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The stereoselective addition of ethyl acetate enolate to the C=N bond of N-tert-butylsulfinylimines has been
investigated in depth. A significant effect of the LHMDS amount and the N-sulfinylimine nature on the stereo-
selectivity of the process was observed. Conditions were found where sulfinylimines of differently substituted
salicylaldehydes derivatives, ethyl acetate, and LHMDS afforded the corresponding addition products as a single
diastereomer in good yields. The developed protocol was successfully applied to the first stereoselective synthesis

of differently substituted 4-amino-3,4-dihydrocoumarin derivatives. Computational models confirmed the
prominent role of the ortho aryl substituent in the stereoselectivity of the process. A significant and selective
cytotoxic activity against Glioblastoma Multiforme (GBM) cancer line has been determined for the noncyclic

hydroxy ester derivative.

1. Introduction

Synthetic and natural coumarins have received great interest due to
their interesting biological activities [1]. Particularly attractive are 3,
4-dihydrocoumarins, as they hold a wide range of pharmacological ac-
tivities including antimicrobial [2], estrogenic [3], antioxidant [4],
antitumor [4a], immunomodulatory [4b], antihypertensive [1], anti-
platelet [5], or anti-inflammatory [6] (Fig. 1). Given the significance of
these chiral molecules, great effort has been devoted to their synthesis in
an enantiopure form [7]. However, in the case of 3- and 4-amino-3,
4-dihydrocoumarins, which can be considered as o or f-amino acid de-
rivatives, respectively, only a few approximations have been developed
for the former [8], and to our knowledge, no asymmetric approximation
has yet been developed for the preparation of the latter in enantiopure
form. This is surprising as this motif is present, among others, in the
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general structure of the family of inhibitors of platelet aggregation 1
(Fig. 1). The interest of these derivatives lies in their activity as in-
hibitors of the integrin ayp3 [9], a transmembrane adhesion glycoprotein
that, in addition to being involved in platelet aggregation, participates in
other physiopathological processes such as inflammation and angio-
genesis [10]. Note that the active product is the hydroxy acid that results
from the hydrolysis of the coumarin derivative. Therefore, the
non-cyclic hydroxy esters of analogous structure could also be of interest
as they can act as prodrugs in a similar way.

In addition, in recent years, coumarin and its derivatives have gained
attention since they have demonstrated antitumor activity [11] by
promoting many different cellular mechanisms, such as cell cycle arrest,
kinase inhibition, or antimitotic activity [12]. Based on these premises
and as part of our ongoing interest in the enantioselective synthesis of
biologically relevant chiral amines [13], here we report an efficient and
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straightforward method for the stereoselective synthesis of 4-amino-3,
4-dihydrocoumarin derivatives from low-cost raw materials and their
hydroxy aminoesters precursors. An exhaustive in vitro screening has
been conducted in order to determine their cytotoxicity in cancer and
noncancer cell lines. The preliminary results on their selective cytotoxic
activity against the Glioblastoma Multiforme (GBM) cancer line and an
in vivo test with an orthotopic model of GBM after intratumoral
administration are presented below.

2. Results and discussion

2.1. Diastereoselective synthesis of 4-amino-3,4-dihydrocoumarins and
their noncyclic hydroxy ester analogues

A retrosynthetic scheme of 4-amino-3,4-dihydrocoumarins shows
that they could be easily prepared using tert-butylsulfinylimines as a
starting chiral substrate (Fig. 2). Indeed, sulfinylimines have been
shown to be the starting substrates of choice for the stereoselective
synthesis of various structurally diverse chiral amines [14].

A variety of nucleophiles of different nature have been added in a
stereoselective manner to the CN double bond of tert-butylsulfinyli-
mines, with high chemical and stereochemical yields, owing to the
stereodirecting effect of the tert-butylsulfinyl group. According to the
data found in the literature, the diastereoselectivity of this type of ad-
ditions is strongly influenced by the nature of the nucleophile and the
solvent [15]. The pioneering work of Ellman and Tang demonstrated
that the addition of enolate to N-tert-butylsulfinylimines was a very
effective methodology for the asymmetric synthesis of -aminoacids
[16]. No difference in the stereochemical outcome was observed in the
addition of lithium, sodium, and titanium enolates, generated by LDA,
NaHMDS, and CITi(OiPr)s, respectively (Fig. 3). However, the diaster-
eoselectivity was only moderate in the case of the lithium and sodium
enolates, while titanium enolates gave the highest chemical yields and
diastereoselectivities. Additionally, these results were improved by
increasing the amount of the otherwise highly toxic CITi(OiPr)s (from
100 mol% to 200 mol%), providing the addition products in better yields
(70-94%) and enhanced diastereoselectivities (90-98% de).

With the goal of developing the first approximation to enantiopure 4-
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amino-3,4-dihydrocoumarins, we decided to study the stereoselective
addition of ethyl acetate lithium enolate to the corresponding ortho
hydroxilated N-sulfinylarylimine (R = o-hydroxyphenyl, Fig. 3).
Therefore, we focused on optimizing the reaction conditions to ensure a
totally stereoselective process, using N-sulfinylimine 7a-(Rs), derived
from salicylaldehyde, as substrate and LHMDS as base. Interestingly, it
was found that it was not necessary to pregenerate the lithium enolate of
ethyl acetate, which could be generated in situ, greatly simplifying the
experimental conditions. Thus, by simply adding the base to a solution
of sulfinylimine 7a-e and ethyl acetate in THF at —78 °C afforded the
corresponding sulfinamides 8a-e. The stereoselectivity was strongly
dependent on the amount of the base and ethyl acetate used. No reaction
was observed when an equivalent amount of reagents (imine, ester, and
base) were used (Entry 1, Table 1), and it proceeded without stereo-
selectivity when 100 mol% of ethyl acetate and an excess of base were
used (entry 3, Table 1). The reaction took place in a totally stereo-
selective manner when the amount of base was increased to 200 mol%
but with a moderate 50% yield (entry 2, Table 1). To our delight, when
the amount of both ethyl acetate and LHMDS were increased, the
nucleophilic addition was completely stereoselective, yielding quanti-
tatively 8a-(Rs,Sc) as a single diastereoisomer (entry 4, Table 1). In
order to determine the generality of the process, the enolate ester was
added to other sulfinylimines under different conditions, Table 1.

The analysis of the data collected in Table 1 allows the drawing of the
following conclusions. First, the sulfinylimine/enolate ratio (7-(Rs):
AcOEt) determines the nature of the product obtained. Thus, with an
excess of sulfinylimine 7b-(Rs) (entry 5, Table 1), the 1,3-bis(sulfina-
mide) 9b-(Rs,R¢,Sc,Sc,Rs) was obtained as the main product from a
double addition process (Scheme 1).

Second, with equimolar amounts of both reagents, sulfinylimine and
enolate, the monoaddition product is exclusively obtained, Scheme 1,
(compare entries 5 vs entries 6 and 7, Table 1). Third, the stereochemical
course of the reaction depends strongly not only on the amount of
LHMDS used as the base, but also on the nature of the imine. The 2-naph-
tyl and p-methoxy substituted phenyl derivatives, 7b-(Rs) and 7d-(Rs),
always gave the (Rs,S¢) diasteromer as the major product with high but
not complete stereoselectivity (74% and 82% de, respectively) (entries 7
and 12, Table 1). Finally, the stereoselectivity was only modest with the

3,4-Dihydrocumarin Derivatives
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Fig. 1. Pharmacologycally remarkable dihydrocoumarins derivatives.
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Fig. 2. Retrosynthetic scheme of the 4-amino-3,4-dihydrocoumarins.
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R = Alk, Ar CITi(O-i-Pr);3 200mol% /LDA Alk, Ar 70-94  90-98
Fig. 3. Addition of different nucleophiles to tert-butylsulfinylimines.
Table 1
Stereoselective addition of ethyl acetate enolate to N-tert-butylsulfinylimines 7a-e-(Rs).
o - o =
\: CH3CO,Et voOR
B NOR Tos» tBu/S‘u}»\/COzEt
7a-e-(Rg) -78°C 8a-e
Entry Rs (Sulfinylimine) AcOEt (mol%) LHMDS" (mol%) Product” Diast. Ratio® (Rs,Sc): (Rs,Rc) de (%) Yield (%)
1 2-(OH)CgH,4 (7a) 100 100 8a NR - 0
2 100 200 100:0 100 50
3 100 500 52:48" 4 76
4 400 400 100:0 100 quant.
5 2-Napht (7b) 50 250 e ¢ - 36
6 100 100 8b 70:30 40 61
7 100 500 87:13 74 quant.
8 2-(CH3)CgH4 (7¢) 100 100 8c 80:20 60 83
10 100 500 100:0 100 quant.
11 4-(CH30)CgH4 (7d) 100 100 8d 85:15 70 64
12 100 500 91:9 82 quant.
13 iPr (7e) 100 100 8e 35:65 30 60
14 300 300 48:52 4 50
15 100 500 44:56 2 52

? The reaction was carried out by adding the base to a solution of the sulfinylimine and ethyl acetate in THF at —78 °C.

b The products are obtained after a reaction time of 1-2 h.

¢ The diasteromeric ratios are determined by NMR spectroscopy from the crudes.

4 The product was partially degraded.

¢ LHMDS (500 mol%) is progressively added to a solution of the sulfinylimine (220 mol%) and ethyl acetate (100 mol%) in THF at —78 °C.

f 1,3-bis(sulfinamide) was obtained as the major compound.

alkyl sulfinylimine 7e-(Rg) (entries 13-15, Table 1). In contrast, the
orthomethyl substituted derivative 7c-(Rg) yielded sulfinamide 8c-(Rs,
Sc) as a single diastereoisomer when the amount of base added was
significantly increased (de: 100%, entry 10, Table 1). We propose that
due to the strong basis conditions, the orthomethyl substituent must be
deprotonated, as in the case of the hydroxyderivative 7a-(Rg).

The sense of the diastereoselection of the process as well as the ab-
solute configurations of the obtained diasteroismers was determined by
X-ray analysis and 'H NMR spectroscopy. The main isomer 8d-(Rs,Sc)
obtained with the addition of ethyl acetate lithium enolate to (Rg)-N-(p-
methoxybenzylidene)-2-methyl-2-propanesulfinamide 7d-(Rs) (Table 1,
entry 12) is crystalline and we could obtain an adequate crystal for the
determination of its structure by X-ray (Fig. 4A). As can be seen, the

absolute configuration of the newly created chiral centre is S, which
allows us to confirm that the major isomer of the addition has the Rg,S¢
configuration, and the minor isomer has the RgR; absolute
configuration.

The absolute configuration of the rest of nonhydoxylated sulfina-
mides was assigned based on their 'H NMR spectra, taking as a reference
the p-methoxy diastereomers 8d-(Rs,S¢) and 8d-(Rs,R¢). The 'H NMR
signals corresponding to the ABX system of each pair of diastereoisomers
have similar spectroscopic features with well-differentiated coupling
patterns. The ABX system of the methylenic protons in the Rg,R¢ di-
astereoisomers always present a very pronounced “non-equivalence”
(Av = 77-110 Hz), while both methylene protons appear at almost the
same chemical shift (Av around 20 Hz) in the Rs,S¢ diastereoisomers.
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Scheme 1. Stereoselective synthesis of sulfinamide 8b-(RS,SC) and 1,3-bis-sulfinamide 9b-(RS, RC,SC,SC,RS).
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Fig. 4. (A) ORTEP drawing of the major sulfinamide 8d-(Rs,Sc). (Thermal ellipsoids are shown at the 50% probability level, the hydrogen atoms are omitted for

clarity). (B) ORTEP drawing of the 1,3-bis(sulfinamide) 9b-(Rs,Rc,Sc,Sc,Rs).

In the case of 1,3-bis-sulfinamide, the diastereomer obtained 9b-(Rg,
Rc,Sc,Sc,Rs) lacks Ca symmetry, according to the H NMR spectrum,
and the configuration was confirmed by X-ray analysis (Fig. 4). There-
fore, unlike previously described additions of methyl sulfonyl carban-
ions [17], the stereochemical course of the second addition proceeds
differently from the first addition step, due to the chiral carbon present
in the intermediate enolate.

The peculiar stereochemical behavior of N-sulfinylimine 7a-(Rg)
must be attributed to the presence of the phenolic OH group. The
complete stereoselectivity of the process prompted us to evaluate its
substrate scope by adding lithium enolate from ethyl acetate to a series
of N-sulfinylimines derived from differently substituted salicylalde-
hydes, under the optimized conditions (Entry 4, Table 1) and the results
are collected in Table 2. The addition of both electron-deficient and
electron-rich aromatic derivatives yielded the desired products in high
chemical yields and with total diastereoselectivities, yielding the (Rs,Sc)
diastereoisomer as the unique product.

Next, the transformation of these sulfinamides into the correspond-
ing enantiopure 4-amino-3,4-dihydrocoumarins was studied. Attempts
of lactonization of 8a-(Rs,Sc) and 8f-m-(Rs,Sc) under basic conditions,
with LHMDS or CaCOs, were unsuccessful. In the presence of tBuOK as a
base, the desired products were obtained with very low yields along with

cumarin derivatives as elimination products. Fortunately, in the pres-
ence of an excess of BF3-OEt; as Lewis acid and high dilution conditions,
the desired lactones 10a-(Rs,Sc), 10f-g-(Rs,S¢) and 10i-m-(Rs,S¢) were
obtained with high yields as the sole products (Scheme 2). The X-ray
study of compound 10f-(Rs,S¢) confirmed the configurational assign-
ment of the new stereogenic center generated in the addition step.

