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Synform

Dear Readers,

Today is a typical Scottish day, damp with drizzle, breezy, 
dark.Yourmoodwon’tbegreatifyouareaffectedby
the weather, but luckily, I am not meteoropathic so my 
only issue on a day like this is to stay dry and try not to 
catch a cold… But last week we had the ‘beast from the 
east’ in this country, with temperatures which plum-
meted to –10 °C and snow and ice. Trains stuck in the 
snow, airports paralyzed and travelers stranded wher-
ever they got ‘surprised’ by the storm (even though the 
weather forecast had very reliably predicted this exact 
situation well in advance). It was pretty grim for many, 
including myself, as I got stranded for days in a big 
city in England, and I only managed to get home after 
countlessflightcancellationsandlast-minutehotel
bookings. In a situation like that you realize how fragile 
our transports system is and how our lifestyle is actu-
ally quite precarious, as twenty centimeters of snow 
and a few days of unseasonal weather are more than 
enough to bring massive disruptions to our schedules 
and routines. Luckily, there are still rock-solid certain-
ties in our lives and I am glad that SYNFORM is one of 
these! No matter how the storm howls, every month 
youwillfinditonline,keepingyouuptodatewith
some of the most exciting news and developments in 
organic synthesis. For example, this issue starts with a 
new, entertaining and highly informative Biographical 
Name Reaction authored by David Lewis, that will take 
us back in time to the life and work of Friedel and Crafts 
and their discovery of the alkylation and acylation 
reactions which are named after them. The follow-up 
article is a Young Career Focus interview with Norman 
Metanis (Israel) who talks about his research and ideas. 
The next contribution covers a Nat. Chem. paper on the 
biosynthesis of meroterpenoids stemming from an ‘an-
tipodal’ collaboration between J. H. George (Australia) 
and B. S. Moore (USA). And last but not least, the issue 

isclosedbyanarticleontheRu(II)-catalyzedolefination
developed by C.-J. Li (Canada). Because SYNFORM is 
reliable in any weather and season!

Enjoy your reading!
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Name Reaction BioSynform

In 1877, the first two papers of a series of nine appearing over 
the following four years,1 were published by French chemist 
Charles Friedel,2 and his American collaborator James Mason 
Crafts.3 The reaction between a carbon electrophile and an 
aromatic hydrocarbon now bears the name of both chemists, 
and has become one of the foundational electrophilic aroma-
tic substitution reactions.

Charles Friedel was born in Strasbourg (France), to a ban-
ker. On graduation from the Protestant Gymnasium, he en-
rolled in the Science Faculty at the University of Strasbourg, 
where Pasteur was a member of the faculty. Pasteur assigned 
him work in chemistry and crystallography, thus setting him 
on his career course: Friedel would make major contributions 
in both organic chemistry and mineralogy.

Friedel graduated with the baccalauréat de lettres in 1849 
and the baccalauréat en sciences physique, with distinction, 
in 1850. He spent the year after his graduation working in his 
father’s banking house, but it soon became apparent that he 
did not have the temperament to work in finance. So, at 20 
years old, he was sent to Paris to live with his grandfather, the 
zoologist Georges Louis Duvernoy (1777–1855). On his arrival 
in Paris he entered the Lycée Saint-Louis to study for the bac-
calauréat de mathématique. In 1854, he obtained the licence 
mathématique. In 1855, he received the licence physique.

In 1856, Friedel was chosen to be Conservator of Collec-
tions at the École de Mines, a position he held for the next 

20 years. The same year, he married Émilie Salomé Koechlin 
(1837–1871), who became mother of his four daughters and 
his first son. When she was a young girl near Nîmes, Émilie 
had lived in a house where the coffins of her ancestors were 
held – as Protestants, they had been denied Christian burial. 
At the beginning of the Franco-Prussian War, in 1870, Friedel 
sent Émilie and the children to Switzerland for their safety 
while he worked for the defense of the city of Paris. He did not 
learn of his young wife’s death from pneumonia until after the 
capitulation.

In 1854, Friedel entered the laboratory of Charles Adolphe 
Wurtz (1817–1884), another Strasbourg native with whom he 
became a lifelong friend. During his work with Wurtz, Friedel 
synthesized lactic acid, and established the chemistry of the 
two hydroxy groups in α-hydroxy acids. His studies of alde-
hydes and ketones led to him becoming the first to prepare 
isopropyl alcohol, by reduction of acetone with sodium amal-
gam, and thus establishing the existence of secondary alco-
hols as a class (Scheme 1).

