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During the past decade, the nitroso Diels—Alder (NDA) reac-
tion has become more practical tool for organic synthesis,
and a numbers of important compounds have been synthe-
sized using this method. Until recently, no reports on a cata-
lytic asymmetric version of this reaction had been reported;
the major issues were the high reactivity of nitroso com-

pounds and their chemical properties. This microreview out-
lines recent advances in the area of asymmetric NDA reac-
tion following the review by Streith and Defoin in 1994.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

The chemistry of nitroso compounds has been intensively
studied in the past decades, especially in the field of asym-
metric synthesis.[!! Significant developments in chiral-auxil-
iary-mediated asymmetric reactions have been achieved on
nitroso Diels—Alder reaction,! N-nitroso aldol reaction!’!
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and nitroso ene reaction to serve chiral nitrogen- and oxy-
gen-containing molecules. Most recently, the use of ni-
trosobenzene as an oxy electrophile was reported and
broadened the utility of nitroso compounds.!

Nitroso Diels—Alder (NDA) reaction is a useful transfor-
mation, which provides easy access to synthetically useful
compounds, such as 3,6-dihydro-1,2-oxazines,[® in a single
step. These NDA adducts could serve as 1-amino-4-hy-
droxy-2-ene derivatives and allow further functionalization,
which shows their versatility in organic synthesis.

This useful transformation was first reported by Wicht-
erle and Arbuzov in 1947.1 After pioneering work by
Kresze’s group™® and Kirby’s group!® which opened the
door to an asymmetric version of this reaction, several
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groups have made a great contribution to the development
of this transformation. A number of useful chiral nitroso
compounds or chiral diene-mediated asymmetric NDA re-
actions were reported, which have led to the synthesis of
many natural products and biologically important com-
pounds. For examples, Ganem and co-workers reported the
enantioselective synthesis of Mannostatin A in 1991,1% and
Hudlicky and Olivo showed the efficient synthesis of (+)-
lycoricidine in 1992, using this methodology. This micro-
review discusses recent advances in the area of asymmetric
NDA reaction and their synthetic applications, focusing es-
pecially on those following Streith and Defoin’s review in
1994.[2b]

Total Synthesis with Asymmetric NDA
Methodology

NDA adducts obtained from reactions of nitroso com-
pounds with cyclic 1,3-dienes are an attractive precursor of
cyclic polyhydroxylated compounds. For example, Ganem
and co-workers applied this methodology for the enantiose-
lective synthesis of (+)-6-epitrehazolin'?! (Scheme 1). The
reaction of [(benzyloxy)methyl]cyclopentadiene (1) with the
(S)-mandelic acid derived chiral acylnitroso compound
20131 afforded the bicyclic adduct 3 with moderate dia-
stereoselectivity. The N-O bond was cleaved by the use of
sodium amalgam to afford the pure cyclopentene 4 after
silica gel chromatography. Catalytic osmylation of the di-
acetate 5 proceeded with good facial selectivity (>5:1)
which set up two more stereocenters. The diacetate 5 was
further transformed to the exocyclic alkene 7. Flanked by
two allyic substituents shielding the top face of the five-
membered ring, the exocyclic alkene group in 7 underwent
vicinal hydroxylation exclusively from the opposite face

using OsO4 and NMO. Stereoselective introduction of the
quaternary center was achieved in this way, and acetylation
of this diol afforded the pentaacetate 8 possessing all of the
stereocenters required, which was further transformed to
(+)-6-epitrehazolin (9).

The use of substituted symmetric diene in NDA reaction
provides multiple stereocenters in a single step. Soulié and
co-workers took advantage of this property in their total
synthesis of (+)-calystegine B, (15), which is a potent inhib-
itor of B-glucosidases and a-galactosidases (Scheme 2).['4
The required cycloheptadiene 12 for the NDA reaction was
prepared by the method proposed by Pearson and Sriniva-
san['! with some modifications. The reaction of this cyclo-
heptadiene 12 with Kresze’s sugar derived a-chloronitroso
compound 138! afforded the NDA adduct 14 with com-
plete diastereoselectivity possessing all the stereocenters.
Further transformation led to the total synthesis of (+)-
calystegine B, (15) in twelve steps with a satisfactory 13%
overall yield.

The NDA adduct of the reaction with 1,3-cyclohexa-
dienes is also an attractive precursor for 7-azabicyclo[2.2.1]-
heptane derivatives. Kibayashi and co-workers showed the
total synthesis of (—)-epibatidine (22) by use of an asymmet-
ric NDA reaction with a chiral N-acylnitroso dienophile 16
derived from menthol (Scheme 3).['% The reaction with 2-
chloro-5-(1,5-cyclohexadienyl)pyridine (17) proceeded with
good facial diastereoselectivity, which was consistent with
their proposed transition-state model. The regioselectivity
was not high, which is often the case for reactions of acyl
nitroso compounds with 2-substituted 1,3-cyclohexa-
dienes.['l The desired NDA adduct 18 was isolated through
silica gel chromatography, and hydrogenated over PtO, to
give the exo product 21 (81%) as a single diastereomer. Fur-
ther conversion led to total synthesis of (—)-epibatidine in
ten steps with 5.9% overall yield.
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CHOBR | 3 am} NatHg) ~ OR i o
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Scheme 1. Enantioselective synthesis of (+)-6-epitrehazolin.
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Scheme 3. Total synthesis of (—)-epibatidine.

