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The preparation and properties are described of complexes resulting from the mono- and diprotonation of the
[Co404)*" unit to give products containing [GO3(OH)]>" and [C@O2(OH),]", respectively. Treatment of
[C0404(0O,CCsH4-p-OMe)(bpy)]?+ (bpy = 2,2-bipyridine) in MeCN with 70% perchloric acid leads to isolation

of [C0402(OH),(02CCeH4-p-OMe(bpyul(ClO4)4 (5) in 61% yield. Treatment of [CD4(O.CCeHa-p-Me)(bpyk]>

in MeCN with an acidic solution of (Nis[Ce(NOs)g] leads to isolation of [CgD3(OH)(O.CCsHa-p-Me)(bpy -
[Ce(NGs)g] (6) in 96% yield. CompleX-3MeCN-H,0 crystallizes in monoclinic space gro@2/c with (at —155

°C) a = 33.838(8) A,b = 13.826(3) A,c = 29.944(7) A,p = 98.84(1}, andZ = 8. Complex6:PhCNH,0
crystallizes in orthorhombic space groBpcawith (at—154°C) a = 22.603(4) Ab = 34.759(6) Ac = 18.167(3)

A, andZ = 8. The complexes contain [G02(OH);]8" (5) and [CaOs(OH)]5* (6) distorted-cubane cores, the

sites of protonation being apparent by (i) the approach of,Cl@ [Ce(NQ)g]3~ anions to within hydrogen-
bonding distances (@0 ~ 2.7 A) and (i) the longer CeOH~ bond lengths compared with €®?~ bond

lengths. Peripheral ligation is provided by chelating bpy syl syrbridging RCQ™ groups. The C8 atoms are
six-coordinate and approximately octahedral. Solution studies show that the diprotonated species is a strong diprotic
acid analogous to ¥60y; the first deprotonation goes to completion, but the monoprotonated species is a weak
acid and is in equilibirium with the nonprotonated species. pH studies in aqueous solution yi&lghalpe of

3.15 for the second deprotonation. Electronic aAddNMR spectra of the diprotonated complexes in various
solvents are consistent with the monoprotonated complex being the major species in solution. The combined
results demonstrate that the [{a]** core is capable of acting as a Bransted base, undergoing either one or two
protonation reactions.

Introduction (MeCN)(H20)],8 and [C@04(OH)4(O.CMe)L2](ClO4),,° where
L is a bis-bipyridyl ligand.

In the last several years, we have developed a strong interest The Cq complex contains a [G®4*" cubane core, the first
in 3d metal carboxylate chemistry, as it has become apparentexample of such a species (although additional examples have
that this area represents a rich source of high-nuclearity, oxide-gince been identifie@1%, and this structural motif is also to be
bridged products with interesting structural, spectroscopic, and found in the Cg complexes. In [CgD4(O-,CPh)(MeCN)-
magnetic properties.® The majority of our efforts have been (H,0)], the [CaO4]*" cubane is acting as a quadruple bridge
concentrated in Mn chemistry, and to a lesser extent in V, Fe, 1o four Cd' ions, theus-0%~ ions of the cubane core thus
and Ni chemistry, but we recently also initiated studies in Co becomings.8 In [CogO4(OH)4(O-.CMe)L ]2, the core consists
carboxylate chemistry. In recent reports, we have described howof three face-fused [GO®4]*" cubane units, the central one of
a variety of Co clusters could be obtained spanning nuclearitieswhich is [CqO4 4" and the end faces being [gOH)]
of 2—8 and involving CH or mixed-valence C4Ca" oxidation containing C# ions® Since in both Cg complexes the
levels. Such species have included{O(OH)(O,CMe)(bpy)]- [C0404]4"0?" ions thus retain sufficient basicity to bind to a
(ClO4)2," [C0404(0:CMe)(bpyk](ClO4),” [CogO4(OCPh) Lewis-acidic C4 ion, it was suspected that the [{]4 might
also be capable of undergoing protonation reactions under fairly
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[Co404]*" Cubane Core as a Brgnsted Base

Experimental Section

Syntheses. All manipulations were carried out under aerobic

conditions unless otherwise noted. Reagent grade solvents were used

without further purification. Ammonium cerium (IV) nitrate (Aldrich)
and other common chemicals were used as receive@Oy0,CCsHa-
p-Me)(bpy)](ClO4)2 (1) and [CaO4(O,CCsHa-p-OMe)(bpy)](ClO4)2
(2) were available from previous work® CAUTION: Complexes
containing perchlorate ions are potentially explosive. Handling of only
small quantities and the use of appropriate caution are advised.
[C0402(0OH)2(0O2CCeH4-p-Me)2(bpy)4]Cl4 (3). A solution of com-
plex 1-H,O (0.29 g, 0.21 mmol) in MeCN (25 mL) was slowly treated
with HCI (1.0 mL, 35%) in MeCN (4 mL) with stirring, and a color
change from brown to greenish-brown was observed, followed by the
formation of a black precipitate. The reaction mixture was stirred for
a further 10 min, the solution becoming almost colorless, and the black
microcrystalline precipitate was collected by filtration, washed with
MeCN (4 mL) and copious amounts of THF, and dried under vacuum
for 2 days. The yield was 90% (0.27 g). Anal. Calcd for@@CseHesoNs-
Cly (3-6H,0): C, 46.49; H, 4.18; N, 7.75; Cl, 9.80. Found: C, 46.50;
H, 4.15; N, 7.78; Cl, 9.90. IR data (cf) (KBr pellet): 3407 (m, br),
3075 (w), 3035 (w), 1606 (m), 1584 (w), 1516 (m), 1502 (m), 1472
(m), 1448 (s), 1402 (vs), 1318 (w), 1308 (w), 1246 (w), 1180 (m),
1157 (w), 1107 (w), 1039 (w), 1020 (w), 768 (s), 728 (m), 668 (w),
654 (m), 640 (w), 615 (w), 589 (m), 578 (m), 479 (w), 467 (w).
[C0402(OH)2(O2CCeH4-p-Me)2(bpy)4)(ClO 4)4 (4). A solution of
complex1-H,O (0.10 g, 0.14 mmol) in MeCN (25 mL) was slowly
treated with HCIQ (2 mL, 70%) with stirring, and a color change from
brown to greenish-brown was observed, followed by the formation of
a black precipitate. The reaction mixture was stirred for a further 10
min, and the flask was stored atl5 °C overnight. The black
microcrystalline precipitate was collected by filtration, washed with
MeCN (4 mL) and copious amounts of THF, and dried under vacuum
overnight. The yield was 67% (0.08 g). Anal. Calcd fouG {CsgHssNs-
Cly (4-34,H,0): C, 40.58; H, 3.34; N, 6.76; Cl, 8.56. Found: C, 40.47;
H, 3.38; N, 6.76; Cl, 8.60. The acetate complex{CgOH),(O.CMe),-
(bpy)](ClO4)4 can be made in a similar fashion.
[C0402(0OH)(0,CCeH4-p-OMe)(bpy)4l(CIO 4)4 (5). A solution of
complex2 (0.20 g, 0.14 mmol) in MeCN (30 mL) was slowly treated
with HCIO4 (3 mL, 70%) with stirring, and a color change from brown
to greenish-brown was observed. After 5 min@&¢90 mL) was added,
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Table 1. Crystallographic Data for Complexé&s3MeCNH,0 and
6-PhCNH,0

