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A C3;-Symmetric Diphenylethylendiamine-Based Catalyst in

the Asymmetric Michael Addition of a,-Unsaturated
Ketones with 4-Hydroxycoumarin and 4-Hydroxyquinolin-

2-One

Shilashi Badasa Oljira, Martina De Angelis, Simone Manetto, Francesco Fiorentino,
Dante Rotili, Luciana Mosca, Daniel Di Risola, Roberto Mattioli, Marco Pierini,

Giulia Mazzoccanti, and Alessia Ciogli*

Even though the amino-organocatalysis has been known for dec-
ades, the use of chiral Cz-symmetric multiamino catalysts in asym-
metric synthesis is not widespread. Herein, the previously
employed approach for the chiral 1,2-diamino-cyclohexane to
the enantiopure 1,2-diphenylethylendiamine is extended. The
independent activity of each catalytic subunit is also confirmed
for this enantiopure motif by offline high-resolution electrospray
mass spectrometry (ESI-MS) experiments. The advantages and

1. Introduction

Catalytic asymmetric synthesis has become an essential tool for the
enantioselective synthesis of active molecules mainly in pharma-
ceuticals, natural products, and agrochemicals.? Among the
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limitations of this novel approach in the asymmetric Michael
addition of a,B-unsaturated ketones to 4-hydroxycoumarin and
4-hydroxyquinolin-2-one, achieving up to 95% yield and moder-
ate-to-good stereocontrol (enantiomeric ratio up to 80:20) are
evaluated. In the pool of synthetized molecules, there are two
novel compounds, and one is prepared for the first time using
organocatalysis. In addition, some of these molecules show an
intrinsic scavenging ability on ABTS* radical.

various approaches to asymmetric catalysis,*® the use of chiral
organic molecules has attracted significant interest due to structural
simplicity, easy availability, low cost, mild reaction conditions, broad
functional group tolerance, and their potential as sustainable alter-
natives to metal-based catalysts.”® C;-symmetric organic molecules,
characterized by a structural moiety repeated three times around a
rotational axis, have been widely used as ligands in metal catalysis or
molecular acceptors, scaffolds in supramolecular and macromolec-
ular structures, gels oxidizing agents, and more recently in the devel-
opment of organometallic materials.”'” Despite their versatility, the
use of these compounds in organocatalysis remains relatively an
unexplored field. However, promising examples based on amino
groups and amino derivatives arranged in Cs-symmetric shape exist.
Figure 1 reports the structure of Cs-symmetric organocatalysts
selected from the literature and information about the reactions
where they are involved. For example, Pan et al. successfully applied
tribenzyl and triphenylphosphineoxide-based proline organocata-
lysts for aldol reactions."® Moorthy et al. developed Cs-symmetric
proline-based and pyrrolidine-based catalyst providing Michael
adducts of carbonyl compounds and trans-B-nitrostyrene with high
stereoselectivities.'? Fujioka et al. have developed trisimidazoline
derivatives successfully utilized as catalysts in Michael addition reac-
tions, s-amination of p-ketoesters, and bromolactonization of alke-
noic acids.2°2"

Similarly, Cs-symmetric cinchona-based catalysts were investi-
gated in the asymmetric Michael and Friedel-Crafts reactions.”!
The authors found an increased selectivity of one Cs-arranged
catalyst in comparison to hydroquinine in the Michael reaction of
pentane-24-dione and trans-f-nitrostyrene. Building on these
developments, our group recently developed GCs-symmetric

© 2025 The Author(s). European Journal of Organic Chemistry published by Wiley-VCH GmbH
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C,;-Symmetric Amino-based Organocatalysts
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Figure 1. Structures of some Cs-symmetric organocatalysts bearing amino- and amino-derivative groups reported in literature. Below each structure, infor-

mation about the reactions where they are involved was added.

