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Design and synthesis of thiophene-based
C>-symmetric chiral phosphoric acids on a
decahydroquinoxaline scaffold for stereoselective
transformations
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In this study, the design and the synthesis of a thiophene-based phosphoric acid based on a chiral deca-
hydroquinoxaline scaffold derived from enantiopure trans-1,2-diaminocyclohexane was reported. This
catalyst was then employed in stereoselective transformations such as the enantioselective Friedel-Crafts
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reaction of indoles with imines to afford 3-indolyl methanamines. High yields (up to 98%) and high
enantioselectivities (up to 98% ee) were obtained. DFT calculations were performed to investigate the key
transition states, providing mechanistic insight and confirming the origin and sense of the observed
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Introduction

Chiral phosphoric acids (CPAs), an important class of chiral
Brgnsted acids, have been widely employed as organocatalysts
in many stereoselective reactions, facilitating the formation of
C-C and C-N bonds."* The remarkable development of CPAs
in organic synthesis is primarily attributed to their structural
characteristics, which provide precise control over the three-
dimensional arrangement of reactants. Chemical activation is
enabled by the presence of both a Brgnsted acid and Lewis
basic sites, while stereochemical control arises from the geo-
metry of the chiral backbone. Such control occurs through the
formation of non-covalent interactions with the substrates,
including hydrogen bonding, n-stacking, and ion pairing.’
Since the early works by Terada® and Akiyama,” who
reported the use of BINOL-derived CPAs in enantioselective
reactions, the application of this class of compounds has
expanded rapidly in recent years, with numerous studies
exploring the various activation models they can adopt: mono
activation, dual activation, and bifunctional activation.®” This
exceptional adaptability and broad range of activation modes
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make CPAs a versatile class of catalysts, which has driven the
development of numerous chiral phosphoric acid derivatives.
Examples of CPAs derived from various chiral backbones, such
as BINOL, SPINOL,*° VAPOL,'"® and TADDOL,''? were
reported so far, each designed to enhance specific steric or
electronic properties, thereby enabling more efficient catalytic
reactions.

Despite the success of these CPA derivatives, challenges
remain in optimizing their catalytic performance, particularly
regarding substrate scope and reaction conditions. Achieving
consistent results often demand careful and precise fine-
tuning of reaction parameters, even when expanding the sub-
strate scope for the same transformation.™®

To address some of these challenges, we recently reported a
simple synthetic strategy for the synthesis of new CPAs based
on a decahydroquinoxaline scaffold where the catalytic site is
incorporated into a 9-membered ring (Fig. 1)."* The excep-
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Fig. 1 C,-Symmetric chiral phosphoric acids on a decahydroquinoxa-
line scaffold.
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tional chemical and stereochemical efficiency of this novel
class of CPAs was demonstrated in the Friedel-Crafts alkyl-
ation of indole with N-tosylimines,'® resulting in the formation
of the corresponding adducts in high yields and with enantio-
meric excesses often exceeding 90%.

To further advance the development of novel CPA struc-
tures, we aimed to improve the electron-donating properties of
decahydroquinoxaline-based CPAs. Specifically, we hypoth-
esized that replacing the phenyl groups at the 2- and 3-posi-
tions of the decahydroquinoxaline core with thiophene rings
would affect the stereoelectronic properties of the catalyst, due
to the different electronic character of thiophene compared to
benzene ring.

Furthermore, the introduction of two phenyl groups at the
ortho positions relative to the catalytic site would generate the
necessary steric hindrance to define the chiral pocket of the
catalyst.

Results and discussion

A recently reported methodology efficiently synthesizes decahy-
droquinoxaline-based CPAs'* by formation of the chiral back-
bone by condensation of an aromatic aldehyde with enantio-
pure trans-1,2-diaminocyclohexane, followed by a stereo-
selective imino-pinacol coupling.’® Inspired by this strategy,
we proposed a comparable approach to synthesize catalyst 2.
The complete synthetic pathway is illustrated in Scheme 1. The
synthesis starts from 2,3,5-tribromothiophene 3 which was
subjected to the regioselective Suzuki reaction mediated by Pd
(PPh;), in a 1:1 mixture of THF:H,O in the presence of
Na,COj;. The reaction was performed for 24 h and the desired
3-bromo-2,5-diphenylthiophene 4 was obtained in 59% yield."”
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Compound 4 was reacted in a copper catalysed nucleophilic
substitution with an excess of sodium methoxide,'®'° leading
to the formation of 3-methoxy-2,5-diphenyl-thiophene 5 in
62% yield. Reaction of 5 with n-BuLi in the presence of N,N,N’,
N'-tetramethyl ethylenediamine (TMEDA), afforded aldehyde
(6) in 57% yield. Finally, after a treatment of compound 6 with
BBr; in CH,Cl,, aldehyde 7 was formed in quantitative yield.
As expected, since hydroxythiophenes are prone to tautomeric
equilibrium, the thermodynamically stable ketonic form 7a of
7 was also observed. The synthesis of the decahydroquinoxa-
line scaffold was then achieved through a manganese-
mediated reductive cyclization of the intermediate 8 obtained
by condensation of two molecules of aldehyde 7 with enantio-
merically pure (18,2S)-trans-1,2-diaminocyclohexane yielding
(2R,2R,4aS,8aS)-9 in 87% yield.*®