In 1873, Friedel married Louise Jeanne Salomé Combes 
(1838–1908), who became the mother of his youngest son. 
The Friedel family produced several important French scien-
tists. His son Georges (1865–1933) became an important 
crystallographer (Friedel’s law is named for him) and his 
second son, Jean (1874–1941), became a biologist in Nancy. 
Georges’ grandson (Friedel’s great-grandson), Jacques (1921–
2014), was an important physicist and materials scientist.

A49

Charles Friedel (1832–1899) and James Mason Crafts (1839–1917): 
The Friedel–Crafts Alkylation and Acylation Reactions

Scheme 1

Charles Friedel (1832–1899) I Louise Jeanne Salomé Combes 
[Friedel] (1838–1908)
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The other partner in the discovery and development of 
this reaction, James Mason Crafts, was born in Boston (USA), 
and studied at the Lowell Academy; he graduated S.B. from 
the Lawrence Scientific School of Harvard University in 1858. 
 Despite his long career and number of research publications, 
he never earned a doctoral degree. After his graduation, he 
spent a short time studying with E. N. Horsford (1818–1893) 
at Harvard, and then moved to Germany. There, he spent much 
of his first four years at Heidelberg, studying with  Robert 
Bunsen (1811–1899). In 1862, he moved to France, where he 
spent another four years in the laboratory of Charles Adolphe 
Wurtz at the Sorbonne.

During Crafts’ period in Heidelberg, Bunsen was heavily 
engaged in his systematic spectroscopic studies of the ele-
ments with Gustav Robert Kirchoff (1824–1887), and Crafts 
had the good fortune to become Bunsen’s assistant during his 
time in Heidelberg. Despite this opportunity, Crafts published 
no papers during his time in Bunsen’s laboratory.

In Wurtz’ laboratory, Crafts was initially assigned to a 
problem on ethylene sulfide, and Crafts’ first papers were in 
the area of organosulfur chemistry. Four years later, in 1865, 
he returned to the United States, and in 1866 he became 
mine  examiner in Mexico – a perilous position at that time 
because of the physically difficult terrain and the dangers 
 posed by bandits. Although very modest, Crafts occasionally 
told friends of his adventures in Mexico. In 1867, he took up 
a  position as Professor of Chemistry and Dean of the Chemi-
cal Faculty at Cornell University, which had been founded just 
two years earlier. The next year, he married Clemence Hagger-
ty (1841–1912); the couple had four children.

In 1870, Crafts moved to the Massachusetts Institute of 
Technology (MIT) as Professor. His work here was so demand-
ing that his health suffered; in 1874, he changed his title to 
non-resident professor, and returned to France. It was during 
this sojourn in France that he began his incredibly fruitful col-
laboration with Friedel. In 1880, he resigned his non-resident 
professorship at MIT. He remained in France for another de-
cade – possibly the most productive years of his scientific 
career. It was not until 1891 that he returned permanently 
to the United States, and MIT. From 1892–1897 he served as 
Professor of Chemistry, and then in 1897 he became Acting 
President, and then President of MIT. In 1900, he resigned his 
position, and returned to his research work.

Crafts’ accomplishments were honored by his election to 
the National Academy of Sciences in 1872. Until the end of 
the nineteenth century, Crafts was a frequent visitor to the 
Sorbonne, where he became a close personal friend of his co-
worker, Charles Friedel. In 1885, he received the Prix Jecker of 
the Académie des Sciences de Paris, and became a Chevalier 
de la Légion d’Honneur. He was awarded an honorary LL.D. 
from Harvard University in 1898, and the Rumford Medal 
of the American Academy of Sciences in 1911. His last years 
were rendered difficult by his health, but he remained men-
tally vigorous to his death in 1917.

Friedel and Crafts first met in 1861, when Crafts enter ed 
Wurtz’ laboratory after his time in Heidelberg. The two men 
quickly became firm friends and close collaborators. In their 
first joint paper,1a which was based on their joint research  after 

James Mason Crafts (1839–1917) I Clemence Haggerty Crafts 
(1841–1912)

Scheme 2
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Crafts had returned to France, Friedel and Crafts  de scribed 
what is now known as the Friedel–Crafts alkyla tion (Scheme 
2). In the next two,1b,c they extended their study of alkyla-
tion into polyarylmethanes, described the acylation  reaction 
(Scheme 3), and identified which metal halides would catal-
yze the reaction.1d Much more detailed accounts of their joint 
research appeared in the Annales de chimie et de physique.4

Their initial observations that tert-amyl chloride [which 
they called amyl chloride in the original paper] reacted with 
aluminum foil to give a wide range of saturated and unsatur-
ated hydrocarbons, along with hydrogen chloride, led the two 
investigators to test if it was the metal or the metal halide that 
promoted the reaction; it proved to be the aluminum halide. 
They concluded that the alkyl halides might react with highly 
unsaturated compounds such as benzene in the presence of 
the aluminum halide. They were right (Scheme 2). They also 
showed how polymethylation could be easily accomplished, 
and the polymethylbenzenes separated on the basis of boiling 
point.

