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Abstract 

The reaction of the cluster-substituted carboxylic acid, (CO)9C03CCOOH, with M(CH3CO2) 2 permits the isolation of 
M2{(CO)9Co3CCO2}4(THF) 2, M = Mn (1), Fe (2), Co (3) respectively. Single crystals could not be obtained directly from ~my of these 
compounds; however, the slow redox degradation of Hg{(CO)9C03CCO2} 2 in THF leads to crystalline [C02((CO)gC03CCO2)4(THF)2], 
which has been characterized by single crystal X-ray structure analysis. Both compounds 1 and 2 react with methanol arid the products 
[ M I ? I C o ~ I ( M e O ) 6 ( M e O H ) 2 { ( C O ) 9 C o 3 C C O 2 } 4 ]  - 2MeOH, M = Mn (4), Fe (5) respectively, have been isolated as crystalliine solids. The 
formulation of these new mixed-metal cubane clusters is based on analytical data, single crystal X-ray structure analysis, and the 
M~ssbauer spectrum of 5. The inner Co n centers are derived from sacrificial decomposition of the tricobalt clusters during precipitation 
of the product. For both 4 and 5 the magnetic susceptibility data show high room temperature magnetic moments which decrease with 
decreasing temperature consistent with weak antiferromagnetic coupling between the core metal centers and with S = 0 ground states. 
The formation of these unusual carboxylate coordinated mixed-metal alkoxide cubes derives from the properties of a transition metal 
cluster as a substituent as well as its tendency to engage in redox chemistry with other metal species. © 1997 Elsevier Science S.A. 
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1. Introduct ion  

For  a long t ime it has been known that transit ion 
metal  clusters  const i tute bulky  subst i tuents  with unusual  
e lectronic  proper t ies  relat ive to organic  moiet ies  [2-5] .  
However ,  the consequences  in other  areas of  chemis t ry  
have not been explored.  W e  inadver tent ly  came across  
an example  in the observed  s tabi l izat ion o f  a t r icoordi-  
nate boron center  by a te t ranuclear  carb ido  cluster  rela- 
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tive to base  addi t ion [6]. Since  then we have exp lored  
the consequences  o f  a cluster  subst i tuent  on the class ical  
coordina t ion  chemis t ry  o f  the ca rboxyla te  anion [7]. 
Thus, we have descr ibed  cluster  metal  carboxyla tes  

s u c h  as Z n 4 0 { ( C O ) 9 C 0 3 C C O 2 }  6 [1 ,8]  a n d  
M02{(CO)9C03CCO2} 4 [9]. The cluster  subst i tuent  has a 
dist inct  effect  on synthet ic  chemis t ry  as well  as on 
compound  propert ies .  For  example ,  in terras o f  chem- 
istry,  the enhanced bas ic i ty  of  the c luster  ca rboxyla te  
anion leads  to clean d i sp lacement  of  organic  ca rboxyl -  
ates and, in terms of  propert ies ,  the low- ly ing  empty  
metal  orbi tals  of  the cluster  can lead to large red shifts 
of  metal  to l igand charge transfer  absorpt ions .  

In some sys tems the coordina t ion  chemis t ry  is per-  
turbed by  compet i t ive  t r icobal t  c luster  chemistry.  It is 
well  known that redox processes  are impor tant  in facil i-  
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tating various aspects of metal carbonyl cluster chem- 
istry, i.e. substitution [10-13], increases and decreases 
in cluster nuclearity [14-16] and oxidative coupling 
[17-19]. This tendency towards redox processes has 
been used to advantage in synthesis as, for example, in 
the formation of [Fepy6][Fe4(CO)13] from Fe(CO) 5 and 
pyridine [20] or in the so-called redox condensation 
pathway to large metal clusters [21]. Evidence that 
tricobalt cluster redox chemistry occurs simultaneously 
with the tricobalt cluster ligand coordination chemistry 
is provided by the formation of Co40{(CO)9C%CCO2} 6 
[1,22] in which the Co ~1 ion originates from the 
(CO)9Co3CCOOH reactant. Although the reaction must 
be mechanistically complex, the synthesis is a useful 
one [23]. Herein we describe additional cluster ligand 
exchange reactions with transition metal acetates and 
their subsequent redox-induced degradation leading to 
the formation of new cluster metal carboxylates contain- 
ing mixed-metal alkoxide cubane-like cores. 

2. Experimental 

2.1. Synthetic procedures 

All operations were conducted under a nitrogen at- 
mosphere using standard Schlenk techniques. Solvents 
were distilled before use from drying agents under N 2 
as follows: sodium benzophenone ketyl for hexane, 
diethyl ether and tetrahydrofuran; P205 for CHiCle; 
manganese metal for CH3OH. C13CCOOEt was de- 
gassed before use. Metal acetates (Aldrich) and 
Co2(CO) 8 (Strem) were used directly as received. Ele- 
mental analyses were performed by Galbraith Laborato- 
ries, Knoxville, TN and M-H-W Laboratories, Phoenix, 
AZ. 

A new, one-pot synthesis of the cluster ligand, 
(CO)gCo3CCOOH, has been developed. A 500ml 
Schlenk flask was charged with 30g (87.7mmol) of 
dicobalt octacarbonyl and 150ml of distilled THF. The 
mixture was stirred until the solid dissolved and then 
l l .0ml  (15.1g, 85mmol) of CC13COOEt was added 
slowly by syringe under N 2 flowing over the solution. 
The reaction mixture was slowly heated to about 45 °C 
and CO was produced which was carried away by N 2. 
After 4h, the reaction mixture was cooled to room 
temperature and treated with 100ml of 10% aqueous 
hydrochloric acid. The aqueous layer was separated and 
extracted with Et20. The resulting organic layer was 
washed with water and 2ml of CH3COOH was added 
to the solution. The solution was dried over MgSO 4 for 
8 h and then the solution was filtered in air through a 
2cm thick Celite layer. The filtration was kept in a 
1000 ml flask and when the solvent was removed under 
vacuum a large amount of purple crystals formed. To 

the purple crystals were added 200ml of concentrated 
H2SO 4. The reaction mixture was stirred for 20h at 
room temperature to give a brown solution. The solu- 
tion was poured into cracked ice and the resulting 
brown powder was extracted with CH2C12. The organic 
layer obtained was washed with water several times 
until the aqueous layer became colorless and then 5 ml 
of CH3COOH was added. The solution was dried over 
MgSO 4 for 8 h and then filtered in air through a 2 cm 
thick Celite layer. The solvent was removed on a rotary. 
evaporator to give 17.0g (35mmol) of black crystals. 
The overall yield is 60% based on total Co. 

2.1.1. [Mn2{(CO)9Co3CCO2}4(THF) 2 ] (1) 
Mn(CH3COE) 2 • 4H20 (0.4retool; 0.098g) and 

(CO)gCo3CCOOH (0.8 retool; 0.388 g) were loaded into 
a 100ml Schlenk flask equipped with a rubber septum 
and a magnetic stirring bar. This flask had been evacu- 
ated and refilled with nitrogen gas several times before 
25ml of CH2C12 was added to the flask via syringe 
with rapid stirring. The reaction mixture was stirred for 
20h at room temperature to give a precipitate and a 
purple solution. CH2C12 was removed under vacuum 
and the residual dark-red solid was washed with hexane. 
The red-brown solid obtained was then dissolved in 
30 ml of THF and stirred for 5 h to give purple solution. 
THF was slowly removed under vacuum and 0.410 g of 
dark-red microcrystals was obtained. The corresponding 
yield based on total Co was 93%. Speclxoscopic and 
analytical data for Mn2{(CO)gCo3CCO2}4(THF)2. Anal.: 
calc'd for C szH~6Co12Mn2046: C, 28.47; H, 0.74; Co, 
32.24; Mn, 5.01; found: C, 28.35; H, 0.90; Co, 31.78; 
Mn, 5.03. IR (KBr, cm-I):  2107s, 2051vs,br, 2044vs,sh, 
1598w, 1434w, 1374m, 1338w,sh, 761m, 536m, 529m, 
500s. 

2.1.2. [Fe 2 [(CO) o Co 3 CCO 2 }4 (THF)2 ] (2) 
Fe(CH 3C02)2 (0.4 mmol ;  0 .070 g) and 

(CO)9Co3CCOOH (0.8 mmol; 0.388 g) were loaded into 
a 100 ml Schlenk flask equipped with a robber septum 
and a magnetic stirring bar. This flask had been evacu- 
ated and refilled with nitrogen gas several times before 
25 ml of THF was added to the flask via syringe with 
rapid stirring. The mixture was stirred for 20 h at room 
temperature to give a purple solution. THF was re- 
moved under vacuum and the residual dark-red solid 
was dissolved in 20ml of CH2C12 to which 10ml of 
hexane was added. The mixture was stirred for 10h and 
all solvents were removed under vacuum. The red-brown 
solid obtained was washed with hexane. The yield is 
80% based on total Co. Anal.: calc 'd for 
C52H16COlzFe2046: C, 28.45; H, 0.73; found: C, 28.57; 
H, 1.02. IR (KBr, cm-I) ;  2109s, 2055vs, 2049vs,sh, 
1581w, 1436w, 1374m, 1341w,sh, 748w, 719m, 551m, 
529s, 502s. 
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2.1.3. lCo 2 {(CO) 9 Co 3 CCO 2 )4 ]4 (THF)e ] (3) 
(a) Reaction of 254mg (0.8mmol)  Hg(CH3CO2) 2 

and 776 mg (1.6 mmol) of (CO)9Co3CCOOH in CH2C12 
at room temperature gives a dark-red precipitate and a 
purple solution. CH2C12 was removed under vacuum 
and the dark-red powder was dissolved in THF and 
stirred for 5 h to give a purple solution and a gray 
precipitate. The purple solution was kept undisturbed 
for several hours and filtered through 1 cm thick Celite. 
When the solution was kept in a refrigerator without 
filtering through Celite, tiny droplets of Hg metal or a 
Hg mirror would appear on the bottom of the flask after 
several days. The filtrate was layered with E t20  and 
kept at room temperature for 3 days to afford 400rag 
(53% yield based on Co) of  (3). Large crystals suitable 
for X-ray diffraction were grown by layering the filtrate 
with hexane in a 5 m m  glass tube with a narrow neck. 
IR (KBr, c m - l ) :  2108m, 2041vs, 2010sh, 1574w, 
1545w, 1368m, 1337w, 1068w, 1037w, 884w, 784w, 
753m, 713w, 555m, 530m, 515m, 502m, 474w. Anal.: 
calc 'd for C52H16Col4046: C, 28.37; H, 0.73; Co, 37.47; 
found: C, 28.16; H, 0.56; Co, 36.12. 

