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Abstract - i

Absitract

The conjugate addition reaction between aldehydes and nitroolefins belongs
to an active field of organocatalyzed reactions. Accordingly, highly
enantio- and diastereoselective methodologies relying on secondary amine
organocatalysts have been established.

In the context of this thesis we investigated the secondary amine-catalyzed
conjugate addition reaction of aldehydes to nitroolefins. Despite intensive
research on the mechanism, the role of the intermediate generated by the
carbon-carbon formation is still under debate. The structure of such an
intermediate is thought to be either an iminium nitronate- or a 1,2-oxazine
N-oxide species. We show in Chapter 3 that a nitronate model system allows
identification of nitronates by UV/Vis spectroscopy. Under preparative
conditions, a novel characteristic band was identified alongside established
ones. By computational studies we demonstrated that the newly observed
excitation belongs to the intermediate formed by the carbon-carbon bond
formation. We monitored this intermediate in situ and showed that the
structure of the secondary amine catalyst as well as the nature of the solvent
significantly influence its stabilization.

Since alkylating substrates are prone to deactivate secondary amine
catalysts, the application of these substrates is a major challenge in the field.
In Chapter 4 we address this issue and show that in the secondary
amine-catalyzed conjugate addition reaction of aldehydes to nitroolefins
nifroacrylates alkylate the catalyst reversibly. We demonstrate that the
release of the alkylated catalyst becomes rate Ilimiting and a
complementary mechanistic scenario is observed when using nitroacrylates.
Further we show how sterically demanding nitroacrylates reduce the
alkylation rate of the catalyst, and then use such bulky substrates to achieve
faster reaction rates. We identified a cocatalyst that led to even faster
reaction rates and allowed use of only 500 ppm of a peptidic catalyst to
prepare various substrates in good vyields, diastereoselectivities and
enantiomeric excesses.
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Further we demonstrate in Chapter 5 that combining the peptide-catalyzed
conjugate addition reactions of aldehydes to nitroacrylates with subsequent
cinchona-catalyzed additions of thioenolates allows the synthesis of tricyclic
natural product derivatives (tefraponerines). We developed a synthetic route
for the transformation of ester-substituted y-nitroaldehydes formed in
peptide-catalyzed conjugate addition of aldehydes to nitroacrylates to a
chiral imine building block. We demonstrate that this imine reacts with
thioenolates in the presence of a cinchona alkaloid catalyst to form a
tetfraponerine core structure (annulated 5-6-5 ring), which bears up to seven
stereogenic centers.
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Zusammenfassung

Die konjugierte Additionsreaktion von Aldehyden an Nitroolefine gehort zu
einem sehr aktiv bearbeiteten Forschungsgebiet. Dabei wurden enantio- und
diastereoselective  Synthesen  mittels  sekunddren  Aminkatalysatoren
entwickelt.

In der vorliegenden Arbeit haben wir, die von sekunddren Aminen
katalysierte konjugierte Additionsreakfion von Aldehyden an Nitroolefinen
untersucht. Trotz intensiver Forschung zum Mechanismus dieser Reaktion
konnte die Rolle und die Struktur des Intermediats, welches in der
Kohlenstoff-Kohlenstoff BindungsknUpfung generiert wird, nicht abschliessend
geklart werden. Es wird momentan vermutend, dass dieses Intermediat
entweder als Iminiumnitronat oder als 1,2-Oxazin N-Oxid vorliegt. In Kapitel 3
zeigen wir anhand eines Nitronat-Modellsystems, dass eine Nitronatdetektion
mittels UV/Vis-Spektroskopie maoglich ist. Unter prdparativen Bedingungen
haben wir eine neue charakteristische UV/Vis Bande des Nitronats gefunden.
Mittels computergestUtzten Untersuchungen konnten wir zeigen, dass diese
neuve Bande zu dem durch die Kohlenstoff-Kohlenstoffbindung generierten
Infermediat  gehoért.  Wir  haben ein  solches Intermediat  unter
Reaktionsbedingungen beobachtet und zeigten, dass dessen Stabilisierung
durch die Katalysatorstruktur sowie der Art des Loésungsmittels abhdngen.

Da alkylierende Substrate dazu tendieren den sekunddren Aminkatalysator
zu deakftivieren, ist die Verwendung solcher Substrate besonders
anspruchsvoll. In Kapitel 4 haben wir uns diesem Problem angenommen und
gezeigt, dass Nitroacrylate in einer durch sekunddre Amine katalysierte
Additionsreaktion von Aldehyden an Nitroolefine zu einer reversiblen
Alkylierung des Katalysators fUhren. Wir zeigten auch, dass die Ruckreaktion
des Katalysatoradduktes und somit die Freisetzung des Katalysators zum
geschwindigkeitsbestimmenden Schritt in der Reaktion wird und dass deshalb
ein komplementdrer katalytischer Zyklus bei der Verwendung von
Nifroacrylaten vorhanden ist. Wir konnten zeigten, dass je sterisch
anspruchsvoller das Nitroacrylate ist, desto langsamer findet die
Alkylierungsreaktion staft, was zu einer Beschleunigung der Gesamtreaktion
fOhrt. Im Verlauf dieser Untersuchungen fanden wir einen Cokatalysator,
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welcher es uns ermoglichte mit nur 500 ppm Katalysatorbeladung eine
signifikant schnellere Reaktionsgeschwindigkeit zu erreichen. Dies ermdglichte
uns mit einer so tiefen Katalysatorbeladung verschiedene Substrate mit guter
Ausbeute in guter Enantio- und Diastereoselektivitat zu synthetisieren.

Des Weiteren konnten wir in Kapitel 5 zeigen, dass die Peptid katalysierte
Additionsreaktion von Aldehyden an Nitroacrylate in Kombination mit der
Cinchona Alkaloid katalysierten Addition von Thioesterenolaten die Synthese
eines Naturproduktderivats (Tetraponerine) ermdglicht. Wir haben dafir eine
Synthese von chiralen, zyklischen Iminen aus y-Nitroaldehyden entwickelt.
Diese Imine reagierten in Gegenwart von Thioesterenolaten und Cinchona
Alkaloid Katalysatoren zur Tetraponerin Struktur (annilierter 5-6-5 Ring) mit bis
ZU sieben stereogenen Zentren.
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Tosyl 4-toluenesulfonyl

Ts 4-toluenesulfonyl

uv ultraviolett

Vis visible light
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1.1 Organocatalysis

Organocatalysis describes accelerated chemical reactions by metal-free
organic molecules.ll Today, organocatalysis belongs among the most
popular fields in modern organic chemistry and organocatalysts developed
into one pillar in asymmetric synthesis besides metal and enzyme catalysts,
providing a methodology that is mostly robust towards air and mostly
non-toxic,.l-3l

At the beginning of this millennium two highly influential articles were
published, friggering a focus on enamine and iminium-based
organocatalysis.  First  MacMillan and coworkers developed chiral
imidazolidinone catalysts for asymmetric Diels-Alder reactions (Scheme
1-1a).4 Simultaeously List, Lerner and Barbas were inspired by class I
aldolases and catalytic antibodies and rediscovered proline-catalyzed aldol
reactions (Scheme 1-1b).1%

a) MacMillan O

NMe

oy
Ph H
@) @ 10 mol% catalyst f
PhMH [

MeOH/H,O, 8 h, quant. Ph

1:1.3 dr, 93% ee
b) List, Lerner, Barbas
@) OH O
0 L-proline (30 mol%) :
H + >
)J\ DMSO, 4 h, 68% yield
O,N OyN
76% ee
Scheme 1-1: Initial developments in secondary amine based organocatalysis: a)

Imidazolidinone catalyzed Diels-Alder reaction; b) Proline catalyzed aldol addition reaction.
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1.2 Conjugate Addition Reactions of Aldehydes to
Nitroolefins

1.2.1 A Short Historical Perspective

The beginning of the stoichiometric use of enamines as nucleophiles was the
development of reactive enamine intermediates for carbon-carbon bond
formations by Stork in the 1960s.l1¢1 Later, enamines were established for
addition reactions to nitroolefins by Kuehne and Foley.l”l Due to the strong
electron withdrawing character of the nitro group, nitroolefins are good
Michael acceptors for nucleophiles such as enamines.l8l An asymmetric
addition reaction was established by addition of chiral enamines to achiral
nitroolefins by Seebach.[?.10]

1.2.2 Asymmetric Catalytic Applications: Subsirate and Catalyst
Scope

1.2.2.1 General

Today, an important carbon-carbon bond forming methodology is the amine
catalyzed asymmetric addition of aldehydes to nitroolefins.['l In the last two
decades many catalysts to synthesize different y-nitroaldehydes with high
stereo- and enantioselectivity have been developed. y-Nitroaldehydes are
highly valuable building blocks for subsequent transformations towards chiral

pyrrolidinesli2-1¢], v-butyrolactonesl!’], Y-amino acids(15.18] and
tetrahydropyrans(?l (Scheme 1-2).
RQ
HO,C NH,
/ R y-amino acids
R? HN

: 4\}
] R! \ R! y-butyrolactam
y-nitroaldehyde HN
QRQ
pyrrolidines

Scheme 1-2: Michael addition reaction of aldehydes to nifroolefins.

The effective and selective formation of y-nitroaldehydes by
organocatalyzed conjugate addition reactions was found to be strongly
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dependent on the catalyst structure. The addition of a-branched aldehydes
to nitroolefins is mostly performed using primary amine catalysts (often
derived from a cinchona alkaloid20-221 or amino acids[2324]), In contrast,
secondary amine catalysts are usually used to perform the addition of linear
aldehydes and ketones to nitroolefins.[311.14.1518.19.25-321 Within this work we
focus on the conjugate addition of linear aldehydes to nitroolefins.

1.2.2.2 p-Alkyl- or Aryl- Substituted Nitroolefins

The organocatalyzed conjugate addition reaction of linear aldehydes to
nitfroolefins—bearing an alkyl- or an aryl-moiety in the p-position—belongs to
the most widely investigated reactions in organocatalysis and many different
catalysts have been developed (Scheme 1-3).123.111 Although L-proline (1) is a
widely used secondary amine based catalyst, an effective and selective
conjugate addition reaction of aldehydes to nitroolefins to y-nitroaldehydes
was not achieved.B3 Therefore, more reactive derivatives have been
developed, e.g. diamino pyrrolidines 2. These catalysts were found to
catalyze the conjugate addition reaction of most alkyl-substituted linear
aldehydes to nitroolefins having differently substituted aromatic (e.g. R2 = Ph,
4-MePh, 4-(OMe)Ph, 2-(CF3)Ph, 2-thiophenyl) or aliphatic moieties (R2 = butyl,
cyclo-hexyl, CH(OMe);) with good enantio- and diastereoselectivity.[26.34]
Further, diamino pyrrolidines 2 allow the addition of p-branched aldehydesl3l
and are used as ionic liquids, where they serve as solvent and catalyst at the
same time.[33]

general reaction:

@) @)

| “_NO catalyst |,
RQ/\/ 2 KKK/
(0.1 -20 mol%) R

R]

R2

NO,

1

catalysts: ’ 0O

N
LA A,
O z
3 Ph ‘l%
Q‘COQH QVNRz Qjéph ONH o~ )
H H H  OSiR%
1 2 3 4a

Scheme 1-3: Conjugate addition reaction of linear aldehydes to nifroolefins catalyzed by

CO,H

secondary amine catalysts.
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Investigations towards more reactive proline-derived catalysts led to the
identification of prolinol-silyl ethers 3 as catalysts, independently by Hayashil??
and Jgrgensen.i36-38l This catalyst motif became widely used for conjugate
addition reactions of different linear aldehydes to various alkyl- or aryl-
substituted nitroolefins. 391

A more reactive catalyst was obtained by our group, with the development
of peptidic catalysts. H-DPro-Pro-Asp-NH2[01 and especially its congener
H-DPro-Pro-Glu-NH- (4a)l#142l showed great enantio- and diastereoselectivity
in conjugate addition reactions of aldehydes to nitroolefins even with very
low catalyst loadings (down to 0.1 mol%).140-431 Further, the modularity of the
H-Pro-Pro-Glu-NH> catalyst allowed C-terminal functionalization, which was
used for immobilization on solid supporti64’l and micelle formation for
catalysis in water.148]

1.2.2.3 o,p-Disubstituted Nitroolefins

The catalysts developed for the conjugate addition reaction of linear
aldehydes to p-substituted nitroolefins were reactive enough to address the
more challenging a,p-disubstituted nitroolefins and to synthesize the highly
desirable y-nitroaldehydes with three consecutive stereogenic centers
(Scheme 1-4). While proline (1) as a catalyst only showed limited reactivity,[49]
diamino pyrrolidine 2 catalysts have higher reactivity.l50511 A further increased
reactivity was achieved using prolinol-silyl ether catalysts 3 for linearls2-54 and
cyclicldl a,p-disubstituted nitroolefins. Further, straightforward modifications
on the peptidic catalyst 4a to H-Pro-Pro-Asn-OH allowed an effective as well
as an enantio- and diastereoselective transformation of numerous
o, p-disubstituted nitroolefins.[5¢]

&R4
N 2
N R

l*L*NOQ

7
NO
H + R 2
R! /\RC’ R!' RS

Scheme 1-4: Conjugate addition reaction of linear aldehydes to a,p-disubstituted nifroolefins
catalyzed by a secondary amine.
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1.2.2.4 B,p-Disubstituted Nitroolefins

Among the most challenging tasks in the field is the addition of a linear
aldehyde to a p.p-disubstituted nitroolefin for the formation of a
y-nitfroaldehyde bearing an all carbon tetra-substituted stereogenic center.
The only reported catalyst for this transformation is a ftripeptide with @
Pro-Pro-Xaa motive (Scheme 1-5).1571 It was found that an ester substitution in
one of the B-position is essential to obtain product. Therefore, the substrate
scope is currently limited to these substituted nitroacrylates.l5’1 In previous
studies, we found the formation of catalyst-substrate adduct in combination
with untypical reaction curves. Studies with different acidic additives
suggested that the rate-determining step can differ depending on the
additive and substrate. 58]

ﬁ CO,Et H-DPro-Pro-R (10 mol%) Q Rf‘ co'iE(r)
* 2
~_NO
18 RQJ\/ 2 R = CH(Ph)CH,(pTol) L
up fo 90% yield
up to 6:1dr

up to 97% ee

Scheme 1-5: Peptide catalyzed conjugate addition reaction of aldehydes to
B.p-disubstituted nitroolefins.

1.2.2.5 Electron Deficient Nitroolefins: Nitroacrylates

B-Ester-substituted nitroolefins, also known as nitroacrylates, are very reactive
electrophiles. Hence, they react not only with enamines but also with
secondary amines. This renders secondary amine catalyzed addition
reactions of aldehydes or ketones to nitroacrylates difficult (Scheme 1-6).[59.60]

nitroacrylate

NO,
RIO,CT Y o
2
RE, RS R
H R? = H or methyl RS
RQN,R3 Q\Ré (|) CO,R!
H * NO
R'O C)\/NOQ cat. KH\( 2
2 RS R2
amine alkylation conjugate addition reaction
many examples only few examples

Scheme 1-6: Reactivity of nitroacrylates in presence of aldehydes and/or secondary amines.
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Today, most of the reported reactions of nitroacrylates include quantitative
amine additions.l3?1 Beside stoichiometric applications, nitroacrylates have
been only successfully used in very few organocatalyzed transformations
(Scheme 1-7).01528.53.61-64] Secondary amine catalyzed conjugate addition
reactions have been achieved for a-unsubstituted nitroacrylates (R' = H) with
a pyrrolidine diamine catalyst 2 in one example in only moderate yields
(reaction 1).1611 The more reactive prolinol-silyl ether catalysts 3 allowed a
conjugate addition reaction in good yields in a key step in synthesis of the
antiviral drug (—)-oseltamvir (Tamiflu)[28.62-64 as well as for few aldehydes in
water as solvent (reaction II).1'3 In addition, a prolinol-silyl ether 3 catalyzed
the addition of few commercial available aldehydes to a-methylated
nitroacrylates (R' = Me, reaction [I1).153 Despite the successful synthesis of
y-nitfroaldehydes from nitroacrylates, alkylation of the catalyst has been
observed in significant amounts as a side-reaction.[¢3]

Scheme 1-7: Examples for conjugate addition reaction of aldehydes to nitroacrylates.

Alkylation reactions in the a-position of carbonyl compounds are challenging
as the catalyst can react with the alkylating reagent. This phenomenon limits
significantly a successful application of strong alkylating agents such as alkyl
halides.l¢¢l To the best of our knowledge a mechanistic understanding of the
role of a catalyst alkylation by nitfroacrylates has not been achieved up to
now. However, elucidating the mechanism when using alkylating substrates,
might help to address the current challenges of secondary amine catalyzed
addition using very reactive starting materials.
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1.3 Mechanistic Studies on Michael Reactions

The stereoselective conjugate addition reaction of linear aldehydes to
nitroolefins has received great attention and include detailed mechanistic
studies.ll1455267-811 These studies have been performed mainly with fwo
catalysts: prolinol-silyl ether 3 and the peptidic H-DPro-Pro-Glu-NH: (4a). They
differ structurally and by the presence or lack of an intframolecular acid
group. Both catalytic cycles share the initial condensation of a secondary
amine A and an aldehyde 5 to form an enamine species A-en (Scheme 1-8).
The enamine A-en attacks the nitroolefin é in a nucleophilic manner, forms a
carbon-carbon bond and generates an iminum nitronate species A-nat.[311]
Subsequently, the nature of the catalyst determines the following pathway:
either a catalyst contains an inframolecular acid (red pathway) or is lacking
one (blue pathway).

catalyst lacking
* XH/Y N\ O+ an acidic group

— intermediate

O R? catalyst bearing
MNOQ acidic group
H *

XH = CO,H (H-pPE-NH,)
Y = any non-acidic moiety (H-pPE(OMe)-NH, prolinol-silyl ethers)

Scheme 1-8: Catalytic cycle depending on the presence of an inframolecular acid in the
catalyst.
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1.3.1 Catalysts with an Internal Acid

The group of catalysts for the conjugate addition reactions of linear
aldehydes to nitroolefins bearing an inframolecular acidic moiety includes
H-DPro-Pro-Glu-NH2[41421 and its carboxylic acid containing derivatives.[82-85]
Despite the presence of an intframolecular acid, proline is not included in this
group since the formation of an unproductive bicyclic oxazolidinone
side-product limits its application as a catalyst for conjugated addition
reactions of aldehydes to nitroolefins (Scheme 1-9).133.86-88]

o)
O @) via iminium </\')<
|
A S
NH -H0 1
R R

Scheme 1-9: Oxazolidinone formation by proline and aldehyde.

The catalytic cycle is initiated when the secondary amine catalyst A reacts
with aldehyde 5 to form the enamine A-en (Scheme 1-10). Subsequently
A-en forms in a nucleophilc attack the carbon-carbon bond and A-nat is
generated. By studies using quasi-enantiomers for the product back reactions

* H
* XH +N\_O\T\I,O_
NH R |
2 g R?
H)OK*KEK/N(% /\ . X A-nat
R! H20 Ny 00

Scheme 1-10: Catalytic cycle of the conjugate addition reaction of aldehydes to nifroolefins
for acid bearing catalyst. XH = carboxylic acid
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monitored by ESI-MS we showed that this carbon-carbon bond formation is
reversible and determines the enantioselectivity of the product.l’8! Further,
kinetic studies using in sifu IR-spectroscopy revealed that the carbon-carbon
bond formation is the rate-limiting step.“5791 The resulting A-nat is then
protonated by the intramolecular acid to give A-pro. Variation of linker
length that connects the backbone with the acid revealed that if the side
chain consists of more than four carbon atoms, the reaction profile of the
catalyst is similar to catalysts lacking an intramolecular carboxylic acid.l’?]
After release of the catalyst, it is available for a new catalytic cycle. For
H-DPro-Pro-Glu-NHg, the reaction orders for the conjugate addition reaction
of a linear aldehyde to a g-substituted nitroolefin was determined by using
initial rate measurements. It was found that the reaction is first order in the
secondary amine catalyst. The rate order of the aldehyde is zero or close to
zero, depending on the amount of water in the reaction. The order of the
nitroolefin is in the range of 0.4-0.7, again depending on the amount of water
in the reaction. 3]

1.3.2 Catalysts Lacking an Internal Acid

The group of catalysts lacking an acidic moiety mainly consists of the
pyrrolidine diamines, prolinol-silyl ethers, and the methylated congener of
H-DPro-Pro-Glu-NH> (4a), H-DPro-Pro-Glu(OMe)-NH2 (4b). Using these catalysts
without an carboxylic acid, the secondary amine A and aldehyde 5
condense to form enamine A-en. After a nucleophilic aftack at the
nitfroolefin, the carbon-carbon bond is formed often with syn-selectivity of R
and R2 (when using prolinol silyl ether catalysts), resulting in A-nat (Scheme
1-11). Seebach and Golinski proposed that the syn-selectivity of this step is
determined when A-en and 6 arrange in a quasi-chair conformation.[22.7¢]
However, later Blackmond proposed that this simple model can not explain
the selectivity; a more complex Curtin-Hammond scenario is essential for the
stereoselective formation of A-nat.l’0 Investigations by computational studies
and time dependent back reaction studies by ESI-MS confirmed the
presence of a Curtin-Hammond scenario for prolinol-silyl ether catalysts.[72]
The formation of an iminium nitronate A-nat species has been generally
accepted for long time and A-nat was assumed to be key for the later
reaction pathway by Seebach. 6]
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Scheme 1-11: Catalytic cycle of the conjugate addition reaction of aldehydes to nifroolefins

for catalysts lacking an inframolecular carboxylic acid.

Acidic additives accelerate the reaction significantly in examples where the
catalysts lack an acidic moiety.l74791 Closer investigations of this phenomenon
with stoichiometric amounts of substrates by NMR-spectroscopy as a
monitoring tool showed the formation of a cyclobutane off-cycle
intermediate A-cb.l’4 Cyclobutanes have been known since 1982 to occur in
non-catalytic additions of enamines derived from ketones to nitroolefins.[l7él [t
was proposed that the addition of an external acid favors the back reaction
of the cyclobutane A-cb fowards the iminium nitronate A-nat.l’4 The
generation of cyclobutanes under catalytic conditions was found in NMR
spectroscopic experiments by Blackmond, which led to a revised catalytic
cycle including A-cb. Further, Blackmond suggested that the protonation of
A-nat towards A-pro is irreversible and proposed the protonation as the rate
limiting step.l”11 Subsequent to the protonation to form A-pro, the catalyst A
and the product 7 are released. It was found that for prolinol-silyl ethers as
catalysts in the conjugate addition reaction of linear aldehydes to
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nitrostyrenes the reaction order of the aldehyde as well as for the nitroolefin is
zero order. The rate limiting step of the reaction is the protonation, which is
dependent on acidic additives. [71.7479]

It is noteworthy to mention that in many experiments an enamine species of
a product-catalyst adduct A-ad was reported (Scheme 1-12).[5271.74 | ater
computational investigations revealed that this adduct is of lower energy
than A and 7.181

O R2 (3/—\
* XH/Y NO N * R2 XH/Y
+ 4 ko 2 —_— .
NH NN NOQ
R' H *
A 7 R]

Scheme 1-12: Condensation of catalyst and product.

1.3.3 Iminium Nitronate and 1,2-Oxazine N-Oxide Intermediates
Mechanistic proposals rely on the occurrence of an iminium nitronate A-nat
as product of the carbon-carbon bond formation by a nucleophilc addition
of enamine A-en fo nitroolefin 6. For the conjugate addition reaction of
aldehydes to nitroolefins with stoichiometric amounts of prolinol-silyl ethers,
Seebach isolated a cyclic 1,2-oxazine N-oxides species A-nox (Scheme
1-13).I74 Use of a-unsubstituted nitroolefins (R3= H) as substrates in absence of
water led to an equilibrium of cyclobutane A-cb and 1,2-oxazine N-oxides
A-nox (4:1). Switching the substrates to a-methylated nitroolefins (R3 = Me)
almost exclusively led to the formation of A-nox. However, the in situ
formation of A-nox raised questions as the conversion to the observed A-cb
would be energetically uphill and therefore should include a iminium
nifronate species A-nat.[74]
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Scheme 1-13: Formation of iminium nitronate, cyclobutane and 1,2-oxazine N-oxide.

In later studies by Pikho & Papai, computational analyses indicated that the
cyclic 1,2-oxazine N-oxide A-nox is of lower energy than the cyclobutane
A-cb.[52 This triggered NMR investigations of the conjugate addition reaction
of linear aldehydes to a-substituted and unsubstituted nitrostyrenes catalyzed
by prolinol-silyl ethers under conditions that differ from the original catalytic
methodology (e.g. interruption of the reaction by addition of molecular
sieve, quantitative catalyst loadings, ...). Herein, cyclic A-nox was identified
for both nitroolefins. Investigating the equilibrium between the cyclobutane
A-cb and A-nox showed for a-unsubstituted nitrostyrenes (R3=H) that only
low amounts of A-nox occur while A-cb is present in up to six-fold higher
concentrations. The a-substituted nitrostyrenes (R3= Me) formed the A-nox
species to a large extend. Based on these experiments Pikho & Papai
suggested a revised catalytic cycle where the direct formation of A-nox
replaces the previously accepted iminium nitronate species A-nat and
hypothesized that its decomposition is the rate limiting step of the
reactions.l’2l Attempts to observe an iminium nitronate species in catalytic
conditions by NMR was attempted by Blackmond, but turned out to be
challenging.[¢?.70]

Later, Seebach investigated whether the reaction is proceeding via an
iminium nitronate species A-nat or whether a direct cyclisation from the
nitfroolefin 6 and the enamine A-en is occurring, using deuterated aldehydes
(Scheme 1-14).1¢31 This work underlined the occurrence of an iminium
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nitronate A-nat species in the catalytic cycle, but could not answer the role

of A-nox.[¢3]
U\gph QXPPhh
2 N Ph i
D%)Ok 3 3A MS DW/\ OTMS nitrostyrene Me. OTMS
H H o

D 3-AMS, CD v

Me CéDé Me 6“6 SYAS NOQ

D H
98% D 60% D 26% D

Scheme 1-14: Deuterium experiments by Seebach.