Miller and co-workers developed an efficient method of enzyme (Scheme 4). The enantiopure acetate (—)-24 and
enzymatic resolution of acyl nitroso Diels—Alder derived alcohol (-)-23 were obtained after recrystallization. Import-
aminocyclopentenols.['8! They accomplished a kinetic reso-  antly, this method worked well on the ten-gram scale, and
lution of the racemic cis-4-aminocyclopent-2-en-1-ol (+)-23  the resin-bound enzyme could be easily recovered. Synthetic
using commercially available immobilized C. Antartica B applications of this chiral aminocyclopentenols are demon-

Mo(CO)g (0.2 equiv.)

N NaBH4
+ CAN .
\; ] Boc” 0 ,Cjb
BocN CH3CN/H,0
HO\@ANHBOC C. Antartica B BocHN\gOH . Aco\@,NHBoc
vinylacetate

heptane(wet)
()-23 ICH,Cly (-)-23 (-)-24
46% 43% Conversion
98% ee 98% ee

Scheme 4. Kinetic resolution of racemic cis-4-aminocyclopent-2-en-1-ol.
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Scheme 5. Total synthesis of (+)-streptazolin.

strated by their group. For example, concise total synthesis
of (+)-streptazolin (27) was accomplished starting from the
aminocyclopentenol (—)-23 (Scheme 5).[18]

Intramolecular NDA Reaction

After the first report by Keck in 1978,['] intramolecular
NDA reaction has been recognized to be an efficient
method for the construction of compounds containing a

(+)-streptazolin (27)

Although there are a number of reports using chiral sub-
strates in the asymmetric synthesis of natural products and
related compounds,?” the diastereoselectivities are gen-
erally low. Only Kibayshi’s group succeeded in a highly dia-
stereoselective intramolecular NDA reaction, which was
conducted in aqueous media.[?°2%1 Their finding was that
intramolecular NDA reaction of 4-substituted 5,7-dienohy-
droxamic acid in aqueous media would proceed with high
diastereoselectivity. Their highest diastereoselectivity (6.6:1)
was observed during their total synthesis of (—)-lepadins A,

?Sllgﬁzliglz) or  pyrrolidine  ring with stereocenters B and C (Scheme 7).[20‘?] Thgy employed the chiral com-
' pound 28 to afford their desired bicyclo[4.4.0]1,2-oxazine
29 with good yield and diasteroselectivity. When the reac-
tion was conducted in organic solvents like CHCls, only
HO NHOH HO O OH poor selectivity was observed.
) o N I This enhanced diastercoselectivity was not observed
0 O'N when White and co-workers applied the intramolecular
~ A 0 NDA reaction toward the total synthesis of (+)-loline
(Scheme 8).2! The reaction of the 3-substituted 4,6-dieno-
Scheme 6. Intramolecular NDA reaction. hydroxamic acid 32 to afford the bicyclo[4.3.0]1,2-oxazine
BnO
OMOM OBn
N NHOH nPryNIO, = '?‘. 0
Solvents x O
% 0°C
28 OMOM
BnO. BnO. .
H H,, Entry Solvent 29:30 Yield [%]
. gNlo . o 1 CHCl3 1.7:1 81
0] 2 MeOH 2.6:1 96
: 3 H,O/THF (50:1)  4.3:1 88
~\.-OMOM OMOM 4 H,O/DMF (50:1)  6.6:1 90
29 30
(-)-lepadin A (31a): X = H,, R = COCH,OH
29 —=, B (31b): X = H,, R=H

Scheme 7. Diastereoselective intramolecular NDA reaction for total
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Scheme 8. Intramolecular NDA reaction for total synthesis of (+)-loline.
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Scheme 9. Type 2 intramolecular NDA reaction.
33 resulted in poor diastereoselectivity. Instead of obtaining R!
high diastereosﬂectivity, reversed s.electivity was observed H R’ nBuyNIO, N
when the reaction was conducted in aqueous media. The Ho N ) 0
reason is still unclear. o} N | N
Recently, Shea and co-workers expanded their “type 2 e 0
intramolecular Diels—Alder reaction” methodology®?! to 42 1 NN
the intramolecular NDA reaction (Scheme 9).1**! The reac- R = Bn, OB, o
tion of dienes for formation of bicyclo[4.3.1]-oxazinolac- single dlaster;c;mer
tams and bicyclo[5.3.1]-oxazinolactams proceeded with 0 N
complete regioselectivity which is a product from confor- HO. 2 nBuNIO, o]
mation 40. With dienes containing longer tethers, the ener- H ! R? . N
getics for the cycloaddition in conformations 40 and 41 are | o
equivalent and both cycloadducts 38 and 39 were found in 44 45
equal amounts, where their low selectivity is consistent with R? = Bn, Py

the intermolecular reaction of N-acyl nitroso compounds
with 2-substituted 1,3-dienes.l'”! Detailed studies on the re-
lationship between substituents on alkyl group and m-facial
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Scheme 10. Diastereoselective type 2 intramolecular NDA reaction.
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selectivity of the reaction revealed that the selectivity
heavily relies on steric and electronics on C2 carbon
(Scheme 10). Indeed, complete diastercoselectivity was ob-
served when the C2-substituted hydroxamic acids 42 and 44
were used, which led to the formation of an anti-substituted
oxazinolactam 43 and 45. Elaboration of 46 led to the for-
mation of a cis-3,7-disubstituted azocin-2-one 48 after cata-
lytic hydrogenation of the double bond followed by cleavage
of the N-O bond by Na(Hg) amalgam (Scheme 11).

