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Abstract An enantioselective [3+2] cyclization is reported for the con-
struction of a chiral oxazoline skeleton in moderate yield and up to 97%
ee. The reactivity and stereochemical discrimination originate from the
noncovalent interaction and orientation of a bifunctional catalyst. The
novel combination of an a-keto ester and an a-isocyanoacetate estab-
lishes an oxazoline which could be a potential chiral ligand for metal-
mediated catalysis, and also could be easily converted into an optically
active B-hydroxy-a-amino acid.
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Nitrogen-containing heterocycles are important in
pharmaceutical investigations, especially for small-mole-
cule drug design.! Aimed at target skeletons of this sort, a-
isocyanoacetate has been frequently used as versatile syn-
thon providing dipolar reactivity in a [3+2] cyclization pro-
cess.”? Mediated by organocatalysis, several prominent ma-
nipulations have been used for the construction of ana-
logues of pyrrole*> and imidazole* However, the
straightforward assembly of optically active oxazolines,
which act as ligands for transition metals and are the core
framework in numerous natural products, is highly depen-
dent on chiral metal complexes. In 1986, Ito and Hayashi re-
ported the first asymmetric aldol-type reaction for a-isocy-
anoacetate using a chiral Au(l) complex.” Subsequent inves-
tigations focused on disparate transition metal catalyst
systems and often led to the formation of trans-substituted
oxazolines.’ In 2011 Dixon et al. utilized a chiral amino
phosphine Ag(I) complex to obtain oxazolines with excel-
lent cis selectivity.” In sharp contrast, the organocatalytic
variant for such conversions has been studied and only a
single example was presented by Gong et al.® There has
been no report of the combination involving a ketone
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group, which would afford direct access to oxazolines bear-
ing one or two quaternary asymmetric centers. In this pa-
per, we describe the first asymmetric aldol-type transfor-
mation of a-keto esters with a-isocyanoacetate catalyzed
by a thiourea/amine bifunctional catalyst and leading to a
precursor of B-hydroxy-a-amino acids.>-¢7°

We began by evaluating the efficiency of the bifunction-
al catalyst system.!® Progress in noncovalent catalysis fur-
nishes findings, abundant and well-documented, concern-
ing versatile methodologies and selectivities.!! With
thiourea/amine-type bifunctional catalysts, the Brensted
basicity of a tertiary amine affords the activation energy for
reaction with nucleophilic compounds and simultaneously
the thiourea moiety acts as a hydrogen donor to interact
with the corresponding electrophile.’? This cooperative
mode takes advantage of both the substrate proximity ef-
fect and a sterically well-defined transition state rendering
high synergy to the catalysis. We hypothesized that the
dual carbonyl groups of a-keto esters would permit a well-
organized cyclic interaction with the thiourea moiety of the
bifunctional catalyst, as shown in Scheme 1. Simultaneous-
ly, the acidic C-H bond of a-isocyanoacetate spontaneously
enters into a noncovalent interaction with the alkaline
site and interacts intramolecularly with the keto group of
the a-keto ester.

The inception of the aldol-cyclization cascade is initiat-
ed by the reaction of ethyl phenylglyoxylate (1a) with
methyl isocyanoacetate (2a) which is promoted by various
thiourea amines. Takemoto’s catalyst (3a; Table 1, entry 1),
the simplest bifunctional analogue of chiral 1,2-diaminocy-
clohexane, delivers fair asymmetric induction along with
moderate differentiation of diastereoisomers. The results
indicate that thioureas containing a strong basic tertiary
amine two carbon atoms removed from the thiocarbonyl
group could lead to activation and the resulting stereo-
chemistry. The comparable structure in the cinchona alka-
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Scheme 1 o-Keto ester for chiral oxazoline skeleton

loids (3c-g) was systematically investigated in the reaction
and the essential role of the thiourea moiety was also eval-
uated (3b). Catalysts lacking thiourea can nevertheless cata-
lyze the oxazoline synthesis, but with noticeably dimin-
ished enantioselectivity and yield (Table 1, entry 2, 48%
yield, 33% ee). The aryl substituents of the thiourea group
demonstrate no obvious discrepancy and promote the cy-
clization with moderate efficiency and enantioselectivity
(entries 3 and 4, Table 1, 68% ee vs. 76% ee). In a brief
screening of the solvent system, toluene was identified as a
suitable solvent, delivering acceptable reactivity and selec-
tivity (Table 1, entries 8 and 9).

