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Copper(II) Coordination Chemistry of Westiellamide and Its Imidazole,
Oxazole, and Thiazole Analogues
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Abstract: The copper(Il) coordination
chemistry of westiellamide (H,L"*), as
well as of three synthetic analogues
with an [18]azacrown-6 macrocyclic
structure but with three imidazole
(H,LY), oxazole (H;L?), and thiazole
(H,L?) rings instead of oxazoline, is re-
ported. As in the larger patellamide
rings, the  Niceroeyele-NpeptideNheterocyele
binding site is highly preorganized for
copper(II) coordination. In contrast to
earlier reports, the macrocyclic pep-
tides have been found to form stable
mono- and dinuclear copper(Il) com-
plexes. The coordination of copper(II)
has been monitored by high-resolution
electrospray mass spectrometry (ESI-
MS), spectrophotometric and polari-
metric titrations, and EPR and IR

Introduction

Small macrocyclic peptides isolated from the ascidian Lisso-
clinum patella and bistratum have attracted significant atten-

spectroscopies, and the structural as-
signments have been supported by
time-dependent studies (UV/Vis/NIR,
ESI-MS, and EPR) of the complexa-
tion reaction of copper(Il) with HyL'.
Density functional theory (DFT) calcu-
lations have been used to model the
structures of the copper(Il) complexes
on the basis of their spectroscopic data.
The copper(Il) ion has a distorted
square-pyramidal geometry with one or
two coordinated solvent molecules
(CH;0H) in the mononuclear
copper(Il) cyclic peptide complexes,
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but the coordination sphere in [Cu-
(H,L*)(OHCH,)]* differs from those
in the synthetic analogues, [Cu(H,L)-
(OHCH,),]* (L=L', L% L%. Dinuclear
copper(Il) complexes ([Cu",(HL)(p-
X)]T; X=0CH,, OH; L=L! L% L%
L") are observed in the mass spectra.
While a dipole-dipole coupled EPR
spectrum is observed for the dinuclear
copper(II) complex of H;L? the corre-
sponding complexes with H;L (L=L",
L? L") are EPR-silent. This may be
explained in terms of strong antiferro-
magnetic coupling (H;L') and/or a low
concentration of the dicopper(Il) com-
plexes (H;L™, HsL?), in agreement
with the mass spectrometric observa-
tions.

tion over the last twenty years, but the biological function of
these macrocycles in the ascidian metabolism is still uncer-

tain.'"*) The geometric arrangement of the functional
groups and the size of the macrocycles suggest that their
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under http://www.chemeurj.org/ or from the author: Table S1: A de-
tailed list of the observed exact masses (electrospray mass spectrome-
try). Table S2: g- and A-strain linewidth (10~* cm™") parameters for
the mononuclear copper(IT) complexes [Cu"(H,L)]*, (L=L', L? L?,
L") (X-band EPR spectroscopy). Table S3: A detailed list of distan-
ces and angles of structures a)-h) (Figure 8). Figure S1: X-band EPR
spectra (130 K) of mixtures of copper(Il) triflate, (nBu,N)(OMe),
and H;L' in methanol [copper(IT)/base/ligand]. Figure S2: Expansion
of the experimental and simulated second-derivative X-band EPR
spectra between 310 and 340 mT of the mononuclear copper(Il) com-
plexes ([Cu"(H,L)]" (L=L", L% L% L")) in methanol at 50 K
(Figure 4)
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biological purpose is to bind metal ions. The function of the
corresponding complexes may be metal ion transport or cat-
alysis. Some cyclic peptides have been found to display cyto-
toxic, antibacterial, or antiviral activity.?*?! There have
been examples of cyclic peptides being active in cases of
multi-drug resistance or serving as antineoplastic agents.””-*l
The abilities of ascidiacyclamide, patellamides, and some
synthetic analogues to bind copper(Il) ions with high specif-
icity in their 24-membered azacrown-8 macrocycles have
been thoroughly studied.>®8121416181921 Herein we de-
scribe the copper(II) coordination chemistry of the smaller
18-membered azacrown-6 macrocycle westiellamide (H;L*)
as well as of three synthetic analogues, H;L'!, H;L% and
H;L? (see below). Westiellamide (H;L"*) was isolated from

HN 13 HN'?
16 16
g 0 o>_§/x
westiellamide (H;L"?) HsL', X = NCH;
Hsl2 X =0
Hsl® X=8

the ascidian Lissoclinum bistratum, although its synthesis
has also been reported.”* The macrocycles H;L (L=L",
L', L% L?) have a common backbone, derived from L-valine
amino acid residues, and differ only in their oxazoline, oxa-
zole, imidazole, and thiazole heterocyclic donor groups. The
synthesis and characterization of the derivatives H;L!, H;L%,
and H,L? have been described previously.[* !