amino-organocatalysts based on enantiopure trans-1,2-diaminocy-
clohexane (DACH) for the synthesis of warfarin and its analogues.”?
This study included ESI-MS experiments coupled with density
functional theory (DFT) calculation to elucidate the reaction
mechanism. As a compelling extension of this approach, we
herein present a novel Cs-symmetric catalyst derived from the
enantiopure 1,2-diphenylethylenediamine (DPEDA), a widely used
building block in organocatalysis due to its versatility in function-
alization.”>?* DPEDA-based organocatalysts have been instrumen-
tal in various reactions, including aldol condensations, Mannich,
Diels—Alder, desymmetrization, and asymmetric Michael reac-
tions.?* In particular, the Michael addition of 4-hydroxycoumarin
to a,f-unsaturated ketones represents an efficient route for the
synthesis of warfarin and its analogs in homogeneous phase as
well as by using alternative approaches.=2 Usually, existing
methodologies often require high catalyst loading (10-20% mol)
and acidic co-catalysts to achieve satisfactory yields and stereose-
lectivities. In this work, extending the idea developed in 2024,
we prepared a small library of enantioenriched 4-hydroxycoumarin
and 4-hydroxyquinoline derivatives. The evaluation of catalyst per-
formance was also provided in the scaling-up synthesis and in the
its potential recycle of one derivative largely used as rodenticide. In
addition, the free radical scavenging capacity of novel compounds
was measured against ABTS™ species showing a low- to moderate
activity.
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2. Results and Discussion

The synthesis of the catalyst began with the selective mono-
protection of the amino group of chiral (RR)-1,2-diamine
(Scheme 1). Di-tert-butyl dicarbonate (Boc,0) was used to intro-
duce the Boc protecting group, following a straightforward pro-
tocol that provides high yields as described by Kucherenko et al.”!
Specifically, Boc,O was added dropwise to a solution of trimethyl-
silyl chloride in methanol. At this step, we evaluated the effect of
addition time on yield: extending the dropwise addition time
from 10 min to 30 min we obtained increased yield from 65 to
87% of final purified pale-yellow mono-protected diamine 3.
Afterward, following our previous reported protocol,*?' we pro-
ceeded with the addition of 1,3,5-benzenetricarbonyl trichloride
to mono-Boc DIPEDA 3 in the presence of N-ethyl-diisopropyl-
amine affording 82% of product 4. The deprotection step using
TFA in DCM followed by treatment with the basic resin Ambersep
900-OH, provided the Cs-symmetric amide 6 as free base in excel-
lent yield (98%). The amide 6 was reduced with BH;-Me,S in dry
THF, and followed by the addition of methanol in presence of TM
HCI. The final free base amino-catalyst 7 was obtained after ion
exchange through basic resin affording an overall yield of 67%. In
the initial screening, we evaluated both catalyst 6, the amino-
amido scaffold, and catalyst 7, the all-amino one without any acid
additive. As well known, the intermediate reactions via imine
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Scheme 1. Synthesis of Cs-symmetric organocatalysts: a) TMSCI, MeOH,
0°C for 10 min; b) Boc,O in MeOH dropwise for 30 min, rt for 2 h, yield:
87%; c) 1,3,5-benzenetricarbonyl trichloride, DIPEA, CHCl; dry, 40 °C for 5 h
then rt for 14 h, yield: 82%; d) TFA, DCM, 0°C, 6 h; ) Ambersep 900-OH
98%; f) BH3-Me,S, THF dry, 80 °C, for 6 h, then rt for 14 h, 1M HCI, MeOH,
80°C, 8 h; and g) Ambersep 900-OH, 66% yield.

usually require an acid as additive to promote the imine forma-
tion. Here, only the 4-hydroxycoumarin 8a (pKa 4.1) could act as
reagents and at the same time as weak acid sources.*® We

started to investigate catalyst activity with 2% mol of catalyst
in the reaction between 4-hydroxycoumarin and two different
Michael acceptors vyielding warfarin (10a) and coumachlor
(10b). This preliminary examination was carried out in THF at
room temperature in the presence of 1 equivalent of Michael
acceptors 9a,b. The obtained results are listed in Table 1.

