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a-Hydroxy Ketones as Masked Ester Donors in Brgnsted Base
Catalyzed Conjugate Additions to Nitroalkenes
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Jesus M. Garcia,™ José M. Odriozola,”™ Mikel Oiarbide,*® and Claudio Palomo*™

/Abstract: The catalyst-controlled enantioselective direct ad-
dition reaction of enolizable esters and related carboxylic
acid derivatives to 7 electrophiles remains a difficult synthet-
ic transformation. In this study, the suitability of a-hydroxy
ketones as ester equivalents capable of being activated by
bifunctional Brgnsted base catalysts in the context of conju-
gate addition reactions to nitroolefins is demonstrated. The

scope of the reaction, which affords the corresponding Mi-
chael adducts with very high stereoselectivity (diastereo-
meric ratio (d.r.) >95:5, up to 99% enantiomeric excess (ee)),
and its limitations are explored, as is the aftermath elabora-
tion of adducts into densely functionalized enantioenriched
products.

/

Introduction

The addition of an enolizable carbonyl compound to a m-elec-
trophile represents a fundamental entry to new carbon-carbon
bonds, resulting in synthetically useful a-modified carbonyl
compounds. Stereoselective variants involving an enolizable
substrate in the carboxylic acid oxidation state and using chiral
stoichiometric reagents and auxiliaries have been well estab-
lished, but commonly require a previous, irreversible enoliza-
tion step (Scheme 1a)." In contrast, direct protocols (that is,
without a separate enolization process and consumption of
stoichiometric base) involving enolizable esters, amides, or sim-

a) Via prior irreversible enolization (2 steps)
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Scheme 1. State of the art of asymmetric o functionalization of carboxylic
acid derivatives (E: electrophile; X: heteroatom).

[a] Dr. I. Olaizola, T. E. Campano, I. Iriarte, Dr. S. Vera, Dr. A. Mielgo,

Prof. M. Oiarbide, Prof. C. Palomo

Departamento de Quimica Orgdnica |

Universidad del Pais Vasco UPV/EHU

Manuel Lardizabal 3, 20018 San Sebastidn (Spain)

Fax: (+34)943015270

E-mail: claudio.palomo®@ehu.es
mikel.oiarbide@ehu.eus

Prof. J. M. Garcia, Prof. J. M. Odriozola

Departamento de Quimica Aplicada

Institute for Advanced Materials (INAMAT)

Universidad Publica de Navarra

31006 Pamplona (Spain)

Supporting information and the ORCID number(s) for the author(s) of this

=

@ article can be found under https://doi.org/10.1002/chem.201705968.

=

Chem. Eur. J. 2018, 24, 1-10

These are not the final page numbers! 22

Wiley Online Library

ilar and a chiral catalyst are less developed (Scheme 1b). Cata-
lytic activation of esters and ester-like substrates is challenging
owing to their diminished carbon acidity. Some progress in the
area has been made involving enolizable thioamides/lactams,”
amides,® nitriles,” imides,” and free carboxylic acids,® in
which a chiral metallic catalyst in combination with sub->* or
superstoichiometric™® base is used. The covalent activation of
carboxylic acids and esters by chiral N-heterocyclic carbene
(NHC) and isothiourea catalysts has also been reported to
afford mainly lactone- and lactam-type cyclic products.” In ad-
dition, few examples of Bragnsted base catalyzed, noncovalent
activation of reactive ester equivalents (acyl silanes and phos-
phonates, thioesters, pyrazoleamides, cyclic anhydrides) have
been documented.®? However, in many instances, control of
the diastereo- and enantioselectivity of the reaction is still a
challenge.

Although all of these studies deal with enolizable substrates
of type | (Scheme 1; acyl-heteroatom systems), a conceptually
different, but in practice equivalent, strategy involves the use
of a-hydroxy ketones as carboxylic acid surrogates. Early work
by the groups of Heathcock™ and Masamune,"” independent-
ly, established a route to a-modified carboxylic acids upon an
enolization/a’-functionalization/ketol scission sequence starting
from chiral a-hydroxy ketones Il (Scheme 2a). More recently,
the approach was further advanced, so that the chiral informa-
tion source was no longer sacrificially destroyed during ketol
oxidative scission."? Moreover, the scission step is easy to
modify to access the corresponding ketone and aldehyde
products as well. However, and despite its potential and practi-
cality, to the best of our knowledge, no direct version of this
approach, relying on a combination of an achiral a-hydroxy
ketone and a suitable chiral catalyst, has been reported so far.
Herein, we show that achiral a-hydroxy ketones Il react
smoothly with nitroalkenes in the presence of bifunctional
Bronsted base catalysts to afford the corresponding Michael
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Scheme 2. a-Hydroxy ketones as donor carboxylic acid equivalents.

adducts in high stereoselectivity. This constitutes the first dem-
onstration of achiral a-hydroxy ketones as ester and aldehyde
donor equivalents in the context of asymmetric catalysis.'?

Results and Discussion

The underlying idea is that substrate Ill may be activated by a
bifunctional tertiary amine/hydrogen-bond-donor catalyst, as
in model 1V, to ultimately attack a suitable m-electrophilic reac-
tion partner and lead, after final ketol scission, to enantioen-
riched a-branched carboxylic acids and derivatives. For initial
validation of the idea, the reaction of 1A with 5a was selected
and several Brgnsted bases were screened (Scheme 3).

