COMMUNICATION

DOI: 10.1002/adsc.202((will be filled in by the editorial staff))

Enantioselective Synthesis of Functionalized Diazaspirocycles
from 4-Benzylideneisoxazol-5(4H)-one derivatives and

Isocyanoacetate Esters

Pablo Martinez-Pardo,” Adrian Lavids,” Amparo Sanz-Marco, Carlos Vila, José R.

Pedro,* and Gonzalo Blay*

Departament de Quimica Organica, Universitat de Valéncia, C/ Dr. Moliner 50, E-46100-Burjassot (Valéncia), Spain.

E-mail: jose.r.pedro@uv.es; gonzalo.blay@uv.es

*These authors contributed equally. Received: ((will be filled in by the editorial staff))

Supporting information for this article is available on the WWW under http://dx.doi.org/10.1002/adsc.20 1 ######.((Please

delete if not appropriate))

Abstract. Enantioenriched spirocyclic compounds
bearing three contiguous stereocenters and high
functionalization were obtained through a formal [3+2]
cycloaddition reaction catalyzed by a cooperative system.
The spiro compounds were synthesized from 4-
arylideneisoxazol-5-ones and isocyanoacetate esters
using a bifunctional squaramide/Bronsted base
organocatalyst derived from a Cinchona alkaloid and
silver oxide as Lewis acid. This method afforded two out
of the four possible diastereomers with good yields and
high enantiomeric excess for both diastereomers.
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Organic spirocycles are unique compounds that
feature two rings connected through just one shared
carbon (the spiroatom). This structural feature is often
present in natural products isolated from different
sources, from plants to marine organisms.!"! Examples
of spirocompounds of natural origin include horsfiline,
a natural product isolated from Horsfielda superba,!'¥
B-vetivone, extracted from vetiver oil,l'! or (-)-
gleenol isolated from the brown alga Taonia atomaria
(Figure 1)." Spirocyclic compounds have also found
some interesting applications as privileged ligands for
asymmetric catalysis such as spinol,”! or in the
production of circularly polarized
photoluminescence.’)  Furthermore, the spirocyclic
motif is becoming a prevalent template in drug
discovery,¥ since this structural feature conveys both
increased three-dimensionality for potential improved
activity, and novelty for patenting purposes. An
example of spirocyclic drugs is the marketed
fenspiride,'* used for the treatment of some respiratory
diseases (Figure 1).

For these reasons, the synthesis of spirocyclic
compounds has received a growing interest in the last
decade.'® In this context, the catalytic enantioselective
construction of a chiral spiro quaternary carbon results

especially challenging. The synthesis of quaternary
stereocenters, in general, is hampered by the huge
steric hindrance and low steric dissimilarity of the two
carbon substituents on the prochiral center.
Furthermore, the generation of a spiro quaternary
stereocenter often requires overcoming ring strain to
install useful functionalities, and the
diastereoselectivity needs to be controlled because the
construction of spiro systems is often accompanied by
the formation of additional stereocenters.
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Figure 1. Selected examples of natural products and drugs
with spirocyclic structure.

Among the different methodologies designed to
achieve this goal, ! cycloaddition reactions with
cyclic compounds bearing an exocyclic double bond
result especially appealing because of its simplicity
and the vast variety of reaction partners that can
participate in this kind of reactions. Five-membered
nitrogen-containing heterocycles are privileged
structures in medicinal chemistry. Among these, the
spiropyrroline, ©* as well as the spiroisoxazol-5-one!”’
scaffolds are featured in a great number of natural
products, biologically active compounds and
pharmaceuticals.

Isocyanoacetate esters are versatile scaffolds in
organic synthesis and can participate as formal 1,3-



dipoles in cycloaddition reactions leading to five-
membered nitrogen-containing heterocycles. !'”! In the
last years, this approach has been used in the
enantioselective synthesis of several spirocyclic
compounds (Scheme 1). Thus, the groups of Zhong,
Wang, Yan, Shi and He have reported the addition of
isocyanoacetate esters to different isatin derivatives
for the preparation of spirooxindoles. '? Also recently,
the groups of Shao/He and Zhao have reported the
synthesis of spirocycles by the reaction of
isocyanoacetate esters with aurones or N-itaconimides,
respectively. ['?!

On the other hand, 4-arylideneisoxazol-5-ones,
featuring an isoxazole-5-one ring with an exocyclic
double bond, are structures present in natural products
and other biologically active compounds, and have
raised increased interest as electrophiles in Michael-
type reactions, including organocatalyzed reactions.
Moreover, the isoxazole-5-one ring is a versatile
building block being used as synthetic equivalent of
alkynes or ketones among others. ['*! Following our
research on enantioselective cycloaddition reactions
with isocyanoacetate esters, !'*! we report here the
synthesis of chiral hybrid diazaspirocyclic
compounds!'® combining a pyrroline and an isoxazol-
5-one ring, via the formal [3+2] cycloaddition reaction
of 4-benzylideneisoxazol-5-ones and isocyanoacetate
esters (Scheme 1).
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Scheme 1. Synthesis of spiro compounds employing iso-
cyanoacetates as pronucleophiles.

In the onset of our research, the reaction between
methyl isocyanoacetate (2a) and benzylidene-3-
phenylisoxazol-5-one (1a) in dichloromethane was
chosen to optimize the reaction conditions (Table 1).
We started by checking bifunctional thiourea T1 and
squaramide SQ1 catalysts in the presence of silver
oxide following conditions previously established in
our group, 'Y which performed in a similar way
providing the expected product 3aa with good
diastereoselectivity but low enantioselectivity (Table 1,
entries 1 and 2). We also observed that silver oxide
alone was able to catalyze the diastereoselective
reaction in a non-enantioselective manner (Table 1,

entry 3). To avoid this undesired background reaction,
we performed the reaction with T1 or SQ1 in the
absence of silver oxide (Table 1, entries 4 and 5).
However, although in both cases the enantiomeric
excess of the reaction product was improved under
these conditions, the reaction required longer times
and product 3aa was obtained in low yield despite total
consumption of the starting material. Also we
observed that SQ1 provided better enantioselectivity
than T1.

Table 1. Reaction of methyl isocyanoacetate (2a) and
benzylidene-3-phenylisoxazol-5-one (1a). Conditions and
catalyst screening.[?]

o cat(tomol%) Q7N py
N’ o ~ Ag,0 o A \5
| + CN” CcoMe —— N7
PH \ Ph CHxCl, Ph” 978
1a 2a 3aa CO2Me

SQ1 X =0Me, Y = -CH=CH,
SQ2 X =0OMe, Y = Et

SQ3 X=H, Y =-CH=CH, '
CF; !

: Ph
H HN 3 =
Nﬂ@ FsC CFs P é_é
o CF3 3
© $Q9 sQ10 san
sQ4 XE OMe
SQ5 X = H ‘
Entry cat Ag,0 yield (%)  drl” ee (%)
71 Smol % 54 91:9  38/60
24 SQ1  S5mol% 44 89:11 39/44
1C R 5mol% 70 95:5 -
4471 - 18 81:19 57/76
54 SQ1 - 12 95:5 85/n.d.
6 SQ1 - traces n.d 89/n.d.
7 SQ1  S5mol% 55 75:25  80/98
8 T1 S5mol% 72 95:5 58/n.d.
9 SQ2 Smol% 55 92:8 30/n.d.
10 SQ3 Smol% 48 74:26  75/98
11 SQ4 5S5mol% 47 79:21  -54/-93
12 SQ5 5Smol% 51 74:26  -71-94
13 SQ6 5mol% 47 84:16 52/93
14 SQ7 5S5mol% 67 84:16  30/95
15 SQ8 5S5mol% 67 76:24  80/99
16 SQ9 Smol% 71 79:21  80/96
17 SQ10 5S5mol% 66 81:19  65/95
181 SQ9 S5mol% 75 74:26  84/96
19 SQ11 5mol% 76 65:35  89/99

[al Conditions: 1a (0.1 mmol), 2a (0.13 mmol), cat (0.01
mmol), Ag,O, CH,Cl, (5 mL). ) Determined by 'H NMR.
(] Determined by HPLC over chiral stationary phases. [
Reaction carried out in 1 mL of CH,Cl,. [ Reaction carried
out in 7.5 mL of CH,Cl,.



Table 2. Reaction of arylidene-3-phenylisoxazol-5-ones 1 and isocyanoacetate esters 2. Reaction scope.[

~N
sQtt (lomol %) O N }
NON=0 R Ag0 (5mol %) L, SR ; R
)\_i + CN” CO,R} ————— O N
A CH,Cl, 2
2a R3= Me rt 3 COR 5 CO.R?
1a-q 2b R3= Bn
(major) (m|nor)
~N ~N
N /? D O™\
o) o o’
/© CO,Me /© CO,Me /© CO,Me /© CO,Me /© CO,Me
@ COzMe Me 2 MeO " 2 cl 2 F 2
3aa, 76% 3ba, 87% 3ca, 49% 3da, 52% 3ea, 74% 3fa, 74%
dr=65:35 dr=68:32 dr=91:9 dr=94:6 dr=72:28 dr=72:28
ee (%) = 89/99 ee (%) = 85/99 ee (%) = 85/n.d. ee (%) = 47/n.d. ee (%) = 81/98 ee (%) = 84/98
~N ~N
(0] (0]
/J \ /J N /?/N\ /?/N\ /?/N\
Za s
O O an an 11,
o o o
CO,M M
© e © coatte @M Co,Me @ o C0Me ©\F CoaMe
Me OMe Br ©
39a, 77% 3ha, 76% 3ia, 76% 3ja, 85% 3ka, 95% 3la, 87%
dr=70:30 dr=66:34 dr=167:33 dr=70:30 dr=152:48 dr=157:43
ee (%) = 85/98 ee (%) = 80/98 ee (%) = 78/99 ee (%) = 85/98 ee (%) = 87/98 ee (%) = 90/6
0N N N N
~N ~N o~ o~ ~N o
O//J”“ /? /? N pi S Me J 3 jJ i R
11, 110, ", i, S, A
N R R
o o N N N Y N
CO,Me > - N -

O ’ Q CO,Me vV CO,Me © CO,Me © CO,Me © CO,Bn © PH COBn
3ma, 56% 3na, 76% 3oa, 50% 3pa, 77% 3qa, 62% 3ab, 73% 3ac,45%
dr=66:34 dr=73:27 dr=69:31 dr=58:42 dr=65:35 dr=76:24 dr=68:32

ee (%) = 84/96 ee (%) = 84/91 ee (%) = 87/56 ee (%) = 95/94 ee (%) = 86/91 ee (%) = 90/99 ee (%) = 72/67

[al Conditions: 1 (0.25 mmol), 2 (0.33 mmol), SQ11 (0.025 mmol), Ag,O (0.0125 mmol), CH,Cl, (19 mL); dr determined
by 'H NMR; ee determined by HPLC over chiral stationary phases.

Further investigation revealed that 1a decomposed
in great extent by standing in solution at the reaction
concentration, bringing about the low yields observed.
We also found out that decomposition rate of la
decreased in more diluted solution, unfortunately, the
reaction of 1a with the isocyano ester 2a also slowed
down and led to a small yield of 3aa, although with
high ee (Table 1, entry 6). At this point, addition of
silver oxide to the diluted reaction accelerated the
reaction and allowed to obtain the spirocyclic
compound in 55%, with fair diastereoselectivity
(75:25), and high enantiomeric excess for both
diastereomers, 80% ee for the major diastereomer and
98% ee for the minor one (Table 1, entry 7). However,
performing the reaction under these conditions with
thiourea T1 notably decreased the enantioselectivity
(Table 1, entry 8).

Other solvents and temperatures were tested, but
none of these changes improved the results (see SI).
Next, we carried out a screening of squaramide
catalysts (Table 1, entries 9-17, see also SI). Catalyst
SQ2 derived from dihydroquinine improved the
diastereoselectivity, but the enantiomeric excess
suffered a dramatic decrease (Table 1, entry 9).
Squaramide SQ3, derived from cinchonidine,
performed with similar diastereoselectivity as SQ1 but
with silightly lower enantioselectivity (Table 1, entry
10). Squaramides SQ3 and SQ4, derived from

quinidine and cinchonine, respectively, delivered the
opposite enantiomer but with lower enantioselectivity
(Table 1, entries 11 and 12). Therefore, we decided to
test other squaramides derived from quinine bearing an
aniline or benzylamine derivative at the second amide
moiety (Table 1, entries 13-17). Squaramides SQS,
SQ9 lead to similar results as SQ1, with slightly better
diastereoselectivity for SQ9 (Table 1, entries 7, 15 and
16). At this point, further dilution of the reaction
mixture allowed to improve the enantiomeric excess of
3aa (Table 1, entry 18), despite some decrease of
diastereoselectivity. Eventually, squaramide SQ11
derived from tert-butylamine offered the best yield
(76%), a slightly decreased diastereoselecivity (65:35),
but the highest enantiomeric excess for both
diastereomers (89% and 99%, respectively), under
diluted conditions (Table 1, entry 19). Further attempts
to improve the results by modifying the silver source,
catalyst loading or SQ/Ag molar ratios were not
successful (see SI).

Under the reaction conditions recorded in Table 1,
entry 19, we studied the scope of the reaction (Table
2). Methyl isocyanoacetate (2a) was reacted with a
number of 4-benzylidene-3-phenylisoxazol-5-one
derivatives 1a-1 (R' = Ph, R? = aryl) bearing differently
substituted aromatic rings attached to the exocyclic
double bond. In general, the spirocyclic products were
obtained in moderate to excellent yields, moderate
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diastereoselectivities and high enantiomeric excesses
in both diastereomers, somehow depending on the
position and electronic nature of the substituent.
Groups of either electron-donating or electron-
withdrawing character at the para position of the
phenyl group were tolerated. However, in the case of
p-halophenyl groups the size and electronegativity of
the halide was determinant, the enantioselectivity of
the reaction increasing through the series Br<CI<F
(products 3da, 3ea, 3fa).

Electron-donating or electron-withdrawing groups
at the meta (1g-i) or ortho (1j-1) positions were also
compatible with the reaction. From these, compounds
1 having an ortho-substituted phenyl ring gave better
yields although lower diastereomeric ratios, keeping
the high enantiomeric excess in all the cases (products
3ja, 3ka and 3la). Furthermore, the isoxazolone
derivative can have a bulky naphthyl group (1m)
providing spirocycle 3ma with similar results to those
obtained with phenyl derivatives.

Finally, compounds 1In and 1o bearing a
heterocyclic 2-thienyl or a cyclopropyl group also
reacted with methyl isocyanoacetate to give the
expected products with good enantioselectivity. The
substituent at the 3 position of the 4-
benzilideneisoxazol-5-one can also be a methyl group,
thus compound 1p (R' = Ph, R? = Me) reacted with
methyl isocyanoacetate providing 3pa in good yield,
fair diastereoselectivity and excellent
enantioselectivity for both diastereomers. On the other
hand, compound 1q bearing a cyclopropyl group at
this position yielded 3qa with good results. Finally,
benzyl isocyanoacetate (2b) could be used instead of
methyl isocyanoacetate to give 3ab upon reaction with
1a with good results in terms of both diastereo- and
enantioselectivity. The reaction can also be performed
with a-substituted isocyanides such as methyl 2-
isocyano-2-phenylacetate, although in this case the
reaction product 3ac was obtained with low yield
(45%) and moderate diastereoselectivity and
enantiomeric excess. Compound 3ac was not stable
and decomposed on standing in the NMR tube for a
few days.
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Scheme 2. Hydrolysis and O-methylation of product 3aa.

It should be remarked that the cycloaddition
reaction between the arylidene-3-phenylisoxazol-5-

ones 1 and the isocyanoacetate esters 2 only gives two
out of the four possible diastercomers. The relative
stereochemistry of the two diastereomers produced in
the reactions was determined by a combination of
NMR exp:eriments and synthetic transformations.
Multiple 'H-'"H nuclear Overhauser effect (NOE)
spectroscopy experiments carried on 3ha showed a
trans disposition between the methyl ester group and
the m-methoxyphenyl substituent, as well as a trans
disposition between the phenyl group bonded to the
isoxazol-5-one moiety and the m-methoxymethyl
group, in the major diastereomer (see SI, Figure S1).
A similar relative stereochemistry was assumed for the
major diastereomer in all the cycloaddition reactions
studied. Furthermore, when both diastereomers of
compound 3aa (3aa’) were separated'® and subjected
to hydrolysis and O-methylation, they afforded
enantiomer products 4 and ent-4, respectively, without
loss of enantiomeric excess (Scheme 2 and also SI).
This fact, indicated that both diastereomers 3aa and
3aa’ had identical configuration at the spiro carbon
and opposite configurations at the two other
stereogenic centers.

