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Preface 

The first five volumes in this series have been concerned with describing in a 
definitive manner the total synthetic approach to various classes of natural prod- 
ucts. 

This volume continues the series with chapters describing the reports and 
progress in the total synthesis of aromatic steroids, carbohydrates, genes, pyrrole 
pigments, and triterpenoids since the appearance of Volumes 1 and 2 some ten 
years ago. 

There have been some delays in producing this volume at the Editor’s end 
caused by the requirement of retyping and the structure drafting; however, this 
series of chapters brings the reader up to date with progress in the diverse classes 
of compounds examined herein. My particular thanks are due to Karl Diedrich 
of Carleton University for his efforts in the production of the various manuscripts. 

The seventh volume in this series is in preparation and is planned for pub- 
lication in about one year, covering the synthesis of diterpenes, diterpene al- 
kaloids, macrwycles, and anthracyclinones. 

JOHN APSIMON 

Ottawa, Canada 
January 1984 
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1. INTRODUCTION 

This review covers the literature published during 1972-1981 and updates the 
chapter on the total synthesis of naturally occurring aromatic steroids that ap- 
peared in Volume 2 (pp. 641-725) of this series. 

Extensive synthetic effort has continued to be directed toward the aromatic 
steroids exemplified by estrone-and toward the related 19-norsteroids-not only 
because of their practical medical and commercial importance but because they 
serve admirably as templates for the display of new organic synthetic method- 
ology. 

The major innovations include: 

1. Development of asymmetric syntheses involving chirality transfer to pro- 
chiral substrates, in particular the use of amino acids as catalysts in chirally 
directed aldol cyclizations. 
Development of synthetic routes based on generation and intramolecular 
cycloaddition of orthoquinodimethanes. 

2. 

2. EQUILENIN 

A. Posner Synthesis 

Posner and co-workers have developed an efficient (52% overall yield) conver- 
sion of 2-methyl-2-cyclopentenone into ( 2 )- 1 1 -0xoequilenin methyl ether, 4 
(Scheme I ) . '  The latter had been hydrogenolyzed earlier to equilenin methyl 
ether by Birch (see Volume 2, p. 660). 



n 
0 0  

Equuenin 3 

0 

0 

2 
Scheme I 

2-Methyl-2-cyclopentenone 1 was treated sequentially with (6-methoxy-2- 
naphthyl)( 1 -pentynyl)coppermagnesium bromide and ethyl iodoacetate to give 
the stereochemically pure trans keto ester 2 in >95% yield (Scheme 1). The 
yield was considerably lower when the corresponding aryl(alkyny1)lithium cu- 
prate and methyl bromoacetate were utilized. Analogous reactions with the smaller 
vinyl group instead of 6-methoxy-2-naphthyl were not as clean stereochemically, 
producing appreciable amounts of cis isomers (see below, orthoquinodimethane 
a p p r o a ~ h ~ ~ o ~ - ~ ~ ) .  Conversion of 2 to the corresponding ethylene ketal, saponi- 
fication, and Friedel-Crafts cyclization in liquid hydrogen fluoride led to ( 2)-  
1 1-oxoequilenin 3-methyl ether, 4. Curiously, the cyclization yield was appre- 
ciably higher with the ethylene ketal acid 3 than with the corresponding 17- 
ketone. 

Extension to the natural ( +) series was accomplished by transfer of chirality 
from sulfur to carbon via ( + )-2-tolylsulfinyl-2-cyclopentenone, 7& (Scheme 2). 
The latter was prepared in optically pure form from the ethylene ketal of 2- 
bromo-2-cyclopentenone 5 by lithiation and treatment with ( - )-menthy1 p-to- 
luenesulfinate to yield (+) 6, followed by deketalization. Conjugate addition of 
6-methoxy-2-naphthylmagnesium bromide to ( + ) 7 followed by in siru meth- 
ylation gave stereochemically pure 8a in 42% yield along with 40-50% of un- 
methylated analog 8b. More vigorous methylation conditions led to elimination 
of p-toluenesulfinic acid. Generation of enolate 9 with dimethylcopperlithium 
followed by alkylation with methyl bromoacetate then led to (+)-methyl ester 
10. The overall yield of ( +) 4 is 25% based on the Friedel-Crafts procedure 
developed for the racemic series. 

Sulfoxide (+) 7 has also been utilized in effective chiral syntheses of (3s)- 
2-methyl-3-vinylcyclopentanone 128* and the corresponding trimethylsilyl enol 
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0-0 
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1) (CH2OH)z / 
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1 
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&, R I H  (40-50%)  

(+) lo (89%) 
L J 

2 
Scheme 2 

ether [cf. ( 2 ) 9535*42*26], ring D synthons in orthoquinodimethane approaches 
discussed below. Conjugate addition of vinylmagnesium bromide to (+) 7 oc- 
curred with 100% asymmetric induction when zinc bromide was added first to 
preform the zinc chelate. 

3. ESTRONE AND RELATED IkNORSTERODS 

A. Amino Acid Mediated Asymmetric Cyclizations 

(a) Introduction 

A major advance, of significance not only for steroid synthesis but also for 
organic synthesis in general,3 is the finding that aldol type cyclizations of pro- 
chiral substrates can be catalyzed by chiral a-amino acids to yield chiral products 
of high optical purity. The discovery was made independently by groups at 
Schering A.G. (Berlin)4 and Hoffman-LaRoche (Nutley, N.J.)5 in the devel- 
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opment of routes to chiral hydrindenones as CD part structures in CD --* ABCD 
approaches to 19-norsteroids. Some representative examples are shown here: 

- 11 - 12 

0 p - 14 

- @  0 R 

s 

( a )  R = H 

(b) R = C H ~ C H Z C O O C H ~  

Yields in the Michael condensation for preparation of the triones 13 were 
improved by operating in aqueous media and omitting basic ca ta ly~is .~ .~  For 
example, trione 13a was obtained in 88% yield by stirring a mixture of methyl 
vinyl ketone l l a  and 2-methylcycIopenbne-1,3-dione 12 in water at 20" for 5 
days.6 This Michael condensation is considered to be self-catalyzed by the acidic 
1,3-di0ne.~ 

trione 13a, L-proline, and 1N perchloric acid 
(molar ratios 1:0.5:0.27) in refluxing acetonitrile for 22 hours afforded an 87% 
yield of ( + ) 15a of 84% optical purity. Al te rna t i~e ly ,~ .~  13a in dimethyl form- 
amide containing 0.05% water and 1% by weight of  p pro line at 20" for 22.5 
hours yielded ketol 14a, which on treatment with p-toluenesulfonic acid in 
benzene gave (+ )  15a in 94% yield of 87% optical purity. 

In the above examples, L-a-amino acids induce the natural 13P-chirality. 
Amines or amino acid derivatives (esters, amides) are much less effective, and 
a tertiary amino acid, hygrinic acid, was ineffective. For trione 13a, secondary 
amino acids (e.g., proline) are best; for 13b and 13c [R > H, see also the 
Danishevsky (Scheme 8)19 and Tsuji (Scheme syntheses below], a primary 
amino acid (e.g., L-phenylalanine) is preferred. The mechanism of the reaction 
has not yet been 

Applications of the chiral hydrindenone syntheses to industrially feasible 
routes to 19-norsteroids and their (of necessity) totally synthetic 18-ethyl coun- 
terparts (e.g., norgestrel) were then developed. 

In the Schering route to 
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C u I  /THF > &  M e 0  ' 

- 2 7  (8877) 

0 @+ + Meo&MgCI 

CH2 

- 19 

?+ 
1) H2 l P d C  
2 )  CF3COOH 

3 )  cr03 

CH3OH 

H C 1 /  20' ' 
Me0 

27a (71% from 19) - 
Scheme 4 

- 2 8  (62%) 

(b) Hofmn-Ldtoche Syntheses 

At the outset of the Hoffman-LaRoche route' (Scheme 3), hydrindendione 15a 
was converted into the corresponding 17p (steroid numbering) r-butyl ether 16. 
Carbonation with magnesium methyl carbonate then yielded unsaturated acid 17. 
The latter was the chosen intermediate because it was known that the direction 
of hydrogenation of the double bond in hydrindenones 15 is strongly dependent 
on the nature of the substituent R9*I0 and that carboxyl, ester, and methyl aryl 
sulfone"O functionality strongly favor reduction from the a-face to give the 
desired C/D trans stereochemistry. Furthermore, carboxyl was required as a 
removable activating group in the Mannich reaction step that followed reduction. 

Hydrogenation was carried out at 0" to minimize decarboxylation of the 
saturated 9-keto acid product 18. Mannich reaction proceeded with in situ de- 
carboxylation to afford a-methylene ketone 19, which on Michael reaction with 
ketal p-keto ester 208-" yielded adduct 21. Saponification, B ring closure, and 
decarboxylation then led to ketaienone 23 in high yield, which was converted 
into ( + )- 19-nortestosterone 24 and thence to ( + )- 19-norandrostenedione 25 in 
50% yield from 18 or 27% overall yield from 12. However, ketal hydrolysis, 
A ring closure, oxidation at C-17, and isomerization by the Roussel procedure 
(acetyl bromide-acetic anhydride in methylene chloride at 2Oo)l2 should yield 
( + )-estrone 26 efficiently. 

Alternatively, Cohen et al.13 (Scheme 4) reacted 19 with m-methoxybenzyl 
magnesium chloride in the presence of cuprous iodide to produce the 1 ,Cadduct 
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- 30 (85%)  

1) NaOH /MeOH 

34 - - 35 (35% from 3) 
Scheme 5 

27 in good yield. Acid catalyzed B ring closure, hydrogenation, and conversion 
to the 17-ketone then yielded (+)-estrone methyl ether 28. 

(c) Schering A.G. Syntheses 

The Schering group described a route to ( + )-13-P-ethylgon-4-ene-3,17-dione 
35 (for conversion to norgestrel), which is clearly adaptable to estrone synthesis. 
The key step (Scheme 5)"" is a variant of the Mannich reaction involving 
sulfonylmethylation of 29 with formaldehyde and benzenesulfinic acid in 3: 1 
triethano1amine:acetic acid at 50' to yield unsaturated sulfone 30. Hydrogenation 
of the latter in ethanol: 1 % IN hydrochloric acid gave crystalline saturated sulfone 
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0 ’  & + Me0 q r  NaHLTHF, Me0 &+ 
0 

- 16 - 36 (84%)  
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MeOH I H+ 10’’ 

TosOH 1 OH /A 

Me0 
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o+ o+ 

1) cr03/ acetone 
107. PIC / MeOH 2) NaOMe I MeOH 

Me0 

9 ( 8 4 % )  - 2 7  ( 9 5 % )  

OH 
I 

O t  # 2 )  1) H2 4E / HC1 PdC I / d i m .  EtOAc ’ & 
3) HBr /HOAc 

Me0 ‘ HO ‘ 
- 27a (82%) 

Scheme 6 

- 40 (49%)  

31 in 75% yield, with hydrogenolysis of the allylic carbonyl group a minor side 
reaction. Condensation of 31 (via enedione 32) with ketal P-keto ester 20 fol- 
lowed by saponification, p ring closure, and decarboxylation then gave tricyclic 
ketalenedione 34 (analogous to Hoffman-LaRoche intermediate 23) and thence 
35. 

The Schering chemists also reported a synthesis of (+)-estradiol 40 based 
on direct alkylation of the anion of (+)-16 with rn-methoxyphenacyl bromide 
(Scheme 6). l4 The 84% yield obtained was considerably higher than that achieved 
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previously utilizing the less active m-methoxyphenethyl halide or tosylate as 
alkylating agent (Volume 2, pp. 712, 713). Direct acid-catalyzed formation of 
the indenofuran 38 was slow and occurred with some loss of the t-butyl group. 
However, prior conversion into the dimethyl acetal 37 permitted smooth furan 
formation under mild conditions. Hydrogenation of 38 under moderate pressure 
led in high yield to the 8a,l4a-9P-hydroxy compound 39, which on oxidation 
and side chain isomerization to the equatorial position afforded the 8&14a-9- 
ketone 27, l3 converted by standard procedures to 27a and thence to ( + )-estradiol 
40. 

The Total Synthesis of ArornsHc Steroids 1972-1981 

(d) Danishevsky Syntheses 

Danishevsky and co-workers devised an ingenious synthesis of estrone (and other 
19-nor-steroids) utilizing 6-substituted a-picolines as ring A synthons in a variant 
of the Robinson annulation process.I5 The synthesis was initially applied to ( ?)- 
D-homoestrone and an improved version was developed for ( +)-estrone and 
related ( + )- 19-norandrostenones. 

Model studies showed that Birch reduction of 6-substituted a-picolines and 
hydrolysis of the intermediate bisenamines yield 1 ,5-diketones, which can cyclize 
to enones A and/or B.16 In fact, literature precedent" and experience with 1,4- 
diketones favored cyclization mode B (e.g., jasmone). However, the model 
studies showed substantial and in some cases predominant cyclization to A. 

In the synthesis of ( f )-D-homoestrone (Scheme 7),lEaS6 Michael addition of 
the monoketal42 of the Wieland-Miescher enedione to 6-vinyl-2-methylpyridine 
41 led to tricyclic adduct 43 in good yield. Reduction to the 17a-fi-alcoho1, 
double bond hydrogenation, and ketalization produced 44 with the requisite 
SP, 14a-stereochemistry in 58% yield. However, modification of the hydrogen- 
ation conditions from ethyl acetate-triethylamine to ethanol-perchloric acid raised 
the yield to 82%.lEC Birch reduction, hydrolysis, cyclization, and ketal reversal 



n 

- 48 (82%) 

OH 

Scheme 7 

11 
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- 50 

d + 
0 I5 

- 51 (71Y.) 

Et3N / EtOAc - 0 N 

n OH 

L-phenylalanine / 1E HC104 / 
CHjCN /A40 hr 

N 

55 (89%) - 54 (82Y. yield -867. +) - 
OH 

1) 
2) NaOH/ EtOH 

4) Jones OX 

Na / NH3 / EtOH 1) H2 /PdC /H+ 

2) (CH2OH) / li+ ’ 

(45%) - 57 ( a g o % )  

TosOH / CH-jCOOH / 1) CH3COBr/ 
(CH3CO)zO / CH2C12 

2) K2CO-j / aq. HeOH 

0 HO 

- 58 & (397. from 56) 
(13% from 52)  

Scheme 8 

then led to a single enedionol45 in 93% yield, converted to crystalline enetrione 
46 and thence to (&)-D-homoestrone 48 in 21% overall yield from 42. The 
absence of the alternative cyclization product 45a anticipated from model studies 
may be rationalized on steric grounds. 

In initial studies toward (+)-estrone, vinyl picoline 41 was condensed with 
hydrindenone 16 in analogy with the reaction of 41 with 42. However, since 



the yield in the present case was low, an alternative route was devised (Scheme 
8).19 2,6,-Lutidine 50 was converted in 57% yield to the enone 52 (cf. 167, 
Volume 2, p. 693), which readily added 2-methylcyclopentane-1,3-dione 12 to 
give the prochiral bicyclic trione 53 in high yield. Asymmetric cyclization of 
53 in the presence of L-phenylalanine-1N perchloric acid (molar ratio 1: 1.2:0.5) 
in refluxing acetonitrile by the Eider-Hajos te~hnique'~~ led to (+) 54 of 86% 
optical purity in 82% chemical yield. Selective borohydride reduction to 55, 
followed by catalytic hydrogenation under acidic conditions, ketalization, and 
chromatography gave 56 in only 45% yield along with 17% of the C/D cis isomer 
and 21% of hydrogenolysis product (55 C9-H2). The present hydrogenation 
difficulties are in sharp contrast with the clean high yield result in the analogous 
step in the D-homo series. Elaboration of the ring A enone occurred unidirec- 
tionally to give 57 in 90% yield. Ciosure of ring B and isomerization by the 
Roussel procedure'2 led to ( +)-estrone 26 in 39% yield from 56 or 13% yield 
from 52. The low yield in hydrogenation of the 8( 14) double bond unfortunately 
negates the high yield of the asymmetric cyclization. 

(e) Tsyii Syntheses 

Tsuji and colleagues have synthesized 1,7-octadiene-3-one 62 from the readily 
available butadiene telomer 5920 and have explored the utility of 62 in natural 
product synthesis, including two routes to 19-norsteroids .21*22 

Dimerization of butadiene catalyzed by palladium acetate-triphenylphosphine 
yielded a separable mixture of octadiene acetates 59 and 60 in high yield. Acetate 

on 0 

- 62 647. 
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2) 1) N~I/HMPA/A N a H  / OH ,&+ 
0 0 

- 64 (68%) 

O t  P+ I 

- 6 5  (90%) - 66 (7877) , 
I 1) OH' 
1 2 )  H+ 

d/ 

1 3 )  ox 
I 4 )  CH3COBr/(CH3C0)20 

OH 0 

1) 
2 )  HC1 / NeOH /A 

H g  / PdC / EtOH / E t 3 N  

- 2 4  ( 7 2 % )  

Scheme 9 

26 - 

60 could be rearranged to 59 by the palladium catalyst. Conversion of 59 to 
alcohol 61 and dehydrogenation over copper-zinc alloy in a packed column at 
280-360" provided dienone 62 in good yield.20~21~23 

The 1-ene-3-one part-structure in 62 can be utilized in Michael addition 
reactions and subsequently the remaining double bond can be oxidized to methyl 
ketone,24 making 62 a bisannulation reagent synthetically equivalent to 7-octene- 
2,6-dione, as is Danishevsky's 6-vinyl-2-picoline (41, Scheme 7). 

As shown in Scheme 9,21 (+)-p-keto ester 63 [available by diazomethane 
treatment of 18 (Scheme 3)lab on Michael reaction with 62, followed by decar- 
bomethoxylation, yielded enedione 64. Aldol cyclization to 65 and palladium 
chloride-cuprous chloride catalyzed oxidation of the terminal double bond then 
gave tricyclic enedione 66. The latter was converted into ( +)-19-nortestosterone 
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24 but should also be convertible into (+)-emone 26 as indicated earlier (cf. 
Scheme 3, 23 + 26; Scheme 8, 58 + 26). 

In the route just described (CD + ABCD), the bisannulation reagent 62 is 
the source of rings A and B. In an alternative, somewhat more involved, approachZZ 
(D + BCD 4 ABCD; Scheme lo), reagent 62 is the source of rings B and C. 

Michael reaction of 62 and 2-methylcyclopentane-1,3-dione led to adduct 67 
in good yield. Asymmetric aldol cyclization with concomitant dehydration was 
accomplished using L-phenylalanine- 1Wperchloric acid (molar ratio 1 : 1:0.4) in 
refluxing acetonitrile to produce (+)-a of 76% optical purity in 85% yield.4*S**9 
Palladium chloride catalyzed terminaI olefin oxidation" then yieIded enetrione 
69. The latter compound has been prepared by Eder et al.,2' who developed an 
effective method for its a-face hydrogenation via the 17P-hydroxydiene system 
72 (cf. Scheme 6) which in turn was obtained in good yield via intermediates 
70 and 71. Hydrogenation of the double bond of 72 proceeded completely 
in the desired a sense, and the product was hydrolyzed to hydroxydione 73. 
Base catalyzed aldol cyclization then provided the tricyclic enone 74. Conversion 
of the 17P-hydroxy group to the t-butyl ether and base catalyzed addition of 3- 
butenyl iodide produced the butenylated ketone ( t ) 65 in 54% conversion yield. 
The latter had been produced by the earlier route (Scheme 9) and converted into 
(+)-19-nortestosterone 24. 

Tsuji has also prepared the trisannulation reagent 75 from dienone 62 as 
indicated and utilized it in a synthesis of (r)-~homoandrost-4ene-3,17a-dione.~ 

The Total Synthesis of Aromatic Steroids 19724981 

OH 

B. Orthoquinodimethane Approach 

(a) Introduction 

Themolysis of benzocyclobutenes and trapping of the intermediate orthoqui- 
nodimethanes with external dienophiles was described some time ago by CavaZ7 
and by Jensen and Coleman.2* The intramolecular version of this reaction was 



Estrone and Related 19-Norsterolds 17 

initially studied independently by Oppolzer and Kametani, who have reviewed 
its development and application to the stereospecific synthesis of polycyclic 
systems, including steroids.29 The main area of interest in the steroid field has 
been the synthesis of estrone and related systems, although recently emphasis 
has shifted to saturated steroids.30 

(b) Kamelani Syntheses 

In 1976 Kametani and co-workers described the initial application of o-quino- 
dimethane thermolysis methodology to steroid synthesis in a route to ( f )-D- 
homoestrone methyl ether 83a, remarkable for the high yield in the cycloaddition 
step, but which suffers from a low yield in the condensation reaction leading to 
key intermediate 81 (Scheme 1 l).31 

The required 2-(4-methoxybenzocyclobutenyl)-ethyl iodide 79 was prepared 
by a multistep process from 2-bromo-5-methoxybenzaldehyde via 1 -cyano4- 
methoxybenzocyclobutene 77 as illustrated. 2-Methylcyclohexenone was then 
converted into 2-methyl-3-vinyl-6-n-butylthiomethylenecyclohexanone 80. 
Blocking C-6 was considered necessary to insure regiospecific condensation of 
79 at C-2. However, the condensation reaction afforded adduct 81 in only 16% 
yield. In subsequent work (with 2-methylcyclopentenone) 1:4 addition of a vinyl 
Grignard or lithium reagent and coupled alkylation of the intermediate enolate 
occurred at C-2 without the need to block C-6 (Scheme 1,’ Scheme 1436v40). 

Thermal cycloaddition of 81 proceeded with involvement of the olefinic bond 
a to the carbonyl group to give 82.32 A similar result was obtained with the 
benzylidene analog of 81. It was therefore necessary to remove the C-6 blocking 
group prior to cycloaddition. Deblocked adduct 83 on refluxing in o-dichloro- 
benzene underwent intramolecular cycloaddition smoothly via the indicated ster- 
ically favorable ex0 transition state to produce ( & )-D-homoestrone methyl ether 
83a in 95% yield. Compound 83a had been previously converted to ( -C )-estrone 
by Johnson et al. (see Volume 2, pp. 681-682). 

Although condensation leading to the five-membered ring D counterpart of 
81 occurred in 26% yield, it was not possible to deblock the latter successfully 
to the five-membered ring D counterpart of 83. However, a direct route utilizing 
five-membered ring D intermediates was achieved by Kametani in his next 
synthesis. 

The poor yield in the above alkylation step (79 + 80 + 81) was improved 
considerably by placing the iodomethyl group on the ring D precursor and 
condensing the latter with 1 -cyano-4-methoxybenzocyclobutene (e.g., 77 + 
88 + 89, Scheme 12). This modification and utilization of the chiral indanone 
84& as starting material led to an asymmetric synthesis of (+)-estradiol 40.32” 
Chiral indanone 84 was converted into ( + )-( lS,Zli,3S)-l-t-butoxy-2-(2-iodoe- 
thyl)-2-methyl-3-vinylcyclopentane 88 by the indicated multistep procedure. 
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Condensation of 88 with 77 and reductive removal of the cyan0 function gave 
key intermediate 90. Thermolysis as in the previous synthesis led in 84% yield 
via an e m  transition state to the chromatographically pure chiral estradiol de- 
rivative 91, in turn deprotected to (+)-estradiol 40. 

Kametani has also described analogous mutes to 14ct-hydroxyestrone-3-methyl 
ether, ( -)-3~-hydroxy-17-methoxy-~-homo-18-nor-5a-androst-13,15,17-triene 
(a key intermediate in Nagata's synthesis of pregnanes), as well as other ring D 
aromatic D-homosteroids, and their conversion into various classes of preg- 
n a n e ~ . ~ ~ ~  Generation of dienes from tetrahydrobenzocyclobutene [bicy- 
clo(4,2,0)oct- l(6)-ene] systems has been accomplished and could lead to direct 
routes to saturated steroids.33 

The Total Synthesis of Aromatic Steroids 1972-1981 

(c) Oppoker Syntheses 

Following earlier application of o-quinodimethane cycloaddition methodology 
to the alkaloid field,29" Oppolzer's initially described approach to steroids in- 
volved the reaction 93 --* 94, which apparently has not been described in detail.% 

In contrast to the above trans-anti-trans cycloaddition, Oppolzer's next 
synthesis35 led exclusively to the cis-anti-trans product 99 via an endo transition 
state (Scheme 13). Preference for either an endo or e m  transition state is deli- 
cately influenced therefore by the nature of the substitution on the incipient ring 
C. 

Since yields in joining the benzocyclobutene and ring D units via alkylation 
procedures3' (Scheme 1 1) were low, Oppolzer examined alternative methodology 
for preparation of the required cycloaddition precursors. The ring D species 95 
as its lithium enolate reacted efficiently with the a-brorno oxime 96 (via the 
corresponding nitroso olefin) to give the hemiacetal97 in 77% yield. Thermolysis 
of the demethoxy analog of 97 involved the carbon-nitrogen double bond and 
led to the isoquinoline 101. However, thermolyis of the oxime benzyl ether 98 
gave the cis-anti-ma stemid 99, in turn converted into 9P-ll-ketoestrone methyl 
ether 100. 

Oppolzer's next approach utilized resolved acid chloride 104 as the ring D 
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CH2C12 / 250  

Me0 Me0 

( 7 7 % )  - 9 8  (53-707. )  

6 hr 

- 99 (507.)  

- 100 (377.)  - 101 ( 5 1 % )  

Scheme 13 

component and led to ( + ) - I  1-ketoestrone methyl ether 108 (Scheme 14).36 The 
cycloaddition precursor 107 differs from 98 (Scheme 13) in possessing a carbonyl 
group in place of o-benzyloxime functionality, and this is sufficient to favor an 
exo transition state leading to a trans-anti-trans product. 

Vinylcuprate conjugate addition to 2-methylcyclopentenone 1 and alkylation 
of the intermediate enolate with methyl bromoacetate led in high yield to the 
vinyl ester 102 (containing -10% of the C-2 epimer). Saponification, efficient 
resolution, and oxalyl chloride treatment furnished pure ( + )-acid chloride 104, 
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which was condensed with benzocyclobutene r-butyl ester 105 (prepared via the 
acid chloride in 73% yield) to give dione ester 106. The 83% yield in this 
acylation step contrasts with the considerably lower yields obtained on analogous 
a l k y l a t i ~ n s . ~ ' * ~ ~ ~  De-esterification and decarboxylation to 107 followed by ther- 
molysis then led to the (+)-steroid 108 in 56% yield-as well as 5% of its cis- 
anti-trans isomer. 

In the previously discussed routes the requisite orthoquinodimethanes were 
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derived by thermolysis of isolated benzocyclobutene precursors. However, al- 
ternative approaches to o-quinodimethanes, including chelotropic elimination of 
sulfur dioxide, nitrogen, or carbon monoxide as well as reverse Diels-Alder 
processes and photoenolization of orthomethyl phenyl ketones have been de- 
scribed.290 The thermal elimination of sulfur dioxide from benzo(c)l,3-dihydro- 
thiophene dioxide 109 and the trapping of the intermediate o-quinodimethane 
with an external dienophile was demonstrated by Cava and Deana in 1959.37 

Oppolzer, in developing this methodology into a synthesis of (+)-estradiol, 
first devised a procedure for the regiospecific introduction of the ring D dienophile 
containing a component at C-1 in a C-5 substituted benzo(c)-l,3-dihydrothio- 
phene dioxide. It was ascertained that sulfone 10P7 could be monoalkylated in 
good yield by deprotonation with, for example, n-butyllithium in tetrahydrofuran 
at -78" followed by addition of an alkenyl bromide.38 Thermolysis of the 
alkylated sulfones 110 occurred mainly via the E dienes 111 to give the desired 
adducts 112 in high yields, as well as a few percent of 113 derived via 1,5 
hydrogen shift in the Z isomer of 11 1. 

In order to promote selective deprotonation at C- 1 in 109, an electron attracting 
substituent is required at the para position, C-5. The nitrile group was chosen- 
also because it permitted ready conversion to phenolic hydroxyl at the end of 
the synthesis (Scheme 15).39 Iodination of sulfone 109 followed by iodide- 
cyanide exchange gave the C-5 nitrile 115. The optically active acid (+)  103 
(Scheme 14), via its methyl ester (+) 102, was converted in good yield into 
iodo olefin 116. 

Alkylation of sulfone 115 with 116 was carried out with two molar equivalents 
each of 115 and sodium hydride to provide adduct 117 as a 1:l mixture of 
diestereomers at C-1 in 82% yield based on 116. Interestingly, the C-5 nitro 
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' \  

analog of 115 (readily available by nitration of 109) yielded tars on treatment 
with base. 

Thennolysis of adduct 117 in refluxing 1,2,4-trichlorobenzene proceeded 
cleanly to give pure trans-anti-trans 3-cyanoestratriene 118 in 80% yield. Gen- 
eration of 3-hydroxyl functionality was accomplished by reaction with methyl 
lithium to produce the 3-acetyl compound 119 followed by Baeyer-Villiger 
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oxidation to the corresponding 3-acetate and concluding acid hydrolysis to ( + )- 
estradiol 40. 

(d) Nicolau Synthesis 

Nicolau and co-workers have independently reported parallel studies on the 
generation of o-quinodimethanes via thermal elimination of sulfur dioxide from 
1-substituted benzo(c)l,3-dihydrothiophene dioxides which led to an efficient 
synthesis of (~)-estra-l ,3 ,5(10)-~ene-17-one,~ 

0 0 

( 8 5 % )  

(e) Vollhardt Synthesis 

A novel procedure for generation of orthoquinodimethanes, developed and ex- 
ploited by Vollhardt, is based on the co-oligomerization of a-o-diacetylenes and 
monoacetylenes in the presence of cyclopentadienylcobalt dicarbonyl ~atalyst .~’  
The reaction is carried out by addition of the diacetylene and catalyst to excess 
refluxing monoacetylene. When n = 2, the benzocyclobutene co-oligomeriza- 
tion product formed in situ is in thermal equilibrium with the corresponding o- 
quinodimethane, which can undergo Diels-Alder cyclization with an appropri- 
ately positioned dienophile. 

For estrone synthesis the vinyldiacetylene 121 was required (Scheme 16).42 
It was obtained, as indicated from 2-methylcyclopentenone 1 and l,Shexadiyne, 
as an epimeric mixture at (2-4, but with the key cyclopentanone substituents 
trans. In the alkylation step a 3:l molar ratio of 120 to 95 was utilized. Co- 
oligomerization of 121 with refluxing bistrimethylsilylacetylene in the presence 
of five mol percent of C~CO(CO)~  catalyst led to the trans-anti-trans bistrimethyl- 
silylestratriene 122 in 71% yield. It is noteworthy that five carbon-carbon bonds 
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are formed in this step. Increased reactivity to electrophilic reagents at C-2 
relative to C-3 permitted selective protonolysis to 123.43 Essentially quantitative 
oxidative aryl-silicon cleavage then led to ( f)-estrone 26.43 

A more direct route to 3-methoxyestratrienes via reaction of methoxytrimeth- 
ylsilylacetylene with 121 was not practical as the co-oligomerization proceeded 
in 31% yield to a 2:l mixture of 124a and 124b (Scheme 16).43 

0 Quinkert Synthesis 

Photolysis of orthotoluyl ketones has been utilized to generate the corresponding 
transient dienols (hydroxy o-quinodimethanes), which have been trapped by 
reaction with external or internal d i e n ~ p h i l e s . ~ ~ " * ~  

Based on this photoenolization process, Quinkert has devised syntheses of 
( ?)4s and ( +)& estrone from simple starting materials, notable also for a novel 
route to the ring D moiety 128 (Scheme 17). 

The aromatic component 125 was prepared efficiently in four steps from m- 
cresol methyl ether. Synthesis of the D ring component proceeded via the vi- 
nylcyclopropane diester 126 obtained by condensation of dimethyl malonate with 
1,4-dibrorno-2-butene. Reaction of 126, via its homoenolate anion, with methyl 
dimethyl malonate and ensuing Dieckmann cyclization and decarbomethoxyla- 
tion led to 127 and thence to the required methylvinylcyclopentanone 128. Mi- 
chael addition of 128 to vinylsilylketone 125 took place regiospecifically and 
trans to the vinyl group to give the photolysis precursor 129. Exposure of 129 
to long wavelength uv light at 98" in methylcyclohexane containing pyridine and 
2,4,6-trirnethylphenol yielded 130 and a minor amount of the 9P-hydroxy isomer. 
Dehydration then led to 131 containing 5% of the isomeric A-8 olefin-both 
previously converted into (2)-estrone methyl ether 28 and thence (2)-estrone 
by known methodology. 

Extension of the synthesis to (+)-emone required preparation of the chiral 
ring D component (+) 128. This was accomplished in three ways, as follows46: 

1. Resolution of vinylcyclopropane diacid 126a with brucine to produce ( + ) 
126a. Chirality is retained in the ring expansion step. It is assumed that the 
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configuration at C-2 is inverted on addition of methyl dimethyl malonate to 
the corresponding diester (+ )  126 at the outset of this reaction. 

2. An alternative synthesis of (+) 128 from the bicyclo-(2,2,1)heptanecarboxylic 
acid ( - ) 132 obtained by resolution of ( +- ) 132 with ( + )-phenethylamine 
[cf. Grieco synthesis (Scheme 18)48]. 

3. Use of chiral malonic esters in the reaction with l,Cdibrorno-2-butene to 
provide (+) 126. About 80% optical enrichment was achieved. 

(g) Grieco Synthesis 

The use of bicyclo(2,2,l)-heptane derivatives in natural product synthesis has 
been explored extensively by Grieco and co-~orkers .~ '  They have devised a 
synthesis of ( 2 )-estrone based on orthoquinodimethane methodology in which 
the ring D component is derived stemspecifically from the bicyclo-(2,2,l)heptane 
species 134 (Scheme 18).48 The latter and related bicycloheptanes are readily 
available from norbornadiene by a sequence which features the Rins reaction, 
devised independently by groups led by  core^^^" and S ~ t h e r l a n d ~ ~ ~  in conjunction 
with their studies on prostaglandin synthesis. 
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Bromoketoacid 133 on diazomethane esterification and ketalization was con- 
verted into bromoketalester 134. Elimination of hydrogen bromide yielded 135, 
which was alkylated stereospecifically with 1-(2-iodoethyl)-4-rnethoxybenzo- 
cyclobutene 79, prepared earlier by Kametani (Scheme 11),3L to give 136 in 
surprisingly high yield. Reduction of ester functionality to methyl and deketal- 
ization led to 137. The latter on Baeyer-Villiger oxidation with 30% hydrogen 
peroxide and 10% sodium hydroxide in aqueous methanol-tetrahydrofuran 
(conditions developed for similar bicyclo-(2,2,l)-heptenones) followed by es- 
terification, yielded cyclopentenol ester 138 with the ring D substituents pos- 
sessing the required stereochemistry . Interestingly, the saturated counterpart of 
137 failed to undergo Baeyer-Villiger oxidation to the corresponding lactone or 
hydroxy acid. 

Hydrogenation of 138 and conversion of the acetic ester side chain into vinyl 
led to 140, which on thermolysis gave truns-un$-trans steroid 92 (( 2 bestradiol- 
3-methyl ether) as the sole isolable product. Oxidation and ether hydrolysis then 
yielded (2)-estrone 26. Extension to (+)-estrone should be straightforward, 
since the optically active forms of 134 are readily available. 

(h) Tsuji Synthesis 

Tsuji and his group have developed a palladium catalyzed cyclization reaction 
that has led to a simple synthesis of 2-carbomethoxy-3-vinylcyclopentanone 
142,)O which they have utilized in syntheses of cyclopentanoid natural products.” 
In the steroid field, 142 served as a ring D component in an orthoquinodimethane- 
based route to (&  )-l&hydroxyestrone. The ( +)-diastereomer is a component 
of pregnancy urine. ( 2 )-Estradiol-3-methyl ether was also obtained (Scheme 
19).s2 

3-Keto-8-phenoxy-6-octenoate 141 was prepared by condensation of 1 -chloro- 
4-phenoxy-2-butene with the dianion of methyl acetoacetate. Cyclization of 141 
was canied out in refluxing acetonitrile (1 hour) in the presence of 5-10 mo1% 
of palladium acetate and 20-35 mol% of triphenyl phosphine to give 142 in 59% 
isolated yield (along with - 13% of 2-carbomethoxycyclohept-4-enone).50 Al- 
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kylation of 142 with 1 -(2-iodoethyl)-4-methoxybenzocyclobutene 79 (Scheme 
1 1)3’ gave adduct 143 in 62% yield. A minor amount of cis isomer was easily 
separated from 143 chromatographically. Ketalization and reduction of the ester 
group produced primary alcohol 144, which was thermolyzed in o-dichloroben- 
zene in 75% yield to a single product 145. Deprotection then afforded (+)-18- 
hydroxyestrone-3-methyl ether 146 and ( 2 )- 18-hydroxyestrone 147. Lithium 



Estrone and Related 19-Norsteroids 33 

aluminum hydride reduction of the mesylate of 146 produced ( k )-estradiol-3- 
methyl ether, confirming the trans-anti-trans stereochemistry of 146 and 147. 

(i) Saegusa Synthesis 

Saegusa and co-workers have shown that orthoquinodimethanes can be generated 
by fluoride ion desilylation of ortho-(a-trimethylsilylalkyl)benzyltrimethyl am- 
monium salts at temperatures in the 20" to 80" range,53 strikingly lower than the 
CQ.  180-220" range required to generate orthoquinodimethanes from benzocy- 
clobutenes or benzodihydrothiophene dioxides. 

Based on this methodology, syntheses of ( ? )-estrone methyl ether and ( f )- 
6P-methylestra-l,3,5( lO)-triene-l7-one were then developed.s4 In the estrone 
synthesis (Scheme 20), the aromatic component 149 was obtained in high yield 
from 3-methyl-4-chlorophenol. The trimethylsilylmethylene moiety was intro- 
duced in >W% yield by nickel catalyzed cross-coupling of trimethylsilylmethyl 
magnesium chloride and aryl chloride 148. 

Following past p r e ~ e d e n t , ~ ~ , ~  preparation of the ring D component 152 orig- 
inated from 2-methylcyclopentenone 1 via 150 prepared by 1:4 addition of vinyl 
magnesium bromide followed by addition of t-butylbromoacetate. Use of the t- 
butyl ester may have contributed to greater stereospecificity in the trans addition 
of the acetic ester side chain at C-2 relative to the C-3 vinyl group, since these 
substituents were >96% trans in 150. Lower stereospecificity was reported for 
addition of methylbromoacetate (- 88%)36 and ethyl bromoacetate (-78%).40 
Conversion of 150 to the methyl ester, ketalization with 2,2-dimethylpropane- 
1,3-diol, hydride reduction, tosylation, and displacement by bromide then led 
to 152 in 47% yield from 1. 

Generation of the silicon stabilized benzyl carbanion 153 from 149 required 
the presence of hexamethylphosphotriamide. In its absence lithiation occurred 
at least in part in the aromatic ring. Alkylation of 153 with 152 produced 154 
in 94% yield as a 2: 1 isomer mixture at the benzylic site. Methiodide formation, 
addition of caesium fluoride, and refluxing in acetonitrile for 1.5 hours then 
afforded (?)-emone methyl ether 28 (containing 7-8% of the C-9 P-H isomer) 
in 86% yield. Pure 28 was obtained on recrystallization. 
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ti) Magnus Synthesis 

Magnus et al. have devised a route to ( & ) - 1  la-hydroxyestrone 3-methyl ether 
which, like the Saegusa synthesis (Scheme 201,” makes use of fluoride mediated 
elimination of the trimethylsilyl group, but which is coupled with alternative 
methodology for in situ orthoquinodimethane generation (Scheme 2 l)? 

The aromatic component 159 was prepared from 4-methoxybenzoic acid via 
oxazolines 155, 156 and 157 and trimethylsilylmethylbenzaldehyde 158. The 
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latter gave vinylcarbinol 159 in 81% overall yield from 155 on reaction with 
vinyl magnesium bromide. In a variant of the Torgov reaction (Volume 2, p. 
698) coupling of vinyl carbinol 159 with the known ring D component, tri- 
methylsilyl enol ether 95 (Scheme 1335 and Scheme 1642), catalyzed by zinc 
bromide, produced adduct 160 regiospecifically in 88% yield as a 4: 1 trans:cis 
mixture with respect to the substituents on C-13 and C-14 (steroid numbering). 
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It was now necessary to attach an appropriate leaving group at C-9. This was 
done by preparing the 9a, 1 la-oxide 161 in 60% yield by selective reaction with 
rn-chloroperbenzoic acid. Treatment of 161 in diglyme with caesium fluoride at 
27” for 20 hours then led, via orthoquinodimethane 162, to (k )-1 la-hydrox- 
yestrone methyl ether 163 in 70% yield. The exceptionally mild conditions for 
this cycloaddition and the use of the Torgov reaction for coupling the aromatic 
and ring D components are noteworthy. An alternative a priori cycloaddition 
possibility is that of 160 with pickup of an electrophile at C- 1 1. 

+ -  
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C. Miscellaneous 

(a) Saucy Synthesis 

Scott, Borer, and Saucy have described a route to (+)-19-norandrost-4-ene- 
3,17-dione 25 based on condensation of the chiral trisannulating agent 167 (which 
utilizes the 3,5-dimethylisoxazole moietys6 as the ring A precursor) with 2- 
methylcyclopentane-1,3-dione 12 (Scheme 22).” This route evolved from anal- 
ogous approaches described earlier (see Volume 2, p. 717) and was applied 
initially in the ( 2 )  series.’* 

3,5-Dimethyl-4-chloromethylisoxazole and triphenylphosphine in refluxing 
toluene gave the phosphonium salt 164, which as the corresponding ylid, was 
condensed with acrolein dimer to afford the Wittig product 165 in good yield. 
Hydration, oxidation, and hydrogenation then led to lactone 166. Low-temper- 
ature Grignard reaction of the latter with vinylmagnesium chloride yielded the 
corresponding vinyl ketone to which was added ( - )-a-phenethylamine. The 
diastereomeric Mannich bases were separated by seeding and fractional crystal- 
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lization from isopropyl ether and the required 2S, 6R diastereomer 167 was 
obtained in 70% yield (of the theoretical 50%). 

Mannich base 167, on heating with 2-methylcyclopentane-1,3-dione 12 in 
toluene-pyridine-acetic acid, yielded dienol ether 169 that was -72% 13p-methyl 
and 28% 13a-methyl. Improved asymmetric induction was attained by first 
converting the Mannich base to the corresponding bulkier methiodide and con- 
densing the latter with 12 in refluxing aqueous r-butanol to yield ketol 168. This 
intermediate in benzene containing p-toluenesulfonic acid at 20" was converted 
into dienol ether 169 that was 89% 13P-methyl: 1 1% 13a-methyl in 46% chemical 
yield from Mannich base 167. Lithium aluminum hydride reduction and catalytic 
hydrogenation then afforded 170, which on hydration, oxidation, and base cat- 
alyzed cyclization gave pure ( + )-enedione 172 in 3 1 % yield from Mannich base 
167. 

In the concluding phase of the synthesis, hydrogenation and bisketal formation 
produced 173, which on base catalyzed hydrogenolysis of the isoxazole ring and 
basic hydrolysis yielded 175. Acid catalyzed deketalization and cyclization then 
gave ( + )-19-norandrost-4-ene-3,17-dione 25 in 66% yield from enedione 172. 

Conducting the hydrogenolytic opening of the isoxazole ring on the bisketal 
173 resulted in higher yields than when carried out on the corresponding bis- 
ketone. In the latter case the carbinolamine intermediate 176 is subject to de- 
hydration to synthetically useless dihydropyridine type by-products. 

