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Organometallic Chemistry i Overview

Organometallic Chemistry

The research in thi®epartmentis focused on thelevdopment of organometallic
catalystsof preparative relevance, the investigation of their mode of action, and on
applications to the synthesis of natural products of biological significance.

Several group leaders started successful careers while affiigtiedhe Department:
Frank Glorius (200:2004; now Full Professor in MinsteBtefan Hech{20052006;

now Full Professor in Berlin)Lisbet Kvaerno(20072008, left for a position in
industry), and Manuel Alcarazo (20@®15), who became Professor of ganic
Chemistry (W3) at the University of Goéttingen. His research encompassed the design of
new | igands t hat -adiditypanrthe derixed enptal icamplaxks.
Moreover, he developed a promising class of high valent sulfur compounds as stable
alternaives to hazardous hypervalent iodine reagents commonly used in the literature.

A new research group leader will be appointed to the Department to fill the vadancy.
offer has been made, the acceptance of which is currently bending.

The majorlinesofe sear ch i n Prof. F¢rstnerds own gr G
following fields of catalysis research, which are partly interwoven:

metathesis

carbophilic Lewis acid catalysis

stereochemical unorthoddrans-addition chemistry
organoiron chemistryral catalysis

natural product total synthesis

[t B et B

Following our early work on alkene metathesis (macrocyclization reactions; ruthenium
indenylidene catalysts etc), the related metathesis of alkynes has become a focal point of
research since the turn of the leiinium. This reaction had no practical relevance at
that time; gratifyingly though, a new generation of catalysts developed in our laboratory
shows remarkable activity and functional group compatibility and hence upgrades
alkyne metathesis to the stratdgyel. Our catalysts are now commercial available and
increasingly used by others. Furthermore, we recently showed that triple bond
metathesis might even be relevant for the activation of small molecules since our
catalysts cleave the IM-bond of aryldiamnium salts with remarkable ease. This
transformation serves as prospect for an unconventional way of nitrogen activation.
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Organometallic Chemistry i Overview

With alkyne metathesis rapidly maturing, the focus of our attention is gradually shifting
to the downstream chemistry which ultimatelefines the outreach of this method.
Many creative ways of using alkynes can be envisaged, but some seemingly simple
transformations remain surprisingly difficult to accomplish. Thus, it is by no means
trivial to convert alkynes intde-alkenes under coittbns that are compatible with
sensitive functionality. This challenge was met in 2013 when we described an alkyne
trans-hydrogenation that tolerates relevant functional groups. This unorthodox outcome
seemingly violates the basic rules of hydrogenatmmn rgni ng si nce- Sabat.i
breaking work. The underlying concept has been generalized in that practical methods
for trans-selective hydroboration, hydrogermylation and hydrostannation of alkynes
were developed quickly thereaftddetailed experimentahind computational studies
provided insights into the mechanism of these perplexing transformations.

While the use of carbophilip-acids based on Au, Pt, Rh, Ru etc. has become
tremendously popular since the turn of the millennium, the field is in iighclod with

regard to firm mechanistic analyses. Of key relevance is a better understanding of the
structure and reactivity of the metal carbenes commonly invoked. During the report
period, we managed to isolate the first reactive gold carbenes and idetertimeir
structure by Xray diffraction and NMR. Along the same lines, the first reactive
rhodium carbenes were isolated and characterized, which had defied experimental
inspection for decades.

In the area of iron catalysis, we were able to find sey@mliously unknown reaction
modes. This includes an unconventional way of ring opening/cross coupling of a
heterocyclic scaffold, as well as an unprecedented merger of cross coupling and
cycloaddition chemistry. Moreover, the intricate redox behavior pfadotype iron
precatalyst was largely clarified, which had been subject to debate in the past.

All methodologies of interest to our group are scrutinized by applications tiotdde

synthesis ofstructurallycomplex natural productsf biological signiicance. Because

the target compounds are highly precious and hardly available otherwise, we team up

with external cooperation partners to study their biochemical and/or biological
properties. Where deemed appropriate, we are prepared to adjust thd syigihases

such that they allow for larger material throughput as well as for the preparation of non
natur al anal ogues (Adiverted total synt hesi

165



Organometallic Chemistry i Overview

Over the years, close collaborations with Prof. Thiel and coworkers have become an
integral part of manyf our projects. Moreover, it is emphasized that our work would
not be possible without the excellent support by and cooperation with the different
analytical groups of the Institut#hese mutually beneficial collaborations have led to
several joint pubitations during the report period.
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Organometallic Chemistry i A. Furstner

