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In this paper we report the application of chiral complexes of La(IIl) with pyBOX ligands as
Lewis acid catalysts in the conjugate addition of malonic esters to N-tosyl imines derived from
B,y-unsaturated a-keto esters to give the corresponding chiral o,B-dehydroamino esters. pyBOX
complexes with La(III), Yb(III), Sc(IIT) and In(III) triflates were assessed in this reaction but
only La(IIl) showed good activity and enantioselectivity, while Yb(III) provided the expected
product with low yield and stereoselectivity, and the Sc(IIl) and In(IIl) complexes were
completely inactive. The complex of La(OTf); with the diphenyl-pyBOX ligand prepared in situ
provided the best results and allowed obtaining chiral a,B-dehydroamino esters 3 with excellent
yields, E:Z diastereomeric ratios (29:71 to 99:1) and high enantiomeric excesses (20-95%). The
reaction could be applied to imines having a substituted aromatic ring or a heterocycle attached
to the double bond, although the presence of electron-withdrawing groups on the aromatic ring
was detrimental for stereoselectivity. The reaction products were obtained with the S
configuration at the stereogenic center and the Z configuration at the enamine double bond as
determined by NOESY experiments and X-ray analysis. Based on the experimental results a

stereochemical model involving a nine-coordinate La(III) species has been proposed.
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1. Introduction

The coordination chemistry of rare earth metals (including the Group 3 metals scandium,
yttrium, and lanthanum alongside the 4f elements) is strongly dominated by the most common
and stable +3 oxidation state, with less common +4 oxidation state available for Ce, Pr and Tb
and +2 oxidation state available for Sm, Eu and Yb [1]. Because of their identical outer shell
electron configuration (5s25p® except for La), rare earth metals often have similar properties,
although the different ionic radii may determine the suitability of a ligand to a particular metal,
the coordination number and the charge concentration, giving rise to subtle differences within the
element series. The limited accessibility of oxidation states other than the Ln(III) limits the
catalytic applications of these elements in reactions where, for example, oxidative addition
and/or reductive elimination are key steps in the catalytic cycle. In contrast, lanthanides have
shown exceptional capability as Lewis acids [2]. Lanthanides have hard Lewis acidity and show
strong affinity for heteroatoms such as nitrogen and oxygen in-organic molecules, thus enabling
strong activation of functional groups such as carbonyl or imines. In addition, lanthanides are
characterized by large coordination numbers (up to nine) compared with other common Lewis
acidic metals (such as Ti, Al, B and Sn), which allows lanthanides to keep their Lewis acidity
even after being coordinated by a ligand, which is especially important with reactions involving
polychelating substrates. In the last decades, a number of complexes of lanthanides with chiral
ligands have been used as Lewis acid catalysts in asymmetric reactions [3]. The
2,6-bis(oxazolinyl)-pyridine (pyBOX) ligand has been widely used in asymmetric catalytic
applications of the lanthanides and other metals [4]. This tridentate ligand adopts a planar
arrangement of the coordinating nitrogens, with the frans N-metal-N angle being significantly
smaller than'180°. This coordination mode opens up the metal center to higher coordination
numbers at the same time as the highly rigid and sterically imposing pyBOX ligand framework
creates a well-defined chiral space. Besides their potential applications in imaging and lighting
due to luminescence [5], lanthanide-pyBOX complexes have been used as catalysts in different
enantioselective reactions such as a-amination of carbonyl compounds [6], 1,3-dipolar
cycloadditions [7], Diels-Alder reactions [8], Mukaiyama-Aldol and Mukaiyama-Michael

additions [9] and the cyanation of carbonyl compounds [10].