~—Ph ~—Ph
H,, 10% Pd/C

0 @O
| N MeOH, 80% N
| |
o 0

47

0
B C’ﬁ
" 0H

Scheme 11. Conversion to cis-3,7-disubstituted azocin-2-one.

Na(Hg), Na,HPO,
EtOH, 80%

Enantioselective NDA Reaction

Enantioselective NDA reaction has long been regarded
as a difficult process. One major reason is the high reactiv-
ity of nitroso compounds: they readily undergo [4+2] cyclo-

dnbz

L = PPh,

2 BuOOH

@ + tBuO CO/R“‘O
dlss

Boc

oc
N4
Kpa m
7 0 N N
N o-Ru-g
L
50

C O/Ru\o

addition with dienes without activation. Acyl nitroso com-
pounds, for example, are very reactive species and have a
relatively short lifetime.?* As the isolation of acyl nitroso
compounds is an almost impossible process, the formation
is usually achieved by an in situ oxidation of hydroxamic
acids, which are directly trapped by 1,3-diene.[*’!

An interesting concept for induction of asymmetry using
this in situ generated acyl nitroso compound was reported
by Whiting and co-workers. As they previously found that
the oxoruthenium(1v) complex catalyzed the oxidation of
hydroxamic acids to the corresponding acyl nitroso com-
pounds, which then immediately undergo NDA reaction,!
they expected that the use of a chiral ligand would lead
to a chiral induction on this NDA reaction step.”?”! They
envisioned that the acyl nitroso compound formed after the
oxidation step would stay in the coordination sphere of the
chiral ruthenium catalyst when it reacts with 1,3-cyclohexa-
diene (Scheme 12). The ruthenium-salen type ligand 49a
was chosen because all the equatorial ligand positions are
fixed and the ligand is enantiomerically pure. This catalyst
was prepared using procedures reported by Zheng et al.,[*8]
from RuCl,(PPhjs), and the salen ligand. Unfortunately, the
reaction of tert-butyl N-hydroxycarbamate with 1,3-cyclo-
hexadiene proceeded with no enantioselectivity, in spite of
high yield. Considering this result, it is most likely that the
formed acyl nitroso compound rapidly dissociates from ru-
thenium and undergoes thermal Diels—Alder reaction
(Kdiss>>kpa)-

Although Whiting and his co-workers’ intermolecular
process had no asymmetric induction, Chow and Shea pro-
posed that an intramolecular version of this reaction would

= salen ligand
L' = OPPhy

DC .

tBuOOH

X tBUOH

Che =

HO.

.B
\-Bo° @
H )

Scheme 12. Proposed mechanism for ruthenium catalyzed oxidation of a hydroxamic acid and in situ NDA reaction.
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Scheme 13. Proposed mechanism for ruthenium catalyzed oxidation of a hydroxamic acid and in situ intramolecular NDA reaction.

have a higher probability of taking place while the interme-
diate is still in the coordination sphere of the ruthenium.
They proved this hypothesis by applying their type-2 intra-
molecular NDA reaction. Thus, the reaction was conducted
with 4-methylene-5-hexenyl N-hydroxycarbamate (51) in the
presence of the chiral ruthenium-salen catalyst 49b, which
gave the product 53 with 75% ee (Scheme 13).12°1 This result
could be rationalized by the proposal of their group and
Whiting’s group that acyl nitroso compound stays in the
coordination sphere of ruthenium catalyst after the oxi-
dation step. In fact, N-binding nitrosoruthenium complexes
[Ru(RN=0)(L)] (R = alkyl, aryl) have been reported and
characterized by X-ray structure analysis.’%l Rapid dissoci-
ation from ruthenium (kg;) might be a result of the elec-
tron deficiency of acyl nitroso compounds. Because this
dissociation is dependent on the reoxidation process, which
is a bimolecular reaction, the importance of intramolecu-
larity for asymmetric induction is clear. Indeed, concentra-
tion impacted the enantioselectivity, whereas a diluted con-
dition gave better enantioselectivity than the concentrated
one.