As shown by the results in Table 1, both C1 and C2 were
able to promote the addition reaction; thus demonstrating the
feasibility of a-hydroxy ketones for activation with mild bases,
but led to suboptimal enantioselectivity (Table 1, entries 1 and
2). Among several bifunctional catalysts examined, squaramide
3" provided the addition adduct 6Aa in nearly quantitative
yield after 5 h at room temperature, but with as-yet unsatisfac-
tory selectivity (Table 1, entry 3). Catalysts C4"* and C5 be-
haved similarly, both affording slightly better enantiocontrol
(70 and 69% ee, respectively; Table 1, entries 4 and 5). Finally,
thiourea catalyst C6""® proved to be superior in this reaction to
afford a product with 80% ee (Table 1, entry 6). Then, the influ-
ence of the two R groups at Ca of the ketol substrate, which
can be readily prepared through the method reported by Qi
et al. from the corresponding alkyne, CO,, and simple ketones
as starting materials,”"”’ was examined. Upon moving from 1A
(R=Me) to 2A (R=Et) and 3A (R=Ph), there is not much
impact on the reaction selectivity (compare Table 1, entries 3-5
with 6-8 and 9). However, the reaction employing 4A (R=Bn)
led to an outstanding 99% ee with either catalyst C3 or C6
(Table 1, entries 10 and 12). Notably, in all of the above experi-
ments, essentially a single diastereomer was observed by
'H NMR spectroscopy (d.r. >95:5).

Based on the above results, ketone 4A and catalyst C6 were
selected for exploring the scope of the reaction with regard to
the nitroalkene component. As shown from the data in
Table 2, several p-aryl-substituted nitroalkenes, including elec-
tron-poor (Table 2, entries 1-4) and -rich (Table 2, entries 5-7)
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Scheme 3. Conjugate addition of a-hydroxy ketones to nitroalkenes cata-
lyzed by Brensted bases C1-C6. Bn =benzyl, (DHQD),PYR=hydroquinine
2,5-diphenyl-4,6-pyrimidinediyl diether.

Table 1. Screening of catalysts and ketol template for the reaction with
sa.[a]

Entry Reaction Catalyst t Yield®! eel
[h] [%] [%]
1 C1 72 97 10
2 C2 72 86 —509
3 1A+5a —2L . 6Aa (o] 5 98 60
4 R: Me ca 72 97 70
5 c5 72 9% 69
6 c6 72 98 804!
6 c (] 24 97 76
7 2A + 5a - 7Aa ca 48 55lel 72
8 : c6 24 97 80
t
9 3A +5a ; aph 8Aa (g 24 87 80
10 cat 3 24 75 99
1 4A + 5a -~ 9Aa ca 72 70 88
12 i c6 24 99 99

[a] Reactions conducted on a 0.1 mmol scale in CH,Cl, (0.3 mL; 1:2:0.1
molar ratio of ketone/5 a/catalyst); diastereomeric ratio (d.r.) >95:5 in all
entries was determined by 'H NMR spectroscopy (300 MHz) analysis of
the crude sample. [b] Yields of products isolated after chromatography.
[c] The enantiomeric excess (ee) was determined by chiral HPLC analysis.
[d] The reaction was performed at —20°C. [e] Conversion; yield not deter-
mined.

systems, participate in the reaction with 4A to afford the cor-
responding products 9A in good yields and essentially perfect
stereocontrol (d.r. >95:5, 99% ee) in all cases. Importantly, the
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Table 2. Scope of the reaction of 4A with nitroalkenes 5 catalyzed by
cs‘[a]
Entry Nitroalkene R? Product t  Yield®” drld e
[h]  [%] [%]
1 5b /©}i 9Ab 16 86 >95:5 99
Cl
Cl
2 5c¢ \©}; 9Ac 16 81 >95:5 99
3 sd 9Ad 16 77 >95:5 99
Cl
4 5e /©}; 9Ae 16 93 >95:5 99
Br
5  5f /©X 9Af 16 92 >95:5 99
MeO
MeO
6 5¢9 9Ag 16 80 >95:5 99
7 5h /©}< 9Ah 16 85 >95:5 99
Me'
8 5i CH3(CH,), 9Ai 72 75 >95:5 96
9 5j CH;(CH,), 9Aj 44 76 >95:5 99
10 5k (CH,),CH 9Ak 120 45 (759  90:10 97
[a] Reactions conducted on a 0.1 mmol scale in CH,Cl, (0.3 mL; molar
ratio of 4 A/5/catalyst, for R®>=aromatic, 1:2:0.1; for R>=aliphatic, 1:3:0.2)
at RT, unless otherwise stated. [b] Yields of products isolated after chro-
matography. [c] Determined by 'H NMR spectroscopy. [d] Determined by
HPLC analysis by using a chiral stationary phase. [e] Yield in parenthesis
based on recovered starting material.

more challenging alkyl-substituted nitroalkenes, such as 5i and
5j, were also competent reaction partners that afforded the
corresponding adducts 9Ai and 9Aj in 75 and 76 % yield, dia-
stereomeric ratios of >95:5, and ee values of 96 and 99 %, re-
spectively. In these instances, longer times were required for
useful conversion. With the more demanding isopropyl nitroal-
kene 5k, reactivity was an issue, but selectivity remained still
high (90:10 d.r., 97 % ee for the major diastereomer).

Next the reaction scope with respect to the a’-aryl substitu-
ent of the a-hydroxy ketone was studied. As shown by the
data in Table 3, the reaction tolerates electron-poor, neutral, or
electron-rich aryl substituents. However, in the last case, the re-
action proceeded very slowly. For instance, the reaction of 5a
and 4B, with a p-cyanophenyl group at Ca’, proceeded to
completion in about 96 h to afford adduct 9Ba in good yield
as essentially a single isomer. Reactions of the p-fluorophenyl
and phenyl analogues 4C and 4D, respectively, were incom-
plete after 96 h (isolated in yields of 49 and 46 %, respectively),
although selectivity remained high in both cases (>95:5 d.r.;
96% ee). The reaction of 4E was impractical; however, the
gem-dimethyl analogue 1E could react with 5a to afford
adduct 6Ea as a single diastereomer in 45% yield (86% based
on recovered starting material) and 77 % ee. These experiments
show again the influence of the ketol R group; sterically more
demanding o,a-dibenzyl ketols 4 require longer reaction times
than those of a,a-dimethyl congeners 1, but lead to considera-
bly better diastereo- (d.r.>95:5) and enantioselectivities (96—
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Table 3. Scope of the reaction regarding the a-hydroxy ketone.”

