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Introduction

A Introduction — Synthesis and applications of cydpropanated furan and
pyrrole derivatives

1 Introduction

Cyclopropanated furan and pyrrole derivatives regmé a class of highly valuable
compounds with unique structural features that hHasen utilized in a number of elegant
synthetic approaches so far. Their versatile red@gtmakes them powerful intermediates and
allows for various orthogonal functionalizationdamansformations. This account will focus

on compounds with the general substructuresasfd2 (figure 1).

hydrogenation
ozonolysis ydrog

cyclopropane

cycloadditions opening

free-radical

addition of ¢ nedat
functionalization

E* and Nu

1,5-electrocyclizations

Figure 1. General structure of cyclopropanated furan (X =a@jl pyrrole (X = NR) derivatives and possible
transformations of them.

Figure 1 illustrates the core structure of the title commasiand the general scope for their
further transformation. A brief history of the filgerature precedents will be given, followed
by recent methods for the preparation of compodik#sl and 2, with a special focus on
enantioselective reactions. In addition, applicaion the synthesis of natural products and
other synthetically useful compounds will be présdn Cyclopropanated benzofurans and
indoles as well as doubly cyclopropanated furang heso been described, but will not be

covered in here.
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2 Methods for the preparation of cyclopropanated fuan and pyrrole derivatives

The first examples of cyclopropanated furans datekbto the 1960s, wheNliller and
co-workers used diazomethane and copper(l)-brofadé¢he cyclopropanation of furan to
synthesize homofurah (X = O, R = R = R® = H).[1] While cyclopropanation of furan by
photo-induced decomposition of diazo compounds ahasady reported in 1958 §chenck
and SteinmefR2, 3] the decomposition of diazoesters catalyzgdirhodium tetraacetate for
cylopropanation reactions of furan itself and datiies thereof was carried out Wenkert et
al. in the 1990s.[4-6] Furthermore, they recognize@ fimtrinsic instability of the
unsubstituted furanocyclopropane moiety bearing@ster group at the three-membered ring,
which was put to an advantage with the synthestigifly unsaturated open-chain aldehydes
via ring opening / isomerization. More importantihe authors could already prove that
electron-withdrawing groups on the furan ring irage the stability of the cyclopropanated
adducts dramatically, thus allowing a multifacetetbow-up chemistry. On the other hand,
first efforts for the cylcopropanation of pyrroleertvatives and their application in
cycloaddition reactions were conductedrmwler in the early 1970s.[7-9] Copper complexes
with homoscorpionate based ligands were shown t@lde to catalyze cyclopropanation
reactions of furans, although only in racemic f¢h, 11] Current methods for the
enantioselective synthesis of cyclopropanated &irf@h and pyrrols 2) are based on the
decomposition of diazo compounds with chiral meinplexes.[12] Copper(l)-complexes
with chiral bis(oxazoline) (box5-7) or aza-bis(oxazoline) (azabo&,9) ligands have been
shown to be superior catalysts for intermoleculgclapropanation reactions of furans
(schemel).[13-15] However, only very few derivatives arecessible in enantiomerically

pure form so far (schenig lower par.
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Scheme 1Top: Enantioselective cyclopropanation of 2-methyl te8 reported byReiser et alDepending on
the absolute configuration of the applied ligandthbenantiomers of cyclopropank can be obtained in
enantiomerically pure form and multi-gram quanfit§] Bottom: Overview ofthe most successful results in
literature for enantioselectively cyclopropanatddfuwan and pyrrole derivatives with the appliedaind (or
catalyst) and the corresponding referemee yalues in brackets were obtained after recrygtithn).

Chiral rhodium(ll)-catalysts likelO have also emerged for such kind of transformations
however, with limited succes4@, 17).[16] For the preparation of cyclopropanated pas@
(seel7 and18) no direct asymmetric cyclopropanation reactioknewn so far. Nevertheless,
other methods for accessing enantiomerically gil8éhave been achieved (see main part
chapter B 1.3.1).[17, 18] New accomplishments and optimizations a$ymmetric
cyclopropanation reactions of furan and pyrrolav@gives will be presented in the main part
of the present thesis. In the following chaptersgiole transformations of the compounds

presented above will be discussed.

3 Transformations of cyclopropanated furans and pyroles

The simplest representatives of the title compouads homofuranl (X = O) and
homopyrrole 2 (X = NR). These molecules have been employed imanifold of

cycloaddition reactions, as they exhibit unique perties as masked 1,5-dipoles.[19-22]
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Under thermal activatiori, or 2 can rearrange to form compounds of tyfebeing a highly
reactive intermediate that can undergo [5+2] cyadii#on reactions with suitable dienophiles
to form seven-membered ring systeBiswith ease (schen®. By density functional theory
(DFT) calculations it was shown that homofutaand homopyrrol@ display relatively low
distortion energies for the reaction 16, which was claimed to be the main reason for their

ability to undergo metal-free [5+2] cycloadditicgactions.[23]

s s ‘/5 . MeOzc\N
/ 6 AT 4= e
sgy © o T B X exo-21

2

— N 5+2] exo-22

2

1(X=0) 19 20 o MeO.C- 23
2 (X =NR)

masked 1,5-
dipoles

endo-21 endo-22

Scheme 2 Reactivity of homofurard (X = O) and homopyrrol@ (X = NR). Under thermal conditiors or 2
can serve as masked 1,5-dipoles for [5+2] cycldamdreactions, yielding products lid-23.[7, 8, 23, 24]

Tanny and Fowlecould show that also cylopropanated pyrrole déinea bearing an ethyl
ester moiety at the 6-position are able to undeagalogous reactions with suitable
nucleophiles.[25] On the other hand, racemic cydppnated fura@4 was shown to undergo

a [4+2] cycloaddition reaction with diethyl azodioaxylate (DEAD).[26] Nevertheless,
applications of homofuran and homopyrrole derivedivare limited, and cyclopropanated
furan and pyrrole esterd,(15, 18, 24) proved to be superior building blocks for synthes
since access to enantiomerically pure materiakasible and possible transformations are
more diverse. Figur2 gives an overview of accessible target compou8s34) and details

on their syntheses and properties will be discusséuk following sections.
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R' H 24(X=0,R"=R2=H,R®=Et)
—Z/_:ymCOZRS 4(X=0,R'=H, R2= CO,Me, R® = Et)
R2 , 15 (X = O, R' = CO,Me, R2 = H, R® = tBu)
X H 18 (X = NBoc, R' = R2 = H, R3 = Me)
OBz
/R
= O
ﬁCOZH o Meozcv(N Lo o~ CO;
oo R
“() Boc NH,
0™ o \12
functionalized , ]
(--Roccellaric acid (25) Arglabin™(26) o ) oyrrolidin.2.ones (28) (S)-Vigabatrin (29)
Paraconic acids 9 (-)-Paeonilide (27)
refs. 31, 39 ref. 40 ref 45 ref. 18
HO Q H NH
H e HOCG % oo COaMe
(37 e 18 A,
oo NQH 0 " 0 Ny HO,C NHBoc
g LY379268 (32) B-ACCs (33)
histamine hH3R potent agonist for cis-4,5-disubstituted
(+)-Arteludovicinolide A (30) antagonists (31) group Il mGlu receptors pyrrolidinones (34)
ref. 41 ref. 47 ref. 29 refs. 17, 49-59 ref. 60

Figure 2. Overview of accessible compounds from cyclopropethaturan and pyrrole esters (mGlu =
metabotropic glutamate; ACC = aminocyclopropanemaylic acid).

3.1 Transformations of cyclopropanated furan derivdéives

A rhodium catalyzed cyclopropanation of furddwith diazo compoun®6 was used for the
total synthesis of racemic 12-hydroxyeicosatetraeeacid 38 by Fitzsimmonsand co-workers
via an intermediary cyclopropane and open-chaiehalde37 (scheme3).[27] Hereby, the
authors made use of the cyclopropane ring unraygdiocess introduced earlier Byenkert
et al[28]

= A
z COLH
e & -2 o
(¢] CgH
° ST cyclopropane X -CsH11

C5H11

35 36 37 38
12-hydroxyeicosatetraenoic acid

Scheme 3.Synthesis of 12-hydroxyeicosatetraenoic &8y Fitzsimmons et althrough cyclopropanation of
furan 35 with diazoesteB6 and subsequent cyclopropane unraveling.[27]

In 1999,Monn and colleagues synthesized bicyclic amino acid 192568 82) in ten steps

from furan esteR4 and found it to be a remarkably potent agonistgi@mup Il metabotropic
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glutamate (mGlu) receptors.[29, 30] A powerful nuetblogy for the construction of
trans-4,5-disubstituted/-butyrolactones43 from cyclopropanated furaéh was presented by
Reiserand co-workers,[13, 15, 31, 32] which enables dheess to a manifold of natural
products, including Paraconic acids, Eudesmangliddemanolides, Guaianolides and
Xanthanolides (schem#).[33-37] After ozonolytic cleavage of the doublend in 4 with
reductive work-up, a diastereoselective additiovarfous nucleophiles (Nu) to the aldehyde
function of 39 can be performed, which yields either tRelkin-Ahn or Cram-Chelate
products (depending on the nucleophile) in higledaelity.[36] Base-induced saponification
of the oxalic ester moiety i40 leads to donor-acceptor (DA) substituted cycloprapl,
which undergoes a retroaldol/lactonization sequgn@e42) to yield diversely substituted

lactones of typd3.

H OH

H Et H OC(0O)CO,Et
U \‘&/ FA control Nu/\lﬁ/
MeO2C™ o™y CO,Me CO,Me
4 39 40
OH COH QH CHO Paraconic acids
base - - Eudesmanolides
e | | T coMe Iﬁ ==+ Elemanolides
CO,Me CHO 07 >0 "Nu Guaianolides
Xanthanolides
41 42 43
retroaldol/lactonization sequence trans-4,5-y-butyrolactones

Scheme 4Synthetic sequence for the stereoselective praparaf trans-4,5-disubstituteg/-butyrolactonest3
as precursors for the synthesis of sesquiterpeioaiabdased natural products (FA-elkin-Ahn.[38]

This method has been applied successfully for tmestcuction of several natural products,
amongst them various Paraconic acids (e.g. Rocicefiaid 25),[31, 39] Arglabid™ 26[40]
and Arteludovicinolide A30 (see also figure?).[41] Another promising method for the
application of cyclopropanated furans is the aathlyzed cyclopropane ring opening
reaction followed by lactonization that is depictedschemeb. It has to be noted that related
transformations were reported earlier.[42, 43] Asapplication of this methodologys-fused
5-oxofuro[2,3b]furans of type44 and45 can be generated, with an carboxylic acid function
either in 2- or 3-positiondd and45) depending on the furan starting material beiregus

10
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HOC K H
B R'" H B
o 3 steps 7 T _wCO,R® _2steps Hozcmo
0770 45 2 4 070
i ref. R2N07 ref. 44 i
7 stefs/ \
OBz / 44 R"=CO,Me 150r4 R'=H 45
H R?=H R2 = CO,Me
R® = Bu R3 = Et spongiane diterpenoid
o natural products
o o
(-)-paeonilide

(0]
27

Scheme 5.Facile access ta@is-fused 5-oxofuro[2,3]furans of type44 and 45 based on acid-catalyzed
cyclopropane opening and subsequent lactonizataotirgy from 2- or 3-substituted furans.[44, 45]

While bicyclic lactone45 can serve as starting point into several spongditespenoid
natural products (e.g. Norrisolide, Macfarlandin@heloviolene A and B),[4644 has been
successfully used for the enantioselective synghesi(-)-Paeonilide27 in ten steps from
cyclopropane 15 (in 83% ee see main part chapteB 1.2 for details). Recently,
tetrahydrofuran derivative31 and various related compounds were prepared from
cyclopropanel as potent histamine hHeceptor antagonists (figug.[47]

3.2 Transformations of cyclopropanated pyrrole dewatives

In contrast to the furan derivatives presented abayclopropanated pyrroles have been
applied for the construction of a variety of bidkajly relevant nitrogen containing
compounds (figur@). For instance, so-callgttaminocyclopropanecarboxylic acid$ACCs
33)[17, 48-52] — conformationally constraingttamino acids — have been successfully
employed in a variety of artificial peptide sequesmcas rigidifying compounds. The
combination of33 with a-amino acids allowed in peptides the constructibnea secondary
structural motifs,[53] biologically active ligandsward Neuropeptide Y, Orexin and CPRG
receptors [54-57] as well as organocatalysts (sa@ ipart chapteB 4 for details).[58, 59]
Comparable to the procedure in schefm@an ozonolytic cleavage of the remaining double
bond in18 was again the key step for the preparation ofetlvesuable unnatural amino acids.
Besides opening the pyrrol ring that led to thetlsgsis of conformationally constrained
amino acids33, pyrrole derivativel8 could also be employed in transformations that
selectively open the cyclopropane ring. For examp® can be converted into
4-functionalized pyrrolidin-2-on28 within four steps. From there, multiple functioaations

11
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of 28, as well as the synthesis of){Vigabatrin 29 have been accomplished.[18]
Cyclopropan€l8 was also subjected toRovarovreaction for the construction of complex
heterocyclic compounds like4 and51 (schemeb).[60] In this case aromatic imines, which
are in situ formed from aldehydds$ or 48 and aniline derivative47 or 49, undergo a [4+2]

cycloaddition reaction with cyclopropanated pyrrb&in order to establish a six-membered

ring system.

H
: NH,  SC(OThs

«CO,Me
i J o\ XN 2 (5mol%)
% R _Gmoi%)

N "H (0] % MeCN, mw

Boc R2 rt—125°C

(+)-18 46 47 34
38-83% (11 examples)

Ph
H

; H /—co,me
. CO.Me CHO NH, Sc(OThs HN :
N H MeCN, mw H N

éoc nt— 125 °C

(1)-18 48 49 50 51
42% (major diastereomer)

Scheme 6.Lewis acid catalyzed multicomponent reactions for thexstmiction of complex heterocyclic
compounds$4 and51 (mw = microwaves, single fragments are color cadedlarity).[60]

Depending on the reaction conditions, these intdrates can react further in different
pathways to form eitheasis-4,5-disubstituted pyrrolidinone®t or compounds lik&1, where
pyrrole 50 was added as an external nucleophile for trapfhegintermediary iminium ion
resulting from cyclopropane openirigandaisandRenaud et alwere able to add phenylthiol
to a cyclopropanated pyrrole (X = NG@e, R = R? = H, R® = Et) under UV irradiation via a
free-radical mechanism, however, only in 32% yiatdl a 1:1 mixture of diastereomers for
this single example.[61] All in all, the literatuexamples presented above demonstrate the
synthetic utility of cyclopropanated furans andrpis. Moreover, it seems obvious that from
such a class of important molecules new and creadiwas for their transformations will arise
in the future. In the present thesis, attempts fbe optimization of heterocycle
cyclopropanation, as well as subsequent transfoomsatbf the latter were carried out. The
results are presented in the following.

12
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B Main part

1 Asymmetric cyclopropanations of furan and pyrrolederivatives

1.1 Synthesis of the ligands for asymmetric cycloppanation reactions

A central part of the present thesis deals with Hsymmetric cyclopropanation of
heterocyclic substrates using chiral copper(l)-clexgs. Thus, we have focused on the
application of the well-established aza-bis(oxamli (azabox) ligandss6 that were
developed in th®eisergroup[62, 63] and have already found various ss&faé applications

in asymmetric catalysis.[64-66] Structurally rethte the parent semicorriné®,[67-69] the
aza-semicorrine83,[70] and the bis(oxazolines) (bo%4),[71-75] azabox ligands combine
several positive aspects like accessibility from ¢hiral pool (starting from amino alcohols),
a high degree of diversity, and the potential ofctionalization and/or immobilization on the
central nitrogen atom (figur8).[76-80] One step further from box and azaboxrdgmwas
made byTang et alandGade et alwith the invention of tripodal tris(oxazoline) xoligands
with an additional binding site (figui®.[81, 82] However, the basis of box, azabox and to
ligands was made bRrunner et al. who introduced oxazolines to catalysis already in
1989.[83, 84]

o | Ry R o R
S o 0~ oo Oy
iy VD D D D
R R R R R R R R R R

52 53 54 55 56

semicorrin aza-semicorrin bis(oxazoline) tris(oxazoline) aza-bis(oxazoline)
box tox azabox

n=0,1 chiral pool synthesis

facile functionalization

Figure 3. General chemical structures of different N-contagnbi- and tridentate ligands for catalysis.

The original synthesis of azabox ligands publisired000 was based on the direct coupling
of two molecules of aminoxazolirfk? promoted by benzaldehyd® (method Atablel).[62]
Using this method it was possible to prepare ligawdth tert-butyl and iso-propyl
substituents, however, yields were not always fyaig and there was no access to
asymmetrically substituted ligands with a highegrée of diversity. In 2003Reiserand

13
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co-workers presented a new solution to such probl@emethod Btablel). Thus, by making
use of alkylated oxazolidinon&® as coupling partners with the established aminpalxzes
57 new types of ligands were accessible, partiallybétter yields.[63] Table gives an
overview of all so far synthesized azabox ligandsgh(free NH), the method of preparation,
as well as the corresponding yields of the finaipimg step, while figure4 shows the

chemical structures of the corresponding ligands.

NH N
) O~ 2 method A O @ method B OTNHZ OTOEt
S/N PhCHO, p-TSA S/N N\) p-TSA g/"‘ * S/N
toluene B toluene
1 1 2
R reflux R R reflux R R?
57 ref. 62 58 ref. 63 57 59

Table 1.Overview of all so far synthesized azabox ligafwdth free NH) from theReisergroup.

entry method R R ligand yield [%]
1% A iPr iPr 60 53
2" B iPr iPr 60 51
3Y A tBu tBu 8 58
4 B tBu tBu 8 92
5> B tBu Ph 63 64
5P B Ph Ph 61 35
67 B Bn Bn 62 35
79 B iPr H 64 69
89 B iPr gemdi-Me 65 57
9°9 B tBu H 66 62
100 B tBu gemdi-Me 67 59
119 A indanyl indanyl 68 26
129 B indanyl indanyl 68 68

a) ref. [62]; b) ref. [63]; c) reaction carried ait50 °C due to thermal lability 6fL; d) ref. [64]; e) ref. [85]; f)
ref. [86]; g) ref. [87].
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60 (R'=R2=iPr)
8 (R'=R2?=tBu)
61 (R'=R2=Ph)
62 (R'=R?=Bn)
63 (R' = tBu, R? = Ph)

H

H
o--N__0 o--N__0
T W.&T e
N Ny N N
'/R2 \:
R! R?
64 (R' = iPr, R? = H) 68
65 (R' = iPr, R? = Me)

66 (R' = tBu, R2=H)
67 (R' = tBu, R? = Me)

Figure 4. Overview of all so far synthesized azabox ligangish(free NH) from theReisergroup.

Schemer gives an overview of the exemplary synthesisedfbutyl-azabox8 following the

improved methodology.[63]

BrCN

MeOH, 0 °C
73%
OH OH
o NaBH,, I
NH2 “THF, reflux NH,
80%
69 70
g
Et0” “OEt
NaOEt, EtOH

reflux, 82%

90%

o-N__0o
7 p-TSA e T\)
PhMe, reflux N N—

nBuLi, RX
THF, -78 °C
o}
O
\f _ EtO'BFy o w o
NH DCM 0°C->rt \ \\)
90% N
72 73 /V

9 (R=Me, X=1; 85%)
74 (R = Bn, X = Br; 97%)

Scheme 7Exemplary reaction scheme for the synthesitedfbutyl substituted azabox ligar&ifollowing the
improved methodology dReiser et al.and functionalization of the central N-atom telgti9 and74.

Reduction of the amino aci8b according to a protocol dlcKennonand Meyer$88] yields
amino alcohols70 in good to excellent yields,[89] which serve aartgtg point for both
coupling partners. On the one haifl,is cyclized to the corresponding aminooxazoliidy
the use of in situ prepared cyanogen bromide (pobtof Poos et a).[90-92] On the other
hand, amino alcohdlO is transformed into ethoxyoxazoliid@ in a two-step procedure. First,
70 is cyclized to the oxazolidinon& by the use of diethylcarbonate under basic camuiti
and then alkylated usingeerwein’sreagent[93-95] to yield@3. The final acid catalyzed step
couples the aminooxazolingl with the ethoxyoxazolin€3 to yield azabox ligands in

varying yields, strongly depending on the naturehef substituents (see taldidor details).
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Further functionalization of the central nitrogertora can be readily achieved by
deprotonation witm-butyl lithium, followed by trapping with a suitabklectrophile (scheme
7). As the new synthesis of azabox ligandR&yser et al(schemée’; ref. [63]) was based on
studies byGawley et al.who investigated the reactivity of ethoxyoxazesii5 toward amine
nucleophiles (schent®,[96] the idea for developing a simpler approactheut the need for

an aminooxazoline came to our mind.

|

o] o~ o] N

g + N p-TSA T

N H benzene, reflux N

87%
75 76 77

Scheme 8Reaction of ethoxyoxazoling with secondary amingé6 investigated bysawley et a[96]

As was already shown bgawleyand co-workers, ethoxyoxazolines are capable adftirey
with secondary amines, thus, making use of the haglativity of 78, they could be applied
for a much more convenient synthesis of azaboxtigaBased on these resul® should
also react with ammonia or primary amines in orieform aminooxazolines of typeo.
These could further react with a second moleculeetbbxyoxazoline78 to form azabox

ligands with free NH or substituted derivativ8§)( respectively (schen.

R2 R?

| |
00O~ 0 -NH o-N_ 0o
g R2-NH, g 78 g \D
N -EtOH N -EtOH N N
R! R! R! R!

78 79 80

Scheme 9Proposed strategy for a more convenient synthésigabox ligand80 based on the condensation of
ammonia or primary amines with two equivalentslkylated oxazolidinonegs.

For the investigation of our proposed strategy aeechapplied two different nitrogen sources,
namely a solution of ammonia in methanol (7 M) &kbenzylamine. Main criteria for the
choice of amines were manageability (e.g. boilimgnf) and the potential resulting target
molecules. Furthermore, all experiments were oarroeit with iso-propyl substituted
ethoxyoxazoline75, as its starting materidl-valine is among the most abundant and
inexpensive alternatives herein (compared for mtstato tert-leucine 69). Table 2
summarizes the experiments carried out to studpihposed strategy.
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H

R
|
0O~ o--N-_0o o--N
g R-NH, T \D I
N solvent, temp. N N 4 N
/‘\

75 60 (R = H) 82
81 (R = Bn)

Ph

Table 2. Attempts for the preparation of azabox ligandsiisgct coupling with amines.

entry” N-source product solvent catalyst ~ temperature [°Clield [%]”
1 NHy/MeOH 60 MeOH - 50 8
2" NHz/MeOH 60 MeOH - 50 12
NHy/MeOH 60 MeOH - 80 16
BnNH, 82 toluene - 125 17
BnNH, 82 toluene p-TSA 125 84
6° 82 - toluene p-TSA 125 -

a) 1.89 mmol (2 equivy5, 0.95 mmol (1 equiv) R-Nk 0.09 mmol (0.1 equivp-TSA, 5 ml solvent, 24 h; b)
ratio 75/R-NH, (2:3); ¢) 0.95 mmoB2 (1 equiv), 4.75 mmor5 (5 equiv), 0.10 mmol (0.1 equip}TSA, 5 ml
toluene, 24 h, reflux; d) isolated yields after woh chromatography; e€) no azabox formed, yield of
mono-substitution produ@&2.

Looking at table? it can be seen that the reaction did indeed wouk,only in rather poor
yields. Reactions employing a solution of ammomamethanol (entries 1-3) resulted in
unsubstituted azabo&0 with yields between 8% and 16%. Usihgbenzylamine as the
nucleophile, only the mono-substitution prod®2 was obtained instead of the desired
azabox81 (entries 4-5). Moreover, an attempt of transfogng@condary amin82 into the
desiredN-benzyl-azabo81 with an excess of ethoxyoxazoliiié failed, probably due to the
high steric demand @82 (entry 6). In regard of the overall low yields fitnis approach no

further investigations were conducted.

Besides the well-known reactivity of ethoxyoxazebntoward nucleophiles, it is also known
that 2-chloro- and 2-bromooxazolines are capablendiergoing substitution reactions with a
variety of nucleophiles. This was first shown Bam and Plampin in 1964 when they
investigated the synthesis of new benzoxazole diwves as skeletal muscle relaxants
(schemel0).[97]

! Results are partially taken from the Bachelors ihie$ M. Halder (supervised by L. Pilsl).
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(\/ NMe,
o ¢ AN o- N0
T HoN NMe, R
N CHCla, reflux NN
27%
cl cl cl
83 84

Scheme 10Synthesis of aza-bis-benzoxaz8kefrom 2-chlorobenzoxazol3 by SamandPlampin

Although, the resulting double coupling prod@zt was rather an unwanted by-product in
their case, it nevertheless demonstrated the plss#of such substrates. More recently,
Bellemin-LaponnaandGade et alwere reacting 2-bromooxazolin85 with imidazoles for
the synthesis of N-heterocyclic carbene (NHC) ldg(schemél).[98]

-
— N-Ar
Br N/
OT Ny N-ar ° e o
N o N Br
THF, 50 °C Ar = 2,4 6-trimethylbenzene
A 80% A
85 86

Scheme 11Synthesis of NHC ligands from 2-bromooxazol8teby Bellemin-LaponnaandGade et a[82]

In terms of such a reactivity pattern, it seemedliegble to try substitution of
2-bromooxazolines with ammonia in order to obtamatox ligands (schemg?). Direct
lithiation of the 2H-oxazoline 87% by the use oftert-butyllithium, followed by in situ
bromination of the lithiated species with 1,2-dim@1,1,2,2-tetrafluoroethane is an

established methodology for the preparation of lmoxazolines.[99-101]

H
o) 1) tBuLi, THF, -78 °C N
h 2) BryCoF4, THF, -78 °C OT \W\C))
N N N
3) NHs/MeOH B
-78°Ctort N
87 8

Scheme 12Attempt for the direct lithiation-bromination-amtien strategy for the synthesis of azal®kased
on 2H-oxazolined7.

Due to the fact that bromooxazolines are not peemty stable and tend to isomerize,[100] it
was chosen to generate them in situ and directlyvexd them into the corresponding
aminoxazolines/azabox ligands. Subsequent substitudf the bromide with methanolic
ammonia was intended to yield an intermediary aoxaaoline of typer9, which could then
further react to the desired azabox ligahchemel2). However, this strategy did not lead

to any product formation, and upon the failureto$ tapproach no further efforts were made

2 Oxazoline87 was provided by M. Knorn.
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to study such coupling reactions in more detailth@ course of this project the established
synthesis procedure dReiser et aJ63] was applied for the preparation of the reqiiire

ligands.

1.2 Asymmetric cyclopropanation of furan derivatives

While cyclopropanation products of furan with diazetates have been shown to be rather
unstable and tend to rearrange (see also intral)dtlO, 12, 13, 102, 103] the
enantioselective cyclopropanation of furan-2-cagiox acid methyl ester3 is a
well-established process. It was developed irRéisergroup and is regularly performed on a
multi-gram scale in our laboratories.[13-15, 31}¢® then, this methodology was applied for
a variety ofy-butyrolactone-containing natural product synthEs2s34-36, 39-41] and other
synthetically useful compounds.[47, 60] In contrdéstan-3-carboxylic aci@8 was used as
starting point for the synthesis of (-)-Paeonilidg Harrar and Reiser[45] The key
intermediate for their synthesis was cyclopropah&teoic esterl5 from which on they were
able to synthesiz27 in ten steps and an overall yield of 14% (12 stdp$% vyield, 7.7%
brsm, starting from commercially available furame8boxylic acidd8). However, due to the
lack of complete stereocontrol during the crucigtlopropanation step, (-)-Paeonili@y
could only be prepared in a maximum of 83% enargigtnexcess. Schenis3 depicts an

overview of the synthesis of (-)-paeonilidéby Harrar and Reiser

HO,C MeO,C. H HOQ
D o= et = (I
o) 0" 4 o F| o]
88 15 (83% ee) 44
OBz
HO,C HOG H H
. ~SCOH  — 0 —=. o
0%, o7 o T-0
0
89 90

(-)-Paeonilide (27)
12 steps, 4.4% yield (7.7% brsm)

Scheme 13Enantioselective synthesis of (-)-Paeonil&itfrom 3-furoic acidd8 (via 15, 44, 89, 90) by Harrar
and Reisef45]
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Table 3 summarizes all so far reported attempts for trengoselective cyclopropanation of
91 (entries 1-8). When applying ethyldiazoacetate: ([B®) a maximum of 31% yield and 83%
ee could be reached (entry 1), while ftart-butyl substituted analogu5 38% vyield and
analogous 83%e could be realized in the best case so far (entrA$ these results display
the state-of-the-art for this important molecule @nvisioned to find a reasonable solution to

this problem.

MeO,C

o 0 o 0 o 0

MeO,c_ H 1. W><W 1 W><W N

m N7 COR z z—fy.\\cozR R %/N N\)<R Ph }N N\)<Ph S/N N\)
o Cu(OTf),, ligand R2 R? o) () k.

PhNHNH,, DCM O H O:g‘ 210
R'=H, R2= fBu) NH HN

- 5 .
91 R =Et, fBu 14 (R=Et) R® R4 R4 R3
15 (R = tBu) 6 (R'=H,R?=/Pr)
92 (R' = H, R2= Ph) 93 (R? = Me, R® = Boc) 8 (RS =H)
7 (R' = Ph, R?= CH,OH) 94 (R2=Me, R®=Ts) 9 (R%=Me)

Table 3. Asymmetric cyclopropanation of furan-3-carboxydicid methyl este®1.[14, 39, 45]

entry? R ligand temperature [°C] Cur/iz(;nd yield [%]" ee[%]?
17 Et 6 0 0.8 31 83
20 Et 5 0 0.8 22 74
3 Et 7 0 0.8 27 74
49 Et 93 0 0.8 31 68
59 Et 94 0 0.8 19 40
6” tBu 6 0 0.8 38 83
7 tBu 7 0 0.8 38 65
g tBu 92 0 0.8 34 19
9 tBu 8 0 0.5 55 92
10 tBu 9 0 0.5 38 94
11 tBu 8 -10 0.5 31 93
12 tBu 9 -10 0.5 21 92

13 tBu 8 0 0.5 47 89 (99)

a) 3.97 mmol (500 mgd1, 1 mol% Cu(OTf), 2.2 mol% ligand, 1 mol% PhNHNH1.5 equiv diazoester, 3 ml
DCM,; b) ref. [45]; c) ref. [39]; d) ref. [14]; e)QR.4 mmol (12.91 ¢91; f) isolated yield; g) determined by chiral
HPLC; h) 19%, > 99%eafter single recrystallization frompentane.

From earlier studies with box and azabox ligandssitknown that the derived copper
complexes predominantly form 1:2 complexes with tigand molecules bound to the metal
center,[66, 104] thus the ratio for our experiments set to 0.5 (1 mol% Cu/2.2 mol%
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ligand; entries 9-13in contrast to the former investigations (0.8triexs 1-8). When the two
applied ligands8 and9 are directly compareto each other one clearrecognizes that the
size of the substituent on the central nitrogemmais rather negligible with regard to
selectivity (92-94%ee¢ entries9-12). However, in terms of yield the ligand with thed NH8
shows significantly better results compared tonisthylated analogu9 (entries 9/10 and
11/12). Furthermorethe substantial influence of temperature on thdopmarce of the
reactions becomes obvious when comparing the y@fiagstries9 with 11, and 10 with 1
respectively. A significant drop of the yields footh catalysts becomes evident when
temperature is lowered from 0 °C-10 °C, independent of the @lged ligand (55% to 319
for 8, and 38% to 21% fo9). Best results were obtained when ustBu-azabox8 with free
NH at 0 °C, yieldingl5 in thus far surpassing 55% and excellent Cee. This observation
intrigued us to perform a large scale experimender the very same conditions appliec
entry 9 Fortunately, when upscaling the reaction only oav Idecrease in yield ar
enantioselectivity was observed, giving risecyclopropanel5 in 47% isolated yield an
89% ee Most importantlythe produc could be recrystallized from-pentane to yield5 in
enantiopure form (tablg, entry13, and figured). Figure4 depictsthe analytical chiral HPL(
chromatogram of enantiopu(S,R,%(-)-15.

MeO,c H
300 S
———_ .2 COsiBu
{EJ—\'-,/ 2
250 o
o~ (S.R,S)-(-)-15
2
E 150

10

TH 1000,00_}

— = . i ]
(o g o

L

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44
Min

Figure 4. Analytical HPLC chromatogramfor enantiomerically pure §,R,%(-)-15. Phenomenex Lux
Cellulose-2 n-heptanéPrOH = 99:1, flow = 1.0 ml/MirAma = 254 nm (t= 12.3 min(+), t, = 16.7 min (-); for
racemic data see ref. [45]).

Allin all, three significant paramet: for the cyclopropanation reaction o-furoic acid were

modified compared to the origin«efforts byHarrar[45] in order to yield optimum result
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The type of ligand was exchanged from box to azdlgands, the ratio of metal to ligand
(stoichiometry of catalyst) was changed from appnately 1:1 to 1:2, and finally — and also
most importantly — suitable conditions for a retajlization of crudel5 were found, giving
access to enantiopure material in gram scale ®fitkt time. Based on the herein presented
results, the synthesis of enantiopurg-Raeonilide, as well as its natural enantiomer

(+)-Paeonilide, is currently ongoing in tReisergroup.
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1.3 Asymmetric cyclopropanation ofN-Boc-pyrrole

1.3.1 Synthesis 0f§,S,3-(-)-103

In table4 the state-of-art results for the asymmetric cybpanation oN-Boc-pyrrolel01 are
summarized. Eleven different ligands have been eyapl so far, among them azab®&x 9,

60, 95), regular box T, 96, 97), as well as box ligands with secondary bindirigss©3, 98,
99), and a chiral ferrocene based ligdad (figure5).

SRV I v R Ve T
B 3 E H
7 6] —Q

2 2 Fe =N
) A R* R o:g_ o @ E;Me
NH HN! -
RS RS RS RS

60 (R'=H, R?=Pr) 96 (R® = Me, R* = Ph) 93 (R® = Me, R® = Boc) 100

8 (R'=H, R? = tBu) 7 (R® = Ph, R* = OH) 98 (R® = Me, R® = Ac)
95 (R' = Me, R? = iPr) 97 (R® = Ph, R* = OAc) 99 (R% = jPr, R* = Cbz)

9 (R' = Me, R? = tBu)

Figure 5. Chemical structures of the employed ligands fornasgtric cyclopropanation approaches of
N-Boc-pyrrolel01reported so far.

In all cases besides one (entry 9), methyldiazeseestas used as the carbene source for those
experiments (entries 1-8). When having a look bletd it becomes apparent that a level of
enantioselectivity better than moderate has noh beached so far. Despite the relatively
good yields (max. 63%), the best results in terinsetectivity were obtained when using
azabox ligand8 or 9 (giving 52 and 55%erespectively). This is far from acceptable if one

considers usin@8 as starting material for amino acid or naturaldoic synthesis.
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H

o~ WCO,R
[ pes
N Cu(OTf),, ligand N '/H

PhNHNH,, DCM, rt w

|
Boc Boc

101 18 (R = Me)
102 (R=Et) 3

Table 4. Literature results for the asymmetric cyclopropamaof N-Boc-pyrrole101 (for the applied ligands
see figureb).

entry R ligand yield [96] ee[%]?
1% Me 60 63 25
2’ Me 95 54 25
3 Me 8 61 52
49 Me 9 54 55
5 Me 7 52 46
6” Me 97 50 22
77 Me 99 57 28
g’ Me 93 48 34
R Me 98 46 27
g8° Me 96 17 20
o Et 100 34 5

a) ref. [105]; b) ref[14]; c) ref. [106]; d) isolated yield; e) deterrachby chiral HPLC.

Interestingly, none of the investigators tried @asing the temperature in order to improve
selectivity, and only in one case an ester grohpraihan methyl (ethyl, entry 9) was applied.
Based on the results from tallleit seems obvious that with the levels of enaeledivity
reached so far, the idea for the development ofatumal amino acids or natural products
using said method was rendered meaningless. Nelest) it has to be noted that access to
enantiomerically purel8 (in either form) has been accomplished by othethods than
asymmetric cyclopropanation. In a cooperation betwehe Reiser group and Merck
Darmstadf racemic (x)18 could be separated by simulated moving bed chragnaphy
(SMBC) to give about 75 g of either enantiomer ardellent enantiomeric excess (scheme

14).[18, 107] This material was then used for a greatety of applications, especially the

3 Several reports claimed tha®RR)-(+)-18 was formed with the presented ligands (derivednfioamino
acids), which would be contrary to the results frémman derivatives. In chapteB 1.3.4 it is clearly
demonstrated that these claims are wrong, &85-(-)-18 is the major product formed in these reactions.
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synthesis of3-amino acids §-ACCs) for the incorporation into artificial pepésl, so-called

foldamers (see introduction).