Recent computational studies further investigated this question and revealed
that a direct [4+2] addition of A-en and é is unlikely but A-nox formation is
likely fo occur via a A-nat species.80]

computational studies on 1,2 oxazine N-oxide

1.2-oxazines hypothesized formation: [2+4] or via iminium nitronate

for conj. add. reactions

1,2-oxazines isolated NMR investigations for
in stoichiometric reactions iminiumnitronate
[ [ 1 [ [
1982 2000 2012 2013 2017 year
deuterated aldehydes
studies
Figure 1-1: Time line of iminiumnitronate research.

Thus, despite intense research (Figure 1-1), the role of the iminium nitronate as
a reactive intermediate in the conjugate addifion reaction of linear
aldehydes to nitroolefins is sfill under debate. Although there is ex situ
indication on its formation, an in situ observation has not been possible up to
now.
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In modern asymmetric organocatalysis, the conjugate addition reaction of
aldehydes to nitroolefins provides a powerful tool to synthesize versatile, chiral
building blocks,®?1 and many secondary amine catalysts have been
developed for the addition of linear aldehydes.[Bl The development of new
catalysts as well as mechanistic investigations have revealed a detailed but
not fully understood mechanistic cycle.l'!]

1) Among the catalysts for conjugate addition reactions of linear aldehydes
to nitroolefins only the pepftidic catalyst H-DPro-Pro-Glu-NH; is known to avoid
off-cycle intermediates via direct protonation of a nitronate species. We
planned to investigate the previously elusive nitfronate species®2.65701 ynder in
situ conditions and to gain insights about how the catalyst structure
influences its stabilization.

Aim 1. Mechanistic investigations of the in sifu nifronate intermediate
structure and influence of the catalyst structure on its stabilization (Chapter
3).

2) Organocatalytic transformations with substrates that also act as alkylating
agents are known to be challenging. For such substrates, a productive
catalytic cycle is in competition with catalyst deactivation by alkylation.¢é Of
particular interest are nitroacrylates that are known to alkylate secondary
amines.5?7.65901 Therefore, we planned to investigate the conjugate addition
reaction of aldehydes to nitroacrylates, to obtain insights into catalyst
deactivation pathways and to provide an improved reaction setup.

Aim 2: Investigations of nitroolefins that alkylate the secondary amine catalyst
fo react in Michael additions (Chapter 4).

3) With an optimized procedure for the transformation of nitroaylates we
planned to show applicability of the resulting y-nitroaldehydes besides simple
modifications e.g. in the synthesis of natural product derivatives.

Aim 3: Synthesis of natural product derivatives from y-nitroaldehydes (Chapter
5).
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Mechanistic Investigations on the
Nifronate Infermediate

Experiments within this chapter were performed in collaboration with Dr.
Reinhard Kissner (UV/Vis stopped-flow experiments), Dr. Thomas Weymuth
and Prof. Dr. Markus Reiher (computational studies).
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3.1 Background

The conjugate addition reaction of aldehydes to nitroolefins catalyzed by
secondary amines is amongst the most popular enantioselective synthetic
strategies to form a carbon-carbon bond (Chapter 1.2).B11 Its mechanism
has also been thoroughly investigated (Chapter 1.3). Nevertheless, as
described in Chapter 1.3 the intermediate that results from the
carbon-carbon bond forming step is still under debate, as the most plausible
iminium nitronate A-nat has never been observed in situ (Scheme 3-1). This
intermediate is supposed to be keyl’4 for the subsequent reaction pathway
as it either undergoes a cyclisation towards the cyclobutane A-cb in the
presence of non-acidic catalysts (e.g. prolinol-silyl — ethersl’0l  or
H-DPro-Pro-Glu(OMe)-NH; 4b;l7?1 Chapter 1.3.2) or is directly protonated to
A-pro in the presence of catalysts with a proton donor (e.g.
H-DPro-Pro-Glu-NH2 4a;7?1 Chapter 1.3.1).

XH = CO,H (H-DPro-Pro-Glu-NH,)

o C*K_\Y
&
S, N, NO,
/c‘ £
N N
Rl * R2

A-cb
Y = any non-acidic moiety
(e.g. H-DPro-Pro-Glu(OMe)-NH,
or prolinol silylether)
Scheme 3-1: Nitfronate intermediate as a cenfral reactive species in the catalytic cycle of the

conjugate addition reaction of aldehydes fo nitroolefins.
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The in situ observation of an iminium nitronate species has turned out to be
extremely challenging due to its appearance in only low concentrations in
the presence of the inevitably high quantities of the reactants during the
reaction.[l6?70 We envisioned this challenge could be addressed using UV/Vis
spectroscopy to detect nitronates under preparative conditions. This
spectroscopic analysis of a nitronate species would be the first observation of
this species under catalytic conditions. Further, UV/Vis spectroscopy would
allow for a relative comparison of the A-nat absorbance, which is
proportional to the nitfronate concentrations, by different catalysts and
therefore provide insights on the catalyst structure and its reactivity.

In previous mechanistic investigations of the organocatalyzed conjugate
addition reaction of aldehydes to nitroolefins, our group showed that only the
acid bearing catalysts of a Pro-Pro-Xaa motive (Xaa = any amino acid, e.g.
H-DPro-Pro-Glu-NH, 4a) avoid the formation of a significant amount of the
cyclobutane species A-cb (see Chapter 1.3.1).71 The intermediate prior to
the cyclobutane formation or the protonation, respectively, is proposed to be
the iminium nitronate A-nat. Therefore, we hypothesized that the catalyst
non-covalently interacts with the nitfronate intermediate A-nat and the
nature of this interaction determines the reaction pathway (Scheme 3-2).
When a catalyst bears an acidic side chain, we hypothesized that it stabilizes
the iminium nitfronate A-nat by its carboxylic acid group.

* H/Y
+ N “ —O\?;I /O_
x|l
RT” O
R2
/ Anet \ -
* * X
O/\Y /
+ _
N O+
N * NOQ NS A N ,O
Y * R1 e
™ H
R R? 18
favored when
A-cb not sufficiently favored when A-pro
stabilized stabilized

Scheme 3-2: Reaction pathway dependent on catalyst stabilization of iminium nitronate.
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The carboxylic sidechain hinders a cyclisation to the off-cycle intermediate
A-cb when A-nat is directly protonated (on-cycle pathway). On the other
hand, when a catalyst lacks an inframolecular acid the iminium nitfronate A-
nat should be insufficiently stabilized and a cyclisation towards A-cb
becomes favored (off-cycle pathway). By using UV/Vis spectroscopy to
observe the situ iminium nitronate A-nat, we envisioned onsights into
catalyst-nitronate stabilization by different secondary amine catalysts.

3.2 Determination of Characteristic UV-Band for Nitronate
Model System

The imnium nitronate A-nat is a highly reactive, short-lived species and
therefore only low amounts can be assumed to occur under catalytic
conditions.l¢?74  As mentioned in the introduction NMR detection of the
iminium nitfronate species A-nat has been challenging.l?701 Therefore, we
initiated our investigations using a different spectroscopic technique.
Nitronates, however, show characteristic UV/Vis-bands with maxima around
260 nm.[?1.921 For the “benchmark reaction” ¢’ (addition of butanal (5a) to
nitrostyrene (éa) to form the y-nitroaldehyde (7a, Figure 3-1) a hypsochromic
shift was observed over the course of the reaction under standard reaction
conditions (aldehyde/nitroolefin 1.5:1.0, 0.5 M, room temperature). Control
experiments underlined that the highest absorbing chromophores in the initial
phase is nitroolefin éa and at the end product 7a. Unfortunately, the starting
materials as well as the products show a signal that's absorbance is too
strong to detect (detector oversaturation) at wavelengths lower than 440 nm
or 390nm, respectively. Therefore, the known nitronate specific UV
absorption band at 260 nm is not visible for secondary amine catalyzed
reactions that are performed at concentrations of around 0.5 M.
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Figure 3-1: UV/Vis monitoring of the peptide catalyzed conjugate addition reaction of
butanal to nitrostyrene. First spectrum was recorded in the inifial phase (0 min, black), second
spectrum recorded after full conversion (17 h, blue).

We therefore explored whether nitronates have other, so far unreported
characteristic UV-bands. We synthesized a model nitronate 8a derived from
deprotonation of phenyl-nitroethane 8b with CsOH (Figure 3-2).1%31 When
monitored by UV/Vis, the starting material nitrostyrene éa as well as the
product model phenyl-nitroethane 8b did not show absorbance above
440 nm but the model nitronate compound 8a showed an UV/Vis band with
a maximum at 490 nm. This band of 8a is of relative low intensity compared to
the previously reported characteristic nitronate absorbance bands around
250 nm (only visible when 8a was diluted to 0.5 mM).
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Figure 3-2: Overlay of the UV/Vis spectra in CH3sCN of the reactant éa (black), infermediate
8a (red) and product model 8b (blue). Red marked area = nitfronate absorbance without
overlay.

To further investigate the newly found UV/Vis band of the nitronate species,
computational studies of the model system 8a were conducted. Geometry
optimizations by DFT (calculated in vacuum as well as in acetonitrile)
provided four structures of comparable lowest energies (two in vacuum &
two in acetonitrile). The visualization of the calculated HOMOs of the
computed structures revealed that the orbitals are located at the nitronate
residue (Figure 3-3). Electron excitation from the HOMOs to the excitation
state revealed a UV/Vis transition between 501 nm and 507 nm. The
calculations describe this excitation as spin-forbidden and therefore the
excitation only obtains a nonzero intensity through spin-orbit couplings. This
explains the weak intensities around 500 nm compared to the excitation
around 250 nm that is spin-allowed. A second excitation was calculated to
appear around 370 nm, which is also visible in the spectrum of model



32 - Mechanistic Investigations on the Nitronate Intermediate

compound 8a. Supported by these computational studies we hypothesized
the excitation band of low intensity around 490 nm to the nitronate species.

W o

vacuum 1 vacuum 2 (A = 7.4 kJ/mol)
heale. =901 nm Aeale. = 503 nm

N

in CH,CN 1 in CH;CN 2 (A = 0.9 kJ/mol)
heaie. =907 nm heaie. = 504 nm

Figure 3-3: DFT-calculation of the HOMOs (visualized in yellow and blue) of two lowest
energetic conformation of the nitronate model compound 8a in vacuum and acetonitrile.

However, additional computational studies on cyclic 1,2-oxazine N-oxide
A-nox structures and their excitation energies revealed a similar excitation
around 500 nm. Thus, it is impossible to distinguish by UV/Vis spectroscopy
between A-nat and A-nox and additional studies are ongoing in our
laboratories to resolve this challenge. Computational studiesi®! and
deuterium exchange experimentsiédl revealed that for the conjugate
addition reaction an iminium nitronate species is likely to be included in the
catalytic cycle. Although a distuigishability between the open and the cyclic
structure was not possible, we showed that using the spectral window around
500 nm will allow exclusively monitoring the species after the carbon-carbon
bond formation, independently of its exact structure.
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3.3 Nitronate Species under Reaction Conditions

Having established a method to selectively detect the intermediate
subsequent to the carbon-carbon-bond formation, we investigated its
formation and steady-state absorbance in the presence of different
secondary amine catalysts. Using the characteristic UV/Vis band at 490 nm to
detect these intermediates we monitored its in situ absorbance that is
proportional to its concentration during the conjugate addition reaction of
butanal (5a) to p-nitrostyrene (6a) under preparative concentrations (0.5 M).
Three different catalysts were evaluated: (I) acid containing peptide

cat. (1 mol%) O  Ph
butanal (5a, 1.5 equiv) H
(1.0equiv)  CHCI3/'PrOH (9:1), 0.5 m, rt Et
6a 7a
catalyst:
1A L
C\}WNQJ\NHQ N 7" NH,
l\ O : \‘\ O S [&Ph
g ™ SN N N OTMS
ONH CO,H NH CO,Me H Ph
4a 4b 3
040 7 * H/Y
S | 4a +N\_O\+I o)
£ 030 - ET]\)
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g 0.25 A-nat
& 0.20 -
o
T 0.15 1
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5 010 1 4b
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o - > lon P P
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Figure 3-4: Comparison of in sifu initial nifronate/oxazine N-oxide absorbances at 490 nm
formed by different catalysts monitored by UV/Vis stopped flow spectroscopy.
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H-DPro-Pro-Glu-NH; (4a); (ll) non-acid containing peptide H-DPro-Pro-
Glu(OMe)-NH2 (4b); (lll) non-acid containing prolinol-silyl ether 3. We
hypothesized that the peptidic catalyst 4a stabilizes the nitronate
intermediate and therefore a higher nitronate absorbance should be
observed than for catalysts 3 and 4b. This scenario might explain the absence
of an off-cycle cyclobutane intermediate A-cb caused by stabilization of the
nitronate A-nat/oxazine N-oxide A-nox by 4a. In contrast, a decreased
stabilization effect by catalyst 3 and 4b would potentially trigger the
undesired cyclobutane formation.

In the initial phase of the reaction most of the catalyst is available for the first
catalytic cycle, and the highest nitronate concentration is expected. A
spectroscopic technique that provides good time resolution of the initial
phase of a reaction is the stopped-flow technique. Time dependent UV/Vis
spectroscopy by stopped-flow measurements of the Michael reaction in
protic solvents with catalysts 4a, 4b and 3 showed in all cases absorbance at
490 nm (Figure 3-4). Since neither the product nor the starting materials
absorb at this wavelength, this indicates that a nitronate/oxazine N-oxide
species is formed by all catalysts. After a short initial phase (< 2 s) the
nifronate absorbances and thus the concentrations became constant,
indicating that a steady-state was reached. The acid containing catalyst 4a
led to a significantly higher nitronate/oxazine N-oxide absorbance in the
steady-state compared to the non-acidic 3 and 4b, the latter of which
provided the lowest nitronate/oxazine N-oxide absorbance. This trend also
reveals that a nifronate/oxazine N-oxide stabilization is increased for pepftides
compared to prolinol-silyl ethers (acid containing peptide 4a > acid lacking
peptide 4b > acid lacking prolinol 3). In the case of catalysts 3 and 4b, the
reaction accelerates upon addition of acid,l’17?1 so additional experiments
with the addition of acetic acid (1 mol%) were performed. However, here the
nitronate/oxazine N-oxide concentration did not increase to a comparable
level as observed in reactions with catalyst 4a (see appendix page 159).
Therefore, we conclude that a carboxylic side chain of the catalyst provides
an increased stabilization compared to ester side chains or silyl-ethers, the
latter of which provided the lowest stabilization.
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It has been shown in previous studies that protfic solvents are beneficial for
Pro-Pro-Xaao-type catalysts in conjugate addition reactions.l“0771 Since the
stability of isolated nitronates strongly depends on the availability of H-bonds
by the solvent,?4 we hypothesized that in non-protfic solvents the overall
stability of in situ formed nitronates/oxazine N-oxides will be lower. Thus, we
anticipated that peptide 4a stabilizes these species more that catalyst 3 and
4b.

The stopped flow technique is limited to solvents that have a low
compressibility, thus the aprotic solvents dichloromethane and acetonitrile
were used to probe the role of solvent for the stabilization effect. The
nitronate/oxazine N-oxide absorbance for the conjugate addition reaction of
butanal (5a) fo nitrostyrene (6a) was monitored in these solvents using
catalyst 3 and 4b as well as 4a’ (Figure 3-5). Catalyst 4a’ is an N-terminal
alkylated congener of 4a that has identical reactivity but better solubility in
aprotic solvents.l?s! The obtained spectra showed formation of a constant
absorbance and thus a constant concenfration of a nitronate/
oxazine N-oxide species after 5s. We assigned this to a formed steady-state,
averaged the spectra from 5 s to 10 s, and then normalized the nitronate
absorbance to the lowest concentration obtained. This excludes residual
absorbance of the different backgrounds and therefore allows a better
comparability of the relative values.

In acetonitrile as well as in dichloromethane the acid containing peptide 4a’
provided the highest nitfronate absorbance compared to non-acid
containing catalysts 4b and 3. The relative difference observed between 4a’
and 3/4b was higher in the more polar acetonitrile than in dichloromethane,
where nearly no difference was observed. Comparing the aprotic to the
protic solvents, the differences between the catalyst with an intframolecular
acid 4a and the catalysts without an inframolecular acid 3/4b were
increased in the profic solvents. We assign this lower difference to a solvent
assisted stabilization effect where polar solvents are involved in the
coordination of the side chain to the nitronate. Here, H-bonds (by 'PrOH) are
favored over polar electrostatic interactions (CH3CN > CH2Clp). Further,
control experiments with acetic acid as additive
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Figure 3-5: Comparison of the in situ initial nifronate/oxazine N-oxide absorbances at 490 nm

in the non-protic solvents monitored by UV/Vis stopped-flow spectroscopy.
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(1.0mol%) were performed for catalysts 3 aond 4b but the
nitronate/oxazine N-oxide concentration did not increase to a comparable
level as with catalyst 4a (see appendix page 159). Currently, additional in
silico experiments are ongoing to further explain these findings.

Overall, our investigations revealed that in protic solvents the carboxylic acid
bearing catalyst 4a stabilizes a nitronate/oxazine N-oxide species in the
conjugate addition reaction of aldehydes to nitrostyrenes to a larger extent
than catalysts lacking an intframolecular acid 3/4b. Since profic solvents
increase this effect, we expect that H-bonding of the solvent is involved. In
order to gain insights info the interaction between solvent and
nitronate/oxazine N-oxide we recorded UV/Vis spectra in different solvents.

To get an UV/Vis spectrum exclusively of the nitronate/oxazine N-oxide, the
difference spectrum (derived from a spectrum of the initial phase of the
reaction with a higher concentration and of a spectrum of the steady state
with constant concentration) was derived (Figure 3-6). A fundamental
principle of electron excitation is that tighter coordination increases the
required energy for a transition and therefore requires lower wavelength.
Therefore a hypsochromic shift of the UV/Vis band is observed. Prominent
examples are H-bonds that coordinate to a chromophore.l?¢! The obtained
difference spectra for the conjugate addition reaction catalyzed by 4a/4a’
in different solvents revealed that the absorbance maximum changes from
490 nm in aprotic solvents to 480 nm in protic solvents. Although the peak is of
rather low intensity, such a shift indicates a coordination of the protic solvent
to the nitronate species.
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Figure 3-6: UV/Vis difference spectrum of the nitfronate/oxazine N-oxide when using catalyst
4a/4a’. The spectrum was obtained by subtraction of a spectrum after 5 s from a spectrum
after 2 s. For a better comparison the spectrum of the nitronate model compound 8a (red)
was infroduced with reduced intensity.

3.4 Conclusion

In this project we investigated the reaction mechanism of conjugate
additions of aldehydes to nitroolefins with the structure of of secondary
amine-based catalysts. Although an iminium nitfronate is widely accepted as
the first reaction intermediate after the carbon-carbon bond formation, an in
siftu observation has remained elusive. Since detection via NMR spectroscopy
has proven to be difficult, we focused our investigations on UV/Vis
spectroscopic monitoring. Searching for isolated UV/Vis bands of nitfronates,
we found a previously unreported band around 500 nm. Computational
studies assigned this wavelength to an excitation of a nitronate HOMO
orbital, but also revealed that a cyclic oxazine N-oxide, which has been
proposed as an alternative structure resulting from the carbon-carbon bond
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formation, has a similar UV-band. In either case however, we identified a
characteristic UV band for the intermediate resulting from the carbon-carbon
bond formation.

We then identified such a nitronate/oxazine N-oxide structure under reaction
conditions by UV/Vis stopped-flow measurements and investigated its relative
occurrance in the steady-state. Depending on catalyst stabilization, the
reaction pathway either is on-cycle (when stabilized by acid containing
catalyst) or off-cycle (when insufficiently stabilized by catalyst lacking an
acid). Within these measurements, the acid containing peptidic catalyst
H-DPro-Pro-Glu-NH; (4a) provided the highest nitronate concentration
compared to the acid lacking peptide congener or to prolinol silyl ethers. The
relative stabilization by H-DPro-Pro-Glu-NH> (4a) is increased in proftic solvents
and lowered in non-protfic ones. These results may further contribute to
explain why H-DPro-Pro-Glu-NHz is such an exeptionel catalyst in protic
solvents. Currently, in silico studies to determine a reaction profile of the
conjugate addition reaction of aldehydes to nitroolefins for the different
catalysts are ongoing in our laboratories.
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4.1 Background

The nucleophilic activation of carbonyl compounds via enamines is a
powerful strategy in modern asymmetric synthesis (Chapter 1.2).311 Yet,
despite widespread use, this methodology is challenging with some very
highly reactive electrophiles which can deactivate the amine-based catalyst
via direct alkylation reaction.i6697.281 When the alkylated species contains an
acidic p-hydrogen an elimination reaction is fascilitated, making the
undesired reaction of the catalyst reversible (Scheme 4-1).°91 Catalyst
alkylation limits the development of catalytic reactions and therefore a
general mechanistic understanding on its occurrence is highly desirable. In
order to conftribute to this challenging research area, we have explored the
influence of catalyst deactivation pathways on the conjugate addition
reaction between aldehydes and nitroacrylates.

Irreversible catalyst alkylation

() ¢ ()g
N N N N
" X O
inactive

This work: Reversible catalyst alkylation
S

catalytic

cycle N \i J NO,
H H
P .
inactive

S = substrate; P = product

Scheme 4-1: Influence of catalyst alkylation on reactivity.

The remarkable reactivity of nitroacrylates towards secondary amines is well-
established and has been widely applied in synthesis (Chapter 1.2.2.5).190.100-
102 Despite the strategic synthetic value of nitroacrylates, such as the elegant
total synthesis of the antiviral drug (—)-oseltamvir,[28.62] this class of substrates
have rarely been successfully used as electrophiles in  asymmetric
aminocatalysis.l'03 Preliminary observations by Hayashi and Seebach have
shown that chiral, bulky secondary amine catalysts are also prone to be
alkylated under catalytic conditions.l¢263] Therefore, we envisioned that the
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conjugate addition reaction of aldehydes to nitroolefins catalyzed by
secondary amines could be a useful model system to explore the impact of
competing alkylation on aminocatalysis.

The mechanism of conjugate addition reaction of aldehydes to nitroalkenes
has been deeply studied and therefore it represents an optimal ground for
the investigations of challenging substrates (see Chapter 1.3).145526570.71.73,78,79]
The most effective and selective catalysts are sterically hindered
diphenylprolinol derivatives (i.e. “Hayashi-Jgrgensen catalyst” 3)130371 as well
as the fripeptidic catalyst H-DPro-Pro-Glu-NH2 4a (Chapter 1.2.2).14578.79.104]
Previous mechanistic studies allowed the identification of highly reactive
catalysts and provided improved conditions for the catalytic process.

Herein, we present our studies on reversible alkylation of secondary
aminocatalysts in the presence of electron-deficient nitroalkenes.
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4.2 Initial Experiments

At the onset of our investigation, we focused our attention on a kinefic
analysis of the conjugate addition of butanal 5a to methyl nitroacrylate 9a.
As shown in Chapter 1.3, the rate-limiting step depends on the availability of
an acid in the catalyst and is either the carbon-carbon bond formation or
the protonation. Which one becomes rate limiting depends on the
availability of an intramolecular acid within the catalyst. When using the acid
bearing H-DPro-Pro-Glu-NH2 4a as a catalyst the rate limiting carbon-carbon
bond formation leads to an exponentially decreasing reaction rate (Scheme
4-2, left). With secondary amine-based catalysts that lack a proton donor,
the rate limiting step is the protonation. In a direct comparison of a peptidic
catalyst bearing a methyl ester instead of a carboxylic acid moiety, a linear
reaction profile and slower conversion was observed.l'03 The linear reaction
profile shows that neither the aldehyde nor the nitroolefin are involved in the
rate-determining step of the reaction.[52.65.71.79]

B B
C T C
O 2
o o
o b o
> >
C C
O o]
O 7] O
T T T T T
time [h] time [h]

Scheme 4-2: Schematic kinetic profiles when using a catalyst with an acid moiety (red) or
without an acid (blue).

Using in situ IR-spectroscopy, we monitored the reaction progress of the
conjugate addition of butanal 5a to methyl nitroacrylate 9a (Figure 4-1) in the
presence of H-DPro-Pro-Glu-NH2 4a or prolinol-silyl ether 3 with chloroacetic
acid as cocatalyst.[28.63] These experiments showed that despite the potential
catalyst alkylation, both catalysts are active and peptidic catalyst 4a
significantly outperforms the prolinol derivative 3 (TOFa= 0.185 s7;
TOFg= 0.032 s71).[19¢] Using 1 mol% of catalyst 4a, full conversion to the product
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10a was observed within 10 min, and the product was isolated in 98% vyield
with a diastereoselectivity of > 25:1 (syn : anfi, for x-ray see Chapter 7.11) and
85% ee. Importantly, an atypical reaction profile (s-shape) was observed for
catalyst 4a: the kinetic profile is not nearly as curved as previously observed
for reactions involving e.g. nitrostyrene but flat and s-shaped. This suggests
that the reaction path differs when activated nitroolefins are employed.

O O O CO,Me
cat. (1.0 mol%) =2
MeoJ\/\NOQ * H)H AN ANO;

Et  CHCI3//PrOH (9:1) =

Et
(1.0 equiv) (1.5 equiv) 0.5 m, rt, quant.
9a 5a 10a
Catalysts:

H OS|M63

SR 3
ONH 40 CO,H  +CICH,CO.H (20 mol%)

TOF =0.1855"! TOF = 0.032 5!
100 A —
—. 80 A
)
5 ¢
9
Z 40 A
o)
© 20 A W : catalyst 4a
W : catalyst 3
0 . T T T T T 1
0 10 20 30 40 50 60

time [min]

Figure 4-1. Enanfioselective secondary amine-catfalyzed addition of butanal to methyl
nifroacrylate. Product formation monitored by in situ IR spectroscopy at 1563 cm-!. The
conversion was determineds by 'H-NMR spectroscopy. TOF = turnover frequency.

