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ABSTRACT: Catalytic and asymmetric Michael reactions constitute very powerful tools for the construction of new C—C bonds in
synthesis, but most of the reports claiming high selectivity are limited to some specific combinations of nucleophile/electrophile
compound types, and only few successful methods deal with the generation of all-carbon quaternary stereocenters. A contribution to
solve this gap is presented here based on chiral bifunctional Brgnsted base (BB) catalysis and the use of a’-0xy enones as enabling
Michael acceptors with ambivalent H-bond acceptor/donor character, a yet unreported design element for bidentate enoate equiva-
lents. It is found that the Michael addition of a range of enolizable carbonyl compounds that have previously demonstrated challenging
(i.e. a-substituted 2-oxindoles, cyanoesters, oxazolones, thiazolones and azlactones) to a.’-oxy enones can afford the corresponding
tetrasubstituted carbon stereocenters in high diastereo- and enantioselectivity in the presence of standard BB catalysts. Experiments
show that the a’-oxy ketone moiety plays a key role in the above realizations, as parallel reactions under identical conditions but
using the parent a,B-unsaturated ketones or esters instead proceed sluggish and/or with poor stereoselectivity. A series of trivial
chemical manipulations of the ketol moiety in adducts can produce the corresponding carboxy, aldehyde, and ketone compounds
under very mild conditions, giving access to a variety of enantioenriched densely functionalized building-blocks containing a fully
substituted carbon stereocenter. A computational investigation to rationalize the mode of substrate activation and the reaction stere-

ochemistry is also provided, and the proposed models are compared with related systems in the literature.

mINTRODUCTION

Catalytic asymmetric conjugate addition reactions account as
one of the most useful and atom economic approaches for the
construction of new C-C and C-X bonds stereoselectively.
Major advances in the field have been triggered by the design
and discovery of new chiral catalysts, both metal catalysts and
organocatalysts, often in conjunction with the development of
appropriate Michael acceptor templates.? The templates should
not only provide gained chemical versatility to the resulting
conjugate addition adducts, but also should contribute to attain
optimal performance by the intervening catalyst in terms of re-
activity and stereoselectivity. Ideally, strongly biased achiral
templates may override otherwise observed substrate-depend-
ent catalyst behaviour thus attenuating undesired fluctuations
on the catalyst efficiency. This aid from properly design tem-
plates may result instrumental when difficult transformations,
such as the enantioselective generation of tetrasubstituted car-
bon stereocenters, are pursued.

Among several categories of Michael acceptors, o,B-unsatu-
rated carbonyl compounds are of prime synthetic significance.
Adducts resulting from the conjugate addition of a nucleophilic
reagent to o,fB-unsaturated aldehydes, ketones, or carboxylic
acid derivatives have all found a myriad of applications. In par-
ticular, certain carboxylic acid derivatives may aftermaths be
converted into the corresponding aldehyde or ketone deriva-
tives smoothly, making the former very versatile compounds.

However, while both the addition reaction to o,p-unsaturated
aldehydes and to ketones are well suited for iminium ion acti-
vation catalysis,® conjugate addition to the corresponding car-
boxylic acids and their derivatives is not. In this latter case, the
most common activation mechanism relies upon coordination
of the carbonyl group of the o,B-unsaturated carboxylic acid
derivative to a Lewis acid (metal catalysis) or a H-bond donor
species (organocatalysis). In this context, several two-point
binding enoyl templates bearing an additional coordinating site
(X, Figure 1a) tethered to the enoyl system have been devel-
oped. Compared with monodentate templates, which may lead
to two degenerate C=0--metal complex geometries, thus com-
plicating stereocontrol, bidentate templates can form chelates
upon coordination to the metal as key organizational/activation
element.* Similarly, bidentate enoyl templates may perform su-
perior in conjugate addition reactions triggered by bifunctional
Bronsted base—H-bond catalysts, because of the likely occur-
rence of double H-bond interactions between the substrate and
the catalyst (Figure 1a).>* This type of Brgnsted base catalysis
has emerged as very advantageous, not only because many
Bransted bases (BB) are commercially available and/or readily
accessible, but also because the pronucleophilic reagent (NuH)
do not generally need to be preactivated in a separate step.®
However, successful BB-catalyzed enantioselective C—C bond
forming conjugate addition reactions are often limited to certain
inherently reactive nucleophiles (particularly 1,3-dicarbonyl
compounds) and/or electrophiles (particularly nitroalkenes),’



whilst in many other instances —a,3-unsaturated esters being a
notable example— sluggish reactivity or poor enantiocontrol is
achieved. This situation becomes more problematic when gen-
eration of all-carbon quaternary stereocenters is pursued.® Both
reactivity attenuation by steric constraints and difficulties in
controlling face selectivity in prostereogenic trisubstituted trig-
onal centers make this goal to be a hot topic yet.

