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Two tetranuclear manganese(ll) complexes [Mn',(thiaS),] (1) and [Mn',(thiaSO),] (2) have been synthesized under
solvothermal conditions in methanol with p-tert-butylthiacalix[4]arene (thiaS) and p-tert-butylsulfinylthiacalix[4]arene
(thiaSO). For both complexes, the structure has been established from single-crystal X-ray diffraction. [Mn,(thiaS),]-
H,O (1) crystallizes in the orthorhombic Immm (No. 71) space group with the following parameters: a = 18.213
(5) A, b=19.037 (5) A, ¢ = 29.159 (5) A, V = 10110 (4) A3, and Z = 4. [Mn,(thiaSO),]-H;0 (2) crystallizes in
the monoclinic C2/m (No. 12) space group with the following parameters: a = 33.046(1) A, b = 19.5363 (8) A,
c=15.7773 (9) A, B = 115.176 (2)°, V = 9218.3 (8) A3, and Z = 4. The two complexes are neutral and are best
described as manganese squares sandwiched between two thiacalixarene macrocycles. In both complexes, each
manganese center is six-coordinated in a trigonal prismatic geometry with four phenoxo oxygen atoms plus two
sulfur atoms for 1 or two oxygen atoms from SO groups for 2. The two tetranuclear complexes exhibit identical
magnetic behaviors resulting from antiferromagnetic interactions between the four manganese centers. The simulation
of the magnetic susceptibility was done considering a single exchange-coupling constant between the manganese(ll)
ions, J (H= =J(5:S; + $;S3 + S3S4 + 51S4)). The best fits give the same result for the two complexes: g = 1.94
and J = -5.57 cm™L.

Introduction coordination metal clusters have been obtained serendipi-

One prerequisite for the emerging nanotechnologies is in tOUSIy, but as more examples are available, we may be
many cases the production of unique-size nanometric metal€Xpected to become more able to predict these structires.
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methods, such as grinding of bulk materials and wet (3) Lis, T. Acta Crystallogr 1980 B36, 2042-2046.
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particle size. In contrast, coordination chemistry is an elegant (5) Taft, K. L.; Papaefthymiou, G. C.; Lippard, S.Science1993 259,

i i i i i 1302-1305.
alterngtlve to the design of tallore_d and fu_nctmnahzed (6) Blake, J. A Grant, C. M.: Parsons, S. R.. Rawson, J. M.; Winpenny,
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(7) Scuiller, A.; Mallah, T.; Nivorozkhin, A.; Verdaguer, M.; Veillet, P.
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(1) Schmid, G.Nanoparticles From Theory to Application Wiley- Chem Lett 2001, 316-317.
VCH: Weinheim, Germany, 2004. (10) Bonadio, F.; Gross, M.; Stoeckli-Evans, H.; Decurtingn8rg. Chem
(2) Cushing, B. L.; Kolesnichenko, V. L.; O'Connor, C.Ghem Rev. 2002 41, 5891-5896.
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Our work on metal clusters is done mainly in our area of
interest, the field of molecular-based magnetfsitiz® and

thiacalixarene macrocycles has been pointeéfétit”-3%and
the crystal structures of some polynuclear complexes have

in the study of magnetostructural relationships. The discovery further confirmed this ability either with the thiacalix-

that some polynuclear complexes may behave as single-

molecule magnets (SMM&)is particularly stimulating to

[4]arené*3%46 or with the thiacalix[6]arené*&vith
CU(||),42'48'4QZH(||),39 CO(||),39_41*48 Ni(“), 40,41 U02,44 Mn,48

us because it opens a new field with many challenges to Nd,*® or alkali metal** The magnetic behaviors were also
answer. Indeed, SMMs are molecular entities which behave studied in the case of tetranuclear Cuffjsinuclear Co(I1)3°

as single-domain magnetic particles below a so-called

and decanuclear copperfitomplexes, and the metainetal

blocking temperature. For a metal cluster to have such ainteractions were found to be antiferromagnetic.

behavior requires it to have a high nuclearity and ground-
state spin§) with a large and negative magnetic anisotropy

and weak intermolecular interactions. Despite numerous
recent discoveries in this fiefd,the blocking temperatures

Despite these early results, thiacalixarene complexes have
now become more scarce. This may be, in part, the result of
crystallization difficulties because of the low solubility of
the thiacalixarene and their complexes in convenient solvents.

are still very low. Therefore, there is a real need to discover We found that under solvothermal conditions thaert-

new polynuclear systems and this is what prevailed to the
present work.
When we look at coordination metal clusters there are

butylthiacalix[4]arene and the sulfonyl and sulfinyl deriva-
tives give polynuclear complexes with most transition metal
ions. We got polynuclear complexes with various nuclearities

always some bulky ligands on the rim of the central metal which depend in a reproductive way on the experimental
core. Indeed, these peripheral ligands are required to stopconditions such as the solvent, deprotonating agent, metal

metal polycondensation. They may be also useful for further
functionalization and cluster isolation. With this in mind,
we revisited the coordination chemistry of the thiacalixarene
macrocycles whose chemistry is well-known by some of
us26-2% Qur aim is to use the lower rim of the thiacalixarene
to grow the metal clusters and the upper rim to further
functionalize them.

Compared to that of the related calixarenes, the chemistry

of the thiacalixarenes is recent. It is only since the late 90’s
that some facile synthesis of the thiacalixarene and their
sulfinyl and sulfonyl derivatives have become knoWrs®
From early reports, the high complexation ability of the

(12) Dendrinou-Samara, C.; Alexiou, M.; Zaleski, C. M.; Kampf, J. W.;
Kirk, M. L.; Kessissoglou, D. P.; Pecoraro, V. Angew Chem Int.

