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Oxyanion Chelates of Cobalt(ll1). Oxygen Exchange, 
Chelate Ring Opening and Closing, and Hydrolysis of 

Monodentates 

DAVID A. BUCKINGHAM, CHARLES R. CLARK and 
GORDON M. MISKELLY 

Department of Chemistry, 
University of Otago, 

P.O. Box 56, 
Dunedin, New Zealand 

This Comment summarizes present understanding of the rates and mechanisms of 
0-exchange and chelate ring opening and closing in oxyanion chelates of Co(II1); 
oxalate and glycinate ( 5  membered), p-alaninate and malonate (6 membered), and 
phosphate, carbonate, and sulfate (4 membered). Under some conditions the prod- 
uct monodentate species isomerize between cis and trans configurations about the 
metal and these isomers differ in their ability to recyclize. Also complete hydrolysis 
from the metal may occur in competition with. or instead of. recyclization. Thus 
complete hydrolysis, as well as recyclization, of the monodentates needs to be 
considered. 

1. INTRODUCTION 

Two fundamentally different mechanisms exist for cyclization and 
its reverse, ring opening. These are (1) substitution at the metal 
with displacement of coordinated solvent or ( 2 )  attack by coor- 
dinated solvent at the oxyanion, or protonated oxyanion, of the 
dangling monodentate. Both mechanisms occur (( l), (2) below), 
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with the former identifying itself with the more “inorganic” process 
of solvent exchange at the metal and the latter with the more 
“organic” process of lactonization. Surprisingly little is known about 
the “chelate effect” as it relates to substitution at metal centers1; 
however four-, five-, and six-membered rings are certainly favored. 
Different metal ions enjoy wide variations in donor atom accept- 
ance, and the relation between this and bond angle/bond length 
distortions at the metal and donor atom has yet to receive system- 
atic experimental evaluation for each ligand type; some theoretical 
treatments are, however, available, especially for nontransition 
me tak2  Much, however, is known about lactonization in organic 
 system^,^ and since the metal is not directly involved in the cor- 
responding metal chelate (reaction (2) above) there might be ex- 
pected to be some parallel between this process and its organic 
equivalent. Thus with Co(II1) systems five- and six-membered rings 
form most readily, and their rates of formation are much facilitated 
if the leaving group on the dangling monodentate ligand is im- 
proved such as it is with anhydrides and esters of carboxylic acids. 
These more favorable cyclizations have recently received attention 
elsewhere4 and we concentrate here on the parent oxyanion spe- 
cies. 

Our own work in this area using bis(ethy1enediamine) com- 
plexes, together with earlier studies by others, gives a reasonably 
clear picture of the relative importance of the two mechanisms 
given above, and particularly with the changes that occur as a 
function of solution pH. Schemes 1-6 summarize the overall re- 
actions of [Co(en),(O-X)]“+ chelates where 0 - X  represents ox- 
alate, glycinate, p-alaninate, malonate. phosphate and carbonate, 
respectively. Rate constants in these schemes are all expressed as 
first-order values (s- l ,  25”C), which for reactions with a first-order 
[H’] or [OH-] dependence relate to reaction at 1 mol dm-3, H +  
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or OH-  concentration. Filled in 0 atoms identify positions of 0- 
exchange, or cleavage. Tables I-V tabulate rate data (first- or 
second-order constants, 25°C). 

2. OXYGEN EXCHANGE IN THE INTACT CHELATE 
(TABLE I) 

This is a fundamental property since it relates the ability of the 
chelated oxyanion to interact chemically with its environment. 

2.1. Acid-Catalyzed Exchange 

The  exocyclic oxygens in the  f ive-membered chelates  
[CO(~~),(NH,CH,CO,)]~+ and [Co(en),(O,C,O,)] + undergo H + -  
catalyzed exchange much more rapidly than do the coordinated 
(endo) oxygens. Such behavior is also found with monodentate 
carboxylate species, e.g., [(NH,),COOC(O)R]~+ ions (R=H, CF,, 
C0,H).5 Undoubtedly exchange occurs via protonation at oxygen 
and reversible addition of water at carbon, (3), 

(kz(obs) = k3CH[H+]/2) and it will undoubtedly be a property 
of all Co(II1) carboxylates which do not first aquate at the metal. 
This latter possibility becomes important with less stable ligand 
systems (e.g., it is likely for p-trien, cyclen and tren complexes) 
where one or both of the remaining coordination sites holding the 
oxyanion chelate is susceptible to bond rupture at the metal. The 
exchange mechanism given by reaction (3) is somewhat facilitated 
by the metal, but not overly so. Uncomplexed carboxylic acids are 
normally refluxed in acidic solution to assist exchange. Coordi- 
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nated carboxylate is poorly basic and protonation has never been 
directly observed, pKH < 0. Thus k,H, of reaction ( 3 )  remains 
undetermined. 