H TRANSFORMATION A

-0 -0
N N
| }ZO | }:O
Ph ) ‘ Et;SiH, BF5-Et,0  Ph -
Phr Phi
N CH,Cl, NH
MeO,C 52% MeO,C
3aa 5
(major diastereomer) 85% ee
86% ee
Il TRANSFORMATION B
-0,
= e OH
Ph 2 ag. HCl (cat.) Ly Fe, NH,CI
Phi | > Ph NHCHO >
N CH,Cl, or Meogl(:)}jQCo 1:1
9 CO,Me
MeO,C 99% 2 4%
3aa 6
(major diastereomer)
86% ee
(0] Ph (0] Ph CO,Me
NHCHO 29- HCL NH, N
Fh MeOH | © |_,Ph
CoMe CO,Me Ph
7 : (2R,35)-8

[a]p?® = -42.6 (CH,Cl,, 85% ee)
Lit. "8 [a]p2° = +64.8 (CH,Cl,, 94% ee)
for the (2S,3R) isomer,

Scheme 3. Synthetic modifications and determination of the
absolute stereochemical configuration of 3aa.

Scheme 3 outlines some synthetic transformations
of compound 3aa. Transformation A shows the
selective reduction of the imine group in the pyrrolinic
moiety to give the pyrrolidine spirocycle 5 with
moderate yield (52%) and preservation of the
enantiomeric  excess, using triethylsilane and
trifluoroborane as a Lewis acid catalyst.
Transformation B exploits the transformation potential
of the isoxazol-5-one structure and was used to
determine the absolute stereochemistry of compound
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3aa by chemical correlation with a compound of
known stereochemistry 8. Acidic hydrolysis of the
major diastercomer 3aa gave quantitatively
formamide 6, which was transformed into the
amidoketone 7 by reductive cleavage of the isoxazol-
5-one ring with iron. '” Further acidic hydrolysis of
the formamide and concomitant cyclization of the
intermediate aminoketone afforded pyrroline 8
without loss of enantiomeric excess and in 54% yield
over the three steps. Compound 8 obtained in this way
was assigned the (2R,3S) configuration as it showed
identical spectroscopical features and opposite optical
rotation sign compared with the known compound
(2S5,3R)-8.L™®] Accordingly, the absolute
stereochemistry  for compound 3aa  (major
diastereomer) should be (55,8R,9R) and for compound
3aa’ (minor diastereomer) it should be (55,8S,9S5). For
the remaining compounds 3, the stereochemistry of
both diastereomers was assigned upon the assumption
of a uniform stereochemical pathway.!'"!

In conclusion, we have developed an efficient,
diastereo- and enantioselective synthesis of novel,
highly functionalized spirocyclic compounds bearing
a spiro quaternary and two tertiary stereocenters. The
new spirocycles feature pyrroline and isoxazol-5-one
rings, which are privileged structures in medicinal
chemistry. The synthesis involved a formal [3+2]
cycloaddition reaction between 4-arylideneisoxazol-5-
ones and isocyanoacetate esters using a cooperative
catalytic system that englobes a bifunctional
squaramide/Breonsted base organocatalyst derived
from a Cinchona alkaloid and silver oxide as Lewis
acid. The transformation featured broad scope and
simple operation, and delivered the resulting products
in good yields, good diastereoselectivity (only two out
of four possible diastereomers) and high enantiomeric
excess. The potential applicability of the method has
been shown by several transformations.

Experimental Section

Experimental procedure for the enantioselective reaction.
Methyl isocyanoacetate (2a, 30 puL, 0.33 mmol) was added
to a solution of 4-arylideneisoxazol-5-one (1, 0.25 mmol),
organocatalyst SQ11 (11.9 mg, 0.025 mmol) and silver
oxide (2.9 mg, 0.0125 mmol) in dichloromethane (19 mL)
protected from light. The reaction was stirred until complete
consumption of compound 1 (TLC, ca. 12 h). The product
3 was obtained as a two diastereomer mixture after
Euriﬁcation by flash chromatography eluting with
exane:EtOAc mixtures.
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1. Experimental Procedures

All enantioselective reactions were carried out in round-bottom flasks guarded from light
by wrapping them in aluminum foil. Starting materials were obtained from commercial
sources. Reactions were monitored by thin-layer chromatography using Silica Gel Merck
60 F2s4 plates (reference 5554 Merck). Eluted TLC plates are observed under 254 nm UV
light and then developed with cerium molybdate or potassium permanganate stain
solutions. Flash column chromatography was carried out with Silica Gel Merck 60
stationary phase (0,040-0,063 mm particle size, reference 109385 Merck). NMR spectra
were recorded at 300 MHz or 400 MHz for 'H, at 75 MHz or 101 MHz for '*C, and at
282 MHz for !°F. Residual non-deuterated solvent signals were used as internal standard
(7.26 ppm for 'H and 77.16 ppm for '3C in CDCls, and 2.50 ppm for 'H and 29.84 ppm
for *C in acetone-ds). Chemical shifts are given in ppm. Carbon multiplicities were
assigned through DEPT experiments. High-resolution mass spectra were recorded in a Q-
TOF spectrometer equipped with an electrospray source with a capillary voltage of 3.3
kV (ESI). Specific optical rotations were measured with a polarimeter equipped with a
sodium lamp (D line, 589 nm), concentrations (¢) are given in g/100 mL. Enantiomeric
excess values were measured by HPLC analysis, employing a chromatograph equipped
with an UV diode array detector and columns composed of a chiral stationary phase,

either of Daicel or Phenomenex brands.

2. Synthesis and characterization data for squaramide SQ11

A two-step procedure is carried out starting from dimethyl squarate for the synthesis of

ZN N
v NH;
x MeO N
NH > )
o, o 2 o0 P N L

SlI2 j;/( Sl4
_—
j\;/( MeOH, r.t. MeO N/% MeOH, reflux ~ MeO
H

MeO OMe

squaramides.

Si1 SI3

3-(tert-Butylamino)-4-methoxycyclobut-3-ene-1,2-dione (SI3)!"!

(SI1; 300 mg; 2.11 mmol) was dissolved in 3.2 mL MeOH. tert-
Butylamine (S12; 222 uL; 2.11 mmol) was then added and the reaction

Oj io A modified literature procedure was employed.[!! Dimethyl squarate
MeO H/%
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was stirred for 24 h and followed by TLC analysis. The reaction mixture was purified by
flash column chromatography (eluent gradient: Hexane:Et2O 4:6 and 3:7) to yield 355
mg of SI3 (92%). White solid; '"H NMR (400MHz, CDCl3) 6§ 6.13 (bs, 1H, NH), 4.44 (s,
3H, MeO), 1.39 (s, 9H, ‘Bu).

3-(tert-Butylamino)-4-(((5)-(6-methoxyquinolin-4-yl)((1S8,2S5,4S,5R)-5-
vinylquinuclidin-2-yl)methyl)amino)cyclobut-3-ene-1,2-dione (SQ11)!"!

/\f\.-N

MeO

4% The title compound was synthesized following a modified
HN

ZT

literature protocol.l'! A solution of SI3 (216 mg; 1.18 mmol)

%O and 9-deoxy-9-epi-9-aminoquinine (SI4; 380 mg; 1.18 mmol)
N in MeOH (3.9 mL) was refluxed for 24 h. A precipitate was
observed, and it was filtered and washed with cold MeOH, to obtain, combined with
product isolated by flash column chromatography of the mother liquor (eluent gradient:
Hexane:AcOEt 2:8, AcOEt:MeOH 9:1 and 8:2), 447 mg (80%) of catalyst SQ11. White
solid; "H NMR (300MHz, CDCl;3) § 8.68 (d, /=4.5 Hz, 1H, Ar), 8.02 (d,/=9.2 Hz, 1H,
Ar), 7.79 (s, 1H, Ar), 7.54 (d,J=4.7 Hz, 1H, Ar), 7.40 (dd, J=9.1, 2.4 Hz, 1H, Ar), 6.82
(bs, 1H, NH), 6.06 (bs, 1H, NH), 5.74 (ddd, /= 17.4, 10.3, 7.4Hz, 1H), 4.97 (d, J=12.6
Hz, 1H), 4.93 (d, J = 5.9 Hz, 1H), 3.95 (s, 3H, MeO), 3.43 (bs, 2H), 3.13 (dd, J = 13.2,
11.1 Hz, 1H), 2.80-2.56 (m, 2H), 2.24 (bs, 1H), 1.72-1.35 (m, 4H), 1.20 (s, 9H, CHz),
0.86-0.68 (m, 1H, CH(CH3)3).

3. Synthesis and characterization data for 4-alkylideneisoxazol-5-ones (1a-q)'?!

All 4-alkylideneisoxazol-5-ones were synthesized via a two-step procedure comprising a
condensation reaction between a f-ketoester and hydroxylamine to obtain isoxazole-5-
ones, which were subjected to a Knoevenagel condensation with the corresponding
aldehyde.

Isoxazol-5-ones
o)

O O conditions NG (@)
* HO-NHyHCl — o \
RJ\/U\OEt
Sl5a, R = Ph Sl6a, R = Ph
SI5b, R = Me Sl6b, R = Me
SI5¢c, R = ¢-Pr Sl6c, R = ¢-Pr
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3-Phenylisoxazol-5(4H)-one (SI16a)/?!

0o A procedure described in the literature was followed.!?! To a round-bottom
Pﬁ flask containing hydroxylamine hydrochloride (4.0 g, 57.8 mmol, 1.0 equiv.)
and KoCOs3 (4.0 g, 28.9 mmol, 0.5 equiv.) was added a 1:1 EtOH:H>O mixture (55 mL).
The mixture was stirred for 5 min and ethyl benzoylacetate was added (SI5Sa, 10 mL, 57.8
mmol, 1.0 equiv.) After 20 h an abundant amount of precipitate was observed, which was
filtered and washed with cold water to yield product SI6a (9.3 g, 99%), which was used
without further purification. '"H NMR (300MHz, CDCl3) 6 7.65-7.61 (m, 3H, Ar), 7.58—
7.44 (m, 2H, Ar), 3.81 (s, 2H, CHz); ¥C NMR (75 MHz, CDCl3) 6 174.7 (C, C=0), 163.0
(C, C=N), 132.2 (CH, Ar), 129.2 (CH, Ar), 127.6 (C, Ar), 126.6 (CH, Ar), 34.0 (CH>).

3-Methylisoxazol-5(4H)-one (SI6b)13!
WOo A literature procedure was followed.”) To a suspension of hydroxylamine
" Q\j hydrochloride (4.3 g, 62.4 mmol, 1.5 equiv.) in EtOH (80 mL) was added
anhydrous sodium acetate (5.1 g, 62.4 mmol, 1.5 equiv.) and the mixture was
stirred for 5 min. Ethyl acetoacetate (SISb, 5.3 mL, 41.6 mmol, 1.0 equiv.) was added
and the reaction was heated to reflux. After 1 h the complete consumption of the ethyl
acetoacetate was observed (TLC), as well as the presence of the desired product and the
oxime-type intermediate. 0.2 mL HCI 37% were added at room temperature and the
reaction was brought again to reflux until complete consumption of the oxime
intermediate (TLC, ca. 4 h). The reaction was filtered by gravity to remove the formed
NaCl and the filtrate was concentrated under reduced pressure. The reaction crude was
suspended in AcOEt, and a white precipitate appeared, which was filtered by gravity. The
filtrate was concentrated under reduced pressure and purified through flash column
chromatography (eluent gradient: Hexane:AcOEt 8:2, 7:3 and 5:5) to obtain 1.3 g of SI6b
(32%). Oil; "TH NMR (300 MHz, CDCI3) 6 3.39 (q, /= 0.9 Hz, 2H, CH>), 2.15 (d, J=0.9
Hz, 3H, CHs); C NMR (75 MHz, CDCl3) § 175.2 (C, C=0), 163.4 (C, C=N), 37.0
(CHs), 14.8 (CH).

3-cyclopropylisoxazol-5(4H)-one (SI6¢)™!
O__o A literature procedure was followed."¥! A mixture of hydroxylamine

N
J\j hydrochloride (1.1 g, 15.7 mmol) and methyl 3-cyclopropyl-3-
oxopropanoate (SIS¢, 1.7 mL, 14.1 mmol) was stirred for 5 min. EtzN (2.2

mL, 15.7 mmol) was then added dropwise and the reaction was refluxed for 1.5 h. The
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reaction was allowed to cool to room temperature and concentrated under reduced
pressure. Purification by flash column chromatography afforded 1.46 g (83%) of Sléc.
Oil; TH NMR (300 MHz, CDCl3) 6 3.25 (t, J = 0.5 Hz, 2H, CH,CO), 1.85-1.78 (m, 1H,
“Pr), 1.09-1.06 (m, 2H, “Pr), 0.91-0.86 (m, 2H, “Pr); '3C NMR (75 MHz, CDCI3) § 175.0
(C, C=0), 168.9 (C, C=N), 34.2 (CH2, CH2CO), 10.1 (CH, “Pr), 7.39 (CH2, “Pr).

4-Alkylideneisoxazol-5-ones

(P o

0 N
N>’—/\¢O .\ Ol H (cat) N~ N=0
\ _ \
R2  /PrOH, 50 °C rT O\ _Re

Sl6a-c Sl7a-o 1a-q

General procedure: According to a literature procedure,® to a 0.5 M solution of isoxazol-
5-one SI6 in 'PrOH was added the aldehyde SI7 (1.2 equiv.) Piperidine was then added
(5 pL/mmol SI6) and the reaction was stirred at 50 °C. The reaction was monitored by
TLC until complete consumption of the starting material. The mixture was allowed to
stand at room temperature. In some cases, precipitation of the product was immediately
observed, while in other cases it was necessary to keep the reaction overnight in the
freezer until the product crashed out of the solution. The solid was filtered and washed

with cold pentane.

(Z)-4-Benzylidene-3-phenylisoxazol-5(4H)-one (1a)P3!

OO From SI6a (2.16 g, 13.4 mmol) and benzaldehyde (1.64 mL, 16.1 mmol),
o / \_p, 2758 (82%) of compound 1a were obtained. "H NMR (300 MHz, CDCls)
08.32(d,J=8.8 Hz, 2H, Ar), 7.68-7.45 (m, 9H, Ar+CH=C); 13C NMR (75 MHz, CDCl5)
0168.2 (C,C=0), 164.2 (C,C=N), 152.9 (CH), 134.3 (CH), 134.1 (CH), 132.5 (C), 131.2
(CH), 129.5 (CH), 129.1 (CH), 128.9 (CH), 127.5 (C), 119.0 (C).

(Z)-4-(4-Methylbenzylidene)-3-phenylisoxazol-5(4H)-one (1b)!%!
NCOn 0 From SI6a (0.31 g, 1.9 mmol) and p-tolualdehyde (0.27 mL, 2.3
P \ Me mmol), 0.32 g of compound 1b were obtained. "H NMR (300 MHz,
CDCl3) 0 8.25 (d,J=8.3 Hz, 2H, Ar), 7.63-7.52 (m, 6H, Ar+CH=C),
7.32 (d, J= 8.4 Hz, 2H, Ar), 2.45 (s, 3H, CH3); 1*C NMR (75 MHz, CDCl3) 6 168.5 (C,
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C=0), 164.3 (C, C=N), 152.9 (CH), 146.1 (C), 134.5 (CH), 131.1 (CH), 130.2 (CH),
130.0 (C), 129.4 (CH), 128.9 (CH), 127.66 (C), 117.63 (C), 22.2 (CHa).

(Z)-4-(4-Methoxybenzylidene)-3-phenylisoxazol-5(4H)-one (1¢)!!
N-O 0 From SI6a (1.00 g, 6.2 mmol) and p-anisaldehyde (0.9 mL, 7.45
\ oMe mmol), 0.59 g (34%) of compound 1¢ were obtained. "H NMR (300
MHz, Acetone-ds) 6 8.55 (d, /= 8.8 Hz, 2H, Ar), 7.75 (1H, CH=C),
7.73-7.66 (m, 2H, Ar), 7.65-7.57 (m, 3H, Ar), 3.96 (s, 3H, MeO); 3C NMR (75 MHz,
Acetone-ds) 0 169.7 (C, C=0), 165.8 (C, C=N), 165.2 (C), 153.2 (CH), 138.1 (CH), 131.5
(CH), 130.0 (CH), 129.7 (CH), 128.9 (C), 127.0 (C), 115.9 (C), 115.3 (CH), 56.2 (CH3).