In their second paper, Friedel and Crafts extended their 
results to the formation of polyarylmethanes (Scheme 3; they 
did, however, misidentify the product with carbon tetrachlor-
ide as tetraphenylmethane). In the same paper, they intro-
duced the acylation reaction (Scheme 4) with benzoyl chlo-
ride, acetyl chloride, and phthaloyl chloride. In a subsequent 
paper,1c they showed that phosgene produces benzophenone.

The thorough early work of Friedel and Crafts establis-
hed their reaction as a premier method for the formation of 
carbon–carbon bonds to aromatic rings, and the reaction has 
been a staple in the synthetic organic chemist’s toolbox. Like 
other venerable synthetic reactions, the Friedel–Crafts reac-

tion has become the basis for any number of improvements 
and unforeseen applications. During the 1970s and 1980s, 
titanium tetrachloride became popular as a Lewis acid, and 
with the development of enol silyl ethers as surrogates for 
enolate anions, reactions such as the tertiary alkylation of the 
enol trimethylsilyl ethers5 were developed.

The 21st century has seen the focus of research on this 
 reaction move to the asymmetric Friedel–Crafts alkylation 
of electron-rich aromatic heterocycles by means of chiral 
 organocatalysts and chiral Lowry–Brønsted acids,6 such as the 
C2-symmetric phosphoric acid derivative7 in Scheme 5, which 
catalyzes the substitution of 2-phenylpyrrole by nitro alkenes.8 

This phosphoric acid can serve alone as a chiral catalyst, or as 
a chiral adjuvant with a Lewis acid catalyst.

The reaction has recently been applied to the synthesis of 
γ-lycorane by two sequential intramolecular Friedel–Crafts 
reactions (Scheme 6).9

Scheme 3

Scheme 4
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INTERVIEW

SYNFORM  What is the focus of your current research 
activity?

Dr. N. Metanis My research group is involved in multiple 
projects at the interface of chemistry and biology. Generally, 
we study the chemistry of proteins: protein folding, protein 
design, structural–activity relationships, posttranslational 
modifications, and therapeutic proteins. In particular, we fo-
cus on human selenoproteins,1 a group of 25 proteins,2 rough-
ly half of which are still poorly characterized (Figure 1).

SYNFORM  When did you get interested in synthesis?

Dr. N. Metanis I got interested in synthesis in my first year 
as an undergraduate when I attended organic chemistry cour-

Biographical Sketch

Norman Metanis earned his B.A. 
degree in Chemistry in 2000 (Cum 
Laude) from the Technion – Israel    
Institute of Technology, Haifa 
 (Israel). He then moved to The 
Scripps Research Institute (TSRI), 
La Jolla (USA) as a visiting student 
and spent one year in the labora-
tories of Professors Ehud Keinan 
and  Philip Dawson. Upon returning 
to the Technion, he completed his 
M.Sc. degree in 2004 (Cum Laude). 

Then he moved back to TSRI where he again worked with Pro-
fessors Ehud Keinan and Philip Dawson on a joint program 
between the Technion and TSRI. Upon the completion of 
his Ph.D. in 2008, Dr. Metanis joined the group of Professor 
 Donald Hilvert at ETH Zurich (Switzerland) until 2013. Then 
he moved to the Institute of Chemistry at the Hebrew Univer-
sity of Jerusalem (Israel) as a Senior Lecturer (Assistant Pro-
fessor). Among the awards that Dr. Metanis has received in 
the last five years are the Ma’of Award for Outstanding Arab 
Assi stant Professor (2013), the Thieme Chemistry Journals 
Award (2017), and he was selected as outstanding lecturer 
for “Organic Chemistry for Medical Students” (2017).

Dr. N. Metanis

Young Career Focus: Dr. Norman Metanis  
(Hebrew University of Jerusalem, Israel)

Background and Purpose. SYNFORM regularly meets young up-and-coming researchers who are  
performing exceptionally well in the arena of organic chemistry and related fields of research, in order  
to introduce them to the readership. This Young Career Focus presents Dr. Norman Metanis (Hebrew  
University of Jerusalem, Israel).