Compounds H;L" and H;L', H;L?, and H;L? have an al-
ternating sequence of heterocyclic nitrogen lone pairs and
peptide nitrogen donors in a highly preorganized arrange-
ment. NMR studies have indicated that the conformations
in the solid state and in solution are identical.*"*! An over-
lay plot of the crystallographically determined structures of
H,;L"* and H;L' shows the similarity of these two ligands
with respect to the shape and size of the macrocyclic cavity,
although there are significant differences in the conforma-
tions (Figure 1).">%1 With the constant Nierocyee-Npepide-

Figure 1. Overlay plot of the X-ray crystal structural data of H;L" and
H;L'. Average distances [A] (Amax==%0.06 A) of the same type of nitro-
gen donor atoms (NpeiyaNheteye/Namide-Namice): L™ (4.25/4.70), L' (4.39/
5.08), L? (4.27/5.12), L® (4.55/4.97).13%33
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Nieterocycte Dinding site and strongly different nucleophilicities
of the heterocyclic nitrogen donors (pK,(N-methylimida-
zole) =17.0, pK,(oxazole) =0.8, pK,(thiazole) =2.5), we pres-
ent a set of three ligands which allows us to structurally
model the naturally occurring cyclic peptide westiellamide
H;L™ (pK,(oxazoline) =4.8).

Systematic metal-ion-binding studies with westiellamide
have revealed an affinity for silver(I) involving the forma-
tion of a cluster with four silver(I) ions sandwiched by two
H;L"* macrocycles."* It was concluded that other metal
ions, including copper(II), are not coordinated by the mac-
rocyclic ligand and interact only weakly with westiellamide.
We now report the formation of stable mononuclear cop-
per(IT) complexes with the naturally occurring H;L" and
the artificial macrocycles H;L', HyL?, and H;L°. More im-
portantly, with westiellamide H;L" and the three artificial
structural analogues H;L!, H,L? and H,L?, we have also ob-
tained spectroscopic evidence and have been able to com-
pute stable structures for dinuclear copper(II) complexes
bridged by a methoxide or hydroxide anion. The formation
of the mono- and dinuclear complexes involves a metal-ion-
assisted deprotonation of an amide nitrogen donor. Struc-
tures and solution properties of the copper(II) complexes of
H,L* and H,;L', H;L?, and H;L? are discussed on the basis
of spectroscopic data (ESI-MS, UV/Vis/NIR, EPR), spectra
simulations, spectrophotometric and polarimetric titrations,
and DFT-based model calculations. These complexes are no-
toriously difficult to isolate as pure materials and they are
difficult to crystallize. One of the dinuclear complexes,
[Cu™,(HL")(u-OCH;)](CF;S0;), has been isolated and char-
acterized, and its spectroscopic and magnetic data have con-
firmed the conclusions based on the solution spectra and
computational data.

Results and Discussion

Mass spectrometry: High-resolution ESI mass spectrometry
was used to identify charged complexes in solutions of the
macrocycles, copper(I) trifluoromethanesulfonate (triflate),
and base [(nBu,N)(OMe) or NEt;] in various solvents (de-
tails of the experimental and calculated exact masses are
given as Supporting Information, Table S1). The relevant
copper(Il) species were monopositive complex cations
throughout, and no negatively charged complexes were de-
tected. It soon became apparent that with one copper(II)
ion coordinated, the macrocycles are deprotonated at one
(amide) site, whereas with two copper(I1) ions coordinated,
three sites are deprotonated (three amides, or two amides
and one aqua or methanol ligand, producing bridging hy-
droxide or methoxide anions). Spectra featuring signals for
the protonated metal-free macrocycles at m/z 547.3 [H,L*] ™,
580.4 [H,L'1*, 541.3 [H,L]*, and 589.2 [H,L’]*, together
with those of the mononuclear complexes at m/z 608.2 [Cu®-
(H,L™)]*, 6413 [Cu"(H,LY)]*, 6022 [Cu'(H,LY)]*, and
650.1 [Cu"(H,L?*)]*, were obtained from solutions of cop-
per(II) and the macrocycles without the addition of base.
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This indicates that deprotonation of one of the amide
groups (pK,~15) is assisted by copper(Il), and that these
protons are captured by the metal-free macrocycles.”

In absolutely dry aprotic solvents, such as acetonitrile,
only the mononuclear [Cu"(H,L)]* complexes (L=L", L,
L?% L% were observed. However, in the presence of traces of
water in acetonitrile (water content: 0.001 %) peaks for the
putative u-OH-bridged dinuclear species at m/z 720.2 [Cu",-
(HLY(p-OH)]* and 729.1 [Cu",(HL*)(u-OH)]* could also
be detected. In the presence of methanol, signals of the di-
nuclear methoxide-bridged complexes at m/z 701.2 [Cu",-
(HL**)(u-OCH3)]*, 7342 [Cu",(HLY)(u-OCH,)]*, 695.1
[Cu",(HL*)(u-OCH;)]*, and 743.1 [Cu",(HL?)(u-OCH,)]*
were observed, in addition to the signals of the mononuclear
species. No u-OH-bridged dinuclear copper(II) complexes
were observed in methanol. Exact masses and isotope distri-
butions, together with the calculated spectra for the mono-
and dinuclear copper(II) complexes with H;L! and H,L"*,
are shown in Figure 2.

The relative intensities of the m/z peaks of the mono- and
dinuclear complexes in methanol are strongly dependent on
the concentration of base. With an excess of base, the peaks
for the mononuclear complex [Cu™(H,L")]* and the corre-
sponding metal-free macrocycle [H,L!]T vanish at the ex-
pense of those of the dinuclear complex [Cu",(HL')(p-
OCH;)]". However, the mononuclear complex [Cu'-
(H,L*)]* is not completely transformed to the dinuclear
[Cu™,(HL*)(u-OCH;)]* and metal-free ligand, and, with the
macrocycles H;L" and H;L?, only weak signals for
[Cu™,(HL)(u-OCH3)]" are detected at variable ligand/base/
copper(II) concentration ratios. The preference for the for-
mation of the dicopper(Il) complex with the imidazole-
based ligand L' suggests that the coordination of the first
copper(II) center preorganizes the second coordination site.

