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ABSTRACT

A straightforward atroposelective access to enantiomerically enriched 2-hydroxy-3-(2-oxochroman-4-yi)naphthalene-1,4-diones

(with yields ranging from 32% to 87% and enantiomeric excesses up to 99%) is described. Using an organocatalytic approach,

2-hydroxynaphthoquinone reacts with a 3-coumarin-3-carboxylic acid through a tandem 1,4-addition/decarboxylation process
initiated by a thiourea-functionalized cinchona alkaloid, which efficiently controls the stereochemistry of a newly forged stereo-
center, while simultaneously directing the formation of a configurationally stable C(sp®)—C(sp?) synclinal atropisomer. The meth-
odology has been explored across a broad substrate scope, and the results are supported by detailed nuclear magnetic resonance

(NMR) analyses, single-crystal X-ray diffraction, and density functional theory (DFT) calculations.

1 | Introduction

The synthesis of C(sp®)—C(sp®) atropisomers is a process that is
finely controlled by steric factors that prevent the free rotation of
two domains of a molecule around a stereogenic axis [1, 2].
Numerous procedures related to the preparation of C(sp?)-
C(sp?) atropisomers are reported in the literature, with particular
reference to the synthesis of biaryl [3] and C(sp?)-heteroaromatic
compounds [4-7], which have been extensively studied by many
authors. Other atropoisomeric molecular architectures, such as
amides and imides, characterized by the presence of a configu-
rationally stable stereogenic axis, have also been described
[8-11]. These studies have prompted the development of differ-
ent synthetic approaches, including organocatalysis [12], bioca-
talysis [13-16], and organometallic-based strategies [17-19]. In
contrast, there are relatively few reports concerning the identifi-
cation of efficient synthetic methodologies capable of generating
molecular species with a high rotational stability of the

stereogenic axis (AG;q > 125 kJ/mol), resistant to epimerization
along a C(sp?)—C(sp®) single bond. This is a challenge that
becomes increasingly difficult to meet due to the flexibility of
such structures that plays a crucial role in their three-dimen-
sional organization [20-22] (Scheme 1c). In fact, the greater rota-
tional freedom of C(sp?)—C(sp>) bonds allows such structures to
spatially reorganize, significantly affecting the impact of steric
factors as well as the stabilizing contribution of intra and inter-
molecular forces, such as hydrogen bonding, which in some cases
provides the configurational stability in biaryl systems [23]. In
2019, Bertuzzi, Corti, and coworkers reported a series of studies
dealing with the synthesis of C(sp?)—C(sp®) derivatives endowed
with axial chirality using an organocatalytic approach [24]. This
exploited asymmetric induction using chiral phosphoric acids
(CPA) to achieve central-to-axial chirality conversion via a
Povarov cycloaddition reaction and enabled the enantioselective
synthesis of configurationally stable indole-quinoline atropisom-
ers. Moreover, Bencivenni developed an enantioselective
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SCHEME 1 | Natural and synthetic bioactive compounds featuring stereogenic axes. (a) Examples of biologically active compounds featuring chro-

manones possessing C(sp*)-C(sp?) and C(sp*)—C(sp®) stereogenic axes. (b) Previously reported atroposelective preparations of C(sp*)—C(sp®) compounds.

(c) Stereogenicity and conformational analysis. Prototypical biaryl atropisomers characterized by elevated bond-rotational barriers and typical rotational
barriers of C(sp?)—C(sp®) derivatives. (d) Our approach to access enantiomerically enriched C(sp®)—C(sp*) naphthocoumarin atropisomers.

Friedel-Crafts-type alkylation of p-naphthols with inden-1-ones,
which allowed partial control of C(sp?)—C(sp?) axial conformers
through asymmetric induction and reaction pathway control
using cinchona alkaloids as catalysts (Scheme 1b,i). These discov-
eries represent seminal example in this field [25].

