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Enolates

Daniel H. Paull, Jamison Wolfer, James W. Grebinski, Anthony Weatherwax, and Thomas Lectka*

Abstract: We present an array of [4+2] cycloaddition reactions between ketene enolates, catalytically derived from
acid chlorides and cinchona alkaloid nucleophilic catalysts in the presence of stoichiometric base, and o-benzo-
quinone derivatives. These cycloaddition reactions proceed with excellent stereochemical control (up to >99%
ee). In fact, for both the o-benzoquinone imide and the o-benzoquinone diimide manifolds, these Diels-Alder reac-
tions occurred with uniformly >99% ee. The wide scope of this methodology provides access to a diverse range
of biologically and synthetically useful chiral products, including o-hydroxyesters, non-natural a-amino acids,
quinoxalinones, and many others, all with remarkable, catalytic control of regio- and stereochemistry.
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1. Introduction

Catalytic, enantioselective cycloaddition
reactions of p-quinones are well docu-
mented.l'l The products of these reactions
are potentially very useful in the realm of
natural product synthesis. However, little
work has been done on the catalytic, asym-
metric reactions of o-quinones and deriva-
tives. o-Quinones have a potentially much
richer reactivity spectrum — cycloaddition
reactions may involve the ring carbons (as
in the well-studied p-quinone isomers), but
more interestingly, reactions may proceed
through the o-heteroatoms to provide useful
bicyclic products (Scheme 1).
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Scheme 1. 0-Benzoquinones as substrates for asymmetric ketene enolate

cycloadditions

While the products of these cycload-
ditions are interesting and useful as chiral
building blocks for organic synthesis, both
they and their readily obtained derivatives
show even greater utility and promise in a
variety of physiological applications. For
example, the o-hydroxy esters obtained
from o-quinones have found application
as inhibitors of amyloid-B (AP) protein
production, and thus show promise in the

treatment of Alzheimer’s disease.[?! Chiral
o-oxygenated carboxylic acid products can
also be derivatized in a variety of useful
ways. 0-Quinone imides can provide easy
access to invaluable, non-natural oi-amino
acids (both protected and unprotected),
which find uses in all areas of biochemical
study. Quinone imides also provide access
to oxazinones and oxazines, bicyclic prod-
ucts that are useful as antitumor agents,
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Scheme 2. Catalytic generation of ketene enolate
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Scheme 3. Preliminary o-quinone reactions

topoisomerase inhibitors, and antibiotics.!
o-Benzoquinone diimides produce quinox-
alinones and their quinoxaline derivatives,
all of which exhibit a wide range of bio-
logical activity including antiviral effects,
particularly against retroviruses such as
HIV.[4

The use of chiral, catalytically-derived
zwitterionic ‘ketene’ enolates have pro-
vided the means for the synthesis of di-
verse, optically enriched products. Chiral
ketene enolates are well known for their
highly enantioselective reactions to form
B-lactones and PB-lactams via [2+2] cy-
cloaddition with aldehydes and imines.[!
However, previously, [4+2] cycloaddition
reactions of ketene enolates were virtually
unknown. The ketene enolates are formed
from acid chlorides and a catalytic nu-
cleophile, benzoylquinidine (BQd), or its
pseudoenantiomer benzoylquinine (BQ),
in the presence of a stoichiometric base
(Scheme 2).161 We recently discovered
that these catalytically generated chiral
nucleophiles can be used to initiate a cy-
cloaddition reaction with a wide variety of
o-benzoquinone derivatives to give [4+2]
bicycloadducts in good to excellent yield
and very good to excellent enantiomeric
excess (up to >99% ee).

2. 0-Quinones

The chemistry of o-quinones has been
extensively outlined.l”! Many isolable o-
quinones are known in the literature, and
many more can be made through straight-
forward catechol oxidations.[8] Recently,
Pettus e al. have reported a very useful
synthesis of o-quinones from phenols using
hypervalent iodane oxidants.[l In many in-
stances o-quinones can be isolated, but they
are also commonly used in situ. o-Quinone
cycloadditions give rise to several different
product classes, depending on the reaction
partners.ll%l For example, reactions with
acetylenes may afford bridged bicyclic ad-
ducts,!'!l whereas cycloadditions with nu-
cleophilic alkenes, such as enol ethers and
enamines, are anecdotally noted to proceed
through the quinone oxygens.['? Since ke-
tene enolates are close in structure and re-
activity to these substrates, we anticipated
reaction at the oxygen atoms as well.

