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ABSTRACT: A dual-catalysis approach, namely the com-
bination of an achiral nucleophilic catalyst and a chiral
anion-binding catalyst, was applied to the Steglich rearran-
gement to provide α,α-disubstituted amino acid derivatives
in a highly enantioselective fashion. Replacement of the
nucleophilic co-catalyst for isoquinoline resulted in a diver-
gent reaction pathway and an unprecedented transforma-
tion of O-acylated azlactones. This strategy provided highly
substituted α,β-diamino acid derivatives with excellent
levels of stereocontrol.

The rearrangement of O-acylated azlactones to the corre-
spondingC-acylated products (1f 2, Figure 1), also known

as the Steglich reaction,1,2 represents a valuable strategy for the
synthesis of α,α-disubstituted amino acid derivatives.3 Ever since
the seminal work by Ruble and Fu, who described the first
catalytic enantioselective version of this transformation,4 this
reaction has become and continues to be a fertile testing ground
for the evaluation of new chiral nucleophilic catalysts. The latter
currently include chiral variants of 4-(dimethylamino)pyridine
(DMAP), phosphines, isothioureas, imidazoles, carbenes, and
betaines.5�7 These reactions typically proceed through chiral ion
pairs related to 3, with the betaine catalyst developed byOoi et al.
being a notable exception.5i Here we report a conceptually new
strategy for the catalytic enantioselective Steglich reaction that
takes advantage of a dual-catalysis approach. In addition, we
describe the unprecedented reaction between O-acylated azlac-
tones and isoquinolines, a transformation that is likely outside
the realm of traditional nucleophilic catalysis.

We recently developed a new concept for asymmetric nucleo-
philic catalysis in which a simple nucleophilic catalyst such as
DMAP is used in combination with a chiral hydrogen-bonding
(HB) catalyst.8,9 Anion binding10�12 is thought to be a vital
component of this strategy, which was successfully applied to a
number of asymmetric acyl-transfer reactions.13 These include
the kinetic resolution of benzylic,8a propargylic,8b and allylic
amines8c as well as the desymmetrization ofmeso-1,2-diamines.8d

Very recently, the Jacobsen group, who pioneered much of the
early work on chiral anion binding catalysis, reported a highly
enantioselective acylation of silyl ketene acetals with acyl fluo-
rides via a closely related dual-catalysis approach.11q

In an effort to extend our dual-catalysis strategy to other acyl-
transfer reactions, we decided to apply it to the Steglich

rearrangement. Specifically, we envisioned that intermediates
such as 4 (Figure 1), featuring an achiral nucleophilic catalyst and
a chiral anion receptor, should enable the efficient enantioselec-
tive conversion of 1 into 2.

We initiated our studies by exposing O-acylated azlactone 1
(Ar = 4-MeO-C6H4) to a combination of DMAP (20mol %) and
various HB catalysts (20 mol %) at�78 �C in toluene (Table 1).
Relatively fast consumption of starting material was observed in
all cases. Catalysts 5a and 5b, compounds that were previously
used successfully in the kinetic resolution and desymmetrization
of amines, gave rise to poor selectivities. Promising results were
obtained with the Takemoto catalyst14 (5c, entry 3), while the
highest level of selectivity was observed with catalyst 5d (79% ee,
entry 4), previously developed by the Jacobsen group.11c A brief
survey of the aryl group in 1 revealed the superiority of 3,5-di-
MeO-C6H3 over 4-MeO-C6H4, allowing for the recovery of
product 2 in 89% ee (entry 10). Interestingly, this change also
significantly decreased the reaction time from 4 h to 1 h, likely the
result of an increase in nucleophilicity of the anionic intermedi-
ate. Notably, azlactone rearrangements are typically conducted at
higher temperatures and to our knowledge have never been
reported to proceed at temperatures as low as �78 �C. Im-
portantly, the use of DMAP as the only catalyst under otherwise
identical conditions led to very sluggish reactions. These com-
bined observations nicely illustrate the unique reactivity profile of
the dual-catalyst system.

The scope of the azlactone rearrangement was explored under
the optimized conditions (Chart 1). A number of substrates were
tested, and all reactions went to full conversion within short
reaction times. The rearranged products 2 were recovered with
high levels of enantioselectivity.15

Figure 1. New concept for the azlactone rearrangement.
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In considering alternate reaction pathways, we reasoned that
replacement of the nucleophilic co-catalyst DMAP for a different
nucleophilic species might result in the incorporation of the latter
into the final product. Specifically, we envisioned the reaction of
an O-acylated azlactone with isoquinoline in the presence of a
HB catalyst to give intermediates such as 6 (Figure 2). Ion pair 6
could rearrange in the usual manner, with isoquinoline acting as a
nucleophilic promoter to give rearranged product 2 (pathway a).
Alternatively, the acylisoquinolinium ion could be attacked by
the enolate at the 1-position of the isoquinoline ring to give
rise to the highly functionalized α,β-diamino acid derivative 7
(pathway b). While catalytic enantioselective additions to iso-
quinolines have been limited to relatively few examples,16�18

significant efforts have focused on the catalytic enantioselective
preparation of α,β-diamino acid derivatives.19�21

In order to explore this proposed transformation, we exposed
1a to 1.2 equiv of isoquinoline in the presence of various HB
catalysts (Table 2). Isoquinoline possesses a significantly lower
nucleophilicity than DMAP, and consequently, the reactions
were conducted at elevated temperatures. Gratifyingly, the
reaction proceeded as anticipated to provide product 7a in
typically excellent yield and with promising levels of enantio-
selectivity. Under the initial screening conditions (toluene,
�10 �C), catalyst 5d again gave rise to the best results, enabling
the isolation of 7a in 85% yield with dr = 86:14 and 64% ee in a
reaction that was completed within 2.5 h (entry 3).

