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diluted 32-fold with formamide of natural abundance) and 
hydrogen cyanide of natural abundance (generated from 4.7 
g of KCN) at 160 0C for 12 h, the two peaks, C2 and C8, were 
observed as enhanced peaks without 13C-15N coupling (Figure 
1 c). The presence of enhanced peaks instead 0P3C-15N cou
pled peaks can be explained by the thermal fission and re
formation of the C-N bond in formamide during the prolonged 
heating procedure.7 

These results indicated that the adenine ring was constituted 
from two molecules of formamide and three molecules of hy
drogen cyanide. Among the C-N units in adenine, C5-N7, 
C6-NH2, and probably C4-N3 originate from hydrogen cya
nide while C2-N1 and C8-N9 are from formamide as shown 
below. 

3 HCS=N 
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2 OHC Nl 

N(CH1), 
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Total Synthesis of Erythromycins.1 3. 
Stereoselective Routes to Intermediates 
Corresponding to C(I) to C(9) and C(IO) to C(13) 
Fragments of Erythronolide B 

Sir: 
The erythromycins, produced by the fungus Streptomyces 

erythreus, constitute one of the most important of all known 
families of antibiotics. Their application in medicine over the 
past two decades has been both widespread and effective and 
has resulted in the saving of countless human lives. The two 
principal erythromycins, erythromycins A (la) and B (lb) are 
closely related, differing only with respect to hydroxylation at 

1a X = OH 

1b X = H 

OCOC1H1 

5 R = C H = C H , 
6 R = CH1CH1OH 
7 R = CH1COOH 

C-12.2 Present evidence indicates that the various erythro
mycins (including A and B) are produced in nature from the 
precursor erythronolide B (2) (the aglycone of erythromycin 
B) by a sequence involving glycosylation at the C(3) and C(S) 
hydroxyls.3 The erythromycins and erythronolides stand in a 
quite unique position among natural products which have not 
been synthesized, because of their importance and their com
plexity.4 In this communication we report the stereoselective 
synthesis of two key intermediates for erythromycin synthesis, 
one suitable for use as synthon for the C(I) to C(9) segment 
of erythronolides A and B (substance 3) (after insertion of 
oxygen between the ring members labeled 1 and 6 in 3), and 
the other (4) corresponding to the C(IO) to C(13) section of 
erythronolide B. The publication immediately following details 
the use of these two intermediates in the first total synthesis 
of erythronolide B (2).5 

The overall plan was derived using the strategy of antithetic 
analysis and depended on the tactic of generating the macro-
cyclic unit by lactonization. In connection with the latter re
quirement, studies were initiated in these laboratories several 
years ago which were successful both in providing a new and 
effective method for the conversion of hydroxy acids to mac-
rocyclic lactones6 and for formation of the rigid7 14-membered 
ring of erythronolide B itself.la Another major strategic ele
ment in the present approach is the use of 6-membered cyclic 
intermediates to establish and confirm the stereorelationships 
required for the C(I) to C(9) segment. 

The synthesis of 3 was initiated from the dienone S (avail
able8 on large scale from 2,4,6-trimethylphenol and allyl 
bromide in 60% overall yield) by hydroboration (1.5 equiv of 
diborane in tetrahydrofuran (THF) at 0-10 0C) to the hydroxy 
dienone 69 (85% yield) and subsequent oxidation at 0 to —10 
°C with a small excess of Jones chromic acid reagent for ~30 
min to form the dienone acid 7, mp 98 °C, in 85% yield. Re
action of the potassium salt of 7 in water with a small excess 
of bromine-potassium bromide solution produced a precipitate 
of crystalline bromo lactone 8, mp 126-128 0C, in 96% yield. 
The sequence 5 —• 6 —• 7 —• 8 can be carried out easily in the 
laboratory on a 1-mol scale, and the intermediates 6 and 7 need 
not be purified. Treatment of the bromo lactone 8 in THF with 
1.5 equiv of aqueous potassium hydroxide at 0 to 20 0C for ~2 
h and isolation of acidic product provided the epoxy keto acid 
(±)-9, mp 88 0C, in 98% yield, the resolution of which is de
scribed below. The synthetic route as applied to racemic in
termediates continues with bromolactonization of the potas
sium salt of 9 in aqueous solution to give the epoxy bromo keto 
lactone (±)-10, mp 108-109 0C, in 91% yield. Replacement 
of bromine in 10 by hydrogen was carried out by simultaneous 
addition of tri-n-butyltin hydride (1.25 equiv) in benzene and 
azobisisobutyronitrile (~1 mol %) in benzene to a solution of 
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Figure 1. Stereorepresentation of structure and absolute configuration of levorotatory bromo lactone 10 (courtesy of Dr. Jon Bordner12). 