H H H

CO,Me i __..COMe *_ .CO,Me
f SMBC w SMBC w
N NH N
Boc Boc Boc
(RR,R)-(+)-18 (rac)-(+)-18 (S.S,5)-()-18
99.8% ee (46%) 160 g 98.3% ee (47%)
739 759

Scheme 14Resolution of racemit8 via simulated moving bed chromatography (SMBC).[18

In addition, enantiomerically purE8 could also be prepared by kinetic enzymatic reswiu

of racemic (£)18 using lipase L-2.[51] However, due to significammitations in scale this
approach was not followed up intensively. On théneot hand stock amounts of
enantiomerically purd8 in the Reisergroup have almost vanished by now, but nonetheless
18 s still of high importance.[60] These facts madethinking about whether the initial idea
of an asymmetric cylopropanation reactionNsBoc-pyrrole was still the most reasonable
strategy. As already mentioned in chafget.2, our group has strong expertise in asymmetric
cyclopropanation chemistry, facilitating the seafoh optimal conditions. In the following
section the efforts toward enantiomerically purelagropanated pyrrole are presented. Table
5 summarizes all experiments carried out in thisestigation. In our studies two major
differences were made when compared to the origeparts; firstert-butyldiazoacetate was
used instead of methyl- or ethyldiazoacetate bec#@us known that the higher degree of
steric bulk of the ester group can play a bendfralke for selectivity.[108] Additionally, we
reached excellent enantioselectivities using this@ound in the furan cyclopropanation trials
(chapterB 1.2). Secondly, temperatures lower than room tempegatere investigated, as it
is a well-known fact in catalysis that lower termgiares can have positive effects on
selectivity. Other ligands than those applied befeere investigated as well, but, as it will be
explained later on, onliert-butyl substituted azabox ligands gave good reshltseworthy,

all of the herein reported experiments are not oehantioselective but also highly
diastereoselective, forming thexoproducts exclusively. In none of the cases any bin

endoeproduct formation was observed.

25



Main Part

H H H R’

A *__..CO,Bu {BuO,C ~_ .\CO,tBuU o_N_ o
/B N7~ CO.fBu Y . _ Ty
N Cu(OT); (1 mol%) N H N H N N—
! ligand (2.2 mol%) ! ! 2 B2
Boc PhNHNH,, DCM Boc Boc R R
101 103 104 60 (R' =H, R*=Pr)

8 (R'=H, R? = Bu)

9 (R" =Me, R? = tBu)
74 (R" = Bn, R? = tBu)
62 (R'=H, R?=Bn)

Table 5. Asymmetric cyclopropanation &f-Boc-pyrrole usind--amino acid based azabox ligandgltt).

entry’ | ligand | temperature [°C] vyieltlOZ [%]? | ee10Z [%]” | yield 104 [%]° | ee104 [%)]"

R - 25 35 0 7 0
29 60 0 29 35 1 nd
60 -10 24 37 2 nd

8 25 23 83 31 27

8 0 23 83 25 41
6 8 -10 30 90 17 nd
79 8 -15 37 68 17 4
8 8 -20 37 93 - nd

9 9 0 33 81 24 18
10 9 -10 38 76 13 nd

119 9 -15 34 83 15 37
12 9 -20 26 64 2 nd
13 74 0 43 72 - -
14 74 -15 19 52 - -
15 62 -10 29 33 10 0
167 8 -15 44 (59 brsm)| 87 (> 99) 12 41

a) 2.99 mmol (500 mg)01, 1 mol% Cu(OTf), 2.2 mol% ligand, 1 mol% PhNHNH1.5 equiv diazoesteB ml
DCM; b) 5.98 mmol10Z; c¢) 1.2 equiv diazoester; d) 150.6 mmol (25.2Q}; e) isolated yield; f) determined by
chiral HPLC; g) 18%, > 99%e after recrystallization from hexanes.

As can be seen from tabt yields are in general rather moderate, with 438indp the
maximum forN-benzyl substitutedBu-azabox74 (entry 13). In terms of enantioselectivity,
only tert-butyl substituted azabox ligand® &nd9) gave satisfying results (up to 9366.
Thus, after screening some of the other availabéntls and temperatures, it seemed obvious
that tert-butyl-azabox8 was the ideal candidate for an upscaling experirtemtry 16). Not
only that enantioselectivities > 90% are accessiilk this ligand (entries 6 and 8), but also
comparatively good yields of > 30% were achievedlifferent temperatures. Therefore,
N-Boc-pyrrole 101 was cyclopropanated wittert-butyldiazoacetate under the conditions
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shown in entry 16Noteworthy, on a 150 mmol scale cycloprop:l0: was obtained in
remarkably good 44% vyield (59% brsm) and 8ee Even more important was the fact t
103 was found to crystallize from hexal, giving a multigram quantity of enantiopu
(S,S,%(-)-103 from this reaction.This strategy enableseady acce: to this important
molecule in good amounts and perfect enantiomewess.Besides the effects olur new
cyclopropanation conditions on monocyclopropanatoduct 103 the fact that doubl
cyclopropanated pyrrol&04 is also formed in significant amounts during thi®gess i¢
interesting. Unfortunately, onlvery low to no degree aénantioselectity for the double
cyclopropanation product04 (0-41% ee was found. Until now there is no reasone
explanation for this findingNevertheless, possible applications104 will be discussed in
chapteB 3.

1.3.2 Structural investigations of the cyclprpanation products

The absolute configuration of the two cyclopropamatproducts 10: and 104 were
determined by Xay analysis in combination with chiral HPLC andticgl rotation
measurements (see experimental section for datglre=6 illustrate: the structures for

monocyclopropan&03and biscyclopropan104 obtained by Xy diffraction

(S.5.5)-(-}103

Figure 6. Single crystalX-ray structurs of mono-cyclopropanation produ@,§,%(-)-103 (left), and double
cyclopropanation produdi04 (right). (C = grey, H = white, O =red, N = blje

Especially for double cyclopropanation produlO4 the structure shows the str

exaconformation of both cyclopropane ringresulting in aC,-symmetric molecule. Th
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potential applications of this interesticompound, wher six stereogenic centers are forn
in a single step from nodhiral N-Boc-pyrrole101, are discussed in a later part of the pre
thesis (chapteB 3.1). When examining'H-NMR spectra of mono@jopropane103 one
immediately recognizes a strong signeroadening, accompanied by splitting of
corresponding signals. The signal broadening isymably due to the occurrence
rotational energy barriers of tlone, or even both of thert-butyl groups in103 (restricted
rotation around C-N bondue to teric hindrance)leading to the presence of rotatio
isomers, sa&zalled rotamers. The presence of rotamers candaeipy and distinguish, from
the existence of diastereor by the dynamic behavior of théH-NMR signals in

temperatureependent NMRxperiments.[109-111]

318 K

L.
Lo .

L

L o

T I 1] I T
: 4.0 3.5 3.0 ppm

|
;|

L
T T
6.0 5.5

Figure 7. Excerpts from théH-NMR spectra ocyclopropanel03 at 278, 298, and 3118 in CDCl; (600 MHz
kryo). The presence ¢#vo distinctsets of signals (ratio ~ 0.6:0.4) becomes obvialF & K. Upon heating the
signals melt together, proving the existence aimars (rather than diastereome

In this case thretH-NMR spectra 0103 were recorded at different temperatures (Fi(7).
At low temperature (278 K) it is clearly visibleathtwo distinct sets of signals in a ratio
about 0.6:0.4 appear. This alone does not allowafor conclusions, but if one takes i

account that the signals start broadening and mgetdgether atigher temperatures (298 |
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318 K) it is evident thal03 shows strong rotameric behavior, excluding thesgmee of
diastereomers.

1.3.3 Synthesis ofR,R,R-(+)-103

As already mentioned above, the synthesisedfbutyl-azabox8 (as well as9 and74) is
based on the non-proteinogenic amino aeid-leucine 69. From an economical point of
view, access to theRJ-enantiomer of ligand® is not advisable (aB-tert-leucine is very
expensive), and thus alternative strategies tovesmahtiopure R,R,R-(+)-103 need to be
employed. Therefore, different ligands basedDsconfigurated amino acids were employed
for the asymmetric cyclopropanation MfBoc-pyrrole and the results were compared to the
already obtained data (taleentries 1-7).

N Cu(OTf),, ligand N" "H
Boc PhNHNH,, DCM Boc

H H
H o-N__ o oN_ o o%o
@ N7~ CO,tBu Wcozmu QJN/ \N\r QJ\N/ \N\r\e Q/\N N\¥
@ Ph Ph PP Pr
101 (RR,R)-(+)-103 68 61 (ent)-6

Table 6. Asymmetric cyclopropanation &f-Boc-pyrrole usingd-amino acid based ligands.

_ _ eel0: yield 104 eel04
entny’ | ligand | temperature [°C] yielti03[%)]"

[%]% [%]” [%]%

1 68 0 28 53 33 23
20 68 0 17 57 19 26
68 -10 28 32 0 nd

61 0 28 39 33 1

61 -10 34 56 27 1

6 61 -20 18 41 1.5 5
7° (enh-6 0 30 41 20 5

a) 2.99 mmol (500 mgN-Boc-pyrrole, 1 mol% Cu(OT§) 2.2 mol% ligand, 1 mol% PhNHNH1.5 equiv
diazoester3 ml DCM; b) defrosting ice-bath; c) cryostat; dp lequiv diazoester; e) 5.98 mmol (1.00 g)
N-Boc-pyrrole; f) isolated yield; g) determined Wyiral HPLC.

As can be seen from tab&results are rather poor, leading to a maximum % ®e for
indanyl substituted azabd38 (entry 2) and 56%e for phenyl-azabo»61 (entry 5). With
(R,R-iso-propyl-bisoxazolineiPr-box) €n)-6 only 41% ee could be achieved (entry 7).
Interestingly, only the indanyl-substituted azalligand 68 led to enantiomerically enriched

double cyclopropanation produt®4 (entries 1 and 2), while the other ligands yieldeore
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or less racemic produéentries4-7). The overall best results in terms of yield and dteldy
were found for phenyl derivativ61 at -10 °C with 34% isolated yield and 5€ee(entry 5).
However, upon remed recrystallization steps from hexanes it wassie to obtail

(R,R,R-(+)-103in enarniomerically pure forr (HPLC chromatograms shownfigure 9).

el H s I
' .fr_‘;."'“ WCOstBu o -__=CO5tBu
i i /\/ ) 7
) 8 i
5 N H 5 4 N H
3 my | 24 2 1 |
. [1 Boc 8 o  Boc
&

4 (RRRN(+}-103

— et N oS — 0 T ==

R O]

Figure 9. Analytical HPLC chromatogramfor (S,S,$(-)-103 (left), rac-(x)-103 (middle), and R,R,R-(+)-103
(right). Phenomenex Lux Cellulosy n-heptanaPrOH = 98:2, flow = 0.5 ml/min\ o= 254 nn (t, = 11.3 min
(), t = 19.9 min (+)).

1.3.4Investigations of the stereochemical outcome of theyclopropanations reaction

Former reports claimedhat the asymmetric cyclopropanation N-Boc-pyrrole with
methyldiazoacetate leads to inverted stereoinductigiving (RR,R)-(+)-product from
L-(S,S)derived ligands) compared to furan derivatives whasing the identice
stereochemistry of the ligar{¢S,S,¥(-)-product fromL-(S,S)derived ligand).[14, 105, 106]
This effect was somehow explained by attractiverattions between the oxygen atom of
furan ring with copper, and in the casel8 with steric repulsion of the bulky B-group in
101, so that an inverted orientation of the substbateingto the catalyst was claimed. If tt
was true it would be a very interesting feature tuehe fact tha(S,S,)-(-)-103 was the
major productfor the same substrate when ustert-butyl substituted diazoacetate in
analogousexperiments instead (pren by X+ay, chiral HPLC, and optical rotation; <
chaptersB 1.3.2andD 2). This would mean that only the size of the inaognester grou
should be responsible for a complete inversiorhefdtereochemical outcome of the prod
which is hardly belieable. Thus, we aimed to reexamine the stereoctema the
abovementioned cyclopropanation reaction (whictheiscribed in the following). The idea
our strategy was to approach me-substituted cyclopropari8 from two different syntheti
sites, wlist comparing the stereochemical outcome and tbe¥eroving, or disproving, th

original claim (scheméb).
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H A H B N
—,.wCO,tBu —,.nCO,Me N N
N CO,Me o] O,
W NaOMe, MeOH @ ; 2 /A T \D
N" H reflux, 6 h N°H Cu(OTf),, L* N N N
Boc 46% Boc PhNHNH, Boc E
80% ee DCM, rt Bu Bu
35%, 55% ee L*=
(S,5,8)-(-)-103 (S,5,5)-()-18 101

Scheme 15.Strategy for the clarification of the stereochermicmtcome of the cyclopropanation of
N-Boc-pyrrole with methyldiazoacetate. Methyl-suhgtd cyclopropan&8 was synthesized from two different
directions in order to clarify mattef: transesterification cf03 using NaOMeB: asymmetric cylopropanation
of 101 using methyldiazoacetate and ligaéd

As the absolute configuration oftert-butyl-cyclopropane 103 (derived from
L-(S,S)configured ligands) was reliably established to (%S,$(-)-103 using X-ray
diffraction, chiral HPLC analysis and optical ratat a transesterification df03 into the
methyl ester should result in a prod@8tbearing the identical stereoinformation as itepar
compoundl103 (in the worst case epimerization of one stere@rerduld occur under basic
conditions). Several attempts of transforming téré-butyl ester moiety o103 into a methyl

ester failed or only gave poor results.

H \\H Et NaOMe, MeOH H \\H Et
tBuO,C reflux, 72% MeO,C

OH OH
105 106

Scheme 16Transesterification afert-butyl-cyclopropane estdi05 via sodium methoxide biyox et al.[112]
However, a report offox et al. using sodium methoxide for the transesterificatmn
cyclopropane ester05 into its methyl derivativel06 (schemel6)[112] prompted us to test

such conditions for our substraté3

H H H
= .\\COZtBU o ‘\\COZMe 5 ~CO,Me
7™ wowmon, (7" [T
N H reflux, 6 h N H N" H
Boc Boc CO,Me
46% (55% brsm) 4%
103 18 107

Scheme 17.Transesterification oftert-butyl-cyclopropane ested03 via sodium methoxide using the
methodology ofox et al.

Thus, 103 was transformed into its methyl derivative usirglism methoxide in refluxing
methanol to givel8 in 45% yield (schemé&7; A in schemel5).* Substratel03 was chosen

with a moderate degree of enantioselectivity (88wn purpose in order to facilitate HPLC

* Due to the formation of side produ®7 from methyl estefl8, where the Boc-group was transformed into the
methyl carbamate, better yieldsk8 were not accessible.
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analysis. As the transesterification prod18 was obtained with an identicee value as its
parent starting material, it can be concluded thatepimerization occurred during t
progress of the reaction. Furthermore, the origoyalopropanation oN-Boc-pyrrole 101
with methyldiazoacetate was repeated with the disomparing the resulito those obtained
from routeA (B in schemeéls). In this attempt methylcyclopropad® was obtained in 35¢

yield and 55% enantiomeric exce

5 | 1 |
4501 | 1.400| i
400; |
ou- | 1.200 |
350 | | |
300! 1.000} |
2.1 2 sl [
E 250§ | £ 1 ||
200 | 600} [
1 | =
i C [ 4 g |1
| |
1of f1 208 A A
51i | i o _ M — L L S —
op— . B | 1
0 3 T 3 50 55 0 1 2 3 4 5 6 7 8 © 10 1 12 13 14 15 16 17 18 18 20
Min Min

Figure 8. Analytical HPLC chromatogramfor methyl-substituted cyclopropad® from transesterificatic (A),
and from cyclopropanation with methyldiazoacetB). Chiralcel OD-H,n-heptangPrOH = 99:1, flow = 1.(
ml/min, Apax = 240 nm (t= 5.9 min -), t, = 9.3 min (+)).

When comparing the HPLC chromatograms for the (idal) product of both reactionA
andB; figure 8), it becomes apparent that in both cases thesamne product was formed
the two orthogonal reéions, namely(S,S,$(-)-18. Furthermore, the newly obtained res
were verified by comparison to the original dateGlos and it was thus concluded that
stereoinversion occurs while switching the subsgrd@tom furan derivatives IN-Boc-pyrrole
101 In contrast, it could be shown that for all ingated cyclopropanation reactions -
(S,S,$(-)-product is forming from L-(S,S)derived ligands. On the contrary, 1

correspondingR,R,R-(+)-cyclopropanes form when usiD-(R,R}derived ligands

® The original literatureeport for this reaction was: 61% yield, 5:ee(ref. [105]).

32



Main Part

2 Transformations of monocyclopropanated pyrrole 16
2.1 Synthesis of (S)-3-pyrrolidineacetic acid ((S))-homo-{3-proline, (S)-(+)-109)

2.1.1 Biological background

The non-proteinogenig-amino acidy-aminobutyric acid (GABA108) has been estimated to
be present in 60-70% of all synapses in the manamalentral nervous system (CNS),[113]
and represents a major inhibitory neurotransmitiéne CNS of man.[114-116] Since GABA
inhibitory neuronal transmission is associated vgélveral neurological disorders, such as
anxiety, pain, epilepsyParkinson’s disease, andHuntington’s disease, there is a special
interest in developing specific agonists of postpiit GABAa receptors, as well as in potent
inhibitors of the GABA uptake mechanism.[117]

F(COZH &cozH ~—COH
H,N" " COo,H N N

N
H

GABA (108) (rac)-(+)-109 (S)-(+)-109 (R)-(-)-109

homo-p-proline (109)

Figure 10. Chemical structures of GABAO8 as well as racemic (z)-honfdproline 109 with its two
enantiomers)-(+)- and R)-(-)-109 (core structure of GABA highlighted ed).

On the basis of cyclically constrained GABA analegior pharmacological studies the non-
naturaly-amino acid 3-pyrrolidineacetic acid (horfigproline, 109), which can be classified
as a structurally rigidified analogue of GABA waisst prepared and analyzed for its
pharmacological properties in 1981 Bghaumburg et alfigure 10, see chapteB 2.1.2for
syntheses).[118, 119] Since then it was shown l@mic (x)109 acts as an inhibitor of
GABA, and GABAs; receptor binding, as well as a glial and neuroGABA uptake
inhibitor.[119-122] Interestingly, the two enantierm of homd3-proline were shown to
interact in a stereoselective manner with the twAB®& receptors[123] While ©)-(+)-109
binds selectively to the GABAreceptor, its enantiomeR)-(-)-109is more than one order of
magnitude more potent at GARA(compared to its enantiomer). On the other hamdh b
enantiomers show a remarkably low eudismic ratimafs potency difference) and,
interestingly, similar potency compared to the naate (+)109 and the native ligand GABA

® Meanwhile a third type of GABA receptor, termed B was identified representing a structural subtype o
GABA, receptors: ref. [123].
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itself toward synaptosomal GABA uptake inhibitidilf}] Moreover, hom@-proline 109 and
its enantiomers have been widely used as model eongs for structural and functional
investigations.[124] Nevertheless, these resultg @ilect on in vitro activity, which depicts
the major disadvantage of compounds IliK®9 they do not readily cross the
blood-brain-barrier,[125, 126] which renders thewtential application as drugs rather
meaningless. Therefore, a series of potential pheenticals were developed containing the
substructure 0109 bearing a lipophilic moiety (mostly anchored te #ndocyclic N-atom),
enabling the resulting compounds to cross the bhyath-barrier and hence showing
significantly increased pharmacological activiti€@ne prominent example is the N-modified
analogue of hom@-proline SKF 100561 1(10, figure 11), which shows significantly
increased GABA uptake inhibition (4¢= 0.12uM compared to 1.5M of the parent amino
acid 109. Furthermore, it displayed anticonvulsant acyivitpon oral or intraperitoneal
administration to rats.[127-129] In additior,10 was shown to exhibit antitussive
properties,[130] whereas in a different study isypaesented thdtl0 potently counteracts the
enhancing effect of GABA on dopamine release irbrain, allowing for the conclusion for
coexistence of transporters of GABA and dopamird.J1Reflecting on the remarkable
properties of this moleculéyoungand co-workers identified it to be a potent histaeni
Hj-receptor antagonist as well.[132] In 2001, hoaproline derivativelll was reported as
the most potent compound in a series of 33 poleB#BA uptake inhibitors (IG = 51 nM),
however, its in vivo anticonvulsant properties wea¢her poor.[117] Figurdl gives an
exemplary overview of some recent pharmacologicatlive compounds containirid9 as

structural motif.
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inhibitor of leukotriene prostaglandine D2
production receptor antagonist

Figure 11. Chemical structures of selected examples of dévies of homoB-proline that were designed for
pharmaceutical purposes (core structur@Gshighlighted inred).

Furthermore, a couple of very recent patents deti wharmaceutical compounds that
incorporatel09 as pharmacophore in a certain manner (fiduje While derivatives of type
112 act as P2Y, receptor antagonists[133] and therefore displaitrambotic activity,115
was prepared as a potential prostaglandine D2 t@ceptagonist.[134] On the other hand,
113 acts as a protein kinase inhibitor (both isomdrsQ® were incorporated),[135] aridl4
as an inhibitor of leukotriene production (inhibitof leukotriene A hydrolase).[136, 137]
Besides the presented examples in figllkemany more substances containing units of either
racemic or enantiopur209 in their core structure have been reported regeMbreover,
both enantiomers of 3-pyrrolidineacetic acldd9 are not only biologically active by
themselves, but also display a key structural etenmea broad variety of natural products
(figure 12).

)
NH
CO,H
_/ \ /2
=+, <—COH =" s —CO.H ., ~—CO,H
H " H H
(-)-a-kainic acid (116) domoic acid (117) domoilactone A (118) acromelic acid B (119)

Figure 12. Chemical structures of some structurally relatetliral products (core structure ¥9 highlighted in
red).[138-140]
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The examples shown in figude (116-119) belong to the family of kainoid amino acids that
are structurally based on glutamic acid and dispdgynificant biological effects, e.g.
insecticidal,[141, 142] anthelmintic,[143-146] an@nost importantly) neuroexcitatory
properties.[147-151] The compounds presented urdgll and12 clearly demonstrate the

importance of hom@-proline, thus making it an interesting target ncale.

2.1.2 Literature syntheses of hom@-proline 109

Based on our positive results from the asymmetydopropanation oiN-Boc-pyrrole, we
aimed to develop a more efficient synthesis route (S-3-pyrrolidineacetic acid
((9-(+)-109. The following chapter gives a brief overviewtbé strategies for the synthesis
of 109 reported so far. While access to 2-substitutedvdgvies of pyrrolidine is pretty
straightforward (most syntheses start frarmn or D-proline and/or derivatives thereof),
methods for the preparation of 3-substituted ansdegespecially in enantiomerically pure
form, are limited. So far there have been eightisstic routes reported in literature for either
racemic or enantiopure honfieproline, with only one of them being enantioseiext The
first synthesis of racemic (#)09 was reported bySchaumburg et alin 1981, who
synthesizedl09 in 4% yield over 7 steps starting from glycine ythster hydrochloride
(120).[118] Key steps in their synthesis wereDe&eckmanncondensation to establish the
pyrrolidine skeleton and Enoevenagektondensation of21 with cyanoacetic acid for the
introduction of the side chain 22 (schemeld).

0 CN COH
j}OZEt d HO,C” CN A—( F{
N

N N
H

HCI*H,N \ \
CO,Me CO,Me

120 121 122 (£)-109
7 steps, 4% yield

Scheme 18First racemic synthesis of (489 by Schaumburg et 4l118]
The first non-racemic synthesis dR){(-)-109 and §)-(+)-109 was reported in 1990 by
Krogsgaard-Larsen et dlL14] Based on the addition-cyclization reactidritaconic acidl23

with (R)-1-phenylethylamine and subsequent separatiohefrésulting diastereomet24a
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and124b via preparative HPLC, they were able to obtairhbaantiomers 0109 in 8 steps
each and ~ 6% overall yield (schef.’

)j\l—b CO,Me LOzMe ~—COzH CO,H
LS S »f
e N . .G
HOLC dr~1:1 H H

)\Ph )\Ph

123 124a 124b (R)-(-)-109 (S)-(+)-109
8 steps, 6% yield 8 steps, < 6% yield

Scheme 19First synthesis of)-(+)- and R)-(-)-homof-proline from itaconic acid 23 by Krogsgaard-Larsen
et al[114]

In 1996, Coldham and Hufton reported a very short and efficient synthesis afemic
homof-proline based on the cyclization reaction of star@i27 (scheme20).[152] Hereby a
tin-lithium exchange of stannang27, followed by an anionic cyclization reaction and
subsequent trapping with an electrophile, reprassahie crucial step to yieldl28

(interestingly, theN-benzyl group was replaced byCO,Et during this reaction).

I I I 1) nBuLi CO,Et CO,H
BnNH, ICH,SnBu3 2) CICO,Et 6 M HCI

Br  52:93% NH  61% N snBy,  68% N 71% N hal
| |
reported Bn Bn CO,Et H

125 126 127 128 (#)-109 (HCI)

3 steps, 29% yield
from 126

Scheme 20Synthesis of racemic (¥)09according taColdham and Huftofil52]

Within four synthetic steps they were able to abt@t)-109 from commercially available
4-bromobut-1-ené&25in 15-27% yield (the authors did not give a yidthe first step; from
literature it is recognized tha@6 can be prepared by the referred strategy in 52-9igdd).
However, based on the fact that organotin reagerdgsnot too desirable nowadays, their
synthesis strategy may not be of great importaoceudrrent studies. In a similar approach to
the one reported bKrogsgaard-Larsen et g[114] Orenaand co-workers developed several
intramolecular cyclization reactions for the gemiera of the pyrrolidine ring with an
appropriate substitution pattern.[153-155] Based cgnlization productl31, which was
obtained in 75% vyield and a diastereomeric ratid@f20 from130 both enantiomers of
homof-proline were synthezied in 7 steps each (sch2ijeln this way they were able to
obtain §-(+)-109in 11% andR)-(-)-109in 3% yield.

’ The authors did not provide a yield for the lastthetic step for$)-(+)-109
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CO,Et CO,Et
— R _— R,_ CO,Me _‘\\\COZH COzH
;L 1) NaH, THF, -78 °C [ )
HN ™ o°°N 2)2MNaOH, 2MHC, 97 °N - N + N
. CH,Ny, rt L H H
Ph Ph W pp
R = CO,Me, SO,Ph
129 130 131 (R-(-)>-109 (S)-(+)-109
75%, dr=80:20 7 steps, 3% yield 7 steps, 11% yield
(trans only) from 129 from 129

Scheme 21Synthesis of 9-(+)- and R)-(-)-homof-proline byOrena et al

In a slightly older communicatiorQrena et al.presented a formal synthesis 19 with a
Mn(lIl)-mediated intramolecular cyclization reacti@s the key step. By this strategy they
were able to prepare synthetic intermediE®g, the same that was used for the synthesis of
109 by Krogsgaard-Larsen et dlL14] from chiral aminel32 in 6 steps and 17% vyield
(scheme2?2).[153]

53% 6 steps N

dr=70:30 .
r R kPh . KPh (ref. 114)

_ MeO,C _ MeOCy  += ~TOH ~—COM
. l Mn(ll) b ., — [\
Hl\t 0 NK Ty~ 97N — >~ N
W Ph W Ph

132 133 134 135 (R)-(-)-109
6 steps, 17% yield
from 132

Scheme 22 Formal synthesis ofS)-(+)-109 through Mn(lll)-mediated intramolecular cyclizatiaf 133 by
Orena et al

On the way to conformationally restricted NO sys#anhibitors,Eustacheand co-workers
synthesized §-(+)-homof-proline 109 from intermediate136 (obtained from aspartic
acid)[156] in order to determine the absolute auniation of their compounds (Scheme
23).[157] Key steps of the synthesis were the laczation of a nitroMichaeladduct,
followed by transformation into the correspondingolactam by Lawesson’sreagent
(including chromatographic separation of diastere@)) and subsequent desulfurization in
order to establish the pyrrolidine ring system. #ddally, besides some
protection/deprotection steps, a desamination-theggtation sequence had to be carried out
to finally yield 109in 9 steps and 5% yield starting frdr86.
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COztBU COzH
COoH
Etozc/\/YcoztBu . Sﬂ\(NHBoc — d\(NHZ — d\
NHBoc H N ”
Cbz
136 137 138 (S)-(+)-109

9 steps, 5% yield
from 136

Scheme 23Synthesis of §-(+)-homof-proline 109 from 136 by Eustache et d1157]

In the same yeaGmeiner et alpresented an efficient 11 step synthesi$G¥ starting from
(9-aspartic acidl39 (scheme24).[158] In this chiral pool approach, 1,4-bis-efteghile 140

was rearranged tb41 through an aziridinium ion (not shown) and subsadly cyclized to
form the pyrrolidine core. Inversion of the sterewier by {2 type substitution with
diethylmalonate, followed by a decarboxylation gage to R)-(-)-109in an overall yield of
23%. Importantly, R)-aspartic acid could be applied as well for thentlkgsis of the
enantiomeric §-(+)-109.

OMes OMes EtOQC\\
HO,C S COLEt _:‘_COZH
W Bn., " Z > Z S
HoN" "COoH N MesO N N
H
Bn OMes Bn/N‘Bn Bn
139 140 141 142 (R)-(-)-109

11 steps, 23% yield

Scheme 24Synthesis of R)-(-)-homof-proline 109 from aspartic acid39 by Gmeiner et a[158]

In 2004, Felluga and co-workers[159] reported a chemoenzymatic hegis of both
enantiomers of hom@-proline based on the desymmetrization reaction podchiral
nitrodiesterl44 (scheme25).[159]

CO,Et

EtO,C 143

oM COH COEt COLH ~—COH
- ﬁ{ <PPL ﬁ{ PLAP ﬁ/’/» O
N 5steps £102C 79% FEt0,C 82%  EtO,C 7 o N

5 steps
O2N 98% ee O2N 99% ee OoN P

(S)-(+)-109 145a 144 145b (R)-(-)-109

Scheme 25.Synthesis of both enantiomers of hofwproline via enzymatic desymmetrization of prochira
nitrodiesterl44 according td-elluga et al[159]

For the selective saponification of only one of t® ester groups 144, two different
enzymes had to be applied, namely porcine pancréipiise (PPL) for the synthesis of
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(9-(+)-109, and crude pig liver esterase (PLAP, pig livertace powdef) for (R)-(-)-109,
respectively. With 38% for§)-(+)-109, and 39% for R)-(+)-109 in a total of 7 steps each,
this methodology provides the most efficient siggtéo prepare both enantiomers1df9 so
far. However, the use of two different enzymes #ra noticeable limitations in scale may
make this not the most desirable way in terms afhemics. The first enantioselective
synthesis of $-(+)-109 was reported by the group dfan in 2007.[160] During the
investigation of organocatalyzed enantioselecMiehael reactions of dithiomalonates and
[B-keto thioesters to N-substituted maleimides, tbstablished a 7 step synthesis 160
(scheme26). On the basis oMichael adduct148 which was obtained in 92%e from the
guanidine catalyzed addition @#7 to N-benzyl maleimidel46, the following 6 steps were
carried out to yield §-(+)-109 in 73% from 148 Unfortunately, no yield for the crucial
addition step was given by the authors, makingfficdlt to evaluate the overall efficiency of

the synthetic sequence.

StBu
StBu

tBu—(N\ i}«tau COH
ﬂ . Seuse N o d\
O~ ™N"0 OMO no yield given O~ >\"0 6 steps N
! 92% ee ! 73% from 148 H
Bn Bn
146 147 148 (S)-(+)-109

Scheme 26 Enantioselective synthesis db){(+)-109 by Tan et al, including an organocatalyzed conjugate
addition reaction as key step

However, only one enantiomer could be synthesired not fully enantioselective manner
with this strategy and the use of toxic chromiumgents makes this surely not the method of
choice in terms of sustainability. In addition, iiations in scale of the above reported method
further restricts its feasibility. In summary, aif the above reported synthetic approaches
require several steps, expensive or harmful reagédt, Sn) and are limited in scale.
Therefore, we aimed to develop a short and efficggmthesis route giving access to either

enantiomer ofL09in enantiopure form and good quantity.

2.1.3 Synthesis ofY)-(+)-109

Based on the results from our cyclopropanation exynts, we chosd03 to be a good
starting point for our enterprise. Cyclopropan®,§;¥$(-)-103 can be obtained from
N-Boc-pyrrole in multigram quantity and > 99%e after recrystallization (see chaptBr

1.3.1), thus making it a perfect candidate for furthgrthetic efforts.

8 Surprisingly, application of pure pig liver estsegPLE) led to formation df45bin only 92%ee
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H
i H
Boc,0 PN —.wCO,B N
= LLaBu 0] o]

{/ \§ DMAP {/ \§ N7~ CO,tBu @ g \D

N DCM, rt N Cu(OTf),, 8 N N N

H 82% ! PhNHNH,, DCM ! B

Boc 15°C Boc tBu tBu
44%, >99% ee
50 101 (8,8,9)-(--103 8

Scheme 27Enantioselective synthesis b3 from pyrrole50.

Based on the experiments from chafed.3.1 it is well-known that bicycl€l03 can be
prepared in moderate yield with full enantiocont(etheme27). Now there are plenty of
opportunities of how to apply this highly functidizad cyclopropane for further synthetic
ventures. Obviously, the simplest modification 1df3 would be the hydrogenation of the
enecarbamate double bond to yield the fully saddratysteml49. This can be carried out
efficiently using standard conditions (hydrogenllgghum/charcoal) in order to yielti49 in
satisfying 85% yield (schenis).

H H
—COytBu  Hy (1 atm) —,.«COytBuU
ry PdIC (10%) 8%
N H THF, 1t N H
Boc 85% Boc
103 149

Scheme 28Hydrogenation of bicyclic enecarbama®3 using standard conditions.

However, an alternative to the conventional hydmagen with hydrogen and
palladium/charcoal would be the so-called ionic foggnation, which has been shown to
work efficiently for enamides and enecarbamated{164] In this methodology, the substrate
is successively activated by an acidic compoBmbiistedor Lewis acids) and then reduced
by the addition of hydride, mostly from silaneshgsiride source. In order to test whether an
ionic hydrogenation might produce even higher \@eddl 149 cyclopropan€l03 was treated
with trifluoroacetic acid (TFA) and triethylsilaneat room temperature. Indeed,
chemoselective ionic hydrogenation of the enecadbandouble bond 0fl03 occurred,
accompanied by ring-opening of the donor-accepibsttuted cyclopropane moiety, to give
a significant amount of by-produt60 (scheme29). After six hours at ambient temperature

33% of hydrogenation produt#9and 23% of ring-opened compouis0 were isolated.
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H H CO,tBu
~_.WCO4Bu ~_ ..CO,tBu
N H DCM, 1,6 h N H N
Boc Boc Boc
103 149 (33%) 150 (23%)

Scheme 29lonic hydrogenation 0£03using trifluoroacetic acid in combination with thglsilane

This observation can be explained by the occurrefhd¢beodesired ionic hydrogenation st
of the double bondollowed by an aci-catalyzed ringepening reactic (also traceable by
TLC). The corresponding iminium ion should then bepeapby hydride in oler to provide
150. Acid-catalyzed cyclopropane opening is a -known processn synthetic organii
chemistryand innumerable examples have been shown in lit@[165-167] The absolute
configuration of ringepened compounl150 was proven by Xay analysis figure 13) in

combination with optical rotation and chiral HPLGadysis (see experimental sectic

oS

Figure 13. Single crystalX-ray structure of duble protected 3-pyrrolidineacetic ad&C (left), and chemical
structure ofL50(right).

The fact that cyclopropariei€ can be opened readily by the application of aaidus to the
idea of making use of it in terms of a total sysieeof hom«--proline 109 (see chapteB
2.1.7). Thisseems pretty straightforward fra150 (which can be seen as a double prote
derivative 0f109), if one can find a way of optimizing the aboverti@med reactio to some
extent. However,he occurrence of anothsideproduct of the ionic hydrogenation react

of 103then attracted our attenticEvery time enecarbamal®3 was treated with TF, two
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new spots appeared on TLC. Thus, we examined thmnichl behavior of cyclopropari®3
upon treatment with TFA in order to identify thesde-products. Interestingly it could be
shown thatl03 dimerizes upon treatment with TFA to form two deieomersl51in a ratio
of ~ 3:1 (schem@&0).

H

W.\\002tBU TFA
K DCM, 1t, 3 h

g H 55% (c = 0.37 M)
oc 42% (c = 0.08 M)

103

Scheme 30.Concentration-dependent acid-catalyzed dimerizatibenecarbamat&03 (combined vyields for
both diastereomers).

