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1. Introduction
1. 1. Catalysis

In most basic terms, preparative chemistry is the scientific field investigating chemical
reactions, i.e. observing, scrutinizing and utilizing the change of atom connectivity or

molecular configurations at unchanging atom connectivity.

In the dawn of chemical science, chemical reactions were thought of being mere
stoichiometric transformations of one or more educts into one or more products,
forming at times isolable intermediates. Scheme 1 presents this simple paradigm

abstracted.

Scheme 2 shows one concrete example: OsOas dihydroxylates E-stilbene — the
educts —, forming an organoosmate ester — the intermediate, not shown — which is

hydrolyzed yielding 1,2-diphenyl-1,2-dihydroxyethane and OsO2(OH)z — the products.

E —— P
E— [I]—P

Scheme 1: Abstract chemical equations of a stoichiometric chemical reaction (above) and a

stoichiometric reaction proceeding via an intermediate (below).

OH
O O HO OH
AN C + ,6/é M» g + \Og
o 0 i

o0
OH

Scheme 2: Example of a stoichiometric reaction.

However, in the 19™ century it was discovered that chemical reactions are not limited
to mere stoichiometric transformations. In countless instances, a chemical reaction
requires the presence of an additive which is restored after the reaction is completed
on the molecular level — a catalyst. Scheme 3 shows the abstracted catalytic

chemical reaction.




E+C P+C

Scheme 3: Abstract chemical equation of a catalytic chemical reaction. While the “C” component
seems superfluous, simple E->P does not belong to the set of observable chemical reactions in this

instance.

Controlling chemical reactivities via catalysts established an entirely new paradigm of
reaction engineering. Not only do many reactions not — or only very slowly and/or
unselectively — proceed without a catalyst, chemists would be limited by reactivities
inherent to the starting materials and intermediates in synthesis design, whereas
usage of catalysts allows for transformations entirely impossible by functional group
chemistry of the starting materials alone.

To some degree, this problem could be overcome without catalysis by using
chemical additives in a stoichiometric ratio. Yet, one of the intrinsic advantages of
catalysts is not being necessary equivalently to the starting material. Depending on
the reaction rate desired, a small amount of catalyst will suffice. This, in turn, is one
of the major economical motivations to utilize the paradigm of catalysis when

performing synthetic tasks.

Depending on whether or not educt(s) and catalyst are in the same phase — usually
both in solution — or forming different phases — usually a solid catalyst phase and
starting materials forming solutions, liquids or gases — a given instance of catalysis is

classified either as

e Homogeneous catalysis

e Heterogeneous catalysis

Scheme 4 presents an example. Just as in scheme 2, OsOas dihydroxylates E-
stilbene, forming 1,2-diphenyl-1,2-dihydroxyethane. But resulting OsO2(OH):z is
regenerated to OsO4 by an equivalent of NMO, hence it is no longer necessary to
use stoichiometric amounts of OsOa4, which is both expensive and toxic contrary to
NMO [,
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Scheme 4: Concrete example of a catalytic reaction.

Designing catalysts for a desired chemical transformation allows for a lot of control in
said transformation. Scheme 5 demonstrates some of the key virtues of catalysis.
Oxazaborolidine 5.1 catalyzes the enantioselective reduction of ketones to alcohols
using BHz 12,

In the first step, BHs interacts with the lone pair of tertiary amine in 5.1 forming a
dative bond. This demonstrates the catalytic property of activating previously rather

inert compounds.

In the second step, the ketone, possessing one rather large and one rather small
substituent denoted as R. and Rs, respectively, coordinates the now rather
cationically polarized oxazaborolidine B using a lone pair. The proline-like structure of
the catalyst forces an orientation of the large carbonyl substituent away from the

propylene bridge.

In the third step, hydride bound to B is thus only able to attack one of the two
possible carbonyl sites. This demonstrates the regio-, stereo- and/or

enantioselectivity possible by catalytic control of a chemical reaction.

In the final step, the reduced starting material is released, usually in excellent yield
and enantioselectivity while the catalyst re-enters the catalytic cycle. At the end of the
reaction, the oxazaborolidine can be recovered, demonstrating the atom economy

often — though not always — coming with catalysis.

11



Scheme 5: Key merits of catalysis, demonstrated by ketone reduction using the CBS catalyst.

In order to achieve these key virtues as exhibited by the CBS reduction, an entire
part of organic synthesis is dedicated to the design of ligands such as the
oxazaborolidine shown above. This process is usually cumbersome and as to yet still

relies heavily on trial-and-error methodology.

Returning to the example of dihydroxylation of E-stilbene, scheme 6 presents a
chiral, usually enantiopure compound known as Dihydroquinidine Di(2,3-dihydro-1,4-
Phthalazinedione) [(DHQD)2-PHAL] which serves as a ligand (a). This compound is
added to the starting materials of the catalytic Os(VIlIl)-based dihydroxylation (b).

In the initiation step, OsO4 coordinates one of the trialkylamine N’s. This osmium-
complex is more reactive than the OsOa4 all by itself and the reaction now works
enantioselectively.

12



/0 0?

7
OsO,(OH), 2 + L oL

OH O 2 H,0, 2 OH-
T

Scheme 6: Top: Formation of a coordination compound of (DHQD)2-PHAL and OsOs. Bottom:

Catalytic cycle started by said complex. 3]

Beyond the paradigm of simple catalysis, more complex and more interesting

abstract reaction schemes are conceivable. For example, what if the reaction is

catalyzed, not by an extra additive, but by its own product? In this case, autocatalysis

is achieved. Scheme 7 presents the generalized equation.

13



Scheme 7: Abstract equations of autocatalytically driven chemical reactions. A product molecule

catalyzes the transformation of a set of educts into a set of products.

One example investigated is presented in scheme 8: The SeAr-type bromination of
anisole using Br2 catalyzed by a cat. amount of HBr which is required to activate Brz
for the SeAr attack on anisole. This step creates an equivalent of HBr. In the
consecutive step, Br abstracts a proton from the Wheland complex to restore
aromaticity, creating the desired brominated aromatic product as well as one extra

equivalent of HBr.

Thus, after every molecular reaction, the amount of bronsted acid increases, hence

increasing the reaction rate of the remaining anisole by more bronsted acid being

available
~ Bry ~o ~o® ~
O HBr ) q
Br H r ©Bd B
: B';'/Y N '
\Br

Scheme 8: Autocatalytic bromination of anisole.

The autocatalytic chain reaction-like transformation is not limited to being driven by
the side product as shown in the rather simple example above. Depending on the
chemical reaction, the autocatalyst could also be the more sophisticated organic
product molecule.

An interesting special case of autocatalysis involves two or more possible products,

in which each product catalyzes its own formation as depicted in Scheme 9.

14



Py P
E <
P, P,

Scheme 9: Abstract equation of an autoamplified chemical reaction. Two possible products catalyze
their own formation each.