Aryl nitroso compounds are much more stable than acyl
nitroso compounds, which should make them amenable to
activation by chiral Lewis acids. Interesting results were re-
ported by Whiting and his co-workers as they tried to acti-
vate nitrosobenzene or ortho-methoxynitrosobenzene with
various chiral Lewis acids.®!'l They reported that reactions
of these nitroso compounds with 1,3-cyclohexadiene in the
presence of various series of Lewis acid metals, ligands and
solvents led to no chiral induction. The rational explanation
for this result is connected with a well-known property of
nitroso compounds. Nitroso compounds exist in rapid equi-

Eur. J. Org. Chem. 2006, 2031-2043

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

librium with their dimer counterparts 55,32 which in turn
are reasonable bidentate ligands for transition metals.3!-33
Indeed, Whiting and his colleagues isolated and identified
the structure of the Sc(OTf)s;-o-methoxynitrosobenzene di-
mer complex by X-ray analysis (Figure 1) and showed that
this complex neither promotes nor inhibits the NDA reac-
tion (Scheme 14). These results suggested that hard and/or
bidentate Lewis acids will neither cause rate acceleration
nor will they be applicable in obtaining asymmetric induc-
tion. They described that possible solutions are the use of
softer Lewis acids or Lewis acids which are only capable of
monodentate coordination.

Figure 1. X-ray structure of the Sc(OTf);-o-methoxynitrosobenzene
dimer complex.

The first enantioselective NDA reaction was reported by
Ukaji and Inomata using one equivalent of tartaric acid
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Scheme 14.

ester (Scheme 15).34 Instead of activating nitrosobenzene,
they generated an unique chelating transition state of (cy-
clohex-1,3-dienyl)methanol (57) with zinc-tartaric acid
complex to induce enantioselectivity. This reaction gave the
NDA adduct 58 with complete regioselectivity in 94 % yield
with 92% ee.
(R,R)-tartaric acid ester
1 equiv.

9 iPrz(Zn ((1 eqzjiv‘) HO,
nPrZnBr (1 equiv.

@AOH sg Ph

57 up to 92% ee
Br\zln/,\o
A OfBu
O-Zn, o
0", Bu
O~ oy
0

Scheme 15. Enantioselective NDA reaction utilizing tartaric acid
ester chiral auxiliary.

Connected with our recent results on the catalytic enan-
tioselective O-selective-I*?! and N-selectivel*! nitroso aldol
reaction of metal enolate with nitrosobenzene in the pres-
ence of various silver-BINAP complexes, we were interested
in activating nitroso compounds with chiral Lewis acid. In-
teractions of nitroso compounds with metals are well
studied,’*®! and Figure 2 represents the binding modes with
metals which should be amenable for activation. Sole N-
binding (i) is the most common mode of RN=0O binding
observed to date in crystallography characterized metal—
RN=0 compounds, whereas sole O-binding (ii) is less com-
mon.B”l Metal RN=0 compounds with an additional co-

ordinating site on nitroso compounds are also known, and
most of them are N-binding (iii). O-binding modes (iv, v)
are also rare in this case.

Activation by single-bond coordination (i, ii) is attractive,
but the possibility of forming stable dimer-metal complex
cannot be excluded (Scheme 14). Coordination with an ad-
ditional site should give a more rigid complex, which could
avoid the formation of a dimer—-metal complex. N-binding
and O-binding metal-RN=0 complex (iii, v) have pre-
cedents, and are suitable for this purpose, but the existence
of the resonance form [shown at the left in Equation (1)
and Equation (2)] can possibly deactivate the nitroso com-
pound. Although there were no precedents, activation via
chelate intermediate (iv) was the most reasonable approach
for us, and our interest in this chemistry drove us to explore
the use of strategy.l38!

¢ 9
2N, = N,
o — CL
2 b -
X X (D

O O
N _Mtl
S Mt %

We recently accomplished the first catalytic asymmetric
NDA reaction using 2-nitrosopyridine derivatives in the
presence of a chiral phosphane—copper catalyst.>*] We ex-
pected that the coordination of pyridine would generate a
monomeric nitrosopyridine—catalyst complex, which would
immediately react with dienes. As expected, the reaction of

@

Coordination on nitrogen

tl

Single bond coordination

M
R\N',O

Coordination on oxygen

5-membered ring 5-membered ring

Coordination on nitrogen Coordination on oxygen Coordination on oxygen

X.
r h Mtl o
' ! ! Double bond coordination
L N’/O

v

6-membered ring

Figure 2. Binding modes of metal-RNO complexes.
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2-nitrosopyridine (59a) with 1,3-cyclohexadiene afforded
NDA adduct 6la with excellent yield and good enantio-
selectivity. Our proposed reaction model (Figure 3) is con-
sistent with the absolute configuration obtained from the
reaction. Furthermore, the enantioselectivity is sensitive to
the substituent at 6-position of 2-nitrosopyridine
(Scheme 16), and to the dihedral angle of the phosphane
ligand (Scheme 17),[*1 which further indicates that the reac-
tion proceeds via this highly organized transition state.

Our best result was obtained with 6-methyl-2-nitrosopyr-
idine (59b) in the presence of [Cu(MeCNy)-segphos]PFg
complex, and worked well for a wide range of substrates.
Especially, the reaction with 2-substituted 1,3-cyclohexa-
dienes proceeded in a completely regioselective manner,
which is normally difficult using acyl nitroso compounds
(Scheme 18).117]

bina
P (1R)
70
N
@5) Y\
N P

Figure 3. Plausible chelate intermediate.

The Diels—-Alder adduct was easily transformed to a pro-
tected amino alcohol (Scheme 19). After cleavage of the N-O
bond, the resulting alcohol and amine were protected by TBS
and tosyl group, respectively. Quaternization of pyridine
followed by treatment of NaOH afforded the protected amino
alcohol 64 in good yield without loss of enantioselectivity.

