The Nitro Group in Organic Synthesis. Noboru Ono
Copyright © 2001 Wiley-VCH
ISBNs: 0-471-31611-3 (Hardback); 0-471-22448-0 (Electronic)

THE NITRO-ALDOL
(HENRY) REACTION

The nitro-aldol reaction between nitroalkanes and carbonyl compounds to yield B-nitro alcohols
was discovered in 1895 by Henry.! Since then, this reaction has been used extensively in many
important syntheses. In view of its significance, there are several reviews on the Henry
reaction.”™ These reviews cover synthesis of [-nitro alcohols and their applications in organic
synthesis. The most comprehensive review is Ref. 3, which summarizes the literature before
1970. More recent reviews are Refs. 4 and 5, which summarize literatures on the Henry reaction
published until 1990.

In general, the Henry reaction gives a mixture of diastereomers and enantiomers. The lack
of selectivity is due to the reversibility of the reaction and the easy epimerization at the
nitro-substituted carbon atom. Existing reviews have hardly mentioned the stereochemistry
of the Henry reaction. Recently, Shibasaki has found that the modification of the Henry
reaction can control the stereochemistry to give B-nitro alcohols with high diastereo- and
enantio-selectivity.® In Section 3.3, the progress of the stereoselective Henry reaction and its
application to biologically active compounds are discussed.

The B-nitro alcohols are generally obtained in good yield by the reaction of aldehydes with
nitroalkanes in the presence of a catalytic amount of base. When aryl aldehydes are used, the
[B-nitro alcohols formed may undergo elimination of water to give aryl nitroalkenes. Such side
reactions are not always disadvantageous, for nitroalkenes are sometimes the ultimate target for
the Henry reaction. The choice of reaction conditions is important to stop the reaction at the
stage of B-nitro alcohols in aromatic cases.

The synthetic utility of the Henry reaction is shown in Scheme 3.1, where B-nitro
alcohols are converted into B-amino alcohols, amino sugars, ketones and other important
compounds.
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Scheme 3.1. Henry reaction and its applications

3.1 PREPARATION OF p-NITRO ALCOHOLS

The Henry reaction is catalyzed in homogeneous solution with various catalysts, as shown in
Eq. 3.1.
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NaOR, Et3N, DBU, DBN, tetramethylguanidine (TMG),P(RNCH,CH,)3
(PAP), KF, n-BuyNF, Al,O3, Al,O5-KF, amberlyst A-21, amberlite DBU PAP
IRA-420, NaOH-+cetyltrimethylammonium chloride (CTACI) G.1)

The reaction is generally conducted at room temperature in the presence of about 10 mol%
of base to give the desired B-nitro alcohols in good yield. The most popular bases and solvents
employed in the Henry reaction are alkali metal hydroxides, carbonates, bicarbonates, and
alkoxids in water or ethanol.” Recently, powdered KOH in dry medium has been used for this
conversion.” This approach is quite simple and inexpensive. It is suitable for the reaction of
both aromatic and aliphatic aldehydes with lower nitroalkanes such as nitromethane, ni-
troethane, and 1-nitropropane. The reaction of aromatic aldehydes with nitromethane using
sodium hydroxide (1 equiv) in methanol followed by acidification is a standard method for the
preparation of [3-nitrostyrenes.8 Recently, considerable work concerning new reactions mediated
by rare earth metal reagents has been reported. The Henry reaction is catalyzed either by rare
earth metal alkoxides such as La;(O-t-Bu), or rare earth hexamethyldisilazides (HMDS) such
as Sm(HMDS),.” Shibasaki and coworkers have developed catalytic asymmetric nitro-aldol
reaction using binaphthol (BINOL)-rare earth metal complexes, as discussed in the section of
the stereoselective Henry reaction (Section 3.3).

Organic nitrogen bases such as ammonia or various amines are generally effective for the
Henry reaction.'” The reaction between nitromethane and simple aldehydes is particularly
simple. Just mixing aldehydes, nitromethane, and amines followed by acidification gives the
desired nitro alcohols in good yields. However, the Henry reactions of higher nitroalkanes with
aldehydes or ketones proceed very slowly under the conditions using sodium hydroxide or
amines. Nonionic strong bases such tetramethylguanidine (TMG),"" 1,8-diazabicyclo[5.4.0]un-
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dec-7-ene (DBU), and 1,5-diazabicyclo[4.3.0]non-5-ene (DBN)'?'* in THF or acetonitrile are
more effective catalytic systems than simple amines (see Egs. 3.2-3.4).

o OH
o, _TME O equiv NO2
. _ MG ©.1 equiv)
H g2 0°C, 30 min (3:2)
94%
OH
DBU (0.1 equiv) )\(CeHw
CgH13CHO + CgHy3CHLNO 63
613 6/ 113 2 2 CHscN N02 (33)
RT, 24 h 95%
OH
OH DBU (I equi CH
bs + CHiCH,NO, _ DBU ( equiv) CFg)\( 8 (3.4)
CF5 “OH RT, 24 h NO, '
65%

Dendritic molecules with a single triethylene amine core surrounded by hyperbranched
polyether sectors catalyze the nitro-aldol reaction between aromatic aldehydes and nitroalkanes
(Eq. 3.5)."° The activity of the catalysts decreases when the generation number increases. No
significant changes in stereo-control are observed on passing from lower- to higher-generation
dendrimers.

o

Catalyst Time Yield (%) syn:anti
H  + OuNCH,CH,OH
oH Et;N 05h 95 21
t.
— . OH (PhAo“%—N 4h 90 21
NO, 8
(3.5)

Fluoride ion is effective as a base for the Henry reaction, and potassium fluoride in isopropanol
(Eq. 3.6)"® and tetrabutylammonium fluoride in THF (Eq. 3.7)"” have been widely used.

CH3NO NO,
H 5 » W\/\‘/\
W\/\C 0 y

KF, i-PrOH
RT,6h 90% (3.6)

O,N O$
NO, o@ BuyNFe3H,0 (0.48 equiv) g
AL+ CcHCHO 37)
(6] 0-6°C,23h

OH
52% (antilsyn = 62/38)

Thus, various kinds of bases are effective in inducing the Henry reaction. The choice of base
and solvent is not crucial to carry out the Henry reaction of simple nitroalkanes with aldehydes,
as summarized in Table 3.1. In general, sterically hindered carbonyl or nitro compounds
are less reactive not to give the desired nitro-aldol products in good yield. In such cases,
self-condensation of the carbonyl compound is a serious side-reaction. Several modified
procedures for the Henry reaction have been developed.
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Table 3.1. Preparation of B-nitro alcohol by the Henry reaction

33

Carbonyl Yield (%)
Nitro compound compound Condition Product (syn/anti) Ref.
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CH;NO, HO 5_7/ CH;ONa 61 38
HO o4  CH;0H
50 h O
CH;NO, PhCHO TMG 94 11
30 min
0°C P NO,
OH
CH;CH,NO, PhCHO CTACI Ph 71 27
NaOH NO
H,0,2h 2
NO. NO,
2 CH;CH,CHO CTACI 85 27
NaOH
H,0,3h OH
HO(CH,)¢CH,NO, CH;CHO A-21 oH 70 25
20h HO(CHz)sj/kc'_|3
NO,
0
)]\/\/NOQ Ph/\/CHO A2l )Ww % %
5h
OH CH, OH OH
CHg )—CHO A1203 )\‘)\‘/ 69 22
NO, CHg 24h NO, CHj
CHs OH
CH,CH,NO, —cHo KF-ALOy CHy 78 23
CHs NO,
CH,CH,NO, U\ KF-Al,O4 NO, 77 23
o” CHO ish @\'/‘\CH
o 3
OH
(Et0),CHCH,NO, ~ PhCHO Et;N oH OFt 51(70/30) 20
BuyNF-3H,0O Ph OEt
t NO,
BuMe,SiCl
THE, 2 h oH
CH,CH,NO, PhCHO EuN 95 (47/53) 20
BuyNF3H,0 Pn
t_ N02
BuMe,SiCl OH
OH  THF CHg
CF4CH CFs
CH,CH,NO, 3CH, DBU NO, 67 13
: OH
24 h oH
oet o
CH,CH,NO, CFaCH K,CO, S CRH 60 40
OH NO,



34  THE NITRO-ALDOL (HENRY) REACTION

Table 3.1. Continued

Carbonyl Yield (%)
Nitro compound compound Condition Product (syn/anti) Ref.
OEt OH
CH;CH,NO, CF5HCH K,CO;4 CH3 68 (54/46) 41
3 \ 3 CFoH

OH Yo,
0
CH;NO, PAP (see Eq. OH 95 21
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CH;NO,
MgSO, CH
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(3.3 mol%)
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NO.
o O

OH
O,N
CL,CNO, PhCHO SnCl, CH/k Ph 57 39
. 0°C [¢]]

