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I. Introduction

M

The Diels-Alder cycloaddition has become one of the most used and dependable reactions in ail of
organic synthesis.! One reason for its popularity is that asymmetric versions of the Diels-Alder reaction give
chemists the power to create up to four contiguous chiral centers in one step. This can be accomplished either
with chiral catalysts and achiral dienes and dienophiles or, as often used, with chiral auxiliaries on the diene, the
dienophile or both (Eg. 1).2
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The use of chiral auxiliaries in the Diels-Alder reaction has led to the stereoselective synthesis of many
interesting nrodncts
teresting products,
R R
//I' /R“ — s o . /k/R"
[’ . ﬂ whirai Catalyst [I I. (Eq- 1)
i\| TR or Chiral Auxiliary SR
R’ R’
2 3
Hetero Diels-Alder reactions, by definition, are [4 + 2] cvcloadditions of dienes and dienaphiles in which
one or more carbons of the reactive species has been replaced with a hctcroatom 3 A large variety of hetero
dienophiles 4 have been studied (Figure 1). The list in Figure 1, although not inclusive, does indicate the

diversity of the heiero dienophiles that have been examined. Asymmeiric ali carbon, or homo Dieis-Aider

reactions, provide routes to chiral six membered carbon rings. Asymmetric hetero Diels-Alder reactions provide
access to chiral heterocyclic compounds § in a similar fashion. These chiral heterocyclic compounds can be the
synthetic targets themselves or be highly functionalized intermediates in the synthesis of other molecules.
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This review will describe cycloadditions of nitroso dienophiles 6, especially acylnitroso dienophiles 7
(R =carbon or heteroatom). The focus will be on the use of these dienophiles in hetero Diels-Alder reactions,
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preparation of enantiomerically pure, functionally rich heterocyclic precursors of biologic
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litroso Dienophiles

A wide range of C-nitroso compounds have been used in hetero Diels-Alder reactions including
arylnitroso 8, a-chloronitroso 9, cyanonitroso 10, C-nitroso sugar derivatives 11, vinylnitroso 12,
iminonitroso 13 and the aforementioned acylnitroso species 7 (Figure 2). In the next several sections a
discussion of the properties of compounds 8-13, as well as some examples of their use in synthesis, will be

hy Wainrah3b, € and

ven. For a more detailed account of their properties see the previous reviews by Weinreb ¢ and
S T S 7, [} 2 W JUX IS g U LY B JUgy . T J—
Waldmann.”®! An in-depth review of acylnitroso dienophiles 7 will follow
Q Q Q Q ? ’
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reactions when cemparcd to acylnitroso dienophiles 7. However, arylnitroso derivatives are readily available
synthetic intermediates and, when they can be induced to react, they do so regioselectively with most 1,3-dienes.
As an exampie, nitrosobenzene 14 and 1,2-dihydropyridine 15 underwent the hetero Diels-Alder reaction to
give cycloadduct 16 exclusively and in good yield (Scheme 1). Cycloadduct 16 was later transformed into
Iyxopiperidinose derivative 17.5 When acylnitroso dienophiles 7 were used with diene 15, the opposite
regioisomers were formed.®

N=O + /\! Hk;u Hq LO2Me
A &’N‘COzMe PhN
OzMe
“ 15 1% 17
Scheme 1

Recent work has generated arylnitroso species 8 in situ by oxidation of the corresponding aromatic
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x\uauuy available a-chloronitroso QiCNopiics 7 arc relativel 1y slu ‘gg' h partii
reactions but have been used on a number of occasions since first reporied in 194
treated with 1,3-dienes, the products were unstable adducts 18 and 19. When the reactions were run in

alcoholic solvents, the isolated products were dihydro-1,2-oxazines related to 20 (Scheme 2).

; [ o 2] 4
Ch N “ N R = A~i=%r| _ROH  NH-HCI
18 ) 20

As an example, cyclohexanone-derived a-chloronitroso dienophile 21 was treated with 2-methyl-3-
phenyl-1,3-butadiene (22) to yield the expected adducts 23 and 24 in a 7:3 ratio (Scheme 3).9 Kresze et. al.
have used 21 in the synthesis of a variety of inosamine derivatives.!0
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Kresze,!! as well as many others, 12 have published studies on chirai a-chioronitroso dienophiies. Two
of these chiral a-chloronitroso dienophiles are mannose derivative 25 and D-ribose derivative 26. Both give
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good yields of the expected cycloadducts in very good enantiomeric excesses (>96%) upon reaction with
1 : wr M " acnmbha man~ti e wteh
cyclohexadiene and related dienes. (Scheme 4). Interestingly, the report did not d 1s with

Dealimminaomr ahidias ¢ P -, N, T P

cyclopentadiene. Preliminary studies in our group indicaie that the diastereoselectivity of the cycioaddition with
cyclopentadiene is significantly lower, as indicated by decreased enantiomeric purity of the eventual
cycloadducts.13

C. Cyanonitroso Dienophiles
Nitrosocyanide (10) is seldom used as a dienophile but can be prepared by reaction of nitrosyl chloride
with silver cyanide. Reactions of 10, generated this way, led to the desired cycloadducts as well as several

unwanted side products. However, the cyanonitroso species was conveniently stored as an adduct (28) with

