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Olation and Structure 

MICHAEL ARDON 
Department of Inorganic and Analytical Chrmistrv, 

The Hebrew Universiry. 
Jerusalem, Israel 

Key Words: olation. H,Oz-bridging iigand 

Formation of 01 or p-(OH) bridging ligands between metal atoms 
as in 

(H,O)jM(H,O)n + (HO)M(H20)s(’i + - (H20)sM(OH)M(H,0)\2”-’~+ + H 2 0  
(1) 

is known as olalion. The reaction of olation plays a key role in 
precipitation of metal hydroxides from aqueous solution by OH- 
ions and in subsequent “aging” of these precipitates. The decrease 
in solubility occurring during these processes is due to structural 
changes in these species. Heavy metal hydroxides are not mono- 
nuclear, as the formulation M(OH), implies, but consist of poly- 
nuclear networks of metal atoms bridged by p(OH) “01” or p-(0) 
“0x0” ligands. ’ The insolubility of metal hydroxides, which in- 
creases with aging, is the result of these structures. The primary 
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polynuclear species formed in solution are of low molecular weight 
and extreme solubility. such as thc "diol" of Fe(II1). 

(H,O) ,Fe(OH),Fe(H20): + + 1 H  ,() 

The diols may not be separated from the mononuclear and other 
related species in solution becausc of the rapid equilibration of ( 2 )  
and similar reactions. 

Notable exceptions are the hydrolytic products of Cr( H 2 0 ) %  ' 

which are relatively stable kinetically, and may bc separated b y  
ion exchange chromatography.' Species such as the '6chroniic 
dimer" (H20),Cr(oH),Cr(HzO)~ + . the "trirner." "tetramer." 
"pentamer" and "hexamer"' were separated from aqueous solu- 
tion and served as a basis fur some interesting views on the nature 
of the aging processes.'"' But even in the favorable case o f  Cr(I11). 
the extreme solubility and relative lability of the hydrolytic species 
make their isolation as crystalline salts cxtrcmcly difficult. The 
only species isolated so far a s  ii single cryst;il and studied by  
X-rxy diffractionJc was 

[ (FIIO),Cr( OH),Cr(OH2),] [((  H,C);C,,HSO,], . 4H,O 

The lower solubility and higher kinetic stability of hvdroxoriquu 
ummzne.~ o f  Cr(III), Co(III), Rh(III), etc. make them more suit- 
able than the  corresponding aqua ions for detailed studies o f  the 
mechanism of olation. 

Formation of diols from hydroxoaqua metal ammines by heating 
their salts, e.g., 

I 1 0  
2[Co(NH,),(H20)(0H)]C12 - 

[(NH,), Co(OI€),Co(NH,),]Cl, * 2H,O (3) 

was studied at thc bcginning of this ccntury mainly by Werner and 
Pfeiffer.' Werner noted that only cis-hydroxoaqua complexes olate 
as in (3) at temperatures of 100-15o"C while the f r a m  isomers do 
not react before they decompose. at higher temperature ( >2.SO°C). 
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He made use of this difference, as a classical tool, to distinguish 
between cis and tram isomers of these complexes and their deriv- 
atives. 

Olation of hydroxoaqua complexes also occurs in aqueous so- 
lution. Reactions such as 

2[Cr(et1),(H,O(O€1)]~ ' (en),Cr(OH),Cr(en),]4+ 2H,O (4) 

are reversible in solution. The equilibrium may be shifted to the 
left by increasing the H f  concentration 

[(en),Cr(OH),Cr(en),1"+ + 2H,O + 2H' 

-+ 2[(en)2(Cr(H20),]3+ ( 5 )  

Springborg6 studied the de-olation reaction of this d id  and proved 
that i t  proceeds in two steps: in the first, rclatively fast, step a 
mono-ol is formed. In the second, much slower, reaction the sec- 
ond p-OH bridge is broken and the mononuclear hydroxoaqua 
ion formed: 

H2O + [(en),Cr(OH),Cr(en)Z]4+ 

A ,  
- I  [(HO)(en),Cr( OH)Cr( en)2(€l,0)" ' 

H,O + [ (OH)(eq),Cr(OH)Cr(en )z(H20)]4+ 

-- [Cr(en),(H20(OH)]2 + 7- 
(6b) 

k ,  

The intcrrnediate mono-01 accumulates in the solution since k ,  
>> k, and may be isolated as a solid salt.' The structure of one 
mono-ol was determined by a single crystal X-ray study.' 

