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1 Introduction 

This review covers the literature relating to 
saturated nitrogen heterocycles published in 1996. 
The classification of the chemistry described is 
similar to that described in the previous survey in 
Contemporary Organic Synthesis.' 

2 Three-membered rings 

Aziridine-1,2-dicarboxylates 3 have been prepared 
by the addition of an excess of (ethoxycarbony1)- 
nitrene (: NC0,Et) to a,j-unsaturated esters 1 in 
58-72% yield (Scheme l).' The nitrene was 

RjlXCo2Me NsONHC02Et (2) Rgo2Me CaO,CH2CI2 * 

R2 R3 
57-70% R2 N R3 

I 
C02Et 

RjlXCo2Me NsONHC02Et (2) Rgo2Me CaO,CH2CI2 * 
57-70% R2 N R3 

R2 'R3 I 
C02Et 

conveniently generated from ethyl N-[(4-nitro- 
phenylsulfonyl)oxy]carbamate 2 by a-elimination 

induced, crucially, by CaO or K2C03; homogeneous 
bases such as triethylamine did not give the desired 
products. The ethoxycarbonyl protecting group was 
readily removed by treatment with sodium meth- 
oxide in methanol. When ( l R ,  2S, 5R)-menthyl 
N-[(4-nitrophenylsulfonyl)oxy]carbamate was used 
as a source of an enantiomerically pure nitrene, 
addition to 1 gave a 1 : 1 mixture of diastereomers, 
indicating that negligible asymmetric induction had 
taken place. 

Espenson and Zhu have described the use of 
methylrhenium trioxide (MTO) to catalyse the 
addition of ethyl diazoacetate (EDA) to aromatic 
imines 4 (Scheme 2).' Addition of EDA and MTO 
(0.5 mol%) to the imine gave the aziridines 5 in 
87-96% yield. Only the trans isomer was obtained, 
suggesting the intermediacy of species 6 in the 
react ion. 

R 
H Ar N 

N2CHCOZEt 
Ar MTO (0.5 mol%), 87-96; H C02Et 

4 

R = Ph, Bu", CsH13 

MTO = CH3Re03 

Scheme 2 

5 

via 0 

O\11 0 ' @j 
Me' 'CHC02Et 

6 

Li, Dai and Hou have described the preparation 
of (P-phenylvinyl) aziridines 9 by the reaction of 
N-sulfonylimines 7 and cinnamyl bromide 8 and 
&CO3 in the presence of a catalytic amount of 
DMS (Scheme 3).4 The reaction proceeds by attack 
of the sulfonium ylide 10 on imine 7 and gives a 
variable yield of the aziridine 9 (20-72%) as an 
approximately equimolar mixture of cis and trans 
isomers. This work was later extended to include the 
synthesis of N-sulfonyl-2-[ (E)-(2-alkoxycarbonyl)- 
ethenyll-3-arylaziridines 11 by the same rea~t ion .~  
The cis :trans ratio of  the products was improved to 
8:  1 by using a stronger base [KN(SiMe,),] at 
- 78 "C. 

Agganval has described the synthesis of aziridines 
13 from imines 12, by a reaction also mediated by a 
sulfonium ylide (Scheme 4).6 However, the 
sulfonium ylides are generated in this instance by 
the reaction of an aryldiazomethane with rhodium 
acetate in the presence of dimethyl sulfide. DMS 
was an essential additive, proving that aziridine 
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ArCH = N - SO2 

7 

dines 16 were obtained in 44-88% yield as a 3 : 1 
mixture of trans and cis isomers in high enantio- 
meric excess (85-97% ee). 

Ph 

,SES 

Jl + 

R’ 

14 
9 

[via P h e 6 M e 2 ]  

10 

&2 SES 
(0.2-1 .O equiv.) 15 

ML2 
4 4 - 8 ~ ~  

R‘ 

16 
85-97% ee 

C02R 
I 

R = Me. Et 11 

R’ = Ph, pCICeH4, pMeC6H4 
M = Rh, CU 
L = OAc. acac 

Scheme 5 

Scheme 3 

formation was not a result of a simple metal carbe- 
noid process. all cases, a mixture of trans and cis 
aziridines (ratio = 3 : 1) was obtained. An SES 
[( P-trimethylsilyl)ethylsulfonyl] group was also 
found to be an effective replacement for the ubiqui- 
tous, but notoriously robust, N-tosyl protecting 
group. Other diazo compounds (N,N-diethyldiazo- 
acetamide and ethyl diazoacetate) were found to 
undergo the aziridination reaction in similarly high 

Brookhart, Templeton and co-workers have 
described a synthesis of aziridines 18 from ethyl 
diazoacetate and various imines catalysed by several 
common Lewis acids (Scheme 6).’ The formation of 

R2 
I 
N 

I 
Rh2(0Ac)4 (1 mol%) 

-t PhAN2 Me2S,83-96% * 

R’ R’ 

12 13 

R’ = Ph, pCIC6H4, pMeC6H4 
R2 = Ts, DPP, SES 

DPP = Kdiphenylphosphinyl 
SES = P-(trimethylsilyl)ethanesulfonyl 

Scheme 4 

17 18 

+ 
R’ = Ar, Bur 
R2 = Ar, CH2Ph HT C02Et 

R’ 

Lewis acid Solvent Yield of l8*(%) cktrans 
19 

BF3*OEt2 hexane 
AIC13 CH2C12 56 98:2 + 93 93:7 

TiC14 Et20 62 a w  I 

RlR+ C02Et 

H 

*R’ = R2 = Ph 

yields. The diazoamide gave predominantly the trans 
aziridine (2: 1), and the diazo ester predominantly 
the cis aziridine; presumably results of kinetic and 
thermodynamic control respectively. These results 
led to the development of the first catalytic 
asymmetric aziridination of N-SES protected 
aromatic imines (Scheme 5). In the presence of 
sulfide 15 (0.2-1.0 equiv.), derived from 
(+ )-camphorsulfonyl chloride, ML, (M = Rh, Cu) 
(L = OAc or acac) and phenyldiazomethane, aziri- 

Scheme 6 20 

vinylogous carbamates 19 and 20 was a major 
competing side reaction. Best results were obtained 
by reducing the amount of Lewis acid (BF,*OEt,) 
(0.1 equiv.) and using hexane as the solvent. A1Cl3 
and TiCI, gave results comparable to BF3 - OEt,. The 
mechanism for the production of the aziridines was 

388 Contemporary Organic Synthesis, I997 



proposed to be non-carbenoid, instead involving 
nucleophilic attack of ethyl diazoacetate onto the 
Lewis acid-complexed imine, to give 21 followed by 
ring closure and loss of nitrogen. The side-products 

or the H substituent from 21 (Scheme 7). 

N, P ( O P 2  
+ LiF 

R J L  Br 

26 19 and 20 result from 1,2-migration of either the R'  25 

I 

R'-migration * 

21 

Scheme 7 

18 

19 

20 

Shipman and co-workers have described the 
enantiospecific synthesis of chiral nonracemic 
methyleneaziridines 24 from homochiral p-amino 
alcohols 22 (Scheme 8).* Reaction of 0-benzyl 
protected (S)-valinol 22 (R' = Pr') with 2,3-dibromo- 
propene and cyclization with NaNH2-NH3 gave the 
methyleneaziridine 24 in 77% overall yield via 23. 
No appreciable racemization occurred in the cycliza- 
tion. Methyleneaziridines are potentially useful 
intermediates in asymmetric synthesis. 

ZnClz, THF 21-58°/~ 

R Yield ("/.) cis:frans 

Ph 58 1 : l O  

Bur 21 5:l 
4-BrC6H4 30 1 : l O  

Scheme 9 

gives predominantly 29 or its diastereomer, 
depending on the Lewis acid used. Once purified to 
a single diastereomer, treatment with triethylamine 
and A1Me2C1 in dichloromethane gave the aziridine 
30 in excellent yield as a single (trans) diastereomer. 
Significantly, the chiral auxiliary could be removed 
with lithium benzyloxide to give the corresponding 
benzyl ester 31, without appreciable racemization. 

28 29 
22 23 24 

R1 = Me, Ph, Pr', Me2CHCH2 

Scheme 8 

Sweeney and co-workers have described the 
carbenoid-like, ZnC1,-catalysed Darzens-type 
addition of a-bromoallyllithium 26 to 
N-diphenylphosphinyl aldimines 25 (Scheme 9).9 
The reaction produced the expected aziridine 27 in 
variable yield, depending on the nature of R, but 
with good diastereoselectivity. The vinylaziridines 
obtained by this route underwent reasonably 
efficient and highly regioselective SN2' reaction with 
a wide variety of diverse nucleophiles. 

practical, auxiliary-based approach to the synthesis 
of enantiomerically pure alkyl aziridine-2-carboxy- 
lates (Scheme lo).'" Addition of O-benzylhydroxyl- 
amine to 28, derived from Helmchen's auxiliary, 

Cardillo and co-workers have described a 

i. AIMe2CI, CHzCIz 
ii. Et3N 
6740% I 

<' 'Ph 

31 30 

Scheme 10 

Heimgartner and Bucher have described the 
synthesis of optically active 3-amino-2H-azirines 
(S)-34 and (R)-34 (Scheme l l ) ." Sequential treat- 
ment of the thioamide 32 with phosgene, DABCO 
and sodium azide gave a separable mixture of 
2H-azirines 33a and 33b. Separation by MPLC and 
electrochemical cleavage of the phenylsulfonyl 
group gave (S)-34 and (R)-34. These compounds 
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were subsequently used as isovaline synthons in 
peptide coupling reactions with amino acids. 

i. COClz 
ii. DABCO 
iii. NaN3 
iv. MPLC separation 
81 % 
I 

Me 

i. Bu'OCI, CH2C12 
ii. AgBF4, CH2Clp 
iii. H20 
(7595%) 

33a (5)-34 (S)-isovaline synthon 

+ 

33b (4-34 (4-isovaline synthon 

Scheme 11 

3 Four-membered rings 

The ring strain energy in an isolated P-lactam has 
been determined experimentally for the first time by 
Abboud and co-workers.'* The value of 11 9.4 & 5.7 
kJmol-' is in excellent agreement with calculated 
values. 

