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Recent Advances in the Catalytic Asymmetric Nitroaldol (Henry) Reaction
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Catalyst-controlled enantioselective nitroaldol (or Henry) re-
actions are presented. These reactions represent powerful C-
C bond-forming tools and the resulting nitro alcohol (nitroal-
dol) products can be transformed into a number of nitrogen-
and oxygen-containing derivatives (nitroalkenes, amino
alcohols, amino acids etc.). In addition to substrate-controlled
nitroaldol reactions (not covered), catalytic systems that pro-
vide good stereoselectivity have been developed in recent
years. Through the use of preformed silyl nitronates as acti-
vated substrates, catalytic systems involving metallic Lewis

acids or tetraalkylammonium salts have been deployed in
fluoride-mediated nitroaldol reactions. In a further advance,
catalytic systems capable of promoting direct nitroaldol reac-
tions between unmodified nitroalkanes and aldehydes
(ketones) with high yields and stereoselectivities have been
developed. To this end, ambifunctional systems based on La,
Zn, Cu, Co and Mg metal species are described, together
with some organocatalysts.
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Introduction

The nitroaldol or Henry reaction consists of the addition
of a nitroalkane compound to the carbonyl group of an
aldehyde or ketone. The reaction involves a reactive ni-
tronate species, which can be generated in situ as part of

focus is asymmetric catalysis.
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the catalytic cycle through the action of a suitable catalyst.
Alternatively, preformed nitronates, particularly silyl ni-
tronate species, can be used (Scheme 1).[?! The principal
interest of the nitroaldol products stems from the potential
offered by nitro compounds for transformation into other
compound families.!>]

NO
NO, )O|\ cat* o 2
H N *[3*
OH
R;SiX, B

cat*
0,SiR |
) S 1))\ 2H

Scheme 1. Direct catalytic nitroaldol (Henry) reaction and its vari-
ant using trialkylsilyl nitronates (general pictogram).

For many applications, nitro alcohol adducts are sub-
jected either to subsequent dehydration reactions to afford
conjugate nitroalkenes, which are important building blocks
in synthesis,’! or to oxidation of the carbinol group to pro-
vide the corresponding ketone, so stereogenicity at either
C* or CP or at both positions is lost. In these instances the
stereochemical outcome of the nitroaldol reaction becomes
irrelevant. For many other applications, however, in which
the newly formed CP and/or C“ stereocentres are retained
in the target molecules, control of the configuration at those
stereocentres is crucial during the nitroaldol reaction. In
particular, the nitro group offers versatile routes to other
functionalities. The CH-NO, moiety in a nitroaldol prod-
uct can thus be converted (Scheme 2) into the correspond-
ing ketone, aldehyde or carboxylic acid™ through Nef oxi-
dation®® (paths al®! and b)), into an amino compound!®!
through reduction (pathc),”? or into other derivatives
through substitution of the nitro group by various carbon-
and heteroatom-centred nucleophiles (path d).[']

From a formal point of view, the nitroaldol reaction very
closely resembles the aldol reaction, and the two are com-
parable in several aspects. Nevertheless, they have impor-
tant distinguishable features that justify their unequal de-
grees of development. In particular, the field of stereoselec-
tive nitroaldol reactions has remained less studied in com-
parison with the wealth of methods for stereocontrolled al-
dol reactions.'!! An inherent limitation of the nitroaldol re-
action in this respect is the lack of trivial points for covalent

N32C03, 1.5 H202
DMF-H,0, 40 °C

ref. 6]

ref. [9]

g

Ra--Ni, H,(40 psi)
MeOH or H,, Pd/C

attachment of chiral auxiliaries in either the nitroalkane
(nucleophile) or the carbonyl (electrophile) component.l'?!
Additional issues that often erode stereocontrol are the re-
versible natures of many nitroaldol reactions and the rela-
tively ease with which racemisation of the carbon stereocen-
tre located a to the nitro group can occur. Not surprisingly,
catalyst-controlled asymmetric versions of the nitroaldol re-
action were essentially undocumented until 1992, while
three main reviews on catalytic asymmetric Henry reactions
covering the literature up to 2003 have been published.[!?]
Since then, a meaningful number of papers dealing with
new catalysts and concepts have appeared, making an up-
date timely. The aim of this short review is to summarise
these methods, from already well established systems to the
most recent contributions in the field.

The use of chiral catalysts has advantages over substrate-
or auxiliary-controlled reactions, since lower loadings of the
(usually expensive) chiral nonracemic inductor are required.
The catalytic methods so far documented in this context
adhere to two different strategies: (i) those involving preac-
tivation of the nitroalkane species in a previous step
through irreversible and quantitative formation of the cor-
responding silyl nitronate, and (ii) direct nitroaldol reac-
tions between unmodified nitroalkanes and aldehydes
(ketones).