(b) Solid Co(CH3CO2) 2 • 4 H 2 0  (0.2 mmol; 0.049 g) 
and (CO)gCO3CCOOH (0.4 mmol; 0.194 g) was loaded 
into a 100ml Schlenk flask equipped with a rubber 
septum and a magnetic stirring bar. This flask had been 
evacuated and refilled with dinitrogen several times 
before 15 ml of THF was added to the flask via syringe. 
The reaction mixture was stirred for 20h at room 
temperature to give a purple solution. THF was re- 
moved under vacuum to yield a red-brown solid. The 
solid was dissolved in 10ml of THF and the resulting 

solution was filtered. The filtrate was layered with 
hexane and several days later a red-brown precipitate 
appeared on the bottom of the flask. After washing with 
hexane, the solid state IR spectrum was that of  3. In 
contrast, when the solid was dissolved in CH2C12, 
crystals of C0]IO{(CO)9C03CCO2}6 were isolated as 
proved by solid state IR and unit cell constants from 
X-ray diffraction. 

2.1.4. [Mn 2 Co 2(MeO) 6 (Me OH) 2 {(CO) 9 Co.~ CCO 2 }4 ] " 
2 M e O H  (4) 

Mn(CH3CO2) 2 . 4 H 2 0  (0 .2mmol;  0.049(Ig) and 
(CO)9Co3CCOOH (0.4 mmol; 0.194 g) were loaded into 
a 100ml Schlenk flask equipped with a rubber septum 
and a magnetic stirring bar. This flask had been evacu- 
ated and refilled with nitrogen gas several times before 
15 ml of THF was added to the flask via syringe with 
rapid stirring. The mixture was stirred for 20 h at room 
temperature to give a purple solution. THF was re- 
moved under vacuum and 15 ml of  MeOH was added to 
the residual dark-red solid. The mixture was stirred for 
5 h to give a red-brown precipitate and a purple solu- 
tion. Next the MeOH was removed under vacuum and 
the resulting dark-red solid was dissolved in 10ml of 
THF to give a purple solution. The purple solution was 
layered with 30ml of MeOH and kept at 4°C for 
several days after which 0.080 g of hexagonal-like plate 
crystals were obtained. The corresponding yield based 
on total Co was 38%. Spectroscopic and analytical data 
for [Mn 2C02(CH 30)6(CH 3OH)2{(C0)9C03CCO2}4 ] • 
2CH3OH. Anal.: calc 'd for C54H34Co141~dnzO54: C, 
26.13; H, 1.38; Co, 33.24; Mn, 4.43; found: C, 25.89; 

Table 1 
Crystallographic data 

3 4 5 

Formula C52 H L6Co14046 C54H34Co14Mn2054 C54H 34CoE4Fe2054 
F.w. 2201.74 2481.78 2483.60 
Mo K ot radiation A (A) 0.71073 0.71073 0.71073 
Diffractometer Enraf-Nonius CAD4 Enrad-Nonius FAST Enraf-Nonius CAD4 
Temperature (K) 293 | 80 293 
Space group 14/m (No. 87) P1 (No. 2) PI (No. 2) 
a (A) 15.862(4) 14.882(4) 14.982(3) 
b (A) 15.770(3) 15.796(4) 
c (A) 14.624(4) 20.344(4) 20.713(5) 
o~ (deg) 83.66(3) 83.88(3) 
/3 (deg) 85.03(3) 85.02(3) 
y (deg) 65.49(4) 65.11 (3) 
V (,~3) 3679(2) 4313.3(15) 4416(2) 
Z 2 2 2 
d~l~ (g cm- ~ ) 1.987 1.91 l 1.868 
/x(Mo K c~) (cm- ~ ) 31.645 29.792 29.634 
R ~ 0.07201 0.0613 0.0437 
Rw b 0.09274 0.0696 0.0502 

R=E(tFoL-IQI)/EIb21; ~ Rw=[Ew([F,,[-IF~l)Z/EwIF,~12l ~/2 where w= 1/[o-2(Fo)+(0.01Fo)Z+2.0] (Ref. [241)for 4 and w= 
4F~/f r2(F~, )  2 for 5. 
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Table 2 
Positional and equivalent isotropic thermal parameters for 3 ~ 

Atom x y z B (~2) 

Co(l) 0.500 0.500 0.5932(2) 3.36(4) 
CO(I 1) 0.7356(1) 0.7138(1) 0.500 5.50(6) 
Co(12) 0.8246( 1 ) 0.6154( 1 ) 0.4161 (2) 7.68(5) 
0(10) 0.6231(4) 0.5342(5) 0.5767(6) 5.5(2) 
C(10) 0.6567(8) 0.5495(9) 0.500 4.6(4) 
C(20) 0.7363(9) 0.5938(9) 0.500 4.5(4) 
C(11) 0.6622(8) 0.7337(7) 0.594(1) 6.9(4) 
0(11 ) 0.6186(7) 0.7450(7) 0.6489(9) 11.6(3) 
C(12) 0 .794(11  0.804(1) 0.500 8.9(7) 
O(121 0.833(1) 0.8683(9) 0.500 15.8(9) 
C(21) 0.767(1) 0.618(1) 0.302(1) 15.1(6) 
O(21) 0.729(1) 0 .620(11  0.2367(9) 21.7(6) 
C(22) 0.915(I) 0.692(1) 0.394(1) 11.0(5) 
0(22) 0.9653(7) 0.7370(8) 0.384(1) 16.2(5) 
C(23) 0.878(1) 0.517(I) 0.396(2) 18.5(9) 
0(23) 0.911(l) 0.455(l) 0.389(11 26.5(9) 
O(311 0.500 0.500 0.729(11 6.0(3) 
C(31) 0.485(3) 0.572(2) 0.783(3) 13(11 b 
C(32) 0.461(2) 0.530(2) 0.879(2) 8.9(9) h 

Anisotropically refined atoms are given in the form of the isotropic 
equivalent displacement parameter defined as: (4/3)[a2B(I,l)+ 
b2B(2,2)+ c2B(3,3) + ab(cos T)B(1,2) + ac(cos/3 )B(1,3) + 
bc(cos ot ) B(2,31]. 
b Atoms were refined isotropically. 

Table 3 
Selected bond distances (,~) and angles (deg) for 3 

CO(l) CO(l)' 2.727(4) Co(12) Co(12)' 2.456(3) 
Co(l) 0(10) 2.041(6) Co(12) C(20) 1.89(1) 
CO(I) O(31) 1.98(2) CO(12) C(21) 1.90(2) 
Co(l 1) Co(12) 2.437(3) Co(12) C(22) 1.90(2) 
CO(I 1) Co(12)' 2.437(3) Co(12) C(23) 1.80(2) 
CO(ll)C(20) 1.90(l) O(10) C(10) 1.27(1) 
CO(ll)C(ll) 1.83(1) C(10) C(20) 1.44(2) 
Co(l 1) C(12) 1.71(2) 

Co(l) CO(l)' O(10) 83.2(3) Co(12)'CO(12)C(23) 99.3(8) 
Co(I) Co(l)' O(31) 180.0(0) C(20) Co(12)C(21)102.5(6) 
O(10) CO(I) O(10)' 166.44) C(20) CO(12) C(22)141.2(7) 
O(10) CO(l) O(10)" 89.2(3) C(20) CO(12)C(23)107.3(8) 
O(10) CO(l) O(31) 96.8(3) C(21) CO(12) C(22)101.7(8) 
Co(12)CO(II) Co(12)' 60.50(9) C(21) Co(12) C(23) 95.8(9) 
Co(12)CO(II) C(20) 49.9(3) C(22) Co(12) C(23) 99.8(8) 
Co(12)Co(ll)C(II) 149.1(4) Co(l) O(10) C(10)124.0(7) 
Co(12)Co(I1) C(12) 102.9(6) O(10) C(10) O(10)' 125.0(1) 
C(20) Co(ll) C(II) 100.2(5) O(10) C(10) C(20) 117.5(6) 
C(20) Co(II)C(12) 146.7(9) O(10)' C(10) C(20) 117.5(6) 
C(I1) Co(II) C(12) 101.6(6) Co(ll) C(20) Co(12) 79.8(5) 
Co(II)Co(12) Co(12)' 59.75(7) Co(ll) C(20) C(10) 119.0(1) 
Co(II)Co(12) C(20) 50.3(4) Co(12) C(20) C(12)' 80.8(6) 
Co(11)Co(12) C(21) 98.7(5) Co(12) C(20) C(10) 137.2(4) 
Co(II)Co(12) C(22) 96.4(6) Co(l) O(31) C(31) 124.0(2) 
Co(ll)Co(12) C(23) 155.5(8) C(3l) O(311 C(31)' 111.0(2) 
Co(12)'Co(12) C(20) 49.6(3) O(31) C(31) C(32)101.0(3) 
Co(12)'Co(12) C(21) 151.2(6) C(31) C(32) C(32)' 113.0(3) 
Co(12)'CO(12) C(22) 99.6(6) C(3l)' C(32)' C(32)112.0(3) 

Numbers in parentheses are estimated standard deviations in the least 
significant digits. 

