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| Background and aim of the work

For many years the group of Prof. Reiser at the donor-acceptor R
bond
University of Regensburg conducts research on the N coR
2
application of bicycles 1 (Figure 1) as synthetic building chemistry < N5 ;\donor_acceptor

P
blocks. The utility of these substrates results from the o\ bond

convex face
1 readily accessible

presence of a donor-acceptor cyclopropane ring, an
enamine double bond as well as the well-defined ' 9u"* Monoeyelopropanatedpyrroles L.
geometry of the molecule ensuring high facial selectivity of the transformations.*]

Initially, the studies on compounds 1 focused on their conversion into
aminocyclopropanecarboxylic acids 3 and 4 (Scheme 1).[2%1 Some of the peptides modified
with these products served as organocatalysts,! while the others showed high selectivity and

affinity towards G-protein coupled receptors.[>]

H

1. 03, MeOH 1. 03, CH,Cl,

MeO,C WCO,H 2. A0, EtsN 7 WCOR o MesS HO,C ~CO,Me
-————— 4 —_—
3. DEAEA N "H 3. NaClO,, H,0,
NHBoc Boc 4 DEAEA NHBoc
3 forR=H 1aR = Me for R = Me 4

2R=H
Scheme 1. Transformations of 2-azabicyclo[3.1.0]hex-3-enes 1a and 2 into aminocyclopropanecarboxylic acids 3 and 4.
Further works resulted in the development of a method for the preparation of
pyrrolidinones such as 7-9 (Scheme 2).1! For this purpose, pyrrole 1a was first transformed into
bromoketone 5, which under the influence of tributyltin hydride underwent selective
cyclopropane ring-opening on bond b. Compounds 7-9 were obtained from the resulting 3-
pyrrolin-2-one 6 by simple derivatizations of the double bond. Pyrrolinone ent-6 was also

successfully converted into an antiepileptic agent (S)-vigabatrin.

Boc Boc

b
WC02M91 MBS, F0 G0aMe BussnH o CO,Me
- v/
Boc 2. Jones reagent O Eoc H ABN © léloc —

)
(+)-1a 5 6 A /COZMe MCOZ

07 N ONH

Boc 9 3

(S)-vigabatrin (10)
(from (ent)-6)

Scheme 2. Synthesis of 3-pyrrolin-2-one 6 and its further transformations.

Subjected to the reaction with furancarbaldehyde 11 and aniline 12 in the presence of
Sc(OTf)3z at 25 °C, 2-azabicyclo[3.1.0]hex-3-ene 1la formed, in turn, adduct 13, which upon
raising the temperature of the process to 125 °C rearranged to cis-disubstituted pyrrolidinone



14 (Scheme 3).[°1 The latter step begins with the selective opening of the cyclopropane bond a

with concurrent 1,4-shift of the furan moiety.

R1

= H N N=

: HH
OHC W--\COzMe Sc(OTf), HN : ).\\cone 7 N Y
/ —_— —_— =
NH, N~ 4 25°C N .8 MW, 125°C X% __ =
2 Boc'l 1a L/ H ’I%loc H R? _P
@ R2 13 14 "
2// 12 - —

Scheme 3. Synthesis of cis-4, 5-disubstituted pyrrolidinones 14.
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Oij 03; C(O
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)/

The facile cleavage of bond a was also exploited in the synthesis of homo-f-proline (16)
(Scheme 4).019

H H CO,H
~__WCO.t-Bu H, < ..COutBu  EtSiH
/Y4 — [V —_ -
N '/H Rh/C N "H TFA N
Boc Boc H
(-)-1b 15 16

Scheme 4. Synthesis of homo-f-proline (16).

On the other hand, under microwave heating bicycle 1 underwent 6z-electrocyclic ring-
opening to form 1,3-dipole A, which could be trapped with various dipolarophiles providing

tropane derivatives 17.1

H

;
WCO,R' A~ -COR
Y oo | . @
N H A, MW N R2—=——R3

P Pg A
9 9 R
17

CO,R!

Scheme 5. Synthesis of tropanes via a 6z-electrocyclic ring-opening/Huisgen [3+2]-cycloaddition cascade of bicycles 1.

Finally, Pd-catalysed coupling of cyclopropane 1 with aryl halides yielded corresponding
1,2-dihydropyridines 18 (Scheme 6).1121 The observed reaction outcome may be rationalized by
the fact that the initial Heck-adduct B can undergo neither B-dehydropalladation nor reductive
elimination, and thus the catalytic cycle may proceed further only via the [1,3] migration of Pd,

leading to six-membered species C.

H xpd,__H H
T .CO,R ArY “NI_\COR AN wCOR A~ -COR
A P v — 7
N" "H Pdadbag, NaHCO; | A SN~ ™ AN PdX APTN
Boc TBAB, toluene, 80 °C Boc Boc Boc
1 B c 18

Scheme 6. Synthesis of 1,2-dihydropyridines 18 via Heck-type coupling of bicycles 1 with aryl halides.

The latter work constituted the starting point for my doctoral project. Since in many of
the reported examples yields of the products were only moderate, and the time required to

achieve full conversion rather long (at least 24 h), my task was to develop a more efficient

2



procedure for Heck-type arylation of enecarbamates 1. Motivation to undertake these efforts
was the broad applicability of 1,2-dihydropyridines as building blocks in organic synthesis as
well as the significance of a-aryl-substituted piperidine derivatives in medicinal chemistry and
pharmacy. In the further part of my work, | was going to investigate Heck reactions involving
6,6-gem-disubstituted 2-azabicyclo[3.1.0]hex-3-enes (Figure 1, R # H). These substrates are
more challenging since the organopalladium intermediate analogous to C cannot undergo
B-dehydropalladation. Thus, it was necessary to find a nucleophile capable of trapping species
C, thereby enabling the closure of the catalytic cycle. Following these works, I planned to
examine the reactivity of the obtained products. Selected examples from the synthesised
piperidine derivatives should be then incorporated into peptides for conformational studies.
Bearing in mind the utility of bicycles 1, | decided additionally to investigate
cyclopropanation of several substituted pyrrole derivatives that had not been previously
employed in this transformation. As a complementary approach to access novel
2-azabicyclo[3.1.0]hex-3-enes, | envisioned functionalization of the double bond in the

synthesised bicycles.



Il Literature overview

111 Introduction

Piperidine-3-carboxylic acid (nipecotic acid, 19; Figure 2) constitutes a structural motif
of many pharmacologically relevant compounds. An important example of such derivatives is
an antiepileptic drug from the group of y-aminobutyric acid (GABA) reuptake inhibitors,
tiagabine (20), available on the market as Gabitril® or Cephalon®.[**%! In recent years, many
related compounds were synthesised, among them SK&F-89976A (21),[*41¢1 NO711 (22),14
and DDPM-2571 (23)[17] gave the most promising results in biological studies. Nipecotic acid
(19) itself also exhibits significant in vitro activity as an inhibitor of GABA uptake, but due to
the highly hydrophilic, zwitterionic character cannot cross the blood-brain barrier and

consequently is nearly inactive in vivo.>8l

O,COZH (j,cozH (j/cozH (TCOZH
N N

N N
CO,H DDPM-2571 (23)
(Y 9 g
N NP NN O‘N O‘N
H | \
nipecotic acid (19) /_ s O O O O
tiagabine (20) SK&F-89976A (21) NO711 (22) Cl l Cl

Figure 2. Nipecotic acid and its derivatives synthesised as GABA uptake inhibitors.

Other examples of piperidine-3-carboxylic acids of pharmacological interest are
compounds 24-27 (Figure 3). The first of them was synthesised as a potential antihypertensive
agent acting as a direct inhibitor of renin.'®l Derivative 25 decreases the activity of
phosphoinositide-dependent protein kinase-1 (PDK1), which was recently proposed as
a biological target in the therapy of cancer.[?%1 Also the next compound (26) was developed as
an anticancer agent, but its molecular mechanism of action relies on the inhibition of epidermal
growth factor receptor-2 (HER-2) sheddase.?! Finally, avacopan (27) constitutes a first-in-
class selective antagonist of complement 5a receptor (C5aR) and is currently in advanced

clinical development for the treatment of ANCA-associated vasculitis.>[?223

L Antineutrophil cytoplasmic antibody (ANCA)-associated vasculitis are a group of autoimmune diseases
characterised by inflammation and necrosis of blood vessels.
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24, direct renin inhibitor H /\N avacopan (27)
NH, Cb5aR antagonist
25, PDK1 inhibitor 26, HER-2 sheddase inhibitor

Figure 3. Pharmacologically relevant piperidine-3-carboxylic acids.

Although the isolation of nipecotic acid (19, Figure 2) from a natural source was not
reported to date, its simple derivatives 28 (Figure 4) as well as unsaturated analogues 29 and
30 were identified in extracts obtained from areca nuts.**! Siastatine B (31), a potent
neuraminidase inhibitor, was, in turn, discovered in the culture filtrate of one of the
Streptomyces strains.?>1 Moreover, nipecotic acid motif may be recognized in the ring systems
of numerous alkaloids represented in Figure 4 by ergometrine (ergonovine; 32) — an ergot
alkaloid used to treat postpartum haemorrhage. %!

OH
COR - CO2H - CO2Me  HO CO,H
SEENGEENG] .
N N N N
\ H \ H

AcHN™ ) ;\‘1

28, R = Me or Et guvacine (29) arecoline (30) siastatin B (31) ergometrine (ergonovine; 32)

Figure 4. Natural products containing nipecotic acid structural motif.

Similarly to other groups of non-proteinogenic cyclic amino acids,?-3"1 compound 19
(Figure 2) and its derivatives play an important role in peptide chemistry.8* Incorporation
of such rigid subunits into a molecule restricts its conformational flexibility as well as allows
to induce particular structural motifs. These changes often result in increased selectivity and
affinity of the ligand towards its biological target. Another important feature of peptides
modified with non-proteinogenic residues is higher proteolytic stability.

The significance of nipecotic acids in various fields of science stimulated the
development of methods for their synthesis. These studies resulted in the discovery of manifold
interesting protocols featuring high chemical as well as stereochemical yields. Selected works
published over the last 10 years are presented below, whereby the sections are organized
according to the position and the degree of the substitution of the piperidine ring. Earlier reports

were discussed i.a. in the following reviews. #4471



I1 2 Synthesis of piperidine-3-carboxylic acid derivatives
I1 2.1. Monosubstituted piperidine-3-carboxylic acids

C-2-substituted nipecotic acids

In 2012, Harada and co-workers presented a one-pot method for the preparation of
2,3-disubstituted piperidines 39 based on the so-called [N+2+3] cyclization strategy (Scheme
7).148491 The first step of the synthesis constituted conjugate addition of lithium amide 33 to
a,B-unsaturated ester 34 mediated by chiral diether 35. Consecutive alkylation of the generated
enolate 36 with 1-chloro-3-iodopropane (37) provided compound 38, which under the influence
of TBAF underwent an intramolecular Sn2 reaction. The corresponding piperidines cis-39 were
obtained as single diastereomers in excellent yields and enantioselectivities. The observed
diastereoselectivity of the alkylation of enolate 36 was attributed to higher stability of transition

state TSa as compared to conformer TSg (Scheme 8).

Ph
Ph. -
"N" Y\OMG Ot B n3u
Bn._.SiMe -Bu
N oM T CO,t-Bu
o33 35 (3.6 equiv) 07N 37 (3.6 equiv) )/I
v — | L E——
2 S__CO,tBu toluene N° CAr DMPU crr N Ar
AT VY2 -78°C,15h TMS Bn -78°C,1.5h TMS Bn
34 36 38
TBAF
St ; (15 equiv)
; F F F } 75°C,1.5h
: \© \ : \CO,t-Bu
; NBoc ! Q
3 dr 99:1 dr 99:1 dr 99:1 ‘ N Ar
93%, 97% ee 73%, 94% ee 85%, 98% ee ! Bn
Dt cis-39

Scheme 7. Synthesis of cis-piperidines cis-39 by an asymmetric one-pot [N+2+3] cyclization.

36 Ar Li Bn _RX
—< % TMS. (’
cis-39 <—— | H K\ ORBU == AL/ . iOé—Bu — trans-39
TMSJ\\l RX o
Bn 36 H Li
TSa TSg

Scheme 8. Transition states explaining the observed diastereoselectivity of alkylation of enolate 36.

To demonstrate the utility of the developed protocol in the synthesis of advanced
piperidine derivatives, the authors transformed product 39a into (—)-kopsinine (40)1“®! (Scheme

9) — indole alkaloid first isolated from the rain-forest tree Kopsia Longiflora Merr.[59-53I



cis-39a NBoc

CO,t-Bu CO,Me
13 steps Hin, e (-)-kopsinine 40
N —— > N 7 ONH 9 ;
Bn | B 9% overall yield

Scheme 9. Structure of (-)-kopsinine (40).

Another approach enabling the preparation of 2-aryl-substituted piperidine-3-
carboxylates was published by the group of Prof. Mangelinckx.® The key step of this method
constituted Mannich-type reaction of chiral 6-chloro-N-tert-butanesulfinyl-substituted imidates
41 with aldimines 42 (Scheme 10). Under the optimized conditions, the transformation
proceeded with excellent anti-diastereoselectivity (anti/syn >99:1) and moderate control of the
absolute stereochemistry. Overall yields of the isolated (Rs,S,R)- and (Rs,R,S)-adducts 43
ranged from 69% to 83%. Interestingly, the addition of para-methoxy-substituted imine
provided (Rs,R,S)-imidate as a major product, whereas other investigated substrates
preferentially formed anti-isomer with the opposite absolute configuration at carbon atoms. The
stereochemical outcome of the process was rationalized with transition states TSc-TSe
(Scheme 11). Due to the steric repulsion between the sulfinyl group of the generated enolate
and the arylsulfonyl protection of imine 42, transition state TSc, leading to syn-adducts, should
have higher energy than TSp and TSk.

(0] (0]
s s
fo) 1. LIHMDS (1.8 equiv) t—Bu'(R)\N t—Bu'(R)\N
g THF, -78 °C, 45 min , | |
£BU e N g oMe + cl
2. RN7 AR
CI/\/\)\OMe /()\©\ RHN
41 42 (1 equiv) R (ReS,R)-43 (Rs,R,S)-43
-78 °C, 45 min & R s R
>98% ee, >99:1 dr >98% ee, >99:1 dr
forR=Tsand R'=H 58% 24%
for R = PhSO,Me and R' = Me not separable 69%
for R =Ts and R'= OMe 45% 38%

Scheme 10. Synthesis of piperidine precursors 43.

disfavoured ‘ favoured t-Bu

Ars0, £~
_SOLAr ArSO,_ ONN N
H H H
o) cl o) Cl MeO
H&ér H ‘ [l H Ar H Ar
Y e ~N : '_Il"' ~N
[—BUI N OMe TSC : t—BuI g OMe TSD TSE Cl

syn-adduct (Rs,S,R)-anti-adduct (Rs,R,S)-anti-adduct

Scheme 11. Transition states proposed for addition of imidates 41 to aldimines 42.



The obtained imidates 43 were then cyclized using K2COz as a base providing the desired
piperidines 44 in very good to excellent yields (87-97 %; Scheme 12).54 tert-Butylsulfinyl
moiety in heterocycles 44 could be subsequently removed employing HCI in dioxane to give
the corresponding amides 45. The use of MeOH as solvent allowed, by contrast, the preparation

of esters 46.

: :
t'Bu'(R)\‘N I'Bu'(R)\‘N Conditions A: HCl/dioxane, 0
cl S Vome  (2C0s (Beaul) X OMe 25°C.2h YOOy
RHN N CH3CN, reflux, 20 h N > Conditions B: HCI/MeOH, N >
R 25°C,24h R
43 R cis-44 R R
>98% ee 87-97%, >98% ee Cond. A:Y = NH, 45 94-99%

Cond. B: Y = OMe 46 54-68%

Scheme 12. Cyclization of imidates 43 to piperidines 44 as well as preparation of amides 45 and esters 46.

C-3-Substituted nipecotic acids

An interesting protocol allowing the synthesis of 3-alkyl-piperidine-3-carboxylates with
high optical purity was proposed by Ha and co-workers (Scheme 13).551 The basis of this
approach constituted the developed by the authors method for enantioselective a-benzylation
and a-allylation of a-tert-butoxycarbonyllactones 47 under phase-transfer catalytic conditions.
As they demonstrated with compound 49, the resulting products may be converted into
piperidine derivatives by selective reduction with NaBH4, dimesylation, and finally amination

with methylamine.

[e) O,
\_ o)
BnBr (5 equiv) M-otBu NaBH, (15 equiv) \—otBu
oo 48 (1 mol%) oo Ph CeCls (2 equiv), THF (\th
50% CSOH qq) (5 equiv) MeOH, 0 °C, 10 min OH ~OH
47 toluene, - 60 °C 49, 93%, 96% ee 50, 99%
MsCI (5 equiv)
Et3N (5 equiv), CH,Cl,
0 °C, 10 min
o)
\¥0t \—otBu
01 MeNH, (10 equiv) (\D
EtOH, MW OMs 0“72
80 °C, 30 min
52, 65% 51, 98%

Scheme 13. Enantioselective a-benzylation of lactone 47 and the conversion of the resulting product 49 into piperidine 52.



C-4-Substituted nipecotic acids
Among the title nipecotic acid derivatives, of particular interest of synthetic chemists are
those in which the C-4-substituent is an aryl residue. These compounds constitute useful
intermediates in the preparation of pharmacologically relevant 4-arylpiperidines including
antidepressants (-)-paroxetine (53; Paxil®, Seroxat®) and femoxetine (54, Figure 5).
F
o © OMe
)

(-)-paroxetine (53) (+)-femoxetine (54)

N
H

Figure 5. Structures of (-)-paroxetine and (+)-femoxetine.

For example, nipecotamide 59 served as a (-)-paroxetine precursor in the approach
proposed by Guin (Scheme 14).% In this strategy, piperidine ring was constructed via formal
[3+3] annulation between enal 55 and malonamide 56. The transformation was catalysed by
N-heterocyclic carbene generated from azolium salt 57 and carried out under oxidative
conditions. The resulting glutarimide 58 was isolated in excellent enantioselectivity (97% ee)
and very good yield (72%). Following the exchange of N-protecting groups, imide carbonyl

functions were selectively reduced using LiAlH4 at 25 °C affording derivative 59.

F F F ‘
s o
i 0 3 {;Q"'Nl\N 3
% 0 L L 1 \=No !
Z 57, DBU " NHAr “" “NHPMP ) ! © No.
_ NHAr T’ E—— ———> (-)-paroxetine (53) 57 BF, Ar
o 07 >N"o b N x ;
O 56 Ar
58 59

ArHN PMP e
Ar = m-tolyl  Ar' = 2,4,6-triisopropylbenzene

Scheme 14. Synthesis of nipecotamide 59. Conditions: (a) enal 55 (2 equiv), malonamide 56 (1 equiv), precatalyst 57

(15 mol%), DBU (20 mol%), 3,3" 5, 5-tetra-tert-butyl-4,4"-diphenoquinone (1.5 equiv), 4 A MS, THF, 0 °C, 48 h, 72%, 97% ee.
(b) PMPNH_ (8 equiv), LiCl (10 mol%), THF, 160 °C, 72 h, 51%, 96% ee. (c) LiAlH4 (8 equiv), THF, 25 °C, 12 h, 55%, 95% ee.

The mechanism proposed for the reaction leading to imide 58 begins with the formation
of carbene D, which subsequently undergoes nucleophilic addition to enal 55 (Scheme 15).16]
Oxidation of the resulting Breslow intermediate E affords azolium ion F. This species reacts
then with diamide 56 to give enolate G. Formation of the final product proceeds through

intermediate H.
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Scheme 15. The mechanism proposed for the reaction between enal 55 and malonamide 56.

4-Fluorophenyl nipecotic acid ester 65 was, in turn, one of the intermediates in the
synthesis of paroxetine designed by Wang and co-workers (Scheme 16).571 The key step of this
approach constituted asymmetric allylation of Morita-Baylis-Hillman-adduct 60 with allyl
pinacolatoboronate 61. The reaction was conducted in the presence of the palladium complex
of spiroketal-based chiral diphosphine 62 (SKP) and delivered the corresponding diene in 85%
yield and 97% ee. The more electron-rich double bond in product 63 was then oxidatively
cleaved to give aldehyde 64. Reductive amination of this compound followed by intramolecular
conjugate addition provided piperidine-3-carboxylate 65.

B(Pin) N ~o
n
COEt & 61 W \_CO,Et W\ CO,Et
T O DS
F 60 F 63 F 64
lc
NBn NBn
fondeshaliv’
E O (6] F/© CO,Et

(-)-paroxetine (53) 65

Scheme 16. Synthesis of nipecotic acid derivative 65. Conditions: (a) 61 (1.2 equiv), [Pd(CsHs)Cl]2, 62 (1.25 mol%), CsF,
CH2Clz, 25 °C, 17 h, 85%, 97% ee. (b) i) m-CPBA (1.5 equiv), CH2Cl2, 0 °«C-+25 °C, 17 h; ii) HIOs (1.2 equiv), THF-H20 (3:1),
0 °C 1 h, 68% over two steps. (c) i) BnNH2 (3 equiv), NaBH3sCN (5 equiv), AcOH, MeOH, 25 <, 17 h; ii) KOt-Bu (3 equiv),
t-BuOH (1.5 equiv), toluene, 25 °C;, 1 h, 65% over two steps.
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An example of a work describing the synthesis of nipecotic acid derivatives comprising
an aliphatic residue at C-4 constitutes, by contrast, the publication by Hellenbrandt and co-
workers.[*® The approach presented by the authors was based on the conjugate addition of
organomagnesium cuprates to alkaloid arecoline (30; Scheme 17). The process was carried out
in THF in the presence of TMSCI, and the desired organometallic reagents generated from the
corresponding Grignard compound and copper(l) (trimethylsilyl)acetylide. The target
piperidines 66, containing an alkyl, an alkenyl, or a TMS-protected-alkynyl substituent, were

obtained in very good to excellent overall yields and 54:46-26:74 diastereomeric ratios.

Me;Si—==—Cu (0.53 equiv) R R
(TCOZMe RMgX (1.6 equiv) O"‘COZMe O’COZMe
¥
N TMSCI (2.3 equiv) N N
Me THF, -78 °C for 1 h Me Me
30 then -78 °C to 25 °C, 15 h Cis-66 trans-66

Ph

oL oy oL o7 Ph Py
\(\-):S%SiM% N/ ?\-)2—// / \C4Hg

2

93% 83% 51% 87% 62%
cis:trans 54:46  cis:trans 42:58  cis:trans 26:74  cis:trans 54:46  cis:trans 36:64

Scheme 17. Conjugate addition of organomagnesium cuprates to arecoline 30.

C-5-Substituted nipecotic acids

Virgidivarine (67)5%% and its derivative virgiboidine (68)®* are dipiperidine alkaloids
discovered in 1982 by van Eijk and de Kok in the leaves of African Leguminosae Virgilia
divaricata and Virgilia oroboides (Scheme 18). The first total synthesis of these compounds
was, in turn, accomplished by Kress and co-workers in 2016.121 The developed approach was
based on intramolecular ene-ene-yne ring-rearrangement metathesis (RRM). To prepare
precursor 73, the authors first transformed acetate 69 in four steps into alcohol 70. The inversion
of the configuration at C-4 was achieved during the installation of the amine moiety. Carbocycle
70 was then alkylated with iodomehyltributultin to afford compound 71 in 90 % yield. Upon
treatment with n-BulLi, this product underwent [2,3] sigmatropic rearrangement (Wittig—Still
rearrangement) providing cyclopentene 72. The reaction of derivative 72 with Nos-protected
propargylamine under Mitsunobu conditions furnished the desired carbamate 73.

Precursor 73 was subsequently exposed to various metathesis catalysts (Scheme 18).[6%
The highest yield of dipiperidine 75 was achieved when the reaction was performed in the
presence of complex 74 (5 mol%) under atmosphere of ethylene. Metathesis product 75 was
next subjected to Sharpless dihydroxylation followed by cleavage of the resulting glycol 76
with NalOs. The target molecule 67 was obtained from aldehyde 77 in further 10 steps.

11



Construction of piperidino-quinolizidine system in virgiboidine (68) was accomplished by

EDC-mediated intramolecular formation of amide bond within virgidivarine 67.
Boc Boc Boc

HORA OAc N/, OH N/, o N/
a /\/ b /\/ 7 c

69 70 71 72

= = OH = EOC
- CHO - OH - 1
N N N N N NN
Boc -—— Boc <f— Boc - /\/ ﬂ
g e
N N N
77 Nos 76 Nos 5 =

ll 10steps il

2

COOH

H — ! GeRu=
N h ' (0]
L L4 Y
X i '
(-)-virgidivarine (67) (-)-virgiboidine (68) ' Hoveyda—Blechert catalyst 1

Scheme 18. Synthesis of virgidivarine (67) and its conversion into virgiboidine (68). Conditions: (a) i) allyINHNos (1 equiv),
PPhs (2.5 equiv), DIAD (2 equiv), THF, 0 °C = 25 °C, 98%; ii) PhSH (1 equiv), K2COs (3 equiv), DMF, 60 °C, 96%; iii) Boc20
(1 equiv), MeOH, 60 ¢, 94%; iv) KCN (2.5 mol%), MeOH, 25 °C, 97%. (b) KH (2.2 equiv), ICH2SnBus (1.2 equiv), dibenzo-
18-crown-6 (0.5 mol%), THF, 25 °C, 90%. (c) n-BuLi (1.1 equiv), THF, —100 °C - —-60 °C = 25 °C, 74%; (d) CsHsNHNos
(1 equiv), PPhs (2.5 equiv), DIAD (2 equiv), THF, 0 °C = 25 °C, 82%. (e) Hoveyda—Blechert catalyst (74; 5 mol%), ethylene
(1 atm, balloon), CHzClz, 40 °C, 83%. (f) AD-mix-f, t-BUuOH/H20 (1:1), 0 °C, 48% (87% brsm). (g) NalO4/SiO2, MeCN/EtOAc,
96%. (h) EDC (1.1 equiv), N-methylmorpholine (5 equiv), EtOH, 25 °C, 29%.

Last year, a group of Merck scientists disclosed a method for the preparation of N-
(hetero)aryl piperidines based on reductive amination/aza-Michael reaction sequence.[®!
Among the presented examples, there were also several 5-substituted nipecotic acid derivatives.
To obtain these compounds, the authors first reacted aldehydes 79 with amine 78 in MeOH in
the presence of sodium triacetoxyborohydride (Scheme 19). The resulting products were
directly, without isolation, cyclized providing trans-piperidines 80 in moderate to good yields
and with high diastereoselectivities. The latter transformation could be achieved by simply
adding water to the reaction mixture. It is worthwhile to mention that the use of ketones instead

of aldehydes 79 allowed the preparation of analogous 6-substituted piperidine-3-carboxylates.

12



R, CO,Me
NH; Na(OAc)sBH (1.6 equiv) O/

N

(\g RWCOZMe MeOH, 25 °C, 10 - 30 min
N
NN then H,0, 25 °C, 3 h - 22 h &

CHO
)\ 78 79 dr = trans:cis NiN)_' 80
(1.1 equiv)
PN
Me\; \/\; Meow/\;é BocHN'(A)“\:} BnO j
OMe
64% 64% 59% 54% 59%
dr12:1 dr7:1 dr 5:1 dr 4:1 dr 9:1

Scheme 19. Synthesis of piperidines 80 by reductive amination/aza-Michael reaction sequence - selected examples.

C-6-Substituted nipecotic acids

In 2011, Nadeau and co-workers described an enantioselective addition of boronic acids
82 to nicotinate salt 81 leading to 1,2-dihydropyridines 84 (Scheme 20).[41 The optimized
conditions encompassed the use of Rh(COD)2BF4 and bisphosphine ligand 83. Phenylboronic
acid as well as para-substituted substrates afforded the corresponding products in high
enantioselectivities (94—97% ee) and in most cases very good yields. An exception constituted
the reaction partner containing a nitro group, which reacted in only 23% yield. The researchers
could also prepare dihydropyridines comprising an ortho-substituted aryl moiety or an alkenyl

chain, although in lower optical purities.

CO,Me CO,Me 1
O/ Z"™ RB(OH), (82, 2.5 equiv) fj/ R
N g2 1

L Br Rh(COD),BF, (5 mol%) R '\L
81 Ph 83 (5 mol%), Na,CO3 84 Ph
dioxane, H,0, 60 °C

% % % % % %
/\/\/zl
MeO F OoN
73% 83% 70% 77% 69% 23% 40%
99% ee 97% ee 84% ee 95% ee 99% ee 94% ee 83% ee

Scheme 20. Enantioselective addition of boronic acids 82 to N-benzylnicotinate bromide 81 - selected examples.

The possibility of employing the obtained products in the synthesis of piperidines was
investigated with compound 84a (Scheme 21).41 Accordingly, hydrogenation of
dihydropyridine 84a in the presence of Pd(OH)./C furnished the corresponding vinylogous
carbamate 85. This product was subsequently subjected to the reduction with sodium
cyanoborohydride to afford a 1:1 mixture of trans- and cis-esters 86. After the exchange of the
benzyl protection to a Boc group, the diastereomers were treated with NaOMe, which allowed

to epimerize the ester moiety toward the equatorial position. The remaining trans-isomer was
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removed upon conversion of the resulting acid 88 into the corresponding 4-

chlorobenzylammonium salt 89.
/@/COZMe /@/COZMe ﬁcozm ﬁcone
Ph” "N a Ph” "N b
BOC
84a kPh 85 kPh

|
COH CO,H
/(j/ HZN -~ /(\/[PF
Ph Eoc \\©\ € Ph N
Boc

89 cl 88
Scheme 21. Synthesis of phenyl-substituted piperidine 89 from compound 84a. Conditions: (a) Hz (45 psi), Pd(OH)2/C, EtOH,
25 °C, 18 h. (b) NaBHsCN (1.2 equiv), MeOH, AcOH, 25 <, 3 h. (c) Boc20 (1.2 equiv), EtsN (1 equiv), Hz (45 psi), Pd(OH)2/C,

EtOH, 25 ¢, 18 h. (d) NaOMe (2.2 equiv), MeOH, H20 (6 equiv), 60 °C, 18 h. (e) 4-chlorobenzylamine (1 equiv), Et20;
recrystallization EtOAc/hexane, 80% ee and 49% yield over 5 steps.

As | already mentioned, also our group reported the synthesis of 6-aryl-1,6-
dihydropyridine-3-carboxylates (Scheme 22).1?1 The proposed approach was based on ring
expansion of cyclopropanated pyrroles 1 under Heck-coupling conditions. Arylation of bicycle
1b could be successfully performed with a variety of substituted and unsubstituted ary!l halides,
although the use of electron-deficient substrates led to only moderate results. We also showed
that the process tolerated not only para- but also meta- and ortho-isomers. Importantly, the
developed ring expansion proceeded without racemization, as demonstrated with the reaction
of optically pure derivative (-)-1b.

H ArY (1.5 equiv)

w.-\COzt-Bu Pd,dbas (3 mol%) O/ COzt-Bu
EIO;"H NaHCO; (2.5 equiv), TBAB (2 equiv) AT N
1b toluene, 80 °C,1d-2d 18
ot o, o o=
€0 OMe EtO,C S
74% 67% 54% 56% 48% 60%

Scheme 22. Pd-catalysed arylation of monocyclopropanated pyrrole 1b with aryl halides — selected examples.

The protocol for the reduction of double bonds in products 18 was developed using
compound 18a as a model substrate (Scheme 23).121 Thus, enecarbamate 90, resulting from the
catalytic hydrogenation of derivative 18a, was treated with Et3SiH and trifluoroacetic acid to

provide trans-piperidine 91 in 75% yield.

Z CO,Me CO,Me CO,Me
\ H, (balloon) | 1. Et3SiH (3 equiv), TFA
3
W N —_— W N N N
/@ Boc Pd/C, THF, 16 h Boc 2.NaHCO,4 /@ H
MeO 18a MeO 3. Crystallisation MeO

90, 79% 91, 75%

Scheme 23. Transformation of 1,2-dihydropyridine 18a into nipecotic acid derivative 91.
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On the other hand, Hao and co-workers reported the synthesis of trifluoromethylated
tetrahydropyridine 94 by ring-closing-metathesis of aminodiene 93 (Scheme 24).51 The
transformation was performed using Grubbs 2™ generation catalyst and proceeded in 65%
yield. Compound 94 was then subjected to catalytic hydrogenation yielding the corresponding
piperidine 95 in 85% vyield as a ca 1:1 mixture of diastereomers. Substrate 93 was prepared in

three steps from readily available N-tert-butanesulfinyl-(3,3,3)-trifluoroacetaldimine (92).

(‘s)‘ H j/COZEt Grubbs 2™ (5 mol%) @/‘302'5‘ H, (50 bar) O/COZB
P ~ e ) . .
PO Ny . T LNy

toluene, reflux, 2 h FsC N Pd/C, EtOH F3C

SO,t-Bu SO,t-Bu SO,t-Bu
92 93 94, 65% 95, 85%
dr = 56:44

Scheme 24. Synthesis of trifluoromethylated piperidine 95.

I12.2. Polysubstituted piperidine-3-carboxylic acids

As | described in the previous section, Nadeau and co-workers developed a method for
the synthesis of enantio-enriched 1,2-dihydropyridines based on the addition of boronic acids
82 to nicotinate salt 81 (Scheme 20).14 In the same work, the authors presented one example
of an analogous process involving 6-methyl-substituted pyridine 96 (Scheme 25). Employing
(R)-BINAP as a ligand, they were able to obtain the desired product 97, albeit in moderate
optical purity (65% ee) and only 52% yield.

CO,Me CO,Me
N 2 PhB(OH), (2.5 equiv) & 2
o) o

N g N

Rh(COD),BF, (5 mol%)  PH
96 kPh (R)-BINAP (5 mol%), Na,COs g7 kPh
MeTHF, H,0, 80 °C

52%, 65% ee
Scheme 25. Addition of phenylboronic acid to salt 96.
Recently, the group of Prof. Karimov showed that much better results may be achieved
with analogous triflate 98 as a substrate and using dioxane instead of MeTHF (Scheme 26).[66]
Under the optimized conditions, the reaction of nicotinate 98 with phenylboronic acid
proceeded in 84% vyield and 94% ee. Furthermore, the researchers successfully employed
a variety of other aromatic boronic acids as well as a vinylic substrate. The corresponding

dihydropyridines 99 were obtained in high optical purities and generally very good yields.
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CO,Me co,Me
N 2 RB(OH), (2.5 equiv) & 2
@ s
N~ © N

| oTf Rh(COD),BF,4 (5 mol%) R |
98 (R)-BINAP (5 mol%), Na,CO3 (2.5 equiv) 99
dioxane-H,0 (4:1),80 °C, 2 h

©}a g@ﬁACHN Q}a » Q}a \Q)a ) /@}a

82% 70% 75% 95% 95% 80%
94% ee 86% ee 93% ee 91% ee 97% ee 95% ee
o o o ar o
(o] S N
F F H
99% 46% 49% 7% 57% 67%
94% ee 97% ee 92% ee 95% ee 92% ee 95% ee

Scheme 26. Addition of boronic acids to salt 98 — selected examples.

The authors also demonstrated several derivatizations of the obtained products.[®! For
instance, catalytic hydrogenation of dihydropyridine 99a followed by treatment of the resulting
vinylogous carbamate 100 with sodium cyanoborohydride furnished the corresponding

nipecotic acid derivative 101 as a 1.3:1 mixture of diastereomers (Scheme 27).

fj/COZMe H, (1 atm) ‘ COMe  NaBH,CN (1.2 equiv) mcoz'\/‘e
Ty 4’\““ [IED
pr r\‘l Pd/C, MeOH N AcOH, MeOH N

99a

Ph ‘ Ph ‘
100, 99% 101, 70%

1.3:1 mixture of diastereomers
Scheme 27. Transformation of dihydropyridine 99a into piperidine 3-carboxylate 101.

A distinctive approach for the preparation of polysubstituted nipecotic acid derivatives
was presented by the research group conducted by Pagenkopf. The authors developed a method
for the synthesis of 2-alkoxy-1,1-cyclobutane diesters 104 and subsequently subjected the
obtained products to cycloadditions with in situ generated imines 105 (Scheme 28).1"]
Interestingly, both the synthesis of substrates 104 and their conversion into heterocycles 106
proceeded most efficiently in the presence Yb(OTf)s. The corresponding tetrahydropyridines
106 were isolated in moderate to very good yields (Scheme 29).

H
COLEt  Yb(OTfs (10 mol%) :
1-2(@ + Y 1-2(m

o CO,Et CH,Cl,, -78 °C 0~ CO,Et

102 103 104 1 COE

n=1,84% n=2,93%

Scheme 28. Yb(OTf)s-catalysed synthesis of cyclobutanes 104.
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H {PhN%R } 105 CO,Et

120" TNCOEt  Yb(OTf) (10 mol%), CHyClp, MS 4A 2 "oH ~\~ar

H CO,Et -50 °C for 1 h, then 25 °C for 1 h Ph
104 106
CO,Et CO,Et CO,Et CO,Et CO,Et
| .1CO,Et | /.1CO,Et | 1CO,Et | \CO,Et | .\CO,Et
OH ~N OH "N OH "N OH "N OH "N S
Ph Ph Ph Ph Ph || /
OMe NO,
86% 83% 77% 73% 42%

Scheme 29. Yb(OTf)s-catalysed formal [4+2] cycloaddition of cyclobutanes 104 with imines 105 - selected examples.

The authors could also successfully extend the developed methodology to cyclobutanes
with carbon-donating groups 107 (Scheme 30).[71 Cycloadditions of imines 105 to these
products proceeded with complete diastereoselectivity affording the corresponding 2,6-trans-

piperidines 108 in the yields ranging from 59% to 84%.

PhNZ "R CO,Et
EL 10 "1CO,Et
o oTCOLEt 2
CO.Et Yb(OTf)3 (10 mol%), CH,Cl, WSNTYR
MS 4A, -50 °C for 1 h Ph
MeO 107 then 0 °C for 8 - 12 h MeO 108
T o ot .
OMe Ph” “Ph
62% 73% 86% 61%

Scheme 30. Synthesis of piperidines 108 from cyclobutanes 107 and imines 105 — selected examples.

Nipecotic acid derivatives may be also conveniently synthesised by cycloisomerization
of enynes. An example of such transformation was presented this year by Matous and co-
workers.®l  The scientists exposed P-propargylamino acrylic derivatives 109 to
(TFP)AUCI/AgBF4 in the presence of MeOH to obtain the corresponding tetrahydropyridines
110 (Scheme 31). The formation of these products may be rationalized by nucleophilic trapping
of the intermediary iminium ion 1. Most of the substrates bearing an aryl residue at the triple
bond provided the corresponding product in good or very good yield. The few exceptions
encompassed derivatives containing a 3,4-dichloro- or an NO2-substituted phenyl ring. Lower
yield was also observed for enyne with R = CO,Me. In the case of R = alkyl or aryl, the
cyclization led, in turn, to 1,2-dihydropyridines instead of adducts 110. On the other hand, the
strategy could be successfully extended to alken-1-yl derivatives, which yielded the expected
products 110 in moderate to excellent yields. Substrates comprising a 1,3-diyne motif were,

however, not tolerated.
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R2 ! R2 :

L CO,Me MeOH (3 equiv) _N_,COMe _A_COMe
/[ , (TEP)AUCI (5 mol%) ﬁ\/(OMe via ® CN”
NTR AgBF, (10 mol%) N Rt | NOR
109 benzene, 25 °C, 12 h Mo T !

OMe

X
CO,Me _ CO,Me — CO,Me
Y, OMe ,
(’\?f, OMe (’\?f, co,Me g OMe
95% 44% 79% 90% 62% 95%

Scheme 31. Cycloisomerization of enynes 109 — selected examples. G = p-methoxybenzenesulfonyl.

Several aryl-substituted tetrahydropyridines were then subjected to catalytic
hydrogenation using Pd/C as a catalyst and MeOH as a solvent (Scheme 32).[8 While all
reactions proceeded with complete diastereoselectivity, the yields significantly varied and
ranged from satisfactory 34% (for the fluorine-containing substrate) to excellent 93% (for the
piperidine with an unsubstituted phenyl ring).

Ar Ar

@lcone H, CO,Me
—_—
N OMe PdIC, MeOH N ome
G G
110 111
Me Ph F
93% 58% 44% 34%

Scheme 32. Catalytic hydrogenation of tetrahydropyridines 110. G = p-methoxybenzenesulfonyl.

Hayashi disclosed, in turn, a method for the preparation of enantiomerically pure 3,4,5-
trisubstituted piperidines via asymmetric Michael reaction between propanal (112) and a-cyano
o,B-unsaturated esters 113 followed by a reduction/cyclization cascade (Scheme 33).591 The
conjugate addition was performed in the presence of diphenylprolinol silyl ether 114 (Hayashi—
Jorgensen catalyst) and proceeded with good 3,4-syn stereoselectivity. Overall yields of the
products ranged from 81% to 95%. 3,4-Syn adduct, which further existed as a mixture of C-2
diastereomers, was separated from 3,4-anti isomer by column chromatography and then
subjected to hydrogenation in the presence of activated Raney Nickel (Scheme 34). Subsequent
epimerization at C-3 of the resulting piperidine using sodium ethoxide provided
thermodynamically favoured isomer 116 in 50-66% yield. In all examples, this product was

obtained in high optical purity, ranging from 90% to >99% ee.
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e} Ar Ar

‘ 114 (10 mol%) o : 1
H N S/CozEt Wcoza ! D\gh :
. PN Ph

CN H,0 (1 equiv), MeCN CN LR OTMS ‘

12 13 0°C,05h-15h 15 114

81% - 95%
3,4-syn: 3,4-anti 3:1-5.2:1

Scheme 33. Diphenylprolinol silyl ether 114-mediated asymmetric conjugate addition of propanal (112)
and o-cyano a,f-unsaturated esters 113.

o Ar 1. H, (4 MPa), Ra-Ni (W-2) Ar
EtOH/AcOH, 45 °C " \CO,Et
H/erOzEt ’ “ W
CN 2. NaOEY/EtOH, THF N
38°C,15h H
3,4-syn-115 116
OMe CF;
dr17:1 dr 32:1 dr 13:1 dr21:1

64%, 97% ee 53%, 96% ee 61%, 98% ee 50%, >99% ee
Scheme 34. Conversion of adducts 3,4-syn-115 into piperidines 116.

In recent years, appeared also several publications describing the synthesis of
polysubstituted piperidine-3-carboxylates via multicomponent reactions. One of them is the
work presented by the group of Prof. Menéndez.l”® The authors reacted amines 118 with o,f-
unsaturated aldehydes 117 and B-dicarbonyl compounds 119 in the presence of cerium(IV)
ammonium nitrate (CAN) obtaining 1,4-dihydropyridine-3-carboxylates 120 (Scheme 35). The
reduction of these products with NaBH4 proceeded with complete diastereoselectivity, and the
corresponding piperidines 121 (bearing up to five substituents) were isolated in good to very

good yields.
CO,R? R R*
; RS CO,R® NaBH,4 (6 equiv) RS CO,R®
’ || ’
CAN (5 mol%) ) AcOH, rt, 2 h )
N* 'R N™ "R
117 NH, 119 EtOH, reflux, 1 h R R
R
120 121

118

; :cozoa i :cozoa ; :cozoa CO,OEt (icozoa (‘\/QCOZOB

‘o, o fou fg. ol

Me OMe

70%2, 88%" 66%2, 92%" 78%2, 87%" 60%2, 84%" 64%2, 62%" 68%2, 72%P

Scheme 35. Synthesis of piperidine-3-carboxylates 121 by the group of Prof. Menéndez. 2 Yield of dihydropyridine 120.
bYield of NaBH4 reduction of dihydropyridine 120.
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According to the authors, the three-component reaction begins with the formation of f3-
enaminone 122, which then undergoes Michael addition to aldehyde 117 (Scheme 36).1% The
6-exo-trig cyclization of the resulting intermediate 123 affords enaminoester 124. Dehydration
of this compound, which may also proceed via iminium ion 125, provides the corresponding
tetrahydropyridine 121.

R4

RS
CO,R? % " B
NH CO,R3 2 Yo RS CO,R3
2 +£ B ‘ _— ‘
R1

HN™ "R? ~
0”7 "R? ' O” HN™ "R?
118 119 R 122 R 123
R4 R4 R4
R? COsR® RS CO,R3 RS CO,R?
| ] , - ole ‘ —_— ‘
N” R HO N~ OR? HO™ "N~ “R?
R 121 Y 125 R 124

T |

Scheme 36. Mechanism of 1,4-dihydropyridine formation proposed by Menéndez and co-workers.

Li presented, in turn, an organocatalytic asymmetric reaction between aromatic aldehydes
126, B-ketoesters 127, and anilines 128 leading to tetrahydropyridines 130 (Scheme 37).["* The
authors found that this pseudo five-component process may be efficiently catalysed by chiral
SPINOL-phosphoric acid 129. Transformations involving electron-deficient aldehydes
provided the desired products in moderate yields and with good to excellent
diastereoselectivities. The enantiomeric excesses ranged from 85% to >99%, whereby para-
substituted substrates performed better than meta- and ortho-isomers. While benzaldehyde also
turned out to be a suitable reaction partner, more electron-rich 4-methylbenzaldehyde did not
react under the standard conditions. The corresponding product could be, however, obtained
upon increasing the reaction temperature and the catalyst loading, although in low optical
purity. On the other hand, the introduction of a bromine atom onto the aniline aromatic ring
resulted in a noticeable improvement of the stereoselectivity with only a small effect on the

reaction yield.
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o}
)K/COzR (S)-129 (10 mol%)
—_—

127 toluene, MS 4A
+ -30°C
2 ArCHO 2 ArNH,
126 128

Cl gt L L
NH NH NH NH

\-CO:Me ‘. CO:Me \-CO:Me ‘. CO:Me
I ! o o)
O,N
Cl Br
dr >20:1 dr 5:1 dr >20:1 dr 5:1
65%, >99% ee 48%, 88% ee 60%2, 40% ee 39%P, 97% ee

Scheme 37. Organocatalytic multicomponent reaction of aromatic aldehydes 126, anilines 128, and f-ketoesters 127
leading to tetrahydropyridines 130 — selected examples.
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11 Results and discussion

The central part of my Ph.D. project concerned the expansion of the cyclopropane ring in
2-azabicyclo[3.1.0]hex-3-enes under Heck-reaction conditions. Continuing the studies on this
transformation conducted in our group, | set out to develop a procedure for the arylation of
substrates 1 which would be more efficient than the initial one. In the next step, | planned to
investigate analogous reactions involving gem-disubstituted cyclopropanes. Motivation to
undertake these works was the broad applicability of the resulting dihydro- and
tetrahydropyridines as building blocks in organic synthesis as well as the significance of a-aryl-
substituted piperidine derivatives in medicinal chemistry and pharmacy. Following
determination of scope and limitations of the developed protocols, | was going to examine the
reactivity of the obtained products. Selected from the prepared derivatives should be then
employed for the preparation of model peptides for conformational studies.

My research tasks encompassed also the synthesis of novel 2-azabicyclo[3.1.0]hex-3-
enes by cyclopropanation of substituted pyrrole derivatives as well as investigations on

functionalization of the double bond in the prepared bicycles.

I11 1 Cyclopropanation of pyrrole derivatives

The first part of my work concerned cyclopropanation of pyrroles with diazoesters.
Besides the synthesis of 2-azabicyclo[3.1.0]hex-3-enes derived from N-Boc pyrrole (131),

| was going to investigate reactions involving substituted derivatives 132-138 (Figure 6).

o]

CO,Me CO,Me
/ /1 J J Z—ﬁ /1
Boc R R Ps Boc Boc
131 132R=Ts 134 R = Ps 136 137 138
133 R =Boc 135 R = Boc
Figure 6. Prepared pyrrole derivatives.
Compounds 131 and 138 (Figure 6) were prepared by Boc-protection of commercially
available heteroarenes using the standard synthetic procedure.
The synthesis of methyl 2-pyrrolecarboxylates 132 and 133 commenced with acylation
of pyrrole (139) with trichloroacetyl chloride in Et.O (Scheme 38). The resulting derivative 140
was subsequently treated with NaOMe in MeOH to give ester 141.[72 Protection of this product

with a tosyl or a Boc-group provided the desired compounds 132 and 133.
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for 132: TsCl (1.2 equiv)

i (1.1 equiv) BuyNHSO, (0.05 equiv)
Cl;,C Cl Na/MeOH KOH4q), toluene, 25 °C, 16 h
) / N\ cCly ——— @\ @\
N Et,0,25°C,2h N 25°C,2h N~ “COxMe for 133: Boc,0 (2 equiv) N~ TCO;Me
H H o H EtsN (2 equiv), DMAP (0.2 equiv) R
139 140, 79% 141, 92% CH,Cl,, 25°C, 16 h 132, R=Ts, 84%

133, R = Boc, 94%
Scheme 38. Synthesis of esters 132 and 133.

The method employed to prepare substrate 134 was based on the fact that a strong
electron-withdrawing group on pyrrole nitrogen, such as phenylsulfonyl in heteroarene 142,
directs aromatic electrophilic substitution to the 3-position (Scheme 39). Precursor 142 was
obtained in the reaction of pyrrole (139) with phenylsulfonyl chloride in 89% yield. Friedel-
Crafts acetylation of compound 142 was performed in 1,2-dichloroethane using AICIs as

a Lewis acid and proceeded in 90% yield.[’374]

o]
PhSO,CI (1.2 equiv) (CH3CO0),0 (3 equiv)
!\ i !N T I\
N NaOH (4 equiv), 1,2-DCE N AICI; (6 equiv) N
H 0°C-25°C,16h s 1,2-DCE, 25 °C, 2 h Ps
139 142, 89% 134, 90%

Scheme 39. Synthesis of 3-acetyl-N-(phenylsulfonyl)pyrrole 134.

Although B-acetylation of pyrrole may be also successfully performed using other types
of arylsulfonyl protecting groups, I choose the phenylsulfonyl one due to the possibility of its
easy removal under basic conditions. Thus, the treatment of compound 134 with NaOH in
a water/1,4-dioxane mixture yielded derivative 143 in 87% yield (Scheme 40)."*] The obtained

product was subsequently protected with a Boc-group employing a standard procedure.

o
Boc,0 (2 equiv)
Ff\\ 5M NaOH fo\ Et;N (2 equiv) =
1,4-dioxane DMAP (0.2 equiv) N
25°C, 16 h CH,Cly, 25 °C, 16 h Boc
134 143, 87% 135, 87%

Scheme 40. Synthesis of 3-acetyl-N-Boc-pyrrole 135.

Ester 136 was synthesised from derivative 134 via haloform reaction (Scheme 41). For
this purpose, | added a freshly prepared solution of hypobromite to a cooled solution of substrate
134 to obtain quantitatively carboxylic acid 144. Heating of this product in MeOH in the
presence of H2SO4 provided the desired compound 136 in 82%.757¢]

o)
CO,H Co,Me
= Br,/NaOH B MeOH U
N 1,4-dioxane-H,0 (2:1) N H,S04 (5 % viv) N
Ps 0°C-25°C,2h Ps reflux, 16 h Ps
134 144, quant. 136, 82%

Scheme 41. Synthesis of methyl N-(phenylsulfonyl)pyrrole-3-carboxylate 136.
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To prepare 3,4-disubstituted derivative 137 | employed a method for pyrrole synthesis
proposed by Van-Leusen.[”" It is based on [3+2] cycloaddition of tosylmethyl isocyanides
(TosMICs) to electron-deficient olefins. Performing the reaction of isocyanide 146 with methyl
crotonate (145) under the conditions presented in Scheme 42, | obtained heteroarene 147 in
56% yield.[”® Target compound 137 was prepared by the reaction of pyrrole 147 with Boc-

anhydride.
146
Ts N(._‘, CO,Me Boc,0 (2 equiv) COzMe
(1 equiv) Et3 (2 equiv)
S come ——— ()
NaH (1.8 equiv) N DMAP (0.2 equiv)
THF:DMSO (1:1) H CH,Cly, 25°C, 16 h Boo
145 25°C,16 h 147, 56% 137, 90%

Scheme 42. Synthesis of 3,4-disubstituted pyrrole 137.

Following the synthesis of pyrrole derivatives, | prepared diazoesters 149, 152, 156, and
157 (Scheme 43). Methyl diazoacetate (149) was obtained by treatment of glycine ester
hydrochloride 148 and sodium nitrite with sulfuric acid.[”®1 Compounds 152, 156, 157 were, in
turn, prepared by Regitz diazo transfer using either tosyl azide (151) or o-nitrobenzenesulfonyl
azide (155) as a donor of a diazo group. The reaction of the first of them with tert-butyl
acetoacetate (150) was performed in a biphasic system aqueous NaOH solution/pentane using
TBAB as a phase-transfer catalyst. To synthesize methyl phenyldiazoacetate (156),
| subjected ester 153 to the reaction with reagent 151 in acetonitrile in the presence of DBU.!
Diazo compound 157 was prepared analogously from o-NBSA (155) and substrate 154.[21

NaNO, (1.2 equiv)

O o
ClHN">co M 7 coMm
3 2Me H,S0, (cat) N 2Me
148 H,0-CH,Cl, (1:1) 149
20-0°C

TsN3 (151, 1 equiv)
NaOH (2.8 equiv)

N# “CO,t-Bu

}(\cozt Bu
TBAB (2 mol%)

150 n-pentane-H,0 (2:1) 152
0-25°C,16h

for 153: TsN3 (151, 1.5 equiv)

for 154: 0-NBSA (155, 1.5 equiv) Ph
Ph”  CO,R DBU : N7~ “CO,R
(1.5 equiv), CH3CN 2 2
153 R = Me 25°C,16 h 156 R = Me
154 R = CH,CCl; 157 R = CH,CCl3

Scheme 43. Synthesis of diazoesters 149, 152, 156, and 157.

With all substrates in hand, | commenced the synthesis of 2-azabicyclo[3.1.0]hex-3-enes.
Cyclopropanations with methyl and tert-butyl diazoacetates were performed using a catalytic
system composed of copper(ll) triflate and phenylhydrazine. For aryldiazoacetates, | employed
rhodium complexes or the photocatalytic protocol.[®!
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In the first order, | prepared bicycles 1a,[84 1b,[% and 1c!®! according to the literature

procedures (Scheme 44).

H

@ N# “COR (1.5 equiv) 7 T .CO,R
N 0 0 N
Nog  Cu(OT (1 mol%), PANHNH, (1 mol%) N H
CH,Cl,, 25 °C
131 R=Me 1a, 39%
R=tBu 1b,34%
Ph 156
)\ H
N2 COZMG B Ph
) blue LED |\ "COoMe
N o N
N CH,Cl,, 25 °C NH
(5 equiv)
131 1c, 91%

Scheme 44. Cyclopropanation of N-Boc pyrrole (131).

Esters 132 and 133 may be cyclopropanated with aryldiazoacetates in very good yields
and with high enantioselectivities using Rh2(R-p-PhTPCP). as a catalyst.® Since for my work
| did not need optically pure substrates, to avoid the use of expensive Rh-complexes, | decided
to attempt the photocatalytic approach (Scheme 45). It turned out that this method allows

obtaining bicycle 1d in 62% yield. Its N-Boc analogue 1e was, in turn, isolated in 78% yield.

Ph 156

H
NZZ\COZMe S Ph
Y oweeo [ 7 coume
MeOZC/Q blue LED Me0,C—
N CH,Cl,, 25 °C N H
132 (4 equiv) R=Ts 1d, 62%
133 (3 equiv) R =Boc 1e, 78%

Scheme 45. Cyclopropanation of methyl 2-pyrrolecarboxylates 132 and 133.

Further experiments focused on cyclopropanation of 3-acetyl pyrroles 134 and 135.
Unfortunately, attempted reactions of these substrates with tert-butyl diazoacetate in the
presence of Cu(OTf)2. were unsuccessful, and | observed only dimerization of the diazo
compound. Rh-Catalysed decomposition of methyl phenyldiazoacetate (156) in the presence of
pyrrole 134 furnished, in turn, epoxide 158 instead of the desired cyclopropane (Scheme 46).
Processes of this type are known in the literature and are assumed to proceed via ylides of type
J.[86871 Since the reactivity of pyrroles in cyclopropanation reactions decreases with the increase
of the electron-withdrawing character of the nitrogen protecting group, | decided to replace the
phenylsulfonyl moiety in substrate 134 with the tert-butoxycarbonyl one. Disappointingly, also
in the case of N-Boc pyrrole 135 the formation of the desired 2-azabicyclo[3.1.0]hex-3-ene was

not observed.
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o Ph 156 o

2\ w R'O,C
N CO,Me ; 2
(/—g\\ v ﬁ " RAVary
N Rh,(OAc), (1 mol%) : AN

N | R |

R (2 equiv) toluene, 25 °C R P = !
R =Ps 134 158, 48%
R =Boc 135 159, 47%

Scheme 46. Attempted cyclopropanation of 3-acetyl pyrroles 134 and 135.

It has become of my interest if increasing the steric bulk around the ketone carbonyl
group, for example by replacing the methyl moiety with tert-butyl one, would suppress the
formation of epoxide and consequently allow the cyclopropanation to occur. Thus,
| synthesised compound 160 analogously to ketone 134, i.e. by the reaction of
1-(phenylsulfonyl)pyrrole (142) with pivaloyl chloride (Scheme 47). Indeed, epoxidation of
derivative 160 did not proceed, but, unfortunately, the desired cyclopropane was also not
obtained.

Q Ph 156
t-Bu %\
{/ \\ t-BuCOCI (2.8 equiv) A Ny~ "COMe diazoester dimerization
unreacted substrate 160

N SnCl, (3 equiv) N Rh,(OAC), (0.5 mol%)
Ps CH,Cl,, 25°C, 2 h Ps toluene, 25 °C
142 160, 76%

Scheme 47. Synthesis of pyrrole 160 and attempted cyclopropanation.

Given the failure of the transition-metal-catalysed reactions, | attempted to perform
cyclopropanation in a photochemical variant. Gratifyingly, irradiation of the CH2Cl>-solution
of phenyldiazoacetate 156 and substrate 134 with blue light afforded the desired bicycle 1f in
52% yield (Scheme 48). Analogous reaction of N-Boc derivative 135 proceeded even in slightly
better yield of 63%. In neither of the experiments, the formation of epoxide was observed. It
should be added that such a process is feasible under the employed conditions. ]

o) i 156 I6)
H
N~ “CO,Me - Ph
. ¢
/N blue LED |\ "'COMe
g CH,Cly, 25 °C 'F\la H
(2.5 equiv)

R = Ps 1f, 52%
134 or 135 R =Boc 19, 63%

Scheme 48. Photocatalytic cyclopropanation of pyrrole derivatives 134 and 135.

In the further part of my work, | investigated cyclopropanation of ester 136 with
phenyldiazoacetate 156. The first experiment was conducted in the presence of Rh2(OAC)s in
toluene at 50 °C (Table 1, entry 1). The elevated temperature of performing the reaction was
due to the poor solubility of pyrrole 136 in the employed solvent. It turned out that under these
conditions cyclopropanation of 136 proceeds but in low yield. Changing the solvent to CH2Cl>,

in which both derivative 136 and the catalyst are better soluble, allowed to improve the initial
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result to 24% (entry 2). The use of THF (entry 3) or replacing Rh2(OAc)s with Rha(DOSP)4

(entry 4) caused, in turn, that the cyclopropanation did not occur.

Since in all these experiments | observed the formation of significant amounts of products

resulting from dimerization of the diazo compound, in the next attempt, | added the diazoester

solution with a lower rate (1 drop/20 s; Table 1, entry 5). Unfortunately, neither this

modification nor an attempt to improve the efficiency of cyclopropanation by increasing the

concentration of pyrrole did result in the awaited improvement (entries 6 and 7). Likewise, the

reaction performed at 40 °C proceeded with the yield comparable to that achieved at 25 °C.

Changing the stoichiometry had, in turn, a detrimental effect on the process outcome (entry 8).

Table 1. Cyclopropanation of pyrrole-3-carboxylate 136 with methyl phenyldiazoacetate (156)2

Ph 156

MeO,C, coMe  MeOLC H Ph

/Y catalyst (1 mol%) W/COZMe

N N

136 1h
No. Catalyst 136:156 Solvent Temp. [°C] | Yield® [%]
1 Rh2(OAC)4 1:2 toluene 50 8
2 Rh2(OAC)4 1:2 CH.CI, 25 24
3 Rh2(OAC)4 1:2 THF 25 -
4 Rh2(DOSP)4 1:2 CH.CI; 25 -
5¢ Rh2(OAC)4 1:2 CH.CI, 25 20
6¢ Rh2(OAC)4 1:2 CH.Cl, 25 22
7 ha(OAC)4 1:2 CH2C|2 40 27
8 Rh2(OAC)4 1.1:1 CH.Cl, 25 15

2 Reactions were performed on 1 mmol scale using 1 mol% of the catalyst. Diazoester
was dissolved in 2 mL of the solvent and added to the solution of pyrrole 136 in 2 mL
of the solvent with the rate of 1 drop/10 s.

b |solated by column chromatography.

¢ Diazoester solution was added with the rate of 1 drop/20 s.
4 Pyrrole was dissolved in 1 mL of the solvent.

The reactions conducted in the presence of Rh2(OAc)s provided additionally another

product in a ca 1:1 ratio with the target bicycle 1h. Surprisingly, the collected analytical data

were in agreement with structure 164 (Scheme 49).

MeO,C
/

MeOZC 161

MeO,C

LRh
\

_—

136

/,e

MeO,C /' \,CO;Me
RhL,

COZMe

Ph
NPs

163

MeO,C

_ =

6n electrocyclization

Scheme 49. Plausible mechanism for the formation of dihydropyridine 164.
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Since this part of my work aimed at the preparation of bicyclic cyclopropanes, | did not
investigate the pathway on which compound 164 forms. Nevertheless, it may be supposed that
the mechanism involves the ring-opening of the initially formed zwitterionic intermediate 162,
followed by 6m electrocyclization of the resulting azatriene 163 (Scheme 49). A similar
explanation assuming the intermediacy of zwitterionic species was proposed by the group of
Prof. Davies to explain the formation of 7-azabicyclo[4.2.0]octadiene 169 from pyrrole
derivative 165 (Scheme 50).[%81 In this case, intermediate 167 resulting from the opening of the

pyrrole ring underwent successive 8n and 6x electrocyclizations.

A C)
N o = RhL, S o _ Q
2 (‘\ (o] J e} o) o
U\/O — 48 RN — | Y -
N N Y N V4 8n N 6n BocN ol
Boc Boc Boc Boc
66 167 168 169

165 1
Scheme 50. Formation of 7-azabicyclo[4.2.0]octadiene 169 from pyrrole derivative 165.
Among the investigated protocols for the synthesis of bicycle 1h, the most efficient one
turned out to be the photochemical cyclopropanation of pyrrole 136 (Scheme 51). This reaction

proceeded in 52% vyield. As expected, the formation of dihydropyridine 164 was not observed.

Ph 156
MeO,C NZ}\COZM o MeO,C H py
Ps 22 Ps
136 (2.5 equiv) 1h, 52%

Scheme 51. Photocatalytic cyclopropanation of pyrrole derivative 136.

The photochemical approach also allowed successful preparation of bicycle 1i, which was
isolated in 69% yield (Scheme 52).

Ph 156
MeO,C NZ}\COZM o MeOC I pp
Z;g CHbIgT LzEsD °C /N H R
Boc 2= Boc
137 (2.5 equiv) 1i, 69%

Scheme 52. Photocatalytic cyclopropanation of pyrrole derivative 137.

Contrary to the reactions of other pyrrole derivatives, photochemical cyclopropanation of
2,5-dimethyl-substituted substrate 138 gave a noticeable amount of alkylation product (170),
whereby the ratio of compound 170 to cyclopropane 1j was equal to 14:86 (Scheme 53).
Unfortunately, attempts to separate these substances were unsuccessful. The tendency to form
alkylated pyrrole derivatives in the reaction with substrate 138 was even more pronounced in
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the case of diazoester 157. This compound afforded heteroarene 171 in 49%, whereas the

desired cyclopropane was not observed.

Ph Ph 157 Ph 156 H Ph
co;TeE L Py 5 e co,Me
/[g N5 “CO,TCE /@\ N7 CO,Me /W/COZMe A
N blue LED N blue LED N, N
Boc CH,Cl,, 25 °C Boc CH,Cl,, 25 °C Boc Boc
171, 49% 138 (3 equiv) 1j 86:14 170

combined yield: 51%

Scheme 53. Photolysis of diazo compounds 156 and 157 in the presence of N-Boc-2,5-dimethylpyrrole (138).

I11 2 Functionalization of monocyclopropanated pyrroles

I11 2.1. Transformations based on aminomethylenanation

The next part of the studies dealt with the functionalization of synthesised
2-azabicyclo[3.1.0]hex-3-enes. First, | attempted to perform aminomethylenanation of
enecarbamates 1b and 1c with dimethyl(methylene)ammonium chloride (172; Bohme’s
salt).8%%1 The utility of processes of this type arises mainly from the possibility of further
transformations of the introduced side-chain via nucleophilic substitution of dialkylamino
moiety. Although dimethyl(methylene)ammonium ions may be also generated in situ (e.g.
Mannich-type conditions),®%% | decided to employ a preformed salt since this approach
significantly reduces the risk of side-reactions: the use of acids is not necessary, and a higher
concentration of the electrophile allows performing transformations under milder conditions
and in a shorter time.®

Thus, salt 172 was added to a solution bicycle 1b or 1c in dry CH2Cl2, and after 16 h of
stirring, the reactions were worked-up with saturated solution of NaHCO3 (Scheme 54). To my
delight, the desired products 173 and 174 were formed in quantitative yields.

LU 1. (CH3);NCH,CI (172; 3 equiv) Me,N H R
W’Cosz CH,Cl,, 25 °C, 16 h W’COzRZ
N H 2. NaHCOj34q) N, H
quantitative
1b R'=H,R?=tBu 173
1c R'=Ph, R?2=Me 174

Scheme 54. Reactions of enecarbamates 1b and 1c with dimethyl(methylene)ammonium iodide 172.
The possibility of further transformations of the introduced substituent was examined
with compound 173. To facilitate nucleophilic substitution, dimethylamino group was first

quaternized using Mel (Scheme 55).

29



H

Me,N H IMe3N H
L ..CO,t-Bu , __..CO,t-Bu
i Mel (3 equiv) /
‘Y —_—_— l’/

N N
Boc 1 Et,0, 25 °C, 16 h Boc !
173 175, quantitative

Scheme 55. Methylation of amine 173.

Salt 175 was subsequently subjected to the reaction with 4-methoxythiophenolate
(Scheme 56). For this purpose, | dissolved substrate 175 in DMF and then added the solution
of the nucleophile in the same solvent. The expected product 176 was obtained in 76% vyield.

H H

IMe3N : 4-MeOCgH,SH (1.6 equiv) 4-MeOCgH,S :
/z_y"‘cozt'B” NaH (1.3 equiv) /z_y.ucozt-su
e

N
Boc 1 DMF, 0 - 25 °C, 16 h Boc
175 176, 76%

Scheme 56. Reaction of substrate 175 with 4-methoxythiophenolate.

Next, | investigated the possibility of displacing trimethylamine moiety in salt 175 with

an azide group.[®>°71 After several unsuccessful attempts, | found that the desired product 177
may be obtained in very good yield of 94% when a mixture of substrate 175, NaNs, and
18-crown-6 in DMF is heated to 110 °C over 16 h (Scheme 57). The use of crown ether was

essential for the substitution to proceed.

H H
IMe3N = : N N
8 /‘Z—'y‘\\COﬁ-Bu NaN3 (8 equiv) S/Z—y‘ucozt-au
N "/H 18-crown-6 (1.3 equiv) N "/H
Boc DMF, MS 3A, 100 °C, 16 h Boc
175 177, 94%

Scheme 57. Reaction of salt 175 with NaNs.

The utility of organic azides results among others from the possibility of their easy
conversion into corresponding amines. This transformation may be achieved for example by
catalytic hydrogenation[®>°7%8l or via Staudinger reaction.[**-1%2 The latter method features high
chemoselectivity allowing reduction of N3 group i.a. in the presence of the double bond.[*00102]

To evaluate the feasibility of reduction of azide 177 under Staudinger conditions,
| subjected this substrate to the reaction with PPhs in THF (Scheme 58). After TLC had
indicated the complete disappearance of the starting pyrroline, | added to the reaction mixture
water and continued the stirring for 16 h. As a result of the described experiment, | obtained the
desired amine 178 in 93% yield.
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N; H 1. PPhs (2 equiv) H,N H
’z_y.\\cozt-Bu THF, 25°C, 3 h ’b‘\\COﬁ-BU

o N
Boc 2.Hy0,25°C, 16 h Boc H

177 178, 93%
Scheme 58. Staudinger reduction of azide 177.
Next, I examined the reactivity of salt 175 towards sodium diethyl malonate. It turned out
that heating the solution of both substrates and 18-crown-6 in DMF to 90 °C for 16 h furnished
compound 179 in 76% yield (Scheme 59). Conducting the reaction analogously but omitting

the crown ether, | observed low conversion of salt 175.
CH(CO,Et),
H

IMe3N H , y
_.\CO,t-Bu  CH2(CO,EY); (2.8 equiv) ~— .wCO,t-Bu
I NaH (2.6 equiv) I\
N ’/H N ’/H
Boc DMF, 0 °C - 80 °C, 16 h Boc
175 179, 76%

Scheme 59. Reaction of substrate 175 with sodium diethyl malonate.

I11 2.2. Transformations based on formylation
In the further part of my work, I investigated transformations of aldehydes 180 and 181.
These compounds were obtained by formylation of enecarbamates 1a and 1c with Vilsmeier
reagent generated in situ from DMF and oxalyl chloride.[*? The first product was isolated in

72% yield, whereas the second one in 92% yield (Scheme 60).

H & 1. (COCI), (1.2 equiv), 1:4 DMF-DCM, oHc, H &
W'COZMe 0°C, 15 min, then 1, 0 °C - 25 °C, 2 h W/C%Me
N H 2. Nazco:s(aq)r 15 min EOC H

Boc

1a
1c

R=H, 180 72%
R =Ph, 181 92%

Scheme 60. Vilsmeier-Haack formylation of enecarbamates 1a and 1c.

Derivatives 180 and 181 were then treated with NaBH4 in MeOH which allowed selective
reduction of the aldehyde group (Scheme 61). Alcohols 182 and 183 were obtained in 83% and

89% yield, respectively.

OHCc_ H HOH,c. H
- R NaBH, (3 equiv) 2 - R
/ “ICOMe — 5 i "1CO,Me

MeOH, 25 °C N~
Boc H Boc H
180 R=H 182 83%
181 R =Ph 183 89%

Scheme 61. Reduction of aldehydes 180 and 181 to the corresponding alcohols.
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The next experiment aimed at the conversion of aldehyde 180 into the corresponding
nitrile. Among many methods developed for this transformation, %1% | choose the one based
on dehydration of intermediary aldoxime with cyanuric chloride (185).[111% |ts advantages
encompass the easy availability of all reagents and the relatively mild conditions of the process.
Thus, substrate 180 was dissolved in EtOH, followed by the addition of hydroxylamine
hydrochloride and sodium acetate (Scheme 62). After 2 h, the reaction was worked-up, and the
residue obtained after the removal of the solvent was treated with reagent 185 in pyridine. As

a result of this experiment, | obtained the desired product 186 in 68% yield.

cl 185
N
N D—ci

oHc H NH,OHHCI (1.56quiv) | honp  H =N e, H

Z_-y WCO,Me  NaOAc (1.5 equiv) Z—y_\\cozl\ne Cl (4 equiv) Z—y.\\cozl\ne
g “H Na,S0, (excess) ’é‘ “H pyridine, 60 °C, 16 h ’é‘ “H

¢ EtOH, 25 °C, 2 h ¢ ¢

180 184 186, 68% (from 180)

Scheme 62. Conversion of aldehyde 180 into nitrile 186.