We hypothesized that the catalyst might react with the nitroacrylate
reversibly. As shown in Scheme 4-3, the equilibrium between the reactive
enamine and the alkylated catalyst might predominantly lie on the side of
this inactive state, thus decelerating the catalytic furnover. In this case the
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“adduct” between the catalyst and the nitroacrylate would be the resting
state and the release of the catalyst from the adduct would be the rate
determining step of the reaction. The reaction rate would not depend on the
concentration of the two substrates (9a and 5a) as long as the catalyst is
alkylated.

* CO.H
x COzH nitroolefin X O2H aldehyde \
= NH —

Y\NOQ - TL

CO,R slow release fast Et
rate determining catalytic
catalyst resting W
state
product nitroolefin

Scheme 4-3: Alkylated catalyst as an off-cycle resting state.

4.3 Reversible Catalyst Alkylation

4.3.1 Alkylation of the Peptidic Catalyst by Different Nitroalkenes

We investigated the formation of the putative “adduct” between the
catalyst and the nitroacrylate by reacting the peptidic catalyst with different
nitroolefins in stoichiometric amounts. These reactions were monitored by
NMR spectroscopy and designed to evaluate the influence of nitroolefins
with different electronic properties on the alkylation of the catalyst (Scheme
4-4). The studies showed that peptide 4a reacts with methyl nitfroacrylate 9a

4a (1.0 equiv) o

N XN no adduct formation

R | CD3OH/CDCls (1:1) H
rt, 0.1 m,2d Et
(1.0 equiv)
R =H (a) 5q
R = 3,5-(OMe), (6b) o
R = 4-F (éc) T-.,,/\COQH
HN )
4a (1.0 equiv) o @ (1.5equiv) o co,Me

I\/\eO\H/\/ NO, —%* JJ\/\/NOQ

i CD30H/CDCl; (1:9)

_ r,0.1 M, 5h Et 10a
(1.0 equiv) quant /(f
%a 11a§ /

MeO

Scheme 4-4: Alkylation of tripeptidic catalyst 4a with nitroalkenes monitored by H-NMR
spectroscopy (disappearance of olefinic signal between 7.00 ppm and 7.50 ppm).
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to adduct 11a within 5 h (concentration: 0.1 M in CDCl3/CD3OH, 9:1) whereas
no reaction was observed with any of the evaluated nitrostyrene derivatives
éa, b or 6¢c under the same conditions.

These results support the hypothesis that originated from the kinetic analysis of
the catalytic reactions: peptide alkylation does not occur with moderately
reactive nitroolefins but with electron-deficient nitfroacrylates. Next, we
probed the reversibility of the adduct formation. Therefore we added
butanal 5a to the preformed adduct 11a. This led to the formation of product
10a (in analogy to the use of prolinol silyl-ether catalysts by Seebachlé).
Since product formation must occur via the free amine and the nitroacrylate,
this experiment confirmed that alkylation is reversible and the active catalyst
can be released. Unfortunately, the mixture of diastereoisomers and rotamers
of the adduct 11a was too complex to allow a spectroscopic
characterization of the formed adducts. Therefore, the same experiments
were performed with H-Pro-NMe2 12 as a model system which allowed for the
unambiguous assignment of the chemical structure (Scheme 4-5).

()

H NMez O N02
12 (1.0 equiv)
MeQO NO

\H/\/ ’ MeO NMe,
O CD30OH/CDCl3 (1:9) N \&
(1.0 equiv) 0.1 M, 10 min, rt, ¢ /] "o

%9a quant na’

2:1dr

Scheme 4-5: Secondary amine alkylation model system.

4.3.2 Tuning the Reactivity by Exploring the Alkylation Process
Before optimizing the catalytic process we aimed to understand the
alkylation in the model system. Therefore, we focused on the elucidation of
the steric features of the nitroacrylate, which affect the alkylation process.
We envisioned that by disfavoring catalyst alkylation, or by favoring the
release of the active catalyst from the adduct, the desired conjugate
addition reaction could be accelerated. For this reason, nitroacrylates with
differently substituted ester moieties (Me, Pr, Bu) were prepared and the
corresponding reactions with catalyst 4a were monitored by TH-NMR
spectroscopy to evaluate the relative alkylation rates (Figure 4-2).
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Figure 4-2: Steric influence of the nitroacrylate substrate on the alkylation of catfalyst 4a
monitored by in sifu TH-NMR spectroscopy. The remaining nitroolefin content was determined
by comparison of the integrated olefinic signal at 7.53 ppm and an external standard
(C2H2Cl4)

The adduct formed by the nitroacrylate bearing a fert-butyl ester formed
slowest followed by the iso-propyl and methyl derivatives. Thus, these
experiments revealed a correlation between the steric bulk of the ester
moiety of the nitroacrylate and the reaction rate. In accordance with the
Bell-Evans-Polanyi principle,[107.108] this result suggests that adducts bearing
bulky residues are thermodynamically less favored. Therefore the
corresponding elimination of adducts to the catalyst is a faster kinetic
process in comparison to less bulky ester bearing adducts. Hence, the rate of
the aminocatalytic reaction should increase by increasing the steric demand
of the nitroacrylate. In order to investigate this somewhat counterintuitive
hypothesis “the bulkier, the faster”, the Michael addition of butanal (5a) to
nitroacrylate 9a-c was studied using peptide 4a as catalyst. Indeed, the size
of the ester moiety was found to significantly influence the reaction progress
(Figure 4-3). The most sterically hindered substrate 9c¢ provided an
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extraordinary high reactivity (quantitative conversion, 4.5 min, TOF = 0.370 s'!),
outperforming less bulky substrates (9b, TOF = 0.278 s°1; 9a, TOF = 0.185 s71). It is
noteworthy that the steric hindrance was also found to have a remarkable
influence on the stereoselectivity of the transformation. Product 10c was
obtained with an enantiomeric excess of 93% ee, compared to 85% ee and
82% ee observed for 10a and 10b with the methyl and iso-propyl residue,

respectively.
O O O COgR
4a (1 mol%) Y2
Et CHCI3/PrOH (9:1) £t
(1.0 equiv) (1.5 equiv) 0.5 M, rt, quant
9a,b,c 5a dr>25:1, 82% ee - 93% ee 10a,b,c
R = Me, Pr, 'Bu
]OO' .......Io.o
S 80 A B .
S 60 A -’
) L
z 40 1 . 10a:R = ,TOF=0.1855", 85% ee
9 e 10b: R ='Pr, TOF = 0.278 57!, 82% ee
201 . 10c: R = 'Bu, TOF = 0.370 57!, 93% ee
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Figure 4-3: Kinetic study on the alkylation of fripeptidic catalyst 4a with different
nitroacrylates. Product formation was monitored by in situ IR spectroscopy at 1563 cm-!. The
conversion was determined by 'H-NMR spectroscopy. Additionally reactivity guidelines are
provided regarding steric demand and catalytic turnover. TOF = turnover frequency.
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4.3.3 Catalytic Cycle: Kinetic vs. Thermodynamic Control

The experiments so far showed that the rate of amine-catalyzed reactions
between aldehyde and nitroacrylates is influenced by the alkylation of the
catalyst. A competition between enamine formation and catalyst alkylation
occurs with both reactions being reversible. As shown in the NMR studies, the
deactivation of the catalyst is thermodynamically favored over the free
catalyst in the presence of a nitroacrylate (Figure 4-2). We envisioned that a
faster catalytic turnover might be obtained by forming the enamine species
before adding the nitroacrylate. We therefore explored the influence of the
sequence of addifion for the reactants and the catalyst on the reaction
progress. The catalytic reaction was performed by either adding the
aldehyde to the preformed alkylated catalyst (mixture of catalyst and
nitroacrylate, “thermodynamic control”, Figure 4-4) or by adding the
nitroacrylate to a mixture of the preformed enamine (mixture of catalyst and
aldehyde, “kinetic control”, Figure 4-4).

L T 4a (1 mol%) Q C;:OQR
RO™ N0, ¢ HJ\ ) HON NO:
Et CHClI5/'PrOH (9:1) Et
(1.0 equiv) (1.5 equiv) 0.5 M, rt, quant
9a, R = Me 5a dr>25:1,85% ee-93%ee 10a,R=Me
9c, R="Bu 10c, R =Bu

Different reaction setup:
kinefic control - addition sequence: 5a + 4a then 9
thermodynamic control - addition sequence: 9 + 4a then 5a

100 S eveteeere®® coscossece 100 A (S9Sensseteseeseassenssoatonesente
— 801 . . _ 80 1 S
§. 0. o\o ° o..
S 60 i ° .0 8 60 | .. ...o
14 o. é ° g
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g 40 1 ° @) COQ'BU 2 40 A ° ." O COoMe
8 . g 38 .« o . _NO
20 i ° H - NOQ 20 1. ...o H : 2
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0 2 4 6 8 10 12 0 2 4 6 8 10 12
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Figure 4-4: Catalytic Michael reaction under “kinetic” (red) and "“thermodynamic” (green)
conftrol. Product formation was monitored by in situ IR spectroscopy at 1563 cm-!. The
reaching of full conversion was confirmed by 'H-NMR spectroscopy.
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These experiments showed for all reaction setups a slightly bent reaction
curve that differs on the addition sequence. Setting up the reaction under
“kinetic conftrol”, the reaction with nitroacrylate 9c gives the product in
quantitative yield, dr > 25:1 and 93% ee within two minutes (TOF = 0.833 s)
while a reaction setup under “thermodynamic control” the reaction needs
almost five minutes until completion (TOF = 0.370 s1). When using the smaller
congener 9a, the rate was reduced by half (TOF =0.417 s vs TOF = 0.185 s1)
as compared to the corresponding reaction rate with 9c. The non-parallel
reaction curves suggested that under these conditions the alkylation of the
catalyst is diminished and the catalytic cycle experiences a different rate-

limiting step.

Since the reaction mechanism should not differ on the addition sequence,
we assumed that in prolonged reaction times a shift from the kinetic to the
thermodynamic confrol should be observed. In order to further elucidate this,
we investigated how many turnovers the catalyst can perform before
reaching the thermodynamic steady state. In order to elucidate fthis
transition, we aimed to increase the turnover number (TON) to give the

O
. 4a (X mol%) = (T:OZTBU
BUOQC%\NOQ + H)H : H . NO,
' Et CHCI3/'PrOH (9:1) fﬁ
(1.0 equiv) (1.5 equiv) 0.5 M, rt, quant
9c Sa dr>25:1, 93% ee 10c

100 1 o=
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< : 0.50 mol%
o 0 4 : 0.30 mol%
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O IS
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Figure 4-5: Influence of catalyst loading on reaction profile with premixing of 4a and 5a for 5
min before addition of 9c. 0.05 mol% full conversion in 12 h. Product formation was monitored
by in sifu IR spectroscopy at 1563 cm-'. The reaching of full conversion was confirmed by H-

NMR spectroscopy.
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system more time to equilibrate. Therefore, we explored the reaction at lower
catalyst loadings (1.0 to 0.05 mol%, Figure 4-5). The reactions were set up
under kinetic control (preformed enamine). The resulting time-conversion
plots show an initial accelerated phase followed by a slower and almost
linear steady state, thus revealing a change of mechanism during the
reaction progress. This result provides a mechanistic scenario in which initially
the reaction rate is determined by the productive pathway via the enamine.
Later, the rate-limiting step is the release of the alkylated catalyst. In the early
stages, the system is under kinetic control and after several catalytic cycle
(conversion divided by catalyst loading ~ approximately 100 turnovers) the
alkylated catalyst is fully formed and represents an off-cycle resting state.

4.3.4 Steady State and Identification of an Aldol Cocatalyst

In order to further elucidate the steady-state at different addition sequences
we used 0.2 mol% of the catalyst 4a due to its visible steady state and
relatively fast reaction time. We applied all of the three possible addition
sequences at 0.2 mol% catalyst loading. When preforming the alkylated
catalyst, the transformation proceeded with a constant rate throughout the
reaction time (Figure 4-6, |, green plot). When adding the catalyst at last to
the mixture of the two substrates, an initial accelerated phase was observed
before a more close to linear reaction rate is reached (Figure 4-6, Il, blue
plot). The two time-conversion profiles are parallel, which suggests that the
two reactions have the same rate-limiting step. In contrast, when adding the
nitroacrylate last to a mixture of the aldehyde and the catalyst, a different
reaction progress was observed  (Figure 4-6, lll, red plot). The initial
acceleration phase, which represents the reaction under kinetic control,
perfectly overlays with the plot previously observed when the catalyst is
added last (Figure 4-6, I, blue plot), yet the steady state curve that follows
exhibits instead a slightly higher rate. The nearly linear shape suggests that the
thermodynamic regime is reached and that also in this experiment the
alkylated catalyst is an off-cycle resting state. Nevertheless, the steeper slope
indicates an additional, unknown effect on the rate-determining step (i.e.
faster release of the active catalyst).
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Figure 4-6: Different reaction profiles depending on the order of substrate addition at
0.2 mol% catalyst loading. Product formation was monitored by in sifu IR spectroscopy at
1563 cm-!. The reaching of full conversion was confirmed by 'H-NMR spectroscopy. Standard
condifions: CHCI3/IPrOH (?:1), 0.5 m, rt.

In order to elucidate the origin of this effect, we explored the reaction
between the catalyst and the aldehyde in the absence of the nitroalkene. As
previously shown by our group, peptide catalyst 4a is highly selective for
1,4-addition reactions versus homoaldol byproducts, which can form in tfrace
amounts (Figure 4-7q). Yet, in the absence of a Michael acceptor, peptide
4a can promote this 1,2-addition, but slowly. In order to elucidate whether a
putative homoaldol product is responsible for the change in the reaction rate
profile we performed the reaction with different preexposure times (5min,
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10min and 30min) of the catalyst 4a (0.2 mol%) and the aldehyde 5a (Figure
4-7b). The profiles of the conversion vs. time show that different premixing
times of the catalyst and the aldehyde have a significant effect on the rate
profile of the reaction. The fastest rate was observed with a premixing time of
10 min This finding suggests that the homoaldol and/or the aldol
condensation product effect the rate of the 1,4 addition reaction. As the
homoaldol product forms first, it likely enhances the reaction rate (5 min,
10 min), whereas the condensation product might form a stable
o.p-unsaturated iminium catalyst species.

a) Homoaldol side reaction:
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T | AN e N
£t CHCl/PrOH (9:1) B Rt Y Et  Ef
5a 0.8 M, rt 13a 14a
traces fraces
b) Enamine preformation:
;
BUOQC\/\NOQ
% H after x min addition of 9¢ (1.0 equiv) O CO,Bu
\ ~_NO
QH/\COQH * o)‘v Ef HM 2
4a, (0.2 mol%) 5a, (1.5 equiv) standard condifions Et j0c
100 A e

g 80 A

S 601

0 40 - M 5 min enamine preformation

5 10 min enamine preformation

© 20 M 30 min enamine preformation

O _I' T T T T T T T
0 20 40 60 80 100 120 140

reaction fime [min]

Figure 4-7: Influence of enamine preformation on the overall reaction progress. Product
formation was monitored by in situ IR spectroscopy at 1563 cm-!. The reaching of full
conversion was confirmed by 'H-NMR spectroscopy. Standard conditions: CHCIz/PPrOH (9:1),
0.5 M, rt.
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Previous studies for proline-based aminocatalytic transformations of
azodicarboxylates to aldehydes by Blackmond and McQuade have shown a
similar effect where additives with an acceptor-donor hydrogen bonding
network accelerate the release of an off-cycle catalyst-substrate
adduct.[109.110]

We therefore explored the role of products from aldol reactions and
performed the conjugate addition reaction in the presence of catalytic
amounts (0.2 mol%) of the aldol model compounds 4-hydroxy-4-methyl
pentan-2-one (13b) and 3-methylbut-2-enal (14b) (Figure 4-8). These
experiments showed that the aldol product 13b accelerates the reaction
whereas the aldol condensation product 14b slows the reaction rate down.
The lafter finding can be rationalized with the formation of a more stable
iminium compound by condensation of catalyst 4a and 14b. The addifion of
the achiral aldol 13b did not affect the stereoselectivity of the reaction.
Further experiments are necessary to explore whether enantiomerically
enriched aldol products derived from butanal that form in the catalytic

o 4a (0.2 mol%)
T additive O CO;Bu
BUOQC\/\NO2 ¥ H)J\ - HMNOQ
Et CHCI3/'PrOH (9:1) Et
(1.0 equiv) (1.5 equiv) 0.5 M, rt, quant
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100 A - o
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5 "
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204 £ B no additive Q  of j\)\
10 - :-:3" B 13b (0.2 mol%) M H =
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Figure 4-8: Reaction profile depending on additive. Product formation was monitored by in
situ IR spectroscopy at 1563 cm-'. The conversion was determined by 'H-NMR spectroscopy.
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reaction affect the stereoselectivity. We hypothesize the acceleration occurs
through a non-covalent interaction via H-bonding that accelerates the
release of the catalyst or an equilibrium between the catalyst and 13b that
prevents the catalyst alkylation.

4.3.5 Revised Catalytic Cycle and ppm-Level Catalysis

Investigations showed that the size of the ester moiety of nitroacrylates, the
addition sequence and homoaldol products influence the overall rate of
reactions when the secondary amine catalyst is reversibly alkylated by
nitroacrylates. The studies allowed a detailed depiction of the catalytic cycle
for the aminocatalytic 1,4-addition of aldehydes to nitroalkenes (Scheme
4-6). These insights enabled reactions with 0.2 mol% of catalyst to complete
within 32 min This is an outstanding result for an organocatalytic reaction with
chiral amines. The mechanism is governed by a competitive equilibrium
between enamine formation and alkylation of the catalyst. Under
“thermodynamic conditions” the off-cycle intermediate 11 is the resting-state
as the release of the catalyst is slow and rate determining. The steric demand
of the nitroacrylate can be used to either favor or disfavor the alkylation of
the catalyst and thereby accelerate or decelerate the reaction.
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Catalyst alkylation SR / O*\/<
Ve SRA S * XH/Y . e e
/\Z ~ — i

ZOM NH A 1 * 2
1 /mﬁ 03 / R TR
A-cb

W : in the absence of nitroalkene
W : Y = non acidic moiety
B : R? = electron-withdrawing moiety

Scheme 4-6: Modified catalytic cycle for the conjugate addition reaction of reversiby

alkylating nitroolefins to aldehydes.
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As mentioned in Chapter 1.2 catalyst loadings of five to tfen mol% are despite
large efforts in research typical for the conjugate addition reactions of
aldehydes to nitroolefins, and reduction of the loading is an important goal,
in particular for industrial applications.[''1-113] Therefore, we probed reduced
catalyst loadings for the addition of aldehyde to nitroacrylates. The lowest
catalyst loading where full conversion was observed is 0.05 mol% (500 ppm).
Further, we probed the reaction rate acceleration upon addition of 13b.
Remarkably, the transformation proceeded smoothly and yielded the desired
product in quantitative yield and excellent selectivity in 2.5 hours (Figure 4-9,
12 h without additive). By these experiments, we managed to establish an
extremely efficient catalyst system. This result showcases how mechanistic
investigations can help to design organocatalytic reactions and to access
unprecedented levels of catalytic efficiency.

4a (0.05 mol%) r
t 13b (0.2 mol%) O COyBU
BUOQC\/\NO2 + H ' ! | NO,
Et  CHCly/PrOH (9:1) :
(1.0 equiv) (1.5 equiv) 0.5 M.t .
9c 5q 25h 10c, 99% yield, dr > 25:1, 93% ee

without 13b:
10c, 40% yield, dr > 25:1, 93% ee

100 4 M:13b (0.2 mol%)
W : no additive

— 80 A
B
5 -
0
Z 40 A =
o)
O

20 A

O T T T T T T T 1
0 20 40 60 80 100 120 140 160
fime [min]

Figure 4-9: Reaction progress when using 0.05 mol% catalyst loading with and without
additives. Product formation was monitored by in sifu IR spectroscopy at 1563 cm-. The
conversion was determined by 'H-NMR spectroscopy.

4.3.6 Subsirate Scope

Having established a catalytic system that allows for an effective
transformation using a peptidic catalyst at ppm-level, we further probed its
applicability for other substrates. Since the optimal electrophile is the bulky
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tert-butyl nitroacrylate (9c) we explored reactions of 9c with different
aldehydes (Scheme 4-7). All of the reactions provided the desired product in
quantitative yields (isolated > 97%). Products with alkyl substituents of different
length (10c-f) were obtained with enantioselectivity of 88% - 93% ee. Products
with substituents in the y- or §-position (10g, 10h and 10k) required longer
reaction times but were also isolated with good enantioselectivity (93% ee).

o 4a (0.05 mol%) X
f 13b (0.2 MoI%) @ CO,yBu
BUOQC\/\NO2 + H : H _ NO,
R CHCI3/'PrOH (9:1) R
(1.0 equiv) (1.5 equiv) 0.5M,16h,rt
9c 5a 10
O CO,Bu O  CO,Bu O CO,Bu O CO,Bu
H ; NO, H ; NO, H : NO, H ; NO,
Me 10d Et 10c Pr  10e Bu 10f
quant quant quant quant
dr>25:1 dr>25:1 dr>25:1 dr>25:1
88% ee 93% ee 93% ee 93% ee
O  CO,Bu O  CO,Bu O CO,Bu O  CO,Bu
H : NO, H NO, H NO, H : NO,
m 10g ~pp, 10 \L 10i i()5 10j
COQMe Ef
quantd quant®) quant quant
dr>25:1 dr>25:1 dr>25:1 dr>25:1
81% ee 93% ee 96% ee 98% ee
O CO,Bu
: N
HT 2
A 10k
quant®)
dr>25:1
93% ee

Scheme 4-7: Substrate scope with 0.05 mol% catalyst loading. a) full conversion with 0.2 mol%
catalyst, 47% conversion with 0.05 mol% catalyst loading; b) full conversion with 0.2 mol%
catalyst loading after 36 h, 15% conversion with 0.05 mol% catalyst loading; c) full conversion
with 0.5 mol% catalyst, no conversion with 0.05 mol% catalyst loading.
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Other functional groups are tolerated, and y-nifroaldehydes containing
olefinic and ester moieties (10i and 10j) were prepared with
enantioselectivities of 96% and 98% ee, respectively.

4.4 Irreversible Catalyst Alkylation

The addition of aldehydes to B-CFs-substituted nitroolefins in high yields has
been challenging.l261141151 We next evaluated whether p-CFs-substituted
nitfroolefins also react with the peptidic catalyst under the conditions
established for nitroacrylates (Figure 4-10). Using catalyst 4a, the conjugate
addition product of butanal (5a) and 15 was obtained in good
stereoselectivity (95% ee, 50 : 1 dr) and a yield of 97%. As previously seen for
the nitroacrylates, the addition sequence of the reaction pathway plays an
important role. Monitoring the reaction progress by in situ IR spectroscopy
showed a decreasing reaction rate over time for both addition sequences
(Figure 4-10).

o 4a (1 mol%) O CF3
FaC + HJ\ NO
NO2 L CHCly/ProH (9:1) M L
(1.0 equiv) (1.5 equiv) 0.5 M, rt, 97% yield 50:1 dr
sequence: aldehyde, catalyst then nitroolefin
100 A
S 80 A
G 60 -
-8 sequence: catalyst, nitroolefin then aldehyde
0
2 40 A
o]
© 20 -
O T T T T T T
0 50 100 150 200 250 300
time [min]

Figure 4-10: Reaction progress of CFs substituted nifroolefins depending on the addition
sequence of the reactands. Product formation was monitored by in situ IR spectroscopy at
1563 cm-l. The conversion was determined by 'H-NMR spectroscopy. Third component was
added after 5 min.

We hypothesized that this decreased rate is related to an irreversible catalyst
alkylation. To investigate our hypothesis, secondary amine 12 was alkylated
with 15 to adduct 17 which showed no reactivity upon the addition of
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aldehyde 5a (Scheme 4-8). Control experiments revealed that stoichiometric

amounts of
D\(O D\(O 5a (1.5 equiv)
F3C\/\NOQ S , N M *~ noreaction
NMe; rt, 5 min, quant O,N \)\CF S
(1.0 equiv) (1.0 equiv) @) CDCls/CD;0H (9:1) 3
CeDg
15 12 17

Scheme 4-8: Secondary amine alkylation of CFs substituted nitroolefin 15. N,N-dimethylproline
12 was used as a catalyst model system. Alkylation was confirmed by 'H-NMR spectroscopy.

catalyst 12 form product when pre-exposed to the aldehyde. When applying
catalyst 4a in a reaction setting where alkylation is favored (thermodynamic
control, Chapter 4.3.3), the decrease of the reaction rate over time was
enhanced (Figure 4-10, green). An enhancement of the reaction rate by
addition of a p-hydroxy ketone 13b was not observed (Appendix, Figure 9-4).
Therefore we conclude that the very active catalyst 4a allows a productive
catalytic pathway also for this challenging substrate.

4.5 Conclusion

The mechanistic studies on secondary amine catalyzed conjugate addition
reaction of aldehydes to nitroacrylates showed that the catalyst forms not
only an enamine with the aldehyde but is also alkylated by the nitroacrylate
and forms an off-cycle intermediate. NMR-spectroscopic studies revealed
that the reaction rate of such adduct formation is sensitive to the steric
properties of the nitroacrylate. We showed that the release of alkylated
catalyst is rate limiting for the overall reaction. These studies allowed us to
optimize the reaction conditions regarding substrate selection and addition
sequence of the reactants. By lowering the catalyst loadings we showed the
steady-state of the reaction and that the release of the catalyst is rate
limiting. Comparison of the steady-state for the different premixing of two of
the three reaction partners (nitroolefin, aldehyde and catalyst) followed by
addition of the last component allowed us to identify traces of aldol-side
products when preforming the enamine. This friggered the identification of a
B-hydroxyketone cocatalyst that accelerated the reaction rate without
affecting the stereoselectivity. The obtained mechanistic understanding
allowed us to prepare a substrate scope using the catalyst in only very low
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loadings of 500 ppm and provided the corresponding products with high
enantio- (up to 98% ee) and diastereoselectivity (> 25 : 1). Further we applied
the insights obtained to target challenging CFs-substituted nitroolefins and
show how the pepfidic catalyst provides the conjugate addition reaction
product in good yields and selectivities.

