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ANNOTATION

This doctoral work focuses on introduction @famino acid pendants on five membered
nitrogen heterocyclic compounds. The literature rdeahas mainly been focused
on benzofllimidazole and benzdJoxazole derivatives. In the experimental part.esalnew
benzoflimidazole derivatives bearimramino acid residues attached at the C2 positiae we
designed and prepared. These optically pure primamjines were further applied

as organocatalysts in asymmetric aldol reactions.

KEYWORDS

benzofllimidazole,a-amino acid, amine, aldol reaction, organocatalysis

NAZEV

Vyuziti a-aminokyselin v syntéze dusikatych heterogykl

ANOTACE

Prace se za#huje na zavedeni zbytkaraminokyseliny do strukturygti¢lennych dusikatych
heterocyklickych slotenin. ReSerSni ¢ast se zagfila predevSim na derivaty
benzofllimidazolu a benzafJoxazolu. V experimentalnéasti bylo navrzeno aipraveno
nékolik novych derivai benzofllimidazolu nesoucich zbytek-aminokyseliny pipojeny
v poloze C2. Tyto optickyisté primarni aminy byly dale vyuzity jako organtgzatory
v asymetrickych aldolovych reakcich.

KLiCOVA SLOVA

benzof]imidazol, a-aminokyselina, amin, aldolova reakce, organokataly
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0. Introduction and aims of the work

a-Amino acids represent unique class of organic oudess with a wide natural
abundance. Many of the-amino acids are considered as essential and areqoiisite for
genesis of life. These molecules contain one or ema@asymmetric centers and
their combination with a suitable heteroaromatimpounds would render very interesting
optically active substances. In general, such nutdsc possess biological activity and
can be used in pharmacy, as nitrogen ligands capébbordinating various (transition) metals
as well as organocatalysts. Hence, in this docteogk a particular emphasis is put on essential
a-amino acids such as Ala, Val, Phe, Leu, iLe, Trmdatheir use as
readily available and inexpensive starting mater{ahiral pool) for the construction of five
membered heterocyclic compounds such as imida@ggcally active imidazole derivatives
have a long tradition in our working group and,réfiere, | attempted to further extend this

topic.
Theprincipal aims of my doctoral thesis are as follow:

1. To perform a literature search focusing on util@atof a-amino acids in the
construction of benzd]imidazole and benzdJoxazole derivatives.

2. Based on these outcomes, to design new class ddaole derivatives to be prepared.

3. To convert readily available-amino acids into target imidazole derivatives begr
free amino group.

4. To further apply successfully prepared opticallygpamines as catalysts or ligands in
selected asymmetric reactions.

10
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1. Structure and properties of benzo[d]midazole and benzo[d]oxazole

Parent benzalimidazole and benzd]oxazole represent heteroaromatic chemical
compounds which share a fundamental structuralrfeatof six-membered benzene fused
to five-membered imidazole or oxazokdure 1). The other, most commonly used chemical
names of these two compounds appearing in theatitex are benzimidazole,

1H-benzimidazole and benzoxazole.

benzene imidazole/oxazole
N
>
X
4 3
5 C Ny X =NH benzo[d]imidazole
\az X =0 benzo[dloxazole
6 eX
7 1

Figure 1. Fusion of benzene ring with imidazole or oxazodelteto benzo[d]imidazole and benzo[d]oxazole.

Benzofl]imidazole is a white to slightly beige solid whiahelts at 172C and boils
at 360°C. It is slightly soluble in water and well soluliealcohols. It is a bicyclic compound
having imidazole ring (containing two nitrogen atmt nonadjacent positions) fused
to benzene. Benzdjimidazolium ion hapKa = 5.68, whereapKa of the proton ionization
of the N-unsubstituted benzdfimidazole is 12.75. Thus, benzimidazole is stronger
NH-acid than parent H-imidazole pKa = 14.4)! BenzoH]imidazoles which contain
a hydrogen atom attached at the N1-position reaitiergo tautomerizatiofrigure 2.2 Acid
character, H-bonding and possible tautomerizatidso aaccount for the generation

of benzofllimidazole aggregates and clusters (either in goiudr solid state).

Cre — Cry
H)

Figure 2. Benzo[d]imidazole tautomerisation.

In benzo-condensed systems, electrophilic aromasabstitution occurs
on the benzene ring as well as on the five-membbetdrocycle. Principal reactions and

11
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selectivity of benzdflimidazole and benzd]oxazole with electrophiles E and nucleophiles
Nu can be summarized as showrrigure 3
E E

| |
E N Ews N
©: D=—Nu/E SH=~—Nu/E
E/ T H: E/ O
e |

Nu (base)
Figure 3. Principal reactivity with electrophiles and nucldules.

Electrophiles may attack either heteroatoms ofhiierocycle bearing lone electron
pairs, C2-position or the fused benzene ring. Inzbfgl]imidazole, the proton at N1 can be
abstracted by a base. Nucleophiles react fastér Mitsubstituted benzdjimidazoles than
with imidazoles, the attack occurs at the C2-positi For instance, treatment
of 1-methylbenzdaf]imidazole with sodium amide in xylene gives theresponding 2-amino-

1-methylbenzaf]imidazole Gcheme )13
N N
(:[ N NaNH, ©: S—NH,
N\ xylene N\

Scheme 1. Nucleophilic attack on the C2-postion of benzo[dgiazole.

The most prominent benadjmidazole derived compound in the nature is
N-ribosyldimethylbenzaflmidazole (alpha-ribazol&igure 4, which serves as an axial ligand
for cobalt in vitamin B! However, benzaflimidazole is also a part of many medicinally
active substancés.

OV,

Figure 4. N-Ribosyldimethylbenzo[d]imidazole (alpha-ribazole)

Benzof]imidazole, in an extension to well-elaborated iaadle system, has been used
as carbon scaffold folN-heterocyclic carbenes (NHC). The NHC’s are usualbed
as ligands for transition metal complexes. They aften prepared by deprotonation
of N,N'-disubstituted benzd[imidazolium salt at the C2-position using a stropgse’®

12
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Benzof]imidazoles are clearly powerful chemical speciaethwa wide range of applications
and also great untapped potential. Combining reiaictand modularity, benzd]imidazole
represents undoubtedly a unique scaffold.

Benzo[]oxazole forms colorless crystals with mp and bp2@t30 and 182 °C,
respectively. Benzd]oxazole undergoes electrophilic aromatic attadkeatpositions C4 and
C5 (Figure 3, for instance nitration of benadjpxazole leads to 5-
or 6-nitrobenzafloxazole. However, nucleophilic attack of berdlokazoles and
benzoflloxazolium salts takes place at the C2-positionteims of nucleophilic addition
(Scheme 22

Me
@

Me

N o N
CLy - o CLjon

(@] (0]

Scheme 2. Nucleophilic attack at the C2-postion of benzo[dlaum.

Hydrogen from the benzylic 2-alkylbenzippxazoles can be abstracted by a base and,

therefore, 2-methylbenzoxazole undergoes for inst&iaisen condensatioB¢heme 3

N N
NaOE
©: M—CH, + EtOOC-COOEt —PEt . @[ >\
G d  C-COOEt
0

Scheme 3.Claisen condensation of 2-methylbenzoxazole.

Benzo[]oxazoles are privileged organic compounds of gmeadtlicinal significance,
found in many natural compounds and are widely eygal in drug discovery prograheing
a heterocyclic compound, bendixazole found use as starting material
for the synthesis of larger, usually bioactive stuwes. For instance, it can be found
incorporated in many pharmaceutical drugs suchuasxaprofen and zoxazolamin€igure

5).
N “__OH cl N
O 8 U™

Flunoxaprofen Zoxazolamine
Figure5. Structure of flunoxaprofen and zoxazolamine drugs.

Apart from the bioactive molecules, bendoxazole derivatives have also been used
as ligands in organometallic systems and in dyéls semiconducting properties. Absorption
and steady-state fluorescence of halogenated diggsaof benzafjoxazole were studied
in solution as well as in solid stdte.

13
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2. Amino acids-basic introduction

Amino acids are a type of organic acids that contath carboxyl group (COOH) and
amino group (NH). The general formula af-amino acid is given belowF{gure 6 in which

the R denotes an organic substituent known ada-thain".

| %/

H,N-C—C

Amino ‘
9ol ige

chain )
Carboxylic

group
Figure 6. a-Amino acid - general structure.

Although the neutrally-charged structure is commgamiitten, it is inaccurate because
both acidic COOH and basic Nigroups may mutually transferkbn. Hence, amino acids
may exist as neutral or zwitterion structures (bwith overall zero charge) and as such are
sparingly soluble in water. However, placing thareoacid to an acid or alkaline media results
in its dissolution caused either by Mprotonation or COOH-deprotonatioBgheme ¥ Thus,
each particular amino acid possesses a pH of tlelestric point at which is

in neutral/zwitterionic form (insoluble).

H o H o
@ H O + |T| O @ | /7 - | /7
HoN-C—C/ T HN-C- == HaN-C-Cle —OH = HN-C—Clo
|'a OH R OH R O R O
neutral zwitterionic

Scheme 4. Acid-base properties of amino acids.

Other very important and dominant features espgciaf a-amino acids are
the presence of a stereogenic center and natucairrence. Hence, naturally occurring
o-amino acids are generally considered as a readdgssible chiral pool for organic synthesis.
In this respect, introduction of chiral centershwihe given absolute configuration (optical
purity) into a desired molecule is accomplishee@diy from the starting amino acid and not
solely by asymmetric synthesSislowadays, optically pure-amino acids are commonly

available commercial compounds and besides thealgtwccurring and very inexpensive

14
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L-amino acids [all §-amino acids except cysteine], corresponding DiBamers [all R)-
amino acids except cysteine] began to be also mappl for

a reasonable pric&igure 7).

H
NH, NH, O
R )\ N

~">COOH cooH H O

(S)-alanine (R)-alanine (S)-proline

100 $/100 g 690 $/100 g
Figure 7. Configuration and average prices for (S)- and (Rjréne enantiomers and structure of proline.

From the asymmetric catalysis point of view, prelican be considered as the most
successfully and widely appliextamino acid Figure 7). Proline itself may organocatalyze
plenty of asymmetric reactions such as aldol, Mamrand Michael reactions as well as
reductionst® The main reasons of such “proline popularity” cam deen in its chemical
structure. In contrast to other essentiahmino acids, proline possesses secondary amine
which, in conjunction with the carboxylic acid, maghave as bifunctional asymmetric catalyst
and thus resembles some natural enzymes. It ischisal bidentate ligand that forms stable
and catalytically active metal complexes.

O O
<,
ot o
Boc group Cbz (Z) group

Figure 8. Boc and Cbz (Z) protecting groups.

However, amino acids themselves do not undergalatdnchemical transformation
which is mainly given by their acid/base chara@ed poor solubility in common organic
solvents. Hence, it is often necessary to protégbereone or both reactive functionalities
(the amine and carboxylic acid groups). The carboxacid group can easily be converted
to an ester by standard esterification techniglies.amine must be protected with a group that
can withstand a wide range of chemical manipulatiemd yet should also be easily removable
under mild conditions. Two such groups that haveerged as versatile protective
functionalities are thebutoxycarbonyl (Boc) and benzyloxycarbonyl (Cbxgloups Figure
8). The Boc group is able to withstand catalytic foggbnation, sodium in liquid ammonia,

alkali, and hydraziné but is rapidly cleaved under mild acid conditionsually by

15
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trifluoroacetic acid. On the other hand, the Cbaugr is relatively stable towards acidic
conditions but is easily removed by catalytic hygmoation. Moreover, all of the common

o-amino acids are commercially available in theicBor Cbz-protected forms.

3. Benzo[d]imidazoles and benzo[d]oxazoles bearing an a-amino acid

residue

An integration of the aforementioned two types gjamic compounds would render
a heterocyclic compound bearing chiral residue. hSowlecules combine all aspects
of benzo-fused heterocycles aneamino acids. Thus, due to the presence of a gento
center they are optically active (pure), possess-la@se and chelating ability, may (not)
undergo tautomerism and gain biological activity amproved solubility. In the working
group of F. Bures, several imidazole derivativakdd to aro-amino residue were developed
within the last several yearBigure 9.12-2°Derivatives1-10 were more or less successfully
applied as optically active nitrogen ligands inigas asymmetric reactions, as ionic liquids,
novel macrocyclic imidazoliophanes or biologicallstive compounds.

R R 0]

X
HN\/\N 'NH, /\y) 'NH, HN/\N,) 'NHCbz HN/\Y)J\H CONH;
= N = N
f J s
N Ph

1 X3 4

R X

0
+N_NJ\\\“\R
NS
HN/TI) NH HN/\f)J\ )\Né\ Rv/( e NHCbz
- <" 0

7

Ph Ph Ph CbzHN

o Ry | 2 Br-
X N
| 2 Br- 2X )’\ . \ "
Y/ N NHCbz RN N__R
CozHN [ |+ NHCbz N=/ NHCbz I Y ¢ j[
R vy ¢ Ry R™ N N R
/\(\ J/\R A /\Re‘ ; y

N X
R1R1 Y 0

_ ®
8 9 10

Figure 9. Imidazole derivatives linked to aramino acid residue — an overview.
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The joint features of moleculés10are: i) the presence of soleldmidazol ring and
i) a-amino acid pendants appended solely at imidazélar@ C5, respectively. Hence, taking
these molecules as a starting point of my doctstiadies, new benzdfimidazole and their
isolobal analogues - benziipxazole derivatives bearing amamino acid residue were
envisagedKigure 10. In contrast tdl-10, the newly proposed compounds utilize benzene-
fused imidazole as a parent scaffold andmino acid pendants (R) principally connected

at the position C2 between both nitrogen atoms.

e O

N
H
Figure 10. Newly proposed benzo[d]imidazole and benzo[d]oxan@rivatives withr-amino acid residue (R)

attached at position C2.

Hence, based on this proposal | will focus furtliterature search towards synthetic
pathways to benzd[imidazoles and benzdfoxazoles and, subsequently, to prospective

applications of such compounds.

4. Synthetic approaches leading to benzo[d]imidazoles

R + HO R
O NH R = unspecified substituent
2 @) (a-amino acid residue,
protecting group, alkyl, aryl,
Method | functional groups etc.)
H+
R HN/R
[T\ _[Methoav] ® N LN HO\H/L
e R LIS
N sequence N/ COOH activation L~ NH R
Boc R [cyclization 2 0)

addition
/desulfurization/cyclization

reduction

Scheme 5. The general synthetic approaches to benzo[d]imitiakearinga-amino acid residue.

From the synthetic point of view, the most likelypected orientation of treeamino
acid substituent is at the C2 involving the carbmacid in the construction of imidazole ring.

Scheme Summarizes the methods currently available iditdiature used for the construction

17
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of the aforementioned benzijjnidazole derivatives. The methods can be dividedive
categories according to the starting material useaiethodology or type
of the derivatives prepared. In the subsequenigbbe discussed each particular method I-V

according t&Scheme 5

4.1 Method I

Benzene-1,2-diamineo{phenylenediamine) represents the most widely eyaglo
starting material used for the construction of lgdimidazoles. Its direct treatment with
o-amino acid results in formation of C2-substitutel@rivatives. This reaction was
for instance used by Baret al. (Scheme %! They heated glycine witb-phenylenediamine
in aqueous HCI at 70 °C for one hour to afford dresmethylbenzaf]imidazole11in 71%
yield.

Xu et al.also carried out similar reaction with L-alanineldrproline?? The reaction
was catalyzed by 5M HCI and afforded compouh@snd13in poor yields of 32 and 51 %.

Hence, although is this reaction operationally gy, the attained yields are generally low.

H
NH NH NH, 11R=H
USROG
NH R A N R 13R=-CHyCHyCHy
2 o)

Scheme 6. Direct heating of thex-amino acid with benzene-1,2-diamine.

4.2 Method I1

The second method involves also benzene-1,2-diaasre source of fused benzene
ring and imidazole nitrogens. However, the carbimdyinction of the protected-amino acid
is firstly activated and then treated withphenylenediamineScheme > The protocol
of Zhang involves pre-amidation of 3,4-diaminoberemarboxylic acidl4 and reaction
with DCC/HoBt-activated Cbz-protected L-valine toffoed monoamides 15a-d.
The cyclization to benzd[imidazolesl6a-d has been accomplishei heating in acetic acid.
The yield of target derivativelsa-d ranges from 55 to 70 %.

18
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) @)

NH 1) DCC/HoBt H
HO)U 2 2)NHR RHN/U\©: NHCbz
L- l o)
NH, 3) L-Cbzvaline/DCC/HOBt NH;

14 15a-d

o)
H
RHN)k©:N>_}7 HOAc
/
N NHCbz AITh

16a R = -CH,CH,OCH,CH,- (70 %)
16b R = 4-OCH3Ph (65 %)

16¢ R = cHex (60 %)

16d R = -CHy(CH,)4CH>- (55 %)

Scheme 7. Activation of the carboxylic function, amidationdacyclization.

Very similar reaction with L-Cbzvaline has also bewmarried out with substituted

o-phenylenediamines7 resulting in a series of novel derivativiEBa-c (Scheme 8%

H
R\@NHz 1) L-Cbzvaline/DCC/HoBt R\©:N>_}7
/
NH, 2)HOAC/A N NHCbz

17a-c 18a R =H (71 %)
18b R = CH3 (80 %)
18c R = OCH; (58 %)

Scheme 8. Substituted o-phenylenediamines in the reactioh i€CbzValine

Reddy et al. adopted similar strateigy the synthesis of pyrrolidine-benzimidazole
derivatives 19a-c and 20ac (Scheme ¥** The activation of the carboxylic acid
of L-BnProline has however been accomplished byletiforoformatevia mixed anhydride.
Subsequent treatment witb-phenylenediamine and cyclization in acetic acidoraied
Bn-protected derivativeE9a-c in the yields of 83-88 %. Bn-group removal hasbaehieved
by hydrogenolysis. This methodology provides an yeamnd convenient access
to pyrrolidine-benzimidazole organocataly2@a-c in good yields of 75-84 % he catalytic
scope of these derivatives was evaluated in damsgtnmetric aldol and Michael addition
reactions $cheme 2and25).
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H
+
NH, HO N Et3N/THF \Q O )

NH, Ph
PhJ
H
R H
/
rt N N MeOH N N
PhJ H
19aR=H 20aR=H
19b R = Me 20b R = Me
19¢ R = COOMe 20c R = COOMe

Scheme 9. Synthesis of pyrrolidine-benzimidazoles.

4.3 Method III

Batistaet al reported on novel optical chemosensdis-d for anions and cations
based on unnatural phenylalanine  derivatives  bgarinbenzofllimidazole
as coordinating/reporting unitS¢heme 2¥° The reaction has been carried out
by the condensation of phenylalanine aldehyde witksubstituted-2-nitroanilines
under reductive condition of N&Os. Subsequent evaluation of the sensing properties
of 21a-d has been carried out in acetonitrile.