In this study we describe a new enoyl template model for asym-
metric organocatalysis in which the bidentate substrate might
engage as either H-bond donor or acceptor or both (ambiva-
lency) during activation by the bifunctional catalyst (Figure 1b).
As representatives of such a model, we show that o’-hydroxy
enones perform exceedingly well in the Brgnsted base-cata-
lyzed asymmetric conjugate addition of a range of soft C-nucle-
ophiles leading to tetrasubstituted carbon stereocenters in very
high enantioselectivity. The chemical versatility of thus ob-
tained adducts is also illustrated and a theoretical interpretation
of the results provided.

a) Established enoyl bidentate model and representative examples
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Figure 1. Bidentate enoyl templates for asymmetric catalysis: (a)
previously established, and (b) the new proposal. (BB*= chiral
Brgnsted base).

mRESULTS AND DISCUSSION

Background and working hypothesis. While being a promi-
nent synthetic operation towards 1,5-dicarbonyl frameworks,
successful catalytic and asymmetric methods for the construc-
tive assembly of all-carbon quaternary centers from monoden-
tate o,B-enones are usually restricted to 1,3-dicarbonyl sub-
strates and related active pronucleophiles. In this context,
metal-catalyzed® enantioselective conjugate addition of 1,3-
diketones, B-ketoesters and a-aryl cyanoesters to acrolein or vi-
nyl ketones (mainly methyl vinyl ketone) as the Michael accep-
tor have been reported by the groups of Ito,'° Shibasaki,'
Sodeoka'? and Jacobsen,'3 among others.®

In concurrent efforts under metal-free conditions, chiral
Bransted base-catalyzed conjugate additions of enolizable car-
bonyl compounds have also been explored after the pioneering
work by Wynberg.®!'* Deng has reported conjugate additions of
a-substituted B-dicarbonyl compounds and a-aryl
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Figure 2. Two point binding o’-hydroxy enone templates for
asymmetric catalysis.

cyanoacetates to acrolein or methyl vinyl ketone promoted by a
bifunctional Cinchona based catalyst,'>'® while Jgrgensen doc-
umented the reaction of cyclic B-keto esters with both acrolein
and methyl vinyl ketone using a non-biaryl atropisomeric Cin-
chona-based catalyst.!” More recently, Rodriguez and Con-
stantieux'® extended the Brgnsted base catalysis approach to cy-
clic B-ketoamides as nucleophiles against methyl vinyl ketone.
Notwithstanding these achievements, the realization of BB-
catalyzed asymmetric conjugate additions involving more re-
luctant substrate combinations, such as less reactive enolizable
carbonyl compounds and acryloyl equivalents, remains chal-
lenging. Thus, whilst some ester surrogates have been applied
to Brensted base-catalyzed conjugate addition reactions,’ to the
best of our knowledge, only in three cases the generation of all-
carbon quaternary centers has been documented. In a significant
work, Dixon®™ described highly enantioselective conjugate ad-
ditions of cyclic B-keto esters to naphthyl thioacrylate and N-
acryloyl pyrrol, respectively, using a modified cinchona alka-
loid as bifunctional Brgnsted base catalyst. When acyclic keto
esters were used as nucleophiles, yields and selectivity dimin-
ished, a limitation also noticed by Bartoli and Melchiorre®who
used maleimides as competent Michael acceptors. Also, B,y-un-
saturated acyl phosphonates® have been reported to be effective
enoate surrogates against reactive pronucleophiles including
azlactones and 1,3-dicarbonyl compounds.

In the early 80"s Heathcock demonstrated that o’-hydroxy ke-
tones are convenient enoate equivalents in the context of aldol
addition reactions,' since oxidative cleavage of the ketol moi-
ety in the corresponding aldol adducts affords 3-hydroxy car-
boxylic acids. Focused on this observation, research from these
laboratories has led to the development of metal-catalyzed con-
jugate addition and cycloaddition reactions of simple o’-hy-
droxy enones,* as well as Brgnsted acid-catalyzed Diels-Alder
reactions of chiral o’-hydroxy enones, 2'*> methods that pro-
vide, after cleavage of the ketol moiety, products in the carbox-
ylic acid oxidation state. In these developments the ability of



the ketol moiety for both 1,4-metal and 1,4-proton binding (Fig-
ure 2a)* revealed to be critical for success. Based on these prec-
edents, we hypothesized that the H-bonding ability of the ketol
moiety in o’-hydroxy enones may decisively influence reac-
tions initiated by a proton-transfer event, such as the BB-
catalyzed Michael reactions (Figure 2b).2* Specifically, the sub-
strate o’-hydroxy enone might participate as a two-point H-
bond donor/acceptor (DA-model) or acceptor/acceptor (AA-
model) partner in the transition state, a diverting design element
that is lacking in previous enoyl templates.®> To the best of our
knowledge, o’-hydroxy enones have not been studied within
the context of organocatalytic asymmetric bond-construction
processes.?

Scheme 1. Preparation of o’-hydroxy enones. TMSO: N-
(trimethylsilyl)-oxazolidin-2-one.
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Preparation of a’-hydroxy enones. The a-oxy enones 1 and 3
were readily prepared?” from the addition of lithium methoxy-
allene 6 to acetone and 1,3-diphenylacetone 8, respectively, and
subsequent smooth one-pot hydrolysis of the resulting interme-
diates, as shown in Scheme 1. Alternatively, enone 1 could also
be prepared by the method of Connell,?® starting from the com-
mercially available o-hydroxy ketone 7. In both cases com-
pound 1 was obtained in yields between the range 80-90% at 50
mmol scale. Preparation of 2 from 1 is straightforward and
quantitative by silylation with commercial N-trimethylsilyl ox-
azolidin-2-one (TMSO). For B-substituted enones 5, the classi-
cal Horner-Wadsworth-Emmons olefination protocol from the
B-keto phosphonate 10 was used.
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Figure 3. Catalysts employed within this work.