As to yet, only few instances of this interesting type of self-selecting chemical
transformations are known. Usually it has been found that the transformation of some
prochiral molecule — a carbonyl compound, for instance — is autocatalyzed by its
chiral product — the corresponding secondary or tertiary alcohol —, where each
enantiomer catalyzes the formation of itself including the same configuration. If each
enantiomer catalyzes the formation of itself but possessing the opposite

configuration, a perfect racemate would result by auto-balancing.

For example, the group of Soai et al. found that the addition of organozinc
compounds to pyrimidine-5-carbaldehydes results in good e.e. if cat. amounts of the

resulting alcohol with far smaller e.e. have been present.

Scheme 10 presents the principles of this transformation. Zn(ll) mediated alkylation
of pyrimidine-5-carbaldehydes results in a chiral alkoxy Zn intermediate. This
intermediate is a more active alkylation agent than the initial dialkyl Zn and has been
shown to catalyze the formation of the alkylation product of the same configuration. A
small e.e. in either configured carbalkoxy Zn compound hence yields a greater e.e. in

products B,

15
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Scheme 10: Zn(ll) mediated alkylation of pyrimidine-5-carbaldehydes.

One must consider that organometallic compounds form numerous equilibria, usually
between aggregates with solvent molecules or other electron pair donating molecules
in in solution. Often, the compound of interest of study is not the monomer, but one of
a number of dimers, trimers, tetramers, hexamers,... It is suspected that the
catalytically active species cannot be the monomer due to the observed excellent

enantioinduction, but a dimer or tetramer in solution !,

Fig. 1 demonstrates the power of automultiplication of the Soai reaction in a concrete
example. Carrying out the uncatalyzed Soai reaction once, a racemate not perfectly
equal on the molecular level of pyrimidinecarbalcohols results, favoring slightly the
(S)-enantiomer. A slight excess of the (R)-enantiomer instead would have been
equally probable.

Using this racemate as a catalyst in a subsequent alkylation run, an e.e. of 57% is
achieved, caused by a statistical excess of (S)-carbalcohol produced in run one.
Using the alcohol produced in run two for run three, an e.e. of 99% was produced. By
run four, enantiomer (S) was multiplied by a factor of 630,000 while enantiomer (R)

was not even multiplied by a factor of 1,000 I,

This finding points out an interesting novel way of creating asymmetry into
preparative chemistry, for example for creating enantioselectivity ex nihilo in a
synthetic route towards a product molecule or for forming asymmetric catalysts

passing on asymmetric information.

16
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| A A A (R)

Initial Run1 Run2 Run3
Condition (57% ee) (99% ee) (>99.5% ee)

Fig. 1: Multiplication factor of both enantiomers at different subsequent runs. This figure was taken

directly from ref [5].
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1. 2. Chirality

Chirality is a property intrinsic to several geometric objects. An object is called chiral

if all properties are equal except for the mirrored image, which is not superimposable.

One simple example often used includes idealized hands, which are mirror images of

each other,

identical in every aspect except they cannot be superimposed

congruently. In chemistry, many molecules exhibit this property as well. Chart 1

summarizes sorts of chirality encountered in chemistry.

OH
NH,

o

]
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~\__OH
NHy" H(

(N e T
Ne I JNo N, | N,
tR-Uf ) i /Ru‘\ )
N f N D NT N
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[Ru(ethylenediamine);]**

octahedral point chirality
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OH ! ~OH
1
L S\ OH
NH; o 1 NH
o) | o
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i
0261 0%
i
agv age
I
=
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space group chirality

s~ Hg,,,S /Sf
Hg Iilg/ ,HQ

., S, o
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1
1
| PR
wHg " JPte ~_ | o7 -~
s H9sg S - I A SO
o \ > ,~’O§H 1= o: | :O\\\\\I Neo ">~
z N - 1 S b
Hg \\Hg Feee N LA o )i/"\ﬁ\ =N P
N S-S > ~S~_-"
s S e S T e
T =" 1 N -7 : \\\\ =" <, |
<7D M N~ | ~. N NHy 7
OVNH\L/ i AL N
cytosine

achiral molecule organized in a chiral space group

Chart 1: Different instances of chirality demonstrated by pairs of enantiomers.

All by itself, chirality is not a relevant property in a molecule. Since chemical

composition, connectivity and internuclear distances of two enantiomers are exactly

equal, so are molecular energy and every physico-chemical parameter.

Chirality comes into play only if interacting with another chiral electromagnetic field,

for instance circularly polarized light or another enantiomeric molecule.
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One example of this behavior of centers of chirality meeting is observed in the field of
polymer science: In atactic polypropylene, configuration of the tertiary carbon varies
statistically. In isotactic polypropylene, however, all methyl side chains show the

same configuration except for a few statistical errors.

Hence, on a molecular level, there is no order in the former polymer due to the
randomness of methyl side chain orientation but self-organized helical order in the
latter. On a macroscopic level at normal conditions, the former polymer forms a
technically uninteresting viscous oil or rubber, the latter forms a partially crystalline

solid which is commercially valueable.

Due to similar reasons of forming qualitatively better interactions, it is often observed
that crystallizing mixtures with a low e.e. leads to some enantiomeric enrichment of
the purified product, for example in NaClOs crystallization, crystallization of amino

acid mixtures from solution or leucine sublimation.

Also, the vast majority of biomolecules consists of chiral molecules, most of the
others being achiral. Only very few biochemical substances exist as racemates in

nature with only very few exceptions such as endiandric acid.

Just as in the example of polypropylene, biomacromolecules such as enzymes would
not possess a well-defined structure required for their tasks in living organisms if their
building blocks would be rac. Hence, enzymes consist of enantiopure chiral

monomers, as does the majority of molecules produced by biocatalytic processes.

Therefore it is obvious that chiral organic molecules such as pesticides, drugs or food
additives must be produced enantioselectively if they interact with organisms. Rac.
mixtures are in almost all cases inacceptable, particularly as drugs. While one
enantiomer might exhibit the desired effect, the other will, at best, be inactive or

affect the organism harmfully.

A well-known tragic example is the Contergan scandal. The drug thalidomide was
marketed as a racemate. Whereas one enantiomer worked as a drug and showed no
side effects, the other turned out to be teratogenic, causing limb deformations and

organ deficiencies to the fetus.

Yielding enantiomerically pure products is therefore an eminent task in synthetic

chemistry. This is not a trivial undertaking since enantiomers are identical in almost

19



all regards. Hence special methods have to be employed in order to not yield both

enantiomers in statistically equal amounts.

A product can be enantiomerically pure if its precursor has been enantiomerically
pure. This is called substrate control of the chemical reaction. However, substrate
control only bends the question of enantio-induction to the starting material. The
starting material may stem from an organism and hence be enantiopure, or it has

been gained from a non-enantiopure compound.

A compound can be obtained in enantiomerically pure form even if its percursor is

prochiral or racemic, i.e. rac. Scheme 11 summarizes preparative strategies.

In the case of optical resolution (a), a racemate reacts with an enantiopure additive,
be it covalently or non-covalently, for example by salt formation. This way two
products are formed which are no longer enantiomers, but diastereomers. These no
longer exhibit identical physico-chemical properties and can be separated by
fractional crystallization or chiral column chromatography. The chiral additive is

removed and can be reused.

