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Abstract: Cooperative activation by a soft bimetallic catalyst, a
hard Brønsted acid, and a hard Brønsted base has allowed the
formation of highly enantioenriched, diastereomerically pure
masked R-amino acids with adjacent quaternary and tertiary
stereocenters in a single reaction starting from racemic N-
benzoylated amino acids. The products can, for example, be used
to prepare bicyclic dipeptides.

The catalytic asymmetric construction of quaternary stereocenters
has been intensively studied in the past decade and has reached a
high level of productivity for various reaction types.1 In contrast,
for the simultaneous formation of adjacent quaternary and tertiary
stereocenters, only a limited number of highly diastereo- and
enantioselective protocols are available.1 Among those, direct
conjugate additions of R-carbonyl-stabilized nucleophiles to acti-
vated olefins2 are very attractive for C-C bond constructions
because of their atom economy and the versatility of the activating
functional groups.3 The step economy can be further increased by
the development of tandem processes, thus allowing the construction
of stereochemically complex and densely functionalized building
blocks employing simple starting materials.4 We present herein a
tandem process in which racemic N-benzoylated amino acids are
transformed in situ into azlactones [oxazol-5-(4H)-ones] that
undergo an enantio- and diastereoselective Michael addition to
enones triggered by a planar chiral bispalladacycle.

Azlactones in their role as masked and activated amino acid
fragments have recently been studied in different types of (orga-
no)catalytic asymmetric reactions.5-11 Their use is particularly
attractive for diversity-oriented synthesis because of the presence
of orthogonal nucleophilic and electrophilic reactive sites. Orga-
nocatalytic 1,4-additions of azlactones to enals using proline-derived
organocatalysts have been reported to proceed with moderate to
good diastereoselectivity and high enantioselectivity.12,13 Moreover,
organocatalytic protocols have lately been developed for highly
reactive Michael acceptors,14-18 whereas the use of the less
electrophilic enones has not been reported before.

We recently showed that the bispalladacycle FBIP-Cl19-21 is
able to catalyze the asymmetric Michael addition of R-cyanoacetates
to vinyl ketones, generating a quaternary stereocenter.22 A bimetallic
activation mode23 had received validation by spectroscopic and
kinetic investigations. Utilizing similar reaction conditions for the
addition of azlactone 1a to �-substituted enone 2A (diglyme, room
temperature, activation of FBIP-Cl with AgOTs for chloride
exchange by the less Lewis basic tosylate) resulted in low
enantioselectivity (39% ee) and poor yield (3%; Table 1, entry 1).24

Using dichloromethane as the solvent resulted in more product
formation but poor enantioselectivity (entry 2), which could be
improved by using acetic acid as an additive (entry 3). However,
much higher enantioselectivity was attained in pure acetic acid,

which also had a positive impact on the product yield (entry 4).
With acetic anhydride as the cosolvent (30 vol %), similar reactivity
with slightly improved enantioselectivity was observed (entry 5).

Various silver salts were subsequently evaluated for catalyst
activation (Table 2). AgOTs (entry 1) and AgOTf (entry 2) gave
similar results (79 and 78% ee, respectively). Catalysts with a
carboxylate or the noncoordinating BF4

- counterion performed
slightly less well in terms of enantioselectivity (entries 3-5).

Table 1. Investigation of the Solvent Effect

entry solvent conv. (%)a yield (%)a ee (%)b

1 diglyme 16 3 39
2 CH2Cl2 56 25 17
3 CH2Cl2 + 0.3 equiv of HOAc 64 21 39
4 HOAc 83 47 73
5 HOAc + 30 vol % Ac2O 90 46 79

a Determined by 1H NMR analysis using mesitylene as an internal
standard. b Determined by HPLC.