The same synthetic transformation was performed using
(1R,2R)-trans-1,2-diaminocyclohexane and the resulting pro-
ducts were then analyzed and compared using enantioselective
HPLC coupled with a circular dichroism detector. This analysis
confirmed that the two products, (2R,2R,4aS,8aS)-9 derived
from (15,25)-DACH and (25,25,4aR,8aR)-9 derived from (1R,2R)-
DACH, are enantiomers, as evidenced by their HPLC traces,
which display identical but opposite profiles (Fig. 2). These
results clearly highlight that the configuration of the two new
stereocenters formed during the pinacol coupling are dictated
by the initial configuration of DACH used in the reaction.

In the next step, compound (2R,2R,4aS,8aS)-9 was efficiently
protected at the nitrogen atoms as acetyl amides by treating
the substrate with an excess of acetyl chloride in the presence
of triethylamine. Under these conditions, both NH and OH
groups reacted, yielding the tetra-acylated intermediate 10
which was not isolated and directly treated with an excess of
LiBH, in THF to afford desired compound 11 in 76% yield.

1) n-BuLi 2.5 M (1.4 equiv),
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Ph
THF, 0°C to RT,15 min Phj\I
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Scheme 1 Synthesis of thiophene-based C,-symmetric chiral phosphoric acid (2) based on a decahydroquinoxaline scaffold.
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Fig. 2 HPLC assessment of the enantiomeric purity of both enantio-
mers of compound 9. Chromatographic conditions: column, Chiralpak
IB column (250 mm X 4.6 mm); mobile phase, n-hexane/EtOH/DEA
(100:10:0.1); temperature, 40 °C; flow rate, 1.0 mL min~?; detection,
CD at 280 nm.

The synthesis of the phosphoric acid 2 was finally achieved by
reaction of diol 11 with POCI; in the presence of Et;N following a
one-pot-two-steps procedure. The intermediate phosphoryl chlor-
ide 12, which was not isolated, was then hydrolysed with water
allowing the formation of desired compound 2 in 86% yield. A
further treatment with aqueous HCI after chromatographic purifi-
cation ensures the complete removal of phosphate salts which
may be formed during the purification process.**

The chemical and stereochemical efficiency of the new
chiral Brgnsted acid 2 was then investigated in the stereo-
selective Friedel-Crafts alkylation of indole with N-tosyl imines
for the synthesis of enantiopure 3-indolyl methanamine
derivatives. In a typical experiment, benzaldehyde-derived
N-tosylimines 13a-c (1 equiv.) were reacted with indole 14 (5
equiv.) in the presence of 10 mol% of catalyst, operating at
—50 °C. Results are reported in Table 1.

When the reaction was performed in toluene, product 15aa
was obtained in 90% yield with 72% ee (entry 1). Notably,

Table 1 Stereoselective Friedel-Crafts addition of N-tosylimines to
indoles

cat2 (10 mol%)

Iz /i

solvent -50°C,16h

(13a-c) (14a-d) (15aa-ad)
Entry R’ R® Solvent  Product Yield (%) ee (%)
1 H H Toluene  15aa 90 72
2 H H CH,Cl, 15aa 98 92
3 4-Cl H CH,Cl, 15ba 82 70
4 4-CH, H CH,Cl, 15ca 84 86
5 H 5-Br CH,Cl, 15ab 88 70
6 H 5-Me CH,Cl, 15ac 9 98
7 H 5-OMe CH,Cl, 15ad 92 93

This journal is © The Royal Society of Chemistry 2026
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replacing toluene with dichloromethane afforded compound
15aa in almost quantitative yield and 92% ee. With the solvent
effect established, the scope of the reaction was subsequently
examined. N-Tosylimines bearing either electron-withdrawing
or electron-donating substituents on the aromatic ring were
well tolerated: products 15ba and 15ca were obtained in com-
parable yields with enantioselectivities of 70% ee and 86% ee,
respectively (entries 3 and 4). While the difference in enantio-
selectivity between compound 15aa and 15ca is modest (92%
vs. 86% ee), the more pronounced drop observed for the
4-chloro analogue 15ba suggests that the aryl substituent on
the imine plays a role in determining the stereochemical
outcome of the reaction, probably due to some electronic inter-
actions with the aromatic rings of the catalysts.

