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Four tetranuclear manganese(1i1) complexes containing phosphonate ligands
(RPOs>~, R = Me, Et and n-Bu), [MnsO»(MePO5),(0,CMe)4(bpy),] -

4MeCOOH (1), [MngO»(EtPO3)>(0,CMe)4(bpy)s] - 7TH,0 (2),
[Mn4O5(1-BuPO3),(0>,CMe)4(bpy),] - 4H,0 - (COOH), (3) and

[Mn40,(MePO3),(0O,CPh)4(phen),] - 4PhCOOH - 2MeCN (4), have been synthesized and
characterized by IR spectroscopy, ESI-MS spectrometry, electrochemical analysis, magnetic
measurements and TGA. The X-ray analysis shows that the four complexes all have one
[Mng(ps3-0),]* " core with four coplanar Mn atoms disposed in an extended “butterfly-like”
arrangement and two O atoms triply bridging each “wing”, and the peripheral ligation is
provided by four p,-MeCO, ™ or four p,-PhCO, ™, two terminal bpy or phen

(bpy = 2,2'-bipyridine, phen = 1,10-phenanthroline) groups at both ends of the molecule, and
two bicapping ps-phosphonate ligands, which each binds to three manganese centers above and
below the plane. The cyclic voltammetry of 1 and 3 each displays four reduction and one
oxidation processes, of which the four reduction processes are possibly attributed to the reduction
of four Mn™ of the compounds to Mn™. The ESI-MS data indicate that the family of complexes
are stable in solution. Magnetic susceptibility measurements reveal that compounds 1 and 3

display antiferromagnetic interactions between the adjacent Mn

p3-0O, O—C-0O and O-P-O bridges.

Introduction

In the past few decades many tetranuclear manganese com-
plexes have been synthesized and characterized due to two
main reasons: bioinorganic chemistry and magnetic materials.
For the first reason, it is believed that the site for water
oxidation in the photosynthetic apparatus of green plants
and cyanobacteria contains a tetranuclear manganese aggre-
gate operating on the donor side of Photosystem II (PS II).!
The synthesis and structure characterization of manganese
complexes have provided a wealth of data to model the Mny
water oxidation center (WOC).? The second reason is to design
new single-molecule magnets (SMMs).? SMMs are regarded as
the elementary units in both ultimate high-density magnetic
storage and the design of quantum computers.*> Accompany-
ing peculiar physical phenomena, such as very slow magneti-
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ions mediated through the

zation relaxation rate and quantum-tunneling of the
magnetization,’ also make manganese clusters objects of
both technological and fundamental scientific interest.®

Phosphonates are a family of ligands that have three O
donors which can bind to metal ions. Transition-metal phos-
phonate complexes have received a lot of attention in recent
years primarily because of their potential applications in
catalysis, ion exchange, proton conductivity, intercalation
chemistry, photochemistry and material chemistry.’~'? Several
metal phosphonate compounds that contain vanadium,'®
aluminium,'* copper,ls‘]6 cobalt,? zinc,'*!® cadmium,'® and
iron?® have been prepared so far. Recently utilization of the
phosphonate to prepare polynuclear manganese complexes
has received an increasing attention, and three kinds of target
clusters with higher nuclearity, one hexa-, one icosa- and one
dodeca-nuclear manganese aggregate have been obtained
using bulky phosphonates (phenylphosphonate, benzylphos-
phonate and cyclohexenephosphonate) as ligands.®*!??
However, smaller manganese clusters, e.g. the tetranuclear
manganese complexes with phosphonate ligands remain
relatively scarce.”> Here we report the synthesis, structures,
electrochemistry and magnetic properties of a family of Mny
complexes with smaller and various phosphonate ligands,
[Mn402(MePO3)2(02CMe)4(bpy)2] -4MeCOOH (1), [Mn402-
(EtPO3)2(02,CMe)y(bpy),] - TH2O (2), [MngOs(n-BuPO3)y(0,CMe)y-
(bpy)s] - 4H;0 - (COOH)5 (3) and [MnO5(MePO3)5(0>CPh)-
(phen),] - 4PhCOOH - 2MeCN (4).
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Results and discussion
Synthesis