This phosphonate was in its turn prepared from commercial hy-
droxyester 9.° Likewise, for B-aryl substituted oa—hydroxy
enones 4 (R=Ar), an aldol condensation of 7 with benzalde-
hydes may also be employed.?’

Conjugate additions of 3-substituted oxindoles. To assess the
reactivity profile of these o’-hydroxy enones in Brgnsted base
catalysis, our study was initiated with the reaction of o’-hy-
droxy enone 1 and 3-substituted oxindoles. The oxindole struc-
tural motif is widely present within natural and synthetic bioac-
tive molecules,*® however, Brgnsted base promoted reaction of
3-substituted oxindoles with alkyl vinyl ketones has met with
limited success so far.31%2 For example, it has been reported that
methyl vinyl ketone (MVK),32P ethyl vinyl ketone ¢ and phe-
nyl vinyl ketone 32 all provided ee’s between the range of 60%—
70% in the reactions with 3-aryl oxindoles; the reactions with
3-methyl-, 3-isobutyl-, and 3-allyl oxindoles proceed with even
lower ee’s (of about 55%).31¢ In addressing these issues, and af-
ter screening several Brgnsted base catalysts,?” we were grati-
fying to find that the above addition reactions using 1, con-
ducted in the presence of 10 mol% (DHQD),PYR (C1), af-
forded the corresponding adducts 12 in excellent yields and en-
antioselectivities. As the data in Table 1 show, under these con-
ditions (=50 °C in CHClI; as solvent) oxindoles 11A-F bearing
3-aryl substituents with either electron donating or electron
withdrawing groups are tolerated with almost equal efficiency.
Oxindoles with substitution at the aromatic ring also provided
adducts with excellent chemical and stereochemical results.
Likewise, the 3-methyl oxindoles 11Ga, 11Gc, and 11Gd,
which are valuable precursors of natural products, vide infra,
were competent reaction partners to give the respective adducts
12Ga, 12Gc and 12Gd in good yields and enantioselectivities,
typically 90% ee. Nevertheless, attempts to further expand this
reaction to oxindoles bearing larger alkyl chains at the C3 posi-
tion failed. Oxindoles 11H, 111I, 11J, 11K and 11M, all pro-
vided the corresponding adducts 12 with poor enantioselectiv-
ity, typically 50% ee. Whilst these results seem to be quite com-
mon for reactions involving 3-alkyl substituted oxindoles, very
few attempts to address this deficiency have resulted with suc-
cess.®? In fact, few catalytic systems work well for both aryl-
and alkyl-substituted oxindoles.**® Given the ready

Table 1. Conjugate additions of 3-substituted oxindoles to a’-hydroxy enones 1 and 3.2
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a The reactions were generally performed on a 0.30 mmol (for R*= Ar or Me) or 0.1 mmol (for R®= Alkyl) scale in CHCI; (1.5 mL/mmol) using enone 1
(1.5 equiv.) or 3 (3 equiv.) and catalyst C1 (10 mol% for 1; 30 mol% for 3). Yield of isolated product after chromatography. Enantioselectivity determined

by chiral HPLC.

availability of o’-hydroxy enones we focused on the o’-disub-
stitution pattern as an additional element for steric tuning. We
were gratifying to observe that the enantioselectivity was nota-
bly increased, typically from 50% ee up to 90% ee, by using o.’-
hydroxy enone 3. As the results in Table 1 show, the reactions
were tolerant with oxindoles bearing short, large, and ramified
alkyl chains as well as alkyl chains with functional groups.
These results are of special interest in that diverse functionality
may be generated from a single common adduct. Thus, treat-
ment of adducts 12Aa and 12Gc with NalO4 in MeOH/H.0 pro-
vided the corresponding carboxylic acids 14 in yields of 98%
and 94%, respectively, along with acetone as the only organic

side product formed, Scheme 2. Alternatively, oxidative cleav-
age of adducts 13La and 130a, by treatment with periodic acid
in this case, led to acids 14La and 140a in 87% and 90% yield,
along with dibenzyl ketone which could be recovered and re-
used. On the other hand, the addition of the corresponding Gri-
gnard reagent or reduction of the carbonyl group followed by
diol cleavage as above furnished the methyl- and aryl ketones
15/16 and the aldehyde 17, respectively, in good yields. Im-
portantly, during the above manipulations configurational in-
tegrity of newly generated tetrasubstituted carbons in adducts
was untouched as determined for aldehyde 17Aa (94% ee) and
acid 14Gc (90% ee as determined in esermethole, vide infra). It



is worth of note that the present method allows preparation of
ketones such as 15Ga and 16Ga, formally derived from the less
sterically demanding methyl-sustituted oxindoles, with enanti-
oselectivities among the best reported until now.3!

Scheme 2. Ketol scission in adducts 12.
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In addition, as far as we know, no asymmetric and catalytic con-
jugate addition of 3-substituted oxindoles to acrylate esters or
their surrogates have been developed yet.*** Our method may
serve to remediate this deficiency by providing building-blocks
that can be easily transformed into biologically active com-
pounds such as (-)-esermethole, Scheme 3,3* an advanced inter-
mediate for the synthesis of (-)-physostigmine.** Thus, Curtius
rearrangement of carboxylic acid 14Gc afforded carbamate 18,
which upon treatment with LiAIH,s underwent reductive cy-
clization to (-)-esermethole of 90% ee.
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Scheme 3. Short enantioselective synthesis of (-)-eser-
methole.
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The key role played by the (CH3),COH fragment of the template
as a traceless activating group in the above reactions was clear
from competitive experiments involving both 1 and methyl vi-
nyl ketone (MVK), a simple enone lacking any group for addi-
tional H-bond coordination. Thus, when the reaction of oxin-
dole 11Aa was carried out with a 1:1 mixture of 1 and MVK in
the presence of C1 (10 mol%) at —-50 °C, 12Aa was the exclu-
sive addition product obtained, without detecting any product
from the addition reaction of 11Aa to MVK. In another experi-
ment, the reaction between oxindole 11Aa and MVK run at —
30 °C in the presence of C1 led, after 48 h, to 35% conversion
only, with an isolated product of 50% ee.