Ed 2003 42, 3763-3766.

(13) Yang, J. Y.; Shores, M. P.; Sokol, J. J.; Long, J.Ifarg. Chem
2003 42, 1403-1419.

(14) Tasiopoulos, A. J.; Vinslava, A.; Wernsdorfer, W.; Abboud, K. A;;
Christou, G.Angew Chem, Int. Ed. 2004 43, 2117-2121.

(15) Schelter, E. J.; Prosvirin, A. V.; Dunbar, K. R.Am Chem Soc
2004 126, 15004-15006.

(16) Milway, V. A.; Niel, V.; Abedin, T. S. M.; Xu, Z.; Thompson, L. K.;
H. Grove, Miller, D. O.; Parsons, S. Rorg. Chem 2004 43, 1874~
1884.

(17) Murugesu, M.; Cleac, R.; Anson, C. E.; Powell, A. Knorg. Chem
2004 43, 7269-7271.

(18) Zaleski, C. M.; Depperman, E. C.; Kampf, J. W.; Kirk, M. L.; Pecoraro,
V. L. Angew Chem, Int. Ed. 2004 43, 3912-3914.

(19) Koizumi, S.; Nihei, M.; Nakano, M.; Oshio, Hnorg. Chem 2005
44, 1208-1210.

(20) Luneau, D.; Savariault, J. M.; Cassoux, P.; Tuchagues,JJ(hem
Soc, Dalton Trans 1988 1225-1235.

(21) Luneau, D.; Oshio, H.; Okawa, H.; Kida, $.Chem Soc, Dalton
Trans 199Q 2283-2286.

(22) Rey, P.; Luneau, DNATO ASI SerigsSeries C Mathematical and
Physical Science$999 518 145-174.

(23) Luneau, DCurr. Opin. Solid State MaterSci 2001, 5, 123-129.

(24) Christou, G.; Gatteschi, D.; Hendrickson, D. N.; SessolMRS Bull
200Q 25(11) 66.

(25) Ritter, S. K.; Washington, C. EEhem Eng News2004 82 (50), 29—

32

(26) Desroches, C.; Kessler, V.; Parola, Tetrahedron Lett2004 45,
6329-6331.

(27) Desroches, C.; Lopes, C.; Kessler, V.; Parold, Shem Soc, Dalton
Trans 2003 2085-2092.

(28) Desroches, C.; Parola, S.; Vocanson, F.; Perrin, M.; Lamartine, R.;
Letoffe, J.-M.; Bouix, JNew J Chem 2002 26, 651—655.

(29) Parola, S.; Desroches, Collect. Czech. Chem. Comm2004 69,
966—983.

salt, and temperature.

In this paper, we report the syntheses, crystal structures,
and magnetic properties of two tetranuclear complexes,
[Mny(thiaS)] (1) and [Mny(thiaSO}] (2), which were
obtained with p-tert-butylthiacalix[4]arene (abbreviated
thiaS) ando-tert-butylsulfinylthiacalix[4]arene (abbreviated
thiaSO), respectively. These two compounds do not show

(30) Kumagai, H.; Hasegawa, M.; Miyanari, S.; Sugawa, Y.; Sato, Y.; Hori,
T.; Ueda, S.; Kamiyama, H.; Miyano, $etrahedron Lett1997, 38,
3971-3972.

(31) Sone, T.; Ohba, Y.; Moriya, K.; Kumada, H.; Ito, Ketrahedron
1997, 53, 10689-10698.

(32) Iki, N.; Kabuto, C.; Fukushima, T.; Kumagai, H.; Takeya, H.; Miyanari,
S.; Miyashi, T.; Miyano, STetrahedron200Q 56, 1437-1443.

(33) Iki, N.; Morohashi, N.; Suzuki, T.; Ogawa, S.; Aono, M.; Kabuto, C.;
Kumagai, H.; Takeya, H.; Miyanari, S.; Miyano, Betrahedron Lett
200Q 41, 25872590.

(34) Morohashi, N.; Iki, N.; Sugawara, A.; Miyano, Betrahedron2001,
57, 5557-5563.

(35) Kon, N.; Iki, N.; Miyano, STetrahedron Lett2002 43, 2231-2234.

(36) Kon, N.; Iki, N.; Yamane, Y.; Shirasaki, S.; Miyano, Betrahedron
Lett 2004 45, 207-211.

(37) Iki, N.; Miyano, S.J. Inclusion PhenomMacrocyclic Chem2001,
41, 99-105.

(38) Iki, N.; Morohashi, N.; Narumi, F.; Miyano, 8ull. Chem Soc Jpn
1998 71, 1597-1603.

(39) Bilyk, A.; Hall, A. K.; Harrowfield, J. M.; Hosseini, M. W.; Mislin,
G.; Skelton, B. W.; Taylor, C.; White, A. HEur. J. Inorg. Chem.
2000 823-826.

(40) Iki, N.; Kumagai, H.; Morohashi, N.; Ejima, K.; Hasegawa, M.;
Miyanari, S.; Miyano, STetrahedron Lett1998 39, 7559.

(41) Kajiwara, T.; Yokozawa, S.; Ito, K.; Iki, N.; Morohashi, N.; Miyano,
S. Chem Lett 2001, 6.

(42) Mislin, G.; Graf, E.; Hosseini, M. W.; Bilyk, A.; Hall, A. K.;
Harrowfield, J. M.; Skelton, B. W.; White, A. H.. Chem Soc, Chem
Commun1999 373-374.

