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A. INTRODUCTION 

Complexes of the MCI(NH,),*+ t ype have played an important role in the 
development of coordination chemistry. Such systems exist in only one geo- 
metric form (except where 14N is replaced by one or more “N) but replace- 
ment of the coordinated NH3 by a flexible quinquiden~ate polyamine ligand 
(such as tetren) will give the possibility of 15 isomers including all enantio- 
merlc forms (Scheme 6). The isolation of these isomers would provide a 
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series of coordination compounds with constant central atom, charge and 
ligand, differing only in geometry. Substitution rates of the coordinated 
chloro ligand by water or hydroxide in such systems provide useful informa- 
tion as to the role of structure in the mechanism of the substitution. 

In this review we will be concerned with the synthesis, structure, kinetics 
and mechanism and optical activity of MX(N5)- complexes (M = Co, Cr; 
X = anion0 &and or water; N = primary, secondary or tertiary amine donor). 
Because of the large amount of information available, certain aspects of the 
pentaammine complexes will not be covered in detail. The reader’s attention 
is drawn to a recent review [l] which summarises the rates of ligand substi- 
tution for MX(NH3)S”+ complexes. 

Chemical Abstracts and most of the leading chemical journals have been 
searched through August 1976. 

(i) _rVornencfffture 
The nomenclature used is that recommended by the Commission on the 

Nomenclature of Inorganic Chemistry, Pure Appl. Chem., 28 (1971) 1. The 
prefixed lower case letters refer to the positions of the donor atoms in the 
octahedron ((I and f in the axial positions) in the order in which they are 
written in the cation formula. The convention adopted here is that the poly- 
amine ligands are coordinated stepwise from one end and in the order of the 
alphabetical letters. According to the above nomenclature system, chloro 
and aqua cations with the same geometric configuration should have differ- 
ent lettering systems due to the different alphabetical ordering of the donor 
atoms, e.g. a, bc, def-CoCl(en)(dien)” and ab, cdf, e-Co(en)(dien)(OHz)3* both 
have ~o~~fi~ration I (Scheme 26). We believe that this can cause undue con- 
fusion and the lettering system used for the chloro complex will be retained 
in the aqua or hydroxo if the geometry is unchanged. The recommended 
nomenclature system does not distinguish between the alternative positions 
for the NH proton of the secondary amine group in a symmetric tridentate 
polyamine ligand coordinated meridionally. The system adopted here is to 
use (Ht ) or (HS) for this proton if it is adjacent to, or remote from the coor- 
dinated anion0 or aqua ligand. 

The term, ammine is used when ammonia is the coordinated amine; other 
nitrogen donor ligands, which may be regarded as organic derivatives of 
ammonia, are referred to in general as amines. 

(ii) Abreuiations and units 
Abbreviations used in this work are listed in the Appendix. SI units have 

been used throughout, but mole litre-’ (M) has been retained for the unit of 
concentration and Angstrom (A), (1 A = lo-*’ m) for bond lengths. The sym- 
bols and values for the FundamentaI Constants are those used by G.H. 
Aylward and T.J.V. Findlay, SI Chemical Data, John Wiley and Sons, 
Australasia Pty. Ltd., 1971. 
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(iii) Syntheses and kinetics 
Many of the complexes considered in this review have been prepared for 

reaction rate studies and the synthetic procedure will be outlined if the 
method appears to be of general applicability. Most rate studies have been 
made in aqueous solution although there is a growing bady of kinetic infor- 
mation on reactions in mixed and non-aqueous solvents. 

Reactions involving replacement of one ligand by another, or one metal 
by another are called substitution reactions. Mechanistically, they can be 
quite complicated and many isomerisation or racemisation reactions are 
special cases of substitution reactions_ The substitution reactions illustrated 
by eqn. (1) are known as aquation or acid hydrolysis reactions because 

MCl(N#+ -I- Hz0 + M(N5)0Hx3+ + Cl- (1) 

they are normally carried out in acidic solution. In such cases, the rate law 
can be expressed by eqn. (2) where k,, is 

Rate = k,,[complex] (2) 

independent of the acidity (Table 1) but slightly dependent on ionic strength 
(p). Exceptions to this occur when the leaving group is a basic ligand e.g. 
NOz-, N3-, F- etc. where the rate increases with increasing acidity in a some- 
times complicated manner (Table 2). Indeed, it is difficult to systematise 
this type of reaction because of the wide variety of experimental parameters 
that can be varied. Also, it would be unjustified to assume that even the 
reaction products from the hydrolysis of say CO(NO~)(NH~)~” could be com- 
pared, when the reaction medium is varied from NH,‘/NH, buffers [2] to 
15 M HzS04 131, let alone the rate parameters. 

Probably, most “well behaved” acid catalysed hydrolysis reactions can be 
expressed in terms of the following reactions 

COX(NH,),‘~-“‘+ + H,O ‘2 CO(NH,),(OH,)~+ f X” (3) 

COX(NH,),‘~-‘++ + H’ “2 CoXH(NH,),“+“‘+ (4) 

CoXH( NH,),<4- n)+ + Hz0 2 CO(NH&(OH~)~+ + HX(“+‘)- (5) 

COXH(NH,),‘~-‘I’+ + H’ “=’ COXH.,(NH~)~(~--?+ (6) 

COXH~(NH,),@-~‘+ f H,O “-: CO(NH,),(OI-I~)~+ + XHz(n+2)- (7) 

etc., where X”- is a polyprotic anionic ligand. 
Thus, (ionic charges omitted) 

~,h&omplexl,,~,i = k ,$CoX(NH,),] + k,[CoXH(NHdS] f . . . (8) 

k,i,s~tCoXfNHds] + [CoXHWW,l + . ..] 