Once again, in this process the tert-butylsulfinyl group can be
considered not only as a chiral auxiliary but also as a protecting group of
the amine function, which can be smoothly removed by treatment with
HCI in dioxane. Therefore, the desulfinylation of 10a-(Rs,Sc) and 10i-
m-(Rs,S¢) yields the hydrochlorides of the corresponding enantiopure 4-
amino-3,4-dihydrocoumarins, 11a-(S¢) and 11i-m-(S¢), with a high
yield as indicated in Scheme 3.

Similarly, desulfinylation of the non-cycled hydroxy esters, 8a-(Rs,
Sc) and 8a-(Ss,Rc), 8h-k-(Rs,Sc) and 8m-(Rs,Sc), produces the corre-
sponding p-aminoester hydrochlorides 12a-(S¢) and 12a-(R¢), 12h-k
(S¢) and 12m-(S¢) (Scheme 4).

2.1.1. Justification of the observed stereoselectivity

The singular and unusual total stereoselectivities observed in the
addition of ester enolate to the imines of salicylaldehyde derivatives (7a-
(Rs), 7f-m-(Rs)) are indicative of the primordial role of the phenolic
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Table 2
Stereoselective addition of ethyl acetate enolate to N-tert-butylsulfinylimines of substituted salicylaldehydes 7a-(Rs), 7a-(Ss) and 7f-m-(Rs).”
Rz
R3 \@[ R1
(e} O
OH OH
§ CH3CO,Et (400 mol%) ;
_S. z R s _S. CO,Et
Bu” N ! Bu” N 2
LHMDS (400 mol%) H
R, THF, -78°C
Rs
7a~(Rs), 7Ta~(Ss), 16f-m-(Rs) 8a-(Rs,Sc), 8a-(Ss,Rc), 8f-m-(Rs,Sc)
100% de

Entry Sulfinylimine R! R? R® Sulfinamide” Yield (%)°
1 7a-(Rg) H H H 8a-(Rs,Sc) quant.
2 7a-(Ss) H H H 8a-(Ss,Rc) quant.
3 7f-(Rs) Me H H 8f-(Rs,Sc) 75

4 7g-(Rs) H H Me 8g-(Rs,Sc) 90

5 7h-(Rs) H OMe H 8h-(Rs,Sc) 63

6 7i-(Rs) H H OMe 8i-(Rs,Sc) 58

7 7j-(Rs) OMe H Br 8j-(Rs,Sc) quant.
8 7k-(Rs) H H Br 8Kk-(Rs,Sc) 91

9 71-(Rs) H NEt, H 81-(Rs,Sc) 83

10 7m-(Rs) H H NO- 8m-(Rs,Sc) 92

@ The reaction was carried out by adding LHMDS to a solution of the sulfinylimine and ethyl acetate in THF at —78 °C.

b The products are obtained after a reaction time of 1-2 h.
¢ Isolated yields.

Rz
Rs R
o+ “oH BF,-OEt,
S« ~_-COEt
tBu N/\/ 2 CHzclz
H 0°Ctort

8a-(Rs,Sc), 8f-g-(Rs,Sc), 8i-m-(Rs,S¢)

Me
s ! 0‘3’8% =
Bu” N 0 Bu"TNY o)
H H [§F]

O‘;

cu

10a~(Rs,Sc) (88%)  10f-(Rs,Sc) (quant.)

10j-(Rs,Sc) (quant.)

10k~(Rs,Sc) (80%)

cio

10g-(Rs,Sc) (96%) 10i-(Rs,Sc) (quant.)

NEt,

101<(Rs,Sc) (80%) 10m-(Rs,Sc) (quant.)

Scheme 2. Stereoselective synthesis of 4-tert-butylsulfinamide-3,4-dihydrocoumarins 10a-(RS,SC), 10f-g-(RS,SC) and 10i-m-(RS,SC).

hydroxyl group in the transition state of the nucleophilic addition. It can
be assumed that the phenoxide anion formed under the basic medium is
coordinated to the lithium cation of LHMDS, which is also coordinated
to the enolate and the sulfinylimine in a Zimmerman-Traxler-type six-
membered transition state. In this transition state, the re face of the
imine is shielded by the tert-butyl group (Model A2, Fig. 5), so that the
transfer of chirality from the tert-butylsulfinyl group takes place more
effectively than in the traditionally proposed coordinated model Al,

Fig. 5.

A similar situation could be proposed in the case of the ortho tol-
ylderivative 7c-(Rs), which, being deprotonated in the presence of an
excess of base, allows for a coordination (CHj ... Lit) similar to that
represented in model A2 through the benzylic carbon.
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Scheme 3. Desulfinylation of 4-tert-butylsulfinamide-3,4-dihydrocoumarins 10a-(RS,SC) and 10i-m-(RS,SC).
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Scheme 4. Synthesis of noncyclic f-aminoester hydrochlorides 12a-(SC), 12a-(RC), 12h-k(SC) and 12m-( SC) by desulfinylation.
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Coordinated models

Ar /Et ! R
Al LHMDS l\ ° : X, _Et
=N-| M : o
—— L ' ~,,_.]-Li
Bu S| ; NONST TN
tBu 4 5 tBu';SQ/
: (A2) =

(B)

re face attack

X= O, Ar: o-hydroxyderivative
X= CHy", Ar: o-methylderivative

si face attack

Fig. 5. Explanative model for the observed stereoselectivity.

2.2. Computational calculations

DFT calculations have been performed to understand the stability of
the Al and A2 transition states. Structures 7n-(Rg) (X = H, Fig. 5) and
7a-(Rg) (X = O, Fig. 5) were selected as reference for studying the
coordinated transition states A1 and A2, respectively. The main differ-
ence in those structures is the presence of an ortho hydroxyl group in 7a-
(Rs). The optimized geometries of both transition states are shown in
Fig. 6. Energetically, it is found that model A2 is c.a. 2 kcal/mol more

Optimized geometry

Al

Pc IH@nN
@o JsDui

A2

stable than model A1. With respect to the energetic values, it is under-
standable that the presence of the oxygen atom from the hydroxyl group
may play a relevant role in stabilizing the transition state, leading to the
total stereoselectivity of the process. A reasonable explanation for the
stability of both A1 and A2 coordinated models is found by applying the
Quantum Theory of Atoms in Molecules (QTAIM) to its optimized ge-
ometries (Fig. 6) [18]. The theory is based on the topological analysis of
the density. According to this theory, for both transition states it is found
a bond critical point (BCP) along a bond path between the carbon of

QTAIM molecular graph

Zimmerman-Traxler-type transition state

Fig. 6. Optimized geometries and molecular graphs for the model A1 and A2 transition states. In the QTAIM molecular graph the bond paths are in red lines, BCP,

RCP and CCP in green, red and blue spheres, respectively.
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ethyl acetate and the carbon atom from the CN bond of the sulfinylimine
group (Fig. 6). For this BCP in both models, the values of electron density
(p) and its Laplacian (Vzp) are similar, 0.018a.u. and 0.044a.u.,
respectively. Interestingly, for model A2 the presence of the oxygen
atom of the hydroxyl group generates a classic hydrogen bond O-H BCP
with the hydrogen atom from the ethyl acetate (p = 0.004a.u.,Vp =
0.015a.u.) and a O-N BCP between the oxygen atom (from the hydroxyl)
and the N atom from the sulfinylimine group (p = 0.012a.u.,V%p =
0.041a.u.). Low p and Vzp > 0 values are typical of closed-shell in-
teractions such as hydrogen bond, van der Waals, or ionic that stabilize
the system [16]. Also, the molecular graph in Fig. 6 shows the presence
of ring critical points (red-points in QTAIM analysis in Fig. 6). A critical
ring point (RCP) is found in the interior of the bond path that forms a
ring and stabilizes the system [18]. Model Al presents three RCP,
whereas the presence of the hydroxyl atom in Model A2 leads to new
rearrangement of bond paths with the consequence appearance of new
RCPs (Fig. 6). The new ring rearrangement of bond paths in model A2
are connected enclosing interstitial spaces arising one stabilizing cage
critical point (CCP, in Fig. 6) that explains the highest stability of model
A2 as compared to Al. Finally, it is worth pointing out that the dispo-
sition of the bond paths in model A2 obtained by applying QTAIM re-
sembles the preferred Zimmerman-Traxler-type transition state (Fig. 6).

These results can be extrapolated to the rest of molecules with the
presence of the ortho oxygen atom from hydroxyl group explaining its
stereoselectivity. Furthermore, both model Al and A2 transition states
were found to be around 7 and 9 kcal/mol, respectively, more stable
than the isopropyl derivative transition state (Fig. 7), which reveals the
stabilizing role of phenyl ring in the process.

2.3. Biological activity

2.3.1. In vitro experiments

The antitumoral activity of the cyclic coumarins and their acyclic
analogues was next investigated. To this we first performed a screening
analysis by MTT using a plethora of different cell lines (non-cancer cells:
N13/mouse microglial cell, BAEC/bovine aortic endothelial cells, and
cancer cells: C6/rat glioblastoma multiforme cell, F98/rat glioblastoma
multiforme cell, 4T1/mouse mammary cell, MCF7/human mammary
cell, HeLa/human cervix cell) to compare the cytotoxic activity of the
hydroxy-ester 12a-(Sc) and the corresponding lactone derivative 11a-
(Sc) (Table 3 and Figs. S1-S2, see SI). The results revealed that both
compounds had anticancer activity against GBM cells (mainly F98),
while cyclic coumarin 11a-(S¢) also showed toxicity in non-cancer cells.
Hence, the hydroxy ester derivative 12a-(S¢) was selected for further
experiments. The hydroxy esters, 12a-(S¢), its enantiomer 12a-(Rc¢),
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Fig. 7. Optimized geometry of isopropyl derivative transition state.
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12h-k-(S¢), and 12m-(S¢), were evaluated using F98 as the cancer cell
line and microglial N13 as the control, to determine the influence of
chirality and chemical substitution of the aromatic ring on anticancer
activity [19]. F98 was selected based on the screening results, as
12a-(Sc) compound showed a higher antitumor activity, along with high
selectivity for this cell line. The results demonstrated that the anticancer
activity of these derivatives strongly depends on the chirality and
chemical substitution of the aromatic rings (Table 3 and Figs. S3-S12,
see SI), with 12a-(S¢) again the one with the highest selectivity.

Consequently, 12a-(S¢) was selected for further in vitro and in vivo
experiments. To confirm the selectivity of 12a-(S¢) for tumor cells, we
performed assays on co-cultures of FO8 and N13 cells. The two types
have different morphologies and can be easily distinguished, with N13
cells being rounded and F98 cells having a much more elongated shape.
However, as treatment could affect cell morphology, we also prelabeled
N13 cells with the CM-Dil, a nontoxic compound that stably marks
cellular membranes with red fluorescence [20]. Using Harmony soft-
ware, we developed an automatic segmentation method that could
distinguish between the two cell types with a high degree of confidence
(Fig. S13, see SI). After exposure to 12a-(Sc¢), a dose-dependent decrease
in the number of elongated F98 cells was easily detectable, while the
number of spherical N13 cells remained approximately the same
(Fig. 8A-C). Automatic quantification of the two cell types confirmed
that this dose-dependent response to 12a-(Sc) treatment was statisti-
cally significant (p < 0.05) (Fig. 8D), with a large increase in N13 cells
after 24 h of treatment (Fig. S8E).

In order to determine the mechanism of cell death pathway, the cell
cycle of both N13 and F98 after exposure to 100 pg/mL of 12a-(Sc) for
24 h was assessed by flow cytometry. Cellular DNA content can be used
to estimate the frequency of cell cycle phases (Go/1 vs. S vs. GoM).
Apoptotic cells (sub Go/G; region) are characterized by fractional DNA
content and, therefore, can be easily identified by this technique [21]
Analysis of the sub Go/G; fraction revealed no features of apoptosis in
N13 cells, with no differences between treated and untreated cells
(Fig. S14a, see SI), whereas in F98 cells, a statistically significant in-
crease of 42% in sub Gy/G; fraction was observed in treated cells
compared to controls (Fig. S14b, see SI). These results indicate that FO8
cells exposed to 12a-(Sc¢) followed an apoptotic cell death pathway.

2.3.2. In vivo experiments

To evaluate the potential effects of 12a-(S¢) on the healthy brain
parenchyma, a local administration inside the caudate nucleus of non-
tumor-bearing rats was carried out, and the possible effects were
assessed by in vivo Magnetic Resonance Imaging (MRI). Furthermore,
the survival rate of the animals was also monitored. In addition, PBS was
also injected into the same brain region as control. Magnetic resonance
imaging did not detect evidence of brain injury, even 30 days after local
administration of both PBS and 12a-(S¢) (Fig. 9A). Furthermore, the
animals did not show any external evidence of pain or suffering, and the
survival rate after 30 days was 100% in all cases (Fig. 9B).

