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ABSTRACT: Enantioselective Michael additions of 4-hydrox-
ycoumarin to β-nitrostyrenes are catalyzed by different chiral,
bifunctional hydrogen-bonding catalysts, based on thiourea-
and squaramide motifs. The scope of the catalysis is tested by
employing a series of substituted β-nitrostyrenes as well
as different solvents. The 3,5-bis(trifluoromethyl)phenyl- and
quinine-substituted squaramide catalyst is shown to be the
most selective catalyst, resulting in 78% yield and 81% ee. Computational analyses of transition structures with different binding
modes show that the most favored transition structure exhibits squaramide (NH)2 binding to an oxygen atom of the enolate
nucleophile, while the nitroalkene coordinates via hydrogen bonding to the ammonium function of the quinuclidine unit of the
catalyst. Hence, the canted directionality of the squaramide (NH)2 motif, favoring one-atom binding, might be decisive for the
selectivity of the reaction. The absolute configuration of the major (−)-(R) enantiomer of the product is assigned
computationally according to its optical rotation.

■ INTRODUCTION
Hydrogen-bonding (HB) catalysis has emerged as a major tool in
organocatalytic applications.1−5 (Thio-)urea-derived catalysts
have proved to be highly efficient in many different reactions
due to their high selectivity and yields.6−12 Squaramide-based
catalysts have been developed more recently as alternative
hydrogen-bonding scaffolds.13−16 The different and often
superior performance of squaramide- vs (thio)urea-based
catalysts17−21 can be explained by altered hydrogen-bonding
N−H alignments: in squaramides, these H−H distances are ca.
2.72 Å, in comparison to ca. 2.13 Å for thioureas.17−19

Squaramides also show increased NH acidities of pKa = 0.13−1.97
relative to thioureas,20,21 supporting potentially stronger hydro-
gen bonds.20,21 The directionality of NH hydrogen bonds may,
however, dominate the catalyst−substrate interaction more than
the relative acidities,20,21 as is evident from comparative anion-
receptor studies.22−24 Squaramides show more canted NH
groups in comparison to the nearly collinear alignment of the
NH groups in (thio)ureas.13−16

Enantioselective Michael additions of 1,3-dicarbonyl com-
pounds to β-nitroalkenes provide efficient pathways to γ-nitro
carbonyl enantiomers, which can be used for further derivatiza-
tions.25,26 4-Hydroxycoumarin is an especially remarkable
nucleophile for such enantioselective Michael additions, as the
resulting 3-substituted 4-hydroxycoumarins are known to inhibit
the enzyme vitamin K epoxide reductase, preventing the normal
metabolic vitamin K formation.27 The vitamin K antagonist
warfarin serves as a most frequently employed anticoagulant
and is also a rodenticide,28−33 similar to other 3-substituted
4-hydroxycoumarins such as phenprocoumon34 and acenocou-
marol.34 While chiral bifunctional thiourea catalysts were

employed in Michael additions for the synthesis of 3-substituted
4-hydroxycoumarins,6−16 only an achiral protocol for the
addition of 4-hydroxycoumarin 8 to β-nitrostyrene 9
with reaction conditions “on-water” is available, providing
3-substituted 4-hydroxycoumarins 10 as racemates.25 Although
the tandem Michael addition/cyclization of β-nitrostyrene and
4-hydroxycoumarin catalyzed by chiral, bifunctional thioureas is
known, resulting in an oxime product,35 no squaramide-catalyzed
reaction of those compounds has been reported so far.
Recently, we developed alkali-metal-mediated amino catalyses

for enantioselective syntheses of 4-hydroxycoumarins with various
Michael systems.36 We also designed new cyclodiphosphazanes as
hydrogen-bonding catalysts for enantioselective Michael additions
of 4-naphthoquinone to β-nitroalkenes.37

In this work, we describe the scope of applications for chiral
thiourea- and squaramide-hydrogen-bonding catalysts, based on
enantiopure chinchona (1,9 2, 3,10 5, 6,15 716) and diaminocyclo-
hexane (411) units, in enantioselective Michael additions of
4-hydroxycoumarin to various β-nitroalkenes, yielding 3-substituted
4-hydroxycoumarins.