More recently, Jorgensen reported the construction of nonbiaryl,
conformationally stable C(sp?)—C(sp®) atropisomers via a chiral
amine-catalyzed cycloaddition reaction between SH-benzo[a]pyr-
rolizine-3-carbaldehydes and nitroolefins (Scheme 1b,ii), affording
the desired cyclo[3.2.2]azines with a high degree of control over
the stereogenic axis [26]. Both of these synthetic strategies rely
on organocatalytic approaches via covalent bonding iminium-
enamine catalysis [27, 28]. Concurrently with the drafting of this
work, Bao, Bonne, and colleagues reported a new atroposelective
synthesis of 3-aryl-benzofurans (Scheme 1b,iii) using chiral squar-
amides as catalysts, capable of promoting the enantioselective
addition of B-naphthols to nitro-Michael adducts with excellent
results [29]. A distinct case, compared with those previously

discussed, is the elegant study reported by Sparr and coworkers,
in which a rhodium-catalyzed [2 + 2 + 2] cyclotrimerization gov-
erns the formation of one out of six possible stereoisomers featur-
ing restricted rotation about a C(sp?)—C(sp®) axis. These
interlocked structures give rise to configurationally stable atro-
pisomers with six pronounced rotational barriers [2]
(Scheme 1c). It is therefore evident that this research area, beyond
the aforementioned studies, remains largely unexplored despite
the significant biological and pharmaceutical importance of com-
pounds possessing stereogenic axes. Moreover, a considerable
amount of work is still required to establish novel synthetic strat-
egies that provide access to both building blocks and bioactive
molecules (Scheme 1a) with these intricate structural characteris-
tics [30-33]. Addressing the aforementioned challenges, we report
herein an innovative atroposelective tandem nucleophilic addi-
tion/decarboxylation reaction of 2-hydroxynaphthoquinones with
coumarin-3-carboxylic acid derivatives [34-36], allowing access to
a new class of conformationally stable 2-hydroxy-3-(2-oxochro-
man-4-yl)naphthalene-1,4-diones  exhibiting  C(sp®)—C(sp’)
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atropisomers under kinetic control (Scheme 1d). 1,4-Addition/
decarboxylation reactions [37, 38] of coumarin carboxylic acids
have been previously studied using different nucleophiles, includ-
ing indoles [39], cyclic 1,3-diketones [40], N-methylmorpholine
[41], or 2-methylpyridine derivatives [42]. However, to the best
of our knowledge, only one example of enantioselective tandem
conjugate-addition/decarboxylation reaction of coumarin-3-car-
boxylic acids has been reported to date in the literature. This
was described by Nakamura in 2016 and was employed to install
a methyl-sulphonyl unit at position 4 of a chromenone core [43]..
In our proposed approach, the reaction proceeds through the for-
mation of hydrogen bonds between a thiourea-based cinchona
alkaloid catalyst (CT1), which directs the 1,4-addition of naphtho-
quinones 2 to coumarin-3-carboxylic acids 1. The generation of a
stereocenter at the 4-position of the chromenone is accompanied
by a decarboxylation process, resulting in the formation of substi-
tuted 2-hydroxy-3-(2-oxochroman-4-yl)naphthalene-1,4-diones 3,
characterized by a high degree of control over a C(sp®)—C(sp?) axis.
This achievement represents the first access to conformationally
stable atropisomeric oxo-chromane naphthalenes via an enantio-
selective organocatalytic strategy. Furthermore, this procedure
provides a new synthetic route to atropoisomeric hybrid couma-
rin-naphthoquinone structures; such compounds are known for
their diverse and pronounced biological activities [44-49], as well

as serving as indispensable tools in the design of new therapeutic
agents [50].