Single crystal X-ray studies of chromium(II1) and cohalt(I11) 
hydroxoaqua complexes, conducted since 1983,x-11 shed new light 
on the mechanism of olation reactions, especially the solid state 
reaction. It was established that the structures of the so-called 
hydroxoaqua ions differed considerably from thcir classical for- 
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mulation. These ions are not mononuclear species with distinct 
hydroxo and aqua ligands: the trarzs “hydroxoaqua” ion consists 
of a 01 nuclear chain of metal atoms separated by approximately 
5.7 A. They are linked to each other by 1130< ligands (Fig. 1 ) .  
Cis hydroxoaqua ions are, in fact, dimcrs in which two metal atoms 
(appr, 5.0 A apart) are bridged by two H?O, bridges as in Fig. 2.  
The H302 bridging ligand is formed by means of a hydrogen bond 
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FIGURE 2 The cis-dimer [(pic~),Cr(H,O,),Cr(pico)~]'' . Reprinted with permis- 
sion from Journal of the American Chemical Society [Ref. lo]. 

between a hydroxo ligand of one metal atom and an aqua ligand 
of the other metal atom. This centered H-bond is very strong (-100 
kJ) and short (<2.50 A) and makes a distinction between an OH 
ligand and an H20 ligand, meaningless in most of these com- 
pounds. 

On the basis of these structures, a two step mechanism for the 
solid state olation reactions of cis hydroxoaqua complexes was 
proposed'": 

H €1 
I 

H 
11 
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H t1 

H I I  
I l l  

This mechanism offers a solution to the classical problem of oia- 
tion: Why do only cis isomers olate and trans isomers do not? This 
difference in reactivity is due to the much lower activation energy 
required for olation of the cis isomer (reaction (7)), as the following 
consideration shows: In reaction (7) one water molecule is elimi- 
nated and the distance between the metal atoms shrinks from 
5.0 A to 3.8 A. In this reaction one M - 0  bond and one strong 
H-bond have to be broken. This is also truc for the wcond stcp 
(reaction (8)). Olation of a t ram isomer would require the breaking 
of an additional H-bond: One M-O bond and two H-bonds have 
to be broken in order to form a mono-ol by climination o f  a w;ttcr 
molecule and decreasing the separation of the metal atoms from 
5.7 A t o  3.8 A .  

t i  
0 M- -0 

, 

This additional H-bond energy ( --J 100 k J )  increases the activat~on 
energy for olation of a trails isomer and therefore prevcnts its 
occurrence at temperatures at which the cis isomer reacts (100- 
1SOOC). At higher temperatures decomposition occurs. The ability 
o f  the c i s  isomers to olate is thus ascribed to their dimeric, double 
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bridged structure. In other words, a cis isomer that does not have 
this structure may not olate. Such an irregular cis complex was 
indeed prepared.13 This complex cis-a[Cr(p~o),(H,O)(OH)]S,0~ 
(pic0 = 2-picolylammine) consists of a polynuclear chain of Cr 
atoms linked by asymmetric H-bonds between the O H  and H,O 
ligands of neighboring Cr atoms. 13b This compound does not olate 
even at 200°C13a and decomposes at higher temperatures. In order 
to double-check whether the inability of this cis complex to olate 
was due to its irregular chain structure, another salt of the same 
complex ion was prepared-the i0dide.l" This salt ,  cis- 
a[Cr(pico),(H,0)(OH)]12 . H 2 0  was found to have a normal dou- 
ble-bridged, dimeric structurelo and should be formulated as 
[(pico),Cr(H,O2),Cr(pico),lI, * 2H,O. When this iodide was heated 
to 140"C, olation occurred. The different reactivity of this pair of 
cis complexes strongly supports our mechanism of olation (reac- 
tions (7) and (8)). The fact that no detectable quantities of the 
mono-ol are produced during the solid state olation is due to its 
very small steady-state concentration-as a result of its slow for- 
mation rate (reaction (7)) and faster decomposition rate (reaction 
(8)). This difference in rates of reaction (7) and (8) may be ex- 
plained by comparison of the structure of the hydroxoaqua dimer 
I with that of the mono-ol intermediate I1 (the data for the 
mono-ol are taken from Springborg's results' for cis[(en),Ir(OH) 
(H30,)Ir(en)2](S206)3 . C10, . 2.75 H,O). The most stable con- 
figuration of the H302 bridging ligand is attained by a maximum 
separation of the two positive metal atoms. This maximum sepa- 
ration is approximately 5.7 A and exists in the polynuclear chain 
of the trans isomer, in which the spatial relationship of the two 
M - 0  bonds of the M-0-H-0-M bridge is "anti" (Fig. 3(a)). 

