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The coordination structure of MyL4H_g macromolecules (M = Ni(ll), Cu(ll), Pd(ll)) containing small peptidic ligands (L = Xaa-
His or Xaa-His-Yaa) has been predicted primarily on the basis of spectroscopic and potentiometric data in the literature. In this
work, the neutral tetranuclear nickel( 1) complex 1 formed with four double-deprotonated ligands (L = a-methyl-alanyl-histamine)
was prepared, and its crystal structure was determined (CggHssN1gNisO,-4.5CH;0H-1.5H,0: a=11.2645(4) A, b=
23.5003(8) A, ¢ =20.9007(7) A, B = 102.321(1)°, monoclinic, P2/c, Z = 4). In complex 1, the metal ions have a square
planar geometry with 4N donor set consisting of the N-terminal amino nitrogen, the deprotonated amide nitrogen, the imidazole
N® atom, and the deprotonated imidazole N' atom of the adjacent ligand. The latter nitrogen atom provides the connection of
the four NiLH_, units forming a C; symmetrical saddle-like shape. The complexation of L with Ni(ll) ion has been studied
by a potentiometric method combined with UV—visible spectrophotometric titration. At pH 8.0, the predominant species
is MyLyH_g with pK“O.igome,izaﬁon=5.73. The tetranuclear structure of complex 1 was also studied in solution by 'H and
13C NMR spectroscopy suggesting a structure of symmetry S,. DFT calculations on optimized structure in symmetry C; and S,
have been performed to explain the observed differences in solution and in solid state. The nuclearity was also confirmed in

Chemistry

solution by ESI-HRMS analysis.

Introduction

Metalloenzymes usually contain metal ions bound to a
specific amino acid residue of peptide backbone, for example,
the imidazole group of histidine. Imidazole can bind metal in
different ways: more often as monodentate ligand via N°
nitrogen (IUPAC convention, pyridine-like) or, in some cases,
as bidentate bridging ligand between two metal centers via N°
and deprotonated N' (pyrrole-like) nitrogens. The first binding
mode has already been extensively studied with histidine or
histamine containing di-, tri-, or oligopeptide in the presence of
Cu", Ni'l, Co™, and Zn" ions.! Fewer efforts have been paid to
analyze the structure of the pyrrole-like coordination mode in
peptidic environment. In free ligand, the imidazole-N'—H is a
very weak acid (pK > 14) and does not participate in metal
binding. However, metal ion coordination to N~ induces the
N'—H deprotonation across the imidazole ring. Xaa-Yaa-His
tripeptides form 4N-type (Namines 2Namides Njm) Monomeric
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species in physiological pH-range, and further deprotonation
of N! nitrogen was observed at pH > 10 without metal co-
ordination to the latter.” The insertion of histidine or histamine
in position 2 of the peptide chain (Xaa-His or Xaa-His-Yaa)
results in the major 3N-type complex (Namines Namides Nim)-
The most characteristic feature of these short peptides is the
formation of stable tetrameric M4L4H_g complex with square-
planar metal ion bridged by N'-imidazole nitrogens at alkaline
pH. Such a cyclic tetramer has been proposed for copper(II),
nickel(II), and palladium(II) containing di- or tripeptide®®
primarily on the basis of potentiometric and spectroscopic data
in solution (UV—vis, NMR, EPR). Until now, the only crystal
structure has been obtained for gold(IIl) glycyl-L-histidine,
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where the strong polarizing power of Au™ (5d metal) favors the
imidazole N'—H deprotonation at relatively low pH (6—7) and
thus induces the cyclic tetramer formation.

It should be mentioned that the pH-induced monomer—
oligomer interconversion of imidazole-containing coordina-
tion compounds with nonpeptidic ligands has been studied,
and the structure of oligonuclear (tetra- or hexanuclear) spe-
cies has already been determined. The factors controlling the
characteristics (nuclearity, shape) of the self-assembly process
have also been examined.'”"

In this work, we report the first structural characterization of
cyclic tetramer formed by a 3d transition metal and an original
pseudodipeptidic ligand, namely, the tetranuclear nickel(II)
complex of a-methyl-alanyl-histamine (0cMeAla-Ha).

Experimental Section

General Remarks. All chemicals were of reagent grade and
used without purification. "H and '*C NMR spectra were recorded
on Bruker-DRX400 operating at 400.13 MHz for 'H and 100.61
MHZz for '*C. The chemical shifts ¢ were measured with respect to
MeOH signal (3.31 ppm for 'H and 49.15 ppm for *C NMR) or to
dioxane signal (Ogioxane = 3.70 for '"Hand 67.40 ppm for BCNMR)
as external reference in capillary for aqueous (H,O) solution. The
X-ray structure numbering was used for identification of H and C
atoms. ESI-MS measurements were performed on Waters Platform
at low resolution and on Bruker MicroTOFQ at high resolution.
UV—vis spectra were recorded on a Perkin-Elmer Lambdal050
UV—vis—NIR spectrophotometer using a cell with 1 cm optical
path length at T = 298 K. Elemental analysis was recorded with
Thermofinnigan FlashEA 1112 elemental analyzer. Atomic ab-
sorption measurements were made on FS220 Varian atomic ab-
sorption spectrometer.