Table 4 
Positional and equivalent isotropic thermal parameters for 4 

x y z B (X 2) 

M(I) 0 .28140(8)  0.30127(7) (I.35;307(61) 1.21(2) b 
M(2) 0.10320(8) 0.28452(7) 0.251325(6) 1.21(2) ~ 
M(3) 0.15565(8) 0.45398(7) 0.23126(6) 1.26(2) b 
M ( 4 )  0.31170(8) 0.23950(7) 0.1c~264(6) 1.45(2) ~ 
Co(l 1) 0.30834(8) 0.65066(7) 0.36533(6) 1.72(2) 
Co(12) 0.26974(8) 0.57948(7) 0.43'265(6) 1.88(2) 
Co(13) 0.13341(8) 0.69541(7) 0.40530(61 1.91(3) 
Co(21) 0.15873(9) 0.05407(7) 0.04445(6) 1.91(3) 
Co(22) 0.11205(8) -0.01655(7) 0.14967(6) 1.62(21 
Co(23) 0.28836(8) -0.06873(7) 0.113211(6) 1.87(3) 
Co(31) 0.64277(9) -0.02170(8) 0.33421(8) 3.10(3) 
Co(32) 0.69639(9) 0.05440(9) 0.23515(8) 2.96(3) 
Co(33) 0.67818(9) 0.11697(8) 0.34394(7) 2.87(3) 
Co(41) -0.2400(1) 0.51333(9) 0.1'1.215(7) 2.35(3) c 
CO(42) -0.2717(1) 0.57646(9) 0.25180(7) 2.04(3) c 
Co(43) - 0.22055(9) 0.65814(9) 0.15504(71 1.94(3) c 
O(1) 0.2542(4) 0.2056(3) 0.2811(3) 2.3(1) 
0(2) 0.1296(4 0.3732(4) 0.3106(3) 2.4( 1 ) 
0(3) 0.3055(4) 0.3560(3) 0.24.06(3) 2.6(1 ) 
0(4) 0.1676(4) 0.3398(3) 0.1775(3) 2.3(1) 
0(5) 0.2583(4) 0.2453(4) 0.4231(3) 3.4(1) 
0(6) 0.0438(4) 0.2319(4) 0.329013) 3.2( I ) 
0(7) 0.1858(4) 0.5257(4) 0.1525(3) 3.1(1) 
0(8) 0.3688(4) 0.2730(4) 0.1082(3) 3.7(2) 
O(1 I) 0.2751(4) 0.4190(3) 0.3713(3) 2.2(1) 
O(12) 0.1794(4) 0.5327(3) 0.2965(3) 2.3(I) 
O(21) 0.1204(4) 0 .1783(31 0.1972(3) 2.0(I) 
0(22) 0.2763(4) 0.1413(3) 0.1531(3) 2.4(1) 
O(31) 0.4292(4) 0.2089(4) 0.3307(3) 2.7(1) 
0(32) 0.4483(4) 0.1621 (4) 0.2267(3) 2.7(1 ) 
O(41) 0.0051(4) 0.5166(3) 0.2153(3) 2.4(1) 
0(42) - 0.0330(4) 0.3904(3) 0.2286(3) 2.5(1 ) 
O(111) 0.2847(5) 0.6888(5) 0.2218(3) 4.6(2) 
O(112) 0.5147(4) 0.5136(6) 0.3597(4) 5.7(2) 
O(113) 0.3271(5) 0.8188(4) 0.4(/'40(4) 5.4(2) 
O(121 ) 0.1446(5) 0.4970(5) 0.5501(4) 4.6(2) 
O(122) 0.4522(5) 0.4087(5) 0.4888(4) 5.4(2) 
O(123) 0.2933(6) 0.7125(5) 0.554014) 6.4(2) 
O(131) 0.0569(5) 0.7602(5) 0.2731(4) 4.8(2) 
O(132) -0.0277(5) 0.6408(5) 0.4571(4) 4.8(2) 
O(133) 0.09236(6) 0.8695(5) 0.4669(5) 6.6(2) 
O(211) 0.2851(5) 0.1418(5) -0.0209(4) 5.1(2) 
O(212) -0.0265(5) 0.2254(5) 0.0358(4) 4.3(2) 
O(213) 0.1439(6) -0.0655(5) -0.0514(4) 5.9(2) 
O(2211 0.1411(5) -0.0759(4) 0.2907(3) 3.7(2) 
0(222) 0.0594(5) -0.1565(4) 0.0964(4) 4.8(2) 
0(223) - 0.0829(5) 0.1344(4) 0.1740(4) 3.9(2) 
0(231 ) 0.4554(5) - 0.0231(5) 0.0587(5) 6.0(2) 
0(232) 0.3193(7) -0.2414(5) 0.0523(4) 6.5(2) 
0(233) 0.3687(5) - 0.1338(5) 0.2449(4) 5.0(2) 
0(311 ) 0.4807(6) 0.0032(6) 0.4335(4) 7.0(3) 
O(312) 0.5809(6) - 0.1385(5) 0.2594(5) 6.6(2) 
O(313) 0.8378(5) -0.1588(5) 0.3811(4) 5.6(2) 
O(321 ) 0.6669(6) 0.2267(5) 0.1507(4) 5.3(2) 
0(322) 0.9122(6) -0.0607(6) 0.2367(6) 9.1(3) 
0(323) 0.6285(8) - 0.0240(6) 0.1366(5) 9.4(3) 
O(331) 0.6318(6) 0.3131(5) 0.2977(4) 5.6(2) 
0(332) 0.8879(6) 0.0342(6) 0.3797(6) 8.4(3) 
0(333) 0.5692(6) 0.1617(6) 0.4705(4) 7.1 (2) 
O(411) -0.2077(6) 0.3232(5) 0.1928(5) 7.1(3) 
O(412) -0.1149(7) 0.4570(6) 0.0225(4) 6.4(3) 
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Table 4 (continued) 

x y z B (~2) 

O(413) - 0.4428(7) 0.5944(7) 0.0933(6) 10.3(3) 
0(421) - 0.2254(6) 0.4034(5) 0.3379(4) 5.2(2) 
0(422) -0.2430(9) 0.6795(6) 0.3501(4) 8.6(3) 
0(423) - 0.4900(6) 0.6644(7) 0.2408(6) 9.6(3) 
0(431 ) - 0.0908(5) 0.6550(6) 0.0385(4) 5.8(2) 
0(432) -0.1452(6) 0.7667(5) 0.2235(5) 7.4(3) 
0(433) - 0.4239(6) 0.7881(6) 0.1186(5) 7.0(3) 
C(l) 0.2894(7) 0.1081(6) 0.3049(5) 2.6(2) 
C(2) 0.0511(6) 0.4205(6) 0.3611(4) 2.1(2) 
C(3) 0.3853(6) 0.3870(6) 0.2313(5) 2.5(2) 
C(4) 0. 1284(6) 0.3584(6) 0.1120(4) 2.1 (2) 
C(5) 0.2922(8) 0.2547(7) 0.4815(5) 4.1(3) 
C(6) - 0.0277(7) 0. 1940(7) 0.3218(6) 4.1 (3) 
C(7) 0.1268(8) 0.6252(6) 0.1357(6) 3.5(3) 
C(8) 0.4447(9) 0.2033(8) 0.0704(6) 5.1(3) 
C(10)  0 .2335(6)  0.5772(5) 0.3867(4) 1.5(2) 
C(ll) 0 .2305(6)  0.503l(5) 0.3490(4) 1.7(2) 
C(20)  0 .1930(6)  0.0497(5) 0.1323(4) 1.5(2) 
C(21)  0 .1966(6)  0.1307(5) 0.1633(4) 1.5(2) 
C(30)  0 .5863(6)  0.1020(6) 0.2939(5) 2.2(2) 
C(3 l) 0 .4793(6)  0.1624(5) 0.2835(4) 1.8(2) 
C(40) - 0.1563(6) 0.5366(5) 0.1955(4) 1.6(2) 
C(41) -0.0535(6) 0.4767(5) 0.2144(4) 1.8(2) 
C(Ill) 0.2930(6) 0.6748(6) 0.2777(5) 2.5(2) 
C(112) 0.4351(7) 0.5674(6) 0.3624(5) 3.0(2) 
C(113) 0.3229(7) 0.7526(6) 0.3894(5) 2.9(2) 
C(121) 0.1927(7) 0.5308(6) 0.5214(5) 2.5(2) 
C(122) 0.3837(6) 0.4745(6) 0.4816(5) 2.6(2) 
C(123) 0.2842(8) 0.6612(7) 0.5243(5) 3.6(2) 
C(131) 0.0856(7) 0.7368(6) 0.3248(5) 2.9(2) 
C(132) 0.0343(7) 0.6634(6) 0.4388(5) 2.6(2) 
C(133) 0.1045(7) 0.8047(6) 0.4436(5) 3.3(2) 
C(211) 0.2375(7) 0.1073(6) 0.0030(5) 2.5(2) 
C(212) 0.0424(7) 0.1592(6) 0.0382(5) 2.7(2) 
C(213) 0.1488(7)  -0.0188(6) -0.0143(5) 3.2(2) 
C(221) 0.1316(6)  -0.0553(6) 0.2357(5) 2.1(2) 
C(222) 0.0807(6)  -0.1050(6) 0.1174(5) 2.7(2) 
C(223) -0.0075(6) 0.0766(5) 0.1631(5) 2.3(2) 
C(231) 0 .3903(8)  -0.0420(7) 0.0772(5) 3.4(3) 
C(232) 0.3068(8)  -0.1757(6) 0.0748(6) 3.6(3) 
C(233) 0.3369(6)  -0.1096(6) 0.1930(5) 2.5(2) 
C(311) 0.5493(8)  -0.0084(8) 0.3966(6) 4,2(3) 
C(312) 0.6054(8)  -0.0924(7) 0.2873(7) 4,7(3) 
C(313) 0 .7618(7)  -0.1082(6) 0.3646(6) 3.3(2) 
C(321) 0.6806(7) 0.1593(7) 0.1847(5) 3.2(2) 
C(322) 0.8299(8)  -0.0162(7) 0.2344(8) 5.1(3) 
C(323) 0.6551(8) 0.0073(8) 0.1760(7) 5.3(3) 
C(331 ) 0.6534(7) 0.2367(6) 0.3158(5) 3.0(2) 
C(332) 0.8071(7) 0.0669(7) 0.3655(7) 4.8(3) 
C(333) 0.6147(8) 0.1409(8) 0.4212(6) 4.9(3) 
C(411) -0.2232(7) 0.4014(7) 0.1732(6) 3.8(3) 
C(412) - 0.1633(8) 0.4833(7) 0.0682(5) 3.6(3) 
C(413) -0.3632(8) 0.5618(9) 0.1115(7) 5.7(3) 
C(42 I) - 0.2469(7) 0.4693(6) 0.3028(5) 3.1 (2) 
C(422) - 0.253(1 ) 0.6417(7) 0.3100(5) 4.8(3) 
C(423) - 0.404(1) 0 .628(1)  0.2468(7) 6.7(4) 
C(431) - 0.1409(7) 0.6539(7) 0.0824(5) 3.0(2) 
C(432) - 0.1760(7) 0.7264(7) 0.1986(6) 3.4(3) 
C(433) - 0.3456(8) 0.7404(8) 0.1322(6) 4.3(3) 
O(51)  0 .1214(5)  0.1767(4) 0.4451(3) 4.3(2) 
0(52) 0 .3189(5)  0.4486(4) 0.0604(3) 3.9(2) 
C(51) 0.159(1) 0.0766(7) 0.4616(7) 5.5(3) 