FULL PAPER

This cooperativity may be further assisted by coordinated
methanol donors, which may act as anchors for the second
copper(Il) ion. The differences in the relative stabilities
(mono- vs dinuclear) of the complexes with the four macro-
cyclic ligands can thus be attributed to a combination of var-
ious effects, that is, the nucleophilicities of the heterocyclic
donors (pK,(HsL?, HyL?, HyL!, H;L") ~2.5 vs. ~0.8 vs. ~7.0
vs. ~4.8) and structural differences in the macrocycles due
to the electronic structures of the amide-substituted hetero-
cycles (see also Figure 1),

Spectrophotometric and polarimetric titrations: The above
interpretation of the mass spectrometric data was fully sup-
ported by the results of spectrophotometric titrations of sol-
utions of the macrocycle H;L' and copper(Il) triflate with
base (NEt; in acetonitrile or (nBuy,N)(OCHj;) in methanol)
at constant ionic strength [u=0.1M, (nBu,N)(ClO,)]; the ti-
tration experiments with H;L! are presented here as an ex-
ample. In agreement with the predicted deprotonation of
one or two (three) peptide amide groups upon complexation
of H;L' to one or two copper(Il) ions, the UV/Vis spectra
(Figure 3a, b) reveal end-points after the addition of one or
three equivalents of base, respectively (insets in Figure 3a,
b). The UV/Vis/NIR spectra of a titration of a 1:1 mixture
of H;L! and copper(Il) triflate in acetonitrile with NEt; are
shown in Figure 3a. The absorption reaches an inflection
point after the addition of approximately one equivalent of
base (inset in Figure 3a). The d-d transition at 716 nm (e
~110m'ecm™") and a charge-transfer transition at 360 nm (&
~600mM 'cm™') in acetonitrile are assigned to the chromo-
phore of the [Cu"(H,L')(NCCH,;),]" complex. The con-
sumption of only one equivalent of base indicates that the
copper(Il) ion is coordinated to an NpeeroeydeNpeptide™
Nicteroeyele Motif. The overall absorption increases again after

a) b) c)
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736.22468
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calcd 610.23603
422685 (353287737 22711 609.24122
738.22413 i
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Figure 2. Experimental and calculated
b) [Cu,(HL)(w-OCH)] ™, ¢) [Cu'(H,L™)]*.
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the inflection point. ESI mass spectra of these mixtures
reveal the hydroxo-bridged dinuclear [Cu",(HL')(NCCH,),-
(i-OH)]* complex described above (note that throughout
we do not specify the number of coordinated solvent mole-
cules; in the ESI-MS experiments n=0, in solution n is gen-
erally 2 for the dinuclear complexes, that is, one terminal
solvent molecule per copper(Il) center, and n=1 or 2 for
the mononuclear copper(Il) complexes).

The spectrophotometric titration of a 1:2 mixture of H;L'
and copper(II) triflate with methoxide is shown in Figure 3b.
The addition of base is accompanied by a change of color of
the solution from yellow to blue. Addition of excess base
leads to the precipitation of a blue solid. The absorption
reaches a maximum after the addition of three equivalents
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Figure 3. a) Titration of H,L!/Cu** with NEt; in acetonitrile (c(H;L')=

2mm); b) titration of HsL'/Cu’* with CH;0~ in methanol (c(H,L')=
2 mm); c) titration of HsL'/Cu?* with NEt; in methanol (c(Hs;L') =2 mwm).
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of base, consistent with the formation of [Cu™,(HL')(u-
OCH;)(OHCH,;),]*, again in agreement with the ESI-MS
results. Similar behavior is observed with NEt; as the base
in methanol. All spectra show strong ligand-to-metal
charge-transfer (LMCT) transitions in the UV region. The
d-d transitions at 716 nm (e~90M 'cm™') and 565nm (e
~55m 'cm™, shoulder), which appear after the addition of
three equivalents of base, are assigned to the dinuclear com-
plex [Cu",(HL'")(u-OCH3)(OHCH,;),]". A comparison of
the results of the titrations in methanol and acetonitrile sup-
ports the interpretation derived from the ESI-MS experi-
ments that a bridging ligand (methoxide or hydroxide) is re-
quired for the formation of the dicopper(II) compounds.

Titration of a 1:2 mixture of H;L' and copper(Il) triflate
with NEt;, monitored by CD spectroscopy, confirmed the
formation of chiral copper(II) complexes upon addition of
base (Figure 3c). Initially, an increase of a negative Cotton
effect at 640 nm and of a positive Cotton effect at 385 nm
was observed. After the addition of 1 equivalent of base, a
plateau was reached at 620 nm, in agreement with the for-
mation of the mononuclear [Cu"(H,L")(OHCH,),]* com-
plex. Further addition of base led to increasing negative
Cotton effects at 716 and 565 nm and a further intensifica-
tion of the band at 385 nm. A titration end-point at these
wavelengths was observed after the addition of 3 equivalents
of base, in agreement with the earlier results that indicated
the formation of a dinuclear methoxide-bridged [Cu",(HL')-
(u-OCH,)(OHCH,),]* complex.