Figure 1 The human selenoproteins (roughly half of them still 
functionally uncharacterized or poorly studied)
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ses at the Technion – Israel Institute of Technology. I started 
reading papers involving synthesis in the library of the che
mistry department. I remember the pile of journals: Tetrahe
dron, J. Am. Chem. Soc. and Angew. Chem. among others, in 
hard copies, not electronically available at that time.

SYNFORM  What do you think about the modern role and 
prospects of organic synthesis?

Dr. N. Metanis Organic synthesis keeps changing; it is hard 
to keep up with the new methodologies being developed by 
leading scientists. In addition, many young scientists play a 
role in these developments and are making leading discover
ies in this field. New strong bond activation and functionaliza
tion methods will certainly have a significant impact on natu
ral product synthesis, drug development, and other synthetic 
goals. Another field that is being pursued and developed in re
cent years is the application of chemoselective modifications 
to macromolecules such as nucleic acids and proteins. These 
modifications open new horizons in the field of chemical bio
logy.

SYNFORM  Your research group is active in the areas of 
protein and peptide chemistry. Could you tell us more about 
your research and its aims?

Dr. N. Metanis Indeed, my research group is active in the 
chemistry of peptides and proteins, from the development of 
new synthetic methodologies and chemoselective reactions 
applied to proteins, to the manipulation of protein structure 
in order to shed light on its function at the molecular level. 
Our current focus has been on elucidating the function of 
human selenoproteins (Figure 1). Generally, these are poorly 
studied proteins, since it is quite challenging to prepare them 
in sufficient quantities using biological methods. Along these 
lines, we recently succeeded in obtaining two human seleno
proteins,3 SELENOM and SELENOW through chemical protein 
synthesis. This poorly studied family of proteins is now within 
reach and these syntheses should allow us to study them in 
detail in the future.

SYNFORM  What is your most important scientific 
 achievement to date and why?

Dr. N. Metanis My hope is that my most important scienti
fic achievement is yet to come. Nonetheless, I have made some 
important contributions in the fields of protein folding and 
chemical protein synthesis. Specifically, through substitution 
of cysteine with selenocysteine (just a single atom change: 

sulfur to selenium), we found that it is possible to steer fold ing 
in a predictive and more productive path that avoids the pre
dominant formation of trapped intermediates that normally 
appear during folding of the wildtype protein.4–7 Further
more, during our early work on selenoproteins, we found, by 
serendipity, that selenocysteine can be converted selectively 
into  alanine (referred to as deselenization) in the presence 
of unprotected cysteine residues using a common reductant 
[tris(2carboxyethyl phosphine, TCEP].8 We have developed 
this reaction as a way to expand the native chemical ligation 
(NCL), which is one of the most applied reactions in chemi
cal protein synthesis, but was originally limited to ligations 
at  cysteine, to ligation sites of alanine and serine (Figure 2),9,10 
both being among the most common residues in proteins.
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Figure 2 Native chemical ligation at selenocysteine followed 
by deselenization to provide Ala or Ser (depending on the 
conditions)

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.

https://doi.org/10.1002/anie.201706876
https://doi.org/10.1002/anie.201706876
https://doi.org/10.1126/science.1083516


© Georg Thieme Verlag Stuttgart • New York – Synform 2018/04, A53–A55 • Published online: March 17, 2018 • DOI: 10.1055/s-0036-1591462

Young Career FocusSynform

(3) L. Dery, P. S. Reddy, S. Dery, R. Mousa, O. Ktorza,   
A. Talhami, N. Metanis Chem. Sci. 2017, 8, 1922.
(4) N. Metanis, D. Hilvert Chem. Sci. 2015, 6, 322.
(5) N. Metanis, D. Hilvert Curr. Opin. Chem. Biol. 2014, 22, 27.
(6) N. Metanis, D. Hilvert Angew. Chem. Int. Ed. 2012, 51, 
5585.
(7) N. Metanis, C. Foletti, J. Beld, D. Hilvert Isr. J. Chem. 2011, 
51, 953.
(8) N. Metanis, E. Keinan, P. E. Dawson Angew. Chem. Int. Ed. 
2010, 49, 7049.
(9) P. S. Reddy, S. Dery, N. Metanis Angew. Chem. Int. Ed. 2016, 
55, 992.
(10) S. Dery, P. S. Reddy, L. Dery, R. Mousa, R. Notis Dardashti, 
N. Metanis Chem. Sci. 2015, 6, 6207.