Table 4 (continued) 

x y z B ( ~ )  

C(52)  0 .3961(9)  0.4850(9) 0.0546(8) 7.6(4) 
Co(41)' -0.2771(6) 0.5218(6) 0.2066(5) 1.8(2) a 
Co(42)' - 0.2459(7) 0.6637(6) 0.2220(5) 2.6(2) a 
Co(43)' -0.2127(6) 0.5966(6) 0.1141(5) 1.9(2) d 

a Anisotropically refined atoms are given in the form of the isotropic 
equivalent displacement parameter defined as: (4/3)[aZB(l,l)+ 
b-~B(2,2)+ c2B(3,3)+ ab(cos y)B(I,2)+ ac(cos/3)B(1,3)+ 
bc(cos c~ ) B(2,3)]. 
b M = 0.5Mn +0.5Co. 

Occupancy was 0.87. 
a Occupancy was 0.13. 

H, 1.62; Co, 33.40; Mn, 4.44. IR (KBr, cm-~) :  2108s, 
2042vs, 1538m,br, 1368s, 1336m,sh, 1034w, 1020m, 
751m, 713m, 552m, 530m, 501s, 474w,sh, 465w,sh. 

2.1.5. l F e  2 Co 2 (MeO)  6 ( M e O H )  2 [ (CO)  9 Co 3 CCO 2 }4 ] " 
2 M e O H  (5) 

F e ( C H 3 C O 2 )  2 (0 .2  m m o l ;  0 .035  g) and  
(CO)9Co3CCOOH (0.4 mmol; 0.194 g) were loaded into 
a 100 ml Schlenk flask equipped with a capping rubber 
septum and a magnetic stirring bar. This flask had been 
evacuated and refilled with nitrogen gas several times 
before 15 ml of THF was added to the flask via syringe 
with rapid stirring. The reaction mixture was stirred for 
20 h at room temperature to give a purple solution. THF 
was removed under vacuum and the residual dark-red 
solid was dissolved in 15 ml of  MeOH and stirred for 
15 h at 50 °C to give red-brown precipitates and a purple 
solution. Next the MeOH was removed under vacuum 
and the resulting dark-red solid was dissolved in 10ml 
of THF to give a purple solution. The purple solution 
was layered with 30 ml of MeOH and kept at 4°C for 
several days. Hexagonal plate-like crystals were ob- 
tained in 45% yield based on cobalt. Spectroscopic and 
a n a l y  t i c  a 1 d a t a f o r 
[Fe2Co~(MeO)6(MeOH)2{(CO)9Co 3 CCO2}4 ] .  2MeOH. 
Anal.: calc 'd for C54H34Co~4FezO54: C, 26.12; H, 1.38; 
Co, 33.22; Fe, 4.50; found: C, 25.83; H, 1.61; Co, 
33.30; Fe, 3.94. IR (KBr, c m - I ) :  2109s, 2044vs, 
1580w,br, 1369s, 1336m,sh, 1071w, 1020m,br, 750m, 
715m, 551m, 530m, 502s, 475w,sh, 462w. 

2.2. X-ray  crystal lography 

2.2.1. [Co 2 [(CO) 9 Co 3 CCO 2 }4(THF)2 ] (3) 
A block-like black crystal with dimensions 0.18 × 

0.19 × 0.25 mm 3 was mounted on a glass fiber and data 
were collected with an Enraf-Nonius  CAD4 diffrac- 
tometer equipped with a graphite crystal monochro- 
mated MoKoL radiation. The structure was solved by 
the MULTAN direct methods followed by successive dif- 
ference Fourier syntheses. Full-matrix leasl squares re- 
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Table 5 
Selected atomic distances (~,) and angles (deg) for 4 

M(I) M(2) 3.341(2) M(4) 0(3) 
M(I) M(3) 3.070(1) M(4) 0(4) 
M(I) M(4) 3.056(2) M(4) 0(8) 
M(2) M(3) 3.059(2) M(4) 0(22) 
M(2) M(4) 3.059(2) M(4)  0(32) 
M(3) M(4) 3.347(l) 0(1) C(1) 
M(1) O(1) 2.119(6) 0(2) C(2) 
M(l) 0(2) 2.130(5) 0(3) C(3) 
M(I) 0(3) 2.048(6) 0(4) C(4) 
M(1) 0(5) 2.008(6) 0(5) C(5) 
M(I) 0(11) 2.055(6) 0(6) C(6) 
M(1) 0(31) 2.074(5) 0(7) C(7) 
M(2) O(l) 2.160(5) 0(8) C(8) 
M(2) 0(2) 2.090(7) 0(11) C(I1) 
M(2) 0(4) 2.048(6) 0(12) C(ll) 
M(2) 0(6) 1.984(6) 0(21) C(21) 
M(2) 0(21) 2.047(6) 0(22) C(21) 
M(2) 0(42) 2.081(5) 0(31) C(31) 
M(3) 0(2) 2.055(6) 0(32) C(31) 
M(3) 0(3) 2.132(5) 0(41) C(41) 
M(3) 0(4) 2.146(6) 0(42) C(41) 
M(3) 0(7) 1.986(6) C(IO) C(II) 
M(3) 0(12) 2.059(6) C(20) C(21) 
M(3) 0(41) 2.078(5) C(30) C(31) 
M(4) 0(1) 2.038(6) C(40) C(41) 

0(1) M(1)  0(2) 76.2(2) 0(3) M(1) 
0(1) M(1) 0(3) 84.4(2) 0(3) M(l) 
0(1) M(1)  0(5) 94.6(3) 0(3) M(l) 
0(1) M(1)  0(11) 164.9(2) 0(5) M(I) 
0(1) M(1)  0(31) 87.3(2) 0(5) M(1) 
0(2) M(I) 0(3) 83.9(2) O(ll) M(1) 
0(2) M(1)  0(5) 96.3(2) 0(1) M(2) 
0(2) M(l) 0(11) 89.6(2) 
0(2) M(1)  0(31) 162.3(2) 
0(1) M(2)  0(4) 83,1(2) 0(3) M(4) 
0(1) M(2)  0(6) 95.4(2) 0(3) M(4) 
0(1) M(2)  0(21) 87.9(2) 0(3) M(4) 
0(1) M(2)  0(42) 164.8(2) 0(4) M(4) 
0(2) M(2)  0(4) 84.4(2) 0(4) M(4) 
0(2) M(2)  0(6) 93.7(3) 0(4) M(4) 
0(2) M(2)  0(21) 163.6(2) 0(8) M(4) 
0(2) M(2)  0(42) 90.4(2) 0(8) M(4) 
0(4) M(2)  0(6) 177.8(3) 0(22) M(4) 
0(4) M(2)  0(21) 89.8(2) M(I) 0(1) 
0(4) M(2)  0(42) 88.5(2) M(I) 0(1) 
0(6) M(2)  0(21) 91.8(2) M(1)  0(1) 
0(6) M(2)  0(42) 92.6(2) M(2)  0(1) 
0(21) M(2) 0(42) 104.8(2) M(2) 0(1) 
0(2) M(3)  0(3) 83.7(2) M(4 )  0(1) 
0(2) M(3)  0(4) 82.9(2) M(1 )  0(2) 
0(2) M(3)  0(7) 176.9(2) M(1) 0(2) 
0(2) M(3)  0(12) 88.9(2) M(1 )  0(2) 
0(2) M(3)  0(41) 89.6(2) M(2 )  0(2) 
0(3) M(3)  0(4) 75.7(2) M(2 )  0(2) 
0(3) M(3)  0(7) 94.0(2) M(3 )  0(2) 
0(3) M(3)  0(12) 88.6(2) M(1)  0(3) 
0(3) M(3)  0(41) 163.9(2) M(1) 0(3) 
0(4) M(3)  0(7) 94.6(2) M(1)  0(3) 
0(4) M(3)  0(12) 162.9(2) M(3) 0(3) 
0(4) M(3)  0(41) 89.0(2) M(3)  0(3) 
0(7) M(3)  0(12) 93.1(3) M(4)  0(3) 
0(7) M(3)  0(41) 92.1(2) M(2 )  0(4) 
0(12) M(3) 0(41) 105.9(2) M(2) 0(4) 

2.139(6) 
2.095(5) 
1.968(7) 
2.086(6) 
2.025(5) 
1.445(9) 
1.458(9) 
1.45(I) 
1.45(I ) 
1.43(11 
1.44(1) 
1.46( 1 ) 
1.44(1) 
1.264(8) 
1.29(1) 
1.264(8) 
1.26(1) 
1.26(1) 
1.28(1) 
1.27(1) 
1.27(1) 
1.48(1) 
1.51(1) 
1.50(1) 
1.49(1) 

