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General Introduction 

A metal-chalcogenido cluster complex contains more than three metal atoms held together by 

direct metal-metal bonds. The bondings between metal atoms are reinforced by bridging 

chalcogenido ligands. ! Owing to the progress of synthetic methods and the improvement of 

characterizations such as X-ray structure determination, a large number of cluster complexes 

are being prepared. In the early stage of the development, the diversity of their structures 

attracted much attention,2 but the recent interest bas also been concentrated on the various 

propmiies based on the multinuclear nature and metal-metal bonding interaction. 

Magnctochemistry of Cluster Complexes 

The metal-metal bonds in 3d-metal cluster complexes are weaker tl1ru1 iliose in 4d- or Sd

metal ones because 3d orbital is less expanding. Thus 3d-metal clusters di splay much 

different properties from those of 4d- or Sd-metal cluster complexes. This difference is 

apparent in magnetic properties. Since 3d-metal cluster complexes have weak metal-metal 

bonds, the energy gaps between the ground and excited states are small. Therefore, some 

3d-metal cluster complexes do not obey the Curie law but di splay significant thermal 

variation of the number of unpaired electrons (temperature-dependent paramagnetism).3-7 

In these complexes, ilie spin-spin interaction takes place through meta l-metal bonds and 

bridging ligands synergically. 

l11 spite of such imeresting magnetic behaviors in 3d-metal cluster complexes, there have 

been only a few reports on their magnetism,4- 13 and the relation between structures and 

magnet ic properties have remained unclear. The temperature-dependent parrunagnetism has 

also been observed for many polynuclear complexes without metal-metal bonds, and their 

magne ti c behaviors have been investi gated theoretica ll y by using the calculation with the 

Heisenberg-Dirac-Van Vleck (HDVV) Hamilton.iru1.1 4 Recently, this calculation has been 

applied to some iron-su lfide tetranuclear-7 and hexanuclear-cluster complexes.5. 6 By 
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introducing this theoretical ca lculation to the cluster complexes, the magneto-structural 

correlation in 3d-metal cluster complexes will be clarified more significantly. 

Cr6E8 Octahedral Cores 

The author has been interested mainly in the magneto-structural correlation in 3d-metal 

cluster complexes. As the target system, the author selected chromium-chalcogenide 

complexes with Cr6Es (E = S, Se) octahedral cluster cores (Figure!). This cluster unit has a 

very highl y symmetrical structure. When the synm1etry of this cluster is assumed to be Oh, 

there is only one type of distinct metal-metal bonds, which leads to easy analyses of the 

magnelOstructure in the cluster core. 

Our laboratory previously reported ·' [Cr6Ss(PEtJ)6l" and "[Cr6Ses(PEt3)6]" with a Cr6E8 

octahedral cluster unit. 15 As shovin in Figure 2, these complexes exhibit the decrease of the 

effective magnetic moments Guen) on lowering the temperature, and the Jletr values a\ 4.5 K 

are 1.8 Jls for the su lfide and 1.6 JIB for tbe selenide, which are very close to the value ( J. 73 

JIB) of spin-only magnetic moment for one unpaired electron. However, thi s odd num ber 

could not be explained by the molecular fom1ula " [Cr6E8(PEt3)6)", because it gives an even 

number of metal cluster electrons (MCE) (20 e). This inconsistency may be attributed to the 

existence of an extra hydrogen atom which could not be detected by the previous single

crystal X-ray structure analyses. If the chromium cluster complexes contain an extra 

hydrogen atom, the resuJting molecular formula " [Cr6E8(H)(PEt3)6]" affords 21 MCE. 

Whereas a large number of [M6E8L6] type molecular clusters of zirconi um, 16 vanadium, 16 

ch romium, 12, 15, 17 molybdenwn, 18-23 tungsten,24-30 rhenium,31-38 iron, 13, 39-42 and 

cobaJt4 3-52 have been prepared, there have been only two complexes ([Re6S7(Sl-l)Br6l and 

[Re6Se7(SeH)f6t) containing ex tra hydrogen atoms associated with the M6E8 cluster unit.32 

These rhenium complexes have a chalcogen-bonded hydrogen. There have been no 

precedent examples of [M6E8L6] type clusters with an interstitial hydride, in contrast to some 

reports on the interstitial hyd ride in the octahedral halide-53-60 or carbonyl-clusters61-65 

Therefore, the investigation of"[Cr6E8(PEt3)6]" may give the first examples of chalcogenido 

cluslers with an interstitial hydride as well as clarify the magneto-structural correlation in 3d

metal cl uster complexes. 
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Figure 1. Cr6Es (E = S, Se) octahedral cluster core. 
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Figure 2. Temperature dependence of the magnetic susceptibilities of 

·' [Cr6Ss(PEt3)~]" and "[Cr6Ss(PEt3)6]" in the form of f.l<rr vs. T. 
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The study on "[Cr6Es(PEtJ)6)" also concerns the superconducting Chevrel phases 

M,Mo6Es (M = Cu, Sn, Pb, La, etc.; x = 0- 4; E = S, Se, Te).66 In Chevrel phases, the 

Mo6Es octahed ral cluster cores are connected in a three-dimensional arrangement (Figure 3). 

The superconductivity has been related to the interaction between the cluster units.67 In 

contrast to ti1e extensive studies on these molybdenum compounds, no chromium analogue is 

known. Steigerwald e/ a/. have anempted to prepare a chromium Chevrel compound by the 

condensation of a molecular cluster complex [Cr6Tea(PEt3)6), but the trial has been 

unsuccessfui.l? The establi shment of condensation method of the Cr6E8 cluster core may 

give an ap proach to the synthesis of still unknown. "chromium Chevrels." In addition, ti1e 

prepara ti on on the Cr6Es cluster oligorners may lead to the investigation of interaction 

between M6E8 type octal1edral cluster units . The study on intercluster interaction has been 

attracting much anentionnot only in relation to non-molecular cluster compounds but also in 

the fi eld of molecular clusters.68-70 The present thesis describes the preparation of a 

ch romium su lfide dodecanuclear cluster complex by 

dimerization of a Cr6Es cluster core as the first step 

.for the synthesis of"chromium Chevrel phases." 

a) b) 

Figure 3. (a) The bridging mode o.ffow- cl uster units in Mo6Ss. (From ref. 1.) 

(b) Structure of SnM o6Ss. (From ref. 66.) 
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Scope of the Present Thesis 

The present thesis has been concentrated on the following purposes, namely, 

(i) The clarification of the relation between the structure and magnetism in 3d-metal 

chalcogenido cluster complexes. 

(ii) The preparation of metal-chalcogenido hyd.rido clusters. 

(iii) The elucidation of intercluster electronic and magnetic interaction. 

Chapter I concems the study on the hexanuclear chromium chal.cogenido cluster complexes 

with one Cr6Es (E = S, Se) cluster unit. The investigation of the previously reported 

·' [Cr6Es(PEtJ)6]" gave !hree novel cluster compounds [Cr6Ses(PEt3) 6)(1), 

[Cr6Ses(H)(PEtJ)6](2), and [Cr6Ss(H)(PEtJ)6](3). Complexes 2 and 3 are the first examples 

of metal-chalcogenido clusters with an interstitial hydride so far. In addition, the magneto

structural correlation in 1-3 was studied by using the HDVV Hamiltonian. Chapter 2 

describes the synthesis of the dodecanuclear chromium sulfide cluster complexes 

[Cr12S16(H)2(PEt3)10)(6) by the condensation of 3. Complex 6 has two Cr6Ss cluster cores 

per molecule, and the cores are connected in a similar linking mode to those in the 

molybdenum Chevrel phases. The electronic and ma1,rnetic interaction between the Cr6S8 

cluster units was investigated. 
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Chapter 1 

Chemistry of Chromium Chalcogenido Hexanuclear 

Cluster Complexes 

1-1 Introduction 

The chemistry ofmeta.l-chalcogenide cluster compounds with the MGEs (E = S, Se, Te) 

cluster unit consisting of a M6 octahedron and eight face-capping E atoms has made a 

remarkable progress in the last decade.I -5 The [M6E8L6] type molecular complexes of 

zirconium, 6 vanadium, 6 ciu·omium, 7-9 molybdenum, I 0-15 tungsten, 16-22 rheniwn,23-30 iron, 

31-35 and cobalt36-45 have been prepared. 

As mentioned in the Generallntroduction, our laboratory previously reported the 

syntheses and stwctures of the hexanuclear chromium cluster complexes "[Cr6Se8(PEt3)6)" 

and "[Cr6Ss(PEt3)6]."8 However, tbe ma~,'netic measurements suggested that these 

complexes should contain an extra hydrogen atom which could not be detected by the 

previous single-crystal X-ray structure analyses. In the course of the further studies on the 

redox properties of the selenide cluster "[Cr6Ses(PEt3)6]," the cyclic voltammetry indicated 

that it was actually a mixture of two compow1ds. In the present study, they have been 

separated. The measurements of FAB (fast-atom-bombardment) mass spectra have 

indica ted that one of tl1em is [Cr6Ses(PEtJ)6) and the other is [Cr6Ses(H)(PEtJ)6] having an 

ex tra hyd rogen atom associated with the cluster unit. The measurements have also 

suggested that the sulfide cluster " [Cr6Ss(PEtJ)6)" shou ld be reformulated as 

[Cr6Ss(H)(PEt3)6) containing an extra hydrogen atom. This chapter describes the syntheses, 

FAB mass spectra, and structures of these complexes. The probable pos ition of the extra 

hydroge11 a tom is also discussed. All these chromjum cluster complexes display 

temperature-dependent paramagnetic behaviors. These magnetic propenies have been 

analyzed by the Heisenberg-Dirac-Van Vleck (HDVV) Hamiltonian, and the relation between 

the structure and magnetism has been clarified. 
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1-2 Experimental Section 

1-2-1. Syntheses 

All of the manipulations were carried out under nitrogen or argon using conventional Schlenk 

techniques unless stated otherwise. Solvents were dried and distilled under argon from 

appropriate drying agents (sodium metal wire for benzene and toluene, magnesium for 

methanol and ethanol , calcium sulfate for acetone, and sodiumlbenzophenone for 

tetrahydrofuran (THF)). Phosphorus trichloride and phosphorus tribromide were distilled 

under argon without any drying agents. Sodium hydrogen sulfide (NaSH) was prepared by a 

reaction of sodium ethoxide and hydrogen sulfide. Deuterated sodium hydrogen sulfide 

(NaSD) was prepared by the dissolution ofNaSH in MeOD, followed by the removal of the 

solvent in vacuo. Soditun polyselenide (NazSex; x = 1.33) was prepared by a supersonic 

reaction of soditml metal and selenium powder in THF wi th a catalytic amount of 

napluhalene.46 Triethylphosphioe (Kanto Kagaku) and the other reagents (Aldrich) were 

used as received. 

Syn th esis of [Cr6Ses(PEtJ)6) (1) . 

A methanol so lution (20 cm3
) ofNa2Sex (x = 1.33; 0.52 g, 3.5 mmol) was added dropwisc to 

a suspension of anhydrous chromium dichloride (CrCh) (0.43 g, 3.5 mmol) in methanol (I 0 

cm3
) at -78 oc. A mixture of a brown solution and a brown precipitate was fom1ed . 

Subsequently, PEt3 (20% w/w toluene; 4.9 cm3, 7.1 mmol) was added to the mixture, which 

was stin·ed and allowed to warm slowly (ca. 8 h) to room temperature. The resulting 

suspension was reOuxed for 8 h. The solvent was removed in vacuo and the black materi al 

was extracted with hot benzene (30 em\ After benzene was removed in vacuo, the 

resulting so lid was washed witb acetone (3 x 30 crn3) and dried in vacuo to g_ive a black 

mixture of 1 and 2. These complexes were separated by a selective oxidation of2. To a 

suspension of this mixture in toluene (90 cm3) was added an acetone solution (l 0 cm3) of 

ferrocenium hexafluorophosphate (0.030 g, 0.091 mmol). The amount offerrocenium 

cation was controlled so that only complex 2 was oxidized. The so lution was stirred at 

room temperature for 5 h, and the solvent was removed in vacuo. ln order to remove 2•, the 

residue was washed with acetone (1.00 cm3 and 2 " I 0 cm3), dried in vacuo, and extracted 
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with toluene (20 em\ Ethanol (85 cm3) was added to the extract and the solution was 

allowed to stand at -20 oc for 4 d to form 1 (0.044 g, 4 %) as black crystals. 1: tH NMR 

(C6D6): 8= 1.67 (54H, PCH2CH3), -4.05 (36H, PCH2). Found: C, 26.30; H, 5.25%. Ca1cd 

for C36l-19oCr6P6Ses: C, 26.16; H, 5.49%. 

Synthesis of (Cr6Ses(H)(PEtJ)G] ·2THF (2·2THF). 

The mixture of 1 and 2 obtained by the reaction ofCrCb, Na2Se,, and PEt3 was suspended in 

toluene (90 cm3
) as descri bed for the synthesis of 1. After an acetone solution ( 1 0 em3) of 

ferrocenitm1 hexailuorophosphate (0.022 g, 0.066 mmol) was added, the resulting mixture 

was stirred at room temperature for 5 h, and the solvent was removed in vacuo. By 

extracting the residue with acetone (1 00 em\ only acetone-soluble 2+ was extracted. In 

order to reduce 2+ to the neutral cluster 2, an acetone so lution (10 cm3) of cobaltocene (0.017 

g, 0.09 mmol) was added to the extract. The resulting mixture was stirred at room 

temperature for l h to give a yellow solution and a black precipitate. After the solution was 

filtered off, the precipitate was washed witl1 acetone (2 x I 0 em\ dried in vacuo, and 

extracted with hot THF (75 cm3). The THF extract was allowed to stand at -20 °C for 5 d to 

yield 2·2THF (0.08 1 g, 8 %) as black crystals. 2·2THF: 1H NMR (C6D6) : 8= 3.68 (81-l, 

OCH2), 1.63 (54H, PCH2CHj), 1.53 (8H, OCH2CH2), -0.26 (36H, PCH2). The signal due to 

the hydride associated with the cluster unit could not be detected. Found: C, 29.28; H, 

5.88%. Caled for c •• H1o702Cr6P6Ses: C, 29.40; I-I, 6.00%. 

Synthesis of [Cr6Ss(H.)(PEtJ)6]·2C6H6 (3·2C6HG)· 

Complex 3 was prepared following the procedure previously reported for " [Cr6Ss(PEt3)6]."8 

A solution ofNaSxH (x = 1.33) prepared from NaSH (0.23 g, 4.1 mmol) and Ss (0.043 g, 0.17 

mmol) in methanol (20 cm3
) was added to a suspension of CrCh (0.50 g, 4.1 mmol) in 

methanol (10 cm3
) at-78 °C. A mjxture of a brown solution and a brown precipitate 

formed . PEt3 (1.2 cm3
, 8.2 mmol) was added to the mixture, which was stirred and allowed 

to warm slowly (ca. 8 h) to room temperatl.lfe. The solvent was removed in vacuo, and the 

resulting solid was extracted with hot benzene (30 cm3
). The benzene extract was allowed 

to stand at room temperature to yield 3·2C6H6 (0.20 g, 21 %) as black crystals. 3·2C6H6: 
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1
H NMR (C6D6): o= 7.27 (12H, C!)·h), 1.80 (54H, PCH2CH3), 0.04 (36H, PCH2). The 

signal due to the hydride associated with the cluster unit could not be detected. Found: C, 

39.45; H, 7.06; S, 17.62%. Calcd for C4sH103Cr6P6Ss: C, 40.18; H, 7.24; S, 17.88%. 

Synthesis of [Cr6Ss(D)o.s(H)o.2(PEtJ)GJ-2C6B6 (4·2C~6)· 

The procedure for 3·2C6H6 was followed, except for using MeOD as so lvent. Yield 0.20 g 

(21 %). The rR spectrum and 1H NMR spectrum are identical with those of3 ·2C6H6. 

4·2C6H6: Found: C, 39.38; H, 6.87; S, 17.39%. Calcd for C4sH1o3Cr6P6Ss: C, 40.18; H, 7.24; 

S, 17 .88%. 

Synthes is of [Cr6Ss(D)(PEtJ-t/Js)6]·2C6D6 (5·2C6D6)· 

I. Prepa ration ofBromoethanc-t/5• 

The procedure for the preparation of bromoethane-d5 was nearly similar to that for l-bromo-

2-methylpropane.47 Phosphorus tribromide (195 g, 0.70 mol) was added dropwise to 

ethanol-d6 (99 g, 1.9 mol) at -20 °C. The crude bromoethane-d5 was distilled from the 

reaction mixture at 38- 40 oc. The distillate was opened to the air, and diluted with a

xylene (150 cm3) for the prevention of the volatilization ofbromoethane-d5. The o-xylene 

solution was washed with an aqueous so lution of sodium hydroxide (ca. 0.01 M) until the 

odor of hydrobromic acid disappeared. The solmion was dried with anhydrous sodium 

sulfate (Na2S04) (I 00 g) and ctistilJed under argon. The fraction boiling between 38- 40 oc 
was collected. Yield I 14 g (53%). 

2. Preparation of PE t3-t/1s. 

A 2000 cm3 three-necked round-bottomed flask was fitted with a mechanical stirrer and a 

reflux condenser. Magnesium (27 g, !. I mol) and diethyl ether (Et20) (430 cm3) were 

placed in the flask, to which a mixture of bromoehtanc-d5 (80 cm3
, 1.1 mol) and Et20 (I 30 

cm3
) was added dropwise during 80 min. The resulting suspension was refluxed for I h, 

and cooled to -78 °C. A mixture of phosphorus trichloride (26 cm3, 0.30 mol) and Et20 (54 

en?) was added dropwise to the suspension, wh ich was allowed to wann to room 

temperature, stirred for 2 h, and cooled again to -20 °C. The unreacted reagents were 
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hydrolyzed with an aqueous solution (60 g) of ammonium chloride (500 em\ The organic 

layer was extracted. The residual mixture was washed with Et20 (4 x 100 em\ and the 

washings were added to the extract. The resulting Et20 solntion was dried with Na2S04 

(100 g) and distilled. The fraction boiling between 128- 130 oc was collected. Yield 14.] 

g (42%). 