241 Research Ar ea (MMesthelt hesi s o

Involved: K. Gebauer, L. Hoffmeister, M. K. llg, A. Lackner, R. Llermet, S. Schaubach,
J. Willwacher, F. Ungeheuer

Objectives Teaching ol ef i mrreochemistry ib &gably théisinglanp | e 0
most important issue of contemporary metathesis research. Whereas other laboratories
managed to develop prototype exampleZ-gklective alkene metathesis catalysts, our

group pursues complementary approaches viaetripdnd metathesis. The alkyne
products have the distinct advantage of providing access to many different structural
motifs upon adequate downstream functionalization. Finally, it is shown that metathesis
providesi at least in principle evenopportunities for the activation of NN triple

bonds as exemplified by the cleavage of thg-{it of aryldiazonium salts.

Results During the preceding
Ar
report period (201-2013), our Ar o A" |||

||| K=~ Ph;3SiOm,, i wOSiPhg

group had developed a new Il o sib Mlo osiph,  Phisio” | NS
generation of catalysts for alkyne Ph33$i0/ osiPhg Ph33$i0/ © Nosien, \ ﬁj&
metathesis such sa 1-3 which 1 ’ S
outperform all ancestors in terms of

activity and functional group compatibility. They capitalize on the synergy between a
molybdenum alkylidyne core and a silanolate ligand sphere; moreover, reversible
adduct formation with phenanthroline remsl them bencbktable and hence easy to use.
These catalysts are now commercially available and have been used by a number of
groups worldwide in
exigent applications.

While our work had
previously been
focused on the
understanding of
these catalysts,
attention has now

Il ores _ [ — _ /" shifted towards

@ LS O; I O; o exploitation of their

© ° ° Ivorenolide B truly enabling
application profile.

, , Mandelalide A (revised structure)
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Organometallic Chemistry i A. Furstner

Terminal acetylenes are an important class of substrates that were traditionally beyond
reach of alkyne metathesis because they polymerize on contact with a mdidyadk
Gratifyingly though, complexX is capable of inducing highly effective alkyne cross
metathesis as well as ring closing alkyne metathesis reactions of terminal alkynes that
were basically inconceivable before. Likewise, conjugateddiy3es provedwell
behaved. The robustness of this methodology is apparent from applications to natural
products such as ivorenolides A and B as well as mandelalide A. The latter project also
led to the revision of the structure originally proposed by the isolation: teiace the
stereochemistry of the entire northern sector had beerassigned, this goal was
reached only after a massive synthetic effort.

Propargyl alcohol derivatives are another class rof
R
challenging substrates for two major reasons: all alkyne |||

mefathesis catalysts are Schrock alkylidynes, and as uch A\OR1 {or

XM=
comprise an early transition metal in its highest oxidat on' R TR
A B

state. Unless appropriately tempered by the ligand set,
the inherent Lewis acidity endangers substituents at any activated position; pliopargy
alcohol derivatives fall into this category (see the generic struétytgecause of the
resonance stabilization of the resulting carbocations. Even if this serious pitfall is
overcome and the chosen catalyst engages productively with the tripletmedsuing
alkylidyne of typeB might decompose by extrusion of the potential leaving group next
to the nucleophilic site. Therefore it was gratifying to learn that our molybdenum
alkylidynes allow such substrates to be metathesized with ease.

?QO] \& \@
Manshurolide

Lythranidine

Because of the rich followp chemistry of propargyl alcohol derivatives, this outcome

is particularly rewarding. The total syntheses of the strained sesquiterpene lactone
manshurolide and the biphenyl alkalotd-(ythranidine llustrate just two of the many
possibilities. As a sphoff of our studies, we developed a much improved catalyst for
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the redox isomerization of propargyl alcohols, which is subject to further investigations
in the laboratory.

These examples illustratetyanother important point: because Schrock alkylidynes are
nucleophilic at carbon, none of the classical catalysts had shown any meaningful
compatibility with protic groups; in contrast, our molybdenum alkylidynes work well
even in the presence of alcokol phenols, amines, amides, o o
sulfonamides etc. It is perhaps not surprising that formal replacerﬁhggrsi{tﬂ“ SiPhy

of the PRSIO- ligands in the standard precatalyisby a potentially
chelating ligand environment, as materialized 4inimparts even
higher stability (altbugh the corresponding catalyst is oligomeric rather than a well
defined monomeric entity). In any case, the functional group tolerance of molybdenum
alkylidynes endowed with silanolates as ancillary ligands is remarkable. Several total
syntheses referrdd in the different chapters of this report illustrate this aspect.