(43) Morohashi, N.; Hattori, T.; Yokomakura, K.; Kabuto, C.; Miyano, S.
Tetrahedron Lett2002 43, 7769-7772.

(44) Asfari, Z.; Bilyk, A.; Dunlop, J. W. C.; Hall, A. K.; Harrowfield, J.
M.; Hosseini, M. W.; Skelton, B. W.; White, A. HAngew Chem,
Int. Ed. 2001, 40, 721-723.

(45) Bilyk, A.; Hall, A. K.; Harrowfield, J. M.; Hosseini, M. W.; Skelton,
B. W.; White, A. H. Austr. J. Chem 2000 53, 895-898.

(46) Bilyk, A.; Hall, A. K.; Harrowfield, J. M.; Hosseini, M. W.; Skelton,
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(47) Kajiwara, T.; Yokozawa, S.; Ito, K.; Iki, N.; Morohashi, N.; Miyano,
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any SMM behavior but should be considered as exploratory Table 1. Crystal Data and Structure Refinement Parameters for

work aimed at finding a new family of magnetic metal

Compoundsl and?2

clusters. Mny(thiaSy-1H,0 Mny(thiaSO}+1H;0
1 2
Experimental Section formula GyoHgaMN40sSs CaoHaoMN4017Ss
) ) ) fw (g mol~?) 1647.8 1791.8
All chemicals and solvents were used as received; all preparations T (k) 293 293
and manipulations were performed under aerobic conditions. The A(Mo Ka) (&) 0.71069 0.71069
ligands,p-tertbutylthiacalix[4]aren® 3L andp-tertbutylsulfinylcalix- cryst syst | Ortho”llloms'lc Cgl‘on&c“”l";
[4]arené®42were synthesized by the published procedures. FT-IR Zp(%e group 1”;2;"3((5())' ) 33_r8 456(01') )
spectra were recorded on a Nicolet Magna-IR560 spectrometer.  p(A) 19.037(5) 19.5363(8)
Synthesis of [Mn'4(thiaS),]-H,O (1) and [Mn'" 4(thiaSO),]- c(R) 29.159(5) 15.7773(9)
H,O (2). Compoundsl and 2 were both obtained in the form of B (deg) - 115.176(2)
i . V(A3 10110(4) 9218.3(8)
colorless needle-shaped crystals from the reaction mixtupeterft 7 2 4
butylthiacalix[4]arene (thiaS1l) (0.15 g, 0.2 mmol) orp-tert Deatca(g € ?) 1.09 1.29
butylsulfinylcalix[4]arene (thiaSO2) (0.163 g, 0.2 mmol) with w (mml) 0.696 0.775
MnCl, (0.078 g, 0.6 mmol), pyridine (2 mL), and methanol (23 R(F)? 0.0992 0.1038
mL) in a 43 mL Teflon-lined autoclave under an autogenous | > 40(Fo)
) Ru(F?)P 0.1853 0.0994
pressure at 170C for 3 days. The crystals were isolated upon all data

filtration; then they were washed with methanol and chloroform.
Compoundsl and 2 are insoluble in common organic solvents. *RF)=X [IFol — IFell/XIFol. * Ra(F)= SIW((Fo* — F)H3wWho*
Compoundl. Yield: 72%. Anal. Calcd for MgCgoHgsSsOs: C,
58.1; H, 5.36; S, 15.51; Mn, 13.29. Found: C, 58.5; H, 5.51, S,
15.7; Mn, 13.34. IR (cm?): 2952 (s), 1587, 1448 (s), 1392, 1360,

Table 2. Selected Interatomic Distances (A) fi#

Mn1 and Mn2 environment
Mn1-011 2.095(6) Mn+011(a) 2.095(6)

1308_5 (s), 1254 (s), 885, 834 (s), 751, 730 (s), 699 (s). Compound Mn1-011(b) 2.095(6) Mn1011(c) 2.095(6)
2. Yield: 84%. Anal. Calcd for MiCgoHgsSs016: C, 53.93; H, Mn1-S11(a) 2.702(3) MntS11 2.702(3)
4.98; S, 14.4; Mn, 12.33. Found: C, 54.12; H,5.21, S, 14.53; Mn, = Mn2-011 2.116(6) Mn2-011(d) 2.116(6)
12.47. IR (cmY): 2958 (s), 1594, 1449 (s), 1393, 1360, 1309 (s),  Mn2-011(b) 2.116(6) Mn2011(e) 2.116(6)
1256 (s), 1005 (s), 882, 833 (s), 750 (s), 729 (s), 700 (s). wnemS2 g-gg;‘(%) Mn2 S12(b) 2.694(3)
X-ray Crystallography. Data Collection. The data were S11- S11(a) 4.391(7) 012011(b) 2.41(2)
processed using the KappaCCD analysis progrmse lattice 011-011(c) 3.02(2) 01%#S11 2.990(6)
constants were refined by least-squares refinement using 6426 S12-S12(b) 4.403(6) 011011(e) 3.06(2)
reflections (1.0 < 0 < 27.9) and 7459 reflections (1°0< 0 < 011-S12 3.001(7)
26.7) for compoundsl and 2, respectively. No absorption Mn3 environment
correction was applied to the data sets. Mng—ggi ;ig(g) mngggi(e) ggé(g)
; ; ; n3— . n .
Strucl:ture. Solution and Reflnement. [Mn"4(th|aS)Z]-H20 1) Mn3—S31 2.70222)) Mnasal((g)) 2'702((2))
crystalhzz_es in t_he Qrthorhomblc system. According to the observed Mn3—Mn3(a) 3.346(4) Mn3-Mn3(f) 3.324(3)
systematic extinctions, the structure has been solved ifmihem S31-S31(e) 4.443(4) 032032(e) 2.44(2)
space group (No. 71). [Mia(thiaSO}]-H,0 (2) crystallizes in the 031-032 3.03(1) 03%+S31 2.992(4)
monoclinic system, and according to the observed systematic ©32-S31 3.001(4)
extinction, the structure has been solved in @&m space group a Symmetry transformations used to generate equivalent atoms:x(a)