Caution! Perchlorate salts of metal complexes with organic
ligands are potentially explosive. Only small amounts of material
should be prepared, and these should be handled with great care!

a-Methyl-alanyl-histamine Dihydrochloride Salt, o-MeAla-
HA -2HCI. The ligand was prepared from N-(tert-butoxycar-
bonyl)-a-methyl-alanine and histamine-2HCI according to a
procedure described earlier.'> The purity of this product was
checked by NMR spectroscopy, elemental analysis, and acid-
—base titrations. Mp 244 °C. "H NMR (MeOH-d,): 6 7.57 (s,
1H, (C9)H), 6.85 (s, 1H, (C8)H), 3.43 (t, °J = 7.04 Hz, 2H,
(C5)H,), 2.78 (t,°J = 7.04 Hz, 2H, (C6)H.,), 1.27 (s, 6H, (C3)H;
and (C2)H3). *C NMR (MeOH-dy): 4 180.46 (C4), 136.46 (C9),
136.16 (C7), 118.25 (C8), 55.70 (Cl1), 40.63 (C5), 28.58 (C6),
27.88 (C3, C2). ESI-MS™ (H,0) m)/z calculated for [M + H]*
197.14, found 197.10. Anal. Caled. for CoH 4N,O-2HCI: C,
40.16; H, 6.74; N, 20.81. Found: C, 39.96; H, 6.93; N, 20.45.

Preparation of [Ni(aMeAla-Ha)]y (1). a-MeAla-HA -2HCI
(5.4 mg, 0.02 mmol) dissolved in 500 4L of water was added to
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aqueous solution (500 uL) of Ni(ClOy),-6H,0 (7.3 mg, 0.02
mmol). The mixture was stirred at room temperature, 0.1 M
NaOH solution was added dropwise, and the pH was measured
simultaneously. Around pH 7 yellow precipitate formed slowly,
and the precipitation was completed by further addition of
NaOH solution until pH 10. The solid was filtered, washed with
water, and dried. The product was recrystallized from MeOH.
"HNMR (MeOH-d,): 0 6.81 (s, 1H, (C8)H), 5.39 (s, 1H, (C9)H),
3.09 (m, 1H, (C5)H,), 2.58 and 2.61 (m, 2H, (C6)H,), 2.22 (m,
1H, (C5)H>), 1.41 and 1.27 (s, 2 x 3H, (C3)H;5 and (C2)H3). 1*C
NMR (MeOH-d,): 6 184.97 (C4), 144.40 (C9), 138.29 (C7),
122.75 (C8), 59.54 (C1), 41.35 (C5), 27.76 (C6), 27.79 and 27.31
(C3, C2). ESI-HRMS™ (MeOH) m/z calculated for C3sHsgN | 6-
Ni 04 [M+Na]* 1033.2066, found 1033.2057 (0.9 mDa). UV—
vis (H,0): Apax (€) 443 nm (520 L.mol ™ '-ecm™).

pH-Metric Measurement. The ligand protonation and metal
coordination equilibria in the pH range 3—11 were investigated
by potentiometric titrations in aqueous solution (/ = 0.1 M
NaClOy, and T = 298.0 £ 0.1 K) under argon atmosphere. The
pH measurements were made with an automatic titration set
including a PC controlled Metrohm Titrando 809 autoburet and
an Orion Ross Semimicro combined pH glass electrode. The
latter was calibrated throughout the pH range in aqueous
solution (mixture of strong acid HCIO,4 and weak acid TRIS,
pK, = 8.06) via the modified Nernst equation (eq 1)."*

2.303RT JonKw

F=ror [H7]

log[H"] +Ju[H'] +

()

where Ji; and Joy are fitting parameters in acidic and alkaline,
respectively, media for the correction of experimental errors,
mainly due to the liquid junction and to the alkaline and acidic
errors of the glass electrode. K, = 107"%7% is the autoprotolysis
constant of water.'* The parameters were calculated by non-
linear least-squares method.

The formation constants (B, €q 3) for the generalized
reaction 2 were evaluated from the pH-metric titration data
using PSEQUAD computer program.'>

PM + gL+ rH < M,LH, )
_ _[M,H,L,]
Bw,n,L, = MPHL] 3)

The constants were calculated as the average of eight independent
titrations. The applied ratios of the ligands and metal ions were 4:1,
2:1,and 1:1 with 4.97 x 10~* M ligand concentrations. The concen-
tration of metal stock solutions (Ni(ClOy),) was determined by
atomic absorption spectroscopy. No precipitation of the tetra-
nuclear complex was observed during the titration even at strongly
alkaline pH. This phenomenon is probably due to the very slow
addition of base by autoburet since after a few hours the tetra-
nuclear complex was slowly precipitated.