= k, fCoX(NH3),] + klR1 [CoXfNH,),] [Hl’] + ._. (9) 
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where K,, KZ, . . . zre given by eqns. (4), (6) etc. Hence, 

k,r,s{[CoX(NH,),] ] {[ 1 + Kg [H’l 3- K&z fH+l* + . ..] 

= ~[CoXo%-U] 1 Ik, + k2KI [H’] + k~K,Kz[H’l* f . ..I (19) 

and 

k ohs = 
hi + k2KI[H+] + k,K,K,[H+]* + .., 

1 + K, [H’] + K,f(,[H+]* f- _.. (11) 

By appropriate choice of acidity, particular values of k, can be made to 
dominate the reaction and in favourable situations 141, all k, and K,,+r can 
be evaluated. 

Most studies, however, present data in the simplified form 

k obs = kt + h,EI-I+l WI 

where k2 is now the product of the rate and equilibrium constants in eqns. 
(4) and (5), e.g. for X = N3 [5] or X = F [6]. 

When k, becomes large, every act of protonation results in an hydrolysis 
step and eqns. (6) and (7) can be combined. Thus for X = C204 .[7,8] or 
X = CO, 191, the rate law becomes 

k obs = 
k, + k,K,[H+l + kJK,[H+]* 

1 + K,[H’] 

_ Iz,K;[H+J-~ + kz2 + kJfH+] 
1 f K;[H*]-’ 

(13) 

(14) 

where K’, = (K,)-* (15) 

For halogen0 complexes, the rate of aquation is considerably enhanced by 
the addition of halide abstractors, e.g. Hg*+, T13+ or Ag+ to the acidic solution. 
These are technically not catalysts, as the initial and final states of the added 
reagent are different, but the term has crept into the literature. For Hg”‘, the 
rate lsw should probably be written as 

x=4 

-d[complex]/dt = k,,[complex] + c k,,c1xa-~{[HgC1,2-X] [complex] } 
x=0 (16) 

as both Hg*+ and HgX’ participate, the latter being about twice as effective 
[lO,ll]. 

Other reagents have also been used to assist the removal of a particular 
anion0 ligand, e.g. HNOz (as NO’) [l&13] reacts rapidly with the coordi- 
nated azido hgand to produce the aqua complex and MnOB- reacts similarly 
with coordinated DMSO [ 14 ]. Coordinated bromide reacts rapidly with 
HOC1 or Cl= to give the analogous chloro complex 1153. 

As the acidity of the reaction medium drops, competition between (1) and 
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(17) (base hydrolysis) begins to occur, and at high pH, (17) becomes predom- 
inant. 

MCI(N5)*+ + OH- + MANY)*+ + Ci- (17) 

Unfortunately, a number of the systems described in this review have 
been studied only in aqeous solution with no added acid to prevent the often 
significant base hydrolysis contribution. The hydroxide ion generally reacts 
several orders of magnitude faster than Hz0 (especially for Co(III), Table 9) 
and aquation rate constants and activation parameters reported for water will 
probably be composite. 

For reaction (17), the rate law is usually of the form 

Rate = li?,, [ complex] [OH-] (18) 

and many base hydrolysis studies have been made under pseudo-first-order 
conditions with the [OH-] being main~ned with buffers or a pH-stat. Con- 
siderable care is needed to ensure that the buffer sgstem used does not take 
part in the reaction. An additional complication (also inherent in the pH-stat 
method) is that the acidity of the aqua ligand is appreciable both for Co(III) 
and Cr(III), and the reaction 

M(OH)tN,)*+ + Hz0 -+ M(N5)OH23+ + OH- (19) 
can become kinetically important at pH values near the ph’, for the coor- 
dinated water (Table 21). This is especially true for reactions where kOH is 

greater than lo4 M-l s-* [16]. 
Base hydrolysis reactions are rather more sensitive to changes in ionic 

strength than aquation reactions and a number of investigators have reported 
data extrapolated to zero ionic strength. However, for cis-CoCi(en),(amine)* 
compiezes (Table la), p = 0.1 M appears to be the preferred medium. 

Inspection of the Tables presenting base hydrolysis kinetic parameters 
(especially Table 8) allows some generalisations. The order of lability of the 
coordinated donor atom bound to Co(III) (as judged by the value of hog 
(298)) is: 0 (univalent 0x0 iigand) 7 17 Br 7 Cl > S 7 F - 0 (univalent 
carboxyiate) > N and, as expected, increasing the negative charge on the 
leaving group causes a decrease in reaction rate cf. NOa-, ReO,- and SOq2 -, 
co32-, Po43- or (less spectacularly) CH3C02-, HCOI- and C2O42-, CH~(COZ-)~. 

Rate laws rather similar to those for acid catalysed aquation are observed 
for the anation of M(N,)(OH,)3’ by anion0 ligands (i.e., the reverse of eqn. 
(I)). Thus 

k obs = 

k,,[H2Xl + h,Q,[HX-I + ~2&2[X*-l -~- 
1 + QIIHX-I + Q2[X2-1 

for a dibasic anion, where the Qi terms correspond to ion-pair formation con- 
stants such as 

MfNH3)S(OH2)3+ + HX- 2 [M(NH3)50Hz * HX]‘* (21) 
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Again, by suitable choice of conditions, one or other of the anating species 
can usually be made to predominate and the individual ki, Qi determined 
[1’7]. If the values for the rates of the forward and backward reactions of 
eqn. (1) are known, an equilibrium quotient, QE can be calculated. 