0(5) 178.9(3) 
0(11) 89.0(2) 
0(3 l) 88.2(2) 
O(111 92.1(2) 
O(31) 91.3(2) 
O(31) 106.1(2) 
0(2) 76.2(2) 

0(8) 95.0(3) 
0(22) 164.2(2) 
0(32) 89.8(2) 
0(8) 95.4(2) 
0(22) 89.5(2) 
0(32) 165.3(2) 
0(22) 93.9(3) 
0(32) 91.1(2) 
0(32) 103.1(2) 
M(2) 102.7(2) 
M(4) 94.6(3) 
C(I) 120.6(6) 
M(4) 93.5(2) 
C(1) 121.2(6) 
C(1) 118.1(5) 
M(2) 104.7(2) 
M(3) 94.3(2) 
C(2) 120.915) 
M(3) 95.1(2) 
C(2) 118.6(6) 
C(2) 117.9(4) 
M(3) 94.5(2) 
M(4) 93.7(2) 
C(3) 117.7(5) 
M(4) 103.2(3) 
C(3) 120.6(4) 
C(31 121.2(51 
M(3) 93.6(2) 
M(4) 95.2(2) 

Table 5 (continued) 

O(1) M(4) 0(3) 84.2(2) M(2) 
O(1) M(4) 0(4) 85.0(2) M(3) 
0(I) M(4) 0(8) 178.9(3) M(3) 
0(1) M(4) 0(22) 87.1(2) M(4) 
0(1) M(4) 0(32) 88.3(2) 
0(3) M(4) 0(4) 76.6(2) 
M(1) 0(5) C ( 5 )  123.1(7). 0(11) 
M(2) 0(6) C(61 123.4(6) O(11) 
M(3) 0(7) C ( 7 )  123.3(6) O(121 
M(4) 0(8) C ( 8 )  121.9(6) O(21) 
M(1) O(11) C(II) 127.7(6) O(21) 
M(3) O(12) C(II) 127.8(5) 0(22) 
M(2) O(21) C(21) 127.1(6) O(31) 
M(41 0(22) C(21) 126.5(5) O(31) 
M(I) O(31) C(3I) 127.9(6) 0(32) 
M(4) 0(32) C(31) 127.5(4) O(41) 
M(3) O(41) C(41) 127.6(4) O(41) 
M(2) 0(42) C(41) 127.7(6) 0(42) 

0(4) C(4)  119.1(61 
0(4) M(4)  104.2(31 
0(4) C(4)  119.7(41 
0(4) C(4)  119.6(41 

C(ll) O(12) 126.5(81 
C(ll) COo) 118.0(71 
C(ll) C(lO) 115.4(61 
C(21) 0(22) 128.2(81 
C(211 C(20) 116.1(81 
C(21) C(20) 115.7(61 
C(31) 0(32) 126.6(71 
C(31) C(30) 117.4(81 
C(31) C(30) 116.0(71 
C(41) 0(42) 126.4(71 
C(41) C(40) 117.1(71 
C(41) C(40) 116.5(91 

finements were employed. All non-hydrogen atoms were 
refined with anisotropic thermal pararneters in the final 
cycles, except for the carbon atoms of THF molecules. 
Additional crystallographic data are given in Table 1 
and coordinates and selected bond distartces and angles 
will be found in Tables 2 and 3. 

2.2.2. [Mn2 C°2(MeO)6(MeOH)2[(CO)9 C°3 CC02 ]4 ] " 
2MeOH (4) 

An X-ray quality, hexagonal-like black crystal of (4) 
was obtained directly by the procedure described above. 
A crystal of dimensions 0.30 × 0.40 × 0 .09mm 3 was 
mounted on a glass fiber with epoxy and data were 
collected at 180 K with an Enraf-Nonius  FAST area-de- 
tector diffractometer with an Mo rotating anode source 
( A = 0 . 7 1 0 7 3 A )  operating at 50kV and 50mA.  The 
area detector to crystal distance was. 40ram, and the 
offset angle of  the area detector was 25 °. The MADNES 
package was employed for cell constant determination, 
image measurement, and intensity data evaluation. The 
X-ray exposure time for each image was 10 s, and a 
total of 2230 images were collected. A total of  35 693 
measured reflections were considered above back- 
ground; after averaging, 20 305 unique reflections were 
available (Rmerg e = 11.0% on intensity). No absorption 
correction was made and the detailed procedures for 
small molecules have been described [125]. The structure 
was solved by the MULTAN direct method in the SDP 
package followed by successive difference Fourier syn- 
theses. Full-matrix least squares refinements were em- 
ployed. The core metals were assigned as disordered 
atoms M = 0 . S M n + 0 . 5 C o  based on the results of  
chemical analysis because refinements as either four Mn 
or four Co atoms did not yield reasonable thermal 
parameters. One of the tricobalt units is also disordered 
and the site occupancy factors for this tricobalt unit 
were set to 0.87 and 0.13 respectively. The final thermal 
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Table 6 
Positional and equivalent isotropic thermal parameters for 5 " 

x y z R (~2)  

M(1) 0 .27849(7)  0.30497(6) 0.33090(5) 2.85(2) b 
M(21 0.10735(7) 0.28300(6) 0.25578(5) 2.88(2) b 
M(31 0.15579(7) 0.45603(6) 0.22768(5) 2.86(2) b 
M ( 4 )  0 .31193(71 0.24747(7) 0.18946(51 2.87(2) ~ 
Co(11) 0.30063(8) 0.65536(7) 0.35936(6) 4.45(3) 
Co(121 0.26059(8) 0.58717(7) 0.46405(6) 4.72(3) 
Co(131 0.12720(8) 0.70091(7) 0.39696(6) 4.90(3) 
Co(21) 0.17233(9) 0.05873(7) 0.04129(61 4.70(3) 
CO(22) 0.11798(7) - 0.00751(7) 0.14225(6) 4.10(3) 
Co(23) 0.29471(81 - 0.06198(7) 0.11242(61 4.40(3) 
CO(311 0.63966(8) -0.01146(8) 0.32884(7) 5.09(3) 
Co(32) 0.69397(8) 0.06932(9) 0.23589(7) 5.26(4) 
Co(33) 0.66994(8) 0.12607(8) 0.34526(6) 5.10(3) 
Co(41) - 0.2423(1) 0.4998(1 ) 0.15942(8) 6.44(4) ~ 
Co(42) -0.26244(9) 0.57890(9) 0.25884(7) 4.19(31 c 
Co(43) -0.21998(9) 0.6459(I) 0.15521(7) 5.15(41 c 
0(1) 0.2533(3) 0.2108(31 0.2794(2) 2.8(1) 
0(2) 0.1305(3) 0.3741(31 0.3099(2) 2.9(1) 
0(3) 0.3029(3) 0.3608(3) 0.2365(2) 2.8(1) 
0(4) 0.1683(3) 0.3436(3) 0.1773(2) 2.9( 1 ) 
O(5) 0.2574(4) 0.2521(31 0.420l(3) 4.4(1) 
0(6) 0.0515(4) 0.2255(3) 0.3280(3) 4.7(1) 
0(7) 0 . 1 7 8 7 ( 4 1  0.5315(3) 0.1506(31 4.5(11 
0(8) 0.3695(4) 0 .2790(4)  0.1052(3) 4.6(1) 
0(11) 0.2721(3) 0.4252(3) 0.3651(2) 3.3(1) 
0(12) 0.1756(3) 0.5342(3) 0.2924(2) 3.4(11 
O(21) 0.1271(3) 0.1814(31 0.1961(21 3.4(1) 
0(22) 0.2799(3) 0.1482(3) 0.1530(2) 3.4(1) 
O(31) 0.4257(3) 0.2182(3) 0.3267(2) 3.6(1) 
0(32) 0.4463(3) 0.1704(3) 0.2259(2) 3.5( 1 ) 
0(41 ) 0.0067(3) 0.5132(3) 0.2163(2) 3.6( 1 ) 
0(42) -0.0256(3) 0.3851(31 0.2309(3) 3.7(1) 
0(111) 0.2802(6) 0.6941(6) 0.2204(4) 10.8(3) 
O(112) 0.5035(6) 0.5193(6) 0.3539(6) 13.6(4) 
O(113) 0.3219(6) 0.8192(4) 0.3993(4) 111.9(2) 
O(121) 0.1428(6) 0.5007(5) 0.5384(4) 9.8(3) 
O(122) 0.4428(6) 0.4204(6) 0.4799(5) 11.9(3) 
O(123) 0.2778(6) 0.7179(5) 0.5479(4) 12.9(3) 
O( 131 ) 0.0474(6) 0.7637(6) 0.2700(4) 1(I.8(3) 
O(132) -0.0299(5) 0.6471(5) 0.4493(4) 9.8(3) 
O(133) 0.0844(6) 0.8781(5) 0.4544(5) 12.8(3) 
O(211) 0.2994(5) 0.1442(5) -0.0223(4) 9.5(3) 
O(212) -0.0098(6) 0.2269(6) 0.0238(4) 11.4(31 
O(2131 0.1612(71 -0.0626(5) -0.0517(41 12.6(31 
O(221) 0.1345(51 -0.0610(5) 0.2802(4) 8.7(2) 
0(222) 0.0733(5) - 0.1505(4) 0.0903(4) 10.8(2) 
0(223) - 0.0759(5) 0.1448(5) 0.1564(41 8.9(2) 
0(231) 0.4639(5) - 0.0228(5) 0.0674(4) 10.1 (3) 
0(232) 0.3304(7) - 0.2334(5) 0.0520(5) 12.9(3) 
0(233) 0.3620(5) - 0.1250(5) 0.2427(4) 9.2(3) 
0(311 ) 0.4917(6) 0.0006(6) 0.4327(4) 12.0(3) 
0(312) 0.5787(6) 0.1189(5) 0.2499(5) 13.2(3) 
0(3131 0.8326(5) -0.1478(51 0.3741(41 9.6(3) 
O(3211 0.6631(6) 0.2433(5) 0.1591(4) 9.8(3) 
0(322) 0.9073(5) - 0.0435(6) 0.2347(5) 13.4(3) 
0(323) 0.6382(7) - 0.0076(6) 0.1341(4) 13.9(31 
0(331) 0.6185(6) 0.3213(5) 0.3090(4) 10.2(31 
0(332) 0.8753(5) 0.0465(5) 0.3818(5) 12.2(3) 
0(333) 0.5666(6) 0.1590(7) 0.4709(4) 13.0(3) 
O(411) -0.1978(6) 0.3144(5) 0.2197(51 11.9(3) 
O(412) - 0.1347(8) 0.4376(8) 0.0398(4) 16.0(5) 