EPR spectroscopy: X-band EPR spectroscopy was used to
support the interpretation based on ESI-MS and UV/Vis
spectroscopy. EPR spectra of solutions with different ratios
of copper(Il), H;L!, and base in methanol at 130 K exhibit
axially symmetric copper(Il) signals for the solvated cop-
per(II) ion and a rhombically distorted signal for the mono-
nuclear [Cu"(H,L")(OHCHj;),]* complex (see Supporting
Information, Figure S1). The EPR signal intensity of [Cu'-
(H,L")(OHCHj;),]* is strongly dependent on the concentra-
tion of base, and this is consistent with the UV/Vis and ESI-
MS studies. The most intense signal occurs at a 1:1:1 ratio of
Cu'YH,L'/base, and all signals vanish when an excess of base
is added. The absence of any EPR signals for the dinuclear
complex [Cu",(HL')(u-OCH,)(OHCH,),]* is believed to be
the result of strongly antiferromagnetically coupled
copper(I) centers, induced by the bridging methanolate.
This interpretation is supported by the room temperature
magnetic moment of u.;=0.22 BM of a solid sample and
the corresponding EPR measurement (EPR silent; the pres-
ence of copper(Il) in this sample is substantiated by UV/Vis,
CD, and ESI-MS). Based on the satisfactory computer simu-
lation of the experimental EPR spectrum of the mononu-
clear species (see Figure 4a,b), the existence of multiple
mononuclear copper(II) complexes with different structures,
for example involving the coordination of a copper(Il) ion
to the Nyepiide-NheterocycteNpeptide Sit€, can be excluded.

EPR spectra of the mononuclear copper(II) complexes
with L=L" L% and L"* in methanol at 50 K reveal signals

Chem. Eur. J. 2008, 14, 4393 —4403
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Figure 4. Experimental (top) and simulated (bottom) X-band EPR spec-
tra of the mononuclear copper(Il) complexes in methanol at 50 K: a) 1st
derivative spectra of [Cu"(H,L')(OHCH,),]*, v=9.3571 GHz; b) 2nd de-
rivative spectra of a); c) 1st derivative spectra of [Cu"(H,L?)(OHCH,),]*,
v=9.3597 GHz; d) 2nd derivative spectra of c); e) Ist derivative spectra
of [Cu"(H,L?)(OHCH,),]*, obtained from subtraction of experimental
spectra with different L*:Cu?*:CH;O" ratios (see also Figure 5), v=
9.3590 GHz; f) 2nd derivative spectra of e); g) Ist derivative spectra of
[Cu"(H,L**)(OHCHj;),] ", v=9.3588 GHz; h) 2nd derivative spectra of g)
(inset shows an expansion of the parallel M;=3/2 resonance).

of the pure mononuclear copper(Il) complexes
(Figure 4a,c,g). In contrast, EPR spectra of solutions of cop-
per(II) triflate, H;L?, and base [(nBu,N)(OCH,)] in various
ratios (x:1:y; x=1,2; y=1, 2, 3) show resonances attributa-

ble to both mono- and dinuclear copper(II) complexes. Sub-

Chem. Eur. J. 2008, 14, 4393 —4403
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Figure 5. X-band EPR spectra of the copper(II) complexes of L* in meth-
anol at 50 K: a) experimental spectrum (mixture of mono- and dinuclear
complexes), v=9.3590 GHz; b) [Cu"(H;L*)(OHCHj;),]*, obtained by
subtracting experimental spectra with different concentrations of cop-
per(Il), ligand, and base; c) [Cu",(HL?)(u-OCH;)]*, obtained by sub-
tracting b) from a); d) simulation of spectrum c).

traction of spectra obtained at different ratios yields the
pure spectra of the mono- and dinuclear copper(Il) com-
plexes shown in Figures 4e and 5.

Examination of the perpendicular region of the EPR
spectra of the mononuclear complexes reveals nitrogen hy-
perfine coupling. Differentiation of the spectra and Fourier
filtering produce well-resolved second-derivative EPR spec-
tra with nitrogen hyperfine coupling in the perpendicular
region, and for [Cu(H,L*)(OHCH,),]* also on the parallel
copper M;=3/2 hyperfine resonance (see Figure 4b,d,fh).
Computer simulations of the first- and second-derivative
EPR spectra, based on the spin Hamiltonian of Equa-
tion (1),

H= Z (BB g+ S;+8;-A("¥Cu) - [,("¥Cu)

=x,y.z

34

—g.B.B. - LFCW)+ S (S A, (N 0Ny (D)

j=1

~g.B.B; - I,(""N))

and with the parameters listed in Table 1, yield the spectra
shown in red in the Supporting Information; for line width
parameters, Table S2. Least-squares error parameters of
0.02-0.04 for all simulations indicate excellent fits.* This is
also apparent from expansions of the perpendicular region
(see Supporting Information, Figure S2).
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Table 1. Anisotropic spin Hamiltonian parameters of the mononuclear copper(Il) species [Cu"(H,L")(OHCH;),]*, [Cu"(H,L?)(OHCHj;),]*, [Cu"(H,L?)-