QE _ :nation 

aquation 
cm 

It has been shown that plots of log k,, ~18~ZO] or log koH [21] vs. --log QE 
are linear with slopes = 1.0 (for M = Co(II1)). It follows that there must also 
be a linear relationship of unit slope between log k,, and log koH. Table 9 
presents the “best available” data and Fig. 1 shows the log k,, vs. log kOH 
plot, together with a line of unit slope. The correlation is not ideal, but some 
of the aquation rate constants may be in error (e.g. the value plotted for NO2 
is for NH, loss, not NO,- loss [Z]), especially for the more inert leaving 
groups. Also, it is important that only reactions involving Co-X bond rup- 
ture be compared, rather than hydrolysis of the coordinated ligand, and this 
may not always be the case for the systems plotted. A similar plot of log k,, 
vs. log koH for CrX(NH,),” systems 122) shows even more scatter, but a 
slope of 0.71 2 0.22 is obtained, 

CMNlTAl3 LOG K(AQ)(290) VS COG K(OH) (298) FOR ANIONOPENTAAMMINECOALTUII) IONS 

A&- LOG KfAQ) .ORD- LOG K(OH) (.). 
TOTAL No OF PTS PCOTTED IS XI AND NO. NOT PLOTTED BEC&USE THEi’ FAiL OU‘TSIOE OF EOUNOS IS 0 

2 OOOOE +oo 
t / 

- -10000E+00- 6 
5 

1* 

-1.2000E +01 -WXlOOE*00 -6oOooE+OO -300ooE*oo 00 

LOG K(AQ1 

Fig. 1. A plot of log fzaq vs.log koH (298 K) for some COX(NH~)S~* complexes. The line 
of best fit can be represented by the equation log koH = (1.29 * 0.22) log kaq + (7.35 f 
1.86). The numbers refer to the systems listed in Table 9. 
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The kinetic data obtained for rates of reduction of MX(NHJ)~“+ complexes 
by a variety of reducing agents (especially V2+, Cr’+, EL?+ and Fe”) are nicely 
summarised in refs. 23-26 and the information will not be reproduced here. 
Interest centres in distinguishing between inner sphere and outer sphere elec- 
tron transfer processes, and, if inner sphere, whether the attack is “adjacent” 
or “remote”. The use of log-log rate plots appears to have considerable appli- 
cation, e.g., the data from 17 COX(NH~)~“+ systems for V”+ and Cr” outer 
sphere reductions gives the relationship [ 261 

log hv = 1.02 log kcr + 1.73 

Such equations should be useful in testing mechanistic proposals in the early 
literature [27,27a]. 

(iv) Reaction mechanisms 
General aspects of inorganic reaction mechanisms are well covered in ref. 

28 and only concepts that concern MX(N,)“+ systems will be discussed here. 
Until recently, it was generally considered that aquation reactions pro- 

ceeded via a dissociative mechanism (D). However, a recent review by 
Swaddle [29] has highlighted the accumulating evidence that it is probably . 
only Co( III) complexes that aquate without some dissociative interchange 
(1,). Kinetic parameters determined for :ome isomorphous MCl( AA)(dien)” 
(M = Co, Cr) complexes appear to support this suggestion j30,31]. The 
nature of the &coordinate transition state in the aquation of CoX(N5)‘+ sys- 
tems remains speculative as most stereochemical changes have been estab- 
lished for dianionobis(ethylenediamine)cobalt(III) complexes. Tobe [ 321 has 
postulated that extensive stereochemical change, and consequently a trigonal 
bipyramid transition state, is associated with a large positive activation 
entropy, but only one CoX(N5)“+ complex was included in the systems con- 
sidered. Tobe’s postulation appears to be valid for the more limited Cr(II1) 
data [ 33 3, but here no CrX(N,)“’ complexes were included. 

Inspection of Tables 4, 5 and 17 shows that while most COX(NH~)~*+ and 
cis-CoX(en),(A)Z+ (A = amine) complexes aquate with retention of configura- 
tion and with negative values for the entropy of activation (thus via a tetra- 
gonzil pyramid transition state by Tobe’s theory), there is a disturbing trend 
to positive entropies of activation for bromo complexes. It would be sur- 
prising if the substitution of Br for Cl resulted in a change in transition state 
and we feel that the case for aquation via a tetragonal pyramid is not proven. 
If isomerisation were observed, a trigonal bipyramid transition state would 
be strongly implied, but the fact that no isomerisation or racemisation takes 
place during aquation does not exclude this intermediate [28, p. 2501. Indeed, 
we will discuss later situations where the rate data are more easily accounted 
for on the basis of a trigonal bipyramid intermediate for CoCl(N,)*’ systems. 

As with aquation, there are also current controversies with regard to the 
mechanism of base hydrolysis [400]. An SN,CB conjugate base mechanism 
{34,35] is probably the closest approach to the truth and the base hydrolysis 



230 

data from many CoX(NS)“+ systems have been analysed in terms of this 
mechanism. An essential feature of the mechanism is the availability of a 
potentially acidic proton on the -metal complex. Such a feature is satisfied by 
all the complexes under the scope of this review. indeed, there is usually the 
problem of deciding which of the many protons potentially available is the 
one involved in the major pathway. Proton exchange rates (Table 3), best 
measured by ‘I-l NMR techniques, are one means of deciding which is the 
most labile proton but it has been pointed out that the deprotonated species 
producing the lowest energy transition state may not necessarily be formed 
from the most labile site [36]. The observation that the rate of proton 
exchange is usually much faster than base hydrolysis is in keeping with the 
SiV,CB mechanism but does not constitute proof. Of more interest, are sys- 
tems where the rates are comparabIe or where hOH is greater than hex=,, [37, 
389,393]. In these cases, k,, > 104 M-’ s-’ and every act of deprotonatio~ 
leads to base hydrolysis 

Although only limited data are available for the base hydrolysis of 
CrX(N#+ complexes, these present some problems for the conjugate base 
mechanism, as the rates are about 100 times slower than for the analogous 
Co(III) complexes (Tables 2 and 8) while the proton exchange rates for 
MCl(NH&2+ are apparently similar (Table 3). To explain the rate decrease, 
either the conjugate base formed by the Cr(II1) systems must be less labile 
or the reaction occurs via a more associative mechanism. The general argu- 
ments against an SNICB base hydrolysis mechanism for CrX(NS)” systems 
have been presented previously [33 ] but a convincing alternative has yet to 
be formulated. 