3. Preparation of the Deuterated Cluster 5·2C6D6• 

Complex 5· 2C6D6 was prepared following the procedure for 3·2C&H6 except for the use of 

deuterated compounds. A solution ofNaSxD (x = 1.33) prepared from NaSD (1.85 g, 32.8 

mmol) and Ss (0.34 g, 1.4 mmol) in MeOD (160 cm3) was added to a suspension ofCrCh 

(4.03 g, 32.8 mmol) in MeOD (80 cm3
) at -78 °C. A mixture of a brown solution and a 

brown precipitate formed. PEt3-d15 (9.5 cm3, 65.6 mmol) was added to the mixture, which 

was stirred, allowed to warm slowly (ca. 8 h) to room temperature, and stirred additionally 

for 24 h. The solvent was removed in vacuo, and the resulting solid was extracted with hot 

benzene (230 crn3
). The benzene extract was allowed to stand at room temperature to yield 

5·2C6D6 (1.43 g, 17 %) as black crystals. The perfect deuterium substitution in 5 was 

confirmed by F AB mass spectrum (Figure 14 under Resul ts and Discuss ion). 

1-2-2. Mo lecula r Orbita l Calculation 

The molecular orbitals of model clusters [Cr6Ses(PHJ)6] and [Cr6Ses(H)(PH3)6] were 

calculated by the DV-Xet method with the self-consistent charge approxirnation48-53 All 

calculations were performed on a GATEW A Y2000 computer. The exchange parameter a 

was taken to be 0.70 in all calculations. Numerical atomic orbitals from atomic H.artree

Fock-Slater calculations were used as basis functions. The radial functions of the AOs were 

calculated at the points of the distance r = r,.exp(-/d32) (k= 0.299) from the nucleus, where r,. 

was 30 au for non-hydrogen atoms, and 20 au for hydrogen atoms (1 au= 0.52918 A for 

length). For the calculation of higher AOs, additional well potentials were addecJ,49 which 

were constant for r < r.,. and proportional to 1/r for r> r,., where the potential depth is -0.05 

au for Cr, -0.5 au for P, and -0.8 au for Se (I au= 4.3597 x 1 o-18 J for energy). All the 

orbitals through 4d were included for e, through 4p for Cr, through 3d for Sand P, and only 
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ls was used for H. The sampling points for the numerical integration of the matrix elements 

were distributed according to the literature.49 The number of the sampling points was 

50 000. The coulomb potential was approximated by using the sum of the spherical atomic 

potentials. After the molecular orbitals were obtained as the solution of secular equations, 

the electron population on each atomic orbitals was calculated and the values were used for 

the next calculation of the atomic orbitals. The process was cycled until the transfer of the 

electron by the Lowdin population analysis54, 55 was less tl1an 0.000 I for all atomic orbitals. 

The symmetries of the model compounds were assumed as Oh. The geometric 

parameters were taken from the averaged values obtained by the X-ray structure analyses. 

In the PI-h ligands, the P-H distances were set to 1.40 A and the Cr-P-H angles to 115°. 

Hydrogen atoms which lower the symmetries of the whole structures were treated according 

to the literature. 56 For all the complexes, spin-unrestricted calculations were performed. 

1-2-3. FAB Mass Spectra 

FAB mass spectra were obtained with a .JEOL JMS-HX 11 OA double-focusing mass 

spectrometer equipped with an XMS data system. A fast-atom xenon beam was generated 

from Xe + ions, which were accelerated to I kV with a FAB gun emission current of 1 rnA. 

The crystalline samples (-1 ~g) were placed on the stainless-steel tip of the probe, mixed 

witl1 m-nitrobenzyl alcohol (Aldrich) as a matrix, and exposed to the xenon beam for the 

desorption. 

1-2-4. Cyclic Voltammetry 

Cyclic voltammetry (CV) was performed on a BAS CV-50W cyclic voltammograpb. Three 

electrodes consisting of a platinum working electrode, a platinum wire counter electrode, and 

a Agl Ag + (AgN03 (0.0 I N) in Cf-i)CN) reference electrode were used for the measurements. 

The compounds were dissolved in THF together with 0.1 M tetrabuthylammonium 

perchlorate as a support ing electrolyte, and scanning rate was 1 00 m V /s. 

1-2-5. X-ray Str uctu re Deter mination 

A single crystal of 1 suitable for X-ray analysis was obtained by allowing a toluene-ethanol 
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solution to stand at room temperature and that of2 by recrystallization from THF. The 

crystals were sealed in glass capillaries for the X-ray measurements. Because the crystal of 

2 contained THF molecules escaping from the crystal, the solvent was also sealed for 2. 

The X-ray measurements of the crystals were perfonned on a Rigaku AFC-7R diffractometer 

wilh graphite-monochromated Mo Ka radiation at 226 K for I and at 293 K for 2. Intensity 

data were collected with 28-wscans in the range so< 2B< sse for 1 and 7° < 2B< sso for 2. 

Three standard reflections were monitored every !50 reflections. Neither of the crystals 

showed significant decay over the period of data collections. All calculations were 

performed using the TEXSAN crystallographic package. 57 The data were corrected for the 

Lp Factor and empirically for the absorption using the tp-scan method. The positions of tbe 

chromium and selenium atoms were determined by the direct method (SHELXS86),58 and 

the other non-hydrogen atoms were located using Fourier techniques (DIRDIF94)59 The 

THF molecules io tbe crystal of2 are orientationally disordered around the 3-fold axis. The 

four carbon atams and one oxygen atom of the THF molecule were positionally disordered. 

Thus each of the mixed carbon-oxygen sites of the THF molecule was refined as a carbon 

atom with a site-occupancy factor of 4
/ 15 and an oxygen atom with that of 1/ 15 , and their 

positional and thermal parameters were constrained to move together. The atoms of the 

Tl-IF molecules in the crystal of2 were refined isotropically, and all the other non-hydrogen 

atoms in the crystals of I and 2 were refined anisotropically. The hydrogen atoms of the 

trietbylphosphine ligands were located on calculated positions. At the final stage of the 

refinements, an empirical extinction correction proportional to the observed intensities was 

included . The final cycle of full-matrix least-squares refinement was based on 9491 

observed reflections CIFol > 3a(F0 )) for 1 and on 2087 observed reflections (IFol > 4a(Fo)) 

for 2. The crystallographic data are given in Table I. The final atomic-parameters ofl and 

2 are li sted in Tables 2 and 3. 
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Tab le l. Crystal Parameters and X-ray Diffraction Data for I and 2·2THF 

2·2THF 

Fom1ula C36H9oCr6P6Ses C44H1o702Cr6P6Ses 

Fw 1652.61 1797.83 

Crystal size , mm 0 .3 X 0.3 X 0.] 0.6 X 0.6 X 0.5 

Space group PT (No.2) R3 (No.l48) 

a,A 12.887(2) 17.384(4) 

b, A 25.332(7) 

c ,A 12.061 (3) 19.768(4) 

a,deg. 111.23(2) 

j3, deg. l 08.25(2) 

y, deg. I 09.86(2) 

V, A3 2994(2) 5173(2) 

x,A 0.7107 0.7 107 

T,K 226 293 

z 2 3 

Jl, em 
-I 60.99 53.04 

Pculcd. , g/cm3 1.833 1.73 1 

Ra
1
R,/ 0.045, 0.037 0.038, 0.032 

• R = LIIFol - !Fell I LIFo! 6 Rw = {L[w(IFoi-IFcliJ I L[wiFi]} 1n; w = 1/{ d(Fo) 

+ i1Fil4};p = 0.0115 fo r 1 and 0.0033 for2·2THF. 
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Table 2. Atomic Coordinates and Temperature Parameters for [Cr6Se8(PEt3)6] (1) 

atom xla ylb zlc Uison 
Sel 0.08480(6) 0.0181 7(3) 0.27983(7) 0.0223(2) 
Se2 0.04498(6) 0.13014(3) 0.19643(7) 0.0229(2) 
Se3 -0.20219(6) -0.11023(3) -0.01374(7) 0.0232(2) 
Se4 0.24415(6) -0.00176(3) 0.09592(7) 0.0225(2) 
Se5 0.25737(6) 0.5 1395(3) 0.62445(7) 0.0260(2) 
Se6 0.05168(6) 0.49493(3) 0.75509(7) 0.0258(2) 
Se7 0.00505(6) 0.38978(3) 0.29813(7) 0.0269(2) 
Se8 0.20181 (6) -0.36982(3) -0.42823(7) 0.0252(2) 
Crl -0.09073(9) 0.01146(5) 0.1046(1) 0.0204(3) 
Cr2 0.16394(9) 0.07281(5) 0.1673(1) 0.0202(3) 
Cr3 0.02403(9) -0.06409(5) 0.0477(1) 0.0205(3) 
Cr4 0.03148(1 0) 0.43435(5) 0.5301(1) 0.0232(3) 
Cr5 0.145 19(1 0) 0.57159(5) 0.6871 ( I) 0.0239(3) 
Cr6 O.J l 827(1 0) 0.51 122(5) 0.4251(1) 0.0233(3) 
PI -0.2065(2) 0.02450(9) 0.2255(2) 0.0274(5) 
P2 0.3612(2) 0.15708(8) 0.3770(2) 0.0279(5) 
P3 0.0520(2) -0.14038(8) 0.1109(2) 0.0281 (5) 
P4 0.0707(2) 0.35685(9) 0.5790(2) 0.0303(5) 
P5 0.3227(2) 0.66039(9) 0.91 03(2) 0.0346(5) 
P6 0.2574(2) 0.52231 (9) 0.3299(2) 0.031 6(5) 
C l -0.1921 (7) 0. 1 056(3) 0.3001(8) 0.043(2) 
C2 -0.2467(8) 0.1232(4) 0.1970(8) 0.049(3) 
C3 -0.1591(6) 0.0166(4) 0.3741 (7) 0.038(2) 
C4 -0.1854(8) -0.0521(4) 0.3438(8) 0.050(3) 
C5 -0.3788(7) -0.0334(4) O.l 215(8) 0.040(2) 
C6 -0.4566(7) -0.0286(4) 0.1938(9) 0.060(3) 
C7 0.3537(7) 0.2208(3) 0.5051(7) 0.040(2) 
C8 0.2720(8) 0.1960(4) 0.561 0(8) 0.050(3) 
C9 0.4331 (7) 0.1252(3) 0.4719(7) 0.036(2) 
CJO 0.5583(8) 0.1759(4) 0.6075(9) 0.065(3) 
Cil 0.4885(7) 0.2081 (3) 0.3613(8) 0.041 (2) 
C12 0.54.1 0(7) O.l729(4) 0.2848(9) 0.055(3) 
Cl3 -0.0046(7) -0 .1 467(3) 0.2283(7) 0.036(2) 
C14 0.0 147(9) -0.19 14(4) 0.2797(9) 0.066(3) 
CIS 0.2164(7) -0. 12 18(4) 0.1963(8) 0.043(2) 
C16 0.30 18 (7) -0.0605(4) 0.3378(8) 0.051 (3) 
C i 7 -0.0270(7) -0.2264(3) -0.0296(8) 0.043(2) 
CJ8 -0.1676(9) -0.2633(4) -0.1015(10) 0.069(3) 
C i9 0.2028(7) 0.3960(3) 0.7511(8) 0.041(2) 
C20 0.2374(9) 0.3526(4) 0.7938(1 0) 0.073(3) 
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C21 -0.0628(7) 0.2917(3) 0.5636(7) 0.036(2) 
C22 -0.1039(8) 0.3156(4) 0.6693(9) 0.051(3) 
C23 0.1091(8) 0.3057(4) 0.4652(9) 0.048(3) 
C24 0.2303(9) 0.3418(4) 0.4709(10) 0.063(4) 
C25 0.3049(8) 0.7303(4) 0.9946(8) 0.057(3) 
C26 0.2995(9) 0.7696(4) 0.9236(9) 0.061(3) 
C27 0.3609(7) 0.6407(4) 1.0422(8) 0.051(3) 
C28 0.4046(8) 0.5903(4) 1.0172(9) 0.065(3) 
C29 0.4719(7) 0.6978(4) 0.91 11(8) 0.047(2) 
C30 0.5895(8) 0.7543(4) 1.051 0(9) 0.071(3) 
C31 0.4017(7) 0.6043(3) 0.4248(8) 0.042(2) 
C32 0.4916(7) 0.6257(4) 0.5687(9) 0.051 (3) 
C33 0.1893(8) 0.5095(4) 0.1591(8) 0.049(3) 
C34 0.0821 (9) 0.4396(5) 0.0455(9) 0.070(3) 
C35 0.3194(7) 0.4662(3) 0.3152(8) 0.044(2) 
C36 0.4042(8) 0.4690{4) 0.2505(102 0.063{3) 
0 Uiso=( 1 1J)~;~1 Uu· a,·a/ a1· a1 

(Uu) ( x 1 00) 

atom V I I Un u33 U12 UIJ u23 
Se l 2.47(4) 2.51(3) 1.89(3) 1.43(3) 1.06(3) 1.18(3) 
Se2 2.58(4) 2.06(3) 2.21(4) 1.45(3) 1..13(3) 0.88(3) 
Se3 2.24(3) 2.1 7(3) 2.51(4) 1 .02(3) 1.20(3) 1.27(3) 
Se4 2.00(3) 2.49(3) 2.30(4) 1.40(3) 0.98(3) 1.14(3) 
Se5 2. 11(3) 2.76(4) 3.01 (4) 1.40(3) 1.22(3) J .48(3) 
Se6 2.61 (4) 2.70(4) 2.53(4) 1.42(3) 1.30(3) 1.39(3) 
Se7 2.88(4) 2.26(3) 2.83(4) 1.48(3) 1.57(3) 0.97(3) 
Se8 2.27(4) 2.04(3) 2.84(4) 0.98(3) 1.19(3) 1.11(3) 
Crl 2.05(5) 2. 11 (5) 1.99(6) 1.22(4) 0.99(5) 0.97(4) 
Cr2 2.06(5) 2.02(5) 2.04(6) 1.21(5) 1.00(5) 0.99(5) 
Cr3 2. 17(5) 2.08(5) 1.98(6) 1.24(4) 1.00(5) 1.01(4) 
Cr4 2. 14(5) 2.16(5) 2.60(6) 1.18(5) 1.22(5) 1.09(5) 
CrS 2.30(6) 2. 17(5) 2.52(6) 1.17(5) 1.17(5) 1.05(5) 
Cr6 2.22(6) 2.16(5) 2.49(6) 1.19(5) 1.13(5) 1.06(5) 
Pi 2.39(9) 3.16(10) 2.54(10) 1.57(8) 1.33(8) 1.14(8) 
P2 2.64( 1 0) 2.27(9) 2.45(10) J .25(8) 0.76(8) 076(8) 
P3 3.2(1) 2.43(9) 2.8(1) 1.65(8) 1.26(9) 1.38(8) 
P4 3.1 ( I ) 2.78(10) 3.6(1) 1.76(9) 1.76(9) 1.76(9) 
PS 3.3(1) 3.1 (I) 2.4( I ) 0.96(9) 1..11 (9) 1.00(9) 
P6 3.1(1) 3.1 (I) 3. 7(1) 1.84(9) 2.09(1 0) I. 72(9) 
Ci 4.6(5) 3.7(4) 4.5(5) 2.5(4) 2.8(4) 1.2(4) 
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C2 6.0(6) 5.2(5) 4.6(5) 4.2(5) 2.9(5) 2.3(4) 
C3 2.8(4) 5.3(5) 3.2(4) 2.0(4) 1.7(4) 2.1(4) 
C4 5.2(5) 6.2(6) 4.5(5) 2.8(5) 2. 7(5) 3.5(5) 
C5 3.1 (4) 4.4(4) 3. 7(5) 1.9(4) 1.6( 4) 1.5(4) 
C6 3.6(5) 7.5(6) 6.8(7) 2.9(5) 3.4(5) 2.9(5) 
C7 4.5(5) 3.2(4) 2.9(4) 2.4(4) 1.1(4) 0.6(3) 
C8 6.8(6) 5.1 (5) 3.3(5) 4.0(5) 2.6(5) 1 .4(4) 
C9 3.5(4) 3.2(4) 2.9(4) 1.7(3) 0.9(4) J.l (3) 
ClO 5.3(6) 5.3(6) 4.5(6) 2.5(5) -0.8(5) 1.5(5) 
Cl l 3.5(4) 2.6(4) 4.8(5) 1 .0(3) 1.8( 4) 1.5(4) 
Cl2 3.7(5) 4.6(5) 6.1(6) 1.2(4) 2.7(5) 1.6(5) 
C!3 4. I (4) 3 .I ( 4) 3.2(4) 1.7(4) 1.4(4) 2.0(3) 
C14 8.6(7) 6.2(6) 6.8(7) 4.1(6) 3.4(6) 4.9(6) 
CIS 4.7(5) 4.6(5) 5.1(5) 3.5(4) 2.3(4) 2.9(4) 
C16 3.8(5) 5.0(5) 4.8(5) 2.4(4) 0.7(4) 2.2(4) 
C17 4.5(5) 2.9(4) 4.0(5) 1.7(4) 1.5(4) 1.1 (4) 
Cl8 6.8(7) 2.7(5) 6.6(7) 1.5(5) I .4(6) 0.9(5) 
C19 3.1(4) 3.5(4) 4.4(5) 1.8(4) 0.8(4) J .9(4) 
C20 6.5(7) 6.4(6) 6.3(7) 3.3(5) 0.2(5) 3.5(6) 
C21 3.6(4) 2.8(4) 4.0(5) 1.5(3) 1.5( 4) 1.8(4) 
C22 5.0(5) 4.2(5) 5.5(6) 1.J (4) 3.1 (5) 2.6(4) 
C23 6.2(6) 3.6(4) 6.5(6) 3.3(4) 4.2(5) 2.6(4) 
C24 8.3(7) 7.3(6) 9.4(8) 6.4(6) 6.7(7) 5.6(6) 
C25 6.3(6) 4.6(5) 3.7(5) 2.1(5) 2.4(5) 0.5(4) 
C26 9.3(7) 3.3(5) 6.0(6) 3.5(5) 4.1(6) 2.2(4) 
C27 4.2(5) 4 .8(5) 4 1(5) 0.8(4) 1.5( 4) 2.2(4) 
C28 5.2(6) 7.5(7) 5.4(6) 2.5(5) 1.0(5) 4.0(5) 
C29 2.9(4) 3.9(5) 4.0(5) 0.4(4) 0.8(4) J.l (4) 
C30 4.7(6) 6.2(6) 4.5(6) -0.3(5) 1.1 (5) J .3(5) 
C31 4.4(5) 3.8(4) 5.1 (5) 2.3(4) 2.9(4) 2.3(4) 
C32 3.3(5) 4.3(5) 5.8(6) 1 .3(4) 2.0(4) 1.6(4) 
C33 5.1 (5) 7.5(6) 4.7(5) 3.9(5) 3.6(5) 3.8(5) 
C34 6.3(6) 9 .3(8) 3.7(5) 4.6(6) 2.1 (5) l. 7(5) 
C35 3.8(5) 3.7(4) 6.5(6) 2.5(4) 3.3(5) 2.2(4) 
C36 5.6(6) 7.1(6) 8.4(7) 4.6(5) 4.7(6) 3. 7(6) 
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Table 3. Atomic Coordinates and Thermal Parameters for [Cr6Ses(H)(PEt3)6)-2THF(2·2THf) 