Previous work had proved that NBu”";MnO, in nonaqueous
solvents represents a useful route to forming higher oxidation
state Mn complexes.>*** The preparation of the four com-
pounds 1-4 resulted from the comproportionation reaction
between Mn?" and NBu’4MnO; in MeCN-MeOH or
CH,Cl,-MeCN-MeOH. The average Mn oxidation state in
all of the reactions is + 3, so the formation of 4Mn™ products
can be achieved. The Mn™ : Mn¥" ratio employed was 4 : 1, as
required for a desired Mn"", product according to [eqn (1)],

4Mn'" + MY - 54 Mn', (1

The reaction of Mn(O,CMe), - 4H,0, NBu";MnQO,4, MeCOOH
and 2,2’-bipyridine with methanephosphonic acid (MePOsH»)
produced a deep brown solution, from which compound 1 was
obtained. The experimental procedures for the preparation of
compounds 2—4 are similar but differing in phosphonic acid,
carboxylic acid and N-containing coligands. Compounds 1-3
crystallized in a mixed solvent of MeCN-MeOH, while
compound 4 crystallized in a mixed solvent of CH,Cl—
MeCN-MeOH. Compounds 1-4 with analogous structures
can not be obtained by the same synthesis method, which
might be due to the difference of the solubility and acidity of
the reagents. Also we can not obtain large clusters with these
phosphonate ligands (RPO3*~, R = Me, Et and n-Bu) possi-
bly because these ligands are relatively small.

Description of the crystal structures

The ORTEP diagrams for complexes 1, 2, 3 and 4 are shown in
Fig. 1-4, respectively. The crystallographic data for 1-4 are
summarized in Table 1. Selected bond lengths and angles for
all of the four structures are given in Table 2.

The four manganese atoms are all Mn"" jons according to
the bond valence sum calculations.?® The four complexes all lie
about inversion centers. All the four complexes possess an
[Mny(p3-0),]®* core, with the four coplanar Mn atoms dis-
posed in an extended “‘butterfly-like”” arrangement. The core
structure can be considered as two Mn;O triangular units,
which consist of Mn(1), Mn(1A), Mn(2) and p;-O(1), and

Fig. 1
ellipsoids (hydrogen atoms have been omitted for clarity). Symmetry
code A: —x + 3/2, —y + 1/2, —z + 1.

Crystal structure of 1 at 30% probability displacement

Fig. 2 Crystal structure of 2 at 30% probability displacement
ellipsoids (hydrogen atoms have been omitted for clarity). Symmetry
code A: —x + 2, —y, —z + L.

Mn(1), Mn(1A), Mn(2A) and p;-O(1A), joined together by
sharing Mn(1)---Mn(1A) as the same edge. There are two
bicapping p3-phosphonate ligands above and below the Mny
plane, which each bind to three manganese centers of
the Mn;O triangular unit (Fig. 5). The distances between
the two planes formed by {O(4)-O(5)-0(6)} and
{Mn(1)-Mn(2)-Mn(1A)-Mn(2A)} of 1-4 are 2.0451, 1.9878,
2.0134 and 2.0375 A, respectively. The distances of
P(1)---P(1A) are 5.781, 5.733, 5.756 and 5.814 A, respectively.
The Mn(1)---Mn(1A) bond lengths of 1-4 (2.8722(7),
2.8466(7), 2.8419(11) and 2.8582(5) A) are all much shorter
than the distances of Mn(2)---Mn(1) (3.362(4), 3.355(4),
3.365(2), 3.325(3) A), which are comparable to those of
complexes with similar cores reported before.>’*° This is in
agreement with the number of bridging oxides. It is stated that
the Mn---Mn distances in oxide-bridged systems are about

Fig. 3 Crystal structure of 3 at 30% probability displacement
ellipsoids (hydrogen atoms have been omitted for clarity). Symmetry
code A: —x, —y + 2, —z.
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Fig. 4 Crystal structure of 4 at 30% probability displacement
ellipsoids (hydrogen atoms have been omitted for clarity). Symmetry
code A: —x + 1, —y + 1, —z.