Since we showed how alkylating substrates could be transformed using low
catalyst loadings to conjugate addition reaction products with great yield,
diastereoselectivity and enantioselectivity, further projects should investigate
applications of alkyl halides, that are known to be challenging substrates.
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Bioinspired  Synthesis of the
Tetraponerine Core

Experiments within this chapter have been performed in collaboration with
Andreas Kaspar (master thesis) and Marco Emma (visiting PhD student).
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5.1 Background

Tetraponerines are alkaloidal venoms found in the Neo Guinean
pseudomyrmecine ant Tefraponera and serve as strong contact
insecticides.ll'é117] Tetraponerines are fricyclic ring systems, where all the rings
are annulated via amines. Two subclasses consisting of annulated 5-6-5 (B)
and 6-6-5 (C) ring systems are known (Scheme 5-1). The determination of the
relative and absolute configurations of the natural products required an
enantioselective total synthesis, which was inspired by the biosynthetic
pathway.[118]

Tetraponerines:

R H

R =H, n-pentyl

6-6-5 core
B C

Scheme 5-1: General structure of tetraponerines.

In nature, glutamic acid (18) is transformed into diamine 19, which is
subsequently condensated to the cyclic iminium 20 (Scheme 5-2). The cyclic
iminium 20 reacts subsequently in the key step, a decarboxylative addition of
a p-keto carboxylic acid 21, to the amine 22. Amine 22 reacts instantly with a
second cyclic iminium 20 to form the annulated tetraponerine core structure
23. Subsequently, 23 is transformed to natural tetraponerine B.1118l

Biosynthesis of the 5-6-5 core:

NH,
— HQU —  ~*HN
/
18 19 20

O
'C02\ Ho.c I,
21

CO,H

HoN" >CO,H

"HN

Scheme 5-2: Biosynthesis of the 5-6-5 tetraponerines.
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Besides the natural product synthesis, unnatural derivatives of tetraponerines
bearing different substituents in the six-membered ring were previously
synthesized in moderate yields (< 50%).1'71 These syntheses included an
addition of malonates and base as enol surrogates to achiral cyclic
imines.l'?l The natural products as well as their derivatives showed a
non-competitive inhibition of the nicotinic acetylcholine receptor (NACHR)
and cytotoxic activity. Structure-activity relationship (SAR) studies revealed
that the cytotoxicity depends on the nature of the substituent R, while neither
the ring size nor the stereochemistry of the core system showed a significant
influence on their activity.[119.120]

In order to develop an elegant and effective synthesis for tetraponerine
derivatives 24, we planned to combine two main focuses of our research
group: the peptide-catalyzed conjugate addition reaction of aldehydes to
nitroolefins, and the cinchona alkaloid catalyzed addition of thioester
enolates (Scheme 5-3). Since thioester enolate surrogates 25 are established
for the addition to imines, 121123 we planned their addition to a chiral cyclic
imine building block 26 similarly to the biosynthesis.

COLR? COR* 7 COQRQ
Q = M Q —>

R?0,C 24 thioester enolate synthesized by
addition pepftide catalysis

Scheme 5-3: Retrosynthetic analysis of substituted tetraponerines.

We hypothesized that the key intermediate 26 can be synthesized from
y-nitroaldehyde 10, which is accessible by a conjugate addition reaction of
aldehydes to nitroacrylates (Chapter 4). The modular approach of
combining a cyclic imine 26 and with a thioesterenolate surrogate 25 would
allow the straightforward incorporation of residues by established
methodologies of our group. Differently substituted tetraponerine derivatives
are expected to be of interest for future structure-activity relationship studies.



Bioinspired Synthesis of the Tetraponerine Cores - 69

5.2 Synthesis of the Cyclic Imine

We began our investigations with the attempted synthesis of the ester
substituted cyclic imines 2éa and 2éb. Reduction of the nitro group of 10a
and 10c formed by a peptide catalyzed conjugate addition reaction of
butanal to a nitroacrylate (Chapter 4), by Znl'24 only led to decomposition of
both reagents (Scheme 5-4). Further, hydrogenation (Hz2, Pd/C) of 10 did not
lead to the desired cyclic imine.

O COxR
: Zn, ACOH NQ‘CO?R
AN ANO, . v/
Et or Hy, Pd/C Et
R: Me (10q) R: Me (26qa)
R: 'Bu (10c) R: 'Bu (26b)

Scheme 5-4: Attempts for a direct reduction of NO2 followed by an in sifu cyclisation.

In order to overcome side reactions we protected the aldehyde moiety of
10a and 10c by acetals which were expected to be stable against reductive
conditions.['25] In order to test differently stable acetals regarding reduction
and deprotection, we used a dioxolane and a dimethyl acetal as protecting
groups.l'25l The syntheseslél 1261 of the corresponding dioxolane acetals 27a
and 27b as well as the dimethyl acetal 28 were achieved in moderate yields.

triethyl orthoformate
ethylene glycol Zn (10 equiv)

O COQR
p-TSA <\O COR  AcOH { -
- AN ANO; o)\/\/NHQ
toluene IiET 60 min, rt I:E’r
CO-R 16 h, rt .
o H 2 R: Me (27a) 82% yield R: Me (29a) 70% yield
HMNO2 D R: 'Bu (27b) 53% yield R: 'Bu (29b) 59% yield
Et
R: Me (10a)
R: Bu (10c
(10c) p-TSA, MeOH MeO  COR various MeO  CO,Me
N\ B :
N02 —X— NHQ
16 h, rt MeO : conditions MeO :
Et Et
R: Me (28) 52% yield 30

Scheme 5-5: Acetal formatfion and reduction of the nifro-group of ester substituted
y-nitfroaldehydes 10a and 10c.

Due to the presence of an adjacent ester group, the reduction of the nitro
group to the corresponding primary amine needed a procedure developed
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for the nitro reduction in the presence of a thioesterl'?’l ysing Zn and glacial
acetic acid. Thereby, the dioxolane products 29a and 29b were isolated in
good yields and the diastereoisomers of 29a and 29b could be separated. In
conftrast to the dioxolane, the dimethyl acetal analogue 28 showed only very
low conversion (20% yield max.) where most of the starting material had
decomposed.

Subsequent to the nitro reduction, deprotection of 29a and 29b to the
aldehyde should instantly lead to cyclisation to form the corresponding imine.
Different acids and concentrations were tested for the deprotection of 29a
and 29b. These studies showed that 20 equivalent excess of HCI (1 M, in
dioxane) are optimal to obtain 26a and 2éb in good yields of up to 65%.
Following the imine formation of 26a and 26b, we observed quantitative
conversion (determined by 'H-NMR), but the yield decreased when products
were purified by column chromatography (isolated yield up to 65%). The
isolated product is stable during storage in the freezer (-20 °C, > 4 month).
Other purification methods such as reversed phase chromatography on a
Cis-stationary phase or normal phase chromatography on aluminum oxide
remained unsuccessful.

HCI (1 M, 1,4-dioxane)

O COR 15 COR

- 2 2
QJWNHQ NQ‘
: Et

L 1,4-dioxane, 2.5 h, 50 °C

R: Me (29q) R: Me (26a) 63% yield?
R: 'Bu (29b) R: 'Bu (26b) 65% yield?!

Scheme 5-6: Aldehyde deprotection and cyclization towards imines 2éa and 2éb.

Determination of the enantioselectivity of 26a and 26b turned out to be
difficult due to the reactivity of the imine. To produce a more stable species,
we planned to reduce the imine to a p-proline. A reduction towards the

1) NaBH4, MeOH,

NQ‘CO?R 40 min, 0 °C Boc—N COR
Et 2) Boc,O, THF Bt
. 100 min, rt
R: :v\e (26a) R: Me (31a) 60% yield, dr>25: 1, 85% ee
R:"Bu (26b) R: 'Bu (31b) 70% yield, dr>25: 1, 93% ee

Scheme 5-7: Reduction of the chiral cyclic imine 26a,b to the Boc-protected p-proline 31a,b.



Bioinspired Synthesis of the Tetraponerine Cores - 71

unprotected p-proline turned out to be challenging due to decomposition
infto a large number of unidentified products. However, subsequent
Boc-protectionl'24 allowed the synthesis of the Boc-protected p-prolines 31a
and 31b in good yields (Scheme 5-7). Chiral SFC analysis of 31 revealed that
the stereogenic centers are retained from the chiral y-nitroaldehydes 10 and
no loss of enantioselectivity was observed. Therefore, infermediates 27 and 29
are expected to have the same enantioselectivity as the corresponding ester
substituted y-nitroaldehydes 10.

5.3 Tetraponerine Core Structure Synthesis

Having the cyclic imine in hand, we planned to probe its tfransformation into
a tefraponerine derivative. Since our group gained deep insights info the
addition of thioester enolate surrogates to imines over the last years,[121-123] we
wanted to investigate the formation of tetraponerine derivatives by an
addition of a thioester enolate surrogate to the cyclic imine.

Thioester enolates are known as more reactive variants of their malonic acid
half oxoester malonate (MAHO, Scheme 5-8) congeners.[1281321 The main
reason for this difference is the poor overlap of the C(2p) and S(3p) orbitals in
thioesters, which lead to an increased acidity of the a-protons adjacent to
the thioester compared to MAHOs.[1281 Due to the prefered reactivity of
malonic acid half thioesters (MAHTs), these compounds were established as
enolate surrogates for addition reactions to carbon electrophiles such as
aldehydes, imines, and nitroolefins (for examples seell33-138]), However,
decarboxylation prior to the desired addition reaction is an undesired side
reaction. To obtain reaction before decarboxylation occurs, catalyst
loadings around 20 mol% are commonly used. To address this problem our
group infroduced monothiomalonates (MTMs) as protected MAHT congeners
for non-decarboxylative stereoselective transformations.l121.123,127,139]

O O O O O O
|-|o)J\/lk0R1 HOMSR‘ R2O)J\/U\SR1
MAHO MAHT MTM
low reactivity increased reactivity increased reactivity
tend to decarboxylate tend to decarboxylate no decarboxylatfion

Scheme 5-8: General structures of MAHOs, MAHTs, and MTMs.
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Imines are good electrophiles for the cinchona alkaloid catalyzed addition of
thioester enols (Scheme 5-9).1'21-12313%1 The reaction is initiated by an
enolisation of a thioester, which enables a nucleophillic attack to an imine in
order to form a Mannich product. For MTMs this is the final product whereas
for MAHTs a spontaneous decarboxylation follows.

\R° o o
O O O OH KR4 for MIM
—_— —_ 2 1 or S
R4 “NHRS3
if R2=H l-co2
RSNH O for MAHTs
R4 SR!

Scheme 5-9: Addition of thioester enolates to imines.

We next wanted to probe whether the chiral cyclic imine 26b forms a
tetraponerine core in cinchona alkaloid catalyzed additions of thioenolates.
In an initial attempt, we planned the synthesis of a tetraponerine core
without a stereogenic center in the six membered ring. Therefore, we
intended to produce a decarboxylation after the addition of the enolate
and selected a simple MAHT 25a bearing a para-methoxy phenyl (PMP)
protected ester moiety as an enolate surrogate. We investigated the
cinchona alkaloid-catalyzed addition reaction of this MAHT to the chiral
imine 26b using previously established conditions.l121.133.138]  Within these
experiments the MAHT 25a readily reacted with 26b affording tetraponerine
core 24a (Table 5-1) in good yield and diastereoselectivity (dr>25: 1) in the
presence of an epi-cinchonidine urea catalyst (eCD-U, 32).
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Table 5-1: Synthesis of the tetraponerine core structure via an unsubstituted MAHT addition.

o O
SPMP

Q,COQTBU 25a (] 5 equiv)

20 mol% cat.
THF, 16 h, rt

26b

MezN

1

NH

S}\NH

chiral catalyst achiral catalyst
entry catalyst yield dr
1 eCD-U 32 80% >25:1
2 achiral 33 48% >25:1
3 none < 20% 9:1

To probe the role of the chiral catalyst for the cyclisation, we investigated the
formation of the tetraponerine core in the presence of an achiral catalyst 33,
which bears a thiourea functionalized amine as well as in the absence of any
catalyst (Table 5-1). Using eCD-U catalyst 32 we synthesized the tetraponerine
24a with good yield and diastereoselectivity (entry 1) while the yield dropped
significantly with an achiral catalyst 33 (entry 2). In the absence of any
catalyst (entry 3), only low yields and a decrease of the diastereomeric ratio
to 9:1 were observed. To gain insights into the enantioselectivity, we
synthesized a racemic tetraponerine derivative 24a from a racemic
y-nitfroaldehyde 10c. However, various attempts to separate the racemic
sample by chiral normal phase HPLC or SFC failed. Therefore, we assigned
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the stereogenic centers in the sample (made with catalyst 32) by
NMR-spectroscopy based on the known configuration of the imine.

Further, we investigated whether the tricyclic tetraponerine core is favored or
a mono-adduct species can be synthesized by a similar methodology
(Scheme 5-10). We varied the reaction setup and found that when using an
eCD-U catalyst, additional equivalents of the imine 26b (up to 4.0 equiv),
reduced temperatures, stepwise addition of the imine 26b to the MAHT 25q,
or the addition of BocO (1.5 equiv) to trap a free aminell24 not any
mono-adduct species 34 was found. Only conversion to the tricyclic core 24a
was observed. Obviously, a direct formation of a tricyclic product seems to
be favored.

o O

HO)J\/U\SPMP o R\N
N CO,'Bu 25a (X equiv) WCOQfBU
A\ / PMPS

'(’E‘r 20 mol% eCD-U (32) Et
Boc,O (X equiv.) R: H, Boc
26b THF, 16 h, rt 34

Scheme 5-10: Attempts towards the mono-adduct.

Having established a methodology to synthesize tetraponerines by cyclisation
of chiral imines with MAHTs, we next planned to probe whether reactions with
MTMs are also applicable as these cyclized tetraponerines would bear an
additional stereogenic center in the six-membered ring. Incorporation of
different substituents was desired since the bioactivity of tetraponerines was
shown to be significantly dependent on the substitution of the six-membered
ring of the 5-6-5 core.ll'?l We initiated our investigations testing a cinchona
alkaloid catalyzed MTM addition to imine 26a.[123.1401 As a thioester enolate
surrogate, we used an orthogonally protected MTIM 25b bearing a
para-methoxy benzyl (PMB)-protected oxoester and a PMP-protected
thioester. In an initial trial we observed the formation of the tetraponerine
core structure 24b with an adjacent ester group in the six-membered ring in
low vyields (Table 5-2, entry 1). Screening of various reaction conditions
revealed that lower concentrations of 26a and increased concentration of
the MTM favor the formation of tetraponerine 24b and allow a synthesis of 24
in  moderate vyields of up 43% (entry 4). The configuration of the
tetraponerines was determined by 2D NMR using the absolute configuration
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of the protected p-ester y-nitroaldehyde 10a obtained in a crystal structure
(see appendix 92.1.5). Analysis of the enantioselectivity by chiral normal phase
HPLC and SFC turned out to be challenging as no separation of a racemic
sample was achieved.

Table 5-2: Formation of tetraponerines by MTM-additions. Yield was determined by isolation.

o O
PMBOMSPMP

\
“Et

eCD-U 32 (5 mol%)

26a CHyCly, 16 h, 1t. MeOC
dr. > 25:1
24b

entry | concentration 2éa MTM equiv yield

1 0.2M 1.2 24%
2 0.TM 1.2 < 10%

3 0.1 ™M 1.7 26%

4 0.01 M 1.7 43%

Fluorine incorporation in natural products has been shown to be beneficial
for improving the bioactivity of pharmaceutically active compounds.l141.142]
Further, our group has shown that incorporation of fluorine via fluorinated
MAHTsI38 and MTMslI2ll can be achieved in good stereoselectivities and
yields. Therefore, we aimed to synthesize a fluorinated tetrasubstituted
tetraponerine by addition of fluorinated MTM (Scheme 5-11). In these cases,

the synthesis of the desired tefraponerine 24c¢ with a-fluorinated MTM was
O O

PM BOMSPMP
N\QACOQMG 25 R
Bt

eCD-U 32 (5 mol%)

26a
CH2C|2, 16 h, rt. I\/\eOQC ar. > 251
R =F (25¢c)
R = CI (25d) R=F (78% yield) 24c
R = Me (25€) R=Cl (48% yield) 24d

R = Me (no conversion) 24e

Scheme 5-11: Substituted tetraponerine core formation using chiral, cyclic imines and MTMs.
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achieved in good vyields (78%) and great diastereoselectivity using the
previously established conditions. To probe whether other halogen atoms
could be introduced, a-chlorinated MTMs were used. This resulted in the
synthesis of the chlorinated tetraponerine core 24d in moderate yields (48%).
Expanding the substitution to alkyl residues by using a-methylated MTM,
however, did not produce a methylated tetraponerine core 24e, even with
higher catalyst loadings and temperatures.

5.4 Conclusion

In summary, we developed an effective synthesis of a teftraponerine
derivative with an annulated 5-6-5 core by combining the expertise of our
group in two main areas of research. First, we synthesized a chiral cyclic imine
by derivatization of the product of the peptide catalyzed conjugate addition
reaction of aldehydes to nitroolefins shown in Chapter 4. Second, this imine
was shown to react with thioesters in the presence of a cinchona alkaloid
catalyst to form the tetraponerine core. Further, we showed that this modular
approach allowed rapid incorporation of residues (ester- or alkyl-groups). The
resulting structures are of inferest for further biological evaluation. Future
studies of tetraponerines should include structure-activity relationship studies
of these new compounds.
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Within this work we investigated secondary amine catalyzed conjugate
addition reactions of aldehydes to nitroolefins. We addressed open questions
of the reaction mechanism, investigated how challenging substrates can be
be reacted in a controlled manner, and showcased the value of bifunctional
substrates in a synthesis of a natural product derivative.

For the secondary amine catalyzed conjugate addition reaction of
aldehydes to nitroolefins, the reaction pathway depends on the availability
or absence of an inframolecular acid in the catalyst. The two pathways share
a common intermediate before the pathway divides. This intfermediate was
never observed in situ and ex siftu and in silico experiments did not fully
answer whether it is of an open iminium nitronate or a cyclized oxazine
N-oxide structure. We aimed at its detection and found by UV/Vis
spectroscopy a novel characteristic band for nitronates under preparative
conditions. Computational studies validated the experimental data and
UV/Vis spectroscopic measurements gave insight intfo the in situ absorbance
of the reaction intermediate generated in the carbon-carbon bond
formation. We showed that acid bearing catalysts stabilize the intermediate
compared to lacking an inframolecular acid. Therefore we concluded that a
suitably placed acidic group in the catalyst influences the reaction pathway
by non-covalent interactions. Future investigations on the reaction
mechanism should focus on insights into energy barriers, and therefore
include DFT calculations of all the reaction intermediates as of well as the
transition states.

The application of alkylating substrates in secondary amine catalysis is due to
catalyst deactivation a challenge in the field. We investigated the use of
nitroacrylates, which are established alkylating agents for amines, for the
conjugate addition reaction of aldehydes. We showed that the pepfidic
H-DPro-Pro-Glu-NH2 catalyst is alkylated under reaction conditions and its
formation rate depended on the steric demand of the nitroacrylate. We
showed that this alkylation is reversible and that the release of the catalysts is
the rate-limiting step in the catalyzed reaction. Reducing the catalyst loading
allowed the identfification of a cocatalyst, which friggered the development
of a catalytic system with excellent reaction rates at 500 ppm catalyst
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loading. We showed the broad applicability of this improved methodology
by preparation of a substrate scope in good enantio- (up to 98% ee) and
diastereoselectivity (dr > 25 : 1). All these insights allowed us the use of a even
more challenging CFs-substituted nitroolefin, that has been transformed to
the corresponding product in good vyield and enantfio- (95% ee) and
diastereoselectivity (dr > 25 : 1). Since we showed that the great reactivity of
our catalyst for electron deficient substrates, further studies should include
even more challenging substrates that irreversibly alkylate the catalyst as
side-reaction (e.g. alkyl halides).

Subsequent tfransformations of y-nitroaldehydes often rely on simple achiral
modifications. We investigated their subsequent transformation using
cinchona alkaloid catalyzed additions of thioester enolates to synthesize a
natural product derivative. In these studies we developed a synthesis of a
chiral cyclic imine from an ester-substituted y-nitroaldehyde. Subsequently, by
reacting the imine with thioenolates in presence of a cinchona alkaloid
catalyst we obtained the tetraponerine core structure bearing seven
stereogenic centers. We conclude that combination of peptide catalyzed
conjugate addition reactions of aldehydes to nitroolefins followed by
cinchona alkaloid catalyzed thioesterenolate additions to imines represent a
poweful toolbox for the synthesis of tetraponerine derivatives. Future studies
of tetraponerine derivatives might include evaluation of their structure
activity relationship, since similar compounds where hypothesized as
potential candidates for cancer treatment.
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7.1 General Aspects and Materials

Reagents and materials were of the highest commercially available grade
and used without further purification. n-Butanal and triethylamine have been
freshly distilled before use. Chlorform was neutralized using AloO3 before use.
Reactions were monitored by thin layer chromatography using Merck silica
gel 60 F254 Glass plates. Visualization of the compounds was achieved by UV
or KMnO4 and DNPH staining. Flash chromatography and plug filtrations were
performed using Fluka silica gel 60 (particle size 0.040 — 0.063 mm, 200 — 400
mesh). Solvents for extraction and chromatography were of technical quality
and distiled before use. All reactions were performed in oven-dried
glassware. Spectra were recorded on a Varian Mercury-VX 300, a Bruker AV
300 (300 MHz/75 MHz), a Bruker DRX 400, a Bruker AV Il 400 (400 MHz/100 MHz)
or a Bruker AV Ill 600 (600 MHz/150 MHz). All spectra were recorded at 25 °C,
unless stated otherwise. Chemical shifts (8) are reported in parts per million
(opm) relative to the signal of tetramethylsiiane (TMS) using the residual
solvent signals or TMS as a reference. HPLC analyses were performed on an
analytical Ultimate 3000 HPLC system from Dionex with a diode array
detector and chiral stationary phases (Daicel AD-H, Daicel AS-H, AY-H, OD-H
or Daicel OJ-H. SFC analyses were performed on an analytical SFC UPC? from
waters with a diode array detector ACQUITY-UPLC-PDA from Waters using
chiral columns (Trefoil, AS3 SFC, AD3 SFC, IA3 SFC, Whelk, IC3 SFC, OD3 SFC,
0OJ3 SFC) (150 mm x 30 mm) from Daicel, Regis or Waters under the reported
conditions. High-resolution electron ionization (HR-El) mass spectra were
measured on a Waters Micromass AutoSpec Ultima spectrometer. A Bruker
maXis (UHR-TOF) was used for high-resolution electrospray ionisation (HR-ESI)
mass spectrometry. High-resolution MALDI spectra were acquired on a Bruker
solarix94  (ESI/MALDI-FT-ICR) and a Bruker Ultra-Flex Il (MALDI-TOF)
spectrometer. X-ray structures were measured on a Bruker D8 Advance with
Apex Il CCD-Detector (Mo). In situ FT-IR spectroscopy was carried out on a
ReactlR R4000 (SiComb). All measurements were performed at room
temperature, collecting spectra every 15 seconds (64 scans).
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7.2 General Protocols

Addition of butanal to nitroacrylates catalyzed by a H-DPro-Pro-Glu-NHa:

Reaction setup for experiments using in situ IR-spectroscopy:

Solutions of the nitroolefin (500 umol, 1.00 equiv), the aldehyde (750 umol,
1.50 equiv) and the desalted H-DPro-Pro-Glu-NH2 (5 umol, 1.0 mol% unless
stated otherwise) catalyst were prepared in CHCI3//PrOH (9:1, 300 uL each).
Two of the solutions were combined in a 1.0 mL volumetric flask equipped
with a stir bar and stirred for the time indicated as premixture. The stir bar was
removed, the third component was added and the solvent filed up to
1.0 mL. The mixture (0.5 M) was poured into a 5 mL round flask attached to
the ReactlR and the progress was followed by in sifu IR spectroscopy at room
temperature (125 scans every 155s). The first spectrum was subtracted from
the follwing ones and the reaction progress was followed in the resulting
difference spectra at 1563 cm-!. After completion of the reaction conversion
was determined by a crude 'H-NMR and the mixture was filtered through a
small plug of silica, and the solvent and the remaining aldehyde removed
under reduced pressure to result in the product. For some of the
y-nitroaldehydes a derivatisation towards the corresponding alcohol was
needed to determine the enantioselectivity.

Derivatisation of y-nitroaldehydes to the corresponding alcohol

In a 5 mL flask the y-nitroaldehyde (500 umol, 1.00 equiv) was dissolved in
MeOH (1.0 mL) under an argon atmosphere at 0 °C. NaBH4 (18.9 mg,
500 umol, 1.00 equiv) was added in one portion and the reaction mixture was
stired for 1.5 h at 0 °C. The solvent was removed under reduced pressure and
the orange solid was purified by column chromatography (silica,
pentane/ethyl acetate) to result in the corresponding alcohol as a colorless
oil.
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Zinc activation for nitro group reduction

Zinc powder (1.6 g) was suspended in aqueous HCI (1M, 10 mL) for 6 min The
suspension was decanted without exposing the zinc to air, water (3 x 15 mL)
was added and decanted. The zinc powder was suspended in water (15 mL),
filtered without letting the residue get dry followed by washing with MeOH
(10 mL). The zinc was suspended in acetone (20 mL). After solvent removal,
acetone (10 mL) was added, and decanted. After repeating this procedure
with MTBE (10 mL) the zinc powder was dried under high vacuum.