Table 6 (continued) 

x y z B (~2) 

0(413) - 0.4509(7) 0.5633(8) 0.1353(711 23.7(5) 
0(421) - 0.2360(6) 0.4190(5) 0.3491(4) 10.8(3) 
0(422) - 0.1960(8) 0.6730(6) 0.3440(4 b 15.3(4) 
0(423) -0.4760(6) 0.6874(7) 0.2589(6) 16.1(41 
O(431) -0.0918(6) 0.6242(8) 0.0404(4) 13.1(4) 
0(432) - 0.1539(6) 0.7715(51 0.2059(5) 13.1(3) 
0(433) - 0.4211(5) 0.7665(7) 0.1144(5) 15.2(4) 
C(1 ) 0.2908(6) 0.1116(5) 0.3024(41, 3.8(2) 
C(2) 0.0578(5) 0.4207(5) 0.3604(4) 3.7(2) 
C(3) 0.3811(5) 0.3943(5) 0.2261(41 3.9(2) 
C(4) 0.1285(51 0.3607(5) 0.1132(4) 3.8(2) 
C(5) 0.3008(8) 0.2538(7) 0.4786(4) 7.2(3) 
C(6) - 0.0227(7) 0.1927(7) 0.3260(6) 8.9(4) 
C(7) 0.1186(8) 0.6275(6) 0.1321(5) 6.9(3) 
C(8) 0.4494(8) 0.2147(8) 0.0679(5) 8.7(4) 
C(10) 0.2264(5) 0.5828(5) 0.3799(4) 3.2(2) 
C(I 1) 0.2240(5) 0.5080(5) 0.3434(4) 2.9(2) 
C(20) 0.1993(5) 0.0571(5) 0.1290(4) 3.2(2) 
C(21 ) 0.2024(5) 0.1355(5) 0.1625(4) 2.9(2) 
C(30) 0.5814(5) 0.1129(5) 0.2926(4) 3.6(2) 
C(31 ) 0.4776(5) 0.1711 (4) 0.2804(4) 2.8(2) 
C(401 - 0.1537(5) 0.5288(5) 0.2004(4) 3.5(2) 
C(41) -0.0504(5) 0.4710(5) 0.2169(4) 3.3(2) 
C(III) 0.2879(7) 0.6804(6) 0.2747(5) 6.1(3) 
C(1121 0.4234(8) 0.5733(8) 0.3575(7) 8.8(4) 
C(113) 0.3139(7) 0.7556(6) 0.3838(5) 6.7(3) 
C(1211 0.1872(81 0.5368(7) 0.5104(51 7.1(31 
C(122) 0.3716(71 0.4-863(8) 0.4750(5) 7.5(3) 
C(123) 0.2736(8) 0.6646(7) 0.5162(5) 8.4(3) 
C( 131 ) 0.0782(8) 0.7393(7) 0.3198(5) 6.8(3) 
C(132) 0.0297(7) 0.6720(6) 0.4304(6) 7.1 (3) 
C(133) 0.0994(8) 0.8126(7) 0.4322(6) 7.7(3) 
C(211) 0.2499(8) 0.1087(7) 0.0020(5) 6.6(3) 
C(212) 0.0603(7) 0.1605(7) 0.0297(5) 6.7(3) 
C(213) 0.1653(9) -0.0144(71 -0.0146(5) 8.6(4) 
C(221) 0.1290(7) -0.0403(7) 0.2237(5) 6.5(3) 
C(222) 0.0896(7) -0.0941(6) 0.1108(5) 6.3(3) 
C(223) 0.0001 (6) 0.0844(6) O. 1503(5) 5.8(3) 
C(231) 0.3973(7) -0.0404(7) 0.0838(6) 6.7(3) 
C(232) 0.3178(8) -0.1679(7) 0.0771(6) 7.9(3) 
C(2331 0.3375(7) -0.1028(6) 0.1888(5) 6.0(3) 
C(311) 0.5537(8) -0.0069(7) 0.3922(6) 7.9(4) 
C(3121 0.6021(7) -0.0778(7) 0.2818(6) 8.5(3) 
C(3131 0.7578(7) -0.0981(7) 0.3564(6) 6.9(3) 
C(321) 0.6788(7) 0.1750(7) 0.1910(5) 7.0(3) 
C(322) 0.8255(7) 0.0016(8) 0.2331(6) 8.6(4) 
C(323) 0.6609(8) 0.0185(7) 0.1791(6) 8.9(4) 
C(331) 0.6425(7) I).2426(6) 0.3227(6) 7.0(3) 
C(332) 0.7945(6) 0.0800(7) 0.3683(6) 7.5(3) 
C(333) 0.6061(7) 0.1464(8) 0.4233(5) 8.0(3) 
C(411) -0.2196(8) 0.3954(8) 0.1915(6) 9.9(4) 
C(4121 -0.183(1) 0.461(1) 0.0873(6) 11.9(51 
C(413) - 0.3657(9) 1/.539(1 ) 0.1424(91 16.2(6) 
C(421 ) - 0.2486(8) 0.4835(7) 0.3132(6) 7.3(3) 
C(422) - 0.2257(9) 0.6400(7) 0.3092(6) 9.0(4) 
C(4231 -0.3903(8) 0.6457(9) 0.2613(7) 10.1(5) 
C(431) - 0.1464(9) 0.630(1) 0.0855(6) 10.9(5) 
C(432) - 0.1808(8) 0.7245(7) 0.1863(6) 8.0(4) 
C(433) - 0.3423(8) 0.7218(9) 0.1297(7) 10.8(5) 
0(51 ) 0.1280(5) 0.1781(5) 0.4408(3) 7.7(2) 
0(52) 0.3126(5) 0.4522(5) 0.0606(3) 7.2(2) 
C(51 ) 0.164( I ) 0.0794(8) 0.4620(7) 11.0(5) 
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Table 6 (continued) 

x y z B (~z) 

C(52)  0 . 3 8 5 ( 1 )  0 .492(1)  0.0458(7) 12.7(5) 
Co(41)' - 0.2087(8) 0,5795(9) O. 1199(7) 6.6(4) d 
Co(42)' - 0.2673(8) - 0.514(1) 0.2124(7) 7.1 (4) a 
Co(43)' -0.240(1) 0 .653(1)  0.2135(8) 9.7(6) a 

Anisotropically refined atoms are given in the form of the isotropic 
equivalent displacement parameter defined as: (4/3)[a2B(l,1)+ 
b2B(2,2) + c2B(3,3)+ ab(cos 7)B(1,2)+ ac(cos/3 )B(1,3)+ 
bc(cos a)B(2,3)]. 

M = 0.5Fe + 0.5Co. 
c Occupancy was 0.89. 
a Occupancy was 0.11. 

parameters for these disordered atoms were reasonable. 
All non-hydrogen atoms were refined with anisotropic 
thermal parameters in the final cycles. Additional crys- 
tallographic data are given in Table 1 and coordinates 
and selected bond distances and angles will be found in 
Tables 4 and 5, 

2.2.3. [Fe2C°2(MeO)6(MeOH)2[ (CO)gC°3CC02  }4 ] " 
2 M e O H  (5) 

Crystals suitable for X-ray diffraction were grown by 
layering MeOH on top of a saturated CH2C1 " , solution 
of the compound in a 5 mm glass tube with a narrow 
neck, A block-like black crystal with dimensions 0.30 
X 0.25 N 0 .19mm 3 was mounted in a quartz capillary 
with a small amount of mixed CH2CI2-MeOH solvent 
and data were collected at room temperature with an 
Enraf-Nonius  CAD4 diffractometer equipped with a 
graphite crystal monochromator and Mo K c~ radiation. 
The structure was solved by the MULTAN direct method 
followed by successive difference Fourier syntheses. 
Full-matrix least squares refinements were employed. 
The core metal was assigned as disordered atoms, M = 
0.5Fe + 0.5Co, based on the analytical results because 
refinements with either four Fe or four Co atoms did not 
afford reasonable thermal parameters. One of the tri- 
cobalt units was found to be disordered and the site 
occupancy factors for this tricobalt unit were set to 0.89 
and 0.11 respectively. The final thermal parameters for 
these disordered atoms were reasonable. All non-hydro- 
gen atoms were refined with anisotropic thermal param- 
eters in the final cycles. Additional crystallographic data 
are given in Table 1 and coordinates and selected bond 
distances and angles will be found in Tables 6 and 7. 

2.3. Physical measurements  

FT-IR spectra were measured on a Nicolet 205 spec- 
trometer. Mbssbauer spectra of  polycrystalline samples 
of  5 were obtained on a conventional constant accelera- 
tion spectrometer which utilized a room temperature 
rhodium matrix cobalt-57 source and was calibrated at 
room temperature with natural abundance c~-iron foil. 