(Z)-4-(4-Bromobenzylidene)-3-phenylisoxazol-5(4H)-one (1d)!"!
o o From SI6a (0.40 g, 2.5 mmol) and 4-bromobenzaldehyde (551 mg,
\ B 2.98 mmol), 0.55 g (67%) of compound 1d were obtained. 'H NMR
(300MHz, CDCIl3) 0 8.20 (d, J= 8.6 Hz, 2H, Ar), 7.65 (d, J= 8.7 Hz,
2H, Ar), 7.61-5.55 (m, 5H, Ar), 7.53 (1H, CH=C); '3C NMR (75 MHz, CDCl3) 6 168.1
(C, C=0), 164.0 (C, C=N), 151.2 (CH), 135.3 (CH), 132.6 (CH), 131.3 (CH), 131.3 (C),
129.7 (C), 129.5 (CH), 128.9 (CH), 127.3 (C), 119.5 (C).

(Z)-4-(4-Chlorobenzylidene)-3-phenylisoxazol-5(4H)-one (1¢)!°!

From SI6a (0.68 g, 0.4 mmol) and 4-chlorobenzaldehyde (0.67 g,

. \ \ o 0.48 mmol), 2.54 g (86%) of compound 1e were obtained. '"H NMR
(300 MHz, CDCl3) 0 8.29 (d, J = 8.8 Hz, 2H, Ar), 7.64-7.56 (m, 5H,

Ar), 7.55 (1H, CH=C), 7.48 (d, J = 8.7 Hz, 2H, Ar); 3C NMR (75 MHz, CDCls) 6 168.0

(C, C=0), 163.9 (C, C=N), 150.9 (CH), 140.7 (C), 135.2 (CH), 131.1 (CH), 130.7 (C),

129.4 (CH), 129.3 (CH), 128.7

(CH), 127.1 (C), 119.2 (C).

(Z)-4-(4-Fluorobenzylidene)-3-phenylisoxazol-5(4H)-one (1f)!8!

o o From SI6a (0.40 g, 2.48 mmol) and 4-fluorobenzaldehyde (0.31 mL,

s N F2.98 mmol), 0.44 g (66%) of compound 1f were obtained. '"H NMR
(400 MHz, CDCl3) 0 8.41 (dd, J=8.7, 5.4 Hz, 2H, Ar), 7.65-7.54 (m,

6H, Ar+CH=C), 7.19 (dd, ] = 8.8, 8.4Hz, 2H, Ar); 3C NMR (101 MHz, CDCls3) § 168.3

(C, C=0), 166.2 (d, C, 'Jcr = 259.8 Hz), 164.1 (C, C=N), 151.3 (CH), 137.1 (d, CH, *Jc.
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F=9.5 Hz), 131.2 (CH), 129.5 (CH), 129.1 (C), 128.9 (CH), 127.4 (C), 118.4 (d, C, *Jc.
= 2.4 Hz), 116.6 (d, CH, 2Jc.r = 21.9 Hz); F NMR (282 MHz, CDCls) 5 —100.93 (tt, J
=8.2, 5.4 Hz).

(Z)-4-(3-Methylbenzylidene)-3-phenylisoxazol-5(4H)-one (1g)!°)
From SI6a (0.40 g, 2.48 mmol) and m-tolualdehyde (0.35 mL, 2.98 mmol), 0.27 g (41%)
o o of 1g were obtained. '"H NMR (300 MHz, CDCls) 6 8.30 (td, J = 4.7,
\ 1.9 Hz, 1H, Ar), 8.08 (s, IH, CH=C), 7.65-7.51 (m, 6H, Ar), 7.41 (d,
o J=4.5Hz, 2H, Ar), 2.42 (s, 3H, CHs); *C NMR (75 MHz. CDCL3) 6
168.2 (C, C=0), 164.2 (C, C=N), 153.2 (CH), 138.9 (C), 135.3 (CH), 134.8 (CH), 132.5
(C), 131.3 (CH), 131.1 (CH), 129.4 (CH), 128.9 (CH), 128.4 (CH), 127.6 (C), 118.6 (C),
21.4 (CH3).

(Z)-4-(3-Methoxybenzylidene)-3-phenylisoxazol-5(4H)-one (1h)!'!
O o From SI6a (0.40 g, 2.48 mmol) and m-anisaldehyde (0.36 mL, 2.98
b \ mmol), 0.39 g (57%) of 1h were obtained. "H NMR (300 MHz,
oMe CDCl3)09.31 (t,J=2.0 Hz, 1H, Ar), 7.67-7.50 (m, 7H, Ar+CH=C),
7.39 (t,J = 8.0 Hz, 1H, Ar), 7.16 (ddd, J = 8.4, 2.4, 0.6 Hz, 1H, Ar), 3.90 (s, 3H, MeO);
I3C NMR (101 MHz, CDCl3) 6 168.3 (C, C=0), 164.2 (C, C=N), 159.9 (C), 153.0 (CH),
133.8 (C), 131.2 (CH), 129.9 (CH), 129.4 (CH), 128.9 (CH), 127.7 (CH), 127.5 (C), 121.9
(CH), 118.9 (C), 116.8 (CH), 55.7 (CHa).

(2)-4-(3-bromobenzylidene)-3-phenylisoxazol-5(4H)-one (1i)
From SI6a (1.0 g, 6.21 mmol) and 3-bromobenzaldehyde (0.88 mL, 7.45 mmol), 0.36 g
OO (17%) of 1i were obtained.
N 'H NMR (300 MHz, CDCL3) 6 8.37 (t, J= 1.8 Hz, 1H, Ar), 8.34 (d, J =
Br 7.9 Hz, 1H, Ar), 7.70 (ddd, J = 8.0, 1.9, 1.0 Hz, 1H, Ar), 7.52 (s, 1H,
CH=C), 7.39 (t, J = 7.9 Hz, 1H, Ar); 3C NMR (101 MHz, CDCl3) J 167.8 (C, C=0),
163.9 (C, C=0), 150.7 (C, C=N), 136.8 (CH), 136.3 (CH), 134.1 (C), 132.1 (CH), 131.3
(CH), 130.6 (CH), 129.5 (CH), 128.8 (CH), 127.1 (C), 123.0 (C), 120.4 (C); ); HRMS
(ESI) m/z: 327.9971 [M+H]", Ci¢H11BrNO:" requires 327.9968.
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(Z)-4-(2-Methylbenzylidene)-3-phenylisoxazol-5(4H)-one (1j)1"!

From SI6a (0.40 g, 2.48 mmol) and 2-methylbenzaldehyde (0.34 mL, 2.98 mmol), 0.34
g (52%) of 1j were obtained. "H NMR (300 MHz, CDCl3) 6 8.55 (d, J =
7.7 Hz, 1H, Ar), 8.00 (s, 1H, CH=C), 7.68-7.52 (m, 5H, Ar), 7.45 (td, J
=7.4,1.4Hz, 1H, Ar), 7.34 (t, J=7.3 Hz, 1H, Ar), 7.27 (d, /= 6.9 Hz,
1H, Ar), 2.35 (s, 3H, CH3); 3C NMR (101 MHz, CDCls) ¢ 168.0 (C, C=0), 163.8 (C,
C=N), 150.5 (CH),140.6 (C),133.9 (CH), 132.1 (CH), 131.2 (CH), 130.9 (CH), 130.7 (C),
129.4 (CH), 128.7 (CH), 127.5 (C), 126.4 (CH), 118.8 (C), 20.3 (CH3).

(Z)-4-(2-Methoxybenzylidene)-3-phenylisoxazol-5(4H)-one (1k)"°!

From SI6a (0.40 g, 2.48 mmol) and o-anisaldehyde (405 mg, 2.98 mmol), 0.48 g (70%)
of 1k were obtained. '"H NMR (400 MHz, CDCls) ¢ 8.86 (dd, J = 8.0,
1.7 Hz, 1H, Ar), 8.25 (s, 1H, CH=C), 7.66-7.60 (m, 2H, Ar), 7.59-7.52
(m, 4H, Ar), 7.08 (dddd, J=7.9, 7.4, 1.1, 0.5 Hz, 1H, Ar), 6.93 (dd, J =
8.5, 1.0 Hz, 1H, Ar), 3.84 (s, 3H, MeO); 3C NMR (101 MHz, CDCls) 6 168.6 (C, C=0),
164.3 (C,C=N), 160.1 (C), 147.4 (CH), 136.6 (CH), 133.5 (CH), 131.0 (CH), 129.3 (CH),
128.8 (CH), 127.8 (C), 121.4 (C), 120.8 (CH), 117.3 (C), 110.8 (CH), 56.0 (CH3).

(£)-4-(2-fluorobenzylidene)-3-phenylisoxazol-5(4 H)-one (11)

From SI6a (0.50 g, 3.10 mmol) and 2-fluorobenzaldehyde (0.4 mL, 3.72 mmol), 0.22 g
(26%) if 11 were obtained. 'TH NMR (300 MHz, CDCl3) 6 8.95 (td, J =
7.9, 1.7 Hz, 1H, Ar), 7.66—7.53 (m, 6H, Ar), 7.33 (dt, J=7.8, 0.9, 1H,
Ar), 7.15 (ddd, J = 10.4, 8.4, 1.1 Hz, 1H, Ar); 3C NMR (75 MHz,
CDCls) § 167.9 (C, C=0), 163.9 (C, C=N), 162.6 (d, C, 'Jc.r = 257.3 Hz), 143.3 (d, CH,
3Jcr=1.8 Hz), 136.5 (d, CH, *Jc.r = 9.4 Hz), 133.4 (CH), 131.3 (CH), 129.5 (CH), 128.8
(CH), 127.2 (C), 124.8 (d, CH, *Jc.r = 3.7 Hz), 120.7 (C), 120.3 (d, C, %Jcr = 37.7 Hz),
115.8 (d, CH, 2Jcr = 22.0 Hz); 'F NMR (282 MHz, CDCls3) 6 -110.59 (s); HRMS (ESI)
m/z: 268.0761 [M+H]", CicH11FNO:" requires 268.0768.

(£)-4-(Naphthalen-2-ylmethylene)-3-phenylisoxazol-5(4H)-one (1m)
From SI6a (0.40 g, 2.48 mmol) and 2-naphthaldehyde (465 mg, 2.98

O o
N
N O mmol), 0.52 g (70%) of 1m were obtained. 'H NMR (300 MHz,
o )

CDCls) 6 8.81 (s, 1H, Ar), 8.46 (dd, J=8.7, 1.8 Hz, 1H, Ar), 7.96 (d,
J=28.2Hz, 1H, Ar), 7.92 (d, J= 8.7 Hz, 1H, Ar), 7.88 (d, J = 8.0 Hz, 1H, Ar), 7.76 (s,
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1H, CH=C), 7.68-7.51 (m, 7H, Ar); 3C NMR (75 MHz, CDCls) 6 168.4 (C, C=0), 164.3
(C, C=N), 152.8 (CH), 137.2 (CH), 135.9 (C), 132.9 (C), 131.2 (CH), 130.3 (C), 130.1
(CH), 129.8 (CH), 129.5 (CH), 129.0 (CH), 128.8 (CH), 128.7 (CH), 128.0 (CH), 127.6
(C), 127.2 (CH), 118.7 (C); HRMS (ESI) m/z: 300.1023 [M+H]", C20H14NO," requires
300.1019.

(Z)-3-Phenyl-4-(thiophen-2-ylmethylene)isoxazol-5(4H)-one (1n)!!!!
NCOn O From SI6a (0.60 g, 3.72 mmol) and thiophene-2-carbaldehyde (0.41 mL,
P \ \ f | 4.47 mmol), 0.68 g (71%) of 1n were obtained. Intense yellow solid; 'H
NMR (400 MHz, CDCl3) 0 8.06 (d, J = 3.8 Hz, 1H, Ar), 7.97 (dt, J= 5.0,
0.8 Hz, 1H, Ar), 7.78 (s, 1H, CH=C), 7.64—7.53 (m, 5H, Ar), 7.27 (dd, J = 5.2, 4.0 Hz,
1H, Ar); 3C NMR (101 MHz, CDCl3) 6 169.1 (C, C=0), 163.5 (C, C=N), 142.2 (CH),
141.6 (CH), 140.3 (CH), 136.8 (C), 131.1 (CH), 129.5 (CH), 129.0 (CH), 128.6 (CH),

127.7 (C), 113.59 (C).

(Z)-4-(Cyclopropylmethylene)-3-phenylisoxazol-5(4H)-one (10)!'?!

NOn 0 From SI6a (0.40 g, 2.48 mmol) and cyclopropane-carbaldehyde (0.22 mL,
PV\_CQ 2.98 mmol), 0.32 g (60%) of 1o were obtained. '"H NMR (400 MHz,
CDCl3) 6 7.55-7.46 (m, 5H, Ar), 6.50 (d, J=11.5 Hz, 1H, CH=C), 3.31 (dddd, J = 12.2,
11.5, 7.8, 4.4 Hz, 1H, “Pr), 1.49-1.42 (m, 2H, “Pr), 1.03-0.98 (m, 2H, °Pr); 3C NMR
(101 MHz, CDCl3) ¢ 170.1 (C, C=0), 166.2 (CH), 161.2 (C, C=N), 131.0 (CH), 129.3
(CH), 128.3 (CH), 127.5 (C), 118.8 (C), 14.9 (CH), 13.7 (CH>).

(Z)-4-Benzylidene-3-methylisoxazol-5(4H)-one (1p)!f!

N0 Combined product of precipitation and flash column chromatography of the
M E){Ph mother liquor (eluent gradient: Hexane:AcOEt 9.1, 8:2 and 6:4). From SI16b
(1.31 g, 13.2 mmol) and benzaldehyde (1.61 mL, 15.8 mmol), 1.04 (42%) of 1p were
obtained. "TH NMR (300 MHz, CDCls) 6 8.35 (d, J= 7.1 Hz, 2H, Ar), 7.63-7.47 (m, 3H,
Ar), 7.43 (s, 1H, CH=C), 2.30 (s, 3H, CH3); 13C NMR (75 MHz, CDCl3) § 168.0 (C,
C=0), 161.2 (C, C=N), 150.0 (CH), 134.1 (CH), 133.9 (CH), 132.4 (C), 129.2 (CH),
119.8 (C), 11.8 (CH3).
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(£)-4-Benzylidene-3-cyclopropylisoxazol-5(4H)-one (1q)
O 0  From Sl6c (0.44 g, 3.52 mmol) and benzaldehyde (0.43 mL, 4.2 mmol),
<2_<Ph 0.38 g (72%) of 1q were obtained. "TH NMR (300 MHz, CDCl3) 6 8.37 (d,
J=6.9 Hz, 2H, Ar), 7.70 (s, IH, CH=C), 7.63—7.46 (m, 3H, Ar), 1.84—-1.74
(m, 1H, °Pr), 1.13-1.04 (m, 4H, “Pr); 3C NMR (75 MHz, CDCl3) 6 164.4 (C, C=0),
165.3 (C, C=N), 149.9 (CH), 134.0 (CH), 133.9 (CH), 132.5 (C), 129.1 (CH), 120.0 (C),
6.6 (CH), 6.2 (CHz); HRMS (ESI) m/z: 236.0691 [M+Na]", Ci3H;1NaNO;" requires
236.0682.

4. Synthesis and characterization data for products 3

Enantioselective procedure

Methyl isocyanoacetate (2a, 30 pL, 0.33 mmol) was added to a solution of 4-
arylideneisoxazol-5-one (1, 0.25 mmol), organocatalyst SQ11 (11.9 mg, 0.025 mmol)
and silver oxide (2.9 mg, 0.0125 mmol) in dichloromethane (19.2 mL), protected from
light.!'3 The reaction was stirred until complete consumption of compound 1 (TLC, ca.
12 h). The product 3 was obtained as a two diastereomer mixture after purification by

flash chromatography, eluting with hexane:EtOAc mixtures.

Non-enantioselective procedure

A similar procedure was followed using 4-alkylideneisoxazol-5-one (1, 0.1 mmol), silver
oxide (1.2 mg, 0.005 mmol) and methyl isocyanoacetate (2a, 12 pL, 0.13 mmol) in
dichloromethane (1.0 mL) in the absence of SQ11. The reaction was stirred for 12 h and
the product 3 was purified via flash chromatography, eluting with hexane:EtOAc

mixtures.