CHO HoN " "
2 =
L e /
O,N R EtOH/80 °C/3h 21aR =H (62 %)
21b R = OCHj; (56 %)

= 0
BocHN™ "CO,CHs BocHN” “CO,CHs §1g§=ﬁgﬁgoé}))

Scheme 10. Synthesis of benzimidazolyl phenylalanine derieativ

4.4 Method IV

Krasikovs et al. showed an interesting reaction $ftrityl tBu-ester of L-cysteine
bearing amino group converted into an isothiocyarfahction. This class of amino acid
derivatives undergo facile reaction with arene-did@nines to afford thioureé&a-e. Such
derivatives can be cyclized and desulfurized ugidgacetic acid§cheme 1)1?®In this way,
Krasikovset al. have synthesized a series of L-cysteine deriveddjdlimidazoles23a-e
in the yields of 50-67 % having retained carboxfinction and attached various substituents
R!and R.
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Tr< Tr
: HoN R2 S0 J< s

"s o J< :@ Kl)ko o~ R2 P
RTHN I~ >CO,H N

o S%(NH — \@ H—NH o%
N\\C MeOH HN R2 N‘

o) :
R'HN 23aR'=H,R2=H (51 %)

22a-e 23b R" = CHj, R2 = H (64 %)
23¢ R'=Bn, R2=H (67 %)
23d R" = H, R2= OCHj, (63 %)
23e R =H, R? = CF, (50 %)
Scheme 11. Synthesis of L-cystine-derived benzo[d]imidazoles

This methodology has further been applied alsoth®rax-amino acid esters such
as L-phenylglycine, L-phenylalanine, protected kis&/L-lysine and L-glutamic acid. These
o-amino acids were readily converted into the cqoesling benzda]imidazol-2-yl
derivatives24-28 in good to excellent yields. Each derivative hasrbsynthesized in two
seriesa and b with/without N-methyl group or hydrogen. Moreover, the conversion
of the aforementionea-amino acids int@4-28was performed in a sequential manner without

isolation and purification of the intermediate lsotyanates and thioureaScheme 1)2°°

0

HoN R

OR! PN
0 , D I~ CO,H R O

Rj)kow ki SYNH d2eqlv) . @:N\>_NH OR!

CH,Cl, HN MeOH N

D 50 °C/6h k2

S R2HN

24-28

Scheme 12. Synthesis of 2-aminobenzo[d]imidazchds28.

Table 1. Structure and yields of 2-aminobendjifnidazoles24-28.

Starting Yield
Product R R? R?

a-amino acid [%]

24a Phenylglycine Ph CHs H 58
24b Phenylglycine Ph CHs CHs 75
25a Phenylalanine Bn tBu H 84
25b Phenylalanine Bn tBu CHs 82
26a Serine BnOCH; CHs H 74
26b Serine BnOCH; CHs CHs 91
27a Lysine CbzNH(CH,)4 CHs H 85
27b Lysine CbzNH(CH,)4 CHs CHs 80
28a Glutamicacid  CH;OO0C(CH,), CHs; H 63
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28b Glutamicacid  CHsOOC(CH,), CHs; CHs 59

4.5 Method V

All the aforementioned Methods I-IV deal with thenthesis of benzadlimidazole-2-
yl derivatives (C2-substituted). Klapaet al. showed an efficient and practical synthesis
of glucokinase activator which, although not staytidirectly from ana-amino acid, led
to benzofllimidazole 29 substituted with proline residue at CScheme 13’ The reaction
sequence involves stereoselective lithiatiorNaBoc-pyrrolidine, transmetallation to ZnCl
Negishi cross-coupling, amidation witpicolinic acid, Boc to Ac protecting group exchang
nitration, SYAr reaction, nitro group reduction to 1,2-diamimeladubsequent cyclization using
HsPQu. Target molecul@9was isolated in 31% overall yield and more thavh@ptical purity.

MeO

N™

'/

10 steps
[ 0 A
N
Boc 31% overal yield \\©: />—<t/>
Ty oo

>99% ee

NAc 29

Scheme 13. Synthesis of glucokinase activator based on bellinaifthzole.

5. Synthetics approaches leading to benzo[d]oxazoles

Similarly as for the aforementioned berdiohidazole derivatives, the most expected
are C2-substituted benziipxazoles. The precursors and reaction types arg swnilar
to benzofllimidazoles and are summarizedSeheme 14Again we can divide the available

procedures in methods MK that will be discussed in the subsequent chaptemore details.
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.R
N NH, HN
%
OH 0
R = unspecified substituent
Method VI (a-amino acid residue,
protecting group, alkyl, aryl,
COOH activation functional groups etc.)
Ieyclization
NH,
HN ~ OH Oj:j Method IX] R ]@O%R Method Vil @/OH
N R - )R = R +R-CHO
HsC O o / dcegﬁgzzxsgﬁgxe R N imine formation =
/cyclization (oxidation)
condensation
/modification (amidation)
Method VIl
NH,
N OH R
R +
= HN” "OR

Scheme 14. The general synthetic approaches to benzo[d]oxazZodaringa-amino acid residue.

5.1 Method VI

Similarly too-phenylenediamine for benzi)imidazoles, 2-aminophenol represents the
most widely employed synthetic precursor for bedj{azoles. This compound can be
amidatedvia activated carboxylic acid of am-amino acid and subsequently cyclized
by intramolecular Mitsunobu reaction as shown by ldbal. (Scheme 152 Both Cbzvaline
enantiomersK)-30 and §)-30 were applied in the reaction sequence affordingpmunds
(R)-31and §-31in very low yields. In addition, the Cbz protectigroup can be removed by
hydrogenolysis using #Pd/C system and the free amino group converteditto function.

7 Nj]/\NHCbz N\> S
HO - 0
NH, N[ NHCbz OH IADPPH O NHCbz
@[ - EDC/HOBT (5)-30 3, (S)-31
oH DCM ¥ TEA
oo O
HO NHCbz o O NHCbz
@ (R)-30 (R)-31

Scheme 15. Synthesis of chiral benzo[d]oxazol-2-yl derivatBie
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5.2 Method VII

4-Substituted 2-aminophenole, prepared by the temumf corresponding nitro
compound, was also used as starting materials bgskazet al. (Scheme 16°°
The 4-substituent represents alanine residue éneasthemistry given). The reaction sequence
involves formation of a Schiff base by the reactwith substituted benzaldehydes and
subsequent cyclization of the hydroxy imin82a-d to benzofljoxazole derivatives
33a-d in the presence of lead tetracetate. Final adialiczed Boc group removal afforded
compound$84a-d (Box-Ala) substituted at positions 2'and 4’ whiekre isolated as salts. The

total yield of the reaction sequence was only alOu¥o.

Y Y
X Y X X

X Y
NH, N N N

H PbOAc,/AcOH HCI

EtOH dioxan
COOH COOH COOH COOH
NHBoc NHBoc NHBoc NH3*CI
32aX=H,Y =0OH 33ad 34a-d

32b X =H, Y = OCH,
32c X =OH, Y =H
32d X = OCHs, Y = H

Scheme 16. Synthesis of alanine residue containing phenyl-bjefjaxazoles34a-d.

Costaet al. have used similar, 4-substituted 2-aminophenoéepsor for twofold
condensation with (oligo)thiophene-2,5-dicarbaldis/Scheme 1)72° Chromophore§5a-c
bearing heteroaromatiarconjugated thienylene bridge and benzoxazole umieye
synthesized in moderate to good yields and theotq@hysical properties were further
evaluated. These heteroaromatic bisamino acid ateres were applied as fluorescent markers

and probes for FRET studies in peptides.
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n n
NH> ]\ I\
OH OHC S CHO N= S —N

1. EtOH/reflux

2. LTA/IDMSO/25 °C

BocHN™ "CO,Me BocHN "'NHBoc
COMe 354 1 = 1 (75 %) MeO2C

35b n =2 (54 %)
35¢ n = 3 (60 %)

Scheme 17. Synthesis of fluorescent bis-alaninedjdoxazole derivatives 35.

5.3 Method VIII

2-Aminophenole can also be condensed with imidogste shown by Kondet al.
(Scheme 08t 5-Methoxy-2-aminophenol was treated with ethyl-4-
methoxycarbonylbenziimidoester hydrochloride tooedf benzofljoxazole 36 which, upon
hydrolysis of the ester function, was peripherallydified with L-phenylalanine and L-proline
esters to afford compoundy (BOX-L-Phe) and38 (BOX-L-Pro). It turned out that these
newly synthesized derivatives are of great usehaslcHPLC stationary phase capable to

separate various optically active amines.

COOCH,3

/@[NH2+ /@:N\> < > COOCH; _NaOH
MeO OH MeO ©
HCILHNZ NOC,Hs 36 \ o
L0, o
MeO O HN'

37 BOX-L-Phe (25 %, ee 98.8 %)

N 0
Jij: \>—< >—/< COOH
MeO O U

38 BOX-L-Pro (37 %, ee 99.4 %)
Scheme 18. Synthesis of chiral HPLC stationary phases BOX-e-Bhd BOX-L-Pro.

N 1) L-Phe or L-Pro, esters
\>—®—COOH
MeO o 2) Hydrolysis

5.4 Method IX

Zwanet al.have shown that the reaction of @amino acids witlo-benzoquinones is
unique in the fact that the expected Strecker diagian does not occur. Instead of this,
a decarboxylative condensation reaction betweelahizge and 3,5-tetrtbutylbenzoquinone
takes place affording benzf)pxazole 39 (Scheme 192 The new reaction appears to be

general for othewn-amino acids and specific for quinones. Howeveshituld be noted that,
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although starting fromx-amino acid, this reaction does not afford bedjm{azole derivatives

bearing ara-amino acid residue in terms of preserving theestgenic center.

HoN - OH © Et,N*OH"

N
N H,c—
HsC o) o) Acetonitrile o)

39 (80 %)
Scheme 19. Decarboxylative condensation afamino acids with benzoquinane

6. Modern applications of benzo[d]imidazoles and benzo[d]oxazoles

It should be noted that benzfimidazole and benzdJoxazole derivatives bearing
an a-amino acid residue and their prospective appbeetirepresent currently not well
explored research area. Few examples of their Ggijgins ranging from the asymmetric
synthesis (ligands or organocatalysts) to bioldgisas can be found in the current literature.
Hence, in the subsequent chapter will be discussel applications.

6.1 Asymmetric synthesis

Optically active (pure) compounds bearing eithezlating or reactive sites, and their
prospective applications in asymmetric synthesialgsis represent tempting and challenging
area of organic chemistry. Beside many well-esshilil (privileged) ligand® development
of new catalysts, ligands and reagents with madli§eucture and enhanced catalytic activity
is currently attracting huge research attentionaggmmetric reactions, the optically active

organic derivatives may play usually two roles:

» optically active auxiliary chelating a (transitiometal -ligand,

» optically activeorganocatalyst.

6.1.1 Ligands

Li et al reported on bidentate aminomethyl-substitutedzbfeifimidazole ligand40a
coordinating, jointly with a bidentate phosphinethenium(ll)dichloride. This complex was
able to catalyze hydrogenation of aryl ketor@sheme 20* Introduction of an asymmetric
center at the benzylidene moietydffarenders optically active ligand®b-d [(S)-R-bimaH],
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which allowed to perform asymmetric hydrogenatiof the parent acetophenone
to (§9-1-phenylethanol witkeeup to 91 % Table 2 entries 14). When going from achirdlOa

to chiral 40b-d we can see improvement of the achieved enantwisstg by 10 to 14 %.
Hence, easily obtained alanine-derived ligdft was used for the reduction of several other
ketones Table 2 entries 512). Variously substituted acetophenones (electron
donors/acceptors), benzophenone and 2-acetyltmeph&ere smoothly converted
to the correspondingsf-alcohols. Surprisingly, reduction of unsymmetricenzophenone led
to the alcohol with opposite absolute configuratihable 2 entry 10). Anyway,
with benzofllimidazole ligands, the asymmetric hydrogenation lba carried out on a large
number of ketones with the chemical and opticalldgieup to 99 % and S/C ratio
up to 50.000. In contrast to common hydrogenatiacesried out in alcohols,
the benzdaflimidazole residue allowed for hydrogenation toupeharacteristically conducted

in nonprotic solvents (toluene).

cl NHx g
T
o) o |U\N/ NH OH
X R2 Cl — X R2
R1|_ 4 H2 R1'_
N H,/KOtBU F

toluene/t-BuOH (9:1)

PCy, HoN R
I (S)-R-bimaH

PPh, 40aR=H

P
< PPhy g PPh2 N”"NH 40b R = CH,
= q';e 40c R = iPr
Q 40d R = tBu
(S)-BINAP Josiphos

Scheme 20. Asymmetric hydrogenation of aryl ketone catalyze® I°-Ru-(S)-R-bimahcomplexes.

Table 2. Asymmetric hydrogenation of prochiral ketones hyd®@mplexes ofi0a-d.

Ketone Catalyst Time Yield ee [%]
Entry
R/R? composition [h] [%] (configuration)

1 H/CHs 40a/(S)-BINAP 8 >99 77 (S)
2 H/CHs 40b/(S)-BINAP 8 >99 91 (S)
3 H/CHs 40c/(S)-BINAP 12 >99 87 (S)
4 H/CHs 40d/(S)-BINAP 10 >99 91 (S)
5 H/CHs 40b/Josiphos 2 >99 96 (S)
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6 4-OCH3/CHs 40b/Josiphos 16 95 97 (S)
7 4-CF3/CHs 40b/Josiphos 8 90 82 (S)
8 2-CH3/CHs 40b/Josiphos 8 >99 95 (S)
9 3-Br/CHs 40b/Josiphos 6 >99 92 (S)
10 2-Cl/Ph 40b/Josiphos 24 95 99 (R)
11 Th?/CH; 40b/Josiphos 12 92 94 (S)
12 H/CH,CH3 40b/Josiphos 12 >99 97 (S)

aThiophene-2-yl instead of'Rh moiety.

Based on alanine-derived bendjonidazole 40b, Li et al. prepared a series
of extended moleculedla-c (Scheme 21°° Catalytic activity of thein situ generated
complexes with[RuG(p-cymene)] dimer were subsequently evaluated in asstmc transfer
hydrogenation (ATH) of prochiral ketones usifRgOH/KOH systemTable 3. Alanine and
valine derived ligandglla and 41b showed low catalytic activity with achievezk not

exceeding 12 %, which was assigned to the pressrfoee NH: group.
O

N HN4<;
(o< o
j\ " 41a-c HzN oH
RYR? [RuCly(p-cymene)], R™ "R
iPrOH/KOH
O
@E A @Hm
41b
Scheme 21. Asymmetric transfer hydrogenation reaction.
Table 3.Asymmetric hydrogenation transfer usihtid[RuClL(p-cymene)j system.
Ketone Temperature Time Conversion ee [%]
Entry RY/R? [°C] [h] [%] (configuration)
1 Ph/CH; 25 5 12 11 (R)
2 Ph/CH; 40 3 29 10 (R)
3 Ph/CH; 60 2 59 12 (R)
4 Ph/CH; 110 0.25 57 61 (R)
5 Ph/CHs 140 0.25 70 64 (R)
6 3-OCHsPh/CH; 140 0.25 6880° 55 (R)
7 4-OCH3Ph/CH3 140 0.25 3120° 55 (R)
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8 2-CIPh/CH 140 0.25 1440° 15 (R)
9 Ph/-CH,CH,CH,. 140 0.25 240° -
10 Ph/Pr 140 0.25 800° 43 (S)
11 Naft-1-yl/CHs 140 0.25 320° 43 (S)
12 CHs3/CH,CHs 140 0.25 560° -

aTurnover frequency in“h(TOF) at S/C 2000:1.

Cyclic proline derivativellcshowed similar low enantioselectivity of 11e#at 25°C (Table

3, entry 1). However, the catalytic activity of tHa-complex showed reversed temperature
effect (Table 3 entries 25). Increasing the temperature up to 14CQ resulted

in quick reaction time (0.25 h), conversion up @2% and enantiomeric excess of 64 %. Hence,
the substrate scope has been examined at stammladdians (140°C, 15 min, S/C 2000:1)
with prochiral ketones of various structurdalple 3 entries 612). As can be seen, this
catalytic system failed to enantioselectively redlucyclic and aliphatic ketones such
as 3,4-dihydronaphthalen-1-on&aple 3 entry 9) and butan-2-onéldble 3 entry 12).
Comparing with the previous ligand$, the extended moleculdd showed lower catalytic
performance in ATH reaction.

Phosphite-oxazoles/bendjimidazoles42 and 43, with a pattern similar to studied
o-amino acid derivatives, were synthesized and éuritudied by Mazuelat al (Scheme
22).38 Catalytic activity of these ligands coordinating(®dwere examined in thermal and
microwave-assisted asymmetric intermolecular Heelction between 2,3-dihydrofuran
and various triflates (Ar-OTf). With the bendjimidazole ligand 43 in particular,
the achieved conversions were within the range &47% with ee up to 75 %.
Under microwave-irradiation, the conversion wassigantly improved to 69 % (85:15),
the reaction time dropped to 30 min (from 24 h) drelachieve@ewas 76 %.

[Pd,(dba)s].dba =,
[N+ avor Q»\Ph QMPh

o 42 or 43
R R’
o) Ph \N o O
o)
= <1 (-
N Jd N © O
P
CFI,/O b R R
o)
42 43 R1 = tBU, OCHS, SI(CH3)3’ H
R = Ph, 4-CH,-Ph,
4-CF4-Ph, tBu

Scheme 22. Asymmetric Heck reaction.
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6.1.2. Organocatalyst

Vincent et al showed very nice example of  application
of 5,6-dimethylbenzaflimidazole linked to L-proline residue in asymmetgldol reaction
(Scheme 23’ A new chiral benzimidazole-pyrroliding4 (BIP) was able to organocatalyze
aldol process between the acetone and 4-nitrobdelzadie in the presence of an Bronsted acid.
In this work, type and amount of the acid usedioter solvents and organocatalyst loads were
screened Table 4. The initial reaction carried out without an acigrovided
the aldol in 40% yield and 44%e(Table 4 entry 1). From the acetic acid-catalyzed reastion
carried out in various solvent3gble 4 entries 26) we can conclude that the reaction
in THF provided the best trade-off between the el yield and enantiomeric excesses (70
and 64 9%, respectively). However, when switching ttdluoroacetic acid (TFA),
the conversions as well as the attaiee® were improved significantlyT@ble 4 entries
7-11). The reaction provides reasonable amount atidabpurity of target aldol even when
the catalyst/acid loads drop to 2 mol. % or whemgsTHF solvent and only 1.1 eq.
of the acetone. Interestingly, the reaction cano bks organocatalyzed Iyl in a combination

with trifluoromethanesulfonic acid as well as Levasid such as zinc(lDtriflate (Table 4,

entries 1213).
I j: N
o) H HH

1
.
O,N A O,N

Scheme 23. Benzimidazole-pyrrolidine (BIP) as chiral organoalysts for aldol process.