Table 7 
Selected atomic distances (,~) and angles (deg) :[or 5 

M(I) M(2) 3.267(2) M(3) 0(3) 2.090(4) 
M(I) M(3) 3.090(1) M(3) 0(4) 2.086(5) 
M(I) M(4) 3.096(1) M(3) 0(7) 1.981(5) 
M(2) M(3) 3.097(2) M(3) 0(12) 2.033(5) 
M(2) M(4) 3.095(1) M(3) 0(41) 2.050(4) 
M(3) M(4) 3.271(1) M(4) 0(1) 2.119(5) 
M(1) 0(1) 2.089(5) M(4) 0(3) 2.077(5) 
M(1) 0(2) 2.079(4) M(4) 0(4) 2.063(4) 
M(I) 0(3) 2.125(4) M(4) 0(8) 1.987(5) 
M(1) 0(5) 2.000(5) M(4) 0(22) 2.050(6) 
M(1) 0(11) 2.057(5) M(4) 0(32) 2.028(4) 
M(1) 0(31) 2.049(4) 0(11) C(ll) 1.254(7) 
M(2) 0(1) 2.070(4) 0(12) C(II) 1.268(8) 
M(2) 0(2) 2.068(5) 0(21) C(21) 1.252(7) 
M(2) 0(4) 2.131(5) 0(22) C(21) 1.258(9) 
M(2) 0(6) 1.974(6) 0(31) C(31) 1.271(8) 
M(2) 0(21) 2.036(5) 0(32) C(31) 1.262(9) 
M(2) 0(42) 2.032(4) 0(41) C(41) 1.28(1) 
M(3) 0(2) 2.132(5) 0(42) C(41) 1.256(8) 

0(1) M(I) 0(2) 75.9(2) 0(11) M(I) 0(31) 104.3(2) 
0(1) M(I) 0(3)83.4(2) 0(1) M(2) 0(2) 76.6(2) 
0(1) M(1) 0(5)97.0(2) 0(1) M(2) 13(4) 83.0(2) 
0(1) M(I) 0(11) 163.5(2) 0(1) M(2) 13(6) 96.7(2) 
0(1) M(I) 0(31)88.6(2) 0(1) M(2) 0(21) 88.7(2) 
0(2) M(I) 0(3)84.2(2) 0(1) M(2) 0(42) 163.7(2) 
0(2) M(1) 0(5)96.5(2) 0(2) M(2) 0(4) 83.8(2) 
0(2) M(1) 0(11) 89.7(2) 0(2) M(2) 0(6) 96.7(2) 
0(2) M(I) 0(31) 162.7(2) 0(2) M(2) 0(21)163.3(2) 
0(3) M(I) 0(5) 179.2(2) 0(2) M(2) 0(42) 90.2(2) 
0(3) M(1) 0(11) 87.2(2) 0(4) M(2) 0(6) 179.4(2) 
0(3) M(1) 0(31)86.4(2) 0(4) M(2) 0(21) 86.6(2) 
0(5) M(I) 0(11)92.6(2) 0(4) M(2) 0(42) 86.2(2) 
0(5) M(I) 0(31)92.9(2) 0(6) M(2) 0(21) 92.8(2) 
0(6) M(2) 0(42)94.1(2) 0(4) M(4) 0(32) 163.4(2) 
0(21) M(2) 0(42) 102.8(2) 0(8) M(4) 0(22) 93.9(2) 
0(2) M(3) 0(3)83.7(2) 0(8) M(4) 0(32) 92.7(2) 
0(2) M(3) 0(4) 83.3(2) 0(22) M(4) 0(32) 102.6(2) 
0(2) M(3) 0(7) 179.4(2) M(I) 0(I) IM(2) 103.5(2) 
0(2) M(3) 0(12) 86.7(2) M(I) 0(1) M(4)  94.8(2) 
0(2) M(3) 0(41) 87.1(2) M(2)  0(1) M(4)  95.3(2) 
0(3) M(3) 0(4)75.8(2) M(I) 0(2) M(2) 104.0(2) 
0(3) M(3) 0(7)96.4(2) M(1)  0(2) M(3)  94.4(2) 
0(3) M(3) 0(12) 89.1(2) M(2)  0(2) M(3)  95.0(2) 
0(3) M(3) 0(41) 162.8(2) M(I) 0(3) M(3)  94.3(2) 
0(4) M(3) 0(7)96.1(2) M(I) 0(3) M(4)  94.9(2) 
0(4) M(3) 0(12) 162.7(2) M(3) 0(3) 5/1(4) 103.4(2) 
0(4) M(3) 0(41)88.6(2) M(2)  0(4) M(3)  94.5(2) 
0(7) M(3) 0(12)93.9(2) M(2)  0(4) M(4)  95.1(2) 
0(7) M(3) 0(41)92.6(2) M(3)  0(4) M(4) 104.0(2) 
0(12) M(3) 0(41) 104.9(2) M(1) 0(11) C(I;[) 127.6(5) 
0(1) M(4) 0(3) 83.8(2) M(3 )  0(12) C(II.) 129.5(4) 
0(1) M(4) 0(4) 83.5(2) M(2 )  0(21) (:(2I) 128.5(5) 
0(1) M(4) 0(8) 178.7(2) M(4) 0(22)(;(21) 128.0(4) 
0(1) M(4) 0(22) 85.6(2) M(1)  0(31)(;(31) 129.0(4) 
0(1) M(4) 0(32) 86.3(2) M(4)  0(32)C(31) 129.8(4) 
0(3) M(4) 0(4) 76.6(2) M(3)  0(41) (;(41) 128.4(4) 
0(3) M(4) 0(8) 96.9(2) M(2)  0(42) C(41) 129.6(5) 
0(3) M(4) 0(22)163.6(2) 0(11) C(II) 0(12) 126.3(7) 
0(3) M(4) 0(32) 89.3(2) 0(21) C(21) 0(22) 127.1(7) 
0(4) M(4) 0(8) 97.7(2) 0(31) C(31) 0(32) 125.1(5) 
0(4) M(4) 0(22)89.7(2) 0(41) C(41) 0(42) 125.5(6) 
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The spectra were fit to Lorentzian line shapes by using 
standard least squares computer minimization tech- 
niques. 

Solid state magnetic measurements on powdered 
samples of 4 and 5 were recorded on a Faraday-type 
magnetometer using a Calm RG electrobalance in the 
temperature range 4 .3-300.4K.  The applied magnetic 
field was ca. 1.4 T. Details of the apparatus have been 
described elsewhere [26]. Experimental susceptibility 
data were corrected for the underlying diamagnetism 
using Pascal's incremental system. Corrections for dia- 
magnetism were estimated as - 894 × 10 -6 cm ~ mol J 
f o r 4 a n d  - 8 9 0 × 1 0  6cm 3mol-~ for 5. 

3. Results and discussion 

3.1. Neutral quadruply-bridged M n dimers 

The reaction of M H acetates, M = Mn, Fe, Co with 
(CO)9Co3CCOOH led to the fo rma t ion  o f  
[M11{(CO)9Co3CCO2}2], (1,2,3). We have previously 
reported crystallographically characterized examples of 
this type of cluster metal carboxylate structure for Mo H 
[9] and Cu n [27] and, based on the carboxylate bands in 
the infrared spectra, we formulate the compounds as 
bridged dimers. However, in no case were crystals of 
sufficient quality for a single crystal X-ray structure 

determination obtained by recrystallization. For exam- 
ple, all attempts to recrystallize the nearly insoluble Co 
derivative in various solvents led to either precipitation 
or the isolation of C0110{(CO)9C03CC()2}6 . Fortu- 
nately, as described below, the cobalt derivative was 
isolated and crystallized via an alternatiw~ route and, 
based on inter-comparison of IR spectra, it serves as 
structure proof for all three compounds. 

In examining the reactivity of other metal acetates, 
the reaction of Hg{CH3CO2} 2 with (CO)9Co3CCOOH 
was also carried out. Surprisingly, the reaction leads to 
the isolation of crystalline C02{(CO)9C03CCO2}4(THF)2 
(3) in good yield. The spectroscopic properties of this 
compound are the same as those of the product of 
cluster ligand, metal acetate exchange reaction. The 
solid state structure of 3 (Fig. 1) is similar to that of 
Moll{ ].L-((CO)9C03CCO 2))4{(CO)9CO3CCOOH} 2 [9] 
e x c e p t  for  the r e p l a c e m e n t  o f  the axial  
(CO)9Co3CCOOH ligands with THF. As expected, the 
dimetal carboxylate core of 3 is also very similar to that 
of the known Co It dimers with organic carboxylate 
bridges [28-30]. Infrared spectroscopy suggests that the 
initial product of  the exchange reaction with 
Hg{CH3CO2} 2, which is insoluble in CH2C12, is 
Hg{(CO)9C03CCO2} 2. The product is soluble in THF 
and in solution a slow redox reaction takes place pro- 
ducing Hg metal and a precipitate of X-ray quality 
crystals of 3. 

031 

C12 011 k ~1~ ' )£  32 h 

g ,..,~ t v 
023 C22 021 

'022 

Fig. 1. ORTEP diagram of [C02{(CO)gC03(CCO2)}4(THF)2] (3) with thermal ellipsoids at 40% probability. Note that radii of the carbon and 
oxygen atoms of the CO ligands and the carbon atoms of the THF molecules are set at arbitrary values for clarity. 
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Fig. 2. The ORTEP diagram of  [Mn2Co2(MeO)6(MeOH)2{(CO)gC03CCO2}4] • 2MeOH (4) with 40% thermal elipsoids 

041 

Fig. 3. The ORTEP diagram of  [Fe2Co2(MeO)6(MeOH)2{(CO)9C03CCO2}4 ] • 2MeOH (5) with 40% thermal elipsoids. 
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Table 8 
MiSssbauer spectral hyperfine parameters for 5 

Model T (K) 3 " AE  o F Area 
( m m s  -1 )  ( rams  - l )  ( m m s  i) (%) 

Distribution fit 295 0.37 b 0.90 b 0.24 100 
78 0.49 b 0.93 b 0.24 100 

Doublet fit 295 0.36 1.16 0.43 38 
0.36 0.70 0.43 62 

78 0.49 1.19 0.40 41 
0.49 0.69 0.40 59 

a Relative to room temperature o~-iron foil. 
b Distribution weighted average value for the fixed linewidth. 

3.2. Neutral bridged M2Co 2 cubes 

Attempts to recrystallize [MII{(co)9Co3CCO2}2 ], 
M = Mn, Fe, by layering a THF solution of 
[MH{(CO)9Co3CCO2}z] with MeOH gave rise to crys- 
talline [M ~UCo~(MeO)6(MeOH)2{(CO)9C03CCO2} 4] 
cubes. Moderate yields of the cubes were obtained by 
further optimizing the reaction procedure with the incor- 
poration of MeOH as a reagent as described in Section 
2. These compounds were characterized as follows. 