Methyl (55,8R,9R)-1-0x0-4,9-diphenyl-2-0xa-3,7-diazaspiro[4.4]nona-3,6-diene-8-
carboxylate (3aa)
NO0 39.9 mg (76%) of 3aa were obtained from 1a (62.3 mg, 0.25 mmol).
Ph)\,?q Enantiomeric excess (major diastereomer: 89%, minor diastereomer: 98%)
™ ome Was measured by HPLC (CHIRALPAK® IC), hexane:PrOH 85:15, 1.0
mL min"!, major diastereomer: major enantiomer: #-= 18.6 min, minor enantiomer: ¢, =
23.5 min, minor diastereomer: major enantiomer: #- = 28.6 min, minor enantiomer: - =

32.4 min.
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Orange oil; [a]p®® —27.4 (c 1.0, CHCI;, for the diastereomeric mixture, dr 65:35);
major 3aa: '"H NMR (300 MHz, CDCls) 6 7.81-7.72 (m, 3H, Ar+CH=N), 7.66-7.51 (m,
3H, Ar), 7.34-7.23 (m, 3H, Ar), 7.12-7.04 (m, 2H, Ar), 5.57 (dd, J = 10.3, 3.0 Hz, 1H,
CHN), 4.43 (d, J = 10.3 Hz, 1H, CHPh), 3.37 (s, 3H); 3C NMR (75 MHz, CDCls) ¢
172.4 (C, C=0), 170.5 (C, C=0), 163.5 (C, C=N), 160.3 (CH, CH=N), 132.7 (CH), 131.1
(C), 129.9 (CH), 129.2 (CH), 129.1 (CH), 128.2 (CH), 127.3 (CH), 126.3 (C), 76.2 (CH),
71.7 (C), 55.7 (CH), 53.1 (CH3); minor 3aa': '"H NMR (300 MHz, CDCl;), significative
signals taken from the NMR spectrum of the diastereomeric mixture, 0 7.76 (d, J = 2.9
Hz, 1H, CH=N), 7.48-7.38 (m, 2H, Ar), 7.21-7.13 (m, 2H, Ar), 7.04—6.97 (m, 3H, Ar),
6.77-6.68 (m, 3H, Ar), 5.20 (dd, J = 10.0, 3.1 Hz, 1H, CHN), 4.53 (d, /= 10.0 Hz, 1H,
CHPh), 3.79 (s, 3H); *C NMR (75 MHz, CDCl3) 6 176.3 (C, C=0), 169.5 (C, C=0),
163.0 (C, C=N), 159.4 (CH, CH=N), 131.9 (CH), 131.5 (C), 129.2 (CH), 128.8 (CH),
128.5 (CH), 128.5 (CH), 127.4 (CH), 126.8 (C), 77.0 (CH), 71.5 (C), 56.4 (CH), 53.2
(CH3); HRMS (ESI) m/z: 367.1291 [M+H30]", C20H19N20s" requires 367.1288.

Methyl  (55,8R,9R)-1-0x0-4-phenyl-9-(p-tolyl)-2-oxa-3,7-diazaspiro[4.4]nona-3,6-
diene-8-carboxylate (3ba)

N 78.6 mg (87%) of 3ba were obtained from 1b (65.8 mg, 0.25 mmol).
P")L;C\(’Z Enantiomeric excess (major diastereomer: 85%, minor diastereomer:
Q OMe  99%) was measured by HPLC (CHIRALPAK® IC), hexane: PrOH
Me

20.8 min, minor enantiomer: - = 22.4 min, minor diastereomer: major enantiomer: ¢, =

85:15, 1.0 mL min’!, major diastereomer: major enantiomer: ¢ =

30.4 min, minor enantiomer: ¢ = 34.1 min.

Orange oil; [a]p?® +2.4 (¢ 1.1, CHCls, for the diastereomeric mixture, dr 68:32); major
3ba: 'H NMR (300 MHz, CDCl3) 6 7.79-7.72 (m, 3H, Ar+C=N), 7.65-7.50 (m, 3H, Ar),
7.10 (d, J= 8.0 Hz, 2H, Ar), 6.98 (d, /= 8.1 Hz, 2H, Ar), 5.54 (dd, J=10.3, 3.0 Hz, 1H.
CHN), 4.40 (d, J = 10.3 Hz, 1H, CHAr), 3.77 (s, 3H, MeO), 2.29 (s, 3H, MeAr); 3C
NMR (75 MHz, CDCls) 6 172.5 (C, C=0), 170.6 (C, C=0), 163.5 (C, C=N), 160.4 (CH,
CH=N), 139.0 (C), 132.7 (CH), 129.9 (CH), 129.9 (CH), 128.1 (CH), 127.9 (C), 127.3
(CH), 126.4 (C), 76.3 (CH), 71.8 (C), 55.6 (CH), 53.1 (CH3), 21.2 (CH3); minor 3ba':
TH NMR (300 MHz, CDCl3), significative signals taken from the NMR spectrum of the
diastereomeric mixture, 0 7.77 (d, J = 3.0 Hz, 1H, CH=N), 7.49—-7.40 (m, 3H, Ar), 7.30
(d, J= 8.0 Hz, 2H, Ar), 6.88 (d, /= 7.9 Hz, 2H, Ar), 6.81 (d, J = 8.0 Hz, 2H, Ar), 5.16
(dd, J=10.1, 3.1 Hz, 1H, CHN), 4.48 (d, J=10.1 Hz, 1H, CHAr), 3.78 (s, 3H, MeO),
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2.24 (s, 3H, MeAr); ¥C NMR (75 MHz, CDCL) 6 176.3 (C, C=0), 169.5 (C, C=0),
163.0 (C, C=N), 159.5 (CH, CH=N), 138.4 (C), 131.8 (CH), 129.4 (CH), 129.1 (CH),
128.6 (C), 128.3 (C), 127.4 (CH), 126.9 (CH), 77.4 (CH), 71.5 (C), 56.5 (CH), 53.1 (CH),
21.1 (CHs); HRMS (ESI) m/z: 381.1449 [M+H;0]", C21H21N2Os" requires 381.1445.

Methyl (55.,8R,9R)-9-(4-methoxyphenyl)-1-oxo0-4-phenyl-2-oxa-3,7-diazaspiro[4.4]-
nona-3,6-diene-8-carboxylate (3ca)

NN 46.2 mg (49%) of 3ca were obtained from 1¢ (69.8 mg, 0.25 mmol).
b ')’C\{Z Enantiomeric excess (major diastereomer: 85%, minor diastereomer:
Q O,Me n.d.) was measured by HPLC (CHIRALPAK® IC), hexane:'PrOH
MeO 85:15, 1.0 mL min’', major diastereomer: major enantiomer: #. =
26.3 min, minor enantiomer: ¢, = 28.4 min.

Orange oil; [a]p*® —56.6 (c 1.0, CHCls, for the diastereomeric mixture, dr 91:9); major
3ca: 'TH NMR (300 MHz, CDCl3) 6 7.80-7.72 (m, 3H, Ar+CH=N), 7.65-7.51 (m, 3H,
Ar), 7.02 (d, J=8.7 Hz, 2H, Ar), 6.82 (d, J= 8.8 Hz, 2H, Ar), 5.50 (dd, /= 10.4, 2.9 Hz,
1H, CHN), 4.39 (d, J = 10.3 Hz, 1H, CHAr), 3.78 (s, 3H, MeO), 3.77 (s, 3H, MeO); 13C
NMR (75 MHz, CDCl3) 0 172.5 (C, C=0), 170.6 (C, C=0), 163.5 (C, C=N), 160.4 (CH,
CH=N), 160.1 (C), 132.7 (CH), 129.9 (CH), 129.5 (CH), 127.3 (CH), 126.4 (C), 122.6
(C), 114.6 (CH), 76.4 (CH), 71.8 (C), 55.6 (CH), 55.3 (CH3), 53.1 (CH3); minor 3ca': 'H
NMR (300 MHz, CDCls), significative signals taken from the NMR spectrum of the
diastereomeric mixture, 0 7.50-7.41 (m, 2H, Ar), 7.34-7.28 (m, 3H, Ar), 7.08 (d, J=7.2
Hz, 2H, Ar), 6.63 (d, J= 7.2 Hz, 2H, Ar), 5.13 (dd, J=10.1, 3.1 Hz, IH, CHN), 4.47 (d,
J =10.1 Hz, 1H, CHAr), 3.79 (s, 3H, MeO), 3.72 (s, 3H, MeO); HRMS (ESI) m/z:
397.1399 [M+H30]", C21H21N2O¢ " requires 397.1394.

Methyl (55,8R,9R)-9-(4-bromophenyl)-1-oxo-4-phenyl-2-oxa-3,7-diazaspiro[4.4]-
nona-3,6-diene-8-carboxylate (3da)

o 56.0 mg (52%) of 3da were obtained from 1d (82.0 mg, 0.25 mmol).
"\ \é\ N Enantiomeric excess (major diastereomer: 47%, minor diastereomer:
’)—“C%one n.d) was measured by HPLC (CHIRALPAK® IC), hexane: PrOH

P

BrQ 85:15, 1.0 mL min’', major diastereomer: major enantiomer: ¢, =
16.1 min, minor enantiomer: ¢, = 19.2 min.
Orange oil; [a]p*® —18.8 (c 1.0, CHCls, for the diastereomeric mixture, dr 94:6); major

3da: "TH NMR (400 MHz, CDCls) 6 7.77-7.72 (m, 3H, Ar+CH=N), 7.65-7.53 (m, 3H,
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Ar), 7.43 (d, J = 8.5 Hz, 2H), 6.97(d, J = 8.3 Hz, 2H), 5.50 (dd, J = 10.3, 3.0 Hz, 1H,
CHN), 4.36 (d,J=10.3 Hz, 1H, CHAr), 3.79 (s, 3H, MeO); 13C NMR (101 MHz, CDCl3)
0 172.3 (C, C=0), 170.3 (C, C=0), 163.3 (C, C=N), 160.2 (CH, CH=N), 132.9 (CH),
132.5 (CH), 130.1 (CH), 130.0 (C), 130.0 (CH), 127.3 (CH), 126.2 (C), 123.5 (C), 76.4
(CH), 71.6 (C), 55.2 (CH), 53.2 (CH3); minor 3da": '"H NMR (400 MHz, CDCl),
significative signals taken from the NMR spectrum of the diastereomeric mixture, J 5.15
(dd, J=10.0, 3.1 Hz, 1H, CHN), 4.44 (d, J = 10.0 Hz, 1H, CHAr), 3.80 (s, 3H, MeO);
HRMS (ESI) m/z: 445.0384, 447.0367 [M+H30]", C20H1sBrN2Os" requires 445.0394,
447.0373.

Methyl  (55,8R,9R)-9-(4-chlorophenyl)-1-oxo0-4-phenyl-2-oxa-3,7-diazaspiro[4.4]-
nona-3,6-diene-8-carboxylate (3ea)

N0 70.6 mg (74%) of 3ea were obtained from 1e (70.9 mg, 0.25 mmol).
Pr)—ﬁi‘; Enantiomeric excess (major diastereomer: 81%, minor diastereomer:
Q OMe  989%) was measured by HPLC (CHIRALPAK® IC), hexane:PrOH
cl 85:15, 1.0 mL min’!, major diastereomer: major enantiomer: ¢, =
14.8 min, minor enantiomer: #-= 17.1 min, minor diastereomer: major enantiomer: ¢, =
25.5 min, minor enantiomer: ¢, = 27.7 min.

Orange oil; [a]p? +2.1 (¢ 1.0, CHCls, for the diastereomeric mixture, dr 72:28); major
3ca: 'TH NMR (300 MHz, CDCl3) 6 7.78-7.71 (m, 3H, Ar+CH=N), 7.62-7.52 (m, 3H,
Ar), 7.28 (d, J=8.6 Hz, 2H, Ar), 7.03 (d, J= 8.5 Hz, 2H, Ar), 5.50 (dd, /= 10.2, 3.0 Hz,
1H, CHN), 4.38 (d, J = 10.3 Hz, 1H, CHAr), 3.79 (s, 3H, MeO); 3C NMR (75 MHz,
CDCl3) 0 172.3 (C, C=0), 170.3 (C, C=0), 163.3 (C, C=N), 160.2 (CH, CH=N), 135.3
(C), 132.9 (CH), 130.0 (CH), 129.7 (CH), 129.6 (C), 129.5 (CH), 127.3 (CH), 126.2 (C),
76.4 (CH), 71.6 (C), 55.1 (CH), 53.2 (CHs); minor 3ca': 'TH NMR (300 MHz, CDCl),
significative signals taken from the NMR spectrum of the diastereomeric mixture, J 7.73
(d,/=8.0Hz, 2H, Ar), 6.66 (d,J=8.3 Hz, 2H, Ar), 5.15 (dd, /= 10.3, 3.1 Hz, 1H, CHN),
4.46 (d, J=10.0 Hz, 1H, CHAr), 3.80 (s, 3H, MeO); *C NMR (75 MHz, CDCl3) § 176.1
(C, C=0), 169.3 (C, C=0), 162.7 (C, C=N), 159.4 (CH, CH=N), 134.6 (C), 132.1 (CH),
130.1 (C), 129.4 (CH), 129.0 (CH), 128.9 (CH), 128.4 (C), 126.8 (CH), 77.4 (CH), 71.3
(C), 55.9 (CH), 53.3 (CH3); HRMS (ESI) m/z: 401.0890 [M+H30]", C20Hi3CIN2Os"
requires 401.0899.
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Methyl (55,8R,9R)-9-(4-fluorophenyl)-1-oxo0-4-phenyl-2-oxa-3,7-diazaspiro[4.4]-
nona-3,6-diene-8-carboxylate (3fa)

68.1 mg (74%) of 3fa were obtained from 1f (66.8 mg, 0.25 mmol).
m Enantiomeric excess (major diastereomer: 84%, minor diastereomer:
P

Q' coMe 98%) was measured by HPLC (CHIRALPAK® IC), hexane:'PrOH

N~ =0

. 85:15, 1.0 mL min’!, major diastereomer: major enantiomer: ¢, =

16.2 min, minor enantiomer: ¢- = 18.9 min, minor diastereomer: major enantiomer: ¢, =
28.4 min, minor enantiomer: ¢, = 31.2 min.

Orange oil; [a]p® —25.4 (c 1.0, CHCIs, for the diastereomeric mixture, dr 72:28);
major 3fa: 'H NMR (300 MHz, CDCl3) 6 7.77 (d. J = 3.0 Hz, 1H, CH=N), 7.76-7.70
(m, 2H, Ar), 7.65-7.50 (m, 3H, Ar), 7.11-7.03 (m, 2H, Ar), 6.98 (t, J = 8.6 Hz, 2H, Ar),
5.50 (dd, J = 10.3, 3.0 Hz, 1H, CHN), 4.39 (d, J = 10.4 Hz, 1H, CHAr), 3.78 (s, 3H,
MeO); 13C NMR (75 MHz, CDCl3) § 172.4 (C, C=0), 170.3 (C, C=0), 163.4 (C, C=N),
163.0 (d, 'Jc.r=247.5 Hz, C), 160.3 (CH, CH=N), 132.8 (CH), 130.1 (d, *Jc.r= 8.3 Hz,
CH), 130.0 (CH), 128.5 (C), 127.3 (CH), 126.2 (C), 116.3 (d, 2Jc.r=21.7 Hz, CH), 76.5
(CH), 71.7 (C), 55.1 (CH), 53.2 (CH3); 'F NMR (282 MHz, CDCl3) 6 —112.19 (it, J =
8.4, 5.2 Hz), minor 3fa': "TH NMR (300 MHz, CDCls), significative signals taken from
the NMR spectrum of the diastereomeric mixture, 6 7.50-7.42 (m, 2H, Ar), 7.35-7.27
(m, 3H, Ar), 6.78 (t, J = 8.6 Hz, 2H, Ar), 6.73—-6.66 (m, 2H, Ar), 5.15 (dd, J = 10.0;3.1
Hz, 1H, CHN), 4.47 (d, J=10.0 Hz, 1H, CHAr), 3.79 (s, 3H, MeO), 3C NMR (75 MHz,
CDCls) 6 176.1 (C, C=0), 169.4 (C, C=0), 162.8 (C, C=N), 162.5 (d, 'Jcr= 246.8 Hz,
C), 159.5 (CH, CH—N), 132.1 (CH), 129.3 (CH), 129.3 (d, *Jc.r= 8.3 Hz, CH), 127.3
(C), 126.8 (C), 126.8 (CH), 115.8 (d, %Jc.r= 21.7 Hz, CH), 77.4 (CH), 71.3 (C), 55.9
(CH), 53.2 (CH3); ’F NMR (282 MHz, CDCl3) 6 —112.78 (tt, J = 8.2, 5.2 Hz); ); HRMS
(ESI) m/z: 385.1188 [M+H30]", C20H18FN20s" requires 385.1194.