The synthesis of P-lactams by the radical cycliza- 
tion of N-vinylic a-bromo amides has been described 
by Ishibashi, Ikeda and co-workers (Scheme 12)." 
Initial studies were carried out on 35a, but only a 
small amount of the desired P-lactam 36a was 
formed, together with the y-lactam formed by 
5-endo-trig cyclization and the simple reduction 
product 37a. However, by strategically placing a 
radical-stabilizing phenylthio group at the terminus 
of the double bond (compound 35b), the same 
reaction proceeded in much better yield to give the 
p-lactam 37b in 58% yield, with much reduced 
amounts of the two side-products. Having served its 
purpose, the phenylthio group was removed from 
37b and the product converted into an intermediate 
for the synthesis of the carbapenem antibiotics 
( & )-PS-5 and ( & )-thienamycin. In an attempt to 
make this same intermediate optically active, the 
radical cyclization was performed on 38, containing 
the (S)-1-phenethylamine chiral auxiliary. However, 
the diastereoselectivity obtained was only modest 
(ratio of desulfurized p-lactams = 68 : 32). 

PMB 

36a (ca.15%) 37a (41%) 35a R = H  
35b R=SPh 36b (58%) 37b (trace) 

OMe 

gs ,."i 
N 

PhAMe H 

38 

Scheme 12 

De Kimpe and co-workers have described the 
interesting ring enlargement transformation of 
2,2-disubstituted 1-metho~cyclopropylamines to the 
rare 174,4-triaIkyl P-lactams (Scheme 13).14 Imina- 
tion of a-chloroketone 39 with an amine and TiC14, 
followed by a highly regioselective alkylation and 
NaOMe-mediated Favorskii-type reaction, gave the 
cyclopropane 40 in good overall yield. The key ring 
enlargement was achieved by N-chlorination with 
tert-butyl hypochlorite, followed by ring expansion 
with AgBF, and hydrolysis, to give the P-lactams 41 
in generally good yield (75-95%). Only the 
expected regioisomer, resulting from migration of 
the gem-disubstituted carbon centre, was obtained. 
Attempted reduction of p-lactams with LiAlH, 
usually results in cleavage to acyclic amino alcohols, 
but in this case the azetidines 42 were obtained in 
63-82% yield. 

i. R3NH2, TiCI4 

ii. LDA, THF 
iii. R2X (X = Br, I) 
iv. NaOMe. MeOH R2 

39 40 

CI 

R' = Me, Et 
R2 = Me, Et, CH2Ph 
R3 = Pr', But 

+ 
LiAIH4, EtzO, heat 

R: 

R' R+ 63-82% 

R2 

42 41 

Scheme 13 

In a thorough investigation of the chemistry of 
2-azetidiniminium salts, Battaglia and co-workers 
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have described a novel synthesis of P-lactams 48 
from N, N-disubstituted amides 43 and imines 46 
(Scheme 14)." It is proposed that treatment of the 
amide 43 with trifluoromethanesulfonic anhydride in 
the presence of collidine results in the formation of 
a keteniminium trifluoromethanesulfonate (triflate) 
salt 45 via the a-triflyliminium triflate 44. This 
electrophile reacts with the imine partner to give the 
2-azetidiniminium triflate 47, hydrolysis of which 
gives the p-lactam 48 in variable yield. The reaction 
yielded a mixture of cis and trans products, generally 
in favour of the cis product, but dependent on the 
steric and electronic nature of the substituents on 
the imine (R' and R'), but substantially independent 
of those on the amide (R). 

* i OTf 1 0 

R ,)-( NMe2 TfzO, collidine R A G M e 2  TfO- 
( 1 1-70%) 

43 L 44 1 
R = Ph, Me, Phth, CI, C6H5O 
R' = Me, OEt, Ar, C02Me 
R2 = Ar, CHAr, Me 

47 45 

48 

Scheme 14 

4 Five-membered rings 

The synthesis of 3-alkylpyrrolidines by the anionic 
cyclization of a-aminostannanes has been reported 
by Coldham and Hufton (Scheme 15).16 Treatment 
of stannane 49 (easily prepared from the homo- 
allylic amine and ICH2SnBu3) with butyllithium and 
an electrophile gives the 3-substituted pyrrolidine 50 
in 44-90% yield. A number of useful electrophiles 
(aldehydes, ketones, chloroformates, tetraalkylstan- 
nanes and alkyl halides) were used. This strategy 
was used to prepare (_+)-51, a known y-aminobu- 
tyric acid uptake inhibitor in just four steps from 
commercially available starting materials. 

xE 
BuLi, THF or hexane-Et20 (") 

* LPh E, 44-90% 

49 50 

E = Me4Sn, PhCHO, MeOH, RCHO, R2C0, H2C= CH2CH2Br 

dco2- N 

H2+ 

51 

Scheme 15 

Zhang and Zhao have described the synthesis of 
dihydropyrroles from cyanocyclopropylphosphine 
oxides (Scheme 16).17 The reaction of (l-cyanocyclo- 
propy1)diphenylphosphine oxide (52) with the 
sodium salt of a secondary amide at 130-165 "C in 
xylene gives the 2,3-dihydropyrroles 53 in good 
yields (45-79%). Primary amides and amides with 
bulky N-substituents did not afford the desired 
products, instead resulting in coupled but uncyclized 
products. 

L 
NC 

NaH, xylene ~1 
p<i,",)Ph2 + R'CONHR2 13G1650c * I 

45-79% R2 
52 53 

R' = H, Me, Et 
R2 = Bun, n-pentyl, Ph 

Scheme 16 

Beak and co-workers" (Scheme 17) have 
described the synthesis of alkyl pyrrolidines by 
anionic cyclizations in a manner similar to that of 
Coldham and Hufton. Treatment of y-chloro amines 
54 with n- or s-butyllithium and (-)-sparteine in 
toluene at - 78 "C results in the formation of 
(S)-2-aryl-Boc-pyrrolidines 55 in good yields 
(20-70%) and excellent ee (generally 84-96%). The 
reaction tolerates many substituted and hetero- 
aromatic groups, with the lone exception of 
Ar = 4-Me0, which curiously gave the product 55 in 
only 3% ee. The reaction can clearly involve either 
asymmetric deprotonation or asymmetric substitu- 
tion on an already cyclized intermediate. Through 
deuterium labelling studies, it was shown that the 
pathway is asymmetric deprotonation, to form an 
enantiomerically enriched organolithium inter- 
mediate that cyclizes faster than it racemizes. 
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+ A / ' N ~ C I  
BocnO 

ArCHPBr I 
H ~ N  "'-''a 

00c NaH *HCI 

54 

BuLi 
(-)-sparteine 
toluene, -78 "C 
2 1-75% 1 

Ar = Ph, naphthyl, 3-fury1, etc 

Scheme 17 

I 
Boc 

55 

ee 84-96% 

An approach to the kainic acid skeleton via 
radical cyclization of 4-aza-1,6-dienes has been 
reported by Bertrand, Nouguier and Gastaldi 
(Scheme 18).19 Reaction of diene 56, with TsSePh- 
AIBN in refluxing benzene gave the pyrrolidines 
57a and 57b in approximately equimolar amounts, 
an unusual outcome considering that the classical 
radical cyclization of simple hex-5-enyl radicals 
normally greatly favours the formation of cis 
products. Since the phenylseleno group could not 
efficiently be converted into the kainic acid isopro- 
penyl unit by oxidative elimination, the diene 56 was 
modified to 58, incorporating an allylic sulfone, 
which suffered elimination under the reaction condi- 
tions to give 59a/b (ca. 1 : 1 mixture) following 
radical cyclization. 

Bachi and co-workers have described an alterna- 
tive radical-based route to the kainic acid skeleton 
(Scheme 19)." Treatment of isonitrile 60 with 
ethanethiol and AIBN in toluene resulted in the 
formation of 61 via an imidoyl radical in 77% yield. 
Alternatively, a similar radical could be generated 
by treatment of the related isothiocyanate 63 with 
Bu3SnH and ACN (a radical initiator), to give 64a/b 
in the ratio 1.4: 1 (yield > 92%). Both 62 and 64a 
were converted to kainic acid. 

A radical cyclization of an cx-amino radical onto 
an a,P-unsaturated ester has been used to construct 
pyrrolidines (Scheme 20).,' The generation of the 
a-amino radicals in this case was achieved by a novel 
condensation of an aldehyde (R'CHO) with benzo- 
triazole and a homoallylic secondary amine 65. The 
resulting aminoalkyl benzotriazole 66 is decomposed 
with SmI, to yield the a-amino radical which cyclizes 
in a 5-exo-trig fashion to give the 3-mono 
(R' = R' = H) or 2,3-di-substituted (R' = H) pyrroli- 
dine 67 in good yield (51-70%), but only when 
R2 = C02Me. Without this activating group, only 
products resulting from simple reduction or dimer- 
ization were obtained. The cyclized products were 
formed with modest diastereoselectivity (3 : 1-1 : 3, 
depending on R'). 

Harwood and Lilley have described a tandem 
azomethine ylide cycloaddition-Pummerer 
rearrangement strategy for the synthesis of enantio- 
merically pure 5-( hydroxymethy1)prolines (Scheme 
2 1) .22 Starting with (5S)-5 -p henylmorp holinone (68) 
as a chiral template and 2-(prop-2-enylthio)ethanal, 

69 was produced via the azomethine ylide. Oxida- 
tion with MCPBA and sodium periodate gave a 
single diastereomeric sulfoxide which underwent 
Pummerer rearrangement with trifluoroacetic 
anhydride-benzyl alcohol to give 70 in 38% yield. 
Desulfurization and removal of the chiral template 
atoms then gave the enantiomerically pure amino 
acid 71. 