Nitroalkanes are silylated with trialkylsilyl chloride and triethylamine to form stable silyl
nitronates, which react with aldehydes to give B-nitro alcohol O-silyl ethers in the presence of a
catalytic amount of Bu,NF-3 H,O at —78 °C in THF. Because the retro nitro-aldol reaction cannot
occur, a high diastereoselectivity is observed, as shown in Eq. 3.8 The product is directly reduced
to the corresponding 3-amino alcohol with retention of the stereochemistry. The dilithium salts of
nitroalkanes are formed on treatment with 2 equiv of n-butyllithium in THF/HMPA at —90 °C. They
react with aldehydes to give B-nitro alcohols with high diastereoselectivity after careful protonation
(Eq. 3.9). The dilithium salt is much reactive toward carbonyl compounds than the mono-anion, and
this often leads to better yields of B-nitro alcohols than the conventional Henry reaction. ' The Henry
reaction is accelerated by the presence of Et;N, Bu,NF-3H,0 and ‘BuMe,SiCl (Eq. 3.1 0).%° The use
of non-ionic strong bases such as the proazaphosphatrane (PAP) is also a good choice for
overcoming the low reactivity of the Henry reaction (see Eq. 3.20).%"

NO
Bu' : CsH14
-Bu,MeSiCl - ¢ H,,CH
\/NOQ -Bus eSiC O\F\]/O_S\I_Me C5 11C fe) /ﬁo/ /But (38)
Et;N | Bu  BUJNF, THF ~Si
) —78°C gutMe

69% (de: 95%)
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B _ “O_+_OLi
N0, _BuLiHuPA O.f-ou CsHq{CHO N
T onee - CsH
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: OLi
NO,
AcOH, THF /K‘/Can
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NO,
EtsN, BuyNFe3H,0 Ph (3.10)
PhCHO + ~_-NO; . Me
t-BuMe,SiCl OH
THF, 5 min 95% (erythrolthreo = 53/47)

It is inconvenient to remove the base by acidification in the work-up procedure, because
acidification may lead to the Nefreaction (Section 6.1). To avoid this inconvenience the reactions
catalyzed in heterogeneous systems with Al,O;, Al,O5-supported KF, and polymer-supported
bases, have been developed. Commercial chromatographic alumina (activity 1 according to
Brockmann) is used without solvents for the preparation of functionalized B-nitro alcohols.
Acid- or base-sensitive substrates are prepared by this method (Eqs. 3.11 and 3.12).* The
reactivity is enhanced by a modification using alumina-supported potassium fluoride.” Dehy-
dration of B-nitro alcohols is also catalyzed by A1203.24 One-pot synthesis of nitroalkenes from
aldehydes and nitroalkanes using Al,Oj; is convenient (see Section 3.2.1); this process has been
applied to a short synthesis of spiro-ethers, (often found in pheromones) involving hydrogena-
tion of the nitroalkene and subsequent Nef reaction (Eq. 3.13).2% Importantly, no dehydration
is observed when neutral Al,Oj; is employed at room temperature; however, simply warming to
40 °C results in the formation of nitroalkenes.

o OH OH
¥ CH;—CHO A ony Chts 3.11)
es CH RT,24h NO, CH '
N02 3 69(72 3
0
OH
BN mo, L
00T+ GeHuCHO i 0 O/\(l\CeHw (3.12)
NO: 86‘7N02
H
OH NO, 0 Al;Og E\A%OTHP
. MO -
HW HJWOTHP CH,Cly, 40°C H
53%
o
e (X ) o
2)H* o )
64%

A more effective catalyst for the Henry reaction is a polymer-supported base such as
amberlyst A-21. Various B-nitro alcohols can be obtained with the help of amberlyst with or
without solvent (Eq. 3.14).2 A recent report claims that amberlite IRA-420 (OH-form) or
DOWEX-1 (OH-form) is more effective for the Henry reaction than amberlyst A-21.%° Poly-



36  THE NITRO-ALDOL (HENRY) REACTION

mer-supported bases are attractive for getting a library of B-nitroalcohols, which are important
intermediates for biologically active compounds (Eq. 3.15).

NO,
A-21
HO(CHp)¢CHoNO,  + CHgNO, HO(CHy)g (3.14)
20h
OH
70%
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The nitro-aldol reaction can also be carried out in water using NaOH in the presence of
cetyltrimethylammonium chloride (CTACI) as a cationic surfactant. CTACI (5 mmol) is added
to a mixture of nitroalkane (50 mmol) and aldehyde (50 mmol) in NaOH 0.025 M (150 mL) at
room temperature. The mixture is stirred for 2—3 h and worked up to give the product in 70-90%
yield. Compared with the classical methods, this procedure has economical and environmental
advantages (Eq. 3.16).”’

NO,

HO(CH,)sCHzNO,
+ NaOH, CTACI _ HO(CH,)s — (3.16)
. ___~_CHO HO.RT,3h OH
75%

The nitro-aldol reaction with ketones is sensitive to steric factors and generally gives a
complex mixture of products depending on the ratio of reactants, base, temperature, and time.”’
Nitromethane is reactive enough toward ketones to give the B-nitro alcohol under various
conditions. Cyclohexanone reacts with nitromethane to give 1-(nitromethyl) cyclohexanol in
69-94% yield in the presence of sodium ethoxide in ethanol.”” This transformation is more
simply carried out using tetramethylguanidine (TMG) as the base (Eq. 3.17)."" Stronger nonionic
bases like proazaphosphatrane (PAP) are more effective in the Henry reaction with ketones (see
Eq. 3.20).

o NH HO

Meo,N™ "NMe,
RT,48h

NO,
+ CH3NO, (3.17)
71%

However, 3- or 4-methylcyclohexanone is less reactive to nitromethane than cyclohexanone.
Although 2-methylcyclohexanone does not react with nitromethane under the conventional
conditions, under high pressure and a fluoride ion catalysis the reaction proceeds to give the
B-nitro alcohol in moderate yields (Eq. 3.18).%
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e) HO.

M NO
Me Bu,NF © 2

+ CHNOp — (3.18)

50%

Another method for improving the reactivity of nitro compounds is provided by the double
deprotonation of nitroalkanes. In this case, the reaction with ketones affords -nitro alcohols in
40-60% yield (Eq. 3.19).%°

NO,

. <:>:o HO
2 BuLi, HMPA (3.19)

THF, =90 °C

N0z
65%

Proazaphosphatrane, P(RNCH,CH,);N, is an efficient catalyst for the Henry reaction, and
various ketones give nitro-aldols by the reaction with nitromethane and other nitroalkanes (Eq.
3.20).”!

N/R

R .

‘N’P\N/\/R NO,
0 cat. & HO
N/

+  CH4CH,NO, (3.20)

MgSO4, 7h
82%
Allylic nitro compounds are obtained by the reaction of cyclic ketones with nitromethane
in the presence of 1,2-diaminoethane (1 mol%) as catalyst. Because exo-cyclic nitroalkenes

are rearranged to the endo-cyclic B,y-nitroalkenes, allylic nitro compounds are selectively
produced (Eq. 3.21)."

NO,

HoNCH,CHoNH
+ CH3NO» 2 Eal O‘
MeO

0]

MeO

If N,N-dimethylethylenediamine is used as the base, allylic nitro compounds are obtained
in good yields from both acyclic and alicyclic ketones (Eqgs. 3.22 and 3.23).%
R.__NO,

H2NCH20H2NM62
benzene, 80 °C (3.22)

+ R ONO,

61-99%
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o R NO,
H,NCH,CH,NMe
RQJ\ + CHgNO, —2 272 "2 E<7 (3.23)
benzene, 80 °C

55-80%

Conjugated nitroalkenes are isomerized to allylic nitro compounds under basic conditions.
Reactions of o,p-unsaturated nitro compounds with aldehydes under basic conditions lead
directly to y,8-unsaturated B-nitro alcohols (Eq. 3.24).* This reaction is very useful for preparing
allylic nitro compounds.

. NO; EtsN MOH
/\( + HCHO ——— NO (3.24)

80%

Barrett and coworkers have used this method for the synthesis of 2,4’-linked bisoxazole,
which constitutes a partial structure of hennoxazole A.>* Condensation of the nitroalkene in
Scheme 3.2 with isobutylaldehyde affords the nitro alcohol in 61% yield. Recrystallization gives
the pure syn-stereoisomer, which is protected as its ferz-butyldimethylsilyl (TBS) ether and
dihydroxylated using osmium tetraoxide as catalyst. Reduction of the nitro group to the amine
occurs by hydrogenation over Raney nickel. The subsequent glycol cleavage with NalO,
followed by cyclization gives the oxazole. Stille coupling of stannyloxazole with iodooxazole
using Pd(0) gives the desired bis-oxazole (Scheme 3.2).%

OH 1) 0504 OH OTBS
«_NO, }CHO \[/VY 2) Hy/Raney Ni :
\(\ Dabco ﬁjoz o O :
3) HC-O-CCHj
61% (ds = 5.5:1) NHCHO

Me3Sn

N
OTBS OTBS \4/»\
o)\Ph

oTBS

: N

1) NalO, BuLi [
PhP, | T\ N\ 0 N
2) PhaP I, ) l2 o>\' PA(PPhg), /Y
o]

(0)

Scheme 3.2. Model studies on the synthesis of hennoxazole A

3.2 DERIVATIVES FROM B-NITRO ALCOHOLS

3.2.1 Nitroalkenes

Dehydration of B-nitro alcohols provides an important method for the preparation of
nitroalkenes. Because lower nitroalkenes such as nitroethylene, 1-nitro-1-propene, and
2-nitro-1-propene tend to polymerize, they must be prepared carefully and used immedi-
ately after preparation. Dehydration with phthalic anhydride is the most reliable method
for such lower nitroalkenes.*>** Such lower nitroalkenes have been used as important
reagents for Michael acceptors or dienophiles in the Diels-Alder reaction, which will be
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discussed in Chapters 4 and 8. Some typical nitroalkenes which are useful reagents in organic
synthesis are presented here.*?