The substituent effect was evaluated by modifying the
R, R? and R3 groups in the starting materials. The substitu-
ent in the a-position of the isocyanoacetate (R3) triggered
selectivity which might result from excessive crowding in
the transition state (entry 10, Table 1; methyl substituent
for 53% ee). When manipulating the steric size of ester
groups in the isocyanoacetates, a proportional increase of
enantioselectivity indicates that the bulky tert-butyl ester
could enhance the facial discrimination and generate an ap-
preciable ee value (entries 9, 11, and 12 in Table 1; 79% ee
vs. 84% ee vs. 94% ee, respectively). On the other hand, the
o-keto esters can tolerate alkyl groups (R') of various sizes
with no effect on the enantioselectivity (Table 1, entries 13
and 14). The absolute configurations of the thiourea and
quinuclidine moieties were found to control the steric ori-
entation of the transition state and the reaction furnished
the desired product with determinable conformation. The
same reactions for cinchonidine (3e), quinidine (3f) and
cinchonine (3g) showed no significant difference in both
catalytic ability and steric discrimination (Table 1, entries
15-17). Catalysts 3f and 3g generated the desired product
with a structure which is the mirror image of that in 3c. In
view of the experimental data and the demonstrated cata-
lytic model, the absolute configuration of the title product
was assigned and is shown in Scheme 2.
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Scheme 2 Proposed transition sate for cis-oxazoline

Under the optimized reaction conditions, diverse aro-
matic a-keto esters were examined and the corresponding
oxazolines were synthesized in good yields and with excel-
lent ee values.' As shown in Table 2, ethyl phenylglyoxylate
structures containing electron-donating substituents (Me,
OMe) or electron-withdrawing groups (F, Cl, Br) gave the
corresponding products with appreciable enantioselectivity
(Table 2, entries 2-9). Different patterns of substituents (m-
and p-) of substituents with different electronic character-
istics are tolerated in the reaction. Compounds with a mul-
tisubstituted aryl group also performed well giving an ex-
cellent ee value for the title oxazoline (entry 10). Further-
more, a-keto esters with a heteroaromatic ring and a fused
ring can also be converted smoothly into the desired prod-
ucts with appropriate selectivity (Table 2, entries 11 and
12).

Derived from Nuclear Overhauser Effect Spectroscopy
(NOESY) analysis (cis product)# and the well-understood
interaction pattern between the thiourea moiety and a-keto
ester,’> a proposed transition state is shown in Scheme 2.
The ester carbonyl group of the a-keto ester enjoys an
H-bonding interaction with the N atom bearing an aryl
group and the ketone carbonyl interacts with the residual N
atom of the thiourea. The nucleophilic a-isocyanoacetate is
activated by the quinuclidine moiety and attacks from
above the rigid ring system. As a consequence, the substitu-
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Table 1 Reaction Optimization?

OMe

cat. 3 (10 mol%)

solvent, r.t.

Ar! = 3,5-(CF3)p-CgHg
Ar? = 3,5-(OMe),-CgH3

Entry Cat. R',R%,R3 Solvent Yield (%) dre ee (%)d
1 3a  Et, Me, H(2a) CH,Cl, 53 1.81 =70
2 3b  Et, Me H(2a) CH,Cl, 48 1.2:1 33
3 3c Et, Me, H (2a) CH,Cl, 53 1.3:1 68
4  3d  Et Me H(2a) CH,Cl, 58 1.4:1 76
5 3d  Et, Me, H (2a) Et,0 56 1.4:1 56
6 3d Et, Me, H (2a) THF trace n.d. n.d.
7 3d  Et Me, H (2a) EtOAC 36 1.5:1 76
8 3d Et, Me, H (2a) toluene 65 2:1 84
9 3c Et, Me, H (2a) toluene 70 2:1 79