To exemplify the possible applications of the obtained products, | employed them in Heck
reaction with 4-methoxyiodobenzene using the previously established procedure.[*?
Interestingly, arylation of alcohol 182 gave as major product aldehyde 188, whereby the
structure of this compound was proven by roentgenographic analysis (Scheme 63). As
illustrated in Figure 7, high-temperature NMR measurements confirmed that the doubling of
signals observed at 25 °C results from the presence of rotamers and not diastereomers.

|
H -

Ho—, H Q OHC
—COMe  MeO 1 . HO N COMe DH—
] (1.5 equiv) | ) 5 CO,Me
N~ Pd,(dba); (5 mol%) VONT T /Oz N '
B 2(dba)s o B B |
o¢ TBAB (2equiv) o oc MeO oc L~

NaHCO; (2.5 equiv)
182 toluene, 80 °C, 6 d 187,21% 188, 52%

Scheme 63. Arylation of enecarbamate 182. X-Ray structure of aldehyde 188.
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110 °C o ouroene

Boc
1
®

_ )

Hea 25 °C
mixture of rotamers o
Boc
/ N
B N o

7473727.17.0696.86.76.6 5857565554535.25.15.03.9383.73.63.5343.33.23.13.02.92.82.72.6 14 13 12 11 1.0

Figure 7. Comparison of *H NMR spectra of compound 188 measured in DMF-d7 at 25 °C and 110 °C. Coalescence of
signals with increasing the temperature indicates the presence of rotamers.

The outcome of the arylation of substrate 182 may be easily understood considering that
the initially formed organopalladium intermediate J may undergo B-hydride elimination
involving hydrogen atom of the side chain (Scheme 64). The resulting enol K tautomerizes
subsequently to the aldehyde form (188) through the opening of the cyclopropane ring. The fact
that aldehyde 188 constituted the major product of the arylation of substrate 182 suggests that

dehydropalladation of adduct J is faster than Pd-migration leading to species L.

H OHC
HOQ LY. CO,Me —
) ) CO,Me
AN — ANy
Boc Boc
K 188
HO Z ‘ CO,Me
AP ON
Boc
L 187 Ar = 4-MeOCgH,4

Scheme 64. Mechanism explaining the formation of products 187 and 188.

Analogous 2-aryl-3-formyl-3-pyrroline 189 was also obtained in the reaction of substrate

183, although in low yield and together with a significant amount of side-products.

HO B pp Pd,(dba)s (5 mol%) OHC
\dll | i —
/z/_y/ CO,Me /@/ TBAB (2 equiv) \ZjYCOZMe
N NaHCO3 (2.5 equiv) /@\ N
MeO 3
Boc toluene, 80 °C, 5d MeO Boc  Ph

183 (1.5 equiv) 189, 16%

Scheme 65. Arylation of enecarbamate 183.

33



The interesting outcome of the arylation of alcohols 182 and 183 prompted me to check
what will happen if the possibility of enolization is suppressed by protecting of the hydroxyl
group. For this purpose, | prepared compound 190 by the reaction of substrate 182 with
triethylsilyl chloride (Scheme 66). The process was conducted in the presence of imidazole in
THF and proceeded in 81% yield. Product 190 turned, however, out to be unreactive under the
employed reaction conditions, most probably due to the steric hindrance of the side chain
(Scheme 67).

H

H .
HO i ) . Et3SiO s
’z—y.\\cozl\ne Et3SiCl (1.4 equiv) 8 IZ_TV"\COZMG
N~ imidazole (1.5 equiv) N~

H H
Boc THF, 25°C, 2 h Boc
182 190, 81%

Scheme 66. Protection of alcohol 182 with triethylsilyl group.

Et,SiO B Pd,(dba); (5 mol%)
~_ ..CO,Me

/ I TBAB (2 equiv)
+ unreacted substrate 190
N "H MeO NaHCO3; (2.5 equiv)

Boc toluene, 80 °C, 5 d

190 (1.5 equiv)
Scheme 67. Attempted arylation of derivative 190.

Finally, I conducted the coupling of 4-methoxyiodobenzene with nitrile 186 (Scheme 68).

As a result, | obtained pyridine 192 in 62% vyield. This reaction outcome may be explained by

in situ oxidation of the initially formed 1,2-dihydropyridine 191.

|
Ne M COMe /©/ NC CO,Me NC CO,Me
Z—y"\ 2 MeO (1.5 equiv) \(j/ \/ ‘
E‘OC’/H Pd_lggfs)é(g mol%) " Eoc —> N
186 NaHCO, (2.5q:lqvljiv) MeO 191 MeO 192, 62%

toluene, 80 °C, 6 d

Scheme 68. Arylation of nitrile 186.

I11 2.3. Attempts on acylation and transformations of 4-acetyl-2-azabicyclo[3.1.0]hex-3-ene

Following the studies on the reactivity of aldehydes 180 and 181, | turned my attention
to acylation of bicycles 1. Conducted previously in our group attempts to perform this
transformation using acyl chlorides in the presence of a Lewis acid resulted in cyclopropane
ring-opening and consequently aromatization of the substrate. Therefore, | decided to try an
alternative approach based on nucleophilic catalysts such as DMAP. To evaluate its
applicability in acylation of monocyclopropanated pyrroles, | employed benzoyl chloride as
a model electrophile and 1,2-DCE as a solvent (Scheme 69). Disappointingly, refluxing the
reaction mixture for 3 days did not result in any visible conversion of bicycle 1b. Likewise, the
reaction did not proceed in the presence of DBU.
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0
H ) H
T \CO.tBU o DMAP (1 equiv), 1,2-DCE S CO.LBU
/ ' 2 reflux, 3d / ' 2
. cl
N 3 N

equiv) or DBU (3 equiv), toluene Boc 1

reflux, 3 d
1b 193

Scheme 69. Attempted benzoylation of substrate 1b.

As next, | attempted to perform acylation in a microwave reactor. In this series of
experiments, | employed besides benzoyl chloride also acetyl chloride and acetyl anhydride as
electrophiles. The used solvents were toluene, 1,2-DCE, and pyridine, whereas the reaction
temperatures ranged from 40°C to 150 °C. Unfortunately, also these attempts were fruitless.

The success of Vilsmeier-Haack formylation of substrates 1 suggested that acylation may
be possible under analogous conditions. To verify this hypothesis, | subjected substrate 1a to
the reactions with Vilsmeier reagent generated from dimethylacetamide, whereby in one
experiment | used for this purpose POCI3z and in the second one oxalyl chloride (Scheme 70).
Regardless of the employed method, at 25 °C | did not observe conversion of the substrate,
whereas increasing the temperature resulted in aromatization. Given the difficulties in acylation
of bicycles 1 on the one hand and the synthetic utility of synthesised amines 173, 174, and
aldehydes 180 and 181 on the other, I did not undertake further attempts on this transformation.

O
H 1. DMA, POCI3/(COCI), H
~— ..CO,Me 1,2-DCE, 0 °Cto 25 °C —..CO,Me
w 6 h, then 1a / /

N "H N "H
Boc 2. NayCO3aq Boc
1a 194

Scheme 70. Attempted Vilsmeier-Haack acylation of bicycle 1a.

Nevertheless, | could obtain 4-acetyl-2-azabicyclo[3.1.0]hex-3-ene 1g by photochemical
cyclopropanation of 3-acetyl pyrrole 135 (see paragraph 1ll 1). To exemplify further
transformations of this product, | subjected it to the reduction with NaBH4 (Scheme 71). As
a result, 1 obtained alcohol 195 in 83% yield. This compound was then used in Heck reaction
with 4-iodoanisole. Based on the results obtained for derivatives 182 and 183, | expected
formation of pyrroline 196 (Scheme 72). Disappointingly, substrate 195 turned out to be

unreactive under the employed conditions.

O OH
H H
- ,Ph NaBH, (3 equiv) - ,Ph
/] "ICO,Me — 5 i "1CO,Me
N MeOH, 25 °C, 3 h N
Boc Boc
19 195, 83%

Scheme 71. Reduction of compound 1g with NaBHa.
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Scheme 72. Expected outcome of the coupling of alcohol 195 with 4-methoxyiodobenzene.

I11 2.4. Hydrogenation of azabicyclo[3.1.0]hex-3-ene-3-carboxylates 1d and le
Continuing the works, | focused on the reactivity of cyclopropanated pyrrole-2-
carboxylates. In the first order, |1 undertook an attempt to reduce the double bond in substrate

1d (Table 2).
Table 2. Reduction of the double bond in substrate 1d

H H
- _Ph = ,Ph
W/cozm.e L W’COQMe
MeO,C N ’,'H MeO,C N "'H
Ts 1d Ts 197
No. Conditions Result

1 | Pd/C (10 wt%), MeOH, H; (balloon), 25 °C, 16 h | no conversion
2 | Rh/C (10 wt%), MeOH, H; (balloon), 25 °C, 16 h | no conversion
3 PtO; (10 wt%), EtOH, H; (balloon), 25 °C, 3 d no conversion

RhCI(PPh3)s (10 wt%), acetone, H (balloon), no conversion
4
25 °C, 2 weeks
5 Pd/C (10 wt%), MeOH, H. (40 bar), 8 h no conversion
6 Rh/C (10 wt%), MeOH, H; (40 bar), 8 h 197, 63%
[RhCI(cod)]2 (1 mol%), Cs2CO3 (10 mol%), .
7 i-PrOH, 60 °C, 16 h no conversion

The experiments in which compound 1d was exposed to normal hydrogen pressure in the
presence of a catalyst such as Pd/C, Rh/C, PtO2, or Wilkinson's catalyst were unsuccessful
(Table 2; entries 1-4). The formation of bicycle 197 was also not observed, using Pd/C and
upon increasing the hydrogen pressure to 40 bars (entry 5). Changing the catalyst to Rh/C
allowed, however, to obtain product 197 in good, 63%, yield (entry 6). Additionally, I attempted
to reduce the double bond under transfer-nydrogenation conditions, but in this case, | could
only recover the unreacted substrate (entry 7).

The conditions developed for N-Ts-protected derivative 1d could be successfully adapted

to its N-Boc analogue 1e. As shown in Scheme 73, product 198 was obtained in 75% yield.
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Boc Boc

1e 198, 75% yield

Scheme 73. Hydrogenation of bicycle 1e.

I11 2.5. Nucleophilic addition to cyclopropanated esters of pyrrole

Surveying the literature concerning the reactivity of cyclic enecarbamates, | found the
works by Rubio’s group describing the additions of carbon nucleophiles to 4-benzyl-2,3-
didehydroprolinates 200 and 201 (Scheme 74).11*1121 The researchers showed that these
transformations proceed stereoselectively in good yields, and to demonstrate the synthetic
utility of the developed methodology they obtained kainoids 205 and 207.
Pyrrolidinedicarboxylic acids of this type receive much research interest**31%! due to their
interesting biological activities above all their neuroexcitatory effect.[!20-1221 The possible
synthetic applications of the resulting products prompted me to examine if also cyclopropanated

esters of pyrrole may react as Michael acceptors.

CeHs CeHs CO,Et
. R'—, CeHs HOC—, CeHs
R COoEt j 6 M HCI
pp—. / _— _ ® o
EtO,C™ Ny EtO,C ™ >\ NaH, THF  EtO,C™ N\ reflux HOC™ N ¢
Boc CO,R CO,R Hy
199 R=Me200 R'=CO,Et 202 70% 205 (from 202)
R' = CH;3C(0) 203 50%
R=tBu201 R =CO,Et 204 50% (from 199)
P N : CO,Et
} HOC HO,C } EtO,C CeHs HO,C CeHs
; : 6 M HCI 1—(
1 [ ' —_—
P HOCY N HO,C™ ™ 1 EtO,C™ ™\ reflux HO,C ﬁ O
| H H ' Cl
' : Boc H,
\  o-allokainic acid (208) B-kainic acid (209) ‘ 206 (from 202) 207

Scheme 74. Michael additions to 4-benzyl-2,3-didehydroprolinates 200 and 201.

| began this part of my research with the reaction between alkene 1d and enolate of diethyl
malonate. Following the procedure proposed by Rubio’s group,*'+12 | first treated malonic
ester with NaH in dry THF at 0 °C and then added substrate 1d dissolved in the same solvent
(Scheme 75). As a result of this experiment, | obtained imine 210 in 82%. Although the
formation of this product seems surprising at first glance, it may be easily explained by the loss
of p-toluenesulfinate by intermediary anion O.
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H o CHACOZEN, 28 equV) (g0, cpHe H gy , ‘
: NaH (2.6 equiv) — ‘ “1CO,Me
MeO,C— " THF, 0°C-25°C, 2 h MeO,C~ N~ P Meb2 H :
H H : & '
Ts : Q$=0
1d 210, 82% ' Ar o

Scheme 75. Addition of malonic ester enolate to substrate 1d.

Encouraged with the positive result, | subjected substrate 1d to the analogous reaction
with malononitrile (Scheme 76). Also this transformation proceeded smoothly to furnish the
expected imine 211 in 79% vyield.

CH,(CN), (2.8 i
I;I Ph 2(CN)2 (2.8 equiv) (NC);HC, |:| o

NaH (2.6 equiv)
/Wfoowe W’COZMe
MeO,C~ " THF, 0°C-25°C, 2h Me0,C N~

Ts H H
1d 211, 79%

Scheme 76. Reaction of malonnitrile with substrate 1d.

Reaction of ester 1d with ethyl acetoacetate required, by contrast, heating to proceed and
provided an inseparable mixture of several products (Scheme 77). The collected analytical data

did not allow to state if it contains the desired adducts.

I;' Ph CH3C(O)CH,CO,Et (2.8 equiv)
/i """COyMe NaH (2.6 equiv)
MeO,C™ >N\ mixture impossible to analyse
H THF, 0°C-60°C,6h

Ts
1d

Scheme 77. Attempted addition of ethyl acetoacetate to ester 1d.

Continuing the studies on the reactivity of pyrroline 1d towards nucleophiles, | attempted
to adapt the employed procedure to 4-methoxythiophenol. Additions of S-nucleophiles to
2,3-dehydroproline derivatives are known in the literature.['?31?51 Unfortunately, in the
investigated example | observed solely the opening of the cyclopropane ring leading to
a mixture of pyrroles. These compounds were also major products of the reaction performed
under phase-transfer-catalytic conditions but in this case, | could also isolate a small amount of
adduct 212 (Scheme 78).

H 4-MeOCgH,s, H
= Ph 4-MeOCgH,SH (1.5 equiv) P
[\ "come . COMe
MeO,C™ ", KoCOj (1.2 equiv) MeO,C™ >Ny
Ts TBAB (0.15 equiv) Ts
" CH4CN, 25 °C, 6 h 212, 16%

Scheme 78. Addition of 4-methoxythiophenolate to substrate 1d.

To investigate the influence of nitrogen protecting group on the outcome of Michael
addition to cyclopropanated pyrrole-2-ester, | conducted a reaction of N-Boc derivative 1e with
diethyl malonate (Scheme 79). As a result of this experiment, | obtained adduct 213 in
82% yield.
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H CH,(CO,Et), (2.8 equiv)

% Ph (EtO,C)pHC,  H by

NaH (2.6 equiv)
/ "''CO,Me "''CO,Me
MeO,C N ."H THF, 0°C-25°C,2h MeO,C N ."H
Boc Boc
1e 213, 82%

Scheme 79. Addition of malonic ester enolate to substrate 1e.
Next, | decided to examine if also ester 1h will undergo Michael addition with enolate
of malonic ester (Scheme 80). Disappointingly, even prolonged heating of the reaction mixture

did not result in any visible conversion of substrate 1h.

MeO.C_ H py CH,(CO,Et), (2.8 equiv)
WICOZMe NaH (2.6 equiv)
N 'oH unreacted substrate 1h
Ps THF, 0°C - 60 °C, 3d

1h

Scheme 80. Attempted addition of enolate of malonic ester to enecarbamate 1h.

The configuration on the newly created stereogenic centres in products 210-213 was
assigned based on NOESY experiments. For illustration, in Figure 8 | presented key
correlations observed for compounds 210 and 213. Accordingly, the attachment of the malonic
ester moiety on the exo face of bicycles 210 and 213 was indicated by nOe’s between H-4 and
aromatic protons, as well as between H-2” and H-5. In the spectrum of adduct 213, | additionally
observed cross-peaks between signals of protons of pyrrolidine ester methyl group and protons
of phenyl residue as well as between signals of protons H-2’ and H-3 - this suggested trans
alignment of substituents at C-3 and C-4. The configuration on C-3 could be also recognized
based on the chemical shift (3.12) of methyl protons of the ester group indicating its endo

position where it is shielded by the ring current of the phenyl substituent.

Figure 8. Key correlations in the NOESY spectra of compounds 210 and 213. Chemical shifts are given for major rotamer.

Products resulting from the presented nucleophilic addition to substrates 1d and le
constitute useful building blocks. It may be supposed that deprotection of the nitrogen atom
will result in opening of the cyclopropane ring.[*?61271 To confirm this, | subjected iminoester
210 to the reduction with NaBH3CN in EtOH-AcOH mixture (Scheme 81).[*2%! In order to
cleave amine-borane complex formed under the employed conditions, | treated crude products
with TMEDA.*?°1 As a result, | obtained the expected amines 214 as a mixture of diastereomers.
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1. NaBH3CN (3 equiv)
EtO,C),HC, H 3 EtO,C),HC
(EtOC)HC, T pyy EtOH-ACOH (10:1) (EtOC)HC, .’IHCOZMe
"'COMe  25°C,3h

Me0,C™ Sy " Me0,C™ >y
2. TMEDA (1 equiv), Et,0 H
210 25°C,1h 214, 83%

Scheme 81. Reduction of iminoester 210 with NaBH3CN.

I11 3 Ring expansion of monocyclopropanated pyrroles

I11 3.1. Arylation of 2-azabicyclo[3.1.0]hex-3-ene-6-carboxylates with diazonium salts

My next research aim was to develop a more efficient protocol for the synthesis of
1,2-dihydropyridines 18 from bicycles 1. | envisaged that this may be achieved by employing
aryl-diazonium salts as coupling partners.

Pd-catalysed arylation of alkenes employing the above reagents is often referred to as
Heck-Matsuda coupling and features mild conditions, short reaction times, and no necessity of
using air- and moisture- sensitive phosphine ligands.[*3-1% These properties result from the
ease with which diazonium salts undergo oxidative addition to palladium and the high reactivity
of the resulting cationic intermediate. Another advantage of using diazonium salts is their ready
availability from the corresponding anilines.

Among an array of interesting publications on Heck-Matsuda coupling, a particularly
important role in my research played the studies on endocyclic enecarbamates 215 conducted
by the group of Prof. Correia. The authors found that arylations of the substrates of this type
with diazonium tetrafluoroborates 216 proceed most efficiently in CH3CN in the presence of
Pd-dibenzylideneacetone complexes (Pd2dbas or Pddbaz) and using NaOAc as a base. The
utility of the developed methodology was demonstrated i.a. with the synthesis of Schramm’s
antiprotozoal C-azanucleoside 217,14 (-)-codonopsinine (218),1*%1 as well as compounds 219
and 220 that may be considered as nitrogen analogues of biologically active styryllactones
(Scheme 82).13¢1

HO,  OH Ho, 0-¢°
N N
MeO H H
(-)-condonopsinine (218) aza-isoaltholactone (219)

Ho  OH 3 @ N,BF, ! HO  OH
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Schramm's C-azanucleoside (217) epi-aza analogue of goniothalesdiol (220)
Scheme 82. Synthetic applications of Heck-Matsuda arylation of endocyclic enecarbamates 215 presented by Correia.
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I commenced the studies on the arylation of monocyclopropanated pyrroles with a series
of reactions between substrate 1b and 4-methoxybenzenediazonium tetrafluoroborate (216a).
The first experiment was conducted under conditions related to those proposed by Correia, 3+
1361 whereby Pddba, was used in an amount of 10 mol% and the diazonium salt in a 1.3-fold
excess (Table 3; entry 1). It turned out that the coupling proceeded already at 25 °C to provide
58% of the desired 1,2-dihydropyridine 18a"“BY together with 7% of the product of double
arylation. To avoid the formation of the latter compound, in the next reactions I employed
a lower number of equivalents of salt 216a (entries 2-4). The best result of 93% was obtained
for 1.05 equiv (entry 3).

Next, | screened several other catalysts commonly used in Heck-Matsuda arylation.
Replacement of Pddba, with Pd»dbas led to a similar, but slightly worse result of 87% (Table
3; entry 5). Palladium sources such as Pd(OAc)2, Pd(PhCN)2Clz, PdCl, turned out to be
significantly less effective giving the desired product in the yields not exceeding 72% (entries
6-8). Likewise, the use of MeOH, acetone, CH2Cl, or THF as a solvent had a detrimental effect
on the process outcome (entries 9-12). Coupling performed in PhCN proceeded, in turn, in 87%
yield which constituted a comparable result to that achieved using CH3CN (compare entries 3
and 13). The fact that arylation of substrate 1b was efficient only in nitrile solvents may be
attributed to their ability to stabilize cationic palladium intermediates formed in the course of
the reaction,[130:132.137]

Many protocols for Heck-Matsuda coupling employ sterically hindered, non-nucleophilic
pyridine bases which are 2,6-di-tert-butyl-pyridine and its 4-methyl congener.[*3-2401 |n my
studies, | tested the second of them and obtained the desired derivative 18a"BY in very good,
86%, yield (Table 3; entry 14). The application of Na,COz caused, in turn, a decrease in the
product amount to 44% (entry 15). Although Heck-Matsuda reactions can be sometimes
performed in the absence of a base,[**14% in the case of the investigated process its presence
turned out to be essential, and the performed control experiment provided only a trace amount
of product 18aBY (entry 16).

The next reaction was carried out at 45 °C, whereas other parameters were identical with
those presented in entry 3 (Table 3). However, this modification did not have any significant
influence on the process outcome (entry 17).

In the last part of the model studies, I investigated the possibility of decreasing the catalyst
loading. It turned out that in the presence of 5 mol% of Pd the coupling proceeded in high, but

considerably lower than the best one yield of 82% (Table 3; entry 18).
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Table 3. Arylation of enecarbamate 1b with 4-methoxybenzenediazonium tetrafluoroborate (216a)?

: .

: CO,t-Bu

W‘.\CO&BU MeO 2162 g
—_ =

R 0
No. Catalyst Equiv of 216a | Solvent Base® Temp. [°C] | Yield® [%)]
1 Pddba; (10 mol%) 1.3 CHsCN NaOAc 25 58
2 Pddba, (10 mol%) 11 CHsCN NaOAc 25 91
3 Pddba, (10 mol%) 1.05 CHsCN NaOAc 25 93
4 Pddba, (10 mol%) 0.67 CHsCN NaOAc 25 70
5 Pdzdbas (5 mol%) 1.05 CHsCN NaOAc 25 87
6 Pd(OAC)2 (10 mol%) 1.05 CHsCN NaOAc 25 72
7 PdCl; (10 mol%) 1.05 CH3CN NaOAc 25 50
8 | Pd(PhCN).Cl, (10 mol%) 1.05 CHsCN NaOAc 25 52
9 Pddba; (10 mol%) 1.05 MeOH NaOAc 25 trace
10 Pddba; (10 mol%) 1.05 acetone NaOAc 25 20
11 Pddba; (10 mol%) 1.05 CHClI, NaOAc 25 <15
12 Pddba, (10 mol%) 1.05 THF NaOAc 25 <15
13 Pddba; (10 mol%) 1.05 PhCN NaOAc 25 87
14 Pddba, (10 mol%) 1.05 CH:CN DTBMP 25 86
15 Pddba; (10 mol%) 1.05 CHsCN Na,COs 25 44
16 Pddba, (10 mol%) 1.05 CHsCN - 25 trace
17 Pddbaz (10 mol%) 1.05 CHsCN NaOAc 45 90
18 Pddba; (5 mol%) 1.05 CH3CN NaOAc 45 82

2 Reactions were performed on 0.5 mmol scale using 3 mL of the solvent for 14 h. ® 3 equiv for NaOAc and
Na,COs, 1.5 equiv for DTBMP. ¢ determined by *H NMR using 1,1,2,2-tetrachloroethane as an internal standard.

Further experiments revealed that the conditions optimized for reagent 216a are not
suitable for electron-deficient diazonium salts — these substrates formed the corresponding
dihydropyridines in only moderate yields and together with a noticeable amount of by-products.
However, when in the reaction of cyclopropane 1b with 4-chlorobenzenediazonium
tetrafluoroborate (216b) I replaced NaOAc with DTBMP, the product yield increased from
53% to 67% (compare entries 1 and 2, Table 4). The amount of the base could be reduced to
1 equivalent without any significant effect on the process outcome (entry 3). Unsuccessful
were, in turn, attempts to use proton sponge or CaCOs (entries 4 and 5).

Further improvement over the results from entries 2 and 3 brought the introduction of
BusNHSO; into the reaction system. Under the conditions modified in this way, the coupling

proceeded in 86% yield (Table 4; entry 6). The process outcome remained virtually unaffected
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after changing the ratio of 216b:1b from 1.1 to 0.67 (entry 7). The next experiment confirmed,
in turn, that the use of DTBMP in excess is not necessary (entry 8). The arylation could be also
successfully conducted in the presence of BusNBF4, however, the achieved result was not as
good as in the case of analogous hydrogensulfate (compare entries 6 and 9). In contrast,
attempts to employ BusNBr or BusNCI resulted in fast decomposition of the diazonium salt,
and the obtained mixture contained unreacted starting material (entries 10 and 11). The next
coupling was performed according to protocol 6, with the exception that the amount of Pd was
decreased to 5 mol%. As a result of this attempt, | obtained product 18b in lower, yet fully
satisfying yield of 70% (entry 12).

Table 4. Arylation of enecarbamate 1b with 4-chlorobenzenediazonium tetrafluoroborate (216b)?

y NoBF,
 .COgtBY /©/ _~_-CO,tBu
W cl 216b \

NoeH b Pddba,, CHyCN, Noe 18b
base, additive, 25 °C cl

No. | Pdamount | Equiv of 216b Base Additive® Yield® [%]
1 10 mol% 1.1 NaOAc (3 equiv) - 53
2 10 mol% 1.1 DTBMP (1.5 equiv) - 67
3 10 mol% 1.1 DTBMP (1 equiv) - 65
4 10 mol% 1.1 proton sponge - -
5 10 mol% 1.1 CaCOs - <10
6 10 mol% 1.1 DTBMP (1 equiv) BusNHSO4 86
7 10 mol% 0.67 DTBMP (1 equiv) BusNHSO4 85
8 10 mol% 1.1 DTBMP (2 equiv) BusNHSO4 87
9 | 10 mol% 1.1 DTBMP (1 equiv) BusNBF, 70
10 | 10 mol% 1.1 DTBMP (1 equiv) BusNCI -
11 | 10 mol% 1.1 DTBMP (1 equiv) BusNBr -
12 5 mol% 1.1 DTBMP (1 equiv) BusNHSO4 70

2 Reactions were performed on 0.5 mmol scale for 14 h using 3 mL of the solvent. ® 2 equiv ¢ determined by
'H NMR using 1,1,2,2-tetrachloroethane as an internal standard.

Given the results obtained for tetrafluoroborates 216a and 216b, | decided to investigate
the scope of the process using two sets of conditions. Arylations with diazonium salts bearing
an electron-donating group (216a, 216c — 216f, 216i) or containing an unsubstituted aromatic
ring (2169, 216h) were performed in the presence of NaOAc (conditions from entry 3, Table
3). For electron-deficient tetrafluoroborates (216b, 216j-216p), | employed DTBMP in
combination with BusNHSO4 (conditions from entry 6, Table 4). Similarly to model substrates
216a and 216b, most of the investigated diazonium salts were prepared directly from the
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corresponding anilines by diazotization employing NaNO. and HBF4. The only exception
constituted 4-phenoldiazonium salt synthesised according to a one-pot procedure from
4-acetamidophenol (221; Scheme 83).[144]

NHAC 1. HBF,, i-PrOH, 90 °C, 3 h /©/N23F4
HO/KJ 221 2.NaNO,, 0°C, 30 min o 216d

Scheme 83. Synthesis of 4-phenoldiazonium salt 216d.

Scheme 84. Arylation of enecarbamate 1b with aryldiazonium tetrafluoroborates 216.

ArN,BF, (216; 1.05 - 1.1 equiv)
H Pddba, (10 mol%)

@JCOZLBU CH4CN, 25°C, 1 h-16h _ | CO,t-Bu
Eoc H 1p for 216a, 216¢ - 216i: NaOAc (3 equiv) Ar Eoc 18

for 216b, 216j - 216p: DTBMP (1 equiv)
BuyNHSO, (2 equiv)

MeO Y % %
Me0:©/ HO AcNH/©/

18atBY 939, 18¢ 72% 18d 80%? (99%P) 18e 77%

o o

18f 65% 189 87% 18h 79% 18is.m.

Q
3

MeO

§

Q

cl
o O o o
cl F
18b 83% 18j 80% 18k 67% 181 68%
Br
Br” i g i NC” :
18m 74% 18n 71% 180 74% 18p 51%

2Product of double arylation (18d*, see experimental part) was obtained in 15% yield. ® Reaction
was performed using 0.5 mmol of salt 216d and 0.75 mmol (1.5 equiv) of cyclopropanated
pyrrole 1b. Yield based on tetrafluoroborate 216d.

s.m. = starting material

Diazonium salts containing electron-donating groups in para (216a, 216d, 216e) and/or
meta position (216c, 216f) provided the corresponding 1,2-dihydropyridies 18a“BY, 18c-f in
good to excellent yields (65% - 93%; Scheme 84). The coupling with phenol derivative 216d
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gave, however, additionally a noticeable amount of double arylation product (15%), and
therefore | decided to repeat this experiment but employing pyrroline 1b in excess (1.5 equiv).
As aresult, | obtained the desired derivative 18d in nearly quantitative yield. Benzendiazonium
(216g) and 1-naphtalenediazonium (216h) tetrafluoroborates also proved to be effective
arylating agents, yielding compounds 18g and 18h in 87% and 79% yield, respectively. In
contrast, coupling was not observed for sterically highly demanding 2,4,6-trimethyl-substituted
salt 216i.

The reaction tolerated not only chloro-substituent but also all other halogens. Arylations
with 4-bromo- and 4-iodobenzendiazonium tetrafluoroborates (216m and 2160) proceeded in
identical, 74%, yield, whereas the use of 4-fluoro analogue 216l led to a slight decrease in the
product amount (68%). In the series of chlorobenzenediazonium salts, para and meta isomers
exhibited similar reactivity (83% and 80%, respectively) and performed better than the more
congested ortho-chlorinated substrate 216k (67%). Interestingly, an analogous difference in the
efficiency of the coupling was not observed for para- and ortho-bromo-substituted salts 216m
and 216n. These electrophiles afforded the corresponding products in comparable yields, equal
to 74% and 71%, respectively. Finally, derivative 18p, containing a para-cyano-substituted
phenyl ring, could be synthesised in 51% yield.

Next, | investigated the scalability of the process. For this purpose, | conducted two
reactions between cyclopropane 1la and 4-methoxybenzenediazonium tetrafluoroborate (216a):
in the first experiment, | employed 0.5 mmol of the substrate and in the second one - 10.45
mmol (Scheme 85). Gratifyingly, not only the yields of both transformations but also the

reaction times were comparable.

NoBF,
] /©/ COM
B ove
ACOMe o 216 @/

%

g -”H ) Pddba, (10 mol%) /©\\" g‘ e
oc a . oc a
NaOAc (3 ,25°C, 16 h
aOAc (3 equiv) MeO
0.5 mmol (120 mg) 85% (147 mg)
10.45 mmol (2.5 g) 81% (2.92 g)

Scheme 85. Scalability of arylation of bicycles 1 with diazonium salts.
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I11 3.2. Transformations of 1,2-dihydropyridines 18
Having determined the scope and the limitations of the developed procedure, | studied
the reactivity of the synthesised 1,2-dihydropyridines 18.

Oxidation to pyridines

A useful application of 1,2-dihydropyridines resulting from the presented Heck reaction
would be the synthesis of corresponding arylpyridines. Compounds of this type play an
important role in pharmaceutical (Scheme 86)[14>14°l and material sciences*>® 151 as well as
serve as ligands in transition-metal-based catalysts.'>#1%61 At the same time, traditional
protocols for the preparation of derivatives like 222-225, based on cross-coupling of suitable

pyridine precursor, suffer from harsh conditions and limited group tolerance.57-1611

AQWO051 (224) acetylcholine
receptor a7 agonist

%

Etoricoxib (225)

SO,Me

222 Az adenosine receptor
antagonist (antiinflammatory,
antiasthmatic)

antidepressant treatment of the symptoms of
activity F osteoarthritis and rheumatoid arthritis

Scheme 86. Biologically active 2-arylpyridines.

A method chosen by me to transform substrate 18a into compound 226a employed DDQ
as an oxidant.*6216% Thys, | added this reagent to a cooled solution of derivative 18a in THF
and stirred the resulting mixture for 2 h (Scheme 87). Extractive work-up followed by column
chromatography provided pyridine 226a in 90% yield.

CO,Me _~_-COMe
DDQ (1.5 equlv) |
NS
Noc THF, 0 C 2h N
18a

MeO 226a, 90%

Scheme 87. Oxidation of 1,2-dihydropyridine 18a.

Importantly, the described oxidation method could be then combined with Heck arylation

of substrates 1 into a one-pot protocol (Scheme 88).[12:164]

1. ArBr/Arl (1.5 equiv), Pdodbag (3 mol%)

H NaHCOj; (2.5 equiv), TBAB (2 equiv) CO-R
W-\\COzR toluene, 80 °C, 1d -2 d = | 2
‘Y ' \S
N H 2.DDQ (2.5 equiv), 0°Ct0 25°C, 16h  Ar" N
oC

Scheme 88. One-pot synthesis of 2-arylpyridines 226 from monocyclopropanated pyrroles 1.
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Reduction of double bonds

Further experiments concerned addition reactions to the double bonds of the obtained
1,2-dihydropyridines 18. In the first order, I investigated hydrogenation using derivatives 18a
and 18aB"as model compounds.

It turned out that substrates 18a and 18a'B! exposed to hydrogen in the presence of Pd/C
formed regioselectively tetrahydropyridines 90 and 90%B" in 75% and 79% yield, respectively
(Scheme 89). An equally well result while shortening the reaction time was achieved with Rh/C

as a catalyst at 40 bar of hydrogen pressure.

Method A: H, (balloon)

CO,R CO,R
= | 2 Pd/C (10 wt%), THF, 25 °C, 16 h | 2
N . N
Boc Method B: H; (40 bar) Boc
MeO RN/C (5 Wt%), THF, 25°C,3h  MeO
18a R = Me 90, 75%
18atBu R = t-Bu 90BY, method A: 79%; B: 81%

Scheme 89. Catalytic hydrogenation of substrates 18a and 18a%8.

Subsequent attempts to reduce also enecarbamate double bond in dihydropyridines 18a
and 18aB" employing higher hydrogen pressures (up to 60 bar) and/or other transition-metal
based catalysts (PtO2, Pd(OH),/C, Raney nickel, Crabtree’s catalyst) unfortunately failed

yielding corresponding tetrahydropyridines together with various amount of by-products.
Likewise, the experiments in which isolated compound 90 was treated with NaBH3CN
or NaBH; were unsuccessful.

The next evaluated procedure encompassed the use of EtsSiH/TFA as a reducing
system.[*%%1 The reaction was conducted at 50 °C for 3 h and subsequently worked up with an
aqueous NaHCOs solution (Scheme 90). Gratifyingly, as a result of this experiment, | obtained
the desired methyl 6-arylnipecotinate 91, whereby this compound was formed as a ca 8:2
mixture of diastereomers. Crystallization of the crude products from MeOH vyielded the major
of them in 75% yield. Based on the obtained crystal structure, this compound was identified as
the more thermodynamically stable trans-diastereomer. The subsequent experiment revealed

that when 1,2-DCE is used as a solvent, the amount of the acid may be decreased to 10 equiv.

1. Et;SiH (3 equiv), TFA (neat), 50 °C
COzMe or Et3SiH (3 equiv), TFA (10 equiv) CO;Me
L 1,2-DCE, 50 °C '
YN
/@ Boc 2. NaHCO3 /@
MeO 920 3. Crystallization MeO 91 75%

Scheme 90. Reduction of tetrahydropyridine 90 and X-Ray structure of the obtained product 91.
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Dihydroxylation

The next envisioned transformation of substrate 18a“B" was cis-dihydroxylation. The
method employed for this purpose involved the use of K2OsO4 as a non-volatile OsO4 precursor
in combination with KsFe(CN)s as a co-oxidant (Scheme 91).11%61 The process was conducted
in the presence of KoCOs and MeSO2NH: in a t-BuOH-H>0O solvent system. From the post-
reaction mixture, | isolated one product whose spectral data suggested that dihydroxylation
occurred regioselectively on the less substituted double-bond. This assignment was
unequivocally confirmed by roentgenographic analysis of the grown crystal. The obtained
crystal structure also revealed that the addition took place on the site of the molecule opposite

the aryl substituent.

OH / ‘
_~_-CO,t-Bu HO CO,t-Bu . Y =
‘ K,0s04 2H,0 (5 mol%) ‘ .
/@\“' N K3Fe(CN)g (3 equiv) WISN Vs
Boc MeSO,NH, (1 equiv) Boc
MeO 18a*Bu K,COj3 (3 equiv), 2:1 -BuOH-H,0 MeO 227, 52% \ /‘
25°C,16 h

Scheme 91. Dihydroxylation of 1,2-dihydropyridine 18a%8! and X-Ray structure of diol 227.

Bromohydrination

Undertaken in the following part of the work attempts on bromohydrination of diene
18aBU using NBS-H0 system revealed that the regioselectivity of this process depends on the
employed reaction conditions (Scheme 92). The transformation performed in a 7:1 mixture
DMSO-H:0 yielded 1,4-bromohydrin 228 in 61% yield. Increasing the content of water caused
that 1,2-adduct 229 started to form, and for DMSO-H-O ratio equal to 4:1, this product
constituted the major regioisomer. Unfortunately, the use of a higher amount of water led to
a significant decrease in the solubility of substrate 18a'B! resulting in its incomplete conversion.
Searching for conditions allowing a more efficient synthesis of 3-bromo-4-hydroxy-1,2,3,4-
tetrahydropyridine 229, | examined mixtures of water with several other organic solvents (THF,
DMF, DME, MeCN, acetone). Disappointingly, product 229 was formed in these reactions in

a small amount or was not detected at all.
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Brai, - CO2tBU s (1.5 equiv) A~ -CO2tBU g (15  NBS (15 equiv) _ CO.t-Bu A 7
_ — 77 [ N \, |
Ar N7 YOH DMSO-H,0 (7:1)  Ar™ "N DMSO H,0 (4:1) ™ /_r/—_‘-—\

Boc 0°Cto025°C, 0.5h Boc 0°Cto25°C, 1.5 h Boc
228, 61% 18afBu 229, 45%

Ar = 4-MeOCgH, 7\

Scheme 92. Bromohydrination of 1,2-dihydropyridine 18atB! and X-Ray structure of 1,2-adduct 229.
In the case of 1,2-isomer 229, | was able to obtain a crystal suitable for roentgenographic
analysis (Scheme 92). The collected data were in agreement with the approach of NBS from
the face of the double bond opposite the aryl group, analogously as it was observed for OsO4

in dihydroxylation reaction (vide supra).

Cyclopropanation

In the next experiment, a solution methyl phenyldiazoacetate (156) in petroleum ether
was slowly added to a mixture of dihydropyridine 18a*B" and Rh2(OAc)4 in the same solvent
(Scheme 93). As a result of this attempt, | obtained selectively bicycle 230 in 72% yield. The

structural assignment of this compound was unequivocally confirmed by X-Ray

CO,Me
Ny (156; 1.5 equiv) PhG H -(
\E-j/cozt-su \ /\\—7\
\ .

crystallography.

CO,t-Bu
@/ 2 PhACOZMe Hee
SN Rh,(OAc), (1 mol%) TN
Boc PE 25 °C Boc
MeO MeO

18atBu 230, 72%

Scheme 93. Cyclopropanation of 1,2-dihydropyridine 18aB" and X-Ray structure of the obtained product 230.
Nitroso Diels-Alder reaction

1,2-Dihydropyridines may also participate as a 4-carbon component in various types of
[4+2] cycloadditions.*®1 An important example of such transformations constitutes nitroso
Diels—Alder (NDA) reaction in which the role of a dienophile is played by a nitroso-
compound.*8-171 This process allows regio- and stereoselective installment of nitrogen and
oxygen functionalities on the piperidine ring and at the same time features mild reaction

conditions and broad functional group tolerance.
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| commenced the attempts on performing an NDA reaction on 1,2-dihydropyridine 18a*Bv
using nitrosobenzene as a dienophile. Based on the previous reports,[*"2-1751 | expected that the
addition will proceed with the regioselectivity shown in Scheme 94, giving the so-called direct
isomer 231. Unfortunately, the generated cycloadduct turned out to be prone to undergo a retro-
Diels-Alder reaction which hampered its purification. The liability of products formed in
reactions between nitrosoarenes and 1,2-dihydropyridines is, however, a known problem in the

literature.[172174]

Ph
expected product

/
B N
@/COﬂ u PINO (2 equi) Ar O/ (direct cycloadduct)
Ny —_— >/ Ar = 4-MeOCgH,
CH,Cly, 25 °C, 2 h /
/@ Boc 272 BocN
MeO 18atBu 231 CO,t-Bu

Scheme 94. Cycloaddition of 1,2-dihydropyridine 18at8" with nitrosobenzene.

Therefore, | turned my attention to acyl nitroso dienophiles. Reactions of these substrates
with 1,2-dihydropyridines proceed with the regioselectivity opposite to that observed for
nitrosoarenes to afford significantly more stable inverse cycloadducts."17¢! The difference in
the behaviour of aryl and acyl nitroso compounds was explained by both electronic and steric
factors.[*””1 Due to the very high reactivity, acyl nitroso derivatives are generated in situ, most
commonly through oxidation of the corresponding hydroxamic acid.[%81 Other useful
precursors of these reaction partners are nitrile oxides and 9,10-dimethylanthracene adducts.[*7!

The dienophile chosen by me for the studies was N-Boc nitrosoformate. Thus, | treated
a mixture of 1,2-dihydropyridine 18a and tert-butyl hydroxycarbamate in a 3:1 MeOH-H,0
solvent system with NalOs (Scheme 95).117%1 As a result of this experiment, | obtained
cycloadduct 232 in 75% yield.

Ar.
@Coz'\/‘e BocNHOH (1.5 equiv) Bo\ck

NalO4 (1.5 equiv) ‘0
o N \
Boc MeOH-H,0 (3:1 v/v) NBoc
MeO

18a 0°C,3h MeO>C 232 759,

Scheme 95. Cycloaddition of N-Boc nitrosoformate to 1,2-dihydropyridine 18a.

Almost all synthetic applications of nitroso Diels-Alder reaction involve reductive
cleavage of N-O bond in prepared cycloadducts. Reagents!*® commonly used for this purpose
encompass zinc in acetic acid,[® molybdenum hexacarbonyl,[*8? titanium(I11) salts,[*%1 or
samarium diiodide.l**1 N-O bond may be also cleaved by catalytic hydrogenation™®! or under

photocatalytic conditions.*!
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The method | decided to test involved the use of Mo(CO)s. Thus, | heated the mixture of
this reagent and cycloadduct 232 in wet CH3CN to 70 °C, and after 3 hours I observed full-
conversion of the substrate (Scheme 96). Interestingly, the analytical data of the isolated
product were in agreement with structure 233. Formation of bicycles analogous to compound
233 from cycloadducts generated from 1,2-dihydropyridines and carbamate-nitroso compounds
has been, however, observed also by other authors, and its plausible mechanism involves formal
[3.3]-sigmatropic rearrangement and subsequent hydrolysis of the resulting 5,6-dihydro-1,4,2-
dioxazine.[*”"1871 This proposal strongly supports the isolation of intermediates of type 234 in

the case of related benzoyl-carbamate-derived substrates.[77:187]

o}
Ar.
B\,\ Mo(CO)s (1.3 equiv) er‘l)ko
N 5 o} CO,Me
MeOC .\ \ CH3CN-H,0 (7:1), 70 °C, 4 h L
N AN
)\ 60% Boc
232 77OtBu o 233

I
N
O

Ar = 4-MeOCgH,

Scheme 96. Rearrangement of cycloadduct 232.
Oxidation of aryl moiety

Another possible application of the prepared 1,2-dihydropyridines 18 constitutes the
synthesis of pipecolic acid derivatives by oxidation of the aryl moiety, for example using RuCls-
NalO4 system. Before performing this transformation, it was, however, necessary to reduce
both double bonds and to protect the nitrogen atom with a group that would be stable under the
oxidation conditions (Scheme 97). Such protection is i.a. tert-butyloxycarbonyl. Conversion of
derivative 235 into acid 236 was carried out in an EtOAc-CH3CN-H20 mixture at 25 °C.[18]
The product was, however, not isolated but directly converted into the corresponding methyl
ester in the reaction with diazomethane. As a result of this oxidation-methylation sequence,
| obtained the desired derivative 237 in 65% yield.
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N

. Hy (balloon), Pd/C
THF, 25°C, 16 h

CO,Me Boc,0 (2 equiv) CO,Me
. E;SiH (3 equiv) O/ EtN (2 equiv) O’
1o W e (7
TFA (10 equiv) H Boc
1,2-DCE, 50 °C,3h MeO 91 CH,Cl;,25°C,16h MeO 235, 81%

DMAP (0.2 equiv)
3. NaHCO;,3

N

(j/COZMe
|
\‘\l N
H
MeO 18a

RuCl3 (0.12 equiv),
NalO4 (17 equiv)
EtOAc:H,0:CH3CN (1:2:1)
25°C,4h

CO,Me CO,Me
O’ CH,Ny, Et,0 O’
-
MeO,C" "N HO,CY N
Boc Boc
237, 65% (from 235) 236

Scheme 97. Synthesis of diester 237.

I11 3.3. Vinylation of enecarbamate 1b
Continuing the works on Pd-catalysed ring expansion of substrates 1, | undertook an
attempt to extend this methodology on vinylic coupling partners. For this purpose, | conducted

several reactions between enecarbamate 1b and p-bromostyrene (238; Table 5).

Table 5. Vinylation of enecarbamate 1b with S-bromostyrene (238)2

H

i CO,t-Bu X Br A, -C0atBu
At |
“ Ph/\““ N

NP 16 catalyst, solvent, N 239
base, TBAB, 85 °C
No. Catalyst Solvent Base Yield® [%]
1 Pddbas (5 mol%) DMF NaHCO3 33
2 Pddbas (5 mol%) CH3CN NaHCO3 <15°¢
3 Pddbas (5 mol%) CH3CN/H0 NaHCO3 30
4 Pddbas (5 mol%) DMF Cs2CO3 <15°¢
5 Pd(OAC)2 (10 mol%) DMF NaHCO3 29
6 Pd(OAC). (10 mol%) CH3CN/H;0 NaHCOs; 30
7 Pd(PPhs),Cl, (10 mol%) DMF NaHCO3 trace®
8 | PdCI; (10 mol%), dppp (30 mol%) DMF NaHCO3 trace®
9 | PdCl; (10 mol%), dppf (30 mol%) DMF NaHCO; 34¢
10 | Pd(dppf)Cl-CH:Cl, (10 mol%) DMF NaHCOs3 42

@ Reactions were performed on 0.5 mmol scale using 2.5 equiv of bromide 238, 2.5 equiv of the base, 2 equiv of
TBAB, and 3 mL of the solvent. ® determined by *H NMR using 1,1,2,2-tetrachloroethane as an internal standard.
¢ mainly unreacted substrate 1b according to NMR of the crude reaction mixture. ¢ 2 equiv of bromide 238 were
added after 2 d.

The obtained results were, however, little satisfying — the reactions were slow (3 - 7 d),
resulted in the formation of a significant amount of by-products, and the highest achieved yield
of the desired compound 239 was equal to 42% (Table 5; entry 10). Nevertheless, these initial
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studies confirmed that vinylation of enecarbamates 1 is possible and may serve as the basis for
further optimization.

To illustrate the possible synthetic applications of 2-vinyl-1,2-dihydropyridines,
| subjected compound 239 to catalytic hydrogenation (Scheme 98). As a result of this attempt,
| obtained derivative 240 in 72% yield.

CO,t-Bu CO,t-Bu
= | 2 H, (balloon) | 2
XN > N
Boc Pd/C, MeOH Boc
25°C, 16 h

239 240, 72%

Scheme 98. Catalytic hydrogenation of 1,2-dihydropyridine 239.

I11 3.4. Ring-expansion of 6-phenyl-2-azabicyclo[3.1.0]hex-3-ene-6-carboxylate 1c

Having completed the studies on Heck-type coupling of cyclopropane 1b, I turned my
attention to its gem-disubstituted congener 1c. As | already mentioned, this substrate turned out
to be inert under the initial Heck-coupling conditions, which was explained with the formation
of organopalladium species C’ unable to undergo either B-hydride elimination or reductive
elimination (Scheme 99).1*2 According to this proposal, the use of a suitable nucleophile should

allow the synthesis of tetrahydropyridines 241.

H H Ph

= Ph XPd,_ 2 Pph _~J\CO,Me _ “P‘EO
-, —_— W ., —_— K . —_— w

N H AN AN PX AN N

Boc Boc Boc Boc

1c B' c 241

Scheme 99. Arylation of enecarbamate 1c in the presence of a nucleophile.

A role of such a trapping reagent could play for instance water introduced to the reaction
mixture. To verify this hypothesis, | subjected substrate 1c to the reactions with
4-methoxybenzenediazonium tetrafluoroborate (216a) in a 4:1 CH3CN-H2O mixture using the
catalytic system developed for analogous arylation of cyclopropane 1b (see paragraph 111 3.1).
The choice of diazonium salts as coupling partners for these studies was associated with the
cationic character of formed intermediates facilitating their reaction with nucleophiles.

In the case of the experiments performed at 25 °C and 45 °C, | could only recover
unreacted substrate 1c. Increasing the reaction temperature to 65 °C resulted, however, in full
conversion of the substrate, and from the resulting mixture, | isolated expected lactamols 242a
in 65% overall yield (Table 6; entry 1). Encouraged with this positive result, I undertook the

optimization of the conditions for arylation of enecarbamate 1c.
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Table 6. Arylation of enecarbamate 1c with 4-methoxybenzenediazonium tetrafluoroborate (216a)?

N,BF
H pn /©/ e Ph

Ao M

Wcoz'\"e MeO 216a (\L 2ne

N IIH

NN O

No. | Catalyst | Equiv of 216a Solvent Base (equiv) Additive Yield® [%]
1 Pddba, 1.3 CH3CN-H20 4:1 NaOAc (3) - 65
2 Pddba; 13 CH3CN-H,0 4:1 NaOAc (1) - 54
3 Pddba; 13 CH3CN-H,0 4:1 DTBMP (1) - 85
4 Pddba; 13 CH3CN-H,0 4:1 | 2,6-lutidine (3) - -
5 | Pddba; 1.3 CHsCN-H,0 4:1 | Cy,NMe (3) - -
6 | Pd(OAC), 1.3 CH3;CN-H,04:1 | DTBMP (1) - 64
7 Pdtfa, 13 CH3CN-H20 4:1 DTBMP (1) - 53
8 Pddba; 11 CH3CN-H20 4:1 DTBMP (1) - 90
9 Pddba; 11 CH3CN-H20 4:1 DTBMP (1) BusNHSO4 68
10 | Pd(OAc); 1.1 CHsCN-H,04:1 | DTBMP (1) | BusNHSO, 55

@ Reactions were performed on 0.5 mmol scale using 10 mol% of the catalyst and 3 mL of a 4:1 CH3CN-H,O
mixture. ® Isolated by column chromatography.

Since organopalladium intermediate C* may also undergo a competing reaction with
acetate anion, the next arylation was carried out employing a lower amount of NaOAc (Table
6; entry 2). This modification led, however, to a worse result of 54%. A better idea turned out
to be the use of DTBMP as a base which allowed to obtain the target compound 242a in 85%
yield (entry 3). Furthermore, the reaction proceeded with virtually complete
diastereoselectivity. In contrast, coupling was not observed in the presence of 2,6-lutidine or
Cy2NMe (entries 4, 5). In the next experiments, | investigated the possibility of employing
Pd(11) sources such as Pd(OAc). and Pdtfaz (entries 6, 7). Similarly to the case of cyclopropane
1b, catalysts of this type were not as effective as Pddba, giving product 242a in 64% and 53%
yield, respectively. On the other hand, changing the number of equivalents of the employed
diazonium salt from 1.3 to 1.1 resulted in an improvement of the results to 90% (entry 8). The
attempt to further enhance the efficiency of the process by introducing BusNHSO;4 into the
reaction system was, however, unsuccessful (entry 9). For comparison, | conducted an
analogous experiment using Pd(OAc) (entry 10). Also in this case, the yield of the obtained

product was lower than that achieved with Pddbas.
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The structure of the obtained diastereomer was assigned based on the spectral data, and
the final proof provided X-ray analysis of the obtained crystal. The NMR measurements were
conducted at elevated temperature since the existence of the analyte as a mixture of rotamers
caused doubling and significant broadening of the signals in the spectra recorded at 25 °C. The
influence of conditions on the shape of the NMR signals is illustrated in Figure 9.

N

/\TM\\—/

25°C
[ ]
rotamers
rotamers
JL J NU\ & &
P AN
DMF-d~ 70 °C
[ ]
DMF-d-
110 °C

® pvF

T T T T T T T T T T T T T T T T T T
82 80 78 76 74 72 7.0 68 66 64 6.2 60 58 56 54 52 50 4.8

Figure 9. Comparison of *H NMR spectra of compound 2,6-syn-242a measured under different conditions.

Unlike in the case of compound 242a, purification of other hemiaminals turned out to
be difficult which resulted i.a. from their tendency to undergo dehydration under the reaction
conditions. Therefore, | decided to subject the product mixture to reduction with EtzSiH/TFA
directly after the work-up.
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Scheme 100. Arylation of substrate 1c with diazonium salts 216.

ArN,BF,4 (216; 1.1 equiv)

H  come - Pddba; (10 mol%), DTBMP (1.5 equiv) CO,Me
T 292ME 54 CHLCN-H,0, 65 °C, 16 h A Nph
{/ K 7~Ph
N H 2. Et3SiH (1.5 equiv), TFA (10 equiv) AN
Boc 1,2-DCE, 25 °C, 2 h H
1c 243
oty ot ot o
MeO MeO HO cl I
243a 85% 243b 67% 243c 88%2 243d 73% 243e 70%

2 Reaction was performed using 0.5 mmol of 4-phenoldiazonium tetrafluoroborate (216d)
and 0.75 mmol (1.5 equiv) of cyclopropanated pyrrole 1c. Yield based on salt 216d.

Whereas model 4-methoxybenzenediazonium tetrafluoroborate (216a) subjected to the
developed reaction sequence furnished the corresponding product 243a in 85% yield, the use
of 3,4-dimethoxy-substituted coupling partner led to a somewhat worse result of 67% (243b;
Scheme 100). Gratifyingly, 4-phenoldiazonium salt turned out not only to be a suitable substrate
but also provided the desired tetrahydropyridine 243c in very good yield of 88%. The latter
experiment was, however, performed using pyrroline 1c in excess. Employed to 4-chloro- and
4-iodobenzendiazonium tetrafluoroborates, the protocol allowed, in turn, the synthesis of
derivatives 243d and 243e in 73% and 70% yield, respectively. In contrast, reactions with
benzendiazonium and 1-naphtalenediazonium salts were unsuccessful. This may be associated
with the lower thermal stability of unsubstituted diazonium tetrafluoroborates.

Products resulting from the developed ring-expansion of bicycle 1c may be easily
transformed into corresponding piperidines. For instance, hydrogenation of hemiaminal 2,6-
syn-242a in the presence of Pd/C gave the expected heterocycle 244 in 75% yield (Scheme
101). Treatment of this compound with TFA in the presence of Et3SiH provided derivative 245
in 93% yield. It should be noted that maintaining the described order of steps was essential for
the successful synthesis of piperidine 245 — attempted hydrogenation of derivative 243a under
standard conditions furnished only a low amount of product, which was most likely due to the

poisoning of Pd-catalyst.

P ;Cgﬁ""e _:Cgﬁ""e Et;SiH (1.5 equiv) _:CSﬁMe
H, (balloon) O‘ TFA (10 equiv) O‘
" Eoc on PaiC, MeOH /©\\ Eoc oH 1,2-DCE, 25°C, 2 h ' H
25°C, 16 h
MeO 2,6-syn-242a MeO 244, 75% MeO 245, 93%

Scheme 101. Transformation of lactamol 2,6-syn-242a into piperidine 245.
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To demonstrate the possibility of trapping intermediate C’ with other nucleophiles,
| subjected enecarbamate 1c to the reaction with 4-methoxybenzenediazonium
tetrafluoroborate (216a) in the presence of sodium formate. This salt should serve not only as
a hydride donor but also as a base. As shown in Scheme 102, the performed experiment
provided the desired tetrahydropyridine 246 in 47% yield. Maintaining anhydrous reaction

conditions was necessary to avoid the formation of lactamols 242a.

:H Ph Ph
W’COZMe /©/N25F4 Pdydbag (5 mol%) @ 1CO,Me
", + .
, Sy

Eoc H MeO HCO,Na (3 equiv), CH;CN /@ Boc
MS 3A,65°C,16h  MeO 246, 47%

1c 216a (1.3 equiv)

Scheme 102. Coupling of substrate 1c with 4-methoxybenzenediazonium tetrafluoroborate (216a)
in the presence of HCO:2Na.

The structure of the obtained derivative 246 was assigned based on NMR studies. This

assignment was confirmed by X-ray analysis of hydrogenation product 247 (Scheme 103).

COzMe CO,Me
(j——Ph H,, (balloon) Ph _\<
/@ N Pd/C, MeOH /@
Boc
MeO 247, 86%

Boc 25°C, 16 h
246

Scheme 103. Hydrogenation of compound 246. X-Ray structure of the obtained product 247.
114 Application of 6-aryl-piperidine-3-carboxylic acids in peptides — initial results
As | noted in section Il 1, nipecotic acids constitute useful building blocks for the
preparation of peptides. The influence of the parent compound (19; Figure 2) on the
conformation of a peptide backbone was studied by the group of Prof. Gellman.[3%-4:181 On the
basis of the spectral data, the authors found that dipeptide composed of two different
enantiomers of nipecotic acid (248; Figure 10) formed in CH2Cl; solution a reverse turn

stabilized by a 12-membered ring hydrogen bond. In contrast, a structural preference of this

type was not observed either for homochiral diastereomer 249 or derivatives 250 containing an

S5

acyclic p-amino acid in the first position.

o*@ o*g

o HITJ/\O o H o NH
248 250a (R) Nip
250b (S)-Nip

Figure 10. Model dipeptides studied by Gellman and co-workers. Dashed lines symbolise hydrogen bonds.
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Each stereoisomer of dinipecotic acid moiety was subsequently evaluated for its ability
to induce formation of an antiparallel B-sheet structure. For this purpose, the researchers
synthesised a range of model tetrapeptides such as compounds 251 (Figure 11).139-4%18 The
spectral data revealed that both heterochiral dinipecotic acid segments are compatible with
hydrogen bonds between the attached strand residues, although the (R,S)-configured subunit is
more effective as a hairpin inducer than its (S,R)-isomer. As expected, neither of the homochiral

diastereomers promotes p-sheet formation.

) OIE o*i; 0*@

i-Pr. i-Pr.

So- 1y o o HN o HN o NS0
Oj/NH O\w/l\/lPr j/NH Ow/]\/lPr j/NH Oﬁ/]\/lPr j/NH Oﬁ/]\/i—Pr
2512 M€z 2516 M€z 1c NMez 2510 M€z

hairpin (doubly hydrogen bonded) conformation no hydrogen bonding

Figure 11. Tetrapeptides 251 containing dinipecotic acid segment studied by Gellman and co-workers. Dashed lines
symbolise hydrogen bonds.

The obtained results served then as a basis for the design of semisynthetic ribonuclease
A.B8 The scientist proved that the replacement of two native turn residues (Asn113-Pro114)
with (R,S)-dinipecotic acid segment not only does not influence the catalytic activity of the
enzyme but also enhances its conformational stability.

In the literature, there is also a work published by Bucci and describing peptides 253
modified with compound 252 (B-TIC; Figure 12).1%! The chemists stated that molecules
comprising (R)-enantiomer of this rigid scaffold assumed in solution two different turn
conformations in a 1:1 ratio. For the first of them (253aF), they proposed a 12-membered ring
hydrogen bond connecting the carbonyl group of alanine with the amine function of valine. The
second conformation (253a%) was, in turn, stabilized by the interaction between NH of valine
and C=0 of the Fmoc moiety. Peptide comprising (S)-p-TIC existed, by contrast, as a mixture
of three conformers in a ratio of 1:0.6:0.1. The authors characterized only the two major
isomers, but neither of them adopted a preferred conformation.

i-Pr

\
%j)HN 7 N k /\)k kcoan
!
EN N o N
N
H

@
HNTTO 7\?? 253b
\)\O l o o%w/ /I/-INY,‘_PI- \/&O

_N_ BnOyC .
B-TIC (252) Fmoc™ H - HNYO C0,Bn
253af d 253aZ

@

Figure 12. Tetrapeptides 253 containing S-TIC analysed by Bucci and co-workers. Dashed lines symbolise hydrogen bonds.
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The results reported by Bucci®™ prompted us to investigate whether analogous
oligopeptides 256 comprising derivative 91 will show similar behaviour and adopt a turn
structure (Scheme 104). We supposed that the aryl substituent of compound 91 will not only
ensure the rigidity of the piperidine ring but also restrict E-Z isomerisation about the tertiary
amide bond. The synthesis of peptides 256 as well as the NMR studies was conducted by
Francesco Feola (cooperation with the group of Prof. Gelmi, University of Mailand).[** The
synthetic strategy he followed commenced with the coupling of alanine with racemic derivative
91. After the separation by column chromatography, diastereomers 254 were subjected to
hydrolysis with LiOH, and the resulting acids 255 were subsequently coupled with B-Ala-Val-
OMe moiety.?

CO,Me CO,Me WCOy,Me
O/ Boc Ala-OH (j/
AN N

N
o o
NHBoc NHBoc
MeO (£)-91 MeO %\r MeO O%\r
254a 254b
separated by column chromatography

COR i /\)O'L ’;"D\r
2
O/ B-Ala-Val-OMe (j)L N N” " COMe
W —_— .
@ ! SR
NHBoc
NHB
MeO o%\r MeO O}»\r oc  256a

254a R = Me
255aR = H
WCOR ‘k /\)k
—»
NHB°° NHBoc 256b
254bR Me
255b R = H

Scheme 104. Synthesis of model tetrapeptides 256a and 256b. Conditions: (a) Boc-Ala-OH (1.1 equiv), EDCCI (1.1 equiv),
Oxyma (1.1 equiv), DIPEA (1.1 equiv), CH2Clz, 25 °C, 48 h; 73% overall yield. (b) LiOH (3 equiv), 1:1 THF-H20, 25 °C, 3 h;
255a 95%, 255b 98%. (c) p-Ala-Val-OMe (1.1 equiv), EDCCI (1.1 equiv), Oxyma (1.1 equiv), DIPEA (1.1 equiv), CH2Cly,
25 °C, 48 h; 256a 75%, 256b 72%.

The collected analytical data confirmed our hypothesis that 91-B-Ala dipeptide may act
as a turn inducer.[*®1 For the first investigated diastereomer of compound 256, we observed the
formation of two turn-conformations in a ca 6:4 ratio (256a% and 256aF; Figure 13). Variable
temperature NMR experiments indicated that in both of them amine proton of alanine was
involved in a strong hydrogen-bond (low AS/AT for NH of alanine). In the case of the second
tetrapeptide (256b), one of the detected conformers significantly predominated, and only this

species was characterised. The pattern of the observed rOe signals resembled that exhibited by

2 Absolute configuration of the residue of 91 in compounds 254-256 was tentatively assigned.
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isomer 256a%. The relatively high AS/AT value determined for NH of alanine suggested,

however, only moderate stability of this conformation.

H 2 t'proR
"N L HproS

R Hog™ N
~ . P eq
A @, H oFX f‘*H ®) AN o
0= N .-_HN \ o) HN
NN Me! ,
R | . P
Me H<<Eeﬁ’/' ‘L\COZMe 1{N\BOC MeO,C i-Pr

256aZ 256af

Figure 13. Conformations proposed for tetrapeptide 256a. Arrows indicate diagnostic rOe’s.

To determine whether elongation of a peptide chain will influence the distribution of
tertiary amide rotamers, Feola prepared pentapeptide 257 (Scheme 105). NMR data indicated
that again two isomers were present in a 6:4 ratio. Contrary to the case of precursor 256a, the
major of them was, however, identified as Z rotamer. This preference resulted most probably
from the fact that only such configuration of the tertiary amide allowed the formation of an

additional hydrogen bond.

! 0
‘CL 0 iPr (‘)L o iPr } ffb\
oY N/\)LN/'\COQMG o N/\)LN/'\COZMG 3 Ar\\\' N Heq
H H H o H ‘ @]~ _O-=HN
N N P 1 o%L H* P
— Ho S : —N" _ipr
NHBoc ~ 256a N_ A 257 : 3 //\.\\ o=
MeO o)\r MeO o)\r jOK\NHAc 3 I, oM
} 2572 /

Ac

Scheme 105. Synthesis of pentapeptide 257 and structure postulated for the major conformer (257%). Conditions: (i) TFA-
CH2Cl2 1:1, 25 °C, 2 h; (ii) Ac-Leu-OH (2 equiv), T3P (1.2 equiv), DIPEA (1.2 equiv), CH2Clz, 25 °C, 48 h, 65% over 2 steps.
Arrows indicate diagnostic rOe’s, whereas dashed lines symbolise hydrogen bonds.

Continuing the studies on the application of 6-aryl-piperidine-3-carboxylic acids in
peptides, | decided to prepare oligoamides 262 (Scheme 106), analogous to compounds 251
described by Gellman (compare Figure 11).19 Specifically, | focused on the synthesis of
diastereomers differing in the configuration of the second residue of 91. Similarly to Feola,
| planned to perform the synthesis employing derivative 91 in a racemic form and separate
diastereomeric products after each reaction with an optically pure substrate.

Thus, the preparation of model tetrapeptides 262 started with the coupling of derivative
91 with N-Boc-Valine (Scheme 106). For this purpose, | employed EDC as an activating agent,
Oxyma as an additive, and DIPEA as a base. The resulting diastereomers 258a and 258b were
separated by column chromatography and then hydrolysed using LiOH. Further transformations
were conducted only with acid 259a. Coupling with the second molecule of amine 91 was

performed under conditions similar to those employed in the first step. The resulting products
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260 were subsequently converted into the corresponding acids 261, which, in turn, were coupled
with Leu-NMe;. The latter step was carried out in CH2Cly, in the presence of EDCCI, HOB,
and DIPEA.

O,COgMe O,COZH
@“" 1 v ©“" )
MeO O%\rNHBoc MeO O%\rNHBoc

CO,Me | |
258a i-P 259a i-P
. Boc Val-OH
/@‘ N \CO,Me \COH
MeO (#)-91
NHBoc NHBoc
258b i 259b i—

separation of diastereomers

j-Pr.
I \j o
MeO,C HO,C Me,N '
N
), ) I
260a N 261a N~ “Ar Leu-NMe,+HCI Ar
CO, _— 262a
6} d @) e O
W N Ar\"' N Ar\“' N Ar“" N
MeO O%YNHBOC O%\rNHBoc O%\‘/NHBOC O%\rNHBoc
259a i-Pr i-Pr i-Pr i-Pr
. . + IPI‘\

HO,C,,. Q MezNj(\ J Q
261b N

Ar

SN Leu-NMe,+HCI
— _ 262b
MeO (£)-91 o d o e
i i Y

At N At N Art
NHBoc NHBoc NHBoc
o%\r o%\r O%\A/
i-Pr i-Pr i-Pr
Ar = 4-MeOCgH, separation of diastereomers

Scheme 106. Synthesis of model tetrapeptides 262a and 262b. Conditions: (a) Boc-Val-OH (1.1 equiv), EDCCI (1.2 equiv),
Oxyma (1.2 equiv), DIPEA (1.2 equiv), CH2Clz, 25 °C, 48 h; 258a 49%, 258b 34%. (b) LiOH (3 equiv), 1:1 THF-H20, 25 °C,
3 h; 259a 96%, 259b 97%. (c) 91 (1.1 equiv), EDCCI (1.2 equiv), Oxyma (1.2 equiv), DIPEA (1.2 equiv), CH2Clz, 25 °C, 48 h;
260a 46%, 260b 41%. (d) LiOH (3 equiv), 1:1 THF-H20, 25 °C, 3 h. (e) Leu-NMez-HCI (1.3 equiv), EDCCI (1.4 equiv), HOBt
(1.4 equiv), DIPEA (2.8 equiv), CH2Clz, 25 °C, 48 h; 262a 69% (over 2 steps), 262b 76% (over 2 steps).

The obtained peptides were characterized by NMR spectroscopy using both 1D and 2D
techniques. The common feature of all spectra recorded in CDCls at 25 °C was the presence of
several sets of signals belonging to various rotamers of the analyte. That the observed species
are rotamers and not diastereomers could be easily recognized from negative NH/NH and
CH/CH cross-peaks in NOESY/ROESY spectra. Furthermore, spatial proximities between

protons belonging to different rotameric forms were detected.*%?
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The most important conclusion drawn from the spectral data of
dipeptides 258 and 259 was the axial orientation of piperidine substituents.
Such arrangement was indicated by low values of vicinal coupling constants

of H-3 and H-6 as well as the pattern of the nOe signals. Diagnostic cross-

peaks included those connecting H-2ax with Hortno and the latter protons with OMe
. Figure 14. nOe’s of
H-4ax (Flgure 14)- aromatic protons

Dipeptides 258, 259 adopt thus a chair conformation inverted to that observed for
unprotected amine 91, in which aryl and ester moieties occupied equatorial positions (Figure
15 left, compare Scheme 90). This change in the conformational behaviour may be attributed
to minimization of pseudo allylic 1,3-strain related to the partial double bond character of the

amide bond.[193-198]

H # X pseudo-A("3) strain
;

HN
R%H # X 1,3-diaxial interactions
H N®
R2\ N
=
H

o0

Figure 15. Pseudo allylic 1,3-strain: the steric interference between NC(O) moiety and an equatorial C-2 substituent on
piperidine ring causes that an axial orientation of the latter is energetically favourable despite 1,3-diaxial interactions.

