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Synthesis, Structures and Magnetic Properties of Two Tetranuclear and Decanuclear
Manganese Clusters Bearing the Multidentate Schiff-Base Ligands

YANG Xiao-Xun LENG Ji-Dong LIU Jun-Liang JIA Jian-Hua® TONG Ming-Liang
MOE Key Laboratory of Bioinorganic and Synthetic Chemistry, School of Chemistry and Chemical Engineering,
Y Y 8 ) Y Y 8 8
Sun Yai-Sen University, Guangzhou 510275, China)

Abstract: A multidentate salicylaldehyde Schiff-base ligand with {NO,} donor set, 3,5-di-tert-butylsalicylaldehyde-
trihydroxymethylaminomethane (H,L), has been synthesized for the first time and characterized by elemental
analysis, IR and '"H NMR. Solution reactions of Mn(C10,), or MnCl, -4H,0 with H,L in air generated a tetranuclear
complex [Mn™, (HL), (H,L), (MeCN),] (C10,), -2MeCN (1) and a decanuclear complex [Mn"Mn", (bz),, (L), (H,0),] *
10MeCN (2), respectively. X-ray studies reveal that complex 1 crystallizes in triclinic space group P1, while complex
2 crystallizes in orthorhombic space group Aba2. Magnetism data in the temperature range 2~300 K have been

carried out, indicating the presence of the antiferromagnetic interaction within 2.
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In 1993, MnpAc as the first single -molecule
magnet (SMM) that could retain magnetization in the
absence of magnetic field was discovered . This
unexpected result has led to a great expansion in the
investigation of the synthesis and magnetic property

for polymetallic molecular species, especially those
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with large spin ground-state S and axial zero-field
splitting parameter D values, which are widely
accepted as the most important features as SMMs
determination P. True to its name, the SMM is a
molecule that behaves as an individual nanomagnet.
small ~ size and

Because  of  their precise
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characterization, SMMs straddle the classical and

quantum  mechanical  worlds, displaying many
interesting features and having important technological
applications in fields of information storage and
¥ Complexes involving

quantum computation, etc
manganese ions have held a very important seat in
SMMs family, up to now, particularly the Mn;, and
Mng clusters 9. Generally speaking, the spin value
can be successfully maximized when ferromagnetic-
coupling systems are generating”. One important
direction to reach this goal is developing the new
synthetic procedure for polynuclear clusters, among

which the
promising. In this regard, hydroxyl-rich ligands as well

design of key ligands is extremely

¥4 such as tripodal alcohols, have

as acid ligands'
been widely used for the development of polynuclear
molecular species.

Recent years, multidentate hydroxyl-rich Schiff-
base ligands have attracted much attention due to
their significantly potential applications in site

‘Bu

selection, catalysis, biochemistry and
magnetochemistry. They have been identified as
highly effective ligands for the construction of
polymetallic SMMs because of the similar coordination
superiorities as hydroxyl-rich ligands™>?. For example,
Schiff-base  ligand,  5-bromo-2-
salicylideneamino-1-propanol  (H,5-Br-sap), has been

used to construct dinuclear and tetranuclear SMMs

the tridentate

previously ['5],

Inspired by these precedents, we recently began
to investigate a multidentate salicylaldehyde Schiff-
3,5-di-tert-butylsalicylaldehyde-
trihydroxymethylaminomethane (H,L) with {NO,} donor

base ligand

set, which may provide an effective direction for
molecular magnets design. Fortunately, two novel
manganese clusters [Mn",(HL),(H,L),(MeCN),](C1O,), -
2MeCN (1) and [Mn"Mn", (bz) (L); (H,0),] - 10MeCN
(2), were obtained from reactions of Mn(Il) salts with
H,. (Scheme 1). Herein, we reported their synthesis,

structures and magnetic properties.

OH

OH

tllll[[ll

OH

Scheme 1 Schiff-base ligand H,L

1 Experimental Section

1.1 Physical measurements

Elemental analysis was performed on an
Elementar Vario-EL. CHNS elemental analyzer. IR
spectra were recorded from KBr pellets in the range
4 000~400 cm™ on a Bruker-EQUINOX 55 spectro-
meter. 'H NMR spectra were recorded on a Mercury-
Plus 300 nuclear magnetic resonance analyzer using

TMS as

magnetic susceptibility and magnetization measure-

internal  standard. Variable-temperature
ments were performed with a Quantum Design MPMS-
XL 7 SQUID. Dried powder samples were embedded
in petroleum jelly to prevent torquing. Direct current

(de) susceptibility data were collected at zero de field

and were corrected with Pascal constants.
1.2 Synthesis

All materials were commercially available and
used as received without further purification. All
manipulations  were  performed under ambient
laboratory conditions.