Catalyst-Controlled Asymmetric Nitroaldol
Reactions of Preformed Silyl Nitronates

As a prior step to the nucleophilic attack of the nitro
compound on the carbonyl group of an aldehyde or ketone,
generation of the activated nitronate species is needed. In
this respect, it was shown many years agol'¥l that quantita-
tive formation of a trialkylsilyl nitronate and subsequent
treatment with an aldehyde in the presence of a fluoride ion
source irreversibly gives the nitroaldol product. This ap-
proach offers a good platform for asymmetric implementa-
tion. Following this principle, Maruoka and co-workers!'”!
have shown quite recently that quaternary ammonium salt
fluorides are effective promoters of reactions between silyl
nitronates 1 and aldehydes. With use of only 2 mol-% of the
chiral ammonium salt 2 (Scheme 3) the reactions between
silyl nitronate 1 and aromatic aldehydes in THF at —98/
—78 °C preferentially gave the anti nitroaldol adducts (up to

NaNO,, AcOH

DMSO, 35 °C )CL
ref. [7] OH |
ref. [10] Nu

Qn

Nu, DMSO, 25°C
[Nu: PhS, N3, CH(CO,Me),]

Scheme 2. The nitro group as a versatile source of other compound families.
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Scheme 3. Chiral nitroaldol reactions between nitroethane-derived

6:94 synlanti ratios) in high yields and ee values, although
aliphatic aldehydes did not give acceptable levels of dia-
stereo- and enantioselectivity. Importantly, the nature of the
trialkylsilyl group has a strong influence both on chemical
yield and on selectivity: while trimethylsilyl (and triethyl-
silyl) nitronates gave very good results, the bulky zers-butyldi-
methylsilyl nitronates showed reduced efficiency. An acyclic
transition state model predicting the formation of the anti
adduct from the approaching reactant that displays the few-
est gauche interactions has been proposed by the authors.
At almost the same time, Jorgensen!'®! described anti-se-
lective catalytic nitroaldol reactions between trimethylsilyl
nitronates and aromatic aldehydes triggered by a combina-
tion of an achiral fluoride ion source and chiral metal com-
plexes (Scheme 4). The catalytic system consists of a Cu''-
bis(oxazoline) complex as the chiral Lewis acid (20 mol-%),
together with 20 mol-% of tetrabutylammonium triphenyl-
silyldifluorosilicate (TBAT) as fluoride ion source. The pro-
moting system was able to function at room temperature

THF, -98/-78°C, 4 h
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proposed stereochemical model

silyl nitronates and aldehydes catalysed by ammonium salts.[!*!

and high antilsyn ratios were obtained, but both yields and
ee values were only moderate. In order to avoid epimeri-
zation and retro-Henry reactions, adducts were transformed
in situ into the corresponding Mosher esters 4. Both Ma-
ruoka’s and Jergensen’s methods are suitable for nitro com-
pounds other than nitromethane, considerably expanding
the potential of the Henry methodology.

Catalyst-Controlled Direct Asymmetric
Nitroaldol Reactions

Methods that use unmodified nitroalkanes and acceptor
carbonyls (aldehydes or ketones) to produce the product
nitro alcohols in a single synthetic operation through the
action of a catalytic species are preferable for obvious
reasons. In these methods, nitroalkane activation by base-
promoted hydrogen transfer must necessarily be part of the
catalytic cycle, together with the activation of the acceptor

1) 3 (20 mol-%)

) TBAT (20 mol-%)
)OJ\ OSiMe; THF, r.1. MLO” 0
.
R'7H MR CRAN ]l A_w
R? 2) (8)-MTPA~-CI , CH,Cl, :
4 NO,
1 2
R'= Ph ‘ R*=Et 34-81% yield
4-MeO-CgH,y pentyl 28:72-10:90 syn/unti
4-Me-C¢Hy 40-65% ee (anti)
4-CN-CgH,
4-NO»~CgHy Ph m “Ph
3-NO»-CgH, 4
2-naphthyl Ph P
Ph-CH=CH

Scheme 4. Asymmetric nitroaldol reactions between nitropropane
combined Cu"™-BOX and TBAT.!'¢]
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carbonyl through coordination to an acidic centre. The
breakthrough in this area came from Shibasaki’s laboratory
in 1992171 and was based on bifunctional multimetallic ca-
talysis.['8] In more recent years, purely organic molecules
capable of catalysing chemical transformations (organocat-
alysis), usually working in the context of a cooperative acti-
vation principle model,'”! have also appeared. Both ap-
proaches — metal catalysis and organocatalysis — have been
successfully applied in nitroaldol reactions, and the main
contributions in this field follow. Methods belonging to the
metal-catalysed group are categorised according to the
metal involved.

While no substantial research has been conducted on
biocatalytic Henry reactions, a recent example by
Griengl®? described lyase-catalysed nitroaldol reactions
between nitromethane or nitroethane and some aromatic al-
dehydes (Scheme 5). As often customary for processes in-
volving enzymes, yields and selectivity were highly substrate-
dependent, ranging from high enantioselectivities (92% and
89% ee values for benzaldehyde and fert-pentanal, respec-
tively) to low (18% and 28% ee values for m-hydroxybenzal-
dehyde and o-nitrobenzaldehyde, respectively).

hydroxynitrile

lyase (HbHNL)
phosphate buffer/TBME OH
Q (10 A _NO,
R)J\H + CH;NO, R
pH7,rt,48h

25-77% yield
R= Ph 18-92% ee
2-OH-C¢H,
4-NO,—C¢H,
2—furyl

n-hexyl

Scheme 5. Lyase-catalysed nitroaldol reactions in buffered me-
dia.?%

Rare Earth Catalysis

The first catalyst of this category to be designed was
complex 5, which promoted nitroaldol reactions of both ni-

tromethane and other nitroalkanes with a variety of alde-
hydes with generally good or very good yields and enantio-
selectivities (Scheme 6).['7 It is believed that the lanthanum
and the phenoxy-Li groups act in concert as the Lewis acid
and the Bronsted base centres, respectively.!!7]

O

M * CH;3NO,
R H
R = Ph(CH,),
iPr
c-CgHy

5 (3.3 mol-%)

THF, 42°C, 18 h

OH
R/-\/ NO,

79-91% yield
73-90% ee

Scheme 6. Nitroaldol reactions catalysed by a heterodimetallic am-
bifunctional catalyst.['74

Further refinement of the catalyst was achieved through
the insertion of substituents at the 6,6’-positions of the
BINOL skeleton in L-1,2!1 which resulted in improved en-
antio- and syn/anti selectivities (Scheme 7).1*?! In this re-
spect, insertion of Me groups at the 6,6"-positions (catalyst
6b) did not afford any improvement, while insertion of
groups such as CN (catalyst 6¢) and especially R3SiC=C
(catalyst 6d) provided syn/anti ratios of up to 94:6 and ee
values of up to 97%.