Methyl (55,8R,9R)-1-0x0-4-phenyl-9-(m-tolyl)-2-o0xa-3,7-diazaspiro[4.4]nona-3,6-
diene-8-carboxylate (3ga)

o o 70.2 mg (77%) of 3ga were obtained from 1g (65.8 mg, 0.25 mmol).
N =
m Enantiomeric excess (major diastereomer: 85%, minor diastereomer:
P B

" %ome 98%) was measured by HPLC (CHIRALPAK® IC), hexane:PrOH
85:15, 1.0 mL min’!, major diastereomer: major enantiomer: ¢ = 16.7

e
min, minor enantiomer: ¢ = 20.5 min, minor diastereomer: major

enantiomer: ¢- = 29.0 min, minor enantiomer: ¢, = 32.4 min.
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Orange oil; [a]p® —21.9 (c 1.2, CHCI;, for the diastereomeric mixture, dr 70:30);
major 3ga: '"H NMR (300 MHz, CDCI3) 6 7.80-7.73 (m, 3H, Ar+CH=N), 7.66—7.52 (m,
3H, Ar), 7.22-7.07 (m, 2H, Ar), 6.92—6.85 (m, 2H, Ar), 5.55 (dd, J=10.3, 3.0 Hz, 1H,
CHN), 4.40 (d, J = 10.3 Hz, 1H, CHAr), 3.78 (s, 3H, MeO), 2.29 (s, 3H, MeAr); 13C
NMR (75 MHz, CDCl3) 0 172.4 (C, C=0), 170.5 (C, C=0), 163.5 (C, C=N), 160.3 (CH,
CH=N), 138.9 (C), 132.7 (CH), 130.9 (C), 129.9 (CH), 129.1 (CH), 128.9 (CH), 128.2
(CH), 127.3 (CH), 126.4 (C), 125.3 (CH), 76.3 (CH), 71.8 (C), 55.7 (CH), 53.1 (CH3),
21.5 (CH3); minor 3ga': "TH NMR (300 MHz, CDCl3), significative signals taken from
the NMR spectrum of the diastereomeric mixture, 0 7.50-7.40 (m, 2H, Ar), 7.34-7.27
(m, 3H, Ar), 7.06-7.01 (m, 2H, Ar), 7.00-6.96 (m, 2H, Ar), 5.18 (dd, J = 10.0, 3.1 Hz),
1H, CHN), 4.48 (d, J=10.0 Hz, 1H, CHAr), 3.79 (s, 3H, MeO), 2.09 (s, 3H, MeAr); 13C
NMR (75 MHz, CDCl3) 0 176.3 (C, C=0), 169.5 (C, C=0), 163.0 (C, C=N), 159.4 (CH,
CH=N), 138.5 (C), 131.8 (CH), 131.2 (C), 129.9 (CH), 129.3 (CH), 129.1 (CH), 128.7
(CH), 128.7 (C), 126.9 (CH), 124.8 (CH), 77.1 (CH), 71.5 (C), 56.6 (CH), 53.2 (CH3),
21.3 (CHs); HRMS (ESI) m/z: 381.1439 [M+H30]", C21H21N20Os " requires 381.1445.

Methyl (55,8R,9R)-9-(3-methoxyphenyl)-1-o0x0-4-phenyl-2-o0xa-3,7-diazaspiro[4.4]-
nona-3,6-diene-8-carboxylate (3ha)
OO 71.9 mg (76%) of 3ha were obtained from 1h (69.8 mg, 0.25 mmol).
Pm Enantiomeric excess (major diastereomer: 80%, minor diastereomer:
\ O,Me  98%) was measured by HPLC (Lux® Amylose-1), hexane:'PrOH 80:20,
QME 1.0 mL min’!, major diastereomer: major enantiomer: - = 18.2 min,
minor enantiomer: - = 34.5 min, minor diastereomer: major enantiomer: #- = 22.6 min,
minor enantiomer: ¢, = 26.4 min.

Orange oil; [a]p® —11.7 (¢ 1.1, CHCIs, for the diastereomeric mixture, dr 67:33);
major 3ha: '"H NMR (300 MHz, CDCl3) 6 7.80-7.73 (m, 2H, Ar), 7.76 (d, J = 3.0 Hz,
1H, CH=N), 7.66—-7.52 (m, 3H, Ar), 7.21 (t,J = 8.0 Hz, 1H, Ar), 6.83 (ddd, /= 8.3, 2.5,
0.9 Hz, 1H, Ar), 6.67 (dt, J=7.8, 0.9 Hz, 1H, Ar), 6.61 (t,J=2.2 Hz, 1H, Ar), 5.54 (dd,
J=10.3, 3.0 Hz, 1H, CHN), 4.40 (d, J = 10.3 Hz, 1H, CHAr), 3.78 (s, 3H, MeO), 3.74
(s, 3H, MeO); 13C NMR (101 MHz, CDCl3) 6 172.4 (C, C=0), 170.5 (C, C=0), 163.6
(C, C=N), 160.3 (CH, CH=N), 159.9 (CH), 132.7 (CH), 132.6 (C), 129.9 (CH), 129.4
(C), 127.3 (CH), 126.4 (C), 120.3 (CH), 114.3 (CH), 114.1 (CH), 76.3 (CH), 71.7 (C),
55.6 (CH), 55.3 (CH3), 53.1 (CHs); minor 3ha': 'H NMR (400 MHz, CDCl;),

significative signals taken from the NMR spectrum of the diastereomeric mixture, 0 7.50—
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7.33 (m, 3H, Ar), 7.33-7.26 (m, 2H, Ar), 7.07-7.03 (m, 1H, Ar), 7.00 (t, J = 8.0 Hz, 1H,
Ar), 6.78 (dd, J = 7.4, 1.7 Hz, 1H, Ar), 6.70 (dd, J = 8.3, 2.5 Hz, 1H, Ar), 5.17 (dd, J =
9.9, 3.1 Hz, 1H, CHN), 4.50 (d, /= 10.0 Hz, 1H, CHAr), 3.79 (s, 3H, MeO), 3.58 (s, 3H,
MeO); 3C NMR (101 MHz, CDCls) 6 176.3 (C, C=0), 169.5 (C, C=0), 162.9 (C, C=N),
159.7 (CH), 159.4 (CH, CH=N), 132.9 (C), 131.8 (CH), 130.3 (CH), 129.2 (CH), 128.6
(C), 128.0 (C), 126.8 (CH), 119.8 (CH), 112.9 (CH), 77.1 (CH), 71.5 (C), 56.4 (CH), 55.2
(CHz), 53.2 (CHz); HRMS (ESI) m/z: 397.1390 [M+H;0]", C2iHaiN206" requires
397.1394.

Methyl (55,8R,9R)-9-(3-bromophenyl)-1-oxo-4-phenyl-2-oxa-3,7-diazaspiro[4.4]-

nona-3,6-diene-8-carboxylate (3ia)

N0 81.5 mg (76%) of 3ia were obtained from 1i (82.0 mg, 0.25 mmol).
p . N Enantiomeric excess (major diastereomer: 78%, minor diastereomer:

| oMe 99%) was measured by HPLC (Lux® i-Amylose-1), hexane:PrOH
Q 85:15, 1.0 mL min’!, major diastereomer: major enantiomer: #- = 15.1

min, minor enantiomer: ¢- = 18.4 min, minor diastereomer: major enantiomer: ¢ = 40.5
min, minor enantiomer: - = 48.2 min.

Orange oil; [a]p?® —11.3 (¢ 1.0, CHCls, for the diastereomeric mixture, dr 67:33);
major 3ia: "H NMR (300 MHz, CDCl3) § 7.79-7.71 (m, 3H, Ar+CH=N), 7.67-7.52 (m,
3H, Ar), 7.45 (ddd, /= 8.0, 1.8, 1.0 Hz, 1H, Ar), 7.21 (t,J= 1.6 Hz, 1H, Ar), 7.19 (t, J =
7.9 Hz, 1H, Ar), 7.05 (d, J = 7.8 Hz, 1H), 5.51 (dd, J = 10.2, 3.0, 1H, CHN), 4.37 (d, J
=10.2 Hz, 1H, CHAr), 3.79 (s, 3H, MeO); 3C NMR (75 MHz, CDCl3) 6 172.2 (C, C=0),
170.2 (C, C=0), 163.3 (CH, CH=N), 160.1 (CH, CH=N), 133.5 (C), 132.9 (CH), 132.4
(CH), 131.4 (CH), 130.7 (CH), 130.0 (CH), 127.3 (CH), 126.7 (CH), 126.1 (C), 123.2
(C), 76.4 (CH), 71.6 (C), 54.9 (CH), 53.3 (CH3); minor 3ia': '"H NMR (300 MHz,
CDCl), significative signals taken from the NMR spectrum of the diastereomeric
mixture, 0 7.76 (d, J = 3.1 Hz, 1H, CH=N), 7.52-7.46 (m, 2H, Ar), 7.38-7.28 (m, 3H,
Ar), 7.00 (d, J = 7.8 Hz, 1H, Ar), 6.78-6.70 (m, 2H, Ar), 5.14 (dd, J=9.9, 3.1 Hz, 1H,
CHN), 4.45 (d, J = 9.9 Hz, 1H, CHAr), 3.80 (s, OMe); 3C NMR (75 MHz, CDCls) ¢
175.9 (C, C=0), 169.2 (C, C=0), 162.7 (CH, CH=N), 159.2 (CH, CH=N), 133.8 (C),
132.2 (CH), 131.8 (CH), 130.5 (CH), 130.4 (CH), 129.5 (CH), 128.4 (C), 126.9 (CH),
126.8 (CH), 122.9 (C), 77.2 (CH), 71.3 (C), 55.9 (CH), 53.3 (CH3); HRMS (ESI) m/z:
445.0382, 447.0366 [M+H30]", C20H13BrN2Os " requires 445.0394, 447.0373.
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Methyl  (55,8R,9R)-1-0x0-4-phenyl-9-(o-tolyl)-2-0xa-3,7-diazaspiro[4.4]nona-3,6-
diene-8-carboxylate (3ja)

00 76.6 mg (85%) of 3ja were obtained from 1j (65.8 mg, 0.25 mmol).
o LA Enantiomeric excess (major diastereomer: 85%, minor diastereomer:
@\ co,Me 98%) was measured by HPLC (CHIRALPAK® IC), hexane:PrOH

Me

85:15, 1.0 mL min’!, major diastereomer: major enantiomer: ¢ = 14.5
min, minor enantiomer: - = 21.2 min, minor diastereomer: major enantiomer: ¢ = 31.0
min, minor enantiomer: - = 40.3 min.

Orange oil; [a]p?® +7.1 (¢ 0.9, CHCls, for the diastereomeric mixture, dr 70:30); major
3ja: '"H NMR (400 MHz, CDCl3) 6 7.81-7.76 (m, 2H, Ar), 7.70 (d, 3.0 Hz, 1H, CH=N),
7.57-7.48 (m, 3H, Ar), 7.23-7.17 (m, 2H, Ar), 7.10-7.04 (m, 2H, Ar), 5.47 (dd, J=9.7,
3.0 Hz, 1H, CHN), 4.86 (d, J = 9.8 Hz, 1H, CHAr), 3.76 (s, 3H, MeO), 1.81 (s, 3H,
MeAr); BC NMR (101 MHz, CDCl3) 6§ 172.6 (C, C=0), 170.5 (C, C=0), 163.3 (C, C=N),
160.2 (CH, CH=N), 137.9 (C), 132.7 (CH), 131.0 (CH), 129.8 (CH), 129.6 (C), 128.8
(CH), 128.4 (CH), 127.0 (CH), 126.8 (C), 126.7 (CH), 79.7 (CH), 71.3 (C), 53.1 (CH),
50.9 (CH3), 19.7 (CH3); minor 3ja': 'TH NMR (400 MHz, CDCls), significative signals
taken from the NMR spectrum of the diastereomeric mixture, 0 7.71 (d, J = 3.0 Hz, 1H,
CH=N), 5.36 (dd, J = 8.6, 3.0 Hz, 1H, CHN), 4.79 (d, J = 8.7 Hz, 1H, CHAr), 3.79 (s,
3H, MeO), 2.27 (s, 3H, MeAr); 3C NMR (101 MHz, CDCl3) § 176.4 (C, C=0), 169.6
(C,C=0), 163.3 (C, C=N), 158.9 (CH, CH=N), 137.7 (C), 131.8 (CH), 131.2 (CH), 130.0
(C), 129.1 (CH), 129.1 (C), 128.2 (CH), 127.5 (CH), 126.8 (CH), 125.4 (CH), 80.0 (CH),
70.1 (C), 53.2 (CH), 52.7 (CH3), 20.0 (CHs); HRMS (ESI) m/z: 381.1440 [M+H30]",
C21H21N20s" requires 381.1445.

Methyl (55,8R,9R)-9-(2-methoxyphenyl)-1-0x0-4-phenyl-2-o0xa-3,7-diazaspiro[4.4]-

nona-3,6-diene-8-carboxylate (3ka)

OO 90.1 mg (95%) of 3ka were obtained from 1k (69.8 mg, 0.25 mmol).
b — N Enantiomeric excess (major diastereomer: 87%, minor diastereomer:
©\ CO,Me 98%) was measured by HPLC (CHIRALPAK® IC), hexane:PrOH

OMe

85:15, 1.0 mL min™!, major diastereomer: major enantiomer: ¢, = 26.8

min, minor enantiomer: ¢- = 35.6 min, minor diastereomer: major enantiomer: ¢ = 50.1
min, minor enantiomer: - = 55.1 min.

Orange oil; [a]p® +20.2 (¢ 1.0, CHCIs, for the diastereomeric mixture, dr 52:48);

major 3ka: "H NMR (300 MHz, CDCls) 6 7.81 (dd, J = 8.0, 1.7 Hz, 2H, Ar), 7.68 (d, J
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=3.2 Hz, 1H, CH=N), 7.42 (d, /= 7.9 Hz, 1H, Ar), 7.25 (d, J= 8.4 Hz, 1H, Ar), 7.15 (t,
J=7.8Hz, 1H, Ar), 6.96 (td, /= 7.6, 0.9 Hz, 1H, Ar), 6.90-6.83 (m, 2H, Ar), 5.36 (dd,
J=9.8,3.1 Hz, 1H, CHN), 4.90 (d, /= 10.3 Hz, 1H, CHAr), 3.78 (s, 3H, MeO), 3.34 (s,
3H, MeO); B3C NMR (75 MHz, CDCl3) 6 176.0 (C, C=0), 169.8 (C, C=0), 164.1 (C,
C=N), 159.8 (CH, CH=N), 157.0 (C), 132.1 (CH), 129.4 (CH), 129.2 (CH), 128.2 (CH),
127.5 (C), 126.2 (CH), 121.2 (C), 120.8 (CH), 110.3 (CH), 76.6 (CH), 70.9 (C), 54.4
(CH), 53.1 (CH3), 50.0 (CH3); minor 3ka': "TH NMR (300 MHz, CDCls), significative
signals taken from the NMR spectrum of the diastereomeric mixture, 0 7.66 (d, J = 3.0
Hz, 1H, CH=N), 7.56-7.51 (m, 2H, Ar), 7.31 (t,J= 7.5 Hz, 2H, Ar), 7.08 (d, /= 7.8 Hz,
1H, Ar), 6.76 (d, J= 7.8 Hz, 1H, Ar), 6.74 (d, J = 8.4 Hz, 1H, Ar), 6.62 (d, J= 7.7 Hz,
1H, Ar), 6.48 (td,J=17.5, 0.2 Hz, 1H, Ar), 5.64 (dd, /= 10.2, 3.0 Hz, 1H, CHN), 4.50 (d,
J =9.8 Hz, 1H, CHAr), 3.79 (s, 3H, MeO), 3.76 (s, 3H, MeO); 3C NMR (75 MHz,
CDCl3) 6 172.3 (C, C=0), 170.8 (C, C=0), 163.1 (C, C=N), 160.8 (CH, CH=N), 157.4
(C), 131.2(CH), 130.0 (CH), 128.9 (CH), 128.6 (C), 126.8 (CH), 126.6 (CH), 120.2 (CH),
120.0 (C), 109.7 (CH), 76.1 (CH), 70.6 (C), 54.4 (CH), 53.0 (CHz3), 49.0 (CH3); HRMS
(ESI) m/z: 397.1389 [M+H30]", C21H21N206" requires 397.1394.

Methyl  (55.8R,9R)-9-(2-fluorophenyl)-1-oxo0-4-phenyl-2-oxa-3,7-diazaspiro[4.4]-
nona-3,6-diene-8-carboxylate (3la)
79.6 mg (87%) of 3la were obtained from 11 (66.8 mg, 0.25 mmol).
LS\ Enantiomeric excess (major diastereomer: 90%, minor diastereomer:
mo ve 26%) was measured by HPLC (CHIRALPAK® IC), hexane:PrOH
©\F 85:15, 1.0 mL min’!, major diastereomer: major enantiomer: ¢ = 16.2
min, minor enantiomer: #- = 21.9 min, minor diastereomer: major enantiomer: ¢, = 41.4
min, minor enantiomer: - = 49.4 min.