HJL. To a (100 mL),
trihydroxymethylaminomethane (1.79 g, 15 mmol) was
added with magnetic 3,5-di-tert-
butylsalicylaldehyde (3.52 g, 15 mmol ) was added to

the above solution slowly at 80 °C under reflux. The

methanol solution

stirring.  Then,

resulting solution turned yellow, and was continued to
reflux for further 1 h. After removing the solvent by
reduced pressure distillation, yellow powder with

(98.7% vyield ). IR data

obvious scent was obtained
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(KBr, ecm™): 3 473s, 3 356s, 2 962m, 2 360m, 1 617s,
1477w, 1 365m, 1 203s, 1 049s, 875m, 850m, 831s,
727m, 649m, 572m. 'H NMR data: § 8.36 (1H); 7.36
(1H); 7.26 (1H); 4.90 (1H); 3.84 (6H); 1.92 (3H); 1.32
(I18H). Anal. Caled. for CioH3;NO, (%): C, 67.63; H,
9.26; N, 4.15; Found (%): C, 67.65; H, 9.27; N, 4.17.

[Mn™,(HL),(H,L),(MeCN),](C10,), - 2MeCN (1). To
of  Mn(ClO,), (0.543 g,
acetonitrile (15 mL), mixture solution of Hyl. (0.169 g,
(0.092 g, 1.5 mmol) in
added dropwise with

a solution 1.5 mmol) in

0.5 mmol) and ethanolamine
(10 mL) was

magnetic stirring. A black solution was obtained and

acetonitrile

continued to stir for 7 h. After filtration, the filtrate
was allowed to evaporate at room temperature. Ten
days later, only a few red block crystals suitable for
X-ray analysis were obtained along with massive black
microcrystals (less than 2% yield).

[Mn"¢Mn", (bz),o (L); (H,0),] - 10MeCN  (2). To a
solution of MnCl, -4H,0 (0.059 ¢, 0.3 mmol) in
(15 mL), a solution of H,L. (0.034 g, 0.1

methanol

(15 mL) was added dropwise

with magnetic stirring. The resulting solution turned

mmol) in acetonitrile

black. About half an hour, solid sodium benzoate
(0.086 g, 0.6 mmol) was added, then the mixture was
stirred at room temperature for 7 h and filtered. The
filtrate with light reddish brown color was evaporated
at room temperature. Three days later, red block
crystals suitable for X-ray analysis were collected. (ca.
40% vyield based on H,L). IR data (KBr, cm ™):
3 498m, 3 396m, 3 361w, 2 989m, 2 773m, 2 032s,
1 778w, 1 623s, 1 473m, 1 390w, 1 203m, 1 045w,
972w, 835m, 732m, 655w, 567m. Anal. Caled. for
CiH 192N 1, O3sMnyy (% ): C, 56.31; H, 5.47; N, 5.54;
Found (%): C, 56.28; H, 5.48; N, 5.56.
1.3 X-ray crystallography

Diffraction intensities of 1 and 2 were collected on a
Bruker Smart Apex CCD diffractometer using graphite-
monochromated Cu Ko hradiation (A =0.154 178 nm).
through

corrections  were  processed

[

Absorption

multiscan program SADABS ™. The structures were

Table 1 Crystallographic Data and Structural Refinements for 1 and 2

Complex 1 2

Empirical formula CasH 13N10024ClLMny Cig6H 192N 14035Mno
Formula weight 2 004.70 3 540.74
Crystal system Triclinic Orthorhombic
Space group Pl Aba2

a/ nm 1.203 03(6) 2.394 95(9)
b/ nm 1.290 17(8) 2.078 37(6)
¢/ nm 1.773 80(9) 3.825 82(16)
al(°) 104.669(5)

B/ 107.856(4)

v/ 90.066(4)

V /o’ 2.525 8(2) 19.043 4(12)
A 1 4

D,/ (g-cm™) 1.318 1.235

T/K 123(2) 123(2)

GOF 0.988 1.020

Reflns collected 17 339 21 537
F(000) 1 056 7 360

R, 0.039 3 0.061 3

7 199/84/586
0.078 3, 02156
0.114 4,0.2352

Data / restrains / parameters
R, wRy (1520 (1))
R, wRy (all data)

10 883/169/1 100
0.074 1, 0.179 9
0.112 5,0.221 0

*Ri=X || FJ-IF. || I ZIF), "wR,=[ Zw(F~FY Zw(F 21"
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solved with direct method and refined with a full-matrix
least-squares technique with the SHELXTL program
package™. The hydrogen atoms were placed in idealised
positions and refined using a riding model.

structure

Data  collection parameters and

refinement details are listed in Table 1.

CCDC: 1403158, 1; 1403159, 2.
2 Results and discussion

2.1 Synthesis

The condensation reaction of trihydroxymethylam-
inomethane with 3,5-di-tert-butylsalicylaldehyde in
methanol solution under reflux gave the target product
HiL in 98.7% yield (Scheme 2).