Whereas the configuration of the second residue of 91 in synthesized tri- and tetrapeptides
was assigned tentatively, the stereochemistry of the first of them was proven by the crystal
structure of compound 259b (Figure 16). These data also confirmed the predicted conformation

of the heterocyclic ring.

259b

A4
Figure 16. Crystal structure of compound 259b.

'H NMR spectrum of tripeptide 260a revealed that one of the four possible tertiary amide
rotamers was present in a considerably higher amount. An important observation for this species
was the difference in chemical shifts of corresponding H-6 and H-2, suggesting an opposite
configuration of amide bonds (Figure 17). Proton H-6 resonating at higher field showed spatial
proximity with CH, and H-3 of valine, which supported its assignment to E-rotamer. The
attachment of the second to the third amino acid residue manifested, in turn, in cross-peaks
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between H-62 and H-3! as well as the latter proton and H-22%¢,. On the other hand, intraresidue
nOe’s between protons of the aryl ring and H-2ax as well as the singlet-like shape of H-3 and
H-6 signals suggested that the conformation of the piperidine rings was similar to that
postulated for dipeptides. Due to the overlap of H-4 and H-5 resonances, it was, however, not
possible to verify this hypothesis.

H-6"5.17 ppm P
H-2"¢q 4.68 ppm H O H Ar

H-2", 3.04 ppm A~ ~&  H-675.85 ppm
Arnds 12 ,| 2 | H-2%44.04 ppm
7 HY N Heg H H-22,, 3.27 ppm
H%O COQMG
H"NHBoc

Figure 17. Selected nOe observed for peptide 260a and chemical shifts of piperidine a-protons.

Differently from compound 260a, diastereomer 260b exhibited a comparable preference
for two conformations. Because of this fact, the assignment of the observed signals was
difficult; even the analysis of nOe effects did not help. For example, irradiation of a-proton of
valine of one isomer caused a response of H-6 of each rotamer. Based on the comparison of
chemical shifts of piperidine o-protons,? it could be, however, supposed that these species differ
in the configuration of both tertiary amide bonds.

To get the first information about the conformational preferences of tetrapeptides 262,
I measured their IR spectra in diluted CH2Cl2 solution. Specifically, | analysed N-H stretch
bands to confirm respectively exclude the formation of interstrand hydrogen bonds. In the first
case, N-H stretching maxima would appear in a region between 3250 and 3400 cm™, whereas
in the second one - in a range of 3400-3500 cm™.[39:41.189]

The fragments of IR spectra recorded for tetrapeptides 262 are presented in Figure 18,
and as can be seen, both compounds exhibited a maximum in the non-hydrogen bonded region,
at around 3420 cm™. Absorption close to this wavenumber is typical for N-H groups

participating in a so-called “Cs” interaction - a weak intraresidue NH---O=C interaction with

unfavourable geometry of functional groups.*"!

3 e.g. H-6 5.87 ppm/4.76 ppm and H-62 5.70ppm/5.18 ppm
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Figure 18. NH stretch region of IR spectra of tetrapeptides 262 measured in CH2Cl2 at room temperature (1 mM solutions).
Compound 262a: maximum at 3418 cm™*; Compound 262b: maximum at 3419 cm.

Further studies were conducted by NMR spectroscopy. These measurements showed that
neither of the peptides did assume a single, well-defined conformation. In the case of
oligoamide 262a, one isomer predominated, although its content in the overall pool of
conformers was lower than 50%. Signals assigned to amide protons of this species appeared at
6.47 ppm (Leu) and 5.39 ppm (Val), evidencing the absence of hydrogen bonds. The similarity
of chemical shifts of piperidine protons to the values determined for 260a suggested, in turn,
an identical configuration of the tertiary amide subunits in both SOH A

N

products. Consistent with this assignment, nOe contacts were observed 1] e 2

between H-3! and H-22, the last proton and H-2%a, as well as between AN QS‘ e
HN 6]
H-21, and H-32. Spatial proximities between nonadjacent residues e AW

Figure 19. Key nOe’s between

were not detected. The data collected so far allow, however, to draw residues of 91 in 262a.

only some initial conclusions about conformational preferences of compound 262a, and their
detailed interpretation requires support by computational methods. These studies are currently
in progress (cooperation with the group of Prof. Gelmi, University of Mailand).

Also the explanation of the observed behaviour of diastereomer 262b requires analysis
by theoretical methods. NMR and IR data allow, however, to exclude the formation of
interstrand hydrogen bonds. Furthermore, the comparison of spectra recorded for 262b to that
acquired for tripeptide 260b revealed that leucine residue has little effect on the conformational
preferences of Val-91-91 scaffold. Analogous similarity was observed between 262a and 260a
(vide supra).
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IV Summary

The present thesis concerns the synthesis and the reactivity of monocyclopropanated
pyrroles 1 (Scheme 107), in particular their application in Heck reaction.

In the first part of the work, | prepared a range of 2-azabicyclo[3.1.0]hex-3-enes 1 via
cyclopropanation of the corresponding heteroarenes and then examined transformations of the
remaining double bond. Through the reaction with Bohme's salt, |1 obtained amines 263
(Scheme 107). These products were subsequently further functionalised by nucleophilic
substitution on the side chain. Vilsmeier reaction of substrate 1 delivered, in turn, compounds
265. The aldehyde functionality was then selectively reduced to alcohol as well as transformed
into a nitrile moiety. Interestingly, the coupling of derivative 267 with 4-methoxyiodobenzene
provided not only the expected dihydropyridine but also aldehyde 268. Moreover,
| demonstrated that cyclopropanated pyrrole-2-carboxylates may react as Michael acceptors.
Whereas additions to N-Boc protected substrate afforded the expected products 269, N-Ts-

analogue formed imionoesters 270.

R" H R 1 H R 3 N Hog N Hog
N . ' N ‘, : eO, N ‘. eO, N ‘.
Boc H | Pg H 1 Boc H H
263 R" = Nle, Srrmmmmmmmmmooooees ' 269 270
264 R" = Nu l
Neo B R oHc, H HOH,C  H g OHC
':/ -’/ '1/ Ar\\
N "H N" "H N "H N
B
Boc ' 966 Boc 265 o 267 Boc 268

Scheme 107. Investigated transformations of bicycles 1.

Next, | focused on the development of a more efficient procedure for conversion of
bicycles 1 into the corresponding 6-aryl-1,6-dihydropyridine-3-carboxylates 18 (Scheme 108).
It turned out that this aim may be achieved by employing aryldiazonium salts 216 as coupling
partners. The optimal conditions of the process depended on the electronic properties of the
substrate: while reactions with electron-reach and unsubstituted tetrafluoroborates proceed best
in CH3CN in the presence of Pddba, and NaOAc, in the case of electron-deficient salts higher
yields were obtained using DTBMP as a base in combination with BusNHSOj4 as an additive.
Employing the optimized protocol, | synthesized an array of 1,2-dihydropyridines in the yields
ranging from 51% to nearly quantitative. Notably, the reaction tolerated phenoldiazonium salt
as well as iodo- and bromo-substituted electrophiles. The utility of the synthesised compounds
was demonstrated in transformations such as dihydroxylation, bromohydrination, and

cycloaddition.
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N EH NaOAc or DTBMP/BuyNHSO, AP ON
Boc 1a,b Boc 18

CH3;CN,25°C,1h-16h
Scheme 108. Arylation of bicycles 1 with aryldiazonium tetrafluoroborates 216.

Further works dealt with the ring expansion of 6,6-gem-disubstituted 2-
azabicyclo[3.1.0]hex-3-ene 1c (Scheme 109). In the case of this substrate, the generated six-
membered organopalladium intermediate (C’) cannot undergo p-hydride elimination.
Therefore, it was necessary to find a nucleophile that would be able to trap species C’ thereby
enabling the closure of the catalytic cycle. These studies established that substrate 1c may be
converted into the corresponding piperidine derivatives when the reaction with diazonium salts
is performed in the presence of water. To simplify the isolation of the resulting lactamols,
| decided to subject crude products to the reduction with EtsSiH/TFA system directly after the
work-up. The investigation on the reaction scope revealed that both electron-reach and halogen-
substituted diazonium salts are tolerated. In contrast, the attempts to employ unsubstituted

reaction partners were unsuccessful.

1. ArN,BF, (216) e i

H Pddba,, DTBMP coMe | ¢ Ph :

Y coM 2 L0, ‘ X |
Wiphz ¢ CH3CN-H,0, 65 °C, 16 h (j‘—ph ; @ COzMe |
N 2. Et;SiH, TFA AN PARTONT PAX
Boc 1,2-DCE, 25 °C, 2 h H ; Boc ;
1c 243 0 e

Scheme 109. Arylation of bicycle 1c with aryldiazonium tetrafluoroborates (216).

Finally, 1 prepared model tetrapeptides 262 containing two consecutive residues of 91
(Scheme 110). The synthesis was conducted using racemic derivative 91, and the
diastereomeric products were separated after each coupling. Contrary to analogous oligoamides
comprising nipecotic acid (piperidine-3-carboxylic acid),*"I neither of the studied peptides 262
adopted B-hairpin structure. This difference may be attributed to the preference of residues of
91 for axial orientation of the substituents. Computational studies aiming at a detailed

explanation of the conformational behaviour of the synthesized compounds are currently in

progress.
-Pr_ o
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Scheme 110. Model tetrapeptides 262.
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V Zusammenfassung

Die vorliegende Dissertation befasst sich mit der Synthese und Reaktivitat der
cyclopropanierten Pyrrole 1 (Schema 1), insbesondere deren Anwendung in der Heck Reaktion.

Im ersten Teil der Arbeit stellte ich eine Reihe von 2-Azabicyclo[3.1.0]hex-3-enen 1
durch die Cyclopropanierung der entsprechenden Heteroarene her, und danach untersuchte ich
Transformationen der verbliebenen Doppelbindung (Schema 1). In der Reaktion mit Bohme
Salz erhielt ich Amine 263, die ich anschlieBend durch nukleophile Substitution an der
Seitenkette weiter funktionalisierte. Die Vilsmeier Reaktion von Edukten 1 lieferte wiederum
Verbindungen 265. Die Aldehydfunktion wurde dann selektiv zum Alkohol reduziert sowie in
eine Nitrilgruppe umgewandelt. Interessanterweise, lieferte die Kupplung des Derivats 267 mit
4-Methoxyiodbenzol nicht nur das erwartete Dihydropyridin, sondern auch den Aldehyd 268.
Dariiber hinaus habe ich gezeigt, dass cyclopropanierte Pyrrol-2-carboxylate als Michael-
Akzeptoren reagieren konnen. Wahrend die Additionen an das N-Boc-geschitzte Edukt zu den

erwarteten Produkten 269 flhrten, bildete das N-Ts-Analogon den Imionoester 270.

R" H R 1 H R : T No, B
N ‘Y ! N . ! e, N . eO, N 2
Boc | Pg Hoy ! Boc H
263 R" = Nle, Srrmmmmmmmmmooooees ' 269 270
264 R" = Nu l
Neo B R oHc, H HOH,C  H g OHC
., Y, v, Ar\\
N~ "H N~ "H N "H N
B
Boc 266 Boc 265 oC 267 Boc 268

Schema 1. Transformationen von Bizyklen 1.

Als néchstes, konzentrierte ich mich auf die Entwicklung einer effizienteren Prozedur zur
Umwandlung von Bizyklen 1 in entsprechende 6-Aryl-1,6-dihydropyridin-3-carboxylate 18
(Schema 2). Es stellte sich heraus, dass dieses Ziel durch den Einsatz von Aryldiazoniumsalzen
als Kupplungspartner erreicht werden kann. Die optimalen Bedingungen des Prozesses hingen
von dem elektronischen Charakter des Substrats ab: wahrend Reaktionen mit elektronenreichen
und unsubstituierten Tetrafluorboraten am besten in Gegenwart von Pddba, und NaOAc in
CH3CN abliefen, wurden im Fall der elektronarmen Salze hthere Ausbeuten unter Verwendung
von DTBMP als Base in Kombination mit BusNHSO4 als Additiv erreicht. Mittels des
optimierten Protokolls synthetisierte ich eine Reihe von 1,2-Dihydropyridinen 18 in Ausbeuten
von 51% bis nahezu quantitativ. Bemerkenswert, tolerierte die Reaktion Phenoldiazoniumsalz
sowie lod- und Brom-substituierte Elektrophile. Der Nutzen der hergestellten Verbindungen
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wurde anhand Transformationen wie Dihydroxylierung, Bromhydrinierung und Cycloaddition

demonstriert.

w\\\COzR ArN,BF, (216), Pddba, = | COR
N NaOAc oder DTBMP/Bu,;NHSO,  Ar'" "N
BOCH 1a a C oaer Uy 4 Boc 18

CH3CN,25°C,1h-16h
Schema 2. Arylierung von Bizyklen 1 mit Aryldiazoniumsalzen 216.

Weitere Arbeiten befassten sich mit der Ringexpansion von 6,6-gem-disubstituiertem 2-
Azabicyclo[3.1.0]hex-3-en 1c. Im Fall dieses Substrates kann das generierte sechsgliedrige
Organopalladiumintermediat C' keine B-Hydrideliminierung eingehen. Deswegen war es
notwendig ein Nukleophil zu finden, das durch das Abfangen des Spezies C* die Schlielung
des katalytischen Zyklus ermdglichen wirde. Diese Studien ergaben, dass das Edukt 1c in die
entsprechenden Piperidinderivate umgewandelt werden kann, wenn die Reaktion mit
Diazoniumsalzen in Gegenwart von Wasser durchgefihrt wird. Um die Isolierung der
resultierenden Lactamole zu vereinfachen, habe ich beschlossen, Rohprodukte direkt nach der
Aufarbeitung mit dem EtsSiH/TFA-System zu reduzieren. Die Untersuchung der Substratbreite
zeigte, dass sowohl elektronenreiche als auch halogensubstituierte Diazoniumsalze toleriert

werden. Die Versuche unsubstituierte Reaktionspartner zu verwenden waren dagegen erfolglos.

1. ArN,BF, (216) e i

H Pddba,, DTBMP CoMe | Ph :

Y CoM 2 £0, ‘ X |
Wiphz ¢ CH3CN-H,0, 65 °C, 16 h @'—-ph ; @ COMe ;
N H 2. Et;SiH, TFA AN PARTONT PAX
Boc 1,2-DCE, 25 °C, 2 h H ; Boc ;
1c 243 . ;

Schema 3. Arylierung von Bizyklus 1 mit Aryldiazoniumsalzen 216.

Schliellich stellte ich Modelltetrapeptide 262 her, die zwei aufeinanderfolgende Reste
von 91 enthielten. Die Synthese wurde unter Verwendung des racemischen Derivats 91
durchgefiihrt, und die diastereomeren Produkte wurden nach jeder Kupplung
chromatographisch getrennt. Im Gegensatz zu analogen Oligoamiden von Nipecotinsdure (3-
Piperidincarbonsaure),“°1 nahm keines der untersuchten Peptide 262 eine p-Haarnadelstruktur
an. Dieser Unterschied kann auf die Préferenz von Resten von 91 fiir eine axiale Orientierung
der Substituenten zuriickgefiihrt werden. Derzeit werden Computerstudien durchgefihrt, die
eine detaillierte Erklarung des konformationellen Verhaltens der synthetisierten VVerbindungen

zum Ziel haben.
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Schema 4. Modelltetrapeptide 262.

VI Experimental part

General Information

Air- and moisture-sensitive reactions were conducted in oven-dried glassware under an
atmosphere of nitrogen. Commercially available chemicals were used as received. Dry solvents
were prepared according to the standard procedures. Column chromatography was performed
using silica gel (230-400 mesh; Merck). Analytical thin layer chromatography (TLC) was
carried out on Silica gel 60 F254 aluminium plates (Merck). Visualization was achieved with
UV light (A = 254 nm or 366 nm) and common dip stains (cerium ammonium molybdate,
ninhydrin, potassium permanganate, or vanillin). NMR spectra were measured on Bruker
Avance 300 (300 MHz), Bruker Avance Il HD 400 (400 MHz), and Bruker Avance 111 600
TCI Cryo (600 MHz) spectrometers. Chemical shifts are quoted on the ¢ scale, ppm, with the
solvent signal as the internal standard (*H NMR: CDCls: 7.26 ppm, C¢Ds: 7.16 ppm, DMF-d+:
8.03 ppm, methanol-da: 3.31 ppm; *C NMR: CDCls: 77.16 ppm, CsDe: 128.06 ppm, DMF-dy:
163.15 ppm, methanol-da: 49.00 ppm). Multiplicities for 'H NMR signals are reported using
the following abbreviations: s = singlet, d = doublet, t = triplet, g = quartet, m = multiplet, br =
broad. Coupling constants (J) are given in Hertz (Hz). Infrared spectra (IR) are described in cm’
L and were recorded on a Biorad Excalibur FTS 3000 spectrophotometer or a Varian FT-IR-
Spectrometer Scimitar 800. High resolution mass spectra (HRMS) were obtained on
Thermoquest Finnigan TSQ 7000, Finnigan MAT 95, Varian MAT 311A, or Agilent
Technologies 6540 UHD Accurate-Mass Q-TOF LC/MS and are reported in m/z. Melting
points (m.p.) were determined with OptiMelt MPA 100 apparatus and are uncorrected. Optical
rotations [o] were measured on Perkin Elmer 241 polarimeter at A =589 nm (Na D-line) ina 1.0
dm measuring cell in CHCIs. X-ray analyses were performed on Agilent Technologies
SuperNova or Agilent GVV1000 diffractometer.

Compounds 1a,84 1b,12% 1¢, 3 tert-butyl-1H-pyrrole-1-carboxylate (131),12%*1 methyl 1-
tosyl-1H-pyrrole-2-carboxylate ~ (132),'22%1  1-(tert-butyl) ~ 2-methyl  1H-pyrrole-1,2-
dicarboxylate (133),12° 1-(1-(phenylsulfonyl)-1H-pyrrol-3-yl)ethan-1-one (134),[32%2 tert-
butyl 3-acetyl-1H-pyrrole-1-carboxylate (135),[732032041  methyl 1-(phenylsulfonyl)-1H-
pyrrole-3-carboxylate (136),[">7® tert-butyl 2,5-dimethyl-1H-pyrrole-1-carboxylate (138),2%]
methyl 4-methyl-1H-pyrrole-3-carboxylate (147),[81 methyl diazoacetate (149),17°1 tosyl azide
(151),[2%1 tert-butyl diazoacetate (152),[° ortho-nitrobenzenesulfonyl azide (155),12°71 methyl
phenyldiazoacetate (156),Y1 2,2 2-trichloroethyl 2-diazo-2-phenylacetate (157),12 2,2-
dimethyl-1-(1-(phenylsulfonyl)-1H-pyrrol-3-yl)propan-1-one  (160),2%1 diazonium salts
216,[144.164209210] tert-putyl N-hydroxycarbamate,?*t! and B-bromostyrene (238)(2%2 were
synthesised following the previously reported procedures and their analytical data were
consistent with those published in the literature.
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Preparation of pyrrole 137

CO,Me CO,Me
Z/ \S _ BoeO Z/ \i

N DMAP, CH,Cl, N
H Boc

147 137

Methyl 4-methyl-1H-pyrrole-3-carboxylate (147; 918 mg, 6.6 mmol) and DMAP (81 mg, 0.66
mmol, 0.1 equiv) were dissolved in CHxCl> (23 mL), and a solution of Boc.O (1.73 g, 7.92
mmol, 1.2 equiv) in the same solvent (10 mL) was slowly added at 25 °C. The mixture was
stirred at 25 °C until complete consumption of substrate 147 (TLC control; 16 h). Thereafter,
the solvent was removed under reduced pressure, and the residue was chromatographed on
silica gel. Compound 137 was obtained as colorless crystals (1.42 g, 90%). M.p. = 68.4-70.0
°C; Rt = 0.53 (10% EtOAC/PE); 'H NMR (400 MHz, CDCls) d: 7.79 — 7.74 (m, 1H), 7.00 —
6.94 (m, 1H), 3.81 (s, 3H), 2.26 — 2.21 (m, 3H), 1.59 (s, 9H). 13C NMR (101 MHz, CDCls) é:
165.2, 148.3, 125.8, 123.3, 118.7, 118.3, 84.7, 51.2, 28.1, 11.8. IR (film) v: 3131, 2997, 2952,
1744, 1707, 1584, 1521, 1480, 1402, 1342, 1245, 1156, 1115, 984, 842, 775, 686 cm™*; HRMS
(ESI-TOF) m/z calcd for C12H17NOsNa [M + Na*] 262.1050. Found 262.1053.

General procedure for photochemical cyclopropanation of pyrrole derivatives -
preparation of compounds 1d-1j, 170, 171

Ph 156, 157

R R, H
N%\cozR"- = Ph
I\ _— ! "!COR™
RTNN7TR" blue LED, CHyCl,  R™ N7 .
Pg Pg
132-138 1d-1j

A Schlenk flask containing a magnetic stirring bar was charged with pyrrole derivative 132-
138 (2.5-5 mmol, 2.5-5 equiv), aryldiazoacetate 156 or 157 (1 mmol), CH2Cl> (5 mL) and then
closed with a Teflon-sealed cap equipped with a glass rod. The rod was connected to a 455 nm
LED lamp. The reaction mixture was irradiated at 25 °C until TLC indicated complete
consumption of the diazo compound. Thereafter, the solution was transferred into a round-
bottom flask, the reaction vessel was thoroughly rinsed with CH2Cl>, and the solvent was
removed under reduced pressure. The residue was subjected to column chromatography to give
compounds 1d-1j, 170, 171.

Dimethyl (1S*,5S5*,6R*)-6-phenyl-2-tosyl-2-azabicyclo[3.1.0]hex-3-ene-3,6-dicarboxylate
(1d)

';jPh

MeO,C™ N\~

Ts H

Obtained according to the general procedure using 4 equiv of methyl N-Ts-pyrrole-2-
carboxylate (132).

Yield: 256 mg (62%); colorless crystals; m.p. = 128.1-130.0 °C; Rf = 0.32 (20% EtOAC/PE);
IH NMR (400 MHz, CDCl3) 8: 7.82 — 7.78 (m, 2H), 7.41 — 7.34 (m, 2H), 7.20 — 7.11 (m, 3H),
6.98 — 6.90 (m, 2H), 6.04 (d, J = 2.5 Hz, 1H), 4.79 (d, J = 5.8 Hz, 1H), 3.62 (s, 3H), 3.54 (s,
3H), 3.12 (dd, J = 5.8, 2.5 Hz, 1H), 2.47 (s, 3H). 13C NMR (101 MHz, CDCls) §: 172.8, 161.2,
144.8,135.8,134.5, 132.2,129.8, 129.6, 128.2, 127.9, 127.7,123.5,53.1, 52.2, 51.8, 36.4, 30.0,
21.8. IR (film) v: 2952, 1715, 1595, 1498, 1435, 1361, 1320, 1260, 1226, 1167, 1062, 995, 809,
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708, 671 cm*; HRMS (ESI-TOF) m/z calcd for C22H22NOeS [M + H*] 428.1162. Found
428.1172.

2-(tert-Butyl) 3,6-dimethyl (1S*,55*,6R*)-6-phenyl-2-azabicyclo[3.1.0]hex-3-ene-2,3,6-
tricarboxylate (1e)

1 pn

J “1C0O,Me
e0,C
Obtained according to the general procedure using 3 equiv of methyl N-Boc-pyrrole-2-

carboxylate (133).

Yield: 291 mg (78%); wax; R¢ = 0.31 (15% EtOAC/PE); 'H NMR (400 MHz, CDCls) §: 7.39
—7.10 (m, 5H), 5.77 (d, J = 2.7 Hz, 1H), 4.75 (d, J = 6.2 Hz, 1H), 3.63 (s, 3H), 3.47 (s, 3H),
3.29 (dd, J = 6.2, 2.7 Hz, 1H), 1.47 (s, 9H). *C NMR (101 MHz, CDCls) 6: 173.5, 161.4,
151.5,135.4,132.4,130.2,128.0, 127.5,117.3,82.9,52.9, 51.8, 49.6, 36.2, 29.3, 28.1. IR (film)
v: 2978, 1711, 1435, 1368, 1234, 1148, 1085, 962, 772, 701 cm™*; HRMS (ESI-TOF) m/z calcd
for C20H23NOgNa [M + Na*] 396.1418. Found 396.1426.

Methyl (1S*,55*,6R*)-4-acetyl-6-phenyl-2-(phenylsulfonyl)-2-azabicyclo[3.1.0]hex-3-ene-

6-carboxylate (1f)
O

H o pn
/] "1CO,Me

N
PsH

Obtained according to the general procedure wusing 2.5 equiv of 3-acetyl-1-
(phenylsulfonyl)pyrrole (134).

Yield: 208 mg (52%); colorless crystals; m.p. = 203.0-204.9 °C; Rf = 0.19 (30% EtOACc/PE);
'H NMR (400 MHz, CDCls) §: 7.92 - 7.83 (m, 2H), 7.75 - 7.56 (m, 3H), 7.24 — 7.00 (m, 5H),
6.83 — 6.78 (m, 1H), 4.60 (dd, J=6.8, 1.5, 1H), 3.63 — 3.50 (m, 4H), 2.13 — 2.06 (m, 3H).
13C NMR (101 MHz, CDCls) 6: 193.0, 173.0, 139.1, 137.7, 134.4, 131.9, 130.0, 129.9, 128.3,
128.0, 127.4, 1254, 53.1, 52.2, 36.7, 28.1, 26.3. HRMS (ESI-TOF) m/z calcd for
C21H19NOsSNa [M + Na*] 420.0876. Found 420.0874.

2-(tert-Butyl) 6-methyl (1S*,55*,6R*)-4-acetyl-6-phenyl-2-azabicyclo[3.1.0]hex-3-ene-2,6-
dicarboxylate (19)

O

H pn
] “1CO,Me
N

Boc
Obtained according to the general procedure using 2.5 equiv of 3-acetyl-N-Boc-pyrrole (135).

Yield: 226 mg (63%); colorless crystals; m.p. = 147.6-149.3 °C; R¢ = 0.14 (15% EtOAC/PE);
'H NMR (400 MHz, CDCls; mixture of rotamers) J: 7.27 — 7.16 (m, 3H), 7.14 — 6.60 (m, 3H),
4.77 — 4.56 (m, 1H), 3.69 — 3.53 (m, 4H), 2.16 — 2.03 (m, 3H), 1.67 — 1.44 (m, 9H). 1*C NMR
(101 MHz, CDCl3; mixture of rotamers) ¢: 193.2, 173.3, 173.1, 150.5, 139.7, 138.7, 131.9,
130.7, 128.3, 127.9, 123.8, 123.7, 83.9, 52.8, 49.6, 36.6, 35.4, 29.4, 29.3, 28.2, 26.1. IR (film)
v: 3086, 2982, 2952, 1700, 1648, 1573, 1431, 1372, 1334, 1245, 1156, 1133, 984, 842, 746
cmt; HRMS (ESI-TOF) m/z calcd for C2oH2sNOsNa [M + Na'] 380.1468. Found 380.1467.
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Dimethyl  (1S*,55*,6R*)-6-phenyl-2-(phenylsulfonyl)-2-azabicyclo[3.1.0]hex-3-ene-4,6-
dicarboxylate (1h)
MeO,C H  py
| \""COMe
N
Obtained according to the general procedure using 2.5 equiv of methyl 1-

(phenylsulfonyl)pyrrole-3-carboxylate (136).

Yield: 216 mg (52%); colorless crystals; m.p. = 172.3-173.4 °C; Rf = 0.43 (30% EtOAC/PE);
'H NMR (400 MHz, CDCls): 7.89 — 7.83 (m, 2H), 7.73 — 7.66 (m, 1H), 7.63 — 7.56 (m, 2H),
7.26 — 7.19 (m, 3H), 7.15 — 7.08 (m, 2H), 6.85 (dd, J = 1.6, 0.7 Hz, 1H), 4.62 (dd, J = 6.9, 1.6
Hz, 1H), 3.73 (s, 3H), 3.62 (s, 3H), 3.49 (dd, J = 6.8, 0.7 Hz, 1H). *C NMR (101 MHz, CDCl5)
0:173.2,164.3,139.1, 137.8, 134.2, 132.0, 129.9, 129.7, 128.4, 128.0, 127.3, 115.7, 53.1, 52.6,
51.9, 37.4, 27.7. IR (film) v: 2952, 1707, 1588, 1498, 1435, 1372, 1331, 1118, 1036, 984, 746
cm; HRMS (ESI-TOF) m/z calcd for C21H19NOgSNa [M + Na*] 436.0825. Found 436.0828.

2-(tert-Butyl) 4,6-dimethyl (1S*,5S*,6S*)-5-methyl-6-phenyl-2-azabicyclo[3.1.0]hex-3-
ene-2,4,6-tricarboxylate (1i)
MeO,C_ I pp
/' "1CO,Me
E‘OC’I/H

Obtained according to the general procedure using 2.5 equiv of methyl N-Boc-4-methylpyrrole-
3-carboxylate (137).

Yield 267 mg (69%); colorless crystals; m.p. = 155.8-157.5 °C; R = 0.30 (10% EtOAC/PE);
'H NMR (400 MHz, CDCls; mixture of rotamers) J: 7.25 — 7.04 (m, 5H), 6.94 — 6.65 (m, 1H),
4.81 — 4.60 (m, 1H), 3.70 (s, 3H), 3.63 (s, 3H), 1.72 (s, 3H), 1.63 — 1.43 (m, 9H). 3C NMR
(101 MHz, CDCl3; mixture of rotamers) ¢: 171.6, 164.9, 150.6, 139.4, 139.0, 132.6, 131.6,
128.2,127.7,116.4,83.2,52.7,51.3,41.5,34.7, 28.2, 13.5. IR (film) v: 3097, 2989, 1689, 1588,
1435, 1398, 1323, 1230, 1156, 1126, 969, 928, 876, 705 cm™*; HRMS (ESI-TOF) m/z calcd for
Co1H26NOg [M + H*] 388.1755. Found 388.1756.

2-(tert-Butyl) 6-methyl (1S*,55*,6R*)-1,3-dimethyl-6-phenyl-2-azabicyclo[3.1.0]hex-3-
ene-2,6-dicarboxylate (1j) and tert-butyl 3-(2-methoxy-2-oxo0-1-phenylethyl)-2,5-
dimethyl-1H-pyrrole-1-carboxylate (170)

Ph

Ho o CO,Me
L come (3
N

2 N
Boc Boc

Obtained according to the general procedure using 3 equiv of N-Boc-2,5-dimethylpyrrole (138).

Characterized as a mixture (1j:170 = 86:14). Yield: 175 mg (51%); yellowish oil; Rf = 0.36
(10% Et,0/PE); 'H NMR (300 MHz, CDCls) 6. 7.38 — 7.08 (m, 5H3j + 5H170), 5.94 (s, 1H170),
4.92 — 4.77 (m, 1Hy; + 1Hi70), 3.70 (s, 3H170), 3.58 (5, 3H1), 3.12 — 2.97 (m, 1Hy), 2.34 (s,
3H170), 2.33 (s, 3H170), 1.90 (s, 3Hyj), 1.65 — 1.40 (m, 12H1j+ 9H170). 13C NMR (75 MHz,
CDCls) 0: 173.3, 172.8, 152.0, 150.4, 142.6, 138.9, 133.0, 132.7, 130.4, 128.5, 128.2, 127.5,
127.3, 127.0, 126.9, 119.6, 111.2, 105.8, 83.4, 81.2, 56.9, 52.4, 52.2, 48.6, 40.1, 37.2, 28.4,
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28.1, 17.0, 16.6, 15.7, 13.4. HRMS (ESI-TOF) m/z calcd for C2oH26NO4 [M + H'] 344.1856.
Found for 1j 344.1866. Found for 170 344.1861.

2-(tert-Butyl) 6-(2,2,2-trichloroethyl) (1S*,55*,6R*)-1,3-dimethyl-6-phenyl-2-
azabicyclo[3.1.0]hex-3-ene-2,6-dicarboxylate (171)

Ph

CO,CH,CCls
I\

N
Boc

Obtained according to the general procedure using 3 equiv of N-Boc-2,5-dimethylpyrrole (138).

Yield: 225 mg (49%); yellowish oil; Rs = 0.35 (2% EtOACc/PE); *H NMR (300 MHz, CDCls)
5: 7.41 —7.19 (m, 5H), 6.03 — 6.01 (m, 1H), 5.03 (s, 1H), 4.85 — 4.73 (m, 2H), 2.38 (s, 6H),
1.60 (s, 9H). 3C NMR (75 MHz, CDCls) ¢: 171.2, 150.5, 138.1, 130.6, 128.7, 128.3, 128.0,
127.4,118.8,111.2,94.9, 83.6, 74.4, 48.5, 28.5, 28.2, 16.6, 13.5. IR (film) v: 2978, 2930, 1737,
1603, 1547, 1454, 1323, 1252, 1118, 1033, 775, 701 cm™; HRMS (ESI-TOF) m/z calcd for
C21H25CIsNO4 [M + H*] 460.0844. Found 460.0845.

Synthesis of epoxides 158 and 159

Ph 156
le) 2\ O  co,Me
/N Rhy(OAC),, toluene /N
N . N
R (2 equiv) R
134 or 135 158 or 159

To a mixture of pyrrole 134 or 135 (2 mmol, 2 equiv) and Rh2(OACc)4 (2 mg, 5 pmol, 1 mol%)
in dry toluene (2 mL) was added by a syringe pump (addition rate: 1 drop/10 s) a solution of
methyl phenyldiazoacetate (156; 176 mg, 1 mmol) in the same solvent (2 mL) at 25 °C under
the atmosphere of nitrogen. After completion of the addition, the reaction mixture was stirred
for an additional 30 min and subsequently filtered through a pad of Celite®. The residue
obtained after the removal of the solvent was chromatographed on silica gel to give epoxide
158 or 159.

Methyl  3-methyl-2-phenyl-3-(1-(phenylsulfonyl)-1H-pyrrol-3-yl)oxirane-2-carboxylate
(158)

Yield: 189 mg (48%); colorless oil; Rf = 0.29 (20% EtOAC/PE); *H NMR (400 MHz, CDCls)
8:7.91—7.83 (m, 2H), 7.65 — 7.57 (m, 3H), 7.56 — 7.49 (m, 2H), 7.40 — 7.32 (m, 3H), 7.21 —
7.15 (m, 1H), 7.15 — 7.08 (m, 1H), 6.34 — 6.27 (m, 1H), 3.30 (s, 3H), 1.28 (s, 3H). 3C NMR
(101 MHz, CDCIs) 6. 168.2, 138.9, 134.1, 133.4, 129.6, 128.7, 128.4, 128.1, 127.4, 127.0,
121.2, 118.5, 112.5, 71.3, 63.9, 52.0, 19.3. IR (film) v: 3004, 2952, 1737, 1446, 1372, 1174,
1059, 757, 727, 686 cm™; HRMS (ESI-TOF) m/z calcd for CaiHisNOsSNa [M + Na']
420.0876. Found 420.0882.

tert-Butyl 3-(3-(methoxycarbonyl)-2-methyl-3-phenyloxiran-2-yl)-1H-pyrrole-1-carbox-
ylate (159)

Yield: 169 mg (47%); colorless oil; Rf = 0.24 (10% EtOAC/PE); 'H NMR (400 MHz, CDCls)
0:7.67—-7.61(m, 2H), 7.42 — 7.33 (m, 3H), 7.26 — 7.23 (m, 1H), 7.21 — 7.14 (m, 1H), 6.23 —
6.18 (m, 1H), 3.59 (s, 3H), 1.59 (s, 9H), 1.33 (s, 3H). 13C NMR (101 MHz, CDClIs) 6 168.7,
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148.6, 133.9, 128.6, 128.4, 127.4, 126.2, 120.4, 118.1, 110.5, 84.1, 71.2, 64.4, 52.2, 28.1, 19.5,
IR (film) v: 2982, 1737, 1450, 1252, 1152, 973, 772, 701 cm:; HRMS (ESI-TOF) m/z calcd
for C20H24NOs [M + H*] 358.1649. Found 358.1657.

Synthesis of dimethyl 2-phenyl-1-(phenylsulfonyl)-1,2-dihydropyridine-2,5-dicarboxylate
(164)

Ph 156

Co,Me Py MeO.C
2 X

/\—/(/ { N7 CO,Me mph

N, Rh,(OAc),, CH,Cl, N COzMe

136 164

To asolution of pyrrole 136 (531 mg, 2 mmol, 2 equiv) and Rh2(OACc)4 (2 mg, 5 umol, 1 mol%)
in dry CH2Cl; (2 mL) was added by a syringe pump (addition rate: 1 drop/10 s) a solution of
methyl phenyldiazoacetate (156; 176 mg, 1 mmol) in the same solvent (2 mL) at 25 °C under
the atmosphere of nitrogen. After completion of the addition, the reaction mixture was stirred
for an additional 30 min and subsequently filtered through a pad of Celite®. The residue
obtained after the removal of the solvent was chromatographed on silica gel using EtOAc/PE
to give compound 164 (100 mg, 24%) as a yellow oil. R = 0.35 (10% acetone/PE); *H NMR
(300 MHz, CDCl3) 8: 8.02 (t, J = 1.1 Hz, 1H), 7.45 — 7.33 (m, 3H), 7.24 — 7.06 (m, 5H), 7.04
—6.93 (m, 2H), 6.49 (dd, J =9.9, 1.2 Hz, 1H), 5.34 (dd, J = 9.9, 0.9 Hz, 1H), 3.96 (s, 3H), 3.80
(s, 3H). 13C NMR (75 MHz, CDCls) 6. 169.4, 165.4, 139.5, 138.4, 135.5, 132.9, 130.7, 128.8,
128.4, 127.7, 126.6, 122.8, 118.8, 104.7, 70.9, 53.6, 51.9. HRMS (ESI-TOF) m/z calcd for
C21H20NOs6S [M + H'] 414.1006. Found 414.1007.

Aminomethylenetion of enecarbamates 1b and 1c¢ with Bohme's salt - preparation of
compounds 173 and 174

H

H
= R 1. (CH3),NCH,CI, CH,Cl, Me2N

z R'

W/COZRz / w/COZRZ
N "/H 2. NaHCO3(aq) N -’/H
Boc Boc

1b, 1c 173,174

To an intensively stirred solution of cyclopropanated pyrrole 1b or 1c¢ (2.5 mmol) in dry CH,Cl>
(10 mL) was added N,N-dimethylmethyleneiminium chloride (172, Béhme's salt; 702 mg, 7.5
mmol, 3 equiv) under an atmosphere of nitrogen at 25 °C. The reaction was conducted at the
same temperature for 16 h and then quenched with a saturated solution of NaHCO3 (10 mL).
After the separation of the phases, the product was extracted with CH2Cl> (3 x 10 mL). The
combined organic layers were dried over anhydrous Na>SOs, and the solvent was removed in
vacuo Yyielding compound 173 or 174 as a white solid.

Di-tert-butyl (1S*,5R*,65*)-4-((dimethylamino)methyl)-2-azabicyclo[3.1.0]hex-3-ene-2,6-
dicarboxylate (173)

Yield: 846 mg, obtained quantitatively; white solid; m.p. = 78.5-80.5 °C; Rf = 0.36 (5%
MeOH/CH:Cl.); 'H NMR (400 MHz, CDClIs; mixture of rotamers) 6. 6.54 —6.21 (m, 1H), 4.49
—4.01 (m, 1H), 3.13 — 2.89 (m, 2H), 2.84 — 2.61 (m, 1H), 2.21 (s, 6H), 1.49 (s, 9H), 1.42 (s,
9H), 0.98 - 0.85 (m, 1H). *C NMR (101 MHz, CDCls; mixture of rotamers) J: 172.32, 172.01,
151.47,151.16, 126.79, 126.41, 122.68, 81.60, 80.89, 57.21, 45.51, 44.75, 44.39, 32.62, 31.79,
28.40, 28.29, 24.27, 24.18. IR (film) v: 3123, 2974, 2933, 2810, 2758, 1700, 1413, 1364, 1297,
1152, 1014, 831, 760 cm™; HRMS (ESI-TOF) m/z calcd for C1gHz1N204 [M + H*] 339.2278.
Found 339.2274.
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2-(tert-Butyl) 6-methyl (1S*,55*,6R*)-4-((dimethylamino)methyl)-6-phenyl-2-azabicy-
clo[3.1.0]hex-3-ene-2,6-dicarboxylate (174)

Yield: 931 mg, obtained quantitatively; white solid; m.p. = 95.6-97.2 °C; Rs = 0.19 (5%
MeOH/CH:Cl.); *H NMR (400 MHz, CDCls; mixture of rotamers) 6. 7.36 — 7.09 (m, 5H), 6.04
(s, 0.4H), 5.88 (s, 0.6H), 4.72 (dd, J = 6.8, 1.2 Hz, 0.6H), 4.62 (dd, J = 6.8, 1.2 Hz, 0.4H), 3.67
—3.57 (m, 3H), 3.42 — 3.27 (m, 1H), 3.23 — 3.08 (m, 1H), 2.80 — 2.67 (m, 1H), 2.22 (s, 6H),
1.61 (s, 3.6H), 1.47 (s, 5.4H). 13C NMR (101 MHz, CDClIs; mixture of rotamers) 6: 174.0,
173.8,151.5,151.3,132.1, 131.9, 131.5, 131.3, 128.1, 128.0, 127.7, 127.5, 127.5, 119.7, 119.5,
81.9, 81.6, 57.5, 57.4, 52.6, 52.6, 49.6, 49.4, 45.7, 45.6, 40.4, 39.3, 30.6, 30.2, 28.5, 28.3. IR
(film) v: 3116, 2986, 2766, 1703, 1402, 1349, 1245, 1159, 1025, 984, 954, 760, 701 cm™;
HRMS (ESI-TOF) m/z calcd for C21H2sN20sNa [M + Na'] 395.1941. Found 395.1946.

Preparation of 1-((1S*5R*,6S*)-2,6-bis(tert-butoxycarbonyl)-2-azabicyclo[3.1.0]hex-3-
en-4-yl)-N,N,N-trimethylmethanaminium iodide (175)

H H

MeoN = IMe3N =
L \CO,tBu L \CO,tBu
/ Mel /
N4 - . N4
Boc Et,0 Boc I
173 175

Compound 173 (855 mg) was dissolved in dry Et,O (10 mL) and Mel (1.08 g, 476 L, 7.58
mmol, 3 equiv) was added under the nitrogen atmosphere at 25 °C. The reaction mixture was
intensively stirred at the same temperature for 12 h. Afterwards, the solid formed was filtered
off, washed with dry Et>O, and dried under vacuum to give salt 175 (1.21 g, quant.) as colorless
crystals. M.p. = 151.0-152.9 °C; R¢ = 0.21 (5% MeOH/CH.Cl,); *H NMR (400 MHz, CDCl3;
mixture of rotamers) o. 7.03 (s, 1H), 4.69 — 4.05 (m, 3H), 3.36 — 3.22 (m, 9H), 2.88 — 2.74 (m,
1H), 1.36 (s, 9H), 1.28 (s, 9H), 0.83 — 0.69 (m, 1H). 13C NMR (101 MHz, CDCls; mixture of
rotamers) o: 170.46, 149.94, 136.29, 109.87, 109.54, 82.94, 81.52, 64.21, 52.89, 45.34, 33.32,
32.57, 27.86, 22.89. IR (film) v: 2997, 2933, 1715, 1618, 1476, 1413, 1364, 1293, 1230, 1156,
1029, 954, 872, 757 cm*; HRMS (ESI-TOF) m/z calcd for C1H33N204 [M*] 353.2435. Found
353.2436.

Preparation of di-tert-butyl  (1S*,5R*,65*)-4-(((4-methoxyphenyl)thio)methyl)-2-
azabicyclo[3.1.0]hex-3-ene-2,6-dicarboxylate (176)

H H

IMesN s . 4-MeOCeH,S H
3 COytBu A MeQCeHASH o4 _ \CO,t-Bu
Iy 2 >’
N N

Boc DMF Boc 1

175 176
A suspension of NaH (31 mg of 60% dispersion in mineral oil, 0.779 mmol, 1.3 equiv) in dry
DMF (3 mL) was cooled to 0 °C, and 4-methoxythiophenol (134 mg, 118 uL, 0.959 mmol, 1.6
equiv) was added. The resulting mixture was stirred at the same temperature for 30 min.
Thereafter, a solution of salt 175 (288 mg, 0.600 mmol) in DMF (2 mL) was slowly added, the
cooling bath was removed, and the stirring was continued for 16 h. The reaction was then
quenched with saturated solution of NH4Cl, poured into water, followed by extraction with
EtOAc. The combined organic layers were dried over anhydrous Na>SO4. Purification of the
residue obtained after the removal of the solvents gave compound 176 (197 mg, 76%) as
colorless crystals. M.p. = 147.0-149.0 °C; Rf = 0.39 (10% EtOAc/PE); 'H NMR (400 MHz,
CDCl3) 0. 7.40 — 7.28 (m, 2H), 6.93 — 6.70 (m, 2H), 6.38 — 6.00 (m, 1H), 4.38 — 4.10 (m, 1H),
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3.79 (s, 3H), 3.70 — 3.50 (m, 2H), 2.83 — 2.62 (m, 1H), 1.53 — 1.35 (m, 18H), 0.91 — 0.76 (m,
1H) (signal doubling due to rotamers). **C NMR (101 MHz, CDCls) 6: 172.32, 171.95, 159.43,
151.22, 151.03, 134.58, 134.18, 126.24, 126.06, 125.77, 121.22, 121.10, 114.65, 81.68, 80.94,
55.41, 44.42, 44.15, 35.07, 34.97, 32.52, 31.60, 28.36, 28.32, 24.28 (signal doubling due to
rotamers). IR (film) v: 3105, 2967, 1700, 1592, 1495, 1435, 1390, 1327, 1230, 1152, 1059,
980, 928, 746, 708 cm™; HRMS (ESI-TOF) m/z calcd for C23HssN20sS [M + NH4*] 451.2261.
Found 451.2262.

Preparation of di-tert-butyl (1S*,5R*,65*)-4-(azidomethyl)-2-azabicyclo[3.1.0]hex-3-ene-
2,6-dicarboxylate (177)

H H

IMe3N - N =
3 ’z_—y..\cozt_Bu NaNj 3’Z—y‘\\cozf-5u
N 18-crown-6, DMF N~

Boc H Boc
175 177

A flask equipped with a magnetic stirring bar was charged with salt 175 (829 mg, 1.73 mmol),
NaNs (898 mg, 13.81 mmol, 8 equiv), 18-crown-6 (593 mg, 2.24 mmol, 1.3 equiv), molecular
sieves 3A, then flushed with nitrogen followed by addition of dry DMF (12 mL). The reaction
mixture was heated to 100 °C for 16 h. At the end of this time, the solution was diluted with
EtOAc (100 mL), filtered, washed with brine (3 x 50 mL), and the organic layer was dried over
anhydrous Na>SO4. Removal of the solvents under reduced pressure and subsequent column
chromatography of the obtained residue yielded product 177 (543 mg, 94%) as colorless
crystals. M.p. = 95.5-97.4 °C; Rf = 0.26 (5% EtOAC/PE); *H NMR (400 MHz, CDCls) 4. 6.78
—6.32 (m, 1H), 4.55 — 4.12 (m, 1H), 4.04 — 3.84 (m, 2H), 2.89 — 2.54 (m, 1H), 1.51 (s, 9H),
1.44 (s, 9H), 1.06 — 0.93 (m, 1H) (signal doubling due to rotamers). 3C NMR (101 MHz,
CDCl3) 0. 172.02, 171.70, 151.20, 150.95, 128.40, 128.00, 118.78, 82.21, 81.25, 49.01, 44.66,
44.39, 31.87, 30.89, 28.36, 28.27, 23.65 (signal doubling due to rotamers). IR (film) v: 3131,
2978, 2937, 2095, 1696, 1633, 1416, 1364, 1252, 1148, 1021, 835, 760 cm™*; HRMS (ESI-
TOF) m/z calcd for C16H24N4OsNa [M + Na*] 359.1690. Found 359.1689.

Preparation of di-tert-butyl (1S*,5R*,6S*)-4-(aminomethyl)-2-azabicyclo[3.1.0]hex-3-ene-
2,6-dicarboxylate (178)

H H

N - HoN -
3"2?.\\00?_8“ 1. PPhg, THF 2 h,\\cozt.au
N 2. H,0 N~ “
Boc H Boc H
177 178

A solution of azide 177 (585 mg, 1.74 mmol) and PPh3z (912 mg, 3.48 mmol, 2 equiv) in THF
(8 mL) was stirred at 25 °C for 3 h. Thereafter, water (0.5 mL) was added, and the stirring was
continued for 16 h. The post-reaction mixture was then diluted with EtOAc, poured into water,
and the phases were separated. The aqueous layer was washed with an additional portion of
EtOAc. After the combined organic extracts were dried over anhydrous Na;SOs, the solvent
was removed, and the residue was subjected to column chromatography eluting with
MeOH/CHCI; to furnish amine 178 as a waxy solid (504 mg, 93%). Rf = 0.35 (10%
MeOH/CHCl,); *H NMR (400 MHz, methanol-ds) J: 6.54 — 6.32 (m, 1H), 4.31 — 4.09 (m,
1H), 3.42 (s, 2H), 2.88 — 2.69 (m, 1H), 1.51 (s, 9H), 1.46 (s, 9H), 1.03 — 0.94 (m, 1H). BC
NMR (101 MHz, methanol-ds) 6: 173.6, 152.7, 127.3, 125.5, 82.9, 82.8, 82.1, 45.3, 45.0, 39.8,
32.9,32.0, 28.5, 28.4, 25.0. IR (film) v: 2978, 2930, 1700, 1633, 1476, 1409, 1368, 1297, 1141,
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1111, 1021, 947, 831, 760 cm™; HRMS (ESI-TOF) m/z calcd for C1sH2s6N204Na [M + Na*]
333.1785. Found 333.1782.

Synthesis of di-tert-butyl (1S*,5R*,65*)-4-(3-ethoxy-2-(ethoxycarbonyl)-3-oxopropyl)-2-
azabicyclo[3.1.0]hex-3-ene-2,6-dicarboxylate (179)

CH(CO,Et),
IMe3N H &_Hy
i .CO,t-Bu  CH,(CO,EL), _ .\CO,t-Bu
’Z_y NaH /
EOC H DMF EOC H
175 179

A mixture of NaH (26 mg of 60% dispersion in mineral oil, 0.649 mmol, 1.3 equiv) and 18-
crown-6 (172 mg, 0.649 mmol, 1.3 equiv) in dry DMF (4 mL) was cooled to 0 °C, and
diethylmalonate (112 mg, 107 pL, 0.699 mmol, 1.4 equiv) was added. The resulting solution
was stirred at the same temperature for 30 min. Thereafter, salt 175 (240 mg, 0.500 mmol)
dissolved in DMF (2 mL) was slowly added, the cooling bath was removed, and the reaction
vessel was placed in an oil bath preheated to 90 °C. The stirring was continued for 16 h. The
reaction mixture was then cooled down to ambient temperature, diluted with EtOAc (80 mL),
poured into water (150 mL), and the phases were separated. The aqueous one was washed with
two additional portions of EtOAc (2 x 60 mL). The combined organic layers were dried over
anhydrous Na»SOs4, and the solvent was removed under reduced pressure. Column
chromatography of the resulting residue yielded compound 179 together with an undefined
impurity as a colorless oil. The yield was calculated based on the NMR spectrum (197 mg,
76%). Rf = 0.21 (20% Et,0/PE); *H NMR (400 MHz, CDClIs) . 6.46 — 6.04 (m, 1H), 4.36 —
4.14 (m, 5H), 3.61 — 3.51 (m, 1H), 2.86 — 2.72 (m, 2H), 2.65 — 2.56 (m, 1H), 1.50 — 1.40 (m,
18H), 1.26 (t, J=7.1 Hz, 6H), 0.87 — 0.82 (m, 1H) (signal doubling due to rotamers). 13C NMR
(101 MHz, CDCIs) ¢: 172.0, 168.8, 168.7, 151.1, 125.7, 120.9, 81.7, 81.0, 61.8, 61.7, 61.7,
51.3,49.6,44.5,44.1, 31.9, 28.4, 28.3, 27.7, 24.1, 14.2, 14.2 (signal doubling due to rotamers).
IR (film) v: 2982, 1707, 1405, 1368, 1297, 1141, 1029, 947, 835, 760 cm™’; HRMS (ESI-TOF)
m/z calcd for C23H3zsNOs [M + H'] 454.2435. Found 454.2436.

Preparation of 2-(tert-butyl) 6-methyl (1S*,5R*,65*)-4-formyl-2-azabicyclo[3.1.0]hex-3-
ene-2,6-dicarboxylate (180)[64

H H
2 1.(COCl),, DMF-DcM ~ OHC

w,\\COZMe Z—;y.\\COZMe
N “ 2. N82003( ) N “
Boc H * Boc H
1a 180

Oxalyl chloride (1.02 g, 8.02 mmol, 1.2 equiv, 688 pL) was introduced dropwise to a vigorously
stirred mixture of DMF (13 mL) and CH2Cl> (52 mL) at 0 °C under the atmosphere of nitrogen.
The stirring was continued at the same temperature for 15 min before a solution of bicycle 1a
(1.6 g; 6.68 mmol) in CH2Cl> (13 mL) was added. The mixture was allowed to warm to ambient
temperature and then left for 2 h. After that time, the reaction was quenched with saturated
Na2CO3 solution, stirred for 15 min, followed by addition of water (250 mL) and CH2Cl, (50
mL). The phases were separated and the aqueous one was extracted with an additional portion
of CH2Cl, (100 mL). The combined organic layers were then washed three times with water (3
x 150 mL). After drying over anhydrous Na>SOs, the solvent was removed under diminished
pressure. Column chromatography of the obtained residue eluting with EtOAC/PE delivered
compound 180 as a colorless oil (1.29 g, 72%). Rf = 0.12 (30% EtOAC/PE); 'H NMR (400
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MHz, CDCls) §: 9.50 (s, 1H), 7.35 (br s, 1H), 4.40 (br s, 1H), 3.64 (s, 3H), 3.13 (dd, J = 6.8,
2.9 Hz, 1H), 1.50 (s, 9H), 1.03 — 1.00 (m, 1H). 13C NMR (101 MHz, CDCls) 6: 184.6, 172.1,
149.8, 144.2, 126.7, 84.3, 52.2, 44.8, 28.1, 26.7, 21.8. IR (film) v: 2982, 1718, 1662, 1580,
1409, 1353, 1279, 1208, 1141, 1029, 980, 913, 835, 731 cm™:; HRMS (ESI-TOF) m/z calcd for
C13H17NOsNa [M + Na'*] 290.0999. Found 290.1005.

The analytical data are in good accordance with those reported in the literature.[*54]

2-(tert-Butyl) 6-methyl (1S*,5S*,6R*)-4-formyl-6-phenyl-2-azabicyclo[3.1.0]hex-3-ene-
2,6-dicarboxylate (181)

Obtained analogously to compound 180 using bicycle 1c (1.4 g, 4.43 mmol), oxalyl chloride
(675 mg, 5.32 mmol, 1.2 equiv, 456 uL), DMF (9 mL), and CH2Cl (45 mL).

Yield: 1.4 g (92%); colorless crystals; m.p. = 183.0-184.6 °C; Rt = 0.30 (20% EtOAc/PE); 'H
NMR (400 MHz, CDCl3) 6: 9.39 (s, 1H), 7.25 - 7.17 (m, 3H), 7.12 - 6.73 (m, 3H), 4.85 — 4.56
(m, 1H), 3.69 — 3.53 (M, 4H), 1.74 — 1.31 (m, 9H) (signal doubling due to rotamers). *C NMR
(101 MHz, CDCl3) 6: 185.2,172.9,150.1, 145.2, 144.6, 131.8, 130.3, 128.4, 128.0, 124.9, 84.3,
52.9, 49.8, 34.8, 33.7, 29.5, 28.1 (signal doubling due to rotamers). IR (film) v: 2986, 2956,
2825, 1707, 1666, 1580, 1498, 1413, 1338, 1249, 1211, 1148, 977, 842, 746, 708 cm™!; HRMS
(ESI-TOF) m/z calcd for C19H21NOsNa [M + Na*] 366.1312. Found 366.1312.

Preparation of alcohols 182, 183 and 195

o) OH

2 H 2 H
R © R NaBH, 1 c R
7 "COopMe ——— > 7 "'1CO,Me
N "/H MeOH N “
Boc Boc
180, 181 or 1g 182, 183 or 195

Compound 180, 181, or 1g (2 mmol) was dissolved in dry methanol (3 mL) and NaBH4 (114
mg, 3 mmol, 1.5 equiv) was added in one portion at 0 °C. The reaction was allowed to warm to
25 °C, and the stirring was continued until complete consumption of the starting material (TLC
monitoring). Next, saturated solution of NH4ClI (3 mL) was slowly added, and the mixture was
poured into water (50 mL). The product was extracted with CH2Cl> (3 x 30 mL). The combined
organic layers were dried over anhydrous Na>SOs and evaporated. The residue was
chromatographed on silica gel to furnish compound 182, 183, or 195.

2-(tert-Butyl) 6-methyl (1S*,5R*,6S*)-4-(hydroxymethyl)-2-azabicyclo[3.1.0]hex-3-ene-
2,6-dicarboxylate (182). Yield: 445 mg (83%); colorless oil; Rs (30% acetone/PE) 0.39; 'H
NMR (400 MHz, methanol-ds) 6. 6.59 — 6.40 (m, 1H), 4.71 (s, 1H), 4.37 — 4.13 (m, 3H), 3.69
(s,3H),2.88—-2.79 (m, 1H), 1.51 (s, 9H), 1.13-1.08 (m, 1H) (signal doubling due to rotamers).
13C NMR (101 MHz, methanol-d.) J: 174.6, 152.4, 126.6, 126.2, 82.9, 58.8, 52.4, 45.3, 45.2,
33.1, 32.1, 28.5, 23.7 (signal doubling due to rotamers). HRMS (ESI-TOF) m/z calcd for
C13H19NOsNa [M + Na'] 292.1153. Found 292.1155.
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2-(tert-Butyl) 6-methyl (1S*,55*,6R*)-4-(hydroxymethyl)-6-phenyl-2-azabicy-
clo[3.1.0]hex-3-ene-2,6-dicarboxylate (183). Yield: 616 mg (89%); colorless crystals; m.p. =
154.4-156.2 °C; Rt = 0.23 (30% EtOAC/PE); 'H NMR (400 MHz, CDCl3) §: 7.32 — 7.13 (m,
5H), 6.14 — 5.93 (m, 1H), 4.77 — 4.58 (m, 1H), 4.27 — 4.14 (m, 2H), 3.66 — 3.59 (m, 3H), 3.41
—3.34 (m, 1H), 1.87 — 1.71 (m, 1H), 1.65 — 1.42 (m, 9H) (signal doubling due to rotamers).
13C NMR (101 MHz, CDCls) 6: 174.0, 173.8, 151.5, 151.3, 132.1, 131.9, 131.4, 131.2, 128.2,
128.1, 127.7, 127.6, 127.3, 127.0, 121.5, 121.5, 82.2, 81.9, 59.4, 59.3, 52.8, 52.7, 49.7, 49.6,
40.1, 38.9, 30.1, 29.8, 28.4, 28.3 (signal doubling due to rotamers). IR (film) v: 3504, 2982,
2937, 2878, 1707, 1681, 1416, 1390, 1245, 1152, 1033, 977, 846, 708 cm™*; HRMS (ESI-TOF)
m/z calcd for C19H23NOsNa [M + Na*] 368.1468. Found 368.1470.

2-(tert-Butyl) 6-methyl 4-(1-hydroxyethyl)-6-phenyl-2-azabicyclo[3.1.0]hex-3-ene-2,6-
dicarboxylate (195). Yield: 670 mg (93%); colorless crystals; m.p. = 141.1-142.6 °C; R¢ =
0.23 (30% EtOAC/PE); *H NMR (400 MHz, CDClIs) ¢: 7.30 — 7.14 (m, 5H), 6.19 — 5.82 (m,
1H), 4.75 — 4.55 (m, 1H), 4.50 — 4.37 (m, 1H), 3.65 — 3.55 (m, 3H), 3.49 — 3.25 (m, 1H), 1.62
—1.41 (m, 9H), 1.39 — 1.27 (m, 3H). 3C NMR (101 MHz, CDCls; mixture of rotamers) é:
193.2, 173.3, 173.1, 150.5, 139.7, 138.7, 131.9, 130.7, 128.3, 127.9, 123.8, 123.7, 83.9, 52.8,
49.6, 36.6, 35.4, 29.4, 29.3, 28.2, 26.1. IR (film) v: 3504, 2982, 2937, 2878, 1707, 1681, 1416,
1390, 1245, 1152, 1033, 977, 846, 708 cm™. HRMS (ESI-TOF) m/z calcd for CoH2sNOsNa
[M + Na'] 382.1625. Found 382.1621.

Preparation of 2-(tert-butyl) 6-methyl (1S*5R*,65*)-4-cyano-2-azabicyclo[3.1.0]hex-3-
ene-2,6-dicarboxylate (186)

oHc M 1. NH,0HHCI, NaOAo, (o
Z—'y,.\COZMe Na,SO,4, EtOH Z—y‘\\cone
N H 2. (CICN)3, pyridine N
Boc Boc
180 186

To a solution of aldehyde 180 (466 mg, 1.65 mmol) in EtOH (20 mL) were added
hydroxylamine hydrochloride (172 mg, 2.47 mmol, 1.5 equiv), NaOAc (203 mg, 2.47 mmol,
1.5 equiv), and solid NaSO4 (excess) at 25 °C. After stirring for 2 h at the same temperature,
the reaction mixture was diluted with EtOAc (150 mL) and washed with brine (2 x 50 mL). The
organic layer was dried over anhydrous Na>SOs. Next, the residue obtained after the removal
of the solvents was taken up into pyridine (30 mL), cyanuric chloride (1.22 g, 6.6 mmol, 4
equiv) was added, and the resulting solution was heated to 60 °C for 16 h. After that time, the
mixture was cooled to ambient temperature, diluted with toluene (200 mL) followed by washing
with brine (2 x 50 mL). The organic phase was dried over anhydrous Na.SO4 and evaporated.
Purification of the crude product by column chromatography gave the title compound as
colorless crystals (298 mg, 68%). M.p. = 117.2-119.0 °C; R¢ = 0.64 (30% acetone/PE); 'H
NMR (400 MHz, CDCls; mixture of rotamers) ¢: 7.31 — 7.07 (m, 1H), 4.63 — 4.29 (m, 1H),
3.72 (s, 3H), 3.03 (dd, J = 7.0, 2.7 Hz, 1H), 1.52 (s, 9H), 1.18 — 1.13 (m, 1H). 3C NMR (101
MHz, CDCl3; mixture of rotamers) . 171.86, 149.46, 141.87, 115.18, 93.08, 84.51, 52.50,
44.39, 31.82, 30.74, 28.16, 20.91. IR (film) v: 3120, 2986, 2952, 2214, 1715, 1588, 1435, 1398,
1282, 1182, 1148, 1029, 984, 846, 764 cm™; HRMS (ESI-TOF) m/z calcd for C13H16N20sNa
[M + Na*] 287.1002. Found 287.1002.
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Arylation of enecarbamate 182 with 4-methoxyiodobenzene - synthesis of compounds 187

and 188
Yv om0 s e - Do
Boc

Pd,(dba)z, TBAB, /@ Boc
NaHCO3, toluene, 80 °C MeO
182 187

A flask equipped with a magnetic stirring bar was charged with cyclopropanated pyrrole 182
(385 mg, 1.43 mmol), NaHCOz3 (300 mg, 3.57 mmol, 2.5 equiv), TBAB (922 mg, 2.86 mmol,
2 equiv), 4-methoxyiodobenzene (502 mg, 2.14 mmol, 1.5 equiv), and Pd>dbaz (65 mg, 71
pmol, 5 mol%), flushed with nitrogen followed by addition of dry toluene (15 mL). The mixture
was stirred at 25 °C for 5 min, and then the reaction vessel was placed in an oil bath preheated
to 80 °C. The coupling was conducted until TLC indicated the complete conversion of the
cyclopropane. Thereafter, the mixture was cooled down to ambient temperature, diluted with
EtOAc, and filtered through a pad of Celite®. The residue obtained after the removal of the
solvents was chromatographed on silica gel eluting with an EtOAC/PE mixture to provide
compounds 187 and 188.

1-(tert-Butyl) 3-methyl 5-(hydroxymethyl)-6-(4-methoxyphenyl)pyridine-1,3(6H)-
dicarboxylate (187). Yield: 113 mg (21%); colorless oil; Rf = 0.27 (30% EtOAC/PE); *H NMR
(400 MHz, CDCl3) ¢: 7.92 (br s, 1H), 7.36 — 7.23 (m, 2H), 6.84 — 6.78 (m, 2H), 6.54 (br s, 1H),
5.76 (brs, 1H), 4.09 — 3.93 (m, 2H), 3.80 — 3.75 (m, 6H), 1.48 — 1.40 (m, 9H). *C NMR (101
MHz, CDCls) ¢: 166.4, 159.7, 152.0, 135.2, 132.9, 128.9, 116.0, 114.0, 107.1, 83.6, 63.8, 57.1,
55.4,51.6, 28.2 (one quaternary carbon could not be detected). IR (film) v: 3437, 2978, 1703,
1607, 1510, 1238, 1148, 1033, 992, 760 cm™*; HRMS (ESI-TOF) m/z calcd for C2oH26NOg [M
+ H*] 376.1755. Found 376.1759.

tert-Butyl (2R*,5R*)-3-formyl-5-(2-methoxy-2-oxoethyl)-2-(4-methoxyphenyl)-2,5-dihy-
dro-1H-pyrrole-1-carboxylate (188). Yield: 280 mg (52%); colorless crystals; m.p. = 129.9-
131.8 °C; R = 0.36 (30% EtOAC/PE); *H NMR (400 MHz, DMF-d7, 110 °C) §: 9.67 (s, 1H),
7.26 —7.18 (m, 2H), 7.18 — 7.10 (m, 1H), 6.96 — 6.85 (m, 2H), 5.59 (d, J = 5.0 Hz, 1H), 5.35 —
5.25 (m, 1H), 3.81 (s, 3H), 3.72 (s, 3H), 3.25 (dd, J = 15.5, 3.9 Hz, 1H), 2.87 (dd, J = 15.5, 8.1
Hz, 1H), 1.39 — 1.14 (m, 9H). *C NMR (101 MHz, DMF-d7; mixture of rotamers) J: 189.1,
188.9,171.9,171.7,160.2, 160.0, 154.1, 153.0, 148.0, 147.5, 145.7, 145.3, 134.9, 133.9, 129.6,
129.5, 114.4, 114.3, 80.8, 80.3, 66.9, 62.9, 62.6, 56.0, 55.9, 52.3, 38.7, 37.4, 28.8, 28.5. IR
(film) v: 2982, 2840, 1718, 1677, 1510, 1461, 1387, 1301, 1245, 1200, 1152, 1033, 865, 816
cmt; HRMS (ESI-TOF) m/z calcd for C2oH2sNOgNa [M + Na'] 398.1574. Found 398.1575.

Methyl 5-cyano-6-(4-methoxyphenyl)nicotinate (192)

|
H
Z/_y' z MeO \

NS

N N
Boc Pd,(dba)s, TBAB,
186 NaHCOg, toluene, 80 °C  MeO 192

Compound 192 was obtained analogously to derivatives 187 and 188 from nitrile 186 (125 mg,
0.473 mmol).

Yield: 79 mg (62%); colorless crystals; m.p. = 123.2-125.1 °C; R = 0.36 (5% Et,O/PE); 'H
NMR (400 MHz, CDCls) 6: 9.35 (d, J = 2.1 Hz, 1H), 8.61 (d, J = 2.1 Hz, 1H), 8.08 — 8.00 (m,
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2H), 7.09 — 7.02 (m, 2H), 4.00 (s, 3H), 3.89 (s, 3H). 3C NMR (101 MHz, CDCls) J: 164.2,
163.4, 162.3, 153.4, 143.4, 131.1, 128.9, 123.4, 117.5, 114.5, 106.4, 55.6, 53.0. IR (film) v:
3086, 2956, 2840, 2229, 1726, 1588, 1521, 1394, 1297, 1252, 1227, 1182, 1148, 1029, 995,
842, 775 cm; HRMS (ESI-TOF) m/z calcd for CisHi1sN.Os [M + H*] 269.0921. Found
269.0924.

Synthesis of 2-(tert-butyl) 6-methyl (1S*,5R*,65*)-4-(((triethylsilyl)oxy)methyl)-2-
azabicyclo[3.1.0]hex-3-ene-2,6-dicarboxylate (190)

H H

HO L . Et;SiO :
’z_-y 2CO,Me Et;SiCl s ’z—y.\\cone
_—
N~ imidazole, THF N~

Boc H Boc
182 190

To a solution of alcohol 182 (776 mg, 2.88 mmol) and imidazole (294 mg, 4.32 mmol, 1.5
equiv) in dry DMF (15 mL) was added dropwise TESCI (608 mg, 4.03 mmol, 676 pL, 1.4
equiv) at 0 °C. The resulting mixture was stirred until complete disappearance of the starting
material (TLC monitoring). Then, the reaction solution was poured into water (250 mL), diluted
with EtOAc (100 mL), and the layers were separated. The aqueous phase was extracted with an
additional portion of EtOAc (100 mL). The combined organic extracts were washed with water
(3 x 100 mL), dried over anhydrous Na>SOs, and concentrated under reduced pressure. The
residue was purified by column chromatography eluting with EtOACc/PE to provide compound
190 as a colorless oil (899 mg, 81%). Rs = 0.29 (5% EtOAc/PE); *H NMR (400 MHz, CDCls)
0:6.63—-6.17 (m, 1H), 4.61 — 4.03 (m, 3H), 3.70 — 3.63 (m, 3H), 2.82 — 2.73 (m, 1H), 1.52 —
1.45 (m, 9H), 1.08 — 1.00 (m, 1H), 0.99 — 0.89 (m, 9H), 0.66 — 0.51 (m, 6H) (signal doubling
due to rotamers). 3C NMR (101 MHz, CDCls) ¢ 173.6, 173.3, 151.4, 151.2, 125.2, 124.9,
81.7, 59.2, 51.9, 44.7, 44.6, 32.3, 31.1, 28.4, 23.0, 6.9, 6.8, 4.6 (signal doubling due to
rotamers). IR (film) v: 2956, 1711, 1409, 1364, 1293, 1152, 980, 794, 727 cm!; HRMS (ESI-
TOF) m/z calcd for C19H33NOsSiNa [M + Na*] 406.2020. Found 406.2023.