(v) Data presentation 
Most of the kinetic parameters cited in the following Tables have been 

recalculated (IBM 360/44) using OMNITAB II, N.B.S., Washington, D.C. 
(1971) from the kobs vs. T data reported in the original literature. This was 
necessary as it was not always clear if the A&F reported was actually AHzss* 
or the calculated activation energy (E,). The slopes (= E,/19.148 kJ mol-I) 
and intercepts (= log PZ) of plots of log kobs (kcrbs in s-r or M-’ s-‘) vs. 
1000 K-’ were calculated and AZ&s* was obtained using eqns. (23) and (24). 

A&ggs = 23, - 2.49 (kJ mol-‘) (23) 

This treatment assumes that the medium used is defined as the standard state 
1381. 

In concluding this section, we thoroughly recommend that the chapter on 
Errors, Precision and Accuracy in the review by Edwards et al. [l], be 
required reading for all who are interested in the measurement of reaction 
rates. 
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B. UNIDENTATE AMINE COMPLEXES 

This group is dominated by the pentaammine series with an extensive 
chemistry of MX(NH3)s”+ complexes f393. The five ammonia groups give 
rise to only one geometric isomer, but the geometric isomers formed by 
replacement of one 14NH3 by “NH3 have been characterised for Co(III) 
[36,40], (Scheme 1) and Cr(II1) 1421. 

LiOHIEtOH 
~~o(so,t(~H3kW f431------ ~~a~-co(o~)(so~)(~~3)4 

1 
amineHCi/LiOH 

trarzs-[ COC!I(NH,)~(A) JClz = truns-[CO(SO~)(NH,)~(A)]C~ 

SCHEME 1. Synthetic sequence for tmns-CoCI(NH3)4(A)*+ (A = lSNHs, MeNH2) [40,44]. 
The lability of the starting material is apparently due to the effect of the S-bonded sul- 
phite [41,45 3. 

Apart from trans-CoCI(NH3)4(MeNH~)2’ [40 f successive replacement of 
ammonia by other unidentate amines has not yet been reported and the other 
major class in this series is the pentakis(alkylamine) complexes. If the 
“arms” of the alkylamine in the MN4 plane are arranged in a “handed” man- 
ner (clockwise or anticlockwise), it may be possible to separate complexes of 
this type into their chiral forms. The published structural details [46] of 
(CoCf(MeNH2)51(N03)2 are not sufficient to estabfish this possibility rigor- 
ously, but they do not exclude it. 

Tables l-8 list the complexes synthesised and the kinetic parameters ob- 
tamed for aquation, base hydrolysis and proton exchange. Of particular inter- 

TABLE 1 

Kinetic parameters for the aquation of some MCl( RNHa)s*” complexes 
-_ - 

M R lo6 kaq( 298) fog PZ El3 U298f Ref. 

(s-l 1 (kJ mof-’ ) (3 K-t mol- t ) 
.__.__-..~_____-_ _~-- 

Cc, H 1.77 11.19 96.7 -39.0 a 
cr H 9.50 10.62 89.3 -50,o b 

co Me 36.7 11.65 91.8 -30.2 85,401 
cr Me 0.248 13.15 112.8 -1.4 81,82 

0.252 12.11 106.7 -21.4 81 
cr Et 0.493 11.89 103.9 -25.6 81,82 

0.491 12.41 106.9 -15.6 81 
Cr nPr 1.16 12.83 107.1 -7.5 81 
cr nBu 2.03 13.05 107.0 -3.4 81 
co iBu 180 86 
Cr Aliyt 0.253 13.25 113 +0.5 81 

a Data from refs. 55-72a. 
b Data from refs. 73-82a and 437. See also refs. 83-84a. 
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TABLE 4 

Kinetic parameters for the aquation of some MX(NH3)5n+ complexes I. Not acid catal- 
ysed 

M X &$298) 1ogP.Z Ea As 2913~ Ref. 

(s ) (kJ mol-‘) (J K-l mol-1 ) 
--- ---_--- 
Co Cl 1.77 x 10-6 11.19 96.7 -3s a 

98.0 -34.7 98 
97.8 -28 72 

Cr Cl 9.50 x 10-e 10.62 89.3 -50 a 
Co Br 5.97 X 10-s 12.20 99.5 -19.6 b 

97.7 -25 98 
Cr Br 1.13 x 10-4 11.82 89.9 -26 80 

9.5 x 10-s 10.06 80.4 -61 c 

co I 8.3 x lo+ 110 +49 112-113a 
100 -14 114 

Cr I 1.04 x 10-a 12.70 89.4 -8 80.437 
Co NO3 2.41 x 1O-5 13.40 102.8 +3.3 d 

Cr NOa 7.0 x lOA 90.3 -12 115 
2.4 x 10-3f 12.74 87.7 -9.4 116 

CO %?03 1.6 x lo-’ 80.6 -104 117 
CO NCS 2.3 x 1O-g 13 108 -35 118 

3.6 x lo-:a 126 -3 119 
Cr NCS 9.4 x 10-8 104 -33 73,119,119 
co SCN -+ NCS 8 x 10-T 120 

Cat. by i-ig’.’ 121 
CO Cl04 8.1 x 10-2 47 
co CFaS03 2.7 x lo-* 47 
CO DMSO 2.0 x 10-5 13.09 102 -2.6 111, 

122-125 
co DMF 4.2 X lo+ 111 i-16 127 
co OP( 0Me)s 2.4 x lOA 128 
co OP( 0Bu)a 1.38 x lo4 128 
Co H20 6.1 x lO-6 14.25 111 +19.7 129,130 
Cr I-520 7.8 x 10-s 11.11 86.9 -40.5 73 
Co NH3 e 5.8 x LO-l2 153 t44.7 49 
Cr NHa e 4.3 x lo-” 9.868 115.3 -65 50 

1.8 x 1O-7 11.641 105 -30 399 
-. -- 

a See Table 1, footnotes 2 and b_ 
b Data from refs. 55,64,67,99--105. 
c Data from refs. 9,76,79,106-108a. 
d Data from refs. 21,64,109-llla. 
e At p = 1.0 M. 
f Evidence for NH3 loss. 