AL LB LS QAL a4l CLLVCILCAAAY 2R QUL &2,

9,10-dimethylanthracene and cleanly unveiled for synthetic use by a retro-Diels-Alder reaction (Scheme 5).14

[ ] , J
NOCI + AGCN INCﬁ | = )/«1’3_\
L J )
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" g o7 H.’I\‘\ ;1‘.\\\
POV AT NCN AT TR
A o} NCNT
2 0 31
Scheme 5

In a recent example, a-cCyanonitroso dienophile 33 underwent reaction with hetero dienophile 32,
whereas reaction of the same diene with a-chloronitroso derivatives 9 failed (Scheme 6).15

Mes |u\/ X ( ] 1) CHClg, reflux . oﬁ/\)ﬂ;u
N§I X ) 2) MeOH Hh\/o
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Scheme 6
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in cycloaddition reactions. 16

E. Vinylnitroso Dienophiles

Vinylnitroso species 1217 are unique in that they can participate in the hetero Diels-Alder reaction as
either the diene or the dienophile. Their reactivity is dependant on their structure, as well as on the structure of
the other component of the reaction system. Vinylnitroso species are unstable and are usually generated in situ

hv treatment of a-haloximes 39 with base (Scheme R). In Scheme 8, fluorinated vinvlnitroso species 40
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Scheme 8
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F. Iminonitroso Dienophiles

1323

o@,ﬁra
m/km

Iminonitroso species 48 have been prepared by oxidation of N-arylamidoximes 46 or by the reaction of
N-aryl-SS-dimethyl-sulphimides 47 with nitrile oxides. The iminonitroso species can then cyclize to give
1,2,4-benzoxadiazines 49. Intermediate 48 can also be trapped with dienes to give the expected Diels-Alder

cycloadducts (Scheme 10).20
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Scheme 10

Acylnitroso species 7 are unstable and very reactive. They are usually prepared in situ as transient
intermediates by periodate, Swern, or lead oxide2! oxidation of the corresponding hydroxamic acid. They also
have been generated by oxidation of nitrile oxides22 and by cycloreversion from the corresponding 9,10-
dimethylanthracene adduct (vide infra).2 When generated in the presence of appropriate 1,3-dienes, 7 leads at
once to the expected cycloadducts in good yields. The use of 7 in hetero Diels-Alder reactions has been studied

more extenmyelv than any other of the nitroso dlennnhﬂes and in the follnwmg sections some of this work will

hoa nracantad
[*. =] }I.I VOALRINAL.
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nitroso species 7 were first pfgnncnﬂ as transient intermediates in the oxidative cleavage of

hydroxamic acids 50. Acylnitroso species 7 could not be isolated and the only evidence for thelr exsistence

- - Caa % .

were products $i-53 resuiting from nucieophilic attack at the acyiniiroso carbonyl (Scheme iD.2
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Acylnitroso species 7 were postulated to be highly dienophilic, if they did exist long enough to

, if they did exist lon
participate in cycloaddition reactions. Kirby tested this theory by separately oxidizing benzo- and aceto-
hydroxamic acids in the presence of thebaine 54. The oxidations ied to formation of the corr “pﬁ iding
acylnitroso species, which were trapped by the conjugated diene, to yieid Diels-Alder cycioadducts 53 in high
yield (Eq. 2).25

Although numerous synthetic uses for achiral acylnitroso dienophiles were developed and uiilized in
synthesis, 26 the first direct spectroscopic evidence for acylnitroso species 7 did not come untii 1991 when
Schwarz and co-workers liberated acylnitroso groups by retro-Diels-Alder reactions of cycloadducts 56 (Eq. 3).
The acylnitroso moieties so generated were directly detected by neutralization-reionization mass spectrometry.?’
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B. Chiral Auxiliaries and Acylnitroso Dienophiles
The use of chiral auxiliaries in acylnitroso hetero Diels-Alder cycloadditions is a relatively new area of
study; however, several useful auxiliaries have appeared in the literature. This section will describe the use of

several chiral auxiliaries and the diastereoselectivities tha

snmovy ‘r‘\'fﬂunan a“‘"‘ ar-cs appears in Tahla 1

N-Hydroxycarbamate 57, derived from camphor, was oxidized under Swern conditions to the
corresponding chiral nitroso dienophile and treated with various dienes. The overall reactions proceeded in very
good chemical yields and in excellent diastereomeric ratios of the expected cycloadducts.2®

The bornane sultam of N-hydroxyurea 5829 also has been used successfully as a chiral auxiliary in the
nitroso hetero Diels-Alder reaction. Oxidation of 58 and subsequent cycloaddition with cyclopentadiene and
cyclohexadiene produced high chemical yields and diastereoselectivity, but much lower yields were observed
with a highly functionalized diene.

Ca-Symmetric disubstituted pyrrolidine-derived N-hydroxyurea 59 gave good yields of cycloadducts in

excellent diastereomeric excesses.30 Another Cp-symmetric chiral N-hydroxyurea, 68, also provided very good
M i drndiantian 1 tha hatass Tala Aldac Acrnland3eiaa 31
diastereoimeric induction in the hetero Diels-Alder cycloaddition.?!

