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Molecules that serve as versatile branch points for the
synthesis of pharmaceutically or biologically active products,
besides being of interest in their own right, are especially
valuable targets for asymmetric catalysis. The 1,4-benzoxazinone[1] and 1,4-benzoxazine[2] systems are intriguing because
they are present in clinically significant pharmaceuticals and
other biologically active molecules. On the basis of previous
success in the preparation of a-oxygenated carboxylic acid
derivatives from benzodioxinones,[3] we speculated that chiral
1,4-benzoxazinone intermediates could also serve as flexible
precursors for the efficient synthesis of highly enantiomerically enriched a-amino acids and related derivatives.[4]
Herein, we present the first catalytic, asymmetric synthesis
of 1,4-benzoxazinones that relies on the highly enantioselective [4+2] cycloaddition of o-benzoquinone imides with chiral
ketene enolates (derived from acid chlorides and cinchona
alkaloid[5] catalysts; Scheme 1). These cycloadducts can be

Scheme 1. Synthesis of 1,4-benzoxazinones.

methodology, a variety of substituents and N-acyl groups
can be incorporated into the products.
We also highlight the synthesis of several biologically
significant a-amino acid derivatives (e.g., a-fluoro,[6] b,galkynyl,[7] and b,g-alkenyl species) whose optically pure
synthesis has not been solved by asymmetric catalysis and
that are very difficult to prepare by using other methods.[8] For
example, a-fluoro a-amino acid derivatives are of great value
in the preparation of peptidomimetics and transition-state
analogues of peptide-containing therapeutic agents.[9] Similarly, b,g-alkynyl and b,g-alkenyl a-amino acid derivatives
display analogous activity, postulated to be caused by
conformational constraint.[7]
We have had an interest in the catalytic, enantioselective
reactions of a-imino esters, chemistry which provides a
variety of useful products (b-lactams and a- or b-amino
acids) with high enantioselectivity upon alkylation at the
carbon atom.[10] Although we noted that o-benzoquinone
imides share structural similarity to a-imino esters, they
prefer to alkylate at the nitrogen atom instead, thus providing
products in which the aromaticity is restored.[11] An approach
employing chiral ketene enolates provides three points of
modification: the quinone core, the N substituent, and the
acid chloride. We noted that electron-withdrawing N-acyl
groups should increase the reactivity of the quinone unit
towards cycloaddition, besides serving as protecting groups
that can subsequently be removed. Initially, we examined
several N-acylated quinone imides[12] and chose experimental
conditions that worked well for the asymmetric cycloaddition
of ketene enolates and o-quinones.[3] We found that by
employing 4-methylvaleryl chloride 1 a (R1 = iBu), imide 2 a
(R2 = p-NO2PhCO, R3 = H, R4 = R5 = Cl), 10 mol % benzoylquinidine (3 a; BQd), and H=nig>s base in THF at 78 8C, we
formed cycloadduct 4 a in 65 % yield with over 99 % ee
(Scheme 2).[13] Several other 1,4-benzoxazinones were synthesized from different quinone imides and acid chlorides to
provide products in good yield with uniformly excellent
enantiomeric excess.[14] One reaction of special interest would
be the conversion of chiral 1,4-benzoxazinones into 1,4benzoxazines, skeleta that are present in biologically relevant
molecules, such as levofloxacin.[15] For example, benzoxazinone 4 l reacts smoothly with BH3·SMe2[16] to provide the
corresponding benzoxazine 7 l in 68 % yield and with full
preservation of the enantiomeric excess.

functionalized in situ to provide 1,4-benzoxazines and aamino acid derivatives in good-to-excellent yields and with
virtual enantiopurity, only rivaled by that of enzymatic amino
acid synthesis. As a testament to the flexibility of this
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Scheme 2. Chiral 1,4-benzoxazinone and 1,4-benzoxazine products.
Fmoc = 9-fluorenylmethoxycarbonyl, Bn = benzyl.
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Most notably, we accomplished the synthesis of three
biologically significant derivatives—b,g-alkynyl acid 5 g, b,galkenyl acid 5 h, and a-fluoro acid 5 p (Table 1, entries 7, 8,
and 16, respectively)—all in good yield and with excellent
enantiomeric excess. To our knowledge, a-fluoro a-amino
acid derivatives have not heretofore been addressed by
asymmetric catalysis.[6]

We discovered that cycloadduct 4 a undergoes rapid ringopening methanolysis to afford ester 5 a, thus indicating that
in situ transformation to a-amino acid derivatives by various
nucleophiles would occur. Thus, we sought to convert the
cycloadducts directly into the a-amino acids in one pot
(Scheme 3).[17]

Finally, oxidation by using ceric ammonium nitrate
(CAN)[19] removes the aryl group in good yield under mild
conditions [Eq. (1)]; for example, see Table 2, entries 1

Scheme 3. One-pot amino acid synthesis.