On the other hand, non-proteinogenic a,p-dehydroamino acid derivatives are often found
in natural products produced by bacteria, fungi, marine organisms and plants, and play an
important role in the biosynthesis of other non-proteinogenic amino acids [11]. Some of these
compounds have antibiotic and other interesting activities [12], while others are used as starting
materials in the synthesis of natural and unnatural a-amino acids as well as in the synthesis of
heterocyclic compounds [13]. Because of these properties, there is growing interest in the
development of efficient synthetic methods for this kind of compound. Recently, the conjugate
addition of nucleophiles to B,y-unsaturated a-keto esters has emerged as a new strategy for the
preparation of B-dehydroamino esters [14]. Furthermore, our group has shown that
1,3-dicarbonyl compounds are prone to catalysis by La(Ill)-pyBOX, which efficiently promoted
the enantioselective conjugate addition of malonate esters to unsaturated ketimines to give chiral
enamines [15]. By considering both strategies together, we envisioned that chiral
a,B-dehydroamino esters 3 may be obtained in an enantioselective fashion by achieving the

conjugate addition of malonate esters 1 to imines 2 derived from f3,y-unsaturated a-keto esters

(scheme 1).
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Scheme 1. Conjugate addition of malonate esters to N-tosyl imines derived from B,y-unsaturated

o-keto esters.

2. Materials and methods

2.1. General procedures

Reactions were carried out under nitrogen in Schlenk tubes oven-dried overnight at 120 °C.
Reactions were monitored by TLC analysis using Merck Silica Gel 60 F-254 thin layer plates.
Flash column chromatography was performed on Merck silica gel 60, 0.040-0.063 mm.



2.2. Reagents and solvents

Commercial reagents were used as purchased. Dichloromethane was distilled from CaH,. 4 A
Molecular sieves (8-12 mesh, beads Aldrich 208604) for enantioselective reactions were dried at
the flame under vacuum (oil pump) and stored in a closed flask and used within a week. Imines 2

were prepared according to procedures described in the literature [14d].

2.3. Characterization of the reaction products
Melting points were determined in capillary tubes in a Biichi M-560 instrument.

NMR spectra were run at 300 MHz for 'H and at 75 MHz for 13C NMR in a Bruker
Avance 300 DPX spectrometer using residual nondeuterated solvent (CHCl;) as internal standard
(0 7.26 and 77.0 ppm, respectively). Chemical shifts are given in ppm. The carbon type was
determined by DEPT experiments.

High resolution mass spectra (ESI) were recorded on a Waters Q-TOF Premier
spectrometer equipped with an electrospray source with a capillary voltage of 3.3 kV (ESI).

Specific optical rotations were measured-in CHCl; solutions with a Perkin-Elmer 241
polarimeter using sodium light (D line 589 nm) in a 1 dm cell. Concentrations are given in
g/100 mL.

Chiral HPLC analyses were performed in a Hitachi Elite Lachrom chromatograph
equipped with a Hitachi L-4500 UV diode-array detector using chiral stationary phase columns
from Daicel or Phenomenex.

X-ray data for 3bl were collected on an Enraf Nonius Kappa CCD apparatus equipped
with a graphite monochromator and Mo Ko, (A = 0.71073 A) radiation. The structures were
solved by using direct methods with SHELXS-2014 and refined by using full matrix least
squares on F? with SHELXL-2014 [16].

2.4. General procedure for the enantioselective conjugate addition of diethyl malonate to
ao,f-unsaturated N-tosyl imines 2

La(OTf); (14.7 mg, 0.025 mmol) was dried in a Schlenk tube under vacuum. pyBOX1 (9.24 mg,
0.025 mmol) was added and the tube was filled with nitrogen. CH,Cl, (1.1 mL) was added via
syringe and the mixture was stirred for 30 min. A solution of imine 2 (0.25 mmol) dissolved in

dry CH,Cl, (1.1 mL) was added via syringe, followed by 4 A MS (110 mg) and diethyl malonate



(92 uL, 0.63 mmol). The mixture was stirred at room temperature for the indicated time and
chromatographed on silica gel eluting with hexane/EtOAc¢ mixtures to give 3.
Racemic compounds for comparative purposes were prepared following the same

procedure, using La(OTf);-pyBOX (rac) at 40 °C.

3. Results and discussion

3.1. Optimization of reaction conditions

A preliminary screening of catalytic complexes based on trivalent metal salts and pyBOX
ligands (figure 1) was undertaken using the reaction between dimethyl malonate (1a, R = Me)
and the o,B-unsaturated N-tosyl imine 2a (R! = Ph, R2 = Et) in the presence of 4 A MS and
dichloromethane as the solvent (table 1).