0 

176 - 

(b) Johnson Synthesis 

As part of his extensive program on steroid synthesis based on biomimetic olefin 
cyclization processes, W. S. Johnson has developed a stereospecific synthesis 
of (2)-estrone (Scheme 23).s9 

m-Alkoxyphenylpropionaldehyde 177 (R = CH3, CH30CH2) and the pre- 
viously prepared phosphonium iodide 180m were condensed by the Schlosser 
modification of the Wittig reaction to give olefin (>98% E) 181 (R = CH3, 
CH30CH2). Ketal hydrolysis, cyclodehydration, and reduction then led to key 
intermediate 183 (R = CH3, H). Stannic chloride catalyzed cyclization in meth- 
ylene chloride at - 100" gave the isomeric tetracyclic compounds 184 (R = CH3) 
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and 185 (R = CH3) in the ratio 4.3: 1,  isolated respectively in yields of 59% 
and 12%. The para:ortho isomer ratio and the rate of cyclization were found to 
be dependent on the nature of the C-3 substituent and the C-14 leaving group.61 

The best results were achieved with the 3-trimethylsilyl ether of 183, which 
gave 184 (R = Me3Si) and 185 (R = Me3%) in the ratio 20:l in essentially 
quantitative yield. Intermediate 184 was conveniently isolated as the crystalline 
3-benzoate. 

To complete the synthesis, the required 13a,l7a-epoxide 187 was best ob- 
tained via the chlorohydrin 186 (andor the isomeric l3a-hydroxy-l7~-chloro 
structure) rather than by direct epoxidation, which gave mainly the P-epoxide. 
Boron trifluoride catalyzed rearrangement of 187 then gave ( -C )-estrone 26 in 
22% overall yield from 182 (R = H). 

The Total Synthesis of Aromatic Steroids 1972-1981 

(c) Daniewski Synthesis 

A novel and effective synthesis of ( - )-3-methoxyestra-l,3,5( 10),8, 14-pentaene- 
17-one 193, a key intermediate in the Smith and Torgov estrone syntheses 
(Volume 2, pp. 697,701,705), conceived by Daniewski (Scheme 24),62 utilizes 
an organoborane-diazoketone c~ndensa t ion~~ as its key step. ( - )-Chloroacid 
189, derived via Michael reaction of methyl 2-chloroacrylate with 2-methylcy- 
clopentane- 1,3-dione 12, ester hydrolysis and optical resolution, was converted 
into chlorodiazoketone 190. Reaction of 190 with tris-(m-methoxyphen- 
ethy1)borane followed by dechlorination yielded 192. Brief treatment of the latter 
with acetic acid containing a little perchloric acid led to (-)-estrapentaene 193 
as the optically pure 13P-methyl enantiomer. The borane-diazoketone reaction 
took place with remarkably high asymmetric i n d ~ c t i o n . ~ " , ~ ~  

(d) Bryson Synthesis 

In another application of borane chemistry to steroid synthesis, Bryson developed 
a synthesis of ( f )-estrone methyl ether in which ring C is constructed by hy- 
droboration-carbonylation of an appropriate l:4-diene (Scheme 25).@ The basic 
methodology was demonstrated earlier in a route to 17-desoxyestrone methyl 
ether. 65 

Condensation of the sodium enolate of acetylacetone 194 with carbethoxy- 
cyclopropyltriphenyl tetrafluoborate 1 9 P  led in high yield to acetylcyclopen- 
tenyl ester 1% and thence to ketal aldehyde 197. The latter with m-methoxy- 
phenethyl magnesium chloride 198 yielded allylic alcohol 199, which on Claisen 
rearrangement with dimethylacetamide dimethylacetal afforded amide 200. Con- 
version to amine, amine oxide, and Cope elimination then led to the desired 
1,4-diene 201. Hydroboration with thexylborane followed by carbonylation by 
the Pelter procedure67 produced hydrindanone 203 with the required 8P, 14a- 
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stereochemistry. Acid catalyzed ring closure and ketal hydrolysis followed by 
hydrogenation led to 204 and thence to ( + )-estrone methyl ether 28. 

(e) Posner Synthesis 

Posner has devised a novel one-pot (but low yield) synthesis of (+)-9( 11)- 
dehydro-8-epiestrone methyl ether 210 by a coupled sequence of two Michael 
reactions and a Wittig reaction (tandem Michael-Michael ring closure) (Scheme 
26).68 6-Methoxy-1-tetralone 205 was converted, via trimethylsilyl enol ether 
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206, into its lithium enolate 207, which was condensed sequentially with 2- 
methyl-2-cyclopentenone and vinyltriphenylphosphonium bromide to give, via 
enolate 208 and ylid 209, ( rt )-94 1 l)-dehydro-8-epiestrone methyl ether 210 in 
8% yield (21% corrected for recovered 205). The low yield of 210 is believed 
to result from competing reaction of ylid 209 with vinyltriphenylphosphonium 
bromide leading to polymerization. Equilibration of 210 in refluxing methanolic 
hydrochloric acid led in high yield to a 3: 1 mixture of ( rt )-9( 1 1)-dehydroestrone 
methyl ether 131 and its 8-dehydro counterpart, which had been converted pre- 
viously into ( f )-estrone methyl ether 28 (see Quinkert synthesis 131 ---* 28). 
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0 Mander Synthesis 

Mander has devised a highly convergent approach to estrone and analogs based 
on hypothetical structural units a, b, and c and the indicated bond connections. 

The strategy was reduced to practice as shown in Scheme 27 with syntheses of 
prochiral trione 219 and its 1,3-dimethoxy analog.69 

Acrolein cyanhydrin 211 was converted into its methoxymethyl ether 212, in 
turn alkylated with 1,3-dibromopropane to give the key 6-carbon synthon 213. 
m-Methoxybenzoic acid was utilized as the ring A component. Reductive al- 
kylation via dianion 215 led to dihydroaromatic intermediate 216 which was 
decarboxylated with ensuing aromatization using lead tetraacetate (or, alterna- 
tively, anodic oxidation) to afford 217 in excellent yield. Unmasking of the 
carbonyl function generated known enone 21870*71 (see Volume 2, pp. 693,697), 
which was condensed with 2-methyl- 1,1-cyclopentanedione 12 to produce pro- 
chiral trione 21970 in high yield. The latter had been cyclized previously to ( + ) 
15c4 and thence converted into e~trone.~' Alternatively, bone 219 was cyclo- 
dehydrated to the well-known estrone precursor estrapentaene 193 (see Volume 
2, pp. 697, 701, 705). 

(g) Ziegler Synthesis 

Ziegler and Wang have achieved a synthesis of ( +)-estrone from 6-methoxy- 
tetralone based on Cope rearrangement and polyene cyclization methodology 
(Scheme 28).'* 

Unsaturated aldehyde 221 was prepared efficiently from 6-methoxytetralone 
205 via unsaturated nitrile 220. Conversion of 221 into the corresponding hi- 
methylsilyl cyanohydrin 222 and alkylation with 1 -chloro-2,6-dimethyl-2(E), 6- 
heptadiene led to aryltriene 223. The latter underwent Cope rearrangement at 
160" to 224 without interference from the alternative higher energy rearrangement 
pathway involving the prohomo D ring. 

Treatment of 224 with potassium fluoride in refluxing methanol led to the 
methyl esters 225 and 226 (9aH:9PH = 1:4)-presumably via ketonitrile in- 
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termediates. Conversion to the corresponding aldehydes and equilibration yielded 
227 and 228 (9aH:gpH = 92:8). Stannic chloride catalyzed cyclization of the 
predominant 9a-H aldehyde 227 produced the 1 lp-hydroxy D-homosteroid 229. 
For conversion to estrone, ring C functionality was best removed via the 11- 
ketone and 1 la-mesylate 230. Lithium-ammonia reduction of the latter provided 
231, which had previously been converted into ( 2 )-estrone methyl ether in four 
steps by Valenta et al. (See Volume 2, pp. 672-673) and thence into ( 5 ) -  

estrone. 73*74 
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1. INTRODUCTION 

The recent development of rapid and efficient techniques for the chemical syn- 
thesis of oligonucleotides, coupled with recombinant DNA methodology, has 
made the laboratory synthesis of physiologically functional genetic material a 
practicality. From a chemical viewpoint, oligonucleotides are very sensitive 
molecules possessing diverse functions, uncommon solubility, and difficult pu- 
rification problems in the conventional organic sense. Even more difficult is their 
structural analysis by conventional physicochemical methods. In spite of these 
drawbacks, their synthesis can be a fascinating challenge to organic chemists 
because these are the “master molecules” of all living organisms. These molecules 
contain not only the structural information to direct the synthesis of all proteins 
but also the regulatory signals for controlling metabolism (Figure 1). 
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53 



54 Gene Synthesis 

Our original contribution in this series’ essentially reviewed the field up to 
1970; it seems appropriate now to highlight the developments and applications 
in synthetic oligonucleotides up to 1982. Several recent reviews *-’ have ade- 
quately outlined chemical developments during the past decade. Consequently, 
we mention only the most recent modifications. We are here concerned primarily 
with the so-called “triester” approach and include some selected examples of 
important molecular biological techniques and applications involving mainly 
“synthetic genes” of the deoxy type. Coverage of the literature is not exhaustive, 
but we have tried to include leading references into 1982 for all major researchers 
in this area. 

2. SYNTHETIC STRATEGY 

The chemical synthesis of polynucleotides beyond 40 units long is not possible 
with any of the present methodologies, at least for the time being. Decreasing 
yields dictate a practical compromise for chemical synthesis of oligonucleotides 
up to about 20 units. A strategy has been developed for the synthesis of longer 
chains. Short synthetic oligonucleotides (usually 10-20 bases in length) are then 
joined, with the use of DNA ligase enzyme in the presence of a complementary 
strand or template. The sequence of such a gene is preceded and terminated in 
specific endonuclease-restriction site sequence. The complete synthetic sequence 
is ligated to a plasmid and cloned in Escherichia coli. The cloned DNA is 
selected and analyzed for the presence of a correct sequence. The importance 
of this method of DNA synthesis can hardly be overstressed to synthetic chemists. 
Once the specific sequences have been assembled by a well-defined chemicoen- 
zymatic method and cloned in E. coli, the bacterium containing chimeric DNA 
ensures their permanent availability-an expected but nevertheless dramatic fea- 
ture of DNA structure, namely, the ability to guide its own replication. 

3. CHEMICAL SYNTHESIS 

The fundamental objective in oligonucleotide synthesis is the formation of an 
ester linkage between an activated phosphoric acid function of one nucleotide 
with the hydroxyl group of another nucleoside/nucleotide, thus ultimately form- 
ing the natural phosphodiester bridge between the 5’-hydroxyl of one nucleoside 
unit and the 3’-hydroxyl of the next. To achieve these ends, the nucleic acid 
chemist must devise (i) selective blocking/deblocking procedures for a primary 
and a secondary hydroxyl (or two in ribonucleosides), a primary amino group, 
and often two of the three dissociations of phosphate. In addition, he or she 
must be cognizant of the variable labilities of certain purines and pyrimidines 
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and their glycosidic bonds plus the variable reactivities of mono-, di-, and 
trisubstituted phosphate. One must surmount some frustrating stereochemical 
and neighbouring group effects especially noticeable as the oligonucleotide chain 
grows. All protecting groups must be removed without causing chain cleavages 
and with minimal formation of side products. The required product must be 
separated from these almost identical impurities and methods devised to prove 
the structure unambiguously. 

A. Historical Background 

The pioneering research from Todd’s laboratory* in the 1950s was followed by 
Khorana’s phosphodiester approach, which dominated the field of oligonucleo- 
tide synthesis for almost 20 years beginning in the late 1950s. This group was 
mainly responsible for developing important techniques such as protecting groups, 
phosphorylating procedures, condensation reaction, and enzymatic characteri- 
zation, which played a major role in the further development of modem chem- 
istry. Although the phosphodiester approach was laborious and time consuming, 
Khorana’s group accomplished the total synthesis of a biologically active tyrosine 
tRNA gene’ as a climax. By mid-l960s, other organic chemists such as Let- 
singer, lo Reese, I ’  and Eckstein’’ reintroduced the phosphotriester approach, in 
which the third phosphate dissociation was masked during synthesis. It was not 
until 1973, when the phosphotriester approach was further modified by Narang13 
and Cramers14 independently, that its practicality was established in achieving 
the total synthesis of a biologically active genetic element.15 This method has 
now become the more practical and simpler approach, as evident from a recent 
international symposium series on synthesis. l6 

(a) Phosphodiester Approach 

In the traditional method of oligonucleotide synthesis, the so-called phospho- 
diester approach developed and championed by Khorana and his co-workers, l7  

the 5’-phosphate of a commercially available nucleotide, after suitable protection 
of other functional groups, is condensed with the 3’-hydroxyl of another protected 
nucleoside or nucleotide using dicyclohexylcarbodiimide or the arylsulfonyl chlo- 
rides, and the chain can then be elongated by further stepwise block condensation. 
Longish reaction times, drastically decreasing yields as the chain length grew 
unless large excesses of one component of the condensation were provided, and 
time-consuming purification procedures via anion exchange column chromatog- 
raphy make this approach a tedious one. Recent improvements by using solvent 
extraction procedures18 or high performance liquid chromatography (hplc) 
techniques1’ have helped somewhat to alleviate this problem. But a computer- 
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optimized synthetic pathz0 predicted 20 man-years to synthesize a gene of ap- 
proximately 100-150 units by this approach. 

(6) Phosphotriester Approach 

A possible solution to some of the problems inherent in the phosphodiester 
approach (water solubility, ion exchange chromatography, and lower yields) 
would accrue if the third dissociation of phosphate was masked, thus creating a 
neutral organic molecule amenable to the more standard manipulations of organic 
chemistry. Actually, this approach was first introduced by Michelson and Todd* 
in 1955. 

The basic principle of the triester method is to mask each internucleotidic 
phosphodiester function by a suitable protecting group during the course of 
building a defined sequence. After completing synthesis, all the protecting groups 
are removed at the final step to give a deoxyoligonucleotide containing each 
internucleotidic 3’ + 5 ’  phosphodiester linkage. The main advantages of this 
method include the opportunity for large-scale (50-75 g) synthesis, significantly 
shorter time periods, especially in the purification steps, and high yields using 
almost stoichiometric amounts of reactants. This is probably due to the absence 
of any endo-P-0- groups in the oligonucleotide chain, thus avoiding chain scis- 
sion and pyrophosphate formation. 

The triester method as originally reportedl0-lZ involved the phosphorylation 
of the 3’-hydroxyl group of a 5’-protected nucleoside with a substituted phosphate 
followed by subsequent condensation with a primary 5’-hydroxyl of a second 
nucleoside. This is essentially a one-pot procedure. However, it was observed 
that owing to incomplete phosphorylation in the first stage, subsequent coupling 
with 5’-protected nucleoside led to a complicated reaction mixture including the 
so-called 3‘-3‘ and 5’-5‘  coupled products. Since these mixtures could not be 
completely resolved on conventional silica gel columns, the advantages of large- 
scale synthesis and high yield of product were somewhat nullified.z’ 

(c) Modified Phosphotriester Approach 

To overcome this difficulty, the “one-pot” synthetic approach, which includes 
phosphorylation and coupling steps, was modified to a “two-step” sequential 
procedure. l 3 - I 4  The basic feature of this approach is to start the synthesis of an 
oligonucleotide from a totally protected mononucleotide containing a fully masked 
3’-phosphotriester group. Since the resulting intermediate oligonucleotides con- 
tain a fully masked 3’-phosphate group, the necessity for a phosphorylation step 
at each condensation stage is eliminated, thus simplifying the approach. (See 
Figure 3.) 

Such a starting material was prepared by treating 5’-dimethoxytrityl N-acyl 
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Figure 3. Modified phosphotriester approach. 

deoxynbonucleoside with p-chlorophenyl phosphoryl ditriazolidesz2 (Figure 3) 
followed by cyanoethylation reaction. The fully protected monomer is easily 
purified and permits chain elongation from either end. At each coupling step, 
the P-cyanoethyl group was removed selectively on treatment with triethylamine- 
anhydrous pyridineZ3sz4 or diisopropylamine-anhydrous pyridine. 25 Under these 
conditions all the other base labile (N-acyl and p-chlorophenyl) protecting groups 
were intact. Recently the above starting material without the p-cyanoethyl group 
as a bariumz6 or triethylammmoniumZ7 salt has also been used directly in the 
coupling reaction. In practice, longer chains are built by block additions starting 
from the dinucleotide unit. After each cycle the desired fully protected product 
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can be purified on a short column with medium and high pressure techniques, 
reversed phase technique on RP-2,28 and a simple but very effective chroma- 
tography on deactivated silica gel with an aqueous solvent system such as acetone- 
water-ethyl acetate. 29 

B. Phosphite-Triester Approach 

By taking advantage of the extreme reactivity of phosphite reagents, Letsinge?’ 
introduced a phosphite-triester approach (Figure 2) to decrease appreciably the 
phosphorylation-condensation time period in building longer chains. Thus two 
units can be joined together in a matter of minutes rather than hours and the 
internucleotidic trivalent phosphorus bond oxidized easily to the required phos- 
photriester by aqueous iodine. This approach requires that a phosphorus be 
introduced at each cycle, and this limits single base addition. The phosphite 
reagent could be a di~hloro-~’ or ditetrazo1e3’ derivative. 

C. Polymer Support Synthesis 

In analogy with peptide synthesis, much effort has been extended to perfect a 
polymer supported oligonucleotide synthesis (Figure 4). In the diester approach, 
two major obstacles are incompatibility of the polymers with the necessary 
solvents and, perhaps more important, yields in the phosphorylatiodcondensation 
stage of -80% or less.33 This of course means the creation of increasing amounts 
of impurities as the chain grows. Some of these problems have been overcome 
by applying the pho~photrieste$~*~~ or p h o ~ p h i t e ~ ~ * ~ ~  triester methodologies on 
new polymers and by blocking off any unreacted chains after each cycle. Re- 
cently, the faster synthesis of oligonucleotides up to 31 units long3’ has been 
accomplished by block condensation on polymer support. The preparation of 
these blocks, however, were carried out using the solution phosphotriester method. 

O M T r O Y q ,  

Figure 4. Phosphottiester-polymer support synthesis. 
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Figure 5 .  Some new protecting groups for the hydroxyl and phosphate functions. 

Although the yields of each coupling reaction are not quantitative, the final 
compound could still be isolated by HPLC or preparative gel electrophoresis. 

D. Protecting Groups 

(a) Primary Hydroxyl 

The mono- and dimethoxytrityl groups continue to be the most popular acid 
labile protecting groups for the 5'-hydroxyl. Aromatic sulfonic trifluo- 
roacetic acid,34 and/or zinc bromide3* have been shown to be milder and more 
selective deblocking agents than aqueous acetic acid. The pixy1 has been 
suggested as a useful variant with a lability similar to the dimethoxytrityl group. 

Several examples of base labile groups have been reported especially for use 
in oligoribonucleotide work, where an acid labile group has been used for pro- 
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tection of the 2’-hydroxyl. These are usually bulky ester groups such as the 
trityloxyacetyl or substituted phen~xyacetyl .~ The laevulinyl group, selectively 
removed by hydrazine, has also been used at this p~si t ion.~’  

(b) Secondary Hydroxyls 

Protection of the 3’-hydroxyl in oligonucleotide synthesis must in general be 
complementary to the groups on the 5’-hydroxyl and phosphate. The most com- 
mon base-labile groups are acetyl or benzoyl ester, and the more popular acid- 
sensitive groups are the tetrahydropyranyl ethers or variations thereof,42 t-bu- 
tyldimethylsilyl (TBDMS) ethers and laevulinyl esters. 

By far the more complicated problem arises in ribonucleotide chemistry. Not 
only would it be desirable to specifically differentiate the 2’- from the 3’-hydroxyl 
but any protecting group on the 2‘-hydroxyl must be (i) stable enough to remain 
intact throughout an entire chain synthesis, (ii) innocuous enough not to interfere 
with subsequent reactions at the 3’-hydroxyl or phosphate functionalities, and 
(iii) labile enough to be completely removed after synthesis of the chain (increased 
steric hindrance notwithstanding) under conditions that will not affect any 2’- 
to 3‘-phosphate migration. No ideal protecting group has yet evolved, since only 
certain limits of mild acid or base can be tolerated before 3’- to 2’-0 migration 
of phosphate occurs. Thus both acetyl esters43 and tetrahydropyranyl estersM or 
their variations4’ have been shown to be acceptable in chain synthesis. Other 
groups requiring specific deblocking conditions have also been reported recently, 
such as benzyl ethers (hydrogenolysis),46 o-NOz benzyl ethers ( p h o t o l y ~ i s ) , ~ ~ . ~ ~  
amino a ~ y l a t i o n , ~ ~  and TBDMS ethers (fluoride di~placement).’~ 

The specific and direct chemical differentiation of the 2’- and 3‘-secondary 
hydroxyls has also not been achieved. Some selective reactivity has been achieved 
with TBDMS chloride, silver nitrate as ~atalyst ,~’  o-NOz phenyl diaz~methane,~~ 
or 0-NO2 benzyl bromide either directly on the nucleoside5’ or via the 2’,3’-0 
dibutylstannylene  derivative^.^^ Selective deacetylation with hydrazine has also 
been reported,54 but this may be an artifact of chr~matography.~~ Fractional 
crystallization of the mixture of 2’- and 3’-0 acetates derived from hydrolysis 
of the 2’,3’-O-methoxyethylidene derivations provides the 3’4somer in <75% 
yield.56 Thus, there are no ideal procedures for producing the so-called internal 
units for oligoribonucleotide synthesis; all require chromatography or crystalli- 
zation with isolated yields in the 50-70% range. Terminal units at the 3‘-end of 
the growing chain can simply be protected by two ester groups57 or some cis- 
diol blocking group, for example, substituted benzylidenes or isopropylidene. 
Curiously, the only specific method of differentiating the 2’- and 3’-hydroxyls 
and at the same time providing a 3’-phosphate is not extensively used, namely 
enzymatic cleavage of the 2’,3’-cyclic p h ~ s p h a t e . ~ ~  
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Figure 6. Some new phospholylationkondensation reagents for oligonucleotide synthesis. 

(c) P r i m l y  Amino 

Although evidence has been presented that protection of the exocyclic amino 
group is not necessary to direct the coupling reactions for adenosine and guan- 
osine (but it is definitely necessary for cytosine), the use ofN-protected monomer- 
ic units is almost universally observed. The main reasons have to do with in- 
creased solubility, but one should be aware of complications during the phos- 
phorylation reaction.59@’ Amino protection is evidently not necessary with the 
phosphite-coupling method at lower temperature. 30 

Although a certain number of more sophisticated N-protecting groups have 
been reported, for example, tert. butyloxycarbonyl (tBOC) , dimethylaminoace- 
tals, by far the most common amino-protecting groups are anisoyl for cytosine, 
benzoyl for adenosine, and isobutyryl for guanosine. These represent the best 
compromises between stability and ease of removal for each of the heterocycles. 
Removal is usually accomplished by ammonolysis. Selective removal of N-acyl 
group can also be achieved with ethylenediamine-phenol.61 

(d) Phosphate 

With the increasing popularity of the triester method has come a revitalized 
interest in developing new blocking/deblocking procedures for one or more of 
the phosphate dissociations.62 Although its lability can cause complications in 
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extended syntheses, the P-cyanoethyl group is still extensively used, especially 
since the discovery that it can be removed by organic rather than 
aqueous NaOH. Other groups removed via a p-elimination mechanism include 
the trichloroethyl ester with a variety of new milder conditions for its removal 
involving variations of the zinc catalyzed method,43 hydr~genation,~~ and fluoride 
ion.@ 

Probably the most commonly employed groups requiring “direct” displace- 
ment are the substituted (o-C1, p-C1, o-Br, p-No2, etc.) phenyl e~ters . ’***’’~~ 
Deblocking with ammonium h y d r o ~ i d e ~ ~ , ~  or fluoridew ion can lead to varying 
and unwanted amounts or internucleotide bond Oximate6’ or 
thiophen~xide~~.~ ’ nucleophiles and transition metal ions72 have been proposed 
as solutions to this problem. Groups requiring prior activation before direct 
displacement include substituted anilidates with isoamyl nitrite73 and certain 
amidates by pr~tonat ion .~~ The 8-hydroxy quinolyl group, selectively removable 
with copper ions, has been used as a phosphate protecting group in oligonu- 
cleotide ~ynthesis.~’ Various alkyl esters, methyl, or benzyl7’ have also been 
proposed. It is the hope here to break a C-0  rather than a P-0 bond and thereby 
avoid competing internucleotide bond breakage. 

E. New Condensation and Phosphorylation Reagents 

The development by Khorana and his co-workers of dicyclohexylcarbodiimide 
(DCC), mesitylenesulfonyl chloride (MS), and triisopropylbenzenesulfonyl chlo- 
ride (TPS) as reasonably effective condensing reagents has played a significant 
role in the synthesis of polynucleotides by the diester method. In the case of the 
triester synthetic approach, these reagents were found to be unsatisfactory. TPS 
causes extensive sulfonation, whereas DCC does not activate the phosphodiester 
function; therefore a search for new condensing reagents was initiated by our 
group in 1974. We speculated on overcoming this problem by using another 
arylsulfonyl derivative with a better or less innocuous leaving group. p -  
Toluenesulfonylimidaz~le~~ was reported to be a condensing reagent but its rate 
of coupling was very slow. N-acetyltriazole was reported to be hydrolyzed six 
times faster at room temperature than N-acetyl i m i d a z ~ l e ; ~ ~  this observation 
prompted us to investigate the reactivity of various arylsulfonyl triazole7’ and 
tetraz~le’~ derivatives. The rate of the coupling reaction was higher, and the 
reaction mixture was cleaner with a minimum of sulfonation reaction when 
compared with products using arylsulfonyl chloride. Recently, nitrotriazole,” 
I-hydroxybenzotriazole,” N-rnethylimidazole,’* and 5-(pyridin-2yl)-tetraz01e~~ 
have been used. 

Knorre and ZarytovaW studied the mechanism and postulated the formation 
of phosphodiester tetrazolide as a reactive intermediate that participates in the 
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phosphorylation step with alcohol. It seems reasonable to suggest that tetrazole 
liberated in the first stage reacts with the diester component giving rise to a 
reactive intermediate which should be a powerful phosphorylating reagent due 
to the strong electronegativity of the tetrazole moiety. 

F. Triazole As Phosphate Activator 

Phosphorylation is one of the most crucial steps in the synthesis of polynucleo- 
tides by the triester approach. We developed bis(triazolyl)pchlorophenylphosphate2z 
as a powerful phosphorylating reagent, which is apparently a doubly activated 
reagent with triazole but will give only a diesterified product; thus the formation 
of 3'-3' and 5 ' 4 '  dimer formation is avoided. 

G. General Method of Oligonucleotide Synthesis by the Modified 
Phosphotriester Approach 

From a practical point of view, the availability of all 16 dinucleotide blocks 
made possible a rapid buildup of any deoxyribonucleotide sequence. The basic 
strategy of a synthetic plan is to extend the chain from the 3'-end towards the 
5'-end by block condensation in the presence of arylsulfonyl tetrazole3' as a 
coupling reagent (Figure 8). The reaction is generally over within 30 minutes; 
after workup, a pure, fully protected product was isolated by short-column 
medium-pressure chromatography on RP-2 absorbent or by a simple but very 
effective chromatography on deactivated silica gel with aqueous solvent systems 
such as acetone-water-dichloromethane. 
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H. Final Deblocking Steps 

The most critical step in the success of the triester approach is the final and 
complete removal of all protecting groups from the fully protected oligomer to 
yield a component containing natural 3 ’4’  phosphodiester linkages, which has 
introduced one additional complication. Because of the complementary nature 
of the various protecting groups, several sequential steps must often be employed. 
Conditions for the removal of one group must be compatible with other functions: 
acid for detritylation can cause depurination; Zn catalyzed conditions for re- 
moving trichloroethyl group can cause problems with cytidine base; conditions 
to remove the triester phosphate blocking group can cause chain cleavages, and 
so on. The order of deblocking, that is, the removal of the 5’-trityl group followed 
by the removal of base-labile groups or the reverse of this order, is also a concern 
because rearrangement of the nucleotide sequence can occur. The best compro- 
mise to date appears to be very specific two-step ammonia treatmentz9 or oximate 
ion7’ followed by acid treatment. 

The final compounds are then isolated by any of the fast selective procedures 
available. These include thin-layer chromatography (tlc) on polyethyleneimine 
(PEI) cellulose plates, slab preparative gel electrophoresis, and hplc on Per- 
maphase AAX or Partisil lOSax column. 

I. Formation of Side Products 

During the course of synthesis, the formation of various side products has been 
observed when a large excess of condensing reagents, arylsulfonyl tetrazole, or 
3-nitro- 1,2,4-triazole derivatives in the presence of large excess phosphodiester 
component were used for a prolonged period of time.8s The nature of these side 
reactions is the incorporation of tetrazole moiety in uracil, thymidine, and guan- 
osine bases, which is apparently reversed during the deblocking of oligonucleo- 
tides with syn-4-nitrobenzaldoximate ion. Similar side products were also formed 
when p-chlorophenyl phosphoryl ditetrazolidezs*86 was used as a phosphorylating 
reagent. In practice, it is advisable to use a slight excess of the coupling reagent 
for 30 minutes in order to avoid any modification of the heterocyclic bases. 

J. Sequence Analysis of Fully Protected Oligomers by Mass 
Spectrometry 

A mass spectrometic method for determining the sequence and molecular weight 
of protected oligonucleotides containing phosphotriester groups has been devel- 
oped using californium-252 plasma desorption  technique^.'^ It has been dem- 
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Figure 9. Formation of side products. 

onstrated that ”’Cf PDMS can produce positive and negative molecular ions and 
fragment ions of large organic molecules. The ionization process and subsequent 
desorption of the ions depends upon the interaction of nuclear fission fragments 
from californium-252 in thin solid films of these compounds. The fast chemical 
reaction that occurs in the solid film upon excitation by fission fragments leads 
to the formation of ions that are desorbed by ensuing shock waves. The negative 
ion mass spectra are characterized by a nested set of fragment ions extending 
from the 3’- or 5’-terminal nucleotides to the opposite terminal nucleotide, 
thereby identifying the sequence. 

K. Sequence Analysis of Unprotected Oligomers Containing 3’ + 5’ 
Phosphodiester Linkages 

The development of rapid and unambiguous methods for the sequence deter- 
mination of DNA and RNA was one of the great breakthroughs in molecular 
biology of the 1970s. The techniques are so simple that DNA sequencing is now 
used as an indirect method of peptide sequencing. Obviously these procedures 



Figure 10. Fingerprints by mobility-shift method. 
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are of critical importance for synthetic oligomers as well as natural material. 
The three most important methods are outlined below. 

(a) Mobilio-Sh# Procedure 

The sequence determination of synthetic oligomers up to 20 units long can be 
carried out by the mobility-shift (wandering spot) method developed by Sangep’ 
and W U . ~  It involves labeling of the 5’-end of a synthetic compound with T4- 
polynucleotide kinase and [Y-~~PI-ATP. The labeled oligomer is partially digested 
by snake phosphodiesterase to, produce labeled sequential degradation products 
down to mononucleotides. These sequential partial degradation products can be 
fractionated two-dimensionally , first by cellulose acetate electrophoresis at pH 
3 3, then by homochromatographic techniques on DEAE-cellulose. The sequence 
of an oligomer is determined by the characteristic mobility shifts of the labeled 
degradation products after exposing an audioradiogram (Figure 10). 

(b) Base-SpeciJc Chemical Cleavage 

Maxam and Gilbert9’ developed a base-specific chemical cleavage method in 
which a terminal labeled DNA is partially cleaved at each of the four bases in 
four different reactions. The products were fractionated according to their size 
on a slab gel, and then the sequences are read from an autoradiogram by simply 
noting which base-specific agent cleaved at each successive nucleotide along the 
strand, the so-called “ladder technique.” Each chemical scheme, which cleaves 
at one or two of the four bases, involves three consecutive steps: modification 
of a base, removal of the modified base from its sugar, and DNA strand scission 
at that sugar. The technique can sequence chains up to 500 or more units long 
in one run (see as an example the sequence analysis of human preproinsulin, 
Figure 1 1). 

(c) “Plus-Minus” Method 

The plus-minus method makes use of the ability of DNA polymerases to syn- 
thesize accurately a complementary radioactive copy of a single-stranded DNA 
template using DNA fragments as prirner~.’~ The synthesis is canied out in the 
presence of the four deoxyribonucleotide triphosphates, one or more of which 
is a ~ ~ ~ P - l a b e l e d ,  and in turn with each dideoxy or arabinose nucleotide tri- 
phosphate in separate incubations. There is in each reaction, therefore, a base- 
specific partial incorporation of a termination analog onto the 3’-ends of the 
extending transcripts througout the sequence. Partial fractionation by gel elec- 
trophoresis of the size range of terminated labeled transcripts from each reaction, 
each with the common 5’-end of the primer, allows a sequence to be deduced 
from the gel electrophoretic fingerprint. 



Figure 1 1 .  DNA sequence of synthetic human proinsulin by Gilbert-Maxam method (gel-pattern). 
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4. ENZYMATIC SYNTHESIS 

A. Synthesis of Double-Stranded DNA 

Once the short segments comprising the DNA sequence of both the strands are 
synthesized, the next task is aligning them in proper order and linking them 
covalently. A strategy has been developed, mainly by Khorana and his 
whereby short synthetic oligonucleotides are joined by DNA ligase enzyme,% 
in the presence of a complementary strand or template (Figure 12A). This enzyme 
obtained from both uninfected and T4-phage infected E. coli catalyzes the co- 
valent joining of the two molecules of deoxyribooligonucleotides or DNA be- 
tween the 5'-phosphate from one molecule to the 3'-hydroxyl of another to form 
a phosphodiester bond in the presence of a third molecule that acts as a com- 
plementary strand near the junction of linkage. A minimum of four overlapping 
nucleotide pairs are required on each side of the junction to provide sufficient 
template interaction for the joining of deoxyribooligonucleotides with DNA ligase 
enzyme. This enzyme can also join fragments containing mismatched base pairs,95 
and therefore it is important to sequence the product of each enzymatic joining 
reaction. This method has been used to construct a double-stranded DNA mol- 
ecule that includes the E. coli precursor tyrosine tRNA gene' together with its 
promoter, s~matostat in ,~~ A and B chains of human in~ul in ,~" '~ human proin- 
~ u l i n , ~  leucocyte interferonlm and partial sequence of human growth hor- 
mone.I0' 

B. Enzymatic Repair of Partial Duplex 

An alternative to this approach is the synthesis of a partial strand (upper and 
lower) by DNA ligase reaction. The resulting single strands are purified by gel 
electrophoresis under denaturing conditions. Since the 3'-end of the upper strand 
is complementary to the 3'-end of the lower strand by an overlapping stretch of 
nucleotide, a partial duplex is formed. With the single strand region as template, 
the remainder of the duplex is enzymatically synthesized with AMV reverse 
transcriptase and the four deoxynucleoside triphosphates to yield a complete 
duplex DNA''' (Figure 12B). Using this approach, a 63-bases-long duplex for 
human insulin gene A was synthesized and confirmed by its DNA sequence 
method.98 

C. Cloning of Synthetic Genes 

During the past several years, useful techniques have been developed for the in 
v i m  joining of the duplex DNA segments to vehicle DNA molecules capable 
of independent replication in a host cell. The cloning vehicle may be a plasmid 
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DNA, a phase A DNA, or an SV40 DNA, which are cleaved asymmetrically at 
specific sequences by a certain restriction enzyme."' After joining the DNA 
segment to the cloning vehicle, the resulting hybrid DNA (known as a chimera) 
can be used to transform a suitable cell.'03 The hybrid DNA can then be selected 
from among the transform cells known as clones, and its expression studied in 
terms of DNA replication, transcription, or translation. 

The cloning of a DNA molecule requires three essential steps. First, the DNA 
sequence to be cloned must be prepared with specific unpaired or "sticky" se- 
quences at each end recognized by a particular restriction enzyme. Next, the 
DNA fragment thus obtained is joined to the cloning vehicle DNA by means of 
DNA ligase. This "match-up" is directed by the complementary cohesive ends 
present at the termini of both the DNA fragment and the cloning vehicle. Finally, 
the hybrid DNA is introduced into a functional living cell and a suitable genetic 
method is used for selecting the clone containing the specific hybrid DNA. 

(a) Specific Method Involving Synthetic Cohesive Ends 

A DNA segment for cloning can be chemically synthesized to include a protruding 
single-stranded sequence that corresponds to the recognition sequence of a re- 
striction endonuclease. For example, a lac operator DNA duplex has been chem- 
ically synthesized to include at each end a protruding S'd(pA-A-T-T) sequence 
corresponding to part of the recognition sequence of EcoRI restriction endonu- 
clease. A molecule of circular pMB9 plasmid DNA is cut once by an EcoRI 
restriction endonuclease to produce a linear pMB9 DNA with a protruding S'd(pA- 
A-T-T) sequence at each end. New Watson-Crick H-bonds between the pro- 
truding sequences direct the orientation of the two molecules, which are joined 
covalently using T,-DNA ligase to produce circular hybrid lac-pMB9 DNA. 
This hybrid is capable of transforming competent E.  coli cells and expressing 
its biological activity in vivo. lo4 

(b) General Method Involving Linkers 

A more general method has been devel~ped''~~'" in which a chemically syn- 
thesized linker oligonucleotide is used to create cohesive ends at the termini of 
blunt ended DNA molecule. Thus, any double-stranded DNA molecules can be 
cloned. The principle behind the method is shown in Figure 15. In the first step, 
a blunt-end DNA molecule is joined end-to-end to a synthetic linker using the 
blunt-end ligation activity of DNA ligase. The resulting molecule, with linker 
molecules added to each end of the original, is digested by a suitable restriction 
enzyme, in this case to create the H i d 1 1  endonuclease cohesive ends, S'-(pA- 
G-C-T). Alternatively, a ready-made Bum1 adaptor'" can also be used. As no 
digestion with Bum1 endonuclease is required to create the cohesive end, this 
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Mbo I1 1 8 
5' TClTCGAAGA + 5' AA'ITCATG cloned CATGAA'IT 
3' AGAAGC'ITCT 3' TTAAGTAC gene GTACTTAA 

retrieving adaptor cloned gene with cohesive ends repaired 
1 8 

ligation MboII 3' AGAAGCTTCTITAAGTA + C gene 
Blunt-end, cleave with, 5' TCTTCGAAGAAATTCATG cloned C 

Figure 16. Retrieval of a gene from a cloning vehicle. 

adaptor can be used for cloning DNA molecules that have internal Bum1 sites. 
In the final step, this molecule is joined to a DNA vehicle (cut by the same 
endonuclease) to produce a hybrid DNA. 

(c) Retrieval of the Gene from the Cloning Vehicle 

A general method has been developed to recover an intact gene from the cloning 
vehicle using synthetic retrieval adaptorg8 as shown in Figure 16. 

The eight extra nucleotides at the 5'-end (left-hand side) of the insulin A- 
chain gene (which include the start signal) have been removed by using a MboII 
trimming adaptor. The specific DNA in a cloning vehicle is cut by a specific 
restriction enzyme and then repaired in the presence of AMV reverse transcrip- 
tase. It is next blunt-end ligated with a decanucleotide MboII adaptor. Cleavage 
of DNA with MboII restriction enzyme (which cleaves DNA at the arrows, eight 
nucleotides away from recognition sequence GAAGA) followed by E. coli DNA 
polymerase I (in the presence of [cx-~'P] dCTP to ensure that the end of DNA 
is flushed), resulted in the removal of the eight extra base pairs from the A- 
chain gene. This strategy was used in the recovery of insulin A-chaing8 to be 
used in the synthesis of proinsulin gene.w 

5. BIOLOGICAL ROLE OF SYNTHETIC 
DEOXYRIBOOLICONUCLEOTIDES 

In the field of molecular biology, the availability of a well-defined sequence of 
oligomers offers a novel approach to understanding various biological processes 
at the molecular level. For example, synthesis of all the 64 possible triribonucleo- 
tides and DNA-like polymers containing repeating base sequences were suc- 
cessfully used in the elucidation of the genetic code.3 In recent years, synthetic 
oligomers have been widely used as exemplified below, 
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A. Probes for the Gene 

Synthetic oligomers can be used as specific probes for studies of various aspects 
of gene structure and function. Synthetic fragments corresponding to portions 
of several genes have been synthesized, for example, endolysin,"* yeast iso- 1- 
cytochrome C,Iw gastrin,"' insulin, interferons,112 human P2-microglobin,113 
and preproeukaphalin. '14 These oligomers can be used as primers for determining 
the primary DNA sequences by the primer extension method and also as hy- 
bridization probes for the isolation and cloning of single-copy genes in mam- 
malian cells. 

B. Protein-DNA Interaction 

One of the most basic problems in molecular biology is to understand the mech- 
anism of protein-nucleic acid interactions, that is, how do the specific amino 
acids of a protein molecule interact with or recognize a specific nucleotide 
sequence of the DNA? The sequences of a number of interesting segments of 
DNA-such as operator, promoter, and restriction endonuclease recognition 
sites-have been elucidated in recent years. For studying the point-to-point 
interaction of nucleic acids with proteins, large amounts of the DNA fragments 
are required. DNA fragments may be isolated following suitable restriction en- 
zyme digestion, incorporation into bacterial plasmids, and amplification. Alter- 
natively, they can be chemically synthesized." 

C. Tools in the Molecular Cloning of DNA 

During the past several years, useful techniques have been developed for the in 
virro joining of DNA fragments to vehicle DNA molecules capable of indepen- 
dent replication. The resulting hybrid DNA can be used to transform a suitable 
cell. Synthetic linkers105 or adaptors 8-16 bases long containing various restric- 
tion site sequences have been synthesized and successfully used in cloning ex- 
periments or in changing a restriction in a plasmid DNA (see Section 4C). 

D. Site-Specific Mutagenesis 

A synthetic oligodeoxynucleotide mismatched at a single nucleotide to a specific 
complementary site on a wild-type circular +X174 DNA can be used to produce 
a defined point mutation, thus in vitro incorporation into a closed circular duplex 
DNA by elongation with DNA polymerase and ligation followed by transfection 
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of E. ~oli"~-"' can generate any specific mutation at any given site. Recently 
a functional human suppressor tRNA has been synthesized using the M- 13 system 
with synthetic primer techniques. l'' 

E. Inhibition of Rous Sarcoma Virus Replication and Cell 
Transformation by a Specific Oligonucleotide 

The synthetic tridecamer, which is complementary to 13 bases of the 3'- and 
5'-reiterated terminal sequences of Rous sarcoma virus 35s RNA,'I9 was added 
to chick embryo fibroblast tissue cultures infected with Rous sarcoma virus. 
Inhibition of virus production resulted. This is because the synthetic oligomer 
hybridizes with the terminal reiterated sequences at the 3'-and 5'-ends of the 
35s RNA and interferes with one or more steps involved in viral production and 
cell transformation. 

F. Molecular Structure of Synthetic DNA Fragments 

Various self-complementing synthetic deoxyoligomers have been crystallized as 
a left-hand double helical molecule with Watson-Crick base pairs and an anti- 
parallel organization of the sugar phosphate chains. 120,121 It differs significantly 
from right-hand B-DNA. 

G. Uptake of Synthetic Deoxyribooligonucleotide Sequence in 
Haemophilus Cells 

Only certain DNA fragments are taken up efficiently by competent Haemophilus 
cells, which implies that efficient uptake requires the presence of a specific 
nucleotide sequence on the incoming DNA. Such a fragment has been identified'22 
as undecamer base pairs in common 5'-AAGTGCGGTCA-3'. Its synthesis has 
been accomplished and has been shown to be biologically active in transporting 
DNA in the Haemophilus cell. 

6. CONCLUDING REMARKS 

Progress during the past decade has resulted in the maturation of the triester 
methodology of chemical synthesis, sophistication in recombinant DNA tech- 
niques, and rapid DNA sequencing methods. It seems safer to predict that during 
the 1980s the large-scale and economical synthesis of important proteins, such 
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as insulin, human growth hormones, and interferons, directed by synthetic genes 
will become a reality. It should even be possible to program microorganisms to 
make proteins that do not occur naturally in any organism. This approach to 
synthesis can provide a wealth of new molecules when more is known about the 
relations between the architecture of proteins and their biological properties. It 
is also predicted that most of the steps to gene synthesis will be automated and 
our knowledge of gene regulation and expression will increase. Ultimately, this 
branch of science may find its best application in solving basic problems in the 
essential fields of health, food, and energy. 
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Although the triterpene field has not seen anything approaching the synthetic 
activity devoted to the lower terpenes, several notable synthetic achievements 
have been reported since publication of the last review in 1973.’ Ireland’s group 
has succeeded in their second total synthesis of alnusenoneM as well as the only 
syntheses reported to date of  hio on one^^ and friedelinn71 Kametani and co-worker~~~ 
have obtained formal total syntheses of alnusenone and friedelin by developing 
new routes to Ireland’s key intermediates. Utilizing the biogenetic type of polyene 
cyclization investigated extensively by W.S. J~hnson,~’ Prestwick and Labovitz 
obtained the modified hopane type of triterpene serratenediol. 

