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Introduction.

During our ongoing studies into the use of 3-amino-2H-
azirines 1 in organic synthesis [1] we have shown that
these cyclic three-membered amidines are versatile building
blocks for a,c-disubstituted glycines. E.g., the acid-cat-
alyzed ring opening of 3-dimethylamino-2,2-dimethyl-
2H-azirine (1a) with nucleophiles yields derivatives of 2-ami-
noisobutyric acid (Aib) (2) (cf. [2], Scheme 1).
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Especially interesting is their potential in the prepara-
tion of peptides which contain o,0-disubstituted glycines
[3-6]. The strategy for the addition of 2-aminoisobutyric
acid to a peptide chain by using the 'azirine/oxazolone
method' [7] is shown in Scheme 2: the coupling of a pep-
tide acid with the 3-(N-methyl-N-phenylamino)-2H-
azirine (1b) leads to the extended peptide amide 3.
Treatment of a suspension of 3 with dry hydrogen chlo-
ride gas yields 1,3-oxazol-5(4H)-one 4 (cf. [8]), which
undergoes an acid-catalyzed nucleophilic ring opening to
give the 2-aminoisobutyric acid peptide 5. In principle,
the nucleophile NuH can be a properly protected amino
acid derivative or peptide segment, but for preparative
purposes the direct hydrolysis of 3 to give the extended
peptide acid 5 (Nu = OH) is most convenient. We propose
that the observed selectivity of this hydrolysis is a result
of the easy formation of an intermediate oxazolone of
type 4, which is assisted by the gem-dimethyl effect [9].
In the case of N-methyl-N-phenylamides 3, the required
conditions for the hydrolysis are astonishingly mild, e.g.,
3N hydrochloric acid in tetrahydrofuran/water at room
temperature [7]. The peptide acid § is then submitted to
segment condensations which, again, proceed via forma-
tion of a 1,3-oxazol-5(4H)-one as the reactive intermediate.
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The selectivity of the cleavage of a peptide chain con-
taining an o,0-disubstituted amino acid is further used in
a resolution of racemic o,0-disubstituted glycines [10,11].
After condensation of the racemic mixture with (S)-phen-
ylalanine cyclohexylamide, chromatographic separation
of the diastereoisomers followed by selective hydrolysis
yields the enantiomerically pure (R)- and (S)-configured
o, 0-disubstituted a-amino acids and the unchanged chiral
auxiliary.

In all these intermolecular reactions with nucleophiles,
the ring-opening of the intermediate 1,3-oxazol-5(4H)-
one proceeds by cleavage of the O(1),C(5) bond, i.e., the
nucleophilic attack occurs at C(5). This is the 'normal’
ring-opening observed in many reactions with water, alco-
hols, thioles, phenols, amines, hydrazines, and phos-
phates, as well as with some enzymes [12-17]. On the
other hand, a few examples of the nucleophilic attack of
water and hydrazoic acid at C(2) and subsequent cleavage
of the O(1),C(2)-bond are also known [18,19].

A few years ago, we became interested in intramolecu-
lar nucleophilic ring opening reactions of 1,3-oxazol-
5(4H)-ones which lead to the formation of new hetero-
cyclic ring systems. We have elaborated protocols for the
cyclization of hydroxy- and amino-substituted derivatives
of type 3 via intermediate oxazolones 6 and formation of
a lactone or lactam bond, respectively (Scheme 3).
Depending on the position of the nucleophilic group (OH,
NH,), two different types of ring systems are formed.
With NuH in the ‘main chain' of 3, i.e. at C(2) of the oxa-
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zolone 6, the ring enlargement to give products of type 7
has been used for the synthesis of cyclodepsipeptides and
cyclopeptides, whereas with NuH in the 'side chain' of 3,
i.e. at C(4) of 6, lactones and lactams of type 8 have been
prepared.
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With the aim of exemplifying the usefulness of this
cyclization method, we chose tetrapeptide 13 as another
model compound (Scheme 5). This precursor had been
prepared by coupling aminoazirine 1a to Z-alanine, depro-
tection of the amino group via hydrolysis, and coupling

Scheme 3
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Preparation of Cyclodepsipeptides.