Preparation of dimethyl (1S*,3R*,55* 6R*)-6-phenyl-2-tosyl-2-azabicyclo[3.1.0]hexane-
3,6-dicarboxylate (197)

' pn e 4 H opn
W /CO,Me 2 (40 bar) W-cozm
MeOC™ Ny Rh/C, MeOH MeOC™ “N7
Ts Ts
1d 197

A mixture of bicycle 1d (60 mg, 0.140 mmol) and Rh/C (3 mg, 5 wt%) in MeOH (3 mL) was
intensively stirred under H> (40 bar) for 8 h. Next, the suspension was filtered through a short
pad of Celite® and the solvent was removed. The residue was chromatographed on silica gel
using an EtOAC/PE mixture to give compound 197 as a waxy solid (49 mg, 63%). Rf = 0.25
(20% EtOAC/PE); 'H NMR (400 MHz, CDCls) 6. 7.88 — 7.80 (m, 2H), 7.44-7.35 (m, 2H),
7.34-7.26 (m, 3H), 7.16 — 7.08 (m, 2H), 4.60 — 4.43 (m, 1H), 4.27 — 4.14 (m, 1H), 3.56 (s, 3H),
3.19 (s, 3H), 2.60 — 2.45 (m, 5H), 2.26 — 2.16 (m, 1H). 13C NMR (101 MHz, CDCls) §: 171.8,
170.0, 144.4,135.1, 133.2, 130.0, 129.7, 128.3, 128.1, 128.0, 66.4, 53.4, 52.9, 52.3, 39.9, 30.6,
29.2, 21.8. IR (film) v: 3027, 2960, 2926, 1771, 1737, 1707, 1599, 1498, 1435, 1357, 1297,
1252, 1096, 1029, 954, 887, 820, 749, 671 cm™; HRMS (ESI-TOF) m/z calcd for
C22H23NOsSNa [M + Na*] 452.1138. Found 452.1143.
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2-(tert-Butyl) 3,6-dimethyl (1S*,3R*,5S5*,6R*)-6-phenyl-2-azabicyclo[3.1.0]hexane-2,3,6-
tricarboxylate (198)

Hopn Y e
W’COQMe Hz (20 bar) W'cone
_—
MeOC™ N7 Rh/C, MeOH MeO,C™ N,
Boc Boc
1e 198

The title compound was obtained analogously to bicycle 197 from substrate 1e (60 mg, 0.161
mmol) using 5 mg of Rh/C and 5 mL of MeOH. Hydrogen pressure was equal to 20 bars. Yield:
45 mg (75%); wax; Rf = 0.21 (20% EtOAC/PE); 'H NMR (400 MHz, CDCls; mixture of
rotamers) 6. 7.40 — 7.19 (m, 5H), 4.66 — 4.36 (m, 1H), 4.25 — 4.10 (m, 1H), 3.59 — 3.50 (m,
3H), 3.11 (s, 3H), 2.76 — 2.65 (m, 1H), 2.65 — 2.56 (m, 1H), 2.19 — 2.08 (m, 1H), 1.59 — 1.32
(m, 9H). 3C NMR (101 MHz, CDCls; mixture of rotamers) 6. 172.1, 171.8, 170.5, 169.9,
154.0, 153.9, 132.9, 130.7, 130.6, 128.3, 128.2, 127.9, 127.7, 81.0, 80.8, 63.8, 63.2, 52.7, 52.6,
52.1, 51.9, 51.8, 51.7, 41.4, 40.7, 30.6, 29.4, 29.2, 28.6, 28.1, 28.0. IR (film) v: 2967, 1722,
1692, 1439, 1398, 1368, 1230, 1133, 1036, 999, 854, 757, 705 cm™; HRMS (ESI-TOF) m/z
calcd for CooH26NOg [M + H*] 376.1755. Found 376.1755.

Synthesis of dimethyl (1S*,4S*,5S* 6R*)-4-(1,3-diethoxy-1,3-dioxopropan-2-yl)-6-phenyl-
2-azabicyclo[3.1.0]hex-2-ene-3,6-dicarboxylate (210)

H Ph (EtO,C)oHC, H oy

CH,(CO,Et),, NaH ;
W'cone - - . W'cone
% N A
MeO,C~ ", THF MeO,C™ S\,
Ts
1d 210

Diethylmalonate (268 mg, 1.67 mmol, 2.8 equiv, 255 pL) was added dropwise to an intensively
stirred suspension of NaH (62 mg of 60% dispersion in mineral oil, 1.55 mmol of NaH, 2.6
equiv) in dry THF (4 mL) at 0 °C. After stirring for 30 min at the same temperature, a solution
of ester 1d (255 mg, 0.597 mmol) in THF (2 mL) was added. The reaction vessel was removed
from the cooling bath and left at 25 °C for 3 h. Thereafter, the reaction was quenched with
saturated NH4ClI solution, the resulting mixture was diluted with water (150 mL) and EtOAc
(70 mL), and the phases were separated. The aqueous one was extracted with two additional
portions of EtOAc (2 x 70 mL). The combined organic layers were dried over anhydrous
Na.SO4, evaporated, and the residue was subjected to column chromatography to furnish
compound 210 as a yellowish oil (212 mg, 82%). Rf = 0.23 (30% EtOACc/PE); 'H NMR (400
MHz, CDCl3) §: 7.34 — 7.00 (m, 5H), 4.62 (dd, J = 4.6, 3.0 Hz, 1H), 4.31 — 4.10 (m, 4H), 4.10
(d, J = 4.1 Hz, 1H), 3.70 (s, 3H), 3.64 (s, 3H), 3.27 (ddd, J = 4.1, 3.0, 1.3 Hz, 1H), 2.92 (dd, J
= 4.6, 1.3 Hz, 1H), 1.31 (t, J = 7.1 Hz, 3H), 1.23 (t, J = 7.2 Hz, 3H). 3C NMR (101 MHz,
CDCls) 6: 171.8, 167.9, 167.6, 167.2, 161.3, 133.0, 129.2, 128.4, 127.9, 62.1, 62.0, 61.8, 53.0,
52.8,51.0,50.5, 42.2, 34.9, 14.2, 14.1. IR (film) v: 2982, 2956, 1718, 1610, 1439, 1349, 1241,
1178, 1103, 1029, 854, 738, 701 cm™*; HRMS (ESI-TOF) m/z calcd for C22HzsNOsgK [M + K*]
470.1212. Found 470.1214.
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Dimethyl (1S*,4S*,55* 6R*)-4-(dicyanomethyl)-6-phenyl-2-azabicyclo[3.1.0]hex-2-ene-
3,6-dicarboxylate (211)

B e (NCpHC,  H gy
W,Cone CH,(CN),, NaH W’COzMe
_mm
MeO,C ™ Ny THF MeO,C™ Ny N
Ts
1d 211

Obtained analogously to compound 210 from ester 1d (100 mg, 0.234 mmol) using
malononitrile (40 mg, 0.608 mmol, 2.6 equiv), NaH (22 mg of 60% dispersion in mineral oil;
0.538 mmol, 2.3 equiv), and dry THF (4 mL).

Yield: 91 mg (79%); yellow solid; m.p. = 145.6-147.6 °C; R = 0.33 (30% EtOAc/PE); ‘H
NMR (400 MHz, CDCl3) ¢: 7.36 — 7.25 (m, 3H), 7.20 — 6.92 (m, 2H), 4.96 (dd, J = 4.5, 2.9
Hz, 1H), 4.72 (d, J = 3.8 Hz, 1H), 3.75 (s, 3H), 3.71 (s, 3H), 3.19 (td, J = 3.8, 2.9, 1.0 Hz, 1H),
3.01 (dd, J = 4.5, 1.0 Hz, 1H). ¥*C NMR (101 MHz, CDCls) §: 170.6, 162.9, 160.9, 132.8,
128.8, 128.6, 127.9, 111.0, 110.0, 61.8, 53.5, 53.5, 51.3, 42.9, 32.9, 25.0. IR (film) v: 3064,
2967, 2919, 2259, 1715, 1614, 1498, 1443, 1353, 1256, 1197, 1100, 962, 850, 798, 708 cm™;
HRMS (ESI-TOF) m/z calcd for C1gH1sN304Na [M + Na*] 360.0955. Found 360.0955.

2-(tert-Butyl) 3,6-dimethyl (1S*,3R*,4S* ,55* 6R*)-4-(1,3-diethoxy-1,3-dioxopropan-2-yl)-
6-phenyl-2-azabicyclo[3.1.0]hexane-2,3,6-tricarboxylate (213)

g pn (Et0,CLHC, H  py

CH,(CO,Et),, NaH .

W’COZMe W’COZMe
MeO,C™ >N, THF MeO,C™ >\~ =
Boc Boc
1e 213

Obtained analogously to compound 210 from ester le (212 mg, 0.568 mmol) using
diethylmalonate (236 mg, 1.48 mmol, 2.6 equiv, 225 uL), NaH (52 mg of 60% dispersion in
mineral oil, 1.31 mmol, 2.3 equiv), and dry THF (5 mL).

Yield: 248 mg (82%); yellowish oil; R¢ = 0.44 (30% EtOAC/PE); 'H NMR (400 MHz, CDCls)
5:7.41 —7.28 (m, 5H), 4.57 — 4.42 (m, 1H), 4.33 — 4.11 (m, 5H), 3.73 — 3.67 (m, 1H), 3.60 —
3.51 (m, 3H), 3.18 — 3.08 (m, 3H), 3.04 (ddd, J = 7.8, 6.5, 1.5 Hz, 1H), 2.59 — 2.53 (m, 1H),
1.56 — 1.34 (m, 9H), 1.33 — 1.26 (m, 6H) (signal doubling due to rotamers). 13C NMR (101
MHz, CD3sCN) 6. 172.3, 172.2, 170.5, 170.0, 168.7, 168.6, 168.5, 168.4, 154.4, 154.4, 133.9,
132.0, 129.8, 129.2, 128.7, 81.6, 81.6, 68.7, 68.4, 62.8, 62.7, 55.1, 55.0, 53.1, 52.5, 52.3, 52.3,
51.9,43.4,42.3,42.1,41.8, 34.6, 33.6, 28.6, 28.3, 14.4, 14.3 (signal doubling due to rotamers).
IR (film) v: 2956, 2926, 1703, 1435, 1398, 1368, 1249, 1141, 1029, 969, 801, 705 cm™*; HRMS
(ESI-TOF) m/z calcd for C27H3sNO1oNa [M + Na*] 556.2153. Found 556.2153.

Synthesis of dimethyl (1S*3S*4R*5S* 6R*)-4-((4-methoxyphenyl)thio)-6-phenyl-2-
tosyl-2-azabicyclo[3.1.0]hexane-3,6-dicarboxylate (212)

H 4-MeOCgH,s, H
= ,Ph 4-MeOCgH,SH o= Ph
W'Cone W'cone
MeO,C™ ", K,COs, TBAB Me0,C™ "%,
Ts CH4CN Ts
1d 212

Ester 1d (124 mg, 0.290 mmol) was added to a vigorously stirred mixture of 4-
methoxythiophenol (61 mg, 0.435 mmol, 54 uL, 1.5 equiv), K.COs (48 mg, 0.348 mmol, 1.2
equiv), and TBAB (14 mg, 44 pmol, 0.15 equiv) in CH3CN (4 mL) at 25 °C. The reaction was
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conducted at the same temperature until complete consumption of the starting material (TLC
monitoring, 6 h). Thereafter, the solids were filtered off, the filtrate was diluted with EtOAc (40
mL) and sequentially washed with 1M HCI (100 mL), water (100 mL), and finally brine (100
mL). Following drying of the organic layer over anhydrous Na>SOs, the solvents were removed
under reduced pressure. Compound 212 was isolated by preparative TLC using EtOAC/PE
mixture as a colorless oil (27 mg, 16%). Rf = 0.22 (20% EtOACc/PE); *H NMR (400 MHz,
CDCl3) 0. 7.84 —7.76 (m, 2H), 7.42 — 7.26 (m, 7H), 7.18 — 7.07 (m, 2H), 6.86 — 6.78 (m, 2H),
4.35 (d, J =5.6 Hz, 1H), 4.19 (d, J = 7.3 Hz, 1H), 3.85 (dd, J = 5.6, 1.2 Hz, 1H), 3.81 (s, 3H),
3.55 (s, 3H), 3.17 (s, 3H), 2.59 (dd, J = 7.3, 1.1 Hz, 1H), 2.50 (s, 3H). 13C NMR (101 MHz,
CDCls) 0: 171.3, 168.2, 160.4, 144.5, 136.2, 134.7, 133.0, 130.0, 129.5, 128.5, 128.3, 128.2,
122.5, 115.0, 72.6, 55.5, 53.0 (2C overlapped), 52.5, 49.8, 39.8, 36.0, 21.8. IR (film) v: 2952,
2922, 1715, 1592, 1495, 1435, 1357, 1245, 1163, 1096, 1025, 962, 816, 701, 664 cm™*; HRMS
(ESI-TOF) m/z calcd for C29H2gNO7S2Na [M + Na*] 590.1278. Found 590.1284.

Synthesis of compounds 214

Ph Ph
(EtO,CpHC, H oy 1. NaBH,CN, (EtO,C),HC, “HCOzMe (EtO,C1HC, HCOzMe
W/COZMe EtOH-ACOH
MeO,C™ S T MeO,C MeO,C
= NH 2. TMEDA, Et,0 =N =" N
210 214a 214b

To a solution of adduct 210 (50 mg, 0.115 mmol) in a 10:1 EtOH-AcOH mixture (3 mL) was
added NaBH3CN (73 mg, 0.346 mmol, 3 equiv). The reaction was conducted for 2 h at 25 °C
under nitrogen atmosphere. Thereafter, the process was quenched with agueous NH3 (32%), the
mixture was poured into water (50 mL), and the organic materials were extracted with EtOAc
(3 x 20 mL). The combined organic layers were washed with brine, dried over anhydrous
Na2SOg4, and concentrated under reduced pressure. Next, the residue was dissolved in Et,O (1.5
mL), followed by addition of TMEDA (13 mg, 0.115 mmol, 1 equiv, 17 pL). The resulting
mixture was stirred for 1 h at 25 °C, and then the precipitate formed was filtered off. Column
chromatography of the residue obtained after the removal of the solvents eluting with an
EtOAC/PE system afforded compounds 214a and 214b as a ca 1:1 mixture (42 mg, 83%).
Analytical sample of 214a was obtained by preparative TLC (EtOACc/PE). Stereochemistry was
assigned tentatively. Colorless oil; Rf = 0.52 (50% EtOACc/PE); *H NMR (400 MHz, CDCls)
0. 7.36 —7.23 (m, 5H), 4.28 —4.19 (m, 4H), 4.07 (d, J = 3.4 Hz, 1H), 3.87 — 3.83 (m, 1H), 3.74
(s, 3H), 3.68 — 3.60 (m, 4H), 2.96 — 2.74 (m, 3H), 2.63 (dd, J = 11.1, 5.7 Hz, 1H), 1.32 - 1.26
(m, 6H). 3C NMR (101 MHz, CDCl3) 6: 174.1,173.7,168.7, 168.7, 137.4, 128.9, 128.5, 127.9,
63.7, 61.9, 61.8, 55.3, 54.4, 52.6, 52.3, 50.5, 46.8, 46.3, 14.2, 14.2. IR (film) v: 2982, 2956,
1726, 1435, 1372, 1200, 1156, 1029, 913, 861, 731 cm™. HRMS (ESI-TOF) m/z calcd for
C22H30NOsg [M + H'] 436.1966. Found 436.1971. For 214b: R = 0.48 (50% EtOAC/PE);
HRMS (ESI-TOF) m/z calcd for C22H3oNOg [M + H™] 436.1966. Found 436.1971.
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Arylation of cyclopropanated pyrroles with diazonium salts 216a, 216c-216h: synthesis of
1,2-dihydropyridines 18a, 18a*B¥, 18c-18h
H
W--\COzR ArN,BF, (216a, 216c-216h) @/COZR

N ARON
Noc H Pddba,, NaOAc, CH;CN N

1aor1b 18a, 18a'BY 18c-18h

A flask equipped with a magnetic stirring bar was charged with cyclopropanated pyrrole 1a or
1b (0.5 mmol) and NaOAc (123 mg, 1.5 mmol, 3 equiv), flushed with nitrogen, followed by
addition of dry CHsCN (3 mL). When the starting material had completely dissolved, to the
resulting solution was added in one portion at 25 °C a mixture of Pddba, (29 mg, 50 pmol, 10
mol%) and diazonium tetrafluoroborate 216 (0.525 mmol, 1.05 equiv). The reaction was
conducted at the same temperature until TLC indicated complete conversion of the
cyclopropane. After dilution with EtOAc, the mixture was filtered through a pad of Celite®, and
the solvent was removed. The product was purified by column chromatography eluting with
an EtOAC/PE, acetone/PE, or Et,O/PE mixture.

Di-tert-butyl 6-(4-methoxyphenyl)pyridine-1,3(6H)-dicarboxylate (18aBY)

= ‘ CO,t-Bu
N
Boc
MeO

Yield: 180 mg (93%); yellowish oil; Rf = 0.39 (7% EtOACc/PE); *H NMR (400 MHz, CDCls)
0:7.89 (brs, 1H), 7.34 — 7.21 (m, 2H), 6.86 — 6.80 (m, 2H), 6.42 (d, J = 9.9 Hz, 1H), 5.69 (br
s, 1H), 5.55 (dd, J = 9.9, 5.3 Hz, 1H), 3.77 (s, 3H), 1.53 — 1.37 (m, 18H). 3C NMR (101 MHz,
CDCIs) 0: 165.2,159.4,152.3, 134.7,134.3, 128.2, 121.5, 118.8, 113.9, 108.7, 83.1, 80.2, 57.1,
55.3, 28.4, 28.1. HRMS (ESI-TOF) m/z calcd for C2:H20NOsNa [M + Na*] 410.1938. Found
410.1938.

The spectral data are in good accordance with those reported in the literature.™?

1-(tert-Butyl) 3-methyl 6-(4-methoxyphenyl)pyridine-1,3(6H)-dicarboxylate (18a)

_~_COMe

N
Boc

MeO

Yield: from 120 mg (0.5 mmol) of 1a: 147 mg (85%), from 2.5g (10.45 mmol) of 1la: 2.92 g
(81%); yellowish oil; Rf = 0.34 (10% acetone/PE); *H NMR (400 MHz, CDCls) d: 7.97 (br s,
1H), 7.36 — 7.18 (m, 2H), 6.88 — 6.78 (m, 2H), 6.47 (d, J = 9.9 Hz, 1H), 5.72 (br s, 1H), 5.58
(dd, J =9.9, 5.3 Hz, 1H), 3.79 — 3.75 (m, 6H), 1.43 (s, 9H). 3C NMR (101 MHz, CDCls) :
166.3,159.5,152.1, 135.5, 134.2,128.2, 121.7, 118.5, 113.9, 107.2, 83.3, 56.6, 55.3, 51.5, 28.0.
HRMS (ESI-TOF) m/z calcd for C19H23NOsNa [M + Na*] 368.1468. Found 368.1465.

The spectral data are in good accordance with those reported in the literature.*?]
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Di-tert-butyl 6-(3,4-dimethoxyphenyl)pyridine-1,3(6H)-dicarboxylate (18c)

= CO,t-Bu

Boc

MeO

MeO

Yield: 151 mg (72%); yellowish oil; Rf = 0.21 (10% EtOAC/PE); *H NMR (400 MHz, CDCls)
§:7.87 (brs, 1H), 6.97 — 6.75 (m, 3H), 6.43 (d, J = 9.9 Hz, 1H), 5.71 (br s, 1H), 5.56 (dd, J =
9.9, 5.3 Hz, 1H), 3.86 — 3.79 (m, 6H), 1.54 — 1.36 (m, 18H). 3C NMR (101 MHz, CDCls) 6:
165.1, 152.3, 149.0, 148.8, 134.7 (2C overlapped), 121.2, 119.3, 119.1, 111.1, 110.2, 108.8,
83.1, 80.2, 56.8, 56.0, 55.9, 28.3, 28.0. IR (film) v: 2978, 2937, 1700, 1640, 1592, 1513, 1461,
1368, 1238, 1137, 1029, 850, 734 cm™'; HRMS (ESI-TOF) m/z calcd for C2sH3iNOgsNa [M +
Na*] 440.2044. Found 440.2043.

Di-tert-butyl 6-(4-hydroxyphenyl)pyridine-1,3(6H)-dicarboxylate (18d)

= CO,t-Bu

N
Boc

HO

Arylation was performed under slightly modified conditions, i.e. employing 0.5 mmol of
4-hydroxybenzenediazonium tetrafluoroborate (216d) and 0.75 mmol (1.5 equiv) of
monocyclopropanated pyrrole 1b. Yield based on tetrafluoroborate 216d.

Yield: 187 mg, obtained quantitatively; yellowish oil; Rf = 0.40 (20% EtOAc/PE); *H NMR
(400 MHz, CDCls) 6: 7.93 (br s, 1H), 7.31 (br s, 1H), 7.22 — 7.10 (m, 2H), 6.81 — 6.70 (m, 2H),
6.40 (d, J = 9.9 Hz, 1H), 5.66 (br s, 1H), 5.54 (dd, J = 9.9, 5.2 Hz, 1H), 1.54 — 1.36 (m, 18H).
13C NMR (101 MHz, CDCls) é: 166.0, 156.4, 152.4, 135.2, 133.6, 128.2, 121.9, 118.2, 115.4,
108.5, 83.4,80.9, 56.9, 28.3, 28.0. IR (film) v: 3373, 2974, 2933, 1722, 1696, 1595, 1513, 1476,
1390, 1342, 1245, 1133, 1081, 1006, 906, 831, 775, 716 cm™; HRMS (ESI-TOF) m/z calcd for
C21H2sNOs [M + H*] 374.1962. Found 374.1968.

Di-tert-butyl 4,6-bis(4-hydroxyphenyl)pyridine-1,3(4H)-dicarboxylate (18d*)

Yield: 35 mg (15%); yellowish oil; Rf = 0.56 (50% EtOACc/PE); *H NMR (400 MHz, CDCls)
0:8.13 (s, 1H), 7.15 - 7.02 (m, 4H), 6.76 — 6.66 (m, 4H), 5.92 (br s, 2H), 5.25 (d, J = 6.5 Hz,
1H), 4.44 (d, J = 6.5 Hz, 1H), 1.42 (s, 9H), 1.23 (s, 9H). 13C NMR (101 MHz, CDCl3) 6: 166.5,
155.6, 154.7, 151.0, 136.2, 136.2, 135.8, 130.8, 128.9, 127.6, 116.5, 115.6 (2C overlapped),
115.1,83.6,81.1, 39.1, 28.3, 27.7. IR (film) v: 3377, 2978, 2933, 1685, 1610, 1513, 1454, 1346,
1249, 1144, 1044, 910, 828, 731 cm™t; HRMS (ESI-TOF) m/z calcd for C27H31NOgNa [M +
Na*] 488.2044. Found 488.2043.
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Di-tert-butyl 6-(4-acetamidophenyl)pyridine-1,3(6H)-dicarboxylate (18e)

_~_-CO,t-Bu

Boc
AcHN

Yield: 159 mg (77%); yellowish oil; Rf = 0.50 (30% acetone/PE); *H NMR (400 MHz, CDCls)
J: 8.51 —8.36 (m, 1H), 7.90 (br s, 1H), 7.54 — 7.43 (m, 2H), 7.29 — 7.18 (m, 2H), 6.37 (d, J =
10.0 Hz, 1H), 5.67 (br s, 1H), 5.51 (dd, J = 10.0, 5.3 Hz, 1H), 2.11 (s, 3H), 1.53 — 1.31 (m,
18H). 13C NMR (75 MHz, CDCls) ¢: 169.0, 165.4, 152.2, 138.2, 137.6, 134.9, 127.2, 121.3,
119.8, 118.6, 108.5, 83.3, 80.5, 56.5, 28.3, 27.9, 24.4. IR (film) v: 3310, 2978, 2933, 1722,
1696, 1603, 1532, 1368, 1245, 1129, 1077, 906, 842, 723 cm™*; HRMS (ESI-TOF) m/z calcd
for C23H30N20sNa [M + Na*] 437.2047. Found 437.2048.

Di-tert-butyl 6-(m-tolyl)pyridine-1,3(6H)-dicarboxylate (18f)

CO,t-Bu

Boc

=

Yield: 121 mg (65%); yellowish oil; Rs = 0.42 (5% EtOAC/PE); *H NMR (400 MHz, CDCls)
0. 7.96 (brs, 1H), 7.23 —7.05 (m, 4H), 6.39 (dt, J = 9.9, 1.3 Hz, 1H), 5.70 (br s, 1H), 5.56 (dd,
J=9.9,5.2 Hz, 1H), 2.33 (s, 3H), 1.53 - 1.32 (m, 18H). 13C NMR (101 MHz, CDCls) §: 165.2,
152.3, 142.5, 138.3, 135.0, 128.7, 128.6, 127.1, 123.5, 121.5, 118.7, 108.6, 83.1, 80.2, 57.9,
28.4, 28.0, 21.5. IR (film) v: 2978, 2930, 1722, 1696, 1640, 1588, 1476, 1387, 1338, 1245,
1126, 1077, 1010, 906, 850, 764, 731 cm™*; HRMS (ESI-TOF) m/z calcd for C22H3oNO4 [M +
H*] 372.2169. Found 372.2177.

Di-tert-butyl 6-phenylpyridine-1,3(6H)-dicarboxylate (18g)

_ ‘ CO,t-Bu

N
Boc

Yield: 156 mg (87%); yellow foam; R¢ = 0.31 (5% EtOAC/PE); *H NMR (400 MHz, CDCls)
0. 7.89 (brs, 1H), 7.33 — 7.13 (m, 5H), 6.34 (d, J = 9.9 Hz, 1H), 5.67 (br s, 1H), 5.51 (dd, J =
9.9, 5.2 Hz, 1H), 1.49 — 1.21 (m, 18H). *C NMR (101 MHz, CDCls) ¢: 165.1, 152.3, 142.5,
134.9,128.7,128.0, 126.5, 121.4, 118.8, 108.7, 83.2, 80.3, 57.8, 28.4, 28.0. HRMS (ESI-TOF)
m/z calcd for C21H27NOsNa [M + Na*] 380.1832. Found 380.1836.

The spectral data are in good accordance with those reported in the literature.?l

Di-tert-butyl 6-(naphthalen-1-yl)pyridine-1,3(6H)-dicarboxylate (18h)

i = ‘ CO,t-Bu
N
Boc

Yield: 161 mg (79%); yellowish oil; Rf = 0.41 (5% acetone/PE); ‘H NMR (400 MHz, CDCls)
0:8.22 (brs, 1H), 8.15 - 8.04 (m, 1H), 7.91 — 7.85 (m, 1H), 7.81 — 7.75 (m, 1H), 7.59 — 7.41
(m, 4H), 6.69 — 6.46 (m, 1H), 6.32 (dt, J = 10.1, 1.5 Hz, 1H), 5.73 (dd, J = 10.1, 4.8 Hz, 1H),
1.60-0.95 (m, 18H). 3C NMR (101 MHz, CDCls) §: 165.1, 152.3, 140.3, 135.2, 133.7, 129.0,
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128.7,128.1,126.6, 126.0, 125.8, 122.9, 122.3,121.3, 118.1, 107.7, 83.1, 80.3, 54.8, 28.4, 27.7.
IR (film) v: 2974, 2933, 1692, 1648, 1599, 1513, 1476, 1405, 1368, 1331, 1271, 1129, 1077,
947, 902, 846, 775, 712 cm™’; HRMS (ESI-TOF) m/z calcd for CasH2sNOsNa [M + Na']
430.1989. Found 430.1986.

Arylation of cyclopropanated pyrroles with diazonium salts 216b, 216j-216p: synthesis of
1,2-dihydropyridines 18b, 18j-18p

H

i = _..CO,t-Bu ArN,BF, (216b, 216j-216p) gCOZ"B”

N Y Pddba,, DTBMP ArTON
Boc BuyNHSO,, CHsCN Boc
1b 18b, 18j-18p

Reactions were performed analogously as above, except that BusNHSO4 (340 mg, 1 mmol, 2
equiv) was used as an additive and NaOAc was replaced with DTBMP (103 mg, 0.5 mmol,
1 equiv).

Di-tert-butyl 6-(4-chlorophenyl)pyridine-1,3(6H)-dicarboxylate (18b)

_ ‘ CO,t-Bu

N
Boc

Cl

Yield: 163 mg (83%); yellow oil; R = 0.43 (5% EtOAC/PE); 'H NMR (400 MHz, CDCls) 6:
7.89 (brs, 1H), 7.40 — 7.16 (m, 4H), 6.41 (d, J = 9.9 Hz, 1H), 5.71 (br s, 1H), 5.52 (dd, J = 9.9,
5.3 Hz, 1H), 1.54 — 1.33 (m, 18H). 13C NMR (101 MHz, CDCl3) 6: 165.0, 152.0, 140.8, 134.7,
133.8, 128.9, 128.1, 120.8, 119.3, 108.7, 83.4, 80.4, 57.0 + 55.7, 28.4, 28.0 (signal doubling
due to rotamers). IR (film) v: 2978, 2933, 1722, 1696, 1640, 1592, 1491, 1387, 1342, 1238,
1126, 1077, 1010, 962, 906, 850, 738 cm™*; HRMS (ESI-TOF) m/z calcd for C21H26CINOsNa
[M + Na'] 414.1443. Found 414.1444,

Di-tert-butyl 6-(3-chlorophenyl)pyridine-1,3(6H)-dicarboxylate (18j)

= CO,t-Bu

N
Boc

Cl

Yield: 157 mg (80%); yellowish oil; Rs = 0.37 (10% Et,O/PE); *H NMR (400 MHz, CDCls) 6:
7.92 (brs, 1H), 7.36 — 7.16 (m, 4H), 6.43 (d, J = 9.9 Hz, 1H), 5.72 (br s, 1H), 5.54 (dd, J = 9.9,
5.2 Hz, 1H), 1.55 — 1.32 (m, 18H). 13C NMR (101 MHz, CDCl3) 6: 165.0, 152.1, 144.3, 134.8,
134.5,130.1, 128.2, 126.8, 124.8, 120.6, 119.5, 108.7, 83.5, 80.5, 57.4, 28.4, 28.0. IR (film) v:
2978, 2933, 1722, 1700, 1640, 1592, 1476, 1387, 1338, 1238, 1126, 1077, 1010, 910, 846, 738,
693 cm™*; HRMS (ESI-TOF) m/z calcd for C21H27CINO4 [M + H*] 392.1623. Found 392.1621.

Di-tert-butyl 6-(2-chlorophenyl)pyridine-1,3(6H)-dicarboxylate (18k)

CO,t-Bu

Boc

cl =

Yield: 131 mg (67%); yellowish oil; Rs = 0.40 (5% EtOAc/PE); *H NMR (400 MHz, CDCls)
0: 8.10 (br s, 1H), 7.40 — 7.29 (m, 2H), 7.30 — 7.13 (m, 2H), 6.29 (dt, J = 10.1, 1.5 Hz, 1H),
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6.17 (d, J = 4.8 Hz, 1H), 5.77 — 5.53 (m, 1H), 1.55 — 1.21 (m, 18H). 3C NMR (101 MHz,
CDCI3) 0: 165.0, 152.1, 141.6, 135.0, 129.4, 128.8, 127.9, 126.7, 119.8, 118.5, 108.0, 83.3,
80.3, 55.5, 28.4, 27.8 (one carbon could not be detected). IR (film) v: 2978, 2933, 1737, 1700,
1491, 1457, 1394, 1290, 1245, 1148, 1066, 1018, 895, 768 cm™; HRMS (ESI-TOF) m/z calcd
for C21H26CINOsNa [M + Na'] 414.1443. Found 414.1444.

Di-tert-butyl 6-(4-fluorophenyl)pyridine-1,3(6H)-dicarboxylate (18I)

_ ‘ CO,t-Bu

N
Boc

F

Yield: 128 mg (68%); yellowish oil; Rs = 0.18 (5% Et,O/PE); *H NMR (400 MHz, CDCls) ¢:
7.90 (br s, 1H), 7.39 — 7.26 (m, 2H), 7.06 — 6.93 (m, 2H), 6.43 (d, J = 9.9 Hz, 1H), 5.73 (br s,
1H), 5.54 (dd, J = 9.9, 5.3 Hz, 1H), 1.57 — 1.34 (m, 18H). 3C NMR (101 MHz, CDCls) §:
165.0, 162.51 (d, Jcr = 246.3 Hz), 152.1, 138.2, 134.7, 128.6, 121.1, 119.2, 115.50 (d, Jcr =
21.4 Hz), 108.7, 83.3, 80.4, 56.6, 28.4, 28.0. IR (film) v: 2978, 2933, 1722, 1700, 1640, 1603,
1506, 1387, 1342, 1234, 1126, 1010, 906, 835, 731 cm™*; HRMS (ESI-TOF) m/z calcd for
C21H27FNO4 [M + H*] 376.1919. Found 376.1919.

Di-tert-butyl 6-(4-bromophenyl)pyridine-1,3(6H)-dicarboxylate (18m)

_~_CO,t-Bu

N
Boc

Br

Yield: 162 mg (74%); yellow oil; Rf = 0.48 (5% EtOAC/PE); *H NMR (400 MHz, CDCls) 6
7.90 (br s, 1H), 7.50 — 7.38 (m, 2H), 7.27 — 7.12 (m, 2H), 6.42 (d, J = 9.9 Hz, 1H), 5.71 (br s,
1H), 5.53 (dd, J = 9.9, 5.3 Hz, 1H), 1.55 — 1.30 (m, 18H). 3C NMR (101 MHz, CDCls) ¢:
165.0, 152.0, 141.2, 134.7, 131.8, 128.4, 122.0, 120.7, 119.4, 108.8, 83.5, 80.4, 57.3 + 56.0,
28.4, 28.1 (signal doubling due to rotamers). IR (film) v: 2978, 2933, 1722, 1696, 1640, 1588,
1484, 1387, 1342, 1238, 1126, 1074, 1006, 906, 850, 734 cm*; HRMS (ESI-TOF) m/z calcd
for C21H26BrNOsNa [M + Na*] 458.0937. Found 458.0939.

Di-tert-butyl 6-(2-bromophenyl)pyridine-1,3(6H)-dicarboxylate (18n)

B o~ COxtBu

N
Boc

Yield: 155 mg (71%); yellowish oil; R = 0.37 (10% Et,0/PE); *H NMR (400 MHz, CDCl3) :
7.87 (br s, 1H), 7.30 — 7.24 (m, 1H), 7.16 — 7.10 (m, 1H), 7.07 — 7.02 (m, 1H), 6.91 — 6.83 (m,
1H), 6.05 (dt, J = 10.1, 1.5 Hz, 1H), 5.96 — 5.82 (m, 1H), 5.56 — 5.34 (m, 1H), 1.31 — 0.96 (m,
18H). 13C NMR (101 MHz, CDCls) §: 165.0, 152.2, 143.3, 135.1, 132.8, 129.1, 128.6, 126.8,
119.8, 119.2, 118.5, 108.1, 83.4, 80.4, 58.0, 28.4, 27.9. IR (film) v: 2978, 2933, 1730, 1700,
1644, 1599, 1465, 1390, 1338, 1241, 1126, 1077, 1006, 910, 850, 753 cm™*; HRMS (ESI-TOF)
m/z calcd for Co1H26BrNOsNa [M + Na*] 458.0937. Found 458.0941.
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Di-tert-butyl 6-(4-iodophenyl)pyridine-1,3(6H)-dicarboxylate (180)

CO,t-Bu

Boc

=

Yield: 179 mg (74%); yellowish oil; Rs = 0.43 (5% EtOACc/PE); *H NMR (400 MHz, CDCls)
5:7.89 (brs, 1H), 7.69 — 7.60 (m, 2H), 7.14 — 7.02 (m, 2H), 6.41 (d, J = 9.9 Hz, 1H), 5.69 (br
s, 1H), 5.52 (dd, J = 9.9, 5.3 Hz, 1H), 1.58 — 1.27 (m, 18H). 2*C NMR (101 MHz, CDCls) 6:
164.9, 152.0, 141.7, 137.8, 134.7, 128.6, 120.6, 119.4, 108.7, 93.7, 83.4, 80.4, 56.8, 28.3, 28.0.
IR (film) v: 2974, 2930, 1722, 1696, 1640, 1588, 1480, 1387, 1342, 1238, 1126, 1077, 1006,
962, 906, 850, 816, 775, 731 cm™*; HRMS (ESI-TOF) m/z calcd for Ca1H26INOsNa [M + Na']
506.0799. Found 506.0799.

Di-tert-butyl 6-(4-cyanophenyl)pyridine-1,3(6H)-dicarboxylate (18p)

= CO,t-Bu

N
Boc

NC

Yield: 97 mg (51%); yellowish oil; Rf = 0.29 (25% Et,O/PE); *H NMR (400 MHz, CDCls) ¢:
7.90 (br s, 1H), 7.65 — 7.56 (m, 2H), 7.48 — 7.36 (M, 2H), 6.43 (d, J = 9.9 Hz, 1H), 5.79 (br s,
1H), 5.52 (dd, J = 9.9, 5.3 Hz, 1H), 1.56 — 1.31 (m, 18H). 3C NMR (101 MHz, CDCls) 5:
164.7,151.8,146.7,134.7,132.7,127.1, 119.9 (2C overlapped), 118.7, 111.8, 108.7, 83.8, 80.6,
56.5, 28.3, 28.0. IR (film) v: 2978, 2933, 2229, 1722, 1696, 1640, 1592, 1368, 1238, 1126,
1081, 1006, 910, 850, 760, 712 cm™; HRMS (ESI-TOF) m/z calcd for Ca2H26N20sNa [M +
Na*] 405.1785. Found 405.1788.

Synthesis of methyl 6-(4-methoxyphenyl)nicotinate (226a)

COZMG COzMe

4 4

\ DDQ \
_ NS
N N
Boc
MeO 18a MeO 226a

A solution of dihydropyridine 18a (200 mg, 0.579 mmol) in THF (2.5 mL) was cooled to 0 °C
and DDQ (197 mg, 0.869 mmol, 1.5 equiv) dissolved in the same solvent (1.5 mL) was added.
The resulting mixture was stirred at 0 °C until TLC indicated complete conversion of the
starting material (2 h). Thereafter, water (30 mL) and EtOAc (30 mL) were added, the phases
were separated and the aqueous one was extracted with two additional portions of EtOAc (2 x
20 mL). The combined organic layers were dried over anhydrous NaSOs and evaporated.
Column chromatography eluting with EtOAC/PE provided pyridine 226a as colorless crystals
(127 mg, 90%). M.p. = 161.8-163.4 °C; R = 0.40 (20% EtOAC/PE); 'H NMR (400 MHz,
CDCl3) 6:9.23 (d, J =0.2 Hz, 1H), 8.29 (dd, J = 8.3, 2.2 Hz, 1H), 8.08 — 7.99 (m, 2H), 7.74 (d,
J =8.3 Hz, 1H), 7.08 — 6.93 (m, 2H), 3.96 (s, 3H), 3.87 (s, 3H). *C NMR (101 MHz, CDCls)
0:166.1, 161.4, 160.6, 151.1, 137.9, 131.0, 128.9, 123.6, 119.0, 114.4, 55.5, 52.4. IR (film) v:
2952, 1715, 1592, 1513, 1431, 1286, 1249, 1111, 1018, 954, 828, 783, 738 cm™!; HRMS (EI)
m/z calcd for C14H13NOs (M™) 243.0890. Found 243.0887.
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Synthesis of 1-(tert-butyl) 3-methyl 6-(4-methoxyphenyl)-5,6-dihydropyridine-1,3(4H)-

dicarboxylate (90)
= COzMe COzMe
\ H; (balloon) /@/O/
N - = N
Boc Pd/C, THF Boc
MeO 18a MeO 90

To a solution of 1,2-dihydropyridine 18a (200 mg, 0.579 mmol) in THF (6 mL) Pd/C (20 mg,
10 wt%) was added, and the mixture was vigorously stirred under hydrogen at 25 °C. After the
reaction was completed (TLC control; 16 h), the catalyst was filtered off. The solvent was
removed and the resulting residue was chromatographed on silica gel eluting with EtOAc/PE
to afford compound 90 as a white solid (151 mg, 75%). M.p. = 83.8-85.8 °C; Rf = 0.26 (10%
EtOAC/PE); 'H NMR (400 MHz, CDCls) 6: 8.28 (br s, 1H), 7.00 — 6.91 (m, 2H), 6.82 — 6.74
(m, 2H), 5.25 (br s, 1H), 3.72 (s, 3H), 3.69 (s, 3H), 2.41 — 2.29 (m, 1H), 2.06 — 1.94 (m, 1H),
1.95-1.73 (m, 2H), 1.36 (br s, 9H). *C NMR (101 MHz, CDCls) 6: 167.8, 158.6, 151.8, 135.9,
133.5,126.3,113.8, 107.4,82.4,55.1,54.3,51.2, 27.9, 27.3, 16.5. HRMS (ESI-TOF) m/z calcd
for C19H2sNOsNa [M + Na*] 370.1625. Found 370.1631.

Synthesis of di-tert-butyl 6-(4-methoxyphenyl)-5,6-dihydropyridine-1,3(4H)-
dicarboxylate (90tBY)

= CO,t-Bu CO,t-Bu
‘ H, (40 bar) ‘
N N
Boc Rh/C, THF Boc
MeO 18atBu MeO got-Bu

A mixture of dihydropyridine 18a*B! (60 mg, 0.155 mmol) and Rh/C (3 mg, 5 wt%) in THF (3
mL) was intensively stirred under H (40 bar, autoclave) for 2 hours. Next, the suspension was
filtered through a short pad of Celite® and the solvent was removed. The residue was
chromatographed on silica gel using an EtOAC/PE mixture to give compound 90BY as a white
solid (49 mg, 81%). M.p. = 117.2-118.9 °C; R¢ = 0.33 (7% EtOACc/PE); 'H NMR (600 MHz,
CDCl3) ¢0: 8.22 (s, 1H), 7.03 — 6.98 (m, 2H), 6.85 — 6.80 (m, 2H), 5.23 (s, 1H), 3.77 (s, 3H),
2.34 (d, J =16.7 Hz, 1H), 2.05 - 1.96 (m, 1H), 1.94 — 1.87 (m, 1H), 1.84 — 1.75 (m, 1H), 1.51
—1.26 (m, 18H); 1*C NMR (101 MHz, DMF-dy, 80 °C) 4. 167.2, 160.0, 152.9, 135.8, 135.0,
127.5,115.1,110.4,83.1, 80.3, 56.1, 55.3, 28.9, 28.5, 28.2, 17.8. IR (film) v: 2974, 2933, 1718,
1636, 1513, 1386, 1245, 1126, 1036, 902, 831, 731 cm™*; HRMS (ESI-TOF) m/z calcd for
C22H3:NOsNa [M + Na*] 412.2094. Found 412.2103.

Preparation of methyl-6-(4-methoxyphenyl)piperidine-3-carboxylate (91)

1. Et3SiH, TFA

CO,Me CO,Me
T S
WISN 2. NaHCOg WISN
Boc H
MeO MeO

90 91

To a solution of 90 (200 mg, 0.576 mmol) in 1,2-DCE (3 mL) TFA (656 mg, 5.76 mmol, 441
pL, 10 equiv) and EtsSiH (201 mg, 1.73 mmol, 276 uL, 3 equiv) were added, and the mixture
was stirred at 50 °C for 3 hours. The reaction was quenched by saturated NaHCOs3 solution (30
mL), the phases were separated and the aqueous one was extracted with CH2Cl> (3 x 10 mL).
The combined organic layers were dried over anhydrous Na,SQg, filtered, and the solvent was
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evaporated under reduced pressure (the excess of triethylsilane was removed under high
vacuum at 60 °C). Crystallization of crude products from methanol afforded piperidine 91 (35
mg, 75%) as colorless crystals. M.p. = 80.2-81.2 °C; Rs = 0.26 (5% MeOH/CH.Cl,); *H NMR
0:7.34 —7.21 (m, 2H), 6.95 - 6.75 (m, 2H), 3.79 (s, 3H), 3.69 (s, 3H), 3.53 (dd, J =11.0, 2.6
Hz, 1H), 3.41 (ddd, J = 11.6, 4.0, 1.9 Hz, 1H), 2.87 (t-like, J = 11.4 Hz, 1H), 2.57 (tt, J = 11.6,
4.0 Hz, 1H), 2.23 — 2.11 (m, 1H), 1.85 (dq, J = 13.0, 3.2 Hz, 1H), 1.74 — 1.59 (m, 2H), 1.52
(tdd, J = 13.0, 11.0, 3.6 Hz, 1H). *C NMR (101 MHz, CDCls) §: 174.8, 158.8, 136.9, 127.7,
113.8, 60.8, 55.3,51.7, 49.4, 42.3, 33.9, 28.3. IR (film) v: 3332, 2997, 2941, 2837, 1722, 1610,
1513, 1454, 1301, 1245, 1159, 1111, 1036, 999, 835, 790 cm*; HRMS (ESI-TOF) m/z calcd
for C14H1sNO3 [M + H*] 250.1365. Found 250.1370.

Synthesis of 1-(tert-butyl) 3-butyl (4S*,5R*,6R*)-4,5-dihydroxy-6-(4-methoxyphenyl)-5,6-
dihydropyridine-1,3(4H)-dicarboxylate (227)

OH

CO,t-B HO CO,tB
@/ 2B K,080,2H,0 \('j/ 2B
KaFe(CN)s, MeSO,NH, -

\“. N AN N
/© Boc K2CO3, t-BUOH-H,0 /© Boc
MeO MeO

18atBu 227

To an intensively stirred mixture of t-BuOH (1 mL) and water (1 mL) were added at 25 °C
MeSO2NH> (33 mg, 0.351 mmol, 1 equiv), KsFe(CN)s (347 mg, 1.05 mmol, 3 equiv), KoCO3
(146 mg, 1.05 mmol, 3 equiv), followed by K20sO42H>0 (6.5 mg, 17.6 pmol, 5 mol%). After
20 min, a solution of dihydropyridine 18a*BY (136 mg, 0.351 mmol) in t-BuOH (1 mL) was
added dropwise at the same temperature. The reaction was conducted for 16 h and then
quenched by the addition of solid Na2SOs (221 mg, 1.75 mmol, 5 equiv). After stirring for
additional 30 min, the resulting mixture was diluted with CH2Cl, (20 mL) and water (20 mL),
the phases were separated, and the aqueous one was extracted with CH2Cl (3 x 10 mL). The
combined organic layers were dried over anhydrous Na>SOs and evaporated. Column
chromatography eluting with acetone/PE provided diol 227 as yellowish crystals (77.4 mg,
52%). M.p. = 114-116 °C; R¢ = 0.24 (15% EtOAC/PE); *H NMR (400 MHz, DMF-d7, 80 °C)
5:8.16 (s, 1H), 7.19 — 7.11 (m, 2H), 7.02 — 6.90 (m, 2H), 5.11 (d, J = 4.8 Hz, 1H), 4.30 (dd, J
=3.7,0.9 Hz, 1H), 4.00 (dd, J = 4.8, 3.7 Hz, 1H), 3.82 (s, 3H), 1.54 (s, 9H), 1.38 (s, 9H). 13C
NMR (101 MHz, DMF-d7, 80 °C) o 167.8, 160.4, 153.2, 137.0, 132.8, 128.0, 115.3, 110.2,
83.5,81.2, 71.8, 63.6, 61.8, 56.2, 28.9, 28.4. IR (film) v: 3362, 2978, 2881, 1722, 1655, 1513,
1461, 1394, 1249, 1137, 1092, 910, 872 cm™*; HRMS (ESI-TOF) m/z calcd for C22H31NO;Na
[M + Na'] 444.1993. Found 444.1992.

Preparation of di-tert-butyl (2R*,55*,6R*)-5-bromo-2-hydroxy-6-(4-methoxyphenyl)-5,6-
dihydropyridine-1,3(2H)-dicarboxylate (228)

CO,t-Bu Br. CO,t-Bu
WTON DMSO0-H,0 (7:1 W N7 YOH
/@ Boc 20(7:1) /@ Boc
MeO MeO

18atBy 228

To an intensively stirred solution of dihydropyridine 18a8! (72 mg, 0.185 mmol) in a DMSO-
H20 mixture (3 mL; 7:1 v/v) NBS (49 mg, 0.278 mmol, 1.5 equiv) was slowly added at 0 °C.
Subsequently, the cooling bath was removed, and the reaction mixture was left for 30 min. After
that time, the solution was diluted with EtOAc (20 mL), poured into water, and the phases were
separated. The aqueous layer was then washed with two additional portions of EtOAc (2 x 10
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mL). The combined extracts were dried over anhydrous Na,SOs, and the solvent was removed
under reduced pressure. Purification of the residue by preparative TLC afforded bromohydrin
228 as a colorless oil (55 mg, 61%). The stereochemistry of 228 was assigned based on NOESY
experiments and the crystal structure of compound 229. R¢ = 0.36 (15% EtOAC/PE); *H NMR
(400 MHz, CDClIs) 6. 7.38 — 7.31 (m, 2H), 7.08 (d, J = 5.9 Hz, 1H), 6.87 — 6.78 (m, 2H), 6.28
(brs, 1H), 5.76 (br s, 1H), 5.06 (d, J = 5.9 Hz, 1H), 3.77 (s, 3H), 1.52 (s, 18H). *C NMR (101
MHz, CDCls) 6. 164.1, 159.2, 155.0, 134.3, 133.1, 131.8, 129.0, 113.9, 82.5, 81.9, 71.2, 58.9,
55.3,44.5,28.4,28.2. IR (film) v: 3470, 2978, 2933, 1689, 1610, 1513, 1457, 1368, 1249, 1156,
1025, 753 cm™*; HRMS (ESI-TOF) m/z calcd for C22H30BrNOgNa [M + Na*] 506.1149. Found
506.1147.

Preparation of di-tert-butyl (4R*,5R*,6R*)-5-bromo-4-hydroxy-6-(4-methoxyphenyl)-5,6-
dihydropyridine-1,3(4H)-dicarboxylate (229)

OH

CO,t-Bu Br CO,t-Bu
/@ N DMSO-H,0 (4:1) /@ N
Boc Boc
MeO 18atBu MeO 229

To an intensively stirred solution of dihydropyridine 18atB (51 mg, 0.132 mmol) in a DMSO-
H>0 mixture (6 mL; 4:1 v/v) NBS (35 mg, 0.197 mmol, 1.5 equiv) was slowly added at 0 °C.
Subsequently, the cooling bath was removed and the reaction mixture was left for 30 min. After
that time, the solution was diluted with EtOAc (25 mL), poured into water, and the phases were
separated. The aqueous layer was then washed with two additional portions of EtOAc (2 x 10
mL), the combined extracts were dried over anhydrous Na.SQOj4, and the solvent was removed
under reduced pressure. Purification of the residue by column chromatography (silica gel,
EtOAC/PE) afforded compound 229 as colorless crystals (29 mg, 45%). M.p. = 113.0-113.7 °C;
R = 0.14 (15% EtOAC/PE); *H NMR (400 MHz, CDCls) §: 8.38 (br s, 1H), 7.14 — 7.05 (m,
2H), 6.89 — 6.80 (m, 2H), 5.59 (br s, 1H), 4.76 — 4.63 (m, 2H), 3.77 (s, 3H), 1.54 — 1.41 (m,
18H). 13C NMR (101 MHz, CDCls) §: 166.2, 159.3, 151.6, 135.4, 129.1, 126.9, 114.5, 108.4,
83.8, 81.0, 66.6, 59.8, 55.3, 49.9, 28.4, 28.0. IR (film) v: 3411, 2978, 2937, 1726, 1674, 1640,
1513, 1454, 1368, 1271, 1133, 1029, 772 cm?; HRMS (ESI-TOF) m/z calcd for
C22H30BrNOgNa [M + Na*] 506.1149. Found 506.1149.

Preparation of 3,5-di-tert-butyl 7-methyl (1R*,2S*,6S* 7R*)-2-(4-methoxyphenyl)-7-
phenyl-3-azabicyclo[4.1.0]hept-4-ene-3,5,7-tricarboxylate (230)

CO,Me

Ny 156 Ph$ “H
CO,t-Bu {_CO,t-Bu
(j/ P COMe H\Ej/
-
VON Rhy(OAc),, PE VON
/@ Boc o M /@ Boc
MeO 18atBu MeO 230

A solution of methyl phenyldiazoacetate (156; 72 mg, 0.408 mmol, 1.5 equiv) in dry petroleum
ether (1.5 mL) was added using a syringe pump (addition rate:1 drop/10 s) to a vigorously
stirred mixture of dihydropyridine 18a*BY (105 mg, 0.272 mmol) and Rh2(OAc)s (3.6 mg, 8.2
pmol, 3 mol%) in the same solvent (1.5 mL) at 25 °C under an atmosphere of nitrogen. After
the addition was completed, the resulting mixture was left for additional 30 min and then the
solvent was evaporated. Column chromatography eluting with EtoO/PE afforded derivative 230
as colorless crystals (105 mg, 72%). M.p. = 150.9-151.8 °C; Rs = 0.41 (20% EtOACc/PE); H
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NMR (400 MHz, DMF-d-, 80 °C) 6: 7.47 (s, 1H), 7.40 — 7.26 (m, 7H), 7.00 — 6.95 (m, 2H),
5.64 (s, 1H), 3.83 (s, 3H), 3.61 (s, 3H), 2.92 (dd, J = 9.8, 0.9 Hz, 1H), 2.71 (dd, J = 9.8, 0.7 Hz,
1H), 1.59 (s, 9H), 1.29 (s, 9H). 3C NMR (101 MHz, CsDs, 70 °C) 6: 172.1, 166.4, 159.9, 150.8,
135.1,134.9, 133.8, 131.2, 128.6, 128.1, 127.6, 114.6, 108.2, 81.8, 79.8, 54.9, 52.0, 50.9, 40.95,
36.6, 28.4, 27.9, 24.2. IR (film) v: 2974, 2937, 1718, 1689, 1644, 1510, 1368, 1234, 1170,
1141, 988, 705 cm™; HRMS (ESI-TOF) m/z calcd for CaHszNO7Na [M + Na‘] 558.2462.
Found 558.2466.

Preparation of 3,5-di-tert-butyl 8-methyl (1S*,4R*,6R*)-6-(4-methoxyphenyl)-2-oxa-3,5-
diazabicyclo[2.2.2]oct-7-ene-3,5,8-tricarboxylate (232)

Ar.

_~_COMe B;B

\ BocNHOH, NalO, Ng
N \ \

/@ Boc MeOH-H,0 NBoc

MeO 18a MeO,C 232

To a solution of tert-butyl N-hydroxycarbamate (54 mg, 0.461 mmol, 1.2 equiv) in a MeOH-
H>0 mixture (2 mL, 1:1 v/v) was added a methanolic solution (2 mL) of dihydropyridine 18a
(133 mg, 0.384 mmol), followed by NalOs (99 mg, 0.461 mmol, 1.2 equiv) at 0 °C. After
stirring for 2 hours at the same temperature, the resulting mixture was diluted with CH2Cl; (30
mL), poured into water, and the phases were separated. The aqueous layer was then washed
with two additional portions of CH2Cl, (20 mL), and the combined organic extracts were dried
over anhydrous Na>SO4. The crude product was purified by column chromatography using an
EtOAC/PE mixture to give cycloadduct 232 as a yellowish oil (138 mg, 75%). Rf = 0.32 (20%
EtOAC/PE); *H NMR (400 MHz, CDCls) 6: 7.06 — 6.70 (m, 6H), 5.15 — 4.95 (m, 2H), 3.86 (s,
3H), 3.77 (s, 3H), 1.49 — 1.15 (m, 18H). 3C NMR (101 MHz, CDCls) §: 162.0, 159.3, 156.3,
153.8 + 153.3, 135.6 + 134.8, 135.4, 129.6 +128.8, 127.5, 114.2 + 113.9, 83.4, 82.0 + 81.4,
77.9,57.8 + 57.4, 56.5, 55.3, 52.5, 28.2, 28.06 (signal doubling due to rotamers). IR (film) v:
2978, 2937, 1707, 1614, 1513, 1439, 1368, 1245, 1156, 1033, 731 cm™; HRMS (ESI-TOF)
m/z calcd for Co7H32N20gNa [M + Na*] 499.2159. Found 499.2055.

Preparation of tert-butyl (4aR*,8R*,8aR*)-5-methoxy-8-(4-methoxyphenyl)-3-oxo-
2,3,8,8a-tetrahydropyrido[4,3-e][1,4,2]dioxazine-7(4aH)-carboxylate (233)

0]

Ar. )k
B;& Mo(CO)s HN® O
N o CO,Me
MeO:CN 1A\ CH3CN-H,0 (7:1) \
N oSNy
) DS
232 O Ot—BU Meo 233

To an intensively stirred solution of cycloadduct 232 (67 mg, 0.129 mmol) in a 7:1 MeCN-H,0
mixture (8 mL) Mo(CO)s (44 mg, 0.168 mmol, 1.3 equiv) was added in one portion at 25 °C.
The resulting suspension was then heated to 75 °C, and the stirring was continued for 4 h. After
that time, the mixture was evaporated under reduced pressure. Purification of the residue by
column chromatography (silica gel, EtOAC/PE) yielded 233 as a yellowish oil (33 mg, 60%).
Rf = 0.11 (30% EtOAC/PE); 'H NMR (400 MHz, CDCls) §: 8.45 (s, 1H), 7.10 — 7.02 (m, 2H),
6.88 — 6.81 (m, 2H), 5.43 (s, 1H), 5.22 (d, J = 8.3 Hz, 1H), 4.37 — 4.26 (m, 1H), 3.83 (s, 3H),
3.78 (s, 3H), 1.41 (s, 9H). 1*C NMR (101 MHz, CDCls) 6: 165.7, 160.4, 159.7, 151.2, 139.7,
127.7, 127.3, 114.7, 103.7, 84.4, 65.9, 63.0, 55.4, 54.1, 51.8, 27.9. IR (film) v: 3250, 2956,
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1767, 1707, 1636, 1513, 1439, 1238, 1144, 1010, 977, 753 cm™; HRMS (ESI-TOF) m/z calcd
for CaoH2sN20g [M + H*] 421.1605. Found 421.1612.

Preparation of 1-(tert-butyl) 3-methyl (3R*,65*)-6-(4-methoxyphenyl)piperidine-1,3-

dicarboxylate (235)
(j,COZMe Boc,0 O,COZMe

TN DMAP, CH,Cl, N
H Boc
MeO 91 MeO 235

To a vigorously stirred solution of piperidine 91 (431 mg, 1.73 mmol) and DMAP (21 mg,
0.173 mmol, 0.1 equiv) in CH2Cl2 (20 mL) Boc.0 (566 mg, 2.6 mmol, 1.5 equiv) dissolved in
the same solvent (5 mL) was slowly added at 25 °C. After 16 h, the mixture was combined with
a portion of silica gel, and the solvent was removed. Column chromatography eluting with
Et.O/PE afforded compound 235 as a white solid (491 mg, 81%). M.p. = 72.8-74.4 °C; Rf =
0.31 (35% Et,O/PE); *H NMR (300 MHz, CDCls3) 6: 7.15 — 7.04 (m, 2H), 6.90 — 6.78 (m, 2H),
5.40 — 5.23 (m, 1H), 4.42 (dq, J = 13.8, 1.6 Hz, 1H), 3.76 (s, 3H), 3.69 (s, 3H), 2.96 (dd, J =
13.8,4.3 Hz, 1H), 2.48 (dq, J = 5.6, 2.8 Hz, 1H), 2.18 —1.93 (m, 3H), 1.76 — 1.57 (m, 1H), 1.49
—1.35 (m, 9H). 13C NMR (75 MHz, CDCls) 6. 173.9, 158.3, 155.3, 131.8, 127.5, 114.0, 79.6,
55.2,52.3,51.8, 40.5, 39.0, 28.4, 24.3, 20.7. IR (film) v: 2982, 2952, 2840, 1722, 1677, 1610,
1513, 1439, 1409, 1364, 1323, 1252, 1163, 1029, 932, 760 cm™; HRMS (ESI-TOF) m/z calcd
for C19H2sNOs [M + H*] 350.1962. Found 350.1959.

Preparation of 1-(tert-butyl) 2,5-dimethyl (2S* ,5R*)-piperidine-1,2,5-tricarboxylate (237)

(TCOZMG RuCls, NalO, O,COQMe

NN CH3CN-EtOAc-H,O0  Me0,C" N
Boc Boc
MeO 235 237

Piperidine 235 (315 mg, 0.901 mmol) dissolved in EtOAc (12 mL) was added dropwise to an
intensively stirred solution of NalO4 (6.46 g, 15.33 mmol, 17 equiv) and RuCls (hydrate, Ru
36%; 62 mg, 0.108 mmol, 0.12 equiv) in a CH3CN-H>0O mixture (36 mL, 1:2 v/v) at 25 °C. The
reaction was conducted at the same temperature for 4 h during which time a white precipitate
formed. Thereafter, the solids were filtered off, and the resulting filtrate was diluted with water
(60 mL), followed by extraction with EtOAc (5 x 40 mL). The combined organic phases were
then dried over anhydrous Na>,SOs. The residue obtained after the removal of the solvents was
taken up into Et2O (10 mL), and to the resulting mixture, an ethereal solution of freshly prepared
diazomethane was slowly introduced at 0 °C. The addition was continued until a yellow color
persisted. The mixture was subsequently washed with saturated NaHCO3 solution (20 mL), the
organic layer was dried over anhydrous Na,SOs, and the solvents were evaporated. Column
chromatography of crude product using an EtOAC/PE mixture afforded diester 237 as
a colorless oil (176 mg, 65%). R¢ = 0.33 (20% EtOAC/PE); *H NMR (300 MHz, CDCl3) 6. 5.15
—4.49 (m, 1H), 4.48 — 4.24 (m, 1H), 3.72 (s, 3H), 3.68 (s, 3H), 3.26 — 3.03 (m, 1H), 2.59 (s,
1H), 2.18 — 1.82 (m, 3H), 1.59 — 1.35 (m, 10H). 1*C NMR (101 MHz, CDCls) 6: 173.5, 172.3,
155.4, 80.4, 54.7+53.3, 52.2, 51.9, 42.5 + 41.9, 38.5, 28.4, 23.2, 22.1 (signal doubling due to
rotamers). IR (film) v: 2956, 1737, 1689, 1416, 1364, 1338, 1245, 1208, 1148, 1118, 1021,
936, 880, 772 cm™t; HRMS (ESI-TOF) m/z calcd for C14H23sNOgNa [M + Na*] 324.1418. Found
324.1416.
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Preparation of di-tert-butyl (E)-6-styrylpyridine-1,3(6H)-dicarboxylate (239)

/\/@COzt—BU
Ph™ ™ N

Boc

A flask equipped with a magnetic stirring bar was charged with cyclopropanated pyrrole 1b
(141 mg, 0.5 mmol), NaHCOs (105 mg, 1.25 mmol, 2.5 equiv), TBAB (322 mg, 1 mmol, 2
equiv), p-bromostyrene (238; 229 mg, 1.25 mmol, 2.5 equiv), and Pd(dppf)Cl.-CH2Cl> (41 mg,
50 pmol, 10 mol%), flushed with nitrogen, followed by addition of dry DMF (3 mL). The
mixture was stirred at 25 °C for 5 min, and then the reaction vessel was placed in an oil bath
preheated to 80 °C. The coupling was conducted for 3 days. Thereafter, the mixture was cooled
down to ambient temperature, water and EtOAc were added, and the phases were separated.
The aqueous one was extracted with two additional portions of EtOAc. The combined organic
extracts were dried over anhydrous Na»SOs, and the solvents were removed. Column
chromatography of the resulting residue eluting with an EtOAC/PE mixture provided compound
239 as a yellowish oil (81 mg, 42%). Rf = 0.19 (5% Et.O/PE); 'H NMR (400 MHz, CDCls) 6
7.86 (brs, 1H), 7.48 — 7.21 (m, 5H), 6.64 — 6.44 (m, 2H), 6.20 (dd, J = 15.8, 7.0 Hz, 1H), 5.56
(dd, J = 9.7, 5.6 Hz, 1H), 5.41 (br s, 1H), 1.59 — 1.54 (m, 18H). 3C NMR (101 MHz, CDCl3)
0:165.2,152.2,136.5, 134.6, 131.5, 128.7, 128.1, 126.8, 126.3, 120.8, 118.9, 109.7, 83.1, 80.3,
54.8, 28.4, 28.2. IR (film) v: 2974, 2933, 1722, 1700, 1640, 1584, 1476, 1390, 1342, 1245,
1141, 1077, 965, 850, 731, 693 cm™*; HRMS (ESI-TOF) m/z calcd for C2sH2sNOsNa [M +
Na'] 406.1989. Found 406.1992.

Synthesis of di-tert-butyl 6-phenethyl-5,6-dihydropyridine-1,3(4H)-dicarboxylate (240)

CO,t-Bu CO,t-Bu
Z | 2 H, (balloon) | 2
XN > N
Boc Pd/C, MeOH Boc
239 240

To asolution of 1,2-dihydropyridine 239 (100 mg, 0.261 mmol) in MeOH (3 mL) Pd/C (20 mg,
10 wt%) was added and the mixture was intensively stirred under hydrogen at 25 °C. After the
reaction was completed (TLC monitoring), the catalyst was filtered off. The solvent was
evaporated, and the obtained residue was chromatographed on silica gel to provide compound
240 as a yellowish oil (73 mg, 72%). Rs = 0.34 (5% EtOAC/PE); *H NMR (400 MHz, CDCl5)
:8.42 — 7.81 (m, 1H), 7.40 — 7.19 (m, 5H), 4.72 — 3.95 (m, 1H), 2.82 — 2.70 (m, 1H), 2.63
(ddd, J = 13.8, 10.5, 6.4 Hz, 1H), 2.46 (dd, J = 17.6, 5.4 Hz, 1H), 2.28 — 2.14 (m, 1H), 2.04
(ddd, J = 13.8, 4.0, 2.1 Hz, 1H), 1.95 — 1.66 (m, 3H), 1.61 — 1.52 (m, 18H). 13C NMR (101
MHz, CDCls) 6. 167.2, 151.8, 141.6, 134.5, 128.5, 128.4, 126.1, 108.3, 82.2, 79.8, 50.7 + 50.0,
33.2,32.4, 28.4, 28.3, 23.3, 17.1 (signal doubling due to rotamers). IR (film) v: 2974, 2930,
1715, 1633, 1476, 1390, 1342, 1245, 1137, 902, 850, 734, 701 cm™; HRMS (ESI-TOF) m/z
calcd for C23H3sNOsNa [M + Na*] 410.2302. Found 410.2301.
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Arylation of cyclopropanated pyrrole 1c with diazonium salts: synthesis of lactamols 242
and 1,2,3,6-tetrahydropyridines 243

H CO,Me
. COMe  ArN,BF, (216) A~Zph EtsSiH, TFA _ ;Cgﬁ'v'e
L o Wl
N Pddba,, DTBMP A H OH 1,2-DCE AN
Boc CH3CN-H,0, 65 °C H
1c 242 243

Coupling

A reaction vessel containing a solution of cyclopropanated pyrrole 1c (158 mg, 0.5 mmol) and
2,6-di-tert-butyl-4-methylpyridine (154 mg, 0.75 mmol, 1.5 equiv) in a 4:1 CH3CN-H.O
mixture (3 mL) was placed in an oil bath preheated to 65 °C, followed by addition of a mixture
of Pddbaz (29 mg, 50 umol, 10 mol%) and diazonium tetrafluoroborate (0.550 mmol, 1.1
equiv). The stirring was continued at the same temperature until TLC indicated complete
consumption of the starting cyclopropane 1c. Next, the mixture was diluted with EtOAc, poured
into water, and the phases were separated. The aqueous layer was washed with an additional
portion of EtOAc. After the combined organic extracts were dried over anhydrous Na;SOs, the
solvent was removed. The resulting residue was then filtered through a pad of silica gel eluting
with EtOAC/PE to remove most of the impurities. The formation of lactamols 242 was
confirmed by MS analysis.

Reduction

Products resulting from the previous step were dissolved in dry 1,2-DCE (5 mL), followed by
sequential addition of TFA (570 mg, 5 mmol, 383 pL, 10 equiv) and EtsSiH (87 mg, 0.750
mmol, 120 pL, 1.5 equiv) at 25 °C. The reaction mixture was stirred at the same temperature
for 2 h. After that time, the excess of the acid was neutralized using a saturated solution of
NaHCOs, the phases were separated, and the aqueous one was extracted with CH2Cl, (2 x
10 mL). The combined organic layers were dried over anhydrous Na SO, and the solvent was
evaporated under diminished pressure (the excess of triethylsilane was removed under high
vacuum at 60 °C). Tetrahydropyridines 243 were purified either by crystallization from Et.O or
by column chromatography.

1-(tert-Butyl)  3-methyl (25*,3R*,6S*)-2-hydroxy-6-(4-methoxyphenyl)-3-phenyl-3,6-
dihydropyridine-1,3(2H)-dicarboxylate (2,6-syn-242a)

CO,Me
ZN=Ph

W N7 OH
Boc
MeO

Isolated by column chromatography after the coupling step. Yield: 197 mg (90%); colorless
crystals; m.p. = 140.4-142.2 °C; R¢ = 0.22 (20% EtOACc/PE); 'H NMR (400 MHz, DMF-dy,
110 °C) 0: 7.58 — 7.50 (m, 4H), 7.41 —7.24 (m, 3H), 6.91 — 6.83 (m, 2H), 6.71 — 6.63 (M, 1H),
6.62 — 6.53 (m, 1H), 6.10 — 6.00 (m, 1H), 5.98 (br s, 1H), 5.16 (br s, 1H), 3.84 — 3.77 (m, 3H),
3.80-3.73 (m, 3H), 1.28 — 1.20 (m, 9H). 3C NMR (101 MHz, DMF-d7, 70 °C) §: 173.1, 159.9,
154.8,140.9, 135.9, 130.9, 130.0, 129.5, 128.4, 128.3, 125.1, 114.3, 80.7, 77.9, 58.4, 56.6, 56.1,
52.9, 28.7. IR (film) v: 3407, 2974, 1737, 1670, 1610, 1513, 1461, 1394, 1349, 1241, 1163,
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1059, 1033, 954, 842, 757, 701 cm™*; HRMS (ESI-TOF) m/z calcd for C2sH3oNOg [M + H*]
440.2068. Found 440.2071.

Methyl  (3R*,65*)-6-(4-methoxyphenyl)-3-phenyl-1,2,3,6-tetrahydropyridine-3-carbox-
ylate (243a)

CO,Me

o
TN
SO
MeO

Yield: from 100 mg (0.228 mmol) of the isolated lactamol 2,6-syn-242a: 69 mg (94%); from
cyclopropanated pyrrole 1c: 138 mg (85%); white solid; m.p. = 108.0-109.6 °C; Rf=0.29 (2%
MeOH/CH:Cl.); *H NMR (400 MHz, CDCls) 6. 7.42 — 7.33 (m, 2H), 7.34 - 7.22 (m, 5H), 6.93
—6.85 (m, 2H), 6.35 (ddd, J = 10.2, 2.5, 1.5 Hz, 1H), 6.17 (dd, J = 10.2, 2.0 Hz, 1H), 4.45 (t-
like, J=2.3 Hz, 1H), 3.87 — 3.78 (m, 4H), 3.77 (s, 3H), 2.88 (d, J = 13.2 Hz, 1H), 1.94 (s, 1H).
13C NMR (101 MHz, CDCls) §: 174.6, 159.2, 141.7, 134.8, 134.0, 128.9 (2C overlapped),
128.3, 127.3, 126.3, 114.1, 57.6, 55.4, 53.7, 52.5, 51.5. IR (film) v: 3340, 2960, 2800, 1722,
1610, 1510, 1439, 1361, 1286, 1241, 1200, 1092, 1044, 973, 939, 865, 831, 798, 775, 682 cm"
1 HRMS (ESI-TOF) m/z calcd for C2oH22NO3 [M + H*] 324.1594. Found 324.1599.