~ Vo [Cu(MeCN)4]PF5-(S)-binap
| | . (10 mol-%)
Z CH,Cly, ~85 °C —= —20 °C R N
R quant. =
60

59a:R=H 59c:R=Et
59h: R =Me 59d: R = iPr

Scheme 16. Reaction with various 2-nitrosopyridines.

Cu(MeCN),]PFs-Ligand

61a: 59% ee 61c: 86% ee
61b: 87% ee 61d: 77% ee

‘/ l /O
N

N, [Cu(
| 0 (10 mol-%)
N + - N O ent. 61b
Z CH,Cl, -85°C — -20°C I
bl t N .
59b 60 quant. 61b
Ligand :
o O 10 O ¢
PPh, PAr, PPh, MeO PPh, ©O PPh,
OO PPh, PAr, PPh, MeQ PPh, o O PPh,
g g ‘ ‘ g 0
(S)-binap (R)-binap (Ar=Ph)  (R)-Hg-binap {R)-MeO-biphep (S)-segphos
(87% ee) (87% ee) (67% ee) (90% ee) (92% ee)
(R)-p-tol-binap (Ar = 4-MeCgH,)
(86% ee)
Scheme 17. Effects of ligand on enantioselectivity.
(1)n
N N. ( [Cu(MeCN),]PFg-(S)-segphos }6\0
| o, (10 mol-%) R N,
N CH,Cl, -85 °C —= 20 °C 7N
R ‘ N_

R =H, Me, Ph, OTBS
n=0,1,2

Scheme 18. Reaction with substituted 1,3-dienes.
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92% ee
2
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-OTf MeOH/H,0
95% OTBS
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63 64
92% ee

Scheme 19. Conversion to protected amino alcohol.

Significant broadening in the scope of the reaction was
achieved by the use of the 2-silyloxy-1,3-diene 66 as diene,
which allowed us to apply this transformation to acyclic
dienes (Scheme 20).14!1 The bulkiness of the substituents on
the silicon atom played a crucial role in achieving high
enantioselectivity, where their role is to force the diene to
form a s-cis configuration in favor of the concerted [4+2]
cycloaddition reaction (Scheme 21). The OTIPS group
proved to be the best among the silyloxy groups we tried,
and together with copper(1)-(.S)-difluorophos catalyst, com-
plete enantioselectivity was observed. Importantly, the reac-
tion proceeded with complete regioselectivity giving the 4-
triisopropylsilyloxy-3,6-dihydro-1,2-oxazine derivatives 70
in a single step. The product was further efficiently trans-
formed to the protected chiral amino alcohol 71. Wide ran-
ges of substrates were applicable to this method, and func-
tionalized dienes containing protected alcohol, heteroarom-
atics and esters proceeded with good enantioselectivity. This
method provides an easy access to protected chiral amino
alcohols with three stereocenters starting from simple en-
ones 65.

TBSO OTBS
1 -
0 TIPSO R\ R?
RWRZ NHTS
65 71
TIPSO
N [Cu(MeCN),]PF4 (10 mol-%) RN — IR
OTIPS | Yo 72 (10.5 mol-%) N—G
R! _~ + ~-N
= “R? CH,Cl,, -85 °C —-20°C ==
\ N
(d.r. > 99:1) 4
66 59b 70
Scheme 20. Catalytic asymmetric nitroso Diels—Alder reaction with acyclic dienes.
RO
N [Cu(MeCN)4]PFg (10 mol-%) ol TN
RO | e Ligand (10.5 mol-%) N—G
+ N
__A>__“§__ 2 CH,Cl, -85 °C —= -20 °C =
. \ N
>85% yield 4
73a: R = TMS
73b: R = TBS 59b 74a - T4c
73c: R=TIPS

(O O FXO O Silyloxydiene  ligand  ee [%]
PPh, F O PPh,

o)
Ligand: 73a 72a 16
<O O PPh, F><O O PPh, 73b 72a 84

o F % 73c 72a 98

73c 72b >99

(S)-segphos (72a) (S)-difluorophos (72b)

Scheme 21. Effect of size of silicon group on enantioselectivity.
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Enantioselective Tandem O-Nitroso Aldol/
Michael Reaction

Recently, many groups almost simultaneously reported the
enantioselective O-selective nitroso aldol reaction using
amine-based catalyst.['*?1 On the basis of this reaction, we
designed and developed a new pathway to NDA-type bicy-
clic products (Scheme 22).1431 Two roles were expected for
the amine catalyst. One was the formation of enamine for
enantioselective O-nitroso aldol reaction and the other was
activation of the enone through an iminium intermediate to
facilitate the Michael reaction of aminooxy anion.** The
reaction was performed with enone with aryl nitroso com-

pounds in the presence of pyrrolidine-based catalyst to give
the formal NDA adducts in moderate yields with complete
enantioselectivities. An interesting fact is that the regioselec-
tivity of the product is opposite from that of the NDA ad-
duct from the “normal” concerted [4+2] pathway
(Scheme 23).

