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Chapter 1 Introduction and Goals

1. Introduction and Goals

The incorporation of conformationally constrained a- and B-amino acids into biologically
active peptides has gained great interest in the preparation of peptide-based drug molecules. y-
Chloro-a-amino acid derivatives or the chlorinated p-amino acid analogues, have received far
less attention. Nevertheless these halogenated amino acid derivatives are biologically relevant
compounds, which can also serve as very promising building blocks in synthetic organic
chemistry.

Nature uses o-amino acid derivatives with a leaving group at the y-position as versatile
building blocks in the biosynthesis of a broad range of biologically important natural
products. For example, (S)-adenosylmethionine (SAM) is a biological sulfonium compound
that is involved in many biological processes. SAM is the second most common cosubstrate
for enzymes in the human body, after ATP, and it is known as the major biological methyl
donor in reactions catalyzed by methyltransferases." Enzymological studies have
demonstrated that SAM is not only used as a methyl donor in biological reactions, but that
SAM is also a precursor for a variety of natural products such as 1-aminocyclopropane-1-
carboxylic acid (a-ACC), precursor of the plant hormone ethylene, N-acyl homoserine
lactones (AHLs), signal molecules involved in bacterial quorum sensing, and L-azetidine-2-
carboxylic acid (L-Aze), a non-proteinogenic amino acid homologue of proline.’? Besides
the biosynthesis of these carbocylic and heterocyclic compounds starting from SAM, vy-
chloro-a-amino acids also constitute excellent precursors for the preparation of these
molecules.®> Moreover, y-chloro-a-amino acids are involved in the biosynthesis of a wide
range of natural products such as cytotrienins 1 (apoptosis-inducing Streptomycete

2 ,3b-C

metabolite),*® coronatine (phytotoxin) and bactobolins (antibiotic activity) 3 (Figure 1).*
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Figure 1

Some vy-chloro-a-amino acids are also biologically active as a free amino acid, such as
armentomycin 4, a non-proteinogenic amino acid with antibiotic properties,**° and
4-chloro-L-threonine 5, which is biologically active as a serine hydroxymethyltransferase
inhibitor,® and as a herbicidal antimetabolite (Figure 2).5 4-Chloro-L-threonine is also a
constituent of naturally occurring syringomycins (antifungal compounds),” and actinomycins

(cytotoxic and antibacterial compounds).®

O OH O
Cl  NH; NH,
4 5
armentomycin 4-chloro-L-threonine
Figure 2

Next to y-chloro-a-amino acid derivatives, B-amino acids® and o,-diamino acid derivatives
have also gained a lot of attention as non-proteinogenic amino acids among organic chemists
and biochemists.’®** This is due to the fact that these diamino carboxylic acids are present as
key structural fragments in biologically active compounds such as B-(N-oxalyl)-L-a,p-
diaminopropionic acid (neurotoxin),* B-methylamino-L-alanine (neurotoxin),*® L-quisqualic
acid (vermicide),** L-mimosine (cell proliferation blocker),”™ and L-willardine (agonist of

AMPA and kainate receptor).®
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These a,B-diamino acids can also serve as building blocks for the synthesis of new
heterocyclic compounds and peptides. " For example, y-chloro-a,B-diamino acid derivatives
are precursors for the synthesis of 3-aminoazetidine-2-carboxylates, belonging to the class of
3-aminoazetidines which have received considerable attention,'® especially because of their
antibacterial activities.'® The constrained L-azetidine-2-carboxylic acid skeleton of these 3-
aminoazetidine-2-carboxylates has found many applications in the modification of peptide
conformations,>® and is present in several natural products such as mugineic acid 6, 2’-

deoxymugineic acid 7,?? nicotianamine 8,%* and medicanine 9 (Figure 3).*

HOOC, COO/HV?\OOH HOOC, /v(':\OO/HVCLOOH HOOC,
t/Nﬂ/LN OH t/N N NH, t/N/\/\OH
H H
R
6 (R = OH), mugineic acid 8 9
7 (R = H), 2'-deoxymugineic acid nicotianamine medicanine
Figure 3

Moreover, some diamino acids are also bioactive as free diamino carboxylic acid
derivatives.***?% For example, o,y-diaminoacylamides are known for their high potency
and selectivity as dipeptidyl peptidase (DPP) inhibitors.?’

DPPIVs are proteases which specifically cleave off N-terminal dipeptides and are involved in
the degradation of incretin hormones, including glucagon-like peptide-1 (GLP-1) and glucose-
dependent insulinotropic polypeptide (GIP). GLP-1 is involved in the regulation of glucose
homeostasis via stimulation of insulin secretion, inhibition of glucagon release and delay of
gastric emptying. It has been demonstrated that the presence of intravenous GLP-1 increases
insulin secretion as response to elevated glucose levels and as such, GLP-1 can offer
therapeutic benefits for patients with type 2 diabetes. Unfortunately, therapeutic application of
GLP-1 is problematic by the lack of oral activity and the rapid degradation by plasma DPPIV.
Therefore, DPPIV inhibitors could offer a solution to this problem, as they can extend the

duration of action of GLP-1 and prolong the beneficial effects.?®
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Besides DPPIV, a few related enzymes are present in the family of DPPs: DPPII, DPPS,
DPP9 and FAP being the most important regarding the therapeutic potential, when focusing
on the inhibitory potency and selectivity.”® In the research towards DPPII and DPPIV
inhibitors, it has been found that the a,y-diaminoacylpiperidine, (S)-2,4-diamino-1-
(piperidine-1-yl)butan-1-one 10, is a lead compound in the development of large series of
highly potent and selective DPPII inhibitors (Figure 4).2” Next to the a,y-
diaminoacylpyrrolidines and -piperidines which exhibit a DPP inhibitory effect, also some f-
amino carboxylic amides, such as sitagliptin are known as DPP inhibitors.*® Sitagliptin 11 is a

commercialized oral antihyperglycemic drug of the DPPIV inhibitor class (Figure 4).%

NH, \
9 N
{ :
H,N F NH, O
o)

10 11
(S)-2,4-diaminobutanoylpiperidine sitagliptin

Figure 4
As a,y-diamino carboxylic amides, as well as -amino carboxylic amides, are known for their
activity as DPP inhibitors, an increasing interest to study the DPP inhibitory potency of

analogous a,3-diamino carboxylic amides and a,B,y-triamino carboxylic amides exists.*

Next to the diamino carboxylic acid derivatives, a-hydroxy-p-amino carboxylic acids gained
also a lot of interest among organic chemists.*> This can be explained by the fact that the a-
hydroxy-B-amino carboxylic acid unit is present in a wide range of biologically active
molecules, such as (-)-bestatin 12, which is an aminopeptidase inhibitor, paclitaxel 13a and

docetaxel 13b, which are both known for their anti-mitotic activity (Figure 5).%
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N
OH
12
(-)-bestatin

13a (R = Ph), paclitaxel
13b (R = Ot-Bu), docetaxel

Figure 5
In light of the ubiquitous applications of a,B-diamino acid- and a-hydroxy-p-amino acid-
containing compounds as building blocks in organic chemistry and as biologically active
molecules, efforts will be done to synthesize new representatives of these interesting classes
of non-proteinogenic amino acids and their further transformations in this doctoral study. The
entries developed in this study towards novel densely functionalized chiral a- or B-amino acid
derivatives will fill up important gaps within the chemistry of these non-proteinogenic amino

acid derivatives.

In the literature, enantiopure p-toluenesulfinamide (Prof. Davis) as well as enantiopure tert-
butanesulfinamide (Prof. Ellman, Prof Garcia Ruano) have already been utilized quite
extensively in the asymmetric synthesis of a large number of biologically interesting
molecules. Both types of sulfinamides are commercially available and can easily been used in
condensation reactions with aldehydes, ketones or orthoesters in the presence of a Lewis acid
(e.g. Ti(OEt)s). The corresponding imines or imidates exhibited a high diastereofacial
selectivity in nucleophilic addition reactions and are stable under mild conditions. In this way,
the p-toluene- and tert-butanesulfinyl group serve both as powerful chiral directing groups
and comprise one of the most efficient auxiliaries developed to date. Next to the difference in

price, by which enantiopure tert-butanesulfinamides are significantly cheaper than
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enantiopure p-toluenesulfinamide, both compounds differ also with respect to the electron
withdrawing character of the sulfinyl group, which is more pronounced for the p-
toluenesulfinamides. Furthermore, the tert-butanesulfinyl group can be selectively
deprotected with (dry) HCI, whereas the deprotection of the p-toluenesulfinyl group can easily

be performed with aqueous TFA.

In this PhD thesis, the synthesis and reactivity of N-sulfinyl-a-chloroaldimines in
stereoselective Mannich-type additions, will be investigated. In the past, chiral N-
sulfinylimines 14 have already proven to be valuable synthons for the preparation of a wide
range of enantiopure aliphatic and cyclic amines (Scheme 1), such as aziridines 16**° and 17
(n = 1),%%" azetidines 17 (n = 2),*" pyrrolidines 17 (n = 3),%*" piperidines 17 (n = 4),%*%
azepanes 17 (n = 5),%" a-branched and o,a-dibranched amines 18 and 19,%***33 g.amino

0'34,35,38

esters 2 a-amino esters 21,°*%% 1 2.amino alcohols 2234%3%3° and 1,3-amino

alcohols 23.3°%4% |n addition, nucleophilic additions of a-chloroimines*** with different
carbon and heteroatom nucleophiles have extensively been used in the past for the synthesis

of azaheterocyclic compounds. 34445464748
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In comparison with the huge number of reports on the synthesis of chiral N-(p-
toluenesulfinyl)-imines, the synthesis of N-(p-toluenesulfinyl)-a-chloroaldimines 26a or
aliphatic N-(p-toluenesulfinyl)-a-aminoaldimines 26b has not been reported so far. Therefore,
the synthesis of chiral N-(p-toluenesulfinyl)-a-functionalized aldimines 26, starting from a
condensation reaction of the corresponding o-functionalized aldehydes 24 with chiral p-
toluenesulfinamide 25 in the presence of a Lewis acid, will be investigated in the first part of
this PhD thesis (Scheme 2).

Moreover, N-(tert-butanesulfinyl)aldimines have also proven to be valuable synthons in
organic synthesis in contrast to the N-(tert-butanesulfinyl)-a-functionalized aldimines 28,
which have received far less interest in the literature despite the synthetic potential of these
compounds. The synthesis of these a-functionalized imines 28 will also be explored via
condensation reaction of the corresponding o-functionalized aldehydes 24 with chiral tert-

butanesulfinamide 27 in the presence of a Lewis acid (Scheme 2).
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In the next part, the asymmetric synthesis of protected y-chloro-a,p-diamino esters 30 will be
studied via stereoselective Mannich-type additions of N-protected glycine esters 29 across N-
sulfinyl-a-chloroaldimines 26a and 28a (Scheme 3). Hereby, the influence of the reaction
conditions on the stereochemical outcome of the reaction will be optimized with the aim to
develop an efficient and stereoselective approach towards these compounds 30. Bearing in
mind that (chiral) B-haloamines are excellent precursors for the synthesis of aziridines, a base-
induced cyclization reaction towards the protected B,y-aziridino-a-amino esters 31 will be
attempted on the y-chloro-a,p-diamino esters 30. Furthermore, several intramolecular ring
transformations of B,y-aziridino-o-amino esters 31 will be attempted in order to synthesize
novel biologically interesting 3-aminoazetidine-2-carboxylates 32 and o,p3-diamino-y-

butyrolactones 33.
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The asymmetric synthesis of chiral y-chloro-o,-diaminoacylpyrrolidines and -piperidines 35
will also be investigated via stereoselective Mannich-type additions of N-protected
glycinamides 34a,b across N-sulfinyl-a-chloroaldimines 26a and 28a (Scheme 4). In order to
develop potential DPP inhibitors, the ring closure and selective deprotection of the a-amino
functionality of these chiral y-chloro-a,B-diaminoacylpyrrolidines and -piperidines 35 will be
explored as well. Hereby, two possible approaches towards the a-deprotected B3,y-aziridino-a-
aminoacylpyrrolidines and B,y-aziridino-a-aminoacylpiperidines 37 will be elaborated. In a
first approach (A), ring closure of y-chloro-a,p-diaminoacylpyrrolidines and -piperidines
35a,b towards the corresponding pB,y-aziridino-a-aminoacylpyrrolidines and -piperidines 36
will be followed by a selective deprotection of the a-amino functionality, while in a second
approach (B) N”-deprotected y-chloro-a,-diaminoacylpyrrolidines and -piperidines 38 will be

cyclized to the corresponding aziridines 37.
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In the following part, the synthesis of chiral a,p,y-triaminoacylpyrrolidines and -piperidines
40 will be investigated via two reaction pathways, as these novel o,B,y-triamino amides are
also interesting in studies towards their potential activity as DPP and FAP inhibitors. In the
first strategy (A), y-chloro-o,B-diamino esters 30 and B,y-aziridino-a-amino esters 31 will be
reacted with different nitrogen nucleophiles via substitution or ring-opening reactions,
respectively, in order to synthesize new a,,y-triamino esters 39 which could be converted in
the corresponding o.,B,y-triaminoacylpyrrolidines and -piperidines 40 (Scheme 5). A second
possible approach (B), would involve the synthesis of a,p,y-triamino amides 40 via Mannich-
type addition of N-protected glycine amides 34 across N-sulfinyl-a-aminoaldimines 26b and

28b (Scheme 5).

10



Chapter 1 Introduction and Goals

Q o 2. )
S g2'S: R2S )

R2” "NH O NH O NH N™'n
N-nucleophile
Cl & ORL p . PgHN ~& ORL (A) PgHN & o
R R NPg, R R NPg, R R NPg,
30 39 40
base . A
N-nucleophile 1) base
R2
|
,SX%
R2.x_0 2) N "0
s~ PgHN ’
(@]
R>A\Hk R R
R *Y “or?! N 26b,28b
PeN" Y
31 3da(n=1)
34b (n=2)

Scheme 5
Furthermore, the asymmetric synthesis of a-halo-p,y-diamino ester derivatives 43 will be
studied, via stereoselective Mannich-type addition of a-haloacetates 41 or a-haloimidates 42
across chiral N-sulfinyl-a-aminoaldimines 26b and 28b (Scheme 6). These o-halo-B,y-
diamino ester derivatives 43 are potential precursors of 3-aminoazetidine-2-carboxylates 32,
belonging to a very interesting class of molecules, with potential application as building

blocks for the synthesis of oligopeptides and as antibiotics.

1) base
R2
|
2) NS0
PgHN. I NPg,
v : bH PgoN O ftla\lgiolie:e;:.tive &
26b,28 -alkylation COOR
X JJ\OR > PgHN N OR '}1
41 (X=Br, Y=0) 43 32

42 (X = Cl, Y = NS(=O)t-Bu)

Scheme 6
The last part of this PhD thesis will include the asymmetric synthesis of protected y-chloro-f-
amino-a-hydroxy esters 45, via stereoselective Mannich-type additions of O-protected glycol

esters 44 across N-sulfinyl-a-chloroaldimines 26a and 28a (Scheme 7). These y-chloro-B-

11
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amino-a-hydroxy esters 45 are considered as precursors for the synthesis of the corresponding
B,y-aziridino-a-hydroxy esters 46. Furthermore, several selective deprotection conditions will
be tested on the y-chloro-B-amino-a-hydroxy esters 45, in order to obtain O-deprotected
and/or N-deprotected a-hydroxy esters 47-49. Compounds 49 could be used as precursor for
the synthesis of oxazolidinones 50, which might serve as building blocks in biomedicinal

chemistry.*

1) base
R2
2) Ls
Niae!
o L, )
R R S N
o RZ°NH O RZ“°NH O
26a,28a R O-deprotection R
PgOQ&ORl > WJ\ORl > 7 “oR!?
R R
44 Cl  OPg Cl OH
45 47
N-alkylation
N-deprotection N-deprotection
R2.*_0
S Y \/
RN ©Q
\ NH, O NH, O
R OR; R . O-deprotection R .
OPg * OR! - 7 OR!?
46 Cl  OPg Cl OH
48 49

Scheme 7
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Chapter 2 Literature Overview

2. Literature Overview

In the following chapter, the synthesis of 2-(carboxymethyl)aziridines will be dealt with. 2-
(Carboxymethyl)aziridines comprise key-intermediates in the synthesis of y-functionalised-p-
amino acid derivatives and B-functionalised-y-amino acid derivatives and can be synthesized
starting from y-chloro-p-amino acid derivatives. Moreover, some 2-(carboxymethyl)aziridines
are showing interesting biological activities and can find application in as lead-compounds in
medicinal chemistry.

Several synthetic approaches towards 2-(carboxymethyl)aziridines 51 based on the different
bond connections or transformations are schematically illustrated in Scheme 8. A distinction
has been made between three types of intramolecular reactions (methods la, Ib and II), four
types of intermolecular reactions (methods Illa, Illb, IV and V) and a final method based on
functional group transformation (method VI). Hereby, all relevant references will be
presented in the following sections.

Furthermore, the intramolecular reactions and addition reactions were subdivided with respect
to the mechanism of these reactions. The intramolecular nucleophilic substitution reactions
(methods la and IlI) involve an attack of a nucleophilic amino group on an adjacent carbon
atom bearing a leaving group (LG), to afford 2-(carboxymethyl)aziridines. To allow aziridine
synthesis in an asymmetric way, the use of starting products 54 derived from the chiral pool
was also described (method II). Besides, an intramolecular (thermal) rearrangement of 4-
isoxazoline-5-carboxylates 53 (Y = O) has been used as an approach towards the synthesis of
this type of aziridines (method Ib).

2-(Carboxymethyl)aziridines are also accessible via addition reactions with carbanions 55 and
58 (methods Illa and Illb). Substitution reactions of stabilized aziridinyl anions 55 with
acetates bearing a leaving group in a-position present an efficient synthetic pathway towards

the corresponding 2-(carboxymethyl)aziridines (method I11a).
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Furthermore, addition reactions of a-deprotonated acetate derivatives 58 across 2H-azirines
have been performed as well via Reformatsky, and Ivanov reactions (method 111b). Moreover,
addition reactions via addition of electron-deficient carbenes 59 or nitrenes 62 to double
bonds will be discussed (methods IV and V). This part also includes the additions of sulfur
ylides to imines (method V) and the addition of substituted azides across olefins (method V).
Furthermore, the synthesis of 2-(carboxymethyl)aziridines is effectuated via functional group

transformations of compounds 63 derived from the chiral pool (method VI).
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2.1. Synthesis through N1-C2 bond formation

2.1.1. Synthesis via intramolecular nucleophilic substitution (method la)

y-Amino carboxylic acid derivatives which bear a leaving group in the B-position are suitable
building blocks for the synthesis of monocyclic 2-(carboxymethyl)aziridines.>*>"%?

For example, vy,0-aziridino-B-hydroxy esters syn-64 and anti-64 were transformed into 2-
(carboxymethyl)aziridines 66 (Scheme 9).%° The enantiopure amino alcohols syn-65 and anti-
65 were obtained in excellent yield by a regioselective ring opening of the chiral v,5-
aziridino-B-hydroxy esters syn-64 and anti-64 at the less substituted carbon atom with AcOH
in CH,Cl,. Intramolecular ring closure of amino alcohols syn-65 and anti-65 with MsCI and
EtsN provided the corresponding chiral non-activated 2-(carboxymethyl)aziridines 66. It is
well known that cis-2,3-disubstituted aziridines are thermodynamically more stable than
trans-2,3-disubstituted aziridines.>® The syn-y,5-aziridino-p-hydroxy ester syn-64 was readily
transformed into the corresponding chiral cis-2,3-disubstituted aziridine cis-66, but the anti-
derivative anti-64 provided the diastereomeric mixture of chiral trans- and cis-2,3-
disubstituted aziridines 66. The mesylation of the amino alcohols anti-65 seemed to be
followed by elimination in the presence of Et3N to provide the corresponding o,-unsaturated

ester to which the amino group adds conjugatively to result in a mixture of trans- and cis-2,3-

disubstituted aziridines 66.

N OH O &
SoH O AcOH PN MsCI, EtsN (S)
AcO” R

-, OtBU CH CI ’, N| CH CI _780C ACO\NJ\
R)'H gt 22 O~ oty
64 Ph
Sy syn-65 (93%) Cis-66 (81%)
Ph OH O
Ph
\(5) OH O AcOH ®) MsCl, EtgN \'(S)
W — » AcO 7 (S) OBu — ~ 5 H N H O
OtBu CH,Cl, s, _NH CH,Cl,, -78°C  pco \/QUJ\
®H [s) ) OtBu
o4 Ph
anti- anti-65 (91%) cis/trans-66 (53%)
Scheme 9
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v-Azido-B-hydroxy carboxylic acid derivatives 67 were also used as precursor for the
stereoselective synthesis of 2-(carboxymethyl)aziridines 68 via a Staudinger reduction
(Scheme 10).°* The vicinal azido alcohols (+)-anti-67a, ()-syn-67a and (+)-anti-67b were
treated with PPhz in anhydrous CH3CN under reflux to afford their corresponding N-H-
aziridines (x)-trans-68a, (x)-cis-68a and (x)-cis-68b, respectively, as the sole products.
Purification of N-H-aziridine (x)-trans-68b was problematic due to the low molecular weight
of this compound. In order to isolate this aziridine, an in situ N-tosylation was performed with
TsCI in pyridine, which resulted in the formation of N-tosyl-2-(carboxymethyl)aziridine (z)-
trans-69b in a good overall yield. Tosylation of the diastereomerically pure aziridines (x)-
trans-68a and (+)-cis-68a afforded N-tosyl-2-(carboxymethyl)aziridines (z)-trans-69a and
()-cis-69a in moderate to good yields. Additionally, aziridine (£)-trans-68a was reacted with

ethyl chloroformate in basic medium to provide carbamate (+)-trans-70a (X = COOEt).