27 ~ 28 Aif bridged by two oxides and about 3.3 Aif
bridged by one oxide.>' Unlike the Mn;O complexes,®*3%33
the two p3-O atoms are not in the plane of the four Mn atoms
but 0.3593, 0.3962, 0.3859, 0.3628 A below and above the
plane for 1, 2, 3 and 4, respectively. In addition to two
bicapping phosphonate ligands, there are a total of four
bridging p,-MeCO,™ or p,-PhCO,™ groups around the four
Mn atoms, two terminal bpy or phen groups located at two
ends of the molecule, giving a six-coordinate near-octahedral
geometry around each Mn"! center. The six-coordinate Mn
atoms show Jahn-Teller distortion, for the Mn(i) site with
high-spin d* configuration in the compounds, which gives rise
to the elongation along the axes O(6)-Mn(1)-O(4A) and
O(6A)-Mn(1A)-O(4) composed of phosphonate oxygen
atoms, Mn(l) and Mn(1A). The Mn(1)-O(6) and
Mn(1)-O(4A) bond distances (2.2746(17) and 2.2199(17) A
for 1, 2.2016(14) and 2.2074(14) A for 2, 2.246(3) and 2.197(3)
A for 3, 2.2788(12) and 2.2262(13) A for 4, respectively) are
much longer than the other Mn—-O bond distances in the
respective complexes.

Table 1 Crystallographic data summary for complexes 1-4

As listed in Table 3, seven hydrogen bonds are found in
compound 2. One solvate H,O molecule donates its hydrogen
atoms H(10B) and H(10C) to one phosphonate oxygen
O(6) and one acetate oxygen O(2), respectively, to form
two hydrogen bonds, O(10)-H(10B)---O(6) and O(10)-
H(10C)- - -O(2). Another solvate H,O molecule donates its
hydrogen atoms H(9B) and H(9C) to phosphonate oxygen
0O(4) and solvate water oxygens O(12) (occupancy factor 0.5)
and O(12&) (occupancy factor 0.5) to form three hydrogen
bonds, O(9)-H(9B)---0(4), O(9)-H(9C)---0O(12) and O(9)-
H@OCO)---0(12&) (—x, —y + 3, —z). The solvate H,O molecule
(O(11)) bridges solvate H,O molecules (O(10) and O(9%))
through two hydrogen bonds, O(11)-H(11D)---O(10) and
O(11)-H(11C)---O9#) (—x + 1, —y + 2, —z + 1) to form
1D zigzag chains. (Fig. 6 and Fig. S1, ESI¥).

Electrochemical studies

The cyclic voltammetry (CV) and differential pulse voltam-
metry (DPV) of 1 and 3 have been recorded in distilled MeCN
solution under argon. The CV and DPV of compound 1
(Fig. 7 and Fig. S2, ESI}) show that, when scanning towards
cathodic potential, four reduction processes at ca. —0.911,
—1.69, —2.12 and —2.42 V vs. Ag/AgCl are observed. One
oxidation response at ca. —1.94 V vs. Ag/AgCl is observed
when scanning towards anodic potential. During scanning
towards cathodic potential, the four reduction processes are
possibly attributed to the reduction of four Mn™ of com-
pound 1 to Mn'". These values are more negative than those
reported for other complexes with the [MnsO,8 " core.
The more negative reduction potential values indicate that this
family of tetranuclear manganese(i) complexes containing
phosphonate ligands are more difficult to be reduced. The
reduction and oxidation peaks at —2.12 and —1.94 V seem to
be reversible waves. The changes in the reduction and oxida-
tion processes at the scan rate range of 50-500 mV were
studied in the potential range from —1.8 to —2.25 V. As shown
in the inset of Fig. 7, AE, increases slightly as the scan rate
increases, suggesting that this process is quasi-reversible. The
ESI-MS spectrum (positive mode) of an acetonitrile solution
of 1 gave one major peak at m/z 1013.6 (Fig. S3, ESIt), which