Once the safety of normal brain tissue after local exposure to 12a-
(Sc) was confirmed, its therapeutic potential was evaluated in vivo in
F98 tumor-bearing rats. After tumor implantation, tumor volume was
calculated at different time points (3,5,8,10,12, and 15 days) using To-
weighted images. When tumor volume reached around 325 mm® (day
10), PBS alone or 12a-(S¢) in PBS were intratumorally administered. No
noticeable effect on the tumor was observed for rats administered with
PBS, whereas two days after the intratumoral administration of 12a-
(Sc), tumors exhibited a pronounced darkening inside, which can be
attributed to necrotic/apoptotic processes (Fig. 10A). Furthermore, the
therapeutic effect was evaluated by measuring the volume of the tumor
over time. On day 10 after implantation, the average tumor volume was
325 mm?® for all animals. At this time, the animals were separated into
two groups and injected with PBS or 12a-(S¢), as previously described.
Two days later, the average tumor size of the PBS group increased to
845 mm3, while tumors of the 12a-(S¢) group maintained
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Table 3
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Summary of MTT assays for 12a-(S¢), 12a-(R¢), 12h-k-(Sc) and 12m-(S¢). Grading of cytotoxicity according to ISO 10993-5.

Entry Compound  Highest Cytotoxicity on N13 ~ IC50 (mM)  Grading of cytotoxicity N13  Cytotoxicity on F98  IC50 (mM)  Grading of cytotoxicity F98
Concentration
ng/ M
ml
1 12a-(S¢) 100 0.40 0+ 3% - None 60 + 2% 0.14 Moderate
2 12a-(R¢) 100 0.40 40 +5% 0.45 Mild 35 + 10% 0.78 Mild
3 11a-(S¢) 100 0.50 15+5% 1.57 Slight 55 + 2% 0.48 Moderate
6 12h-(S¢) 100 0.36 55+ 2% 0.34 Moderate 45 £+ 5% 0.47 Moderate
7 12i-(S¢) 100 0.36 70+ 2% 0.04 Moderate 5+ 3% - Slight
8 12j-(Sc) 100 0.28 60 + 2% 0.22 Moderate 60 + 3% 0.17 Moderate
9 12k-(S¢) 100 0.31 40+ 3% 0.5 Mild 60 £ 2% 0.21 Moderate
10 12m-(S¢) 100 0.34 30+5% 0.66 Mild 20 + 5% 1.14 Slight
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Fig. 8. Representative brightfield microscopy images of the co-culture of N13 and F98 cells exposed to different concentration of 12a-(S¢): (A) 0 pg/mL (B) 10 pg/mL
(C) 100 pg/mL. Green arrows indicate N13 cells, whereas red arrows indicate F98 cells. Scale bar corresponds to 50 pm. Total number of cell (D) and cell percentage

(E) of N13 and F98 cells after exposure to different concentrations of 12a-(Sc).

approximately the same volume (370 mm?®). Finally, five days after
intratumoral administration, the animals in the PBS group could not
survive tumor growth, while the animals in the 12a-(S¢) group were still
alive, with an average tumor size of 815 mm?> (Fig. 10B). Furthermore,
the survival rate analysis revealed that while all the animals in the PBS
group died 13 days after tumor implantation, animals in the 12a-(S¢)
group survived an additional 3 days (Fig. 10C). In conclusion, intra-
tumoral administration of 12a-(S¢), caused appreciable tumor tissue
damage, as could be observed in the MR images, leading to a delay in
tumor growth and an increase in overall survival of 3 days. Interestingly,
these results are similar to those obtained after intratumoral delivery of
bortezomib in a GBM model [22].

3. Conclusions
In summary, we have reported the first enantioselective synthesis of

4-amino-3,4-dihydrocoumarins. The method which has allowed us the
synthesis of a wide range of enantiopure 4-amino-3,4-dihydrocoumarin

derivatives and their noncyclic hydroxy ester analogues is based on the
stereoselective addition of ethyl acetate lithium enolate to the corre-
sponding N-tert-butylsulfinylimines. The main advantage of this meth-
odology is double: (i) it is a simple four-step synthesis, from
commercially available starting material and (ii) the key step of addition
of ethyl acetate lithium enolate to the CN bond takes place in a
completely stereoselective manner. The biological activity studies
demonstrate that both chirality and chemical substitution of the aro-
matic ring in the ethyl hydroxy esters derivatives are key aspects for
selective toxicity against cancer cells. This selectivity was tested and
confirmed in co-culture of cancer and non-cancer cells. Furthermore, the
selected non-cyclic derivative 12a-(S¢) exhibited good performance for
the treatment of GBM in vivo, after intratumoral administration, without
affecting normal brain tissue. Therefore, the results presented here show
the great potential of the hydroxy ester derivative 12a-(S¢) as an anti-
tumor agent and could open new avenues in the treatment of GBM.
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Fig. 9. (A) Representative MR images of rat brains before and 30 days after the administration of PBS (top) and 12a-(S¢) (bottom) into the caudate nucleus. (B)

Survival analysis by Kaplan-meier plot after the injection of PBS and 12a-(S¢).
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Fig. 10. (A) Representative MR images of brain tumor-bearing rats at different time points after the implantation. Rats were intratumorally injected with PBS or 12a-
(Sc). White arrow indicates injected zone. (B) Tumor volume evaluation at different time points after the implantation. (C) Survival analysis by Kaplan-meier plot. In

both cases, the black arrows indicate the administration point.

4. Experimental section
4.1. Synthesis

All reactions were run under an atmosphere of dry argon using oven-
dried glassware and freshly distilled and dried solvents. THF, EtOAc,
CHyCly, diethyl ether were dried using molecular sieves, and highest
quality solvents were used. The chemicals were obtained from com-
mercial sources and used without further purification. TLC was carried
out on silica gel GF254 (Merck), and compounds were detected by
charring with phosphomolybdic acid/EtOH. For flash chromatography,
Merck 230-400 mesh silica gel was used. Chromatographic columns
were eluted with a positive pressure of air, and the eluents are given as
volume-to-volume ratios (v/v). NMR spectra were recorded with Bruker

Avance 300 and 500 MHz spectrometers, using Me4Si as an internal
reference. Chemical shifts are reported in ppm, and coupling constants
are reported in Hz. High-resolution mass spectra (HRMS) were recorded
in the Centro de Investigacién, Tecnologia e Innovacién in the Univer-
sity of Seville with a Kratos MS-80RFA 241-MC apparatus. Optical ro-
tations were determined with a Perkin-Elmer 341 polarimeter. Melting
points were measured with a Stuart SMP3 apparatus in open-ended
capillary tubes.

4.1.1. Synthesis of N-sulfinylimines: general procedure [14d-f]

To a solution of the corresponding aldehyde (100 mol%) and the (R)-
tert-butanesulfinamide (110 mol%) in dry THF, at room temperature
under argon atmosphere, Ti(OEt)s (110 mol%) was added. Once the
starting material was consumed (24-48 h), the reaction mixture is

10
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hydrolyzed with a saturated NaCl aqueous solution. The resulting sus-
pension was filtered through a pad of Celite. The aqueous phase was
extracted with CH,Cl; (3 x 40 mL) and the combined organic phases
were dried with anhydrous NaySO4. The solvent was evaporated under
reduced pressure and the reaction crude was purified by flash chroma-
tography to obtain the desired compound.
(Rs)-N-(o-Hydroxybenzylidene)-2-methyl-2-propanesulfinamide, =~ 7a-
(Rg) [23]. It was prepared following the general procedure from 2 g of
(R)-tert-butanesulfinamide (16.5 mmol), 1.57 mL of salicylaldehyde (15
mmol) and 3.46 mL of Ti(OEt)4 (16.5 mmol). After 24 h, the resulting
residue was purified by flash chromatography (EtOAc:hexane, 1:5) to
give 3 g of 7a-(Rg) (13.3 mmol, 89% yield) as a white solid; mp
93-94 °C; [a]Z’ +61.4 (c 1, CHCl3); 'H NMR (500 MHz, CDCl3): 5 11.03
(bs, 1H), 8.70 (s, 1H), 7.50-7.42 (m, 2H), 7.04-6.97 (m, 2H), 1.27 (s,
9H) ppm; °C NMR (125 MHz, CDCls): § 165.8, 160.6, 135.1, 133.7,
120.2,118.7, 117.7, 58.2, 22.6 ppm; HRMS (ESI) m/z: [M + Na]* Caled
for C11H;50,NNa$S 248.0711; found 248.0716.
(Ss)-N-(o-Hydroxybenzylidene)-2-methyl-2-propanesulfinamide, ~ 7a-
(Ss) [23]. It was prepared following the general procedure from 2 g of
(S)-tert-butanesulfinamide (16.5 mmol), 1.57 mL of salicylaldehyde (15
mmol) and 3.46 mL of Ti(OEt)4 (16.5 mmol). After 24 h, the resulting
residue was purified by flash chromatography (EtOAc:hexane, 1:5) to
give 2.77 g of 7a-(Ss) (12.3 mmol, 82% yield) as a white solid eith
similar spectroscopic characteristics than 7a-(Rg); mp 94 °C; [0 —
60.8 (c 1, CHCl3); HRMS (ESI) m/z: [M + Na]* Caled for C;;H;50,NNaS
248.0711; found 248.0716.
(Rs)-N-[(2-NaphthyDmethylidene]-2-methyl-2-propanesulfinamide, 7b-
(Rg) [13a]. It was prepared following the general procedure from 5 g of
(R)-tert-butanesulfinamide (41.3 mmol), 5.86 mL of 2-naphthaldehyde
(37.5 mmol) and 8.66 mL of Ti(OEt)4 (41.3 mmol). After 24 h, the
resulting residue was purified by flash chromatography (EtOAc:hexane,
1:10) to give 9.18 g of 7b-(Rs) (35.4 mmol, 95% yield) as a white solid;
mp 112-113 °C; [a]&° — 173.7 (¢ 1, CHCl3); *H NMR (500 MHz, CDCl):
§8.76 (s, 1H), 8.21 (s, 1H), 8.04 (dd, J = 1.5 and 8.6 Hz, 1H), 7.96-7.94
(m, 1H), 7.91-7.87 (m, 2H), 7.61-7.54 (m, 2H), 1.30 (s, 9H) ppm; °C
NMR (125 MHz, CDCl3): § 162.9, 135.6, 133.2, 132.6, 132.0, 129.3,
129.0,128.4,128.1,127.1, 124.0, 58.0, 22.8 ppm. HRMS (ESI) m/z: [M
+ Na]™ Caled for Cy5H;7NOSNa 282.0918; found 282.0923.
(Rs)-N-(o-Methylbenzylidene)-2-methyl-2-propanesulfinamide, 7c-(Rg)
[24]. It was prepared following the general procedure from 5 g of (R)-
tert-butanesulfinamide (41.3 mmol), 4.34 mL of 2-methylbenzaldehyde
(387.5 mmol) and 8.66 mL of Ti(OEt)s (41.3 mmol). After 20 h, the
resulting residue was purified by flash chromatography (EtOAc:hexane,
1:12) to give 7.64 g of 7c-(Rs) (34.2 mmol, 91% yield) as a yellow liquid;
[«]3’ — 130.1 (c 1, CHCl3); 'H NMR (500 MHz, CDCl3): 5 8.85 (s, 1H),
7.90 (dd, J = 0.7 and 7.7 Hz, 1H), 7.38 (td, J = 1.2 and 7.5 Hz, 1H),
7.30-7.24 (m, 2H), 2.60 (s, 3H), 1.27 (s, 9H) ppm; '3C NMR (125 MHz,
CDCly): § 161.9, 139.6, 132.4, 132.1, 131.5, 129.7, 126.5, 57.7, 22.7,
20.1 ppm; HRMS (ESI) m/z: [M + Na]™ Caled for CioH;70NNaS
246.0923; found 246.0918.
(Rs)-N-(p-Methoxybenzylidene)-2-methyl-2-propanesulfinamide, ~ 7d-
(Rg) [24]. It was prepared following the general procedure from 2 g of
(R)-tert-butanesulfinamide (16.5 mmol), 1.83 mL of 4-methoxylbenzal-
dehyde (15 mmol) and 3.46 mL of Ti(OEt)4 (16.5 mmol). After 24 h,
the resulting residue was purified by flash chromatography (EtOAc:
hexane, 1:8) to give 2.90 g of 7d-(Rs) (12.12 mmol, 81% yield) as a
white solid; mp 95-97 °C; [«]Z° — 59.8 (¢ 1, CHCl3); 'H NMR (500 MHz,
CDCly): 6 8.51 (s, 1H), 7.81 (d, J = 11.5 Hz, 2H), 6.97 (d, J = 11.5 2H),
3.87 (s, 3H), 1.25 (s, 9H) ppm; >C NMR (125 MHz, CDCl3): 5 163.2,
161.9,131.4,127.5,114.5, 57.7, 55.6, 22.7 ppm; HRMS (ESI) m/z: [M +
Na]* Caled for C;2H;70,NNaS 262.0865; found 262.0872.
(Rs)-N-(2-Methyl-1-propylidene)-2-methyl-2-propanesulfinamide, 7e-
(Rg) [13a]. It was prepared following the general procedure from 5 g of
(R)-tert-butanesulfinamide (41.3 mmol), 5.59 mL of isopropylaldehyde
(61.5 mmol) and 8.66 mL of Ti(OEt); (41.3 mmol). After 24 h, the
resulting residue was purified by flash chromatography (EtOAc:hexane,
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1:20) to give 7.29 g of 7e-(Rs) (41.5 mmol, quantitative yield) as a
yellow liquid; [«]3° — 253.2 (¢ 1, CHCl3); 'H NMR (500 MHz, CDCl3): &
7.93 (d, J = 4.4 Hz, 1H), 2.70-2.61 (m, 1H), 1.19 (s, 9H), 1.12 (d, J =
2.4 Hz, 3H), 1.10 (t, J = 2.4 Hz, 3H) ppm; '3C NMR (125 MHz, CDCl3): §
173.9, 56.7, 35.1, 22.5, 19.1 ppm; HRMS (ESI) m/z: [M + H]" Calcd for
CgH130ONS 176.1100; found 176.1104.