"H NMR Spectroscopic Titration of Ligand o MeAla-Ha. The
protonation constants of ligand aMeAla-Ha were also deter-
mined by pH-dependent '"H NMR spectroscopic measurements.
Sample of aMeAla-Ha (0.02 M) was prepared in H,O, and the
pH was adjusted with HCl and NaOH solutions. The pH was
measured on an Orion 710A precision digital pH-meter using an
Orion Ross Semimicro combined pH glass electrode, which was
previously calibrated on three points with standard aqueous
buffers (Prolabo). All measurements were performed at 298 K.
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X-ray Crystallographic Study. CCDC 732319. Data of X-ray
diffraction were collected at 100 K with Mo Ka radiation (1 =
0.71073 A) on an Oxford Diffraction Atlas CCD diffractometer. The
structure was solved by direct methods using SHELXS-97'¢ pro-
gram and refined with full-matrix least-squares on using
SHELXL-97 program.'® All the non-hydrogen atoms were refined
with anisotropic temperature factors. Crystal data, data collection
parameters, and results of the analyses are listed in Table 2. Supp-
lementary crystallographic data for this structure (atomic coordi-
nates, thermal parameters, and intramolecular bond distances and
angles) are located in the Supporting Information (CIF file format).

Computational Details. All calculations were performed in the
gas phase, with the Gaussian03 program package'” (revision B.05)
using density functional theory %DFT) with the hybrid exchange-
correlation B3LYP functional.'® The molecular structures were
optimized using the 6-311G(d,p) basis set in the closed shell singlet
state using default convergence criteria. The wave function stability
was checked on the optimized structures, and frequency calculations
were performed at the same level of theory in order to check that the
optimized molecular structures correspond to true energy minima.
Gaussian03 input files for the C; and S; symmetric tetramer
(containing the optimized atomic coordinates) are given in Support-
ing Information. NMR chemical shifts were calculated on the
optimized geometry S, using the GIAO method and the 6-311+G-
(2d,p) basis set. Only one conformation was used for the NMR
spectra calculation of the free ligand; the latter was obtained by
optimization (B3LYP 6-311G(d,p)) of the protonated form of the
ligand, in a conformation close to the one adopted in the complex.
Calculated NMR data given in Table 4 and Supporting Informa-
tion Table S1 are referred to TMS (calculated at the same level of
theory) and also linearly scaled to the experimental data.'”

Results and Discussion

Equilibrium Studies. Ligand Protonation. The potentio-
metrically determined macroscopic deprotonation constants
of the imidazole group (K;) and of the terminal amino group
(K3) in the free aMeAla-Ha ligand are listed in Table 1 as the
formation constants 31> and Sg1;. The two deprotonation
steps significantly overlap (ApK < 2), suggesting the occur-
rence of alternative microdeprotonations These microscopic
deprotonatlon equlhbrla are shown in Scheme 1; the corre-
sponding mlcroscoplc constants (k,, ki, k., k ?) can be
determined by "H NMR spectroscopy from pH-dependent
chemical shifts of nuclei in the vicinity of the proton binding
site. The observed chemical shifts are given by eq 4

Oobs = XLH,OLH, +XtHOLH +XL0L (4)

where Oy 1, 0L, and y are the chemical shifts of the protons
in species LH», LH, and L, respectively, and Xy ,, Xy, and
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Table 1. Formation Constants (log ) and Derived Data for the Proton and
Nickel(II) Complexes of aMeAla-Ha

Species par log B pK
LH, 012 14.88(1) pK, = 6.75
LH 011 8.13(1) pK, = 8.13
MLH 111 10.23(4) pKvin™E = 6.58
ML 110 3.65(4)
MLH_, 11-1 —3.20(1) PRy M = 6.85
ML, 120 8.26(1)
ML,H_, 12—1 0.63(1) pKv MR =763

M4LH_g 44-8 —35.10(2) PKotigo’= 5.73

“The estimated errors are given in parentheses, / = 0.1 M NaClOy,
T=298K. p{/f{thML = log B0 — IOgﬁlllapKMLNZLH" = 108511—117 log
gnoq PRy, ' = log Bia—1 — 10g Biao, PKotigo = 10g fr1—1 — /4 log

443

Scheme 1. Schematic Representation of Macro- and Micro-Deproto-
nation Equilibria of aMeAla-Ha Ligand®

TN

ImH,* NH,* ImH

NH3 ImH, NH,
}\ NH, /’:’*l

LMy = | 2 |

“LH, fully protonated ligand (charges omitted), LH (LH, and LH)
monozprotondted ligand, L neutral ligand. K; = k, + ki; K, K, = k.k,' =
kiki®.

x, are the molar fractions of these species. 0y, and J; are
obtained as the limit values of ., on the extremities (acidic
or basic) of the d.,s vs pH titration curve. The first step in
Scheme 1 corresponds to the deprotonation of either the
amino group (k,) or the imidazole ring (k;) to yield the tauto-
meric forms LH, and LH;. Consequently, the chemical shift
of LH should be given as a weighted mean of the two micro-
species LH, and LH; (Opy, and Oy, respectively). The
concentration ratio of these two monoprotonated microspe-
cies LH,:LH; is pH independent and equals to k,/k; = ki/k,".