Acid-catalyzed exchange into the endo position has also been 
observed with both the above complexes, but is very slow com- 
pared to exocyclic exchange. Endo exchange could occur via in- 
terchange in intermediate I of reaction ( 3 )  (or in its deprotonated 
diol form) and it probably does not occur with complete Co-0 
bond fission; rather a rolling about the now saturated carbon center 
is envisaged. Alternatively, ring oxygen exchange could occur via 
acid-catalyzed C - 0  cleavage in the chelate followed by exchange 
of coordinated water in the monodentate, and reverse ring closure, 
reaction (4). 

(The possibility of Co-0 cleavage in acid and recapture of car- 
boxylate, with exchange, in the resulting monodentate species is 
unlikely in view of the lower energy C - 0  bond formation process 
found for the reverse cyclization under the same condition; see 
below). However, no evidence has been found for chelate ring 
opening in acid solution so that the interchange mechanism is 
favored. No acid-independent switching of oxygen atoms in these 
chelates has been observed, such as is found with the monodentate 
[(NH,),COOC(O)CH,]~+.~ 

lgO-tracer results show that 0-exchange into the exo or endo 
positions of the chelates [Co(en),O,PO,] or [Co(en),02CO] + does 
not occur in acid solution (i.e., in the protonated complexes 
[Co(en),O,PO,H] + , [ C O ( ~ ~ ) , O ~ P O ~ H , ] ~ +  or [CO(~~) ,O,COH]~+) ;  
Co-0 bond fission with formation of monodentate aqua com- 
plexes occurs instead (see below). 

2.2. Exchange in Neutral and Alkaline Solution 

In neutral solution no exchange into the chelated oxyanion occurs 
even though an equilibrium sometimes exists between the chelate 
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and monodentate (i.e., with carbonate and phosphate). Ring open- 
ing without 0-exchange occurs in [Co(en),O,PO,] ,' but Mc- 
Kenzie, O'Connor and Ode118 report substantial exchange into 
[CO(NH~)~O,CO]+ at pH 9.5 which they attribute to exchange 
into the ring opened monodentate species. Such a result should 
be re-examined since 0-exchange into carbonate is normally viewed 
in terms of equilibration with CO,, which in this case would imply 
some existence for a Co-OCO intermediate, or to complete hy- 
drolysis to [Co(NH,),(OH),] + plus C0,.9 Alternatively, OH- might 
add to the chelated or monodentate carbonate (such as it does 
with most other carbonyl substrates); this pathway has apparently 
never been contemplated for carbonate species. lo No OH--cata- 
lyzed pathway for exchange of either oxygen in [Co(en),O,PO,] 
or [Co(en),O,CO] + has been observed in more alkaline solution. 
Co-0 bond fission to hydroxo intermediates is preferred (see 
below). 

In mildly alkaline solution the exo-cyclic oxygens in 
[CO(~~),NH,CH,CO,]~ + and [Co(en),O,C,O,] + exchange by a 
specific OH--catalyzed route, and much more rapidly than the 
endo oxygens (Table I). This presumably occurs via OH- addition 
to the chelate (5 ) .  

Opening up of the chelate does not occur under these conditions. 
The slower exchange into the endo positions (Table I) is also 
specifically OH--catalyzed and is only observed under very al- 
kaline conditions (-1M OH-) where hydrolysis to monodentate 
hydroxo complexes is also observed. Such internal exchange prob- 
ably occurs via Co-0 bond fission in an SN1 (CB) process, with 
scrambling of oxygens resulting from re-entry of carboxylate into 
the five-coordinate intermediate (6). 
For [CO(~~),NH,CH,CO,]~+ there is a 50: 50 division between 
exchange and water entry into this intermediate and the same 
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division has also been observed in the base hydrolysis of cis- 
[Co(en),X(NH,CH,CO,)]+ (X = C1, Br) where the carboxylate 
is not coordinated." This is good evidence for a mechanism which 
involves competition between the solvent and adjacent carboxylate 
for the vacated coordination site. However, such exchange of in- 
ternal oxygens also occurs in competition with C - 0  bond fission 
in the OH--addition intermediate (I1 of Eq. ( 5 ) ) ,  and this com- 
plicates matters (see below). 