The total syntheses, as well as the many reports on approaches to the synthesis 
of triterpenes, have added considerably to knowledge of the chemistry of these 
complex molecules. 

The Total Synthesis of Triterpenes 1W3-1981 

1. SQUALENE EPOXIDE 

Optically active epoxy-terpenes have aroused considerable interest in recent years 
because of their intermediacy in biosynthetic pathways. Several reports on the 
syntheses of chiral terpenes have appeared,’~~ among which are the syntheses of 
R-( +)- and S-( -)-squalene-2,3-oxide from L-glutamic acid (Scheme 1). 

The (S)-lactone acid 1, obtained from L-glutamic acid by nitrous acid deam- 
ination, was converted to the acid chloride, then treated with excess diazomethane 
followed by hydrogen iodide to yield the keto-lactone 2. Amidation occurred 
quantitatively to give the partially racemized amide 3, which was purified by 
repeated recrystallizations. The vicinal diol resulting from reaction with excess 
methylmagnesium iodide was protected as the acetonide 4. An isomeric mixture 
of olefins (Z:E ,  26:74) was obtained from the subsequent Wittig reaction. Re- 
duction followed by separation on silver nitrate coated silica gel gave the (2)- 
and (0-alcohols in 20% (6) and 61% (5) yield, respectively. Conversion of the 
(S)-(E)-alcohol (5) to the chloride then afforded the thioether (7) on reaction 
with sodium phenylsulfide. The thio ether anion was formed by treatment with 
n-butyllithium. Alkylation with the allylic chloride4 (8), followed by removal 
of sulfur, then yielded the diene 9, which was converted in several steps to (R)-  
(+)-l0,ll-epoxyfamesol. 

The allylic alcohol of 9 was converted to the chloride 10 and coupled with 
the thioether anion of previously synthesized triene 115 (Scheme 2). The com- 
pound 12 now has all 30 carbons, and five double bonds, of squalene epoxide. 
Reduction with lithium in ethylmine removed the thioether activating group 
(13), and hydrolysis of the acetonide produced the (S)-diol 14. Epoxidation of 
14 via mesylation of the secondary alcohol occurred with inversion at the chiral 
center, yielding (R)-squalene 2,3-oxide (16). Enantiomeric conversion was car- 
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L-glutamic acid + H 

HOOC CIHI ,c =o 
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Ch, 
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____j 
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Scheme 1 

ried out by hydrolysis in perchloric acid-dimethoxyethane to the diol 15, which 
proceeded with retention at the chiral center, followed by re-epoxidation to 17 
under the previously employed conditions. Both (R)- and (S)-enantiomers showed 
optical rotations { [ (Y ]~  + 2.0 and - 1.8 (MeOH), respectively} in close agree- 
ment with those obtained by Boar and Damps.6 

Boar and Damps obtained 16 and 17 by resolution of 2,3-dihydrosqualene- 
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Scheme 2 

2,3-diol. The enantiomeric mixture of diols was esterified with 3P-acetoxy-17P- 
chloroformylandrost-8-ene’ to give the mixture of diastereomers. The esters were 
separated by chromatography, hydrolyzed, and epoxidized by treatment of the 
respective monotosylates with sodium hydroxide in ethanol. 

Damps and Boar, in collaboration with Barton and Widdowson, tested ra- 
diochemically labeled samples of (3R)-  and (3S)-squalene epoxides as precursors 
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to a range of 3P-hydroxy-triterpenes (lS).' In all cases the (3S)-epoxide was 
shown to act as an essentially exclusive precursor. Although this had been 
assumed to be the case, only indirect experimental support had been previously 
~bta ined .~  

2. SQUALANE AM) SQUALENES 

Selective linear trimerization of isoprene has been effected'O using a nickel 
alkoxide catalyst, Ni(OR)(q3-C3Hs) PPh(NE&, the major component of the 
product mixture being rruns-p-farnesene (19) (70%). The alkoxide catalyst is 
the only nickel system so far developed that yields natural p-farnesene as the 
major oligomerization product. The effect of the anionic ligand is most signif- 
icant, the selectivity for trimers increasing in the order R = CH30 < n - 
CdH90 < n - C15H31O. 

Regioselective tail-to-tail coupling of p-farnesene (19) was achieved using a 
modified palladium catalyst lo consisting of palladium nitrate, triphenylphos- 
phine, and sodium o-methoxyphenoxide. Catalytic hydrogenation gave squalene 
20 in 85% yield. 

A total synthesis of squalene and lower terpenes" using the functionalized 
isoprene 2-hydroxymethyl-4-phenylthio-l-butene'2 (21) has been recently re- 
ported. The starting material (21) has three functionalities: an allylic alcohol 
allowing two-carbon elongation by Claisen rearrangement; a homoallyl phenyl 
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CHO 

P 
Scheme 3 

sulfide, synthetically equivalent to an a$-unsaturated aldehyde via the Pummerer 
reaction; and a thiophenyl function allowing a-alkylation and thermolytic gen- 
eration of a double bond. 

Conversion of 21 to the vinyl ether (22) followed by Claisen rearrangement 
gave the aldehyde (23) (82%) (Scheme 3). Reaction with the ylide (24)13 gave 
the triene (25) as a mixture of geometric isomers, (E:Z,  6:4). Pumrnerer rear- 
rangement of the derived sulfoxide on treatment with acetic anhydride, followed 
by hydrolysis of the intermediate acetate, provided 26 as a mixture of three 
geometric isomers. Catalytic hydrogenation and coupling of the saturated al- 
dehyde with low valent titanium [TiCl4-Mg(Hg)]l4 afforded the symmetrical 
olefin. A second hydrogenation yielded squalene (20). 

All E-isomers 1 1,14-dimethylsqualene and 1 1-methylsqualene were 
synthesi~ed'~ as reference compounds for biosynthetic studies of squalene syn- 
thetase binding sites. 11,14-Dimethylsqualene, obtained in 18% yield by nickel 
tetracarbonyl coupling16 of 2-methoxyfarnesyl bromide, was isolated from a 
mixture of geometric and positional isomers as a thiourea clathrate. Condensation 
between 2-methylfarnesyl bromide and the anion of 2-( 1 -farnesylthio)- l-methyl- 
imidazole followed by Raney nickel desulfuration afforded 1 1 -methylsqualene 
in 40% yield. 
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3. TRITERPENES WITH STEROIDAL RING SYSTEMS 

A. Lanostanes 

As part of an investigation into the synthesis of tetracyclic triterpenes of the 
lanostane (27)-cycloartane (28) group, Packer and Whiteh~rst '~ described the 
synthesis of the indan-2-one 29. Compound 29 has potential as a key intermediate 
in the synthesis of tetracyclic triterpenes, possessing the truns-CD ring junction 
and a carbonyl suitably positioned for introduction of the side chain at C-17. 

Reaction of 6-methoxy- 1 -tetralone (30) with methylmagnesium iodide gave 
the dihydronaphthalene (31) in high yield (Scheme 4). However, the transfor- 
mation of 31 to the tetralone 33, via perbenzoic acid epoxidation followed by 
acid w o r k ~ p , ~ ~ , ~ ~  was capricious and resulted in low yields. A better route was 
developed, involving hydroboration (hydrogen peroxide oxidation) to the alcohol 
32, followed by Pfitzner-Moffatt oxidationZo to the tetralone 33 in an overall 
yield of 61%. Other oxidation methods were tried but with varied and poor 
results. Alkylation of the tetralone 33 with 3-bromopropyne yielded 34, which 
underwent hydration [mercury (11) acetate in acetic acid-formic acid] to the 
diketone (35). The enone (36) obtained by base catalyzed cyclization was ster- 
eospecifically reduced with lithium aluminum hydride2' to the allylic alcohol 
(37). Simmons-Smith cyclopropanationZZ yielded 38, in which the cyclopropane 
ring and the hydroxyl group were expected to be cis oriented, thereby resulting 
in the desired trans ring junction. Lithium-ammonia reduction of the correspond- 
ing ketone (39) gave the ketone 29. 

Since the nmr spectroscopic study of 29 did not provide sufficient evidence 
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&". MIMq_l 
CHfO CHQ 

31 30 - 

Lit NH3 
29 + - 

for the unequivocal assignment of the trans stereochemistry, the ketone (40), of 
cis configuration, was prepared. A comparative study of the 'H and I3C nrnr 
spectral features23 of the isomeric ketones allowed establishment of the ring 
fusion configurations, 

The perhydroindene (43) is of interest as an intermediate in natural product 
synthesis since the skeleton is found in a variety of triterpenes such as lanosterol, 
euphol, and the cucurbitanes. An efficient synthesis of 43 from the Wie- 
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land-Mieschler ketone (41), by reductive cy~l iza t ion~~ followed by opening of 
the cyclopropanol ring,25 of 42 was reported. In order for 43 to be a useful CD 
synthon in the synthesis of lanostane and euphane triterpenes, it would be nec- 
essary to conduct selective annulation reactions at the six-membered ketone and 
introduce a branched alkyl at the five-membered ketone. 

Po Li,NH3 _9 vo MeOH KOH, '# 3 

The perhydroindane (43) was found to react selectively at the six-membered 
ring ketone, without protection of the other carbonyl.26 Unfortunately, the un- 
reactivity of the cyclopentanone was found to be so great that many organo- 
metallic reagents, ylides, and enolate salts were ineffective. This was attributed 
in part to facile enolization of the carbonyl by strong base. Alkylation was finally 
achieved (44) by the action of allylic Grignard  reagent^.^' Selective enolate 
formation was also studied, since the usefulness of the diketone as a synthetic 
intermediate would be enhanced if selective enolate formation could be achieved. 
Both carbonyl functions may be trapped as the silyl enol ether derivatives. One 
equivalent of base generates the six-membered ring enolate. However, conden- 
sation of 43 with benzaldehyde yielded the C-8 benzylidene product (45) (and 
dialkylated material) under equilibrating conditions. 
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Previous attempted syntheses of the cucurbitane skeleton from the lanostane 
skeleton by migration of the 19-methyl group have failed” or resulted in low 
yields.29 An entry into the cucurbitane series via rearrangement of the epoxide 
from 3~-acetoxylanostane-9,ll-ene-7-one has been reported (46 + 47).30 The 

47 - 

(2-19 methyl migration occurs in the presence of acetic anhydride-boron trifluor- 
ide etherate. Prolonged hydrolysis, followed by selective reacetylation of the C- 
3 hydroxyl and Jones oxidation, yielded the cucurbitone (48). 

B. Approaches to the Fuisidic Acid Nucleus 

The steroidal antibiotic fusidic acid (49)3’ is characterized by the highly strained 
rrans-syn-trans perhydrophenanthrene system of the A, B,  and C rings. The B 
ring is fused in a full boat conformation, and isomerization at either of the 
synthetically accessible C-5 or C-9 positions leads to a more stable structure. 

Recently, Ireland et al.32 described a multistep synthesis of the trans-syn- 
trans diketone 53 from the readily available enedione (50Y3 (Scheme 5 ) .  Direct 
saturation of the enone by either metal-ammonia or catalytic reduction had pre- 
viously proven to yield only AB cis-fused material.33 The tendency for p-face 
attack is understandable from models, in which it appears that the a-C-8 methyl 
group shields the a-side of the C-5 carbon from approach by an external reagent. 
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Therefore, a more circuitous route was pursued, in which the desired C-5 a- 
hydrogen was introduced by intramolecular rearrangement (51 + 55). 

Since the synthesis of fusidic acid 49 was the ultimate objective,32 the synthesis 
of a tetracyclic analog of 50 was pursued. Two synthetic schemes were outlined, 

n 
MCPBA 
__j 

n 

51 - 

Scheme 5 
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57 - 56 - 
Scheme 6 

both of which utilize the tricyclic bisketal (50) as the key intermediate. The first 
approach (Scheme 6 ) ,  the conversion of the aromatic ring of 5434 to a saturated 
chain without oxidative loss of carbon, was undertaken as follows. 

Birch reduction of the bisketal of 54 to the enone 55, followed by Eschenmoser 
cleavage35 of the derived epoxyketone with amin~diphenylaziridine,~~ yielded 
the acetylide 56. Ring B was formed by aldol condensation, hydrolysis of the 
a~etylene’~ to the methyl ketone, and selective ketalization to give 57. The 
extensive manipulation of protecting groups resulted in a somewhat unsatisfactory 
overall yield of 14%. 

The second route (Scheme 7), involving the Diels-Alder condensation be- 
tween the a-methylene ketone 5834 and the readily available dienophile 59,32 
afforded 57 in much improved overall yield. 

A noteworthy aspect of this reaction is that although the dienophile is best 
used in fivefold excess over the ketone, unreacted dienophile may be recovered 
and reused. Therefore, two valuable reagents may be used economically and 
efficiently in the key reaction of a convergent synthesis. 

Cleavage of the dihydropyran ring of 60 proved more difficult than expected, 
due to two main constraints on the conditions: that protonation of the enolate, 
resulting in re-enolization to the more stable isomer, not be favored, and that 
cleavage of the ring be so arranged that the carbomethoxyl-bearing carbon of 
59 could ultimately become a ketone. 

The method chosen involved the recently developed phosphorodiamidate 



Triterpenes with Steroidal Ring Systems 97 

59 - 

CH31 

51 - 
Scheme 7 

method,38 which should undergo reductive alkylation to 62. However, reduction 
of the phosphorodiamidate (61) proved unsuccessful in ammonia; ethylmine 
caused overreduction of the methylene; and methylamine, although preventing 
overreduction, was too basic to allow direct methylation of the generated enolate. 
Reductive fragmentation and direct methylation were achieved with biphenyl 
radical anion in tetrahydrofuran (THF) followed by methyl iodide trapping, but 
small amounts of the cis-4,5-dimerhyl ketone (5-14%) and the methyl end ether 
(12-14%) were also formed. 

Ozonolysis followed by internal aldol condensation led to the desired tricyclic 
enone 57 in 45% yield from 58,34 significantly improved over the first approach 
(Scheme 6). 

Formation of the tetracyclic analog of 50 was effected in good yield by 
reductive methylation followed by aldol condensation (Scheme 8, 57 4 63). 

The tetracyclic enone 63 lacks the C-11 hydroxyl function of fusidic acid, 
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Scheme 8 

although it is a suitable intermediate in the synthesis of fusidane or helvolic 
acid.39 The acid function at C-11 was introduced by peracid oxidation of the 
enol acetate@ derived from 57, furnishing the hydroxyenone 64 (Scheme 9). 
Direct lithium-ammonia reduction led only to hydrogenolysis, as expected.41 
Conversion of the alcohol to the lithium salt before reductive alkylation allowed 
formation of the saturated ketone 65 in 54% yield. However, reductive meth- 

57 
NoH,THF, Ac@ i - 
mcP8A; 

R CH3 

Scheme 9 
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ylation by a similar process led to a crude product mixture with at least seven 
components, the desired ketone (66) being formed in only 15-2596 yield. A 
final attempt was made to effect C- 10 methylation through the enone 67, available 
from 65 by the procedures of Sharpless and Reiche4* Several methylation pro- 
cedures yielded only the 0-methyl ether (68). These difficulties attest to the 
problems attending the formation of the trans-syn-anti-trans backbone of these 
systems. The C-1 1-deoxygenated enone 63 was used in studies on the tetracyclic 
degradation products of fusidic acid.43 

4. TRITERPENES WITH NONSTEROIDAL SKELETONS 

A. Tetracyclic 

In their continuing work on the synthesis of pentacyclic triterpenes, Ireland’s 
group proposed the tetracyclic ketone 69 as a key intermediate. However, such 
a structure could also be elaborated to the tetracyclic triterpene, (?)-shionone 
(70). 

Three approaches to the synthesis of 69 have been described.@ The first 
approach entailed the stereoselective introduction of the C-8a angular methyl 
group. The required starting material was the methoxy enone 71, prepared in 
24% overall yield by a five-step sequence from 2-methyl- 1,3-~yclohexanedione 
and 1,4-dimetho~y-2-butenone,~~ via amelation& and reductive removal of the 
allylic oxygen.47 

Selective reduction of 71 with lithium 9b-boraperhydrophenalyl hydride4* 
afforded a 70:30 mixture of a-(axial) 72 and @-(equatorial) alcohols. Due to the 
lability of the a-alcohol to ketal formation (73), the crude mixture was trans- 
formed directly49 into the methoxycyclopropane (74). Protolysis46 yielded the 
ketoalcohol(75), which was transformed into the decalone 76 by Wolff-Kishner 
reduction of the ketone, followed by oxidation of the alcohol. The stereochem- 
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isay at the ring junction was unambiguously established by X-ray single crystal 
structural analysis. 

Having established a method for the preparation of a trans-fused, diangularly 
methylated 1-decalone, attention was turned to the desired tetracyclic ketone 
(69). An initial plan to transform the ketone 77 to the a-methylene ketone via 
photooxygenation of the ketal was unsuccessful, the intermediate allylic alcohol 
(78) being obtained in only 32% yield. 

Attempted synthesis of the ketone 80 from 75 also met with the insurmountable 
problems of steric congestion. The overall yield of 79 from 75, after alkylation 
and dehydration, was only 38%, and the desired secondary alcohol was obtained 
in 38% yield by hydroboration. Oxidation to 80 proceeded in excellent yield, 
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but the ketone proved unreactive to a variety of organometallic nucleophiles. 
Steric hindrance from the two angular methyl groups and the C- 1 ketal precluded 
further investigation of this route. 

Attention was turned to an approach (Scheme 10) that avoided tetrahedral 
substitution at positions 1 and 8a, utilizing the stable methoxycyclopropane 
moiety. Alcohol 74, after Jones oxidation, reductive alkylation with lithium m- 
methoxyphenylacetylide, and catalytic hydrogenation yielded the a-alcohol 81 
in 44% yield, together with a 46% yield of the epimeric P-alcohol. Unfortunately, 
only the a-alcohol could be dehydrated to the desired endocyclic olefin (82), 
the P-alcohol forming only the exocyclic olefin, in poor yield. The remainder 
of the transformations were carried out on olefin 82 to give the alcohol 83. As 
expected from the model protolysis followed by acid catalyzed cycli- 
zation yielded the desired BC trans isomer, providing the first sample of the 
tetracyclic ketone 69. The overall yield was 3.3% in 15 steps. 

The second and ultimately most practical sequence involved the introduction 
of the C-4a angular methyl group via the Nagata hydrocyanation reaction" on 
the enone (85) (Scheme 11). Robinson annelation between the enone (84) and 
2-methylcyclohexane- 1,3-dione, followed by selective reduction, led to the hy- 
droxyenone (85). Both preformed diethylaluminium cyanide,51 which should 
exercise thermodynamic control to give the cis product, and diethylaluminum- 
hydrogen cyanide,51 which should exercise kinetic control, yielded the same 
trans-fused product (86). It was proposed that the lack of selectivity was due to 
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6,s 

in situ protonation by the hydroxyl group. In support of this possibility, it was 
found that the acetate or dimethyl silyl ether derivative yields a mixture of 
products on hydrocyanation, but the cis-cyan0 ketone has not been isolated. 

The tetracyclic ketone 69 was ultimately obtained in 20.4% yield in 10 steps 
from 84 via 87. Single-crystal X-ray structural analysis established the structure 
of 69. 

Johnson, Corey, and van Tarnelen have successfully utilized the biornimetic 
acid-catalyzed cyclization of polyolefinic substrates for the construction of ste- 
roids and some t e r p e n e ~ . ~ ~  Based on the previous work, Ireland and co-workers 
designed a route to the desired tetracycle 69 utilizing polyene cyclization (Scheme 
12), which, although preparatively uncompetitive with the hydrocyanation (Scheme 
l l ) ,  was of some interest. Based on a model study, the symmetric dibromide 
88 was chosen as starting material to form the crucial intermediate aldehyde 95. 

Attempted coupling with lithio- 1 -trimethylsilyl p r ~ p y n e ~ ~  to give the enediyne 
89 was unsuccessful, but reaction with propargylmagnesium bromide followed 
by trimethylsilylation of the crude acetylene product produced 89 in good yield. 
Cleavage of the trimethylsilyl groups54 to 90, followed by monoreduction of one 
acetylenic function, yielded the dienyne 91. The remaining acetylenic function 
was utilized for stereoselective synthesis of the trisubstituted double bond,55 and 
the terminal double bond served to mask the aldehyde as illustrated (92, 93, and 
94). 

The cationic cyclization of the aldehyde 95 was investigated under several 
but all of the sets of conditions suggested by the work of Johnson’s 
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reactions yielded polymeric material (42%) and a product mixture of four or 
more compounds (58%). The desired tetracyclic ketone 69 and the octalinone 
% represented 23% and 44% of the nonpolymeric reaction mixture respectively. 
Strong protic acid catalyzed cyclization of 96 completes formation of the desired 
tetracycle, but even after attempted optimization of formation of 96, the ketone 
69 was obtained in only 29% yield. 

Although the overall yield was modest, an interesting point was elucidated 
concerning this type of reaction. The polyene 95, although deviating substantially 
from the pattern of squalene-like disposition of methyl substituents previously 
studied" and in no way simulating a natural intermediate, still cyclizes in sig- 
nificant amounts to a tetracyclic system. 
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Scheme 13 

In order to convert the ketone 69 to shionone 70,56 it was necessary to introduce 
the side chain in ring D and modify the aromatic A ring. 

The ring A modification was undertaken on the enone 97, obtained in two 
steps from 69 (Scheme 13). The first route studied, shown on the left of the 
scheme, suffered from poor yields in formation of the allylic alcohol 98. There- 
fore, an alternative sequence was investigated in which the stereochemistry of 
carbon-carbon bond formation at C-12a was controlled by the C-4bP methyl 
group. 

The sequence developed by Eschenmoser et a l . 3 5 9 5 7  provided a means for 
cleavage of the A ring (97 -P 103) without loss of carbon. Addition of meth- 
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yllithium to 103 incorporated the potential C-12a angular methyl group. The 
stereochemical control provided by the axial C-4bP methyl group during similar 
cationic ring closures was known from previous experience.34 Conditions for the 
reaction were provided by the work of Peterson and Kamat" and of the groups 
headed by Johnson and L a n s b ~ r y . ~ ~  Indeed, cyclization of the acetylenic alcohol 
104 in trifluoroacetic acid, followed by hydrolysis of the enoltrifluoroacetate 
formed, yielded the ketone 105, which was identical to the hydrolysis product 
of loo. 

A method for introduction of the ring D side chain was then investigated, 
starting with the tetracycle 69. Although the ketone functionality in the D ring 
could serve to introduce the alkyl group in the a-position, the stereochemical 
outcome and efficiency of this alkylation was doubtful and would require sub- 
sequent removal of a very hindered ketone. It was decided to remove the D ring 
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ketone, at the same time introducing an activating functionality external to the 
ring. 

Vilsmeier reactiona to the chloroaldehyde (106), followed by reductive meth- 
ylation, yielded the aldehyde 107 (Scheme 14) with the precedented stereo- 
chemical outcome.6' Attempted halogenation of the derived neopentyl-type al- 
cohol was unsuccessful under a variety of conditions, so an alternative scheme 
involving two successive Wittig-type reactions was developed. The aldehyde 
107 was converted to the unsaturated aldehyde 108 by the method of Nagata 
and Hayase.62 Reduction with triethylsilane and t r is  (triphenylphosphine) rhod- 
ium chloride63 was followed by condensation with isopropylidene phosphorane 
to give the desired product 109. 

When the previously developed route to convert 109 to shionone was under- 
taken, however, it was found that the conditions for reformation of the A ring 
invariably led to hydration of the trisubstituted side chain double bond. The 
problem was readily circumvented by a small rearrangement of the final sequence 
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of steps. The unsaturated aldehyde 108 was completely reduced to 110, the usual 
reaction sequence carried out on ring A, and the alcohol oxidized back to the 
aldehyde previous to incorporation of the isopropylidene moiety (Scheme 15) 
completing the shionone synthesis (111, 112 + 70). 
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B. Stereocontrolled Side Chain Synthesis 

Trost and co-workers& have directed some attention to the stereocontrolled 
creation of the acyclic C-7 side chain found in a variety of natural products, 
including the tetracyclic triterpenes such as lanosterol, cycloartenol, and euphol 
as well as steroids and vitamin D metabolites. The selective control of the 
stereochemical relationship between the D ring and the carbon bearing methyl 
is required. 

The target compound 113 was envisioned as an intermediate in the total 
synthesis of the above-mentioned types of compounds. The authors based their 
approach on the opening of a cyclopropane ring with an organocopper reagent, 
as outlined in Scheme 16. 

7-Methyioct-2-2-en- 1-01, available as previously described,6s was converted 
to the bromide with phosphorus tribromide and calcium hydride. Alkylation with 
methylacetoacetonate dianion gave the unsaturated keto ester 114. Diazo transfer 
from tosylazide was followed by direct intramolecular cyclization of the crude 
product (115) in the presence of copper-bronze powder, to give the desired 
cyclopropane (116) which on treatment with lithium dimethylcuprate resulted in 
formation of the synthon 113, the stereochemistry at C-7 relative to the ring 
junction being determined by the cis stereochemistry of the original olefin and 
the inversion of configuration in the cuprate ring opening. The E olefin should 
give the opposite stereochemistry (116a -+ 113a). 

C. Nonsteroidal Polycyclic Triterpenes 

(a) dl-Alnusenone 

The polyene cyclization used in Ireland's investigation of the total synthesis of 
shionone (Scheme 13)44 also has potential in the synthesis of pentacyclic triter- 
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no F 

penes such as alnusenone 117. In order to pursue the proposed route- it was 
desirable to develop systems that could be synthesized from aldehyde 95,44 with 
the modification of incorporating a less labile but still effective source of cationic 
character in the aldehyde position to initiate cyclization. Finally, a system that 
would result directly in formation of a nonaromatic E ring was sought to avoid 
the problems of selective reduction of two dissimilar A and E rings associated 
with the previously reported conjugate hydrocyanation route. 67 

From the work of Johnson and co-workers68 it was proposed that a cyclic 
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allylic alcohol (specifically the 3-methyl-2-cyclopentenol unit) would be partic- 
ularly suited. 

After development of the procedure for synthesis and cyclization of the 3- 
methyl-2-cyclopentenol in a model series, the aldehyde 95* was converted to 
the required cyclopentenol, 118 (Scheme 17). 
4-Trimethylsilylhomopropargylmagnesium chloride was used as a masked 2- 

butanone synthon, on reaction with 95. Hydration with concomitant desilylation, 
followed by oxidation of the resultant hydroxy ketone and base cyclization 
yielded the cyclopentenol (118) after reduction. Despite success on the model 
system, cyclization of the cyclopentenol (118) proceeded only in low yield, to 
give the olefins 119 and 120. Oxidative ring enlargement6& of the major isomer 
119 foxmed the target enone 121, completing the alternate formal total synthesis 
of aln~senone.~’ Both 119 and 120 provided 122 on demethoxylation. 

At the inception of the above-described synthetic scheme for the synthesis of 
alnusenone, two possible cyclic allylic alcohols were considered for initiation 
of the cyclization step. As well as the cyclopentenol 118, the 4-methyl-2-cy- 
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clohexenol system 123 was considered to have potential. Cyclization of this 
molecule would give a pentacyclic intermediate with a six-membered E ring, 
and the (2-17 methyl group at a cis DE ring fusion. This route would avoid both 
the selective reduction of the AE-diaromatic intermediate used originally67 and 
the necessity for subsequent incorporation of the C-17 methyl g r ~ u p . ~ , ~ '  

Therefore, the cyclohexenol 123 was ~ynthesized~~ and subjected to acid 
catalysed cyclization (Scheme 18). 

A complex mixture resulted from cyclization of 123 with stannic chloride in 
dichloromethane-ethylene carbonate.68a The desired pentacyclic olefin 124 could 
be isolated in only 12% yield, and several alternate reaction conditions were no 
improvement. 

The only remaining step to link this scheme with the previously successful 
synthesis of alunesenone was the introduction of a gem-dimethyl group at C-2 
of 124. However, while hydr~boration~' and oxidation yielded the ketone 125 
readily enough, steric congestion around C-2 resulting from the cis DE ring 
fusion and the proximity of the C-14aa methyl group prevented several attempts 
to affect further transformation, and the route halted at this step. 
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(b) Friedelin 

In 1976, Ireland and Walba reported the first total synthesis of (+)-friedelin 
(126).71 The synthetic route was based on results obtained from previous suc- 
cessful syntheses of ( -C )-shionone*6 and ( k ) - a l n ~ s e n o n e . ~ ~ * ~  

Some modifications of the alnusenone synthesis67 were introduced, in order 
to avoid problems encountered in the earlier route. The aromatic ring elaborations 
were reversed (i.e., A before E rather than E before A) since the overall yield 
observed for modification of the E ring was only 14% in the original work.67 
Furthermore, catioriic cyclization was envisaged for modification of the aromatic 
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ring (e.g., 69 103 --* 105 and 108 3 112). If this reaction had been per- 
formed on a precursor with a modified E ring, in which the severe steric strain 
in the CDE ring system had already been introduced, backbone rearrangement72 
might compete with cyclization. 

The required diether 127, in which the positions of the ethoxy and methoxy 
groups were interchanged relative to those in the ( -+ )-alnusenone precursor, was 
synthesized by the previously reported procedures67 (Scheme 19). 

Selective reduction to 128 was achieved in much improved yield (56%). The 
A ring modification to 129 was then accomplished by Eschenmoser cleavages9 
of the derived epoxide, addition of methyllithium, and trifluoracetic acid me- 
diated cyclization to 130. 

The synthesis of (+)-friedelin (126) was completed by modification of the 
A ring (131) and of the E ring (132, 133, and 134), following the previously 
reported procedure for the E ring of ( 2 )-aln~senone.~' Friedelin was obtained 
in 0.3% overall yield, after 31 steps. 

Kametani and c o - ~ o r k e r s ~ ~  reported formal total syntheses of both ( A ) -  
alnusenone and ( -+ )-friedelin via the stereoselective synthesis of the two diethers 
135 and 127, both intermediates in previously reported total syntheses of ( A )  
a l n u ~ e n o n e ~ - ~ ~  and (  fri fried el it^,^* respectively. 
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The retrosynthetic logic was that since the BCD ring portion in 136 corre- 
sponds to an isoprene unit, the pentacyclic ring system could be formed in one 
step by intermolecular double cycloaddition between the bis-o-quinodimethane 
(137) and isoprene. The second approach involved the intramolecular cycload- 
dition of the o-quinodimethane 138. The authors had previously found that 
intramolecular cycloaddition of o-q~inodimethanes~~ derived from benzocyclo- 
b ~ t e n e s ~ ~  proceeds with stereo- and regioselectivity. The reaction was used to 
advantage in the synthesis of the tetracycle D-h~rnoestrone'~ and an intermediate 
in the syntheses of atisine, veatchine, ganyine, and gibberellin A15.77 

The first approach, a one-step intermolecular double cycloaddition (137 + 136), 
required synthesis of the 1,2-di(benzocyclobutenyl) ethane 142, which proceeded 
in a straightforward manner (Scheme 20).78*79 Thus, Knoevenagel reaction of 
2-bromo-2-ethoxybenzaldehyde with cyanoacetic acid in the presence of pyridine 
and ammonium acetate yielded the a-cyanocinnarnic acid. Decarboxylation in 
N,N-dirnethyl acetarnide was followed by cyclization of the resulting nitrile in 
LDA to yield the benzocyclobutene 139. The cyanocyclobutene 139 was con- 
densed with the tetrahydropyranyl ether of bromoethanol, followed by hydrolysis 
to the alcohol 140b and conversion to the iodide 141 via the tosylate 14Oc. A 
second condensation with 139 yielded the desired 1,2-di(cyan0-5-methoxyben- 
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zocyclobutenyl) ethane (142). Similarly, 143 was synthesized from the appro- 
priate 1 -cyano-4-methoxybenzocyano-4-methoxybenzocyclobutene. 

Attempted conversion of 142 and 143 into the desired pentacyclic compounds 
by heating in a sealed tube with isoprene yielded not the desired material from 
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intermolecular cycloaddition of equimolar isoprene but the tetralin derivatives 
144 formed by cycloaddition of two moles of isoprene. 

The second approach, formation of the A and B rings by cycloaddition of 
benzocyclobutene to isoprene, introduction of a second benzocyclobutene moiety 
forming the E ring, and intramolecular cycloaddition to yield the pentacycle, 
proved to be more effective. 

The benzocyclobutene derivative 141 was prepared as previously de- 
scribed. The AB ring system was synthesized from l-cyano-4-methoxyben- 
zocyclobutene by heating with an excess of isoprene (180”, 2 hours), yielding 
a mixture of isopropenyl and vinyl methyl tetralins 145 and 146, respectively 
(Scheme 21). The desired material 145 was obtained by chromatography in 43% 
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yield. Condensation with 141 in LDA-liquid ammonia yielded the key inter- 
mediate 147 in 96% yield. Alkylation proceeded from the least-hindered side, 
so that the required cis configuration between the 1-cyan0 and 2-isopropenyl 
was obtained. 

Heating 147 in dry toluene at 210°C for 3 hours” provided the pentacyclic 
dinitrile 136 stereoselective in 58% yield. Conrotatory ring opening of cyclo- 
butene forms the sterically favored o-quinodimethane (148). Intramolecular cy- 
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IA8 0x0 -chair 

cloaddition proceeds through the em-chair conformation, giving 136 with the 
required stereochemical arrangement at the BC and CD ring junctions. 

Reduction with diisobutylaluminum hydride to the diimine, followed by fur- 
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ther Wolff-Kishner reduction with hydrazine hydrate,*O yielded the intermediate 
135, identical to that previously used by Ireland and co-workers in the total 
synthesis of ( -e ) -a ln~senone.~~ 

Similarly, the key intermediate 149 was synthesized by modification of the 
above-described route from the appropriate precursors. Intramolecular cycload- 
dition by thermolysis of 149 gave 150 in 60% yield. The pentacycle was readily 
transformed to the desired intermediate 127, intersecting Kametani's route with 
Ireland's for the synthesis of ( +)-friedelin7' (Scheme 19). 

The vinyl tetralins 146 obtained from the intermolecular Diels-Alder reaction 
with isoprene were incorporated into a route for nonstereoselective synthesis of 
the desired pentacycles. Alkylation of 146 with 141 under the usual conditions 
gave the 1,1,2,2,-tetrasubstituted tetralin 151 as a stereoisomeric mixture. Ther- 
molysis of the mixture yielded the pentacycle (136 or 150) and its stereoisomer 
(151) in a ratio of 1:2. The isomer was tentatively assigned the Cm-methyl 
stereochemistry shown. 

Heathcock and co-workerss' recently initiated a convergent synthetic approach 
to pentacyclic triterpenes, in which preformed AB and DE synthons would be 
coupled and then the C ring closed. Since in most of the pentacyclic triterpenes 
the A and B rings are the same, it was proposed that one AB synthon might be 
used for the synthesis of a variety of triterpenes. The bicyclic enone 153 was 
chosen as the common AB synthon. 

The precursor to enones 152 and 153 was the ketoalcohol 155 previously 
prepared by Sondheimer and Elads2 using a longer and less reliable route. Robin- 
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son annelation between 2-methyl- 1,3-~yclohexanedione and ethyl vinyl ketone 
yielded the bicyclic dione 154. Reduction of the saturated carbonyl followed by 
reductive methylationa3 gave ketoalcohol 155, as well as reduced unalkylated 
material (8%) and dialkylated material (8%). After ketalization and oxidation, 
treatment with methyllithium at - 78°C yielded the mixture of tertiary alcohols 
156a and 156b in a ratio of 3:2. Dehydration afforded a mixture of endocyclic 
olefin 157, exocyclic olefin (157a), and rearrangement product (157b). The yield 
of 157 was optimized with the use of 25% H2S04 H20, stronger acid giving 
both more rearrangement product 157b from alcohol (156) and subsequent rear- 
rangement of endocyclic olefin (157) to 157b. 
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R 

The olefin 157 was epoxidized to an equimolar mixture (158a,b). Both epox- 
ides opened with lithium di-n-propylarnide to the desired allylic alcohols (159). 
Expoxide 158a also yielded unwanted tertiary alcohol 160 (40%). Reaction of 
the crude epoxide mixture with lithium di-n-propylamide followed by oxidation 
(Cr03-py2) and purification resulted in a 71:29 mixture of enones 152 and 161, 
with an overall yield of 152 from 155 of 16%. The oxidation of 160 to 161 
occurs by allylic rearrangement of the intermediate chromate ester. The reduction 
product from 154 was resolved into its enantiomers via the brucine salt of the 
hydrogen phthalate 162. The levorotatory enantiomer was found to have the 
absolute configuration corresponding to that of the pentacyclic triterpenes. 

Having completed the synthesis of the optically pure AB ring synthon (-)- 
153, the authors turned their attention to the allylic bromide 163," a synthon 
for rings D and E of f3-amyrin. 
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The octalone 165 was chosen as starting material. The compound had been 
previously synthesized by Halsall and Thomas,*' but the method was inconven- 
ient for large-scale preparation. The alternate route shown in Scheme 22 was 
developed. 

The decalone 166 undergoes preferential enolization to (2-3,'' and it was 
proposed to first block the C-3 position by introducing a double bond. Bromi- 
nation-dehydrobromination proceeded readily to give 167, which proved intract- 
able in all attempts to functionalize C-1 (167 + 168). Direct functionalization 
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of C-1 of the enone 165 was then attempted. Reaction of 165 with methylsulfinyl 
methylide in dimethylsulfoxide followed by carbonation yielded the keto-acid 
169. Esterification with diazomethane followed by catalytic hydrogenation and 
reduction gave the allylic alcohol 170. This material was oxidized to the enone 
171 in 67% yield. The proposed two-step conversion of 171 to the bromide 163 
was thwarted by the predominance of 1,4- rather than 1 ,Zaddition of methyl- 
lithium to the enone. As a result, the tedious stepwise sequence from 170 through 
the expoxides 172a,b via 173 and 174 to the target allyl bromide 163 was 
required. An alternative synthesis of 163 was previously reportedSw 

The coupling of the AB synthon 153 with the allyl bromide 163 has yet to 
be undertaken, although preliminary studies on elaboration of the allylic bromide 
with phenylcrotylsulfide anion have been successfully attempted. 
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Recently, Sircar and MukharjiE6 also reported synthesis of a DE synthon. 
Attempted alkylation of the mixture of cis and ?runs octalinones corresponding 
to 167 proved as unsuccessful as those described above. The resistance of the 
system to akylation at C-1 was further evidenced by the O-methylation resulting 
from attempted alkylation of 175. 

- 175 30 'h 

The series of closely related triterpenoids alnusenol, multiflorenol, taraxerol, 
and friedelin all possess the same DE ring system. ApSimon and co-workers 
have reported the synthesisa7 of unit 176 as a synthon for triterpenoids of these 
types, having a cis-fused decalin system and a C-13 a-methyl group. The work 
centered on the use of a substrate in which the future C-28 methyl group is 
functionalized both for its activating effect in the synthesis and for elaboration 
of pentacyclic triterpenes in which methyl groups have been oxidized.88 

The octalone 177 was chosen as precursor (Scheme 23). Carboxymethylation 
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of 3,3-dimethyl~yclohexanone~~ by refluxing in excess dimethylcarbonate with 
sodium hydride provided 6-carbomethoxy-3,3-dimethyl cyclohexanone in good 
yield (70%). Robinson annelation with ethyl vinyl ketone furnished the desired 
octalone 177 in 30% yield from ethylacetoacetate. 

Earlier work by Heathcock and co-workerssQ and Halsall and Thomass5 sug- 
gested that catalytic hydrogenation should yield a cis-fused product (165 + 166, 
Scheme 22). On the other hand, the ester 178 hydrogenates to a mixture of trans- 
decalone (179), factone (1801, and a hydrogenolysis product.w 
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Catalytic hydrogenation of 177 provided a variety of products, depending on 
the reaction conditions. The stereochemistry of the saturated ketoester 183 was 
not immediately known, but formation of 181 and lactone 182 were reminiscent 
of Dauben’s w ~ r k . ~ * ~ ’  Indeed, X-ray crystallography of 18392 revealed the trans- 
stereochemistry of the hydrogenation product, indicating a predominance of 
carbomethoxy group directing effectg3 over steric effects.94 

Reversal of the stereochemistry of hydrogenation was made possible by uti- 
lizing the haptophilic properties of the hydroxyl employing the substrate 
10-hydroxymethyl compound 184. The desired material 184 could be obtained 
either by reduction of 177 to the dioll85 with lithium aluminum hydride followed 
by allylic oxidation with activated manganese dioxide or ketalization to the 
isomeric mixture 186 followed by reduction and deketalization. The former 
method suffers from the need for large amounts of manganese dioxide, the latter 
from the extreme sensitivity of the ketals. Neither is suitable for large-scale 
preparation. Catalytic hydrogenation over 10%-palladium-on-carbon yielded the 
decalone 176 (68%) and some hydrogenolysis product (10%). 

’ Ho\l+CH2OH 

pTsOH , bz 
L 

\ 
MnOZ 

L 

/T 
a) LiAIH4 

6; 5% oxolic acid 
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The authors proposed that alkylation at C-1 should proceed from the open p- 
face of the hinge-like cis-fused decalin. The molecule proved particularly re- 
sistant to C-1 alkylation, although a product tentatively assigned structure 188 
was obtained from enol acetate 187 and ally1 bromide. 

Studies on the ABC + E ring construction (189) of the pentacyclic triterpene 
skeleton were recently described by ApSimon et al.%The route has the advantage 
of rapid provision of a polycyclic species with preformed stereochemistry, count- 
ered by the disadvantage of uncontrolled stereochemistry in the cyclization step. 

A further problem in the synthetic plan lies in the alkylation step between 
racemates 190% and 191,97 which would reasonably be expected to lead to a 

1: 1 mixture of diastereomers (192) resulting in an immediate 50% loss of ma- 
terial. However, it was believed9* that one of the diastereomers would cyclize 
preferentially with respect to the other and lead to 193 possessing the correct 
stereochemistry for elaboration to friedelin 126. This point appeared to outweigh 
the disadvantage of 50% material loss, so the route was pursued as planned. 

The tosylate 191 was synthesized from the malononitrile 19497 obtained in 
modest yield by potassium fluoride catalyzed Michael addition of malononitrile 
to 3,6,6-trimethyl-2-cyclohexenone. A series of unexceptional steps led from 
194 to 191 obtained in overall yield of 26%. 
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The dienolate anion of 190 generated with potassium t-amyloxide was al- 
kylated with 191 to yield the mixture 192 (R = OCH2CH20) in 54% yield. 
Acid-catalyzed hydrolysis gave the crystalline mixture of ketones. The stereo- 
chemistry at C-1 was assigned on the basis of previous observation,w.wJOO and 
the benzene induced shifts of methyl signals in the nmr confirmed 
by the X-ray structure determination. 

The ketone mixhue is stable in crystalline form but undergoes an oxidation 
at the benzylic-allylic position ((2-9) to enone 195 in solution. 

Attempts to effect intramolecular aldol condensation using a variety of bases 
under a range of conditions were unsuccessful. Examination of acid-induced 
reactions led to the isolation of a crystalline product 1%. The physical properties 
of this material indicated that it was most certainly not the desired pentacycle 
193. lo' Single crystal X-ray structure determination confirmed the material as 
the dihydroanthracene 196. The formation of this material was explained by a 
complex stepwise acid catalyzed transformation. 
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Postulating that the failure of cyclization was due to the lability of cation 197 
leading to more stable allylic or benzylic species, attention was turned to cy- 
clization in the absence of the double bond between C-la and C-10. Previous 
work having shown that hydrogenation of related compounds proceeds stereo- 
se le~t ive ly ,~~* '~ '  reduction in xylene with palladium-on-carbon yielded the mix- 
ture of diketones 198. 
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Contrary to the prediction that one diastereomer would cyclize more readily 
than the other, reaction of 198 in xylene-p-toluenesulfonic acid yielded two 
products, one of which crystallized after chromatography. The crystalline ma- 
terial obtained in 90% yield, based on cyclization of one diastereomer, was 
assigned structure 199 based on spectral data and confirmed by X-ray diffraction. 
The structure of the other product is still unknown. 