The complexes of Sc(OTf); or In(OTY); with pyBOX1 were completely inactive and no
significant progress of the reaction was observed after 46 h (table 1, entries 3 and 4) while the
complex with Yb(OTY); promoted a sluggish reaction and provided the expected product 3aa
with low yield, fair diastereomeric ratio and low 30% ee (table 1, entry 2). The pyBOX1-
La(OTf); complex was more active and, after 16 h, gave 3aa in excellent yield, with outstanding
diastereoselectivity and 86% ee (table 1, entry 1). Other pyBOX ligands were tested in
combination with La(OTf); but none of them improved the results obtained with pyBOX1
(table 1, entries 5-8). The pore size in the molecular sieves seemed not to have any effect on the
performance of the reaction and either 3 A or 5 A MS afforded similar results as 4 A MS
(table 1, entries 9 and 10). Next we studied different solvents. Unfortunately, none of them
produced any upturn in the results; only diethyl ether performed similarly to dichloromethane
(table 1, entries 11-16). The influence of the alkoxy group in the malonate ester was also
assessed. Slightly enhanced stereoselectivity was obtained with diethyl malonate (1b, R = Et,
table 1, entry 17), while diisopropyl malonate (1¢, R = iPr) gave the reaction product with only
73% ee (table 1, entry 18). Surprisingly, the use of diethyl ether with these two esters was
deleterious, unlike with dimethyl malonate (table 1, entries 19 and 20). Finally, a decrease of
temperature to 0 °C resulted in a decrease in the reaction rate and a slight loss of optical purity in
the resulting enamine (table 1, entry 22).

Finally, 1t is worth remarking that 3aa was obtained as a single diastereomer with

excellent diastereoselectivity (dr = 99:1) favoring the Z configuration in the double bond.



The reaction of dimethyl malonate (1a) and imine 2a catalyzed by La(OTf); in the
absence of a pyBOX ligand in dichloromethane at room temperature was incomplete after 24 h,
providing the product resulting from 1,2-addition of dimethyl malonate to the imine C-N double
bond. After increasing the temperature to 40 °C the mixture evolved to give 3aa as a

diastereomer mixture (E:Z = 74:26) favoring the E enantiomer (table 1, entry 23).

3.2. Scope of the reaction

With the optimized conditions in hand, we studied the scope of the reaction with different
imines 2. Since diethyl malonate gave better results than dimethyl or diisopropyl-malonate, most
of the study was restricted to this nucleophile. The results are gathered in table 2.

Different imines 2 having aromatic substitution at the double bond (y-carbon) of the
unsaturated ketimino ester were suitable substrates for the reaction (table 2, entries 1-10). In
general the reaction took place with excellent diastereoselectivity favoring the formation of the
isomer having the Z configuration at the enamine double bond, with E/Z ratios higher than 10:90,
except in the case of nitro derivative 3bj that was obtained as an £/Z 29:71 mixture (table 2,
entry 10). High enantiomeric excesses above 86% were obtained when R! was a phenyl group
substituted with either neutral (Me) or electron-donating (MeO) substituents at any of the
positions (table 2, entries 2, 5 and 8). The best enantioselectivity was obtained when R! was a
2- or 3-clorophenyl ring (table 2, entries 6 and 9). Nevertheless, when a nitro group is attached to
the aromatic ring, a dramatic drop in the enantiomeric excess (table 2, entries 4, 7 and 10) was
observed. The substituent R! can also be a heteroaromatic ring (table 2, entry 11); the
corresponding enamine was obtained with excellent diastereoselectivity and still 84% ee. Finally,
the alkoxy group in2 was also amenable to variation. Imines 21 and 2m derived from methyl or
isopropyl keto esters gave the corresponding products with excellent diastereo- and

enantioselectivity (table 2, entries 12 and 13).