Desalting of TFA salts of peptides

A VariPure IPE tube (Varian, Inc.) was used for ion pair extraction. The TFA-salt
of the peptide was dissolved in water and loaded on the cartrige (previously
activated with MeOH). After elution the cartrige was washed with
water/acetonitrile (4:1) and the outcome monitored by TLC (visualized with
ninhydrin). When no more peptide was dropping out of the cartridge, the
collected fraction was lyophilized and the purity determined by ?F-NMR.

General remarks for chiral analysis

The racemic samples were prepared using a mixture of H-DPro-Pro-Glu-NHz
and H-Pro-DPro-DGIlu-NH2 as trifluoro acetic acid/NMM salts as catalyst. Some
of the racemic samples do not have a proper 1:1 ratio of the catalysts used.
This might be due to inprecise mixture of the catalysts or due to different
trifluoro acetic acid contents of the catalyst enantiomers. Future studies will
require the preparation of racemic products with a 1:1 ratio of the two
enantiomers. Further, for most of the samples a diastereomeric ratio > 50:1
was observed. This led to almost undetectable peaks of the second pair of
enantiomers in SFC analysis. Using “scratch TLC" for sample preparation the
sample was optained mostly diastereopure.
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7.3 Stopped-Flow UV/Vis Measurements

Analysis of kinetics traces for the spectroscopic signature of a nitronate
intermediate (experiments in corporation with Dr. Reinhard Kissner)

Because ftypical UV absorption bands of nitronate, a postulated
intermediate, are obscured by other absorptions of components in the
reaction mixture, we idenfified a characteristic band of the nitronate
generated by a-deprotonation at the nitro function of (2-nitroethyl)benzene,
in the visible region (Amax=490 nm). It fortunately has a low extinction
coefficient, which is beneficial by not overloading detection at the high
concentrations employed in synthesis. We followed absorbance changes in
time from 440 to 590 nm with the scanning stopped-flow spectrophotometer.
It turned out that static background subtraction by composing the sum
spectrum of the reactants at their initial concentrations was not applicable,
because at the high concenirations for synthesis, physical interactions
produce solvatochromic effects. This was confirmed by variation of a mix of
all reactants but one, to avoid reaction start, and recording the according
spectra.

Preliminary experiments revealed that absorbance in the wavelength range
of observation follows a slow linear time dependence after about 5 or even
more seconds, and this remains so for many minutes. We conclude that the
concentrations of species contributing to the total absorbance are either
constant or their change is limited by saturation of conversion rate. We
assumed that short concentration overshoots of initial infermediates, to which
the postulated nitronate belongs, might occur. In this case, the total
absorbance after 5 seconds would provide the appropriate background to
detect an eventual slight nitfronate excess during reaction sequence
initiation. This feature should be of transient character, rising quickly after
reagent mixing and decaying within 5 seconds. Unfortunately, information on
the total stationary concentration of nitronate is not available by this
approach.

The practical implementation requires to plot time-dependent absorbance
traces in the wavelength range of interest (here: at 490 nm) to determine the
time at which absorbance becomes stationary or changing in linear fashion.
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It also requires averaging, because the spectral changes expected in @
range with weak forbidden transitions are small. Therefore, 5 to 9 time
resolved spectra sets from independent runs were averaged prior to analysis.
The following figure shows this for two catalysts, H-DPro-Pro-Glu-NH2 which is
protic and H-DPro-Pro-Glu(OMe)-NH2 which is aprotic, in all three solvents

examined.
0.4
— H-DPro-Pro-Glu(OMe)-NH2
(CH2Cl2)
03 — H-DPro-Pro-Glu-NH2
(CH2Cl2)
g —— H-DPro-Pro-Glu(OMe)-NHz
< 02 L (CH3CN)
()]
LC) — H-DPro-Pro-Glu-NH2
O (CH3CN)
Q N
2 01
o) ’ H-DPro-Pro-Glu(OMe)-NH2
< (iPrOH/CHCIs, 9:1)
H-DPro-Pro-Glu-NH2
0 L . L ! (iPrOH/CHCIs, 9:1)
0 2 4 6 8 10

time [s]

Figure 7-1: Absorbance - time traces for the reaction catalyzed by H-DPro-Pro-Glu-NH2 or
H-DPro-Pro-Glu(OMe)-NH2 in CH2Cl2, CH3CN and PrOH/CHCIs (9:1). Insets are verfically
zoomed to reveal details of profiles.

We chose 8 seconds as the time for the extraction of the background
spectra, because from this time on all traces have become steady.
Subsequently, we extracted spectra at earlier times and subtracted the
spectra at 8 seconds from these. Since the position of a possible overshoot
maximum in the selected time interval cannot be deduced with initial kinetics
unknown, we selected spectra from the 500 collected in the time interval by
a bisectional approach, which was directed by recognition of the
occurrence of a new band.
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H-DPro-Pro-Glu-NHz (CH2Cla)
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Figure 7-2: Spectra of the reaction catalyzed by pPE (N-dodecyl) in CH2Cl2, recorded 0.2 s,
2 s and 8 s after start of reaction. Difference spectra between t = 0.2 s, respectively t = 2 s,
and the spectrum at 8 s. Average of 9 runs.
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Figure 7-3: Spectra of the reaction catalyzed by pPE(OMe) in CH2Cl2, recorded 0.2's, 2 s and
8 s after start of reaction. Difference spectra between t = 0.2 s, respectively t = 2 s, and the
spectrum at 8 s. Average of 5 runs.

Comparing the difference spectra obtained with H-DPro-Pro-Glu-NH> or
H-DPro-Pro-Glu(OMe)-NH; catalyst in the aprotic CH2Clo, we find that they are
fairly similar at 0.2 and 2 seconds, respectively. From 0.2 to 2 s, absorbance
increases distinctly at A > 500 nm. However, in the case of H-DPro-Pro-Glu-NHo,
a weak maximum around 490 nm is superimposed at both tfimes.

The difference between the pPE catalyst that can provide a hydrogen
bridge and therefore stabilze a nitronate group, and the
H-DPro-Pro-Glu(OMe)-NH; which cannot becomes more distinct in the protic
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solvent mixture of PrOH/CHCIs. The nitronate stabilization is quite obvious
here. Further, the protfic solvent causes a not unexpected shift of the
nifronate band towards shorter wavelength, maximum now at 475 nm
instead of 490 nm.

H-DPro-Pro-Glu-NH2 (CHCIs/iPrOH) H-DPro-Pro-Glu-NHz2 (CHCIlz/iPrOH)
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Figure 7-4: Spectra of the reaction catalyzed by H-DPro-Pro-Glu(OMe)-NHz in iPrOH/CHCls,
recorded 0.1 s, 0.2s and 8 s after start of reaction. Difference spectra between t = 0.1 s,
respectively 1 = 0.2 s, and the spectrum at 8 s. Average of 7 runs.
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Figure 7-5: Spectra of the reaction catalyzed by H-DPro-Pro-Glu-NH2 in iPrOH/CHCIs, recorded
0.1 s, 0.2 s and 8 s after start of reaction. Difference spectra between t = 0.1 s, respectively
t=0.2s, and the spectrum at 8 s. Average of 9 runs.
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7.4 Computational Studies

7.4.1 Structural Analysis
Calculations were performed by Dr. Thomas Weymuth

All initial structures were generated with RDKit as implemented in Adf
2016.107. A ftotal of 600 conformers were generated; of these, only
conformers which had a root mean square deviation (RMSD) of at least 0.2 A
to all other conformers were kept. These were subsequently refined with the
Uff force field as implemented in RDKit. Of the refined structures, a second
RMSD filter of 0.1 A was applied.

All final conformers were optimized with spin-component scaled second-
order Mgller-Plesset perturbation theory (SCS-MP2) employing the program
package Turbomole 7.0.2 in its shared-memory parallelized implementation.
The default scaling parameters for SCS-MP2 were used throughout all
calculations. No symmetry constraints were put in place, i.e., all structure
optimizations were done in C; symmetry. The maximum norm of the Cartesian
nuclear gradient was converged to 104 hartree/bohr, and all electronic
energies were converged to 107 hartree. Ahlrich’s tfriple-{ basis set with two
set of polarization functions and one set of diffuse functions (def2-TZVPPD)
was employed at all atoms. For all calculations advantage was taken of the
resolution-of-the-identity (RI) approximation for the Coulomb integrals with
the corresponding auxiliary basis setfs. Solvation effects were taken into
account by means of the conductor-like screening model (COSMO),
adopting a value of 36.64 for the dielectric constant, corresponding to
acetonitrile at room temperature.

For all optimized structures it has been verified that they correspond to
minima on the potential energy surface by conducting a vibrational analysis
with the same methodology described above. The Hessian matrix was
assembled with the Turbomole script NumForce.

Electronic singlet and triplet excitations were calculated with Gaussian 09,
revision D.01, by means of time-dependent density functional theory (TD-DFT)
employing the CAM-B3LYP exchange—correlation functional. Also for these
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calculations, the def2-TZVPPD basis set has been used. All electronic energies
were converged to 10¢ harfree. Solvation effects have been taken into
account with the polarizable continuum model (PCM). Here, a value of
35.688 for the dielectric constant has been adopted.

7.5 NMR Experiments on Catalyst Alkylation:

o NH,

::jg/"’l///\\\(:(:)anI

HN

4a (1.0 equiv) o
rBUO\”/\/NOQ
O CD3;OH/CDCl3 (1:9) N._O
_ rt, 0.1 M, 5h - NO,
(1.0 equiv) quant :
9c N O
11c
'BUO

To monitor the reaction progress of the alkylation of catalyst 4a we used
TH-NMR (500 MHz Bruker spectrometer) to monitor the consumption of the
nitroolefin. We followed the decrease of the doublet at 7.53 ppm (J = 13.44,
CH-NO3) as shown in Figure 7-6. As an external standard C2H2Cls (2.0 equiv)
was used. After dissolving the nitroolefin (1.0 equiv) in CDClz/CD3OH (1 M) at
room temperature, we set up the OH-suppression and determined the best
parameters for the measurements (AQ = 5s, D1 =55, PLW9 = 40.15).
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Figure 7-6: TH-NMR spectrum of nitroolefin 9¢c with C2H2Cls as external standard.

The catalyst (1.0 equiv) was added to the nitroolefin and CoHCly (1M). After
shimming the spectra were recorded (first spectrum, Figure 7-7; then
99 spectra every 10 min with 64 scans, Figure 7-8). The decrease of the signal
at 7.53 ppm (J = 13.44, CH-NO2) was monitored (Figure 7-9). The measured
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signal intensity was changed to the remaining nitroolefin content using the
internal standard and plotted over time (Figure 7-10).
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Figure 7-7: TH-NMR specfrum of nitroolefin 9c¢ and catalyst 4a after 5 min with C2H2Cls as
external standard.
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Figure 7-9: Intensity decrease over time of the signal at 7.53 ppm.

60 -
o}
50
OO
59 40 A
R Y
= (o]
o (o)
(@] (0}
£ ] %
C 20 OO
10 A
O T T T T T T 1
0 100 200 300 400 500 600 700

fime [min]

Figure 7-10: Consumption of nitroolefin 9¢c by catalyst 4a over time monitored by 'H-NMR.
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7.6 Synthesis of Nitroolefins
Methyl (E)-3-nitroacrylate (9a)

1) trifluoroacetic acid anhydride o

O .
CH,Cly, -15 °C, 30 min
MeO)H/\ MeOJ\/\NOQ

o NO2 2) NEt5, 40 min

Methyl 2-hydroxy-3-nitropropanoatel’4dl was dissolved in CH2Cl, (100 mL)
followed by dropwise addition of trifluoroacetic acid anhydride (3.0 mL,
21.3 mmol, 1.0 equiv) at -15 °C. After 10 min of stirring freshly distilled NEts
(6.0 mL, 43.0 mmol, 2.0 equiv) was added dropwise over 30 min using a
syringe pump. The reaction mixture was stired at -15 °C for 40 min CH2Cl»
(100 mL) was added and the solution was washed with saturated aqueous
NH4Cl (3x 100 mL). The organic layer was dried over MgSOs and
concentrated under reduced pressure. The resulting yellow crude product
was purified by flash column chromatography (silica, CH2Clo) to afford the
product (2.5 g, 56% yield) as a yellow solid.

TH-NMR (300 MHz, CDCl3) 8: 7.68 (d, J = 13.5 Hz, TH), 7.09 (d, J = 13.5 Hz), 3.87
(s, 3H).

13C-NMR (101 MHz, CDCl3) &: 163.20, 149.24, 127.35, 53.23.

HRMS: [M+NH,] calc.: 191.1026 m/z, found: 191.1027 m/z.

Ri = 0.78 (silica, UV, CH2Cly).

Boiling point: 75 °C at 25 mbar.

The data are in agreement with the literature.lél
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Isopropyl (E)-3-nitroacrylate (9b)

1) NalOy, H,0, 0°C, 2 h

OH O 2) MeNO,, Al,Os, 1t, 18 h )Ov
’PrON . ‘ _
OPr  3) trifluoroacetic acid anhydride PO NO2
O OH CH,Cl,, -15 °C, 30 min
4) NEt3, 40 min

Isopropyl (E)-3-nitroacrylate was synthesized according to a known
procedure.[144]

TH-NMR (300 MHz, CDCl3) &: 7.66 (d, J = 13.4 Hz, 1H), 7.06 (d, J = 13.5 Hz, 1H),
5.16 (hept, J = 6.3 Hz, 1H), 1.33 (d, J = 6.3 Hz, éH).

13C-NMR (101 MHz, CDClg) 8: 162.28, 148.94, 128.32, 70.64, 21.80.

HRMS: ESI [M+NH4] calculated: 177.0870 m/z, measured: 117.0872 m/z.

Ri = 0.77 (silica, UV, pentane/ethyl acetate, 10:1).

IR [cm1]: 3111, 2986, 1721, 1535, 1352, 1280, 1249, 1103, 947, 903, 820, 762, 673.

The data are in agreement with the literature.l144
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Di-tert-butyl fumarate

0 'BUOH, dimethylaniline, o)

Cl A BUO_ X
NQ Et,O, reflux, 2.5 h NOTBU

O ®)

In a three neck flask equipped with a reflux condenser and a dropping funnel
tert-butanol (130 mL, 1.38 mol, 3.00 equiv) and N,N-dimethylaniline (132 mL,
0.92 mol, 2.00 equiv) were dissolved in Et2O (300 mL) at 0 °C. A solution of
fumaryl chloride (50 mL, 0.46 mol, 1.00 equiv) in Ef,O (50 mL) was added
dropwise at 0 °C. The mixture was heated to reflux for 2.5 h and the reaction
mixture was extracted with aqg. HSO4 (6 N, 60 mL). The aqueous layer was
extracted with Et2O (3 x 100 mL) and the combined organic layers were
washed with sat. ag. NaHCO3 (3 x 200 mL) and brine (200 mL). The organic
layer was concentrated under reduced pressure to result in the crude
product as a brown solid (59 g, 56% yield). The crude product showed a
good purity (> 98%) and was used without further purification.

TH-NMR (300 MHz, CDCls) &: 6.66 (s, 2H), 1.49 (s, 18H).
13C-NMR (101 MHz, CDCls) 5: 164.58, 134.72, 81.82, 77.16, 28.14.
IR [cm-]: 2981.3,1702.6, 1305.6, 1136 4.

The data are in agreement with the literature.l149]
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Di-tert-butyl 2,3-dihydroxysuccinate

©)

KMnOy,, H,O, 1.5 h OH O

o O OH

Di-fert-butyl fumarate (18.6 g, 81.5 mmol, 1.0 equiv) was dissolved in
tert-butanol (500 mL) and KMnOg4 (38.6 g, 244 mmol, 3.0 equiv) in water
(00 mL) was added dropwise over 1.5 h. The brown reaction mixture was
extracted with Ef2O (4 x 600 mL) and the combined organic layers where
concentrated under reduced pressure. The brown residue was purified by
column chromatography (silica, pentane/ethyl acetate 5:1 to 1:1) to result in
di-tert-butyl 2,3-dihydroxysuccinate as a white solid (2.2 g, 30.2 mmol,
40% yield)

TH-NMR (300 MHz, CDCl3) 8: 4.36 (d, J = 5.5 Hz, 2H), 3.13 (d, J = 6.0 Hz, 2H), 1.51
(s, 18H).

13C-NMR (101 MHz, CDCl3) 6: 171.05, 83.53, 72.43, 28.13.

HRMS: ESI [M+NH4] calculated: 280.1755 m/z measured: 280.2757 m/z.

Rf = 0. 31 (silica, pentane/ethyl acetate, 5:1).

The data are in agreement with the literature.lél
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tert-Butyl 2-hydroxy-3-nitfropropanoate

T OH O 1) NalOy, H,0, 0°C, 2 h - oH o
BUON u T‘)\/ 2
O'Bu
2) MeNO,, AlLOs, 1, 18 h
O  OH ) 2. AlyO3 o)

Di-tert-butyl 2,3-dihydroxysuccinate (4.0 g, 152 mmol, 1.0 equiv) was
dissolved in H,O and THF (1:1, 40 mL). Sodium periodate (4.25 g, 19.8 mmol,
1.3 equiv) dissolved in H2O (30 mL) was added dropwise at 0 °C over 15 min
and the reaction mixture was stirred for 2 h at 0 °C to rt. The crude reaction
mixture was extracted with ethyl acetate (4 x 100 mL), the combined organic
layers were dried over MgSO4 and concentrated under reduced pressure.
The resulting crude tert-butyl 2-oxoacetate was obtained as a colorless oily
crude product. Due to its tendency to decompose the crude product was
directly dissolved in nitromethane (24 mL, 265.7 mmol, 9.1 equiv) and Al,O;
(6.5 g. 61.3 mmol, 2.1 equiv) was added. The suspension was stirred overnight
at room temperature. The resulting yellow suspension was filtered through
celite and washed extensively with ethyl acetate (20 mL). The obtained
solution was dired over MgSO4 and concentrated under reduced pressure.
The crude white solid was purified by column chromatography and tert-butyl
2-hydroxy-3-nitropropanoate was obtained as colorless solid.

TH-NMR (300 MHz, CDCls) 6: 4.72 (d, J = 4.1 Hz, 1H), 4.49 (g, J = 4.3 Hz, 1H), 3.35
(d,J =4.5Hz, TH), 1.52 (s, 9H).

13C-NMR (101 MHz, CDCl3) 6: 169.85, 84.86, 77.05, 67.81, 28.00.

HRMS: ESI [M+Na] calculated: 214.0686, measured 214.0685.
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tert-Butyl (E)-3-nitroacrylate (9¢)

OH 1) trifluoroacetic acid anhydride, o
CH,Cl,, -15°C, 30 min
'BUO NO 22 '
7%\/ 2 TBUO)J\/ANOQ
O 2) NEts, 40 min

tert-Butyl 2-hydroxy-3-nitropropanoate was dissolved in CH2Cl, (100 mL)
followed by dropwise addition of trifluoroacetic acid anhydride (3.0 mL,
21.3 mmol, 1.0 equiv) at -15 °C. After 10 min of stirring freshly distilled NEts
(6.0 mL, 43.0 mmol, 2.0 equiv) was added dropwise over 30 min using a
syringe pump. The reaction mixture was stired at -15 °C for 40 min CH2Cl»
(100 mL) was added and the solution was washed with saturated aqueous
NH4Cl (3x 100 mL). The organic layer was dried over MgSOs and
concentrated under reduced pressure. The resulting yellow crude product
was purified by flash column chromatography (silica, CH2Clo) to afford the
pure product (3.70 g, 21.4 mmol, 70% yield) as a yellow ail.

TH-NMR (300 MHz, CDCls) &: 7.57 (d, J = 13.4 Hz, 1H), 6.98 (d, J = 13.4 Hz, 1H),
1.49 (s, 9H).

13C-NMR (101 MHz, CDCl3) 6 = 161.75, 148.46, 129.56, 83.86, 27.94.

HRMS: ESI [M+NH4] calculated: 191.1026 m/z, measured: 191.1027 m/z.

Ri = 0.75 (silica, UV, pentane/ethyl acetate, 10:1).

IR [cm]: 3110, 2981, 1718, 1535, 1355, 1295, 1259, 1146, 947, 840, 756, 726, 671.
Boiling point: 120 °C at 11 mbar.

The data are in agreement with the literature. 28]
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(E)-3,3,3-Trifluoro-1-nitroprop-1-ene (15)

]) MeNOQ, NOQCO:J,,
jD H,O, reflux, 3 h

F3C

FsC
3 \/\NOQ
2) P,Os, 80 °C

(E)-3,3,3-Trifluoro-1-nitroprop-1-ene was synthesized according to a known
procedure. [146-148]

In a 100 mL flask fluoral (75%, 25.0 g, 161 mmol, 1.00 equiv), nitromethane
(8.65 mL, 162 mmol, 1.00 equiv) and Na2CO3 (1.03 g, 10 mmol, 0.06 equiv)
were stirred for 3 h at 60 °C. The reaction mixture was poured in water (15 mL)
and extracted with Et2O (2 x 25 mL). The residue was carefully distilled (boiling
point 65 °C). The destillate was placed in a Kugelrohr apparatus and P2Os
(24.5 g, 172 mmol, 1.10 equiv) was added. In a continuous distillation for 2.5 h
at 90 °C (E)-3,3,3-frifluoro-1-nitroprop-1-ene was isolated (3.37 g, 23.82 mmol,
15% yield).

1H-NMR (300 MHz, CDCls) &: 7.46 (d, J = 13.3 Hz, 1H), 7.21-7.02 (m, TH).

The data are in agreement with the literature.[146-148]
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7.7 Analytical Data of Catalysis Products
(2S,3R)-2-Ethyl-4-nitro-3-phenylbutanal (7a)

Butanal (67.6 uL, 750 ymol, 1.50 equiv) and H-DPro-Pro-Glu-NHz (1.7 mg,
S umol, T mol%) were dissolved in CHCI3/IPrOH (9:1, 1.0 mL) and nitrostyrene
(500 umol, 1.0 equiv) was added. The reaction was stired for 3 h and the
reaction mixture filtered through silica (washed with CH2Clo 5.0 mL). After
removal of the solvents the residue was purified by column chromatography
(silica, pentane/ethyl acetate, 10:1). (2S,3R)-2-ethyl-4-nitro-3-phenylbutanal
was isolated as a colorless oil (109 mg, 493 mmol, 98% yield).

TH-NMR (300 MHz, CDCl3) &: 9.72 (d, J = 2.3 Hz, 1H), 7.43-7.10 (m, 8H), 7.07-7.00
(m, 2H), 4.76-4.67 (m, 2H), 3.83 (td, J = 8.5, 6.3 Hz, 1H), 3.17-3.03 (m, 1H),
2.82-2.70 (m, 2H).

13C-NMR (101 MHz, CDCls) 6: 202.91, 137.13, 136.74, 129.22, 128.87, 128.74,
128.34, 128.05, 126.96, 78.03, 55.33, 43.45, 34.26.

Chiral separation: SFC (CO»), AD-3 SFC, 5% MeOH, 2.0 mL/min, 40 °C

Rt minor = 1.003 min, Rt mgjor 1.21 min.

The data are in agreement with the literature.l”?l
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Methyl (25,3S5)-3-formyl-2-(nitromethyl)pentanoate (10a)

O CO,Me
L _A__NO,

Et

Butanal (67.6 uL, 750 ymol, 1.50 equiv) and H-DPro-Pro-Glu-NHz (1.7 mg,
5 umol, T mol%) were dissolved in CHCIz/IPrOH (2:1, 1.0 mL) and the methyl-
nitroacrylate (65.4 mg, 500 umol, 1.00 equiv) was added. The reaction was
stired for 3 h and the reaction mixture filtered through silica (washed with
CH2Cl2 5.0 mL). After removal of the solvents the residue was purified by
column chromatography (silica, pentane/ethyl acetate, 3:1). Methyl (2S5,3S)-
3-formyl-2-(nitromethyl)pentanoate was isolated as a colorless oil (99.6 mg,
490 umol, 98% vyield).

TH-NMR (300 MHz, CDCl3) 8: 9.65 (d, J = 0.9 Hz, 1H), 4.91 (dd, J = 14.7, 9.2 Hz,
1H,), 4.40 (dd, J = 14.7, 4.0 Hz, 1H), 3.74 (s, 3H), 3.65 (ddd, J = 9.5, 5.9, 4.0 Hz,
1H, ), 2.80 (dtd, J = 7.2, 6.4, 0.8 Hz, 1H), 1.83 (dq, J = 14.8, 7.4 Hz, 1H), 1.62-1.48
(m, 1H), 1.07 (t, J = 7.5 Hz, 3H).

13C-NMR (101 MHz, CDClg) 8: 201.06, 171.15, 72.92, 52.90, 52.39, 41.66, 19.65,
11.74.

HRMS : ESI [M+Na] calculated.: 226.0686, m/z; measured: 226.0688 m/z.

IR [cm-1]: 2968, 2880, 1776, 1733, 1554, 1376.

Chiral separation was achieved by derivatisation to the corresponding
alcohol (see Chapter 8.8).
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Isopropyl (25,3S5)-3-formyl-2-(nitromethyl)pentanoate (10b)

C|> CO,Pr
~__NO,

Et

Butanal (67.6 uL, 750 uymol, 1.50 equiv) and H-DPro-Pro-Glu-NHz (1.7 mg,
5 ymol, T mol%) were dissolved in CHCI3/IPrOH (9:1, 1.0 mL) and the iso-propyl
nitroacrylate (72.4 mg, 500 umol, 1.0 equiv) was added. The reaction was
stired for 3 h and the reaction mixture filtered through silica (washed with
CH2Cl2 5.0 mL). After removal of the solvents the residue was purified by
column chromatography (silica, pentane/ethyl acetate, 3:1). Isopropyl
(2S,3S)-3-formyl-2-(nitromethyl)pentanoate was isolated as a colorless oil
(112.5 mg, 486 umol, 97% yield).