IIO
T
)

t

Table 4.Condition screening for aldol process showBetieme 23

Catalyst 44 Acid Temperature Time Yield ee
Entry Solvent

[mol. %] [mol. %] [°cl (hl %] [%]

1 30 - 20 DMSO? 8 40 44

2 20 AcOH (20) —20 DMSQO? 4 65 54

3 20 AcOH (20) —20 DMF? 24 61 75
4 20 AcOH (20) —20 THF? 8 70 64
5 20 AcOH (20) —20 DCM? 18 92 36
6 20 AcOH (20) —20 Acetone?® 4 78 62
7 20 TFA (20) —20 Acetone 18 86 82
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8 10 TFA (10) -20 Acetone 24 95 80
9 2 TFA (2) -5 Acetone 24 87 82
10 20 TFA (20) -5 THF® 24 67 82
11 5 TFA (5) -5 THF® 48 69 80
12 20 TfOH (20) -20 Acetone 24 84 80
13 20 Zn(OTf)2 (20) 20 Acetone 17 87 74

3Acetone 25 eqPAcetone 1.1 eqCAll aldols possessR)-configuration.

In addition to the aldol process carried out wattetone $cheme 23 the catalytic
activity of 44 has also been tested in a reaction with cyclopemta Scheme 24 Performing
the reaction in THF with 1.1 eq. of cyclopentanand catalyzed by 20 mol. % &4 and TFA,
a mixture of two diastereocisomers was obtained 76 6yield with 88% and 86%ee

for anti- andsyndiastereoisomers, respectively.

0
0 0
/©)' Q  4420mol. %) OH OH
+ N
@ : ‘
N TFA (20 mol. %)

THF/24 h

NO,
88% ee 86% ee

yield = 67 %
dr= 47:53

Scheme 24. BIP-organocatalyzed aldol process utilizing cyclofone.

Three years later after Vincest al paper, Reddt al extended family of BIP
organocatalysts by compourdisa-c (Figure 11).2*Whereas the original synthesis4# has
been accomplished by Method I, Reddy has utilizedenconvenient Method Il (see above).
Organocatalystd5a-c were further applied in aldol process similartattshown irScheme
23 (15% mol. catalysis, NMP/DMSO/DMF/MeOH/acetoneveunits, reaction time of-10 h)

achieving the yields and enantiomeric excessesirwitie range of 63 and 854 %,

respectively. Substrate scope screening carriedowarious aromatic aldehydes furnished

yields andeés within the range of 683 and 2749 %, respectively.
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N R
=TT
N N
H H
45a R =H

45b R = CH,
45a R = COOCH;

Figure 11. Further modification of BIP organocatalyst.

BIP organocatalystd5a-c were further utilized also in Michael additions weén
cyclohexanone and various (hetero)aryl-substitutiébolefins as shown irscheme 25
Although all three catalyst provided the producteasonable chemical yields of-85 %,
noticeable asymmetric induction wigie of 49 % was observed only with parent BIP catalyst
45a (Table 5 entries 13). Hence, further additions were organocatalyzgddrivative45a

delivering the chemical yields of 825 % and low enantioselectivities witks of 11-37 %.

0 /Ar

0]

45a-c (10 mol%) NO,

v A N0
MeOH/25 °C

syn anti

Scheme 25. Michael addition of cyclohexanone to nitrostyreneganocatalyzed by BIP.

Table 5.Results of Michael addition reactions organocatdlyiay BIP derivatived5a-c.

Olefin Time  Yield ee
Entry Catalyst Syn/anti

R [h] [%] [%]°

1 Ph 45a 2 95 99/1 49

2 Ph 45b 2 85 -2 27
3 Ph 45c 2 87 -2 15
4 2-CHs;0Ph 45a 6 95 98/2 30

5 4-CHsOPh 45a 7 92 99/1 11

6 Furan-2-yl 45a 6 85 99/3 37
7 Thiophen-2-yl 45a 6 82 96/4 23

aNot given.

Almasi et al have studied moleculd$a-d bearing similar, although natamino acid-

derived, pattern as previous BIP chiral organogata#t4 and45 (Figure 12.38
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46aR=R'=H

) N R' 46bR=CH; R'=H
RN HN— j@f 46¢ R = CH,CHy, R' = H
N
H

46d R = CH;, R' = CF;

Figure 12. Structure of BIP-related trans-cyclohexanediamiee:n[d]imidazoleg6a-d.

They demonstrated thmans-cyclohexanediamine-benzi)imidazoles46a-d promote
conjugate addition of diethylmalonate to nitroakkerwith excellent yields and very good
enantioselectivitiescheme 26 Initial screening showed that organocatadygi provided the
best performance among all studied compoutGdsd. The best reaction conditions were set
to: toluene, 25 °C and 10 mol. % of the -catalyst46b and TFA
as co-catalyst, respectivelygble §. As can be seen from this data, increasing thiarimss
of the malonate substituents significantly lowetbad attained chemical yields. Anyway,
with diethyl malonate as a nucleophile, variousnabc and heteroaromatic nitroolefins
undergo smooth reaction achieving almost quanté¢asiolated yields (flash chromatography)

and enantiomeric excesses ranging from 88 to 94 %.

46b (10 mol. %) ROOC.__COOR

o, _TFA(10mol %) L
ROOC. _COOR X NO, N
~ + Ar toluene/25 °C/48 h Ar O,

Scheme 26. Organocatalyzed conjugated addition of dialkylmaltas with nitroalkenes.

Table 6.Structures, yields and enantiomeric excesses aathiew addition of dialkylmalonates to nitroalkenes

Malonate Nitroalkene Yield ee
Entry

R Ar [%] [%]

1 Et Ph 97 92
2 Me Ph 95 89
3 iPr Ph 42 89
4 tBu Ph <5 Nd
5 Et 4-CIPh 95 88
6 Et 2-CFsPh 97 90
7 Et 2,4-diCIPh 96 94
8 Et 4-CHsPh 98 88
9 Et 4-CH;0Ph 98 88
10 Et Thiophen-2-yl 98 87
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In addition to malonates, a wide variety of 1,3adimnyl compounds bearing active
methylene groups such as diesters, ketoesters dketomes were further utilized
in the reaction with nitroolefins organocatalyzeddiéb. The Michael adducts were obtained
in high yields (9296 %) and enantioselectivities of-85 %ee

7. Biological profile of benzo[d]imidazole and benzo[d]oxazole

derivatives bearing an a-amino acid residue

There are few reports in the current literature banzofllimidazole and
benzofljoxazole derivatives bearing ano-amino acid residue that showed biological
or pharmaceutical properties. In this chapter, ry Yeief survey of such applications will be

given.

Aminabhaviet al. reported benzd]imidazoles47a-c (Figure 13 which were easily
synthesized by Method | (see above). Upon complexavith dimethyldichlorosilane, they
showed antibacterial and antiinflamatory activifiés

N R 47a R = CH3
S— 47b R = CH,COOH
N  WH, 47¢R=CH;CeHy(4-OH)

H

Figure 13. Antibacterial and antiinflamatory active benzo[d]jaazoles47.

Benzof]imidazole derivative48 (Figure 14 bearing proline fragment was used
as poly(ADP-ribose) polymerase (PARP) inhibt®dPARP is a family of enzymes that cleaves
nicotinamide adenine dinucleotide (NAD) to nicotimde and ADP-ribose. Moleculé§,
named as ABT-888, showed nanomolar PARP-inhibitimmcentrations and has been shown

to potentiate DNA damaging chemotherapy and ramhati

H,N__O
N HsC
A\ -
N N
H H
48

Figure 14. Structure of ABT-888.

Novel actinonin derivatives bearing substitutedmgd]imidazole core49 have been
synthesized by Zhargt al. (Figure 15.22 These derivatives were tested for their antibaatteri
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activities against various strains and the resuwlese compared with the commercial

Cefoperazone antibiotic.

Actinonin 49

Figure 15. Peptidomimetic modification of actinonin made byadn

Two isolobal benzafJoxazole and benzd]imidazole derivative$0 and51 (Figure
16) bearing hydroxyethyl substituent at C2 (similar a-amino acid fragment) were
synthesized and further investigated by Elnihal** Both derivatives were tested for their
antibacterial and antifungal activity. Surprisingbnly benzoflloxazole derivativés0 showed

such activities. The benatj[midazole derivatives1 was devoid of any activity.
i::N OH C :N OH
\>_< \>_<
© N
50 51

Figure 16. Isolobal benzo[d]oxazole and benzo[d]imidazole dafives (not) possessing antibacterial and
antifungal activity.

Starting from benzalloxazole-2-thiol, Farharet al. have shown the synthesis
of derivatives52a-c (Figure 17.%? The reaction sequence leading to these moleawes/es
Salkylation of the starting material using ethybbroacetate, hydrolysis and activation of the
ester/carboxylic acid functions and subsequent atid using ethyl esters of glycina)(
L-tyrosin () and L-phenylalanine cf. These derivatives were further screened for

antimicrobial (antibacterial and antifungal) adies.

(@)
J\—OEt
HN—/ 52aR=H

. 52b R = CH,Ph(4-OH)
0 /_< R —aul

@E ¢ % 52c R = CH,Ph

N

Figure 17. Benzo[d]oxazole derivatives exhibiting antibactedaad antifungal activities.
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HDAC (histone deacetylase) inhibitob8a-h bearing benzaloxazole cap moiety
were developed by Haet al. (Figure 18.22These molecules possess thamino acid residue
bridgedvia triazine ring and extended by hydroxylamide funet{@n-binding function). The
synthesis involves three-component click reactigrarfiinophenoleg-amino acid derived
triazines and an alkyne). In the first stage ofrds®arch, only racemic mixturess#a-h were
screened, which revealed the valine derivab3e as the most promising lead compound.
Moreover, the $-enantiomer showed higher inhibition activity §&C= 7 nM) than
(R)-enantiomer (16 = 31 nM).

07/2 ~
7 NTX 0 O~
@N NW TN 0
NHOH N N3y N\
(S)-53¢ NHOH

53a R = CH,CH,CONH,
53b R = CH,
53¢ R = iPr

53d R=Bz
53e R =sBu o
53f R = jBu ] NN\ 0
53g R = CH,COOH N ,‘\,:N N\
53h R = CH,CH,COOH

2~ (R)-53¢ NHOH

Figure 18. Novel HDAC inhibitors based on benzo[d]imidazole.

8. Perspectives of a-amino acid derived benzo[d]imidazoles and

benzo|[d]oxazoles

The literature search performed above revealed thenzofllimidazole and
benzoflloxazole derivatives represent undoubtedly an éstamng class of heterocyclic
compounds. A fusion of the aromatic benzene wittedo@aromatic imidazole or oxazole
renders target molecules that possess plenty efeisting properties such as for instance
tautomerism (benzd[imidazole), acid-base character, equivocal redgtifboth with
electrophiles and nucleophiles/bases) and facilenthsyic access. Well-known
natural/synthetic molecules bearing benthiajidazole or benzafjoxazole scaffold are alpha-
ribazole (Vitamine Bp) or Flunoxaprofen and Zoxazolamine drugs. Anotheyat area of
benzof]imidazole applications are nitrogen heterocyctidoenes (NHCs). Anyway, this work
focuses on benzdlimidazole and benzdJoxazoles bearing aan-amino acid residue. In
principal, the amino acid residue can be attachedllaavailable positions around the

heterocycle. However, this literature search shotlat derivatives bearing aramino acid
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residue attached at C2 appearing most often. Thet miadely employed precursors
for the synthesis of target bendpinidazole or benzafJoxazole derivatives are benzene-1,2-
diamine and 2-hydroxybenzeneamineo-pfenylenediamine and 2-hydroxyaniline),
which may be condensed with acids, esters, mixéydaides, imidoesters, aldehydes and
diketones. Overall nine general synthetic methodsehbeen revealed (Methods I-V
and Methods VI-1X).

The most exciting are novel applications of bedjo{idazoles or benzdjoxazoles.
In this respect, two major areas were found. Tits¢ dine concerns asymmetric catalysis, while
the second application is in pharmaceutical cheynist

In the asymmetric catalysis, the berdjmhidazole and benzd]oxazole derivatives
bearing ar-amino acid residue were applied either as ligasdsell as organocatalysts. The
most successful application of bendjohidazole-derived ligandOb (Scheme 20has been
demonstrated by Let al The complex o#40b with RuCk and JosiphosHgure 19 showed
outstanding catalytic activity in hydrogenationpsbchiral aryl ketones achieving chemical
and optical yields of 99 %5cheme 20rable 3.

@: NH, ©: H B

40b

(S)-R-bimaH

Os A

ol NHz Y/?

Cl NH

b K L GBI

e Ph20| |U\N NH
< > Cl

Figure 19. Two benzo[d]imidazole ligand#b and41c and their envisaged Ru(ll) complexes applied
in reduction of prochiral ketones

On the other hand, similar ATH reaction using egilaly nitrogen liganadtlc coordinating
Ru(ll) precursor Eigure 19, showed much modest outcomes (up to 70% cherarchlb4%
optical yields) although bearing an additional prelresidue. Hence, one could envisage
crucial role of the phosphine ligand which is mdi&ely responsible for the higher
enantioselectivity achieved witOb.

The most successful application of bemlliofidazole and benzd[oxazole derivatives
with amino acid chain has been shown in aldol ieadiy Lacostet al. (Scheme 23able 4.

Benzof]imidazole44 linked at the C2 to proline residugigure 20 organocatalyzed, jointly
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with various Bronsted acids, the reaction betwesaitrébenzaldehyde and acetone with 92%
chemical and 82% optical yields. Further modifiocatof the parent BIP derivative did not lead
to a better catalytic performance. This organogatdias also been applied in Michael type of
reaction between nitrostyrenes and cyclohexan®aegme 25 able 5. Whereas the resulting
products were obtained

in satisfactory chemical yields of 95 %, the enamiric excesses were only up to 49 %.

Tty

44
Figure 20. The most successful organocatalyst — BIP.

The biological applications of amino acid berdlmhidazole and benzd[oxazoles
range from antibacterial, antifungal, anti-inflantorg activities to various inhibitors such
as PARP or HDAC. Several most important exampleh Wwiief description of their action
were demonstrated figures 1518. Thus, beside the asymmetric catalysis, the mtdedo

which targets this doctoral thesis were also sisfallg applied in pharmacochemistry.
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9. Experimental sections

9.1 Materials and instruments

The starting boc-protecteadamino acids54a-h are commercially available.
The enantiomeric excesses were determined by hégformance liquid chromatography
(HPLC) with a Daicel Chiralcel OJ-H, Chiralcel OD-Bhiralpak AS-H or Chiralpak AD-H
columns using a mixture of isopropanol and the hegaas the eluent. Evaporation and
concentratiorin vacuowere performed at water aspirator pressure. Colcnnomatography
(CC) was carried out with SE®0 (particle size 0.040-0.063 mm, 230—-400 meshgckjand
commercially available solvents. Thin-layer chrooggaphy (TLC) was conducted
on aluminium sheets coated with Si00 Fs4 obtained from Merck, with visualization
by a UV lamp (254 or 360 nm). Melting points (mpn& measured on a Blichi B-540 melting-
point apparatus in open capillaries and are unctadeH and'3C NMR spectra were recorded
at 400/500 and 100/125 MHz, with Bruker AVANCE 48&@d AVANCE 500 instruments at
25°C. Chemical shifts are reported in ppm relativehtosignal of M&Si. Apparent resonance
multiplicities are described as s (singlet), brbsoéd singlet), d (doublet), dd (doublet of
doublet), dt (doublet of triplet), t (triplet), gqyartet), and m (multiplet). Residual solvent
signals in theéH and*3C NMR spectra were used as the internal refere@BeCE; - 7.25 and
77.23 ppm; DMS@s 2.55 and 39.51 ppm). Coupling constant are giveriertz. Optical
rotation values were measured on a Perkin Elmern@&tiument; concentrationis given in
g/100 mL MeOH. IR spectra were recorded on a Thdxieolet iS50 FTIR (Thermo Fisher
Scientific inc. Waltham) spectrometer. Elementallgses were performed on a Thermo Flash
2000 CHNS experimental organic analyser. High rdsml MALDI MS spectra were
measured on a MALDI mass spectrometer LTQ orbixap (Thermo Fisher Scientific,
Bremen, Germany) equipped with nitrogen UV las&7(8m, 60 Hz). The LTQ orbitrap
instrument was operated in positive ion mode oveoranal mass rangen(z 50 - 1500) with
the following setting of tuning parameters: resiolnt 100,000
atm/z = 400, laser energy 17 mJ, number of laser shatsspectively. The used matrix was
2,5-dihydroxybenzoic acid (DHB). Mass spectra wareraged over the whole MS record (30

s) for all measured samples.

39



Pravinkumar Hansraj Mohite — Doctoral Thesis

9.2 General procedure for the synthesis N-unsubstituted benzo[d]imidazole

R
H H
Ho R 1.CICOMe/Et;N/DMF/ N H R
— -20 °C/15 min _ ©i NHBoc AcOH @E —
0 NHBoc 2. o-phenylenediamine/DMF/ NH? 65°C/1h N NHBoG
54a-h 20°Clah 55a-h 56a-h

56a,R=Me (+)  56e, R =i-Bu(S)
56b,R=Me (R)  56f, R = s-Bu (S)

56c,R=Me (S)  56g, R = CH,Ph (S)

56d, R =j-Pr(S)  56h, R = (1-Methylindol-3-yl)methyl (S)

Scheme 27. Synthesis of benzo[d]imidazole linked with Bod@ecteda-amino acids.
Methyl chloroformate (1.6 mL, 21.2 mmol) was addeda mixture of4a-h (21.2 mmol),
triethylamine (3.0 mL, 21.2 mmol), and DMF (18 mdtf) -20 °C. After 15 min of stirring,
o-phenylenediamine (2.3 g, 21.2 mmol) was addedtlamdeaction was stirred at 20 °C for 4
h. The solvent was evaporatedvacuoand the residue was portioned between water and
EtOAc. The organic layer was washed with NaRC@®% aq.), brine, water,
dried(NaSQy) and the solvent was evaporatadvacuoto afford crude amino-amidgba-h
(71-84 %), which was used directly in the cycliaati

A solution of compound5a-h (20.0 mmol) in glacial AcOH (10 mL) was heated
at 65 °C for 1 h, the solvent was evaporated aeddkidue was portioned between water and
EtOAc. The organic layer was washed with wateredir{NaSQs) and the solvent was
evaporated. Crystallization of the residue from tldieether/hexane afforded
benzofllimidazole derivative$6a-h (64-82 %).