The amino-amido catalyst (all-R)-6 afforded the product 10a
and 10b (entry 1 and entry 2) with a low yield (30% and 43%,
respectively) and poor enantiomeric ratio (in term of enantio-
meric excess, 22 %e.e. and 28 %e.e., respectively). Moving to
(all-R)-7 catalyst, both yield and induced stereocontrol increased
up to 70% of the isolated product and to 74/26 of the enantio-
meric ratio (56 %e.e.). An increase of catalyst loading (5% mol)
furnished the desired 10a and 10b products with 87% and
95% vyield, respectively, while the induced stereocontrol seems
to be less dependent on catalyst loading product (74/26 and
70/30 compared to 78/22 and 76/24, respectively, in terms of
the enantiomeric ratio). Similar results in yield, with expected
opposite stereochemistry, were obtained by changing the abso-
lute configuration of catalysts (data not shown). These results
highlighted the importance of all amino groups in the catalytic
process both in terms of yield and stereoinduction, while the
presence of amide groups leads to the poor catalytic performan-
ces. This agrees with those highlighted for the analogue Cs-
symmetric structure based on trans-1,2-diamino-cyclohexane.*?
Indeed, by computational conformational analysis, the more sta-
ble conformers of (all-R)-6 catalyst endowed with Boltzmann pop-
ulation greater than zero are only two, both characterized by the
formation of three intramolecular hydrogen bonds. In depth,
each H-bond is established between the primary amino group
and the amidic carbonylic oxygen belonging to one of the three
framework arms bound to the central benzene cycle, as shown in
Figure 2. Noticeably, to make the catalyst active, each of three
H-bond need to be breached, so that it is foreseeable these
may have a partially unfavorable impact on the progress of reac-
tion (see yield of entry 1 and 2 in Table 1).

Table 1. Preliminary screening of catalysts 6 and 7.
OH R [0}
m /\)J\ Cat. (%mol) G
o e 0o
. e

Entry Ketone Cat. [% Mol] Yield [%] %e.e. R/S Product
19 CeHs- (all-R)-6(2) 30 22 10a
2Y 4-CICeH,- (all-R)-6(2) 43 28 10b
39 CeHs- (all-R)-7(2) 62 48 10a
4 4-CICsH.,- (all-R)-7(2) 70 40 10b
5 CeHs- (all-R)-7(5) 87 56 10a
6 4-CICH,- (all-R)-7(5) 95 52 10b
@Reactions were performed with 8a (0.2 mmol), 9 (0.24 mmol), THF (2 mL). PYield of the isolated product after silica gel column chromatography. “Determined
by chiral HPLC analysis.

Eur. J. Org. Chem. 2025, 00, 202500338 (3 of 8)

© 2025 The Author(s). European Journal of Organic Chemistry published by Wiley-VCH GmbH

85UB017 SUOLILLIOD AIRID 3ot (dde ay) Aq peupAob 812 Sjole YO 8sN J0 S3|N 10} Akeiq1 ] 8UIIUO A8]1M UO (SUONIPUOD-PUE-SWBI/LIOY" A8 | 1M AReq | puljuo//Sdny) SUONIPUOD pue swie 1 8y 89S *[6202/60/0T] Uo AriqiTauljuo AB|im ezusides e ewoy 1a AiseAlun Aq 8E€005202 90B/200T 0T/I0p/wW00 A3 1M Atelq i jputjuoadone-Ansiweyd//:sdny wouj pepeojumda ‘0 '0690660T


http://doi.org/10.1002/ejoc.202500338

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

EurJOC > .
doi.org/10.1002/ejoc.202500338

European Journal of Organic Chemistry

Figure 2. Graphical representation of the computationally optimized struc-
ture of catalyst 6 involving intramolecular H-bonds, which may unfavorably
act on its catalytic activity.

A similar conformational analysis was also conducted on the
structure of (all-R)-7 catalyst, with the aim of evaluating the possi-
ble influence that the formation of stable intramolecular H-bonds
could have on the related catalytic activity. The obtained results
highlighted that the most stable conformation of (all-R)-7 catalyst,
characterized by a Boltzmann population of 71%, is devoid of
intramolecular H-bond formation and it has a C; symmetry axis.
An indirect confirmation of this, unlike what was found for
catalyst 6, is that in the main catalyst 7 conformer, the amino
groups are not potentially inhibited by the formation of H-bond
and can therefore be more easily involved in the catalytic activity,
was obtained by computationally optimizing this conformation in
the presence of both one hydroxyquinoline 8a and one ketone 9a
molecules (see Table 1). The presence of this couple of reagents
leads to an easy change of conformation of catalyst 7 promoted
by the establishment of very favorable intermolecular H-bonds.