1 2 3 4
Empirical formula C33H50MH4N4024P2 C32H52M1’]4N4023P2 C38H54M1’14N4024P2 C86H72MH4N6024P2
Formula weight 1228.52 1142.48 1232.55 1855.20
Space group C2/e P1 Pl P2i/n
alA 17.8554(9) 10.080(3) 11.4387(14) 18.0431(7)
b/A 15.7085(9) 11.084(3) 11.4850(12) 11.0649(3)
/A 17.7912(9) 11.559(3) 11.9747(11) 21.7461(9)
af° 90 64.798(5) 100.4590(10) 90
B 96.224(3) 81.789(7) 103.024(4) 91.002(2)
9° 90 82.715(6) 113.282(3) 90
/A3 4960.7(5) 1153.4(6) 1342.002) 4340.8(3)
Z 4 1 1 2
T/K ) 293(2) K 293(2) 293(2) 293(2)
AMo-Ka)/A 0.71073 0.71073 0.71073 0.71073
DJg em™> 1.645 1.645 1.525 1.419
f/mm™! 1.147 1.225 1.060 0.683
R 0.0400 0.0316 0.0558 0.0409
wR® 0.1101 0.0855 0.1564 0.1143

“R = YNF| = [FlI[SIFl. " wR = [ w(|Fy| — |F) /S wF, 1.
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Table 2 Selected bond lengths (A) and angles (°) for 1-4

1 2 3 4

Mn(1)-O(1) 1.9115(16) 1.9152(13) 1.914(2) 1.8876(12)
Mn(1)-O(1A)* 1.9245(15) 1.9277(12) 1.918(2) 1.9292(12)
Mn(1)-O(8) 1.9341(17) 1.9662(14) 1.947(3) 1.9526(14)
Mn(1)-0(2) 1.9368(18) 1.9556(14) 1.945(3) 1.9204(13)
Mn(1)-O(4A) 2.2199(17) 2.2074(14) 2.197(3) 2.2262(13)
Mn(1)-0(6) 2.2746(17) 2.2016(14) 2.246(3) 2.2788(12)
Mn(1)---Mn(1A) 2.8722(7) 2.8466(7) 2.8419(11) 2.8582(5)
Mn(2)-O(1) 3.3618(5) 1.8640(12) 1.863(2) 1.8612(12)
Mn(2)-O(5) 1.8572(15) 1.8769(13) 1.870(3) 1.8761(13)
Mn(2)-N(1) 1.9044(16) 2.0497(16) 2.059(4) 2.0652(16)
Mn(2)-N(2) 2.054(2) 2.0655(16) 2.051(3) 2.0555(15)
Mn(2)-O(3A) 2.0579(19) 2.1942(15) 2.186(3) 2.1831(15)
Mn(2)-O(7) 2.1653(18) 2.1896(15) 2.167(3) 2.1963(15)
O(1)-Mn(1)-O(1A) 83.04(7) 84.41(5) 84.27(11) 83.03(5)
O(1)-Mn(1)-O(8) 96.20(7) 96.75(6) 97.06(12) 95.35(6)
O(1A)-Mn(1)-O(8) 177.55(8) 176.09(5) 177.92(11) 175.37(6)
O(1)-Mn(1)-0(2) 176.00(8) 175.64(6) 173.28(11) 176.00(6)
O(1A)-Mn(1)-O(2) 97.84(7) 95.84(6) 95.55(11) 98.16(6)
O(8)-Mn(1)-0(2) 83.08(8) 83.29(6) 83.32(12) 83.76(6)
O(1)-Mn(1)-O(4A) 87.87(7) 87.53(5) 88.38(10) 88.55(5)
O(1A)-Mn(1)-O(4A) 86.47(6) 87.37(5) 87.37(10) 85.98(5)
O(8)-Mn(1)-O(4A) 91.17(8) 88.95(6) 91.07(12) 89.65(6)
0(2)-Mn(1)-O(4A) 96.07(8) 96.83(6) 98.33(11) 95.34(6)
O(1)-Mn(1)-0(6) 86.26(6) 86.35(5) 86.38(10) 86.54(5)
O(1A)-Mn(1)-O(6) 87.13(6) 87.50(5) 86.51(11) 86.51(5)
O(8)-Mn(1)-0(6) 95.15(8) 96.29(6) 95.16(12) 97.74(6)
O(2)-Mn(1)-0(6) 89.88(7) 89.30(6) 86.90(11) 89.71(5)
O(4A)-Mn(1)-O(6) 171.80(6) 172.37(5) 172.31(10) 171.48(5)
O(1)-Mn(2)-0(5) 94.94(7) 96.52(6) 96.11(11) 95.82(5)
O(1)-Mn(2)-N(1) 170.77(7) 172.43(6) 94.24(12) 168.29(6)
O(5)-Mn(2)-N(1) 93.55(8) 90.87(6) 169.63(13) 93.38(6)
O(1)-Mn(2)-N(2) 93.05(7) 93.95(6) 173.19(13) 90.97(6)
O(5-Mn(2)-N(2) 171.99(8) 168.95(6) 90.67(14) 173.00(6)
N(1)-Mn(2)-N(2) 78.51(8) 78.78(7) 78.98(14) 80.12(6)
O(1)-Mn(2)-O(3A) 94.52(7) 93.52(6) 94.32(10) 92.52(6)
O(5)-Mn(2)-O(3A) 95.77(8) 99.06(6) 95.65(14) 95.55(6)
N(1)-Mn(2)-O(3A) 81.03(7) 83.66(6) 82.85(13) 79.36(6)
N(2)-Mn(2)-O(3A) 84.05(8) 83.79(6) 84.40(12) 85.85(6)
O(1)-Mn(2)-O(7) 96.27(7) 95.37(6) 94.64(11) 98.20(6)
0(5)-Mn(2)-0(7) 93.97(8) 93.98(6) 95.09(14) 92.16(6)
N(1)-Mn(2)-O(7) 86.72(7) 85.72(6) 84.75(14) 88.66(6)
N(2)-Mn(2)-0(7) 84.68(8) 81.49(6) 85.31(12) 85.15(6)
O(3A)-Mn(2)-O(7) 164.78(7) 163.27(6) 165.19(13) 166.10(6)