(Rg)-N-(2-Hydroxy-3-methylbenzylidene)-2-methyl-2-propane-
sulfinamide, 7f-(Rg). It was prepared following the general procedure
from 2 g of (R)-tert-butanesulfinamide (16.5 mmol), 1.82 mL of 2-hy-
droxy-3-methylbenzaldehyde (15 mmol) and 3.46 mL of Ti(OEt)4
(16.5 mmol). After 24 h, the resulting residue was purified by flash
chromatography (EtOAc:hexane, 1:10) to give 3.39 g of 7f-(Rs) (14.2
mmol, 94% yield) as a yellow solid; mp 51-53 °C [(x]%o +100.7 (c 1,
CHCl3); 'H NMR (500 MHz, CDCls): 5 11.26 (s, 1H), 8.69 (s, 1H),
7.33-7.31 (m, 2H), 6.90 (t, J = 7.6 Hz, 1H), 2.30 (s, 3H), 1.27 (s, 9H)
ppm; 3C NMR (125 MHz, CDCls): § 165.8, 158.7, 135.9, 131.2, 126.6,
119.6, 117.8, 57.9, 22.4, 15.6 ppm; HRMS (ESI) m/z: [M+Na] ™ Caled
for C12H;70o,NNaS 262.0866; found 262.0872.

(Rs)-N-(2-Hydroxy-5-methylbenzylidene)-2-methyl-2-propane-
sulfinamide, 7g-(Rs). It was prepared following the general procedure
from 2 g of (R)-tert-butanesulfinamide (16.5 mmol), 2.04 g of 2-hydroxy-
5-methylbenzaldehyde (15 mmol) and 3.46 mL of Ti(OEt)4 (16.5 mmol).
After 24 h, the resulting residue was purified by flash chromatography
(EtOAc:hexane, 1:10) to give 2.98 g of 7g-(Rs) (12.5 mmol, 83% yield)
as a yellow solid; mp 127-129 °C [«]&® +21.2 (c 1, CHCl3); 'H NMR
(500 MHz, CDCl3): § 10.83 (s, 1H), 8.66 (s, 1H), 7.25 (m, 2H), 6.93-6.91
(m, 1H), 2.32 (s, 3H), 1.26 (s, 9H) ppm; '*C NMR (125 MHz, CDCls): 6
165.6, 158.3, 135.8, 133.4, 129.2, 118.1, 117.3, 57.9, 22.4, 20.4 ppm;
HRMS (ESI) m/z: [M+Na] ™ Caled for C;,H;70,NNaS 262.0865; found
262.0872.

(Rs)-N-(2-Hydroxy-4-metoxybenzylidene)-2-methyl-2-propane-
sulfinamide, 7h-(Rg) [25]. It was prepared following the general pro-
cedure from 2 g of (R)-tert-butanesulfinamide (16.5 mmol), 2.28 g of
2-hydroxy-4-metoxybenzaldehyde (15 mmol) and 3.46 mL of Ti(OEt)4
(16.5 mmol). After 24 h, the resulting residue was purified by flash
chromatography (EtOAc:hexane, 1:10) to give 2.42 g of 7h-(Rs) (9.49
mmol, 63% yield) as a white solid; mp 131-133 °C [(x]%o +90.4 (c 1,
CHCl3); 'H NMR (500 MHz, CDCl5): § 11.32 (s, 1H), 8.60 (s, 1H), 7.36
(d, J = 8.6 Hz, 1H), 6.54 (dd, J = 2.4 and 8.6 Hz, 1H), 6.50 (d, J = 2.4
Hz, 1H), 3.85 (s, 3H), 1.25 (s, 9H) ppm; 13¢ NMR (125 MHz, CDCl3): 6
165.3, 164.3, 162.7, 134.9, 112.6, 107.9, 101.3, 57.7, 55.7, 22.4 ppm;
HRMS (ESI) m/z: [M + Na]™ Caled for C;,H;703NNaS 278.0815; found
278.0821.

(Rs)-N-(2-Hydroxy-5-metoxybenzylidene)-2-methyl-2-propane-
sulfinamide, 7i-(Rs). It was prepared following the general procedure
from 2 g of (R)-tert-butanesulfinamide (16.5 mmol), 1.87 mL of 2-hy-
droxy-5-metoxybenzaldehyde (15 mmol) and 3.46 mL of Ti(OEt)4
(16.5 mmol). After 24 h, the resulting residue was purified by flash
chromatography (EtOAc:hexane, 1:5) to give 3.33 g of 7i-(Rs) (13.0
mmol, 87% yield) as a yellow solid; mp 123-126 °C [0(]1230 +20.9 (c 1,
CHCly); 'H NMR (500 MHz, CDCl3): § 10.62 (s, 1H), 8.65 (s, 1H), 7.06
(dd, J = 3.0 and 9.0 Hz, 1H), 6.96-6.95 (m, 2H), 3.80 (s, 3H), 1.26 (s,
9H) ppm; '3C NMR (125 MHz, CDCls): 6 165.3, 154.7, 152.9, 122.6,
118.4,118.0, 115.8, 58.0, 56.1, 22.4 ppm; HRMS (ESI) m/z: [M + Na]™*
Calcd for C15H1703NNaS 278.0814; found 278.0821.

(Rs)-N-(5-Bromo-2-hydroxy-3-methoxybenzylidene)-2-methyl-2-pro-
panesulfinamide, 7j-(Rs). It was prepared following the general proced-
ure from 2.36 g of (R)-tert-butanesulfinamide (19.5 mmol), 4.15 g of 5-
bromo-2-hydroxy-3-methoxybenzaldehyde (18 mmol) and 10.4 mL of Ti
(OEt)4 (19.5 mmol). After 24 h, the resulting residue was purified by
flash chromatography (EtOAc:hexane, 1:8) to give 4.73 g of 7j-(Rs)
(14.1 mmol, 78% yield) as a yellow solid; mp 130-133 °C; [(x]2D0 +10.5(c
1, CHCly); 'H NMR (500 MHz, CDCls): § 11.23 (bs, 1H), 8.63 (s, 1H),
7.24 (d, J = 2.2 Hz, 1H), 7.12 (d, J = 2.2 Hz, 1H), 3.92 (s, 3H), 1.25 (s,
9H) ppm; '3C NMR (125 MHz, CDCls): § 164.4, 149.6, 149.4, 126.3,
119.3,119.1, 111.1, 58.3, 56.7, 22.4 ppm; HRMS (ESI) m/z: [M + Na]™*
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Calcd for C15H;803NBrNaS 355.9927; found 355.9926.

(Rs)-N-(5-Bromo-2-hydroxybenzylidene)-2-methyl-2-propane-
sulfinamide, 7k-(Rs). It was prepared following the general procedure
from 2 g of (R)-tert-butanesulfinamide (16.5 mmol), 3.02 g of 5-bromo-
salicylaldehyde (15 mmol) and 3.46 mL of Ti(OEt)4 (16.5 mmol). After
5 h, the resulting residue was purified by flash chromatography (EtOAc:
hexane, 1:5) to give 3.12 g of 7k-(Rs) (10.3 mmol, 69% yield) as a
yellow solid; mp 90-93 °C; [«]3° — 61.4 (¢ 1, CHCl3); 'H NMR (500 MHz,
CDCl3): §11.04 (s, 1H), 8.63 (s, 1H), 7.59 (d, J = 2.5 Hz, 1H), 7.51 (dd, J
= 2.5 and 8.8 Hz, 1H), 6.93 (d, J = 8.9 Hz, 1H), 1.26 (s, 9H) ppm; °C
NMR (125 MHz, CDCl3): § 164.5, 159.4, 137.4, 135.3, 119.8, 119.5,
111.6, 58.2, 22.4 ppm; HRMS (ESI) m/z: [M + Na]™ Caled for
C11H1402,NBrNaS 325.9815; found 325.9821.

(Rs)-N-(4-Diethylamino-2-hydroxybenzylidene)-2-methyl-2-propane-
sulfinamide, 71-(Rg). It was prepared following the general procedure
from 1.38 g of (R)-tert-butanesulfinamide (11.4 mmol), 2 g of 4-(dieth-
ylamino)-salicylaldehyde (10.3 mmol) and 3.27 mL of Ti(OEt)4 (15.6
mmol). After 7 days, the resulting residue was purified by flash chro-
matography (EtOAc:hexane, 1:10) to give 1.70 g of 71-(Rs) (9.49 mmol,
82% yield) as an orange solid; mp 92-95 °C; [oc]ZD0 +123.3 (¢ 1, CHCl3);
'H NMR (500 MHz, CDCl3): § 11.29 (s, 1H), 8.48 (s, 1H), 7.23 (d, J = 8.8
Hz, 1H), 6.27 (dd, J = 2.5 and 8.8 Hz, 1H), 6.16 (d, J = 2.5 Hz, 1H), 3.40
(¢, J = 7.2 Hz, 4H), 1.22 (s, 9H), 1.21 (t, J = 7.1 Hz, 6H) ppm; °C NMR
(125 MHz, CDCl3): § 163.1, 162.7, 152.9, 135.1, 108.5, 104.4, 97.5,
57.4, 44.8, 22.3, 12.8 ppm; HRMS (ESI) m/z: [M + H]" Calced for
C15H2502N5S 297.1624; found 297.1631.

(Rs)-N-(2-Hydroxy-5-nitrobenzylidene)-2-methyl-2-propane-
sulfinamide, 7m-(Rs) [25]. It was prepared following the general pro-
cedure from 2 g of (R)-tert-butanesulfinamide (16.5 mmol), 2.50 g of
2-hydroxy-5-nitrobenzaldehyde (15 mmol) and 3.46 mL of Ti(OEt)4
(16.5 mmol). After 24 h, the resulting residue was purified by flash
chromatography (EtOAc:hexane, 1:10) to give 2.09 g of 7m-(Rg) (7.73
mmol, 52% yield) as an yellow solid; mp 144-147 °G; [a]&’ — 108.6 (c 1,
CHCly); 'H NMR (500 MHz, CDCl3): 6 11.88 (s, 1H), 8.78 (s, 1H), 8.46
(d, J = 2.8 Hz, 1H), 8.33 (dd, J = 2.8 and 9.2 Hz, 1H), 7.13 (d, J = 9.2
Hz, 1H), 1.29 (s, 9H) ppm; 3C NMR (125 MHz, CDCls): § 165.1, 164.2,
140.8,129.5,129.1,118.4,117.5, 58.4, 22.3 ppm; HRMS (ESI) m/z: [M
+ H]" Caled for C11H1504N2S 271.0740; found 271.0747.

4.1.2. Synthesis of tert-butylsulfinamides: general procedure [14d]

To a solution of the corresponding tert-butylsulfinylimine (100 mol
%) and ethyl acetate (400 mol%) in dry THF, at —78 °C under argon
atmosphere, LHMDS 1 M (390 mol%) was added dropwise. Once the
starting material was consumed, the reaction mixture is hydrolyzed with
a saturated NH4Cl aqueous solution. The aqueous phase was extracted
with EtOAc (3 x 40 mL) and the combined organic phases were dried
with anhydrous NaySO4. The solvent was evaporated under reduced
pressure and the reaction crude was purified by flash chromatography
(EtOAc:hexane, 1:3) to obtain the desired compound.

(Rs,Sc)-Ethyl 3-(tert-butylsulfinamido)-3-(2-hydroxyphenylDprop-
anoate, 8a-(Rs,Sc). It was prepared following the general procedure
from 440 mg of 7a-(Rs) (1.95 mmol), 0.77 mL of ethyl acetate (7.81
mmol) and 7.62 mL of LHMDS (7.62 mmol). After 3.5 h, it is obtained
625.4 mg of 8a-(Rs,Sc) (2 mmol, quantitative yield) as a low melting
point yellow solid; [oc]ZD0 —53.8(c 1, CHCly); TH NMR (500 MHz, CDCl3):
§ 8.63 (bs, 1H), 7.16-7.11 (m, 2H), 6.86-6.80 (m, 2H), 5.29-5.28 (m,
1H), 4.92 (dt, J = 5.2 and 8.9 Hz, 1H), 4.12 (¢, J = 7.0 Hz, 2H), 3.75 (AB
fragment of an ABX system, Av = 1.69 ppm, Jax = 5.2 Hz, Jpx = 8.9 Hz,
Jag = 16.3 Hz, 2H), 1.24 (s, 9H), 1.20 (t, J = 7.2 Hz, 3H) ppm; >°C NMR
(125 MHz, CDCl): § 172.3, 155.5, 129.6, 128.8, 125.5, 120.2, 117.1,
61.3, 56.4, 54.4, 40.6, 22.9, 14.4 ppm; HRMS (ESI) m/z: [M + H] " Calcd
for C15H2404NS 314.1410; found 314.1421.