■ RESULTS AND DISCUSSION

Hydrogen-bonding catalysts with the established thiourea (1,9 2,
3,10 4;11 Figure 1) and squaramide units (5, 6,15 7;16 Figure 2)
have been employed in the Michael addition of 4-hydroxycou-
marin 8 to β-nitrostyrene 9a (Figure 3). Among the tested
thiourea catalysts (1,9 2, 3,10 4;11 Figure 1), catalyst 310 was most
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reactive (64% yield; Table 1), while catalyst 210 was the most
selective (66% ee; Table 1). Among the tested squaramide
catalysts (5, 6,15 7;16 Figure 2), 615 proved to be the most reactive
and highly selective (92% yield, 72% ee; Table 1), while catalyst

515 is slightly less reactive but is the most selective (80% yield,
74% ee; Table 1).
Hence, relative to the tested thiourea catalysts, the squaramide

catalysts (Figure 2) provide increased reactivities, with lower
reaction times and also higher enantioselectivities (Table 1).
This superior catalytic performance of the squaramide systems
agrees with a previous study,24,37 emphasizing its strong
hydrogen-bonding ability to nitrobenzene, in comaprison to
urea, thiourea, phosphorus triamides, and cyclodiphosphazanes.
The high catalytic activity of the squaramide catalysts also

parallels their higher NH acidities relative to thioureas.38

To optimize the reaction conditions in the enantioselective
Michael addition of 8 and 9a (Figure 3), the squaramide catalysts
5−7 (Figure 2) have been tested in different solvents and at
varying temperatures.
A strong dependence on the solvent, with ee values varying

from 41% in diethyl ether to 80% in 1,4-dioxane, is apparent
at room temperature (Table 2). Variation of the reaction

temperature only slightly influences the selectivity of catalyst 615

in 1,4-dioxane, while the yields rise from 62% at 20 °C to 83% at
5 °C (Table 2, entries 10 and 12).
The influence of the catalyst loading on the reaction was

examined by using 5 mol % (Table 2, entry 13) and 20 mol %
(Table 2, entry 14) of catalyst 6.15 While the yields decrease to
58% for 5 mol % and 74% for 20 mol % catalyst loading, the
enantiomeric excess is only slightly altered (Table 2).
The optimized reaction conditions have been applied with

catalyst 615 in Michael additions of 8 to different β-nitrostyrenes
939,40 (Table 3). Relative to unsubstituted 10a, lower
selectivities, ranging from 53% ee for a chloro substituent in an
ortho position (10d) to 75% ee for either a methoxy (10e) or
bromo substituent (10f) in a para position of the aromatic
compound, are apparent (Table 3).
The yields vary between 42% for the p-NMe2-substituted

product 10i to a maximum of 93% for the p-bromo-substituted
product 10f (Table 3). In the case of deactivated aromatic
compounds 10g,h, a different reactivity is observed: The
p-cyano-substituted product 10h can only be obtained in traces,

Figure 1. Thiourea-based hydrogen-bonding catalysts (1,9 2, 3,10 411)
employed in this study.

Figure 2. Squaramide-based hydrogen-bonding catalysts (5, 6,15 716)
employed in this study.

Figure 3.Michael addition of 4-hydroxycoumarin 8 to β-nitrostyrenes 9,
providing 3-substituted 4-hydroxycoumarins 10 (Tables 2 and 3).

Table 1. Thiourea (1,9 2, 3,10 4;11 Figure 1) and Squaramide
Catalysts (5, 6,15 7;16 Figure 2) in the Michael Addition of
4-Hydroxycoumarin 8 to β-nitrostyrene 9a (Figure 3) at 20 °C

catalyst time (h:min) yield (%) ee (%)

1 6 55 64 (R)a,c

2 6 60 66 (R)a,c

3 6 64 48 (R)a,c

4 6 54 47 (R)a,c

5 1:30 80 74 (R)b,c

6 1:30 92 72 (R)b,c

7 2 70 racb,c

aDetermined by chiral HPLC analysis ((R,R)-Whelk O1 column).
bDetermined by chiral HPLC analysis (Chiralcel AD-H column). cThe
R configuration is assigned by correlation of computed and
experimental optical (−) rotation (Table 4).

Table 2. Solvent Screenings in the Michael Addition of
4-Hydroxycoumarin 8 to β-Nitrostyrene 9a Employing
Catalysts 5, 6,15 and 716 (Figure 2)

entry catalysta solvent temp (°C) time (h) yield (%) eeb,c (%)

1 5 1,4-diox 20 1.5 70 72 (R)

2 5 1,4-diox 10 3 75 77 (R)

3 5 DCM 20 1.5 67 55 (R)

4 6 DCM 20 1.5 45 52 (R)

5 6 1,2-DCE 20 1.5 68 68 (R)

6 6 CDCl3 20 1.5 90 68 (R)

7 6 Et2O 20 4 72 41 (R)