The molar fractions can be expressed either by the
equilibrium constants (left of eqs 5 and 6) or by the
chemical shifts (right of eqs 5 and 6) leading to the final
operational expressions for the fitting of experimental
data (with index either a or 1).

kKK O 0
H] + K[H )+ KK o, — o
Kl [H+] + 2K1 K2 Z 6?1‘112 B 62bls (6)
HP + Ki[H) + KKy 4 0%, —ob!

The detailed calculation of macro- and microconstants
from '"H NMR measurements have been described earlier.”’

(20) Gajda, T.; Henry, B.; Delpuech, J. J. J. Chem. Soc., Perkin Trans. 2
1994, 157.
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Figure 1. Concentration distribution of complexes in the Ni(II)-aMe-
Ala-Ha system as a function of pH. [Ni(Il)] = 4.97 x 10> M, [M]:[L]=
1:1.

In this work, the pH-sensitive chemical shifts of the imidazole
(C8)H and (C9)H protons (type i) and of the N-terminal
(C2)H;—(C3)H; protons (type a) were used to calculate the
macro- and microconstants (Supporting Information Figure
S1). The macroconstants K; and K> were adjusted in the first
step by fitting "H NMR data according to eq 6 leading to
pK; = 6.68 +0.02and pK> = 8.05+0.02. These pKs slightly
differ from the corresponding values obtained from the
pH-metric technique, probably due to the imprecision of
pH-electrode calibration on three points. The microcon-
stants k; and k, were obtained as above in the second step
using eq 5 (with index either a or i, separately) with the K;
and K, values determined in the first step. The four micro-
constants are as follows: pk, = 7.68, pk; = 6.73, pk,' = 7.06,
and pk;" = 8.01. The pH independent concentration ratio of
LH.LH; (=k,/k; = k%/k,") is 0.113, which corresponds to
the relative amount of the minor tautomer (LH,) of 10.15%.
This result is interesting concerning the metal ion binding site
in the MLH complex: either the imidazole or the amine
nitrogen atom can bind the metal ion (vide infra).
Nickel(II) Coordination. Equilibrium study on the Ni-
(II)-aMeAla-Ha system has been investigated between
pH 3 and pH 11 by potentiometric titration combined
with spectrophotometric experiments (vide infra). The
formation constants are reported in Table 1, and the
concentration distribution curves of species as a function
of pH are shown in Figure 1 for [M]:[L] = 1:1 and in
Supporting Information Figure S2 for [M]:[L] = 1:2.
The parent complex MLH formation started at pH ~
4.5. Asshown above, in the free ligand the deprotonations
of the amino and the imidazole groups overlap; conse-
quently, the first metal-promoted deprotonation can
also occur at either nitrogen atom. The proton release
of the MLH complex leads to ML species involving two
coordinated nitrogen atoms of terminal amino and imi-
dazole groups. The determined formation constants 51,
and f31¢ are close to the values found for Ni(II)-GlyHa
(glycyl-histamine) and for Ni(II)-SarHa (sarcosyl-
histamine).® Between pH 6 and pH 7.5 the predominant
species is MLH_;. This complex involves a N3O coordi-
nation of N3-imidazole, amino, and amide nitrogens with
one molecule of water to complete the equatorial coordi-
nation sphere of nickel(g[) ion. The value of the depro-
tonation constant pKy M1 = log 110 — log 11 =
6.58 is in good agreement with the values of 6.89 and 6.03
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found for Ni(II)-GlyHa and Ni(II)-SarHa, respectively.®
In the pH range 6.2—9, the bis-complexes ML, and

pPKmL, = logB11—1 — log Bi1p = 7.63 compared to
Ni(II)-GlyHa (7.89) and Ni(II)-SarHa (7.94) suggests a
similar deprotonation step as proposed earlier.* ® The spe-
cies ML, can be denoted as MLH_(LH), where the water
molecule in equatorial position of MLH_; is replaced by
another monodeprotonated ligand (N-amino or N-imida-
zole coordinated according to quantities of LH, or LH;, res-
pectively). The species ML,H_; (= MLH_ (L)) is derived
from the deprotonation of this monodentate ligand.

Above pH = 7.5, a further deprotonation process can be
detected and assigned to the proton loss of imidazole N
atom of MLH_,. The species MLH_, was not detected; it
can readily oligomerize to form the imidazolate-bridged
tetranuclear M4L4H_g species. The earlier published values
of pKolig04= log 111 — !4 log Pas—g for nickel(Il) tetra-
nuclear complexes (7.32, a-hydroxymethylseryl-histidine
(HmsHis);” 6.73, GlyHa; 6.58, SarHa®) are significantly
higher than the constant reported in this work (5.73). This
higher stability observed for aMeAla-Ha can be resulted
from the more hydrophobic character of the two methyl
groups.