X
OH O . 0]

= N
- PPhs, CH3CN, A pp,,
i Y\)J\OMe > '-NJ\OMe

7%

——trans-68a X = H s
trans-69a X = Ts <1 TsCl, py,0°C, 67%

—> trans-70 X = CO,Et

anti-67a EtOCOCI, EtgN
Et,0, 0 °C, 81%

X
oH © PPhs, CHaCN, A N i
H 3 3 ’
Ph\/\)J\OMe > NOMG
Ny 71% Ph
syn-67a cis-68a X =H ] o
Y cis-69a X =Ts TsCl, py, 0°C, 91%
oH 9 PPhs, CH3CN, A 0 TS\M
: 3, CH3LN, HN TsCl, py, 0 °C
> ‘0, >
/\"\I/\)J\OME / NJ\OME 74% (2 Steps) OMe
3
anti-67b trans-68b trans-69b

Scheme 10
In accordance with these results, Staudinger reduction has also been employed in the
synthesis of 3-hydroxy-p-lactams 73 and 75, containing an aziridine moiety, starting from 3-

bromo-3-alkenyl-azetidin-2-ones 71 (Scheme 11).%? The diastereomeric spiro-p-lactams 73
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and 75 were efficiently synthesized via a three-step synthesis starting from the same 3-
alkenyl-B-lactam precursor 71. In the next step, both diastereomeric azides 72 and 74 were
reduced with triethylphosphine in dry THF at 40 °C for two hours, to afford the corresponding

B-lactams 73 and 75 in 50-80% vyield via an aza-Payne-like ring opening®* of the epoxides 72

and 74.
H
0 = OH

. Ph EtsP o, Ph
- > NH

N3 N.  THF, 40°C,2h N,

o] R o R
Br Ph

/\/j/j 3 steps 79a-c 73a-c (50-80%)
—_—
N,
71a (R = CH,Ph H
( 2Ph) \Q Ph (:)H Ph
/Yj;\-‘ EtSP - ~
> NH
Ns 77N THF, 40°C, 2h N,

71b (R = (S)-(-)-CH(CHz)Ph)
71c (R = CH,CH,COOEY)
R o R
75a-c (50-80%)

74a-c

Scheme 11

2.1.2. Synthesis via rearrangement of 4-isoxazoline-5-carboxylate
derivatives (method Ib)

2.1.2.1. Synthesis of N-alkyl- and N-arylaziridines

The reaction of nitrones 76 with alkyl acetylenecarboxylates 77 via 1,3-dipolar cycloaddition
resulted in the selective and efficient synthesis of 4-isoxazoline-5-carboxylates 78, which
proved to be excellent precursors for the synthesis of the corresponding N-alkyl- and N-aryl-
2-oxalylaziridines 79 via a thermally induced sigmatropic rearrangement (Scheme 12). Some

examples of this methodology will be described in the following part.
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thermally induced

R2 R3 1,3-dipolar ) R® R4 sigmatropic R R?
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RIO RN\~ ~CO,RS 21 O
76 77
78 79

R =Alkyl, Aryl  R*=CO,Me, Ph, H
RZ2R3=H, Akyl R®=Alkyl

Scheme 12
A 13-dipolar cycloaddition of tert-butylmethylenenitrone 80 with  dimethyl
acetylenedicarboxylate 81 proceeded rapidly at 0 °C and resulted quantitatively in the
formation of dimethyl 2-tert-butyl-4-isoxazoline-4,5-dicarboxylate 82 (Scheme 13).>>*® It was
shown that the latter compound 82 easily underwent thermal rearrangement upon heating at
80 °C in the dark under N,-atmosphere to afford 4-oxazoline 84. The isomerization occurred

most probably via formation of aziridine intermediate 83.

CO->Me
CHy ’
N®g + MeO,C—=—COMe —> N \
tBu” O 0°C  tBu™"g” ~CO,Me
80 81 82
lso °C
CO,Me CO,Me
2 \ < COzMe
N~ ~CO;Me N I
tIBu tBu
84 83
Scheme 13

Furthermore, it was shown that suitable choice of substituents could result in the formation of
the corresponding 4-isoxazoline-4,5-dicarboxylate with a weakened N-O bond.>® In this way,
the isolation of aziridine 83 as potential precursor in this thermal rearrangement, would
become possible.

Thus, the reaction of N-(2,4,6-trimethylphenyl)methylenenitrone 85 with dimethyl acetylene-
dicarboxylate 86 resulted in the synthesis of the even more thermally labile 87, which

immediately rearranged to the corresponding aziridine 88 at room temperature (Scheme 14).
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Treatment of this aziridine 88 in toluene under reflux gave again the thermally more stable 4-

oxazoline 89.
CH» CO,Me
I
N\@OG) {
+ MeO,C——CO,Me —>
2 2 rt N‘O COzMe
85 86 87
CO,Me
COzMe

89 88

Scheme 14
In another report, the reactivity of polyfunctionalized 4-isoxazoline-5-carboxylates 90 has
been evaluated by thermal treatment (Scheme 15).°" Interestingly, by heating of these
compounds 90 in toluene at 110 °C, the 2-acylaziridinyl-containing B-lactams 91 were
obtained as single isomers. This result was again rationalized by a thermally induced
sigmatropic rearrangement, where the stereochemical outcome of the reaction was controlled

by steric interactions.

COOMe
MeO .0
—_—
R PhMe, 110 °C
o] PMP
90 (R = Bn, Me) 91 (40-50%)
Scheme 15
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2.1.2.2. Synthesis of N-alkoxyaziridines

The reaction of nitronium esters 92 with alkyl acetylenecarboxylates 93 resulted in the
regioselective formation of N-alkoxyaziridines 95 (Scheme 16). This reaction proceeded via a
1,3-dipolar cycloaddition through intermediacy of 4-isoxazoline-5-carboxylates 94. These 4-
isoxazolines 94 isomerized easily and selectively to deliver the corresponding aziridines 95

via a sigmatropic rearrangement. Two examples of this synthetic approach are presented

below.

Rz\ﬂ/ R3 1,3-dipolar =2 R® R4 sigmatropic R R4 i

l o, + rie—cops cycloaddition 1 /j—g\ 5 rearrangement RZWCOZR
RIO" "0 R0~ N~ ~Co,R o
RL = Alkyl R* = H, Me 94 95
R%R3=COOR,H RS =Me, tBu

Alkyl, CN
Scheme 16

In contrast to the 1,3-dipolar cycloaddition of nitrones 76, 1,3-dipolar cycloaddition of
nitronium esters 92 across acetylenecarboxylates 93 afforded N-alkoxyaziridines 95 as end
products, while intermediate 4-isoxazoline-5-carboxylates 94 were never isolated. The
synthesis of the disubstituted N-methoxyaziridines 99 was accomplished in high yield (74-
79%) by stirring nitronium esters 96 with methyl acetylenecarboxylate 97 neat at 0 °C to
room temperature for one to five days (Scheme 17).°®°® The cycloaddition reaction of
nitronium ester 96b across tetrolic acid methyl ester 97b proceeded more slowly and afforded

the trisubstituted N-methoxyaziridine 99 only in 15% yield after 20 days.>®>°

2

H\”/COZRl R RIO,C  R2 o)
> — Rlozcﬁgk
o N® + | | neat, 0°Ctort, 1-20d ,\?_g\ R2002Me
AN MeO—Ns CO,Me N
O OMe CO,Me o) 2 .
OMe
96a (R =Me) 97a (R!=H) 08

- 0,
96b (RZ=Et) 97b (R? = Me) 99 (15-79%)

Scheme 17
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Similarly to the cycloaddition of monosubstituted nitronium esters 96 across methyl
acetylenecarboxylate 97, also disubstituted nitronium ester 100 was used for the synthesis of

N-methoxyaziridine 102 (Scheme 18). *°

(@]
MEOZC COzMe MeOzC
i Il > MeO,C COMe
o NO + neat, 0°Ctort, 8 d #02% N
O OMe CO,Me OMe
100 101 102 (39%)

Scheme 18

2.2. Synthesis through N1-C3 bond formation (method I1)

2.2.1. Enantioselective synthesis starting from the chiral pool

The strategy of using the chiral pool for enantioselective synthesis has gained a lot of
attention among (bio-)organic and medicinal chemists the past decades. Chiral pool synthesis
is especially helpful if the desired compounds have a great resemblance to cheap and readily
available enantiopure natural products. To date, the enantiopure synthesis of 2-
(carboxymethyl)aziridines starting from the chiral pool has used a few natural products. Two

examples will be discussed in the following part, »- and p-aspartic acid r-103 and p-103

(Figure 6).
NH; NH;
Hooc g™~ %" Hooc @~ COH
L-103 D-103
Figure 6

2.2.1.1. Synthesis through modifications of L-aspartic acid

N-Protected r-aspartic acid derivatives 104 have been used for the enantioselective synthesis
of N-Cbz-, N-Ts- and N-Boc-protected 2-(carboxymethyl)aziridines 108.°0¢1626384 The first
step in the synthesis of N-Cbz-2-(carboxymethyl)aziridine 108a was an activation of N-Cbz-

protected L-aspartic acid derivative 104 with isobutyl chloroformate (Scheme 19).%061636
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This reaction was performed by dissolving compound 104 in 1,2-dimethoxyethane at -15 °C,
followed by the addition of N-methylmorpholine and isobutyl chloroformate. The activated
aspartic acid derivative was subsequently reduced with aqueous sodium borohydride to lead
to the corresponding alcohol 105 in very good yield. In a next step, amino alcohol 105 was
treated either under Mitsunobu conditions (PPh;, DEAD, THF) or with methanesulfonyl
chloride in the presence of diisopropylethylamine (Scheme 19).%°%%3 However, only the
Mitsunobu reaction yielded N-Cbz-2-(carboxymethyl)-aziridine 108a. The mesylation of
amino alcohol 105 followed by heating under reflux in THF with DIPEA gave the chloride
107 as the sole product.®® This chloride resisted further treatment with various bases (K,COs,
KHCO3, NaHSO3, AgO, KF, NaH), which gave either no reaction or decomposition. Similar
B-aminobutanoates have already been used as precursors in the synthesis of another class of 3-
amino acids with a three-membered ring as a core structure, more specifically 2-
aminocyclopropanecarboxylic acids (not shown).®®

Remarkably, the procedure for the synthesis of N-Cbz-protected 2-(carboxymethyl)aziridine
108a starting from N-Cbz-protected r-aspartic acid derivative 104 did not work for the
synthesis of analogous N-Ts-protected 2-(carboxymethyl)aziridine 108b as the reduction step
did not work at all, even when other reduction methods were applied.®® For that reason, an
alternative attempt to access amino alcohol 108b was made by a de- and reprotection
sequence starting from amino alcohol 105 (Scheme 19).%® Catalytic hydrogenolysis over Pd/C
and subsequent N-tosylation gave amino alcohol 106 in 84% overall yield. Treatment of this
amino alcohol 106 under the previously mentioned Mitsunobu conditions delivered the N-Ts-

protected 2-(carboxymethyl)aziridine 108b in 90% yield.
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1) CICOOIBU,

COztBU COztBU

CO2tBU  ~ N-methylmorpholine, MSCL DIPEA
,ES) DME, 157°C >~ /@/OH T /@/CI
XHN CbzHN

CbzHN CO2H  2) NaBHy4, H,0, -10 °C B THF, A, 20 h

_ - 107
104 1) Hp, PUIC, EOH, 1t [ 105 X = Chz (89%) X =Cbz
2) TsCl, DMAP, Et3N, 106 X = Ts (84%)

CH2C|2, rt
PPh3, DEAD, THF
0°C, 30'thenrt, 18 h

108a X = Cbz (60-90%)
108b X = Ts (90%)
Scheme 19

In contrast with the mesylation procedure of amino alcohol 105 by heating under reflux in
THF with DIPEA which afforded the chloride 107 as the sole product,®* mesyloxy compound
110 was obtained when amino alcohol 109 was treated with mesyl chloride in the presence of
triethylamine and a catalytic amount of DMAP in CH,Cl, at 0 °C (Scheme 20).°? In the next
step, treatment of mesylate 110 with cyanocuprate in THF at -40 °C gave N-Chz-protected 2-

(carboxymethyl)aziridine 112 in 26% yield, instead of the expected B-amino ester 111.

NHCbz
nHexv(F&/COOt-Bu
MsCl, EtgN
e cat. DMAP R gy (RSN .
HO COOt-BU —————> MsO COOt-Bu
©) CH,Clp, 0°C ®) THF, -40 °C
109 110 (54%) Cbz
N
£ COOt-Bu

112 (26%)
Scheme 20

Furthermore, N-Boc-2-(carboxymethyl)aziridine 115 was synthesized via a similar reaction
sequence as N-Cbz-2-(carboxymethyl)aziridine 112. At first, the activation of N-Boc-
protected r-aspartic acid derivative 113 with isobutyl chloroformate occurred in the presence
of N-methylmorpholine in THF at 0 °C for one hour, followed by a reduction with sodium

borohydride in THF which afforded N-Boc-amino alcohols 114 in high yields (Scheme 21).%*
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Subsequently, a Mitsunobu reaction with DIAD took place which delivered the corresponding

N-Boc-2-(carboxymethyl)aziridine 115 in good yields (63-73%).

1) CICOOIiBu
NHBoc N-methylmorpholine NHB PPh3 Ll%oc
/'\/CO R THF1ho0°C v'\/Oc DIAD N
S 2 > HO CO5R >
MO 2) NaBH,4 © > THF, 0°C, 30' %S)\/COzR
113 THF,4h,0°Ctort 114 (65-98% thenrt, 16 h .
R = tBu, Bn, Me (65-98%) 115 (63-73%)
Scheme 21

In addition, besides the synthesis of enantiopure unsubstituted 2-(carboxymethyl)aziridines
115, also the synthesis of branched 2-(carboxymethyl)aziridines was performed starting from
N-protected r-aspartic acid derivatives.®”®® A first attempt for the synthesis of the unprotected
(2R,3S)-2-benzyl-substituted 2-(carboxymethyl)aziridine (2R,3S)-121 was made starting from

N-protected dibenzyl L-aspartate 116 (Scheme 22).%

Ph Ph

Q LIHMDS o o
$ OBn $ OBn $ OBn
BnO~ __ BnBr__ Bn0” YW OIMNaOH_  HO™ R
_NH O THF, -78 °C _NH O dioxane/H,O _NH O
Boc Boc Boc
116 117 (64%) 118 (94%)

1) iBUOCOCI, Et3N, DME
2) NaBH,, H,0, -10 °C

Ph Ph Ph
©) oBn 1) TFA, CH,Cl, ) oBn  TsCl ©) OBn
HN I-(|R) I <2) TEA, CH,Cl, TsO |i“_(|R) 1 pyridine  HO Ii”-(IR) I
Boc” CHCl, Boc”
121 (60%) 120 (62%) 119 (75%)

le, Pd/C, MeOH

Ph
(R)
TR
NH, O
122 (63%)

Scheme 22
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In order to obtain the unprotected branched (2R,3S)-2-(carboxymethyl)aziridines (2R,3S)-130,
another synthetic route was developed starting from N-protected dimethyl r-aspartate 123
(Scheme 23).°” As debenzylation of 2-(carboxymethyl)aziridine 121 via catalytic
hydrogenolysis with Pd/C was not possible without ring opening of the aziridine ring, a final

saponification of the methyl ester functionality has been performed to overcome this problem.

o R 1) HCI, MeOH
© OMe LiIHMDS ©) OMe 2) CuCO3.Cu(OH), © OMe
MeO - RX MeO R EtOH/H,0, 70 °C= HO)J\:/(IZ)\H/
_NH O THF, -78 °C _NH O HCLH,N O
Boc Boc 125
123 R = Me, Bn, 124 (38-73%)
CHchZIBU CbzCl, Nach3, Hzo
R R 1) N-hydroxysuccinimide, O R
s oM s) omMe _ DCC, DME ©) OMe
P(%\f( € PPhg, DEAD, THF HOW 2) NaBH,, THF, 0°Ctort HO™ Y (R)
H = NH O = _NH O
CbZ © Cbz Cbz
128 (76-83%) 127 (64-75%) 126 (56-74%)
l H,, Pd/C, MeOH
S S
0@ OME LioH, MeoHH,0 NSO
HN 'Yy o) > HN™ 0
129 (85-97%) 130 (80-85%)
Scheme 23

Treatment of N-protected dimethyl L-aspartate 123 with two equivalents of LIHMDS at -78
°C delivered the enolate dianion which reacted with an alkyl halide to give 124. In the case of
methylation, two products in a diastereomeric relationship in about equal ratio were formed
and separation by means of column chromatography proceeded readily. Application of bulkier
alkylating reagents such as benzyl bromide and tert-butyl bromoacetate provided
diastereomeric ratios of 4:1 and 7:1, respectively, in favor of the anti alkylation with respect
to the Boc-protected amino group. Treatment of compounds 124 with a methanolic
hydrochloride solution provided the N-deprotected products, which were then regioselectively
hydrolyzed by using CuCOs3-Cu(OH); in an ethanol/water mixture,” to afford hydrochloride

salts 125. In the case of compounds 124 (R = CH,CO,tBu), the tert-butyl ester moiety was
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converted into the corresponding methyl ester under the latter reaction conditions.
Subsequently, the amino group of the r-aspartic esters 125 was protected with CbzCl. The
conversion of the a-carboxylate group into a hydroxymethyl group was accomplished in good
yield by sodium borohydride reduction of the activated ester that was formed by treating
compound 126 with N-hydroxysuccinimide in the presence of DCC.” In the next step, the
aziridine ring formation was effected under Mitsunobu conditions using triphenylphosphine in
the presence of DEAD in 83% yield for 128 (R = Bn).” The remaining steps to the target
compound (2R,3S)-130 comprised removal of the Cbz group from the aziridine nitrogen and
hydrolysis of the methyl ester moiety by catalytic hydrogenolysis in the presence of Pd/C and
subsequent treatment with methanolic lithium hydroxide solution. The synthesis of the
enantiomer of compound (2R,3S)-130 with a (2S,3R)-configuration was also performed for R
= Bn in an overall yield of 13%, starting from p-aspartic acid 103 by an analogous synthetic
pathway used for the preparation of (2R,3S)-130.%"

An alternative route had to be sought for the synthesis of the (2S,3S)- and (2R,3R)-
enantiomers (2S,3S)-130 and (2R,3R)-130 because the precursor to the key intermediate,
namely, the y-hydroxy ester that corresponds to 127 in the synthesis of (2S,3R)-130, had a
strong tendency to cyclize to the corresponding y-lactone.®”®® Thus, instead of a methyl ester,
the corresponding Weinreb amide that resisted lactonization but still could be readily
converted into the carboxylate via an aldehyde moiety was used (Scheme 24).5"™

Lactone 131, that was prepared from r-aspartic acid,” was subjected to a-benzylation in THF
and HMPA using two equivalents of LDA to give a diastereomeric mixture, from which
(2S,3S)-132 was isolated in 73% yield. Alkylation of y-lactones such as 132 via a dianion
intermediate is known to afford a mixture of diastereoisomers, in which the trans-alkylated
product predominates, especially when the alkylating reagent bears a bulky group.”® The

lactone 132 was then readily converted into 133 by treatment with N,O-
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dimethylhydroxylamine in the presence of trimethylaluminum.”” The aziridine ring formation
was then effected by the intramolecular Mitsunobu-type reaction to yield 134.” While the
attempts towards a selective reduction of the Weinreb amide moiety in 135 to the aldehyde
were unsuccessful, conversion of the Cbz protecting group into a bulkier trityl group allowed

the selective reduction of the Weinreb amide by lithium aluminum hydride to deliver

aldehyde 136.”
_Ph _Ph
H(S) o LDA H s i© HCI.NH(Me)OMe 7 Me
. BnBr N O AlMes S~ N
Chz \Cf —— > CbhzZ’ » HO (s) “OMe
o] THF/HMPA CH,Cl, m
-78°C Cbz”
131 132 (73%) 133 (87%)
PPhg, DEAD, THFl
Ph Ph Ph
b - b
o _ o Z'e 1) Hy, Pd/C, MeOH . '\'{’l'e
S o LAHs S ‘oMe 2 TrCl, TEA, CHClg b«S)\[f ~OMe
N H ° N H h N H
/ o) THF, -78°C _/ o) ) o)
Tr Tr Cbz
136 135 (73%) 134 (86%)
lLiAIH4, THF, 0°Cto rt
Ph Ph Ph
7 1) TFA/CHCl3/MeOH 7 4
(S) ~ OH 2) FmocCl, Na,CO3, H,O (S)~ OH  RuCls, NalO (S) A OH
o~ il g = g
N H N H CH3CN/CCly/H,0 N W oo
Tr Fmoc EFmoc

137 (72%) 138 (80%) 139 (65%)

10% piperidine in DMFl

_Ph
(S)~__OH
(S)

140 (57%)

Scheme 24
Since this aldehyde 136 showed to be unstable upon exposure to air, it was not isolated and
further reduction of the crude reaction mixture with lithium aluminum hydride gave the stable

alcohol 137. Moreover, there was a potential risk of the aldehyde 136 undergoing
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racemization during the workup and purification. Nonetheless, direct conversion of the
Weinreb amide into a hydroxymethyl group with lithium aluminum hydride failed, as the
reduced amide carbonyl formed an intramolecular complex with the lithium ion, which
resisted further reduction.” At this stage, the trityl moiety on the aziridine nitrogen atom was
replaced with a 9-fluorenylmethyl carbamate (Fmoc) moiety, which showed excellent acid
stability, demonstrated under the oxidation conditions for converting the primary alcohol
group to a carboxylic acid.” Ruthenium(VIII) oxide catalyzed periodate oxidation® of
compound 138 followed by deprotection of the Fmoc group with piperidine in DMF produced
finally (2S,3S)-140. Compound (2R,3R)-140 was similarly synthesized in an overall yield of

4% starting with p-aspartic acid.

2.2.1.2. Synthesis through modifications of p-aspartic acid

A last example of enantioselective synthesis starting from the chiral pool is the synthesis of 2-

(carboxymethyl)aziridine 144 starting from p-aspartic acid p-103 (Scheme 25).%

o) 0 K,COg o)
HO (R) SOCl, MeO (R) 0-NsCl R
=" OH > ~  OH , MeO S on
N MeOH, rt 2 h N H,0/Et,0 Y
O NH ' O NHy.HCI 20/ELRO,
2 2 0°Ctort, 24 h © HN\o—Ns
D-103 141 (82%) 142 (74%)

D-aspartic acid 1) N-hydroxysuccinimide

N,N'-diisopropylcarbodiimide
CH,Cly, rt, 11 h
2) NaBH,, THF/EtOH, 0 °C, 30'

© MeO R) 1) MsCl, EtsN, THF,  MeO R)
R) @ € ) MsCl, Et3N, )
© : NMe3 < m 0 °C, 30" then rt, 15' mOH
z P A O H \ - ~
O NH; 0-Ns  2) cs,CO3, THF/H,0, 0-Ns
emeriamine 144 (73%) rt, 30° 143 (61%)
Scheme 25

At first, a selective esterification of the B-carboxylic group occurred in high yield (82%) by

reaction with thionyl chloride in methanol, followed by subsequent o-nosylation of the amine
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which delivered monocarboxylic acid 142 in 74% yield. Chemoselective reduction of the
carboxylic group by activation with N,N'-diisopropylcarbodiimide and N-hydroxysuccinimide
and subsequent treatment with sodium borohydride in THF/EtOH successfully gave the
alcohol 143 in 61% vyield. Subsequent mesylation and cyclization using Cs,COj3 provided the
chiral 2-(carboxymethyl)aziridine 144 in 73% vyield. Furthermore, the chiral 2-
(carboxymethyl)aziridine 144 is an intermediate in the synthesis of emeriamine, which was
obtained after five additional steps, including ring opening of the aziridine moiety with N-

chloro-N-sodiocarbamate (not shown) and deprotection of the o-nosyl group with thiophenol.

