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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-methoxypropene!® in CCly in the presence of a trace of
phosphorus oxychloride and exposed to 3 equiv of lithium
acetylide-ethylenediamine complex in dimethyl sulfoxide at
25 °C 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.!” The pure acetylenic al-
cohol 21, [«]??p +32.4° (CH3;0H), 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 °C for 12 h) and (2) coupling!® with di-
methylcopperlithium (excess) in ether at —15 to —20 °C for
20 h, and (3) chromatography on silica gel (pentane-ether for
elution).!® The alcohol 21 was then silylated2? (rert-butyldi-
methylsilyl chloride-imidazole-DMF, 18 h at 25 °C) and
methylated (1,1 equiv of lithium diisopropylamide in THF
followed by 3 equiv of CH3I at =78 t0 25 °C over | hand 25
°C for 2 h) to afford in 88% overall yield the protected acety-
lene 22. Sequential hydrozirconation?! of 22 with dicyclo-
pentadienylchlorohydridozirconium (1 equiv) in benzene under
argon at 43 °C for 2 h and iodination (addition to a small ex-
cess of iodine in CCly at 25 °C) afforded in 84% yield a single
isomeric iodo olefin, the required intermediate 4,22 [«]20p
+24.9° (CHCl;).

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 B!
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.? This work makes use of
key intermediates described in the foregoing paper,! 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 °C after
chromatographic removal of unchanged keto acid 2.34
Treatment of the lactone with 1.1 equiv of 2,2’-dipyridyl di-
sulfide and 1.2 equiv of triphenylphosphine in THF at 20 °C?
afforded, after removal of solvent and chromatography at +35
°C on silica gel, 65% of the pure thio ester § which was cou-
pled® with the iodide 3 via a Grignard reaction. The dextro-
rotatory iodide 3, [«]®p +24.9°, in THF at —78 °C was
lithiated by treatment with 2 equiv of terz-butyllithium in
pentane (—78 °C for 0.5 h and =50 °C for 0.5 h)7 and, after
addition of 1.0 equiv of anhydrous magnesium bromide in THF
at =50 °C (from 1,2-dibromoethane and magnesium metal
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in ether at 20 °C, followed by evaporation and addition of
THF), the resulting vinylmagnesium reagent was allowed to
react with the 2-pyridinethiol ester (£)-5 at —20 °C for 10 min
to give, after quenching with pH 7 buffer, extractive isolation,
and chromatography, the keto lactone diester 6 (90%).8 The
next step, reduction of the ketonic function in the coupling
product 6, turned out to be unexpectedly challenging owing
to the surprisingly similar reactivity of the keto and e-lactone
carbonyls toward most reducing agents and the propensity of
the enone unit to undergo conjugate (1,4) hydride addition.
However, success was achieved using zinc borohydride (4.5
molar equiv) in dimethoxyethane-ether (2:1) at 5 °C for 3
days, which converted 6 to the 10-membered lactone 7%2 by a
combination of carbonyl reduction and translactonization®
(70% yield after chromatography). Remarkably, the addition
of hydride to the carbonyl group of 6 was effectively stereo-
specific generating only one of the two possible configurations
at C(9). The 10-membered cyclic structure of 7 follows un-
ambiguously from spectral data and the stereochemistry at
C(9) is based on conversion (see below) to a 9-hydroxy er-
ythronolide derivative whose configuration at C(9) is indicated
by the evidence presented below. Removal of the silyl pro-
tecting group in 7 was readily accomplished (acetic acid-
water-THF, 3;1:1, at 55 °C for 24 h) to form the alcohol 882
(92%).