However, if only one enantiomer is desired, this method intrinsically turns at least
50% of the starting material into waste. In some instances, re-racemization of the
undesired enantiomer can increase the yield of the desired one at the cost of iterating

the optical resolution procedure.

Kinetic optical resolution is closely related. A pair of enantiomers reacts with another
chiral compound in different reaction rates, usually by means of asymmetric catalysis
described below, transforming one enantiomer faster than the other. Stopping the
reaction at the right point, the two former enantiomers are now two different
compounds to be separated by differences in physico-chemical properties. However,
both enantiomers will be transformed eventually since solely the kinetic reaction rates

differ, but not the reaction enthalpies.

Instead, the synthesis can be designed starting from a prochiral starting material.
Similar to optical resolution, the prochiral substrate reacts stoichiometrically with an
enantiopure auxiliary (b). The resulting compound is thus enantiopure. In a
subsequent reaction, a diastereomer is produced hence circumventing the
statistically equal formation of enantiomers. After conversion of the starting material,

the chiral auxiliary is removed and sometimes can be recovered.

20



This method ideally wastes none of the starting material in contrast to enantiomer
separation. However, it introduces two extra synthetic steps — binding and cleaving
the auxiliary — and it requires a stoichiometric amount of the chiral auxiliary which

may be very impractical for industrial-scale applications.

Instead, the usage of the auxiliary can be engineered into a catalytic process. In the
case of asymmetric catalysis (c), the prochiral starting material intermediarily binds to
the enantiopure catalyst, usually hence activating the achiral starting material for the
follow-up reaction which produces a diastereomer just as in the chiral auxiliary
method.

In the final step, the now chiral, enantiopure product is released and the asymmetric
catalyst re-enters the catalytic cycle. The sheer practicality of this method turned
asymmetric catalysis into one of the most researched fields in organic chemistry in

the last decades.

Desymmetrization uses starting materials that contain enantiotopic atoms or groups
(d). A chiral auxiliary or catalyst reacts with one of them preferentially since the two
possible products are diastereomers. A subsequent reaction removes the auxiliary

during introduction of substituent D.

cC D
A)*\ B
* /*\ /*\ /
a) cC D b C PN CD D C /*\
A)*\B A)*\B A)*\B +A)*\B \ O
A)*i B
Optical resolution

i \V4 j\ D .0 -V C)f

— ~ L
b)| A

B NA B xA*B A * B

Usage of a chiral auxiliary
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Asymmetric catalysis

C C O

C N
d) A)i — = M —D*>

B A "B
Desymmetrization ) Q

Scheme 11: Different pathways to produce enantiopure molecules.

BN

A *B

If both the starting material and the reagent/auxiliary/catalyst used are enantiopure
compounds, two cases may occur. The molecules involved are either matched, that
is they interact comparatively well with each other, or mismatched, meaning if either
one of the two molecules involved was of the opposite configuration, the interaction

would be less hindered as it is and the reaction would take place faster.

22



1. 3. Organometallic catalysis

The field of organometallic chemistry comprises primarily the study of C-metal bonds
as well as the study of interactions between organic molecules and metals in a wider

sense. Sometimes, the C-metal bonded species is of interest as a product.

In many instances, though, chemists are more interested in intermediary C-metal
bonds in catalysis. Usage of transition metals has been demonstrated to enable
chemical reactivities hard to implement or even entirely impossible to facilitate in the

field of classical, main group element organic synthesis.

One of the distinct advantages of organometallic chemistry is the metal being the
decisive reactive center. These centers can be fine-tuned by careful choice of the
coordinating ligands. Thus electron densities, reactive orbitals and their shapes can
be designed. This way it is possible to exert a lot of control in various transformations

over reactivities, chemo-, regio-, stereo- and enantioselectivites.

Scheme 12 presents a selection of such transformations. Cu and Au cations are
known to show a strong affinity to electron-rich C-C double or triple bonds. In such a

way activated olefins or alkynes may react far more readily with nucleophiles.

The Diels-Alder reaction pictured (a) does not take place at the low temperature
necessary to avoid sigmatropic proton shifts in cyclopentadiene. Hence a catalyst is
necessary. In this case the LUMO of the dienophile is energetically lowered enough
due to electron withdrawing Cu(ll) bound to the ethylene Tr-orbitals for the HOMO of

the diene to react with it, hence performing the reaction [l.

Inversely, binding of metals to multiple C-C bonds may stabilize labile bonds. For
example, even anti-aromatic cyclobutadiene (b) — normally not to be observed above
— 196 °C - is stable if bound to a metal in a diolefin complex. Woodward-Hoffmann
rules no longer apply to orbital symmetries changed by metal coordination. This

compound was used, for example, in pericyclic reaction to synthesize cubane [€l.

Also aryne species (c), normally occurring solely as high-energy intermediates hard
to isolate can be stabilized in complexes, stored and used as aryne synthons [,
Bennett et al. even discovered an 1,4-diaryne species (d), stabilized in a binuclear Ni

diphosphine complex 19,
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Complementarily, proper choice of ligands can favor unusual oxidation states in
metals (e), such as Ag(ll) M, Fe(IV) 2 and Mn(-1) [31 which in turn may present

interesting properties to be exploited in chemical reaction design.

Even umpolung can be achieved by transition metal chemistry (f). For example, the
enzyme cytochrome P-450 contains a catalytic Fe-porphyrine center. O bound to this
iron center exhibits a comparatively electrophilic, ,oxen“-like chemistry. This can be
observed in hydroxylase-type enzymes which are capable of inserting O in
unactivated C-H bonds and react even with negatively charged C atoms, as seen in
the biosynthesis of cortisone 14,

(a)
Cu(BF
@—owle /H\ % @—owle kaﬂ* — OMe
N
Ny Y ClI =N
Activation of olefins
O
Br
O
(b) Br Br .
L\ O = H
! > Br . al
Fe(CO); o~
Stabilization of anti-aromatic cyclobutadiene
H
Cy Cy
HaC E—-Nu E R Pl
HoC> Ta-- | — > [ Ni-- |[C ]| --ni j
c (d) , \
(C) P Nu P P
Cy Cy
H
Stabilization of arynes Stabilization of 1,4-diaryne
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Scheme 12: Selected examples of how metal coordination compounds influence traditional organic

chemistry.

Organometallic compounds and their reactivities have been used in order to engineer
catalytic transformations barely or not at all possible in classical organic chemistry.

Scheme 13 presents a selection of examples.

In olefin metathesis, two olefins exchange their olefinic C’s and substituents %1, This
transformation is impossible to conduct in one step without a catalytically active

metal.

