
Subscriber access provided by University of South Dakota

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

Communication

Synthesis of myrocin G, the putative active
form of the myrocin antitumor antibiotics.
Christos Economou, Martin Tomanik, and Seth B Herzon

J. Am. Chem. Soc., Just Accepted Manuscript • DOI: 10.1021/jacs.8b10891 • Publication Date (Web): 11 Nov 2018

Downloaded from http://pubs.acs.org on November 11, 2018

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.



Synthesis of myrocin G, the putative active form of the myrocin anti-
tumor antibiotics. 
Christos Economou,1 Martin Tomanik,1 and Seth B. Herzon1,2,* 
1Department of Chemistry, Yale University, New Haven, Connecticut 06520, United States.  2Department of Pharmacology, 
Yale School of Medicine, New Haven, Connecticut 06520, United States. 

 Supporting Information Placeholder

ABSTRACT: The antiproliferative antimicrobial fungal 
metabolites known as the myrocins have been proposed 
to cross-link DNA by double nucleotide addition.  How-
ever, the nature of the DNA-reactive species is ambigu-
ous, as myrocins have been isolated as functionally-dis-
tinct 5-hydroxy-γ-lactone and diosphenol isomers.  Based 
on computational studies and literature precedent, we hy-
pothesized that the diosphenol 7 (assigned here the trivial 
name myrocin G) is the biologically-active form of the 
representative isolate (+)-myrocin C (1).  To probe this, 
we developed a short enantioselective route to 7.  A pow-
erful fragment coupling reaction that forms the central 
ring of the target in 38% yield and in a single step was 
developed.  In support of our hypothesis, 7 was efficiently 
transformed to the bis(sulfide) 6, a product previously 
isolated from reactions of 1 with benzenethiol.  This work 
provides the first direct access to the diosphenol 7, sets 
the stage for elucidating the mode of interaction of the 
myrocins with DNA, and provides a foundation for the 
synthesis of other pimarane diterpenes. 

Efforts to elucidate the mechanism of action of natural 
products are complicated when the metabolite can adopt 
two or more functionally-distinct forms.  This issue is ex-
emplified by the antiproliferative antimicrobial metabo-
lites myrocins C (1)1 and B (2),2,3 fungal isolates that con-
tain a sensitive 5-hydroxy-γ-lactone residue (Scheme 1A, 
blue in 1 and 2).  Literature indicates4 this substructure 
undergoes facile ring-opening to the corresponding di-
osphenol under mildly acidic or basic conditions, raising 
uncertainty about its fidelity under biological conditions.  
Consistent with this, the diosphenol isomer of 2, (–)-my-
rocin A (3), has been identified in fungal cultures.5  

Following their landmark total synthesis of (±)-my-
rocin C (1),6 Danishefsky and Chu-Moyer disclosed that 
treatment of synthetic (±)-1 with excess thiophenol and 
triethylamine generated the bis(sulfide) 6 (63%, Scheme 
1B).7 The mechanism for formation of 6 was  

Scheme 1. A. Structures of myrocins A–C (1–3).  B. 
Structure of the bis(sulfide) 6 and the originally pro-
posed mechanism for its formation.  C. The diosphenol 
7 is 1.4 kcal/mol more stable than 1 and hypothesized 
to be the biologically-active form of 1.  D. Retrosyn-
thetic analysis of 7.  

 
proposed to comprise SN2´ substitution of the tertiary hy-
droxyl group (1®4), isomerization to the diosphenol 5, 
and addition to the resulting activated cyclopropane. This 
reactivity led the authors to speculate that the myrocins 
cross-link DNA by sequential nucleotide addition reac-
tions.8  

OH

CH3

OCH3
OHO O

OH

CH3

OCH3
OHO

(–)-myrocin A (3)

OH

O

OH

CH3

O
CH3

(+)-myrocin C (1)

O
O

OHH

OH

CH3

O
CH3

(–)-myrocin B (2)

O

O
O

OHH

A

C

A

CC

A.