Table 2. Conjugate addition of a-substituted tert-butyl cy-
anoacetates 19 to o’-hydroxy enone 1 promoted by C2.2
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@The reactions were performed on a 0.30 mmol scale in CH,Cl, at 20 °C or
in CHCI; at 50 °C. Yield of isolated major isomer after chromatography. Ee
Determined by HPLC. ¢ [a]p?= + 3.9 (c= 1, CHCIy); Lit.° [a]p®=+ 2.7 (c=
5, CHCls, 81% ee).

Conjugate additions of cyanoacetates. Encouraged by these
results, we next investigated the reaction of a’-hydroxy enones
with o—substituted cyanoacetates.’* 37 The problems experi-
enced in achieving efficient chirality transfer in metal catalyzed
conjugate additions with these pronucleophiles have been as-
cribed to the fact that cyanoacetates are incapable of two-point
binding.>® We reasoned that the capacity of o’~hydroxy enones
for two-point binding (Figure 2) may ameliorate this deficiency.
Indeed, we found that 1 was effective in the Brgnsted base cat-
alyzed reaction with not only a-—aryl, but also a—alkyl cyano-
acetates, a subclass of substituted cyanoacetates previously doc-
umented to be poorly reactive substrates,* particularly against
alkyl vinyl ketones.®" After evaluation of a survey of different
Bronsted bases, including C1, the squaramide family of cata-
lysts pioneered by Rawal®* probed the most effective in these
instances. Among them, catalyst C2% resulted optimal for the
reaction between 1 and a range of both a-aryl and a-alkyl tert-
butyl cyanoacetates 19. In general, the reaction with a-aryl cy-
anoacetates 19a-d was performed at room temperature using
three equivalents of enone 1 to afford, after 1 hour, adducts 20a-



d with excellent yields independently of the nature of the aro-
matic ring substitution. In contrast, most a-alkyl cyanoacetates
tested showed decreased reactivity with reaction times of about
120 h required for complete conversion under the above condi-
tions. However, by using threefold excess of the latter and rising
the temperature to about 50 °C, full conversions of products
19e-k were attained within about 30 h or less, with very high
yields of isolated product and essentially perfect enantioselec-
tivity obtained. Again, chemical manipulation of the ketol unit
in adducts 20 using simple Grignard technology and/or reduc-
tion/oxidation protocols, as in Scheme 2, provided a straightfor-
ward entry to the corresponding carboxylic acids 21, aldehydes
22 and ketones 23/24. Comparison of optical rotation value of
product 23e (see Table 2, footnote d) with literature datal®
served to set the configuration of the products and hence the
stereochemical course of the above catalytic reactions. As noted
above enantioselective synthesis of products like 21-24 through
direct catalytic Michael reactions remains challenging. Once
more, the design enone 1 demonstrated to be instrumental in
achieving these levels of reactivity and selectivity. For example,
when an equimolar mixture of cyanoacetate 19a, enone 1 and
MVK was stirred at 20 °C for 30 min in the presence of 10 mol%
C2, a 12:1 mixture of 20a and the addition adduct from MVK,
respectively, was obtained. Likewise, parallel reactions of other
typical Michael acceptor templates, i.e. N-acryloyl oxazoli-
dinone or N-acryloyl pyrazole, with cyanoacetate 19e under the
above conditions were sluggish (less than 55% conversion after
120 h at room temperature for the two cases).

Conjugate additions of heteroatom-bearing soft carbon nu-
cleophiles: Besides all-carbon quaternary stereocenters,
tetrasubstituted carbons bearing a sulfur, oxygen or nitrogen
heteroatom are also interesting yet difficult products to obtain
as single enantiomers. Therefore, we decided to investigate the
capacity of our template model to participate in Brgnsted base-
catalyzed conjugate additions of several heteroatom-bearing
soft carbon nucleophiles. For this study 5H-thiazol-4-ones 25*
and 5H-oxazol-4-ones 26> “* were initially selected and we
found that reaction of thiazolone 25a and oxazolone 26a with
o’—hydroxy enone 1 did proceed in the presence of several
Bronsted bases, including C1 and C2, but with very poor enan-
tioselectivity. Further exploration led us to examine the modi-
fied enoyl template 2, prepared by simple silylation of the hy-
droxyl group in enone 1. To our pleasure, the reaction of 5H-
thiazol-4-ones 25 and enone 2 catalyzed by C2 in dichloro-
methane at —20 °C provided, after desilylation of the resulting
intermediates, the corresponding addition products 27 in good
yields and ee’s up to 98%. The parent 5H-oxazol-4-ones 26 par-
ticipated with equal chemical efficiency in the reaction with
enone 2. For example, under the above conditions, 26a provided
28a in 85% yield albeit in 73% ee. This result was further im-
proved by using catalyst C3,* and the reaction between 2 and
oxazolone 26a performed at room temperature afforded, after
desilylation of the resulting intermediate, adduct 28a in 80%
yield and 93% ee.

