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Abstract: Starting from closely related
metal —ligand combinations, completely
different oligomeric metal clusters are
synthesized. Whereas, picoline —tetra-
zolylamide HL! (1) and zinc or nickel
acetate afforded [2 x 2] grids [M,(L')g]
(2), slightly different N-(2-methylthia-
zole-5-yl)-thiazole-2-carboxamide HL?
(5a) and nickel acetate yielded the
monometallic complex [Ni(L?),(OH,),]
(6). In contrast, reaction of 5a with zinc
acetate produced the tetrametallic zinc

substituted HL? (5a) was allowed to
react under identical conditions with
zinc acetate, the cluster [Zn,O(L%),Cl,]
(8) crystallized from dichloromethane.
Clusters 7 and 8 are isostructural. As for
7, in 8 two of the edges of the tetrahe-
dron of zinc ions are doubly bridged, two
are singly bridged, and the other two are
nonbridged. On the other hand, when
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iron(11) acetate under aerobic conditions
was allowed to react with 5a, the un-
precedented  complex  [{Fe;O(L?),-
(OAc),},0] (9) was isolated. Cluster 9
is composed of two trimetallic, triangu-
lar u5-O*-centered [Fe;O(L?),(OAc),]*
modules, linked by an almost linear u,-
O?* bridge. The Mossbauer spectrum
together with cyclic voltammetric and
square-wave voltammetric measure-
ments of 9 are reported, and 6-9 were
characterized unequivocally by single-

cluster [Zn,O(L?),(OAc),] (7). Even
more surprising, when 3-methyl-substi-
tuted HL3 (5b) instead of 2-methyl-

Introduction

The synergistic effect of serendipity and rational design, based
on the well-known rules of coordination chemistry make the
assembly of metalla-topomers of the classical, mere organic
coronates as well as bi- and tricyclic cryptates, possible.
Compared with the conventional organic-based N-bridged
supramolecular structures,!l the new clusters feature metal
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self- crystal X-ray structure analyses.

ions that act as bridgeheads. Recent developments in the field
of design and synthesis of supramolecular inorganic structures
that exhibit novel properties have provided exciting new
prospects.’] In this context, we reported on rectangular
tetrametallic clusters [M4(L")s] (2), which were accessible in
a one-pot reaction from zinc or nickel acetate and picoline —
tetrazolylamide HL' (1; Scheme 1).Fl One of the main

M(OAC),
HL b
1 MeOH
(. @I\r N
- OA‘;‘T N-CH, .9
N 2: ML )]
N oN )
¥ 5 L @ = M (M=Ni Zn)

Scheme 1. Synthesis of tetrametallic nickel and zinc clusters [M,(L!)s] (2).
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structural characteristics of the square [2 x 2] grids 2 are the
two different sets of bonding modes observed for (L')~. A set
of four tetradentate ligands links two metal ions each by a
five-membered chelate ring and a six-membered chelate ring
to construct the [M,(L"),]** core. In this case (L")~ coordinates
to one metal ion through the pyridine and the amide nitrogen
donors and to the neighboring metal ion through the nitrogen
donor of the tetrazolyl group and the oxygen donor of the
amide function. In contrast, the four ligands (L!)~ of the
second set exhibit a bidentate bonding mode. These ligands
coordinate across the pyridine and the amide nitrogen donors
only and complete the slightly distorted octahedral coordina-
tion sphere at the metal vertices.

Formal replacement of the pyridine and tetrazole hetero-
cycles in fragment 3 by thiazole rings leads to new fragment 4
(Scheme 2). The geometric requisites of fragments 3 and 4 are
very similar and for that reason, we expected that 4 should
also be suitable for the generation of square [2 x 2] grids.

Scheme 2. Schematic representation of the commensurate building blocks
3 and 4 suitable for the construction of cyclic tetrametallic clusters.