4

Another instructive case
pertains to the formation
of stapled peptides, which
also represents the first
application of alkyne
metathesis on solid support.
The compatibility of the
molybdenum catalysts

with olefins of all sorts
made it even possible to prepare bicyclic peptide architectures sGehaasonsecutive
ring closing alkene/alkyne metathesis. Compound
5 shows high affinity to an activated Rab GTPase;
this protein superfamily comprises several

clinically relevant yet particularly challenging 5osor "2
drugtargetsthat arekey regulatos of intracellular & :
vesicular transport and trafficking 14-3-3¢ S\ 2433 ‘-(‘\‘

In parallel work, alkyne metathesis was used to
prepare a monocyclic stapled peptide that could
be cacrystallized with its protein target; therefore
it serves as a valuable tool to study the313k
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binding motif of the exaenzyme virulence factor S ®seudomonas aeruginasa

Ar?
® ,!‘ BF46 _Ar?
1 1] Ar
k® ar N Ar’ “ A N _Ar? ' Ar' N
— \[f ES \[r N RO, | -NOR
—_— RO . — tn,, b |~ J—— +
RO M+OR 2 RO; OR /'/l\,/l OR RO/ , ‘r!]\ RO, wn™ OR
RO RO Ar? vl
RO OR KBF, OR OR OR Ar ro” || “or
N
A B (s-trans) B (s-cis) C D |
Ar?

The power oftriple bond metathesisis also evident from arentirely different
application to aryldiazonium salts. This choice may seem counterintuitive since these
compounds loose Nvith ease, whereas the formal N triple bond itself is very stable.
Yet, on treatment with molybdenum or tusign alkylidyne ateomplexes endowed
with triphenylsilanolate ligangdghe[N5] unit is metathesized even at low temperature.
The reaction transforms the alkylidyne unit into a nitrile and the aryldiazonium entity
into an imido ligand to the metal centeas unambiguously confirmed by-tdy
diffraction. Since the bonding situation of an aryldiazonium salt is similar to that of
certain metal complexes with emoh bound dinitrogen,this unprecedented
transformationmight represent @onceptually novel stragg for dinitrogen cleavage
that isdevoid of any redox steps ahdnceorthogonal to the established methods

Future directions: Fill the few remaining gaps with regard to functional group
tolerance, find strategic applications were alkyne metathesisigsialy enabling, and

expand the scope of triple bond metathesis beyond ordinary alkynes.

Publications resulting from this research area3-10, 17, 1922, 24, 25, 27, 29, 30,
32-34, 39, 4446

External funding: Alexandervon-HumboldtFoundation (fellowsip to A. Lackner),
Fonds der Chemischen Industfiellowships to S. Schaubach and J. Willwacher)

Cooperations T. N. Grossmann (Amsterdam, NL), W. Thiel (Milheim/Ruhr, DE),
H. Waldmann (MPI Dortmund, DE)
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2.42 Research Area:fitrans-Addition Chemistryo (A. Frstner)

Involved: T. G. Frihed M. Fuchs K. Michigami, J. Preindl, K. Radkowski,
D.-A. Rosca, S. Rummel§. Schaubach{. Sommer, B. Sundararaju

Objective: We try to find broadly applicable catalytic addition reactionp-tionds that
violate the reigning paradigms of organometallic chemistry.

Results Alkyne metathesis in combination with a Birtfpe reduction opens a
stereoselective entry intd-alkenes; this sequence fills an important gap in
methodological coverage, since inhererfithgelective alkene metathesis catalysts are
unknown. With the advent of the powerful and practical alkyne metathesis catalysts
described in the previous chapter, however, it became increasingly clear that the weak
point of this tactics is the sefreduction step, which, in its classical format, requires
strongly reducing conditions that preclude many functional groups.