Tables 4-9 summa&e the considerable body of kinetic data accummuIated 
for MX( NH3)5n+ complexes. Two important features should be noted. Firstly, 
there is the observation that perchlorate coordination can compete with water 
in rapidly aquating systems that are 1 M in Clod- (Scheme 2) [47 1. 
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TABLE 8 

Kinetic parameters for the base hydrolysis of some MX(NH3)sn+ complexes 

M X 

----- 
co Cl 
co Cl 
Cr Ci 
Co Br 
Co Br 
Cr Br 
co I 
co I 
Cr I 
Co NO:, 
Co NO3 
Cr NOa 
co Re04 
co so4 

Co NOz 
Co NOz 
Co NO2 d 
co NCS 
Cr NCS 
co SCN 
co s303 
co szo3 
Co N3 
Cr N3 c 
Co F 
Co Ff 
Co FS 
Cr F 
Cr F 
Cr F’ 
co PO4 
co co3 

co c204 
h 

co ma1 h 
co fum h 
co form 
CO CH$O~ 
co CHC1~C0, h 
co Ccxg20~ h 
co CF,CO, h 
co NH* SO4 
co NHS04 
co 0S03NH+ 
Co NH, 

Et koH (298) As 29s= Ref. 

(M) (M-1 s-1) (J K-1 
mol-’ ) mol-’ ) 

1.58 
0.23 
1.85 x 1W3 
7.71 
1.4 
7.1 x lo-’ 

18.2 
3.2 
3.7 

39.6 
5.5 
1.1 x 10-Z 
2.89 x lo4 
4.9 x 10-2 
1.4 x 10-s 
1.6 x lo+ 
1.73 x 10” 
8.1 x lo+ 
5.0 x X04 
0.16 
6 x 10-s 

11 x 10-s 
3.0 x 10-4 
2.1 x 10-1 
1.3 x 10-Z 
2.1 x 10-2 
1.0 x 10-2 
2.7 x 10-G 
3.2 x IO+ 
6.3 X 10” 
5.0 x 10-7 
3.3 x 10-e 
2.5 x lo4 
2.8 x lo-$ 
8.0 x 1O-s 
5.8 X lo4 
9.65 X lo4 
5.80 x IO-3 
2.22 x 10-Z 
2.1 x 10-Z 
1.0 x 10-2 
2.5 X lo-’ 

20 
7.14 x 10-7 

116 +140 

109 +69 
126 +187 

107 +9a 
114 +152 

109.5 +112 
120 i-180 

107 +69 

110 +103 
156 +177 
153 +149 
158.7 +168.6 
149 +149 
144.8 +169 

115 +60 
129.6 +107 
136 +145 
98 +6 

109 -185 
111 +95 
110 +87 
97 -26 

135 +86 
107 +13 
154 +150 
125.4 +75 
132 +135 
117 +60 
119 +77 

121 +120 
97.4 +52 
95 +42 

134 +242 
172 +207 

146.3 +114 

a 

120 
81 
b 

120 
81 
c 

120 
81 
21,191 
120 
116 
166 
193 
194 
2,195 
2 
119,145 
119,196 
120 
117 
197 
133 
136 
90 
198 
198 
132 
106 
198 
4 
151 
199 
199 
199 
21 
59 
172,200 
172,200 
172,201,202 
146 
146 
146,193 
203 
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TABLE 8 (continued) 

M x P koH(298) Ea Ah& Ref. 

(M) (M-i s-r) (kJ 
mo1-’ ) 

Co OH 
Cr OH 

Very slow exchange, if any 
Rate inc. with inc. pH in the 
range pH = 2.2-4-O 

127,204 
73 

a Data from refs. 55,87,88,90-33,189. 
b Data from refs. 90,93,99,108a,190. 
c Data from refs. 90,93,191,192. 
d NH4+/NHa buffers. 
e Evidence for NH3 loss. 
f EtOH : Hz0 = 1 : 4.5. 
a MeOH : Hz0 = 1 : 4.5. 
h&em= Iz, [OH-] + k2 [OH-12, data cited here are for the ki path. The ks path involves 
C-O bond rupture f199,201]. 

TABLE 9 

Aquation, anation and base hydrolysis rate constants (298 K) for some CoX(NH3)s”’ com- 
plexes. (For additionaI entries see Note added in proof) 

Plot 
No. * 

X kni 
(M-’ s-’ ) 

_-_-- 

ir 
(M) 

Ref. 
$2, ) 

; NH, 7.14 x 10-7 PO4 
3 NO2 ;.g ; 

6’ x 
y” 6 

1.4 1.0 4 203 5.8 3.3 x x 10-12 10-s 
1.0 2,195 6.7 x IO-” 

4 w33 10-s 1.0 117 1.6 x lo-’ 
5 ma1 1.0 x 10-s 1.0 199 9.8 x 10-s 
6 AC 9.56 x lo4 0 59 2.7 x 10-s 

;: NCS form 5.8 5.0 x x 10-4 104 0 1.0 21 196,119 3.7 2.6 x x 1O-9 14-‘0 
9 CZCU 2.5 x IO4 1.0 199 4.2 x lo-’ 