(No. 12). Both structures have been solved by direct methods using—vy, z (b) =x, v, z (€)X, =y, z (d) =%, ¥, =z (€)%, y,—z (f) x,~y + 1,z

the SIR97 prograft combined with Fourier difference syntheses

and refined againgt using reflections withlfo(l) > 3] using the Results and Discussion

CRYSTALS progran?? All of the thermal atomic displacements

for the non-hydrogen atoms have been refined anisotropically. Synthesis.Most previously reported thiacalixarene com-
Crystallographic data and refinement details for compounds plexes have been synthesized and crystallized under con-

and2 are summarized in Table 1. Selected interatomic distances ventional conditions (in an open vessel and below the boiling

and angles are listed in Tables 2 and 3 for compolirahd in point of the solvent§®“® The solvents were CHglor

Tables 4 and 5 for compourt CH,Cl, in which thiacalixarenes are very soluBtdut DMF
Magnetic Measurements.The magnetic susceptibilities were and DMSO, where they dissolve quickly upon the addition

measured on polycrystalline samples in the range-8Q0 K with f h . .
; . riethylamine, were al . The problem
a Quantum Design MPMS SQUID magnetometer operating at a .0 a base such as triethylamine, were also used € proble

field strength of 0.5 T. The data were corrected for the diamagnetism is that the resulting complexes are also very soluble in those

of the constituent atoms using the Pascal constants and measureﬁo_lv_ents' Therefore, it b_ecomes tedious to get smgle_ crys_tals;
diamagnetism for the thiacalixarene ligands. this is generally done with help of a second solvent in which
the thiacalixarenes are not or are only sparingly soluble such
(50) Nonius COLLECT, D., SCALEPACK, SORTAV: Kappa CCD Program as CHCN, EtOH, and MeOH. After trials, we found that
Package Nonius B. V.: Delft, The Netherlands, 1999. i iti i i
(51) Cascarano, G.; Altomare, A.; Giacovazzo, C.; Guagliardi, A.; Moliterni, the conventional conditions a.'nd these solvents did not glye
A. G. G.: Siligi, D.; Buria, M. C.; Polidori, G.; Camalli, MActa strong control of the formation of the clusters and their
52) S&Vf&aﬂog {]996'33 A5t2 CC-7?<- Carmuthers. 3. R Betteridae. P. W crystallization. Therefore, we tried the solvothermal synthesis
atkin, . J., Prout, . . arrutners, J. ., petteriage, F. . : . . . . .
CRISTAL,issue 11; Chemical Crystallography Laboratory: Oxford, method using SOIV?ntS in which thiacalixarenes and their
UK, 1999. complexes are sparingly soluble. Indeed, as the solvothermal

9114 Inorganic Chemistry, Vol. 44, No. 24, 2005
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Table 3. Selected Interatomic Angles (deg) fi

Table 5. Selected Interatomic Angles (deg) fe#

011-Mn1-S11
011-Mn1-S11(a)
S11-Mn1-S11(a)
011-Mn1-011(a)
011-Mn1-011(b)

011(a)-Mn1-011(b)

011-Mn1-011(c)
Mn1-011-Mn2
011-S11-011c
011-S12-011(e)

011(c)-011-011(e)

032-Mn3-031
032-Mn3-S31
031-Mn3-S31
032-Mn3—S31(e)
031-Mn3—S31(e)
Mn3(f)—032-Mn3
031-531-032
011-S12-011(e)
031-032-032(e)

a Symmetry transformations used to generate equivalent atoms:x(a)

Mn1 and Mn2 environment

75.9(2)
133.8(3)
108.7(2)
134.7(5)

70.3(4)

92.3(6)

92.3(6)
103.5(3)

59.2(2)

59.5(2)

90.0

01FMn2—S12
OMn2—S12(b)
ST2Mn2-S12(b)
014Mn2—-011(d)
01+Mn2—011(b)
011(d)Mn2—011(b)
011(d)Mn2-S11

S14011(c)-011
S12011(e)-011
013011(c)-011(d)

Mn3 environment

91.4(5)
76.1(2)
75.6(2)
135.1(3)
133.5(4)
103.9(3)
60.7(3)
61.2(3)
89.8(3)

S31Mn3—S31(e)
032Mn3-032e

033Mn3—032(e)
031Mn3-031(e)

Mn3(d)-031-Mn3
S14032-031
S12011(e)-011

76.2(2)
133.8(3)
109.6(1)
133.8(4)
69.5(4)
92.5(6)
76.2(2)

59.62)
59.4(2)
90.0

110.6(1)
70.5(4)
133.0(4)
69.5(5)

104.0(3)
59.5(2)
59.4(2)

=¥,z 0)—xy,z@x -y.z{d-xy-zExy -z0x-y+l

Z

Table 4. Selected Interatomic Distances (A) fe#

Mn1-019
Mn1-012
Mn1-011
Mn1-015(a¥
Mn1-011(a)
Mn1-012(a)
015—-015(a?
011-01%
013-014
014-012
012-012(b)