In hydroaminoalkylation, the more reactive N-H bond of a secondary amine is kept

intact whereas the vicinal C-H is activated contrary to chemical intuition 6!,
Otherwise inert functional groups such as ethers can also be C-H activated 7,

Using metal centers, a nucleophilic and electrophilic carbon center are bound to the
metal and after insertion of coordinated CO release a diarylketone. 28],
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Also, the vinylation of allylalcohols with ethylvinylether in the presence of Hg(OAc)2

was reported to proceed without isomerization 1.,

A

o ‘ ~NM62
oo™

hydroaminoalkylation

SiMePh, N
- 7

c=CH, OC7W\\Br
H Br CcO - ﬁ;H 9H2
H CH CH,
Cs
CH, olefin metathesis
SiMePh,
COr
O. ‘ ,NMe2
H

o

a~activation of ethers

S (8
-
O = OH

PdCI,(CH5CN),

Br Al(iBu),
©/ + ©/ + CO

C-C bond formation by cross-coupling; insertion of CO as a ketone

O

Hg(OAc),
+ /\O/\ K
O\" o

o o

transfer of the vinyl functional group

Scheme 13: Transition metal catalyzed transformations of organic molecules, engineered by chemists
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Scheme 14 depicts an abstracted catalytic cycle demonstrating common reactions as
well as side reactions encountered in transition metal catalysis. Usually, a stable
precursor is first activated in situ, for example by dissociation of a ligand, yielding the
active catalyst, for example with a free coordination site. The active catalyst reacts
with substrates A and B, usually by way of reversible equilibria. Often equilibria with

inactive species are formed. Usually, one step is irreversible and rate-determining.

l |Pre-CataIist-

[Products] [Catalyst] [Substrate A]

[Intermediate 1]

Intermediate i

[Intermediate 2]

[[Inactive intermediate g [Substrate B]

Scheme 14: General transition metal catalytic cycle.

1. 3. 1. Allylic alkylation

The allylic alkylation serves as an example for a transition metal-catalyzed reaction.
A Pd(ll)-catalyzed C-C bond forming reaction takes place between an allylic
substrate possessing an anionic leaving group such as acetate substituted in an
allylic position and an carbanion, for instance malonate (Scheme 15).

If the substitution proceeds at a chiral center and thus a non-racemic product is
produced, usually in the presence of a chiral Pd-catalyst this reaction is called an
asymmetric allylic alkylation. This asymmetric reaction has become one of the major
benchmarking reactions for testing enantioinductive capabilities of novel asymmetric

ligands able to coordinate Pd(ll).
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[Pd(I1)]
R\/\(R , EWG_EWG

R.u_-~+_R
s \/I
OAc Base

EWG EWG

Scheme 15: Allylic alkylation catalyzed by Pd(lIl). For R # H, a new stereocenter is formed.

Scheme 16 shows the mechanism. A rac. mixture of an allylacetate reacts with

complex [Pd(l1)], cleaving AcO™ and forming an n2-allyl-Pd complex.

The now formed coordination compound will equilibrate the binding site of the allyl
moiety to Pd in a rapid, non rate-determining equilibrium. Depending on the other
ligands bound to Pd(ll), these two possible complexes will occur in a certain ratio,
ideally favoring one of those.

The allyl ligand then undergoes nucleophilic attack forming the product and restoring
the reactive catalyst [Pd(ll)]. This attack proceeds from the outer sphere for soft
nucleophiles such als malonate but from the inner sphere for hard nucleophiles such

as organolithium or Grignard reagents.

A mixture of enantiomers is being formed, the ratio depending on the individual
reactivities of the two allyl complexes. The initial ratio of allylic acetate enantiomers
does not matter due to the rapid re-equilibration step of the intermediary Pd-allyl
complex. Yet one starting material enantiomers — the matched one — will react faster

than the other enantiomer.

©)
R_A~_R R R EWG ~EWE R_A~_R
OAc [Pd(In] v EWG™ “EWG
[Pd(IN] [Pd(IN)]
RN R R R >
OAc [Pd(ll)] EWG._EWG EWG™ EWG

Scheme 16: Mechanism of the allylic alkylation. Note that [Pd(ll)] already includes a ligand bound to
the metal center.
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To demonstrate the potential of this chemical reaction, chart 2 presents some

arbitrarily chosen compounds possibly accessible by (asymmetric) allylic alkylation.

Deoxycalyxin A Dimethyluracil-based
Antiproliferate activity Antibacterial
O
Z N _0
HN HO o N
SN D/\/ (0] (o)
\_0 HO Z ~
Q OH O
Androgen receptor Olea europea
Catechol radical scavenger ) . .
Thiobarbiturate derived
antimicrobial

Chart 2: Selection of biologically relevant molecules bearing an allylic active methylene moiety

(marked red)

1. 3. 2. 1,4-Addition to enones

1,4-Addition of aryls to enones is a Rh(l)-catalyzed chemical reaction forming a C-C
bond between an aryl nucleophile functionalized with a boronic acid functional group
and the B-C of an enone, forming a 3-arylketone structure. Scheme 17 describes the

chemical transformation.

Depending on the starting material and the ligand(s) bound to Rh(l), 1,4-arylation
may form chiral compounds. The latter reaction is called asymmetric 1,4-arylation of
enones. This reaction is performed regularly to determine enantioinductive
capabilities of novel ligands, particularly chelate ligands intended to coordinate Rh(l)

with diene moieties 2% or a phosphine olefin ligand [211122],
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O (IDH
B
~OH [Rh(I)]
| + R~©/ © —_—
Base .

Scheme 17: 1,4-Arylation of enones catalyzed by Rh(l). Depending on the enone, a new stereocenter

is formed.

Scheme 18 depicts the suggested mechanism for the asymmetric 1,4-arylation of
enones 2%, The cationic complex [Rh(l)]* is stabilized by solvent molecules, for
instance by dioxane.

The arylboronic acid is nucleophilically attacked by a base, for example OH-, forming
a boronate anion. Said anion coordinates [Rh()]* by replacing one solvent molecule
and cleaving the boronic acid functional group off as a mineral boronic acid, yielding

a neutral Rh complex.

This complex forms a bond with the olefin functional group of the enone. Depending
on the geometry of the enone and the other Rh ligand(s), the aryl ligand and the

enone ligand will arrange accordingly.

This Rh(I) complex undergoes C-C bond formation, most plausibly by 1,2-migratory
insertion of the enone double bond between aryl and [Rh]. Depending on the enone
and the other Rh ligand(s), either site of the enone may be more accessible and thus

more reactive.

The catalyst is then probably renewed by protonolysis of the newly formed C-Rh o-
bond.
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solv'  ‘solv
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Scheme 18: Mechanism of the 1,4-arylation. Note that [Rh(l)] already includes a ligand bound to the
metal center.

Chart 3 presents some compounds hypothetically synthesizable by (asymmetric) 1,4-

arylation of enones.

H
N
o

Anti-inflammatory drug SN

alpha-glucosidase inhibitor

syn-Dihydroacredinone A

Chart 3: Selection of biologically relevant molecules bearing a B-arylketone moiety (marked red)
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1. 4. Metallocenes

Metallocenes form a subgroup of organometallic compounds. They are defined by
one metal center being coordinated by two Cp rings as cyclic n°-ligands. Depending
on the metal, these compounds either serve as catalysts, for example various
titanocenes and zirconocenes, or as stable building blocks for organic compounds,

the most important example being ferrocene.