10 CHCi2C02 5.8 x 1O-3 1.0 172,200 1.5 x 16-7 
11 so4 4.9 x 10-a 1.0 193 8.9 x lo-’ 
12 CC1&02 2.22 x 10-a 1.0 172,200 5.8 x lo-’ 
13 CF3C02 2.2 x 10-s 1.0 172201,202 1.7 x lo-’ 
34 F 1.3 x 10-2 0 so 8.6 x 10-8 
15 Cl 2.3 x 10-i 1.1 120 1.8 x 10-6 
16 Br 1.4 1.1 120 3.9 x 10-e 
17 1 3.2 1.1 120 8.3 x lO+ 
18 NO3 5.5 1.1 120 2.41 x 10-s 
19 ReOa 2.9 x 104 0.1 166 3.12 x lo4 
20 N3 3.0 x 10-4 0 133 2.1 x 10-s 

_._- . -_---.___ _.____ _..__- _____. _____~. -. -.-- 

a Numbers in this column refer to the points in the plot of log koH vs. log kaq (Fig. 1). 
b See eqn. (22). 
c The pIot of log koH vs. iog k,, (Fig. 1) has a slope of 1.29 ?- 0.22 and an intercept of 
7.35 + 1.86. This column gives the standardized residuals for each point. That is, the 
deviations from the predicted vatues divided by their standard deviation. 
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CoI( NHJ)52+ +$Hg2+ + C104 - 

Co(OCIO,)( NI-13fs2* 

I 
k aq a 8 - 10e2 s-l at 298 K 

Cot N~3M3WJ+ 

(.u = 1.0 M = HC104) 

SCHEME 2. Production and aquation of the perchlor&Rpentaammine cobalt(II1) Eon 147 J. 

Secondiyy, while there have been hints in the literature f40f (Table 5) that 
ammine loss can be an important pathway in the acid hydrolysis of CoX- 
(NH&‘+ complexes, especially with labilising aniono ligands (e.g. NOz or SO3 
(Scheme l)), it is only recently that this has received some systematic study 
[ 2,481. The competitive Cr-NW, bond rupture is perhaps better recognised 
I33 1, but “aquation” studies with reported activation energies close to that of 

M(NII&= + II,0 = products 

should be regarded with caution. (E, = 153 kJ mol-” for M = Co(II1) j49] 
and 115 kJ mol-’ for M = Cr(II1) [50,238]). 

p.___..,..-__--_ _m_--.-_w----- 

tt Ref. 
;gL g-1) 

iu Ref. 

(M) (M) t”ME, 

b Std. 
Res.C 

_~_._ .___.__“__ _ ..-- ______-_----.-~..“..--.._ 

I.0 49 
1.0 4 
1.0 137 
1.0 117 
0.3 160 4.0 x 104 1.0 53 4.0 x 104 
0.1 171 3.6 x lo-* 1.0 51 1.3 x IO” 
1.0 21 2.5 x 10-6 1.0 9,52 9.7 x 102 
0.5 119 1.3 x 10-6 205 3.5 x 103 
0.3 8 3.5 x 10-G I.(! 17,155 9.8 x 102 

173 
1.0 147 1.5 x 10-S 1.0 183,148 1.7 x 10 

173 
0.1 171 
0.1 6,114 0-l. 21 I x 102 
1.0 Table 5 2.0 x lo-” 1.0 12 1.11 
1.0 104 1.32 x 10" 1.0 104 3.4 x 10-f 
1.0 113 1.0 x l@ 1.0 113 1.2 x lo-’ 
var Table 5 2.2 x 10-e 1.0 12 9 x 10-Z 
0.1 166 
0.5 133 1.74 x 10-e 0.5 20 8.3 x 102 

p- - 

+0.87 
-1.54 
-1.56 
-2.14 
GO.32 

-0.75 
+0.03 
+0.94 
+0.34 

-1.03 
+0.13 
+0.19 

-0.18 
+1.16 

-0.35 
+0.75 
+x.20 
to.20 
+1.82 
+0.12 
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Mention should also be made ot the excellent data being produced by the 
South African Research Unit for Chemical Kinetics especially for the anation 
of CO(NH~)~(OI&)~+ with various carboxylate ligands [17,51-M 3. 

(i) Dinrcclear pentaammine complexes 
p-Hydroxo bridged complexes of the type (NH,),M(OH)M(NH,),s” are 

known for both Cr(III) and Co(II1). The Co(II1) complexes have only 
recently been described [ 206 ] and are isolated from the reaction between 
(NH~)~CO(OH)~CO(N~~~~~~* and liquid ammonia. The Cr(IIi) analogs (the 
rhodochromium salts) have been known for almost a century and have been 
extensively investigated [ 33,207 1. The latter are obtained by air oxidation of 
highly buffered (NH,‘/NH3) solutions of Cr(II) [33]. 

In acid solution, the hydroxo bridge is cleaved, and M(NH3)s(OHz)3’ ions 
are generated. The CofIII) complex reacts some 300 times faster than the 
Cr(III) analog (h,, (288)(Co(III)) = 6.4 X 10m4 s-‘, p = 0.2 M vs. h,,(289)- 
(Cr(II1)) = 2 X 100~ s-*) 12061, apparently independent of [H’] in the range 
5 X 1O-4--5 X lo-’ M. More recent investigations [126,208] show that for 
Co(II1) this range was too limited and a rate law represented by eqn. (12) is 
observed for [H”] = 10-4-2.0 M (~_t = 2.0 M, LiC104). The acid independence 
for the Cr(III) analog has been confirmed [ 2091 in the range [H’] = O.Z--1.0 M 
(EL = 1.0 M, NaCI04). Kinetic parameters (298.2 K) for the Co(II1) complex 
(eqn. (12)) are lo3 k, (s-i) (EL = 2.0 M, LiC104) = 7.58 E, (kJ mol-‘) = 86, 
A&,s+ (J K-i mol-‘) = -5; lo3 k, (M-l’s_‘) (p = 2.0 M LiC104) = 5.37, E, = 
52, ASzg6:* = -121; and for the Cr(III) analog lo5 h, (p = 1.0 M, NaClO,) = 
1.04, E, = 116, A&& = +41. 