Logically, the reaction turned out to be conceitratiependent, giving 42% yield (combined
yield of both diastereomers) at a concentratior 6f1 M, and 55% at ~ 0.4 M. In this case
the yields could not be optimized due to partiatateposition occurring after prolonged
reaction time, which makes sense since ditf&k contains fourtert-butyl groups that are
regularly cleaved by TFA.[168] The formation of &iml51 might seem exotic at first,
however, it can be explained by having a closek lab the potential mechanism of
dimerization for this type of enecarbamate, whidswoncluded on the basis of the general
reactivity pattern of enamides and enecarbama&%[¥1] as well as extensive

spectroscopic analyses of the products (schine
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reactivity of enamides and ene-carbamates under ionic conditions

BuOC. BuOC
_H - -
H\ J"® . HZ A H D
ON= :
N N=— \COytBuU
Boc Boc /,\
N H
Boc
103 155 103
tBuO,C,
- . —H H%
—_— — N H
Boc lZ—'y‘-\cozt‘Bu
N H
Boc
156 151 Peramivir™ (157)

Scheme 31.General reactivity pattern of enamides and eneczates (pper par}, and the proposed
mechanism for the acid-catalyzed dimerization oécambamatel03 along with the chemical structure of
Peramivir 157 (1,3-diamino moiety highlighted ired).

In general, enamides (and enecarbamates) exhib#anaivalent reactivity (two opposing
reaction pathways), meaning that they can undeeg@tions with both electrophiles and
nucleophiles. Generally enamides of tyld react as nucleophiles which attack a suitable
electrophile (E), generating an iminium iori53 (and 155 that is then trapped by a
nucleophile (NQ to yield a double functionalized amide or carbtei®4 (scheme31, upper
part). When having a look on the mechanism of dimeiorabf 103 it becomes obvious that
first the protonation 0103 turns it into the iminium speciglh5 that acts as the electrophile
for the dimer formation. A second moleculel®3then reacts as nucleophile and attacks the
iminium ion 155to form the dimef56. In the final step His eliminated to close the catalytic
cycle and yield dimet51 as product (schengil, lower par). Dimer 151 could potentially be

of synthetic interest as it bears a 1,3-diamineetyoin its core structure (highlighted in
scheme31). Optically active 1,3-diamines are valuable t#ésgeas they represent key
structural units in many natural products.[172, ]LIW®reover, they can be used as chiral
auxiliaries and ligands,[174, 175] catalysts in masyetric synthesis,[176] as well as
pharamcophores in medicinal chemistry.[177-181] @ragninent example is the commercial

drug Peramivi® 157, which exhibits potent activity against influenz&uses (scheme
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31).[182, 183] Furthermore, efficient synthetic séigies toward enantiopure 1,3-diamines are
rather limited until now.[184-188]

Coming back to the original purpose to investigh@8 as a promising precursor for the
synthesis of hom@-proline 109 one has to bear in mind that side reactions tlhe
dimerization mentioned before are rather deletsrifmu our synthetic endeavor. As already
mentioned it is rather likely that the ring-opengdoduct 150 is formed from the
hydrogenated compourid9 during the course of the reaction (traceable bZ)[Thus, one
can envision carrying out the synthesis in a tvep-shanner, starting with hydrogenation of
the double bond ia03 with conventional methods ¢HPd/C) followed by acid catalyzed ring
opening. In this way side reactions of the enanude be suppressed ad80 should be
accessible in improved yields. ScheB#epresents the two-step approach for the synthésis o
150

H H

c C CO,tBu
+—, CO,LtBu H, (1 atm) +—,.nCOutBu

% wam aegsn (5

N H THF, 1t N H DCM, rt N

Boc 85% Boc 50% Boc
103 149 150

Scheme 32Two-step synthesis approach of ring-opened protib@from cyclopropanel 03

From hydrogenation produd¥9, homof-proline derivativel50 was obtained in 50% yield.

In this case, the yield could not be further optieai as at a certain point new very polar spots
occurred on TLC, which might be assigned to paatig fully deprotected50 (109. This
observation again led us to the idea to use thasufe in terms of directly converting
hydrogenation productl49 into homoB-proline (or its TFA salt). As the ionic
hydrogenation/cyclopropane opening conditions dlyezontain TFA, an in situ deprotection
of the Boc-group and thert-butyl ester seems plausible. Even a one-step guoeestarting
from cyclopropanel03, should in principle be possible; however the ommce of
side-products might influence the outcome of thactien and also hamper the final

purification of the desired polar amino adido.
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H , CO,H
— COytBu 1) TFA, EtSiH
8% DCM, t, 72h
N H 2) Dowex 50WX8-400 N
Boc 15% aq. NH;
quant.
149 (S)-(+)-109

Scheme 33Synthesis of §-(+)-homof-proline 109from 149,

When149was treated with TFA and triethylsilane for 72thhaom temperature, the TFA salt
of 109 was obtained, that was then transformed into e &mino acid 09 by the use of an
acidic ion-exchange resin and elution with aqueamsmonia. §)-(+)-homof-proline
(9-(+)-109 was obtained in quantitative yield from cyclopropd49. Spectroscopic data of
(9-(+)-109 were in agreement with literature data.[114, 1B8-160] However, the optical
rotation value ofL09 was slightly lower than reported before (+7c%=(1, HO) compared to
+9.6 € = 1, HO)[114]). Upon investigation of the stereochemioakcome of the TFA
mediated cyclopropane opening frot¥9 to 150 we found a significant degree of
epimerization of the stereocenterlit0, and the enantiomeric excess was reduced from >99%
ee for 149 to 73%ee for 150 (determined by chiral HPLC, sde 2). Further studies for
achieving the synthesis df09 from 103 without loss in stereoinformation are currently
ongoing in theReisergroup. Nevertheless, it should also be noted @ghaynthesis of the
enantiomeric )-(-)-109 from (R,R,R-(+)-103 should be straightforward, following the very
same synthetic sequence developed3p(<)-109.

Upon a closer look into literature, it seemed abéf use 0fl09 as a pharmacophore is rather
limited, even though it is obvious that the compabutself and its derivatives are in many
cases among the most potent derivatives tested.[11B7 122, 127, 131, 189] This fact might
be due to the rather displeasing synthesis stetdgr109 thus far published. However, with
our new methodology it is possible to get relagvelmple access to either racemic or
enantioenriched homp-proline, which can then be used as a key buildtagk for the
preparation of new (and established) pharmacelyticalevant compounds. Furthermore, it
may stimulate further investigations with the invehent ofL09 as pharmacophore, as before
practical access was rather limited. In summaryhaee developed a short and efficient
methodology for the preparation of either enantiomie3-pyrrolidineacetic acid (hom@-
proline) 109 based on the enantioselective cyclopropanatiorN-&foc-pyrrole 101 The
abovementioned cyclopropanation can be carriedow 150 mmol scale, thus giving rise to
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a multigram quantity of enantiopur@03 In as few as three stepsy-(+)-109 (or
(3)-109(R)-(-)-109 can be prepared in 37% yield frasaBoc-pyrrole, giving facile access to
such biologically and pharmaceutically relevant poomds.

2.2 Further functionalization approaches of monocylopropane 103

It was demonstrated that cyclopropak@®8 reacts efficiently with nucleophiles under acidic
conditions (see chapt& 2.1.3. After discovery of such a mode of reactivityvias obvious

to apply this methodology to other, more challeggimucleophiles besides the enamide
(enecarbamate) itself, and the hydride ion (praglld® and151), that might lead to an even

higher degree of functionalization of this intenegtbuilding block.

The Ugi multi-component reaction (MCR) is an extremely pdwl method for the
construction of rather complex molecules that hasnbapplied extensively in organic

synthesis and in particular for the generatioracjé compound libraries.[190]

1 0 ®R5 . 1 5
R_OH . . lk . @z,N/ one-pot RT N/R
o R3 R4 (o4 MCR o0 R¥R* H

158 159 160 161 162

Scheme 34General scheme fddgi four-component reactions (different building blsetdubunits color coded).

In general, four components are used in this reacht first, an imine (or iminium) species is
formed by an amin&59 and a carbonyl compouri®0 (aldehyde or ketone). However, this
first intermediate can also be preformed. Thensanyanide (isonitrilel61 attacks the imine
and is instantly trapped by the carboxyla&8 In the last step, a®,N-acyl shift occurs to
yield the final products of typg62 (Scheme34).

A recent publication oNenajdenko et alttracted our attention,[191] where they preseated
MCR with cyclic imines, isonitriles, and organic ids giving rise to functionalized

pyrrolidines in moderate to excellent yields (Sck&b).
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R'<
NH R’ = Bn, 4-Br-Ph
R DCM, 1t, 2-6 0" N Et0,C_~_ EtochE Etoch‘%
_QR0,
45-95% e, Elozcx‘?’z Bn
163 R = Me, Bn, nBu, iPr 164

cyclopentyl, {Bu

Scheme 35.Preparation of functionalized pyrroliding$4 from cyclic imines163 by a three-component
reaction fromNenajdenko et gt191]

Best results were obtained when using TFA as adig;h is also beneficial if one thinks of in
situ deprotection ofert-butyl-carbamates (Boc groups). In their publicatithe isonitriles
(red in schemed5) are attacking tha-position of the pyrrolidine ring (iminium carboitoan)

as expected, accompanied by the acylation of tineg@n atom by TFAQink in schemes5).
Hydrolysis of the isonitrile forms the final amiderivative. Interestingly, they found that the
isonitrile acts as a dehydrating agent that trans$oTFA into trifluoroacetic anhydride
(TFAA), which subsequently acylates the nitrogepnmaf192] Based on the results of
Nenajdenko et dl191] in combination with the obtained reactivity enecarbamat&03 it
seemed plausible to investigate the behaviol@3 under the abovementioned conditions.
Thus, it should be possible to obtain derivativie$@8 with additional functionalization at the
a-position and, in principle, also a deprotectioglfation of the nitrogen atom. As
enecarbamates (and enamides) are known to displther tempered reactivity compared to
enamines, one could harness this feature for tleetae functionalization of those. In the
following, we attempted to perform TFA initiatédhyi-type reactions with cyclopropari®3
and several different aliphatic and aromatic igdag. The obtained results are summarized in
table?. In order to avoid the above mentioned dimerizatis undesired side-reaction and to
favor the intermolecular over the intramoleculaaatéon, the concentration was kept rather
low (c = 0.02 M). It has to be noted that all hengivestigated reactions gave highly complex
reaction mixtures with partly very poor TLC staigibehavior of the products, which severely
hampered monitoring of the reaction process as aglthe analysis of the crude reaction
mixtures. As TLC analysis was hardly comprehensible because MCRs with isonitriles
usually take several days to progress, reactions aorted after some days and the crude
reaction mixtures were analyzed via NMR and LC-M3ude mixtures were purified via

flash chromatography where appropriate.

48



Main Part

H H F,C

=z : 0 B
@-“CoztBU TFA, R-NC R/H W\\COZTBU ;f CO,Bu
P rt “ "
¥ I o Ly
Boc Boc OMe Boc
103 165-170 171

Table 7. Attempts for the TFA initiatetdgi-type functionalization of cyclopropanﬂ%\9

entry?’ R= product solvent time [d]| vield [%] dr”
1 tBu 165 DCM 5 6 nd
2" tBu 165 DCM 22 69 72:28
3 Cy 166 DCM 5 5 71.29
4 Cy 166 DCM 22 traces nd
A
S) /@sﬂo 167 DCM 5 traces 62:38
(0]
Y
C) (
6 Qs\\o 167 THF 7 d nd
(0]
Y
7 /@[ 168 DCM 5 traces 77:23
MeO OMe
d) * )
8 /@[ 168(171) DCM 9 14 (6§ nd
MeO OMe
Y
9 or 169 DCM 5 traces | 55:45
O,N
Y
10 )@( 170 DCM 5 nd nd

a) 0.40 mmoll03 1.2 equiv R-NC, 5.0 equiv TFA, 20 ml DCM, rt, 5k 0.68 mmoll03 10 equiv R-NC, 4
equiv TFA, 40 ml DCM; c) 0.50 mmdl03 2.56 equiv TosMic, 2.0 equirTSA, 25 ml THF; d) 1.0 equiv R-
NC, 1.0 equiv TFA, 5 ml DCM; e) isolated yield obth diastereomers (combined); f) large amounts of
hydrolysis productN-(tosylmethyl)formamide isolated; g) 14%68 + 6% acylation product71 isolated; h)
determined/estimated by LC-MS (ESI-EIC integratifit§3] due to severe overlap a concise integratbn
'H-NMR signals was not possible.

As can be quickly recognized from taldlethe proposed reaction worked efficiently for only
one substrate, nametgrt-butyl-isocanide (entry 2). Here, the two diastemedc addition
products were formed in 69% combined yield andastdreomeric ratio of ~ 3:1. Detailed
analysis of the products is described in a latet p#this chapter. Interestingly, for all

substrates besides 4-methyl-substituted isoni{eletry 10), product formation could be

° Aromatic isonitriles of entries 7-10 were providaegM. Knorn.
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identified by LC-MS, however, in most cases onlyrace amounts. When comparing entries
1 and 2, one might expect that the excess of islenmight have favored the outcome of the
reaction (1.2 equiv vs. 10 equiv R-NC). On the othand, the cyclohexyl-substituted
isonitrile did not lead to the formation of sigedint amounts of product while employing the
same conditions as in entry 2 (entry 4). This letdshe suspicion that hydrolysis of the
isonitrile may not be the limiting factor. For ti#4-dimethoxy-substituted residue also a
minor amount of TFA acylated produdf/1 could be identified (entry 8), whereas no
acylation product was found for the other subssrafeue to a lack of suitabiH-NMR
signals for integration, the values for the dia=beneric ratio of the obtained addition
products were determined by integration of LC-Mghais, and should therefore be taken as a
rough estimation rather than exact values. Neviegsewhen comparing the data of entry 2
of table7 with the isolated amounts of diastereomerd@baand165b it becomes evident
that the ratio, at least for this reaction, is gimilar. However, due to limited access to non-
commercial isonitriles, no further efforts for aptzing the reaction conditions were carried
out. Astert-butyl-isocanide was the only of the investigateohitrile derivatives that worked
properly for this kind of reaction, we investigatib@ structure of the resulting diastereomeric

compounds in more detail (tabieentry 2; schema6).

H H H
@“\COZtBU TFA, tBUNC H A—y.\\COZtBu H +—,.CO,tBu
DCM, rt, 22d BUT TN + fBu”
:73‘ H 69% (comb.) (7)/ N H g N H
oc Boc Boc
103 165a (51%) 165b (18%)

Scheme 36.Synthesis oftert-butyl substituted addition produci$5a and 165b from cyclopropanel03 and
tert-butyl isocyanide.

The two diastereoisomers65a and 165b that were formed in a ratio of ~ 3:1 could be
separated via flash chromatography, and the otientaf the newly formed stereocenter was
unambiguously assigned using NOE experiments (milastereomed65b). The herefore
required NMR spectra had to be carried out at lemperature (223 K) because of strong
rotameric behavior o165a and 165b leading to significantly broadened signals at anbi
temperature. Figurg4 illustrates these observations. As expected, th@mproduct was the

one with the new amide substituenexoposition in regard of the cyclopropane riri$%a).
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ﬂ 323 K

300 K

(TR T

Figure 14.'H-NMR spectra of thex-CH (in regard of N) region of minatiastereome165b at 223, 300 and
323 K in CDCk (400 MHz). The presence of rotamers (ratio ~ 04:6ecomes obvious at 223

In addition to the functionalizations via -type of mechanism, it was as well testec
directly add 1,3,3rimethoxybenene as a nucleophile to the eadamatel03 in an

electrophilic aromatic substitution reacti(scheme37).

|;| OMe U
+—, COxtBu — - COtBu
w MeO OMe !

N H TFA, DCM, 1t N H
Boc 13% OMe Boc

103 172

Scheme 37Synthesis ofunctionalized derivativ 172 from cyclopropand.03

Scheme 37 shows that enamididl03 can k& functionalized via eld¢rophilic aromatic
substitutionas well. The rather low yields may be explainedh®yhigh steric demand both
reactants Nevertheless, almost any type of nucleophile nimy employed for th
functionalization of 103 giving rise to a great variety of functionalities on this hig

substituted pyrrolidinecaffolc.
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3 Transformations of dauble cyclopropanated pyrrole104

3.1 Introduction

As doublycyclopropanated pyrrol104 was accumulating in significant amounts during
cyclopropanation reactions discussbefore (chapteB 1.3), we werehence considering
possible applications for it. It was no before thatL04 exhibits Co-symmetry,which makes

it an interesting compound for further derivatinat (figure 15).

front view top view

Figure 15. X-ray structure of bixyclopropanel04 from front (eft) and top view(right), illustrating the
C,-symmetrical arrangemeiaf the tricyclic core structu (all hydrogen atoms- except forthe cyclopropane
hydrogens- as well as the Boc protecting grout nitrogen blue) are omitted for the sake of clai; dotted line
demonstrating the hypothetid@}-symmetry axi).

In the following chapterghe investigateattempts for theransformatiorof tricycle 104 into
potentially biologically active pyrrolide derivatives, as well as into a chiC,-symmetrical
ligand for metal catalysts adescribedThe initial task in this part of the thesis wadital a
suitable way of opening the two cyclopropane rimg104, in order to giveC,-symmetrical
pyrrolidines of typel74 (scheme38).[194-198] This should be possikite principle, since it
is well-known that donoacceptor (DA) substituted cyclopropanes 1104 can be opened
selectively by cleaving the bond in between theadqid) and the acceptor ({165, 199,
200] As an important fact to bear in minDiederich and coworkers could show th:
Co-symmetrical pyrrolidines likel73 exhibit remarkable activity as inhibitors of k-1

protease,[201fhus making such molecis highly demanded (scherig).
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R R
o) <o
O=s-N  N-s=0 tBUO,C—. CO,tBu H H
, . , g {BUO,C @ .wCO5tBU
R\—" <—§ / \(R H/(ﬁn ‘.,
N\ 7/ °N — RN R HO N H
H Boc Boc
173 174 104

Scheme 38General structure of potent HIV-1 protease inhitsit@ontaining a 3,4-disubstitut€-symmetrical
pyrrolidine skeletorll73 along with potentially accessible compourdds from bis-cyclopropand04 that are
structurally related t473

With this in mind, we started a series of experitador the selective ring-opening of the
DA-cyclopropane bonds in tricycld04 (or derivatives thereof) by using orthogonal

strategies.

3.2 Opening of donor-acceptor substituted bis-cycfimopanes according toWerz et al

From the group oWerzit is known that furan based bis-cyclopropane d@hidles likel76
can be converted into annelated oligoacetals blaps® of the highly unstableush-pull
cyclopropane systeni76[202, 203] Within a repeated three-step sequerfcalomble
cyclopropanation, reduction and oxidation of fun all-anti-oligoacetals up to the nonamer
175 have been constructed and their structures weredghly analyzed by means of X-ray
crystallography and DFT calculations (scher@®). It was shown that oxidation by
2-iodoxybenzoic acid (IBX)[204] in dimethylsulfoxed(DMSO) was a proper method for
oxidizing the bis-cyclopropane diol moiety, and shmducing cyclopropane ring opening,

followed by a ring-closure reaction to form cyaiool ether compounds liKer7.

H H
repeated NG N
A 3-step sequence
—_— o0 o
(0] 1) cyclopropanation HOH
2) reduction <
3) oxidation H 9 H
35 175 176 177

Co-symmetric, helical
stair-like structures

Scheme 39Preparation of al&nti-fused oligoacetal&75 by a repeated three-step sequence starting froem fu
35, reported byWerz et al (leff). Key step is a ring enlargement reaction fromaytiic bis-cyclopropane
aldehydel76to bis-enol ethet 77 (right).

As until thenWerzand co-workers had only reported such kind ofdf@mations for furan

derivatives, it seemed as an attractive strategystto envision pyrrolidine based compounds
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of that same type (bearing a nitrogen atom in thetral ring, instead of oxygen). Thus
reduction of the twaert-butyl ester moieties df04 by lithium aluminum hydride (LAH) was
straightforward, leading to didl78in 95% yield (schem&0).

HH H H HH
tBuO,C — .wCO,Bu R z P
. W B “OAj_V o __IBX Q—Q (iﬁ
“ THF, 0 C . DMSO,H o N ;/H TFA

H N H 95% H N H 52%

|

Boc Boc Boc DCM, rt
104 178 179 180

H H

XY
178 —1BX o/ ) v‘\o — 0 Ny, J — /\@ = 1719
H N NJ
Boc Boc Boc
181 182 183

Scheme 40Synthesis ofC,-symmetric tricyclic compound79 from diesterl04, attempted deprotection and
proposed mechanism of the rearrangement ft@ghto 179 However, calculations froterz et alsuggested
that— at least for furan derivativesthe ring enlargement step might occur in a coedemanner.

The second step was the abovementioned oxidatiorg UBX in DMSO, which led to
tricyclic moleculel79 in satisfying 52% yield. Unfortunately, soon aftetving179in hand,
the Werz group brought out another publication, showing $lyathesis of the very same
compound (and some derivatives), however, in soraewtferior yield (42%).[205] An
attempt to deprotect the N-atomlii9in order to yield a potenti&,-symmetrical ligand for
metal complexed80, failed due to decomposition of the starting mateAnother idea for
turning this into something useful was to invedigthe cylopropane opening behavior in a

rearrangement reaction.

184 185 186

Scheme 41Proposed mechanism for a base induced rearrangerhanetylated cyclopropane derivative®4
for the formation of compounds liKie86.

It was thought that diol78 could be protected by acetyl (Ac) groups and frtlndergo a
rearrangement, which would open the cyclopropame®aipon enolization with a suitable
base. This would lead to interesting compounds 186 Scheme4l depicts the proposed

strategy for this idea. A protocol d?ietruszka et alwas applied successfully for the
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acetylation of dioll78[206] giving rise to double acetylated pyrrdl@7 in 91% yield within
ten minutes reaction time (sched®.

H H H H // \

- W - o 0
HO/\@ oH _AO.EGN AcO/\i_y “OAC —— 4= HOC ., COH
WON Bl\féﬁ,oocm H N nBuLi, THF N

o, |
Boc 1% min Boc -78°Ctort Boc
178 187 188

Scheme 42Acetylation of diol178and unsuccessful attempt for the base-inducedaregegment 0187.

However, the crucial step in this approach failead anly unreacted starting material, along
with minor amounts of partially hydrolyzeldB7, were isolated. With the recent publication of
Werz et alin mind, and the fact that the subsequent triasewiot successful, we turned our

attention to other strategies for the opening ef@#\-cyclopropane bonds @D4.

3.3 Hydrogenolysis of donor-acceptor substituted cyopropanes

Hydrogenolysis of carbon-carbon bonds is a wellviam@rocess in chemistry. Especially
small rings with a high degree of ring strain, eayclobutanes or cyclopropanes, are
somewhat prone to undergo ring opening reactionsg. to their intrinsic ring strain, catalytic
opening of small rings by hydrogenolysis can beiedrout at ‘rather mild’ conditions.
Indeed, first examples go back to the early! 2@ntury whenWillstatter and Bruce first
hydrogenated cyclopropad®9 and cyclobutan&91 to their corresponding aliphatic alkanes
190 and 192 using a nickel catalyst (scherd®).[207] Since then, several examples have
appeared in literature revealing that this proaesa valuable tool for synthetic chemistry.
Schemeld3 presents some outstanding literature precedensti reactions.
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Hs, [Ni] Ha, [Ni]
—— —
A 80 °C ] wocc. ~
189 190 191 192
_ M PO, H o
AcOH/MeOH H EtOAc 50 p5|
-15°C, 6 d (~ 3.5 bar)
76%
193 194 195 196 (52%) 197 (30%)

Scheme 43Literature precedents for the catalytic hydrogesislpf cyclopropane moieties (bonds to be cleaved
are highlighted imed).

De Meijereand co-workers presented the catalytic hydrogemlyf multiplespiro-annelated
cyclopropaned 93 using one atmosphere of hydrogen gas on a phafiM)-oxid catalyst.
These highly strained compounds were shown to sgaobthly even at low temperatures to
form products like1l94 (scheme43).[208] Another interesting example is the catalyti
hydrogenolysis of DA-cyclopropan&95 with palladium on charcoal at slightly elevated
pressures to forrh96 and197, reported byAdams and Bellej209]

Therefore, it was tested whether such an approacld also be adapted for our doubly
cyclopropanated pyrrole derivatil®4. It seems plausible, that in our case, the bomaden
the donor and the acceptor should be the one tdawed most readilyréd bonds in104,
scheme44), due to the known fact that these bonds are &jlgiche longest, and thus
weakest, in such compounds.[210] In theory, onddcohtain 3,4-disubstitute@,-symmetric
pyrrolidines199in one step via this method. As already mentidmefdre, derivatives of such

compounds exhibit significant biological propertaasl hence are reasonable target structures.

A HH A Buo,c—, H {BUO,C—, CO,Bu
fBUOzc\i_yr"‘Coszu Hp, catalyst Fy--‘COztBU 4—{
D~ cleavage of bond N4 N
|
Boc

H '\\l H between D and A ) H
Boc Boc

expected products
104 198 199

Scheme 44Theoretical scheme for the hydrogenolysis of DAlsgoopanel04 and the expected products for
this type of transformatioh98 and199 (bonds presumably cleaved are givereid; A = acceptor, D = donor).

A first approach for screening several differentabst systems was conducted using the
ThalesNano H-Cube PH, a continuous flow system for hydrogenation rearithat allows
for rapid screening of reaction conditions. Therefocompoundl04 was dissolved in

methanol, passed through the reactor for one qwtleariable conditions, e.g. temperature,
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pressure, flow)The crude reaction mixture w analyzed by'H-NMR spectroscopyFigure

16 illustrates the experimeaitsetup used for these attempts.

Figure 16. lllustration of the reaction setup for catalystesmingusing theThalesNano FCube Prd". A:

solvent; B: substrate in solvent (MeO; C: HPLC pump;D: control element, display foadjusting and
monitoring reaction parameters (temperature, pressure, fléav); E: reaction chamber containing catal
cartridge (incl. heating block}:: waste drai; G: recovered product mixture in solvent.

The obtained results ajur screening attempts for the catalytic hydroggsisl of 104 are
summarized in tabl&. It could be shown that the major product of sucheexnentswas
none of the expected producl98 or 199 schemed4), but unsaturated derivati200. A
discussion about the possible way of formation200 will be given in a later part of th
chapter (scheméb). Looking at entrie<1-6 of table8, one immediatgl realizes that neithe
10% Pd/C, nor 5% Pt/C were suitable catalysts Herihvestigated transformation, as th
was absolutely no conversion of starting materibseovable after one cycle (even
temperatures and hydrogen gas pressures of up 1@ and 80 bar, respectively). Howev
when using 5% Rh/Gignifican' amounts of product (< 10%) could be detected inctinele
NMR spectra (40 °C, 40 baentry 7, as well as at 60 °C, 60 bar; ent)y Burprisingly, whet
forcing the conditions up to 80 , 80 bar with the same catalyst system, no conwersf
starting material was observed (er9).

s tBUO,C E
tBuOZCW.\\COZtBu . catalyst ’z_y.\\COZtBu
__ Mp catalyst
H r}j H MeOH |}1 H
Boc 1 run; flow = 1 ml/min Boc
104 200
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Table 8. Screening of reaction conditions for the catalisggdrogenolysis 0104 under flow conditions using the
H-Cubé™.

entr)f) catalyst temperature [°C] JHbressure [bar] conversign
1 Pd/C (10%) 50 40 0
2 Pd/C (10%) 60 60 0
3 Pd/C (10%) 80 80 0
4 Pt/C (5%) 40 40 0
5 Pt/C (5%) 60 60 0
6 Pt/C (5%) 80 80 0
7 Rh/C (5%) 40 40 4.8
8 Rh/C (5%) 60 60 8.5
9 Rh/C (5%) 80 80 0
0 Rh/C (5%) 60 60 0
119 Rh/C (5%) 40 40 8.3
12 Rh/C (5%) 60 60 9.7
13 Rh/C (5%) 60 80 0
14 Rh/C (5%) 50 50 0
15 Rh/C (5%) 60 60 0
16" Rh/C (5%) 60 60 0

a) 0.05 mmol (20 mg)04, 4 ml MeOH; b) flow = 0.3 ml/min, 4 consecutivensuthrough system; c) fresh
catalyst cartridge; d) flow = 0.3 ml/min; e) detémed by *H-NMR of the crude reaction mixture without

internal standard.

In order to enrich the amount of product for isimiatand purification purposes, there are two
obvious options: 1) reducing the flow rate, andr&ying the amount of consecutive runs
through the system in order to increase contaa binthe reaction mixture with the catalyst
cartridge (reaction chambétg;in figure 16). Hence, the flow rate was set to a minimum value
of 0.3 ml/min and the reaction mixture was pas$edugh the system for four consecutive
cycles at conditions that gave superior converbefiore (60 °C, 60 bar; entry 10). But again
no conversion was detectable, which made us cyrasuthis result did not make any sense at
all. Surprisingly, when using a fresh catalyst wdge of Rh/C (5%), product formation was
observed again (entries 11 and 12), indicating ssipte, but rather unlikely deactivation of
the catalyst system. Unfortunately, follow-up expemts again failed, leading to zero
conversion (entries 13-16). This led us to resigmfthis approach and to rater focus on other
methods. The product formed during these attemgitdcunfortunately not be isolated and
fully characterized, due to the limited scale o #xperiments and the almost identical R

values of200 and the starting materiaD4. However, figurel? illustrates the strategy for its
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identification by comparison c*H-NMR spectra. Mass spectrometry did, in thase, not

help, as the starting material and the prowould have identical molar mass¢

Buo,c— H E H
3 _21.CO,tBu tBUO,Cas 14—3 2..CO,tBu 4—3 21COxtBu
N" "H H N H N H
Boc Boc Boc
200 104 103
5 ] 1 3 ‘ ‘ 2

1 MU G M

5 1 w63 b 2
Jo Y Lo

Figure 17.ldentification of ringepened produc200 (blug), by comparison of tht#H-NMR spectra of the cruc
reaction mixturewith those for starting materic104 (red), and structurally relatechonc-cyclopropanel03
(greer). Separation of therude mixture was not possi and the molar masses of starting material and o
are identical (rearrangement).

In schemed5, a plagible mechanism for the formation of the obtaineddpct is depictec
Starting from acidnediated opening of the [-cyclopropane bond and tautomerism of
enol moiety to theorrespondingester, intermediary iminium specig8z can then react via
two orthogonal pathwayq:) Addition of hydride to the iminium ion would ledo an overal
hydrogenolysis processe in scheme45), whereas 2) elimination of a proton 3-position

would lead to the product of an a-catalyzed rearrangement procdssi€ in schemet5).

59



Main Part

. HO
o) H H _HH H H
~_..COR " i _..COR *__.COR
H RO RO

H N "H N H H YN H
Boc Boc Boc

. acid-catalyzed
104 201 hydrogenolysis  + y 202 \:{a« Toarang n}; ot

R=1tBu
H

RO,C—, H RO.C x
l—'y‘.\COQR /z—y.uCOZR

N H N
Boc Boc
198 200

Scheme 45Plausible mechanism for the above investigatedsteamation of bis-cyclopropari4. In principle
two pathways can be envisioned, leading to diffetgmes of products. The classical strategy of bgdnolysis
(red) would lead to a product like98 while an acid-catalyzed rearrangemdatti€) would give rise t@00.

Batch experiments were conducted in the followasgyit was shown that catalyst deactivation
was assumed to be a critical issue inth€ubd™ experiments (tabl8). Thus, in tablé we
tried to reproduce the results from the abovemaetidlow experiments, and to accumulate
product amount for complete characterization. T@ surprise, we found that in these
reactions not the unsaturated pyrrolid2@0 but ring-opened methanol adducts of tygis
and 204 were formed, probably due to trapping of the imediary iminium ion202 by a

molecule of methanol.

HoH Buo,c—, H tBuO,C—, CO,tBu
tBuOQCW.\\CoztBu Ha, Rh/C (5%) U‘.\CoztBu d
—_—
, solvent, additive MeO * MeO OMe

HON N H N
Boc Boc Boc
104 203 204

Table 9. Attempts for the hydrogenolytic cleavage of cyetgpanel04 under batch conditions.

entry'*) H, pressure [bar] temperature [°C] additive time [d] conversiof
1 1 25 - 2 0
2 60 60 - 1 traces
3 1 25 10% HOACc (v/v) 19 44
49 1 25 10% HOAC (V/v) 19 32
59 1 65 10% HOAC (V/v) 6 3
6 60 60 10% HOAC (V/V) 6 6
79 - 25 10% HOAc (v/v) 7 7

a) 0.50 mmol (198 mg)04, 20 ml MeOH, 10 mol% Rh/C (5%); b) reaction cadr@ut in a sealed autoclave; c)
40 ml MeOH; d) no catalyst used; e) no hydrogemlu§eestimated fromiH-NMR of the crude reaction mixture
without internal standard.

The experiments described in taBlevere either performed in regul8chlenkflasks with a

balloon of hydrogen gas (for ambient pressure expats; entries 1, 3-5) or in a sealed
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autoclave for reactions under pressure (entriesx@® &. Monitoring of the reaction was
severely hampered by the fact that TLC analysis weasufficient to clearly indicate product
formation (nearly identical /and staining behavior of starting matefi@¥ and product203
and204). ThereforeH-NMR analysis had to be carried out to follow fieaction progress.
Without the addition of an additive, there was aoo conversion detectable, even when
conditions were forced to 60 °C and 60 bar (enttiesd 2). Looking at the reaction times, it
is noticeable that these processes were extrermlyad the conversion of starting material
reached some kind of plateau after a certain tintethen stopped completely. Best results
were obtained when using 10% (v/v) acetic acid rasdditive at ambient temperature and
pressure, giving rise to 44% of conversion aftedags (entry 3). Lower concentrations led to
reduced reaction rate (32%, entry 4), whereas highecentrations were not accomplishable
due to the poor solubility af04. It could be shown by NMR and MS that methanolueds
203 and204 were formed in these transformations, but dudnéoldw conversion and nearly
identical R values of starting materidl04 and the product203 and204, it was practically
impossible to completely purify and characterizee tproducts. In none of the cases
unsaturated elimination produt®8 was observed. In order to check whether Rh/Cusial
for product formation, the attempt was made to eont04 by simply refluxing it in
methanol/acetic acid without catalyst addition (gi&). However, only very little conversion
was obtained after six days, indicating that rhodiindeed plays a role as catalyst. As
described above, reaction rate seemed to be angriactor. Hence, we applied additional
pressure and heat to the reaction conditions afyehin order to accelerate the process.
However, after six days of reaction at 60 °C andb&® of pressure only 6% conversion were
determined (entry6). When using Rh/C in MeOH/HOAc at room temperatwighout
hydrogen gas, 7% conversion were observed aftenseays (entry). If entries 5 and 7 are
taken into account, it seems obvious that the tiyat®ed transformation is rather an acid-
catalyzed process than a hydrogenation of the pyagp@ane bond. Therefore, we turned our
focus from hydrogenation approaches to acid-prothatensformations of bis-cyclopropane
104
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3.4 Acid-promoted transformations of DA-cyclopropare 104

As demonstrated earlier in chapBeB.3 hydrogenolysis of thpush-pullcyclopropane bonds
in 104 is not an efficient process as cyclopropane clgavaather proceeds via an
acid-catalyzed ring opening mechanism. Hence, wesiiigated the effects of different
Brgnstedtand Lewis acids on their cyclopropane opening propensitaswell as suitable
trapping reagents for the proposed iminium spe2@& Table 10 summarizes the attempts
for such kind of transformations. From the previexperiments (entry 5 in tab®, it is clear
that refluxing methanol/acetic acid is not suffitieéo induce cyclopropane ring opening. This
leads to the conclusion that a suitable catalygiable of cyclopropane ring opening, needs to
be employed. Indeed, scandium(lll)-trifluorometheul®onate (scandium triflate; Sc(O7F))
was shown to be highly efficient in opening both -Dyclopropane rings id04 (entries 1-3,
see also ref. [60]). After only 5 min of microwaweadiation (heating at 85 °C), full
conversion of starting material was observed. Uofately, only rearomatization and
deprotection products could be isolated in thisescaxzhemel7). The same was observed
when bis-cyclopropane 104 was refluxed in methanol and activation with
para-toluenesulfonic acidptTSA; entry 5). The ratio of the formed aromatic gaots 208
strongly depended on the reaction times. Under dbi&lic conditions (and elevated
temperatures) an initial deprotection of the Boougr is likely before the ring opening takes
place. However, the deprotection may also happenlaer stage. Yet in 1998/enkertand
Khatuyareported on acid-mediated ring opening, and sule®garomatization of doubly
cyclopropanated furang05 to form furan-3,4-diacetates of ty@07.[103] The authors
proposed intermediates lil&96, which were claimed to be prone toward eliminaijgtheme
46).