Orange oil; [a]p? +9.5 (¢ 1.1, CHCIs, for the diastereomeric mixture, dr 57:43); major
3la: '"H NMR (300 MHz, CDCl3) 6 7.79-7.71 (m, 3H, Ar+CH=N), 7.63-7.50 (m, 3H,
Ar), 7.45 (td, J = 7.6, 1.6 Hz, 1H, Ar), 7.35-7.27 (m, 1H, Ar), 7.23-7.13 (m, 1H, Ar),
7.03-6.93 (m, 1H, Ar), 5.61 (dd, J=10.2, 3.0 Hz, 1H, CHN), 4.75 (d, /= 10.2 Hz, 1H,
CHAr), 3.79 (s, 3H, MeO); 13C NMR (75 MHz, CDCl3) 6 172.3 (C, C=0), 170.2 (C,
C=0), 163.8 (C, C=N), 161.4 (d, 'Jc.r = 247.6 Hz, C), 160.3 (CH, CH=N), 132.5 (CH),
130.8 (d, *Jcr = 8.4 Hz, CH), 129.7 (CH), 129.1 (d, *Jcr = 3.0 Hz, CH), 127.2 (CH),
126.7 (C), 124.8 (d, *Jcr = 3.8 Hz, CH), 118.7 (d, 2Jcr = 14.4 Hz, C), 115.8 (d, 2Jcr =
22.1 Hz, CH), 76.4 (CH), 71.1 (C), 53.2 (CH3), 48.0 (CH); minor 3la': 'H NMR (300
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MHz, CDCl3), significative signals taken from the NMR spectrum of the diastereomeric
mixture, 6 7.72 (d, /= 3.2 Hz, 1H, CH=N), 7.37 (td, J= 7.5, 1.2 Hz, 1H, Ar), 7.25-7.09
(m, 3H, Ar), 7.03-6.93 (m, 3H, Ar), 6.68 (td, J=7.6, 1.1, 1H, Ar), 6.62 (td, J="7.1, 1.6,
1H, Ar), 5.37 (dd, J = 9.6, 3.1 Hz, 1H, CHN), 4.61 (d, J = 9.7 Hz, 1H, CHAr), 3.81 (s,
3H, MeO); BC NMR (75 MHz, CDCl3) 6 175.7 (C, C=0), 169.3 (C, C=0), 162.4 (C,
C=N), 161.0 (d, 'Jcr = 245.7 Hz, C), 159.5 (CH, CH=N), 131.7 (CH), 130.1 (d, *Jcr =
8.7 Hz, CH), 129.1 (CH), 128.4 (C), 127.7 (d, 'Jc.r = 3.6 Hz, CH), 126.4 (CH), 124.0 (d,
3Jcr = 3.5 Hz, CH), 119.8 (d, 2Jc.r = 15.5 Hz, C), 115.6 (d, 2Jcr = 21.8 Hz, CH), 76.9
(CH), 70.4 (C), 53.3 (CH3), 49.1 (CH); HRMS (ESI) m/z: 385.1188 [M+H30]",
C20H1sFN2Os" requires 385.1194.

Methyl (55,8R,9R)-9-(naphthalen-2-yl)-1-ox0-4-phenyl-2-o0xa-3,7-diazaspiro[4.4]-
nona-3,6-diene-8-carboxylate (3ma)

OO 56.0 mg (56%) of 3ma were obtained from 1m (74.8 mg, 0.25

o m mmol). Enantiomeric excess (major diastereomer: 84%, minor

CO,Me diastereémer: 96%) was measured by HPLC (CHIRALPAK® IC),

hexane:'PrOH 85:15, 1.0 mL min’!, major diastereomer: major

enantiomer: #- = 21.7 min, minor enantiomer: ¢, = 27.2 min, minor diastereomer: major
enantiomer: ¢ = 39.7 min, minor enantiomer: - = 44.1 min.

Orange oil; [a]p® +22.9 (¢ 1.0, CHCIs, for the diastereomeric mixture, dr 66:34);
major 3ma: '"H NMR (300 MHz, CDCl3) 6 7.85-7.74 (m, 6H, Ar+CH=N), 7.70-7.56
(m, 4H, Ar), 7.49 (dd, J = 6.2, 3.3 Hz, 2H, Ar), 7.15 (dd, J = 8.6, 1.8 Hz, 1H, Ar), 5.71
(dd, J=10.3, 3.0 Hz, 1H, CHN), 4.61 (d, J = 10.3 Hz, 1H, CHAr), 3.78 (s, 3H, MeO);
I3C NMR (75 MHz, CDCl3) 6 172.4 (C, C=0), 170.5 (C, C=0), 163.5 (C, C=N), 160.4
(CH, CH=N), 133.4(C), 133.3(C), 132.8 (CH), 130.0 (CH), 129.1 (CH), 128.5 (C), 128.2
(CH), 127.9 (CH), 127.8 (CH), 127.4 (CH), 126.9 (CH), 126.8 (CH), 126.4 (C), 125.5
(CH), 76.5 (CH), 71.8 (C), 56.0 (CH), 53.2 (CH3); minor 3ma': "H NMR (300 MHz,
CDCl), significative signals taken from the NMR spectrum of the diastereomeric
mixture, 0 7.85—7.74 (m, 6H, Ar+CH=N), 7.70-7.56 (m, 2H, Ar), 7.48-7.36 (m, 2H, Ar),
7.22-7.17 (m, 1H, Ar), 6.95 (d,J=8.1 Hz, 1H, Ar), 5.34 (dd, /= 10.0;3.1 Hz, 1H, CHN),
4.68 (d,J=10.0 Hz, 1H, CHAr), 3.79 (s, 3H, MeO); 1*C NMR (75 MHz, CDCl3) § 176.3
(C, C=0), 169.5 (C, C=0), 162.9 (C, C=N), 159.4 (CH, CH=N), 133.0 (C), 132.8 (O),
131.8 (CH), 129.2 (CH), 128.9 (CH), 128.6 (C), 127.9 (CH), 127.6 (CH), 126.8 (CH),
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126.7 (CH), 126.4 (C), 125.4 (CH), 77.4 (CH), 71.5 (C), 57.0 (CH), 53.2 (CHs); HRMS
(EST) m/z: 417.1443 [M+H;0]", C24H21N20s" requires 417.1445.

Methyl (585.8R,9R)-1-0x0-4-phenyl-9-(thiophen-2-yl)-2-oxa-3,7-diazaspiro[4.4]-
nona-3,6-diene-8-carboxylate (3na)

N-O~=O 67.5 mg (76%) of 3na were obtained from 1n (63.8 mg, 0.25 mmol).
p,)’@{i Enantiomeric excess (major diastereomer: 84%, minor diastereomer:
@ O:Me 9194) was measured by HPLC (Lux® i-Amylose-1), hexane:PrOH

85:15, 1.0 mL min™!, major diastereomer: major enantiomer: #- = 22.0
min, minor enantiomer: ¢ = 17.2 min, minor diastereomer: major enantiomer: ¢ = 30.4
min, minor enantiomer: - = 18.0 min.

Orange oil; [a]p®® —82.7 (c 1.1, CHCIs, for the diastereomeric mixture, dr 73:27);
major 3na: "H NMR (300 MHz, CDCl3) 6 7.79 (d, J = 3.0 Hz, 1H, CH=N), 7.73 (dd, J
=8.2, 1.5 Hz, 2H, Ar), 7.65-7.51 (m, 3H, Ar), 7.23 (dd, J = 8.2, 1.5 Hz, 1H, Ar), 7.00—
6.93 (m, 2H, Ar), 5.46 (dd, J=10.2, 3.0 Hz, 1H, CHN), 4.64 (d, /= 10.2 Hz, 1H, CHAr),
3.81 (s, 3H, MeO); 1*C NMR (75 MHz, CDCl3) § 172.0 (C, C=0), 170.1 (C, C=0), 163.4
(C, C=N), 160.6 (CH, CH=N), 133.0 (C), 132.8 (CH), 129.9 (CH), 127.3 (CH), 127.0
(CH), 126.7 (CH), 126.4 (CH), 126.2 (C), 77.9 (CH), 71.6 (C), 53.3 (CH), 51.1 (CH3);
minor 3na': 'TH NMR (300 MHz, CDCI3), significative signals taken from the NMR
spectrum of the diastereomeric mixture, 0 7.76 (d, /= 3.1 Hz, 1H, CH=N), 7.50-7.42 (m,
1H, Ar), 7.35-7.27 (m, 2H, Ar), 7.16-7.11 (m, 2H, Ar), 7.07 (dd, J = 5.1, 1.1 Hz, 1H,
Ar), 6.73 (dd,J=5.2,3.6 Hz, 1H, Ar), 6.45 (d,J=3.6 Hz, 1H, Ar), 5.11 (dd, /=9.8, 3.1
Hz, 1H, CHN), 4.71 (dd, J=9.8, 0.9 Hz, 1H, CHAr), 3.82 (s, 3H, MeO); 13C NMR (75
MHz, CDCl3) 6 175.7 (C, C=0), 169.0 (C, C=0), 162.5 (C, C=N), 159.7 (CH, CH=N),
133.8 (C), 131.9 (CH), 129.2 (CH), 128.4 (C), 127.7 (CH), 127.2 (CH), 126.7 (CH), 125.8
(CH), 79.6 (CH), 71.5 (C), 53.3 (CH), 51.7 (CH3); HRMS (ESI) m/z 373.0846 [M+H30]",
Ci1sH17N20sS" requires 373.0853.

Methyl (55,8R,9R)-9-cyclopropyl-1-oxo0-4-phenyl-2-oxa-3,7-diazaspiro[4.4]nona-
3,6-diene-8-carboxylate (30a)
N0 39.0 mg (50%) of 30a were obtained from 10 (53.3 mg, 0.25 mmol).
P : N Enantiomeric excess (major diastereomer: 87%, minor diastercomer:
ﬁ COMe  569%) was measured by HPLC (Lux® Amylose-1), hexane:’PrOH 85:15,

1.0 mL min"!, major diastereomer: major enantiomer: #- = 12.6 min, minor enantiomer:
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t-=15.4 min, minor diastereomer: major enantiomer: z- = 19.5 min, minor enantiomer:
t-=14.2 min.

Orange oil; [a]p? —42.7 (¢ 1.0, CHCI;, for the diastereomeric mixture, dr 69:31);
major 3oa: '"H NMR (300 MHz, CDCl3) 6 7.67-7.61 (m, 3H, Ar+CH=N), 7.58-7.40 (m,
3H, Ar), 5.01 (dd, J = 9.3, 3.0 Hz, 1H, CHN), 2.41 (dd, J = 10.4, 9.2 Hz, 1H, CHPr),
1.10 (dddd, J=12.8, 9.2, 8.0, 4.8 Hz, 1H, “Pr), 0.53 (qq, /= 9.2, 4.6 Hz, 2H, “Pr), 0.17—
0.05 (m, 2H, “Pr), —0.02-0.18 (m, 1H); *C NMR (75 MHz, CDCl3) 6 173.4 (C, C=0),
171.1 (C, C=0), 164.3 (C, C=N), 160.8 (CH, CH=N), 132.6 (CH), 129.7 (CH), 127.2
(CH), 126.3 (C), 78.9 (CH), 70.2 (C), 56.5 (CH), 53.1 (CHs), 8.3 (CH), 4.0 (CH»), 2.9
(CHz); minor 3o0a': "TH NMR (300 MHz, CDCls), significative signals taken from the
NMR spectrum of the diastereomeric mixture, 6 4.75 (dd, J = 8.8, 3.1 Hz, 1H, CHN),
2.53 (dd, J =10.2, 8.7 Hz, 1H, CH"Pr), 0.46-0.26 (m, 3H, “Pr), 0.20-0.00 (m, 2H, “Pr);
I3C NMR (75 MHz, CDCl3) 6 173.4 (C, C=0), 170.0 (C, C=0), 163.0 (C, C=N), 160.0
(CH, CH=N), 132.2 (CH), 129.3 (CH), 126.7 (CH), 80.6 (CH), 69.9 (C), 58.3 (CH), 53.1
(CH), 9.4 (CHz), 5.5 (CHs), 3.5 (CH3); HRMS (ESI) m/z: 331.1285 [M+H;0]",
C17H19N20s" requires 331.1288.

Methyl (55,8R,9R)-4-methyl-1-0x0-9-phenyl-2-oxa-3,7-diazaspiro[4.4|nona-3,6-
diene-8-carboxylate (3pa)

OO 55.0 mg (77%) of 3pa were obtained from 1p (46.8 mg, 0.25 mmol).

s

SN Enantiomeric excess (major diastereomer: 95%, minor diastereomer:

PR Yoo,Me 94%) was measured by HPLC (CHIRALPAK® IC), hexane:PrOH

M

85:15, 1.0 mL min, major diastereomer: major enantiomer: ¢ = 19.2 min, minor
enantiomer: #- = 34.1 min, minor diastereomer: major enantiomer: #- = 25.4 min, minor
enantiomer: #- = 38.1 min.

Orange oil; [a]p?® —151.9 (¢ 1.0, CHCls, for the diastereomeric mixture, dr 58:42);
major 3pa: '"H NMR (300 MHz, CDCI3) 6 7.43 (d, J = 3.0 Hz, 1H, CH=N), 7.34-7.29
(m, 3H, Ar), 7.22-7.16 (m, 2H, Ar), 5.49 (dd, /=9.8, 3.0 Hz, 1H, CHN), 4.18 (d,/=9.8
Hz, 1H, CHPh), 3.80 (s, 3H, MeO), 2.28 (s, 3H, CH3); minor 3pa': '"H NMR (300 MHz,
CDCl), significative signals taken from the NMR spectrum of the diastereomeric
mixture, 0 7.39 (d, J = 3.0 Hz, 1H, CH=N), 7.38-7.34 (m, 3H, Ar), 7.16-7.11 (m, 2H,
Ar), 5.34 (dd, J = 9.8, 3.0 Hz, 1H, CHN), 4.53 (d, J = 9.8 Hz, IH, CHPh), 3.85 (s, 3H,
MeO), 1.61 (s, 3H, CH3z); HRMS (ESI) m/z: 305.1133 [M+H30]", CisHi7N>Os" requires
305.1132.

S21



Methyl (55,8R,9R)-4-cyclopropyl-1-oxo-9-phenyl-2-oxa-3,7-diazaspiro[4.4|nona-
3,6-diene-8-carboxylate (3qa)

NO0 48.4 mg (62%) of 3qa were obtained from 1q (53.3 mg, 0.25 mmol).
\ > N . . . . . .

JQ Enantiomeric excess (major diastereomer: 87%, minor diastereomer:
Ph'

o 56%) was measured by HPLC (Lux® Amylose-1), hexane:PrOH
85:15, 1.0 mL min, major diastereomer: major enantiomer: ¢ = 24.0 min, minor
enantiomer: #-= 14.0 min, minor diastereomer: major enantiomer: #- = 20.2 min, minor
enantiomer: ¢, = 14.7 min.

Orange oil; [a]p? —105.2 (¢ 1.0, CHCls, for the diastereomeric mixture, dr 65:35);
major 3qa: '"H NMR (300 MHz, CDCl3) 6 7.48 (d, J = 3.0 Hz, 1H, CH=N), 7.39-7.30
(m, 5H, Ar), 5.48 (dd, /=9.9, 3.0 Hz, 1H, CHN), 4.36 (d, J=9.9 Hz, 1H, CHPr), 3.79
(s, 3H, MeO), 1.61 (tt, J= 7.9, 5.2 Hz, 1H, “Pr), 1.35-1.19 (m, 3H, “Pr), 0.91-0.79 (m,
1H, °Pr); BC NMR (75 MHz, CDCl3) 6 172.5 (C, C=0), 170.6 (C, C=0), 169.3 (C, C=N),
159.6 (CH, CH=N), 132.7 (C), 129.2 (CH), 128.5 (CH), 127.3 (CH), 77.2 (CH), 73.1 (C),
54.4 (CH), 53.2 (CH3), 10.5 (CH>), 9.0 (CH>), 7.8 (CH); minor 3qa': "H NMR (300
MHz, CDCl3), significative signals taken from the NMR spectrum of the diastereomeric
mixture, 0 7.44 (d, J = 3.0 Hz, 1H, CH=N), 7.25-7.23 (m, 3H, Ar), 7.18-7.12 (m, 2H,
Ar), 5.41 (dd, J=9.0, 3.0 Hz, 1H, CHN), 4.53 (d, J=9.9 Hz, 1H, CHPr), 3.85 (s, 3H,
MeO), 1.30-1.19 (m, 1H, “Pr), 1.00-0.91 (m, 2H, “Pr), 0.58 (dddd, J=9.3, 8.1, 7.0, 4.6
Hz, 1H, °Pr), 0.27 (ddt, J=9.7, 6.7, 4.8 Hz, 1H, “Pr); ¥*C NMR (75 MHz, CDCls) J 176.1
(C, C=0), 169.7 (C, C=0), 167.7 (C, C=N), 159.4 (CH, CH=N), 131.4 (C), 129.4 (CH),
129.1 (CH), 128.6 (CH), 76.8 (CH), 72.6 (C), 55.2 (CH), 53.3 (CH3), 10.0 (CH>), 9.0
(CH,), 8.6 (CH); HRMS (ESI) m/z: 331.1280 [M+H30]", Ci7Hi19N2Os" requires
331.1288.