Mn3—03%
Mn3—033
Mn3—032
Mnl1l—Mn2
0359—-034(a¥
032-03%
032-033

a Symmetry transformations used to generate equivalent atoms:x(a)

Mn1 and Mn2 environment

2.08(2)
2.17(1)
2.153(9)
2.08(2)
2.153(9)
2.17(1)
2.19(4)
3.05(2)
2.33(4)
3.07(2)
3.07(2)

Mn2-014
Mn2-013
Mn2012
Mn2-011
Mn2012(b)
Mn2:011(b)
011012
015-012(b)
01+013
012011(a)

Mn3 environment

2.20(2)
2.14(1)
2.16(1)
3.32(3)
2.39(4)
2.95(2)
2.58(2)

Mn3-031
Mn3-034
Mn3-031(a)
Mnt-Mn2(a)
035-031
031032
03%+031(a)

2.23(2)
1.98(3)
2.163(9)
2.17(1)
2.163(9)
2.17(1)
2.60(1)
2.98(2)
2.99(2)
3.03(2)

2.153(9)
2.06(3)
2.19(1)
3.32(3)
3.06(2)
3.03(2)
2.64(2)

y, =z, (b)x, -y + 1,z (C)x,—-y+ 2,z {d)x —y,z (e)—x —-y+1-z
b Oxygen atoms from SO groups.

syntheses are carried out in an autoclave, it allows the use
of temperatures above the boiling point to modify the solvent

Mn1 and Mn2 environment

01%-Mn1-012 131.5(6) 0O12Mn1-015(a} 89.0(6)
01%-Mn1-011 92.2(6) 01+Mn1-015(ay  128.5(5)
012-Mn1-011 73.9(4) 01Mnl-01l(a) 134.3(5)
01%—-Mn1-015(a¥ 63.6(1) 0O12-Mnl1-012(a) 135.3(5)
014-Mn2—013 66.9(1) 012Mn2-011 73.8(4)
014-Mn2—012 88.8(6) 012Mn2—012b 90.2(5)
013-Mn2-012 129.9(4) 011Mn2-012(b) 135.7(4)
014-Mn2—-011 130.6(4) O1+Mn2—-011(b) 89.2(6)
013-Mn2-011 89.3(6) 033Mn3—034(a) 89.4(8)
Mn2—012-Mn1 99.8(4)
011-015-012(a) 60.3(3) 015012(a)-011 61.0(5)
011-013-011(b) 62.9(6) 013-011(b)}-011 58.6(3)
012-014—-012(b) 59.8(3) 01#-012(b)}-012 60.1(3)
011-012-011(a) 89.3(4) 012(2)011-011(b) 90.2(3)
Mn3 environment
035-Mn3-033 131.0(7) 032Mn3—034(a) 126.6(9)
035-Mn3—-032 85.2(6) 03+Mn3—034a 133.6(7)
033-Mn3—-032 73.7(5) 035Mn3—031(a) 135.0(5)
035-Mn3—-031 89.4(7) 033Mn3—-031(a) 86.7(5)
033-Mn3-031 132.7(5) 032Mn3—-031(a) 135.1(5)
032-Mn3—-031 89.1(5) 03+Mn3—031(a) 75.0(4)
035-Mn3—034(a) 68.4(1) 034(a)Mn3—031(a) 92.2(9)
033-Mn3-034(a) 89.4(8) Mn3(c}O32-Mn3 99.3(7)
Mn3—031-Mn3(a) 100.4(4) 033035%-032 60.5(4)
0353—-032-031 61.5(4) 033+032-033 89.6(4)
Mn2—012-Mn1 99.8(4)

a Symmetry transformations used to generate equivalent atoms:x(a)
Y, =z (0)x, —y+1,z(@C)x —-y+2,zd)x -y zE-x-y+1l-z
b Oxygen atoms from SO groups.

efficient in coordination chemistry for the synthesis of
polyoxometalate®}>> metal cluster§® %! and extended
compoundg$? 65

In the present case, we were unable to isolate any
manganese(ll) complexes of the thiacalixarene with conven-
tional methods. In contrast, under solvothermal conditions
using methanol as the solvent and pyridine as the depro-
tonating agent for the phenol groups, we were able to
synthesize the two tetranuclear complexes reported in this
paper in a good yield and in the form of single crystals using
p-tert-butylthiacalix[4]arene (thiaS) armitert-butylsulfinyl-
thiacalix[4]arene (thiaSO). Unfortunately, all our attempts
to synthesize the tetranuclear analogue with the thiacalixarene
sulfonyl derivative (S@ bridge) failed.

(54) Khan, M. I.; Chen, Q.; Hee, H.; Parkin, S.; O'Connors, C. J.; Zubieta,
J.Inorg. Chem 1993 32, 2929-2937.

(55) Khan, M. I.; Chen, Q.; Zubieta, Jnorg. Chem 1992 31, 1556-
1558.

(56) Molinier, M.; Price, D. J.; Wood, P. T.; Powell, A. K. Chem Soc,
Dalton Trans 1997 4061-4068.

properties in a manner that favors the reaction of even (57) Gutschke, S. O. H.; Price, D. J.. Powell, A. K.; Wood, PARigew

Chem Int. Ed. 1999 38, 1088-1090.

sparingly soluble materials which would be impossible under (sg) Gutschke, S. 0. H. ; Price, D. J.; Powell, A. K.: Wood, Plrirg.

conventional conditions. Other advantages of the method are
the control of the gas atmosphere inside the autoclave and®?

