Selective Synthesis of Hydroxy Analogues
of Valinomycin using Dioxiranes
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A synthesis of representative monohydroxy derivatives of valinomycin (VLM) was achieved under mild conditions by direct hydroxylation at the
side chains of the macrocyclic substrate using dioxiranes. Results demonstrate that the powerful methyl(trifluoromethyl)dioxirane 1b should be
the reagent of choice to carry out these key transformations. Thus, a mixture of compounds derived from the direct dioxirane attack at the
[3-(CH3),C—H alkyl chain of one Hyi residue (compound 3a) or of one Val moiety (compounds 3b and 3c) could be obtained. Following convenient
mixture separation, each of the new oxyfunctionalized macrocycles became completely characterized.

Chemical modification of natural peptides through se-
lective backbone and/or side-chain functionalization con-
stitutes a powerful approach to novel drug design and to
the development of peptide-based nanomaterials.! To
achieve this, it is desirable to employ efficient reagents
which operate selectively under mild conditions that are
compatible with natural biomolecules. In this context, the
dioxiranes (1)* represent a useful new entry. In fact, this
class of powerful oxidants proved capable of performing
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selectively under remarkably mild conditions, i.e. at sub-
ambient temperatures and at a pH close to neutrality.>*

In recent papers,” we have shown that direct and selec-
tive hydroxylation of N-protected alkyl amino acids, as
well as of di- and tripeptides bearing alkyl side chains, is
successfully achieved with no loss of configuration at the
chiral centers using dimethyldioxirane (1a)” or its trifluoro
analogue 1b (Figure 1).?

We observed that the powerful methyl(trifluoromethyl)-
dioxirane (1b) is the reagent of choice to carry out these
transformations because of its higher reactivity, which is
accompained by remarkable selectivity. These reactions
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Figure 1. Common dioxiranes in the isolated form.

can be conveniently tuned employing a suitable peptide
N-protecting group. For instance, in the selective hydroxyla-
tion of N-protected di- and tripeptides, dioxirane attack at
the y-CH of leucine or at the 5-CH of valine residues could
be selectively directed at the alkyl side chain using amide-
type protecting groups, such as acetyl (Ac), trifluoroacetyl
(Tfa), or pivaloyl (Piv).>*P
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Figure 2. Valinomycin structure (p-Hyi = p-o-Hydroxyisova-
leric acid; p-Val = p-Valine; 1-Lac = L-Lactic acid; .-Val =
L-Valine).

In our view, these selective oxidative transformations of
peptides using dioxiranes are promising; in fact, they pave
the road to access hydroxy derivatives of attractive target
peptides as well as of macrocyclic peptides. These consti-
tute a major class of natural and unnatural molecules
encompassing a wide range of structures and functional
groups, which make them versatile compounds in diverse
areas such as ion transport, biological recognition, and
catalysis.® Among the various naturally occurring cyclo-
peptides, valinomycin (VLM, 2) (Figure 2) has attracted
much attention as an ion carrier deriving its antibiotic,
antitumoral, and antiviral properties from specific binding
to a potassium ion.” This dodecadepsipeptide presents a
3-fold repeated pattern, i.e. (D-Hyi-p-Val-L-Lac-L-Val)s.
Unfortunately, the renowned VLM cytotoxicity has so far
prevented its clinical use.”®

To our knowledge, VLM analogues which present
hydroxy groups at specific sites in the backbone and/or
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in the side chains have not been reported to date. In view of
the high versatility of the hydroxy functionalities in further
leading to a variety of functional groups, we considered
that hydroxylated VLM derivatives would be valuable for
designing new analogues of this macrocycle. In fact, they
might allow access to new complex structures with mod-
ified properties. We report herein our preliminary findings
concerning the direct dioxirane oxidation of VLM estab-
lishing this as an efficient method to access VLM hydroxy
derivatives under remarkably mild conditions.

Our initial screening experiments pointed at the power-
ful methyl(trifluoromethyl)dioxirane 1b (TFDO) as the
reagent of choice to carry out efficient VLM hydroxyla-
tions. In view of the volatility and high reactivity of TFDO,
oxidation experiments were performed most conveniently
at subambient temperature.