1-(tert-Butyl) 3-methyl (2S5*,3R*,65*)-6-(3,4-dimethoxyphenyl)-2-hydroxy-3-phenyl-3,6-
dihydropyridine-1,3(2H)-dicarboxylate (242b)
CO,Me

M - o
€0 SN oH
Boc
MeO

yellowish oil; Rf = 0.16 (50% EtOACc/PE); HRMS (ESI-TOF) m/z calcd for CosH3oNO7 [M +
H*] 470.2173. Found 470.2175.

Methyl (3R*,65*)-6-(3,4-dimethoxyphenyl)-3-phenyl-1,2,3,6-tetrahydropyridine-3-car-
boxylate (243b)

LOMe
Z y=Ph

MeO "
o

MeO
Yield: 119 mg (67%); yellowish crystals; m.p. = 110.4-112.1 °C; R¢ = 0.21 (50% EtOAC/PE);
'H NMR (400 MHz, CDCls) 6. 7.42 — 7.24 (m, 5H), 6.92 — 6.80 (m, 3H), 6.36 (dt, J = 10.2,
2.4,1.5Hz, 1H), 6.17 (dd, J=10.2, 2.0 Hz, 1H), 4.47 (t-like, J = 2.2 Hz, 1H), 3.89 (s, 3H), 3.87
(s, 3H), 3.82 (dd, J =13.1, 1.5 Hz, 1H), 3.76 (s, 3H), 2.89 (d, J = 13.1 Hz, 1H), 2.41 (br s, 1H).
13C NMR (101 MHz, CDCls) §: 174.6, 149.2, 148.7, 141.5, 135.0, 133.7, 128.9, 128.4, 127.4,

126.3, 119.7, 111.3, 111.2, 57.8, 56.1, 56.0, 53.6, 52.5, 51.4. HRMS (ESI-TOF) m/z calcd for
C21H24NO4 [M + H*] 354.1700. Found 354.1706.
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1-(tert-Butyl) 3-methyl (3R*,6S*)-2-hydroxy-6-(4-hydroxyphenyl)-3-phenyl-3,6-
dihydropyridine-1,3(2H)-dicarboxylate (242c)

CO;Me
ZN=Ph

U SNTTOH
Boc
HO

inseparable mixture of diastereomers; white solid; Rf = 0.40 (30% acetone/PE); HRMS (ESI-
TOF) m/z calcd for C2sH27NOgNa [M + Na*] 448.1731. Found 448.1730.

Methyl  (3R*,65*)-6-(4-hydroxyphenyl)-3-phenyl-1,2,3,6-tetrahydropyridine-3-carbox-
ylate (243c)

CO,Me

Cr
N
IOl
HO

Yield: 136 mg (88%); white solid; m.p. = 185.0-186.9 °C; R¢ = 0.44 (5% MeOH/CH:Cl,); 'H
NMR (400 MHz, methanol-ds) o: 7.50 — 7.33 (m, 5H), 7.34 — 7.25 (m, 2H), 6.94 — 6.85 (m,
2H), 6.62 (ddd, J = 10.6, 2.6, 1.2 Hz, 1H), 6.29 (dd, J = 10.6, 2.2 Hz, 1H), 5.09 (t, J = 2.4 Hz,
1H), 4.15 (d, J = 13.1 Hz, 1H), 3.82 (s, 3H), 3.39 (d, J = 13.1 Hz, 1H). 3C NMR (101 MHz,
methanol-ds) 0. 173.40, 160.42, 140.02, 131.53, 130.43, 129.63, 129.57, 128.65, 127.34,
125.79, 117.09, 57.36, 53.87, 51.01, 49.57. IR (film) v: 3083, 2967, 1730, 1655, 1517, 1443,
1364, 1267, 1185, 1141, 1021, 828; 701 cm™; HRMS (EI) m/z calcd for Ci9H19NO3z (M*)
309.1359. Found 309.1348.

1-(tert-Butyl)  3-methyl (25*,3R*,65*)-6-(4-chlorophenyl)-2-hydroxy-3-phenyl-3,6-
dihydropyridine-1,3(2H)-dicarboxylate (242d)

L£O;Me
Z N~Ph

N7 OH
Boc
cl

Rf = 0.41 (20% EtOAC/PE); HRMS (ESI-TOF) m/z calcd for CasHasCINOsNa [M + Na*]
466.1392. Found 466.1393.

Methyl (3R*,65*)-6-(4-chlorophenyl)-3-phenyl-1,2,3,6-tetrahydropyridine-3-carboxylate
(243d)

CO,Me
ZN=ph

\“. N
o
Cl

Yield: 120 mg (73%); colorless crystals; m.p. = 123.9-125.9 °C; Rf = 0.46 (20% EtOAC/PE);
'H NMR (400 MHz, CDCls) 6: 7.42 — 7.24 (m, 9H), 6.37 (dt, J = 10.2, 2.5, 1.5 Hz, 1H), 6.13
(dd, J =10.2, 2.1 Hz, 1H), 4.50 (t-like, J = 2.3 Hz, 1H), 3.82 (dd, J = 13.1, 1.5 Hz, 1H), 3.77
(s,3H), 2.90 (d, J=13.1 Hz, 1H), 2.50 (br s, 1H). 1*C NMR (101 MHz, CDCl3) §: 174.5, 141.3,
140.6, 133.7, 132.8, 129.3, 129.0, 129.0, 128.8, 127.5, 126.3, 57.5, 53.4, 52.7, 51.4. IR (film)
v: 3336, 2956, 1722, 1580, 1491, 1446, 1282, 1245, 1208, 1092, 1014, 861, 794, 731, 701 cm"
1 HRMS (ESI-TOF) m/z calcd for C19H19CINO2 [M + H*] 328.1099. Found 328.1104.
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1-(tert-Butyl) 3-methyl (25*,3R*,65*)-2-hydroxy-6-(4-iodophenyl)-3-phenyl-3,6-dihydro-
pyridine-1,3(2H)-dicarboxylate (242¢)

Rf = 0.45 (30% EtOAC/PE); HRMS (ESI-TOF) m/z calcd for CasHasINOsNa [M + Na*]
558.0748. Found 558.0755.

Methyl  (3R*,65*)-6-(4-iodophenyl)-3-phenyl-1,2,3,6-tetrahydropyridine-3-carboxylate
(243e)

LOMe
Z N=Ph

WINN
H
|

Yield: 146 mg (70%); yellowish crystals; m.p. = 127.5-129.3 °C; R¢ = 0.56 (30% EtOAC/PE);
IH NMR (400 MHz, CDCl3) 6: 7.73 — 7.61 (m, 2H), 7.41 — 7.32 (m, 2H), 7.34 — 7.23 (m, 3H),
7.13 - 7.04 (m, 2H), 6.36 (ddd, J = 10.2, 2.5, 1.4 Hz, 1H), 6.11 (dd, J = 10.2, 2.0 Hz, 1H), 4.43
(t-like, J = 2.3 Hz, 1H), 3.81 (dd, J = 13.1, 1.4 Hz, 1H), 3.76 (s, 3H), 2.87 (d, J = 13.1 Hz, 1H),
1.83 (brs, 1H). *C NMR (101 MHz, CDCls) §: 174.5, 142.3, 141.5, 137.9, 133.0, 129.8, 128.9,
128.9, 127.4, 126.3, 93.2, 57.7, 53.5, 52.6, 51.5. IR (film) v: 3332, 2952, 1722, 1584, 1476,
1446, 1398, 1241, 1208, 1088, 1006, 939, 850, 824, 731, 697 cm™; HRMS (ESI-TOF) m/z
calcd for C19H19INO2 [M + H*] 420.0455. Found 420.0459.

Preparation of 1-(tert-butyl) 3-methyl (25*,3R*,65*)-2-hydroxy-6-(4-methoxyphenyl)-3-
phenylpiperidine-1,3-dicarboxylate (244)

CO,Me CO,Me

(ji-Ph H, (balloon) O-—ph
N7 “OH Pd/C, MeOH N7 OH
Boc Boc
MeO MeO 244

2,6-syn-242a

To a solution of substrate 2,6-syn-242a (200 mg, 0.455 mmol) in MeOH (5 mL) Pd/C (20 mg,
10 wt%) was added, and the mixture was intensively stirred under hydrogen at 25 °C. After
TLC indicated the complete consumption of the substrate, the catalyst was filtered off. The
solvent was removed under reduced pressure, and the resulting residue was chromatographed
on silica gel to afford compound 244 as a white solid (151 mg; 75%). M.p. = 144.4-146.1 °C;
R¢ = 0.50 (30% EtOAC/PE); 'H NMR (400 MHz, CDCl3) 6: 7.47 — 7.40 (m, 2H), 7.39 - 7.21
(m, 5H), 6.86 —6.79 (m, 2H), 6.63 (d, J = 4.9 Hz, 1H), 4.98 (d, J = 6.7 Hz, 1H), 3.91 (br s, 1H),
3.79 (s, 3H), 3.50 (s, 3H), 2.65 (td, J = 13.9, 3.3 Hz, 1H), 2.14 (dt, J = 14.3, 4.0 Hz, 1H), 1.90
(d, J = 14.3 Hz, 1H), 1.67 (tdd, J = 13.9, 7.1, 3.3 Hz, 1H), 1.37 (s, 9H). 13C NMR (101 MHz,
CDCls) 6:173.9, 158.3, 156.0, 139.9, 136.2, 128.9, 128.1, 127.2, 126.6, 113.6, 81.3, 76.6, 55.3,
54.9,53.6,52.2, 28.3, 24.9, 23.1. IR (film) v: 3452, 3384, 2960, 1737, 1659, 1614, 1513, 1457,
1394, 1368, 1245, 1159, 1066, 1029, 962, 865, 753, 705 cm™}; HRMS (ESI-TOF) m/z calcd for
C2sH31NOgNa [M + Na*] 464.2044. Found 464.2043.
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Preparation of methyl (3R*,65*)-6-(4-methoxyphenyl)-3-phenylpiperidine-3-carboxylate
(245)

LOMe LOMe
—=Ph ; ~=Ph
Et;SiH

o ", B o
/@ Boc " TFA, 1,2-DCE /@ N
MeO 244 MeO 245

To a solution of compound 244 (151 mg, 0.342 mmol) indry 1,2-DCE (3 mL) were added TFA
(390 mg, 3.42 mmol, 262 pL, 10 equiv) and EtsSiH (60 mg, 0.513 mmol, 82 pL, 1.5 equiv) at
25 °C. The reaction mixture was stirred at the same temperature for 2 h. After that time, the
excess of the acid was neutralized using saturated solution of NaHCOs, the phases were
separated, and the aqueous one was extracted with CH2Cl> (2 x 10 mL). The combined organic
layers were dried over anhydrous Na>SOs, and the solvent was evaporated under diminished
pressure. The excess of triethylsilane was removed under high vacuum at 60 °C. Crystallization
of the crude product from Et>O provided piperidine 245 (103 mg, 93%) as a white solid. M.p.
=120.9-122.8 °C; R¢ = 0.51 (5% MeOH/CH:Cl,); *H NMR (400 MHz, CDCl3) §: 7.33 - 7.11
(m, 7H), 6.82 — 6.69 (m, 2H), 3.91 (dd, J = 12.3, 2.7 Hz, 1H), 3.69 (s, 3H), 3.62 (s, 3H), 3.52
(dd, J=11.4,2.7 Hz, 1H), 2.84 (d, J = 12.3 Hz, 1H), 2.76 — 2.65 (m, 1H), 1.97 — 1.73 (m, 3H),
1.66 — 1.51 (m, 1H). 13C NMR (101 MHz, CDCls) 6. 175.1, 158.8, 141.9, 136.6, 128.8, 127.8,
127.4, 125.8, 113.9, 60.2, 55.4, 55.1, 52.4, 50.5, 33.7, 32.5. IR (film) v: 3347, 2948; 2818,
1722, 1614, 1513, 1439, 1305, 1211, 1115, 1029, 869, 828, 727 cm™; HRMS (ESI-TOF) m/z
calcd for Coo0H24NO3 [M + H*] 326.1751. Found 326.1757.

Synthesis of 1-(tert-butyl) 3-methyl (3R*,65*)-6-(4-methoxyphenyl)-3-phenyl-3,6-
dihydropyridine-1,3(2H)-dicarboxylate (246)

Ph

H Ph
W/cone /©/N2‘3F4 Pd,dbag @ 1COMe
-, + _— N
N o
Boc H MeO

HCO,Na, Noc

1c 216a CHsCN,MS3A  Meo 246

A flask equipped with a magnetic stirring bar was charged with cyclopropanated pyrrole 1c
(158 mg, 0.5 mmol), HCO2Na (102 mg, 1.5 mmol, 3 equiv), activated MS 3A, flushed with
nitrogen, followed by addition of dry CH3CN (3 mL). The reaction vessel was then placed in
an oil bath preheated to 65 °C. When the starting material had completely dissolved, to the
resulting solution, a mixture of Pd.dbas (23 mg, 25 pmol, 5 mol%) and
4-methoxybenzenediazonium tetrafluoroborate (216a; 144 mg, 0.650 mmol, 3 equiv) was
added in one portion. The reaction was conducted at the same temperature until TLC indicated
complete conversion of the cyclopropane (16 h). Thereafter, the mixture was cooled down,
diluted with EtOAc, the solids were filtered off, and the solvent was removed. The product was
purified by column chromatography eluting with an EtOAc/PE mixture to afford compound
246 as a yellowish oil (100 mg, 47%). Rs=0.30 (10% EtOACc/PE); *H NMR (400 MHz, CDCls)
0:7.46 —7.21 (m, 7H), 6.97 — 6.78 (m, 2H), 6.75 — 5.20 (m, 3H), 4.80 — 4.17 (m, 1H), 3.79 (s,
3H), 3.75 (s, 3H), 3.56 — 3.32 (m, 1H), 1.43 — 0.97 (m, 9H). 3C NMR (101 MHz, CDCls) ¢:
173.4, 159.2, 154.2, 140.0, 132.0, 130.9, 129.2, 128.5, 127.8, 127.4, 127.1, 113.9, 79.5, 55.3,
53.4,52.7,52.6,46.4, 27.9. IR (film) v: 2930, 1726, 1677, 1610, 1510, 1454, 1420, 1308, 1245,
1159, 1044, 880, 820, 757, 705 cm™*; HRMS (ESI-TOF) m/z calcd for CasH2sNOsNa [M +
Na*] 446.1938. Found 446.1941.
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Preparation of 1-(tert-butyl) 3-methyl (3R*,65*)-6-(4-methoxyphenyl)-3-
phenylpiperidine-1,3-dicarboxylate (247)

LOyMe COzMe
7 y=Ph H, (balloon) —Ph

' —_— '
O raceon [ ] o
MeO 246 MeO 247

A mixture of tetrahydropyridine 246 (100 mg, 0.234 mmol) and Pd/C (10 mg, 10 wt%) in
MeOH (3 mL) was intensively stirred under Hz (balloon) for 16 hours. Next, the suspension
was filtered through a short pad of Celite® and the solvent was removed in vacuo. The residue
was chromatographed on silica gel using an EtOAC/PE mixture to give compound 247 as
a white solid (86 mg, 86%). M.p. = 165.6-167.6 °C; Rs=0.21 (10% EtOAC/PE); *H NMR (400
MHz, CDCI3) ¢: 7.60 — 7.52 (m, 2H), 7.40 - 7.31 (m, 2H), 7.31 - 7.22 (m, 1H), 7.17 — 7.09 (m,
2H), 6.94 — 6.85 (m, 2H), 5.37 — 5.15 (m, 1H), 4.99 (d, J = 14.3 Hz, 1H), 3.81 (s, 3H), 3.53 (s,
3H), 3.11 (d, J = 14.3 Hz, 1H), 2.57 — 2.44 (m, 1H), 2.19 — 2.08 (m, 1H), 2.01 (td, J = 13.8, 3.0
Hz, 1H), 1.88— 1.75 (m, 1H), 1.47 (s, 9H). 13C NMR (101 MHz, CDCl3) §: 174.6, 158.5, 155.5,
138.5, 131.4, 128.6, 127.7, 127.5, 127.2, 114.2, 80.4, 55.4, 52.4, 51.8, 49.9, 43.8, 28.5, 28.0,
23.5. IR (film) v: 2971, 2881, 1730, 1692, 1614, 1513, 1446, 1416, 1364, 1327, 1234, 1167,
1133, 1066, 1033, 958, 846, 731, 693 cm™*; HRMS (ESI-TOF) m/z calcd for CasH3NOs [M +
H™] 426.2275. Found 426.2278.

Synthesis of dipeptides 258a and 258b

The solution of N-Boc-Val (192 mg, 0.882 mmol, 1.1 equiv) in CH2Cl, (16 mL) was cooled to
0 °C followed by addition of Oxyma (137 mg, 0.963 mmol, 1.2 equiv) and EDCCI (185 mg,
0.963 mmol, 1.2 equiv). The cooling bath was removed, and the mixture was stirred for 1 h at
25 °C. After re-cooling of the reaction solution to 0 °C, amine 91 (200 mg, 0.802 mmol) was
added followed by DIPEA (124 mg, 168 pL, 0.963 mmol, 1.2 equiv). The coupling was
conducted at 25 °C for 48 h. Then, the mixture was diluted to 100 mL with CH.Cl, and
sequentially washed with KHSO4 (5% solution, 3 x 30 mL), saturated solution of NaHCO3 (3 x
30 mL), and finally with brine (1 x 30 mL). The organic layer was dried over Na;SO4. The
residue obtained after the removal of the solvent was chromatographed on silica gel to provide
compounds 258a and 258b.

[/TI,COZMe WCO,Me

"N

N

J: ) NHB NHB
MeO o%:r\ °° Meo o})/\ oc
258a 258b

Methyl (3R,6S)-1-((tert-butoxycarbonyl)-L-valyl)-6-(4-methoxyphenyl)piperidine-3-
carboxylate (258a). Yield: 177 mg (49%); colorless oil; Rs=0.31 (20% acetone/PE); *H NMR
(600 MHz, CDCl3; major rotamer) ¢: 7.11 —7.03 (m, 2H), 6.88 — 6.80 (m, 2H), 5.93 — 5.80 (m,
1H), 5.55 (d, J = 8.6 Hz, 1H), 4.97 — 4.87 (m, 1H), 4.13 (d, J = 14.1 Hz, 1H), 3.78 — 3.75 (m,
3H), 3.73 (s, 3H), 3.19 (dd, J = 14.1, 3.8 Hz, 1H), 2.61 — 2.51 (m, 1H), 2.25 — 2.11 (m, 2H),
2.02-1.79 (m, 3H), 1.42 (s, 9H), 1.03 (d, J = 6.8 Hz, 3H), 0.91 — 0.81 (m, 3H); (minor rotamer)
0:7.11-7.03 (m, 2H), 6.88 — 6.80 (m, 2H), 5.36 (d, J = 9.2 Hz, 1H), 5.22 — 5.04 (m, 1H), 4.97
—4.87 (m, 1H), 4.46 (dd, J = 9.2, 5.3 Hz, 1H), 3.78 — 3.75 (m, 3H), 3.65 (s, 3H), 2.76 (dd, J =
14.0, 4.2 Hz, 1H), 2.61 — 2.51 (m, 1H), 2.36 — 2.26 (m, 1H), 2.10 — 2.03 (m, 1H), 2.02 - 1.79
(m, 2H), 1.79 — 1.66 (m, 1H), 1.34 (s, 9H), 0.94 (d, J = 6.7 Hz, 3H), 0.91 — 0.81 (m, 3H). *C
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NMR (151 MHz, CDCls; mixture of rotamers) 6: 173.6, 172.9, 172.4, 171.6, 158.8, 158.5,
155.8, 155.6, 130.6, 129.5, 127.7, 127.4, 114.4, 114.2, 79.2, 79.1, 55.3, 55.1, 54.7, 54.5, 52.4,
51.9, 50.0, 42.1, 39.8, 38.8, 38.5, 32.2, 31.7, 28.4, 28.3, 24.4,23.9, 21.2, 20.7, 20.1, 19.6, 16.9,
16.2. IR (film) v: 3414, 2963, 1711, 1636, 1513, 1431, 1390, 1249, 1163, 1036, 850 cm;
HRMS (ESI-TOF) m/z calcd for C2sHasN20OsNa [M + Na*] 471.2466. Found 471.2469. [a]po®
=-98.2 (10 mg/mL).

Methyl (3S,6R)-1-((tert-butoxycarbonyl)-L-valyl)-6-(4-methoxyphenyl)piperidine-3-
carboxylate (258b). Yield: 123 mg (34%); colorless oil; R = 0.30 (30% acetone/PE); *H NMR
(400 MHz, CDCls; major rotamer) o: 7.16 — 6.73 (m, 4H), 5.77 — 5.68 (m, 1H), 5.23 —5.06 (m,
1H), 4.60 — 4.43 (m, 2H), 3.77 — 3.72 (m, 3H), 3.71 — 3.60 (m, 3H), 3.31 (d, J = 14.3 Hz, 1H),
2.62 — 2.50 (m, 1H), 2.30 — 1.63 (m, 5H), 1.45 — 1.39 (m, 9H), 1.05 — 0.60 (m, 6H); (minor
rotamer) d: 7.16 — 6.73 (m, 4H), 5.35 — 5.29 (m, 1H), 5.26 — 5.02 (m, 1H), 4.97 — 4.76 (m, 1H),
4.39 - 4.22 (m, 1H), 3.77 - 3.72 (m, 3H), 3.71 - 3.60 (m, 3H), 3.01 — 2.91 (m, 1H), 2.62 — 2.50
(m, 1H), 2.30 — 1.63 (m, 5H), 1.45 — 1.39 (m, 9H), 1.05 — 0.60 (m, 6H). 13C NMR (101 MHz,
CDCls, mixture of rotamers) o: 173.4, 172.8, 158.3, 156.0, 131.1, 130.3, 127.5, 114.2, 79.5,
55.3,51.9,50.8, 42.4, 39.3, 38.8, 30.6, 28.4, 26.2, 24.8, 20.5, 19.8, 17.8, 17.3. IR (film) v: 3310,
2960, 1703, 1636, 1513, 1435, 1364, 1290, 1245, 1163, 1036, 831 cm™; HRMS (ESI-TOF)
m/z calcd for Ca4H3sN20sNa [M + Na‘] 471.2466. Found 471.2472. [a]o® = 73.0 (10 mg/mL).

Methyl  1-((3R,6S)-1-((tert-butoxycarbonyl)-L-valyl)-6-(4-methoxyphenyl)piperidine-3-
carbonyl)-6-(4-methoxyphenyl)piperidine-3-carboxylates (260)

MeOZC\(j MeO,C,,
N N
260a 260b
(@) OMe (6] OMe
IO JON:
MeO o%)/\NHBOC MeO o%:LNHBO‘:

Tripeptides 260a and 260b were obtained analogously to compounds 258 from acid 259a (145
mg, 0.334 mmol) and amine 91 (92 mg, 0.367 mmol, 1.1 equiv) using 57 mg of Oxyma (0.400
mmol, 1.2 equiv), 77 mg of EDCCI (0.400 mmol, 1.2 equiv), 52 mg of DIPEA (70 pL, 0.400
mmol, 1.2 equiv), and 10 mL of CH2Cl>. Absolute stereochemistry of the second residue of 91
could not be unequivocally assigned.

Tripeptide 260a. Yield: 102 mg (46%); colorless oil; R = 0.42 (50% EtOAC/PE); *H NMR
(400 MHz, CDCls; major rotamer) 6. 7.23 — 6.68 (m, 8H), 5.92 —5.79 (m, 1H), 5.36 (d, J=9.4
Hz, 1H), 5.21 — 5.10 (m, 1H), 4.68 (d, J = 13.8 Hz, 1H), 4.51 — 4.40 (m, 1H), 4.04 (d, J = 14.0
Hz, 1H), 3.84 — 3.54 (m, 9H), 3.42 — 3.30 (m, 1H), 3.27 (d, J = 14.0 Hz, 1H), 3.11 — 2.99 (m,
1H), 2.54 — 2.43 (m, 1H), 2.36 — 1.65 (m, 9H), 1.37 (s, 9H), 1.03 — 0.71 (m, 6H). 3C NMR
(101 MHz, CDCls; mixture of rotamers) 6. 173.6, 173.3, 172.6, 158.8, 158.4, 156.0, 155.4,
130.6, 130.3, 128.3, 128.1, 127.5, 127.3, 114.3, 114.3, 79.1, 55.4, 55.4, 55.3, 55.0, 52.0, 49.5,
41.8, 39.9, 38.4, 33.7, 32.3, 28.4, 24.9, 24.3, 21.1, 20.9, 19.8, 17.2. IR (film) v: 3403, 2960,
1707, 1633, 1513, 1431, 1364, 1245, 1163, 1036, 1014, 913, 846, 731 cm™*; HRMS (ESI-TOF)
m/z calcd for Cs7Hs2N3Os [M + H*] 666.3749. Found 666.3766. [a]p?° = -9.0 (10 mg/mL).

Tripeptide 260b. Yield: 90 mg (41%); colorless oil; R = 0.33 (50% EtOAC/PE); 'H NMR
(400 MHz, CDCl3; mixture of rotamers) ¢: 7.29 — 6.61 (m, 8H), 6.21 — 3.85 (m, 6H), 3.85 —
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3.55 (m, 9H), 3.55 — 2.38 (M, 4H), 2.38 — 1.57 (m, 9H), 1.59 — 1.20 (m, 9H), 1.11 — 0.64 (m,
6H). *C NMR (101 MHz, CDClIs, mixture of rotamers) §: 173.7, 173.3, 172.5, 158.7, 158.4,
155.9, 155.4, 132.6, 131.0, 130.6, 127.6, 127.3, 114.2, 114.0, 78.9, 78.7, 55.3, 55.3, 54.5, 52.1,
51.7,48.9,42.7,41.8, 39.9, 38.6, 34.5, 32.5, 31.9, 28.4, 24.9, 24.2, 21.9, 21.6, 21.2, 20.9, 20.2,
19.7,17.3,16.5. IR (film) v: 3362, 2960, 1715, 1618, 1513, 1435, 1364, 1249, 1178, 1036, 831
cm*; HRMS (ESI-TOF) m/z calcd for Ca7Hs:N3OsNa [M + Na]* 688.3568. Found 688.3586.
[0]p?® = -62.4 (10 mg/mL).

Hydrolysis of methyl esters 258a and 258b

Peptide 258a or 258b was dissolved in a 1:1 THF-water mixture at 25 °C, and LiOH (3 equiv)
was added in one portion. The reaction was conducted at the same temperature and monitored
by TLC. After the complete disappearance of the starting material, the mixture was
concentrated to half of its volume and acidified using KHSO4 (1 M solution in H20) to pH 3
(indicator paper). Afterwards, the product was extracted from the aqueous phase with EtOAc
(3 x 10 mL). The combined organic layers were dried over anhydrous Na;SOs, and the solvent
was removed under reduced pressure. Products 259a and 259b were used in the next step
without further purification.

(3R,6S)-1-((tert-Butoxycarbonyl)-L-valyl)-6-(4-methoxyphenyl)piperidine-3-carboxylic

acid (259a)
(j,cozH

IO
oo O):‘/\NHBOC

259a

Obtained from 258a (462 mg, 1.03 mmol) as a white solid (429 mg, 96%).

Rf = 0.39 (5% MeOH/CHCl,); *H NMR (400 MHz, CDCls; major rotamer) 6. 10.71 (br s,
1H), 7.13 - 7.03 (m, 2H), 6.94 — 6.80 (m, 2H), 5.91 — 5.83 (m, 1H), 5.63 (d, J = 9.0 Hz, 1H),
5.05-4.97 (m, 1H), 4.14 (d, J = 14.0 Hz, 1H), 3.80 — 3.74 (m, 3H), 3.20 (dd, J = 14.0, 3.9 Hz,
1H), 2.66 — 2.53 (m, 1H), 2.37 — 1.68 (m, 5H), 1.43 (s, 9H), 1.02 (d, J = 6.7 Hz, 3H), 0.90 —
0.83 (m, 3H); (minor rotamer) ¢: 10.71 (br s, 1H), 7.13 — 7.03 (m, 2H), 6.94 — 6.80 (m, 2H),
5.59 - 5.48 (m, 1H), 5.26 — 5.15 (m, 1H), 4.93 (d, J = 13.7 Hz, 1H), 4.54 — 4.45 (m, 1H), 3.80
—3.74 (m, 3H), 2.85 — 2.67 (m, 1H), 2.66 — 2.53 (m, 1H), 2.37 — 1.68 (m, 5H), 1.35 (s, 9H),
0.94 (d, J=6.8 Hz, 3H), 0.90 - 0.83 (m, 3H). *C NMR (101 MHz, CDCls; mixture of rotamers)
0:177.2, 176.4, 172.9, 171.8, 158.8, 158.5, 156.0, 155.7, 130.6, 129.4, 127.7, 127.4, 114 .4,
114.2,79.5,79.3,55.3,55.2,54.8,54.7,50.3, 42.1, 39.4, 38.8, 38.5, 32.1, 31.5, 28.4, 28.3, 24.5,
24.0, 20.8, 20.7, 20.0, 19.7, 17.0, 16.3. IR (film) v: 3310, 2967, 2933, 1715, 1636, 1513, 1439,
1364, 1245, 1163, 1092, 1014, 917, 731 cm™!; HRMS (ESI-TOF) m/z calcd for Ca3H34N20sNa
[M + Na'] 457.2309. Found 457.2311. [a]p?® = -75.5 (10 mg/mL).
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(3S,6R)-1-((tert-Butoxycarbonyl)-L-valyl)-6-(4-methoxyphenyl)piperidine-3-carboxylic

acid (259hb)
\CO,H
oy
oo O}:(NHBOC

Obtained from 258b (244 mg, 0.544 mmol) as a white solid (229 mg, 97%).

Rf = 0.35 (5% MeOH/CH,Cl,); 'H NMR (400 MHz, CDCls; major rotamer) 6: 10.17 (br s,
1H), 7.24 — 6.70 (m, 4H), 5.84 — 5.71 (m, 1H), 5.43 (d, J = 9.8 Hz, 1H), 4.69 — 4.52 (m, 2H),
3.88 — 3.70 (m, 3H), 3.32 (d, J = 13.9 Hz, 1H), 2.63 (s, 1H), 2.41 — 1.69 (m, 5H), 1.52 — 1.38
(m, 9H), 1.04 — 0.69 (m, 6H); (minor rotamer) ¢: 10.17 (br s, 1H), 7.24 — 6.70 (m, 4H), 6.37
(d, J =10.1 Hz, 1H), 5.61 —5.49 (m, 1H), 5.00 (d, J = 13.8 Hz, 1H), 4.35 — 4.22 (m, 1H), 3.88
—3.70 (m, 3H), 3.02 (d, J = 13.8 Hz, 1H), 2.63 (s, 1H), 2.41 — 1.69 (m, 5H), 1.52 — 1.38 (m,
9H), 1.04 — 0.69 (m, 6H). *C NMR (101 MHz, CDClIs; mixture of rotamers) 178.3, 177.4,
173.7,173.5, 158.8, 158.4, 156.2, 131.5, 130.2, 127.5, 114.3, 79.7, 79.3, 55.7, 55.4, 51.0, 42.5,
39.3, 39.0, 38.8, 30.7, 28.4, 26.1, 25.0, 20.5, 19.9, 19.7, 18.2. IR (film) v: 3295, 2967, 2930,
1700, 1595, 1513, 1457, 1364, 1290, 1238, 1163, 1036, 1014, 828 cm™; HRMS (ESI-TOF)
m/z calcd for C23Hz4N20sNa [M + Na*] 457.2309. Found 457.2313. [a]o%° = 56.0 (10 mg/mL).

Preparation of tetrapeptides 262a and 262b

i-Pr_ o -Pr_ o

Me,N__A M, Me,N_ -
T YD
N N @\
(Y T
~o O%\rNHBOC ~o O%YNHBOC

i-Pr 262a i-Pr 262b

Methy! esters 260a and 260b were converted into the corresponding acids using a procedure
analogous to that described for dipeptides, and the formation of compounds 261a and 261b was
confirmed by mass spectrometry. HRMS (ESI-TOF) m/z calcd for C3sHagN3OsNa [M + Na*]
674.3412. Found for 261a 674.3426. Found for 261b 674.3423. The crude product was then
placed in a flask equipped with a magnetic stirring bar, Leu-NMe,-HCI (1.6 equiv) and
HOBt-H20 (1.40 equiv) were added, whereupon the reaction vessel was flushed with nitrogen.
The solid mixture was dissolved in dry CH2Cl, (c2610.2 M). Next, EDCCI (1.4 equiv) and
DIPEA (dropwise) were added, and the stirring was continued at 25 °C for 2 h. After that time,
the mixture was diluted with additional CH2Cl, and sequentially washed with 10% aqueous
(w/v) citric acid, saturated NaHCOs, and finally brine. The organic layer was dried over
anhydrous Na>SOa. The residue obtained after the removal of the solvent was chromatographed
on silica gel eluting with MeOH/CHCl: to provide compound 262a or 262b.

Tetrapeptide 262a: obtained from 260a (120 mg, 0.180 mmol); yield after two steps 98 mg
(69%), colorless oil; *H NMR (600 MHz, CDCls; major rotamer) §: 7.23 —6.95 (m, 4H), 6.95
—6.71 (m, 4H), 6.54 — 6.43 (m, 1H), 5.84 — 5.77 (m, 1H), 5.43 — 5.36 (m, 1H), 5.20 — 5.11 (m,
1H), 5.00 — 4.94 (m, 1H), 4.75 (d, J = 14.1 Hz, 1H), 4.52 — 4.44 (m, 1H), 4.13 (d, J = 13.4 Hz,
1H), 3.90 — 3.73 (m, 6H), 3.49 — 3.41 (m, 1H), 3.27 (d, J = 13.4 Hz, 1H), 3.12 — 2.84 (m, 8H),
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2.52 —2.41 (m, 1H), 2.27 — 0.66 (m, 32H). HRMS (ESI-TOF) m/z calcd for CasHesNsOgNa [M
+ Na'] 814.4725. Found 814.4738. [0]p® = 3.8 (10 mg/mL).

Tetrapeptide 262b: obtained from 260b (110 mg, 0.165 mmol); yield after two steps 99 mg
(76%); colorless oil; 'H NMR (600 MHz, CDCls; mixture of rotamers) §: 7.21 - 6.71 (m), 5.89
—5.31 (m), 5.24 — 4.50 (m), 4.46 — 3.93 (m), 3.87 — 3.59 (m), 3.54 — 0.37 (m). HRMS (ESI-
TOF): m/z calcd for CasHessNsOs [M + H*] 792.4906. Found 792.4920. [a]o® = -77.4 (10

mg/mL).

VIl  References

[1] O. Reiser, Isr. J. Chem. 2016, 56, 531-539.

[2] R.Beumer, C. Bubert, C. Cabrele, O. Vielhauer, M. Pietzsch, O. Reiser, J. Org. Chem.
2000, 65, 8960-9.

[3] R.Beumer, O. Reiser, Tetrahedron 2001, 57, 6497-6503.

[4] V.D’Elia, H. Zwicknagl, O. Reiser, J. Org. Chem. 2008, 73, 3262-3265.

[5] N.Koglin, C. Zorn, R. Beumer, C. Cabrele, C. Bubert, N. Sewald, O. Reiser, A. G. Beck-
Sickinger, Angew. Chemie - Int. Ed. 2003, 42, 202-205.

[6] M. Lang, B. Bufe, S. de Pol, O. Reiser, W. Meyerhof, A. G. Beck-Sickinger, J. Pept. Sci.
2006, 12, 258-266.

[7] M. Lang, S. De Pol, C. Baldauf, H.-J. Hofmann, O. Reiser, A. G. Beck-Sickinger, J.
Med. Chem. 2006, 49, 616-624.

[8] A. Gheorghe, M. Schulte, O. Reiser, J. Org. Chem. 2006, 71, 2173-2176.

[91 S.Roy, O. Reiser, Angew. Chemie Int. Ed. 2012, 51, 4722-4725.

[10] L.K.A.Pilsl, T. Ertl, O. Reiser, Org. Lett. 2017, 19, 2754-2757.

[11] C. M. Sonnleitner, S. Park, R. Eckl, T. Ertl, O. Reiser, Angew. Chemie Int. Ed. 2020, 59,
18110-18115.

[12] J. Yedoyan, N. Wurzer, U. Klimczak, T. Ertl, O. Reiser, Angew. Chemie Int. Ed. 2019,
58, 3594-3598.

[13] K. E. Andersen, C. Braestrup, F. C. Groenwald, A. S. Joergensen, E. B. Nielsen, U.
Sonnewald, P. O. Soerensen, P. D. Suzdak, L. J. S. Knutsen, J. Med. Chem. 1993, 36,
1716-1725.

[14] L. A. Borden, T. G. M. Dhar, K. E. Smith, R. L. Weinshank, T. A. Branchek, C.
Gluchowski, Eur. J. Pharmacol. Mol. Pharmacol. 1994, 269, 219-224.

[15] K. K. Madsen, H. S. White, A. Schousboe, Pharmacol. Ther. 2010, 125, 394-401.

[16] L. M. Yunger, P. J. Fowler, P. Zarevics, P. E. Setler, J. Pharmacol. Exp. Ther. 1984,
228, 109-115.

[17] K. Satat, A. Podkowa, N. Malikowska, F. Kern, J. Pabel, E. Wojcieszak, K. Kulig, K. T.
Wanner, B. Strach, E. Wyska, Neuropharmacology 2017, 113, 331-342.

[18] P. Krogsgaard-Larsen, G. A. R. Johnston, J. Neurochem. 1975, 25, 797-802.

[19] T. Ehara, O. Irie, T. Kosaka, T. Kanazawa, W. Breitenstein, P. Grosche, N. Ostermann,
M. Suzuki, S. Kawakami, K. Konishi, et al., ACS Med. Chem. Lett. 2014, 5, 787-792.

[20] J. R. Medina, C. J. Becker, C. W. Blackledge, C. Duquenne, Y. Feng, S. W. Grant, D.
Heerding, W. H. Li, W. H. Miller, S. P. Romeril, et al., J. Med. Chem. 2011, 54, 1871-
1895.

[21] W. Yao, J. Zhuo, D. M. Burns, M. Xu, C. Zhang, Y.-L. Li, D.-Q. Qian, C. He, L. Weng,
E. Shi, et al., J. Med. Chem. 2007, 50, 603-606.

[22] P. Bekker, D. Dairaghi, L. Seitz, M. Leleti, Y. Wang, L. Ertl, T. Baumgart, S. Shugarts,

106



[23]

[24]
[25]

[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]

[35]

[36]
[37]
[38]
[39]

[40]
[41]

[42]
[43]
[44]
[45]

[46]
[47]
[48]

[49]

[50]
[51]
[52]
[53]

L. Lohr, T. Dang, et al., PLoS One 2016, 11, e0164646.

P. A. Merkel, J. Niles, R. Jimenez, R. F. Spiera, B. H. Rovin, A. Bomback, C. Pagnoux,
A. Potarca, T. J. Schall, P. Bekker, et al., ACR Open Rheumatol. 2020, 2, 662—671.

D. K. Holdsworth, R. A. Jones, R. Self, Phytochemistry 1998, 48, 581-582.

H. Umezawa, T. Aoyagi, T. Komiyama, H. Morishima, M. Hamada, J. Antibiot. (Tokyo).
1974, 27, 963-9.

C. De Costa, Lancet 2002, 359, 1768-1770.

S. Hanessian, L. Auzzas, Acc. Chem. Res. 2008, 41, 1241-1251.

F. Fulop, T. A. Martinek, G. K. T6th, Chem. Soc. Rev. 2006, 35, 323-334.

S. I. Klein, M. Czekaj, B. F. Molino, V. Chu, Bioorg. Med. Chem. Lett. 1997, 7, 1773-
1778.

C. Cabrele, T. A. Martinek, O. Reiser, L. Berlicki, J. Med. Chem. 2014, 57, 9718-9739.
L. K. A. Pilsl, O. Reiser, Amino Acids 2011, 41, 709-718.

W. J. Hoekstra, B. E. Maryanoff, B. P. Damiano, P. Andrade-Gordon, J. H. Cohen, M.
J. Costanzo, B. J. Haertlein, L. R. Hecker, B. L. Hulshizer, J. A. Kauffman, et al., J. Med.
Chem. 1999, 42, 5254-5265.

X. Liu, Y. Wang, Y. Xing, J. Yu, H. Ji, M. Kai, Z. Wang, D. Wang, Y. Zhang, D. Zhao,
etal., J. Med. Chem. 2013, 56, 3102-3114.

J. Katarzynska, A. Mazur, M. Bilska, E. Adamek, M. Zimecki, S. Jankowski, J. Zabrocki,
J. Pept. Sci. 2008, 14, 1283-1294.

J. W. Corbett, K. Dirico, W. Song, B. P. Boscoe, S. D. Doran, D. Boyer, X. Qiu, M.
Ammirati, M. A. VanVolkenburg, R. K. McPherson, et al., Bioorg. Med. Chem. Lett.
2007, 17, 6707-6713.

D. Steer, R. Lew, P. Perlmutter, A. I. Smith, M. I. Aguilar, Biochemistry 2002, 41,
10819-10826.

E. A. Porter, X. Wang, H.-S. Lee, B. Weisblum, S. H. Gellman, Nature 2000, 404, 565—
565.

U. Arnold, M. P. Hinderaker, B. L. Nilsson, B. R. Huck, S. H. Gellman, R. T. Raines, J.
Am. Chem. Soc. 2002, 124, 8522—-8523.

Y. J. Chung, B. R. Huck, L. A. Christianson, H. E. Stanger, S. Krauthauser, D. R. Powell,
S. H. Gellman, J. Am. Chem. Soc. 2000, 122, 3995-4004.

B. R. Huck, J. D. Fisk, S. H. Gellman, Org. Lett. 2000, 2, 2607-2610.

Y. J. Chung, L. A. Christianson, H. E. Stanger, D. R. Powell, S. H. Gellman, J. Am.
Chem. Soc. 1998, 120, 10555-10556.

Y. Hao, K. An, D.-W. Zhang, D. Yang, Chem. - An Asian J. 2015, 10, 2126-2129.

S. Abele, K. Vogtli, D. Seebach, Helv. Chim. Acta 1999, 82, 1539-1558.

L. Kiss, F. Fiilop, Chem. Rev. 2014, 114, 1116-1169.

L. Yunbo, T. Fengxiang, M. Chun, G. Yanghao, Chinese J. Org. Chem. 2009, 29, 1068—
1081.

0. O. Grygorenko, Tetrahedron 2015, 71, 5169-5216.

A. Trabocchi, D. Scarpi, A. Guarna, Amino Acids 2008, 34, 1-24.

S. Harada, T. Sakai, K. Takasu, K. Yamada, Y. Yamamoto, K. Tomioka, Chem. - An
Asian J. 2012, 7, 2196-2198.

S. Harada, T. Sakai, K. Takasu, K. Yamada, Y. Yamamoto, K. Tomioka, J. Org. Chem.
2012, 77, 7212-7222.

W. Crow, M. Michael, Aust. J. Chem. 1955, 8, 129.

W. Crow, M. Michael, Aust. J. Chem. 1962, 15, 130.

W. G. Kump, H. Schmid, Helv. Chim. Acta 1961, 44, 1503-1516.

W. G. Kump, D. J. Le Count, A. R. Battersby, H. Schmid, Helv. Chim. Acta 1962, 45,

107



[54]
[55]

[56]
[57]

[58]
[59]
[60]

[61]
[62]

[63]

[64]
[65]

[66]
[67]
[68]

[69]
[70]

[71]
[72]

[73]
[74]

[75]
[76]
[77]

[78]

[79]
[80]

[81]
[82]
[83]
[84]

[85]

854-858.

E. Semina, F. Colpaert, K. Van Hecke, N. De Kimpe, S. Mangelinckx, European J. Org.
Chem. 2015, 2015, 4847-4859.

M. W. Ha, H. Lee, H. Y. Yi, Y. Park, S. Kim, S. Hong, M. Lee, M. Kim, T.-S. Kim, H.
Park, Adv. Synth. Catal. 2013, 355, 637—642.

A. Porey, S. Santra, J. Guin, J. Org. Chem. 2019, 84, 5313-5327.

X. Wang, X. Wang, Z. Han, Z. Wang, K. Ding, Angew. Chem. Int. Ed. Engl. 2017, 56,
1116-1119.

T. Hellenbrand, K. T. Wanner, European J. Org. Chem. 2014, 2014, 4398-4409.

J. van Eijk, A. de Kok, C. Romers, D. Seykens, Planta Med. 1982, 44, 221-223.

A. J. de Kok, C. Romers, J. L. van Eijk, Acta Crystallogr. Sect. B Struct. Crystallogr.
Cryst. Chem. 1982, 38, 466-468.

J. van Eijk, M. Radema, Planta Med. 1982, 44, 224-226.

S. Kress, J. Weckesser, S. R. Schulz, S. Blechert, European J. Org. Chem. 2013, 2013,
1346-1355.

M. A. Larsen, E. T. Hennessy, M. C. Deem, Y. Lam, J. Sauri, A. C. Sather, J. Am. Chem.
Soc. 2020, 142, 726-732.

C. Nadeau, S. Aly, K. Belyk, J. Am. Chem. Soc. 2011, 133, 2878-2880.

J. Hao, T. Milcent, P. Retailleau, V. A. Soloshonok, S. Ongeri, B. Crousse, European J.
Org. Chem. 2018, 2018, 3688-3692.

D. J. Robinson, S. P. Spurlin, J. D. Gorden, R. R. Karimov, ACS Catal. 2019, 10, 51-55.
M. M. A. R. Moustafa, B. L. Pagenkopf, Org. Lett. 2010, 12, 4732-4735.

P. Matous, M. Kadanik, M. Timoracky, J. Kunes, J. Matikova, A. Rizicka, P. KoCovsky,
M. Pour, Org. Chem. Front. 2020, 7, 3356-3367.

Y. Hayashi, A. S. Odoh, N. Kranidiotis-Hisatomi, ChemCatChem 2020, 12, 2412-2415.
P. A. Suryavanshi, V. Sridharan, S. Maiti, J. C. Menéndez, Chem. - A Eur. J. 2014, 20,
8791-8799.

X. Li, Y. Zhao, H. Qu, Z. Mao, X. Lin, Chem. Commun. 2013, 49, 1401.

C. Schmuck, V. Bickert, M. Merschky, L. Geiger, D. Rupprecht, J. Dudaczek, P. Wich,
T. Rehm, U. Machon, European J. Org. Chem. 2008, 324-329.

M. Kakushima, P. Hamel, R. Frenette, J. Rokach, J. Org. Chem 1983, 48, 3214-32109.
J. Rokach, P. Hamel, M. Kakushima, G. M. Smith, Tetrahedron Lett. 1981, 22, 4901-
4904,

J. W. Zhu, H. B. Chen, Heterocycles 2003, 60, 2315-2321.

D. Xiao, D. M. Ketcha, Org. Prep. Proced. Int. 1995, 27, 503-506.

A. M. van Leusen, H. Siderius, B. E. Hoogenboom, D. van Leusen, Tetrahedron Lett.
1972, 13, 5337-5340.

S. Sengmany, S. Vasseur, A. Lajnef, E. Le Gall, E. Léonel, European J. Org. Chem.
2016, 2016, 4865-4871.

N. E. Searle, Org. Synth. 1956, 36, 25.

K. Harrar, Enantioselective Synthesis of (-)-Paeonilide (Ph.D. Thesis), University of
Regensburg, 2011.

H. Keipour, T. Ollevier, Org. Lett. 2017, 19, 5736-57309.

C. Tortoreto, D. Rackl, H. M. L. Davies, Org. Lett. 2017, 19, 770-773.

I. D. Jurberg, H. M. L. Davies, Chem. Sci. 2018, 9, 5112-5118.

C. Bohm, M. Schinnerl, C. Bubert, M. Zabel, T. Labahn, E. Parisini, O. Reiser, European
J. Org. Chem. 2000, 2000, 2955-2965.

J. Fu, N. Wurzer, V. Lehner, O. Reiser, H. M. L. Davies, Org. Lett. 2019, 21, 6102—
6106.

108



[86] H.Wang, D. M. Guptill, A. Varela-Alvarez, D. G. Musaev, H. M. L. Davies, Chem. Sci.
2013, 4, 2844.

[87] H. M. L. Davies, J. DeMeese, Tetrahedron Lett. 2001, 42, 6803—6805.

[88] H. M. L. Davies, J. J. Matasi, G. Ahmed, J. Org. Chem. 1996, 61, 2305-2313.

[89] H.BOhme, E. Mundlos, O.-E. Herboth, Chem. Ber. 1957, 90, 2003—2008.

[90] E. F. Kleinman, in Encycl. Reagents Org. Synth., 2001.

[91] I.T. Kim, R. L. Elsenbaumer, Tetrahedron Lett. 1998, 39, 1087-1090.

[92] C.J. Barnett, C. R. Copley-Merriman, J. Maki, J. Org. Chem. 1989, 54, 4795-4800.

[93] J. K. Lindsay, C. R. Hauser, J. Org. Chem. 1957, 22, 355-358.

[94] M. Arend, B. Westermann, N. Risch, Angew. Chemie Int. Ed. 1998, 37, 1044-1070.

[95] D. Korakas, G. Varvounis, Synthesis (Stuttg). 1994, 1994, 164-166.

[96] M. Falk-Heppner, M. Keller, H. Prinzbach, Angew. Chemie Int. Ed. English 1989, 28,
1253-1255.

[97] F. Couty, O. David, F. Durrat, G. Evano, S. Lakhdar, J. Marrot, M. Vargas-Sanchez,
European J. Org. Chem. 2006, 2006, 3479-3490.

[98] W. Huang, J.-Y. Ma, M. Yuan, L.-F. Xu, B.-G. Wei, Tetrahedron 2011, 67, 7829-7837.

[99] A. Zhang, A. D. Schliter, Chem. — An Asian J. 2007, 2, 1540-1548.

[100] E. Lopez, L. A. Lopez, Angew. Chemie Int. Ed. 2017, 56, 5121-5124.

[101] F. Diaba, G. Puighd, J. Bonjoch, European J. Org. Chem. 2007, 2007, 3038-3044.

[102] H. Maag, R. M. Rydzewski, J. Org. Chem. 2002, 57, 5823-5831.

[103] S. Laulhé, S. S. Gori, M. H. Nantz, J. Org. Chem. 2012, 77, 9334-9337.

[104] W.-Y. Fang, H.-L. Qin, J. Org. Chem. 2019, 84, 5803-5812.

[105] K. Hyodo, K. Togashi, N. Oishi, G. Hasegawa, K. Uchida, Org. Lett. 2017, 19, 3005—
3008.

[106] M. B. Erman, J. W. Snow, M. J. Williams, Tetrahedron Lett. 2000, 41, 6749-6752.

[107] L. M. Dornan, Q. Cao, J. C. A. Flanagan, J. J. Crawford, M. J. Cook, M. J. Muldoon,
Chem. Commun. 2013, 49, 6030-6032.

[108] Q. Wu, Y. Luo, A. Lei, J. You, J. Am. Chem. Soc. 2016, 138, 2885-2888.

[109] J. K. Chakrabarti, T. M. Hotten, J. Chem. Soc. Chem. Commun. 1972, 1226.

[110] H. Saitoh, T. Chida, K. Takagi, K. Horie, Y. Sawai, Y. Nakamura, Y. Harada, K.
Takenouchi, A. Kittaka, Org. Biomol. Chem. 2011, 9, 3954.

[111] J. Ezquerra, A. Escribano, A. Rubio, M. Jesis Remuifian, J. JoséVaquero, Tetrahedron
Lett. 1995, 36, 6149-6152.

[112] J. Ezquerra, A. Escribano, A. Rubio, M. J. Remuifian, J. J. Vaquero, Tetrahedron:
Asymmetry 1996, 7, 2613-2626.

[113] H. Lei, S. Xin, Y. Qiu, X. Zhang, Chem. Commun. 2018, 54, 727-730.

[114] 1. Chogii, P. Das, J. T. Njardarson, Asian J. Org. Chem. 2019, 8, 1041-1044.

[115] M. Fujii, S. Yokoshima, T. Fukuyama, European J. Org. Chem. 2014, 2014, 4823-4836.

[116] C. I. Stathakis, E. G. Yioti, J. K. Gallos, European J. Org. Chem. 2012, 2012, 4661—
4673.

[117] J. Clayden, B. Read, K. R. Hebditch, Tetrahedron 2005, 61, 5713-5724.

[118] C. Bhat, A. Kumar, Asian J. Org. Chem. 2015, 4, 102-115.

[119] A.F. Parsons, Tetrahedron 1996, 52, 4149-4174.

[120] G. Sperk, H. Lassmann, H. Baran, S. J. Kish, F. Seitelberger, O. Hornykiewicz,
Neuroscience 1983, 10, 1301-1315.

[121] Q. Wang, S. Yu, A. Simonyi, G. Y. Sun, A. Y. Sun, Mol. Neurobiol. 2005, 31, 3-16.

[122] Z. Tian, B. L. M. Clark, F. Menard, ACS Chem. Neurosci. 2019, 10, 4190-4198.

[123] A. Gutiérrez, I. Osante, C. Cativiela, Tetrahedron Lett. 2018, 59, 1661-1665.

[124] J. Hausler, Liebigs Ann. der Chemie 1981, 1981, 1073-1088.

109



[125] M. Bruncko, D. Crich, J. Org. Chem. 1994, 59, 4239-4249.

[126] C. Bubert, C. Cabrele, O. Reiser, Synlett 1997, 1997, 827-829.

[127] K. Paulini, H.-U. Reifig, Liebigs Ann. der Chemie 1991, 1991, 455-461.

[128] K. K. Toh, A. Biswas, Y.-F. Wang, Y. Y. Tan, S. Chiba, J. Am. Chem. Soc. 2014, 136,
6011-6020.

[129] H. C. Brown, Y. M. Choi, S. Narasimhan, J. Org. Chem. 1982, 47, 3153-3163.

[130] F.-X. Felpin, L. Nassar-Hardy, F. Le Callonnec, E. Fouquet, Tetrahedron 2011, 67,
2815-2831.

[131] C. C. Oliveira, C. R. D. Correia, Curr. Opin. Green Sustain. Chem. 2020, 26, 100360.

[132] J. G. Taylor, A. V. Moro, C. R. D. Correia, European J. Org. Chem. 2011, 2011, 1403—
1428.

[133] A. Roglans, A. Pla-Quintana, M. Moreno-Mafas, Chem. Rev. 2006, 106, 4622—-4643.

[134] E. A. Severino, E. R. Costenaro, A. L. L. Garcia, C. R. D. Correia, Org. Lett. 2003, 5,
305-308.

[135] E. A. Severino, C. R. D. Correia, Org. Lett. 2000, 2, 3039-3042.

[136] A. V. Moro, M. Rodrigues Dos Santos, C. R. D. Correia, European J. Org. Chem. 2011,
7259-7270.

[137] A. A. Sabino, A. H. L. Machado, C. R. D. Correia, M. N. Eberlin, Angew. Chemie Int.
Ed. 2004, 43, 2514-2518.

[138] D.F. Oliveira, E. A. Severino, C. R. D. Correia, Tetrahedron Lett. 1999, 40, 2083-2086.

[139] C. C. Oliveira, R. A. Angnes, C. R. D. Correia, J. Org. Chem. 2013, 78, 4373-4385.

[140] C. R. D. Correia, C. C. Oliveira, A. G. Salles, E. A. F. Santos, Tetrahedron Lett. 2012,
53, 3325-3328.

[141] F.-X. Felpin, K. Miqueu, J.-M. Sotiropoulos, E. Fouquet, O. Ibarguren, J. Laudien,
Chem. - A Eur. J. 2010, 16, 5191-5204.

[142] J. C. Pastre, C. R. D. Correia, Adv. Synth. Catal. 2009, 351, 1217-1223.

[143] B. Schmidt, F. Wolf, H. Brunner, European J. Org. Chem. 2016, 2016, 2972—-2982.

[144] B. Schmidt, F. Holter, R. Berger, S. Jessel, Adv. Synth. Catal. 2010, 352, 2463-2473.

[145] D. Feuerbach, N. Pezous, M. Weiss, K. Shakeri-Nejad, K. Lingenhoehl, D. Hoyer, K.
Hurth, G. Bilbe, C. R. Pryce, K. McAllister, et al., Br. J. Pharmacol. 2015, 172, 1292—
1304.

[146] P.V Sowmya, B. Poojary, B. C. Revanasiddappa, M. Vijayakumar, P. Nikil, V. Kumar,
Res. Chem. Intermed. 2017, 43, 7399-7422.

[147] M. Baumann, I. R. Baxendale, Beilstein J. Org. Chem. 2013, 9, 2265-2319.

[148] D. E. Butler, P. Bass, I. C. Nordin, F. P. Hauck, Y. J. L’Italien, J. Med. Chem. 1971, 14,
575-579.

[149] G. D. Henry, Tetrahedron 2004, 60, 6043-6061.

[150] A. G. Fang, J. V. Mello, N. S. Finney, Org. Lett. 2003, 5, 967-970.

[151] S. A. Malashikhin, K. K. Baldridge, N. S. Finney, Org. Lett. 2010, 12, 940-943.

[152] S.V.Rocha, N. S. Finney, Org. Lett. 2010, 12, 2598-2601.

[153] Y.-M. Zhang, M. Han, H.-Z. Chen, Y. Zhang, Y. Liu, Org. Lett. 2013, 15, 124-127.

[154] D. A. DiRocco, K. Dykstra, S. Krska, P. Vachal, D. V Conway, M. Tudge, Angew.
Chemie Int. Ed. 2014, 53, 4802-4806.

[155] H. von Wachenfeldt, A. V Polukeev, N. Loganathan, F. Paulsen, P. Rése, M. Garreau,
O. F. Wendt, D. Strand, Dalt. Trans. 2015, 44, 5347-5353.

[156] Z. Zuo, D. W. C. MacMillan, J. Am. Chem. Soc. 2014, 136, 5257-5260.

[157] J. Z. Deng, D. V. Paone, A. T. Ginnetti, H. Kurihara, S. D. Dreher, S. A. Weissman, S.
R. Stauffer, C. S. Burgey, Org. Lett. 2009, 11, 345-347.

[158] D. X. Yang, S. L. Colletti, K. Wu, M. Song, G. Y. Li, H. C. Shen, Org. Lett. 2009, 11,

110



381-384.

[159] X.A.F.Cook, A. Gombert, J. McKnight, L. R. E. Pantaine, M. C. Willis, Angew. Chemie
Int. Ed. 2020, anie.202010631.

[160] L.-C. Campeau, K. Fagnou, Chem. Soc. Rev. 2007, 36, 1058-1068.

[161] L.-C. Campeau, S. Rousseaux, K. Fagnou, J. Am. Chem. Soc. 2005, 127, 18020-18021.

[162] A.B. Charette, M. Grenon, A. Lemire, M. Pourashraf, J. Martel, J. Am. Chem. Soc. 2001,
123, 11829-11830.

[163] D. Monguchi, S. Majumdar, T. Kawabata, Heterocycles 2006, 68, 2571-2578.

[164] J. Yedoyan, Ring-Opening of Monocyclopropanated N-Boc-Pyrroles (Ph.D. Thesis),
University of Regensburg, 2019.

[165] S. B. Rosenblum, T. Huynh, A. Afonso, H. R. Davis, N. Yumibe, J. W. Clader, D. A.
Burnett, J. Med. Chem. 1998, 41, 973-80.

[166] R. Polt, D. Sames, J. Chruma, J. Org. Chem. 1999, 64, 6147-6158.

[167] E. M. P. Silva, D. H. A. Rocha, A. M. S. Silva, Synth. 2018, 1773-1782.

[168] B. S. Bodnar, M. J. Miller, Angew. Chemie Int. Ed. 2011, 50, 5630-5647.

[169] P.F. Vogt, M. J. Miller, Tetrahedron 1998, 54, 1317-1348.

[170] A. Menichetti, F. Berti, M. Pineschi, Molecules 2020, 25, 563.

[171] S. Carosso, M. J. Miller, Org. Biomol. Chem. 2014, 12, 7445-7468.

[172] A. Lemire, D. Beaudoin, M. Grenon, A. B. Charette, J. Org. Chem. 2005, 70, 2368—
2371.

[173] G. Augelmann, J. Streith, H. Fritz, Helv. Chim. Acta 1985, 68, 95-103.

[174] F. Berti, V. Di Bussolo, M. Pineschi, J. Org. Chem. 2013, 78, 7324-7329.

[175] jacques Streith, G. Augelmann, H. Fritz, H. Strub, Tetrahedron Lett. 1982, 23, 1909—
1912.

[176] A. Defoin, C. Schmidlin, J. Streith, Tetrahedron Lett. 1984, 25, 4515-4518.

[177] S. K. Dubey, E. E. Knaus, J. Org. Chem. 1985, 50, 2080-2086.

[178] M. G. Memeo, P. Quadrelli, Chem. Rev. 2017, 117, 2108-2200.

[179] S. Crotti, F. Berti, M. Pineschi, Org. Lett. 2011, 13, 5152-5155.

[180] C. Kouklovsky, G. Vincent, in Compr. Org. Synth. Second Ed., 2014, pp. 493-534.

[181] Y. Shishido, C. Kibayashi, J. Org. Chem. 1992, 57, 2876-2883.

[182] S. Cicchi, A. Goti, A. Brandi, A. Guarna, F. De Sarlo, Tetrahedron Lett. 1990, 31, 3351—
3354.

[183] C. Cesario, L. P. Tardibono, M. J. Miller, J. Org. Chem. 2009, 74, 448-451.

[184] G. E. Keck, T. T. Wager, S. F. McHardy, Tetrahedron 1999, 55, 11755-11772.

[185] C. A. Miller, R. A. Batey, Org. Lett. 2004, 6, 699-702.

[186] Y. H. Lee, D. J. Choo, Bull. Korean Chem. Soc. 1993, 14, 423-424.

[187] F. Berti, A. Menichetti, V. Di Bussolo, L. Favero, M. Pineschi, Chem. Heterocycl.
Compd. 2018, 54, 458-468.

[188] J. Clayden, C. J. Menet, K. Tchabanenko, Tetrahedron 2002, 58, 4727-4733.

[189] Y.J.Chung, B. R. Huck, L. A. Christianson, H. E. Stanger, S. Krauthduser, D. R. Powell,
S. H. Gellman, J. Am. Chem. Soc. 2001, 123, 5851-5851.

[190] R. Bucci, A. Bonetti, F. Clerici, A. Contini, D. Nava, S. Pellegrino, D. Tessaro, M. L.
Gelmi, Chem. - A Eur. J. 2017, 23, 10822-10831.

[191] F. Feola, Synthesis and Characterization of Foldamers Containing 6-p-Methoxyphenyl
Nipecotic Acid Derivative (Master Thesis), University of Milan, 2020.

[192] P. Cuniasse, I. Raynal, A. Yiotakis, V. Dive, J. Am. Chem. Soc. 1997, 119, 5239-5248.

[193] F. Johnson, Chem. Rev. 1968, 68, 375-413.

[194] E. E. Sugg, J. F. Griffin, P. S. Portoghese, J. Org. Chem. 1985, 50, 5032-5037.

[195] P. Schnider, C. Dolente, H. Stalder, R. E. Martin, V. Reinmuller, R. Marty, C. Wyss

111



Gramberg, B. Wagner, H. Fischer, A. M. Alker, et al., ChemBioChem 2020, 21, 212—
234.

[196] W. Maison, European J. Org. Chem. 2007, 2007, 2276-2284.

[197] T.P. Keenan, D. Yaeger, D. A. Holt, Tetrahedron: Asymmetry 1999, 10, 4331-4341.

[198] R. W. Hoffmann, Angew. Chemie Int. Ed. English 1992, 31, 1124-1134.

[199] L. K. A. Pilsl, Enantioselective Cyclopropanation of Heterocycles and the Use of High-
Pressure Techniques for the Conformational Analysis of Peptide Foldamers (Ph.D.
Thesis), University of Regensburg, 2014.

[200] J. K. Laha, R. A. Bhimpuria, D. V. Prajapati, N. Dayal, S. Sharma, B. Deboef, A. Lei, J.
You, Chem. Commun. 2016, 52, 4329-4332.

[201] I.Kholod, O. Vallat, A.-M. Buciumas, A. Neels, R. Neier, European J. Org. Chem. 2014,
2014, 7865-7877.

[202] A. Zelikin, V. R. Shastri, R. Langer, 1999, 4, 3379-3380.

[203] P. Kancharla, K. A. Reynolds, Tetrahedron 2013, 69, 8375-8385.

[204] T.P. Willumstad, O. Haze, X. Y. Mak, T. Y. Lam, Y.-P. Wang, R. L. Danheiser, J. Org.
Chem. 2013, 78, 11450-11469.

[205] G. Calvet, N. Blanchard, C. Kouklovsky, Synthesis (Stuttg). 2005, 3346—-3354.

[206] T. Jaschinski, M. Hiersemann, Org. Lett. 2012, 14, 4114-4117.

[207] B. H. Brodsky, J. Du Bois, Org. Lett. 2004, 6, 2619-2621.

[208] S. Cadamuro, I. Degani, S. Dughera, R. Fochi, A. Gatti, L. Piscopo, L. G. Edwards, J.
Chem. Soc. Perkin Trans. 1 1993, 117, 273.

[209] M. O. Akram, P. S. Mali, N. T. Patil, Org. Lett. 2017, 19, 3075-3078.

[210] B. Xing, C. Ni, J. Hu, Angew. Chemie Int. Ed. 2018, 57, 9896-9900.

[211] M. A. Ali, X. Yao, H. Sun, H. Lu, A. Ali, X. Yao, H. Sun, H. Lu, Org. Lett. 2015, 17, 1-
28.

[212] H. Li, Z. Zhang, X. Shangguan, S. Huang, J. Chen, Y. Zhang, J. Wang, Angew. Chemie
Int. Ed. 2014, 53, 11921-11925.

112



opies of NMR spectra

INE S O NN N ™m ™M
N Nagaag * NN Y
NN N O Vv VvV ™M NN
Vs N
CO,Me
Z/ \;
N
Boc
137 J I
| ‘
l J A
& J 4 4 d
a < < < b
S - = © o
T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
ppm
IH NMR (400 MHz, CDCls)
N n o nwn o
— o MmN AN O 0 O ™M N (o)}
3 0 ] NN N < ~N
o < NN = T N~ Nfo — o —
— — o o N NI n [y —
[ SYN N [
CO,Me
2/ \g
N
Boc
137
T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
ppm

13C NMR

(101 MHz, CDCls)
113



+6'0 —

6b°'T —

LLT~
6,77

S9'E~
89'c”
[Th

8Th A
b7
W /

£€°5~
Vi

€9 —
859 —

9T L—

T

.«CO,Me
/

Boc
la

Fes0

Foor

-

Foor

2.5 2.0 1.5 1.0 0.5 0.0

3.0

3.5

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
ppm
IH NMR (400 MHz, CDCls)

8.0

8.5

£8'CC
¢0'ee V.

felald}

e

ET'TE
wm.mm\

0€ vy N.