We chose o-benzoquinone imides derived from halogenated o-aminophenols as templates for a-amino acid synthesis
for a variety of reasons—the starting materials are inexpensive and the electron-withdrawing groups in the 3- and 4positions block undesired reactivity at the quinone ring and
enhance the overall reactivity of the system.[18] Following the
cycloaddition (ca. 5 h at 78 8C), MeOH was added to the
reaction mixture, which was then warmed to room temperature to produce products 5 in high yield. Having chosen R2 =
p-NO2PhCO as the group that performed the best overall, we
then screened a variety of R1 substituents and cores, (Table 1,
entries 1—13 and 16). In each case, the reaction occurred in
good yield and with excellent enantiomeric excess.

Table 2: Deprotection using CAN.
Entry

R2

R1

1
2
3
4
5
6

Fmoc
p-NO2PhCO
p-NO2PhCO
p-NO2PhCO
p-NO2PhCO
p-NO2PhCO

Bn
Bn
Bn
Ph
PhOCH2
PhCH=CH

R2

R1

1[b]
2[b]
3[b]
4[b]
5[b]
6[b]
7[b]
8[b]
9[c]
10[d]

p-NO2PhCO
p-NO2PhCO
p-NO2PhCO
p-NO2PhCO
p-NO2PhCO
p-NO2PhCO
p-NO2PhCO
p-NO2PhCO
p-NO2PhCO
p-NO2PhCO

iBu
Et
Me
Bn
Ph
PhOCH2
CH3CH2CC
PhCH=CH
PhOCH2
Et

11[b]
12[b]
13[b]

p-NO2PhCO
p-NO2PhCO
p-NO2PhCO

14[e]
15[e]
16[b]

Fmoc
Fmoc
p-NO2PhCO

Product[a]

ee [%]

Yield [%]

5a
5b
5c
5d
5e
5f
5g
5h
5i
5j

> 99
> 99
> 99
> 99
> 99
> 99
> 99
> 99
> 99
> 99

73
62
69
63
66
72
59
61
71
90

Bn
Et
iBu

5k
5l
5m

> 99
> 99
> 99

83
71
73

Et
Bn
F

5n
5o
5p

> 99
> 99
> 99

59
62
60

[a] Nu = OMe for all entries, except entry 9 (Nu = NH2) and entry 10 (Nu = BnNH). [b] Reactions run
with catalyst (10 mol %), HFnig’s base (0.55 mmol), acid chloride (0.55 mmol), and quinone imide
(0.55 mmol) at 78 8C followed by addition of MeOH and overnight stirring. Yield for cycloaddition and
methanolysis. [c] Reaction quenched with NH4OH to yield amide 5 i. [d] Reaction quenched with
benzylamine in THF to yield 5 j. [e] Quinone imide formed in situ at 78 8C; yield for both steps.
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6o
6d
6d
6e
6f
6h

ee
[%]

Yield[a]
[%]

> 99
> 99
> 99
> 99
> 99
> 99

71
71
64
58
72
74

[a] Reactions run with 5 (0.55 mmol) and CAN (1.65 mmol) in water/
MeCN (1:3) at 0 8C. Yield after column chromatography.

Table 1: Synthesis of a-amino acid derivatives.
Entry

Product

(conversion of 5 o into 6 o), 2 (5 k
into 6 d), 3 (5 d into 6 d), 4 (5 e into
6 e), 5 (5 f into 6 f), and 6 (5 h into
6 h).
We then screened other quinone imides in which the N-acyl
group was varied (Table 1,
entries 14 and 15). In particular,
we were interested in highlighting
a signature protecting group
important in peptide synthesis,
such as 9-fluorenylmethyl carbamate (Fmoc).[20] For example,
when R1 = Bn and R2 = Fmoc, the
reaction occurs smoothly in THF at
78 8 C to form product 5 o in 62 %
yield with greater than 99 % ee.
The Fmoc group was then removed
by piperidine to afford 8 in high
yield (92 %) followed by deprotection with CAN to give 9 in good
yield and without loss of optical
activity (Scheme 4).[20]
In conclusion, we have illustrated the first highly enantioselective synthesis of 1,4-benzoxazinones
and
1,4-benzoxazines.
These products are readily con-
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Scheme 4. Synthesis of N-deprotected a-amino esters.

verted into virtually optically pure a-amino acid esters. This
study compares very favorably with other chiral a-amino acid
syntheses because of the remarkably high enantioselectivities
obtained and as it provides access important classes of chiral
compounds that are otherwise difficult to synthesize.

Experimental Section
General procedure: A solution of the quinone imide (0.12 mmol) in
THF (2 mL) was added to a reaction flask containing an acid chloride
(0.12 mmol), H=nig>s base (0.12 mmol), and BQd (3 a; 0.012 mmol) at
78 8C. After stirring for 6 h, the reaction was concentrated in vacuo
and the crude residue was purified by column chromatography.
Additional procedures and characterization data are presented in the
Supporting Information.
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