¢ Symmetry transformations used to generate equivalent atoms: (1) A: —x + 3/2, —y + 1/2, —z + I, ) A: —x + 2, —p, —z + I; Q) A: —x, —y +

2, —z@WA —x+1,—y +1,—z

corresponds to [1 + Na] ", suggesting the complex is stable in
solution. As shown in Fig. 7 and Fig. S4, ESI{, compounds 1
and 3 displayed similar electrochemical features but different
potentials. The CV and DPV of compound 3 (Fig. S4 and S5,
ESIY) show that, when scanning towards cathodic potential,
four reduction processes at ca. —0.861, —1.32, —2.11 and
—2.42 V vs. Ag/AgCl are observed. One oxidation response
at ca. —2.02 V vs. Ag/AgCl is observed when scanning towards
anodic potential.

Magnetic properties

The variable-temperature magnetic susceptibility data of com-
plexes 1 and 3 were collected in the temperature range 2-300 K
under a field of 0.5 T, and the resulting plots of yn and yap T vs.
T are depicted in Fig. 8 and Fig. 9. The y T per Mny at room
temperature are 8.15 cm® mol ™! K for 1 and 8.63 cm® mol™' K
for 3, which are smaller than that of 12.01 ¢cm® mol™! K

expected for four independent Mn(111) ions with S = 2. Upon
cooling, the values of yqT gradually decrease to 4.61 cm’
mol™! K for 1 and 5.08 cm® mol™' K for 3 at 20 K, whereupon
the values fall sharply to 0.71 cm® mol~' K for 1 and 0.86 cm®
mol~! K for 3 at 2 K, respectively. This result indicates the
overall antiferromagnetic character of the system. The suscept-
ibility data were fitted over the full temperature range based
on the interaction pattern shown in Fig. 10 and on the
corresponding Hamiltonian [eqn (2)].

I‘AI = —2J1(»§1;§2 + §1§3 + §2§4 + §3§4)
— 21,818y — D(ST. + S5, + S5, + i) (2

The fitted parameters obtained with this computing model
are J; = —0.589 cm™ !, J, = =273 cm™!, g = 1.969, D =
2.566 cm™! and R = 3.632 x 10~ (defined as SO Decate —

G Dobs I (emDonsl) for 1 and J; = —0.601 cm ™', J, =
—3.078 cm ™!, g = 2.040, D = 2.403 cm ! and R = 2.506 x
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Fig. 5 DIAMOND view of 1, 2 and 3 showing the planar parallelogram Mn4 array bicapped by the [MePO;]>~, [EtPO5]*~, [n-BuPOs*,

respectively. The other ligands have been removed for clarity.