Chem 200Q 39, 3705-3707.
Price, D. J.; Powell, A. K.; Wood, P. 7. Chem Soc, Dalton Trans
200Q 3566-3569.

the possibility to adjust the cooling rate to favor the growth (60) Mcinnes, E. J. L.; Anson, C.; Powell, A. K,; Thomson, A. J.;
of single crystals. The method has long been dominated by Poussereau, S.; Sessoli, Bhem Commun 2001, 83-90.

water (hydrothermal synthesis) and is widely used for the
crystal growth of minerals® However, during the past
decade, a veritable renaissance, in particular with applications(eg)
in mesoporous materials and the use of nonagueous solvents,

Price, D. J.; Tripp, S.; Powell, A. K.; Wood, P. Them—Eur. J.
2001, 7, 200-208.
(62) Hagrman, D.; Sangregorio, C.; O'Connor, CJ.XChem Soc, Dalton
Trans 199§ 37073709.
Pan, L.; Kelly, S.; Huang, X.; Li, J. Chem Soc, Chem Commun
2002 2334-2335.

has occurred. The method has proven to be particularly (64) Staler, R.; Mosel, B.-D.; Eckert, H.; Bensch, \Wngew Chem, Int.

(53) Rabenau, AAngew Chem, Int. Ed. Engl. 1985 24, 1026-1040.

Ed. 2002 41, 4487-4489.
(65) Xiong, R.-G.; Wilson, S. Rl. Chem Soc, Dalton Trans 1998 4089-
4090.
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Figure 1. Molecular structure of one [MifthiaS)] tetranuclear manga-
nese(ll) entity (M1) for compound.

Description of the Crystal Structures. [Mn" 4(thiaS),]-
H,0 (1). The structure of compound is formed by two
crystallographically independent and neutral entities called
hereafter M1 and M2 and shown in Figure 1. Crystallization
water molecules were also found in the crystal. A selection
of interatomic distances and angles are given in Tablex 2

The M1 entity is built from two independent manganese(ll)
ions (Mnl and Mn2), oneert-butylphenoxy group (O11,
C11, C12, C13, C14, C15, C16, C17, C18, C19 and C20),
and two sulfur atoms with half-occupation factors (S11 and
S12) as shown in Figure 2. The latter play the role of linker
between the phenoxy groups (four in the total) to form the
thiacalixarene macrocycle (thiaS). The M2 entity is built from
only one crystallographically independent manganese(ll) ion
(Mn3) and two independeert-butylphenoxo groups (031,
C31, C32, C33, C34, C35, C36, and C37 and 032, C38, Figure 2. Representation of the two asymmetric_: units (M1 _and M2) in
C39, C40, C41, C42, C43, C44, and C45) linked by one compoundl. The hydrogen atoms have been omitted for clarity.
sulfur atom (S31) to form the thiacalixarene macrocycle as py the four phenoxo oxygen atoms are 0.81 (Mn1), 0.83
shown in Figure 2. Thus, each of the M1 and M2 entities is (Mn2), and 0.84 A (Mn3).
built from a manganese square sandwiched between two Each manganese (Il) ion exhibits the same six-coordinated
p-tert-butylthiacalix[4]arene macrocycles as exemplified for [0,S,] environment (Figure 3a) made by four phenoxo
the M1 molecule in Figure 1. A similar structure was oxygen atoms [MntO11 = 2.095(6) A, Mn2-011 =
previously reported for a tetranuclear copper(ll) comgfex. 2.116(6) A, Mn3-032 = 2.111(5) A, and Mn3-031 =

In both entities (M1 and M2), the eight phenoxo oxygen 2.123(5) A] and two sulfur atoms [ MriS11= 2.702(3)
atoms lie at the corner of a compressed square-base pard Mn2—S12= 2.694(3) A, and Mn3-S31= 2.702(2) A).
allelepiped (Figure 1). The edges of the parallelepiped areThe Mn—O bond lengths are in agreement with those
nearly orthogonal (89.8390.73). The parallelepiped is  previously reported for Mh-O(phenoxo}:2266-70 The M —S

capped up and down by the two thiaclaixarene macrocyclespond lengths are longer than the few previously reported for

(thiaS) on the square bases (Figure 1). The manganese(ll)

ions are located in the middle and above each of the four (66) guzgklt MK Igflilﬁug]a, MS M%rataigésue%hi?ééagszhio, H.; Kida,
. . F ot ., =alto, K.bull. em So0cC Jpn. ) A .

lateral faces of the parallelepiped (Figure 1). The deviations (67) Mikuriya, M.. Fujii, T.; Tokii, T.. Kawamori, A.Bull. Chem Soc

of the manganese(ll) ions from the JOnean plane made Jpn. 1993 66, 1675-1686.
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Figure 3. Representation of the manganese(ll) coordination polyhedrons for in(fMeiSy] (1) and in [Mm(thiaS}] (2) (the asterisk denotes oxygen
atoms from the SO groups B).

thioether complexes of high-spin manganese(ll) (28352 trigonal twist angle® are zero but the triangular faces are
A).7-74 This may be attributed to the rigidity of the not parallel and make angles of 45218In1), 45.40 (Mn2),
macrocycle which does not allow the sulfur atoms to come and 45.86(Mn3). The four coordination polyhedrons are
closer to the manganese(ll) ions. Careful analysis of the orthogonal to each other. The MrMn distances are in the
interatomic distances and angles revealed that the coordinarange of 3.307(2)3.346(4) A (mean value= 3.326 A)
tion polyhedron is a distorted trigonal prism, as shown in which is in agreement with those previously reported for the
Figure 3a. Such a geometry has already been reported fotbis(phenoxo) bridgé®’° The Mn—O—Mn angles are in the
manganese(ll), but it is quite rafe.”” The triangular faces  range of 103.5104.C° (Table 3).

of the trigonal prism are defined by two phenoxo oxygen In the crystal, the [MgthiaS}] entities are packed in
atoms and one sulfur atom belonging to the same thiacalix- infinite chains running parallel to the axis of the unit cell

arene macrocycle and are equilateral (TablesS2 The in such a manner that two successive molecules are rotated
. by 9C° with respect to each other (Figure 4).