® Nitroethylene: Dehydration of 2-nitroethanol** using phthalic anhydride (80%) is
the best choice of preparation bp 38-39 °C/80 mm Hg.

® 1-Nitro-1-propene: Preparation is accomplished by dehydration of 2-nitro-1-
propanol with phthalic anhydride (73%)45 or acetic anhydride-AcONa46; bp 56-57
°C/80 mmHg.

® 2-Nitro-1-propene: Preparation is accomplished by dehydration of 1- mtro 2-
propanol with methanesulfonyl chlorlde and triethylamine (30% 5yleld) 7 acetic
anhydride-AcONa (85% yleld) ® or phthalic anhydride (55%)"; bp 58 °C/35
mmHg (Eq. 3.25).

(0]
ON__R °
2 j/ o OzNTR R = H (80%) (3.25)
140-180 °C R =Me (73%)
HO
80 mmHg

Dehydration of B-nitro alcohols is generally carried out by the following reagents, phthalic
anhydride,* CH,SO,CI-Et;N,*” dicyclohexylcarbodiimide (DCC),** Ac,0-AcONa, Ph,P-
CCl,,* and TFAA-Et;N,* as exemplified in Eqs. 3.26* and 3.27*™.

n-C4H n-C4H
4Hg NO, DCS), CuCl 4NN, (3.26)
OH 35°C, 10h 00%
NO,
PhO.  CHO PhO =
1) CHyNO,, EtsN
N 2) MeSO,CI, EtgN N (3:27)
N 2¥h =13 (6] An
O An
85%

Dehydration of B-nitro alcohols using DCC gives a mixture of £/Z nitroalkenes.*® The pure
(E)-isomers are obtained on treatment with catalytic amounts of triethylamine or polymer-bound
triphenylphosphine (TPP) (Eq. 3.28).51 When (Z) nitroalkenes are desired, the addition of
PhSeNa to the E£/Z mixture and protonation at —78 °C followed by oxidation with H,0, gives
(Z)-nitroalkenes (Eq. 3.29).>

n-C3H;  Me nCzH;  Me
TPP (3.28)
NO, 20h NO,
EIZ=55/45 100% (E/Z = 100/0)
NO2 Me, NO,
M eisena e Mo o X
NO, Agg*c SePh Me
70 % (anti/syn = 91/9) 99% (Z/E = 90/10)

(3.29)
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Al,05 can be used both as a base for the Henry reaction and as a dehydrating agent. Thus,
nitroalkenes are simply prepared by mixing of aldehydes and nitroalkanes with Al,O; and
subsequent warming at 40 °C (Eq. 3.30).%

NO,
@\ + CH3CHNO 4»AI2OS /o 3.30
o ~CHO CHNOz - — e ih o e (3.30)

In general, base-catalyzed reactions of aromatic aldehydes with nitroalkanes give
nitroalkenes directly (Knoevenagel reaction).>* The reaction is very simple; heating a
mixture of aromatic aldehydes, nitroalkanes, and amines in benzene or toluene for several
hours using a Dean-Stark water separator gives the desired nitroalkenes in good yield, as
shown in Egs. 3.31-3.34.%47%®

NO,
C4HgNH
QCHO + CH3CH2N02 —’4 92 = Me (331)
toluene
OMe reflux OMe
80-90%
MeQ OMe
CH3CO,NH NO
CHO + CHsCHoNO, bl mz
MeO Me
MeO 65% (3.32)
@CHZNOQ . @—cm _ CaHoNHp _ (3.33)
O,N
65%
- § ) § )
NO, CH3CO,NH,
cHo NO, CH3CO,H Br — — Br
02N NO, (3.34)
82%

Instead of using the Dean-Stark apparatus, the reaction can be carried out at reflux using
MeNH;Cl/AcOK/MeOH with HC(OMe); as a water scavenger. A wide variety of nitroalkenes
can be prepared in good yields by this method (Eq. 3.35).%’

MeO. \ NO,
+ —————— Bz
NO, HC(OMe)s O
BzO BzO MeOH, reflux OBz

77%
(3.35)

In recent years, there has been a considerable growth of interest in the catalysis of organic
reactions by inorganic reagents supported on high surface areas.” Envirocat, a new family of
supported reagents, which exhibits both Bronstead and Lewis acid character, are ideal for
environmentally friendly chemistry. These reagents are non-toxic powders that can be easily
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filtered from the reaction mixture and may be reused.®' With the use of this new heterogeneous
catalyst, nitroolefins are prepared directly by heating a mixture of aldehyde and nitroalkane at
100 °C in the absence of solvents (Eq. 3.36).

Me
CHO Envirocat EPZG %

100 °C, 20 min 2 (3.36)

95%

Application of ultrasound®® or microwave irradiation® greatly assists these condensation
reactions as shown in Egs. 3.37 and 3.38, respectively, rendering the use of a Dean-Stark
apparatus unnecessary.

OMe p
Condition Yield (%)
Meo CHO + CH3N02
NH4OAc/ AcOH 35
OMe 100°C, 3 h
. MeO “NO2  NH,0AC/ AcOH
22°C,3h,)) 99 (3.37)

()

? ” Clmz
+ _
\©\ CH3CHoNO, Microwave Z Me (3'38)
CHO

400 W 64%
8 min

Reactions of methyl nitroacetate with aldehydes are induced by TiCl, in pyridine. They afford
nitroalkenyl-esters,** which are used in the preparation of various nonnatural amino acids (Eq.
3.39).%

NO,
CHO
. CO,Me
B + ON__COMe __"Cla B 2
N g N-M N
! e ! (3.39)
Me THF, 0-25 °C Me

75%

Nitroalkenes prepared from aromatic aldehydes are especially useful for natural product
synthesis. For example, the products are directly converted into ketones via the Nef reaction
(Section 6.1) or indoles (Section 10.2) via the reduction to phenylethylamines (Section 6.3.2).
The application of these transformations are discussed later; here, some examples are presented
to emphasize their utility. Schemes 3.3 and 3.4 present a synthesis of 5,6-dihydroxyindole® and
asperidophytine indole alkaloid,” respectively.

Seebach and coworkers have developed the multiple coupling reagent, 2-nitro-2-propenyl
2,2-dimethylpropanoate (NPP). The reaction of nitromethane with formaldehyde gives 1,3-
dihydroxy-2-nitropropane in 95% yield. Subsequent acylation with two equivalents of pivaloyl
chloride and elimination of pivalic acid affords NPP. The reaction may be run on a 40- to 200-g
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HO. o NO2
HOD/CHO CHZNO, j@/\ C(NO,)s, ZnSO,
NH,OAc-AcOH HO

HO EtOH
95%
ji?[\ NayS,04, ZnSOy m
HO NO, pH 4 HO N
70% H
52%
Scheme 3.3. Synthesis of 5,6-dihydroxyindole
XxNO2 1) Fe, AcOH, silica gel, | N\ 1) POCl3, DMF, 35 °C,
toluene, A N 1 h, then NaOH aq
MeO NO,  2)Mel,KOH,BuNI, MO Ve 2) MeNO,, NH,OAc,
OMe THF, 23°C OMe A 1h
67%
CHO
NO, NH, OHC\; o
o
| AN LiAlHg4, THF, A, 1 h | A\ SiMeg
MeO N MeO N MeCN, 23 °C, then TFA,
OMe Me OMe Me g3€éthen NaBH3CN,
91% 88%

MeO MeO

\
OMe Me
aspidophytine

Scheme 3.4. Synthesis of aspidophytine

scale without problems (Eq. 3.40).°® NPP allows successive introduction of two different
nucleophiles Nu' and N u? as shown in Eq. 3.41. The conversion of the resulting products via
the Nef reaction or reduction into various compounds, makes NPP a useful reagent for
convergent syntheses, as demonstrated in Egs. 3.42 and 3.43.