Solution reaction of Mn(ClO,), with HyL in air
can afford dark solution after seven hours. Evaporation
of the resulting mixture at room temperature finally
yielded crystals 1 in less than 2% yield. Crystals 2
were obtained in 40% yield from solution reaction of
MnCl, with H,L. and sodium benzoate. Given that the
starting manganese sources were exclusively Mn" ions,

" jons generated by oxidation of

it is apparent that Mn
Mn" ions, a common process in manganese cluster
chemistry®. As an immediate color change of solution
to black was observed during the reagents mixing for
both preparation process of 1 and 2, it is proposed

that oxidation step occurs in the process of initial

—OH

£ p—OH
HIN {
OH

reaction rather than crystallization step. To our
surprise, alcohol hydroxyls of H,L. in 1 are partly
deprotonated in the presence of base, whereas for 2
alcohol hydroxyls are completely deprotonated without
any base. Hence, the extent of deprotonation of the
ligand exerts great influence on the buildings of metal
clusters, especially high nuclearity metal clusters.
Generally speaking, the more thoroughly the ligands
are deprotonated, the higher nuclearity species would
be obtained. In order to figure out the conditions for
deprotonation of the ligand and the impact of metal
salts, auxiliary ligands and solvents on the
constructions of complexes with such Schiff-base
ligand, many attempts have been done upon reaction
system of 2. Replacement of MnCl, by other
manganese salts such as Mn(OAc),, Mn(NOs), and Mn
(C10,), in the same reaction condition only yielded
amorphous powder. In addition, reactions under
various solvent conditions were in vain. Due to
the excellent property of N; = unit in magnetism
transmission, moreover, NaN; was incorporated into
the reaction system, unfortunately there is no any
obtained powder. So far,

crystal except some

of MnCl,,

solvents of methanol and acetonitrile, seems to be the

combination sodium benzoate, mixed

best choice for reaction system to generate 2.

methanol, reflux for 1 hour

Scheme 2 Synthetic route of HyL

2.2 Structure description
Single-crystal X-ray structural analysis reveals

1

that the structure of 1 consists of four Mn" ions (Fig.
1), crystallizing in triclinic space group Pl. Four

alcohol ligand H,L are
deprotonated while completely deprotonated in 2. All

hydroxyls in partly
four Mn™ jons in 1 are six-coordinated with near-
octahedral geometry. Four coordination sites of each

Mn™ ion in equatorial plane are occupied by phenoxyl

oxygen atom, amine nitrogen atom, and two hydroxyl
oxygen atoms from L*~. The other two axial siles are
occupied by two nitrogen atoms from two acetonitrile
molecules for Mnl and two hydroxyl oxygen atoms
from two L* for Mn2, respectively (Fig.1).

The bond lengths of Mn1-O/N and Mn2-O/N are
respectively in the range of 0.184 9(2)~0.195 5(3) nm,
0.185 3(3)~0.203 2(2) nm in the equatorial plane and
0.225 7(4)~0.234 6(4) nm, 0.213 6(2)~0.215 4(2) nm
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Thermal ellipsoids are displayed at the 30% probability level. Hydrogen atoms are omitted for clarity. Color code: Mn", teal; N, blue; O, red; C, gray;

and the elongated Jahn-Teller axes of Mn"

ions are highlighted in pink. Symmetry code: B: 1-x, 1-y, 1—z

Fig. ORTEP diagram of 1

in the axis, which indicates coordination geometry of
Mn™ ions are elongated octahedron, displaying a Jahn-
Teller distortion. Meanwhile the mean bond length of
Mn1-N (0.229 9(7) nm, Jahn-Telle axis) is longer than
that of Mn2-O (0.2144 (5) nm, Jahn-Telle axis).
Similarly, the N3-Mn1-N4 angle of Jahn-Teller axis in
Mn1 (173.2(3)°) is found a little bit larger than that of
02-Mn2-O7A in Mn2 (159.19(15)°). These compari-
sons indicate the octahedral configuration of Mnl is
more elongated than that of Mn2.

Complex 2 crystallizing in orthorhombic space

group Aba2 consists of two linear pentanuclear
Mn",Mn"; parts (Fig.2), which are further connected
by oxygen atoms from L*"and benzoate ions, forming a
very beautiful cross-like Mn",Mn"score (Fig.3). Three
ions  (Mnl, Mn3, Mn5) of each

pentanuclear Mn",Mn"; unit are found to be trivalent,

manganese

the rest two manganese ions (Mn2, Mn4) are Mn" ions.
Mn™ and Mn" ions are arranged alternately. All Mn™
ions  (Mnl, Mn3, Mn5, and their symmetry-related
counterparts) are five-coordinated with square-pyramid

as coordination polyhedron as shown in Fig.4 (MnNO,

Thermal ellipsoids are displayed at the 30% probability level. Hydrogen atoms are omitted for clarity. Color code: Mn", teal; Mn", dark yellow; N,

blue; O, red; C, gray. H atoms have been omitted for clarity. Symmetry code: B: 2—x, 1-y, z