H H EtO,C—, CO,Et EtO,C COEt R=R'=H
EtO,C +—, CO,Et HCI/EtOH 7 -2 HX R=Me, R'=H
/ - X X — . R=Me, R = Me
RO R R O R o] R = CH,CO,Et, R'=H
205 206 207
X = Clor OEt

Scheme 46.Synthesis of furan-3,4-diacetat®97 from acid-mediated cyclopropane opening 285 and
subsequent elimination of HX fro206 by WenkertandKhatuya[103]

The fact that mixtures of several different estamctionalities {Bu/Me and Me/Me) were

isolated R08) leads to the assumption that the transesteiiicgirocess takes place after the
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formation of the pyrrole skeleton. Othegwisacids (LiCIQ, FeCk, AlCl3) did also not yield
products other thar08 (entries 6-8). In order to circumvent eliminatioand thus
rearomatization, the solvent was switched from ieth to less nucleophilic THF (entries
9-17) and the addition of triethylsilane was inteddto provide hydride as a suitable
nucleophile, which would not undergo eliminationcenadded (see also schedié for a
plausible mechanism). However, this approach, thauge on paper, turned out to yield only
decomposition products or unreacted starting ndteri

. MoH {BUO,C—, CO,BuU RO,C CO,R
t UOQCW.\\COQTBU acid, additive /Ff ——z—g\
solvent, temp. Nu Nu or

HON N N
Boc Boc R'
104 174 208
R = Me, tBu
R'=H, Bn

Table 10.Attempts for the acid-catalyzed cyclopropane opgaif 104 (mw = microwave).

entn? | solvent acid tem[egr]ature a(lggg:xf time cor[13//§rr])5|on product
1 MeOH | Sc(OTH 85 (mw) - 5 min > 90 208
2 MeOH | Sc(OTH 85 (mw) | EtSiH (5) | 5min > 90 208
3 | MeOH | Sc(OTH | 30-80 (mw) - 3(%)2')” ~ 80 208
4’ | MeOH | Sc(OTf) 25 - 6d 0 -
57 | MeOH p-TSA 65 - 18 h 100 208
MeOH LiCIO, 25 - 72 h <5 -
7 MeOH FeCl 25 - 72 h <5 -
MeOH AICk 25 - 72 h ~50 208
9 THF Sc(OTf) 85 (mw) | EtSiH (5) | 10 min 100 | decomposition
10 THRps | Sc(OTfy 85 (mw) - 5 min 100 decomposition
119 THF Sc(OTf) 85 (mw) | EtSiH (5) | 5min ~20 208
12 THF | Sc(OTf) 25 EtSiH (5) | 30 min 0 -
13 THF p-TSA 25 EtSiH(5) | 72h <5 -
14 THF p-TSA 85 (mw) | ESiH (5) | 5min <5 -
15" THF p-TSA 25 EtSiH(5) | 24 h <5 -
16° THF TFA 25 EtSiH (5) 72 h >90 decomposition
17 | THF | Sc(OT | 30-80 (Mw)| GHu-NH; 3(%;2')” 0 i
18 MeCN Sc(OTH 150 (mw) GH1;-OH | 15 min 100 not identified
19 | MeCN | Sc(OTH 95 Hantzsch |5, 0 i
ester
209 | MeCN | Sc(OTf 95 Bn-NH 3h 32 (NMR) 208
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21" | THF | Sc(OTh 8(?“3\/2)5 Bn-NH, 2 h <5 208

a) 0.05 mmol (20 mg)04, 40 mol% acid, 1 ml solvent; b) 0.50 mmol (198 m@},40 ml solvent; c) 10Qu of
water were added; d) 1.1 equiwvTSA used; e) 5 equiv TFA were used; f) catalystibition by amine; g)
product inseparable from starting mater20& R =tBu, R’ = Bn); h) estimated from TLC.

Formation of aromatic compoun@98 in such reactions indicates that there seems tanbe
intermediary ring-opened methanol adduct of t0&204 present (chaptel8 3.3), which
undergoes subsequent elimination of methanol (amel d&protection) to yield ring-opened
pyrrole derivatives. A plausible mechanism for tiyise of transformation is shown in scheme
47.

‘“‘}_{# w CO.R N CO,R
ﬁ/ OMe N uOlVIe

O-.
& |:'| \\(\) ILA
[ 9 210 211 212 208
N H
R! -
R = Me, tBu
LA !
N CO.R R'=H, Boc
209 )y H*
@/
J
|‘?1 ‘ no elimination possible
(no pyrrole formation)
210 213 214

Scheme 47.Plausible mechanism for the acid-catalyzed ringnome and subsequent transformations of
proposed intermediat209. When methanol acts as the nucleophid)( elimination, and simultaneous pyrrole
formation is encouragedigper row. On the other hand, when hydride is used as tiskeaphile, no elimination
can take place, allowing for maintenance of theesigenter(s) (LA fewisacid,blue).

After Lewisacid activation of the ester moietyash-pullring opening of the DA-substituted
cyclopropane209takes place and the intermediary iminium g is trapped by a molecule
of methanol. Intermediat2l1 (or 212) is prone to undergo elimination of methanol again
finally form pyrrole derivatives of typ208 under the applied conditions (sched# upper
row). Ideally, one would envision using a nucleopltilat is not able to undergo elimination.
Thus, hydride may attack the iminium i@40to form products of typ@13 (or 214), which
cannot undergo elimination and still maintain tret@reoinformation (schendd, lower row).
Unfortunately, results from tabl&0 suggest that neither of the applied conditionsewer
feasible for sufficient transformation of bis-cyplopanel04 into the desired products/4
without the occurrence of aromatization. Thus, ndhier efforts were carried out in this

direction.

64



Main Part

4 Investigations of peptide foldamers at high presse

4.1 High pressure as an alternative activation mode organocatalysis

A general, until now only partly solved problemarganocatalysis is the slow reactivity of
many of the catalysts compared to classic metalysas, leading to low turnover frequencies
and to an instantaneous need for higher catalystings.[211-215] In order to overcome
energy barriers for organic transformations, sdwdifierent modes of activation are feasible,
e.g. an increase in temperature, the applicatiohesfis acids, microwave irradiation or
ultrasonic sounds.[216, 217] Pressure is an alieméat was somehow ignored by a great
part of the scientific community so far (due to ysldble reasons, see discussion later);
although it bears significant advantages compavestandard activation modes. It is a mild
and non-destructive method that allows for acthgitia broad variety of organic
transformations even at low temperatures, givingtirit benefits for selectivity issues.
Reactions prone for activation by pressure inclualdol, Michael Mannich and
Baylis-Hillman reactions, as well as cycloaddition reactions @ods couplings. In principle,
every reaction with a negatiw®lume of activatiof{4V'), which is defined as the difference
of thevolume of the transition statind thevolume of the reactantsan be accelerated by the
influence of pressure.[218-221] Although literatupgecedents for pressure promoted
reactions are rather limited, some remarkable toamations have been accomplished so
far.[222-227] It can be assumed that the normaltiier sophisticated experimental setup for
such reactions excluded more intense applicatiomigh pressure in catalysis. However,
people are creative and thus developed simplecgiest for the generation of high pressures.
For instanceHayashiand co-workers reported a very elegant methodd®zing water inside

a sealed autoclave with a household refrigerasmzier to -20 °C, which enabled them to
generate pressures of up to 2000 bar.[228-231] Seeng recent examples include high
pressure catalysis combined with photochemistrg[2233] as well as the highly
enantioselective construction of chiral quaternstgreocenters applying pressures up to 10

kbar, which leads to products that are not accksaitder ambient conditions.[234, 235]
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4.2 Peptide based organocatalysts

Short peptides have been shown to be remarkabigiesff catalysts for organocatalytic
transformations and have been applied in a broagesof transformations. The field of
peptide based organocatalysis has been pioneerdtilley et al.[236, 237] and extensively
augmented by the group Wennemerf238, 239] Figurel8 depicts two prominent examples
from the referred group215and216).

N 0 0
N/ m m
s N NH N NH
hw% Yoo Qw% ” "R

N NH
o] H o . -
H \6) 0 YA’COQMe Oy
NBoc

o]

Ne ~—COR N CO,Me
l HOng\ HO.CaN HO,CaN
07 NH U J
Ph\)\COM
215 2Me 216 H-Pro- A-Pro-OH H-Pro-V¥-Pro-OH
(217a) (217b)

Figure 18.Examples of peptidic organocatalysts friiller et al. (215 andWennemers et a[216), along with
tripeptide foldamers217a and 217b from the Reisergroup (A designates (+is-B-ACC ((+)-33), and ¥
designates (-$is-B-ACC ((-)-33)).

Various studies revealed that regular peptidesoften too flexible to act efficiently, thus
modification by e.g. N-methylation or introductief conformationally constrained building
blocks proved to be vital for the construction dficgeent catalyst systems. Tripeptide
foldamers like217aand217h containing #3-ACC (A or V) building block in the central
position were shown to be efficient catalysts fogamocatalytic transformations, including
aldol, Mannich and Michael reactions.[58, 240] Making use of the rigidity thie central
cyclopropane moiety the two functional groups resiade for catalysis, i.e. the secondary
amine and the carboxylic acid function can be pws#d in close proximity. This feature
allows 217a (containing A) to act as a superior catalyst compared to itsnesa217b
(containing V). In the following part a plausible explanatiom fbe discrepancy in catalytic
activity between217a and its isomeR17b, based on high-pressure (HP) structural studies
(including HP-NMR), compared with catalytic resultg high- and ambient-pressure
conditions is proposed. The synthesis of the twoeptide foldamers is described in the

following section.
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4.3 Synthesis of the tripeptide foldamers 217a arlL7b

The synthesis of tripeptide foldameé$7aand217b commences with the preparation of the
central cyclopropane amino aats-3-ACC (A/V; (£)-220) following a method oReiser et
al.[50] In this case83 is prepared in a racemic fashion, as the enant®oan be separated at
a later stage (as diastereomeric dipept22, hence giving rise to both isomers at once.
After N-Boc protection of pyrrolés0 using a slightly modified procedure @rehn and
Ragnarssojj241] a racemic cyclopropanantion reactiorNeBoc-pyrrole101 was carried out
using methyldiazoacetate to form cyclopropanel@&)scheme48). The remaining double
bond was subsequently cleaved via ozonolysis aatnent with dimethylsulfide (DMS) to
form aldehyde218 In the next step, the aldehyde function was @edito the carboxylic acid
following a procedure oDalcanale and Montanari[242, 243] After a deformylation step
mediated by the organic babeN-diethylaminoethylamine (DEAEA), benzyl protectiof
the free acid concludes the synthesis of racen)i226.

H

Boc,O : CO,Me
B DMAP A\ N7 CO;Me 7 CoMe D A0
oo ,, o T o AN
N DCM, rt N Cu(OTf),, PANHNH, Ny 2) DMS Ox N
H 82% B DCM, tt, 45% B 97% 1
OoC
50 101 ®-18 218
NaCIO,, H,0, COMe CO,Me BrBr COMe
_ KHPO, A j) DEAEA A NaHCO;
MeCN/H,0 HO,C N MeCN, rt HO,C NHBoc DMF, rt BnO,C NHBoc
0°C, quant. Boc 82% 92%
219 33 (#)-220

Boc-A/V¥-OBn

Scheme 48Synthesis of (£220from pyrrole50 following the procedure dReiser et a[50]

Single crystals of the racemic mixture 88, suitable for X-ray analysis could be grown,

allowing for a structural proof of theis-relationship of the amine and the carboxylic acid
moieties in33 (figure 19).
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Figure 19. Single crystal Xray structure of Bc-¥-OH (33), clearly showing theis-relationship of the amin
and the carboxylic acid function. This structurahture is crucial for further approaches into gate, as it
allows for spatial proximity of the functional gnesiresponsible for catalytictivity.

After successful synthesis cdcemic220, thepreparation of the tripeptide cataly followed
another report oReiser et a,[58] which is presented in scherd®. As donor-acceptor
substituted cycloprames are known to undergo rapid ring opening reas once the
N-terminus is deprotecte@@-ACC derivatives proved to be tricky substrates peptide
coupling approaches.[4244, 245] Nevertheless, it is possible to synthesize dipeptidf
type 221 by the deprotection of theN-Boc group with a solution of HCI in di
ethylacetate.[54]The resultingammonium derivatives are stable enough to diremhyvert
them into the corresponding dipepti via solution phase peptid®mupling with N-ethyl-N'-
(3-dimethylaminopropyl)carbodiimide hydrochlor (EDC) andN-Boc-L-proline. For the
separation of the two diastereomeric dipeptidess ecessary to deprotect the Boc g
first, as chromatographic separation proved to be mumie wonvenient at ts stage. Thus,
the two diastereomerically pure dipeptides couldb®ined in 43%221¢) and 33% 221b)
yield from racemic ()220, respectively The next steps are then performed in paralle
both isomeric compound#fter Boc protectio and hydrogenigtic cleavage of the benz
groups, the dipeptides are coupled with a seconéaule ofL-proline to form orthogonall
protected tripeptide222a and 222b. Final deprotection steps were carried out u:
HCI/EtOAc with subsequent basic wc-up, followed by hydrogenatioim order to cleavithe
benzyl esters. In this way tripeptide-Pro-A -Pro-OH @178 was prepared in 5.0% vyie
over 13 steps (froM-Bocpyrrole), and its isomer H-Pr&-Pro-OH @17t) in 4.1% (scheme
49).
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N
N NH
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217b

Scheme 49.Synthesis of tripeptide organocataly&ts7a and 217b from (£)-220, following the procedure of
Reiser et al(solelyL-proline was used for peptide coupliri§3]
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4.4 Structural investigations of the tripeptide fotlamers 217a and 217b

In order to gain insight into the possible confotioras of the two peptidic organocatalysts
217a and 217b, we performed detailed structural investigatiomsluding NMR studies
combined with molecular modeling approaches. Theifigs from our structural studies were
then compared to the results obtained from catlggiperiments (chaptd® 4.5. From
former studies it is know that H-Pra-Pro-OH @173 is a superior catalyst compared to its
isomer H-Pro¥-Pro-OH @17h).[58, 59] With the experiments discussed in thkotang
part we aimed to create a reasonable explanatiothéocatalytic discrepancy of the two title

compounds, and to propose a plausible way of datalgtion for the active species.

When having a look at the proton NMR spectra of tthe isomeric compound817a and
217b, one immediately recognizes a significant diffeef{b8] While the spectrum looks tidy
for 217b, with nice sharp and separated signals, therevastioverlap of mostly broadened
signals visible for217a Furthermore, one can see multiple distinct sétsignals, which
might be assigned to minor populated state confboms These first insights led to the
postulation thaR17ais conformationally highly flexible, while its iseer217bis rather fixed
to one major conformation, which may be due tordaarnal hydrogen bond. In order to test
our hypothesis'H-NMR spectra of both compounds were recorded gfivg pressures (30,
1000, 2000 bar), and the relative shifts of theratt@ristic amide protorrdd NH in figure
20) were compared. In general, amide protons of geptand proteins tend to shift much
higher upon an external stimulus (e.g. temperatsodyent titration), when they are not
hydrogen bonded. Thus, a minor shift of the amigead may give hints for H-bonding of the

amide proton in question.[246] Figuz@ presents the results of the conducted experiments.
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Figure 20.*H-NMR spectral region of thsignal of the amide protomed) of 217a(A) and217b (B) at varying
pressures (30, 1000, 2000 bar). The relatively $bift of the signal 0217b and the occurrence peak fine
structure are clear hints for stroimgramolecilar H-bonding (800 MHz, CEDH, 0.18 M 298 K..

It is clearly visible from the stacke'H-NMR spectra depicted ifigure 20 that the amide
signal shifts to a much larger extent 217a(Adyy = 0.105 ppmA) compared t217b (Adwn
= 0.058 ppmB). Furthermore, it has to be noticed that the dgyaee much sharper and st
to split into the characteristaouble of backbone amide protons in peptidB). All together,
these observationsonfirm our hypothes and lead us to the conclusion that a str
intramolecular hydrogen bond fixes the conformatdi217b. Structural calculations on tt
C-terminal benzyl ester (17t also revealed potential bBbnd formatio.[59, 247] As this
tripeptide is the one showing poor catalytic perfance, it is suggested that the intel
H-bond separates thevd functional groups responsible for catalytic atyi thus leading t
an inactive catalystOn the other hand, -Pro-A -Pro-OH @173 is highly flexible, allowinc
for positioning of the functional groups into thestted conformation. It was already sin
by Reiser et althat217aexists in predominantly two major conformati(58] At ambient
temperature217awas shown to exist in a lcig/trans ratio in methancds, whereas the
minor cis-amide conformer was oposed to be the catalytically active specX-ray analysis
of peptide217awas not possible due to the h intrinsic flexibility (tripeptide217b could be
crystallized but the obtained crystals were unfoataely not measurab. Moreover, this
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would anly lead to solid state insics, whereas the solution structure is much more inano
in this case. Thereforaye attempted to generate molecular models of theptide;, which
would allow a more detailed perception into the structural gmexices ofthe latter. The
molecular modeling software packaSpartan O6was used for the conformatiorsampling
and energy calculationgigure 21 presentdow energy structures of tripeptid217a and
217bobtained from a conformational search using siatatilebackbone bonds each withc
distance restraints. The resulting structures (32ethenminimized in energy and sort
afterwards. Due to seververlap of the NMR signals, precise integrationatif nuclear
Overhausereffect (NOE) cross peaks could rbe achieved, howevedijstinct NOEs wert
found for al of the proposed conformatic and were taken into account in the proces
sorting the conformerdkegarding this aspect, it has to be noted thatctimformations o
tripeptides217aand217b presered in figure21 are rather ideal model structures than e

reflections of what actually happens in soluti

\ cis-amide bond }‘
0

)\ (actwccur\fcr mation) /f\ trans-amide bond
y 4
—d f (inactive conformation)
/1—“1\‘; g Y. Hn P
3422 A \ e P L

= — 7 zaeah | ae”

| 1.899 A '\ A \
\ ] ’/—\‘1 | 7]
] ot -~ J oM
/‘-\71.3215 /.,‘Y]\ ’ E ::
O O
205—46 N NH N NH
N NH7 H H
1H <
8 III III
10, COzMe COzMe

H-Pro-¥-Pro-OH
(217b)

cis

NG WCO,H _
‘ 7 (active)

H-Pro-A-Pro-OH
(217a)

HO,C N trans
; 7 (inactive)

H-Pro-A-Pro-OH
(217a)

Figure 21.Low energy models dfipeptides217b (left) and217a(center right) generated bSpartan 061t is

assumed tha217bis stabilized by strong intramolecular H-bondyreern), which separates the two cruc
functions (NH and HG3®) from each otherleft). In contrast217aexists in predominantly two conformatio
(cis andtrang), from which onlythe minor conformation with cis-amide bond would be the catalytically act
species ¢ente), while the transconformation has some kind wresting state charact (in the chemical
structures the groups responsible for catalytivigtare highlighter in red; bluearrows give distances betwe
NH’-OC", and NH-HO" in A; H-bonds with corresponding distances are indicatgreer).
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The low energy structure of tripepti217b shows a potential hydrogen bond (d = 1.99¢
between NH and OC?3, which his also been predicted by the abovementioned expetir
In such a conformation the two functional groupspomsible for efficient catalysis &
spatially separated7.094 A); a structural featt which would disallon bifunctional
organocatalysis, and tredore explain the poor catalytic performance 217b (left part of
figure 21). In contrast ta217k, 217ais suggested to be rather flexible, allowing fopide
changes of conformation. The two major conformatiare proposed to lcis'transisomers
of the Cterminal amide bond (C**-N).2%[248] In both, thecis-amide conformationcente)
and thetrans-amide conformationright) the distances between Nknd O(**are rather large
(3.422 A and 3.464 Arespectively and out of plane, thus avoiding a restrainin-bond
similar to217hb The minor populatecis-conformer ¢ente) shows close spatial proximity
the catalytically active functional groups with tweeak F-bonds arranging therin space
(NH-CO™: 1.899 A, HN-HO': 1.821 A). On the other hand, tiens-conformation of
217a (right) represents a kind westing stateof the catalyst, but though allows for raj

interconversion of the conforme!

¥ 2000 bar

e
5 J\_WJL\‘ 1800 bar

1600 bar

1400 bar
1200 bar
1000 bar

800 bar

M 600 bar

MN 400 bar

Mm 200 bar

Mm_, 30 bar
T

Figure 22.'H-NMR spectral region of the ami signal of tripeptide217aat varying pressures (-2000 bar).
While the amide signal of the major conformleft) only shows shifting and marginal line sharpenimpn
increasing pressure, the region of minor popula@aformational statesred fram@ reveals distinct chang
(800 MHz, CQOH, 0.18 M 298 K.

In order to investigate whether pressure can infleethe conformational equilibrium of ¢
catalyst, we investigated th'H-NMR amide region of H-Prak-Prc-OH (2179 under

19 For the conformations of proline amide bonds ref. [248]
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varying pressures (figur22). While the amide NH signal for the major conforn(teans, left
part of the spectraonly showed shifting and rather insignificantdirsharpening upon
increasing pressure, the region of the minor pdpdlaonformational states revealed distinct
effects (ed framg. Indeed it seems that some of the signals areplatety vanishing at
higher pressures. This suggests a substantial teffe@ressure on the conformational
preferences of such a small peptide, which is rkalde. In order to provide more
experimental proof for the proposed mechanism tbacwe conducted experiments using
tripeptides217a and 217b as catalysts for aldol reactions at ambient- aigh-pressure

conditions.

4.5 Organocatalysis under high pressure

It is a well-known fact that pressure influences thssociation of water.[249] As it is also
known that water plays a vital role in a plethofaomyanocatalytic transformations, it seems
plausible to apply high pressure for the accelenatif said reactions. Despite of the effect on
reactivity, it should also be investigated whetlpeessure can have an influence on the
conformational equilibrium of the peptides, andsticould affect selectivity. Hence, tripeptide
catalyst H-ProA -Pro-OH @179 was tested in the model reaction between ace2@Band

para-nitrobenzaldehyd224 under ambient- and high-pressure conditions (thble
OH

(e} [0} (o}
P § H-Pro- A-Pro-OH
+ H _—
acetone/water
NO, 10:1, rt NO

223 224 225

2

Table 11.0rganocatalyzed aldol reactions under ambient-hégtatpressure conditions.

entry? | catalyst [mol%]| time [h] pressure [b8r]| conversiof! | yield [%]" | ee [%]
1 - 24 1 40 17 0
2 - 24 4600 14 9 0
3 10 24 1 84 68 6N
4 10 16 5200 100 81 6R)
5 10 4 4800 97 73 6'R|
6” 20 24 1 n.d. 89 7R
700 20 24 1 n.d. 77 R
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a) 0.20 mmol (30 mgp24, 2 ml acetone/water (10:1 (v/v)); b) taken fronf. {&8]; ¢) H-Pro-¥-Pro-OH,
acetone/water (5:1 (v/v)); d) deviations of pressare due to the experimental setup; e) determiye@LC
analysis/isolated starting material; f) isolatedlgiafter column chromatography; g) determined luyat HPLC
(Chiralcel AS-H,n-heptangPrOH = 99:1, flow = 0.5 ml/miMax = 254 nm, = 18.97 min R), r, = 22.38 min

9).

In order to see the potential effects of pressuresaectivity, a benchmark reaction with a
moderate degree of enantioselectivity was chosepugpose. From entries 1 and 2 it can be
concluded that uncatalyzed background reactionseiticbccur, but to a significantly lower
extent at 5 kbar. When comparing entries 3 and Bec¢omes obvious that a pressure of 5
kbar leads to a sixfold increase in reaction ragadtion time reduced from 24 h to 4 h).
However, no significant effects on enantioselettiwere observed. Comparison of entries 6
and 7 reveals that H-Pr8-Pro-OH @17h) is still an active catalyst (leading to 77% yield
but conveys extremely poor selectivity (entry 7hisTresult nicely fits our proposed model,
where the secondary amine (NHs widely separated from the acid function @Hbut still

is able to catalyze the reaction. It is assumetttiechiral information is transferred by the
H-bonding capability of OM (orienting the transition state), thus explainitige low
enantioselectivity value fa217b (6% eg. Although it was stated before that rigidity pday
crucial role in peptide catalyst activity, this exale clearly demonstrates that a certain degree
of conformational freedom can be essential foicedfit catalytic performance.
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4.6 Structural investigations of longera,B-peptide foldamers under high pressur

High pressure is a valulgbtool in protein biochemist as it enables the investigation
folding/unfolding mechanisms of prote, which are oimajor concern with regard to disea
like Altzheimer’'sdiseaseParkinsor's disease orrayotrophic lateral scleros (ALS).[250] In
most cases it is a nanvasive method that allows for tracking of foldimdermediate, thus
giving insight intoconformatione preferences of proteins and pggptide<[251, 252] In the
following, we attempted structural dies of peptide foldamers with HPMR and HP-FTIR
spectroscopy in order to explore tfeasibility of such methods for systems much sme
than proteins.

H-Ala-Cpe?-Cpe3-GIn“-Ala®-Cpeb-Cpe’-Lys®-Ala®-Cpel®-Cpell-Glul2-Alal®-NH,

HZNﬁw%mt%w?“ﬁN%NHt%N?N%N%NgN?N%NHZ

° H,NOE 9 9
10 > 10
H,N

HO,C

226

regular9/12/9/10 helix distorted helix
in methanol inagueous systems

Figure 23. Threeletter coded sequence i chemical structure ofL3-residuea/p-peptide foldamer226,
including H-bonds Cpe = cispentacin; dig on arrowsindicate the number of atoms forming th-bonded
rings; top). NMR solution structures 226 in methanol left) and water right). Foldamer226 adopts a regular
9/12/9/10 hek in methanol solution. In contrast the helix istdrted to some extent in agueous m, possibly
due to hydropobic interactions anestacking between the unsaturated rings (Cpe-2;8C@pe-10) on one face
of the helix plue), and formation of a st-bridge between Lys-8 and G2 on the opposite si (orange.

Mixed o/B-peptide foldame[253, 254] like 226 were designed using the -called

stereochemical patterning appro: of Martinek and Fulop et gR55] and were shown t

exhibit stable helical structures, even in aqueunesdia (figure23).[256,257] In order to test
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the power of HRmethods for structural studies of relatively shpeptidic foldamers, w
investigated the behavior of foldan226 as a model compound with VIR (up to 2 kbar
and HP-FTIR (up to & kbar). The results of our experiments are sunazearin the

following section.

4.6.1 Highpressure NMR experiments of foldamei226

NMR spectra of 13esidue peptide foldame226 were recorded in aqueous buffer
pressures ranging from ambient prae (30 bar) to 2040 bar.h€ chemical shifts of th
backbone amide signalswhich are generally thenost meaningful part of peptide protein
NMR spectra in terms of structural studiesthey reflectthe backbone conformatic— were

analyzed (figure4).

A8y, =0.060 ppm A8y, =0.007 ppm e, S L,

g o

2040bar
1800 bar 3
1600 bar ! 7 E—1
1400 bar A;,“ ih \ -
1200 bar = i :‘-l ‘
1000 bar ,1:'[ N [k i
800bar \ J
600 bar
1
400 bar | == 5
200 bar
30bar

((CCCCRLYS

e
f"| o o o o

) | e

F2 [ppm)

Figure 24. Left: '"H-NMR spectral region of the amide signals of foldai226 at varying pressures (-2040
bar). Comparison of the signals fiAla-13 (eft red framé and Cpe-3r{ght red fram¢) reveals non-uniform
shifts of the amide signals, whidhdicates conformational changes of the helicatkbone of thepeptide
foldamer.Right: Overlay ofexcerpt from NOESY spectra a226 at 30 bar (blue) and 1830 bar (red). Arrc
indicate pressure induced crgssak shift. 1D projection represents the NMMR spectra 0226 at 30 bar
according to théolue crosspeaks.800 MHz,20 mM aqueous phosphate buffer pH, Z4nM, 300 K, 800 ms
mixing time).[258]

Obviously, the general trengbon increasing pressure is a -field shift of most of the amid
signals of226. However, some of the backbone amide proton ssgdal not move to
significant extentfdyy = 0.007 ppm foiCpe-3) while others shift quitintensely Adyy =
0.060 ppm for Ala-13)This feature is clear evidence that structural glearin the backbor
conformation of the helical peptide oc, rather than solely compression of the helixich
would result in a constant sling of all amide signals in questioRurthermore, the amic
protons of the minor shifting signals show almostathanges of thJ-coupling constants
upon increasing pressure ((-3: *Jyy (30 bar) = 8.49 HZJyy (2040 far) = 8.41 Hz; Cp-11:
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3Jun (30 bar) = 8.11 Hz3Juy (2040 bar) = 8.24 Hz). Based on the low chemicuft s
differences and almost constalktoupling values of such signals one can assunighhbae
residues are rather buried in the interior of takchal structure and keep their strong hydrogen
bonding character. On the other hand, terminadues that are not incorporated within a

strong hydrogen bonding network (e.g. Ala-13) temtle more flexible.

4.6.2 High-pressure FTIR experiments of foldamer 22

Infrared (IR) spectroscopy is a well-establishedchteque for studying protein
conformations.[259-262] In order to get a deepsigint into the conformational behavior of
our model peptid®226 we conducted HP-FTIR measurements, as it is knihah protein
secondary structures can be reliably assigned img ssich methods.[263] Figu@b depicts
the amide-1 band of the FTIR spectra (1600-1700)cmwhich is mostly associated with the
carbonyl stretching vibration — of foldam226 in D,O under varying external perturbations
(e.g. temperature and pressure). An approach torc#utious interpretation of the obtained

data is described in the following.
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Figure 25. Results from the pressurA @ndB) and temperatureC(andD) dependent FTIR measurements of
foldamer226in D,O at 298 K. Structural changes are reversible gane of pressureB) and temperatured.
FTIR spectra o226in D,O and MeOH ), and pressure dependency of secondary structoiiésriF; black =
turn-like structuresyred = helical structuresgreen = unordered structuredlue = usually associated with
B-sheets, but in the present case may be assigrsmitbextended chains connecting the helical satghe

The FTIR amide-1 band &f26 at ambient pressure shows a narrow band at arbgirel cnt,
usually associated with turn-like secondary stmesy(figure25 A). The broad band centered
at around 1640 cihis an overlapping component between unordered sn@if1638-45 cif)
and a-helical structures (1650-55 ¢ Since the H-bonding pattern in the foldamer is
different from that of a traditionai-helix, differences in the wavenumbers are expedted
example, foldamer226 likely forms 9/12/9/10 membered rings (comparedhwd 13
membered ring in aa-helix), thus the helical structure formed 236is probably tighter and
so the wavenumber is expected to be lower (sinola 3o-helix which exhibits an IR band
around 1641+3 cif).[262] Upon pressurization, the broadening ofah@de-I band suggests
a loss of well-defined structural motifs, and shit of the peak associated with turns to
higher wavenumber suggests weakened H-bonding réfi@ddd A). The peak-position
dependent quantitative fits of the amide-1 banchwitessure (figur@5 F reveals a reduction
in the contribution of the band at 1650 and 1672 ¢most likely: the loss of helical folds
and turns), and a concomitant increase of the @meddstructures (1636-1640 ¢n Figure

25 B shows that the changes prompted by pressure\aesilde. The temperature-dependent
measurements reveal a similar trend for the thkm-Btructures, but the changes in the
helical/unordered region show an opposite behaffigure 25 C). Temperature induces a
narrowing of the amide band at the low wavenuml@e snd a minor shift in the peak
position. This could again arise due to a differdAbonding pattern at higher temperatures
(also indicative of changes in the conformatiorglikbrium), but the changes are reversible
(figure 25 D). Figure25 E shows the amide-I band in methanol is blue shi¢@mapared with

the aqueous solution (probably mainly owing to diféerent solvent composition). Due to
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less effective H-donor abilities of methanol, aebkhift by about 10 cthin helical peptides
has been reported.[264] In the present case, ikerahd helical structures exhibit shifts by 6
and 9 crit, respectively. In addition, a change of solveonfrmethanol to water causes a
hydrophobic-collapse leading to partial loss ofida@lgeometry, also evident by the shape of
the amide-1 band. These results suggest that theltsand centered at 1640 tmost likely
reflects the conformational equilibrium between gbyr helical and partially collapsed
conformations, which is changed reversibly by piess temperature and solvent.

In conclusion, both, NMR and IR measurementsa(f-peptide foldamer226 indicate a
partial unfolding of the helical conformation uporcreasing pressure, which was shown to

be of a reversible nature.

4.6.3 Temperature-dependent CD spectroscopy of fader 226

Circular dichroism (CD) spectroscopy has been shtawbe an invaluable methodology for
the analysis of secondary structures of proteimspaptides.[265] Although the characteristic
CD signals for regulao-peptides do vary significantly from those [@fpeptides or mixed
o/B-peptide foldamers, CD has nevertheless been showe appropriate for conformational
studies of the latter.[266, 267] CD spectroscopdeaunhigh-pressure conditions has been
realized,[268] but unfortunately, due to limitationn the experimental setup such
measurements could not be conducted in the preswit Nevertheless, variable temperature
(VT) CD spectroscopy has the potential to reveaigints into the thermal stability of
secondary structures and can also indicate changsscondary structure upon the external
stimulus. Furthermore, the obtained data from teatpee-dependent CD can directly be
compared to those from temperature-dependent Fi@éRtoscopy (chapt& 4.6.2. The CD
spectrum ofa/B-peptide foldameR26 in water shows a strong positi@otton effect at 206
nm (figure 26), which was assigned to a right-handed helix (cordd by NMR solution
structure and theoretical calculations).[256] Idesrto investigate the structural behavior of
foldamer226 under thermal ‘stress’, CD spectra2®6 in water at varying temperatures were

collected and analyzed (figug®).
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Figure 26. Left: Temperaturelependent circular dichroism spectra of pee foldamer226 in water at
temperatures ranging from 10 °C to 90 °C (arrowdatks the decrease molar ellipticity of the maximum at
206 nm with increasing temperatureRight: Thermal unfolding behavior 0f226 based on the
temperature-induced variatimf the maximum at 206 n (Data from ref. [256]Copyright: Wile)-VCH Verlag
GmbH & Co. KGaAReproduced with permissio

As expected, theharacteristic maximum at 206 ndecreases upon increasing temperi
from 10 °C to 90 °Cléft part in figure 26). Plotting of the temperatuiaduced variation o
the CD maximum at 206 nm against temperature re\eedihear behavior and gives insi
into thethermal unfolding of foldame226. In these experiments, a rarkably highhelical
stability of 226 with only 35% unfolding at 90 °C wdiscovered right part of figure 26). In
analogy to the abovementioned structural featufe226 revealed by H-NMR, HP-IR and
VT-IR, the thermal unfolding behavior of foldan226 was alsasshown to be reversible t
CD spectroscopy.
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C Summary

Cyclopropanated heterocycles have been shown towauable building blocks for the
synthesis of a broad variety of natural productd ather biologically relevant compounds.
The first part of the present thesis describesetmntioselective cyclopropanation of furan
and pyrrole derivatives, as well as their furth@nsformations of the derived compounds.
Furan-3-carboxylic acid methyl es®@t was used as starting material for the total sysishef
(-)-Paeonilide27, however, only in 83%e as enantiopure material was not accessible at tha
time. In the course of this project an enantioggleccyclopropanation reaction &fL was
developed, which leads to cyclopropdran > 99%eeand multi-gram quantity (scherbé).

Meo,c. H N

MeO,C
m N7 “CO,fBu Z_y..\coztsu O~ N\[O)
o Cu(OTf),, 8 e S/N N—
PhNHNH, H k.
DCM., 0 °C tBu tBu
91 15 8

47% yield, 89% ee
> 99% ee after recrystallization
100 mmol scale

Scheme 50Enantioselective cyclopropanation of furan-3-casthic acid methyl este®1 on 100 mmol scale.

Key features for the success were the applicatfaazabox ligand as the chiral ligand and
the modification of the ratio of catalyst to ligafilom 1:1 to 1:2. On the other hand,
cyclopropanation products dEBoc-pyrrole101, which already have been applied for various
synthetic endeavors, could not be accessed byiesaleictive cyclopropanation so far. In the
present work, a strategy for the enantioselectiwdopropanation ofl01 with the use of
tert-butyl diazoacetate as carbene source and agaimazigand8 was developed (scheme
51).

r " H
Z>C0,Bu ~—,.wCO,Bu tBuO,C —.nCO,Bu o-N__o
) . s R v . _ T
N Cu(OTf),, 8 N “H H N H N N /
Boc DF(;T\;I\II-':\ISH‘gC Boc Boc tBu tBu
101 103 104
44% (59% brsm) yield, 87% ee 12% yield, 41% ee

> 99% ee after recrystallization
150 mmol scale

Scheme 51Enantioselective cyclopropanationBoc-pyrrole101 on 150 mmol scale.
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Cyclopropan€el03 can be obtained in > 99%e and multi-gram quantity, along with doubly
cyclopropanated04 (max. 41%e6. The application ofert-butyl diazoacetate and the ligand
8 turned out to be crucial for achieving high enamteric excess of the product. In the course
of this projecttert-butyl substituted azabox ligar@lwas identified to be superior to a great
variety of other ligands for the asymmetric cylgpanation of bottf®1 and101 Cyclopropane
103 was applied for a short and efficient synthesithefbiologically active GABA analogue
(9-(+)-homof-proline 109 (schemeb2).