The substrate scope of the phosphoric acid-catalyzed
Friedel-Crafts reaction of indoles with N-tosylimines was then
further evaluated using substituted indoles bearing either elec-
tron-withdrawing or electron-donating groups at the 5-position
(entries 5-7). In all cases, the reactions proceeded smoothly to
give the corresponding products in high yields and good to excel-
lent enantioselectivities, reaching up to 98% ee when 5-methoxy-
1H-Indole 14d was employed (entry 6). In agreement with the
trend observed for the imine substituents, electron-donating
groups on the indole ring afforded the desired products with
higher enantioselectivities, whereas the presence of an electron-
withdrawing substituent (as in the case of indole 14a) resulted in
the formation of 15ba with only 70% ee.

DFT investigation

DFT calculations were employed in order to investigate the
steric properties, the Brgnsted acidity, and transition-state geo-
metries of the thiophene-based C,-symmetric chiral phospho-
ric acid 2 when involved in the Friedel-Crafts alkylation of
indole with N-tosylimines. Initial conformational geometries
were generated through Monte Carlo conformational analysis
using molecular mechanics calculations with the OPLS2005
force field,”* as implemented in the MacroModel package of
the Schrodinger suite.”® These structures were subsequently
fully optimized at the DFT level using the M06-2X functional
with the 6-31G(d) basis set in Gaussian.** Harmonic
vibrational frequency calculations were performed at the same
level of theory to confirm the nature of the stationary points,
ensuring the absence of imaginary frequencies for local
minima and the presence of a single imaginary frequency for
transition states. The M06-2X functional was selected due to
its proven reliability in describing long-range dispersion inter-
actions compared to the B3LYP functional, and its successful
application in previous computational studies on chiral phos-
phoric acids.™

The steric properties of the chiral pocket associated to cata-
lyst 2 were evaluated in terms of buried volume (%Vpy), a
steric parameter that has been successfully employed as a key
descriptor for quantifying the fraction of space occupied
around the catalytic site.>®

Compared to the decahydroquinoxaline-based CPA 1, which
has a %V, of 45.1%, compound 2 exhibits a slightly lower %
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Vour value of 40.1% (Fig. 3). Although this corresponds to a
slightly larger and more open chiral pocket compared to chiral
phosphoric acid 1, the steric environment of catalyst 2 remains
within the range characteristic of high-performing phosphoric
acids, providing a spatial confinement able to influence the
substrate orientation and to promote enantioselective control;
as demonstrated by the stereochemical outcome observed in
the Friedel-Crafts alkylation of indole with N-tosylimines.
Notably, this value is comparable to that of the SPINOL-
derived phosphoric acid (%Vu,r = 41.1%) and significantly
higher than that of the BINOL-derived analogue, which dis-
plays a %Vpy, of 33%."

Moreover, dedicated computational studies performed to
determine the acidity of catalyst 2. Two complementary
approaches were employed: the isodesmic method,*® com-
puted at M06-2X/6-31G(d) level of theory, and the linear free
energy solvation relationship (LFESR) model,>” performed at
the M06-2X/6-311++G(d,p) level with the SMD(DMSO) solvation
model. The results indicate a corrected pKy(sodesmic) in DMSO

CPA1
%V, = 45.1%

CPA2
%V, = 40.1%

Fig. 3 Steric maps based on DFT-optimized CPAs structures viewed
down the z-axis. %V, Was determined using a 4.5 A radius coordination
sphere, whose center was displaced by 2.0 A along the z-axis from the
phosphorus atom (the red and the blue zones indicate the more and the
less-hindered zones in the catalytic pocket, respectively).
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of 1.00, whereas the LFESR approach yielded slightly higher
values of 1.36 in DMSO (pKyrresr) CH;CN = 10.99). Overall,
the two methods provide consistent trends, confirming the
relatively strong Brensted acidity of catalyst 2 compared to
catalyst 1 (PKa(isodesmic) DMSO = 3.97). At the present it is pre-
mature to offer a rationalization of this observation, since
several factors are likely contributing to the pK, value.
Although thiophene is generally considered as an electron-rich
heterocycle, it must be noted that sulfur atom is more polariz-
able than carbon atom, and the 5-membered thiophene rings
lead to a larger chiral pocket (see Fig. 3), where the conjugate
base of catalyst 2 will be accommodated, and may experience
stereoelectronic interactions with other aryl rings that may
affect the negative charge stabilization.