atom x/a Jl.lb zlc Uiso
0 

Sel 0.0000 0.0000 0.15221(5) 0.0311(1) 
Se2 -0.11894(3) 0.06583(3) 0.05077(3) 0.0305(2) 
Cr 0.03613(5) 0.10054(5) 0.05482(4) 0.0261(2) 
p 0.08799(1 0) 0.23125(1 0) 0.12360(8) 0.0369(4) 
Cl 0.161 0(4) 0.2401(4) 0. 1936(3) 0.048(2) 
C2 0.1962(5) 0.321 0(5) 0.2390(4) 0.078(3) 
C3 0.0036(4) 0.2488(4) 0. 1639(3) 0.056(2) 
C4 -0 0511 (5) 0. 1807(5) 0.2184(4) 0.074(3) 
C5 0.1515(4) 0.3389(4) 0.0804(3) 0.053(2) 
C6 0.2393(4) 0.3574(4) 0.0490(4) 0.069(2) 
OCI1 -0.076(2) -0.023(3) 0.368(2) 0.11 (1) 
OCI2 -0.046(3) 0.030(3) 0.423(2) 0.13(1 ) 
OCI3 0.046(3) 0.088(2) 0.41 0(2) 0.13(1) 
OCI4 0.081(2) 0.0 14(3) 0.386(2) 0.1 02(9) 
OC15 -0 023(4) -0.053(2) 0.348CJ2 0.13(12 

a U;,0 = ( 1/;)"L.,'Zj Uifa, 'c~.;' a;· aj 

(Uu) ( x 100) 

atom U11 U22 U33 Un u13 u23 
Se1 3.37(3) 3.37 2.58(5) 1.69 0.00 0.00 
Se2 2.99(3) 3 .12(3) 3.44(3) 1.81 (3) 0.25(3) -0.07(3) 
Cr 2.55(4) 2.58(5) 2.72(4) 1.29(4) 0.05(4) -0.03(4) 
p 3.95(9) 3.43(9) 3.94(9) 2.03(8) -0.18(8) -0.72(7) 
Cl 5.2(4) 4.6(4) 4.4(4) 2.4(3) -0.7(3) -1.3(3) 
C2 8.8(6) 8.4(6) 6.3(5) 4.4(5) -2.8(4) -3 .8(4) 
C3 6.3(5) 5.0(4) 6.7(5) 3.7(4) -0.9(4) -2.4(4) 
C4 8.0(6) 9.6(6) 6.4(5) 5.7(5) 1.3(4) -1.5(5) 
C5 6.4(5) 3.1 (3) 6.0(4) 2. 1 (3) -0.6(4) -0.8(3) 
C6 5.5(4) 4.1(4) 8.8{62 0 7(42 -0.3(4) 0.7(4) 



1-2-6. Powder Neutron Diffraction Analysis 

Neutron diffraction data of 5·2C6D6 were collected on the time-of-flight (TOF) powder 

diffractometer VEGA 60 installed at the pulsed spallation cold neutron somce in the National 

Laboratory for High-Energy Physics (KEK) in Tsukuba, Japan. The sample crystals (1.43 g) 

were crushed into fine powder and contained in a vacuum-tight cylindrical bolder made of 

vanadium (10 nun in diameter, 50 mm in height, and 0.2 nun in thickness) under argon 

atmosphere. Its intensity data were recorded with the back scattering bank of detectors in 

the TOF, I, region 12 484- 46 000 JlS, corresponding to the d-spacing range 1.25 - 4.6 A (d = 

119979.69). The stnJctural analyses were carried out with the Rietveld refinement program 

IUET AN-96T61 on a GA TEW A Y2000 computer. The values of coherent scattering lengths 

in fm used for the analysis were 3.635 for Cr, 2.847 for S, 5.130 for P, 6.646 for C, and 6.671 

for D6 2 The intensity data in the I region 30 866- 31 250, 33 400- 33 750, 34 200 -

34 600, 38 600- 39 400, 42 500- 43 000, 45 000- 45 500 JlS were excluded in the 

refinement, where peaks unassignable to 5 were observed. The peak profiles and baseline 

were fitted with pseudo-Voigt functions (the linear combination of Gaussian and Lorentzian 

functions) and Legendre polynomials, respectively. The space group, lattice constants, and 

atomic coordinates were taken from those obtained by the single-crystal X-ray stmcture 

analysis for 3.8 ForD atoms, the positions were calculated as follows. In the 

triethylphosphine ligands, the C-D distances were set to I. I 0 A, the P-C-D and C-C-D angles 

to 109°, and the orientation of the methyl group to be staggered relative to the neighboring 

methylene group. In the benzene molecule, the C-D distances and the C-C-D angles were 

set to 1.10 A and 120°, respectively. All the atoms were refined isotropically. Preferred 

orientation was not corrected. 

1-2-7. Magnetic Measurement and Calculation 

Magnetic susceptibilities of 1-3 were measured in the temperature ranges 2- 330, 2- 330, 

and 4.5 - 330 K, respectively, with a Quantutn Design MPMS SQUID. The absence of 

ferromagnetic impmities was checked by the magnetization measurements at 300 K. The 

magnetic field of the measurements was I 00 G over the whole measmed temperature range 
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for 1 and 5 kG in the temperature range 4.5-30 K and 10 kG in the range 30- 330 K for 2 

and 3, where the magnetization versus magnetic field curves were linear. The crystalline 

samples (ca. 30 rug for 1, ca. 90 mg for 2·2THF, and ca. I 00 mg for 3 ·2C6f!6) were filled in 

cellophane sample holders under nitrogen atmosphere. The magnetic susceptibilities of the 

holders were determined separately. Diamagnetic corrections were estimated from Pascal's 

constants. All calculations were performed on a GATEW A Y2000 computer. The 

programs for calculating the energy levels of the spin states and for the non-linear least

squares fittings were made with the turbo-pascal soft and the Maple V release 4 soft, 

respectively. 

1-2-8. Other Physical Measurements 

The FT-IR spectra for 1 (Figure 1), 2·2THF (Figure 2), and 3·2C6H6 (Figure 3) were 

measured (4000- 400 cm-
1
) with a JASCO FT/IR-300E spectrometer using KBr disks. The 

electronic spectra of hexane so lution for I (Figure 4), 2·2THF (Figure 5), and 3·2C6H6 

(Figure 6) were measured (210 - 1680 run) with a IDTACHl U-3500 spectrometer. The 1H 

NMR (500 MHz) spectra were measured in C6D6 with a JEOL A500 spectrometer using 

C6l·h as the intemal standard (i llustrated in Figure 7). 
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Figure 1. FT-IR spectrwn of (Cr6Ses(PEt3)6] (1). All the peaks are due to 

triethylphosphjne ligands.63 
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Figure 2. FT-IR spectrum of [Cr0Ses(H)(PEt3)6]-2THF (2·2THF). All the 

peaks are due to triethylphosphioe Ji gands63 
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Figur-e 3. FT-IR spectrum of [Cr6Ss(H)(PEt3)6]-2C61-lG (3·2C6H6)- Asterisks 

and an arrow indicate the peaks due to solvent benzene molecules and C02 in the 

air, respectively. All the other absorptions are assignable to U10se for 

triethylphosphine ligands.63 
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Wavelength (nm) 
800 

Figure 4. Electronic spectrum of [Cr6Ses(PEt3)6] (I) in hexane. No absorption 

peak was observed between 950 and 1680 nm. 
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Figure 5. Electronic spectrum of [Cr6Seg(H)(PEt3)6l2THF (2·2THF) in hexane. 

No absorption peak was observed between 950 and 1680 nm. 
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Figure 6. Electronic spectrum of (Cr6Ss(H)(PEtJ)6l2C6H6 (3·2C6H6) in hexane. No 

absorption peak was observed between 950 and 1680 nm. 
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Figu re 7. 1!-l NMR spectra of (a) [Cr6SesO,EtJ)6] (l ), (b) [Cr6Ses(H)(PEt3)6]·2THP 

(2·2THF), a.nd (c) [Cr6Ss(H)(PEtJ)6]·2C6I-r6 (3·2C6H6). Asterisks in the spectrum of 

2 indicate the signals due to solvent THF molecules. 
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1-3 Results and Discussion 

1-3-1. Syntheses ofHexanuclear Chromium Cluster Complexes 

Metal chalcogenide hexanuclear cluster complexes with a M6Es unit have been syntl1esized 

by various methods. Molybdenum and tungsten complexes have been prepared by reductive 

condensation of two trinuc!ea.r complexes or halogen-chalcogen exchange. 11, 17-20, 22 

Rhenium complexes have been prepared by cutting out a molecular cluster skeleton from 

non-molecular clusters.24, 26, 28 On the other hand, iron and cobalt complexes have been 

obtained by "self-assembly" methods, in which cluster cores are fotmed spontaneously from 

mono- or di-nuclear complexes.31-35, 37-41, 44 In ilie present study, ilie chromium clusters 

were prepared by self-assembly reactions of non-molecular CrCh with chalcogen sources. 

Tbe reaction of CrCI2 with Na2Sex and PEt3 in MeOH at -78 °C gave a mixture of 

[Cr6Ses(PEtJ)6] (1) and [Cr6Ses(H)(PEt3)6] (2) (in a ratio of ca. 4 : 5). The extra hydrogen 

atom in 2 must have come from ilie hydroxyl group ofMeOH. Tbe CV (cyclic 

voltammograms) of these complexes are shown in Figure 8. Complex 1 exhibits an 

oxidation step at-0.50 V and a reduction step at -1.75 V (Figure 8a), while the oxidation and 

tbe reduction step of2 are observed at -0.81 and -1.48 V (Figure 8b), respectively. Since 

these complexes have very similar so lubility and molecular weights, they could not be 

iso lated by exploiting these propetiies. The author could, however, separate 1 and 2 by 

utilizing the difference of their redox properties. Complex 2 is easier to oxidize than 1 

because the potential of the ox idation step for 2 is Jess positive. By adding ferrocenium 

hexafluorophospbate, complex 2 was oxidized selectively and turned to [Cr6Se8(H)(PEt3) 6t 
(2) . Since this oxidized cluster was acetone-soluble and complex 1 was acetone-insoluble, 

the extraction with acetone could separate the oxidized cluster 2+ from cluster 1. Reduction 

of the oxidized cluster 24 by cobaltocene returned it to the neutral cluster 2. When the 

react ion of CrCI2 with Na2 e.T and PEt3 was carried out in the presence of p-to luenesul fonic 

acid, the ratio of 1 to 2 decreased. The reaction using NaSe.TH64 instead ofNa2Sex also 

lowered the ratio. The proportion of J and 2 may be dependent on the pl-1 in MeOI-1 

solution. 
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0 -0.5 -1.0 -1 .5 -2.0 -2.5 

Figure 8. Cyclic voltammograms of(a) [Cr6Scs(PEt3)6] (1), (b) [Cr6Ses(H)(PEtJ)6]-2THF 

(2·2THF), and (c) [Cr6Ss(H)(PEt3)6]-2C6H6 (3·2C6H6)· The very weak peaks marked by 

arrows in the CV of3 suggest the ex.i.stence of non-hydride cluster [Cr6S8(PEt3)6]. 



The reaction of CrCI2 with NaSxH and PEtJ in MeOH at -78 °C gave [Cr6Ss(H)(PEt3) 6] 

(3). In tllis reaction, only very little amount of the non-hydride [Cr6S8(PEt3)6] formed as 

indicated by the CV (Figure 8c). The FAB mass spectra and the magnetic measurements 

have shown that complex 3 has an extra hydrogen atom associated with the Cr6Ss cluster unit 

(vide infra). Thus the cluster complex " [Cr6Ss(PEt3)6]" reported previous!y8 has been 

reformulated as a hydride complex 3. A sinlilar procedure using MeOD in place of MeOH 

gave tl1e deuterated derivative [Cr6Ss(D)(PEtJ)6] together with a little amount ofundeuterated 

one (in a ratio of ca. 4 : I). The formation of both the deuterated and undeuterated 

deri vatives by the reaction in MeOD indicates that the extra hydrogen atom for 3 and 4 has 

come from the hydroxyl group of methanol and NaSH. 

Tn contrast to tbe preparation of the two selenide cluster complexes using sodiwn 

polyselenide, only intractable materials were yielded in the reaction using Na2S, instead of 

NaSxH, and neitller 3 nor the non-hydride [Cr6Ss(PEtJ)6] was obtained. This may be 

because the Cr6Ss cluster core did not form at the stage of the treatment of CrCh with Na2S,. 

1-3-2. Molecula r O rbi ta l Calculation 

In the CV of the selenides 1 and 2, tl1e potential of the oxidation step for 2 is less positive and 

that of the reduction process less negative tllan those of 1, indicating that complex 2 is easier 

to oxidize and to reduce than 1. For the purpose of investigating the difference of redox 

properties for these selenides, the molecular orbitals were calculated using DV -Xa. (discrete

variational Xa.) metllod 4 8-53 The structural models used for the calculations were 

[Cr6Ses(PHJ)6] and [Cr6Ses(H)(PHJ)6] in tile Oh symmetry, whose geometric parameters were 

taken from the averaged values obtained by the X-ray structure analyses for 1 and 2, 

respecUvely. Substitutions ofPEt3 for PH3 in tbe models were for the saving oftlle 

calculatio11 time_ The substitution has been used for the calculation of other compounds, 

and it is demonstrated that the substitution caused little differences in the results of the 

calculalions56 

The calculated orbitals near Fermi level for two model complexes are shov.'ll in Figure 9. 

The result for [Cr6Se8(PHJ)6] (Figure 9a) shows that 28!1., is a fully occupied HOMO and 

16eg is LUMO, while HOMO of [Cr6Seg(H)(PH3)6] (Figure 9b) is upspin-state 16eg orbital, 

whose energy level is between HOMO and LUMO of (Cr6Ses(PI-h)6]. The oxidation step 

eliminates an electron of HOMO. Since HOMO of 2 (-2.336 eV) has higher energy level 
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Figure 9. Electronic levels near Fenni level for [Cr6Ses(PH3)6] and [Cr6Se8(H)(PH3)6] 

modeled after the crystallographic structures of 1 and 2. Solid and broken Jines show 

occupied and unoccup.ied levels, respectively. Related orbitals between the models are 

connected by lines. 
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than that of 1 (-2. 757 eV), complex 2 is easier to oxidize than 1. in the reduction step, an 

electron enters 16eg LUMO for 1, while complex 2 accommodates an electron on !6eg 

HOMO. Because the energy level of the latter orbital (-2.336 eV) is lower than that of the 

former (-2.301 eV), 2 is easier to reduce than 1. 

Complexes 1 and 2 display the temperature-dependent paramagnetic behaviors (vide 

infra). However, the results of the present DV-Xa calculations may not give a quantitative 

explanation for these magnetic properties, since this calculation method cannot afford each 

electronic level value accurately enough to account for the small energy gaps (the order of 10 

- 102 em·') which cause the temperature-dependent paramagnetism of 1 and 2. 

1-3-3. FAB Mass Spectra 

To confinn the existence of the extra hydrogen atoms, the positive-ion FAB (fast-atom

bombardment) mass spectra of 1-4 were measured with NBA (m-nitrobenzyl alcohol) as a 

matrix. The comparisons of the isotope patterns of the molecular ion peaks of these 

complexes with the calculated patterns are summarized in Figures 10 and 11 . 

It is known that some neutral compounds show the molecular ion peaks corresponding 

to [Mr· rather than protonated [M-Ht in the positive-ion FAB mass spectra measured with 

NBA65 The molybdenum cluster complex [Mo6S8(PEt3)6]1 0 shows the peak corresponding 

to [Mo6S8(PEt3)6t. The molecular ion peak for 1 is also assignable to [Cr6Sea(PEt3)6t 
(Figure I Oa) indicating that complex 1 is [Cr6Se8(PEt3) 6]. The peak corresponding to the 

[M-H]' was not observed. 

The pattern of the molecular ion peak for 2 is very similar to that for 1 but it is shifted in 

the positive direction by one mass unit (Figure I Ob). This shows that the molecu lar ion 

peak for 2 is assignable to [Cr6Ses(H)(PEtJ)6t, having an extra hydrogen atom. This peak 

cannot be ascribable to [M-Ht because [Cr6Ses(PEt3)6] (1) exhibited only the molecular ion 

corresponding to [Mt· as described above. 

The mol.ecular ion peak for 3 is due to [Cr6Ss(H)(PEt3)6t (Figure l l a) suggesting that 

complex 3 has an extra hydrogen. This is also supported by the molecular ion peak for 4 

obtained by the reaction in MeOD. The peak for 4 corresponds to [Cr6Ss(D)o.s(H)oz(PEt3)6t 

(F igure 11 b) in which the deuterated and the undeuterated derivative are mixed in a ratio of 

ca. 4 : 1. 

36 



a) 

1640 1650 
mlz 

' ' ~653.46 

1660 

Figure 10. Measured and calculated isotope patterns for the molecular ions of 
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a) 
1277.98 

b) 

mlz 1285 

Figure 11. Measured and calculated isotope patterns for the molecular ions of 

(a) [Cr6Ss(H)(PEtJ)6] (3) and (b) [Cr6Sg(D)o.s(H)D.l(PEtJ)6] (4). 
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1-3-4. X-ray Structure Analyses 

The structures of the selenide complexes 1 and 2 were determined with the single-crystal X

ray structure analyses. Molecular structural drawings of these selenides are shown in 

Figures 12 and 13. Ranges and mean values of selected interatomic distances and angles are 

listed in Table 4. Table 4 also contains the corresponding geometric parameters for the 

sulfide complex 3 which was reported previously. 8 The space group of the crystal of I is 

P 1, and two crystallographically independent molecules are found in a unit cell. Since their 

structures are not meaningfully different from each other, Figure 12 shows the drawing of 

only one of them. Complex 2 crystallizes in the space group R 3 with three 

crystallographically equivalent molecules in a unit cell, and is isotypic with the sulfide 3 

except that the solvent molecule contained in the crystal is THF for 2 in place of benzene for 

3. Complexes 1-3 comprise a Cr6 regular octahedron and eight face-capping chalcogen 

atom s. One tr.iethylphosphine ligand coordinates to each chromium atom. All the 

chromium atoms have a distorted square-pyramidal coordination environment if the Cr-Cr 

bonds are neglected. 