The reaction of o-hydroxy acids (R = Ph, PhCH,) with
aminoazirine 1a and hydrolysis of the resulting 9 gave the
acid 10 in high yield (Scheme 4). By repeating this
sequence, the 'tri-, tetra-, and pentamers' 11 were
obtained. Treatment of suspensions of them in dry toluene
at 100° with hydrogen chloride gas led to the 9-, 12-, and 15-
membered cyclodepsipeptides in 85, 90, and 86% vyield,
respectively {20]. The surprisingly high yield of this
'direct amide cyclization' can be rationalized by a smooth
oxazolone formation with the C-terminal 2-aminoisobu-
tyric acid and an intrinsic high dilution of the reactive
intermediate as a result of the very low solubility of 11 in
toluene.

with N-((S)-2-hydroxy-3-phenylpropanoyl)-L-proline. The
cyclization of a suspension of 13 in toluene at 100°
yielded cyclodepsipeptide 14 [21], which is an analogue
of the cyclopeptide Chlamydocin [22].

The success of these early experiments encouraged us
to investigate further examples starting with B-hydroxy
acids. So far, the corresponding 10-membered cyclodep-
sipeptides have received little attention. The synthesis of
this class of compounds has been achieved either by a
ring enlargement of piperidin-2-ones by incorporation of a
B-hydroxy acid [23] or by cyclization of the linear precur-
sor via the 'active-ester method' [24].

The linear 'trimers' 15 were prepared from salicylic acid
cither by a twofold coupling with 3-amino-2H-azirines 1
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or by coupling with benzyl glycinate using a carbodiimide
and, after deprotection, reaction with 1 (Scheme 6). The
cyclization was performed with hydrogen chloride in dry
dimethylformamide at 60° in 90-95% yield [25]. Spec-
troscopic studies revealed the existence of cyclodepsi-
peptides 16 in solution, but in the crystalline state, the
corresponding 'oxacyclols' 17 are present. They are
formed via a reversible transannular ring contraction (cf.
[23,26,27]). Again, we believe that 1,3-oxazol-5(4H)-ones
of type 18 are the reactive intermediates in the cycliza-
tions of 15. Unfortunately, all attempts to prepare larger
analogous rings failed, and after workup, the corresponding
acids were isolated as the only products.

As the interest in cyclodepsipeptides increases continu-
ously [28], we extended our methodology to the synthesis
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of some 16-membered model compounds. Starting with 3-hy-
droxy-2-phenylpropanoic acid or trans-2-hydroxycyclo-
hexanecarboxylic acid, the ‘pentamers’ 19 and 20, respec-
tively, were prepared by consecutive azirine coupling and
selective hydrolysis [29] (Scheme 7). As expected, X-ray
crystallography showed that these peptides adopt helical
conformations (3y¢-helices), which are characteristic of
2-aminoisobutyric acid-containing peptides (cf. [30-32]).
The cyclizations were performed in toluene suspensions at
80-100° with hydrogen chloride gas and led to the 16-mem-
bered cyclodepsipeptides 21 in yields of 40-60%. The
crystal structure of 21a is shown in Figure 1. It is worth
mentioning that two B-turns are characteristic elements of
this structure, including two '10-membered rings' resulting
from the formation of two intramolecular H-bonds.

Scheme 6
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Preliminary experiments have shown that 19- and 22-mem-
bered cyclodepsipeptides with structures analogous to 21
can also be prepared by the same methodology. After
selective hydrolysis of the terminal amide group of 19, the
peptide backbone was extended by one or two 2-amino-
isobutyric acid units via the azirine coupling method.
Cyclization under the usual conditions gave the desired
compounds in 15-25% yield.

An important class of naturally occurring cyclodep-
sipeptides are the 18-membered Enniatins [33]. These
ionophore antibiotics consisting of an alternating
sequence of (R)-configured o-hydroxy and (S)-configured
o-amino acids are related structurally to Valinomycin. Our
goal was to prepare analogous model compounds containing
o,o-disubstituted glycines by using the 'azirine/oxazolone
method’ in combination with the 'direct amide cyclization'
[34,35]. The synthesis of 'tetramers' of type 23 was
achieved in a straightforward manner by coupling 9 to O-pro-
tected 'dimers' 22. Treatment of suspensions of 23 in dry
toluene with hydrogen chloride gas yielded 12-membered
cyclodepsipeptides of type 25 (Scheme 8). Deprotection
of the hydroxy group of 23, coupling with a third 'dimer'
22, and acid catalyzed cyclization of the resulting 24 gave
the expected 18-membered products 26 in 18-54% yield.
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Synthesis of Cyclopeptides.