In subsequent studies it was found that alteration of the
complex catalyst by addition of H,O and BuLi, which

OH
. 6 (3.3 mol-%) B 2

RITSCHO  + R2CHNO, RIS R

THF, =20/—40 °C, 75163 h NO,

2_
R'=ph R*= Me 21-97% yield
CH,(CH,), Et 74:26-94:6 syn/anti
CH3(CHy)y» CH,OH 65-97% ee (syn)

Catalyst 6 (mol ratio): La(O-iPr);(1), BuLi(3), H,O (1), L-1(3)

L-1

Scheme 7. Shibasaki’s second-generation lanthanum-based catalysts for the Henry reaction.[*?!
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R'CHHO
H,0 W ol
: R
nBuLi R'/\,:/
RICIIO/v NO,
Li - Li y difi
1 A modification
0o 00
*( L Li-Lioll *( oL LCIR
o' 1o fast (.) I/'O\ \+
1i~© Li-QJ M o-
* *
2nd generation
catalyst R' T(°C) vyicld(%) syn:anti  ee(%)
Ist gen. Me -30 25 70:30 62
2nd gen.  Me -30 83 89:11 94
Ist gen. Et —40 <5 - -
2nd gen. Et —40 84 95:5 95

Scheme 8. Explanation of the differential activities/selectivities of Shibasaki’s first- and second-generation catalysts.*!

forms LiOH, gave a more active catalyst, resulting in
shorter reaction times.”*! This rate enhancement is attrib-
uted to faster nitronate formation through hydrogen trans-
fer, which is believed to be the rate-limiting step of the cata-
lytic cycle (Scheme 8).

More recently (Scheme 9), Sad and co-workers?*! have
described the lanthanum-based bifunctional catalyst 7 for
nitroaldol reactions, with the catalyst consisting of central
La coordinated to three BINOL ligands that have been
modified by attachment of aminoalkyl side chains at the
3,3'-positions. Although these complexes alone were able to
catalyse the reactions, the authors found that addition of
external strong bases, preferentially DBU and proton
sponge, increased both reaction rate and selectivity. In gene-
ral, aliphatic aldehydes gave the best yields and enantio-
selectivities (typically above 90%), while aromatic and a,f3-
unsaturated aldehydes were less efficient.

The development of nitroaldol methodologies well suited
for ketones as carbonyl acceptors is more challenging, be-
cause of the attenuated reactivity of ketones and the strong
tendency toward retro-nitroaldol reactions under basic con-
ditions. Some favourable ketones such as a-keto esters,
which are especially active, and in addition bear two coordi-
nating atoms, have been investigated in the context of the
catalytic Henry reaction!®! (vide infra). However, the imple-
mentation of methods suitable for simple ketones is particu-
larly difficult even in racemic variants.*®! Recently, Shiba-
saki and Matsunaga have reported the first promising re-
sults in the area, involving the kinetic resolution of tertiary
nitroaldols with BINOL/biphenol mixed La-Li heterobime-
tallic complexes as the catalytic resolution agent
(Scheme 10).271 Apparently, the best suited ketone nitro
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7 (5 mol-%)

proton sponge (5 mol-%) OH

0
JU o+ emyNo, NO,
R™ H CHyCN, ~40°C,24-96h R

R= Ph 65798:/0 yield
Ph(CHy), 28-99% ee
Bu
e-CeHyy 7 (molar ratio): La(OTf); (1) / L-2 (3)
iPr
4-NO,-Cg¢Hy N/K_
4-CN-C4Hy OO B
4-F-CgH, 0
PhCH=CH

L-2

Scheme 9. BINOL ligands bearing aminomethyl side arms for the
lanthanum-catalysed asymmetric nitroaldol reaction.[>*

alcohols are those with one (R') methyl group and another
(R?) branched chain alkyl group. The selectivity of the reso-
lution process is also very sensitive with respect to the ratio
of the complexes 8/9 added.