UV —Visible Spectroscopy. Additional information on
the species formation was obtained from UV—vis spec-
troscopic measurement as a function of pH in the range
from 3 to 11.

The UV—vis spectra did not show modification with pH
change to ~6. The three bands observed at 725, 660, and
394 nm can be attributed to octahedral nickel(II) complex
(Supporting Information Figure S3). The MLH and ML
complexes are only minor species (in ~10% quantities,
Figure 1) and exhibit only weak absorption;® thus, they
could not be spectroscopically identified. Above pH = 6,
the color of the solution changed from light green to yellow
(Amax = 440 nm, Supporting Information Figures S3 and
S4), indicating the formation of new diamagnetic complex-
(es) with square planar arrangement around the nickel(IT)
ion. Morris et al. have reported the spectral changes for
Ni(II)-glycyl-L-histidine.® They concluded that the develop-
ment of a yellow diamagnetic Ni(IT)-complex should not
occur on simple replacement of H>O by OH ™ in the metal
coordination sphere, and the spectral changes must involve
the replacement of water in the fourth equatorial coordi-
nation position by a nitrogen donor atom. In the case of
oMeAla-Ha ligand, an N4 equatorial binding site was
proposed for the species ML, and ML,H_, where the com-
plex formation starts at pH 6. For the reported Ni(II)-
dipeptide containing systems (GlyHa, SarHa) the bis-com-
plexes (ML, and ML,H_ ) are present in very low quantities
(<10% if [M]:[L] = L:1) preventing the detection by UV—
vis spectroscopy. These results suggest that the bis-complexes
formed with oMeAla-Ha ligand are diamagnetic and the
nickel(IT) ion has a square planar geometry.

At higher pH (> 7) the d—d transition observed at 440
nm was not shifted, only the intensity of this band
increased significantly up to pH 8.5 indicating the forma-
tion of oligomeric species (¢ = 520 L-mol '-cm ™', Sup-
porting Information, Figure S4).

Synthesis and Structure of [Ni(aMeAla-Ha)], (1). The
cyclic tetramer 1 was prepared by mixing equimolar
aqueous solution of aMeAla-Ha and Ni(ClOy),. During
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the pH adjustment to 10 by 0.1 M NaOH solution, a and recrystallization from MeOH, yellow prisms suitable
yellow precipitate formed immediately. After filtration for X-ray structure determination were obtained. The crys-
tallographic data for 1 are collected in Table 2, and selected
bond distances are given in Table 3. In the structure of 1

Table 2. Crystal Data and X-ray Experimental Parameters for [Ni(aMeAla-Ha)], (1) (Figure 2 left), the four Ni(aMeAla-Ha) units are connected

1-4.5CH;0H-1.5H,0 by a coordination bond between the nickel(II) ion and the

formula CaeHeeN;NizO5 -4 5CH,0H - 1.5H,0 imidazole N' atom of the adjacent ligapd, forming a cyclic
formula weight 1182.92 assembly (N4, N8, N12, and N16 on Figure 2). The square
crystal system monoclinic planar coordination sphere around each nickel was further
Spage group f’ 1212/245?2' 14) completed by the amino nitrogen, the deprotonated amide
Py 23:50038 nitrogen, and imidazole N° atom of the ligand (N3, N7,
o A 20.9007(7) NI11, and N15 on Figure 2). The four N donors are coplanar
a, deg 90 within 0.09 A, and the metal ion is up to the least-squares
B, deg 102.321(1) plane of the four coordinated nitrogens within 0.04 A.
71’/’ (}fgg 220 5.403) The N—Ni—N angles depend on the size of the chelate ring:
7 I the Nomine— Ni—Numide angle is smaller (between 83.5° and
Deateds g-cm > 1.423 85.1°) than Nymige— Ni—Nj, (between 93.4° and 93.9°) due
T.K . 100(2) to the more rigid five-membered ring. Most structural
ﬁgM;fIé%ﬁscgeas d ;3493558 parameters (distances and angles) are close to the values
no. of indep reflns 12358 d;term}neg for the Nl(II)-glycyl-glycy}-aiglydroxy-D,L-
no. of obsd reflns 8441 (I >20(1)) histamine™ and Ni(IT)-triglycyl-glycine™ complexes.
R(F* >20(F)) 0.0576" In nonpeptidic environment, the sole tetranuclear structure
gvb (FFQ) 8;;?7" with imidazolate bridged nickel(II) ions was determined
' with a Schiff-base ligand containing a phenolate and an

= 1/[*(F,%) 4 (0.0918P)* + 18.8285P] where P = (F,* + 2F.%)/3. imidazolate group.11 Each nickel(IT) ion is in a distorted

Table 3. Selected Bond Distances (A) for [Ni(aMeAla-Ha)]; (1) from X-ray Data and from Theoretical Calculation (data in italics)