9.2.1. tert-Butyl 1-(1H-benzo|d]imidazol-2-yl)ethylcarbamate 56a

H

N
L~

N NHBoc

56a

The title compound was synthesized from KEBoc-Ala amino-amides5a (20.0
mmol) following the general method. White solideld = 4.1 g (78 %); Mp = 23234 °C;
[0]0?°= 0 (€ 1, MeOH);*H NMR (DMSO-ds, 400 MHz):6 = 12.2 (s, 1H, Mipim), 7.45-7.58
(m, 2H, Har), 7.41 (dJ = 7.8 Hz, 1H, MBoc ), 7.17 (dJ = 5 Hz, 2H, ®ar), 4.88-4.93 (m,
1H, BocNH), 1.52 (dJ = 7.0 Hz, 3H, €z ), 1.44 (s, 9H)'3C NMR (DMSOds, 100 MHz):
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0=156.44,155.11, 142.93, 134.28, 121.72, 120.98.44, 111.28, 78.25, 45.05, 28.25, 20.17;
HR-MALDI-MS (DHB): m/z[M+H] " calcd for GaH20N30,": 262.15500; Found: 262.15419.
9.2.2. (R)-tert-Butyl 1-(1H-benzo[d]imidazol-2-yl)ethylcarbamate 56b

H

N
P

N NHBoc

56b

The title compound was synthesized froR)-N-Boc-Ala amino-amides5b (20.0
mmol) following the general method. White solidelg = 4.3 g (82 %); Mp = 220-222 °C;
[a]p?°= +13.1 ¢ 1, MeOH);*H NMR (DMSO-ds, 400 MHz):6 = 12.1 (s, 1H, Noim), 7.43-
7.58 (m, 2H, Elar), 7.41 (d,J = 6 Hz, 1H, NHBoc), 7.17 (s, 2H, Bar), 4.90 (br s, 1H,
BocNHCH), 1.52 (d,J = 6.5 Hz, 3H, El3), 1.45 (s, 9H)3C NMR (DMSOds, 100 MHz):5 =
175.35, 157.06, 155.90, 155.73, 121.45, 121.12,2109.08.21, 78.78, 49.45, 45.66, 28.58,
27.00, 20.78, 17.69; HR-MALDI-MS (DHB)Wz [M+H] * calcd for G4H20N30,": 262.15500;
Found: 262.15388.

9.2.3. (S)-tert-Butyl 1-(1H-benzo[d]imidazol-2-yl)ethylcarbamate 56c¢

H

N 2
o=

N NHBoc

56¢c

The title compound was synthesized frof)-N-Boc-Ala amino-amides5c (20.0
mmol) following the general method. White solidelg = 3.94 g (75 %); Mp = 22230 °C;
[0]p?°= -13.5 € 1, MeOH);*H NMR (DMSO-ds, 400 MHz):6 = 12.1 (s, 1H, Mbim), 7.58 (d,
J=6.8 Hz, 1H, €la), 7.48 (dJ = 6.8 Hz, Glar), 7.41 (d,J = 7.8 Hz, 1H, MBoc), 7.14
7.20 (m, 2H, Elar), 4.86-4.93 (m, 1H, BocNHE), 1.51 (d,J = 7.0 Hz, 3H, El3), 1.45 (s,
9H); 13C NMR (DMSOds, 100 MHz):5 = 156.37, 155.05, 142.89, 134.23, 129.62, 121.68,
120.92, 118.39, 111.22, 108.43, 78.09, 44.99, 2&8P111; HR-MALDI-MS (DHB): m/z
[M+H] * calcd for GaH20N3O2": 262.15500; Found: 262.15504. Anal. Calcd @asH19N3Oo:

C, 64.35; H, 7.33; N, 16.08. Found: C, 64.40; B57N, 15.82.
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9.2.4. (S)-tert-Butyl 1-(1H-benzo|[d]imidazol-2-yl)-2-methylpropylcarbamate 56d

Ho O\
7

~

L
N NHBoc

56d

The title compound was synthesized fro8)--Boc-Val amino-amide55d (20.0
mmol) following the general method. White solideid = 4.12 g (71 %); Mp = 248-250 °C;
[a]p?°= -42.4 € 1, MeOH);*H NMR (DMSO-ds, 400 MHz):6 = 12.2 (s, 1H, Mbim), 7.59 (d,
J=7.0 Hz, 1H, Ea’), 7.50 (dJ = 6.5 Hz, 1H, MBoc), 7.22 (dJ = 9 Hz, 1H, Gla), 7.17
7.23 (M, 2H, Elar), 4.59 (t,J = 8.2 Hz 1H, BocNHE), 2.20-2.26 (m, 1H, E(CHs)2), 1.42
(s, 9H), 0.95 (dJ = 6.7 Hz, 3H, €3 ), 0.83 (dJ = 6.7 Hz, 3H, Ei3); 1°C NMR (DMSOds,
100 MHz):0 = 155.41, 154.99, 142.90, 133.84, 124.48, 1211.80,96, 118.42, 111.18, 78.04,
55.15, 51.87, 32.05, 28.14, 19.28, 18.57; HR-MAINIS (DHB): nvVz [M+H] " calcd for
C16H24N302": 290.18630; Found: 290.18652. Anal. Calcd fasHz3N3O2: C, 66.41; H, 8.01;
N, 14.52. Found: C, 64.66; H, 7.89; N, 13.36.

9.2.5. (S)-tert-Butyl 1-(1H-benzo[d]imidazol-2-yl)-3-methylbutylcarbamate 56e

|
N s
Lo~
N NHBoc
56e

The title compound was synthesized fro8)-l-Boc-Leu amino-amidéb5e (20.0
mmol) following the general method. White solidelg = 4.03 g (66 %); Mp = 186-188 °C,;
[a]p?°= -32.3 € 1, MeOH);'H NMR (DMSO-ds, 400 MHZz):6 = 12.1 (s, 1H, Mipim), 7.50-
7.57 (m, 2H, Elar), 7.34 (dJ = 8.5 Hz, 1H, MiBoc), 7.17 (d,) = 5,1 Hz, 2H, Elar ), 4.86 (q,
J=7.8 Hz, 1H, BocNH@), 1.73-1.78 (m, 2H, El2), 1.60-1.65 (m, 1H, @& ), 1.43 (s, 9H),
0.95 (t,J = 6.6 Hz, 6H, CH(El2)3); 3C NMR (DMSOds, 100 MHz):6 = 174.82, 156.22,
155.36, 121.40, 78.11, 77.94, 51.86, 47.70, 4328725, 24.41, 22.94, 22.76, 21.84; HR-
MALDI-MS (DHB): m/z [M+H] " calcd for G7H2eN3O2": 304.20195; Found: 304.20100.
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9.2.6. tert-Butyl (15,25)-1-(1H-benzo[d]imidazol-2-yl)-2-methylbutylcarbamate
56f

H ./

o
N NHBoc

56f

The title compound was synthesized frdl-Boc-lle amino-amid&5f (20.0 mmol)
following the general method. Yellowish solid; ylet 4.65 g (76 %); Mp = 188.90°C; [a]p®°
= -17.5 ¢ 1, MeOH);*H NMR (DMSO-ds, 400 MHz):5 = 12.2 (s, 1H, Mpim), 7.55 (br s,
2H), 7.26 (d,) = 8.8 Hz, 1H, NiBoc), 7.167.19 (m, 2H, Ela), 7.03 (dJ = 8.4 Hz, 1H, Elar
), 4.66 (t,J = 8.3 Hz, 1H, BocNH®E), 2.10-254 (m, 1H, ®), 1.53-1.57 (m, 1H, E), 1.41
(s, 9H), 1.221.30 (m, 1H, @), 0.88-1.01 (m, 3H, CHEl3), 0.77 (d,J = 6.7 Hz, 3H,
CH,CHs); 3C NMR ( DMSO4ds, 100 MHz):6 = 155.96, 155.65, 143.59, 134.46, 122.33,
121.64, 119.09, 111.86, 78.72, 54.55, 38.95, 2884%0, 25.46, 16.22, 11.95, 11.65; HR-
MALDI-MS.(DHB): mVz [M+H]* calcd for G7H26N302*: 304.20195; Found: 304.20152.

9.2.7. (S)-tert-Butyl 1-(1H-benzo[d]imidazol-2-yl)-2-phenylethylcarbamate 56g

H

N s

27—
N NHBoc

569

The title compound was synthesized fro8)-l-Boc-Phe amino-amid&5g (20.0
mmol) following the general method. White solidelg = 5.35 g (79 %); Mp = 18082 C;
[0]p?°=-10.4 ¢ 1, MeOH);*H NMR (DMSO-ds, 400 MHz):6 = 12.28 (br s, 1H, Npim), 7.56
(br, s, 1H, NHBoc), 7.44 (d,) = 8.7 Hz, 1H, Ela;), 7.22-7.29 (m, 4H, Ela), 7.17-7.19 (m,
3H, CHar), 5.015.07 (m, 1H, BocNH@&), 2.78-3.22 (m, 2H, CHE2Ph, 1.34 (s, 9H)}*C
NMR ( DMSO-s, 100 MHz):0 = 155.92, 155.80, 143.59, 138.80, 134.78, 129128,70,
126.83, 122.45, 121.68, 119.15, 111.96, 78.70,8128.80; HR-MALDI-MS (DHB):m/z
[M+H] " calcd for GoH24N302": 338.18630; Found: 338.18640. Anal. Calcd fagH33N30;:
C, 71.19; H, 6.87; N, 12.45. Found: C, 69.10; H46N, 10.36.
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9.2.8. (S)-tert-Butyl 1-(1H-benzo[d]imidazol-2-yl)-2-(1-methyl-1H-indol-3-
yl)ethylcarbamate 56h

H
N N
3 N
@E ) >
N NHBoc

56h

The title compound was synthesized frdg{-Boc-1-MeTrp amino-amid&5h (20.0
mmol) following the general method. Yellowish solield = 5.0 g (64 %); Mp = 20206 C;
[0]0?°= -30.5 € 1, MeOH);'H NMR (DMSO-ds, 400 MHz):6 = 12.2 (s, 1H), 7.4&.64 (m,
3H, CHar), 7.39 (t,J = 9.5 Hz, 1H), 7.157.22 (m, 3H, Elar), 7.02-7.05 (M, 2 H, Elar) 5.81
(s, 1H), 5.08 (g = 7.5 Hz, 1H, BocNH@), 3.73 (s, 3H, NE), 3.48 (ddJ = 14.5, 5.7 Hz,
1H, CHCH.Try), 3.24 (dd,) = 14.5, 8.7 Hz, 1H, CH&:Try), 1.36 (s, 9H)**C NMR ( DMSO-
ds, 100 MHz):0 = 155.61, 155.27, 143.03, 136.49, 134.20, 12718%,76, 121.80, 121.05,
121.03,118.68, 118.54, 118.39, 111.34, 109.9054098.07, 50.41, 32.31, 29.76, 28.18; HR-
MALDI-MS (DHB): mVz [M+H]* calcd for GsH27N4O2*: 391.21285; Found: 391.21269.

9.3 General procedure for the synthesis N-substituted benzo[d]imidazole

H /
N R - N R
: i 1. LHMDS/THF/0 °C/30 min : i
N NHBoc 2. Mel/20 °C/3h N NHBoc

56a-h 57a-h

57a,R=Me (+) 57e, R=i-Bu(S)

57b,R=Me (R)  57f, R = s-Bu (S)

57c,R=Me (S)  57g, R = CH,Ph (S)

57d,R=i-Pr(S)  57h, R = (1-Methylindol-3-yl)methyl (S)

Scheme 28. Synthesis of N-methyl befidpmidazole linked with Boc protectegdamino acids.

Benzimidazole$6a-h (3.8 mmol) dissolved in dry THF (20 mL) were teshiwith
LHMDS (3.8 mL, 3.8 mmol, 1M sol. in THF) at 0 °Crf80 min, whereupon iodomethane
(0.25 mL, 4.0 mmol) was added and the reactionstiared at 20 °C for 3 h. The reaction was
diluted with water and extracted with EtOAc. Organiayer was dried (N&Qu),
the solvents were evaporated, and the residue wéged by column chromatography (S5O
EtOAc/Hexane 1:1) to afforl-methyl derivative®7a-h (50-86 %).
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9.3.1. tert-Butyl 1-(1-methyl-1H-benzo|[d]imidazol-2-yl)ethylcarbamate 57a

/
N
CLo
N NHBoc

57a

The title compound was synthesized from KeBoc-Ala BIM 56a (3.8 mmol)
following the general method. White solid; yieldd9 g (86 %);R: 0.5; Mp = 134136 °C;
[a]o%= 0 (€ 1, MeOH):*H NMR (CDCh, 400 MHz):5 = 7.787.92 (m, 1H), 7.297.40 (m,
3H CHar), 5.56 (d,J = 8.5 Hz, 1H, MiBoc), 5.195.26 (m, 1H, BocNHE&), 3.86 (s, 3H,
NCHs), 1.69 (d,J = 6.8 Hz, 3H, El3), 1.49 (s, 9H):*C NMR (CDCB, 100 MHz):6 = 155.58,
155.27,142.22, 135.94, 122.88, 122.37, 119.6554080.03, 42.99, 29.97, 28.52, 21.02; HR-
MALDI-MS (DHB): m/z [M+H] " calcd for GsH22N3O2": 276.17065; Found: 276.16979.

9.3.2. (R)-tert-Butyl 1-(1-methyl-1H-benzo[d]imidazol-2-yl)ethylcarbamate 57b

/
N
Lo
N NHBoc

57b

The title compound was synthesized froR)-N-Boc-Ala BIM 56b (3.8 mmol)
following the general method. Yellowish solid; gie= 0.8 g (76 %)R: 0.5; Mp = 138140
C; [0]p?°= +84.1 € 1, MeOH);*H NMR (CDCk, 400 MHz):6 = 7.777.80 (m, 1H, Ela),
7.29-7.40 (m, 3H ®la/), 5.61 (d,J = 8.7 Hz, 1H, MiBoc), 5.195.26 (m, 1H, BocNHE&),
3.85 (s, 3H, NEi3), 1.69 (dJ = 6.8 Hz, 3H, El3), 1.50 (s, 9H)*C NMR (CDCk, 100 MHz):
0 =155.55, 155.25, 142.15, 135.89, 122.85, 122.33,60, 109.53, 80.00, 42.95, 29.95, 28.49,
20.98; HR-MALDI-MS (DHB): m/z [M+H]* calcd for GsH2:NsO.": 276.17065; Found:
276.16956.

9.3.3. (S)-tert-Butyl 1-(1-methyl-1H-benzo[d]imidazol-2-yl)ethylcarbamate 57c
/

N N
L=
N NHBoc

57¢c

The title compound was synthesized fro®-N-Boc-Ala BIM 56¢ (3.8 mmol)
following the general method. Red solid; yield €95 g (66 %)R0.5; Mp = 128130 °C;
[a]p*°= —84.8 ¢ 1, MeOH);*H NMR (CDCk, 400 MHz):6 = 7.71-7.84 (m, 1H), 7.227.33
(m, 3H (Har), 5.49 (d,J = 8.6 Hz, 1H, MBoc), 5.125.19 (m, 1H, BocNH@&), 3.79 (s, 3H,
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NCH3), 1.62 (dJ = 6.8 Hz, 3H, €ls), 1.42 (s, 9H)*3C NMR (CDCh, 100 MHz):5 = 155.58,
155.29, 142.23, 135.96, 122.89, 122.38, 119.67.58080.06, 43.02, 29.98, 28.54, 21.05; HR-
MALDI-MS (DHB): m/z [M+H]* calcd for GsH22N3O;*: 276.17065; Found: 276.16937.

9.3.4. (S)-tert-Butyl 2-methyl-1-(1-methyl-1H-benzo|[d]imidazol-2-
yl)propylcarbamate 57d

N

N S
o
N NHBoc

57d

The title compound was synthesized fro®-N-Boc-Val BIM 56d (3.8 mmol)
following the general method. Yellow solid; yield=665 g (58 %)R:0.7; Mp = 114116°C;
[0]0?°=-62.1 € 1, MeOH);*H NMR (CDCk, 400 MHz):5 = 8.15 (s, 1H), 7.7&.80 (m, 1H,
CHar), 7.33-7.42 (m, 2H, Elar), 5.49 (dJ = 9.6 Hz, 1H, BocNICH), 4.86 (tJ=5.8 Hz 1H,
BocNHCH), 3.89 (s, 3H, NE3), 2.36-2.39 (m, 1H, Gi(CHz)2), 1.48 (s, 9H), 1.12 (d,=6.7
Hz, 3H, (H3), 0.99 (dJ = 6.7 Hz, 3H, El3); **C NMR (CDCE, 100 MHz):6 = 155.91, 155.23,
142.47, 135.53, 122.69, 122.37, 119.57, 109.687/%2.47, 33.66, 30.18, 28.51, 19.77,
18.58; HR-MALDI-MS (DHB): m/z [M+H]" calcd for G7H26N3O2": 304.20195; Found:
304.20202. Anal. Calcd forigH2sNz02: C, 67.30; H, 8.31; N, 13.85. Found: C, 67.218130;

N, 13.67.

9.3.5. (S)-tert-Butyl 3-methyl-1-(1-methyl-1H-benzo|[d]imidazol-2-

yl)butylcarbamate 57e
/ ‘<
N s
Lo
N NHBoc

57e

The title compound was synthesized fro®-N-Boc-Leu BIM 56e (3.8 mmol)
following the general method. White solid; yield=93 g (65 %)R0.6; Mp = 102104°C;
[0]0?°= —41 € 1, MeOH);*H NMR (CDCk, 400 MHz):6 = 7.7:7.73 (m, 1H, Gla/), 7.22-
7.34 (m, 1H, Elar), 7.23-7.29 (M, 2H, Ela), 5.19 (dJ = 9.3 Hz, 1H, MIBoc), 5.125.14 (m,
1H, BocNH), 3.83 (s, 3H, NE3), 1.86-1.90 (m, 2H, Ei2), 1.76-1.74 (m, 1H, & ), 1.40
(s, 9H), 0.99 (dJ = 6.5 Hz, 3H, CH(El»)3), 0.95 (d,J = 6.6 Hz, 3H, CH(El»)3); *°C NMR
(CDCls, 100 MHz):6 = 155.80, 135.68, 134.61, 129.62, 122.78, 122.39,66, 109.64, 79.99,
45.10, 44.29, 30.03, 28.51, 24.93, 23.13, 22.44:NHR.DI-MS (DHB): myz [M+H]* calcd

46



Pravinkumar Hansraj Mohite — Doctoral Thesis

for CigH2eN302": 318.21760; Found: 318.21729. Anal. Calcd fasgH37N30.: C, 68.11; H,
8.57; N, 13.24. Found: C, 67.91; H, 8.54; N, 13.16.