Table 2. Investigation of the Catalyst Activation

entry AgX additive (mol %) conv. (%)a yield (%)a dra ee (%)b

1 AgOTs - 90 46 >98:2 79
2 AgOTf - 72 37 96:4 78
3 AgOAc - 50 44 >98:2 70
4 AgO2CCF3 - 58 50 >98:2 72
5 AgBF4 - 60 26 >98:2 74
6 AgOTs NaOAc (4) 94 83 >98:2 78
7 AgOTf NaOAc (4) 89 85 >98:2 78
8 AgOAc NaOAc (4) 100 73 >98:2 78
9c AgOTf NaOAc (10) 100 98 >98:2 79
10 - NaOAc (4) 40 8 >98:2 31

a Determined by 1H NMR analysis using mesitylene as an internal
standard. b Determined by HPLC. c The reaction used 2 mol % FBIP-Cl
and 8 mol % AgOTf and was performed at 30 °C with 2 equiv of 2A.
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An improvement of the product yield was achieved by addition
of catalytic amounts of NaOAc (entries 6-9). In contrast, poor
results were obtained in the presence of NaOAc when the catalyst
was not activated by a silver salt (entry 10).

Since the activated catalyst is stable toward acetic anhydride,
the in situ formation of azlactones by O-acylation of N-benzoylated
amino acids 5, generating mixed anhydrides 6 as intermediates,
was envisaged (Scheme 1).

Application of the reaction conditions optimized for the conjugate
addition of preformed azlactone 1a (see Table 2, entry 9) to a
tandem process (Table 3) resulted in an excellent yield and
diastereoselectivity for the formation of 3aA starting from racemic
N-benzoylalanine (5a), and the enantioselectivity was only slightly
affected (Table 3, entry 1). Changing the substituent R1 at the
enolizable R-C atom to a substituent with larger steric demand than
Me generally resulted in higher enantioselectivity (entries 2-16)
of up to 99% ee (entry 11). For the enone substituents R2 and R3,
the combinations aryl/alkyl (entries 1-5, 8-13, and 16), alkyl/
alkyl (entries 6, 7, and 15) and aryl/aryl (entry 14) were all well-
tolerated and provided good yields and high stereoselectivities.
Examination of various functional groups on aromatic R2 residues
revealed that electronic effects play only a minor role. Substrates
equipped with a π-donor substituent such as p-OMe or p-OH
(entries 3, 4, and 9), a π-acceptor substituent such as p-NO2 (entry
12), or σ-acceptor substituent such as o- or p-Cl (entries 10 and
11) as well as substrates with electron-rich heterocycles such as
2-furyl (entry 13) gave similar results in terms of yield and
enantioselectivity.25

Dienones can be used for a double Michael addition, as
exemplified for dibenzylidene acetone (2N, Scheme 2). Reaction
with N-benzoylglycine (5e) provided the spirocyclic product 7 with
excellent diastereo- and enantioselectivity.

Initially, we speculated that the soft bimetallic catalyst would
allow for a transition state 8 in which the azlactone would be
activated by enolization promoted by coordination of the N atom.
On the other side, the enone would be activated as an electrophile
by face-selective coordination of the olefinic double bond to the
carbophilic Lewis acid (Figure 1), similar to our previous
investigations with vinyl ketones and R-cyanoacetates.22 How-
ever, two facts seem to indicate that this mode of operation is
not valid in the present case: (1) useful yields and high
enantioselectivities were achieved only in the presence of acetic
acid as the solvent, suggesting that one component might be
activated by the Brønsted acid rather than by a PdII center; (2)
the expected face selectivity26 for the coordination of E-
configured olefins is not in agreement with the absolute
configuration of the products.27

Our modified working hypothesis involves coordination of the
bidentate azlactone to both Pd centers, which strongly activates
the azlactone for enolization.28 NaOAc likely acts as a base to
deprotonate the R-position, forming enolate 9,29 in which the Si
face is blocked by the ferrocene core while the Re face is accessible
for attack by the enone, which is activated by acetic acid (Figure
1). The diastereoselectivity can be explained by assuming that the
transition state adopts a staggered conformation about the develop-
ing C-C bond in which the energy is minimized by π interaction
of the electron-poor enone and the electron-rich enolate possessing
nucleophilic positions at C4 and C225 (Figure 1; see the Supporting
Information for the molecular orbitals involved). A bimetallic
activation mode was further confirmed by control experiments with
ferrocene monopalladacycles,30 which resulted in very low yields
for the conjugate addition product (e14%; see the Supporting
Information).