Hydrolysis of the lactone function in 8 could not be effected
cleanly using aqueous alkali-organic solvent combinations;
however, clean saponification was accomplished with THF,
30% hydrogen peroxide, and 1 N aqueous lithium hydroxide
(15:2.5:1) a1 20 °C for 5 h!0 1o afford after isolation carboxylic
acid 982 (85% yield after chromatography on silica gel using
10% CH;O0H in CH,Cl,).!! Treatment of 9 with excess po-
tassium hydroxide (0.07 N) in 2.5:1 dimethoxyethane-water
at 45 °C for 20 h resulted in complete saponification of the
benzoate groups to give, after isolation of the acid 10 and
treatment with excess diazomethane, an 86% yield of the
methyl ester 11 and its diastereomer.82 These could be sepa-
rated by preparative thin layer chromatography on silica gel,
the Ry values of 11 and the diastereomer being 0.66 and 0.62
(five developments using 10% CH3OH in CH,Cl,). The
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product of higher Ry (11), [a]?°5+8.5° (CHCI;), was iden-
tical in all respects with a sample of 11 obtained by an unam-
biguous series of transformations (outlined below) starting
from naturally occurring erythronolide B; infrared, '!H NMR,
ultraviolet, and mass spectra were superimposable and the
optical rotation and chromatographic behavior of the two
samples corresponded within experimental limits, Treatment
of synthetic 11 with 2-methoxypropene (excess) and 0.5 equiv
of dry hydrogen bromide in methylene chloride at 0 °C for 16
h and subsequent selective methanolysis of the isolated product
with Amberlite IRC-50 in methanol at 20 °C for 12 h yielded
(75%), after workup and chromatography on silica gel, the
acetonide ester 12, [a]2°p +11.8° (CHCl3), identical in all
respects with an authentic sample made from erythronolide
B. Treatment of the methyl ester 12 with 0.1 N potassium
hydroxide in 3:1 methanol-water at 45 °C for 12 h afforded
in 95% yield the acetonide acid 13. Cyclization of 13 to the
14-membered lactone 14 could be effected in 50% yield via the
thiol ester with 4-tert-butyl-N-isopropyl-2-mercaptoimida-
zole!2 by heating in dry toluene at reflux.!3

Authentic 14 and also reference samples of intermediates
11, 12, and 13 were synthesized from the known erythronolide
B derived ketone 1514 as follows. Whereas reduction of 15 with
sodium borohydride in ethanol, lithium triethylborohydride
in THF, or a number of other standard reagents affords ste-
reospecifically the less polar (R, 0.28 in 1:1 Et,0-hexane) of
two epimeric 9-alcohols, the other epimer (R, 0.15) is obtained
as major product (65% yield) using 3 molar equiv of lithium
n-butylborohydride (prepared from borane-dimethyl sulfide
complex in toluene with 1 equiv of n-butyllithium in hexane
at 0 °C) in toluene solution at 70 °C for 60 s (with subse-
quent rapid cooling in an ice bath, quenching with pH 7 buffer,
extractive isolation, and chromatography) along with only 20%
of the epimer of Ry 0,28. The two epimers of Ry 0.15 and 0.28
can reasonably be assigned as 14 and 16 respectively based on
I'H NMR data and chemical studies,!3 The chemical shift
values for C(9) H (6 in CDCl3) and coupling constants Jg ¢ for
the two epimers were determined as & 3.45 (Js9 = 10.5 Hz)
for the isomer of Ry 0.15and 6 3.75 (Js3 9 = 0 Hz) for the iso-
mer of Ry 0.28. Based on the Perun-Celmer conformation!®
for the erythronolide ring and study of CPK models these data
lead to formulation of the more polar epimer as 14 (93-OH)
and the less polar epimer as 16 (9a-OH). This formulation is
further supported by the observation that the reaction of the
more polar epimer (98-OH) with m-chloroperbenzoic acid
leads to an epoxy alcohol which is oxidized (CrO;-pyridine)
to the known!* 10,118-0xido-9 ketone,!” whereas the same
sequence applied to the less polar epimer (9a-OH) leads to the
isomeric 10,1 1a-0xido-9 ketone.!® The more polar 9-alcohol
14 (derived from erythronolide B) was converted to the hy-
droxy acid 13 by treatment with 2.3 N sodium hydroxide in
dimethyl sulfoxide-water (4:3) at 115 °C for 7 h and, from this
reference sample, the ester 12 was obtained by reaction with
diazomethane. From erythronolide-derived 12 a reference
sample of the pentahydroxy ester 11 was prepared by exposure
to THF-1 HCI (1:1) at 20 °C for 12 h.