Table 3 Hydrogen bond distances (10%) and angles (°) for compound 2

D-H---A d(D-H) dH---A) L DHA dD---A) Symmetry code
O(9)-H(9B)- - -O(4) 0.874 2.002 177.57 2.875

0O(9)-H(9C)- - -0O(12) 0.886 1.885 163.00 2.745

0O(9)-H(9C)- - -O(12&) 0.886 2.230 125.86 2.841 -x, =y + 3, -z
O(10)-H(10B)- - -O(6) 0.880 1.958 165.80 2.820

O(10)-H(10C)- - -O(2) 0.871 2.348 132.39 3.004

O(11)-H(11C)---O(9#) 0.886 1.910 151.33 2.721 —x + 1, -y +2 —z+1
O(11)-H(11D)---O(10) 0.844 2.070 154.47 2.854

107 for 3. Although this set of parameters fit the experimental
data well, they are not realistic because the tetragonally
elongated Mn(11) complexes with Jahn—Teller distortion might
not have so large and positive D parameter.>> Thus we

Fig. 6 A view of symmetric dimer of compound 2 produced by the
solvate water molecules. Atoms labelled with a ampersand (&) or hash
(#) are at the symmetry positions (—x, — y + 3, — z) and (—x + 1,
—y + 2, —z + 1), respectively.

obtained another set of fitted parameters by introducing the
intercomplex interactions based on molecular field approxi-
mation zJ' (x = o/l — 702z /Ng*ug))]).>® Based on the
Hamiltonian with D = 0 [eqn (2)], the fitted parameters above

-2.42
300

200

I(uA)

100

1 0 - -2 3
E(Vvs AgAgCY)

Fig. 7 Cyclic voltammogram (100 mV s~") for complex 1 in distilled
MeCN. The inset is the curve of the scan rate dependence in the range
50-500 mV s~ '. The quoted potentials (V) are vs. Ag/AgCl.
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Fig. 8 Temperature dependence yy 7 (O) and yy () values for 1.
The solid lines correspond to the best-fit curves using the parameters
described in the text.
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Fig. 9 Temperature dependence yy7 (O) and yy (OJ) values for 3.
The solid lines correspond to the best-fit curves using the parameters
described in the text.

04 Mnl
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Fig. 10 The spin topology for 1 and 3 assuming two different
J values.

20K are J; = —7.62cm™ !, J, = =305l cm™!, g = 2.18, zJ'
= —0.6084 and R = 2.30728 x 107> for 1 and J; = —5.21
em™, J, = =27.26 cm™!, g = 2.04, zJ’ = —0.58062 and R =
2.45243 x 1072 for 3. The results reveal the overall antiferro-
magnetic character of the system, which are comparable to

those tetranuclear Mn(i) complexes.>>*® The results show the
presence of antiferromagnetic interaction (J,), which corre-
sponds to the exchange interaction between the Mn(im) ions
connected by two p3-O and two O—P-O bridges, and a weaker
one (J;), which corresponds to the exchange interaction
between the Mn(im1) ions connected by one p3-O, one O-C-O
and one O—P-O bridges.

Thermal properties

The TGA curve of 1 (Fig. S6, ESIT) shows that the weight loss
of 19.79 wt% from room temperature to 173 °C is due to the
removal of four solvate MeCOOH molecules (calc. 19.54
wt%). On further heating (from 173 to 489 °C), the compound
loses continuously 44.36 wt%, which corresponds to the loss
of two bpy and four MeCOO™ ligands (calc. 44.61 wt%). The
compound does not lose any weight upon further heating to
1000 °C. As for compound 3 (Fig. S6, ESIf), it loses four
solvate H,O molecules at 78 °C with estimated weight loss of
5.35 wt% (calc. 5.84 wt%). On further heating, the compound
loses 55.45 wt% continuously from 78 to 410 °C, which might
be attributed to the release of one solvate (COOH),, two bpy
and four MeCOO™ ligands (calc. 51.76 wt%). The compound
does not lose any weight after 560 °C.