After the steric properties of the chiral pocket and the
Bronsted acidity of the catalyst were characterized, the origin of
stereoselectivity in the enantioselective addition of indoles to
N-tosylimines catalyzed by chiral phosphoric acid 2 was investi-
gated. In this transformation, CPAs are known to operate
through a bifunctional activation mechanism, in which the
imine is activated via hydrogen bonding to the Lewis basic site,
thereby polarizing the C=N bond and increasing its electrophili-
city, while the NH group of the indole forms a hydrogen bond
with the Brensted site of the catalyst, aligning the nucleophilic
C3 of the indole for enantioselective attack.®?®

Although decahydroquinoxaline-based CPAs feature an
additional amidic functionality, allowing several possible
coordination modes, the classical model has been shown to be
energetically preferred.’® For this reason, only this coordi-
nation mode was considered in this computational study. In
Fig. 4 the transition states corresponding to eight possible con-
formers are reported.

DFT calculations indicate that transition states in which the
imine adopts the E configuration are consistently more stable
than those involving the Z configuration. In particular, TS3-E-
endo-(S), leading to the experimentally observed (S)-15aa product,

Q o-H N7
P Ph
X
g o “’"}N>—J
Ts
Ph
_E)_\ 0 O\P/O O, o O\P/O
H"O"-‘\ Ovr_-o\H H/o—— n{\) O‘,--.O\H
| N |
N H M N Yow H N
1 L} 1, \\
] i SO W ey
HQfN.Ts Ts’N\’ H Az Ns 4 TSAY/H
Ph Ph Ph Ph
TS5-Z-ex0-(S) TS6-Z-ex0-(R) TS7-Z-endo-(S) TS8-Z-endo-(R)

AAG 11.18 kcal/mol AAG 11.17 kcal/mol AAG 14.87 kcal/mol AAG 8.79 kcal/mol

Fig. 4 Computed transition states for the Friedel-Crafts addition of N-tosylimine (13a) to indole (14a). The E and Z in the names refer to the
configuration of the imine double bond, whereas the (R) and (S) description refers to the final configuration of product (15aa). In the competing con-
formations for the transition states, decahydroquinoxaline scaffold omitted for clarity; AAG values (in vacuo) are expressed in kcal mol™ and calcu-

lated at M06-2X/6-311G(++)(2d,2p)//M06-2X/6-31G(d) level of theory.
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is calculated to be 1.35 keal mol™" lower in energy than TS4-E-
endo-(R). Interestingly, in contrast to traditional CPAs based on
the decahydroquinoxaline scaffold, the new C-C bond formation
occurs according to an endo orientation, in which the imine
C=N bond superimposes with the five-membered ring of the
indole, likely as a result of improved accommodation within a
less sterically congested chiral pocket of the catalyst.

Gibbs free energies computed a M06-2X/6-311G(++)(2d,2p)
PCM (dichloromethane)/M06-2X/6-31G(d) were used to esti-
mate an enantiomeric excess of 91% in favour of the (S)-15aa
enantiomer for catalyst 2 at —50 °C in DCM. The ee was
calculated using the Eyring equation, relating the relative free
energies of the transition states to the corresponding rate
constants. This theoretical prediction is in perfect agreement
with the experimentally observed enantioselectivity of 92%
obtained under the same conditions.

Conclusions

In this work, we have developed a new example of chiral phos-
phoric acid based on a decahydroquinoxaline scaffold*® which
incorporates two thiophene rings.

The chiral backbone was synthesized through the conden-
sation of aldehyde 7 with enantiopure trans-1,2-diaminocyclo-
hexane 6, followed by a stereoselective intramolecular pinacol
coupling. The optical purity of a key intermediate 9 was con-
firmed through HPLC analysis with a CD detector.

The catalytic performance of the resulting CPA was evalu-
ated in the stereoselective Friedel-Crafts alkylation of indole
with N-tosylimines, resulting in the formation of the desired
products with yields up to 96% and up to 98% enantiomeric
excesses. DFT calculations further showed that the transition
state leading to the experimentally observed (S)-product is
lower in energy than that of the competing (R)-pathway, in line
with the observed experimental data. Gibbs free energies com-
puted for all relevant transition states were used to estimate
the enantiomeric excess, yielding a value in good agreement
with the experimental results.

These findings demonstrate that the new CPA exhibits both
high catalytic activity and predictable stereocontrol. Ongoing
studies are focused on further optimizing catalyst structure
and exploring the application of these catalysts in additional
stereoselective transformations to expand their utility in syn-
thetic organic chemistry.
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