2.2.2. Stereoselective synthesis starting from addition reactions across
Imines

2.2.2.1. Synthesis via the Staudinger reaction

The utility of B-lactams as synthons for a wide range of heterocyclic compounds has already
been known for a long time and was demonstrated in the following example where B-lactams
147, synthesized via a Staudinger reaction, were transformed in the corresponding 2-
(carboxymethyl)aziridine 148 (Scheme 26).*%2 4-(1-Chloroalkyl)-substituted 2-azetidinones
147 were prepared in a stereochemical way by condensation of a-chloroimines 145 with in
situ generated ketenes in a Staudinger reaction. a-Chloroimines 145 were reacted with
different types of acid chlorides 146 in benzene in the presence of triethylamine to generate in
situ the intermediate ketenes, which underwent [2+2]-cyclocondensation to afford the
corresponding B-lactams 147 in good yields. In the next step, 4-(1-chloroalkyl)-2-azetidinone
147 underwent ring opening via acidic methanolysis (Scheme 26).*"% The intermediate salt
was not characterized, but was immediately reacted with triethylamine in dichloromethane for
four hours at room temperature to afford the corresponding 2-(carboxymethyl)aziridine 148 in

75% vyield.
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. Cl
RL 1.5 equiv R°0 y R2R4R3 OMe
N’ o) R50.- - 1) HCI/MeOH MeOo.
R% 3 equiv EtzN 146 Cl  2) 1.1 equiv Et3N vt
R2 > N > o N /
R® PhH, A, 30' — on, rt o) 'RL CHyClp, 1t, 4 h
Cl A ' )\
Rl =iPr
145 R®=Bn, Ph, Me 147 (50-97%) o _ |, 148 (75%)

RL = iPr, allyl, cHex,
Et, 4-MEO-C6H4

R2 = H, Me

R3 = Me, CI

R*=H, Me

Scheme 26

R3=R*=R%>=Me

Noteworthy, base-promoted ring opening of pB-lactams 149 by treatment with sodium

methoxide in methanol at reflux temperature did not afford the corresponding 2-

(carboxymethyl)aziridine 151, but the ring-opened products (Z)-152 (Scheme 27).*"# The

proposed reaction mechanism concerns the nucleophilic attack of sodium methoxide across

the amide functionality of p-lactam 149, resulting in ring opening. The secondary amine 150

obtained in this way attacked the halogenated carbon, leading to ring closure by

intramolecular nucleophilic substitution. The ring-closed products 151 were the originally

expected aziridine derivatives. However, in the presence of excess sodium methoxide,

deprotonation at the a-position of the ester 151 occurred and anti elimination led

unexpectedly to the stereospecific formation of alkenoates (Z)-152.

R4 5
s H R?| R® '
RPOL , MeO
Cl 4 equiv NaOMe G Cl
> 1
o N‘Rl 2N in MeOH, A, 4 h o NHR
1 49 150
R* =iPr, allyl
R2=H
304 _
R° R™ = Me o
R% = Bn, Me

MeOWNHRl
5

OR

152 (55-65%)

Scheme 27
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Another study towards the synthesis of 2-(carboxymethyl)aziridines 160 started from a
Staudinger reaction between N,N-di-p-methoxyphenyl 1,2-diimine 154 and an in situ
generated ketene from acid chlorides 153, which resulted in the formation of imino-B-lactams
which were directly hydrolysed to the corresponding aldehydes 155 (Scheme 28).8%848586.87
Next, 4-formyl-B-lactams 155 were reduced with sodium borohydride in methanol to alcohols
156,2%878 which were subsequently mesylated to give the corresponding mesyloxy-p-lactams
15787888 previously, the reactivity of these compounds 157 was studied in order to obtain
the corresponding N,N-disubstituted 4-(aminomethyl)azetidin-2-ones 158 by reaction with
secondary amines.”® In extension of this research, preparation of the unsubstituted
aminomethyl-analogues was envisioned by changing the nucleophile from a secondary amine
to ammonia, however, this resulted in the unexpected formation of 2-
(carboxymethyl)aziridines 160.3%%*

Furthermore, the same type of aziridines 160 were obtained by reaction of these mesyloxy-p-
lactams 157 with methanolic sodium methoxide at room temperature to afford the

corresponding ring-opened products 159.2*3* Subsequent treatment of 159 with ethanolic

triethylamine furnished 2-(carboxymethyl)aziridines 160 in good yields (51-89%).
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—_—
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BnO, Cl . VR

R RL
j;'/\NRR' a) NuH = NHRR Coms N
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morpholine ’ HNRR'/CH3CN KO‘JK‘N
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thiomorpholine or DMF, 80 °C PMP
N-methylpiperazine 158 NuH 157
N-benzylpiperazine
N-benzyI-N-mgthyI-amine b) NuH = NHj
hexamethylenimine b) NuH = MeOH | NaOMe/MeOH
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NH3/MeOH
80 °C
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OMs
RY _PMP
EtzN/EtOH H
r 0~ “OMe
(51-89%)
160 159 (59-90%)
Nu = NH, (a-d)
Nu = OMe (a-c)

Scheme 28
Surprisingly, application of pyrrolidine as nucleophile resulted also in an azetidinone-
aziridine transformation in contrast with all other used secondary amines (Scheme 29).%
Thus, reaction of mesyloxy-p-lactams 161 with neat pyrrolidine at room temperature afforded

the 2-aziridinylacetamide 162 together with compounds 163a and 163b.

ST S O

neat, rt, 12 h

161 162 (29%) 163a (Y = pyrrolidinyl, 49%)
163b (Y = OH, 14%)

Scheme 29
A possible explanation of these results was found in the difference in nucleophilicity of these
reagents, based on their basicity and steric requirements. Thus, the nucleophilic methoxide

anion reacted in all cases selectively with the electrophilic lactam carbonyl function, while the
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nucleophilicity of piperidine, a quite strong base, was overruled by the sterical hindrance
allowing only attack at the less hindered side chain electrophilic center. Pyrrolidine is situated
intermediate (strong base with lower sterical requirements) between piperidine and ammonia
and could react with both electrophilic centers. Therefore, the regioselectivity was here
determined by the activation energy requirements being lower in the reaction with the
carbonyl in comparison with the side chain center. Bearing in mind the low sterical
requirements of ammonia, it could react with both centers, as a result of its weak basicity.
Since the reaction was carried out at room temperature, the reaction, however, took place

exclusively at the carbonyl center, which comprises a lower energy barrier pathway.

2.2.2.2. Synthesis via the Mannich-type reaction

In recent years, the diastereo- and enantioselective synthesis of 2-(carboxymethyl)aziridines
via Mannich-type addition reactions has gained a lot of attention.”% This Mannich-type
reaction proceeded via addition of enolates across N-Ts-a-haloimines 165 and resulted in the
formation of y-chloro-p-amino acid derivatives 166, which were further transformed into the
corresponding 2-(carboxymethyl)aziridines 167 by a base-promoted ring-closure reaction
(Scheme 30).

In the first reaction, benzophenone imine glycine esters 164 were deprotonated with lithium
diisopropylamide (LDA) in THF, followed by the addition of N-Ts-a-haloimines 165
(Scheme 30).°* After quenching with agueous ammonium chloride, a mixture of anti and syn
diastereomers anti-166 and syn-166 was formed in good vyield with moderate
diastereoselectivity (dr 3.5:1 to 1:1). For most of the synthesized derivatives, the anti- and
syn-y-chloro-B-amino esters anti-166 and syn-166 could be isolated as single diastereomers by
crystallization.

Performing this reaction under thermodynamic control, i.e. prolonged reaction times (20 h),

afforded only syn-y-chloro-f-amino esters syn-166 and syn-2-(carboxymethyl)aziridines syn-
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167 in a 1:1 ratio. When the reaction was performed under kinetic control (1 h), the anti/syn

ratio was 9:1.%

1) 1 equiv LDA

THF, -78 °C
NTs
2) 1 equiv RZ%H
2
R Cl 165
2_
0 R< = Me, Et TSHN O TSHN O Ts
1 R2-R2 = (CH,)s R2 R2 RZ N g O
OR ORl + ORl g
THF, -78 °Ctort, 1-20 h R2 R2 T + R2 .
Ph\fN > Cl  Ns_Ph Cl Ns_Ph N Bh
e 3) NH,Cl (aq.) Y Y v
[4) crystallization ] Ph Ph L
164 anti-166 (24-46%) syn-166 (17-22%) 167

Rl = Me, Et, tBu

Scheme 30
Furthermore, the isomerization of the isolated anti-isomer anti-166 (R',R? = Me) into the
thermodynamically more stable syn-isomer syn-166 (R*,R?> = Me) and syn-aziridine syn-167
(R',R? = Me) was observed upon stirring under mild basic conditions for an extended time

(iProNH, LiCl, rt, 15 h to 5 d) (Scheme 31).*

TsHN O TsHN (@] Ts
) : N H O

LiCl, iPr,NH W PPN
WJ\OMe 2 -~ “OMe + NOMe

-

Cl N\\I/Ph THE, it, 15hto5d N%lxph No _Ph
Ph Ph j;
anti-166 syn-166 syn-167
Scheme 31

It was also possible to access diastereomerically pure B,y-aziridino carboxylic acid esters anti-
167 and syn-167 via 1,3-displacement of the chlorine atom under basic conditions.**% The
reaction of the pure diastereomers anti-166 and syn-166 was performed easily with K,COs in
acetone for five hours at reflux temperature giving the B,y-aziridino-o-(N-
diphenylmethylidene)amino esters anti-167 and syn-167 in 80-87% vyield (Scheme 32).
Interestingly, when the cyclization reaction from the anti-adduct anti-166 was continued for a
longer time (16 h), the mixture of aziridines anti-167 and syn-167 was obtained in 5:1 ratio. In

analogy with the isomerization of anti-166 (R',R? = Me) to syn-166 (R*,R? = Me), the anti-
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aziridine anti-167 could be isomerized under mild basic conditions (iPr,NH, LiCl, THF, rt) to
the syn-isomer syn-167 in 97% yield (Scheme 32).%*

TSHN O Ts

2 (0]
R2 L 3 equiv K,CO4 R NH
R2 OR > R? OR!
cl NYPh acetone, A, 5h N Ph
anti-166 anti-167 (80-87%)
LiCl, iProNH .
THF, i, 2d | 97%
TsHN O Ts

. O
RZWJ\ 3 equiv KoCO3 RZ N H
-~ OR! PAEPN
RZ - > 2 - 1
Cl NYPh acetone, A, 5 h R : OR

Ph 58-79% \\IP;
syn-166 syn-167

Scheme 32
The complete separation of adducts anti-166 and syn-166 (R',R? = Et) proved impossible.
Noteworthy, the aziridine formation from the mixture of these adducts gave a mixture of

diethyl-substituted aziridines anti-167 and syn-167 (R*,R? = Et), which could be separated by

crystallization in good yields (Scheme 33).%

TsHN O Ts o Ts
B A~ Aog eivioeo BN A
Et > EtNOEt T Rt -~ “OEt

Cl NY Ph  acetone, A, 5h NYPh N ph

Ph T T
166 anti-167 (59%) syn-167 (28%)

Scheme 33

2.3. Synthesis through C2-C4 bond formation

2.3.1. Synthesis through reaction of an aziridinyl anion (method 111a)

Several studies have been performed in order to synthesize 2-(carboxymethyl)aziridines 171

via reactions of aziridinyl anions with o-haloacetates 170.%%%
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A first attempt to synthesize B,y-aziridino carboxylic ester 171 was made by treatment of 2-
sulfinylaziridine 168 with 3.5 equivalents of EtMgBr at -78 °C, followed by stirring at room
temperature  (Scheme 34).% This reaction resulted in the formation of the
aziridinylmagnesium species 169, which was found to be stable for several hours at room
temperature, in quantitative yield. This compound 169 reacted easily with alkyl halides in the

|.93

presence of catalytic Cul.” However, reaction with ethyl iodoacetate 170 failed to give 2-

(carboxymethyl)aziridine 171 and resulted in desulfinated aziridine 172.

H

CioHa1., M\ .Ph

3.5 equiv H
H _ H o ICH,CO,Et CO,Et
CioHz1, N Ph 3.5 equiv EtMgBr CioH21, ™\ P 170 171

pTolS(O) H -78°Cto0°Corrt BrMg H

168 169 H

CioH21, N Ph

HAH
172

Scheme 34

In the next study, the functionalization of configurationally and chemically stable aziridine
carboxylate anions has been performed by reaction with electrophiles with good to excellent
retention of configuration.®** Aziridine ester (25)-173,% was deprotonated with LDA in THF
at -78 °C and subsequently reacted with bromoacetate to afford 2-(carboxymethyl)aziridines
(25)-174 as single diastereomers after column chromatography (Scheme 35). Hereby, it has
been stated that application of the less hindered methyl and ethyl aziridine esters only led to
self-condensation. The use of 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU)
as co-solvent resulted in improved chemical yields, but was not essential in contrast to
previous observations on aziridine carbothioate anions.®’

When aziridine ester (2R)-173 was treated under analogous reaction conditions (LDA, THF,
-78 °C), only self-condensation was observed.** Since intramolecular stabilization appeared

to be negligible in this compound, the highly reactive lithiated intermediate was stabilized by

38



Chapter 2 Literature Overview

intermolecular chelation in a more adequate solvent system. When a 5:1 mixture of
DME:Et,0O was used, a more stabilized aziridine carboxylate anion was formed, which

reacted with bromoacetate towards aziridine (2R)-174 in a moderate yield (30%) but with

excellent retention of configuration (Scheme 35).%4%
2 equiv LDA
Ph,,. 3 equiv DMPU Ph,,
Ry OMe 3 equiv BrCH,COOtBu Ry OMe
N (s) > N .coots
L THF, -78 °C, 7 h u
COOtBu S)
COOtBu
(25)-173 (2S)-174 (54%)
dr > 98:2
Ph,, 2 equiv LDA, THF, -78°C  Ph,,.
R) OMe 3 equiv BrCH,COOtBuU Ry OMe
ZNs(R) / °C.2h > N YN
cootgy DME/ERO, -78°C, ﬁ\ COOtBu
COOtBu
(2R)-173 (2R)-174 (30%)
dr 95:5
Scheme 35

Besides the synthesis of 2-(carboxymethyl)aziridines via reactions of aziridinyl anions with a-
haloacetate electrophiles, also the application of glyoxylate 177 as electrophile has been
evaluated. %1% |n the first step, N-tosyl-2-(trifluoromethyl)aziridine 175 was
regioselectively deprotonated with n-BuLi in THF at -102 °C (Scheme 36). Hereby, it has
been stated that the generation of the anion 176 was markedly influenced by the nature of the
N-substituent. The N-(o-anisyl)- and N-(p-anisyl)aziridinyl anions could only be partially
generated upon deprotonation with the stronger base sec-BuLi, whereas generation of the N-
benzylaziridinyl anion with sec-BuLi was unsuccessful. Subsequent reaction of the N-
tosylaziridinyl anion 176 with ethyl glyoxylate 177 in THF at -102 °C afforded (2S)-2-(1-
ethoxycarbonyl-1-hydroxymethyl)-2-(trifluoromethyl)-aziridine 178 in 27% vyield as a

mixture of two diastereomers (dr = 67:33).
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0]

TS Ts J\ Lr OH Ts
N 1.1 equivnBuli N H™ “COOEt N
WA > CYAN —————— Et0OC™\
F3C'(R) THF, -102 °C, 10 FsC' THF, -102 °C F3C' (9
175 176 178 (27%)

dr 67:33
Scheme 36
Even though the following example falls out of the scope of nucleophilic addition of
aziridinyl anions, it is interesting to report here the synthesis of 2-(carboxymethyl)aziridines
181 via palladium-catalyzed hydrocarbonation of methyleneaziridine 179.2°1%2 The reaction
of methyleneaziridines 179 with carbon pronucleophiles proceeded smoothly in the presence
of a palladium catalyst to give the cyclic products in good yields. For example, optimization
of different reaction conditions showed that in the presence of catalytic amounts of Pd(PPh3),
(5 mol%) and triphenylphosphine oxide (10 mol%), the reaction of 1-benzyl-2-
methyleneaziridine 179 with ethyl 2-cyanopropionate 180 as pronucleophile, in THF at 120

°C for 15 h gave 181 in 63% yield as a 1:1-mixture of both diastereomers (Scheme 37).

Bn
Bn 5 mol% Pd(PPh3), i
i Me 10 mol% P(O)Phy MLV
N H"—COOEt -~ e>€u
Z CN THF,120°C,15h  EtOOC” L
179 180 (0.67 equiv) 181 (63%)
drl:1

Scheme 37

2.3.2. Synthesis starting from 2H-azirines via the Reformatsky reaction

(method 111b)

The utility of the Reformatsky reaction for the synthesis of 2-(carboxymethyl)aziridines 184
starting from 2H-azirines 182 and o-bromoacetates 183 was demonstrated by several

examples. 103,104,105,106,107
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In the first example, a-bromoacetates 183 were reacted with a zinc-copper couple’® in a 1:1
solvent mixture of benzene and diethyl ether to afford the corresponding Reformatsky
reagents (Scheme 38).1% Addition of these Reformatsky reagents across 3,3-dimethyl-2-
phenyl-2H-azirine 182a resulted in the selective formation of B,y-aziridino esters 184 in good
yields (65-81%) upon reaction at 60 °C for 2-5 hours. Changing the solvent to toluene
resulted in lower yields of the desired product 184 and the formation of 3-pyrrolidinones as
side-products.® Use of a-bromoacetates 183c (R* = R?> = Me) under the given reaction
conditions resulted as well in the formation of the corresponding 3-pyrrolidinone as side-

product (10% in benzene/Et,0; 26% in toluene).

N R1 @) §
Meg/ . RZH Zn/Cu ~ Mel/\Ph 9
Me Ph B  OEt Et,O/PhH (1:1), Me" OEt

~60 °C, 2-5 h Rl R2

182a 183a (R! = R? = H) 184a (65%)
183b (R' = H, R%=Me) 184b (81%)

183c (R! = R? = Me) 184c (66%)

Scheme 38

In the following study, the diastereoselectivity of the Reformatsky reaction with ethyl 2-
bromopropionate 183b and 2H-azirines 182 has been studied (Scheme 39).1%° It has been
proven that the formation of both diastereomers syn-184 and anti-184 was irreversible. As no
isomerization of the formed compounds syn-184 and anti-184 was possible, the major isomer
obtained by this reaction was the product of kinetic control.!®® The structures of syn-184 and
anti-184 have been deduced from those of the corresponding 4-aminolactones, obtained by
treatment of both diastereomers separately with Olah’s reagent (pyridine-HF) or with aqueous

hydrochloric acid.'®
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MeCHBrCOOEt H H
rL N 183b _ le . rL N pnO
Rz\. Ph Zn-Cu, EtzO/PhH Rz\. - OEt szJ\OEt
182a (R = R? = Me) anti-184a (minor) syn-184a (major)
182b (R-R? = -(CH,)s-) anti-184b (minor) syn-184b (major)
182c (R = Me, RZ=H) anti-184c (major) syn-184c¢ (minor)

anti-184a/syn-184a (80%, dr 10:90)
anti-184b/syn-184b (90%, dr 10:90)
anti-184c/syn-184c (60%, dr 70:30)

Scheme 39
In addition, the Reformatsky reaction of a-bromophenylacetates 185 and 3,3-dimethyl-2-
phenyl-2H-azirine 182a in the presence of zinc was studied.'®** Performing the reaction in
dimethoxymethane at 40 °C for six hours afforded the 2-(carboxymethyl)aziridines 186 as a
single diastereomer in 37-42% yield (Scheme 40). In this case, the formation of pyrrolinone
187 was less than 5%, whereas the same reaction in toluene or THF resulted in pyrrolinone

187, exclusively.*®

H )
Br
N Ph Ph
. 7n N \ NH
COOR Ph dimeth thane PN
Imetnoxymetnane
200 B h COOR Ph
185 182a 186 (37-42%) 187 (<5%)
R = Me, tBu
Scheme 40

Similarly to the Reformatsky reaction, also the Ivanov reaction'® was evaluated for the
synthesis of 2-(carboxymethyl)aziridines 191 (Scheme 41).*”" In the first step, arylacetic acids
188 were treated with two equivalents of isopropylmagnesium chloride in dimethoxymethane,
affording the corresponding organomagnesium compounds 189. Subsequent addition of 2H-
azirine 182a and heating at reflux temperature for six hours furnished B,y-aziridino carboxylic
acid salts 190 which were isolated as the corresponding zwitterions 191 as single

diastereomers in good yields after an aqueous workup. Noteworthy, all attempts to synthesize
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2-(carboxymethyl)aziridines 191 starting from arylacetic acids 188 with sodium

naphthalenide were shown to be unsuccessful.*’

Meo [N\ 182a MgCl
jf\ 2 equiviPrMgCl R OMgCl e Ph  me. N Ph OMgCl
> . \
OH dimethoxymethane OoMgcl  A6h Me" O
A 25h &
R = Ph, 1-thienyl,
4-MeOCgHy, aq.
1-naphthyl, workup
2-naphthyl
@ H2
Mew P°
R
191 (56-66%)
Scheme 41

Besides, the nucleophilic addition of enolates, derived from the corresponding ethyl esters
192 upon treatment with sodium hydride in DMSO, across 3,3-dimethyl-2-phenyl-2H-azirine
182a, in order to synthesize the corresponding 2-(carboxymethyl)aziridines 193 has also been
investigated (Scheme 42).'° This reaction resulted in multi-component reaction mixtures,
from which the desired 2-(carboxymethyl)aziridine 193a was isolated in only 4% yield when

ethyl phenylacetate 192 (R = Ph) was used.