In another ABC + E ring approach also under investigation by the same 
group, lo2 a novel rearrangement was observed under the hydrogenation condi- 
tions previously d e s ~ r i b e d ~ ~ ~ ~ ~ ' ~ '  (e.g. 193 + 198). 

Precursor 201 was synthesized from dienone 200, and hydrogenation of both 
double bonds was required. Reduction of 201 under the usual conditions, hy- 

HO 
200 

($y- HO & 0 

H z ,  w , c  

n 
loluene 

- 201 
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drogen over refluxing toluene with palladium on carbon catalyst, yielded 70% 
of rearranged material 202. Compound 200 showed similar behavior under the 
reaction conditions. It appears that prolonged hydrogenation leads to slow pro- 
tonation of the 1,lO-double bond, followed by methyl migration and hydride 
shift. 

The bond formation shown below (Figure 1) between rings A and C generates 
the desired trans-fused BC ring system when subjected to cycloalkylation.44 An 
appropriate CDE ring unit (203) with the correct stereochemistry at the DE ring 
junction and opportunity for further elaboration at the C ring was recently reported 
by ApSimon and co-workers. lo3 

Alkylation of 2-carbomethoxy-5,5-dimethy1cyc1ohexanone*' with 2-(3-meth- 
oxyphenyl) ethyl bromide in the presence of potassium t-butoxide produced the 

bicyclic intermediate 204 in modest (3 1%) yield. Acid-catalyzed cyclization then 
proceeded readily to give the CDE ring precursor 203. 

Catalytic hydrogenation of the ester 204 yielded only product with the trans 

& A 

Figure 1 
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ring junction. Use of the alcohol to direct hydrogenation, a technique used 
successfully in the synthesis of decalone 176, yielded a mixture of cis and trans 
isomers. 

Investigation of metal-ammonia reduction of the carboxylic acid, '0.1 however, 
proved quite successful, the cis-saturated acid (205) being formed in 74% yield. 
Structural assignments were made on the basis of the comparative 13C chemical 
shifts of the angular hydroxymethyl groups1o5 of the cis and trans isomers. 
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Having obtained the desired cis stereochemistry, the alcohol was oxidized to 
the aldehyde with pyridinium chlorochromate and subjected to Wolff-Kishner 
reduction to yield the CDE moiety in overall yield of 30% from the unsaturated 
tricylic ester. Lithium-ammonia reduction of the aromatic nucleus gave the f3,r 
enone 206. 

(c) Serratenediol 

Serratenediol 207'06 is a member of a recently discovered class of pentacyclic 
t r i t e r p e n e ~ , ' ~ * ' ~ ~  which have a seven-membered C ring and an entirely different 
skeletal structure from the triterpenoids described above. The compounds may 
be classified as a modified hopane group with a close biogenetic relationship, 
serratenediol being chemically interrelated with a-onocerin by a simple trans- 
formation. *06 

Prestwick and Labovitz'slo8 recent total synthesis of serratenediol is based 
on a biogenetic type polyene cyclization of the tetraenic alochol 208. 

The known tricyclic enone 21S9 was prepared by a new method (Scheme 
24). Conversion of the ketone 215 to keto acid 218 via 216 and 217 produced 
the potential DE ring, onto which the polyene chain was attached. 

The allylic alcohol 209 obtained from 3-(m-methoxyphenyl) propanol and 
isopropenyl magnesium bromide in THF at - 78°C was converted to the ketone 
210 by a chloroketal Claisen reaction. '09 Reaction with isopropenyllithium fol- 
lowed by reduction of the resulting allylic epoxide (211) resulted in formation 
of the tetramethyl allylic alcohol 212. Cyclization with stannous chloride'" 
afforded an 8515 mixture of 213:214; ozonolysis of 213 afforded 215, the route 
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providing improvements in both yield and stereospecificity over the previous 
approach.19 

Tricyclic ketone 215 was converted by previously reported procedures" to 
the ketoacid 2 18, which was treated with methy lenetripheny lphosphorane to 
introduce the exocyclic rnethylene on the D ring (219) (Scheme 25). The ester 
was then converted to the aldehyde (220), treated with isopropenylmagnesium 
bromide to yield the allylic alcohol, subjected to Claisen rearrangement with 
methyl or thioacetate, and the resulting aldehyde converted to the tetramethyl 
allylic alcohol 208 by the previously described sequence (210 .--) 212, Scheme 
24). The polyolefinic precursor to the serratene skeleton was obtained in overall 
yield of 3.1 % from m-methoxycinnamic acid. 

Cyclization of tetraene 208 with trifluoroacetic acid at -78" gave the pen- 
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n , , , , * O S i M e 2 t  -Bu 

tacyclic material 221 (20%) and an isomeric substance (14%) tentatively assigned 
the structure 222 based on its nearly identical nmr and mass spectra. Ruthenium 
tetroxide converted 221 to the ketone, which was reduced to the C-3 equatorial 
alcohol (223). The C-21 hydroxyl protecting group was removed to give the first 
totally synthetic sample of dl-serratenediol (207). 

L i t  N H 3 ,  THF,  tBuOH B u ~ N F  
___) 223 _9 El 

THF 
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1. INTRODUCTION 

During the past nine years the subject of total synthesis of sugars and cyclitols 
has been vividly developed. The discovery of a large number of unusual sugars 
in naturedeoxy, amino, branched chain sugars (many of them components of 
antibioticstmade their synthesis attractive. On the other hand, improvements 
in organic reagents and synthetic methods allowed a return to older preparations 
which could be now better performed. Finally, some synthetic ideas already 
described in this series, in the first chapter' of the volume on the total synthesis 
of carbohydrates, are further expanded. 

Many sugars, especially of the deoxy type, can be obtained nowadays in 
higher yields and more readily by total synthesis than by the classical routes 
involving transformations of natural carbohydrates. The problem of optical ac- 
tivity of the sugars prepared remains incompletely solved, although-as shown 
below-satisfactory results have been achieved in many preparations. 

The formulas of racemic products in this chapter are shown in the D form for 
reasons of simplicity. When optically active sugars are obtained, their formulas 
reflect their real configuration. 

2. BASE CATALYZED CONDENSATIONS WITH CARBON-CARBON 
BOND FORMATION 

The formose reaction has remained a subject of current interest in connection 
with possibility of its industrial applicationZ as well as with the speculations on 
the prebiotic synthesis of carbohydrates.- Although the complex mixture of 
sugars and alditols produced in the base catalyzed condensation of formaldehyde, 
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so-called “formose,” was shown to be toxic when fed to  mammal^,^ there are 
several reports on the utilization of formose by microorganismsa” and some 
insects. l 2  Alternatively, processes for the production of various polyhydric al- 
cohols have been developed on the basis of the formose reaction. l 3  

The subject of the chemical synthesis of formose sugars, including the his- 
torical background, the results of kinetic studies and a rdsumt of biological tests, 
have been summarized by Mizuno and Weiss.14 Some chemical aspects of the 
formose reaction have also been surveyed in Japanese  paper^.'^,'^ The reviewI4 
covers the literature up to 1971, which roughly coincides with the period covered 
in the previous report in this series. In the subsequent years, efforts have been 
continued to evaluate the influence of various factors affecting the yield and 
composition of the formose sugars. 

A series of reports have appeared from the Weiss laboratory, devoted to 
studies on the formose condensation performed in a continuous stirred tank 
reactor (CSTR). Two reaction paths, both first order with calcium hydroxide 
were recognized: (i) first order in formaldehyde reaction, leading to Cannizzaro 
products; (ii) formose condensation reaction, which is autocatalytic at low con- 
version levels and independent of the concentration of organic reactants and 
products at intermediate conversion levels. I7 The composition of terminal prod- 
ucts determined by gas-liquid chromatography (glc) showed 50% C6, 30% C5, 
10% C4 and 5% of the higher sugar content.” At very low formaldehyde con- 
version, the main process is the Cannizzaro reaction, whereas near 50% con- 
version only 5% of formaldehyde is consumed in this way. Rate instabilities 
occur both at low and high catalyst concentration levels at a fixed formaldehyde 
addition rate. The nature of the temperature and concentration rate instabilities 
under CSTR isothermal reaction conditions have been discussed. It has been 
postulated that both the formose and the Cannizzaro reaction proceed through a 
common intermediate.19 

Considerable attention has been given to the catalytic species active in the 
formose condensation reaction. Alkaline earth hydroxide catalysts were applied 
with a glycolaldehyde or a glucose co-catalyst.20*z1 It was found that a complex 
of calcium hydroxide with glucose brought about formaldehyde condensation to 
sugars, but was inactive as a catalyst of the Cannizzaro reaction. Isolated solid 
complexes of calcium hydroxide with glucose and dihydroxyacetone were found 
to be amorphous by X-ray examination. On the basis of electron spectroscopy 
for chemical analysis (ESCA) and ir data it was concluded that a complex, 
dynamic mixture was formed of 1:l Ca(OH)2-carbohydrate adducts having a 
weakly polarized, coordinated character.22 The results were not contradictory 
with ene-diol structure of the catalytic complex (1) postulated by Fujino and co- 
w o r k e r ~ . ~ ~  It was shown that sugar formation occurs only within the formal- 
dehyde or carbohydrate complex, since the reaction products obtained in D20 
medium did not contain C-D bondsz2 
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I T  c -0 - - ,  ,OH 'd. - 0' - - Cf 

' A  OH 
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A remarkably selective conversion of formaldehyde into glucose was reported 
by Weiss and c o - ~ o r k e r s . ~ ~  The reaction, carried out at 98", was initiated by 
adding aqueous sodium hydroxide to a calcium chloride-formaldehyde solution. 
Under these conditions the induction period was 15 seconds, and at 18% for- 
maldehyde conversion level hexoses were formed with 84.3% selectivity. Anal- 
ysis by glc of the products [in the form of trimethyl silyl (TMS) derivatives] 
revealed that no branched sugars were formed and glucose constituted about 
90% of the reaction mixture. It should be noted that analysis-gas chromatog- 
raphy-mass spectrometry (gc-ms) of the corresponding alditol acetates-f the 
mixtures obtained in the formose reaction carried out under normal conditions 
revealed the presence of 33-37 components. l4 

The catalytic activity of different hydroxides in the presence of a co-catalyst 
(glycolaldehyde or glucose) was examined. In the presence of glycolaldehyde, 
the activity of strontium hydroxide was found comparable to that of calcium 
hydroxide. Catalysis with barium or strontium hydroxide, however, led to a 
significant increase in the yield of heptoses. Calcium hydroxide showed the best 
selectivity as a catalyst for normal chain (nonbranched) sugar synthesis.*' The 
rate of the autocatalytic condensation of formaldehyde in the range of 30 to 90% 
conversion was found to be 3.5 mol m i d ,  independent of the glucose 
co-catalyst concentration. The energy of activation was estimated as being close 
to that for glycolaldehyde condensation (21 kcal mol-'). Increase in the con- 
centration of formaldehyde from 0.8 to 6.5 M, while maintaining a constant 
concentration of calcium hydroxide (0.19 M) and glucose (4.16 * lo-' M), led 
to a drop in formaldehyde condensation with a simultaneous increase in the rate 
of the Cannizzaro reaction. Experiments with I4C labeled glucose indicated that 
a co-catalyst takes part in both the synthesis and breakdown of the carbohydrates. 
Both processes can proceed in absence of formaldehyde.26 The catalytic activity 
of lead oxide in the formose reaction was investigated. A long induction period 
was observed but this could be overcome by addition of a monosaccharide. The 
solubility of lead oxide in the reaction medium could be increased significantly 
by the addition of glucose.27 The reaction of a 1.53 M solution of formaldehyde 
in the presence of 0.187 M calcium hydroxide at 40' leads mainly to glyceral- 
dehyde (89% of total sugar content). Addition of 0.0416 M glycolaldehyde to 
the reaction mixture results in the formation of C4-C7 sugars in 83% yield. The 
role of the co-catalyst possessing an a-hydrogen atom, which can be eliminated 
under basic catalysis, was discussed.28 Specific base catalysis of the formose 
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condensation, carried out in the pH range 10-12.5, was suggested on the basis 
of kinetic  measurement^.^^ The "crossed-formose" reaction between formalde- 
hyde and acetaldehyde was examined and found to produce, in addition to 
formose sugars, 2-deoxy-~~-ribose, 2-deoxy-~~-xylose and 2-deoxy-~~-glu- 
C O S ~ . ~ '  Recent study on the kinetics and mechanism of the sugar-forming step 
of the formose condensation reaction, carried out with the aid of high performance 
liquid chromatography (hplc) and GC-MS methods, led to the conclusion that 
formaldehyde adds mainly to the intermediates and that formation of tram- 
addition products (e.g, xylose) is favored. In the presence of excess formaldehyde 
only a minor amount of branched monosaccharides was formed. The Cannizzaro 
reaction was found to produce polyols as well as aldonic acids, and saccharinic 
acids were also found in the reaction mixture. Almost no cleavage of the inter- 
mediate and secondary reaction end products was ~bserved.~ '  

Shigematsa and co-workers have shown that changes in the oxidation-reduc- 
tion potential (ORP) correspond to the characteristic phases of the formose 
reaction. In a particular induction period, the saccharide forming and saccharide 
decomposing stages (as recognized by chemical determination of total sugar 
content) were found to correlate well with characteristic changes of the ORP 
c u r ~ e . ~ * . ~ ~  By considering the minimum of the ORP curve as the beginning of 
the formose-forming step and the maximum as the end of the reaction (the so- 
called yellowing point), the influence of the various factors (formaldehyde con- 
centration, calcium hydroxide quantity and initial pH on the induction period, 
sugar-forming step, and sugar yield) was evaluated.34 The kinetics of the formose 
condensation under homogeneous conditions, catalyzed by calcium formate- 
potassium hydroxide at pH 10.5-12.0, was examined by ORP measurement. A 
linear correlation of the concentration of the dissolved calcium species with 
induction period (T min) and sugar forming period (Tmax-Tmin) at a given pH 
was observed. It was concluded that CaOH+ constitutes the principal catalytic 
species during the induction period.35 

The removal of calcium ions from the reaction mixture at the point corre- 
sponding to the ORP maximum, by precipitation with oxalic acid, resulted in 
selective formation of branched sugar alcohols: 2-hydroxymethylglycerol(2) and 
2,4-bis(hydroxymethyl) 1,2,3,4,5pentanepentaol(3). Another major component 
of the reaction mixture consisted of diastereoisomeric mixture of 3-hydroxy- 
methyl- 1 ,2,3,4,5-pentanepentaol (4). 36 
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It is well known that addition of methanol to the formose reaction suppresses 
the Cannizzaro and the crossed-Cannizzaro reactions. In the course of a system- 
atic study by Shigemasa’s group on the effects of organic solvents on the formose 
condensation, the reaction performed in methanol was compared with that per- 
formed in aqueous solution. In aqueous methanol, the reaction can occur at a 
lower ratio of catalyst to formaldehyde (-0.05) than in water. Contrary to the 
standard conditions, in methanol the sugar yield becomes higher with increased 
formaldehyde concentration. The rates of formaldehyde consumption and sugar 
decomposition increase with pH. The distribution of the products obtained in 
water and methanol was different, but both reactions were found to be nonse- 
le~tive.~’ An attempt was made to correlate solvent polarity and its ability to 
form adducts with the catalyst, using the results of the formose reaction. It was 
found that the induction period (Ti) of reactions performed in alcoholic solvents 
increased with decreased water content. The Ti value depended on the kind of 
alcohol used, in the following order: r-BuOH > i-PrOH > EtOH > MeOH. The 
sugar yield obtained in aqueous alcohols increases in the reverse order. With 
the exception of methanol, the reaction did not occur in nonaqueous hydroxylic 
solvents. The reaction, when carried out in pure methanol, shows a remarkable 
decrease in the induction period compared with that in 90% aqueous methanol, 
suggesting that the formation of the formaldehyde-hemiacetal may play an im- 
portant role in sugar formation. The reactions performed in aqueous ethylene 
glycol, ethylene chlorohydrin, and methyl cellosolve afforded sugars in 46%, 
37%, and 13% yield respectively, as compared with 4 3 4 %  obtained in pure 
methanol or water.38 It was found that the condensation of methanolic formal- 
dehyde, catalyzed by barium chloride-potassium hydroxide at pH 12, leads to 
the selective formation of the branched ketone: 2,4-di-C-(hydroxymethyl)-2- 
pentulose (5). The yield of 5, determined by glc, was 33% (total yield of sugars 
50%). The compound was isolated by chromatography on cellulose and was 
compared, after reduction with sodium borohydride, with an authentic sample 
of 2,4-di-C-(hydroxymethyl) pentit01.~~ 

The irradiation of aqueous formaldehyde with the UV light in the presence 
of an inorganic base also produced a mixture of sugars and sugar alcohols, but 
the distribution of products was entirely different from that obtained in thermal 
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reaction. The reaction canied out in 0.62 M sodium carbonate solution resulted 
in the formation of 8.7% sugars (calculated as glucose). The major products 
were pentaerytritol and 2-hydroxymethylglycerol.~ 

Some solid catalysts have been tried for the selective condensation of for- 
maldehyde to polyols. CSH gel (tobermorite) calcinated at 600" was found to 
be very active as a formose catalyst. Calcium oxalate precipitated at the minimum 
O W  in the formose reaction and heated at 40-300" for 4 hours promoted the 
selective formation of the branched sugar alcohols 2-4. An aqueous 30% solution 
of formaldehyde was converted into glycolaldehyde on contact with NaX, 5A, 
molecular sieves, or Na Mordenite at 94" with the pH maintained at about 11 
by the addition of a sodium hydroxide solution. A crossed-Cannizzaro side 
reaction converted a fraction of the product into ethylene glyc01.~' It was shown 
that among the arbitrarily chosen collection of 34 minerals about 50% were 
catalytically active in the condensation of formaldehyde leading to formose 
sugars.' Triose aldol condensation, a possible secondary process in the formose 
reaction, has been reinvestigated using gc-ms of isopropylidene derivatives for 
determination of the hexuloses formed. The reaction between glyceraldehyde 
and 1,3-dihydroxy-2-propanone catalyzed by sodium, calcium, or barium hy- 
droxide was found to give racemic uloses: dendroketose (10-18%), psicose (8- 
12%), tagatose (2-5%), fructose (40-45%), and sorbose (2542%). Glyceralde- 
hyde alone, taken as a substrate, gives a similar distribution of the products due 
to its rapid isomerization to 1,3-dihydroxy-2-propanone. The use of strongly 
basic anion exchange resins favors the formation of fructose, which amounts to 
67-78% of the reaction mixture.42 The formation of sugars in the aldol conden- 
sations of lower aldehydes or oxy-0x0 compounds, promoted by diluted calcium 
or barium hydroxide, as well as in the reaction of acrolein dibromide with barium 
hydroxide was again 

3. SYNTHESES FROM VINYLENE CARBONATE 

The dienophilic properties of vinylene carbonate ( 1,3-dioxol-2-one, 6) have been 
repeatedly exploited for the synthesis of cyclic polyols.' Recently a number of 
ribofuranose derivatives have been synthesized starting from 6. The known 
adduct 7, obtained from 6 and furan, was cis-hydroxylated, and after acetonation 
was hydrolyzed with base and cleaved with permanganate to give the dicarboxylic 
acid 8. The corresponding anhydride 9 gave, on treatment with trimethylsilyl 
azide, the isocyanate 10, which in turn was converted into the carbonate 11 on 
addition of methanol. The monoester 12, obtained in the reaction of anhydride 
9 with isopropanol, was effectively resolved into enantiomers by the use of 
brucine or (R)- 1-(2-r1aphthyl)ethylamine.~ 
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The simple synthesis of DL-apiose, completed by Ishido, also makes use of 
6 as the substrate. Photochemical cycloaddition of 1,3-diacetoxy-2-propanone 
to 6 gave an oxetane derivative 13, which on alkaline hydrolysis afforded apiose 
in 23% overall yield.45 

Another idea using 6 as an equivalent of 1,2-di-hydroxyethane unit in the 
construction of a carbohydrate chain has been put forward by Tamura, Kunieda, 

6 7 

8 

9 10 II 

V 

12 



Syntheses from Vinylene Carbonate 149 

H-C-OH 

H O H ~ ’  \H,OH 

I3 - I > 
C-OH 

and T a k i ~ a w a . ~ ~ . ~ ’  These authors have found that 6 reacts with polyhalogeno- 
methanes in the presence of free radical initiators to give a mixture of telorners 
of the general formula 14. 

The products containing up to three dioxolanone units can be separated from 
higher telomers by extraction with hot dichloromethane. The lower telomers thus 
obtained are readily separable by column chromatography on silica gel. It has 
been found that the distribution of products in the telomerization reaction depends 
strongly on the kind of the telogen (halogenomethane), as well as on the ratio 
of the reagents used, Thus, the reaction of 6 with four equivalents of bromo- 
trichloromethane gives 21 in 92% yield, whereas the reaction of the same sub- 
strate with five equivalents of carbon tetrachloride affords a mixture comprising 
comparable amounts of the telomers containing one and two dioxolanone units 
(15, n = 1,2). From the same reaction 6% of the corresponding compound 
having a seven-carbon chain (15, n = 3) was isolated.48 It has been found that 
chloroform reacts with 6 by hydrogen transfer to give 16, whereas dibromo- 
methane or tribromomethane gives two series of telomers, each (17-19) resulting 
from abstraction of a bromine or hydrogen atom. In addition, the reaction of 
tribromomethane and tetrabromomethane with 6 gave “twofold addition” product 
(20).49 These compounds arise from 

6 +  R X  - > 

a 1,3-rearrangement of the intermediate 

R- I - x  

[.4] n 
14 

A 8 CCls ,CBrs,CHBrp , CHBr 

X - H, GI, Br 

n 8 1 ,2 ,3  
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\\ 17 ( n - 1 , 2 )  

CBr, > 19 + 2 0  

radical. They can also be obtained in high yield by the reaction of 6 with 19. 
The variety of the lower telomers obtained from different telogens is presented 

The formation of the aforementioned compounds proceeds with remarkable 
selectivity. Only one stereoisomer has been identified for each constitutionally 
different “mono” telomer (14, n = l ) ,  whereas for compounds with n = 2 and 
n = 3 ,  two and four stereoisomeric compounds have been isolated, respec- 
t i ~ e l y . ~ ~  It has been assumed that truns addition to 6 is strongly favored under 
the conditions used. This assumption was substantiated by the small coupling 
constant (Jvic = 2.0 Hz) that was consistently observed for all t e l o m e r ~ . ~ ~  Rig- 
orous proof of the trans stereochemistry comes from the chemical transformations 
of the telomers. Thus, compounds of the general formula 14 contain protected 
a-hydroxyaldehyde function, and in principle they should be readily transform- 

(15-21). 
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\3, CHO 
I 

HCOH 
I 
CH2OH 

22  

HO O M 0  CHCl2 

24 

HO- CH - cc iS  
23 

able into racemic monosaccharides or their derivatives. In fact, telomers 15 and 
22 are quantitatively hydrolyzed, on dissolving in water, to afford derivatives 
of 3-deoxy-glyceraldehyde, which were isolated in their dimeric form. The tri- 
chloromethyl compound 15 selectively forms a five-membered ring dimer 23, 
whereas the dichloromethyl telomer 22 yields a six-membered cyclic dimer 24. 
The direct reduction of the telomers (15, 22) with sodium borohydride gives 
alditols possessing a terminal halogenomethyl group, in high yield. The hydride 
reduction of 22 followed by hydrolysis with aqueous silver nitrate gave DL- 
glyceraldehyde, albeit in low yield. The treatment of the telomers with methanol, 
on the other hand, produces the corresponding dimethylacetals with high effi- 
ciency.s’ These transformations, which are characteristic also for n = 2 and 
n = 3 telomers, are summarized in Scheme 1. 

The isomeric “twofold addition” products 20 also gave cyclic acetals on 
hydrolysis. The ‘H nmr analysis of the products (25,26) obtained after hydrolysis 
and methylation allowed for the assignment of their configuration.” 

It is evident from Scheme I ,  formulas 15-24, and formulas 2Oa & b that both 
ends of telomers 14 can be converted into aldose C- 1, although the efficiency 

R- 

Scheme 1 
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of the route involving hydrolysis of the terminal dichloromethyl group seems 
higher. Two ways have been devised for converting readily available telomers 
containing trichloromethyl group into the corresponding dichloromethyl com- 
pounds, directly hydrolyzable to aldoses. The irradiation of a -CC13 containing 
telomer with Hg-lamp in oxolane brings about the selective photoreduction to 
the dichloromethyl d e r i ~ a t i v e . ~ ~  The same goal can be achieved by treatment 
with nickel ~ a r b o n y l . ~ ~ , ~ ~  Application of the latter reagent also allows for the 
selective conversion of dibromomethyl compounds into bromomethyl ones. The 
last reaction has been used for the correlation of stereochemistry of the telomers 
obtained from 6 and bromomethanes (17, 18, n = 2). The isomeric monobro- 
moderivatives 27 and 28 were hydrolyzed to afford 5-bromo-5-deoxy-~L-lyxose 

27 29 31 

28 3 0  32 
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29 and 5-bromo-5-deoxy-~~-xylose 30. Authentic samples of these compounds 
were prepared from D-mannose and D-xylose by way of derivatives 31 and 32.48 

The reaction route involving the dihalogenomethyl intermediate has been used 
for preparation of racemic aldopentoses. Thus, the telomers obtained from 6 and 
chloroform or carbon tetrachloride (15,16, n = 2) were converted into DL- 
arabinose and DL-xylose by a two-step procedure comprising photoreduction 
(-80% yield) and hydrolysis with aqueous silver nitrate ( -55% yield).56 In an 
analogous way, selected seven-carbon telomers gave DL-glycero-DL-ido-heptose 
(30%), characterized as the corresponding hexaacetate. All four individual te- 
lomers 15 (n = 3) were reduced photochemically to corresponding dichlo- 
romethyl compounds and were hydrolyzed to heptoses, which were then con- 
verted to alditols and identified as: DL-glycero-LD galacto, DL-glycero-DL-ido, 
DL-glycero-LD-id0 and DL-glycero-DL-galacto heptoses. 57s8 

It has been demonstrated that a halogen at the secondary carbon atom of the 
telomers 15 and 17-21 can be readily substituted by a variety of nucleophiles. 
Particular attention has been paid to the reaction of telomers containing terminal 

3 3  34 

- DL-rrythro8r - DL- t hrrosr 
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trichloromethyl groups with cyanide anion, because it opens access to the “odd 
carbon” sugars. The formation of nitriles by nucleophilic substitution of a halogen 
atom in the telomers, induced by phase transfer catalyst, is a nonselective process 
leading to equal amounts of epimeric cyanides. Separation of the isomers 33 
and 34 obtained from 22 followed by esterification with methanol-hydrogen 
chloride, reduction with sodium borohydride, and hydrolysis in the presence of 
silver nitrate afforded both tetroses. Following the same scheme, isomeric nitriles 
obtained from telomers 15 (n  = 2) were converted into racemic hexoses. The 
trans-syn (35) and cis-syn (36) nitriles gave rise to galactose and altrose, whereas 
the anti-trans (37) and anti-cis (38) isomers afforded idose and glucose respec- 
t i v e ] ~ . ~ ~  

The most abundant telomer 15, containing three dioxolanone units, was con- 
verted into a pair of epimeric nitriles, which could not be separated, but the 
differences in their reactivity toward methanolic hydrogen chloride allowed the 
isolation of a single compound: DL-threo-DL-ido-octose, characterized as the 
heptaacetate and identified by direct comparison as the corresponding octit01.~~ 
Among the other reactions of the telomers, which are of potential value for the 
synthesis of carbohydrate analogs, those with tervalent phosphorus compounds 
and with amines should be mentioned. The telomers 14 (n = 2,3) readily reacted 
with phosphites and phosphonites to afford the trans enolphosphates in a high 
yield. This reaction has been used for correlation of configuration of stereoiso- 
meric t e l o m e r ~ . ~ ~ ’ ~  4-Halogeno-l,3-dioxolan-2-ones react with ammonia and 
primary aliphatic amines in methanol with the formation of trans 4-hydroxy-2- 
oxazolidones (for example, 39). The latter react smoothly with benzene in the 
presence of sulfuric acid, affording 40. On the other hand, the reaction of 39 
with trifluoroacetic acid results in the dehydration product 41.61 Dehydrohalo- 
genation of the starting telomers and following transformations are also of syn- 
thetic interest.50 The ionic addition of methanol or ethanethiol to 6 in the presence 
of unspecified metallic compounds has been reported. Products of the general 
formula 42 were formed. It was shown that 42 ( n  = 2) products consist mainly 
of “cis-syn” telomers leading to erythrose on hydr~ lys i s .~~  The possibility of 
the synthesis of aminodeoxy sugars by telomerization of carbon tetrachloride 
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40 41 

and 3-acetyl-2-oxazolone, a close structural analog of vinylene carbonate, has 
also been con~idered .~~ 

4. SYNTHESES FROM ACETYLENIC AND OLEFINIC PRECURSORS 

An olefin of defined stereochemistry about the double bond can readily be con- 
verted into a threo or erythro diol by direct cis-hydroxylation or by epoxidation 
followed by hydrolytic opening of the epoxide obtained (“trans-hydroxylation”). 
cis-Hydroxylation of a cis olefin leads to an eryrhro diol and formation of an 
epoxide and its hydrolysis gives a threo stereoisomer. Conceivably, from a rrans 
olefin both stereoisomeric diols may be obtained by cis- or “trans”-hydroxylation 
applied in the reversed way. 

The stereochemistry of many open chain olefins is known. From acetylenic 
substrates cis or trans olefins can be conveniently prepared by partial hydro- 
genation over the well-known Lindlar catalyst or by lithium aluminum hydride 
reduction (in cases when a hydroxyl group is present next to the triple bond). 

4 2  RaOMe,SEI 
n * 1.2,3 
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These diol syntheses have found wide application in synthetic carbohydrate 
chemistry since the early 1930s and were employed many times in the past 
decade. 

A. Acetylenes 

Nagakawa and co-workers investigated the use of simple acetylenic alcohols for 
the synthesis of trioses, tetroses, and 2-deoxy-erythro-pentose. 

Dihydroxyacetone (44) was conveniently preparedw from halogenopropargyl 
alcohol (43) by hydration of the triple bond followed by substitution of a halogen 
atom for the OH group in a reaction with potassium formate. DL-Erythrulose 
was obtained from 2-butyne-1,4-diol (45) in an improved way involving con- 
version to 1 -acetoxy-3-buten-2-one (4), formation of the bromohydrin (47), 
substitution of the bromine atom for an OAc group in a reaction with silver 
acetate, and final deacetylation. 

The two racemic tetroses have been prepared6’ from 43 by a sequence of 
reactions involving the extension of the carbon atom chain by a Grignard reaction 
with ethyl orthoformate to four atoms, acetylation, and half-reduction of the 
triple bond to a cis olefin (48). cis-Hyroxylation of 48 with potassium perman- 
ganate, peracetylation (for the purpose of isolation), and final hydrolytic depro- 
tection gave DL-erythrose. “trans-Hydroxylation” of 48 with peroxyacids failed. 
Therefore acetal 48 was hydrolyzed with 70% aq. formic acid to 4-acetoxycro- 
tonaldehyde (49). Reacetalization of 49 followed by cis-hydroxylation led to DL- 

threose in about 14% yield. 
Barton’s method of the conversion of alcohols into aldehydes, consisting of 

the reaction of the chloroformate ester with dimethylsulfoxide, was successfully 
appliedM to the preparation of 2,3-isopropylidene-~~-glyceraldehyde (51) from 
1,2-O-isopropylidene-glycerol (50). The same oxidation method was used for 
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the preparation of 2-deoxy-~~-elythro-pentose from 5-(2’-tetrahydropyran- 
yloxy)-3-pentyn- 1-01 (52). The synthesis was not satisfactory because the yields 
of some steps were low. An alternative approach to the same sugar involvedM 
the direct hydroboration of the triple bond in erythro 4-pentyn-l,2,3-triol (53). 
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B. Olefins 

The olefinic substrates employed in carbohydrate synthesis can be roughly di- 
vided into three basic groups comprising alcohols, aldehydes or hydroxyalde- 
hydes, and hydroxy acids or lactones. 

(a) Unsaturated Alcohols 

Substrates of this type were utilized for the synthesis of alditols. Schneider and 
co-workers6' prepared from trans and cis 2-buten- 1,4-diols 2,3-anhydro-~~- 
erythritol (54) and -threitol (55) by direct epoxidation with peroxybenzoic acid. 
This method of epoxide formation failed in the case of 2E,4E-hexadiene-1,6- 
diol; from the Z,42 isomer the corresponding diepoxide (57) was obtained in 
a 2% yield only. However, from 1,6-dibromo-and 1,6-dibenzyloxycarbonyloxy- 
2E,4E-hexadienes the corresponding derivatives of 2,3:4,5-dianhydro-~~-gal- 
actitol (56) could be obtained in moderate yields. Compounds of this type are 
active against some forms of sarcoma. 

It has been found that aldehydes of the cinnamaldehyde type undergo an 
interesting biotransformation68 in the medium of growing baker's yeast yielding 
optically active methyl diols (e.g., 58, 59). 

The diol 59 was used for an ingenious synthesis of L-mycarose (62, 2,6- 
dideoxy-3-C-methyl-~-ribo-hexose) and olivomycose (63, 2,6-dideoxy-3-C-methyl- 
L-arubino-hexose). The sequence of reactions consisted in: 1 " epoxidation of the 
double bond and separation of both stereoisomeric epoxides formed, 2" reduction 
of the oxirane ring to form two triols 60 and 61, and 3" ozonolytic degradation 
of the aromatic ring to a carboxyl group. Each trihydroxyacid was converted 
into a lactone and the lactones were eventually reduced to the required branched- 
chain sugars 62 and 63. 

Hydrogenation of the double bond in 58 afforded the diol 64, which was 
ozonized to 4,5-dihydroxy-hexanoic acid, isolated in the form of a y-lactone. 
Reduction of the lactone grouping to the lactol stage afforded 2,3,6-trideoxy-~- 
erythro-hexopyranose (65, R = H, L-amicetose). 

Olivomycose (63) also was ~ynthes ized~~ from another methyldiol(66), which 
was biosynthesized by baker's yeast from 2-methyl-5-phenyl-2E ,4E-pentadienol. 
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In this case, diol 66 was converted into the monobenzoate 67 and was epox- 
idized at the trisubstituted double bond. The epoxide was reduced and the trio1 
obtained was ozonolytically degraded to the lactone of olivomycosonic acid (68). 
The half-reduction of the lactone 68 with diisobutylaluminum hydride (DIBAH) 
furnished 63. 

(b) Unsaturated Aldehydes and Hydroxyaldehydes 

Dyong and Wiemann'O elaborated a general approach to stereoisomeric alkyl 3- 
amino-2,3,6-trideoxyhexopyranosides. The most prominent member of this class 
is daunosamine having L-lyxo configuration. The substrate for this synthesis, 
4E-hexenal (70), was prepared by the Claisen rearrangement of 3-buten-2-yl 
vinyl ether (69). Acetalization with ~~-2 ,3-butanedio l  gave dimethyldioxolane 
(71). Allylic amination of 71 with Sharpless' selenium-chloramine T reagent led 
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mainly to the 3-p-toluene-sulfonamide derivative 72. Detosylation of 72 with 
sodium in liquid ammonia followed by acetylation gave the acetamide 73. cis- 
Hydroxylation of 73 afforded a mixture of stereoisomeric acetamidodiols. Hy- 
drolytic removal of the dioxolane grouping followed by formation of isopropyl 
glycosides and their acetylation gave crystalline isopropyl3 ,Cdi-N,O-acetyl-~~- 
daunosaminide (74, R’ = Ac, R2 = i - Pr). 

In a similar way, 3-acetamido-l,4-di-O-acetyl-3-C-methyl-2,3,6-trideoxy-~- 
DL-lyxo-hexopyranose (76, N-acetyl- 1,4-di-O-acetyl-P-~~-vancosamine) was 
synthesized” starting from 3-methyl-4E-hexenal (75). 

A simple synthesis of a glycoside of DL-daunosamine has been devised by 
Matsumoto and his co-workers, 72 In this approach 1 -chloro- 1,4-hexadiene-3-0ne 
(77, obtained from crotonyl chloride and vinyl chloride) was converted into 1 , l -  
ethylenedioxy-4E-hexen-3-one (78). cis-Hydroxylation of 78 afforded rhreo-dio- 
lon (79). Oximation of 79 and reduction of the oxime gave a single stereoisomeric 
aminodiol(80) which, after treatment with methanolic hydrogen chloride, yielded 
methyl a-DL-daunosaminide (74, R’ = H, R2 = Me) in 84% yield. Makin and 
c o - ~ o r k e r s ~ ~  described two methods leading to both stereoisomeric 2 - d e o x y - ~ ~ -  
pentoses in the form of their diethyl acetals. In the first method, the readily 
available 1,1  idiethoxy-3-penten-5-01 (81) was directly cis-hydroxylated furnish- 
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79 80 

ing the threo stereoisomer 82 in a 61% yield. The eryrhro compound 83 was 
obtained by epoxidation of the substrate followed by alkaline hydrolysis of the 
epoxide. ’ 

In the second synthesis, 1,1,3-triethoxy-4-pentene (84) served as substrate. 
Epoxidation of the double bond followed by hydrolysis afforded mixture of both 
stereoisomeric 2-deoxy-D~-pentoses in the form of their 1,1,3-tri-O-ethyl deriv- 
atives (85 and 86). 

P. Cha~temps’~ obtained diepoxides from 1 ,bpentadien-3-one (87) as a mix- 
ture of DL and meso compounds (88:89 as 13:7). Reduction of the carbonyl 
group in DL-diepoxide (88) followed by alkaline hydrolysis gave DL-arabinitol. 
Analogously, from meso diepoxide 89 a mixture of DL-ribitol and DL-xylitol was 
obtained. 
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(c) Unsaturated Hydroxyacids and Lactones 

Many unsaturated hydroxyacids, with the stereochemistry of the double bond 
known, are readily available. Direct hydroxylation converts them into trihydroxy 
acids (aldonic acids). A number of effective reagents have been developed within 
the past 15 years for the half-reduction of the carboxyl group to the aldehyde 
function stage. These are the reasons for particularly wide application of these 
substrates in sugar synthesis. 

Nakagawa and co-workers7’ performed a synthesis of racemic and both en- 
antiomeric forms of 2-deoxy-eryrhro-pentose from 3-hydroxy-4-pentenoic acid 
(90). The synthesis consisted of the reaction of 90 with N-bromosuccinimide 
(NBS) to give the bromolactone 91, substitution of the bromine atom for a 
hydroxyl group to form 92 and reduction of the lactone grouping in 92 with 
bis[2-(3-methylbutyl)] borane to give the desired product. Optically active forms 
of the acid 90, which served for the synthesis of enantiomeric 2-deoxy-eryrhro- 
pentoses, were readily obtained by resolution of the racemate with quinine. 

Dyong and Gli l~enberg~~ synthesized evermicose (96, 2,6-dideoxy-3-C-methyl- 
D-arubino-hexose) along the pattern elaborated earlier by Grisebach and co- 
w o r k e r ~ ~ ~  for the synthesis of DL-mycarose and its 3-epimer. The synthesis 
started76 from ethyl 3-hydroxy-3-methyl-4E-hexenoate (93), which was used in 
racemic as well as in enantiomeric (3R) form. The ester 93 was epoxidized with 
peroxyacetic acid to form, almost exclusively, a xylo epoxide 94. Treatment of 
94 with diluted sulfuric acid yielded the y-lactone (95). Reduction of the lactone 
with diisobutylaluminum hydride afforded smoothly 3-epi-~~-mycarose, whose 
D-form (96) bears the name evermicose. The reasons for the remarkable stereo- 
specificity of the epoxidation reaction (93 + 94) are, according to D y ~ n g , ’ ~  the 
steric factors connected with the alkoxy group present in the ester grouping. 

In an attempt to obtain garosamine (99, 3-deoxy-4-C-methyl-3-methylamino- 
L-arubino-pentopyranose) by a totally synthetic method, Dyong and Jersch7* 
reacted 4-methyl-3-penten-5-olide (97) with chloramine T-osmium tetraoxide 
reagent (“oxyamination” reagent) and obtained the expected N-tosylaminoalcohol 
98 in 50% yield. However, the next steps of the synthesis, N-methylation and 
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acetoxylation at C-2, proceeded with very low yields; therefore, this synthetic 
route was not completed. 

Dyong's group elaborated a highly successful approach to several antibiotic 
sugars starting from sorbic acid (100). The essential step of this approach consists79 
in the monoepoxidation of the substrate with peroxyacetic acid, which leads 
exclusively to the 4,5-epoxide (101). This epoxide can be opened with a number 
of nucleophiles. Acidic hydrolysis gives79 erythro 4,5-dihydroxy-(hex-2-enol) 
acid (102). Hydrogenation of the double bond in 102 followed by lactonization 
to a y-lactone (103), and reduction of the lactone carbonyl group with DIBAH, 
gave DL-amicetose (2,3,6-trideoxy-~~-erythro-hexopyranose) in 67% yield. 

Opening of the epoxide 101 with dimethylamine leads80~8' to two regioiso- 
meric dimethylamino alcohols, 104 and 105, in a ratio of 4: 1. Catalytic hydro- 
genation of 104, lactonization by means of acetic anhydride, and DIBAH re- 
duction of the lactone 106 completed a synthesis of racemic form of another 
antibiotic sugar, forosamine (107, 2,3,4,6-tetradeoxy-4-dimethylamino-~~-er- 
yrhro-hexopyranose). When the starting epoxide 101 was resolved by means of 
its ( + )-phenylethylammonium salt into enantiomers, the same reaction sequence 

93 94 DIBAH 

96 
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furnished the pure D-form of the sugar. 
The racemic and L forms of the epoxide 101 were next employed** for the 

preparation of DL- and L-acosamines (114, 3-amino-2,3,6-trideoxy-~~- and L- 
arubino-hexoses), stereoisomers of daunosamine. 

The reaction of the methyl ester of the racemic epoxide 101 with acetone and 
aluminum chloride gave a 4,5-O-isopropylidene derivative 108. Michael addition 
of ammonia to the conjugated double bond of 108 with concomitant ammonolysis 
of the ester group afforded a mixture of 3-amino-2,3,6-trideoxy-4,5-0-isopro- 
pylidene-DL-urabino- and -ribo-hexonamides (109). For the purpose of isolation 
the mixture was N-acetylated. Acidic hydrolysis of the amide groupings gave a 
mixture of y- and 6-aminolactone hydrochlorides (110 and 111). Careful N- 
acetylation and reduction of the lactone carbonyl groups in 112 and 113 afforded 
N-acetyl-DL-acosamine (115) in 36% yield. The stereoisomeric potential partner 
of 115, N-acetyl-DL-ristosamine (116), was not isolated in this procedure. 

In the synthesis of N-acetyl-L-acosamine (119, the first step, consisting in 
formation of 108, could not be used because of the potential danger of racemiza- 
tion. Therefore, the methyl ester of the optically active epoxide 101 was re- 
giospecifically opened with f-butanol in the presence of boron trifluoride to methyl 
trans 4-0-t-butyl-2,3,6-td~xy-~-erythro-hex-2~noa~ (117). The free OH group 
of 117 was protected with 2'-tetrahydropyranyl and the remaining steps of the 
synthesis were performed as in the case of the racemic compound 108. 

The methyl ester of the racemic epoxide 101 was usedg3 also for a simple 
synthesis of DL-megOSamine (3-dimethylamino-2,3,6-trideoxy-~~-ribo-hexose) 
which could be isolated in the form of the 1,4-di-O-acetate (120). In this case, 
a low-temperature ( - 10") Michael addition of dimethylamine succeeded without 
opening the epoxide ring and yielded a mixture of methyl 4,5-anhydro-3-di- 
methylamino-2,3,6-trideoxy-~~-lyxo and -xylo hexonoates (1 18). The products, 
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after hydrolysis, were converted into y-lactones. Fractional crystallization gave 
only the ribo stereoisomer (119). The carefully controlled reduction of the car- 
bony1 group in 119, followed immediately by acetylation, furnished 120. 