Furthermore, four independent transition states, TSs, were
assembled by hand and optimized at the PM6 semiempirical level
of theory (namely, by the acronym TS,, TSy, TS, and TSy). The TSs

correspond to the first reaction step involved to the synthesis of
10a (the formation of the carbinolamine between (all-R) catalyst
7 and ketone 9a, promoted by the acidic support of hydroxyquino-
line 8a), all confirmed by the presence within each of their simu-
lated infrared (IR) spectra of only one imaginary frequency. The
structures of calculated transition states were reported in Figure
S30, Supporting Information. Interestingly, already at this initial level
of reaction progress by the performed calculations was possible to
validate the experimentally found catalytic stereoselectivity. Indeed,
two of the carbinolamine intermediates resulting by the overcom-
ing of the relative TS, and TS, show to expose the Re enantiotopic
unsaturated face to the subsequent and necessary nucleophilic
attack of the hydroxycoumarin 8a, while the other two, TS, and
TS4, expose the Si enantiotopic unsaturated face. As a result, in
the first case (attack of 8a on the Re face) in the final product
10a the configuration of the chiral atom will be R, while in the sec-
ond one (attack of 8a on the Si face) the resulting configuration will
be S. Looking to the TS energy content, among the above cited four
TSa TSp, TS, and TSy (TS,F"*'® =329.05 KJ, TS,F"*'% =324.92 KJ,
TS Ereroy = 331,11 KJ, TS5 =337.77 KJ), the two more stable
ones, TS, and TS,, are characterized by exposing the enantiotopic
unsaturated face Re to the attack of 8a, while the third and four, TS,
and TSy, the face Si, in agreement with the experimentally observed
prevalence in the final product 10a of the R configuration over the S.
In Figure 3 the most stable TSs for the two different Re and Si
faces are reported. The prevalent energetic stability of the TS struc-
ture, inducing on 10a the R configuration, over the one inducing
instead the S configuration was also confirmed by submitting all
the TS,, TSy, TS, and TSq geometries to single point energy calcu-
lations at the much more high Density Functional level of Theory
(DFT, see Supporting Information for further details).

2.1. Reaction Scope

The catalytic capability of (all-R)-7 was evaluated by synthesizing a
small library of warfarin analogues. All reactions were performed

Ersp=324.92k) TS,

TS, Ers.=331.11k

Figure 3. Graphical representation of the computationally optimized structure of more stable transition states TS,, and TS, exposing Re and Si faces, respec-

tively. The other two TSs were in Supporting information (Figure S30).
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using 5% mol of catalyst at room temperature. Various o,-
unsaturated ketones 9 were employed in combination with the
two cyclic Michael donors 8a and 8b. The reactions were carried
out in distinct solvents: THF was used for reactions with 8a, while
DMSO, for solubility reasons, was employed for those involving 8b
as the reagent.

The corresponding products 10c-i were obtained from low to
moderate yields with good enantioselectivities (Figure 4). In fact, in
all products achieved with 4-hydroxycoumarin, the enantioselec-
tivity ranges from 80/20 to 70/30, seeming not affected by the
nature of ketone substituent. Instead, when 4-hydroxyquinolinone
8b was used, all reactions provided products with different enan-
tiomeric ratios (from the quasi-racemic product of 10h to the 78/22
enantiomeric ratio of 10c).

This revealed that both types of heteroatoms in the Michael
donors and the nature of substituents have an impact on the cat-
alytic performance. Notably, the presence of oxygen or nitrogen
seems to affect the stereoselectivity more than the structure of
the substituent (see pairs 10e/10f and 10g/10h in Figure 4).