N (@] H H
NaH 0 Ph O
me}L\Ph . RJJ\OEt—b Me WP v Mo, <
© DMSO Me‘WOEt YA OEt
182a 192 R P R NH, R
(R = H, Me, Ph)
193a (R = Ph, 4%) 194 (25-30%) 195 (10-39%)

193b (R = H, Me, 0%)

Scheme 42

2.4. Synthesis via addition of carbene equivalents across imines (method
V)

The synthesis of aziridines via addition reactions of carbenes across imines has been already

well explored in the past.™ In a first synthetic strategy, dichlorocarbene was used as a
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carbenoid compound in addition reactions across imines 196 to afford 2-
(carboxymethyl)aziridines 197.12 Treatment of benzodiazepine 196 with sodium hydroxide in
chloroform, in the presence of Et;BnNCI as a catalyst, resulted in the in situ formation of
dichlorocarbene, which reacted with the imino moiety of benzodiazepines 196. This reaction

led to the selective formation of the corresponding tricyclic dichloroaziridines 197 in 80-85%

cl. cl
50% NaOH
N
@ = EtsBnNCI @N
v CHCls, 1t, 3 h \
R : O

R
196 197 (80-85%)

R = Me, Et
Scheme 43

yield (Scheme 43).

The addition reaction with dichlorocarbene was also performed with bis-1,1"-(1,5-

benzodiazepin-1-yl)methane 198 under similar reaction conditions and afforded the

corresponding polycyclic dichloroaziridine 199 in 45% vield (Scheme 44).1*?

Cl Cl
: N— : N
'}l 9] 1.3 equiv Et3BnNCI '}I 9]
2 o g T o
N 50% NaOH/CHCl; N
SO NS
N= N
Cl ClI
198 199 (45%)
Scheme 44

In the next part, the synthesis of 2-(carboxymethyl)aziridines 204 via addition of sulfur ylides
across imines 201 is described.!*3**%5 Application of the well-known ylide chemistry in

aziridination reactions™*® resulted in the synthesis of N-tosyl-2-(carboxymethyl)aziridines 204
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via reaction of N-tosylimines 201 and functionalized allyl bromides 200.****'* Hereby, N-
tosylimines 201 and functionalized allyl bromides 200 reacted in the presence of
dimethylsulfide and K,COj3 for five hours in acetonitrile at room temperature to afford the
corresponding N-tosyl-2-(carboxymethyl)aziridines 204 in 60-70% yield as an inseparable

mixture of cis- and trans-diastereomers (Scheme 45).

1 equiv

NTs

)J\ 201 NTs
Ar H )j\ 201

CO,R2 1 equiv K,CO3

1|\ X
R—./
B

1.5 equiv Me5S

CHZCN, 1t, 5 h

CO,R?
lecg
1
2 _Me
S o

L Br

Ar H

2
0 X COéR
K,CO3 R~ _ ©) (\NTS
EEEEE— S
Me”

r Me Me Ar
200 Ar = 4-Me-CgH, 202 203
Rl — H, 4-Me, 2'C|'C6H4
4-Cl, 2-MeO -Me,S
R? = Me, Et )
NN COR
R*—— P H
Ar NTs
204 (60-70%)
cis/trans =
25/75 to >99:1
Scheme 45

In the same manner, treatment of an E/Z-mixture of bromo compounds 205 with
dimethylsulfide or tetrahydrothiophene as sulfur source, K,CO3 and N-tosylimines 206 for 2-4
hours in acetonitrile at room temperature, furnished a 1:1 mixture of E/Z isomers of cis-
alkenylaziridines 207 and 208 in very good combined yields, which were separated by means

of silica gel column chromatography (Scheme 46).*°
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MeO,C Z s > or Me,S

AN TsN
R2 Br K,CO3
= -
o +H 1 53
\ « TR® CHCN, 1t,2-4h =2 +
|‘Q1
205 206
R!=Me, Allyl, Bn  R3=3-NO, 4-NO,
R2 = H, Me, Br 4-Me, 4-Cl R®

CO,Me

208 (28-48%)
Scheme 46

2.5. Synthesis through reactions of nitrene equivalents with olefins (method
V)
2.5.1. Synthesis through addition of azides across alkenes

The synthesis of aziridines via addition reactions of azides to olefins has gained a lot of
interest the past decades.’® Several reports have described the synthesis of 2-
(carboxymethyl)aziridines 212 via reactions of azides with a,B-unsaturated esters
209,119:120121,122,123,124,125,126,127,128.129.130 gnme examples are described in the following part.

A first attempt to synthesize B,y-aziridino carboxylic esters 212 started with the addition of
phenylazide across alkene 209.° Reaction of trimethyl ester 209 with phenylazide in ethyl
acetate resulted in a separable mixture of regioisomers 210 and 211 (Scheme 47). Heating of
both dihydrotriazoles 210 and 211 at 210 °C for 15 minutes afforded the corresponding B,y-

aziridino carboxylic ester 212.
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Ph
N‘/N COOMe
N
MeOOC COOMe
, COOMe PhN, 210 Ph.y, COOMe
’ + 210 °C, 15'
MeOOC  CoOMe EtOAC N ’ MeOOC  coome
N* COOMe
209 h,N 212
P MeOOC COOMe
211
Scheme 47

Efforts have been made in order to synthesize the bicyclic aziridine carboxylate 214.** The
photochemical reaction between cyclobutenedicarboxylate 213 and ethyl azidocarboxylate in
dichloromethane for six hours at room temperature afforded the corresponding bicyclic

aziridine 214 in 20% vyield (Scheme 48).

hv
MeOOC N3-COOEt MeOOC
> N—COOEt
MeOOC CH,Cly, rt, 6 h MeOOC
213 214 (20%)
Scheme 48

The synthesis of B,y-aziridino carboxylic amides 219 via additions of azides 216 across N-
protected 2-azabicyclo[2.2.1]hept-5-en-3-ones 215 has also been investigated. 127 128.129.130
First, bicyclic olefins 215 reacted with different azides 216 via an intermolecular [2+3]
cycloaddition in toluene under high pressure (980 MPa) to afford a mixture of two
regioisomeric triazolines 217 and 218, which could be separated via column chromatography
in good yields (Scheme 49).'?° However, irradiation of a mixture of both triazolines 217 and
218 in acetonitrile afforded polycyclic 2-(carbamoylmethyl)aziridines 219 after nitrogen loss.

Subsequent ring opening of the lactam functionality of aziridines 219 with methanol furnished

the corresponding [,y-aziridino carboxylic esters 220 in excellent yield.
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R2
R2N; _N 1 _N 1
/ NRE 216 EJ&{\IR ¥ EJ&N’R
PhMe, rt, 70h  R?
0 980 MPa O O
215a,b (RZ = COOEt, Ph, 217 (52-60%) 218 (14-21%)
(R! = Boc, Cbz) P(O)(OPh),) hy
CH4CN, 0°C, 3h| N2
MeOOC NHBoc R2. Rl
H/., ‘\\H Rl = BOC N N/
H \ H MeOH, rt, 20 h 0
R2 219 (20-45%)

220 (90%)
Scheme 49

In addition, the synthesis of 2-(carbamoylmethyl)aziridines 221 was also performed with
tosylazide, as a prominent nitrene precursor, and bicyclic olefins 215 under thermal
conditions.*?®? This thermal approach formed a good alternative to the previously described
cycloaddition-photolysis reaction sequence. 2%’

Reaction of N-protected lactams 215 with tosylazide in toluene at 120 °C resulted in the
formation of aziridines 221 as single isomers via the exo-cyclic addition of nitrene across the
double bound of 215 (Scheme 50). Noteworthy, the reaction of N-Cbz-lactam 215a with
tosylazide resulted also in the formation of triazolines 222 (6%) and 223 (2%) as minor

products.'?

iIE\fo TsN3 TS\N%O " N%O + N%O
N N N N N N

| PhMe, 120°C,10h | T : \
R R R R

215a (R = Cbz) 221 (63-70%) 222 (R=Cbz, 6%) 223 (R = Cbz, 2%)
215b (R = Boc)
215¢ (R = CH,Ph)

Scheme 50
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The synthesis of B,y-aziridino carboxylic amides 224 via reaction of bicyclic olefins 215 with
different azides was also effected under microwave conditions, with significantly reduced
reaction times.’*® After optimization of reaction conditions, microwave irradiation of a
mixture of N-protected lactams 215 and electron-poor azides (R? = Ts, P(O)(OPh),) at 120-
140 °C for 30 minutes without solvent afforded the corresponding tricyclic 2-
(carbamoylmethyl)aziridines 224 through nitrene addition (Scheme 51).

2
Vv R e v
/ >
N N

neat, 120-140 °C, 30' R

i? microwave
215b (R! = Boc) 224 (17-63%)

215d (R! = TBDMS)

R? = Ts, P(O)(OPh),

Scheme 51
A final example of this synthetic approach comprised the aziridination reaction via an
intramolecular 1,3-dipolar cycloaddition of azido dienone 225.'?° Heating compound 225 in
benzene at reflux temperature for two days resulted in a conversion towards tricyclic aziridine
226 in 80% yield with complete regio- and stereocontrol (Scheme 52). The isolation of the
fully characterized aziridine 226 rather than a triazoline product was probably due to the
thermal triazoline instability, which accelerated the extrusion of nitrogen in the corresponding

triazoline intermediate.*®*

‘ 3 PhH, A, 2d 'COOMe
O OMe (@) OMe
225 226 (80%)

Scheme 52
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2.5.2. Synthesis via in situ generated nitrenes

Since several decades, aziridine synthesis via nitrene additions across olefins represents a well

explored field in organic synthesis.!!’*%

In order to synthesize N-phthalimido-2-
(carboxymethyl)aziridines, the generation of singlet aminonitrenes for the application in
cycloaddition reactions with olefins, has been already frequently
reported.133’134’135’136’137'138'139‘140

A first approach of this methodology started with the generation of phthalimidonitrene via
oxidation of N-aminophthalimide 229 with Pb(OAc).**** The addition of
phthalimidonitrene across bicyclic lactone 227 (X = O) and lactam 228 (X = NH) proceeded
by reacting bicyclic lactone 227 with N-aminophthalimide 229 and Pb(OAc), for one hour in
dichloromethane at room temperature and furnished the corresponding tricyclic compound
230 in 10% yield (Scheme 53).2** However, performing the reaction with bicyclic lactam 228
under the same reaction conditions failed to deliver the desired tricyclic aziridino lactam 231
(X = NH). Furthermore, the reaction of the bicyclic compounds 227 and 228 with the less
nucleophilic ethoxycarbonylnitrene also did not result in aziridine formation. Where
phthalimidonitrene had a distinct nucleophilic character, the strong electron-withdrawing
group in ethoxycarbonylnitrene rendered an electrophilic species whose reactivity was

diminished to the point that it would only add to electron-rich double bonds.**

0
1 equiv (j:léN—NHz
o 229
O ) 0
1 equiv Pb(OAC),
X » PhthN—N
CH2C|2, rt, 1 h X
227 X=0 230 (X = 0O, 10%)
228 X = NH 231 (X = NH, 0%)
Scheme 53
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More recently, the diastereoselective synthesis of the 2,2-disubstituted N-phthalimidoaziridine
233 via addition of in situ generated phthalimidonitrene across a-substituted o,f-unsaturated
ester 232 has also been reported.’® The reaction of alkene 232 with N-aminophthalimide 229
in the presence of lead(IV) acetate, provided the corresponding 2,2-disubstituted N-

phthalimidoaziridine 233 in 81% yield and excellent diastereoselectivity (Scheme 54).

HoNNPhth 229

Pb(OAc)4
N m)) oph
NNPhth

233 (81%)
(>95% de)
Scheme 54

In addition, the electrochemical aziridination of p,y-unsaturated ester 234 with
phthalimidonitrene has been explored.*****" This study illustrated the possibility of a rational
approach that bypasses the requirement for stoichiometric amounts of toxic oxidants and
metal additives in organic redox reactions."® The reaction was performed in an
electrochemical cell, where the anodic compartment was charged with olefin 234, N-
aminophthalimide 229, acetic acid and triethylamine in acetonitrile (Scheme 55). Besides, the
cathodic compartment contained a solution of acetic acid in acetonitrile. Implementation of
the electrolysis at +1.80 V at ambient temperature delivered the N-phthalimido-2-
(carboxymethyl)aziridine 235 in good yield (55%), after the reaction was stopped when the

cell current dropped to less than 5% of its original value.*’
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Platinum anode:

1.3 equiv N-aminophthalimide 229 N'Nphth ®

1 equiv AcOH, 1 equiv Et3N + 2H
Ph" X""CcoOMe N " coome

CH4CN, 1t, 35-4h
234 ECP = +1.80 V (vs Ag) 235 (55%)

Platinum cathode

> H, + 2Ac0°

2 AcOH
CH3CN

Scheme 55
Furthermore, the in situ generation of nitrenes has been performed by using hypervalent
iodine reagents such as iodosylbenzene and PIDA, 138139140.142.143
In the first study, the aziridination of Z-alkylideneaziridine (Z)-236 via reaction with N-
aminophthalimide 229 in the presence of iodosylbenzene 237 as oxidant has been
examined.”®¥1%  Treatment of aziridine (2)-236 with 1.5 equivalents of N-
aminophthalimide 229 in the presence of 1.6 equivalents of iodosylbenzene 237 and 3.5

equivalents of potassium carbonate resulted in the formation of bisaziridino carboxylic ester

238 in 58% yield as one single diastereomer when reacted in dichloromethane at 0 °C to room

temperature (Scheme 56).'%®

O 1.5 equiv PhthNNH, 229 O
1.6 equiv PhlO 237 J\

EtOoC N O 3.5 equiv K,CO3 EtooC N O
H CH,Cl,, 0 °C to rt H N
H H

|
PhthN
236 (2) 238 (58%)

Scheme 56
Furthermore, the synthesis of bridged aziridine 240 starting from primary amine 239 via a
modified Nagata intramolecular aziridination reaction has been investigated.'** After
optimization of different reaction conditions, it has been shown that reaction of amine 239 in

the presence of phenyliodine(ll1) diacetate (PIDA), potassium carbonate and silica gel in 1,2-
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dichloroethane at 55 °C for one hour gave the bridged aziridine 240 selectively in 72% yield
(Scheme 57). This efficient intramolecular aziridination reaction proceeded via an
iminoiodinane intermediate generated from the cycloalkenyl primary amine in the absence of

a metal catalyst.'*?

MeQ  co,me HOMe
PIDA, K,COg, SiO
e e CO,Me
DCE, 55 °C, 1 h TBDMSO )
// H N
TBDMSO |, \
239 240 (72%)
Scheme 57

Similarly, the application of the modified Nagata intramolecular aziridination method,*

resulted also in the formation of aziridine 242 in 70% yield (Scheme 58).14

MeO
°Y co,Me OMe

PIDA, K,COj3, SiO, CO,Me

Y o

AP DCE,50°C,1h TBDMSO
|

TBDMSO  NH,
241

242 (70%)
Scheme 58
Along with aziridination reactions via in situ generated phthalimidonitrene and
ethoxycarbonylnitrene across olefins, also the palladium(ll)-mediated aziridination of olefins
with bromamine-T 244 has been employed.!** Different reaction conditions were tested in
order to synthesize 2-(carboxymethylaziridine 245 via a palladium(ll)-mediated
aziridination. Hereby, reaction of olefin 243 with bromamine-T 244 in the presence of PdCl,

or Pd(MeCN),Cl, afforded the corresponding N-tosyl-2-(carboxymethyl)aziridine 245 in low

yield (13-25%) after reaction for 2-24 hours in acetonitrile at room temperature (Scheme 59).

TsNBrNa 244 Ts
__/COOMe  pqcl, or Pd(MeCN),Cl, N
> COOMe
CH3CN, rt, 2-24 h, N2
243 245 (13-25%)

Scheme 59
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2.6. Functional group transformation starting from the chiral pool (method
VI)

In this part, the synthesis of 2-(carboxymethyl)aziridines via functional group transformation
starting from products from the chiral pool will be described.!*>'*® Hereby, several
transformations of the chiral skeletons were required to furnish the corresponding enantiopure
bicyclic 2-(carboxymethyl)aziridines.

In a first study, the use of (1R,6S)-cyclophellitol 246 in the synthesis of two enantiopure
aziridines (1R,6R)-250 and (1S,6S)-250 with a 3,4,5-trihydroxy-7-azabicyclo[4.1.0]heptane-2-
carboxylic acid skeleton has been demonstrated.**> The synthesis of cyclophellitol carboxylic
acid aziridine analog (1R,6R)-250 started with a two-step protection of the four hydroxyl
groups of (1R,6S)-246, with TBDPSCI and benzylbromide, respectively (Scheme 60). The
epoxide functionality of the resulting protected compound (1S,6S)-247 underwent subsequent
ring-opening reaction with sodium azide in the presence of acetic acid and gave the diaxially
opened azide as a sole product, which was directly subjected to reductive aziridination with
triphenylphosphine in toluene to afford a single aziridine (1R,6R)-248 in good yield.
Desilylation with TBAF, followed by Cbz-protection of the amino group resulted in
compound (1R,6R)-249 in 85% vyield. As direct oxidation of this compound (1R,6R)-249 with
RuCls;-NalO, failed, a stepwise oxidation with Dess-Martin periodinane and NaClO, was
necessary to obtain the corresponding carboxylate. Subsequently, the resulting carboxylic acid

was O-debenzylated to afford bicyclic 2-(carboxymethyl)aziridine (1R,6R)-250 in good yield.
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1) TBDPSCI 1) 5 equiv NaN3

HO (S)H imidazole, DMF TBDPSO (S)H 5 equiv ACOH TBDPSO le
®) O  -40°Cto0°C,2h R)—-0  DMF,110°C, 3h RYLNH
() )y—/ARH 2) Na, BnBr (s))—/s)H 2) PPhg () —/RH

R DMF, 1, 5.5 h (R~ PhMe, 110 °C, 17 h )
HO ~ OH BnO ' OBn BnO ~ OBn

(1R,6S)-246 (1S,6S)-247 (60%) (1R,6R)-248 (58%)
1) TBAF
THF, 1t, 4 h

2) ChzCl, Na,CO3
CH2C|2/H20 (11)
0°C, 30
1) Dess-Martin periodinane
HOOC

RI;I CH,Cly, rt, 1 h HO H
(S) WE NH 2) NaClO, NaH,POy4, 2-methyl-2-butene (R) ®): NCbz
HO'-~',, tBuOH (aq.), rt, 5' BnO:- .,I
(9)y—/RH < ©))—/RIH

HO (S)’/OH 3) Li, NH3/Et,O/tBuOH, -78 °C, 30 BnO (S) 08BN

(1R,6R)-250 (64%) (1R,6R)-249 (85%)

Scheme 60
Next, cyclophellitol carboxylic acid aziridine analog (1S,6S)-250 was prepared from the O-
protected epoxide (1S,6S)-247 (Scheme 61). Desilylation of compound (1S,6S)-247 with
TBAF, followed by deoxygenation with KSeCN provided olefin 251 in 80% overall yield.
Stereoselective epoxidation of 251 with mCPBA gave epoxide (1R,6R)-252 in 80% Yyield,
after which ring opening with sodium azide and acetic acid afforded the diaxially opened
azide (1R,6R)-253 in 81% yield as a sole product. Since direct aziridine formation, after
silylation of (1R,6R)-253 with TBDPSCI was not successful, a stepwise procedure was
required. Thus, mesylation with MsCI, reduction with triphenylphosphine and base-induced
cyclization with sodium methoxide afforded the desired aziridine (1S,6S)-248 in 30% overall
yield. By the same procedure used in the transformation of (1R,6R)-248 to (1R,6R)-250,
(1S,6S)-248 was converted to bicyclic 2-(carboxymethyl)aziridine (1S,6S)-250 via (1S,6S)-

249 in 60% overall yield.
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1) TBAF
THF, 1t, 3 h
2) KSeCN
MeOH/H,O (4:1)
65 °C, 24 h mCPBA
- CH,Cl,, 1t, 36 h
(15,65)-247 (60%) 251 (80%) (1R,6R)-252 (80%)
NaN3, AcOH
DMF, 110 °C, 1 h
1) TBDPSCI
imidazole, DMF
OTBDPS 80°C 2 b
1) TBAF 2) MsCl
THF, 11,4 h pyridine, rt, 7 h
~2) CbzCl, Na,COs "~ 3)PPhg

CH2C|2/H20 (11)
0 °C, 30

PhMe, 110 °C, 1 h
then H,0, 80 °C, 18 h

(1S,6S)-249

4) NaOMe

(1S,6S)-248 (30%)
MeOH, 60 °C, 2 h

(1R,6R)-253 (80%)
1) Dess-Martin periodinane
CH2C|2, re, 1 h
2) NaClO,, NaH,PO,, 2-methyl-2-butene
tBuOH (aq.), rt, 5'
3) Li
NH3/Et,O/tBuCH, -78 °C, 30'

(1S,6S)-250
(60% from (1S,6S)-248)

Scheme 61
cis-Aziridino-L-proline 260, a bicyclic 2-(carboxymethyl)aziridine, has also been synthesized

via functional group transformations starting from S-pyroglutamic acid 254.4

Azidoprolinol
derivative 255, derived from S-pyroglutamic acid 254, has shown to be an ideal precursor in
the synthesis of aziridinoproline 260 (Scheme 62). Hereto, the primary alcohol function was
selectively protected as the TBDPS ether, which gave compound 256 upon hydrogenation in
the presence of Boc,0. Subsequent reaction of alcohol 256 with mesyl chloride resulted in the
formation of the corresponding mesylated product 257 in excellent yield. The cyclization to

the fully protected cis-aziridinoprolinol derivative 258 was achieved with potassium

carbonate in acetonitrile under reflux in 87% vyield. After O-desilylation of 258 and oxidation
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of the primary alcohol function with RuCls/NalOy, aziridinoproline 260 was obtained in low

yield (35%).

lBoc IBoc
N3 () OH 1) TBDPSCI, imidazole, HN, (5 OH . AN, (5) OMs
R R sCl, R
T dmon oM Ay oravps _MOEN ] Gy oraoes
N 2) Pd/C, H, (5 atm) N CH,Cly, 1t, 18 h N
Boc Boc,0, MeOH, 16 h Boc Boc
2?5 256 (57%) 257 (95%)
K,CO3
(S) OH CH4CN, A, 20 h
07N
H )
254
Boc Boc Boc
N N N
H... wH NalO4 RuCl; H... wH TBAE H... wH
®f R - : ®F \® on «—— ® R or1BDPS
|}| () COOH CH3CN/CC|4/H20, rt, 70' [}] (S) THF, rt, 18 h [}j (S)
Boc Boc Boc
260 (35%) 259 (77%) 258 (87%)
Scheme 62

In conclusion, it can be stated that the 2-(carboxymethyl)aziridines are a class of useful and
attractive substrates in contemporary organic synthesis. Therefore, new synthetic approaches
for the construction of 2-(carboxymethyl)aziridines are required, as the current available
methodologies have often a limited scope or low yields or a limited chemoselectivity.
Moreover, the application of more appropriate protecting groups at the nitrogen (and carbon)
atom would be desirable to allow access to the corresponding unprotected amino acid
derivatives. Further elaboration of asymmetric synthetic methods are also required, with
special attention for the syntheses of all possible diastereo- and enantiomers. From this point
of view, the further application of these 2-(carboxymethyl)aziridines as chemical probes,

bioactive compounds and enzyme inhibitors is still largely uninvestigated.
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3. Results and Discussion
3.1. Synthesis of N-sulfinylimines

3.1.1. Synthesis of N-(p-toluenesulfinyl)-a-functionalized aldimines

As already mentioned in the introduction and goals, the synthesis of chiral N-(p-
toluenesulfinyl)aldimines has extensively been reported in the literature.****"**3 Moreover,
the synthesis of chiral N-sulfonyl-a-haloaldimines has also been reported as
straightforward.’*®  Nevertheless, the synthesis of chiral N-(p-toluenesulfinyl)-o-
chloroaldimines or aliphatic N-(p-toluenesulfinyl)-a-aminoaldimines has not been reported so
far.