Table 3. Conjugate addition of 5H-thiazolones 25 and 5H-
oxazolones 26 to a’-silyloxy enone 2.2

(0] (0] 0 (0]
RO%J\/ N)S/w a) C3 (20 mol%) OH
. . - LN

X CH,Cl,, rt X R
1 R=H PH 20248 h )R
2 R=SiMe = Ph
3 25X=8 27X=8
26 X=0 b) HF 48% _
rt, 45 min 28X=0
o o) o o ? o

NWOH N OH N)k_<\/U><OH
- ) -
th th ) Ph>/

27a (74%, 98% ee) 27¢ (71%, 92% ee) 27d (77%, 96% ee)

[0} o 0] o o [0}

WOH OH OH
N 3 N = N 3

)-8 Pn W )0 e

K

Ph Ph
28a (80%, 93% ee)! 28b (86%, 92% ee)

P
27f (67%, 88% ee)

O (0] (e} o o (¢}

OH OH OH
>/ 5 h>/0 Ph>/0 bh

PH P

28c (79%, 97% ee) 28d (75%, 92% ee) 28e (73%, 96% ee)
& The reactions were performed on a 0.30 mmol scale in CH,Cl, (0.9
mL) using 1.5 equiv. of enone 2. For thiazolones 25 reactions were con-
ducted at —20°C and for oxazolones 26 at r.t. Yields after chromatog-

raphy. Ee determined by HPLC. ® 73% ee from catalyst C2.

In general, excellent yields and enantioselectivities were
achieved for a survey of thiazolones and oxazolones bearing ei-
ther short, large, or ramified alkyl chains at the heterocyclic ring
(Table 3). While these reactions were typically carried out in
the presence of 20 mol% of catalyst, the catalyst loading could
be reduced to 10 mol% provided the reactions were carried out
at higher temperature. For example, products 28a and 28b were
obtained in essentially same chemical yields and stereoselectiv-
ities as above when the corresponding reactions were performed
in CHCl; at 40 °C during 3040 h. Clearly, these results show
that the o’—hydroxy enone template may be easily modified to
better adapt to different substrate/catalyst combinations.

Scheme 4. Elaboration of thiazolone and oxazolone adducts
27 and 28.

o) 0 HO,C y
HIO, Et,0 Me
2rea 1200 AN~y _evra
>\/S R' dioxane S
PH reflux, 24 h
29 R': (CH,)sCH; 95%
30 R": Me, 94% 31 (95%)
Ce(NHy)2(NO3)s o) o) a) 2.5M NaOH COR
(CAN) rt,4h &Sph
28ce ————— ¥ OH o)
H,0/CH3CN )L@ R b) CH,Cly, ag. HCI
PH r.t., 85% b}
32 R": (CH,)sCH3, 82% HCl aq., 34 R= NH,
33 R': CH,Ph, 84% 85°C, 62% 35R=OH

[a]p2®= —2.7° (¢=1.00, Me,CO)
Lit*S [a]p?5= -5.3° (c=1.97, Me,CO)

Transformation of adducts 27 and 28 into the corresponding
carboxylic acids 29, 30, 32 and 33, Scheme 4, was easily
achieved by treatment with periodic acid in the case of thia-
zolone adducts 27, and with cerium ammonium nitrate (CAN)



in the case of oxazolones 28. Subsequent transformation of ad-
duct 29 into the thiolactone 31, as well as adduct 33 into the
lactone derivative 34, by simple ring opening under mild acid
and/or basic conditions, illustrates the utility of the method. In
addition, formation of known lactone 35% from 34 served to es-
tablish the stereochemical course of the reactions. It should also
be noted that both 25a and 26a upon treatment with either me-
thyl acrylate or tert-butyl acrylate under the above conditions
did not provided the corresponding Michael adducts.

Further exploration of the broad scope of a-silyloxy enone 2
showed that a-substituted azlactones, 4H-oxazol-5-ones, also
fit well. For example, Table 4, the reaction between azlactones
36 and enone 2 in the presence of the catalyst C2 or C3 led,
after desilylation of the intermediate adducts, to the correspond-
ing products 37 with good yields and ee’s. In each case, reac-
tions proceeded with high site selectivity and no products from
reaction at the C,-position of the azlactone ring were ob-
served.*

Table 4. Conjugate addition of azlactones.?

(@]
.
MeSi0 %K/ JKKR« _c2@omoi%) . M\\)ROH
CH,Cly, t, 20 h A

Ph 36 then H,O, AcOH PH

0]

HO =
WRCZUOmoI‘V) RQ NalO o i
0
R! OH alOy RNOH
4 1,2-DCE - MeOH/H,0 NC CO,'B
0,Bu NC CO,'Bu 2 25U

+
R14{ 40°C,60h
43-48 49-51

aR'= Ph; b R'= 4-MeCgHy; ¢ R'= 4-MeOCgH,, d R'= 4-BrCgH, | R'= 3-MeCgH,

37a (71%, 90%(80%) ee)

Ph

37b (72%, 88% ee) 37¢ (75%, 92%(90%) ee)

37d (77%, 90% ee)

2 The reactions were performed on a 0.30 mmol scale in CH.Cl, (0.6 mL)
using 3.0 equiv. of enone 2. Yield of isolated products after chromatography.
Ee determined by HPLC. In parentheses ee’s from catalyst C3 (10 mol%).