(SsRc)-Ethyl 3-(tert-butylsulfinamido)-3-(2-hydroxyphenyl)prop-
anoate, 8a-(Ss,Rc). It was prepared following the general procedure
from 1 g of 7a-(Ss) (4.44 mmol), 1.74 mL of ethyl acetate (17.75 mmol)
and 17.31 mL of LHMDS (17.31 mmol). After 4 h, it is obtained 1.39 g of
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8a-(Ss,R¢) (4.43 mmol, quant. yield) as a low melting point yellow solid
witj similar spectroscopic characteristics than 8a-(Rs,Sc); [] 1230 +53.3 (¢
1, CHCl3) HRMS (ESI) m/z: [M + H]™ Caled for C;5H2404NS 314.1410;
found 314.1421.

(Rs,S¢)-Ethyl 3-(tert-butylsulfinamido)-3-(2-naphthyl)propanoate, 8b-
(Rs,Sc). It was prepared following the general procedure from 500 mg of
7b-(Rs) (1.93 mmol), 86 pL of ethyl acetate (0.88 mmol) and 4.38 mL of
LHMDS (4.38 mmol). After 24 min, it is obtained 499 mg of 8b-(Rs,Sc)
(1.43 mmol, 74% yield) as a white solid; mp 138 °C; [oc]zD0 —71.2(c1,
CHCly); 'H NMR (500 MHz, CDCl3): 6 7.84-7.80 (m, 4H), 7.49-7.44 (m,
3H), 4.98-4.94 (m, 1H), 4.78 (d, J = 3.7 Hz, 1H) 4.13 (cd, J = 1.5 and
7.2 Hz, 2H), 2.94 (AB fragment of an ABX system, Av = 0.04 ppm, Jax =
5.6 Hz, Jgx = 7.6 Hz, J4g = 13.8 Hz, 2H), 1.24 (s, 9H), 1.22 (t,J = 7.2 Hz,
3H) ppm; 3C NMR (125 MHz, CDCl3): § 138.1, 128.7, 128.2, 127.8,
126.8, 126.5, 126.4, 125.0, 61.2, 55.9, 42.4, 22.8, 14.3 ppm; HRMS
(ESI) m/z: [M + Nal]®™ Caled for Ci9Ha503NNaS 370.1432; found
370.1447.

(RsR¢)-Ethyl 3-(tert-butylsulfinamido)-3-(2-naphthyl)propanoate, 8b-
(Rs,R¢). It was prepared following the general procedure from 500 mg
of 7b-(Rs) (1.93 mmol), 86 pL of ethyl acetate (0.88 mmol) and 4.38 mL
of LHMDS (4.38 mmol). After 24 min, it is obtained 74 mg of 8b-(Rs,Rc)
(0.21 mmol, 11% yield) as a yellow liquid; [0(]2]30 — 24.6 (c 0.5, CHCly);
H NMR (500 MHz, CDClg): 5 7.85-7.81 (m, 4H), 7.51-7.47 (m, 3H),
5.05-5.01 (m, 1H), 4.14-4.04 (m, 2H), 3.98 (d, J = 5.2 Hz, 1H), 3.02
(AB fragment of an ABX system, Av = 0.22 ppm, Jsx = 6.2 Hz, Jgx = 7.9
Hz, Jog = 15.6 Hz, 2H), 1.21 (s, 9H), 1.19 (t, J = 7.2 Hz, 3H) ppm; 13C
NMR (125 MHz, CDCl3): § 171.0, 138.3, 133.4, 133.3, 128.9, 128.3,
127.8, 126.5, 126.4, 126.3, 125.2, 60.9, 56.4, 56.3, 42.0, 22.7, 14.3
ppm; HRMS (ESI) m/z: [M + Na]™ Caled for C19Ha503NNaS 370.1430;
found 370.1447.

(Rs,R¢,Sc,Sc,Rs)-N, N'-bis-(tert-Butylsulfinyl)-1, 3-di- (2-naphthyl)-2-
ethoxycarbonyl-1,3-diaminopropane, 9b-(Rs,R¢,Sc,Sc,Rs)-

To a solution of 200 mg of N-tert-butylsulfinylimine 7b-(Rs) (0.77
mmol) and 37.4 pL of ethyl acetate (0.39 mmol) in dry THF, at —78 °C
under argon atmosphere, 1.92 mL of 1 M solution of LHMDS (1.92
mmol) is added dropwise. After 24 h, the starting material was
consumed and the reaction mixture is hydrolyzed with a saturated
NH,4CI aqueous solution. The aqueous phase was extracted with EtOAc
(3 x 40 mL) and the combined organic phases were dried with anhy-
drous NaySO4. The solvent was evaporated under reduced pressure and
the reaction crude was purified by flash chromatography (EtOAc:hex-
ane, 1:3) to obtain the desired compound. The reaction crude was pu-
rified by flash chromatography (EtOAc:hexane, 1:2) to give 366.87 mg
of 9b-(Rs,Rc,Sc,Sc,Rs) (0.61 mmol, 79% yield) as a white solid. Mp
104°C; [o]3° — 29.6 (¢ 1.0, CHCl3); 'H NMR (500 MHz, CDCl): 5 8.03 (s,
1H), 7.91-7.88 (m, 2H), 7.83-7.81 (m, 3H), 7.76-7.74 (m, 1H), 7.58 (s,
1H), 7.53-7.51 (m, 1H), 7.50-7.47 (m, 4H), 7.25 (dd, J = 1.7 and 8.6 Hz,
1H), 5.07 (d, J = 5.7 Hz, 1H), 4.86 (dd, J = 9.0 and 10.3 Hz, 1H), 4.64 (t,
J=5.8Hz, 1H), 4.21 (t,J = 10.3 Hz, 1H), 4.17-4.02 (m, 2H), 3.43 (dd, J
= 5.4 Hz and 8.5 Hz, 1H), 1.20 (s, 9H), 1.17 (s, 9H), 1.07 (t, J = 7.2 Hz,
3H) ppmy; 13¢ NMR (125 MHz, CDCl3): § 172.7, 138.1, 137.4, 133.6,
133.4, 133.3, 133.1, 129.2, 128.9, 128.6, 128.0, 127.9, 127.8, 127.7,
127.4, 124.6, 124.4, 61.5, 60.6, 59.0, 56.7, 56.3, 22.8, 22.7, 14.2 ppm;
HRMS (ESI) m/z: [M + Nal]™ Caled for Cg4H4004NoNaSy 629.2451;
found 629.2478.

(Rs Sc)-Ethyl  3-(tert-butylsulfinamido)-3-(2-methylphenyl)propanoate,
8c-(Rs,Sc¢). It was prepared following the general procedure from 100
mg of 7¢-(Rs) (0.43 mmol), 42 L of ethyl acetate (0.43 mmol) and 2.15
mL of LHMDS (2.15 mmol). After 45 min, it is obtained 45.1 mg of 8c-
(Rs,S¢) (0.15 mmol, 34% yield) as a low melting point brown solid;
[o]3° — 280.2 (¢ 1, CHCls); 'H NMR (500 MHz, CDCls): 6 7.32-7.31 (m,
1H), 7.20-7.14 (m, 3H), 5.04-5.01 (m, 1H), 4.60 (d, J = 4.0 Hz, 1H),
4.12 (¢, J = 7.2 Hz, 2H), 2.81 (AB fragment of an ABX system, Av = 0.04
ppm, Jax = 5.6 Hz, Jgx = 7.9 Hz, Jyp = 15.8 Hz, 2H), 2.42 (s, 3H),
1.22-1.98 (m, 12H) ppm; *3C NMR (125 MHz, CDCl3): 5 171.5, 138.6,
136.1, 130.8, 127.8, 126.8, 126.4, 61.0, 55.7, 51.4, 41.6, 22.7, 19.5,
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14.2 ppm; HRMS (ESI) m/z: [M + H]™ Calcd for C16Ha603NS 312.1628;
found 312.1631.

(Rs,S)-Ethyl
anoate, 8d-(Rs,Sc).

It was prepared following the general procedure from 100 mg of 7c-
(Rs) (0.42 mmol), 41 pL of ethyl acetate (0.42 mmol) and 2.09 mL of
LHMDS (2.09 mmol). After 1 h, it is obtained 102 mg of 8d-(Rs,Sc)
(0.31 mmol, 74% yield) as a yellow solid; mp 98-99 °C; [oc]%0 —56.8 (¢
1, CHCl3); 'H NMR (500 MHz, CDCls): 6 7.26-7.24 (m, 2H), 6.88-6.86
(m, 2H), 4.76-4.72 (m, 1H), 4.61 (d, J = 3.9 Hz, 1H), 4.13 (dd, J=1.5
and 7.2 Hz, 2H), 3.80 (s, 3H), 2.83-2.81 (m, 2H), 1.24-1.21 (s, 9H) ppm;
13C NMR (125 MHz, CDCl3): 5 171.5, 159.5, 138.8, 128.6, 114.2, 61.1,
55.7, 55.4, 55.1, 42.1, 22.8, 14.3 ppm; HRMS (ESI) m/z: [M + Na]™
Calcd for C16H2504NNaS 350.1391; found 350.1397.

(Rs,Sc)-Ethyl  3-(tert-butylsulfinamido)-3-(2-hydroxy-3-methylphenyl)
propanoate, 8f-(Rs,Sc). It was prepared following the general procedure
from 500 mg of 7f-(Rg) (2.09 mmol), 0.82 mL of ethyl acetate (8.88
mmol) and 8.65 mL of LHMDS (8.65 mmol). After 2 h, it is obtained
514.2 mg of 8f-(Rs,S¢) (1.57 mmol, 75% yield) as a low melting point
yellow solid; [o]2’ — 69.8 (c 1.0, CHCl3); 'H NMR (500 MHz, CDCl3): 6
7.73 (s, 1H), 7.08 (d, J = 7.4 Hz, 1H), 6.99 (d, J = 7.6 Hz, 1H), 6.78 (t, J
= 7.6 Hz, 1H), 5.26 (d, J = 2.9 Hz, 1H), 4.88-4.85 (m, 1H), 4.15 (ddd, J
=1.4,7.1 and 13.8 Hz, 2H), 2.93 (AB fragment of an ABX system, Av =
0.22 ppm, Jax = 4.3 Hz, Jgx = 9.9 Hz, Jsg = 16.4 Hz, 2H), 2.23 (s, 3H),
1.26 (s, 9H), 1.24 (t, 7.2 Hz, 3H) ppm; '>C NMR (125 MHz, CDCl3): &
172.1, 153.6, 131.2, 126.5, 126.3, 124.0, 120.3, 61.3, 55.9, 54.0, 39.4,
22.7, 16.0, 14.2 ppm; HRMS (ESI) m/z: [M + Na]* Caled for
C16H2504NNaS 350.1392; found 350.1397.

(Rs,Sc)-Ethyl  3-(tert-butylsulfinamido)-3-(2-hydroxy-5-methylphenyD
propanoate, 8g-(Rs,Sc). It was prepared following the general procedure
from 1 g of 7g-(Rs) (4.18 mmol), 1.64 mL of ethyl acetate (16.7 mmol)
and 16.28 mL of LHMDS (16.3 mmol). After 2 h, it is obtained 1.23 mg of
8g-(Rs,Sc) (3.77 mmol, 90% yield) as a low melting point yellow solid;
[o]3° — 50.5 (¢ 1.0, CHCl3); "H NMR (500 MHz, CDCls): § 8.02 (bs, 1H),
6.98-6.94 (m, 2H), 6.75 (d, J = 8.2 Hz, 1H), 5.26 (d, J = 4.5 Hz, 1H),
4.84-4.80 (m, 1H), 4.14 (¢, J = 7.1 Hz, 2H), 2.96 (AB fragment of an
ABX system, Av = 0.19 ppm, Jax = 4.9 Hz, Jgx = 9.3 Hz, Jap = 16.2 Hz,
2H), 2.24 (s, 3H), 1.25 (s, 9H), 1.22 (t, J = 7.2 Hz, 3H) ppm; °C NMR
(125 MHz, CDCl3): 6§ 172.1, 153.0, 130.1, 129.5, 129.3, 124.6, 117.1,
61.1, 56.0, 54.5, 40.1, 22.7, 20.6, 14.2 ppm; HRMS (ESI) m/z: [M +
Na]" Caled for C1¢H2504NNa$S 350.1393; found 350.1397.

(Rs,Sc)-Ethyl 3-(tert-butylsulfinamido)-3-(2-hydroxy-4-methoxyphenyl)
propanoate, 8h-(Rs,S¢). It was prepared following the general procedure
from 1 g of 7h-(Rg) (3.92 mmol), 1.54 mL of ethyl acetate (15.7 mmol)
and 15.28 mL of LHMDS (15.3 mmol). After 3 h, it is obtained 1.33 mg of
8h-(Rs,S¢) (3.89 mmol, quantitative yield) as a low melting point white
solid; [a]3° — 57.1 (¢ 1.0, CHCl3); 'H NMR (500 MHz, CDCls): 5 8.81 (bs,
1H), 7.02 (d, J = 8.3 Hz, 1H), 6.39-6.36 (m, 2H), 5.21 (d, J = 4.9 Hz,
1H), 4.90-4.86 (m, 1H), 4.12 (c, J = 7.1 Hz, 2H), 3.70 (s, 3H), 2.98 (AB
fragment of an ABX system, Av = 0.13 ppm, Jax = 5.4 Hz, Jgx = 8.9 Hz,
Jap = 16.1 Hz, 2H), 1.23 (s, 9H), 1.21 (t, 7.2 Hz, 3H) ppm; °C NMR
(125 MHz, CDCl3): 6 172.1, 160,7, 156.5, 129.1, 117.7, 105.8, 102.4,
61.0, 56.0, 52.3, 53.2, 40.6, 22.7, 14.2 ppm; HRMS (ESD) m/z: [M +
Na]™ Calcd for C16Ha505NNaS 366.1343; found 366.1346.