The conversion of the alcohol 14 to erythronolide B which
completes the present synthesis follows the route previously
described:!* (1) oxidation of 14 to the ketone 15 (MnO in
CH,Cl, at 25 °C for 3 h), (2) epoxidation of the 10,11 double
bond (H,0,-OH™), (3) hydrogenolysis of the oxido function
at C-10 (H,/Pd/C, CH30H), (4) epimerization at C-10
(catalytic K,COj; in CH3;0H), and (5) removal of the 3,5-
isopropylidene group (1:1 THF-1 N HCl at 20 °C).

These studies are being continued along several lines which
include (1) modifications in the synthesis of erythronolide B,
(2) synthesis of erythronolide A, and (3) synthesis of the
erythromycins,19:20
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Isocyanide Insertion Reactions.
The Role of Isocyanide Insertions in the
Metal Assisted Hydrogenation of Isocyanides

Sir:
Several recent reports have described the first examples of
the homogeneous hydrogenation of heteronuclear triple bonds.!

0002-7863/78/1500-4622%01.00/0

Journal of the American Chemical Society [ 100:14 / July 5, 1978

04 Cis

Figure 1, An ORTEP diagram of (u3-CHNCgHs)(u-H)Os3(CO)s showing
50% probability ellipsoids.

In the belief that an insertion reaction is the first step in the
known catalytic activity of the cluster compound
0s3(C0O) 2,12 we have examined the reaction of the closely
related H,0s3(CO);o with phenyl isocyanide. The initial re-
action product, 1,2 has the formula H,0s3(CO),o(CNCg¢H5)
which is formally analogous to the previously reported com-
pounds H,0s3(CO)oL.? This complex probably has a struc-
ture analogous to those of H,Os3(CO)1* and H,Os;-
(CO)oP(CsHs);° since the infrared spectrum clearly shows
the presence of a terminally coordinated isocyanide ligand,
»(CN) 2190 cm~!, and the '"H NMR spectrum shows both
bridging and terminal hydride ligands.®

Upon refluxing in #-butyl ether,” I loses 1 mol of CO and
is transformed into the new complex, II, of formula
HOs;3(CO)o(CHNCgHs) which is believed to be a possible
intermediate in the phenyl isocyanide reduction process.

The molecular structure of II was established by x-ray
crystallographic methods, and is shown in Figure 1.8 II con-
tains a cluster of three osmium atoms and nine linear carbonyl
groups, but the most important feature is an N-phenyl formi-
midoyl ligand which bridges the three osmium atoms.%10 In-
terestingly, the C(10)-N bond distance is very long at 1.415
(11) A. We believe that this long distance indicates a high
degree of reduction of the formimidoy! carbon-nitrogen double
bond, and that this effect may, in turn, pave the way for further
reduction processes.'?

The formimidoyl hydrogen atom, H(10), was located
crystallographically, and is attached solely to the formimidoyl
carbon, C(10). The location of this hydrogen atom was also
supported through the 'H NMR spectrum which showed a
characteristic singlet at 7 —0.69 ppm. A second singlet at 7
27.45 ppm indicates that the remaining hydrogen atom is
present as a bridging hydride ligand, but this was not located
in the structure analysis.

The characterization of this formimidoyl ligand strongly
indicates the occurrence of an insertion rearrangement in-
volving the isocyanide ligand and a metal-hydrogen bond.!3
The fact that the ligand is bonded to three osmium atoms may
be a very important and certainly a unique feature of cluster
chemistry,!3 Although we have not yet obtained complete re-
duction of the isocyanide ligand, this has recently been
achieved for a different cluster system.!¢ Our studies to date,
however, do demonstrate the important first steps in the hy-
drogenation process and thoroughly reveal the manner in which
this partially hydrogenated isocyanide is bonded to the cluster
unit.

Acknowledgment. Support from the Division of Basic Energy
Sciences, U.S. Department of Energy is gratefully acknowl-
edged.

Supplementary Material Available: Tables of fractional coordinates,
bond distances and angles, and structure factor amplitudes (21 pages).
Ordering information is given on any current masthead page.

© 1978 American Chemical Society