Abstract in German: In dieser Arbeit wird, ausgehend von
nahe verwandten Metall-Ligand-Kombinationen, die Synthese
vollig unterschiedlicher oligomerer Metallcluster beschrieben.
Wiihrend bei der Umsetzung von Picolin-tetrazolylamid HL' 1
und Zink- bzw. Nickelacetat das [2x2] Grid [M,(L')s] 2
gebildet wurde, entstand bei der Reaktion des nur geringfiigig
unterschiedlichen N-(2-Methylthiazol-5-yl)-thiazol-2-carboxa-
mids HL? 5a mit Nickelacetat der einkernige Metallkomplex
[Ni(L?),(OH.,),] 6. Im Gegensatz dazu isolierten wir bei der
Umsetzung von HL? 5a mit Zinkacetat den vierkernigen
Zinkcluster [Zn,0(L?),(OAc),] 7. Noch iiberraschender war
der Befund, dass bei der Reaktion von 3-Methyl-HL? 5b
anstelle von 2-Methyl-HL? 5a mit Zinkacetat bei ansonsten
identischen Reaktionsbedingungen aus Dichlormethan der
Cluster [Zn,O(L?),CL] 8 kristallisierte. Die Cluster 7 und 8
sind isostrukturell. Wie in 7, sind auch in 8 zwei Seiten des
Zinktetraeders doppelt, zwei einfach und die restlichen zwei
nicht tiberbriickt. Vollig unerwartet lieferte die Umsetzung von
Eisen(iacetat mit HL? 5a unter aeroben Bedingungen den
priizedenzlosen Cluster [{Fe;O(L?),(OAc),,0] 9. Cluster 9
besteht aus zwei u;-O*-zentrierten dreieckigen [Fe;O(L?),-
(OAc),J* Bausteinen, die iiber eine u,-O>~-Briicke nahezu
linear miteinander verkniipft sind. Wir berichten iiber das
Mo fbauer-Spektrum von 9, sowie iiber cyclovoltammetrische
und square-wave Messungen an dieser Verbindung. Die Struk-
turen der Cluster 6, 7, 8 und 9 wurden eindeutig durch
rontgenographische Einkristall Strukturanalysen gesichert.
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Results and Discussion

To confirm this hypothesis, we treated HL? (5a) with nickel(11),
zinc(11), and iron(1) acetate. N-(2-Methylthiazole-5-yl)-thia-
zole-2-carboxamide (5a) was prepared according to literature
procedures™ by coupling of 2-thiazolecarbonyl chloride with
methyl-5-aminothiazole in N-methylpyrrolidin-2-one (NMP)
in the presence of lithium chloride. Reaction of HL? (5a) with
nickel acetate in methanol led to a dark green precipitate.
Contrary to what was expected, the elemental analysis and
FAB-MS spectrum idendified 6 as a monometallic chelate
complex of the composition [Ni(L?),(OH,),] (Scheme 3).

Ni(OAc), 5
HL — [ Ni(L),(OH,), ]
5a MeOH 6

S O

Sy

Scheme 3. Synthesis of the mononuclear nickel cluster [Ni(L?),(OH,),]
(6).

CH,

These results were confirmed by an X-ray crystallographic
structure analysis. Thus, the two ligands (L?)~ of cis-6 are
bound across the thiazole and amide nitrogen donors and
generate five-membered chelate rings. The slightly distorted
octahedral coordination sphere at the nickel center is
completed by oxygen donors of two water molecules which
form extra hydrogen bonds each to the nitrogen atom of the
methylthiazole groups (Figure 1).

Figure 1. Molecular structure of 6 in the crystal (PLUTON presentation, H
atoms are omitted for clarity, except those of water. C: shaded; N: net; O:
diagonal; S: mesh; Ni: void.

In contrast, reaction of HL? (5a) with zinc acetate in
methanol yielded colorless crystals of 7. The elemental
analysis and FAB-MS spectrum indicated 7 to be a tetrame-
tallic zinc chelate complex®! of the composition [Zn,O-
(L*)4(0OAc),] (Scheme4). 'H and “C NMR studies of
diamagnetic 7 revealed, that all four ligands are chemically
identical. However, these data alone did not allow us to
unequivocally determine the structure of 7; therefore, we
carried out an X-ray crystallographic structure analysis, which
revealed the tetrametallic structure (Figure 2).
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Scheme 4. Synthesis of the tetrametallic zinc cluster [Zn,O(L?),(OAc),]
™.

Figure 2. Molecular structure of 7 in the crystal (PLUTON presentation,
only one stereoisomer shown). View along one selected C, axis, H atoms
omitted for clarity. C: shaded; N: net; O: diagonal; S: mesh; Ni: void.