9.3.6. tert-Butyl (15,25)-2-methyl-1-(1-methyl-1H-benzo[d]imidazol-2-
yl)butylcarbamate 57f

[

N >
(I
N NHBoc

57f

The title compound was synthesized fr&{-Boc-lle BIM 56f (3.8 mmol) following
the general method. Yellow solid; yield = 0.7806¢.00 %):R:0.5; Mp = 104106 °C; [a]p*®
= -73.5 € 1, MeOH);'H NMR (CDCk, 400 MHz):6 = 7.717.73 (m, 1H, Gla), 7.33-7.35
(m, 1H, Har), 7.23-7.29 (m, 2H, Elar), 5.39 (dJ = 9.5 Hz, 1H, MIBoc), 4.82 (tJ = 9.0 Hz,
1H, BocNHH), 3.82 (s, 3H, NEs), 2.01-2.08 (m, 1H, ®), 1.721.76 (m, 1H, &> ), 1.39
(s, 9H), 1.261.24 (m, 1H, Ei»), 0.91 (t,J = 7.4 Hz, 3H, CHEl3), 0.85 (d,J = 6.7 Hz, 3H,
CH,CHs); 13C NMR (CDCB, 100 MHz):6 = 155.84, 155.45, 142.53, 135.46, 122.66, 122.37,
119.56, 109.72, 79.88, 51.51, 39.95, 30.20, 2824199, 15.97, 11.40; HR-MALDI-MS
(DHB): m/z [M+H] " calcd for GeH2gN30>": 318.21760; Found: 318.21717. Anal. Calcd for
Ci1sH27N30O2: C, 68.11; H, 8.57; N, 13.24. Found: C, 67.918H5; N, 13.12.

9.3.7. (S)-tert-Butyl 1-(1-methyl-1H-benzo[d]imidazol-2-yl)-2-
phenylethylcarbamate 57g

/
N s
L Y
N NHBoc
579

The title compound was synthesized fro®-N-Boc-Phe BIM 56g (3.8 mmol)
following the general method. White solid; yield%666 g (50 %)R0.8; Mp = 132134°C;
[0]0%°=-18.8 € 1, MeOH);*H NMR (CDCk, 400 MHz):5 = 7.80-7.83 (m, 1H, Ela), 7.23
7.34 (m, 8H, Clar), 7.047.09 (m, 1H, Elar), 5.72 (d, J = 8.8 Hz, 1H,HMBoc ), 5.215.27
(m, 1H, BocNH®), 3.43-3.55 (m, 2H, GICH:Ph), 3.33 (s, 3H, NB3), 1.47 (s, 9H)*C
NMR (CDCl, 100 MHz):6 = 154.56, 142.43, 136.90, 129.62, 128.65, 1271.03,77, 122.41,
119.55, 109.55, 49.14, 42.73, 29.40, 28.52; HR-MAMS (DHB): m/z [M+H]" calcd for
Co1H26N302": 352.20195; Found: 352.20187.
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9.3.8. (S)-tert-Butyl 1-(1-methyl-1H-benzo[d]imidazol-2-yl)-2-(1-methyl-1H-indol-
3-yl)ethylcarbamate 57h

/
N S \
N
@ an ~
N NHBoc
57h

The title compound was synthesized fro8r-Boc-1-MeTrp BIM56h (3.8 mmol)
following the general method. Brown solid; yiel®991 g (64 %)R:0.5; Mp = 164166 °C;
[0]p?°= -20.1 ¢ 1, MeOH);*H NMR (CDCk, 500 MHz):§ = 7.75 (dJ = 7.5 Hz, 1H, Elar),
7.49 (d,J=7.8 Hz, 1H, @), 7.15-7.28 (m, 6H, Elar), 6.99 (t,J = 7.5 Hz, 1H, Elar), 6.66
(s, 1H, NHBoc), 5.78 (br s, 1H), 5.34 (4= 7.8 Hz, 1H, BocNHE), 3.61 (s, 3H, NEl3), 3.54
(dd,J = 14.0, 5.4 Hz, 1H, CHE&:Try), 3.40 (ddJ = 14.0, 9.4 Hz, 1H, CHE&:Try), 3.20 (s,
3H, NCH3), 1.41 (s, 9H)C NMR (CDCB, 125 MHz):6 = 155.49, 155.36, 136.98, 135.32,
129.94,128.10,127.82,122.78,122.51, 121.83311918.98, 109.73, 109.41, 109.29, 79.99,
48.13, 32.82, 32.16, 29.75, 28.54; HR-MALDI-MS (DHBm/z [M+H]" calcd for
CoaH29N4O>": 405.22850; Found: 405.22849.

9.4 General procedure for the synthesis benzo[d]imidazole linked with
primary amine

/ /
N R N R
TFA/20 °C/1 h
L Yoo
N NHBoc N NH,

57a-h 58a-h

58a,R=Me (+)  58e, R =i-Bu(S)

58b,R=Me (R)  58f, R = s-Bu (S)

58¢c,R=Me (S) 589, R = CH,Ph (S)

58d,R = i-Pr(S)  58h, R = (1-Methylindol-3-yl)methyl (S)

Scheme 29. Synthesis of N-methyl benzo[d]imidazole linked wiimary amine.
Boc-derivatives57a-h (2.3 mmol) were treated with TFA (1 mL) at 20 °@ fL h.
Diethylether/hexane (1:1) was added to the reactipaure until the product precipitated. The

crude product was filtered and purified by columnrhroenatography (Si®
EtOAc/DCM/MeOH 1:1:0.2) to affor88a-h as viscose oils (3®1 %).
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9.4.1. 1-(1-Methyl-1H-benzo[d]imidazol-2-yl)ethanamine 58a

/
Lo~
NH,

58a

The title compound was synthesized from KEBoc-Ala BIM-N-Me 57a(2.3 mmol)
following the general method. Yellow oil; yield =185 g (45 %);R: 0.2; [o]o?°= 0 (c 1,
MeOH); *H NMR (CDCh, 400 MHz):6 = 7.717.73 (m, 1H, Elar), 7.22-7.32 (m, 3H Ela/),
4.33 (gJ = 6.7 Hz, 1H, NHCH), 3.79 (s, 3H, N€3), 1.57 (dJ = 6.7 Hz, 3H, El3); 1°C NMR
(CDCls, 100 MHz):6 = 159.09, 141.76, 136.06, 121.64, 121.19, 118.69,79, 43.64, 29.62,
23.34, 23.04; IR (HATR)vmax = 3100, 3050, 2998, 1681, 1479, 1458, 1335, 12538, 742
cm; HR-MALDI-MS (DHB): mvz [M+H]* calcd for GoHiaNs*: 176.11877; Found:
176.11746.

9.4.2. (R)-1-(1-Methyl-1H-benzo[d]imidazol-2-yl)ethanamine 58b
/

N
L
N NH,

58b

The title compound was synthesized frdR}y-N-Boc-Ala BIM-N-Me 57b (2.3 mmol)
following the general method. Yellow oil; yield =187 g (48 %)R0.2; [0]o?°= +4.0 € 1,
MeOH); *H NMR (DMSO-ds, 400 MHz):6 = 7.61 (dJ = 7.4 Hz, 1H, Ela/), 7.54 (d, J=7.5
Hz, 1H, Har), 7.18-7.27 (M, 2H, Elar) 4.33 (9J = 6.7 Hz, 1H, NHCH), 3.86 (s, 3H, NEi3),
1.49 (d,J = 6.5 Hz, 3H, El3); 13C NMR (DMSO4ds, 100 MHz):6 = 158.91, 141.76, 136.06,
121.67, 121.22, 118.60, 109.82, 43.62, 29.63, 22RIHATR): vmax = 3100, 3050, 2932,
1684, 1630, 1456, 1395, 1331, 740 tnR-MALDI-MS (DHB): m/z [M+H]* calcd for
Ci10H14N3": 176.11877; Found: 176.11765.

9.4.3. (S)-1-(1-Methyl-1H-benzo[d]imidazol-2-yl)ethanamine 58c
/
N S
Cro
N NH,
58c

The title compound was synthesized frogtN-Boc-Ala BIM-N-Me 57¢ (2.3 mmol)
following the general method. Yellow oil; yield =184 g (45 %)R 0.2; [0]p?°= -4.2 € 1,
MeOH); *H NMR (DMSO-ds, 400 MHz):6 = 7.61 (d,J = 7.4 Hz, 1H, Ela/), 7.54 (dJ=7.4
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Hz , 1H, GHar), 7.14-7.27 (M, 2H, Cla) 4.31 (qJ = 6.7 Hz, 1H, NHCH), 3.86 (s, 3H, NEl3),
1.49 (d,J = 6.6 Hz, 3H, El3); 23C NMR (DMSO4s, 100 MHz):8 = 159.10, 141.75, 136.05,
121.61, 121.16, 118.57, 109.77, 43.63, 29.61, 23RFHATR): vmax = 3100, 3030, 2933,
1680, 1457, 1335, 1128, 741 énHR-MALDI-MS (DHB): mVz [M+H]" calcd for GoH1aNs":
176.11877; Found: 176.11816.

9.4.4. (S)-2-Methyl-1-(1-methyl-1H-benzo[d]imidazol-2-yl)propan-1-amine 58d
[\

N N
(=
N NH,

58d

The title compound was synthesized frogrNl-Boc-Val BIM-N-Me 57d (2.3 mmol)
following the general method. Yellow solid; yield0s287 g (61 %)R:0.3; Mp = 80-82 °C;
[0]o?°= -11.4 ¢ 1, MeOH);'H NMR (DMSO-ds, 500 MHz):6 = 7.61 (d,J = 7.4 Hz, 1H,
CHar), 7.55 (d,J = 7.7 Hz, 1H, Ela’), 7.19-7.26 (m, 2H, Elar), 3.90 (d,J = 7.0 Hz, 1H,
NH2CH), 3.84 (s, 3H, NEl3), 2.05-2.13 (m, 1H, Ei(CHs)2), 1.01 (d,J = 6.7 Hz, 3H, Ei3),
0.88 (d,J = 6.7 Hz, 3H, El3); *C NMR (DMSOds, 125 MHz):6 = 158.25, 141.93, 135.75,
121.55, 121.28, 118.52, 109.97, 53.52, 33.33, 24.987, 18.23; IR (HATR)vmax = 3060,
2961, 2860, 1683, 1612, 1467, 1200, 1126, 740;d4R-MALDI-MS (DHB): m/z [M+H]*
calcd for GoHigN3': 204.14952; Found: 204.14897.

9.4.5. (S)-3-Methyl-1-(1-methyl-1H-benzo[d]imidazol-2-yl)butan-1-amine 58e

=
(L
N NH,
58e
The title compound was synthesized frogrNl-Boc-Leu BIM-N-Me 57¢e (2.3 mmol)

following the general method. Viscous oil; yieldd=195 g (39 %)R 0.2; [a]p?°= -15 € 1,
MeOH); *H NMR (DMSO-ds, 500 MHz):6 = 7.61 (dJ = 7.7 Hz, 1H, Ela’), 7.55 (dJ=7.9
Hz, 1H, tHar), 7.19-7.27 (m, 2H, Eiar), 4.23 (tJ = 6.8 Hz, 1H, NHCH), 3.86 (s, 3H, NEl3),
1.75-1.78 (m, 2H, Gi2), 1.67-1.72 (m, 1H, E&l), 0.93 (d,J = 6.0 Hz, 6H, CH(El3)2); *C
NMR (DMSO-ds, 125 MHz):0 = 158.39, 141.86, 135.97, 121.79, 121.39, 118168,00,
46.14, 45.52, 29.75, 24.43, 23.06, 22.29; IR (HATR)x = 3030, 3040, 2958, 2810, 1678,
1454, 1201, 1133, 746 ¢ HR-MALDI-MS (DHB): myz [M+H]* calcd for GsH2oNs":
218.16517; Found: 218.16497.
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9.4.6. (15,25)-2-Methyl-1-(1-methyl-1H-benzo[d]imidazol-2-yl)butan-1-amine 58f
/S

N/ 2
L
N NH,

58f

The title compound was synthesized fro8rN-Boc-lle BIM-N-Me 57f (2.3 mmol)
following the general method. Viscous oil; yield280 g (36 %)R:0.2; [0]p?°= -21.8 € 1,
MeOH); *H NMR (DMSO-ds, 400 MHz):6 = 7.62 (d,J = 7.0 Hz, 1H, ©la), 7.56 (d,J = 7.0
Hz, 1H, GHar), 7.20-7.55 (M, 2H, ©lar), 4.03 (dJ= 7.6 Hz, 1H, NHCH), 3.85 (s, 3H, NE€l3),
1.88-1.90 (m, 1H, &), 1.19 and 1.75 (2 x m, 2 x 1HHE), 0.90 (t,J = 7.2 Hz, 3H, CHEl3),
0.85 (d,J = 6.4 Hz, 3H, CHCHz); 3C NMR (DMSOds, 100 MHz):§ = 157.67, 141.92,
135.68, 121.62, 121.35, 118.51, 110.02, 52.30,2329.80, 24.06, 15.78, 11.20; IR (HATR):
vmax = 3330, 3250, 2965, 1678, 1558, 1471, 1202, 11880, 744, 721 cty HR-MALDI-MS
(DHB): n/z [M+H] " calcd for GsH20Ns™: 218.16517; Found: 218.16473.

9.4.7. (S)-1-(1-Methyl-1H-benzo[d]imidazol-2-yl)-2-phenylethanamine 58g

/
e
L
N NH,
589
The title compound was synthesized frogtl-Boc-Phe BIMN-Me 579 (2.3 mmol)

following the general method. Qil; yield = 0.22q38 %), R 0.3; [a]p?°= —6.2 € 1, MeOH,
20 % ee)'H NMR (CDCk, 400 MHz):6 = 7.82-7.85 (m, 1H, Gla), 7.27-7.35 (m, 6H, Elar),
7.13-7.15 (m, 2H, Gla’), 4.44 (t, J = 7.2 Hz, 1H, NiEH), 3.45 (s, 3H, NE3), 3.23-3.34 (m,
2H, CHCH,Ph); 3C NMR (CDCE, 100 MHz):6 = 157.04, 142.19, 137.79, 129.53, 128.84,
127.07, 122.71, 122.39, 119.56, 109.46, 50.96,7429.58; IR (HATR):vmax = 3100, 3050,
2926, 1676, 1460, 1261, 1122, 733, 698'ciR-MALDI-MS (DHB): m/z [M+H]* calcd for
CieH1gN3": 252.14952; Found: 252.14904.
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9.4.8. (S)-1-(1-Methyl-1H-benzo[d]imidazol-2-yl)-2-(1-methyl-1H-indol-3-
yl)ethanamine 58h

/

N N \
Crp-4
N NH,

58h

The title compound was synthesized fro8)--Boc-1-MeTrp BIMN-Me 4h (2.3
mmol) following the general method. Yellow oil; {de= 0.377 g (53 %)R 0.2; [a]p?°= -7.5
(c 1, MeOH);'H NMR (CDCk, 500 MHz):6 = 7.80-7.85 (m, 1H, Ela/), 7.53 (d,J = 7.8 Hz,
1H, CHar), 7.22-7.32 (m, 4H, Elar), 7.08 (t,J = 7.4 Hz, 1H, Ela), 6.86 (s, 1H), 4.51 (1 =
7.1 Hz, 1H, , NHCH), 3.73 (s, 3H, NE), 3.56 (s, 3H, NE3), 3.45 (ddJ = 16.0, 7.1 Hz, 1H,
CHCH_Try), 3.35 (dd,J = 14.2, 8.2 Hz, 1H, CHE,Try); 13C NMR (CDCk, 125 MHz):6 =
157.41, 142.13, 137.24, 135.90, 128.24, 127.91,6122122.34, 121.94, 119.58, 118.70,
110.08, 109.39, 109.04, 49.66, 33.92, 32.87, 312948; IR (HATR):vmax = 3070, 2924,
1612, 1520, 1470, 1326, 1123, 1006, 844, 738;dHR-MALDI-MS (DHB): mVz [M+H]*
calcd for GoH21N4™: 305.17783; Found: 305.17652.

9.5 General procedure for the aldol reaction of 4-nitrobenzaldehyde with
Kketones

A solution of catalysb8a-f and 58h (0.09 mmol) in acetone or cyclohexanone (7.5
mL) was treated with TFA (3.5uL, 0.045 mmol) at 20 °C for 5 min, whereupon
4-nitrobenzaldehyde (151 mg, 1.0 mmol) was addetitha reaction was stirred for 24 h
or 72 h. The progress of the reaction was monitbse@LC. The solvent was evaporated and
the residue was purified by column chromatogra@i@{, EtOAc/hexane 1:1). to afford aldol

products61 or 63 as a pale yellow solid.

9.5.1. Asymmetric aldol reaction of 4-nitrobenzaldehyde with acetone

O OH O
O 0,
@H . )J\ 58a-f and 58h (9 mol A))= /@)\/U\
O,N TFA (4.5 mol%) O,N
59 60 61

Scheme 30. Asymmetric aldol reaction of 4-nitrobenzaldehydid acetone.
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The enantiomeric excess of the aldol proditivas determined by HPLC analysis
(Daicel Chiralpak AS-H, flow 0.5 mL.mih n-hexangtPrOH 70:30%maj 25.13 minmin 30.10
min, 65 %eefor the reaction catalyzed Bgf).4344

Table 7. Aldol reaction of 4-nitrobenzaldehyde with acetone

Catalyst Yield [%] ee [%] Configuration
58a 51 0 +
58b 40 32 S
58c 46 32 R
58d 48 49 R
58e 51 59 R
58f 59 65 R
58h 51 3 R

9.5.2. Asymmetric aldol reaction of 4-nitrobenzaldehyde with cyclohexanone

0 0 OH O OH O
/©)LH é 58a-f and 58h (9 mol %) /@/\é
+ > - +
TFA (4.5 mol%) B
O,N O,N O-N
59 62 syn-63 anti-63

Scheme 31. Asymmetric aldol reaction of 4-nitrobenzaldehydid wyclohexanone.

The enantiomeric excess of the aldol proddi®@tvas determined by HPLC analysis
(Daicel Chiralpak AD-H column, flow 0.5 mL.min n-hexandgtPrOH 80:20; Major
diastereoisomertmaj 32.57 min,tmin 25.78 min, 62 %ee for the reaction catalyzed B8d;
minor diastereoisomettmaj 22.4 min,tmin 23.66 min, 32 %ee for the reaction catalyzed
by 58d).4°

Table 8. Aldol reaction of 4-nitrobenzaldehyde with cyclahaone.