8 6 MeCN 20 3 70 45 (R)

9 6 DMSO 20 3 n.d. rac

10 6 1,4-diox 20 1.5 62 80 (R)

11 6 1,4-diox 10 3 78 81 (R)

12 6 1,4-diox 5 3 83 79 (R)

13 6d 1,4-diox 10 3 58 79 (R)

14 6e 1,4-diox 10 3 74 80 (R)

15 7 1,4-diox 10 3 n.d. 5 (S)
a10 mol % catalyst loading. bDetermined by chiral HPLC analysis
(Chiralcel AD-H column). cThe R configuration is assigned by
correlation of computed and experimental optical (−) rotation (Table 4).
d5 mol % catalyst loading. e20 mol % catalyst loading.
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identified by 1H NMR spectroscopy, and is not suitable, due to low
solubility, for HPLC chromatography. Product 10g is only obtained
as the product of a cyclization to 11g (Figure 4), an enantiomeric
excess of 61% for the isolated major diastereomer, which is due to
the extended reaction time of 24 h and heating to 35 °C.

As shown by Wang et al., the formation of the products 10a−i
can be followed by a cyclization procedure35 (Figure 4). In a first
nitro-aci-nitro tautomerization 12 is formed, which undergoes
cyclization to product 13 (Figure 4). Afterward, 13 is dehydrated
to product 14, which undergoes nitroso−oxime tautomerization,
resulting in the experimentally observed oxime 11g (Figure 4).
To assign the absolute configuration of products 10, the

optical rotation of a scalemic mixture of 10a (with 77% ee) was
measured, resulting in [α]D

20 = −17.6° (c = 0.5, EtOAc) for
product (−)-10a (Table 4). Computations of the optical rotation
of conformers of the major product enantiomer, (−)-10a, allow
the assignment of its absolute configuration of its R stereogenic

center (Table 4). Different conformers contribute, according to
their Boltzmann distribution,41−45 to a computed average optical
rotation of −154.8° for (−)-(R)-10a (Table 4). Computation of
conformers 10a-1 and 10a-5 (Table 4) at a higher level of theory,
i.e. B3LYP/aug-CC-pVTZ, results in only slight differences in
the optical rotation values: −2.75 and −9.88°, respectively.
DFT computations (B3LYP/6-311++G**D3BJ (1,4-diox-

ane)//B3LYP/6-31G*) of transition structures with different
binding modes explain the selectivity in the Michael addition
with catalyst 6. Binding modes of hydrogen-bonding catalysts
proposed by Takemoto7 (modes A and B, Figure 5) and
Paṕai12,46 (modes C and D, Figure 5) are compared for R and S
configurations of 10a, formed in the Michael addition of 8 to 9a
(Table 5 and Figure 6).
While binding modes A and B show a two-atom binding of the

nitro group by the squaramide unit, modes C and D represent a
one-atom binding of the enolate by the squaramide scaffold
(Figure 5). The most stable transition structure (TS-1; Table 5
and Figure 6) yields the R-configured 10a, in agreement with the
experiments (Tables 1−3), and exhibits one-atom binding of the
enolate of 8 by the squaramideNH groups, while an oxygen atom
of the nitro group coordinates the ammonium NH function of
the quinuclidine unit of 6. These squaramide hydrogen-binding
distances to the enolate are NQN−H···Ocoumarin = 1.94 Å and
Naryl−H···Ocoumarin = 1.84 Å (Figure 6 and Table 5). The binding
angles of the squaramide unit in TS-1, i.e. NQN−H···Ocoumarin and
Naryl−Haryl···Ocoumarin, are 153.9 and 164.0°, respectively (Table 5).
The competing, second most stable transition structure TS-2
(relative energy + 0.1 kcal/mol; Table 5) forms the minor S)-
configured product (S)-10a and shows a one-atombindingmode of
one of the nitro oxygen atoms by the squaramide unit (Figure 6),
while the enolate coordinates to the ammoniumNH function of the
quinuclidine unit of 6. The bond lengths for NQN−H and Naryl−H
to Onitro are 1.77 and 1.92 Å, respectively, with binding angles of
159.5 and 163.3°, and the bond length for the quinuclidine unit is
N−H···Oenolate = 1.83 Å with a binding angle of 154.2° (Table 5).
Four of the five most stable transition structures (TS1−5) yield

the experimentally observed R configured product 10a (Table 3),
but the computed energy difference between themost favoredTS1
(R) and TS2 (S) is small (0.1 kcal/mol; Table 5 and Figure 6).
The favored one-atom binding mode, as is apparent in the most

stable transition structures (TS1 and TS2; Figure 6), is consistent
with the canted directionality of its NH units, a frequently
encountered structural phenomenon of squaramides.14