H H COH
~.COytBu  Hy (1 atm) —,CO,tBu 1) TFA, Et;SiH
Yy pacow) [ N/ DCM, 1t 72 h
N H THF, rt N H 2) Dowex 50WX8-400 N
Boc 85% Boc 15% aq. NH3
quant.
103 149 (S)-(+)-108

(S)-(+)-homo-B-proline

Scheme 52Synthesis of9)-(+)-homof-proline 109 from cyclopropand 03

Starting fromN-Boc-pyrrole101, (S)-(+)-109 could be prepared in three steps and 37% vyield.
However, the occurrence of epimerzation during #wed catalyzed cyclopropane ring

opening step prohibited access to enantiomerigaiig 109,

In the second part of the present thesis the simraictand conformational behavior of
o/B-peptide foldamers were investigated by the apfpdnaof high-pressure NMR (up to 2
kbar) and FTIR (up to 6.5 kbar) spectroscopic mashdhort tripeptide217a and 217b

containing a central cyclopropane amino acid, wamnelyzed in terms of their catalytic

performance related to the application of presfigare 27).

= =

H NH H NH O OH
A )k _H-Pro-A-Pro-OH _

0. “CO,Me Oﬁ“‘.ACOzMe acegc())nflvrvtater “
HO,Ca N HO,Ca N 2

Al Al 223 225

6-fold increase in reaction rate
H-Pro-A-Pro-OH H-Pro-¥-Pro-OH (1 bar — 5 kbar)
(217a) (217b)

Figure 27.Chemical structures of tripeptide organocatalgdfsaand217bfor the intermolecular aldol reaction
of acetone223 andpara-nitrobenzaldehyd&?24.
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Summary

The fact thaR17aacts as a highly efficient organocatalyst for rimelecular aldol reactions,
while its enantiomeR17b gives poor results, led us to the investigatiortha$ feature. A
plausible model for explaining the discrepancy afatytic performance o217aand217b
was proposed. Whil@17b shows clear indications for a strong internal lggn bond that
separates the two catalytic functional grougis/b shows a significantly higher degree for
flexibility that allows it for reaching an optimabnformation for catalysis. Experiments under
high-pressure conditions revealed a sixfold in@e@sreaction rate upon a pressure jump
from 1 bar to 5 kbar, but this was rather assigiwethe general effect of pressure than to a
change of the equilibrium of conformations2if7a In addition to short tripeptidesl7aand
217b, the 13-residue/B-peptide foldamel26 was examined under variable pressure and
temperature. Conformational studies by NMR, FTIR &D spectroscopy revealed a partial
unfolding of the helical structure @26 at elevated pressures and temperatures, which was

shown to be reversible.
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Zusammenfassung

D Zusammenfassung

Cyclopropanierte Heterocylen haben sich als ungbha#ét Bausteine fur die Synthese einer
grof3en Vielfalt an Naturstoffen und anderen bidobirelevanten Molekilen bewahrt. Der
erste Teil der vorliegenden Arbeit behandelt diantioselektive Cyclopropanierung von
Furan- und Pyrrolderivaten, sowie die weitere Umseg der hierbei erhaltenen
VerbindungenFuran-3-carbonsduremethylesddrwurde als Grundlage fiir die Totalsynthese
von (-)-Paeonilid27 eingesetzt, jedoch nur in 83%e da enantiomerenreinek5 zum
Zeitpunkt der Verdffentlichung noch nicht zugangliear. Im Laufe dieser Arbeit wurde eine
enantioselektive Cyclopropanierungsreaktion 9drentwickelt, welche Cyclopropatb in >
99%eeund Multigrammmal3stab liefert (Scheija

MeO,C MeO,C. H H
z m N7 “CO,Bu z Z_fy.\\coztsu OTN\W\O)
Cu(OTf),, 8 S/N N—
o PhNHNH, O H B “Bu
DCM, 0 °C
91 15 8

47% Ausbeute, 89% ee
> 99% ee nach Umkristallisation
100 mmol MaRstab

Schema 1Enantioselektive Cyclopropanierung von Furan-3oasauremethylest&lim 100 mmol Maf3stab.

Die Kernpunkte fur den Erfolg waren der Einsatz ¥aabox Ligand als chiralen Liganden,
sowie die Veranderung des Verhaltnisses von Katdyszu Ligand von 1:1 zu 1:2. Neben
Furanen sind auch die Cyclopropanierungsprodukte Rgrrolen von Interesse, jedoch
konnte bisher keine Mdglichkeit zur asymmetrisci@clopropanierung vomN-Boc-Pyrrol
101 gefunden werden. In der vorliegenden Arbeit wurithe &trategie zur enantioselektiven
Cyclopropanierung voa01 unter der Verwendung vadert-Butyldiazoester als Carbenquelle
und wiederun®8 als chiralem Liganden entwickelt (ScheR)a
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Zusammenfassung

H H H H
@ N7 CO,tBY w‘.\coztBu tBuOZCi—Ty‘.\CoztBu OTNTO
N Cu(OTf),, 8 N * HON S/N N\_)
‘ PhNHNH, ‘ ‘ :
Boc DCM. -15 °C Boc Boc tBu tBu
101 103 104

44% (59% brsm) Ausbeute, 87% ee 12% Ausbeute, 41% ee
> 99% ee nach Umkristallisation
150 mmol MaBstab

Schema 2 Enantioselektive Cyclopropanierung vidrBoc-Pyrrol101im 150 mmol Maf3stab.

Cyclopropan103 kann hierbei in > 99%eund Multigrammmalfistab, zusammen mit doppelt
cyclopropanierteml04 (max. 41%eée erhalten werden. An dieser Stelle erwies sich die
Kombination von tert-Butyldiazoester und Ligand8 als essentiell,, um hohe
Enantiomerentberschisse des Produk@®zu erhalten. Im Laufe dieser Untersuchungen
kristallisierte sich dettert-Butyl substituierte Azabox Ligan8 als herausragend fur die
asymmetrische Cyclopropanierung v@h und 101 heraus. Desweiteren wurde Cyclopropan
103 fur eine kurze und effiziente Synthese des bigldyi aktiven GABA Analogons
(9-(+)-homop-Prolin 109verwendet (Schentd).

H H COH
~_..wCO,tBu H, (1 atm) ~ .wCO,tBu 1) TFA, Et;SiH
Yy pac o [ )/ DCM, i 72 h
N H THF, rt N" H 2) Dowex 50WX8-400 ﬁ
Boc 85% Boc 15% aq. NH3
quant.
103 149 (S)-(+)-109

(S)-(+)-homo-B-Prolin

Schema 3 Synthese vong)-(+)-homof-Prolin 109 ausgehend von Cycloprop&63

Das Zielmolekul §-(+)-109 konnte in nur drei Stufen und 37% Ausbeute ausgkhven
N-Boc-Pyrrol 101 erhalten werden. Nichtdestotrotz verhinderte dasftréien von
Epimerisierung wahrend der s&aurekatalysierten Q@yolmantffnung die vollstandig

enantiomerenreine Darstellung vboo.

Im zweiten Teil der vorliegenden Arbeit wurden dsgrukturellen und konformativen
Eigenschaften von gemischtex/3-Peptidfoldameren unter Anwendung von Hochdruck-
NMR (bis zu 2 kbar) und Hochdruck-IR (bis zu 6.5aRbSpektroskopie untersucht. Kurze
Tripeptide mit einem zentralen Cyclopropanbaust@itira und 217b wurden hierbei

bezuglich ihrer katalytischen Aktivitat unter dernmfiuss von Druck untersucht (Abbildung

27).
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Zusammenfassung

= =

N oW N NH o OH
; ){ _H-Pro-A-Pro-OH _
O “1CO,Me Oﬁ\\“ NCo,Me Acitgn{V\(Ra_?ser .
HO,Ca N HO,Ca N 2

U U 223 225

6-facher Anstieg
H-Pro- A-Pro-OH H-Pro-V¥-Pro-OH der Reaktionsgeschwindigkeit

(217a) (217b) (1 bar — 5 kbar)

Abbildung 1. Chemische Strukturformeln von Tripeptid-Organoketatoren 217a und 217b fur die
intermolekulare Aldolreaktion von Acet@23 undpara-Nitrobenzaldehy@®24.

Die Tatsache, das®17a ein hocheffizienter Organokatalysator fir intereknilare
Aldolreaktionen ist, wahrend sein Enantion2dr7b nur mafigen Erfolg einbringt, wurde als
Grundlage fiir die Untersuchungen dieser Arbeit gemen. Ein plausibles Modell fir die
Erklarung des unterschiedlichen katalyischen Véenal von217aund 217b wurde hierin
vorgestellt. Wahren@17b klare Anzeichen fir eine starke interne Wassditstintke zeigt,
welche die beiden fir die Katalyse notwendigen fiomiellen Gruppen raumlich separiert, ist
sein Isomer217adeutlich flexibler und kann dadurch leichter eideale Konformation fir
die Katalyse erreichen. Katalysen unter Hochdrudkimpingen zeigen einen sechsfachen
Anstieg der Reaktionsgeschwindigkeit bei einem Ramstieg von 1 bar nach 5 kbar, was
jedoch eher auf den generellen Einfluss des Drucéls eine Anderung des
Konformationsgleichgewichts vor217a zurtckzufihren ist. Zusatzlich zu den kurzen
Tripeptiden 217a und 217b wurde auch ein langereso/B-Peptidfoldamer (13
Aminosaurebausteine) unter druck- und temperaté@mdigen Bedingungen untersucht.
Konformative Untersuchungen mittels NMR, FTIR undD Gpektroskopie zeigen eine
partielle Entfaltung der helikalen Struktur v@26 bei hohen Dricken und Temperaturen,

welche aber reversibel ist.
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Experimental part

E Experimental part

1 Instruments and general techniques

'H-NMR spectra were recorded on Bruker Avance 300 (30@)MBruker Avance 400 (400
MHz) and Bruker Avance Il 600 TCI Cryo (600 MHZ)he chemical shifts are reporteddn
(ppm) relative to chloroform (CDg;l7.26 ppm), methanals or methanol, (CDsOH, 3.34
ppm). The spectra were analyzed by first order,diepling constantsJ) are reported in
Hertz (Hz). Characterization of the signals: s rght, bs = broad singlet, d = dublet, t =
triplet, g = quartet, quin = quintet, m = multiplekd = double dublet, ddd = double double
dublet, dt = double triplet, dquin = double quintpo = pseudo octet. Integration is

determined as the relative number of atoms.

13C-NMR spectra were recorded on Bruker Avance 300 (73-&Mand Bruker Avance 400
(100.6 MHz). The chemical shifts are reporte@ ifppm) relative to chloroform (CDg;l77.0
ppm) or methanotl, (MeOD, 49.0 ppm)**C-NMR resonance assignment was aided by the
use of HSQC, DEPT 135 and DEPT 90 techniques (DEHRIistorsionless enhancement by
polarization transfer) to determine the numberyarbgens attached to each carbon atom and
is declared as: + = primary or tertiary (§;KCH, positive DEPT signal), - = secondary (CH
negative DEPT signal), Cq = quarternary (no DERjhal) carbon atoms.

High-pressure NMR was performed on Bruker Avance 800 (800 MHz) i ¢gloup of Prof.

H. R. Kalbitzer in the Institute of Biophysics aRttysical Biochemistry at the University of
Regensburg. A ceramic cell containing the samplatism was inserted into a titanium
autoclave and external pressure was applied viexible polyethylene terephthalate (PET)
membrane and water as compression fluid. Pressaee generated and maintained via a
manually operated piston compressor. For a detalkstription of the experimental setup
see: [258]

Infrared spectroscopy (IR) in form of ATR-IR spectroscopy was carried out amiorad
Excalibur FTS 3000 spectrometer, equipped with ac&p Golden Gate Diamond Single
Reflection ATR-System. Pressure- and temperatypertient FTIR spectra were collected by
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Experimental part

Prof. Roland Winter in the Faculty of Chemistry abldemical Biology at the TU Dortmund.
A diamond anvil cell served as the reaction ves$selthe measurements. For a detailed

description of the experimental setup see: [269]

Mass spectrometry (MS) was performed in the Central Analytic Departmeit tloe
University of Regensburg on Finnigan MAT 95, The@uest Finnigan TSQ 7000, Agilent
Q-TOF 6540 UHD and Finnigan MAT SSQ 710 A.

Elemental analysiswas measured on a Vario EL Il or Mikro-Rapid CHMNeraeus)

(Microanalytic section of the University of Regensy).

Optical rotations were determined in a Perkin EImer 241 polarimatés89 nm wavelength

(sodiumé-line) in a 1.0 dm measuring cell and the specieldent.

Lyophilization was carried out with a Christ alpha 2-4 LD equippéith a vacuubrand RZ 6

rotary vane vacuum pump.

X-ray analysis of single crystals was performed in the¥ crystallographic Department of
the University of Regensburg on Agilent TechnolsgeuperNova, Agilent Technologies
Gemini R Ultra or Stoe IPDS 1.

High performance liquid chromatography (HPLC). Analytical HPLC was performed on a
Varian 920-LC with DAD. Phenomenex Lux Celluloseafid 2, Chiralcel OD-H and AS

served as chiral stationary phase, and mixtureshaptane andPrOH were used for elution.

Thin layer chromatography (TLC) was performed on alumina plates coated with siiek
(Merck silica gel 60 F 254, d = 0.2 mm). Visualipatwas accomplished by UV lighk &
254 nm or 366 nm), iodine, ninhydrin/acetic aciduson, vanillin/sulfuric acid solution,

potassium permanganate solutiSeebach’s Magic Staior Dragendorff-Muniereagent.

Circular dichroism spectroscopy (CD)was performed on a JASCO model J-710/720 at
temperatures between 10 °C and 90 °C and wavelemgitiveen 280 and 190 nm in water,
by using the following parameters: 0.2 nm resohutid.0 nm band width, 100 mdeg
sensitivity, 0.25 s response, 20 nm/min speedabsscThe length of the cuvette was 1.0 mm.
The CD spectrum of the sole solvent was recorded samtracted from the raw data. The
peptide concentration of the samples was 1 mM. Gbeintensity is given as mean-residue

molar ellipticity (deg crhdmol™).
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Experimental part

Molecular modeling. Molecular mechanical simulations were carried owing the
WavefunctionsSpartan 06 programme. For the conformational searches andggner
calculations, theTripos Sybylforce field was used. Six rotatable backbone boaofls
tripeptides 217a and 217b were used, leading to 324 conformations each thete
subsequently minimized in energy for both confosndihe resulting low energy structures

were then sorted and analyzed.

Solvents and chemicalsDCM, ethyl acetate and hexanes (petroleum etle(6B/40)) were

distilled prior to use for column chromatographyy3olvents were prepared according to
standard procedures. Commercially available chdmivgere used as received, without
further purification. A saturated solution of HGI ethylacetate was prepared by inserting
gaseous HCI (predried wit conc.,$0y) into a cooled solution of dry ethylacetate. The
concentration of the solution was determined byatitn against NaOH (1 M) with

bromothymol blue as indicator to be 4.2 M. The 8olu was stored under nitrogen

atmosphere at -20 °C.

High-pressure reactions up to 5 kbar were performed using a self-made duyjdr
high-pressure apparatus from Unipress (Warsaw)gusitelted polytetrafluororethylene
(PTFE) tubes as reaction vessels. A 1:1 (v/v) mextaf decahydronaphthalene (decalin,

cis/transmixture) and 2,2,4-trimethylpentanedoctane) was used as pressurizing medium.
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Experimental part

2 Synthesis of compounds

Following compounds were synthesized according iterature known procedures and

spectroscopic data matched well with those reported

4-Methylbenzenesulfonyl azide (tosyl azide),[270]ethyl-2-diazoacetate,[271] ethyl-2-
diazoacetate,[272] H-2-amino-3,3-dimethylbutan-1-ol (-tert-leucinol 70),[88] (9-2-
amino-3-methylbutan-1-ol §-valinol),[89] (9-4-isopropyl-4,5-dihydrooxazol-2-amine,[62]
(9-4-isopropyloxazolidin-2-one,[63] §-2-ethoxy-4-isopropyl-4,5-dihydrooxazolers,[63]
2-iodoxybenzoic acid (IBX).[273]

Azabox ligands other tha8, 9, 60 and 74 were either on stock in the laboratory or were
prepared in analogy to the described synthesi8 @hain part chapteB 1.1, schemey),
following the improved methodology of ref. [63].

N7 “CO,tBu
tert-Butyl-2-diazoacetate[274]

n-Pentane (900 ml) was cooled to 0 °C amd-butyl acetoacetate (52.8 ml, 318 mmol, 1.0
equiv), tosyl azide (62.6 g, 318 mmol, 1.0 equand TBAB (2.05 g, 6.46 mmol, 0.02 equiv)
were added. The mixture was treated with a predos@dution of NaOH (36 g in 300 ml
water, 0.9 mol, 2.8 equiv) over a period of 15 néifterwards, the cooling bath was removed
and the solution was stirred for 15 h at room terapee. The reaction mixture was then
filtered through a plug of Celite to remove pret@pes and the filtrate was transferred into a
separating funnel. After separation of the phases @queous layer was extracted with
n-pentane (3 x). The combined organic layers weréhegsvith water (2 x) and brine (1 x),
dried over NaSQO, and finally concentrated under reduced pressuse°Cl water bath) to
yield the title compoundert-butyl-2-diazoacetate (43.3 g, 308 mmol, 96%) agloow oll
that was diluted with DCM to the required concetibra

'H-NMR (300 MHz, CDCY): &, (ppm) = 1.48 (s, 9 H), 4.61 (s, 1 H).
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n

N
|

Boc
tert-Butyl-1H-pyrrole-1-carboxylate1(01)[241]

N-Boc protected pyrrold01 was synthesized following a slightly modified pedare of
Grehn et al Freshly distilled pyrrol&0 (68.0 g, 1.01 mol, 1.0 equiv) was dissolved in DCM
(450 ml) and DMAP (9.9 g, 0.08 mol, 0.08 equiv) vealsled. BogO (246.3 g, 1.13 mol, 1.1
equiv) was added portionwise and the mixture wasedt at room temperature until gas
evolution stopped (48 h). The reaction mixture waated with DEAEA (38 ml, 0.27 mol,
0.3 equiv) and stirred for further 30 min. Aftenaay the reaction mixture was concentrated to
half its volume, washed with KHS@1 M, 3 x), NaHCQ (sat., 1 x), and the organic layer
was dried over N&O;. After evaporation of the solvent, the crude resitvas distilled under

reduced pressure to yiel®1(139.6 g, 0.83 mol, 82%) as a colorless liquid.

R = 0.60 (PE/EA = 5:1} 'H-NMR (300 MHz, CDCY): 8y (ppm) = 1.60 (s, 9 H), 6.20-6.23
(m, 2 H), 7.22-7.25 (m, 2 H).bp = 80 °C/8 hPa.

M602C

N

O
Methyl-furan-3-carboxylatel6)[45]

Furan-3-carboxylic aci®8 (10.0 g, 89.2 mmol, 1.0 equiv) was dissolved inQ¥e(45 ml)
and cooled to 0 °C. 430, (conc., 10 ml) was added dropwise and the soluties stirred
overnight at room temperature. The mixture wagéctaith water and extracted with,Bt (3
x). The combined organic layers were washed witH@l@; (sat., 1 x), dried over N8O,
and concentrated under reduced pressure. The cesitue was distilled under reduced

pressure to yield5 (7.8 g, 61.7 mmol, 69%) as a colorless liquid.

R = 0.69 (PE/EA = 3:1} *H-NMR (300 MHz, CDCY): & (ppm) = 3.84 (s, 3 H), 6.74 (dd, 1
H,J=1.9 Hz, 0.8 Hz), 7.41-7.43 (m, 1 H), 8.00-8.62 . H). —bp = 55 °C/8 hPa.
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NH,

O)%N
\_Q

tBu
(9-4-(tert-Butyl)-4,5-dihydrooxazol-2-amine/ {)[62]

NaCN (2.57 g, 52.42 mmol, 1.05 equiv) was addedigrowrise to solution of Br(2.69 ml,
52.42 mmol, 1.05 equiv) in MeOH (40 ml) at O °C. fhat solution a solution af0 (5.85 g,
49.92 mmol, 1.0 equiv) in MeOH (80 ml) was added #re mixture was stirred at 0 °C for 1
h. Aqueous ammonia (25% (m/m), 25 ml) was addedthadmixture was concentrated in
vacuo. The resulting residue was treated with Ng@3%6 (m/m), 50 ml) and extracted with
EA (4 x, 60 ml). After drying over MgSf£and filtration, the solvent was evaporated under
reduced pressure to giva (5.17 g, 36.39 mmol, 73%) as a white solid.

R = 0.04 (PE/EA = 2:1) *H-NMR (300 MHz, CDCY): & (ppm) = 0.87 (s, 9 H), 2.75 (bs, 2
H), 3.74 (dd, 1 HJ = 9.3 Hz, 7.1 Hz), 4.07 (dd, 1 H,= 8.3 Hz, 7.1 Hz), 4.22 (dd, 1 0=
9.2 Hz, 8.3 Hz).

O

N

O NH

tBu
(9-4-(tert-Butyl)oxazolidin-2-one 72)[63]

Sodium metal (0.58 g, 25.60 mmol, 1.0 equiv) wasalved in EtOH (37 ml), the solution
was treated with aminoalcohd0 (3.00 g, 25.60 mmol, 1.0 equiv) and diethylcarlier(8.41
ml, 28.16 mmol, 1.1 equiv), and the mixture wasusedd for 20 h. The solution was then
concentrated under reduced pressure, treated V@t Bnd NHCI (sat.), and extracted with
DCM (2 x). After drying over MgS@and filtration the solvent was evaporated undduced
pressure to give a white solid that was recrygedlifrom E1O to yield 72 (3.00 g, 20.93

mmol, 82%) as a white solid.
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Experimental part

R = 0.15 (PE/EA = 2:1} 'H-NMR (300 MHz, CDC}): &4 (ppm) = 0.91 (s, 9 H), 3.59 (ddd,
1H,J=8.9 Hz, 5.8 Hz, 0.9 Hz), 4.20 (dd, 1 H7 9.0 Hz, 5.8 Hz), 4.34-4.41 (m, 1 H), 5.71
(bs, 1 H).

OEt

A

O °N

\_Q

tBu
(9-4-(tert-Butyl)-2-ethoxy-4,5-dihydrooxazol& 8)[63]

A solution of oxazolidinon&2 (1.73 g, 12.06 mmol, 1.0 equiv) in dry DCM (15 migas
cooled to 0 °C and a solution of triethyloxoniuntraluoroborate (2.75 g, 14.47 mmol, 1.2
equiv) in DCM (9 ml) was added dropwise. The reacttwas allowed to warm to room
temperature and was stirred for 44 h. The reactiotiure was then poured into an ice-cold
solution of NaCOs; (50 ml) and extracted with DCM (3 x). After dryimayer NaSQO, and
filtration the solvent was evaporated under redymedsure to givé3 (1.94 g, 11.33 mmol,
94%) as a pale yellow oil that was used withouthfer purification.

Rf = 0.67 (PE/EA = 2:1) *H-NMR (300 MHz, CDCY): & (ppm) = 0.88 (s, 9 H), 1.35 (t, 3
H,J= 7.1 Hz), 3.76 (dd, 1 Hl = 9.4 Hz, 6.7 Hz), 4.18 (dd, 1 H,= 8.5 Hz, 6.7 Hz), 4.23-
4.34 (m, 3 H).

H

oN_ o0

T
Bl Bu
(9-Bis((9-4-(tert-butyl)-4,5-dihydrooxazol-2-yl)amine3)[63]

Ethoxyoxazoliner3 (1.94 g, 11.33 mmol, 1.2 equiv) was dissolvedrintdluene (20 ml) and
aminooxazolinerl (1.34 g, 9.44 mmol, 1.0 equiv) was added. Aftetigah of p-TSA (163
mg, 0.94 mmol, 0.1 equiv) the reaction mixture wefuxed under nitrogen for 16 h. The
crude mixture was concentrated under reduced peesand purified via flash
chromatography (silica, PE/EA = 1:9) to yiedd(2.27 g, 8.50 mmol, 90%) as a colorless

crystalline solid that can be recrystallized frooet@ne.
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Rf = 0.33 (EA)-*H-NMR (300 MHz, CDCY): & (ppm) = 0.86 (s, 18 H), 3.77 (dd, 2 Hz
9.4 Hz, 6.7 Hz), 4.11 (dd, 2 H,= 8.8 Hz, 6.6 Hz), 4.21-4.31 (m, 2 H), 8.61 (bsH) —
13C-NMR (101 MHz, CDC)): 3¢ (ppm) = 25.3 (+, CH), 33.6 (Cq), 67.4 (-, CH, 68.7 (+,
CH), 165.9 (Cq).

Rj/le

O 0]
T
tBu :tBu

(9-4-(tert-Butyl)-N-((S)-4-(tert-butyl)-4,5-dihydrooxazol-2-yIN-methyl-4,5-dihydrooxazol-
2-amine 9)[62]

Ligand8 (300 mg, 1.12 mmol, 1.0 equiv) was dissolved ymwHHF (10 ml) and cooled to -78
°C. nBuLi (1.6 M solution inn-hexane; 769, 1.23 mmol, 1.1 equiv) was added slowly and
the solution was stirred for 20 min at -78 °C, vef®el (351pl, 5.61 mmol, 5.0 equiv) was
added and the reaction was stirred in the defrgstooling bath overnight (17 h). Volatiles
were removed in vacuo and the residue was treatdd DCM and NaHCQ (sat.). After
phase separation the aqueous layer was extractedD@M (3 x) and the organic layer was
dried over MgSQ Evaporation of the solvent yielded p@&€269 mg, 0.96 mmol, 85%) as a
white solid.

Rr = 0.18 (PE/EA = 1:2) *H-NMR (300 MHz, CDC}): 34 (ppm) = 0.88 (s, 18 H), 3.41 (s, 3
H), 3.79 (dd, 2 HJ = 9.5 Hz, 6.7 Hz), 4.23 (dd, 2 B,= 8.5 Hz, 6.7 Hz), 4.34 (dd, 2 H=
9.4 Hz, 8.6 Hz). 2°C-NMR (101 MHz, CDC}): & (ppm) = 25.5 (+, Ch), 34.0 (Cq), 37.4
(+, CHg), 70.3 (-, CH), 73.2 (+, CH), 157.8 (Cq).
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En

@) (0]

QfT TJ
N N—

Bu :tBu

(9-N-Benzyl-4-tert-butyl)-N-((9-4-(tert-butyl)-4,5-dihydrooxazol-2-yl)-4,5-dihydrooxazol-
2-amine 74)*

Ligand8 (276 mg, 1.03 mmol, 1.0 equiv) was dissolved ymwHHF (10 ml) and cooled to -78
°C. nBuLi (1.6 M solution inn-hexane; 644il, 1.03 mmol, 1.0 equiv) was added slowly and
the solution was stirred for 20 min at -78 °C, befBnBr (122ul, 1.03 mmol, 1.0 equiv) was
added and the reaction was stirred in the defrgstooling bath overnight (20 h). Volatiles
were removed in vacuo and the residue was treatdd DCM and NaHCQ (sat.). After
phase separation the aqueous layer was extractedD@M (3 x) and the organic layer was
dried over MgS@ Evaporation of the solvent yielded pu#(357 mg, 1.00 mmol, 97%) as a
white solid.

H-NMR (300 MHz, CDCY): &4 (ppm) = 0.73 (s, 18 H), 3.74 (dd, 2 Bi= 9.5 Hz, 6.6 Hz),
4.15 (dd, 2 HJ = 8.5 Hz, 6.5 Hz), 4.24-4.29 (m, 2 H), 4.91 (cH,1J = 15.0 Hz), 5.10 (d, 1
H, J = 15.0 Hz), 7.12-7.27 (m, 3 H), 7.35-7.40 (m, 2 H}*C-NMR (101 MHz, CDC}): 8¢
(ppm) = 25.4 (+, Ch), 34.0 (Cq), 53.2 (-, CHl, 70.1 (-, CH), 73.4 (+, CH), 127.1 (+, CH),
128.1 (+, CH), 137.8 (Cq), 157.2 (Cq).

H
o\rN o)

G

N N\_)
iPr Pr
(9-Bis((9-4-iso-propyl-4,5-dihydrooxazol-2-yl)aminé&Q)
Ethoxyoxazoline75 (297 mg, 1.89 mmol, 2.0 equiv) was dissolved in MgOH (5 mL)
under a nitrogen atmosphere. A solution of gasébdisin MeOH (7 M, 0.14 ml, 0.95 mmol,

1.0 equiv) was added slowly and the reaction mextwas heated to 80 °C for 24 h. The

reaction mixture was allowed to cool to ambient gerature and was then extracted with

' |igand 74 was prepared in analogy & with benzyl bromide as alkylating agent. So tiifferent methods
have been employed for the synthesig4in literature.
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DCM (3 x). The organic layers were dried over,81@, filtered and the solvent was
evaporated under reduced pressure. The crude miw@s purified via flash chromatography
(silica, EA) to yield azabog0 (36 mg, 0.15 mmol, 16%) as a colorless crystabiole.

R; = 0.35 (EA)-'H-NMR (300 MHz, CDC}): & (ppm) = 0.88 (d, 6 HJ = 6.8 Hz), 0.96 (d,
6 H,J = 6.7 Hz), 1.70 (po, 2 H,= 6.7 Hz), 3.75-3.85 (m, 2 H), 4.03 (dd, 2 8.5 Hz, 7.1
Hz), 4.32-4.51 (m, 2 H), 8.47 (bs, 1 H)2*€-NMR (75 MHz, CDC}): 3 (ppm) = 18.1 (+,
CHs), 18.7 (+, CH)), 33.0 (+, CH), 65.4 (+, CH), 69.4 (-, GH165.8 (Cq).

-

(9-N-Benzyl-4iso-propyl-4,5-dihydrooxazol-2-amin@&2)

To a solution of75 (300 mg, 1.89 mmol, 2.0 equiv) in dry tolugnd@SA (16 mg, 0.09 mmol,
0.1 equiv) andN-benzylamine (103, 0.95 mmol, 1.0 equiv) were added and the mixture
was heated to reflux for 1.5 h. The solvent wagerated and the crude mixture was purified
via flash chromatography (silica, EA) to yieB® (174 mg, 0.80 mmol, 84%) as colorless
crystals.

Rf = 0.17 (PE/EA = 1:1} 'H-NMR (300 MHz, CDC}): 34 (ppm) = 0.79 (d, 3 H) = 6.7
Hz), 0.87 (d, 3 HJ = 6.7 Hz), 1.62 (po, 1 Hj = 6.7 Hz), 3.68-3.78 (m, 1 H), 3.89 (dd, 1H,
= 7.9 Hz, 6.8 Hz), 4.17 (dd, 1 H= 8.7 Hz, 8.1 Hz), 4.29 (d, 1 H,= 14.8 Hz), 4.36 (d, 1 H,
J=14.8 Hz), 4.90 (bs, 1 H), 7.16-7.33 (m, 5 H}’&-NMR (101 MHz, CDC}): 8¢ (ppm) =
17.8 (+, CH), 18.9 (+, CH), 33.2 (+, CH), 47.0 (-, CH, 70.0 (+, CH), 70.4 (-, Ch), 127.2
(+, CH), 127.4 (+, CH), 128.5 (+, CH), 139.1 (C&$0.5 (Cq). -mp = 95 °C. 4R (neat):¥
(cm™) = 3230, 3027, 2954, 2879, 1643, 1552, 1494, 14848, 1286, 1242, 1113, 1078,
1027, 974, 935, 729, 694, 585, 458a}2° = -38.3 ¢ = 1, DCM). -LRMS (ESI):m/z= 219.1
[M+H]*. —=HRMS (ESI): m/z= 219.1493 [M+H]; calc. for [GsH1oN,O]" = 219.1492.
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General procedure for small scale cyclopropanationsf furan-3-carboxylic acid methyl
ester 91 (GP-1):

Under nitrogen atmosphere a flame dried flask wesged with Cu(OT$)(14.3 mg, 0.04
mmol, 0.01 equiv) and ligand (0.09 mmol, 0.022 ejjin dry DCM (1 ml) and stirred for 30
minutes at room temperature. In a second flask undeogen atmosphere a solution of
3-methyl furoate91 (500 mg, 3.97 mmol, 1.0 equiv) in dry DCM (2 ml) svarepared. This
flask was cooled to the specified temperature &edsolution of flask one was added in one
portion through a syringe filter. A 5% (v/v) soloi of phenylhydrazine in DCM (7@, 0.04
mmol, 0.01 equiv) was added to the reaction mixttee-Butyldiazoacetate (solution in
DCM; 1.5 equiv) was added by syringe pump. The unextwas stirred overnight, filtered
through basic alumina and washed with DCM (200 e solvent was evaporated in vacuo
and the crude product was purified by flash chrag@phy (silica, PE/EA = 15:1) to provide
15 as a white solid that was recrystallized frofpentane on-heptane.

Cyclopropanation reactions on larger scale werdopeed according tdGP-1 with the
exception that an electronically controlled drogpsystem was applied for the addition of

larger amounts of the diazo compound, and PhNEKWN&s added in pure form.

MeO,C H

- wCO,tBu
%

O H

(1S 5R,69)-6-tert-Butyl-4-methyl-2-oxabicyclo[3.1.0]hex-3-ene-4,6:drboxylate
((S:R,¥(-)-15)

According to GP-1 91 (12.91 g, 102.37 mmol, 1.0 equiv) was cyclopropashawith
tert-butyldiazoacetate (171 g, 12.8 wt%, 1.5 equiv){@if)2 (370 mg, 1.02 mmol, 0.01
equiv), ligand8 (602 mg, 2.25 mmol, 0.022 equiv) and neat PANHNH1 pul, 1.02 mmol,
0.01 equiv) in dry DCM (75 ml) to yieldl5 (11.56 g, 448.13 mmol, 47%) as white solid.

Rf = 0.30 (PE/EA = 15:1} *H-NMR (300 MHz, CDC}): 3 (ppm) = 1.00-1.04 (m, 1 H),
1.42 (s, 9 H), 3.00 (dd, 1 H,= 5.6 Hz, 2.9 Hz), 3.73 (s, 3 H), 4.90-4.94 (NH)1. 7.16 (s, 1
H). —C-NMR (101 MHz, CDC}): dc (ppm) = 22.5 (+, CH), 28.1 (+, GH 29.1, (+, CH),
51.5 (+, CH), 68.9 (+, CH), 81.4 (Cq), 115.8 (Cq), 156.4 (H)C164.2 (Cq), 170.8 (Cq). —

98



Experimental part

mp = 76 °C (it.: 72 °C) —IR (neat):¥ (cm*) = 3109, 3062, 2976, 1699, 1598, 1444, 1367,
1323, 1269, 1158, 1097, 1044, 974, 830, 792, 780, 863, 558, 509, 468, 425.[eﬂzl;’ =
-27.2 € = 1, DCM, > 99%e¢@ (Lit.: -20.5 € = 1, DCM, 83%eg[45]). — HPLC analysis
(Phenomenex Lux Cellulose-2;heptanaPrOH 99:1, 1.0 ml/min, 254 nm).% 13.81 min, t

= 19.50 min; > 99%ee — LRMS (ESI): m/z= 185.0 [M+H-GHg]", 241.1 [M+HT, 258.1
[M+NH,4]*, 263.1 [M+Na]. —HRMS (ESI): m/z= 241.1074 [M+H]; calc. for [GoH170s]" =
241.1071.

General procedure for small scale cyclopropanationsf N-Boc-pyrrole 101 (GP-2):

Under nitrogen atmosphere a flame dried flask wesged with Cu(OT#$)(10.8 mg, 0.03
mmol, 0.01 equiv) and ligand (0.06 mmol, 0.022 ejjin dry DCM (1 ml) and stirred for 30
minutes at room temperature. In a second flask undeogen atmosphere a solution of
N-Boc-pyrrole101 (500 mg, 2.99 mmol, 1.0 equiv) in dry DCM (2 ml) svarepared. This
flask was cooled to the specified temperature &edsolution of flask one was added in one
portion through a syringe filter. A 5% (v/v) soloi of phenylhydrazine in DCM (54, 0.03
mmol, 0.01 equiv) was added to the reaction mixtteg-Butyldiazoacetate (solution in
DCM; 1.5 equiv) was added by syringe pump. The unextwas stirred overnight, filtered
through basic alumina and washed with DCM (200 e solvent was evaporated in vacuo
and the crude product was purified by flash chraga@phy (silica, PE/EA = 50:1) to provide
103as a white solid that was recrystallized from PE.

Cyclopropanation reactions on larger scale werdopeed according tdGP-2 with the
exception that an electronically controlled drogpsystem was applied for the addition of
larger amounts of the diazo compound, and PhNEkWN&s added in pure form.