In 7, the module [Zn,(L?),]** is generated from two ditopic,
tridentate ligands (L?)~ and two zinc ions. The two (L?)~
ligands coordinate to the zinc ions head-to-tail through the
thiazole/amide N-donor groups and the methylthiazole N-do-
nor groups. Two of these building blocks are arranged in such
a way that the four zinc ions form the vertices of a
tetrahedron. Furthermore, two opposite edges of the D,-
symmetric module [Zn,(L?),],*" are bridged by two acetate
ions, while the two extra opposite edges remain unoccupied to
give scaffold {[Zn,(L?),],(OAc),}**. Charge compensation in
the final product [Zn,O(L?),(OAc),] 7 is provided by the
central u,-O?~ ion. The overall coordination geometry at the
zinc center is square-pyramidal (Figure 3). Dissymmetric 7
crystallizes within the chiral space group Fdd2.7 Yet, viewed
ideally, 7 features D, molecule symmetry.

However, when 3-methyl-substituted HL? (5b) instead of
2-methyl-substituted HL? (5a) was allowed to react under
identical conditions with zinc acetate in methanol, [Zn,O-
(L*,CL,] (8) was formed and crystallized from dichloro-
methane. As shown by a single-crystal X-ray structure
analysis, 8 is isostructural to [Zn,O(L?),(OAc),] (7). Asin 7, in

3616 ——
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Figure 3. Stereoview of 7 in the crystal (PLUTON presentation, only one
stereoisomer shown).

8 two of the edges of the Zn, tetrahedron are doubly bridged,
two are singly bridged, and the other two are nonbridged. The
only difference between 7 and 8 is the exchange of the
bridging acetate by chloride ions. The chloride ions in 8 are
incorporated during crystallization from dichloromethane
(Scheme 5). In contrast to 7, both enantiomers of D,-
symmetric 8 crystallize in the centrosymmetric space group

Fddd.
’
HL M < O/\N}
MeOH N/
Sb CH,C, ONGO
. [S 0 8:12zn,0(L%),Cl, ]
(L) = p, S
N - \
N_<\Nj\cH

O = Zn2+

>, A \=Cl
\ ® =0

Scheme 5. Synthesis of the tetrametallic zinc cluster [Zn,O(L%),CL,] (8).

Encouraged by these results, we allowed HL? (5a) to react
with iron(i1) acetate under aerobic conditions. After workup a
deep red microcrystalline material was isolated. Based on the
elemental analysis and the FAB-MS spectrum, 9 is a
hexametallic iron(i1) chelate complex of the composition

[FesO5(L?)4(OACc);s] (Scheme 6).1°!
OBy

, Fe(OAc),
HL / \
Ba [O] —-</ \—\
9: [{ Fe;0(L"),(0AC), 1,0
s, P CH
= [ Sj :
N _N_<\N\ O = Fe’

©
n
o

° )\z OAc™
—~

Scheme 6. Synthesis of the hexametallic iron cluster [{Fe;O(L?),-
(OAC) 0] (9).
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For an unequivocal characterization of 9 a single-crystal
X-ray structure determination was carried out (Figure 4).
According to this analysis, 9 is composed of two

[Fe;O(L?),(OAc),]" modules, linked by an almost linear u,-
oxo bridge (Fel—u,-O 1.78 A; Fel-u,-O-Fe4 175.3°). Each of

Figure 4. Molecular structure of 9 in the crystal (PLUTON presentation).
H atoms omitted for clarity. C: shaded; N: net; O: diagonal; S: mesh; Ni:
void.

these two building blocks represents an isosceles triangle with
three Fe™ ions located in the corners and an 4;-O?~ ion in the
center (Fel—us-O 2.05, Fe2/3—u;-O 1.85 A). Two acetate ions
link the two Fe'' ions of the basic edge (Fe2—Fe3 3.17 A). The
two equally long edges are bridged alternating above and
below the triangular plane by an acetate and an (L?) ligand
each (Fel—Fe2/3 3.39 A). As a consequence, all iron(i11) ions
are coordinated octahedrally. The angle between the two
planes of the trimetallic triangles is 84.6°.

The reversible cyclic voltammogram of redox-active 9 was
recorded under aprotic conditions and displayed basically
three processes attributable to the successive reduction of
complex 9 from all-Fe™ to all-Fe" (Figure 5, solid line).[!