LI

11 Y Ps

N-Hydroxyurea 61, derived from a homochiral imidazolidin-2-one, aiso has been used as an a chiral
auxiliary in nitroso Diels-Alder reactions, but the diastereoselectivity observed was not as high as reported for
the other cases shown in Table 1.32

Mandelic acid derivatives have also been used as chiral auxiliaries in the acylnitroso hetero Diels-Alder
reactions.33 Oxidation of mandelohydroxamic acid 62a in the presence of cyclopentadiene led to cycloadducts

Q )
P “NHOH __EuNIOy m M, m I 4.

H MeOH, -50 °C :rT FE W &
R m OR O\rl/ OR OA
_ \ /

H-.\j\ afrR=H 7 i
H N bR = Me 5 1
C. .I‘O

Scheme 12
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Auxiliary Diene Diastereomeric Yield (%)
Excess (%)
Y
\K o NHOH
/7%
7 T o
5 ' ~"~oTBS
cvclohexadiene 95 93
cyclopentadiene 91 89
1,4-dimethyl-1,3-
butadiene 296 84
— \_co.m 295 65
YAy,
(.-VN\/NHOH TONMICAN
SOz '“”"‘_"Q not determined 25
o) N
_ Pro—/ N\—gp
x
cyciopentadiene 298 91
cyclohexadiene 298 94
~—OMe
S 0
\(N‘JL NHOH
NOMe TBDMSO
N
5 - n iIw |22
cyciopeniadiene 87 9i
cyciohexadiene >98 88
cycloheptadiene >98 70
B
<9
N—"“~NHOH
S naolvu—" w—
cyclohexadiene 98 81
~
\N’TLNi NHOH
—
i B )
cyclohexadiene
61 86 73

cyclopentadiene 74 64
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63a - 64a. Cycloaddition with methyl ether 62b led to expected diastereomers 63b - 64b but in a lower
< amra 17\ Denntawr and ~n comclones wonn Lo PO ) csa
diasteromeric excess (Scheme 12). Procter and co-workers proposed a hydrogen bonded transition state 1o

explain these results in which the hydrogen of the hydroxyl coordinates with the nitroso oxygen. More recently,
the same group has demonstrated that the mandelic acid component of the cycloadducts can be removed, thus
making it a true chiral auxiliary.34
Several other racemic o-hydroxyacylnitroso compounds have been studied,35 and intramolecular
hydrogen bonding has been invoked in the all carbon Diels-Alder reaction of a-hydroxy enone dienophiles.36
Asymmetric induction in the acylnitroso hetero Diels-Alder reaction also has been achieved
intramolecularly, but will only be mentioned here briefly as an excellent review on this aspect of nitroso

cycloaddition chemistry was published recently.37 In a representative case, starting from D-malic acid (65),

Kibayashi e¢¢. al. synthesized hydroxamic acid 66 which, upon oxidation to the corresponding nitoso
compound, underwent cycloaddition to give expected products 67 and 68 (Scheme 13).38 Depending on the
reaction conditions, product ratios varied between 1.3 - 4.4 to 1, with 67 being the favored cycioadduct.

nO2 COH — NANF 104’
e L Gl
o}
& =)

~ + T ~
(\r""oj [\:r""‘o’]
0 o)
67 68

Scheme 13

Other work using nonchiral acylnitroso compounds with chiral dienes3? and with chirality in both
species® has been examined.

IV. Amino Acid-Derived Chiral Auxiliaries

ir la Oratory has recen ly deve

amino acid-derived, acylnitroso dienophiles.#! Prior to this work, the only known account of amino acid-based
h

11 PRy iy samard menlina Aastura ~1 3 _*___ .3

eiero Diels- Alder reaction used L-proline-derived 69 and L-prolinoi-derived

nyum“iialmc‘ acids in iC'y HITOSO

hydroxamic acids 70 and 71.42 Moderate to good diastereoselectivities were obtained with these auxiliaries and
cyclohexadiene, but, interestingly, no report of their reactivity or selectivity with cyclopentadiene was given

(Figure 3).
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[\ I\
NHOH Me H
'\N/" kN)\/O KN)\/O
CO,t-Bu O)\NH on OJ\N HoH
® 0 n
20% d.e. 68% d.a. 52% d.e.

Fig. 3. L-Proline-Derived Chiral Auxiliaries

Although this use of an amino acid-derived hydroxamic acid in acylnitroso hetero Diels-Alder reactions
was pn:vmuuy rcpurwu, a uu‘rﬁ‘fdgn uuuy of this (,ncmlsuy was lacking. Amino acids were chosen as chirai
auxiliaries for a number of reasons. First, they are relatively inexpensive, readily available starting materials and
are available in both enantiomeric forms. Also, the synthesis of the hydroxamic acids from amino acids was
straightforward, and, finally, amino acids as chiral auxiliary adds versatility since they can either be incorporated
into target molecules or removed by use of the Edman degradation. This section will give an overview of

studies to determine the diastereoselectivity of a-amino acid-based acylnitroso hetero Diels- Alder reactions.43