3. CHELATE RING OPENING (TABLE 11) 

3.1. Acidic and Neutral Solution 

In acidic solution (pH < 7) the glycinate, oxalate, and p-alaninate 
chelates [C0(en),(0-X)]~+ appear to be indefinitely stable. The 
properties of the corresponding aqua-monodentate complexes are 
known and none have been detected as products under such con- 
ditions. This does not prohibit ring opening, but requires the equi- 
librium to very much favor the chelate. Some further facts are 
known: if ring opening does occur it must be very slow since the 
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rates of ring closure are not overly fast (Table 11); also C - 0  bond 
fission will be preferred since C - 0  bond formation is the favored 
process for ring closure in acidic media. 

In contrast the four-membered chelates [Co(en),O,PO,] and 
[Co(en>,O,CO]+ rapidly cleave via C o - 0  bond fission in acid 
solution, e.g., (7). 

2+ 

+/2+ ,OH= 

( e n ) . C o  
\OPO.H/H 

In the case of [Co(en),O,CO] + the [CO(~~),(OH,)OCO,H]~+ in- 
termediate subsequently loses C 0 2  rapidly, probably via C - 0  
cleavage as is found for [Co(NH,),O,CO] + . 

In neutral solution [Co(en),O,PO,] and [Co(en),O,CO] + undergo 
slow ring opening (Table 11) but with the chelate being the stable 
product at equilibrium. The early report by Stranks and Lincoln" 
of substantial P - 0  cleavage at pH 6.8 for [Co(en),O,PO,] is almost 
certainly incorrect since the reverse ring closure reaction at pH 
8.0 occurs entirely by incorporation of phosphate oxygen at the 
metal.' Similar C o - 0  cleavage is likely with [Co(en),O,CO] + ; the 
H +  and OH- catalyzed reactions occur in this manner. 

The four-membered sulfato chelate [Co(en),0,S02] + is at pres- 
ent unknown since the complex previously described by Tobe and 
Barraclough and Barraclough and Murray', has recently been shown 
to be the cis, bis-p-bridged dimer [(en)2Co(OS(0)20)2Co(en)2]2 + . l4 

This species undergoes uncatalyzed and OH- -catalyzed hydrolysis 
for which rate data are included in Table 11. 

3.2 .  Alkaline Solution 

All oxyanion chelates appear to open under alkaline conditions to 
give hydroxo-monodentates. The rate and the equilibrium posi- 
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tion depends on ring size as well as on the nature of the chelate, 
with the rate decreasing in the order seven > four > six > five 
membered (Table 11). This emphasizes the stability of five-mem- 
bered chelates. Specific first-order in OH- kinetics with Co-0 
cleavage is found for [Co(en),O,PO,], [Co(en),O,CO] + and 
[CO(~~),(NH,CH,CH,CO~)]~ + , and a SN1 (CB) mechanism seems 
appropriate (8). 

The five-coordinate intermediate I11 either recaptures the oxy- 
anion (leading to endo 0-exchange; see above), or solvent (giving 
rise to largely cis hydroxo-monodentate product). Little or no trans 
product appears to be directly formed in these reactions. With the 
more stable five-membered chelates [CO(~~),(NH,CH,CO,]~ + and 
[Co(en),O,C,O,] + the first-order in OH- process is accompanied 
by C - 0  cleavage resulting from addition of OH- to the carbox- 
ylate center, k, (9). 

e ki 

L J  k - r  

( e n ) z C o  'c=o + O H  

(en)i.Cn 
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For [Co(en),NH,CH,CO,]* + this is a relatively minor pathway 
(-16%), but for [Co(en),O,~O,]+ it is more important with -40% 
of the first-order in OH- reaction occurring in this manner, and 
100% of the second-order in OH-  pathway. This latter pathway 
arises through further deprotonation of the addition intermediate 
and is the predominant process (88%) for [Co(en),O,C,O,]+ in 
1M OH-. Such paths for chelate ring cleavage (k, ,k,)  are consid- 
erably slower than return to the chelate ( k -  I ) ,  with the latter being 
the process leading to exo-oxygen exchange ( ( 5 )  above). These 
addition intermediates have not been directly observed, however, 
so that values for k - l ,  k ,  and k,  remain unknown. Paths like this 
involving chelate cleavage in a non-metal position will be favored 
by ring atoms which readily add nucleophiles, (e.g., carbonyl C, 
P, S), and where the C o - 0  bond is strong, such as is found with 
five- and six-membered rings. They are unlikely to be encountered 
with more labile metal-oxyanion systems. 