Ph Ph Ph

NC CO,Bu NS co,Bu NG €0o,Bu
43a 43b 43¢

90%?P, dr 98:2, 96% ee 95%, dr 99:1, 99% ee 92%, dr 98:2, 96% ee
NC CO,Bu NC €0,Bu

o
oH g OH
NC CO,Bu
43d 431

44a
89%, dr >99:1, 94% ee 89%, dr >99:1, 98% ee 95%P, dr 96:4, 92% ee

Ph Me Ph
Br.

)2 O s O
. OH OH OH
NC CO,'Bu NC €O,'Bu NC CO,Bu
, 4%a - 46a 47a
90%, dr >99:1, 92% ee 85%P, dr >98:2, 94% ee 93%. dr >99:1, 96% ee

Ph
R o 4R H  72%
50 (R: MeO) 80%
51 (R:Br)  70%

NC €0,Bu

48a NC €0o,Bu

82%, dr 95:5, 83% ee

2 The reactions were performed on a 0.30 mmol scale in 1,2-DCE (1.2 mL)
using 3.0 equiv. of enone 4, at 40 °C otherwise stated. Yield of isolated prod-
ucts after chromatography. ee determined by HPLC. dr determined by 'H-
NMR or HPLC.  Reaction carried out at 50 °C.

Scheme 5. Elaboration of adducts to a,a-disubstituted glu-
tamic acid derivatives.

o]
. F3CSO5H Meozc\(\)><o|.| NalO,
MeOH PhCON 'R MeOH/H,0
99% H
38 R": PhCH,
39R": (CH;),CHCH,
O 0 :
MeOzC\:C)kOH MeO,C . OH i HOZC\C/COZH
PhCON ) :
N Ph , PhCOl}:l1 | CIH3N Ph
40 (89%) 41(86%) | 42(85%)

[a]p?5= -0.8° (c=3.3, 4N HCI)
Lit*” (ent.) [a]p?2= +1.44° (c=6.39, 4N HCI)

Table 5. Conjugate addition of cyanoacetates to B-substi-
tuted a-hydroxy enones?

Elaboration of thus obtained azlactone adducts afforded useful
building-blocks. For instance, Scheme 5, azlactone ring open-
ing in 37b,c to afford the corresponding compounds 38 and 39,
and subsequent ketol elaboration, provided acids 40 and 41, re-
spectively. The former was then transformed into the known
glutamic acid derivative 4247 as a proof of the stereochemical
course of the catalytic reaction.

Reactions with B-substituted a—oxy enones: Generation of
adjacent quaternary/tertiary stereocenters. Given the results
attained with the a-oxy vinyl ketones 1 and 2, we wondered
whether this template model would be effective to generate a
quaternary carbon adjacent to a tertiary stereogenic center, a
synthetic task that generally presents added difficulties. To this
end we selected the reaction of a—substituted cyanoacetates
owing to the inherent challenges associated with this kind of
pronucleophiles, vide supra. In this context, Peters has recently
addressed this issue and provided a solution to the case of
reactions involving cyclic enones, i.e. cyclohexenone, using
metal catalysis.® On the other hand, only one example of
Michael reaction of a-substituted cyanoacetates with -
substituted alicyclic enones has been documented, based on
salen complex catalysis. %

We were gratifying to observe that a-aryl cyanoacetates 19a-d
and 19 reacted with B-alkyl substituted a—hydroxy enones 4A-E
to furnish adducts 43-47 in good yields, Table 5. The reactions were
carried out in 1,2-dichloroethane at 40 °C and generally essentially



one diastereomer was produced in excellent enantiomeric excess.
As exceptions, B-substituted enones 4F and 4H, bearing the
cyclohexyl and phenyl groups, respectively, were ineffective under
these conditions, whilst 4G provided 48a in good yield but
diminished stereoselectivity. On the other hand, a-alkyl
cyanoacetates were unreactive and did not provide the
corresponding adducts. Despite these limitations, which, in their
turn, confirm the difficulties associated with these problematic
pronucleophiles, the method represents the first Michael addition
of a-substituted cyanoacetates to pB-alkyl enones catalyzed by a
chiral Bronsted base, and confirms once more the excellent
behaviour of o/—hydroxy enones as Michael acceptors. In this
respect, whilst no reaction was observed from 19a, 19c and 19d
with methyl 5-phenylpent-2-enoate in the presence of C2, oxidative
cleavage of 43a, 43c and 43d provided the desired carboxylic acids
49-51. We also examined the C2 catalyzed reaction between
cyanoacetate 19a and trans-3-nonen-2-one 52, which lacks the
o'—hydroxy group (Scheme 6). The reaction proceeded, but
required seven days to reach 95% of conversion and the product
was formed as an 80:20 mixture of diastereomers with only modest
enantioselectivity for the major isomer 53. In sharp contrast, the
reaction between 19a and o'—hydroxy enone 4E, as mentioned
above, gave 46a as essentially single diastereomer in 94% ee (Table
5), which enables an alternative and highly stereoselective entry to
product 53 via usual alkylation and oxidative scission. Similarly,
45a could be converted into the methyl ketone 54 and, upon
subsequent transesterification, the corresponding methyl ester 55,
which exhibited essentially identical *H and 3C NMR spectra to
those reported in the literature,3d but opposite optical activity, thus
confirming the stereochemical assignments for the adducts.