ramide (first at -78 0C and then at -45 0C for 40 min) 
yielded (95%) the methylated lactone 15 (mp 261-262 0C) 
admixed with minor amounts of the epimer at C* (mp 243-244 
0C), which is thermodynamically less stable. The formation 
of the epimer of 15 fortunately causes no complication in the 
next step, since both lactone 15 and its epimer are hydrolyzed 
by aqueous lithium hydroxide to the same hydroxy acid (16). 
Treatment of 16 with carbonyldiimidazole in THF at 25 0C 
afforded 15 specifically with no trace of the epimer at C*. 
Oxidation of 16 using Jones reagent at —10 0C afforded in 80% 
yield the corresponding keto acid (±)-3, mp 157 0C. 

Resolution of an intermediate for the above synthetic se
quence could be accomplished at an early stage and, further, 
even the antipode corresponding to e/tf-erythronolide B could 
be used in the synthesis. The epoxy acid (±)-9 formed a nicely 
crystalline salt with (±)-l-a-naphthylethylamine which could 
be purified to a constant rotation of [a]26

D -74° (CH3OH) 
by recrystallization from ethanol-water (85:15). The epoxy 
acid obtained from this salt which had [a]28p —127° 
(CH3OH) was shown to have the absolute configuration shown 
in 9 by conversion to the bromo lactone 10, mp 136.5 0C, 
[a]20D —25° (CH3OH), and x-ray crystallographic analysis.12 

The molecular geometry of the bromo lactone 10 is unusual 
and involves two skew ring conformations as shown in Figure 
I.12 The optically active lactone 12, [a]27

D +15° (CH3OH), 
mp 151 -15 3 ° C, obtained from (—) -9 showed a positive Cotton 
effect in the optical rotatory dispersion curve (CH3OH), as 
expected for the absolute configuration shown in 12. Finally 
the epoxy acid 9 which was not resolved (i.e., which was ob
tained from mother liquors during the resolution) could be 
recycled easily and effectively through deoxygenation with 
chromous ion to form the dienone acid 7. 

The synthesis of the optically active intermediate 4 was 
accomplished as follows. (±)-7/-an.s-2,3-Epoxybutyric acid, 
conveniently available by oxidation of trans-crotyl alcohol with 
aqueous hydrogen peroxide-sodium tungstate at pH 5-5.5 and 
55-60 0C,13 had been resolved previously with brucine to af
ford the 2R,3S antipode,14 the opposite of what we required. 
The 2S,3R antipode of fra/w-2,3-epoxybutyric acid (17), 
H2 2D +82.1° (C6H6), mp 61 0C, could be obtained readily 
from the racemic acid by resolution involving recrystallization 
of the salt with (—)-l-cv-naphthylethylamine from absolute 
ethanol.15 The acid 17 was reduced to the primary alcohol 18, 
[a]25D +47° (C6H6), by conversion to the mixed carbonic 
anhydride (1.1 equiv of triethylamine and 1.1 equiv of ethyl 
chloroformate in THF at 0 0C initially and then at 20 0C for 
36 h, addition of methylal (dimethoxymethane), and filtration 
to remove triethylamine hydrochloride) and subsequent re
duction using excess sodium borohydride in methylal at 25 0C 

"Vi K 

17 R=COOH 
18 R = CH8OH 
19 R=CH1OCCCH1)OCH1 

20 R=OH 
21 R = CH1 

4 
F 

CH1 

22 

l 'OSi + 

10 in benzene at 75 0C over 45 min, complete exclusion of air 
and moisture from all solutions being essential. The product 
obtained in 93% yield consisted of a mixture of the desired keto 
lactone 11 (87%)10 together with 13% of the epimer at C*. 
Separation was unnecessary since a simple purification was 
possible at the next stage. Reduction of crude 11 in THF-water 
with excess aluminum amalgam at O to —10 0C for ~4.5 h, 
isolation of crude product, and recrystallization from ethyl 
acetate afforded the crystalline hydroxy ketone (±)-12, mp 
164-166 0C, in 76% yield.10 Hydrogenation of keto alcohol 
12 using neutral Raney nickel11 in dry dimethoxyethane at 
—20 0C and 1 atm of H2 proceeded quantitatively to form the 
diol 13'° together with a small amount (~14%) of the epimer 
at C*. Although the two epimers could be separated chroma-
tographically and the minor by-product could be recycled to 
the starting keto alcohol 12, in practice it was convenient to 
benzoylate the mixture (4 equiv of benzoyl chloride in pyridine 
at 20 °C for 8 h) and to purify the resulting product by re
crystallization from ether which led to the isolation of pure 
dibenzoate (±)-14, mp 207-208 0C, in 75% overall yield from 
12. 