Zinc(I1)-Based Catalysis

Zinc-centred metal complexes of ambifunctional charac-
ter represent another family of efficient catalysts in the con-
text of the asymmetric nitroaldol reaction. Such catalytic
species parallel class II aldolase enzymes?®! in that both rely
on Zn?*; this feature makes them especially attractive as
potential for implementation in aqueous media might be
2565
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8 (3.33 mol-%)

HO R! 9 (1.67 mol-%) Ho, R' Q
2 SN0, S N N
THF,-20°C, 1548 h
R2= c-Hex 50-69% conv.
5 30-47% yield
bu 80-97% ee
(CH;CH,),CH 6.1-58.4 s
¢-Hex-CH,
Ph(CH,),
Ph
* /Li\
G
OO O O"""L;c:l—"O
oH MeO OH YA
Li—g o—Li

OO OH MeO : OH

L-3 L-4

CH L3
. _
P o

Scheme 10. Catalytic kinetic resolution of nitro alcohols. An enantioselective route to ketone-derived nitro alcohols.?”)

foreseen. Trost!?’! has designed a very effective catalyst of
this group (Scheme 11), consisting of a dinuclear zinc com-
plex with a chiral semi-azacrown ligand. High levels of
enantioselection are regularly achieved in nitroaldol reac-
tions catalysed by 5 mol-% 10 with a broad range of ali-
phatic and aromatic aldehydes. Of additional interest, the
preparation of the chiral C,-symmetric semi-azacrown li-
gand present in 10 is straightforward from proline and is
amenable for structural and electronic tuning. This technol-

ogy has been applied to the synthesis of the B-receptor ago-
nists (-)-arbutamine and (-)-denopamine.

Other Zn-centred bifunctional metal complexes with ap-
plications in catalytic nitroaldol methodology have been
documented as displaying somewhat more limited re-
sults.? The complex formed upon admixture of Et,Zn and
the dimeric chiral amino alcohol ligand L-5 has been re-
ported to produce nitroaldol products with low to moderate
enantioselectivities (Scheme 12).130b]

10 (5 mol-%) H

e

PN +

CH;NO,

NO
R/\/ 2

THF,-35°C, 24 h

R=ph
Ph(CH,),
(CH;),CHCH,
CeHyy
(CH;),CH
(CH3);,C
(CH;3CH,),CH
BnO(CH,),
2-naphthyl
2,3-(OMe),CgHy
NBoc-1-furyl

Nv\/\©\
HO OH

OH
(—)-arbutamine

56-90% yield
78-93% ee

10

HO
N\/\©iOH
HO OH

(—)-denopamine

Scheme 11. Trost’s dinuclear Zn complex’s performance in catalytic asymmetric Henry reactions and some synthetic targets approached.*”!
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O 11 (5 mol-%) OH

R)J\H + CH}NOZ

NO,
THF, -25 °C, 8-42 h R

40-90% yield

R = Ph 21-74% ee

Ph(CHz),
CeH )
(CH;3),CH
(CH3)C

(CH5CH,),CH Me A
PhCHz(CHq)zc /:\ on " H
2-naphthyl Ph” NT T Me

4-MCO——C6H4
Z-MCO—C6H4

11 (mol ratio): ZnBt, (2) / L-5 (1)

Scheme 12. A synthetic amino alcohol dimer as a ligand for the
Zn-catalysed Henry reaction.[3%0]

In the same context, Martell®' has reported catalysis of
the nitroaldol reaction between nitromethane and benzalde-
hyde by a trinuclear zinc complex obtained from a trimeric
thioaza macrocyclic ligand and diethylzinc to provide 68%
yield and 75% ee (Scheme 13). Unfortunately, no data for
assessment of substrate generality are available.

0

)J\ +

¢

CH;NO,

Ph

12 (5 mol-%)
THF, 4A MS, -20°C, 48 h

OH
/:\/NOZ ield 689 50,
Ph yield 68%, 75% ee

Scheme 13. Thioazacrown ligands for the Zn'"-mediated Henry re-
action between benzaldehyde and nitromethane.[3!]

Palomo and co-workers have described a practical system
that combines a simple Zn"' salt, a chiral amino alcohol
ligand and an amine base (Scheme 14).3%! In this design,
the acid and the basic centres, which are presumed concur-
rently to activate the electrophilic aldehyde and the pronu-
cleophilic nitroalkane, respectively, are not integrated in the
same molecular entity. This distinguishing feature facilitates
straightforward screening of different combinations of
metal salts, amine bases and chiral ligands. Among the chi-
ral amino alcohols tested, N-methylephedrine (NME)
showed the best results, regularly giving ee values above
90% for all aliphatic aldehydes tested and slightly below
90% for aromatic aldehydes. The system exhibited a posi-
tive nonlinear effect, which fits well with Kagan’s two-li-
gand model (ML,).[331 Of practical importance, essentially
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quantitative recovery of the chiral amino alcohol used is
easy to carry out from the crude reaction product by simple
acid/basic workup.

0 13 (30 mol-%) OH

J +  CH3NO, N0,
R H R
—40/-60 °C, 16-60 h
71-92% yicld
R = PhCHCH, 84-98% ee

Me(CHy)s

Me(CHa),

(CH;),CHCH,

(CH3),CH 13 (mol ratio):

cCeHy, Zn(OTh; (1), iPr;EN (1), (+)-NME (1.5)

(CH;):C

PhCH>O(CHa), Ph. CH;

- HO NM

4-F—C(,H4 €

4—N027C6H4 (+)-NME

Scheme 14. Enantioselective Henry reactions catalysed by the com-
mercially available triad system Zn(OTf),/N-methylephedrine/
DIPEA.P2!

Copper-Based Catalysis

Chiral complexes of copper, particularly Cu''—bis(oxaz-
oline) complexes,* have found wide application in the ge-
neral context of catalytic asymmetric transformations. The
first application of these type of organometallics to the
asymmetric nitroaldol reaction was reported by
Jorgensen**! and involves reactions between nitromethane
and a-keto esters in the presence of chiral Cu"-BOX com-
plexes and triethylamine as the co-catalyst, working at room
temperature (Scheme 15). The newly formed quaternary ste-
reocentre is obtained with selectivities generally above 90%
for aliphatic and electron-poor aromatic aldehydes, but sig-
nificantly lower ee values are attained with neutral or elec-
tron-rich aromatic congeners.