Scheme 6. Conjugate addition of a-substituted cyanoace-
tates to simple enones and an indirect solution to the low
inherent stereoselectivity.

o s O
C2 (10 mol%)
COBu WJ\
cN 4 CH,Cly, 50°C,7d ne co,Bu
192 52 95%cony. 53, 80:20 dr
74% ee (maj.)/4% ee (min.)
n=4
— 53, 94% ee (single diastereomer)
0,
), O a) MeMgBr 75%
OH THF
,(’ — O
NC ©Oo,Bu b) NalO, )2
=2
4523 929 MeOH/H,0 | "
a, 92% ee L ne Co,R

46a, 94% ee
a) CF;CO,H/~ 54 R:'Bu
b) TMSN, 55 R: Me

[o]p?= +45° (c= 0.85, CHCl3)
Lit*8d (ent, 89% ee) [a]p?°= —53° (c= 0.86, CHCl3)

Oxazolones 26 also participated in the reaction with B-substi-
tuted enones 4 to give the corresponding a,a-disubstituted o-
hydroxy acid precursors with an adjacent tertiary stereocenter,
Table 6. However, in contrast to the case of cyanoacetates noted
above, the reactions of oxazolones 26 worked well only with (-
aryl enones to afford the corresponding addition products 56.
The reactions with B—alkyl enones were unproductive and the
starting materials could be recovered unchanged. From these
results, it is clear that for these types of substrate combinations
leading to adjacent quaternary/tertiary stereocenters, there
might be strong steric interactions that may justify the observed
variability. Configuration of adduct 56Jc was established by a
single crystal X-ray analysis and that of the remaining adducts

by assuming a uniform reaction mechanism. Additionally, con-
version of 56 into the carboxylic acids 57 and 58 could be ac-
complished by using CAN as the optimum oxidant.

Table 6. Conjugate addition of oxazolones to B-substituted
a-hydroxy enones.?

/\)1><0H
Ar
(o] Ar O (o] Ar O
4 €2 (10 mol%) OH CAN, H,0
+ _ N <, — > N S, OH
» o R CH4CN, 0°C )‘/o R
H PH

[o] 1,2-DCE, 70 °C >/
P

A R! 56 57-58
(o]

26 aR": (CH3),CHCH,; ¢ R": CH3(CH,)s

Ny 2

s
56Hc PR 56lc

83%, dr 96:4, 96% ee 80%, dr 93:7,96% ee

56Jc (X-Ray)
78%, dr 92:8, 96% ee

56Kc 56la
81%, dr 92:8, 96% ee 67%, dr 93;7, 99% ee

57 R: H, 86%, 96% ee
58 R: Br, 80%, 95% ee

The reactions were performed at 70 °C on a 0.15 mmol scale in dichloro-
ethane (0.45 mL) using 3.0 equiv. of enone 4. Yield of isolated products after
chromatography. Diastereomeric ratios determined by *H NMR (300MHz)
on the crude reaction products and confirmed by HPLC. ee determined by
chiral HPLC (for compounds 57 and 58, after derivatization to their methyl
esters).

Computational studies. With these experimental data in hand,
it seemed clear that o.’—0xy enones exhibit some unique reac-
tivity as compared with ordinary enones, i.e. MVK. Both higher
reactivity and improved levels of enantioselectivity are ob-
served in the BB-catalyzed reactions studied. Similarly, our ex-
perimental results indicate a distinct behaviour of o’—oxy
enones as compared with other typical enoyl templates previ-
ously reported for the BB-catalyzed enantioselective generation
of quaternary stereogenic carbon centers. More specifically, the
catalyst-controlled conjugate addition of a-substituted cyano-
acetates is, as mentioned before, sluggish with the majority of
Michael acceptors, whilst it works well with o’—oxy enones.
With the aim to bring some light on such distinguishing behav-
ior, we decided to study computationally*® the case of the con-
jugate addition reactions of cyanoacetates. MVK and the two
o’-oxy enones 1 and 59 were selected as the model Michael ac-
ceptors, and the relationship between their reactivity and struc-
ture was examined first. In agreement with our working hypoth-
esis, calculations show that the intramolecular H-bond activa-
tion in 1 and 59 induces a change in a series of electronic pa-
rameters (Figure 4), explaining their higher reactivity in com-
parison with MVK. In particular, the electrophilicity index »*
for both 1/59 (2.0 eV) is higher than that for MVK (o = 1.6 eV),
which is consistent with the lower energy of LUMO for 1 and
59 (-1.9 eV) as compared with the LUMO of MVK (-1.5 eV),



and also the more positive character of the B-carbon of 1 (NPA
charge of —0.31) than the corresponding B-carbon of MVK (-
0.34). These values correlate well with the Wiberg bond index
for 1 (1.90) and MVK (1.92), respectively, indicating the dimin-
ished double bond character of the enone C=C bond in 1.

Structure
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Figure 4. Structure/reactivity relationship
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Figure 5. Three alternative substrate-catalyst combinations.