A55

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.

https://doi.org/10.1039/C6SC04123J
https://doi.org/10.1039/C4SC02379J
https://doi.org/10.1016/j.cbpa.2014.09.010
https://doi.org/10.1002/anie.201109129
https://doi.org/10.1002/anie.201109129
https://doi.org/10.1002/ijch.201100105
https://doi.org/10.1002/ijch.201100105
https://doi.org/10.1002/anie.201001900
https://doi.org/10.1002/anie.201001900
https://doi.org/10.1002/anie.201509378
https://doi.org/10.1002/anie.201509378
https://doi.org/10.1039/C5SC02528A


© Georg Thieme Verlag Stuttgart • New York – Synform 2018/04, A56–A60 • Published online: March 17, 2018 • DOI: 10.1055/s-0036-1591463

Literature CoverageSynform

Over the past 30 years a large number of diverse and fascinat
ing meroterpenoid natural products have been isolated from 
marine bacteria, including the merochlorins, the napyradio
mycins (of which naphthomevalin is the simplest example), 
and the marinones (Figure 1). Professor Jonathan H. George, 
from the University of Adelaide (Australia), said: “These fami
lies of natural products are biosynthesized and derived from 
1,3,6,8tetrahydroxynaphthalene (THN), but the mechanisms 
of these biosynthetic pathways were unclear before our colla
borative work with Professor Bradley S. Moore’s group at the 
University of California San Diego (USA).”

The George research group is broadly interested in the 
development of biomimetic cascade reactions for the rapid 
synthesis of complex meroterpenoid natural products. “In 
addition to synthetic efficiency, we firmly believe that this
approach can give insight into biosynthetic pathways, as well 
as highlight possible structure revisions of biosynthetically 
dubious natural product assignments,” explained Professor 
George.

Professor Moore revealed: “This paper was a special treat. 
I’ve been fascinated with the chemical structures of the naph
thoquinonebased meroterpenoid natural products for many 
years and have marveled on how microbes assemble these 
antimicrobial molecules by combining polyketide and terpen
oid chemistry.” Little did he know then that half way around 
the world, Professor George’s lab was similarly intrigued with 
these molecules, yet from a synthetic point of view.

Professor George confirmed: “Our synthetic interest in
THNderived meroterpenoids began with merochlorin A, 

which possesses four contiguous stereocenters in a bicyc
lo[3.2.1]octanone core. The key step of our synthesis of mero
chlorin A was a cycloaddition triggered by oxidative dearo
matization of the THN ring system.” The Moore group also 
completed their own biomimetic synthesis and biosynthetic 
studies of merochlorin A (and merochlorin B) in which they 
showed that a single multitasking vanadiumdependent 
halo peroxidase enzyme (VHPO) called Mcl24 controlled the 
chlorination, oxidative dearomatization and cycloaddition 
steps.

“Our two worlds collided in 2015 when Jonathan reached 
out to me after we had published the discovery and biosyn
thesis of the merochlorin antibiotics (J. Am. Chem. Soc. 2012, 
134, 11988; Angew. Chem. Int. Ed. 2014, 53, 11019; Angew. 
Chem. Int. Ed. 2014, 53, 11023) and his lab had published 
an elegant biomimetic synthesis of merochlorin A (Angew. 
Chem. Int. Ed. 2013, 52, 12170),” explained Professor Moore, 
continuing: “In 2015 Jonathan’s lab shifted focus to another 
meroterpenoid compound, naphthomevalin, and in their bio
mimetic synthesis approach, they developed a key reaction 
involvingtheα-hydroxyketonerearrangementofaprotected
4prenylated tetrahydroxynaphthalene intermediate in which 
the isoprene chain shifted from C4 to C3.”

The Moore group’s original characterization of the Mcl24 
VHPO enzyme revealed that it was singularly responsible for 
converting premerochlorin into merochlorins A and B. In 
those Cl+induced cascade reactions, a siteselective naphthol 
chlorination is followed by an oxidative dearomatization/ter
pene cyclization sequence to construct the complex carbon 

A56

A Unifying Paradigm for Naphthoquinone-Based Meroterpenoid 
(Bio)synthesis

Nat. Chem. 2017, 9, 1235–1242

Figure 1 Bacterial meroterpenoids derived from THN
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framework of the merochlorins in a single step. “My postdoc 
Stefan Diethelm, who was classically trained as a synthetic or
ganic chemist turned biochemist, noticed that Mcl24 could do 
more and explain the origin of merochlorin D in which the 
terpene chain was attached to C3 instead of C4,” remarked 
Professor Moore (Scheme 1). He continued: “When he assayed 
the Mcl24 enzyme at an elevated pH, a previously unrecog
nized minor product was produced in greatest abundance. 
Upon solving the structure of the dichlorinated ‘merochlorin 
X’, we were all surprised that the terpene chain had migrated 
to the C3 position, just like that in the merochlorin D natu
ral product. This result revealed a novel reaction in nature in
volvingahalogen-mediatedα-hydroxyketonerearrangement
reaction and impressively showed that a single enzyme was 
responsible for constructing the diverse molecular diversity 
in the merochlorin series.”