Catalyst Yield [%] syn:anti/de ee syn [%] ee anti [%]
58a 48 2:98/96 0 0
58b 46 3:97/94 32 (25,1'S) 29(2R,1’S)
58c 49 17:83/66 23(2R,1'R) 32(2S,1°R)
58d 51 7:93/86 32(2R,1'R) 62(2S,1'R)
58e 60 4:96/92 23(2R,1'R) 32(2S,1°R)
58f 64 8:92/84 31(2R,1'R) 39(2S,1°R)
58h 49 12:88/76 10(2R,1’R) 36(2S,1°R)
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9.6 General procedure for the aldol reaction of isatins with ketones

A solution of catalysb8a-f and58h (0.01 mmol) in acetone or cyclohexanone (1 mL) was
treated with benzoic acid (0.03 mmol) ai whereupon isatin (0.10 mmol) was added and
the mixture was stirred for 96 or 108 h. The prsegref the reaction was monitored by TLC.
The acetone was subsequently removed in vacuohendhixture was purified by column
chromatography (Si© EtOAc\hexane, 1:1) to afford aldol prodé& as a pale yellow solid.
The crude reaction mixture after the reaction wagltlohexanone was subjected directly
to column chromatography (S4OEtOAc-hexane, 1:1) to afford aldol produgi as a pale

yellow solid.

9.6.1. Asymmetric aldol reaction of isatin with acetone

o)
Qo o HO
©i/<F o . )J\ 58a-f and 58h (10 mol %) _ o
N Acid (30 mol%) N
H H
64 60 65

Scheme 32. Asymmetric aldol reaction of isatin with acetone.

The enantiomeric excess of the aldol prodieivas determined by HPLC analysis
(Daicel Chiralcel OJ-H column, flow 0.8 mL.mipn-hexanatPrOH 80:201maj 24.6 Min tmin
22.0 min, 24 %eefor the reaction catalyzed Bgf). 'H NMR (DMSO-ds, 400 MHz):5 = 10.2
(s, 1H), 7.28 (dJ = 7.4 Hz, 1H), 7.22 (dt} = 7.6 Hz,Js= 1.3 Hz, 1H), 6.95 (dt} = 7.5 Hz,
Ja=1.0 Hz, 1H), 6.82 (d] = 7.6 Hz, 1H), 6.03 (s, 1H), 3.32 @5 16.6 Hz, 1H), 3.04 (d =
16.6 Hz, 1H), 2.04 (s, 3H}?C NMR (DMSO4ds, 100 MHz):6 = 205.86, 178.81, 143.14,
132.12, 129.63, 124.30, 121.89, 110.07, 73.27,66(8B&.18; HR-MALDI-MS (DHB):m/z
[M+Na]" calcd for GiH11NNaGs*: 228.06311; Found: 228.06326. The absolute cordigan
of the title compound was assignedSavy comparison of chiral phase HPLC analysis with
the reported dat®.

Table 9. Aldol reaction of isatin with acetone.

Catalyst Acid Yield [%] ee [%] Configuration
58a PhCO;H 56 0 +
58b TFA 58 1 R
58b AcOH 64 2 R
58b PhCOzH 65 4 R
58c TFA 64 1 S
58c AcOH 66 2 S
58c PhCOzH 68 4 S
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58d TFA 57 3 S
58d AcOH 59 5 S
58d PhCO,H 67 6 S
58e TFA 62 12 S
58e AcOH 64 15 S
58e PhCO;H 74 16 S
58f TFA 67 18 S
58f AcOH 72 22 S
58f PhCO;H 70 24 S
58h TFA 61 1 S
58h AcOH 62 1 S
58h PhCO;H 66 3 S

9.6.2. Asymmetric aldol reaction of isatin with cyclohexanone

o 0]
O Q HO
58a-f and 58h (10 mol %)
o + > + 0
N PhCO,H (30 mol%) N
H H H
64 62 anti-66 Ssyn-66

Scheme 33. Asymmetric aldol reaction of isatin with cycloherae.

The enantiomeric excess of the aldol prodd@twvas determined by HPLC analysis
(Daicel Chiralcel OJ-H column, flow 0.8 mL.min n-hexanefPrOH 85:15; Major
diastereoisometing21.2 min,tmin 28.1 min, 71 %eefor the reaction catalyzed IB3f; minor
diastereoisomertmsj 16.7 min,tmin 18.6 min, 45 %ee for the reaction catalyzed [H8f).
'H NMR (DMSO-ds, 400 MHz):6 = 10.19 (s, 1H), 7.17.20 (m, 1H), 6.736.84 (m, 2H), 5.81
(s, 1H), 3.05 (dd) = 13.2, 5.2 Hz, 1H), 2.52.58 (m, 1H), 2.252.31 (m, 1H), 1.321.83 (m,
5H), 1.23-1.27 (m, 1H)*C NMR (DMSO+ds, 100 MHz):5 = 209.75, 179.35, 144.06, 131.49,
129.22, 125.44, 121.46, 110.04, 74.50, 58.01, 434102, 27.27, 25.09, 24.66; HR-MALDI-
MS (DHB): m/z [M+Na]* calcd for GaHisNNaGs* : 268.09441; Found: 268.09464.
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Table 10.Aldol reaction of isatin with cyclohexanone.

Catalyst Yield [%] syn:anti/de ee anti [%] ee syn [%)
58a 51 60:40/20 0 0
58b 48 55:45/10 6 7(3S, 1R’)
58¢c 50 80:20/60 4 7(3R,1'S)
58d 60 97:3/94 25 36(3R,1°S)
58e 46 89:11/78 49 62(3R,1°S)
58f 48 83:17/66 45 71(3R,1’S)
58h 45 69:31/38 2 4(3R,1'S)
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10. Results and discussion

10.1 Development of a-amino acid- and imidazole-derived compounds in
the group

Recently, several imidazole derivativés10 linked to ana-amino residue were

developed in our working groupFigure 21).272° These compounds were inspired

by the molecule of naturally occurring essentiairamacid histidine or its decarboxylation
product - histamine. Derivativds 10 were more or less successfully applied as opyiealiive
nitrogen ligands in various asymmetric reactionsyid liquids, imidazoliophanes and
biologically active compounds.

R R R O R

HN\//\,) NH, HN/\,) "NH, HN/\,) NHCbz HN/\,)kH CONH,
=N =N =N =N

r s
Ph \ Ph
X

(3]
(<2}
~

N o R | | 2B
| 2 Br- 2X _>—\ . Y N
z Y NHCbz R R
NS/

N N
R IR o WP G e

\ //\N \
R' R <N 0
\) | Pz
8 9 10

Figure 21. Imidazole derivatives linked to anamino residue.

Whereas in derivatives-3 is thea-amino acid an integral part of the imidazole ring,

2-phenylimidazole in derivativé has been linked ta-amino acidvia amidic bond. Parent

moleculesl-2 are accessible from CBz-protecteehmino acids, their activatiovia mixed

anhydrides, reaction with diazomethaneataliazoketones and subsequent transformation

to a-bromoketones. These were finally condensed withidimes!?2® Additional

heteroaromatic moieties in derivativ8s can be introduced via Negishi cross-coupling

reaction'* On the contrary, the synthesis4is as simple as reaction of 2-phenylimidazole-4-
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carboxylic acid with variousx-amino acid amide¥. Subsequently, biimidazoles have
been proposed and synthesized as novel tridentg@nds. The synthesis starts
from the previously prepared chiral amingghat were condensed with (hetero)aromatic
aldehydes (mostly 2-phenylimidazole-4-carbaldehy@d) similar condensation of amin@s
with 2-phenylimidazole-4-carboxylic acid led to fogous derivative$.!” Chiral amine2
and 4 as well as tridentate ligands and 6 have been applied as nitrogen ligands
in copper(ll)-catalyzed nitroaldol (Henry reactioapd aldol condensatiorFigure 22.

As can be seen, the performance of these ligargisiocatalysts in both reactions is modest.
Whereas these compounds provided the desired)@aldad in relatively good chemical yields,
the attained enantiomeric excesses hardly excetigdin the Henry reaction, stereochemical

application of4 in the aldol condensation failed at all.

NO Ligand | ee[%]

+ CH.NO Ligand 72, 2 2 3-28

T2 CuEtOH  pR=/ Ty 4 2-13

7\ 5 13-32

RQCHO o) 6 5-19
o Ligand

L //_\ Ligand | ee [%]

R OH 4 3.6

Figure 22. Screening of ligand&-6 in asymmetric Henry and aldol reactions.

On imidazole, thea-amino residue can also be attached on nitrogemsato
as demonstrated by imidazolium derivatives This concept has further been extended
by bridging two imidazole derivatives beariagamino acid residue at C4 to afford dicationic
compounds and9.*®Hence, whereas derivativésan be considered as optically active ionic
liquids, dicationic8 and 9 are open form of imidazoliophanes as shown formgta
on10. In the aforementioned derivativeslO, thea-amino acid residues are always connected
at imidazole N1/N3/C4 positions with the (protegt@dimary amino group present at the
stereogenic center. According to the current stétire-art, various primary amines have been
successfully applied as organocatalysts in varamysnmetric reactiorf§>3Very often, their
parent  backbone is derived from c-amino acid as  suitable and
readily available source of chiralit§->*Based on this, my synthetic attempts were focused o
development of new chiral benzifimidazole derivative$8 bearing various essentalamino
acid residues appended at the C2ZFriggre 23 and their applications

as organocatalysts in selected asymmetric reactions
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Figure 23. Structure of targetx-amino acid and benzo[d]imidazole derived primamgiaes58a-h.

59



Pravinkumar Hansraj Mohite — Doctoral Thesis

10.2 Synthesis of target benzo[d]imidazoles

The synthesis of benzijjmidazole derived primary aminéBa-h have been carried
out via the reaction path shown 8ctheme 34The commercially available Boc-protected
(¥)-alanine, §-alanine, R)-alanine, §-valine, §)-leucine, §-isoleucine, §-Phenylalanine,

and ©§)-1-methyl tryptophang4a-h) were used as starting materials.

HO R 1. CICO,Me/EtsN/DMF/
>/,_< -20 °C/15 min NHBoc
0] NHBoc 2-©0- phenylenedlamlne/DMF/

20 °C/4 h NH2
54a-h 55a-h

AcOH/65 °C/1 h

N/ R 1. LHMDS/THF/ R
__0°C/30 min s
/ ° ©: 7
@[N> iNHBOC 2. Mel/20 °C/3 h N NHBoc

57a-h 56a-h

TFA/20 °C/1 h

O:N R 58a,R=Me(+) 58 R=i-Bu(S
)— 58b,R = Me (R) 58f, R=s-Bu(S)
N NH2  58¢, R = Me (S) 58g, R = CH,Ph (S), 20 % ee
58a-h 58d, R = i-Pr (S) 58h, R = (1-Methylindol-3-y)methyl (S)

Scheme 34. Synthesis of primary amirk8a-h.

These Boc-protecteda-amino acids 54a-h were activated via mixed anhydride
(CICOOMe/EtN/DMF) and subsequently treated wikphenylenediamine to afford amino-
amidesb5a-h with the yields ranging from 71 to 84 %. A direetction between-amino
acidsb4a-h ando-phenylenediamine has also been examined but preargdiifficult and low
yielding. Therefore, it was necessary to activhgedarboxylic group to mixed anhydride by
the reaction with alkylchloroformate at low tempgara. Subsequent reaction
with o-phenylenediaminafforded smoothly amino-amiddésba-h that were used directly
in the next reaction step — cyclization to beuiojidazoles56a-h. The reaction has been
accomplished by simple heating 6ba-h in acetic acid. SubsequeM-alkylation was
performed to avoid benzdfimidazole tautomerism. Thus, bendpiidazole derivative56a-

h were treated with lithium bis(trimethylsilylamidLHMDS) and iodomethane

to provide N-methyl derivatives57a-h with the 50-86% isolated vyields. In contrast
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to productd7a-f and57h, a partial racemization of phenylalanine derive§v¥gwas observed
within this step (52 %€. Unfortunately, all other attemptédtalkylation systems including
milder bases such TEA or B&0s were unsuccessful as welMoreover, Boc group removal
on57ghas been accompanied by a further racemizatio®d&gdas obtained with only 20 %
ee On the contrary, all remaining target aminé8af and h were gained
by Boc group removal using trifluoroacetic acid A)Fwithout any racemization. Acid
mediated cleavage of theert-butoxycarbonyl group is an established procedure
for deprotectingNH-Boc amines and proceeds in three stépshe carbamate is first
protonated at the most basic oxygen to produceogarbum ion, then heterolyti©-tbutyl
bond cleavage yielding neutral carbamic acid tgdase followed by final decomposition
to amine.lt should also be noted here, that CBz-protectemmino acids undergo similar
reaction transformation except the final CBz greamoval that proved very difficult. All
attempts to CBz group removal from Alanine bedhaojidazole derivative similar t&8c
under various conditions failed at all. The completaction sequence is outlinedSicheme 34
and resembles that used to generate BocGly damivdtscribed by Lazarus et°&Table 11
shows startingi-amino acids, absolute configurations, and yiefddlontermediates and final

products.

Table 11.Structure, absolute configurations, and yieldprirhary amine$8a-h and intermediates5a-h
to 57a-h.

o-amino acid R Configuration Yield [%]
55a-h 56a-h 57a-h 58a-h

(x)-Ala Me t 76 78 86 45
(R)-Ala Me R 78 82 76 48
(S)-Ala Me S 76 75 66 45
(5)-Vval i-Pr S 82 71 58 61
(S)-Leu i-Bu S 71 66 65 39
(S)-lle s-Bu S 80 76 64 36
(5)-Phe Ph S 74 79 50 38
(5)-1-MeTrp  Metrp S 84 64 64 53

10.3 Spectral properties

All of the synthesized benzfjjmidazoles were characterized BY4/**C-NMR
spectroscopy and HR-MALDI-MS (DHB) analysis. As example, théH-NMR spectra of
Alanine derivative$8a-c showed doublet of the CH(N}MCH3 group, singlet of N-Ez group,
quartet of GINH2 group and pattern in aromatic part correspondirtyé fused benzene ring,

seeFigure 24
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Figure 24. 'H NMR spectrum of racemfi8a (CDClz, 400 MHz) as well as pure enantiom&8b and58c
(DMSO-d, 400 MHz).

To verify optical purity of target amine58b and 58¢ these were measured
with chiral derivatizing agent (CDA) and comparedthe similar spectra of racemdi8a
Mosher’s acid (R)-methoxy(trifluoromethyl)phenylacetic acid) seetnde well-suited CDA
in this respect. This compound, introduced by H.she in 1969, is considered
as reliable and effective chiral shift reagent &malyzing and determining optical purity
of primary amine$® The *H-NMR spectra of58a-¢c measured withR)-Mosher's acid are
shown inFigure 25 As can be seen, the racema8a showed two set of signals as a result
of formation of both diastereoisomers, while thegpenantiomer§8b-c showed only one set
of signals. This is obvious especially by comparalghatic parts of the spectra. Clear
differences in the chemical shifts of protons ledanear the molecule’s stereocenter are
distinguishable (doublets and quartet for CHENEHs and GINH2 groups, respectively).
Hence, this implies that no racemization takesethcoughout the entire reaction sequence.
NMR analyses of all remaining target amines arevshio the supplement.
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Figure 25. 'H NMR (CDC}, 400 MHz) spectrum of compourE&a-c measured with Mosher’s acid.

Optical purity of all target aminés8a-h has also been checked by employing chiral
phase HPLC analysis. For Alanine derivatis8s-c, the HPLC diagrams are showrFigure
26. Based on these analyses, the enantiomeric exceEs&a-c were estimated to 0, 95, and
99 %, respectively. Moreover, HPLC with chiral giaary phase also allowed to determine
the optical purity of “problematic” Phenylalaninerd/ative 58g As can be seen from the
enclosed HPLC diagram, this target amine possesdg20%ee(Figure 26. HPLC diagrams

of all remaining target amines are shown in theplmpent.
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Figure 26. Chiral phase HPLC analyses of catal§8t-c and58g.

Structure and purity of all target compounds anérmediates were also analyzed
by HR-MALDI-MS. The experimental and calculated WRLDI-MS (DHB) spectrum
of 58f is shown inFigure 27, remaining ones are shown in the supplement. genaral trend,
all target amines except Tryptophan derivatb&h showed both expected [M+HJand
[M+Na]" ions. The experimentah/zvalues for58f were found 218.16473 and 240.14718 Da.
These values correlate well with the calculatedses®f 218.16517 and 240.14712 Da within
the limit of 4 ppm Am/z= 2.5 and 0.2 ppm, respectively).
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Figure 27. Experimental (up) and calculated HR-MALDI-MS spe¢DHB) of 58f.

10.4 Amines 58a-h as optically active organocatalysts

Carbon-carbon bond forming reactions represent wintgolly the most desired and
used synthetic tool of organic chemists. Among swgactions, a process accompanied by
the formation of a new stereogenic center is ohngerest. Aldol reaction providing general
access to B-hydroxycarbonyl compounds represents such a %asdased
on the aforementioned literature search, Vinceat al showed application
of 5,6-dimethylbenzal]imidazole 44 (Figure 2§ linked to L-proline residue in asymmetric
aldol reaction $cheme 237 This new chiral benzimidazole-pyrrolidingt (BIP) was able
to organocatalyze aldol process between the acetwhd-nitrobenzaldehyde in the presence

of an Bronsted acid, leading to the aldol adduttigh yield and enantioselectivity.

Tty

44

Figure 28. The most successful organocatalyst — BIP.

Hence, all prepared optically pure primary amif8a-h except58g bearinga-amino
acid and benzd]imidazole pendantd{gure 23 were investigated as organocatalyst in aldol
reaction of 4-nitrobenzaldehyde and isatin withtaee and cyclohexanone. The initial
screening has been carried out in an acid-catalyeadtion utilizing 4-nitrobenzaldehyde

acceptor and acetone donor. The reaction condiiodghe achieved results are summarized
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in Scheme 3andTable 12 After initial elaboration, all reactions were gad out on 1 mmol
scale with 9 mol% of the catalyst and the reactiore/temperature of 24 h/20 °C. According
to the observations on benzoimidazole-pyrrolidiB#P} ligand made by Vincert al,*” we
have used TFA (4.5 mol%) as a proton source.

0 OH O
/©)LH )?\ 58a-f and 58h (9 mol %) /@A)K
+ -
ON TFA (4.5 mol%) ON
59 60 61

Scheme 35. Asymmetric aldol reaction of 4-nitrobenzaldehyd#hwicetone.

Table 12.Results of the aldol reaction of 4-nitrobenzaldighyith acetone.

Catalyst Yield [%] ee [%] Configuration
58a 51 0 +
58b 40 32 S
58c 46 32 R
58d 48 49 R
58e 51 59 R
58f 59 65 R
58h 51 3 R

Such standard condition allowed investigation ofe thstructure-catalytic activity
of the synthesized aminés8a-f and 58h. Aldol products6l were isolated by column
chromatography and the enantiomeric excesses wagrnuned by HPLCThe reaction
catalyzed by racemic alanine-derived amine §8-afforded aldol producél in the yield

of 51 % and with anticipated O &e(Table 13. Corresponding catalystR)58b and §)-58c
afforded aldol$1 in the yields of 40/46 % and modest optical pesit32/32 %ee(Table 13.