OH
(o]
A /\)]\
+
Rq Rz

X [o]
8a X =0 9
8b X =NH

10c 10d
e.r. 78/22 e.r. 76/24
yield 52% yield 56%

However, the stereoselectivity remains consistent between
10a/10c and 10b/10d pairs, where the methyl group in R; is
maintained. Although the last three reactions did not give excit-
ing yields, 10h and 10i have been synthesized as new com-
pounds and they were resolved through enantioselective HPLC
by using double circular dichroism (CD)/UV detection or the
inverted chiral column approach to discriminate the enantio-
meric pair (Supplementary Information).** The compound
10g, already known, has been prepared for the first time through
asymmetric aminocatalysis. In literature, to our knowledge, 10g
has been synthetized in asymmetric version by metal-assisted
catalytic reactions, whereas other examples report the efficacy
and innovative approaches for racemate production.’**-3"

2.2. Investigation of Catalytic Cycle by HR-ESI-MS

To confirm the catalytic activity of multiple amine units, we per-
formed high-resolution (HR) ESI-MS studies.*®*" We identified
the most relevant intermediates by off-column flow-injection

OH Ry O
cat 7 (5% mol)
» X R,
DMSO or THF X o
10c-i
OH o] OH o
seegliveas
N o
(o] o H
10e 10f
e.r. 80/20 e.r. 68/32
yield 54% yield 25%

H
10g 10h 10i
e.r. 73127 e.r. 55/45 e.r. 70/30
yield 19% yield 8% yield 21%

Figure 4. Reactions between 4-hydroxycoumarin (8a)/4-hydroxyquinolin-2-one (8b) and a,p-unsaturated ketones catalyzed by (all-R)-7. Structure of obtained
compounds and the corresponding enantiomeric ratio/yield. In the blue box, novel synthesized compounds. The reactions were performed with 8
(0.2 mmol), 9 (0.24 mmol), solvent (2 mL), at room temperature, 48 h. Yield refers to the isolated product after column chromatography. Enantiomeric ratio

was determined by chiral HPLC.
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analysis of a simplified reaction mixture where the o,3-unsaturated
ketone 9b has been reacted with catalyst (all-R)-7. The reaction
allows the formation of three expected imine intermediates in rea-
sonable abundances after 30 min of reaction starting at room tem-
perature (data not shown). High-resolution mass spectral data
supported the proposed structures of intermediates as reported
in Figure 5. In details, after 2 h, the signal corresponding to the
mono-imine intermediate (m/z 913.4737, Am/z= 2.0 ppm) was
detectable and it exhibited highest intensity, followed by the signal
correlated with the bis-imine (m/z 1075.4979, Am/z=2.2 ppm)
while the signal corresponding to the tris-imine (m/z 1237.5222,
Am/z = 2.4 ppm) species has the lowest intensity. This fast experi-
ment proves that each DPEDA-based unit works independently in
the catalytic process.

2.3. Scale-Up Evaluation

Coumachlor is a first-generation rodenticide used in many coun-
tries but also used as a pesticide and as building block in chemical
synthesis. As for the warfarin, coumachlor is marketed as race-
mates although the (S)-enantiomer has been proven to be more
active than the (R)-enantiomer. To verify our procedure, we per-
formed scale-up synthesis using 4-hydroxy-chromen-2-one 8a
(1 g,6.20 mmol) and 9b (1.34 g, 7.44 mmol) under the same stan-
dard reaction conditions. To our delight, product 10b was gen-
erated in high yield (83%) with good enantiomeric ratio (80/20).

2.4. Reuse of Catalyst

The recyclability and reuse of the all-(R)-7 catalyst was also eval-
uated being a critical challenge in homogeneous phase due to
the frequent decomposition or loss of the catalyst. In the synthe-
sis of coumachlor 10b, we attested the activity of the catalyst over

100 925.4737

90 mono-imine

80
775.4497

70

60

50

732.3556
656.3758

803.4810

40 1075.4979

Relative Abundance

30

three consecutive reaction cycles (at mg scale). After each reac-
tion, the catalyst was recovered by column chromatography
washing with methanol. The recovered catalyst was =80%
and its integrity was confirmed by 'H-NMR analysis before the
subsequent reaction. Yield and enantioselectivity were main-
tained in the first two cycles (95% and 79/21 e.r. (R/S) respec-
tively) while after the third cycle, a little decrease of yield was
recorded (89%) without loss of stereoinduction ability.
Unfortunately, after the third cycle, the catalyst was deactivated.