Overman and Tellew have reported the remark- 
ably efficient synthesis of the 2,5-diazatricyclo- 
p 2 . 1  .04,10]decane ring system through application of 
an intramolecular azomethine ylide cycloaddition 
(Scheme 22).,' Treatment of 72 and 73 with potas- 
sium tert-butoxide gave the adduct 74, which, on 
refluxing in xylene with ammonium chloride (to 

Ts ?PMP 

56 

TsSePh 
C&, AIBN 
76% 

SePh ' SePh 

57a 54:46 57b 

Ts YPMP 

Ts 

58 

TsSePh 
C&, AIBN, heat 
76% 

OPMB 

i 
T" OPMB 

l ' \ T s  -Ts 
\ \  

59a 48:52 59b 

kainic acid 

PMB = pmethoxybenzyl 

Scheme 18 
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i. NaCNBH3, AcOH S 
ii. Boc20, Et3N, DMAP BnO 
(79%) 

EtS 
I 

Ph.- 

4 
* L C I 2 B u f  

EtSH, AlBN 
toluene 

EtS N 

68 

60 

62 
Scheme 21 

catalyse elimination of methanol from the hemi- 
aminal portion) gave 76 in 48% yield as a single 
regio- and all-cis stereo-isomer, via azomethine ylide 
75. The intramolecular nature of the reaction 
accounts for the observed regio- and stereo- 
chemistry and presumably the ease with which such 
an electron rich dipolarophile undergoes cycloaddi- 
tion with the azomethine ylide. 

SCN *CO~BU' 

63 

BusSnH, ACN 
toluene 
92% I 

Me0 Z 04 

64a 64b 

ACN = 1, 1 '-azobis(cyclohexanecarbonitri1e) 

Scheme 19 72 73 74 

xylene, 

BT 

Ph-NH 
H 

R' hRz R3CH0 * R' 
76 75 4 A sieves 

66 65 

Scheme 22 
R' = H, Ph 
R2 = H, C02Me 
R3 = H, Ph, C02Me, alkyl 

Sm12 

(2 steps) 
51-70% 

1 

R3 

Torii and coworkers have described a particularly 
practical application of azomethine ylide methodo- 
logy (Scheme 23).24 Reaction of N-(trimethyl- 
silylmethyl)benzylamine, a carbonyl compound and 
a dipolarophile in THF gave the pyrrolidine deriva- 
tive 77 via the azomethine ylide. A number of struc- 
turally diverse aldehydes and ketones and 
dipolarophiles (including alkynes) were used. Such 

Ph- N k  R2 

R' 

67 
Scheme 20 
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0 
Bn It 

R' = Me, Pr" 
R2 = Ph, Pr", Bn 
R3 = Ph, ptolyl 

OTBS 

Ti(OTs),-TADDOLate (50 mot%) 
48 h, toluene 
55-71% 

R' = H, C02Et 
R2 = Ph, alkyl, CHO, C02Et \ 2 3 4 4 %  

EWG THF, heat 
R3 = OCOMe, Phth 
EWG = C02Me, Phth .) 

EWG RiaR3 
R2 I 

Bn 

77 
Scheme 23 

multi-component reactions have potential in the 
synthesis of combinatorial libraries. 

Jmgensen and co-workers have described an 
enantio- and diastereo-selective nitrone-alkene 
1,3-dipolar cycloaddition reaction catalysed by the 
modified Seebach catalyst, T ~ ( O T S ) ~  TADDOLate 
(TADDOL = a, a, a', a'-tetraaryl-1,3-dioxolane- 
4,5-dimethanol) (Scheme 24).25 Best results 
(endo : ex0 ratio > 95 : 5, ee of endo product = 93%) 
are obtained with the acrylate 78 (R=Me) and 
nitrone 79 (R2 = R3 = Ph). Indeed, with a variety of 
other substrates, the endo:exo ratio is always greater 
than 9 5 : 5 ,  but the ee is heavily substrate dependent. 

Rassu, Casiraghi and co-workers have described 
the synthesis of some diaza sugars, utilizing a 
Mukaiyama aldol reaction as the key step (Scheme 
25).26 Reaction of N-Boc-2-OTBS-pyrrole 81 with 
the Garner aldehyde 82 in the presence of 
BF3 OEt, gave a 3 : 1 mixture of syn : anti aldol 
adducts in a total 80% yield, 83 being the major 
one. The aldol adducts were separated and 
converted separately by conventional means to 
2,4-diamino-2,4-dideoxy-~-arabinose 85 and the 
corresponding ribose (from the minor anti aldol 
adduct). 

have been synthesized by Pedrosa and co-workers 
using an auxiliary based strategy (Scheme 26).27 

Enantiomerically pure 3-substituted pyrrolidines 

0 
0 0 

81 83 

+ 

dCHO I 

O f B o c  
.) 

82 

H OTBS 

HO ,--@OH ~ i. citric acid +CHo 

XNBoc NHBoc 
\NH2 ii. HCl(aq), THF 0 

85 / /  

Scheme 25 
84 

Starting from the norephedrine-derived oxazolidine 
86, lithiation and addition of an aldehyde gave the 
bicyclic lactam 88, via 87. Although the chemical 
yields were excellent (71-88%), the diastereo- 
selectivity was modest (ca. 2: 1). Separation of the 
major diastereomer, reductive cleavage of the chiral 
auxiliary and subsequent transformations gave the 
3 -substituted p yrrolidine 89. 

The intramolecular addition of a pendant amino 
group to a n-allylpalladium intermediate was a key 
step in the synthesis of the spirocyclic ring system of 
the anticancer agent cephalotaxine (Scheme 27).28 
The n-allylpalladium complex 91, which was formed 
by loss of the phenylsulfonyl group from 90 in the 
presence of palladium tetrakis(tripheny1phosphine) 
and tetramethylguanidine (TMG) in refluxing aceto- 
nitrile, underwent spirocyclization to give selectively 
92. TMG was far superior to other bases, a result 
thought to be in part due to suppression of 
unwanted /?-hydride elimination of 91. 

86 

R = Me, Ph 
1 oLi 1 

87 
I 

i. AIH3 

ii. MeI, MeOH 
iii. NaH, THF 
(72%) 

Me 

endo-80 exo-80 

Scheme 24 

88 89 

Scheme 26 + diastereomers 
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JNHPMB 

sAs u 
90 

TMG = tetramethylguanidine 

Scheme 27 

- 
NHPMB 

sAs u 
- 91 

(98%) I 
n 

PMBNA 
0 v \OMOM 

S*S u 
92 

Two other interesting strategies for the prepara- 
tion of cephalotaxine have been disclosed by 
Mariano and co-workers (Scheme 28).29 The first 
strategy involves a single electron transfer promoted 
photocyclization of the aryl-substituted silylallyli- 
minium salt 94 (generated from 93) to generate 95. 
The reaction gave racemic 95 in 74% yield based on 
one recycle (47% conversion). The reaction is 
proposed to go by two separate pathways as shown 
by deuterium-labelling, the main one involving 
cation diradical cyclization of 96 to 97. Mariano's 
alternative route for the synthesis of the cephalo- 
taxine skeleton involved preparation of the ten- 
membered cyclic amine 100 (by conventional means 
from 98 and 99) (Scheme 29) followed by TMSOTf- 
promoted transannular cyclization to give 101, a 
previously established intermediate to the natural 
product. 

Two Michael addition reactions were used by 
Sosnicki and Liebscher to construct pyrrolidin- 
2-ylidene carboxylates (Scheme 30).30 The first, 
addition of nitromethane anion to the a,p-unsat- 
urated thioamide 102, gave racemic 103, following 
an alkylative Eschenmoser sulfur contraction 
reaction. Selective reduction of the nitro group with 
hydrogen and Raney Ni gave the final product 104 
by a Michael addition-elimination sequence. A 
similar sequence of reactions from thiolactam 105 
gave the disubstituted pyrrolidine 106. 

A novel tandem Michael-Henry reaction has 
been used to prepare 2-hydroxymethyl-3-hydroxy- 
4-nitro-pyrrolidines (Scheme 31)." Treatment of 107 
(derived from L-serine), with BzOCH2CH2N02 (a 
precursor of nitroethylene) gave the Michael 
adduct, which, on oxidation, underwent a Henry 
(nitro-aldol) reaction to give a diastereomeric 

mixture of piperidines 108a/b (ratio 3 : 1). Standard 
functional group interconversions on the major 
isomer gave 109, a natural product isolated from 
Castanospemzum australe. 

Mann and co-workers have described the regio- 
selective ring-opening of phenylaziridines with allyl- 
silanes promoted by BF3-OEt2 (Scheme 32).32 For 

TMS TMS 

94 
foBn 

93 
I 

i. hv,MeCN 
ii. NaHC03 
74% 

1 

- 
cephalotaxine - 
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95 
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hv, MeCN I 
BU'OCO - & y D  

+ 
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Scheme 28 

98 99 
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i. MeN02, DBU (85%) 

ii. BrCH2C02Et, NaI dS iii. P(OEt)3, DBU (51%) 
Ph \ 

NO2 C02Et 

see Table 

HOwNv 

113 

102 103 

i 
f co2But 

GAco2But 
+ 

Ph 

115 

h O 2 E t  Conditions Yield of 115(%) 

1 04 

BnNH 

C02Et 

105 106 

Scheme 30 

example, 111 was obtained in 44% yield (as a 1 : 1 
mixture of cis :trans isomers) from 110 and tri- 
methylallylsilane, together with a lesser amount of 
the side product 112. The reaction proceeds 
presumably by a simple SE2' mechanism and a stabi- 
lized p-silyl cation intermediate. 

A serendipitous synthesis of pyrrolidines of type 
115 has been described by Walker (Scheme 33).33 

HN 
Bn 

OTHP 

107 108a 3:l 108b 

c 
HO. 