444
v6'1S —

+8°9/

Sa
8v'/LL
mw.ﬂw\

66°60T —

8/4°6CT
66'6CT V

LOTST~
o 1ST 7

HELT A
89'€/17

T

A

.1CO,Me
Ly

Boc
la

T
100

ppm
13C NMR (101 MHz, CDClgs)

110

T
140

T
150

T
180

T
190

210

114



+8°0
ww.ow
/£8°0

T

6v'T

TLC—

8T'v
mﬁ.vV

wm.vw

LEY

(42BN
VAo

or'9 —
SG'9—

9¢'L—

T

CO,t-Bu
/
W

Boc
1b

y

Firt

Feest

Foot

% 00'T

W T0°T

% 00T

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

9.0

ppm

IH NMR (400 MHz, CDCls)

b8'9L
o122
8L
ow.ow\
8918

0Z°0TT —

SS'62T
Y74l

8T'TIST
051517

€TTUT~,
65217

T

wCO,t-Bu
%
N~ %

Boc
1b

130 120 110 100 90 80 70 60 50 40 30
ppm
13C NMR (101 MHz, CDClgs)

T
140

T T T T
190 180 170 160

T
200

115



LP'T

9T —

€€
€€
vEE€T
PEE
SEE
Nw.m)
mm.m)
19
T9'%
9%
€97
TP
L
€L
€L7%
€T°S

+v1T'S
v1'S
ST'S

W

0T's ¢

18
1S
s

66°S
oo.wV
ST'97

BN

Feys
Fes€

0
S0

S0
mv.o

3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

75 70 65 60 55 50 45 4.0
ppm
'H NMR (400 MHz, CDCls)

8.0

8.5

bv'L0T
ov.hNﬁ/
¥S'LTT

£€6°LCT
10°8¢T

ww.omﬁ
hm.omﬂ
YT IET
9E'TET ¢
hm.NmﬁN
P8'CET

LE'TST
6t 1ST V

96°ELT .
Vi 7A%d

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

210

ppm

13C NMR (101 MHz, CDCls)

116



J 00'T
=0°€

8L

=10

oz
Fsor
S10T

Ph
"1CO,Me

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

8.5

9.0

ppm

IH NMR (400 MHz, CDCls)

€8°'TC —
10°0€ —
6£°9€ —
9,18 \

wes
ET'ES /

+8°9L

oT'LL
8v'LL

8v'ECT
|YAVAA
68271
ST'8¢CT
95'6¢CT
64°'6CT
TCTET
LY'PET
LL'SET
18'vbT —

6T°'T9T —

18'¢LT —

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

210

ppm

13C NMR (101 MHz, CDCls)

117



0.5

YT

722N
orvy”

VAR
s’

L
vi'L
vT'L
1L
wL

9T'L
9T'L
veEL
S€L

=E€E6 |

M

Mot

=00'€ |
~CT'E

NN

g

0.0

2.5 2.0 1.5 1.0

3.0

3.5

4.0
ppm
IH NMR (400 MHz, CDCls)

4.5

6.0 5.5 5.0

6.5

7.0

T1'8¢C —~
[43eT4
TC9E —

bO6b
815~
8¢5’

894\
9T’LL

8v/L N
68°¢8

6C°LTT —

1S§/¢t
96'/C1 V
CTTO0ET
8€'CET
LE'SET \

6v'TIST —

TP 19T —

0S'€LT —

Ph
"ICO,Me

Wit

y

MeO,C

il

50

T
100

ppm
13C NMR (101 MHz, CDCls)

110

T
140

T
150

T
180

T
190

210

118



68,

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

8.5

9.0

ppm

IH NMR (400 MHz, CDCls)

pE9T~
£0'8C

S/L'9€ —

ST'ZS~
805~

S8'9Z
wﬁNhW
8v'LL

(U Ta!
Ployaat
mo.wNHW

62°8¢T

86°¢LT —

£6°C6T —

ol Ll

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

210

ppm

13C NMR (101 MHz, CDCls)

119



8G°€
mm.m%
09°€

19°€
29°€

€9°€

€9'b ~
(74 2d

049
€6°9
€0,
LT°L
61°L
0c'L
0T'L
1L
L
€TL
€TL
9T'L

=

Feoe

Foov

'€

T
0.5

1.0

€192
ﬁ.mmw
8z'62
:V.QNN
bb'SE
09°9€ /

1.5

2.0

L5°6b —
8'eS —

2.5

3.0

$8'9L~
or'LL
LyL M
L8'€8

3.5

4.0
ppm
IH NMR (400 MHz, CDCls)

T
4.5

0L°€2T
€8T
€6°L2T
0€°82T M
mo.omﬁ\
(8'TET
B.wmﬁx
89°6€T
vS'0ST —

T T
6.0 5.5 5.0

6.5

S0'ELT
9T'eLT V

7.0

8T'€6T —

20

30

50

T
100

ppm
13C NMR (101 MHz, CDClgs)

110

T
140

T
150

T
180

T
190

210

120



8b'€E
8°€E 1
0S°€E
0S°€E {
29°€
€L°€
T9'%
97
€97
€97
89 1
G891
S8°9 1
S8'9 1
(I
1L
[AWa
T
[AWA
(v
(rary
L
L
L
€T,
€T,
€T/
YL
vTLA
ST/
ST/
ST/
9T/
VAW
VAW
8G9/
657/
6571
19°Z
T19°Z
T9°L 7
T9°L 7
797/ A
£9°L A
89/ 7
897/
69°L
04°LA
TL LA

1.5 1.0 0.5 0.0

MeO,C
2.0

2.5

3.0

3.5

5.5 5.0 4.5 4.0
ppm
IH NMR (400 MHz, CDCls)

6.0

6.5

7.0

7.5

S8°L
S8/,
S8°L
98°L
/(8L
L8°L
/(8L

8.0

8.5

L9/ —
6€°LE—

98°'1S
om.NmW
CT'ES

+8°9/

MeO,C

At

l

oT’LL
8y /L v

€L°STT —
peLTT
oo.wNﬂW
S€'8¢CT
v/'6CT
06'6CT
mm..ﬁmﬂ\
YTPET
¢8'LET
60°6€T

EPOT —

ST'ELT —

lalad

Wi

80 70 60 50 40 30 20 10

170 160 150 140 130 120 110 100 90
ppm
13C NMR (101 MHz, CDCl3)
121

180

190




SN
SST~
0917,
A1

€9°€~
oLe”

S9'v ~
LLY—

L9
06’9
L
0c'L
1L
| Yava
L
L
L
€TL

Ph

MeO,C

"1CO,Me

/

_ — Tm.m

oT'€E

h g4

Boc
1i

60°€

=

3.0 2.5 2.0 1.5 1.0 0.5 0.0

3.5

75 70 65 60 55 50 45 4.0
ppm
'H NMR (400 MHz, CDCls)

8.0

8.5

9P ET —

T8¢
99'vE —
IS T\

€IS~
5925

89/

Ph
"1CO,Me

/

MeO,C

Boc
1i

OLZL
wv.hm\
vCes

TP 91T —

£9°/T1

£L1°8CT V
€9°'TET —~
P9CET
S6'8ET 7
Cr'6ET \

85°0ST —

L8'V9T —

T9'TLT —

TP 91T —

19221~
(18217

€9'TET ~
¥9'CET —

S6'8ET
6T

135 130 125 120 115

140

50

70

T
100

ppm
13C NMR (101 MHz, CDCls)

110

T T T T T
190 180 150 140 120

210

122



P’
b1
0S'T
18T
PSTAL
LS'T
sst/
06'T —

€€
vee”

POEX
soe”

8G'€ ~
0L'e—

+8'v
vw.vw
A4

¥6'S —

1L
L

wN.n\

0€L

L

A

CO,Me

Ph

Ph

WNH.VH
Fvoe

F oot

F oot

Fooe
= 8v0

Fort

%mﬂ.o

% 6€9

2.5 2.0 1.5 1.0 0.5 0.0

3.0

3.5

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
ppm
IH NMR (300 MHz, CDCls)

8.0

8.5

L€t
%.2%
L5°9T T
00°LT J
[A%:14

6€£'8¢

b LE~
80°0b —
95'8b ~\_
€S

ow.mmv
26957

v/L'9L

m.ﬁ.th
8S°LL
vC'18
6£°€8

BN

78°S0T —
[TTIT—
85°61T

88921 /
mo.nﬁ/
bELTT
¥S° 22T
(18T
€5°8¢2T
SH0ET
99°Z€T
96°Z€T
S6°8€T
09°ZHT
6€°0ST
20°2ST

18241~
gzest”

==

;
o

(S

50

60

70

80

90

100
ppm

3C NMR (75 MHz, CDCls)
123

110

120

130

CO,Me
150 140

Ph
I\

Boc
170
160

Ph
""'CO,Me
oc
190 180 170

200

210




09°'T —

8€'C —

YLy
8L b~
om.vw
b8y
457
209
wN.hg
9z'L 1
LTl
82/ 1
62 1
621
TELA
1€ 47
1€
€€/
€674
YEL
peL
ses
9g ]
LEL
€L
65°L
6cL”

Fee

F109

Fooz
Foo'r

T
0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0
ppm

IH NMR (300 MHz, CDCls)

T
4.5

T
5.0

T
5.5

T
6.0

0S°€T —
T9'9T —

(4414

8v'87 7

¥S'8p —

YCTIIT —
08'8TT |
LE°LTT
16°LT1
bE'8¢CT

£9'821
85°0€T

ST'8ET —

9v'0ST —

ECTLT —

Ph

CO,CH,CCl,

Boc
171

Py

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

180

ppm

13C NMR (75 MHz, CDCls)

124



8¢ T —

og'e—
0£°97
1€°9 1
1€°91
7£°91
TT°L
1L _—
1L Za
€171
LT o
8T/ 1
8T°L1 Q
8T/ 1 o
CIA m
vEL]

ve'L
SELT
9€°/ 1
9€°L 7 -
LE7LA
6€°L1

TSLA
¥S'L —

W/W

158

— FI0€

2.5 2.0 1.5 1.0 0.5 0.0

3.0

3.5

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
ppm
IH NMR (400 MHz, CDCls)

8.0

8.5

9C'6T —

00'¢S —

68°€9~
STTL
89/
9T°LL
8b'LLT

8v'CTT
1S°8TT /
LT°1CT
oo.mma/

JAwAat
S0°8¢T A

8T
04°8¢T
95°6¢T
LEEET
80°'bET
£L8'8ET

e

8T'89T —

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

210

ppm

13C NMR (101 MHz, CDCls)

125



€€T —

. R

6S°T

65°€
02°9 1
02°9
1291
1291
AW
L1711
AW
8T/
YT LA
ST/
9T/
€€/
€€/
Y€
SE/L
SE/
9¢€°/
9€°/
mm.hg
LE°L
LE°L A
LE7L
8€"/
8€"/ 1
6€°L
6€°L 1
b2
0t"£
[0 VAN

T2
e’
€9/
€9/
€9/
v9'L
v9'L
S9°L
S9°L

—

F80°€

616

Froe

700'T
e

keoe

F00'¢

3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

75 70 65 60 55 50 45 4.0
ppm
'H NMR (400 MHz, CDCls)

8.0

8.5

19°6T —

T1'8C —

vaes —

SEP9—
STTLA
¥8'9L

orzs -\
8b'LL
Zrve —

SSTOTT A
11811
Nv.oﬁ/
ST'9TT
ov.hﬁ%
T8l 7
09821
ggreeT

S9'8pT —

99891 —

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

210

ppm

13C NMR (101 MHz, CDCls)

126



08°€
96°€
(40
£€°G7
9€'S |
9€°S 1
819 1
8v°9 1
1591
15791
1691
1691
691
869 1
669 1 ﬁ
6691
00°Z 1
00°Z 1
107/
0T°Z
0T"Z Y
ST/

mHN;
8T,
0C°£ A
0T LA

MeO,C

Ph

COzMe

N

Ps
164

= 0

9T LA
LELAN\"
NM.NV
ov.h\

ov'L

T0°8
No.ww

c0'8

— =00'€

i—

_ JECE

3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
ppm
IH NMR (300 MHz, CDCls)

8.0

8.5

98'TG
G5'eS

€6°04\
vLoL

Qr -/

MeO,C

Ph

CO,Me

164

-

8S°LL

€L°P0T —
S/'81T
Nw.NNH/
mm.omﬁ/
mn.mmﬁ/
bb'8¢T
€8'8¢T V
€L°0€T
mm.mmﬁx
TS'GET
ov.wmﬁ\
0S°6€T

SH'S9T —
£P'69T —

—

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

210

ppm

13C NMR (75 MHz, CDCl3)

127



16'0 —

T~
6T

LTy —
9€Y —

8C'9 —
€9 —

9T L —

.CO,t-Bu

MezN

S

[
7’6

To.a
TO.N

0'T

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

8.5

9.0

ppm

IH NMR (400 MHz, CDCls)

8T'v¢
mm.vm/

6C'8¢

(021
6L TET
N@.Nm\
65 bt
mD%W
15°SP

1¢°/L8—

+8°9L
91 /L

St 2L
%.8\
0918

89°7ZT .
T5'9ZT~
629217

9T'IST~,
L 1ST7

10°2LT~,
(4 A

.CO,t-Bu

MeoN

20

30

T
100

ppm
13C NMR (101 MHz, CDCls)

110

T
140

T
150

T
180

T
190

210

128



Zas
19'T

[4ard
0421
2L
754
SL°Z1
TT°E |
TT°E K

Fsy's
Fsoe

UL

PT°€
ST'EY

mﬁ.mé
LT°EN
0C°€N
oze ;W
€€ EN

S€€e
9€'¢E
wm.m\

09°€
€9°€
9%
9%
€9
€9
| VA4
| VA4
€LY
€LY

88'G —
+0'9 —

€12
ST'Z
ST°L
9T°L
DNN —
81°L
9T'L
Yaald
62°L

Ph

Me,N

jf//

Jr

Fso9

Foor
Feso

J HH
g

=1

3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
ppm
IH NMR (400 MHz, CDCls)

8.0

8.5

414
om.wN/
12°0€~
95°0¢
6765\
SE'0b —
59'Sk
b5
mv.mv\
19°6%
95°2§
59'2s
€4S
8b°/§

L0 O/

29'18
8818

w.ﬁ.mhx
wv.nn\

25611
89°6TT
LbLTT
zs°Len
s9°/2T
20°8eT
T1°821
zeTET
Z8°1€T
98°T€T
€T°ZET
62 TST
8 1ST~

LLELTA
€0bL17

Ph
"1CO,Me

H
Boc

174

M92N

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

210

ppm

13C NMR (101 MHz, CDCls)

129



L0~
8,07

8T T~

9€'T

8¢ —

62 —

9Ty~
€E€Y ~
€SP\
09y —

€0°L—
9T L—

.WCOLt-Bu

IMesN

w 0ot
To.wﬂ

% 0o°'T

3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
ppm
IH NMR (400 MHz, CDCls)

8.0

8.5

68°CC ~
98'/¢C

LS7TE
zeree
bE'Sh —

6825 —

TTP9 —

b8oL
or'sL
8b /L
Nm.ﬁww
628

$S 60T
£8°60T 7

6C°9€T —

v6'6vT —

9P'0LT —

.«CO,t-Bu

IMe3N

70

T
100

ppm
13C NMR (101 MHz, CDCls)

110

T T T T T
180 170 160 150 140

T
190

210

130



+8°0 —

9T —

TLC—

bs'E

wm.mV
9°€
6L°€
STH~
€Eb
ver

80'9 —
8C'9 —

789\
$8'97
9L
YeL~
ses

Vs

—

.CO,t-Bu

- Foet

Wno.wﬁ

4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

4.5
ppm

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0
IH NMR (400 MHz, CDCls)

9.0

8¢'vC
Nm.wm/
wm.wm/
09°'1€
Nm.NmW
L6°bE
mo.mmw.

STbb
[l

Tv'SS —

.«CO,t-Bu

130 120 110 100 9 8 70 60 50 40 30 20
ppm
13C NMR (101 MHz, CDClgs)

T
140

T T T T
190 180 170 160

T
200

131



86°0\.
1017

PPT

18T

€Lrec—

Sb'9—
19'9—

9T L—

.CO,t-Bu

)

—

F oot

Feesr

% 86°0

F o

% 0o°'T

ﬁ! 660

2.5 2.0 1.5 1.0

3.0

5.0

6.5

7.0

8.0

ppm

IH NMR (400 MHz, CDCls)

G9'€T
£7°8¢ N
9€°8¢
68'0€ —
£8°T€ s

6€bh ~
99'py /-
106~

¥8'9/
oT°LL

8b'LL
ST18T
R.Nw\

8L°8TT —

00827~
0b'821

§6°06T
07’151~

0LTLT~_
[{x/asd

CO,t-Bu

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20
ppm
13C NMR (101 MHz, CDCl3)

200

132



860 —

9T~
1517

10T~
6277

we—

hﬁ.v/
€T~
T4

o~
b9

CO,t-Bu

Feot

£0°6
WNo.m

To.ﬁ

Fee1

e

Faor

2.5 2.0 1.5 1.0 0.5 0.0

3.0

3.5

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
ppm
'H NMR (400 MHz, methanol-ds)

8.0

8.5

+0°S¢
£4'8¢ N

£5'8¢
66'1E T
nw.mm\
€868~
16'%b
vm.mv*
00°6t

2028
mm.NwW
16'C8

¢S'STT ~
62,21~

89°CST —

€9°€LT —

.«CO,t-Bu

1‘30 1‘20 110 160 90 éO 70 éO 50 "‘lO 3‘:0 20
ppm
13C NMR (101 MHz, methanol-da)

T
140

T T T
190 180 170

T
200

133



S8°0 —

0C'9 —
vE'9—

9T L—

>
@
O
]
o
Q

Foot

Feoo

ﬁlmm.o

3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
ppm
IH NMR (400 MHz, CDCls)

8.0

8.5

ST'PT

vt
£L0'vC
mw.hmﬁ

Qo

8¢8¢
6€£'8¢
98°T€

STvb
St'bh
SS6b —
ze1s”
19

E.SW
6419

¥8'9/
91 /L

8t /L
mm.ow\
9918

06°0CT —
SL'STT —

90°1ST —

12°891
08'89T
961217

S
aQ
&
o
Q

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
ppm
13C NMR (101 MHz, CDCl3)

200

134



10T

20T -

20T

€0°T

08T

[4 %

e -
mﬁ.mv =

v1T°€

+9°€ — E—

ov'y— N

9T L~
S€LT

I

Z—"y.ncozv\ne
EOC H
180

OHC

056 — I

ﬁlﬁo.ﬁ

TO.H

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
ppm
IH NMR (400 MHz, CDCls)

10.0

8T~
0492~

S0'8¢

¥8'vb —

L1258 —

b8°9/~\

9142 N

8L
bevg

SL9CT —

0T’ vbT —
08'6vT —

0T'2LT —

95 +8T —

T

= .\\Cone
%
N %

OHC

Boc
180

ppm

13C NMR (101 MHz, CDCls)

135



6b°T ~ J
65T~

09°€

S

e’

69'%
av"

189
+0°L
1L
L
€TL
9C’L

s

Ph

OHC

666 — S

St

o€

3.0 2.5 2.0 1.5 1.0 0.5 0.0

3.5

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
ppm
IH NMR (400 MHz, CDCls)

10.0

60'82\
Ly6T—
89°€€ —
egve

SL'6b ~

88'¢S —

¥8'9/
9T"LL

om.hm\
8v'LL
oN.ww\

06'+CT
mo.wmﬁy
6€°8CT W
0€°0€T
08°'TET \

95 bHT
61'SHT 7
11°0ST

98'¢/LT —

LT'S8T —

T

OHC

131 129 127 125 123

133

ppm

13C NMR (101 MHz, CDCls)

136



8'C
£8°C
+8'C
S8°¢C
0€'e
€€
Tee
1€°€
[45%
mm.m\
69 —
| Y4
HN.VW
[4a4

Ly —

9’9~
2597

HO

‘\\COZMe

e

2.5 2.0 1.5 1.0 0.5 0.0

3.0

3.5

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
ppm
'H NMR (400 MHz, methanol-ds)

8.0

8.5

89°€C ~
8v'8¢

S0ZE~
60°€E
TSy
vm.mv/
wm.wv/
858
648y
00°6%
16
ev'eb
v9'6v
£b'CS
9/°8S

6878 —

12921~
65'921 7

€P'CST —

8S'VLT —

HO

CO,Me

1‘30 1‘20 110 160 S;O éO 70 60 50 "‘lO 3‘:0 20
ppm
13C NMR (101 MHz, methanol-da)

T
140

T T T
190 180 170

T
200

137



09°T

YT
mm..ﬁ%

LLT

64T F
18'T
8T

+8'T

9€'e

LE'E

6€'€

19°€

+9°€ L
LTV
LT'Y
o'y
| ¥4 4
STy
9°v
9
€9’y
+9'v
(444
[ 4

vy

o
T o
2]

HO

Ferr

o

Tw.m

3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
ppm
IH NMR (400 MHz, CDCls)

8.0

8.5

1782
Sb'8¢
6,627
mﬁ.om\
£8'8E~
€10
156
0L'6t
8925
R.NmN

om.mm\

8€°'6S

¥8'9L
91 //

8v'LL

mw.ﬁww

TCes

SH'ICT
6v°1CT
Elyaas
e LTt
[4°AA!
et
T1°8¢T
81'8¢T
11T
ov'TET
06°'T€ET
E€T°CET
TETIST
8p'1ST v.

6LELT~
RZasd

(o]
T o)
7]

HO

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
ppm
13C NMR (101 MHz, CDCl3)

200

138



o

o

(s}
——m

Fsoe

Tm.m

N
N\

Fers

3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

4.0
ppm
IH NMR (400 MHz, CDCls)

4.5

5.0

5.5

6.0

6.5

7.0

7.5

8.0

8.5

£1°92
wH.mN%
8262
:V.mNN
bb'SE
ow.@m\

L5°'6b —
8¢S —

b8'9L~\
or'LL
D\.RN
(8'€8

0£'€TT
€8'€TT
£6°£2T\

8T'€6T —

40 30 20 10

50

70

T
100

ppm
13C NMR (101 MHz, CDCls)

110

T T T T T
190 180 150 140 120

210

139



ST'T—

ST

e —

6ty —

9T L~
9T L~

I

NC

Z—fy..\cozn/le

Boc
186

=

4

Fot

%:A

3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
ppm
IH NMR (400 MHz, CDCls)

8.0

8.5

16°0C —
91'8¢

v 0€
81—

6Evr —

0§'¢S—

¥8°9/

T /L
mv.m\
15487

80°€6 —

8T'STT —

L8'THPT —

o 6bT —

98°'TLT —

~_..CO,Me
%

1‘30 1‘20 110 160 ’E;O éO 70 60 50 "‘lO 3‘:0 20
ppm
13C NMR (101 MHz, CDCl3)

T
140

T T T
190 180 170

T
200

140



14"

LL°€
8L°¢
v6'€
S6°€
96°€
86°¢
66°€
66°¢
€0
90t

—

IJ 116

"

CO,Me

MeO

=119
== lvot

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
ppm
IH NMR (400 MHz, CDCls)

8.5

9.0

ST'8C—

¥9'18 —
9€'SS —
0T°/LS
€8°€9 —

¥8'9L

oT'ZZ
wv.mm\
95°€8

T1°20T—
96°ETT
$0°9TT ~

68°8CT ~
C6'CET ~
9T'SET

€0'¢ST
04°6ST ~
b 99T \

CO,Me

HO

Boc
187

MeO

20

50 30

70

T
100

ppm
13C NMR (101 MHz, CDCls)

110

T T T T T
180 170 160 150 140

T
190

210

141



€ETT~
vETT

8¢
98°¢C
88'C
06°C
we
mm.m/
LT°€
e~
18'¢”
8C'S
67°S
0€'s
0€'s
1€'S
€S
'S
€€'s
€€'S
6S°S
09°S
689
169
76°9
26'9
v1'L
STL
ST°L
1L
1L
L
€TL
€TL
vaL
€0'8

96 —

OHC

CO,Me

Boc
188

MeO

_J

Foos

Fes0

40 35 30 25 20 15 1.0 0.5 0.0

4.5

5.0

5.5
ppm

85 80 75 7.0 65 60
'H NMR (400 MHz, DMF-d7, 110 °C)

9.0

11.0 10.5 10.0 9.5

WJ‘WMWWWMMWMM

OHC

CO,Me

Boc

N
188

MeO

+6'88T
90°68T V

90 80 70 60 50 40 30 20 10

100
ppm

190 180 170 160 150 140 130 120 110
13C NMR (101 MHz, DMF-d7)

200

142



CO,Me

MeO
60

70

o
=}
wn
[0) ro
s
N
Q e
C [ -
\ N n
\‘ zZ aO.l.v —
) | ©
zZ o
wn
Q o €0°€5 ~
s o #9565 —
[ ™
wn
re ~ .

"o 8oL
68'€ = 20zt | o Q) ST
00b— = Sere [« [a) 8vLL

(R ©
TN
o I
[
2
WSO O0r9T—
F s m
S SERIT—
) 6v°L117
| @ DMu 9£°€TT ~
- 06'8ZT
Le £ soter~
o =
LYAN _ B A
_ - =0T’ pT —
9027 J LE7EbT
9L’ in
[~ 8E°€ST —
20'8 L2291
€0'8 | © \
vo.w\ =z [ o SE'€91
S0'8 - T H9T
19'8 [ o
_— B —
Hm.wv 00T
o
F o
SE'6
—_— -— E10'1
mm.mv Lo
o
Lo
~—
n
re

80

90

100
ppm

13C NMR (101 MHz, CDCls)
143

110

120

130

200 190 180 170 160 150 140

210




8LC—

99°€
89'c”

8Ty —
vy —

ve€'9 —
6t°'9 —

9T L—

.wCO,Me

Et;SiO

= Foe

0.5

1.5 1.0

2.0

2.5

3.5

5.0

7.0

ppm

IH NMR (400 MHz, CDCls)

SS'b

£8°9

169

00°€Z~
LE82\
60°TE
zeee”

No.tv\

bl b
v6'15 7
bT'65

¥8'9/

It 2L
8v'LL
Nh.Hw\

6beT
61517

0T IST~
WSt

€EELTN
coes1’

.wCO,Me

Et;SiO

ppm

13C NMR (101 MHz, CDCls)

144



61°C
61°C
T2
e
[aara
€T
vT'T
64°C 1
6t°C 1
0S°C1
TS°C1
[4ua
25T
SS'CH
£S5°TH
61°¢€)
9G5°€
ANS
8T’V

2.3/
om.f/

——

02t
129
9 |
8b°t
6b°t
05°t
5% ,W

—

1S'b
s
AR
€5°b
¢ml
bS
LY
T
L
€T/
€T/
92°L1
82°L1
mN.hg
62,
0€°L
ocz
1€\
6E°L 7
e/
I3: 9
v8L
S8
98°/

Ph
“1CO,Me

N
197

M602C

S

Foos

Froe

Froe

Foor
Fot

Fooz
796
10z

3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
ppm
IH NMR (400 MHz, CDCls)

8.0

8.5

81—
HN.mN/
§S°0€ —

06°'6€ —
€€°CS
ww.NmW

9€°€ES

6€°99 —

¥8'9L

Ph
"ICO,Me

T

N
Ts
197

MeO,C

It 2L

8v'LL

T0°8¢T
T1°8¢1
0€°8¢T

¢L6TT
wm.mNH“
0z°eeT
60°SET

6EPPT —

TO0LT ~
18' 1417

LD

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

210

ppm

13C NMR (101 MHz, CDCls)

145



9¢'T
PST
mo.mg
oﬁ.j
0T°C
11°¢C
[4%a
[4A%a
[A%a
€T°C
€T°C 1
I4%4
ST'CY
ST
9T'C A
65°C

a—

o
C i
o~ N
e

o
0o
o N
NI

-

T MMM
© o oo
NN AN N

N O
Q0
o N
NN

MeO,C

3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

4.0
ppm
IH NMR (400 MHz, CDCls)

4.5

6.0 5.5 5.0

6.5

7.0

7.5

8.0

8.5

SL°/TT
68°LCT
0z'8et
6C7'8CT
ﬁo.omﬁ\
SL'0€ET

T16°CET

06°€ST
S6°€ST V

06°691
15041 V
8L 1L1T
(AR IA \

Ph
""CO Me

I

I

Boc
198

M302C

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
ppm
13C NMR (101 MHz, CDCl3)

200

146



1T
MN.aW
vt

e

By

6'C

o)
) ©
<
—

Ph
"1CO,Me

H

(EtO,C),HC,

\N
210

MeOZC

0°E

I
i
i
il
[
-
N
n

%ﬁm.m

3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
ppm
IH NMR (400 MHz, CDCls)

8.0

8.5

90'vT
4 V

68'v€ ~
€Ty

¥S'0S
T0°1S /
8¢S\

S0°€S
SL°'T19
oo.NmW
80°¢9

¥8'9/

50

51

52

53

IF L

8v'LL

v6'LCT
mm.wwﬁw
8T'6¢CT 7
€0°€EET

SETOT A
0z'£91

09497
98'£91
v8ILT

.

“1CO,Me

H

H
\N 5
210

(EtO,C),HC,
MeO,C

61.8 61.6 614

62.0

62.2

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

210

ppm

13C NMR (101 MHz, CDCls)

147



J

e

1

(EtO,C)HC,  H

Ph
“1CO,Me
MeO,C™ X~ “
2 N H "
210
]
] i )
' L 1)
I M JAL JUL A
60 L48
L 50
61 | ﬂ 0
52
, o I
. I 54
F63 | 56
4.8 4.6 4.4 4.2 4.0 4.2 4.0 3.8 3.6 3.4 3.2
85 80 75 70 65 6.0 55 50 45 40 35 30 25 20 15 1.0 05 0.0 -05
ppm
HSQC ((400, 101) MHz, CDCls)
(Et0,C)HC, H oy
“1CO,Me o
NS ", [T
MeOZC N H
210 ' .
! L}
| []
P4 *} "
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0 -0.5

HMBC ((400, 101) MHz, CDCls)

148

r-10

10
20
30
40
50
60
r70
80

r100
r110
120
130
140
150

160

100
r110
120
130
140
+150
160
170
180
r190
200
r210




Al
(EtO,C)HC, H oy
"''CO,Me ® 0o
MeO,C™ X~ =
Y2 N H o <@g "
L3
210 N
ot 0
GO
#'m
of
o
o
% ) fﬁ
8.5 8.0 7.5 7.0 6.5 6.0 5.5 50 45 40 35 3.0 25 2.0 1.5 1.0 0.5 0.0
ppm
COSY (400 MHz, CDCls)
(EtO,C)HC,  H - py )
“1CO,Me
NS 4 W
ﬁ M802C N ./H ) 6
210
0](7
@O
0
[+]
#
N 0
]
o
h°
‘
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
ppm

NOESY (400 MHz, CsDs)

149




00°€
00°€
T0°€
10°€
8T°¢
8T°¢
8T°€
61°€
6T°€
61°€
0c'e
TLE

SL'€E

| VA4
Nm.v/

S6'v
96t
96t

L6'F

90,
wN.h/
8¢°L
6C°L

€2
€€L

€€L

Ph

H

(NC)HC,

"1CO,Me

\N
211

MeOZC

Foo'r
20T

Fseo

=

Feee

2.5 2.0 1.5 1.0 0.5 0.0

3.0

3.5

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
ppm
IH NMR (400 MHz, CDCls)

8.0

8.5

16T —
s6'ze—
762 —
918\
0S°€S

ssss”
0819 —

¥8'9L

It 2L

8v'LL

£6°60T ~\.
160117

16°LCT
mm.wwaw
£L°8C1 7
[4: x4

68°09T 7~
S8'C91 /
€9°04T ~

Ph

H

(NC)HC,

"1CO,Me

\N
211

MeOZC

50

70

T
100

ppm
13C NMR (101 MHz, CDCls)

110

T
140

T
150

T
180

T
190

210

150



H -10
(NC)HC, B ppy

"ICO,M
MeO,C™ X~ 2 L 10
€0, N .

211 20

F30

0

40

F70
80
90
100
r110
120
’ 130
140
r150

160

T T T T T T T T T T T T T
85 80 75 70 65 6.0 55 50 45 40 35 3.0 25 20 15 1.0 0.5 0.0 -0.5 -1.0 -1.5

HSQC ((400, 101) MHz, CDCls)

Ll

I | I

(NC),HC, o oph -

) "1CO,Me L10
MeO,C N [0

211 H . 30
F40

L60
70
L80
L90
L 100
0 " 110
F120
] 130
F140
F150
. . y L 160
. . ' 170
L180
F190
F200
F210

T T T T T T T T T T T T T T T T T T T T T
85 80 75 70 65 6.0 55 50 45 40 35 3.0 25 20 15 1.0 05 0.0 -0.5 -1.0 -1.5

HMBC ((400, 101) MHz, CDCls)

151



N

MeOZC

o

(NC),HC,

H

Ph

“1CO,Me
N\ “
N "H

211

T T T T
45 40 35 30 25 20 15 1.0 05 0.0

COSY (400 MHz, CDCls)

T T T
6.0 55 5.0

An

A X

(NC),HC,

21

MeO,C~ 3~

H

Ph
"''CO,Me
H
1

55 5.0

T
45 40 35 30 25 20 15 1.0 05 0.0
ppm

NOESY (400 MHz, CDCls)

152



LT
8CT'T 1
0E'T §
9€'T

——— E 89

<
<
]
_

—_

15t
€5y

9T’L
Hm.m/
Nm.hv

€€L
S€L

8€L

To.oﬁ

Ph
“1CO,Me

H

- — Foers

‘s

H
N
Boc

213

(EtO,C),HC,
MeOZC

2.5 2.0 1.5 1.0 0.5 0.0

3.0

3.5

75 70 65 60 55 50 45 4.0
ppm
'H NMR (400 MHz, CDCls)

8.0

8.5

8CT'vT

P

§¢'8¢
95°'8¢
29°€e
Y9'vE
¥8' 1Y
ST'Ch
1€
6€°Eh
¥6°'1S
£C°CS
ve'zs
9v'¢Ss
L0°€EG =
00°SS
mo.mm\
€4'C9
mw.mw\
mv.wo\
2,89
6S°18
vo.ﬁwv.

"

JCOT
[AA:14
17621
08621 7,
Vs

€0°ZET \

98°€ET

LEPST
' PST v.
v 891
0S°89T
+9'891
69°891
96691
JA VAt
ocesLt
8¢'TLT

Ph

(EtO,C),HC,

"1C0O,Me

N

MeO,C

Boc
213

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

210

ppm

13C NMR (101 MHz, CD3CN)

153



(EtO,C)HC, H oy
"1CO,Me
MeO,C™ >N,
Boc .
213
i
' '
[ ]
¢ (4 ]
-
-
[
85 80 75 70 65 6.0 55 50 45 40 35 3.0 25 20 15 1.0 05 0.0 -0.5
HSQC ((400, 101) MHz, CDCls)
(EtO,C),HC,  H oy
"1CO,Me
MeO,C N~ - "R |
Boc ! [
213 b W, §
n ) . L] ] ]
([ I
L1} ) L] .
4,
i
.e "‘,' ‘l .
85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 1.5 1.0 05 0.0 -0.5

HMBC ((400, 101) MHz, CDCls)

154

--20

L-10

10
20
30
40
50
-60
70
-80
90
- 100
110
120
130
- 140
- 150

r160

r-20
r-10
o
10
F20
30
40
r50
60
F70
80
F90
100
110
120
130
140
+150
r160
170
180
190
200
r210




=

N

(EtO,C)HC, H Ph

'CO Me
Me02C N ’fH .
Boc /
213 om L
e’
@ ° P
o
& ©
o )
& L
E
T T T T T T T T T T T T T T T T T T T
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 0.5 0.0 -0.5

COSY (400 MHz, CDCls)

i}

(EtO,C),HC, H

: Ph
W 'CO,Me
MeOZC N -’/H

Boc

213

8.5

T T T T T T T T T
80 75 70 65 6.0 55 50 45 40 35 3.0 25 2.0

NOESY (400 MHz, CDCls)

155

1.5

T T T
1.0 0.5 0.0

-0.5




789
$8°9 1
11
€T/
9T/
8TL 1
672

om.m;
1€°L
s/
LELAE
65 LT
ov.nN
8LL~
08’

MeO

MeO,C

[

¥10°€

oot

L0€

IRARS

00'T
Foo'r

Feoz

Feoe

Fsoz

T
2.5 2.0 1.5 1.0 0.5

3.0

3.5

4.0
ppm
IH NMR (400 MHz, CDCls)

T
4.5

T T
6.0 5.5 5.0

6.5

7.0

08'1¢ —

66°'SE —
€8'6€ —

86t
05°25\
00°€5 7~
6b'SS

S9'¢L
vw.mh/

T

MeO

CO,Me

Ph

I

N

MeO,C

Ts
212

T

8v'LL

00°STT
om.NNH/
81'8¢T
67°8¢T
6+°8¢T
¢S'6CT
66°6CT V
TOEET —
0LPET
ST'9€T
8P b1 —

€P°09T —

¢T'89T —~
LTTLT—

B

1‘30 1‘20 110 160 ’E;O éO 70 60 50
ppm
13C NMR (101 MHz, CDCl3)

T
140

T T T
190 180 170

T
200

156



100
110
120
130
140
r150
+160

20

L40

60

80

r100

120

140

r160

180

200

-220

MeO’@fsﬂ_ H LO,Me
~Ph
M602C N s
] Ts M ,
212
i ot
] | o
| ol
L48
A
_ ! L 5o
i Fs2
] : = |
) Y L54
— A
‘; ] o . — L 56
P ] Y
1
— |58
44 42 40 38 3.6 34 3.2
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0
ppm
HSQC ((400, 101) MHz, CDCls)
Meo@’&_ = CO,Me
ML Ul‘Ph
7 ' Me0,C™ >N,
_ ‘| » Ts
. H .
] o 212
- l 55 [ ] L]
4.44.34.24.14.03.93.83.7
] . .
= ] wy ®
— 1) +
4 . ]
R [ ] 1] .
3 o' b '
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0
ppm

HMBC ((400, 101) MHz, CDCls)

157



., FO
H
MeO’Q’Sc_ :  COxMe /ﬂ .
Ph 7 [
H <
Ts TR
2
212 e
—_‘4 ] ° o D‘e@}’
. ) 3
@
] )
0 8 i M‘ \
-4
3 : ¥ '
?
0
o 5
)
0 -6
@‘@
® '
m@?ﬁ 0 7
% ¢ # 0 o 0y
-4
o - e o -8
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
ppm
NOESY (400 MHz, CDCls)
FO
MeO’@lS’f. H LOyMe
~Ph 1
% Meozc'qyo‘ '
H
Ts
B 212 f -2
- _l‘
. 3
. ot L4
L5
6
“ - - 77
» _.,dll -
% - . "

T T T T T T T T T T T T T T T T T T
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0
ppm

COSY (400 MHz, CDCls)

158



LT°T
8C'T
6C°'T
0€'T 9
16T |

~N
*
N
_J

9T'L
wm.n/

6C°L
Hm.h\

€€,

(]
=
N
(@]
o
s

|
|

o
& Q
”Q 9
o =
w
/}f

Foo'r

Ferg

2.5 2.0 1.5 1.0 0.5 0.0

3.0

3.5

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
ppm
IH NMR (400 MHz, CDCls)

8.0

8.5

ST'vT
TTvT v.

€€'CS
09°'¢s
o' vS —
€€'SS
9/°'19
hw.ﬁww
€£°€9
¥8'9L

TE9
08'9%
Vm.om/

It L

8v'LL

06°£CT
¢m.wN.HW
+6'8¢1
Ob"LET —

£9°89T

T/4'89T HV
TLELT
L0'VLT /

[0}
=
N
o
o
s

Ph

(EtO2C),HC,

214a

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
ppm
13C NMR (101 MHz, CDCl3)

200

159



[A"
SH'T V

wv.H\

18T

LL0e—

€S8°S
¥S'S
SS°S

LSS \
69°S
59
z\@/
189
Nw.mw
€8'9
¥8'9
¥8'9
s8'9

mm.m&S

8¢,
682 —

CO,t-Bu

Boc

MeO

:

Foser

= 0T'¢

% 00°C

Foot

Eore

F ooz

% 0o'T

0.5

0.0

4.0 3.5 3.0 2.5 2.0 1.5 1.0

4.5

7.0 6.5 6.0 5.5 5.0

7.5

8.0

8.5

9.0

ppm

IH NMR (400 MHz, CDCls)

£0°8¢

JAN 14

€€'GS
8045~

¥8'9/
wHNNV
8v'LL
mw.ow*
60°€8

69'80T 7
68°€TT —
LL°8TT ~
SH T —
YT 8TI N
PEPET

SLPET N

zezst”
65°65T ~
02'S9T

CO,t-Bu

Boc
18at-Bu

MeO

-
-3

ppm

13C NMR (101 MHz, CDCl3)

160



T —

hm.mv

LLE

98°S
LS°S
8S°S

om.m\

LS

99~
8v'97
789~
897

9TL~
T

L6°L—

Fees

)

CO,Me

Boc

N e

18a
T

MeO

faor

Fre

Ferz

9.0

4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

4.5

8.0 7.5 7.0 6.5 6.0 5.5 5.0

8.5

ppm

IH NMR (400 MHz, CDCls)

+0°'8¢

8K IS~
875~
8595

v8'9LN\
orsLT
mv.k\
62°€8

o101/
26°€TT ~
bS'BTT ~
S9'TZT ~
12821
€T peT

£5°SET\

60°¢ST
St'6ST —
£2°991 \

CO,Me

Boc
18a

MeO

70

T
100

ppm
13C NMR (101 MHz, CDCls)

110

T
140

T
150

T
180

T
190

210

161



£8°€
€8°€ V

COzf—BU

MeO

Boc
18c

MeO

Foser

Fozo

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
ppm
IH NMR (400 MHz, CDCls)

9.0

S0°8¢

£€'8¢

€6'SS
wm.mmw
18'9S

¥8'9/
w._”.nnV
8v'LL
NN.ow*
£0°€8

78'80T

£2°0TT M
80°TTT
90°6TT
L[T6TT 7,
8T°12T /

TLPET —

$8'8bT
c68T
ozzst/

TT°S9T —

CO,t-Bu

MeO

Boc
18c

MeO

|

L

T T T T T T
170 160 140

190

100
ppm

120 110
13C NMR (101 MHz, CDCl3)

130

150

180

200

162



or'T ~

18T

zs's
mm.m/
¥S'S

wm.m\

99°S

679~
o’
172 RN
9,97
ST

D.NV
wN.nw
1€°L

€6'L—

CO,t-Bu

Boc
18d

HO

Tw.mﬁ

J

b

= F oot

Froe

Froe
-—=< Feot

- % 0ot

9.0

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

8.5

ppm

IH NMR (400 MHz, CDCls)

66°4C

T€'8¢C

9895 —

¥8°9L
9T LL~
8v'LL
ﬁm.owx
PbE8

op'801 7
£bSTT ~
12811 —
(8121 —
bT'8TT
z9€€T

ST'SET

9€'¢ST —
9€'9ST —

20991 —

CO,t-Bu

Boc
18d

HO

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20
ppm
13C NMR (101 MHz, CDCl3)

T
200

163



€TT—

!

W'

RN
T

TS\
9z's”

6'Ss —

899
049
L9

297
SO0 L~
802 f
mo.@S
HE\
9T'L

€18 —

616
Fs1'6

Foo'r

Foor

%Nm.ﬁ

Foot

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
ppm
IH NMR (400 MHz, CDCls)

9.0

€Lt
8z'8z”

£0°6E€ —

£6°0ST ~\.
SLHPST
£5°SST7

T1S°99T —

OH

CO,t-Bu

9L'SET —

9T'9ET ~.
(191 ”

136.3 136.1 135.9 135.7

ppm

1‘30 1‘20 110 160 ’E;O éO 70 60 50 "‘lO 3‘:0 20
ppm
13C NMR (101 MHz, CDCl3)

T
140

T T T
190 180 170

T
200

164



H

e

|

Ll Il“ ]

M

112
113
r114

INASUN 115
VO A

® ¢ ; =t 116
) L117

[ 118
r119

6.9 6.8 6.7 6.6 6.5

80

F90

r100
r110
120
130
+140
r150

r160

T T
90 85 80 75 70 65 6.0 5

T T T T T T T T
ppm

HSQC ((400, 101) MHz, CDCls)

T T T
5 50 45 40 35 30 25 20 15 1.0 05 0.0

o VYV i R

114 0 114 114
0 116 0 116 U 116
T T T T T T T T I e ——
8.208.158.108.05 6.806.756.70 6.65 5.0 4.5
[ L] ] e
¢ 0 0 OH
[ 0 0 9

Boc

18d*

o

F20

40

60

80

100

120

r 140

160

180

r200

=220

T T T T T T T T T T T T T T T T T T T T T T
9.5 9.0 85 80 75 7.0 6.5 6.0 55 50 45 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0 -0.5 -1.0 -
ppm

HMBC ((400, 101) MHz, CDCls)

165

1.5

ppm

£
a
a



LETA\
ww.ﬁv

8y'T

ITe—

oL~
8v'L

06—

£P°'8
98’

Fesar

CO,t-Bu

=

Boc
18e

AcHN

Eyre

J

9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
ppm
IH NMR (400 MHz, CDCls)

9.5

ov' b~
¥6°42

£T°8¢

¢89S —

vL'9L
oT'/LL V
8S°/L
ov.ow*
0€'€e8

8+°80T —

65°8TT ~
8'6TT 7
vETTT /
[xaVaa id
88'bET \
09°/ET ~
o0z'8er”

6T°¢ST —

9€°'59T —
T0'69T —

CO,t-Bu

Boc
18e

AcHN

130 120 110 100 9 8 70 60 50 40 30 20
ppm
13C NMR (101 MHz, CDClgs)

T
140

T T T
190 180 170

T
200

166



9€'T
ov..ﬁ%
T~
wv..ﬁ\
[

€€ —

vm.mg
9561
L5°S
85°S
0L'S 1
wm.mj
8€'9 1
8€°9 1
0v'9 1
0%'9 1
P97
90°£1
90°Z
90°Z
80°L
80°L
80°L
[AVA
€14
8T°L
6T°LA
02 LA
122
T¢L

L

9¢'L

96°L —

CO,t-Bu

Boc
18f

W

TS'8T

= P0°€

% T0C

F oot

Fors

% oo'T

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

9.0

ppm

IH NMR (400 MHz, CDCls)

SS'TT~
10°8C~

8€'8¢

6845 —

¥8'9L
9T'LL
wv.mh“
vm.ow\
0T1°€8

6T°S9T —

CO,t-Bu

Boc
18f

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

210

ppm

13C NMR (101 MHz, CDCls)

167



€ET~

SH'T

€E'9\

(1L
8T,

6T°L

6T
02,7
0z'L
17
e
mm.n;
€L

YT L
szl
sz
9z'L
8T,
68°L°

CO,t-Bu

Boc
18g

—

Tm.wﬁ

Joa)

— % 00°C

[l
R

== W 00'1

W 'S

- % 00’1

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

8.5

9.0

ppm

IH NMR (400 MHz, CDCls)

1082~

LE°8¢C

8.8 —

¥8°9/
oT'LL
8v'LL
ow.ow*
9T°€8

€T°G9T —

CO,t-Bu

Boc
18g

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

210

ppm

13C NMR (101 MHz, CDCls)

168



9T'T —

SS'T

T2
245
€4'S
SL'S
0£'9 1
0£'9 1
T€'91
z€'91
€€'9 1
€€'91
£5'91
85°9 1
85'9 1
6591
9z'L
L
ppL]
9L
Ly'L
8"/ 1
6v°L 1
6v°L |
05°2 1
15721
1572
[AWA
€572
bS'L
¥SLA
SS°LA
SS'LA
95727
L5572

©
N
~
\
=

el
[=3]
N
L
———n

.

TE8T

W 660

F oot

w 0o'T

H(.

z0'1
A zot
T 00T
oot

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

8.5

9.0

ppm

IH NMR (400 MHz, CDCls)

YL LT~

8€'8¢

8L'vS —

¥8'9L
9T'LL
wv.nn“

RN.ow\

90°€8

ﬁh.hoﬁ
wo.w:
€€ 1T

8¢rect
£8°TC1

6/4°SCT
oo.mmﬁ/
¢979¢T L

60°8¢T 7
ﬁm.wma\
£6'8¢1
TLEET
mN.mmH\

SCovT
8C°CST —

PT°G9T —

-—

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

210

ppm

13C NMR (101 MHz, CDCls)

169



ov'T ~

S

TAAN
Y

682 —

CO,t-Bu

Boc
18b

Cl

v

A

=

an.wﬁ

9.0

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

8.5

ppm

IH NMR (400 MHz, CDCls)

¥0'8C¢

9€°'8¢

[N
€0'L5 7

¥8'9/
9T'LL
8v'LL
Nw.ow*
£0°€8

€4°80T —

€E°6TT
640217
21821\
98'82T
8°€ET
€LPET /
SL0bT

€0°¢ST —

66'¥9T —

CO,t-Bu

Boc
18b

Cl

50

70

T
100

ppm
13C NMR (101 MHz, CDCls)

110

T T T T T
180 170 160 150 140

T
190

210

170



VT~

18T

€L
vm.hw
YL
om.h“\

0gL

WL

CO,t-Bu

=

Cl

Boc
18]

J

A

Wﬁ\wﬁ

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

9.0

ppm

IH NMR (400 MHz, CDCls)

#0°8¢

8€'8¢

8€'/8 —

¥8'9L
9T°LL
8v'LL
wv.ow*
bS'E8

96'+9T —

CO,t-Bu

Boc
18

Cl

ppm

13C NMR (101 MHz, CDCls)

171



0€'T —

18T

99'S
D.j
81'9 1
(291
8291
8791
0£9 1
0£9 1
1€°9
9L
S.m;
8T°/1
8T/ 1
ON.N;
0T

T LA
b2
ST/
LT
1€ 2
4

€L
€€,
9€'L
8€L
01’8 —

CO,t-Bu

Cl

Boc
18k

N

%Nh.wﬂ

#oo.ﬁ

F oot

Eeot

Ferz

F oz

W 860

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

9.0

ppm

IH NMR (400 MHz, CDCls)

€842~

SE'8¢

€5°GS —

¥8'9/
mHNNV
8v'LL
Nm.ow*
TE'E8

20'80T —

ZS'8TT~.
L2611
£9°92T~\
68°£21 7
R.wﬁx
0'621

€0°SET
29 1b1 7

90°CST —

96'+9T —

CO,t-Bu

Cl

Boc
18k

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
ppm
13C NMR (101 MHz, CDCl3)

200

172



T~
1817

COzt—BLI

_ Tm.wﬁ

LAJ

;o
—1t
8
N

T = Fere

Boc
18l

3.0 2.5 2.0 1.5 1.0 0.5 0.0

3.5

9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
ppm
IH NMR (400 MHz, CDCls)

9.5

S0'8Z

LE°8¢C

§5°9S8 —

¥8'9/
w.ﬁ.th
8v'LL
wm.ow*
PEE8

1248017
6€°STT~,
19'sTT 7.
D.m:w
60°12T

19'821 —
TLPET A
LT'8ET~.

TT°CST —

8T TIT
€£7€9T ~
50591~

CO,t-Bu

Boc
18I

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
ppm
13C NMR (101 MHz, CDCl3)

200

173



T~

Tm.wﬁ

0S'T

CO,t-Bu

Boc

e

Br

A
—
m
o
~

4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

4.5

8.0 7.5 7.0 6.5 6.0 5.5 5.0

8.5

9.0

ppm

IH NMR (400 MHz, CDCls)

S0'8Z

9€°'8¢

16°SS~
62°L57

¥8'9/
9T°LL
8v'LL
mw.ow*
9b'E8

S/°80T —

BE6TT
07021

66'121 /
vb8eT 7.
Z8'1€1

erver’
6T THT

T0'CST —

L6'V9T —

CO,t-Bu

Boc
18m

Br

ppm

13C NMR (101 MHz, CDCls)

174



Ao

SIS S

CO,t-Bu

Boc
18n

Br

J

Tﬁ.mﬁ

W 00T

F oot

Fzot

F 8ot
0z'1
T0'T

ot

% 00’1

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

9.0

ppm

IH NMR (400 MHz, CDCls)

1642~

0t'8¢

S0'8S —

¥8'9/

QI /L

8v'LL
ov.ow*
ob'€8

£0°80T
05°8TT

mm.m:/
8°6TT L
18921

E.wﬁy
11621 —

9,781 —
60's€T 7

0€ePT —

9T'ZST —

€0°99T —

CO,t-Bu

Br

Boc
18n

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

210

ppm

13C NMR (101 MHz, CDCls)

175



o
Fo
wn
Fo
o
]
£0'82
. vE'8z
T~ - Tv.m: |\
05T lw -
o
N
| v 8/°96 —
(o]
| ©
" e
A
n O T
‘e A sy
6€'08°7
O  ces
o -
r« N 99'€6 —
I
n € M
98 S
S SL80T—
o X
[ 8E'6TT~
e DS
05'S S 29°021
75°'S ~ LN
- - gt
£5°S 9 Lo Z eS8
voe TLPET~
69 m\ o L sruer~
re L THT ~
N I - % 001 | 10
&9’ = Fo 96° 15T —
o
90, > - N oT —
oty > @ ~ = F ooz €6'v9T
5y
. wn
2L 3 F
9L o = Fvoe
vo'L o Nm &/ — % 00T
oL f \ - =
68'L
wn
F o
- o
[ o

50

60

70

80

100 90
ppm

13C NMR (101 MHz, CDCls)
176

120 110

130

CO,t-Bu
170 160 150 140

Boc
180
190 180

200

210




6€°T ~

6b'T

0S'S

¢S'S V
mm.mx
+S'S \

64'S

o~
b9

9T LA
TN
[
mm.m\
19°2

0627

CO,t-Bu

Boc
18p

NC

#Nm.wﬁ

T
8.0

9.0

6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

7.0

7.5

8.5

ppm

IH NMR (400 MHz, CDCls)

L6°LT

62°'8¢

9v'9S —

¥8'9/
oT'LL~>
8v'LL
wm.ow*
LL°€8

$2°80T 7
b8 ITT
99°8TT ~
66117
€T /TT~
L9°CET

89'bET M

YL OPT —
9L'TIST —

0Lv9T —

CO,t-Bu

Boc
18p

NC

-

1‘30 1‘20 110 160 ’E;O éO 70 60 50 "‘lO 3‘:0 20
ppm
13C NMR (101 MHz, CDCl3)

T
140

T T T
190 180 170

T
200

177



JJ M AN "
= ‘ CO,t-Bu
N
Boc
NC 18p f o,
- \ A | N AN
115
—
[l A
— f 120
125
< '
(] [} 130
.0 s
. 0 ® 135
T T T T T T
8.0 7.5 7.0 6.5 6.0 5.5
T T T T T T T T T T T T T T T T
85 80 75 70 65 6.0 55 50 45 40 35 3.0 25 20 1.0 0.5 0.0
ppm

HSQC ((400, 101) MHz, CDCls)

178

r10

20

r30

40

50

60

F70

80

F90

r100

r110

120

130

r140

r150

r160

ppm



L8°€E

CO,Me

226a

MeO

96’

00°Z~
20’
9L~

20°8
vo.w/
87’8
87’8

om.ww\

0€'8

MN.mV

€T°6

JMA

£00°E
Broe

H/do.ﬁ

F00°C

H\.o.u..ﬁ

To.ﬂ

8.5

0.0

0.5

2.5 2.0 1.5 1.0

3.0

7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5
ppm
IH NMR (400 MHz, CDCls)

7.5

8.0

9.5 9.0

10.0

ob'es —
¥S'SS —

¥8'9L

CO,Me

MeO

9T LL
ww.mh\

b1t/
0611~
95°€2T —
16'82T ~
S6'0€T
88'LET

SO'IST —

S9'09T ~
ev1917
217991

1‘30 1‘20 110 160 ’E;O éO 70 60 50 "‘lO 3‘:0 20
ppm
13C NMR (101 MHz, CDCl3)

T
140

T T T
190 180 170

T
200

179



9€'T
8L°T 1
64°T 1
08°T
08'T |
81 ;
€8°T
£€8°T
$8°T
P8 T
S8'1
98'1
88'T
68T 1
06T
16°T
26'T 1
€611
16'T
61
86'T
00°Z ]
10°C
(434
€€z
€€
€€z
9€'Z 1
9€°Z 1
LE7T
LT
69'€
e
sz's
LL°9
LL°9
649
61'9
€69 %
¥6'9
¥6°9
96°9
96'9
9z,

[

87’8 —

CO,Me

Boc
90

MeO

Fr09

0'T

oz

Fooz

0'T

3.0 2.5 2.0 1.5 1.0 0.5 0.0

3.5

9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
ppm
IH NMR (400 MHz, CDCls)

9.5

¢5°9T —

(45N
g6'Lz”

€2°TS
TEPS~
s1°s5 7

vw.mh/
wﬁNhW
wv.hh\
8€'Z8

0t"£0T —
C8ETT —

9z'9zT
PSEET
68'SET ~

9L TST —

£S°8ST —

¥8°£9T —

CO,Me

Boc
90

MeO

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

210

ppm

13C NMR (101 MHz, CDCls)

180



— o O
R
—
s )

SIS

€S —

189
89
€89

€89
wm.w\

002

/]

CO,t-Bu

N
Boc
got-Bu

w8 — f

MeO

Tﬁ.mﬁ
~g071
W 20T

00'T
T oot

=9T€

=80¢
=00¢C

w £6°0

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

9.0

ppm

IH NMR (600 MHz, CDCls)

L8°LT —
LT8¢
¥S'8C
ﬁm.wwx
€4°0€
99°S€

8E°55
9195~

€€°08 ~
ET°E8

PP'0TT —
6T°STT —

¢sLer —
80°SET
68°'GET V

€67CST
£0°09T
98291
ST'€91 V
PbE9T
9C°L9T /

CO,t-Bu

Boc

got—Bu

MeO

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
ppm
13C NMR (101 MHz, DMF-dz, 80 °C)

200

181



6v°T 1

3]

<

™
—

o

n

™M
————

CO,Me

ZT

91

MeO

Foot
Feot
Fooe
Foe

3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
ppm
IH NMR (400 MHz, CDCls)

8.0

8.5

8T —
6°'eE —

[Iariad
St'6b
S9'1S —
0£'SS —
08°09~\

¥8'9L
OHNNW
8v'LL

I8°€TT —

£9°LT1

¥6'9€T —

T8'8ST —

w8 YLT —

CO,Me

ZT

91

MeO

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

210

ppm

13C NMR (101 MHz, CDCls)

182



8T
PS'T
E.N/
LT
LT
8¢
8L¢C
6T
6
£€6'C
£6C
v6'C
[4:¥3
86'C
66'€
00'%
1007

6T’
6t
o€y
o€y

0TS~
s’

S6°9
96'9
679
L6°9

ST'L
STL
9T°L

LT°L

€08~
91’8~

OH

CO,t-Bu

HO.

MeO :

Boc
227

L

€06
*00°6

“oo0'g
“00°T
JE0°T

Fooz
F00'C

Fes0

9.0

7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

7.5

8.0

8.5

ppm

'H NMR (400 MHz, DMF-dz7, 80 °C)

'8¢
96'8¢
PE0€E
SS°0€
94'0€
£6°0€
8T'1€
LT°S€E
8°S€E
89°S€
68°S€
0T°9€
€7°95 ~
P8 19~
29°€9 —

w8'TL—

YT I8~
65°€8

YCOTT —
SESTT —

60°8¢T —
08'CET —
POLET ~

9Z°€ST
5091

98291 %
ST'E9T

Pbe9T
G8°/9T s

CO,t-Bu

OH

N

Boc
227

HO.
MeO :

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20
ppm
13C NMR (101 MHz, DMF-dz, 80 °C)

T
200

183



T —

LLe—

505~
9057

9L'S —

D e e

- CO,t-Bu

OH
Bo¢ , /
228

N

Br.

MeO

F69'81

= L0€

F oot

i 1) 54
F oot

H\ 00°C

8.0

8.5

4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

ppm

IH NMR (400 MHz, CDCls)

4.5

6.0 5.5 5.0

6.5

7.0

7.5

9.0

T8z
6v'8 7

65 —

eSS —
8685 —

TTTL
¥8'9/
9T'LL

8v'LL”
v6'18 T
Nm.mm\

66°€ETT —

€062\
I8 TET
LT'EET
vever .

20°'SST —
YT6ST —
OT"$9T ~

100
ppm
13C NMR (101 MHz, CDCls)

184

110

120

130

CO,t-Bu
T
160 150 140

170

180

190

MeO

200




PPT
[ANad

LL°E—

VA4
ww.v/
(VA4
Hh.*uw

|4 4

65°G —

€89
€89
¥8'9
$8'9
989
98'9
1072
v
80°Lf
80", 4
80",
602 |
012
0T°Z
012
o012
T2
L
9T'L
8¢c'8

[E——

W

MeO

)

Fsost

=00°€

Fooe

W £6°0

=1a0'¢
=00'C

Foso

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

9.0

ppm

IH NMR (400 MHz, CDCls)

€082~
sv'8z”

06'6%
16765~
08'65 —
09'99\

¥8'9/

QT //

8v'LL
00°T8 *
88'€8

T+'80T —
0S'¥IT —

v6'92T —
ezt /
8b'SET ~

¢9'1ST
TE6ST ~
0¢'991 \

MeO

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
ppm
13C NMR (101 MHz, CDCl3)

200

185



6211
6511
0£21
oz
202
22

dh £00'6
2

9271
LL7TH
LL7TH
8T
84T
06°C
T6°C
6T
€6'C
€6°¢C
€6'C
19°€—
€8¢ —

[y

@]
9]
=

=00'6

== F00'T
= b1

b =00'€

=00°€

= 0°¢

= fc0¢
/) *%6°0

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

9.0

ppm

'H NMR (400 MHz, DMF-dz7, 80 °C)

LTPTN
1622~

9v'8¢

§9'9¢€ —
S6'0V —
66°0S ~\

6025
€6'vs 7

68°6/ ~
08’18~

o
[}
=

g

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
ppm
13C NMR (101 MHz, CsDs, 70 °C)

190

186



LT'T—

o1

LLE~
98'€

v,L'9
089
89
€89
889
86'9
00°Z
9T'L

===

CO,Me

I

)

ﬁlmm.ow

= £0°€
Eooe

W 00°C

3.5 3.0 2.5 2.0 1.5

4.0
ppm

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5
'H NMR (400 MHz, CDCls)

8.5

-

06°ETT~
A4 4

1§/¢1
ow.mmﬂ%
S9°'6¢T —
68'VET ~
[4213)
T9'SET

6€°€ST
08°€ST A
PE9ST M
6€°6ST
€0°¢91 /

CO,Me
|
]

NS
N
N
Boc
232

MeO :

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
ppm
13C NMR (101 MHz, CDCl3)

200

187



1320 S

8/°€~
ege”
6%~
€y

175~
ezs”
s

€89
cao
ow.mw
S0z

L0t A

mw.m\

Sb'8 —

N

CO,Me

Focs

€09

Foo't

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
ppm
IH NMR (400 MHz, CDCls)

10.0

v6'LC—

04°€0T —
0L PTT —

9E/TT~,
|7 el

SL6ET —

€TIST —

SL765T ~
ev001 7
L7591 —

CO,Me

Boc
233

MeO :

T T T T T T T T T T
180 170 160 150 140 130 120 110

190

200

100
ppm

13C NMR (101 MHz, CDCls)

188



€T
vm..ﬁg
99°T 1
£9'T
69°'T §
TLT
L6'T
£6°T
86T §
86'T
£0°C

€0°CH
80°C
60°C
TT A
11°2-]
€1'e
€1'e
VA4
8v°'C
6v'C
0S¢
0S¢
c6'C
v6°C
L6°C
66°C
69°¢
9L’
6EY
or'v
or'v
'y
1244
1244
S
6C°S
T€'S
ce'S
[4 5
Z8'9
£89
+8'9
G89
989
(897
L0°L

80°L

60°L

60°L

60°L

(0] W4

TT°L

1L

IT°L

[4AWA

i il i S S ey S S S S )y S L

CO,Me

K

Boc
235/ /

/

/

S

MeO

28 26 24 22 20 18 1.6

3.0

Fsot
Ts.m

Foot

Fsso

0°€
0°€

Foos

Foos

Fsoe

3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
ppm
IH NMR (300 MHz, CDCls)

8.0

8.5

Lo —
veve—

LE°8C

S6'8€
9b' 0~

YR 2N

£ees 7
zzss”

v/.'9L
wHNNV
8S°LL
vw.mh\

S6'ETT —

b’ /LTT —
08°'TET —

CE'SST ~
9¢'8ST —

C6'ELT —

CO,Me

W

Boc
235

MeO

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

210

ppm

13C NMR (75 MHz, CDCl3)

189



[
0S'T
5T
€5'T
SS' T
st/
6T~
96’1~
voef
80'C
11°¢C
6577

PTE~N
61°c”

89°E~\_

we”
8c
8c'p
8cd
6E
6E
Wb
£bp
bp
bbb
bbb
s8'p

9T L —

0.0

0.5

1.0

0T'zT ~
(e’

1.5

2.0

2.5

3.0

v 4 S / J

(j,COZMe
*ON
Boc
237

MeO,C

IH NMR (300 MHz, CDCl3)

LE78C

9"8E.
S8 Tr~
svzy
€6'15

NN.NmV
vm.mm%
2LbS

¥8'9/
oT'LL~F
mv.mn*
SE'08

T¥'SST —

8TTUT
L1

ppm
13C NMR (101 MHz, CDClgs)
190

58 56 54 52 50 48 46 44 42 40 38 36

N,

Boc
237

O,COZMe
Y

MeOZC\




9SG T\
517

CO,t-Bu

X

Ph

Boc
239

F01°8T

J

[
o
o
<
—

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

9.0

ppm

IH NMR (400 MHz, CDCls)

€2°8Z~
ov'gz”

SLPS —

¥8'9L

QI //

o)

8Y'LL
mm.ow*
b€

99'60T —
06'8TT
vm.oﬁ%
9z'921T
08'92T
S0'8ZT 7
S.wﬁx
om.ﬁﬁ\
wm.vmﬁ\

YS9ET

TC¢ST —

9T'S9T —

CO,t-Bu

X

Ph

Boc
239

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
ppm
13C NMR (101 MHz, CDCl3)

200

191



95T
LS°T
79°T 1
+9°'T
S9'T 1
99°'T
£9°T
89T §
04°T
0L°T A
LT

€L
98T~
88'T 7
16°T
10 |
No.ﬁm
0T

€0°C
S0°Z
507 ]
90°Z1
907 ]
0z'e
0z'e
12°C
e
e
e
vz'e
vTT
sz
€571
bbz
LHT
6+ 1
65 1
192
797
29
€977 1
$9°2
59 |
19T
€L
Yad
9,7
LT
64T
v L]
vT L
9221
zee]
ves ]
beL
9eL

CO,t-Bu

N

Vo4 ///

Boc
240

292.82.7262524232.22.12.0191.81.7

4.1

4.2

44 43

4.5

4.6

L6°0

W 29's

4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

4.5

8.0 7.5 7.0 6.5 6.0 5.5 5.0

8.5

9.0

ppm

IH NMR (400 MHz, CDCls)

ET LT~
TE€T
97'8¢
1482

LETE
stee”

20°05~
69'05 7

¥8'9/
91 //

8v'LL \

R.mn\

ST1'Z8

TE'80T —

80°92T —
6£'821 \
5821
8b'pET

Y9 THT —

Z8°'IST —

61°£9T —

CO,t-Bu

Boc
240

—2

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

210

ppm

13C NMR (101 MHz, CDCl3)

192



€ETT

ST'T

8L'C—
w6 —

SL°€E
hm.mw
6L°€
Hw.m\

9T's —

86°S
mo.w/
S0'9~\t

95°9
859
wm.oV

89'9
98'9~
88'9
VZ AN
62LF
Hm.m\
se'L

LeL

6€°L
€S,
SSL

€0'8

>Me

: CT.
W N g%
Boc
2,6-syn-242a

CcoO

Ph
' OH

MeO

o9

Feeo

o

to:

Fo0C

Fooe

Feov

4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

4.5
ppm

85 80 75 70 65 60 55 50
'H NMR (400 MHz, DMF-d7, 110 °C)

9.0

(4214
7€°0€ |
25°0¢€
££°0€ 1
£6°0€
PTTE
SE'TE
LT'SE
8b°GE

89°'GE
68°'SE \
oH.me
TE9E

98'25
8095\
£9'95 -,
oc'gs

98'LL ~
cL08

6T HTT —
€1°seT
67°82T
8zt
5621 -
$0°0ET
om.oﬂ\
26°SET
06°0bT
6L bST
06'6ST \S
98291
mH.mEW
PHE9T
0T°€LT —

-Me

@)
Boc
MeO
2,6-syn-242a

co

Ph
OH

20

70 50 30

90

T
100

ppm
13C NMR (101 MHz, DMF-dz, 70 °C)

110

T
140

T
150

T
180

T
190

210

193



v6'T —

98¢~
687

LL°€
ﬂw.mV

+8'€
S8°€ \
1444 /
Sty

ST'99

Foot

Feoz

Foot
Foo'r

Foos
Hoz

T
0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0
ppm

'H NMR (400 MHz, CDCls)

T
4.5

T
5.0

T
5.5

T
6.0

SH'IS
om.wm%
€L°€S
0¥’SS
wm.mm\
¥8'9L
mﬁ.mhw
8v'LL

ETPIT —

ST9CT
TE€L2T

ST'8¢CT
£8°'8¢1 \
Ho.vm.ﬁ\
9L bET
€LTPT \

ST'6ST —

68 VLT —

COzMe
Ph

243a

/ ZT

MeO :

ppm

13C NMR (101 MHz, CDCls)

194



Il

COsMe

OF

\“. N
H
MeO 243a
U
. 'l "
yut I 1o
 — isa
w F115
120
»
(] 125
L) L]
. — @ 0
@ @ 130
T T T T T T
7.4 7.2 7.0 6.8 6.6 6.4
T T T T T T T T T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

ppm

HSQC ((400, 101) MHz, CDCls)

195

r-10

10
20
r30
40
50
60
F70
80
90
100
r110
120
130
+140
150
160

ppm



we—

18T~
0677

CYAS
18°€
¥8°€

1.0 0.5 0.0

1.5

2.5 2.0

3.0

3.5

98'¢

68°¢

iad

VAd4

wv.v\
91'9
9T°9 1
819
6T°9
€99
+E°9 1
€9
S€°9
mm.wﬁ
£E°9
L899
LE°9
€89

mw.o/
S8°9

889
9T'L
L
6C°L
€L
9€°L
LE°L
6€°L

4.0
ppm
IH NMR (400 MHz, CDCls)

4.5

5.0

5.5

6.0

CO,Me
6.5

7.0

7.5

MeO
MeO
8.0

8.5

Nv.ﬁm/
¥S'¢cS
mm.mmV
S6°SS
ho.wm\

8/°LS

¥8'9L

60 50 40 30 20 10

70

9T°LL
8v'LL

LT'TTT
reTrr
99°6TT

LT°9TT
:V.RH%

0v'8¢T 7

OvLT —

90 80

100

ppm
13C NMR (101 MHz, CDCls)
196

110

120

190 180 170 160 150 140 130

MeO
MeO
200

210




TEEN
LEE~
v'e

[4: R
€T
mﬁ.*uV

60°S
60°S
oT’s
L7791
8291
0€'9 1
0€°9 1
09°91
09°9 1
19'91
199
mm.w;
€99
mm.w;\ﬁ
+9°9
689~
87
om.hV
S€L
9€L
LE°L
8¢,
6€°L
€L
St'L
St/

2Me
Ph

243c

HO

2.5 2.0 1.5 1.0 0.5 0.0

3.0

3.5

4.0
ppm
'H NMR (400 MHz, methanol-ds)

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5

8.5

858
648t
00°6%
16
£v'6t
JASN 4
¥9'6v
T0'TS
/8°€S
9€°LS

60°LTT —
6L'S2T
pELTT A
S9'82T
LS°62T
£9'621
€101
mm.ﬁmﬁ\

0ot
P 09T —

ob'€LT —

COsMe

Ph

W

243c

HO

50.0 49.5 49.0 48.5 48.0

50.5

51.0

ppm

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

210

ppm

13C NMR (101 MHz, methanol-da)

197



-

|

4.5

,Me
Ph

Cco

243d
7.5

W

Cl

ot

Lsce

2.5 2.0 1.5 1.0 0.5 0.0

3.0

3.5

4.0
ppm

60 55 50
'H NMR (400 MHz, CDCls)

6.5

7.0

8.0

8.5

0TS\

LEES
0S°4S

¥8'9/

10

20

30

40

50

60

70

It 2L

8v'LL

S8°8¢T
86'8¢T
66°8¢T
9z'6¢T
S8'CET
S9'EET
+9'0PT
8T TPT

6C°9CT
mm.hmﬁ/

e

LY VLT —

J,
100 90 80
ppm
13C NMR (101 MHz, CDCls)
198

110

120

150 140 130

CO,Me
~Ph
243d
180 170 160

190

Cl
200




€8°'T —

{ bon

LOzMe
Ph

ZT

243e

_ 0°€
6°0

—— 0T

\J 00z
b'E

- = 0z

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

9.0

ppm

IH NMR (400 MHz, CDCls)

[ERERN
09257
ZS'€S
VLS

¥8'9L

Ir L

8v'LL

8T°€6 —

mN.wN.ﬁ/
mv.hmﬁ
06°8¢T /
+6'8¢1
Nw.mN.ﬁx
L6°CET \
L8°LET
8P IPT
62T

SPLT —

CO,Me
Ph

ZT

L

243e

u

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

210

ppm

13C NMR (101 MHz, CDCls)

199



LT _.14
9971
£9°T 1
89'T
89°T
69°T
TL°TH
68°T
¢6'T
Hﬂ.Nf
A% 4
mﬂ.NF
ST'CH
9Tz
D.N/W

19°¢C
N@.NV
S9°¢C
99°¢
89°¢C
69°¢C
0s'€
64°€~\
T6°€~

160~
66'%

299
$9'9
18°9~
$8'9
YTLA
9L F
mm.n%
Lze
8z ]
o€
e,
€L ]
peL ]
97/ ]
L]
ShL

o
M2h T
35 8
e oo
zon X == Feeo
/ N _ Tdo.ﬂ
-= foo1
e}
o}
=
0°¢

o
[~
[ @ \i Tm.o
~
<
[~
[ _E
N Q
&
<
[~
r Foo'r
=}
F Froe
Tw.m
Fsoz

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

8.5

9.0

ppm

IH NMR (400 MHz, CDCls)

TT°E€C~
W6vT
[438:14d

vaes

mw.mmV
98'vS T
vm.mm\

299,
¥8'9L

CO,Me
Ph

N~ “OH
Boc
244

NN

MeO

oT'LL

8v°LL \

€18

TO'9ST ~
9T'8ST

S6°€LT —

€E18 —

84 83 82 81 80 79 78 77 76 75 74 73 72

ppm
|

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

210

ppm

13C NMR (101 MHz, CDCls)

200



CO,Me
~Ph

YN “OH
Boc
MeO

244

ofR

=

70

80

85

ppm

HSQC ((400, 101) MHz, CDCls)

1.0

r-10

r10
20
30
F40
F50
60
F70
80
F90
100
r110
120
130
140
150

160

0.0

ppm



bST
9G8'T {
LS°T
65T 1
09°T 1
€977

o
. ©
N
~nl-

Y9~
297
ST
D.NV
8T/
6T
we
we
vZ'L
9z
8T

CO,Me
~Ph

ZT

245

MeO

ot

#Nﬁ.m

Feot
Foo'r

o1
Sooe
0°€

Foot

2.5 2.0 1.5 1.0 0.5 0.0

3.0

3.5

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
ppm
IH NMR (400 MHz, CDCls)

8.0

8.5

1526~
19°ce”

1§05~
ob'eS ~
90°'SS 7
ov.mm\
T2°09

¥8'9L

9T'LL
8v'LL

98°€TT —

8/°STT .
se/el 7
mn.mﬁ\
12821

soos1”
88'Tp1

¥8'8ST —

PT'SLT —

COsMe

Ph

ZT

245

MeO

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

210

ppm

13C NMR (101 MHz, CDCls)

202



90°'T —

8K E
15°¢”
SL'€E

= To.ﬁ

6°C

64°€

[4 X 2N
sy

89V —

LLS—

(29
om.oM
15°9 7
mv.o\
189~
6897
CIVAN
€L~
veL

»Me

co
Ph

Cr
YN
Boc
246

MeO :

0°E

T T
0.5

1.0

T T T
2.5 2.0 1.5

3.0

3.5

4.0

T T
5.0 4.5

T
5.5

T
6.0

'H NMR (400 MHz, CDCls)

€6'LC—

8€°9p
ow.mm/
0Lz

SE'ES
mm.mm\

¥8'9/
9T'LL
8v'LL
6v'6L \

09:25
894

0/'¢Ss
SE'ES T

—

EPELT —

>Me

co
Ph

CT
o
Boc
MeO 246

50

70

T
100

ppm
13C NMR (101 MHz, CDCls)

110

T T T T T
180 170 160 150 140

T
190

210

203



Lr'1Y
84T
6411
08'T1
1811
7811
¥8'T |
S8'T1
L6'T 1
L6'T 1
00T

102 7
vo.ﬁw
$0°Z
:.N/W
e
mﬁ.m%
mﬁ.wq
v

ST
ST'C
91°Z |

D.N;
1T ]
857 ]
62

———

zs'T
5T
€5'C
60°€
€T°€
ese ]
18°€”
nm.vx
10°S
vT'S
ST'S
9z's
68'9
68'9
06'9
16'9
L
YTL
sTL
9z'L
(7L
87,
vEL
9L
8L
SS'L
95,
(S,
LS.