0 ) (0] R?
HES Ar 5, C6 (10 mol%) HO NO,
R R CH,Cly, 1t RR A
1R: Me; 4R: Bn 6 R: Me; 9R: Bn
(e] Ph O Ph 0 Ph

R: Me, 6Ba; 20 h, 89% R: Me, 6Ca; 96 h, 70% R: Me, 6Da; 5 d, 37%(62%)
dr90:10, 82% ee dr>95:5, 66% ee dr>95:5, 60% ee

R:Bn, 9Ba; 96 h, 70% R: Bn, 9Ca; 96 h, 49%(96%) R: Bn, 9Da; 96 h, 46%(92%)
dr>95:5, 99% ee dr>95:5, 96% ee dr>95:5, 96% ee

o) O Ph
HO NO, HO NO,

R: Me, 6Bk; 64 h, 64%
dr>95:5, 63% ee
R: Bn, 9Bk; 64 h, 36%(90%)
dr>95:5, 99% ee

6Ea; 144 h, 45%(86%)
dr>95:5, 77% ee

[a] Reactions conducted on a 0.1 mmol scale in CH,Cl, (0.3 mL; 1:3:0.1 or
1:1.2:0.1 molar ratios of ketone/5a/catalyst). Yields in parentheses are
based on recovered starting material.

99% ee). Importantly, high selectivity was also attained in the
reaction of 4B with 5k to afford adduct 9Bk as a single diaste-
reomer and 99% ee. The absolute configuration of adduct 9Ab
was established by single-crystal X-ray structure analysis,"® and
those of the remaining adducts by analogy and by assuming a
uniform reaction mechanism.

Based on the most accepted transition-state models for con-
jugate addition reactions catalyzed by these types of (thio)urea
bifunctional catalysts, in which protonated quinuclidine acti-
vates the electrophile,"® stereomodel V may be invoked to ac-
count for the observed reaction outcome (Figure 1a). The
active role played by the free hydroxy group of template 1A is
apparent if reaction conversions are compared with those ob-
tained with derivative 1A’. As shown by control experiments
in Figure 1b, although the C6-catalyzed reaction of 5a with
1A to produce 6 Aa is essentially over after 10 h at room tem-
perature, the reaction involving 1A’ progresses much more
slowly, with around 50% conversion reached after 20 h. The
same trend was observed for the reaction of the O-TMS deriva-
tive of 1B.2”

Additional control experiments with the related (thio)esters
and aldehydes (Scheme 4) as the donor component further
demonstrated the importance of the a-hydroxy ketone tem-
plate in this development. For example, methyl p-nitrophenyla-
cetate did not react at all with 5a in dichloromethane in the
presence of catalyst C6 (10 mol%).”" More reactive thioester
10 barely reacted under the same conditions to reach a maxi-
mum conversion of 55% after 96 h,*Y which gives rise to

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. a) Structure of the proposed stereomodel. b) Progress of the C6-
catalyzed reaction of 5a with 1A and trimethylsilyl (TMS) derivative 1A".

0 Ph
02 53 c6 (10 _5a,C6 (10 mol%) s M A _no,

CHoCly, 1t

@»vg

16 h 30% conv. 1
40h 40% conv. NO,
96 h 55% conv., 52%y., dr=73:27, 50%/20% ee

Br

5e, C6 (10 mol%) e}

@ NO,

CH,Cly, 1t, 16 h H
95% Ph

13, dr= 59:41, 60%/40% ee

O Ph
5a, C6 (10 mol%) HO NO,
(CICHy),, rt or 50 °C
No reaction 15

Scheme 4. Unsuitable ketone and thioester substrates.

product 11 with poor selectivity. As expected, reactivity was
not a problem with phenylacetaldehyde (12), but the resulting
aldehyde 13 was configurationally unstable and an almost
equimolar mixture of epimers was isolated. One limitation of
the method is the unsuitability of a-hydroxy ketones with de-
creasing a’-carbon acidity, such as 14, which remains intact
after 24 h under the above catalytic conditions (or even at
50°C). In this respect, we recently found that related f}',y’-unsa-
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turated ketols, which upon enolization would form a vinylo-
gous enolate, were competent substrates for this reaction with
nitroolefins.”? Additionally, thus-generated vinylogous enolates
proved to react with high regio- (o vs. y) and stereoselectivity.
At this stage, we set out to complement these previous studies
with additional entries and establish which types of ketol sub-
structures were optimum with respect to both reactivity and
selectivity. As shown by the results in Table 4, the catalyzed re-
action of ketones 16 and 17 with 5a proceeded virtually to
completion within a few hours at room temperature to afford
the corresponding Michael adducts 19 and 20, although ac-
companied by variable amounts of the corresponding y-re-
gioisomers 19’ and 20’ (Table 4, entries 1-4). For these reac-
tions, catalyst C5 was more active than C6, although both pro-
vided high levels of diastereo- and enantiocontrol (essentially a
single stereoisomer was isolated). However, neither catalyst
was able to control the a- versus vy-regioselectivity properly
(product ratios from 41:59 to 74:26, at best). Experiments with
the parent gem-dimethyl ketone 18 instead demonstrated
once again that this regioselectivity issue could be properly ad-
dressed. With this ketol substrate, and catalyst C6, mixtures of
the corresponding a- and y-adducts 21/21° were obtained
again (Table 4, entries 6, 8, 10, and 12). However, with catalyst
C5, the corresponding adduct 21 could be obtained exclusive-
ly. For instance, for the reaction of 18 with 5a, product 21a
was isolated in 85% yield, as essentially a single diastereomer
and with 97% ee (Table 4, entry 5). This pattern was repro-
duced with 5b, 5¢, 5f, and 5i, giving rise to the correspond-
ing adducts 21 as clean products, which were isolated in high
yields, with essentially perfect diastereoselectivity and 94-
98% ee (Table 4, entries 7, 9, 11, and 13).