CH3

O
O

O
CH3 H

SPh

CH3

OCH3 OH

SPh

HO O
OH

CH3

OHCH3 OH

SPh

HO O

PhS

4 5 6 (63% from 1)

PhSH, –H2O

PhSH

B.

C.

(+)-myrocin C (1)

myrocin G (7)
putative active form of 1

2 PhSH

–H2O

9

CH3
O

I
C

CH3
ORO

I
A

O
13

4
+

10

D.

7

8

R’O
O

CH3

OH

CH3
ORO

A

C

O4

13

9

10
9

10

A

H

Page 1 of 5

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

The isolation of 3 suggests the existence of an analo-
gous diosphenol isomer of 1, “myrocin G (7)” (Scheme 
1C).  Ring-opening of a lactone structurally related to 1 
has been reported to occur under acidic or basic condi-
tions.4b The diosphenol isomer may be stabilized by a 
strong intramolecular hydrogen bond between the hy-
droxyl group and the adjacent carbonyl.  Collectively, 
these data suggested to us an alternative order of events 
for 1®6 wherein ring-opening of 1 to the diosphenol 7 
precedes the initial alkylation.   

Motivated by this analysis, we targeted 7 as the initial 
entry into this natural product family.  In addition, we 
identified the diosphenol double bond as a strategic locus 
that could be converted retrosynthetically to the diketone 
8 in a redox-neutral fashion (Scheme 1D).  Further dis-
connection of the C9–C10 bond by a fragment coupling 
reaction9 reveals the α,β-cyclopropylketone 9 and the un-
saturated ketone 10 as two precursors of similar complex-
ity.  This synthetic strategy features the direct, redox-neu-
tral installation of the C9 alcohol, high modularity, and 
independent introduction of the peripheral C4 and C13 
quaternary centers. 

The coupling fragments 9 and 10 were prepared in 3–
4 steps from known compounds (Scheme 2).  Beginning 
with the Diels–Alder adduct 11,14 Wittig olefination [po-
tassium bis(trimethylsilyl)amide, methyl triphenylpho-
sophium bromide], tandem enoxysilane hydrolysis and b-
carbamate elimination (aqueous hydrochloric acid), and 
α-dehydroiodination (iodine, pyridine)10 provided the C-
ring fragment 10 (22% over three steps, Scheme 2A).  The 
A-ring fragment 9 was synthesized from the b-ketoester 
12 (Scheme 2B).11 Stereoselective Robinson annulation12 
between 12 and acrolein diethylacetal provided the enone 
13 (32%, 92% ee).  α-Dehydroiodination10 of 13 pro-
ceeded in 97% yield.  Corey–Chaykovsky cyclopropana-
tion13 (trimethylsulfoxonium iodide, sodium hydride) 
provided a 2.3:1 mixture  

Scheme 2.  Synthesis of the fragment coupling part-
ners 9 and 10. TMSE = 2-(trimethylsilyl)ethyl. 

 
 

of diastereomeric α,β-cyclopropylketones.  The major 
(desired) diastereomer 9 was isolated in 64% yield after 
recrystallization. 

The fragment coupling product 14 was obtained by ac-
tivation of the iodocyclopropane 9 with iso-propylmagne-
sium chloride–lithium chloride complex,14 followed by 
addition of the iodoenone 10 (92%, 8.2:1 dr, Scheme 3).  
The stereoselectivity in the addition was anticipated 
based on the known stereoelectronic preferences for nu-
cleophilic addition to cycloalkanones15 and consideration 
of non-bonded interactions in the transition state.  Nota-
bly, retro-aldol reaction of 14 is prevented by the geomet-
ric constraints introduced by the cyclopropane ring.   