At the same time as the Moore group’s discovery of the 
Mcl24mediated dichlorination, oxidative dearomatization 
andα-hydroxyketonerearrangementofpre-merochlorin,the
George lab completed their own biomimetic total synthesis of 
naphthomevalin using remarkably similar key steps (Scheme 
2). “In our biomimetic synthetic design, we deliberately mini
mize the use of protecting groups. As well as cutting the step 
count of the overall route, this also allows us to explore the 
predisposed, innate reactivity of our proposed biosynthetic 
intermediatesonroutetothefinalnaturalproduct,”explained

Professor George. He continued: “However, in the case of our 
naphthomevalin synthesis we found that protection of the C5 
and C7 phenols on the lefthand ring of the THN derivatives 
(e.g. compound 2) was necessary for selective oxidative de
aromatizationandchlorinationsteps. Inourfirst-generation
strategy (as yet unpublished) we used aryl methyl ethers to 
protect the C5 and C7 phenols – which worked perfectly 
until the final deprotection step!” After several false starts
Professor George and coworkers were eventually forced to 
redesign the strategy to allow the use of more labile MOM
protecting groups instead. “The redesign and execution of the 
synthesis took almost a whole year of hard work from my very 
talented PhD student, Henry Pepper,” he acknowledged.

Thefirstkeystepof the successful synthesiswasaone-
pot oxidative dearomatization at C4 of the THN derivative 
using Pb(OAc)4 followed by dichlorination at C2 using NCS to 
give 3. “This step is remarkably similar to the Mcl24mediated 
reaction of premerochlorin shown previously in Scheme 1. 
We then removed one of the C2 chlorine substituents using a 
highly selective LDAmediated dechlorination, and we cleaved 
the acetate group using KOH to give 4,” said Professor George.   
He continued: “Diastereoselective prenylation of 4 using 
 prenyl bromide and NaH gave 5, which was deprotected to give 
6 using mild acidic conditions to remove the MOMprotecting 
groups.Afinalα-hydroxyketonerearrangementthenshifted
the geranyl group from C4 to C3 under thermal  conditions, 

Scheme 1 Mcl24-mediated reaction of pre-merochlorin

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



© Georg Thieme Verlag Stuttgart • New York – Synform 2018/04, A56–A60 • Published online: March 17, 2018 • DOI: 10.1055/s-0036-1591463

Literature CoverageSynform

A58

thus rationalizing the C3 geranyl substitution pattern of 
naphthomevalin. We were not surprised by the success of 
thefinal1,2-shift,asatthatpointwehadconductedexten
sive studies of this reaction on model systems. We generally 
foundthatheatingtheα-hydroxyketonesubstratesovernight
atrefluxintoluenewasrequiredfor100%conversion,butthe
reaction is very clean with no byproducts. However, the fact 
that the reaction did not occur appreciably at lower tempera
tures led us to speculate that it must be enzymecatalyzed in 
nature.”

It was at this point that the Adelaidebased researchers 
contacted the Moore group, knowing they were interested 
(and had published previously) on merochlorin and napyra
diomycin biosynthesis. “We both realized that our synthesis 
could give access to several possible biosynthetic interme
diates via MOM deprotection at any point. These (racemic) 
substrates could be used to reveal the biosynthetic function of 
VHPOs (and other enzymes) discovered by the Moore group,” 
said Professor George.

Thisnovelsyntheticinsightsimplifiedbeautifullythebio
genesis of many of the naphthoquinonebased meroterpenoid 
natural products that had isoprene groups attached at both 
carbon centers.