Since the elucidation of the cyclic structure of the
antibiotic Gramicidine S in 1945 [36] and its first synthe-
sis in 1957 [37], cyclic peptides continue to arouse great
interest (cf. [38]). Other well known examples of homo-
detic cyclopeptides are the cycloundecapeptide Cyclo-
sporin A, the cyclodecapeptide Antamanide, the cyclic
octapeptide Amatoxin, the cycloheptapeptide Phallotoxin,
and the cyclopentapeptides Malformin. As cyclopeptides
containing o,0-disubstituted c-amino acids are almost
unknown, we decided to prepare some model compounds
using the methodology which has been successfully
applied to the synthesis of cyclic depsipeptides. Unfortun-
ately, the 'direct amide cyclization' via an intermediate
1,3-oxazol-5(4H)-one of type 6 and formation of a lactam
bond (= 7 (NuH = NH,), Scheme 3) failed to give the
corresponding cyclopeptides, because under the acidic
conditions needed for this cyclization, the primary amino
group of a peptide amide of type 6 is completely proto-
nated. There is only one exception known so far (Scheme 9):
starting with Z-protected anthranilic acid, the linear
tripeptide 28 was prepared by repeated coupling with
aminoazirine 1b and deprotection of the amino group by

Scheme 8
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hydrogenolysis. The cyclization was performed in dimethyl-
formamide at 60° by treatment with hydrogen chloride
gas. Under the conditions of its formation, the 10-mem-
bered cyclotripeptide 29 underwent a transannular ring
contraction followed by elimination of water to yield the
tricyclic product 30 {25]. The structure of the latter was
established by X-ray crystallography. The nmr studies
showed that in dimethyl sulfoxide solutions 29 and 30 are
in an equilibrium which, at 100°, is strongly in favor of
the 10-membered ring (for an analogous cyclotripeptide
see [39]).
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(Scheme 10). After deprotection, the cyclization of Gly-
D,L-Phe(2Me)-Aib-Aib-Gly (31 n = 2) with diphenyl
phosphorazidate as the coupling reagent gave the best
results (60% of 32). The analogous cyclization of the cor-
responding hexapeptide 31 (n = 3) gave cyclo[Gly-D,L-
Phe(2ZMe)-Aib-Aib-Aib-Gly] in 42% yield. On the other
hand, the reaction with tetrapeptide 31 (n = 1) led to a 1:2
mixture of the expected cyclo[Gly-D,L-Phe(2Me)-Aib-
Gly] and the corresponding dimer cyclo[Gly-D,L-
Phe(2Me)-Aib-Gly-Gly-D,L-Phe(2Me)-Aib-Gly] in a total
yield of 45%.

Scheme 9
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For the general synthesis of 2-aminoisobutyric acid-
containing cyclopeptides, a combination of the 'azirine/oxa-
zolone method' and a classic cyclization is suitable. The
linear tetra-, penta-, and hexapeptides 31 were prepared
via subsequent coupling of Z-glycine with 2-benzyl-3-
dimethylamino-2-methyl-2H-azirine (1c), 2,2-dimethyl-3-
(N-methyl-N-phenylamino)-2H-azirine (1b), and methyl
glycinate. The last coupling was performed with N,N-dicy-
clohexylcarbodiimide/zinc chloride and proceeded again
via a 1,3-oxazole-5(4H)-one as the intermediate [40]
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In a systematic study of the cyclization step, a series of
2-aminoisobutyric acid- and Phe(2Me)-containing linear
pentapeptides were prepared either in a linear or in a con-
vergent synthesis (segment coupling) using the 'azirine/oxa-
zolone method' for introducing the o,c-disubstituted
glycines, e.g., Z-Gly-Aib-L-Phe(2Me)-Aib-Gly-OMe 35a,
Z-Gly-D-Phe(2Me)-Pro-Aib-Phe-OMe 35b, and Z-Gly-D-
Phe(2Me)-Pro-Aib-Aib-N(Me)Ph 35¢. X-Ray crystal
structure determinations proved that, in general, these
pentapeptides adopt a helical conformation, e.g., 35a

Scheme 10
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forms a left-handed 3;¢-helix, i.e. three consecutive B-turns
of type IIT' [41].

Out of several protocols for the cyclization process, the
treatment of a solution of the deprotected pentapeptide in
dimethylformamide at 0° with diethyl phosphoro-
cyanidate and diisopropyl(ethyl)amine proved to be the
method of choice. In summary, the best yields of cyclo-
pentapeptides were obtained in those cases where a C-ter-
minal 2-aminoisobutyric acid was present. This is in
accordance with the proposal of an activation of the car-
boxyl group by formation of a 1,3-oxazole-5(4H)-one
intermediate 36, which then led to the cyclopentapeptide
37 via an intramolecular nucleophilic attack at C(5) of 36
and cleavage of the O(1),C(5)-bond (Scheme 11). Even
the cyclo[Aib-Aib-Aib-Aib-Aib] could be prepared,
although the yield dropped to 12% [42]. The crystal struc-
ture of cyclo[Gly-Aib-D-Phe(2Me)-Aib-Gly] is shown in
Figure 2. Again, an intramolecular H-bond forming a 3-turn
stabilizes the structure.
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Formation of Lactones and Lactams.