Adducts obtained through the above catalytic reactions may
serve as versatile platforms in synthesis. For instance, the oxi-
dative cleavage of the ketol moiety in 9Aa by treatment with
HslO, afforded the arylacetic acid 22 in 89% yield (Scheme 5),
along with dibenzyl ketone as the only organic side product,
which could be recovered and reused.”® Compound 22 was
then transformed into 11 under standard conditions. Thus, the
lack of reactivity and selectivity associated with simple arylace-
tic esters and thioesters may be circumvented by using a-hy-
droxy ketones as donor ester equivalents. Alternatively, the re-
duction of the ketol carbonyl in 9 Aa with borane and subse-
quent treatment with H;lO, as above, gave aldehyde 24 in
67 % yield over two steps. It should be noted that in no case
was epimerization at the a-carbon observed; an important fea-
ture of the present approach, upon considering the high ten-
dency of these compounds (i.e., arylacetic aldehydes, see
above) towards base-promoted isomerization. On the other
hand, the C—NO, group in 9Aa could be oxidized under Mios-
kowski conditions,*¥ without affecting the ketol moiety, to de-
liver carboxylic acid 23. The first oxidation run was incomplete
(36%), but, by applying further oxidation runs to the recovered
unoxidized material, product 23 was isolated in a combined
yield of 71 %.

One particular advantage of the high regio- and stereoselec-
tivity observed in the reactions with {',y’-unsaturated ketols is
that a simple hydrogenation of the C=C bond in the resulting

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

KK These are not the final page numbers!


http://www.chemeurj.org

CHEMISTRY

\8* ChemPubSoc A European Journal
el Europe Full Paper
Table 4. Alkenyl ketols 16-18 as ester donor equivalents.”
o)
HOMAr 5, C5 or C6 (10 mol%) HO%J\/'\/NOZ HO _ Ar
R R CH,Cl, 1t RR N R NO,
16-18 ﬁ R?
19-21 Ar 19'-21"

Entry™® Ketol Nitroalkene Product Cat. T t Ratio Yield d.r@ ee

substrate R? [°q [h] o/y [9%]* [%]*
1 o c5 20 2 72:28 63 >95:5/>95:5 >98/84
2 HO N 5a, Ph 19/19' cé6 20 2 41:59 35 >95:5/>95:5 >98/94

Bn Bn 16
3 o Me c5 20 2 74:26 70 >95:5/>95:5 98/>98
4 HO X 5a, Ph 20/20’ c6 20 16 44:56 38 >95:5/>95:5 98/>98
Bn Bn 17

5 , s 20 25  >982 85 >95:5/- 97/~
6 5 Ph naza g 0 20 86:14 68 >95:5/>95:5  95/ND
7 5b, 4-CIC,H, 21b/21'b c5 20 25 >98:2 82 >95:5/- 95/-
8 o cé6 —10 14 68:32 60 >95:5/>95:5 83/66
9 HO X 5¢, 3-CIC,H, 21¢/21'c cs 20 3 >982 91 >95:5/— 96/
10 18 cé6 —20 16 61:39 57 >95:5/>95:5 81/71
11 5f, 4-MeOCgH, 21121 f c5 20 25 >98:2 75 >95:5/- 94/-
12 cé6 —-20 16 96:4 77 >95:5/- 87/ND
13 5i, CH,(CH,), 21i/21' c5 20 14 >98:2 94 >95:5/- 98/-
[a] Reactions conducted on 16-18 (0.2 mmol) in CH,Cl, (0.3 mL) at RT, unless otherwise stated. Molar ratios of 16-18/5/catalyst: 1.5:1:0.1 (for C6) or
1:1.1:0.05 (for C5). [b] For entries 5, 7, and 11, see ref. [22]. [c] Yields of isomers 19-21 isolated after chromatography. [d] Determined by 'H NMR spectros-
copy. [e] Determined by HPLC analysis by using a chiral stationary phase. ND: not determined.

Hs106 e PhSH
. HOMNO2 —  11,86%
1,4-Dioxane = HOBt, DCC
60 °C, 48 h Ar solvent, 0 °C
22, 89%
O Ph
Ho NO, NaNOj, AcOH o e
H CO,H
B Bn Ar DMSO, 35 °C, o.n. B Bn Ar 2
9Aa

23, 36% (71%)
(Ar: 4-NO,CgHy)

1. BHgeTHF o Ph en
AT IS G LI
2. HelOg & H MeOH, ~40 °C i

dioxane rt, 24 h 24, 67% 25, 80%

Scheme 5. Scission of ketol and nitro moieties of the adducts. HOBt = 1-hy-
droxybenzotriazole, DCC = N,N'-dicyclohexylcarbodiimide.

adducts (e.g., 21a; Scheme 6) gives access to compounds such
as 26, which are otherwise difficult to obtain (formally derived
from less acidic ketones, see above). Then, ketol scission, as
above, would provide the corresponding acid 27 or aldehyde
28 in high yields. With aldehyde 28 in hand, a suitable Mi-
chael/aldol domino process,”>? involving acrolein as a reac-
tion partner, allowed the fully enantiocontrolled construction
of densely substituted cyclohexanecarbaldehydes 29 and 30 in
70% combined yield and a 90:10 ratio.”” This ratio was tem-
perature-dependent and, if the reaction mixture was warmed
to room temperature and stirred for 2 h, the ratio of isomers
29 and 30 obtained was 65:35. This observation might suggest
that the intramolecular aldol process becomes increasingly re-
versible at temperatures above 0°C or, alternatively, proline is