3.3. Stereochemical outcome

The stereochemistry of the double bond in compounds 3 was assigned as Z on the basis of
NOESY experiments carried out with 3be (see Supporting Information). The spectrum showed
an interaction between the NH enamine proton at 6 6.73 and the benzylic proton at 8 4.62, which

is only possible if the double bond has the Z configuration. Furthermore, 3bl could be



crystallized and subjected to X-ray analysis [17], which allowed us to confirm the geometry of
the double bond as Z (figure 2). The absolute stereochemistry of 3bl with the S configuration at
the stereogenic center was established on the basis of a Flack parameter value of -0.03(5)
obtained after structure refinement [18]. The absolute stereochemistries for the other obtained
enamines 3 were assigned by analogy upon the assumption of a uniform stereochemical pathway.

These results indicate the preference of the malonate to approach from the Re face of the
double bond of the unsaturated imine 2. Taking into account previous studies on La(IIl)-pyBOX-
catalyzed reactions [8b-c, 9b], we propose participation of a nine-coordinate La(IIl) species with
the imine ketoester 2 forming a chelate and the 1,3-dicarbonyl compound mono-(a) or
dicoordinated (b) to the metal ion (figure 3). In this complex, the unsaturated imine 2, in its s-cis
conformation would be oriented to avoid the steric interaction of the R and tosyl groups with the
phenyl group of the ligand, thus leading to the conjugate addition product 3 having the

S-configuration at the stereogenic center and the Z-geometry at the double bond.

4. Conclusion

We have shown that La(III)-pyBOX complexes can catalyze the enantioselective conjugate
addition of malonate ester derivatives to N-tosyl-f3,y-unsaturated a-ketimino esters. The
corresponding complex of La(OTf); with the diphenyl-pyBOX ligand delivered the expected
chiral a,3-dehydroamino esters 3 with excellent yields, diastereomeric ratios and high
enantiomeric excesses. In allthe cases, the reaction delivered the products with the Z
configuration at the enamine double bond and the S configuration at the stereogenic center, as
determined by NOESY experiments and X-ray analysis. Based on the experimental results a

stereochemical model has been proposed.
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Figure 1. pyBOX-type ligands used in this study.
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Figure 2. ORTEP plot for the X-ray structure of 3bl. The thermal ellipsoids are drawn at the 50%
probability level.

Figure 3. Proposed stereochemical model for the La(OTf);-pyBOX1 catalyzed enantioselective
conjugate addition of methyl malonate to a,p-unsaturated N-sulfonyl imines 2.



Table 1. Enantioselective addition of malonate esters 1 to unsaturated imine 2a catalyzed
by pyBOX-M(III) complexes.?

0 o NTe M( OBg))g O Ph CO,Et
R Aor + o MZyCH2C|2 RO NHTs
1 2a ’ RO™ O
3
Entry M pyBOX 1 R  Solvent #(h) 3  Yield (%)’ dr (E/Z) E’(‘,"/o v
1 La pyBOX1 1a Me CH),Cl, 16 3aa 9%4 2:98 -86
2 Yb pyBOX1 1la Me CH,Cl, 44  3aa 23 2773 30
3 Sc  pyBOX1 1a Me CH)Cl, 46  3aa - - -
4 In pyBOX1 1a Me CH,Cl, 46 3aa - - -
5 La pyBOX2 1a Me CH,ClL, 19 3aa 90 1:99 -52
6 La pyBOX3 1a Me CH)Cl, 26 3aa 91 4:96 -35
7 La pyBOX4 1a Me CH)Cl, 19  3aa 96 13:87 26
8 La pyBOX5 1a Me CH)Cl, 26 -~ 3aa 9%4 13:87 16
9e La pyBOX1 1a Me CH,Cl, 16 — 3aa 98 7:93 -74
10f  La pyBOX1 1a Me CH)Cl, 15 3aa 92 8:92 -73
11 La pyBOX1 1a Me CHCl; 17 3aa 99 5:95 -78
12 La pyBOX1 1a Me DCE 17 3aa 89 4:96 -86
13 La pyBOX1 1la Me toluene - 16 3aa 93 4:96 -61
14 La pyBOX1 1la Me - THF 16  3aa 99 2:98 -83
15 La pyBOX1 1a Me dioxane 35 3aa 96 11:89 -55
16 La pyBOX1 la Me  Et,0 18 3aa 95 2:98 -86
17 La pyBOX1 1b  Et CH,CI, 18 3ba 94 1:99 91
18 La pyBOX1 1b Et Et,O 20  3ba 87 3:97 -76
19 La pyBOX1 1c iPr CH)Cl, 16 3ca %4 2:98 -73
20 La "pyBOXI 1c iPr Et,0 15 3ca 99 3:97 -25
218 La pyBOX1 1a Me CH,Cl, 41 3aa 94 5:95 -87
22¢  lLa pyBOX1 1b Et CH,Cl, 64  3ba 93 1:99 -86
23h La - la Me CH,Cl, 24 3aa 80 74:26 -