In the case of ferrocene, the metal is iron. Hence, ferrocene is stable in agreement to
the 18-electron rule (covalent model: 8 electrons [Fe(ll)] + 25 electrons [Cp, L2X];
ionic model: 6 electrons [Fe?*] + 2+6 electrons [Cp-, L2X2]). Furthermore, due to the
negative charge of the Cp ring, it is aromatic according to Hiickel due to possessing

6 1r-electrons.

Ferrocene was first synthesized by pumping a solution of Cp dimer through an iron
pipe. The orange substance being formed was discarded. The compound was
discovered later by accident as a remarkably stable unknown substance when
attempting to couple two Cp rings to fulvalene, using Fe(lll) as an oxidant.

Hence, the first structure proposal for the resulting orange powder CioHioFe was
planar with iron bridging both Cp rings by being bound to a single C atom each.
Wilkinson and Fischer independently found out about the actual sandwich structure

of the compound shown in fig. 2.

Iron is located in the center between two parallel Cp rings and all C’s as well as H’s,
all C-C bonds as well as all C-H bonds being equal. This discovery and the
subsequent synthesis of ferrocene analogs containing other central metals was

awarded with the Nobel prize for chemistry in 1973.

Fig. 2: Left-hand side: Sandwich structure of CioHioFe (ferrocene) represented by a Lewis diagram.
Right-hand side: Ferrocene structure constructed from Fourier-transformed X-ray diffractograms in

1955. The figure was taken directly from ref. [24].
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Contrary to the majority of organometallic compounds, ferrocene is stable enough to
be handled without any protective atmosphere. It is inert to moisture, stable to air at
normal conditions and even at heating at 110 °C 3. In its very nature, ferrocene is
an electron rich aromatic compound, hence it can act as a bronsted base and as a
reductant as shown in scheme 19.

Ferrocene reacts only with very strong bronsted acids, is stable to bases, stable to
basic reagents, reduction and still rather stable to many strong oxidative reagents
such as H202 261 and O3 [?7], but the iron center can be reversibly oxidized to Fe(lll)
electrochemically creating a less stable species prone to dissociating its Cp ligands.
This electrochemical reaction has been used as a calibration reaction at + 400 mV
against standard hydrogen electrode.

® -e
! - I
H D Y &

Scheme 19: Left-hand side: ferrocene acting as a bronsted base; right-hand side: ferrocene acting as

a reductant

In fact, ferrocene is stable enough as an organometallic moiety to serve as a building
block in organic synthesis. The Cp rings can be modified widely to incorporate

ferrocenes in organic compounds.

Scheme 20 presents several examples demonstrating how ferrocene derivatives
exhibit a chemical reactivity comparable to that of an electron-rich aromat: Lewis acid
catalyzed Friedel-Crafts acylation 28, basic carboxylation 29 Vilsmeyer-Haack
formylation [% which is very selective for electron-rich aromatic systems, C-H
lithiation followed up by an boronic acid B4, silyl 32, phosphine 33, and bromine 32!
electrophilic substitution, metalation exemplified by mercuration 34, nitrosylation [3°]

using a transition metal complex and Lewis acid catalyzed Friedel-Crafts alkylation
[36],
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Scheme 20: Ferrocene CH substitution chemistry, closely related to electron-rich arene chemistry.

Ferrocene and its derivatives such as those pictured in chart 4 have found different
practical applications. Ferrocene is added to petrol as an anti-knocking agent.
Polymerization of vinylferrocene produces a polystyrol-analogous polymer with
interesting electrochemical properties. This polymer is being used directly or as a

copolymer in various electrical and redox applications.

Ferrocifenes form a ferrocene-based class of cytotoxic anti-tumor drugs. Ferrocifene
mode of action works by stabilizing radicals and thus damage DNA in its immediate
surroundings, ideally in cancerous cells. Possessing an estrogen lead structure,

Ferrocifenes are used in breast cancer treatment.
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Chart 4: Commercially synthesized ferrocene derivatives.

Beyond that, ferrocene has found widespread usage as a key structural motif in chiral
ligands for homogeneous catalysts, both in academic research and in industrial-scale
applications. The reason for this is a powerful property of 1,2- or 1,3-substituted

ferrocenes called planar chirality.

Fig. 3 presents enantiomers of a chiral di-substituted ferrocene. If ferrocene is 1,2- or
1,3-di-substituted at the same ring, the mirror-image is no longer superimposable
with the original molecule. Hence those two compounds are enantiomers, all other
physico-chemical properties being equal. Since the substituted ferrocene cannot
invert the binding site of the Cp ring site n>coordinated to the metal center, the

enantiomers are separable.

Fig. 3: Left-hand diagram: Planar chiral enantiomers of di-substituted ferrocenes, produced by

mirroring. Right-hand diagram: Difference of space occupation by enantiomers when aligning the

arylic substituents, demonstrating its enantioinductive capabilities.
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The first group to use non-racemic ferrocenes as ligands in transition metal catalysis,
Hayashi et al., performed Rh(l)-catalyzed hydrosilylations of ketones followed by
hydrolysis to afford asymmetric alcohols achieving good yields and moderate e.e.

(Scheme 21) Various bidentate chelating ferrocenes have been tested [¥7],

0 H H Fe | 0" |
: J Si <= : +
+ > H
[Rh'] (5 mol-%)

20 °C 89% yield
49% e.e.

Scheme 21: 1,2-hydrosilylation of acetophenone using diphenylsilane performed by Hayashi et al. [37]

Ever since, ferrocene moieties became popular as structural motifs in ligands and
have been employed widely. Several vastly different derivatives have been
developed and tested including ansa-ferrocene ligands [28l. Nowadays, ferrocene-
based transition metal catalysts are utilized in key steps even in industrial-scale

processes.

Scheme 22 presents the asymmetry inducing step in the commercial synthesis of the
pesticide Metolachlor. A prochiral imine is reduced by Hz, catalyzed by Ir coordinated
by a diphosphineferrocene containing phosphine groups with different steric and

electronic features known as Xyliphos 39,

While yielding an e.e. of merely 79%, the catalyst performs the hydrogenation
reaction rapidly and efficiently (> 7,000,000 TON, > 2,000,000 h'' TOF, just 0.07 kg
Xyliphos per 10,000 kg sec. amine product). To date, more than 10,000 tons

hydrogenated product are produced per year this way.
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Scheme 22: Asymmetric hydrogenation of an imine to yield an enantiopure precursor of metolachlor.
[39]

While ferrocene ligands are successful in various areas of organic synthesis, it is
obvious that enantioinductive molecules including two or more ferrocene moieties
proximate to the catalytic center present a potentially greater potential to induce
asymmetry. As to yet, these structures are comparatively rare and only a couple of

them have been tested in chemical catalysis, summarized below.