2 | Results and Discussion

Initially, we evaluated a range of catalysts capable of promoting
the reaction between coumarin 1a and 2-hydroxynaphthoqui-
none 2a (Scheme 2). Preliminary studies revealed that reactions
carried out at room temperature in the presence of catalytic
amounts of cinchona-based catalysts (20 mol %) led to the forma-
tion of the desired product 3aa in good chemical yields using
THF or DMF as solvents (See SI, Section S2). However, the enan-
tiomeric excesses (ee) observed were negligible. Further optimi-
zation of the reaction conditions demonstrated that using toluene
as a solvent in combination with the cinchona-derived thiourea
catalyst CT1-(R), (20 mol %) enabled access to compound 3aa
with an isolated yield of about 38% and an ee of 98% after
72h at rt, suggesting poor catalytic turnover (Scheme 2a). At this
point, we conducted a series of experiments to determine
whether the thiourea catalyst was decomposing during the reac-
tion or whether it exhibited a higher binding affinity for the reac-
tion product 3aa than for the 2-hydroxynaphthoquinone 2a.
After confirming the catalyst’s stability even after 80h of
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SCHEME 2 | Optimization of reaction conditions. (a). Catalyst screening; refer to Supporting Information for solvents (Table S1). (b) Effect of THF
(equiv.) on chemical yields and enantiomeric excess (ee, Table S2). (c) Catalyst loading optimization (Table S3).
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reaction, we performed nuclear magnetic resonance (NMR) titra-
tion experiments to measure the association constants (Kgs)
between the nucleophile and the catalyst and between the cata-
lyst and the reaction product (SI, Section S2.3), considering 1:1
interactions [51-53]. These binding studies demonstrate that
CT1 engages in significant noncovalent interactions with sub-
strate 2a (K =2.90x10°M™"), primarily through hydrogen
bonding between the thiourea moiety and a carbonyl group of
the naphthoquinone framework (SI, Figures S7, S8 and Table
S7). On the other hand, CT1 exhibits a markedly higher associa-
tion constant with product 3aa (K, = 1.03 x 10* M%), represent-
ing a 35-fold increase in affinity (SI, Figures S9, S10, and Table
S8). This pronounced preference for association with the reaction
product strongly supports the hypothesis that once formed, 3aa
sequesters the catalyst, thereby preventing its participation in
subsequent catalytic cycles and ultimately limiting turnover effi-
ciency (SI, Figure S11). We therefore explored the addition of
small amounts of THF to the reaction medium (Scheme 2b), rea-
soning that its role as a hydrogen-bond acceptor (or, if preferred,
as a hydrogen-bond-breaking agent) might displace the bound
naphthocoumarin product 3aa, thereby regenerating the active
catalyst (SI, Figure S12) [54-56]. Indeed, by adding 9.0 equiv.
of THF, the isolated yield increased from 38% to over 85%, while
maintaining comparable enantiomeric excess values after 24 h of
reaction. In line with this result, reactions were carried out using
the opposite enantiomer of the catalyst (CT1-(S)), which led to
the formation of the corresponding epimer 3aa’ with an isolated
yield of 83% and 94% ee.

Prompted by these encouraging observations, we carried out fur-
ther studies aimed at reducing the catalyst loading. While good
results were obtained in terms of chemical yields, we observed a
systematic erosion of ee values at loadings below 20%
(Scheme 2c). Indeed, it was observed that there is a significant
uncatalyzed reaction that competes with the stereoselective pro-
cess, therefore compromising the enantiomeric excess (see
Supporting Information, Table S1). We therefore continued
our research using toluene-THF (9.0 equiv.) as the reaction sol-
vent and employing a 20% loading of CT1-(R). On the other hand,
the reaction was easily scaled up to 2 g using coumarin 1a, main-
taining both the enantiomeric excess and the chemical yields
undiminished. At this point, we extended the application of
the described protocol to other 3-carboxycoumarin derivatives
(1b-1u), keeping the naphthoquinone 2a unchanged
(Scheme 3a). Under the optimized reaction conditions, we
obtained a variety of naphthocoumarin compounds 3ba-3ua
with chemical yields ranging from 41% to 85% and good to excel-
lent ee (60% to>99%), demonstrating broad applicability and
high functional group tolerance. In fact, substituents at positions
6 and 7 on the coumarin scaffold, including halogens (F, Cl, Br),
alkyl and alkoxy groups, nitro groups, and aryl moieties, were
well tolerated. In contrast, substitution at position 8 led to good
chemical yields but a significant drop in enantioselectivity,
except for the disubstituted 6,8-diiodo compound 3qa (92% ee).
The absolute configuration of compound 3qa was determined
by single-crystal X-ray diffraction analysis of the corresponding
acylated derivative 4qa and found to be (R). This configuration
was then assigned by analogy to the entire series and further sup-
ported by comparison between calculated and experimental elec-
tronic circular dichroism (ECD) measurements (see Supporting
Information - Section S9). We subsequently expanded the scope