Optically active parasorbic acid (121, 2-hexen-SS-olide), of natural origin, 
has been employed as substrate in sugar synthesis since the early 1960s by Luke5 
and Ja1-9 . ’~  In continuation of earlier works Jar$ and his co-workers” investigated 
the reaction of the readily available epoxide of parasorbic acid (122,2,3-anhydro- 
4,6-dideoxy-~-ribo-hexonolactone) with ammonia and dimethylamine. With liq- 
uid ammonia at elevated temperature 3-amino-3,4,6-trideoxy-~-xylo-hexonamide 
(123, R = H) was the single reaction product. Mild hydrolysis of 123 gave the 
free acid, which, after neutralization of the amino group with hydrochloric acid, 
readily formed the &lactone (124). The reaction of 122 with dimethylamine and 
further transformation proceeded essentially in the same way. Lactone 124 (R = H) 
was useds6 for the synthesis of L-desosamine (125), an enantiomer of the natural 
sugar. Half-reduction of the carbonyl group followed by dimethylation of the 
amino group yielded the desired monosaccharide. 

Methyl 2ZS-hexadienoate (126) undergoes cyclization to RS-parasorbic acid 
when treated with polyphosphoric acid. Torssell and his co-workers employed 
the substrate thus obtained for a new series of sugar synthesis. DL-Desosamine 
was synthesizeds7 in an essentially similar way to that described above. Anal- 
ogously, DL-chalcose (127, 4,6-dideoxy-3-O-methyl-~~-xylo-hexopyranose), was 
obtained,” that is, by oxirane ring opening in racemic epoxy-lactone 122 with 
methanol in the presence of p-toluene-sulfonic acid. 
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Some basic reactions of RS-parasorbic acid were investigated,aa such as the 
partial reduction of the lactone grouping to form 2-hydroxy-6-methyl-5,6-dihy- 
dro-2H-pyran (128), glycosidation of 128, and addition reaction of some nu- 
cleophiles tozhe double bond to yield 4-substituted lactones (129). 

The base-catal yzed isomerization of RS-parasorbic acid i n v o l ~ e s ~ ~ * ~ ~  opening 
of the six-membered ring and leads to 2Z,4E-hexadienoic acid (130), an isomer 
of sorbic acid, in good yield. Hydroxylation of this acid with m-chloroperoxy- 
benzoic acid gives in a smooth reaction DL-osmunda 6- and y-lactones (131 and 
132) in high yield. 

Dimethylamine readily reacteda9 with 131 and 132 to form two products: a 
keto-amide (133) and an addition product 134. The first was derived from ami- 

119 120 
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nolysis of the substrate followed by isomerization of the double bond. The second 
had the correct stereochemistry of a precursor of megosamine (136). Although 
cyclization to a megosamine hexonolactone (135) could be achieved, its reduction 
to 136 did not succeed. 

Butyl 2-methoxy-5,6-dihydro-2H-pyran-6-carboxylate (279, R' = Me, 
RZ = CO2Bu), a substrate for a total synthesis of monosaccharides (cf. Section 
6), readily hydrolyzes under weakly acidic conditions to butyl rrans-2-hydroxy- 
6-0x0-4-hexenoate (137). M. Chmielewskiw has demonstrated a highly suc- 
cessful application of this compound as a substrate for the synthesis of a variety 

OZMO -> RS-Pararorbic acid 

I26 

X 

127 

130 131 132 
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of deoxy sugars. All stereoisomeric 3-deoxy and 3,6-dideoxy-~~-hexoses were 
preparedg1 by a sequence of reactions involving reduction of the aldehyde group 
of the substrate to hydroxymethyl, or further reduction to the methyl group to 
form 138. Cis-hydroxylation of the double bond furnished polyols 139 (X = OH 
or H) and epoxidation gave anhydro compounds 140 (X = OH or H). The 
treatment of products 139 or 140 with 50% acetic acid followed by acetylation 
furnished y-lactones of all stereoisomeric 3-deoxy- and 3,6-dideoxy-~~-hexonic 
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"-c - II H-C-OH K L : X  4HzX 
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acids (141-144). Partial reduction of the lactone carbonyl group gave free sugars, 
which were isolated by chromatography. 

2,6-Dideoxy-~~-hexoses were prepared92 from 137 in the following way: the 
carbon atom chain of the substrate was extended to a seven-carbon atom chain 
by a low temperature Grignard reaction with methylmagnesium bromide. The 
product obtained, 145, was separately cis-hydroxylated (to stereoisomeric tetraols 
146) or epoxidized (to epoxides 147). Products 146 and 147 were hydrolyzed 
and subsequently subjected to Ruff degradation. Pairs of stereoisomeric 2,6- 
dideoxy-DL-hexoses could be separated by column chromatography, Essentially 
the same approach served93 for a synthesis of 2-deoxy-~~-erythro-pentose. In 
this case compound 138 (X = OH) was used as a substrate for epoxidation. 

I, m-CIC6H4C03H 

2. Ruff doprodollon - > 2 - D a o x y - ~ L - ~ y ~ o - p a n t o s e  138 
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The Michael addition of hydrazoic acid to ap-unsaturated aldehyde system 
of 137 gave94 all four stereoisomeric butyl 4-azido-2-hydroxy-tetrahydropyran- 
6-carboxylates (148). Glycosidation followed by aminolysis and simultaneous 
reduction of the amide and azide groupings gave, after acetylation, a mixture 
of stereoisomeric methyl 3,6-diacetarnido-2,3,4,6-tetradeoxy-~~-hexopyrano- 
sides (149). The a-threo stereoisomer (150) could be obtained in the crystalline 
state directly from the mixture: it is a precursor for the synthesis of negamy~in.’~ 

5. SYNTHESES FROM FURAN DERIVATIVES 

In the period of 1972-1980 many syntheses of monosaccharides, starting from 
simple furan derivatives, have been completed. Only a few, however, consisted 
of a furan-into-furanoside transformation, in which the heterocyclic ring was 
maintained throughout. The majority of the syntheses described in this section 
made use of a furan derivative only as a substrate for construction of a principal 
intermediate: unsaturated bicyclic, pyranoid, or acyclic compound, which was 
eventually converted into the desired monosaccharide or its simple derivative. 

2,5-Dihydro-2,5-dirnethoxy derivatives of furan (151,152) are easily generated% 
by the action of bromine in methanol on 2-substituted furans, or by their elec- 
trolytic methoxylation, and have been exploited as a source of furanosides via 
3,4-double bond functionalization. 

The isomeric acetals 151 and 152 are readily separable by chromatography. 
Assignment of their configuration can be safely based on ‘H nmr data.97 cis- 
Hydroxylation of isomeric 2-benzyloxy-2,5-dihydro-2,5-dihydro-2,5-dimethox- 
yfurans (151, 152, R = CH,OCOPh) with potassium permanganate gave9’ a 
modest yield (22-26%) of the corresponding diols (in each case one chromato- 
graphically homogenous compound of unspecified relative configuration was 
obtained). Saponification of the ester group in the diol obtained from trans-acetal 
(152, R = CH20COPh), followed by hydrolysis in the presence of Dowex W- 
50, affordedg8 a high yield of erythro-pentopyranos-4-ulose in the form of a 
hydrate. Oxidation of 2,5-dihydro-2,5-dimethoxy-2,5-dimethylfuran (153, cis- 
trans mixture) with potassium chlorate in the presence of catalytic amounts of 
osmium tetraoxide resulted in acetal ring opening and formation of ery?hro-3,4- 
dihydroxyhexane-2,5-dione 154, which was converted into the natural flavor 
compound, furaneol (155), by treatment with a base.99 

The direct epoxidation of 151 and 152 by the action of hydrogen peroxide or 

OMa M 0 0  

IS1 152 
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organic peroxyacids failed. 2,5-Dimethoxy-3,4-epoxytetrahydrofs (156-160) 
were, however, obtainedlw by successive addition of hypochlorous acid to 151- 
152 and treatment of the unstable chlorohydrines thus formed, with powdered 
potassium hydroxide in ether. Only for the parent compounds in the series (156) 
was the configuration assigned and the reaction carried out on the epoxide ring 
with amines, which leads to the aminodeoxyfuranoid compounds 161.165. lo* 

A number of 3-substituted furans were subjected to electrolytic methoxylation 
followed by cis-hydroxylation of the 3,4-double bond. Crystalline 164 (config- 
uration assignment based on the Overhauser effect) was obtained from 3-ace- 
tylfuran. '02 

3-Formyl-2-methylfurar1, via its dimethylacetal and corresponding 2,5-dihy- 
dro-2,5-dimethoxy and 3,4-dihydroxy-2,5-dimethoxy derivatives 165 and 166, 
was converted into DL-streptose tetramethylacetal 167, accompanied by corre- 
sponding ribo-compound 168. *03 Analysis by gc-ms method of racemic products 
related to streptose as well as methods for their preparative separation were 
described in some detail.'04 

156 R ' m  R z = H  
167 R'= H ,  R2m COZMa 
I58 R '  =MI , Rz= C02Me 

159 R' = M a ,  R2= H 
&OM* 160 R' =CH2OH , R2=H 

M I  

1560 
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Kinoshita and Miwa have found’05 that 3-furoic acid easily undergoes Birch 
reduction, affording the 2,3-dihydroderivative, which was isolable as the cor- 
responding methyl ester 169. The reduction, when performed in the presence of 
alcohols, leads to addition products 170. These compounds can be readily con- 
verted into the 25dihydrofuran derivatives by the bromination-dehydrobromi- 
nation procedure. Compound 171, obtained in this way, was cis-hydroxylated 
and the corresponding isopropylidene derivative reduced to give methyl 3-C- 
hydroxy methyl-2,3-O-isopropylidene-~-~~-erythrofuranoside 172; it was iden- 
tified by comparison with the compound obtained from natural apiose. lv0 An 
analogous sequence of reactions was applied to the synthesis of dihydrostreptose 
from 2-methyl-3-furoic acid. lo’ 

Dehydrobromination of compound 173 gave isomeric 2,5-dihydrofurans 174 
and 175. Upon oxidation with osmium tetraoxide, the cis compound (174) gave 
exclusively 176, whereas the trans isomer (175) afforded approximately equal 
amounts of 177 and 178. The methyl esters 176-178 were reduced to the cor- 
responding alcohols 179-181. A mixture of 179 and 180 was directly correlated 
with compound 182 obtained from D-xylose, whereas hydrolysis of 181 in con- 
centrated hydrochloric acid gave cY,P-DL-dihydrostreptose. 

Tetrahydrofurfuryl alcohol was transformed directly into a mixture of diaster- 
eoisomeric 3-deoxypentofuranoses (183-186) by the action of iodine 
tris(trifluoroacetate). The main component: the trifluoroacetate of 3-deoxy-a-~L- 
fhreo-pentofuranose (183) crystallized out of the reaction mixture. lo* 

Among the monosaccharide syntheses in which a furan precursor is amenable 
to ring opening, the one based on transformation of 2-furylmethanols into methyl 
2,3-dideoxy-~~-glyc-2-enopyranosid-4-uloses seems to be most prolific. The 
idea of this method, elaborated by Achmatowicz, consisted of the stepwise 
functionalization of the cyclic enone; it was outlined in a previous report in this 
series.’ Recently it was shown that furfuryl alcohols can be converted directly 

165 166 167 R * OH, R’. H 
168 R. H, R ‘sOH 
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into glyc-2-enopyranos4-uloses by the action of rn-chloroperoxybenzoic acidlOg*l10 
or pyridinium chlorochromate. Another improvement of the three-step 

leading to the unsaturated methyl glyculosides (e.g., 187, which 
are principal intermediates in the synthesis), allows one to obtain them directly 
from 2,5-dihydro-2,5-dimethoxy derivatives by treatment with methanol in the 
presence of trifluoroacetic or formic acid. l I 3  A selection of enulosides, including 
unsaturated disaccharides, was obtained by the exchange of glycosyl ester group 
in the presence of stannic chloride114 or by coupling of the pentenulose with an 
alcohol in the presence of diethyl azodicarboxylate-triphenylphosphine-mercuric 
bromide reagent. 115 

It was found that the reduction of methyl 2,3-dideoxy-~~-pent-2-enopyra- 
nosid-4-ulose (187, R = H) with complex metal hydrides proceeds with high 
selectivity (affording about 90% of erythro compound 188) as a result of the 
predominately axial approach of the hydride anion.'16 The same tendency was 
observed for conformationally stable"' a-anomers bearing substituents at C-5. 
The minor processes accompanying the formation of unsaturated alcohols in- 
cluded 1 ,Caddition of hydride anion to the enone, leading to saturated pyranoside 
190, and reductive rearrangement of the main reduction product (188), affording 
glycal 191, l 8  

I7 3 I74 I75 

6 0  
\c'Mep 

176 X * C O ~ M I  177 X . C O ~ M O  178 X .  C02Me 182 

179 X . CHpOH 180 X *CH2OH 181 X CH2OH 



174 The Total Synthesis of Carbohydrates 1972-1980 
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Methyl pentenopyranoside 188 (R = H) gave on hydroxylation with Milas 
reagent methyl a-DL-lyxopyranoside in 42% yield. Epoxidation of the acetate 
of 188 with m-chloroperoxybenzoic acid gave methyl 2,3-anhydro a-DL-ribo- 
pyranoside and the corresponding lyxo-isomer in 9:l ratio. The epoxide ring 
opening by alkaline hydrolysis of the ribo- compound yielded 73% of two methyl 
pentopyranosides in a 4:l ratio. The main component was identified as ~ - D L -  

xyloside, whereas the minor product was assigned as the a-DL-arabino-config- 
uration by direct comparison with authentic samples."9 Methyl P-lyxo and P- 
ribo-penfo-pyranosides were obtained by hydroxylation of 189 (R = H). Ster- 
eoselective synthesis of racemic ribose derivatives required introduction of cis- 
diol grouping to 187 (R = H) prior to the carbonyl group reduction. Starting 
from methyl pentenuloside 187 (R = H), or the corresponding glycosyl ben- 
zoate, methyl 2,3-O-isopropylidene-P-~~-ribopyranoside and 2,3-O-isopropy- 
lidene-DL-ribofuranose were prepared. 120 Methyl glycosides of all racemic 6- 
deoxyhexoses were obtained from (2-fury1)ethanol by way of the unsaturated 
pyranosides 188 and 189 (R = Me), and their P-eryrhro analog. Cis-Hydrox- 
ylation of methyl 2,3,6-~deoxy-a-~~-e~fhythro-hex-2enop~os~de (188, R = Me) 
with Milas reagent gave exclusively methyl a-manno-glycoside (methyl a-DL- 
rhamnoside) in 39% yield, whereas the substrate with P-DL-eryrhro configuration 
afforded on treatment with the same reagent methyl 6-deoxy-P-~~-allopyranoside 
(36%). Unsaturated pyranoside 189 (R = Me) yielded under the same conditions 
a mixture of methyl 6-deoxy hexopyranosides of the a-DL-falo and a-DL-gulo 
configurations. 12'  

OH 

Scheme 3 
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All the stereoisomeric methyl 2,3-anhydro-6-deoxy-~~-hexopyranosides were 
obtained from the unsaturated pyranosides by epoxidation with hydrogen per- 
oxide-benzonitrile. Their conformation was discussed on the basis of 'H nmr 
spectra of their 4-0-acetyl derivatives. 122 Alkaline hydrolysis of methyl 2,3- 
anhydro-6-deoxy-a-~~-mannohexopyranoside proceeded with high regioselec- 
tivity affording methyl 6-deoxy-a-~~-altropyranoside as the sole product. The 
a-allo epoxide underwent nonselective ring opening at C-2 and C-3 in acidic 
media, giving rise to methyl 6-deoxy-a-~~-altro and 6-deoxy-a-~~-glucohex- 
opyranosides in approximately equal amounts. The a-gufo epoxide rearranged 
to the 3,4-anhydro sugar in basic medium, but was cleaved selectively to 6- 
deoxy galactoside (a-fucoside) on acidic hydrolysis. Methyl 6-deoxyhexopy- 
ranoside of a-id0 configuration was obtained selectively, by alkaline hydrolysis 
of methyl 2,3-anhydro-6-deoxy-a-~~-taloside. The yields of oxirane ring opening 
reactions were in the range of 53-66%. Methyl 6-deoxypyranosides obtained 
were characterized as tri-0-acetyl derivatives. 123 

Synthesis of racemic ketohexosides, namely methyl a-sorboside, a-tagato- 
side, P-fructoside, and a-psicoside was achieved in an analogous way, starting 
from the monobenzyl ether of 2,5-di(hydroxymethyl) furan. The inversion of 
configuration at C-5, necessary for completion of some of these syntheses, was 
performed at the stage of the unsaturated pyranoside by means of the benzoic 
acid-triphenylphosphine-ethyl azodicarbxylate reagent. 

1-(2-Furyl)-l ,Zdihydroxyethane, obtained in two steps from furan and butyl 
glyoxylate'26 served as the substrate in the total syntheses of methyl hexopy- 
ranosides. The diacetate of the unsaturated a-erythro pyranoside (188, 4-0-Ac, 
R = CH20Ac), obtained in the usual way, gave on cis-hydroxylation a single 
product: methyl a-DL-mannoside in 80% yield. The isomeric P-erythro com- 
pound afforded on treatment with Milas reagent methyl P-DL-allopyranoside in 
70% yield. The epoxidation of 188 (4-0-Ac, R = CH20Ac) resulted in the 
formation of two 2,3-anhydro glycosides: methyl a-munno- and a - a h -  in com- 
parable amounts. The latter compound gave, on treatment with aqueous sodium 
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hydroxide, methyl a-DL-altropyranoside, which was characterized as the tetra- 
0-acetyl derivative. '" The analogous synthesis of methyl hexopyranosides, start- 
ing from enantiomerically pure methyl (R)- and (S)-(2-furyl)glycolates, 12* was 
completed. Methyl 6-0-benzyl-2,3-dideoxy-a,~-~-eryrhro-hex-2-enopyrano- 
sides (192, 193) obtained in eight steps from methyl (R)-2-furyl-glycolate were 
reduced without separation. cis-Hydroxylation, carried out on the mixture of 
unsaturated pyranosides containing mainly 194 and 195 afforded methyl 6-0- 
benzyl-a-L-mannopyranoside, which was, after hydrogenative debenzylation, 
directly compared with methyl a-D-mannopyranoside. Epoxidation of the same 
mixture of unsaturated alcohols gave two 2 $anhydro glycosides, to which a- 
a110 (196) and P-allo (197) configuration was assigned, on the basis of the 'H 
nmr spectra. The reaction of methyl 2,3-anhydro-6-0-benzyl-a-~-allopyranoside 
with aqueous ammonia at 125" gave predominantly one compound identified, 
after removal of the benzyl group and acetylation, as methyl 3-acetamido-2,4,6- 
tri-O-acetyl-3-deoxy-a-~-glucopyranoside (kanosaminide) . '29 

In a similar sequence of reactions, methyl a - ~ -  and cr-~-glucopyranosides 
were synthesized from their respective 2-furylglycolates without loss of enan- 
tiomeric purity. 130 

A number of modified sugars have been obtained by using the aforementioned 
approach. For example, methyl 4-0-methyl-5,5-di-C-methyl-~-~~-lyxoside, the 
glycoside of the sugar component of the antibiotic novobiocin, was synthesized 
with high selectivity from 2-(2-furyl)propan-2-01. 13' Methyl 6-acetamid~6deoxy 
and 6-deoxy-6-nitro-a-~~-mannopyranosides were prepared from suitably sub- 
stituted 2-furylethanols. 132 1,4-Addition of an active methylene compounds to 
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Scheme 4 

enuloside 187 (R = H) leading to 1,2-trans branched pyranosiduloses was de- 
scribed.'33 Direct epoxidation of enones 187 (R = H, Me, Et) was reported in 
connection with maltol synthesis. 134 The reaction of pentenuloside 187 (R = H) 
with iodine azide was described.135 The saturated analog of the same substrate 
served as the starting material in the synthesis of sugar analogs, containing a 
phosphorus atom in the place of the hemiacetal ring 0 ~ y g e n . l ~ ~  

Disaccharides containing D- or ~-pent-2-enopyranoside units at the nonreduc- 
ing end were obtained by combining racemic pentenulose with appropriately 
protected natural monosaccharide derivatives, followed by separation of the 
diastereoisomeric disaccharide precursors and reduction of the keto group. 13' It 
was found that the glycosyl ester 198 can alkylate aromatic substrates in the 

(I-E-qlycrra - B- B-p 

Scheme 5 
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presence of Lewis acid catalysts, with formation of C-glycosylic compounds 
199. However, reaction with 2-methylfuran led, under the same conditions, to 
the C-Zsubstituted derivative 200. 138 

An idea of building up the ribofuranoside portion on a frame of a bicyclic 
(for example Diels Alder adduct) precursor, obtained from furan, have found 
wide applications in the syntheses of C-glycosyl compounds. The transformation 
of Diels-Alder adducts of furan with 2-nitroacrylate and acetylenedicarboxylate 
described by Just and M a ~ t e l ' ~ ~  constitutes a good example of this approach. 
Regioisomers 201 and 202 were converted by way of cis-hydroxylation and 
acetonide formation, followed by elimination of nitrous acid molecule, into 
unsaturated compounds 203. The action of ozone on 203 followed by reduction 
of the ozonide with sodium borohydride afforded a mixture of epimeric triols 
204. Periodate oxidation of 204 gave 3,4-isopropylidene-2,5-anhydro-~~-allose 
205 (overall yield - 15%). The same compound was obtained by a series of 
analogous transformations from adduct 206, prepared by addition of acetylenedi- 
carboxylate to furan. The stable ozonide 207, obtained in the course of this 
synthesis was found to produce trio1 204 in addition to the expected tetraol208, 
when treated with lithium aluminum hydride. Thermal decomposition of 207 
was studied and an explanation of the loss of skeletal carbon atom was offered. 
Oxalate 209 obtained during decomposition of 207 gavel4' after hydrogenation 
and methanolysis a mixture of methyl 2,3-O-isopropylidene-p-~~-talofuronate 
210 and the isomeric a110 compound 211. 

Various ways of functionalization of the lactol 205 leading to C-nucleoside 
analogs were described. 142 Compound 205 readily reacted with 
carboethoxymethylenetriphenylphosphorane with formation of trans ester 212, 
whereas the Wittig reagent prepared from pyruvate ester gave'43 a product of 
an intramolecular Michael reaction (221). Acrylate ester 212 was converted on 
addition of diazomethane into pyrazoline 213, and further, by successive brom- 
ination-dehydrobromination followed by acid hydrolysis, was transformed into 
~~-3-(carboxamido)-4-~-ribofuranosylpyrazole 214. Another precursor of het- 
erocyclic C-ribofuranosides (215) was obtained in the reaction of lacto1205 with 
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semicarbazide. Treatment of 215 with lead tetraacetate resulted in formation of 
oxadiazole 216.'& Allolactone 217, obtained by oxidation of 205 with Fetizon 
reagent, gave on reaction with aminoguanidine, triazole 218. Since lactol 205 
did not react directly with any unstabilized Wittig reagents it was converted into 
the unstable aldehyde 220 by way of oxazolidine 219. A number of derivatives 
of 221 denoted as bis-homo anhydro-C-nucleosides (for example 222-223) were 
obtained. 143 

In order to prepare C-glycosidic compounds of urubino configuration the 
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adducts 201 and 202 were epoxidized with rn-chloropemxybenzoic acid (KPBA), 
followed by treatment with diazabicycloundecane (DBU), to give the olefinic 
exo-epoxide 224. Further transformation of 224 involving oxirane ring splitting 
and (after protection as the t-butyldimethylsilyl ether), ozonization, reduction 
and oxidation, gave keto ester 225 (in 6.5% overall yield from nitroacrylate 
adduct), which was reacted with carbamoylmethylenetphenyl-phosphorane, thus 
completing the synthesis of ~~-2'-epi-showdomycin (226).'45 The same inter- 
mediate 225 was converted into 2'-epi-pyrazofurin A derivative 227. By a similar 
sequence of reactions ~~-2'-deoxyshowdomycin 230 was obtained. 146 The exo- 
nitro adduct 202 was hydroborated, and after elimination of nitrous acid mole- 
cule, the regioisomeric alcohols (228, 229) were separated as the corresponding 
acetates. The required isomer 228 was converted into 227 by way of the cor- 
responding ozonide. 

It was found that 1,3-diethoxycarbonylallene 231 readily enters [4 + 21 cy- 
cloaddition with heterocyclic dienes. 14' The adduct (232) obtained from 231 and 
furan was easily converted into ketoester 233. Treatment of the latter compound 
with lithium diisopropylamide and benzenediazonium fluoroborate resulted in 
the formation of the a-phenylazo compound 234, which in turn underwent sodium 
borohydride promoted scission of carbon-carbon bond affording the C-glycosylic 
compound 23514* 

A new general approach to the synthesis of C-glycosidic compounds and C- 
nucleosides was elaborated by Noyori. 149 In his approach the starting material, 
unsaturated bicyclic ketone 236, was prepared in a cyclocoupling reaction be- 
tween 1 lI3,3-tetrabromoacetone and furan, followed by a zinc-copper couple 

ROC@ HO$ 

2 24 225 R * MeSCSi(Mm)i 226 R - O H  

0 2  Me 

230 R - H  

H b  
227 228 Rm H , A c  229 



182 The Total Synthesis of Carbohydrates 1972-1980 

/C02Et 

II 
'cop Et 

C " + Q -> 
H I C O p E t  

231 232 

2 3 3  2 3 4  235 

reduction.150 Compound 236 was converted into the key intermediate 238 by 
highly stereoselective cis-hydroxylation, followed by acetonide formation and 
Bayer-Villiger oxidation. For numerous syntheses of C-nucleoside analogs, en- 
antiomerically pure dextrorotatory lactone 238 was obtained by resolution of the 
corresponding hydroxy acid through cynchonidine salt and recyclization. lS1 Con- 
densation of lactone 238 with bis(dimethy1amino)-tert-butoxymethane produced 
dimethylaminomethylene lactone 237 (E and 2 mixture), which was converted 
into a uracil derivative by treatment with urea in the presence of sodium ethoxide. 
Reactions of 237 with thiourea and guanidine, leading to another C-nucleoside 
analog, was also described. lS1 For the purpose of showdomycin synthesis, lactone 
238 was condensed with furfural in the presence of lithium cyclohexylisopro- 
pylamide, and the aldol condensation product was dehydrated to afford 239 
(R = CH-2-furyl). Treatment of 239 with methanolic sodium methoxide gave 
the methyl ester 240, which was subjected to ozonolysis after silylation. Re- 
ductive work up of the ozonide gave the unstable keto ester 241, which, after 

237 X =  CHNMap 24  0 241 

23% X =  H2 

239 X m  CH-(2-furyl )  

242 X .  0 

R ' =  2-furyl, R =  Me3CSi(Me); 
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reaction with triphenylmethylene-carbamoylphosphorane and deprotection, af- 
forded showdomycin (in 29% yield, based on silylated ester 241). 6-Azapseu- 
douridines were also obtained from the keto ester 241 by way of the corresponding 
semicarbazone.152 Showdomycin was also prepared from 237 by way of the 
unstable keto lactone 242, which was reacted with the aforementioned Wittig 
reagent. 

The general scheme of synthesis presented above was applied to the prepa- 
ration of modified C-nucleosides. Thus, instead of the derivative of acetone, the 
use of 1,1,3-uibromo-3-methyl-butan-2-one in reaction with furan led to pseu- 
douridines modified at the C-5 position. 153 A route to C-4 alkylated pyrimidine 
C-nucleosides was explored by applying tetrabromoacetone-2-methylfuran ad- 
duct as the starting material.'s4 The chiral lactone 238 was converted into py- 
rimidine homo-C-nucleosides in two ways: treatment of 238 with sodium meth- 
anolate in methanol gave ester 243, homologated via reduction to the corresponding 
primary alcohol 244, tosylation (245) cyanide displacement (246), hydrolysis, 
and methylation. The ester 247 was further functionalized by carbanion gener- 
ation formylation, and methylation to give the enol ether 248, which when heated 
with an excess of urea afforded the uracil derivative 249.'55 Alternatively, ester 
243 (R = f-C4H9(CH3)&) was reduced with diisobutylaluminum hydride to the 
corresponding aldehyde, which gave,156 upon reaction with methoxycarbonyl- 
methylenetriphenylphosphorane, the unsaturated ester 250, readily convertible 
into 3-carbamoyl-4-[( P-~-ribofuranosyl)methyl] pyrazole 251. 
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It has been demonstratec that products of L..? photochemical addition of 
carbonyl compounds to f ~ r a n ’ ~ ’  can serve as substrates in syntheses of branched 
sugars. In particular, adduct 252 was converted into 3-deoxystreptose derivative 
255. Both cis-hydroxylation and epoxidation of 252 favored exo-attack of the 
oxidizing species leading to products with the required configuration of the 
nonhemiacetal hydroxyl group (253,254). Hydrolytic cleavage of the bicyclic 
precursors 253 or 254 under conditions of isopropylidene derivative formation 
led to 255, apparently by epimerization at C-3, and 256. Configuration of 255 
was established by correlation with 1,2-0-isopropylidene-3,5-dideoxy-3-C- 
methyl-D-arabinopentofuranose. Is* 

An acyclic precursor devised by Bognk and Herc~egh,”~ prepared via oxi- 
dative cleavage of the furane nucleus, has been applied in the synthesis of racemic 
pentoses. 2-(2-Furyl)-4,4,5 &tetramethyl- 1,3-dioxolane 257 obtained in reaction 
of furfural with 2,3-dimethylbutane-2,3-diol was chosen as a substrate, owing 
to its stability in acidic media (at pH > 3).Is9 Oxidation of 257 with bromine 
water gave the unstable endialone derivative 258, which was reduced with sodium 
borohydride to 259 (isolated as crystalline dibenzoate). Epoxidation of 259 gave 
3,4-anhydro-~~-arabinose (260) exclusively, whereas cis-hydroxylation of its 
dibenzoate afforded a mixture of DL-ribose (261) and DL-arabinose (262) deriv- 
atives. Free sugars were obtained by successive alkaline and acidic hydrolysis. 
Compound 260 hydrolyzed with diluted sulfuric acid gave DL-xylose, identified 
as the tetraacetate and toluene-p-sulfonylhydrazone. I6O Analogous transformation 
of the tetramethyldioxolane obtained from 5-methyl-2-furaldehyde led to a mix- 
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ture of unsaturated diols 263, which was, after chromatographic separation, 
converted to methyl 3,4,6-trideoxy-a-~~-threo-hex-3-enopyranoside (264) and 
methyl 3,4,6-trideoxy-P-~~-eryrhro-hex-3-enopyranoside (265) by boiling with 
methanolic hydrogen chloride. 

6. SYNTHESES FROM PYRAN DERIVATIVES 

3,4-Dihydro- and 5,6-dihydro-2H-pyrans (266 and 267) continued to be sub- 
strates for sugar synthesis. These ring systems are readily available and can be 
functionalized in a number of ways. In consequence, as in the case of furfuryl 
alcohols, general methods for carbohydrate synthesis have been developed. 

A. 3,4-Dihydro-2H-pyran and Its Derivatives 

Hydroxylation of the double bond in 3,4-dihydro-2H-pyran (266, X = Y = H), 
providing a ready access to 3,4-dideoxy-~~-pentoses (268), has been studied for 
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some time.'62 In the past decade the preparation of the 2-ulose (269) has been 
described. 163-165 Compound 269 servedlM as substrate for the synthesis of a 3,4- 
unsaturated methyl pentuloside (270) via formation of a 2,2-di-O-methyl deriv- 
ative, bromination in position 3, elimination of elements of hydrogen bromide, 
and final hydrolysis of the acetal grouping at C-2. 

Full experimental details have been published of the syntheses of kasugamycin 
(272, R = C(NH)C02H) from 3 ,%dihydro-6-methyl-2H-pyran-2-one (271)167 
and of methyl a-DL-mycaminoside (274), a-~~-oleandroside (275), a-DL-cy- 
maroside (276), a-DL-tyveloside (277), and a-DL-chromoside C(278) from 3,4- 
dihydro-2-ethoxy-6-methyl-2H-pyran (273). 16* The schemes of these syntheses 
have been presented. 169 

B. Derivatives of 5,6-Dihydro-2H-pyran 

The potency of derivatives of 5,6-dihydro-2H-pyran (267) as convenient sub- 
strates for the synthesis of a variety of racemic sugars was demonstrated in the 
first volume'70 of this series. During the past decade these compounds continued 
to be used for many sugar syntheses, including syntheses of di- and trisaccharides. 
In fact, a general scheme of monosaccharide synthesis based on derivatives of 
2-alkoxy-5,6-dihydro-2H-pyran (279) has been developed in recent years. This 
scheme comprises the following steps: (i) epoxidation of the double bond to 
form stereoisomeric alkyl 2,3-anhydro-4-deoxy-~~-glycopyranosides (280); (ii) 
conversion of the epoxide into an allylic alcohol: alkyl 3,4-dideoxy-~~-glyc-3- 
enopyranoside (281); (iii) introduction of suitable substituents at C-3 and C-4 
via direct addition of groups (e.g., cis-hydroxylation or oxyamination reactions) 
or via formation of a 3,Canhydro compound and subsequent opening reactions 
with nucleophilic reagents that leads eventually to the full sugar structure. 

C. Syntheses and Reactions of 2-AIkoxy-5,6-dihydro-2H-pyrans 

The Diels-Alder condensation of lE,4E-diacetoxy- 1,3-butadiene with butyl 
g ly~xy la t e '~~  leads to a 1 : 1 mixture of butyl 1,4-di-O-acetyl-2,3-dideoxy-a-~~- 
threo- and -erythro-hex-2-enuronates (282 and 283) in 75% total yield. These 
compounds appear to be excellent substrates for further conversion to the full 
sugars by the direct addition of appropriate reagents to the double bond. 

1 -Methoxycarbamido-l,3-butadienes (284) undergo cycloadditi~n'~~ with 
compounds containing activated carbonyl group furnishing 6-substituted deriv- 
atives of 2-methoxycarbamido-5 ,6-dihydro-2H-pyran (285). 

David and c o - ~ o r k e r s ~ ' ~ * ~ ~ ~  elaborated two syntheses of 1,3-butadienyl ethers 
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attached to sugar residues (e.g., 289 and 290). These dienes were condensed 
with butyl glyoxylate furnishing mixtures of all four stereoisomeric butyl 2- 
alkoxy-5,6-dihydro-2H-pyran-6-carboxylates (279, R’ = sugar residue, R2 = 
C02Bu). These products were further employed for the synthesis of a variety of 
disaccharides. 

The first synthesis of 289 and 290 started from the base-catalyzed addition 
of a sugar containing an “isolated” hydroxyl group to 2,7-dimethyl-3,5-octa- 
dyine-2,7-diol (286). Two enynyl ethers (287 and 288) were formed and sepa- 
rated, the partial hydrogenation over a Lindlar catalyst affording dienyl ethers 
289 and 290. Alternatively, both ethers were ~repared”~ by a Wittig reaction; 
from chloromethyl ether (291) a phosphonium salt (292) was prepared and con- 
verted into a phosphorane. Reaction with acrylaldehyde gave a mixture of 289 
and 290. 
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A study of the stereochemical results of cycloaddition reactions between butyl 
glyoxylate and lE,3-butadienyl ethers containing different sugar units revealed'75 
that the proportion of stereoisomeric products formed depends more on the 
preferential approach of the carbonyl reagent to one of the faces of the butadienyl 
system than on the endo-addition rule. 

Butyl glyoxylate reacts normally only with lE,3-butadienyl ether 289. How- 
ever, David and co -worke r~ '~~  have found that with the more active dienophile, 
diethyl mesoxalate, lZ,3-butadienyl ether (290) could also enter into cycload- 
dition, although the reaction was appreciably slower. The resulting cycloadducts 
293 and 294 were decarboethoxylated according to the Krapcho method, fur- 
nishing the a-D (295) and a-L (296) as the main products. 

Further extension of David's syntheses'" involved preparation of unsym- 
metrical 1,4-dialkoxy-l,3-butadienes by means of the Wittig reaction. For the 
condensation of the phosphorane prepared from 292, 3E-benzyloxy-acrylalde- 
hyde (297) was used instead of acrolein. The resulting mixture of 1E,4E- and 
lZ,4E-dialkoxy- 1,3-butadienes (298 and 299) could not be resolved. However, 
equilibration of the transient betaine during the Wittig reaction raised the pro- 
portion of lE,4E-diene (298) from 40 to 78%. Cycloaddition of 298 with L- 
menthyl glyoxylate gave three adducts, two of them (300 and 301) being pre- 
cursors of disaccharides and the third (302) being a precursor of a disacchide 
ether. 

Almost pure lE,3-butadienyl ether 289 was obtained17* by way of the Wittig 
reaction in which 3-O-substituted acrylaldehyde (303) (a sugar residue being the 
3-0 substituent) was condensed with methylenetriphenylphosphorane. Conden- 
sation of 303 with chloromethylenetriphenylphosphorane yielded a 1 : 1 mixture 
of 1E-alkoxy-4E-chloro- and 1E-alkoxy-4Z-chloro- 1,3-butadienes (304 and 305). 
Although this mixture again could not be separated, it was found that only the 
lE,4E-diene entered into cycloaddition with diethyl mesoxalate, giving two 
adducts, 306 and 307, in 69% and 13% yield respectively. These compounds 
are also precursors of disaccharides. It is interesting that the formation of re- 
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gioisomeric compounds (e.g., 308) was not observed in the cycloaddition re- 
action. The availability of compounds 306 and 307 opens new possibilities in 
sugar synthesis by substitution of the chlorine atom and by functionalization of 
the double bond. 

Some general reactions of 2-alkoxy-5,6-dihydro-2H-pyrans have been inves- 
tigated. 

Addition of bromine to 2-ethoxy-5,6-dihydro-2H-pyran (309) leads to two 
stereoisomeric 3,4-dibromo derivatives (310 and 311). Dehydrohalogenation of 
310 and 311 with sodium eth~xidel '~  was found to afford fourproducts, identified 
as trans-5,6-, trans-2,5-, cis-2,5-diethoxy-, and 3-bromo-2-ethoxy-5,6-dihydro- 
2H-pyrans (312-315), thus correcting an older study. 

Olefins 316 and 317 were extensively employed by R.K. Brown and his co- 
workers18' as substrates for the syntheses of DL-hexoses. Allylic bromination of 
316 and 317 led'82 to the same single compound, 1,6-anhydro-2-bromo-2,3,4- 
trideoxy-P-DL-eryrhro-hexopyranose (318). This result indicated that the allylic 
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radical (319) was an intermediate in the reaction. Heating of 318 with sodium 
methoxide led to two methyl ethers, 320 and 321, in a ratio of 2:l. 

Reaction of 2-alkoxy-5,6-dihydro-2H-pyrans (e.g., 309) with methyldiphen- 
ylsilane to the dealkoxylated products 322 in good yields. 

The alkoxy group in 2-alkoxy-5,6-dihydro-2H-pyrans (279) can be exchanged'@ 
for another OR or NR1R2 group when the substrate is heated at 150-20O0 with 
suitable alcohols or amines; this opens the way to the nucleoside type of com- 
pound (e.g. 323). The alkoxy group in 279 can be also be exchanged"' for a 
thioalkyl group in a substitution reaction with mercaptans. The reactions are 
catalyzed by stannic chloride or diluted hydrochloric acid. The 2-alkylthio de- 
rivatives (324) are often accompanied by allylic rearrangement products (325). 

It was shown earlier'86*187 that 2-methoxy-5,6-dihydro-2H-pyrans (279, 
R' = Me;R2 = H, C02Bu) readily added methanol across the double bond, 
forming mixtures of stereoisomeric 2,4-dimethoxytetrahydropyrans. This addi- 
tion reaction was extended to acetic acid,'" which was added in the presence 
of sulfuric acid to 6-acetoxy-methyl-2-methoxy-5,6-dihydro-2H-pyran (326,R- 
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Ac) and gave a mixture of 1,3,6-tri-0-acetyl-2,4-dideoxy-a-~~-rhreo, a- and p- 
DL-erythro-hexopyranoses (327-329) in the proportions 1: 1.5: 1. Basic reactions 
of racemic 2,4-dideoxyhexoses like glycosidation, substitution reactions at C-3 
and C-6, and so on, were inve~ t iga t ed . '~~  BF3-Catalyzed addition of benzyl 
carbamate to the double bond of 2-ethoxy-6-methanesulfonyloxymethyl-5,6-di- 
hydro-2H-pyran (279,R' = Et,R2 = CH20S02Me) fumishedIg0 a product which 
was directly converted with sodium azide into ethyl 6-azido-3-benzylcarbamido- 
2,3,4,6-tetradeoxy-a-~~-erythro-hexopyranoside (330), an intermediate for the 
synthesis of the antibiotic negamycin. Alternative substrates for the synthesis of 
this antibiotic were prepared by the Michael addition of benzylcarbamate or 0- 
benzylhydroxylamine to 5,6-dihydro-6-methanesulfonyloxymethyl-2H-pyran-2- 
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one1% or by the addition of hydrazoic acid to 5,6-dihydro-6-N-phthdimido- 
methyl-2H-pyran-2-one. I9l Single-addition products (331) were obtained of the 
erythro configuration (cf. Section 4, on addition reactions to the double bond 
of parasorbic acid). 

The substrate for the synthesis of hexoses, rrans-5,6-dihydro-6-hydroxy- 
methyl-2-methoxy-2H-pyran (326,R = H), was resolved192 by means of its o- 
camphanyl ester into enantiomers. The levo-rotating enantiomer was determined 
to have the 2S:6S configuration. 

Extension of the side chain at position 6 in 2-alkoxy-5,6-dihydro-2H-pyrans 
was achieved193 by base-catalyzed condensation of fatty acid esters with alkyl 
5,6-dihydro-2-methoxy-2H-pyran-6-carboxylates followed by ketone cleavage 
of the p-ketcesters (332) formed. 6-Acyl-5,6-dihydro-2-methoxy-2H-pyrans (333) 
were obtained in 60-80% yield. Ketones 333 could also be obtained,'" although 
in lower yields, by a Grignard reaction between alkyl magnesium bromides and 
6-cyano-5,6-dihydro-2-methoxy-2H-pyran (334). 

A full paper was published'95 on the structure of the Diels-Alder adducts 
(335 and 336) obtained by condensation of cyanodithioformate with 1,3-buta- 
diene or 1-methoxy- I ,3-butadiene. Cyanodithioformate was successfully con- 
densed with lE,4E-diacetoxy- 1,3-butadiene and cyclopentadiene, furnishing ad- 
ducts 337 and 338. cis-Hydroxylation of 336 with osmium tetroxide gave196 a 
dithio sugar, 2,3-di-S,O-methyl-2,6-dithio-a-~~-ara~~no-hex-2-ulopyrano-ni- 
trile (339). The analogous cis-hydroxylation of 338 furnished a bridged thiosugar 
340. 

The steric effects involved in the cis-hydroxylation of 5,6-dihydro-2H-pyrans 
substituted at positions 6 and/or 2 with aqueous potassium permanganate were 
studied by Mochalin and co-workers. 19' It was found that the reaction course is 
dependent on the steric hindrance exerted by the bulky substituent at C-2: both 
OH groups enter preferentially trans with respect to that substituent. In conse- 
quence, products of a-lyxo or P-erythro configuration are obtained in the case 
of di- or mono-substituted substrates. However, in the case of 5,6-dihydro-2- 
methoxy-2H-pyran, both possible stereoisomeric products, methyl 4-deoxy-a- 
and P-DL-erythro-pentopyranosides, were formed19' in approximately equal 
amounts. 
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Cis-hydroxylation of 3,6-dihydro-2-methoxy-2H-pyran (341) a f f ~ r d e d ' ' ~ - ~ ~  
a mixture of methyl 2-deoxy-a- and p-DL-eryrhro-pentopyranosides (342). Hy- 
drolysis of this mixture gave free 2-deoxy-~~-erythropentose (2-deoxyribose). 
Compound 341 was obtained'98 by the reductive removal of the p-toluenesul- 
fonyloxy group in methyl 3,4-dideoxy-2-O-p-toluenesulfonyl-a,~-~~-pent-3-eno- 
pyranoside (345). M ~ c h a l i n ' ~ ' . ~ ~  obtained 341 in three steps starting from the 
Diels-Adler adduct 343 via the amide 344 and its Hoffman degradation in 
methanol solution. 