a Reaction conditions: 1 (0.6 mmol), 2a (0.25 mmol), pyBOX (0.025 mmol), M(OTf);3

(0025 mmol), 4A MS (110 mg), solvent (2.2 mL). ® Yield of isolated product.

¢Determined by "H NMR. ¢ Only for the major (Z)-diastereomer. Determined by HPLC
with chiral stationary phases; opposite sign indicates opposite enantiomers. ¢3 A MS was
used. f5 A MS was used. ¢ Reaction carried out at 0 °C. ' Reaction carried out at 40 °C.



Table 2. Enantioselective addition of dialkyl malonates to unsaturated imines 2 catalyzed by
pyBOX1-La(OTf);?

| X
O/ N/ \\o)
N~ R' CO,R?2 R' NHTs
CO,R NTs Ph" pyBOX1 Ph ROLC P 2 ROLC
¢ S ety RO NHTs + ROZON g0
COR 2 4A MS RO,C RO,C
1 2 CH,Clj, rt (S,E)-3 (S,2)-3
minor major
Entryl R 2 R! R? t(h)3  Yield (%)’ dr(E/Z) ee (E/Z)
1 1b Et 2a Ph Et 18 3ba 94 1:99 7/91
2 1b Et 2b 4-MeCgH,4 Et 39 3bb 99 1:99 -/88
3 1b Et 2c 4-CIC¢Hy4 Et 30 3be 97 6:94 21/88
4 1b Et 2d 4-NO,C¢H;, Et 72 3bd 99 5:95 24/69
5 1b Et 2e 4-MeOC¢Hs Et 39 3be 99 1:99 22/86
6 1b Et 2f 3-CIC¢H4 Et 39 3bf 97 1:99 44/90
7 1b Et 2g 3-NO,C¢Hys Et 72 _3bg 99 7:93 38/52
8 1b Et 2h 3-MeOC¢Hs Et 43 '3bh 91 7:93 37/88
9 1b Et 2i 2-CIC¢H4 Et 72 -3bi 99 2:98 23/95
10 1b Et 2j 2-NO,C¢Hs Et 120 3bj 95 29:71 60/20
11 1b Et 2k 2-furanyl Et 63 3bk 93 2:98 7/84
12 1b Et 2l Ph Me 21 3bl 99 1:99 14/87
13 1b Et 2m Ph iPr 20 3bm 98 1:99 44/89
14 la Me 2a Ph Et 16 3aa 94 2:98 2/86
15 Ic Pr 2a Ph Et 16 3ca 94 3:97 83/73

aReaction conditions: 1 (0.6 mmol), 2 (0.25 mmol), pyBOX1 (0.025 mmol), La(OTf);
(0.025 mmol), 4 A MS (110 mg), solvent (2.2 mL), rt. ® Yield of isolated product.
¢Determined by '"H NMR. ¢ Determined by HPLC with chiral stationary phases.

B
(0] | W 0
N N/ Ar  COEt A
e e B T e [ EtO,C /‘F\/NI\HTS
* Ar /mv,lco?a La(OTf)s . "N\NHTS i 7 Z COoLEt
COEt : 4A MS EtO,C EtO:C
CHCly, rt minor major

Yield: 91-99%
E/Z: 29:71 t0 1:99
eea: 20-95%