Subsequently, the activation energy of the reaction of these
three Michael acceptors with methyl a-methylcyanoacetate was
computed. This barrier resulted significantly lower for o’-hy-
droxy enone 1 (11.1 kcal/mol) than for MVK (17.7 kcal/mol).
On the other hand, although the electronic parameters of both
o’-hydroxy enones 1 and 59 do not differ significantly one an-
other (see above), the reaction involving the latter presents an
activation energy 4.4 kcal/mol higher than the reaction with 1.
This additional stabilization of the transition state (TS) for the
reaction with 1 as compared with 59 is consistent with the
shorter intramolecular hydrogen bond in the former case (1.69
A vs 1.83 A, Figure 1) and might be ascribed to a favorable
Thorpe-Ingold effect®® imparted by the two geminal methyl sub-
stituents in 1.

The origin of the stereoselectivity in the C2-catalyzed reaction
between hydroxy enone 1 and a-cyanoacetates was addressed
next, and the first question to elucidate was the preferred H-
bond pattern formed between the catalyst and both substrates in
the TS corresponding to the C—C bond-forming step. In this re-
spect, up to —at least— three different ternary complexes (A-C,
Figure 5) have been proposed for reactions involving non cova-
lent cooperative activation of the intervening nucleophile and
electrophile, typically by a bifunctional thiourea (or squara-
mide)-tertiary amine catalyst.! Therefore, the question of
whether or not a unified H-bond network model (A, B, C, other)
could be applied to different reactions within this catalysis cat-
egory seems to be still open and more data are desirable. In our
case, we computed the reaction leading to adduct 20e (Table 2),
and despite much effort we were unable to find any plausible
transition structure of type B among the several H-bond combi-
nations studied.> From a look to the geometries of the resulting
complexes, it seemed that once cyanoacetate is H-bonded to the
catalyst there is not space available for the electrophile to inter-
act with the same catalyst molecule. Thus, the structure closest
to B we could find involves attack of the H-bonded cyanoace-
tate anion to the non complexed enone.>* On the other hand, a
single structure similar to model C was also found; however, it
was predicted to be unrealistic due to its high activation energy.

TSR, S-S,

TS-R, TS-S,

AAG = 6.1 kcal/mol AAG = 6.4 kcal/mol

Figure 6. Located TS’s for the catalytic addition reaction.

In its turn, four feasible structures of type A (TS-R1, TS-Sy, TS-
R2, TS-S,, Figure 6) were located, in which the o’-hydroxy
enone carbonyl is double H-bonded to the squaramide NH
groups, while the protonated quinuclidine NH* might bind to
either the CN or the ester group of the cyanoacetate moiety. TS-
R is the lowest in energy and correctly explains the formation
of the major isomer observed experimentally.>* The next most
feasible structure is TS-Si1. The energy difference between these



two structures is 2.8 kcal/mol at M06-2X/6-311+G** computa-
tional level.> Interestingly, in both cases the CO,'Bu is involved
in H-bonding with the catalyst NH+ moiety. The remaining two
structures, TS-Rz and TS-Sz, both involving a NH***"NC inter-
action, lye 6.1 and 6.4 kcal/mol higher in energy than TS-Ry,
respectively. From these results, some tentative conclusions
may be drafted: (i) in the studied catalytic reactions, the ketol
moiety of the acceptor o’-hydroxy enone plays a key role in
both decreasing reaction energy barrier; (ii) among the several
possible H-bond combinations for the ternary nucleophile-cata-
lyst-electrophile complex, type A%*¢ is preferred, with the
squaramide group interacting with the a.’-hydroxy enone (elec-
trophile activation), and the protonated quinuclidine interacting
with the cyanoacetate anion (nucleophile activation); (iii) given
previous data in the literature in favor of models of type B%'*«
and C5!' for related catalytic reactions, we believe that a unified
model cannot accommodate well for all reactions falling within
this type of non covalent bifunctional catalysis, and case to case
analysis is required; (iv) calculations for our system confirms
that H-bond with a nitrile group contributes poorly to TS stabi-
lization as compared with H-bond to ester group, probably due
to the fact that linear arrangements, as in C=N---"HX, are more
difficult to fit in the TS than angular arrangements, as in
C:O""HX‘S()

Eventually, the combination of these factors leads to the highly
stereoselective formation of the new quaternary stereocenter in
20e.

mCONCLUSIONS

In summary, the highly stereoselective generation of tetrasub-
stituted carbons, including C-N, C-O, C-S and all-carbon qua-
ternary stereocenters, has been realized via bifunctional
Bransted base catalyzed Michael reaction of various types of
hitherto challenging pro-stereogenic C-nucleophiles and o’—
oxy enones as key enoate surrogates. Competitive and parallel
experiments using simple enones (or esters) and the respective
o’—0Xy enones, indicate that the a—oxy ketone moiety is crucial
for achieving high levels of reactivity and stereoselectivity. The
ability of a’~hydroxy enones to engage in H-bond networks as
either donor or acceptor component (or both) was unknown in
previous bidentate enoyl templates, and may in the future be
exploited as new design element in other organocatalytic asym-
metric transformations. An additional noteworthy aspect of this
design is that the gem-dialkylcarbinol framework of the tem-
plate can be easily modified at both the carbon and oxygen sites,
thus enabling easy template tuning for optimal performance.
The resulting a—oxy ketone adducts can smoothly be converted
into the corresponding aldehyde, ketone or carboxylic acid de-
rivatives through simple oxidative cleavage of the ketol unit.
The present methodology thus provides access to synthetically
relevant building-blocks bearing a fully substituted carbon atom
which were hitherto difficult to prepare in enantioenriched
form. Studies towards broadening this methodology are cur-
rently underway.
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