CH3N02 N02 N02

D MeONaMeOH 1~ on —*BUCOCL gy o Loty
2) Salicylic acid Y T
HCHO 75% o) o)
O +-Bu
AcONa
o T
0 (3.40)
NPP

45%
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(0]

Nef .- Nu1yl\/Nu2

wpp N . 1% e NO, (3.41)

Nu\/§ Nu1y\/Nu2 NH
~~~~~ 2

Reduction ™ Nu' Nu2

Li

NO,
OEt
=
NPP OLi
OO THF, —70 °C O THF, 70 °C

NO 88%
2
N (3.42)
Ho/Ni H
OEt
Et,O-EtOH
(o)

66%

82%

n-C4HgLi M
TR, 700 THF -70°c

o)
T THF. 70°C M
77%

0 75%
1) MeONa/ MeOH W (3.43)
2) HoSO, o)

78%

with pig liver esterase (PLE)

Chiral multiple-coupling reagents have been prepared in enantiomerically pure form by
enantio-selective saponification of diesters of meso-2-nitrocyclohexane-1,3-diols (Eq. 3.44)
i 69

NO, NO,
NO: HOw -~ _OA tBu_ _O
AcOw -~ _OAc PLE C 1) Piv,0 - “\n/
\O/ 2) MeOH/H* o)
3) DCC/CuCl
90% (95% ee)

67% (3.44)
The nitro-aldol reaction followed by dehydration gives 2-nitro-1,3-dienes, which are useful
reagents for cycloaddition (Eq. 3.45)

/K CH3NO, OH (o
o MeONa NO,

H+

OTHP

1) HCHO, MeONa

o (3.45)
) )I\ heat /"\’/
2) PhCOCI O 'Ph
NO,

65% (overall)
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The nitro-aldol approach is impractical for the synthesis of 2,2-disubstituted 1-nitroalkenes
due to the reversibility of the reaction when ketones are employed as substrates.
Addition-elimination reactions are used for the preparation of such nitroalkenes (see
Chapter 4).

3.2.2 Nitroalkanes

Reduction of nitroalkenes with NaBH, has been widely used for the synthesis of nitroal-
kanes.”' In some cases, however, small amounts of dimeric products are also formed,
although their formation can be completely suppressed using acidic conditions.” Silica gel
is also effective in preventing the dimerization of nitrostyrenes. 2-Aryl-1-nitroethanes are
obtained in near quantitative yields by the reduction with NaBH,.” This route provides a
simple route to phenylethylamines of biochemical and pharmacological interest.”* A simple
and efficient method for the large-scale preparation of phenylnitroethanes has been re-
ported, in which solutions of nitrostyrenes in 1,4-dioxane are added to an efficiently stirred
suspension of NaBH, in a mixture of 1,4-dioxane and ethanol (Eq. 3.46).” Hydrogenation
of nitrostyrene derivatives with bis(triphenylphosphine)rhodium chloride (Wilkinson
catalyst) gives also good yields of products.’

1) NaBH,, dioxane-EtOH

NO
\/NOZ o 2
2) AcOH

95%

The reduction of nitroalkenes with ZnBH, in 1,2-dimethoxyethane (DME) gives the corre-
sponding oximes or nitroalkanes depending on the structure of nitroalkenes. o-Substituted
nitroalkenes are reduced to the oximes, whereas those having no o-substituents afford the
nitroalkanes (Eq. 3.47).7

MeO N02
MeO o NO2 ZnBH, j@/\/
DME MeO (3.47)

MeO
86%

Very selective reduction of nitroalkenes into the corresponding nitroalkanes is achieved using
NaCNBH, in the presence of the zeolite H-ZSM 5 in methanol (Eq. 3.48)."

(0]

NaCNBH;
Zeolite H-ZSM5

(3.48)

NO, NO,
70%

Nitromethylation of aldehydes has been carried out in a one pot procedure consisting of the
Henry reaction, acetylation, and reduction with sodium borohydride, which provides a good
method for the preparation of 1-nitroalkanes.'®"® It has been improved by several modifications.
The initial condensation reaction is accelerated by use of KF and 18-crown-6 in isopropanol.
Acetylation is effected with acetic anhydride at 25 °C and 4-dimethylaminopyridine (DMAP) as
a catalyst. These mild conditions are compatible with various functional groups which are often
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present in the synthesis of natural products.16b Readily available methyl 6-oxohexanoate has
been converted into methyl 7-oxoheptanoate via nitromethylation and subsequent Nef reaction
(Eq. 3.49).°

CHO 1) CH3NO,, KF, -PrOH NO, Nef cHO
COzMe 2) ACZOx DMAP COgMe COzMe

3) NaBH, 1000
o (3.49)

Additional examples of the synthetic utility of this procedure are demonstrated in Eqgs.
3.50-3.52.%° The nitro and nitroalkyl groups in the products are further converted into
various functional groups such as carbonyl, amino, and alkyl groups. This is discussed in
Chapter 6.

NHBz
S
N
Cb
I “NH O
OZNV\@/N N + BnO
H

NHBz

N \N
NH ¢
0N
1) KOtBu, +BuOH, THF BnO N
2) Ac,0, DMAP, THF o) NO,

3) NaBH,, EtOH, THF 5 b (3.50)

NHBz
N X
N
Boc.
on o </N\ B °“NH o
2 V\Qf N + thCHONH
5‘><"0 o NHBz
Boc- N X
O NH ¢ )N
—
1) n-BusNF, THF, 18 h Ph,CHO O N N
2) Ac,0, DMAP o) NO, — 3.51)
3) NaBH,, EtOH 5><6
70%
OAc
NO.
- 0} 2
CHO A

OAc olo oo
% + > L >% (3.52)
Ao NO o) 2) Ac0
OAc "2 & % 3) NaBH, %/
o
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Reduction of 1-nitro-1-alkenes with fermenting Baker’s yeast proceeds enantioselectively
to give optically active nitroalkanes (Eq. 3.53).8

Ph Ph_CH,NO,

Baker's yeast
>=\ - Me H (3.53)
Me N02

50% (98% ee)

3.2.3 a-Nitro Ketones

a-Nitro ketones are useful intermediates in organic synthesis, and they are generally prepared
either by nitration of ketones (Chapter 2.1) or by oxidation of B-nitro alcohols. Acylation of
nitroalkanes with acylimidazoles or other acylating reagents is also a reliable method for the
preparation of o-nitro ketones (see Chapter 5) (Eq. 3.54).

(0]
P
NO +
Se 2
OH o % )kx
oxidation )H/ .- =\
oxidizing agent (X=N__N)
NO, CrO3, NayCrz07, NO, \ oM

PCC, etc. NO,X

P (3.54)
(X = Cl, OAc)

In this chapter the synthesis of o-nitro ketones by the hydroxyalkylation of nitroalkanes
(Henry reaction) followed by oxidation is discussed. The oxidation is normally carried out by
treating the nitro alcohols with CrO; or Na,Cr,0; in strong acidic media.** To avoid acidic
conditions, pyridinum chlorochromate (PCC)® or K,Cr,0; under phase-transfer conditions 84a
has been used. Acid labile groups are retained under these conditions as shown in Egs. 3.55 and
3.56. Recently, Ballini and coworkers established a one-pot, solvent-free synthesis of acyclic
a-nitro ketones (by using neutral alumina) in the Henry reaction followed by in situ oxidation
of the nitro alcohol using wet alumina supported with CrO;. 84b

OH ?
w PCC )H/?(O (3.55)
12h
OuN o ©° ON 7\
— 78%

Me NO2 Me N02
/\/\‘)k K20|’207, 30% HZSO4 = (356)
= _

n-(C4Hg)sN"HSO} 0

OH CH,Cl,, -10°C, 2 h 1%

In general, alkylation or acylation of nitronate ions takes place at the oxygen to yield the
O-alkylated or O-acylated products. However, the choice of alkylating or acylating reagents can
alter the reaction course to give the C-alkylated or acylated products. The acylation of primary
nitroalkane salts with acyl cyanides gives the O-acylated product in 30-70% yield.® A
combination of diethyl phosphorocyanidate and triethylamine allows the direct C-acylation of
nitromethane by aromatic carboxylic acids to give o-nitro ketones.® Acyl imidazoles are more
effective as C-acylating agents of nitroalkane salts, and o-nitro ketones are obtained in good
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yields.87 Although the isolated lithium salts of nitroalkanes are used in the original paper, the
potassium salt prepared in situ by treatment of nitro compounds with -BuOK in DMSO is
reactive enough with acyl imidazoles to give ¢i-nitro ketones in 60—90% yield (see Section 5.2,
Acylation of Nitro Compounds) (Eq. 3.57).88

M oo %
1) +BuOK/ DMSO C.H

N02 n-C5H13 N\ O

\(f)r — 88%

The nitro group of o-nitro ketones is readily removed either by treatment with Bu;SnH® or