■ CONCLUSION
An efficient asymmetric Michael addition of 4-hydroxycoumarin
8 to different β-nitrostyrenes 9 is enabled by the bifunctional,

Table 3. Michael Addition of 4-Hydroxycoumarin 8 to
β-Nitrostyrenes 9 Catalyzed by Squaramide 615

(Figures 2 and 3)a

styrene

product X Y Z yield (%) eeb,c (%)

10a H H H 78 81 (R)

10b H H OMe 55 56 (R)

10c H Br H 49 58 (R)

10d Cl H H 69 53 (R)

10e OMe H H 59 75 (R)

10f Br H H 93 75 (R)

10g NO2 H H 41 61 (R)d,e

10h CN H H <5 n.d.f

10i NMe2 H H 42 58 (R)
aConditions unless stated otherwise: 1,4-dioxane, 10 °C, 10 mol %
catalyst loading, 3 h. bDetermined by chiral HPLC analysis (Chiralcel
AD-H column). cThe R configuration is assigned by correlation of com-
puted and experimental optical (−) rotation (Table 4). dIsolated as oxime
cyclization product 11g after extended reaction time and heating to 35 °C.
eConditions: 1,4-dioxane, 20 °C, 10 mol % catalyst loading, 4 days.
fConditions: 1,4-dioxane, 20 °C, 10 mol % catalyst loading, 24 h.

Figure 4. Proposed mechanism for the cyclization of product 10g.35

Table 4. Assignment of the Absolute Configuration of
Product (−)-(R)-10a

rotamer
ΔAa

(kcal/mol)
populationb

(%)
comput opt
rotc (deg)

ϕ comput opt
rot (deg)

exp opt
rotd (deg)

10a-1 0 55.5 −2.3 −154.8 −17.6
10a-2 0.5 23.3 −451.3
10a-3 0.7 15.9 −146.6
10a-4 1.4 5.3 −468.4
10a-5 9.5 ≪0.1 −12.4

aRelative free energy at 293.15 K. bBoltzmann distribution at
293.15 K.41−45 cComputed optical rotation of different rotamers of
product (−)-10a (Figure 3) in the gas phase, B3LYP/aug-CC-pVDZ-
D3//B3LYP/6-31G*-D3.41−45,47 dSpecific optical rotation of 10a
(77% ee, c = 0.5 EtOAc) at 20 °C.
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chinchona-derived squaramide catalyst 615 with up to 78% yield
and 81% ee (Table 2). This squaramide catalyst proves to
be superior to analogue chinchona-derived thiourea catalysts,
with respect to reactivity and selectivity. The 3-substituted
4-hydroxycoumarin products 10 all exhibit negative optical

rotation ([α]D
20) and are assigned as major R enantiomers of

product 10a, on the basis of computed optical rotations.
Computational analyses of transition structures for the Michael
addition of 4-hydroxycoumarin 8 to β-nitrostyrene 9a with
chinchona-derived squaramide catalyst 6 show that the most

Figure 5. Computed binding modes of transition structures for the Michael addition of 4-hydroxycoumarin 8 to β-nitrostyrene 9a catalyzed by
squaramide 615 according to Takemoto7 and Paṕai.12

Table 5. Computed Transition Structures for the Michael Addition of 4-Hydroxycoumarin 8 to β-Nitrostyrene 9a Catalyzed by
Squaramide Catalyst 615 (Figures 5 and 6)

transition structure (binding
modea)

total energy
(hartree)b

ZPE (hartree) (imaginary freq
(cm−1))b,c

rel energy
(kcal/mol)]d

NQN−H···O
(Å/deg)

NAr−H···O
(Å/deg)