Our initial screen employed o-chloran-
il, butyryl chloride, and benzoylquinidine
(BQd) as the chiral nucleophile (10 mol%)
in the presence of Hiinig’s base (1 equiv.)
in THF at —78 °C.[13] The yield of the reac-
tion was an excellent 91% and the ee was
99% (e, Scheme 3). Henceforth, we em-

Scheme 4. Derivatization of benzodioxinone cycloadducts

ployed these conditions with all substrates.
We also screened o-bromanil, which was
found to form product f (Scheme 3) in high
ee (95%), and 90% yield. 9,10-Phenan-
threnequinone was screened using similar
conditions; its reactivity proved to be much
lower than o-chloranil. However, when the
reaction temperature was raised to 0 °C, re-
action occurred sluggishly to afford product
in reasonable yield. On the other hand, 4,5-
dimethoxy-o-quinone failed to provide ap-
preciable product under any conditions.

Given the superiority of o-chloranil in
our initial tests, we decided to investigate
its reaction with a variety of acid chlorides.
For example, dihydrocinnamoyl chloride
performed similarly, affording product
¢ (Fig. 1) in high ee (99%). Additionally,
a-arylacetyl chlorides proved to be excel-
lent substrates. For example, phenylacetyl
chloride generated product b (Fig. 1) in
high yield (90%) and good ee (90%). Us-
ing BQd as catalyst, the (R)-enantiomer
formed preferentially. The (S)-enantiomers
can be obtained in similarly high enanti-
oselectivity when benzoylquinine (BQ) is
used. This sense of induction held for all
quinone derivative substrates, as well as all
acid chlorides, and is consistent with other
asymmetric reactions that have employed
these cinchona alkaloid derivatives to cata-
Iytically generate ketene enolates.[!4]

The o-chloranil-derived cycloadducts
can be further modified to produce chiral,
a-oxygenated carboxylic acid derivatives
(Scheme 4). For example, methanolysis
of benzodioxinone b (Fig. 1) followed by
ceric ammonium nitrate (CAN) oxidation
affords (+)-methylmandelate (b, Fig. 2) in
excellent yield (95%) and ee (90%). For
maximum utility, reaction with the nucleo-
phile (H,O, ROH, or RNH,) may occur in
the same pot as the cycloaddition. Depend-
ing on how activated the product aromatic
ring is, the nucleophilic ring opening may
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Scheme 6. Quinone imides as amino acid templates

be fast, allowing CAN oxidation to occur in
the same pot as well. Thus, the quinone can
be thought of as a ‘template’ for a-hydroxy-
carboxylic acid and ester synthesis. Several
other cycloadducts were likewise converted
to optically active o-hydroxyesters (Fig. 2).
In each case, the reaction proceeds in high
yield and with full retention of optical ac-
tivity.

3. o-Benzoquinone Imides

o-Benzoquinone imides are intriguing
for several reasons. The products of their
cycloaddition with ketene enolates are
chiral benzoxazinones and benzoxazines
(Scheme 5), interesting compounds with
biological potential for which few asym-
metric syntheses exist. For example, they
have been investigated as antitumor agents,
as selective inhibitors of drug metabolism
and topoisomerase,l’! and have been shown
to possess promising neuroprotective an-
tioxidant activity.[!5] Prescription drugs,
such as the new generation antibiotic Leva-
quin (levofloxacin) for example, are also
oxazines.’d  Perhaps most importantly,
o-benzoquinone imides can function as a
scaffold for the synthesis of optically ac-
tive non-natural o-amino acid derivatives
(Scheme 6).