M 
I 

H'O\(+ 

I 
M 

0 b 
FIGURE 3 (a) Anti and (b) gauche configurations of H,O,. 
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In the cis dimer such an arrangement is not possible. Its double- 
bridged structure requires a twisted "gauche" configuration (Fig. 
3(b)) with a torsional angle of 60" to 90". As a result of this some- 
what strained configuration of thc cis dimer, the separation be- 
tween the metal atoms decreases to approximately 5.0  A. The 
highest strain exists in the mono-ol structure IT: its k-(OH) bridge 
imposes a very short M . . . M separation of approximately 3.8 A .  
As a result, the twisted M-0-H-0-M bridge is almost planar.' 
with a dihedral angle between the two M - 0  bonds of only 7.4". 
The destabilization of the mono-ol brought about by this strained 
structure is expected to decrease the activation energy of reaction 
(8), compared to that of (7). and make i t  faster."."' 

Let us now turn to the steric course of the olation reaction in 
the solid state. In chirai complexes such as cis[Cr(en),XY]" , which 
exist as a recemic mixture of A and A enantiomers. two configu- 
rations of the double-bridged dimer are possible: a ineso ( A .  1) 
a n d  a racemic (AA.11 A )  configuration. Both configurations exist. 
The [(eii),Co(H,0,),(Co(en),](S2OJ dimer has a meso (A.:\) 
configuration" while [ (p i~o) , (Cr (H ,0 , )~Cr (~~ ico )~] I~  7 H 2 0  h a s  21 

raceinic (AA,AA)  configuration"' with (AA)  and (!\I\) dimen in 
the crystal lattice. On the basis of o u r  two step olation mechanism 
one would expect a retcntion of  this configuration in reactions (7) 
and (8). Therefore evidence for this reaction scheme would he 
strengthened if a meso dimer indeed yielded a meso diol and ;I 

racemic dimer. a racemic diol. This conclusion was tested in the 
following way: The raccmic [(pico),(Cr( H,O,),Crfpico),]I, 3H,O 
complex was heated to 140". the powdered diol product w a s  dis-  
solved in water and crystalized from solution as the dithionate 
[(pi~o)~Cr(OH)~Cr(pico)~](Szo,), . 2 4 H,O. A single crystal X- 
ray study of this diol proved that i t  consists oT racemic pair5 of 
(AA)  and ( A  A )  diols as expectcd. ' I '  An objection to the validity of 
this test could be raiscd: T h c  diol was first dissolved and then 
recr ys t alize d from solution ; the re fo re iso m c r i za t ion co u 1 d cv e 11 - 
tually take placeinsolution. The factthat the finalcryst~ilwasr~tcemic 
does not prove that thc primary powdered diol. produced b!. hei\t- 
ing, had thc same configuration. I n  order 10 eliminatc this unccr- 
tainty, another procedure was (iced: meso ( A .  1 
[ (en),Co( H,0,)2Co(en),J(Sz0,), was olated hq' heating to 130' a n t 1  
an X-ray diffraction spectrum of the powdered diol was recorded. 
The powder was then dissolved in water and recrystallizecl from 
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solution. The structure of a single crystal obtained in this way was 
determined and found to have a meso configuration, just as the 
reactant had. The data from this single crystal were used to sim- 
ulate a powder diffraction spectrum and this was compared to the 
spectrum obtained experimentally from the powdered diol before 
it was dissolved. The two spectra were identical, thus proving the 
meso structure of the primary diol product.'l 

Olation in solution may proceed by a similar two step mechanism 
as olation in the solid state, namely by reaction (7) and (8), but 
evidence is in this case only partial and some of it ambiguous. The 
mechanism of the second step, which involves the mono-ol-diol 
equilibrium in solution, is well established and conforms to reaction 
(8). Springborg proved that the mono-ol, with one (p-OH) and 
one (p-H,OJ bridge, exists not only in the solid state but also in 
solution. In fact, evidence for very strong H-bonding between the 
OH- and H,O ligands of the mono-ol in solution" was discovered 
long before it was found in the solid state.' This evidence is based 
on the unusual difference between pK,, (0.67) and pKa7 (7.94) of 
(H,0)(en),Cr(OH)(en),H,0)5+. This difference points to a high 
stabilization of the species (HO)(en),Cr(OH)Cr(en),(H20)S + and 
is caused by a very strong H-bond between the terminal O H -  and 
H,O ligands. 