2.5. Antioxidant Activity

4-hydroxycoumarin and 4-hydroxyquinolin-2-one derivatives have
attracted great attention due to their biological properties. These
scaffolds are present in many classes of natural products and phar-
maceuticals.*>** Notably, they display radical scavenging capability,
and recent works report on the novel derivatives of hydroxycoumar-
ins and hydroxyquinoline.***¥ The synthetized compounds (as
enantioenriched sample) were tested by the DPPH" and ABTS-* rad-
ical assays following standard protocols as reported in the experi-
mental section. As a first fast screening, all compounds were
evaluated to inactivate both reactive radical species at 1 mM (see
Supporting materials). Only four compounds gave significant score
against ABTS™ (% inhibition > 50), and then their IC5, values were
determined (Table 2). None of the compounds showed significant
activity against DPPH". Specifically, a good scavenging effect was
recorded for 10c and 10f which are both quinoline-2-one deriva-
tives, though the scavenging potency was 20 times lower than that
of ascorbic acid. Looking at the chemical structures of 10e and 10f,
the presence of nitrogen instead of oxygen appears relevant for the
activity (10e exhibits a 60-fold lower potency compared to ascorbic
acid) and the sale holds true for presence of the acetyl group (in the
case of 10 h the activity collapse, inhibition of 26% at 1 mM, table S1,

imine
intermediates|

20

569.3285
463.2401

400 600

.

11155291 (ris-imine d&

1237.5222
| 1311.7447 1550.7515 17168047 1916.8943
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Figure 5. HR-ESI-MS spectrum of ketone 9b and catalyst (all-R)-7 mixture over time (structure of reagents in the box). Total ion current (TIC) spectrum of
reaction after 2 h. The detected species include mono-imine (m/z 913.4737), bis-imine (m/z 1075.4979), and tris-imine (m/z 1237.5222) intermediates, con-
firming the stepwise activity of the multiple amine units.
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Table 2. ICs, of ABTS-" radical scavenging activity of the most active
compounds.

Compound 1Cso [MM]
Ascorbic acid 0.007 £+ 0.002
10c 0.131 £0.016
10f 0.139 £ 0.059
10d 0.318 £ 0.060
10e 0.363 £+ 0.063

Supporting Information). The inability of these compounds to
effectively scavenge the DPPH radical may stem from their specific
antioxidant mechanism. DPPH., a stable, lipophilic free radical, pri-
marily reacts via hydrogen atom transfer and is susceptible to
steric hindrance, limiting its reactivity with hydrophilic molecules.
Conversely, ABTS-+, a radical cation, predominantly reacts through
electron transfer, readily interacting with electron donors and exhib-
iting less sensitivity to steric hindrance, thus enabling it to react with
a broader range of antioxidants. Therefore, based on these obser-
vations, we propose that the newly synthesized molecules exert
their antioxidant activity predominantly through electron transfer
mechanisms.

3. Conclusion

Aiming to extend the portfolio of chiral amino-based organoca-
talysts with Cs-symmetry, we prepared two symmetric enantio-
pure diphenylethylendiamine-based catalysts in a few steps.
These catalysts were tested in specific Michael additions of a/f
unsaturated ketones with 4-hydroxycoumarin focusing the opti-
mization reaction conditions to the warfarin and coumachlor pro-
duction. The structure of catalyst bearing all-amino groups
provided the best results in terms of yield and stereoinduction
(up to 95% yield and 80/20 e.r.). In addition, a small library of com-
pounds was obtained using also the 4-hidroxyquinolin-2-one as
Michael acceptor, and the DPPH" and ABTS-" radical scavenging
assays were conducted as the first biological tests. Notably,
although in low yields, two products were synthesized for the first
time. Finally, to explore the scalability of the catalyst, coumachlor
was synthetized in gram-scale, and the catalyst was recovered
and reused three times without loss in yield and stereoselectivity.