The isolable o-benzoquinone imides are
easily synthesized via lead(1v) oxidation of
the corresponding 2-aminophenols. In a

study published in 2001, Nicolaou et al. ex-
plored the use of o-benzoquinone imides as
Diels-Alder dienes, finding that they react
through the N and O atoms, as desired.[16]
Importantly, their reactivity can be tuned by
modifying the substituent on N. For exam-
ple, an electron-withdrawing group (such
as an acyl group) on the nitrogen should en-
hance the electrophilicity towards the eno-
late. Initially we chose to screen quinone
imides derived from 2-amino-4,5-dichloro-
phenoll!”l as o-amino acid templates for a
variety of reasons — the starting material is
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inexpensive, it can be readily acylated with
a virtually limitless variety of substituents,
and is easily oxidized to the corresponding
quinone imide. The chlorines in the 4- and
5-positions are present to block undesired
reactivity at the quinone ring, as well as to
enhance the overall electrophilicity of the
system.

We found that reaction of various com-
binations of acid chlorides and quinone
imides, in the presence of 10 mol% BQd
and Hiinig’s base in THF at —78 °C, formed
the desired cycloadducts in good yield and
uniformly excellent ee (>99% ee in all
cases, Fig. 3).181 The benzoxazinone cy-
cloadducts are also readily converted into
benzoxazines. A simple reduction with di-
methyl sulfide-borane complex!!°! leads to
the corresponding benzoxazine (Scheme 7)
in good yield and with full retention of ee.
Oxazines are found in the core structure of
many medicinally important compounds,
including Levaquin.

The efficient synthesis of non-natural
o-amino acid derivatives has been a para-
mount goal of asymmetric catalysis for
more than a generation. Many approaches
to the synthesis of these compounds rely on
metal-based catalysts, for example, asym-
metric hydrogenation(??] and Lewis acid
catalyzed alkylations.?!l The O’Donnell
phase-transfer system is a good example of
an ‘organocatalyzed’ process.[221 One other
advance is represented by the asymmetric
Strecker reaction, which can be catalyzed
by either metal-based or organic systems. 23]
We have developed a complementary ap-
proach to the synthesis of o-amino acid
derivatives that relies on an asymmetric cy-
cloaddition of o-benzoquinone imides with
chiral ketene enolates. The cycloadducts are
derivatized in situ to provide the a-amino
acid derivatives in high chemical yield, and
very high enantioselectivity. As a testament
to the flexibility of this methodology, a wide
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variety of R-substituents, N-acyl groups,
and carboalkoxy groups can be incorporat-
ed into the optically enriched products. The
bicyclic products can be seen as active es-
ters and do, indeed, react smoothly with al-
cohols and amines to afford a-aminoesters
and amides (Scheme 8, Fig. 4). Notably,
this reaction is carried out simply by adding
the desired nucleophile to the reaction pot
once the cycloaddition is complete.

Among the amino acid derivative prod-
ucts, the most interesting are three biologi-
cally significant!2#! derivatives: [3,y-alkynyl
amino acid, B,y-alkenyl amino acid, and
o-fluoro amino acid (Fig. 5). These were
produced in good yield and, once again,
excellent ee. These three examples are of
significance due not only to their high ee,
but also to the difficulty of accessing them
through other catalytic, asymmetric meth-
odologies.[?5]  Subsequent oxidation by
CANI26! affords a-amino acid derivatives,
again without loss of ee (Fig. 6). A great
variety of R groups (derived from the acid
chloride) are possible, so that the number of
non-natural amino acid derivatives acces-
sible by this method is considerable. In the
case of N-Fmoc products, removal of the
protecting group with piperidine followed
by CAN oxidation leads to N-unprotected
o-amino esters in good overall yield and
with full retention of enantiomeric excess
(Scheme 9).

The yields for these cycloaddition re-
actions were good, but not as high as we
would have liked. We reasoned that the
sluggishness of the reaction may allow
time for unwanted byproduct formation;
therefore, by further activating the quinone
imides, perhaps by making them more elec-
trophilic through coordination with a Lewis
acid, the reaction rate and subsequently the
yield could be increased. o-Benzoquinone
imides should be excellent candidates for
Lewis acid activation.[?”] They bear a strik-
ing resemblance to the imino esters that
we have successfully activated towards at-
tack by similar catalytically derived ketene
enolates.[?81 We decided to screen several
metal triflates for their ability to increase
the reaction rate and yield of the cycload-
dtion reaction.?°l We found that, while both
zinc(11) and indium(1ir) increased the yield,
scandium(1ir) had the most pronounced
effect. Addition of a catalytic amount of
scandium triflate to the reaction mixture
provided up to a 42% increase in yield (Fig.
7). This remarkable bifunctional catalytic
system (Scheme 10) improved the yield of
every reaction, and, most importantly, did
not degrade the enantioselectivity.