of this transformation by employing a series of substituted naph-
thoquinone derivatives (2b-j), bearing diverse functional groups
and exhibiting progressively increasing steric demand as well as
electronic variations (Scheme 3b). These were reacted with a
range of differently substituted coumarin carboxylic acids to
assess potential steric and electronic effects that could impact
the general applicability of the transformation. The presence
of aliphatic, aryl, halogen, or methoxy groups did not signifi-
cantly affect the overall performances, and the corresponding
naphthocoumarin adducts 3db-3dh, 3dj, 3cg, and 3ai were iso-
lated in good chemical yields. However, it was observed that
varying the substituent on the naphthoquinone derivatives
impacted the enantioselection. The measured ee values ranged
from 71% for the brominated compound 3db to 88% for the fluo-
rinated derivative 3dd at the same position and an intermediate
value for the chlorinated adduct 3dc (84%). This might suggest an
impact of the electronic properties imparted to the naphthoqui-
none and its relationship with the catalyst or, again, a size effect,
which is also discussed further in this study.

Similarly, the effect of electron-donating groups, as seen in com-
pounds 3de-3dg, appeared to be beneficial, leading to an increase
in ee values that varied from 80% to 94% depending on the sub-
stituent (Me or OMe) and its position. Finally, the use of more
sterically hindered naphthoquinones (3dh, 3ai, and 3dj) yielded
the corresponding derivatives with variable enantiomeric
excesses, as illustrated in the final part of Scheme 3b. To ratio-
nalize these results, we constructed Hammett plots correlating
the e.r. (Log KM/Km, with M: major enantiomer and m: minor
enantiomer) with the substituent constants (o) attributable to the
groups functionalizing both compounds 1 and 2 [57]. For
7-substituted coumarins 1, a clear linear increase trend was
observed when going from strongly electron-donating groups
(e.g., 3ha, OMe) to substituents that provide weaker stabilization
of the a,p-unsaturated system, impacting the ee. Conversely, the
absence of substituents (e.g., 3aa, R=H) or the presence of
electron-withdrawing groups (e.g., 3ba, F; 3ca, Cl) favor higher
selectivity, consistently delivering ee values > 93%.

Extending the same type of analysis to 6-substituted coumarins 1
and 7-substituted naphthoquinones 2, no decisive correlation
was observed (see Supporting Information - Section 2 for details).
As with the previous series, the absolute configuration of product
3df was confirmed by single-crystal X-ray analysis of its acylated
derivative 4df (Scheme 3c) and determined to be (R). At this
point, we assessed the configurational stability of the newly
formed stereocenter by treating the enantiomerically enriched
compounds 3aa and 3da with an excess of triethylamine for
extended periods (four days) and monitored their enantiomeric
excesses. No erosion of their stereochemical composition was
observed. Similarly, 3aa-(R) was stirred at 30°C with CT1-(S)
(1:1 ratio) to evaluate potential epimerization at carbon 4.
However, after four days, no variations in ee was detected.
This supported the contention that compounds 3 are configura-
tionally stable at their C4 stereogenic center.

21 | Atropisomery Studies

'H NMR analyses of the enantiomerically enriched compounds 3,
performed in various solvents (DMSO-ds, THF-dg, CD;0OD),
revealed no evidence of rotamers at 25°C. This finding strongly
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SCHEME3 | Atroposelective 1,4 addition of naphthoquinones to coumarin-3-carboxylic acids. The experiments were conducted on a 0.2 mmol scale,

in toluene (0.05 M), THF (9.0 equiv.), and CT1 (20 mol%) at rt. The ee of compounds 3 was determined by chiral High Pressure Liquid Chromatography
(HPLC) after acylation. (a) Substrate scope of coumarin. (b) Substrate scope of naphthoquinone. (c) X-ray diffraction analysis of compounds 4qa (CCDC
2465 692) and 4df (CCDC 2 465 693). (d) The ee of compound 3ka was evaluated to be >80% but could not be accurately determined by HPLC analysis
owing to side-chain isomerization, which hampered chromatographic separation.