At the outset of our project, the best current alternatias the trans-hydrosilylation
chemistry introduced by Trost and coworkers digafter the turn of the millennium.
When combined with a subsequent prdasilylation of the resulting alkenylsilands,
alkenes can be formed in an indirect manmbrs remarkable discovery was rapidly
embraced by the synthesis community, despitedbethat norsymmetrical substrates

almost always lead to the formation of regioisomers.
Ph

R3Sio"|\|lh!; (5 mol%)

OTBS e OTBS OR
: R3Si0/ OSiR; > H = o]

= (0] ~ [e) [Cp*Ru(MeCN);]PFg cat. t A~ = o)
TBSO" _— i RO
m 7880 q:/\f H, CH,CI, Z
AN A\ H
E:Z=99:1 R =TBS

I: R = H (Brefeldin A)

X

Intrigued by the then unknown reasons for this unorthodox stereochemical outcome and
spurred by the potential preparative significa oftrans-addition chemistry in general,

we initiated a longerm research program in this area. A first notable success was
reached when we managed to develop a method that allows internal alkynes to be
directly hydrogenated with remarkable levelgrains-selectivity; this perplexing result

had been briefly mentioned in the last progress report. A number of control experiments
proved that the net stereochemical outcome is not the result of a camosrealuction
followed by isomerization; rather, i an inherent virtue of the ruthenium catalyst
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which seemingly violates the fundamental rule of suprafayaiselective hydrogen
delivery that governs hydrogenation since the pioneering work of Sabatier. The novel
trans-hydrogenation proved compatibleith many (reducible) functional groups and
already stood the test of natural product total synthesis. Specifically, it served as the
cornerstone of a highly productive entry into brefeldin A, which is a widely used probe
molecule in the biosciences fos @bility to target the Golgi apparatus.

%Z o ®
I:BH I\/\’//O AR " } 7
o o > YNy e—d
L _ J [Cp*Ru(MeCN)3]PFg (3 mol%) W R //' g
= B {

CH,Cl,, 91% @ 5 mmol scale O

A first mechanistic study provided strong evidence for the intervention &fHa
complex on the catalytic cycle. Since silanes are also capable of fosrtiogplexes,

this prelimnary information suggested thatranshydrogenation andtrans
hydrosilylation basically follow the same principles. Under this premise, other reagents
able to form rutheniuns-complexes might also qualify fdrans-addition chemistry.

This notion was quidy proven correct: it allowed us to establish thans
hydroboration transhydrogermylation andranshydrostannation of internal alkynes,
which again violate the paradigms of organometallic chemistry and prove highly
versatile in synthetic terms.

Irrespective of the stereochemical Cp"RU(MeCN)SJPFq (5 mol%) M susn o
. o
outcome, any hydrometalation of an Ny N

0:p = 74:26 . B
unsymmetricalp-bond gives mixtures s
of regioisomers. In the present context, PusSnH
however, this severe handicap is easily etz =2
circumvented by using neutral [CP*RUCI], (1.25 mol%) :E = 99:

precatalysts comprising a [RGI]

bond.Under the proviso that the alkyne substrate carries a protic functional group, the
RsM unit is faithfully delivered to the acetyler@@atom proximal to

\CH(MR:“ the steering substituent. The effect is massive and therefore of

\ @ considerable preparative significanced below). It originates from

\ the ability of the polarized [R(CI] bond to engage in hydrogen

bonding with the protic group, which helps upload, activate and lock
the alkyne substrate in the coordination sphere. An additional interligand contact of the

172



Organometallic Chemistry i A. Furstner

chloride with theil MRz center (M = Si, Ge, Sn) positions the incoming reagent in the
loaded complex of typd in a matching orientation that ultimately translates into high
regioselectivity.

alkyne acts as 4-electron donor
strong interligand hydrogen bond

first ruthenium sigma-stannane complex

strong interligand Ru-Cl+*Sn interaction

The proposed secondary interans are manifest in a host of spectral and
crystallographic data. Specifically, a number of ruthenium allpreemplexes such as

1 were isolated that feature strong interligand hydrogen bonds betwé&@tagroup in

the substrate and the R@l entity ofthe catalyst. Likewise, the first ruthenium complex
with a s-bound stannane ligand was obtained, which corroborates the notiog- that
coordination is instrumental for alkyrieans-addition chemistry. The strong peripheral

Ru- CI@MR; contacts manifest imomplex2 are in excellent accord with modal

meant to describe the loaded complex formed en route to product. Importantly, these
experimental data are in full agreement with high level DFT calculations of the entire

reaction path.