The ring closure precursor 16 was prepared by a five-
step sequence comprising Stille cross-coupling  
[tetrakis(triphenylphosphine)palladium-(0), copper(I) io-
dide, cesium fluoride] with tributyl(1-ethoxyvinyl) tin,  

 

 
Scheme 3. Synthesis of 19. 
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hydrolysis of the resulting vinyl ether (aqueous hydro-
chloric acid), tandem alcohol silylation–enoxysilane for-
mation (trimethylsilyl trifluoromethanesulfonate, tri-
ethylamine), Rubottom oxidation (3-chloroperoxyben-
zoic acid), and conversion of the primary alcohol to an 
allyl carbonate (allyl chloroformate, pyridine, 37% over-
all).  The structure of the intermediate α-hydroxyketone 
was confirmed by X-ray analysis.16 

After much experimentation, we found that treatment 
of the allyl carbonate 16 with sodium tert-butoxide in tet-
rahydrofuran at 0 °C generated the diosphenol 19 (64%).  
Mechanistic studies suggest that 19 is formed via aldol 
addition (16→17), carbonate migration (17→18), and β-
elimination.  The silyl migration product 20 was isolated 
separately in 15% yield. 

This cyclization cascade provides expedient access to 
a protected form of 7.  After some consideration, we rec-
ognized that the fragment coupling–ring closure cascade 
could potentially be carried out in one flask by embedding 
a latent enolate nucleophile in the C-ring electrophile.  
Toward this end, we prepared the enoxysilane 24 by the 
sequence shown in Scheme 4.  Beginning with the α-io-
doenone 10, ketalization (ethylene glycol, p-toluenesul-
fonic acid) followed by lithium–halogen exchange and 
addition of the Weinreb amide17 21 provided the α,β-un-
saturated ketone 22 (70%).  Removal of the silyl ether 
(tetra-n-butylammonium fluoride), installation of the al-
lyl carbonate (allyl chloroformate, pyridine), and removal 
of the acetal (aqueous hydrochloric acid) generated the β-
diketone 23.  Site-selective deprotonation of 12 (lithium 
hexamethyldisilazide) and trapping of the resulting eno-
late with chlorotrimethylsilane provided the target 
enoxysilane 24. 

Attempts to effect the fragment coupling of the 
enoxysilane 24 with the organomagnesium reagent de-
rived from 9 were unsuccessful.  We found, however, that 
lithium–halogen exchange (n-butyllithium, –78 °C), fol-
lowed by immediate addition of the enoxysilane 24 and 
warming to 0 °C provided the fully annulated  
Scheme 4. Synthesis of the enoxysilane 24. 

 

Scheme 5. One-step synthesis of 19 from 9 and 24. 

 
product 19 in 38% yield (Scheme 5).  The modest yield 
of this transformation is offset to some extent by the rapid 
increase in molecule complexity achieved.  Deprotection 
of 18 (tetra-n-butylammonium fluoride) then provided 
the target 7 (64%).  Subjecting synthetic 7 to the condi-
tions disclosed by Danishefsky and Chu-Moyer7 gener-
ated the bis(sulfide) 6 (74%, Scheme 6).  This result pro-
vides support for the our hypothesis and indicates that the 
diosphenol 7 is a competent intermediate in the double 
nucleophilic addition of thiols.  We reasoned that (+)-my-
rocin C (1) itself might be accessible by temporarily dis-
rupting the diosphenol hydrogen bond in 19 or 7, thereby 
making lactonization thermodynamically favorable. 
However, exploratory experiments toward this end have 
thus far been unsuccessful.  

In summary, we have developed a concise, enantiose-
lective synthesis of “myrocin G” (7), the putative active  
Scheme 6.  Synthesis of the bis(sulfide) from the di-
osphenol 7. 
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form of the antiproliferative antimicrobial metabolite my-
rocin C (1).  Key to the success of this approach was the 
development of a powerful annulation strategy that forges 
the central ring of the target in a single step from two syn-
thetic precursors of similar complexity.  With access to 7, 
we are now in position to probe its antiproliferative activ-
ity and determine its biological target.  The fragment cou-
pling reaction we have developed should be amenable to 
the synthesis of other pimarane diterpenes. 
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