The evidence for the existence of the first step, i.e., reaction (7) 
in solution, is on more shaky grounds. The first question to be 
asked is: Do dimers of hydroxoaqua ions exist in solution? The 
answer was provided by Three Phase Vapor Tensiometry (TPV?')? 
Dimers do exist in concentrated solutions of the cis isomer, but 
not in solution of the trans isomer. Titration of 
Cr(bipy),(H,O); + by OH- in a saturated Ra(NO,), solution proved 
that the number of chromium particles decreased during the de- 
protonation of the first aqua ligand and increased again as the 
second aqua ligand was deprotonated, as is expected by 

+ 20H- --f (bipy),Cr(H,O,),Cr(bipy)$+ + 2H,O 

+ 2 0 H -  + 2Cr(bipy),(OH); + 2H,O 
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Ilowever, dimerization is not complete and a monomer-dimcr 
equilibrium exists in moderately concentrated solutions (-0.1 M). 
In very dilute solutions the concentration of the dimer is negligible. 
Similar TPVT mcasuremcnts showed n o  evidence for association 
of the trans isomer even in concentrated solution." The  difference 
between the stability of the cis and t m i s  dimers was ascribed to 
thc chelate effect which stabilizes the former. The  existence of  a 
monomer-dimer equilibrium of the cis isomer in solution raises 
the possibility that reaction (7) takes place in solution. This niech- 
anism is supported by an early kinetic study of Grant  and Hanim" 
on the olation of ci.s-Cr(C,O,),H,O(OH)'~. They found that ola- 
tion is second order in dilute solutions and first order in concen- 
trated solutions. This change of order with concentration is a direct 
result of a monomer-dimcr equilibrium. In his recent study'i o n  
olation of Rh(en),(H,0(OH)2+. Springborg pointed out two al- 
ternative reaction schemes for the first step o f  olation i n  solution: 

H H H H 
0-H-0 0- H-- 4 1 

OH 

I 1  I (7a) 

He tends to prefer the  scheme (7b), with a non-El-bondcd tran- 
sition state, but prcsents no firm evidence which may cnable a 
clear decision between these alternative paths. 

The  mechanism of reaction (7) is only one o f  the unsolved prob- 
lems of olation in solution and in the  solid state. Another inter- 
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csting question concerns the reactivity of the double-bridged cis- 
dimer. While it is true that only double-bridged dimers may olate 
in the solid state, we observed that not all of these dimers do, in 
fact, olate. In other words, the existence of a double-bridged dimer 
is a necessary but not sufficient condition for olation. Complexes 
such as me~o-[(phen),Cr(H,O~)~Cr(phen),lBr, . 4 H 2 0  or meso- 
[(bpy),Cr(H,O2),Cr(bpy)~](S20,),(NO,), . 2 H 2 0  o r  racemic 
(AA,AA)-[(bipy)2Cr(H,02)2Cr(bipy),l(N03)4 * 2H20  do not olate 
at elevated temperatures, although they have a regular, double- 
bridged structure." This failure to react may be due to some spe- 
cific differences in the reactivity of certain racemic and meso mono- 
01s. Such a difference was observed in one case by Springborg." 
The racemic-meso isornerization in solution may explain the fact 
that the hydroxoaqua dirners mentioned above olate in solution,' ' 
although they fail to do so in the solid state. 

Another problem, which may be intimately linked with the for- 
mer, concerns the steric course of olation: Is retention of the con- 
figuration (meso or racemic) a general feature of the solid state 
olation reaction? While the evidence reported here supports this 
generalization, it does not prove it .  The remarkable stability o f  
the racemic mono-ol [(en)2Cr(OH)(H,0,)Cr(en),lBr, . H,O, com- 
pared to that of the meso-isomer,6 may be a good starting point 
for further studies of the steric course of olation. 

A reaction related to olation is "ammine-olation," i.e., forma- 
tion of a pamido bridge by condensation of NH, from an ammino- 
amido complex, e.g., 

2(Pt(NH3)5(NH2)]3+ 3 (NH,),Pt(NH2)2Pt(NH,):+ t 2NH, (9) 

V 

The existence of an ammine analogue of H,O;, namely an 
H,N; bridging ligand was suspected on the basis of the remarkable 
acidity of V (pK, = 1.9, compared to p K ,  = 7.0 of 
Pt(NH3);ZC).l6 T h e  stabil ization of the  deprotonated dimer 
[(NH2)(NH,),Pt(NH,)2Pt(NH,),]5 + was attributed to  a very strong 
H-bond between the terminal amido and ammine ligands of the 
two Pt atoms, i.e., by an H,N, bridging ligand. A single crystal 
X-ray study confirmed this expectation.16 In addition to the two 
p N H 2  bridges the re  exists a t h i rd ,  p-H,N, br idge i n  
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[(NH,)3Pt(NH,),(H,N,) Pt(NH,),](C1O,),.4H2O. It is not yet clear 
whether the H,N2 ligand plays any role in the animine olation 
reaction (9). 
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