Complexes 2 and 3 have an extra hydrogen atom as indicated by the FAB mass spectra. 

There are three possible positions of the hydrogen atom in 2 and 3: (I) interstitial, (2) 

bridging, or (3) chalcogen-bonded. ln the first case, the hydrogen atom is inside the 

octahedron, while in the second and thi.rd cases, the hydrogen atom is outside the octahedron. 

An absorption due to a chromium-hydrogen or a chalcogen-hydrogen stretch was not 

observed in the FT-IR spectra (Figures 2 and 3)66 The 1H NMR spectra did not show any 

hydride protons probably because of the paramagnetism of the cluster complexes (Figure 7). 

However, the final difference-Fourier map of2 and 3 showed a peak at the center of the Cr6 

octahedron (1.2 e/N for 2 and 0.4 e/A3 for 3), while that of 1 exhibited no peal<. The 

ex istence of an interstitial hydrogen atom in the Cr6 octahedron was supported also by its 

reactivity and powder neutron diffraction analysis (vide infi-a). If the hydrogen atom is at 

the interstitial position, the Cr-H bond distance is 1.88 A of 2 and 1.84 A of3. These 

lengths are slightly longer than those of [Cr2(C0)10(,u-H)T (mean 1.73 A)67a and [Cp"4Cr4(,u

H)5(J13-H)2] (where Cp" = 7]
5-tetramethyl-ethyl-cyclopentadienyl) (mean 1.79 A).67b 
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Whereas several interstitial hydride in the octahedral metal clusters are known,68-80 metal

chalcogenide octahedral cluster complexes with an interstitial hydride have not been reported 

yet. 

C12 

C2 

@J-f) 
CS C6 

Figure 12- ORTEP drawing of [Cr6Ses(PEt3)6] (1) with 50% probability el lipsoids. 

Hydrogen atoms are omitted for clarity. One of two crysta ll ographically independent 

molecules is shown. The Cr6Se8 cluster unit is centered on a T position. 
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Figure 13. ORTEP drawing of [Cr6Ses(H)(PEtJ)6] (2) with 50% probability ellipsoids. 

The proposed location of the interstitial hydride is shown in this drawing. The other 

hydrogen atoms are omitted for clarity. The Cr6Ses cluster unit is centered on a 3 posilion. 

The 3-fold axis runs through Se l , H, and Sel' atoms. 
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Table 4. Ranges and Mean Values of Selected Interatomic Distances (A) and Angles (deg) 

for 1-3 

1 2 3 

Cr-Cr 2.796(2)- 2.816(1) 2.655(1)- 2.656(1) 2.592(1)- 2.596(1) 

mean 2.81 2.66 2.59 

Cr-E 2.458(1)- 2.477(1) 2.441(1) - 2.46 1 (I) 2.327(1)- 2.342(2) 

mean 2.47 2.45 2.34 

Cr-P 2.405(2) - 2.4 I J (2) 2.403(.2) 2.395(1) 

mean 2.41 

Cr-Cr-Cr0 59.58(3)- 60.67(4) 59.98(2)- 60.03(4) 59.94(1) - 60.12(3) 

mean 60.0 60.0 60.0 

Cr-Cr-Crb 89.23(4)- 90.77(4) 90.0 90.0 

mean 90.0 

Cr-E-Cr 68.97(4)- 69.90(4) 65.31(4) - 65.76(4) 67.32(5)- 67.66(4) 

mean 69.3 65.5 67.5 

E-Cr-Ec 88.76(4)- 89.95(4) 89.78(3)- 90.05(3) 89.26(4)- 90.00(4) 

mean 89.4 89.9 89.6 

E-Cr-Ed 167.98(5) -169.41(5) 173.10(4) -173.10(4) 170.65(5)- 170.89(5) 

mean I 68.4 173.1 170.8 

E-Cr-P 92.28(6)- 99.05(6) 91.29(5)- 95.61(5) 92.23(4)- 96.87(4) 

mean 95.7 93.5 94.6 

" Within triangular faces. Wi thin equatorial squares. c Between cis-chalcogenides. 

d Between /rans-cbalcogenides. 
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Though Cr-Se and Cr-P bond distances of 2 are almost the same as those of 1, the 12 Cr

Cr bond distances (mean 2.66 A) of2 are shorter by 0.13-0.16 A than those of 1 (mean 2.81 

A). The interstitial hydrogen atom is considered to have bonding interaction with the six 

chromium atoms in 2. Therefore, the Cr-H bonding probably attracts the chromium atoms 

toward the center of the Cr6 octahedron, and the Cr-Cr bond distances of2 become shorter 

than those of 1. The 12 Cr-Cr bond distances in the structure of " [Cr6Se8(PEt3) 6]" 

previously reported were 2.71±0.01 A.8 These values are between those of I and 2, 

indicating that the crystals in the previous paper are mixed crystals of 1 and 2. 

The chromium-chalcogen bond lengths of2 are longer by 0.10-0.14 A than those of the 

su lfide complex 3 (mean 2.34 A),8 as expected from the difference in the covalent radii ofS 

(1.04 A) and Se (1.17 A). 81 The 12 Cr-Cr bond distances of2 are longer by 0.07 A than 

those of3 (mean 2.59 A)8 

1-3-5. Powder Neutron Diffraction Analysis 

It is difficult to detect a hydrogen atom in metal cluster compounds by X-ray structure 

analyses owing to its much smaller scattering cross section for X-ray in comparison with 

heavier metal atoms. On the other hand, neutron diffraction analysis is advantageous for 

characterizing a hydride-ligand because its coherent scattering length (corresponding to the 

scattering cross section for X-ray) is of the san1e order of magnitude as those of the transition 

metals,82 and the analyses have been applied to the structure detemlinations for some 

hydride-coordinated cluster complexesJO, 73, 83, 84 fn the present study, the existence of the 

interstitial hydride in the chromitun suliide cluster complex was investigated by powder 

neutron diffraction analysis. The result of tbe refinement including the intersti tial hydrogen 

atom was compared with that wben the hydride was excluded. Since aD atom absorbs 

much less amow1t of neutron flux and gives better structure determination than a H atom,82 

the completely deuterated compound [Cr6Ss(D)(PEtJ-d!5)6J2C6D6 (5·2C6D6) was prepared 

for measurement. The complete deuterium substitution in 5 was revealed by r AB mass 

spectrum (Figure 14). 

The intensity data were collected by the TOF (time-of-.flight) method. In this 

technique, a wavelength dispersion method is employed, and pulsed white neutron beam is 
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Figure 14. Measured and calculated isotope patterns for the molecular ion of 
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used. The wavelengths of neutron are detennined by measuring the time of its flight from 

the neutron source to the detector (!). The d-spacing values are given by the following 

equat ion. 

1 (h) -I { - (28)}-l d= 2'-;;; ·(L;+L,). Stn 2 ·/ 

where h, m, 2B, L;, and L, represent Planck constant, mass of neutron, scattering angle, flight 

path of incident neutron, and that of scattered neutron, respectively. 

The analysis of the obtained data of 5 was perfonned by using the Rietveld 

refinement.6t Since the intensity data exhibited some peaks not assignable to the chromium 

complex 5, the d regions near these peaks were excluded in the refinement. The space 

group, lattice constants, and atomic coordinates ofCr, S, P , and C atoms were initially set to 

those obtained by the single-crystal X-ray structure analysis for the undeuteriated derivative 

38 The D atoms were placed on the calculated positions as described under Experimental. 

When all the structure parameters were refmed, several isotropic U1ermal parameters 

converged to negative values, and almost all of the atoms shifted significantly, which lead to 

unreasonable interatomic distances. Thus the following restriction was added in the 

refinement: 

(i) All the atomic coordinates were fixed at the initial values. 

(ii) The isotropic thermal parameters ofD, C, and the other atoms (Cr, S, and P) in the 

cluster molecule were constrained to be equal, respectively. The D and C atoms in 

the benzene solvent molecule were also assumed to have the san1e isotropic thennal 

parameter values. 

Tables 5 and 6 summarize the obtained structure parameters for the models including and 

excluding the interstitial D atom, respectively. Figures 15 and 16 illustrate the profile fits 

and difG renee pattems for the two models. When the interstitial hydride was included, U1e 

obtained R factors were Rr = 2.64%, Rwr = 3.46%, R1 = 8.27%, and Rr = 4.09%, and the S 

was obtained as 1.3713. (The meanings of these values are presented below Table 5.) All 

of these values are better than those for the model excluding the interstitial D atom (Rp = 

2.66%, Rwp = 3.50%, R1 = 8.46%, Rr = 4.16%, and S = 1.3856), which suggests the existence 

of the interstitial Din the chromium cluster 5. 



Tab le 5. Structure Parameters for [Cr6Ss(D)(PEtJ-di s)6}2C6D6 (5·2C~6) for the model 

including the interstitial D atoms. 

Lattice Constants": a= 17.3093(5) A, c = 19.7569(7) A 
Rp 11 

= 2.64%, Rwpb = 3.46%, R," = 8.27%, and RF6 = 4.09%, Sb = 1.3713 

atom occupancy x/a ylb zlc B;so 
c 

Cr 1 0000 0.06414 -0.03442 0.05355 0.8(5) 
S1 0.3333 0.00000 0.00000 0.14472 0.8(5) 
S2 1.0000 0.11531 -0.06 106 -0.04859 0.8(5) 
p 1.0000 0.14439 -0.08566 0.12137 0.8(5) 
Cl 1.0000 0.18689 -0.14911 0.07671 5.1(4) 
C2 1.0000 0.11567 -0.23735 0.04518 5.1 (4) 
C3 1.0000 0.24753 0.00053 0.16122 5.1 (4) 
C4 1.0000 0.23577 0.05583 0.21472 5.1(4) 
C5 1.0000 0.07927 -0.1 5766 0.19176 5.1(4) 
C6 1.0000 0.12539 -0.1 9359 0.23744 5.1(4) 
COl 0.3333 -0.02659 -0.03241 0.33355 8.7(8) 
C02 0.3333 -0.09952 -0.06390 0.37742 8.7(8) 
C03 0.3333 -0 09603 -0.01310 0.43358 8.7(8) 
C04 0.3333 -0.0 1959 0.06920 0.44585 8.7(8) 
cos 0.3333 0.05334 0.10069 0.40198 8.7(8) 
C06 0.3333 0.04984 0.04988 0.34583 8.7(8) 
Dl 1.0000 0.22575 -0.16434 0.11294 7.5(2) 
02 1.0000 0.23092 -0.10685 0.03580 7.5(2) 
0 3 1.0000 0.29048 0.04594 0.12119 7.5(2) 
04 1.0000 0.28086 -0.03266 0.18478 7.5(2) 

05 1.0000 0.01985 -0.21538 0.17013 7.5(2) 

06 1.0000 0.05856 -0. 11 920 0.22383 7.5(2) 
07 1.0000 0.14803 -0.27199 0.02243 7.5(2) 

08 1.0000 0.06875 -0.27973 0.08470 7.5(2) 

09 1.0000 0.07917 -0.22357 0.00581 7.5(2) 

010 1.0000 0.3001 1 0.09886 0.2398 1 7.5(2) 

Oil 1.0000 0.21182 0.09753 0.19 102 7.5(2) 

012 1.0000 0.18679 0.01151 0.25241 7.5(2) 

013 1. 0000 0.07650 -0.24253 0.27304 7.5(2) 

014 1.0000 0. 15375 -0.22598 0.20620 7.5(2) 

015 1.0000 0.17914 -0.13815 0.26598 7.5(2) 

016 0.3333 -0.02971 -0.0774 1 0.30097 36(2) 
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Dl7 0.3333 0.13152 -0.10363 0.36605 
D18 0.3333 0.13476 -0.01179 0.47819 
Dl9 0.3333 -0.02819 0.07214 0.48103 
D20 0.3333 0.09190 0.17400 0.39953 
D21 0.3333 0.07311 0.09083 0.29964 
D 0.1667 0.00000 0.00000 0.00000 

a These constants are very similar to those (a= 17.301(3) A, c = 19. 740(2) A) 
obtained by the previous X-ray analysis. 8 

b R factors and S were calculated as follows: 

Rp = L:wjY0 - Yc[l L:wYo 

Rwp = {L:w(Yo- Yci I L:wYo2
} 

112 

Rr = L:!(/o) 112
- Uc) 112ll L:(fo) 1n 

R1 = L:lfo- fell L.fo. 
S = [Rwp I {(N-M) I L:wY0

2
} 

112
] 

where Yo and Yc are the observed and calculated intensities, respectively, ]0 and ]0 

mean the observed and calculated integrated intensities, respectively, w is 

represented as I I Y0 . Nand M denote the number of the points and the 

parameters used for least-squares fittings , respectively. 

c Isotropic thermal parameters. 
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Table 6. Structure Parameters for [Cr6S8(D)(PEtJ-d1s)6)-2C6D6 (S·2C6D6) for the model 

excluding the interstitial D atoms. 

Lattice Constants•: a= 17.3093(5) A, c = 19.7569(8) A 
Rpb = 2.66%, Rwpb = 3.50%, R,b = 8.46%, and RFb = 4.16%, Sb = 1.3856 

atom occupancy xla ylb zlc Biso 
c 

Cr 1.0000 0.06414 -0.03442 0.05355 0.8(5) 
S I 0.3333 0.00000 0.00000 0.14472 0.8(5) 
S2 1.0000 0.11531 -0.06106 -0.04859 0.8(5) 
p 1.0000 0.14439 -0.08566 0.12 137 0.8(5) 
Cl 1.0000 0.18689 -0.14911 0.0767] 5.2(4) 
C2 1.0000 0.11567 -0.23735 0.04518 5.2(4) 
C3 1.0000 0.24753 0.00053 0.16122 5.2(4) 
C4 1.0000 0.23577 0.05583 0.21472 5.2(4) 
C5 1.0000 0.07927 -0.1 5766 0.19176 5.2(4) 
C6 1.0000 0.12539 -0.19359 0.23744 5.2(4) 
COl 0.3333 -0.02659 -0.03241 0.33355 7.7(8) 
C02 0.3333 -0.09952 -0.06390 0.37742 7.7(8) 
C03 0.3333 -0.09603 -0.01310 0.43358 7. 7(8) 
C04 0.3333 -0.01 959 0.06920 0.44585 7.7(8) 
cos 0.3333 0.05334 0.10069 0.40198 7.7(8) 
C06 0.3333 0.04984 0.04988 0.34583 7.7(8) 
01 1.0000 0.22575 -0.16434 0.11294 7.6(2) 
02 1.0000 0.23092 -0.10685 0.03580 7.6(2) 
03 1.0000 0.29048 0.04594 0.12119 7.6(2) 
04 1.0000 0.28086 -0.03266 0.18478 7.6(2) 
05 1.0000 0.01985 -0.21538 0.17013 7.6(2) 
06 1.0000 0.05856 -0.11920 0.22383 7.6(2) 
07 1.0000 0. 14803 -0.27199 0.02243 7.6(2) 
08 1. 0000 0.06875 -0.27973 0.08470 7.6(2) 
09 I 0000 0.07917 -0.22357 0.00581 7.6(2) 
0 10 1.0000 0.30011 0.09886 0.23981 7.6(2) 
0 11 1.0000 0.21182 0.09753 0. 19102 7.6(2) 
012 1.0000 0. 18679 0.01151 0.25241 7.6(2) 
013 1.0000 0.07650 -0.24253 0.27304 7.6(2) 
014 1.0000 0.15375 -0.22598 0.20620 7.6(2) 
DIS 1.0000 0. 17914 -0.1 3815 026598 7.6(2) 
016 0.3333 -0.02971 -0.07741 0.30097 37(2) 
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D17 0.3333 0.13152 -0.10363 0.36605 
D18 0.3333 0.13476 -0.01179 0.47819 
Dl9 0.3333 -0.02819 0.07214 0.48103 
D20 0.3333 0.09190 0.17400 0.39953 
D21 0.3333 0.07311 0.09083 0.29964 
"These constants are very similar to those (a= 17.301(3) A, c = 19.740(2) A) 
obtained by the previous X-ray analysis.8 

b R factors and S were calculated as follows: 

Rr = 2:wiYo- Ycl I 2:wYo 
Rwr = {I:w(Yo- Y,i I EwYo2

} In 

RF = El(lo) 1n- (J,) 1ni I 2:(/o)w 

R, = Ello- fell 2:/o. 

S= [Rwr I {(N-M) I EwYo2
} 

112
] 

where Yo and Y, are the observed and calculated intensities, respectively, 10 and!, 

mean the observed and calculated integrated intensities, respectively, w is 

represented as 1 I Y0 . Nand M denote the number of the points and the 

parameters used for least-squares fittings, respectively. 

'Isotropic thermal parameters. 
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Figure 15. The result of the Rietveld refinement of5·2C6D6 when the interstitial D atom 

was included. The cross marks and solid line at the top represent the observed and 

calculated intensities, respectively. The stick marks show the calculated peak positions. 

The solid line of the bon om indicates the difference between the observed and calculated 

intensities. 
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Figure 16. The result of the Rietveld refinement of 5·2C6D6 when the interstitial D atom 

was excluded. The cross marks and so lid line at the top represent the observed ru1d 

calculated intensities, respectively. The stick marks show the calculated peak positions. 

The solid line of the bottom indicates the difference between the observed and calculated 

intensities. 
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However, it is conceivable that this result does not give sufficient evidence fortbe 

definitive position of the hydride. The calculated intensities for even the hydride-included 

model are not correspondent so well with the observed data. The discrepancy may have 

resulted from (i) high background probably due to the disorder of so lvent benzene molecules, 

(ii) overlaps of many peaks, and (iii) presence of impurities. Further conclusive evidence 

for the existence of the interstitial hydride may be obtained by the single-crystal neutron 

diffraction analysis. 

1-3-6. The Reactivity of the Hyd ride 

The reactivity of the hydrides in cluster compounds are sometimes related to thei1· positions. 

It has been reported that the reaction of [Re7I-hC(COhtr with methanol, acetone, and THF 

removes the edge-bridging hydrides as protons and the cluster framework decomposes.85 

The chalcogen-bonded hydrogen atom in [Re6S7(SH)Br6f" and [Re6Se7(SeH)I6t is also 

eliminated by primary amines at room temperature24 On the other hand, the interstitial 

hydride in [HRu6(C0) 1s]" is stable in a methanol solution ofKOH and in a THF solution of 

KH.1I 

The reactivity of2 with ethanol, acetone, THF, or "BuNH2 in toluene solutions has been 

studied. If the deprotonated cluster [Cr6Ses(PEt3)6r (I) fonns, it should exhibit the same 

CV as that of 1 except the rest potential. However, the CV of the products of the reactions 

did not change, which indicated that ti1e hydride in 2 was not removed by these reagents. 