Using a suitable excess of dioxirane 1b (TFDO) stan-
dardized solution,” oxidations of VLM substrate were
carried out on the 50— 100 mg scale. The simple procedure
merely involved addition of an aliquot (0.5—1 mL) of a
cold (0 °C) dioxirane solution to the macrocyclic peptide
dissolved in acetone (2—3 mL) at 0 °C. The reaction was
kept at 0 °C, and its progress was monitored by HPLC.
Product isolation simply entailed solvent removal.

Initially, we verified that the polyoxyfunctionalization
of the macrocyclic peptide takes place using a substantial
excess of the TFDO oxidant. In fact, when the oxidation
reaction is carried out with a 30-fold molar excess of
TFDO, oxidation products resulting from sequential
O-insertions are obtained.
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Figure 3. MALDI-ToF spectrum of the reaction mixture result-
ing from oxidation of VLM (2) with 30 equiv of TFDO (1b) in
the presence of KCl (DHB matrix).

The MALDI mass spectrum of the reaction mixture
resulting from the oxidation of VLM with 30 equiv of
TFDOin acetone at 0 °C (18 h reaction time) suggested the
formation of mono-, di-, tri-, tetra-, and even of pentahy-
droxy derivatives, which accompany some residual un-
reacted VLM, [M + K] = 1149.39 m/z (Figure 3).

Having established the efficiency of TFDO as an oxi-
dant, we sought reaction conditions that allow for the
selective introduction of a single hydroxyl in conjunction
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Figure 4. Valinomycin oxidation by methyl(trifluoromethyl)-
dioxirane. Product distribution shown in parentheses.

with optimal substrate conversion. We found that by
running the oxidation reaction at 0 °C in acetone solvent
using 10 equiv of the oxidant, substrate conversion during
6 h was 45% (based on the recovered unreacted substrate).
In particular, monooxidation products 3a—c (cf. Figure 4)
were formed exclusively, as indicated by HPLC and
MALDI-ToF analysis of the crude reaction mixture.

Isolation of products 3a—c¢ simply entailed a column
chromatography separation of the residual starting mate-
rial from the product mixture. The reaction products were
subsequently individually separated and purified by pre-
parative HPLC. Each of the compounds 3a—c (Figure 4)
was obtained in adequate yield with high purity (>95%,
HPLC). None of the amorphous solid products isolated
were found amenable to direct structure determination
using X-ray crystallography. However, all three monohy-
droxylated products (5-OH-p-Hyi);-VLM (3a), (5-OH-D-
Val);-VLM (3b), and (3-OH-L-Val);-VLM (3¢) could be
fully characterized by using a combination of spectro-
scopic techniques. The MALDI mass spectra of 3a, 3b,
and 3c are consistent with the incorporation of a single
oxygen atom. The actual site of hydroxylation could be
assessed by careful inspection of the corresponding 1D
NMR ('H, "*C, DEPT-135) and 2D NMR (COSY,
NOESY, HMQC, HMBC) spectra. To this end, our
strategy relied on sequence-specific assignments based on
the residual NH,, ;-aH; correlations provided by the cor-
responding 'H—'H NOESY NMR spectra.'® This ap-
proach was especially useful in discriminating compound
3b from 3¢, since their structural divergence derives almost
entirely from the different residues that are proximal to the
hydroxylated valine moiety. Details are given in the Sup-
porting Information.

For example, the NOESY NMR spectrum of 3b relative
to the NH resonance region (Figure 5) shows that the

(10) For instance, see: Cavanagh, J.; Fairbrother, W. J.; Palmer,
A. G., III; Skelton, N. J. In Protein NM R Spectroscopy: Principles and
Practice; Academic Press: 1996; Chapter 8.
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Figure 5. NOESY NMR spectrum of compound 3b (acetone-d,
400 MHz, tm; = 0.35s).

hydroxylated amino acid residue is sequential to a p-Hyi
residue, since the NH proton signal (7.60 ppm) of the
former shows a cross signal with the a-CH proton reso-
nance (5.04 ppm) of the latter (blue dashed line, Figure 5).