5 6
formula Ce2HsgN11027ClsC0s  CosHsaN150.7,CauCe
fw, g/mol 1767.75 1829.06
space group C2/c Pbca
a, 33.838(8) 22.603(4)
b, A 13.826(3) 34.759(6)
c, A 29.944(7) 18.167(3)
B, deg 98.84(1) 90
Vv, A3 13842 14273

8 8
T, °C —155 —154
radiation, A 0.710 69 0.710 69
Pealo glcn® 1.697 1.702
u, cmt 11.825 16.344
obsd datak > 30(F)) 5083 4249
R(Ry), % 5.59 (5.72) 8.63 (8.78)

a|ncluding solvate molecule$.Graphite monochromatotR =
1003 (|Fol — |Fel)/3|Fol- “Ry = 100 w(|Fo| — [Fel)¥Xw|Fo[]"2,
wherew = 1/0%(|Fo|).

Molecular Structure Center are available elsewhékénit cell param-
eters are listed in Table 1. Black crystals ®8MeCNH,O and 6+
PhCNH.0 of suitable size (0.1& 0.24 x 0.45 mm and 0.2& 0.26

x 0.26 mm, respectively) were affixed to glass fibers using silicone
grease and then transferred to goniostats and cooled te1&6 °C

for characterization and data collection.

For 5:3MeCNH,O, a systematic search of selected regions of
reciprocal space yielded a set of reflections that exhibited monoclinic
diffraction symmetry (2h). The systematic extinction dfkl for h +
k=2n+ 1,h0l forh=2n+ 1, andl = 2n + 1 identified the possible
space groups &2/c or Cc. The choice of the centrosymmetric space
group C2/c was confirmed by the subsequent successful solution and
refinement of the structure. A total of 11 095 reflections (including
standards) was collectedt-f, +k, +l; 6° < 6 =< 45°) and data
processing gave a unique set of 9089 reflections and a residual of 0.075
for the averaging of 1169 reflections measured more than once. Plots
of four standard reflections measured every 300 reflections showed no
significant trends. No absorption correction was performed. The initial
stages of the structure solution were carried out using the full data set.

and the flask was stored in the freezer overnight to produce a crystalline 11,4 crystal structure was solved using SHELXS-86, and most of the

solid. This was collected by filtration, washed with THF and&t
and dried under vacuum overnight. The yield was 61% (0.14 g). Anal.
Calcd for CaO3¢CseHseNsCls (5:4H,0): C, 39.60; H, 3.32; N, 6.60;
Cl, 8.35. Found: C, 39.64; H, 3.33; N, 6.61; Cl, 8.44.
[C0403(OH)(OQCCGH4-p-Me)2(bpy)4][Ce(N03)5] (6) Method A.
A solution of (NH,)[Ce(NGs)g] (0.55 g, 1.00 mmol) and NANO; (0.10
g, 1.25 mmol) in HO (30 mL) was treated with #D, (5 mL, 50%),
and the reaction mixture was boiled. The initial yellow solution slowly
became colorless. After 2 h, the concentrated solution (2 mL) was
cooled to room temperature and added to a solution of conipt&;O
(0.21 g, 0.15 mmol) in MeCN (30 mL) to give a dark olive green
precipitate, the mother liquor becoming almost colorless. After 15 min,
complex6 was isolated by filtration, washed with copious amounts of
MeCN, and dried under vacuum. The yield was 96% (0.25 g). Anal.
Calcd for CaCeQysCseHsoN14 (6:2H20): C, 38.57; H, 2.95; N, 11.24.
Found: C, 38.47; H, 2.89; N, 11.21.

Method B. A solution of complexi-H,O (0.035 g, 0.025 mmol) in
PhCN/EtOH (7/10 mL) was layered with a solution of (NHiCe-
(NO3)¢] (0.02 g, 0.04 mmol) in EtOH. After two weeks, large black
crystals were formed, and a sample for crystallography was kept in
contact with the mother liquor. The bulk crystals were collected by
filtration, washed with EtOH, and dried under vacuum. The yield was
90% (0.04 g).

X-ray Crystallography. Data were collected on a Picker four-circle
diffractometer at ca—155 °C; details of the diffractometry, low-

atoms of the cation and the four anions were located in the initial
solution. The remaining atoms were located in several iterations of least-
squares refinement and difference Fourier map calculation. Several
hydrogen atoms were located in a later difference map, notably H(1)
and H(2) on O(7) and O(8). The full-matrix least-squares refinement
was completed using anisotropic thermal parameters on the atoms of
the cation and anions, isotropic thermal parameters on solvent atoms,
and fixed, idealized hydrogen atoms on the cation, with the exception
of H(1) and H(2), which were refined using isotropic thermal
parameters. The fin&t(F) was 0.056 using 5083 reflections considered
observed by the criterioR > 3.00(F). For the full data set, thB(F)
was 0.083. The total number of variables was 952, and the refinement
was carried out in a cyclic fashion owing to the large number of
variables. Atoms O(7) and O(8) are hydrogen-bonded to oxygen atoms
0(82) and O(85) in two of the anions. The asymmetric unit also contains
solvent molecules: there are three MeCN molecules, two of which are
disordered (one badly, modeled as a cluster of C atoms), ardDa H
molecule with partial occupancy (25%); the formulatisrBMeCN
H.O was assumed for calculations of formula weight, density, etc. The
final difference map was essentially featureless, the largest peak being
0.67 e/R near a C atom of the badly disordered MeCN molecule. Final
R (Ry) values are listed in Table 1.