4. CYCLIZATION OF MONODENTATES (TABLE 111) 

Cyclizations involving phosphate, carbonate or sulfate monoden- 
tates have not been observed in acidic solution; the ring opening 
reaction is preferred (see above). For five-membered chelates acid 
catalyzed cyclization is found with glycinate and oxalate mono- 
dentates (Table 111), with the limiting rates at pH < 2 being at- 

TABLE I11 

Cyclization of monodentates 

Complex k,,,(cis)/s- ' k,,,(trans)/s- ' 
CO(~~)~(OCO,)OH,]+ 
Co(en),(OCO,)OH] 
Co(en),(OPO,H)OH,] + 

'Co( en),( OPO,H)OH] 
'Co(en),(OPO,)OH] 
CO(~~),(NH,CH,CO,H)OH,]~ + 

Co( en),(NH,CH,CO,)OH, ]'+ 
Co(en),(NH,CH,C02)OH] + 

C O ( ~ ~ ) , ( O C ~ O ~ H ) O H , ] ~  + 

Co(en),(OC,O,)OH,I+ 
,co(en),(oGo3)oH1 
'CO(~~),(NH&H~CH~CO~H)OH,]~* 
Co(en),(NH,CH,CH2C0,)OH] * 

0.2 

2.2 x lo-' 
8 x lo-' 

6.5 x 10-5 

7.5 x 10-5 
1.9 x lo-' 1.8 x 

1.05 x lo-)  2.3 x 
1.74 x 2.5 x lo-' 

1.5 x 
4.6 x 10-5 

1.8 x 10-5 

3 x l o e 6  (isom) 
<2 x 10-6 

<1 x 10-5 
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tributed to reaction of the aqua-carboxylic acid species. This occurs 
without displacement of coordinated water and requires attack by 
coordinated water at the carboxylic acid carbon (10). 

+ HzO 

Presumably a concerted mechanism involving proton transfer and 
loss of H,O from carbon is involved. At pH - 4 the deprotonated 
monodentate carboxylate complexes also cyclize in this manner; 
100% for C~~-[CO(~~)~(OH,)(NH~CH~C~,)]~ + and 40% for cis- 
[Co(en),(OH,)(OC(O)CO,)] +. In the former case k,  is some 20 
times smaller than k, ,  implying that proton transfer and loss of 
OH, from carbon is less facile for the carboxylate reactant. The 
remainder (60%) of the uncatalyzed reaction with cis- 
[Co(en),(OH2)(OC(0)C02)] + involves displacement of metal- 
bound water by the “dangling” carboxylate, but that part pro- 
ceeding via attack by coordinated water is catalyzed by CH,C02H 
and HC,O; at pH - 4. Presumably such catalysts provide the 
necessary proton for loss of OH, from the carboxylate center. 

Cyclization of ~~.Y-[C~(~~),(OH~)(NH~CH,CH,CO,H)]~ + to give 
the six-membered chelate is some lo3 times slower than cyclization 
in ~~~-[CO(~~),(OH,)(NH~CH,CO,H)]~ + to give the correspond- 
ing five-membered system (Table 111). The former reaction prob- 
ably occurs by displacement of coordinated water even though 
hydrolysis and cyclization of the related isopropyl ester derivative 
occurs by attack of coordinated water at carbon (l l) .4 
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Cyclization in the stereochemically different trans aqua- 
monodentates depends on whether cyclization or isomerization 
to the cis isomer is the faster process. For trans- 
[CO(~~)~(OH,)(NH,CH,CO~)]~+ the former occurs, presumably 
by backside expulsion of coordinated water (12). 

OHz 

With trans-[Co(en),(OH2)(OC(0)C02)] + , however, isomeriza- 
tion to the cis isomer is the faster process, with the cis isomer then 
cyclizing by attack of cis-coordinated water (10). Clearly a balance 
between water exchange at the metal and direct substitution by 
the carboxylate anion at the metal is involved. In general cis-aqua 
isomers appear to be favored over trans-aqua isomers at equilib- 
rium in acid solution, but the reverse appears to be true for the 
hydroxo isomers in alkali. 