We also found that the reactions of stanyloxy diene with
nitrosobenzene in the presence of selectively prepared sil-
ver-BINAP complexes gave O- or N-nitroso aldol adducts,
respectively, with high enantioselectivities (Scheme 24).
Considering that no cyclized product was obtained from
this reaction, and attempts to cyclize these products pro-
ceeded without success, the smooth cyclization depicted in

(6] N X i R ¢ ]Rn
R R
T . S Oié 0
Jn Ar” NN\_ N\
R R Ar Ar
N~
X = -§_</ i, CO,H 34 - 64% vield
H’ 98 - 99% ee
R =H, Me, Ph,
R,R = -(OCH,CH,0)-
Scheme 22. Enantioselective tandem O-nitroso aldol/Michael reaction.
[4+2]-Cycloaddition (NDA Reaction)
OSiMe;
O Me3SiO <~ -Ar H* H,0
/,I\II + I’T‘ W.E.., (@] N/AI’
Ar .0 o

Stepwise O-Nitroso Aldol / Michael Reaction

0 Ry R
(Ir\l)l + H RV/N: o H+, H2O O%O
Ar/ ,ll_ NI
~ CAr \
Ar
Scheme 23. Regioselectivity of NDA reaction and tandem O-nitroso aldol/Michael reaction.
P,
0OSnMe, *<p’,AQOTf o
N o (10 mol-%) 2O~ -Ph
N H
Ph THF
-78°C, 1h
91 %vield, 93% ee
P—AgOTf
OSnBu <
: P—AgOTf O OH
. 0 (10 mol-%) 2N
Ph/N
EtOCH,CH,OEt
-78°C,1h

98 %yield, >99% ee

Scheme 24. Enantioselective O- or N-nitroso aldol reaction in the presence of silver-BINAP complexes.
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Scheme 22 must have originated from the steric require-
ments of enamine and/or the electronic effect of the inter-
mediate ion pair.

Conclusion

The asymmetric NDA reaction has been used as a key
reaction in the synthesis of natural products and biolo-
gically important products. Until very recently, steady im-
provements in this methodology were focused only on de-
veloping new chiral nitroso compounds to achieve a dia-
stereoselective version of this reaction. The enantioselective
NDA reaction is a great challenge to chemists as nitroso
compounds are highly reactive and have some special prop-
erties. Many new aspects in nitroso chemistry have recently
been found along with the advances in enantioselective ni-
troso chemistry. A chiral ruthenium catalyst which catalyzes
the oxidation of hydroxamic acid can, in turn, accelerate
the cyclization step to induce enantioselectivity. The chiral
induction is also possible with a chiral Lewis acid when
an appropriate nitroso compound is used to form a chelate
monomer complex.

Catalytic asymmetric NDA reaction has just gotten
started, and we feel fortunate that we have a chance to con-
tribute to this chemical field. We hope and believe that the
next decade will see great development in this interesting
chemistry.

Acknowledgments

We gratefully acknowledge the contribution of Dr. Norie Momi-
yama to our study of nitroso chemistry. We also appreciate the
support of Dr. Ian Steele in performing the X-ray crystallographic
analyses. Y. Y. thanks Dr. K. Suzuki, BANYU Pharmaceutical Co.
Ltd. for generous support. Funding for this research was provided
by the SORST project of the Japanese Science and Technology
Agency (JST), National Institutes of Health (NIH) GM068433-01
and a grant from the University of Chicago.

[1] For a recent review on nitroso chemistry see: a) H. Yamamoto,
N. Momiyama, Chem. Commun. 2005, 3514-3525.

[2] For reviews on nitroso Diels—Alder reaction see: a) H. Wald-
mann, Synthesis 1994, 535-551; b) J. Streith, A. Defoin, Syn-
thesis 1994, 1107-1117; c) J. Streith, A. Defoin, Synletr 1996,
189-200; d) P. F. Vogt, M.J. Miller, Tetrahedron 1998, 54,
1317-1348.

[3] a) W. Oppolzer, O. Tamura, Tetrahedron Lett. 1990, 31, 991—
994; b) W. Oppolzer, O. Tamura, G. Sundarababu, M. Signer,
J. Am. Chem. Soc. 1992, 114, 5900-5902.

[4] For a review on nitroso ene reaction see: W. Adam, O. Krebs,
Chem. Rev. 2003, 103, 4131-4146.

[5] a) N. Momiyama, H. Yamamoto, Angew. Chem. Int. Ed. 2002,
41, 2986-2988; N. Momiyama, H. Yamamoto, Angew. Chem.
Int. Ed. 2002, 41, 3313; b) N. Momiyama, H. Yamamoto, J
Am. Chem. Soc. 2003, 125, 6038-6039; N. Momiyama, H. Ya-
mamoto, J Am. Chem. Soc. 2004, 126, 6498.

[6] For reviews on approaches to this class of compounds see: a)
P. G. Tsoungas, Heterocycles 2002, 57, 915-953; b) P.G.
Tsoungas, Heterocycles 2002, 57, 1149-1178. Recent advances
on approaches to this class of compounds: ¢) R. Pulz, S. Cicchi,
A. Brandi, H.-U. Reissig, Eur. J. Org. Chem. 2003, 1153-1156;

2042

WWW.eurjoc.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

d) M. D. Ganton, M. A. Kerr, J. Org. Chem. 2004, 69, 8554—
8557; e) M. P. Sibi, Z. Ma, C. P. Jasperse, J. Am. Chem. Soc.
2005, 127, 5764-5765; f) S. Kumarn, D. M. Shaw, D. A. Long-
bottom, S. V. Ley, Org. Lett. 2005, 7, 4189-4191.