For 6:PhCNH,0, a selective search of a limited hemisphere of
reciprocal space revealed a primitive orthorhombic cell. Following
complete intensity data collection-f, +k, +I; 6° < 6 < 45°), the

temperature facilities, and computational procedures employed by the conditionsk = 2n for Ok, 1 = 2n for h01, anch = 2n for hkO uniquely

(13) Dimitrou, K.; Brown, A. D.; Streib, W. E.; Christou, G. Manuscript
in preparation.

(14) Chisholm, M. H.; Folting, K.; Huffman, J. C.; Kirkpatrick, C. @worg.
Chem.1984 23, 1021.
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Scheme 1 (Cl---O = 2.972(15) and 2.924(15) A), suggesting these oxygen
-~ atoms to be protonated (i.e., OHons) and the core to be
(C0LOAOAOL o ep-Me)(boV)uICl () [Co40,(OH),])8". Unfortunately, only one other Clion was
unambiguously identified with 100% occupancy in the lattice,
1+ Hol the fourth expected Clbeing disordered between two positions,
each with 50% occupancy; it was recognized that such partial-
occupancy Ci ions could not be unambiguously distinguished

[C0404(0,CCeHy-p-Me)y(bpy)al(CIO4), (1) — from H_zo_groups, and notW|thstand|ng the high C_ZI ele_mental
analysis, it was concluded that unequivocal confirmation of a
[C0404(0;CCeH-p-OMe),(bpy)l(CI04), (2) [C0o40,(OH),(O,CR)(bpy)]** tetracation would require prepa-

ration of a salt with a more securely identifiable anion.

The use of an MeCN solution of concentrated (70%)
perchloric acid for protonation of proceeded analogously,
giving a black precipitate of in 67% yield. Large crystals could
be grown from unstirred solutions maintained at room temper-

10r2+HCIO, [Ce(NOg)el”
"

.

[C0402(OH),(02CCgH4-p-Me),(bpy)4l(ClO04) 4 (4)

[C040,(OH);(0,CCeHy-p-OMe),(bpy)4l(CIO4), (8) ature, but these were found to be poor diffractors of X-rays.
Thus, the carboxylate group was varied, and use of the
[C0405(OH)(0,CCqHa-p-Me)y(bpy)olICe(NO2)g] (6) p-methoxybenzoate (anisate) compRgave the corresponding

complex5, which was more soluble in MeCN and required

determined the space group Rlsca Data processing gave a residual addition of E}O for pryStalllzatlon' bIE_:le crystals grown fro”?
of 0.041 for the averaging of 1241 unique intensities that had been @1 MECN/E]O layering were found suitable for crystallographic
observed more than once. Four standard reflections measured everptudies, and the latter (vide infra) provided unequivocal
400 reflections showed no significant trends. No correction was made confirmation of the formula 05 to be [CQO,(OH)x(OCCeHa-

for absorption. The structure was solved using a combination of direct p-OMe)(bpyk](ClO4)4 and, by implication, that o3 to be
methods (MULTAN78) and Fourier techniques. The positions of the [C0402(OH),(0,CCsHs-p-Me)o(bpy)u]Cls. The double-protona-

Ce and Co atoms were obtained from an initial E-map, and the positions tjon reaction is summarized by eq 1. The protonated complexes
of the remaining non-hydrogen atoms were obtained from subsequent

iterations of least-squares refinement and difference Fourier map

calculation. There is a large amount of disorder in the [Cejy& [C04O4(02CR)2(bpy)4]2+ +2H —

anion, and the 18 oxygen atoms were modeled as 12 full-weight atoms [C0,0,(OH),(O,CR),(bpy), 4]4+ 1)

and 12 half-weight atoms. In addition, one of the toluate ligands is

undergoing some disorder resulting in large thermal parameters and o ) )

rather poor distances and angles for that group. There are also solven8—5 are stable in air once isolated, although it should be noted
molecules present but only at partial occupancy: a moleculgt$f@N that prolonged contact & (24 h) with the highly acidic mother
refined to an occupancy of about 1/2 and the oxygen atom of a water liquor caused conversion of the black crystalline solid to a green
molecule refined to an occupancy of about 2/3. These occupancies werepil, with the appearance of colorless crystals, probably bipyri-
then fixed for the final refinement cycles. Only a few of the hydrogen  dinjum chloride(s). Crystals o8 and 5 growing slowly in
atoms were observed; hydrogen atoms bonded to carbon atoms Wergayerings were therefore isolated and washed as soon as they
included in fixed, calculated positions with appropriate weights and were judged large enough for crystallographic studies.

with thermal parameters fixed at one plus the thermal parameter of the

atom to which they were bonded. In the final cycles of refinement, the A monoprot.onated. complex was also prepared. After pre-
non-hydrogen atoms in the cation and Ce(77) were varied with liminary experimentation, two procedures were developed, both
anisotropic thermal parameters, and the remaining non-hydrogen atomsmploying the trianionic [Ce(N§)]*~ ion to favor precipitation
involving the disordered anion and the solvent were varied with Of the tricationic (i.e., monoprotonated) [gas(OH)(O.CR)-
isotropic thermal parameters. The fir{F) was 0.086 for the 851  (bpy)]3" ion from solutions likely containing [C@®4]*",
variables refined using 4249 data wkh> 30(F). The largest peak in [Co403(0OH)]>, and [CaO(OH);]¢" species in equilibrium.
the final difference map was 2.8 effocated 1.3 A from Ce(77)inthe  Thus, addition of acidic [Ce(N§)]3~ solutions, generatein

disordered anion. Fina& (R,) values are listed in Table 1. situ by reduction of [Ce(N@)g]2~ with H,O,, were added to
MeCN solutions ofl to rapidly precipitate sparingly soluble
Results [C0403(OH)(O,CCeHa-p-Me)(bpy)][Ce(NOy)] (6) in essen-

tially quantitative yield (96%). An alternative method, which
also gave single crystals suitable for X-ray crystallography,
involved diffusive mixing ofl and [Ce(NQ)e]?~ solutions in
PhCN/EtOH and EtOH, respectively; the'Ces slowly reduced
under these conditions, giving slow formation 6f Both
methods can be summarized by the general eq 2; note that no
mineral acid was employed, the preparations taking advantage
of the inherent acidity of [Ce(Ngs]*" solutions.