The synthesis of this new class of chiral N-(p-toluenesulfinyl)-a-chloroaldimines 266 started
from a-chloroaldehydes 264 (Scheme 63). The preparation of the used a-chloroaldehydes
150

264a-c,h proceeded via chlorination of the corresponding aldehydes 261a-c with SO,Cly,

or via (in situ generated) Et;NHCI-catalysed loss of CO, from 4-chloro-1,3-dioxolan-2-one

262 151
X
O O
Cl
262
E'@Nl (ref 150)
O O O
Rl\HJ\H SO,Cl, R%H Cl,, DMF RI\HJ\H
R2 (ref 149) R Cl (ref 151) R2

261a (R1,R? = Me)
261b (R1,R? = Et)
261c (RL,R? = -(CH,)s-)

264a (R1,R? = Me)
264b (R1,R? = Et)

264c (R1,R? = (CH,)s)
264d (R = Me, R? = Cl)
264e (R = Et, R> = Cl)
264f (R = nPr, R? = CI)
264g (R = iPr, R = Cl)
264h (R1,R2 = H)

Scheme 63
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a,0-Dichloroaldehydes 264d-g were available at the department and have been synthesized
via direct chlorination of aldehydes 263d-g with chlorine in DMF.**2
Condensation of a-chlorinated aldehydes 264a-g with (S)-(+)-p-toluenesulfinamide 265 in the

" provided N-(p-

presence of Ti(OEt), in dichloromethane at room temperature,*
toluenesulfinyl)-a-chloroaldimines 266a-g (Scheme 64) in moderate to high yields and with
excellent enantiomeric excess, as determined by chiral HPLC analysis of the N-(p-
toluenesulfinyl)-a-chloroaldimine derived (2S,3R)-trans-3-(N-tosylamino)azetidine-2-
carboxylate (ee > 98%) (vide infra). These imines 266a-g showed to be very stable during
purification by column chromatography on silica gel to provide analytically pure samples.
The synthesis of N-(p-toluenesulfinyl)-a-chloroaldimine 266h was, however, unsuccessful
under the above-mentioned conditions and only led to decomposition. Performing the
synthesis under milder conditions using anhydrous CuSO, in dichloromethane,™ generated

the desired imine 266h in high yield after 14 hours at room temperature. This highly unstable

N-(p-toluenesulfinyl)imine 266h was used as such without further purification.

2 equiv Ti(OEt), 3 equiv CuSO,
0 o)
S) g p-Tol . Og
1 equiv H,N"" ~p-Tol (8) & 1 equiv H,N" " p-Tol
0 265 N0 265 o
1 0, > 0,
FRQ?HJ\H (ee > 98%) . R%H - (ee > 98%) C'QJ\H
Cl CH,Cl,, 1t, 18 h, N, R™ & CH,Cly, 1t, 14 h, N,
(ee > 98%) 264h
264a (R1,R? = Me) 266a (92%)
264b (RL,R? = Et) 266b (66%)
264c (RY,R? = (CH,)s) 266¢ (30%)
264d (R = Me, R? = Cl) 266d (40%)
264e (R = Et, R? = Cl) 266e (59%)
264f (R! = nPr, R? = Cl) 266f (47%)
264g (R = iPr, R? = CI) 2669 (56%)

266h (96%)
Scheme 64
In addition, the synthesis of aliphatic N-(p-toluenesulfinyl)-a-aminoimine 268 was also

pursued in order to obtain this polyaminated building block. Condensation of the
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commercially available N-Boc-a-aminoacetaldehyde 267 with (S)-(+)-p-toluenesulfinamide
265 in the presence of CuSQ, in dichloromethane at room temperature for eight hours did not
result in a complete consumption of the starting aldehyde 267 (Scheme 65). Prolonging the
reaction time for 22 hours gave complex reaction mixtures due to decomposition of the
desired compound 268. No further efforts for the synthesis of the aliphatic N-(p-
toluenesulfinyl)-a-aminoimine 268 were made, while the synthesis of the corresponding

aliphatic N-(tert-butanesulfinyl)-a-aminoimine was evaluated instead (vide infra).

1) 3 equiv CuSO,

e) F_)—Tol
LSS ©§
o 2) 1 equiv H,N"~  p-Tol Nie
BocHNQkH v 5 BocHNQJ\H
267 CH,Cl,, 1t, 8-22 h -
Scheme 65

3.1.2. Synthesis of N-(tert-butanesulfinyl)-a-functionalized aldimines

Chiral N-(tert-butanesulfinyl)aldimines have proven to be valuable synthons for a wide
variety of azaheterocyclic compounds and aliphatic amines via nucleophilic addition reactions
across these activated imines, 3340148

In order to evaluate the unexplored reactivity of chiral N-(tert-butanesulfinyl)-a-
chloroaldimines 270 in Mannich-type additions, the chiral N-(tert-butanesulfinyl)-a-
chloroaldimine (Rs)-270a,*° and the new imine (Ss)-270a were efficiently prepared by
condensation of a-chloroaldehyde 264a with the enantiopure tert-butanesulfinamides (Rs)-269
and (Ss)-269, respectively, in the presence of Ti(OEt), in THF at reflux temperature (Scheme
66). The chiral N-(tert-butanesulfinyl)-a-chloroacetaldimine (Rs)-270b was prepared by
condensation of a-chloroaldehyde 264h with (Rs)-tert-butanesulfinamide (Rs)-269 in the

153

presence of anhydrous CuSO, in dichloromethane,™ after 16 hours at room temperature in

92% yield (Scheme 66). This unstable N-(tert-butanesulfinyl)imine (Rs)-270b required no
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further purification after filtration and solvent removal. Previously described results on the
enantioselective synthesis of chiral N-(tert-butanesulfinyl)-a-chloroimines, starting from
condensation reactions with the enantiopure tert-butanesulfinamides (Rs)-269 (ee > 98%),
have demonstrated that no racemization occurred at the sulphur atom, and it can be assumed
that this is also valid for the synthesis of analogous N-(tert-butanesulfinyl)-a-chloroaldimines

270, as the latter compounds 270a were synthesized under the same reaction conditions.*>®

2 equiv Ti(OEt),
3 equiv CuSO,

Q
. _S* O
1 equiv H,N" " t-Bu -Bu . ®E
(Rs)-269 s & 1equiv H,N"™ “t-Bu
o] (Ss)-269 N~ O (Rg)-269 o)

(ee > 98%)

a A,

A

>

Cl
264a

(ee > 98%) . R%H
THF, A, 4 h, N, R? CH,Cl, 1t, 16 h

Cl 264h
(ee > 98%)

(Rg)-270a (RL,R? = Me, 77%) (ref 149)
(Ss)-270a (RL,R? = Me, 69%)
(Rg)-270b (R1,R? = H, 92%) (ref 150)

Scheme 66
In addition, the synthesis of novel aliphatic N-(tert-butanesulfinyl)-a-aminoimines 271 was
effectuated in order to obtain a valuable polyaminated building block suitable for addition

reactions (Scheme 67).

3 equiv CuSO,
O

g
1 equiv H,N"~ ~t-Bu
(Rg)-269 g%
(So)-269 -
(ee > 98%)

CH,Cl, 1t, 24 h

0]
BocHNJJ\H

267

(Rs)-271 (99%)
(Ss)-271 (96%)

Scheme 67
Condensation of 267 with the tert-

N-Boc-a-aminoacetaldehyde enantiopure

butanesulfinamides (Rs)-269 and (Ss)-269, respectively, in the presence of CuSO, in

dichloromethane for 24 hours at room temperature resulted in the formation of the
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corresponding N-(tert-butanesulfinyl)-a-aminoimines (Rs)-271 and (Ss)-271. Purification by
filtration over silica gel afforded these stable imines (Rs)-271 and (Ss)-271 in excellent yields

(96-999%).

3.2. Asymmetric synthesis of a,-diamino carboxylic acid derivatives via
stereoselective  Mannich-type additions across  N-sulfinyl-a-

chloroimines

The utility of o,p-diamino acids and y-chloro-a-amino acids as building blocks for the
synthesis of new heterocyclic compounds and peptides, has already extensively been
demonstrated in the past.’>!” Preliminary results at the Department of Sustainable Organic
Chemistry and Technology, Faculty of Bioscience-engineering, UGent, disclosed the
successful racemic synthesis of y-chloro-o,3-diamino acid derivatives via a Mannich-type
addition of ‘benzophenone imine glycinates’ across N-(p-toluenesulfonyl)-a-
chloroaldimines.* In this part, the first asymmetric synthesis of y-chloro-o,-diamino acid
derivatives as new building blocks for heterocyclic scaffolds, incorporating the biologically
interesting y-chloro-a-amino acid moiety as well as the a,f-diamino acid moiety, will be
discussed.

The synthesis of y-chloro-a,p-diamino acid derivatives 274 via Mannich-type additions of
enolates derived from benzophenone imine glycinates 273 across enantiopure N-sulfinyl-a-
chloroaldimines 272 was investigated with special attention to the enantio- and
diastereoselectivity of this reaction (Scheme 68). For this purpose, N-(p-toluenesulfinyl)-a-
chloroaldimines 266a,h and N-(tert-butanesulfinyl)-a-chloroaldimines (Rs)-270a,b were used,
as these compounds were known for their good reactivity and stereoselectivity in the

Mannich-type reactions.**

63



Chapter 3 Results and Discussion
COOR' o
. S
/S\t Ph\léN HN R
™ RY COOR'
R%H 273 R?
Cl base Y
Ph
272 274
Scheme 68

3.2.1. Synthesis of alkyl N-(diphenylmethylene)glycinates

Alkyl N-(diphenylmethylene)glycinates 273 were prepared, according to an established
literature procedure,®*92**> py reaction of glycinate hydrochloric acid salts 275a-c or
glycinate p-toluenesulfonic acid salt 275d with one equivalent of benzophenone imine 276 for
18 hours in dry dichloromethane at room temperature (Scheme 69). This gave rise to alkyl N-
(diphenylmethylene)glycinates 273a-b,d in almost quantitative yields (99%), while the tert-
butyl N-(diphenylmethylene)glycinate 273c was synthesized in a significantly lower yield

(58%).

NH
1 equiv Ph)l\p

276

h

o)
HX.HaN QKOR

275a (R = Et, X = Cl)

CH,Cl,, 1, 18 h

275b (R = Me, X = C|) (ref 154)
275¢ (R =t-Bu, X = Cl)
275d (R = Bn, X = OTos)

Scheme 69

o)
_ PhYNQJ\OR
Ph

273a (99%)
273b (99%)
273c (58%)
273d (99%)

3.2.2. Synthesis and elaboration of y-chloro-a-diphenylmethyleneamino-g-

p-toluenesulfinylamino carboxylic acid derivatives

The stereoselective synthesis of chiral a,f-diamino acid derivatives 277 was achieved by a
Mannich-type addition of N-(diphenylmethylene)glycine esters 273 across chiral N-p-

toluenesulfinyl-a-chloroaldimine 266a via systematically changing the reaction conditions
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(Scheme 70, Table 1). It was found that the choice of base, LDA or LIHMDS, used for the

deprotonation of the glycine ester 273a, had a dramatic influence on the syn- or anti-

selectivity of the reaction (Table 1).

1) X equiv LIHMDS
solvent, -78°C, 1 h, N,

p-Tol

(sgé\\
NI

2) 1 equiv
H

Cl
266a

solvent, -78°C, 15', N,

0 05, p-Tol
1(s) S
p-Tol*" \l;lH o] N g o

3 equiv K,CO3

(R
(RIY" "OR  gacetone, A, 48 h H :
Cl  Ns_Ph NP
Y R = Et (99%) Y
Ph R = Me (83%) Ph
syn-277 syn-278a
(dr > 97:3) syn-278b
(dr>99:1)

1) 1.1 equiv LIHMDS (-78°C, 1 h)

0]
PhYN JJ\OR For syn-278a:

Ph

X equiv
273a R =Et
273b R = Me

273c R =t-Bu
273d R =Bn

(See Table 1)

1) X equiv LDA
THF, -78°C, 1 h, N,

p-Tol
(s/)s‘\\
N

2) 1 equiv
H

Cl
266a

THF, -90 °C, 5, N,

O

E)-Tol
s
N ~O
2) 1 equiv , THF, -78°C, 15 min, N,
H thenrt, 2 h
cl R = Et (72%)
266a
(0] (S)
SO Osg4p-Tol
p-Tol¥ " 'NH O I{l 0

() 3 equiv K,CO3 H
WJ\OR acetone, A, 20-24 h /%%S)J\OR
Cl NY Ph

Ph Ph

anti-277 anti-278a (73%, dr > 99:1)
(dr > 81:19) anti-278c (79%, dr > 81:19)
Scheme 70

In a first reaction (Table 1, entry 1), the Mannich-type addition of ethyl glycinate 273a across

chiral

N-p-toluenesulfinyl-a-chloroisobutyraldimine 266a was performed at -78 °C using five

equivalents of LIHMDS. *H NMR analysis of the crude reaction mixture indicated that the

resulting syn-y-chloro-o,3-diamino ester syn-277a was obtained with good syn-selectivity (dr

= 93:7). The syn-adduct syn-277a was isolated in 63% vyield (dr = 97:3) after purification by

column chromatography and subsequent recrystallization. Repeating the reaction with 1.1
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equivalents of LIHMDS (entry 2) led to the formation of syn-y-chloro-a,B-diamino ester syn-
277a in an excellent syn-selectivity (dr = 99:1) after recrystallization. In this way, column
chromatography to purify the syn-adduct syn-277a could be avoided, which resulted in an
improved yield of 88%. Changing the solvent system to either methyl tert-butyl ether or 2-
methyltetrahydrofuran resulted in lower diastereoselectivities (entries 3-4). The use of methyl
glycinate 273b using the optimal reaction conditions described in entry 2 resulted in a similar

syn-selectivity (dr = 97:3) and yield (86%) (entry 5).

Table 1. Addition of N-(diphenylmethylene)glycine esters 273 across N-p-

toluenesulfinylimine 266a producing syn- and anti-addition products 277

Entry Ester  Solvent Base X  Time/Temp syn/antiratio® Product Yield (%)
1 273a THF _ LIHMDS 5  15,-78°C 937 syn277a 63"
2 273 THF  LIHMDS 11 15,-78°C 99:1° syn-277a 88"
3 2732 MTBE LIHMDS 11 15°,-78°C 77:23 syn-277a -
4  273a 2-Me-THF LIHMDS 1.1 15°,-78°C 84:16 syn-277a -
5 273 THF  LIHMDS 11 15°,-78°C 97:3° syn-277b 86"
6 273a  THF LDA 11 5,-90°C 13:87  anti-277a 79°
7 2738 THF LDA 16 5°,-90°C 1090  anti-277a  55°
8 273c  THF LDA 16 5°,-90°C 2872 anti277c 52
9 273d  THF LDA 11 5,-90°C 18:82  anti-277d -
10 2732 THF  LiHMDS 11 2 ;]Tfsc >99:11  syn-278a  72°
11 273 THF LDA 11 5’,2-;9’0;0 >99:1  syn-278a i

2 Determined via ‘*H NMR analysis of crude reaction mixtures with syn-277 or syn-278 as
standard

® Isolated yield of single diastereomer (dr > 97:3)

¢ Determined via *H NMR after recrystallization of crude reaction mixtures

¢ Isolated yield of anti- and syn-diastereomers (dr = 89:11)

¢ Isolated yield of anti- and syn-diastereomers (dr = 90:10)

" Isolated yield of anti- and syn-diastereomers (dr = 81:19)

Performing the reaction with 1.1 equivalents of LDA, resulted in y-chloro-a,3-diamino ester
anti-277a with good anti-selectivity (dr = 87:13) (entry 6). The anti-y-chloro-a,B-diamino

ester anti-277a was obtained in 79% vyield as a mixture of two diastereomers (dr = 89:11)
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after purification by column chromatography. Unfortunately, the anti-adduct anti-277a was
not crystalline and could not be obtained as a single diastereomer. In order to improve the
diastereoselectivity, the reaction was conducted with 1.6 equivalents of LDA (entry 5),
according to the procedure for the synthesis of anti-ethyl 2,3-diamino-3-phenylpropanoates
from N-(benzylidene)-p-toluenesulfinamide and glycine enolates.*®® These conditions led to a
slightly better diastereoselectivity (dr = 90:10), but unfortunately the anti-y-chloro-a,f-
diamino ester anti-277a was obtained in a lower yield (55%) as a mixture of two
diastereomers (dr = 90:10) after purification by tedious column chromatography. When tert-
butyl glycinate 273c was subjected to the Mannich-type reaction conditions with N-p-
toluenesulfinyl-a-chloroisobutyraldimine 266a using 1.6 equivalents of LDA (entry 8), the
resulting anti-y-chloro-o,B-diamino ester anti-277c was obtained with moderate anti-
selectivity (dr = 72:28), and was isolated in 52% yield as a mixture of two diastereomers (dr =
81:19) after purification by column chromatography. In addition, upon deprotonation of
benzyl glycinate 273d with 1.1 equivalents of LDA and subsequent addition across N-p-
toluenesulfinyl-a-chloroisobutyraldimine 266a (entry 9), 'H NMR analysis of the crude
reaction mixture showed that the expected anti-addition products were formed in good
diastereoselectivity (dr = 82:18), yet purification by column chromatography failed to deliver
pure compound anti-277d.

Both the syn- and anti-addition products 277 were subsequently cyclized to the corresponding
N-sulfinylaziridines 278 (Scheme 70) upon treatment with K,CO3 in acetone under reflux for
20-48 hours, followed by column chromatography, which led to improved diastereomeric
ratios in case of syn-278 and anti-278a (dr > 99:1).

Hereby, the diastereomeric ratios were determined via *H NMR analysis of the isolated
products in which no other diastereomers were observed. Moreover, all the reported

diastereomeric ratios were determined in this way.
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The syn-N-sulfinylaziridine syn-278a could also be prepared directly in 72% vyield via a
single-step reaction starting from ethyl glycinate 273a, if the reaction mixture from the
Mannich-type addition across imine 264a after 15 minutes at -78 °C was subsequently stirred
for two hours at room temperature (Table 1, entry 10). This procedure was not applicable for
the synthesis of anti-N-sulfinylaziridines anti-278 as the anti-adducts were the kinetically
favored diastereomers which isomerize to the thermodynamically more stable syn-isomers
(entry 11). The absolute stereochemistry of the anti-N-p-toluenesulfinylaziridine anti-278a
and syn-adduct syn-277a were unambiguously determined by means of X-ray diffraction
analysis (in collaboration with Prof. R. Sillanpad, Department of Chemistry, University of

Jyvéskyld, Finland) (Figure 7).

Il
=
)
)

Ph
anti-278a

0]
I (S)

N
p-Tol*  NH O
N (R
R 07
Cl  Ns_Ph

b

Ph
syn-277a

Figure 7.
X-ray diffraction analysis of anti-N-sulfinylaziridine anti-278a and syn-adduct syn-277a
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The dramatic influence of the base, LDA or LIHMDS (Scheme 70), on the stereochemical
outcome of the Mannich-type reaction across N-sulfinyl-a-chloroimine 266a under Kinetic
conditions (for example -90 °C, 5 min) was rationalized on the basis of the enolate geometry

of the anions derived from the deprotonation of N-(diphenylmethylene)glycine esters 273.