TH-NMR (300 MHz, CDCls) 8: 9.64 (d, J = 0.9 Hz, 1H), 5.04 (hept, J = 6.3 Hz, T1H),
4.87 (dd, J = 14.5, 9.4 Hz, TH), 4.39 (dd, J = 14.6, 4.1 Hz, 1H), 3.59 (ddd, J = 9.2,
6.0, 4.1 Hz, 1H), 2.75 (dtd, J = 7.5, 6.0, 0.9 Hz, TH), 1.83 (dt, J = 14.8, 7.4 Hz, 1H),
1.65-1.41 (m, 1H), 1.23 (dd, J = 11.3, 6.2 Hz, 6H), 1.05 (t, J = 7.5 Hz, 3H).
13C-NMR (101 MHz, CDClg) 8: 201.06, 170.04, 73.08, 70.01, 52.32, 41.91, 21.70,
21.59,19.45,11.71.

HRMS : ESI [M+Na] calculated: 254.0999, m/z, measured: 254.1003 m/z.

IR [cm]: 2979, 1719, 1554, 1376, 1201, 1103.

Chiral separation was achieved by derivatisation to the corresponding
alcohol (see Chapter 8.8).
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tert-Butyl (25,3S5)-3-formyl-2-(nitromethyl)pentanoate (10¢)

O C_:OQTBU
L __NO,

Et

Butanal (67.6 uL, 750 ymol, 1.50 equiv) and H-DPro-Pro-Glu-NHz (1.7 mg,
5 ymol, 1 mol%) were dissolved in CHCIz//PrOH (2:1, 1.0 mL) and the tert-butyl
nitroacrylate (86.5 mg, 500 umol, 1.0 equiv) was added. The reaction was
stired for 3 h and the reaction mixture filtered through silica (washed with
CH2Cl2 5.0 mL). After removal of the solvents the residue was purified by
column chromatography (silica, pentane/ethyl acetate, 5:1). The product
was isolated as a colorless oil (120 mg, 489 umol, 98% yield).

TH-NMR (400 MHz, CDCI3) : 4.89 (dd, J = 14.6, 10.6 Hz, 1H), 4.38 (dd, J = 14.6,
3.8 Hz, 1H), 3.73 (dd, J = 11.3, 4.1 Hz, 1H), 3.60 (dd, J = 11.3, 7.2 Hz, 1H), 3.41
(dt, J =10.7, 4.0 Hz, 1H), 1.93 (tdd, J = 7.2, 4.2, 3.0 Hz, 1H), 1.73 (s, 1H), 1.46 (s,
9H), 1.43-1.33 (m, 2H), 0.99 (t, J = 7.4 Hz, 3H).

13C-NMR (101 MHz, CDCls): 171.25, 82.67, 73.91, 62.98, 45.26, 42.77, 28.05,
21.51,12.11.

HRMS: ESI [M+Na] calculated: 268.1155 m/z, measured 268.1157 m/z.

IR [cm]: 2973, 2879, 1776, 1720, 1555, 1369, 115.

Chiral separation was achieved by derivatisation to the corresponding
alcohol (see Chapter 8.8).
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tert-Butyl (25,35)-3-methyl-2-(nitromethyl)-4-oxobutanoate (10d)

@) C_:OQTBU
A __NO,

Me

Propionaldehyde (43.3 mg, 750 umol, 1.50 equiv), H-DPro-Pro-Glu-NH2 (85 ug,
0.25 umol, 0.05 mol%) and 4-hydroxy-4-methylpentan-2-one (0.12 uL, 1.0 ymol,
0.2 mol%) were dissolved in CHCIz/IPrOH (9:1, 1.0 mL) and the nitroacrylate
(86.5 mg, 500 umol, 1.0 equiv) was added. The reaction was stirred for 16 h at
room femperature and the reaction mixture filtered through silica (washed
with CH2Cl2 5.0 mL). After removal of the solvents the residue was purified by
column chromatography (silica, pentane/ethyl acetate, 5:1). tert-Butyl
(2S,3S)-3-methyl-2-(nifromethyl)-4-oxobutanoate was isolated as a colorless oil
(112 mg, 484 umol, 97% yield).

TH-NMR (400 MHz, CDClg) 6: 9.68 (s, TH), 4.85 (dd, J = 14.4, 8.8 Hz, 1H), 4.41 (dd,
J=14.4,53Hz, 1H), 3.70 (ddd, J = 8.7, 5.3, 4.7 Hz, 1H), 2.67 (qd, J = 7.2, 4.7 Hz,
1H), 1.43 (s, 9H), 1.18 (d, J = 7.3 Hz, 3H).

13C-NMR (101 MHz, CDCl3) &: 200.39, 168.89, 83.64, 73.43, 45.71, 43.81, 27.95,
9.95.

HRMS: ESI [M+Na] calculated: 254.0999 m/z, measured 254.0999 m/z.

Chiral separation was achieved by derivatisation to the corresponding
alcohol (see Chapter 8.8).
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tert-Butyl (25,35)-3-formyl-2-(nitromethyl)hexanoate (10e)

©) COQTBU
__NO,

Pr

Pentanal (46.6 mg, 750 pumol, 1.50 equiv), H-DPro-Pro-Glu-NHz (85 ug,
0.25 umol, 0.05 mol%) and 4-hydroxy-4-methylpentan-2-one (0.12 uL, 1.0 ymol,
0.2 mol%) were dissolved in CHCIl3/PrOH (9:1, 1.0 mL) and tert-butyl
nitroacrylate (86.5 mg, 500 umol, 1.0 equiv) was added. The reaction was
stired for 16 h at room temperature and the reaction mixture filtered through
siica (washed with CH>Cl, 5.0 mL). After removal of the solvents the residue
was purified by column chromatography (silica, pentane/ethyl acetate, 5:1).
tert-Butyl (25,3S)-3-formyl-2-(nitromethyl)hexanoate was isolated as a colorless
oil (126 mg, 484 umol, 97% yield).

TH-NMR (400 MHz, CDCl3) 8: 9.64 (d, J = 1.0 Hz, 1H), 4.85 (ddd, J = 14.5, 9.4, 0.9
Hz, 1H), 4.34 (dd, J = 14.5, 4.3 Hz, 1H), 3.55 (ddd, J = 9.5, 5.5, 4.2 Hz, 1H), 2.86 -
2.48 (m, 1H), 1.87 - 1.70 (m, 1H), 1.55-1.33 (m, 12H), 0.96 (dd, J = 7.5, 6.5 Hz,
3H).

13C-NMR (101 MHz, CDClz) &: 201.15, 169.46, 83.32, 73.23, 50.85, 42.90, 27.92,
20.65, 14.06.

HRMS: ESI [M+Na] calculated: 282.1312 m/z, measured 282.1316 m/z.

Chiral separation was achieved by derivatisation to the corresponding
alcohol (see Chapter 8.8).
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tert-Butyl (25,3S5)-3-formyl-2-(nitromethyl)heptanoate (10f)

@) C_:OQTBU
__NO,

Bu

Hexanal (86.6 mg, 750 umol, 1.50 equiv), H-DPro-Pro-Glu-NH2 (85 ug,
0.25 umol, 0.05 mol%) and 4-hydroxy-4-methylpentan-2-one (0.12 uL, 1.0 ymol,
0.2mol%) were dissolved in CHCI3/PrOH (9:1, 1.0 mL) and tert-butyl
nitroacrylate (86.5 mg, 500 umol, 1.0 equiv) was added. The reaction was
stired for 16 h at room temperature and the reaction mixture filtered through
siica (washed with CH>Cl, 5.0 mL). After removal of the solvents the residue
was purified by column chromatography (silica, pentane/ethyl acetate, 5:1).
tert-Butyl  (25,3S)-3-formyl-2-(nitromethyl)heptanoate was isolated as a
colorless oil (136 mg, 496 mmol, 99% yield).

TH-NMR (400 MHz, CDCl) &: 9.65 (d, J = 0.9 Hz, 1H), 4.85 (dd, J = 14.4, 9.4 Hz,
1H), 4.35 (dd, J = 14.4, 4.2 Hz, 1H), 3.55 (ddd, J = 9.6, 5.6, 4.2 Hz, 1H), 2.75 (dtd,
J=8.0,55 0.9Hz 1H), 1.86 - 1.73 (m, 1H), 1.47 (tt, J = 2.7, 1.2 Hz, T1H), 1.45 (s,
9H), 1.40-1.30 (m, 3H), 0.92 (t, J = 7.0 Hz, 3H).

13C-NMR (101 MHz, CDCls) 6: 201.18, 169.49, 83.33, 77.16, 73.28, 51.05, 42.95,
29.47,27.95,25.76,22.76, 13.90.

Chiral separation: SFC (CO»), OJ-3 SFC, 1% MeOH, 2.0 mL/min, 40 °C

Rt minor = 2.187 min, Rt major 2.545 min. (see remarks, page 89)
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tert-Butyl (25,3S)-3-formyl-2-(nitromethyl)hex-5-enoate (10g)

? CO,'Bu
~_NO,

7

Pent-4-enal (62.5uL, 750 umol, 1.50 equiv), H-DPro-Pro-Glu-NH> (340 ug,
1.00 umol, 0.2 mol%) and 4-hydroxy-4-methylpentan-2-one (0.12 uL, 1.0 umol,
0.2mol%) were dissolved in CHCI3/PrOH (9:1, 1.0 mlL) and tert-butyl
nitroacrylate (86.5 mg, 500 umol, 1.0 equiv) was added. The reaction was
stired for 16 h at room temperature and the reaction mixture filtered through
silica (washed with CH>Cl, 5.0 mL). After removal of the solvents the residue
was purified by column chromatography (silica, pentane/ethyl acetate, 5:1).
tert-Butyl (2S,3S)-3-formyl-2-(nitromethyl)hex-5-enoate was isolated as a
colorless oil (125 mg, 486 mmol, 7% yield).

1H-NMR (400 MHz, CDCls) &: 9.66 (d, J = 0.6 Hz, 1H), 6.01-5.61 (m, 1H), 5.27-5.12
(m, 2H), 4.88 (dd, J = 14.5, 9.2 Hz, TH), 4.38 (dd, J = 14.5, 4.3 Hz, 1H), 3.61 (ddd,
J=9.3,51,4.3 Hz 1H), 2.89 (td, J = 7.1, 5.1 Hz, 1H), 2.71-2.53 (m, 1H), 2.24 (dt,
J=147,7.2,1.2 Hz, TH), 1.44 (s, 9H).

13C-NMR (101 MHz, CDCls) &: 200.47, 169.24, 133.64, 83.54, 73.08, 50.47, 42.78,
30.40, 27.94.

Chiral separation was achieved by derivatisation to the corresponding
alcohol (see Chapter 8.8).
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tert-Butyl (25,35)-3-benzyl-2-(nitromethyl)-4-oxobutanoate (10h)

@) COQTBU
L _NO,

Bn

3-Phenylpropanal (100.6 mg, 750 umol, 1.50 equiv), H-DPro-Pro-Glu-NH>
(850 ug, 2.5 ymol, 0.5 mol%) and 4-hydroxy-4-methylpentan-2-one (0.12 uL, 1.0
umol, 0.2 mol%) were dissolved in CHCI3/iPrOH (9:1, 1.0 mL) and tert-butyl
nitroacrylate (86.5 mg, 500 umol, 1.0 equiv) was added. The reaction was
stired for 36 h at room temperature and the reaction mixture filtered through
siica (washed with CH2Cl> 5.0 mL). After removal of the solvents the residue
was purified by column chromatography (silica, pentane/ethyl acetate, 5:1).
tert-Butyl (2S,3S)-3-benzyl-2-(nitromethyl)-4-oxobutanoate was isolated as a
colorless oil (151.1 mg, 491 mg, 98% yield).

TH-NMR (400 MHz, CDCl3) 8: 9.70 (s, 1H), 7.39 = 7.32 (m, 2H), 7.31 = 7.26 (m, 1H),
7.25-7.17 (m, 2H), 4.78 (dd, J = 14.5, 9.1 Hz, 1H), 4.27 (dd, J = 14.5, 4.3 Hz, 1H),
3.64 (dt, J = 8.9, 4.3 Hz, 1H), 3.23 (dd, J = 14.0, 7.4 Hz, 1H), 3.14 (td, J = 7.3,
4.4 Hz, 1H), 2.73 (dd, J = 14.0, 7.3 Hz, 1H), 1.48 (s, 9H).

13C-NMR (101 MHz, CDClgz) &: 200.50, 169.07, 137.36, 129.16, 128.90, 127.32,
83.59, 73.06, 52.82, 43.01, 32.19, 27.91.

HRMS: ESI [M+Na] calculated: 330.1312 m/z, measured 330.1312 m/z.

Chiral separation: SFC (CO»), OJ-3 SFC, 1% MeOH, 2.0 mL/min, 40 °C

Rt minor = 2.187 min, Rt major 2.254 min. (see remarks, page 89)
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1-(tert-Butyl) 7-methyl (25,35)-3-formyl-2-(nitromethyl)heptanedioate (10i)

O CO,Bu
~__NO,

CO,Me

Methyl é6-oxohexanoate (108 mg, 750 umol, 1.50 equiv), H-DPro-Pro-Glu-NH2
(85 ug, 0.25 ymol, 0.05 mol%) and 4-hydroxy-4-methylpentan-2-one (0.12 L,
1.0 umol, 0.2 mol%) were dissolved in CHCIz//PrOH (9:1, 1.0 mL) and fert-butyl
nitroacrylate (86.5 mg, 500 umol, 1.0 equiv) was added. The reaction was
stired for 16 h at room temperature and the reaction mixture filtered through
silica (washed with CH>Cl, 5.0 mL). After removal of the solvents the residue
was purified by column chromatography (silica, pentane/ethyl acetate, 5:1).
1-(tert-Butyl)  7-methyl (2S§,3S)-3-formyl-2-(nitromethyl)heptanedioate  was
isolated as a colorless oil (153 mg, 486 ymol, 97% yield).

TH-NMR (400 MHz, CDCls) &: 9.66 (d, J = 0.7 Hz, 1H), 4.85 (dd, J = 14.5, 9.2 Hz,
1H), 4.38 (dd, J = 14.5, 4.5 Hz, 1H), 3.67 (s, 3H), 3.59 (ddd, J = 9.4, 5.2, 4.4 Hz,
1H), 2.82 - 2.64 (m, 1H), 2.36 (td, J = 7.0, 1.7 Hz, 2H), 1.90 — 1.74 (m, 2H), 1.74 -
1.60 (m, 1H), 1.53 = 1.45 (m, TH), 1.43 (s, ?H).

13C-NMR (101 MHz, CDCl3) 6: 200.53, 173.27, 169.16, 83.56, 73.12, 51.84, 50.85,
42.87,33.60, 27.92, 25.19, 22.69.

Chiral separation: SFC (CO3), IC-3 SFC, 8% MeOH, 2.0 mL/min, 40 °C

Rt minor= 1.015 min, Rt major 1.122 min. (see remarks, page 89)

1119

e.
g 3
o s o
§....9....3
g
e
%
»

0. —L‘z [y
0.00 j 100 ziw 3,'00 u'w S‘h 0. .50 .00 £ 0
Mruss Mirnes
Processed Channel: PDA Ch2 Processed Channel: PDA Ch2
214nm@1.2nm 214nm@1.2nm

Yirrs {in)
PDA Ch2214om@12m 1015 14805 207 T2

1| PDA Ch22140m@1 20m QB75 TSIBS  40.40 426756
PDA Ch22140m@1 20m 1122 829883 6703 255450

wiortion Refertion

FroomwdChanal R Maa A Hagh FroomudChonsl L TRTL s %Aee Hegh
1

2 | PDA Ch2 2140m@1 2om 1118 788578 50.51 11862 2

racemic sample selective sample



Experimental Part - 115

tert-Butyl (25,3S,7)-3-formyl-2-(nitromethyl)dodec-9-enoate (10j)

O CO,Bu
k/\/NOZ

(Z)-Undec-8-enal (126.21 mg, 750 umol, 1.50 equiv), H-DPro-Pro-Glu-NH>
(85 ug, 0.25 ymol, 0.05 mol%) and 4-hydroxy-4-methylpentan-2-one (0.12 L,
1.0 umol, 0.2 mol%) were dissolved in CHCIz//PrOH (9:1, 1.0 mL) and fert-butyl
nitroacrylate (86.6 mg, 500 umol, 1.0 equiv) was added. The reaction was
stired for 16 h at room temperature and the reaction mixture filtered through
siica (washed with CH>Cl, 5.0 mL). After removal of the solvents the residue
was purified by column chromatography (silica, pentane/ethyl acetate, 5:1).
tert-Butyl (25,3S.Z)-3-formyl-2-(nitromethyl)dodec-9-enoate was isolated as a
colorless oil (165 mg, 483 umol, 97%).

TH-NMR (400 MHz, CDCl3) &: 9.64 (d, J = 0.8 Hz, 1H), 5.72 — 5.04 (m, 2H), 4.85
(dd, J = 14.4, 9.3 Hz, 1H), 4.34 (dd, J = 14.4, 4.3 Hz, 1H), 3.55 (ddd, J = 9.5, 5.5,
4.3 Hz, 1H), 2.74 (dddd, J = 7.9, 5.4, 4.0, 0.9 Hz, 1H), 2.10 - 1.94 (m, 5H), 1.78
(tdd, J =11.4,5.9, 3.5 Hz, 1H), 1.43 (s, 9H), 1.40 - 1.29 (m, 6H), 0.95 (t, J = 7.5 Hz,
3H).

13C-NMR (101 MHz, CDClg) &: 201.11, 169.45, 132.11, 128.83, 83.34, 73.26, 51.06,
42.94, 29.49, 29.23, 27.93, 27.30, 27.00, 26.01, 20.66, 14.50.

Chiral separation: SFC (CO»), OD-3 SFC, 8% MeOH, 2.0 mL/min, 40 °C

Rt major = 1.232 min, Rt minor 1.317 min. (see remarks, page 89)
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tert-Butyl (25,3S5)-3-formyl-4-methyl-2-(nitromethyl)pentanoate (10k)

O C_:OQTBU
L __NO,

PN

3-Methylbutanal (80.8 uL, 750 umol, 1.50 equiv), H-DPro-Pro-Glu-NHz (85 ug.
0.25 umol, 0.05 mol%) and 4-hydroxy-4-methylpentan-2-one (0.12 uL, 1.0 ymol,
0.2mol%) were dissolved in CHCI3/PrOH (9:1, 1.0 mL) and tert-butyl
nitroacrylate (86.5 mg, 500 umol, 1.0 equiv) was added. The reaction was
stired for 16 h at room temperature and the reaction mixture filtered through
silica (washed with CH>Cl, 5.0 mL). After removal of the solvents the residue
was purified by column chromatography (silica, pentane/ethyl acetate, 5:1).
tert-Butyl (25,3S)-3-formyl-4-methyl-2-(nitromethyl)pentanoate was isolated as
a colorless oil (126.5 mg, 487 umol, 98% yield).

1H-NMR (400 MHz, CDCls) 5: 9.80 (d, J = 1.4 Hz, 1H), 4.81 (dd, J = 14.4, 10.2 Hz,
1H), 4.35 (dd, J = 14.4, 3.1 Hz, 1H), 3.52 (ddd, J = 10.2, 7.0, 3.1 Hz, 1H), 2.78 (td,
J=72, 1.4Hz 1H), 2.27 = 1.85 (m, 1H), 1.44 (s, 9H), 1.13 (dd, J = 19.0, 6.8 Hz,
6H).

13C-NMR (101 MHz, CDCls) &: 202.76, 170.26, 83.12, 73.46, 56.92, 42.48, 27.94,
27.91,21.49, 19.69.

Chiral separation was achieved by derivatisation to the corresponding
alcohol (see Chapter 8.8).
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7.8 Analytical Data of Catalysis Product Derivatives
Isopropyl (25,35)-3-(hydroxymethyl)-2-(nitromethyl)pentanoate

O  CO,Pr NaBH, OH CO,Pr
- N02 : NOQ

; MeOH,0°C, 2h
Et Et

In a 5 mL flask isopropyl (2S,3S)-3-formyl-2-(nitromethyl)pentanoate (10b,
115.6 mg, 500 umol, 1.00 equiv) was dissolved in MeOH (1.0 mL) under argon
atmosphere at 0 °C. NaBH4 (18.9 mg, 500 umol, 1.00 equiv) was added in one
portion and the reaction mixture was stirred for 2 h at 0 °C. The solvents where
removed under reduced pressure and the orange solid was purified by
column chromatography (silica, pentane/ethyl acetate) to result in isopropyl
(2S,3S)-3-(hydroxymethyl)-2-(nitromethyl)pentanoate as a colorless oil (93 mg,
398.7 umol, 80% vyield).

TH-NMR (400 MHz, CDClg) &: 5.06 (heptd, J = 6.3, 1.3 Hz, 1H), 4.93 (ddd, J =
14.7, 10.6, 0.9 Hz, 1H), 4.43 (dd, J = 14.7, 3.7 Hz, 1H), 3.80 — 3.65 (m, 1H), 3.58
(ddd, J = 11.4, 7.0, 1.2 Hz, 1H), 3.52 - 3.33 (m, 1H), 1.99 — 1.90 (m, 1H), 1.90 -
1.80 (m, TH), 1.38 (p, J = 7.5 Hz, 2H), 1.24 (ddd, J = 11.5, 6.3, 0.9 Hz, éH), 0.97
(td, J =7.5,0.9 Hz, 3H).

13C-NMR (101 MHz, CDCls) &: 171.70, 73.67, 69.42, 62.68, 44.58, 42.75, 21.82,
21.68, 21.57, 12.04.

HRMS : ESI [M+Na] calculated: 256.1155, measured: 256.1160 m/z.

IR [cm1]: 3512 (broad), 2970, 1722, 1556, 1377, 1105.

Chiral separation: SFC (CO3), IC-3 SFC, 8% MeOH, 2.0 mL/min, 40 °C

Rt minor = 0.793 min, Rt major 0.903 min. (see remarks, page 89)
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tert-Butyl (25,35)-3-(hydroxymethyl)-2-(nitromethyl)pentanoate

O CO,'Bu NaBH, OH CO,'Bu
~_NO, ~_NO,

ET MeOH, 0°C, 1.5h ET

In a 5 mL flask the tert-butyl (2S,3S)-3-formyl-2-(nitromethyl)pentanoate (10c¢,
122 mg, 500 umol, 1.00 equiv) was dissolved in MeOH (1.0 mL) under argon
atmosphere at 0 °C. NaBH4 (18.9 mg, 500 umol, 1.00 equiv) was added in one
portion and the reaction mixture was stired for 1.5 h at 0 °C. The solvents
where removed under reduced pressure and the orange solid was purified
by column chromatography (silica, pentane/ethyl acetate) to result in tert-
butyl (28,3S5)-3-(hydroxymethyl)-2-(nitromethyl)pentanoate as a colorless oil
(105.3 mg, 426 umol, 85% yield).

TH-NMR (400 MHz, CDCls) 8: 4.89 (dd, J = 14.6, 10.6 Hz, 1H), 4.38 (dd, J = 14.6,
3.8 Hz, 1H), 3.73 (dd, J = 11.3, 4.1 Hz, 1H), 3.60 (dd, J = 11.3, 7.2 Hz, 1H), 3.41
(dt, J =10.7, 4.0 Hz, TH), 1.93 (tdd, J = 7.2, 4.2, 3.0 Hz, TH), 1.73 (s, TH), 1.46 (s,
9H), 1.43-1.33 (m, 2H), 0.99 (t, J = 7.4 Hz, 3H).

13C-NMR (101 MHz, CDCl3) &: 171.25, 82.67, 73.91, 62.98, 45.26, 42.77, 28.05,
21.51, 12.11.

Chiral separation: SFC (CO»), AD-3 SFC, 5% MeOH, 2.0 mL/min, 40 °C

Rt minor = 0.852 min, Rt major 0.952 min. (see remarks, page 89)
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tert-Butyl (25,3S5)-4-hydroxy-3-methyl-2-(nitromethyl)butanoate

O CO,Bu NaBH, OH CO,'Bu
~__NO, ~_NO,

: MeOH,0°C, 1.5h  :

In a 5 mL flask the tert-butyl (2S,3S)-3-methyl-2-(nitromethyl)-4-oxobutanoate
(10d, 115 mg, 500 umol, 1.00 equiv) was dissolved in MeOH (1.0 mL) under
argon atmosphere at 0 °C. NaBH4 (18.9 mg, 500 umol, 1.00 equiv) was added
in one portion and the reaction mixture was stired for 1.5 h at 0 °C. The
solvents where removed under reduced pressure and the orange solid was
purified by column chromatography (silica, pentane/ethyl acetate) to result
in tert-butyl (25,3S)-4-hydroxy-3-methyl-2-(nitromethyl)butanoate as a colorless
oil (81.8 mg, 350 mmol, 70% yield).

TH-NMR (400 MHz, CDCls) 8: 4.83 (dd, J = 14.5, 10.5 Hz, 1H), 4.41 (dd, J = 14.5,
4.2 Hz, 1H), 3.73 = 3.47 (m, 2H), 3.35 (dt, J = 10.6, 4.4 Hz, 1H), 2.06 (pt, J = 7.2,
4.8 Hz, TH), 1.91 (s, 1H), 1.47 (s, 9H), 0.95 (d, J = 7.1 Hz, 3H).

13C-NMR (101 MHz, CDCl3) &: 170.55, 82.78, 74.46, 65.66, 45.63, 36.09, 28.09,
13.51.

HRMS: ESI [M+Na] calculated: 256.1155 m/z, measured 256.1150 m/z.