suggested that a single atropisomer might be selectively gener-
ated during the 1,4-addition reactions of naphthoquinones 2
to coumarins 1, and that the resulting derivatives 3 could be
obtained through a highly enantio and atroposelective pathway,
enabling the formation of both a new stereocenter at the C4

position of the chromanone unit and a configurationally stable
and well-defined C(sp*)—C(sp?) axis. Single-crystal X-ray diffrac-
tion of compounds 4qa and 4df (Scheme 3c) revealed that 4qa
crystallizes in the monoclinic C2 space group with one molecule
in the asymmetric unit, whereas 4df crystallizes in the
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orthorhombic P2,2,2; space group with two independent mole-
cules in the asymmetric unit (Figures S13-S16, Tables S9-S13).
Notably, the dihedral angle (6) between the planes formed by the
naphthoquinone and chroman-2-one moieties is approximately
75° for compound 4qa, while for the two independent molecules
of compound 4df, the angles are 85° and 87°, respectively. This
suggests a synclinal (sc) conformation in the solid state for both
cases [58]. Additionally, Nuclear Overhauser Effect Spectroscopy
(NOESY) experiments conducted in solution (DMSO-dg) with a

panel of derivatives 3 indicate that these compounds consistently
adopt this spatial arrangement. The rotational barriers
(sc—ap—ac—sp) for these compounds were predicted using
quantum mechanical calculations [59] showing values of approx-
imately 136 kJ/mol for sc —ac rotations and a second higher rota-
tional barrier of approximately 154 kJ/mol, corresponding to the
interconversion sp —ap (Scheme 4a,b, see also SI—Section S6
and S10). This suggested that derivatives 3 likely possess high
conformational stability associated with their C(sp*)—C(sp?) axis
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(b) ic rep! ion of 3da
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>
6=70-85° 2
]
c
w
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SNELE
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SCHEME 4 | Experimental Studies and Prediction of Rotational Barriers of Compounds 3: NMR Evidence of synclinal-to-anticlinal conversion.

(a) Rotational barriers of the 3aa conformers. (b) Schematic attribution of the synclinal conformation to compound 3aa-(R). To designate the sc and ac

descriptors, the priority was assigned to the carbons next to the one bearing the stereogenic axis following Cahn-Ingold-Prelog rules, considering the aromatic

C5 of the chromanone and the carbonyl group of the naphthoquinone as the two groups with the highest priority. (c) Experimental and predicted K, and

AG,; values of a panel of compounds 3. (d) Stacked "H NMR spectra showing appearance of 3qa-(ac) overtime (relevant regions); (€) Stacked "H NMR spectra

showing appearance of 3ca-(ac) overtime (relevant regions). For complete analyses, refer to Supporting Information—Section S6).

6 of 12

Advanced Synthesis & Catalysis, 2026

85U8017 SUOWILLIOD A1) 8|qeoljdde ayy Aq peusenob a1e saolie VO ‘85N JO Sa|Nn 10j ARIq1T8UIUO A8]IM UO (SUONIPUOD-PU-SLLBYWI0D A8 |Im" ARe.d1jBu [UO//SANY) SUORIPLOD pue sWie 1 8y} 89S *[9202/50/90] Uo Akeidiauliuo A(IM ‘1re1fed 1 IseAIuN AQ GZi02 9SPe/Z00T 0T/I0p/W0D" A8 1M Ae.q Ul [Uo'pedUeApe// Sy oy pepeojumod ‘6 ‘9202 ‘69TYSTIT



(see SI, sections S6 and S10) and room-temperature half-lives
in the order of hundreds of years (half-life time t;),
(25°C) =2.56 x10's, i.e., 500-5000 years) [26].