14 (20 mol-%)

o OH
EtsN (20 mol-%) /&
R Scoer *CHNO2 E(OH, r.t., 24 h : Cl\(I)(z)E‘t
R =Ph 46-99% yield
Ph(CH,), 57-94% ee
Me
Et Me  Me
n-hexyl O%/O
but-3-enyl S/{\I Nl\)
pent-4-enyl B /Cﬁ\ ”'tBu
3-methylbutyl TfO  OTf
iBu 14
4-Cl-C¢Hy
4-NO,—C¢Hy
4-MeO-CgH,

Scheme 15. Henry reactions between a-keto esters and nitrometh-
ane catalysed by Cu''-BOX complex and triethylamine base, af-
fording tertiary alcohols.[33
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In this method, the optimum loading of the two catalytic
components — Cu' complex and triethylamine — is 20 mol-
% each (1:1 ratio); ratios above this value give lower selec-
tivity, ratios below show lower yields. Bases other than tri-
ethylamine also gave detrimental yields and/or selectivity. A
reaction model that considers both racemic and asymmetric
pathways, with triethylamine as an active participant, has
been proposed (Scheme 16).

—]2+

Me_ . Me Me  Me 2+
Oj)\ro O\R‘\\ro
X
N Ny ——— S/IN IJ\)
Cu “Bu

o 4 EI}N
my  Cu “Bu Bu
NEt;
CH3N02 O
inactive catalyst
CO,Et
"0, .0"
Q I|\|1 Me, Me 2+
Me” “CO,Et O\lhl/o
NN
OH OH Cu
tBu O\ /O Bu
Me/éCOZEt Me” T coqEt H
NO, NO; Me OEt

racemic

Scheme 16. Double role played by triethylamine co-catalyst as the
reaction promoter and deactivator of the Lewis acid catalyst.[*

In a related work, Du has reported® the use of triden-
tate bisoxazoline and thiazoline ligands L-6 in combination
with Cu(OTY), salts as catalysts, providing the correspond-
ing (R)-configured nitro alcohol products with somewhat
inferior selectivity (Scheme 17). The best suited catalyst in-
corporates the bis(thiazoline) ligand bearing fert-butyl sub-
stituents (X = S, R’ = rBu, ee values up to 70%). The com-
plex formed from the same type of ligands (20 mol-%) and
ZnEt, (50 mol-%) also promoted the reactions in hexane

o

at 0 °C, but predominantly affording products of opposite
configuration.[3®! Interestingly, in the latter instance, the
bis(oxazoline) ligands with R’ = benzyl gave the best re-
sults, providing fairly good selectivities (up to 85% ee val-
ues).

o OH
15 (20 mol-%)
+ CH';NOZ :: CO FEt
CO,Et Et:N (20 mol-%), r.t. ~NO,
R= Me 38-909% yield
CF; 10-70% ee
15: Cu(OTH)(1) / L6 (1) = iPr, /Bu, Ph
X N N7 x X= 0,8
\__< \_..._/
R R
L-6

Scheme 17. Tridentate bis(oxazoline) ligands for Cu'l-catalysed
Henry reactions of a-keto esters.[%]

A more efficient Cu'" catalyst, which is active at loading
levels of 5 mol-%, has been described by Evansi*7 for ni-
troaldol reactions between nitromethane and aldehydes
(Scheme 18). The method is quite general for a range of
both aliphatic and aromatic aldehydes and works under
very mild reaction conditions (EtOH, room temperature).
The catalyst design required a weakly acidic metal complex
bearing moderately basic charged ligands that would facili-
tate deprotonation of nitroalkanes, and the Cu(OAc),-BOX
complex 16 was found to fulfil the requirements best. A
transition state model involving a Jahn—Teller effect on cop-
per coordination and positioning of reactants in the most
favourable orientations according to steric and electronic
considerations has been proposed. Copper is thus coordi-

16 (5 mol-%)

* CH3NO,

OH
R)\/ NO,

EtOH, r.t., 4-96 h

R=Ph
Ph(CH,),
CeHyy
2-Me—-CgHy
2-MeO-C¢H,
2-NO»~CgHy
2-Cl-C¢H,
1-naphthyl
4-F-C4H,
4-Cl-CeH,
4-Ph—C¢H,

iBu
tBu
iPr
nBu

Cu
AcO OAc
16

66-95% yield
87-94% ee

R Q. N <

| |oT
(Lu Cu \OAc H
R

Scheme 18. Bifunctional Cu(OAc),~BOX catalyst for broad-scope enantioselective Henry reactions developed by Evans, together with

the proposed TS model.?”!
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nated both to the nitronate and to the aldehyde carbonyl,
producing a preferential boat conformation that correctly
predicts the observed stereochemistry.

Other Cu'! catalysts for the Henry reaction that appar-
ently work on an activation principle similar to that de-
scribed by Evans have also been described. Zhou has re-
ported® a Cu!! dinuclear complex 17 bearing chiral imino
alcohol ligands. The dimeric nature of the catalytic complex
was demonstrated by X-ray structure determination. Unfor-
tunately, while good chemical yields were obtained,
enantioselectivities were only modest, particularly with ali-
phatic aldehydes (typically 45-64 % ee values). On the other
hand, Pedro has described®”! catalysis of the Henry reac-
tion between nitromethane and o-anisaldehyde by com-
plexes formed from camphor-derived iminopyridine ligands
and Cu(OAc),. Again, under reaction conditions similar to
those developed by Evans, good yields but modest selectivi-
ties were obtained. The best result was obtained with com-
plex 18, which gave a product with 86% ee (Figure 1).