H

wCO,tBu

N~ "H

(1S,55,69)-di-tert-Butyl-2-azabicyclo[3.1.0]hex-3-ene-2,6-dicarboxglS,S, 5 (-)-103
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According to GP-2 101 (25.20 g, 150.60 mmol, 1.0 equiv) was cyclopropeshawith
tert-butyldiazoacetate (32.0 g, 11.1 wt%, 1.5 equiw(@Tf)2 (543 mg, 1.51 mmol, 0.01
equiv), ligand8 (885 mg, 3.31 mmol, 0.022 equiv) and neat PhNHNHI8 ul, 1.51 mmol,
0.01 equiv) in dry DCM (30 ml) at -15 °C to yield3(18.64 g, 66.26 mmol, 44%) as white
solid. In addition, starting materiaD1(3.78 g, 22.59 mmol, 15%) could be reisolated.

Rf = 0.45 (PE/EA = 10:1)} *H-NMR (300 MHz, CDC}): & (ppm) = 0.87-0.88 (m, 1 H),
1.41 (s, 9 H, €3), 1.47 (s, 9 H, 63), 2.62-2.75 (m, 1 H), 4.12-4.40 (m, 1 H), 5.2466(th, 1
H), 6.32-6.58 (m, 1 H). £*C-NMR (101 MHz, CDCY): 8¢ (ppm) = 23.9 (+CH), 28.1 (+,
CHj3), 28.2 (+,CH3), 30.6 + 31.6 (+CH), 43.7 + 44.0 (+CH), 80.6 Cq), 81.5 Cq), 110.0 (+,
CH), 129.4 + 129.6 (+CH), 151.0 + 151.3 @q, CO), 172.0 +172.3Qq, CO). Signal
doubling due to rotamers.mp = 77-79 °C 4R (neat):¥ (cm™) = 2978, 2934, 1703, 1590,
1454, 1391, 1367, 1346, 1292, 1248, 1135, 1018, &30, 831, 759, 721, 547, 468[::}21;’ =

-253.0 € = 1, DCM, > 99%e€ — Elemental analysiscalcd. (%) for GsH23NO, (281.16): C
64.03, H 8.24, N 4.98, found: C 64.03, H 8.22, 34 ~HPLC analysis (Phenomenex Lux
Cellulose-2,n-heptanaPrOH 98:2, 0.5 ml/min, 254 nm); £ 11.25 min t, = 19.86 min; >
99% ee — LRMS (ESI): m/z = 282.2 [M+H], 304.2 [M+Na]. — HRMS (ESI): m/z =
282.1704 [M+H(J; calc. for [GsH24NO4] " = 282.1700.

H

COztBU
14 ;Z

N H
Boc

(1R,5R,6R)-di-tert-Butyl-2-azabicyclo[3.1.0]hex-3-ene-2,6-dicarboxgléR,R,R-(+)-103

Compound R,R,R-(+)-103 was prepared according @P-2 with (en)-6, 61 or 68 as chiral
ligand. Enantiopure material was obtained upewrystallized from PE. Spectroscopic data
were identical to those for its enantiomé&§,$(-)-103 —[a]%) = +246.5 ¢ = 1, DCM, >
99%eg — HPLC analysis (Phenomenex Lux Cellulose42-heptanaPrOH 98:2, 0.5 ml/min,
254 nm): t=11.25 min, t=19.86 mirn > 99%ee
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j CO,tBu
/ 7

di-tert-Butyl-2-azabicyclo[3.1.0]hex-3-ene-2,6-dicarboxglé(ac)-(+)-103

Racemic (£)103was prepared according @P-2 with the exception that no ligand was used
for the cyclopropanation reaction. Spectroscopita deere identical to those of its
enantiomers {,S,%(-)-103 and R,R,R-(+)-103 — HPLC analysis (Phenomenex Lux
Cellulose-2n-heptanePrOH 98:2, 0.5 ml/min, 254 nm):% 11.25 min, t= 19.86 min.

H H

tBuozcﬁ..\\\coztBu

HO N "H
Boc

(1S,2S,35,4S,6S,79)-tri- tert-Butyl-5-azatricyclo[4.1.0 8heptane-3,5, 7-tricarboxylaté §4)

Doubly cyclopropanated04 was obtained as a side productl®f3 After purification via
flash chromatography (silica, PE/EA = 50:104 was recrystallized from EA to obtain fine
white needles (6.86 g, 17.34 mmol, 12%, 46606

R: = 0.71 (PE/EA = 5:1} 'H-NMR (300 MHz, CDC}): & (ppm) = 1.42 (bs, 18 H), 1.47 (s,
9 H), 1.67 (dd)J = 3.5 Hz, 1.8 Hz, 2 H), 2.19-2.36 (m, 2 H), 3.84)= 5.9 Hz, 1 H), 3.49 (d,
J = 5.9 Hz, 1 H). 2°C-NMR (101 MHz, CDC}): &c (ppm) = 27.4 (+), 28.1 (+), 28.4 (+),
28.9 (+), 42.1 (+), 80.8 (Cq), 81.1 (Cq), 154.7 Y Ci$9.6 (Cq), 169.9 (Cq). mp = 175 °C —
IR (neat):¥ (cm?) = 2984, 2936, 1692, 1397, 1369, 1329, 1299, 12528, 1125, 1043, 841,
763, 734, 707, 553, 460.Elemental analysiscalcd. (%) for GiH33NOg (395.23): C 63.78,
H 8.41, N 3.54, found C 63.81, H 8.19, N 3.4Qa]2D° = +43.2 ¢ = 1, DCM, 41%ee. —
HPLC analysis (Phenomenex Lux Cellulose-2;heptanagPrOH 98:2, 0.5 ml/min, 215 nm):
t, = 27.46 min, t= 36.10 min. LRMS (ESI): m/z= 362.2 [M+Na-GHg]", 396.2 [M+HT,
418.2 [M+Na], 791.5 [2M+H], 813.5 [2M+Na]. —HRMS (ESI): m/z= 396.2381 [M+H];
calc. for [GiH3NOg]" = 396.2381.
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H
~__.\CO,Me

Y%
N
Boc
2-(tert-Butyl)-6-methyl-(1S5S,6S)-2-azabicyclo[3.1.0]hex-3-ene-2,6-dicarboxylat8)[17]

Method A: Following GP-2 N-Boc-pyrrole (500 mg, 2.99 mmol, 1.0 equiv) was
cyclopropanated using methyl diazoacetate and digdn After purification via flash
chromatography (silica, PE/EA = 10:18 (250 mg, 1.05 mmol, 35%) was obtained as a

white solid.

Method B: To a solution of $,S,%(-)-103 (1.05 g, 3.73 mmol, 1.0 equiv) in dry MeOH (50
ml) a solution of freshly prepared NaOMe in MeOHMZ 2.13 ml, 4.47 mmol, 1.2 equiv)
was added and the reaction mixture was refluxeceundrogen for 6 h. The solvent was
removed under reduced pressure and the crude miwtas purified via flash chromatography
(silica, PE/EA = 15:1) to yield8 (413 mg, 1.73 mmol, 46%) as a white solid, alonthw
reisolated starting materia03 (99 mg, 0.35 mmol, 9%).

R: = 0.36 (PE/EA = 10:1) 'H-NMR (300 MHz, CDC}): &y (ppm) = 0.93-1.01 (m, 1 H),
1.49-1.53 (m, 9 H), 2.76-2.85 (m, 1 H), 3.63-3./4 8 H), 4.24-4.50 (m, 1 H), 5.30-5.45 (m,
1 H), 6.39-6.66 (m, 1 H). ¥C-NMR (101 MHz, CDC}): 5 (ppm) = 22.8 + 22.9 (+, CH),
28.2 (+, CH), 31.0 + 32.3 (+, CH), 44.2 + 44.3 (+, CH), 5148 CHg), 81.7 (Cq), 109.9 (+,
CH), 129.7 + 129.9 (+, CH), 151.0 + 151.3 (Cq), .B78 173.6 (Cq). Signal doubling due to
rotamers. -HPLC analysis (Phenomenex Lux Cellulose-b;heptanaPrOH = 99:1, 1.0
ml/min, 240 nm): t=6.20 min, t, = 10.15; 55%e

T

\\‘CO Me
YA
V"
Boc
2-(tert-Butyl)-6-methyl-2-azabicyclo[3.1.0]hex-3-ene-2,@atboxylate ((ac)-(zx)-18)[50]

Racemic (x)18 was prepared according @P-2 with methyl diazoacetate (653 g, 5.5 wt%,
1.2 equiv),101 (50.0 g, 299.0 mmol, 1.0 equiv), Cu(OA§2.16 g, 5.98 mmol, 0.02 equiv)
and neat PhNHNH (0.59 ml, 5.98 mmol, 0.02 equiv) in dry DCM (100)nat room
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temperature to yield (£)8 (32.2 g, 135.6 mmol, 45%) as white solid. No lidavas used for
the cyclopropanation reaction. Spectroscopic dateevidentical to those of its enantiomer
(S,S,%(-)-18. — HPLC analysis (Phenomenex Lux Cellulose4isheptanePrOH = 99:1, 1.0
ml/min, 240 nm): t= 6.20 min, t= 10.15.

BuOC,
e
N H
Boc’ b.\\COZtBu
N
Boc
(1S5R,69)-di-tert-Butyl-4-((1S 55 65)-2,6-bisfert-butoxycarbonyl)-2-
azabicyclo[3.1.0]hexan-3-yl)-2-azabicyclo[3.1.0]H&zene-2,6-dicarboxylate $1)

103(209.5 mg, 0.75 mmol, 1.0 equiv) was dissolve®@M (2 ml) at room temperature and
TFA (68 ul, 0.89 mmol, 1.2 equiv) was added. The mixture st@sed for 3 h until starting
material vanished completely (TLC control). Volesilwere removed in vacuo and the crude
mixture was purified via flash chromatography ¢siliPE/EA = 10:1) to afforti51 as a white
solid (115.6 mg, 0.21 mmol, 55%, mixture of 2 de@sbisomersgr ~ 3:1).

Rf = 0.44 + 0.37 (PE/EA = 5:1 *H-NMR (300 MHz, CDC}): 34 (ppm) = 0.92-1.01 (m, 1
H), 1.36-1.50 (m, 36 H), 1.50-1.55 (m, 1 H), 2.08342(m, 3 H), 2.57-2.71 (m, 1 H), 3.58-
3.74 (m, 1 H), 4.09-4.38 (m, 2 H), 6.18-6.42 (M) — *C-NMR (101 MHz, CDC}): 3¢
(ppm) = 23.3 (+, CH), 24.5 (+, CH), 28.1 (+, §H28.2 (+, CH), 28.2 (+, CH), 28.3 (+,
CHs), 29.0 (+, CH), 30.2 (+, CH), 33.2 (-, @H43.3 + 43.9 (+, CH), 45.3 (+, CH), 56.9 +
57.2 (+, CH), 80.2 (Cq), 80.7 (Cq), 80.8 (Cq), 81Cx), 124.3 (+, CH), 1245 + 124.7 +
125.2 (Cq), 151.0 + 151.2 (Cq), 155.0 (Cq), 16€§)(172.2 + 172.5 (Cq). Signal doubling
due to rotamers. 4R (neat):¥ (cm) = 2977, 2934, 1702, 1635, 1477, 1457, 1407, 1391,
1366, 1301, 1255, 1144, 1121, 1024, 948, 837, 662, 623, 545, 464. [e]zl;’ =-99.2 €=1,
DCM) — LRMS (ESI): m/z = 563.3 [M+HJ, 580.4 [M+NH]*, 585.3 [M+Na], 1147.6
[2M+Na]". —HRMS (ESI): m/z= 563.3328 [M+H]; calc. for [GoH47N.Og] " = 563.3327.
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H
= .wCO,tBu

N *H
Boc

(1S,5569)-di-tert-Butyl-2-azabicyclo[3.1.0]hexane-2,6-dicarboxyl§td9

Method A: In a Schlenk flask03(143.5 mg, 0.51 mmol, 1.0 equiv) was dissolvedtt (6

ml) and Pd/C (10 wt%) was added. A balloon with regeen (1 atm) was attached and the
atmosphere in the flask was flushed twice with bgein gas. The mixture was stirred under a
hydrogen atmosphere at ambient temperature foh.1After completion the crude mixture
was filtered through a plug of celite and conceettain vacuo. The crude product was
purified via flash chromatography (silica, PE/EA%:1) to afford149(122.5 mg, 0.43 mmol,

85%) as a white solid that can be recrystallizedhfPE.

Method B: To a solution 0fLl03 (167.6 mg, 0.60 mmol, 1.0 equiv) in DCMsz&itH (0.48 ml,
2.98 mmol, 5.0 equiv) and TFA (94, 1.19 mmol, 2.0 equiv) were added and the satutio
was stirred at ambient temperature for 6 h. Afmmpletion the volatiles were removed in
vacuo and the crude mixture was purified via flaslomatography (silica, PE/EA = 15:1) to
afford 149 (55.0 mg, 0.19 mmol, 33%) as a white solid.

R; = 0.23 (PE/EA = 10:1} *H-NMR (300 MHz, CDC}): & (ppm) = 1.41 (s, 9 H, Cfj 1.44
(s, 9 H, CH), 1.61 (dd,J = 3.7 Hz, 1.6 Hz, 1 H), 1.94-2.24 (m, 3 H), 2.7083(m, 1 H),
3.49-3.95 (m, 2 H). 2*C-NMR (101 MHz, CDC}): 3¢ (ppm) = 24.7 (+, CH), 25.9 (-, GH
4), 26.9 (+, CH), 28.1 (+, C§)| 28.4 (+, CH), 43.9 (-, CH), 44.1 (+, CH), 79.9 (Cq), 80.6
(Cq), 154.6 (Cq), 170.3 (Cq).mp = 62 °C —IR (neat):¥ (cm?) = 2970, 2935, 1689, 1388,
1364, 1322, 1287, 1257, 1150, 1121, 1049, 1019, 842, 846, 768, 717, 552, 466[.0(-]—2D0 =
-10.3 € = 1, DCM, > 99%¢ee@. — Elemental analysiscalcd. (%) for GsH2sNO,4 (283.18): C
63.58, H 8.89, N 4.94, found: C 63.90, H 8.69, B74—~HPLC analysis (Phenomenex Lux
Cellulose-2,n-heptanaPrOH 70:30, 0.5 ml/min, 215 nm): # 6.95 min, t= 10.79 min. —
LRMS (ESI): m/z= 284.2 [M+H], 301.2 [M+NH]*, 306.2 [M+Na], 589.3 [2M+Na]. —
HRMS (ESI): m/z= 284.1857 [M+H]; calc. for [GsHo6NO.]* = 284.1856.
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d\COZtBu

N

|
Boc

(9)-tert-Butyl-3-(2-(tert-butoxy)-2-oxoethyl)pyrrolidine-1-carboxylat@50)

Method A: To a solution ofl03 (167.6 mg, 0.60 mmol, 1.0 equiv) in DCMz&iH (0.48 ml,
2.98 mmol, 5.0 equiv) and TFA (94, 1.19 mmol, 2.0 equiv) were added and the satutio
was stirred at ambient temperature for 6 h. Aftmpletion the volatiles were removed in
vacuo and the crude mixture was purified via flaslomatography (silica, PE/EA = 10:1) to
afford 150(38.4 mg, 0.14 mmol, 23%) as a colorless crysialtolid.

Method B: To a solution of hydrogenation produet9 (65.3 mg, 0.23 mmol, 1.0 equiv) in
DCM Et:SiH (0.11 ml, 0.69 mmol, 3.0 equiv) and TFA (@85 0.46 mmol, 2.0 equiv) were

added and the solution was stirred at ambient testyoe for 65 h. Volatiles were removed in
vacuo and the crude mixture was purified via flasBlomatography (silica, PE/EA = 10:1) to
afford 150(32.5 mg, 0.11 mmol, 50%) as a colorless crysialtolid.

R; = 0.14 (PE/EA = 10:1} *H-NMR (300 MHz, CDC}): &4 (ppm) = 1.39-1.46 (m, 18 H,
CHs), 1.47-1.60 (m, 1 H), 1.95-2.10 (m, 1 H), 2.1872(6h, 2 H), 2.50 (sept, 1 H,= 7.6 Hz),
2.82-2.99 (m, 1 H), 3.17-3.33 (m, 1 H), 3.33-3.68 £ H). ~**C-NMR (101 MHz, CDC}):
3c (ppm) = 28.1 (+, Ch), 28.5 (+, CH), 30.8 (-, CH), 31.5 (-, CH), 34.7 (+, CH), 35.5 (+,
CH), 39.0 (-, CH), 45.0 (-, CH), 45.4 (-, CH), 50.8 (-, CH), 51.2 (-, CH), 79.1 (Cq), 80.6
(Cq), 154.5 (Cq), 171.5 (Cq), 171.6 (Cq). (Signahlkling due to rotamers).mp = 54-56 °C
— IR (neat):¥ (Cm'l) = 2975, 2930, 2878, 1722, 1685, 1457, 1406, 13887, 1253, 1219,
1149, 1062, 942, 884, 842, 772, 581, 548, 46&1]23" = +18.6 ¢ = 1, DCM). —HPLC
analysis (Phenomenex Lux Cellulose-h;heptanePrOH 99:1, 0.5 ml/min, 200 nm); £
17.03 min, t = 19.25 min. -LRMS (ESI): m/z = 286.2 [M+H[, 308.2 [M+Na], 553.4
[2M+Na]’. —HRMS (ESI): m/z= 286.2013 [M+H]; calc. for [GsH2gNO4]" = 286.2013.

105



Experimental part

d\COZH
N

H
(9-2-(Pyrrolidin-3-yl)acetic acid &-(+)-109

Cyclopropanel49 (103.5 mg, 0.37 mmol, 1.0 equiv) was dissolvedm DCM (5 ml) and
Et;SiH (0.23 ml, 1.46 mmol, 4.0 equiv) and TFA (@6 0.73 mmol, 2.0 equiv) were added.
The reaction mixture was stirred at room tempeeatar 24 h. Then more TFA (112, 1.46
mmol, 4.0 equiv) was added and the mixture stifoecanother 48 h. After completion of the
reaction (TLC) the volatiles were removed in vatoiyield 109 as TFA salt. For removal of
the counteriort09was loaded onto a column with Dowex 50WX8-400 dpterated with 0.1
M HCI). The resin was washed with water and finatlyuted with 15% Nkl (ag.). The
fractions were then concentrated under reducedspresand lyophilized to yield09 (47.4

mg, 0.37 mmol, quant.) as a slightly beige-colastbrphous solid.

IH-NMR (300 MHz, DO): 8 (ppm) = 1.47-1.65 (m, 1 H), 2.05-2.21 (m, 1 H42(d, 1 H,
J=5.6 Hz), 2.45 (d, 1 Hl = 3.8 Hz), 2.47-2.68 (m, 1 H), 2.82 (dd, 1+ 11.3 Hz, 8.9 Hz),
3.07-3.23 (m, 1 H), 3.23-3.34 (m, 1 H), 3.43 (d#,1 = 11.7 Hz, 7.4 Hz). 2C-NMR (101

MHz, D,0): ¢ (ppm) = 29.5 (-, Ch), 33.7 (+, CH), 36.4 (-, CH, 45.1 (-, CH), 49.5 (-,
CHy), 176.4 (Cq). 4a]?® = +7.7 € = 1, HO; Lit.: +9.6 € = 1, HO)[114]). ~LRMS (ESI):

m/z = 130.1 [M+H]. — HRMS (ESI): m/z = 130.0866 [M+H]; calc. for [GH1:NO,]" =

130.0863.

H
H — .wCO,tBu
tBu~ \\-Z y
i N" “H
O Boc

(1S,3S,5S 69)-di-tert-Butyl-3-(tert-butylcarbamoyl)-2-azabicyclo[3.1.0]hexane-2,6-

dicarboxylate 165a major)
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H

H WCOLtBu
tBu/NW
N "H
O

|
Boc

(1S,3R,5569)-di-tert-Butyl-3-(tert-butylcarbamoyl)-2-azabicyclo[3.1.0]hexane-2,6-
dicarboxylate 165b minor)

To a solution 0fL03(193.6 mg, 0.69 mmol, 1.0 equiv) in DCM (40 r@jt-butyl-isocyanide
(0.78 ml, 6.88 mmol, 10.0 equiv) and TFA (0.22 &5 mmol, 4.0 equiv) were added and
solution was stirred at ambient temperature for Bfter completion of the reaction volatiles
were removed in vacuo and the crude mixture wasi@divia flash chromatography (silica,
PE/EA = 5:1) to yield diastereoisomet65a(133.1 mg, 0.35 mmol, 51%) arddb5b (46.9
mg, 0.12 mmol, 18%) as white solid compounds.

165a (major): Ry = 0.36 (PE/EA = 5:1) 'H-NMR (300 MHz, CDC}): 34 (ppm) = 0.74-0.94
(m, 1 H), 1.33 (s, 9 H), 1.42 (s, 9 H), 1.46 (9 2.07-2.18 (m, 1 H), 2.24-2.43 (m, 1 H),
2.43-2.67 (m, 1 H), 3.54-3.68 (m, 1 H), 3.80-3.86 ( H), 6.26 (bs, 1 H). C-NMR (151
MHz, CDCk): 8¢ (ppm) = 25.1 (+, CH), 28.1 (+, GH 28.2 (+, CH), 28.6 (+, CH), 29.6 (-,
CHy), 31.7 (+, CH), 45.5 (+, CH), 50.9 (Cq), 62.9 GHl), 80.8 (Cq), 81.4 (Cq), 156.3 (Cq),
169.6 (Cq), 170.2 (Cq). mp = 139 °C 4R (neat):¥ (cm™) = 3347, 3312, 2975, 2933, 2033,
1719, 1698, 1677, 1655, 1550, 1479, 1455, 13925,1B810, 1278, 1257, 1224, 1148, 1125,
1019, 985, 961, 913, 857, 842, 796, 758, 663, 628, 561, 486, 466, 408.[eﬂzl;’ =-472 ¢

= 1, DCM) —LRMS (ESI): m/z = 327.2 [M+H-GHg]", 383.3 [M+H], 405.2 [M+Na]. —
HRMS (ESI):m/z= 383.2542 [M+H]; calc. for [GoH3sN20s]" = 383.2540.

165b (minor): R; = 0.50 (PE/EA = 5:1} 'H-NMR (400 MHz, CDC}, 223 K): 3y (ppm) =
1.26 (s, 9 H), 1.39 (s, 9 H), 1.47 (s, 9 H), 1.68,(1 H,J = 3.6 Hz, 1.6 Hz), 1.95-2.04 (m, 1
H), 2.12-2.22 (m, 1 H), 2.64 (dd, 1 Biz 13.5 Hz, 1.8 Hz), 3.81 (dd, 1 Bi= 6.6 Hz, 1.6 Hz),
4.45 (dd, 1 HJ = 10.5 Hz, 1.6 Hz), 7.05 (s, 1 HHX —*C-NMR (101 MHz, CDC}, 223
K): &c (ppm) = 24.7 (+, CH), 26.1 (-, GH 27.4 (+, CH), 27.9 (+, C}), 28.0 (+, CH), 28.2
(+, CH), 44.2 (+, CH), 50.8 (Cq), 59.3 (+, CH), 80.9 (C8)..5 (Cq), 154.9 (Cq), 170.7 (Cq),
171.2 (Cq). (Signal doubling due to rotamers; peafksajor rotamer given only). mp =
152 °C -IR (neat):¥ (cm*) = 3316, 2972, 2936, 1698, 1657, 1549, 1455, 18965, 1328,
1261, 1223, 1147, 1029, 1001, 842, 765, 728, 559]23: +42.6 ¢ = 1, DCM). —-LRMS
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(ESI): miz = 327.2 [M+H-GHg]", 383.3 [M+H], 405.2 [M+Na]. — HRMS (ESI): m/z =
383.2539 [M+H]; calc. for [GoH3sN,0s] " = 383.2540.

OMe ';'

‘\\COZtBU
MeOQ@

N H
OMe Boc
di-tert-Butyl-(1S,5569)-3-(2,4,6-trimethoxyphenyl)-2-azabicyclo[3.1.0]lzere-2,6-
dicarboxylate 172

To a solution 0fLl03 (152.8 mg, 0.54 mmol, 1.0 equiv) and 1,3,5-trinoetfbenzene (109.6
mg, 0.65 mmol, 1.2 equiv) in dry DCM TFA (%0, 0.65 mmol, 1.2 equiv) was added and the
reaction mixture was stirred for one hour at ro@mperature. Volatiles were removed in
vacuo and the crude mixture was purified via flaslomatography (silica, PE/EA = 5:1) to

yield 172(32.7 mg, 0.07 mmol, 13%) as a pale yellow oil.

Rf = 0.23 (PE/EA = 5:1)} 'H-NMR (400 MHz, CDC}): & (ppm) = 0.81-0.94 (m, 1 H),
1.02-1.31 (m, 9 H), 1.43 (s, 9 H), 2.09-2.31 (H)R 2.39 (dd, 1 HJ = 12.8 Hz, 9.8 Hz),
3.72-3.83 (m, 9.4 H), 3.85-4.00 (m, 0.6 H), 4.9815(m, 1 H), 6.03-6.11 (m, 2 H). —
3C-NMR (101 MHz, CDC}): 8¢ (ppm) = 25.3 (+, CH), 28.2 (+, GH 30.7 (+, CH), 34.9 (-,
CH,), 46.1 (+, CH), 52.8 (+, CH), 55.3 (+, GH55.6 (+, CH), 79.1 (Cq), 80.2 (Cq), 90.5 (+,
CH), 112.5 (Cq), 154.9 (Cq), 158.6 (Cq), 160.1 (Cijj0.8 (Cq). 4R (neat):¥ (cm™) =
2972, 2935, 2843, 1689, 1593, 1497, 1458, 14010,18321, 1252, 1228, 1201, 1147, 1119,
1060, 1041, 978, 961, 951, 931, 918, 879, 845, B42, 666. fa]2° = +23.5 ¢ = 1, CHC}).
—LRMS (ESI): m/z= 450.2 [M+H], 472.2 [M+Na], 921.5 [2M+Na]. —HRMS (ESI): m/z

= 450.2493 [M+H]; calc. for [GoHzsN20s] " = 450.2486.
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(1S,25,354S,6S,79-tert-Butyl-3,7-bis(hydroxymethyl)-5-azatricyclo[4.1.@@]heptane-5-
carboxylate 178[205]

To a suspension of LAH (285 mg, 10.14 mmol, 2.0i&gu dry THF (65 ml)104 (2.01 g,
5.07 mmol, 1.0 equiv) was added portion wise a€@hd the solution was stirred for 22 h in
the defrosting ice bath. After complete consumptbthe starting material the reaction was
guenched by the addition of EA and R (sat.) solution. The aqueous layer was extracted
with EA and the organic layers combined and driedrdNa&SQOy. After evaporation of the
solvent the crude mixture was purified by a shditascolumn (100% EA— 100% MeOH;
hereby dissolved silica was filtered from the pretdduom a CHCY solution) to yieldl78 as a
white solid? (1.22 g, 4.79 mmol, 95%).

R: = 0.14 (EA) —'H-NMR (300 MHz, CDCY): &4 (ppm) = 1.17-1.30 (m, 2 H), 1.42 (s, 9 H,
Boc), 1.59 (dd, 1 H) = 6.4 Hz, 3.7 Hz), 1.69 (dd, 1 B,= 6.4 Hz, 3.7 Hz), 2.78 (d, 1 H,=
6.3 Hz), 2.87 (d, 1 H) = 6.3 Hz), 3.15 (dd, 1 H,= 11.6 Hz, 8.4 Hz), 3.25 (dd, 1 BI= 11.4
Hz, 7.7 Hz), 3.33-3.56 (m, 3 H), 4.24 (bs, 1 H, OH)*C-NMR (101 MHz, CDC})): 3¢
(ppm) = 23.9 (+, CH), 25.4 (+, CH), 28.5 (+, §H29.3 + 29.5 (+, CH), 39.2 + 39.8 (+, CH),
61.9 + 62.0 (-, Ch), 80.3 (Cq), 155.9 (Cq). mp = 78 °C —LRMS (ESI): m/z = 256.2
[M+H] ", 278.1 [M+Na], 511.3 [2M+H], 533.3 [2M+Na]. —-HRMS (ESI): m/z= 256.1536
[M+H]"; calc. for [GaH2oNO4]" = 256.1543.

H H

ACO/\@ \OAc

HY N ™
Boc

((15,2535,4S,6S,79)-5- (tert-Butoxycarbonyl)-5-azatricyclo[4.1.0.02,4]heptan&-3
diyl)bis(methylene) diacetat&g7)

12 Reported as colorless foam (ho mp given).
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Diol 178 (77.4 mg, 0.30 mmol, 1.0 equiv) was dissolved @NMD(5 ml) and cooled to 0 °C.
DMAP (7 mg, 0.06 mmol, 0.2 equiv), A0 (172pl, 1.82 mmol, 6.0 equiv) and NE252ul,
1.82 mmol, 6.0 equiv) were added and the reactiottune was stirred for 15 min at 0 °C.
After quenching the reaction mixture with sat. JIH solution, the aqueous layer was
extracted with DCM (4 x). Finally, the combined anic layers were washed with sat.
NaHCG; (1 x) and brine (1 x) and dried over JS&. After evaporation of the solvent the
crude product was purified by flash chromatografdiyca, PE/EA = 5:1— 100% EA) to
yield 187 (93.6 mg, 0.28 mmol, 91%) as a colorless oil thgstallizes slowly.

Rr = 0.16 (PE/EA = 5:1} 'H-NMR (300 MHz, CDCY): &y (ppm) = 1.22-1.34 (m, 2 H), 1.42
(s, 9 H, B3, Boc), 1.65-1.74 (m, 2 H), 2.01 (s, 6 HH}, 2.83 (d, 1 HJ = 6.4 Hz), 3.03 (d, 1
H, J = 6.43 Hz), 3.70 (dd, 1 H, = 11.7 Hz, 8.3 Hz), 3.81 (dd, 1 Bl= 7.7 Hz, 2.4 Hz), 3.97
(dd, 1 H,J = 11.8 Hz, 6.5 Hz). *C-NMR (101 MHz, CDC}): 3¢ (ppm) = 21.0 (+, CH),
24.3 (+, CH), 25.4 + 25.7 (+, CH), 26.0 (+, CH),28&+, CH), 39.3 (+, CH), 63.8 + 63.9 (-,
CH,), 79.9 (Cq), 155.2 (Cq), 171.0 + 171.1 (CqJR-(neat):¥ (cm) = 2976, 1737, 1695,
1435, 1393, 1365, 1328, 1226, 1176, 1123, 1030, 852, 763, 632, 539, 497, 462, 399. —
LRMS (ESI): m/z= 284.1 [M+H-GHg]", 340.2 [M+HT, 362.2 [M+Na], 701.3 [2M+Na]. —
HRMS (ESI): m/z= 340.1754 [M+H]; calc. for [G7H26NOg]* = 340.1755.

O (@)
N
Boc

(3aR,3bR,62R, 7aR)-tert-Butyl-6a,7a-dihydro-3d-difuro[2,3-b:3',2'-d]pyrrole-7(3H)-
carboxylate 179[205]

Diol 178 (476 mg, 1.87 mmol, 1.0 equiv) was dissolved in M (32 ml) and IBX (1.15 g,
4.10 mmol, 2.2 equiv) was added. The reaction mixtuas stirred at room temperature for
64 h until the starting material vanished compie(@LC control). The mixture was treated
with water and extracted with EA (5 x). The combireganic layers were washed with water
and dried over N&O,. After evaporation of the solvent the crude praduas purified by
flash chromatography (silica, PE/EA = 7:1) to yidld9 (242 mg, 0.96 mmol, 52%) as a

colorless oll.
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R; = 0.38 (PE/EA = 5:1} 'H-NMR (300 MHz, CDCY): &4 (ppm) = 1.48 (s, 9 H, Cf)i 3.43
(d, 2 H,J = 6.6 Hz), 4.85-4.89 (m, 2 H), 5.95-6.16 (m, 2 6121 (bs, 2 H). 2*C-NMR (101
MHz, CDCk): & (ppm) = 28.2 (+, Ch), 51.3 + 51.4 (+, CH), 81.2 (Cq), 92.4 (+, CH)21D
(+, CH), 144.6 + 144.7 (+, CH), 153.3 (Cq)LRMS (ESI):m/z= 196.1 [M+H-GHg]*, 252.1
[M+H] ", 274.1 [M+Na], 525.2 [2M+Na]. —HRMS (ESI): m/z= 252.1237 [M+H]; calc. for
[C13H1gNO4]* = 252.1230.

CO,Me

O%N)'O

|
Boc

Methyl-2-(N-(tert-butoxycarbonyl)formamido)-3-formylcyclopropane-arlboxylate
((x)-218)[275]

Cyclopropane (x)}t8 (402 mg, 1.68 mmol, 1.0 equiv) was dissolved inMDGI5 ml) and
cooled to -78 °C. Then ozone was bubbled throughsthiution until a characteristic blue
color persisted (~ 15 min). After completion, oxggeas bubbled through the solution to
displace excess ozone until the blue color vanigketi0 min). The gas inlet was removed,
DMS (0.61 ml, 8.40 mmol, 5.0 equiv) was added d&dsolution was stirred overnight in the
defrosting cooling bath. The reaction mixture waant concentrated under reduced pressure
and purified via flash chromatography (silica, P&/E 3:1) to yield (£)218 (440 mg, 1.62

mmol, 97%) as a colorless oil that slowly crystat in the freezer.

R = 0.35 (PE/EA = 3:1) *H-NMR (300 MHz, CDCY): &y (ppm) = 1.52 (s, 9 H, C§ 2.75
(dd, 1 H,J = 5.9 Hz, 4.8 Hz), 2.92-2.99 (m, 1 H), 3.21 (d{,1J = 8.0 Hz, 4.8 Hz), 3.75 (s, 3
H, CH), 9.07 (s, 1 H), 9.54 (d, 1 H,= 2.4 Hz).
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QOQMG

A j
HO,C ITI
Boc

2-(N-(tert-Butoxycarbonyl)formamido)-3-(methoxycarbonyl)cygtopane-1-carboxylic acid
((x)-219[275]

Cyclopropane (218 (440 mg, 1.62 mmol, 1.0 equiv) was dissolved in(Me(5 ml) and
cooled to 0 °C. After that KHPO, (132 mg, 0.97 mmol, 0.6 equiv) in water (1 mlxCA
(0.16 ml, 5.35 mmol, 3.3 equiv) and NaGI322 mg, 3.56 mmol, 2.2 equiv) in water (3 ml)
were added and the reaction mixture was stirre@forh at 0 °C until gas evolution ceased.
Then NaSQO; (0.8 equiv) was added and the solution was stiwedne additional hour at O
°C. The reaction mixture was then acidified witiMLKHSO4 (pH 1-2), the phases were
separated and the aqueous layer was extractedBAittb x). The combined organic layers
were dried over N&O,, filtered and concentrated in vacuo to yield 249 (467 mg, 1.63

mmol, quant.) as a white solid.

Rf = 0.11 (PE/EA = 2:1)} *H-NMR (300 MHz, CDCY): & (ppm) = 1.52 (s, 9 H, C§)| 2.56-
2.68 (M, 2 H), 3.22 (dd, 1 H,= 7.7 Hz, 5.1 Hz), 3.77 (s, 3 H, GH7.86 (bs, 1 H), 9.13 (s, 1
H).

C_:OQMe

AN

HO,C NHBoc

2-((tert-Butoxycarbonyl)amino)-3-(methoxycarbonyl)cyclopame-1-carboxylic acid
((x)-33)[275]

Cyclopropane (219 (467 mg, 1.63 mmol, 1.0 equiv) was dissolved inOMe(5 ml),
DEAEA (0.47 ml, 3.34 mmol, 2.05 equiv) was added #me reaction mixture was stirred at
room temperature for 28 h. The mixture was coneg¢edr under reduced pressure, EA was
added and the pH of the solution was adjusted t@ p¥ith 1 M KHSQ. The aqgueous layer
was extracted with EA (4 x) and the combined orgéayers were dried over BBQO,, filtered

and concentrated in vacuo to yield 33348 mg, 1.34 mmol, 82%) as a white solid.
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'H-NMR (300 MHz, CDCY): &y (ppm) = 1.46 (s, 9 H, CH} 2.22-2.57 (m, 2 H), 3.62-3.99
(m, 4 H), 5.45 + 6.54 (bs, 1 H).

QOzMe
BnO,C NHBoc

1-Benzyl-2-methyl-3-tert-butoxycarbonyl)amino)cyclopropane-1,2-dicarboxglat
((2)-220[275]

Cyclopropane (£83 (348 mg, 1.34 mmol, 1.0 equiv) was dissolved inB{@ ml), NaHCQ
(225 mg, 2.68 mmol, 2.0 equiv) and BnBr (3151.47 mmol, 1.1 equiv) were added and the
mixture was stirred at room temperature for 48 A.(EEO ml) and water (10 ml) were added,
the phases separated and the aqueous layer wastedtwith EA (4 x). The combined
organic layers were washed with water (2 x), doedr NaSQy, filtered and concentrated in
vacuo. Flash chromatography (silica, PE/EA = 5ig)ded pure (x)220(429 mg, 1.23 mmol,

92%) as a white solid.