Also the hydride in 3 was not eliminated. These results suggest that the hydrogen atoms in 

2 and 3 are inert because of the steric protection by the Cr6 octahedral skeleton and also 

because of the Cr-H bondings. 
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1-3-7. Magnetic Properties 

Correlation between f.4rr Values and Metal Cluster Electrons 

The measured thermal variations of the molar magnetic susceptibilities CxM) and the effective 

magnetic moments Cuorr= 2.828(XM1) 112 JIB) of 1-3 are shown as plots in Figures 17-19, 

respectively. Additionally, the experimental J.lerrvs. Tcurves of 1- 3 are summarized as 

plots in Figure 20. All these chromium complexes are paramagnetic over the whole 

temperature range measured. The magnetic moments of these complexes do not obey the 

Curie law and the J.lerr values decrease as the temperature is lowered, indicating that 

complexes 1-3 exhibit temperature-dependent paramagnetism. The excited spin states 

become Jess populated in lower temperatures, and the magnetic susceptibi lity at very low 

temperatures represents the ground state of each chromjum complex. These results contrast 

with the diamagnetism of the molybdenum cluster complexes [Mo6Ss(PEt3)6] and 

[Mo6Ses(PEt3)6]. 1 0 

The .ucrrvalue for 1 at 2 K is 0.2 JIB· The number of unpaired spins approaches zero at 

very low temperatures due to anriferromagnetic interactions, and S = 0 should be the ground 

state. This magnetic property is compatible with tbe even number ofMCE (metal cluster 

electrons) (20 e). On the other hand, the f.4n· value for 2 at 2 K is 2.0 p 8 , and that for 3 at 4.5 

K is 1.7 pa; these values are close to the value (1.73 JIB) of the spin-only magnetic moment 

for the S = 
1 h state. Therefore, complexes 2 and 3 have one unpaired spin in the ground 

state and have an odd number of MCE (21 e), cons istent with the presence of an extra 

hydrogen atom. These results accord with the FAB mass spectra demonstrating that 

complexes 2 and 3 are hydrides (vide supra). 
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Figu1·e 17. Thermal variations of experimental molar magnetic susceptibility (0) 

and effective magnetic moment (0) for 1. The solid lines are the calculated values 

using the best-fit parameters given in Table 7. 
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Figure 18. Thermal variations of experimental molar magnetic susceptibility (0) 

and effective magnetic moment (0) for 2. The solid lines are the calculated values 

using the best-fit parameters given in Table 7. 
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Figu re 19. Thermal variations of experimental molar magnetic susceptibility (0 ) 

and effective magnetic moment (D ) for 3. The solid lines are the ca lculated values 

using the best-fit parameters given in Table 7. 
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Figure 20. Temperature dependence of the magnetic susceptibi lities of [Cr6Se8(PEt3)6] (1), 

[Cr6SeH0-l)(PEtJ)6] (2), and [Cr6Ss(H)(PEt3)6] (3) in the form of 1-'err vs. T. 
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Fitting Calculation 

For the purpose of investigating the magneto-structural correlation in the Cr6E8 cluster unit, 

the temperature-dependent paramagnetic data of 1-3 were analyzed by the Heisenberg-Dirac

Van Vleck (HDVV) Hamiltonian. Because the Cr6 octahedra are almost regular as indicated 

by tbe X- ray structure determinations (vide supra), these complexes have only two 

topologically distinct types of exchange interactions: (1) between trans-chromium atoms (the 

trans-interaction) and (2) between cis-chromium atoms (the cis-interaction) (Figure 2lb). 

The trans-interaction is very weak because it is mediated by no atom in 1 and by only one 

interstitial hydrogen atom in 2 and 3, wllile the cis-interaction is effectively transmitted 

through Cr-Cr bonds and Cr-(.u3-chalcogen)-Cr bridges. Thus the trans-interact ion has been 

neglected and only the cis-interaction has been taken into consideration. Then the spin 

Hamiltonian can be formulated as fo llows: 

b) 

Figure 21. (a) The structure of the Cr6Ses(H) cluster unit in 2. (b) Schematic view of the 

spin-sp in magnetic interaction in complexes 1, 2, and 3. Bold lines represent cis-interaction 

with 2Jvalue. 
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H = -'2/(Si·SJ + S3·S2 + S2·S4 + S4·Si + SrS6 + S5·S2 + 

S2·Ss + Ss·Si + SrS6 + S6·S4 + S4·Ss + Ss·S3) (I) 

where '2J corresponds to the interaction between cis-chromium atoms. The equation (1) can 

be simplified with the following vector coupling method.86 By defining Si2 = S 1 + S2, S34 = 

SJ + s •. S;6 = S s + S6, S* = Si 2 + S34, and ST = S* + S sG. the Hamiltonian (1) is rewritten as 

(2). 

Since the eigenvalues of S /, S*\ and ST2 are Su(Sy + 1), S*(S* + 1), and Sr(Sr + 1), 

respectively, the energy levels E are given by the equation (3). 

(2) 

(Su varies from jS, +~I to jS, - ~1. S* from jSi2 + S34j to ISi2 - S34j, and Sr from JS* + Ss6l to JS* 

- S;G! in integer increments.) 

All the compounds are in a mixed-valence slate. Complex 1 has two Cr11 and four Crill 

ions, whereas there are three Cr11 and three Crill centers for 2 and 3 when the interstitial 

hydrogen atoms are regarded as H+. The Cr111 ions haveS = 3h, whi le the Cr11 centers are 

assumed to be in the high-spinS = 2 state because the low-spin chromium (ll) complexes are 

rare and Limited to those with such ligands as 2,2'-bipyridine, 1,10-pbenanthroline, or cN· 

which exei1 very strong ligand fie .lds. 87 The Cr6 octal1edron of 1-3 is almost perfectly 

regular, and six chromium atoms li e in equal chemical environments. Therefore, there is no 

distinction between Cr11 and Cr111 sites, indicative of the spin-delocali zation over six 

chromium atoms. It is demonstrated that the magnetic properties of such spin-delocalized 

complexes cannot be explained strictly by using only the HDVV Hamiltonian, and the 

double-exchange sp i11 Hamiltonian has been used instead for several di-, tri -, and tetra

nuclear complexes assuming the correct ion for the effect ofspin-delocalization.88, 89 This 

Hamiltonian, however, is inconvenient to apply to the chromium cluster complexes 1-3 

because too many parameters are necessa ry. Thus Cr11 and Crill sites are assumed to be 
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localized and the experimental data have been analyzed by using the HDVV Hamiltonian 

alone. There are two possible isomers for each complex in this localized model. For 

complex 1, they are a cis- and a trans-isomer in which two Cr11 sites are placed on the cis

and the trans-positions, respectively. In complexes 2 and 3, the Cr11 centers can be placed 

on the facial position to give afac-isomer or on the meridional position to give a mer-isomer. 

Thus the fitting calculations have been performed for these isomers, separately. For 

complex 1, the Sif, S*, and Sr values of the cis-isomer can be obtained by setting S1 = S3 = 2 

and s2 = s4 = S; = SG = 
3h and those of the trans-isomer by setting Sr = s2 = 2 and s3 = s4 = 

S5 = S6 = 
3h On the otber hand, the Sif, S*, and Sr values of complexes 2 and 3 are given by 

setting Sr = S3 = Ss = 2 and S2 = S4 = S6 = 
3h for thefac-isomer and Sr = S2 = S3 = 2 and S4 = 

S; = S6 = 
3
/2 for the mer-isomer, respectively . After substituting S1b S*, and Sr values to the 

equation (3), the obtained energy levels E (Sr, Sr2, S34, Ss6) are inserted into the Van Vleck 

fommla including the contribution of temperature-independent paramagnetism (TIP) . Since 

complex 1 exhibits increase of the XM values at lower temperatures, the presence of impurity 

obeying the Curie law (S = 
1 h) has also been taken into consideration in the analysis for 1. 

Thus the theoretical magnetic susceptibility is as follows: 

'\' S (S + 1)(2S + l )e-E(.~ .. ~,.s,.,s,.)JkT 
2 2 ~ T T T 

Np 9 g s, (I_ p) + 
JkT L (2Sr + l)e -Ecs,.s.,.s,..s,.)tkr 

XM= 

.o;. 

NJ1alg2p +Net 
4kT 

(4) 

where N, JiB, g, k, T, and Na are Avogadro constant, Bohr magneton, g-factor, Boltzmann 

constant, temperature, and the temperature-independent paran1agnetism, respectively. The 

fract ion of paramagnetic inlpurity present are represented by p, which was fixed at 0 for 2 

and 3. Non-l inear least-squares fittings of the theoretical expression to the experimental 

data for 1-3 have been made by varying g, 2!, p (only for 1), and Na by minimizing the 

residual R = [I:(Xobs. - Xcalcf I I:(XobsfJ. 

Complex 1 showed satisfactory least-squares fits. The best-fit parameters are as 

fol lows: g= 1.973(6), 2J = -174.7(10) cm· 1
, p= 0.0016(5), and Net= 0.001 28(3) cm3 mor1 

for the cis-isomer; g = 1.993(2), 2!= -1 76.7(8) cm· 1
, p= 0.0014(4), and Na= 0.00129(2) 

cm3 mor 1 for the 1rans-isomer. These two isomers exhibit very similar paran1eter values. 

60 



The theoretical fits of XM and J.l<rr vs. T for the cis-isomer are shown in Figure 17 as solid 

lines. The theoretical curves for the trans-isomer are also very similar to those for the cis

isomer. (The difference of the calculated XM values for the two isomers is smaller than 

6.0xJ o-<> cm3 mor 1 over the whole measured temperature range.) Complex 3 also gave the 

best-fit parameters as g = 1.9566(8), 2J= -612(16) cm·1
, and Na = 0.0011 0(1) cm3 mor1 for 

bothfac- and mer-isomers. The calculated thermal dependence of XM and Pen· for thefac

isomer are shown in Figure 19 as solid lines. The theoretical fits are very similar between 

thefac-isomer and the mer-isomer. (The difference of the theoretical XM values for the two 

isomers is smaller than !.Ox I 0-6 cm3 mor 1 over the whole measured temperature range.) On 

the other hand, no satisfactory fits were obtained for either isomers of2 by using the equation 

(4). This is because complex 2 displays sharper decrease of the experimental JJ<rrvalues 

with decreasing the temperature from 100 K, whi le the analysis with the HDVV Hamiltonian 

never reproduces such a magnetic curve. The magnetic anomaly at lower temperatures is 

probably due to the spin-orbital coupling at each chromium site (vide infra). Therefore, the 

calculation was applied to the data only above I 00 K at the next stage. This approach gave 

satisfactory fits. The best-fit parameters are g = 2.847(1 0), 2J = -748(14) cm· 1
, and Na = 

0.002 19(3) crn3 mor 1 for bothfac- and mer-isomers. The theoretical fits of XM and J.l<rr vs. T 

for thefac-isomer are shown in Figure 18 as solid Jines. The theoretical curves for the mer

isomer are also very similar to those for the fac-isomer. (The difference of the calculated XM 

values for the two isomers is smaller than 1.0x I o·6 cm3 mor1 over the whole measured 

temperature range.) 

Table 7. Parameters Resulting from Fitting of the Magnetic Data 

compd g 2Jicm Na/cm3 mor1 p 

1 (cis-isomer) 1.973(6) -174.7(1 0) 0.00 128(3) 0.0016(5) 

(trans-isomer) 1.993(6) -1 76.7(8) 0.00129(2) 0.0014(4) 

2 2.847(10) -748(14) 0.00219(3) 

3 1.9566(8) -612(16) 0.00110(1) 
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The calculated parameters are summarized in Table 7. Complexes 1-3 showed 

negative 2f values, indicative of antiferromagnetic interaction between six chromium atoms. 

The coupling constants 12fl decrease in the order 2 (748 cm" 1
) > 3 (612 cm"1) > 1 (174 .7 and 

176.7 cm·
1 

for cis- and trans-isomers, respectively). The antiferromagnetic couplings in 

these complexes are transmitted through Cr-Cr bonds and Cr-(,u3-chalcogen)-Cr bridges, and 

the magnitude of the interaction depends on the Cr-Cr bond lengths and the difference of the 

chalcogen atoms. In the comparison of the two selenide clusters, the antiferromagnetic 

couplings between chromium atoms in 2 are stronger than those in 1 Since the Cr-Se bond 

lengths (2.47 A vs. 2.45 A) and Cr-Se-Cr angles (69.3° vs. 65.5°) in 1 and 2 are not very 

different, the interaction through the Cr-(,u3-Se)-Cr pathways should be similar in these two 

complexes. Therefore, the difference of exchange couplings between chromium atoms is 

mainly due to the interaction through the Cr-Cr bonds. The Cr-Cr bond distances of2 (2.66 

A (average)) being shorter by ca. 0.15 A than those of 1 (2.81 A (average)), the interaction 

through Cr-Cr bonds is stronger and chromium atoms are more strongly coupled than those in 

1. In tl1e comparison of the sulfide 3 with the selenide 2, however, tl1e Cr-Cr bond distances 

in 3 (2.59 A (average)) are shorter than those in the selenide 2 by ca. 0.07 A, and the 

interaction tlu·ough the Cr-Cr bonds in 3 should be stronger than that in 2. Nevertheless, the 

12fl values for 3 are smaller and the antiferromagnetic couplings between the chromium 

atoms are weaker than those in 2. This suggests that the selenido bridges are the better 

mediators of exchange couplings tban the sulfido bridges. 

Anderson has proposed the "AXB centrosymmetrical model," which explains the 

influence ofthe difference of bridging ligands on the magnitudes of interaction through them 

in dinuclear complexes.90 This model postulates a compound comprising metal centers A 

and B which are bridged by a ligand X (Figure 22a). Each metal center has only one 

unpaired electron (accommodated on dA or da atomic orbital) and a bridging atom X has one 

electron pair (entering ~x atomic orbital). dA and de correspond to d orbitals forming 

bonding interaction with bridging ligands, while ~x orbital is assignable to the highest 

occupied atomic orbital of bridging ligand. The linear combination of dA, do, and ~x gives 

the following three molecular orbitals: 
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a) 

~ 0 .. <p2 

~ ct=J <p1 _,. • -- 'Po 

metal A bridging ligand X metal B 

b) 

Figure 22. The ABX model system: (a) Schematic representation of the molecular orbitals; 

(b) Energy diagram of the S= 0 ground state. 
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When A and B are antiferromagnetically coupled, the S = 0 ground state electron 

configuration is q>~<p; (Figure 22b), while the configuration for the firstS= I exci ted state is 

represented as q>~<p 1 <p2 . The energy gap between these two states corresponds to the strength 

of the magnetic interaction through the bridging ligand. If the energy leve l of $x becomes 

higher, <P2 are more destabilized and the antiferromagnetic coupling between the two metal 

increases. The ABX model may account for the stronger interaction through selenido 

bridges than that through sulfide ones in the chromium cluster complexes. In these 

complexes, dA and d6 orbitals are assigned to 3dx2-y2 of Cr, while$., orbital corresponds to 

Se 4p (for selenides) or S 3p (for sulfides). Since Se 4p has higher energy level than that for 

S 3p, the selenido ligands are more effective in transmitting in teraction than the sulfide ones. 

ln complex 2, the sharp decrease of the _14rrvalues at lower temperatures cannot be 

explained by using the HDVV Hamiltonian alone. For obtaining satisfactory fits for the 

whole experimental curve, it is necessary to take other effect into consideration. Many 

complexes exhibit similar drops of )4JrValues which have been interpreted by using the 

intermolecular antiferromagnetic couplings91, 92 However, the sharp decrease of the .14rr 

values for 2 cannot be due to the intermolecular interaction, because (i) tl1e similar magnetic 

anomaly is not observed for the isotypical 3 which has almost the same intermolecular 

distances as those of 2, and (ii) the unusual large g value (2.847(!0)) cannot be explained. It 

is more plausible that the J41fCurve anomaly should be the result oftlle spin-orbital coupling 

at each chromium center, since it is known tl1at tllis coupling effect also causes tlle abnormal 

g values for some dinuclear complexes9I-93 When an octal1edral coordination environment 

arow1d a metal atom is tetragonally or trigonally distorted, tlle energy levels of metal d 

orbitals split, which leads to coupling of the d orbitals through the resulting small energy gap, 

namely spin-orbital coupling. The spin-orbital coupling effect increases as the partic ipating 

energy gap is smaller. In chromium complexes 1-3, the metal centers have a square 

pyramidal coordination environment (C4v symmetry), and 3d orbital levels split into four 
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Figure 23. Energy level diagram for d4 configuration in an octahed ral (0,.) and a square 

pyramidal (C4.) fLeld. 
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(Figure 23). These energy levels are affected by the presence or absence of interstitial 

hydride and the difference of chalcogen atoms. It seems conceivable that the energy levels 

of some 3d orbitals at one or more chromium centers in 2 lie very closer as compared with 1 

and 3, and the resulting large spin-orbital coupling of2 causes the abnormal g value and the 

sharper decrease of f.J<rr curve at lower temperatures. In high temperature region, however, 

kTvalues overwhelm the energy gaps between d orbitals and the antiferrornagnetic 

interaction between chromium atoms contributes to the magnetic curve much more than the 

spin-orbital coupling. Thus the 21values for 2 (-748(14) cm-1
) obtained by using the data 

above 100 K must not vary so much even if the spin-orbital coupling effect is included in the 

analysis. 

A telluride analogue of 1 [Cr6Tes(PEtJ)6) bas been reported by Steigerwald el a/. 7 The 

magnetic behavior obeys the Curie law from 1 00 K to 300 K, and the effective magnetic 

moment is close to 2.8 J.IB corresponding to two unpaired spins. The apparent decrease in 

J.lcff values at low temperatures has been observed . It is noteworthy that the telluride cluster 

is very different magnetically from 1 and does not approach tbe S = 0 state even at low 

temperatures. This may be because the Cr-Cr interatomic distances (2.95 A (average)) are 

longer and the interaction through the direct Cr-Cr bonds should be weaker than that in the 

selenide 1. 