(OHCH,),]*, and [Cu"(H,L"*)(OHCH,)]*.1%

[Cu"(H,L")(OHCH,),]*

[Cu"(H,L?)(OHCHS,),]*

[Cu''(H,L*)(OHCH;),]* [Cu'(H,L*)(OHCH,)]*

g 2.088 2.083
gy 2.051 2.034
g: 2.278 2.279
A, (®Cu) 17.0 17.3
A, (®Cu) 154 172
A, ("Cu) 1534 123.0
A, (“N)Nperey” 14.5 15.7
A, (“N)Nyiey” 7.1 7.1
A, (“N) Ny 9.0 9.0
A, ("N)Npept (+ Npereye)? 132 13.4
A, (“N)Npepe (+ Niereyo)® 152 141
A, ("N)Npepr (+ Nperey)™ 9.5 9.5

2.082 2.083

2.037 2.051

2.263 2.267
15.7 14.0
19.9 16.2
150.0 175.0
14.3 12.4
7.0 6.2
9.0 10.4
11.5 16.5
15.7 12.7
9.5 134

[a] A in 10*cm™'; linewidth information is available as Supporting Information, Table S2. [b] Simulated spectra included two magnetically equivalent

heterocyclic nitrogen nuclei. [c] For [Cu"(H,L"*)]*.

EPR spectra of [Cu(H,L)(OHCH,),]* (L=L!, L?, L?; see
Figure 4a—f) were simulated by assuming ligand hyperfine
coupling to two magnetically equivalent heterocyclic nitro-
gen nuclei and one peptide nitrogen (see Table 1). In con-
trast, for the simulation of the EPR spectrum of [Cu(H,L")-
(OHCH,),] ™, ligand hyperfine coupling to two magnetically
equivalent heterocyclic nitrogen donors and two other nitro-
gen donors (one peptide and one heterocyclic nitrogen) had
to be implemented in order to obtain a good fit (see
Figure 4g,h; see also the Supporting Information,
Figure S2).*! The spin Hamiltonian parameters reveal a
rhombically distorted square-pyramidal geometry for the
copper(I) center in these cyclic peptide complexes. While
the g matrices for the four copper(Il) complexes are quite
similar, A, for [Cu(H,L“*)(OHCH,),]* is considerably
larger (174x10*em™" vs ~150x10*cm™"), which is consis-
tent with the coordination of an additional nitrogen
donor.™! This interpretation is consistent with the analysis
of the ligand hyperfine coupling (see above) and is support-
ed by DFT modeling studies, see below.

The absence of signals for dinuclear copper(II) complexes
results from strong antiferromagnetic coupling (Hs;L', see
above) and/or from low concentrations of the dicopper(II)
complexes (H,L", H;L?), in agreement with the mass spec-
trometric data. The EPR spectra of solutions of copper(II)
and H;L? are indicative of mixtures of mono- and dinuclear
copper(II) species (Figure 5a).

Careful subtraction yielded the spectra of the mono- and
dinuclear copper(II) complexes, as shown in Figure 5b and
c, respectively. The spin Hamiltonian parameters were ob-
tained from a computer simulation (Figure 5d) with Molecu-
lar Sophe, based on the coupled spin Hamiltonian [Eq. (2)],
which includes the individual spin Hamiltonians [Eq. (1)]
for each copper(Il) ion and isotropic and anisotropic ex-
change terms.""

2
H= Y H+J/S S+S8I;-S 2)

ij=Lii#j
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The spin Hamiltonian parameters for site 1 (g, =2.2090, g,
=2.090, A =152.8, A, =52x10"*cm !, f=—66.2°, where
p is the orientation of the g, principal axis relative to the
copper(II)--copper(Il) vector) differ from those of site 2 (g
=2209, g, =209, A;=351, A =214x10"cm", =
—66.2°), and the two sites are separated by an internuclear
distance of r=5.0 A.*? A Cu--Cu distance of 5 A appears to
be too large for the 18-membered azacrown-6 macrocyclic
cavity (the more realistic computed distance is about 3.2 A,
see below). However, it is known that an anisotropic term
proportional to (Ag/g)’J can contribute to the zero-field
splitting (S-J-S) if the isotropic exchange coupling constant
is large (J>30cm ). Therefore, with large values of J,
which appears to be the case for the dinuclear copper(1I)
complex of H;L? the simulation overestimates the internu-
clear distance r. Based on the DFT calculations (see below),
site 2 has a distorted tetrahedral geometry with a coordinat-
ed thiazole, an amide nitrogen, and two relatively weakly
bound ligands (two methanol/methanolate donors; one ter-
minal, one bridging). Therefore, a small value of A is ex-
pected. 547

IR spectroscopy: Upon coordination of H;L' to copper(Il),
there is a shift of the CO,yq. vibrational band in the IR
spectrum from 1656 cm™' in the metal-free macrocycle to
1617 cm™" in the copper(IT) complex. Such a shift would be
expected for the substitution of hydrogen of a peptide group
by a metal ion. The vibrations of the N,,;.c—H bonds in the
macrocycle H;L! give rise to a sharp peak at 3378 cm ™. A
weaker, broad signal at 3292 cm™! may be assigned to a
single N ic—H bond in the dinuclear copper(II) complex
of H,L!. That is to say, the complex has one protonated and
two deprotonated amide sites and therefore a deprotonated
bridging methanolate  ligand, [Cu",(HL")(un-OCH;)-
(OHCH,),]* rather than [Cu",(L")(n-OHCH;)(OHCH,),];
see also the sections on mass spectrometry and DFT calcula-
tions. This assignment was confirmed by a comparison with
the spectra of hydrogen—deuterium exchanged samples, ob-
tained by preparing a solution of the compounds in CH;0D.
Figure 6 shows the IR spectra and frequencies of the
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dinuclear complex [Cu",(HL')-
(un-OCH,)(OHCH,),]t with a
different coordination environ-
ment of the second copper(Il)
center. An equilibrium is
reached after approximately
24h, whereupon no further
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changes in the spectra are ob-
served. These observations sug-
gest that the fast formation of
the mononuclear [Cu"(H,L')-
(OHCH,),]* complex (within
minutes under the given condi-
tions) is followed by the much
slower formation of the dinu-

4000 3500 3000 2500 2000
wavenumber [cm™]

Figure 6. IR spectra (KBr pellets) of a) H;L' and D,L'; b) [Cu",(HL")(u-OCH;)](CF;SO;) and [Cu",(DL")(u-

OCH,)](CF;S053).