Li~

/ O OR
Ph N Ph N
Ph H Ph H
Z-enolate E-enolate
;_)-Tol |9-Tol
(S) & (S) é\
e N""~0
H
Y Cl 264a

/5 . N<_Ph

\ l

' =S np-Tol
OH "™ “Ph
TS-279A TS-279B
)
i (S) 1] (S)
p-Tol' ""NH O p-Tol' ""NH O
~(S) ~(R)
®) OR R TOR
Cl N YPh Cl N \\I,Ph
Ph Ph
anti-277 syn-277
Scheme 71

As reported in the literature, the enolates obtained via deprotonation of N-
(diphenylmethylene)glycine esters 273 with LDA were expected to have the Z-geometry
(Scheme 71), which was favoured by intramolecular chelation.®®*"!*® As commonly
performed in the assignment of enolate geometry, in contrast to conventional E/Z-
nomenclature, the highest priority designation was allocated to the O-metal group of the

enolate substituents. Alternatively, it was proposed that upon deprotonation of N-
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(diphenylmethylene)glycine esters 273 with the less basic LIHMDS in THF, a shift towards
the formation of the E-enolate occurs (Scheme 71). Unfortunately, the enolate geometry could
not be determined via trapping experiments with TMSCI.*° Reaction of the Z- and E-enolates
via TS-279A and TS-279B results in the formation of anti-277 and syn-277, respectively.*®

The p-toluenesulfinyl group of anti-aziridine 278a (Scheme 72) was readily removed by
treatment with five equivalents of trifluoroacetic acid in acetone/water (2:1) at room
temperature for 15 minutes, resulting in the N-deprotected anti-f,y-aziridino-a-amino ester

280 in 78% yield after a basic workup with NH,OH.**

p-Tol /(2.0 1) 5 equiv TFA

' acetone/H,0 (2:1) H o
‘, H

X ©) ok rt, 15 min N . 4 ) ok
2) NH,OH

NYPh NH,

Ph 280 (78%)

anti-278a
(dr>99:1)

Scheme 72

The N-sulfinyl B,y-aziridino moiety of aziridine anti-278a could be seen as functional
equivalent to the y-chloro substituent of natural y-chloro-a-amino acids,® or the adenosyl-S*-
CHs cation of S-adenosylmethionine,' in activating the y-carbon as an electrophile.
Eventually, this reactivity could be used in a ring transformation via intramolecular N-
alkylation to the corresponding trans-B-aminoazetidine-2-carboxylate 282. The N-
diphenylmethylene group of anti-N-sulfinylaziridine anti-278a (Scheme 73) was reduced by
means of NaCNBHjs in the presence of acetic acid in MeOH, resulting in aziridine anti-281
with a nucleophilic a-amino function (68% yield). Several attempts were made to achieve the
ring transformation of N-sulfinylaziridine anti-281 into trans-f-aminoazetidine-2-carboxylate
282, albeit without success (Scheme 73, Table 2). A possible explanation for this failure was
the weaker electron-withdrawing character of the p-toluenesulfinyl group, with respect to the
p-toluenesulfonyl group. Previously, the presence of the sulfonyl group has shown to promote

an intramolecular ring opening towards the corresponding azetidines.*
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Table 2. Different reaction conditions for the ring transformation of aziridine anti-281

Entry  Solvent Base/Acid Temperature Time Result Yield
1 CH3:CN 1 equiv EtzN A 20 h no reaction -
2 CHsCN 5 equiv Et3N 100 °C*? 22 h no reaction -
3 EtOH 1 equiv Et;N A 96 h decomposition -
4 DMSO 1 equiv Et;N 70 °C 28 h no reaction -
5 DMSO 1 equiv EtzN A 20 h decomposition -
6 CH)CI, 1 equiv BF;.Et,0 rt 20 h complex mixture -
7 THF 1 equiv LIHMDS A 2.5h complex mixture -
8 THF 1 equiv KOtBu A 2.5h 283 87%"
9 THF 1 equiv NaH A 1h 283 45%°
10 EtOH 3 equiv K,CO3 A 22 h 283 98%"
11 DMSO 3 equiv K,CO4 A 22 h complex mixture -
12 DMSO 2.5 equiv NaH 80 °C 2h 283 56%°
13 Toluene 1 equiv DBU rt 24 h no reaction -
14 CH3CN 2 equiv LiClO, A 24 h complex mixture -
15 CH3CN - 120 °C (MW) 10 min decomposition -
16 CH3CN - 90 °C (MW) 5 min decomposition -
17 CH3CN - 70 °C (MW) 5 min no reaction -
18 CH3CN - 50 °C (MW) 30 min no reaction -
19 CHsCN 1 equiv Nal rt 30 min no reaction -

20 CH3;CN 1 equiv Nal 50 °C (MW) 30 min no reaction -

% The reaction was performed in a pressure vial
® Yield after precipitation of dihydropyrrole-2-one 283 in diethyl ether
° Yield after recrystallization from diethyl ether
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An initial attempt using similar reaction conditions as in a previously reported ring
transformation towards racemic anti-N-tosylazetidines, via heating in acetonitrile in the
presence of one equivalent Et;N,% did not result in the formation of trans-B-aminoazetidine-
2-carboxylate 282 (Table 2, entry 1). Also, use of more equivalents of triethylamine, other
solvents (EtOH, DMSO), and/or increased reaction times and temperatures, did not lead to the
desired conversion (entries 2-5). Reaction with one equivalent of BF3;.Et;,O at room
temperature for 20 hours resulted in a complex reaction mixture, in which no trace of trans-f3-
aminoazetidine-2-carboxylate 282 was detected (entry 6). Also the use of one equivalent
LiHMDS led to a complex reaction mixture after heating at reflux for 2.5 hours (entry 7).
When aziridine 281 was treated with one equivalent KOtBu in THF at reflux for 2.5 hours
(entry 8), the selective formation of 3-amino-1,5-dihydropyrrole-2-one 283 was observed
(87% vyield).

The proposed reaction mechanism, leading to this y-lactam 283, begins with deprotonation at
the a-position of the ester, which leads to an anti-periplanar elimination resulting in ring
opening of the aziridine anti-281 (Scheme 74).
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The secondary amide group of alkenoate 284 then attacked the ester group leading to y-lactam
285. The p-toluenesulfinyl group of the ring-closed product 285 was subsequently cleaved by
attack of the expelled ethoxide anion, resulting in dihydropyrrole-2-one 283.

Using one equivalent of NaH for one hour instead (Table 2, entry 9), also afforded the 3-
amino-1,5-dihydropyrrole-2-one 283 however in a lower yield (45%). Performing the reaction
in EtOH for 22 hours at reflux temperature in the presence of three equivalents of K,COj3
(entry 10), afforded the 3-amino-1,5-dihydropyrrole-2-one 283 in an excellent yield of 98%.
The same reaction in DMSO led to a complex reaction mixture (entry 11), whereas the use of
2.5 equivalents of NaH in DMSO at 80 °C for two hours (entry 12), resulted in the 3-amino-
1,5-dihydropyrrole-2-one 283 in a yield of 56%. When aziridine anti-281 was treated with
one equivalent of DBU in toluene for 24 hours at room temperature, no reaction was observed
(entry 13). Reaction of aziridine anti-281 with two equivalents of LiCIO, in acetonitrile at
reflux for 24 hours, resulted only in a complex reaction mixture (entry 14). In an additional
series of attempts, a microwave reactor (200 W) was employed to promote ring
transformation of aziridine anti-281 to trans-fB-aminoazetidine-2-carboxylate 282, albeit
without success. An initial reaction, performed in acetonitrile at 120 °C for 10 minutes, led to
degradation of the starting material anti-281 (entry 15). Lowering reaction times and
temperatures resulted in degradation or no reaction, without formation of the desired azetidine
282 (entry 16-18). In a final attempt, Nal was added to the reaction mixture, but no
conversion of the starting material into the envisaged product was achieved (entry 19-20).
Since none of these attempts resulted in the intramolecular ring transformation to azetidine
282, the p-toluenesulfinyl group of N-sulfinylaziridine anti-278a (Scheme 75) was selectively
oxidized with 3-chloroperbenzoic acid (mMCPBA), resulting in enantiomerically pure anti-N-
sulfonylaziridine 286 containing a strong electron-withdrawing activating group at the

aziridine nitrogen. Based on the previously reported ring transformation of racemic anti-N-
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tosylaziridine 287 to racemic anti-N-tosylazetidine 288, the targeted ring transformation of
aziridine 286 to optically pure azetidine 287 was expected to be straightforward.”? The N-
diphenylmethylene moiety of this anti-N-sulfonylaziridine 286 was subsequently reduced
with NaCNBH3; in methanol in the presence of acetic acid, resulting in the formation of anti-
N-sulfonylaziridine 287 in 92% yield. It was shown that the anti-N-sulfonylaziridine 287 was
an excellent precursor for an easy ring transformation towards trans-3-(N-
tosylamino)azetidine-2-carboxylate 288 via simple heating in acetonitrile at 120 °C for 10
minutes under microwave (MW) conditions. Noteworthy, it has been reported that the latter
transformation to prepare the racemic azetidine 288 has required heating at 70 °C in

acetonitrile for 20 hours under conventional heating conditions.*
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Scheme 75

The enantiomeric excess of trans-3-(N-tosylamino)azetidine-2-carboxylate 288 (ee > 98%)

was deduced from the analysis on chiral HPLC involving comparison to a racemic mixture of

azetidine 288 (Figure 8).
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tR (2R,3S)-288 = tR (25,3R)-288 =

ﬂ;{; 43.91 min o 65.91 min

A rac-288

Figure 8. Chiral HPLC chromatogram of racemic and (2S,3R)-trans-3-(N-tosylamino)-
azetidine-2-carboxylate 288
acid derivative 288 as building block for the synthesis of peptides, azetidine 288 (Scheme 76)
was subjected to several deprotection reactions. In an initial reaction, the ester group was
hydrolyzed under basic conditions in 2 M NaOH in aqueous methanol, resulting in trans-3-
(N-tosylamino)azetidine-2-carboxylic acid 289 in 69% yield after acidic workup with aqueous
HCI. Subsequently, the N-(diphenylmethyl)amino group of the azetidine 289 was N-
deprotected by hydrogenolysis in the presence of Pd(OH),/C.'%* After precipitation in diethyl
ether, the trans-3-(N-tosylamino)azetidine-2-carboxylic acid 290 was obtained in 92% yield.
The hydrogenolysis of the N-(diphenylmethyl)amino group could be directly applied on the
ethyl ester 288, affording ethyl 3-(N-tosylamino)azetidine-2-carboxylate 291 in 87% yield,

also after precipitation from diethyl ether.
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Furthermore, some efforts were made to cleave the N-tosyl group from trans-3-(N-
tosylamino)azetidine-2-carboxylic ester 288 (Scheme 76, Table 3), unfortunately without
success. In an initial attempt, treatment of azetidine 288 with Mg turnings in MeOH,%%1%
gave no reaction (Table 3, entry 1). When azetidine 288 was treated with sodium
naphthalenide in THF at -78 °C (entry 2) or at -20 °C (entry 3),"®* no reaction occurred and
the starting material was completely recovered. Performing this reaction at room temperature
for 30 minutes led to a complex mixture of unidentified products (entry 4). Also treatment of
azetidine 288 with lithium naphthalenide instead of sodium naphthalenide did not afford the
detosylated azetidine 292 (entry 5).'%® The use of phenol and 48% HBr in H,O (entry
6),1°01°7 158186 o the use of sodium amalgam and disodium hydrogen phosphate in dry

methanol (entry 7),'®” both under reflux conditions gave rise to complex reaction mixtures.

Application of conditions reported for the deprotection of tertiary sulfonamides using
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trimethylsilyl chloride in the presence of sodium iodide (entry 8),'°® failed also to deprotect
azetidine 288.
Table 3. Different attempts towards the synthesis of detosylated azetidine 292

from azetidine 288

Entry Solvent Reagent Temperature Time Result
1 MeOH 10 equiv Mg rt 3h no reaction
4 equiv Na o .
2 THF 4.5 equiv naphthalene -718 °C 1h no reaction
3 THF 4 equiv Na -78 °C ->-20°C 1h no reaction
4.5 equiv naphthalene
4 equiv Na .
4 THF 4.5 equiv naphthalene rt 0.5h decomposition
14 equiv Li o .
5 THF 0.04 equiv naphthalene 78 °C 1h no reaction
HBr . .
6 (48 % in H,0) 10 equiv phenol A 24 h  decomposition
110% mass Na/Hg -
7 MeOH 5 equiv NapHPO, A 1h  decomposition
8 CH3;CN 1.5 equiv Nal A 3h no reaction

1.5 equiv TMSCI

The procedure for the deprotection of tertiary sulfonamides using TMSCI in the presence of
Nal was reported as straightforward.’®® Following this strategy, azetidine 288 was N-
benzylated with benzyl bromide in the presence of K,CO3; in DMF to afford azetidine 293 in
85% vyield (Scheme 77).2% Next, the trans-N-benzyl-N-tosylazetidine 293 was stirred under
reflux for 48 hours with 1.5 equivalents TMSCI in the presence of 1.5 equivalents Nal, yet
without formation of the trans-(3-N-benzylamino)azetidine 294.

In accordance with literature procedures,*®%'%3

a final attempt was made by treatment of trans-
N-benzyl-N-tosylazetidine 293 with Mg turnings in MeOH via sonication for five hours at 40
°C. This procedure afforded the detosylated trans-N-benzylazetidine 295 as the corresponding
oxalate salt in diethyl ether (Scheme 77). Noteworthy, application of similar reaction

conditions on the trans-N-tosylazetidine 288 failed to give any reaction. The fact that the
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detosylation procedure with Mg turnings in MeOH was only suitable for tertiary sulfonamides
and not for secondary sulfonamides could be explained by the presence of a moderately acidic
proton in secondary sulfonamides that could be deprotonated by the produced methoxide

anions, giving rise to the formation of the corresponding magnesium salts with a different

reactivity.
Ph Ph
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: NH 3 equiv K,CO4 H ~‘\N‘Tos 1.5 equiv Nal : NH
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N—\® DMF, 1t, 3.5 h N—\& CH3CN, A, 48 h N—®)
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Scheme 77

As the synthesis of the racemic cis-isomer of azetidine 288 starting from the syn-isomer of
aziridine 286 was not possible, but racemic syn-aziridine could be transformed into a racemic
a,B-diamino-y-butyrolactone,” a similar ring transformation of syn-N-sulfinylaziridine syn-

278a to chiral a,p-diamino-y-butyrolactones was evaluated (Scheme 78).
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By careful optimization of reaction conditions, (2R,3R)-2,3-diamino-4,4-dimethyl-
butyrolactone 297 was prepared by treatment of aziridine syn-278a in 0.5 M HCI in
H,O/EtOAc for 30 minutes at room temperature in quantitative yield (Scheme 78). The
optically pure lactone 297 could further be applied in the synthesis of new [B-amino-
substituted analogues of N-acyl homoserine lactones acting as quorum sensing interfering
Compounds.170'l71’172

(2R,3R)-2,3-Diamino-4,4-dimethylbutyrolactone 297 was subsequently treated with different
electrophiles. In a first reaction, the amino groups of the chiral a,-diamino-y-butyrolactone
297 were protected by reaction with 2.6 equivalents of Boc,O in the presence of five
equivalents of EtzN in THF for 18 hours at room temperature (Scheme 79). The resulting
double Boc-protected o,p-diamino-y-butyrolactone 298 was obtained in 60% yield after flash
chromatography on silica gel. In order to synthesize a bicyclic a,B-diamino-y-butyrolactone
299, the (2R,3R)-2,3-diamino-4,4-dimethylbutyrolactone 297 was treated with 1.5 equivalents

of 1,1'-carbonyldiimidazole (CDI) in the presence of five equivalents of EtzN for six hours in

dry dichloromethane at reflux (Scheme 79). Unfortunately, application of these reaction
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conditions failed to afford the desired bicyclic a,B-diamino-y-butyrolactone 299 and only a

complex reaction mixture was obtained according to *H NMR analysis.

O
Boc—NH HN—Boc .
R/" R 1) 5 equiv EtzN HC|.H2N/’ NH,.HCI 1) 5 equiv Et3N HN NH
(R) R) 2) 2.6 equiv Boc,0 R —(R) 2) 1.5 equiv CDI H (R? H
(@] - ¥ >
o THF, 1t, 18 h o” O CH,Cl, (dry), A, 6 h o o
298 (60%) 297 299

Scheme 79
In order to prepare an a,B-diamino-y-butyrolactone which can be selectively
protected/deprotected, the synthesis of N-(diphenylmethylamino)aziridine syn-281 was
performed as this was a potential precursor of the N“-protected o,B-diamino-y-butyrolactone
300. Therefore, the diphenylmethylene group of syn-N-sulfinylaziridine syn-278a was first
reduced with NaCNBH3; in the presence of acetic acid in MeOH, which afforded the N-
(diphenylmethylamino)aziridine syn-281 in 71% yield after column chromatography on silica
gel (Scheme 80). Unfortunately, the transformation of N-(diphenylmethylamino)aziridine syn-
281 towards N”-protected a,fB-diamino-y-butyrolactone 300 by treatment in a 1:1 solvent

mixture of NH4Cl (sat.)/ethanol for 16 hours at reflux was not successful.
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Scheme 80

Additionally, syn-y-chloro-a,B-diamino ester syn-277a was subjected to a deprotection
reaction by treatment with TFA as previously described for the deprotection of the anti-N-
sulfinylaziridines anti-278a. Thus, syn-y-chloro-a,B-diamino ester syn-277a was treated with
five equivalents of trifluoroacetic acid in acetone/water (2:1) for 15 minutes (Scheme 81).

Following basic workup with NH4OH, the syn-y-chloro-o,B-diamino ester syn-301 was
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isolated in 83% vyield. The fact that the N-sulfinyl group was not removed under these
conditions was remarkable, as the deprotection of anti-aziridine anti-278a under the same

reaction conditions led to unprotected aziridine 280 (vide supra).
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Scheme 81

Next to the Mannich-type addition of N-(diphenylmethylene)glycine esters 273 across chiral
N-sulfinyl-a-chloroisobutyraldimine ~ 266a,  the  addition  across  N-sulfinyl-a-
chloroacetaldimine 266h was also investigated (Scheme 82).

In a first reaction (Table 4, entry 1), the Mannich-type addition was performed by
deprotonation of ethyl glycinate 273a for one hour at -78 °C using 1.1 equivalents of LDA
followed by addition across chiral N-p-toluenesulfinyl-a-chloroacetaldimine 266h for five
minutes at -90 °C. *H NMR analysis of the crude reaction mixture indicated that the resulting
y-chloro-o,3-diamino ester major-302a was obtained with a moderate selectivity (dr = 74:26).
After purification by tedious column chromatography, the Mannich-type adduct major-302a
was isolated as one single diastereomer in 54% vyield.

In the following reaction (entry 2), the Mannich-type addition was performed by
deprotonation of ethyl glycinate 273a for one hour at -78 °C using 1.1 equivalents of
LIHMDS and subsequent reaction across chiral N-p-toluenesulfinyl-a-chloroacetaldimine
266h for an additional hour at -90 °C. Based on the *H NMR spectrum of the crude reaction
mixture, the resulting y-chloro-a,3-diamino ester major-302a had the same stereochemistry as

this obtained by reaction with LDA (entry 1). y-Chloro-a,p-diamino ester major-302a was

81



Chapter 3

Results and Discussion

obtained in a similar selectivity (dr = 77:23), and was again isolated as one single

diastereomer in 59% vyield by tedious column chromatography.
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Scheme 82
Table 4. Addition of N-(diphenylmethylene)glycine esters 273 across N-p-

toluenesulfinylimine 266h producing syn- or anti-addition products 302

Base Time R major/minor ratio ® Yield (%)

LDA 5 min Et 74:26 54 °
LIHMDS 1h Et 77:23 59 °
LiHMDS 5 min Me 85:15 -

2 Determined via "H NMR of crude reaction mixtures

b Isolated yield of the single major-diastereomer 302a

¢ Reaction mixture could not be purified
Repeating the reaction by deprotonation of methyl glycinate 273b with 1.1 equivalents of
LiHMDS for one hour at -78 °C (Table 4, entry 3) and subsequent reaction across chiral N-p-
toluenesulfinyl-a-chloroacetaldimine 266h for five minutes at -90 °C led to the formation of
y-chloro-o,B-diamino ester major-302b in a slightly improved diastereoselectivity (dr =
85:15), but efforts to purify the crude reaction mixture by column chromatography on silica

gel failed to give the pure y-chloro-a,p-diamino ester major-302b. Moreover, there was no

influence of the used base, LIHMDS or LDA, on the diastereoselectivity of the Mannich-type
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additions across chiral N-sulfinyl-a-chloroacetaldimine 266h, in contrast to the great
importance of the base in the synthesis of the y-chloro-a,B-diamino pentanoates syn-277 and
anti-277 (vide supra).

Unfortunately, neither the absolute nor the relative stereochemistry could unambiguously be
determined by comparison of the *H NMR chemical shifts or the characteristic vicinal
coupling constants of these y-chloro-a,pf-diamino esters major-302 with the previously
synthesized vy-chloro-o,B-diamino esters syn-277 (vide supra). Furthermore, it was also
impossible to determine the absolute stereochemistry of the major-adduct major-302a by
means of an X-ray diffraction analysis as this compound was not crystalline.

In order to determine the absolute stereochemistry of the y-chloro-a,B-diamino esters major-
302, the direct preparation of the corresponding N-sulfinylaziridine 303 via a single-step
reaction was investigated. The Mannich-type addition of the Li-enolate derived from ethyl
glycinate 273a, across imine 266h was, after five minutes at -90 °C, stirred for an additional
two hours at room temperature (Scheme 83). Unfortunately, this procedure, which was
previously shown to afford syn-N-sulfinylaziridine syn-278a, gave only a complex reaction
mixture.

Therefore, further investigation will be necessary to assign the absolute stereochemistry of
these compounds major-302 in order to use them as potential building blocks in asymmetric

organic synthesis. o
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In conclusion, it was demonstrated that new chiral syn- and anti-y-chloro-a,p-
diaminopentanoates were formed in high yield and excellent diastereomeric ratios via
stereoselective Mannich-type reactions of N-(diphenylmethylene)glycine esters across a chiral
N-p-toluenesulfinyl-a-chloroimine. The base used for the deprotonation of the glycine ester
had a crucial influence on the diastereoselectivity of the Mannich-type reaction, with LDA
leading selectively to anti-diastereomers, whereas the use of LIHMDS gave exclusively syn-
diastereomers. The y-chloro-a,3-diaminopentanoates proved to be versatile building blocks in
asymmetric synthesis as demonstrated by several selective transformations to new syn- and
anti-p,y-aziridino-a-amino esters, trans-3-aminoazetidine-2-carboxylates and a,f-diamino-y-
butyrolactones. Unfortunately, the preparation of the corresponding vy-chloro-o,B-
diaminobutanoates occurred only in moderate diastereoselectivities and the absolute

stereochemistry of these derivatives remained unknown.

3.2.3. Synthesis and elaboration of y-chloro-a-diphenylmethyleneamino-g-

tert-butanesulfinylamino carboxylic acid derivatives

In addition to the stereoselective Mannich-type additions across (Ss)-N-p-toluenesulfinyl-a-
chloroaldimine (Sg)-266a (vide supra), the synthesis of chiral a,B-diamino acid derivatives
with the enantiotopic stereochemistry has also been explored via addition of N-
(diphenylmethylene)glycine ester 273a across (Rs)-N-tert-butanesulfinyl-a-chloroaldimines
(Rs)-270. The choice for the (Rs)-N-tert-butanesulfinyl-a-chloroaldimines (Rs)-270 was based
on the high price of the (Rs)-p-toluenesulfinamide (456 £/5 g) in comparison with the price of
the (Rs)-tert-butanesulfinamide (26 £/5 g),'” and also on the fact that the tert-butanesulfinyl
group can be readily deprotected.