The stereoselectivity could be improved to 73% ee (dr =
88:12, 3 h reaction time) upon exchange of toluene for mesity-
lene (entry 9). Interestingly, under the same conditions but in the
absence of the HB catalyst, the reaction went to completion
within 11.5 h, and 7a was formed in 95% yield (dr = 64:36),
indicating a substantial background rate. Lowering the reaction
temperature to �20 �C increased the enantioselectivity to 77%

Table 1. Evaluation of Reaction Parameters for the Azlactone
Rearrangementa

entry R Ar cat time (h) yield (%) ee (%)

1 Ph 4-MeO-C6H4 5a 4 57 12

2 Ph 4-MeO-C6H4 5b 4 54 10

3 Ph 4-MeO-C6H4 5c 4 44 �74

4 Ph 4-MeO-C6H4 5d 4 72 79

5 Ph 4-MeO-C6H4 5e 4 77 71

6 Ph 4-MeO-C6H4 5f 4 52 55

7 Ph 4-MeO-C6H4 5g 4 58 47

8b Bn 4-MeO-C6H4 5d 8 52 60

9 Ph 1-naphthyl 5d 5 53 85

10 Ph 3,5-di-MeO-C6H3 5d 1 70 89
aReactions were performed on a 0.1 mmol scale. The ee’s were
determined by HPLC analysis; see the Supporting Information for
details. bReaction was performed at �60 �C.

Chart 1. Scope of the Azlactone Rearrangement

Figure 2. Potential reaction pathways for isoquinoline-derived ion pairs.

Table 2. Evaluation of Reaction Parameters for the Azlactone
Additiona

entry cat. temp (�C) solvent time (h) yield (%) dr ee (%)

1 5a �10 PhMe 2 90 70:30 �10

2 5b �10 PhMe 2 91 69:31 0

3 5d �10 PhMe 2.5 85 86:14 64

4 5e �10 PhMe 3 91 83:17 50

5 5f �10 PhMe 3 91 82:18 52

6 5g �10 PhMe 3 92 77:23 35

7b 5d �10 PhMe 2.5 85 69:31 13

8 5d �10 TBME 4 86 84:16 69

9 5d �10 mesitylene 3 88 88:12 73

10 5d �20 mesitylene 10 88 92:08 77

11c 5d �20 pentane 24 65 92:08 82

12 5d �25 mes/pent (2:1) 14 91 95:05 88

13 5d �25 mes/pent (1:1) 17 90 96:04 91

14 5d �25 mes/pent (1:2) 22 92 96:04 93

15 5d �25 mes/hex (1:2) 20 91 91:09 84

16 5dd �25 mes/pent (1:2) 27 92 96:04 93

17c 5dd �25 mes/pent (1:3) 24 61 96:04 93

18c 5dd �25 mes/pent (1:4) 24 52 95:05 93
aReactions were performed on a 0.1 mmol scale. The dr’s and ee’s were
determined byHPLC analysis; see the Supporting Information for details.
b Starting material with Ar = 3,5-di-MeO-C6H3 was used.

cReaction was
incomplete. d 10 mol % of catalyst was used.
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ee (entry 10). A significantly improved selectivity of 82% ee was
obtained at this temperature when pentane was used as the
solvent (entry 11). However, in this case, the reaction did not go
to completion within a 24 h period. Ultimately, mixtures of
mesitylene and pentane were evaluated at �25 �C. The best
result was obtained with a 1:2 mixture of mesitylene and pentane.
In this instance, 7a was isolated in 92% yield with dr = 96:04 and
93% ee (entry 14). The catalyst loading could be reduced to
10 mol % without adverse effects on the reaction outcome
(entry 16).

Under the optimized conditions, the reaction displayed a
certain level of heterogeneity that appeared to be beneficial to
the reaction outcome, possibly due to product precipitation
driving the reaction forward.22 However, there is a limit as to
how much improvement can be achieved by a further increase in
heterogeneity (see entries 17 and 18) . In these cases, the
observation of retarded reaction rates is likely a consequence
of the poorer solubility of the starting materials.

The scope of the reaction was explored under the optimized
conditions (Chart 2). O-Acylated azlactones derived from dif-
ferent amino acids readily engaged in reactions with isoquinoline
to provide products 7 in generally excellent yields and high levels
of enantio- and diastereoselectivity. A number of quinolines with
electronically diverse substituents at various ring positions also
underwent reactions with O-acylated azlactones, typically with
excellent results.

In summary, we have shown thatO-acylated azlactones can be
efficiently rearranged to the corresponding C-acylated products
by using a dual-catalysis approach, further establishing the power
and utility of combining a chiral HB catalyst with a simple achiral
nucleophilic catalyst. We also demonstrated that replacement of

the nucleophilic catalyst for a stoichiometric amount of isoquino-
line enabled an unprecedented reaction ofO-acylated azlactones,
a process that provides rapid access to densely functionalized
α,β-diamino acid derivatives.
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