Benzyl (55,8R,9R)-1-0x0-4,9-diphenyl-2-0xa-3,7-diazaspiro[4.4]nona-3,6-diene-8-
carboxylate (3ab)
NG 77.6 mg (73%) of 3ab were obtained from 1r (62.3 mg, 0.25 mmol).
b — \ Enantiomeric excess (major diastereomer: 90%, minor diastereomer: 99%)
o o.sn Was measured by HPLC (Lux® Amylose-1), hexane:'PrOH 80:10, 1.0 mL
2
min’!, major diastereomer: major enantiomer: #-= 31.5 min, minor enantiomer: ¢, = 20.4
min, minor diastereomer: major enantiomer: ¢- = 28.5 min, minor enantiomer: ¢ = 18.7
min.
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Orange oil; [a]p®® —45.4 (¢ 0.9, CHCI;, for the diastereomeric mixture, dr 76:24);
major 3ab: 'TH NMR (300 MHz, CDCl3) 6 7.79-7.72 (m, 3H, Ar+CH=N), 7.63-7.55 (m,
1H, Ar), 7.53-7.46 (m, 2H, Ar), 7.34-7.28 (m, 6H, Ar), 7.22-7.14 (m, 2H, Ar), 7.12—
7.05 (m, 2H, Ar), 5.62 (dd, J=10.4, 3.0 Hz, 1H, CHN), 5.20 (s, 2H, CH2Ph), 4.41 (d, J
=10.3 Hz, 1H, CHPh); 13C NMR (75 MHz, CDCls) 6 172.4 (C, C=0), 169.9 (C, C=0),
163.5 (C, C=N), 160.4 (CH, CH=N), 135.0 (C), 132.7 (CH), 131.0 (C), 129.9 (CH), 129.3
(CH), 129.1 (CH), 128.7 (CH), 128.5 (CH), 128.3 (CH), 128.0 (CH), 127.3 (CH), 126.3
(C), 76.5 (CH), 71.7 (C), 67.7 (CHz), 56.1 (CH); minor 3ab': '"H NMR (300 MHz,
CDCl), significative signals taken from the NMR spectrum of the diastereomeric
mixture, 0 7.76 (d, J=2.9 Hz, 1H), 6.70-6.67 (m, 2H, Ar), 5.24 (dd, J=9.9, 3.0 Hz, 1H,
CHN), 5.22 (s, 2H, CH»Ph), 4.54 (d,J= 10.1 Hz, 1H, CHPh); 3C NMR (75 MHz, CDCl5)
0176.2 (C, C=0), 169.0 (C, C=0), 162.9 (C, C=N), 159.5 (CH, CH=N), 134.5 (C), 131.8
(CH), 131.4 (C), 129.2 (CH), 129.0 (CH), 128.9 (CH), 128.8 (CH), 128.7 (CH), 128.5
(C), 128.2 (CH), 127.5 (CH), 126.8 (CH), 77.1 (CH), 71.4 (C), 67.7 (CH>), 56.7 (CH);
HRMS (ESI) m/z: 443.1594 [M+H30]", C26H23N205" requires 443.1601.

Methyl (55,9R)-1-0x0-4,8,9-triphenyl-2-oxa-3,7-diazaspiro[4.4|nona-3,6-diene-8-
carboxylate (3ac)

N,O\?o 47.8 mg (45%) of 3ac were obtained from 1a (62.3 mg, 0.25 mmol).
P”)\—QPh Enantiomeric excess (major diastereomer: 72%, minor diastereomer:

PR OMe  67%) was measured by HPLC (Lux® i-Amylose-1), hexane:PrOH
80:20, 1.5 mL min’, major diastereomer: major enantiomer: #- = 32.1 min, minor
enantiomer: #- = 42.6 min, minor diastereomer: major enantiomer: #- = 19.9 min, minor
enantiomer: #- = 14.2 min.

Colorless oil; [a]p? +62.8 (¢ 1.1, CHCls, for the diastereomeric mixture, dr 68:32);
major 3ac: "H NMR (300 MHz, CDCl;3) J 8.04 (s, 1H, CH=N), 7.54-7.46 (m, 2H, Ar),
7.46-7.40 (m, 2H, Ar), 7.40-7.27 (m, 6H, Ar), 7.25-7.19 (m, 3H, Ar), 7.07-7.01 (m, 2H,
Ar), 4.15 (s, 1H, CHPh), 3.71 (s, 3H, MeO); 3C NMR (75 MHz, CDCls) J 172.4 (C,
C=0), 169.7 (C, C=0), 163.8 (C, C=N), 158.5 (CH, CH=N), 141.6 (C), 132.3 (CH), 131.2
(C), 130.7 (CH), 129.6 (CH), 129.3 (CH), 128.8 (CH), 128.6 (CH), 128.3 (CH), 126.9
(CH), 126.4 (C), 126.3 (CH), 87.0 (C), 72.2 (C), 64.3 (CH), 53.0 (CH3); minor 3ac': 'H
NMR (300 MHz, CDCl), significative signals taken from the NMR spectrum of the
diastereomeric mixture, 6 8.11 (s, 1H, CH=N), 7.80-6.80 (m, 15H, Ar), 4.92 (s, 1H,
CHPh), 3.75 (s, 3H, MeO); 13C NMR (75 MHz, CDCl3) 6 174.2 (C, C=0), 172.4 (C,
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C=0), 164.1 (C, C=N), 160.1 (CH, CH=N), 139.3 (C), 132.5 (CH), 131.6 (CH), 131.0
(C), 129.8 (CH), 129.4 (CH), 128.7 (CH), 128.1 (CH), 127.9 (CH), 127.8 (CH), 127.2
(CH), 126.7 (C), 90.6 (C), 72.6 (C), 57.9 (CH), 53.8 (CHs); HRMS (ESI) m/z: 443.1597
[M+H;0]", Ca6Ha3N2Os™ requires 443.1601.

5. Synthesis of compounds 3aa and 3aa' at 1 mmol scale

1a (249.3 mg, 1.0 mmol), the organocatalyst SQ11 (47.5 mg, 0.10 mmol) and silver oxide
(11.6 mg, 0.05 mmol) were dissolved in DCM (76.8 mL) and methyl isocyanoacetate (2a,
118 uL; 1.3 mmol; 1.3 equiv.) was added. The reaction was stirred for 20 h and the
mixture was purified via flash column chromatography (Hexane:AcOEt 7:3) to furnish
240 mg (69%) of 3aa as a diastereomeric mixture (dr 66:33). To carry out experiments
for the determination of the stereochemistry of the reaction products and synthetic
transformations, the diastereomers 3aa and 3aa' were separated by HPLC.

Major 3aa: Enantiomeric excess (86%) was measured by HPLC (CHIRALPAK®
IC), hexane:PrOH 85:15, 1.0 mL min"!, major enantiomer: t. = 18.4 min, minor
enantiomer: t, = 24.6 min. [a]p*> —134.8 (¢ 1.0, CHCls, 86% ee); 'H NMR (300 MHz,
CDCl3) 0 7.81-7.72 (m, 3H, Ar+CH=N), 7.66-7.51 (m, 3H, Ar), 7.34-7.23 (m, 3H, Ar),
7.12-7.04 (m, 2H, Ar), 5.57 (dd, J = 10.3, 3.0 Hz, 1H, CHN), 4.43 (d, /= 10.3 Hz, 1H,
CHPh), 3.37 (s, 3H); *C NMR (75 MHz, CDCl3) 6 172.4 (C, C=0), 170.5 (C, C=0),
163.5 (C, C=N), 160.3 (CH, CH=N), 132.7 (CH), 131.1 (C), 129.9 (CH), 129.2 (CH),
129.1 (CH), 128.2 (CH), 127.3 (CH), 126.3 (C), 76.2 (CH), 71.7 (C), 55.7 (CH), 53.1
(CH3).

Minor 3aa' (contained aprox. 20% of 3aa): Enantiomeric excess (99%) was measured
by HPLC (CHIRALPAK® IC), hexane:’PrOH 85:15, 1.0 mL min’!, major enantiomer: ¢,
= 27.9 min, minor enantiomer: ¢ = 32.3 min. [a]p*> +195.1 (¢ 1.0, CHCls, 99% ee); 'H
NMR (300 MHz, CDCls) 6 7.76 (d,J=2.9 Hz, I|H, CH=N), 7.44 (tt,J=7.5, 1.5 Hz, 1H,
Ar), 7.35-7.21 (m, 2H, Ar), 7.17 (tt, J=17.5, 1.5 Hz, 1H, Ar), 7.08 (t, /= 7.5 Hz, 2H, Ar),
7.00 (dd, J=17.5, 1.5 Hz, 2H, Ar), 6.73 (d, /= 7.5 Hz, 2H, Ar), 5.20 (dd, /=10.0, 3.1 Hz,
1H, CHN), 4.53 (d, /= 10.0 Hz, 1H, CHPh), 3.79 (s, 3H); 3C NMR (75 MHz, CDCl3) ¢
176.3 (C, C=0), 169.5 (C, C=0), 163.0 (C, C=N), 159.4 (CH, CH=N), 131.9 (CH), 131.5
(C), 129.2 (CH), 128.8 (CH), 128.5 (CH), 128.5 (CH), 127.4 (CH), 126.8 (C), 77.0 (CH),
71.5 (C), 56.4 (CH), 53.2 (CH3).
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6. Transformations of product 3aa (Scheme S1)

General scheme

W DETERMINATION OF THE RELATIVE CONFIGURATION OF 3aa

o
S _o
NE H,O.HCl(cat)  TMSCHN, ) »—OMe
SN NHCHO
PR ) DCM THF P \
_ Ph 0,Me 32% PH 0,Me
- NN - NN Semi-prep 3aa 4
pr | Ph)ﬁ HPLC 99% ee
Ph* 0,Me P TO,Me

3aa 3aa’
H,O,HCl(cat)  TMSCHN, ) »—OMe
SN NHCHO
THF P /
Co,Me 22% P To,Me

86% ee 99% ee
REACTION PRODUCT
3aa’ ent-4
99% ee 99% ee

H TRANSFORMATIONS

Semi-prep HPLC

Et;SiH, BF3 Et,0 /3/:
EEEE——
CH,CI
o) 212
NN=0 A 52% MeO,

b N 5, 85% ee
Ph O,Me B OH Fe, NH,CI o Ph aq. HCI &
3aa | a0 HoI@at) ‘ NHCHO & M Ph)K)TNHCHO ﬁ» b WPh
o, e
86% ee CH20I2 MeOH H20 11 O,Me 0% Ph
99% O,Me 7 (2R,3S)-8, 85% ee

Methyl (2R,3R)-2-formamido-3-(5-methoxy-3-phenylisoxazol-4-yl)-3-phenyl-
propanoate (4)

Compound 3aa (8.4 mg, 0.024 mmol, 99% ee, obtained after chiral
N\/O/ O'\SeHCHO HPLC- CHIRALPAK® IC) was dissolved in dichloromethane (0.3
P"):hC& o Me mL). Water (1 drop) and 2M HCI in Et;O (1 drop) was added. After 4
hours, the volatiles were removed and the residue dried under vacuum
in the presence of P>Os. The crude product (8.7 mg) was dissolved in dry THF (0.4 mL)
under nitrogen atmosphere, 2.0 M (trimethylsilyl)diazomethane in Et2O (38 pL, 0.076
mmol) was added and the reaction mixture was stirred overnight at room temperature.
Purification by flash chromatography (Hexane:AcOEt 4:6) furnished 2.9 mg (32%) of
compound 4. Enantiomeric excess (99%) was determined by HPLC (CHIRALPAK®
AD-H), hexane:PrOH 80:20, 1.0 mL min™', major enantiomer: t, = 9.1 min, minor
enantiomer: #- = 15.7 min.
Colorless oil; "TH NMR (300 MHz, CDCls) 6 8.03 (s, 1H, CHO), 7.48-7.37 (m, 4H, Ar),
7.37-7.23 (m, 6H, Ar), 6.35 (d, J = 9.3 Hz, 1H, CHPh), 5.42 (td, J = 9.0, 0.8 Hz, 1H,
CHCO), 4.26 (s, 3H, MeO), 3.37 (s, 3H, MeO); 3C NMR (75 MHz, CDCl3) 6 171.2 (C,
CON), 169.8 (C, CO2Me), 166.3 (C, C=N), 160.6 (CH, CHO), 138.4 (C, Ar), 130.1 (CH),

129.0 (C), 128.9 (CH), 128.9 (CH), 128.5 (CH), 128.1 (CH), 127.8 (CH), 90.1 (C), 58.9
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(CH3), 54.0 (CH), 52.3 (CHs), 42.4 (CH); HRMS (ESI) m/z: 403.1271 [M+Na]*,
C21H20N2NaOs " requires 403.1264.
Methyl (25,39)-2-formamido-3-(5-methoxy-3-phenylisoxazol-4-yl)-3-phenylpro-
panoate (ent-4)
N\/O/ OMe The previous procedure was performed with 3aa’ (8.0 mg, 0.022
p")\LNHCHO mmol, 99% ee, obtained after chiral HPLC- CHIRALPAK® IC),
P TO,Me which afforded 1.8 mg (22%) of ent-4. Enantiomeric excess (99%) was
determined by HPLC (CHIRALPAK® AD-H), hexane:’PrOH 80:20, 1.0 mL min™!, major

enantiomer: ¢-= 15.7 min, minor enantiomer: ¢-= 9.1 min. Spectroscopical data coincided

with those observed for the previous compound 4.