formed
confign

TS-1 (D) −3175.628052 0.754522 (−293.55) 0.0 1.94/153.9e 1.84/164.0e R

TS-2 (B) −3175.628312 0.754941 (−297.36) 0.1 1.77/159.5f 1.92/163.3f S

TS-3 (C) −3175.627641 0.754592 (−280.29) 0.3 1.97/153.8e 1.81/165.4e R

TS-4 (B) −3175.622063 0.754220 (−257.32) 3.6 1.83/151.4g 1.87/154.8g R

TS-5 (B) −3175.621203 0.755002 (−279.81) 4.6 1.87/151.1f 2.00/160.6f R

TS-6 (B) −3175.620450 0.754651 (−171.74) 4.9 1.99/150.1f 1.89/167.0f S

TS-7 (A) −3175.620392 0.754748 (−277.02) 5.0 1.89/150.5g 1.85/152.7g R

TS-8 (A) −3175.620458 0.755075 (−265.09) 5.1 1.91/150.0f 1.97/161.3f R

TS-9 (B) −3175.617408 0.754498 (−174.93) 6.7 1.94/152.5f 1.92/163.4f S

TS-10 (A) −3175.617331 0.754496 (−167.84) 6.7 2.08/146.5f 1.87/166.2f S

TS-11 (A) −3175.616649 0.754530 (−268.58) 7.2 1.79/159.4f 1.94/162.6f S

TS-12 (B) −3175.615119 0.754233 (−236.59) 7.9 2.41/135.9h 1.81/173.7h S

TS-13 (B) −3175.615649 0.755412 (−317.48) 8.3 1.92/155.9h 2.17/141.5h R

TS-14 (A) −3175.610129 0.754250 (−323.55) 11.1 1.85/151.5f 1.87/158.5f S

TS-15 (B) −3175.608897 0.754737 (−309.47) 12.2 2.02/132.2h 2.11/146.5h S

TS-16 (C) −3175.565809 0.753997 (−288.69) 38.7 1.91/156.6e 1.91/163.5e R

TS-17 (C) −3175.560509 0.754667 (−184.33) 42.5 1.99/150.3f 1.88/167.2f S
aBinding mode shown in Figure 5. bB3LYP/6-31G* optimized geometries. cZPE, scaled by 0.977.48 dB3LYP/6-311++G**-D3BJ, SCRF
(1,4-dioxane)//B3LYP/6-31G*, scaled ZPE corrected. eOne-atom binding mode to the nucleophile O(coumarin). fOne-atom binding mode to the
electrophile O(nitro). gTwo-atom binding mode to the electrophile O(nitro). hTwo-atom binding mode to the nucleophile O(coumarin) and the
electrophile O(nitro).
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stable transition structures, i.e. TS-1 and TS2, exhibit one-atom
binding modes of the squaramide unit. While the most stable
TS-1 represents the binding mode D, proposed by Paṕai,12 in
TS-2 (relative energy +0.1 kcal/mol), the binding mode B as
proposed by Takemoto7 is found. Hence, the canted NH
functionalities of the squaramide unit in 6 and its favored one-
atom binding mode might contribute to the superior perform-
ance of catalyst 6 and enable efficient access to pharmacologically
relevant 3-substituted 4-hydroxycoumarin products.

■ EXPERIMENTAL SECTION
Computational Details. In this work the geometry optimizations

and frequency computations were performed using GAUSSIAN0949 at
the B3LYP/6-31G(d)50−55 level of theory. SCRF solvent computations
were performed at the B3LYP/6-311++G(d.p)D3BJ56−59 level of
theory. Computations of the optical rotation were performed at the
B3LYP/aug-CC-pVDZD3 level of theory.47,58,59 Zero-point energies
were scaled by 0.977.48

General Considerations. All reactions were carried out under an
argon atmosphere by using Schlenk techniques, unless otherwise stated.
Solvents used in chemical conversions were dried by standard methods
and distilled under argon prior to use unless otherwise specified. The
catalysts 1−7 and the β-nitrostyrene derivatives 9a−i were prepared
according to literature procedures. NMR spectra, HPLC chromato-
grams, and the coordinates of the computed transition structures and
conformers can be found in the Supporting Information.
General Reaction Procedure for the 3-Substituted

4-Hydroxycoumarins. To a stirred solution of 4-hydroxycoumarin
(1 equiv) and the corresponding β-nitrostyrene (1.2 equiv) in 3 mL of
dry 1,4-dioxane at 10 °C was added the organocatalyst (0.1 equiv). The
solution was stirred at that temperature for 3 h. After that, the solvent
was removed in vacuo and the raw product was purified by flash
chromatography. The purified products were analyzed by HPLC
chromatography to determine the enantiomeric excess.
3-(2-Nitro-1-phenyl)ethyl-4-hydroxycoumarin (10a). The reaction

was conducted according to the general reaction procedure using 24 mg
of 4-hydroxycoumarin (0.15 mmol), 27 mg of β-nitrostyrene 9a
(0.18 mmol), and 9.5 mg of catalyst 6 (0.015 mmol). The product was
obtained as a white solid after flash chromatography (EtOAc/n-Hex
1/1). The analytical data match those in the literature.25 Yield: 36.4 mg
(78%). [α]D