To verify these data, we carried out a series of VI-NMR (Variable
Temperature NMR) experiments, following procedures previously
reported in the literature [26, 29]. Specifically, DMSO-d, solutions
(0.05M) of synclinal compounds 3aa-3ca, 3ga, 3qa, and 3de were
heated to 130°C for several hours (2-8 h) to promote sc—ac ther-
mal isomerization, allowing us to determine their configurational
stability and the corresponding rotational barriers around their
C(sp*)—C(sp?) axis (Scheme 4e, see also SI—Section S6). To men-
tion some relevant examples, VI-NMR analyses for the compound
6,8-diiodo chromanone compound 3qa-(sc) (ee: 92%, Scheme 4c)
showed that the kinetic sc-atropisomer disappeared after 2hr heat-
ing (Kyor=1.28x10">s"" and AG=122,08 kJ/mol), leading to
the formation of a > 99:<1 mixture of the predominant thermody-
namic product 3qa-(ac) resulting stable over time (half-life time t;,,
(130°C) = 541 sec or 0.17 h, half-life time t,/, (60°C)=1.38x10°%s
or 382h, and half-ife time t;/, (25°C)=2.72x10%s or 8.6 years).
The complete sc—ac interconversion was also confirmed by
NOESY experiments (SI). The derivative 3qa-(ac) was finally
purified by flash chromatography and characterized via 'H and
13C NMR. Chiral High Pressure Liquid Chromatograpy (HPLC)
analysis of the acetate derivative 4qa-(ac) confirmed that no race-
mization at the chromanone C4 position occurred during the heat-
ing process and the measured ee remained unchanged (ee 91%). On
the other hand, the 6-chloro chromanone 3ca-(sc) showed higher
stability (Kie=1.32x10">s" and  AG,q=137.43kJ/mol),
requiring longer heating times and after 8h only the 32% of
3ca-(ac) was formed, as shown in Scheme 4d (half-life
time t;, (130°C)=5.27x10*s or 14.6h, halflife time t;,,
(60°C)=3.52x10%s or 11.16 years, and halflife time t,,
(25°C)=1.33x10" s or 4226 years).

Moreover, the compound 3aa-(sc), which lacks substituents that
could increase steric hindrance and thereby promote rotation
around the C(sp?)—C(sp®) axis, nevertheless exhibits high confor-
mational stability. This unexpected rigidity can be justified by the
high experimentally determined rotational barrier values (see
Scheme 4e, Rotational barrier diagram), which effectively prevent
axis inversion and ensure the persistence of a well-defined
atropisomer even in the absence of steric reinforcement.
(Kot =1.70x 107> s *and AG,o; = 136.5 kJ/mol). As a matter of fact,
VT-NMR analyses for 3aa-(sc) revealed that only 38% was con-
verted into the corresponding thermodynamic (ac)-conformer after
8 h of heating at 130°C (half-life time t;,, (130°C) =4.08 x 10*s or
11.3 h, half-life time t;, (60°C) = 2.59 x 10®8sor 8.2 years; and, half-
life time t;, (25°C)=9.40x10"s or 2982 years). Experiments
related to other compounds of this series have been summarized
in the histogram included in the Scheme 5c and reported in detail
in the SI, Section S6.

2.2 | Computational and Reaction Mechanism
Studies

Having established the configurational stability and stereochem-
ical robustness of derivatives 3, we proceeded to investigate the
reaction mechanism governing the atroposelective synthesis of
conformationally stable C(sp?)-C(sp®) adducts via the tandem
1,4-nucleophilic addition/decarboxylation strategy. As reported