Npepiice™H and N.q.—D vibrations in the metal-free ligand
H;L' and the corresponding dinuclear copper(Il) complex.
An interesting observation is that N.—H proton ex-
change in the dinuclear complex is very slow, even though
the Npepiee—H bond is, as expected, weakened in the com-
plex (3292 vs 3378 cm™"). Complete exchange of the protons
in the metal-free macrocycle H;L! takes approximately 24 h,
whereas proton exchange in the coordinated ligand requires
approximately one week. This apparent anomaly may be ex-
plained in terms of an N, H*Omernoxice hydrogen bond
to the methoxide bridge, and this further supports the struc-
tural assignment.

Time-dependent spectroscopy: Subjecting solutions of the
macrocyclic ligand H;L! and copper(Il) in methanol to time-
dependent ESI mass spectrometry in conjunction with UV/
Vis and EPR was indicative of an equilibrium involving only
the mono- and dinuclear copper(II) complexes. The peak in-
tensities of the protonated metal-free macrocycle [H,L']*
and the initially rapidly increasing peak of the mononuclear
species [Cu(H,L")(OHCHj;),]* decrease over time with re-
spect to the increasing peak of the dinuclear species [Cu",-
(HL")(1-OCH;)(OHCH;),]*,

UV/Vis spectra of various mixtures of HsL!, copper(Il)
triflate, and (nBu,N)(OCH;) in methanol initially show an
overall increase of the absorption between 300 nm and
900 nm (Figure 7a,b). An equilibrium of only two competing
copper(II) complexes is supported by the existence of iso-
sbestic points at 354, 395, 490, and 605 nm. After approxi-
mately 30 min, the absorption intensifies below 354 nm, be-
tween 395 nm and 490 nm, and above 605 nm, while the ab-
sorption between 354 and 395 nm and between 409 and
605 nm decreases. The latter observation is attributed to the
formation of the mononuclear [Cu"(H,L")(OHCH,;),]* com-
plex, and the former to the copper(II) chromophore of the
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complex [Cu™,(HLY)(u-
OCH,;)(OHCH,),]*.
Time-dependent X-band
EPR spectra measured from
frozen solutions in methanol at
130 K show a competition be-
tween free copper(Il) and a
single mononuclear species. Figure 7c shows the formation
of a mononuclear copper(Il) complex in a 1:1:1 mixture of
H,L!, copper(Il) triflate, and (nBu,N)(OCHj;) in methanol,
identified as [Cu"(H,L')(OHCH,),]*. Note that, due to
freezing of the sample, the time scale is arbitrary and differ-
ent to that of the UV/Vis experiments described above. The
absence of any further EPR signals, in particular for dinu-
clear copper(Il) species, indicates strong antiferromagnetic
coupling of the two copper(Il) ions in the [Cu",(HL')(p-
OCH;)(OHCH;), ]t complex (see above).

DFT calculations: The structures of the mono- and dinu-
clear copper(II) complexes were optimized starting from the
predictions based on spectroscopic data (see Figure 8a—f,
and Table 2). DFT calculations were performed with a set-
up previously optimized for copper(Il) complexes.*! Fre-
quency calculations on the optimized structures were used
to verify that they were indeed minima on the potential
energy surface and to obtain zero-point energy corrections
(ZPE). The mononuclear copper(II) complexes of H;L (L=
L', L2, L% have a distorted square-pyramidal coordination
geometry, with one peptide and two heterocyclic nitrogen
atoms as well as a methanol oxygen donor in the basal
plane and a methanol oxygen donor with a significantly
longer bond in the apical position. A similar coordination
geometry has been observed for copper(Il) complexes of
the larger Ascidiacyclamide macrocycle.”) In agreement
with the interpretation of the EPR spectra, structure optimi-
zation of the mononuclear copper(I) complex of H;L**
yielded a different coordination mode, with the copper(1I)
center coordinated to one peptide nitrogen and all three ox-
azoline nitrogen donors. In contrast to the macrocycles H;L
(L=L!, L2, L%, the higher flexibility of H;L"* conferred by
the unsaturated heterocyclic units leads to a conformation
in which the third oxazoline nitrogen is able to coordinate
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Figure 7. a) Time-dependent UV/Vis spectra of a 1:2:3 equiv mixture of
L', copper(II) triflate, and base (methoxide); time interval between two
spectra: 5 min; b) time-dependent UV/Vis spectra of a 1:1:1 equiv mix-
ture of L', copper(Il) triflate, and base (methoxide); time interval be-
tween two spectra: 5 min; c) time-dependent EPR spectra (X-band at
130 K) of a 1:1:1 equiv mixture of L', copper(II) triflate, and base (meth-
oxide); v,=9.4483 GHz, v;=9.4483 GHz, v,,=9.4483 GHz, v,,=
9.4483 GHz, v3,=9.4385 GHz, v4=9.4434 GHz, v,5,=9.4434 GHz; time
interval between two spectra (nonlinear scale): 0, 5, 10, 10, 30, 60 min.

to the copper(II) center. One methanol molecule coordinat-
ed to the axial site completes the coordination sphere.