reduction with LiAlH, of the corresponding tosylhydrazones (Eq. 3.58).” Details of denitration
are discussed in Section 7.2, and some applications of this process are shown in Schemes
3.5-3.7.

NO, BusSnH, AIBN .
R‘\H)\Rg 80 °C \[c])ARZ
° TsNHNH, NO, mm (3.58)
R’ R2
NNHTs

Construction of the carbon frameworks by using the activating property of the nitro
group followed by denitration provides a useful tool for the preparation of various natural
products as shown in Schemes 3.5-3.7. For example, (Z)-jasmone and dihydrojasmone,
constituents of the essential oil of jasmone flowers, have been prepared as shown in Scheme
3.5.°" Schemes 3.6 and 3.7 present a synthesis of pheromones via denitration of o-nitro

ketones.”>%?
[\ No O 1) ALO, o. o No TSNHNH,
o 01 + I Skos R ——
)O H >R 2 KxCr0;
0
I\ No [ o
o o NO2 LiAIH, o_ O H* R
></l\H/R _ )WR
acetone
NNHTs NNHTs o
0
OH- R [R=ch,

R = (CH,),CHs

Scheme 3.5.
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NO,

o} NO2 OCH
)k . MOCHa amberlyst A-21 M 3
HsC™ H I OH 0
86%
N02
PCC MOCHs BusSnH, AIBN
CH,Cl» o) lo) benzene
71%
1) (CHoOH),, H* SCHy
Y\/\/WOCHS 2) LDA, -78°C MOCH:;
o) e} 3) (CH3S),, HMPA, 0 °C 0 (e}
71% 4) (COzH), 80%
1) NalO, MOCHS
2) 100°C o) 0
86%
OH
77777777777777777777 - M
(0] O
Scheme 3.6.
(0]
— (0] —
Cs"*nM . k 1) amberlyst A-21 CsHﬁ/—\/\A(CHz)gCHS
NO, H™ (CHo)gCH;  2) KoCr207 NO,
78%
NNHTs
TsNHNH, — LiAIH,
CsHy4 (CHg)gCH3
MeOH NO. THF, 0°C
2
90%
NNHTs (0]
/:M amberlyst A-15 /:M
CsHi1 (CH)oCHs 10O/ Hp0 CsHyy (CH2)oCHs
90% 95%
Scheme 3.7.

3.2.4 p-Amino Alcohols

B-Nitro alcohols prepared by the Henry reaction are important precursors for -amino
alcohols. The reduction of the nitro group to the amino function is commonly carried out
by hydrogenation in the presence of Raney Ni in EtOH or Pd/C in THF and MeOH (see
Section 4.2). The conversion into 3-amino alcohols is also described in the Sections 3.2.5
and 3.3.

3.2.5 Nitro Sugars and Amino Sugars

The chemistry and biochemistry of nitro sugars and amino sugars have stimulated extensive
research. They are the components of various antibiotics, which show important biological
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activities.”* Synthesis of nitro and amino sugars is one of the most important applications of
nitro-aldol condensation. Synthesis of nitro sugars has been well reviewed by Wade and
Giuliano,” also there are many other excellent reviews on this topic.96 Only selected recent
papers are described here to show the importance of nitro-aldol reaction in carbohydrate
chemistry. The Baer-Fisher procedure is one of the simplest and shortest methods for obtaining
3-deoxy-3-nitrohexopyranosides and 3-amino-3-deoxyhexose derivatives by means of the
Henry reaction with sugar dialdehydes. Sugar dialdehydes are obtained by glycol cleavage of
glycosides.”>*® The reaction of nitromethane with sugar dialdehydes as shown in Eq. 3.59 is
catalyzed with KF in isopropanol to give one isomer. If this reaction is carried out with sodium
methoxide, the stereoselective becomes poor.”’

X
X KF NO,
H B — =
o} COHC> + MeNO, rOH HO X=0,S (3.59)
OH

Base-catalyzed nitromethane cyclization of the dialdehyde generated by periodate oxidation
of 1,2-O-cyclohexylidene-myo-inositol affords the nitrodiol with 1,4/2,3,5-configuration. This
is converted into the o-mannosidase inhibitor, mannostatin A (Eq. 3.60).

________ - @ X' = SMe (mannostatin A) (3.60)
X = SOMe (mannostatin B E
Several HoN OH ( )

steps HO OH

A mixture of methyl 3-deoxy-3-C-methyl-3-nitro-oi-p- and B-L-glucopyranosides (1:1) is
formed by the reaction of nitroethane with the sugar dialdehyde obtained from p-glucose. The
products are separated and converted into branched-chain fluoro nitro p- and L-sugars (Eq.
3.61).%

©  HO F
l-c|>ON """"" > %ON
HO 2 2
O;l/o EtNO, Md1O Ome M0 Ome
oﬂ/ NaOMe I\/Te Me
Ohe HOWOMe __________ . F .07/ ~OMe
HO OH HO OH
O O,N
(3.61)

The anion of nitromethane adds easily to the carbonyl functions of sugars. This is a useful
strategy for extension of the carbon chain.'® 2-Acetamido-2-deoxy-B-p-glucose (N-acetyl-p-
glucosamine) is the carbohydrate unit of glycoproteins that occurs most often. The nitromethy-
lation method provides a straightforward route to a series of C-glycosyl compounds with the
acetamido functionality (Eq. 3.62)."""
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OH OH
HOﬂA o HO&& : HO&WCOH
HO NO, H,0, O3 HO 2

NHAc NHAc NHAc
OH
MeNO, HO o OH A020
NaOMe HO NO, H2804 NO,
MeOH NHAC NHAc
1) Hy, PA/C OH
AcOEt
—ACEL . 1o o) NO
2) NaOMe HO 2 (3.62)
MeOH NHAc ’

If a carbohydrate already contains a nitro group, the nitro-bearing carbon atom can become
the nucleophilic center for the coupling of two monosaccharide units (see Section 3.2.2). Suami
and coworkers have used this method for the synthesis of antibiotics bearing sugars.102 A typical
example is presented in Eq. 3.63./0%

- OH
"™ o O
(A j—o # ><o ! (3.63)
MTMO 04( CHO  MTM = CH,SCHs MTMO 04(

3-Nitro and 3-amino sugars have been prepared via stepwise construction from acyclic
precursors by the nitro-aldol strategy as shown in Scheme 3.8.10

3-Amino-2,3,6-trideoxy-L-hexoses (A-D in Scheme 3.9) occur naturally, forming the gly-
cone part of anthracyclinone antibiotics, important in anti-tumor treatment.'**

Several approaches based on nitro-aldol for the synthesis of amino sugars have been
reported. Alumina-catalyzed reaction of methyl 3-nitropropanoate with O-benzyl-b-
lactaldehyde gives the p-ribo-nitro-aldol (anti, anti isomer) in 63% yield, which is con-
verted into L-daunosamine'’*'% (see Section 3.3). Jager and coworkers have reported a
short synthesis of L-acosamine based on the stereoselective nitro-aldol reaction of
2-0O-benzyl-1-lactaldehyde with 3-nitropropanal dimethyl acetal as shown in Scheme
3.10.'% The stereoselective nitro-aldol reaction is carried out by the silyl nitronate approach
as discussed in Section 3.3.

_0
_0
RoNHp (NOp) > + EOH
OH NO, X
OH
X R =H, Me X=H, OH

Scheme 3.8.
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/O /O /O /O
HoN NH, HoN NH;
HO HO OH OH
HO HO HO HO
CHS CH3 CH3 CH3
L-ritosamine L-acosamine 3-epi-L-daunosamine  L-daunosamine
(L-ribo) (L-arabino) (L-xylo) (L-lyxo)
A B C D

daunomycin (R =H, 4" -OH o)
adriamycin (R = OH, 4" -OH o)
epirubicin (R = H, 4’-OH B)

Scheme 3.9.
o) 0.1 BuyNF oH
ﬁ) . “/YOMe (*anhydrous") OMe
! [SIO.N  OMe THF, -78t0-3°C,14h RO  NO, OMe
R ca. 60% (dr: 29:51:3:12)
1) separation .
L-acosamine
2) Hy, Pd/C
82%
Scheme 3.10.

3.3 STEREOSELECTIVE HENRY REACTIONS AND APPLICATIONS TO
ORGANIC SYNTHESIS

[B-Nitro alcohols can be hydrogenated to the corresponding amino alcohols with retention of
configuration; the stereoselective Henry reaction is a useful tool in the elaboration of pharma-
cologically important B-amino alcohol derivatives including chloramphenicol, ephedrine,
norephedrine, and others. Some important B-amino alcohols are listed in Scheme 3.11.'"

In general, the Henry reaction proceeds in a non-selective way to give a mixture of anti
(erythro) and syn (threo) isomers. Ab initio calculations on the Henry reaction suggest that
free nitronate anions (not influenced by cations) react with aldehydes via transition states
in which the nitro and carbonyl dipoles are antiperiplanar to each other. This kind of reaction
yields anti-nitro alcohols. The Henry reaction between lithium nitronates and aldehydes is