Chem. Eur. J. 2018, 24, 1-10 www.chemeurj.org
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Hp, PA/IC  HO NO, 1. BHyeTHF
21a —— : _—
EtOAc, 1 h 3 THF, 1t, 24 h
2. NalO, MeOH/H,0
26,95% Ph i, 24 h
1.7 CHO, DIPEA
__ CHClhyrt,on. V\CA 2 Ph
2. L-Proline (cat) :
THF, 0°C, 8 h
70%, two steps CHo CHO
90:10
0 1. 5a (3 equiv) O Ph
C6(20mol%)  HO NO,

H510g

dioxane, 1 h

Ph

N 27,03%
Ph

28, 74%

1. BHye THF
L2 Ly

CHyCly, 1t,5d E THF, 1t, 2 h
18 2. H, Pd/C (e 2. “':ag%/H °
EtOAc, 2h Ph NO, nez e
31, 70%
0 Fh Ph Ph
= +
W CH,Cly, rt, o.n. "
i LE= HO" ™" Ph HO” > ~Ph
Ph NO J g 3
2 NO, NO,
32, 80% 33 92:8 34

Scheme 6. Further possibilities for the elaboration of adducts. DIPEA = N,N-
diisopropylethylamine.

able to epimerize 29, unless temperature is kept low. Similarly,
hydrogenation of the adduct resulting from a Cé6-catalyzed
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double Michael reaction of 18 gave rise to branched aliphatic
ketone 31, which was transformed into aldehyde 32 in 80%
yield over two steps. Final treatment of 32 with DIPEA smooth-
ly afforded the corresponding hexasubstituted cyclohexanes
33 and 34 in a ratio of 92:8 and combined vyield of 899%.2%9
The configurations of cyclic products 29/30 and 33/34 were
preliminary established through the correlation of the H—H
coupling constants in their 'HNMR spectra, and then con-
firmed by single-crystal X-ray analysis of 33.2%

A distinguishing feature of the two reaction sequences in
Scheme 6 is that both aldehydes 28 and 32 have a relative a/f§
anti configuration. Accordingly, this approach complements
previous syntheses of related cyclohexane systems based on
enamine-mediated domino processes,”**¥*! which proceeded
via the corresponding aldehydes with relative o/p} syn configu-
ration instead.

Conclusion

Enolizable a-hydroxy o,a-disubstituted ketones were intro-
duced as efficient ester and aldehyde donor equivalents in
asymmetric catalysis. The reactivity and stereoselectivity profile
of these templates could be easily modulated by varying the
size of the gem-R substituents at Ca; the a,a-dibenzyl-substi-
tuted congeners provided the best enantiocontrol with the se-
lected reaction and catalysts. Specifically, the conjugate addi-
tion reaction to nitroalkenes, including challenging B-alkyl-sub-
stituted nitroalkenes, proceeded smoothly under bifunctional
Brgnsted base catalysis to afford adducts with very high dia-
stereo- and enantioselectivity (d.r. >95:5, up to 99% ee). Elabo-
ration of the resulting adducts through smooth oxidative ketol
cleavage gave access to the corresponding enantioenriched a-
branched carboxylic acid and aldehyde products, including aryl
acetics,””® and dibenzylacetone byproduct, which could be sep-
arated and recycled. Additional reaction sequences were also
applicable to construct densely functionalized carbocycles with
complementary relative configuration, compared with previous
methods based on enamine catalysis. Extension of this catalytic
methodology to other it electrophiles is currently under inves-
tigation.”??

Experimental Section

Catalytic conjugate addition of a-hydroxy ketones to nitro-
alkenes

Method A: Benzylic ketols: Catalyst C1-C6 (10 mol %) was added
to a mixture of the corresponding benzylic ketol 1-4 (1 equiv,
0.1 mmol) and nitroalkene 5 (2.0 equiv, 0.2 mmol for aromatic ni-
troalkenes; 3.0 equiv, 0.3 mmol for aliphatic nitroalkenes), in di-
chloromethane (0.3 mL) at room temperature (or cooled to the cor-
responding temperature). The resulting suspension was stirred at
the same temperature, until consumption of the a-hydroxy ketone,
as monitored by 'H NMR spectroscopy. The mixture was quenched
with 2m HCI (1 mL) and extracted with CH,Cl, (3x2 mL). The com-
bined organic layers were dried over MgSO,, filtered, and the sol-
vent was evaporated under reduced pressure. The residue was
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subjected to flash column chromatography on silica gel (eluent
hexane/AcOEt 95:5 to 90:10).

Method B: Allylic ketols: Catalyst C5 (6 mg, 0.01 mol, 5 mol%)
was added at room temperature or —20°C to a solution of the cor-
responding allylic ketol 16-18 (0.2 mmol, 1 equiv) and nitroalkene
5 (0.22 mmol, 1.1 equiv) in dichloromethane (0.4 mL), and the re-
sulting mixture was stirred at that temperature until completion of
the reaction (2-20 h, as determined by TLC). Then the reaction
mixture was submitted to flash column chromatography (eluent
hexane/ethyl acetate 90:10). The same procedure was employed
for the reactions involving catalyst C6, but with a molar ratio of
ketone/5/catalyst of 1.5:1:0.1.