20 = −17.6° (c = 0.5 EtOAc). 1H NMR (300 MHz, DMSO-
d6): δ 8.06 (dd, J = 8.2, 1.6 Hz, 1H, HAr), 7.64 (ddd, J = 8.6, 7.3, 1.6, 1H,
HAr), 7.44−7.20 (m, 7H, HAr), 5.45 (d, J = 7.8 Hz, 2H), 5.29 (t, J =
7.8 Hz, 1H). 13C{1H} APT NMR (75 MHz, DMSO-d6): δ 162.0, 161.7,
152.2, 138.8, 132.4, 128.4, 127.4, 127.0, 124.0, 123.6, 116.3, 115.8, 104.0,
76.5, 38.4; GC-MS EI (70 eV): tr(min) = 15.9; calculated [M − NO2 −
H]• 264.1, found [M − NO2 − H]• 264.1. HPLC (Chiralcel AD-H,

iPrOH/n-hexane 20/80, 1 mL/min, 35 bar): 81% ee, tr,min = 8 min,
tr,maj = 10.5 min.

3-(1-(2-Methoxyphenyl)-2-nitro)ethyl-4-hydroxycoumarin (10b).
The reaction was conducted according to the general reaction procedure
using 24 mg of 4-hydroxycoumarin (0.15 mmol), 32 mg of β-
nitrostyrene 9b (0.18 mmol), and 9.5 mg of catalyst 6 (0.015 mmol).
The product was obtained as a white solid after flash chromatography
(EtOAc/n-Hex 1/1). The analytical data match those in the literature.25

Yield: 28.2 mg (55%). 1H NMR (300 MHz, DMSO-d6): δ 8.03 (dd,
J = 8.2, 1.5 Hz, 1H, HAr), 7.63 (td, J = 7.7, 1.5 Hz, 1H, HAr), 7.45−7.31
(m, 2H, HAr), 7.32−7.17 (m, 2H, HAr), 6.99 (dd, J = 8.3, 1.1 Hz, 1H,
HAr), 6.88 (td, J = 7.5, 1.1 Hz, 1H, HAr), 5.50 (dd, J = 9.0, 6.3 Hz, 1H),
5.37 (dd, J = 12.9, 9.0 Hz, 1H), 5.17 (dd, J= 12.9, 6.3 Hz, 1H) 3.79
(s, 3H). 13C{1H} APT NMR (75 MHz, DMSO-d6): δ 162.2, 161.8,
156.7, 152.2, 132.3, 128.3, 128.2, 125.7, 123.5, 123.4, 120.1, 116.3, 115.9,
110.9, 102.7, 75.7, 55.5, 33.6. GC-MS EI (70 eV): tr(min) = 16.7,
calculated [M − NO2 − H]• 294.1, found [M − NO2 − H]• 294.1.
HPLC (Chiralcel AD-H, iPrOH/n-hexane 20/80, 1 mL/min, 35 bar):
56% ee, tr,min = 9.4 min, tr,maj = 11.3 min.

3-(1-(3-Bromophenyl)-2-nitro)ethyl-4-hydroxycoumarin (10c).
The reaction was conducted according to the general reaction procedure
using 24 mg of 4-hydroxycoumarin (0.15 mmol), 41 mg of β-
nitrostyrene 9c (0.18 mmol), and 9.5 mg of catalyst 6 (0.015 mmol).
The product was obtained as a white solid after flash chromatography
(EtOAc/n-Hex 1/1). Yield: 28.7 mg (49%). 1H NMR (300 MHz,
DMSO-d6): δ 8.10−8.02 (m, 1H, HAr), 7.83 (dd, J = 7.8, 1.3 Hz, 1H,
HAr), 7.40 (m, 6H, HAr), 5.44 (t, J = 7.4 Hz, 2H), 5.27 (t, J = 7.7 Hz, 1H).
13C{1H} APT NMR (75 MHz, DMSO-d6): δ 166.0, 163.0, 162.2, 142.1,
133.1, 131.0, 130.6, 130.4, 127.1, 124.3, 124.1, 123.6, 116.8, 91.4, 76.6,
38.6. GC-MS EI (70 eV): tr(min) = 16.9, calculated [M − NO2 − H]•

343.0, found [M − NO2 − H]• 343.9. HRMS (ESI-FTMS): m/z
[M + Na]+ calcd for C17H13BrNO5 411.9791, found 411.9795. HPLC
(Chiralcel AD-H, iPrOH/n-hexane 20/80, 1 mL/min, 35 bar): 58% ee,
tr,min = 6.8 min, tr,maj = 8.3 min.