“Remarkably, Stefan Diethelm in my lab had just identi
fied theMcl24enzyme that catalyzed the tandemoxidative

chlorination and α-hydroxyketone rearrangement reaction
much like that accomplished by Henry Pepper in a fume 
hood in Australia,” said Professor Moore. “We had both inde
pendently discovered the same reaction, one by an enzyme 
and the other by a chemical reagent. Another postdoc in my 
lab, Zachary  Miles, went on to show that this new enzymatic 
reaction was evident in both the napyradiomycin and mero
chlorin series and was also likely responsible for the construc
tion of many more meroterpenoids in Streptomyces bacteria. 
It was this discovery that led to our Nat. Chem. article where 
we introducedanew, simplifiedparadigm for theassembly
of naphthoquinonebased meroterpenoid natural products 
using enzymes and/or chemical reagents.”

Both labs found their collaboration enjoyable, as it brought 
many fresh ideas and complementary expertise to the table. 
Professor Moore remarked: “For us, our biosynthetic enzy
mology work on the merochlorins and napyradiomycins un
covered a number of novel biosynthetic transformations re
lating to asymmetric alkene and arene halofunctionalization 
reactions catalyzed by a rare class of vanadiumdependent 
chloroperoxidases in bacteria. These reactions have no prece
dence in the biochemical literature and at the time of their 
discovery were quite unexpected.” The George lab was able 
to provide synthetic material that allowed the Moore lab to 
rigorously interrogate some of their biosynthetic hypotheses. 

Scheme 2 Biomimetic total synthesis of naphthomevalin
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At the same time, they were able to use enzymes, such as the 
prenyltransferase NapT8 and the chloroperoxidases NapH3 
and NapH1, to catalyze chiral resolving transformations on ra
cemic synthetic material to ultimately give enantiopure naph
thomevalin and napyradiomycin A1 (Scheme 3).

“One reviewer of our submitted manuscript asked for CD 
spectra of all enzymatic products,” said Professor George. 
“These CD spectra conclusively showed that when the NapT8 
prenylationandtheNapH3α-hydroxyketonerearrangement
were conducted on fully synthetic, racemic substrates 7 and 
6, kinetic resolutions were observed. This shows that the pre
nylationandα-hydroxyketonerearrangementstepsareboth
stereospecificandenzyme-catalyzedinnapyradiomycinbio
synthesis.”

Since completing the work that led to the Nat. Chem. publi
cation, the two labs have continued their collaborative project. 
For three months at the end of 2017, graduate student  Lauren 
Murray from the George lab in Adelaide visited the Moore    
lab at UC San Diego to pursue two related meroterpenoid 
target molecules called naphterpin and marinone. Lauren is 
a synthetic chemist who recently completed the synthesis of 
naphterpin via a route that she predicted was biomimetic. She 
then joined postdoc Shaun McKinnie from the Moore lab to 
interrogate the biosynthesis of marinone and they were able 
to quickly elucidate most of the pathway with the help of an 
assortment of synthetic materials. “That work is nearing com
pletion and again shows the power and beauty of collabora
tive science between synthetic and biosynthetic laboratories,” 
said Professor Moore. “I think that our work also highlights the 
future of synthetic chemistry in which biosynthetic enzymes 
are added to the toolkit of synthetic chemists as they pon
der the fastestandmostefficientway toconstructcomplex
 organic molecules.” He concluded: “I recently wrote a Synlett 
Account article entitled “Asymmetric Alkene and Arene Halo
functionalization Reactions in Meroterpenoid Biosynthesis” 

(Synlett 2018, 29, DOI: 10.1055/s-0036-1590919), which in
cludes a short overview of this Nat. Chem. article in section 
4. That article may provide the readers with some good addi
tional backstory to this joint paper with the George lab.”

Scheme 3 New enzyme reactivity of NapT8 and NapH3 discovered in this work
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Efficient construction of carbon–carbon double bonds is a 
central subject in synthetic chemistry. The direct reductive 
coupling of naturally ubiquitous carbonyl compounds offers 
a tremendous synthetic potential for the synthesis of olefins, 
yet the catalytic carbonyl cross-coupling reaction remains 
large ly elusive.

Recently, a new paper describing an innovative 
ruthenium(II)-catalyzed, hydrazine-mediated olefination 
reaction via direct carbonyl reductive cross-coupling was 
pub lished by the group of Professor Chao-Jun Li at McGill 
University (Montreal, Canada). Professor Li explained: “From 

the sustainability point of view, carbonyl cross-coupling re-
presents an ideal strategy to access olefins because naturally 
wide spread carbonyl functional groups are generally regard-
ed as renewable feedstocks. As a proof of principle, we have 
devel oped a new and efficient catalytic method for olefin 
synthesis, which possesses a distinct mechanistic profile and 
highlights the use of abundant carbonyl functional groups.”