Measured Calculated Measured Calculated
C1 symmetry S4 symmetry C1 symmetry S4 symmetry
Nil—NI1 1.911(5) 1.930 1.931 Ni3—NI16 1.888(4) 1.917
Nil—N2 1.860(5) 1.881 1.881 Ni4—NI13 1.905(5) 1.933
Nil—N3 1.884(4) 1.895 1.888 Ni4—N14 1.889(4) 1.885
Nil—N8 1.881(5) 1.915 1.914 Ni4—NI15 1.888(5) 1.897
Ni2—N5 1.900(5) 1.929 Ni4—N4 1.895(4) 1.917
Ni2—N6 1.883(5) 1.875 Nil---Ni2 5.774 5.789 5.845
Ni2—N7 1.879(5) 1.895 Ni2---Ni3 5.752 5.850
Ni2—NI12 1.892(5) 1.920 Ni3---Ni4 5.774 5.892
Ni3—N9 1.907(4) 1.930 Ni4- - -Nil 5.832 5.866
Ni3—NI10 1.882(5) 1.878 Nil---Ni3 6.111 6.876 7.586
Ni3—NI11 1.898(4) 1.894 Ni2---Ni4 6.782 7.256

—

Ni1 Ni2

Ni3

Ni4

Figure 2. Left: ORTEP drawing of the neutral [Ni(aMeAla-Ha)], (1) complex showing 50% probability ellipsoids. Hydrogen atoms and solvent
molecules are omitted for clarity. Right: DFT optimized molecular structures of complex 1 in C; (green) and S, (red) symmetries (the structures were
superposed through the four Ni atom pairs). These molecular structures differ from the CH,—CH, torsion angle of the ligand bridging Nil to Ni4.



Article

square-planar geometry with N3O coordination from phe-
nolate oxygen, imine nitrogen, imidazole N*, and adjacent
imidazole N' atoms. The measured distances and angles
for Ni—N? and Ni—N" are close to the values reported in
this work.

On the basis of the tetrameric structure of gold(I1T)
glycyl-L-histidine” and space-filling molecular models,® a
C, symmetrical structure was proposed for the M4L4H_g
tetramer in the literature.>’ It suggests that the imidazole
ring is approximately parallel to the coordination plane of
the metal center in the same unit and roughly perpendi-
cular relatively to the coordination plane of the adjacent
unit, as well as that the two imidazole rings are in cis
position around the metal ion. The linkage of two super-
imposable dimers formed in this manner gives the cyclic
structure with a C, symmetrical saddle-like shape.

An interesting aspect of structure 1 is the position of the
imidazole rings. In the same unit, the imidazole rings are
tilted from the parallel plane (from 10.1° to 28.5°). Between
two units, the angles of 4N—metal coordination plane-
adjacent imidazole plane are close to perpendicular (78.4°,
86.3°, and 73.3°) except for one where this angle is 41.9°.
Consequently, 1 does not possess any symmetry axis in the
solid state, all atoms being unique in the tetramer. However,
DFT calculations performed in the gas phase indicate that
S, symmetric tetramer, where the four units are equivalent,
is more stable by 11 kJ-mol~' than the non symmetric C;
structure. The superposition of the S, and C; symmetric opti-
mized molecular structures (Figure 2 right) clearly shows that
the main difference between the two structures is the inversion
of the CH,—CHj, torsion angle of the ligand associated with
Nil. Compared to the case of gold(IIl) glycyl-L-histidine, 1
can adopt a more symmetric structure due to the lack of
asymmetric carbon in the a-methyl-alanyl-histamine ligand.

The solvent model contains only MeOH and water
molecules. The best model found is given in the Cif file
and shown in the Supporting Information Figures S5 and
S6, where a mixture of MeOH and H,O gives disordered
fragments with 0.5 occupancies. Eleven hydrogen atoms
of solvent molecules were not localized due to the dis-
order. Residual peaks of electron density are 1.99 e- AT
at0.0688 0.3954 0 1135(0.86 A from Ni4), and the second
one of 1.2 e-A™> in the disordered solvent molecules
(C40B—040B, C41B—041B, OW2A). This peak can not
be attributed to these molecules as the H atom.

The complex 1 has the possibility to accommodate
small guests due to its saddle-like shape with quite long
metal—metal distances (6.111 and 6.782 A) Despite this
fact no molecule “trapped” inside the tetramer was found.

NMR Spectroscopy. The diamagnetic character of
Ni(II) ion in square planar geometry allows the structural
study of complex 1 in solution by NMR spectroscopy. The
imidazole region of the "H NMR spectrum of 1 presents only
two signals at 6.81 ppm and 5.39 pspm correspondmg to
(C8)H and (C9)H, respectively (or C°—H and C>*—H using
the ITUPAC convention, Figure 3 and Supporting Informa-
tion Figure S7). A slight shift was observed for (C8)H com-
pared to the free ligand (6.85 ppm); however, (C9)H was

(21) Bal, W.; Djuran, M. 1.; Margerum, D. W.; Gray, E. T. J.; Mazid,
M. A.; Tom, R. T.; Nieboer, E.; Sadler, P. J. J. Chem. Soc., Chem. Commun.
1994, 1889.