Chiral separation: SFC (CO3), IC-3 SFC, 5% MeOH, 2.0 mL/min, 40 °C

Rt minor = 1.150 min, Rt major 1.288 min. (see remarks, page 89)
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tert-Butyl (25,3S5)-3-(hydroxymethyl)-2-(nitromethyl)hexanoate

O  CO,Bu NaBH,4 OH c__:oszu
. N02 NOQ

: MeOH,0°C,1.5h
Pr Pr

In a 5 mL flask tert-butyl (2S,3S)-3-formyl-2-(nitromethyl)hexanoate (10e,
129 mg, 500 umol, 1.00 equiv) was dissolved in MeOH (1.0 mL) under argon
atmosphere at 0 °C. NaBH4 (18.9 mg, 500 umol, 1.00 equiv) was added in one
portion and the reaction mixture was stired for 1.5 h at 0 °C. The solvents
where removed under reduced pressure and the orange solid was purified
by column chromatography (silica, pentane/ethyl acetate) to result in tert-
butyl (28,3S)-3-(hydroxymethyl)-2-(nitromethyl)hexanoate as a colorless oil
(65 mg, 248 umol, 50% yield).

TH-NMR (400 MHz, CDCl3) 3: 4.88 (dd, J = 14.6, 10.6 Hz, 1H), 4.38 (dd, J = 14.6,
3.8 Hz, 1H), 3.70 (dd, J = 11.3, 4.1 Hz, 1H), 3.57 (dd, J = 11.3, 7.3 Hz, 1H), 3.39
(dt, J =10.6, 3.9 Hz, TH), 2.11 = 1.94 (m, TH), 1.81 (s, TH), 1.46 (s, 9H), 1.44 - 1.20
(m, 4H), 1.05-0.83 (m, 3H).

13C-NMR (101 MHz, CDCls) &: 171.26, 82.66, 73.90, 63.32, 45.27, 40.81, 30.67,
28.04, 20.64, 14.21.

HRMS: ESI [M+Na] calculated: 284.1468 m/z, measured 284.1472 m/z.

Chiral separation: SFC (CO3), IC-3 SFC, 8% MeOH, 2.0 mL/min, 40 °C

Rt minor=1.101T min, Rt major 1.191 min. (see remarks, page 89)
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tert-Butyl (25,35)-3-(hydroxymethyl)-2-(nitromethyl)heptanoate

O CO,Bu NaBH, OH CO,'Bu
- NO, : NO,

: MeOH,0°C, 1.5h -

In a 5 mL flask tert-butyl (2S,3S)-3-formyl-2-(nitromethyl)heptanoate (10f,
136 mg, 500 umol, 1.00 equiv) was dissolved in MeOH (1.0 mL) under argon
atmosphere at 0 °C. NaBH4 (18.9 mg, 500 umol, 1.00 equiv) was added in one
portion and the reaction mixture was stired for 1.5 h at 0 °C. The solvents
where removed under reduced pressure and the orange solid was purified
by column chromatography (silica, pentane/ethyl acetate) to result in tert-
butyl (28.3S5)-3-(hydroxymethyl)-2-(nitromethyl)heptanoate as a colorless oil
(99.5 mg, 361 umol, 72% yield).

TH-NMR (400 MHz, CDCls) é: 4.88 (dd, J = 14.6, 10.7 Hz, 1H), 4.38 (dd, J = 14.6,
3.8 Hz, 1H), 3.70 (dd, J = 11.3, 4.2 Hz, 1H), 3.57 (dd, J = 11.3, 7.2 Hz, 1H), 3.39
(dt, J =10.7, 3.9 Hz, TH), 2.05-1.94 (m, TH), 1.81 (s, TH), 1.46 (s, 9H), 1.39 - 1.23
(m, 6H), 0.90 (t, J = 6.8 Hz, 3H).

13C-NMR (101 MHz, CDCl3) &: 171.27, 82.63, 73.90, 63.31, 45.33, 41.08, 29.64,
28.24, 28.04, 22.88, 14.05.

Chiral separation: SFC (CO»), OJ-3 SFC, 2% MeOH, 2.0 mL/min, 40 °C

Rt minor = 0.826 min, Rt major 0.953 min. (see remarks, page 89)
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tert-Butyl (25,3S5)-3-(hydroxymethyl)-2-(nitromethyl)hex-5-enoate

O CO,Bu NaBH, OH CO,'Bu
~__NO, _NO,

: MeCH, 0°C, 1.5h H
7 7

In a 5 mL flask tert-butyl (2S,3S)-3-formyl-2-(nitromethyl)hex-5-enoate (10g,
128.6 mg, 500 umol, 1.00 equiv) was dissolved in MeOH (1.0 mL) under argon
atmosphere at 0 °C. NaBH4 (18.9 mg, 500 umol, 1.00 equiv) was added in one
portion and the reaction mixture was stired for 1.5 h at 0 °C. The solvents
where removed under reduced pressure and the orange solid was purified
by column chromatography (silica, pentane/ethyl acetate) to result in tert-
butyl (25,35)-3-(hydroxymethyl)-2-(nitromethyl)hex-5-enoate as a colorless oil
(67.6 mmol, 261 ymol, 52% yield).

TH-NMR (400 MHz, CDCl3) &: 5.88 — 5.67 (m, 1H), 5.20 — 5.03 (m, 2H), 4.89 (dd,
J=14.6,10.6 Hz, 1H), 4.41 (dd, J = 14.6, 3.7 Hz, 1H), 3.76 — 3.54 (m, 2H), 3.40 (dft,
J=10.7, 3.7 Hz, 1H), 2.24 -2.07 (m, 3H), 1.47 (s, 9H).

13C-NMR (101 MHz, CDCls) 8: 171.09, 135.38, 118.06, 82.75, 73.72, 63.13, 44.99,
40.72, 33.34, 28.06.

HRMS: ESI [M+Na] calculated: 256.1155 m/z, measured 256.1150 m/z.

Chiral separation: SFC (CO»), OD-3 SFC, 5% MeOH, 2.0 mL/min, 40 °C

Rt minor = 0.889 mMin, Rt major 0.974 min. (see remarks, page 89)
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tert-Butyl (25,35)-3-(hydroxymethyl)-4-methyl-2-(nitromethyl)pentanoate

O CO,Bu NaBH, OH CO,'Bu
~__NO, ~_NO,

: MeOH, 0°C, 1.5 h :
PN PN

In a 5 mL flask tert-butyl (2S,3S)-3-formyl-4-methyl-2-(nitromethyl)pentanoate
(10k, 129.6 mg, 500 umol, 1.00 equiv) was dissolved in MeOH (1.0 mL) under
argon atmosphere at 0 °C. NaBH4 (18.9 mg, 500 umol, 1.00 equiv) was added
in one portion and the reaction mixture was stired for 1.5 h at 0 °C. The
solvents where removed under reduced pressure and the orange solid was
purified by column chromatography (silica, pentane/ethyl acetate) to result
in tert-butyl (25,3S)-3-(hydroxymethyl)-4-methyl-2-(nitromethyl) pentanoate as
a colorless oil (82.9 mg, 317 umol, 63% yield).

TH-NMR (400 MHz, CDCl3) 8: 4.95 (dd, J = 14.8, 11.0 Hz, 1H), 4.43 (dd, J = 14.8,
3.1 Hz, 1H), 3.74 (dd, J = 11.3, 3.4 Hz, 1H), 3.66 (dd, J = 11.3, 6.4 Hz, 1H), 3.48
(ddd, J =11.0, 4.6, 3.0 Hz, TH), 1.91 = 1.81 (m, 1H), 1.80 = 1.69 (m, 1H), 1.50 {s,
1H), 1.45 (s, 9H), 1.01 (dd, J = 16.4, 6.6 Hz, 6H).

13C-NMR (101 MHz, CDCl3) &: 172.06, 82.39, 73.52, 61.33, 47.29, 44.73, 28.00,
26.81, 21.45, 20.21.

Chiral separation: SFC (CO3), IC-3 SFC, 5% MeOH, 2.0 mL/min, 40 °C

Rt minor = 0.901 min, Rt major 1.059 min. (see remarks, page 89)
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(2S,3S5)-2-Ethyl-4,4,4-trifluoro-3-(nitromethyl)butan-1-ol

CF4 NaBH, OH CFs

NO,

MeOH, 0°C, 1.5h :
Et

In a 5 mL flask the (2S,3S)-2-ethyl-4,4,4-trifluoro-3-(nitromethyl)butanal (16, 106
mg, 500 umol, 1.00 equiv) was dissolved in MeOH (1.0 mL) under argon
atmosphere at 0 °C. NaBH4 (18.9 mg, 500 umol, 1.00 equiv) was added in one
portion and the reaction mixture was stired for 1.5 h at 0 °C. The solvents
where removed under reduced pressure and the orange solid was purified
by column chromatography (silica, pentane/ethyl acetate) to result in
(2S,3S)-2-ethyl-4,4,4-trifluoro-3-(nitromethyl)butan-1-ol as a colorless oil (72.2
mg, 335 umol, 67% yield).

TH-NMR (400 MHz, CDCls) &: 4.85—-4.41 (m, 2H), 4.03 - 3.77 (m, 1H), 3.76 — 3.65
(m, TH), 3.47 (dtd, J = 9.6, 6.0, 3.3 Hz, 1H), 1.93 (dddd, J = 11.5, 6.8, 4.7, 3.5 Hz,
1H), 1.73-1.39 (m, 3H), 1.04 (t, J = 7.4 Hz, 3H).

13C-NMR (101 MHz, CDClg) é: 71.62, 61.41, 43.31 (g, J = 26.2 Hz), 39.75, 29.71,
21.90, 11.90.

19F-NMR (377 MHz, CDCls) 5: -67.84.

Chiral separation: SFC (CO»), AD-3 SFC, 2% MeOH, 2.0 mL/min, 40 °C

Rt minor = 1.398 min, Rt major 1.4921 min. (see remarks, page 89)
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7.9 Towards Tetraponerine Structure
Methyl (25,35)-3-(1,3-dioxolan-2-yl)-2-(nitromethyl)pentanoate (27a)

tfriethyl orthoformate

O gOQMe gf?syllfne glycol (o cone
Et toluene
16 h, rt et

Methyl (2S,3S)-3-formyl-2-(nitromethyl)pentanoate (10a, 213 mg, 1.05 mmol,
1.00 equiv) was dissolved in toluene (6 mL) and triethyl orthoformate (192 uL,
1.15 mmol, 1.10 equiv), ethylene glycol (63 uL, 1.15 mmol, 1.10 equiv) and
para-toluenesulfonic acid monohydrate (22 mg, 105 umol, 0.10 equiv) were
added. The reaction mixture was stired at room temperature for 16 h and
subsequently concentrated under reduced pressure to obtain a colorless oil.
After purification by column chromatography (silica, pentane/ethyl acetate,
5:1)  methyl  (25,35)-3-(1,3-dioxolan-2-yl)-2-(nitromethyl)pentanoate  was
obtained as a colorless oil (215 mg, 868 umol, 53% yield).

TH-NMR (400 MHz, CDCl3) 6: 4.92 (dd, J =15.2, 10.6 Hz, 1H), 4.78 (d, J = 3.1 Hz,
1H), 4.44 (dd, J = 15.2, 2.8 Hz, 1H), 4.00 — 3.75 (m, 4H), 3.72 (s, 3H), 3.48 (ddd,
J=10.6,4.3,2.8Hz, 1H), 2.42 (dddd, J =8.2, 6.4, 4.3, 3.1 Hz, 1H,), 1.72-1.59 (m
1H), 1.49 - 1.33 (m, TH), 1.03 (t, J = 7.4 Hz, 3H).

13C-NMR (101 MHz, CDClz) 6: 172.55, 104.44, 72.41, 65.08, 64.81, 52.42, 43.52,
42.00, 20.91, 12.08.

HRMS: ESI [M+H] calculated: 248.1129 m/z, measured: 248.1133 m/z.

IR [cm-1]: 2894, 1732, 1539, 1378, 1244.

Rf = 0. 21 (silica, pentane/ethyl acetate, 5:1).
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tert-Butyl (25,3S5)-3-(1,3-dioxolan-2-yl)-2-(nitromethyl)pentanoate (27b)

friethyl orthoformate

Cl) CO,'Bu ethylene glycol O  CO,Bu
: -TSA i
Et toluene Et
16 h,rt

Tert-butyl (2S,3S)-3-formyl-2-(nitromethyl) (10c, 1,14 g, 5.14 mmol, 1.00 equiv)
was dissolved in toluene (14 mL) and friethyl orthoformate (940 uL, 5.65 mmol,
1.10 equiv), ethylene glycol (315 L, 5.65 mmol, 1.10 equiv) and
para-toluenesulfonic acid monohydrate (97.7 mg, 514 umol, 0.10 equiv) were
added. The reaction mixture was stired at room temperature for 16 h and
subsequently concentrated under reduced pressure to obtain a colorless oil.
After purification by column chromatography (silica, pentane/ethyl acetate,
5:1)  ftert-butyl (25,35)-3-(1,3-dioxolan-2-yl)-2-(nitromethyl)pentanoate  was
obtained as a colorless oil (1.11 g, 4,19 mmol, 82% yield).

TH-NMR (400 MHz, CDCl3) 6: 4.83 (dd, J =15.0, 10.9 Hz, 1H), 4.78 (d, J = 3.4 Hz,
1H), 4.38 (dd, J = 15.0, 2.9 Hz, 1H), 3.97 - 3.74 (m, 4H), 3.38 (ddd, J = 10.9, 4.3,
3.0 Hz, 1H), 2.34 (dddd, J = 8.0, 6.2, 4.3, 3.4 Hz, 1H), 1.72 - 1.31 (m, 2H), 1.44 (s,
9H), 1.03 (t, J = 7.5 Hz, 3H).

13C-NMR (101 MHz, CDCl3) &: 170.73, 104.44, 81.86, 72.66, 64.83, 64.57, 43.31,
43.03, 27.81(3C), 20.64, 11.86.

HRMS: ESI [M+Na] calculated: 312.1418 m/z, measured: 312.1420 m/z.

IR [cm1]: 2972, 1724, 1554, 1368, 1154.

Rf = 0. 34 (silica, pentane/ethyl acetate, 2:1).
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Methyl (25,3S5)-3-(dimethoxymethyl)-2-(nitromethyl)pentanoate (28)

@) C_ZOQMe

| NO,
: MeO Y
t 16 h, rt 3

MeO C_:OQMG

-TSA, MeCOH
P . NO,

Methyl (2S,3S)-3-formyl-2-(nitromethyl)pentanoate (10a, 208 mg, 1.02 mmol,
1.00 equiv) was dissolved in methanol (7.5 mL) at room temperature and
para-toluenesulfonic acid monohydrate (162 mg, 852 umol, 0.83 equiv) was
added. The reaction mixture was stirred for 16 h followed by concentration
under reduced pressure to result in a yellow oil. Saturated ag. NaHCO3 (5 mL)
was added and the aqueous layer was extracted with CH2Cl2 (3 x 5 mL). The
combined organic layers were dried over MgSOs4, concentrated under
reduced pressure and purified by flash column chromatography (silica,
pentane/ethyl acetate, 2:1) result in methyl (25,3S)-3-(dimethoxymethyl)-2-
(nitromethyl)pentanoate as a colorless oil (50.4 mg, 202 umol, 20% yield).

TH-NMR (400 MHz, CDCl3) 6: 4.90 (dd, J =15.2, 10.5 Hz, 1H), 4.45 (dd, J = 15.2,
3.0 Hz, TH), 4.14 (d, J = 4.4 Hz, 1H), 3.72 (s, 3H), 3.42 (ddd, J = 10.5, 4.3, 2.9 Hz,
1H), 3.37 (s, 3H), 3.32 (s, 3H), 2.33 (ddt, J = 8.5, 6.2, 4.4 Hz, 1H), 1.66 - 1.47 (m,
1H), 1.41-1.25 (m, 1H), 1.00 (t, J = 7.4 Hz, 4H).

13C-NMR (101 MHz, CDCl3) &: 172.74, 107.05, 72.71, 56.57, 55.37, 52.36, 43.67,
42.51,21.20, 12.08.

HRMS: ESI [M+Na] calculated: 272.1105 m/z, measured: 272.1111 m/z.

IR [cm1]: 2956, 1735, 1553, 1376, 1200.

Rf = 0. 19 (silica, pentane/ethyl acetate, 2:1).



128 - Experimental Part

Methyl (25,35)-2-(aminomethyl)-3-(1,3-dioxolan-2-yl)pentanoate (29a)

{o cone In (10 equiv) {o CO,Me
N02 AcOH :

Et 60 min, rt IiE‘r

Methyl (2S,3S)-3-(1,3-dioxolan-2-yl)-2-(nitromethyl)pentanoate (27a, 1.30 g,
5.28 mmol, 1.00 equiv) was dissolved in AcOH (105 mL) and freshly activated
zinc powder (3.50 g, 53.53 mmol, 10.00 equiv) was added. The grey reaction
mixture was stired at room temperature for 1 h. The suspension was filtered
through celite and the residue washed with ethyl acetate (2x20 mL). The
organic filtfrate was partly concentrated under reduced pressure followed by
addition of toluene (100 mL). After concentration under reduced pressure,
the resulting red oil was redissolved in toluene (2 x 100 mL) concentrated
each time under reduced pressure. The slight red solid was purified by
column chromatography (silica, CH2Clo/MeOH, 4:1) to yield the acetic acid
salt of the product (1.40 g, 5.07 mmol, 96% yield) as a colorless crystalline
solid. The residue was redissolved in sat. ag. NH4Cl (50 mL) and KoCOs3 was
added portionwise until pH 9 was reached. The aqueous layer was extracted
with ethyl acetate (9 x 100 mL) and the combined organic layers were dried
over MgSOy4. After concentration under reduced pressure methyl (25,35)-2-
(aminomethyl)-3-(1,3-dioxolan-2-yl)pentanoate was obtained as colorless oil
(677 mg, 3.12 mmol, 59% yield).

TH-NMR (400 MHz, CDCl3) &: 4.83 (d, J = 4.2 Hz, 1H), 3.97 - 3.75 (m, 4H), 3.68 (s,
3H), 3.07 (dd, J = 13.0, 9.4 Hz, 1H), 2.79 (dd, J = 13.0, 3.8 Hz, 1H), 2.67 (ddd,
J=9.1,5.1,3.8Hz 1H), 2.03 (tdd, J = 6.2, 4.8, 4.0 Hz, 1H), 1.59 - 1.35 (m, 2H),
0.95 (t, J =7.5Hz, 3H).

13C-NMR (101 MHz, CDCl3) &: 175.22, 105.12, 64.98, 64.83, 51.58, 48.63, 43.87,
41.12,20.78, 12.43.

HRMS: MALDI [M+H] calculated: 218.1387 m/z, measured: 218.1387 m/z.

IR [cm-]: 3957, 2879, 1724.

Rf = 0. 20 (silica, CH2Clo/MeOH, 4:1).
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tert-Butyl (25,35)-2-(aminomethyl)-3-(1,3-dioxolan-2-yl)pentanoate (29b)

O CO,Bu Zn (10 equiv)

O CO,Bu
- ACOH ( -

Et 60 min, rt Er

tert-Butyl (25,35)-3-(1,3-dioxolan-2-yl)-2-(nitromethyl)pentanoate (27b, 366 mg,
1.27 mmol, 1.0 equiv) was dissolved in AcOH (25 mL) under argon. Freshly
activated zinc powder (830 mg, 12.7 mmol, 10.0 equiv) was added. Reaction
was stired at room temperature for 60 min. The suspension was filtered
through celite and washed with ethyl acetate (2 x 10 mL). The resulting
solution was partly concentrated under reduced pressure, toluene (20 mL)
was added, followed by full evaporation under reduced pressure. The
resulting slightly red oil was resuspended in toluene (2 x 20 mlL) and
concentrated under reduced pressure. The resulting amber crude solid was
purified by flash column chromatography (silica, CH2Clo/MeOH, 4:1) to give
the acetic acid salt of the product (270.7 mg, 0.85 mmol, 70% yield) as a
slightly yellow colorless crystaline solid.

TH-NMR (300 MHz, DMSO) &: 4.77 (d, J = 4.4 Hz, 1H), 4.42 (s, 3H), 3.89 - 3.70 (m,
4H), 2.82 (dd, J = 12.8, 9.3 Hz, 1H), 2.67 (dd, J = 12.8, 4.4 Hz, 1H), 2.54 -2.51 (m,
1H), 1.84 (m, 1H), 1.40 (s, 9H), 1.50 - 1.29 (m, 2H), 0.91 (t, J = 7.5 Hz, 3H).
13C-NMR (101 MHz, CDCl3) &: 172.79, 104.39, 79.67, 64.36, 64.12, 48.03, 43.37,
40.38, 27.73, 19.83, 12.42.

HRMS: MALDI [M+H] calculated: 260.1856 m/z, measured: 260.1858 m/z.

IR [cm-1]: 2965, 2755, 1720, 1617, 1558, 1393.

Rf = 0. 28 (silica, CH2Clo/MeOH, 4:1).
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Methyl (35,4S5)-4-ethyl-3,4-dihydro-2H-pyrrole-3-carboxylate (2é6a)

HCI (1 M, 1,4-dioxane)

O COoMe H,O
H COQMG
g)\/\/ N H2 oC N\Q’

1,4-dioxane, 2.5 h, 50 s
Et ‘Et

Methyl (2S,3S)-2-(aminomethyl)-3-(1,3-dioxolan-2-yl)pentanoate  (29a, 299
mg, 1.38 mmol, 1.00 equiv) was dissolved in 1,4-dioxane (21 mL) and HCI (4 m
in 1,4-dioxane 6.9 mL, 27.5 mmol, 20.00 equiv) was added at room
temperature. The reaction mixture was heated to 50 °C for 2 h followed by
stiring at room temperature for 3 h. MIBE (70 mL) was added and NEt3
(4.00 mL, 54.5 mmol, 39.00 equiv) was added dropwise. The suspension was
filtered through a plug of silica and the silica was flushed with MTBE (25 mL).
The reaction mixture was concentrated under reduced pressure and methyl
(3S,4S5)-4-ethyl-3,4-dihydro-2H-pyrrole-3-carboxylate was obtained as a yellow
oil (126 mg, 882 umol, 60% yield).

TH-NMR (400 MHz, CDClg) 8: 7.41 (tt, J =2.4,0.9 Hz, TH), 4.21 (ddt, J =16.1, 9.3,
2.3 Hz, 1H), 4.00 (dddd, J = 16.1, 6.7, 2.6, 1.8 Hz, 1H), 3.71 (s, 3H), 3.16 (dtt,
J=7.6,6.5 24Hz 1H), 2.73 (dt, J = 9.3, 6.8 Hz, 1H), 1.76 — 1.45 (m, 2H,), 0.99 {(t,
J=7.4Hz, 3H,)

13C-NMR (101 MHz, CDCl3) &: 175.17, 168.95, 64.86, 55.89, 52.27, 46.54, 24.97,
11.78.

HRMS: EI [M+H] calculated: 155.0946 m/z, measured: 155.0944 m/z.

IR [cm-]: 2956, 1730, 1191.

Rf = 0. 19 (silica, MTBE); 0.85 (silica, CH2Clo/MeCH, 4:1).
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tert-Butyl (35,45)-4-ethyl-3,4-dihydro-2H-pyrrole-3-carboxylate (26b)

HCI (1 M, 1,4-dioxane)

{o COfBU  h0 NQ,COQfBu
O)\/'\/NHQ L/
Bt

IiE‘r 1,4-dioxane, 2.5 h, 50 °C

tert-Butyl (2S,3S)-2-(aminomethyl)-3-(1,3-dioxolan-2-yl)pentanoate (29b,
50 mg, 156 umol, 1.00 equiv) was put under argon atmosphere, dissolved in
dry 1,4-dioxane (21 mL) and water (2,8 pL, 156 umol, 1.00 equiv), then HCI (in
1,4-dioxane, 4 M, 782 L, 3.13 mmol, 20.00 equiv) was added. The reaction
was heated to 50 °C for 130 min and allowed to cool to room temperature.
MTBE was added followed by dropwise addition of freshly distilled NEt3 (1 mL)
during vigorous stirring. The resulting suspension was filtered through silica and
was thoroughly washed with MTBE. The solvent was evaporated under
reduced pressure and the crude was purified by flash column
chromatography (silica, Et2O/pentane, 2:1) to yield in fert-butyl (3S,4S)-4-
ethyl-3,4-dihydro-2H-pyrrole-3-carboxylate (20 mg, 101 umol, 65% vyield) as a
colorless oil.

TH-NMR (400 MHz, CDClg) 6: 7.39 (tt, J =2.4,0.9 Hz, 1H), 4.18 (ddt, J =16.1, 9.3,
2.3 Hz, 1H), 3.96 (dddd, J = 16.1, 6.8, 2.6, 1.8 Hz, 1H), 3.12 - 3.03 (m, 1H), 2.63
(dt, J = 9.3, 6.8 Hz, TH), 1.68 (dgd, J = 13.6, 7.5, 6.1 Hz, 1H), 1.57 = 1.47 (m, 1H),
1.45 (s, 9H), 0.99 (t, J = 7.4 Hz, 3H).

13C-NMR (101 MHz, CDCl3) &: 173.95, 169.10, 80.98, 64.96, 55.88, 47.84,
28.20(3H), 25.07, 11.90.

HRMS: ESI [M+H] calculated: 198.1494 m/z, measured: 198.1489 m/z.