3-(1-(4-Chlorophenyl)-2-nitro)ethyl-4-hydroxycoumarin (10d).
The reaction was conducted according to the general reaction procedure
using 24 mg of 4-hydroxycoumarin (0.15 mmol), 33 mg of β-
nitrostyrene 9d (0.18 mmol), and 9.5 mg of catalyst 6 (0.015 mmol).
The product was obtained as a white solid after flash chromatography
(EtOAc/n-Hex 3/2). The analytical data match those in the literature.25

Yield: 35.8 mg (69%). 1H NMR (300 MHz, DMSO-d6): δ 8.08−8.02
(m, 1H, HAr), 7.62 (t, J = 7.7 Hz, 1H, HAr), 7.47−7.32 (m, 6H, HAr), 5.43
(dd, J = 7.7, 3.5 Hz, 2H), 5.28 (t, J = 7.7 Hz, 1H). 13C{1H} APT NMR
(75 MHz, DMSO-d6): δ 162.5, 161.8, 152.2, 138.0, 132.4, 131.6, 129.4,
128.3, 123.9, 123.7, 123.9, 116.3, 116.0, 103.3, 76.3, 37.9. GC-MS EI
(70 eV): tr(min) = 16.9, calculated [M − NO2 − H]• 398.0, found
[M − NO2 − H]• 398.1. HPLC (Chiralcel AD-H, iPrOH/n-hexane
20/80, 1 mL/min, 35 bar): 53% ee, tr,min = 20.7 min, tr,maj = 29.8 min.

3-(1-(4-Methoxyphenyl)-2-nitro)ethyl-4-hydroxycoumarin (10e).
The reaction was conducted according to the general reaction procedure
using 24 mg of 4-hydroxycoumarin (0.15 mmol), 32 mg of β-
nitrostyrene 9e (0.18 mmol), and 9.5 mg of catalyst 6 (0.015 mmol).
The product was obtained as a colorless liquid after flash
chromatography (EtOAc/n-Hex 3/2). The analytical data match
those in the literature.25 Yield: 30.2 mg (59%). 1H NMR (300 MHz,
DMSO-d6): δ 8.03 (dd, J = 8.2, 1.6 Hz, 1H, HAr), 7.63 (ddd, J = 8.6, 7.3,
1.1 Hz 1H, HAr), 7.45−7.23 (m, 4H, HAr), 6,98−6.76 (m, 2H, HAr), 5.39
(dd, J = 7.9, 2.4 Hz, 2H), 5.21 (t, J = 7.9 Hz, 1H). HPLC (Chiralcel
AD-H, iPrOH/n-hexane 20/80, 1 mL/min, 35 bar): 75% ee, tr,min =
21.5 min, tr,maj = 31.6 min.

3-(1-(4-Bromophenyl)-2-nitro)ethyl-4-hydroxycoumarin (10f).
The reaction was conducted according to the general reaction procedure
using 24 mg of 4-hydroxycoumarin (0.15 mmol), 41 mg of β-
nitrostyrene 9f (0.18 mmol), and 9.5 mg of catalyst 6 (0.015 mmol).
The product was obtained as a pale yellow liquid after flash
chromatography (EtOAc/n-Hex 3:1). Yield: 54.4 mg (93%). 1H NMR
(300 MHz, DMSO-d6): δ 8.04 (dd, J = 8.2, 1.5 Hz, 1H, HAr), 7.62 (ddd,
J = 8.7, 7.3, 1.5 Hz, 1H, HAr), 7.50 (d, J = 8.5 Hz, 2H, HAr), 7.37 (m, 4H,
HAr), 5.42 (m, 2H), 5.24 (t, J = 7.7 Hz, 1H). 13C{1H} APT NMR
(75 MHz, DMSO-d6): δ 163.3, 162.3, 152.8, 139.0, 132.9, 131.7, 130.3,

Figure 6. Two competing, most stable transition structures for the
Michael addition of 4-hydroxycoumarin 8 to β-nitrostyrene 9a catalyzed
by squaramide 615 (B3LYP/6-311++G**-D3BJ, SCRF (1,4-dioxane)//
B3LYP/6-31G*; Table 5).
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124.4, 124.2, 120.5, 116.8, 116.7, 103.5, 76.7, 38.5. HRMS (ESI-FTMS):
m/z [M + Na]+ calcd for C17H13BrNO5 411.9791, found 411.9794.
HPLC (Chiralcel AD-H, iPrOH/n-hexane 20/80, 1 mL/min, 35 bar):
75% ee, tr,min = 14.2 min, tr,maj = 20.8 min.
2-(Hydroxyimino)-3-(4-nitrophenyl)-2,3-dihydro-4H-furo[3,2-c]-