Addition of a solution of the lactone dibenzoate 14 in THF 
to 1.02 equiv of lithium diisopropylamide in THF at -78 0C 
over 45 min and treatment of the resulting solution with 10 
equiv of methyl iodide and 1.2 equiv of hexamethylphospho-
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with stirring. The alcohol 18 was then transformed into the 
2-methoxy-2-propyl ether 19 (76% overall from 17) by reaction 
with 2-methoxypropene16 in CCU in the presence of a trace of 
phosphorus oxychloride and exposed to 3 equiv of lithium 
acetylide-ethylenediamine complex in dimethyl sulfoxide at 
25 0C for 36 h. After workup and stirring with Amberlite 
IRC-50 resin in methanol, the acetylenic diol 20 could be ob
tained as major product (90% yield) contaminated by a small 
amount (~10% yield) of the position isomeric 1,3-diol resulting 
from the alternative cleavage of the 3-membered ring in 19; 
the mixture was used for the remaining steps since purification 
at a later stage was advantageous.17 The pure acetylenic al
cohol 21, [a]22

D +32.4° (CH3OH), was obtained in 75% 
overall yield from the mixture by (1) conversion to the primary 
mesitylsulfonate (1.05 equiv of mesitylenesulfonyl chloride in 
dry pyridine at —20 0C.for 12 h) and (2) coupling18 with di-
methylcopperlithium (excess) in ether at —15 to —20 0C for 
20 h, and (3) chromatography on silica gel (pentane-ether for 
elution).19 The alcohol 21 was then silylated20 (tert-butyldi-
methylsilyl chloride-imidazole-DMF, 18 h at 25 0C) and 
methylated (1.1 equiv of lithium diisopropylamide in THF 
followed by 3 equiv of CH3I at -78 to 25 0C over 1 h and 25 
0C for 2 h) to afford in 88% overall yield the protected acety
lene 22. Sequential hydrozirconation21 of 22 with dicyclo-
pentadienylchlorohydridozirconium (1 equiv) in benzene under 
argon at 43 0C for 2 h and iodination (addition to a small ex
cess of iodine in CCI4 at 25 0C) afforded in 84% yield a single 
isomeric iodo olefin, the required intermediate 4,22 [a] 20D 
+24.9° (CHCl3). 

With the successful synthesis of intermediates 3 and 4 the 
stage was thus set for the elaboration of the structure of er-
ythronolide B as described in the following publication.23,24 
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Total Synthesis of Erythromycins. 4. 
Total Synthesis of Erythronolide B1 

Sir: 

Described herein is the first total synthesis of an aglycone 
of the erythromycin family of antibiotics, erythronolide B (1), 
a naturally occurring substance which is the biosynthetic 
progenitor of all the erythromycins.2 This work makes use of 
key intermediates described in the foregoing paper,1 the keto 
acid 2 and the unsaturated iodide 3. 

Although both 2 and 3 are available in optically active form 
of the required absolute configuration, the initial demonstra
tion of the approach as here outlined involved the use of race
mic 2 and optically active 3 and the chromatographic separa
tion of an unnatural diastereomer during the course of syn
thesis. 

Baeyer-Villiger reaction of the keto acid (±)-2 was sur
prisingly slow using customary procedures and required forcing 
conditions. The desired lactone 4 could be obtained, however, 
in ~70% yield by treatment with excess 25% peracetic acid in 
ethyl acetate (Union Carbide Co.) for 6 days at 55-58 0C after 
chromatographic removal of unchanged keto acid 2.3'4 

Treatment of the lactone with 1.1 equiv of 2,2'-dipyridyl di
sulfide and 1.2 equiv of triphenylphosphine in THF at 20 °C5 

afforded, after removal of solvent and chromatography at +5 
°C on silica gel, 65% of the pure thio ester 5 which was cou
pled6 with the iodide 3 via a Grignard reaction. The dextro
rotatory iodide 3, [a]25

D +24.9°, in THF at -78 0C was 
lithiated by treatment with 2 equiv of rerf-butyllithium in 
pentane (-78 0C for 0.5 h and -50 0C for 0.5 h)7 and, after 
addition of 1.0 equiv of anhydrous magnesium bromide in TH F 
at —50 0C (from 1,2-dibromoethane and magnesium metal 
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