201

10+

_10 L] T T T T T
0 -250 -500 -750 -1000 -1250

E /mV vs. Fc/F¢' ———»

Figure 5. Cyclic voltammogram (solid line) of 9 (thin-layer conditions in
CH,Cl,, 0.1 M TBAHFP, scan rate 250 mV~'). Square-wave voltammogram
(dotted line) of 9 (pulse height 25 mV, frequency 10 Hz, step increment
2.0 mV) versus Fc/Fct.
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Square-wave voltammetry allows better separation of close-
lying electrochemical processes and the peak maxima directly
display the potentials of the electrochemical processes. With
this technique, the number of electrons transferred at differ-
ent potentials during the reduction of 9 from all-Fe'" to all-
Fe' was determined in dichloromethane versus Fc/Fc and
turned out to be one for the first reduction (—250 mV), two
for the second (— 610 mV and —700 mV), and three for the
third (shoulder at ca. — 960 mV and — 1040 mV; Figure 5, dotted
line). These findings are evidence for strong coupling across
the u,-oxo bridge of the two trimetallic substructures of 9.

The presence of two different sets of iron(ii1) ions in 9 was
established unequivocally from the Mdssbauer spectrum at
77 K. Powder samples of 9 show a quartet, arising from the
overlap of two quadrupole doublets (two high-spin Fe(1/4)™
centers: quadropolar splitting AE4(77 K) =198 mms™, iso-
meric shift 6(77 K)=0.55 mms~!, I'=0.27 mms~!, 33.3%;
four high-spin Fe(2/3/5/6)! centers: quadropolar splitting
AEy(77K)=1.01 mms~!, isomeric shift (77 K)=0.50
mms~!, I'=0.29 mms~!, 66.7%; Figure 6).
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0.92 1
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0.90 1

0.88 T T T T 1
-2 -1 0 1 2 3

velocity [mms’']

Figure 6. Mgssbauer spectrum of a powder sample of [{Fe;O(L?),-
(OAc),},0] (9), recorded at 77 K with parameters given in the text. The
solid lines are Lorentzian fits.

Conclusion

There is still a long way to go before we are able to reliably
predict supramolecular structures. Presently, we are far from
understanding the rules governing the generation of mono-
nuclear [Ni(L?),(OH,),] (6), tetranuclear [Zn,O(L?),(OAc),]
(7), or hexanuclear [{Fe;O(L?),(OAc),},O] (9) complexes,
starting from HL? and potentially hexacoordinating Ni**,
Zn**, or Fe?* ions.

Experimental Section

General techniques: Metal salts and reagents were used as obtained from
Aldrich. IR spectra were recorded from KBr pellets on a Bruker IFS 25
spectrometer. NMR spectra were recorded on a JEOL JNM-EX-400
spectrometer. All chemical shifts are reported as O values (ppm) relative to
CDCl;. FAB-MS spectra were recorded on a Micromass ZAB-Spec
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spectrometer. Elemental analyses were performed on a EA 1110 CHNS-
Microautomat.

HL? (5a), HL? (5b)

General method: A suspension of 2/3-methyl-5-aminothiazole (1.14 g,
10 mmol), triethylamine (1.32 g, 13 mmol), and lithium chloride (1.0 g) in
anhydrous N-methyl-pyrrolidin-2-one was cooled to 0°C, and 2-thiazolyl
chloride!"”! (1.48 g, 10 mmol) was added. The reaction mixture was stirred
for three days at 20°C, water (200 mL) was added and the microcrystalline
precipitate was collected on a glass frit. The solid was dried and crystallized
from methanol.

HL? (5a): Yield: 2.12 g (94 %) bright beige rhombic crystals; m.p. 196 °C;
IR (KBr): #=1651, 1555, 1515 cm™!; 'H NMR (400 MHz, CDCl): 6 =2.42
(s, 3H; CH3), 721 (s, 1H; Ar-H), 7.68 (d, 1H; Ar-H), 7.96 (d, 1H; Ar-H),
9.55 ppm (s, 1H; NH); C NMR (100.5 MHz, CDCl;): 6 =11.67 (CH,),
128.24 (Ar-C), 126.00 (Ar-CH), 134.91 (Ar-CH), 144.21 (Ar-CH), 155.89
(Ar-C), 156.98(Ar-C), 161.27 (C=0); MS (EIL, 70 eV): m/z (%): 225 (86)
[M]*; elemental analysis caled (%) for CgH;N;OS, (225.30): C 42.65, H
3.13, N 18.65, S 28.47; found: C 42.64, H 3.09, N 18.66, S 28.55.