Conversely, in the NOESY spectrum of 3¢ the amidic
proton of the hydroxylated residue shows an interresidual
correlation with the a-CH proton of an L-Lac residue,
which is consistent with the structure envisaged. Further-
more, the *C NMR spectrum of 3b presents a signal at
72.59 ppm that can be assigned to the resonance of the
tertiary alcohol carbon (C—OH), since this signal disap-
pears in the DEPT-135 spectrum. Additionally, in the
HMBC spectrum (cf., Supporting Information), this signal
displays cross-peaks with the OH proton at 4.57 ppm, as
well as with the doublet at 4.45 ppm (a-CH) and with the
two singlets at 1.35, 1.31 ppm (y,y’-CH3).

A comment is in order concerning the high chemoselec-
tivity observed in the oxidation reactions presented in
Figure 4. As already mentioned, we previously reported
that the TFDO oxidation of noncyclic, N-acyl protected
peptides bearing alkyl side chains leads to selective hydro-
xylation at the side chain of leucine and valine residues,
while the N—H bonds remain unaffected.>®® This seems to
apply also to the oxidation of the cyclic peptide valinomy-
cin (2) with TFDO (1b); in fact, we observe that the p- and
L-Val residues experience selective hydroxylation at the
-CH bonds.

The remarkable reactivity of methyl(trifluoromethyl)-
dioxirane 1b (TFDO) in the selective hydroxylation of
“unactivated” hydrocarbon C—H bonds was previously
demonstrated. In a decidedly stereoselective process,**
high tertiary vs secondary selectivities (R,' from 15 to >250)
can be routinely achieved.” This was attributed to a
high sensitivity to steric shielding, due to the stringent
stereoelectronic alignment demands posed by the “oxe-
noid” process of dioxirane O-insertion into C—H bonds.

Org. Lett,, Vol. 13, No. 19, 2011



Actually, concerning the application of dioxiranes to the
oxyfunctionalization of complex targets, the remarkable
site selectivity observed herein in the monohydroxylation
at VLM side chains finds an instructive precedent in the
reported selective hydroxylation at the tertiary carbon
(CH3),C—H in the side-chain moiety of Vitamin D5 and
of Vitamin D,."!

On the other hand, on the basis of electronic factors it is
problematic to rationalize the different regioisomeric ratio
observed in the distribution of hydroxylation products
3a—c (i.e., 1.75:1.1:1). In fact, TFDO hydroxylation at
the B-CH of a p-Hyi residue is seen to prevail over
oxyfunctionalization at the 5-CH of p- and L-Val residues
by a factor of ca. 2, despite the stronger deactivating effect
exercised by the proximal ester functionality in the p-Hyi
residue with respect to the amidic group nearby the p- and
L-Val fragments.

Complementing previous NMR investigations,'? recent
Raman Optical Activity spectroscopy and multiscale mo-
lecular modeling investigations have addressed the item of
valinomycin preferred conformations."?

These pointed out that in solution free (uncomplexed)
valinomycin adopts variable conformations depending on
solvent polarity; while a symmetric “bracelet” form dom-
inates in nonpolar solvents, an asymmetric “bracelet” or a
“propeller” conformation (akin to that shown in Figure 6)
was suggested for solvents of medium polarity.'*'® The
latter are rather flexible, and it was reported that dynamic
conformational equilibria of valinomycin in solution occur
with relaxation times shorter than 10~ s.'*!* Such being
the case, in acetone (the reaction solvent employed in our
experiments), the VLM macrocycle should consist of a
mixture of various interconverting conformers. It is likely
that, under the reaction conditions applied herein, impor-
tant details of the favored macrocycle conformations play
a major role in dictating the optimal steric exposure to
dioxirane attack at the various isopropyl residues. Hence
the preferential hydroxylation sites ensue.
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Figure 6. One representative VLM “propeller” conformation in
solvents of medium polarity (refs 12,13). For clarity, most H
atoms have been omitted.

The results reported herein offer easy access to VLM
hydroxy derivatives using dioxiranes under mild condi-
tions. Through further transformation of the hydroxyl
functionalities introduced, access to novel valinomycin
analogues exhibiting enhanced bioactivities is possible.'’
Alternatively, such hydroxy derivatives might themselves
display distinctive activity. In fact, f-hydroxy valine deri-
vatives occur frequently in natural cyclopeptides that dis-
play special bioactivity, including novel antibiotic and
antiproliferative character.'®
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