PPh3 (1 .O equiv.), DEAD (1 .O equiv.) 40 
Bu3P (2.2 equiv.), ADDP (2.2 equiv.) 77 

ADDP = 1 ,l'-(azodicarbony1)dipiperidine 

Scheme 33 

Under standard Mitsunobu conditions (PPh3, 
DEAD), 113 is converted into 115 in 40% yield. 
Subsequent optimization (Bu3P, ADDP) increased 
this to 77%. The compound arises through Stevens 
rearrangement of the putative species 114, formed 
initially in the Mitsunobu reaction. 

5 Six-membered rings 

In studies on efficient use of the Mitsunobu reaction 
to synthesize heterocycles, Tsunoda and co-workers 
have described a synthesis of piperidines, including 
the natural product ( + )-a-skytanthine (Scheme 
34).34 In a simple case (116+117), classical Mitsu- 
nobu-type reagents were found to be inferior to two 
new phosphorane reagents, cyanomethylene-tributy1- 
and -trimethyl-phosphorane (CMBP and CMMP). 
This was also true for the more demanding 
substrate (118) required for the synthesis of the 
natural product. In refluxing benzene, CMMP 
effected the formation of piperidines 119a and 119b 
in 81% overall yield from 118 in the ratio 92:8. The 
major isomer 119a was subsequently converted to 
( + )-a-skytanthine. 

bromine leads to 5-(bromomethyl)pyrrolin-l-ium 
bromides 121, which on treatment with a sodium 

Treatment of y, &unsaturated aldimines 120 with 

Scheme 31 109 alkoxide suffer rearrangement to give the heavily 
functionalized piperidines 123, presumably through 
the exotic aziridinium ion 122 (Scheme 35).35 The 
N,O-aminal functionality can be readily reduced 
with sodium borohydride to give the piperidines 
124. However, on heating (preparative gas chroma- 

led to the formation of the 3-ketopiperidines 125. 

Wittig rearrangement of certain vinylaziridines has 
been described by Somfai and co-workers (Scheme 
36).36 On treating the vinylaziridine 126 with base, a 
mixture of products was obtained which was 
dependent on the nature of the base and the anion 

BFpOEt2 Ar 
Arb N + "9 i- lNHTs tography), an unusual rearrangement occurred that 

I 
Ts SiMe3 36% 

SiMe3 The synthesis of some piperidines by the aza[2,3]- 
44% 

110 111 112 

Ar = 4-CIC6H4 

Scheme 32 
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y'" 
see Table 

116 117 

Conditions Yield of 117 ("/.) 

DEAD-PPh3 (25°C) 43 
DHTD-PBu~ (25°C) 27 
CMBP ( 1 2 0 ~ c )  83 
CMMP (120°C) 89 

DHTD = 4,7-dimethyl-3,4,5,6,7,8-hexahydro-l,2,4,7-tetrazocine-3,8-dione 

H '  Ph A 
118 119a 92:8 119b 

'p H aMe 
H j  

(+)-a-skytanthine 
Scheme 34 

NR' 

120 121 

R' = alkyl 
R2 = alkyl 
R3 = Me, Et 

1 NaOR3 
heat 

/65-95% 

t 

R2RvR1 
R3 = M\ 

OR3 

1 24 

J 

stabilizing group (R') on the aziridine. Best results 
were obtained with R' =C02Buf and LDA as the 
base; these gave rise to exclusively the cis 
diastereomer 127a in 95% yield. These conditions 
were used to introduce a methyl substituent at the 
C-3 position of piperidine 130 by appropriately 
substituting the alkene in the substrate 129. The 
aza[2,3]-Wittig rearrangement is stereospecific, so 
the stereochemistry at C-3 is completely determined 
by the geometry of the double bond in the starting 
material. The main limitation of this method would 
appear to be the synthesis of the aziridine starting 
materials, because in the present work they were 
obtained from epoxy alcohols by a multi-step 
sequence. 

used to prepare 2,3,4-substituted piperidines 
(Scheme 37).37 Condensation of the diene-iron 
tricarbonyl complex 131 and amine 132 gave the 
imine 133, which underwent a diastereoselective 
cyclization to give 134a and 134b in 58% and 7% 
yields respectively, each as a mixture of epimers at 
the 3-position. Removal of the iron tricarbonyl 
moiety and hydrolysis-reduction of the 4-ketal gave 
the natural products (&)-dienomycin C (from 134a) 
and ( )-4-epi-dienomycin C. 

The condensation-rearrangement reaction 
between a reducing sugar and an amine - the 
Amadori reaction - has been used by Guzi and 
Macdonald to synthesize 136 (an intermediate in the 
synthesis of novel topoisomerase I1 inhibitors) 
(Scheme 38).38 The key transformation involves 
heating 135 with TsOH in toluene at reflux to 
obtain 136 in 82% yield. 

Comins has described a method of functionaliza- 
tion of a pyridine to produce chiral N-acyl- 
2,3-dihydro-4-pyridones (Scheme 39).'9 Treatment of 

An intermolecular Mannich reaction has been 

I I 
H H 

127a 127b 
II 

126 

Buf--- +$ Yield (%) of 
R' Base 127a 127b 128 

CO~BU' LDA 95 
CN KN(SiMe3)2 69 11 N 
C=CTMS BusLi 29 42 24 

128 

H 

129 130 

0 

125 

R1 = H, a-Me, p-Me 
R = alkyl 

Scheme 35 Scheme 36 
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Ph- 
Fe(C0)3 0 

131 

H2N& Ir*2cl* 
132 

the pyridine 137 with R*OCOCl, a chiral chloro- 
formate derived ultimately from limonene, followed 
by a Grignard reagent gave the dihydro-4-pyridones 
138 in generally excellent yield and diastereo- 
selectivity (80-95%). A number of enantiomerically 
pure R* groups were investigated, and it was found 
that 139 generally afforded the best diastereo- 
selectivity. A reasonably wide variety of simple aryl 
and alkyl Grignard reagents were used successfully. 

133 

H+, toluene 
(65%) I 137 138 

de = 79-95% 

+ 0'' P 0' ' 
6:l p:a 139 

134a 9: 1 134b 

I 
OH 

(+)-dienomycin 

Scheme 37 

OMe 

136 

Scheme 38 
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R1 = Ar, vinyl, alkyl, BuC E C -  

Scheme 39 

Mariano and co-workers have described details of 
the oxidative Mannich cyclization of certain or-silyl- 
amines and -amides (Scheme 40).40 Treatment of 
140 with TCN gives a modest yield of the disub- 
stituted piperidine 142 (30%), via the iminium ion 
141. No racemization or epimerization was 
observed. In contrast, the allylsilane 143 gives two 
piperidines 144a and 144b in improved yield under 
the same conditions, although both are of low 
enantiomeric purity. The problems of low yield and 
optical purity could be reduced to some extent by 
replacing the N-benzyl protecting group with a 
benzoate group, which was suggested to have the 
effect of suppressing a competitive aza-Cope side 
reaction, responsible for loss of the optical purity. 

Murata and Overman have described the cycliza- 
tion of N,O-acetals 145 and 148 to yield piperidines 
147 and tetrahydropiperidines 149 respectively 
(Scheme 41).4' These reactions developed from the 
NaI-promoted Mannich cyclization chemistry 
developed for the synthesis of the pumiliotoxin 
alkaloids, but differ in that if the reaction conditions 
are kept strictly anhydrous, a wide variety of much 
weaker nucleophiles can be used. Treatment of 145 
with TMSX (X = Br, CI) or SiC14 in acetonitrile or 
CH2C12 resulted in the formation of the 
3-( 1-haloalky1idene)piperidine 147 in excellent yield 
and as a single stereoisomer (when R=Me or H). 
Alternatively, with 148, similar reaction conditions 
gave 149 in good yields. Non-halide nucleophiles 
(X=CN, N3, OAc, OTf) were not successful, 
resulting instead in uncyclized side-products. The 
resulting vinyl halides should be valuable inter- 
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1 40 

TCN = Ce(Bun4N)P(N03)6 
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R Yield of 144a (%)Yield of 144b (Yo) 

Bn 41 (24% ee) 34 (0% ee) 
COPh 48(50%ee) 0 

Scheme 40 

mediates for the synthesis of more functionalized 
piperidines by a range of cross-coupling reactions. 

The total synthesis of (-)-pumiliotoxin C by 
Kibayashi and co-workers involved a novel acyl- 
nitroso Diels-Alder reaction under aqueous condi- 

Bn r Bn 1 
I Gale TMSX or s i c 4  

MeCN 

145 

R = Me, Ph, H 
X = Br, CI 

Bn 
I 
N-OMe 

TMSX 

4742% 

148 

Scheme 41 

Bn 

L 146 X- J 

44-93043 I 

Q R 

X 

149 

Bn 
I 

QrR X 

147 

tions (Scheme 42).42 The hydroxamic acid 150 
(synthesized from malic acid) was oxidized by TPAP 
(Pr4NRu04) to the intermediate acylnitroso inter- 
mediate 151 which underwent Diels-Alder reaction 
to give predominantly the trans isomer 152a. 
Although other groups have used similar Diels- 
Alder reactions to construct piperidines, the high 
stereoselectivity obtained in this study is noteworthy. 
A number of conventional steps then furnished 
(-)-pumiliotoxin C from 152a. 

asymmetric N-H insertion reactions of an a-diazo- 
carbonyl catalysed by a chiral rhodium catalyst 
(Scheme 43).43 Diazoketone 153, on treatment with 
the (S)-mandelic acid-derived rhodium catalyst 
Rh2L4, gave the piperidine 154a in 45% ee as the 
major component of the reaction mixture. Other 
products resulting from C-H insertion (154b) and 
/?-elimination (154c) were also obtained. The same 
reaction with 155 gave 156, although the ee was only 
15%. 