Bencini el a/. have reported the theoretical interpretations of the magnetic 

susceptibilities of octahedral iron sulfide cluster complexes [Fe6Ss(PEt3)6]X2 (X= BPh4-, 

PF6-) by using the HDVV Hamiltonian.94, 95 In the analyses of these complexes, no 

distinction has been made between the interaction for cis-iron atoms and that for trans-iron 

centers. The XMT vs. T plots for the iron complexes suggest a spin transition below 80 K, 

and they are reproduced by two curves94, 95 In the low-temperature region, the low-spinS 

= 1h state has been assigned to six Fe111 sites, and the magnetic curves have been explained by 

the anti ferromagnetic interaction between the iron centers (21= -0.78(8) cm· 1, X= BPh4.; 21 

= -0.2(8) em·' , X= PF6"). In the high-temperature region, however, the iron complexes have 

been described as a mixed-valence and mixed-spin-state compound in which one 

intermediate-spin (S= 3h), and five low-spin (S = 1h) Fe111 sites are localized . The best fit 
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parameters indicate that the interaction between the low-spin centers are anti ferromagnetic 

(2/= -23.1(1) cm·
1
, X= BP~·; 2/= -21.2(6) cm·1

, X= PF6-) while that between the low-spin 

and the intennediate-spin centers are ferromagnetic (2/= 79.0(4) cm·1, X= BP~- ; 2/= 

330.7(4) cm·
1
, X= PF6 '). These results contrast with the good fittings of the experimental 

data to single curves for the chromium complexes 1-3. 
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1-3-8. Conclusion 

The reaction of CrCl2 with NaS,H and PEt3 in methanol yielded a hexanuclear chromium

sulfide cluster complex [Cr6Ss(H)(PEtJ)6]. A similar procedure except for using Na2Se, in 

place ofNaS,H, however, gave a mixture of two selenide clusters [Cr6Se8(PEtJ)6] and 

[Cr6Ses(H)(PEtJ)6]. The author separated these selenides by exploiting the difference of 

their redox properties. The extra hydrogen atoms in [Cr6Ses(H)(PEtJ)6] and 

[Cr6Ss(H)(PEtJ)6] were characterized by F AB mass spectra. The single-crystal X-ray 

structure determination, powder neutron diffraction analysis, and reactivity studies suggested 

that the hydrogen atoms lie at the center of octahedral cluster core. These complexes are the 

first examples of metal-chalcogenide octahedral cluster complexes with an interstitial 

hydride. 

The temperature-dependent paramagnetic data of [Cr6Ses(PEIJ)6], [Cr6Ses(H)(PEt3)6], 

and [Cr6Ss(H)(PEtJ)6] were analyzed by the Heisenberg-Dirac-Van Vleck Hamiltonian. The 

analyses showed that all of these complexes display antiferromagnetic interaction between 

six chromium atoms. The interaction is mediated by Cr-Cr bonds and Cr-(,uyE)-Cr (E = S, 

Se) bridges. The comparison of the obtained coupling constants suggested that the shorter 

Cr-Cr distaJI!ces cause stronger antiferromagnetic interaction through Cr-Cr bonds, and that 

the coupling through J.IJ-E bridges increases when chalcogen atoms are changed from sulfur 

to selenium. 
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Chapter 2 

Chemistry of Chromium Sulfido Dodecanuclear 

Cluster Complexes 

2-1 Introduction 

In the previous chapter, the study on the hexanuclear chromium cluster complexes with one 

Cr6Es (E; S, Se) cluster core were described. When this octahedral core is condensed, the 

resulting cluster oligomers may exhibit the properties due to intercluster interaction, which 

are never observed in the monomer hexanuclear c.luster complexes. Intercluster interaction 

has been a hot issue in other few systems. For example, the studies on oligomers of Ru30 

trinuclear clusters have dealt with intercluster electronic interaction (Figure I ).1-3 The 

cyclic voltammmetry has suggested that each Ru30 cluster unit is oxidized and reduced at 

different potentials, indicative of the electronic iJ1teraction between Ru30 cluster units. The 

magnitude of intercluster electronic interaction has been related to the intercluster distance,4 

which is dependent on the difference of the cluster-cluster bridging ligands.2 In the field of 

metal-chalcogenido clusters, however, there have been few reports on intercluster electronic 

interaction5• 6 FL11them1ore, the study on intercluster magnetic interaction has been 

extremely rare even in the whole cluster chemistry. 

The study on cluster condensation of a Cr6E8 cluster core may also be related to the 

molybdenum superconduct ing Chevrel phases MxMo6Es (M = Cu, Sn, Pb, La, etc.; x = 0- 4; 

E; S, Se, Te)7 In Chevrel phases, the Mo6E8 octal1edral cluster units are linked by Mo

(/.4-E) and Mo-Mo bonds, forming a three-dimensional cltLSter network (rigure 3 in General 

Introduction). The interaction between the cluster uruts through the intercluster bondings is 

considered to be responsible for lhe characteristic band structure and superconductivity.8 
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a) 

-2.0 volts 

Figu rc J. Cyclic vo ltammograms of a monomeri c complex [RuJO(CH,C0 2)6(py)2(pyr)] + 

and a climc ri c complex ((pyhRtiJO(CH3C02)6(pyr)RuJO(CHJC02)6(PY)2f• (py =pyridine; 

pyr = ryrazine). (From ref. 2.) 
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These compounds are usuaUy prepared by high temperature solid state reactions from the 

elements. Thus similar synthetic techniques have been applied to the preparation of 

chromium analogue. However, no "chromium Chevrel phases" has been synthesized. The 

alternative approach to tl1e synthesis of chromium derivatives may be the condensation of 

Cr6Es cluster cores. Although the oligomerization of [Cr6 Te8(PEtJ)6] has failed,9 a 

molybdenum Chevrel phase SnMo6Ss has been prepared by the condensation of discrete 

octa!Jedral cluster units. I 0 

Previously tl1e author reported the preparation of a dodecanuc]ear cluster complex 

"[Cr1zS16(PEtJ)IO]" by dimerization ofhexanuclear complex "[Cr6Ss(PEt3)6]."11 The 

synthesis of the dimeric cluster has been ilie first step for the preparation of"chromium 

Chevrels." However, it was clarified that ilie starting complex "[Cr6Ss(PEt3)6]" was actually 

[Cr6Ss(H)(PEt3)6] containing an interstitial hydride (see Chapter 1), suggesting that the 

dodecanuclear dimer cluster complexes also have extra hydrogen atoms. This chapter 

describes the synthesis, FAB mass spectrum, structure, electrochemistry, and magnetic 

property of the dodecanuclear chromium complex. 1n addition, the relatjon between the 

structure and magnetism is discussed. 
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2-2. Experimental Section 

2-2-1. Synthesis of [CrnSt6(H)2(PEtJ)to] ·l.lCH2Ch (6·l.lCH2Ch) 

All of the manipulations were carried out under nitrogen or argon using conventional Schlenk 

techniques. Solvents were dried and distilled under argon from appropriate drying agents 

(sodium metal wire for toluene, calcium hydride for hexane and dichloromethane, and 

calcium sulfate for acetone). All the other reagents (Aldrich) were used as received. 

Elemental sulfur (0.0817% w/w toluene; 12 cm3
, 0.28 mmol) was added to a solution of 

3·2C6H6 (0.40 g, 0.28 mmol) in toluene (80 em\ and the mixture was refluxed for 24 h. 

Toluene was removed in vacuo, the residue was extracted with hexane (230 em\ and hexane 

was removed under reduced pressure. The result-ing residue was washed with acetone (3 x 

20 cm
3

) for the removal of triethylphosphine sulfide, dried in vacuo, and extracted with 

dichloromethane (17 em\ The solution was allowed to stand at -20 °C for 4 d to form 

black crystals of6 ·2CH2Ch (0.044 g, 39 %). The crystal solvent molecules were easily lost 

even at ambient pressure. 6·1.1 CH2Cl2: Found: C, 30.19; H, 6.30; S, 21 .07; Cl, 3.12%. 

Calcd for C6uHt54.2Cr,2PiOSt6Ciu: C, 30.43; H, 6.36; S, 21 .27; Cl, 3.23%. 

2-2-2. FAB Mass Specn·um 

FAB (fast-atom-bombardment) mass spectrum was obtained with a JEOL JMS-HX 1 1 OA 

double-focusing mass spectrometer equipped with a XMS data system. A fast atom xenon 

beam was generated from Xe +ions, which were accelerated to I kV wi th a FAB gun 

emission cwTent of I mA. The sample (- I J.lg) was placed on the stainless-steel tip of the 

probe, mixed with m-nitrobenzyl alcohol (Aldrich) as a matrix, and exposed to the xenon 

beam for the desorpt ion. 

2-2-3. X-ray Structur·c Determination 

A single crysta l of 6·2CH2CI2 suitable for the X-ray study was obtained by standing a 

dichloromethane solution at 5 °C. It was sealed in a glass capillary for the X-ray 

measurement. The X-ray measurement of the crystal was performed on a Rigaku AFC-7R 
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diffractometer with graphite monochromated Mo Ko. radiation at 207 K. Intensity data were 

collected with 28-wscans in the range 6° < 28 < 55°. Three standard reflections were 

monitored every !50 reflections. The crystal showed decay over the period of data 

collections, and correction was performed by multiplying the decay of standard reflections. 

The data were additionally corrected for the Lp factor and empirically for the absorption 

using the \f/-scan method. The positions of the chromium atoms were detemtined by the 

direct method using the SHELXS8612 program, and the other non-hydrogen atoms were 

located using Fourier techniques with the SHELXS7613 and ANYBLKI 2 programs. The 

chromium, chlorine, sulfur, and phosphorous atoms were refined anisotropically, and the 

carbon atoms were refined isotropically. The hydrogen atoms were not included in the 

refinements . The final cycle of full-matrix least-squares refinement was based on 7833 

observed reflections (!Fol > 3cr(F0)). The crystallographic data are given in Table I. The 

final atomic parameters are listed in Table 2. 

2-2-4. Cyclic vo lta mmetry 

CY (Cyclic voltanunetry) was perfonned on a BAS CV-50W cyclic voltammograph. Three 

electrodes consisting of a platinum working electrode, a platinum wire counter electrode, and 

a Ag/Ag+ (AgNOJ (0.01 N) in CH3CN) reference electrode were used for the measurements. 

The compounds were dissolved in THF together with 0.1 M tetrabuthylammonium 

perchlorate as a supporting electrolyte and scanning rate was 100 mV/s. 

2-2-5. Magnetic Measuremen t 

Magnetic susceptibility was measured in the temperature range 4.5 - 330 K witJ1 a Quantum 

Design MPMS SQUID. The absence of ferromagnetic impurities was checked by the 

magnetization measurements at 300 K. The magnetic field of the measurements was 5 kG 

in the temperature range 4.5 - 30 K and I 0 kG in the range 30 - 330 K, where the 

magnetization versus magnetic field curves were linear. The crystalline san1ple of 

6·1.1 CH2CI 2 (ca. 30 mg) was filled in a cellophane sample holder under nitrogen atmosphere. 

The magnetic susceptibility oftbe holder was determined separately. Diamagnetic 

correction was estimated from Pascal 's constants. 
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Table 1. Crystal Parameters and X-ray Diffraction Data for 6·2CH2Ch 

Formula 

Fw 

Crystal size , mm 

Space group 

a,A 

b,A 

c, A 

a,deg. 

fJ, deg. 

y, deg. 

v,P 
il. , A 

T,K 

z 
f-1 , cm- 1 

Pealed. , g/cm
3 

R0
, Rwb 

2490.4 

0.6 X 0.3 X 0 .1 

PT (No.2) 

14.697(6) 

14.733(5) 

14.238(5) 

96.60(3) 

I 09. 77(3) 

65.69(3) 

2643(2) 

0.7107 

207 

17.82 

1.565 

0.073, 0.057 
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Table 2. Atomic Coorclinates and Temperature Factors for [Cr1zS,6(H)z(PEt3) 10]"2CH2Ch 

(6·2CHzC]z) 

atom x/a J!!b zlc Uisoa 

Crl 0.27464(14) 0.18218(11) 0.18781(13) 0.0190(12) 
Cr2 0.10240(14) 0.25479(11) 0.03262(13) 0.0186(12) 
Cr3 0.08809(14) 0.28779(12) 0.21195(13) 0.0198(12) 
Cr4 0.22672(14) 0.36444(11) 0.26010(13) 0.0192(12) 
Cr5 0.24295(14) 0.33663(11) 0.08198(13) 0.0177(12) 
Cr6 0.04549(14) 0.45208(11) 0.10007(13) 0.0189(12) 
S1 0.1358(2) 0.1298(2) 0.1414(2) 0.023(2) 
S2 0.2741 (2) 0.1752(2) 0.0228(2) 0.021(2) 
S3 0.2493(2) 0.2240(2) 0.3427(2) 0.022(2) 
S4 0.3852(2) 0.2678(2) 0.2264(2) 0.021 (2) 
S5 -0.0527(2) 0.3536(2) 0.0666(2) 0.021 (2) 
S6 -0.0853(2) 0.6085(2) 0.0492(2) 0.019(2) 
S7 0.0557(2) 0.4488(2) 0.2690(2) 0.022(2) 
S8 0.1944(2) 0.491 0(2) 0.1541 (2) 0.020(2) 
PI 0.4125(2) 0.0188(2) 0.2389(2) 0.023(2) 
P2 0.0369(3) 0.1688(2) -0.1 097(2) 0.029(2) 
P3 -0.0057(3) 0.2467(2) 0.2962(2) 0.029(2) 
P4 0.3070(3) 0.4309(2) 0.4111(2) 0.028(2) 
PS 0.3430(2) 0.3721(2) 0.0009(2) 0.023(2) 
C l 0.51 05(8) 0.0142(7) 0.3612(8) 0.026(3) 
C2 0.6032(J 0) -0.0895(8) 0.3950(9) 0.041(3) 
C3 0.4878(8) -0.0398(7) 0.1534(7) 0.025(3) 
C4 0.5584(9) 0.0120(7) 0.1441 (8) 0.033(3) 
C5 0.3707(9) -0.0800(7) 0.2509(8) 0.032(3) 
C6 0.3195(9) -0.0607(8) 0.3361 (9) 0.037(3) 
C7 0.0700(11) 0.1907(9) -0.2158(11) 0.063(4) 
C8 0.0448(13) 0.1259(11) -0.3097(12) 0.090(6) 
C9 0.0774(10) 0.0364(8) -0.1001 (9) 0.044(3) 
C IO 0.1993(1 0) -0.0256(8) -0.0723(9) 0.042(3) 
Cll -0.1103(11) 0.2137(9) -0.1624(11) 0.063(4) 
Cl2 -0.1560(11) 0.1851(9) -0.0940( I 0) 0.058(4) 
Cl3 -0.1224( I 0) 0.2264(8) 0.2147(9) 0.045(3) 
C l4 -0.2227(1 0) 0.3233(8) 0.1722(9) 0.045(3) 
CIS 0.0670(9) 0.1252(8) 0.3630(9) 0.041(3) 
C l 6 0.0100(11) 0.0982(9) 0.4220( 10) 0.055(4) 
Cl7 -0.0532(1 0) 0.3372(8) 0.3888(1 0) 0.050(4) 
Cl8 0.0389(1 0) 0.3417(8) 0.4806(9) 0.048(4) 
Cl9 0.4505(9) 0.3794(8) 0.4579(8) 0.037(3) 
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C20 0.5016(9) 0.2706(8) 0.4963(8) 0.038(3) 
C21 0.2683(9) 0.4178(8) 0.5!83(9) 0.035(3) 
C22 0.3249(1 0) 0.4508(8) 0.6203(9) 0.048(4) 
C23 0.2912(11) 0.5646(9) 0.4021(10) 0.053(4) 
C24 0.1795(14) 0.6237(11) 0.3895(12) 0.097(6) 
C25 0.3767(9) 0.4816(7) 0.0453(8) 0.029(3) 
C26 0.4541(9) 0.4664(8) 0.1570(9) 0.038(3) 
C27 0.4713(9) 0.2689(7) 0.0062(8) 0.032(3) 
C28 0.5337(9) 0.2890(8) -0.0505(9) 0.039(3) 
C29 0.2718(8) 0.4093(7) -0. 1318(8) 0.028(3) 
C30 0.2534(9) 0.3238(7) -0.2000(8) 0.033(3) 
Cll 0.6912(4) 0.2805(3) 0.3707(3) 0.090(4) 
C12 0.7455(4) 0.0749(3) 0.40 16(5) 0.139(5) 
COl 0.6722(11) 0.1727(1 0) 0.3145(10) 0.065(42 

a U;,0 = (1
i))'f,1'f,j Uya,·a/ a ; · aj 

(Uy) (X 100) 

atom VII U22 u33 ul1 Un U23 

Crl 2.09(11) 1.65(8) 1.77(1 0) -0.52(8) 0.61(9) 0.19(7) 
Cr2 2.08(11) 1.67(9) 1.57(1 0) -0.63(8) 0.33(9) 0.18(7) 
Cr3 1.93(11) 1.90(9) 1.86(11) -0.56(8) 0.46(9) 0.29(8) 
Cr4 2.12(11) 1.76(9) 1.61 (I 0) -0.52(8) 0.54(9) 0.06(7) 
Cr5 1.97(11) 1.67(9) 1.52(1 0) -0.54(8) 0.57(9) 0.11(7) 
Cr6 2.17(11) 1.71(8) 1.54(10) -0.50(8) 0.59(9) 0.19(7) 
Sl 2.7(2) I .97(13) 2 .1 (2) -0.97(13) 0.52(14) 0.31 (II) 
S2 2.2(2) 1.91(13) 1.9(2) -0.41 (12) 0.72(13) 0.10(11) 
SJ 2.5(2) 2.17(14) 1.6(2) -0.71(13) 0.44(14) 0.46(11) 
S4 1.8(2) 2.33(14) 1.9(2) -0.65(12) 0.43(1 3) 0.04(12) 
ss 1.7(2) 2.07(14) 2.0(2) -0.58(12) 0.29(13) 0.37( 1 I) 
S6 2.3(2) 1.61(13) 1.3(2) -0.29(12) 0.50(13) 0.27(1 1) 
S7 2.4(2) 2.07(14) 1.8(2) -0.43(13) 0.80(14) -0.16(12) 
S8 2.3(2) 1.77(13) 2.0(2) -0.74(12) 0.73(1 3) -0.14(11) 
PI 2.5(2) 1.90(14) 2.1(2) -0.55( 13) 0.60(15) 0.22(12) 
P2 3.6(2) 3.0(2) 1.9(2) -1.5(2) 0.3(2) 0.05(13) 
P3 2.7(2) 3.4(2) 2.7(2) -0.9(2) 1.1 (2) 0.77(1 4) 
P4 3.9(2) 2.5(2) 1.7(2) -1.42(15) 0.5(2) -0.09(12) 
PS 2.7(2) 2.09(14) 2.0(2) -0.84(13) 0.86(15) 0.04(12) 
Cl1 10.3(4) 8.8(3) 11.9(4) -6.5(3) 6.2(3) -3.9(3) 
Cl2 5.7(3) 9.7(4) 23.3(7) -2.6(3) -0.3(4) 5.9(4) 
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2-2-6. Other Physical Measurements 

The IR spectrum of 6·1 .1 CH2Ch (Figure 2) was measured ( 4000 - 250 cm-1) with a HITACHI 

1-3000 spectrometer using K.Br disk. The electronic spectrum of hexane solution of 

6· J.lCI-hCh (Figure 3) was measured (210- 1680 run) with a I-llTACHl U-3500 

spectrometer. The 
1 
H NMR (500 MHz) spectrum was measured in CD2Ch with a JEOL 

A500 spectrometer using Cl-hCI2 as the internal standard. 
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Figure 2. IR spectrum of [Crr2Sr6(H)l(PEtJ)JOll.l CH2Ch (6·1.1 CH2CI2). All 

the peaks are due to triethylphosphine ligands.14 
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Figu re 3. Electronic spectrum of [Cri2SI6(H)2(PEtJ) Jo) ·l.l CH2Cl2 (6· I .I CthCb) in hexane. 