predicted to occur via cyclic transition states yielding syrn-nitro alcohols as major products
(Eq. 3.64).'%
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OH
NHCOCHCI :
OoN 2 O/O\H/N\_/\/N\SOZ
Chloramphenicol (Ref. 107a) Ephedrin (Ref. 107a) o) :
OH
: NH
HOW\A/V\/\ 2
NH (Anti-HIV) (Ref. 107b)
2 Sphingosine (Ref. 107c)
OMe
HO//,’. OAc NH, O
Ph\/?\HJ\
OH
N
H OH
Anisomycin (Ref. 107d) Allophenylnorstatine (Ref. 107¢)
Scheme 3.11 Biological active B-amino alcohol derivatives
0]
P OH R? OH R?
R H » AR (= Hno ), AR (= HNo,
+ H H——OH HO——H
NO2 H1 NO2 R1
RZ NO, anti erythro syn threo
(3.64)

Seebach and co-workers have developed complementary protocols for stereocontrol of the
Henry reaction (Scheme 3.12).1819

® Method A: a,0-Doubly deprotonated nitroalkanes react with aldehydes to give
intermediate nitronate alkoxides, which afford syn-nitroalcohols as major products
(18:7-47:3) by kinetic protonation at —100 °C in THF-HMPA. The carcinogenic
hexamethylphosphorous triamide (HMPA) can be replaced by the urea derivative
(DMPU).

® Method B: In contrast, reprotonation of the fers-butyldimethylsilyl-protected ni-
tronate anions gives anti-isomers selectively (41:9-19:1).

® Method C: High anti-selectivity is also observed in the fluoride-catalyzed reaction of
silyl nitronates with aldehydes. Trialkyl silyl nitronates are prepared in good yield
from primary nitroalkanes by consecutive treatment with lithium diisopropylamide
and trialkylsilyl chloride at —78 °C in THF.

They react with a wide range of aliphatic and aromatic aldehydes in the presence of catalytic
amounts of tetrabutylammonium fluoride (TBAF) to give the trialkylsilyl ethers of B-nitro
alcohols with high anti-selectivity (98%). The diastereoselective Henry reaction is summarized
in Table 3.2. The products are reduced to B-amino alcohols using Raney Ni-H, with retention
of the configuration of B-nitro alcohols (Scheme 3.12).

Tetrahydropyranyl (THP)-protected nitroethanol can be doubly deprotonated to lithium
o-lithionitronate, which is stable to react with various electrophiles. Higher B-nitro alcohols,
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Method A
. OoLi
LR RcHO R
—
i -90°C
NO,Li No,L
H 09 OH
HX , —AcOH ,)\rR
R THFHmPa R
©OOR ~100°C )CL NO,
H3C< _CH
DMPU="~"N~ "N
Method B .
ene o Sit-BuMe; o Sit-BuMe;
LDA /H(
R , R
NO, NO,Li
Li/OJ/O’ OH
\ AcOH i R
_0 H™ g0ec R/VVi
Me,t-BuSi NO
R, R 2
Method C
e o/sit'BUMeg
R O—Sit-BuMe, Bu,NF
\=N/+ + RCHO # R,/bR
\ _ o Y
© NO,

Scheme 3.12.

53

hydroxynitro ketones, and nitrodiols are prepared in good yields after deprotection of THP with
an acidic ion-exchange resin in methanol. The nitrodiols are formed with high syn-diastereose-
lectivity (ds 75 to >95%). Because the nitro diols crystallize eventually, pure samples of single

diastereomers can easily be prepared (Egs. 3.65 and 3.66).'"”

3 H
oNC  nE NO, |
I HO\)\ Et= R—C+ R+ R—C+
THP—© . H E R
Li OH o
THP\O/\NO 1) n-BuLi, THF-HMPA R Overall yield (%) ds (%)
2 +
2) RCHO, H MoaCH- " -
Ph- 75 >95
o p-MeOCegH,- 79 80
HOAl/kR CyoHo5—C=C- 74 91

NO,

(3.66)
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Table 3.2. Stereoselective Henry reaction

Nitro compound Aldehyde Condition Product synlanti

1) 2 n-BuLi in OH

THF-HMPA 81/19
CH3CH,NO, CsH1{CHO 2) AcOH, —100 °C 15 CsHi

(Method A) 2

1) 2 n-BuLi in OH 90/10
THF-HMPA A‘/kPh

CH3CH,CH,NO, PhCHO 2) AcOH, —100 °C ,

NO
OH
Oz

1) 2 n-BuLi in 94/6
CH3CH,CH,NO THEHMPA
aCHaCRNO, MQOOCHO 2) AcOH, -100°C N oM

Bu,NF o SitBuMe;,  5/95
H\"/CH20H3 (Method C) /\/:\/
, C,HsCHO
Mezi-BuSI\o/lll\o_ NO,
Bu,NF o SitBuMez 5778
H\"/CH20H3 @ Y
. CHO
MeotBuSi~ - N~ o- m
o SitBule, AcOH o SitBuMez 10190
(Method B)
CaH CoHs C3H7)\;/C2H5
37 =
NO,Li NO2
o Sit-BuMe, AcOH o SitBuMez 5,95
/k/CZHS
05H11/'\”/CH3 CsHi1™ %
NO,Li NO»>
o SitBuMe, AcOH o SiFBuMez gy
o CoHs pr > C2Hs
NO,Li NO»

The products are reduced to amino diols with H,-Raney Ni in ethanol without loss of
configurational purity (Eq. 3.67).'"
OH

OH
Raney Ni OH

OH
H
NO, 2 MeO NHz

(3.67)

M
€0 98%

Bicyclic trimethylsilyl nitronates undergo stereoselective Henry reactions with benzalde-
hyde in the presence of fluoride ion to give cyclic hemiacetals in good yield with high
diastereo-selectivity (95% ds) (Eq. 3.68).'"°
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Me3SiO
Me;SIO O_ .Ph
o 0.1 0"
I _PhCHO _ i
- Ph
Ph

86% (95% ds)

Silyl nitronates of 2,2,2-trifluoronitroethane react with aldehydes in the presence of Bu,NF
in THF to give the syn-diastereomers of -nitro alcohol, as shown in Eq. 3.69. This is in sharp
contrast with the results of anti-isomers prevailing for non-fluorinated analogues. This is due
to the syn/anti equilibrium of CFj-substituted O-silyl nitro aldols. The anti-epimer in the
trifluoromethyl series can be prepared by diastereoselective protonation of the corresponding
O-silyl lithium nitronates (Eq. 3.70).""!

“0.+.0

FsC_NO. N" SitBuMe, R Yield (%) synlanti
FoC™ H FPr- 52 76124
_SitBuMe
RCHO ? B Ph- 72 75/ 25
TS e R CF5
BU4NF p-MeOC6H4- 72 73/ 27
(3.69)
O/Sit-BuMeg O/Slt-BuMeg
1) LDA oF,
e Cetis™ % (3.70)
Cethis 2) AcOH, 95 °C 0
N02 2

anti/syn = 93/7

An experimentally simple procedure for stereoselectively preparing B-nitro alcohols has
been developed. The alkyl nitronates, formed by the action of n-butyllithium on nitroalkanes in
THEF solution, react with aldehydes in the presence of isopropoxytitanium trichloride at room
temperature to give the B-nitro alcohols enriched in the anti-diastereoisomers (Eq. 3.71).'"?

OH
NO 1) n-BuLi
+ [
ON CHO + 2 5 TichorPn o NO,
2

THF, RT
72% (anti/syn = 7/1) (3.71)

This method is particularly useful for electron-deficient aromatic aldehydes, but it is not
efficient with aliphatic aldehydes, probably a consequence of competitive aldol reaction.

A new heterogeneous catalyst exists that uses Mg-Al hydrotalcites for the diastereoselective
synthesis of B-nitro alcohols. The positively charged Mg-Al double hydroxide sheets are
charge-balanced by the carbonate anions residing in the interlayer section of the clay structure.
Both aromatic and aliphatic aldehydes react with nitroalkanes using this catalyst to give B-nitro
alcohols in good yields. Diastereoselectivity depends on the structure of the aldehydes, 4-ni-
trobenzaldehyde and 2-chlorobenzaldehyde react with nitroethane to give the corresponding
nitro alcohols in 100% anti-selectivity.''> However, the reaction with aliphatic aldehydes
exhibits low selectivity (Eq. 3.72).
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ArCHO + /\NOZ Ar Yield (%) antilsyn
Ph- 87 3.75/1
_ OH p-OoNCgHy- 84 100/ 0 (3.72)
Mg-Al hydrotalcite : Me
THE, reflox AT pCiCeHy 82 100/ 0
NO: p-MeOCgHys- 62 1.23/1

The stereoselective intramolecular Henry reactions have been reported by Seebach. The Michael
addition of doubly deprotonated acetyl acetaldehyde to 1-methylenedioxyphenyl-2-nitroethene
followed by subsequent intramolecular nitro-aldol cyclization leads to the diastereomerically
pure cyclohexanone derivative, where the nitro and OH groups are cis as shown in Eq. 3.73.""* This
reaction is applied to the synthesis of 1-desoxy-2-lycorinone as shown in Eq. 3.74.'"

O
o) \/NOZ
ey s
O

O~ H

(3.73)
58%
<Oj©A * & 5 5 ook THF
0
o OH -
Several
<o A N0, COLCH,  steps G.74)
55%

In consideration of the structure of the valuable anticancer alkaloids pancratistatin and
trans-dihydrolycorcidine,' 6 the development of an intramolecular nitro-aldol cyclization ex-