(68) S;':"ygg?t%’nHT';r;?skLl%%ga2’3'<2';;2'\3"3"";5“m“ra' Y.; Okawa,JHChem [Mn 4(thiaSO),] (2). The crystal structure of is also

(69) Higuchi, C.; Sakiyama, H.; Okawa, H.; Isobe, R.; Fenton, DJ.E.  formed by two crystallographically independent and neutral

70) %2‘3,”’,?05 .DS;O’ET_S‘USH?%.132;*1019H3"]-0r Chem 2005 44 entities hereafter called M3 and M4 (Figure 5). The M3 entity
677-682. T T g ' is built from two independent manganese atoms (Mnl and

(71) El?rkiggévgég%lllatggo, P. J.; Sen, A. K.; Dubey, Sihbrg. Chim Mn2), two tert-butylphenoxy groups (012, C11, C12, C13,

Cla —0Y.

(72) Gahan, L. R.; Grillo, V. A.; Hambley, T. W.; Hanson, G. R.; Hawkins, C14, C15, C16, C17, C18, C19, and C20 and O11, C21,
C. J.; Proudfoot, E. M.; Moubaraki, B.; Murray, K. S.; Wang,|forg. C22, C23, C24, C25, C26, C27, C28, C29, and C30), and
Chem 1996 35, 1039-1044.

(73) Kajdan, T. W.; Squattrito, P. J.; Dubey, S.INorg. Chim Acta200Q .thre_e SO groupsf (811/013' S12/015, and 813/014) as shown
300-302, 1082-1089. in Figure 5. As in compound, the sulfur atoms of the SO

(74) McCarrick, R. M.; Eltzroth, M. J.; Squattrito, P.l1dorg. Chim Acta groups p|ay the role of linker between each pheno| group
200Q 311, 95-105.

(75) Donaldson, P. B.; Tasker, P. A.; Alcock, N. W.Chem Soc, Dalton (four in total) to form the thiacalixarene macrocycle (thiaSO).
Trans 1977, 1160-1165. In this case, the oxygen atoms of the SO groups are
(76) ?(:r)glgami, N.; Glerup, J.; Hodgson, D.ldorg. Chem 1994 33, 3043~ coordinated to the manganese center, not the sulfur atom as
(77) Miku'riya, M.; Hatano, Y.; Asato, BBull. Chem Soc Jpn.1997, 70,
2495-2507. (78) Stiefel, E. I.; Brown, G. Flnorg. Chem 1972 11, 434-436.
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Figure 4. Projection of the crystal packing of compoutidn the ([, c)
plane. The hydrogen atoms atett-butyl groups have been omitted for  Figure 5. Molecular structure of one [MithiaSO}] tetranuclear man-
clarity. ganese(ll) entity (M3) of compounal

in 1. The M4 entity is built from only one crystallographically in the same range for the three environments (from 2.08(2)
independent manganese(ll) ion (Mn3), three independentto 2.172(1) A for Mn1, from 1.98(3) to 2.23(2) A for Mn2,
phenol groups (031, C38, C39, C40, C41, C42, C43, C44, and from 2.06(3) to 2.20(2) A for Mn3). The mean value
C45, C46, and C47; 032, C48, C49, C50, C51, C52, C53, for the Mn—O(phenoxo) bond length (2.16 A) is slightly
and C54; and 033, C31, C32, C33, C34, C35, C36, and C37)longer than that fol (2.11 A). The coordination polyhedron
as shown in Figure 6. They are linked by three sulfur atoms is a compressed trigonal prism as shown in Figure 3b. The
which belong to three SO groups (S11/013, S12/015, andtriangular faces are defined by two phenoxo oxygen atoms
S13/014). and one SO oxygen atom belonging to the same macrocycle
As observed for compount the M3 and M4 entities are  and equilateral (Tables4b). The trigonal twist anglé%are
composed of a square of four manganese(ll) ions sandwichedzero, and the triangular faces are nearly parallel making
between twop-tert-butylthiacalix[4]arene macrocycles as angles of 9.00(Mn1), 6.3F (Mn2), and 4.80 (Mn3). The
shown for the M4 molecule in Figure 5. Mn---Mn distances are in the range of 3.3143)332(4)
Again, as for compound, in both entities (M3 and M4), A (mean value= 3.315 A) which is close to those found in
the eight phenoxo oxygen atoms lie at the corner of a 1. The Mn—O—Mn angles, considering only the oxygen
compressed square-base parallelepiped as shown in Figuratoms belonging to phenol groups, are in the range 0f-99.3
5. The edges of the parallelepiped are nearly orthogonal100.9, also close to those found in Therefore, the nature
(90.00-90.73). The parallelepiped is capped up and down of the ligand, (thiaS) or (thiaSO), seems to have no influence
by the two sulfinylccalixarene macrocycles (thiaSO) located on the Mn--Mn distances or the MRO—Mn angles.
on the square bases (Figure 5). The manganese(ll) ions are In compound2, the [Mny(thiaSO)] tetranuclear entities
located in the middle and above each of the four lateral facesare also stacked in chains, but they are rotatetl wih
of the parallelepiped (Figure 5). The deviations of the respect to each other.