Syntheses.The transformations to be described are sum-
marized for convenience in Scheme 1. Initial protonation
experiments were carried out using Oa(O,CCsHa-p-Me),-
(bpy)u](ClOy)2 (1) and concentrated (35%) aqueous hydrochloric
acid. Acidification of stired MeCN solutions of gave a
noticeable color change from brown to greenish-brown, followed
by formation of a black microcrystalline precipitate in 90%
yield. Elemental analysis of vacuum-dried material was con-
sistent with the formulation [C®,(OH)x(O.CCsHa-p-Me),-
(bpy)]Cl4 (3), the double-protonation being suggested by the [Co404(OZCR)2(bpy)4]2+ + [Ce(NOy)]
Cl analysis fitting a Co:Cl ratio of 1:1. Confirmation of the
doubly protonated nature of the product was sought by X-ray
crystallography, and suitable crystals were grown by diffusive
mixing of MeCN solutions oflL and aqueous HCI. The crystal Description of Structures. Labeled ORTEP plots of the
structure of 3-:2MeCN8H,O showed two Ct ions within cation of5 and the cation/anion pair &are shown in Figures
hydrogen-bonding distance of two [go] core oxygen atoms 1 and 2, respectively; the former includes two of the four £10

2— te
+HF

[Co,05(OH)(O,CR),(bpy),][Ce(NOy)¢] (2)
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Table 2. Selected Interatomic Distances (A) and Angles (deg) for
Complex5

Co(1)-Co(2) 2.859(2) Co(2yN(21) 1.903(8)
Co(1)-Co(3) 2.748(2) Co(2)N(32) 1.951(8)

Co(1)-Co(4) 2.930(2) Co(3)0(5) 1.871(6)
Co(2)-Co(3) 2.912(2) Co(3)0(7) 1.975(6)
Co(2)-Co(4) 2.753(2) Co(3)0(8) 1.959(6)
Co(3)-Co(4) 3.060(2) Co(3)0(59) 1.881(6)
Co(1)-0(5) 1.861(6) Co(3)N(33) 1.916(7)
Co(1)-0(6) 1.913(6) Co(3)N(44) 1.953(7)
Co(1)-0(7) 1.958(6) Co(4y0(6) 1.874(6)
Co(1)-0(57) 1.912(6) Co(4)0(7) 1.958(6)
Co(1)-N(9) 1.960(7) Co(4Y0(8) 1.973(6)
Co(1)-N(20) 1.913(7) Co(4Y0(69) 1.885(6)
Co(2)-0(5) 1.898(6) Co(4yN(45) 1.910(7)
Co(2)-0(6) 1.857(6) Co(4yN(56) 1.975(7)
Co(2)-0(8) 1.944(6) O(7r0(82) 2.69(1)

Co(2)-0(67) 1.910(6) 0(8Y0(85) 2.71(1)

O(5)—Co(1)-0(6) 80.79(25) O(6)Co(1)-0(7) 80.18(25)
O(5)—Co(1)-0(7) 86.22(26) O(6yCo(1)-0O(57) 171.07(26)
O(5)-Co(1)-0O(57)  93.39(26) O(6)yCo(1)-N(9) 99.32(27)
O(5)-Co(1)-N(9) 175.1(3) O(6yCo(1)-N(20) 100.7(3)
O(5)-Co(1)-N(20) 92.3(3) O(7yCo(1)-0O(57) 92.75(25)
O(7)—Co(1)-N(9) 98.7(3) O(5r-Co(3)-N(33) 91.8(3)
O(7)-Co(1)-N(20) 178.1(3) O(5)yCo(3)-N(44) 173.8(3)
i ) o O(57-Co(1)-N(9) 87.1(3) O(7)-Co(3)-0(8) 77.77(25)
Figure 1. ORTEP representation at the 50% probability level of the O(57)-Co(1)-N(20) 86.2(3) O(7¥Co(3)-0O(59)  92.63(25)
[(30402(0H)2('C)2(3C6H4-p-0Me)z(bpy)z;]‘H cation _of complexs and the N(9)—Co(1)-N(20)  82.8(3) O(7>Co(3-N(33) 177.0(3)
two CIO{ anions hydrogen-bonded (dashed lines) to the@ﬂbups._ 0(5)-Co(2)-0(6) 81.26(25) O(7Co(3)-N(44) 99.9(3)
For clarity, only one carbon atom of eapkmethylbenzoate group is 0(5)-Co(2)-0(8) 80.81(26) O(8YCo(3)-0(59) 169.39(27)
shown. O(5)—Co(2)-0(67) 171.12(26) O(8)Co(3)-N(33) 102.9(3)
O(5)-Co(2)-N(21) 99.9(3) O(8yCo(3)-N(44) 97.0(3)
O(5)-Co(2)-N(32) 98.6(3) O(59-Co(3)-N(33) 86.4(3)
O(6)—Co(2)-0(8) 86.10(26) O(59)Co(3)-N(44) 89.07(28)
O(6)—Co(2)-0O(67) 93.51(26) N(33)Co(3)-N(44) 82.9(3)
O(6)-Co(21y-N(21) 91.8(3) O(6)Co(4)-0O(7) 81.16(25)
O(6)-Co(2)-N(32) 174.7(3) O(6)Co(4)-0(8) 84.83(25)
O(8)—Co(2)-0O(67) 91.72(25) O(6)Co(4)-0O(69) 94.12(25)
O(8)—Co(2)-N(21) 177.6(3) O(6)yCo(4)-N(45) 92.1(3)
O(8)-Co(2)-N(32) 99.1(3) O(6yCo(4)-N(56) 174.0(3)
O(67)-Co(2)-N(21) 87.4(3) O(7yCo(4)-0(8) 77.85(25)
O(67)-Co(2)-N(32) 87.3(3) O(7yCo(4)-0(69) 169.30(27)
N(21)-Co(2)-N(32) 83.0(3) O(7y-Co(4)-N(45) 102.0(3)
O(5)—Co(3)-0(7) 85.44(25) O(7rCo(4)-N(56)  97.55(28)
O(5)—Co(3)-0(8) 81.09(26) O(8yCo(4)-0(69) 92.22(26)
O(5)—Co(3)-0(59) 93.76(26) O(8)Co(4)-N(45) 176.9(3)
O(8)—Co(4)-N(56) 100.71(28) Co(HyO(6)—Co(4) 101.4(3)
O(69)-Co(4)-N(45) 87.7(3) Co(2yO(6)—Co(4) 95.11(26)
O(69)-Co(4)-N(56) 88.1(3) Co(1)O(7)-Co(3) 88.63(25)
N(45)—Co(4-N(56) 82.4(3) Co(1yO(7)-Co(4) 96.86(27)
Co(1}-O(5)—Co(2)  99.01(27) Co(3)O(7)—Co(4) 102.14(28)
Co(1}-O(5)—Co(3)  94.85(27) Co(2)O(8)—Co(3)  96.54(27)
Co(2-0O(5)—Co(3) 101.2(3) Co(2yO(8)—Co(4)  89.33(27)
Co(1}-0O(6)—Co(2) 98.61(26) Co(3)O(8)—Co(4) 102.2(3)