Valuable insights

into the origins of

the unorthodox
trans-addition mode
were gained by
para-hydrogen p-

Hy) induced
polarization (PHIP) transfer NMR spectroscopy. Surprisingly, it turned out that the
productivetransreduction concurs with a pathway in which botkatéms of H are
delivered to a single alkyne-&om of the substrate, whilst the second alkyratdn
converts i nto a met al geamaal-lbyechreagemati sonion:
unprecedented in the realm of organic chemistry; it was confirmed by isolation and

( "geminal hydrogenation” J é

HO OMe p-H; (5 bar)

\ — > o |I"oMe
dl ™ [Cp*Ru(cod)CI] H'/ON
HH 3

8¢ = 340.96 ppm
5y =2.09 & 3.11 ppm, 2J =16 Hz
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structual characterization of the ruthenium carbene completabilized by secondary
interligand interactions. An idepth DFT study showed that thrans-alkene and the
carbene complex originate from a common metallacyclopropene intermediate.
Moreover, the comytational analysis and the PHIP NMR data concur in that metal
carbenes analogous 3are a gateway to olefin isomerization and enegtuction, which
interferes with regular alkyrnteans-hydrogenation.

the  emerging trans

HO
\\\OH|::> o [Ru]
. | OH T ANNS :o
o (+)-Aspicilin OH
addition chemistry by

increasingly complex applications to target oriented synthesis. In addition to the
brefeldin case mentioned above, formal total syntheses of the-lidreed macrolide
aspicilin and theantibiotic tubelactomicin Avere accomplished. The former project
served to illustrate that a strategicglijaced hydroxyl group allows substrates to be
activated that are not amenable ttans-addition otherwise (e. g. Xénhynes). The
tubelactomicin prject, on the other hand, provided an opportunity to develop
conditions for thalirect methoxycarbonylationf alkenylstannanes.d§ to succeswas

the use of 1/enzoquinone in combination with trifluoroacetic acidr the
regeneration of the

SnBuj
. =
palladium cealyst The J »> "o~ [CPRUCH], (5 mol %) HOLAN
— —_—
acid is essential for © OTIPS BugSNH, CH,Cl, "

X OH 88% OTBS OTIPS
lowering the LUMO of the
quinoneand formarshahg P4(OA), (5 mol %)
the critical assembly of thePhsas (10 mol %), TFA (40 mol %) 1o

In parallel work, we were
striving to showcase the
preparative significance of

reaction partners Under 1 asbvenzoquinone, CO (1atm)  w*

the optimized conditions, Mo #°¢70% OTBS  OTIPS
Competing prOtO Tubelactomicin A~ > Y

destannation is marginal.

Countless natural products of polyketide origmmprise anK)-configured 2methyt
but-2-en1-ol substructure. An unconventional entry into this important motif was
developed as part of a total synthesigha antibiotic5,6-dihydrocineromycin BOur
approactconsised of a sequence of alkyne metattsefollowed by a hydroxytlirected
trans-hydrostannation andnauncommonmethytStille coupling. The excellent yield
and remarkable selectivity with which the signature trisubstituted alkene site-of 5,6
dihydrocineromycin B was procuredbgstappreciatd whencompared with the rather
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poor outcome of a classical RCM reaction that had previously been exdrifth
this motif.

OH

BusSn

Cp*RuCl,],,, Bu;SnH
_

83%, E:Z> 20:1

\\\\

84"7& Dihydrocineromycin B
A\ S/

Finally, we showed how thenorthodox rutheniurcatalyzedrans-hydrostannatiorcan

be usecasa handle dr diversityoriented synthesis. To this end, it proved necessary to
develop new conditions that allow theSD bond of alkenylstannanes to be oxidized,
fluorinated, methoxycarbonylated or protodestannated under conditions that are
sufficienty mild to leave other vulnerable groups untouched. None of these
transformations has had a satisfactory solution prior to our work; the generality of the
new procedures is currently under investigation.

Future directions: Explore the scope and limitation$ the ruthenium catalyzetdans
addition reactions and search for alternative and complementary catalyst systems;
development of the downstream chemistry of readily available hydrometalated motifs.
Publications resulting from this research area3, 11,19, 2528, 36 45, 46

External funding: Alexandervon-Humboldt Foundatiofffellowshipsto D.-A. Rosca

andB. Sundararaju), Fonds der Chemischen Industrie (Kekulé stipend to S. Schaubach),
FWF Austria (fellowship to M. Fuchs), Villum Foundation Denmarkdfeship to