HL3 (5b): Yield: 1.96 g (87 %) bright beige powder; m.p. 171°C; IR (KBr):
7=1673, 1546, 1523 cm~!; '"H NMR (400 MHz, CDCl;): 6 =2.32 (s, 3H;
CHs;), 6.57 (s, 1H; Ar-H), 7.66 (d, 1 H; Ar-H), 7.90 (d, 1H; Ar-H), 10.18 ppm
(s, 1H; NH); *C NMR (100.5 MHz, CDCl;):  =16.91 (CH,), 147.74 (Ar-
C), 108.79 (Ar-CH), 126.02 (Ar-CH), 144.18 (Ar-CH), 156.31 (Ar-C),
156.86 (Ar-C), 160.95 (C=0); MS (EIL, 70 eV): m/z (%): 225 (100) [M]*;
elemental analysis caled (%) for CgH,N;0S, (225.30): C 42.65, H 3.13, N
18.65, S 28.47; found: C 42.87, H 3.10, N 18.50, S 28.37.

[Ni(L?),(H,0),] (6), [Zn,0(L*)4(0Ac),] (7) [Zn,O(L%),CL] (8) and
{[Fe;0(L?),(0A0),],0} (9)

General method: A solution of HL? (5a) or HL? (5b) (1.0 mmol) in
CH;O0H (20 mL) was added to a solution of metal(i1) acetate (0.5 mmol) in
CH;OH (30 mL). The reaction mixture was stirred at 20°C for 2h,
concentrated to 20 mL, and layered with diethyl ether (10 mL). The
precipitate was collected, dried under reduced pressure, and crystallized.

[Ni(L?),(H,0),] (6): Starting material: HL? (5a): yield: 231 mg (85 %) dark
green prisms from THF/diethyl ether; m.p. >250°C (decomp); IR (KBr):
7=1602, 1530, 1502 cm~!; FAB-MS (3-nitrobenzyl alcohol (3-NBA)): m/z
(%): 507 (100) [Ni(L?),—2H,0]*; elemental analysis calcd (%) for

Table 1. Details of X-ray structure determinations.

C6H ¢NsO,S,Ni (543.29): C 3537, H 2.97, N 1547, S 23.61; found: C
36.75, H 3.49, N 14.44, S 23.25.

[Zn,0(L?)4(0Ac),] (7): Starting material: HL? (5a): yield: 236 mg (83 %)
colorless bipyramids from dichloromethane/diethyl ether; m.p. >250°C
(decomp); IR (KBr): #=1608, 1574, 1501 cm~'; 'H NMR (400 MHz,
CD,Cl,): 6=1.39 (s, 6H; 2 CH;CO,),2.20 (s, 12H; 4 CH;), 6.34 (d, 4H; Ar-
H),7.53 (d,4H; Ar-H), 7.90 (d, 4H; Ar-H); ¥*C NMR (100.5 MHz, CD,CL,):
0=12.09 (CHj;), 23.25 (CH;CO,), 126.13 (Ar-C), 124.78 (Ar-CH), 131.05
(Ar-CH), 132.49 (Ar-CH), 143.10 (Ar-C), 160.53 (Ar-C), 169.61 (C=0),
170.40 (CH;CO,); FAB-MS (3-NBA): m/z (%): 1232 (35)
[Zn,O(L?),(OAc) — OAc]*; elemental analysis caled (%) for
C36H30N1,00S5Zn, (1292.80): C 33.45, H 2.34, N 13.00, S 19.84; found: C
33.38, H2.37, N 12.64, S 19.21.