Representative examples

Compound 9Aa: Compound 9Aa was prepared from 4A
(37.5 mg, 0.1 mmol) and 5a (29.8 mg, 0.2 mmol), according to the
general procedure, with catalyst C6. White solid; yield: 51.9 mg, 0.
099 mmol, 99%; [a]¥ =—97.0° (c=0.54, 99% ee, CH,Cl,); m.p. 187-
188°C; 'H NMR (300 MHz, CDCl,): 6=7.86 (d, J=8.7 Hz, 2H), 7.42-
7.24 (m, 8H), 7.16 (d, J=9.3 Hz, 2H), 7.00-6.88 (m, 3H), 6.86-6.75
(m, 2H), 6.58 (d, J=7.1 Hz, 2H), 5.00 (d, J=11.0 Hz, 1H), 4.43 (dd,
J=12.0, 10.3 Hz, 1H), 4.28 (dd, J=11.0, 4.0 Hz, 1H), 417 (dd, J=
12.1, 40Hz, 1H), 3.01 (d, J=135Hz, 1H), 227 (dd, J=28.1,
13.6 Hz, 2H), 1.95 (d, J=13.7 Hz, 1H), 1.75 ppm (s, 1H); *C NMR
(75 MHz, CDCly): 6=208.9, 147.2, 139.9, 137.4, 134.6, 134.2, 130.8,
130.1, 129.8, 129.1, 128.8, 128.5, 128.5, 128.1, 127.3, 126.5, 124.0,
83.4, 78.1, 55.5, 46.2, 42.8, 42.4 ppm; UPLC-DAD-QTOF: m/z calcd
for C5;H;N,Oy [IM—H]™: 523.1869; found: 523.1880; the enantio-
meric purity of the major diastereomer was determined by HPLC
analysis (Daicel Chiralpak IA, hexane/isopropanol 90:10, flow rate=
1.0 mLmin™', retention times: 16.7 (major) and 22.7 min (minor)).

Compound 21a: Compound 21a was prepared from 18 (40.8 mg,
0.2 mmol) and 5a (32.8 mg, 0.22 mmol) with C5. White solid; yield:
60 mg, 85%; [a]¥’=-603° (c=1, 97%ee, CH,Cl); m.p. 143-
145°C; "H NMR (300 MHz, CDCl,): 5 =7.48-7.24 (m, 10H), 6.73 (d,
J=15.9Hz, 1H), 6.10 (dd, J=15.9, 9.5 Hz, 1H), 4.95-4.69 (m, 2H),
4.37-4.11 (m, 2H), 1.08 (s, 3H), 0.90 ppm (s, 3H); *C NMR (75 MHz,
CDCl,): 0=211.6, 128.9, 128.8, 128.6, 128.3, 126.5, 124.3, 78.0, 54.5,
45.7, 26.1, 25.9 ppm; UPLC-DAD-QTOF: m/z calcd for C,H;NO,
[M+H]": 354.1705; found: 354.1707; the enantiomeric purity of the
major diastereomer was determined by HPLC analysis (Daicel Chir-
alpak IB, hexane/isopropanol 90:10, flow rate=1.0 mLmin", reten-
tion times: 17.6 (minor) and 27.1 min (major)).

Hydrogenation of 21a to obtain 26: Pd/C (10% w/w ) was added
(21 mq) to a solution of 21a (206.6 mg, 0.58 mmol) in dry EtOAc
(20 mL). Air was evacuated by applying vacuum and H, was intro-
duced; this process was repeated two additional times. The reac-
tion mixture was stirred under H, atmosphere at room tempera-
ture for 1 h. Then, the mixture was filtered through Celite and the
filtrate was concentrated under reduced pressure to afford 26 as a
white solid (196 mg, 95%). [ald= +5.53° (c=032, 94% ee,
CH,CL,); m.p. 94-96°C; 'H NMR (300 MHz, CDCL,): 6 =7.41-7.19 (m,
8H), 7.14-7.06 (m, 2H), 4.90-4.76 (m, 2H), 4.09-4.01 (m, 1H), 3.70-
3.64 (m, TH), 2.64-2.39 (m, 2H), 2.12-1.97 (m, 1H), 1.96-1.81 (m,
1H), 1.30 (s, 1H), 1.25 (s, 3H), 1.18 ppm (s, 3H); C NMR (75 MHz,
CD,0D): 6=215.3, 140.6, 138.0, 129.0, 128.6, 128.1, 128.0, 128.0,
126.3, 75.9, 48.7, 44.2, 33.2, 29.8, 26.6 ppm; UPLC-DAD-QTOF: m/z
calcd for C,;H,sNO,Na [M+ Na]: 378.1681; found: 378.1686.

Scission of 26 to give 28: BH;THF complex (1m, 1.5mL,
1.5 mmol) was added to a solution of 26 (178 mg, 0.5 mmol) in dry
THF (1.5 mL) at 0°C, and the resulting solution was stirred at room
temperature for 24 h. Then MeOH (2.5 mL) was added and the re-
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sulting mixture was stirred at room temperature for 30 min. The
solvents were removed under reduced pressure and the residue
was submitted to oxidation as follows. A suspension of NalO,
(535 mg, 2.5 mmol) in water (1.25 mL) was added to a solution of
the obtained diol (0.5 mmol) in methanol (2.5 mL). The mixture
was stirred overnight at room temperature and then the solvent
was removed under reduced pressure. Water (4.5 mL) was added
to the crude product and the resulting mixture was extracted with
Et,0 3x6 mL) and CH,Cl, (2x6 mL). The combined organic ex-
tracts were dried over MgSO,, filtered, and the solvent was evapo-
rated. The crude product was purified by flash column chromatog-
raphy on silica gel (eluent hexane/ethyl acetate 20:1) to afford 28
as a colorless oil (110 mg, 74%). "H NMR (400 MHz, (CDCl,): 6 =9.54
(d, J=2.8Hz, 1H), 7.36-7.14 (m, 10H), 4.80 (dd, J=6.8, 13.2 Hz,
1H), 476 (dd, J=8.4, 13.2Hz, 1H), 3.85 (dt, J=6.8, 8.4 Hz, TH),
2.75-2.60 (m, TH), 2.64-2.39 (m, 3H), 2.06 (m, 1H), 1.90 ppm (m,
1H); CNMR (100 MHz, CDCl;): 6=202.9, 1403, 136.0, 135.9,
129.2, 128.7, 1283, 128.2, 126.5, 77.7, 52.7, 44.5, 33.2, 29.2 ppm;
UPLC-DAD-QTOF: m/z calcd for C,gH,,NOsNa [M+ Na]*: 320.1263;
found: 320.1272.