Ogasawara and co-workers have described the 
particularly efficient synthesis of ( + )-pseudo- 
conhydrine and ( + )-N-methylpseudoconhydrine 
from 3-hydroxypyridine (Scheme 44).44 Reduction of 
3-hydroxypyridine with sodium borohydride in the 
presence of benzyl chloroformate afforded the 
versatile (but unstable) hydroxypiperidine 157 in 
69% yield. This was then treated with methanol- 
HC1 and the secondary alcohol was acetylated, to 
give the N,O-aminal 158. Under ZnClz catalysis, 
treatment of 158 with allylsilane gave a mixture of 
trans and cis 2,5-disubstituted piperidines, heavily in 

McKervey and co-workers have described the first 

150 

i 

L \ -  
151 

I H20-MeOH(5: 1 ) 
84% 

152a 5:l 152b 

1 jsteps 

H H  H H  

pumiliotoxin C 5-epi-pumiliotoxin C 

Scheme 42 
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tricycles 162a/b by a cyclization reminiscent of the 

skeleton (Scheme 46).46 The reaction conditions 
appear to be critical to the success of the reaction: 
viz alteration of either the amount or the nature of 

153 154a 154b the Lewis acid (3.5 equiv. of FeCl,*6H20); the 
temperature (23 "C); the solvent (dichloromethane); 
and even the amount of adventitious moisture 
(0.1% v/v HzO) led to drastically reduced amounts 
of product. With optimal conditions, a 5.7: 1 mixture 
of 162a and 162b in a total yield of 83% could be 

H, C02Me biological transformation of squalene to the steroid CH2C12, Rh2L4 

NHZ ZN H AC02Me O o C  -I")-CO:Me Z a H 

18% (20% ee) 48% (45% ee) 

?H 

+ ZN 
H 

154c obtained. 
24% 

155 

R = Z, BOC 

156 
(1 5% ee) 

Scheme 43 

favour of the trans isomer (+)-159. This compound 
Scheme 46 

U 
161 

I 

FeCI3*6H20 (3.5 equiv.) 
23 "C, CH2C12 (83%) 
0.1% V/V H20 

was resolved enzymatically and converted to the two 
natural products by conventional means. 

OH HO 
162a * D O A C  162b 1:5.7 

Me0 , 
I. HCI-MeOH (66%) ooH ii. Ac20, (99%) 

(69%) 
I 
C02Bn C02Bn 

157 158 Wanner and co-workers have described the use of 
a new chiral auxiliary in the asymmetric functional- 
ization of 1,2,3,6-tetrahydropyridine (Scheme 47).47 
Formation of the amide 163, followed by Pd/C- 
catalysed isomerization of the double bond and 
treatment with HCl gas gave the a-chloroamide 164. 
Immediate treatment of this with AlEt, gave piper- 
idines 165a/b in 63% overall yield as a separable 
mixture of diastereomers (ratio ca. 10: 1). 

T M S e  E l 2  
dr = 91% 1 

(+)-pseudoconhydrine (?)-159 

Scheme 44 

A similarly rapid functionalization of a common 
aromatic molecule to a piperidine was reported by 
Bubnov and co-workers (Scheme 45).4' In this 
instance, pyridine itself was treated separately with 
RLi, ally1 borane, methanol, and aqueous base in a 
one-pot procedure to afford ( _+ )-160 (R = H, Bun, 
Ph) in 50-60% yield. 

0 iii. ::. MeOH - e-, H 
iv. H20, OH- 

160 

Et3N, 75% - A N  a R' 

H *Cl 

O N 0  163 

I Ph = R'COCI 

i. PdlC, THF, Et3N, 120 "C 

ii. HCI(g), CH2C12. -78 "C 
(42-88%) 

0 

Et 

165a 1O:l  165b 1 64 
R = Me, Bun, Ph 

Scheme 47 
Scheme 45 

Sen and Roach have described the conversion of A photocyclization of an enamide has been used 
to generate trisubstituted piperidines (Scheme 48).48 161, obtained from geraniol in nine steps, to the 
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Treatment of 166 with triethylamine and 2-phenyl- 
oxazole-4-carbonyl chloride gave the unstable 
enamide 167. This was then refluxed with sodium 
borohydride under ultraviolet irradiation in aceto- 
nitrile-methanol to afford predominantly lactam 
168a and a small amount of the a-anomer 168b. The 
methylthio grouping was oxidized to a methanesul- 
fonyl group, which was then replaced by a three- 
carbon chain by reaction with allyltributylstannane, 
producing predominantly the a-isomer under most 
reaction conditions. This was subsequently homolo- 
gated to the triacetate of the structure proposed for 
the natural product pseudodistomin A. 

6 Pyrrolizidines, indolizidines and quinolizidines 

The homochiral dirhodium catalyst Rh2(4S- 
MACIM)4 has been used to catalyse the regio- 
selective C-H insertion reaction of 
pyrrolidinediazoacetamides to form pyrrolizidines 
(Scheme 49).49 For example, treatment of 
homochiral 169 (R=OMe)  with Rh,(OAc), gave a 
modest yield of a mixture of the pyrrolidines 170a/b. 
However, with Rh2(4S-MACIM)4, the yields and 
diastereoselectivity improved. Similar results were 
obtained with R = Me; the 'mismatched case' with 
Rh,(4R-MACIM)4 as the catalyst gave lower 
diastereoselectivity (75 : 25), and Rh2(OAc)4 by itself 
gave a much lower yield (32%). The intermediate 
170a (R =Me) was converted to the natural product 
( - )-heliotridane. 

A sequential hydrogen atom abstraction-radical 
cyclization reaction was used by Robertson and 
co-workers to provide a different synthesis of the 
natural product ( )-heliotridane (Scheme 50).50 
Starting with 171, treatment with AIBN and Bu,SnH 
in refluxing benzene afforded the a-amino radical 
172 (via 1,5-H atom transfer by the initial vinyl 
radical) which cyclized to give a 13 : 1 mixture of 
173a and 173b. Thiophenol was added at the end of 
the reaction to facilitate the removal of the tin 

Ph 
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Et3N 
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Ph 

Ac Bn 
pseudodistomin A triacetate 

168a (R = p-SMe) 59% 
168b (R = a-SMe) 5% 

Scheme 48 
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MeS JLN2 , 
Bn 
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r 

169 1 70a 170b 

0 

R Catalyst 170a:170b Total yield(%) 

Scheme 49 

residues from the reaction mixture. Furthermore, 
the same strategy enabled the synthesis of 174, a 
potential glycosidase inhibitor. 

Viehe and co-workers have described the 
diastereoselective synthesis of trifluoromethyl- 
substituted pyrrolizidines by the addition of an azo- 
methine ylide to a dipolarophile (Scheme 51).5' For 
example, treatment of 175 with methyl triflate 
affords the trifluorothioamidium salt 176, which on 
treatment with DBU and an electron deficient 
dipolarophile, for example methyl acrylate, afforded 
a diastereomeric mixture of the pyrrolidizines 
177a/b in good yield and excellent diastereo- 
selectivity (95 : 5) .  

The key step in the synthesis of castanospermine 
by Mootoo and Zhao is the triple reductive amina- 
tion of the triketone 178 with ammonium formate 
and sodium cyanoborohydride (Scheme 52).52 This 
reaction yielded the perbenzyl ether of castano- 

AIBN, benzene 

Bu3SnH 
(67%) 

D 
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Ho''& - -  - 

174 

h 
L 172 1 

%Me + e- - 

173a heliotridane 173b 

Me 

Scheme 50 
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P C O z M e  
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F02Et 

175 176 

177a 95:5 177b 
Scheme 51 

spermine in 53% yield as a single diastereomer, and 
may be similar to the actual route by which the 
polyhydroxylated indolizidines are biosynthesized. 

Gravestock (Scheme 53).s3 Exposure of thioamide 
179 to alkylative Eschenmoser sulfur contraction 
conditions gave the vinylogous carbamate 180 in 
85% yield. This was converted to bromide 181, 
which underwent a surprisingly smooth cyclization 
to give 182 upon refluxing the reaction mixture. 
Several steps were then employed to convert the 
vinylogous urethane moiety into the functionality 
present in (&)-209B. 

Goti, Brandi and Cardona have described the 
synthesis of ( + )-lentiginosine, another naturally 
occurring polyhydroxylated indolizidine (Scheme 
54).s4 The key step involved the dipolar cycloaddi- 
tion of the enantiomerically pure nitrone 183 with 
but-3-en-1-01. When R = Bu', the cycloaddition is 
quite diastereoselective, affording 184 as the major 
component of a 10 : 2 : 1 mixture of diastereomers. 
Subsequent well-precedented manipulations 
converted 184 into ( + )-lentiginosine. 

indolizidine framework. This was constructed very 
elegantly by Padwa and co-workers using a tandem 
Diels-Alder N-acyliminium ion cyclization (Scheme 
5 9 ' '  Starting with 185, treatment with Ac20-TsOH 
effected Pummerer rearrangement to afford the 
isobenzofuran 186. Diels-Alder reaction and expul- 
sion of ethanethiol (186+187) generated the 
N-acyliminium ion 188, which was intercepted by 
the adjacent electron rich aromatic ring to afford 

Indolizidine 209B has been made by Michael and 

Embedded in the Erythrina alkaloid skeleton is an 

Bnozo i. NH4HCOz $g:BH3 (53%) ' O H B  

BnO- - CHO ii. 1O%Pd/C HO-- 
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MeOH-COzHz 

BnO OBn HO OH 
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179 180 

i. LiAIH4 (91%) 
ii. CBr4, PPh3, NEt3, 

MeCN, 0 "C + reflux (85%) 
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C02Et 
I 

C5H11 

182 L 181 1 

'I 
C5H11 

(2 )-indolizidine 2098 

Scheme 53 

189, all in 70% overall yield from 185. Analogues of 
the Erythrina skeleton were speculated to be 
accessible by simple alteration of the length of some 
of the tethers in 185. 