Conclusions

In summary, we have explored the RPO;H,~Mn’>"-bpy/
phen—-MeCOOH/PhCOOH reaction system, and successfully
prepared a family of new tetranuclear manganese(iir) com-
plexes 1-4 with different phosphonate ligands (RPO5>~, R =
Me, Et and n-Bu) bicapping on the two sides of the [Mny-
(13-0)a]® " core. Complexes 1 and 3 have been characterized
by IR spectroscopy, ESI-MS spectrometry, electrochemical
studies, magnetic measurements and TGA. More negative
reduction potential values than the other reported manganese(iir)
complexes were observed. The electrochemical behaviors of
compounds 1 and 3 reveal that this family of tetranuclear
manganese(111) complexes are more difficult to be reduced. The
results of the magnetic measurements indicate the antiferro-
magnetic interactions between the Mmn(in) ions mediated
through p3-0O, O-C-O and O-P-O bridges. Further work is
in progress to search for new manganese phosphonate clusters
with interesting structures and magnetic properties.

Experimental

Materials

Mn(O,CPh), - 2H,0,%” and NBu",;MnO,* were both prepared
according to the literature. All the other chemical reagents and
solvents were of analytical grade and were purchased commer-
cially and used without further purification.

Physical measurements

Elemental analyses (carbon, hydrogen and nitrogen) were
performed using a vario EL III CHNOS elemental analyzer.
Infrared spectra were recorded on a Nicolet magna 750 FT-IR
spectrophotometer using KBr pellets in the range of
400-4000 cm ', Electrochemical studies were performed by a

2108 | New J. Chem., 2007, 31, 2103-2110

This journal is © the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2007


http://dx.doi.org/10.1039/b706514k

Downloaded by University of Belgrade on 01 January 2013
Published on 15 August 2007 on http://pubs.rsc.org | doi:10.1039/B706514K

View Article Online

CHI630A voltammetric analyzer. The auxiliary electrode was
a Pt wire, the reference electrode an Ag/AgCl electrode and the
working electrode a glassy carbon disk, which was carefully
polished with gamma alumina powder (0.05 pm) before each
voltammogram and then washed carefully with distilled aceto-
nitrile. The measurement was recorded at room temperature in
distilled MeCN solution under argon and 0.1 M NBu"4PF¢
was added as supporting electrolyte. Electrospray mass spec-
tra were recorded in positive-ion mode with a DECAX-30000
LCQ Deca XP mass spectrometer. The variable-temperature
susceptibility (2-300 K) was measured with a model
PPMS60000 superconducting extraction sample magnet-
ometer under a field of 0.5 T with the crystalline sample kept
in a capsule for weighing. The thermogravimetric analysis was
studied on a Mettler Toledo SDTA449¢ analyzer under nitro-
gen atmosphere.

Synthesis

[Mn40,(MePQO3),(0,CMe)4(bpy),] - 4MeCOOH (1). To a
stirred solution of Mn(O,CMe),-4H,0 (0.245 g, 1 mmol)
and MeCOOH (7 mL, 0.122 mol) in MeCN (15 ml) was added
solid NBu”’4;MnQy (0.091 g, 0.25 mmol) in small portions. To
the resulting brown solution was added a solution of 2,2’-
bipyridine (0.078 g, 0.5 mmol) and methanephosphonic acid
(MePOsH>») (0.048 g, 0.5 mmol) in MeOH (5 ml) to yield a
dark brown solution which was stirred for 24 h at room
temperature, then filtered. The filtrate was left to stand at
room temperature for about three weeks, during which time
brown crystals were produced in 26% yield based on Mn.
C38H50MH4N4024P2 (122852) calc. C 3712, H 407, N 456,
found C 37.07, H4.12, N 4.62%. IR (KBr) data: o = 3427 (s),
1720 (m), 1611 (m), 1566 (s), 1401 (s), 1069 (m), 1001 (m), 663
(w), 631 (w), 560 (w) cm™".