bpy on each metal and two carboxylate groups each bridging a
Co, pair in their familiarsyn,synmanner. Core oxygen atoms
O(7) and O(8) are protonated as evidenced by (i) the close
approach of two CI@Q™ anions to hydrogen-bonding distances
(O(7)++0(82) = 2.69(1), O(8)--0(85) = 2.71(1) A), and (ii)

the longer Ce-O bonds to O(7) and O(8) (1.944(6).975(6);
average 1.961 A) than to O(5) and O(6) (1.85K5)913(6);
Figure 2. ORTEP representation at the 50% probability level of ayerage 1.879 A). The latter property causes a large distortion
[C0:05(OH)(O,C CeHa-p-Me),(bpy)|[Ce(NOs)e] showing the hydrogen  of the [CqO,] core, with the Co(3)}-Co(4) separation, which
bond (dashed line) between the anion and the @roup. is bridged by the two OH groups, being noticeably longer
anions. Selected interatomic distances and angles are listed if(3.060(2) A) than the other GoCo separations (2.748(2)
Tables 2 and 3. Complea3MeCNH,0 crystallizes in mono- 2.930(2) A). The core consequently has virt@a) symmetry
clinic space groupC2/c, with the asymmetric unit containing and the aniorC, symmetry, theC, axis passing through the
an entire cation, four CI© anions, and solvent molecules. The midpoint of, and perpendicular to, the Cof3)(7)—0O(8)—
structure of the cation consists of a central JOg{OH),]¢" Co(4) plane.

distorted cubane core; each '€ds in a distorted octahedral Complex6-PhCNH,0 crystallizes in monoclinic space group
environment, and peripheral ligation is provided by a chelating Pbca with the asymmetric unit containing a complete cation/
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Table 3. Selected Interatomic Distances (A) and Angles (deg) for

Dimitrou et al.

Table 4. Comparison of Core Structural Parameters (A) for

Complex6 Complexesl, 5, and6
Ce(77)-0(78) 2.59(3) Co(1-0(57) 1.939(12) [Cos04*"  [COsO3(OH)[5t  [C0sOx(OH)]5*
Ce(77x0(80) 2.40(6) Co(LyN(9) 1.901(20) parameter (0] (6) 5)
Ce(77)-0(82 2.72(3 Co(1rN(20 1.924(17
CeE??)tOE84g 2.74%33 COE;,ogs) ) 1.882%13; Col-Coz 28500 2879 28222
Ce(77)-0(86) 2634(19)  Co(2)O(6) 1.862(14) gor-cos 290 498 oo 4E 43 2'9308
Ce(77)-0(88) 2.750(16) Co(2)0(8) 1.939(12) ComnCos > 865(2 > 88814 2912(2
Ce(77)-0(90) 2594(25)  Co(2)O(67)  1.941(13) gozmcos 2'663(2) 2'710( 4) 2'753(2)
Ce(771-0(92)  2.65(4) Co(2)N(21)  1.902(17) Coz-Cod 28 458 2'933E 4% 3'0608
Ce(77)-0(94) 2.717(24) Co(2N(32) 1.940(17) Col05 1877(6) 1897(13) 1861(6)
Ce(77)-0(96) 2.78(5) Co(3Y0(5) 1.871(13) C°2_05 18056 1'882(13 1893(6
Ce(77)-0(98) 2595(22)  Co(3)0(7) 1.877(14) S0 os 1'878(6) 1-871(13) 1-871(6)
Ce(77y-0(100)  2.571(23)  Co(3)0(8) 1.932(12) o390 1'891(6) 1'893(13) 1'913(6)
Co(1)-Co(3) 2.675(4) Co(3)0(59)  1.890(14) oo 1'873(6) 1-862(1 4) 1-857(6)
Co(1)-Co(2) 2.870(4) Co(3}N(33)  1.964(17) coz-o0 e 4(6) 1-868(13) 18 4(6)
Co(1)-Co(4) 2.844(4) Co(3yN(44) 1.908(19) Coz,og 1'877(6) 1'939(12) 1.944 6( :
Co(2)-Co(3) 2.888(4)  Co(40O(6)  1.868(13) o o 1877 L) R
Co(2)-Co(4) 2710(4)  Co4)0(7)  1.881(13) o308 18900) 1o FCrtd
Co(3)-Co(4) 2.933(4) Co(4Y0(8) 1.929(13) S8 es 4(6) 1-871(13) 3 95(87
Co(1)-0(5) 1.897(13)  Co(4)0(69)  1.967(13) Col-o7 L87a0 187013 19080
Co(1)-0(6) 1893(13)  Co(4)N(45)  1.924(17) gt 1'893553 1'881&33 1'95823
8‘(’5(3)12_0%?) %2%%1()13) Co(4yN(56)  1.964(18) Vcube (%)  6.869 7.006 7.297
0(5)-Co(1)-0(6) 80.1(6) O(6)Co(2)-O(67) 93.1(6) a Distances involving OH ions. The labeling scheme is
O(5)-Co(1)-0(7) 86.3(6) O(BYCo(2-N(21)  93.2(7) Co3—_ g
O(5)-Co(1)-0(57)  93.1(6) O(6YCo(2)-N(32) 174.8(7) (H,ch v
O(5)-Co(1)-N(9)  177.9(6) O(8%Co(2-0(67)  93.2(5) ‘ d ‘
O(5)-Co(1)-N(20)  97.9(7) O(8}Co(2)-N(21)  176.0(6) %5 —co2
0(6)-Co(1)-0(7) 81.2(5) O(8YCo(2-N(32)  97.2(6) Colq
0(6)-Co(1)-0(57) 172.6(6) O(67ACo(2)-N(21)  90.8(6)
0(6)-Co(1)-N(9) 97.9(6) O(67)-Co(2)-N(32)  90.0(6)
O(6)-Co(1)-N(20)  99.2(6) N(21}Co(2)-N(32) 82.7(7) ) . o
O(7)-Co(1)-0(57) 95.5(6) O(5)Co(3)-0(7) 86.9(6) 6 but the difference being undoubtedly real. Similarly - 6o
O(7)—Co(1)-N(9) 92.6(7) O(5)-Co(3)-0(8) 81.6(5) separations bridged by O(8) are slightly longer (average 2.844
8%;)7—)_08(2—)?’52(8)) 1;5-?((;) 8((3;208)):8((2%) gig((%) A) than the rest (average 2.796 A). The combined data clearly
o : o : point to 6 containing a monoprotonated core. The virtual
88)7_%(:%?{)1_%,\:2'2%?) gg:ig% 8%%288?2%;1) 1;8:28((53 symmetry of the core is noWs, with the mirror plane passing
O(5)-Co(2)-0(6) 81.3(6) O(7¥Co(3)-O(59)  96.5(6) through Co(1), O(7), O(8), and Co(2); the complete cation has
0O(5)-Co(2)~0(8) 81.2(5) O(7>Co(3-N(33) 178.2(7) C; symmetry.
CCrCMITSCy am Scamen AR Comparson of e [CO0L O (=0, 12
—%0 . 0 : Cores. The [Cq04] cubane core has now been structurally
ggggiggg)):g((gf) gg'gggg 8%%2883:“83 18(1)'(1)% characterized at three different protonation levels-(, 1, 2),
0(59)-Co(3)-N(33) 83:4(5) 0(69) Co(4)-N(45) 85_'3(6) and it is of interest to compare changes in structural parameters.
O(59)-Co(3-N(44) 86.6(7) O(69rCo(4-N(56)  89.2(6) In Table 4 are compared €eCo and Ce-O distances for
N(33)-Co(3)-N(44)  80.9(8) N(45)1-Co(4)-N(56)  82.5(7) complexesl, 5, and6. Co+-Co distances il conform to the
858:288;:8&8 gé-g% gggggg:gg% gg-igg; virtual D core symmetry, with the axis passing through
0(6)—Co(4)-0(69) 93'2(6) Co(2yO(5)—Co(3) 100'6(6) the opposite faces bridged by the two RC@roups (Figure
O(6)—Co(4)-N(45) 91.7(7) Co(1}0(6)-Co(2) 99.7(6) 3); these faces contain noticeably shorter-@0o separations
O(6)—Co(4-N(56)  173.4(7) Co(LyO(6)—Co(4) 98.3(6) (2.663(2), 2.666(2) A) than the other faces (2.845@B65(2)
O(7)—Co(4)-0(8) 79.2(5) Co(2)0(6)—-Co(4) 93.2(6) A). All Co—0 distances are essentially the same (by the 3
8(;):%0(2)—8(22) igg-g(g) SO(?g(;):SO(i) gé-é(g) criterion), but very slight differences consistent wibpg
08_ ng 4)):N§56; 96.9((6)) Cg((3:)} 08_ Cg§ 4; 102 6((6)) symmetry are nevertheless noticeable:—Cbdistances parallel
0(8)~Co(4)-0(69) 92'_5(5) Co(2}0(8)-Co(3) 96:5(5) to the S; axis appear slightly longer (1.890¢6).895(6) A;
O(8)-Co(4)-N(45)  177.3(6) Co(2YO(8)—Co(4) 89.0(5) average 1.892 A) than those perpendicular (1.863(5380(6)
O(8)—Co(4)—N(56) 99.1(6) Co(3)0(8)—-Co(4) 98.9(6) A average 1.875 A). Double protonation to give the cor® of

