with
1,2,3,4-tetrahydroanthracen-1-ol; no oxidation was observed,
supporting the aforementioned conclusion (Scheme 4j).

To support the hypothesis and experimental results, a DFT
study was carried out to understand the role of the ring
nitrogen in the oxidation. Furthermore, we monitored the
reaction by conducting NMR experiments, where 4-hydroxy-9-
phenyl-1,2,3,4-tetrahydroacridine N-oxide was exposed to 2
equiv. of boric acid in DMSO-ds at room temperature, which
is shown in Fig. 3. No additional precaution has been taken,
such as an inert atmosphere or anhydrous conditions. The "H

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Scheme 4 Mechanistic studies.

and "'B NMR experiments were performed using 4-hydroxy-9-
phenyl-1,2,3,4-tetrahydroacridine N-oxide (3c¢; 0.1 mmol) in
DMSO-dg (0.5 mL) treated with H3;BO; (2 equiv.). In Fig. 3, a
gradual disappearance of the NMR signal at 6 = 8.51-8.53 ppm
corresponding to CH(H,) of C5 carbon of 4-hydroxy-1,2,3,4 N-
oxide was observed with the simultaneous appearance of the
NMR signal at ¢ = 8.20-8.22 ppm corresponding to CH(Hp,) of 9-
phenyl-2,3-dihydroacridin-4(1H)-one due to the reduction of N-
oxide. This is accompanied by the disappearance of the NMR
signal at ¢ = 5.35 ppm due to aliphatic CH(Hj) of C4 attached to
—OH(H() as well as a signal at § = 6.55 ppm due to the oxidation
of the hydroxyl group at C4 into a ketone in 0 to 120 minutes.

More profoundly, 2D spectra (NOESY and HMQC) of the
starting materials, intermediates, and final products were
recorded and compared, where a gradual upfield shift of C5,
loss of the carbinol resonance, and downfield shift of the
methylene C3 alpha to the carbonyl can be observed (see the
SI). In addition, the "B NMR signal was seen at § = 19.91 ppm,
but not conclusive (for more details, see the SI). These experi-
ments clearly indicate that the reduction of N-oxide is preferred
over the oxidation of secondary alcohol in the reaction sequence.
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Fig. 3 'H NMR experiments to probe the reaction intermediates.

In light of experimental evidence, the mechanism of the
redox reaction between 4-hydroxy-1,2,3,4-tetrahydroacridine
N-oxide and H3;BO; has been considered in two stages, ie.,
reduction and oxidation stages respectively, and computation-
ally investigated. In the reduction step, referred to as Stage 1
(see Fig. 4), the empty p-orbital on the boron atom of boronic
acid makes it susceptible to nucleophilic attack by reactive
oxygen species, such as N-oxide. This attack results in a 1,2 shift
of either the phenyl or the hydroxyl group from the boron atom,
leading to the formation of a boronic ester. This boronic ester
then rapidly undergoes hydrolysis to regenerate boronic acid.
This mechanism is supported by the work of H. G. Kuivila,>"
which investigated the kinetics of the reaction between phe-
nylboronic acid and hydrogen peroxide. The kinetic studies
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Fig. 4 Proposed mechanism for the reduction reaction.

suggested the likelihood of a 1,2 shift of the phenyl group to
form the phenylboronic ester. Notably, the 1,2 shift was identi-
fied as the rate-limiting step of the reaction. Additionally, the
formation of phenol during the reduction of N-oxides has been
previously reported,'? further supporting our proposed mecha-
nism. All the possible structures shown in Fig. 4, i.e., TS1, IM1,
TS2, and IM2, were modelled and fully optimized using the
®B97XD functional employing the 6-31+g(d) basis set.*” The
vibrational frequency calculations have been carried out to
unveil the nature of the stationary points as local minima
and as saddle points.