(22) Freeman, H. C.; Guss, J. M.; Sinclair, R. L. Acta Crystallogr., Sect. B
1978, 34, 2459.
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Figure 3. ORTEP drawing of one Ni(aMeAla-Ha) unit of complex 1 in
solid state showing 50% probability ellipsoids.

considerably upfield shifted (free ligand 7.57 ppm). DFT
GIAO NMR calculations performed on the free ligand and
on the optimized 1 (S; symmetry) reproduce these shifts,
although with a slight differing amplitude (for (C9)H: from
7.551n free ligand to 5.83 ppmin 1; Table 4). Gajdactal., and
later Gizzi et al., have observed less significant upfield shift
for Xaa-Yaa-Histamine tripeptide at alkaline pH, where
there was only N'—H deprotonation and no pyrrole-like
metal coordination (N'—H corresponds to (N4)H in the
case of complex 1).> These facts suggest that, in our case,
such an important shift is due to the involvement of both
imidazole nitrogens in metal ion coordination. Furthermore,
the 'H and "*C NMR equivalences of imidazole parts in 1
indicate that there is no difference in solution between the
Ni(aMeAla-Ha) units (Table 4 and Supporting Information
Table S1).

Wienken et al. has recorded the "H NMR spectrum of
structurally characterized gold(IIl) glycyl-L-histidine tetramer
and observed two sets of imidazole C*—H and C°—H protons
with identical intensities as the consequence of C,-symmetry
of the cyclic tetramer.’ Mlynarz et al. has come to the same
conclusion from the "H NMR study of the Ni(II)-o-hydro-
xymethylseryl-histidine system at pH above 10.” However,
Gajda et al. has observed only one set of imidazole C>—H
and C°—H protons and concluded the existence of cyclic
tetramer with glycyl-histamine ligand.® In the case of com-
plex 1, the observed discordance between X-ray (inequi-
valence of the 4 units) and NMR (equivalence of the 4 units)
measurements may be due to the fast molecular rearrange-
ment in solution or to symmetry breaking upon crystal-
lization of the S, symmetric structure.

The "H NMR spectrum of complex 1 exhibits inequi-
valences for the aliphatic part of histamine, which gives
rise to an ABMX spin system (Figure 4, bottom). The
resonance of the proton nuclei bound to C5 is upfield
shifted relative to the free ligand (3.43 ppm) and separated
in two multiplet signals Hy; and Hy. The multiplet at 2.6
ppm corresponds to the part AB of the ABMX spin
system and can be assigned to the protons bound to C6.

We performed a simulation of this region of the NMR
spectrum (program ECHGN?) to obtain the values of the
coupling constants (in Hz) Jag = —14.73, Jam = 10.95,
JAX = 345, JBM = 307, JBX = 488, and JMX =—13.00 and

(23) Delpuech, J.-J. ECHGN computational program, unpublished
work.
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Table 4. Experimental (in MeOH-d, at 298 K) and Calculated 'H NMR Chemical Shifts (in ppm) of Ligand aMeAla-Ha and Complex 1

(COH (C8)H (C5H, (C6)H, (C3)H;, (C2)H;
aMeAla-Ha
experimental data 7.57 6.85 3.43 2.78 1.27
calculated data“ 7.55 6.78 3.59 2.55 1.25"
caled scaled to exptl data 7.57 6.81 3.63" 2.59% 1.30
Complex 1
2.22(M 2.58 (A 1.41
experimental data 5.39 6.81 3.09 EX)) 261 EB)) 1.27
(C2)H; (C3)H;
Aleuls il 1.99 (M) 2.53(A) » )
1.99(M 2.46 (A
caled scaled to exptl data 5.47 6.52 374 EX)) 548 EB)) 1.55° 1.16°

“GIAO DFT B3LYP 6-3114+G(2d,p), reference TMS. ” Average value for the two CH, and for the three CH; protons.

Hz | Ha
Hx Hy
3120 3.00 280 260 240 220  ppm

Figure 4. Simulated (top) and experimental (bottom) "H NMR spec-
trum of complex 1 in MeOH-dj.

the chemical shifts (in ppm) 05 = 2.585, 65 =2.607, Op =
2.217, and 0x = 3.088 (Figure 4, top). By means of NMR
NOESY experiment it was possible to assign protons Hy
and Hx in the structure of the complex. Since the chemical
shifts of Hy and Hyg nuclei are very close to each other, the
integrals of cross-peaks give information only on the proxi-
mity of these protons without distinction. It appears that Hy
is the nucleus separated by the longer distance from H, and
Hjg (Supporting Information Figure S8). DFT GIAO NMR
calculations also found very close chemical shifts for Ha and
Hpg nuclei in 1. The relative shifts of Hy; and Hy protons
attached to C5 in the complex are also well reproduced in the
calculations (M upfield compared to X, Table 4).