A. Chiral Hydroxamic Acid Synthesis

The hydroxamic acids used in this study were prepared by several different methods. The first was
direct hydroxaminolysis of the corresponding methyl esters with hydroxylamine hydrochloride.4 The
hydroxaminolysis approach was used to prepare various a-amino protected amino acid hydroxamates including

suifonamides 73 and 75 (Scheme 14) as well as the more versatile N-protected hydroxamic acids 77a-d
(Scheme 15, P = tert-butoxycarbonyl or benzyloxycarbonyl).43

Ha

0 eO

54% °
7 n
Hs  HCIH,NOH, KOH NHOH
PhSO,NH" e e T PhSONH™ N =
2 Y MeOH 2 \g/
8%
74 7

Scheme 14
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R R
U*/DCHS HC"HQNOH, KOH J\ NHOH
PNH | = PNH “/
MeOH o
% YL
Yiek (%)
a R= CH3 a8
b R=Bn ")
¢ R='pr <)
d R =CHy-p-CgHsOH 80
Scheme 15

In a slight but very useful modification, hydroxamic acid 80 was prepared by Weinreb's amir

l”
IO

the known fully protected cyclic serine derivative 78,47 followed by hydrogenolysis (Scheme 16).

o 0 o)
OMe _HCI*H,NOBnN /H)LNHoen /\’)LNHOH
o8 g &

Al(CHa)z N, Pd-C
/Y Boc A% /" Boc P /Y “Boc
. .
Scheme 16

1329
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Another method involved water soluble carbodiimide (EDC)-mediated coupling of N-protected-L-amino
acids 81 with O-benzylhydroxylamine*8 followed by hydrogenolysis to afford hydroxamic acids 77e-h and 85

in good yields (Scheme 17).49

R
/'\,,/0” HCl- HZNOBn PNH/'\(NHOBn Ha PNH/kn,NHOH
- 1]
o}

(o] (0) Pd-C
81 & 77
Yield (%) Yield (%)
e R=CHOH ) [ee)
f R=CHXOBn @ 1<)
g R =CH;CO2CH3 53 %)
h R=tBu 72 90
O 0O o
e HCI-H,NOBn 'mY 'S “NHOB H> r—\)’JL‘NHOH
kny\ " —oc l\N), " Thac kl‘,l
ﬁ aFy g’ 9% P
84 8

Scheme 17
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auxiliaries has included much work on examining possible influences of hydrogen bonding interactions. Based
on the mandelic acid chiral auxiliary and other a-hydroxy acylnitroso dienophiles (Scheme 12), we examined
serine where, although less likely, either a seven-membered hydrogen bonded transition state could be invoked,
similar to the transition state proposed for mandelic acid, or alternative hydrogen bonding combinations might
help order the cycloaddition transition state (Figure 4).

oA o., o,
o N PNJ/\? ° PNL’O
N bON ) i

H O o H =N

Fig. 4. Proposed Hydrogen Bonded Interactions for Serine-Based Hydroxamates

Thus, hydroxamic acid 77e was oxidized with sodium periodate, in a MeOH:H70 solvent mixture, to
acylnitroso species 86e, which was trapped with cyclopentadiene to give a 17% yield of diastereomers 87e and
88¢30in a 2.5 to 1 ratio®! (Scheme 18: Table 2: Entry 1). Both the low yield and moderate diastereoselectivity

were investigated further. As for the diastereoselectivity, it could be argued that the acylnitroso species was
hydrogen bonding with the solvent (MeOH:H20) and not with the hydroxy! group of serine. Changing to an

aprotic solvent, methylene chloride, required a change in oxidant from sodium periodate to tetrabutylammonium
periodate due to the insolubility of sodium periodate in methyliene chioride. Thus, nyaroxamic acid 77e was
oxidized with tetrabutylammonium periodate, in methylene chloride, to acylnitroso species 86e, in the presence
of cyclopentadiene, to give diastereomers 87e and 88e with only modest improvement in the yield (35%) and
with approximately the same diastereoselectivity (Scheme 18: Table 2: Entry 2). This apparently ruled out
solvent disruption of a hydrogen bonded transition state.

R A
R PNH)\I‘(N;LA
I- R O 1 Q (o] _
NHOH —_— -
+

)
p
o
J o
(o)

Scheme 18
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Enry  Hydroxamic 3 Oxidant Solvent Vield @) d e (%)
Acid
1 77e CH,OH NalO4  MeOH:H0 17 43
2 77e CH,0H BusNIO4 CHCl 35 43
3 77e CH,0H Dess-Martin  CHCl 35 43
4 771 CH,0Bn NalOs;  MeOH:Hz;O 80 38
5 77d  CHyp-CHs:-OH  Nal0;  MeOH:H0 67 45
6 17g CH,CO;CH;3 NalOs  MeOH:H,O 53 0

Competitive oxidation of the serine hydroxyl group, although not usually observed with periodate
oxidants, was considered a potential cause of the low yield. Use of a different oxidant, the Dess-Martin reagent,
known to readily oxidize primary alcohols to aldehydes,32 afforded similar results with no aldehyde formation
observed (Scheme 18: Table 2: Entry 3).53 This, as expected, suggested that the hydroxamic acid was more
readily oxidized than the alcohol.