T. G. Frihed), JSPS (fellowship to K. Michigami).

Collaboration: C. Fares (Mulheim/Ruhr, DEYY. Thiel (Mulheim/Ruhr, DE)
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24.3 Re s e ar c Rarbeme€laemidtry andp-Acid Catalysiso (A. Firstner)

Involved: M. llg, L. Mantilli, G. Sedel, C. Werlé

Objective: Guided by our own early

mechanistic proposawe investigate the

mode of action of carbophilic catalysts
Other lines of research concern
asymmetric gold catalysis and rhodium
carbene chemistry.

cationic rendition

AN

=/
1

Results The intervention of céene
intermediates in platinum or gold catalysis

has originally been proposed by our group as early as 1998 and is now largely
undisputed. Structure and bonding in these species, however, has been subject to
considerable debate because they defied dinspiection. During the report period, we
finally managed to isolate and fully characterize the first reactive gold carbene able to
cyclopropanate styrene even-&0°C. Thestructureof complex?2 in the solid state

shows that there ienly very little backdonation of electron density from gold to the
carbene center and hentaly modest AuC double bond character; rather, it is the
organic ligand framework that is responsible for stabilizing Species by resonance
delocalization of the accumulated positicharge Following this lead finding, other
groups reported related gold carbenes and reached similar conclusions. These data

carbene rendition

nicely confirm our previous OMe
view that such intermediates Q LAUNTS, )
exhibit significant cationic ‘“** N |9

character.  Therefore we 1 Q -co
strongly recommendnot to
use the very popular but
largely misleading [Au=C]

notation whenever referring to :
distinct intermediates of this #—&
type in condensed phase.

Access to this prototype gold
carbene2 was originally gained by transmetalation of a tailored Fischer dbhrom
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carbene complexl. While this approach proved highly effective, it is not overly

practical for a more systematic investigation. A much more convenient alternative was
found by fdAtransmetal ationd of transient dir
source, which in turn allows readily available diazoalkanes to be used as substrates (that

tend to decompose on attempted direct reaction with [DAuThis new method

furnished a number of additional gold carbenoids differing feamthe ancillary ligad

and/or the carbene backbone. Several representative examples could be characterized by
X-ray diffraction; therefore structural information about this class of reactive
intermediates- which was nil prior to our 2014 paper is now deemed fairly

consolicated.

During this study we became aware that structural information about dirhodium
carbenes themselves is also largely missing. The only experimental reference point was
a singular*C NMR and EXAFS spectrum reported by Davies, Berry and coworkers in
2013. This situation is more than inappropriate in view of the tremendous importance
that rhodium carbenes in general have gained during the last decades, not least in the
areas of asymmetric catalysis andHCactivation.

[Rhy(esp),]

MeOOC

In an attempt to fill this gap, we made massive efforts to isolate representative members

of this «class of Asuperelectrophilico int
exceptional sensitivity, the project proved unusually challengiigjor difficulties

arose from the fact that even the pure crystalline material decomposes in less than 12 h

at - 20°C; solute ChCl, and toluene are nessary to ensure metability but tend to

be highly disordered within the unit cell. Considerable experimentation veassagy

to find conditions that allowedrystals ofsufficient quality to be grown. These serious

issues notwithstanding, we were able to determine the structures of a dozen reactive
dirhodium(ll) tetracarboxylatend mononuclear halsandwichRh(lll) carkeres in the

solid state.
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Our experimental data correeindbr refine previous computational studigsd allow

the stereochemical course of rhodium catalyzed reactions to be rationalized. They reveal
the importance oftereoelectronic rather than sterig@nentsas themajor selectivity
determining facta. The carbene ligand occupies an axial coordination site on the
dirhodium cage and the RiRhl- C1 axis is almost linear. The RhC1 bond distance

is substantially longer than thateviously computed fo various model compounds.
This fact suggests that badknation of electron density from the metal into the carbene
center isminute To canpensate, C1 strongly engages with the flanking amghereas

the electron withdrawing ester group of the donoeptar carbene is positioned
orthogonal to the carbene lobe to disrupt any destabilizing electronic communibration
all cases investigatedhd carbenentity adopts a staggered conformation relative to the
O- Rh- O unit, whereas previous computations hegtictedan eclipsing orientation