[7] a) O. Wichterle, Collect. Czech. Chem. Commun. 1947, 12, 292~
304; b) Y. A. Arbuzov, Dokl. Akad. Nauk SSSR 1948, 60, 993—
996.

[8] a) H. Nitsch, G. Kresze, Angew. Chem. 1976, 88, 801; Angew.
Chem. Int. Ed. Engl. 1976, 15, 760; b) H. Felber, G. Kresze, R.
Prewo, A. Vasella, Helv. Chim. Acta 1986, 69, 1137-1146.

[9] G.W. Kirby, M. Nazeer, Tetrahedron Lett. 1988, 29, 6173~
6174.

[10]S. B. King, B. Ganem, J Am. Chem. Soc. 1991, 113, 5089—
5090.

[11] T. Hudlicky, H. F. Olivio, J. Am. Chem. Soc. 1992, 114, 9694
9696.

[12]J. Li, F. Lang, B. Ganem, J. Org. Chem. 1998, 63, 3403-3410.

[13] A. Miller, T. McC. Peterson, G. Procter, Synlett 1989, 32-34.

[14] T. Fatig, J. Soulié, J.-Y. Lallemand, L. Ricard, Tetrahedron:
Asymmetry 1999, 10, 2165-2174.

[15] A. J. Pearson, K. Srinivasan, J Org. Chem. 1992, 57, 3965—
3973.

[16]S. Aoyagi, R. Tanaka, M. Naruse, C. Kibayashi, J. Org. Chem.
1998, 63, 8397-8406.

[17] For discussions on regioselectivity in NDA reaction, see: a)
D. L. Boger, M. Patel, F. Takusagawa, J. Org. Chem. 1985, 50,
1911-1916; b) G. Leach, K. N. Houk, J Org. Chem. 2001, 66,
5192-5200; also see: ref.[><l.

[18]a) M. J. Mulvihill, J. L. Gage, M. J. Miller, J. Org. Chem. 1998,
63, 3357-3363; b) F Li, J. B. Brogan, J. L. Gage, D. Zhang,
M. J. Miller, J. Org. Chem. 2004, 69, 4538-4540; ¢) F. Li, N. C.
Warshakoon, M. J. Miller, J Org. Chem. 2004, 69, 8836-8841.

[19]1 G. E. Keck, Tetrahedron Lett. 1978, 19, 4767-4770.

[20]a) T. P. Burkholder, P. L. Fuchs, J. Am. Chem. Soc. 1990, 112,
9601-9613; b) G. E. Keck, D. R. Romer, J Org. Chem. 1993,
58, 6083-6089; c) C. Kibayashi, S. Aoyagi, Synlett 1995, 873~
879; d) T. Ozawa, S. Aoyagi, C. Kibayashi, J. Org. Chem. 2001,
66, 3338-3347; e) T. Sato, S. Aoyagi, C. Kibayashi, Org Lett.
2003, 5, 3839-3842.

[21]P. R. Blakemore, S.-K. Kim, V. K. Schulze, J. D. White, A. F. T.
Yokochi, J. Chem. Soc., Perkin Trans. 1 2001, 1831-1845.

[22] For a review see: B. R. Bear, S. M. Sparks, K. J. Shea, Angew.
Chem. Int. Ed. 2001, 40, 820-849; and references cited therein.

[23]a) S. M. Sparks, J. D. Vargas, K. J. Shea, Org. Lett. 2000, 2,
1473-1475; b) C. P. Chow, K. J. Shea, S. M. Sparks, Org. Lett.
2002, 4, 2637-2640; ¢) S. M. Sparks, C. P. Chow, L. Zhu, K. J.
Shea, J. Org. Chem. 2004, 69, 3025-3035.

[24] For direct observation of an acyl nitroso species see: A. D. Co-
hen, Bu.-B. Zeng, S. B. King, J. P. Toscano, J. Am. Chem. Soc.
2003, /25, 1444-1445. and references cited therein.

[25] G. W. Kirby, J. G. Sweeny, J Chem. Soc.,, Chem. Commun.
1962, 704-711.

[26] a) K. R. Flower, A. P. Lightfoot, H. Wan, A. Whiting, Chem.
Commun. 2001, 1812-1813. also see: b) S. Iwasa, K. Tajima,
S. Tsushima, H. Nishiyama, Tetrahedron Lett. 2001, 42, 5897
5899.

[27]1K. R. Flower, A. P. Lightfoot, H. Wan, A. Whiting, J. Chem.
Soc., Perkin Trans. 1 2002, 2058-2064.

[28] X. Yao, M. Qui, W. Li, H. Chen, Z. Zheng, Tetrahedron:
Asymmetry 2001, 12, 197-204.

[29] C. P. Chow, K. J. Shea, J Am. Chem. Soc. 2005, 127, 3678—
3679.