hibiting alternative diastereoselectivity to that of Eq. 3.74 has been achieved. In contrast to
cyclization of Eq. 3.74, a neutral alumina-promoted nitro-aldol cyclization provides the desired
diastereoselectivity. Scheme 3.13 shows key steps of the total synthesis of lycoricidine alkaloids.
Michael addition of the copper-zinc reagent derived from ethyl 4-bromobutanoate to ni-
troalkene'"” followed by the reduction with diisobutylaluminum hydride (DIBAL-H) gives the
requisite nitro-aldehyde, which is the key substrate for the intramolecular nitro-aldol reaction.
The alumina-promoted 6-exo-trig intramolecular nitro-aldol cyclization proceeds in a highly
diastereoselective way via a chelation-controlled chair-like transition state. The major isomer has the
correct relative configuration at three stereoisomers, as observed in the pancratistatin series of
anti-tumor agents.''®

Over the last few years several examples have been reported in the field of asymmetric
catalysis that are based on the interaction of two centers.®''* Recently, Shibasaki and coworkers
have developed an asymmetric two-center catalyst. Scheme 3.14 shows preparation of optically
active La binaphthol (BINOL). This catalyst is effective in inducing the asymmetric nitro-aldol
reaction, as shown in Scheme 3.15.

These heterobimetallic M'-M>-binol complexes constitute a new class of widely applicable
chiral catalysts as shown in Scheme 3.16. The new catalysts consist of a central metal ion (e.g.,
La**, AI**, Sm™, Ga™), three alkali metal ions (e.g., Li*, Na*, K*), and three chiral diphenol
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o)

<o o NO> Brw)J\OEt o CO,Et
o Zn, Lil, DMF, 75°C, 5 h, <o NO,

then CuCN, LiCl

81%
DIBAL-H o CHO AlLOs3
CHoClp, ~78°C, 5 h <
o NO,

1) H, (650 psi), Raney Ni,
MeOH, 20 °C, 4 h

2) C|COgMe, Et3N

. OR Tf,0, DMAP
NHCO,Me CHCly, 0-15°C, 15 h

96%

OH O
pancratistatin (Ref. 116) dihydrolycorcidine (Ref. 116)

Scheme 3.13.

[1,1”-(R)- or 1,1’-(S)-binaphthol]. These catalysts exhibit basic as well as Lewis acid properties.
They are easily prepared, stable to air and moisture, and nontoxic. By careful choice of the metal
centers, various types of organic reactions are catalyzed. Asymmetric nitro-aldol reactions are
catalyzed by lanthanoid-lithium-BINOL (LLB),”'* asymmetric Michael reactions are cata-
lyzed by lanthanoid-sodium BINOL (LSB),' asymmetric hydrophosphonylation of imines is
catalyzed by lanthanoid-potassium-BINOL (LPB),"! and asymmetric Michael-aldol reactions

@@ NaOH (1 mol equiv)
LaCls + gt: H50 (10 mol equiv)
@@ Method A
Method B
Las(O-t+-Bu)g @@ /
OH LiCl (2 mol equiv)

( Contaminated

+
by NaO-t—Bu) @@ OH H50 (10 mol equiv)

Optically active
La catalyst

Scheme 3.14. Preparation of the optically active La-BINOL complex
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La cat. (10 mol%)

|@/\/CHO

CH3NO, (10 equiv)
THF, =50°C, 20 h

La cat. (10 mol %)

CHO
e CHNO, (10 equiv)

THF, —40°C,41h

La cat. (10 mol%)

\roHo

CH3N02 (10 equiv)
THF, —42°C, 2 days

La cat. (10 mol%)

CH3NO, (10 equiv)
THF

(;,/CHO

OH
NO,

79% (73% ee)

OH
W\/Noz

91% (62% ee)

OH
NO,

80% (85% ee)
OH
NO,

—50°C, 18 h: 91% (90% ee)
—70°C, 53 h: 43% (95% ee)

Scheme 3.15. La-BINOL complex-catalyzed asymmetric nitro-aldol reactions

and hydrophosphonylation of aldehydes are catalyzed by aluminum-lithium-BINOL (ALB).

122

The nitro-aldol reactions catalyzed by these catalysts are summarized here.
The enantioselective nitro-aldol reaction catalyzed by (R)-LLB is effectively applied to the

synthesis of three kinds of optically active B-receptor blocking drugs (S)-metoprolo

123
1,

(S)—propanolol,123b and (S)—pirldolol1230 (Scheme 3.17).
Shibasaki has also extended the use of LLB catalyst to tandem nitro-aldol reactions providing

bicyclic adducts with 65% ee (Eq. 3.75).'**

0
CH3NO,

0O

OHC

(R)-LLB (5 mol%)

(0]

HO (3.75)

: OH
NO,
65% ee

Diastereoselective catalytic nitro-aldol reactions of optically active N-phthaloyl-L-phenyl-

alanal with nitromethane in the presence of LLB proceed with high diastereoselectivity (anti:syn
=99:1) as shown in Eq. 3.76.'% The product is converted via the Nef reaction into (25,35)-3-
amino-2-hydroxy-4-phenylbutanoic acid, which is a subunit of the HIV-protease inhibitor

OH
NO
(R)-LLB (3.3 mol%) NPhth
NPhth THF, 40°C,72h 92% (96% ee: synlanti = 99/1)
OH
12 N HCI i

3.76
100°C, 401 Ph COzH (3.76)

NH,
80%
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. % a: 90% (94% ee OCH
A~ (RALLBE3mO%) Ar o~ o~ & 90% E92°/ eei aAre G2
O "CHO "CHyNO, (10-50 equi : 6o (999
02 C( 950 equiv) OH c: 76% (92% ee)
. b: Ar = O
H,, PtO,, CHOH J\ a: 80% (S)-metoprolol ',
—2 2 e, Ar\o/\:/\N b: 90% (S)-propranolol \

acetone, 50 °C

: H c: 88% (S)-pindolol HNS
OH c:Ar= 8

Scheme 3.17. Asymmetric syntheses of B-blockers with (R)-LLB as catalyst

KNI-272. The reaction of the same aldehyde with nitromethane using (S)-LLB leads to the
reduced diastereoselectivity (74:26).

LLB-type catalysts are able to promote diastereo-selective and enantio-selective nitro-aldol
reactions from prochiral materials. However, LLB gives unsatisfactory results in terms of both
diastereoselectivity (Syn:Anti: 63:37 ~ 77:23) and enantioselectivity (<78% ee) in many cases
(Scheme 3.15).120“ A number of complexes a,b,c,d,ef,gh, and i are prepared, as shown in
Scheme 3.18, in which BINOL rings are substituted by alkyl, alkenyl, alkynyl, and cyano groups.
The effect of substituents on the BINOL rings is tested by the reaction of Eq. 3.77. Thus,
stereoselectivity is affected by the substituents of BINOL, and alkynyl-substituted BINOLSs,
such as f—i, give the better optical activity of the product than LLB."* Another advantage is
conferred by introducing 6,6"-substituents to BINOL.

CH3NO, (10 equiv) OH
P CHO cat. 33mol%)  pp N0 (3.77)
THF, —40°C, 91 h
Entry Catalyst Yield (%) ee (%)

1 LLB 79 73

2 a 80 67

3 b 84 63

4 c 67 55°%

5 d 69 71

6 e 74 79

7 f 85 88

8 g 84 85

9 h 59 85
10 i 54 86

2 6,6"-Dicyano-BINOL with 93% ee was used.

R R

R LLB
Li/g/—\é’\Li R, —OH @@ :
\ \L:° / = OH .
s -
o)™\ won OO
\ ./O R

R Li R

Il
T

e: R=C=CPh

f: R = C=CSiMeg
g: R = C=CSiEt;

h: R=C=CTBS
1

T

1l
@
=

o
TR
DIV ID

L}

=

(0]

1}
ﬁI)O
(@]

I

i : R = C=CSiMe,Ph
BS-—tert-butyldimethylsilyl

Scheme 3.18. Structural modification of LLB
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The heterobimetallic asymmetric catalyst, Sm-Li-(R)-BINOL, catalyzes the nitro-aldol
reaction of o,0-difluoroaldehydes with nitromethane in a good enantioselective manner, as
shown in Eq. 3.78. In general, catalytic asymmetric syntheses of fluorine containing compounds
have been rather difficult. The S configuration of the nitro-aldol adduct of Eq. 3.78 shows that
the nitronate reacts preferentially on the Si face of aldehydes in the presence of (R)-LLB.
In general, (R)-LLB causes attack on the Re face. Thus, enantiotopic face selection for
a,a-difluoroaldehydes is opposite to that for nonfluorinated aldehydes. The stereoselectivity
for a,0-difluoroaldehydes is identical to that of B-alkoxyaldehydes, as shown in Scheme 3.19,
suggesting that the fluorine atoms at the o-position have a great influence on enantioface
selection.

H S i .
Phwc o} + CHNO, SmListris[(R)-binaphthoxide]
FE THF, —40 °C, 96-168 h

OH

o NO, (3.78)

FF
4% (87% ce)