Sharpless' oxyamination reagent, composed of chloramine-T and a catalytic 
quantity of osmium tetraoxide, was reacted201 with a series of 6-substituted 5,6- 
dihydro-2-methoxy-2H-pyrans. Both regioisomeric methyl 2,4-dideoxy-2-p-to- 
luenesulfonylamido- and 3,4-dideoxy-3-p-toluenesulfonyIamido DL-lyxu-hexo- 
pyranosides (346 and 347) were obtained in yields of 40-60%, with the latter 
distinctly prevailing in mixtures. 

The epoxidation of 2-alkoxy-5,6-dihydro-2H-pyrans (279) can be effected 
with all typical epexidizing reagents. Usually, mixtures of stereoisomeric alkyl 
2,3-anhydro-4-deoxy-~~-glycopyranosides (280) are readily separable by column 
chromatography. 

Descours and c o - w o r k e r ~ ~ ~ ~ , ~ ~ ~  obtained several alkyl 3-amino-3,4-dideox- 
yap-DL-rhreo-pentopyranosides 348 (cf. Mochalin and co-workers,204) by treat- 
ment of epoxides 280 (R' = Me,Ph;R2 = H) with ammonia or dimethylamine. 
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Inversion of configuration of the 2-OH group in 348 gave a series of analogous 
amino sugars of the erythro configuration. 

The reaction of r-butyl (methyl 2,3-anhydr0-4-deoxy-a- and P-DL-ribo-hex- 
opyranosid) uronates with amrnonia2O5 gave, after trans-esterification, methyl 
(methyl 3-amino-3,4-dideoxy-a- and -P-DL-xylohexopyranosid) uronates (349). 
3-Amino-3,4-dideoxy-~-qlo-hexuronic acid (ezaminuroic acid) is a component 
of antibiotic ezomycin A2. The methyl glycoside of another antibiotic sugar 
belonging to the 4-deoxyhexose family, 4-deoxy-~~-neosamine C (in form of 
its peracetylated derivative 350) was synthesized2M from the butyl ester 279 
(R' = Me,R2 = C02Bu) according to the route shown. 

D. Alkyl 3,4-Dideoxy-~~-glyc-3-enopyranosides 

For conversion of epoxides 280 into 3,4-unsaturated pyranosides 281, Brown2'' 
employed the well-known isomerization of oxiranes into allylic alcohols, which 
is induced by strong bases, for example, n-butyl lithium. It was found2'* that 
for the isomerization of 351 and 352 to the corresponding allylic alcohols 353 
and 354, lithium diethyl amide was more effective; with n-butyl lithium other 
reactions took place. 

For the conversion of 280+281, two alternative methods were developed. 
The first consists of the opening of the oxirane ring with dimethylamine that 
leads to alkyl 3,4-dideoxy-3-dimethylamino-~~-glycopyranoside (355). Oxida- 
tion of 355 to N-oxide (356) and its thermal degradation gives 281 in 50-70% 
yields. 

By this method all stereoisomenc methyl 3,4-dideoxy-~~-pent-3-enopyra- 
nosides2@ and -hex-3-enopyrano~ides,~'~ 3,4,6-trideoxy-~~-hex-3-enopyrano- 
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sides,210 and t-butyl (methyl 3,4-dideoxy-~~-hex-3-enopyranosid)uronates~'~ 
were obtained. 

The second approach212 makes use of the Sharpless method, consisting in 
opening of the oxirane ring with selenophenol to 357. Oxidation of 357 to the 
unstable selenooxide (358) followed by refluxing in ethanol gives 281 in good 
yields. This method was used by David for the preparation of 3,4-unsaturated 
precursors of disaccharides. 

E. Mono-, Di-, and Trisaccharides 

(a) Cis-Hydroxylation 

Cis-hydroxylation of alkyl3,4-dideoxy-glyc-3-enopyranosides (281) with typical 
reagents (osmium tetroxide, Milas reagent) is subjected to steric control, that is, 
both hydroxyl groups enter preferentially from the less hindered side of the ring. 
If substituents at C-1 and C-2 are on the same side of the six-membered ring 
(for example, 359) their steric effects act in the same direction, and sugars of 
the P-arabino (360) or a-galacto (361) configuration distinctly predominate over 
their a-rib0 (362) or a-allo (363) partners. 

If the substituents are on opposite sides (for example 364), their steric influ- 
ences are divided and both stemisomeric products are formed in varying amounts, 
depending on the bulkiness of the C-2 substituent in the first place. Thus, products 
of the a-arabino (365) or a-altro (366) and P-ribo (367) or a-talo (368) con- 
figuration are obtained. 

By this method both anomers of methyl DL-arabinopyranoside and -DL-+ 
bopyranoside were obtained.213 In a similar manner, and 6-deoxyZ1' 
methyl Dbhexopyranosides of the allo, altro, galacto, and talo configuration, 
and esters of DL-hexuronic acids21 of altro, galacto, and talo configuration were 
prepared. 
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Application of cis-hydroxylation to 3,4-unsaturated disaccharide precursors 
led to a series of disaccharides in which both sugar units were optically active. 
Thus, the first semisynthetic disaccharides prepared by David and co-workers216 
were a - ~ -  and a- -~-altropyranosyl-( l-+3)-~-glucoses. Continuation of this work2" 
extended the number of hexopyranosyl-( I-*3)-~-glucoses synthesized with units 
of the a-D-all0 p-L-altro, and a-D-galacto configuration. 

Modification of the unsaturated moiety in 3,4-dideoxy-a-~-hex-3-enopyra- 
nosyl-( 1-3)- 1,2:5,6-di-O-isopropylidene-a-~-glucofuranose (369) consisting of 
the oxidation of the 2-OH group to the corresponding ketone, oximation of the 
ketone, and cis-hydroxylation of the double bond gave rise217 -after reduction 
of the oxime grouping, N-acetylation, and removal of other blocking groups- 
to two disaccharides, 2-acetamido-2-deoxy-a-~-galacto- and a-D-talopyranosy 
(1+3)-~-glucoses. In a similar way, with some modifications, further di- and 
trisaccharides were prepared: 4-0-[(2-O-a-~-fucopyranosyl)- -P-D-altropyrano- 
Syl]-D-ghCOSe,218 4-04 (2-O-a-~-fucopyranosyl)-~-~-altropyranosyl]-~-glu- 
cose,218 4-O-(f3-~-allopyranosyl)-~-glucose~~~, 4-O-(f3-~-galactopyranosyl)- 
D-glucose ,2i8 maltose,*'* 2-04 a-~-fucopyranosyl)-3-0-(2-acetamido-2-deoxy-a- 
D-galactopyranosyl)-~-galactose,~'~ and 3-0-(4-O-benzyI-P-~- and L-gulopyr- 
anosy1)- 1,2:5,6-di-O-isopropyIidene-a-~ -glucofuranoses. 17' 
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R 2 - H , A c  365,367: R ' -  H 366,368: 

R 3  -Me or a R2= H , A c  R' CH20H , C H 3  

R3- Ma R2- H,Ac sugar moiety 

Rs* MI or a 
sugar moiety 

Following the general route shown, N-acetylated methyl 'I-deoxy-a-o~-lin- 
cosaminide (370), an eight-carbon atom sugar related to the antibiotic linco- 
mycin, was synthesizedzz0 starting from 5,6-dihydro-2-methoxy-6-propionyl-2H- 
pyran (333,R = Et); the last step involved cis-hydroxylation and also gave- 
besides the desired "galacto" product-some of the "allo" stereoisomer (371). 

(6) E p o x W o n  

The steric course of the epoxidation of alkyl3,4-dideoxy-glyc-3-enopyranosides 
(281) with peroxyacids is dependent on the configuration and bulkiness of sub- 
stituents at C-1 and C-2, in rough analogy with the course of cis-hydroxylation. 

369 
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YP 
370 

FH3 p 
AcNH-C-H 

371 

An important difference is the course of epoxidation when the 2-OH group is 
free; in that case the epoxide is formed preferentially from the same side as that 
occupied by the hydroxyl group. This result is ascribed to the transient hydrogen 
bond between the OH group and peroxyacid molecule. 

Starting from 281 (R’ = Me, R2 = H, CH20H), all stereoisomeric methyl 
3,4-anhydro-a and P-DL-pentopyranosides’*’ and a-DL-hexopyranosides222 were 
prepared. Also some t-butyl (methyl 3,4-anhydro-a-~~-hexopyranosid)uronates 
were obtained2” by reaction of 281 (R’ = Me,R2 = C02Bu) with hydrogen 
peroxide-acetonitrile reagent. 

(c) Hydrolytic Opening of the 3,4 -Anhydro Ring 

The regiochemistry of hydrolytic oxirane ring opening in alkyl 3,4-anhydro-~~- 
glyco-pyranosides is dependent on several factors, three of them playing a par- 
ticularly important role: preference for the axial attack of the nucleophile, neigh- 
boring group participation, and conformational control. 223 

From methyl 3,4-anhydro-~~-pentopyranosides, methyl a- and P-DL-x~~o- 
and lyxopyranosides were Analogously, from methyl 3,4-anhydro- 
DL-hexopyranosides, normal methyl DL-hexopyranosides were prepared224 of the 
gulo, gluco, manno, and id0 configuration. In the same manner, esters of DL- 
hexuronic acids were obtained”’ having the manno, gulo, and gluco configu- 
ration. 

Both components of the nonreducing disaccharide eveminose: 2-0-methyl- 
lyxose (372) and 2,6-di-O-methyl-mannose (373) were synthesized via the suit- 
able 3,4-anhydro intermediates. 225*226 
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(d) Other Syntheses 

Hydration of the double bond in 3,4-unsaturated sugars by the oxymercuration- 
demercuration procedure should lead either to 3- or to 4-deoxy sugars. It was 
found that this reaction applied to methyl 3,4-dideoxy- and 3,4,6-trideoxy-a- 
~~-hex-3-enopyranosides~~' proceeded regio- and stereospecifically and fur- 
nished methyl 3-deoxy- and 3,6-dideoxy-~~-hexopyranosides. From substrates 
of the a-erythro configuration only a-xylo products (374) were obtained. a-threo 
substrates gave products (375) of the lyxo configuration. 

David and LubineauZ2* presented an efficient synthesis of the LL-enantiomer 
of kasuganobiosamine (272,R = H). Cycloaddition of a protected L-chiro-in- 
ositol butadienyl ether with L-menthyl glyoxylate gave a mixture of four dia- 
stereoisomeric dihydropyrans, from which a-L component (376) was isolated 
and used for further steps. Conversion of the ester group in 376 to a methyl 
group, and formation of the 3,4-unsaturated system, led to two allylic alcohols 
(377). Oxidation of 377 to a ketone, addition of hydrazoic acid to the conjugated 
double bond (an equatorial azide 378 was formed), oximation of the keto group, 
and reduction of both nitrogen functions gave a mixture of two diamino sugars 
from which the desired a-L-urubino compound (379) was isolated by chroma- 
tography. Catalytic hydrogenation followed by mild acidic hydrolysis gave the 
desired product in 1.3% overall yield. 

hrpurosamine B (382), a seven-carbon atom sugar component of the anti- 
biotic gentamicin Cz, was synthesizedz29 from 6-acetyI-5,6-dihydro-2-methoxy- 
2H-pyran (333, R = Me). Oximation of the keto group, reduction of the oxime 
to the corresponding amine, and N-acetylation gave two stereoisomeric N-acet- 
amides. For further synthesis the erythro stereoisomer (380) was taken. Further 
steps involved the epoxidation of the double bond, isolation of the manno epox- 
ide, and its reduction to methyl 6-acetamido-3,4,6,7-tetradeoxy-a-DL-urubino- 
heptopyranoside (381). Oxidation of the 2-OH group, oximation of the ketone, 
and reduction of the oxime followed by acetylation gave methyl N,N'-diacetyl- 
a-DL-purpurosaminide B, which was hydrolyzed to N,N'-diacetyl-~~-purpuro- 
samine B (383). 
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dH 
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R. H.OH 

377: R2-OH, R3-H 378 
and R2= H, R3*OH 

7. MISCELLANEOUS SYNTHESES 

It has been demonstrated in previous sections of this chapter that some substrates 
(e.g., furfuryl alcohols, vinylene carbonate telomers, etc.) are capable of being 
transformed, in a limited number of synthetic steps, into the full variety of 
stereoisomeric sugars. These syntheses are fairly general. In this section, car- 
bohydrate preparations are described which start from some peculiar substrates 
and by exploitation of specific reactions lead to a single monosaccharide or, at 
most, to a limited number. Natural products have often been used for the purpose. 
Their structural features usually predetermine the type of sugar that can be 
obtained. These substrates, being optically active, afford eventually enantiomeric 
products. The usually troublesome resolution of racemic intermediates of final 
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H-&OAC 
NoB H4 
-> A C O - J - H  

products can thus be avoided. This is quite important in carbohydrate chemistry, 
where practically all compounds occur in enantiomeric form. 

( c  ' "" '"> I- Thrrorr - 

A. Tartaric Acid, Glyceraldehyde, and Amino Acids 

2R:3R-Tartaric acid (dextro-tartaric acid) has been for a long time 
as a substrate in carbohydrate synthesis, especially in the field of tetroses. In 
the past decade Nakagawa and c o - ~ o r k e r s ~ ~ '  improved the preparation of L- 
threose. Methyl hydrogen di-O-acetyl-dextro-tartrate (384) was reduced with 
sodium borohydride in water solution to L-threono-y-lactone (385) in 74% yield. 
Further reduction of the lactone grouping with bis(3-methyl-2-butyl) borane to 
the aldehyde stage proceeded smoothly and afforded L-threose in about 63% 
yield. 

Application of tri-n-butyltin hydride to the reduction of the ester chloride 386 
gave a good yield of methyl di-0-acetyl-L-threuronate (387). 

Fuganti and c o - ~ o r k e r s ~ ~ ~  used 2R:3R-tartaric acid for the synthesis of 3- 
benzamido-2,3,6-trideoxy-~-xylo-hexose (393). The acid was converted accord- 
ing to a known procedure into 2,3-O-isopropylidene-4-O-p-toluenesulfonyl-~- 
threitol (388). Reduction of 388 with lithium aluminum hydride gave 4-deoxy- 
2,3-O-isopropylidene-~-threitol (389), which was oxidized to the corresponding 
threose (390). Condensation of 390 with ethoxycarbonylmethine-triphenylphos- 
phorane yielded a mixture of E and Z unsaturated esters (391). Michael reaction 
type addition of ammonia to 391 followed by hydrolysis of the product with 
hydrochloric acid gave the a-lactone hydrochloride. This material was N-ben- 
zoylated, and after chromatographic separation the xylo stereoisomeric (392) was 
isolated in 60% yield. Half-reduction of the lactone grouping in 392 with DIBAH 
afforded 393. 

F"H 
H-C-OAc 

I 
AcO-5-H 

C O e M r  

384 

J. 
COCl 

H-0 - 0 A  c 

AOzMr 
AcO-C- H 
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n-EuSSnH I > AcO-C-H 

387 
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390 :.! = 0 391 
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392 393 

The D-enantiomer of 393 was obtained232 in an identical sequence of reactions 
starting from 2,3-O-isopropylidene4-deoxy-~-threitol (395). This compound was 
prepared from L-threonine (394) in the following way: the amino acid was 
deaminated to 2S:3R-dihydroxy-butyric acid. Esterification of the carboxyl group 
and protection of both hydroxyl groups with an isopropylidene grouping gave 
methyl 4-deoxy-2,3-0-isopropylidene-~-threonate. Reduction of the ester group 
afforded 395 smoothly. 

In continuation of a on the synthesis of P-hydroxy-amino acids and 
2-amino-2-deoxy-aldonic acids by base-catalyzed condensation of N-pyruvyli- 
deneglycinatocopper(I1) complex (396) with aldehydes, its reactivity was 
compared234 with that of bisglycinatocopper(I1) (397). It was found in the reaction 
with 2,3-O-isopropylidene-~-glyceraldehyde that milder reaction conditions could 
be employed and the product, 2-amino-2-deoxy-4,5-O-isopropylidene-~-xylonic 
acid (398), was obtained in a better yield (70% vs. 31%). 

C HO 
I 

,O-C-H 

0-CH2 
M q  I pH 9.5 

C02H 
I 

H2N-C-H 
I 

,O-h-H 

H-C- OH 
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39 8 396: RmCH3 
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It is known that deamination of some readily available amino acids can be 
performed with nearly quantitative retention of configuration. Based on this 
conversion, Yamada and c o - w o r k e r ~ ~ ~ ~  elaborated an ingenious synthesis of D- 
ribose and D-lyxose starting from L-glutamic acid. The preliminary communi- 
cation of this work was reported in the first volume of this series.236 Now the 
full details have been published.235 In an extension of the application of the 
unsaturated intermediate (399) for the synthesis of other pentoses, all 2,3-anhydro 
derivatives (400-403) were prepared.237 LAH-Reduction of P-D-rib0 and a - ~ -  
lyxo epoxides (400 and 401) afforded, after acetylation, 3-deoxy-pentosides 404 
and 405, whereas the same reaction conditions converted P - ~ - l y x o  a-D-ribo 
epoxides (402 and 403) into the corresponding 2-deoxy-derivatives (406 and 

Alkaline hydrolysis of methyl 2,3-anhydro-P-~-ribofuranoside (400) and -a- 
D-lyxofuranoside (401) led to methyl furanosides of D-xylose and D-arabinose. 
Reaction of 400 with sodium benzyl mercaptide gave, after acetylation, methyl 
2-0-acetyl-3,5-di-S ,O-benzyl-3-thio-P-~-xylofuranoside (408). a-D-lyxo Epox- 
ide (401) was also opened with ammonia at C-3 and gave, after acetylation, 

407). 
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methyl 3-acetamido-2-O-acety1-5-U-benzyl-a-~-urub~no-furanos~de (409) as the 
single product. 

From L-glutamic acid, a branched-chain sugar derivative (410) was prepared238 
according to the scheme below: 

Yamada and co-workers elaborated a general approach to 6-deoxy-~-hexoses 
starting from ~ - a l a n i n e . ~ ~ ~  Deamination of this amino acid in acetic acid gave 
2S-acetoxy-propionic acid (411). After conversion to the acid chloride it was 
reacted with propiolaldehyde dimethylacetal magnesium bromide to afford the 
acetylene 412. Half-reduction to the cis-olefin followed by deacetylation and 
heating with phosphoric acid gave both anomeric methyl 2,3,6-trideoxy-~-hex- 
2-enopyranosid-4-uloses (413) (cf. Section 5). From the a-anomer (which pre- 
dominated in the mixture), a number of glycosides of antibiotic sugars have been 
prepared, including methyl a-L-amicetoside (65,R = Me), ac-mycaminoside 
(414) and a-L-oleandroside (415). 

In the presence of diethylamine-formic acid catalyst, 1-nitro-2-alkanols (416) 
are added240g241 to the double bond of acrylaldehyde, forming, in 40-80% yield, 
5-hydroxy-4-nitro-alkanals (417, occurring in the cyclic hemiacetal form). Under 
the reaction conditions employed, the formation of ether-type Michael reaction 
products 418 was not observed. 

When R # H, both stereoisomeric forms of 417 are expected from the ad- 
dition reaction. It is remarkable that for R = Me, only the erythro stereoisomer 
was obtained. In case of R = Et, both isomers, rhreo and eryrhro, were isolated 
and characterized. Compounds 417 can be regarded as 2,3,4 . . . -polydeoxy- 
4-nitro-~~-aldoses. Methanolic hydrogen chloride readily converts them into 
mixtures of anomeric methyl pyranosides (419). Hydrogenation of the nitro group 
in 419 in the presence of Raney nickel leads to methyl 4-amino-2,3,4-polydeoxy- 
af3-m-aldopyranosides (420). In this way sugars of this class containing five, 
six, and seven carbon atoms in the chain were prepared. Most important is the 
hexose of eryrhro configuration; D-enantiomer (tolyposamine) is a constituent of 
the antibiotic tolypomycin. 

The dimethylationZ4' of the amino group in anomeric methyl 4-amino-2,3,6- 

C w C H 2  Ph 
I 

MrMgI I 

PhCHfl H2 

> 4 *lop* 
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trideoxy-DL-hexopyranosides (421) gave methyl glycosides of another antibiotic 
sugar, forosamine (107), a component of foromycins. 

Sodium hydrogen chnate-catalyzed condensation of sodium glyoxylate with 
4-nitro-2-butanol gives242 a 3.2: 1 mixture of stereoisomeric 2-hydroxy-3-nitro- 
O-caprolactones of the ribo and lyxo configuration (422 and 423). The lyxo 
lactone (423) was isolated after conversion into the 2-O-tetrahydropyranyl de- 
rivative. Half-reduction of the lactone grouping gave a lactol, which was con- 
verted into a mixture of methyl glycosides (424) (a$ = 88:l). Equilibration 
of 424 with sodium hydrogen carbonate in aqueous methanol gave a mixture of 
glycosides from which methyl 3,4,6-trideoxy-3-nitro-a-~~-nylo-hexopyranoside 
(425) was isolated by thin layer chromatography (TLC). Hydrogenation of the 
nitro group in 425 to the amino group followed by Eschweiler-Clarke methylation 
gave methyl a-DL-desosaminide. 

B. 1,2-Dihydropyridines 

Natsume and Wada243 found that photochemical addition of methanol to nico- 
tinonitrile (426) leads to two dihydropyridines (427 and 428). Both compounds 
differed in stability; only the latter was relatively stable. After O,N -benzoylation, 
429 could be isolated from the mixture as the sole product. Benzamide 429, 
possessing six carbon atoms in the chain and two differently activated double 
bonds, appeared to be an interesting substrate for the synthesis of piperidinose- 
type sugars. 
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The first goal was the synthesis of the antibiotic nojirimycin2" (436,5-amino- 
5-deoxy-~-glucose). Cis-hydroxylation of 429 followed by acetylation afforded 
a ribo enamine 430. Reaction of 430 with N -bromosuccinimide gave a methoxy- 
bromide (431). The attempt at substitution of the bromine atom by an acetate 
residue in reaction with tetrabutylammonium acetate resulted in elimination re- 
action leading to the unsaturated compound 432. Cis-hydroxylation of this ma- 
terial followed by acetylation gave a manno product 433. Conversion of the 
cyanohydrin acetate grouping in 433 to a keto group and its reduction to a 
hydroxyl group was accomplished by alkaline hydrolysis and subsequent treat- 
ment with sodium borohydride. The product was isolated in the form of N- cH+ V - C O t N o  -3 NaHCO cH+ V - C O t N o  -3 NaHCO 

422 

+ 

2. DIEAH 
3. MOOH,H+ 

Methyl 0-EL- - driosaminidr < 2. I.H2*Pt HCMO, G, <- NaHC03 OM. 
HCOzH 

425 424 
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benzoyl-2,3,4,6-tetra-O-acetate (434). Removal of acetyl groups afforded N- 
benzoyl- I-O-methyl-DL-nojirimycin (435) as the final product. 

In a similar way, starting from N-methoxycarbonyl-5-cyano- 1,2-dihydropyri- 
dine (437), peracetylated 5-methoxycarbonylamino-5-deoxy-~~-xylopentopiper- 
idinose (438) was obtained.245 

Dihydropyridine 429 was next used246 for the synthesis of methyl glycoside 
of 5-amino-5-deoxy-~~-ido-hexopipendonose (445). In the first step, 429 was 
reacted with N-bromosuccinimide to afford two bromoacetates (439 and 440). 
The first bromoacetate (429) was deacetylated to the bromohydrin 441. Reaction 
with silver oxide followed by acetylation gave a rearranged diacetate 442 (which 
was certainly preceded by an epoxide). The 1-0-acetyl group in 442 could be 
readily replaced by a methoxy group to form 443. Cis-hydroxylation of the 
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double bond followed by known degradation of the cyanohydrin grouping gave, 
after acetylation, methyl 2,3,4,6-tetra-O-acety1-5-N-benzamido-5-deoxy-~-~~- 
ido-hexopiperidinoside (444). Alkaline deacetylation yielded the free glycoside 
445. 

Dihydropyridines 429 and 446 afforded,z47 in a photochemical reaction with 
singlet oxygen, reactive endo-peroxides 447 and 448. These products enabled 
novel ways of functionalization of the substrates directed towards carbohydrates. 
Thus, the reaction of 448 with thiols gave a mixture of anomeric 2,3-unsaturated 
thioglycosides (449 and 450). Warm acetic acid readily isomerized both com- 
pounds into the glycal-type derivative 451. The boron trifluoride catalyzed ad- 
dition of methanol to the double bond of 451 gave a sulfur-containing 2-deoxy 
sugar 452. Cis-hydroxylation of 451 (R = CH2Ph) followed by acetylation gave 
1,2 ,Ctri-O-acetyl-3-S-benzyl-5-deoxy-5-methoxycarbamido-3-thio-a-~~-xylo- 
pentopiperidinose (453). Similarly, cis-hydroxylation of 449 and 450 gave thio- 
glycosides of 5-deoxy-5-methoxycarbamido-a-~~-lyxopiperidinose (454) and 
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-P-DL-ribopiperidinose (455), respectively. Both thioglycosides could be con- 
verted into O-glycosides by a N-bromosuccinimide-silver nitrate-mediated re- 
action with methanol. 

The reactions of endo-peroxide 447 were similar to those of 448.24M Opening 
of the peroxide bridge with thiophenol immediately gave the products of allylic 
rearrangement, 456 and 457, However, reaction of 447 with dimethyl sulfide in 
methanol gave a 2,3-unsaturated product 458. Cis-hydroxylation of acetylated 
458 furnished, after additional acetylation, a triacetate 459. The degradation of 
the cyanohydrin acetate grouping at C-2 to a keto group followed by reduction 
gave three products, which were separated and characterized as acetates 460-462. 

C. Cyclic Hydroxysulfides 

McCormick and M ~ E l h i n n e y ~ ~ ~  devised a simple synthesis of glycosides and 
nucleosides containing sulfur in the sugar ring. Compounds of this type may 
possess interesting biological properties. 

A cyclic hydroxysulfide is prepared either by reaction of a metal sulfide with 
an open-chain compound containing two leaving groups at both ends or by an 
intramolecular aldol condensation of a linear oxosulfide. In the next stage the 
hydroxysulfide is oxidized at sulfur atom to a hydroxysulfoxide. The key step 
is the reaction of hydroxysulfoxide with acetic anhydride (Pummerer rearrange- 
ment): a-acetoxysulfide is obtained having the anomeric center. The l-O-acetyl 
group can be replaced under mild conditions by a number of nucleophiles to 
form glycosides, thioglycosides, and nucleosides. 

Cis- and trans 3,4-thiolandiols (463 and 464) were obtained249 by reaction 
of sodium sulfide with 1,4-dichlor0-2,3-butanediol. Oxidation of both cyclic 
hydroxysulfides gave the corresponding sulfoxides, 465 (a mixture of two ster- 
eoisomers) and 466. After esterification the sulfoxides were subjected to Pum- 
merer rearrangement. From 465 (both stereoisomers) all-cis triester sulfide (467) 
was obtained. However, cyclic phenylboronate ester gave under the same con- 
ditions a trans 1-O-acetate (468). The trans diester sulfoxide 466 yielded both 
of the possible rearranged products, 470 and 471, in roughly equal proportions. 

Compound 468 readily replaced2s0 l-O-acetyl group for a number of alkoxy, 
aryloxy, and thioalkoxy groups in reactions with alcohols, phenols, or thiols in 
the presence of p-toluenesulfonic acid. In the case of alcohols and phenols, the 
reaction was stereospecific and P-anomers (472) were formed. With thiols, both 
anomeric thioglycosides (473) were obtained in about equal proportions. 

When trifluoroacetic anhydride was used for the Purnmerer rearrangement of 
phenylboronate ester 465, the 1 -0-trifluoroacetyl derivative 469 was formed 
rapidly and could be used in situ for further reactions. The l-O-trifluoroacetyl 
group could be replaced by bromide which, in turn, was exploited for glycoside 
synthesis. 
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In 4-thiothreose series the I-0-acetyl group could be exchanged under similar 
conditions for bromide, p-nitrobenzyloxy, and thiouronium groups. 

6-Chloropyrine nucleoside (474) was obtainedzs1 from 1 -0-acetyl-4-thioer- 
ythrose phenylboronate. 

This compound served as substrate for the preparation of a series of nucleo- 
sides (475) via substitution of 6-chlorine atom by various nucleophiles. Nucleo- 
sides also have been obtained in the 4-thiothreose series. 

The substrate for 5-thiopentose was obtainedzsz by intramolecular aldol con- 
densation of diacetonyl sulfide (476). Reduction of the keto group in 477 afforded 
trans and cis diols (478 and 479 1.3:l) in 85% yield. Acetylation of 478, 
oxidation to sulfoxide, and hmmerer rearrangement gave both regioisomeric 
4-C-methyl and 2-C-methyl triacetates (480 and 481), with the latter distinctly 
prevailing. The same cycle of reactions applied to 479 gave the 5-thiopentose 
system (482) in low yield. Preparation of the 1,3-phenylboronate ester (483) 
followed by oxidation to a mixture of stereoisomeric sulfoxides and Pummerer 
rearrangement proved to be a better way: the yield of both regioisomeric 2-C- 
methyl and 4-C-methyl compounds (484 and 485) was 20%. Compound 485 
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underwent 0- and N-glycosidation with alcohols and amines in the presence of 
p-toluenesulfonic acid, whereas 2-C-methyl esters 484 (and also 482) remained 
unchanged under these conditions. 

D. Other Substrates 

Niemczura and c o - w o r k e r ~ ~ ~ ~  synthesized a modified daunosamine, 4-deoxy-DL- 
daunosamine (491), in a novel and original way. The approach was based on 
transformations of oxazolino-a-pyrone (487), which was regarded as a pyranose 
precursor substituted with blocked amino and hydroxyl group at positions 3 and 
4. Such a substrate should serve for the synthesis of the whole series of 3-amino- 
2,3,6-tri-deoxy-~~-hexoses. 

Oxazolino-a-pyrone (487) was obtained in five steps starting from 3-benzo- 
yloxy-2,4-pentanedione (486). Catalytic hydrogenation of 487 afforded two prod- 
ucts with the same rhreo stereochemistry: 3-benzamido-5-caprolactone (488) and 
an analogous compound (489) having the phenyl ring perhydrogenated. With 
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very active platinum catalyst, this last compound was the exclusive product of 
hydrogenation. It is interesting that no stereoisomeric erythro caprolactone was 
detected. Reduction of the lactone's carbonyl group with Red-al reagent gave 
N-cyclohexylcarbonyl-4-deoxy-~~-daunosamine (490). Hydrolysis of the amide 
with hydrobromic acid yielded 4-deoxy-~~-daunosamine hydrobromide (491). 
Methyl 4-deoxy-cr-~~-daunosaminide was obtained also by Chmiele~ski '~~; the 
synthesis started from the aldehyde 137 and involved addition of hydrazoic acid 
to a@-unsaturated carbonyl system followed by reduction of the azide to amino 
group and conversion of the ester grouping to the methyl group. 

A new access to branched-chain sugars based on the dioxaphospholen con- 
densation was elaborated by David and co-w~rkers .*~~ 

Dioxaphospholen 492 was condensed with 2,3-O-isopropylidene-~-glycer- 
aldehyde to give a single product 493. Hydrolysis of 493 under controlled con- 
ditions removed the phosphate residue and isopropylidene grouping. Glycosi- 
dation of the product with methanol and an acidic resin gave three products (494- 
496), which were identified as different glycosides of the same sugar: l-deoxy- 
3-C-methyl-~-ribo-hexose. Most remarkable in this synthesis is the efficiency 
of asymmetric induction: from a reagent containing a single center of chirality, 
a product with 3 centers of the ribo-stereochemistry was obtained. 

8. SYNTHESIS OF CYCLITOLS 

A route from furan-vinylene carbonate Diels-Alder adduct to inositols' has been 
reinvestigated.2s6 Endo and e m  isomers of oxabicyclo-[2,2,l]-hept-5-ene-2,3- 
diol carbonate (7) were separated and subjected to epoxidation or cis-hydroxy- 
lation. Successive alkaline and acidic hydrolysis of epoxide 497, obtained from 
the endo adduct, produced a mixture of all0 and my0 inositols. cis-Hydroxylation 
of the endo adduct gave 1,4-anhydro-allo-inositol 498, which afforded neo- 
inositol upon acidic hydrolysis. An analogous transformation of the exo adduct 
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+ 

494 

gave allo and my0 inositols by way of the 1,4:2,3-dianhydro intermediate 499 
and epi-inositol by hydrolysis of the cis-hydroxylation product 500. 

The Diels-Alder adduct of cyclopentadiene and (3-bromo acrylic acid 501 has 
been exploited by Just as a convenient starting material for the synthesis of 
carbocyclic analogs of C-nucleosides. Hydroxylation of the double bond in 502, 
followed by dehydrobromination and ozonolysis gave 503, which after sequential 
hydride reduction, periodate oxidation, and oxidation with Collins's reagent gave 
the key intermediate: lactone 504. An alternative route to 504 starting from 
norbomadiene was also described.257 The condensation of 504 with amino- 
g~an id ine~~*  gave a compound containing an amino-triazole ring attached to a 
carbocyclic analog of a ribofuranoside moiety. Carbocyclic analogs of pyrazo- 
mycin, showdomycin, and azapseudouridine were obtained from adduct 501 by 
way of silylated keto-ester derivative 505.259,260 Similar transformations of com- 
pounds resulting from epoxidation261 or hydroboration262 of 501 have been de- 
scribed. 

The known 7-endo-oxabicyclo [2.2.l]-hept-5-ene-2-carboxylic acid 506, ob- 
tained by the condensation of acrylic acid with furan, was used as a substrate 
for synthesis of validamine, (510) a component of validamycin antibiotics. The 
treatment of 506 with hydrogen peroxide in formic acid gave the tricyclic com- 
pound 507, which after reduction and hydrolysis afforded cyclitol. Treatment 
of 508 with 2,2-dirnethoxy-propane in the presence of an acid gave a mixture 
of diisopropylidene derivatives in which compound 509 was predominant. In- 
troduction of an amino group, by way of a tosyl ester and a ide  displacement, 
followed by hydrogenation and hydrolysis, completed the synthesis of m-val- 
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6- 
i nos i  t 0 1  s 

497 499 

b H  
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Ho&2 a l i  - inositol  

500 

i d a m i r ~ e . ~ ~ ~  An alternative route to validamine and its analogs from 510 involved 
its bromolactonization, or opening of 1 ,Canhydro ring in the bicyclic interme- 
diate by action of hydrogen bromide in acetic acid.264 

An interesting approach to the synthesis of highly oxygenated cyclohexane 
derivatives has been developed by Ichihara. Benzoquinone epoxides and epox- 
ycyclohexenones were obtained by the thermal retro Diels-Alder reaction of 
epoxide 511, obtained from quinones and dimethylfulvene without isolation of 
the primary a d d u ~ t . ’ ~ ~  Intermediate 512 (R = Ac), obtained in this way from 
hydroxymethyl-benzoquinone, was converted into the natural compound sene- 
poxide (514) as shown in Scheme 6. Reductive, regioselective cleavage of the 
diepoxide 513 was achieved by treatment with hydrazine hydrate.z66 The ster- 
eoselective total synthesis of crotoepoxide (515)267 from cyclohexenone 512 
(R = Ms), and of other natural compounds with related structure, was de- 
scribed, 268 

Only a few syntheses aimed at cyclic polyols started from acyclic precursors 
as shown in the following examples. Ethyl crotonate and ethyl acetoacetate served 
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as substrates in the synthesis of 3-hydroxy-3-(hydroxymethyl)-5-methyl- 1,2-cy- 
clohexanedione (516) compounds related to a metabolite leucogenenol . 269 The 
Dieckmann condensation of diethyl oxalate and diethyl glutarate, resulting in 
the formation of diethyl 2,3-cyclopentanedione- 1 ,Cdicarboxylate (517), was 
employed for the synthesis of carbocyclic ribonucleoside analogs according to 
Scheme 6.270*271 

Bisdiazoketone 518, obtained by a conventional diazomethane chain elon- 
gation reaction from xylaric acid dichloride, underwent unexpected ring closure 
when decomposed thermally in acetic acid containing cupric acetate. Apart from 
the desired heptadiulose pentaacetate, compound 519 was obtained in 32% yield. 
Reduction of the keto group in 519 followed by acetylation gave ~~-2 -C-ace -  
toxymethyl- 1,3,4,5 ,6-penta-O-acetyl-epi-inositolI 272,273 Although the synthesis 
started from ~-xylose it is mentioned here because it proceeds through achiral 
intermediates, and consequently results in formation of a racemic product. 

512 R=Ac.Ms 513 

514 515 
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Among the derivatives of cycloalkanes, trioxatris-a-homobenzenes (3,6,9- 
trioxatetracyclo [6.1 .02*4.05~7]nonanes) are of special interest in the synthesis of 
cyclitols in view of their versatile reactivity. Prinzback has shown that radical 
bromination of epoxide 520 affords a mixture of dibromides 521-523; individual 
compounds can be isolated in pure form, although they are prone to equilibra- 

Cis-trioxatris-a-homobenzene 524, which was prepared from the dibro- 
mide 521, was converted selectively into 1,2:3,4-dianhydro-epi-inositol525, and 
further, through a sulfonate ester into rrans-trioxatris-a-homobenzene 526,275 
(rruns-3,6,9-trioxatetrocyclo [6.1 .0.02*4.05*7]nonane) previously prepared from 
benzene monoxide. 276 Reaction of triepoxide 524 with hydrazine gave compound 
527, which was converted by the action of phthalic anhydride into 528. The 
alkaline hydrolysis of derivative 528 followed by treatment with Raney nickel 
yielded streptamine 529 (R = H). In a similar way the total syntheses of 2- 
deoxystreptamine 530 and hyosamine 531 was achieved, starting from mono- 
bromoepoxycyclohexenes. 277 An improved method of synthesis of fruns-trioxa- 
tris-a-homobenzene 526 from dibromide 523 by way of a ditosylate 532 was 
described.278 

A new route to cyclitols from cyclohexene was elaborated by Hasegawa and 
co-workers. 1-0-Benzylcyclohex-2-en01 (533) was converted into a mixture of 

u -> 
/P OM:, 

517 

0 0  
x . 2  0d2 

-> -> 

0 0  
%.p 

R =  H , A c , C I ~ C C H ~ O C O  
Scheme 6 
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compounds 535-537 via dibromide 534. Further transformations of the dibenzyl 
derivative 535, the main component of the mixture, are presented in Scheme 

Treatment of dibromide 534 with sodium azide gave a mixture of allylic 
azides, which were reduced and separated as the corresponding acetamido de- 
rivatives. DL-trans-2-acetamido- 1-0-benzylcyclohex-3-en01538 was obtained in 
62% yield and the minor components were identified as trans- and cis-4 ace- 
tamido- 1 -0-benzylcyclohex-2-enols. Further functionalization of the double bond 
in 538 was described.280 The dibromide obtained from 535 gave on treatment 
with sodium azide a mixture of DL-( 1,3/2)-3-azido- 1,2-di-O-benzylcyclohex-4- 
enediol532 and DL-( 1,3/4)- 1 -azido-3,4-di-O-benzylcyclohex-5-enediol540. The 
corresponding acetamido derivatives 541 and 542 were converted into a variety 
of deoxyinosamine and deoxyinosadiamine derivatives.281 

1.279 

4 

Br 
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In continuation of his studies in the field of cyclitols, Posternak completed 
the synthesis of all-cis cyclopentane 1,2,3- and 1,3,4-triols, 1,2,3,44etraol, and 
1,2,3,4,5-pentaol. Their preparations from cyclohex-3-en01 or cyclohex-2-en- 
1,4-diol involved the epoxidation of the double bond followed by hydride re- 
duction of cis-epoxy-ol arrangement, or hydrolytic displacement of bromine in 
the presence of a trans-neighboring benzoyloxy group. The configuration of the 
cyclitols obtained was confirmed by 'H nmr spectra.282 A number of keto de- 
rivatives of cyclopentanols were obtained, starting from cyclopentenone dimeth- 
ylketal, by way of allylic bromination, followed by cis-hydr~xylation.~~~ The 
preparation of 2,3-dihydroxycyclopentanone and 2,3-dihydroxycyclopentenone, 

C p C H 2 P h  -> p O C H 2 P h  

533 Br 
534 

535 536 537 
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and a number of their derivatives, were also des~ribed.~" An investigation of 
the reaction of penta-0-acetyl-myo-inosose-2 (543) with diazoalkanes revealed 
that diazomethane reacted with formation of the spiroepoxide 544 only, whereas 
higher diazoalkanes afforded a mixture of the corresponding spiroepoxide and 
the ring expansion products 545. The configuration of the spiroepoxides was 
established, and a number of their reactions were described.285 Deacetylation of 
compound 545 led to the bicyclic hemiacetal 546.286 

A long series of papers by Shvets and co-workers is devoted to synthesis of 
asymmetrically substituted m y o - i n o s i t o I ~ ~ ~ ~ * ~ * ~  and, in particular, inositolphos- 
pha t ide~ .*~~  Their route to optically active compounds from myo-inositol consists 
of the formation of diastereoisomeric orthoesters in the reaction of a suitably 
protected racemic myo-inositol derivative with the orthoacetate of D-mannose, 
followed by the separation of the diastereoisomers and hydrolysis. Naturally 
occurring ( + ) and ( - ) bornesitols (3- and 1-0-methyl-sn-myo-inositols) were 
obtained in this way, among many other enantiomerically pure chiral myo-inositol 
derivatives.288 

The Suami and Ogawa group has been particularly active in the field of 
carbocyclic polyols. The main line of their interest was confined to the synthesis 
of aminocyclitols, constituents of aminoglycoside antibiotics and their analogs. 
Besides, inosaminesZw and arninocy~lopentanepolyols~~'~~~~ obtained in their 
laboratory were utilized as substrates in synthesis of nucleoside analogs. A 

CH2Ph CHZPh 

d C H 2 P h  539 R = Ns a C H 2 p h  540 RSN3 qcH2ph HAc 

541 R =NHAc 542  R=NHAc 538 
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number of “pseudosugar”-monosaccharide analogs, in which the ring oxygen is 
replaced by methylene group, were also obtained by the Japanese group. The 
synthesis of pseudo-P-DL-galacto-pyranose D L - ( ~  ,3,4,5/2)-5-hydroxymethyl- 
1,2,3,4-cyclohexanepentao1 and pseudo-a-DL-altropyranose DL-( 1,3,4,5/2)-5- 
hydroxymethyl- 1,2,3,4-cyclohexanepentao1 from myo-inositol involved the 
treatment of suitably protected deoxyinosose 547 with diazomethane, followed 
by the opening of the spiroepoxide thus formed with hydroiodic acid and by 
dehydroiodination with zinc. Hydroboration of olefine 548, after acetylation, 
gave cyclitols 549-551 in 13, 17, and 13% yields re~pectively.’~~ 

Validat01552 and its deoxy derivative 553-cyclitols obtained by hydrogen- 
olysis of the antibiotic validomycin A-were synthesized by conventional trans- 
formations of tri-0-acetyl( 1,3/2,4,6)-4-brorno-6-bromomethyl- 1,2,3-cyclohex- 
a n e t r i ~ l . * ~ ~ J ~ ~  

Six isomeric 5-hydroxymethyl- 1,2,3,4-~yclohexanetetraoIs and a number of 
their derivatives were prepared from endo-3-acetoxy-endo-5-acetoxymethyl-7- 
oxabicyclo[2.2. I]-heptanes bearing exo-2 substituent, by way of the hydrolytic 

bAC OAC b A c  

549 550 551 
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cleavage of the 1,4-anhydro ring.296 
Cyclization of cis-3,4-cyclohexylidenedioxy-2,5-dihydroxytetrahydrofuran with 

nitromethane was applied to the synthesis of aminocyclopentanetetraols.297~298 
The reactions and configurational relations of these compounds were described 
in some Diaminocyclopentanetriols were obtained from appropriately 
protected aminocyclopentanetetraols by way of periodate oxidation and cycli- 
zation of the resulting dialdehyde with n i t r ~ m e t h a n e . ~ ~  In a similar way a number 
of inosadiamines- 1,4 were s y n t h e ~ i z e d . ~ ~ ' * ~ ~ ~  The general approach to the syn- 
theses of deoxyaminocyclitols from aminocyclitol derivatives, consisted of chlo- 
rination with sulfuryl chloride followed by dechlorination with Raney nickel or 
with tributyltinhydride was described. 2,4-Dideoxy- and 2,4,5-uideoxystrepta- 
mines were prepared from 2-deoxystreptamine by these procedures.303 A con- 
venient synthesis of DL-proto-quercitol from myo-inositol was described.3w A 
number of partially blocked myo-inositol derivatives, potential substrates in syn- 
thesis of various cyclitols, were prepared. Their tosylation and transformation 
into derivatives of chiro-inositol and muco-inositol was reported.30s All isomers 
of 1,2:3,4- and 1,2:4,5-dianhydrocyclohexanehexaols (5 racemates and 6 meso 
compounds) were synthesized from appropriate inositol sulfonate diesters, by 
treatment with sodium methoxide. 306 Labeled compounds: 1 - O - m e t h ~ l - ' ~ C - ~ ~ -  
myo-inositol (methyl-'4C-bomesitol) and 5-O-methyl-'4C-myo-inositol (methyl- 
'*C-sequoitol) were synthetized in connection with research on inositol metab- 
olism by the methylation of benzylated myo-inositol derivatives with methyl-14C 
iodide, followed by hydrogen~lys is .~~~ 
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1. INTRODUCTION 

In our earlier article' we reviewed the main methods then available for the 
synthesis of naturally occurring porphyrins and bile pigments, and the structurally 
and biosynthetically related vitamin B,2 (cobalamin). The review essentially 
covered material published up to the middle of 197 1 a In the present article we 
describe new developments during the subsequent nine years. In order to preserve 
continuity with the earlier article and for ease of cross-referencing we have used 
a similar format and order of topics. 