Ph Ph
Ph /O
N-Cu
/0
R
R2
2
17
N
7 7
N A : Ci(OAc),
18

Figure 1. Catalytic Cu''-imine complexes tested against the Henry
reaction.

Chiral Cu"-diamine complexes have also very recently
been shown to act as useful catalysts in Henry reactions.[*’]
In view of the well known stereochemical biases of Cu'l-
sparteine complexes, and their conformational rigidity,
complexes of both CuCl, and Cu(OAc), with (-)-sparteine
were screened against Henry reactions between nitrometh-
ane and a range of representative aromatic and aliphatic
aldehydes. Interestingly, while the Cu(OAc),—(-)-sparteine
complex was able to catalyse the reaction without any need
for external base, essentially racemic products were ob-
tained. On the other hand, the CuCl,—(—)-sparteine complex
alone was inefficient in promoting the reaction, but a
smooth reaction took place in the presence of a small quan-
tity of triethylamine, with ee values in the 80’s (Scheme 19).
The authors found the quantity of triethylamine added to
be very influential: an increase in the amount of triethyl-
amine base beyond the 3 mol-% level lowered the enantio-
selectivity. Also noteworthy is the requirement for methanol
as solvent, since other solvents such as dichloromethane or
THF gave poor results. The experimentally observed differ-
ences between the complexes derived from Cu(OAc), and
from CuCl, were explained on the basis of the significant
differences in the bond angles and torsion angles around
the copper(Il) site as determined in the solid state.

After an innovative system for high-throughput screening
of catalyst efficiencies, new chiral diamine ligands for Cu'-
mediated Henry reactions were identified.[*!] The new mon-
itoring tool uses circular dichroism (CD) peaks’ intensities
as a means of quantifying the efficiency of an asymmetric
catalyst. This measurement is sensitive both to the reaction
yield and to the enantioselectivity, and so only those cata-
lysts fulfilling both criteria give rise to high-intensity peaks
in the CD spectra. With the assistance of this technique,
complexes formed from diamines L-7 and L-8 and CuCl
were found to be very active catalysts for Henry reactions
between nitromethane and several representative aldehydes.
In particular, the C,-symmetric catalyst 20 regularly gave

19 (20 mol-%)
Etz;N (3 mol-%)

RCHO + CH;NO,
R = Ph ¢-CeHyy
4-NO»-CgHy nBu
2-NO,-C¢Hy iBu
4-MeO-CgH,  nPr
2-MeO-CgHy
4-C1-CgHy
2-Cl-Cg¢Hy
1-naphthyl

OH
R)\/ NO;

60—>95% yield
73-97% ee

MeOH, 0 °C, 7-24 h

19 (mol ratio): CuCl; (1): (—)-sparteine (1)

H

H
(—)-sparteine

Scheme 19. A combined Cu''—(—)-sparteine/Et;N catalytic system for Henry reactions of nitromethane.[*"!
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high yields and enantioselectivities even at loadings as low
as 1 mol-% at room temperature in n-propanol as solvent
(Scheme 20).

20 (1-5 mol-%) OH
RCHO + CH3NO, R NO:
#PrOH, r.t., 16-120 h
R=Ph 66->99% yield
4-NO,-CgHs 80-90% ee
2-MeO-CgHs
PhCH,CH,
e, 20 (mol ratio): CuCl (1) /L8 (1)

iPr

Scheme 20. Ligands designed through CD-based high-throughput
screening. Highly efficient chiral diamine ligands for Cu-catalysed
Henry reactions.*!]

Other Metal-Based Catalysts

Yamada and co-workers have found“? Co'-ketoimine
and Co"-SALEN complexes to be good catalysts of the
Henry reaction in the presence of 1 mol equivalent of
Hiinig’s base (Scheme 21). Catalyst 21 in combination with
stoichiometric diisopropylethylamine, for instance, afforded
the corresponding nitroaldol products with very high yields
and enantioselectivities, usually in the 73-92% range for an
array of aliphatic and aromatic aldehydes. A notable excep-

21 (5 mol-%) OH
RCHO + CH:NO, R)\/ NO;
iPE,EIN, CH,Cly, ~78/-40 °C
40-144 h

72->99% yield
73-92% ee

=N, .N=
Co
d Yo o4 %
7n

R=Ph
4-Cl-C¢Hs
2-Cl-Cg¢Hs
2—F~C6H5
2-CF3-C¢Hs
2-Br—C¢Hs
2-MeO-CgHs
2-naphthy]
PhCH=CH
Ph(CHy),
BnOCH,

c-CeH)y R R

iNHNi

Scheme 21. Co-based enantioselective catalytic Henry reaction
using imino-enol ligands.*?!

R: (CHy), 22
R': Ph 23
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tion was p-anisaldehyde, which gave a poor 11% yield and
only 53% ee.[*?? Structurally similar complexes 22 and 23
are also promoters of the reaction, although their aldehyde
scope seems to be somewhat more limited.[4?%!

Using nanocrystalline magnesium oxide (NAP-MgO) as
a heterogeneous catalyst with defined shape and size, Chou-
dary has reported®’ enantioselective Henry reactions in-
volving BINOL as the catalytic chiral ligand (Scheme 22).
The reactions between nitromethane and a range of aro-
matic and aliphatic aldehydes at —78 °C were reported to
proceed with high yields and selectivities fluctuating be-
tween 60% and 98 % ee. The heterogeneous catalytic system
is equally effective in promoting Henry reactions of a-keto
esters, giving rise to tertiary alcohols in a remarkable
98% ee.