“Considering the state-of-the-art in this field, the well-
known McMurry reaction enables direct reductive homo- 
couplings of carbonyl compounds to access olefins by employ-
ing stoichiometric amounts of low-valent titanium reagents 

A61

Ruthenium(II)-Catalyzed Olefination via Carbonyl Reductive  
Cross-Coupling

Chem. Sci. 2017, 8, 8193–8197

Scheme 1 Ruthenium(II)-catalyzed olefination via carbonyl reductive cross-coupling
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and strong metal reductants (e.g. LiAIH4 and alkali metals),” 
said Professor Li (for references, see the original Chem. Sci. 
article). He added: “Although the issue of selective cross- 
couplings of two unsymmetrical carbonyl compounds has 
been addressed, three challenges still remain: (1) the use of 
stoichiometric quantities of metal wastes accompanied by 
excessive amounts of metal-based reagents, (2) poor chemo-
selectivity and (3) unsatisfactory functional group tolerance.”

“Our catalytic method not only enables facile and selective 
cross-couplings of two unsymmetrical carbonyl compounds 
in either an intermolecular or intramolecular fashion but also 
features good functional group tolerance. Furthermore, the 
reaction generates nitrogen and water as the only environ-
mentally benign stoichiometric by-products,” explained Pro-
fessor Li. He continued: “This new ruthenium(II)-catalyzed 
chemistry accommodates a variety of substrates and proceeds 
under mild reaction conditions. Specifically, this chemistry 
covers a broad spectrum of nucleophilic or electrophilic car-
bonyl coupling partners, regardless of their electronic nature. 
The intramolecular olefination also proceeds smoothly in the 
present reaction system. Notably, functional groups that are 
commonly incompatible with traditional carbonyl olefination 
approaches, such as unprotected alcohols, esters, and amides, 
are well tolerated in this chemistry and potentially amenable 
to further functionalization.”

“Very recently, we have disclosed a novel ruthenium- 
catalyzed deoxygenation chemistry for the highly selective and 
efficient cleavage of aliphatic primary C–O bonds in complex 
organic molecules (J. Am. Chem. Soc. 2016, 138, 5433; also Ir-
catalyzed, see: Eur. J. Org. Chem. 2013, 6496). Capital izing on 

the proposed intermediate A, its coupling with  another car-
bonyl molecule was conceived for C–C bond formation via a 
six-membered chair-like cyclic transition state B (alteratively, 
B′ with the loss of HCl). Upon its further  rearrangement, a 
wide range of sec- and tert-alcohols were readily obtained 
by the protonation of C (Nat. Chem. 2016, 9, 374). Diverging 
from C, we conjectured that the olefin production might also 
be feasible through an elimination pathway. In fact, this hypo-
thesis gained further support from a few literature precedents 
of metalloazines in the late 80’s. In these papers, Schwartz 
and co-workers reported the use of metalloazines as stoichi-
ometric reagents for carbon–carbon double bond formation 
(for references, see the original Chem. Sci. article),” said Pro-
fessor Li. He continued: “The base plays an important role in 
a  series of hydrazone-based processes developed recently in 
our lab. While a weak base (e.g. K3PO4) generally works better 
for carbonyl addition, imine addition and Michael reactions 
employing aromatic carbonyl substrates (for references, see 
the original Chem. Sci. article), a strong base (e.g. KOt-Bu) is 
required to trigger olefination reactions when aliphatic car-
bonyl counterparts are involved as hydrazone precursors.”

The group performed further experiments to shed light 
on the mechanistic details of this reaction, which turned out 
to be an E1cB-type process. “Our control experiments indi-
cated that metal-assisted decomposition of the corresponding 
asymmetric azine and base-mediated elimination of the cor-
responding alcohol should not be involved in the present reac-
tion system, because none of the olefin products was detected 
in either case,” said Professor Li.

Scheme 2 Design principle for olefination via catalytic carbonyl reductive cross-coupling
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He concluded: “Olefins are ubiquitous chemicals in areas 
such as materials science, as well as vitally important sub-
strates for the chemical and pharmaceutical industry; there-
fore, we hope that both academia and industry will take ad-
vantage of this new catalytic approach to synthesize olefins 
directly from simple and naturally abundant carbonyl com-
pounds. This chemistry possesses a distinct mechanistic pro-
file and has the advantages of cross-coupling capability, mild 
reaction conditions, good functional group tolerance and 
stoichiometric benign by-products. Taken together, our find-
ings are expected to spur more interest in developing catalytic 
methods in this field.”

Scheme 3  Control experiments for the olefin formation
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