(ii) p-Peroxo and Ct-superoxopentaamineco~~~t~rr~) complexes 
Air or molecular oxygen oxidation of cobalt(II) solutions in the presence 

of ligands (or ligand mixtures) containing five nitrogen donor atoms, very 
often produces binuclear p-peroxo bridged complexes 12101, (N,)CoO$o- 
(Ns)~+- 

Further oxidation of the brown diamagnetic p-peroxo complexes with Cla, 
Br2, HN03 or Ce4+ can give the green paramagnetic i.t-superoxo complexes 
(Ns)Co02Co(N5)5+ with a characteristic 13-line ESR spectrum even in aque- 
ous solution [211]. The general chemistry of these compounds has been 
reviewed [210] and the data for complexes pertinent to this review are sum- 
marised in Table 10. 

These EL-peroxo complexes are important precursors to the mononuclear 
anionopentaaminecobalt( III) complexes containing polyamine ligands (212, 
2133 as the p-peroxo bridge is cleaved in strong acid to give first aqua and 
then anion0 complexes, if the anion is a good nucleophile (Scheme 3). 

n2o 
(N~)COO~CO(N~)~+ f HX- 2 Co( Ns )( 0Hz)3+ + decomposition products 

Co(N5)OH2 3+ + X--’ CoXNs2+ f Hz0 

SCHEME 3. Decomposition of /kperoxocobalt(III) complexes in acidic solution. 
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When Ns = 5 NH,, the yield of mononuclear Co(II1) complexes is low with 
strong mineral acids 12101 but quite good using aqueous NH&l solutions 
12141. As the degree of chelation increases the amount of decomposition to 
Co(I1) decreases and yields of 50-75% of the chloropentaamine can be ob- 
tained from the E,r-peroxo using 6 M HCl [215,216]. 

Also, as the degree of chelation increases, the number of potentiaI isomers 
to the I.r-peroxo rapidly increases. It has been reported [217], without detail, 
that several Co2(en)2(dien)2024’ isomers have been prepared. The crystal 
structure of one of these has the symmetrical configuration shown in Scheme 
4 [217-J. 

SCHEME 4. Sketch of the geometric configuration adopted by [Co,(en)&dien)z(O,)]- 

~310~)~ 1217 3. 

The configuration of the polyamines is the same as that found for the K- 
CoCI(en)(dien)*+ isomer, one of the two forms isolated from the HCI decom- 
position of the p-peroxo [ 215,218 ] (see Scheme 26). 

Zehnder and Fallab [219] have isolated two forms of Co,(tetren)z024f. 
Oxygenation of Co(I1) plus tetren in 60% aqueous ethanol at 35°C gives the 
fi-peroxo isomer which on decomposition produces a-CoCl( tetren)” (Scheme 
5). 

at 2t 

@-CoCl(tetren)2+ &CoCI( tetren)2+ 

SCHEME 5. Geometric configurations adopted by the w and @-CoCl(tetren)‘* ions f 2201. 

Lower oxygenation temperatures (0°C) favour the p-peroxo which gives 
/3-CoCl(tetren)*’ on decomposition. Thus we suggest that the tow tempera- 
ture tetren p-peroxo has the same configuration as the above Co2(en)2(dien)z- 
024+ isomer, apart from an added chelate ring. 

Unfortunately, the isolation of an isomeric mixture of mononuclear chlo- 
ropenta~inecob~t( III) complexes from a particular p-peroxo complex does 
not mean that the parent is a mixture, as it is known that the mononuclear 
aqua complexes can isomerise 1111. The relative proportion of isomers will 
thus depend on the anation rate relative to the isomerisation rate. 
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We note here, that analogues of these p-peroxo cobalt(II1) complexes have 
not yet been reported for chromium(III). 

C. QUINQUIDENTATE POLYAMINE LIGANDS 

An excellent introduction to this field is the article by Lions [228 1. Among 
the Iigands decribed in this section are tetren (68,229 ] and trenen and their 
N or C substituted analogues. 

The modes of coordination of tetren are depicted in Scheme 6 (I, II, III, 
IV). I has a plane of symmetry but Ii, III and IV are asymmetric. In addition 
to the stereochemistry resulting from the arrangement of the chelate rings, 
there is the possibility of diasteroisomeric forms resulting from alternative 
configurations about the set-N atoms which fuse chelate rings in the same 
plane_ From this source II could exist in two forms and IV in four forms, The 
alternative forms in III are identical as seen by rotation about the N-Co-X 
axis. 

ni m 

SCHEME 6. Possible geometric configurations for MCl(tetren)2*. 

Using the commercially available (but impure) ligand, House and Garner 
[230,231 f isolated two CoClftetren)2’ isomers (a: and /3) and Marzilli and 
Sargeson a third (a~). Only the 0 isomer was resolved by House and Garner, 
but optically active forms of both LY and J3 isomers were obtained by Marzilli. 
Single crystal X-ray structures by Snow [220,232-2341 have established the 
a’(~ form as I and the LY and 0 isomers as II with enantiomeric arrangements 
about the see-N center joining the coplanar chelate rings (Scheme 5). 

The cr form is converted to the p form by replacement of the chloro by 
nitro in acid solution and the reverse transformation (0 + a) is achieved by 
base hydrolysis [230,231]. 