T h e  m o l e c u l a r  s t r u c t u r e s  o f  
[M~UCo~(MeO)6(MeOH)2{(CO)9C03CCO:}4], M = 
Mn, Fe, are shown in Figs. 2 and 3. Consideration of 
the arrangement of the bridging carboxylates over the 
tetrahedral M2Co 2 metal core shows that two isomers 
are possible, one of which is chiral. Unfortunately, the 
four metal atoms are disordered over the four sites, 
thereby preventing the detection of any isomerism in the 
X-ray diffraction experiment. Further, the diffraction 
experiment did not permit us to locate the hydrogen 
atoms on the MeOH and /o r  MeO ligand fragments. 
Pertinent distances and angles are given in Tables 5 and 
7 and a c o m p a r i s o n  wi th  the va lues  o f  
[Fe nl Fe~l(OMe)5(MeOH)3(OBz)4] [31] as well as closely 
related compounds [32] show that directly related pa- 
rameters are similar. Some of the asymmetries found in 
the [Fem Fe~l(OMe)s(MeOH)3(OBz)4] cube core dimen- 
sions are also found in the structures of 4 and 5 but the 
disorder problem in the present structures does not 
justify discussion. 

The different metal occupancies on the four metal 
sites in the cube core could not be refined and, hence, 
the crystallographic information does not determine the 
metal composition. However, the composition is estab- 
lished as follows. Reproducible metal analyses demon- 
strate that a given cube core contains 50% M and 50% 
Co. Considering the method of synthesis a statistical 
distribution of M n C o 4 _  n species is possible, but this 
would require a fortuitous 1:1 M:Co ratio in the prod- 

~/1111 f ' ~  II uct. The ,--2 ~u2 formulation of the core, which is 
unambiguous in the case of M = Fe, also mitigates 
against a random distribution of mixed metal species. 

The structural parameters associated with the termi- 
nal MeOH or MeO-  ligands bonding to the metal 
centers reflect metal oxidation states. Although the M -  
O - C  angle is uninformative, the M - O  distance is sensi- 
tive to the presence of a proton on the oxygen atom. 
The Fenl-OMe distance is ca. 1.9A (1.94(4)A in 
[FemFe~l(OMe)5(MeOH)3(OBz)4] [31] and 1.812(2)A 
in a five-coordinate porphyrin [33]). Both the Fe n .  
O(H)Me [31] and Fem-O(H)Me [34] distances are con- 
siderably longer, i.e. > 2.1A. The average M - O M e  
distance for the terminal ligands is 1.986(14)A and 
1.987(11)A for 4 and 5 respectively. These observed 
distances are consistent with two terminal MeOH and 
two terminal [MeO]- ligands on a disordered M~]IM'~ 1 
core. However, these data do not permit assignment of 
the metal atoms to the two oxidation states. 

The Mi3ssbauer spectral hyperfine parameters for 5 
are given in Table 8 and the spectrum is ,;hown in Fig. 
4. These parameters are typical of high-spin Fe nl and 
are far from those expected for high-spin Fe n . Although 
the MSssbauer spectral parameters do not rule it out, for 
coordination with oxygen ligands, low-spin Fe H is not 
likely [35]. The temperature dependence of the isomer 
shift and the spectral absorption area yield [36] an 
effective iron recoil mass of 75 g mol-  ~ and a MiSssbauer 
temperature of 180 K, values which are also indicative 
of the presence of high-spin iron(Ill) in the core. There- 
fore, the core of 5 is clearly Fe~Co~ t. Considering the 
similarities in the structures and other data for 4 and 5 it 

• M l l l t - ~  1[ is likely that the former has an mn 2 t~o 2 core. 
The MiSssbauer spectral linewidth is sufficiently large 

that there must be more than a single iron environment. 
The spectrum can be fit with a constant isomer shift and 
a distribution of quadrupole splittings and is nearly 
equally well fit with two symmetric quadrupole dou- 
blets with an approximately 60 to 40% area. ratio. The 
latter fit is consistent with the presence of the two 
isomers of 5 in an abundance that is statistical within 
experimental error. The resulting quadrupole splittings 
represent the extreme values expected for Fe nl sites and 
are reasonable for this oxidation state in the clearly 
distorted coordination environment. 

Magnetic susceptibility data for solid samples of 4 
and 5 were collected in the temperature range 4 .3-  
300.4 K. The data are displayed in Figs. 5 and 6. The 
complexes 4 and 5 are characterized by having high 
room temperature magnetic moments (4: ~%ft = 9.78/x B 
at 300.2K; 5: IXeff = 10.81 /X B at 300.4K) which de- 
crease upon cooling to /Xef f = 3.51 ~B at 4.4 K (4) and 
/Xet.f = 2.98 /X B at 4 .3K (5). The measured effective 
magnetic moments at room temperature agree with the 
[MlnCo~(OMe)4] 6+ formulation of the complex cores. 
The diamagnetic cobalt atoms in the cluster-ligand cause 
only a small contribution to the total magnetic suscepti- 
bility. The observed magnetic behavior is consistent 
with either weak antiferromagnetic coupling overall be- 
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Fig. 4. The Mi3ssbauer spectra of 5 showing a fit with two quadrupole doublets having the same shift but different quadrupole splittings. 

tween the metal centers in the core and S = 0 ground 
states, or with antiferromagnetic interaction between the 
molecules, or with zero-field splitting of the C02+-ions. 

The magnetic characterization of  the molecules is 
very complex because the MH~/CoH-positions could not 
be cystallographically distinguished and because more 
than one coordination-isomer is present. If we try to 
explain the magnetic behavior in terms of only an 
intramolecular exchange interaction for the averaged 
molecule M~ICo~I(OMe)4, we can roughly estimate that 
the exchange parameter J~J defined by H = 
- 2 ~ i , j J i j S i S  j ,  does not exceed - 10cm -1. 
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Fig. 5. Molar magnetic susceptibility data and effective magnetic 
moment vs. temperature for 4. The solid lines result from the best fit 
to the theoretical expression given by van Vleck's equation. 

As a result, the zero-field splitting of  the Co" ions is 
no longer a small perturbation but probably an equiva- 
lent or a dominant part of  the overall interaction. There- 
fore, an interpretation of  the magnetic properties based 
on an isotropic exchange Hamiltonian alone is not 
possible. Alternatively, by introducing the zero-field 
splitting parameters D and E into the equation, a fit of  
the experimental susceptibility data involves too many 
parameters. 

The closely related tetranuclear compounds with 
cubane-like [M4(OMe)4] 4+, M = Fe, Ni, cluster-cores 
show ferromagnetic behavior [31,37]. Often, ferromag- 
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Fig. 6. Molar magnetic susceptibility data and effective magnetic 
moment vs. temperature for 5. The solid lines result f:rom the best fit 
to the theoretical expression given by van Vleck's equation. 
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netic as well as antiferromagnetic coupling takes place, 
e.g. M = Mn, Ni, Cu [32,38-40].  An antiferromagnetic 
interaction is dominant  if the core is composed  o f  
different spin-centers [31,41], as is probably the case in 
this work as well. Note that, in addition to four /x 3- 
methoxy-ligands,  these new compounds  have acetato- 
like bridging ligands which both provide another path- 
way for electronic exchange and cause additional distor- 
tions in the M4(OMe) 4 core. 
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3.3. Origin of  the cluster cubes 

It is known that the (CO)9Co3CR cluster is not stable 
to oxidation [4]. In the case o f  Hg{(CO)9C03CCO2} 2 in 
THF, it appears that Co"  ion and Hg ° are generated by 
oxidation of  some of  the cluster ligands. As the Co El ion 
is generated it is coordinated by intact cluster ligands at 
a rate such that crystalline 3 is precipitated. It is impor- 
tant to note that Co I10{(CO)9C03CCO2} 6 is dissociated 
in THF (but not CH2C1 : )  and, as expected, 3 is readily 
converted i n to  Co110{(CO)9Co3CCO2}6 when solid 3 is 
treated with CH 2C12. This chemistry suggests that when 
redox reactions between the core metal ions and the 
cluster substituent are possible, coordination o f  the clus- 
ter ligand will be fol lowed by subsequent, more com- 
plex, reactions. When 3 is treated with M e O H  a com- 
plex reaction occurs and a compound having a double 
[Co4(OMe)4] cubane structure is isolated. Unfortu- 
nately, there are problems with the structure determina- 
tion due to poor  diffraction and the precise nature o f  
this product remains unknown. However,  these two 
observations suggest that the origins o f  4 and 5 lie in 
similar reaction chemistry. 

S l o w  c l u s t e r  l i g a n d  d i s s o c i a t i o n  f r o m  
[M~{(CO)9Co3CCO2}4] in M e O H  can lead to subse- 
quent cobalt  cluster degradation. The production o f  
cobalt fragments including Co"  f rom cobalt carbonyl  
clusters is known [42]. Oxidation of  the M "  centers, 
perhaps by [Co(CO) 4] radicals, ultimately can yield the 
[M ~n Co~I(MeO)6(MeOH)2{(CO)9Co 3CCO2}4 ] cluster 
cubes. The products isolated suggest that it is the M "  
dimer that sequentially adds two solvated Co"  ions. 
There is only one way of  adding the first but two 
different ways of  adding the second C o "  unit, thereby 
generating the two isomeric forms of  the cube. 

The formation of  the unusual carboxylate-bridged 
mixed-metal  alkoxide cubes reported here can be at- 
tributed to (a) the electronic effects of  the transition 
metal cluster on the basicity of  the coordinating carbox- 
ylate functionality leading to rapid exchange with ac- 
etate, (b) the effect of  the large carbonyl-covered sur- 
face of  the cubes on its solubility, (c) the tendency of  
the tricobalt cluster to act as an in situ metered source 
o f  Co"  ions, and (d) the redox properties o f  the core 
metal ions promoted by a coordinating solvent, e.g. 
MeOH. 
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