10 3c Et, Me, Me (2b) toluene 62 2:1 53
11 3c Et, Et, H (2¢) toluene 46 1.7:1 84
12 3c Et, t-Bu, H (2d) toluene 75 2:1 94
13 3c Me, t-Bu, H (2e)  toluene 67 2:1 93
14 3c Bn, t-Bu, H (2f) toluene 60 1:1 94
15 3e Et, t-Bu, H (2d) toluene 75 2:1 91
16 3f Et, t-Bu, H (2d) toluene 75 2:1 -91
17 3g Et, t-Bu, H (2d) toluene 75 2:1 -89

2Unless otherwise noted, all reactions were carried out using 1a (0.1 mmol),
2a (0.12 mmol) and the catalyst (10 mol%) in solvent (0.5 mL) at 26 °C for 12 h.
b Isolated yield after silica gel chromatography.

¢ The dr was determined by "H NMR analysis of the crude mixture.

4 Determined by chiral HPLC.

Table 2 Scope of the a-Keto Esters?

X

(0] cat. 3c (10 mol%) o N
RJ\COOEt + oN” >Cco0Bu toluene. 26°C,_ EtOOC)E_ACOO'Bu
1a-l 2d cnis-4a—|
Entry R Yield (%)° dre ee (%)9
1 Ph (1a) 75 2:1 94 (81¢)
2 4-MeCgH, (1b) 73 2:1 94
3 3-MeCgH, (1¢) 67 2:1 91
4 4-MeOCgH, (1d) 78 2:1 97
5 3-MeOCH, (1e) 72 2:1 94
6 4-FCgH, (1f) 70 2:1 92
7 3-FCeH, (19) 76 2:1 91
8 4-CICgH, (1h) 73 2:1 93
9 4-BrCeH, (1i) 77 2:1 91
10 3-F-6-MeCgHs (1j) 75 2:1 97
11 2-naphthyl (1k) 84 2:1 90
12 2-thienyl (11) 80 2:1 89

3 Unless otherwise noted, all reactions were carried out using 1a-1(0.1
mmol), 2d (0.12 mmol) and 3¢ (10 mol%) in toluene (0.5 mL) at 26 °C for
24 h.

b Isolated yield after silica gel chromatography.

¢ The dr was determined by "H NMR analysis.

4 Determined by chiral HPLC.

¢ The ee value for minor diastereomer.

ent effect is consistent with the experimental data and the
diastereoselectivity indicates a stepwise approach for the
cyclization.

In summary, an asymmetric isocyanoacetate aldol reac-
tion of a-keto esters was realized by a bifunctional catalytic
strategy.'® Aromatic and heteroaromatic a-keto esters are
converted into oxazolines in good yield (up to 84%) and
with high enantioselectivity (up to 97% ee). This provides
practical synthetic access to chiral oxazolines which can be
precursors to B-hydroxy-a-amino acids. Further efforts are
aimed at improving the diastereoselectivity and elucidating
the synthetic utility of the reaction in pharmaceutical
chemistry.
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Analysis data for compound 4a: 'H NMR (400 MHz, CDCl,): & = (Chiralcel IB, hexane/i-PrOH = 95:5, flow rate: 1.0 mL/min, A =
1.20-1.24 (m, 3 H), 1.52 (s, 9 H), 4.11-4.24 (m, 2 H), 4.88 (d, ] = 210 nm): tz (major) = 18.08 min, tz (minor) = 20.22 min. ESI-
2.0Hz,1H),7.14 (d,] = 2.0 Hz, 1 H), 7.31-7.56 (m, 2 H), 7.58- HRMS: m/z [M + H] calcd for C;;H,;NOs: 320.1498; found:
7.60 (m, 2 H). *C NMR (100 MHz, CDCl;): § = 14.0, 28.0, 62.5, 320.1492.

79.7, 83.0, 89.4, 125.3, 129.0, 138.7, 155.5, 168.2, 168.6. HPLC
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