chromen-4-one (10g). The reaction was conducted according to the
general reaction procedure using 24 mg of 4-hydroxycoumarin
(0.15 mmol), 35 mg of β-nitrostyrene 9g (0.18 mmol), and 9.5 mg of
catalyst 6 (0.015 mmol). The major diastereomer of the product was
obtained as a pale yellow liquid after flash chromatography (EtOAc/n-Hex
1/2). Yield: 21.5 mg (41%). 1H NMR (300 MHz, DMSO-d6): δ 10.72
(s, 1H), 8.19 (d, J = 8.5 Hz, 2H, HAr), 7.92 (d, J = 7.8 Hz, 1H, HAr), 7.80 (t,
J = 8.0 Hz, 1H, HAr), 7.68 (d, J = 8.4 Hz, 2H, HAr), 7.62−7.43 (m, 2H,
HAr), 5.69 (s, 1H).

13C{1H} APT NMR (75 MHz, DMSO-d6): δ 130.0,
128.1, 124.3, 124.0, 123.9, 117.5, 110.0, 82.1, 81.7, 76.6, 69.5, 41.5, 27.7.
HRMS (ESI-FTMS): m/z [M + H]+ calcd for C17H11N2O6 339.0611,
found 339.06146. HPLC (Chiralcel AD-H, iPrOH/n-hexane 20/80,
1 mL/min, 35 bar): 61% ee, tr,maj = 45.2 min, tr,min = 47.6 min.
3-(1-(4-Cyanophenyl)-2-nitro)ethyl-4-hydroxycoumarin (10h).

The reaction was conducted according to the general reaction procedure
using 24 mg of 4-hydroxycoumarin (0.15 mmol), 31 mg of β-
nitrostyrene 9h (0.18 mmol), and 9.5 mg of catalyst 6 (0.015 mmol).
The product was obtained as a pale yellow liquid after flash
chromatography (EtOAc/n-Hex 2:1). Yield: n.d. (<5%). 1H NMR
(300 MHz, DMSO-d6): δ 7.80 (d, J = 8.2 Hz, 1H, HAr), 7.68 (d,
J = 8.3 Hz, 2H, HAr), 7.63 (d; J = 8.5 Hz, 2H, HAr), 7.38−7.33 (m, 1H,
HAr), 7.10 (d, J = 7.5 Hz, 1H, HAr), 7.05 (d, J = 8.3 Hz, 1H, HAr), 5.63−
5.53 (m, 1H), 5.27−5.16 (m, 2H). HRMS (ESI-FTMS):m/z [M+Na]+

calcd for C18H12N2O5Na 359.0638, found 359.0641.
3-(1-(4-N,N-Dimethylaminophenyl)-2-nitro)ethyl-4-hydroxycou-

marin (10i). The reaction was conducted according to the general
reaction procedure using 24 mg of 4-hydroxycoumarin (0.15 mmol),
35 mg of β-nitrostyrene 9i (0.18 mmol), and 9.5 mg of catalyst 6
(0.015 mmol). The product was obtained as a pale red solid after flash
chromatography (EtOAc/n-Hex 1/1). Yield: 21.7 mg (42%). 1H NMR
(300MHz, DMSO-d6): δ 8.01 (dd, J = 8.3, 1.5 Hz, 1H, HAr), 7.62 (td, J =
7.9, 7.4, 1.5 Hz, 1H, HAr), 7.44−7.33 (m, 2H, HAr), 7.23 (d, J = 8.8 Hz,
2H, HAr), 6.67 (d, J = 8.8 Hz, 2H, HAr), 5.37 (dd, J = 8.0, 6.3 hz, 2H),
5.16 (t, J = 7.9 Hz, 1H). 13C{1H} APT NMR (75 MHz, DMSO-d6): δ
172.3, 164.3, 154.0, 149.4, 132.1, 131.5, 130.0, 128.8, 125.2, 123.6, 122.0,
115.7, 112.7, 97.2, 79.5, 56.5, 56.2, 40.9, 19.0. HRMS (ESI-FTMS):
m/z [M + H+]+ calcd for C19H19N2O5 355.1288, found 355.1290;
[M + Na+]+ calcd for C19H18N2O5Na 377.1108, found 377.1103. HPLC
(Chiralcel AD-H, iPrOH/n-hexane 20/80, 1 mL/min, 35 bar): 58% ee,
tr,min = 8.9 min, tr,maj = 11.9 min.
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