4. o-Benzoquinone Diimides

Quinoxalinones, products of the Diels-
Alder reaction between ketene enolates
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and o-benzoquinone diimides, are useful
templates for drug development because of
their structural relationship to benzodiaz-
epines.l3% These attractive targets exhibit a
wide range of biological activity, including
antidiabetic3!l and antiviral effects, in par-
ticular against retroviruses such as HIV.[4l
In addition, they are partial agonists of the
Y-aminobutyric acid (GABA)/benzodiaz-
epine receptor complex, 32! inhibitors of al-
dose reductase,*3! and agonists of the AM-
PA and antiotensin II receptors.34 Related
quinoxalines, which are easily made from
the respective quinoxalinones by a simple
reduction (see Scheme 13), also possess bio-
logical activity, for example, as inhibitors
of cholesteryl ester transferase proteins.[35!

o-Benzoquinone diimides are easily pre-
pared by lead(1v) oxidation of the relevant
1,2-dianilides, as outlined by Adams and
Way.B3¢! Initially, we screened 4,5-dichloro
diimide (a, R,R’ = CI, Scheme 11) in a re-
action with butyryl chloride, Hiinig’s base,
and BQd at —78 °C in THE.371 The sluggish
reaction formed several byproducts along
with the desired cycloaddition product. We
reasoned that activation of the diimide by
coordination of a Lewis acid would render
the system more electrophilic, thereby in-
creasing the reaction rate. We screened a
number of metal triflates that were chosen
based on our previous success with activa-
tion of imino esters.[28! Aluminum(1r) and
indium(1r) provided 64% and 65% yield
respectively in the standard reaction. How-
ever, scandium(iir) and zinc(ir) were far
superior. For example, the initial rate of
reaction increased by over 2000% and the
product yield increased significantly (82%
for the standard reaction) when 10 mol%
zinc triflate was used as a cocatalyst. An
IR test confirmed our notion that the Lewis
acid operates through coordination with the
diimide. Zinc triflate was used as a cocata-
lyst in subsequent reactions, providing the
bifunctional catalytic system depicted in
Scheme 11.

This bifunctional catalytic methodol-
ogy was thoroughly screened to determine
its scope. A variety of substituted quinox-
alinones were produced in good to excel-
lent yield and all products were obtained in
>99% ee (Fig. 8). In fact, we did not detect
the minor enantiomer (chiral phase HPLC)
in any chiral reaction. For each reaction,
only one regioisomer was obtained. This
highly selective methodology was rational-
ized by the stepwise mechanism depicted
in Scheme 12.

The utility of this methodology was
demonstrated through the synthesis of two
drug targets. One compound, a quinoxaline
that is known to inhibit cholesteryl ester
transfer protein,331 (f, Scheme 13), was
produced by reduction of the cycloaddition
product. Remarkably, LAHB8I cleaves the
benzoyl groups and reduces the lactam car-
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bonyl, affording f in quantitative yield with
full retention of ee. A second drug target, a
quinoxalinone that exhibits strong activity
against HIV,[* was produced by the remark-
ably regioselective cycloaddition reaction
between a (Scheme 13) and 3-methylthio-
propionyl chloride, mediated by cocatalysts
BQ and Zn(OTY),. This cycloaddition reac-
tion gave the (R)-enantiomer b (Scheme 13)
in >99% ee and moderate yield. Selective
deprotection by TFA produces the target
quinoxalinone ¢ in 94% yield with full re-
tention of ee.

5. Conclusion

We have developed a highly flexible
methodology for the asymmetric [4+2] cy-
cloaddition reaction between heterodienes
based on o-quinones and catalytically de-
rived chiral ketene enolates. Not only are the
proposed routes both novel and chemically
interesting (catalytic, enantioselective reac-

tions of o-quinones and derivatives have not,
to the best of our knowledge, been explored),
but should contribute to the efficient synthe-
sis of pharmacologically active and biologi-
cally relevant organic molecules.
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