The Karplus equation describes the correlation between
3 Ju.u coupling constants and dihedral torsion angles (6) and
thus allows NMR measurement in solution to be connected
with X-ray analysis in solid state. The relationship 3JH,H =
5.1 cos 20 — 1.8 cos 0 + 7 determined for peptidic environ-
ment was used to calculate Ogeq dihedral angles.* The
HAo—C6—C5—Hyx and Hg—C6—C5—Hy dihedral angles
associated to Jax and Jgx coupling constants have the values
of 60.8° and 50.5°, respectively. The more important differ-
ence in the coupling constant values was measured for the
proton Hy, relative to Hx and Hg, which corresponds to the
dihedral angles Hy—C6—C5—Hy; and Hg—C6—C5—Hy
of 149.1° and 64.0°, respectively. On the basis of these

(24) Cung, M. T.; Marraud, M. Biopolymers 1982, 21, 953.

Table 5. Average Lengths (calculated for four units) of Selected Distances (A)
and Averages (calculated for four units) of the Absolute Values of Selected
Dihedral Torsion Angles (deg) from the X-ray Structure of Complex 1

distances dihedral torsion angles
Ha—Hx 2.363 H,—C6—C5—Hx 63.1
Hp—Hx 2.316 Hp—C6—C5—Hx 54.6
Ha—Hwm 2.849 Ha—C6—C5—Hpy 178.8
Hp—Hwm 2.364 Hp—C6—C5—Hy 63.4
1033.2066
1035.1815
1031.1993
1034.2013
1037.1828
1036.1822
1032.1999
1038.1835
1039.1841
ﬂ A104O‘1a43
1041.1855
. ‘ I ,
1030 1035 1040 1045
m/z
1033.2057
1035.1895
1031.1830

1034.1871
1037.1752
1036.1923

1032.1839
10381790
1039.1833

1040.1880
1041.1728

1030 1035 1040 1045

m/z

Figure 5. The molecular ion peak in the ESI-HR mass spectrum
(positive) for complex [C36Hs¢N 6NiyO4+Na]" (z = 1) in MeOH with
simulated (top) and observed (bottom) isotopic distribution.

calculations we can show that the proton H4 is more distant
from Hy; with the highest dihedral angle than from Hy.
Consequently, the relative position of four protons can be



Article

unambiguously determined as shown in Figure 3. These
results are in good agreement with those of the crystal-
lographic analysis, except for the HA—C6—C5—Hy, dihe-
dral angle, where the experimental value is 178.8° in the
X-ray structure (Figure 3, Table 5). This difference may be
due to the empirical nature of the constants in the Karplus
equation.

Mass Spectroscopy. The tetrameric structure in solution
(MeOH) was also confirmed by ESI-HR mass spectrosco-
py. Two major signals are observed at m/z 1033 (z = 1) and
528 (z = 2) corresponding to the adduct of complex 1 with
sodium ion [C3¢Hs¢Nj¢NizO44+Na]". Two additional
signals are present at m/z 1011 (z = 1) and 517 (z = 2)
attributed to the tetranuclear [CsgHsgN¢NigO4+H]" com-
plex ion (Supporting Information Figure S9). The isotopic
pattern is in excellent agreement with the theoretical one
without loss of mass resolution (Figure 5). This result, to the
best of our knowledge, has never been published before for
such a Ni(II)-containing tetranuclear compound.

Conclusion

The present work provides new information about the self-
assembly process of metal-peptide clusters induced by
metal—N'-imidazole coordination in basic conditions. The
crystal structure of tetranuclear MyL4H_g compound, which
has been evoked several times in the literature, was deter-
mined for the first time with nickel(II) ion and a pseudodi-
peptide. The solid state structure possesses four nonequi-
valent units giving a C, symmetrical assembly. In solution,
the formation of monomeric (MLH, ML, MLH_,), bis
(ML,, ML,H_,), and tetrameric (M4L4H_g) species was
observed. The diamagnetic square planar geometry was
proposed for the bis-complexes. Unfortunately, the presence
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of octahedral and thus paramagnetic species (MLH, ML,
MLH_,) does not allow the structural characterization of
these bis-complexes by NMR spectroscopy. The hydropho-
bic character of the methyl groups in the aMeAla-Ha ligand
promotes the tetrameric MyLL4H_g species formation. This
result emphasizes the fact that small structural changes in the
ligand framework can influence sensitively the self-assembly
process. The nuclearity was also confirmed in solution by
ESI-HRMS analysis. NMR analysis in solution suggests a
tetranuclear structure of symmetry Sy. On the basis of the
results of DFT calculations, the structural differences ob-
served in solution and in solid state were explained.
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Note Added after ASAP Publication. This paper was
published on the Web on August 19, 2010, with an error in

Scheme 1. The corrected version was reposted on August 25,
2010.

Supporting Information Available: CIF file giving crystal-
lographic data for 1, structural, potentiometric, NMR, and
UV-—visible spectroscopic data; and Gaussian03 input files.
This material is available free of charge via the Internet at
http://pubs.acs.org. Crystallographic data also available from
The Cambridge Crystallographic Data Centre via www.ccdc.
cam.ac.uk/data_request/cif.