In 1996, Uemura et al. tested dichalcogene-bridged diferrocene compounds based
on Ugi’'s amine coordinating Rh or Ir in hydrosilylation. After hydrolyzation, secondary
alcohols were achieving moderate to good e.e. (Scheme 23) The diselenide-bridged

ligand turned out to perform best. 4!

1
g ﬁ O
- 50
O H\ /H @ O
Si [Rh'] (1 mol-%) Y
salisne - O
THF

0°C 60% vyield
60% e.e.
Scheme 23: Rh(l)-catalyzed 1,2-hydrosilylation of acetophenone using diphenylsilane performed by

Uemura et al. [40

In the same year, Albinati et al. investigated a bidentate PS-ligand obtained from

Ugi’'s amine, producing a diferrocene bound coordinatively as a di-Pd isonitrile
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complex. This kind of coordination complexes are able to facilitate aldol additions and
follow-up dihydrooxazole cyclizations of an aldehyde and an isonitrile. (Scheme 24)
The group tested the dimerically bridged catalyst only to find out that while the aldol
addition takes place, the catalytic species does not transfer its enantiomeric

information well. 41

M e g
xS
Pd
S g ‘
== _Pd
SR\
! !/ Ph N
F|e Ph
0 = 7( oSN
S e - L
R R R'
<10% e.e.

Scheme 24: Pd-catalyzed aldol addition and subsequent dihydrooxazole cyclization of an aldehyde
and an isocyanide carried out by Albinati et al. 1]

Togni et al. reported a diferrocenetriphosphine compound based on Ugi’'s amine
baptized pigiphos. In 1997, they tested a Ru(ll)-catalyzed transfer hydrogenation of
acetophenone, yielding 1-phenylethanol with up to 72% e.e. (Scheme 25) The
excellent yield and the good e.e. achieved were encouraging considering this was

the first application of the tridentate Pigiphos ligand 2,

Ph_ Ph %
P. Fe
QAP
0 F OH
h

é
Ph P

»
[Ru(CH5CN),J%*

iPrOH
68 °C
2h

99% vyield
72% e.e.

Scheme 25: Ru(ll)-catalyzed H transfer from iPrOH to acetophenone forming 1-phenylethanol carried
out by Togni et al. 42
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The same group worked in 1998 with chiral lewis acids using pigiphos as an
asymmetric ligand attempting to engineer diastereo- and enantioselective
acetalization procedures using benzaldehyde and different diols. (Scheme 26) While
in most cases the yield of cyclic acetals was good, a lack of diastereoselectivity was

reported 43,

Ph\ /Ph %
P Fe

WP o
o /
QLA
@H — o
+ >
HO  OH

RhCl,, TIPFg, 0.05 mol-%

O

THF 78% yield
reflux cis/trans = 1.8
1.2 h

Scheme 26: Rh(lll)-catalyzed acetalization of benzaldehyde and 1,2-dihydroxypropane performed by
Togni et al. 43

Togni et al. used pigiphos and other tridentate asymmetric ligands such as the similar
gipiphos ligand family in 2004 to drive Ni(ll)-catalyzed hydroamination of activated
(EWG substituted) olefins, achieving both good yields and good e.e. (Scheme 27)
The group found these catalysts perform equally well in ionic liquids, in which the

reaction does not have to be carried out under inert conditions. 44
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Scheme 27: Ni(ll)-catalyzed hydroamination of nitrile-substituted olefins with morpholine. 44

Weissensteiner et al. synthesized C-linked diferrocene ligands in 2006 to perform
Rh-catalyzed hydrogenations using Hz (Scheme 28). The researchers achieved e.e.
up to 55% for trisubstituted olefins, but only 15% e.e. and less for geminal substituted

olefins and C=0-bonds 43I,

Ph—P/Ph Fe
Ph. TS
/F’
Ph
\
oO Fe »o
— = O
HN—< = > HNJ<
[Rh(NBD),]BF, 0.5 mol-%
1 bar H,
25°C 100% conversion
1h 55% e.e.

Scheme 28: Rh-catalyzed olefin reduction by H2 performed by Weissensteiner et al. [

By a well-known paradigm in homogeneous asymmetric catalysis, rigid catalyst

structures produce greater e.e. and overall less side products than unrestricted ones.

A rigid structure cannot vary its geometry too much, hence it will keep the geometry it
was designed for most or all of the time. For a flexible structure the opposite is true.

The ligand is able to adopt non-reactive conformations at times, slowing the process
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down, or even conformations catalyzing the formation of other, undesired products
such as the undesired enantiomer. While some exceptions to the rule are known, this

principle generally holds true.

As for cyclized diferrocene compounds — diferrocenyl cycles — there are only a few
examples as to date and most of them do not concern application in catalysis. Chart

5 summarizes these diferrocenyl cycles sorted by inventor and year of publication.

The first such diferrocenyl cycle ever was a biferrocene o0,0-bridged by
phenylphosphineoxide synthesized by Mathey et al. in 1974 [#6], In 1976, Atwood and
Shoemaker found a diferrocene alane species occurring after a rearrangement of a
ferrocenedialane substituted each ring 71, Schldgl et al. produced the first C-only

bridged diferrocenyl cycle in 1977, yielding both cis- and trans-isomers [48],

In 1991, Kohler et al. synthesized cis- and trans diferrocenes bridged by a
norbornane scaffold to measure iron-iron interaction of the ferrocene cores via cyclic
voltammetry. For this synthesis, the group started with the di-Cp norbornane scaffold
and produced the ferrocene moiety in a follow-up reaction 9. In a similar fashion,

they produced a cyclic diferrocene bridged by two silyl groups 59,

Ogawa, Sato et al. discovered an 0,0*-bis(dithio)-bridged diferrocene in 2002 by
oxidizing ferrocene-1,2-dithiostannate using l2 Y. Snieckus et al. accidentally
produced an azepanone diferrocene cycle when attempting an esterification of a

biferrocene precursor 52,

Gaede et al. produced novel cyclized diferrocenes among other organometallic
coordination complexes in 2004 in order to study metal-metal communication by

cyclovoltammetry 1531,
Jékle et al. synthesized in 2005 the first dibora diferrocene cycle 4,

Santi et al. synthesized a biferrocene o,0-linked by a Z-olefin in 2007. To produce
this compound they started from the planar di-Cp precursor and finally attached the

FeCp moiety 591,

In 2008, Jakle et al. in course of their work on dibora diferrocenes synthesized B-
mesyl- and B-pentafluorophenyl derivatives to investigate these new compounds by
cyclic voltammetry 8. In 2012, they produced the corresponding dimethoxy- and
dihydroxydiboradiferrocenes and observed reversible polycondensation of the

bis(boronic) acid 7, followed up in 2015 by synthesis and redox behavior
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investigation of biferrocenes linked at the o position by one Sn or one B substituent
[58],

The most recent contribution by the group of Jakle concerns an 0,0-P,Sn and an
0,0-P,B linked diferrocenyl cycle and their Rh complexes. Particularly the latter

diferrocenyl cycle presents an interesting molecule since it contains both a Lewis

acid and a Lewis base 9
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-
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Chart 5: Summary of diferrocenyl cycles not used in catalysis as to date of this writing.