In general, all organocatalysts having)-¢onfiguration provided R)-aldol while amine
(R)-58b provided opposite §)-enantiomer61. This is in agreement with that observed
by Vincent et al®>’ More interestingly, attained enantiomeric excessesreased
with increasing bulkiness of the R-substituent. Tinghestee values of 59 and 65 % were
gained for the aldol reaction catalyzed with leeeiand isoleucine-derived amin&-68eand
(9-58fbearingso- andsecbutyl R-substituentslable 13. Thus, the stereochemical outcome
of the aldol reaction can significantly be tunedditernation of thex-amino acid pendant
appended to benzimidazole C2. On the contraryclatig heterocyclic (indol) moiety as in
tryptophan-derived catalyS8h reduced the stereochemical outcome of the aladalgss very

significantly to 3 %ee(Table 12.
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The catalytic activity of primary aminés8a-f and58h has further been evaluated
in the aldol process performed on cyclohexan@whéme 36 All reactions were conducted
with 4-nitrobenzaldehyde (1.0 mmol) and cyclohexano(7.5 mL) in the presence
of the primary amineS8a-f and58h (0.09 mmol) and the TFA (3.5 L, 0.045 mmol) at°®5
for 72 h.

0 0
/©)J\H é 58a-f and 58h (9 mol %) _ Q/\é
+ -
ON TFA (4.5 mol%) 02N
59 62

syn-63 antj-63

Scheme 36. Asymmetric aldol reaction of 4-nitrobenzaldehydthwiclohexanone.

Table 13.Aldol reaction of 4-nitrobenzaldehyde with cyclahaone.

Catalyst Yield [%] syn:anti/de ee syn [%] ee anti [%]
58a 48 2:98/96 0 0
58b 46 3:97/94 32 (25,1°S) 29(2R,1'S)
58c 49 17:83/66 23(2R,1'R) 32(2S,1'R)
58d 51 7:93/86 32(2R,1'R) 62(2S,1'R)
58e 60 4:96/92 23(2R,1'R) 32(2S,1'R)
58f 64 8:92/84 31(2R,1'R) 39(2S,1'R)
58h 49 12:88/76 10(2R,1’R) 36(2S,1'R)

The reaction outcomes are summarizedable 13 The isolated chemical yields range from
46 to 64 % and slightly increase with the extensibine R-substituent. The aldol process with
cyclohexanone afforded aldol63 as a set of syn and anti diastereomers.
The anti-diastereoisomer63 was dominantly isolated regardless on the stractur
of the catalyst used. The attainsginanti ratios and respectivele for optically pure
organocatalyst§8a-f and 58h varied from 2:98 to 12:88 respective 94 to 66 %e hldol
reaction catalyzed by alanine-derived amines58g- (R)-58b, and §)-58¢ afforded 0/0,
32/29, and 23/32 %es forsynanti diastereoisomers, respectively. The absolute gordtions

of the obtained aldols depend on the configuratibthe used catalysts (e.§8b vs. 580).
Whereas the attainexkfor thesynstereoisomers are modest (23-32 %),dbealues for the
dominantanti-stereoisomers range from 29 to 62 %. By usi§gcatalystsc8c-f and 58h,
(2S1'R) and (R 1'R) anti/synenantiomers were isolated. The highest enantianegiess 62
and 39 % have been achieved within the aldol reacti catalyzed
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by valine- and isoleucine-derived amine$)-%8d and §)-58f. Hence, branching
of the R-substituent on the carbon atom next testereogenic center of amire8a-f and58h
seems to be crucial for asymmetric induction. Tdeti/syn ratios were determined
by 'H NMR spectra and chiral phase HPLC analysis. Butse analyses revealaati relative
configuration of the major diastereoisom&he absolute configuration of the majanti
diastereoisomer was assigned &lR by comparing the HPLC retention times of its two
enantiomers with the reported valdeé§Vhereasanti-diastereoisomers possess configurations
(2S1'R) and (R,1'R) and were obtained by employing-catalystsb8c-f and58h, the aldol
reaction catalyzed by Rj-catalyst 58b afforded diastereocisomers witkyn relative
configurations (31'S) and (R1'S. H NMR analysis has also been employed
to determine theyranti ratio of the particular diastereoisomers as casdam fronFigure

209.
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Figure 29. An example of th# NMR spectra (CDGJ 400 MHz) of diastereoisomé8 obtained by employing
(S)- or (R)-catalysts used for anti/syn ratio detaration.

Organocatalyzed aldol reactions have also beenzeadil for the construction
of miscellaneous organic substances such as nattodlcts (epothilone), pharmaceuticals
(atorvastatin, erythromycin, steroids), explosi@antaerythritol tetranitrated,3-unsaturated
carbonyl compounds (reactive substrates), etc. Ayjbase and many others, 3-hydroxy-2-
oxindole is one of the key structural units foundh ia large variety
of natural products and drug candidates, havingevagdectrum of biological activiti€s.
Especially 3-alkyl-3-hydroxy-2-oxindole structuraimotive is of great importance
for medicinal chemistry. It can be found in manugh and natural products such as TMC-
95A-D 22 donaxaridiné€; convolutamydine$} dioxibrassinin€? and 3-hydroxyglucoisatisf®
These molecules display diverse biological and plaplogical activities such as potent

antioxidant, anticonvulsant, anticancer, anti-HAhd neuroprotective properties. The most
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straightforward synthetic approach towards 3-stlisti-3-hydroxy-2-oxindoles is via
nucleophilic addition to isatin (aldol process).
In 2005, Tomasini et al. reported a first enanieséve aldol reaction of isatin with acetone
using 10 % of dipeptide containing secondary ansinéhe N-terminu§’ Primary amines
as well as carbohydrate-derived alcohols were ssfgky screened as organocatalysts
in enantioselective aldol process between cyclohexe/acetophenone and isafif®
Especially primary amines turned out to efficienttatalyze aldol process of isatin
derivative$®"and, therefore, we focused our further attentiantilize amine$8a-f and58h

in asymmetric aldol reaction affording 3-substits&hydroxyindolin-2-ones in a single
operational method. Hence, beside applicatio®8#-f and 58h as organocatalyst in aldol
reaction with 4-nitrobenzaldehyde, we next focusewa their catalytic performance
in the direct aldol reaction on isatin. In initi@ptimization attempts, a model reaction was
carried out between isatin and acetone using 10nall the catalystS8a-f and58h (Scheme
37 and Table 14

o)
Qo o HO
% o . )J\ 58a-f and 58h (10 mol %) _ o
N Acid (30 mol%) N
H H
64 60 65

Scheme 37. Asymmetric aldol reaction of isatin with acetone.

Table 14.Aldol reaction of isatin with acetone.

Catalyst Acid Yield [%] ee [%] Configuration
58a PhCOzH 56 0 +
58b TFA 58 1 R
58b AcOH 64 2 R
58b PhCOzH 65 4 R
58c TFA 64 1 S
58c AcOH 66 2 S
58c PhCOzH 68 4 S
58d TFA 57 3 S
58d AcOH 59 5 S
58d PhCOzH 67 6 S
58e TFA 62 12 S
58e AcOH 64 15 S
58e PhCOzH 74 16 S
58f TFA 67 18 S
58f AcOH 72 22 S
58f PhCOzH 70 24 S
58h TFA 61 1 S
58h AcOH 62 1 S
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58h PhCO;H 66 3 S

It has been well documented that additives may avgrthe catalytic efficiency by fast
enamine formatioR® According to literature, we have examined TFA tiacand benzoic acids
as proton sources (30 mol 9)As can be seen from the data gatheref@lable 14 benzoic
acid showed the best catalytic efficiency (attainkemical yields and enantioselectivities) as
compared to other two acids. Under these condititres aldol process between isatin and
acetone utilizing8a-f and58WPhCQH system afforded produ66 with the yields of 5674

% and 3-24 %ee(Table 14. A clear trend in increasing enantioselectivifiesn 4 to 24 %ee
(Table 14 catalyst58b-. 58c- 58d- 58e-, 58f) can be seen within a series of amines with
aliphatic residues 58af. This is in accordance
with the observation made for the aldol reactiothwd-nitrobenzaldehyd&9 (Table 13.
The highest chemical yields (74 and 70 %) and éoselectivities (16 and 24 %) were
obtained for the most sterically hindered catalyg®e and 58f derived from leucine and
isoleucine Table 14. Similarly to the aldol reaction with 4-nitrobexidehydes9 (Table 13,

the amineb8h bearing tryptophan pendant showed very low catapgrformance.

Based on our observations and the absolute coafigar of obtained aldob5,
a plausible catalytic model for the reaction oftane and isatin was proposegtheme 38

Transition states
/ O /

o SES,
) ; @7\
Enamines ©:@?\1 ‘NH-—avored o < disfavored . :

N NH

| Re-face N Re-face Q/‘-\[\
N R AN attack attack O/ \\O
Ci | 8 4

/ H
69 (S)-65 71
NH NH

67
0o /

/
o N . I,
N R ~ s .
’\ . B /

@E > ©:®N/ dH .- disfavored O ~favored S

N  NH | ;\ Si-face N Si-face d

/§ /H v// attack H attack O/ \\O
68 Oy P \
HN 70

(R)-65 HN 72

Scheme 38. Structure of both enamir& and68 and proposed transition staté8-70 for the aldol reaction
between 64 and 60 catalysed by benzo[d]imidazotiel primary amines8a—h.
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As a first step, the amin&8a-f and58hreact with60/62 to form an enamine intermediate. In
principle and according to a recent mechanistiesgtigation of Kdovsky et al® both syn
and anti-rotamers67 and 68 can be envisaged. Whereas #ragi-enamine68 is kinetically
favored, the synenamine 67 is thermodynamically more stable and,
under equilibrium condition, the subsequent aldokcpss will proceed mainly vigr7. A two
principal roles of the co-catalyst (acid) can bevisgged: i) it accelerates formation
of enaminest7 and 68 and ii) it also protonates the nitrogen atom & tienzimidazole
backbone to form benzimidazolium salt. Benzimidazulion is most likely hydrogen bonded
to carbonyl groups o84, which influences their reactivity and also brinmgacting species
close together for the cross aldol reaction. Thadition states for both enamir@sand68
shown in Scheme 2 suggest easiest acced8 tof attack64 via Reface (transition stat@9),
which leads to formation o§-65. On the contrary, enamirg8 would also attack4 via Sk
face (transition staté?) leading to R)-65. Both these concurrent attacks are reflected Wy lo
enantioselectivities obtained in the aldol reachetween acetone abd (Table14, maximal
24%e@. On the contrary, the reaction with cyclohexanreble15) afforded66 with eeup

to 71 %. Whereas in aminé&8a-f are the aliphatic R-substituents involved onlybatky
substituent without capability of protonation/cooation,

in tryptophan derivative58h another transition states involving indolyl resdaan be
envisaged. This most likely accounts for the lowerabchemical performance

of this derivative.

The catalytic activity of primary aminés8a-f and h has further been evaluated
in the aldol reaction of isatin with cyclohexandBeheme 309 In contrast to the reactions with
acetone, the reaction of isatin with cyclohexan@ugiired prolonged reaction time (96 vs. 108

h). The reaction and the achieved results are suinetlainScheme 3@ndTable 15

o 0]
O Q HO
58a-f and 58h (10 mol %)
o + > + 0
N PhCO,H (30 mol%) N
H H H
64 62 anti-66 Ssyn-66

Scheme 39. Asymmetric aldol reaction of isatin with cyclohegaa.
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Table 15.Aldol reaction of isatin with acetone.

Catalyst Yield [%] syn:anti/de ee anti [%] ee syn [%)
58a 51 60:40/20 0 0
58b 48 55:45/10 6 7(3S, 1R’)
58¢c 50 80:20/60 4 7(3R,1'S)
58d 60 97:3/94 25 36(3R,1°S)
58e 46 89:11/78 49 62(3R,1°S)
58f 48 83:17/66 45 71(3R,1'S)
58h 45 69:31/38 2 4(3R,1'S)

The aldol product$6 were isolated in the yields of 45 to 60 % as adsetyn and anti
diastereomers T@ble 15. Alanine-derived amine$8a-58c provided aldol adduct$6
with the yield about 50 % and low diastereo- and enselgativities Table 15. Valine,
leucine and isoleucine derivativés8d-f showed significantly improved stereochemical
outcomes Table 15. Attainedsynanti ratios andde values for optically pure organocatalysts
58a-f and58h varied from 97:3 to 55:45 and 94 to 10 %, respebti Valine-derived amine
58d showed the highest diastereoselectivity (9deypwhile leucine and isoleucine derivatives
58e and 58f afforded syn66 with the highest enantioselectivities of 62 and
71 % (Table 19. The spectral properties of obtained isomers Hee:n compared with those
reported in the literatuf® which allowed determining theyn/anti ratios. For instance,
the aldol process betweéd and62 catalyzed by$)-58d afforded 60% yield and 97&/nanti
ratio of66 as determined both B4 NMR and chiral phase HPLC analysidgure 29.

N N 6.0 5.8
H . H ppm

097>
0.03

———————

Figure 30. HPLC analysis andH NMR (DMSO-¢ 400 MHz) spectrum of ald6b prepared by employing (S)-
58d.
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11. Conclusion

The performed literature search indicted that campls bearing chirak-amino acid
residues and heterocyclic moieties, especially dfelffimidazole and benzdJoxazole,
represent interesting but relatively untapped parnodern organic chemistry. Five general
methods leading to benzijimidazole derivatives were found, whereas bedjm{azoles can
be synthesized via four reactions pathways. Regdhése derivatives found first applications
in asymmetric synthesis, especially as ligands amganocatalysts, as well as
in bio- and pharmachemistry. From the perspectivéhis dissertation, the main outcome
of the literature search is that berdjohidazole bearing aliphatie-amino acid residues may
organocatalyze direct (asymmetric) aldol reactions.

A straightforward reaction path towards six newrahbenzofllimidazole bearing
a-amino acid pendants has been developed. Sixrgjasisential-amino acids were converted
to target chiral amines in a four step syntheskige fleaction sequence involves activation of
the Boc-amino acid carboxylic acid, reaction witkphenylenediamine and subsequent
cyclization to benza]imidazole. SubsequentN-alkylation avoided benzimidazole
tautomerism. Final Boc group removal afforded swrprimary aminesHigure 31). Alanine
derivatives were prepared as a racemic mixture loth optically pure enantiomers.
Phenylalanine derivative underwent racemization ingur the reaction
sequence and, therefore, has not further been atedluChemical and optical purities of all
target compounds and intermediates were verifiedHhy'*C NMR, HR-MALDI-MS and
chiral phase HPLC analysis.

Optically pure amines
Six examples

Figure 31. General approach and structure of ghamino acid and benzo[d]imidazole derived primargiaes
58a-h.

All prepared amines were investigated as organlysatan aldol reaction between
4-nitrobenzaldehyde and isatin acceptors and aeetand cyclohexanone donors.
Trifluroacetic and benzoic acids proved to be weited proton sources for these two reactions

organocatalyzed by optically pure primary ami®8s-f and 58h. In the aldol reaction of
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4-nitrobenzaldehyde with acetone and cyclohexandmemical yields of 4864 % andceeand
deup to 65 and 96 % were achieved. The stereochémitzomes of the aldol process can be
affected by the configuration and bulkiness of the-amino acid residue.
All organocatalysts having)-configuration providedR)-aldol while amineR)-58b provided

opposite enantiomeB)-aldol.

0] A OH O
H NPt yield 40-64 %
> L , drupto98:2
O,N 58a-fand 58h (N “~7  eeupto65%

Figure 32. Aldol reaction of 4-nitrobenzaldehyde with acetogelohexanone.

The catalytic performance of aming8a-f and58h has also been verified in the direct aldol
reaction on isatin. Both acetone as well as cyalahene were used as donors. The reaction
provided aldol products with both good chemicaldseand enantiomeric excesses up to 71 %.

The reaction with cyclohexanone provided a setiadtdreoisomers wittie up to 94 %.

0 A HOOV\T

| | ~. 7
@%:O L & ¥ yield 45-74 %
> O drupto97:3
N 58a-f and 58h H eeupto 71 %

H

Figure 33. Aldol reaction of isatin with acetone/cyclohexaeon

The main outcomes of the research within my diasert work can be summarized

as follows:

1. Based on the literature search, a new class oidpdlimidazole derivatives bearingy
amino pendants has been designed.

2. Starting from commercially available Boc-protecte@mino acids, a straightforward
four-step synthetic path has been developed.

3. Alanine, Valine, Leucine, Isoleucine, Phenylalaramel Tryptophan were successfully
utilized as starting materials. Phenylalanine uweet partial racemization.
Prepared primary amines proved to be tunable ogdalysts for aldol reactions.

5. Two acceptors and two donors were examined.
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6. The absolute configuration of the used organocstgbyedestinates stereochemical
configuration of the formed aldol product, whiles istructure (bulkiness of the

R-substituent), significantly affected the asymrnedtrduction.
The result achieved within this dissertation wokrgpublished in the following articles:

1. Mohite, P. H.; Drabina, P.; Bures, Bynlett2014 25, 491-494.
2. Mohite, P. H.; Drabina, P.; Bures, Bynthesi2016 accepted.
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Attachment 1. *H NMR (CDC4, 400 MHz) spectrum of catalys3a.
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84



Relative Abundance

[M+H]*
~ 176.11765 /
3 N

601 N NH [M+Nal*

403 58b 198.09969

207 177.12098

1 ‘
100, 176-11877

207 177.12213
|

198.10072

1T [ [ [ T T T
184 186 188 190 192 194
m/z

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
176 178 180 182 196 198

Attachment 6. Experimental (up) calculated (down) MALDI speatrof catalys68b.
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Attachment 7. *H NMR (DMSO-¢, 400MHz) spectrum of catalys8c.
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Attachment 16. *H NMR (DMSO-g, 400MHz) spectrum of catalys$f.
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905767 —
LOL b —
09605 —
657 60T —
9576 TT~
88€° 22T~
60L°22T—"
GLOTLZT
€78 82T —
825 621
T6L°LET—
L8T ZVT —

6€0°

LGT —

ppm

T
10

T T T T T T
140 130 120 110 100 920

T
150

Attachment 20. 13C-APT NMR (CDG 100MHz) spectrum of catalys8g.

94



100

[e]
o

)
o O
b e e e e

N
o

[M+H]*
252.14904

253.15243

/

589

’
/

NH,

[M+Nal*
274.13111

=
o O
o O

N b
o O

Relative Abundance
o)}
o

Pt e b e ey

252.14952

253.15288

._.
o
7

[e2 3N e]
T
L1l

N
7

N
7

274.13147

1 T
252 254

Attachment 21. Experimental (up) calculated (down) MALDI spectrofcatalysts8g.