In all intramolecular reactions with intermediate 1,3-oxa-
zol-5(4H)-ones of type 6 described so far, the nucleophilic
group was located in the 'main chain' attached to C(2).
Therefore, the newly formed heterocycles 7 contained all
of the ring atoms from the oxazolone (Scheme 3). In the last
section, some reactions with a nucleophilic group in the
'side chain', i.e. attached to C(4) of the oxazolone will be
discussed. In these cases, only C(4) and C(5) of the oxa-
zolone are included in the new lactone or lactam ring 8.
The acylation of 1,3-oxazol-5(4H)-ones 38 by means of
the Dakin-West reaction can be performed with acid anhy-
drides or acid chlorides [43]; the mechanism of this reac-
tion has been established by Steglich and Hdofle [44]. A
novel approach to 4-acylated oxazolones 39 described in
1989, uses carboxylic acids and N,N-dicyclohexylcarbodi-
imide in the presence of 4-dimethylaminopyridine as the
coupling reagent {45]. With the latter method, we pre-
pared a series of 4-acyl-1,3-oxazol-5(4H)-ones 39 [46]

Scheme 11
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(Scheme 12). In the case of Z-protected amino acids as
acylating reagents, a spontaneous ring transformation of
the intermediates 39 led to pyrrolidine-2,4-dione deriva-
tives 40 in 65-98% yield. Treatment of the salicyloyl deriv-
ative 39 (R1 = Ph, R2 = PhCH,, R3 = 2-PhCH,0C¢H})
with dimethylamine in dichloromethane yielded the
diamide 41. After deprotection of the phenolic OH group,
the acid catalyzed cyclization with hydrogen chloride in
refluxing toluene gave the benzopyrane-2,4-dione 42 in 70%
yield.

Despite many attempts to introduce alkyl groups at C(4)
of 1,3-oxazol-5(4H)-ones by alkylation, satisfying results
were obtained only with the most reactive alkylation
reagents (allyl, benzyl, and methyl groups) [47]. Improved
results have been described for alkylations under phase
transfer conditions [48] or by variation of the solvent and
the base [49]. Using lithium diisopropylamide in a mixture
of tetrahydrofuran/hexamethylphosphoric triamide, the
alkylation of oxazolones 38 with alkyl iodides bearing a
protected nucleophilic group in the w-position to give 43
was achieved with fair-to-good yields (typically 25-60%,
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ratio of C- and O-alkylation 10:1 to 4:1) [46] (Scheme 13).
In the case of tetrahydropyranyl-protected hydroxy groups
(NuP = oxytetrahydropyran), successive treatment of 43
with dimethylamine and pyridinium tosylate in ethanol
gave the diamides 44 (NuH=OH) which were again
cyclized with hydrogen chloride in boiling toluene to
yield the lactones of type 45.

the expected trend: high yields were obtained for 5- and
6-membered rings (100 and 86%, respectively), the yields
decreased for medium sized rings (9- to 11-membered:
51, 20, and 10%, respectively), and large rings were
formed in good yields again (13- to 15-membered: 51-69%).

An analogous procedure was used for the formation of
lactams, but the yields of the cyclizations were only modest.

Scheme 13
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Even better results were obtained by following a differ-
ent protocol: oxazolones 43 (NuP = OSi(-Bu)Me,) were
transformed directly into 45 by treatment with tetrabutyl-
ammonium fluoride and hydrogen chloride gas in boiling
toluene {46]. The yields of the formed lactones 45 show

The alkylation of 38 was performed with ®-azido-
iodoalkanes, and, after ring opening of 43 with dimethyl-
amine, the azido group was reduced to the amino group
via a Staudinger reaction with triethylphosphine and
water (cf. [50]). Cyclization of 44 (NuH = NH.) with
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hydrogen chloride gas in refluxing toluene gave the 13- to
15-membered lactams of type 45 in 11-27% yield [46]
(Scheme 13). The structures of the prepared lactones and
lactams have been established by X-ray crystallography.
The crystal structures of a 13-membered lactone and a
14-membered lactam are shown in Figure 3.

Figure 3a.

Figure 3b.

Conclusion.

The results presented here have shown that 1,3-oxazol-
S(4H)-ones are suitable intermediates for ring formation
via intramolecular nucleophilic addition to C(5) of the
oxazolone and subsequent ring opening. With this
methodology, lactones and cyclodepsipeptides have been
synthesized, as well as lactams and cyclopeptides.
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