[Zn,0(L%),CL,] (8): Starting material: HL? (5b): yield: 217 mg (67 %)
yellow prisms from dichloromethane/methanol/diethyl ether; m.p. >250°C
(decomp); IR (KBr): #=1610, 1563, 1499 cm™!; 'H NMR (400 MHz,
CDCl,): 0=1.57 (s, 12H; 4 CH;), 6.28 (s, 4H; Ar-H), 747 (d, 4H; Ar-H),
793 (d,4H; Ar-H); BC NMR (100.5 MHz, CDCl,): 6 =15.95 (CH3), 108.22
(Ar-C), 124.89 (Ar-CH), 142.73 (Ar-CH), 143.79 (Ar-CH), 160.71 (Ar-C),
169.30 (Ar-C2), 170.96 (C=0O); FAB-MS (3-NBA): m/z (%): 1245 (2)
[Zn,O(L3),CL,]*; elemental analysis caled (%) for Cy,H,CLN,,05S:Zn,
(1245.62): C30.86, H 1.94, N 13.49, S 20.60; found: C 30.45, H 1.89, N 13.33,
$20.34.

[{Fe;0(L?),(0Ac)},0] (9): Starting material: HL? (5a): yield: 394 mg
(45%) dark red rhombic crystals from CHCly/diethyl ether; m.p. >250°C
(decomp); IR (KBr): #=1608, 1574, 1501 cm~'; FAB-MS (3-NBA): m/z
(%): 1751 (17) [{Fe;0(L?),(OAc),},0]*; elemental analysis calcd (%) for
CsHsN,O00SFe, (1752.60): C 32.90, H 2.76, N 9.59, S 14.64; found: C
33.25,H2.75,N 9.58, S 14.57.

Single-crystal X-ray structure analyses: Details of crystal data, data
collection, and refinement are given in Table 1. X-ray data were collected
on a Nonius Kappa CCD area detector (7, 9) and on a Siemens-P4
diffractometer (6, 8) with Moy, radiation (A= 0.71073 A). Lorentz, polar-
ization, and absorption corrections were applied.'!] The structures were
solved by direct methods with SHELXS-97 and refined with full-matrix
least-squares against F2 with SHELXL-97."l All non-hydrogen atoms were
refined anisotropically. The hydrogen atoms were fixed in idealized
positions using a riding model.

6 7 8 9
formula CisHisN6O,SNi C3H3N1,0085Zn, C3,HyCLN,058¢Zn, CiygHygN1,O45SgFeq
-CH,Cl,-H,0 -CHCl; - (CH;CH,),0
M, 543.29 1292.80 1348.43 1946.02
crystal size [mm] 0.60 x 0.50 x 0.40 0.30 x 0.20 x 0.20 0.35x0.22 x 0.16 0.35 % 0.30 x 0.20
crystal system monoclinic orthorhombic orthorhombic monoclinic
space group P2(1)/c Fdd2 Fddd C2/c
T [K] 210(2) 173(2) 210 173(2)
a[A] 12.656(4) 21.2555(9) 11.986(2) 24.4372(3)
b [A] 14.760(5) 42.8109(13) 19.492(2) 13.2889(2)
c[A] 12.203(4) 13.5612(6) 46.895(6) 26.9201(3)
a[°] 90 90 90 90
BI°] 113.37(2) 90 90 95.5410(10)
v [°] 90 90 90 90
V[A3] 2093(2) 12340.2(8) 10956(3) 8701.28(19)
V4 4 8 8 4
Pearea [Mgm—] 1.725 1.392 1.635 1.635
0 range [°] 1.75 t0 27.01 2.28 to 25.02 2.04 to 25.00 1.52 to 27.48
reflections collected 5595 5255 4576 16733
unique reflections 4560 5255 2425 9910
[Rin] 0.0609 0 0.1193 0.0320
refl. observed [I>20(7)] 3280 4708 1253 6868
parameters 329 330 170 519
absorption correction method none Psi-scans Psi-scans Scalepack
final R1 [I>20(1)] 0.0513 0.0742 0.0726 0.0496
wR?2 (all data) 0.1358 0.2135 0.1755 0.1601
largest residuals [e A3 0.505/ —0.878 1.594/ —0.853 0.802/ —0.432 1.473/ —0.733
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CCDC-174359 (6), CCDC-174592 (7), CCDC-174360 (8), and CCDC-
174591 (9) contain the supplementary crystallographic data for the
structures reported in this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax: (+44)1223-336033; or deposit@ccdc.cam.ac.uk).
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