Mangeney and co-workers have described the 
transformation of the chiral auxiliary-substituted 
pyridine 190 to the quinolizidine skeleton (Scheme 
56).5h Addition of MeCu to the 4-position of the 
pyridine ring, followed by alkylation of the pyridyl 
anion with 4-chlorobutanoyl chloride, removal of 
the chiral auxiliary and Finkelstein Cl-I exchange 
gave 191 as a single enantiomer. A 6-a0 radical 
cyclization under standard conditions then gave a 

OR H ?R 

0- 

1 83 
R' = CH2CH20H 184 

I 
I R = Bu', TBDMS 

R Diastereoselectivity (%) Yield (%) 

But 77 100 
TBS 67 74 
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Scheme 54 (+)-lentiginosine Scheme 52 
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mixture of regioisomers 192a and 192b in total 80% 
yield. Each regioisomer was also a mixture of 

using Zn-CuI with ultrasound, instead of radical 
epimers. The poor regioselectivity was solved by i. MeCu, THF, -70 "C bCHo 

L I  
Me ,, iv. NaI. acetone 

Ph 0 

Ac20, TsOH 

SOEt 

Pummerer 
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Me0 
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SEt 
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L 187 - 
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188 
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MeO' 
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190 191 

I Bu3SnH, 10% AlBN 
C & j ,  heat 

Me Me 

Scheme 56 
192a 192b 
53% 27% 

conditions, to effect cyclization but the diastereo- 
selectivity remained poor. 

Marks and Li have described a powerful approach 
to the synthesis of the pyrrolizidine and indolizidine 
alkaloid skeletons in an organolanthanide-catalysed 
reaction (Scheme 57).57 The substrates are remark- 
ably simple (e.g. 193-196), containing one or two 
each of an alkyne and alkene separated by an 
appropriate number of carbon atoms from a central 
nitrogen atom. The key hydroamination-bicycliza- 
tion reactions were carried out in benzene at room 
temperature under strictly deoxygenated and 
anhydrous conditions with either Cp*,SmCH(TMS), 
or Me2SiCp*,NdCH(TMS)2 (Cp* = q5-Me5C,) (2 
mol%). Although simple alkaloids such as 199 and 
200 can be readily made, the real power of the 
reaction lies in the preparation of unsaturated 
derivatives such as 197 and 198, which are amenable 
to further functionalization. A catalytic cycle is 
proposed that involves covalent formation of an 
N-Sm bond, followed by intramolecular 
co-ordination to the acetylene. The C-N bond (first 
ring) is formed by metathesis, and the resulting 
Sm-C bond inserts into the remaining alkene (or 
alkyne) to give C-C bond formation (second ring). 

The pyrrolizidine, indolizidine and quinolizidine 
frameworks have been synthesized by a photo- 
induced electron transfer (PET) reaction of 
1-alkenyl-2-silyl-pyrrolidines and -piperidines 
(Scheme 58).58 For example, irradiation of 201a 
(itself obtained by a PET reaction of the acyclic 
precursor) with ultraviolet light (A. > 280 nm) and 
1,4-dicyanonaphthalene (DCN) gave 202 as a 97:3 
mixture of diastereomers in 90% yield. Interestingly, 
the homologue 201b gave the products 202b in 
similar yield, but with completely reversed stereo- 
chemistry, reminiscent of similar radical cyclization 
reactions. 

The indolizidine alkaloids 167B and 209D have 
been synthesized by Lee and co-workers using a 
radical cyclization approach (Scheme 59).59 The 
primary bromide 203 was made in nine steps from 
(S)-proline. Treatment of 203 with Bu3SnH-AIBN 
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gave 204 efficiently via a 6-ex0 cyclization. The 
homologue 206 was made analogously from 205. 

Tsai and co-workers have described the synthesis 
of pyrrolizidinones, indolizidinones and quinolizidi- 
nones by intramolecular cyclization of a-acylamino 
radicals onto acylsilanes (Scheme 60).'(' The 
substrates 207a-d were refluxed with Bu,SnH and 
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AIBN in benzene to effect cyclization. The yields 203 

PPh I 
catalyst (68%) (2 molyo), & 

H 

1 93 197 

194 198 

catalyst (2 mol%) c- (93%) * 4555 

f 

R = Me (-) 1678 
R=Bn (-)209D 

R 

o-cozEt 
catalyst (2 mot%) GA (88%) * 85: 15 

1 96 200 

catalyst 

Scheme 57 

benzene C02Et 
(86%) 

204 

Scheme 59 
195 199 

H Me y Me 

d m +  a m  

201 antc202 syn-202 

Entry n m antksyn Yield (%) 

1. 
H 

205 206 

a 1 1 97:3 90 
b 2 2 0:lOO 88 
c 1 2 2:ga 85 
d 2 1 95:s a7 
~ ~~ 

Scheme 58 

BusSnH 

AIBN 
benzene (55%) 

- H "3 
C02Et 

were good to moderate and the diastereoselectivity 
modest (see table). The syn :anti ratio varied 
between 1.9: 1 and 3.8: 1, with the indolizidinone 
and quinolizidinone alkaloids enjoying slightly more 
stereocontrol over the formation of the alcohol 
centre. 

0 0 
0 

anti-208 syn208 207 

~ 

Yield ("A) of 
Entry m n syn anti 

a 1 1 34 18 
b 1 2 63 16 
c 2 1 58 23 
d 2 2 57 15 

Scheme 60 

Ha and co-workers have described the Sm1,- 
mediated reductive cyclization of N-iodoalkyl cyclic 
imides to the pyrrolizidine and indolizidine skele- 
tons (Scheme 61).61 For example, the succinimide 
209b gave 211b (56% yield) and the glutarimide 
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0 
/ I  OH 

N ~ I O ~  

(Q " 
0 "C 0 0 W 

209 210 21 1 

DBM = tris(dibenzoy1rnethane) 
Yield (Yo) of 

Entry rn n 210 211 

a 1 1  32 
b 1 2  56 
c 2 1  35 
d 2 2  60 

Rw - PNYo 
Rw - PNYo 

PHN OH 

21 2 

P = protecting group 
n =  1, 2, 3 

'SePh 
21 3 

Scheme 61 

209d gave 211d (60% yield) on treatment with Sm12, 
Fe(DBM)3 in THF. 

21 5 L 214 

7 Medium and large rings 

Holmes and co-workers have described details of 
the Claisen rearrangement of vinyl substituted 
N,O-ketene aminals into eight-, nine- and ten- 
membered lactams (e.g. 214+215, (Scheme 62).62 
The desired ketene acetals are prepared by classical 
selenoxide elimination from the corresponding 
selenide (eg. 213), prepared readily from 1,n-amino 
alcohols. Similar methodology has been used very 
successfully in the preparation of medium ring 
lactones from ketene acetals, but the analogous 
N,O-ketene aminals are much more electron rich, 
thereby making the lactam synthesis rather more 
prone to side-reactions. For example, 216 afforded 
only 17% of the desired product 217a, together with 
51% of a 9: 1 mixture of selenides 217b and 217c, 
obtained by premature trapping of the N,O-ketene 
aminal with phenylselenenic acid. This side reaction 
could be usefully suppressed by the addition of a 
large amount of a highly reactive ketene acetal 
[Me,SiOC(OMe) = CH2] to scavenge the offending 
PhSeOH. The nine membered lactam 220 (n = 1) 
was obtained in 54% overall yield from the amino 
alcohol 218 (n = 1); and the simple ten-membered 
lactam 220 (n = 2) from 218 (n = 2) in 78% yield 
(Scheme 63). The efficient formation of the eight- 
membered ketene acetal219 (n =2) (58%) from the 
corresponding 1,5-amino alcohol is noteworthy. 

The use of transition metal-catalysed ring closing 
metathesis (RCM) reactions of alkenes in all areas 
of organic chemistry is currently growing, owing to 
increased knowledge of the robust catalysts 
pioneered by the Grubbs and Schrock groups. 
Barrett and co-workers have applied this methodo- 
logy to the synthesis of novel p-lactams containing 
fused medium sized rings (Scheme 64).63 Starting 
with 4-acetoxyazetidin-Zone 221, two simple steps 
produced the bis-alkenes 222a-c. Treatment with 
the molybdenum catalyst 223 (5  mol%) gave the 
seven-, eight- and nine-membered rings (224a-c) in 
84%, 53% and 12% yield respectively. 

development of traceless linkers for solid phase 
combinatorial chemistry, van Maarseveen and 

In a partial solution to the difficult problem of the 

216 

toluene 
heat, 16 h I 

0 

21 7a 217b 21 7c 

Conditions 
Yo Yield of 

217a 217b 217c 

No additive 17 46 5 
Me$iOC(OMe) = CH2(20 equiv.) 80 - - 

Scheme 62 

4-q+y 
I I D 

OH NHZ PPTS 

21 8 

n R  Yield (Yo) of 
21 9 220 

1 CO~BU' 72 75 
2 H  58 78 

ox::ph 

21 9 

i. NaI04 
ii. DBU, toluene, heat I 

fTP2 O R  

Scheme 63 
220 
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i. HO(CH2),CH=CH2, Zn(OAc)2, heat 

ii. BrCH2CH=CH2, NaH, DMF 
n =  1-3 

I 
N Ph 

(CF3)2MeCO--Mo& 

OCMe(CF& 

224a-c 
223 

Scheme 64 

n Yield (%) 224 

1 84 
2 53 
3 12 

co-workers have described the RCM-cleavage 
reaction of 225 to give the seven-membered lactam 
227, using the ruthenium catalyst 226 (Scheme 
Unfortunately, the yield for the reaction is only 
modest, and the reaction time long, even with 100 
mol% of the catalyst. 

Pfeffer and Grellier have described the prepara- 
tion of 230 from 228 through the application of an 
intramolecular palladium-catalysed tertiary amine- 
ally1 coupling reaction (Scheme 66).65 It was found 
that 229 is an intermediate in the reaction, which is 
slowly converted to 230. A detailed catalytic cycle is 
proposed. 