Much of the recent synthetic work has depended upon the methods developed 
during the 1960s. Only those syntheses which differ appreciably from those 
reported earlier, or which concern porphyrins of considerable chemical or bio- 
chemical significance, will be considered in any detail for reasons of economy 
in space. 

Since our original article was written, a regular series of reviews of porphyrin 
chemistry has begun2; two books on the chemistry of p y ~ ~ o l e s , ~ * ~  a second edition 
of Porphyrins and Metal loporphyrin~~ (based on Falk's original book), and a 
small handbook6 concerned with laboratory methods and spectroscopic data have 
now appeared. A seven-volume treatise' on the chemistry and biochemistry of 
porphyrins has also recently been published; volumes 1 and 6 are particularly 
relevant to the subject matter of this article. 
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2. NOMENCLATURE 

A similar system of nomenclature will be used as in the earlier article. Approaches 
to the further systematization of trivial names have been reviewed elsewhere,* 
and the numbering system of the International Union of Pure and Applied Chem- 
istry (IUPAC) is slowly gaining ground. The Fischer system’ is used where 
necessary in this article in referring to porphyrins to preserve continuity with 
the earlier article and with the enormous volume of the earlier literature on 
porphyrins; however, the IUPAC system” will be used as before for vitamin 
BIZ and corrinoid compounds because of its clear advantages in this field. 

3. STRATEGY OF PORPHYRIN SYNTHESIS 

Interest in porphyrin synthesis continues unabated. The first examples of a truly 
stepwise procedure, in which four pyrrole residues are linked together one by 
one, have now been described (see Section 7). Methods such as this are partic- 
ularly useful for the preparation of isotopically labeled compounds for biosyn- 
thetic studies, where it is of considerable advantage both experimentally and 
economically to introduce the label as late as possible in the synthetic sequence. 
It is still, however, often necessary to cany out modification of side chains, or 
introduce labels, at the porphyrin stage because of the lability of the desired side 
chains under the conditions required to construct the polypyrrolic precursors and 
to cyclize them to porphyrins. 

A number of improvements have also been described in the other methods 
used for synthesizing unsymmetrical porphyrins from open chain tetrapyrroles. 
However, the direct coupling of two dipyrrolic precursors to give porphyrins is 
still often the method of choice; as a “convergent” procedure it minimizes the 
number of stages involved and is usually only limited by the need for one of 
the dipyrrolic intermediates to be symmetrical (to avoid the formation of more 
than one porphyrin). 

Progress in the synthesis of chlorophylls and bacteriochlorophylls (di- and 
tetra-hydro porphyrins) has been relatively slow, but the recent isolation of new 
reduced porphyrins, such as the physiologically active marine pigment bonellin” 
and sirohydrochl~rin’~ (an intermediate in vitamin B 12 biosynthesis) is likely 
to stimulate attempts to synthesize these compounds directly from partially re- 
duced open chain precursors rather than by reduction of preformed porphy- 
rins (see Section 11). Considerable progress has already been made in the de- 
velopment of new methods for synthesizing the partially reduced bile pigments 
(Section 9). 
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4. PYRROLES 

A. Ring Synthesis 

Methods for synthesizing pyrroles have been extensively reviewed r e ~ e n t l y ~ * ~ , ' ~  
both in connection with their preparation from acyclic precursors and by mod- 
ification of the side chains of preformed pyrroles. The Knorr synthesis and its 
variations are still the most widely used procedures for preparing pyrroles with 
the appropriate side chains required for the synthesis of naturally occumng 
porphyrins. 

Symmetrical 3,4-di-alkylpyrroles (2) may be prepared by heating aliphatic 
(or aromatic) azines (1) in the presence of nickel or cobalt  chloride^.'^ Unsym- 
metrical 3,4-disubstituted pyrroles (e.g., 5) are available by a versatile new 
routeI5 involving 1,3-dipolar addition of p-toluene sulfonylmethylisocyannide (3) 
to suitably activated alkanes, for example, 4. Improvements in the synthesis of 
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precursors for Knorr syntheses leading to 3,4-dialkylpyrroles have also been 
described-for example, boron trifluoride catalyzed condensation of 2-pentanone 
with acetic anhydride led to the 1,3-diketone 6, which on condensation with 
diethyl oximino malonate gave exclusively the pyrrole 7 (uncontaminated by 
isomeric products). 

B. Introduction and Modifications of Pyrrole Side Chains 

2,4-Disubstituted pyrroles lacking substituents at the 3- and 5-positions are often 
required in porphyrin synthesis, and these can now be prepared from pyrrole 
itself. Thus, trichloroacetylation or trifluoroacetylation of pyrrole affords the 2- 
trihaloacetylpyrrole 8, which can be converted into the corresponding esters 9,16 
carboxylic acids,17 or amides. The amides have been acetylated, or formylated, 
at the 4-position ~pecifically,~~ and the resulting acyl pyrroles (10) have been 
reduced to the alkyl pyrroles (11). This general procedure has now been 
improvedz0*’ * by direct Friedel-Crafts formylation of the trichloroacetylpyrrole 
(8a) with dichloromethyl methyl ether (aluminium chloride) to the diacylpyrroles 
(12) followed by transformation of the trichloroacetyl group to the carboxylic 
acid, ester, or amide. In a similar fashion, 2-cyanopyrrole has also been acetylated 
at the 4-position, and in some instances the 2-cyano group was converted into 
the corresponding 2-aldehyde; removal of the latter then gave 3-monosubstituted 
pynoles in good yield.z2 

Cyclic (pyrrole) acetals derived from 2,2-dimethylpropanediol have recently 
been used successfully in protection of the aldehyde group and in some base 
catalyzed  reaction^,^^ and the parent acetal (13) and some derivatives have now 
been ~repared.’~ A useful new formylation procedure involves treatment of 
appropriate pyrroles with triethylorthoformate and trifluoroacetic acid.25 

C. Porphobilinogen 

In further studiesz6 of the synthesis of porphobilinogen and isoporphobilinogen, 
a-free pyrroles (prepared by Knorr type syntheses) were aminomethylated by 
the Tscherniak-Einhorn reaction, for example, treatment with N-hydroxy- 
methylchloroacetamide in hot ethanolic hydrogen chloride. The resulting chloro- 
acetylamino derivatives (14) could be reduced catalytically to the acetylamino- 
methyl pyrroles (15). In related studies an acetylaminomethyl pyrrole (16b) was 
also preparedz6 by treatment of 2,4-dimethylpyrrole with acetyl thiocyanate fol- 
lowed by Raney nickel reduction of the intermediate acetyl thiocarbamide (16a). 

An effective new routez7 to porphobilinogen (19) involves as a key step the 
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thallium (111) nitrate oxidative rearrangement of the acetyl pyrrole (17) (prepared 
by a Knorr type synthesis) to the corresponding methoxycarbonyl methyl pyrrole 
(18); this route has been adapted to the synthesis of 14C-labeled material by using 
a labeled acetyl group. It also provides a useful alternative general method for 
introducing acetic acid side chains into pyrroles. 

13C-labeled porphobilinogen, required for biosynthetic studies,28 has been 
prepared via reductive C-methylation using 13C-formaldehyde (derived from I3C- 
methanol). Further syntheses of 2-aminomethyl pyrroles and related lactams have 
been described,29 utilizing the azaindole route, and this method has also been 
adapted to the preparation of porphobilinogen labeled with 14C in the propionic 
acid side chain.30 

An entirely new approach to porphobilinogen synthesis has been described 
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by Evans and co-workers3’ and is shown in Scheme 1; improvements in the 
synthesis of one of the intermediates have also been reported.32 Although the 
method is fairly specific it is clearly capable of adaptation for the preparation 
of certain types of intermediates for porphyrin synthesis. 

5. DI-, TRI-, AND TETRAPYRROLIC COMPOUNDS 

A significant improvement in the synthesis of unsymmetrical pyrromethanes in 
good yields involves the coupling of 2-acetoxymethyl pyrroles with 2-unsubsti- 
tuted pyrroles in methanol containing a catalytic amount of toluene-p-sulfonic 
acid.3J More recently the use of tin(1V) chloride has been describedJ4 as a catalyst 
for similar reactions, and this is likely to be of particular utility with less reactive 
pyrroles. A variety of aminomethyl pyrromethanes, and the related cyclic lac- 
tams, have been prepared by standard routes for use in biosynthetic studies.35 

The use of thioacetals as protecting groups for formyl pyrroles has enabled 
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certain otherwise inaccessible pyrromethanes to be prepared.36 Similarly, 
MacDonald and co-workers have utilized Girard derivatives of formyl pyrroles 
to synthesize certain di-, tri-, and tetrapyrroles for biosynthetic studies; 37 recent 
studies in Cardiff, however, have shown that protection of formyl groups is not 
essential in pyrromethane s y n t h e s i ~ . ~ ~  

Bromination of appropriate 5-acetoxymethyl pyrrole-2-carboxylic acids in 
ethanol-free chloroform at 6 10' affords previously inaccessible 5-bromo-5'- 
bromomethylpyrr~methanes~~ with alternating acetic acid (or methyl) and pro- 
pionic acid side chains useful for copro- and uroporphyrin syntheses. 

Several new tripyrrenes (and biladienes) have been d e ~ c r i b e d ~ , ~ '  by conden- 
sation of symmetrical pyrromethanes with one mole (or two) of a 2-formyl-5- 
methyl pyrrole. Tripynenes may be prepared either by reduction of tr ipyrrene~~~ 
or by coupling of aminomethyl pyrroles with pyrr~methanes.~~ Several syntheses 
of acetate and propionate bearing a-amino-methylbilanes and tripyrranes, of 
interest in relation to uroporphyrinogen biosynthesis, can also now be prepared 
by rational r o ~ t e ~ ~ ~ + ~ ~ * ~ ~ - ~ ~  usually involving reduction of intermediate b-bilenes 
and protection of the aminomethyl group as a cyclic lactam. Four 1-methylbilanes 
(labeled with 14C in the methyl groups) have been synthesized in a similar manner 
and found (as expected) not to be incorporated into vitamin B12.* All these new 
aminomethyl-, -tripyrranes, and -bilanes are relatively unstable compounds as 
they do not contain any stabilizing groups and must be handled with care, so 
that although vital for biosynthetic studies they are probably less useful at present 
as synthetic intermediates. 
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6. PORPHYRINS FROM MONO- AND DIPYRROLIC PRECURSORS 

A. From Monopyrroles 

As indicated in our earlier article, the direct polymerization of monopynoles to 
porphyrins is of little synthetic value as far as the unsymmetrical natural pigments 
are concerned. However, this might provide a feasible approach at lqast to the 
copro- and uroporphyrins if sufficiently sophisticated methods could be developed 
for their chromatographic separation on a preparative basis. This has already 
been achieved analytically by high performance liquid chromatography ( h p l ~ ) . ~ ~  

B. From Pyrromethanes 

A large number of new syntheses of porphyrins from pyrromethanes have been 
reported in recent years by the MacDonald method.d As mentioned previously, 
this is generally limited by the need for one of the pyrromethanes (the diformyl 
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component, or the di-a-free pyrromethane or its aa’-dicarboxylic analog) to be 
symmetrical or otherwise two or more porphyrins may be formed. Notable 
examples of the use of this method have included syntheses of deuteriated 
 derivative^^^ of protoporphyrin IX (20a) required for nmr studies of haem pro- 
teins, diacetyl deuteroporphyrin IX (20b),49 coproporphyrin 111 ( 2 0 ~ ) ~ ’  [ a , y -  
’4c~luroporphyrin III (21a),5’ hardempotphyrin (20d)52 ester, the “S41l”potphyrin 
(the 2-acrylic acid analog of coproporphyrin 111) (20e),53 isochlorocruoropor- 
phyrin (20fp4 isopernptoporphyrin (20g),54 protoporphyrin XIII,” a range of 
hepta, hexa, and pentacarboxylic porphyrins (21b)56 related to biosynthetic in- 
termediates between uroporphynnogen 111 and coproporphyrinogen 111, and a 
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benzoporphyrin (22)57 related to a petroporphyrin. Useful practical improvements 
in many of the foregoing syntheses involve the use of pyrromethane a,a’- 
dicarboxylic acids (rather than the a,a’ -unsubstituted pyrromethanes), carrying 
out the condensations in the presence of p-toluene sulfonic acid, and then adding 
zinc acetate before aeration and oxidation to porph~rin.~’ 

In an extension58 of the MacDonald synthesis, an unsymmetrical pyrromethane 
bearing an electron withdrawing carboxylic substituent has been coupled with 
the a,a’-diformyl analog. MacDonald found that the two porphyrins produced 
(one having negative groups on adjacent rings, the other on opposite rings) could 
be separated easily by crystallization, as they did not form mixed crystals, (a 
problem often bedeviling researchers working with mixtures of porphyrins). 

A further extension of the MacDonald method is to condense two a-free-a’- 
formylpyrromethanes (or the corresponding a’arboxylic acids) together under 
mildly acidic  condition^.^^ Self-condensation may afford type I porphyrins, for 
example (cf. Scheme 2), whereas if two different pyrromethanes are used mix- 
tures of porphyrins result. However, with the advent of hplc methods, these can 
be easily separated if the synthesis can be designed in such a way that the 
porphyrins produced have different numbers of ester side chains. A range of 
porphyrins related to copro- and uroporphyrins I and III have now been synthesized39 
in this way, including the type I hexacarboxylic porphyrin (23) and phyriapor- 
phyrin (2lc) (cf. Scheme 2), thus providing a more rapid route for their synthesis 
than via open chain tetrapyrroles, 

C. From Pyrromethenes 

Improved yields of coproporphyrin I and aetioporphyrin I have been obtained 
in Fischer-type syntheses by heating the appropriate pyrromethene perbromide 
(or the hydrobromide with one equivalent of bromine) in formic acid59; in a 
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similar manner 5,s 'dirnethylpyrromethenes and S ,S'dibromopyrromethenes have 
been converted by bromine in boiling formic acid to other, less symmetrical 
porphyrins in good yields.d0 

D. From Pyrroketones 

Clezy's modification of the MacDonald synthesis using a 5 ,S'-diformyl-pyrro- 
ketone instead of a diformyl-pyrromethane has been extended to the synthesis 
of the a-oxy-derivative of mesoporphyrin IX6' and to the y-oxy-derivative of 
protoporphyrin IX6* (Scheme 3). The iron complex of the latter undergoes ox- 
idative ring opening in pyridine solution to form biliverdin IX-y ( 2 9 ,  the parent 
compound of a series of three green pigments found in certain types of butterflies 
and  caterpillar^^^; this provides a model for their probable mode of biosynthesis. 
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7. PORPHYRIN SYNTHESIS FROM OPEN-CHAIN TETRAPYRROLIC 
INTERMEDIATES 

A. From a,c-Biladienes and b-Bilenes 

Many further applications of the a, c-biladiene route have now appeared; salient 
examples include the synthesis of [P,y, and 6-13C-] protoporphyrin IX (20a)64 
isocoproporphyrin (26),65 meso-substituted porphyrins,66 protoporphyrins 
IX,68 and and pemptoporphyrin (20h). The 13C-protoporphyrin was pre- 
pared by cyclization of an a,c-biladiene with '3C-formaldehyde,64 and the meso- 
substituted porphyrin was prepared by condensation of nickel ac-biladienes with 
aldehydes.% Further improvements in the copper salt catalyzed cyclization of 
the ac-biladienes and b-bilenes have been reported69 and subsequently utilized 
in many of these syntheses; this enables even tetrapyrroles with electronegative 
groups in the terminal rings to be cyclized to porphyrins of otherwise difficult 
accessibility. An acrylic ester substituted porphyrin has also been prepared70 
directly from an acrylic pyrrole by the ac-biladiene route and copper catalyzed 
cyclization (hitherto these had been prepared by Knovenagel type condensations 
of formyl porphyrins). 

Perhaps the most important new development in the ac-biladiene route has 
been the synthesis of discrete unsymmetrical tripyrrene  intermediate^.^^ Russian 
workers had shown7' that a,a '-disubstituted pyrromethanes could be condensed 
successively with one and two formyl pyrrole units to form first a tripyrrene and 
then a symmetrical ac-biladiene, which could be cyclized to porphyrin. The 
Liverpool group,65 however, showed that by use of unsymmetrical differentially 
protected pyrromethane diesters, condensation could be effected with two dif- 
ferent formyl pyrroles to yield first tripyrrenes and then unsymmetrical ac-bi- 
ladienes. Cyclization of the latter afforded unsymmetrically substituted por- 
phyrins. This procedure represents the first truly stepwise rational porphyrin 
synthesis, as exemplified by the synthesis of isocoproporphyin (26) (cf. Scheme 
4). 

The original b-bilene route has now been modified, and the cyclization of 
bilenes with terminal methyl groups can be effected by treatment with copper 
acetate and pyridine (as in the ac-biladiene route). Examples of the use of the 
b-bilene method include pemptoporphyrin mesoporphyrins 111 and IX,73 
an isomer of coproporphyrin 11174 [shown not to be identical with isocopropor- 
phyrin (26)], the methyl esters of magnesium-free chlorophylls -cI and -c275 
(27), chlorocruoroporphyrin (20i),76 harderoporphyrin (20d),77 $41 1 porphyrin 
(20e),77 and isocoproporphyrin (25).78 The monohydroxyethyl and monoethyl 
analogs of protoporphyrin IX have also been synthe~ized~~ by the b-bilene method 
via appropriate precursors bearing acetoxyethyl, acetyl, and ethyl side chains; 
the acetoxyethyl groups were converted into vinyl groups by methods described 
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previously, and the acetyl groups were reduced with borohydride to hydroxyethyl 
groups. Limitations to the b-bilene route caused by electron withdrawing sub- 
stituents have also been discussed." 

Perhaps the most striking example of the 6-bilene route in recent years has 
been its use in the synthesis of porphyrin-a (31) and its hexa-hydro analog. The 
key intermediate*' was the formyl porphyrin ester (28) (Scheme 5 ) ,  which was 
converted to the corresponding acid chloride and used to acylate the magnesium 

( 2 7 )  a )  R =  Et , chlorophyll- c ,  

b) R = CH=CH2 chlorophyll-s2 

M I  

C02H 
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enolate (29) prepared from trans-rruns-farnesyl bromide and malonic ester. De- 
methylation and decarboxylation of the resulting p-keto ester with lithium iodide 
then gave the corresponding ketone (30), which was reduced with borohydride 
to the alcohol (the 8-formyl group being protected as an acetal). Hydrolysis of 
the acetal and re-esterification then gave (RS)-porphyrin-a-dimethyl ester (31),’* 
identical with the natural product by uv, nmr, and hplc. A closely isomeric 
porphyrin was also synthesized and shown to be easily distinguishable chro- 
matographically and spectroscopically from porphyrin-a dimethyl ester. 

An interesting alternative synthesis of the benzoporphyrin (22) described 
above has also been accomplished by the b-bilene route,” utilizing the conden- 
sation of a pyrromethane imine salt with a formyl pymomethane containing a 
fused cyclohexanone ring. The use of the imine salt is reminiscent of Rapoport’s 
synthesis of deoxophylloerythroaetio porphyrin described earlier,’ but in this 
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instance cyclization of the terminal-substituted methyl and iminomethyl bilene 
was effected by copper acetate, and the resulting porphyrin was subsequently 
converted into the desired benzoporphyrin (22). 

B. From Oxobilanes 

Coproporphyrins 111 (2Oc) and IV have been synthesized by the a-oxobilane 
route.83 A range of other porphyrins have also been synthesized by the b-0x0- 
bilane route including protoporphyrin-I,84 pempt~porphyrin,~~ isopemptopor- 
~hyrin,’~ chlorocru~roporphyrin,~~ rhod~porphyrin,’~ and deuteriomethyl pro- 
toporphyrin IX48 (required for nmr studies of haemoproteins), $41 1 p~rphyrin,’~ 
harder~porphyrin,~~ and hepta-, hexa-, and pentacarboxylic porphyr in~~~ related 
to uroporphyrins 111 and I. 

Recently, isocoproporphyrin and its dehydro analog have also been prepared 
by the b-oxobilane route,86 and the corresponding porphyrinogens were shown 
to be metabolized by chicken haemolysates to dihydroprotoporphyrin IX and 
protoporphyrin IX, respec t i~e ly .~~ 

C. Modification of Porphyrin Side Chains 

Several procedures required for the preparation of porphyrins with labile side 
chains have already been referred to above or in the earlier article, for example, 
the conversion of acetoxyethyl or aminoethyl groups (introduced at the pyrrole 
stage) into vinyl groups. The preparation of porphyrin p-keto esters has now 
been improvedss by the use of imidazolides (rather than acid chlorides) in con- 
densations with magnesium methyl hydrogen malonate. The porphyrin acyl im- 
idazolides have also been converted into acrylic esterss9 by the sequence poco- 
imidazole --f -CHzOH + CHO + CH=CHC02Me. Alternatively the 
porphyrin ketoesters may be reduced with borohydride to hydroxyesters and 
dehydrated to acrylic esters.77 

A useful synthesis of coproporphyrin 111 and related compounds has now been 
achieved by modificationg0 of protoporphyrin IX; the key reaction in this process 
is the terminal oxidation of the vinyl residues by thallium(I1I) trifluoroacetate 
(Scheme 6); this has now been utilized for the preparation of a specifically I4C- 
labeled coproporphyrin 111 required for biosynthetic studies.” Further adaptation 
of this process has allowed the preparation of a range of other intermediates and 
analogsg2 between copro- and protoporphyrin, including hardero-, pempto-, and 
chlorocruoroporphyrin and their isomers, as well as dihydropr~toporphyrin.~~ 

Oxidation of protoporphyrin IX dimethyl ester with pe~manganate~~ affords 
a mixture of the corresponding 2,4-diformyl derivative, chlorocruoro (20i), and 
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isochlorocruoro (200 porphyrins. Dipolar addition of p-nitrophenylazide to the 
vinyl groups of protoporphyrin followed by loss of diazomethane also affords 
the same three porphyrins in good overall yield94 (no by-products being formed), 
and this provides an excellent route for their preparation as they can be readily 
separated by preparative hplc . 

The oxidative ring closure of a magnesium complex of porphyrin P-ketoesters 
(32a) onto the neighboring rneso-position by iodine in methanol affords a meth- 
oxy phaeoporphyrin ester (33a) and provides a model for the biosynthesis of the 
isocyclic ring of ch lo r~phy l l .~~  A more efficient process was the use of thallium 
(III) trifluoroacetate as oxidizing agent, which led to the first formal total synthesis 
of phaeoporphyrin as dimethyl ester (33b) and its monovinyl analog 3 3 ~ ~ ~  

Meso-methyl porphyrins have been synthesized by rneso-formylation of me- 
talloporphyrins followed by reduction of the formyl residue in two stagese9' 

> 

(331 a )  R' = Et , R 2 =  OMe 

b) RI  = Et , R2 * H 

c) R ' = V  , R 2 = H  
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8. CHLORINS AND OTHER PARTIALLY REDUCED PORPHYRINS 

The plant chlorophylls have a trans-configuration in the D ring but it has recently 
been shown that phaeophobides with the unnatural cis-configuration may be 
prepared by photochemical reduction of zinc porphyrins 

Phaeophytins Q and b can now be prepared on a large scale by utilizing Girard 
T reagent and subsequent chromatography.w Preparative hplc is now also a very 
useful method for separation of both phaeophytins and phaeophorbides. loo Rho- 
doporphyrin XV and its vinyl analogs can now be prepared from phaeophytin 
a in good overall yield by an efficient new methodaw 

Magnesium has been introduced into both porphyrins and chlorins via mag- 
nesium alkoxides, but more recently magnesium pyridine complexes have been 
utilized. Also very effective is the use of an iodomagnesium phenolate (34). The 
latter was used as a mild procedure to introduce magnesium into bacteriophaeo- 
phytin a."' Other methods for introducing metals into chlorins have been de- 
scribed, including the use of magnesium acetate in acetone and dimethylsulf- 
oxide. Io2 

Et R 

(35) 0 )  R = M e  
b )  R = C H O  

(36) 

FH 3 

dOzMe 

( 3 7 )  R = M e , P r , i B u  
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Very recently the photochemical conversion of the chlorophyll a derivative, 
chlorin e6 trimethyl ester (35a), into the related rhodin g7 (35b) of the b-series 
in low yield in carbon tetrachloride has been repd by Jurgens and Br~ckmann'~~;  
this is thought to be due to photochlorination of the 3-methyl group. A partial 
synthesis of a bacteriophaeophorbide c (36) (related to chilorobium chlorophyll 
660) has also been described by the same group, starting from chlorin e6 trimethyl 
ester (35a) and introducing the S-meso-methyl group via meso-formylation fol- 
lowed by reduction. 

9. BILE PIGMENTS 

As we mentioned in our earlier article, most natural bile pigments probably arise 
in nature by oxidative ring opening of haem at the a-position. The precise 
mechanism of this process is still obscure, although there is strong circumstantial 
evidence that the first intermediate is the a-meso-hydroxy heme, which subse- 
quently undergoes cleavage by molecular oxygen to form biliverdin IXa. Ex- 
ceptions to this general rule are biliverdin IXy (25) and other related pigments 
found in certain types of butterflies, probably formed by oxidative ring opening 
of y-oxyhaem (cf. Scheme 3 above). 

Oxidative ring opening of unsymmetrical porphyrin metal complexes (e.g., 
haem) usually affords mixtures of bile pigments, and so it is not of preparative 
usefulness. However, the Buenos Aires group'04 has recently shown that in 
contrast 60 haem itself, the isomeric but more symmetrical iron complexes of 
protoporphyrins I11 and XI11 undergo oxidative ring opening specifically at the 
a-position. Certain chlorophyll derivatives also undergo photooxidation specif- 
ically at the 6-meso-position-because of the higher reactivity of this position 
to electrophilic attack-to form dihydro-analogs of the bile pigments, for ex- 
ample, 37.1°5*'" 

A useful reagent for oxidation of porphyrins (and chlorins) to meso-oxygenated 
derivatives is thallium trifluor~acetate,'~~ which is more efficient than reagents 
previously used (cf. Ref. l ) ,  but again, mixtures of products are formed with 
unsymmetrical porphyrins. Chlorins, however, are attacked at the meso-position 
adjacent to the reduced ring, and the products on hydrolysis undergo oxidative 
ring opening. lo' 

For the systematic synthesis of naturally occurring bile pigments, the most 
versatile method is still the stepwise coupling of pyrrole-or partially reduced 
analogs-to form dipyrrolic units, cf,lo* which can be coupled together. 14C- 
labeled bilirubin IXa (a), for example, has now been synthesizedlW by con- 
densation of an a-unsubstituted oxopyrromethene (38) with an oxopyrromethene 
Mannich base (39); the label was incorporated in the dimethylaminomethyl res- 
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idue of the latter via a Vilsmeier type formylation with ''C-dimethylformamide 
(Scheme 7). 

Total synthesis of several of the reduced bile pigments have been described 
during the past few years, including phycocyanobilin ( 4 1 ) , " O  mesobilirhodin 
(42),"' analogs of mesourobilin,"* and phycoerythrobilin dimethyl ester (43). '13  
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The overall strategy has been similar to that adopted in previous bile pigment 
syntheses, but a number of novel procedures have been devised by Gossauer’s 
group, who have made the major contributions in this area (cf. Refs. 110-1 13). 

In the phycocyanobilin syntheses, for example, one of the two oxopyrro- 
methenes (46) required was prepared by a “sulfur contraction” route between a 
thiosuccinimide (44) and an a-bromomethyl pyrrole ester derivative (45a) or the 
corresponding phosphorous ylid (45b) (Scheme 8). Coupling of this oxopyrro- 
methene (46) with the formyl oxopyrromethene (47) then gave phycocyanobilin 
dimethyl ester (41). 

In another procedure a diazoketone (48) (derived from the corresponding acid 
chloride by treatment with diazomethane) was coupled with an a-free pyrrole 
(49) to give an adduct (50) that was subsequently cyclized with ammonium 
acetate to give the oxopyrromethene (51) required for bile pigment synthesis. 

An interesting stereoselective synthesis of two new bile  pigment^"^" (phy- 
coerythrobilins) utilized the coupling of the optically active formyl oxopyrro- 
methene (52) with the racemic oxopyrromethene (53) under acidic conditions; 
the mixture of diastereoisomeric reaction products was separated chromatograph- 

Et 

Me 
CHO 

( 4 7 )  

- > (41) 

(46)  

Scheme 8 
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EtO n i H N 2  
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Me 
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(53)  

0 1  R s  COz a-methyl fenchyl  

b )  R s  CHO 

ically to give ( + )-(a, 16R) - and ( - )-(2S, 16R)-phycoerythrobilin dimethyl 
ester (43). The optically active 52b was prepared through the related fenchyl 
ester 52a (which behaves as chemically equivalent to a t-butyl ester group). The 
absolute configuration of the phycoerythrobilins was inferred from the use of 
the same optically active intermediate in synthesis of an optically active urobilin, 
and by oxidative degradations to optically active products. From the results it 
was deduced that the chromophore of the native chromoprotein has the R-con- 
figuration at both C-2 and C-16. 

Racemic phycoerythrobilin dimethyl ester (cf. 43) was prepared1136 from the 
thioacetal 54 via 52b and the oxopyrromethene 53; this gave a mixture of two 
racemic bile pigments, one of which, after chromatographic separation, was 
shown to be identical with phycoerythrobilin dimethyl ester obtained from R- 
phycoerythrin by treatment with boiling methanol (Scheme 9). 

Isomerically pure biliverdin can be prepared from pure bilirubin Ma by 
oxidation with ~hloranil"~; acidic reagents cause some isomerization with for- 
mation of the Ill and XI11 isomers. A variety of synthetic ind spectroscopic 
studies have been carried out by the Vienna group on model systems"5 related 
to the reduced bile pigments, in connection with studies of the conformation and 
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photochemical isomerization of the pigments when associated with protein in 
vivo . 

10. PRODIGIOSINS AND RELATED COMPOUNDS 

Full details of the synthesis of metacycloprodigiosin (described in our original 
article’ have now appeared.l16 Some 5-aryl-2,2’-pyrromethene analogs of 
prodigiosin’ ” and a phenyl analog of metacycloprodigiosin have also been pre- 
pared. 11w19 0-alkylation of 3-hydroxypyrroles and 3-hydroxy pyrromethenones 
can be effected by triethyloxonium tetrafluoroborate, whereas other alkylating 
reagents attack nitrogen; this was a key factor in the synthesis of a pyrromethane 
analog of metacycloprodigiosin. ’ l S b  

11. CORRINS AND VITAMIN Biz 

As mentioned in our earlier article,’ the total synthesis of vitamin B12 (55) has 
been completed following two convergent approaches. The first of these, termed 
the “Woodward-Eschenmoser Approach,”l involved construction of the comn 
macrocycle (56) using classical chemistry in a joint approach by the Harvard 
and ETH Zurich groups.120 In a quite separate endeavor,12’ the Swiss workers 
fashioned the corrin (56) by the “new road,” involving an orbital-symmetry- 
allowed photocyclization of a seco-corrin. 

In the time since the leaders of the Swiss and American groups described 
their successful syntheses, there has nevertheless been a great deal of progress, 
particularly with regard to developing an understanding of the characteristics of 
Eschenmoser’s novel photocyclization, and in fabrication of model corrins by 
the isoxazole approach. 
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(!OYH \ 
M+ \ 

A. The Isoxazole Approach to Corrins 

In our earlier review’ we outlined a synthetic approach to comns, devised by 
Cornforth, in which it was proposed to transform a model triisoxazole into a 
comn. StevenslZ2 had conceived, quite independently, a similar approach that 
has been strikingly successful. Following Stevens’ route, the isoxazole rings 
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were synthesized by one of the three routes outlined in Scheme 10, whereby 
primary nitrocompounds were transformed into nitrile oxides by dehydration 
with either phosphoryl chloride or phenyl isocyanate, or else the same oxides 
were formed by dehydrogenation with lead tetraacetate (syn) or N-bromosuc- 
cinimide (syn and anti). The unstable nitrile oxides were then reacted in situ 
with an appropriately substituted alkyne to give the isoxazole (57). 

The metal-free comn nucleus can nominally be synthesized by stepwise con- 
nection of isoxazole nuclei in either a clockwise or counterclockwise direction, 
Scheme 11. Depending on the mode of construction, the isomeric triisoxazoles 
58 and 59 could be synthesized. At present most information is available for the 
counterclockwise approach to 59, and since the basic principles for each case 
are very similar, only this route will be outlined.'22 

The Total Synthesis of Pyrrole Pigments 1973-1980 

I' clockwise 'I I' counterclockwise 'I 

Scheme 11 
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The nitroester (60) was transformed into its nitrile oxide (Scheme 10) in the 
presence of the alkyne (61) to give the isoxazole (62). Treatment with acid gave 
the corresponding aldehyde, which was converted into the oxime (63) using 
hydroxylamine hydrochloride. Dehydrogenation (Scheme 10) and cyclo-addition 
with a second mole of the alkyne (61) afforded the bisisoxazole (64). Repetition 
of this same sequence of operations next gave the triisoxazole (65) in an overall 
yield of 40% through a sequence that was applicable to large-scale synthesis. 
The ketone carbonyl in compound (65) was protected as its ethylene ketal and 
the ester was reduced with lithium aluminum hydride to give the alcohol (66), 
which was transformed into the tosylate (67) in the usual way. Isoxazoles can 

n 

N-0 

<- 

-> 

OH 

(63) 

Me 

(65) (66)  R =  H 
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0-N 

y \ -> -> 
N+ 

- 
Scheme 12 

be converted into P-enamino-ketones (Scheme 12) by catalytic hydrogenation, 
and the whole principle upon which the isoxazole approach was developed by 
Cornforth and Stevens depended upon the fact that (Scheme 12) if two or more 
isoxazoles in close proximity to each other are opened then they will cyclize in 
the reverse sense to afford pynolenine rings. Thus, catalytic hydrogenation of 
the triisoxazole (67) and recyclization with triethylamine gave a tricyclic ligand, 
which was chelated with nickel perchlorate to give 68. The fourth nitrogen atom 
was introduced by treatment of 68 with ammonium acetate in methanol to afford 
69. With an excess of cyanide, compound 69 was demetalated and then recom- 
plexed with zinc ions to give 70. The reason for this metal exchange was twofold. 
First, zinc(I1) comns can be demetalated relatively easily (compared with nickel 
comns), but second and more important, Eschenmoser’s photochemical cycli- 
zation of seco-comn complexes does not proceed with nickel chelates, whereas 
it affords comns from zinc(I1) seco-corrins in virtually quantitative yield. 123 

Dehydration of 70 gave the complex 71, which smoothly cyclized to give the 
truns conin 72 by way of a photochemically allowed antarafacial (1,16)-sig- 
matropic shift of a hydrogen from ring D to the methylene carbon of Ring A; 
the product of this would be the system (73) which would then undergo a 
thermally allowed antarafacial 1,15-((r - IT) electrocyclic ring closure to 72. 

V 

<- 
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(731  

B. Recent Studies on the Cyclization of Seco-corrins 

Fueled by the possibility that nature might use a procedure like seco-comn 
cyclization for the biosynthesis of vitamin €3 Eschenm~serl~~ and his colleagues 
have carried out extensive studies of seco-conin chemistry since the completion 
of the total syntheses for which the procedure of photocyclization was elegantly 
conceived and executed. Previous work had shownlt3 that photocyclization of 
the chelate 74 proceeds with M = Li, MgCl, ZnC1, CdCl, Pd+, or Pt+, but 
not with M = H, Cu+, Ni+,  CO(CN)~, or MnCl. Moreover, the 19,lg-dideu- 
tenum analog of 74 (M = Pd) cyclizes slower than 74 (M = Pd) and one deuterium 
migrates to the methylene carbon, Finally, the cyclization of the zinc and cad- 
mium analogs of 74 is strongly sensitized by the cyclization product, but oxygen 

Me” Me$ H2C ‘ ‘ N- Visible Light , MY;@ Me* ’ N. HN- 

H / \  H N /  \ 
H Me Me 

/ ‘‘Me / ‘Me 

N N 

(741 
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dN 

(75)  
94% 

CN 

( 7 6 )  

and specific triplet quenchers prevent the cyclization. Observations of these types 
led Eschenmoser and his colleagues to investigate the possibility of (electro- 
chemical) redox simulation of the photochemical seco-corrin cyclization. 123 

Electrochemical oxidation of the nickel seco-comn (75) in acetonitrile con- 
taining water gave the oxide (76) in a two-electron oxidation process; the oxygen 
atom was shown to come from water, but neither of the water protons were 
incorporated into the molecule. Instead, in the rate-determining step after initial 
one-electron oxidation, one of the hydrogens of the ring D methylene group 
migrates to the ring A methylene. The proposed mechanism’23 for formation of 
the seco-comn oxide (76) is shown in Scheme 13. A reversible dimerization of 

( 7 5 )  e 
H20 / -H 

V 

Scheme 13 
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the cation-radical seems to be implicated by additional cyclic voltammetric evi- 
dence. The same seco-corrin oxide was also formed by oxidizing with trisphen- 
anthrolineiron(II1) perchlorate = 0.99 V) in place of electrolysis. Unfor- 
tunately, the oxide (76) proved to be inert towards acid catalyzed ring opening 
for transformation into a nickel-comn, though it can be thermolyzed to yield 
the novel D-pyrrolocomn salt (77) in 55% yield. 

Electrolysis of the nickel(I1) seco-comn (75) under strictly anhydrous con- 
ditions gave the comn complex (78), thereby demonstrating that the electro- 
chemical simulation of the photocyclization is feasible; moreover, the nickel(I1) 
seco-comn could nor be cyclized photochemically! (See Section 11A.) 

In a variant of the sulfide contraction method,I2' Eschenmoser and his col- 

2.5:: 
-> -> 

NcM2;: H 

HN 

0 

Scheme 14 
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12. Ph- p h - p - N H *  
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+ Thiolaclam 
derivative of (801 > 

Me. ,.Me 

leagues have also completed a synthesis of a A"-dehydro-A/D-seco-comn, which 
has been successfully cyclized to give a comn. lZ5 If iodomethylene pyrrolidones 
are used (Scheme 14) with thiopyrrolidones in the presence of strong base, then 
the thiolactam sulfur displaces the vinylic iodine to give125 the species 79, which 
can be cleanly contracted to give a semiconin (80) by heating in triethyl phos- 
phite. Scheme 15 outlines the route to a A1a-dehydro-A/D-seco-corrin (81) using 
this new approach, with the added novelty that trans-2,3-diphenyl- l-aminoazir- 
idine was used to achieve reduction of the lactam in ring D.125 Irradiation of the 
cadmium complex (82) in methanol led to elimination of nitrogen and stilbene, 
to give the 19-methoxy- 1,19-seco-corrin nickel(I1) complex (81). Electrochem- 
ical reduction in acetonitrile/trifluoroacetic acid gave the corrin complex (83), 
together with 20% yield of a dimer.'23*125 

1 -0xo-A/D-seco-comn complexes (84) (Scheme 16) can also be synthesized 
by way of the new sulfide contraction p r o c e d ~ r e , ' ~ ~ * ' ~ ~  and irradiation provides 
1-hydroxycorrin complexes (85). Thus, it was demonstrated that a carbonyl group 
can replace the carbon-to-carbon double bond in the photochemical cyclization. 

19-Carboxy derivatives of seco-corrin metal complexes can be synthesized 
as shown in Scheme 17.Iz7 Using the nickel(I1) complex (86), treatment with 
acetic acidtriethylamine in toluene at 110" gave a 56% yield of the nickel comn 
(87), along with about 20% of the decarboxylated uncyclized material (88). This 
latter observation suggested that the ring closure step precedes decarboxylation; 
in accord with this it was ~ h o ~ n ~ ~ ~ , ~ ~ ~  that the intermediate nickel 19-carboxy- 
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Scheme 17 

comn 89 (synthe'sized by photochemial cyclization of the corresponding cadmium 
complex), decarboxylates under extremely mild conditions (Scheme 18). 

In the presence of acetic acid and triethylamine, nickel 19-formyl-1-methyl- 
idene seco-corrins (90) cyclize smoothly127 to afford the corresponding 19-formyl 
derivatives (91) (Scheme 19), and the formyl group can be efficiently removed 
in base to give the comn (87). This type of reaction sequence in which a carbon 
unit is lost may have some significance in the biosynthesis of vitamin BIZ because 
the interpyrrolic carbon linking rings C and D of uroporphyrinogen 111 has been 
shown nor to be the same carbon attached as a methyl group to position 1 of 
vitamin B I z .  The intermediacy of sirohydrochlorins in vitamin BIZ biosynthesis 
will be discussed in the next section. 

C. Syntheses of Isobacteriochlorins 

In 1973, the iron complex of sirohydrochlorin (92) was isolated from Escherichia 
coli, where it serves as a cofactor for sulfite reductase.12* Siroheme (93) also 
catalyzes the six electron reduction of nitrite to ammonia in nitrite reductase 
systems. Perhaps most remarkably of all, not only has sirohydrochlorin (92) 
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been shown to be important in the biosynthesis of vitamin B12,129 but 20-meth- 
ylsirohydrochlorin (94) is also incorporated into vitamin B12 and has been isolated 
from vitamin B12-producing organisms. 130 

This interlocking series of physiologically important facts has led to very 
recent attempts at synthesis of the isobacteriochlorin system. Such tetrahydro- 
porphyrin systems can be obtained131 by reduction of hemins with sodium in 
isamyl alcohol, but this would hardly be said to be a rational synthesis. A total 
synthesis of a model compound (95) by the combined forces of the Eschenmoser 
and Battersby groups is outlined in Scheme 20.'32 The compound 96 was avail- 
able from earlier syntheses of comn systems by Eschenmoser's group, and this 
was treated with lithium rerr-butyl acetate to give 97. This was treated with the 
readily accessible' 5,5'-dibromopyrromethene hydrobromide (98) in the presence 
of palladium diacetate to give the palladium seco-corrin (99). The palladium 
was smoothly removed by treatment with sodium cyanide, and the product was 
treated with potassium rerr-butoxide and zinc ions to give 100. Using acid, the 
zinc and rerr-butyl ester were removed to give the required isobacteriochlorin 
(95). 132 One assumes that this same type of sequence is presently being employed 
in a total synthesis of sirohydrochlorin (92). 