An extension of this

study to dirhodium

carbenes endowed with

chiral ligand  sets

proved  unexpectedly H %
difficult. It was only ° )
after conS|derabIe/R“\ < CoOoMe
experimentation that \‘&r
two representative 4

chiral complexes were

obtained in ¢ystalline

form. They carry the widely usebl-phthalimide protected amino acid derivatives
(PTTL) as auxiliary ligands originally introduced by Hashimoto and coworKérs.
chiral binding pocket is primarily defined by the conformational preferences ®-the
phthaloyl protected amino acid ligands and reinforced by a network of interligand
interactions.NMR data confirm that the structurdeterminedby X-ray diffraction
persistsin solution and provide additional information about the dynamics of this
species Our experimental results resolve the controversial issue as to which
conformation of the chiral binding site is responsible for asymmetric induction. For the
very first time, we could interprethe stereochemical course of an asymmetric
cyclopropanatiorsolely on the basis of experimentdatawithout need to makany
assumptions about tlohiral ligand environment
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The last project to be mentioned in this chapter refers to the perplexing observation that
the cyclization of the hydroxgllene5 to thetetrahydrofurarb catalyzed by thehiral

gold complex7, after ionization with an appropriate silver salt AgX, is one of the most
striking cases of enantioinversion known to date. The sense of induction can be
switched from §) to (R) solely by changingither the solvent or the temperature or the
nature of the counterion.X

\l.]/ (S,S,S,S)-7 (5.5 mol%)

_

R R
\ \\< MeO O, 5
N " /a N\
S N
AgX (5.0 mol%) pp o( ) F’h7C\o(R)
PH

Ph PH

Ph

OH

(-6 (+)-6

in EtOAc, 22°C: (-)-68% ee
in EtOH, -60°C: (+)-97% ee

.

76// O\P—N
P o 1 5
5 (S,5,8,5)-7 O O |

The governing TADDOLrelated phosphoramidites featuring an acyclic (rather than
acetal) backbone had beamroducedas powerful ligand set for asynetric gold
catalysisby our group a few years agA combined experimental/computational study
showed that thenajor reasorior the stereoinversion phenomenerikely found in the
bias of the organogold intermediates to undergo assisted-geatoation Such
assistance can be providegther by a protic solventpy a reasonably coordinating
counterion or even by a second substrate molecule itself; inviaig the reaction free
energy profile gains a strong entropic component that ultimately dicthie
stereochemical coursét the metaevel, our analysis shows that particular attention
must be paid to the entropic changes along a reaction coordinate that are often
disregarded in discussions of asymmetric catalysis in general.

Future directions: Refine me c hani st racid catalydig cabtaen di ng
mechanistic studies by the isolation of pertinent reactive intermediates, expand the
scope of asymmetric gold catalysis, and scrutinize the methodology by selected
applications

our

Publications resulting from this research area 1, 3, 5, 8, 12, 13, 22, 23, 30, 31, 33,
38, 41, 42

External funding: SwissNational Science Foundation (fellowship to L. Mantilli),
Fonds der Chemischen Industrie

Cooperations C. FaregMulheim, DE), R. Goddard (Milheim, DEW. Thiel
(Mulheim, DE)
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244 Resear c honBatadysiso i ( A. F¢e¢rstner)

Involved: A. CasitasP -G. EcheverriaH. Krause, K. Lehr, S. Schulthoff, €. Sun,
D. J. Tindall, Y. Ueda, GX. Zhuo

Objectives Centered in the middle of thebdock andable to support formal oxidation

states ranging from Il to +VI, iron hold the promise of being able to encompass

organic synthesis at large. Catalysts based on this metal are expected to serve reductive

as wel | as oxidative rrs&kgiome sb,utc aanr ee naul lsaot ea
Afearl yo transition met al character. Qur gr
and to investigate their mechanistic background, most notably in the areas of cross
coupling, cycloaddition and cycloisomerization chstry.

Results Homogeneous iron catalysis has been a topic of considerable interest for the

group since we reported the first successful examples to-aidylcross coupling

shortly after the turn of the millennium. These studies were predicated on the
conception that iron is potentially capable of serving as a cheap, benign and readily
available substitute for noble metal catalysts. In parallel, we try to harness the
peculiarities of this element, which is located in the center of thiwak and hence
endowed with Aearlyo as well as dAlateodo tran

Notable progress in the cross coupling arena MeMgCl

relates to the successful coupling of ﬂ/ms Felacacls Gmol7) L3 Me [&(Mel
alkynylcyclopropyl tosylates with alkyl e |P|h b
magnesium halides in the presence of not observed
catalytic [Fe(acag) under net propargylic substitution; allene formation, which is the
prevalent reactivity mode of propargylic substrates otherwise, is insignificant. (1
Alkylcyclopropyl)ethynyl groups, as readily accessible by this new method, are present
in a number of drugcandidates and crop protection agents. To the best of our
knowledge, this transformation represents the first successful iron catalyzed cross