[Mn4O,(EtPO3),(0,CMe)4(bpy)2] - 7TH,O (2). The synthetic
procedure of 1 was utilized to synthesize 2 with the use of
ethanephosphonic acid (EtPOsH,) instead of methanephos-
phonic acid (MePOsH,). Brown crystals were obtained in 22%
yield based on Mn. C;,HsxMnyN4O23P> (1142.48): calc. C
33.61, H 4.55, N 4.90; found C 33.69 H 4.49 N 4.86%. IR
(KBr) data: o = 2967 (w), 2933 (w), 1583 (s), 1446 (m), 1399
(s), 1337 (m), 1082 (w), 1015 (w), 943 (s), 665 (m), 654 (w),
629 (w) cm ™.

[Mn O2(n-BuPO3)»(0,CMe)4(bpy)] - 4H,0 - (COOH), (3).
This complex was obtained using a procedure similar to that
used for preparing 1, except that 1-butanephosphonic acid
(n-BuPO3H,) was used instead of methanephosphonic acid
(MePOsH>») and a mixture of MeCOOH (7 mL, 0.122 mol)
and (COOH),-2H,O (0.0126 g, 0.1 mmol) instead of
MeCOOH. Brown crystals were obtained in 20% yield based
on Mn. C3;3HgoMngN4O,4P; (1232.55): cale. C 36.99, H 4.87,
N 4.54; found C 36.20, H 4.61, N 4.25%. IR (KBr) data: v =
3417 (s), 2954 (m), 1737 (m), 1579 (s), 1498 (w), 1400 (s), 1338
(s), 1085 (s), 1001 (s), 1001 (s), 950 (s), 666 (w) cm .

[Mn40,(MePQO3),(0,CPh)4(phen),] - 4PhCOOH - 2CH;CN
(4). To a stirred solution of Mn(O,CPh),-2H,O (0.333 g,
1 mmol) and PhCOOH (1.22 g, 10 mmol) in 2 : 1
CH,Cl,-MeCN (15 ml) was added solid NBu’;MnO,

(0.091 g, 0.25 mmol) in small portions. To the resulting brown
solution was added a solution of 1,10-phenanthroline
(0.10 g, 0.5 mmol) and methanephosphonic acid (MePO3;H,)
(0.048 g, 0.5 mmol) in MeOH (5 ml) to yield a dark brown
solution which was stirred for 24 h at room temperature, then
filtered. The filtrate was left to stand at room temperature for
about three weeks, during which time brown crystals were
deposited in 21% yield based on Mn. CggH72MnyNO24P;
(1855.20): calc. C 55.63, H 3.88, N 4.53; found C 55.58, H 3.82,
N 4.59%. IR (KBr) data: o = 3851 (s), 3748 (m), 3673 (s), 3650
(s), 3065 (s), 1704 (s), 1599 (s), 1555 (s), 1520 (m), 1449 (m),
1430 (m), 1401 (s), 1385 (s), 1313 (w), 1248 (m), 1110 (w), 1046
(w), 1020 (m), 996 (m), 954 (m), 716 (s) cm ™.

Crystallographic determinations

The diffraction data for complexes 1-4 were collected at 293(2)
K on a mercury-CCD/AFCR diffractometer with Mo-Ka
radiation (4 = 0.71073 A). Empirical absorption correction
was applied by using SADABS program.*’ All the structures
were solved by direct methods and refined by full-matrix least-
squares techniques based on F> with all observed reflections,
performed with SHELXTL-97 package.*® The non-hydrogen
atoms were refined anisotropically. The hydrogen atoms were
located by geometrically calculations except for those on the
water molecules which were located from the difference Four-
ier syntheses. Six DFIX instructions were applied to restrain
bond distances of solvate water molecules of compound 2.
Five restraints of DFIX instructions were used to improve the
geometry of the distorted solvate oxalic acid molecular in
compound 3, and the O14-015-C19-C20-O16-O17 unit
(r.m.s. deviation 0.0010 A) was restrained to be flat by the
FLAT 0.01 instruction (three restraints).

CCDOC reference numbers 635082-635085.

For crystallographic data in CIF or other electronic format
see DOI: 10.1039/b706514k
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