causes one face to enlarge dramatically, as described earlier,

anion pair and solvent molecules. The structure of the cation and the virtual core symmetry to b, with the C, axis

consists of a central [GO3(OH)]*" distorted cubane core; as

perpendicular to th&, axis of 1 (Figure 3). The Ce-O distances

for 5, each C# is in a distorted octahedral environment, with separate into four types, consistent with, symmetry, with
peripheral ligation provided by a total of four chelating bpy the calculated averages giving the ordex b > c ~ d. Note

and two bridging RC@™ groups. Only one core oxygen atom

that small differences in thigansinfluences of bpy vs RCO

is protonated, namely O(8), and this is hydrogen-bonded to a are evident, and more precise comparisons uGgesymmetry

nitrate oxygen atom, O(89), from the [Ce(B)¢)3~ anion
(O(8)--0(89)= 2.72(1) A). The conclusion that O(8) is a OH
atom is supported by the distances within the core: a$for
Co—0(8) bonds are noticeably longer (1.929(%3)939(12) A)
than other Ce-O bonds (1.862(141.897(13) A), the range
overlapping by the 3 criterion due to the large esd values for

are unwarranted (the core more closely approxim@gsIn
essence, all CoOH~ bond lengths are noticeably longerl.94
A) than Co-02~ bond lengths. The GeCo separations show
a related variation, and note that the two,@airs bridged by
RCQO, are still the shortest in the core (Co{#Co(3) and
Co(2)--Co(4)).
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Figure 3. Cores of complexe (top) and5 (bottom) indicating the
position of theS, and C; rotation axes; the dashed lines indicate the
Co; pairs bridged by RC® groups. Forl, s = short,| = long; for5,

a~ b> c~ d. The labeling scheme fd&in Figure 1 is employed for
both drawings.

For complex, the monoprotonation and resulting virtu2J
core symmetry lead to several types of-G0 distance, with
the Co-OH- distances being the longest .929(13) A) and
readily assignable. CoCo separations again show a shortening
of two trans Co---Co pairs bridged by RCO groups. The

volumes of the three cores represent a convenient, single 3

parameter with which to gauge the net effect of the protonations,

and it can be seen that mono- and diprotonation cause increases

of 0.137 and 0.428 A respectively, corresponding to ap-
proximately 2.0 and 6.2% increases compared \ith
Solution Studies.The acidic conditions required to generate

the mono- and especially the diprotonated forms suggested that

redissolution of the isolated [GO2(OH)x(O2CR)(bpy)u]*" and
[Co403(OH)(O.CR)(bpy)u]®™ complexes should give fairly

acidic solutions, and this was found to be the case. For example,

a 5.00x 102 M aqueous solution of compleXat 25°C has
a pH of 2.26+ 0.01. A strong monoprotic acid such as HGIO
would give a pH of 2.30 at this concentration. This indicates

Inorganic Chemistry, Vol. 38, No. 8, 1999839
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Figure 4. Electronic spectra of [CO4(O.CCsHa-p-Me)a(bpy)](ClO4)2
(1; solid line) and [CqO2(OH)2(OH),(O2CCsH4-p-Me)2(bpyul(ClO4)4
(3; dashed line) in MeCN.