No absorption peak was observed between 950 and 1680 run. 
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2-3 Results and Discussion 

2-3-1. Synthesis ofDodecanuclear Cluster Complex iCr12S16(H)l(PEt3) 10] 

The target compound in this work was a dodecanuclear cluster complex in which two Cr6S8 

cluster units ru·e linked by two Cr-0J4-S) and one Cr-Cr bond. In order to prepare the 

desired dimeric clusters from the hexanuclear cluster complex [Cr6Ss(H)(PEt3) 6] (3), it was 

necessary to remove one of the coordinated PEt3ligands by reagents with higher affinity to 

the phosphines than the chromium atoms. Morris eta/. have reported the reaction of a 

mononuclear molybdenum complex coordinated by PMePh2 (methyldi.phenylphosphine) 

ligands with [9-BBN]2 (9,9'-bi-borabicyclo[3.3.l]nonane), in which a PMePh2 ligand are 

removed as MePh2P· BH(CsH 14).15 The treatment of the hexanuclear cluster 3 with 

[9-BBNh, however, gave very low yield of the desired dodecanuclear cluster 

[Cr12S 16(H)2(PEtJ)1ol (6) (ca. 7%). After examining other reagents, the author found that 

elemental sulfur is the best agent. The reaction of the monomer complex 3 with I eq of 

elemental sulfur in refluxing toluene gave the dimer cluster 6 in a 39% yield. A probable 

o erall chemical equation can be represented as 

8[Cr6Ss(H)(PEtJ)6)(3) + Ss -> 4[Cri2S16(H)2(PEt3)1o](6) + 8SPEt3 

The FAB mass spectrum has shown that complex 6 has two extra hydrogen atoms associated 

with the Cr6Ss cluster units (vide in.fi"a) . Thus the cluster complex " [Cr, 2S16(PEt3)1o]" 

reported previously has been ref01mulated as a hydride 6. Whereas several dodecanuclear 

metal-chaJcogenide cluster complexes are known,s. 6, 16, 17 those with hydride ligands have 

not been reported so fru·. 

A few other dimers of octahedral clusters have been prepared in various methods. 

Before the present work, [Co12S16(PEt3)10](TCNQh (TCNQ = tetracyanoquinodimethane) 

was obtained as a byproduct in the synthesis of [Co6Ss(PEt3)6](TCNQ). 16 After the 

establishment of the synthesis of clu-omium dimer cluster 6, (Re,zSe,6(PEtJ)I0·2n(CHJCN)2.]'• 

(n = 0, I) have been reported by tl1e thermal removal of the acetonitrile ligand on 

[Re6Se8(PEt3)s_,(CHJCN),) 2
+,6 • 17 and [Mo,2E16(PEt3)1ol (E = S, Se) have been prepared by 

the elimination of a tri etbylpbosphine ligand of [Mo6Es(PEtJ)6) using su lfur or Cp2TiSeJ.s 
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On the other hand, oligomers with more than two octahedral clusters have not been reported 

so far. Holm er a/. have suggested that a tetramer ofRe6 units is likely to fom1 by the 

dimerization of the cis-[Re,2Se,6(PEt3)10(CH3CN)2t•.6 Since the opportunity of the 

removal of any triethylpbosphine is equally open after the dimerization in 6, oligomers or 

even polymers such as the "chromiwn Cbevrel phases" may be obtained by the condensation 

reactions of the dodecanuclear and hexanuclear octahedral clusters. 

2-3-2. FAB Mass Spectrum 

The starting hexanuclear complex 3 contains an extra hydrogen atom associated with the 

Cr6Ss cluster unit, as indicated by a F AB mass spectrum (mentioned in Chapter l). Since 

the dodecanuclear complex 6 was also cons idered to have extra hydrides, the positive-ion 

F AB mass spectrum of 6 was measwed with NBA (m-nitrobenzyl alcohol) as a matrix. The 

comparison of the isotope pattern of the molecular ion peak with that calculated is shown in 

Figure 4. The chromium cluster complexes [Cr6Seg(PEt3)6] (1), [Cr6Ses(H)(PEt3)6] (2), and 

3 exhibit the molecular ion peaks corresponding to [Mt· rather than protonated [M-Ht in 

the positive-ion F AB mass spectra measured with NBA. The molecular ion peak for 6 is 

assignable to [Cr12S16(H)2(PEt3)10t, indicating that complex 6 is [Cr12S,6(H)2(PEt3) 10]. 

2-3-3. X-ray Structure Analysis 

The structure of the dodecanuclear cluster complex 6 was determined with the single-crystal 

X-ray structure analysis. Molecular structural drawing of 6 is shown in Figure 5. The 

selected interatomic distances and angles are listed in Table 3. There is a crystallographic 

inversion center at the middle point of Cr6-Cr6', and the molecule has C; point group 

symmetry. Two Cr6Ss cluster cores are contained in one molecule. Each core comprises a 

Cr6 octahedron and eight face-capping sulfur atoms. Five chromium atoms (Crl-Cr5) are 

coordinated by triethylphosphine ligands, while the other chromium site (Cr6) is bound to 

one of the sulfur atoms in the adjacent Cr6Ss unit. Thus the two Cr6Ss cores are linked by 

two Cr- S bonds. This intercluster bonding mode is similar to those in the superconducting 

Chevrel phases. Therefore, the Cr12S 16 c luster framework in 6 represents two neighboring 

cluster units in the "chromium Chevrel phases." 
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Figure 4. Measured and calculated isotope patterns for lhe molecular ion of 

[Cr,2St6(!-l)2(PEtJ)to] (6). 

87 



b) 

Figu rc 5. (a) ORTEP drawing of [Crt2S16(Hh(PEt3)10] (6). H denotes the proposed positions 

oft he interstitial hydrides. The other hydrogen atoms arc omitted for c larity. (b) ORTEP 

drawing of the Cr 12S1r, cluster framework in 6 viewed in the direction perpendicular to the inter

cluster Cr2S2 rhomboid . It is shown that Cr6 projects from the square of the surrounding sulfur 

atoms (S5, S6', 37, S8). The thenual ellipsoids are drawn at the 50% level in both (a) and (b). 
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Table 3. Bond Distances (A) and Angles (deg) for [Cr,2816(H)2(PEtJ)1o]-2CH2CI2 

(6·2CHzCh) 

intracluster Cr-Cr 

Crl - Cr2 2.639(3) Cr2- Cr6 2.823(2) 
Crl - Cr3 2.657(3) Cr3- Cr4 2.582(3) 
Crl- Cr4 2.658(2) Cr3- Cr6 2.784(2) 
Crl - Cr5 2.666(2) Cr4- Cr5 2.597(3) 
Cr2- Cr3 2.607(3) Cr4- Cr6 2.773(2) 
Cr2- Cr5 2.662(3) Cr5- Cr6 2.779(2) 

intercluster Cr-Cr 

Cr6- Cr6' 2.948(3) 

intracluster Cr-8 

Crl- Sl 2.337(4) Cr4- S3 2.347(3) 
Crl - S2 2.337(3) Cr4- S4 2.356(3) 
Crl- S3 2.332(3) Cr4- S7 2.341(3) 
Crl- S4 2.336(3) Cr4- S8 2.326(3) 
Cr2 - 81 2.330(3) Cr5 - 82 2.341(3) 
Cr2 - 82 2.351 (3) Cr5- S4 2.335(3) 
Cr2- S5 2.324(3) Cr5 - S6' 2.32 1 (3) 
Cr2 - S6' 2.324(3) Cr5- S8 2.3 14(3) 
Cr3 - Sl 2.348(3) Cr6- 85 2.347(3) 
Cr3 - S3 2.355(3) Cr6- S6' 2.373(3) 
Cr3 - S5 2.327(3) Cr6- S7 2.363(3) 
Cr3- S7 2.325(3) Cr6- S8 2.345(3) 

intercluster Cr-S 

Cr6- S6 2.307(3) 

Cr-P 

Cr l- PI 2.412(3) Cr4- P4 2.393(3) 
Cr2- P2 2.394(3) Cr5- P5 2.385(4) 
Cr3 - P3 2.383(4) 

intracl uster Cr-Cr-Cr within triangular faces 
Cr2- Cr l - Cr3 58.97(6) Crl - Cr2 - Cr3 60.85(6) 
Cr2- Crl - Cr5 60.25(6) Crl - Cr2- Cr5 60.37(6) 
Cr3 - Crl - Cr4 58. 14(6) Cr3 - Cr2 - Cr6 61.54(6) 
Cr4- Crl- Cr5 58.41(6) Cr5 - Cr2 - Cr6 60.79(6) 
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Cr! - Cr3 - Cr2 60.17(6) Crt - Cr5- Cr2 59.38(6) 
Crl - Cr3 - Cr4 60.95(6) Cr1 - Cr5 - Cr4 60.65(6) 
Cr2 - Cr3 - Cr6 63.06(6) Cr2 - Cr5 - Cr6 62.47(6) 
Cr4 - Cr3 - Cr6 62.10(6) Cr4 - Cr5 - Cr6 62.00(6) 
Crl - Cr4 - Cr3 60.90(6) Cr2 - Cr6 - Cr3 55.40(5) 
Crl - Cr4 - Cr5 60.94(6) Cr2 - Cr6 - CrS 56.75(6) 
Cr3 - Cr4 - Cr6 62.52(6) Cr3 - Cr6 - Cr4 55.38(6) 
Cr5 - Cr4 - Cr6 62.21 (6) Cr4 - Cr6 - Cr5 55.79(6) 

intracluster Cr-Cr-Cr within equatorial squares 

Cr2 - CrJ - Cr4 88.51 (7) Crl - Cr4- Cr6 94.77(7) 
Cr3 - Cr.l - Cr5 87.83(7) Cr3 - Cr4 - Cr5 90.90(8) 
Cr1 - Cr2- Cr6 94.03(7) Cri - Cr5- Cr6 94.47(8) 
Cr3 - Cr2 - Cr5 88.94(7) Cr2 - Cr5 - Cr4 89.29(8) 
Cr1 - Cr3 - Cr6 94.55(8) Cr2 - Cr6 - Cr4 82.67(6) 
Cr2 - Cr3 - Cr4 90.86(8) Cr3 - Cr6 - Cr5 83.15(6) 

Cr-Cr-Cr between intracluster Cr-Cr and intercluster Cr-Cr 

Cr2 - Cr6 - Cr6' 95.67(8) Cr4 - Cr6 - Cr6' 146.42(11) 
Cr3 - Cr6 - Cr6' 146.23(11) Cr5 - Cr6 - Cr6' 95.31(8) 

intracluster Cr-S-Cr 

Crl - S1 - Cr2 68.86(1 0) Cr2- SS- Cr3 68. 17(10) 
Cri - S1 - Cr3 69.09(1 0) Cr2- S5- Cr6 74.37(1 0) 
Cr2- S1- Cr3 67.73(9) Cr3- SS- Cr6 73.11(10) 
Crl - S2- Cr2 68.5 1 (1 0) Cr2' - S6 - Cr5' 69.95(9) 
Crl- S2- Cr5 69.47(10) Cr2' - S6 - Cr6' 73.89(1 0) 
Cr2- S2- Cr5 69.15(9) Cr5'- S6- Cr6' 72.59(10) 
Cr1- S3- Cr3 69.05(10) Cr3- S7- Cr4 67.20(9) 
Cr1 - S3- Cr4 69.22(10) Cr3 - S7- Cr6 72.86(1 0) 
Cr3- S3 - Cr4 66.62(9) Cr4- S7- Cr6 72.24(10) 
Cr1 - S4- Cr4 69.01(10) Cr4 - S8- Cr5 68.07(9) 
Crl - S4- Cr5 69.60(1 0) Cr4- S8- Cr6 72.83(1 0) 
Cr4- S4- CrS 67.25(1 0) Cr5- S8- Cr6 73.21(10) 

Cr-S-Cr between intracluster Cr-S and intercluster Cr-S 

Cr2'- 6- Cr6 135.02(15) Cr6 - S6 - Cr6' 78.08(1 0) 
Cr5' - S6 - Cr6 132.39(14) 
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Cr-8-Cr between intracluster Cr-8 and intercluster Cr-8 
Cr2' - 86 - Cr6 135.02(15) Cr6 - 86 - Cr6' 78.08(1 0) 
Cr5' - 86 - Cr6 132.39(14) 

intracluster 8-Cr-8 between cis-sulfides 
81-Cr1-82 91.10(12) 83- Cr4- 84 88.13(11) 
81- Crl - 83 88.82(12) 83- Cr4- 87 91.03(12) 
82- Cr1 - S4 88.58(12) S4- Cr4- S8 90.03(12) 
S3- Crl- 84 88.96(12) 87- Cr4- S8 89.21 (11) 
S1 - Cr2- 82 90.95(11) 82- Cr5- S4 88.54(11) 
81 - Cr2- S5 90.74(12) S2- Cr5- S6' 87.79(11) 
S2- Cr2- 86' 87.48(12) 84- Cr5- 88 90.85(11) 
85- Cr2- S6' 88 .65(11) 86'- Cr5- S8 90.92(11) 
81 - Cr3- S3 88.02(11) S5- Cr6- S7 87.52(1 2) 
81-Cr3-S5 90.22(12) 86'- Cr6- 85 86.93(11) 
83- Cr3- 87 91.23(12) 86'- Cr6- 88 88.89(12) 
85- Cr3 - 87 88.91(11) S7- Cr6- S8 88.23(1 2) 

intracluster S-Cr-8 between trans-sulfides 
81 - Crl - S4 168.00(12) 83- Cr4- S8 170.50(1 3) 
S2- Cr1 - 83 167.76(12) S4- Cr4- S7 170.22(13) 
Sl- Cr2- S6' 169.21(13) 82- Cr5- S8 169.91(14) 
S2 - Cr2- S5 168.07(13) S4- Cr5- 86' 168.83(14) 
81 - Cr3- 87 171.18(14) 85- Cr6- 88 I 58.25(1 I) 
83- Cr3- 85 169.48(14) 86'- Cr6- 87 157.48(11) 

8-Cr-S between intrac1uster Cr-8 and intercluster Cr-8 
85- Cr6- 86 10175(12) 86- Cr6- 87 1 00.58(11) 
86- Cr6- S6' 1 01.92(1 0) 86- Cr6- 88 1 00.00(11) 

intrac1uster 8-Cr-P 
81-Crl-Pl 95.54(11) 85- Cr3- P3 96.81 (13) 
82- Cr1- PI 95.96(11) 87- Cr3- P3 97.62(12) 
83- Crl- P1 96.23(11) 83- Cr4- P4 93.15(12) 
84- Cr1 - P 1 96.42(12) 84- Cr4- P4 95.37(13) 
81 - Cr2- P2 91.72(12) 87- Cr4- P4 94.40(12) 
S2- Cr2- P2 91.24(12) 88- Cr4- P4 96.30( 11) 
85- Cr2- P2 100.5 1(l3) 82- Cr5- PS 96.20(12) 
86'- Cr2- P2 98.99(12) 84- Cr5- PS 94.72(12) 

81- Cr3 -P3 91.19(12) 86'- Cr5- P5 96.16(12) 

83 Cr3- P3 93.59(12) S8- Cr5- P5 93.89(1 1) 
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Complex 6 bas two extra hydrogen atoms as indicated by FAB mass spectrum (vide 

supra). In the study on the monomeric cluster 3, the location of the extra hydride was 

attempted, and its interstitial position was supported by its inertness toward Lewis bases such 

as ethanol, acetone, THF, or "BuNH2. The extra hydrides in 6 are also stable toward these 

reagents, suggesting that the hydrides are inside the Cr6 octahedra. 

The monomer 3 has the nearly regular Cr6 octahedron, and all of the Cr- Cr distances are 

almost equal (mean 2.59 A). However, the Cr6 cores in the dimer 6 are considerably 

distorted, where the four intracluster Cr-Cr distances between Cr6 and other four chromium 

atoms (Cr2-Cr5) (mean 2.79 A) are longer by 0.16 A than the other eight intracluster Cr- Cr 

distances. The mean value of24 intracluster Cr-Cr bond distances of6 (2.69 A) is 0.10 A 
longer than that in the monomer 3 (Table 4). The cobalt dimer [Co 12S 16(PEt3)10] 2+16 also 

has more distorted Co6 octahedra and the longer intracluster Co-Co distances (mean 2.84 A) 

than those in the monomer [Co6Ss(PEt3)6t (mean 2.79 A). 19 On the other hand, the 

intracluster M-M <listances in the molybdenum5 and rhenium dimers6. 17 are not much 

different from those in the correspon<ling monomers,6, 17,20 and the distortion of each unit is 

minimal as compared with that in the chromium and cobalt congeners. 

The distortion of octahedral cluster core depends on two factors. One is the weakness 

of intracluster metal-metal bonds, which is characteristic of 3d-metal cluster complexes, and 

the other is the magnetism of the octahedral cluster units. If the MG cluster units have 

unpaired electrons, the antiferromagnetic coupling arises between the linking metal atoms, 

and the intercluster metal-metal distances become shorter, which leads to the projection of 

the linking M sites from the square of the surrounding chalcogen atoms (Figure 5b).21 In 

the chromium and cobalt dimer clusters, the metal-metal bonds are weak and each octahedral 

cluster unit bas the unpaired spio,22, 23 which is a cause of the shorter intercluster metal

metal distances and the elongation of the intracluster metal-metal bonds (Table 4). 