Next, the hydroxyl group of serine was protected as a benzyl ether to give 77f, which eliminated any

ssible hvdmszen bond donor nartlcmahnn of the hvdroxv group during ('w‘lnaddlhnn of the onrreqnnndmn

DO DUt il i ipelinil AL A yRRAY =222 SAVIRRIRS2IRED 0L JANS SRRSO Rl

nitroso derivative (Figure 4). Oxidation of hydroxamic acid 77f with sodium periodate and in siru reaction with

runlamaneadia 1ad s~ Aiacse QT nn A QO el ciannilone Alnntaman el ._
] upcuullucxw 1€0 10 QiasSIercOonicrs o /1 and oo1 wiln Siifiiidrl diasiercosciect y io ﬂyuruxamu. dl.clu l le Uul
-

o

in dramaticaily improved chemical yield (Scheme 18: Tabie 2: Eniry 4). The similarity in diastereoseiectivity
between hydroxamic acids 77e and 77f suggested that the hydroxyl group played little role in the
diastereoselectivity of this reaction. However, the reason for the increase in yield is still unknown, but might be
attributed to minimization of competitive hydrolysis of the intermediate acylnitroso moiety by steric shielding
from the relatively large peripheral benzyl group.

Intermolecular or intramolecular attack of the B-hydroxyl group of 77e on the carbonyl of the
intermediate acylnitroso species also needed to be considered as alternative competitive reactions that might

decrease the chemical yield of the cycloaddition products. Tyrosine-based hydroxamic acid 77d was subjected
to the hetero Diels-Alder reaction wu.h cyclopentadiene and afforded diastereomers 87d and 83d in 67% yield

and 45% d.e. (Scheme 18: Table 2: Entry 5). None of the product from attack of the hydroxyl on the
acylnitroso species was observed. Since the phenolic hydroxyl did not intermolecularly attack the acylnitroso
species, it is reasonable to assume that the less nucleophilic primary 8-hydroxy group of the nitroso compound
generated from serine hydroxamate 77e also did not attack intermolecularly. This still did not rule out the
prospect of an intramolecular attack of the hydroxyl group of 77e to form the strained B-lactone. Also, the
reasonably similar diastereoselectivities obtained upon oxidative cyclizations with 77e and 77d appeared
inconsistent with an ordered intramolecularlv hydrogen bonded transition state.

n}uu A\ UV} ‘}y f\r}l a3z Uf Ry, d‘\’oﬂ‘v"&d ALWFRRL a::‘dne %}d ll"mexa{mtcs Iy lluslll AR LIRS "}l-ll tllv Gx}’gcll i ulc
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Thus, sulfonamide-containing hydroxamic acids 73 and 75 were oxidized with sodium periodate and
trapped with cyclopentadiene under the usual conditions to give the expected cycloadductsina 1.5to0 1 and 2 to
1 ratio respectively (Scheme 19: Table 3: Entries 1 and 2). Again the effect of solvent on the cycloaddition was
examined. Changing to nonhydrogen bonding solvents led to varying yields and to no major increase in
diastereoselectivity ( Scheme 19: Table 3: Entries 4-6). Thus, little variation in diastereoselectivity was observed

unon use of the sulnhonamides relative to other o-amino nrotecting oroun

pon use of the sulphor es relative to other a-amino protecting groups.
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H 73 NalO4 MeOH:H20 86 33
2 75 NalO4 MeOH 20 20
3 75 BuyNIO4 Toluene i2 20
4 75 BugNIO4 CHxCl 45 33
5 75 BugNIO4 Acetonitrile 60 33
6 75 BuygNIO4 Nitromethane 78 43

To further rule out any possible intramolecularly hydrogen bonded ordering of the acylnitroso species
shown in Figures 4 and 5, hydroxamic acids 80 and 85, with no free hydrogen on either the amino acid side
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(Schemes 20: Table 4: Entries 1 and 2). With the hydroxamic acids discussed so far all producing similar
diastereomeric ratios of Diels-Alder adducts upon oxidation and cycloaddition, the effect of hydrogen bonding
on these cycloadditions appeared to be minimal.

ﬁ [ - Dec A
Cronwon o A P o e
A Maec A N @St TN N

\ Boc 7 o T
) = o
Do 2 Qs sh
N NHOH PN ,:‘ ] o \ + (PW/N
P \ W4 P p O
L 95 9%

Entry Hydroxamic  Oxidant _ Solvent  Temperawre  Yield (%) d_e. (%)
ACIa L)
1 80 NalO4 MeOH:H20 n 75 33
2 85 NalO4 MeOH:H20 I 75 43
3 80 EyyNIO4 MeOH -30 70 33

Hydroxamic acid 80 was also oxidized with tetraecthylammonium periodate at -50° C to determine if
lower reaction temperatures influenced the cvclnaddmn__ diastereoselectivi vity. The ratio of diastereomers 93 and

a4 Was Il‘ﬂﬂhl“ﬂ] tn 'l‘ul reastinn n aft rnam te hr\mmnlr tha reanired reacrtinn fime increacad frnm ta
Y VW AD N W ANV AN RELIAE X LR lll- lwxll u.«llly\-lmmw ARV WY Wi,y Wi lvtiunw lmu\’ll AN lll\p’lm AAWLAR wu

minutes to three hours (Scheme 20: Table 4: Entry 3). This suggested that cooling the reaction mixture only
siowed down the oxidation step and had no effect on the diastereoselectivity of the cycioaddition.