The synthetic utility of the reaction products was demonstrated
by nucleophilic ring opening of the conjugate addition products
3 (Scheme 3). Treatment with 1 M HCl for 3.5 h at 80 °C
provided R,R-disubstituted R-amino acid 10 as the hydrochloride
salt in good yield and almost diastereomerically pure form.
Quaternary R-amino acids have received considerable interest31

because they lead to unique folding when incorporated into

Scheme 1. In Situ Azlactone Formation

Table 3. Domino Azlactone Formation-Michael Additiona

entry 3 R1 R2 R3 yield (%)b drc ee (%)d

1 3aA Me Ph Me 95 >98:2 76
2 3bA Et Ph Me 92 >98:2 93
3 3bB Et 3,4-(MeO)2C6H3 Me 81 >98:2 91
4 3bC Et 4-HOC6H4

e Me 43 >98:2 88
5 3bD Et 4-BrC6H4 Me 88 >98:2 92
6 3bE Et Me Et 92 >98:2 87
7 3bF Et n-Pr Me 90 >98:2 90
8 3cA n-Pr Ph Me 89 (90)f >98:2 98 (97)f

9 3cG n-Pr 4-MeOC6H4 Me 81 >98:2 96
10 3cH n-Pr 4-ClC6H4 Me 85 >98:2 98
11 3cI n-Pr 2-ClC6H4 Me 82 >98:2 99
12 3cJ n-Pr 4-O2NC6H4 Me 76 >98:2 98
13 3cK n-Pr 2-furyl Me 88 >98:2 96
14g 3cL n-Pr Ph Ph 87 98:2 90
15 3cM n-Pr i-Pr Me 64 >98:2 >97
16g 3dA Bn Ph Me 41 >98:2 81

a Reactions were performed with 0.27 mmol of 5 using 2.0 equiv of
2. b Yield of isolated product. c Determined by 1H NMR analysis.
d Determined by HPLC. e The OH group was acylated during the
reaction. f Data in parentheses were obtained in a run using 5.0 mmol of
5c and 1 mol % FBIP-Cl at 40 °C for 20 h. g Using 5 mol % FBIP-Cl,
20 mol % AgOTf, and 25 mol % NaOAc.

Scheme 2. Double Michael Addition To Form Spirocyclic Product 7

Figure 1. (left) Initially assumed activation mechanism and (right) modified
working model with a bidentate azlactone coordination mode.
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peptides as well as increased hydrophobicity and stability against
peptide degradation.31,32 Treatment of 3 with MeOH/TMSCl12

furnished proline derivative 11 as a single diastereomer with
one tertiary and two quaternary stereocenters. Unprotected
L-alanine gave direct access to bicyclic dipeptide 12, which also
contains two quaternary centers (56% yield over two steps from
racemic N-benzoylalanine)33,34 and was used to determine the
absolute configuration of the conjugate addition product 3aA
by X-ray crystal structure analysis (Scheme 3).35

In conclusion, we have reported the first catalytic asymmetric
conjugate addition of azlactones to enones. This task was ac-
complished by cooperative activation using a soft bimetallic catalyst,
a Brønsted acid, and a Brønsted base. Because of the robustness
of the FBIP catalyst toward acetic anhydride as a cosolvent in acetic
acid, a tandem azlactone formation-Michael addition was devel-
oped to generate in a single step diastereomerically pure and highly
enantioenriched masked amino acids with adjacent quaternary and
tertiary stereocenters starting from commercial racemic N-benzoyl
amino acids.
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