To date only two publications utilizing diferrocenyl cycles in catalysis have been

published.

Widhalm, Weissensteiner et al. synthesized various biferrocenylazepines substituted
by groups containing phosphines in 2002 (Scheme 29) which were tested in various
Pd(ll)-catalyzed asymmetric allylic substitutions and up to 86% e.e. have been
obtained [6°],
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Scheme 29: Pd(ll)-catalyzed asymmetric allyl amination with a diferrocenoazepine ligand 6!

Togni et al. tested two novel cyclic diferrocene compounds based on Ugi’'s amine in
2012, one bridged by two P atoms and another bridged by one P and one C atom
forming eight-membered rings (Scheme 30). These were used in Au(l)-mediated
hydroalkoxylation cyclizations of allenes achieving varying conversions and e.e. up to
32% 164,

11,( :>
@

P 100% conversion

* AuCl (1 mol-%) 32% e.e.

Fe
c? OH G % Toluene Q
> *
T 2 T D
Fe

32% conversion
ner * _o, 25% e.e.
or b AuCl (1 mol-%) 0

0 &

Scheme 30: Au(l)-catalyzed intramolecular hydroalkoxylation of allenes 61

net

4

Aside from application in transition metal catalysis, ferrocene derivatives have started

to be applied in organocatalysis as well. Since ferrocene-P bonds are rather stable,
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and P(lll) directly attached to the ferrocene ring is also stabilized against oxidation
this trend is not surprising 621,

For instance, Martinetti et al. tested various P(lll) ligands in 2007 for the Lu
cyclization of an electron poor allene and a tosylimine, including also ferrocenes
containing a phosphetane moiety (Scheme 31). While induced e.e. have been
moderate, phosphetanes lacking a ferrocene moiety turned out to be far less

effective [63],

=C=
" S P
Ts " \ J
\ Fe N_« O
N\ | Ts™
— o)
(10 mol-%)
O ~
CH,Cl,
r.t. 55% yield
24 h 48% e.e.

Scheme 31: P(lll)-catalyzed Lu cyclization using a ferrocene organocatalyst (63!

Focusing entirely on organocatalysts containing ferrocene moieties, Zhong et al.
tested a number of different monoferrocenylphosphine derivatives in 2015 as
catalysts for the Morita-Baylis-Hillman reaction of tosylimines and methylvinylketone
(Scheme 32). The most efficient catalyst turned out to be N-acylated PPFA [64],

“—NH e}
1s dpf’h (10 mol-%) H

N \ \ 1N,
A F|e Ph Ts
o -
C+ T -
A PhCOOH (10 mol-%)
CHoCl 76% yield
25°C 56% e.e.

Scheme 32: P(lll)-catalyzed Morita-Baylis-Hillman reaction of a tosylimine and methylvinylketone 64
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Zhong followed up this project by investigating the P(lll)-catalyzed 2,3-dipolar
cycloaddition of Morita-Baylis-Hillman products and maleimides in 2016 (Scheme

33), achieving high e.e. and good yields using more complex acylated PPFA ligands
[65]

o S Cl
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Scheme 33: P(lll)-catalyzed 2,3-dipolar cycloaddition of a Morita-Baylis-Hillman product and

maleimide [69]
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2. Aims of the thesis

Considering the extended area influenced through the presence of a planar chiral
ferrocene, one can envision the increased potential when mounting two

functionalized ferrocene units at the catalytic center.

While there are multiple hypothetical ways of connecting these two units, this project
is limited to using Ph-substituted P as a linker. Triaryl substitution significantly slows
down oxidation of P(lll) and facilitates handling of products. P(lll)-containing ligands
can be used as:

e Metal-coordinating ligands
e Organocatalysts

e P-based auxiliaries

As has been pointed out in the introductory section, the exploration of diferrocenyl
cycles in catalysis has only just begun. Fig. 4 lines out the desired structure for this

project at the left-hand side. Two ferrocene units are coupled via P(lll) or P(V) atoms.

For this geometry a quadrant rule may be valid. The target structural motif can be
imaginarily divided by two planes passing through P and center of X: One coplanar to
the diferrocenyl cycle, the other being perpendicular to it. The intended 3D structure

blocks diagonal quadrants.

The idea of blocking diagonal quadrants in order to control the asymmetric induction
of this chiral molecule can be compared to one of the most efficient Ziegler-Natta
catalysts for isotactic propylene polymerization, shown at the right-hand side in fig. 4.
Note the structural similarities of this ansa-zirconocene, blocking two diagonal
qguadrants, the conformation stabilized both by the catalytic center (Zr) and another

bridging element (SiMez).

In order to freeze this conformation, these ferrocenes may be bridged at the 0,0

positions, denoted as X in the diagram below.

Particularly chiral ligands with high symmetry Cn or Dn are favored as the number of

substrate complexes and corresponding parallel reaction paths is reduced.

A C2 axis is often included in a catalyst design in order to limit the number of
alternative and undesired reaction pathways. The schematic target motif does
include a pseudo Cz-axis passing through P and backbone variable X. If the Ph and
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the Q derivatives of P were not equal, it would be an actual Cz axis. While this means
the overall symmetry group of the target motif is just Ci, this decision allows for two

identical ferrocene synthons to be coupled in retrosynthesis.

Fig. 4: Left-hand side: Desired structural motif. Right-hand side: One of the most efficient Ziegler-Natta

catalysts.

Since there is an overall lack of protocols to synthesize the structural motif presented
above, the first aim of this thesis is to devise a synthetic route starting from
unsubstituted ferrocene, including one enantioinductive step, leading probably to
noncyclic diferrocene intermediates first and this will be followed up by a cyclization

as final step.

In order to produce different testable prototypes, the group denoted X' should
comprise various bridges with 2-4 atoms, such as C, but also group V and VI

elements. These heteroatoms may serve to

a) produce bidentate ligands for kinetic stability of transition metal complexes

or
b) to offer an alternative center of reaction, if P at the other side is not reactive.

Since there is little known about the more subtle detailed chemistry intrinsic to this
kind of compounds and the scope of this thesis being limited, at least protocols for
stable precursors for future diferrocenyl cycles should be established and

documented.

Asymmetric cycles and stable precursors are to be tested preliminarily if a promising

compound is produced in satisfactory quantity to demonstrate its enantioinductive

48



potential. This can be done in well-documented benchmarking reactions of transition
metal catalysis such as asymmetric allylic alkylation and asymmetric 1,4-arylation of

enones presented in the introductory section.
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3. Results
3. 1. Synthesis of Ugi’s amine from ferrocene

There are many ways available to synthesize planar chiral ferrocene derivatives (661,
In this case, Ugi’'s amine 1 was prepared as an enantiopure precursor for more

complex asymmetric ferrocene containing compounds.