Chang and F a j e P  have also recently completed a synthesis of a model 
isobacteriochlorin (101), although their approach will not be applicable to the 
natural product itself. The approach rests on Inhoffen's earlier syntheses of the 
bisgeminiketone ( 102)134 by treatment of octaethylporphyrin with hydrogen per- 
oxide in acid. This compound was then treated with methylithium to give the 
tertiary alcohol (103), which was subsequently reduced with HI/H3P02/Ac20 
and afforded the required isobacteriochlorin (101). 
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m-Alkoxyphenylpropionaldehyde, 38 
AkyI 3-amino-3,4-dideoxy-up-D~-rhreo- 

Alkyl 3,4-anhydro-~~-glycopyranosides, 
pentopyranosides, 194 

oxirane ring opening, 199 

Akyl 3,4-dideoxy-glyc-3-enopyranosides, cis- 
hydroxylation, 196 

epoxidation of, 198 
Alkynes, hydration to ketone with mercury (11) 

acetate, 91 
hydration to ketone, 96, 11  1 

P-D~-Allopyranoside, 175 
4-O-(a-~-Allopyranosyl)-D-glucose, 197 
Alnusenol, similarity of related triterpene DE 

ring synthesis, 124 
Alnusenone, total synthesis, 86, 109, 112, 

113 
a-D- and a-~-Altropyranosyl-( f+3)-~- 

glucoses, 197 
Altrose, 154 
DL-Amicetose, 163 
L-Amicetose, 158 
Amidation, with piperidine, 86 
Aminocyclopentanepolyols, 22 1 
5-Amino-5-deoxy-~~-ido-hexopiperidonose, 

208 
2-Amino-2-deoxy-4,5-0-isopropylidene-~- 

xylonic acid, 203 
3 ,Amino-3,4-dideoxy-~-zylo-hexuronic acid 

(ezaminuroic acid), 195 
3,Amino-2,3,6-uideoxy-hexopyranosides, 2- 

amino-2,3,6-trideoxy, alkyl, 159 
3-Amino-2,3,6-trideoxy-DL-hexoses, 213 
3-Amino-3,4,6-trideoxy-~-xylo-hexonamide, 

165 
3-Amino-3,3,6-trideoxy-4,5-0-isopropylidene- 

DL-urubino- and -rib-hexonamides, 164 
3,4-Anhydro-DL-arabinose, 184 
1,6-Anhydro-2-brorno-2,3,4-trideoxy-~-~~- 

eryrhro-hexopyranose, 189 
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2,3-Anhydro-4-deoxy-~~-glycopyeanosides, 
194 

epoxidation of, 186 
2,3-Anhydro-6-deoxy-~~-hexopyranosides, 175 
2,3-Anhydro-6-deoxy-a-~L- 

2,3-Anhydro-6-deoxy-a-o~-taloside, 175 
4,5-Anhydro-3-dimethylamino-2,3,6-trideoxy- 

mannohexopyranoside, 175 

DL-~YXO- and -xylohexonoates, 164 
2,3-Anhydro-~~-erythtol, 2,3-anhydrO, 158 
Anodic oxidation, 45 
DL-Apiose, 148 
DL-Arabinitol, 161 
a-DL-Arabino, configuration by comparison 

D-Arabinose, 204 
DL-Arabinose, 153, 184 
Asymmetric cyclizations, amino acid 

4-Azido-2-hydroxy-tetra-hydropyran-6- 

with authentic samples, 174 

mediated, 4 

carboxylates, 170 

Bacteriochlorophylls, 239 
Bacteriophaeophytin-a, 253 
Bacteriophaeophorbide-c, 254 
Baeyer-Villiger oxidation, 24, 31 
Baker’s yeast, 158 
3-Benzamido-2,3,6-trideoxy-~-xyfo-hexose, 

Benzenes, trioxatris-6-hom0, synthesis of 

Benzo(c) 1,3-dihydrothiophene dioxide, 23 
Benzoporphyrin, 246, 250 
Benzoquinone epoxides, 216 
N-Benzoyl- I-0-methyl-oL-nojirimycin, 208 
3-O-(4-O-Benzyl-P-~-glucopyranosyl)- 1,2:5,6- 

di-O-isopropylidene-a-D-glucofumoses, 
I97 

di-O-isopropylidene-a.-Pglucofumoses, 
197 

202 

cyclitols, 218 

3-0-(4-0-Benzyl-P-~glucopyranosyl)- 1,2:5,6- 

Bicyclo(2,2,l)-heptane derivatives, 29 
Biladienes, 244 
a,c-Biladienes, 248 
Bilanes, a-amino-methyl, 244 
b-Bilenes, 244, 248 
Bile pigments, 238, 254 
Bilirubin-IXa, 254 
Bilirubin-IXa, 257 
Biliverdin, 257 

Biliverdin-IXy , 254 
Biliverdin-IX-y, 247 
Biological role of synthetic 

deoxyribooligonucleotides: 
inhibition of Rous Sarcoma virus, 79 
molecular structure, 79 
probe for gene, 78 
protein-DNA interaction, 78 
site-specific mutagenesis, 78 
tools in molecular cloning, 78 
uptake in Haemophilus cells, 79 

Biomimetic olefin cyclization, 38 
Biomimetic synthesis, of serratenediol by 

polyene cyclisation, 132 
polyolefin cyclisation, 102 

Birch reduction, 10 
Bisannulation reagent, 14, 16 
Bistrimethylsilylacetyylene, 25 
Bonellin, 239 
Boron trifluoride, 40 
Branched monosaccharides, 145 
5-Bromo-5-deoxy-~~-xylose, 152 
5-Bromo-5-deoxy-or-lyxose, 152 
2-Bromo-5-methoxybenzaldehyde, 17 
Brucine, 27 
lE,3-Butadienyl ethers, containing different 

2-Buten-1,4-diols, trans, cis, 158 
3-Butenyl iodide, 16 
(1S,2S,3S)- 1 -r-Butoxy-2-(2-iodoethyl)-2- 

methyl-3-vinylcyclopentane, 17 
r-Butylbromo-acetate, 33 
n-Butyl-lithium, 23 
Butyl 2-methoxy-5.6-dihydro-2H-pyran-6- 

carboxylate, 167 
r-Butyl(methy1 2,3-anhydro-4-deoxy-a- and p- 

DL-ribo-hexopyranosid) uronates, reaction 
with ammonia, 195 

t-Butyl(methy1 3,4-anhydro-a-oL-hexo- 
pyranosid)uronates, 199 

r-Butyl(methy1 3,4-dideoxy-~~-hex-3- 
enopyranosid)uronates, 196 

Butyl trans 2-hydroxy-6-oxo-4-hexenoate, 167 
2-Butyne-l,4-diol, 156 

Caesium fluoride, 33, 36 
3-Carbamoyl-4-[(~-~ribofuranosyl)methyl] 

pyrazole, 183 
Carbethoxycyclopropyltriphenyl 

tetrahoborate, 40 

sugar units, cycloaddition reactions, 188 



Index 283 

2-Carbomethoxycyclohept-4-enone, 3 1 
2-Carbomethoxy-3-vinylcyclopentanone, 3 1 
Carbonylation, Pelter procedure, 40 

ribofuranosylpyrazole, 178 
DL-3-(Carboxdd0)-4-P- 

Carboxymethylation, 124 
m-Cresol methyl ether, 27 

Chelotropic elimination, sulfur dioxide, 
nitrogen, carbon monoxide, 23 

Chemical synthesis, 54 

DL-Chalcox, 165 

modified phosphotrieser, 57 
phosphodiester, 55, 57 
phosphite-triester, polymer support, 59 

C l a i m  rearrangement, dimethylacetamide 

Chlorin-e6, trimethyl ester, 254 
ChloMs, oxidative ring opening, 254 
Chlorocruoroporphyrin, 248, 251 
I-Chloro-2,6-dimethyl-2(E),6-heptadiene, 45 
1 -Chloro- 1 ,4-hexadiene-3-one1 160 
m-Chloroperbenzoic acid, 36 
1 -Chloro-4-phenoxy-2-butene, 3 1 
Chlorophyll, 239, 253 

biosynthesis, 252 
photooxidation, meso-position, 254 

Chlorophyll-a, 254 

a-DL-Chmoside C, 186 
Cloning of synthetic genes, 71 

dimethylacetal, 40 

Chlorophylls-c, -CZ, 248 

involving synthetic cohesive ends, involving 

retrieval of gene, 77 
linkers, 74 

Cobalamin, 238 
Condensation, 143 

Condensation and phosphorylating reagents, 63 

Co-oligomerization, 25, 27 

Cope arrangement, 45 
Cope elimination, 40 
Cope rearrangement, 45 
Copper zinc alloy, 14 
Coproporphyrin-I, 246 

14C-labelled, 25 1 
isomer, 248 

route, 251 

minerals, catalytically active, 147 

final deblocking, side products, 66 

a,W-diacetylenes and monoacetylenes, 25 

Coproporphyrin-111, 245, 251 

Coproporphyrins-III . . .-IV, a-oxobilane 

Copro, proto-porphyrin, 25 1 
Copro-uroporphyrins I, 111, 246 
Corrin, 19-carboxy, nickel, 267 

isoxazole approach, 259, 260 
I-hydroxy, 266 

Conins, 258 
Crotoepoxide, 216 
Cucurbitanes, 92 
Cuprous iodide, 7 
Cyanodithioformate, condensation, with 1,3- 

butadiene or I-methoxy-l,3-butadiene, 
193 

I-Cyano-4-methoxybenyclobutene, 17 
Cycloartenol, stereochemical relationships of D 

Cyclopentadienyl-cobalt dicarbonyl, 25 
Cyclopentane 1,2,3- and 1,3,4-triols,l,2,3,4- 

tetraol and 1,2,3,4,5-pentaol, all-cis, 
220 

ring and side chain, 108 

Cyclopropanation, Simmons-Smith, 91 
Cyclopropane, diazo decomposition with Cu 

bronze, 108 
M g  opening, lidimethyl cuprate, 108 

Cyclopropyl, reduction w/ Li/NH,, angular 

a-DL-Cymaroside, 186 

Daunosamine, 159 

DL-Daunosamine, 3,4-di-N,O-acetyl, 

methylation, 91 

stereoisomers of, 164 

isopropyl, 160 
N-cyclohexylcarbonyl-4-deoxy, 2 14 

a-DL-Daunosaminide, 4-deoxy, 214 
hamination, nitrous acid, 86 
9(1 l)-Dehydro-8-epiestrone methyl ether, 41, 

9(11)-Dehydroestrone methyl ether, 43 
Dendroketose, 147 
3-Deoxy, 3-deoxy, 168 
6-Deoxy-P-~~-allopyranoside, 174 
6-Deoxy-a-~~-altropyranoside, 175 
4-Deoxy-DL-daunosamine, 213 
2-~oxy-DL-e~fhro-pentose,  156, 194 

2-Deoxy-rryrhro-pentose, from 3-hydroxy-4- 

43 

2 - d ~ ~ y ,  169 

pentenoic acid, 162 
2-DeOXy-DL-glUCOSe, 145 
3-Deoxy-glyceraldehyde, derivatives, 151 
bDeoxyhexoses, from 2-furylethano1, 174 
bDeoxy-L-hexoses, from L-alanine, 205 



284 Index 

6-Deoxy hexopyranosides, of U - D L - ~ U ~ O  and a- 
DL-gdo configurations, 174 

Deoxyinosadiamine, derivatives, 219 
Deoxyinosamine, 219 
4-Deoxy-2,3,O-isopropylidene-~-threitol, 202 
~-Deoxy-5-methoxycarbrbamido-a-DL- 

lyxopiperidinore. glycosides, 209 
1-Deoxy-3-C-methyl-~-ribo-hexose, I-deoxy- 

3-C-methy1, 214 
4-DeOXy-DL-neOSamifle, 195 
3-Deoxypentofuranoses, 172 
2-&0Xy-DL-pefltOSeS, 160 

D~-2’-Deoxyshowdomycin, 181 
2-Deoxystreptamine, 218 

3-DeOXy-DL-threo-pentOfuranOSe 

2 - D e o ~ y - ~ ~ - r i b o ~ e ,  145 

2,4,5-trideoxystreptamines, from, 223 

tritluoroacetate, 172 
2-Deoxy-DL-xylose. 145 
DL-Desosamine, DL, 165 
L-Desosamine, L, 165 
17-Desoxyestrone methyl ether, 40 
Deuteriomethyl protoporphyrin-IX, 25 1 
DeuteroporphyM-IX[(20b)], diacetyl, 245 
3,6-Diacetamido-2,3,4,6-tetradeoxy-~~- 

hexopyranosides, 170 
lE,4E-Diacetoxy-l,3-butadiene, condensation, 

with butyl glyoxylate, 186 
1,3-Diacetoxy-2-propanone, 148 
Diacetyl-DL-purpurosamine B, 200 
Diaminocyclopentanetriols, 223 
Dianhydrocyclohexanehexaols, 223 
2,3:4,5-Dianhydro-~~-galactitol, 158 
1,4-Dibromo-2-butene, 27, 29 
1,3-Dibromopropane, 45 
o-Dichlorobenzene, 17, 32 
2,3-Dideoxy-o~-alk-2-eno-py~osid-4-uloses, 

transformation of 2-furyl-methanols into, 
by action of m-chloroperuxybenzoic acid, 
pyridinium chlorochromate, 172 

3,4-Dideoxy-~~-glyc-3-enopyranoside, 186 
2,6-Dideoxy-~L-hexoses, 2,6-dideoxy, 169 
3,6-Dideoxy-o~-hexoses, .168 
3,6-Dideoxy-~~-hexonic acids, 3,6-dideoxy, 

3,6-Dideoxy-~~-hexopyranosides, 200 
3,4-Dideoxy-o~-pentoses, 185 
Dieckmann cyclization, 27 
Diels-Alder, 25, 115 

cyclization, 25 

168 

intermolecular, 96, 119 
intramolecular, 1 15 

I ,3-Diethoxycarbonylallene, cycloaddition with 
heterocyclic dienes, 181 

I ,  I-Diethoxy-3-penten-5-01, 160 
3,4-Dihydro-2-ethoxy-6-methyl-2H-pyran, 186 
3,6-Dihydro-2-methoxy-2H-pyran, cis- 

hydroxylation of, 194 
5,6-Dihy&o-2-methoxy-2H-pyrans, 6- 

substituted, oxyamination of, 194 
Dihydro-protoporphyrin, 25 1 
3,4-Dihydro-2H-pyran, hydroxylation of 

double bond in, 185 
5,6-Dihydro-2H-pyrans, cis-hydroxylation of, 

193 
Dihydropyridines, photochemical reaction with 

singlet oxygen, 209 
substrate for, synthesis, sugars, 206 

Dihydrostreptose, synthesis of, from 2-methyl- 
3-furoic acid, 172 

a, P-DL-Dihydrostreptose , 172 
Dihydroxyacetone, 156 
2S:3R-Dihydroxy-butyric acid, 203 
1-(2-furyl)-l,2-Dihydroxyethane, as substrate 

in total synthesis of methyl 
hexopyranosides, 175 

1,3-Dihydroxy-2-propanone, 147 
3,5-Dimethyl-4-chlormethylisoxazole, 37 
Dimethylcopperlithium, 3 
Dimethyl malonate, 27 
2,7-Dimethyl-3,5-octadyine-2,7-diol, addition 

2,2-Dimethylpropane-1,3-diol, ketalization, 33 
Il,I4-Dimethylsqualene, from 2- 

methoxyfamesylbromide via Ni(C0) 

isolation from isomers via clathrate. 90 

of sugar to, 187 

coupling. 90 

3-Dioxol-Zone, 147 
Disaccharides, synthesis of, 187 
Double bond, hydration, by oxymercuration- 

demercuration, 200 

Enanotiomeric resolution, via brucine salt, 121 
Enones, direct epoxidation of, 177 
Enzymatic synthesis, double-stranded DNA, 

repair of partial duplex, 7 1 
Epoxidation, 86 

with enantiomeric conversion, 87 
via mesylation of diol, with inversion, 86 
via monotosylate and sodium hydroxide, 88 
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of olefin, 121 
olefin by perbenzoic acid, 91 

Epoxide, rearmngement with methyl 
migration, acetic anhydride-BF-etherate, 
94 

R-( t )-l0,ll-Epoxyfamesol, 86 
Epoxy-terpenes, intermediates in biosynthetic 

Equilenin, 2 
Equilenin methyl ether, 2 
Ery?hro-3,4-dihydroxyhexane-2 ,5-dione, 

Eryrhro-pentopyranos-4-ulose, 170 
Eryrhro 4-pentyn-l,2,3-triol, 157 
Eschenmoser cleavage, 96, 105, 113 

epoxyketone, 96 
~~-ErythrUlo~e ,  156 
(+)-Estradiol, 9, 10, 17, 20, 23, 25, 31 
Estradiol-3-methyl ether, 33 
( 2  )Estradiol-3-methyl ether, 31 
Estrone, 4, 7, 10, 13, 16, 17, 27, 29, 31, 38, 

Esterone methyl ether, 8, 27, 33, 40, 41, 43, 

Estra-pentaene, 45 
Estra- I ,3,5( 10)-triene- 17-one, 25 
Ethers, dihydropyran ring cleavage, 96 
2-Ethoxy-5,6-dihydro-ZH-pyran, addition to 

bromine, 189 
Ethyl bromoacetate, 33 
Ethylene ketal of 2-bromo-2-cyclopentenone, 3 
1,l-Ethylenedioxy-4-E-hexen-3-one, 160 
13-~-Ethylgon-4-ene-3,17-dionne, 8 
Ethyl iodoacetate, 3 
Euphol, 92, 108 
Evermicose, 162 

pathways, 86 

170 

40, 45, 46 

46 

p-Famesene, tail-to-tail coupling by Pd (11), 

nuns-~-Famesene, trimerisation of isoprene, 

Famesol, isomeric mixture, 90 
Formaldehyde, 143 
Formose, 143, 147 
Formose condensation, base catalyst, kinetic 

89 

89 

measurements, specific, 144 

146 

species, 145 

effects of organic solvents, induction period, 

kinetics, sugar forming period, catalytic 

Formose reaction, 142 
GLC analysis, co-catalyst, catalyst, 

autocatalytic, energy of activation, 
induction period, 144 

oxidation-reduction potential (OW) of, 
induction period, yellowing point, 145 

Formose sugars, 143 
Forosamine, 206 

Friedel-Crafts cyclization, 3 
Friedelin, 86, 112, 113, 124 

D-fom of. 163 

total synthesis, 86, 112, 113 
DE ring system, 124 

Fructose, 147 

a-Fucoside, 175 
2-0-(a-~-Fucopyranosyl)-3-0-(2-acetamido-2- 

deoxy -a-D-gdactopyranosy l)-D-galactose, 
197 

4-O-[(2-O-a-L-Fucopyranosyl)-~-~- 
altropyranosyl ]-~-glucose, 197 

altropyranosy~]-D-g~ucose, 197 

B-FruCtOse, 175 

4-04  ( ~-O-U-L-FUCO~~~~~OS~I)-P-L- 

Furan, 147 
addition of acetylene dicarboxylate to, 178 
condensation of acrylic acid with, 215 
cyclocoupling reaction, 1,1,3,3- 

tetrabromoacetone, 18 1 
Diels-Alder adducts of, 178 
2,5-dihydro-2,5-dimethoxy derivatives of, 

3.4-double bond functionalization, 170 
photochemical addition of carbonyl 

compounds to, syntheses of branched 
sugars, 184 

3-substituted, electrolytic methoxylation of, 
171 

Furaneol, 170 
Fusidane, 98 
Fusidic acid. 94 

4-O-(~-G~actopyranosy~)-D-g~ucose, maltose, 
197 

Galactose, 154 
Garosamine, 163 
Glucose, 144, 154 

L-Glutamic acid, from, branched-chain sugar, 

Glyceraldehyde, 147 

conversion into, selective, 144 

205 

induction period, 144 



286 Index 

DL-Glyceraldehyde, 151 
DL-Glycero-DL-galacto heptoses, 153 
DL-Glycero-DL-idoheptoses, 153 
Glycolaldehyde, 147 
Glycosides, containing sulphur in sugar ring, 

synthesis of, 211 
C-Glycosyl compounds, synthesis of, 178 
Grignard, ketone from amide, 86 

addition of 2-butanone synthon: 4- 
trimethylsilylhomopropargyl magnesium 
chloride, 111 

alkylation to alcohol, 93 
magnesium chloride, I1 1 
olefin, from ketone, 91 

Grignard reaction, 37 

Hadero-cruoroporphyrin, 25 I 
Haderoporphyrin, 245, 248, 251 
4-Halogeno- 1,3-dioxolan-2-ones, 154 
Haptophilic properties, stereochemical control 

over olefin reduction, 126 
Helvolic acid, 98 
2E,4E-Hexadiene-l,6-diol, I58 
l&Hexadiyne, 25 
Hexamethylphosphotriamide, 33 
4E-Hexenal, 159 
Hexopyranosyl-( 1+3)-~-glucoses, 196 
DL-Hexoses, 189 
Hexuloses, 147 
DL-Hexuronic acid, esters of, 196, 199 
( ?)~Homoandrost-4-ene, 17a-dione, 16 
(t)o-Homoestrone, 10, 12 
D-Homoestrone methyl ether, 17 
Homologation, two carbon, via Claisen 

Hydroboration, 40, 91 
thexylborane, 40 

Hydroboration-carbonylation, 40 
Hydrocyanation of enone, Nagata, 

diethylaluminium cyanide, 
diethylaluminium-hydrogen cyanide, 101 

(~)18-Hydroxyestrone, 31, 32 
1 la-Hydroxyestrone methyl ether, 36 
1 la-Hydroxyestrone 3-methyl ether, 34 
14a-Hydroxyestrone-3-methyl ether, 20 
18-Hydroxyestrone-3-methyl ether, 32 
3P-Hydrox y- 17-methox y-D-homo- II-nor-Sa- 

androst- 13,15,17-triene, 20 
2-Hydroxymethylglycerol, 145, 147 
3-C-Hydroxy rnethyl-2,3-O-isopropylidene-P- 

DL-erythro-furanoside, 172 

rearrangement, 89  

2-4-bis(HydroxyrnethyI) 1,2,3,4,5-pentane 

3-Hydroxymethyl- 1,2,3,4$pentane pentaol, 

2,4-di-C-(Hydroxymethyl)pentitol, 146 
2,4-di-C-(Hydroxymethyl)2-penmlose, 146 
2-Hydroxy-3-nitro-O-caprolactones, 206 
Hydroxy o-quinodimethanes, 27 
Hygrinic acid, 5 
Hyosamine, 2 18 

pentaol, 145 

145 

Inosadiamines- 1,4, 223 
Inosamines, 221 
Inositols, adduct, from furan-vinylene 

dlo-hositols, 1.4-anhydr0, 215 
ckiro-Inositol, 223 
epi-hositol, 215 
rnuco-Inositol, 223 
myo-hositol, 215, 221, 223 

hositolphosphatides, 22 1 
1 -(2-Iado-ethyl)-4-methoxy&nzocyc)obutene, 

Isobacteriochlorin, 268, 27 1 
Isochlorocruoroporphyrins, 245, 252 
Isocoproporphyrin, 248 

b-oxobilane route, 251 
Isopemto porphyrin, 245, 251 
Isoporphobilinogen, 24 1 
1,2-O-Isopropylidene-3,5-dideoxy-3-C-methy1- 

2,3-O-Isopropylidene-~-glyceraldehyde, 214 
2,3-Isopropylidene-DL-glyceraldehyde, 156 
2,3-O-Isopropylidene-t-glyceraldehyde, 203 
1,2-O-Isopropylidene-gIycerol, 156 
2,3-O-lsopropylidene-D~-ribo~ranose, 174 
Isoxazole, bis, tri, 261 

carbonate, 214 

DL-proto-quercitol, from, 223 

31, 32 

D-arabinopentofuranose, 184 

Kanosaminide, 176 
Kasugamycin, 186 
Kasuganobiosamine, LL-enantiomer of, 200 
3-Keto-8-phenoxy-6-octanoate, 3 1 
1 I-Ketoestrone methyl ether, 21 
Knoevewagel reaction, 115 

Lactone, lactone, 159 
Lactones, 166 
Lanosterol, 92, 108 
Lead tetraacetate, 45 
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Leucogenenol, 217 
Lithium aluminum hydride, 32, 33, 38 
Z,dLutidine, 13 
a-DL-Lyxopyranoside, 174 
D-Lyxose, from L-glutamic acid, 204 

MacDonald synthesis, 246 
Magnesium methyl carbonate, 7 
Maltol, 177 
Mannich reaction, 7, 8 
o-Manose, 153 
DL-Megosamine, 164 
Megosamine hexonolactone, 167 
Mesoporphyrins-111 . . .-IX, 248 
Mesoporphyrins-IX, a-oxy , 247 
Mesobilkhodin, 255 
Mesourobilin, analogues, 255 
m-Methoxybenzl magnesium chloride, 7 
2-(4-Methoxybenzocyclobutenyl)-ethyl iodide, 

m-Methoxybenzoic acid, 45 
4-Methoxy-benzoic acid, 321 
1-Methoxycarbamido- 1,3-butadienes, 

17 

cycloaddition with compounds containing 
activated carbonyl group, 186 

5-Methoxycarbonylamino-5-deoxy-~~-xylo- 
pento-piperidinose, 208 

2-Methoxy-5,6-dihydro-ZH-pyrans, double 
bond, addition reactions, 190 

3-Methoxyestra- 1,3,5( 10) ,8,14-pentaene- 17- 
one, 40 

6-Methoxy-2-naphthylmagnesium bromide, 
3 

(6-Methoxy-2-naphthyI)( 1 - 
pentyn1)coppermagnesiurn bromide, 3 

m-Methoxyphenacyl bromide, 9 
m-Methoxyphenethyl magnesium chloride, 

6-Methoxytetralone, 45 
6-Methoxy-l-tetralone, 41 
Methyl 3-acetamido-2-0-acetl-5-0-benzyl-a- 

Bambino-furanoside, 205 
Methyl 6-acetamido-6-deoxy and 6-deoxy-6- 

nitro-a-DL-mannopyraosides, from 
substituted 2-furylethanols, 176 

Methyl 6-acetamido-3,4,6,7-tetradeoxy-a-~L- 
arubino-heptopyranoside, 200 

Methyl acetoacetate, 3 1 
Methyl a-DL-dtropyranoside, 176 
Methyl-a-L-amicetoside, 205 
Methyl 4-amin0, 205 

40 

Methyl 2,3-anhydro-6-0,benzyl-a-~- 

Methyl 3,4-anhydro-a and P-DL-pento- 
allopyranoside, 176 

pyranosides and a-oL-hexopyranosides, 
199 

Methyl 2,3-anhydro-P-D-ribofuranoside, 
alkaline hydrolysis, 204 

Methyl DL-arabinopyranoside, 196 
Methyl 6-0-benzyl-2,3-dideoxy-a,P-~-erythro- 

hex-2-enopyranosides, from methyl(R)-2- 
furyl-glycolate, 176 

Methyl-14C-bomesitol, 223 
Methyl bromoacetate, 3, 21, 33 
Methyl 2-chloro-acrylate, 40 
2-Methylcyclohexenone, 17 
2-Methyl- 1,3-~yclopentanedione, 45 
2-Methylcyclopentane-1,3-dione, 5 ,  13, 16, 

2-Methylcyclopentenone, 17, 21, 25 
2-Methylcyclopentenone 1, 33 
2-Methyl-2-cyclopentenone, 2, 3, 43 
3-Methyl-4-chloropheno1, 33 
Methyl a-DL-daunosaminide, 160 
(Methyl)6-deoxy-a-~~-ulrro and 6-deoxy-a-DL- 

gluco hexopyranosides, 175 
Methyl 2-deoxy-a- and P-DL-eryrhro- 

pentopyranosides, 194 
Methyl 6-deoxyhexopyranoside, of a-ido 

configuration, 175 
Methyl 4-deoxy-2,3-0-isopropylidene-~- 

threonate, 203 
Methyl 7-deoxy-a-~L-lincosaminide, from 5,6- 

dihydro-2-methoxy-6-propionyl-2H-pyran, 
198 

37, 38, 40 

Methyl a-DL-desosaminide, 206 
Methyl 2,3-dideoxy-~~-pent-2-enopyranosid-4- 

uloside, reduction of, with complex metal 
hydrides, 173 

Methyl 3,4-dideoxy-D~-pent-3-enopyranosides, 
195 

Methyl 3,4-dideoxy- and 3,4,6-trideoxy-~~- 
hex-3-eno-pyranosides, 200 

Methyl dimethyl malonate, 27, 29 
6P-Methyl-estra- 1,3,5(10)-triene-l7-one, 

Methyl(R)- and (S)-(2-furyl)glycolates, 

Methyl 2Z,5-hexadienoate, 165 
Methyl DL-hexopyranosides, 196, 199 
Methyl 2,3-O-isopropylidene-@-~~- 

33 

176 

ribopyranoside, 174 
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Methyl 2,3-O-isopropylidene-P-~~- 

Methyl lithium, 24 
2-O-Methyl-lyxose, 199 
Methyl P-lyxo- and P-ribo-penro-pyranosides, 

Methyl a-D-mannopyranoside, 176 
2,6-di-O-Methyl-mannose, 199 
Methyl a-DL-mannoside, 175 
Methyl 4-0-methyl-5,5-di-C-methyl-P-~~- 

lyxoside, glycoside of sugar component of 
antibiotic novobiocin, from 242- 
fUryl)propan-2-01, 176 

Menthyl-p-toluenesulfinate, 3 
4-Methyl-3-penten-5-olide, 162 
Methyl a-DL-rhamnoside, 174 
1 1-Methyl-squalene, synthesis by condensation 

of 2-methylfamesyl-bromide, and 2 4  1- 
famesylthio)-methyl-imidazole anion, 
90 

talofuronate, 178 

174 

Methyl-14C-sequoitol, 223 
Methyl trans 4-O-t-butyl-2,3,6-trideoxy-~- 

erythro-hex-2-enoate, 164 
Methyl 3,4,6-trideoxy-P-~~-erythro-dex-3- 

enopyranoside, 185 
Methyl 3,4,6-trideoxy-a-~~-threo-hex-3- 

enopyranoside, 185 
Methyl 2,3,6-trideoxy-~-hex-2-enopyranoside- 

4-uloses, 205 
Methyl a- and P - D L - ~ ~ O -  and lyxo- 

pyranosides, 199 
2-Methyl-3-vinyl-6-n- 

butylthiomethylenecyclohexanone, 17 
2-Methyl-3-vinylcyclopentanone, 3 
Methyl vinyl ketone, 5 
Michael addition, 10, 27 
Michael condensation, 5 
Michael reaction, 7, 14, 16, 40 
Na Mordenite, 147 
Multiflorewol, similarity of related triterpene 

DE ring systems, 124 
a-DL-Mycaminoside, 186, 205 
DL-M~CWOW, 162 

3-epi-~~-Mycarose, 3-epi, 163 

Negamycin, 170 
intermediate for synthesis of, 191 

NMR spectra, I3C,H, assignment of 

L - M Y C U O ~ ~ ,  158 

stereochemism, 92 

assignment of stereochemistry, solvent 

''C shifts for structural assignments, angular 
shifts, 128 

hydroxymethyl groups, 132 
19-Norandmstenedione, 7 
19-Norandrost-4-ene-3,17-dione, 37, 38 
Norbornadiene, 29 
Norgestral, 5 
Norgestrel, 8 
Nojirimycin, 207 
19-Norsteroids, 5 
19-Nortestosterone, 7, 14, 16 
Nucleosides, containing sulphur in sugar ring, 

synthesis of, 2 1 I 
C-Nucleosides, carbocyclic analogues, 215 
C-Nucleoside analogs, 178 
1,7-Octadienne-3-one, 13 
a-DL-Oleandroside, 186 
a-L-Oleandroside, 205 
Olefins, 86, 90, 91, 101, 107, 120, 155, 189 

via aldehyde coupling with (TiCL-mg(Hg)), 

allylic bromination, 189 
bromination-dehydrobromination, use as 

protecting group, 120 
endocyclic, exocyclic, by dehydration, 120 
endocyclic, exocyclic, by dehydration of 

trans-hydmxylation, cis-hydmxylation of, 

isomeric mixture, Wittig, 86 
from ketone, via Grignard, 91 
by Wittig reaction, from aldehyde and 

isopropylidene phosphorane, 107 

90 

alcohols, 101 

155 

Olivomycose, 158 
from 2-methyl-5-phenyl-2E.4E-pentadieno1, 

158 
Olivomycosonic acid, 159 
Organoborane-diazoketone condensation, 40 
Orthoquinodimethanes, 16 
Ortho-(a-trimethylsilyl-alkyl)benzyltrimethyl 

ammonium salts, fluoride ion desilylation, 
33 

DL-Osmunda lactone, 166 
Oxidation, 14 

alcohol, mtzner-Moffatt, 91 
of alcohol, Jones, 101 
alcohol to aldehyde, 108 
allylic rearrangement of chromate ester, 

121 
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palladium chloride-cuprous chloride 

and ring expansion, 11 1 
catalyzed, 14 

Oxobilanes, 25 I 
1 1-Oxoequilenin methyl ether, 2 
1 I-Oxoequilenin 3-methyl ether, 3 
Oxyamination, 162 
Ozonolysis, 97 

Palladium acetate, 31 
Palladium acetate-triphenylphosphine, 13 
Parasorbic acid, 165 

epoxide of, 165 
RS, 165, 166 

Pemptocruoroporphyrin, 25 1 
Pemptoporphyrin, 248, 251 
I ,4-Pentadien-3-one, diepoxides from, 161 
Pentaerytritol, 147 
Perhydroindenes, intermediates in triterpene 

synthesis, 92 
Phaeophobides, 253 
F’haeophytins-a, -b, 253 
Phaeoporphyrin, methoxy, 2S2 
F’haeoporphyrin-al, dimethyl ester, monovinyl, 

Phenethylamine, 29 
(-)a-Phenethylamine, 37 
L-Pbenylalanine, 5 ,  13, 16 
Photoenolization, 27 

orthomethyl phenyl ketones, 23 
Photolysis, orthotoluyl ketones, 27 
Phycoerythrobilins, 257 

dimethyl ester, 245, 257 
Phycocyanobilin, 255 

dimethyl ester, 256 
Phyriaporphyrin, 246 
Polydeoxy-up-DL-aldopyranosides, 205 
Polydeoxy-4-nitro-~~-aldoses, 205 
Polyene cyclization, 45 
Polyols, 145 
Porphobilinogen, 241 

‘3C-labelled, 242 
“C-labelled, 24 1 

252 

S-41 I Porphyrin, 245, 248, 251 
Porphyrin-a, hexa-hydro analogue, 249 
Porphyrins, 238 

hepta, hexa, pentacarboxylic, 245, 251 
B-keto esters, 251 
meso-methyl, 252 
oxidative dng-opening, 254 

oxidation, thalliumtrifluoroacetate, 254 
meso-substituted, 248 
synthesis, MacDonald, 244 

Potassium fluoride, 45 
h s  reaction, 29 
Prodigiosins, 258 

analogues, aryl, pyrromethene, 258 
analogue, phenyl, 258 
metacyclo, 258 

Proline, 5 
L-Proline, 5 
Protecting groups, primary hydroxyl, 60 

primary amino, phosphate, 62 
secondary hydroxyls, 61 

Protoporphyrin-I, b-oxobilane route, 25 1 
Protoporphyrin-111, XIII, 254 
Protoporphyrin-IX, 245, 248, 251 

mono-hydroxyethyl, monoethyl analogous, 
248 

Y-OXY, 247 
Protoporphyrin-XIII, 245 
Protoporphyrins-111, IX and XIII, 248 
Pseudo-a-DL-altropyranose DL-( 1,34/2 3-5- 

hydroxymethyl- I ,2,3,4-cyclo- 
hexanepentaol, from myo-inositol, 
222 

Pseudo-P-DL-galacto-pyranose-DL-( 1,3,4,5/2)- 
5-hydroxymethyl-l,2,3,4- 
cyclohexanepentaol, 222 

Psicose, 147 
a-Psicoside, 175 
Pummerer rearrangement, formation of a$- 

Purpurosamine B, from 6-acetyl-5,6-dihydro-2- 

Pyranosiduloses, 1,2-trans branched, 177 
2’-epi-Pyrazofurin A, 181 
Pyrroketones, 247 
Pymles, formylation: 

unsaturated aldehyde, 90 

methoxy-2H-pyran, 200 

introduction, modifications, side-chains, 
trichloroacetylation, trifluoroacetylation, 
24 1 

ring synthesis, Knorr synthesis, 240 
triethylorthoformate, trifluoroacetic acid, 
24 1 

Pyrromethanes, 243, 244, 246 
aminomethyl, 243 
symmetrical, 24.4 

N-Pyruvylideneglycinatocopper, base-catalyzed 
condensation of, with aldehydes, 203 
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0-Quinodimethane, thermolysis, 17 

Racemic ketohexosides, synthesis of, from 
2,5-di(hydroxymethyl)furan, 175 

Racemic pentoses, synthesis of, 184 
Racemic ribose, derivatives of, 174 
Reaction, catalysts, co-catalyst, 143 
Reduction, 86 

acetylene, disiamylborane, 102 
Birch, of aromatic nucleus, 96 
directing effects of COOH on metal 

ammonia reduction, 132 
directing effects of OH on hydrogenation, 

132 
hydrogenation with accompanying 

rearrangement, 130 
ketone with Li 9b- 
borapenhydiophenalylhydride, 99 

ketone by Wolff-Kishner, 99 
metal ammonia of enone, 94 
of nitrile to imine by diisobutylaluminium 

of olefin, 132 
olefin, control using haptophilic properties 

olefin, stereochemistry, 125 
of olefin, triethylsifane and tris 

hydride, 118 

of hydroxyl, 126 

(triphenylphosphine) rhodium chloride, 
107 

of phosphorodianudate by biphenyl radical 
anion, 97 

selective of saturated carbonyl group, 120 
unsaturated aldehyde, 107 

Reverse Diels-Alder, 23 
Rhodin-g,, 254 
Rhodoporphyrin, 25 1 
Rhodoporphyrin-XV, vinyl analogues, 253 
DL-Ribitol, 161 
DL-Ribopyranoside, 196 
a-DL-fibopyranoside, 174 
D-Ribose, synthesis, 204 
DL-Ribose, 184 
Robinson melat ion,  with ethyl vinyl ketone, 

Robinson annulation. 10 
119, 125 

Saccharinic acids, 145 
Seco-corrin, 19-carboxy, 266 

cyclisation, 264 
cyclisation, photochemical, 264 

19-formy1, 268 
methoxyl, nickel, complex, 266 
nickel, electrochemical oxidation, 264 
oxide, 265 

palladium, 271 
photocyclisation, 258 

Senepoxyde , 2 16 
Sequence analysis/protected oligomers, mass 

Sequence analysis of unprotected oligomers, 

mobility shift procedure, base-specific 

I-oxo-ND, 266 

spectrometry, 66 

67 

chemical cleavage, plus-minus method, 
69 

Semtenediol, 86 
chemical relationship with a-onocerin, 132 
seven membered C ring triterpene, 132 
synthesis, 132 

Shionone, total synthesis, 86, 99, 108, 112 
Showdomycin, synthesis of, 182 
DL-2'-epi-Showdomycin, 181 
Silyl enol ether, selective enolate formation, 

SirohydrocNorin, 239, 268, 271 

Sorbic acid, from antibiotic sugars, 163 
Sorbose, 147 
a-Sorboside, 175 
Squalene, 89, 90 

93 

20-methyl, 27 1 

from famesene, 89 
from functionalised isoprene; 2- 
hydroxymethyl-4-phenylthio- 1 -butene, 89 

Squalene epoxide, by resolution of 2,3- 
dihydrosqualene 2,3-diol, 88 

chiral synthesis, 86 
(R)- and (S)-2,3-oxide, (R)-, (S)- optical 

R-( +)-2,3-oxide, S-( -)2,3-oxide, from L- 

precursors of 3P-hydroxytriterpenes, 88 
radiochemically labelled, 88 

Stannic chloride, 38 
cyclization, 46 

Streptamine, 218 
DL-StreptOg tetramethylacetal, 171 
Sugar analogues, containing phosphorus atom, 

Sulfonylmethylation, formaldehyde, benzene- 

rotation, 86 

glutamic acid, 86 

177 

sulfinic acid, 8 
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Tagatose, 147 
a-Tagatoside, 175 
tandem Michael-Michael ring closure, 41 
Taraxerol, similarity of related hiterpene DE 

ring synthesis, 124 
2R:3R-Tartaric acid (dextro-tartaric acid), 202 
Telomerization reaction, 149 
Tetrahydrobenzocyclobutene systems, 20 
Tetrahydrofurfury1 alcohol, 172 
5-(2'-Tetrahydropyranyloxy)-3-pentyn- 1-01, 

2-(2-furyl)-4,4,5,5-Tetramethyl-l,3-dioxolane, 

Tetrapyrroles, open chain, 239 
Tetroses, racemic, 154, 156 
Thioethers, anion alkylation, 86 

alkylation via, 90 
removal of S, Li, EtNH2, 86 
removal of S Li, E + NH2, 86 
thioether anion, alkylation with, 86 

156 

184 

4-Thiothreose, I-0-acetyl group, exchanged, 
212 

nucleosides, 212 
5-Thiopentose, 2 12 
DL-Threo-DL-ido-octose, 154 
L-Threonine, 203 
L-Threono-y-Lactone, 202 

L-Threose, 202 
Tobermorite, as formose catalyst, 147 
Tolyposamine, 205 
2-Tolysulfinyl-2-cyclopentenone, 3 
Torgov reaction, 36 

1 ,I ,3-Tribromo-3-methyl-butan-2-one, 183 
1,2,4-Trichlorobenzene, 24 
2,3,6-Trideoxy-a-~L-erythro-hex-2- 

enopyranoside, cis-hydroxylation of, 174 
3,4,6-Trideoxy-oL-hex-3-enopyranosides, 195 
1,1,3-Triethoxy-4-pentene, 161 
Trimethylsilyl group, fluoride mediated 

Trimethylsilylmethyl-bem~dehyde, 34 

DL-Threose, 156 

variant, 35 

elimination, 34 

Trimethylsilylmethyl magnesium chloride, 33 
1,2,4-Tri-O-acetyl-3-S-bemyl-5-deoxy-5- 

methoxycarb~do-3-thio-a-~L-xylo- 
pentopiperidinose, 209 

Triphenyl phosphine, 31, 37 
Tripymnes, 244 

synthesis, 248 
Trisannulation reagent, 16, 37 
Tris-(m-methoxyphenethyl)borane, 40 
a-DL-Tyveloside, 186 

Uroporphyrin-111, [ ~ , y - ' ~ C ~ l ,  245 

Validamine, synthesis of, 215 
Validatol, 222 
DL-VanCOSaInine, N-acetyl- 1,4-di-O-acetyl-P. 

fmm 3-methyl-4E-hexenal, 160 
Vilsmeier reaction, 107 
Vinylene carbonate, 1,3-dioxol-2-one, 147 
Vinylmagnesium bromide, 4, 35 

Vinylmagnesium chloride, 37 
6-Vinyl-2-methylpyridine, 10 
6-Vinyl-2-picoline, 14 
Vinyltriphenylphosphonium bromide, 43 
Vitamin-B12, 238, 258 

1 : 4 addition, 33 

Wieland-Mieschler ketone, 93 
Wittig reaction, 38, 107 

exocyclic olefin, 133 
isomeric mixture of olefins, 86 
Schlosser modification, 38 
unsaturated aldehyde, Nagata-Hayase 

conditions, 107 
Wolff-Kischner reduction, 99 

Xylaric acid, dichloride, ring closure, 217 

~ X y l o s e ,  153, 172, 204 
DL-XYIOS~, 153, 184 
a-DL-Xyloside, 174 

DL-Xylitol, 161 

Zinc bromide, 4, 35 
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