(Rs,Sc)-Ethyl 3-(tert-butylsulfinamido)-3-(2-hydroxy-5-methoxyphenyl)
propanoate, 8i-(Rs,Sc). It was prepared following the general procedure
from 500 mg of 7i-(Rg) (2.22 mmol), 0.87 mL of ethyl acetate (8.88
mmol) and 8.65 mL of LHMDS (8.7 mmol). After 2 h, it is obtained 0.44
mg of 8i-(Rs,S¢) (1.28 mmol, 58% yield) as a low melting point white
solid; [a]Z’ — 52.4 (¢ 1.0, CHCls); *H NMR (500 MHz, CDCl3): 6 8.01 (bs,
1H), 6.78-6.76 (m, 1H), 6.71-6.69 (m, 2H), 5.24 (d, J = 4.9 Hz, 1H),
4.88-4.85 (m, 1H), 4.13 (¢, J = 7.1 Hz, 2H), 3.72 (s, 3H), 2.95 (AB
fragment of an ABX system, Av = 0.15 ppm, Jax = 5.1 Hz, Jgx = 9.0 Hz,
Jas = 16.2 Hz, 2H), 1.24, (s, 9H), 1.22 (t, J = 7.0 Hz) ppm; 3C NMR
(125 MHz, CDCl3): 6§ 172.0, 153.2, 149.0, 126.1, 117.8, 114.6, 114.0,
61.1, 56.1, 55.9, 54.0, 40.3, 22.7, 14.2 ppm; HRMS (ESI) m/z: [M +

3-(tert-butylsulfinamido)-3-(4-methoxyphenylprop-
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Na]* Caled for C;¢Ha505NNaS 366.1342; found 366.1346.

(Rs,Sc)-Ethyl 3-(tert-butylsulfinamido)-3-(5-bromo-2-hydroxy-3-
methoxyphenylpropanoate, 8j-(Rs,S¢c). It was prepared following the
general procedure from 1 g of 7j-(Rs) (3 mmol), 1.18 mL of ethyl acetate
(12 mmol) and 11.7 mL of LHMDS (11.7 mmol). After 2.5 h, it is ob-
tained 1.28 g of 8j-(Rs,Sc) (3.05 mmol, quantitative yield) as a white
solid; mp 117-119 °C; [a]%’ — 36.0 (c 1.0, CHCl5); 'H NMR (500 MHz,
CDCl3): 6 7.00 (d, J = 2.2 Hz, 1H), 6.90 (d, J = 2.2 Hz, 1H), 5.01-4.97
(m, 1H), 4.85 (d, J = 6.3 Hz, 1H), 4.11 (c, J = 7.1 Hz, 2H), 3.87 (s, 3H),
2.94 (AB fragment of an ABX system, Av = 0.05 ppm, Jax = 5.7 Hz, Jpx
= 7.2 Hz, Jag = 15.9 Hz, 2H), 1.23-1.20 (m, 12H) ppm; °C NMR (125
MHz, CDCls): & 171.4, 147.6, 142.6, 128.1, 123.2, 113.7, 111.6, 61.1,
56.5, 56.1, 52.2, 40.6, 22.8, 14.3 ppm; HRMS (ESI) m/z: [M + Na]™*
Calcd for C16H2405NBrNaS 444.0452; found 444.0451.

(Rs Sc)-Ethyl  3-(tert-butylsulfinamido)-3-(5-bromo-2-hydroxyphenyl)
propanoate, 8k-(Rs,Sc). It was prepared following the general procedure
from 500 mg of 7k-(Rs) (1.64 mmol), 0.65 mL of ethyl acetate (6.57
mmol) and 6.40 mL of LHMDS (6.4 mmol). After 15 h, it is obtained 584
mg of 8k-(Rs,S¢) (1.49 mmol, 91% yield) as a low melting point yellow
solid; [a]&° — 54.4 (c 1.0, CHCl3); 'H NMR (500 MHz, CDCls): 6 8.81 (bs,
1H), 7.27-7.26 (m, 2H), 7.22 (dd, J = 2.5 and 8.6 Hz, 1H), 6.71 (d, J =
8.6 Hz, 1H), 5.24 (d, J = 4.5 Hz, 1H), 4.91-4.88 (m, 1H), 4.15 (¢, J=7.1
Hz, 2H), 2.90 (AB fragment of an ABX system, Av = 0.10 ppm, Jax = 5.1
Hz, Jgx = 9.0 Hz, Jop = 16.1 Hz, 2H), 1.26 (s, 9H), 1.24 (t, 7.2 Hz, 3H)
ppm; 13C NMR (125 MHz, CDCl3): 6§ 171.8, 154.5, 132.2, 131.2, 127.4,
118.8,111.9, 61.3, 56.3, 52.7, 40.1, 22.8, 14.2 ppm; HRMS (ESI) m/z:
[M + Na]™ Caled for C15H2204NBrNaS 414.0343; found 414.0345.

(Rs,Sc)-Ethyl  3-(tert-butylsulfinamido)-3-(4-diethylamino-2-hydrox-
yphenyDpropanoate, 81-(Rs,Sc). It was prepared following the general
procedure from 500 mg of 71-(Rg) (1.69 mmol), 0.66 mL of ethyl acetate
(6.74 mmol) and 6.58 mL of LHMDS (6.6 mmol). After 20 h, it is ob-
tained 540.7 mg of 81-(Rs,Sc¢) (1.40 mmol, 83% yield) as a yellow solid;
mp 58 °C; [a]Z — 54.5 (¢ 1.0, CHCl3); *H NMR (500 MHz, CDCl3): § 7.90
(bs, 1H), 6.95 (d, J = 8.5 Hz, 1H), 6.25-6.20 (m, 2H), 5.18 (d, J = 3.6 Hz,
1H), 4.79-4.15 (m, 1H), 4.14 (¢, J = 7.1 Hz, 2H), 3.30 (¢, J = 7.1 Hz,
4H), 2.92 (AB fragment of an ABX system, Av = 0.18 ppm, Jax = 4.6 Hz,
Jpx = 9.5 Hz, Jpg = 16.3 Hz, 2H), 1.27-1.24 (m, 12H), 1.14 (t, J=7.1
Hz, 6H) ppm; 3C NMR (125 MHz, CDCls): § 172.2, 156.5, 129.5, 104.4,
100.7, 96.7, 61.0, 55.6, 53.2, 40.1, 31.2, 22.7, 14.1, 12.6 ppm; HRMS
(ESI) m/z: [M + H] ™ Calcd for C;9H3304N5S 385.2155; found 385.2156.

(Rs,Sc)-Ethyl  3-(tert-butylsulfinamido)-3-(2-hydroxy-5-nitrophenyl)
propanoate, 8m-(Rs,S¢). It was prepared following the general proced-
ure from 1 g of 7m-(Rs) (3.70 mmol), 1.5 mL of ethyl acetate (14.8
mmol) and 14.41 mL of LHMDS (14.4 mmol). After 2 h, it is obtained
1.22 g of 8m-(Rs,S¢) (3.39 mmol, 92% yield) as a yellow solid; mp
90-92 °C; [a]3 — 79.2 (¢ 1.0, CHCl3); 'H NMR (500 MHz, CDCls): §
10.75 (bs, 1H), 8.16 (d, J = 2.8 Hz, 1H), 7.98 (dd, J = 2.8 and 8,9 Hz,
1H), 6.79 (d, J = 9 Hz, 1H), 5.31 (d, J = 3.9 Hz, 1H), 5.16-5.12 (m, 1H),
4.18 (ddd, J = 0.7, 7.2 and 14.3 Hz, 2H), 2.87-2.85 (m, 2H), 1.31 (s,
9H), 1.26 (t, J = 7.1 Hz, 3H) ppm; °C NMR (125 MHz, CDCl3): 5 171.6,
161.3, 140.7, 126.4, 125.5, 124.6, 116.3, 61.4, 56.6, 50.2, 40.0, 22.8,
14.2 ppm; HRMS (ESI) m/z: [M + Na]t Caled for C;5H;,06NoNaS
381.1091; found 381.1091.

4.1.3. Synthesis of -N-(tert-butylsulfinyl)-4-amino-3,4-
dihydrocoumarins: general procedure

To a solution of the corresponding tert-butylsulfinamide (100 mol%)
in dry dichloromethane, at 0 °C under argon atmosphere, BF3OEt,
(1000 mol%) was added. Once the starting material was consumed (24
hours), the reaction mixture is hydrolyzed with a saturated NaHCO3
aqueous solution. The aqueous phase was extracted with CH»Cl; (3 x 40
mL) and the combined organic phases were washed with a saturated
NaCl aqueous solution and dried with anhydrous NasSO4. The solvent
was evaporated and the desired compound is obtained with no further
purification.