In fact, Ugi's amine played and still plays an important role in introducing chirality in
ferrocene derivatives. Many modern asymmetric ligand structures are based on Ugi’s
amine. This popular chiral precursor can be further modified in two ways as

demonstrated in scheme 34:

e Stereoselective o-lithiation and subsequent reaction with an electrophile 67!

e Stereoretentive Sn1 displacement of the dimethylamine moiety by a

nucleophile (€8],

regioselective o-lithiation

/ /
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3@\ e
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stereo-retentive Sy1 reaction

Scheme 34: Ugi’s amine 1 as a chiral precursor for more complex chiral ferrocene derivatives

Two synthetic routes are used in literature to synthesize enantiopure Ugi’s amine 1

from ferrocene, summed up by scheme 35.

The first route yields Ugi’s amine 1 by stereo-retentive substitution of an appropiate
leaving group such as acetate 2 which is prepared by esterification of the

enantiopure hydroxy precursor 3. This precursor 3, in turn, can be produced by
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asymmetric reduction of acetylferrocene 4 for example by BH3/CBS catalyst [6°]
(colloquially referred to as CBS catalyst) or a hydride source — such as formic acid —

and a chiral catalyst 79,

The alternative route, used in this project, was based on enantiopure 1 obtained by
optical resolution rather than asymmetric catalysis. Fractional co-crystallization of
rac. 1 and enantiopure tartaric acid affords enantiopure Ugi’'s amine 1. The required
racemate may be synthesized from acetylferrocene 4 by the same way, only the
reduction needs not be asymmetric. Acetylferrocene 4 can be synthesized from
ferrocene 5 by Friedel-Crafts acylation using Ac20. 71172

O 0o OH
@\\ \( Ac,0 =
Fe —> Fe
|

HNMeZi{ = - CBS, BH,
0 2 3

\

N 0 A0, 1>
@.\\‘ @\( Br. C}
Fe Fe — > | Fe
-

1

tartaric acid, 4 5
fractional crystallization

ﬂ NaBH,
@\\:N\ HNMe, @\( \( Ac,0 @\(OH
|:'Ie Fe
==

<

1 2 3
Scheme 35: Retrosynthetic analysis of enantiopure Ugi’s amine.

Scheme 36 summarizes the synthesis of amine 1 as performed in this project.
Ferrocene 5 was functionalized by Friedel-Crafts acylation using Ac20, BF3 * Et20
and the crude material was purified by recrystallization from n-heptane 28 yielding
84% of acetylferrocene.
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Scheme 36: Synthesis of rac. Ugi-amine.

Acetylferrocene 4 was reduced to alcohol 3 using NaBHs4 in EtOH for 24 h. The
resulting intermediary boronic ester was quenched with AcOH. Alternatively,
asymmetric carbonyl reduction protocols using the CBS catalyst and BHs have been
published 731,

Curiously, beside 37% yield of the expected hydroxy compound 3, 20% of the O-
acetylated product 2 was formed as well and isolated by column chromatography.
Obviously the modified work-up procedure using AcOH instead of a mineral acid

such as HCIl lead to the one-pot ester formation.

Scheme 37 presents a plausible mechanism. The intermediarily formed
ferrocenylethoxyboronic acid ester is protonated by AcOH, then attacked
nucleophilically by AcO-. The strong affinity of B and O drives the bond forming

reaction.
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Scheme 37: Proposed mechanism of how acetate 2 forms from acetylferrocene 4 and NaBH4, worked
up with Acz0.

Alcohol 3 was O-acetylated by Ac20 in pyridine for 24 h 68, Even though complete
conversion of alcohol 3 to ester 2 could be demonstrated by TLC testing, about half
of the esterificated product 2 as regained as alcohol 3 after preparative
chromatography on SiO2. This is attributed to an instability of the acetic ester 2 in the

acidic environment of SiOa.

Ugi’'s amine 1 was synthesized by Sn1 displacement of the acetoxy moiety in 2 by
40% aqg. Me2NH in MeOH over the course of 2 d in 81% yield [68]

Ferrocene derivatives show an interesting behavior when nucleophilically replacing a
leaving group in quasi-benzylic position by Sn1 mechanism. An intermediary
carbenium cation stabilized by and conjugated with the vicinal Cp moiety is formed
after the leaving group dissociates. The not involved CpFe residue blocks one of the
two possible attacking sites of the nucleophile, forcing it to approach the ferrocenyl
carbenium from the same site the leaving group departed. Hence the configuration of
the substrate molecule is retained despite of the Sn1 nature of the reaction [68l,

In fact, this relatively stable, fulvene-like carbenium cation is observed as a fragment
in several HRMS at later points of this project. Scheme 38 shows the formation of

these cations from 1-aminoethylferrocenes and o-bromoferrocenemethylamines.
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Scheme 38: Fulvene-like ferrocenylmethyl cations observed in HRMS throughout this project
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3. 2. a-Substituted Di(ferrocenylethylene) compounds
3. 2. 1. P(lll) and P(V)-linked diferrocenes

Starting from enantiopure amine 1, synthetic routes leading up to asymmetric
diferrocenes and, subsequently, diferrocenyl cycles had to be devised. Scheme 39

sums up the retrosynthetic analysis.

For the desired diferrocenyl cycles, one must discriminate between P-linked
diferrocenes bridged either by all-C backbones or by backbones containing a
heteroatom such as N or O, or even an entire functional group, such as urea for

instance.

The hetero atom (or group) | including diferrocenyl cycles could be synthesized by
direct acid catalyzed nucleophilic substitution of the diamine functional groups of a
diaminediferrocene precursor IV. Diamine IV in turn could be produced from coupling
of two o-lithiated amines V with CI2PPh. If necessary, the phosphine atom may be

protected for subsequent transformation, for example by oxidation or boranation.

Alternatively, IV could be activated for cyclization as acetate Il or by methylation of
the two diamine functional groups leading to a bis(trimethylammonium) di-iodide II.
These intermediates can then be transformed by nucleophilic displacement of the

acetoxy- or trimethylammonium group to |.

The all-C backbone diferrocenyl cycle 1X could be synthesized by various means of
coupling: By RCM or hydrovinylation of a diolefin precursor VI / VIII or by one of
various carbonyl coupling protocols: McMurry coupling, Pinacol coupling, Benzoin

coupling or, if a a-CH bond is available, intramolecular aldol reaction.

Alternatively, a protocol describes a direct benzylic dimerization of the Ph analogue
of amine 1 utilizing Li and S " which may be modified to cyclize diaminophosphine
V.

Diolefin precursors can be produced in two ways: either by twofold elimination of

dimethylamine IV or by nucleophilic vinyl substitution at the diacetate 1l to give VI.

Carbonyl precursors VIl / X are available either by ozonolysis or dihydroxylation
followed by glycol cleavage using olefin precursor VI or VII. Alternatively,
diaminophosphine 1V can be oxidized at the quasi-benzylic position using MnO2 or by
substitution of amine/acetate leaving groups of I, Il or IV with a thiol lacking a a-H
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followed up by oxidation of the resulting thioether then a Pummerer rearrangement
yielding dicarbonyl VII.
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