NAP-MgO (0.125 g/mmol substrate)

(S)-BINOL (10 mol-%}) ?H
RCHO  + CH;NO, g7 NO:
THF, -78 °C, 12-20 h
70-95% yield
R= Ph 2-MeO~CyHa 60-98% ee
4NOy CeHy  4-Me—CgHy
2NO;CeHy  2-Me—CyH,
4-CI-CgHy -CeHyy
2-Cl-CgH, Bu
4-MeO-CgHy nBu
O OH
same conditions )\
R” TCOEt +  CH3NO, R™ % COE
NO,

R=Me 75% yield. 98% ee
R=Et 70% yield, 98% ee

Scheme 22. Enantioselective Henry reactions triggered by a nano-
crystalline MgO-BINOL system. [+

Organocatalysis

The search for small organic molecules capable of pro-
moting a chemical transformation catalytically (organocat-
alysis) has attracted considerable attention over the last few
years.[*] In this context, some selected organocatalysts have
demonstrated high chemical and sterereochemical efficiency
in nitroaldol reactions. Common requirements for these or-
ganocatalysts structures for achieving good performance
appears to be the presence of: (1) a basic unit (or, alterna-
tively, an external base will be required as co-catalyst),
(2) some unit capable of binding the nitro (or nitronate)
group either through hydrogen bonding or through purely
electrostatic interactions, and (3) some unit capable of
forming a hydrogen bond with the acceptor carbonyl.

Among the units that meet requirement (2), guanidine
units*! appear to be some of the best suited. Najera has
thus documented™®! the synthesis of several guanidines with
C; and C, symmetry, such as 24 and 25, and their applica-
tion to the reactions between nitromethane and both isova-
leraldehyde and benzaldehyde in THF at room temperature
(Scheme 23). While the yields were generally good, only
modest enantioselectivities were observed (ee = 54%).
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cat*®
9 (10 mol-%) OH
R)k H + CH3;NO; NO,
THF, r.t.,
9-24h up to 85% yield

R =1Bu, Ph up to 54% ee

cat*: f\/L
Me N Bt N H

Me M Me

e N

Me.,, Me H
Ph/\N/)\NAPh Cy)\N/)\ITI/\
H

| Cy
H

24 25

Scheme 23. Chiral guanidine species as organocatalysts for the
Henry reaction.[#6!

Similarly, guanidine tetrafluoroborate salt 26 has been
reported to promote the nitroaldol reaction between nitro-
methane and isovaleraldehyde with some enantioselectivity
(Scheme 24).#71 No data have been reported with other al-
dehydes.

26 (10 mol-%)

OH
+ M NO,

CCl,, tt, 16h
CH3NO, yield 52%, 20% ee

Scheme 24. Chiral guanidinium tetrafluoroborate salt in the enan-
tioselective Henry reaction.*]

Through the integration of a quaternised guanidine unit
and a thiourea unit in the same catalyst molecule, and by
working under PTC with the assistance of KOH base, Na-
gasawa has reported™® an improved catalyst for the nitroal-
dol reaction (Scheme 25). In the working model, while the
nitronate group is ion paired with the guanidinium moiety,
the thiourea should be able to bind to the carbonyl group
through H-bonding. Good yields and acceptable enantio-
selectivities are obtained in reactions between nitromethane
and branched-chain aliphatic aldehydes. It seems that aro-
matic and aliphatic unbranched aldehydes are less well tol-
erated. While a similar limitation in aldehyde scope is seen
in reactions with nitroethane, some remarkably high
synlanti selectivities and ee values are obtained.*8"] The im-
proved performance of this catalyst with higher nitroal-
kanes rather than with nitromethane is explained on the
basis of an open transition state in which the Me (R?) group
of the nitroalkane controls orientation.

The minimum requirement for effective catalytic activity
in a nitroaldol reaction is also met by organic molecules
bearing both a thiourea and an amine residue.*”) Hiem-
stra,’% for instance, has reported compound 28 as an ef-
ficient catalyst for nitroaldol reactions of nitromethane,
providing very high yields and ee values in the 85-92%
range for a series of aromatic aldehydes. In this instance,
the model proposed to explain the reaction outcome implies
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27 (10 mol-%)
0 KOH (540 mol-%) OH
Mo+ cuwNo, R)\/NOZ
R™ 'H Tol/H,0 (1:1), KT,0°C, 545 h
70-91% yield
55920 ¢
R =cCCyy o ee

c-CsHyg NH/CIXH,W
CH;),CH
(CHj)y E\N*KI/"«: H Ph
Ph(CHy) NN
(CH3);,C o NS
(CH;CH,),CH O\KI/O ,,H JN=Ar

H 55' g--H

R? H

RI
CF; CFy
Ph Ph
ISP N
FiC N" N g ~"NTON CF,
H H " H H
CisHar ™ ()
27

Scheme 25. Guanidinium—thiourea molecule as an efficient bifunc-
tional PTC catalyst for Henry reactions between nitromethane and
aldehydes.™]

hydrogen bonding between the thiourea moiety and the ac-
ceptor carbonyl, together with ion pairing between the pro-
tonated quinuclidine and the nitronate group in the transi-
tion state (Scheme 26).

o OH
28 (10 mol-%) B
JU o+ cHNo, N2
R™ H THF, =20 °C, 4-168 h
90-99% yield
R=Ph 85-92% ee
4-MeO-C¢Hy
4-NO»-CeHy
Z-MC—C(,H4
4-F-CgHy Ph \
[-naphthyl k
3-pyridyl [¢]
NBoc-1-furyl [ A N o
N _ 1 ~ [
H WNJ
7 O—H)
P70 -He Y20
Y NT7m07 R
| = CF; 54/\ JH
N. = N
N N CF
H 0 } € cFs
28 proposed reaction model

Scheme 26. A bifunctional amine-thiourea organocatalyst derived
from cinchona alkaloids and its performance in Henry reactions.>"!