Rf = 0.27 (PE/EA = 5:1) *H-NMR (300 MHz, CDCY): & (ppm) = 1.44 (s, 9 H, C§)| 2.24-
2.31 (m, 1 H), 2.52 (dd, 1 H,= 8.3 Hz, 5.2 Hz), 3.69 (s, 3 H, GH3.76-3.95 (m, 1 H), 5.12
(d,1H,J=12.2 Hz), 5.21 (d, 1 H, J = 12.2 Hz53 (bs, 1 H), 7.30-7.42 (m, 5 H).

e
N NH
H

BnO,C “'CO,Me

1-Benzyl-2-methyl-(R,2R,39)-3-((S)-pyrrolidine-2-carboxamido)cyclopropane-1,2-
dicarboxylate 2213
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B

H

H

AL

BnO,C'  YCO,Me

1-Benzyl-2-methyl-(§,2S 3R)-3-((S-pyrrolidine-2-carboxamido)cyclopropane-1,2-
dicarboxylate 221h)

RacemicB-ACC (x)-220 (4.38 g, 12.54 mmol, 1.0 equiv) was dissolved mn BA (10 ml)
and cooled to 0 °C. A solution of HCI in EA (4.2 M5 ml) was added and the reaction
mixture was stirred at 0 °C until starting matemas fully consumed (4 h; TLC analysis).
Volatiles were removed in vacuo and the resultimgtev(pinkish) residue was treated with a
premixed solution oN-Boc-L-proline (3.37 g, 15.68 mmol, 1.25 equiv) and EDC#K3.00

g, 15.68 mmol, 1.25 equiv) in DCM. Finally, trietagnine (2.17 ml, 15.68 mmol, 1.25 equiv)
was added and the reaction was stirred at room désanpe overnight (17 h). The crude
reaction mixture treated with water (50 ml), the p#s adjusted to pH 3 by the addition of
1M KHSO, and the aqueous layer was extracted with DCM (4The combined organic
layers were then washed with NaHE@at. 1 x) and brine (1 x), dried overJS&), filtered
and concentrated in vacuo. The crude was purifiadlash chromatography (silica, PE/EA =
2:1) to yield a mixture of twdN-Boc protected diastereomeric dipeptides Boc-Rrd¥ -OBn
(4.13 g, 9.24 mmol, 74%) as a white foam. The muf diastereomers Boc-P/ ¥V -OBn
(4.70 g, 10.53, mmol, 1.0 equiv) was deprotectati wisolution of HCI in EA (4.2 M, 50 ml)
at 0 °C and the two diastereomers were separatadflash chromatography (silica,
DCM/MeOH = 15:1) to yield?221a(1.57 g, 4.54 mmol, 43%) argP1b (1.21 g, 3.49 mmol,
33%).

221a (major): R = 0.49 (DCM/MeOH = 9:1)} *H-NMR (300 MHz, CDC}): & (ppm) =
1.50-1.69 (m, 2 H), 1.73-1.91 (m, 1 H), 1.94-2.68 2 H), 2.26-2.34 (m, 1 H), 2.45-2.54 (m,
1 H), 2.71-2.96 (m, 2 H), 3.53-3.68 (m, 4 H), 3288 (m, 1 H), 5.00-5.17 (m, 2 H), 7.23-
7.33 (m, 5 H), 8.36 (d, 1 H,= 8.4 Hz).

221b (minor): R; = 0.29 (DCM/MeOH = 9:1)- *H-NMR (300 MHz, CDC}): & (ppm) =
1.44-1.64 (m, 2 H), 1.69-1.83 (m, 1 H), 1.93-2.Q 2 H), 2.30-2.36 (m, 1 H), 2.48-2.55 (m,
1 H), 2.65-2.67 (m, 1 H), 2.84-2.96 (m, 1 H), 3%@1 (m, 4 H), 3.94-4.03 (m, 1 H), 5.04-
5.15 (m, 2 H), 7.25-7.34 (m, 5 H), 8.41 (d, 13 8.2 Hz).
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2~

N NH

Boc
OﬁA “’CO,Me

N

BnOZCU

tert-Butyl-(9-2-(((1R,2R,3R)-2-((9-2-((benzyloxy)carbonyl)pyrrolidine-1-carbonyl)-3-
(methoxycarbonyl)cyclopropyl)carbamoyl)pyrrolididecarboxylate 2229

Dipeptide221a(271 mg, 0.78 mmol, 1.0 equiv) and BOc(179 mg, 0.82 mmol, 1.05 equiv)
were dissolved in dry DCM (5 ml). A solution of DNPA(10 mg, 0.08 mmol, 0.1 equiv) and
NEt; (81 pl, 0.59 mmol, 0.75 equiv) in dry DCM (5 ml) was &diddropwise, and the reaction
mixture was stirred at room temperature for 16 liee Teaction was quenched with water and
then acidified with 1 M KHS® (pH 2-3). After extraction with DCM (3 x), the cdined
organic layers were washed with brine (1 x), dosdr NaSQ,, filtered and concentrated in
vacuo to yield theN-Boc protected dipeptide Boc-P#&-OBn (328 mg, 0.73 mmol, 94%).
The protected dipeptide Boc-Pw-OBn (1.78 g, 3.98 mmol, 1.0 equiv) was dissolved i
MeOH (50 ml), Pd/C (10%) was added and a ballodmydfogen gas (1 atm) was mounted to
the flask. The atmosphere was flushed with hydragesito remove air and the mixture was
stirred at room temperature for 5 h. After filtcatiof the reaction mixture through a plug of
Celite and washing with MeOH, the solvent was reetbin vacuo to yield the free acid
Boc-Pro-A-OH (1.44 g, quant.). Boc-Pra-OH (284 mg, 0.76 mmol, 1.0 equiv) and
EDCeHCI (153 mg, 0.80 mmol, 1.05 equiv) were digedlin dry DCM (12 ml) and stirred
for 30 min at room temperature. H-Pro-OBneHCI (284, 0.91 mmol, 1.2 equiv) and NEt
(227 pl, 0.91 mmol, 1.2 equiv) were added and the reactioxture was stirred for 48 h.
Water (10 ml) and DCM (10 ml) were added and thevp$ adjusted to pH 4 with 1 M
KHSO,. The organic layer was then washed with NaHQgat. 1 x) and brine (1 x), dried
over NaSQ,, filtered and concentrated in vacuo. The crudetunéxwas purified via flash
chromatography (silica, DCM/MeOH = 49:1) to yi&?@2a (255 mg, 0.47 mmol, 62%) as a

colorless foam.

R = 0.36 (DCM/MeOH = 19:1) *H-NMR (300 MHz, CDCY): & (ppm) = 1.43 (s, 9 H),
1.74-2.29 (m, 8 H), 2.29-2.42 (m, 1 H), 2.49-2.1, { H), 3.22-3.59 (m, 2 H), 3.59-3.90 (m,
5 H), 4.01-4.35 (m, 2 H), 4.41-4.63 (m, 1 H), 5029 (m, 2 H), 7.28-7.83 (m, 6 H).
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=
N NH
Boc =

oﬁ\\vA
Bnozcﬁ

tert-Butyl-(9)-2-(((1S,2S,39)-2-((9-2-((benzyloxy)carbonyl)pyrrolidine-1-carbonyl)-3-
(methoxycarbonyl)cyclopropyl)carbamoyl)pyrrolididecarboxylate Z22b)

COzMe

Dipeptide221b (1.21 g, 3.49 mmol, 1.0 equiv) and BOc(800 mg, 3.67 mmol, 1.05 equiv)
were dissolved in dry DCM (20 ml). A solution of D3 (43 mg, 0.35 mmol, 0.1 equiv) and
NEt; (0.36 ml, 2.62 mmol, 0.75 equiv) in dry DCM (20)mVas added dropwise, and the
reaction mixture was stirred at room temperature2fb h. The reaction was quenched with
water and then acidified with 1 M KHQ@pH 2-3). After extraction with DCM (3 x), the
combined organic layers were washed with brine Y1dxied over NgSO,, filtered and
concentrated in vacuo to yield tihNeBoc protected dipeptide Boc-PMW-OBn (1.49 g, 3.33
mmol, 95%). The protected dipeptide Boc-eOBn (570 mg, 1.28 mmol, 1.0 equiv) was
dissolved in MeOH (15 ml), Pd/C (10%) was added arighlloon of hydrogen gas (1 atm)
was mounted to the flask. The atmosphere was ftusht hydrogen gas to remove air and
the mixture was stirred at room temperature for. After filtration of the reaction mixture
through a plug of Celite and washing with MeOH, slodvent was removed in vacuo to yield
the free acid Boc-Pr&-OH (485 mg, quant.). Boc-Pr®-OH (458 mg, 1.28 mmol, 1.0
equiv) and EDCeHCI (257 mg, 1.34 mmol, 1.05 equixre dissolved in dry DCM (20 ml)
and stirred for 30 min at room temperature. H-PEBR€éHCl (370 mg, 1.53 mmol, 1.2 equiv)
and NEg (212pl, 1.53 mmol, 1.2 equiv) were added and the reaatixture was stirred for
48 h. Water (10 ml) and DCM (10 ml) were added #redpH was adjusted to pH 4 with 1 M
KHSO,. The organic layer was then washed with NaHC€at. 1 x) and brine (1 x), dried
over NaSQ,, filtered and concentrated in vacuo. The crudetuné&was purified via flash
chromatography (silica, DCM/MeOH = 49:1) to yi&@2b (395 mg, 0.73 mmol, 57%) as a

colorless foam.

R = 0.32 (DCM/MeOH = 19:1) *H-NMR (300 MHz, CDCY): & (ppm) = 1.45 (s, 9 H),
1.73-1.93 (m, 3 H), 1.93-2.25 (m, 5 H), 2.28-2.89 { H), 2.49-2.65 (m, 1 H), 3.18-3.55 (m,
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2 H), 3.56-3.76 (m, 4 H), 3.78-3.95 (m, 1 H), 4084 (m, 2 H), 4.46-4.58 (m, 1 H), 5.03-
5.26 (M, 2 H), 7.28-7.61 (M, 6 H).

=

N NH
H

OYA “CO,Me
N
Hoon

(9-1-((1R,2R,3R)-2-(Methoxycarbonyl)-3-)-pyrrolidine-2-
carboxamido)cyclopropanecarbonyl)pyrrolidine-2-cexydic acid 1739[58, 240]

Orthogonally protected tripeptid222a (154 mg, 0.28 mmol, 1.0 equiv) was deprotecteth wit
a solution of HCl in EA (4.2 M, 4 ml) at O °C for5Lh. The volatiles were removed in vacuo
and the residue was treated with water (5 ml) adcheted with EfO (2 x). The pH of the
agueous layer was adjusted to pH 9 by the use &fO@3 (sat.) and then extracted with
DCM (4 x). The combined organic layers were driedrd\NaSQ,, filtered and concentrated
in vacuo to yield H-ProA-Pro-OBn (116 mg, 0.26 mmol, 93%) as white foam.
H-Pro-A -Pro-OBn (116 mg, 0.26 mmol, 1.0 equiv) was dissdlin MeOH (5 ml), Pd/C
(10%) was added and a balloon of hydrogen gasr{ atas mounted to the flask. The
atmosphere was flushed with hydrogen gas to reraovend the mixture was stirred at room
temperature for 1 h. After filtration of the reaxti mixture through a plug of Celite and
washing with MeOH, the solvent was removed in vatugield 217a (106 mg, quant.) as

white amorphous solid.

Rf = 0.04 (DCM/MeOH = 4:1) 'H-NMR (300 MHz, MeOD):3y (ppm) = 1.75-2.13 (m, 6
H), 2.13-2.43 (m, 2 H), 2.43-2.72 (m, 2 H), 3.388(m, 1 H), 3.53 (dd, 1 H,=7.9 Hz, 4.5
Hz), 3.55-3.66 (m, 1 H), 3.63-4.01 (m, 5 H), 4.188}(m, 2 H). =C-NMR (101 MHz,
MeOD): &c (ppm) = 25.0 (-, CH), 25.4 (-, CH), 26.7 (+, CH), 28.0 (+, CH), 28.7 (+, CH),
30.9 (+, CH), 31.0 (-, C§), 31.2 (-, CH), 36.1 (+, CH), 36.6 (+, CH), 47.6 (-, GKH49.1 (-,
CH,), 53.1 (+, CH), 60.8 (+, CH), 62.2 (+, CH), 167.7 (Cq, CO), 1I7{Cq, CO), 171.4 (Cq,
CO, minor), 172.1 (Cq, CO, minor), 172.3 (Cq, C0J5.8 (Cq, COOH). (signal doubling
due to rotamers).
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Experimental part

M
N NH
H A

AL

CO,Me

(@) -
Hozcﬁ

(9-1-((1S,2S,39-2-(Methoxycarbonyl)-3-@)-pyrrolidine-2-
carboxamido)cyclopropanecarbonyl)pyrrolidine-2-cexydic acid 17b)[58, 240]

Orthogonally protected tripeptid22b (322 mg, 0.59 mmol, 1.0 equiv) was deprotecteth wit
a solution of HCI in EA (4.2 M, 10 ml) at O °C f8rh. The volatiles were removed in vacuo
and the residue was treated with water (10 ml)extchcted with BEO (1 x). The pH of the
agueous layer was adjusted to pH 8-9 by the ud¢abfCG; (sat.) and then extracted with
DCM (4 x). The combined organic layers were driedrd\NaSQ,, filtered and concentrated
in vacuo to yield H-Pro¥-Pro-OBn (259 mg, 0.58 mmol, 99%) as white foam.
H-Pro-¥ -Pro-OBn (259 mg, 0.58 mmol, 1.0 equiv) was dissdlin MeOH (10 ml), Pd/C
(10%) was added and a balloon of hydrogen gasr{ atas mounted to the flask. The
atmosphere was flushed with hydrogen gas to reraovend the mixture was stirred at room
temperature for 1.5 h. After filtration of the réiaa mixture through a plug of Celite and
washing with MeOH, the solvent was removed in vatugield 217b (223 mg, quant.) as
white amorphous solid.

Rf = 0.07 (DCM/MeOH = 4:1) 'H-NMR (300 MHz, MeOD):3 (ppm) = 1.82-1.94 (m, 1
H), 1.94-2.10 (m, 6 H), 2.31-2.42 (m, 1 H), 2.68,(8 H,J = 5.2 Hz, 4.3 Hz), 2.71 (dd, 1 H,
= 8.2 Hz, 5.3 Hz), 3.32-3.42 (m, 2 H), 3.65-3.71, &H), 3.72 (s, 3 H), 3.92-4.02 (m, 1 H),
4.18 (dd, 1 HJ = 8.6 Hz, 6.9 Hz), 4.36 (dd, 1 B= 8.4 Hz, 2.3 Hz). ¥*C-NMR (101 MHz,
MeOD): &: (ppm) = 25.2 (-, Ch), 25.3 (-, CH), 25.9 (+, CH), 30.6 (-, Cy\, 30.7 (-, CH),
31.0 (+, CH), 36.1 (+, CH), 47.5 (-, GK148.5 (-, CH), 52.9 (+, CH), 61.2 (+, CH), 61.8 (+,
CH), 166.2 (Cq), 171.6 (Cq), 172.4 (Cq), 177.2 (Gsjgnal doubling due to rotamers).
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Experimental part

General procedure for organocatalyic aldol reactios under ambient- and high-pressure

conditions:
0 o} O OH
P H-Pro- A-Pro-OH
+ H
acetone/water
NO, 10:1, rt NO,
223 224 225

To a solution ofpara-nitrobenzaldehyd€24 (30.2 mg, 0.2 mmol, 1.0 equiv) in 2 ml of
acetone/water (10:1 (v/v)) catalydt7a (7.1 mg, 0.02 mmol, 0.1 equiv) was added and the
solution was stirred for the indicated time at rotemperature. Acetone was removed in
vacuo and the residue was treated with EA (5 mdt) water (2 ml). After separation of the
phases the organic layer was washed with water If1 dried over NgSQO,, filtered and
evaporated under reduced pressure. The aqueouswagewashed with diethylether (2 ml)
and then lyophilized in order to recover the catl¥n the other hand, the crude reaction
mixture was purified via flash chromatography ¢sili PE/EA = 2:1) and the product was
analyzed by chiral HPLC.

For reactions under high pressure the preparedioaanixture was transferred into a PTFE
tube that was subsequently sealed by melting the t@nd then incorporated into the
high-pressure apparatus. Pressure was generatadaanthined for the indicated time period

without agitation of the reaction mixture.

O OH

)K)\QNO

(R)-4-Hydroxy-4-(4-nitrophenyl)butan-2-on225)[58]

2

R = 0.17 (PE/EA = 2:1} 'H-NMR (300 MHz, CDCY): &4 (ppm) = 2.22 (s, 3 H), 2.82-2.87
(m, 2 H), 3.60 (bs, 1 H), 5.26 (dd, 1 H7 7.4 Hz, 4.9 Hz), 7.49-7.57 (m, 2 H), 8.16-8.88 (
2 H). —HPLC analysis (Chiralcel AS-H,n-heptangPrOH 99:1, 0.5 ml/min, 254 nm) £
18.97 min R), t = 22.38 min §).
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Experimental part

o) o) O 4O o) O O 0 o O
H
HoN NH NH NH »—N N%NH NH »—NH »—NH NH NH »—NH »—NH,
ﬁiogf arad Oy}]ﬁj} -
H,NOC % HO,C

H,N

(9-5-(((R)-1-Amino-1-oxopropan-2-yl)amino)-4-(§2R)-2-((1R,29)-2-((R)-2-((S-6-amino-
2-((1S2R)-2-((1R,29)-2-((R)-2-((9-5-amino-2-((5,2R)-2-((1R,29-2-((R)-2-
aminopropanamido)cyclopent-3-ene-1-carboxamidodpertane-1-carboxamido)-5-
oxopentanamido)propanamido)cyclopent-3-ene-1-canmicko)cyclopentane-1-
carboxamido)hexanamido)propanamido)cyclopent-34enarboxamido)cyclopentane-1-

carboxamido)-5-oxopentanoic acRE)[256]

Foldamer226 was obtained from solid phase synthesis on Tent&&AM resin via
FmociBu strategy. For synthesis and purification detadsvell as spectroscopic data2@b
see refs. [256, 257].
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Appendix

G Appendix

1 NMR spectra

'H-NMR spectra: upper image

3C-NMR spectra (DEPT 135 integrated): lower image

Solvent and frequency are stated each spectrum.
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(9-N-Benzyl-4iso-propyl-4,5-dihydrooxazol-2-amin@&2)
CDCl;, 300 MHz
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(1S,55,69)-di-tert-Butyl-2-azabicyclo[3.1.0]hex-3-ene-2,6-dicarboxgléS,S, 5 (-)-103

CDCl;, 600 MHz
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(1S,2S,35,4S,6S,79)-tri- tert-Butyl-5-azatricyclo[4.1.0 8Yheptane-3,5, 7-tricarboxylaté @4)

CDCl;, 300 MHz
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(1S,55,69)-di-tert-Butyl-2-azabicyclo[3.1.0]hexane-2,6-dicarboxyl§id 9
CDCl3;, 300 MHz
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(9)-tert-Butyl-3-(2-(tert-butoxy)-2-oxoethyl)pyrrolidine-1-carboxylat@50)

CDCl;, 300 MHz
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(1S5R,69)-di-tert-Butyl-4-((1S,55,69)-2,6-bisert-butoxycarbonyl)-2-
azabicyclo[3.1.0]hexan-3-yl)-2-azabicyclo[3.1.0]H&ene-2,6-dicarboxylated §1)

CDCl;, 300 MHz
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Appendix

(1S,3S,5S 69)-di-tert-Butyl-3-(tert-butylcarbamoyl)-2-azabicyclo[3.1.0]hexane-2,6-
dicarboxylate 1659

CDCl;, 300 MHz
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(1S,3R,5569)-di-tert-Butyl-3-(tert-butylcarbamoyl)-2-azabicyclo[3.1.0]hexane-2,6-
dicarboxylate 165b)

CDCl;, 400 MHz, 223 K
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di-tert-Butyl-(1S,55,69)-3-(2,4,6-trimethoxyphenyl)-2-azabicyclo[3.1.0]lzere-2,6-
dicarboxylate 172

CDCl;, 400 MHz
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((15,2535,4S,6S,79)-5- (tert-Butoxycarbonyl)-5-azatricyclo[4.1.0.02,4]heptan&-3
diyl)bis(methylene) diacetat&a§7)

CDCl;, 300 MHz
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Appendix

2 HPLC chromatograms
di-tert-Butyl-2-azabicyclo[3.1.0]hex-3-ene-2,6-dicarboxglé(ac)-(+)-103

Vail : 63 Column : Phenomenex Lux Celluiose-2,
Method - Phex-Cel2 98-2 05 4.6 x 250 mm, 5 pm

Run time : 40,00 min Eluents - A = n-Haptane

inj. vol. : 10,000 pi B = i-Propanol

Flow : 0.5 mi/min
% 254 nm

LP-439(c)_rac_3.DATA - PDA detector Absorbance Analog Channel 2

1‘1
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= |
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o
s St |
; 7
01234567 8 0101112131415161718192021222324252627282930
Min
Peak Results :
Index Name Time i ight Area  Area %
fin] (o esl (nY i 15
1 UNKNOWN| 1125 50,07 123 11.0] 50088
2 |[UNKNOWN] 1088 4003 24 00| 40034
Tetal 10000] 217 2121 300000 |

(1S5S ,69-di-tert-Butyl-2-azabicyclo[3.1.0]hex-3-ene-2,6-dicarboxglé(S,S, $(-)-103

Wail - 64 Column : Phenomenex Lux Cellulose-2,
Method - Phex-Cel2 98-2 0.5 4.6 x 250 mm, 5 ym

Run time : 30,00 min Eluents - A = n-Heptane

inj. vol. : 10,000 w B =i-Propanol

Flow: 0.5 mifmin
A: 254 nm

LP-316(cryst)_1.DATA - PDA detector Absorbance Analog Channel 2

01234567839 1{111121314}:15161'(1819202122232425262?282930
In

Peak Resulis :

Index Name Tame Quantity Height Area  Area
[Min] [% Area] [mAU)| [mAlLMI] __ [%]|

1 |UMKNOWN| 11,35 99.7E| 13535 14252 | BETV3

2 | UNKNOWN | 20,11 022 24 32| 0222
Toial 100001 135508 14783 100,000 |

147



Appendix

(1R,5R,6R)-di-tert-Butyl-2-azabicyclo[3.1.0]hex-3-ene-2,6-dicarboxglé(R,R,R-(+)-103)

Vail . 77 Column ; Phenomenex Lux Cellulose-2,
Method : Phex-Cel2_98-2 0.5 4.6 x 250 mm, 5 pm
Run time : 30,00 min Eluents - A = n-Heptane
Inj. vol. : 10,000 pi B = i-Propanol
Flow : 0.5 mli/min
Ao 254nm

LP-mono-Cp_6.DATA - PDA detector Absorbance Analog Channel 2

i °
N EEEEE 91011121314&5161?1819202122232425262?282930
in

Peak Results :

Tndex Name Time Quartty Height Area Area e
M) [% Area) ImAU] [mAL.Min]

2 JUNKNOWN|11.17] 025] 07 07] 0282
1 [UNKNOWN[ 1703 00.75( 2440 201.7] o
Total 10000 2448 20241 100000]

tri-tert-Butyl-5-azatricyclo[4.1.0 #]heptane-3,5,7-tricarboxylateré()-(+)-104)

Vail : 173 Column : Phenomenex Lux Cellulose-2,
Method : Phex-Cel2_98-2_0.5 4.6 x 250 mm, 5 pm

Run time : 60,00 min Eluents - A = n-Heptane

Inj. vol. : 10,000 pl B = i-Propanol

Flow : 0.5 mlfmin
A: 215nm

LP-156(cryst)_rac_4 DATA - PDA detector Absorbance Analog Channel 1

N

02468 10121415132022426235#\323436364042444643505254565380

o

mAU

Peak Results :

Index  Name Teme Cuantty Hesght Area  Arsa %
Aol fmall] fraU M) )

1 |UNKNROWN| 27 46 A068| 844 1178 40047

2 | UNKNOWN 10 5005) 500 1180) 50053}

Tetal 1 10000] 1143 23551100000 |
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(1S,2S,354S,6S 79)-tri- tert-Butyl-5-azatricyclo[4.1.0. 9| heptane-3,5, 7-tricarboxylate
((S,S,S,5,9%+)-104 41%e¢

Vail - 186 Column : Phenomenex Lux Cellulose-2,
Method : Phex-Cel2_588-2 05 4.6 % 250 mm, 5 ym

Run time : 60,00 min Eluents : A = n-Heptane

Inj. vol. : 10,000 i B = i-Propanol

Flow : 0.5 mlfmin
Ao 215nm

LP-102_R_1.DATA - PDA detector Absorbance Analog Channel 1

02 46 8101214161820 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60

Min
Peak Results :
Index Mame Time Quantity Height Area  Area
Area] [mAU] [maAl Min] %]
1 JunknNowNn] 048] 7087[ B48 1387] 70685
2 |unknOWN[2777| 2033] 302 sa7| 20335
Total 10000] 1151 1224] 100 000

di-tert-Butyl-2-azabicyclo[3.1.0]hexane-2,6-dicarboxyl&fec)-(+)-149)

Vail : 65 Column : Phenomenex Lux Cellulose-2,
Method : Phex-Cel2_70-30_0.5 4.6 x 250 mm, 5 pm

Run time : 38,00 min Eluents - A = n-Heptane

Inj. vol. : 10,000 pl B = i-Propanol

Flow : 0.5 ml/min
a: 215nm

LP-442 rac_2 DATA - PDA detecior Absarbance Analog Channel 1

B 0.° S N |

[ ] |

01234586178 910111%1131415161?1819202122232425
n

Peak Results :

Index Name Teme Cuantty Hesght Area  Area
S S S n

1 [UNKNOWN] 885 4308| 5805 2208] 48079
2 |UNKNOWN| 1078 5102 3885 23183| 51001
Toml 10000] o500 45451 w00 000]
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(1S,55,69)-di-tert-Butyl-2-azabicyclo[3.1.0]hexane-2,6-dicarboxyl&i8,S, $(-)-149

Vail - 145 Column : Phenomenex Lux Cellulose-2,
Method : Phex-Cel2_70-30_0.5 4.6 x 250 mm, 5 pm

Run time : 25,00 min Eluents : A = n-Heptane
Inj. vol. : 10,000 i B = i-Propanol

Flow : 0.5 ml/min
A 215nm

LP-448 DATA - PDA detector Absorbance Analog Channel 1

L =3

1 i |
= 3 (i3 5

012 3 456178 910111%"131415161?1819202122232425
n

Peak Results :

Tnoex Name Time Quartty Height

Area  Area %

L — ]

2 |UNKNOWN] 882 ga7e| 6078 2340| goTee
1 [UNKNOWN] 11,00 021 [1F] 05] 0212
Total 10000) 6088 23471100000

tert-Butyl-3-(2-(tert-butoxy)-2-oxoethyl)pyrrolidine-1-carboxylate&€)-(+)-150)

Vail : 21

Method : NOT DEFINED
Run time - 0,00 min

Inj. vol. : 3,000 pil

Column : Phenomenex Lux Cellulose-1,
4.6 x 250 mm, 5 ym
Eluents - A = n-Heptane
B = HPropanol

Flow : 0.5 mlfmin

LP-446_rac_35.DATA - 200,00 nm

Min
Peak Results :
Index Name Teme y Area  Arsa %
B R R orer N
1 JUNKNOWN[1703] 4934] 377 23] 45341
2 UNKNOWM | 1825 5068 387 23.7] 50650
Total 10000 743 4681 100000 |
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(9)-tert-Butyl-3-(2-(tert-butoxy)-2-oxoethyl) pyrrolidine-1-carboxylateSj¢(+)-150, 73%ee

Column : Phenomenex Lux Cellulose-1,

Vail : 22
Method : NOT DEFINED 4.6 x 250 mm, 5 um
Run time : 0,00 min Eluents : A = n-Heptane
Inj. vol. : 3,000 ul B=iP
Flow : 0.5 mimin

LP-449.DATA - 200,00 nm

Peak Results :

index MName Tme Quargty Height Area  Area
| [N [% Ama) AL} JrALl Min]

1 UNKNOWN| 1703 BE45| 483 208| BE485

2 JunkNOWNT 931 13sa] 75 48] 13838

Total wooo] sa7 242l waono]
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3 X-ray crystallographic data

(1S,5569)-di-tert-Butyl-2-azabicyclo[3.1.0]he-3-ene-2,6-dicarboxylate (S, )-(-)-103

(5.5.8)-(--103

Table 1. Crystal data and structure refinement(SSS)-(-)-10¢<.

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o

af
pr°

y/°

Volume/A®

Z

pcalcmg/mrﬁ

m/mmni*

F(000)

Crystal size/mm

Radiation

20 range for data collection
Index ranges

Reflections collected
Independent reflections

C1sH23NO4

281.34

123.0

monoclinic

P21

9.4639(3)

6.1799(2)

13.1692(5)

90

90.131(4)

90

770.21(5)

2

1.213

0.715

304.0

0.53 x 0.081 x 0.0264
CuKa (L =1.54184)
6.72 to 149.3°
-11<h<11, -6<k<7,-16<1<14
3296

2115 [Ry = 0.0341, Bgm: = 0.0469]
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Data/restraints/parameters
Goodness-of-fit on ¥

Final R indexes [I>=2 ()]
Final R indexes [all data]
Largest diff. peak/hole / eA
Flack parameter

2115/1/187

1.104

R;=0.0610, wRR= 0.1569
1R= 0.0630, wRr= 0.1602

0.36/-0.29

0.0(3)

Table 2 Fractional atomic coordinates (¥10and equivalent isotropic isplacemer
parameters (&10%) for (SS9-(-)-103 Ueq is defined as 1/3 of the trace of
orthogonalised {Jtensor.

Atom
O1
02
03
04
N1
Ci1
C2
C3
C4
C5
C6
C7
C8
C9

C10
Ci1
Ci12
C13
Ci14
C15

X
-8000(2)
-7734(2)
-7369(2)
-5183(2)
-6701(3)
-7512(3)
-6332(3)
-5449(3)
-5179(3)
-6031(3)
-6497(3)
-6252(3)
-7402(3)
-6213(4)
-7367(4)
-8837(3)
-8986(3)
-10304(3)
-8242(3)
-9359(5)

y
-8004(4)
-4482(3)
-4381(3)
-3471(4)
-7226(4)
-6395(5)
-9414(5)
-9566(5)
-7407(5)
-5882(5)
-6301(5)
-4558(5)
-2753(5)
-3113(6)

-484(5)
-3181(6)
-7606(5)
-6475(6)
-6328(7)
-9876(6)

VA
846.3(15)
376.9(15)

-3711.7(14)
-3128.7(16)
-498.4(18)
264(2)
-675(2)
-1450(2)
-1889(2)
-1248(2)
-2341(2)
-3088.7(18)
-4532(2)
-5289(2)
-4085(2)
-5022(2)
1684(2)
1293(3)
2510(2)
2033(3)

U(eq)
35.3(6)
34.5(6)
31.4(5)
34.8(6)
31.3(7)
30.6(8)
29.9(7)
31.8(8)
32.1(8)
30.7(7)
31.1(7)
29.2(7)
30.6(7)
37.9(9)
36.7(8)
38.2(8)
32.8(8)
42.8(9)
43.1(9)

49.0(11)

Table 3 Anisotropic displacement parametersXA0®) for (SS9-(-)-102. The anisotropi
displacement factor exponent takes the form’[i#a**U;;+2hka*b*Uso+...].

Atom
01
02

U11 0y
44.1(11)  27.7(10)
40.2(10)  23.2(10)

Usz
34.1(9)
40.2(10)

Uz Uiz
1.3(8) 9.6(8)
-3.0(9) -1.0(9)

Uiz
2.4(9)
6)2(9
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03 34.49)  27.6(10)  32.2(9) 0.9(8) -2.4(8) -4.9(8)
04  359(10)  32.1(11)  36.3(9) .0.2(8) 0.1(8) -6.3(9)
N1  40.0(12) 24.3(12)  29.6(10)  -3.2(9) 1.9(9) 2.2(10
Cl  30.8(13) 31.5(15) 29.5(11)  0.4(11)  -2.5(10) 013(
C2  336(13) 246(13) 31.4(12) 0.7(11)  -2.1(10) (119
C3  341(13) 26.8(14)  34.4(12) -2.8(11)  -2.4(10) (T2
c4 20.2(13)  32.5(14)  34.6(12)  1.1(12) 0.9(11) B2
C5  35.8(13)  24.8(13) 315(12) -0.6(10)  -0.4(11)  4(Bl)
C6 32.5(13)  27.9(13)  32.8(12) -1.6(11)  0.6(10) (B1)
C7 33.0(13)  26.1(12)  285(11)  -6.9(10)  0.8(10) 217,
c8  36.5(14)  25.1(13)  30.3(11)  1.7(10)  1.0(11) 018
co 44.9(16)  35.4(16)  33.3(13)  -0.6(12)  2.8(12) 135(
C10  42.5(15)  26.6(14)  41.1(14) -42(11)  1.3(12) 5¢12)
C1l  41.2(15)  35.1(15)  38.4(13)  1.4(13)  -6.4(12) (8]
C12  351(13)  31.2(14)  32.2(12) -1.1(11)  6.0(11) (239
C13  33.4(15)  46.0(18)  49.0(16) -4.0(15)  -1.4(13) 5(25)
Cl4  36.2(15) 58(2) 35.1(13)  -6.3(15)  2.3(12) 0.5(15
c15 58(2) 37.4(18)  51.8(17)  7.6(15)  20.8(16) 0.1(17

Table 4 Bond lengths for§S9)-(-)-10%.

Atom Atom Length/A Atom Atom Length/A

o1 c1 1.339(4) ca C5 1.501(4)

o1 C12 1.467(3) ca C6 1.541(4)

02 c1 1.210(4) C5 C6 1.527(4)

03 c7 1.341(3) C6 c7 1.478(4)

03 cs 1.477(3) c8 c9 1.521(4)

04 c7 1.216(4) c8 C10 1.521(4)

N1 c1 1.365(4) c8 c11 1.525(4)

N1 c2 1.416(4) C12 c13 1.519(4)

N1 C5 1.439(4) C12 C14 1.516(4)

c2 c3 1.324(4) C12 C15 1.518(5)

c3 c4 1.477(4)
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Table 5 Bond angles for§S9-(-)-10<.

Atom  Atom  Atom Angle/’ Atom  Atom  Atom Angle/’
Ci O1 Cl12 121.8(2) C4 C6 C7 116.9(2)
C7 03 Cs8 121.2(2) C5 C6 C7 117.3(2)
Ci1 N1 C2 128.3(2) 03 C7 04 125.7(3)
Ci N1 C5 122.5(2) 03 C7 C6 110.0(2)
C2 N1 C5 109.2(2) 04 C7 C6 124.3(3)
O1 Ci1 02 126.5(3) 03 C8 C9 111.4(2)
O1 Ci1 N1 109.7(3) 03 C8 C10 110.2(2)
02 Ci1 N1 123.8(3) 03 C8 Cil1 102.1(2)
N1 C2 C3 110.5(3) C9 Cs8 C10 111.9(3)
C2 C3 C4 110.4(3) C9 Cs8 C11 110.9(2)
C3 C4 C5 104.7(2) C10 Cs8 C11 110.0(3)
C3 C4 C6 114.3(2) O1 Cl2 C13 110.2(2)
C5 C4 C6 60.23(18) 01 Ci12 Cl4 109.4(2)
N1 C5 C4 105.2(2) O1 Ci12 C15 102.8(3)
N1 C5 C6 115.0(2) C13 Cl2 Ci14 112.5(3)
C4 C5 C6 61.17(18) C13 C12 Ci15 109.7(3)
C4 C6 C5 58.61(18) Ci14 Cl2 C15 111.8(3)

Table 6 Hydrogen bonds forISSS)-(-)-10%.
D H A d(D-H)/A d(H-A)/A d(D-A)/A D-H-A/°

C3 H3 04 0.9500 2.4800 3.283(4) 142.00

C9 H9A 04 0.9800 2.4300 3.013(3) 118.00

C10 Hi10C 04 0.9800 2.4700 3.042(4) 117.00

C13 HI13A 02 0.9800 2.3900 2.984(4) 118.00

C13 H13Cc 02 0.9800 2.4700 3.423(4) 165.00

Ci14 H14C 02 0.9800 2.4900 3.071(4) 118.00

LX,-14Y,4Z; 2-2-X,-1/2+Y - Z
Table 7 Torsion angles for§S,9)-(-)-10%.