N

B e e s

L£O,Me
Ph
Boc
247

MeO

e

bize

Root
Feot

Tzot

Feoe

Foor

H/S.N
Y0T
89T
Feoz
m\ﬁo.m

2.5 2.0 1.5 1.0 0.5 0.0

3.0

3.5

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
ppm
IH NMR (400 MHz, CDCls)

8.0

8.5

6L°€T
00°8T~\
$5'82 7

8 Eb
68'6%

b8 TG\
oS~
€b'55 7

¥8'9L

8v'LL
9€°08 \

8S'V/LT —

CO,Me
Ph

W

Boc
247

e

MeO

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
ppm
13C NMR (101 MHz, CDCl3)

200

204



+8°0

<
—
o~
.
—

© -
) 10 N

~ ~
=t

o~ o ~
s X in

< ™M o

— —

o~

o

<
—

N OV
QR
B 1 1
—

CO,Me

MeO

- .

e
e

oz

3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

4.0
ppm
IH NMR (600 MHz, CDCls)

4.5

6.0 5.5 5.0

6.5

7.0

7.5

8.0

8.5

L1 YL
26'9T
+9'6T
01°0C
/0T
0T'1e
98'€C
€£€°8¢
Tv'8¢
99°'I¢ A

€6°8€
+8'8¢€
SL6EN:
60°¢t —

= ———

66°6b
615
sees
15°bS
69°'bS
11°SS
ze'ss
S6°9/

i

I

9T /L

LE°LL
L0°6L

el

1THIT~,
ITRaid

£bLTT
89°/21

256217
95°0€T /

96°SST
08'SST
¢S'8ST 7
¥8'8ST
LS°TLT
mm.Nm.HW
L8°LT
€9°€/T \

CO,Me

NHBoc

MeO

258a

| | wmw-—mewmmm

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
ppm
13C NMR (151 MHz, CDCl3)

200

205



L

. 0.5
b
¢ o § . " 1.0
b F1.5
§ § 0 0 o ® i F2.0
[l 6 ' 9 ! I
4 ) [ 0 25
0 ® (<] ([
. , . 3.0
® LA aﬁ"@
‘ i , , 3.5
[} ]
O F4.0
m 0o @ ! 0 0 o b
0& ® 0 o : 0 4.5
.
. @o & Xl [} 0 2] : ] n? Ls.0
0 o . . w
) ¢
; v , E ls.5
h, N
0 0 ) o © H
] 6.0
¢ 6.5
]
! : 7.0
. 0 0 . ® 00 oo® - ' 0 [/
P . o
[ ; : 7.5
T T T T T T T T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

ppm

Dipeptide 258a: NOESY (600 MHz, CDCls)

206



20
¢80

+8°0
+8°0
98°0
8801
+6°0
+6°0
0T \

T

LT
66'T /
L0°¢C
60°C
JANaa

L5C—

96'C —
62°€~\
e’
89°€ ~
sre”

0E b~
Lbb
1sv 7
S8\
68y~
PTG~
o1's”
s’

WS —

€8°9 ~
LW\
602
9T L~

wCOMe
N

O
258b

MeO

s

0.5

1.5 1.0

2.0

2.5

3.5

5.0

7.0

ppm

IH NMR (400 MHz, CDCls)

€E/LT
v8°LT
Nw.ma/

150z
S8'vT
Toge~

ZE8¢
19°0€
08'8€~\
9z'6€ "
ov'zy
64705~
¥6'16

9¢'SS

+8'9L

QT /[

8y /L
€5°6L \

S8T'PIT —

8" LT
8Z'0ET ~
60117

66°GST ~
TE8ST

LLTUTA
seest”

“COy,Me

MeO

)

1‘20 110 160 9‘0 E;O 7‘0 éO 50 ‘;0 I;O 20
ppm
13C NMR (101 MHz, CDCl3)

T
130

T T T T
190 180 170 160

T
200

207



O@L
[itT)§ OMe
YN
Oé%:IZTHBOC

O

MeO,C

260a
MeO/©

80°8¢

008

0.5

1.5 1.0

2.0

2.5

3.5

5.0

7.0

ppm

IH NMR (400 MHz, CDCls)

8T'LT
1861
06'02
21T
9T'bT
om.vN/
€8T
wN.NmW
89°€E X
€b'8E
98'6€ —
0817
PG 6b
025 ~

L6°VS T
€€°SS
9€°'SS
8€°SS
+8'9/

QT £/

8V LL
v1'6L \

9TPIT
€EPIT v
ceLan
mm.hmﬁ/
11°8¢T
£T°8CT
Nm.omﬁ\

T9°0€T

Pb'SST
€0°9ST ~
LE8ST T
6/'8ST \
09241
wm.mm.ﬁw
LS'ELT

: OMe

)

MeO,C

260a

W N
J: :] NHB
MeO 04%:]:\ o¢

120 110 100 9 8 70 60 50 40 30 20
ppm
13C NMR (101 MHz, CDClgs)

T
130

T T T T
190 180 170 160

T
200

208



72 70 68 6.6 64 6.2 6.0 58 56 54 52 50 48 46 44 42 40 38 3.6 3.4 32 3.0 28 2.6 2.4
ppm

Tripeptide 260a: ROESY (600 MHz, CDCls)

H-67 -6
NHval H 6 Cg,HVaI H'zzeq

_/J\MAJ\—L%/H\-N i
f——dj )] & 0.8
e

. @

1.0

ri.2

H-3val
9

5'eq

O
N
[ee]

H '223x
oo
0o

6.1 6.0 59 58 5.7 56 55 54 53 52 51 50 49 48 47 4.6 45 44 43 42 41 4.0 39
ppm

Tripeptide 260a: ROESY (600 MHz, CDClzs)
209



180~
960~
1017
PET~
oyt
LT\
£0°C
ST'C
NNNM
15°C
99

N@.N/
mo.m/
mo.m/
LEE

mv.m/

op et
L9°€

mﬁmM
g€’
00% —
L0
ob'y —

Uy —
160 —
8T'S~\
£v's

Sb's
09's~
0Ls—
L8's—

5897
S0'L—
9T L~

S

MGOQC/,.

260b

OMe

NHBoc

MeO

- €9

€06

r118c

108

3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
ppm
IH NMR (400 MHz, CDCls)

8.0

8.5

—
<
o))
™M
L

8¢/t
6S°/CT
¢9'0€T ~
mo..ﬁmﬁ\
€9'CET

vv.mmﬁ
88°SST V
SE'8ST 7
¢L'8ST \
vSeLT

wN.mmﬁW
TL°€LT

MeOZC/,.

N

260b

OMe

NHBoc

MeO

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
ppm
13C NMR (101 MHz, CDCl3)

200

210



£8°0

@

a

—
o

f3o)
N
N

i

CO,H
NHBoc

259a

MeO

Feoz
Feoz

- 0°'T

55 50 45 40 35 3.0 25 20 15 1.0 05 0.0

6.0

7.0 6.5

7.5

8.0

8.5

9.0

11.5 11.0 10.5 10.0 9.5

ppm

'H NMR (400 MHz, CDCls)

ETHIT~
€ pIT Y

bb LT
£9°/2T P
6£°6¢T
T9'0€T \

mw.mmﬁ
96°SST V
0S'8ST 7
S8°8ST \
€8'TLT \
L8°CLT —
6€°9LT —~
8T°LLT /

CO,H
NHBoc

259a

MeO

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
ppm
13C NMR (101 MHz, CDCl3)

200

211



ab.

S

NHBoc

WCOLH

MeO

259b

cov

55 50 45 40 35 3.0 25 20 15 1.0 05 0.0

6.0

7.0 6.5

7.5

8.0

8.5

9.0

11.5 11.0 10.5 10.0 9.5

ppm

!H NMR (400 MHz, CDCls)

6CPIT —

TS LTI~
6T0ET ~
8y 11

€2°9ST
8€'85T ~
LL°8ST

8H'ELT

YL ELT V
SYLLT 7
0€'8/T /

WCO,H
NHBoc

MeO

259b

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
ppm
13C NMR (101 MHz, CDCl3)

200

212



T4°0
cL0
780
£L8°0
+6°0
L0°T
60°T V
8E'T

ov'T
b1
91
(5T
65T
601
18°T
€8T 1
88'T |
L6'T ]
86T ]
66T |
10T
902
80'Z
e
e
€T
0LT
€87
s8'C
S6'C
96°C
86'C
66'C
se'€
59°€
vLEe
9s°€
08'€
8L
6L
16
S6'b
66'b
59°5
99°5
209
$0°'9
18'9
€8'9
18'9

)

S0°L
L0°L
'L
€L
9C’L

HO,C

261a

OMe

o
NHBoc

MeO

55 50 45 40 35 3.0 25 20 15 1.0 05 0.0

6.0

7.0 6.5

7.5

8.0

8.5

9.0

11.5 11.0 10.5 10.0 9.5

ppm

'H NMR (400 MHz, CDCls)

LL°ST
v20c
6£°0C
9L'T¢

(S 74
vm.eN/
vv.wm/
15°8¢
S8'TE~
€L°eE—
+0'8€ —
S0°6€
9Ly
60775\
60°SS
S€°SS
8€°SS
r'SS
0TS
+8'9L

8V LL
9208 \

LOBTT~
il

[{2a N
ob'LTT—
SbTET
ogzer’

ST'/ST \
SP'8ST
88'8ST /

8TTLI~
8€'GLT~.
0941~

HO,C

26la

OMe

e}

NHBoc

MeO

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
ppm
13C NMR (101 MHz, CDCl3)

200

213



L9
8v'9

69

s8'9 L
169~
oL~
ﬂﬂm\
8T,

(st~
we—

S0'8 —

262a

O
NHBoc

i-Pr

3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
ppm
IH NMR (600 MHz, CDCls)

8.0

8.5

262a

NHBoc

(\/’AO
W N
o)\‘/
i-Pr

SR N B

20

50

70

T T T
140 130 120 110

T
150

T
200

210

ppm

13C NMR (151 MHz, CDCls)

214



b

L10
4‘ J

o0 @ g 20

2 &e Mrw‘ ve
3 ° 5 0 L 30
3 e o ° B -3 Py 40
§ oo @ |50

. ©Go 0o~ #—
60
(] F70
3 ' /-Pr\ 80
)
MezN
T J\(j
P 110
‘0 e

- Salag”
y <> /©\ N 130
~ O4J\T,NHBoc [ 140
iPr  262a L 150
3 L 160

r T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
ppm

HSQC ((600, 151) MHz, CDCl3)

H-6" CoHieu H-32
NHys 2
1

58 56 54 52 50 48 46 44 42 40 38 36 34 32 3.0 28 26 24
ppm

Tetrapeptide 262a: CH/CH region of ROESY spectrum (600 MHz, CDClIs)

215



NH" ey NH'Ley

| \J | UL
NH_ey

Tty
N N 5

: Oz
: (&> B
7.[8 7.Y7 7.Y6 7.'5 7.'4 7.‘3 7.]2 7.I1 7.]0 6f9 6.18 6t7 6i6 6T5 6:4 613
ppm
Tetrapeptide 262a: ROESY (600 MHz, CDCIs), NH/NH region
o l
(o))
oo
851 @ 0 | s 0 0
o
-
A A A A R W W oW W W NN NN N e
o (o] [e)] » N o 0] (e)] S N o @ (o)) N N o @

Tetrapeptide 262a: ROESY (600 MHz, CDCls), NH/CH region

216

r7.6
F2.7
7.8
7.9
8.0

~

najHN



\.7.08
~6.84

NHBoc

i-Pr 262b

D HNO—AOVONWOW OFTNIOTONHOMAN <t ™M DOT MO T OON -
RROBTRERRN MuARRITMADG hy B8ITANGaay
nmunmmmuwmmnms Al o e I e B o s o M o B e I o) o~ N Y rHHE--- 0000
N A 2 P N AN N B A =

8.5 8.0 7.5 7.0 6.5

/TN W NV N

~ |
5 e
..

) 25 20 1.5 1.0 05
ppm

IH NMR (600 MHz, CDCls)

®
& °
G °
i (©oxe]
[} e @
° (> .
® o
© -0 @ &
"
'
i-Pr<_ o

Me;,N : Jlu,,
T
N

O*" o
O
N oty

i-Pr

NHBoc
262b

0.0

10

20

r30

L40

50

60

F70

80

T T T T T T T T T T T T
60 55 50 45 40 35 30 25 20 15 1.0 05
ppm

HSQC ((600, 151) MHz, CDCls)

217



r0.5

tis
L2.0
2.5
L3.0
L35
L4.0
L4.5
Ls5.0
Ls.5
L6.0
L6.5
7.0

r7.5

T T T T T T T T T
6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0
ppm

Tetrapeptide 262b: ROESY (600 MHz, CDCls)

218

1.5

0.5

0.0



Appendix 2. Crystallographic data

tert-Butyl  (2R*,5R*)-3-formyl-5-(2-methoxy-2-oxoethyl)-2-(4-methoxyphenyl)-
2,5-dihydro-1H-pyrrole-1-carboxylate (188)

Table 7. Crystal data and structure refinement for 188

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o/°

pre

y/°

Volume/A3

VA

Peaicg/cm®

wmm

F(000)

Crystal size/mm?3
Radiation

S040
Ca0H2sNOg
375.41
123.00(10)
triclinic

P-1
6.06718(15)

-—\
7
9.5680(2)
16.9140(4) ___(f’\
82.356(2) \

85.816(2)

86.009(2)

968.77(4)

2

1.287

0.787

400.0

0.183 x 0.091 x 0.062
CuKo (A = 1.54184)

20 range for data collection/°
Index ranges

Reflections collected 24155
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2 1.056
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3 0.26/-0.21

9.344 to 148.456
“7<h<7,-11<k<11,-21<1<21

R1=10.0312, wR2 = 0.0794
R1=0.0340, wR> = 0.0817

3907 [Rint = 00247, Rsigma = 00135]
3907/0/249

Table 8. Fractional Atomic Coordinates (x104) and Equivalent Isotropic Displacement Parameters (A2x10%)

for 188. Ueq is defined as 1/3 of the trace of the orthogonalised Ui; tensor.

Atom X y
0(1) 3621.6(11) 3100.3(8)
0(2) 43.0(12) 3867.6(8)
0O(6) 7071.7(13) -2642.2(8)
0O(4) -2346.1(13) 6165.3(8)
0O(5) 8057.7(13) 2639.5(8)
0(3) -525.5(14) 8093.0(8)
N(1) 2653.9(14) 3661.8(9)
C(5) 1943.7(17) 3555.8(10)
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z
3547.3(4)
3311.9(4)
3099.5(5)
997.4(5)
601.9(5)
1094.8(5)
2302.5(5)
3085.1(6)

U(eq)
18.16(16)
21.74(17)
23.79(17)
28.13(19)
27.37(18)
27.60(19)
17.96(18)

16.8(2)



C(16) 6373.3(17) -1287.3(10) 2819.0(6) 18.7(2)

C(11) 4474.7(17) 3393.0(10) 1095.2(6) 18.6(2)
C(9) 1213.7(17) 4361.2(10) 1689.4(6) 17.8(2)
C(14) 3875.7(17) 529.7(11) 2206.2(6) 20.0(2)
c(7) -828.0(18) 6713.8(11) 1232.1(6) 20.5(2)
C(15) 4369.5(17) -890.6(11) 2482.1(6) 20.8(2)
C(10) 2502.6(17) 4030.5(10) 943.1(6) 19.0(2)
C(13) 5338.7(16) 1552.4(10) 2271.8(6) 16.8(2)
C(12) 4812.1(16) 3101.9(10) 1979.3(6) 17.0(2)
C(19) 6169.5(18) 3067.7(11) 473.9(6) 21.9(2)
c(17) 7855.1(17) -266.3(11) 2886.3(6) 21.3(2)
C(2) 3188.2(18) 2591.3(11) 4401.6(6) 20.7(2)
C(18) 7329.0(17) 1135.1(11) 2618.0(6) 20.3(2)
c(8) 919.9(17) 5954.6(11) 1741.9(6) 20.4(2)
c(3) 5490.7(19) 2150.0(13) 4668.2(7) 27.0(2)
C(20) 5595(2) -3728.7(11) 3087.2(7) 27.0(2)
c(1) 2135(2) 3767.8(14) 4842.7(7) 34.9(3)
C(4) 1766(2) 1329.6(13) 4475.6(8) 33.9(3)
C(6) -2137(2) 8942.8(13) 622.9(8) 34.9(3)

Table 9. Anisotropic Displacement Parameters (A2x103) for 188. The Anisotropic displacement factor exponent takes
the form: -2z2[h?a*2U11+2hka*b*Uz+... /.

Atom Uu U2 Uss U2s Uis U

o) 15.9(3) 21.8(4) 16.1(4) -0.7(3) -0.9(3) -0.1(3)
0(2) 16.8(4) 25.5(4) 21.7(4) -1.4(3) 0.5(3) 2.5(3)
0O(6) 26.0(4) 14.9(4) 30.4(4) 0.0(3) -6.4(3) -0.9(3)
0o4) 27.7(4) 25.6(4) 31.0(4) 0.0(3) -10.5(3) 0.8(3)
0(5) 23.1(4) 28.1(4) 30.7(4) -6.8(3) 3.9(3) -0.4(3)
0(3) 35.8(5) 17.0(4) 29.0(4) -0.8(3) -4.2(3) 3.5(3)
N(1) 16.1(4) 19.5(4) 17.4(4) -1.0(3) -1.1(3) 3.0(3)
C(5) 18.1(5) 13.3(4) 19.0(5) -1.2(4) -1.8(4) -1.5(4)
C(16) 22.3(5) 15.9(5) 17.5(5) -2.0(4) 0.3(4) 0.8(4)
C(11) 22.0(5) 15.0(5) 18.6(5) -1.6(4) 0.5(4) -3.3(4)
C(9) 17.4(5) 17.0(5) 18.7(5) -1.0(4) -3.2(4) -0.4(4)
C(14) 16.5(5) 20.3(5) 23.3(5) -3.0(4) -3.1(4) -0.1(4)
C() 24.8(5) 18.6(5) 17.3(5) -2.9(4) 1.6(4) 2.7(4)
C(15) 20.0(5) 18.1(5) 25.1(5) -3.9(4) -1.5(4) -4.1(4)
C(10) 22.9(5) 16.1(5) 18.1(5) -1.2(4) -2.3(4) -3.0(4)
C(13) 17.3(5) 16.7(5) 16.1(5) -2.3(4) 1.3(4) 0.0(4)
C(12) 15.3(5) 16.6(5) 19.0(5) -3.0(4) 0.5(4) -1.0(4)
C(19) 25.9(5) 19.1(5) 20.5(5) -2.6(4) 2.2(4) -3.4(4)
c@an 18.3(5) 21.0(5) 24.7(5) -1.5(4) -4.9(4) 0.1(4)
C(2) 21.9(5) 22.4(5) 15.9(5) 1.5(4) -0.1(4) 2.1(4)
C(18) 18.1(5) 18.4(5) 24.7(5) -2.7(4) -1.8(4) -3.6(4)
C(8) 22.4(5) 18.2(5) 21.0(5) -3.2(4) -3.7(4) 0.3(4)
C@3) 24.3(6) 32.1(6) 23.5(5) 0.0(5) -5.6(4) 3.1(5)
C(20) 29.9(6) 16.5(5) 34.5(6) -1.0(4) -3.9(5) -3.5(4)
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c(1)
C4)
C(6)

Atom
C(5)
C(16)
C(7)
C(5)
C(5)
C(9)
0(1)
0(2)
0(2)
O(6)
0(6)
C(15)
C(10)
C(10)
C(19)
N(1)
N(1)
C(10)
C(13)
O(4)

43.4(7)
27.6(6)
43.8(7)

Atom
0(1)
0(1)
0(2)
0(6)
0(6)
O(4)
0(5)
0(3)
0(@3)
N(1)
N(1)
N(1)

C(16)

C(16)

Atom
0(1)
0(6)
0(3)
N(1)
N(1)
N(1)
C(5)
C(5)
C(5)

C(16)

C(16)

C(16)

C(11)

C(11)

C(11)
C(9)
C(9)
C(9)

C(14)
C(7)

Atom
C(5)
C(2)
C(5)
C(16)
C(20)
C(7)
C(19)
C(7)
C(6)
C(5)
C(9)
C(12)
C(15)
c@m

Atom
C(2)
C(20)
C(6)
C(9)
C(12)
C(12)
N(1)
0(1)
N(1)
C(15)
c@m
c@am
C(12)
C(19)
C(12)
C(10)
C(8)
C(8)
C(15)
0(3)

39.8(7)
29.8(6)
22.7(6)

20.7(6)
40.4(7)
34.5(7)

-8.7(5)
12.8(5)
3.7(5)

Table 10. Bond Lengths for 188

Length/A
1.3420(12)
1.4730(12)
1.2183(13)
1.3691(12)
1.4221(13)
1.2072(14)
1.2143(14)
1.3323(13)
1.4438(14)
1.3546(13)
1.4673(13)
1.4752(12)
1.3878(15)
1.3937(14)

Atom
C(11)
C(11)
C(11)
C(9)
C(9)
C(14)
C(14)
C(7)
C(13)
C(13)
c(@m
C(2)
C(2)
C(2)

Table 11. Bond Angles for 188

Angle/*
120.58(8)
118.01(8)
115.89(9)
120.13(8)
125.84(8)
114.02(8)
110.36(8)
126.67(9)
122.95(9)
125.16(9)
115.02(9)
119.82(9)
112.55(9)

123.75(10)
123.64(9)
101.10(8)
110.47(8)
112.68(8)
121.19(10)
124.20(10)
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Atom
0(4)
0(3)
C(16)
C(11)
C(14)
C(14)
C(18)
N(1)
N(1)
C(11)
0(5)
C(18)
0(1)
0(1)
0(1)
C@)
C(1)
C(1)
Cc(@17)
C(7)

-5.0(5)
-4.0(5)
-4.0(5)

Atom
C(10)
C(12)
C(19)
C(10)
C(8)
C(15)
C(13)
C(8)
C(12)
C(18)
C(18)
C@®3)
C(1)
C(4)

Atom
C()
C()

C(15)

C(10)

C(13)

C(13)

C(13)

C(12)

C(12)

C(12)

C(19)

c@am
C(2)
C(2)
C(2)
C(2)
C(2)
C(2)

C(18)
C(8)

Length/A
1.3309(15)
1.5105(14)
1.4639(14)
1.4942(14)
1.5362(14)
1.3962(15)
1.3863(14)
1.5019(14)
1.5188(13)
1.3908(14)
1.3804(15)
1.5140(15)
1.5119(16)
1.5188(16)

Atom
C(8)
C(8)
C(14)
C(9)
C(12)
C(18)
C(12)
C(11)
C(13)
C(13)
C(11)
C(16)
C@)
C(1)
C(4)
C(4)
C@)
C(4)
C(13)
C(9)

15.5(6)
-5.1(5)
10.9(5)

Angle/*
125.02(10)
110.74(9)
119.37(9)
111.86(9)
121.65(9)
118.56(9)
119.79(9)
99.95(8)
113.74(8)
113.64(8)
124.25(10)
120.02(10)
102.39(8)
110.65(9)
108.60(9)
111.06(9)
111.07(10)
112.58(10)
121.05(9)
113.94(8)



Table 12. Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement Parameters (A2x103) for 188

Atom X y z U(eq)
H(9) -224.54 3939.43 1741.24 21
H(14) 2541.26 794.5 1974.27 24
H(15) 3365.14 -1564.44 2440.6 25
H(10) 1988.61 4244.31 433.7 23
H(12) 5991.5 3666.33 2109.24 20
H(19) 5774.24 3197.54 -53.03 26
H(17) 9198.62 -529.16 3112.11 26
H(18) 8321.11 1810.95 2669.52 24
H(8A) 540.71 6094.52 2294.16 25
H(8B) 2320.81 6373.22 1582.21 25
H(3A) 6122.45 1403.14 4380.48 40
H(3B) 5407.24 1823.83 5230.83 40
H(3C) 6402.19 2943.09 4562.46 40
H(20A) 5279.72 -3789.13 2545.2 40
H(20B) 4243.06 -3515.82 3391.36 40
H(20C) 6264.07 -4614.44 3316.85 40
H(1A) 3035.67 4566.55 4744.14 52
H(1B) 2012.11 3446.89 5405.67 52
H(1C) 687.61 4036.95 4658.31 52
H(4A) 343.91 1627.33 4276.5 51
H(4B) 1579.52 935.43 5026.95 51
H(4C) 2475.36 628.58 4170.19 51
H(6A) -2002.24 8701.68 87.63 52
H(6B) -1881.03 9924.26 611.92 52
H(6C) -3598.67 8767.31 855.26 52
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Methyl-6-(4-methoxyphenyl)piperidine-3-carboxylate (91)

Table 13. Crystal data and structure refinement for 91

Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

o/°

pr°

v/°

Volume/A3

z

Peaicg/cm?®

wmm

F(000)

Crystal size/mm?3
Radiation

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

Table 14. Fractional Atomic Coordinates (x10%) and

R092

C14H15NO3

249.30

123.01(10)

monoclinic /
Cc2/lc A
18.9502(7)

7.0518(2)

21.3143(7)

90

114.296(4)

90

2596.02(17)

8

1.276

0.726

1072.0

0.237 x 0.145 x 0.074
CuKa (= 1.54184)
9.104 to 148.65
-22<h<23,-8<k<7,-26<51<24
16486

2632 [Rint = 0.0264, Ryigma = 0.0132]
2632/0/169

1.046

R; =0.0358, wR, = 0.0919

R; =0.0386, wR, = 0.0941
0.21/-0.20

Equivalent Isotropic Displacement Parameters (A2x103) for 91. Ueq is

defined as 1/3 of the trace of the orthogonalised U; tensor.

Atom X
0(®3) 8375.0(5)
0(2) 5162.2(5)
o) 4774.1(6)
N(1) 5993.5(5)
C(8) 6902.0(6)

C(10) 7971.2(6)
C(9) 7468.0(6)

C(11) 7912.7(6)

C(13) 6860.2(6)
C@3) 5776.9(6)

C(12) 7358.6(6)
Cc( 6346.3(6)

y z U(eq)
9713.8(12) 7091.3(4) 30.2(2)
-1854.0(12) 4055.1(5) 37.6(2)

526.8(13) 3303.4(4) 41.1(2)
4464.3(13) 4788.9(5) 24.4(2)
5422.5(15) 5936.0(5) 22.1(2)
7559.7(16) 6108.4(5) 23.5(2)
6129.3(16) 5740.9(5) 23.8(2)
8298.1(16) 6690.0(5) 23.5(2)
6177.1(17) 6523.6(5) 25.4(2)
1205.1(15) 4382.8(5) 24.1(2)
7592.4(17) 6898.6(5) 27.002)
3904.2(15) 5520.0(5) 23.1(2)
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C(4) 5397.1(6) 3128.6(15) 4367.3(5) 24.1(2)

C(6) 6741.0(6) 1987.3(15) 5573.0(6) 25.7(2)
C(5) 6178.0(6) 494.9(15) 5122.8(6) 26.2(2)
C(2) 5216.0(6) -224.3(16) 3917.0(6) 25.7(2)
C(14) 8925.8(7) 10515.9(18) 6875.8(6) 33.6(3)
C(1) 4195.6(9) -721(2) 2829.3(7) 46.9(4)

Table 15. Anisotropic Displacement Parameters (A2x103) for 91. The Anisotropic displacement factor exponent takes the
form: -2z?[h?2a*2Un1+2hka*b*U1z+...].

Atom Un U2 Uss Uz2s Ui Uiz
0(3) 33.6(4) 30.4(4) 26.5(4) -4.8(3) 12.3(3) -5.7(3)
0(2) 37.7(5) 20.8(4) 50.2(5) 2.7(4) 13.8(4) -3.7(3)
o) 51.5(6) 26.4(5) 32.5(4) -2.2(4) 4.3(4) -10.0(4)
N(1) 26.0(5) 17.5(5) 25.6(4) 3.0(3) 6.4(4) 1.9(4)
C(8) 22.3(5) 21.2(5) 22.8(5) 4.5(4) 9.3(4) 3.4(4)
C(10) 22.9(5) 26.4(6) 23.0(5) 3.5(4) 11.1(4) 0.7(4)
C(9) 25.9(5) 26.1(6) 21.5(5) 0.1(4) 12.0(4) 2.3(4)
C(11) 24.2(5) 22.9(5) 20.4(5) 2.4(4) 6.4(4) 3.0(4)
C(13) 24.6(5) 30.7(6) 23.8(5) 5.3(4) 12.8(4) 2.0(4)
C@3) 24.6(5) 19.1(5) 30.2(5) 1.8(4) 12.8(4) 1.0(4)
C(12) 30.1(5) 32.4(6) 21.0(5) 0.1(4) 13.0(4) 3.3(5)
C() 23.3(5) 22.5(6) 25.5(5) 3.2(4) 12.2(4) 1.2(4)
C(4) 22.9(5) 19.8(5) 27.8(5) 1.6(4) 8.6(4) 1.0(4)
C(6) 25.8(5) 20.9(6) 28.1(5) 6.4(4) 8.6(4) 4.1(4)
C(5) 27.8(5) 18.8(5) 33.1(6) 5.6(4) 13.7(5) 2.8(4)
C(2 26.2(5) 20.8(5) 34.5(6) 0.0(4) 16.9(5) 1.3(4)
C(14) 34.4(6) 30.5(6) 33.5(6) -1.0(5) 11.5(5) -8.1(5)
C@1) 52.1(8) 34.1(7) 41.0(7) -9.8(6) 5.5(6) -11.0(6)

Table 16. Bond Lengths for 91

Atom Atom  Length/A Atom Atom  Length/A
0@3) C(11)  1.3708(14) C(10) C(9)  1.3877(15)
0(3) C(14)  1.4195(14) C(10) C(11)  1.3903(15)
0(2) C(2)  1.2010(14) C(11) C(12)  1.3900(15)
o(1) C(2)  1.3382(14) C(13) C(12)  1.3805(16)
o) C(l)  1.4442(15) cE) CM)  15295(15)
N(L) C(7)  1.4745(13) c(@3) C(5)  15264(15)
N(1L) C(4)  1.4615(14) cE) C(2)  1.5044(15)
c(8) C(9)  1.3925(14) c(7) C(6)  15264(15)
c@®) C(13)  1.3927(15) () C(5)  1.5245(15)
C(8) C(7)  15077(15)

Table 17. Bond Angles for 91

Atom Atom Atom Angle/ Atom Atom Atom Angle/
C(11) 03 C(14) 117.03(9) C(2) C(3) C4) 112.42(9)
C(2) 0(1) C@1) 115.62(10) C(2) C(3) C(5) 112.23(9)
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C(4)
C(9)
C(9)
C(13)
C(9)
C(10)
0(3)
0(3)
C(12)
C(12)
CE)

N(1)
C(8)
C(8)
C(8)
C(10)
C()
C(11)
C(11)
C(11)
C(13)
CE)

C()
C(13)
C()
C()
C(11)
C(8)
C(10)
C(12)
C(10)
C(8)
C(4)

112.14(8)
117.88(10)
121.06(9)
121.06(9)
119.17(10)
121.76(9)
124.35(10)
115.72(9)
119.93(10)
121.23(10)
110.07(9)

C(13)
N(1)
N(1)
C(8)
N(1)
C(5)
C(6)
0(2)
0(2)
0(1)

C(12)
C(7)
C(7)
C(7)
C(4)
C(6)
C(5)
C(2)
C(2)
C(2)

C(11)
C(®)
C(6)
C(6)
C(3)
C(7)
C@3)
o@)
C@3)
C(3)

120.03(10)
109.55(8)
108.11(9)
112.52(8)
108.68(8)
111.72(8)
110.24(9)
122.42(11)
125.98(11)
111.59(9)

Table 18. Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement Parameters (A2x103) for 91

Atom
H(10)
H(9)
H(13)
H(3)
H(12)
H(7)
H(4A)
H(4B)
H(6A)
H(6B)
H(5A)
H(5B)
H(14A)
H(14B)
H(14C)
H(1A)
H(1B)
H(1C)
H(1)

X y
8342.76 8018.65
7509.92 5629.44
6489.7 5719.07
6179.27 1402.58
7323.61 8073.99
5936.45 3768.38
5150.58 3588.44
5004.28 3003.53
7164.95 2126.47
6955.29 1566.49
5793.5 219.4
6456.47 -667.17
8663.79 11026.38
9283.13 9553.17
9202.99 11510.56
39145 -64.67
3844.1 -1111.25
444356 -1816.45
5775(9) 5650(20)
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Z
5967.53
5353.86

6666
42125
7291.02
5684.77
3897.57
4546.23
5433.25
6048.38
5301.12
5133.16
6420.43
6873.97
7187.24
2404.24
3024.86
27436
4743(8)

U(eq)
28
29
31
29
32
28
29
29
31
31
31
31
50
50
50
70
70
70

40(4)



1-(tert-Butyl) 3-butyl (4S*,5R*,6R*)-4,5-dihydroxy-6-(4-methoxyphenyl)-5,6-
dihydropyridine-1,3(4H)-dicarboxylate (227)

Table 19. Crystal data and structure refinement for 227

Identification code R025

Empirical formula C22H31NOy

Formula weight 421.48

Temperature/K 123.01(11)

Crystal system trigonal

Space group R-3c

alA 20.7472(2)

b/A 20.7472(2)

c/A 55.9713(6)

o/° 90

pre 90 J—

v 120 S / I
Volume/A3 20864.8(5) I~
z 36 L~ ’
Peaicg/cm® 1.208 |

wimmL 0.742 :

F(000) 8136.0

Crystal size/mm?3 0.221 x 0.196 x 0.118

Radiation CuKo (L= 1.54184)

20 range for data collection/° 5.846 to 150.728

Index ranges -25<h<24,-25<k<26,-69<1<70
Reflections collected 64951

Independent reflections 4784 [Rint = 0.0327, Rsigma = 0.0109]
Data/restraints/parameters 4784/0/281

Goodness-of-fit on F2 1.044

Final R indexes [[>=2c (I)] R: =0.0331, wR, = 0.0873

Final R indexes [all data] R1=10.0348, wR2 = 0.0889

Largest diff. peak/hole / e A3 0.29/-0.19

Table 20. Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement Parameters (A2x103) for 227. Ueq is
defined as 1/3 of the trace of the orthogonalised U\, tensor.

Atom X y z U(eq)
o(7) 5433.2(4) 8533.6(4) 7074.4(2) 29.30(17)
O(4) 7697.5(4) 8939.7(4) 7490.3(2) 29.92(17)
0(1) 7247.7(4) 6957.4(4) 7115.9(2) 29.29(17)
0@3) 9406.3(4) 8907.9(4) 6274.5(2) 31.53(17)
0(2) 6037.4(4) 6652.0(4) 7074.8(2) 33.66(18)
O(5) 7650.1(5) 10092.0(4) 7224.2(2) 36.7(2)
0O(6) 6322.9(5) 9745.5(4) 7052.5(2) 38.7(2)
N(1) 6973.9(4) 7860.4(4) 7120.7(2) 22.83(17)
C(7) 8182.8(5) 8492.1(5) 6902.3(2) 23.02(19)

C(16) 6480.1(5) 8117.6(5) 7107.5(2) 23.1(2)
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C(5) 6691.3(5) 7094.7(5) 7101.4(2) 24.1(2)

C(8) 8930.5(5) 8678.0(5) 6902.2(2) 24.8(2)
C(9) 9324.6(5) 8821.6(6) 6691.3(2) 26.0(2)
C(15) 6687.7(5) 8843.9(5) 7102.9(2) 23.7(2)
C(14) 7506.0(6) 9419.1(5) 7111.8(2) 24.9(2)
C(6) 7786.6(5) 8375.3(5) 7139.2(2) 22.43(19)
c(17) 6141.5(6) 9090.6(6) 7075.0(2) 27.4(2)
C(10) 8974.3(6) 8770.7(5) 6474.2(2) 25.3(2)
C(13) 7921.9(6) 9105.3(5) 7249.7(2) 23.9(2)
c(1) 7144.9(6) 6214.6(5) 7063.6(2) 27.8(2)
C(12) 7844.8(6) 8446.4(6) 6685.0(2) 29.9(2)
C(11) 8230.0(6) 8578.6(6) 6470.2(2) 30.6(2)
C(18) 4813.9(6) 8689.7(6) 7045.7(2) 32.0(2)
C(2) 7939.6(7) 6368.0(7) 7072.4(3) 41.2(3)
C(00P) 9060.4(7) 8858.2(8) 6051.4(2) 39.6(3)
C(19) 4132.9(7) 7918.1(7) 7059.6(3) 43.9(3)
c(21) 4816.3(8) 9173.9(8) 7249.0(3) 47.3(3)
C(20) 4858.8(8) 9026.0(8) 6801.4(2) 46.2(3)
C(4) 6668.4(8) 5673.6(7) 7255.4(3) 50.0(3)
c(3) 6818.1(9) 5973.4(9) 6816.7(3) 53.0(4)

Table 21. Anisotropic Displacement Parameters (A2x103) for 227. The Anisotropic displacement factor exponent takes the
form: -2z?[h?a*2Uu1+2hka*b*Us2+...].

Atom Un U2 Uss Uz2s Uis U1z

o(7) 24.5(4) 24.6(4) 40.9(4) 4.1(3) 0.4(3) 13.8(3)
0o4) 44.5(4) 27.6(4) 23.3(3) -2.6(3) -1.8(3) 22.2(3)
o) 24.3(3) 18.7(3) 45.1(4) -7.6(3) -3.8(3) 10.9(3)
0(3) 32.6(4) 35.6(4) 28.6(4) 1.2(3) 5.0(3) 18.7(3)
0(2) 21.9(4) 19.5(3) 55.2(5) -1.3(3) 0.7(3) 7.0(3)
0(5) 41.3(5) 20.0(4) 49.8(5) -10.4(3) -19.2(4) 16.1(3)
0O(6) 34.1(4) 23.0(4) 60.2(5) 4.3(3) -3.2(4) 15.2(3)
N(1) 19.6(4) 17.2(4) 29.2(4) -1.9(3) 0.8(3) 7.4(3)
C() 20.7(4) 18.5(4) 26.9(5) -2.9(3) -1.1(4) 7.6(4)
C(16) 21.2(4) 21.5(4) 25.2(4) -0.7(4) 1.4(3) 9.6(4)
C(5) 22.9(5) 18.9(4) 28.4(5) -1.4(4) 1.8(4) 9.0(4)
C(8) 22.7(5) 22.7(5) 28.4(5) -3.6(4) -4.4(4) 10.8(4)
C(9) 20.1(4) 23.8(5) 33.8(5) -2.6(4) -0.7(4) 10.9(4)
C(15) 23.7(5) 21.1(5) 25.0(5) -0.4(3) -0.8(4) 10.1(4)
C(14) 26.7(5) 16.9(4) 27.3(5) -1.6(4) -3.9(4) 8.0(4)
C(6) 19.3(4) 18.5(4) 26.5(5) -2.3(3) -2.2(3) 7.2(4)
c@amn 28.3(5) 23.5(5) 30.5(5) 1.2(4) 0.1(4) 13.1(4)
C(10) 26.7(5) 20.8(5) 28.3(5) -0.8(4) 3.1(4) 11.8(4)
C(13) 25.0(5) 19.1(4) 24.3(4) -2.4(3) -3.2(4) 8.5(4)
C@1) 29.2(5) 19.3(5) 36.9(5) -1.7(4) -4.3(4) 13.5(4)
C(12) 19.8(5) 36.7(6) 30.5(5) -3.8(4) -3.2(4) 12.0(4)
C(11) 27.5(5) 37.1(6) 26.1(5) -3.4(4) -4.3(4) 15.4(5)
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C(18)
C(2)
C(00P)
C(19)
c(21)
C(20)
C(4)
c(3)

Atom
C(17)
C(5)
C(10)
C(16)
C(16)
C(5)
C(8)
C(12)
C(12)
C(15)
o)
0(2)
0(2)
C(9)
C(8)
C(16)

27.4(5)
31.4(6)
47.4(7)
27.6(6)
44.5(7)
43.9(7)
51.8(8)
69.6(9)

Atom
o(7)
o(7)
0(4)
0(1)
0(1)
0(@3)
0(3)
0(2)
0(5)
0(6)
N(1)
N(1)
N(1)
C(7)
C(7)
C(7)

Atom
o(7)
0(1)
0(3)
N(1)
N(1)
N(1)
C(7)
C(7)
C(7)
C(16)
C(5)
C(5)
C(5)
C(8)
C(9)
C(15)

Atom
C(17)
C(18)
C(13)
C(5)
C(1)
C(10)

C(00P)
C(5)
C(14)
Cc@7
C(16)
C(5)
C(6)
C(8)
C(6)
C(12)

Atom
C(18)
C(1)
C(00P)
C(5)
C(6)
C(6)
C(6)
C(8)
C(6)
N(1)
N(1)
0(1)
N(1)
C(7)
C(10)
C(14)

32.6(6)
29.4(6)
50.8(7)
40.8(7)
56.4(8)
44.9(7)
37.4(7)
59.5(9)

40.8(6)
66.6(8)
29.1(5)
60.5(8)
56.3(8)
48.7(7)
69.1(9)
49.5(8)

6.5(4)
-11.4(5)
6.7(5)
13.5(6)
-5.2(6)
15.2(6)
16.0(6)
-28.8(7)

Table 22. Bond Lengths for 227

Length/A
1.3405(13)
1.4825(12)
1.4100(12)
1.3226(12)
1.4755(11)
1.3703(12)
1.4179(14)
1.2083(13)
1.4203(12)
1.2216(13)
1.3735(12)
1.3956(12)
1.4811(12)
1.3988(14)
1.5145(13)
1.3832(14)

Table 23

Angle/
120.55(8)
121.79(8)
116.64(9)
117.88(8)
121.66(8)
120.35(8)
118.87(9)
118.23(9)
122.88(9)
123.59(9)
108.98(8)
127.80(9)
123.22(9)
121.00(9)
119.96(9)
119.22(9)

Atom
C(16)
C(8)
C(9)
C(15)
C(15)
C(14)
C(6)
C(10)
C(1)
C(1)
C(1)
C(12)
C(18)
C(18)
C(18)

. Bond Angles for 227

228

Atom
O(7)
O(6)
0O(6)
0(@)
0(3)
C(11)
O(4)
O(4)
C(14)
0(1)
0(1)
0(1)
C(4)
C(4)
C@®)
C(7)

Atom
C(15)
C(9)
C(10)
C(14)
c(am
C(13)
C(13)
C(11)
C(2)
C(4)
C(3)
C(11)
C(19)
C(21)
C(20)

Atom
C(17)
C(17)
c@m
C(10)
C(10)
C(10)
C(13)
C(13)
C(13)
C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
C(12)

-1.4(4)
-4.3(5)
5.1(5)
-2.0(5)
-1.1(6)
-5.7(6)
14.9(7)
-24.0(7)

Length/A
1.3446(14)
1.3812(14)
1.3927(14)
1.5110(14)
1.4664(14)
1.5251(14)
1.5264(13)
1.3887(15)
1.5156(15)
1.5100(17)
1.5100(16)
1.3931(15)
1.5176(16)
1.5165(18)
1.5163(16)

Atom
C(15)
o(7)
C(15)
C(9)
C(11)
C(9)
C(14)
C(6)
C(6)
C(2)
C(4)
C@)
C(2)
C@)
C(2)
C(11)

18.6(5)
18.0(5)
30.8(6)
15.0(5)
36.6(7)
21.4(6)
28.4(6)
47.0(8)

Angle/
113.87(9)
123.63(10)
122.49(10)
115.70(9)
124.37(9)
119.93(9)
113.53(8)
105.69(8)
110.85(8)
101.55(8)
109.54(9)
109.51(9)
111.86(10)
112.68(12)
111.11(10)
121.61(10)



C(16)
C(17)
0(5)
0(5)
C(15)
N(1)
N(1)
C(7)

Table 24.

C(15)
C(15)
C(14)
C(14)
C(14)
C(6)
C(6)
C(6)

C(17)  121.52(9)
C(14)  119.15(9)
C(15)  113.07(9)
C(13)  108.02(8)
C(13)  109.36(8)
C(7)  112.66(8)
C(13)  108.80(8)
C(13)  112.34(8)

C(10)
o(7)
o(7)
o(7)
c(21)
C(21)
C(20)

C(11)
C(18)
C(18)
C(18)
C(18)
C(18)
C(18)

C(12)
C(19)
C(21)
C(20)
C(19)
C(20)
C(19)

119.27(9)
102.45(9)
110.32(9)
109.74(10)
110.68(11)
113.12(11)
110.03(10)

Hydrogen Atom Coordinates (Ax104) and Isotropic Displacement Parameters (A2x103) for 227

Atom
H(4)
H(5)
H(16)
H(8)
H(9)
H(14)
H(6)
H(13)
H(12)
H(11)
H(2A)
H(2B)
H(2C)
H(00A)
H(00B)
H(00C)
H(19A)
H(19B)
H(19C)
H(21A)
H(21B)
H(21C)
H(20A)
H(20B)
H(20C)
H(4A)
H(4B)
H(4C)
H(3A)
H(3B)
H(3C)

X
7674.07
7322.64
5974.47
9165.79
9823.57
7699.46
7987.08
8456.11
7348.24
7991.41
8236.21
7948.26
8137.55

9416.2
8877.59
8653.25
4149.26
3691.57
4126.97
4855.01
4362.66
5232.64
5303.66

4432.4
4868.91
6885.47
6639.11
6177.61
6314.45
6824.74

7107.5

y
9288.06

10186.07
7770.33
8705.44

8952.1
9530.69
8152.31
9466.57
8324.37
8538.72
6749.61
5921.59
6530.12
8978.34
9201.48
8360.99
7615.28
7955.04
7696.03
8968.72

91915
9668.12
9503.35
9084.23
8703.45
5863.97
5202.32
5610.46
5875.93
5529.54
6361.47

229

z
7550.16
7188.34
7101.27
7046.39
6694.25
6948.15

7249.5
7244.58
6682.3
6325.73
6958.92
7033.83
7229.97
5925.29
6048.71
6029.3
6932.74
7044.26
7210.66
7398.43
7245.96
7231.31
6791.47
6777.85
6680.36
7409.18
7229.3
7249.72
6816.28
6772.73
6704.26

U(eq)

45
55
28
30
31
30
27
29
36
37
62
62
62
59
59
59
66
66
66
71
71
71
69
69
69
75
75
75
79
79
79



Di-tert-butyl (4R*,5R*,6R*)-5-bromo-4-hydroxy-6-(4-methoxyphenyl)-5,6-
dihydropyridine-1,3(4H)-dicarboxylate (229)

Table 25. Crystal data and structure refinement for 229

Identification code R048 Wdh

Empirical formula C22H30BrNOs

Formula weight 484.39

Temperature/K 122.99(13)

Crystal system monoclinic

Space group P2i/c

/A 17.1457(3)

b/A 11.08510(10)

c/A 13.3111(3) /\l/\._ -
o 90 /
B/ 111.042(2) /'r/_L ~
y/° 90 "‘) ’
Volume/A? 2361.23(8) 7\

z 4

Peaicg/cm?® 1.3625

wmm? 2.676

F(000) 1008.3

Crystal size/mm?3 0.24 x 0.133 x 0.038

Radiation CuKa (A=1.54184)

20 range for data collection/° 9.7 t0 149.94

Index ranges -21<h<21,-13<k<13,-15<1<16
Reflections collected 59974

Independent reflections 4806 [Rint = 0.0667, Rsigma = 0.0234]
Data/restraints/parameters 4806/0/395

Goodness-of-fit on F2 1.034

Final R indexes [[>=2c (I)] R1 =0.0286, wR2 = 0.0695

Final R indexes [all data] R; =0.0337, wR, = 0.0726

Largest diff. peak/hole / e A3 0.36/-0.39

Table 26. Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement Parameters (A2x103) for 229. Ueq is
defined as 1/3 of the trace of the orthogonalised U\, tensor.

Atom X y z U(eq)
Br 2863(12) 6981(9) 5903(10) 33.24(12)
Br(01) 3208.9(4) 6824.5(3) 6147.1(3) 33.24(12)
0(002) 4835.3(6) 8512.8(10) 3780.4(10) 24.5(2)
0(003) 2203.5(7) 9503.3(9) 2901.4(10) 27.6(3)
0(004) 3851.9(8) 4985.8(10) 3881.9(10) 27.5(3)
0O(005) 5443.4(7) 6838.3(10) 4685.8(11) 31.4(3)
0(006) 1171.8(7) 8298.3(10) 3036.9(13) 36.5(3)
0(007) 676.5(8) 3513.0(13) 274.3(12) 42.7(3)
N(008) 2523.7(8) 7655.5(11) 3608.3(11) 22.0(3)
C@) 1870.1(10) 5663.8(14) 2948.9(14) 23.9(3)
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C(2) 2183.8(10) 5507.1(15) 2128.1(14) 26.5(3)

c(@) 1774.6(11) 4779.6(16) 1253.0(15) 30.8(4)
C(4) 1035.9(10) 4194.3(15) 1181.8(15) 30.0(4)
C(5) 717.2(11) 4328.7(15) 1991.3(17) 32.4(4)
C(6) 1138.0(10) 5066.4(15) 2864.9(17) 29.6(4)
c(7) 2273.7(10) 6479.6(14) 3914.6(14) 24.1(3)
C(8) 3022.7(10) 5918.8(14) 4806.0(14) 24.3(3)
C(9) 3854.6(10) 5914.6(13) 4620.0(14) 22.6(3)
C(10) 3976.3(10) 7110.1(13) 4173.2(13) 20.8(3)
c(11) 3339.1(9) 7874.6(14) 3722.6(13) 20.4(3)
c(12) 4823.2(10) 7452.0(14) 4244.8(13) 22.2(3)
C(13) 5605.9(10) 9021.7(14) 3687.7(15) 25.4(3)
C(14) 5201.7(13)  10214.4(16)  3122.3(19) 35.3(4)
C(15) 6253.2(13) 9236(2) 4798.7(18) 39.9(5)
C(16) 5910.1(13) 8199.7(17) 2997.0(18) 32.6(4)
c(17) 1888.7(10) 8502.0(14) 3157.5(15) 26.5(4)
C(18) 1656.8(10)  10502.2(15)  2299.7(15) 29.6(4)
C(19) 2282.9(13)  11326.5(18)  2081.5(19) 38.0(5)
C(20) 1028.2(14) 10016(2) 1255.0(19) 44.7(5)
c(21) 1257.3(13)  11097.7(17)  3009.3(19) 37.2(4)
C(22) -149.6(13) 3067(2) 76(2) 46.0(6)

Table 27. Anisotropic Displacement Parameters (A2x103) for 229. The Anisotropic displacement factor exponent takes the
form: -2z2[h%a*?U11+2hka*b*Us2+... /.

Atom Un U2 Uss U1z Uis Uz2s
Br 44.1(3) 33.15(12) 28.23(14) -3.73(12) 19.93(17) -4.37(9)
Br(01) 44.1(3) 33.15(12) 28.23(14) -3.73(12) 19.93(17) -4.37(9)
0(002) 19.3(5) 20.2(5) 34.2(6) 0.9(4) 9.8(5) 7.6(5)
0(003) 23.0(5) 15.3(5) 42.3(7) 4.2(4) 9.2(5) 7.4(5)
0(004) 38.2(7) 17.2(5) 28.1(6) 8.7(5) 13.2(5) 3.3(5)
0(005) 25.2(6) 30.3(6) 38.2(7) 9.7(5) 10.9(5) 14.1(5)
0(006) 23.5(6) 24.6(6) 63.8(9) 3.0(5) 18.5(6) 2.7(6)
0(007) 33.7(7) 41.5(7) 44.5(8) -6.5(6) 3.8(6) -10.2(6)
N(008) 22.1(6) 13.8(6) 32.4(7) 1.2(5) 12.8(6) 2.2(5)
C@1) 23.0(7) 15.1(7) 34.9(9) 1.8(6) 12.0(7) 4.1(6)
C(2 22.3(8) 23.8(8) 33.4(9) -2.3(6) 9.7(7) 2.9(7)
C(3) 27.5(8) 31.1(9) 32.4(10) 1.3(7) 8.9(7) -0.3(7)
C@4) 25.8(8) 19.7(8) 37.5(10) 2.5(6) 2.7(7) -0.3(7)
C(5) 24.4(8) 20.7(8) 51.2(12) -2.3(7) 12.5(8) 2.2(8)
C(6) 26.0(8) 23.6(8) 43.6(11) -1.2(7) 17.9(8) 2.0(7)
C() 26.0(8) 17.2(7) 34.7(9) -0.8(6) 17.8(7) 2.2(7)
C(8) 34.5(9) 15.8(7) 26.4(9) -0.5(6) 15.5(7) 1.5(6)
C(9) 28.7(8) 15.6(7) 24.3(8) 4.3(6) 10.6(7) 4.1(6)
C(10) 24.9(7) 17.0(7) 22.1(8) 2.2(6) 10.3(6) 2.6(6)
C(11) 23.7(7) 14.4(7) 24.7(8) -0.2(6) 10.7(6) 0.3(6)
C(12) 24.5(7) 20.0(7) 22.4(8) 3.4(6) 8.8(6) 3.4(6)
C(13) 21.1(7) 22.5(8) 34.6(9) -3.7(6) 12.3(7) 0.2(7)
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C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
c(21)
C(22)

Atom
C(13)
C(18)
C(22)
C(7)
C(7)
c@an
C(6)
C(6)
C(7)
C@)
C(4)
C@)
C(5)
C(5)
C(6)

37.6(10)
30.6(9)
37.5(10)
24.1(8)
27.7(8)
42.0(11)
42.0(11)
37.8(10)
34.6(10)

Atom
Br(01)
0(002)
0(002)
0(003)
0(003)
0(004)
0(005)
0(006)
0(007)
0(007)
N(008)
N(008)
N(008)
C(1)
C(2)
C(2)

Atom
0(002)
0(003)
0(007)
N(008)
N(008)
N(008)
C(1)
C(@2)
C(1)
C(2)
C@3)
C(4)
C(4)
C(4)
C(5)

52.4(13)
40.3(12)
42.3(11)
37.6(10)
37.3(10)
47.7(12)
41.2(12)
50.9(13)
55.8(14)

-2.8(7)
-9.0(9)
-0.7(8)
2.0(6)
8.7(6)
8.3(8)
11.8(9)
9.3(8)
-5.8(8)

Table 28. Bond Lengths for 229

22.0(9)
45.3(12)
25.0(9)
18.1(7)
19.5(8)
25.2(9)
39.3(11)
23.9(9)
31.7(10)
Atom  Length/A
C(8)  1.9716(17)
C(12)  1.3321(19)
C(13)  1.4820(18)
c(l7)  1.331(2)
C(18)  1.4857(18)
C(9)  1.4219(19)
C(12)  1.2206(19)
C(17)  1.203(2)
C(4) 1.369(2)
C(22)  1.432(3)
C(7)  1.4746(19)
Cc(1l)  1.373(2)
C(17)  1.399(2)
C(6) 1.388(2)
C(1) 1.391(2)
C(3) 1.383(3)
Table 29
Atom Angle/®
C(12) 122.52(12)
C(17) 121.62(12)
C(4)  117.09(18)
C(11) 120.76(12)
C(17)  116.93(13)
C(11)  122.26(13)
C(2)  118.09(16)
C(7)  118.42(16)
C2) 123.47(14)
C(l)  120.80(16)
C(2)  120.12(18)
0(007) 115.23(17)
0(007)  124.71(16)
C(3)  120.06(17)
C(4)  118.93(16)

Atom
C(4)
C(4)
C(6)
C()
C()
C(8)
C(9)

C(10)

C(10)

C(12)

C(13)

C(13)

C(13)

C(18)

C(18)

C(18)

. Bond Angles for 229
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Atom

C(9)
C(9)
C(11)
C(10)

0(005)

C(10)
C(10)
C(14)
C(15)
C(15)
C(15)
C(16)
C(16)

0(006)
N(008)

23.7(10)
8.5(9)
22.9(9)
11.5(7)
6.4(7)
17.3(10)
0.9(10)
17.0(10)
-3.0(10)

Atom  Length/A
C(3)  1.396(2)
c(B)  1.380(3)
c(5)  1.392(3)
c(l)  1.52002)
c(8)  1.533(2)

Br 1.970(8)
c(8)  1.533(2)
CO)  1.497(2)
cl)  1342(2)

C(10)  1.470(2)
C(14)  1521(2)
C(15)  1.515(@3)
C(16)  1.514(2)
C(19)  1515(3)
C(20)  1.520(3)
C(21)  1.504(3)

Atom Atom
C(10) C(11)
C(10) C(12)
C(10) C(12)
C(11) N(008)
C(12) 0(002)
C(12) 0(002)
C(12) 0(005)
C(13) 0(002)
C(13) 0(002)
C(13) C(14)
C(13) C(16)
C(13) 0(002)
C(13) C(14)
c@m 0(003)
C(17) 0O(003)

4.5(8)

-6.9(10)

0.2(8)
-0.7(7)
6.9(7)
13.5(9)
1.6(9)
2.4(8)

-0.4(10)

Angle/*
121.95(14)
118.53(13)
119.52(14)
124.83(14)
123.99(14)
112.15(12)
123.86(14)
101.78(12)
109.92(15)
110.61(16)
113.31(16)
109.47(13)
111.14(16)
127.69(15)
110.16(13)



C(5)
C(1)
C@)
C(®)
C(7)
C(®)
C(®)
C(10)

Table 30.

C(6)
C(7)
C()
C(7)
C(®)
C©9)
C©9)
C©9)

c(1)
N(008)
Cc(8)
N(008)
Cc(9)
0(004)
C(10)
0(004)

122.00(18)
112.42(14)
114.45(13)
109.06(13)
116.47(13)
109.96(13)
109.38(12)
109.44(13)

N(008)
C(19)
C(20)
C(20)
C(20)
C(21)
C(21)

C(17)
C(18)
C(18)
C(18)
C(18)
C(18)
C(18)

0(006)
0(003)
0(003)
C(19)
C(21)
0(003)
C(19)

122.15(15)
101.51(13)
109.39(14)
110.91(18)
113.40(17)
109.27(15)
111.68(16)

Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement Parameters (A2x103) for 229

Atom
H(004)
H(2)
H(3)
H(5)
H(6)
H(7)
H(8)
H(9)
H(11)
H(14a)
H(14b)
H(14c)
H(15a)
H(15b)
H(15c)
H(16a)
H(16b)
H(16c)
H(19a)
H(19b)
H(19c)
H(20a)
H(20b)
H(20c)
H(21a)
H(21b)
H(21c)
H(22a)
H(22b)
H(22c)

X y z
4068(14) 4390(20) 4254(19)
2667(13) 5904(17) 2159(16)
1979(12) 4667(18) 620(18)

237(13) 3973(19) 1976(17)
919(13) 5148(18) 3387(17)
1866(11) 6636(16) 4209(15)
2890(11) 5114(17) 4947(15)
4286(11) 5756(16) 5324(15)
3434(11) 8605(17) 3457(15)
5728(14) 10590(20) 2984(18)
4835(15) 10060(20) 2440(20)
5105(14) 10740(20) 3590(19)
6499(14) 8530(20) 5136(19)
6002(14) 9610(20) 5279(19)
6694(15) 9750(20) 4738(19)
6095(13) 7490(20) 3363(18)
6343(14) 8580(20) 2875(18)
5453(15) 8052(19) 2310(20)
2703(15) 11580(20) 2730(20)
2581(14) 10900(20) 1690(19)
1994(15) 12020(20) 1710(20)
783(15) 10680(20) 800(20)
570(15) 9530(20) 1390(19)
1313(15) 9520(20) 890(20)
1699(16) 11400(20) 3680(20)
869(15) 10600(20) 3191(19)
935(15) 11760(20) 2650(20)
-324(16) 2740(20) -650(20)
-149(15) 2450(20) 610(20)
-521(15) 3710(20) 130(20)
Table 31. Atomic Occupancy for 229
Atom Occupancy
Br 0.030(2) Br(01) 0.970(2)
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Atom Occupancy

U(eq)
41(6)
30(5)
34(5)
36(5)
31(5)
20(4)
24(5)
19(4)
21(4)
43(6)
44(6)
46(6)
40(6)
44(6)
48(6)
37(6)
39(6)
42(6)
47(7)
46(6)
50(7)
53(7)
48(6)
53(7)
55(7)
47(6)
49(7)
55(7)
50(7)
54(7)



3,5-Di-tert-butyl 7-methyl (1R*,25*,6S*,7R*)-2-(4-methoxyphenyl)-7-phenyl-3-
azabicyclo[4.1.0]hept-4-ene-3,5,7-tricarboxylate (230)

Table 32. Crystal data and structure refinement for 230

Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

o/°

p/e

y/°

Volume/A3

VA

Pealcg/cm?®

wmm?

F(000)

Crystal size/mm3
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

R042

Cs1H37/NO7

535.61

123.00(10)
monoclinic

P21/C

8.7904(2)
31.2564(5)
10.6331(2)

90

99.293(2)

90

2883.17(10)

4

1.234

0.709

1144.0

0.209 x 0.143 x 0.089
CuKa (A =1.54184)
8.89t0 153.12
-11<h<11,-38<k<38,-9<1<13
33535

5960 [Rint = 0.0415, Rsigma = 0.0226]
5960/0/360

1.044

R1 =0.0378, wR, = 0.0978

R1 =0.0432, wR, = 0.1023
0.27/-0.24

Table 33. Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement Parameters
(A2x103) for 230. Ueq is defined as 1/3 of the trace of the orthogonalised U, tensor.

Atom X
o) 3264.1(9)
o(7) 6609.5(10)
0O(6) 6680.1(10)
0(2) 1845.8(10)
0(3) 5201.3(10)
0o4) 2680.1(10)
0O(5) -268.8(11)
N(1) 4946.7(11)
Cc( 4339.1(12)
C(6) 3397.6(12)

y z U(eq)
7303.8(2) 6701.4(8) 18.30(17)
6549.9(3) 4818.3(9) 22.01(19)
5824.0(3) 4694.5(8) 23.32(19)
7000.0(3) 8060.8(8) 23.22(19)
5629.6(3) 10507.0(8) 26.1(2)
5609.1(3) 9722.6(9) 30.4(2)
5077.9(3) 2090.5(9) 29.7(2)
6159.8(3) 5737.6(9) 15.24(19)
6539.6(3) 6105.7(10) 14.6(2)
6559.6(3) 6979.1(10) 15.2(2)
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C(10) 4291.4(12) 5741.5(3) 6014.6(10) 15.4(2)

C(5) 2744.5(12) 6970.5(3) 7314.2(10) 15.9(2)

Cc(8) 3047.2(12) 6173.4(3) 7679.1(10) 15.7(2)
C(18) 6036.5(12) 6094.0(3) 8601.8(10) 15.5(2)
C(26) 6153.2(13) 6152.7(4) 5035.9(11) 17.3(2)
C(24) 3973.3(13) 5710.3(3) 9618.8(11) 17.6(2)

C(9) 3562.1(12) 5755.1(3) 7217.8(10) 15.7(2)
C(11) 3095.9(13) 5583.7(3) 4908.5(11) 16.7(2)
C(19) 7221.0(13) 5833.1(4) 8314.7(11) 18.3(2)
c(17) 4418.0(12) 5931.2(3) 8480.2(10) 15.4(2)
C(23) 6394.5(13) 6504.8(4) 9059.2(11) 19.7(2)
C(12) 2409.9(14) 5843.7(4) 3928.4(11) 20.8(2)
C(20) 8731.4(13) 5980.8(4) 8471.8(11) 21.9(2)
C(13) 1286.7(14) 5687.7(4) 2953.5(12) 22.2(2)

C(2) 2766.2(14) 7743.4(4) 6916.5(11) 20.2(2)
C(14) 833.6(14) 5264.5(4) 2976.5(11) 21.7(2)
c(21) 9074.3(14) 6391.4(4) 8925.6(12) 24.1(3)
c(22) 7904.1(14) 6652.3(4) 9220.5(12) 24.5(3)
C(16) 2651.5(16) 5155.0(4) 4896.0(12) 25.6(3)
c(27) 8012.9(14) 6620.8(4) 4241.2(13) 24.6(3)
C(15) 1527.8(16) 4996.6(4) 3949.9(12) 28.6(3)

C(1) 3745.4(17) 8007.4(4) 6152.6(13) 28.2(3)
C(25) -886.2(15) 5333.1(4) 1009.0(12) 27.2(3)
C(28) 7837.0(16) 6420.4(5) 2925.5(13) 30.6(3)

c(3) 3126.4(19) 7859.0(4) 8320.5(12) 31.6(3)

C(4) 1068.2(16) 7791.7(4) 6375.9(14) 31.1(3)
C(011) 4898.6(17) 5400.7(5) 11620.3(13) 33.1(3)
C(30) 9398.9(16) 6452.6(5) 5144.9(15) 36.0(3)
C(29) 8049.1(18) 7106.0(5) 4157.0(16) 37.5(3)

Table 34. Anisotropic Displacement Parameters (A2x103) for 230. The Anisotropic displacement factor exponent takes the
form: -2z2[h%a*?U11+2hka*b*Usz+... /.

Atom Un U2 Uss Uz2s Uis U1z

o) 21.2(4) 13.5(4) 21.4(4) -0.2(3) 6.9(3) 1.1(3)
o(7) 20.2(4) 17.3(4) 31.2(5) -0.4(3) 12.1(3) -1.0(3)
0O(6) 25.6(4) 18.6(4) 27.9(5) -0.7(3) 10.7(4) 4.2(3)
0(2) 25.6(4) 21.0(4) 25.8(4) -1.8(3) 12.3(4) 0.5(3)
0(3) 21.2(4) 36.9(5) 19.6(4) 11.5(4) 1.4(3) -1.1(3)
O4) 22.1(5) 42.4(5) 26.8(5) 11.2(4) 4.4(4) -8.8(4)
0O(5) 35.2(5) 25.7(5) 23.6(5) -1.4(4) -9.5(4) -7.0(4)
N(1) 15.8(4) 13.6(4) 16.4(4) -0.1(3) 3.0(3) -0.3(3)
C(7) 14.3(5) 13.3(5) 15.2(5) 0.4(4) -0.5(4) 0.4(4)
C(6) 13.7(5) 14.9(5) 16.2(5) -0.2(4) 0.1(4) -1.0(4)
C(10) 16.7(5) 12.1(5) 16.8(5) 0.3(4) 0.8(4) -0.2(4)
C(5) 14.6(5) 17.0(5) 15.6(5) -0.3(4) 0.6(4) -1.2(4)
C(8) 13.4(5) 16.8(5) 16.6(5) 0.3(4) 2.0(4) -0.9(4)
C(18) 15.8(5) 18.9(5) 11.3(5) 2.3(4) 0.8(4) -1.4(4)
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C(26)
C(24)
C(9)
C(11)
C(19)
C(17)
C(23)
C(12)
C(20)
C(13)
c(2)
C(14)
Cc(21)
C(22)
C(16)
C(27)
C(15)
c(1)
C(25)
C(28)
c(@3)
C(4)
C(011)
C(30)
C(29)

16.0(5)
18.6(5)
15.5(5)
18.3(5)
18.5(5)
15.5(5)
18.2(5)
23.4(6)
16.7(5)
23.4(6)
27.1(6)
22.9(6)
16.0(5)
22.3(6)
37.8(7)
19.0(6)
41.0(8)
38.7(7)
27.1(6)
31.4(7)
52.2(9)
28.6(7)
32.6(7)
20.9(6)
37.4(8)

Atom
0(1)
0(1)
o(7)
o(7)
0(6)
0(2)
0(3)
0(3)
O(4)
0(5)
0(5)
N(1)
N(1)
N(1)
C(7)
C(6)
C(6)
C(10)
C(10)

Atom
C(5)
C(2)
C(26)
C(27)
C(26)
C(5)
C(24)
C(011)
C(24)
C(14)
C(25)
C(7)
C(10)
C(26)
C(6)
C(5)
C(8)
C(9)
C(11)

17.7(5)
16.9(5)
14.6(5)
15.4(5)
17.4(5)
16.4(5)
21.1(5)
14.6(5)
26.7(6)
19.4(6)
13.4(5)
22.0(6)
29.7(6)
22.0(6)
15.9(6)
26.8(6)
16.3(6)
19.3(6)
28.3(6)
35.8(7)
20.2(6)
32.7(7)
43.8(8)
51.2(9)
28.9(7)

17.6(5)
17.3(5)
16.4(5)
16.0(5)
18.3(5)
14.1(5)
19.8(6)
22.7(6)
22.2(6)
21.4(6)
19.6(6)
18.8(6)
26.4(6)
28.3(6)
19.8(6)
30.4(7)
25.0(6)
26.1(6)
22.5(6)
26.7(7)
21.6(6)
31.6(7)
23.1(7)
35.9(8)
51.6(9)

0.3(4)
-0.3(4)
0.5(4)
-2.3(4)
0.1(4)
0.9(4)
-2.9(4)
0.3(4)
0.7(5)
1.8(4)
-1.6(4)
-3.8(4)
-0.2(5)
-4.7(5)
1.7(4)
-0.2(5)
0.3(5)
1.5(5)
-2.8(5)
1.5(5)
-5.0(5)
4.8(5)
15.1(6)
-0.7(6)
-1.3(6)

Table 35. Bond Lengths for 230

Length/A
1.3471(13)
1.4712(13)
1.3363(14)
1.4805(14)
1.2070(14)
1.2105(14)
1.3385(14)
1.4441(15)
1.2021(15)
1.3682(14)
1.4323(15)
1.3841(14)
1.4772(13)
1.3919(15)
1.3414(16)
1.4739(15)
1.4766(15)
1.5214(15)
1.5270(15)
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Atom
C(18)
C(18)
C(18)
C(24)
C(9)
C(11)
C(11)
C(19)
C(23)
C(12)
C(20)
C(13)
C(2)
C(2)
C(2)
C(14)
C(21)
C(16)
C(27)

Atom
C(19)
c@m
C(23)
C(17)
c@m
C(12)
C(16)
C(20)
C(22)
C(13)
C(21)
C(14)
C(1)
C(3)
C(4)
C(15)
C(22)
C(15)
C(28)

1.0(4)
2.8(4)
0.7(4)
1.5(4)
1.2(4)
2.1(4)
2.8(4)
-0.8(5)
3.0(4)
-3.3(5)
2.4(4)
-0.9(4)
2.5(4)
1.7(5)
-5.4(5)
11.3(5)
-5.4(5)
3.9(5)
-6.9(5)
11.4(5)
3.3(6)
3.9(5)
4.8(5)
4.5(5)
23.7(7)

Length/A
1.3946(16)
1.4967(15)
1.3910(16)
1.4994(15)
1.5312(15)
1.3811(16)
1.3952(16)
1.3900(16)
1.3890(17)
1.3988(16)
1.3870(18)
1.3828(17)
1.5190(17)
1.5188(17)
1.5179(18)
1.3930(17)
1.3876(18)
1.3827(17)
1.5178(19)

0.7(4)
-1.2(4)
-2.0(4)
0.3(4)
0.0(4)
-0.9(4)
-0.4(4)
-0.3(4)
2.0(4)
2.5(4)
2.8(4)
-1.5(4)
-5.9(5)
-5.6(4)
-1.5(5)
-2.7(4)
-6.6(5)
-4.2(5)
1.4(5)
0.8(5)
-2.2(5)
12.6(5)
-0.3(6)
-2.9(6)

-10.6(6)



Atom
C(5)
C(26)
C(24)
C(14)
C(7)
C(7)
C(26)
C(6)
C(7)
C(7)
C(5)
N(1)
N(1)
C(9)
0(1)
0(2)
0(2)
C(6)
C(6)
C(9)
C(19)
C(23)
C(23)
o(7)
0(6)
0(6)
0(3)
O(4)
O(4)
C(10)
C(8)
C(8)
C(12)

Table 37.