manganese(ll) ions from the mean @lane made by the Magnetic Properties. Measurement of the thermal varia-
four phenoxo oxygen atoms are 0.83 (Mnl), 0.82 (Mn2), tion of the magnetic susceptibility for compounti&and 2
and 0.84 A (Mn3) in the temperature range of~300 K revealed similar and

The sulfur atoms, in compourid have been replaced by almost superimposable behaviors. The results are displayed
SO groups, in compoung, so that each manganese center in the form of the magnetic susceptibility)(and its product
is surrounded by six oxygen atoms (Figure 4b). Two of these with the temperaturey{) in Figure 7.
six atoms come from the SO groups and the others come TheyT products are 14.03 chK mol=! for 1 and 14.12
from the phenoxo groups. All the MrO bond lengths are  cm?® K mol~* for 2 at 300 K. These values are smaller than
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Figure 7. Temperature dependence of the molar magnetic susceptibility
(yx) and the product with temperaturg@T) for compoundl (®) and
compound2 (O). The solid line shows the best fit of the data with the
values in the text.

and the Mr-O—Mn bond angles which are relevant to
magnetic exchange couplings do not show any sticking
differences in both compounds. This allows great simplifica-
tion for the determination of the coupling exchange constant.
Accordingly, the magnetic data of compouh@nd?2 have
been analyzed by considering one manganese square with
four equal exchange couplingd € Jio = Ji3 = J3s = J14)
on the edges and no diagonal interactiahs € J,4 =0) on
the base of the Heisenberg Hamiltonidh,= —J(SS, +
SS + $S + §9)].

The energy levels of this Hamiltonian can be expressed
asE = —JSS+ 1) — Si3(Siz+ 1) — Su(Sa + 1)], where
S is the total spin and;$and $,4 are the intermediate spins.
The S; and S, values vary from O to 5, and for each pair
of intermediate spins, the total spin takes values fi&mg
— Syl t0 Si3 + S

The best least-squares fitting of tp€ versusT data with
the van Vleck equation on the basis of the above energy
levels give, as may be expected, identical resultslfand
2 with a g factor value of 1.94 and an antiferromagnetic
exchange parametdr= —5.57 cm* (R = [3(ymTcacd —
amTon9?Y (xmTobg?] is in both cases on the order of 9.
those expected for four uncoupled manganese(ll) ions (17.5Trials to include an intercluster magnetic interaction did not
cm® K mol™). Upon cooling, theyT values decrease improve the fit qualities, and this was not taken in account
continuously down to zero. The magnetic susceptibility in the final fittings. This is in agreement with the fact that
shows a maximum at 45 K for both compountmeariza- the clusters are well separated by the bulky ligands.
tion of the 1j versusT curve in the range of 166300 K The small value of the coupling constant found for the
shows Curie-Weiss regimes with Curie constan®) (of 17.3 two tetramanganese is in agreement with those generally
cm? mol~t K for 1and 17.5 crimol~* K for 2. These Curie  reported for dinucled?®5° or tetranucledf-’*8° manga-
constants are exactly the value expected for four manga-nese(ll) complexes with phenoxo bridges. These coupling
nese(ll) ions (17.5 cAK mol~). These behaviors indicate  constants are generally antiferromagnetic and sriatl 10
that dominant antiferromagnetic interactions occur between cm-1) 20.66-69 pyt in some case weak ferromagnetic interac-
the manganese(ll) ions. Indeed, the intermolecular interac-tions were also founf:70:79:80
tions are ruled out because the tetranuclear cores are well There is no generally accepted theoretical model of
separated from each other because of screening by the bulkynagnetostructural correlations in Mn(il) polynuclear clusters.
thiacalixarene ligands. The shorter intermolecular\#¥m One can assume that the exchange parameters are not very
distances are greater than 5.8 Alirand 2. sensitive to the local symmetry of the metallic centers, as at

As shown in the structural section, in clusieas well as
in 2 the four manganese centers, independently of the entities(79) Aussoleil, J.; Cassoux, P.; de Loth, P.; Tuchagues, loRy. Chem
M1 and M2 in1 and M3 and M4 in2, have the same g, 32§2r5,8\’].3’(?.;5]1?r1?(’)?r?t?)'n, P.; Ward, M. Dorg. Chem 1994 33, 3612~
environment. Moreover the MnO(phenoxo) bond length 3615.

Figure 6. Representation of the two asymmetric units (M1 and M2) in
compound2. The hydrogen atoms have been omitted for clarity.
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any symmetry all five d orbitals are occupied. For isoelec- with the sulfonyl derivative. In both clusters, the manganese
tronic Fe(lll) ions, either FeOyrigge distance® or Fe- geometry is a rare example of a trigonal prism. Both
Owrigge—F€ angle® were proposed as key geometric param- tetranuclear clusters exhibit intamolecular antiferromagnetic
eters. However, the exact similarity of the exchange coupling, coupling consistent with other phenoxo-bridged Mn(ll)-
J, for 1and2, despite the small differences observed in-Mn  coupled systems.

O(phenoxo) distances and M®—Mn angles, suggests that We are now engaged in a program to synthesize clusters
in our case the variation af cannot be attributed to a one of higher nuclearities with mixed valence or heterometals.
of these parameters. One can assume that the angle between
two trigonal prisms, forming the Mn(ll) environment and
equal to 90 for both clusters, can also play a role.
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The two tetranuclear manganese(ll) clusters reported her
confirm the high coordination ability of the thiacalixarene
macrocycles. The compounds were obtained via a solvo-
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