Table 5. *H NMR Chemical Shift Data for Complexesand 6

com-

plex  solvent J(RCO) o(bpy)

CDCN 2.0 (s, 6H), 6.56

(d, 4H), 6.62 (d, 4H)

7.23 (t, 8H), 8.30 (t, 8H),
8.70 (d, 8H), 9.06 (8H)

D,O 1.85(s, 6H), 6.35  7.19 (t, 8H), 8.22 (t, 8H),

(d, 4H), 6.50 (d, 4H)  8.42 (d, 8H), 8.64
(d, 8H)

CD:OH  2.02 (6H), 6.50 (4H), 7.38 (8H), 8.41 (8H),
6.58 (4H) 8.90 (16H)

(CD3);SO 1.94 (6H), 6.26 (4H), 7.16 (8H), 8.30 (8H),
6.57 (4H) 8.50 (8H), 8.95 (8H)

(CD3);SO 1.93 (6H), 6.29 (4H), 7.17 (8H), 8.32 (8H),
6.58 (4H) 8.51 (8H), 8.97 (8H)

240.02 ppm; approximately 5 mM concentrations.

as1 and 2 have a characteristic visible peak in the 4420

that the doubly protonated complexes are analogous to diproticnm rang€/*3 and this is shifted to higher energies for the

strong acids such as;HOs, as summarized in eq 3; that is, the

Ka
[Co,O,(OH)P" + H =
[Co,0,]* +H (3)

[Co,0,(OH),] & —

di- and monoprotonated forms are strong and weak acids,
respectively. The low pH of the solutions is consistent with the
first deprotonation occurring to completion, and this conclusion
is also supported by the spectroscopic data described léder (
infra). To chararcterize the acid dissociation constégt for

the second deprotonation in eq 3, pH titrations with 0.1 M NaOH
were carried out on 8.7k 10* M aqueous solutions of
[C0402(OH)x(O,CMe)(bpy)](ClO4)4. Multiple determinations
gave aKj value of 7.1(8)x 1074. This corresponds to aa.

protonated species, appearing as a shoulder in the 30 nm
region in a variety of solvents, including,8, MeOH, and
MeCN. The spectra for compléxand its nonprotonated version
2in MeCN are compared in Figure 4. The spectra of diproton-
ated species in ¥D are essentially unchanged on addition of 1
equiv of NaOH, supporting the main species present in solutions
of the diprotonated complex to be the monoprotonated complex.
The solvent and concentration dependences are consistent with
an equilibrium between mono- and nonprotonated species, with
the former being the dominant species in solution.

As a further probe of the solution behaviéif NMR spectra
were recorded for complex&s-6. The diprotonated complexes
all exhibit Doq solution symmetry on théH NMR time scale.
The line widths of the resonances are dependent on the solvent
employed, however, and representative data for complex

value of 3.15(5), making the monoprotonated cluster comparablefour different solvents are presented in Table 5. Figure 5 shows

in acid strength to 4-nitrobenzoic acid (3.41), iodoacetic acid

the spectrum for3 in CDsCN and DO, together with the

(3.12), and chloroacetic acid (2.85). The predominant speciesspectrum for the nonprotonated versidnin CDsCN for

in solutions of the mono- and diprotonated complexes is thus
the monoprotonated form.
The electronic spectra of compl8xthe most soluble of the

comparison. The spectrum 8fin D,O exhibits the narrowest
peaks, and the resonances in{CN are slightly broader. In
CDsOD, the resonances are all too broad to clearly show

diprotonated species, in various solvents reflect the presencesplitting from spin-spin coupling. These data indicate that

of the transformations in eq 3; the spectra are slightly solvent-

exchange of H between the four oxide ions in the [gDy]

and concentration-dependent. The nonprotonated species suchore, and between the latter and fregoHgroups, is fast on the
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Figure 5. 300 MHz 'H NMR spectra of [CgO4(0,CCsHa-p-Me)- Figure 6. 300 MHz variable-temperaturdH NMR spectra of
(bpy)4](C|O4)2 (1) in CDsCN (tOp), and [C@z(OH)z(OzCCﬁHrD-Me)z- . : FH
b Cla (3) in CD-CN (middl d BO (bottom): b= b > [C040,(OH)(OLCCsH4-p-Me)a(bpy)]Cl4 (3) in CDsOD at the indicated
ga%)glylgt(e)’gi solf/ent (imlpuri(teizesan (bottom): b= bpy, c= temperatures: b= bpy, c= carboxylate, *= solvent impurities.
H .NMR. time S(_:ale, leading to effecti\mgf, symmetry for the Discussion
cations in solution. The exact rate of this exchange would be - " o
expected to be solvent-dependent. The identity of the solvent  The ability of the [CaO.]*" core to be prOtszliit_ed indicates
will also influence the relative proportions of the species in the that even when bridging three Edions, theus-O" ions retain
equilibrium of eq 3. In an attempt to slow the exchange rate, Significant basicity. This is consistent with the previous observa-
variable-temperature studies were performed3dn CDzOD tion that these oxide ions of the [(0,]** core can also attach
(Figure 6): as the temperature is lowered, the peaks broadenfo CO* centers and give [GO4(O.CPh)AMeCN)(Hz0)].° The
and then decoalesce to give a spectrum 25 °C that contains first protonation is rather facile, but the second requires strongly
many more bpy resonances than at°@s (>8, although the acidic conditions, precluding any further protonations.
exact number is difficult to determine) and, more importantly, ~ A search of the structural literature reveals no previous
two p-Me resonances (of the toluate groups)dats 2. This structurally characterized examples of {B4-(OH) cubane
spectrum is consistent with the monoprotonated species, whoseinits forx =1, 2, or 3. There are, however, many examples of
Cs symmetry (Figure 2) will give twop-Me signals and a  complexes with a [M(OH).] cubane core, the vast majority of
maximum of 16 bpy signals if the His localized on one & these being organometallic with formulation J{@H),(CO)2]
ion on thelH NMR time scale. The nonprotonateB.{) and (M = Mn,15 Rel5¢16 Crl” Mo, W19, [Mo4(OH)s(CO)s-
diprotonated C,) (Figures 1 and 3) species are both expected
to give a singlegp-Me resonance and only four bpy resonances (15) g)SgH(Erbr;,CEJ Sns?\/é, l\/é E-: Zeleney,SP-Zﬁust- Jtl-(CfS"Al%gh%,