Therefore, it is conceivable that the octahedral cluster cores are more distorted as compared 

with the molybdenum and rhenium dimers. The intercluster anti ferromagnetic coupling in 

chromium dimer 6 was also revealed by tbe magnetic measurement (vide infra). 
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Table 4. Relationship of Interatomic Distances (A) 

intracluster M-M intercluster intercluster ref 

mean deviation M-M M-{,lt.-E) 

[Cr6S8(H)(PEt3)6] 2.59 0.004 This work 

[Co.Ss(I'Et,)•J' 2.79 0.037 19 

[Mo.S8(PEt3) 6] 2.66 0.002 20 

[Mo.se,(PEt3) 6] 2.70 0.01 I 20 

[Re6Sei(PEt3),(CJ-13CN)]2
+ 2.64 0.028 17 

[Re.Ses(PEt,).(CH3CN),] 2+ 2.63 0.039 17 

[Cr 12S16(H),(PEt3) 1o] 2.69 0.241 2.95 2.31 This work 

[Co,s,. (PEt,)w]2+ 2.84 0.125 2.64 2.15 16 

[Mo 12S, .(PEt, )IO] 2.65 0.052 3.42 2.55 

[Mo12Se16(PEr3)10J 2.70 0.048 3.55 2.71 5 

[Re12Se16(PEt,)10]' ' 2.64 0.057 3.42 2.64 17 

[Re12Se16(PEt3) 8(CH3CN)2]'+ 2.63 0.049 3.39 2.61 6 
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2-3-4. Electrochemistry 

The redox potentials referenced to the Cp2Fe + I Cp2Fe couple in the CV (cyclic 

voltammograms) of3 and 6 are listed in Table 5. The bexanuclear cluster complex 3 

exhibits one oxidation step and one reduction step (Figure 6a), while two oxidation steps and 

two reduction steps were observed in the CV of the dodecanuclear cluster complex 6 (Figure 

6b ). All the waves are assumed to correspond to one electron redox processes of a Cr6S8 

octahedral cluster tmit. The two oxidation steps of 6 are assigned to the fonnation of 

[Cr6Ss+- Cr6Ss] and [Cr6s s•-cr6Ss +] species, and the reduction steps to that of [Cr6S8-

Cr6Ss] and (Cr6Ss-- Cr6Ss-] ones. Thus the two octahedral units are oxidized and reduced at 

different potentials . The potential differences for oxidation and reduction (0.33 V vs. 0.55 

V) are as large as those for the molybdenum analogue [Mo12E16(PEt3) 10] (0.41 V vs. 0.49 V, 

E = S; 0.38 V vs. 0.47 V, E = Se)5 and larger than that for the rhenium selenide deri vative 

[Re1 2Se16(PEt3)J0]4+ (0.22 V) in the successive two oxidation steps.6 The separation of the 

redox processes is indicative of the electronic effects of the charge in an octahedral unit on 

the adjacent cluster.4 The magnitudes of the separation of the potentials suggest that the 

intermediate mixed valence states of clusters are rather stable, and the electronic 

delocalization between the cluster units is extensive. In the chromium complex 6 and the 

molybdenum analogues, the potential d ifferences for reduction are larger than those for 

oxidation, indicating that the electronic interaction between the cluster units becomes 

stronger as the clusters are more reduced. It is interesting that such electrochemical trend is 

common among almost a ll the cluster oligomers which exhibit mixed valence states of 

clusters in the CV.l-3 

Table 5. Redox Potentials' in the Cyclic VoltanUlletl)' of3 and 6 

[Cr6Ss(H)(PEt3)6)(3) 

[Cr12S 16(H)2(PEtJ)w](6) 

+2 1+1 

-0.51 

+ 110 

-0.81 

-0.84 

Potentials IV are referenced to Fe IF/ (Fe= Cp2Fe) couple 
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0 I -I 

-1.51 

-1.54 

-I I -2 

-2.09 



- (b) 

£.opA 

0 -0.5 -1.0 -1 .5 -2.0 -2.5 

Figure 6. Cycl ic vo ltammograms of (a) [Cr6Ss(H)(PEtJ)6l 2C6H6 (3 ·2C6l'h) 

and (b) [Cr1 2S16(H)2(PEtJ)JOl I .1 CH2Cb (6·1. I CH2Ch). 
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2-3-5. Magnetic Property 

The measured temperature dependence of the J.lorr and XMT values of 3 and 6 are shown in 

Figures 7 and 8. The dimer 6 is paran1agnetic over the whole temperature range measured. 

The oxidation states of the chromium metals in 6 are the same as those in the monomer 3. 

The XMT value (1.48 cm3 mort K) is a little smaller than twice that of3 (0.82 cm3 mort K) at 

330 K, reflecting the existence of two octalledral cluster units in the dimer 6 with some 

interc!uster anti fen·omagnetic coupling. However, the values decrease more rapidly to ca. 

1/4 at 4.5 K CxMT= 0.10 cm3 mort K for 6; XMT= 0.36 cm3 mort K for 3), indicative of 

much stronger intercluster antiferromagnetic interaction at lower temperatures between two 

Cr6Ss cluster units probably through Cr-(J4-S) and Cr-Cr bonding interaction. The 

existence of intercluster antiferromagnetic coupling was supported by the distortion ofth.e 

octahedral cluster cores in 6 (vide supra). 

ln the study on the hexanuclear cluster complexes 1-3, their magnetic data were 

analyzed by using the HDVV Hamiltonian (see Chapter 1). In the analyses, calculations of 

the energy levels E did not take much time, since the spin Hamiltonian could be simplified 

wi.lh the vector coupling metbod24 For the dodecanuclear cluster complex 6, however, 

similar simplification teclmique cannot be applied, iftbe interaction between the chromium 

atoms linked by the intercluster Cr-Cr bond and Cr-(J4-S)-Cr bridges is taken into 

consideration. In order to obtain the energy levels, it is necessary to solve the secular 

determinant of very high order(= 56 x 46) without any diagonalization, and the calculation 

will take extremely long tin1e. The analyses of the magnetic behavior of6 have not been 

performed yet for this reason. 
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Figure 7. Thermal dependence of the magnetic susceptibilities of 

[Cr12SI6(H)2(PEt3)1o] (6) in the form of f.4,rr vs. T. 
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Figure 8. Thermal dependence of the magnetic susceptibilities of 

[Cr12SIG(H)2(PEt3)10] (6) in !he form of XMT vs. T. 

98 



2-3-6. Conclusion 

A dodecanuclear chromium-sulfide cluster complex [CrnS16(H)2(PEt3) 1o] was prepared by 

the dimerization of a hexanuclear cluster complex [Cr6Ss(H)(PEt3) 6] with elemental sulfur, 

and characterized by the single-crystal X-ray analysis and F AB mass spectrum. This 

dodecanuclear complex bas two Cr6Ss cluster cores with an interstitial hydrogen atom, and 

the cores are linked by two Cr-S and one Cr-Cr bond. The intercluster bonding mode is 

simi lar to those in the molybdenum superconducting Chevrel phases. Whereas the Cr6 

octahedron in the starting hexanuclear complex is almost regular, those in the dodecanuclear 

dimer are considerably distorted. The distortion was related to the weak intracluster metal

metal bonds and antiferromagnetic interaction between two Cr6Ss cluster units. The 

inte1cluster antiferromagnetic coupling was also revealed by the magnetic measurement. 

Electrochemical measurements indicated the intercluster electronic interaction between the 

two Cr6Ss cluster units and the stable mixed-valence states of octahedral clusters. 
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General Conclusion 

The present thesis is concerned with the chromium chalcogenide hexanuclear and 

dodecanuclear cluster complexes with the Cr6Es (E = S, Se) cluster core. The main results 

are summarized below. 

1) The establislunent of new synthetic techniques of cluster complexes. 

2) The preparation of metal-chalcogenido cluster complexes with hydride ligands. 

3) The elucidation of the magneto-structural correlation in the Cr6Es cluster. 

4) The clarification of intercluster interaction in dodecanuclear cluster complex. 

The establishment of new synthetic techniques of cluster complexes. 

Most of the cluster complexes were discovered by serendipity, and the methodology for the 

syntheses of designed cluster compounds has yet to be established. The synthetic methods 

of cluster complexes are classified into four (Scheme 1). 

a) Se(f-assembly: the spontaneous formation of cluster cores from mononuclear 

complexes or non-molecular compounds which do not contain cluster units. This 

method has generated most various types of cluster frameworks. However, self

assembly bas two disadvantages, namely, (i) no structural predictability of the product 

of the reaction and (ii) the formation of the mixture of cl uster complexes. 

b) Fragment Condensation: the linking of the smaller cluster cores to give higher cluster 

frameworks. Although thi s approach has not been well-developed, it is expected as 

a useful synthetic method for the selective fonnation of cluster complexes. 

c) Excision reaction: cutting out a molecular cluster core from a non-molecular clusters. 

Since the structures of cluster frameworks in non-molecular cluster compounds are 

limited, discovery of non-molecular cluster phases with novel cluster frameworks 

may be necessary for the syntheses of various molecul.ar clusters. 
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d) Ligand exchange: the exchange reaction oftem1inal or bridging ligands on cluster 

units. 

(Self-assembly) M 

M 
M -M 

M 

M 

(Fragment Condensation) 

M 

A~ /M ""M M M - M~PM I 
M M 

M 

M4~M "'"' 
M/ \ _....M -~t.l 

M M 
M 

M4~M /M---M -M--M/ 

M M 

(Excision) 

-
Scheme 1 (From ref. 1.) 
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The improvements of these synthetic methods will facilitate the selective formation of 

designed cluster complexes, which may lead to systematic studies of the properties of cluster 

complexes. 

Several preparative techniques used in the present study may contribute to the 

development of synthetic methodology for cluster complexes. In Chapter I , the 

preparations of the hexanuclear cluster complexes [Cr6Se8(PEtJ)6) (1), [Cr6Se8(H)(PEt3)6) (2), 

and [Cr6Ss(H)(PEt3)6) (3) are described. These complexes were obtained by a self-assembly 

method. Whereas the reaction of CrCh with NaS,H and PEt3 yielded the hydride cluster 3 

predominantly, a similar procedure except for using Na2Se, in place ofNaS,H afforded a 

mixture of the non-hydride 1 and the hydride 2. Accorctingly, the author separated them by 

exploiting the ctifference of their redox properties. In other systems of cluster complexes, 

self-assembly reactions have sometimes yielded a mixture of cluster complexes, which are 

difficult to separate2 The separation method established in the present study may be a new 

approach for isolating cluster complexes from a mixture. 

Chapter 2 describes the condensation of hexanuclear cluster complex 3. TI1e target 

compound in this synthesis was a dimer cluster [Cr12Si6(H)2(PEtJ)Jo] (6), in which two Cr6S8 

cluster units are connected in a similar linking mode to tl10se of the Cbevrel phases. 

Whereas there were several precedent examples of the cluster ctimerization me010ds before 

the present study,3-I O none of them were avai lable for yielding the target dimer cluster 

complex from the monomer 3. However, the author found that the reaction of elemental 

sulfur witl1 3 gave the desired dimer cluster 6. Later, similar synthetic technique afforded 

the molybdenum dodecanuclear analogue [Mo 12S 16(PEt3)w] from the hexanuclear monomer 

cluster [Mo6S8(PEl3)6J.ll , 12 These studies suggest that the dimerization of cluster cores 

with elemental sulfur may be one of the selective preparative methods for cluster 

condensation. 

The preparation of metal-chalcogenido cluster complexes with hydride ligands-

When the author started the present study, there were only two precedent exa111ples of metal

cbalcogenido cluster complexes with the hydride-coordinated M6Es octahedral unit 

([Re6S7(SH)Br6f and [Re0Se7(SeH)I6f).l3 The chromium-chalcogenido dodecanuclear 
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complex 6 and the hexanuclear compounds 2 and 3 are very rare instances of octahedral 

metal-chalcogenide cluster complexes with hydrido ligands. 

The conventional methods of structure determinations of cluster complexes were 

mostly dependent on X-ray crystallography. However, the analysis is not always useful for 

detecting hydrogen atoms.l 4 In the present study, FAB mass spectra revealed the existence 

of the extra hydrides in 2, 3, and 6. There have been no precedent examples of the [M6E8L6] 

type cluster complexes that have been characterized by FAB mass spectra. The 

characterization of hydrogen atoms is indispensable for the studies on the magnetism of the 

cluster complexes. As mentioned in Chapter I, the coordination of extra hydride to a luster 

core causes the increase of the number of metal cluster electrons (MCE) by one, which leads 

to significant effects on the magnetic behavior of the cluster complex. 

The location of hydrogen atoms associated with cluster cores has been a very difficult 

problem. In the studies on the rhenium cluster complexes [Re6S7(SH)Br6]3
• and 

[Re6Se7(SeH)I6]3
·, it has been proposed that the extra hydrogen atoms are bonded to one of 

eight chalcogen atoms.! 3 But no physical measurements have confirmed their positions. 

In the present study, the author attempted to deteonine the position of the extra hydrides in 2, 

3, and 6. The single-crystal X-ray structure determination and reactivity studies of2 and 3, 

and powder neutron diffraction analysis of the deuterated derivative of3 suggested that the 

extra hydrogen atoms of2 and 3 lie at the center of tl1e Cr6 octahedron. It is conceivable 

that ftu1her conclusive evidence for their interstitial positions may be afforded by single

crystal neutron diffrachon analysis. The interstitial positions of the extra hydrides in 6 were 

also suggested by their reactivity. 

T he elucida tion of the magneto-structura l correlation in the C r6Es cluster. 

It is known that some 3d-metal chalcogenido cluster complexes exhibit thermal variation of 

the number of unpaired electrons. However, the relations between structures and magnetic 

properties have remained unclear. To elucidate the structural-magnetism correlation in 3d

metal chalcogenide cluster complexes, the author analyzed the temperature-dependent 

paramagnetic behaviors of chromium cluster complexes 1-3 by using the Heisenberg-Dirac

Van Vleck (HDVV) Hamiltonian. The calculated coupling constants 12.1J decrease in the 
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order 2 > 3 > 1. This indicates that the shorter Cr-Cr distances cause stronger 

antiferrornagnetic interaction through Cr-Cr bonds, and that the couplings mediated by 

chalcogen bridges increase by the substitution of sulfido ligands for selenido ones. The 

present study suggests that the analyses of the magnetic behaviors with the HDVV 

Hamiltonian are useful to investigate the structural-magnetism correlation in cluster 

complexes. 

Bencini et al. have repo.rted the theoretical interpretations of the temperature-dependent 

paramagnetism of octahedral iron sulfide cluster complexes [Fe6Ss(PEtJ)6]X2 (X= BPh4-, 

PF6} 15, 16 In the analyses of these complexes, it has been asswned that no distinction has 

been made between the interaction for trans-metal atoms and that for cis-metal atoms in the 

Fe6S8 cluster core. Actually, the trans-interaction is much weaker than the cis-interaction, 

because the fonner is mediated by no atoms nm direct bonds while the latter should be more 

effectively u·ansmitted through metal-metal bonds and metai-()LJ-chalcogen)-metal bridges. 

In the chromium cluster complexes 1-3, only the cis-interaction was taken into consideration. 

Presumably this model reflects the actual structural features more exactly than those used in 

the analyses of the iron cluster complexes. 

The relation between the structure and magnetism in the Cr6Es core suggested in the 

present thesis is based on the properties of three compounds. To investigate the relation 

more quantitatively, it seems necessary to prepare several analogous chromium octahedral 

cluster complexes. The preparations of [Cr6Ss(PEtJ)6] and fCr6Tes(H)(PEtJ)6] give the 

complete series of non-hydrides [Cr6Es(PEtJ)6] and hydrides [Cr6Es(H)(PEtJ)6] (E = S, Se, 

Te), respectively. The comparison of the magnetic properties of the compounds in each 

series will make the relation between the difference o£ cbalcogen atoms and the magnitude of 

the magnetic interaction through them clearer. The relation between the strength of 

magnetic coupling tlu·ough Cr-Cr bonds and their distances may be elucidated by the 

syntheses of derivatives with different Cr-Cr bond distances. ln cubane-type chromium 

sulfide cluster complexes [Cr4S4L4) (L = Cp* (methylcyclopentadienyl) , Cp 

(cyclopentadienyl)), the change of terminal ligands L from Cp* to Cp elongates Cr-Cr bond 

lengths (2.82 A vs. 2.82-2.89 A).17, 18 The Cr-Cr distances in the octahedral cluster 

complexes 1-3 may be varied by the substitution oftl1e terminal triethylphosphine ligands. 
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In addition, the oxidation and reduction of [Cr6Es(PEtJ)6] and [Cr6Es(H)(PEtJ)6] may also 

yield the Cr6Es cluster cores with different Cr-Cr bond lengths from those in the starting 

neutral clusters. 

The clarification of intcrcluster interaction in dodecanuclear cluster complex. 

When cluster cores are condensed, the resulting cluster oligomers exhibit the properties due 

to intercluster interaction, which are never observed in the monomer cluster complexes. In 

the field of metal-chalcogenido clusters, however, there have been few reports on the 

interaction between cluster units.12, 19 The present study deals with intercluster interaction 

in dodecanuclear chromium sulfide cluster complex 6. Electrochemical and magnetic 

measurements showed the electronic and antiferromagnetic .interaction between the two Cr6Ss 

cluster units. The intercluster antiferromagnetic interaction is responsible for the distortion 

of the Cr6 octahedra in the dimer cluster 6. Since each Cr6Ss cluster unit is paramagnetic, 

the antiferromagnetic coupling arises between the linking clu·omium atoms and the 

intercluster Cr-Cr bond becomes shorter, which leads to the projection of the linking Cr sites 

from the square of the surrounding sulfur atoms and the distortion of Cr6 octahedra. 

In the studies on the oligomers ofRu30 trinuclear clusters, the magnitude of intercluster 

electronic interaction has been related to the intercluster distance, which is dependent on the 

difference of the cluster-cluster bridging ligand.20 On the other hand, the precedent reports 

on metal-chalcogenide cluster oligomers have rarely dealt with the Telation of intercluster 

distance to i.nteraction between cluster cores. In the dodecanuclear chromium cluster 

complex 6, the two Cr6 8 cluster cores are linked by two Cr-S bonds, whose lengths are 

considered to determine the intercluster di stance. Since selenium and tellurium atoms have 

larger covalent radii (1.17 A for Se; 1.37 A forTe) than that for sulfur atom (1.04 A),21 the 

selenido- and tell urido-analogues of 6 may give longer intercluster chromium-chalcogen 

bonds, which make two octahedral cluster un.its more separated as compared with tbe sulfide 

complex 6. lt is conceivable that the comparison of the electronic and magnetic properties 

of the selenido- and tellw-ido-dimers with those in the sulfido-dimer 6 will clarify the relation 

of intercluster distance to the electronic and magnetic interaction between the octahedral 

cluster units. 
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The chemistry of cluster complexes may be still in the early stage of development. 

The author hopes that the present thesis will contribute to the progress of the chemistry of 

this field. 
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