With the hydrogens on the hydroxyl group and amide nitrogens apparently having no effect on the
diastereoselectivity of the cycloaddition, another peripheral polar group, an ester, was examined. Oxidation of
hydroxamic acid 77g, derived from aspartic acid, produced a 60% yield of diastereomers 87g and 88g;
however, no diastereoselectivity was observed (Scheme 18: Table 2: Entry 6). This anomaly is the only
example of a chiral hydroxamic acid observed so far to have no effect on the diastereomeric outcome of the
nitroso Diels- Alder reaction and the reason has yet to be determined.
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C. Steric Effects with Amino Acid-Derived Chiral Auxiliaries
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derivatives was observed when polar side chains were used, steric variations were studied with representative
amino acids. These inciuded hydroxamic acids derived from alanine 77a, phenyiaianine 77b, valine 77¢, and
tert-leucine 77h. Under the standard reaction conditions good yields and moderate to very good d.e.'s were
observed (Scheme 21: Table 5: Entries 1-4). Considering the diastercoselectivities of hydroxarnic acids 77a and
77c, an increase in diastereoselectivity was observed as the steric bulk of the R group increased. Increasing the
steric bulk further by using a zerz-butyl group at the a-position led to a 7 to 1 ratio of diastereomers 87h and
88h (Scheme 21: Table 5: Entry 4). This indicated that steric bulk at the a-position of the hydroxamic acid, and

not polar effects, probably had the major affect on diastereoselectivity.
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Scheme 21
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1 77a CHj NalOg4 MeOH:H0 90 50
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3 77c i-Pr NaiOg4 MeOH:H0 85 60
77h +-Bu NalO4 MeOH:H,0 63 72

D. 9,10-Dimethylanthracene Adducts
Trapping of acylnitroso intermediates as 9,10-dimethylanthracene adducts prior to reaction with desired
cycloaddition reaction partners is advantageous as it allows storage of the nitroso equivalent, its release in the

absence of an oxidative environment and often minimizes senaration nroblems duri hg reaction workun, With
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of 9,10-dimethylanthracene to give adduct 98 in 60% yield. Adduct 98 was then heated in the presence of
cyciohexadiene in benzene. The acyinitroso species was liberated via a retro-Dieis-Alder reaction and trapped
with cyclohexadiene to give cycloadduct 99 and its diastereomer in quantitative yield and in a 5 to 3 ratio
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(Scheme 22). Interestingly, despite the significant change of solvent and other reaction conditions, the
diastereomeric ratio of cycloadducts was very similar to that observed earlier (Table 5: Entry 1).

CbzNH_ Me

CszH/M'\e(NHOH + I/Yl\l/\ _Mgi__.. /0=9\\N;\D
0

\/A'//’\/ MeOH:CH,Cl, N\ )/
%
;\.
Q p\N,U\/NHCbz
Me

I/‘O

9
8

80 °C %
Scheme 22

V. Synthetic Uses of the Amino Acid-Derived Cycloadducts

Although onlv moderate 10 good diastereoselectivities are ined nunc amino acid-derived chiral
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pure diastereomer is useful for elaboration to a variety of useful products. A general summary of some of these
products is shown in Scheme 23 and more detailed discussions of their syntheses follow.

A. Determining Enantiomeric Purity of Cycloadducis.

Use of diastereomeric acylnitroso cycloadducts for the asymmetric synthesis of representative
biologcially relevant target molecules required unambiguous demonstration of their optical purity. This was
especially important since biological activity usually is correlated with a single enantiomer.34 Concern about the

enantiomeric integritv of the cvcloadducts wag due to t highlv alectranhilic nature of the acvlnitrocen
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are prone (o racemization. If, during or subsequent to its generation, racemization of the chiral auxiliary (86 to
ent-86) occurred faster than cycloaddition, a mixture of enantiomers would have resulted for each diastereomer
formed in the cycloaddition process.

The enantiomeric purity of the cycloadducts was determined by mild derivatization of the Diels-Alder
cycloadducts. As shown below, three transformations were carried out in a single step (Scheme 25). The Diels-
Alder adducts were separated, and the diastereomerically pure adducts 100a-d (from L-alanine and L-
phenylalanine) were reduced under one atmosphere of hydrogen in 80% to 90% yield to give the corresponding
amino alcohols 101a-d. The olefin was reduced, the Cbz group was removed, and the N-O bond was
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¢ R=Bn, major diastereomer
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P. F. Vogt, M. J. Miller / Tetrahedron 54 (1998) 1317-1348 1337

123

quantitative analysis by chiral HPLC (Scheme 26).55 When a diastereomerically pure cycloadduct was
derivatized, a single peak was observed in the chiral HPLC trace. To verify this result, both D- and L-amino
acid auxiliaries were examined. This method of analysis was extremely effective and provided excellent
resolution of enantiomers. The HPLC retention times of the D- and L-alanine enantiomers differed by 37
minutes, and the D- and L-phenylalanine enantiomers separated by 50 minutes.