IR [cm1]: 2956, 1723, 1365, 1144,

Rf = 0.85 (silica, CH2Clo/MeOH, 4:1).
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Di-tert-butyl (1S5,2S5,75,85)-1,7-diethyl-5-oxodecahydrodipyrrolo[1,2-a:1',2'-c]
pyrimidine- 2,8-dicarboxylate (24a)

O
o O N
t
N COQ*BU HO)J\/U\SPMP Q‘COQ Bu
\ Etri.. N 5
Et
Et THF, 16 h, rt

TBU()QC

tert-Butyl (3S,4S5)-4-ethyl-3,4-dihydro-2H-pyrrole-3-carboxylate (12 mg, 61 umol
1.00 equiv) was dissolved in dry THF (300 uL), then catalyst 32 and MATH (20,6
mg, 91 umol 1.50 equiv) were added. The reaction was stired at r.t. for 1
hour. The reaction was fully concentrated under reduced pressure and
purified by flash column chromatography (silica, pentane/ethyl acetate, 2:1)
to afford di-tert-butyl (1S5,25,75,85)-1,7-diethyl-5-oxodecahydrodipyrrolo[1,2-
a:1',2'-c]pyrimidine-2,8-dicarboxylate (7 mg, 29 umol, 48% yield) as a white
solid.

TH-NMR (400 MHz, CDCl3) 6: 3.84 - 3.78 (m, 1H), 3.76 — 3.65 (m, 2H), 3.22 (dd,
J=8.9,55Hz 1H), 2.75 (t, J =8.9 Hz, 1H), 2.70 - 2.55 (m, 3H), 2.49 (dd, J = 17.2,
5.7 Hz, 1H), 2.34 (td, J = 17.4, 14.2, 6.8 Hz, 2H), 1.95 (p, J = 6.8 Hz, 1H), 1.74
(ddd, J =13.0, 7.4, 4.8 Hz, 1H), 1.53 (dq, J = 10.9, 7.7 Hz, 3H), 1.45 (s, 9H), 1.45
(s, 9H), 0.98 (dt, J = 14.8, 7.5 Hz, 6H).

13C-NMR (101 MHz, CDClg) &: 173.51, 172.11, 167.37, 81.58, 81.04, 80.22, 65.58,
50.46, 50.31, 49.04, 47.94, 47.01, 46.38, 36.11, 28.22, 28.12, 26.77, 24.08, 12.23,
11.08.

HRMS: ESI [M+H] calculated: 198.1494 m/z, measured: 198.1489 m/z.

IR [cm']: 2974, 1715, 1634, 1363.
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6-(4-Methoxybenzyl) 2,8-dimethyl (1S,2S,6R,6aS,7S5,85,10aS)-1,7-diethyl-5-oxo
decahydrodipyrrolo[1,2-a:1',2'-c]pyrimidine-2,6,8-tricarboxylate (24b)

Iv\eOQC

Methyl (3S,4S)-4-ethyl-3,4-dihydro-2H- pyrrole-3-carboxylate (14.5 mg, 67 umol,
1.00 equiv) was dissolved in CH2Clx (9.3 mL, 0.01 M). 4-Methoxybenzyl 3-((4-
methoxyphenyl)thio)-3-oxopropanoate (MTM, 39.1 mg, 113 umol 1.70 equiv)
was added followed by eCDU (32, 2.8 mg, 4.8 umol, 0.07 equiv). The reaction
was stired at room temperature for 2 weeks. The solution was then filtered
through a plug of silica with ethyl acetate (5 mL), fully concentrated under
reduced pressure and purified by flash column chromatography (silica,
pentane/ethyl acetate, 2:1) to afford the tertaponerine derivative (7.4 mg,
14.3 umol, 43% yield) as a colorless ail.

TH-NMR (400 MHz, CDCl3) &: 7.34-7.28 (m, 2H), 6.90-6.84 (m, 2H), 5.14 (s, 2H),
4.22 (d, J = 9.5 Hz, 1H), 3.80 (s, 3H), 3.84-3.66 (m, 2H), 3.72 (s, 3H), 3.69 (s, 3H,
C), 3.40 (d, J =8.5 Hz, TH), 3.25 (dd, J = 8.6, 3.7 Hz, 1H), 3.01 (t, J = 8.7 Hz, 1H),
2.97-2.92 (m, 1H), 2.76 (dt, J = 10.6, 9.2 Hz), 2.72 (td, J = 8.0, 5.7 Hz, 1H,), 2.33 (1,
J = 9.6, 62 Hz, 1H), 2.15 (tdd, J = 7.1, 5.6, 3.7 Hz, 1H), 1.68-1.51 (m, 2H),
1.45-1.33 (m, 2H), 0.96 (t, J = 7.5 Hz, 3H), 0.78 (t, J = 7.4 Hz, 3H).

13C-NMR (101 MHz, CDCl3) &: 174.22, 173.23, 170.06, 163.12, 159.85, 130.44,
127.83, 114.04, 78.31, 67.59, 67.24, 55.44, 52.47, 52.39, 52.28, 50.11, 48.10, 47.95,
47.22, 46.96, 45.02, 27.54, 23.76, 11.90, 10.88.

HRMS: ESI [M+H] calculated: 198.1494 m/z, measured: 198.1489 m/z.

IR [cm1]: 2956, 1729, 1651, 1244, 1166.

Rf = 0.38 (silica, penatane/ethyl acetate, 2:1).
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6-(4-methoxybenzyl)  8-methyl (15,2S,75,85)-2-acetyl-1,7-diethyl-é-fluoro-5-
oxodecahydrodipyrrolo[1,2-a:1',2'-c]pyrimidine-6,8-dicarboxylate (24c)

Et CH,Cly, 16 h, rt

MGOQC
Methyl  (3S,4S)-4-ethyl-3,4-dihydro-2H-  pyrrole-3-carboxylate (120 mg,
77.3 umol, 1.00 equiv) was dissolved in CH2Cl, (0.6 mL). 4-methoxybenzyl 2-

fluoro-3-((4-methoxyphenyl)thio)-3-oxopropanoate (F-MTM, 31.0 mg, 85 umol
1.10 equiv) was added followed by eCDU (32, 2.8 mg, 4.8 umol, 0.05 equiv).
The reaction was stired at room temperature for 16 h. The solution was then
filtered through a plug of silica with ethyl acetate (3 mL), fully concentrated
under reduced pressure and purified by flash column chromatography (silica,
pentane/ethyl acetate, 2:1) to afford the tertaponerine derivative (15.4 mg,
29.7 umol, 78% yield) as a colorless oil.

TH-NMR (400 MHz, CDClg) &: 7.34 = 7.29 (m, 2H), 6.89 — 6.84 (m, 2H), 5.29 - 5.13
(m, 2H), 4.24 - 4.19 (m, 1H), 3.80 (d, J = 1.1 Hz, 4H), 3.77 (d. J = 1.8 Hz, 1H), 3.73
(s, 3H), 3.68 (s, 3H), 3.24 (dd, J = 25.5, 3.6 Hz, TH), 3.23-3.17 (m, 1H), 2.95 (td, J
= 8.6, 2.7 Hz, 1H), 2.81 (dt, J = 10.7, 9.3 Hz, TH), 2.74 - 2.58 (m, 2H), 2.52 — 2.38
(m, TH), 1.76 - 1.47 (m, 2H), 1.42 - 1.21 (m, 2H), 0.98 (t, J = 7.5 Hz, 3H), 0.73 (t, J
= 7.4 Hz, 3H).

13C-NMR (101 MHz, CDCls) 6: 173.18, 172.80, 160.09, 136.34, 130.80, 126.98,
115.29, 114.09, 78.64, 70.82, 70.63, 68.12, 55.43, 52.55, 52.31, 47.92, 47.69, 47.35,
46.94, 44,79, 42.37, 27 .86, 23.54, 11.92, 10.72.

HRMS: ESI [M+H] calculated: 535.2450 m/z, measured: 535.2448 m/z.

IR [cm1]: 2957, 1732, 1668, 1244, 1173.

Rf = 0.53 (silica, penatane/ethyl acetate, 2:1).
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6-(4-methoxybenzyl) 2,8-dimethy! (1S5,25,6S,6aS,75,85,10aS)-6-chloro-1,7-
diethyl-5-oxodecahydrodipyrrolo[1,2-a:1',2'-c]pyrimidine-2,6,8-tricarboxylate
24d

Et CH,Cly, 16 h, 1t

MeO,C

Methyl (3S,4S)-4-ethyl-3,4-dihydro-2H- pyrrole-3-carboxylate (11.0 mg, 70.1
umol, 1.00 equiv was dissolved in CH2Clz (0.6 mL). 4-methoxybenzyl 2-chloro-
3-((4-methoxyphenyl)thio)-3-oxopropanoate (CI-MTM, 32.0 mg, 84 umol
1.10 equiv) was added followed by eCDU (32, 2.8 mg, 4.8 umol, 0.05 equiv).
The reaction was stired at room temperature for 16 h. The solution was then
filtered through a plug of silica with ethyl acetate (3 mL), fully concentrated
under reduced pressure and purified by flash column chromatography (silica,
pentane/ethyl acetate, 2:1) to afford the tertaponerine derivative (9,3 mg,
16.9 umol, 48% yield) as a colorless ail.

TH-NMR (400 MHz, CDCl3) 6: 7.35 - 7.29 (m, 2H), 6.90 - 6.85 (m, 2H), 5.30 - 5.10
(m, 2H), 3.93 (ddd, J =12.8, 7.8, 0.7 Hz, 1H), 3.83 - 3.76 (m, 3H), 3.74 — 3.68 (m,
6H), 3.68 — 3.58 (m, 2H), 3.04 (d, J = 6.5 Hz, 1H), 2.84 — 2.70 (m, 2H), 2.69 — 2.62
(m, 1H), 2.57 - 2.47 (m, 1H), 1.78 (ddt, J = 14.2, 7.5, 4.0 Hz, 1H), 1.59 - 1.49 (m,
1H), 1.20-1.03 (m, 2H), 0.97 (t,J = 7.5 Hz, 3H), 0.74 (t, J = 7.3 Hz, 3H).

13C-NMR (101 MHz, CDCls) 6: 173.58, 173.03, 166.63, 162.22, 160.12, 130.97,
126.89, 114.07, 80.63, 73.28, 70.73, 68.93, 55.44, 52.54, 52.45, 50.84, 48.86, 47.31,
4713, 44.75, 44.28, 26.34, 23.91, 11.54, 10.68.

HRMS: ESI [M+H] calculated: 551.2155 m/z, measured: 551.2150 m/z.

IR [cm1]: 2958, 1730, 1664, 1242, 1172.

Rf = 0.10 (silica, penatane/ethyl acetate, 2:1).
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1-(tert-Butyl) 3-methyl (3S5,4S)-4-ethylpyrrolidine-1,3-dicarboxylate (31a)

1) NaBH,, MeCOH,
CO,Me 40 min, 0°C

2) Boc,O, THF 3
100 min, rt Et

Bt

Methyl (3R,4S)-4-ethyl-3,4-dihydro-2H-pyrrole-3-carboxylate (15.9 mg,
102 umol) was dissolved in methanol (2 mL) and cooled to 0°C. Sodium
borohydride (4.9 mg, 122 umol, 1.20 equiv) was added portionwise. The
solution was stired at 0 °C for 50 min, the solvent was evaporated under
reduced pressure and dry THF (2 mL) was added. Boc2O (51.1 mg, 204 umol,
2.00 equiv) was added and the reaction was stired at room temperature for
100 min. The solvent was evaporated under reduced pressure and the
resulting crude product was purified by flash column chromatography (silica,
CH2Cl2/MeOH, 49:1) to afford 1-(fert-Butyl) 3-methyl (3S,4S)-4-ethylpyrrolidine-
1,3-dicarboxylate compound (18.2 mg, 70.7 umol, 69% yield) as a colorless oil.

TH-NMR (400 MHz, CDClg) &: 3.70 (s, 3H), 3.75-3.65 (m, 1H) 3.61 (ddd, J = 13.6,
7.6,4.7 Hz, TH), 3.48 (g, J = 10.6 Hz, 1H), 2.96 (9, J = 10.5 Hz, 1H), 2.68 (h, J = 8.6,
7.9 Hz, 1H), 2.42-2.24 (m, 1H), 1.61 (dp, J = 19.4, 7.0, 6.0 Hz, 1H), 1.45 (s, 9H.),
1.42-1.15 (m, 1H), 0.91 (t, J = 7.5 Hz, 3H).

13C-NMR (101 MHz, CDCl3) &: 173.59, 154.35, 79.58, 52.13, 51.08, 50.78, 48.93,
48.90, 48.59, 48.09, 44.24, 43.52, 28.63, 25.62, 12.21.

HRMS: ESI [M+Na] calculated: 280.1519 m/z, measured: 280.1525 m/z.

IR [cm]: 2964, 1736, 1693, 1401, 1166.

Rf = 0.61 (silica, CH2Clo/MeOH, 49:1).
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di-tert-Butyl (35,4S)-4-ethvylpyrrolidine-1,3-dicarboxylate (31b)

1) NaBH4, MeOH,
NQ,coszu 40 min, 0° C BOC_N:TCOQTBU
\
2) Boc,O, THF P
Et 100 min, rt Et

tert-Butyl (3S,45)-4-ethyl-3,4-dihydro-2H-pyrrole-3-carboxylate (50  mg,
253 umol, 1.00 equiv) was dissolved in dry methanol (5 mL) and cooled to
0 °C. Sodium borohydride (11.5 mg, 304 pumol, 1.20 equiv) was added
portionwise. The solution was stired at 0 °C for 50 min, the solvent was
evaporated under reduced pressure and dry THF (5 mL) was added. Boc2O
(110.6 mg, 507 umol, 2.00 equiv) was added and the reaction was stired at
room temperature for 100 min. The solvent was evaporated under reduced
pressure and the resulting crude product was purified by flash column
chromatography (silica, pentane/ethyl acetate, 5:1) to afford di-fert-butyl
(3S,4S5)-4-ethylpyrrolidine-1,3-dicarboxylate (50 mg, 167 umol, 65% vyield) as a
colorless oil.

TH-NMR (400 MHz, CDCl3) &: 3.73 — 3.66 (m, 1H), 3.65 — 3.59 (m, 1H), 3.45 (q,
J=9.7,8.7 Hz, 1H), 2.96 (dt, J = 14.0, 9.9 Hz, 1H), 2.59 (p, J = 8.9 Hz, 1H), 2.39 -
2.24 (m, 1H), 1.64 (dqg, J = 13.5, 7.0 Hz, 1H), 1.50 — 1.44 (m, 18H), 1.41 - 1.30 (m,
1H), 0.95 (t, J = 7.5 Hz, 3H).

13C-NMR (101 MHz, CDCl3) &: 172.21, 154.28, 81.00, 79.33, 51.04, 50.70, 49.97,
49.15, 48.81, 48.64, 43.86, 43.41, 28.51, 28.05, 25.52, 12.16.

HRMS: ESI [M+H] calculated: 322.1989 m/z, measured: 322.1993 m/z.

IR [cm]: 2970, 1694, 1365, 1143.
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7.10 Other Compounds

(2-Nitroethyl)benzene (8b)

NaBH,

o NO, NO,
©/\/ 1.4-dioxane/EtOH (10:3) ©/\/

30°C,2h

(2-Nitroethyl)benzene was synthesized according to a known procedure.[14%]

In a 100 mL flask NaBH4 (1.07 g, 28.16 mmol, 2.10 equiv) was suspended in
1,4-dioxane/EtOH (10:3, 26 mL) at 30 °C. Nitrostyrene (6a, 2.00 g, 13.41 mmol,
1.00 equiv) in 1,4-dioxane (20 mL) was added dropwise. The reaction mixture
was stired at 30 °C for 2 h. The mixture was poured into ice water (200 mL)
and extracted with CH2Clz (4 x 100 mL). The organic layer was dried over
MgSO4 and the solvents removed under reduced pressure. The residue was
purified by column chromatography (silica, pentane/ethyl acetate, 5:1) and
(2-nitroethyl)benzene was obtained as colorless solid (800 mg, 13.41 mmol,
40% yield).

TH-NMR (300 MHz, CDCls) &: 7.40 — 7.27 (m, 3H), 7.25 - 7.16 (m, 2H), 4.62 (1,
J=7.4Hz 2H), 3.33 (t, J = 7.4 Hz, 2H).

13C-NMR (101 MHz, CDClg) 8: 135.75, 129.10, 128.70, 127.58, 76.41, 33.59.

HRMS: ESI [M+NH4] calculated: 151.0633 m/z, measured 151.0630 m/z.

IR [cm-1]: 3063.2, 3029.7, 2919.1, 1544.5, 1495.1, 1458.1, 1403.2, 1376.6, 1222.1,
1182.5, 1182.5, 1082.5, 1029.7, 969.0, 861.6, 749.5, 696.9.

The data are in agreement with the literature.l14%]
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7.11 X-Ray Crystal Structures

H-DPro-Pro-Glu-NH: (4a)

Single crystals of H-DPro-Pro-Glu-NH2 were obtained by vapour diffusion with
CHCI3/MeOH (9:1) as solvent. A suitable crystal was selected and measured
on a Bruker Apexll D8 (Mo) diffractometer at 100 K.

Crystal Data for 2 x (CisH24N4Os): space group P212121, a = 6.30511(13) A,
b =23.8334(6) A, c =24.6841(5) A, a =B =v=90° V = 3709.32(15)A3, 7 =8,
T=99.99 K, uy(MoKa) = 2.800 mm-1, Dcaic = 1.433 g/mm3, 5374 reflections.
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Methyl (2S,3S)-2-(aminomethyl)-3-(1,3-dioxolan-2-yl) pentanoate (27a)

Single crystals were obtained by vapour diffusion with CHCIz as solvent. A
suitable crystal was selected and measured on a Bruker Apexll D8 (Mo)
diffractometer at 100 K.

Crystal Data for CioH17NOg: space group P212121, a = 5.5560 (1) A,
b=14.5067(2) A, c=14.8131(3) A, a =B =y =90° V = 1193.92(4)A3, 7 = 4,
T=99.99 K, uy(MoKa) = 0.974 mm-1, Dcaic = 1.375 g/mm3, 2021 reflections.
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Ethyl (2E,4E)-5-nitfropenta-2,4-dienoate (37aq)

Single crystals were obtained by vapour diffusion with CH2Cl, as solvent. A
suitable crystal was selected and measured on a Bruker Apexll D8 (Mo)
diffractometer at 100 K.

Crystal Data for C;HsNO4: space group P -1, a = 5.0375(6) A, b =7.3688(10) A,
c = 120999(17) A, a = 94528(7)°, B = 98.775(5)°. v =101.000(5)°,
V= 43303(10) A3, 7 = 2, T=99.99 K, u(MoKa) = 0.109 mm-, Deac = 1.313
a/mm3, 749s reflections.
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Ethyl (2E,4E)-5-nitropenta-2,4-dienoate dimer (37b-cb)

Single crystals of were obtained by vapour diffusion with CH2Cl, as solvent. A
suitable crystal was selected and measured on a Bruker Apexll D8 (Mo)
diffractometer at 100 K.

Crystal Data for CisH2N2Os: space group P -1, a = 9.1609 (10) A,
b=13.6826(15) A, c = 15.0413(17) A, o = 87.867(2)°, B = 76.382(2)°,
y=86.581(2)°, V = 1828.6(4) A3, 7 = 4, T=99.99 K, u(MoKa) = 0.109 mm-!,
Dcalc = 1.345 g/mm3, 6127 reflections.
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2-(6-Methyl-4,8-dioxo-1,3,6,2-dioxazaborocan-2-yl)acetaldehyde (4é6a)

Single crystals of were obtained by vapour diffusion with CHCIz as solvent. A
suitable crystal was selected and measured on a Bruker Apexll D8 (Mo)
diffractometer at 100 K.

Crystal Data for C7Hi10BNOs: space group P 42 b ¢, a = 14.2486(3) A,
b=14.2486(3) A, c = 8.5448(3) A, o =B =y=90° V = 1734.79(10) A3, Z = 8,
T=99.99 K, uy(MoKa) = 1.093 mm-T, Dcaic = 1.524 g/mm3, 858 reflections.
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2-(4,8-Dioxo-6-phenethyl-1,3,6,2-dioxazaborocan-2-yl)acetaldehyde (46b)

Single crystals of were obtained by vapour diffusion with CHCIz as solvent. A
suitable crystal was selected and measured on a Bruker Apexll D8 (Mo)
diffractometer at 100 K.

Crystal Data for CisHisBNOs: space group P 42/n, a = 20.6429(2) A,
b =120.6429(2) A, c = 6.6759(1) A, a =B =y=90° V = 2844.80(7) A3, Z = 8,
T=99.99 K, uy(MoKa) = 0.204 mm-1, Dcaic = 1.402 g/mm3, 2624 reflections.
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9.1 Additional Experiments

9.1.1 Stopped-Flow Experiments Using Acetic Acid

For a detailed experimental procedure see chapter 9.1.1.

absorbance at 490 nm [Abs.]

cat. (1 mol%)

Ph/\/NOQ HJJ\/\/NOQ
. butanal (5a, 1.5 equiv) =
1.0 Et
(1.0 equiv) AcOH (0 or 1 mol%)
6a CHCIs/PrOH (9:1), 0.5 M, rt 7a
catalyst:

0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

average 5s-10s
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9.1.2
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9.1.3 Time Dependent Adduct Preformation

o NH,
T"//\COQH
N 5a (1.5 equiv)
4a (1.0 mol%) o afl.oequivi o co,Bu
MeO N02 . NO
E/\\/ CD30H/CDCls (1:9) \_N._0 4a HJ\/\/ ’
, rt, 0.8 M, X min “ NO Ef 10c
(1.0 equiv) quant . N/QO
9c AN
MeO
100 - —
= 807 yd
5 60 A /
5 5 s adduct formation
> 40 A B 5 min adduct formation
9 B 40 min adduct formation
20 A 300 min adduct formation
O =i T T T T T 1
0 10 20 30 40 50 60

fime [min]

Figure 9-1: Effect by prolonged pre-adduct formation. Product formation was monitored by
in situ IR spectroscopy at 1563 cm-!. The reaching of full conversion was confirmed by 'TH-NMR
spectroscopy.
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9.1.4 Time Dependent Enamine Formation

9.1.4.1 Increased Aldehyde Concentration
O

O  CO,Bu
4a (0.2 mol%) =2
fBUOQC\/\NOQ + H)H - H)J\/\/NOQ
. Ef CHCI3/'PrOH (9:1) Et
(1.0 equiv) (X equiv) 0.5 M, rt, quant
9c 5a 10c
100 A
— 80 1
I
G 60 1
% B 1.5equiv2
Z 40 1 W 3.0 equiv2
3
20 A
O - T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90
fime [min]

Figure 9-2: Effects of aldehyde concentration. Product formation was monitored by in sifu IR
spectroscopy at 1563 cm-'. The conversion was determined by 'H-NMR spectroscopy.

9.1.4.2 Aldol Addition Product Additive for Nitrostyrene
0 4a (1.0 mol% )

O Ph
13b (x mol%) -
Ph%/\NOQ_,. H)H H)J\/\/NOQ
Et CHCl3/'PrOH (9:1) £t
(1.0 equiv) (1.5 equiv) 0.5 M, rt, quant
éa 5a 7a
100 ~
— 80 -1
B
_5 60 A
) W ho additive
£ 40 1 m 0.2 mol% 13b
18]
20 A
O T T T T T T T T T T T 1
0 20 4 60 80 100 120 140 160 180 200 220

fime [min]

Figure 9-3: Effect of adol addtion product additon. Product formation was monitored by in
situ IR spectroscopy at 1563 cm-'. The conversion was determined by 'TH-NMR.
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9.1.4.3 Aldol Addition Additive in Conjugate Additions to CF3-Nitroolefins

(1.0 equiv)

4a (1.0 mol%
T 13b( (x mol%)) e Eh
F3C\/\NOQ + H H)J\/\/NOQ
Et CHCl3/'PrOH (9:1) Et
(1.5 equiv) 0.5 M, rt, quant
5a 16

15

100

80

60

40

conversion [%)]

20

| no additive
m 1 mol% 13b
B 0.2 mol% 13b

10 20 30 40 50 60 70 80 90
fime [min]

Figure 9-4: Effect of adol addtion product additon. Product formation was monitored by in
situ IR spectroscopy at 1563 cm-'. The reaching of full conversion was confirmed by 'H-NMR

spectroscopy.
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9.1.5 Stereochemistry Determination of Tetraponerines by NMR
Spectroscopy
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TH-NMR (400 MHz, CDCls) &: 7.34-7.28 (m, 2 H, H6), 6.90 - 6.84 (m, 2 H, H8), 5.14
(s, 2 H, H11), 422 (d, J = 9.5 Hz, 1 H, H9), 3.80 (s, 3 H, H12), 3.84-3.66 (m, 2 H,
H21/H17), 3.72 (s, 3 H, H13/H14), 3.69 (s, 3 H, H13/H14), 3.40 (d, J = 8.5 Hz, 1 H,
H15), 3.25 (dd, J = 8.6, 3.7 Hz, 1 H, H10), 3.01 (1, J = 8.7 Hz, 1 H, H18), 2.97-2.92
(m, 1 H, H17), 2.76 (dt, J = 10.6, 9.2 Hz, 1 H, H21), 2.72 (td, J = 8.0, 5.7 Hz, 1 H,
H20), 2.33 (tt, J = 9.6, 6.2 Hz, 1 H, H19), 2.21 (m, 1 H, H16) 2.15 (tdd, J = 7.1, 5.6,
3.7 Hz, 1 H, H15), 1.68-1.51 (m, 2 H, H23), 1.45-1.33 (m, 2 H, H22), 0.96 (t, J = 7.5
Hz, 3 H, H25), 0.78 (1, J = 7.4 Hz, 3 H, H24).

13C-NMR (101 MHz, CDCls) &: 174.22 (C2), 173.23 (C2), 170.06 (C3), 163.12 (C4),
159.85 (C5), 130.44 (C6), 127.83 (C7), 114.04 (C8), 78.31 (C9), 67.59 (C10),
67.24 (C11), 55.44 (C12), 52.47 (C13), 52.39 (C14), 52.28 (C15), 50.11 (C16),
48.10 (C17), 47.95 (C18), 47.22 (C19), 46.96 (C20), 45.02 (C21), 27.54 (C22),
23.76 (C23), 11.90 (C24), 10.88 (C25).
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