(Rs,Sc)-N-(tert-ButylsulfinyD)-4-amino-3,4-dihydrocoumarin, 10a-(Rs,
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Sc). It was prepared following the general procedure from 500 mg of 8a-
(Rs,Sc) (1.60 mmol), 75 mL of dichloromethane and 2.95 mL of BF3OEt;
(23.9 mmol). After 24 h, it is obtained 364.8 mg of 10a-(Rs,S¢) (1.40
mmol, 88% yield) as a green solid; mp 61-63 °C; [(x]ZDO —71.1 (c 1.0,
CHCly); TH NMR (500 MHz, CDCl3): 6 7.45-7.47 (m, 1H), 7.40-7.37 (m,
1H), 7.20-7.18 (m, 1H), 7.12-7.10 (d, J = 8.1 Hz, 1H), 4.76 (¢, J = 4.6
Hz, 1H), 3.46 (d, J = 4.5 Hz, 1H), 3.02 (AB fragment of an ABX system,
Av = 0.19 ppm, Jax = 5.0 Hz, Jgx = 4.2 Hz, Jpg = 15.9 Hz, 2H), 1.15 (s,
9H) ppm; '3C NMR (125 MHz, CDCl3): § 166.1, 151.5, 130.6, 129.0,
124.7,122.3,117.6, 59.3, 50.1, 37.9, 22.6 ppm; HRMS (ESI) m/z: [M +
Na]™ Caled for C;3H;7,03NNaS 290.0814; found 290.0821.
(Rs,Sc)-N-(tert-ButylsulfinyD)-4-amino-8-methyl-3,4-dihydrocoumarin,
10f-(Rs,Sc). It was prepared following the general procedure from 200
mg of 8f-(Rs,S¢) (0.61 mmol), 75 mL of dichloromethane and 0.75 mL of
BFgOEtZ (6.1 mmol). After 24 h, it is obtained 172 mg of 10f-(Rs,S¢)
(0.61 mmol, quantitative yield) as a white solid; mp 154-156 °C; [0(]1230
—99.8 (¢ 1.0, CHCl3); TH NMR (500 MHz, CDCls): 6 7,27 (d, J = 7.6 Hz,
1H), 7.23 (d, J = 7.6 Hz, 1H), 7.08 (t, J = 7.6 Hz, 1H), 4.73 (¢, J = 4.7
Hz, 1H), 3.47 (d, J = 4.6 Hz, 1H), 3.00 (AB fragment of an ABX system,
Av = 0.16 ppm, Jax = 5.0 Hz, Jgx = 4.2 Hz, Jpp = 15.9 Hz, 2H), 2.32 (s,
3H), 1.14 (s, 9H) ppm; °C NMR (125 MHz, CDCl3): 5 166.4, 149.7,
132.1, 126.9, 126.5, 124.2, 122.1, 56.3, 50.3, 37.8, 22.6, 15,8 ppm;
HRMS (ESI) m/z: [M + Na]™ Calcd for C;4H19035NNaS 304.0966; found
304.0978.
(Rs,Sc)-N-(tert-Butylsulfinyl)-4-amino-6-methyl-3,4-dihydrocoumarin,
10g-(Rs,Sc). It was prepared following the general procedure from 200
mg of 8g-(Rs,S¢) (0.61 mmol), 75 mL of dichloromethane and 0.75 mL
of BF30Et, (6.1 mmol). After 24 h, it is obtained 164.8 mg of 10g-(Rs,
S¢) (0.59 mmol, 96% yield) as a brown solid; mp 143-145 °C; [0(]%0 —
48.7 (¢ 1.0, CHCl3); 'H NMR (500 MHz, CDCl3): 6 7.24 (d, J = 1.5 Hgz,
1H), 7.17 (dd, J = 1.7 and 8.3 Hz, 1H), 6.99 (d, J = 8.3 Hz, 1H), 4.70 (c,
J = 4.5 Hz, 1H), 3.46 (d, J = 4.4 Hz, 1H), 2.98 (AB fragment of an ABX
system, Av = 0.15 ppm, Jax = 4.8 Hz, Jgx = 4.2 Hz, Jag = 16.0 Hz, 2H),
2.36 (s, 3H), 1.15 (s, 9H) ppm; >C NMR (125 MHz, CDCl3): 5 166.4,
149.4, 134.4, 131.1, 129.4, 121.9, 117.3, 56.2, 50.1, 37.9, 22.6, 20.9
ppm; HRMS (ESI) m/z: [M + Na]™ Caled for C;4H;903NNaS 304.0966;
found 304.0978.
(Rs,Sc)-N-(tert-Butylsulfinyl)-4-amino-6-methoxy-3,4-dihy-
drocoumarin, 10i-(Rs,Sc). It was prepared following the general pro-
cedure from 200 mg of 8i-(Rs,Sc) (0.58 mmol), 75 mL of
dichloromethane and 0.2 mL of BF30Et, (5.8 mmol). After 24 h, it is
obtained 172.7 mg of 10i-(Rs,S¢) (0.58 mmol, quantitative yield) as a
low melting point black solid; [«]&’ — 27.4 (¢ 1.0, CHCI3); 'H NMR (500
MHz, CDCl53): 6§ 7.03 (d, J = 8.9 Hz, 1H), 6.97 (d, J = 3.0 Hz, 1H), 6,89
(dd, J = 3.0 and 8.9 Hz, 1H), 4.70 (¢, J = 5.0 Hz, 1H), 3.82 (s, 3H), 3.47
(d, J=5.0 Hz, 1H), 2.99 (AB fragment of an ABX system, Av = 0.20 ppm,
Jax = 4.3 Hz, Jgx = 5.4 Hz, Jag = 16.1 Hz, 2H), 1.16 (s, 9H) ppm; °C
NMR (125 MHz, CDCls): § 166.4, 156.4, 145.2, 123.4, 118.4, 115.7,
113.7, 56.4, 56.0, 50.4, 37.9, 22.6 ppm; HRMS (ESI) m/z: [M + Na]™
Calcd for C14H1903NNaS 320.0914; found 320.0927.
(Rs,Sc)-6-Bromo-N-(tert-butylsulfinyl)-4-amino-8-methoxy-3,4-dihy-
drocoumarin, 10j-(Rs,Sc). It was prepared following the general pro-
cedure from 200 mg of 8j-(Rs,Sc) (0.48 mmol), 75 mL of
dichloromethane and 5.9 mL of BF};OEtZ (47.5 mmol). After 12 days, it is
obtained 175.6 mg of 10j-(Rs,Sc) (0.47 mmol, quantitative yield) as a
brown solid; mp 79-80 °C; [«]Z° — 70.4 (c 1.0, CHCl3); 'H NMR (500
MHz, CDCl3): 67.18 (d, J = 2.0 Hz, 1H), 7.09 (d, J = 2.2 Hz, 1H), 4.70 (c,
J=5.0Hz, 1H), 3.89 (s, 3H), 3.47 (d, J = 5.2 Hz, 1H), 3.00 (AB fragment
of an ABX system, Av = 0.20 ppm, Jax = 5.5 Hz, Jgx = 4.3 Hz, Jag = 16.0
Hz, 2H), 1.18 (s, 9H) ppm; 3C NMR (125 MHz, CDCls): § 164.8, 148.8,
140.0, 125.1, 122.7, 117.2, 116.7, 56.6, 50.2, 37.6, 29.8, 22.6 ppm;
HRMS (ESI) m/z: [M + Na]™ Caled for C;4H;304NBrNaS 398.0017;
found 398.0032.
(Rs,Sc)-6-Bromo-N-(tert-butylsulfinyl)-4-amino-3,4-dihydrocoumarin,
10k-(Rs,S¢). It was prepared following the general procedure from 200
mg of 8k-(Rs,S¢) (0.51 mmol), 75 mL of dichloromethane and 0.63 mL
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of BFgOEtg (5.1 mmol). After 24 h, it is obtained 127.9 mg of 10k-(Rs,
Sc) (0.37 mmol, 80% yield) as a green solid; mp 68-70 °C; [oc]]zgo — 33.7
(c 1.0, CHCly); 'H NMR (500 MHz, CDCl3): 6 7.58 (d, J = 2.4 Hz, 1H),
7.50-7.48 (dd, J = 2.4 and 8.6 Hz, 1H), 6.99 (d, J = 8.6 Hz, 1H), 4.72 (c,
J = 5.0 Hz, 1H), 3.59 (d, J = 5.1 Hz, 1H), 3.02 (AB fragment of an ABX
system, Av = 0.18 ppm, Jax = 5.6 Hz, Jgx = 4.3 Hz, Jag = 16.1 Hz, 2H),
1.17 (s, 9H) ppm; 3C NMR (125 MHz, CDCls): 5 165.4, 150.5, 133.5,
131.5,124.7,119.3,117.3, 56.6, 50.0, 37.5, 22.6 ppm; HRMS (ESI) m/z:
[M + Na]™ Caled for C;3H;603NBrNa$S 367.9920; found 367.9926.

(Rs,Sc)-7-Diethylamino-N-(tert-butylsulfinyl)-4-amino-3,4-dihy-
drocoumarin, 101-(Rs,Sc). It was prepared following the general pro-
cedure from 200 mg of 81-(Rs,Sc) (0.52 mmol), 75 mL of
dichloromethane and 10.24 mL of BFgOEtg (83.2 mmol). After 7 days, it
is obtained 131.9 mg of 101-(Rs,S¢) (0.39 mmol, 75% yield) as a green
solid; mp 70-72 °C; [«]&° — 15.5 (¢ 0.125, CHCl3); 'H NMR (500 MHz,
CDCl3): 6§ 7.22-7.21 (d, J = 8.6 Hz, 1H), 6.42 (dd, J = 2.6 and 8.6 Hz,
1H), 6.33 (d, J = 2.6 Hz, 1H), 4.64 (¢, J = 4.3 Hz, 1H), 3.51 (d, J = 4.4
Hz, 1H), 3.34 (c, J = 7.1 Hz, 4H), 2.95 (AB fragment of an ABX system,
Av=0.13 ppm, Jax = 4.2 Hz, Jgx = 4.2 Hz, Jog = 16.0 Hz, 2H), 1.16 (t, J
= 7.1 Hz, 6H), 1.14 (s, 9H) ppm; 13C NMR (125 MHz, CDCl3): § 167.1,
152.9, 149.6, 129.9, 107.7, 107.5, 99.7, 56.0, 49.7, 44.6, 38.5, 22.6,
12.6 ppm; HRMS (ESI) m/z: [M + H] ™ Calcd for C17H2603N5S 339.1728;
found 339.1737.

(Rs,Sc)-N-(tert-Butylsulfinyl)-4-amino-6-nitro-3,4-dihydrocoumarin,
10m-(Rs,Sc). It was prepared following the general procedure from 200
mg of 8m-(Rg,Sc¢) (0.56 mmol), 75 mL of dichloromethane and 11.4 mL
of BFgoEtz (89.6 mmol). After 7 days, it is obtained 175.4 mg of 10m-
(Rs,Sc) (0.56 mmol, quantitative yield) as an orange solid; mp 68-70 °C;
[o]%’ — 94.7 (¢ 0.25, CHCl3); 'H NMR (500 MHz, CDCls): § 8.41 (d, J =
2.7 Hz, 1H), 8.30 (dd, J = 2.7 and 8.9 Hz, 1H), 7.28 (s, 1H), 4.89 (¢, J =
5.5 Hz, 1H), 3.70 (d, J = 5.6 Hz, 1H), 3.14 (AB fragment of an ABX
system, Av = 0.22 ppm, Jax = 6.3 Hz, Jgx = 4.5 Hz, Jap = 16.2 Hz, 2H),
1.22 (s, 9H) ppm; *3C NMR (125 MHz, CDCls): § 164.2, 155.6, 144.5,
126.3,124.5,124.2,118.6, 56.9, 50.1, 37.3, 22.6 ppm; HRMS (ESI) m/z:
[M + H]" Caled for C13H1705N5S 313.0780; found 313.0813.

4.1.4. Desulfinylation of tert-butylsulfinamides. General procedure

To a solution of the corresponding tert-butylsulfinamide (100 mol%)
in dry ethyl acetate, at 0 °C under argon atmosphere, a 4 N solution of
HCl in dioxane (150 mol% for each sulfinyl group) is added dropwise.
Once the starting material was consumed, the precipitate is filtered and
washed with diethyl ether, to give the pure desired compound.

(S¢)-4-Amino-3,4-dihydrocoumarin hydrochloride, 11a-(S¢). It was
prepared following the general procedure from 200 mg of 10a-(Rs,Sc)
(0.77 mmol), and 0.29 mL of 4 N HCl/dioxane (1.15 mmol). After 24 h
days, it is obtained 144.0 mg of 11a-(S¢) (0.72 mmol, 94% yield) as a
white solid; mp 94 °C; [a]Z’ +12.0 (¢ 1, MeOH); 'H NMR (500 MHz,
MeOD): § 7.27-7.24 (m, 2H), 6.92-6.88 (m, 2H), 4.81, (dd, J = 5.9 and
8.0 Hz, 1H), 3.12 (AB fragment of an ABX system, Av = 0.14 ppm, Jax =
6.0 Hz, Jgx = 8.2 Hz, Jag = 17.0 Hz, 2H) ppm; °C NMR (125 MHz,
MeOD): § 172.2, 156.5, 131.8, 129.8, 122.9, 121.1, 116.9, 50.6, 37.6
ppm. HRMS (ESI) m/z: [M + H]™ Calcd for CoH1oNO2 163.0633; found
163.0633.

(S¢)-4-Amino-6-methoxy-3,4-dihydrocoumarin  hydrochloride, 11i-
(S¢). It was prepared following the general procedure from 50 mg of 10i-
(Rs,Sc¢) (0.17 mmol), and 63 pL of 4 N HCl/dioxane (0.25 mmol). After
24 h, it is obtained 27.7 mg of 11i-(S¢) (0.12 mmol, 70% yield) as a
black liquid; IH NMR (500 MHz, MeOD): § 6.87-6.86 (m, 1H),
6.85-6.82 (m, 2H), 4.76 (dd, J = 8.3 and 5.9 Hz, 1H), 3.75 (s, 3H), 3.08
(AB fragment of an ABX system, Av = 0.16 ppm, Jax = 8.3 Hz, Jgx = 5.9
Hz, Jag = 17.3 Hz, 2H) ppm; 3C NMR (125 MHz, MeOD): § 173.4,
154.5, 150.1, 123.5, 117.6, 116.8, 115.3, 56.3, 50.5, 37.4 ppm; HRMS
(ESI) m/z: [M + H]™" Calcd for C10H;203N 194.0739; found 194.0742.

(S¢)-4-Amino-6-bromo-8-methoxy-3,4-dihydrocoumarin hydrochloride,
11j-(S¢). It was prepared following the general procedure from 320 mg
of 10j-(Rs,S¢) (0.87 mmol), and 330 pL of 4 N HCl/dioxane (1.3 mmol).
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After 24 h, it is obtained 159.7 mg of 11i-(S¢) (0.52 mmol, 60% yield) as
a black liquid; 'H NMR (500 MHz, MeOD): § 7.12-7.09 (m, 2H),
4.85-4.83 (m, 1H), 3.88 (s, 3H), 3.08 (AB fragment of an ABX system,
Av = 0.15 ppm, Jax = 8.0 Hz, Jpx = 5.6 Hz, Jap = 16.9 Hz, 2H) ppm; 3C
NMR (125 MHz, MeOD): § 173.1, 150.1, 145.1, 124.6, 123.6, 116.5,
112.1, 57.1, 49.3, 37.2 ppm; HRMS (ESI) m/z: [M + H]" Caled for
C10H11BrNO3 270.9844; found 270.9844.

(S¢)-4-Amino-6-bromo-3,4-dihydrocoumarin hydrochloride, 11k-(S¢).
It was prepared following the general procedure from 115 mg of 10k-
(Rs,Sc¢) (0.35 mmol), and 120 pL of 4 N HCl/dioxane (0.5 mmol). After
24 h, it is obtained 53.7 mg of 11k-(S¢) (0.19 mmol, 58% yield) as a
brown solid; mp 102-103 °C; [a]Z’ +32.0 (¢ 1, MeOH); 'H NMR (500
MHz, MeOD): 6§ 7.48 (d, J = 2.5 Hz, 1H), 7.40 (dd, J = 2.4 and 8.6 Hz,
1H), 6.90 (d, J = 8.6 Hz, 1H), 4.80 (dd, J = 6.2 and 7.8 Hz, 1H), 3.11 (AB
fragment of an ABX system, Av = 0.14 ppm, Jax = 8.0 Hz, Jgx = 6.1 Hz,
Jag = 17.2 Hz, 2H) ppm; 3C NMR (125 MHz, MeOD): § 173.2, 155.8,
134.3,132.6,125.3,118.8,112.4, 49.9, 37.2 ppm; HRMS (ESI) m/z: [M
+ H]™" Caled for CoHoBrNO, 241.9738; found 241.9739.