Michael-aldol domino reaction involving 28 and acrolein to give
cycloadducts 29 and 30: DIPEA (10.2 uL, 0.06 mmol) was added to
a solution of 28 (59.4mg, 0.2mmol) and acrolein (26.6 pL,
0.4 mmol) in CH,Cl, (0.8 mL), and the solution was stirred overnight
at room temperature. CH,Cl, (5 mL) was added and the mixture
was washed with 1M HCl (5 mL). The organic extract was dried
over MgSO,, filtered, and the solvent was evaporated to afford the
corresponding dialdehyde. "H NMR (400 MHz, CDCls): 6=9.68 (s,
1H), 9.61 (d, J=2.4 Hz, 1H), 7.40-7.13 (m, 10H), 5.28 (m, 1H), 3.52
(dd, J=5.6, 10.4 Hz, 1H), 2.65 (m, 2H), 2.53 (m, TH), 248 (t, J=
6.8 Hz, 2H), 1.94 (m, 1H), 1.90 (t, J=6.8 Hz, 2H), 1.74 ppm (m, 1H);
BCNMR (100 MHz, CDCly): 6=203.0, 199.3, 140.5, 134.4, 129.3,
129.2, 128.6, 128.5, 128.4, 1264, 88.8, 51.6, 51.0, 39.5, 33.3, 29.6,
24.4 ppm.

L-Proline (2.1 mg, 0.02 mmol) was added to a solution of the
above-obtained dialdehyde in THF (0.4 mL) at 0°C, and the mixture
was stirred at the same temperature for 8 h. CH,Cl, (5 mL) was
added and the mixture was washed with water (2x5 mL). The or-
ganic extract was dried over MgSO,, filtered, and the solvent was
evaporated to afford a mixture of epimers 29 and 30 in a ratio of
90:10. Combined yield: 49.5 mg (70%, two steps). Each isomer was
separated by quick flash column chromatography on silica gel
(eluent hexane/ethyl acetate 1:1) and stored at —30°C. Major
isomer (29): '"H NMR (400 MHz, CDCl;): 6=10.04 (s, 1H), 7.35-6.98
(m, 10H), 491 (dt, J/=6.0, 11.6 Hz, 1H), 4.50 (dd, /=6.0, 10.8 Hz,
1H), 4.00 (t, J=5.6 Hz, 1H), 3.36 (dt, J=4.4, 5.6 Hz, 1H), 2.67 (m,
1H), 2.60 (m, 2H), 2.50 (m, TH), 2.15-2.00 ppm (m, 2H); *C NMR
(100 MHz, CDCl,): 6 =204.5, 141.4, 134.3, 130.4, 128.8, 128.6, 128.4,
128.2, 126.0, 82.8, 70.1, 50.2, 47.7, 44.2, 33.0, 30.5, 23.1 ppm; UPLC-
DAD-QTOF: m/z calcd for C,,H,sNO,Na [M+Na]*: 376.1525; found:
376.1527. Minor isomer (30): '"H NMR (400 MHz, CDCl;): 6=9.92 (s,
1H), 7.36-7.00 (m, 10H), 4.83 (ddd, /=44, 5.6, 12.0 Hz, TH), 4.33 (t,
J=10.4 Hz, 1H), 4.06 (t, J=5.6 Hz, TH), 2.70-2.66 (m, 1H), 2.57-
2.38 (m, 4H), 2.17 (m, 1H), 2.00 ppm (m, 1H); *CNMR (100 MHz,
CDCly): 6=202.7, 141.4, 133.6, 130.6, 128.9, 128.4, 128.3, 128.2,
126.0, 85.6, 68.8, 54.2, 47.9, 45.5, 32.8, 30.2, 23.0 ppm; UPLC-DAD-
QTOF: m/z caled for C,H,;NO,Na [M+Na]*: 376.1525; found:
376.1527.

Synthesis of 31 (sequential double Michael/reduction of 18): cat-
alyst C6 (23.8 mg, 0.04 mmol, 20 mol%) was added at room tem-
perature to a solution of 18 (40.9 mg, 0.2 mmol, 1 equiv) and 5a
(89.5 mg, 0.6 mmol, 3 equiv) in dichloromethane (0.4 mL), and the
resulting mixture was stirred until completion of the reaction
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(5 days). Then the reaction mixture was submitted to flash column
chromatography (hexane/ethyl acetate 90:10). The residue was dis-
solved in dry EtOAc (40 mL) and 10% Pd/C was added (10.1 mg).
Air was evacuated under vacuum and H, was introduced (this pro-
cess was carried out three times). The reaction mixture was stirred
under H, atmosphere at room temperature for 2 h. Then, the mix-
ture was filtered through Celite and the filtrate was concentrated
under reduced pressure to afford 31 as an oil (70.6 mg, 70%).
[a]%= +13.9° (c=0.5, CH,Cl,); "H NMR (400 MHz, CDCl,): 6 =7.49-
7.05 (m, 15H), 549 (dd, J=11.2, 3.6 Hz, 1H), 5.02 (dd, /=140,
11.2Hz, 1H), 4.88 (dd, J=14.0, 3.6 Hz, 1H), 3.93 (dd, /=112,
5.2 Hz, 1H), 3.84 (dt, J/=10.8, 3.4 Hz, 1H), 3.71-3.67 (m, TH), 3.00
(brs, 1H), 2.56-2.42 (m, 2H), 2.23-2.12 (m, 1H), 1.87-1.75 (m, 1H),
1.22 (s, 3H), 1.21 ppm (s, 3H); *C NMR (100 MHz, CDCl,): 6 =214.8,
141.0, 136.3, 135.1, 129.5, 129.4, 128.9, 128.7, 128.5, 128.4, 127.2,
126.2, 93.0, 73.5, 48.9, 47.8, 43.9, 33.3, 30.4, 28.1, 27.1 ppm; UPLC-
DAD-QTOF: m/z caled for CyoHgN;Og [M-+NH,]*: 522.2604; found:
522.2611.