C(8)
C(8)

Atom
0(1)
o(7)
0(3)
0(5)
N(1)
N(1)
N(1)
C(7)
C(6)
C(6)
C(6)

C(10)

C(10)

C(10)
C(5)
C(5)
C(5)
C(8)
C(8)
C(8)

C(18)

C(18)

C(18)

C(26)

C(26)

C(26)

C(24)

C(24)

C(24)
C(9)
C(9)
C(9)

C(11)

C(9)  1.4921(15)
C(17)  1.5553(15)

C(27)
c(27)

Table 36. Bond Angles for 230

Atom Angle/®
C(2) 120.96(9)
C(27) 120.28(9)
C(011) 115.94(10)
C(25) 116.74(10)
C(10) 121.47(9)
C(26) 121.82(9)
C(10) 116.64(9)
N(1) 123.03(10)
C(5) 121.06(10)
C(8) 120.88(10)
C(8) 118.00(10)
C(9) 111.95(9)
C(11) 111.99(9)
C(11) 109.01(9)
C(6) 112.41(9)
o) 124.50(10)
C(6) 123.09(10)
C(9) 116.84(9)
C@17) 117.89(9)
C@17) 60.28(7)
C(17) 121.01(10)
C(19) 118.78(10)
C(17)  120.15(10)
N(1) 110.74(9)
o(7) 126.76(11)
N(1) 122.50(10)
C@17) 111.77(9)
0(3) 123.53(11)
C(17) 124.68(11)
Cc@7) 122.21(9)
C(10) 119.49(9)
C@17) 61.91(7)
C(10)  123.59(10)

Atom
C(12)
C(16)
C(20)
C(18)
C(18)
C(18)
C(24)
C(24)
C(9)
C(22)
C(11)
C(21)
C(14)
o)
0o(1)
o)
C@3)
C(4)
C(4)
0O(5)
O(5)
C(13)
C(20)
C(21)
C(15)
o(7)
o(7)
o(7)
C(28)
C(28)
C(30)
C(16)

C(30)
C(29)

Atom
C(11)
C(11)
C(19)
Cc(@a7
c@am
c@am
c@am
c(am
c(17
C(23)
C(12)
C(20)
C(13)
C(2)
C(2)
C(2)
C(2)
C(2)
C(2)
C(14)
C(14)
C(14)
C(21)
C(22)
C(16)
C(27)
C(27)
C(27)
C(27)
C(27)
C(27)
C(15)

1.5186(19)
1.5200(19)

Atom
C(16)
C(10)
C(18)
C(8)
C(24)
C(9)
C(8)
C(9)
C(8)
C(18)
C(13)
C(19)
C(12)
C@)
C@®3)
C(4)
C@)
C(1)
C@®3)
C(13)
C(15)
C(15)
C(22)
C(23)
C(11)
C(28)
C(30)
C(29)
C(30)
C(29)
C(29)
C(14)

Angle/’
118.07(10)
118.33(10)
120.80(11)

121.56(9)
117.06(9)
121.57(9)
112.73(9)
112.77(9)

57.81(7)
120.48(11)
121.59(11)
119.92(11)
119.43(11)

102.45(9)
110.79(10)
109.45(10)
110.50(10)
110.55(11)
112.63(11)
124.72(11)
115.60(11)
119.68(11)
119.67(11)
120.36(11)
121.12(11)
110.65(10)
108.85(10)
101.56(10)
113.10(11)
110.94(12)
111.12(12)
120.08(11)

Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement Parameters (A2x103) for 230

Atom
H(7)
H(10)
H(8)
H(9)
H(19)

X y
4595.43 6792.7
5134.52 5533

2070.6 6173.34
2871.7 5514.89
6997.69 5557.03
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z
5730.27
6148.86
8012.07
7308.81
8014.46

U(eq)
18
18
19
19
22



H(23)
H(12)
H(20)
H(13)
H(21)
H(22)
H(16)
H(15)
H(1A)
H(1B)
H(1C)
H(25A)
H(25B)
H(25C)
H(28A)
H(28B)
H(28C)
H(3A)
H(3B)
H(3C)
H(4A)
H(4B)
H(4C)
H(01A)
H(01B)
H(01C)
H(30A)
H(30B)
H(30C)
H(29A)
H(29B)
H(29C)

5617.45
2701.71
9511.07
848.55
10083.42
8131.76
3118.89
1235.1
4816.66
3522.06
3516.48
-1597.8
-62.44
-1412.17
7891.35
8649.69
6858.72
2413.21
3035.67
4157.97
897.27
762.69
470.68
4469.01
4181.68
5844.02
9401.54
10327.38
9344.03
7137.1
8942.88
8090.38

6681.98
6129.53
5804.51
5867.02
6491.35
6927.35
4972.67
4710.96
7956.08
8305.57
7927.35
5165.04
5429.03
5576.15
6114.6
6519.58
6500.21
7716.34
8162.88
7770.98
7711.31
8084.1
7610.36
5125.39
5560.38
5364.3
6570.68
6534.48
6146.28
7204.95
7193.58
7226.03
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9258.55
3916.37
8272.85
2295.58
9031.74
9527.74
5534.9
3963.41
6464.67
6239.67
5270.65
430.13
586.15
1285.75
3005.1
2495.01
2444.1
8773.56
8417.61
8657.73
5493
6455.22
6837.65
11370.2
12027.32
12203.38
5978.72
4840.66
5186.73
3614.64
3810.22
4992.88



1-(tert-Butyl)

3-methyl  (25*,3R*,65*)-2-hydroxy-6-(4-methoxyphenyl)-3-phenyl-3,6-

dihydropyridine-1,3(2H)-dicarboxylate (2,6-syn-242a)

Table 38. Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement Parameters (A2x103) for 2,6-syn-

Table 1 Crystal data and structure refinement for 2,6-syn-242a

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o]

o/
p/e

y/°

Volume/A3

VA

Peaicg/cm®

wmm?

F(000)

Crystal size/mm?3

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

5137

CasH29NOg

439.512

123.00(10)

triclinic

P-1

11.21817(18)
11.7215(2)
19.4185(3)
99.9120(15)
95.1332(13)
108.6042(17)
2355.18(8)

4

1.240

0.724

939.2

0.232 x 0.168 x 0.086
Cu Ko (= 1.54184)
8.14 t0 148.44
-13<h<13,-13<k<14,-24<1<24
53959

9376 [Rint = 0.0252, Reigma = 0.0144]
9376/0/590

1.046

R; =0.0334, wR, = 0.0849

R; =0.0370, wR, = 0.0881
0.27/-0.17

242a. Ueq is defined as 1/3 of the trace of the orthogonalised U; tensor.

Atom X
0(2) 3569.3(7)
O4) 1082.3(7)

0(10) 5156.6(8)
0(8) 4327.1(7)
0(9) 2899.9(8)
0(3) 4007.2(7)

0(12) 3210.1(8)
0O(6) 416.7(8)

0(11) 4986.9(9)
o) 2201.5(9)
o(7) 9177.5(8)

y z U(eq)
1486.0(7) 7479.7(4) 24.93(16)
3624.0(7) 7330.3(4) 27.85(17)
5923.8(7) 8535.1(4) 28.89(17)
6785.2(7) 6438.4(4) 27.47(17)
5428.3(7) 6920.4(4) 31.45(18)
3457.7(7) 8057.2(5) 32.79(19)
6311.0(7) 9434.0(4) 34.61(19)
4623.2(8) 8770.3(5) 35.46(19)
7751.6(8) 10060.2(4) 40.8(2)
129.6(9) 4386.6(4) 39.7(2)
5642.6(9) 6170.3(5) 39.6(2)
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N(1)
N(2)
0(5)
C(25)
C(10)
C(13)
C(45)
C(14)
C(4)
C(35)
C(30)
CE)
C(29)
C(41)
C(36)
C(12)
C@)
C(32)
C(34)
C(31)
C(17)
C(33)
C(27)
C(42)
C(S)
C(11)
C(43)
C(15)
C(19)
C(28)
C(37)
C(38)
C(9)
C(20)
C(18)
C(44)
C(40)
C(46)
C(16)
C(39)
C(6)
C()
C(21)
C(23)
C(50)
c(47)
C(8)

1968.9(8)
4709.7(8)
-1400.6(8)
3257.7(10)
1452.8(9)
1150.9(10)
3897.5(10)
1373.3(10)
502.4(11)
3490.8(10)
6874.5(10)
248.1(10)
7359.4(10)
4360.5(10)
3672.1(11)
-222.3(10)
-363.1(10)
6480.0(11)
4494.9(10)
5956.3(10)
1876.0(11)
5838.5(11)
8446.5(10)
4294.7(11)
1709.7(12)
-641.3(10)
7222.7(11)
1151.9(11)
1826.6(12)
8146.4(10)
2758.1(12)
1637.0(12)
-546.2(12)
4904.7(10)
2085.0(12)
7993.9(11)
2371.1(12)
3598.1(11)
1382.3(12)
1455.4(12)
1863.3(14)
816.7(15)
5459.8(13)
5659.5(12)
2906.1(15)
4474.1(14)
-390.7(15)

2165.2(8)
6855.6(8)
3513.1(9)
2452.5(9)
3126.8(9)
974.5(9)
6279.7(9)
776.7(10)
2327.7(9)
8245.3(10)
7245.2(10)
2614.6(10)
7621.5(10)
6494.7(9)
9421.0(10)
765.5(10)
3615.4(10)
8567.3(10)
7650.3(9)
7797.3(9)
276.6(11)
8540.6(10)
6152.4(11)
7257.1(10)
2647.9(11)
1472.5(10)
6336.0(11)
-415.6(10)
1722.4(11)
7094.1(11)
9969.6(11)
9355.4(11)
1749.0(11)
1587.7(10)
1475.4(11)
5780.2(11)
7649.0(11)
6340.4(11)
-678.5(11)
8201.0(12)
2407.4(12)
1832.4(12)
2511.9(13)
1906.5(15)
5894.8(13)
7128.4(14)
1499.9(12)
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7650.2(4)
7589.7(4)
8039.4(6)
7750.6(5)
7891.2(5)
7204.5(5)
6973.7(5)
6436.5(5)
8951.1(5)
8647.6(5)
7253.8(6)
8221.7(5)
6663.4(6)
8245.9(5)
9033.9(6)
7262.7(6)
8319.2(6)
8326.1(6)
8802.2(5)
7592.0(6)
5053.5(6)
8864.0(6)
6562.0(6)
9508.1(6)
9334.2(6)
7711.3(6)
7501.0(6)
6079.6(6)
6081.1(6)
6324.1(6)
8958.3(6)
8493.8(6)
9256.5(6)
7431.3(6)
5398.0(6)
7158.7(7)
8168.4(6)
5717.3(6)
5390.7(6)
8092.2(6)
10009.6(6)
10301.2(7)
6985.5(7)
8163.7(7)
10075.7(6)
5299.9(7)
9922.9(7)

21.35(18)
23.85(19)
45.5(2)
22.6(2)
22.3(2)
23.1(2)
24.2(2)
23.3(2)
24.8(2)
25.8(2)
25.7(2)
23.8(2)
27.3(2)
24.9(2)
29.3(2)
28.3(2)
28.2(2)
28.2(2)
25.8(2)
25.3(2)
30.1(2)
28.4(2)
29.6(2)
29.1(2)
30.9(2)
28.6(2)
31.8(2)
30.3(2)
31.3(2)
29.9(2)
33.1(3)
32.5(3)
33.4(3)
28.2(2)
34.7(3)
33.4(3)
33.7(3)
32.1(3)
33.8(3)
35.6(3)
38.9(3)
42.7(3)
40.5(3)
43.1(3)
43.6(3)
45.5(3)
42.7(3)



c(1) -53.7(15) 5633.9(13) 8938.7(8) 46.3(3)

C(22) 4739.1(14) 289.3(13) 7055.5(9) 49.1(4)
C(26) 9464.9(15) 4657.7(15) 6395.0(10) 53.6(4)
C(49) 3396.7(18) 4996.1(13) 5457.3(7) 54.9(4)
C(24) 2150.9(17) -1080.1(16) 4070.7(7) 52.8(4)
C(48) 2367.3(14) 6619.5(17) 5715.7(8) 53.0(4)

Table 39. Anisotropic Displacement Parameters (A2x103) for 2,6-syn-242a. The Anisotropic displacement factor exponent
takes the form: -272[h?a*?U11+2hka*b*U12+.../.

Atom Un U2 Uss Uiz Uis Uz2s

0(2) 23.1(4) 21.6(4) 29.5(4) 8.3(3) 3.5(3) 2.7(3)
0o4) 23.6(4) 30.3(4) 33.9(4) 9.1(3) 7.7(3) 16.7(3)
0(10) 39.1(4) 18.3(4) 25.5(4) 6.7(3) -1.1(3) 3.8(3)
0(8) 28.2(4) 28.3(4) 21.4(4) 3.0(3) 1.0(3) 7.4(3)
0(9) 31.9(4) 28.2(4) 23.2(4) -3.3(3) 0.8(3) 4.5(3)
0(3) 23.1(4) 21.7(4) 46.9(5) 4.1(3) 3.7(3) -2.5(3)
0(12) 44.8(5) 29.0(4) 21.0(4) 0.7(4) 2.4(3) 5.9(3)
0O(6) 40.8(5) 28.9(4) 41.5(5) 20.3(4) 5.6(4) 4.2(3)
0(11) 51.5(5) 35.8(5) 23.0(4) 3.6(4) -5.2(4) 1.8(3)
o) 52.5(5) 50.4(5) 21.4(4) 23.4(4) 10.4(4) 8.0(4)
o(7) 35.6(5) 46.6(5) 45.4(5) 22.2(4) 10.0(4) 14.9(4)
N(1) 20.9(4) 19.1(4) 21.7(4) 4.5(3) 2.3(3) 2.8(3)
N(2) 26.0(4) 19.3(4) 21.4(4) 2.0(3) 1.4(3) 3.8(3)
0O(5) 24.2(4) 44.1(5) 73.1(7) 13.5(4) 6.5(4) 22.2(5)
C(25) 24.1(5) 20.6(5) 23.3(5) 7.0(4) 4.6(4) 5.3(4)
C(10) 21.3(5) 21.1(5) 24.2(5) 6.4(4) 3.2(4) 5.8(4)
C(13) 25.5(5) 19.1(5) 21.0(5) 3.1(4) 2.3(4) 4.0(4)
C(45) 27.7(5) 20.7(5) 22.1(5) 5.5(4) 3.1(4) 4.4(4)
C(14) 22.0(5) 25.3(5) 20.8(5) 6.1(4) 1.1(4) 4.8(4)
C@4) 34.3(6) 18.2(5) 23.9(5) 11.3(4) 7.6(4) 3.5(4)
C(35) 31.8(5) 22.8(5) 21.1(5) 5.5(4) 5.7(4) 6.5(4)
C(30) 24.1(5) 20.6(5) 26.8(5) 2.0(4) -1.8(4) 4.2(4)
C@3) 22.4(5) 23.5(5) 25.1(5) 6.2(4) 5.6(4) 6.5(4)
C(29) 25.8(5) 21.6(5) 31.0(5) 3.0(4) -0.7(4) 9.0(4)
C(41) 30.3(5) 18.7(5) 21.0(5) 3.4(4) 0.7(4) 3.3(4)
C(36) 35.7(6) 24.8(5) 24.3(5) 7.0(4) 4.5(4) 3.5(4)
C(12) 24.5(5) 27.3(5) 24.3(5) -1.7(4) 2.6(4) 4.0(4)
C(2) 24.7(5) 30.7(6) 34.0(6) 9.9(4) 11.3(4) 14.9(5)
C(32) 28.0(5) 17.9(5) 32.5(6) 2.4(4) -2.1(4) 3.1(4)
C(34) 31.8(6) 19.2(5) 21.2(5) 4.1(4) 0.4(4) 1.6(4)
C(31) 26.3(5) 18.4(5) 27.5(5) 2.7(4) 0.6(4) 6.4(4)
Cc(@17) 32.1(6) 40.6(6) 19.4(5) 15.0(5) 3.1(4) 6.5(4)
C(33) 32.4(6) 17.7(5) 28.2(5) 4.2(4) -3.7(4) -0.5(4)
C(27) 21.7(5) 30.8(6) 33.3(6) 6.6(4) -0.8(4) 5.9(5)
C(42) 39.1(6) 21.2(5) 23.4(5) 8.5(4) 0.7(4) 1.4(4)
C(5) 36.9(6) 33.5(6) 27.5(5) 18.4(5) 7.0(5) 6.9(5)
C(11) 21.3(5) 32.2(6) 26.8(5) 1.1(4) 4.6(4) 6.6(4)
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C(43)
C(15)
C(19)
C(28)
C(37)
C(38)
C(9)
C(20)
C(18)
C(44)
C(40)
C(46)
C(16)
C(39)
C(6)
C()
C(21)
C(23)
C(50)
C(47)
C(8)
C()
C(22)
C(26)
C(49)
C(24)
C(48)

33.6(6)
37.7(6)
43.0(6)
26.2(5)
43.8(7)
38.5(6)
40.6(6)
24.7(5)
45.5(7)
31.2(6)
37.2(6)
36.1(6)
45.1(7)
34.2(6)
54.8(8)
75.6(10)
42.8(7)
25.5(6)
60.5(8)
50.8(8)
62.4(9)
59.6(9)
43.3(7)
50.5(8)
89.7(12)
81.8(11)
39.9(7)

Atom
0(2)
0(2)
O(4)

0(10)
0(8)
0(8)
0(9)
0(3)

0(12)

0(12)
0(6)
0(6)

0(11)
0(1)
0(1)
o(7)
o(7)

Atom
C(25)
C(20)
C(10)
C(41)
C(45)
C(46)
C(45)
C(25)
C(42)
C(50)
C(2)
C(1)
C(42)
Cc@7)
C(24)
C(27)
C(26)

32.5(6)
25.3(5)
25.0(5)
31.3(6)
28.4(6)
37.7(6)
27.2(6)
28.5(6)
33.0(6)
31.9(6)
26.6(6)
34.2(6)
30.1(6)
36.7(6)
43.7(7)
40.2(7)
42.1(7)
63.6(9)
38.3(7)
52.6(8)
34.8(7)
35.6(7)
33.7(7)
53.5(9)
37.2(7)
69.0(10)
74.3(11)

31.6(6)
26.2(5)
24.3(5)
29.6(6)
29.0(6)
29.3(6)
30.9(6)
35.5(6)
25.8(6)
40.2(6)
31.3(6)
20.2(5)
25.9(5)
32.5(6)
28.3(6)
26.9(6)
45.6(7)
43.8(7)
24.2(6)
27.5(6)
34.5(6)
59.6(9)
75.9(10)
77.0(11)
28.0(6)
26.8(6)
48.0(8)

10.9(5)
7.7(5)
9.2(5)
4.9(4)
13.3(5)
16.5(5)
7.8(5)
12.2(4)
10.2(5)
12.1(5)
6.5(5)
5.2(5)
14.7(5)
7.9(5)
32.1(6)
34.3(7)
17.9(6)
15.8(6)
4.1(6)
6.0(6)
14.9(6)
31.0(7)
20.4(6)
34.2(7)
11.6(7)
50.3(9)
18.7(7)

Table 40. Bond Lengths for 2,6-syn-242a

Length/A
1.3277(13)
1.4772(12)
1.4110(12)
1.4078(13)
1.3355(12)
1.4740(13)
1.2207(13)
1.2192(13)
1.3355(14)
1.4445(14)
1.3325(14)
1.4440(14)
1.1992(14)
1.3741(13)
1.4258(17)
1.3697(15)
1.4188(17)
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Atom
C(35)
C(30)
C(30)
C(30)
C@)
C(3)
C(29)
C(41)
C(36)
C(12)
C(32)
C(32)
C(34)
C(34)
c@m
Cc@1m)
C(27)

Atom
C(40)
C(29)
C(31)
C(43)
C(2)
C(11)
C(28)
C(34)
C(37)
C(11)
C(31)
C(33)
C(33)
C(42)
C(18)
C(16)
C(28)

4.7(5)
5.8(4)
5.0(5)
2.4(4)
10.5(5)
12.8(5)
11.8(5)
10.2(4)
7.5(5)
1.7(5)
-1.0(5)
-1.0(4)
4.6(5)
-0.3(5)
3.9(5)
16.0(6)
21.8(6)
5.2(5)
7.9(5)
5.6(5)
21.8(6)
25.2(7)
22.3(7)
24.4(8)
9.6(7)
15.7(7)
-0.8(6)

Length/A
1.3924(16)
1.3918(15)
1.5203(16)
1.3882(16)
1.5304(15)
1.5113(14)
1.3813(17)
1.5366(14)
1.3830(17)
1.3190(16)
1.5036(15)
1.3195(17)
1.5153(15)
1.5324(15)
1.3838(17)
1.3822(17)
1.3892(17)

13.7(5)
6.6(4)
5.7(4)
10.2(4)
6.9(4)
17.5(5)
6.4(5)
8.5(5)
12.2(5)
15.3(5)
2.3(4)
6.4(4)
1.9(4)
9.6(5)
5.7(5)
13.4(5)
18.6(6)
20.0(6)
10.3(5)
16.4(6)
13.1(5)
15.3(6)
5.8(7)
27.7(8)
0.2(5)
9.2(6)
26.7(8)



Atom
C(20)
C(46)
C(50)
C@1)
C(24)
C(26)
C(10)
C(13)
C(13)
C(41)
C(31)
C(31)
0(3)
N(1)
N(1)
N(1)
C(3)
C@3)
C(14)
C(12)
C(12)
0(9)
N(2)
N(2)
C(15)
C(19)
C(19)

N(1)
N(1)
N(1)
N(2)
N(2)
N(2)
0()
C(10)
C(13)
C(13)
C(14)
C(14)
C(4)
C(4)
C(4)
C(35)
C(35)

Atom
0(2)
0(8)
0(12)
0(6)
0(1)
o(7)
N(1)
N(1)
N(1)
N(2)
N(2)
N(2)
C(25)
C(25)
C(25)
C(10)
C(10)
C(10)
C(13)
C(13)
C(13)
C(45)
C(45)
C(45)
C(14)
C(14)
C(14)

C(25)
C(10)
C(13)
C(45)
Cc(41)
C(31)
C2)
CE)
C(14)
C(12)
C(15)
C(19)
CE)
CE)
C(9)
C(36)
C(34)

Atom
C(25)
C(45)
C(42)
C(2)
Cc@an
C(27)
C(25)
C(25)
C(10)
C(45)
C(45)
C(41)
0(2)
0(2)
0(3)
O(4)
O(4)
N(1)
N(1)
N(1)
C(14)
0(8)
0(®)
0(9)
C(13)
C(13)
C(15)

1.3631(13)
1.4519(13)
1.4710(12)
1.3606(13)
1.4580(13)
1.4785(13)
1.1998(14)
1.5392(14)
1.5246(14)
1.4986(15)
1.3818(15)
1.3892(15)
1.5341(14)
1.3884(16)
1.3964(16)
1.3933(15)
1.5357(16)

Table 41. Bond Angles for 2,6-syn-242a

Angle/*
121.75(8)
121.25(8)
115.27(9)

116.66(10)
116.01(10)
116.58(10)
118.34(8)
119.85(8)
121.02(8)
119.14(8)
120.63(8)
120.17(8)
125.41(10)
110.60(8)
123.98(10)
112.09(8)
106.05(8)
110.84(8)
114.57(8)
110.74(9)
112.02(8)
124.59(9)
110.91(9)
124.49(9)
117.85(9)
124.14(10)
117.97(10)
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C(27)
C®)
C(43)
C(15)
C(19)
C(37)
C(38)
C(9)
C(20)
C(20)
C(20)
C(40)
C(46)
C(46)
C(46)
C(6)
c()

Atom
C@)
C(33)
C(41)
C(33)
C(33)
C(42)
C(42)
C(42)
C(30)
C(32)
C(32)
C(18)
C(16)
C(16)
C(34)
C(28)
C(44)
C(44)
0O(11)
C(34)
C(34)
C(6)
C(12)
C(44)
C(16)
C(18)
C(27)

C(44)
C(6)
C(44)
C(16)
C(18)
C(38)
C(39)
C(8)
C(21)
C(23)
C(22)
C(39)
C(47)
C(49)
C(48)
C()
C(8)

Atom
C(2)
C(32)
C(34)
C(34)
C(34)
C(34)
C(34)
C(34)
C(31)
C(31)
C(31)
c@am
c@m
Cc@m
C(33)
C(27)
C(27)
C(27)
C(42)
C(42)
C(42)
C(5)
C(11)
C(43)
C(15)
C(19)
C(28)

1.3887(17)
1.3954(17)
1.3886(17)
1.3865(16)
1.3849(16)
1.3818(18)
1.3831(18)
1.3828(18)
1.5165(16)
1.5096(17)
1.5153(17)
1.3877(18)
1.5156(17)
1.5058(19)
1.5169(19)
1.378(2)
1.383(2)

Atom
0(5)
C(31)
C(35)
C(35)
C(41)
C(35)
C(41)
C(33)
N(2)
N(2)
C(30)
o)
0(1)
C(18)
C(32)
o(7)
o(7)
C(28)
0(12)
0(12)
0O(11)
C(4)
C@)
C(30)
C(14)
C(14)
C(29)

Angle/®
125.41(11)
124.83(10)

113.92(9)
112.07(9)
107.48(9)
106.09(9)
107.57(8)
109.57(9)
112.39(8)
110.12(9)
113.91(9)
116.06(10)
124.40(11)
119.54(10)
121.93(10)
115.84(10)
124.49(11)
119.66(11)
124.04(10)
110.76(9)
125.15(10)
120.57(11)
122.22(10)
121.47(11)
121.89(11)
120.74(11)
120.01(10)



C()
C(9)
C(9)
C(34)
C(40)
C(40)
C(31)
C(43)
C(43)
C(4)
C(2)
C(2)
C(11)
C(11)
C(11)
C(28)
N(2)
C(34)
C(34)
C(37)
C(11)
0(5)
CE)

A
0(2)
0(2)
O(4)
O(4)
O(4)
O(4)
O(4)

0(10)

0(10)

0(10)

0(10)

0(10)
O(8)
O(8)
0(9)
0(9)
0(3)
0@3)

0(12)

0(12)

0(12)

B
C(25)
C(25)
C(10)
C(10)
C(10)
C(10)
C(10)
C(41)
C(41)
C(41)
C(41)
C(41)
C(45)
C(45)
C(45)
C(45)
C(25)
C(25)
C(42)
C(42)
C(42)

C(4)
C@)
C(4)
C(35)
C(35)
C(35)
C(30)
C(30)
C(30)
c@)
CE)
CE)
c@)
CE)
c@)
C(29)
C(41)
C(41)
C(41)
C(36)
C(12)
C@)
C@)

C
N(1)
N(1)
N(1)
N(1)
CE)
CE)
CE)
N(2)
N(2)

C(34)

C(34)

C(34)
N(2)
N(2)
N(2)
N(2)
N(1)
N(1)

C(34)

C(34)

C(34)

c(@3)
c(@)
C(5)
C(36)
C(36)
C(34)
C(29)
C(29)
C(31)
C(10)
C(10)
C(4)
C(10)
C(4)
c(2)
C(30)
0(10)
0(10)
N(2)
C(35)
C(13)
0(6)
0(6)

D
C(10)
C(13)
C(25)
C(13)
C(4)
C(2)
C(11)
C(45)
C(31)
C(35)
C(33)
C(42)
C(41)
C(31)
C(41)
C(31)
C(10)
C(13)
C(35)
C(41)
C(33)

123.84(10)
117.88(10)
118.25(10)
118.44(10)
117.87(11)
123.60(10)
119.91(10)
118.03(11)
122.02(10)
114.34(9)
106.54(8)
107.23(8)
108.30(8)
110.26(8)
110.07(9)
121.23(10)
112.67(9)
106.64(8)
109.19(8)
121.26(11)
125.06(10)
124.32(11)
110.27(9)

C(38)
C(39)
C(8)
C(21)
C(23)
C(23)
C(22)
C(22)
C(22)
C(19)
C(43)
C(39)
C(47)
C(49)
C(49)
C(48)
C(48)
C(48)
C(15)
C(40)
c()
C(8)
c()

Table 42. Torsion Angles for 2,6-syn-242a

Angle/®
-177.86(8)
-7.91(10)
101.26(9)
-68.58(9)
-165.26(7)
-47.00(9)
71.37(9)
113.17(9)
-64.17(10)
-167.85(8)
67.35(9)
-50.57(9)
175.55(8)
-7.11(11)
-3.33(14)
174.00(11)
3.11(13)
173.07(10)
70.11(10)
-52.16(10)
-168.72(9)
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A
N(1)
N(1)
N(2)
N(2)
N(2)
N(2)
N(2)
N(2)
O(5)
0(5)
O(5)

C(10)

C(10)

C(10)

C(13)

C(13)

C(13)

C(14)

C(14)
C(4)
C(4)

B
C(13)
C(13)
C(41)
C(41)
C(41)
C(31)
C(31)
C(31)
C@)
C@)
C@)
CE)
CE)
CE)
C(14)
C(14)
C(12)
C(15)
C(19)
CE)
C()

C(37)
C(38)
C(9)
C(20)
C(20)
C(20)
C(20)
C(20)
C(20)
C(18)
C(44)
C(40)
C(46)
C(46)
C(46)
C(46)
C(46)
C(46)
C(16)
C(39)
C(6)
c()
C(8)

C
C(14)
C(12)
C(34)
C(34)
C(34)
C(30)
C(30)
C(32)
c(@3)
c(3)
c(3)
C(4)
C(4)
C(11)
C(15)
C(19)
C(11)
C(16)
C(18)
C(11)
C(6)

C(36)
C(37)
C(4)
0(2)
0(2)
C(21)
0(2)
C(21)
C(23)
c(17)
C(27)
C(35)
0(8)
0(8)
C(47)
0(8)
C(47)
C(49)
C(17)
C(38)
CE)
C(6)
C()

D
C(19)
C(11)
C(35)
C(33)
C(42)
C(29)
C(43)
C(33)
C(10)
c()
C(11)
C(5)
C(9)
C(12)
C(16)
C(18)
c@)
C(17)
c(17)
C(12)
c(7)

120.29(11)
119.22(11)
121.06(12)
109.79(9)
109.99(9)
112.85(11)
101.07(9)
111.18(11)
111.34(11)
120.41(11)
119.53(11)
120.81(11)
102.09(9)
110.41(10)
111.03(11)
108.89(10)
110.40(11)
113.41(13)
119.40(11)
120.51(11)
120.32(13)
119.68(12)
120.11(12)

Angle/
-27.82(12)
-7.44(11)
70.14(9)
-54.65(9)
-172.57(9)
119.97(9)
-57.89(10)
-10.01(11)
117.90(12)
-119.26(12)
0.69(13)
8.41(11)
-173.92(9)
28.38(11)
-177.08(10)
175.64(11)
1.01(14)
1.58(14)
1.02(14)
-97.42(10)
0.89(13)



0O(6)
0O(6)
0O(6)
0(11)
0(11)
0(11)
o@)
o@)
o)
o)
N(1)
N(1)
N(1)
N(1)

c(2)
c(2)
c(2)
C(42)
C(42)
C(42)
c(17)
c(17)
c(27)
C(27)
C(10)
C(10)
C(10)
C(13)

CE)
CE)
CE)
C(34)
C(34)
C(34)
C(18)
C(16)
C(28)
C(44)
CE)
CE)
CE)
C(14)

C(10)  -62.95(9)
C(4)  59.89(9)
C(11) 179.85(9)
C(35) -107.41(13)
C(41) 130.32(13)
C(33) 13.76(14)
C(19) -177.89(11)
C(15) 176.55(12)
C(29) 176.68(9)
C(43) -177.79(11)
C(4)  72.86(9)
C(2) -168.88(9)
C(11) -50.51(9)
C(15) 149.81(9)

C(4)
C(35)
C(35)
C(35)
C(30)
C(30)
C(30)
C(29)
C(41)
C(36)
C(32)
C(5)
C(37)
C(9)

C(9)
C(36)
C(34)
C(40)
C(29)
C(31)
C(43)
C(28)
C(34)
C(37)
C(33)
C(6)
C(38)
C(8)

C(8)
C(37)
C(33)
C(39)
C(28)
C(32)
C(44)
c(27)
C(33)
C(38)
C(34)
c(7)
C(39)
c(7)

c(7)
C(38)
C(32)
C(38)
C(27)
C(33)
C(27)
C(44)
C(32)
C(39)
C(42)
Cc(8)
C(40)
C(6)

0.49(14)
0.03(13)
-96.49(10)
-0.21(14)
1.32(12)

-137.32(10)

1.05(13)
-2.60(13)
29.41(11)
-1.73(13)
146.02(11)
-0.38(14)

1.82(13)
-0.30(15)

Table 43. Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement Parameters (A2x103) for 2,6-syn-242a

Atom
H(4)
H(10a)
H(10)
H(13)
H(29)
H(41)
H(36)
H(12)
H(32)
H(31)
H(33)
H(5)
H(11)
H(43)
H(15)
H(19)
H(28)
H(37)
H(38)
H(9)
H(18)
H(44)
H(40)
H(16)
H(39)
H(6)
H(7)
H(21A)
H(21B)
H(21C)

X
1709(2)
4852(7)

2094.3(9)
1366.7(10)
7149.7(10)
3475.9(10)
4422.0(11)
-825.8(10)
7318.0(11)
5796.4(10)
6222.3(11)
2422.2(12)
-1513.3(10)
6933.0(11)
839.4(11)
1958.0(12)
8475.3(10)
2898.7(12)
1011.8(12)
-1362.2(12)
2400.9(12)
8205.8(11)
2235.3(12)
1206.1(12)

713.9(12)
2675.8(14)
921.7(15)

4925(6)
5509(9)
6297(4)

y
4137(10)

5176.5(14)
3786.0(9)
339.2(9)
8239.6(10)
5934.7(9)
9844.9(10)
84.6(10)
9101.9(10)
8349.6(9)
9084.1(10)
3026.0(11)
1261.0(10)
6093.7(11)
-1060.2(10)
2530.4(11)
7369.3(11)
10755.4(11)
9714.1(11)
1527.5(11)
2119.1(11)
5163.2(11)
6871.2(11)
-1490.1(11)
7791.6(12)
2636.2(12)
1668.7(12)
2288(6)
3318(2)
2515(7)
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zZ
7242(5)
8385(6)
8244.7(5)
7403.9(5)
6494.3(6)
8159.3(5)
9348.6(6)
6958.9(6)
8407.1(6)
7298.0(6)
9293.6(6)
9139.0(6)
7713.5(6)
7904.9(6)
6308.1(6)
6304.5(6)
5936.2(6)
9221.2(6)
8451.7(6)
9007.7(6)
5169.3(6)
7327.8(7)
7896.1(6)
5157.5(6)
7768.7(6)
10264.1(6)
10750.4(7)
6535(2)
7223(3)
6916(5)

U(eq)

41.8(3)
43.3(3)
26.8(2)
27.7(3)
32.7(3)
29.9(3)
35.1(3)
33.9(3)
33.8(3)
30.4(3)
34.0(3)
37.1(3)
34.3(3)
38.1(3)
36.3(3)
37.6(3)
35.9(3)
39.7(3)
39.0(3)
40.0(3)
41.6(3)
40.1(3)
40.4(3)
40.6(3)
42.7(3)
46.7(3)
51.2(4)
60.7(4)
60.7(4)
60.7(4)



H(23A)
H(23B)
H(23C)
H(50a)
H(50b)
H(50c)
H(47a)
H(47b)
H(47c)
H(8)
H(1A)
H(1B)
H(1C)
H(22A)
H(22B)
H(22C)
H(26a)
H(26b)
H(26¢)
H(49a)
H(49b)
H(49c)
H(24A)
H(24B)
H(24C)
H(48a)
H(48b)
H(48c)

5748(9)
5223(5)
6487(4)
2143(6)
3595(5)
2778(10)
4621(9)
5270(4)
4086(5)

-1099.3(15)

-267(10)
-798(6)
591(4)

4337(10)
4218(9)

5557.3(16)
9953(10)
9949(10)

8687.8(15)

4188(3)
2781(9)

3093(12)

2464(11)
2668(9)
1287(2)
1861(5)

2557.8(14)

1905(6)

2732(4)
1343(6)
1847(10)
5185(6)
5682(10)
6541(4)
7982.1(15)
6983(8)
6919(7)
1108.2(12)
5883(7)
5376(3)
6314(4)
-281.4(16)
97(4)
230(3)
4354(8)
4946(3)
4007(5)
4855(2)
4511.5(15)
4765(3)
-1070(3)
-1353(5)
-1632(3)
6179(9)
7488(2)
6368(10)
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8389(2)
8438.3(19)
8129.9(8)
9967.6(11)
10281(3)
10405(2)
5490(4)
5332(5)
4813.1(13)
10116.9(7)
8512.2(11)
9160(5)
9256(5)
7335(3)
6603(3)
6991(6)
6075(4)
6862(3)
6400(6)
5548(6)
5700(5)
4957.8(14)
3627(3)
4380(3)
3993(6)
6022(5)
5881(6)
5243.4(14)

64.6(5)
64.6(5)
64.6(5)
65.4(5)
65.4(5)
65.4(5)
68.3(5)
68.3(5)
68.3(5)
51.2(4)
69.5(5)
69.5(5)
69.5(5)
73.6(5)
73.6(5)
73.6(5)
80.4(6)
80.4(6)
80.4(6)
82.4(6)
82.4(6)
82.4(6)
79.2(6)
79.2(6)
79.2(6)
79.5(6)
79.5(6)
79.5(6)



1-(tert-Butyl) 3-methyl (3R*,6S*)-6-(4-methoxyphenyl)-3-phenyl-3,6-dihydropyridine-
1,3(2H)-dicarboxylate (247)

Table 44. Crystal data and structure refinement for 247

Identification code S108

Empirical formula C25H31NOs

Formula weight 42551

Temperature/K 123.01(10)

Crystal system triclinic

Space group P-1

alA 8.6885(3)

b/A 10.3887(4) /\
c/A 12.6281(5)

a/° 80.825(3) "\, \
pre 89.457(3) |

y/° 76.064(3) —’\\l\
Volume/A3 1091.64(7)
z 2 ¢
Peaicg/cm?® 1.295

wmm? 0.726

F(000) 456.0

Crystal size/mm?3 0.158 x 0.08 x 0.056

Radiation CuKo (A= 1.54184)

20 range for data collection/° 7.094 to 148.32

Index ranges -10<h<10,-11<k<12,-15<1<15
Reflections collected 26643

Independent reflections 4377 [Rint = 0.0431, Rsigma = 0.0237]
Data/restraints/parameters 4377/0/285

Goodness-of-fit on F2 1.026

Final R indexes [[>=2c (I)] R1 =0.0373, wR2 = 0.0956

Final R indexes [all data] R1=0.0473, wR> = 0.1030

Largest diff. peak/hole / e A3 0.29/-0.18

Table 45. Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement Parameters (A2x103) for 247. Ueq is
defined as 1/3 of the trace of the orthogonalised U\, tensor.

Atom X y z U(eq)
0(1) -775.4(10) 4898.8(9) 8367.4(7) 26.9(2)
0(2) -577.2(12) 3092.8(11) 7521.3(8) 36.6(2)
O(4) 4107.4(11) 7752.2(10) 6286.8(8) 33.9(2)
0O(3) 2484.0(11) 7894.0(10) 7675.1(7) 31.9(2)
O(5) 7412.1(13) 166.1(11) 9046.1(9) 43.5(3)
N(1) 1141.0(12) 4446.9(11) 7189.0(9) 25.6(2)
C(7) 2126.6(14) 6442.5(13) 6461.5(10) 24.0(3)

C(23) 3030.7(15) 7422.2(13) 6781.8(10) 25.3(3)

C(14) 3187.8(15) 5563.9(14) 5732.4(10) 26.6(3)
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C(6) 1817.3(15) 5507.5(13) 7475.2(10) 23.9(3)

C(15) 2471.0(16) 4440.8(14) 5491.7(10) 28.1(3)
C(9) 653.6(16) 8074.5(14) 4881.3(11) 30.1(3)
C(5) -113.8(15) 4063.0(14) 7681.1(10) 26.9(3)
c(17) 3574.0(16) 2645.1(13) 7149.4(11) 27.9(3)
C(13) -876.1(15) 7483.8(14) 6374.0(11) 29.5(3)
C(8) 584.5(15) 7327.0(13) 5889.2(10) 25.0(3)
C(2) -2267.8(15) 4772.4(15) 8886.2(11) 29.0(3)
C(16) 2117.6(15) 3558.1(13) 6512.9(10) 27.1(3)
C(18) 4977.2(16) 2102.8(14) 6670.7(11) 31.3(3)
C(22) 3509.4(17) 2279.4(14) 8259.3(11) 31.9(3)
C(12) -2231.0(16) 8362.9(15) 5866.8(12) 33.4(3)
c(21) 4791.2(18) 1455.4(15) 8865.0(11) 35.1(3)
C(24) 3273.2(18) 8833.0(15) 8032.4(12) 35.4(3)
C(11) -2139.6(17) 9112.0(15) 4874.0(12) 34.2(3)
C(19) 6279.5(17) 1265.3(15) 7269.2(12) 34.9(3)
C(10) -693.8(18) 8965.9(15) 4379.5(11) 34.7(3)
C(1) -2614.7(17) 5952.8(16) 9492.8(12) 36.6(3)
C(20) 6193.3(18) 957.5(14) 8373.1(12) 34.0(3)
c(3) -2008.0(18) 3455.0(16) 9655.4(12) 38.5(3)
C(4) -3560.9(17) 4916.1(18) 8048.3(13) 41.5(4)
C(25) 8926.7(19) -234.5(18) 8588.7(14) 46.7(4)

Table 46. Anisotropic Displacement Parameters (A2x103) for 247. The Anisotropic displacement factor exponent takes the
form: -2z?[h%a*2U11+2hka*b*Usz+...J.

Atom Un U2 Uss Uz2s Uis U1z
o) 23.8(4) 27.5(5) 30.2(5) -6.0(4) 6.4(3) -7.0(4)
0(2) 37.1(5) 34.9(6) 44.8(6) -13.5(5) 11.8(4) -17.7(5)
0o4) 29.0(5) 32.5(6) 41.0(5) -3.4(4) 5.3(4) -11.2(4)
0(3) 37.0(5) 31.3(5) 31.9(5) -8.4(4) 4.7(4) -14.6(4)
0O(5) 40.9(6) 36.8(6) 40.7(6) 4.8(5) 4.2(5) 6.4(5)
N(1) 24.9(5) 23.2(6) 30.1(5) -7.4(4) 6.0(4) -6.5(4)
C() 23.4(6) 22.9(6) 24.9(6) -2.8(5) 2.9(5) -4.9(5)
C(23) 23.9(6) 21.4(6) 27.5(6) 1.3(5) -1.9(5) -2.8(5)
C(14) 25.5(6) 26.4(7) 26.4(6) -2.4(5) 4.3(5) -4.5(5)
C(6) 23.7(6) 21.7(6) 25.9(6) -3.4(5) 2.1(5) -5.1(5)
C(15) 27.6(6) 28.8(7) 27.3(6) -7.9(5) 2.4(5) -3.7(5)
C(9) 29.9(7) 30.7(7) 28.9(7) -3.6(5) 1.2(5) -6.4(6)
C(5) 26.0(6) 25.4(7) 29.0(6) -3.9(5) 2.8(5) -6.3(5)
Cc(@17) 31.6(7) 20.6(6) 32.2(7) -4.9(5) 6.4(5) -7.6(5)
C(13) 27.6(6) 25.5(7) 33.3(7) -2.0(5) 2.1(5) -4.1(5)
C(8) 25.9(6) 21.7(6) 27.8(6) -5.5(5) -0.6(5) -5.6(5)
C(2) 21.4(6) 34.2(8) 30.1(7) -2.7(5) 5.2(5) -6.2(5)
C(16) 28.2(6) 23.3(7) 31.9(7) -9.4(5) 5.6(5) -7.0(5)
C(18) 34.8(7) 27.2(7) 30.7(7) -3.2(5) 9.3(5) -6.2(6)
C(22) 35.6(7) 23.9(7) 34.2(7) -5.6(5) 11.0(6) -3.3(6)
C(12) 26.3(6) 28.5(7) 43.9(8) -6.1(6) 1.0(6) -3.3(6)
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c(21)
C(24)
C(11)
C(19)
C(10)
c(1)
C(20)
c(3)
C(4)
C(25)

Atom
C(5)
C(23)
C(20)
C(6)
C(5)
C(5)
C(23)
C(23)
C(23)
C(6)
C(8)
C(8)
O(4)

43.8(8)
42.4(8)
32.4(7)
34.1(7)
40.9(8)
30.2(7)
38.0(7)
41.6(8)
26.5(7)
39.2(8)

Atom
0(1)
0(1)
0(2)
O(4)
0(3)
0(@3)
0(5)
0(5)
N(1)
N(1)
N(1)
C(7)
C(7)
C(7)
C(7)
C(14)
C(15)

Atom
0(1)
0(3)
0(5)
N(1)
N(1)
N(1)
C(7)
C(7)
C(7)
C(7)
C(7)
C(7)

C(23)

Atom
C(5)
C(2)
C(5)

C(23)

C(23)

C(24)

C(20)

C(25)
C(6)
C(5)

C(16)

C(23)

C(14)
C(6)
C(8)

C(15)

C(16)

Atom
C(2)
C(24)
C(25)
C(16)
C(6)
C(16)
C(14)
C(6)
C(8)
C(14)
C(14)
C(6)
0(3)

26.1(7)
31.0(8)
25.4(7)
28.8(8)
29.8(8)
39.0(9)
22.4(7)
38.9(9)
52.5(10)
39.9(9)

31.7(7)
35.5(7)
43.0(8)
38.1(7)
31.2(7)
39.1(8)
37.1(7)
34.4(7)
43.8(8)
50.8(9)

-1.4(6)
-4.7(6)
-5.4(6)
-3.1(6)
-0.8(6)
-8.9(6)
0.4(6)
1.1(6)
-6.4(7)
-1.3(7)

Table 47. Bond Lengths for 247

Length/A
1.3512(16)
1.4718(15)
1.2167(16)
1.2077(16)
1.3388(16)
1.4470(16)
1.3764(18)
1.4272(19)
1.4604(16)
1.3607(16)
1.4703(16)
1.5293(18)
1.5420(17)
1.5418(17)
1.5412(17)
1.5193(18)
1.5327(18)

Table 48

Angle/
120.34(10)
115.92(10)
117.34(11)
115.90(10)
124.14(11)
118.34(11)
108.17(10)
109.26(10)
105.57(10)
107.79(10)
113.16(10)
112.74(10)
123.17(12)

Atom
C(9)
C(9)

c(@m

C(17)

c(@m

C(13)

C(13)
C(2)
C(2)
C(2)

C(18)

C(22)

C(12)

C(21)

C(11)

C(19)

. Bond Angles for 247
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Atom
C(22)
C(8)
C(9)
C(13)
C(13)
0(1)
0(1)
0(1)
C(1)
C(4)
C(4)
N(1)
N(1)

Atom
C(8)
C(10)
C(16)
C(18)
C(22)
C(8)
C(12)
C(1)
C(3)
C(4)
C(19)
C(21)
C(11)
C(20)
C(10)
C(20)

Atom
C(17)
C(13)
C(8)
C(8)
C(8)
C(2)
C(2)
C(2)
C(2)
C(2)
C(2)
C(16)
C(16)

7.2(6)
-4.1(6)
-9.6(6)
11.2(6)
-6.0(6)
9.3(6)
3.4(6)
7.0(6)
-1.7(6)
1.1(7)

Length/A
1.3902(18)
1.391(2)
1.5314(19)
1.3903(19)
1.3967(19)
1.3890(18)
1.3929(19)
1.516(2)
1.516(2)
1.5151(19)
1.393(2)
1.381(2)
1.379(2)
1.386(2)
1.384(2)
1.385(2)

Atom
C(16)
C(12)
C(7)
C(7)
C(9)
C(1)
C@)
C(4)
C@)
C(1)
C@)
C(15)
Cc@17)

-3.7(6)
-14.2(6)
-3.0(6)
-2.1(6)
-6.8(6)
-4.1(6)
-2.3(6)
-13.5(7)
-7.0(7)
6.0(7)

Angle/
119.98(12)
121.08(13)
119.51(11)
122.37(11)
117.97(12)
101.87(11)
110.18(11)
110.38(11)
110.76(12)
111.06(12)
112.14(13)
107.73(11)
110.67(10)



O(4)
0@3)
C(15)
N(1)
C(14)
C(8)
O(1)
0(2)
0(2)
C(18)
C(18)

Table 49.

C(23)
C(23)
C(14)
C(6)
C(15)
C()
C)
C)
C)
C(17)
C(17)

C(7)
C(7)
C(7)
C()
C(16)
C(10)
N(1)
0(1)
N(1)
C(16)
C(22)

124.44(12)
112.38(10)
111.71(10)
110.79(10)
112.49(10)
121.05(13)
111.20(11)
124.57(12)
124.24(12)
123.09(12)
116.89(13)

C(17)
C(17)
c(21)
C(11)
C(22)
C(12)
C(20)
C(11)
0(5)
0(5)
C(19)

C(16)
C(18)
C(22)
C(12)
c(21)
C(11)
C(19)
C(10)
C(20)
C(20)
C(20)

C(15)
C(19)
c(17)
C(13)
C(20)
C(10)
C(18)
C(9)
C(21)
C(19)
C(21)

115.46(11)
121.85(13)
121.98(13)
120.29(13)
120.05(13)
119.34(13)
119.77(13)
120.27(13)
115.76(12)
124.83(13)
119.41(13)

Hydrogen Atom Coordinates (Ax104) and Isotropic Displacement Parameters (A2x103) for 247

Atom
H(14A)
H(14B)

H(6A)

H(6B)
H(15A)
H(15B)

H(9)

H(13)

H(16)

H(18)

H(22)

H(12)

H(21)
H(24A)
H(24B)
H(24C)

H(11)

H(19)

H(10)

H(1A)

H(1B)

H(1C)

H(3A)

H(3B)

H(3C)
H(4A)

H(4B)

H(4C)
H(25A)
H(25B)
H(25C)

y

3331.92 6121.95
4222.9 5178.09
2805.91 5107.4
1091.97 6027.71
3199.36 3884.51
1494.73 4829.18
1616.1 7976.84
-950.61 6993.81
1474.5 2980.3
5048.46 2304.77
2574.99 2600.48
-3201.65 8444.93
4713.93 1234.27
3113.35 9628.77
4388.28 8426.56
2841.36 9066.83
-3040.63 9709.59
7203.57 914.22
-622.69 9465.83
-1751.17 5864.89
-3574.01 5966.66
-2738.69 6774.13
-1797.25 2721.69
-2941.38 3440.76
-1120.93 3368.5
-3583.9 5695.45
-4567.59 5012.93
-3350.39 4131.13
8856.39 -7191.72
9687.7 -7129.71
9254.88 548.38
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z
5064.07
6080.99
7880.33
7926.18
5065.34
5070.15
4537.01
7048.25
6300.14
5930.23

8600.5
6199.32
9603.44
7501.67
8134.48
8698.05
4539.99
6928.74
3708.93
9988.99

9879.1

8994.4
9256.17

10065.61
10131.36
7519.61
8386.22
7707.99
8062.12
9142.87
8253.55

U(eq)

32
32
29
29
34
34
36
35
33
38
38
40
42
53
53
53
41
42
42
55
55
55
58
58
58
62
62
62
70
70
70



(3S,6R)-1-((tert-Butoxycarbonyl)-L-valyl)-6-(4-methoxyphenyl)piperidine-3-carboxylic
acid (259hb)

Table 50. Crystal data and structure refinement for 259b

Identification code T085

Empirical formula C24Cl25H355N206

Formula weight 536.691

Temperature/K 123.15

Crystal system orthorhombic

Space group P2:2:2,

alA 10.1634(2)

b/A 12.4846(2)

c/A 21.8922(4)

a/° 90

pre 90

v/° 90

Volume/A3 2777.81(9)

VA 4

Peaicg/cm® 1.283

wmm 2.873

F(000) 1143.1

Crystal size/mm?® 0.29 x 0.19 x 0.09
Radiation CuKa (A=1.54184)

20 range for data collection/° 8.08 to 147.6

Index ranges -12<h<10,-14<k<15,-26<1<24
Reflections collected 16194

Independent reflections 5461 [Rint = 0.0216, Rsigma = 0.0193]
Data/restraints/parameters 5461/0/350
Goodness-of-fit on F2 1.039

Final R indexes [[>=2c (I)] R1 = 0.0545, wR; = 0.1499
Final R indexes [all data] R1=10.0552, wR2 = 0.1504
Largest diff. peak/hole / e A3 0.34/-0.22

Flack parameter 0.2(6)

Table 51. Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement Parameters (A2x103) for 259b.
Ueq is defined as 1/3 of the trace of the orthogonalised U, tensor.

Atom X y z U(eq)
0(001) 4595.7(18) 2932.8(13) 7236.9(8) 35.9(4)
0(002) 5843.5(19) -889.7(15) 6797.9(8) 40.7(4)
0(003) 8864.7(18) 3528.1(16) 7371.2(8) 43.2(4)
0(004) 8471(2) 2040.2(16) 6800.7(9) 47.1(5)
0(005) 5928(2) 5417.2(16) 4458.4(9) 48.6(5)
0(006) 3771(2) -1025.4(17) 6461.9(9) 50.3(5)
N(007) 5138.6(19) 1800.4(15) 6484.1(8) 29.4(4)
N(008) 7269(2) 2415(2) 7647.1(9) 37.2(5)
C(009) 5275(2) 2173.6(19) 7058.5(10) 30.6(5)
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C(00B) 6031(3) 1063(2) 6165.7(11) 33.1(5)

C(00C) 6234(2) 1652(2) 7506.4(10) 30.6(5)
C(00D) 8236(2) 2614(2) 7226.5(11) 34.7(5)
C(00E) 5656(3) 3662(2) 5763.1(11) 39.3(6)
C(00F) 5300(3) 88(2) 5910.4(10) 34.8(5)
C(00G) 4603(3) 3002.1(19) 5619.9(11) 34.9(5)
C(00H) 4072(2) 2226.7(19) 6096.1(11) 32.9(5)
c(001) 4870(3) -664.7(19) 6414.3(11) 35.3(5)
C(00J) 4146(3) 459.2(19) 5512.7(11) 37.5(5)
C(00K) 5444(3) 4600(2) 4813.6(12) 41.2(6)
c(00L) 5493(2) 1322(2) 8095.8(11) 34.9(5)
C(00M) 4242(3) 698(2) 7960.6(12) 39.6(6)
C(00N) 3290(3) 1269(2) 5849.9(12) 36.1(5)
C(000) 6081(3) 4447(2) 5370.8(11) 38.7(5)
C(00P) 4419(3) 3942(2) 4652.4(13) 47.3(7)
C(00Q) 9915(3) 3944(3) 6977.4(13) 48.5(7)
C(00S) 4005(3) 3141(2) 5054.8(14) 45.9(6)
C(00T) 6402(3) 669(3) 8502.5(14) 60.6(9)
C(00V) 5410(4) 5517(3) 3853.1(14) 62.0(9)
C(00V) 10270(4) 4981(3) 7290.8(18) 68.8(11)
C(00W) 9381(7) 4169(4) 6351.9(18) 107(2)
C(00X) 11047(4) 3200(4) 6990(4) 139(3)

Table 52. Anisotropic Displacement Parameters (A2x103) for 259b. The Anisotropic displacement factor exponent takes the
form: -2z?[h%a*2U11+2hka*b*Usz+...J.

Atom Un U2 Uss U2 Uis Uzs
0(001) 42.7(9) 31.4(8) 33.7(8) 1.7(7) -5.4(7) -6.1(7)
0(002) 51.3(10) 37.9(9) 32.9(8) 7.3(8) -4.2(8) 6.7(7)
0(003) 37.009) 54.9(11) 37.5(9) -16.9(8) 7.6(8) -8.2(8)
0(004) 46.6(10) 47.4(10) 47.3(10) -9.6(9) 17.2(9) -14.2(9)
0(005) 64.4(13) 46.6(10) 34.7(9) 14.2(10) 6.9(9) 11.3(8)
0(006) 44.6(11) 58.1(12) 48.1(11) 4.7(9) 0.8(9) 24.3(10)
N(007) 30.9(9) 30.9(9) 26.4(9) 1.0(8) -1.1(8) 1.5(7)
N(008) 30.9(10) 55.1(13) 25.4(9) -8.7(9) 1.2(8) -2.9(9)
C(009) 30.4(11) 31.9(11) 29.5(11) -3.2(9) 0.3(9) -1.4(9)
C(00B) 34.9(12) 36.0(11) 28.5(11) 6.8(10) 2.3(10) -0.6(9)
C(00C) 31.4(11) 36.8(12) 23.7(11) -0.2(9) 0.7(9) 2.7(9)
C(00D) 27.4(11) 47.6(13) 29.1(11) -1.8(10) 0.7(9) -0.9(10)
C(00E) 44.1(14) 49.2(14) 24.5(11) 0.7(11) 0.5(10) -7.8(10)
C(00F) 43.8(13) 35.9(12) 24.6(10) 4.9(11) 0.4(10) 3.5(9)
C(00G) 42.8(13) 29.5(11) 32.3(11) 11.9(10) -2.8(10) -3.5(9)
C(00H) 31.6(11) 36.2(12) 30.8(11) 6.2(10) -4.7(9) -4.0(9)
c(oor) 44.3(14) 33.2(11) 28.4(11) 7.7(10) 1.9(10) -1.2(9)
C(00J) 51.3(15) 31.6(12) 29.6(11) 2.3(11) -8.3(11) 2.1(9)
C(00K) 54.0(15) 35.9(12) 33.6(12) 14.0(12) 4.5(11) 4.2(10)
c(ooL) 35.6(12) 42.0(13) 27.1(11) -2.7(10) 4.4(9) 2.9(10)
C(00M) 40.5(13) 38.5(12) 39.9(13) -6.6(11) 9.4(11) 0.0(10)
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C(0ON)
C(000)
C(00P)
C(00Q)
C(00S)
C(00T)
C(00U)
C(00V)
C(00W)
C(00X)

Atom
C(00Q)
C(00V)
C(00B)
C(00H)
C(00H)
C(00D)
N(007)
C(00C)
C(00C)
C(00F)
C(009)
C(ooL)
c(ooL)
0O(004)

39.6(13)
44.1(14)
62.3(18)
41.8(14)
53.2(16)
40.9(14)
82(2)
67(2)
180(6)
36.4(19)

Atom
0(001)
0(002)
0(003)
0(003)
0(004)
0(005)
0(005)
0(006)
N(007)
N(007)
N(007)
N(008)
N(008)
C(009)
C(00B)
C(00C)

Atom

0(003)
0(005)
N(007)
N(007)
N(007)
N(008)
C(009)
C(009)
C(009)
c(ooB)
C(00C)
C(00C)
C(00C)
C(00D)

30.7(11)
43.8(13)
41.4(13)
55.8(16)
35.0(13)
99(3)
64.9(19)
71(2)
93(3)
76(3)

38.1(12)
28.1(11)
38.2(13)
47.9(15)
49.5(15)
41.8(15)
39.7(15)
69(2)
49.2(19)
305(10)

0.7(10)
-2.8(12)
6.5(13)
-14.1(13)
2.7(12)
8.1(16)
28.1(18)
-38.2(18)
-79(4)
0(2)

Table 53. Bond Lengths for 259b

Atom  Length/A
C(009)  1.236(3)
c(ool)  1.328(3)
C(00D)  1.346(3)
C(00Q)  1.467(3)
C(00D)  1.200(3)
C(00K)  1.374(3)
C(00U)  1.431(4)
C(00l)  1.209(3)
C(009)  1.348(3)
C(00B)  1.468(3)
C(O0H)  1.476(3)
C(00C)  1.453(3)
C(00D)  1.369(3)
C(00C)  1.528(3)
C(00F)  1531(4)
C(00L)  1.550(3)

Atom
C(00E)
C(OOE)
C(00F)
C(00F)
C(00G)
C(00G)
C(00H)
C(00J)
C(00K)
C(00K)
c(ooL)
c(ooL)
C(00P)
C(00Q)
C(00Q)
C(00Q)

Table 54. Bond Angles for 259b

Atom Angle/®
C(00D)  120.5(2)
C(00K)  117.2(3)
C(009) 126.6(2)
C(009) 119.19(19)
C(00B) 113.98(18)
C(00C)  119.7(2)
0O(001) 120.1(2)
0O(001) 118.7(2)
N(007) 121.1(2)
N(007) 111.9(2)
N(008) 108.54(19)
N(008)  110.49(19)
C(009) 109.74(19)
0O(003) 126.5(2)
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Atom
C(00G)
C(00N)
C(00ON)
0O(006)
C(00F)
C(00F)
C(00N)
C(000)
C(00P)
C(00P)
C(00M)
C(00T)
C(00T)
C(00J)

-7.5(10)
3.2(10)
-16.7(13)
17.0(12)
-17.5(13)
5.6(12)
4.4(15)
27.7(18)
14(3)
52(4)

Atom  Length/A
C(00G)  1.387(4)
C(000)  1.373(4)
C(00l)  1514(3)
C(00J)  1.533(3)
C(OOH)  1521(4)
C(00S)  1.389(4)
C(OON)  1.534(3)
C(0ON)  1.525(4)
C(000)  1.394(4)
C(00P)  1.373(4)
C(00M)  1.520(3)
C(00T)  1.520(4)
C(00S)  1.397(4)
C(00V)  1.510(4)
C(00W)  1.499(6)
C(00X)  1.479(5)

Atom Atom
C(00H) N(007)
C(00H) N(007)
C(00H) C(00G)

C(ool) 0(002)

c(ool) 0(002)

c(ool) 0(006)
C(00J) C(00F)
C(00K) 0(005)
C(00K) 0O(005)
C(00K) C(000)
C(ooL) C(00C)
C(ooL) C(00C)
c(ooL) C(00Mm)
C(00N) C(00H)

-2.0(10)
-5.8(10)
5.2(11)

-10.1(13)

2.7(11)
30.9(17)
16.1(14)

-29.1(18)

7(2)
-18(4)

Angle/*
111.30(19)
107.57(19)

116.0(2)

123.7(2)

112.2(2)

124.1(2)

111.3(2)

115.5(3)

124.8(2)

119.7(3)

112.4(2)

109.5(2)

110.3(2)

113.0(2)



N(008)
N(008)
C(000)
c(oon)
C(00J)
C(00J)
C(00H)
C(00S)
C(00S)

C(00D)
C(00D)
C(00E)
C(00F)
C(00F)
C(00F)
C(00G)
C(00G)
C(00G)

0(003)  109.6(2)
0(004)  123.9(2)
C(00G)  121.7(2)
C(00B) 111.56(19
C(00B)  109.8(2)
C(00l)  112.4(2)
C(00E)  119.8(2)
C(00E)  117.7(3)
C(00H)  122.3(2)

A B C D

0(001) C(009) N(007) C(00B)
0(001) C(009) N(007) C(00H)
0(001) C(009) C(00C) N(008)
0(001) C(009) C(00C) C(00L)
0(002) C(001) C(0OF) C(00B)
0(002) C(00I) C(0OF) C(00J)
0(003) C(00D) N(008) C(00C)
0(004) C(00D) N(008) C(00C)
0(005) C(00K) C(000) C(00E)
0(005) C(00K) C(00P) C(00S)
0(006) C(001) C(0OF) C(00B)
0(006) C(001) C(0OF) C(00J)
N(007) C(009) C(00C) N(008)
N(007) C(009) C(00C) C(00L)
N(007) C(00B) C(0OF) C(001)

)

C(00K)
C(00S)
c(00V)
C(00W)
C(00W)
C(00X)
C(00X)
C(00X)
C(00P)

C(000)
C(00P)
C(00Q)
C(00Q)
C(00Q)
C(00Q)
C(00Q)
C(00Q)
C(00S)

C(00E)
C(00K)
0(003)
0(003)
C(00V)
0(003)
C(00V)
C(00W)
C(00G)

Table 55. Torsion Angles for 259b

Angle/*
167.0(2)
-6.7(3)
-67.5(2)
53.3(2)
-49.2(2)

-173.0(2)
163.33(19)

-17.2(3)
178.9(2)

-179.5(3)

131.1(3)
7.4(3)
114.4(2)

-124.8(2)

-71.6(2)

A B C D
N(007) C(00B) C(00F) C(00J)
N(007) C(00H) C(00G) C(0OE)
N(007) C(00H) C(00G) C(00S)
N(007) C(00H) C(00N) C(00J)
N(008) C(00C) C(00L) C(00M)
N(008) C(00C) C(00L) C(00T)
C(009) C(00C) C(00L) C(00M)
C(009) C(00C) C(00L) C(00T)
C(00B) C(00F) C(00J) C(0ON)
C(00E) C(00G) C(00H) C(0ON)
C(00E) C(00G) C(00S) C(0OP)
C(00E) C(000) C(00K) C(0OP)
C(00F) C(00J) C(0ON) C(00H)
C(00G) C(00H) C(00N) C(00J)
C(00G) C(00S) C(00P) C(0OK)

119.9(3)
119.6(3)
102.2(2)
109.9(3)
110.0(3)
109.4(3)
110.1(4)
114.6(5)
121.3(3)

Angle/*
53.6(2)
-34.9(2)
150.4(2)
-55.4(2)
168.9(2)
-68.1(3)
49.2(2)
172.3(2)
-51.2(2)

-158.3(2)

-2.2(3)
-1.9(3)
54.1(2)
69.9(2)
0.7(3)

Table 56. Hydrogen Atom Coordinates (Ax104) and Isotropic Displacement Parameters (A2x103) for 259b

Atom X
H(00i) 3691(9)
H(00j) 4470(3)
H(00K) 3758(10)
H(00q) 6640(20)
H(0O0r) 7200(13)
H(00t) 5952(11)
H(00u) 5884(19)
H(00v) 5520(30)
H(00w) 4473(8)
H(00x) 9495(9)
H(00y) 10580(30)
H 10970(20)
H(00z) 9250(40)
H(a) 8540(20)
H(b) 10000(20)
H(00) 11150(40)

y
1108(8)
8(7)
576(14)
1(11)
1082(9)
500(20)
6083(16)
4837(8)
5700(20)
5447(10)
4831(3)
5341(13)
3492(5)
4540(30)
4620(30)
2910(40)
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z U(eq)
7677(7) 59.5(8)
7776(9) 59.5(8)

8341.5(18) 59.5(8)
8294(6) 90.9(14)
8588(11) 90.9(14)
8887(6) 90.9(14)
3635(5) 93.0(14)
3636(5) 93.0(14)

3874.5(14) 93.0(14)
7308(13) 103.2(16)
7706(6) 103.2(16)
7061(8) 103.2(16)
6133(8) 161(3)

6387.5(18) 161(3)
6127(8) 161(3)
7402(8) 209(5)



H(c)
H(d)
H(0OL)
H(00H)
H(00m)
H(00a)
H(00C)
H(00d)
H(00b)
H(00n)
H(00P)
H(OOE)
H(OOF)
H(008)
H(00S)
H(000)
H(002)
H(00g)

Number
1
2

X
-0.715
-0.305

10890(30)
11849(11)
5290(20)
3550(30)
2920(30)
6480(30)
6650(30)
3550(30)
6650(30)
2520(30)
3900(30)
6080(30)
5930(30)
7140(30)
3160(40)
6740(40)
5630(40)
4500(30)

2610(30)
3587(13)
1990(20)
2670(20)
870(30)
1410(20)
1080(20)
-290(20)
840(30)
1670(30)
4010(30)
3600(30)
-250(20)
2920(30)
2690(30)
4890(30)
-1450(30)
810(30)

6700(20)
6880(30)
8272(11)
6370(14)
6242(15)
5787(13)
7298(12)
5389(13)
6436(16)
5566(16)
4302(16)
6133(15)
5637(14)
7920(15)
4987(19)
5462(18)
7117(19)
5127(14)

Table 57. Solvent masks information for 259b

Y
0.250
0.750

y4 Volume Electron count

1.000 327.3
0.500 3273
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82.0
81.9

209(5)
209(5)
17(5)
37(7)
42(8)
33(7)
28(6)
34(7)
49(9)
52(9)
50(9)
46(8)
38(7)
42(8)
64(11)
67(11)
71(11)
42(8)

Content
1 CHCI3,1 CH,Cl;
1 CHCIs,1 CH.ClI,
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