The Mannich-type addition was performed by systematically changing the reaction conditions

for the synthesis of y-chloro-a,B-diamino esters 304 (Scheme 84, Table 5). It was found that
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the base, LDA or LIHMDS, used for the deprotonation of the glycine ester 273a, had again a
great influence on the syn- or anti-selectivity of this reaction (Table 5). In a first reaction
(Table 5, entry 1), the Mannich-type addition of ethyl glycinate 273a across chiral N-tert-
butanesulfinyl-a-chloroisobutyraldimine (Rs)-270a was performed for five minutes at -90 °C
using 1.1 equivalents of LIHMDS. *H NMR analysis of the crude reaction mixture indicated
that the resulting syn-y-chloro-a,-diamino ester syn-304 was formed with a good syn-
selectivity, but no full conversion of the starting imine (Rs)-270a was obtained (ratio (Rs)-
270a/syn-304/anti-304 = 19:73:8). The syn-adduct syn-304 was isolated as a single
diastereomer in a yield of 54% after purification by column chromatography and subsequent
recrystallization in diethyl ether. Repeating the reaction with LIHMDS for prolonged reaction
times (15 to 90 minutes) led again to the formation of syn-y-chloro-a,B-diamino ester syn-304,
but surprisingly more starting product was recovered at longer reaction times (entries 2 and
4). Unfortunately, also performing the reaction with 1.6 equivalents of the Li-enolate for 15
minutes at -90 °C (entry 3) did not result in higher conversions of the starting material. These
remarkable results whereby prolonged reaction times were leading to lower conversions of the
starting N-tert-butanesulfinyl-a-chloroisobutyraldimine (Rs)-270a could be explained by the
fact that Mannich-type addition across this N-tert-butanesulfinylimine (Rs)-270a was
probably more susceptible for a retro-Mannich-type reaction. Noteworthy, the
diastereoselectivity of the reaction decreased also at prolonged reaction times (Table 5),
which could be an indication that the syn-y-chloro-a-diphenylmethyleneamino-p-tert-
butanesulfinylamino ester syn-304 was not the thermodynamically favoured reaction product,
which was the case for the syn-y-chloro-a-diphenylmethyleneamino-f-p-toluenesulfinylamino
esters syn-277 (vide supra).

In the following reaction (entry 5), the Mannich-type addition was performed for five minutes

at -90 °C with 1.1 equivalents of LDA, resulting in a low conversion towards anti-y-chloro-
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a,B-diamino ester anti-304 accompanied by a large recovery of the starting imine (Rs)-270a
(ratio (Rs)-270a/syn-304/anti-304 = 64:7:29). In order to improve the conversion towards
anti-304, the reaction was performed for 15 minutes at -90 °C using 1.1 equivalents of LDA
(entry 6). These conditions led to a slightly better conversion (ratio (Rs)-270a/syn-304/anti-
304 = 41:13:46), and anti-y-chloro-a,B-diamino ester anti-304 was obtained in 22% yield as a
single diastereomer (as partially characterized by *H NMR analysis) after purification by
column chromatography. Unfortunately, the prolongation of the reaction time to 90 minutes at
-90 °C using 1.1 equivalents of LDA (entry 7), failed again to give a higher conversion
towards the anti-adduct anti-304.

Hereby, the assignment for the syn- and anti-stereochemistry of the Mannich-type addition
products 304 was based on a comparison of analytical data with a combination of analogous
'H NMR chemical shifts (Hpsyn: 8 = 4.12 ppm, Hpani: 8= 3.69 ppm) and the characteristic
vicinal coupling constants (*Jugsp.sn = 0 HZ, *Jpg-p.ani = 3.3 Hz) of the previously described

syn- and anti-y-chloro-a-diphenylmethyleneamino-B-p-toluenesulfinylamino esters 277 (vide

supra).
1) X equiv Base
THF, -78 °C, 1 h, N,
Q(R)
N/S"’t—Bu
2) 1 equiv O
) 1 eq >HKH 7 g
X equiv cl t-Bu"r)NH o tBum NH 0
Rg)-270a S
i THF, -90 C( 'S) N © OFt (S)R OFt
,-90 °C, time, :
Ph\léNQJ\OEt 2 . Cl N%]/Ph and Cl NYPh
Ph Ph Ph
273 syn-304 anti-304
Scheme 84
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Table 5. Addition of N-(diphenylmethylene)glycine ester 273a across N-tert-

butanesulfinylimine (Rs)-270a producing syn- and anti-addition products 304

Entry X Base Time (min) (Rs)-270a/syn-304/anti-304*  Yield (Product)
1 1.1 LiHMDS 5 19:73:8 54% (syn-304)°
2 1.1 LiHMDS 15 24:57:19 -¢
3 1.6 LIHMDS 15 23:54:23 -¢
4 1.1 LiHMDS 90 34:29:37 -¢
5 11 LDA 5 64:7:29 -¢
6 1.1 LDA 15 41:13:46 22% (anti-304)"
7 11 LDA 90 52:13:35 -

2 Ratio determined via "H NMR of crude reaction mixtures

® Isolated yield of the single diastereomer (dr > 99:1)
¢ Reaction mixture was not purified

The great influence of the used base, LDA or LIHMDS (Scheme 84), on the stereochemical

outcome of the Mannich-type reaction across N-tert-butanesulfinyl-a-chloroimine (Rs)-270a

was again rationalized on the basis of the enolate geometry of the anions derived from the

deprotonation of N-(diphenylmethylene)glycine ester 273a. As previously described, the

enolates obtained via deprotonation of N-(diphenylmethylene)glycine ester 273a with LDA

were expected to have the Z-geometry, whereas deprotonation with the less basic LIHMDS in

THF would afford the E-enolate (vide supra). Reaction of the Z- and E-enolates via TS-305A

and TS-305B (Scheme 85) resulted in the formation of anti-304 and syn-304, respectively.
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The syn-addition product syn-304 was subsequently cyclized to the corresponding N-

sulfinylaziridine anti-306 in excellent yield (97%) upon treatment with K,CO3 for 48 hours in

acetone under reflux (Scheme 86). The fact that treatment of syn-addition product syn-304

under the latter conditions did not afford the corresponding syn-N-sulfinylaziridine syn-306

showed that a base-induced isomerization in a-position occurred, which resulted in the

thermodynamically controlled formation of the anti-N-sulfinylaziridine anti-306.
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i +8u 20
t'BU'(R)\NH (0) [{] H o
S . _\\ R
(S)( ) OEt 3 equiv K,CO3 _ S (:) OEt
Cl NYPh acetone, A, 48 h Nth
Ph Ph
syn-304 anti-306
(dr > 99:1) (97%, dr > 99:1)
j KoCOg T "
(R) B (R) ]
'B a //O - a //O
t-Bu $ t-Bu IS
N J(js) Q K,COg N H O
. > O
(S) OEt (S) OEt
NY Ph NY Ph
Ph B Ph |
syn-306
Scheme 86

The absolute stereochemistry of this N-tert-butanesulfinylaziridine anti-306 was elucidated by
means of an X-ray diffraction analysis (in collaboration with Prof. R. Sillanp&&, Department

171

of Chemistry, University of Jyvaskyld, Finland) (Figure 9),”"" and showed that the aziridine

anti-306 had an (Rs,2R,2’°S)-stereochemistry.

anti-306

<

Figure 9. X-ray diffraction analysis of anti-N-sulfinylaziridine anti-306

89



Chapter 3 Results and Discussion

In addition, this anti-N-sulfinylaziridine anti-306 could also be prepared directly in 79% yield
via a single-step reaction starting from ethyl glycinate 273a, if the reaction mixture from the
Mannich-type addition across imine (Rs)-270a after five minutes at -90 °C was subsequently
stirred for two hours at room temperature (Scheme 87). As this procedure resulted as well in
the synthesis of anti-aziridine anti-306, it could be concluded that anti-306 was the
thermodynamically controlled diastereomer. The fact that the N-p-toluenesulfinylaziridine
278 did not gave the anti-isomers, but the syn-isomers as the thermodynamically favored
diastereomers, could be explained by the stabilizing effect of the n-n-stacking between the N-
p-toluenesulfinyl group and a phenyl group of the benzophenone imine functionality. The
characteristic *"H NMR chemical shift of the para-methyl group of the N-p-toluenesulfinyl
functionality (CaromCHazgyn: & = 1.95 ppm, CaromCHsani: 6 = 2.33-2.36 ppm) suggested this as
well, as the m-m-stacking induced a shielding effect at the para-methyl group, which was

accompanied by a upfield shift of this group.

1) 1.1 equiv LIHMDS
THF, -78 °C, 1 h, N,

(@]
" (R)
N~ “t-Bu

2) 1 equiv _u.RL.o
YI\H t BUA$/

1.1 equiv Cl N H O

i THF, 5', -90 (ES) 227:1)at N RS
s ', - °C > , I, -
Ph\fNQJ\OEt - NYPh

273a anti-306
(79%, dr > 99:1)

Scheme 87
Next to the Mannich-type addition of N-(diphenylmethylene)glycine esters 273 across chiral
N-tert-butanesulfinyl-a-chloroisobutyraldimine (Rs)-270a, the addition across chiral N-tert-

butanesulfinyl-a-chloroacetaldimine (Rs)-270b was also investigated (Scheme 88).
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In a first reaction (Table 6, entry 1), the Mannich-type addition was performed by
deprotonation of ethyl glycinate 273a for one hour at -78 °C using 1.1 equivalents of
LIHMDS and subsequent reaction across N-tert-butanesulfinyl-a-chloroacetaldimine (Rs)-
270b for five minutes at -90 °C. *H NMR analysis of the crude reaction mixture indicated that
the resulting y-chloro-o,-diamino ester major-307 was obtained with good selectivity (dr =
84:16). After purification by column chromatography, the Mannich-type adduct major-307
was isolated in 79% yield.

In the following reaction (entry 2), the Mannich-type addition was performed by
deprotonation of ethyl glycinate 273a for one hour at -78 °C using 1.1 equivalents of LDA
and subsequent reaction across N-tert-butanesulfinylimine (Rs)-270b for five minutes at -90
°C. According to the 'H NMR spectrum of the crude reaction mixture, the resulting y-chloro-
a,B-diamino ester major-307 was the same product as that obtained by reaction with LIHMDS
(entry 1), similar to the results obtained for the previously described vy-chloro-o-
diphenylmethyleneamino-B-p-toluenesulfinylamino esters 302 (vide supra). The y-chloro-a,f3-
diamino ester major-307 was obtained with a slightly lower diastereoselectivity (dr = 72:28),
and was isolated in 56% yield after column chromatography.

In accordance with the synthesis of y-chloro-a-diphenylmethyleneamino-p-p-
toluenesulfinylamino esters 302 (vide supra), there was no influence of the used base,
LIHMDS or LDA, on the diastereoselectivity of the Mannich-type additions across chiral N-
tert-butanesulfinylimine (Rs)-270b.

Furthermore, the absolute or the relative stereochemistry of major-307 could not be
determined by analysis of the *H NMR chemical shifts or the characteristic vicinal coupling
constants and X-ray diffraction analysis was not possible, since this compound major-307

was not crystalline.
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1) 1.1 equiv Base
THF, -78 °C, 1 h, N,

O
".(R) (I? (I?
N"> “t-Bu .S, .S,
1.1 equiv 2) 1 equiv C tBuR) NH 0 tBU'R) NH O
\\/Jk*' Cl Cl
o) (Rg)-270b OFEt -~ “OEt
PhYNQJ\OEt THF, -90 °C, 5', N, N%]/Ph and/or N. _Ph
Ph Ph Ph
273a syn-307 anti-307

Scheme 88
Table 6. Addition of N-(diphenylmethylene)glycine ester 273a across N-tert-

butanesulfinylimine (Rs)-270b producing syn- or anti-addition products 307

Base major/anti ratio Yield (%) "
LiIHMDS 84:16 79
LDA 72:28 56

% Determined via "H NMR of crude reaction mixtures

b Isolated yield of single diastereomer (dr > 99:1)
The major-addition product major-307 was subsequently cyclized to the corresponding N-
sulfinylaziridine 308 in 45% yield upon treatment with K,COj3 for 14 hours in acetone under
reflux (Scheme 89). Unfortunately, the synthesis of this aziridine 308 did not offer the

possibility to assign the absolute or relative stereochemistry.

O
I t-BuBLO
_S. S
tBu"ryNH 0o 3 equiv K,CO3 N 0

\

H
Cl
Q*\kKU\OEt acetone, A,14 h u*Q’%J\OEt
N Y Ph N \\l/ Ph
Ph Ph
major-307 308
(45%, dr > 99:1)
Scheme 89

In conclusion, it was demonstrated that new enantiopure syn- and anti-y-chloro-o,-diamino-
pentanoates were formed in moderate yields via stereoselective Mannich-type reactions of the

ethyl N-(diphenylmethylene)glycine ester across a chiral N-tert-butanesulfinyl-a-chloroimine.

These lower yields were caused by the low conversions of the chiral N-tert-butanesulfinyl-a-
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chloroimine to the corresponding syn- and anti-y-chloro-a,B-diaminopentanoates, probably
due to retro-Mannich-type addition. The base used for the deprotonation of the glycine ester
had again a great influence on the diastereoselectivity of the Mannich-type reaction, with
LDA leading selectively to anti-diastereomers, whereas the use of LIHMDS leads to syn-
diastereomers. Furthermore, the syn-y-chloro-a,p-diaminopentanoate was selectively
transformed into a new anti-f,y-aziridino-a-amino ester, whose structure was unambiguously
determined by means of X-ray diffraction analysis. The preparation of the corresponding -
chloro-a,B-diaminobutanoate occurred in better yield and good diastereoselectivity and this
compound was also transformed into the corresponding [,y-aziridino-a-amino ester.

Unfortunately, the stereochemistry of these derivatives could not be revealed.

3.3. Asymmetric synthesis of a,B-diaminoacylpyrrolidines and -piperidines
via stereoselective Mannich-type additions across N-sulfinyl-a-
chloroimines

Given the fact that a,y-diamino carboxylic amides, as well as f-amino carboxylic amides, are

known for their activity as dipeptidyl peptidase (DPP) inhibitors, there is an increasing

interest to study the DPP inhibitory potency of analogous a,B-diamino carboxylic amides.*

The synthesis of chiral a,B-diamino carboxylic acid derivatives via asymmetric Mannich-type

156,157,174,175 is one of the

addition of enolates across activated imines, e.g. N-sulfinylimines,
most common and versatile methods in organic chemistry and has continuously been under
development.’®** The asymmetric synthesis of new chiral y-chloro-o,p-diamino carboxylic
esters via highly diastereoselective Mannich-type reactions across the chiral N-p-
toluenesulfinyl-a-chloroimine has previously been described (vide supra), however,

transformation of these y-chloro-o,B-diamino carboxylic esters into the corresponding

carboxylic acids, en route to further coupling to carboxylic amides, has not been investigated
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because these diamino acid derivatives are prone towards ring transformation to a,-diamino-
y-butyrolactones.

In the following part, the synthesis and elaboration of chiral syn-y-chlorinated-a,B-diamino
carboxylic amide derivatives with excellent diastereoselectivity will be demonstrated. In order
to develop potential DPP inhibitors, the ring closure and deprotection of the a-amino
functionality of the synthesized y-chloro-a,B-diamino carboxylic amides were explored as

well.

3.3.1. Synthesis of N-(diphenylmethylene)glycine amides

The synthesis of N-(diphenylmethylene)glycine amides 313 was performed starting from N-
Boc-glycine 309, in accordance with literature procedures.’™® Activation of N-Boc-glycine by
N,N'-dicyclohexylcarbodiimide (DCC) and subsequent addition of a cyclic amine 310 resulted

in the formation of the corresponding N-Boc-glycine amides 311 (Scheme 90).

1.05 equiv DCC
H

. N
1.2 equiv < (7)
310a(n=1) Q
HO 310b (n=2)
WANHBOC \[hNHBoc

0 EtOAc, rt, 16 h

309 311a (53%)
311b (67%)

HCI/EtOAc (sat.)

O EtOAc, rt, 16 h

I 0.95 equiv HN v
N - g‘
gn‘ mﬂ CH,Cl,, 1t, 16 h TﬁNHz HCI
@]

312a (93%)
313a (77%) 312b (68%)
313b (99%)

\

Scheme 90
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Subsequent N-Boc-deprotection of the amides 311 by treatment with a saturated HCI/EtOAc
solution afforded the glycine amide hydrochloric acid salts 312 (68-93% vyield). Reaction of
these glycine amide salts 312 with 0.95 equivalents of benzophenone imine for 16 hours in
dichloromethane at room temperature resulted in the desired N-(diphenylmethylene)glycine

amides 313 in high yields (77-99%).

3.3.2. Synthesis and elaboration of y-chloro-a,B-diamino carboxylic amide

derivatives

The stereoselective synthesis of chiral y-chloro-a,p-diamino carboxylic amides was performed
using a Mannich-type addition of glycine amides 313 across chiral N-sulfinyl-a-chloroimines
266.

Based on the previously reported Mannich-type addition of glycine esters across chiral N-p-
toluenesulfinyl-a-chloroaldimine 266a (vide supra), the influence of the base (LiIHMDS or
LDA) used for the deprotonation of glycine amides 313a-b on the syn- or anti-selectivity of
the Mannich-type addition was investigated (Scheme 91).

Initially, the Mannich-type addition of glycine amide 313b across chiral N-p-toluenesulfinyl-
a-chloroisobutyraldimine 266a was performed at -78 °C using 1.1 equivalents of LDA.
According to the 'H NMR analysis of the crude reaction mixture, the resulting syn-y-chloro-
a,B-diamino carboxylic amide syn-314b was formed with an excellent stereoselectivity (dr >
99:1), yet in rather low conversion. After crystallization, the syn-adduct syn-314b was isolated
in a low yield of 16%. Repeating the Mannich-type addition of glycine amides 313 across
chiral N-p-toluenesulfinyl-a-chloroaldimines 266 with 1.1 equivalents of LiIHMDS resulted
also in the formation of syn-y-chlorinated-a,3-diamino carboxylic amides syn-314 with an
excellent stereoselectivity (dr > 99:1). The conversion of the substrates was complete under
these reaction conditions (-78 °C, 15 minutes), and the syn-adducts syn-314 were isolated in

12-76% vyield after recrystallization. The diastereomeric ratio of these syn-y-chlorinated-o,3-
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diamino carboxylic amides syn-314 (dr > 99:1) was determined by means of *H NMR, *C

NMR and HPLC analysis where no signals from other diastereomers could be detected.
1) 1.1 equiv LIHMDS
THF, -78 °C, 1 h, N,
p-Tol

OF N
N/ N

O o) \/—\j(
1 I
2) 1 equiv R%H ®)s. )n

R2 p-Tol*  NH N

cl RL ©)
Ph
A NQ 266a-g rRTET ©
1.1 equiv Ph” SN Y THF, -78 °C, 15', N, cl NYPh
© - Ph
313a-b syn-314
(12-76%, dr > 99:1)

(@] 0] (0]
S)5 { b) )5 ( b) (S)5 [ b)
= > n

p-Tol* ~"NH ‘N 'n p-Tol* ~ 'NH 'N™'n p-Tol* cl NH N
) ) (S)
©) 0] al (©) (@) (S)
Cl N\\I/Ph NYPh N\\I/Ph
Ph Ph Ph
syn-314a (n = 1), 57% syn-314c (n=1), 41% syn-314e (n = 1), 59%
syn-314b (n = 2), 71% (16%)? syn-314d (n = 2), 65% syn-314f (n=2), 73%
T/ \ ? [ > ? Q T/ \
(S).S\ ) (S) (S) (S).S\ )
p-Tol' "NH N"'n p-ToI"S\NH N )n p-Tol® 'S\NH N )n p-Tol' ~"NH N"'n
Cl ) S S Cl )
&7 Yo SoP o S So ©7 Yo
Cl NYPh Cl NYPh Cl NYPh Cl NYPh
Ph Ph Ph Ph
- = 0,
syn-314g (1=1),12%  syn-314i (1=1), 44%  syn-31dk (n=1),23% S/N-314m (n=1), 43%

syn-314h (1=2),55%  syn-314j (1=2). 70%  syn-314l (n=2),39% /314N (N=2), 76%
% Yield in parentheses result from the use of LDA instead of LIHMDS
Scheme 91
In contrast to the Mannich-type addition of glycine esters 273 across chiral N-p-
toluenesulfinyl-a-chloroimine 266a (vide supra), the diastereoselectivity of the Mannich-type
addition of glycine amides 313 across chiral N-p-toluenesulfinyl-a-chloroaldimines 266a-g
was independent of the choice of the base used. The absolute stereochemistry of y-chloro-a.,-

diamino carboxylic amides syn-314a-f and v,y-dichloro-a,B-diamino carboxylic amides syn-

314g-n was unambiguously determined by means of X-ray diffraction analysis of compounds

96



Chapter 3 Results and Discussion

syn-314b and syn-314h (in collaboration with Prof. K. W. Toérnroos, Department of
Chemistry, University of Bergen, Norway), respectively (Figure 10). Additionally, analogous
'H NMR chemical shifts (H, 8=4.91-5.25 ppm, Hp: 8=3.74-4.25 ppm) and the
characteristic vicinal coupling constants (3JHQ-H[3 = 0-1.1 Hz) of all derivatives syn-314a-n

pointed out the (Ss,2S,3S)-stereochemistry.

Ph
syn-314b

Cl  Ng_Ph

Ph
syn-314h

Figure 10. Crystal structures of (Ss,2S,3S)-y-chlorinated-a,B-diamino carboxylic amides

syn-314b and syn-314h

The vicinal coupling constant *Jy, i = 0-1.1 Hz for the syn-amides 314 had a comparable

small value as the observed vicinal coupling constant 3JHQ-HB of the closely related syn-y-
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chloro-a,B-diamino carboxylic esters (3JH(,_HB = 1.1 Hz). Notably, the (Ss,2S,3S)-y-chlorinated-
a,B-diamino carboxylic amides syn-314 were obtained with the opposite enantioselectivity as
compared to the (Ss,2R,3R)-y-chloro-o,B-diamino carboxylic esters syn-277 obtained via
Mannich-type addition of E-enolates derived from glycine esters 273 across imine 266a (vide
supra). The monosubstituted tertiary amide enolates obtained via deprotonation of N-
(diphenylmethylene)glycine amides 313 were expected to have the Z-geometry in which
A(1,3) interactions were minimized and Li-chelation stabilizes the conformation (Scheme 92),

regardless of the base used.'”’

p-Tol — o -t
(SZS\\O 7]/Ph
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S T N
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L o] Q})n
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-t \
Ph
Ph @]
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Li\N cl n
(S) s Rl
-T |'S\\ R2
p-1o o
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O
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N -
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R S
R2 (©) @]
Cl NY Ph
Ph
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Scheme 92
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Reaction of the Z-enolates via a cyclic chelated six-membered chairlike transition state model
TS-315A, would have resulted in anti-addition products anti-314 in analogy with the
previously obtained results on the synthesis of (Ss,2S,3R)-y-chloro-a,B-diamino carboxylic
esters (vide supra). However, starting from glycine amides 313, due to the important 1,3-
diaxial interaction between the haloalkyl group (-CCIR'R?) and the cyclic amine moiety
[-N(CH2)n(CHy)3] in this transition state, TS-315A was highly disfavoured. The formation of
the (Ss,2S,3S)-y-chlorinated-a,B-diamino carboxylic amides syn-314 could be explained by a
boatlike transition state model TS-315B involving the (E)-N-p-toluenesulfinylaldimines 266a-
9.5 This less sterically hindered transition state TS-315B in which the haloalkyl group
(-CCIR'R?) occupied the less hindered pseudoequatorial position and the corresponding
Li-adduct 316, were stabilized by the interaction between the Li-cation, the
diphenylmethyleneamino group and the sulfinylimine nitrogen.