previously, NMR titration of the catalyst CT1-(R) with increasing
amounts of 2-hydroxynaphthoquinone 2a reveals that both thio-
urea protons engage in hydrogen bonding (calcd. 2.0 and 2.6 A)
with the carbonyl group at position 1 of the 2-hydroxynaphtho-
quinone [60]. These interactions are associated with distinct
downfield shifts for both protons (6.1—-6.4ppm and 8.1-8.6
ppm) as highlighted in Figures S7,S8, and Table S7.
Simultaneously, density functional theory (DFT) calculations
[61-64] suggested that the quinuclidine moiety of the catalyst
is positioned favorably to interact with the proton of the hydroxyl
group at position 2, thereby facilitating its deprotonation
(Scheme 5, I). Experimental measurement of the pKa values
for 2a (pKa =4.5 in water) and for 1a (pKa = 5.0 in water) led
to the conclusion that 2a is indeed a stronger acid than 1a, so
its deprotonation may occur more rapidly than that of the cou-
marin 3-carboxylic acid. This deprotonation would result in an
increased electron density at position 3 of the naphthoquinone,
as evidenced by a chemical shift in the proton bound to carbon 3
of 2a (7.3—7.5 ppm). The enhanced nucleophilicity at this site
should enable reaction with the coumarin substrate along a
well-defined trajectory, potentially stabilized by n—= interactions
between the aromatic systems of the coumarin and the catalyst,
as suggested by the DFT calculations (Scheme 5, II). The 1,4-
nucleophilic attack on the coumarin double bond by the naph-
thoquinone-catalyst adduct is therefore stereochemically decisive
for both the formation of the stereocenter at C4 and the estab-
lishment of the C(sp*)-C(sp?) axis in a synclinal spatial arrange-
ment. This process is likely facilitated by a hydrogen-bonding
network involving the enolate/enol form of the coumarin lactone
and the carboxylic acid group, as also shown for the Transition
State (Ts). Subsequent thermodynamically favored decarboxyl-
ation at position 3 (AH=7.45kJ/mol) with the loss of CO,
(Ts—1III) and concomitant protonation, which facilitates the for-
mation of the 3aa-CT1 adduct III (see also scheme S1 in
Supporting Information). The results of quantum mechanical
predictions for this species are in strong agreement with the
previously-reported findings, particularly concerning the high
affinity of derivative 3 for the catalyst (3aa, K s = 1.03x 10* M™1).
The energy associated with the displacement of 3aa is higher
than that of III but significantly lower than that of I (AH
I-III = 9.0 kJ/mol), suggesting the need for a hydrogen-bond
breaking agent by competing for the thiourea unit of CTI.
THF plays the role of this agent (IV): the catalytic cycle begins
and ends with CT1+THF. The reaction path is illustrated in
Scheme 5 in vacuo (black), in pure toluene (pistachio) and pure
THF (magenta) solvents, and in mixed toluene/THF (7.5% THF)
(blue). Solvated energy levels, presented relative to gas-phase
reactants, were evaluated via the COnductor-like Screening
MOdel method, representing solvents as a dielectric continuum
surrounding the molecules, using dielectric constants 2.3741 and
7.4257 for pure toluene and THF, respectively, and 2.4851 for tol-
uene-THF (7.5%) evaluated from pure solvents by a Clausius-
Mossotti [65-67] mixing formula. CO, was treated as liberated
from solution and calculated in gas phase. Solvated energies
are always lower than gas-phase energies and lower in THF than
in toluene. To aid comparison, toluene-THF (7.5%) solvent with
explicit THF bound to CT1 is set as the zero energy reference in
Scheme 5. The isolated CT1 molecule is stabilized by THF-H
bonding (2.16 and 1.91A, Scheme 5ii). The strength of the
THF-CT1 interaction (H-bond, together with van der Waals
interactions) varies with the solvent, with binding energy of
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—71kJ/mol in vacuum, weakening to —33 kJ/mol in pure tolu-
ene, —59 kJ/mol in pure THF solvent, and -51 kJ/mol in tolu-
ene-THF (7.5%). The catalytic reaction path proceeds via
displacement of the bound THF molecule by derivative 2, ending
with liberation of the final derivative 3 via rebinding THF to CT1
(IV). The change in enthalpy-liberating derivative 3 is found to be
strongest in 7.5% THF with a value of —8.9 kJ/mol, compared to
—3.9, —2.4, and 0kJ/mol in vacuum and pure toluene and THF
solvent, respectively. In summary, the driving force for the cata-
lytic behavior lies in the trend that reactant (naphthoquinone 2)
binding to CT1 is enthalpically favored relative to THF binding,

while THF binding to CT1 is enthalpically favored relative to
product binding, with liberation of 3 allowing the catalytic reac-
tion cycle to continue. On the basis of these observations and the
experimental results obtained, a reaction mechanism that
accounts for the formation of a hydrogen-bonding network
between the reactants and the catalyst, as well as the role of
THF as a promoter of catalyst turnover, is proposed in Scheme 5i.
Finally, in order to rationalize the variability in enantiomeric
excess observed during the generalization of this process
(Scheme 3), we further analyzed the previously computed
DFT TS by examining the gradient of the electron density. In
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SCHEME 6 | Reactivity experiments. Unless otherwise stated, experiments were carried out using 0.2 mmol of compounds 1 and 2, in toluene