Yamamoto and co-workers have described 
efficient syntheses of several spermine-derived 
macrocyclic alkaloids (Scheme 67).66 The key step is 
the antimony(ii1) ethoxide-promoted regioselective 
cyclization of 231 in benzene to the 17-membered 

Bn 

. O - a 0  NHBoc 

225 

226 (1 equiv.), 50 "C, 16 h 
oct-1 -ene 
54% 1 b0 
NHBoc 

227 

Q = 1% crosslinked 
226 methylene polystyrene 

Scheme 65 

OAc 

Pd(PPh& (2 mol? 

MeCN. 

N- few 
Me 

228 

Scheme 66 

229 

several h 1 
230 

lactam 233. It is proposed that the antimony atom 
forms a chelate (232) with the four nitrogen atoms 
and the carbonyl group, thereby reducing the severe 
entropic penalty involved in cyclizing a large ring. 
Although titanium and zirconium alkoxides were 
also partially effective (19 and 23% yield with a 
related substrate), antimony(m) ethoxide was far 
more efficient. The key intermediate 233 was 
converted into the natural products ( 
( & )-verbaskine and ( )-verbaxenine. 

constructed by Kurihara and co-workers by a novel 
[ 1,2]-Meisenheimer rearrangement of the azetidine 
N-oxide 235 (Scheme 68).67 Starting with 234, treat- 
ment with H202  formed the N-oxide 235, which, 
when refluxed in THF, underwent the Meisen- 
heimer rearrangement to give 236 in 64% yield. 
Hydrogenolysis of the N - 0  bond gave 237 in 
quantitative yield. The synthesis of magallanesine 
was then completed by palladium-catalysed cycliza- 
tion of 238 under the carefully optimized conditions 
shown. 

The seven-membered ring in a series of analogues 
of the dopamine Dj antagonist SCH-23390 was 
formed by the methanesulfonic acid-catalysed 
cyclization of an acyclic precursor (239 +240, 
Scheme 69).68 The methylthio group was used to 
activate the aromatic ring toward cyclization; 
without it no cyclization occurred. The rnethylthio 
group was later removed with Raney nickel and 
replaced with the more versatile bromide group. 

Zidaceae alkaloids. Kita and Zenk and co-workers 
have investigated the use of the hypervalent 
iodine(ii1) reagent phenyliodine(ri1) bis(trifluor0- 
acetate) (PIFA) to form the spirocyclic azepine ring 
by an oxidative phenolic coupling (241 -+242, 
Scheme 70).69 The solvent was found to play a 
particularly important role in the yield of the cycli- 
zation. Only poorly nucleophilic but polar solvents 
such as CF3CH20H and (CF3)2CHOH, and to a 
lesser degree acetonitrile, gave acceptable yields. 
The amino protecting group was also found to affect 
the yield: trifluoroacetamido gave the best results. 

)-verbacine, 

The azocine ring in magallanesine has been 

A similar type of structure is found in the AmalyZ- 
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8 Tetrahydroquinolines and tetrahydro- 
isoquinolines 

Recent progress in the synthesis of 1,2,3,4-tetra- 
hydroquinolines has been the subject of a compre- 
hensive review by Katritzky, Rachwal and 
Rachwal .’O 

interesting catalytic asymmetric aza Diels-Alder 
reaction for the synthesis of tetrahydroquinolines 
245 (Scheme 71).7’ The imine 243, an alkene, the 
chiral Yb complex 244 (10-20 mol%) [prepared 
from Yb(OTf)3, (R)-( +)-BINOL and a hindered 
base] when mixed together in the presence of 4 A 
molecular sieves gave the tetrahydroquinoline in 
52-90% yield. The cisltrans ratio is excellent and ee 
values are in the range 61-91% for the cis isomer. 

An efficient synthesis of 1,2,3,4-tetrahydroquino- 
lines (e.g. 248) from anilines has been reported by 
Beifuss and co-workers (Scheme 72).72 The key 
reaction, [4 + 21 cycloaddition of a cationic 2- 
azabutadiene with an alkene proceeds with excellent 
regiochemistry in 67-92% yield in the presence of 
SnCl,. In 1,2-disubstituted alkenes, the stereo- 
chemistry in the product reflects the geometry of the 
double bond, suggesting the mechanism is a 

Kobayashi and Ishitani have described an 

(C02Et H 

H H 

231 

Sb(OEt)3 
80 “C, 9 h, 90% 

-I 232 L 

I I 
0 

233 

( 2  )-verbascenine 

Scheme 67 

Nadin: Saturated nitrogen heterocycles 

concerted cycloaddition. The azadiene is obtained 
from in situ Lewis acid-mediated decomposition of 
the corresponding a-arylaminosulfone 248. These 
are themselves readily available from amines 246, 
aqueous formaldehyde and toluene-4-sulfinic acid by 
a Mannich-type reaction. 

Solid-phase reactions of all types are currently of 
great interest owing to the application of combina- 
torial techniques to drug discovery. This is particu- 
larly true for syntheses of traditional medicinal 
chemistry templates such as tetrahydroisoquinolines. 
A strategy devised by Kiinzer and co-workers 
enables the synthesis of 1,2,6-trisubstituted tetra- 
hydroisoquinolines from one fixed building block 
and four variable ones (Scheme 73).73 Starting with 

(O% 0 H202 - 
234 235 1 

THF, heat (64%) I 
(Q: 10% PdC, H2 (m 

0 
0 MeOH (100%) 

OH 
237 
I 

0 OMe t 

0 
238 

Pd(OAC)Z, Ph3P 
TIOAc, DMF 
130 ”C, 24 h I 93% 
0 OMe (yqWoMe 0 

0 
magallanesine 

Scheme 68 

,O CH3S03H 

Me0 u m  
239 

236 

Meo% MeS 

240 

Scheme 69 
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Phl(OCOCF& 
solvent 

The key reaction in a synthesis of the polyether 
hemibrevetoxin B by Yamamoto and co-workers was 
an intramolecular reaction of a y-alkoxyallyl- 
stannane with an aldehyde to generate stereo- 

rip, 
SnCI4 
-78 oc - room temp. 
67-92% 

\ ./ I / \  

241 242 

Solvent Yield (%) 

DMF 18 

MeCN 50 
CH2C12 30 

CF3CHzOH 61 
(CF&CHOH 70 

Scheme 70 

i. polymer 
W C 0 2 H  

Br 

OH 

iii. MsCl 250 

i. RNH2 
ii. ArCOCl 

t 

iii. R’NH2, AIM% -m  
- 0  

252 251 

Scheme 73 

an w-bromoacid, connection to the polystyrene resin 
(HEPS), addition of the fixed building block (e.g. 
249) and mesylation gave 250. Displacement of the 
mesylate with an amine RNH2 and acylation with 
ArCOCl gave 251. The ring closure was effected 
classically with P0Cl3 (Bischler-Napieralski 
reaction) followed by reduction. Cleavage from the 
resin and introduction of the 4th unit of diversity 

243 245 was achieved with R’NH2 and trimethylaluminium. 
This approach was used to make a 24-membered 
single compound library represented by 252. 

line alkaloid virantmycin has been described by 

74).74 The first key reaction involves the photo- 
chemical decomposition of azide 253 in toluene 
solution to give a nitrene intermediate, which adds 
stereospecifically to the alkene of the proximal 
a,P-unsaturated ester to give the aziridine 254 in 
86% yield. A number of steps converted 254 into 
255, which was treated with tetraethylammonium 
chloride and TFA to effect highly regio- and stereo- 
selective opening of the aziridine to give (*)-virant- 
mycin. This work and a subsequent paper” 
elucidated for the first time the relative and 
absolute configuration of viran t mycin. 

244, additive - 
R’ 

R2 OH 

An interesting approach to the tetrahydroquino- 8:‘ ‘.Yb-L Morimoto, Shirahama and co-workers (Scheme 
R’ = Ph, a-naphthyl, Cy 

alkene = F O R  0 
additive = 2,6-di-tert-butylpyridine etc. 

Scheme 71 

/ 

244 

CH20, e S O r H  

* nNnS02pT~1 

MeOH 

NH 
I R’ I 
R2 R2 

R‘ 

246 

R2 = H, Me 
R’ = CI, C02Me 

Ph 

R’ 05 
I 

R2 

248 

Scheme 72 
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between 1 : 2 and 2: 1. Remarkably, leaving out the 
Lewis acid and subjecting 256 to the purely thermal 
reaction (120 "C, 36 h) gave a 67% yield of virtually 
diastereomerically pure 25713 ( > 98 : 2). The 
analogous cyclization to give pyrrolidines also 
occurs, this time giving high cis selectivity (10 : 90) 
with either a Lewis acid (Tick,) or under purely 
thermal conditions. 

As mentioned earlier, metathesis reactions are 
becoming ever more fashionable. Blechert and 
co-workers have now described the first diastereo- 
selective ring-closing metathesis (RCM) reaction, 
illustrated by the reaction of 260 (Scheme 76).77 
Treatment of 260 with the Grubbs ruthenium 
catalyst 226 (10 mol%) gives predominantly 261a in 
88% yield (92% de), whereas treatment with the 
Schrock molybdenum catalyst 223 (5-10 mol%) 
gives predominantly the syn diastereomer (97% 
yield, 72% de). The analogous reaction with the 
homologue to give piperidines (262 +263a/b) was 
similarly efficient, but far less stereoselective (Ru 
catalyst: 4% de; Mo catalyst: 48% de). 

The same research group has also described the 
RCM of amines bound to a solid support (Tentage1 
S or tritylpolystyrol) (Scheme 77).78 As typical for 
many reactions on solid support, long reaction times 
are necessary. However, both piperidines and pyrro- 

C02Me I 

253 

I %otuene 

254 

255 

virantmycin 

Scheme 74 

lidines could be made efficiently (for example 
264-+265 and 266-+267). 