The transition states were confirmed by the presence of a
single imaginary frequency. The optimized geometries were
then used to study the energy changes occurring in the reac-
tion. All the calculations have been carried out using the
Gaussian 16 software package.”’ The relative free energy profile
along with the labelled optimized structures for the Stage 1
reaction is shown in Fig. 5. It can be seen from Fig. 5 that
6.7 keal mol " energy is needed for the interaction of O and B to
give IM1 via TS1. The relative energy of IM1 is 6.4 kcal mol ,
which is slightly lower than the relative energy of TS1. Also, the
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Fig. 5 Relative free energy profile for Stage 1 with all the optimized structures.
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positive free energy change of the reaction shows that IM1 is
readily active and undergoes a 1,2-shift of the -OH group to
yield IM2 through TS2. The energy barrier for this step was
found to be 44.1 kcal mol . This shows that the shifting of the
-OH group at H3;BO; is the rate-determining step in the
reduction of R1, which is in agreement with the previous
reports.”’ In addition to this, the relative energy of IM2 was
27.1 keal mol ', signifying the endergonic nature of Stage 1. To
the best of our knowledge, there have been no detailed mecha-
nistic investigations into the oxidation of hydroxyl groups using
boronic acids. The work by William et al.'®” provides the first
evidence of hydroxyl group oxidation catalyzed by boronic acid.
They observed that the activation of 1,2-diols by boronic acid,
through the formation of boronate esters, leads to the produc-
tion of o-hydroxy ketones, facilitated by the presence of an
electro-generated OH™ ion at the cathode. This research offers
insights into the initiation of the oxidation reaction, specifically
the formation of a boronate ester-like moiety through the
condensation of the hydroxyl group with boronic acid. We
further verified the possibility of this condensation by comparing
it to the nucleophilic attack on the boron atom by the lone pair of
the N atom (see Fig. 6). The relative energy profile in Fig. 6
indicates that the nucleophilic attack requires 7.9 kcal mol™*
more energy than the condensation reaction, resulting in a less
stable intermediate (IM3’) compared to IM3. This suggests that
condensation may indeed be the initial step in the oxidation
reaction. The condensation product, IM3, can further transform
into IM4 through the interaction of lone pairs on the nitrogen
atom and the empty p, orbitals on the boron atom, via the
transition state TS4. The intermediate IM4 was found to be
2.3 kcal mol " more stable than IM3, requiring only 1 keal mol *
for its formation (see Fig. 7). The donation of a lone pair from
the nitrogen atom to the boron atom leads to electron deficiency
at the nitrogen, which can be compensated by the transfer of ©

View Article Online

Paper

AG (kcal/mol)
& & o 3 8 &
| | | | | |

A
k]
|

Fig. 6 Comparison of nucleophilic attack and the condensation possibi-
lities in the reaction of IM3 with boronic acid for the oxidation stage.

electrons from the nitrogen-carbon double bond. This transfer
creates an electron deficiency at the adjacent carbon atom, as
confirmed by natural population analysis (NPA), which shows a
charge of 0.231e~ on the carbon atom. This electron deficiency
increases the acidity of the hydrogen atom at the C4 position,
making it more susceptible to abstraction. The proton abstrac-
tion may then be facilitated by the OH™ ion generated from the
reaction between water (released in the condensation step) and
boronic acid. The abstraction of H' leads to the formation of
IM5, which resembles oxazaborolidines. The deprotonation
of IM4 by OH™ is an underbarrier reaction. The relative energy
of TS5 was found to be —17.8 kcal mol ™", which further gives
IM5 with a relative energy of —51.1 kcal mol ', Natural bond
orbital (NBO) analysis reveals that in IM5, the nitrogen atom is
not fully sp® hybridized, exhibiting sp> hybridization instead.
Additionally, the expected lone pair on the nitrogen atom
appears to be in conjugation rather than fully present, indicating
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Fig. 7 Relative energy profile and the proposed mechanism for the oxidation reaction.
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a change in the aromatic character of the molecule. To restore
aromaticity, an electronic rearrangement via the oxazaborolidine
ring opening is expected in subsequent steps.

It has been established that in oxazaborolidines, the N-B
bond can open for enantiotopomerization,> suggesting the
possibility of N-B bond opening in IM5. For aromaticity
restoration, the B-O bond may also open. We systematically
compared the possibilities of N-B and B-O bond openings
(shown in Fig. S1 in the SI) and found that the opening of the
N-B bond requires approximately 5 kcal mol ' more energy
than the B-O bond opening. Therefore, B-O bond opening may
be preferred, leading to the expected formation of IM5’ and
boronic acid through the attack of OH . Although we
attempted to optimize the expected intermediate IM5' resulting
from the B-O bond opening, the optimization reverted to IM5.
This indicates the instability of the expected intermediate (i.e.,
IM5') and suggests that further steps may occur simulta-
neously. Thus, electronic rearrangement via B-O bond opening
for rearomatization is likely to take place in the presence of the
borate anion formed from the reaction of water and boronic
acid. The intermediate IM5 yields the oxidized product with the
requirement of ~7 kcal mol™" energy via TS6. The optimized
geometries of the structures observed in the oxidation stage are
given in Fig. S2 of the SI along with the Cartesian coordinates.
Based on our experimental results and the absence of previous
reports on the oxidation mechanism, we have proposed a
plausible mechanism that could pave the way for future
research in the investigation of the oxidation mechanism.

Conclusions

In conclusion, this study illustrates a novel redox application of
boric and/or boronic acids in the 1,2,3,4-tetrahydroacridine
framework. This methodology enables efficient reduction of
N-oxide functionalities into azaaromatic compounds and con-
current oxidation of benzylic hydroxyl groups to ketones in
4-hydroxy-1,2,3,4-tetrahydroacridine N-oxides, delivering 2,3-
dihydroacridin-4(1H)-ones with outstanding efficiency, excel-
lent yields, and high tolerance to various functional groups.
The method displays broad substrate scope, excellent chemo-
selectivity, and scalability, providing access to structurally
diverse tetrahydroacridine scaffolds relevant to medicinal and
materials chemistry. Detailed mechanistic investigations, sup-
ported by density functional theory (DFT) calculations, eluci-
date the underlying redox pathways and offer valuable insights
into the unique boron-mediated transformations.
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