4. Experimental Section

All commercial reagents, solvent used for analysis, and HPLC sol-
vent were purchased from Sigma Aldrich, Fluorochem or BLD pharm.
For column chromatography, silica gel 60 A (230-400 mesh) from
Sigma Aldrich was used. The thin layer chromatography used to mon-
itor the reaction was using Merck TLC Silica gel 60 F254 aluminum
sheets, then UV light (254 nm) was used for visualization. NMR spec-
tra were recorded at 298 K by Bruker AM 400 in CDCl;, MeOH-d,, and
DMSO-d; except spectra of one sample were recorded by Bruker AM
300. Coupling constants were reported in Hz. HR-MS spectra were
obtained on Orbitrap Exactive Instrument (Thermo Fischer).
Optical rotation [a] was measured by a Jasco P1030 Polarimeter at
specific temperature. Isolation of enantiomers was performed by

Eur. J. Org. Chem. 2025, 00, €202500338 (7 of 8)

HPLC JASCO equipped with UV and CD detections. All the reported
product yields were calculated based on pure material isolated after
column purification.

Computational Analysis

Calculations performed to conduct the conformational analysis of
compounds 6 and 7, both in (all-R) configuration, and to model
the transition states TS,, TSy, TS, and TSy quoted in the main text
and reported in Figure S30 within Supporting Information have been
conducted by means of the computer program Spartan 10v110
(Wavefunction Inc., 18401 Von Karman Avenue, Suite 370, Irvine,
CA 92612, USA), according to the steps listed below.

Conformational Analysis of Compounds 6 and 7

In step 1, the geometries characterizing the catalysts 6 and 7 have
been initially submitted to conformational search at the molecular
mechanics level of theory (used force field: MMFF94). In step 2,
the 50 obtained more stable conformers of 7, inside an energy range
of 7.3 kJ, and the 50 obtained more stable conformers of 6, inside an
energy range of 6.3 kJ, were then submitted to further energy opti-
mization by semiempirical approach with the PM6 Hamiltonian.

Optimization of TS Geometries Generated by Reaction
between Catalyst 7 and Ketone 9a Leading to the Formation
of the Related Carbinolamine

Four independent transition state geometries TS,, TSy, TS, and TSy
have been assembled by hand by disposing catalyst 7 in presence
of both one hydroxyquinoline 8a and one ketone 9a molecules, accord-
ing to the supramolecular disposition reported in Figure S30 of
Supporting Information. All these were then optimized at the PM6
semiempirical level of theory, according to the “Transition State
Geometry” algorithm implemented within Spartan program. All the
optimized TS structures were validated as true saddle points by check-
ing the presence among the assessed vibrational modes of only one
imaginary frequency (such values have been inserted within Figure S30
and Table S1, Supporting Information). Each of the TS,, TS, TS, and TSy
structures has been also submitted to single point energy calculation at
two different DFT levels of theory: 1) B3LYP/6-31 G*; 2) M06/6-31 G*.

DPPH Radical Scavenging Assay

The 2,2-diphenyl-1-picrylhydrazyl (DPPH’) was dissolved in ethanol to
reach a final concentration of 120 uM. The mixture was vortexed and
subsequently diluted with ethanol to achieve an absorbance value of
0.7 at 517nm. To 196 uL of DPPH- solution, 4 uL of each sample
(50 MM in DMSO) at final concentration of 1 mM was added. The reac-
tion was allowed to proceed in the dark at room temperature for 15 min,
and absorbance values were recorded at 517 nm using DMSO as a blank.
The percentage inhibition at 1 mM for each tested molecule was calcu-
lated relative to the blank. Ascorbic acid at 1 mM was used as a positive
control. The experiments were conducted at least two times (n = 2).

ABTS." Radical Scavenging Assay

The 2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) diammo-
nium salt (ABTS-(NH,),) was dissolved in water to reach a final con-
centration of 7 mM. The ABTS radical cation (ABTS-") was generated
by adding 2.45 mM potassium persulfate. The mixture was incubated
in the dark for 16 h and subsequently diluted with ethanol to achieve
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an absorbance value of 0.7 at 734 nm. To 196 uL of ABTS-" solution,
4 ulL of each sample (50 mM in DMSO) at various final concentrations
(from 0.0003 to 1 mM) was added. The reaction was allowed to pro-
ceed in the dark at room temperature for 6 min, and absorbance val-
ues were recorded at 734 nm using DMSO as a blank. The calculated
IC 50 values, expressed in mM, were compared with the values
obtained from the ascorbic acid calibration curve. The experiments
were conducted at least three times (n = 3).

Supporting Information

Synthetic procedures, NMR and HPLC characterization data,
MS spectra and additional computational data are in Sup-
plementary info.
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