Methyl (585,8R,9R)-1-0x0-4,9-diphenyl-2-0xa-3,7-diazaspiro[4.4]non-3-ene-8-
carboxylate (5)
o_o  Amodification ofa literature procedure was employed.!'?! To a solution of
W the major diastereomer 3aa (10.0 mg, 0.029 mmol, ee 86% obtained by
PQTAQ semi-preparative  HPLC) and EtSiH (14 upL, 0.086 mmol) in
dichloromethane (0.9 mL) was added BF3-Et;O (12 pL, 0.096 mmol). The
reaction was stirred for 3 h and quenched with saturated NaHCOs3 (5 mL).
Dichloromethane (10 mL) was added and the organic phase was washed with brine (5
mL), dried over Na,SO4 and concentrated under reduced pressure. Purification by flash
chromatography (Hexane:AcOEt 7:3) afforded 5.3 mg (52%) of compound 5.
Enantiomeric excess (85%) was measured by HPLC (Lux® i-Amylose-1), hexane:'PrOH
80:20, 1.0 mL min™, major enantiomer: ¢- = 17.9 min, minor enantiomer: #- = 21.1 min.
White foam; [a]p* —43.1 (c 0.4, CHCI3); '"H NMR (300 MHz, CDCls3) § 8.00-7.93 (m,
2H, Ar), 7.63-7.53 (m, 3H, Ar), 7.29-7.23 (m, 3H, Ar), 7.11-7.04 (m, 2H, Ar), 4.71 (d,
J =9.9 Hz, 1H, CHCO:Me), 4.26 (d, J = 9.8 Hz, 1H, CHPh), 3.97 (d, /= 12.1 Hz, 1H,
CH“NH), 3.69 (d, J = 12.0 Hz, 1H, CH’NH), 3.68 (s, 3H, MeO); '*C NMR (75 MHz,
CDCl3) 6 179.0 (C, C=0), 172.7 (C, C=0), 165.3 (C, C=N), 132.4 (C), 132.2 (CH), 129.7
(CH), 129.0 (CH), 128.8 (CH), 128.3 (CH), 127.2 (C), 127.0 (C), 63.0 (CH), 62.2 (C),
57.8 (CH), 54.8 (CH»), 52.8 (CH3); HRMS (ESI) m/z: 373.1163 [M+Na]",
C20H1sN2NaO4" requires 373.1159.
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Methyl  (2R,3R)-2-formamido-3-(5-hydroxy-3-phenylisoxazol-4-yl)-3-phenylpro-
panoate (6)
N oH Diastereomer 3aa (63.0 mg, 0.18 mmol, 86% ee, obtained by semi-
PN)\CCHCHO preparative HPLC) was dissolved in dichloromethane (1 mL), H>O (15
PR CO,Me uL) and 2.0 M HCl solution in Et,O (6 uL, 12 pmol) were added. The
mixture was stirred for 4 h and concentrated under reduced pressure to yield 68.9 mg
(99%) of 6. White foam; [a]p®>> —72.7 (¢ 1.0, CHCls); '"H NMR (300 MHz, CDCl3) 6
11.0 (bs, 1H, OH), 8.41 (d, J = 9.4 Hz, 1H), 7.61-7.27 (m, 10H, Ar), 5.36 (dd, J= 9.3,
5.3 Hz, 1H, CHCO), 4.63 (d, J = 5.3 Hz, 1H, CHPh), 3.55 (s, 3H, MeO); *C NMR (75
MHz, CDCl3) 0 174.2 (CH, COH), 170.5 (C, CO2Me), 163.9 (C, C=N), 162.0 (C, CHO),
138.3 (C), 131.7 (CH), 129.4 (CH), 128.9 (CH), 127.9 (CH), 127.8 (CH), 127.5 (CH),
126.0 (C), 96.0 (C), 55.2 (CH), 52.5 (CHs), 40.8 (CH); HRMS (ESI) m/z: 389.1117
[M+Na]", C20H1sN2NaOs" requires 389.1108.
Methyl (2R,35)-2-formamido-5-0x0-3,5-diphenylpentanoate (7)
A literature procedure was employed.!*) Compound 6 (29.2 mg, 0.08
Ph j\/F‘i[NHCHO mmol, 86% ee), iron powder (44.5 mg, 0.80 mmol, 10.0 equiv.) and
O,Me ammonium chloride (42.6 mg, 0.80 mmol) in MeOH:H>O 1:1 (0.4
mL) was stirred at 60 °C. After 2 h, the reaction was filtered over celite and concentrated
under reduced pressure. Purification by flash chromatography furnished 16.6 mg of
product 7 (64%). Colorless oil; [a]p> —38.4 (¢ 1.0, CHCl3); '"H NMR (300 MHz, CDCls)
0 8.17 (dd, J= 1.5, 0.8 Hz, 1H, CHO), 7.96-7.88 (m, 2H, Ar), 7.59-7.51 (m, 1H, Ar),
7.50-7.40 (m, 2H, Ar), 7.34-7.27 (m, 3H, Ar), 7.25-7.19 (m, 2H, Ar), 6.40 (d, J = 9.0
Hz, 1H, NH), 5.01 (ddd, J = 9.1, 8.3, 0.9 Hz, 1H, CHNH), 3.88 (dt, J = 8.3, 6.6, 1H,
CHPh), 3.55 (dd, J = 6.6, 2.6 Hz, 2H, CH>), 3.50 (s, 3H, MeO); 3C NMR (75 MHz,
CDCl3) 6 198.2 (CH, CHO), 171.2 (C, C=0), 160.9 (C, C=0), 139.5 (C), 136.7 (C), 133.5
(CH), 128.9 (CH), 128.8 (CH), 128.2 (CH), 128.2 (CH), 127.8 (CH), 55.6 (CH), 52.3
(CH3), 43.6 (CH), 41.7 (CH2); HRMS (ESI) m/z: 326.1385 [M+H]", CioH20N204"
requires 326.1387.

Methyl (2R,3S5)-3,5-diphenyl-3,4-dihydro-2 H-pyrrole-2-carboxylate (8)
CoMe To a solution of compound 7 (16.6 mg, 0.051 mmol) in MeOH (0.6 mL)
NI Lo Was added 0.1 M HClgq) (153 pL, 0.153 mmol). The reaction was stirred
Ph for 3 h and quenched with NaHCO3(aq) 0.1 M (1.53 mL, 0.153 mmol). The

methanol was removed under reduced pressure and the aqueous mixture was extracted
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with EtOAc (3 x 10 mL). The combined organic phases were washed with brine (5 mL),
dried over NaxSOs, and concentrated under reduced pressure. The mixture was
chromatographed (Hexane:AcOEt 7:3) and 8.5 mg (60%) of 8 were obtained. The
spectroscopical data is in accordance with the literature description.['¥l Enantiomeric
excess (85%) was determined by HPLC (CHIRALPAK® IC), hexane:’PrOH 80:20, 1.0
mL min’!, major enantiomer: . = 12.8 min, minor enantiomer: £, = 15.7 min.

Yellow oil; [a]p? —41.8 (¢ 0.7, CHCI3), [a]p® —42.6 (c 0.7, CH2Cl,), reported in the
literature!'¥ for the opposite enantiomer +64.8 (¢ 0.42, CH.Cl,); '"H NMR (300 MHz,
CDCl3) 6 7.96-7.88 (m, 2H, Ar), 7.53-7.40 (m, 3H, Ar), 7.37-7.29 (m, 2H, Ar), 7.28—
7.20 (m, 3H, Ar), 4.97 (dt, J = 6.0, 1.9 Hz, 1H, CHN), 3.90 (dt, J = 9.7, 6.3 Hz, 1H,
CHPh), 3.79 (s, 3H, MeO), 3.67 (ddd, J = 17.3, 9.7, 2.1 Hz, 1H, CH>), 3.18 (ddd, J =
17.4, 6.5, 1.7 Hz, 1H, CH>); ¥3C NMR (75 MHz, CDCls) ¢ 175.2 (C, C=0), 172.8 (C,
C=N), 143.3 (C), 133.7 (C), 131.4 (CH), 129.1 (CH), 128.7 (CH), 128.3 (CH), 127.1
(CH), 127.1 (CH), 82.7 (CH), 52.6 (CH3), 46.4 (CH), 44.9 (CHz); HRMS (ESI) m/z:

302.1160 [M+Na]", CigH;7NNaO;" requires 302.1151.
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8. NMR spectra
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9. HPLC chromatograms
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Racemic product (diastereomeric mixture)
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Racemic product (diastereomeric mixture)
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Racemic product (diastereomeric mixture)

3000 hrs F 3000
s 3
- @
2000 1 F 2000
2 ] : I g
£ s I I b
I |
10004 I'| [ F 1000
| | [e2] [{e}
[ . = e
\ \ (o2} —
\ | \“ N [e2}
O T T — 7\ ‘/ \ % %—17 T : — T ‘ - ‘ 0
0 5 10 15 20 25 30 35
Minutes
4: 259 nm, 4 nm Results
Retention Time Area Area Percent
16,41 259127111 49,209
19,04 258274391 49,047
29,09 4559499 0,866
31,96 4624232 0,878
Enantioenriched product (diastereomeric mixture)
3000 3000
@
©
2000 - 2000
5 3
2 ] I
£ 1
1000 f 3 F 1000
I ~ )
1 |2 & &8 g
\ - ) ®
0 ‘ ] .AATf’\yJ#f\‘\ ‘ A\ k 0
0 5 10 15 20 25 30 35
Minutes
4: 259 nm, 4 nm Results
Retention Time Area Area Percent
16,19 206196743 70,637
18,87 17781750 6,092
28,37 67338010 23,068
31,32 592524 0,203

S79

mAU

mAU



Racemic product (diastereomeric mixture)
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Racemic product (diastereomeric mixture)
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Racemic product (diastereomeric mixture)
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Racemic product (diastereomeric mixture)

1000 1000
<
o)
] 3
‘ g
2 500 - 500
£ iy ‘ § 8
| | o S
x R ANEA
0 “‘ N - L\ J STLL \ Lo
0 10 20 30 40 50 60
Minutes
4: 259 nm, 4 nm Results
Retention Time Area Area Percent
26,94 123637503 33,023
35,63 121326087 32,405
51,24 64772670 17,300
55,00 64667244 17,272
Enantioenriched product (diastereomeric mixture)
3000 o 3000
~
A © I
N
2000 I I 2000
s i
< —
£ et
3
1000 k1000
3 A ~
4 O [\ e L
[sp} \ wn
\ \ Te)
0 T T : \‘ T XL/\ T ] /\ \J‘ ‘ O
0 10 20 30 40 50 60
Minutes
4: 259 nm, 4 nm Results
Retention Time Area Area Percent
26,78 417309112 56, 143
35,63 28626119 3,892
50,11 286778238 38,994
55,07 2722380 0,370

S84

mAU

mAU



+

1500 1500
A
S
= <+
1000 - 1000
| Q
o | o
< <<
£ “‘ £
500 - \ 500
I < o
‘ N >
I < o
) / | . ~ A~
O ) T \r J—— ‘ T T ——(/ T T | 0
0 5 10 15 20 25 30 35 40 45 50 55
Minutes
14: 259 nm, 4 nm
Results
Retention Time Area Area Percent
17,02 107982563 43,295
23,14 110836380 44,439
44,73 14765743 5,920
52,90 15827414 6,346
Enantioenriched product (diastereomeric mixture)
[sg]
N.\
©
2000 | k2000
2 |
15 |
1000 | J e - 1000
1 g 5 .
& f\ g
O i T - T T T /‘\‘T T T T T : ‘ T : T I 0
0 5 10 15 20 25 30 35 40 45 50 55
Minutes
14: 259 nm, 4 nm
Results
Retention Time Area Area Percent
16,23 208179677 61,395
21,90 11275321 3,325
41,43 117263502 34,583
49,37 2363596 0,697

S85

mAU



Racemic product (diastereomeric mixture)
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Racemic product (diastereomeric mixture)
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Racemic product (diastereomeric mixture)

1500 9 1500
[}
4 ©
1000 — 1000
] 1 To]
<é ™
[qV]
500 | S £ - 500
§ 2
4 n N ‘\ '/\‘\
0= V’WQM/& g;‘ — \J‘/M ‘ | Lo
0 5 10 15 20 25 30 35 40
Minutes
18: 206 nm, 4 nm
Results
Retention Time Area Area Percent
19,65 142738248 41,279
26,22 27009203 7,811
35,16 142738169 41,279
39,46 33303081 9,631
Enantioenriched product (diastereomeric mixture)
] o P
@
2000 Y 2000
f [
o I L33 =
< I © <
£ I 3¢ £
1000 | 1000
‘ 3 3
1 ‘ S 3 -
07 ‘\ T T T T T “ T ‘ T T U\; T T ‘ "‘_" \l 70
0 5 10 15 20 25 30 35 40
Minutes
18: 206 nm, 4 nm
Results
Retention Time Area Area Percent
21,32 250712968 60,227
28,57 156127256 37,505
34,52 2560095 0,615
39,09 6882911 1,653

S89

mAU



Racemic product (diastereomeric mixture)
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Racemic product (diastereomeric mixture)
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Racemic product (diastereomeric mixture)
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10. Optimization of the reaction conditions. Additional experiments

Table S1. Solvent and temperature optimization.

sQ1

N(O ° . CN"™CO,Me fiad
o N o BN
1a 2a

Entry®®  Solvent T (°C)  Yield (%)™  drl ee (%)
1 CH.ClL, r.t. 55 75:25  80/98
2 CH.ClL, 0 36 86:14  38/88
3 CHCl; r.t. 47 83:17  56/93
4 DCE r.t. 43 95:5 71/91
5 Dioxane r.t. 31 75:25  80/96
6 THF r.t. 61 95:5 60/n.d.
7 MTBE r.t. 15 79:21  64/86
8 Toluene  r.t. 12 91:9 11/54

[a] Conditions: 1a (0.1 mmol), 2a (0.13 mmol), SQ1 (0.01 mmol), Ag>O (0.005 mmol),
CH2Clz (5 mL). [b] Isolated yield after column chromatography. [c¢] Determined by 'H
NMR. [d] Determined by HPLC over chiral stationary phases.

Table S2. Silver source screening.

SQ9
Silver source or  N”

N,o o additive
\ * CN“>COMe — p
P N\__Ph CH,Cl, Ph

r.t. 0,Me
1a 2a 3aa
Entry®  Silver source or  Yield (%)®  drld ee (%)
additive

1 Ag,0 75 74:26 84/96
2 AgNO; 77 78:22 64/94
3 AgOAc 75 75:25 80/96
4 AgyCOs 66 74:26 80/95
5 AgSbFs 17 73:27 75/95
6 AgCl 26 80:20 64/93
7 CuO Traces - -

8 EtsN Traces - -

[a] Conditions: 1a (0.1 mmol), 2a (0.13 mmol), SQ7 (0.01 mmol), additive (0.005 mmol),
CH2Cl2 (7.5 mL). [b] Isolated yield after column chromatography. [¢] Determined by 'H
NMR. [d] Determined by HPLC over chiral stationary phases.
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Table S3. Catalyst loading and molar ratios of the cooperative catalytic system
optimization.

SQ9
Silver source or

N,o o additive

\ * cN“>COMe ——»

/. \_Ph CH,Cl,
r.t.

1a 2a

Entry®®  SQ7 (mol %)  AgO (mol %)  Yield (%)®  drl® ee (%)

1 10 5 75 74:26  84/96
2 10 2,5 52 78:22  82/99
3 10 10 65 82:12  80/92
4 5 5 73 79:21  72/95
5 5 2,5 67 73:27  70/92

[a] Conditions: 1a (0.1 mmol), 2a (0.13 mmol), CH2CL> (7.5 mL). [b] Isolated yield after column
chromatography. [¢] Determined by 'H NMR. [d] Determined by HPLC over chiral stationary phases.
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Table S4. Other organocatalysts tested under the initial conditions.

cat N’ (0]
(0]
N’ o Ag,0 \
K T CN“>CO,Me = \
OzMe
1a 2a 3aa

4 5 6
Entry® cat Yield (%)®  drl ee (%o)l4
1 1 69 95:5 17/n.d.
2 2 42 95:5 7/nd
3 3 62 95:5 4/nd
4 4 55 95:5 3/nd
5 5 56 95:5 16/nd
6 6 52 95:5 14/nd

[a] Conditions: 1a (0.1 mmol), 2a (0.13 mmol), cat (0.01 mmol), Ag>O (0.05 mmol), CH2Cl>
(5 mL). [b] Isolated yield after column chromatography. [c] Determined by 'H NMR. [d]
Determined by HPLC over chiral stationary phases.
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11. NOE experiments on 3ha

The relative stereochemistry of the major diastereomer was determined by multiple 'H-
'H nuclear Overhauser effect (NOE) spectroscopy experiments on compound 3ha (Figure
2). When irradiation was performed on the pyrrolinic proton D, positive NOE was
observed over aromatic protons F and E, indicating the cis disposition between hydrogen
D and the m-methoxyphenyl group. Further confirmation was obtained when positive
NOE resulted on proton D after irradiating the aromatic protons F and E. Repeating this
process on pyrrolinic proton C afforded positive NOE over the ortho protons of the phenyl
group bonded to the isoxazol-5-one moiety, which allowed us to ascertain the relative
configuration of both aromatic substituents as trans. Finally, performing the experiment
over proton G of the m-methoxyphenyl group didn’t yield observable NOE on the phenyl
substituent of the isoxazole-5-one moiety.
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Figure S1. "H-NMR NOE experiments for 3ha.
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12. Mechanistic proposal and stereochemical model

Scheme S2 shows a plausible mechanism for the formal [3+2] cycloaddition. The reaction
takes place in a stepwise manner. Initial deprotonation of the isocyanoacetate 2 by the
basic bifunctional squaramide assisted by silver would give the corresponding enolate I
that would undergo nucleophilic conjugate addition to the exocyclic double bond of 1 to
give the aromatic anion II, followed by intramolecular addition of the anion to the
isocyanide giving cyclized intermediate III, which after Ag'/H" exchange with the
catalyst conjugate acid would provide the cycloaddition product 3 and releases the
catalyst.

CN\)kOMe
}2_\
N
o-N o Ag* o2 HN-sQ
-N Ag'-
02 VAN sQ oeN Aoy 0
- ! oAl Pn
3 O,Me N
1 Ph
.
SQ-NH
.
Ag-SQ-NH
o-N_ Ph Ph C

Scheme S2. Proposed mechanistic cycle for the formal [3+2] reaction

The observed stereochemistry indicates the preferential attack of the Re face of the
1socyanoacetate enolate to the Re face of the exocyclic double bond. Figure S2 shows the
proposed stereochemical model. Thus, the arylideneisoxazolone 1 would be
electrophilically activated by forming a hydrogen bond with the squaramide moiety
leaving the Re face of the double bond exposed to attack of the isocyanoacetate, which
would be directed by hydrogen bonding (or ion-ion interaction) with the protonated
tertiary nitrogen of the quinuclidine ring in the bifunctional organocatalyst.

Figure S2. Stereochemical model
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