Fig.2 ORTEP diagram of the linear pentanuclear part of 2
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Thermal ellipsoids are displayed at the 30% probability level. Hydrogen atoms are omitted for clarity. Color code: Mn", teal; Mn", dark yellow; N,

blue; O, red; C, gray. Symmetry code: B: 2-x, 1-y, z

Fig.3 ORTEP diagram of the independent molecule (left) and the {Mn",Mn"¢} core (right) of 2

Thermal ellipsoids are displayed at the 30% probability level. Hydrogen atoms are omitted for clarity. Color code: Mn", teal; Mn", dark yellow; N,

blue; O, red; C, gray

Fig.4 Polyhedral representation of molecule (left) and the linear pentanuclear part (right) of 2

for Mnl and Mn5, MnOs for Mn3). Four coordination
sites in square are occupied by phenoxyl oxygen atom,
amine nitrogen atom (or replaced by hydroxyl oxygen
atom), hydroxyl oxygen atom, and oxygen atom of
benzoate. The apical site is occupied by benzoate
oxygen atom. The bond lengths of Mn™-O/N are in the
range of 0.184 9(8)~0.198 8(9) nm in the square and
0.210 9(7)~0.213 9(9) nm at the apex. In contrast to

M
wh w
—O0—M
NSO
N
M
Y, O /_{ 7
N\
M
5=

(Mn2, Mn4, and their

symmetry-related counterparts) is surrounded by six

Mn™ ions, each Mn" ion

oxygen atoms in octahedral geometry (MnOs, Fig.4),
which are respectively from hydroxyl groups of the L,
benzoate, and water molecule. Coordination bond
lengths of Mn"™O are in the range of 0.211 0(8)~
0.221 8(7) nm and 0.211 8(9)~0.221 2(8) nm for Mn2

and Mn4, respectively.

M
| " oH
—O0—M s
A p—OH N
N N
% 4 0\1\4 0
M=0Z X
. M
HL* H,L*

Scheme 3 Coordination modes of HyLL in 1 and 2
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Only weak intermolecular interactions are
observed in both 1 and 2 involving that from benzene
rings of ligands H,L. The H,L ligand displays the
(Scheme 3),

however, both act as chelating and bridging ligands.

different coordination modes in 1 and 2

2.3 Magnetic property study

Variable-temperature dc magnetic susceptibility
data for 2 were collected in the temperature range 2~
300 K, under an applied field of 1 000 Oe. The data
plotted as yyI' vs T in the Fig.5 are found to obey
Curie-Weiss law y(T)=C/(T-6) in the temperature range
60 ~300 K, giving the Curie constant C=42.17 cm’ -
mol ' +K and Curie-Weiss temperature 6 =-93.08 K.
Such large negative 6 value indicates antiferromagnetic
exchange interactions among manganese ions, and the
high € value emphasizes the significant orbital
contribution to the susceptibility. The room-temperature

value of yyT is 32.14 c¢cm®+-mol ™ +K, smaller than the

35 10

30 8
5 25+ o
& 20 E
2 <
>~ 151 14 =~
&~ £
><E X

10 A {2

5

150 200 250 300
T/K

0 50 100

Fig.5 Plot of yyT versus T and plot yy™ versus T at an
applied field of 1 000 Oe for 2

4.98

M/ (NB)

1.66

0.83

H/T

Solid line is guide for the eyes

Fig.6 Field dependence of magnetization at 7=2.0 K

excepted spin-only value of 35.50 c¢m®-mol™ <K with
Swn =5/2, Sy =2 and g =2 for a noninteracting
Mn'",Mn"( unit. Upon cooling, the yyT values gradually
decrease to 5.16 cm’-mol™-K at 2 K indicating an S>

0 ground state. Fig.6 shows the isothermal

magnetization in the field of 0~7 T at 2 K. The data
predominant

also reveal the presence of the

antiferromagnetic interactions in 2, which is consistent
with the result obtained from magnetic susceptibility

data.

3 Conclusions

In this work, two novel manganese clusters with

11

tetranuclear Mn", core and decanuclear cross-like

Mn"Mn" core surrounded by the new multidentate
salicylaldehyde Schiff-base ligands H,L with {NO,}
donor set. Magnetic property studies reveal that
antiferromagnetic exchange interactions occur in 2,
which may provide useful insights into magnetic
exchange interactions in polynuclear manganese
complexes. Moreover, the extent of deprotonation of
H,L ligands and the choice of proper auxiliary ligands
are the key points in constructing high-nuclearity

clusters with Schiff-base ligands.
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