An efficient organocatalyst that lacks both the guanidi-
nium/amidinium and the thiourea moieties has recently
been reported by Dengl!l for highly efficient nitroaldol
reactions between nitromethane and a-keto esters
(Scheme 27). The new cinchona catalyst family is easily
available from natural sources,”? and the most effective
member, the cupreidine derivative!®! 29d, provided out-
standing performances for a series of ethyl keto estersi®*
bearing aromatic, aliphatic, or functionalized alkyl side
chains, under very practical reaction conditions (CH,Cl,,
—20 °C, 5 mol-% catalyst loading). Mechanistic studies on
2571
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(0]

OFt 29d (5 mol-%) HQ +—NO,
R ’ CH5NO, OFt
o CH,Cly, 20 °C, 9-96 h R
0
R=Ph Me 86-98% yield
3-Cl-C¢Hy nPr 93-96% ce
4-MeO-CgHy Ph(CH,), \
4-MeS-CeHy  EtO,C(CH,);
4-Cl-CeHy  CH,CH=CH RO ..
= a: ‘=
4-CN-C¢Hs  BnOCH,-CH=CH 7N N
2-naphthyl > b: R'=Bn
R' = phenanthrenyl
d: ' = By
OH R'=Bz
29

Scheme 27. A simple cinchone derivative as efficient organocatalyst for Henry reactions of a-keto esters.!

the catalytic activity indicated that these molecules could
serve as acid-base bifunctional catalyst through hydrogen-
bonding interactions with the acceptor and donor compo-
nents of the reactions through the quinuclidine nitrogen
and the C6'-OH, respectively.

Phosphanes have also been used as organocatalysts of
the Henry reaction, but attempts to obtain enantioselection
have so far been unsuccessful.[>”

Conclusions

The catalytic asymmetric nitroaldol (or Henry) reaction
has attracted considerable interest in the last few years. A
meaningful number of conceptually different catalytic sys-
tems that have successfully triggered such reactions under
mild conditions have been identified. From pioneering ef-
forts involving direct methods based on ambifunctional lan-
thanum catalytic complexes and indirect methods based on
preformed silyl nitronates, current possibilities include zinc,
copper and cobalt catalytic complexes. In addition, organ-
ocatalysts — particularly thiourea-guanidine and thiourea—
quinuclidine systems — appear to offer great promise in the
field. Despite these advances, important limitations remain.
Most catalytic systems provide uniformly high chemical
yields and enantioselectivities but for too narrow substrate
variation. While simple aldehydes are tolerated quite well,
functionalized aldehydes and ketones (o-keto esters being a
remarkable exception) represent two compound families
that need further studies. With respect to the nitroalkane
tolerance, most direct methods are limited to nitromethane.
Direct methods involving higher nitroalkanes, in which the
synlanti diastereocontrol is an open question, are almost
unexplored. Neither has the issue of double stereodifferenti-
ation by use either of chiral aldehydes or chiral nitroalkanes
been properly addressed yet. Models that account for acti-
vation of substrate nitro and carbonyl compounds, as well
as reaction diastereo- and enantiocontrol, have been pro-
posed for most cases. However, more robust proposals are
still needed, since data relating to reaction kinetics or char-
acterization of intermediates are scarce, while computa-
2572
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51]

tional studies are fundamentally lacking.’®! Several applica-
tions of these catalytic methods to solving of relevant syn-
thetic problems have appeared in the literature and new
contributions can be anticipated. From these observations,
the development of improved and more general catalytic
systems and their increasing utility in synthetic plans can
be foreseen for the near future.

Note Added in Proof (March 9, 2007): After completion of the ma-
nuscript, the following papers appeared: Review: a) J. Boruwa, N.
Gogoi, P. P. Saikia, N. C. Barua, Tetrahedron: Asymmetry 2006, 17,
3315-3326. Cobalt: b) S. Tsuchiya, T. Sunazuka, T. Hirose, R.
Mori, T. Tanaka, M. Iwatsuki, S. Omura, Org. Lett. 2006, 8, 5577—
5580. Copper: ¢) Y. Xiong, F. Wang, X. Huang, Y. Wen, X. Feng,
Chem. Eur. J. 2007, 13, 829-833; d) K. Ma, J. You, Chem. Eur. J.
2007, 13, 1863-1871; e¢) M. Bandini, F. Piccinelli, S. Tommasi, A.
Umani-Ronchi, C. Ventrinci, Chem. Commun. 2007, 616-618.
Cupreine: f) T. Mandal, S. Samanta, C.-G. Zhao, Org. Lett. 2007,
9, 943-945. Lipase: g) P. Vongvilai, M. Angelin, R. Larsson, O.
Ramstrom, Angew. Chem. Int. Ed. 2007, 46, 948-950.
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