T
256

T
258

T
260

T
262

T T 1
264
m/z

T
266

T
268

11
270

11
272

11
274

95



mmmmmmmmmmmmmmmmmmmmmmm

/
N ~ \
s N
(L=
N NH,
58h

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 25
CRElELE HEES
— ol lalv~lo o ol

Attachment 22. *H NMR (CDC}, 500MHz) spectrum of catalysgh.

MMWWWWM mmwwwmwwmmwwwwmn@wwmmm

T T T T T T
150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

Attachment 23. 3C-APT NMR (CDG, 125MHz) spectrum of catalysgh.



Relative Abundance

100 305.17652
80—
60—
40~
- 306.17985
20i
100 305.17607
80—
60—
40—
u 306.17943
20i
- \\\‘\\\\‘\\\‘\\\\\\H\H\
305

[M+H]

310

315

m/z

320

325

Attachment 24. Experimental (up) calculated (down) MALDI spectraficatalystgh.

97



H NMR spectra of catalysts 58a-h measured with Mosdr’s acid.
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Attachment 25. *H NMR (CDC}, 400MHz) spectrum of catalyst (58a measured with Mosher’s acid.
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Attachment 26. *H NMR (CDC}, 400MHz) spectrum of catalyst (B3b measured with Mosher’s acid.
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Attachment 27. *H NMR (CDC}, 400MHz) spectrum of catalyst (53¢ measured with Mosher’s acid.
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Attachment 28. *H NMR (CDC}, 400MHz) spectrum of catalyst (59 measured with Mosher’s acid.
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Attachment 30. *H NMR (CDC}, 400MHz) spectrum of catalyst (53f measured with Mosher’s acid.
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Attachment 31. *H NMR (CDC}, 400MHz) spectrum of catalyst (53g measured with Mosher’s acid.
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Attachment 32. *H NMR (CDC}, 400MHz) spectrum of catalyst (83h measured with Mosher’s acid.
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Clarity - Chromatography SW

[min.]

ll‘ DataApex
A www.dataapex.com
Method : benzimidazol By : Administrator
Description
Created : 3.12.2013 13:54 Mod ified : 6.12.2013 11:00
Column Detection
Mobile Phase Temperature
Flow Rate Pressure
Note
Ay
— 7 - Detector 1
1,0- — 7 - Detector 4
0,8~
e
e
B o6
2
0
=
0,4
0,2
!
0,0 1" . -
0 15
Result Table (Uncal - 7 - Detector 4)
Reten. Time Area Height Area Height Wos Peak Purity
[min] [mAU.s] [mAU] [%] [%] [min] -]
1 8,083 10059,246 287,616 48,1 50,1 0,53 970
2 9,650 10851,001 286,482 51,9 49,9 0,55 965
Total 20910,247 574,008 100,0 100,0

Attachment 33. Chiral phase HPLC analysis 68a (Daicel Chiralcel OD-H, n-hexane/i-PrOH 70:30, flcrate
0.8 mL.mirt, tr = 8.08 min, & = 9.65 min). Estimated ee of 0%.
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40

A

Clarity - Chromatography SW

DataApex

www.dataapex.com

Sample Info:

Sample 1D =0 R Amount : 0
Sample : D-Ala benzimidazole ISTD Amount o]
Inj. Volume [mL] 20 Dilution (3
Method : benzimidazol By : Administrator
Description : Methyl derivative
Created : 3.12.2013 13:54 Modified : 12.2.2015 16:25
Column : OD-H Detection
Mobile Phase  : 30:70 iPrOH:hexane Temperature
Flow Rate Pressure
Note
[AU]
1,0+ — 35 - Detector 1
—— 35 - Detector 2
— 35 - Detector 3
— 35 - Detector 4
0,8
0,64 7
5 N NH,
e
g 58b
=1
]
< 0,44
0,2
(],Cl—k
T T T T T
0 5 10 15 20 25
Time [min.]
Result Table (Uncal - 35 - Detector 1)
Reten. Time Area Height Area Height W05 Peak Purity
[min] [mAU.s] [mAU] [%] [%] [min] [-1
1 12,900 2125247 36,572 3,4 38 0,88 890
14,867 £0208,559 934,679 9,6 96,2 0,88 605
Total 62333816 971,251 100,0 100,0

Attachment 34. Chiral phase HPLC analysis 68b (Daicel Chiralcel OD-H, n-hexane/i-PrOH 70:30, flaate
0.8 mL.mirt, t = 12.9 min, & = 14.8 min). Estimated ee of 95 %.
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Clarity - Chromatography SW

4‘ DataApex
A www.dataapex.com
Method : benzimidazol By : Administrator
Description :
Created : 3.12.2013 13:54 Modified : 6.12.2013 13:01
Column Detection
Mobile Phass Temperature
Flow Rate Pressure
Note
[AU]
— 11 - Detector 1
L2 11 4
1,0-
0,8
5
a
B
]
=
0,6~
0,4~
0,2
0,0 —— . —_— e ———
0
[min.]

Result Table (Uncal - 11 - Detector 4)

Reten. Time Area Height Area Height Wos Peak Purity
[min] [mAU.s] [mAU] [%] [%] [min] [-]
1 8,042 16391,732 453,577 100,0 100,0 0,53 900
Total 16391,732 453,577 100,0 100,0

Attachment 35. Chiral phase HPLC analysis 68c (Daicel Chiralcel OD-H, n-hexane/i-PrOH 70:30, Wiorate
0.8 mL.mirt, tr = 8.04 min, & = 9.65 min). Estimated ee of 99 %.
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Clarity - Chromatography SW

DataApex

www.dataapex.com

Sample Info:

Sample ID : 230/70 IPA/n-hexan 0,5 ml/min Amount : D

Sample : benzimidazole-Val N-Me deprot ISTD Amount o]

Inj. Volume [mlL] : 20 Dilution : 1
Method : benzimidazolv al By : Administrator
Description
Created : 13.6.2016 9:51 Modified : 13.6.2016 12:28
Column : Chiralcel OD-H Detection
Mobile Phase : 20/80 1PA /n-hexan Temperature
Flow Rate : 0,75 ml/min Pressure : 97 bar
Note 2

[mAU]

Absorption

— 178 - Detector 1
— 178 - Detector 2
— 178 - Detector 3
— 178 - Detector 4

10 20 30
Time
Result Table (Uncal - 178 - Detector 1)
Reten. Time Area Height Area Height wos Peak Purity
[min] [mAU.s] [mAU] [%] [%] [min] -
1 20,975 41409,447 198,099 100,0 100,0 3,02 971
Total 41409,447 198,099 100,0 100,0

[min.]

Attachment 36. Chiral phase HPLC analysis 68d (Daicel Chiralcel OD-H, n-hexane/i-PrOH 70:30, flcrate
0.8 mL.mirt, tr = 21.0 min). Estimated ee of 99 %.
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Clarity - Chromatography SW

DataApex
www.dataapex.com

Sample Info:

Sample 1D 2. Amount : 0
Sample : benzimidazol-Leu N-Me deprot. ISTD Amount : 0
Inj. Volume [mlL] 20 Dilution s 1
Method : benzimidazol-leu By : Administrator
Description
Created : 13.6.2016 12:33 Medified : 13.7.2016 13:36
Column Detection
Mobile Phase Temperature
Flow Rate Pressure
Note
[mAU
600
— 187 - Detector 1
— 187 - Detector 2
— 187 - Detector 3
500 — 187 - Detector 4
400 /
N —
& 300 N/
=i
£ NH,
i 58e
200+
-
L8
fre]
—
100
mgﬁa-—‘ﬁ\_ﬁ\,:, e — = —
T T T T
(0] 10 20 30 40
Time (min.]
Result Table (Uncal - 187 - Detector 1)
Reten. Time Area Height Area Height Wos Peak Purity
[min] [mAU.s] [mAU] [%] [%] [min] -]
1 18,533 31998,689 119,020 100,0 100,0 3,90 830
Total 31998,689 115,020 100,0 100,0

Attachment 37. Chiral phase HPLC analysis 68e (Daicel Chiralcel OD-H, n-hexane/i-PrOH 70:30, forate
0.8 mL.mirt, tr = 18.5 min). Estimated ee of 99 %.
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Clarity - Chromatography SW

DataApex

www.dataapex.com

Sample Info:
Sample ID : pure Amount : 0
Sample : benzimidazol-Ile ISTD Amount : 0
Inj. Volume [mlL] 20 Dilution 1 1
Method : benzimidazol-Ile By : Administrator
Description
Created : 14.6.2016 13:21 Modified : 15.6.2016 10:07
Column : Chiralcel OD-H Detection
Mobile Phass : 30/70 IPA/n-hexan Temperature :
Flow Rate : 0,5 mlfmin Pressure : 46 bar
Note
[mAU]
— 184 - Detector 1
— 184 - Detector 2
— 184 - Detector 3
— 184 - Detector 4
400 /
N
/> \
N NH,
5 2007 58f =
B
s}
B
<T
o
-200
T T T T
0 10 20 30 40
Time [in]
Result Table (Uncal - 184 - Detector 1)
Reten. Time Area Height Area Height Wos Peak Purity
[min] [mAU.s] [mAU] [%] [%] [min] [-]
1 23,358 34533,562 106,192 100,0 100,0 4,65 925
Total 34533,562 106,192 100,0 100,0

Attachment 38. Chiral phase HPLC analysis 68f (Daicel Chiralcel OD-H, n-hexane/i-PrOH 70:30, Worate

0.8 mL.mirt, tr = 23.4 min). Estimated ee of 99 %.
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I‘ Clarity - Chromatography SW
’ DataApex

A www.dataapex.com

Sample Info:

Sample ID : 685/15 Amount e
Sample : Phe-benzimidazole N-CH3 deprotected ISTD Amount : 0
Inj. Volume [mL] : 20 Dilution 2
Methad : benzimidazol-Phe By : Administrator
Description : Benzylderivative
Created : 5.12.2014 8:53 Modified 1 23.8.2016 14:23
Column : AD-H Detection
Mobile Phase  : 10:90 iPrOH:hexane Temperature
Flow Rate : 0,8 ml/min Pressure
Note
[mAU]
— 155 - Detector 1
— 155 - Detector 2
500+ — 155 - Detector 3
— 155 - Detector 4
400+ N \—<i :)
.
N NH,
= 300 589 -
& a
3 A
200
100

e

Tire [min.]

Result Table (Uncal - 155 - Detector 3)

Reten. Time Area Height Area Height Wos Peak Purity
[min] [mAU.s] [mAU] [%] [%] [min] [-]
11,850 30348,863 203,409 50,0 60,4 3,08 =)
2 14,583 20239,466 133,195 40,0 39,6 1,94 725
Total 50588,329 336,604 100,0 100,0

Attachment 39. Chiral phase HPLC analysis 68g (Daicel Chiralcel OD-H, n-hexane/i-PrOH 90:10, flcrate
0.8 mL.mirt, tr = 11.8 min, ¢ = 14.5 min). Estimated ee of 20 %.
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l‘ Clarity - Chromatography SW
’ DataApex

A www.dataapex.com
Sample Info:
SampleID ! pure Amount :0
Sample : benzimidazol-Trp ISTD Amount  : 0
Inj. Volume [mL] ] Dilution s 1
Method : benzimidazol-Trp By : Administrator
Description
Created : 14.6.2016 12:26 Modified : 15.6.2016 12:00
Column : Chiralcel OD-H Detection
Mobile Phase  : 70/30 n-hexan/IPA Temperature
Flow Rate : 0,5 mlfmin Pressure : 46 bar
Note 5
[mAU]
2507 186 - Detector 1
— 186 - Detector 2
186 - Detector 3
— 186 - Detector 4
200+
150+ /

Absorption
j/z
“,
72
=z
/

100

50+

167 1

[rrin.]

Result Table (Uncal - 186 - Detector 1)

Reten. Time Area Height Area Height waos Peak Purity
[min] [mAU.s] [mAU] [%] [%] [min] [-]
1 16,658 34046,750 31,084 100,0 100,0 17,56 809
Total 34046, 750 31084 100,0 100,0

Attachment 40. Chiral phase HPLC analysis 68h (Daicel Chiralcel OD-H, n-hexane/i-PrOH 70:30, florate
0.8 mL.mirt, tr = 16.7 min). Estimated ee of 99 %.
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Sample D  : PHMO001 Analyst  : Pavel
Sample : AS-H 70:30

Amount 3 Dilution : 10
ISTD Amount: 0 Inj. Volume: 20
From : Thu, 28th Mar, 2013 15:57:21 Printed  : Thu, 28th Mar, 2013 16:41;03
Primary : prav-13 Calibration : (none)
Project - work1 Style : report
= ! - - - :
| t
A |
i 750 4 OH O
0
S
500 O:N 61
250 A

time [min]

Result Table - Calculation Method Uncal

Peak| Reten. | Area Height | Wo05 Area | Height
No. | time [mV.s] [mV] [min.] [%] [%1
1 | 25.133 55767.6525! 932.412| 0.887/ 82.917| 84.570

2 | 33.100] 11489.5538| 170.126] 1.033] 17.083] 15.430

b

- | Total 67257.2063] 1102.538

Attachment 41. Chiral phase HPLC analysis of aldol prodt (Daicel Chiralpak AS-H, n-hexane/i-PrOH
70:30, flow rate 0.5 mL.mih A = 254 nm, g = 25.32 min, ¢ = 33.65 min).
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SampleID  : P-NO2-6 Analyst  : Pavel
Sample : AD-H 20:80

Amount 5 Dilution  : 10
1STD Amount: § Inj. Volume: 20
Irom : Mon, 4th Nov, 2013 11:54:29 Printed  : Mon, 4th Nov, 2013 13:01:18
Primary . prav-45 Calibration : (none)
Project : workl Style : report
g
o
o i
+ 750 i
3 OH O
> | {
500 -
Os5N
2 63
| o
0~
@ 0
N N
250
i
. - W -
P S T h - a0 T
0 10 20 30 40 50 60
time [min]

Result Table - Calculation Method Uncal

Peak| Reten. Area 5 Height W05 Area Height
No. time | [mV.s] [mV] [min.] [%] %]
1 | 22.140]  3362.4156 _ 80.626] 0.653[ 4.960[ 6.208]-. =~ ny
2 | 23.667 1733.6106  36.371| 0.733] 2.557. 2.800 | .
3 | 25.780 11935.0088| 244.4917 0.733] 17.607  18.825 | a4~ €25
| 4] 32.573 50754.5547| 937.238  0.813 74.876] 72.167 S
- | Total 67785.5897| 1298.726 -

Attachment 42. Chiral phase HPLC analysis of aldol prod& (Daicel Chiralpak AD-H, n-hexane/i-PrOH
80:20, flow rate 0.5 mL.mih 1 = 254 nm, &(syn) = 22.14,4(syn) = 23.67,d4(anti) = 25.78 min, g(anti) =
32.57 min).
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Attachment 43. *H NMR (DMSO-g, 400MHz) spectrum of aldol produgs.
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Attachment 44. 3C NMR (DMSO-g 100MHz) spectrum of aldol produg5.
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Attachment 45. *H NMR (DMSO-¢, 400MHz) spectrum of aldol produgs.
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Attachment 46. 3C NMR (DMSO-g 100MHz) spectrum of aldol produgs.
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Clarity - Chromatography SW
DataApex
www.dataapex.com

Sample [nfo:
Sample ID i Amount 0
Sample : 3 hydroxy-3-(2-oxoprop- 1-y )inodole-2-one ISTD Amount  : 0
Inj. Volume [mL] : 20 Dilution 01
Method : 3-hydroxy-3-(2-oxoprop-1-y l)inodel-2-on By : Administrator
Description
Created + 27.7.2015 11:22 Modified +15.1.2016 12:11
Column : Chiralcel 0J-H Detection
Mobile Phase : iPrOH/n-hexan 20/80 Temperature 2
Flow Rate : 0,8 mifmin Pressure : 55 bar
Note 3
[mAL]
400- — 88 - Detector 1
— 88 - Detector 2
88 - Detector 3
O — 88 - Detector 4
300+ HO
'5 200 H
=
5 65
8
<<
100+
e
T T T T T T
0 5 10 15 20 25 30
Tive [min.]
Result Table (Uncal - 88 - Detector 2)
Reten. Time Area Height Area Height Wos Peak Purity
[min] [mAU.s] [mAU] [%] [%] [min] [-]
22,017 7657,416 165,289 38,0 40,1 0,72 886
54617 13506, 163 346,864 62,0 595 0,78 86/
Total 20163,579 412,153 100,0 100,0

Attachment 47. Chiral phase HPLC analysis of aldol prod& (Daicel Chiralpak OJ-H, n-hexane/i-PrOH
80:20, flow rate 0.8 mL.mih A = 254 nm, ¢ = 22.02 min, & = 24.62 min).

114



I‘ Clarity - Chromatography SW
’ DataApex

A www.dataapex.com
Sample Info:
Sample 1D 4 Amount : 0
Sample : 3Hydroxy-3-(2-oxocyclohexyl)indolin-2-one ISTD Amount  : 0O
Inj. Volume [mL] 20 Dilution =1
Method : 3-Hydroxy-3-(2-oxocyclohexyl)indolin-2-one By : Administrator
Description
Created : 252.2016 10:04 Modified : 18.4.2016 10:25
Column : Chiralcel 0J-H Detection
Mobile Phase : B5/15 hexan/iPrOH Temperature
Flow Rate : 0,8 mlfmin Pressure
Note
[mAU]
300 — 141 - Detector 1
— 141 - Detector 2
O — 141 - Detector 3
— 141 - Detector 4
HO syn
m
600 B
(@] oL
—
N ~
- 66
(s]
B 400
]
8
<€
Syn
200
=
D
=
o
~
oﬁ_________?z;_M ==
T T T T T T T
0 5 10 15 20 25 30 35
Time [min.]
Result Table (Uncal - 141 - Detector 1)
Reten. Time Area Height Area Height Waos Peak Purity
[min] [mAU.g] [mAU] [%] [%] [min] -
1 16,750 5746,576 121,437 12,2 16,1 0,72 633
2 18,642 2196,438 41,908 46 56 0,78 785
3 21,258 33532,088 523421 71,0 69,4 0,96 663
] 28,158 5786,443 67,946 12,2 90 126 601
Tatal 47262,445 754,713 100,0 160,0

Attachment 48. Chiral phase HPLC analysis of aldol prod& (Daicel Chiralpak OJ-H, n-hexane/i-PrOH
85:15, flow rate 0.8 mL.mih 1 = 254 nm, g(anti) = 16.75, k(anti) = 18.64, k(syn) = 21.25 mingsyn) =

28.16 min).
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