0 |
R H q R H
N H 1 N H
HzN)\“’ + # 35-DNP~ N
0 g 0
OzN/v\N 02
ama -4fnn
R, 1 RAL
- 1 _Ala r_ 10 min
e LAa r=10min
b DAla rt=47 min
¢ LPhe rta14min
d DPhe rt=64min
Scheme 26
All products formed were ninhydrin negative, verifying that N- and not O-acylation had occurred during
reaction with the dinitrobenzoylchloride. The enantiomeric purity of the hetero Diels- Alder reaction products

was determined to be greater than 97%, using L-alanine, D-alanine, and L-phenylalanine as sources of chiral

acylnitroso dienophiles. With enantiomeric purity of the cycloadducts ascertained, their use in asymmetric
synthesis could then be examined.

B. Carbocyclic Nucleoside Analogs.

Nucleosides display a wide range of biological activities,56 and the discovery and synthesis of modified
nucleosides has been quite extensive.>’ A very important class of these modified nucleosides is that represented
by carbocychc nucleosides.3® Carbocyclic nucleosides are identical to normal nucleosides except that the
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linkage of normai nucieosides. The structurai similarity of these functionalized cyciopentanes to normal
nucleosides allows them to mimic the parent nucleosides as substrates for enzymes involved in nucleoside
transformations. The development of asymmetric routes to carbocyclic nucleosides, their derivatives, and to
novel analogs has been an important and longstanding goal.

Using amino acid-based acylnitroso Diels-Alder reactions with cyclopentadiene, our laboratory has
synthesized several 4'-amino-carbocyclic nucleosides where amino acids replace the hydroxymethyl group at the

4'-position of the cyclopentane ring. The method is general and compatible with several amino acids, including

alanine, proline, phenylalanine, serine and others. The following discussion describes studies with alanine-
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Molybdenum hexacarbonyl®® efficiently (90-95%) cleaved the hydroxamate N-O bond of cycloadduct
to give the corresponding amino cyclopentanol. Acetylation of the resulting alcohol produced allylic acetate
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104 in 87% yicld (Scheme 27). Next, p."a"isely one equivalent of the sodium salt of adenine was formed by the
addition of one equivalent of sodium hydride io adenine in DMF, followed by the addition of a mixture of one

PY. M

equivaient of allylic acetate 104 and Pd(0) tetrakistriphenylphosphine (5-10 mole percent relative to allylic
acetate) in DMF to yield nucleoside analogs 105 and its N7 isomer (4:1) in up to 92% yield.6! Apparently, no
prior reports of 4'-amino noraristeromycin derivatives such as 105 have appeared in the literature.

Further derivatization of 105 was accomplished by cis-dihydroxylation with catalytic osmium tetroxide
to provide a 90% yield of a mixture of diols which were converted to their acetonides for ease of structural
assignment. The major diastereomer formed (106) had the diol functionality anti to the two nitrogen ring

substituents. Based on mass TECOvVery from the chmmatnmnhu‘ separation of the diastereomeric diols, a 3:2
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mixture was obtained in the dihydroxylation. While the formation of diastereomeric diols was expected to be

more selective,52 diol 106 was isolated and deprotected with trifluoroacetic acid. The resulting free base diol

= ol o

107 was punncu by ion €xchange chromaiography. Preliminary moxogxcm studies indicated that while 107 and

derivatives have no anti-HIV activity, they do display select antiviral and anticancer activity.83

] A o 1 H
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With an interest in developing a synthetic route to known carbocyclic nucleosides analogs, methods were
developed for both removal of the amino acid chiral auxiliary and the introduction of an hydroxyl methyl side
chain. Thus, alcohol 108, an isolated and purified single diastereomer of 101, was first converted to carbonate
109 in 97% yield. Reaction of 109 with nitromethane in a Pd(0)-mediated alkylation furnished 110 (Scheme
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28).5¢ All attempts to hydrolytically remove the amino acid auxiliary were unsuccessful. However, classical
A P Py PP L e rancidomed & £ : | P
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Edman degradaton conditions were considered o be a feasibie aliemaiive.®® Thus, the free amine obiained after
removal of the Boc group from 110 was treated with phenylisothiocyanate. The resulting crystalline thiourea
111 was treated with TFA to produce the amine salt which was subsequently extracted into an aqueous layer
and protected with Boc anhydride to yield 112. Although all these intermediates were isolated and
characterized, this four step transformation, starting from 110 and including the Boc protection of the free
amine, has been performed in one pot to give optically active 112 directly.% With 112 in hand, a modified Nef
reaction$? provides optically pure forms of 113. The synthesis of 113 yields a versatile intermediate for the
preparation of carbovir, aristeromycin, and related carbocyclic nucleoside analogs.