The structures of dinuclear copper(Il) complexes with
H;L' and H;L? were also refined, and the two complexes
predicted by spectroscopy, that is, [Cu",(HL")(u-OCH,)-
(OHCH,),]" and [Cu",(HL?)(u-OCH;)(OHCH,),]", were
indeed found to be stable minima on the potential energy
surface. As indicated by IR spectroscopy, the structure with
a u-OCHj; bridge and only two deprotonated amide groups
is more stable than the tautomer with three deprotonated
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Figure 8. Calculated structures of the mononuclear copper(II) complexes:
) [Cu"(H,L)]*; b) [CU"(HLLAT o) [Cu"(HLY)Js o) [Cu(HL™)]*,
calculated structures of the dinuclear copper(II) complexes: e) [Cu",-
(HL')(p-OCH)]*; £) [Cu,(p-HOCH,)(L')(OHCH,)]*; g) [Cu,(HL) (-
OCH,)]*; h) [Cu",(p-HOCH,)(LY)]*.

amides and a bridging methanol. Two additional methanol
molecules were added as co-ligands. The second copper(II)
center has a distorted tetrahedral coordination geometry
(Figure 8g,h and Table 2), and this is in agreement with the
simulation and interpretation of the EPR spectra of the cop-
per(Il) complexes of H;L* The strength of the antiferro-
magnetic coupling in OR-bridged dicopper(II) complexes
depends on the Cu"-O-Cu" angle.[”'! The computed struc-
tures of [Cu",(HL)(u-OCH;)(OHCH,),]* (L=L', L% are in
agreement with these dependences and with the observation
that the complex of the imidazole-based ligand shows stron-
ger coupling than the complex of the thiazole-based ligand,

Chem. Eur. J. 2008, 14, 4393 —4403


www.chemeurj.org

Copper(II) Coordination Chemistry

FULL PAPER

Table 2. Selected computed (B3LYP) structural parameters (distances [A] and angles [°]) of the mono- (1-4; [Cu"(H,L)(OHCH,),]*; L=L', L2 L’ L")
and dinuclear complexes (5, 6; [Cu",(H,,L)(u-H,OCH;)(OHCH,),]*; L=L", L? L’ L*; n=0, 1; m=0, 1; see Figure 8).

Distances [A]

Structure Cul-N1 Cul—-N4,N16,N10 Cul—X,, X, Cu2-N10 Cu2—-N13 Cu2—X;, X, Cul--Cu2

a) 1.91 2.03, 2.05, - 2.07,2.39 - - - -

b) 1.92 2.02,2.03, - 2.00,2.43 - - - -

c) 1.92 2.01,2.01, - 2.04,2.37 - - - -

d) 1.94 2.05,2.10, 2.11 2.11,2.36 - - - -

e) 1.90 2.06, 2.10, - 2.00, 2.65 1.95 1.89 1.90, 2.12 3.08

f) 1.88 2.12,2.07, - 1.99, 2.48 1.93 1.88 1.89, 2.17 3.20
Angles [°]

Structure N1-Cul-N4,N16 N1-Cul-X,,X, X;-Cul-X, N10-Cu2-N13 N10-Cu2-X; N10-Cu2-X, Cul-X-Cu2

a) 83.3,83.1 143.8, 108.2 107.8 - - - -

b) 83.6, 83.8 144.8, 106.8 108.3 - - - -

c) 82.4,82.9 135.1, 104.2 120.6 - - - -

d) 79.3, 80.1 158.1, 109.8 92.0 - - - -

e) 82.8, 83.7 147.0, 106.9 104.9 86.0 105.9 126.1 104.7

f) 82.1, 83.1 143.1, 111.3 105.1 85.7 125.9 107.2 111.6

[a] X;: in plane; X,: axial. [b] X3: u-OCHj; X,: OHCHa.

for which a dipole—dipole-coupled spectrum is observed (see
Figure 5).

The two possible isomers of the dinuclear L'-based
complexes with respect to the bridging methanol/amide
tautomerism, [Cu',(HL')(u-OCH;)]*  (Figure 8g) and
[Cu",(u-HOCH,)(LY)]* (Figure 8h), both without additional
methanol ligands, were also optimized in order to compare
their relative stabilities. As suggested by experiment, the
structure with a bridging methanolate and a protonated and
not coordinated amide is more stable by a large margin
(129 kI mol ™).

