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Abstract: A general synthetic method for the preparation of carbon-functionalized polyazamacrocycles from the
corresponding cyclic peptides is described.

Polyazamacrocycles, a diverse class of molecules which contain three or more nitrogen atoms
within a cyclic carbon backbone, are highly preorganized ligand systems for metal coordination.? From
the standpoint of designing and synthesizing biologically stable metalloenzyme mimetics we have found
that polyazamacrocycles afford not only excellent ligand environments but also suitable platforms for
building in functionality capable of directing and/or enhancing programmed modes of catalysis. These
features have been particularly useful for the development of superoxide dismutase mimetics based upon
polyazamacrocyclic complexes of manganese(II).2 While a large number of reports have appeared
detailing the synthesis of nitrogen substituted polyazamacrocycles, carbon backbone functionalized
versions are less common,3

We report herein a general method for the asymmetric synthesis of carbon-functionalized
pentaazacyclopentadecane systems by complete hydride reduction of the corresponding cyclic pentapeptide
precursors. The key strategic advantage offered by this methodology is that the macrocyclic ring systems
can be assembled through well-known peptide synthesis and peptide cyclization chemistry4 with a wide
variety of natural and/or unnatural amino acid side-chain functionality present. Thus, one is able to take
advantage of the extensive arsenal of very mild reagents and methods that have been developed for peptide
synthesis for the ultimate goal of preparing highly functionalized non-peptide polyazamacrocycles.5

Scheme I illustrates the general synthetic route for preparing functionalized pentaazamacrocycles
from cyclic pentapeptides. The requisite linear pentapeptides were assembled through standard solution-
phase peptide synthesis and cyclized according to the method of Veber using diphenylphosphoryl
azide (DPPA) as the coupling agent.6 The cyclization yield was found to vary with the degree of side-
chain substitution and stereochemistry (see Table I) and was optimized for substitution patterns which
further stabilize B-turn conformation of the linear peptide (such as opposite stereochemical configuration of
side chain substituents on adjacent residues).6 For pentasubstituted cases it was found that optimal
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Scheme I

yiclds were obtained when macrocyclizations were designed via coupling of N-terminus and C-terminus
residues of opposite configurations. The resulting cyclic pentapeptides were routinely prepared on 10 to
20 g scale and reduced to the corresponding pentaazacyclopentadecane systems with lithium aluminum
hydride in THF. Most of the more hydrophilic cyclic peptides could be solubilized in THF by
carefully controlling the stoichiometry of the lithium aluminum hydride added. For example, when a
suspension of cyclo-(Gly-Ala-Gly-D-Ala-Gly-) (2¢) in THF was treated with 12 equivalents of lithium
aluminum hydride (2.4 equivalents per amide group), a completely homogeneous solution resulted!’ This
type of inorganic additive-assisted peptide solubilization in non-polar organic solvents has been
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Fig 1.
documented by Seebach.8 However, to our knowledge this is the first time lithium aluminum hydride
has been employed as the “additive”. In general, the solutions were heated at reflux over night to insure
complete reduction during which time they became heterogeneous again. The products were isolated by
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standard methods and purified by recrystallization.? Cyclization and reduction results are summarized in

Table 1.

Using this methodology a wide variety of amino acid side-chain functionality can be incorporated
onto the carbon framework of the polyazamacrocycle. For example compound 3g, with a methyl group
(derived from alanine) on each chelate ring, is highly preorganized ligand for metal chelation.
Additionally, the bis-imidazolylmethyl complex 4 is representative of the types of functionalized metal
complexes that can be prepared from these ligand systems. In this example, the manganese(II) complex
was prepared from the protected bis-benzyloxymethyl ligand 3k and the protecting groups were
removed hydrogenolytically in a “post- chelate” operation (Fig. 2).10 Therapeutic applications of the
manganese(Il) complexes of the functionalized ligands described herein as synthetic superoxide

Table 1. Preparation of Functionalized Pentaazacyclopentadecanes

. . a Cyclization Reduction
Entry Linear Peptide’ vield (%)  yield (%)’

Product®

1 Gly-Ala-D-Ala-Gly-Gly

2 Gly-Ala-Ala-Gly-Gly

3  Gly-Ala-Gly-D-Ala-Gly

4 Gly-Ala-Gly-Ala-Gly

5 Gily-Ala-D-Ala-Ala-Gly

6 Gly-Ala-D-Ala-Ala-D-Ala
7 Ala-Ala-D-Ala-Ala-D-Ala

8  Gly-Gly-Ppg?-Gly-Gly

9  Gly-Gly-Tyn(OBzl)*-Gly-Gly

10 Ser(OBzD-D-Ser(OBzl)-
Ser(OBzl)-D-Ser(OBz1)-Gly

11 Gly-His(Bom)-D-His(Bom)
Gly-Gly

60 56
52 65
67 39
35 63
23 71
48 70
54 44
30 23
62 57
49 69
78 25

3a (R3, Rg=CHa)

3b (R3, Rs = CH3)

3¢ (R3, Ry = CH3)

3d (R3, Ry = CHajy)

3e (R3, Rg, Ry = CHy)

3f (R3, Rg, Ry, Ryg= CHyp)

3g (R1, R3, Rg, Ry, Ryp = CH3)
3h (RsorRg= CH,C= CH"

3i (Rs = CH,CsH,OBz))

3j (R, Ry, Rs, Rg = CH,OBz21)

3k (R3. Rg, = (N-n-Bom)-
imidazolylmethyl

? Linear peptides were prepared as either TFA or HCI salts. b Unoptimized yields.
“All other R groups are H. 4 Racemic a-propargyl glycine. © Bzl = Benzyl. /Bom =

Benzyloxymethyl.

dismutase mimetics with improved catalytic activitics and/or tailored biophysical propertiecs will be the
subject of future reports. Synthetic studies extending this method to other ring sizes, substitution patterns

and carbon functionality are in progress.
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