(0.05 M), THF (7.5%, 9.0 equiv.), and CT1 as a catalyst (20 mol %) at room temperature.

particular, we employed IGM maps [68, 69], which allow the
identification of regions of space where chemical interactions
take place. In this case, the IGM-og analysis reveals strongly
repulsive regions (highlighted in red), enabling the development
of a qualitative model (Scheme 5iv, see also SI). This model delin-
eates spatial regions where structural modifications can be intro-
duced without perturbing the transition-state geometry, as well
as areas that are not amenable to substitutions unless key inter-
molecular interactions are disrupted. This analysis can be used to
explain why small substituents directly attached at the C6 posi-
tion of the coumarin core are well tolerated (see Scheme 3, such
as entries 3aa-3ca), whereas increasing steric bulk and structural
complexity lead to deviation from the optimal transition-state
geometry (Scheme 5iii). Such distortion can disrupt the hydro-
gen-bonding network and other noncovalent interactions that
are essential for high enantioselectivity. In particular, the intro-
duction of bulky substituents at C6 can displace the 3,5-bis(tri-
fluoromethyl)aryl unit of CT1 in the TS, thereby weakening
the interaction between the thiourea moiety and naphthoqui-
none 2 (Scheme 5i). Moreover, the model suggests that substitu-
ents at the C4 position other than hydrogen are not tolerated.
Conversely, it supports the experimental outcomes obtained with
7-substituted coumarins, which are oriented outward from the
CT1-coumarin-naphthoquinone  supramolecular assembly
without perturbing the key noncovalent interactions, thus gen-
erally affording high and remarkably uniform enantiomeric
excesses.

To validate these predictions and assess the reliability of the
computational model against experimental data, we conducted
the experiments summarized in Scheme 6. The absence of the
carboxyl group completely suppressed the formation of the
1,4-addition products, likely due to decreased electrophile reac-
tivity and/or the loss of the crucial hydrogen-bonding network
(Scheme 6a). Nevertheless, protection of the carboxyl group as
an ethyl ester (I1w) afforded racemic (cis)-5wa in moderate yield
when the reaction was carried out in the presence of 4-(dimethy-
lamino)pyridine in DMF. In contrast, reaction of 1w with 2a in
the presence of CT1 (20 mol %) led to the formation of 5wa only
in trace amounts (Scheme 6b). On the other hand, replacement of

the C4 hydrogen with a methyl group in carboxylated coumarin
derivative 1x completely inhibited the 1,4-addition process
(Scheme 6¢), a result that can be attributed to the increased steric
congestion at the reactive site, in full agreement with the pro-
posed transition-state model reported in Scheme 5.

3 | Conclusions

In conclusion, we have demonstrated the feasibility of accessing a
new class of naphthocoumarin derivatives through a highly
enantio- and atroposelective organocatalytic approach. This pro-
cess affords synclinal adducts featuring a C(sp*)-C(sp?) axis with
high configurational stability and rotational barriers exceeding
135kJ/mol. Their structures were unambiguously determined
by NMR and X-ray crystallographic analyses. Conformational
stability studies revealed that, upon prolonged heating at
130°C, these compounds undergo conversion to the correspond-
ing anticlinal isomers. At room temperature, the latter exhibits
configurational stability in the order of decades to thousands
of years (t;/, at 25°C > 103 years). Mechanistic investigations sug-
gest that access to the synclinal atropisomers relies on the forma-
tion of a chiral network established through strong interactions
between the reagents and the catalyst. The catalytic cycle was
further optimized by the involvement of a hydrogen-bond-break-
ing agent (THF), which facilitated product release and enhanced
catalyst turnover, thereby improving yields without affecting the
enantiomeric excesses. Overall, these findings provide new per-
spectives for the development of catalytic strategies aimed at the
synthesis of complex organic molecules with defined stereochem-
ical features and potential pharmaceutical applications.
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