. coupling of atert-alkyl electrophile.
MeO mesityl-MgBr  \e0
T
m’%/l (depe)FeCl, cat. m%ﬂ
7% Another largely unmet chemical need

concerns the coupling of sterically
hindered Grignard reagents which often
fail and/or lead to competing homo
dimerization. We found that
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commercially availablebis(diethytphosphino)ethane (depe) is an adequate ancillary
ligand for such purposes. This chelating-isphine is slim enouglonto interfere

with the loading of the iron center even bstho,ortho-disubstituted arylmagnesium
halides, yet capable of preventing premature reductive coupling of the resulting
organoiron complex [(depe)Fe(mesityl) (1); this species was isolated and
characterized by Xay diffraction; it proved competent in a number of stoichiometric as
well as catalytic control experiments. The method is compatible with various polar
functional groups as well as substrates contain-getefmatom substituents; it allows
even encumbered neopentylic electrophiles to be arylated with donors as bulky as
mesitylmagnesium bromide, which had not been possible before.

In late 2013 we described a R-{Fe]
i . RMgBr A N
formal ring opening/cross rgl 4[ rﬁl }-rhoona
. O Fe(acac); cat. (e R
coupling  proces that

-30°C, Et,0

epitomizes a largely

underrepresented reaction \/ NMe,
mode. 2Pyrones react with
Grignard reagents in the

DMDA-Pat A

presence of Fe(acac)to 0
give diene carboxylic acids MeMgX
after work up. In all cases investigated, the reaction was stereospecific in that the

[Fe] cat.

incoming rucleophile replaces the lactone leaving group with retention of configuration.
Therefore t his unorthodox transformati on
process, although it likely proceeds via -adidition followed by electrocyclic ring
opening. ltserved as the key step of a concise synthesis of desrdetgamine
pateamine A(DMDA-Pat A), a higly potent translation inhibitoendowed with
remarkablein vivo activity against two different melanoma mouse mod®lst novel
entry is significantly moreroductive than the literature routd capitalizes on the
masking of the signatui® E-configured dienoate subur@sa 2-pyrone ring, which was
crafted by a gold catalyzed cyclization also developedun laboratory (see the
following chapter of this eport). While the robustness of the heterocygteatly
facilitated the entire assembly stage, the highly isomerizgtione sec&Z,E-dienoic

acid could be unlocked in due time for macrolactonization by iron catalyzed ring

opening/cross coupling.

® XMgX

X RMgX - MoX
Treatmat of readily available enynes witr | N (Fel /H \:
Fe]
alkyl-Grignard reagents in the presence (“ 17l
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catalytic amounts of Fe(acacgngenders a reaction cascade that results in the net
formation of two new €C bonds while a €X entity in the substrate backbone is
broken. Not oty does this manifold lend itself to the extrusion of heteroelements (X =
O, NR), but it can even be used for the cleavage of activat€dbonds. The reaction
likely proceeds via metallacyclic intermediates, the iron center of which gains ate
character biere reductive elimination does occur. The overall transformation represents
a previously unknown merger of cycloisomerimatiand cross coupling chemistry and
provides ready access to functionalized -dighes comprising a stereodefined
tetrasubstitutedlkene unit, which are difficult to make by conventional means.

As briefly mentioned in the previous report, a higblding route to nosterminal
alkynes starting from lactones was developed. Formation of the correspasim
dichloroalkenes followed by treatment with RLi generates lithium carbenoids that are
sufficiently electrophilic to intercept an additional equivalent of RLi prior to collapse
and release of the product. Although the reaction proceeds uncatalyze@ ior HHF,

it is best performed in the presence of either catalytic Feoaciu(acag) Under
these conditions, the method is broadly applicable and preserves chiral centees at the
position; it has already powered our total syntheses of tulearindACa brefeldin A,
muscenone, kendomycin and &lydrocineromycin B.

Finally, the report period has seen extensive mechanistic investigations into organoiron
catalysis. In a first foray, we studied thkylation of theiron complex2 (and related

speci es) wi t h Gr i gn-aydrdgenratomyg Althaugh seemingtya i ni n g
trivial, this process is of considerable relevance for the understandingé@ivation
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