A syn-selective asymmetric nitro-aldol reaction has been reported for structurally simple
aldehydes using a new catalyst generated from 6,6-bis[(triethylsilyl)ethynyl]BINOL (g in
Scheme 3.18).'%® The syn selectivity in the nitro-aldol reaction can be explained by steric
hindrance in the bicyclic transition state as can be seen in Newman projection. In the favored
transition state, the catalyst acts as a Lewis acid and as a Lewis base at different sites. In contrast,
the nonchelation-controlled transition state affords anti product with lower ee. This stereoselec-
tive nitro-aldol reaction has been applied to simple synthesis of threo-dihydrosphingosine by
the reduction of the nitro-aldol product with H, and Pd-C (Eq. 3.79).

CHa(CHz)CHO  +  gn~~OH Me H
OH + 0O,
R N L syn
cat. (3.3 mol%) NN o
—————————»  CgHyj Y” OH H o
THF, -40 °C RO, La
93%
: OH
Catalyst Yield (%) synlanti  ee of syn /\/\
CgH Y OH
LLB 79 87/13 78 ML
NH,
g (Scheme 3.18) 96 92/8 95

threo-dihydrosphingosine
3.79)

The LLB catalysts requires at least 3.3 mol% of asymmetric catalyst for efficient nitro-aldol
reactions, and the reactions are rather slow (first generation). Second-generation LLB catalysts
are prepared by addition of 1 equiv of H,O and 0.9 equiv of n-BuLi. The second-generation-
catalysts are more reactive than the first generation LLB as shown in Eq. 3.80. The proposed
mechanism of asymmetric nitro-aldol reaction using these catalysts is presented in Scheme
3.20."%

The diastereoselectivity is observed in the Henry reaction using optical active nitro com-
pounds or oi-heteroatom substituted aldehydes. For example, the reaction of O-benzyl-p-lactal-
dehyde with methyl 3-nitropropionate in the presence of neutral alumina leads to a mixture of
three nitro-aldol products from which p-ribo isomer is isolated by direct crystallization. p-Ribo
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(R)-LnLB complex (R)-LnLB complex
Nu ™ Nu ™
/ Siface Siface Siface
R F
H R
I\
0
Re face Re face \ Re face
Nu ™

(R)-LnLB complex

Scheme 3.19.
CohlyyCHO —2h02 § NO, (3.80)
cat CsHai ’
Catalyst Condition  Yield(%) ee (%)
LLB (1 mol%) -50°C,241h 56 88
—50°C,24h 73 89
LLB-IX —50°C,4h 70 90

LLB-II = LLB + Ho0 (1 equiv) + Buli (0.9 equiv).

) Ay

O, | w0 ACHZNO L/O\ ----- RCHO .
* La; Ll — \ \ High ee
" 0™ [ “agumH roducts
0”7 i ™Y Slow d o p
\/f)\) reaction b\/ \N*:_CHR
Li * N —
H0O
R'CHO .
BuLi RCHNO,Li Racemic
products
LLB’\{
A
Lise /w . o
cé,,, (’) 0. RCH,NO /Oi/ ...... O, R'CHO
( L& SLieLiOH 2 LSRN High ee
-~ \O/ - 0 / "'o-""""L' products
O Fast U \ 5
Ll/ O\) reaction - \ / N—CHR
L,

Second-generation

LLB II: Sell-assembly of

LLB and Li-nitronates

Scheme 3.20. Proposed mechanism of asymmetric nitro-aldol reactions catalyzed by LLB, LLB-II, or LLB-Li
nitronate
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isomer is the thermodynamic product, which is converted into N-benzoyl-L-daunosamine, as
shown in Eq. 3.81."%

oBn OBn NO, O
/'\H/H . /\/?J\ Alx03 /kg/k/U\OMe
I 0N OMe OH
Me 62% (de 90%) oH
ho BOX 0o H.PdC Mo 237‘ s
NO, HO NHBz
100% 71%

The Henry reactions of N,N-dibenzyl-L-phenylalaninal with nitroalkanes using 1.2 equiv of
tetrabutylammonium fluoride (TBAF) as the catalyst proceed in a highly stereoselective manner,
as shown in Eqs. 3.82 and 3.83."*° This reaction provides rapid and stereoselective access to
important molecules containing 1,3-diamino-2-hydroxypropyl segments, which are central
structural subunit of the HIV protease inhibitor amprenavir (in Scheme 3.21).

OH
P >0 | 0N~ ot — =820 Ph/\g/ké/\cogwle
Nan 2Vie THF NBn2 NOZ (382)
66% (ds: 49:1)
OH
CHO BuNFe(H,0)n NO;

Ph/Y b CHNO, —aT2ON  ph

NBn2 8 2 THF NBHQ (3.83)

63% (ds: 8:1)

Corey has discovered that chiral quaternary ammonium salts shown in Schemes 3.21 and
3.22 are more effective for inducing re- and si-face-selective nitro-aldol reactions than TBAF."*!
The sequence utilized for the synthesis of amprenavir is shown in Scheme 3.21. The reaction
of N,N-dibenzyl-(S)-phenylalanial with nitromethane gives the desired syn-nitro alcohol with a
17:1 diastereoselectivity. The diastereoselectivity is only 4:1 when TBAF is used. This nitro
alcohol is reduced to the corresponding amino alcohol with NaBH, in the presence of NiCl, in
85% yield. The reductive alkylation with isobutyraldehyde followed by sulfonylation with
p-nitrobenzenesulfonyl chloride, deprotection with H,-Pd/C, and acylation with (S)-3-tetrahy-
drofuranyl-N-oxysuccinimidyl carbonate gives amprenavir in 50% overall yield from the
starting amino aldehyde. The (2S,3S) isomer of amprenavir is prepared from N-fert-butoxycar-
bonyl derivative of (S)-phenyalaninal as shown in Scheme 3.22. The use of rigid chiral
quaternary ammonium cations as shown in Schemes 3.21 and 3.22 control the face selectivity
in nucleophilic addition of nitromethyl anion to aldehydes, re- or si-face selectivity depending
on the N-protecting group of the S-phenylalaninal moiety. This provides a new strategy for
stereocontrol of the Henry reaction.

Jager and coworkers have used the TBAF catalyzed-stereoselective nitro-aldol reaction for
the synthesis of cyclic amino alcohols such as iminopolyols, imino sugars, and cyclic amino
acids. They are important classes of compounds and have the potential utility as anti-diabetic,
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1) NaBH,, NiCl,

o] CH3NO; (2.5 equiv) OH @
; : 2) ON -S0,ClI
BnEN\)LH KF (12.5 equiv) B1N-3 N0z ) O 2
cat. (10 mol%) P
P THF,-10°C, 12h Ph

86% (ds: 17:1)
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OH OH I
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Scheme 3.21.

o OH
-BUOCOHN CHgNO; (2 equiv)  +.BUOCOHN NO.
\E)LH KF (10 equiv) \/‘\/ 2 HyPdrc
g cat, (10 mol%) d
©/ CHyClp,—-10°C, 121 ©/88%
OH H OH cat. -
t-BUOCOHN. 3 NH
u \/zk/ 2 -

N

- Br
S % N
e =S | &Y
©/87%(ds:9:1)

NH,

Scheme 3.22.

anti-viral, or anti-tumor agents."*> TBAF-catalyzed reaction of a-alkoxy aldehydes with ni-
troacetaldehyde diethylacetal yields anti-syn diastereomers as predominant thermodynamic
products (Eq. 3.84)."* The products are good precursors of cyclic amino alcohols.

OH OH OEt
0 ' BuyNFe3H,O
UgiNFedly T OEt
: 84
K/KH . oFt — Son Ko, (3.84)
OBn NOy -78°C—-5°C,17h major isomer

90% (ds: 88:12)
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Another application of diastereoselective nitro-aldol reactions catalyzed by Bu,NF-3H,0 is
demonstrated in a simple synthesis of 1,4-dideoxy-1,4-imino-p-mannitol (DIM) and amino
analogues (Eq. 3.85)."* The nitro-aldol reaction of nitro compounds bearing 0-0Xy or (t-amino
function with glyceraldehyde leads to nitrohexitols, which can be reduced to the corresponding
amino compounds. Cyclization gives iminopolyols, as shown in Eq. 3.85.

. Y (0.5 equiv) O [ major 67%
H '/\/ THF Y other isomer 33%
OBn N 0Bn NO,

Oz
90%
OH OH 9/%

e}

Hy/ Pd-C W\/o 1) PhsP, EtsN, CCy4
2)H* H
OH NH, NH O
84%

(3.85)

The nitro-aldol reaction using 1,1-diethoxy-2-nitroethane is useful for lengthening of the
carbon chain of carbohydrates. The reaction of Eq. 3.86 proceeds in a stereoselective way (ds
75%) to give the syn-nitro alcohol in 58% isolated yield."*> The product is converted into
2-amino-2-deoxyaldoses by reaction with H,/Raney Ni.

OHC. o) 0 ‘O_X(
" >< OEt iy
"0ae,, BU4NF '3H20, EtSN N02 O o
Q 0 + OEt Y -
t-BuMe,SiCl EtO.
)VO NO, THF, 5 min o)
OEt OH o#
(3.86)
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