The reversal of the enantiotopic face selectivity in the reaction of the N-sulfinyl imines 266a-
g with the glycine amides 313, as compared to the reaction with glycine esters 273, was
attributed to the a-coordinating ability of the chlorine atom with the lithium of the incoming
enolate as depicted in transition state TS-315B. The coordinating a-chloro atom in TS-315B
overrode the chelation of the sulfinyl oxygen (e.g. TS-315A) and allowed the sulfinylimine to
react in the conformation wherein the S=O bond and the lone pair of electrons on the nitrogen
atom were anti-periplanar.t”® This reversal of stereoselectivity was analogous to results

obtained with other N-p-toluenesulfinyl imines containing an oxygen atom as a-coordinating

34,180

group.
In a next attempt, the direct preparation of the corresponding N-sulfinyl-f,y-aziridino-a-amino
carboxylic amide 317b was evaluated via a single-step reaction. Thus, the reaction mixture
from the Mannich-type addition of the Li-enolate derived from amide 313b, across imine

266a was after 15 minutes at -78 °C additionally stirred for 90 minutes at room temperature
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(Scheme 93). Unfortunately, this procedure proved to be unsuccessful for the preparation of

syn-N-sulfinylaziridine 317b and afforded only a complex reaction mixture.

1) 1.1 equiv LIHMDS
THF, -78 °C, 1 h, N,

p-Tol
() &
>Ss
N~ "0 S)
2) 1 equiv p-ToI/,.S/,O
i H
1.1 equiv !
a cl , N H N
Ph - 266a OO,
N &I\ THF, -78 °C, 15' -> rt, 90", N, N Ph
N ONTPh % > Y
O Ph
313b 317b
Scheme 93

Next, the syn-addition products syn-314 were cyclized to the corresponding N-sulfinyl-B,y-
aziridino-a-amino carboxylic amides 317 upon treatment with K,CO3 in acetone under reflux
in a moderate to very good yield (36-90%) (Scheme 94).

The conversion of the ring-closure reaction was always complete as determined by TLC
analysis, but purification of these N-sulfinyl-B,y-aziridino-a-amino carboxylic amides 317 by
flash chromatography resulted in a considerable loss of product.

In order to extend the potential applicability of the synthesized N-sulfinyl-B,y-aziridino-o-
amino carboxylic amides 317 as building blocks in biomedicinal chemistry, some attempts
were made to remove the N-protective groups of diamino carboxylic amides 317 under mild
acidic conditions (Scheme 94). In analogy with the previously described results on the
corresponding aziridino esters 280 (vide supra), amide 317b was treated with five equivalents
of trifluoroacetic acid in acetone/water (2:1) at room temperature for 15 minutes. After a basic
workup with NH4OH, it was concluded that the conversion towards the N-deprotected syn-
B.y-aziridino-o-amino carboxylic amide 318b was complete, based on *H NMR and LC-MS
analysis of the crude reaction mixture. Unfortunately, all attempted purification techniques

(column chromatography, preparative TLC, acid-base extraction) in order to remove

100



Chapter 3 Results and Discussion

benzophenone and some other minor impurities from the crude reaction mixture, failed to

provide the pure N-deprotected syn-pB,y-aziridino-a-amino carboxylic amide 318b.

0 Je)
(S)4 { Eﬁ) l Eﬁ) 1) 5 equiv TFA

p-ToI‘"S\NH NI H N°'n  acetone/H,O (2:1)

. ll .‘\ i
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R2 (S)( ) 3 equiv K,CO43 2”9 (S) ¥ , N H N
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@

p-Tol...

Z-0

cl NYPh NYPh 2) NH4OH (workup) O
Ph Ph RLR2 = Me NH;
syn-314a-f (dr>99:1) n=2 318b
(dr > 99:1) 317a (59%)

317b (90%)
317c (44%)
317d (50%)
317e (36%)
317f (43%)

Scheme 94

Alternatively, the deprotection of the a-amino functionality of the synthesized syn-y-
chlorinated-a,B-diamino carboxylic amides syn-314 was investigated en route towards the
development of potential DPP inhibitors.?” For this purpose, syn-y-chlorinated-a,B-diamino
carboxylic amides syn-314a-d,f-g were treated with five equivalents of trifluoroacetic acid in
acetone/water (2:1) for 15 minutes (Scheme 95). After a basic workup with NH,OH, the a-
deprotected syn-y-chloro-a,3-diamino carboxylic amides 319 could be purified by
crystallization or preparative TLC (21-91% yield). The obtained result was in accordance with
the earlier reported selective deprotection of a benzophenone imine functionality of diamino
esters, containing a N-p-toluenesulfinyl moiety, with HsPO4/H,O/THF.17>18!

In a next step, syn-y-chloro-o,B-diamino carboxylic amide 319b was chemoselectively
cyclized to the corresponding N-sulfinyl-B,y-aziridino-a-amino carboxylic amide 320b upon

treatment with K,COj in acetone under reflux in 86% yield.
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Scheme 95
In order to provide access to the N®NP-deprotected syn-y-chloro-o,B-diamino carboxylic
amides, syn-y-chloro-a,B-diamino carboxylic amides syn-314 were subjected to some

alternative acidic deprotection reactions (Scheme 96).
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Scheme 96
In a first reaction, syn-y-chloro-a,B-diamino carboxylic amide syn-314b was treated with ten
equivalents of trifluoroacetic acid in ethanol at room temperature.*®® This resulted in trans-
imidazolidine 321b after basic workup with NH4;OH. It was remarkable that the N-
(diphenylmethylene) group was not removed under these reaction conditions, but was trapped
by the deprotected B-amino group, as the deprotection of analogous anti-substrates under the
same reaction conditions led to unprotected anti-o,-diamino carboxylic esters.’® This was
possibly due to the fact that solvolysis of the imine functionality with ethanol was not
favorable and an acid-catalyzed deprotection of the sulfinyl moiety would occur first.'®? The

resulting f-amino deprotected syn-y-chloro-a,B-diamino carboxylic amide could subsequently
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ring close further to trans-imidazolidine 321b, which was less sterically congested than an
analogous cis-imidazolidine. In the literature, comparable non-halogenated trans-
imidazolidines have already been synthesized via 1,3-dipolar cycloaddition of N-
(diphenylmethylene)glycine ester enolates across N-sulfinyl aldimines in the presence of a
Lewis acid.® The trans-stereochemistry of imidazolidine 321b was confirmed by the vicinal
coupling constant Juns = 7.2 Hz and the *H NMR chemical shift of H4 (3.85 ppm) which
were in the same range as for closely related trans-imidazolidines and trans-
oxazolidines.’**® The trans-imidazolidine 321b could be a potential building block for
foldamers, as the corresponding trans-oxazolidin-2-ones have already been applied for this
purpose.*® Trans-imidazolidine 321b could also be used as precursor for the corresponding
N NP-deprotected a.B-diamino carboxylic amide, obtained via hydrolysis under acidic
conditions, as described for the deprotection of imidazolidines, imidazolines and oxazolines in
the literature.”**® However, in a second reaction, syn-y-chloro-o,B-diamino carboxylic amide
syn-314a was directly converted into the hydrochloride of the N“ NP-deprotected syn-y-chloro-
a,B-diamino carboxylic amide 322a, by stirring in 0.5 M (ag.) HCI/EtOAc (2:1) for 30
minutes at room temperature, in a yield of 83%. In this reaction, the acid-catalyzed hydrolysis
of the benzophenone imine functionality proceeds readily and prevents the formation of the
corresponding trans-imidazolidine.

Furthermore, it was endeavored to use the synthesized syn-y-chloro-o,-diamino carboxylic
amides syn-314 as building blocks for the synthesis of 1,2-diaminocyclopropanecarboxylic
acid derivatives 324, which are structural analogues of 1-aminocyclopropane-1-carboxylic
acid (a-ACC), the precursor of the plant hormone ethylene. Nature uses an imination/a-
deprotonation/ring closure strategy in the biosynthesis of a-ACC (not shown), and broadening

of this approach delivered already new amino- and alkoxy-substituted cyclopropanes.’®® For
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this purpose, the synthesis of precursor 323 with a fully protected B-amino group via reaction
with different electrophiles was envisioned (Scheme 97, Table 7).

In accordance with the previously described N-benzylation of azetidine 288 (vide supra), y-
chloro-o,B-diamino carboxylic amide syn-314d was treated with benzyl bromide in the
presence of K,COj3 for three hours in DMF, which resulted in a complete recovery of the
starting material syn-314d (Table 7, entry 1). A next attempt was made by reaction of syn-
314d with two equivalents of Boc,O in the presence of DMAP in dry CH,Cl, at room
temperature for 10 days, which gave again no conversion (entry 2). The reaction of syn-314d
with three equivalents of methyl iodide in the presence of K,CO3 in a DMF/CH3CN-solvent
mixture at room temperature for 16 hours afforded, next to unreacted starting material syn-
314d, 18% of aziridine 317d according to *H NMR analysis of the crude reaction mixture
(entry 3). Performing the reaction with 2.5 equivalents of trimethyloxonium tetrafluoroborate
(Me3O".BFy) in the presence of 3.5 equivalents of DIPEA for 16 hours in dry CH,Cl, at room
temperature, did not result in the desired compound 323 (R = Me) (entry 4). In a final attempt,
the reaction was conducted with five equivalents of diazomethane in dry CH,CI, for three
hours at room temperature, but again no reaction occurred under these conditions (entry 5).
No further attempts towards the synthesis of the fully protected syn-y-chloro-a,p-diamino
carboxylic amide 323 were made, as it was assumed that too many sterical interactions were
present to obtain the desired compound 323.

O :
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N

p-Tol' " "NH "N

© NHz o
El hil
© (S) o ectrop e g o= - / (R) \”\
cl N Ph oo NoO T = /e N
Y (Table 7) >‘Ph NH,
Ph Ph
syn-314d 323 324
(dr > 99:1)
Scheme 97
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Table 7. Different reaction conditions for the conversion of syn-314d towards compound 323

Reagent Additive

(Equiv) (Equiv) Solvent Time Temp. (°C) Result
BnBr (1.1) K2CO3(1.2) DMF 3h rt No reaction
Boc,0 (2) DMAP (1.1) CH,Cl, (dry) 10d rt No reaction

Mel (3) K2CO3(3) DMF/CHsCN (2:1) 16h rt 317d (18%)?

MesO*.BF, (2.5) DIPEA (3.5) CH,Cl, (dry) 16 h rt No reaction
CH2N3 (5) - CH,Cl, (dry) 3h rt No reaction

? Determined via "H NMR of crude reaction mixture

In order to extend the scope of this synthetic strategy, the Mannich-type addition of N-
(diphenylmethylene)glycine amides 313 across N-sulfinyl-a-chloroacetaldimine 266h was
also investigated (Scheme 98).

Therefore, the Mannich-type addition was performed by deprotonation of glycine amide 313b
for one hour at -78 °C using 1.1 equivalents of LIHMDS and subsequent reaction across chiral
N-p-toluenesulfinyl-a-chloroacetaldimine 266h for 15 minutes at -78 °C. *H NMR analysis of
the crude reaction mixture indicated that the resulting y-chloro-a,p-diamino amide 325 was
obtained in high selectivity (dr = 90:10). However, upon purification by tedious column
chromatography, the Mannich-type adducts 325 could not be isolated and only side product
326 was obtained as one single diastereomer in 9% yield. The formation of side product 326
could be explained by hydrolysis of the amide group of Mannich-type adduct 325, resulting in
the corresponding carboxylic acid, which subsequently underwent ring closure to the
corresponding y-lacton.

Unfortunately, the stereochemistry of compound 325 could not be assigned by comparison of
the *H NMR chemical shifts or the characteristic vicinal coupling constants of this y-chloro-
a,pB-diamino carboxylic amide 325 with the previously synthesized y-chloro-a,B-diamino
carboxylic amides syn-314 (vide supra). Furthermore, it was also impossible to determine the
stereochemistry of compound 326 by means of an X-ray diffraction analysis as this compound

was not crystalline.
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Scheme 98

In addition, some attempts were made to synthesize the syn-y-chloro-a,B-diamino carboxylic
amides 327 with the enantiotopic stereochemistry by means of stereoselective Mannich-type
addition of N-(diphenylmethylene)glycine amide 313b across (Rs)-N-tert-butanesulfinyl-a-
chloroimine (Rs)-270a.

The Mannich-type addition was performed by systematically changing the reaction conditions
(Scheme 99, Table 8). In a first attempt (entry 1), the Mannich-type addition of glycine amide
313b across chiral N-tert-butanesulfinyl-a-chloroisobutyraldimine (Rs)-270a was performed
for 15 minutes at -78 °C using 1.1 equivalents of LiIHMDS. *H NMR analysis of the crude
reaction mixture indicated that the resulting y-chloro-o,-diamino carboxylic amide 327 was
formed as one single diastereomer but only with 30% conversion of the starting imine (Rs)-
270a. Performing the reaction with LiIHMDS for a prolonged reaction time (180 minutes) led
to 70% conversion of the starting imine (Rs)-270a, yet the resulting y-chloro-a,B-diamino
carboxylic amide 327 was obtained as a mixture of three diastereomers (entry 2). In a
following attempt, the reaction was performed with five equivalents of the Li-enolate for 15
minutes at -78 °C (entry 3), which resulted in 50% conversion of the starting material and the
formation of one single diastereomer of compound 327. In a final attempt, the Mannich-type
addition of the Li-enolate derived from glycine amide 313b, across imine (Rs)-270a was after

15 minutes at -78 °C, additionally stirred for 90 minutes at room temperature (entry 4).
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Unfortunately, this procedure afforded a complex mixture of different diastereomeric
aziridines.

As none of these adducts 327 could be isolated, it was impossible to assign the
stereochemistry of these y-chloro-o,B-diamino carboxylic amides 327. Therefore, further
investigation is required to reveal the relative and absolute stereochemistry of compounds 327

in order to use them as potential building blocks in asymmetric organic synthesis.
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Scheme 99

Table 8. Addition of N-(diphenylmethylene)glycine amide 313b across N-tert-

butanesulfinylimine (Rs)-270a producing adducts 327

Entry X Time(min)  Temp. (°C) Result
1 1.1 15 -78 30% conversion, 1 diastereomer 327
2 1.1 180 -78 70% conversion, 3 diastereomers 327
3 5 15 -78 50% conversion, 1 diastereomer 327
4 1.1 15+ (90) =78 + (rt) complex mixture of aziridines

In conclusion, it was demonstrated that new chiral syn-y-chlorinated-o,B-diamino carboxylic
amides were formed in acceptable to good yields with excellent diastereomeric ratios via
stereoselective Mannich-type reactions of N-(diphenylmethylene)glycine amides across chiral
N-p-toluenesulfinyl-a-chloroaldimines. Notably, a very high syn-diastereoselectivity was
obtained in the synthesis of these (Ss,2S,3S)-y-chlorinated-o,3-diamino carboxylic amides
with the opposite enantiotopic face selectivity as compared to the Mannich-type additions of

N-(diphenylmethylene)glycine esters across chiral N-p-toluenesulfinyl-a-chloroaldimines.
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The synthesized vy-chloro-a,p-diamino carboxylic amides were ring closed to the
corresponding aziridines or selectively deprotected under acidic conditions, and the resulting
a,B-diaminoacylpyrrolidines and -piperidines could have a potential applicability as

dipeptidyl peptidase inhibitors which is currently under investigation.

3.3.3. Biotesting results of a,B-diamino carboxylic amide derivatives

A first small library of diamino amide derivatives 317 and 319 was screened by the research
group of Prof. K. Augustyns and Prof. P. Van der Veken, Department of Medicinal
Chemistry, University of Antwerp, Belgium for their FAP and DPP inhibitory activity (Table
9). These biotesting results showed that only the deprotected a-amino pyrrolidine amide 319a
had some selective inhibitor activity for DPP2 and that the presence of the benzophenone
imine lowers the affinity for the enzymes. Therefore, the biotesting of a new library of N*-
unprotected y-chloro-a,B-diamino amides 319, an a-deprotected B,y-aziridino-o-amino amide
320b, a fully deprotected y-chloro-a,p-diamino amide 322a and some selectively or
completely deprotected a,f,y-triamino amides (vide infra) is currently under investigation for
their activity as FAP- and DPP-inhibitors by the group of Prof. K. Augustyns and Prof. P. Van

der Veken.
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Table 9. ICsp-values of diamino amide derivatives 317a-b and 319a-b tested for in vitro

28b

FAP and DPP inhibitory activity and literature values“™ of reference compounds

UAMC 0039 (DPPIV) and (S)-2,4-diaminobutanoylpiperidine 10 (DPPII)

FAP
ICs0 (LM)

DPPIV
|C5o (IJ.M)

DPP9
|C5o (IJ.M)

DPPII
ICs0 (LM)

PO
ICs0 (LM)

>12.5

>100

>100

>100

>100

>12.5

>100

>100

>100

>100

>100

>100

>100

375

>50

>100

>100

>100

>50

>100

UAMC 0039

165

0.00048

NH,
o)
10

>1000

0.130
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3.4. Asymmetric synthesis of triamino carboxylic acid derivatives via

stereoselective Mannich-type additions across N-sulfinylimines
As mentioned in section 3.3, a,y-diamino carboxylic amides and -amino carboxylic amides
have gained a lot of interest in studies on their activity as DPP inhibitors.***®*’ In addition to
the synthesis of y-chloro-o,B-diamino carboxylic amides (vide supra), the library of diamino
amides has been further expanded towards novel enantiopure a,f,y-triamino amides 328. For
this purpose, the synthesis of chiral o,f,y-triamino carboxylic amides 328 was pursued via
two possible synthetic approaches (Scheme 100). In a first synthetic strategy (A), the
previously described syn-y-chloro-a,B-diamino esters syn-277 and syn-,y-aziridino-a-amino
esters syn-278, synthesized via diastereoselective Mannich-type reactions (vide supra), were
reacted with different nitrogen-nucleophiles to access the corresponding a,,y-triamino esters
329 which could subsequently be converted in the desired o,f,y-triamino carboxylic amides
328. A second approach (B) involved the synthesis of a,f,y-triamino carboxylic amides 328

via Mannich-type addition of glycine amides 313 across a-aminoimines 271.

PgHN OR
Cl * + N-nucleophile

NP
PgHN  OR / 92

POHN. o N

/ NPg, \ P
329 L OR
(b) L\V& +  N-nucleophile

NH, N 'n * o
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328 \ NPd Q)n

B PgHN oot

271 @O

313

Scheme 100
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3.4.1. Attempted synthesis of a,f,y-triamino carboxylic acid derivatives via
nucleophilic attack on a,B-diamino esters with a leaving group in y-
position

In the following part, the synthesis of chiral syn-a.,f,y-triamino carboxylic acid derivatives via

substitution reactions of syn-y-chloro-a,B-diamino esters syn-277 with different nucleophiles

has been explored (Scheme 101, Table 10).

syn-y-Chloro-a,B-diamino ester syn-277b was heated in the presence of two equivalents of

NaN3 in DMSO at 60 °C for two hours,'®® without providing syn-o,B,y-triamino ester 330

(Table 10, entry 1). Repeating the reaction for a prolonged reaction time (five days), resulted

in the formation of degradation products, next to the recovery of the starting material syn-

277b (entry 2).

In analogy, an attempt was made to provide access to the corresponding potential syn-a,[3,5-

triamino carboxylic ester precursor 331 by reaction of syn-y-chloro-a,3-diamino ester syn-

277b with one equivalent of KCN in DMSO at 60 °C for two hours, but no conversion was
observed (entry 3). Prolongation of the reaction time to five days, also did not afford the

desired compound 331 (entry 4).

O @]
e 56
p-Tol' ~'NH O (Table 10) p-Tol' ~ NH O
R . " R
(R)(;) OMe X > (R)(;) OMe
Cl NYPh DMSO0, 60 °C R NYPh
Ph Ph
syn-277b 330 (R = Nj)
(dr > 99:1) 331 (R =CN)

Scheme 101
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Table 10. Different reaction conditions for the substitution reactions of

syn-y-chloro-a,B-diamino ester syn-277b

Entry Nucleophile (Equiv) Time Result

1 NaN3 (2 equiv) 2h  noreaction
2 NaN3 (2 equiv) 5d decomposition
3 KCN (1 equiv) 2h  noreaction
4 KCN (1 equiv) 5d decomposition

As substitution of chloride in syn-y-chloro-a,B-diamino esters syn-277 failed to afford the
desired esters 330 and 331, the synthesis of the same compounds 330 and 331 was
investigated through selective aziridine ring opening of syn-p,y-aziridino-a-amino esters syn-
278 with different nucleophiles (Scheme 102, Table 11).

In a first attempt, treatment of aziridine syn-278 with two equivalents of NaN3z in DMSO at 70
°C for two hours, gave no reaction (Table 11, entry 1). When aziridine syn-278 was treated
under the same reaction conditions for a prolonged reaction time (five days), a degradation of
the starting material was observed (entry 2). Performing the reaction in DMSO at 120 °C for
10 minutes under microwave (MW) conditions, led to degradation of the starting material syn-
278 (entry 3). Lowering reaction time and temperature did not result in the formation of the
desired a,p,y-triamino ester 330 (entry 4). Furthermore, treatment of aziridine syn-278 with
two equivalents of benzylamine in acetonitrile at reflux did not afford the desired compound
332 and led only to a complex reaction mixture (entry 5). Performing the ring-opening
reaction with one equivalent of KCN in DMSO at 70 °C for two hours, led to a complete
recovery of syn-278 (entry 6). Repeating the reaction with prolonged reaction times (three
days) gave rise to a complex reaction mixture (entry 7). In a final attempt, thiophenol was
used as nucleophile to effect a ring-opening reaction, as this reagent is known for its good
nucleophilicity. Treatment of aziridine syn-278 with two equivalents PhSH in acetonitrile at
reflux for one hour, gave no reaction (entry 8). Performing this reaction for three days,

unfortunately gave rise to a complex reaction mixture.
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