Conclusion

Westiellamide (H;L"*) and the three analogues H,L!, H;L?,
and H,;L? are highly preorganized for binding to metal ions
and are complementary for copper(Il). As in the larger
cyclic peptides ascidiacyclamide and patellamide, the
NieterocycteNpeptide-Nheterocyele Uit is the preferred coordination
site for copper(IT).>*) Westiellamide and its derivatives form
stable mono- and dinuclear complexes. Particularly with
H;L!, there is a cooperativity in the formation of the dinu-
clear species, that is, the coordination of a first copper(II)
ion further preorganizes the macrocycle, and this is en-
hanced by the coordination of monodentate methanol (or
water), which may play an anchoring role and stabilize the
dinuclear complexes as a bridging ligand. With the more
flexible oxazoline donors, westiellamide H;L"* forms more
stable mononuclear complexes, with four instead of three
heterocyclic units and an amide moiety coordinated in-
plane, and only one methanol in the apical position. Coordi-
nation of a second copper(II) center is therefore less favora-
ble for this peptide.
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Experimental Section

Materials: All solvents (absolute) and reagents (purum grade) were ob-
tained commercially (Aldrich, Fluka) and were used without further pu-
rification. Westiellamide (H;L"“*) and macrocycles HsL!, H;L?, and H,L?
were prepared according to published procedures.**%

Solid samples of [Cu",(HL')(u-OCH;)](CF;SO;) and [Cu',(DL")(u-
OCH;)](CF;SO;3) (green powders) were obtained by mixing Cu-
(CF;S0;),, Cu(OMe),, and H;L' or DsL' (0.5:1.5:1) in dry methanol
(CH;OH or CH;0D, respectively). The resulting samples were character-
ized by ESI-MS and UV/Vis spectrophotometry (both in methanol) and
shown to be identical to the corresponding samples from titration experi-
ments. An elemental analysis (caled (%) for C;,H,4Cu,F;Ny,O,S-2H,0: C
41.73, H 5.47, N 13.69; found: C 40.39, H 5.47, N 13.63) confirmed this
assignment and indicated a purity of >95 %. Further purification was not
possible. The room temperature magnetic moments and EPR spectra (in
methanol) showed these samples to be diamagnetic (strong antiferromag-
netic coupling). These samples were used for IR spectroscopy.

Methods: High-resolution electrospray ionization mass spectrometry
(ESI-MS) was performed with a 9.4 T Bruker ApexQe Qh-ICR hybrid
instrument with an Apollo II MTP ion source in the positive-ion electro-
spray ionization (ESI) mode. Sample solutions in methanol or acetoni-
trile at concentrations of 107*-107>m were admitted to the ESI interface
by means of a syringe pump at 5 uLmin' and sprayed at 4.5 kV with a
desolvation gas flow of 2.0 Lmin~' at 250°C and a nebulizer gas flow of
1.0 Lmin~". The ions were accumulated in the storage hexapole for 0.1—
1.0 s and then transferred into the ICR cell. Trapping was achieved at a
sidekick potential of —4.0 V and trapping potentials of slightly above 1 V.
The mass spectra were acquired in the broadband mode with 1M data
points. Typically, 16 transients were accumulated for one magnitude spec-
trum. External mass calibration was performed on [arginine,+H]* cluster
ions prior to analysis. A mass accuracy of 1 ppm was achieved. The in-
strument was controlled by Bruker ApexControl 2.0.0.beta software and
data analysis was performed using Bruker DataAnalysis 3.4 software.

Spectrophotometric titrations were performed at 25.0°C on 20 cm® sam-
ples at a ligand concentration of 2.0x 107 moldm™ with a ligand/cop-
per(Il) ratio of 1:1 in acetonitrile and 1:2 in methanol. The titrations
were performed with a 665 Dosimat automatic buret (Metrohm) contain-
ing either a solution of tetrabutylammonium methoxide in methanol or a
solution of triethylamine in acetonitrile (~0.02M). The absorbance data
were recorded with a TIDAS II (J&M) spectrophotometer, equipped
with a Hellma 661.202UVS external immersion probe (pathlength 1 cm).
For each measurement, 51 titration points were recorded.
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IR spectra were measured with a Perkin Elmer 16C FTIR instrument
from samples in KBr pellets.

UV/Vis/NIR spectra were recorded in methanol (u=0.1m (nBu,N)-
(C10y), c(HsL")=1.5 mm, pathlength /=1 cm) at 25.0°C with a JASCO
V-570 spectrophotometer.

CD spectra were measured in methanol (u=0.1m (nBu)N)(ClO,),
c(H;L")=1.25 mm, pathlength /=1cm) at 25°C with a JASCO J-710
spectropolarimeter.

Magnetic moments were measured with a Sherwood Scientific Mark 1
magnetic susceptibility balance at room temperature.

Continuous-wave X-band (ca. 9 GHz) EPR spectra were recorded with a
Bruker Biospin Elexsys ES00 EPR spectrometer fitted with a super high
Q cavity. The magnetic field and the microwave frequency were calibrat-
ed with a Bruker ER 041 XK Teslameter and a Bruker microwave fre-
quency counter, respectively. A flow-through cryostat in conjunction with
a Eurotherm (B-VT-2000) variable-temperature controller provided tem-
peratures of 127-133 K at the sample position in the cavity. For lower
temperatures (48-52 K), an Oxford Instruments ESR 900 flow-through
cryostat in conjunction with an ITC4 temperature controller was em-
ployed. Spectrometer tuning, signal averaging, and visualization were ac-
complished with Bruker’s Xepr (version2.4b.12) software. The EPR
spectra of the mono- and dinuclear complexes were simulated with the
XSophe-Sophe-XperView (version 1.1.4) and Molecular Sophe (ver-
sion 2.0.91) computer simulation software suites on a personal computer
running the Mandriva Linux v2007.0 operating system."*!

DFT calculations were performed with Gaussian 03 using the hybrid
B3LYP functional and the 6-31g* basis set and were run on a Linux clus-
ter.l?!
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