A B C D Angle/® A B C D Angle/®

N1 C2 C3 C4 -1.7(3) C3 C4 C6 C7 -159.4(2)

N1 C5 C6 C4 -94.2(3) C4 C5 C6 C7 -106.4(3)

N1 C5 C6 C7 159.5(3) C4 Co6 C7 O3 154.1(2)
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C1l
C1l
C1l
C1l
C1l
C1l
Cc2
Cc2
Cc2
Cc2
Cc2
Cc2
C3
C3
C3

0O1
0O1
o1
N1
N1
N1
N1
N1
N1
N1
C3
C3
C4
C4
C4

C12
C12
C12
Cc2
C5
C5
C1l
Cl
C5
C5
C4
C4
C5
C5
C6

C13 57.0(3)
Cl4  -67.2(3)
Cc15  173.9(3)

c3  -175.7(3)
C4 176.3(3)
Cc6  -118.8(3)
o1 -2.5(4)
02 177.3(3)
C4 -1.6(3)
C6 63.3(3)
C5 0.6(3)
C6 -63.0(3)
N1 0.6(3)
C6  -109.9(2)
C5 93.6(3)

C4
C5
C5
C5
C5
C5
C5
C6
C7
C7
C7
C8
C8
C12
C12

C6
N1
N1
N1
C4
C6
C6
C4
0K
0K
0K
O3
O3
O1
O1

C7
C1l
Cl
Cc2
C6
C7
C7
C5
C8
C8
C8
C7
C7
C1
C1

04
0O1
02
C3
C7
O3
04
N1
C9
C10
Cl1
04
C6
02
N1

-25.3(4)
180.0(2)
-0.2(4)
2.1(3)
107.1(3)
-139.2(2)
41.4(4)
110.5(3)
61.2(3)
-63.6(3)
179.6(2)
-0.7(4)
179.9(2)
4.5(4)
-175.6(2)

Table 8 Hydrogen atom coordinates (AxX)0and isotropic displacementam@meter
(A%x10°) for (SS,9)-(-)-103

Atom
H2
H3
H4
H5
H6
H9A
H9B
HOC
H10A
H10B
H10C
H11A
H11B
H11C
H13A
H13B
H13C
H14A
H14B

X
-6672
-5046
-4211
-5634
-7354
-5302
-6317
-6256
-8134
-7487
-6458
-8869
-8979
-9585
-10055
-10994
-10714
-7383
-8872

y
-10606

-10878
-6998
-4442
-7222
-2873
-2098
-4601
-325
581
-245
-4671
-2175
-2969
-5027
-6353
-7316
-7095
-6170

-291
-1690
-2125
-1051
-2442
-4953
-5856
-5546
-3592
-4630
-3745
-5275
-5589
-4518
1049
1844
735
2719
3095

U(eq)
36
38
39
37
37
57
57
57
55
55
55
57
57
57
64
64
64
65
65

156



Appendix

H14C
H15A
H15B
H15C

-7990

-9770
-10044
-8503

-4893
-10686

-9794
-10612

2250
1465
2588
2270

65
74
74
74
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(1S,2S,35,4S 65, 79)-tri- tert-Butyl-5-azatricyclo[4.1.0 8Yheptane-3,5, Tricarboxylat: (104)

Table 1 Crystal data and structure refinert for 104.

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o

of
pre

y/°

Volume/A®

Z

Pcalcmg/mn?

m/mmni*

F(000)

Crystal size/mm

Radiation

20 range for data collection
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters

C21H33NOg

395.48

123.0

monoclinic

P21/C

5.7733(2)

9.1531(4)

41.7797(19)

90

91.716(4)

90

2206.80(16)

4

1.190

0.708

856.0

0.3002 x 0.1264 x 0.0446
CuKa (A = 1.54184)

8.46 to 150.78°
-7<h<5,-11<k<10, b2<|<51
8423

4381 [Rn = 0.0306, Bgm: = 0.0357]
4381/0/262
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Goodness-of-fit on ¥

Final R indexes [I>=a (I)]
Final R indexes [all data]
Largest diff. peak/hole / eA

Flack parameter

1.037

R; =0.0498, wRR= 0.1337
1R 0.0564, wRr= 0.1421

0.24/-0.34

Table 2. Fractional atomic coordinates (¥)0and equivalent isotropic isplacemer
parameters (A10°) for 104 Ueq is defined as 1/3 of the trace of the orthogoedlisl,

tensor.
Atom X y z U(eq)

O1 9298.9(16) 7580.4(12) 646.7(2) 23.2(3)
02 5881.0(17) 8358.1(12) 849.4(2) 26.2(3)
03 12033.9(18) 3358.8(11) 1108.9(3) 27.4(3)
04 14891.9(18) 4860.0(13) 1298.7(3) 33.4(3)
05 8016.3(18) 11151.3(11) 1975.2(2) 24.9(3)
06 6120(2) 9064.8(13) 2100.3(3) 38.1(4)
N1 9050(2) 7899.7(13) 1170.1(3) 21.3(3)

C1 7880(2) 7966.8(14) 883.0(3) 20.8(4)

C2 11206(2) 7129.6(15) 1224.6(3) 22.0(4)
C3 10923(2) 5544.1(16) 1333.3(3) 24.6(4)
C4 12863(3) 4568.6(16) 1251.7(3) 25.2(4)
C5 13575(3) 2217.9(16) 983.6(3) 27.0(4)
C6 11860(3) 1128.8(18) 840.6(4) 34.7(5)
C7 14997(3) 1544.3(19) 1256.0(4) 39.2(5)
Cc8 15081(3) 2857(2) 727.2(4) 37.5(5)

C9 11395(2) 6761.7(16) 1573.0(3) 22.9(4)
C10 9286(2) 7372.8(16) 1725.8(3) 23.6(4)
C11 7849(2) 8057.8(15) 1466.0(3) 21.2(4)
C12 9069(3) 9028.2(16) 1715.8(3) 23.4(4)
C13 7564(3) 9723.0(16) 1954.0(3) 24.7(4)
Cl4 6848(3) 12092.5(17) 2210.3(3) 28.2(4)
C15 7772(3) 13601.1(19) 2130.0(5) 41.7(5)
C16 7618(3) 11625(2) 2544.0(4) 41.8(5)
C17 4237(3) 12068(2) 2162.9(4) 36.0(5)
C18 8389(2) 7500.2(16) 314.9(3) 22.8(4)
C19 10538(3) 7119.5(18) 130.6(3) 30.1(4)
C20 6615(3) 6284.6(18) 289.1(4) 31.6(4)
C21 7419(3) 8972.3(18) 206.3(4) 30.7(4)

159



Appendix

Table 3 Anisotropic displacement parameters “A0°) for 104. The anisotropi
displacement factor exponent takes the form*[i#a**U,,+2hka*b*Uyo+...].

Atom U Ua2 Uss Uz Uiz Uiz
o1 18.7(5) 31.0(5) 19.8(5) -2.8(4) -1.9(4) 3.1(4)
02 20.2(5) 32.8(6) 25.5(5) -0.5(4) -1.7(4) 6.3(4)
03 24.1(5) 21.8(5) 36.3(5) 5.3(4) -0.8(4) 2.1(4)
04 22.6(6) 30.7(6) 46.5(6) -8.4(5) -6.5(4) 4.3(4)
05 25.8(5) 23.3(5) 25.7(5) -4.2(4) 2.3(4) 0.6(4)
06 44.9(7) 30.4(6) 40.0(6) 3.05)  19.9(5) 5.1(5)
N1 18.0(6) 26.1(6) 19.6(5) -1.3(4) -0.8(4) 2.6(4)
c1 20.7(7) 20.2(6) 21.4(6) -0.7(5) -0.8(5) 0.3(5)
C2 19.2(7) 23.9(7) 22.6(6) -1.8(5) -1.9(5) 1.1(5)
C3 22.5(7) 23.4(7) 27.8(6) 1.7(5) -1.8(5) 0.3(5)
c4 24.2(7) 23.0(7) 28.1(6) 0.3(5) -3.9(5) 2.0(5)
C5 29.9(8) 23.4(7) 27.6(7) 2.2(5) -1.1(6) 5.9(6)
C6 37.5(9) 26.8(8) 39.6(8) -7.6(6) 2.7(7) 1.6(6)
C7 53.7(11) 29.3(8) 33.7(8) 3.1(6)  -12.1(7)  12)2(8
C8 39.3(10) 40.9(9) 32.5(8) -2.6(7) 6.1(7) -0.6(7)
C9 22.2(7) 23.6(7) 22.8(6) 0.9(5) -3.2(5) 1.7(5)
C10 25.3(7) 23.6(7) 21.7(6) 0.2(5) -0.8(5) 0.2(5)
c11 20.7(7) 22.3(6) 20.5(6) -1.6(5) 1.0(5) 1.0(5)
C12 25.4(7) 23.1(7) 21.9(6) -1.5(5) 1.8(5) -0.6(5)
c13 27.0(7) 25.1(7) 21.9(6) -0.6(5) 0.9(5) -0.7(6)
C14 29.8(8) 28.2(7) 26.4(7) -7.6(6) -0.2(6) 5.3(6)
C15  40.5(10) 29.1(8) 55.7(10)  -10.7(7)  6.0(8) 08(7
Cl6  48.7(11)  49.9(10) 26.3(7)  -10.9(7)  -6.5(7) B4
c17 30.0(9) 42.7(9) 35.3(8) -8.8(7) 0.1(6) 6.3(7)
ci8 20.8(7) 27.4(7) 19.9(6) -1.5(5) -3.4(5) 1.6(5)
c19 28.7(8) 38.2(8) 23.3(6) -2.9(6) 1.3(5) 3.8(6)
C20 28.4(8) 32.4(8) 33.6(7) -7.0(6) -3.8(6) -3.3(6)
c21 34.1(8) 31.7(8) 26.3(7) 3.7(6) -0.7(6) 6.4(6)
Table 4 Bond lengths fof.04.
Atom Atom Length/A Atom Atom Length/A
o1 c1 1.3488(15) C3 c9 1.5175(19)
o1 c18 1.4695(15) C5 Cé 1.515(2)
02 c1 1.2125(15) C5 c7 1.514(2)
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03 C4 1.3395(18) C5 cs 1.517(2)

03 C5 1.4779(19) C9 C10 1.4998(17)

04 C4 1.212(2) C10 c11 1.4851(18)

05 C13 1.3356(18) C10 C12 1.521(2)

05 Cil4 1.4838(18) Cil1 C12 1.5265(19)

06 C13 1.209(2) C12 C13 1.484(2)

N1 c1 1.3603(17) C14 C15 1.521(2)

N1 C2 1.4426(17) C14 C16 1.512(2)

N1 c11 1.4427(17) C14 C17 1.515(2)

c2 C3 1.531(2) c18 C19 1.520(2)

c2 C9 1.4949(18) C18 C20 1.514(2)

C3 C4 1.480(2) c18 c21 1.523(2)

Table 5.Bond angles fof04.
Atom Atom Atom Angle/® Atom Atom Atom Angle/®

Cil O1 C18 119.72(10) C3 C9 C10 115.01(10)
C4 03 C5 122.08(12) C9 C10 Cl1 106.81(10)
C13 05 Cl4 121.36(11) C9 C10 Cl2 115.29(12)
Cil N1 C2 124.37(11) Cl1 C10 Cil2 61.02(9)
Cil N1 Cl1 120.82(11) N1 Cl1 C10 108.16(10)
C2 N1 Cl1 110.38(11) N1 Cl1 Cl2 114.86(11)
O1 Cl 02 126.12(11) C10 Cl1 Cil2 60.64(9)
O1 Cl N1 109.71(10) C10 Cil2 Cl1 58.33(9)
02 Cl N1 124.14(12) C10 Cil2 C13 117.26(12)
N1 C2 C3 114.25(10) Cl1 Cil2 C13 116.13(14)
N1 C2 C9 107.53(10) 05 C13 06 126.20(14)
C3 C2 C9 60.19(9) 05 C13 Cl2 110.29(13)
C2 C3 C4 114.54(11) 06 C13 Cl12 123.50(14)
C2 C3 C9 58.73(9) 05 Cl4 C15 102.22(12)
C4 C3 C9 118.22(11) 05 Cl4 Cle6 108.61(13)
03 C4 O4 125.81(14) 05 Cl4 C17 112.04(12)
03 C4 C3 109.79(13) C15 Cl4 Cl6 111.39(14)
04 C4 C3 124.36(13) C15 Cl4 C17 109.80(14)
03 C5 C6 102.20(13) Cl6 Cl4 C17 112.35(13)
03 C5 C7 109.88(11) O1 C18 C19 102.43(10)
03 C5 C8 109.97(12) O1 C18 C20 109.02(11)
C6 C5 C7 111.20(13) O1 C18 C21 110.78(12)
C6 C5 C8 110.91(12) C19 C18 C20 110.86(12)
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c7 C5 Cs 112.23(14) C19 C18 cC21 110.50(12)
C2 C9 C3 61.08(9) C20 C18 cC21 112.77(12)
c2 C9 C10 107.09(10)

Table 6 Hydrogen bonds fat04.

D H A d(D-H)/A d(H-A)/A d(D-A)/A D-H-A/°

C2 H2 02 1.0000 2.3600 3.3556(16) 175.00
C3 H3 04 1.0000 2.5700 3.5365(16) 163.00
C6 HeCc 032 0.9800 2.5700 3.438(2) 148.00
C7 H7B 04 0.9800 2.4600 3.041(2) 117.00
C7 H7Cc 02 0.9800 2.5500 3.421(2) 147.00
C8 H8B 04 0.9800 2.4600 3.015(2) 115.00

Cl16 H16B 06 0.9800 2.5400 3.095(2) 115.00
C16 HieC 08 0.9800 2.5800 3.471(2) 151.00
Cl17 H17B 06 0.9800 2.3700 2.970(2) 119.00
C20 H20A 02 0.9800 2.4600 3.0530(19) 118.00
C21 H21B 02 0.9800 2.3400 2.9097(19) 116.00

YLAXAY 42 21X 4Y 42, 314X - 1Y +Z, 41X, 112+Y, 112-Z

Table 7 Torsion angles fot04.

A B C D Angle/® A B C D Angle/®

N1 C2 C3 C4 153.63(11) C4 C3 C9 CI10  -160.49(12)

N1 C2 C3 C9 -97.05(12) C5 03 C4 04 -1.1(2)

NI C2 C9 C3 108.39(11) C5 03 C4 C3 176.50(11)

NI C2 C9 Ci10 -1.21(14) C9 C2 C3 CcC4 -109.32(12)

N1 C11 Cl12 C10 -97.67(12) C9 C3 C4 03 163.68(12)

N1 C11 C12 C13 155.07(12) C9 C3 C4 04 -18.7(2)

Cl O1 Ci18 C19 177.06(12) C9 C10 Cl11 N1 -1.19(15)

Cl O1 Ci18 C20 -65.45(16) C9 C10 Cl11 C12 -110.04(12)

Cl O1 Ci18 C21  59.20(15) C9 Cl10 C12 C11 95.97(12)

Cl N1 C2 C3 -91.36(15) C9 C10 C12 C13 -158.70(13)

Cl N1 C2 C9 -15593(12) C10 Ci11 Cl12 C13 -107.26(13)

Cl N1 Cl11 Cl10 157.83(12) C10 Cl12 C13 05 163.34(12)

Cl N1 Cl11 Cl12 -136.80(13) C10 C12 C13 06 -17.9(2)

C2 N1 C1 o01 -17.02(17) Cl11 N1 C1 oO1 -171.12(11)
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C2
C2
C2
C2
C2
C2
C2
C2
C3
C3
C3
C4
C4
C4
C4

N1
N1
N1
C3
C3
C3
C9
C9
Cc2
C9
C9
O3
O3
O3
C3

C1
Cl1
Cl1

C4

C4

C9
C10
C10

C9
C10
C10

C5

C5

C5

C9

02
C10
C12

O3

04

C10
Cl1
C12

C10
Cl1
C12

C6

C7

C8

Cc2

164.89(13)
0.45(15)
65.82(15)
-130.06(12)
47.61(18)
96.48(12)
1.46(15)
-63.90(14)
-109.60(11)
-64.03(15)
-129.39(12)
-178.49(13)
63.37(17)
-60.65(17)
103.04(13)

Cll N1
Cll N1
Cll1 N1
Cl1 C10
Cl1 C12
Cl1 C12
Cl2z C10
Cl13 05
Cl13 05
Cl13 05
Cl14 05
Cl14 05
Cl8 O1
Cl8 O1

C1
C2
C2
C12
C13
C13
Cl1
Cl4
Cl4
Cl4
C13
C13
C1
C1

02
C3
C9
C13
05
06
N1
C15
C16
C17
06
C12
02
N1

10.8(2)
65.05(14)
0.48(15)
105.33(15)
-130.55(13)
48.3(2)
108.86(12)
-176.27(13)
65.91(17)
-58.78(17)
4.9(2)
-176.37(12)
-4.9(2)
177.03(11)

Table 8 Hydrogen atom coordinates (Ax)0and

isotropic displacementammmeter

(A%x10%) for 104

Atom X y z U(eq)
H2 12616 7429 1108 26
H3 9325 5122 1323 30
HB6A 10811 801 1006 52
H6B 10960 1594 666 52
H6C 12699 287 757 52
H7A 13961 1196 1421 59
H7B 16056 2279 1348 59
H7C 15893 721 1175 59
HBA 14106 3390 571 56
H8B 16216 3527 826 56
H8C 15894 2067 619 56
H9 12934 6819 1689 28
H10 8521 6809 1898 28
H11 6124 7954 1466 25
H12 10448 9595 1646 28
H15A 7306 13853 1909 62
H15B 9467 13599 2152 62
H15C 7138 14323 2277 62
H16A 9314 11598 2559 63
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H16B
H16C
H17A
H17B
H17C
H19A
H19B
H19C
H20A
H20B
H20C
H21A
H21B
H21C

7000
7038
3822
3662
3539
11174
11701
10126
5310
7331
6056
8558
5988
7086

10652
12324
12365
11077
12745
6189
7891
7034
6511
5363
6193
9740
9176
8948

2589
2700
1943
2201
2314
209
162
-98
425
359
66
255
319
-25

63
63
54
54
54
45
45
45
47
47
47
46
46
46
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(9)-tert-Butyl-3-(2-(tert-butoxy-2-oxoethyl)pyrrolidine-1-carboxylatd $C)

oy

Table 1 Crystal data and structure refinement15C.

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/lA

b/A

c/A

a/®

pr°

y/°

Volume/A®

Z

pcalcmg/mrﬁ
m/mmni*

F(000)

Crystal size/mm
Radiation

20 range for data collection

C15H27NOq4

285.37

123.00(10)
orthorhombic
P222,

6.02696(12)
8.52370(17)
15.8573(3)

90

90

90

814.62(3)

2

1.163

0.676

312.0

0.1519 x 0.1343 x 0.0933
CuKa (A = 1.54184)
11.16 to 140.508°
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Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters

Goodness-of-fit on ¥
Final R indexes [I>=a (I)]
Final R indexes [all data]

Largest diff. peak/hole / eA

Flack parameter

-£h<7,-10<k<9,-17<1<19

4025

1515{R= 0.0498, RBgm: = 0.0348]
1515/63/187

1.031

R =0.0289, wRR= 0.0757
1R= 0.0308, wRR= 0.0767

0.10/-0.13
0.10(17)

Table 2 Fractional atomic coordinates (¥10and equivalent isotropic isplacemer
parameters (A10°%) for 150 Ueq is defined as 1/3 of the trace of the orthogoedlisl,

tensor.
Atom X y z U(eq)

03 6310(19) 980(20) 6363(8) 31.4(15)
04 9274(6) 2744(5) 6208(2) 44.9(9)
C12 7320(14) 2409(9) 6054(5) 28.9(16)
C4 3650(7) 2887(5) 5403(3) 32.4(8)
C1 6645(4) 4803(3) 5269.3(19) 34.6(6)
N1 5936(6) 3310(3) 5624.7(18) 30.9(6)
C2 4881(4) 5168(3) 4616.7(19) 30.6(6)
C3 2806(4) 4386(3) 4981.1(19) 32.0(6)
O1 8344(8) 7151(5) 3969(3) 40.2(10)
C6 6480(10) 7710(11) 4007(5) 32.4(18)
02 5910(20) 9010(20) 3746(9) 32.8(16)
C7 4554(9) 6899(5) 4424(2) 28.8(8)
C10 8650(20) 9572(12) 2430(7) 37.8(18)

C9 9394(19) 10740(20) 3795(8) 45(2)
C8 7534(17) 10200(13) 3218(6) 32.2(16)
C11 5830(30) 11480(16) 3072(8) 38(2)
C15 8500(30) 691(14) 7472(7) 45(2)
Cl14 9100(17) -838(19) 6065(7) 36.7(18)
C13 7527(17) -112(14) 6703(6) 31.8(16)
C16 5940(30) -1327(17) 7055(9) 43(2)
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Table 3 Anisotropic displacement parameters “A0°) for 15C. The anisotropi
displacement factor exponent takes the form*[i#a**U,,+2hka*b*Uyo+...].

Atom Ui1 Uz Usz Uzz Uiz Uz
03 39(3) 25.8(19) 29(3) 5(2) -16(2) 8(3)
04 30(2) 33.3(15) 72(2) 11.0(13)  -14.2(15)  -1.6(15)
c12 35(5) 14(3) 37(2) 4.4(18) 0(4) 7(3)
c4 26(2) 29.8(17) 41(2) 6.7(15) -4.8(16) -7.2(18)
Cl  286(12) 24.9(14) 50.3(17)  6.1(14) 55(11)  (B®
N1  23.9(15) 23.1(14) 45.7(15)  7.5(12) 52(13) (82
C2  283(12) 24.8(13) 38.8(12)  2.2(12) 0.9(11) 119(
C3  256(11)  34.0(12) 36.5(11)  6.3(14) 17(12) @
o1 32(3) 26.6(18) 63(2) 12.4(16)  5.4(19) 1(2)
C6 32(4) 30(3) 35(2) -6.0(19) 5(3) 9(3)
02 42(4) 23.4(17) 33(3) 10(2) 17(2) 7(3)
C7 31(3) 23.8(19)  31.4(18)  4.7(13) 0(2) 2(2)
C10 52(3) 26(3) 36(3) 2(3) 15(2) 7(3)
C9 60(4) 36(3) 37(4) 0(3) 4(3) 7(3)
Cc8 45(3) 22(2) 30(2) 9(2) 3(2) -10(2)
c11 55(3) 21(3) 39(3) 6(3) 5(3) 10(2)
c15 55(3) 37(4) 43(3) 10(2) -13(2) 11(3)
C14 48(3) 30(3) 32(3) 1(2) 0(2) 4(2)
c13 43(3) 22(3) 30(2) 3(2) 5(2) 5(2)
C16 53(4) 33(4) 42(4) 2(2) -6(3) 5(3)

Table 4 Bond lengths fof.5C.

Atom Atom Length/A Atom Atom Length/A
03 c12 1.44(2) o1 C6 1.222(6)
03 c13 1.30(2) C6 02 1.23(2)
04 c12 1.236(8) C6 C7 1.505(8)
c12 N1 1.322(9) 02 C8 1.64(2)
ca N1 1.467(4) C10 C8 1.5176(18)
ca C3 1.529(5) Cc9 C8 1.5179(18)
c1 N1 1.456(4) Cc8 c11 1.5176(18)
c1 C2 1.516(4) c15 c13 1.5176(18)
Cc2 C3 1.530(3) C14 c13 1.5178(18)
Cc2 C7 1.519(5) c13 C16 1.5176(18)

167



Appendix

Table 5 Bond angles fo5C.

Atom  Atom  Atom Angle/® Atom Atom  Atom Angle/®
C13 03 Cl2  120.4(10) 02 C6 C7 110.1(7)
04 C12 03 121.9(7) C6 02 C8 123.9(9)
04 C12 N1 124.6(6) C6 c7 C2 115.7(5)
N1 C12 03 113.4(7) C10 C8 02 117.9(9)
N1 C4 C3 102.2(3) C10 C8 C9 106.0(9)
N1 Cil Cc2 103.8(2) C9 C8 02 108.8(10)
C12 N1 C4 125.0(5) c11 cs 02 96.7(9)
C12 N1 C1 121.5(4) C11 C8 C10 115.4(10)
Cil N1 C4 113.4(3) Cl1 C8 C9 112.0(11)
Cil Cc2 C3 103.0(2) 03 C13 C15 103.1(10)
Cl C2 c7 115.3(2) 03 Cl13 Cl4 111.6(11)
Cc7 Cc2 C3 113.2(3) 03 C13 C16 106.6(11)
C4 C3 C2 104.9(2) Cl15 Cl13 Cl4 118.5(10)
O1 C6 02 126.3(9) C15 C13 C16 104.8(10)
o1 C6 C7 123.5(8) Cl6 C13 Cl4 111.2(11)
Table 6 Torsion angles fot5C.
A B C D Angle/® A B C D Angle/®
O3 Cl2 N1 C4 -5.4(9) C3 C4 N1 C12 175.8(4)
03 Cl12 N1 Ci 179.5(7) C3 C4 N1 Cil -8.8(4)
04 Cl12 N1 C4 176.7(5) CcC3 C2 cC7 C6 -175.8(4)
04 Cl2 N1 cC1 1.6(9) OlL C6 02 C8 5(2)
Cl2 03 C13 C15 62814 Ol C6 C7 C2 -14.4(9)
Cl2 03 Cl13 Cl4 -655(14) C6 02 C8 C10 54.4(18)
Cl2 03 C13 C16 172.9(11) Cé6 02 C8 C9 -66.2(16)
CL C2 C3 c4 36.03) C6 02 C8 Ci1 177.8(13)
Ci Cc2 C7 C6 65.9(5) 02 Co6 C7 Cc2 168.1(8)
N1 C4 C3 Cc2 27.4(4) C7r C2 C3 C4 -161.2(3)
NI Cl1 C2 C3 29.9(3) C7 C6 02 C8 -177.2(10)
N1 Cil Cc2 C7 153.6(3) Cl3 O3 Ci12 0O4 -10.9(17)
C2 C1 Nl Cl12 1622(4) C13 03 Cl12 N1 171.2(10)
Cc2 Ci N1 C4 -13.5(4)
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Table 7 Hydrogen atom coordinates (AxX)0and isotropic displacementammeter
(A*x10%) for 150

Atom X y z U(eq)
H4A 2768 2628 5911 39
H4B 3612 1987 5009 39
H1A 8125 4709 5004 42
H1B 6701 5628 5708 42
H2 5282 4620 4081 37
H3A 2077 5079 5398 38
H3B 1732 4135 4528 38
H7A 3237 7009 4056 35
H7B 4223 7450 4959 35
H10A 9795 8809 2590 57
H10B 9341 10441 2121 57
H10C 7545 9061 2071 57
H9A 8766 11112 4329 67
H9B 10214 11595 3524 67
H9C 10402 9861 3905 67
H11A 4631 11074 2715 58
H11B 6537 12374 2791 58
H11C 5214 11820 3614 58
H15A 9507 1529 7292 67
H15B 9324 =77 7810 67
H15C 7301 1139 7813 67
H14A 8249 -1247 5587 55
H14B 9924 -1696 6331 55
H14C 10144 -38 5865 55
H16A 4909 -821 7449 64
H16B 6777 -2143 7350 64
H16C 5094 -1802 6592 64

Table 8 Atomic occupancy fot5C.

Atom Occupancy Atom Occupancy Atom Occupancy
(OK] 0.5 04 0.5 C12 0.5
C4 0.5 H4A 0.5 H4B 0.5
C1l 0.5 H1A 0.5 H1B 0.5

N1 0.5 C2 0.5 H2 0.5
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C3
01
C7
C10
H10C
HOB
Cl1
H11C
H15B
H14A
C13
H16B

0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

H3A
C6
H7A
H10A
C9
HIC
H11A
C15
H15C
H14B
C16
H16C

0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

H3B
02
H7B
H10B
HO9A
C8
H11B
H15A
Cl4
H14C
H16A

0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
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(1S,25,39)-2-((tert-Butoxycabonyl)amino-3-(methoxycarbonyl)cyclopropa-1-carboxylic

acid 33

Table 1 Crystal data and structure refinement33.

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o

of
pre

y/°

Volume/A®

Z

Pcalcmg/mn?

m/mmni*

F(000)

Crystal size/mm

Radiation

20 range for data collection
Index ranges

Reflections collected

C11H17NOs

259.26

293.0

monoclinic

P21/C

5.6612(1)
14.8842(3)
16.2863(3)

90

92.0278(16)

90

1371.46(4)

4

1.256

0.874

552.0

0.4343 x 0.1419 x 0.082
CuKa (A = 1.54184)
8.04 to 151.28°
-7<h<5,-18<k<16,-20<1<20
5139
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Independent reflections
Data/restraints/parameters
Goodness-of-fit on ¥

Final R indexes [I>=& (I)]
Final R indexes [all data]

Largest diff. peak/hole / eA
Flack parameter

2725{R= 0.0153, Bgm: = 0.0189]

2725/0/169

1.086

R1 =0.0539, wRR=0.1602
1R= 0.0583, wRR=0.1676

0.20/-0.21

Table 2 Fractional atomic coordinates (X¥10and equivalent isotropic isplacemer
parameters (A10°%) for 33. U is defined as 1/3 of the trace of the orthogoedllis; tensor.

Atom

0O1
02
O3
04
05
06
N1
Cl
Cc2
C3
C4
C5
C6
C7
C8
C9
C10
Cl1

X
3937(3)
6449(2)
8572(3)
5295(2)

11855(3)

8580(4)
6841(3)
8707(3)
9057(3)
8123(3)
5618(3)
5324(3)
5702(8)
2793(4)
6698(5)
7424(3)
9757(4)

10011(8)

y
2590.3(8)

2332.2(8)
6204.0(9)
5429.0(8)
3891.4(13)
3788.0(13)
3567.5(9)
3849.6(10)
4829.9(11)
4202.8(11)
2807.6(10)
1497.3(12)
784.9(17)
1650(2)
1288(2)
5507.4(10)
3952.8(12)
3478(3)

Z
190.9(9)
1279.3(8)
633.1(9)
866.1(7)
2578.9(11)
3293.1(9)
551.2(8)
1100.1(9)
1281.1(10)
1929.7(9)
646.4(10)
1554.0(13)
921(2)

1731(3)
2335.9(17)
915.2(9)
2621.5(11)
3996.8(16)

U(eq)

77.6(5)
60.9(4)
74.7(5)
59.7(4)
98.8(7)
96.2(7)
53.8(4)
51.0(5)
54.5(5)
54.4(5)
53.6(5)
66.8(6)

124.6(17)

126.9(16)

101.7(10)
52.4(5)
66.7(6)

132.4(17)

Table 3 Anisotropic displacement parameters¥A0®) for 33. The anisotropic displaceme
factor exponent takes the formx?th“a**Uy1+2hka*b*Upo+...].

Atom
O1
02
03
o4

Ui
99.3(10)
60.1(7)
80.7(9)
66.0(7)

Uaz;
47.6(7)
52.3(7)
53.9(7)
53.7(7)

Usz

82.8(9)
69.4(7)
88.0(9)
59.0(7)

Uzz Uiz

13.3(6)
20.9(5)
24.1(6)
9.9(5)

-10.2(5)
-19.1(7)

Uiz
-16)6(
-6.5(5)
-16)6(6
1.3(5)
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05 82.4(11)  109.9(13) 101.2(12) 25.8(10) -37.0(9) 3.909)
06  131.2(15)  104.1(13) 52.4(8) 19.3(7) -9.5(8) 4505
N1 70.2(8) 42.3(7) 47.9(7) 7.1(5) -11.2(6) -7.4(6)
c1 55.4(8) 45.7(8) 51.4(8) 5.0(6) -5.6(6) -0.7(6)
c2 60.2(9) 47.5(8) 54.9(8) 6.5(6) -11.3(6) -7.7(6)
C3 65.5(9) 47.9(8) 49.1(8) 6.0(6) -9.2(7) -2.0(7)
C4 65.3(9) 40.6(8) 54.0(8) 4.4(6) -8.7(7) -0.8(6)
C5 56.9(9) 51.7(9) 91.4(13)  25.9(9) -0.7(8) -1.4(7)
C6 190(4) 50.8(13) 133(3) 9.3(14) 8(2) -2.1(16)
c7 63.0(13) 114(2) 205(4) 80(2) 23.5(16) 10.6(13)
cs 86.6(15)  106.9(19)  110.9(19) 64.9(16)  -7.6(13) 12.6(13)
c9 69.5(10) 42.5(8) 44.4(7) 1.6(6) -9.4(6) -7.2(6)
C10  89.4(14) 49.0(9) 59.9(10) 4.7(7) -21.1(9) 8)3(
c11 196(4) 133(3) 65.2(14)  29.5(15) -37.8(18) 23(2)
Table 4 Bond lengths foB3.
Atom Atom Length/A Atom Atom Length/A
o1 C4 1.229(2) N1 C4 1.338(2)
02 C4 1.323(2) c1 c2 1.500(2)
02 C5 1.473(2) c1 c3 1.498(2)
03 C9 1.315(2) c2 c3 1.519(2)
04 C9 1.211(2) c2 C9 1.479(2)
05 C10 1.196(3) C3 C10 1.480(3)
06 C10 1.324(3) C5 C6 1.500(4)
06 C11 1.455(4) C5 c7 1.489(3)
N1 c1 1.423(2) C5 cs 1.501(3)
Table 5 Bond angles foB3.
Atom Atom Atom Angle/® Atom Atom Atom Angle/®
C4 02 C5 122.83(13) 02 C4 N1 111.79(14)
C10 06 Cl1 115.3(2) 02 C5 C6 108.30(19)
Cil N1 C4 123.53(13) 02 C5 C7 111.06(17)
N1 Cil C2 120.03(14) 02 C5 C8 102.48(16)
N1 c1 C3 119.19(14)  C6 C5 c7 113.8(3)
c2 c1 C3 60.87(11) C6 C5 cs 110.7(2)
Ci Cc2 C3 59.48(10) Cc7 C5 C8 109.9(2)
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C1 C2 C9 120.50(14) O3 C9 04 123.78(15)
C3 c2 C9 118.12(14) O3 ) C2 111.64(15)
c1 C3 C2 59.66(10) 04 ) C2 124.57(14)
c1 c3 Cl0 11653(15) O5 Cl0  O6 124.3(2)

c2 C3 C10 117.42(15) ©O5 Cl0 C3 124.79(18)
01 C4 02 125.16(15) 06  Cl10  C3 110.88(19)

o1 C4 N1 123.04(15)

Table 6 Hydrogen bonds faB3.

D H A d(D-H)/A d(H-A)/A d(D-A)/A D-H-A/°

N1 HIN o4 0.83(2) 2.16(2) 2.9705(18) 167(2)

03 H30 ot 0.92(2) 1.72(3) 2.628(2) 172(2)

C6 H6A 01 0.9600 2.5200 3.090(3) 118.00

C7 H7B 01 0.9600 2.3500 2.964(5) 121.00
11-X,1-Y,-Z

Table 7 Torsion angles fo83.

A B C D Angle/® A B C D Angle/®
N1 Cl1 C2 C3 108.83(17) C3 C1 cC2 C9 -106.72(17)
N1 Cl1 C2 C9 2.1(2) C3 C2 C9 03 154.88(14)
NL C1 C3 C2  -110.17(16) C3 C2 C9 04 -26.3(2)
N1 C1 C3 C10 142.12(15) C4 02 C5 C6 70.1(2)
Cl N1 Cc4 oO1 176.49(16) C4 02 C5 C7 -55.5(3)
Cl N1 C4 02 -3.8(2) C4 02 C5 C8 -172.87(17)
Cil C2 C3 Ci10 106.22(17) C4 N1 C1 Cc2 -144.59(16)
Cl C2 C9 O3 -135.82(15) C4 N1 C1 C3 -73.3(2)
Cil C2 C9 04 43.0(2) C5 02 C4 O1 -4.6(3)
Cl C3 Cl10 O5 37.2(3) C5 02 C4 N1 175.71(14)
Cl C3 Ci10 O6 -141.58(16) Co9 C2 C3 Ci 110.67(16)
C2 C1 C3 (10 -107.71(17) Co9 C2 C3 cCi10 -143.11(15)
C2 C3 Ci10 O5 -30.7(3) Cl1 O6 Cl10 O5 -2.7(3)

C2 C3 Cl10 O6 150.58(16) C11 O6 C10 C3 176.1(2)
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Table 8 Hydrogen atom coordinates (AxX)0and isotropic displacementammeter
(A*x10%) for 33.

Atom X y z U(eq)
H1 10159 3493 1083 61
H1N 6460(40) 3884(14) 148(14) 65
H2 10700 5024 1368 65
H3 6444 4255 2049 65
H30 7570(40) 6599(17) 362(16) 90
H6A 4924 957 412 150
H6B 5061 226 1105 150
H6C 7365 716 841 150
H7A 2112 1101 1923 152
H7B 1957 1842 1238 152
H7C 2677 2105 2145 152
HB8A 8355 1271 2230 122
H8B 6210 716 2542 122
H8C 6409 1745 2736 122
H11A 11178 3923 4142 159
H11B 10783 2926 3859 159

H11C 9016 3378 4453 159
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