Finally Blechert and co-workers have described 
the formation of y- and d-lactams by RCM of vinyl- 
or allyl-glycine derivatives (268 +269 and 270 +271; 
Scheme 78).79 In general the yields were slightly 
greater and the reaction times shorter for the 
synthesis of six-membered rings. 

product 274 in the conversion of 272 to 273 
prompted Romero and co-workers to investigate 
further the synthesis of azasteroids (Scheme 79)." 
Their work culminated in the preparation of 276 
(30% yield) by treatment of 275 with HCOzH and 
(CH20),. Note that the four contiguous stereocen- 
tres created in this reaction have the correct 
steroidal trans disposition. This work is similar to 
that of Sen and Roach (Scheme 46). 

tion of y- and d-lactams through the stereoselective 
photocyclization of glycine in dipeptides (Scheme 
80).8' The constrained dipeptides thus obtained are 

The discovery of an unexpected steroid-like side- 

Giese and co-workers have described the prepara- 

Boc 
I 

Bu3Sn% -CHO 

256 

see Table 

I H  
Boc 

+ 

I H  
Boc 

257a 257b 

Conditions 257a:257b Yield (%) 

TiC14, -78 "C, CH2C12 69:31 63 

MgBr2*OEt2, 0 "C, CH2CI2 61 :39 92 
toluene, heat 2:>98 67 

BF3mOEt2, -78 "C, CH2C12 70130 60 

Boc 
I 

B u 3 S n w N o C H 0  

258 

see Table 1 
&+& 

I I H  
Boc Boc 

259a 259b 

Conditions 259a:259b Yield (%) 

TiCI4, -78 "C, CH2CI2 10:90 48 
toluene, heat 2:>98 67 

~ ~~ 

Scheme 75 
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CF3CO-N 

(;Om 
261 a 

i 
CF3OC' , 

7.5 mol% catalyst 

* TrO I 
J N g o  ;$;roomtemp. 

I 
TrO H 

226 (I o mol%) 

PhH, room temp. or 80 "C 

88-98% 92% de F 3 C 7 - ( N p  

\OTBS 
0 

268 

It 

269 

260 -q 10 mol% catalyst 

60 h, room temp. 

0 

OTr 

92-97% PhH, room temp or 80 "C 0 "x 95% 
72% de 
223 (5-10 mol%) OTr 

C F 3 C 0 - N 3  

b T B S  

261 b 

270 

P(Cy)3 'Ph 

Scheme 78 

271 

closely related to the family of Freidinger lactams 
and thus may show potential as P-turn mimics. For 

resulted in the formation of a mixture of 278a and 
278b in 48% and 22% yield respectively. Note that 

* example, irradiation of 277 (R=Me) in toluene 
226 (5mol%) 

PhH, room temp. or 80 "C 
97-98% 
4% de F 3 c v N y  

\OTBS 

263b 

0 \OTBS the two polar groups are both cis to each other, 
presumably because of an H-bonding interaction. 
With larger R substituents, the diastereoselectivity 
improved. In polar solvents this preference for cis 

(280a/b) are formed from 279 with slightly greater 
diastereoselectivity. The level of asymmetric induc- 
tion in this transformation is remarkable, given the 
relative remoteness of the original chiral centre. 

262 

223 (1 0 mol%) 

PhH, room temp or 80 "C diastereoselctivity was reduced. The y-lactams 
48% de 
92-95Yo I 

Scheme 76 

/\// 10 molo/o catalyst 

b >go% 
25"C,72 h 

R-N 

264 
R = Tentagel S 

265 

h 15 mol% catalyst 

b 83% Ts' 
30 "C, 5 d 

TsN 

266 

R = tritylpolystyrol 

267 

272 

I 
CI 

273 (41%) 

+ 

0 

274 (34%) 

n 
O A N A 0 E t  

I 
CHPO,HCO~H, 

25 "C / 
Me0 

275 

Scheme 79 

0 

0 

276 (30%) 

Scheme 77 
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Deo and Crooks have described a simple 

P ~ O  [ 
277 

hv 
PT 1 synthesis of some of the minor tobacco alkaloids - 

toluene 
25 "C 

zHN 7" ~ " 2 ~ ~  ZHN+N~Co2Me 

O R  

I 
1 R = H, alkyl 

Ph 

HZN " - T N  ?C02Me + ZHN ? ! N  Q02Me I 

o h  O R  
I 

278a 278b 

Scheme 82 

279 I$,% 
H O - q  Ph , + zl:k- 

N ,,C02Me N Q02Me 
ZHN' I 

O A  O A  

280a 10:l 280b 

Scheme 80 

Durkault and co-workers have described the 
reaction of the interesting bis-aziridine 281 with 
oxygen nucleophiles (Scheme 81).R2 Depending on 

H Boc 
Boc Boc H Boc BocN ' 

___) OR 
see Table 

Bnd OBn OBn 

281 282a 282b 

% Yield of 
R Conditions 282a 282b 

COCH3 20 "C, 2 h 55 27 
CH2CH =CH2 Yb(OTf)3 (10 rnol%) 27 55 
H Yb(OTf)3 (10 rnol%) 27 50 

Scheme 81 

the choice of nucleophile and Lewis acid catalyst, 
either the azafuranose (282a) or the azapyranose 
(28213) product is favoured. 

n=  1-2 
283 E = CI, I ,  OMS 

i. LDA 

ii. E"W?E 
iii. HCI, K2CO3 

284 

(Scheme 82).83 Metallation of the Schiff base 283, 
followed by the addition of a dielectrophile gave 
after workup the piperidine 284 (n  =2) or the pyrro- 
lidine 284 (n = 1). 

Carretero and co-workers have described the 
stereoselective synthesis of hydroxypyrrolidines and 
hydroxypiperidines by intramolecular conjugate 
addition of amines onto a, P-unsaturated sulfones 
(285+286a/b; Scheme 83).*j The cis :trans ratio was 

Boc 
I 

OR' ii. Et3N, -78 "C 

ca. 100% 

285 286a 286b 

OR' n 286a:286b OR' n 286a:286b 

OH 2 5050 

OTBS 2 33:67 
OTIPS 2 20:80 

OCH20Et 2 45155 

found to vary with the nature of the oxygen 
protecting group R': bulkier groups generally 
leading to an increase in the amount of the trans 
isomer. 

Burgess and co-workers have described the regio- 
and diastereo-selective opening of epoxides 288 
derived from pyrrolidine- and piperidine ene carba- 
mates (Scheme 84).85 With allyltrimethylsilane as the 
nucleophile, the syn :anti ratio could be influenced 
by the nature of the Lewis acid, particularly in the 
piperidine series. This methodology was used to 
synthesize febrifugine, a Hydrangea alkaloid that 
possesses antimalarial and anticoccidal properties 
(290 + 291 +292). 
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imines derived from this reaction to piperidines was 
also investigated. 

The nickel-promoted cyclization of certain allyl- 
amines to piperidines or pyrrolidines has been 
described by Delgado and co-workers (Scheme 
Treatment of 295 with Ni(COD)2 and one of a wide 
range of electrophilic or nucleophilic quenching 

0, 8 n =  1-2 acetone 

N 97% N 

C02R 
I C02R I 

287 288 

yry Ni(COD)2 

MeCN, room temp. 

I & fio-H4 

N N 

LPh LPh 

295 I 
I I 

C02R 

289b 

C02R 

289a 

$N Ph 

n R Lewis acid 289a:b Yield (%) 

1 Ph TMSOTf 1.5:1 80 
2 Et TMSOTf 1.2 85 
2 Et SnCI2 3.31 55 

TMSCN 
99% 

296 

i. see Table 
ii. TMSCN 

Ph-N- 

0 
C02Et 

290 291 
'Ph 

297 298 

TiCI4, CH2C12 
0 "C, 40% 
ds = 1:l 

Conditions Yield (%) 

Ni(COD)2 2 
Ni(COD)2, bipy 30 

COZEt 0 
292 Scheme 86 

agents (TMSCN, alkyl halides, acid chlorides, 
NaBH,) gave the correspondingly substituted pyrro- 
lidines 296 in quite good yields. The homologous 
reactions with 297 were less successful: the standard 
reaction conditions gave only 2% of the desired 
product 298, and addition of 2,2'-bipyridine (to 
ligate the nickel atom) increased this to only 30%. 0 

febrifugine 
10 Miscellaneous 

Della and Knill have described an interesting 
synthesis of the 1-azabicyclo[2.2. llheptyl system 
(Scheme 87)." Treatment of 299 with Bu3SnH-hv in 

Scheme 84 

Fry and co-workers have described the synthesis 
of five- and six-membered cyclic imines by the 
addition of simple Grignard reagents to cu-bromo- 
nitriles (293 +294, Scheme 85).86 The diastereo- R 

I 

*h SePh hv, Bu&H 

tert-amyl alcohol 
79-9 1 % N I- phsel+b N I I- I 

TMSO, 
OTMS 
I 

* 
RMgX 

PhH 
Br CN 

293 294 299 

R = H, TMS, Ph 

300 
n= 1-2 
R = alkyl 

49-85% 

Scheme 87 

tert-amyl alcohol effected the synthesis of 300 in 
79% overall yield when R = H. 

Scheme 85 

selective reduction of some of the six-membered 
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Finally, we conclude with the extraordinary biomi- 
metic transformation of 301 directly into the natural 
product (&)-akuammicine as reported by Martin 
and co-workers (Scheme Treatment of 301 
with SnC14 and tert-butyl hypochlorite gave initially 
an epimeric mixture of cationic chloroindolenines 
302, which on treatment with LiN(SiMe3)2 
rearranged to akuammicine, in a similar manner to 
that demonstrated in the biosynthesis of other 
Stiychnos alkaloids. 

i. SnC4. ButOCI oTqN, ii. LiHMDSD 

t-i H’ 

301 J Me02C’ 1 302 
I 

30-35% I 

Scheme 88 ( 5 )  akuammicine 
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