H . 0opp, S. b.; Subramanian, S.; Zaworotko, M. am. em.
and ocannot thus be re_sp(_)nS|_bIe for the obser_ved spe_c'_[rum at So0c.1992 114, 8719. (c) Copp, S. B.; Holman, K. T.; Sangster, J. O.
—75°C. The VT behavior in Figure 6 thus provides additional S.; Subramanian, S.; Zaworotko, M.1.Chem. Soc., Dalton Trans.
support for the monoprotonated complex being the main species 1995 2233. (d) Clerk, M. D.; Copp, S. B.; Subramanian, S.;

i i i i i Zaworotko, M. J.Supramol. Cheml1992 1, 7.
obtained on dissolution of the diprotonated complexes, with the (16) (@) Nuber, B.. Oberdorfer, F.. Ziegler, M. Acta Crystallogr., Sect.

effective Doy symmetry at room temperature being due to fast B 1981, 37, 2062. (b) Breimair, . Robl, C.; Beck, W. Organomet.
H* exchange on théH NMR time scale. The latter is also Chem.1991, 411, 395. (c) Copp, S. B.; Subramanian, S.; Zaworotko,
evident in the!3C{'H} NMR spectrum of3 in CD;OD, where M. J. Angew. Chem., Int. Ed. Endl993 32, 706.

- .~ (17) McNeese, T. J.; Mueller, T. E.; Wierda, D. A.; Darensbourg, D. J.;
only 10 resonances are observed, five from the bpy and five Delord, T. J.Inorg. Chem1985 24, 3465.

from the carboxylate groups. Solution studies on the mono- (18) (a) Marsh, R. EActa Crystallogr., Sect. BL995 51, 897. (b)

protonated comple® have been hampered by its low solubil- ?geggrgglrgé%; Brorson, M.; Minelli, M.; Skov, L. Kinorg. Chem.
ity: it is only 5|gn|f|c§1ntly soluble in DMSQ, and itH NMR 19) @) Albano, V. G.. Ciani, G.. Manassero, M. Sansoni, M.
spectrum (Table 5) is broader than that in 0ID. The same Organomet. Chent972 34, 353, (b) Lin, J. T.. Yeh, S. K. Lee, G.

spectrum is obtained on dissolution ®br 4 in (CD3),SO. H.; Wang, Yu.J. Organomet. Chenl989 361, 89.
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(NO)4],2° [Pta(OH)sMei 2], 2* [Cds(OH)a(CoFs)a], 2 [Rua(OH)a(Cs-
Mes)4],2% and [Ru(OH)4(CsHe)4],2* with formal metal oxidation
states of M or M", except for the Pt complexes, which are
formally PtV. Several other complexes, within coordination

Inorganic Chemistry, Vol. 38, No. 8, 1999841

A maximum of two H can be added under the conditions
employed to date and with the [@04(O,CR)(bpy)]?" com-
plexes available. Although no tri- or tetraprotonated derivatives
have been obtained, this may be due to charge buildup, and

cluster chemistry, are however more related to those in the further protonations might prove to be possible with negatively

present work. These are [{OH)4(TPA)s(CFS03)5]2t (TPA
= tris(2-pyridyl)amine?® [Cus(OH)4(bpy)]*",26 [Nis(OH)s-
(TAC)4*t (TAC = 1,3,5-triaminocyclohexanéy, and [Ni-
(OH)4(py)a(TT)4] (TT = 1,3-thiazolidine-2-thionatd®® all con-
taining M?* ions.

Conclusions

The [CqO4*" core has been found to be capable of
undergoing protonation reactions to yield isolable derivatives.

(20) Albano, V.; Bellon, P.; Ciani, G.; Manassero, M. Chem. Soc. D
1969 1242.

(21) (a) Spiro, T. G.; Templeton, D. H.; Zalkin, Anorg. Chem1968§ 7,
2165. (b) Preston, H. S.; Mills, J. C.; Kennard, C. HJLOrganomet.
Chem.1968 14, 447. (c) Cowan, D. O.; Krieghoff, N. G.; Donnay,
G. Acta Crystallogr. Sect. BL96§ 24, 287.

(22) Weidenbruch, M.; Herrndorf, M.; Schaefer, A.; Pohl, S.; SaakJW.
Organomet. Cheml989 361, 139.

(23) Suzuki, H.; Kakigano, T.; Igarashi, M.; Usui, A.; Noda, K.; Oshima,
M.; Tanaka, M.; Moro-oka, YChem. Lett1993 1707.

(24) Gould, R. O.; Jones, C. L.; Robertson, D. R.; Tocher, D. A,;
Stephenson, T. AJ. Organomet. Chenl982 226, 199.

(25) Dedert, P. L.; Sorfell, T.; Marks, T. J.; Ibers, J.1Aorg. Chem 1982
21, 3506.

(26) Sletten, J.; Sorensen, A.; Julve, M.; Journauxinérg. Chem199Q
29, 5054.

(27) Aurivillius, B. Acta Chem. Scand. Ser.1®77, 31, 501.

(28) Ballester, L.; Coronado, E.; Gutierrez, A.; Monge, A.; Perpinan, M.
F.; Pinilla, E.; Rico, T.Inorg. Chem.1992 31, 2053.

charged complexes such as JO(O.CR)(L)4]% (L = an
anionic chelate), but these are currently unavailable.

The diprotonated complex is a strong acid, whereas the
monoprotonated complex is a weak acid with kK, pf 3.15,
similar to, for example, iodoacetic acid (3.12). In this regard,
the diprotonated complex is akin to sulfuric acid. Thus, it would
be expected that the monoprotonated species would be the main
species in solution, and this is indeed consistent with available
spectroscopic data.

The combined results in this and previous work suggest that
the [CaO4]*" core should be capable as acting as an inert central
kernel on which can possibly be added a variety of Lewis acidic
ions, such as the CCoand H' ions already employed. Such a
route to controlled aggregation of mixed-metal clusters of
controllable composition and structure might be useful to
possess.
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