(S¢)-4-Amino-7-diethylamino-3,4-dihydrocoumarin hydrochloride, 111-
(Sc). It was prepared following the general procedure from 170 mg of
101-(Rs,Sc) (0.5 mmol), and 190 pL of 4 N HCl/dioxane (0.75 mmol).
After 24 h, it is obtained 127.4 mg of 111-(S¢) (0.5 mmol, quant. yield)
as a dark brown liquid; 'H NMR (500 MHz, MeOD): 5 7.57 (d, J = 8.4 Hz,
1H), 7.22 (d, J = 2.1 Hz, 1H), 7.18 (dd, J = 2.2 and 8.3 Hz, 1H), 4.89 (t,
J = 6.5 Hz, 1H), 3.66 (c, J = 7.2 Hz, 4H), 3.12 (AB fragment of an ABX
system, Av = 0.13 ppm, Jax = 8.0 Hz, Jgx = 6.2 Hz, Jag = 17.3 Hz, 2H),
1.17 (t, J = 7.2 Hz, 6H) ppm; 1°C NMR (125 MHz, MeOD): § 173.0,
158.2, 140.2, 132.3, 125.9, 114.4, 111.2, 54.8, 37.0, 25.8, 10.7 ppm;
HRMS (ESI) m/z: [M + H]" Caled for Cy3H;002N, 235.1368; found
235.1402.

(S¢)-4-Amino-6-nitro-3,4-dihydrocoumarin hydrochloride, 11m-(S¢). It
was prepared following the general procedure from 160 mg of 10m-(Rs,
Sc) (0.51 mmol), and 0.19 mL of 4 N HCl/dioxane (0.77 mmol). After 24
h, it is obtained 97.6 mg of 11m-(S¢) (0.40 mmol, 79% yield) as a black
liquid; 'H NMR (500 MHz, MeOD): 6 8.30 (d, J = 2.4 Hz, 1H), 8.20 (dd,
J=2.5and 9.0 Hz, 1H), 7.08 (d, J = 9.0 Hz, 1H), 4.92 (t, J = 6.9 Hz, 1H),
3.12 (AB fragment of an ABX system, Av = 0.10 ppm, Jax = 7.9 Hz, Jpx
=5.7 Hz, Jag = 17.3 Hz, 2H) ppm; 3C NMR (125 MHz, MeOD): § 173.0,
162.4, 141.9, 127.7, 126.2, 124.2, 117.1, 49.5, 37.0 ppm; HRMS (ESI)
m/z: [M + H]" Caled for CoHgO4N5 209.0484; found 209.0518.

(S¢)-Ethyl ~ 3-amino-3-(2-hydroxyphenyDpropanoate  hydrochloride,
12a-(S¢). It was prepared following the general procedure from 585.4
mg of 8a-(Rs,S¢) (1.87 mmol) and 0.71 mL of 4 N HCI (2.80 mmol).
After 4.5 h, it is obtained 378.2 of 12a-(S¢) (1.80 mmol, 96% yield) as a
white solid; mp 169-170 °C; [a]Z’ — 18.4 (c 1, MeOH); 'H NMR (500
MHz, MeOD): § 7.26-7.24 (m, 2H), 6.93-6.87 (m, 2H), 4.83-4.80, (m,
1H), 4.18-4.12 (m, 2H), 3.12(AB fragment of an ABX system, Av = 0.13
ppm, Jax = 6.5 Hz, Jpx = 7.9 Hz, Jap = 16.8 Hz, 2H), 1.22 (t, J = 7.1 Hz,
3H) ppm; >C NMR (125 MHz, MeOD): 5 171.7, 156.5, 131.8, 129.9,
122.8,121.0, 116.9, 62.3, 50.5, 37.8, 14.4 ppm. HRMS (ESI) m/z: [M +
H]™" Caled for C11H;603N 210.1118; found 210.1125.

(S¢)-Ethyl  3-amino-3-(2-hydroxyphenyl)propanoate  hydrochloride,
12a-(R¢). It was prepared following the general procedure from 420 mg
of 8a-(Ss,R¢) (1.34 mmol) and 0.50 mL of 4 N HCI (2.01 mmol). After
4.5 h, it is obtained 312.8 mg of 12a-(R¢) (1.27 mmol, 95% yield) as a
white solid with similar spectroscopis characteristics than 12a-(S¢); mp
170-171 °C; [o]3° +18.9 (¢ 1, MeOH); HRMS (ESI) m/z: [M + H]* Calcd
for C11H;603N 210.1118; found 210.1125.

(S¢)-Ethyl 3-amino-2-(2-hydroxy-4-methoxyphenyl) propanoate hydro-
chloride, 12h-(S¢). It was prepared following the general procedure from
300 mg of 8h-(Rs,S¢) (0.87 mmol), and 320 pL of 4 N HCl/dioxane
(1.31 mmol). After 24 h, it is obtained 187.3 mg of 12h-(S¢) (0.68 mmol,
78% yield) as a dark brown liquid; 1H NMR (500 MHz, MeOD): §
6.86-6.84 (m, 3H), 4.78-4.76 (m, 1H), 4.16 (cd, J = 1.0 and 7.2 Hz, 2H),
3.74 (s, 3H), 3.10 (AB fragment of an ABX system, Av = 0.12 ppm, Jyx =
7.9 Hz, Jgx = 6.4 Hz, Jag = 16.8 Hz, 2H), 1.23 (t, J = 7.1 Hz, 3H) ppm;
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13¢ NMR (125 MHz, MeOD): §171.6, 154.5, 150.1, 123.3,117.6, 116.9,
115.4, 62.3, 56.3, 50.5, 37.8, 14.3 ppm; HRMS (ESI) m/z: [M + H]*
Calcd for C15H1804N 240.1230; found 240.1229.

(S¢)-Ethyl 3-amino-2-(2-hydroxy-5-methoxyphenyl) propanoate hydro-
chloride, 12i-(S¢). It was prepared following the general procedure from
300 mg of 8i-(Rs,S¢) (0.87 mmol), and 320 pL of 4 N HCl/dioxane (1.31
mmol). After 24 h, it is obtained 215.5 mg of 12i-(S¢) (0.78 mmol, 90%
yield) as a dark brown liquid; ' NMR (500 MHz, MeOD): 6 7.16 (d, J =
8.5 Hz, 1H), 6.49 (d, J = 2.4 Hz, 1H), 6.46 (dd, J = 2.4 and 8.5 Hz, 1H),
4.76 (t, J = 7.2 Hz, 1H), 4.14 (cd, J = 1.6 and 7.1 Hz, 2H), 3.76 (s, 3H),
3.10 (AB fragment of an ABX system, Av = 0.13 ppm, Jax = 7.8 Hz, Jpx
= 6.8 Hz, Jap = 16.7 Hz, 2H), 1.22 (t, J = 7.1 Hz, 3H) ppm; '3C NMR
(125 MHz, MeOD): § 171.7, 163.2, 157.6, 130.7, 115.2, 106.4, 102.7,
62.2, 55.8, 50.1, 37.9, 14.4 ppm; HRMS (ESI) m/z: [M + H]" Calcd for
C12H1804N 240.1230; found 240.1232.

(S¢)-Ethyl  3-amino-2-(5-bromo-2-hydroxy-3-methoxyphenyl)  prop-
anoate hydrochloride, 12j-(S¢). It was prepared following the general
procedure from 900 mg of 8j-(Rs,S¢) (2.13 mmol), and 810 pL of 4 N
HCl/dioxane (3.18 mmol). After 24 h, it is obtained 442.0 mg of 12j-(S¢)
(1.25 mmol, 59% yield) as a dark brown liquid; 'H NMR (500 MHz,
MeOD): § 7.13 (d, J = 2.2 Hz, 1H), 7.07 (d, J = 2.2 Hz, 1H), 4.86-4.85
(m, 1H), 4.15 (cd, J = 2.2 and 7.2 Hz, 2H), 3.88 (s, 3H), 3.08 (AB
fragment of an ABX system, Av = 0.12 ppm, Jpax = 7.7 Hz, Jgx = 6.7 Hz,
Jap = 16.7 Hz, 2H), 1.21 (t, J = 7.2 Hz, 3H) ppm; *3C NMR (125 MHz,
MeOD): 6§ 171.3, 150.2, 145.3, 124.4, 123.7, 116.6, 112.1, 62.3, 57.0,
49.3, 37.6, 14.3 ppm; HRMS (ESI) m/z [M + H]' Caled for
C12H1704NBr 318.0335; found 318.0332.

(S¢)-Ethyl 3-amino-2-(2-hydroxy-5-bromophenyl) propanoate hydro-
chloride, 12k-(Sc). It was prepared following the general procedure from
430 mg of 8k-(Rs,Sc) (1.10 mmol), and 410 pL of 4 N HCl/dioxane
(1.64 mmol). After 24 h, it is obtained 90.8 mg of 12k-(S¢) (0.28 mmol,
25% yield) as a dark brown liquid; 'H NMR (500 MHz, MeOD): § 7.44 (d,
J = 2.20 Hz, 1H), 7.37 (dd, J = 2.0 and 8.6 Hz, 1H), 6.89 (d, J = 8.6 Hz,
1H), 4.15 (cd, J = 1.4 and 6.9 Hz, 2H), 3.12 (AB fragment of an ABX
system, Av = 0.11 ppm, Jax = 7.4 Hz, Jgx = 6.8 Hz, Jap = 16.7 Hz, 2H),
1.21 (t, J = 7.1 Hz, 3H) ppm; '3C NMR (125 MHz, MeOD): § 171.3,
155.8, 134.3, 132.7, 125.0, 118.8, 112.3, 62.3, 49.8, 37.5, 14.4 ppm;
HRMS (ESI) m/z: [M + H]" Caled for C;1H;503NBr 288.0230; found
288.0233.

(S¢)-Ethyl 3-amino-2-(2-hydroxy-5-nitrophenyl) propanoate hydro-
chloride, 12m-(S¢). It was prepared following the general procedure
from 470 mg of 8m-(Rs,Sc) (1.31 mmol), and 0.5 mL of 4 N HCl/dioxane
(1.96 mmol). After 24 h, it is obtained 380.5 mg of 12m-(S¢) (1.31
mmol, quant. yield) as a brown solid; mp 175-176 °C; [’ +58.0 (c 1,
MeOH); TH NMR (500 MHz, MeOD): 6 8.31 (d, J = 2.7 Hz, 1H), 8.19 (dd,
J=2.7and 9.0 Hz, 1H), 7.12 (d, J = 9.0 Hz, 1H), 4.97 (t,J = 6.9 Hz, 1H),
4.15 (cd, J = 2.6 and 7.1 Hz, 2H), 3.20 (AB fragment of an ABX system,
Av=0.10 ppm, Jax = 7.3 Hz, Jgx = 7.0 Hz, Jog = 16.9 Hz, 2H), 1.21 (t,J
= 7.2 Hz, 3H) ppm; 3C NMR (125 MHz, MeOD): 5 171.1, 162.5, 141.7,
127.6,126.4,123.8,117.1, 62.4, 37.3, 25.7, 14.3 ppm; HRMS (ESI) m/z:
[M + H]* Caled for C;1H;505N5 255.0975; found 255.0975.

4.2. Computational framework

Geometry optimization of the molecules was performed with
Gaussian 09 [26] by using density functional theory (DFT) with B3LYP
functionals and cc-pVDZ basis set [27]. Transition-state structures
correspond to single imaginary frequencies. Integral equation formalism
(IEF) of the polarisable continuum model (PCM) was considered for
solvent effect with tetrahydrofuran as solvent [28]. Wavefunction
analysis using the atoms in molecule theory was carried out as it is
implemented in AIMAIl software package [29]. Chemcraft software was
used for the visualization of the molecules [30].
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4.3. Biological studies

4.3.1. In vitro experiments

Cell Culture. All cells were cultured at 37 °C in an incubator with a
humidified atmosphere containing 5% CO,, with either Roswell Park
Memorial Institute (RPMI) for N13 and 4T1, Bovine Endothelial Growth
Medium (BEGM) for BAEC or (DMEM) for F98, C6, MCF7, and HelLa.

Cytotoxicity assessment. Cytotoxicity was evaluated in all cells
using the MTT assay, which provides an evaluation of mitochondrial
activity. The protocol is described in detail in the Supporting
Information.

Co-Culture assay. N13 was first labeled with a red fluorescent dye.
Then, both N13 and F98 cells were seeded in a 96-well plate. Image
acquisition was performed using an Operetta High Content Screening
system (PerkinElmer). Further details are given in the Supporting
Information.

4.3.2. In vivo experiments

Animal experiments. Animal experiments were performed in
accordance with the ethical guidelines of our local ethical committee
and consistent with national regulations for the care and use of labo-
ratory animals (R.D. 53/2013).

Tumor implantation. Tumor implantation was conducted following
a previous protocol described by some of us [31]. This protocol is
described in detail in the Supporting Information.

In vivo Magnetic Resonance Imaging (MRI). MRI experiments were
carried out on a Bruker Biospec 9.4 T system equipped with 400 mT/m
gradients, using a 20 mm-inner-diameter surface coil placed on top of
the rat head for signal reception and a 72 mm volume resonator for
excitation. High-resolution To-weighted images encompassing the entire
tumor were acquired using a turbo-RARE sequence (TE = 33 ms, TR =
2500 ms, 2 averages, 384 pm in-plane resolution, and 1 mm slice
thickness). 10 days after tumor implantation, coumarin derivatives were
intratumorally administered at a concentration of 5 mg/kg, and their
effect on tumor growth was evaluated by measuring the tumor volume
using the aforementioned To-weighted MR images.
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