H Me H Me
HR/\’N\'(\NHBUC (CO2Me)20 Meoch\/\’N\ﬁ/\&H%c Pd{PPhg)y
=/ DMAP (cat) =/ 2 CHaNO
CHCla 60-65%
108 ) 109
H  Me S 1. TFA
AR N N W WLy
O2N - OZN’\@' N
2 /\(__)’ Y TNHBoe 3 prc=s Wo(\H N 3. Bocz0
0 8%, NazCOs
110 1
OZN/\Q)GHBoc Nef H O(\@,NHBOC
112 1132
Scheme 28
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:yCuv nuclecsides in which the hydoxymethyl group has been replaced with a Nyaroxyi group, so-
called 5'-nor carbocyclic nucleosides have been synihesized and their strong antiviral properties have been
evaluated.58 With the development of the Edman degradation as a simple, clean process to remove the amino
acid chiral auxiliary the synthesis of precursors to 5'-nor carbocyclic nucleosides became apparent. Edman
degradation of 114 yielded allylic acetate 115 in 75% yield. Treatment of 115 with 6% Hiinig's base in MeOH
gave the target alcohol 116 in 91% yield. Alcohol 116 is an important precursor for the asymmetric synthesis
of 5'-nor carbocyclic nucleosides. Also, aminocyclopentitols are important synthetic targets as potential
glycosidase inhibitors.®9

N
Edman 6% ProNEt
ACW\( ““NHBoc —— - AcQu "\ sNHBoc - N HWHBW
=/ 4 Degradation ) in MeOH, 91% ()
114 15 116

Scheme 29
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wie 10 carbocyclic nucleoside analogs, it does have the disadvantage of requiring subsequent elaboration of the
heterocyclic base from the resulting free amine. If the nitrogen could be converted to a good leaving group,
Pd(0) chemistry might be used to replace the allylic nitrogen with various nucleophiles.”® In an attempt to make
the nitrogen a better leaving group,’! the preparation of N-z-Boc allylic amide 118 was examined (Scheme
30).72 N-t-Boc secondary amides and lactams were reported by Grieco ef. al., and were subsequently shown to
undergo facile amide hydrolysis under mild conditions (LiOH).”* Although somewhat unexpected,’® a
serendipitous discovery of the rather interesting hydantoin derivative 119 was achieved and none of the
originally intended molecule 118 was isolated.
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Scheme 30
C. 1,2-cis-Amino Alcohols.
While studying the Pd(0)-catalyzed substitution reactions of 104, a side product from internal cyclization
of the substrate was obtained. Although several isomeric structures of the new compound were considered,

careful anaiysis of the specirai data allowed for its assignment as oxazoline 121. The cyciization couid be

induced deliberately by reaction of 104 with sodium hydride followed by 5 mol% Pd(PPh3)4 to give 121 in
80% yield (Scheme 31).
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Scheme 31
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Given the fact that amines have also been used successfully as nucleophiles in the Pd(0)-catalyzed allylic
substitution,?> the reactivity of the free amine 122 in cyclization reactions was examined. Boc-protected
compound 104 was again deprotected with TFA and the resulting amine salt was neutralized with saturated
KHCOj solution to produce 122 (72%). Reaction of 122 with Pd(PPh3)4 gave a low yield (10% in THF,
44% in DMF) of a cyclized product (Scheme 31). Mass spectrometric and NMR data strongly supported the
interesting dimeric macrocyclic structure 123.

The utility of the oxazoline synthesis in the functionalization of cyclopentadiene was demonstrated by
acid hydrolysis of oxazoline 121 to furnish the aminocyclopentenol derivative 124 in 67% yield (Scheme 32).

The striking similarities between chiral oxazolines 121 and the glycosidase inhibitors trehazolin and
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Consequently, oxldauve cleavag of the double bond of cycloadducts 87a and 88a and reduction of the N 0
bond was anticipated to release various forms of the masked amino acid generated by the Diels-Alder reaction.
Thus, oxidation of the alkene of 88a with ruthenium (III) chloride and periodate provided diacid 126 in 94%
yield. Dipeptide 126 contains a novel cyclic amino acid structure similar to proline or a conformationally
restricted glutamate. N-O bond reduction prior to alkene oxidation would generate a peptide with a y-
hydroxyglutamate residue.

Alternatively, Mo(CO)¢-induced reduction of cycloadduct 87a followed by protection of the liberated
hydroxyl group as the acetate and oxidation with Sharpless’ catalytic ruthenium tetroxide procedure?? gave
d1ru-nhdp 128,

The newly formed amino acid in peptide 126, derived from cyc
the a-center, corresponding to a D-amino acid, whereas starting with diastereomeric cycloadduct 87a provides
peptides with the new C-terminal amino acids having the (S) configuration corresponding to the "natural” L-
amino acids, as in 125. Thus, either optical form (D or L) of the new amino acids are readily available by this

methodology.
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VL Summary and Outlook

Several enantiomerically pure hydroxamic acids have been synthesized, oxidized to reactive acylnitroso
intermediates and the diastereoselectivities of the subsequent hetero Diels-Alder cycloadditions have been
determined. In the amino acid-based series, the major influence on diastereoselectivity came from steric bulk at
the a-position of the hydroxamic acid while other changes in the reaction conditions (solvent, oxidant,
temperature) had little impact. The easily separable, functionally rich, diastereomeric cycloadducts have been,
and continue to be converted into a variety of interesting products including carbocyclic nucleoside analogs in
which the original amino acid component has been removed or retained.

Future work in this area includes examining intramolecular acylnitroso Diels-Alder reactions with the
amino acid-derived chiral auxiliaries and the use of these auxiliaries on solid support. Amino acid-derived
acylnitroso derivatives are an important addition to the field of nitroso chemistry and the synthetic utility of the

heterocycles produced is apparent.
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