In alkaline solution (pH > 8) a balance between displacement 
of coordinated hydroxide with chelation, attack by coordinated 
hydroxide with chelation, and complete loss of the oxyanion ligand 
appears to be involved. For [Co(en),(OH)OPO,]- recent 31P NMR 
data from our laboratory suggests equilibria such as (13) 

(KCh = k_, /k , ,  = -4 x 10-3moldm-3,250C, I = 1.0(NaN03)) 
with C o - 0  bond fission in the chelate resulting in a cis-hydroxo 
product. Subsequent equilibria are then set up with the trans- 
hydroxo isomer (Ki = 10) and also with free phosphate. With the 
cis-hydroxo oxalato complex complete  hydrolysis t o  cis- 
[Co(en),(OH),]+ + C,Oz- is favored, and a similar situation ex- 
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ists with cis-[Co(en),(OH)OSO,]; return to the chelate is not ob- 
served under  very alkal ine condi t ions,  and the  chelate  
[Co(en),O,SO,] + is unknown (see above).14 However, cis- 
[Co(en),(OH)(NH,CH,CO,)] + slowly cyclizes between pH 8 and 
10 (Table 111) probably via the reverse of (8) for the uncatalyzed 
reaction. The reverse of (9) involving attack by coordinated hy- 
droxide at carboxylate carbon appears to be favored in the presence 
of buffers; thus the phosphate catalyzed reaction at pH 8.82 results 
in exchange of one carboxylate oxygen on forming the chelate 
under these conditions. The significant overall conclusion is that 
attack by coordinated hydroxide on monodentate oxyanions to 
form chelates is not generally favored. This is in keeping with the 
reluctance of carboxylates to undergo 0-exchange under alkaline 
conditions; acid-catalyzed exchange processes (including chela- 
tion) are, however, more favored. 

5. HYDROLYSIS OF MONODENTATES (TABLE IV) 

5.1. Acidic and Neutral Conditions 

Monodentate phosphate and sulfate complexes hydrolyze very slowly 
in neutral solution. Protonation of the phosphate ligand produces 
little rate enhancement, and no evidence has been found for pro- 
tonation of monodentate sulfate. Hydrolysis of cis and truns- 
[Co(en),(OH,)(OC,03H)12f occurs slowly in strongly acidic so- 
lution, probably via a mechanism featuring protonation of the 
coord ina ted  oxygen.  Monodenta te  malonate  in 
[CO(~~),(OH,)(OC(O)CH~CO~H)]~+ is hydrolyzed even more 
slowly under  such condi t ions.  This  cont ras t s  with 
[Co(en),(OH,)( OCO,H)] which is rapidly hydrolyzed in acidic so- 
lution. However, this process involves C-0  bond fission with re- 
lease of C02 (14), and thus is not readily comparable with the 
other systems. 

2+ ,@H2 3+ OHn 
(en ) p C o  - ( e n ) = C o  ' + CO= (14) 

\ ocozx 'OHn 
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TABLE V 

Isomerization of monodentates 

k,,ls- I k,-,ls - 

[Wen),(OC2O3)OH21 + - 5 x 10-6 
[co(en)*(oczo,)oHl 5 x 10-6 - 

[ Co( en)*( OC(O)CH,CO,H)OH,]* + 

[Co(en),(NH,CH,CH,CO,)OH] + 1 x 10-5 - 
[ Co( en)*( OPOJOH] - 

5.6 x 2.2 x 10-6 (30") 

1 x 1 0 - 5  1 x 10-6 

The glycinate and p-alaninate monodentates are bound through 
the amine group and do not hydrolyze in acidic or neutral solution. 

5.2. Alkaline Conditions 

All monodentate oxyanion complexes hydrolyze with rates first- 
order in [OH-]. I80-tracer studies show that the process occurs 
with C o - 0  bond fission for cis and trans-[Co(en),(OH)OC2O3] 
and this is a likely general result. Amine-bound glycinate in cis- 
[Co(en),(OH)NH,CH,CO,] + also undergoes OH--induced hy- 
drolysis in strong alkali, but the products include radical Co(I1) 
species as well as [Co(en),(OH),] + l l .  

6. ISOMERIZATION OF MONODENTATES (TABLE V) 

Isomerization rates are all of a similar magnitude. This probably 
means that they are controlled by water, or hydroxide, exchange 
at the metal center. It is most unlikely that isomerization occurs 
without solvent exchange. The [Co(en),(OH)(NH,CH,CH,CO,)] + , 
[ co (en )2 (oH)oczo31 ,  [Co(en)z(oH)(oc(o)CHzCOz)l, and 
[Co(en),(OH)OPO,] - species favor the trans isomer at equilib- 
rium, whereas for [Co(en),(OH)OCO,] a cis : trans ratio of 2 : 1 
has been found.15 Cis isomers appear to be favored in acid solution. 
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