Sequential reduction/oxidative cleavage of 31 to give 32:
BH;-THF complex (1m, 1.5 mL, 1.5 mmol) was added to a solution
of 31 (252 mg, 0.5 mmol) in dry THF (1.5 mL) at 0°C, and the re-
sulting solution was stirred at room temperature for 24 h. Then
MeOH (2.5 mL) was added and the resulting mixture was stirred at
room temperature for 30 min. The solvents were removed under
reduced pressure and the resulting diol product was subjected to
oxidative scission by treatment with NalO,. A suspension of NalO,
(535 mg, 2.5 mmol) in water (1.25 mL) was added to a solution of
the diol (0.5 mmol) in methanol (2.5 mL). The mixture was stirred
overnight at room temperature. Then the solvent was removed
under reduced pressure. Water (4.5 mL) was added to the crude
product and the resulting mixture was extracted with Et,0 (3%
6 mL) and CH,Cl, (2x6 mL). The combined organic extracts were
dried over MgSO,, filtered, and the solvent was evaporated. The
crude material was purified by flash column chromatography on
silica gel (eluent hexane/ethyl acetate 20:1) to afford 32 as a color-
less oil (179 mg, 80%). [a]®=+16.4° (c=0.5, CH,Cl,); 'H NMR
(400 MHz, CDCl;): 6=9.58 (dd, J=2.0, 0.8 Hz, 1H), 7.49-6.98 (m,
15H), 5.62 (dd, J=11.6, 3.6 Hz, 1H), 5.02 (dd, /=14.0, 11.0 Hz, TH),
483 (dd, J=4.2Hz, 1H), 2.74-2.60 (m, 2H), 2.47-2.42 (m, 1H),
2.01-1.92 (m, TH), 1.75-1.66 ppm (m, 1H); *CNMR (100 MHz,
CDCly): 6=203.0, 140.2, 134.9, 133.3, 129.9, 129.5, 129.3, 129.2,
129.0, 128.7, 128.4, 127.1, 126.5, 92.9, 73.6, 51.2, 49.3, 43.5, 335,
29.7 ppm; UPLC-DAD-QTOF: m/z calcd for C,gH,¢N,NaOs [M+Na] *:
469.1739; found: 469.1730.

Conversion of 32 into 33 and 34 (intramolecular Henry reaction
of 32): DIPEA (3.5 uL, 0.02 mmol) was added to a solution of 32
(44.6 mg, 0.1 mmol) in CH,Cl, (2 mL) at 0°C, and the resulting mix-
ture was stirred at room temperature for 20 h. CH,Cl, (5 mL) was
added and the mixture was washed with 1M HCl (5 mL). The or-
ganic extract was dried over MgSO,, filtered, and the solvent was
evaporated to afford a mixture of epimeric 33 and 34 in a ratio of
92:8. Major isomer 33 was separated as a white solid by quick
flash column chromatography on silica gel (eluent hexane/ethyl
acetate 20:1). Yield: 37 mg (82%); m.p. 191-193°C; []® =—38.3°
(c=0.65, CH,Cl,); 'H NMR (400 MHz, CDCl): 6 =7.38-7.05 (m, 15H),
6.17 (dd, J=12.6, 22 Hz, 1H), 5.26 (t, J=5.2Hz, 1H), 474 (t, J=
24 Hz, 1H), 442 (dd, /=124, 52 Hz, 1H), 4.03 (t, J=5.2Hz, 1H),
2.81-2.74 (m, TH), 2.56-2.48 (m, 1H), 2.47-2.42 (m, 1H), 2.22-
2.09 ppm (m, TH); CNMR (100 MHz, CDCl,): 6=140.5, 136.3,
133.8, 129.3, 129.0, 128.8, 128.5, 128.4, 128.3, 127.9, 127.2, 126.2,
91.6, 83.5, 71.1, 454, 42.4, 42.1, 35.4, 27.6 ppm; UPLC-DAD-QTOF:
m/z caled for CygH;oN;O5 [IM+NH,]": 464.2185; found: 464.2190.
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J. M. Odriozola, M. Oiarbide,* C. Palomo*

a-Hydroxy Ketones as Masked Ester
Donors in Brgnsted Base Catalyzed
Conjugate Additions to Nitroalkenes

Head in the right direction: The direct,
asymmetric a-functionalization of esters
and related carboxylic acid derivatives is
a challenge because of intrinsically diffi-
cult enolization. This problem is tackled
by using a-hydroxy ketones as enoliza-

tion-prone, tunable carboxylic acid
equivalents. These templates react
smoothly and in highly stereoselective
manner with nitroalkenes in the pres-
ence of chiral bifunctional Brgnsted
base (BB) catalysts (see scheme).
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