[30]a) J. Chang, M. D. Seider, R. G. Bergman, J. Am. Chem. Soc.
1989, 711, 3258-3271; b) J.-L. Liang, J.-S. Huang, Z.-Y. Zhou,
K.-K. Cheung, C.-M. Che, Chem. Eur. J. 2001, 7, 2306-2317,
¢) J. Lee, B. Twamley, G. B. Richter-Addo, Dalton Trans. 2004,
189-196.

[31]A. P. Lightfoot, R. G. Pritchard, H. Wan, J. E. Warren, A.
Whiting, Chem. Commun 2002, 2072-2073.

Eur. J. Org. Chem. 2006, 2031-2043



Recent Advances in Asymmetric Nitroso Diels—-Alder Reactions

MICROREVIEW

[32] For reviews on dinitroso and polynitroso compounds, see:
B. G. Gowenlock, G. B. Richter-Addo, Chem. Soc. Rev. 2005,
34, 797-809, and references cited therein.

[33]R. S. Srivastava, K. M. Nicholas, J. Am. Chem. Soc. 1997, 119,
3302-3310.

[34] X. Ding, Y. Ukaji, S. Fujinami, K. Inomata, Chem. Lett. 2003,
32, 582-583.

[35]N. Momiyama, H. Yamamoto, J Am. Chem. Soc. 2004, 126,
5360-5361.

[36] For reviews on coordination of C-nitroso compounds with me-
tals, see: a) M. Cameron, B. G. Gowenlock, Chem. Soc. Rev.
1990, 79, 355-379; b) J. Lee, L. Chen, A. H. West, G. B. Rich-
ter-Addo, Chem. Rev. 2002, 102, 1019-1065. Recent reports in
this area: c¢) J. M. O’Connor, K. D. Bunker, Organometallics
2003, 22, 5268-5273; d) X. Li, C. D. Incarvito, T. Vogel, R. H.
Crabtree, Organometallics 2005, 24, 3066-3073; e) R. S. Srivas-
tava, M. A. Khan, K. M. Nicholas, J Am. Chem. Soc. 2005,
127, 7278-7279.

[37] For O-binding see: a) G.-E. Matsubayashi, K. Nakatsu, Inorg.
Chim. Acta 1982, 64, L163; b) S. Hu, D. M. Thompson, P. O.
Ikekwere, R. J. Barton, K. E. Johnson, B. E. Robertson, Inorg.
Chem. 1989, 28, 4552-4554; c¢) L.-S. Wang, L. Chen, M. A.
Khan, G. B. Richter-Addo, Chem. Commun. 1996, 323-324; d)
S.J. Fox, L. Chen, M. A. Kahn, G. B. Richter-Addo, Inorg
Chem. 1997, 36, 6465-6467.

[38] Recently, interesting methods for activation of a-acetoxyni-
troso compounds were reported. see: a) G. Calvet, M. Dussaus-
sois, N. Blanchard, C. Kouklovsky, Org Lett. 2004, 6, 2449

Eur. J. Org. Chem. 2006, 2031-2043

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

2451; b) G. Calvet, R. Guillot, N. Blanchard, C. Kouklovsky,
Org. Biomol. Chem. 2005, 3, 4395-4401.

[39]Y. Yamamoto, H. Yamamoto, J Am. Chem. Soc. 2004, 126,
4128-4129.

[40] For a review on biaryl-type bisphosphane ligands see: H. Shim-
izu, 1. Nagasaki, T. Saito, Tetrahedron 2005, 61, 5405-5432.
[411Y. Yamamoto, H. Yamamoto, Angew. Chem. 2005, 117, 7244

7247; Angew. Chem. Int. Ed. 2005, 44, 7082—7085.

[42] For reviews see: a) P. Merino, T. Tejero, Angew. Chem. 2004,
116, 3055-3058; Angew. Chem. Int. Ed. 2004, 43, 2995-2997;
b) J. M. Janey, Angew. Chem. 2005, 117, 4364-4372; Angew.
Chem. Int. Ed. 2005, 44, 4292-4300; Recent advances in this
area: ¢) N. Momiyama, H. Yamamoto, J. Am. Chem. Soc. 2005,
127, 1080-1081; d) H.-M. Guo, L. Cheng, L.-F. Cun, L.-Z,
Gong, A.-Q. Mi, Y.-Z. Jiang, Chem. Commun, 2006, advanced
article.

[43]a) Y. Yamamoto, N. Momiyama, H. Yamamoto, J Am. Chem.
Soc. 2004, 126, 5962-5963; also see: b) Y. Hayashi, J. Yamagu-
chi, K. Hibino, T. Sumiya, T. Urushima, S. Mitsuru, D. Hashi-
zume, H. Koshino, Adv. Synth. Catal. 2004, 346, 1435-1439; ¢)
H. Sundén, N. Dahlin, I. Ibrahem, H. Adolfsson, A. Cérdova,
Tetrahedron Lett. 2005, 46, 3385-3389.

[44]a) J. S. Baum, H. G. Viehe, J Org Chem. 1976, 41, 183-187;
b) K. A. Ahrendt, C.J. Borths, D. W. C. MacMillan, J Am.
Chem. Soc. 2000, 122, 4243-4244.

Received: October 31, 2005
Published Online: February 6, 2006

2043

WWW.eurjoc.org