Strain energy minimum calculations have been performed by Snow [220] 
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and the strain energies relative to Q as zero, are 10.9 kJ mole-’ for j3 and 
2.1 kJ mole-’ for QCY. The chromium(III) complexes cr-CrX(tetren)“’ (X = Cl, 
NCS, OH?) have also been prepared [230,231,235-23’71 and the rates of 
the stepwise “unwrapping” of the quinquidentate ligand from the metal cen- 
ter have been measured in acid solution [236,237] (Scheme 7). 

550 2100 
Cr( tetrcn)( OH2 13’-- 86.5 + Cr(Htetren)(OHz)24+-96.6 -+ 

-36 +4 

2-l 1 

a. b, c-Cr(Hztetren)(OHz)3”+-1054 Cr(H3 tetren)(OHz)Q@--108 + 
-8 -24 

0.173 
Cr( He tetren)( OHz)s 7+-116 -P Cr(OH2)b3* + Hstetren5+ 

-16 

SCHEME 7. Stepwise unwrapping of Cr(tetren)(OHz:) 3+. Numbers on the arrows (reading 
downwards) are lo5 k (s-l) in 4 M HC104 at 333.2 K; E, (kJ mol-I); &2ys= (J Ic;-’ 
mol- * ). 

Similar unwrapping schemes have also been established for less chelated Cr(III) 
amine systems (50,237,238]. 

The most thoroughly investigated Co(II1) tetren complexes are (Y and p- 
CoX( tetren)2+ with X = Cl [ 2391, NCS 1240,241: and N3 12421. These com- 
plexes are thought to have an unusually acidic N-H proton (believed to be 
the set-NH proton common to the two coplanar rings, Scheme 6, configura- 
tion II) [240-2421. This is reflected in an estimated fion{298) = 3.5 X lo4 
M-’ s-’ for cY-CoCl(tetren)*’ [239] (cf. h,n(298) CoCl(NH,),” = 0.86 M-’ 
s-‘) so that even in 0.1 M H’ there is a considerable contribution to the 
release of the X groups via the base hydrolysis path [241,242]. The a! + p 
isomerism of Co(NCS)( tetren)‘+ in the pH range 2.2-2.7 is also believed 
[240] to proceed via direct base catalysed proton inversion at this site. At 
343.2 K and p = 1.0 M the cr-CoCl(tetren)2’ isomer aquates 1.7 times and 
base hydrolyses 3.4 times as fast as the /3 isomer, whereas for CoNCS- 
(tetren)2’ the p form base hydrolyses about 1.2 times faster than the (?: 
(p = 1.0 M, T = 288-298). Kinetic data are summarised in Tables 11 and 12. 

Recently, the tetren and trenen ligands (and some C-substituted analogues) 
have been synthesised by condensation of coordinated amino aldehydes or 
ketones to coordinated trien or tren (Schemes 8,9) [243,244]. 

Alternatively, trenen and set-N-Metrenen can be synthesised by conven- 
tional organic techniques [ 2461 and the Co(II1) complexes have been pre- 
pared. Unfortunately, the isolated complexes have differenCI geometric con- 
figurations as established by single crystal X-ray analysis [95,243] (Scheme 
10). 

Quinquidentate ligand complexes have also been obtained from the poten- 
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tiafly hexadentate l&and, penten 12471, a pofyamine EDTA analogue, where 
one end has failed to coordinate (Scheme 11). 

X x 

P-isomer ff-isomer 

X=CI,R=CH~:~=80%,u=20% 
X = Cl, R = H :@=7%, a=9390 
X=N&,R=H:@=35%,cr=65% 

SCHEME 8. Synthesis of tetren via reactions of coordinated ligands. 

N+-CH2 NH,-CH, 

k OH 

R = H: koH(298) = 518 M-’ s-l (2431 
R = CH3: koH(298) + 520 M-’ s -I 12441 
R = Ph: koH(298) -._ 3700 M-’ s-l [244] 

SCHEME 9. Synthesis of trenen via reactions of coordinated ligands. 
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trenen: koH( 298) = 518 M-’ s-l [95,243 1 
Metrenen: k0~(298) = 29 M-l s-l 12431 

SCHEME 10. Geometric configurations adopted by sym-CoCl(trenen)z+ and CoCl(Me- 
trenen)2+. 

SCHEME 11. A possible isomer of CoCl(Hpenten)3+. 

Various equilibria between Co(penten)3*, Co(penten)OH2+, Co(Hpenten)- 
(OH)3’ and Co(Hpenten)OH24+ have been measured as well as the rates of 
ring opening and ring closure 12471. The hexamine has been resolved with 
active COAX - and the ORD spectra of A-Co(Hpenten)X3’ (X = OH, Br) 
have been recorded 112471. 

Cobalt(II1) complexes of the macrocyclic pentaamine, pyaneN, [248] 
(Scheme 12) have been isolated in apparently one isomeric form and their 
physical properties suggest that all five nitrogen donor groups are coordi- 
nated. 

Cl2’ Hz0 

HNO, I NaOH/H20/N2 

+ Ni/Al 

purpte 

bl-OWfl 
HCL /NaCl.Oa 

SCHEME 12. Synthesis of py;neNs and one possible form of the chloropentaamine- 
cobaIt( ISI) complex. Carbon atoms marked (*) are potectial asymmetric centers 1248, 
2491. 
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D. QUADRIDENTATE-U~rDENTATE SYSTEMS 

PoIyanines represented in this class include linear CoX(trien)(NH3)2+, 
“tripod” CoCl(tren)NH,” and macrocychc tetraamines, CoCl(cyclam)(NH3)2”. 
The unidentate Iigand is almost exclusively ammonia. The exception is found 
in the recently described crystal structure of trans-chloro-cr, p, T, 8-tetra- 
pheny~po~hinatopy~dinecobalt(I~~) [250]. Chromium(~l~) complexes are 
not yet represented although both the &-a-CrXY( trien)“+ 12511 and CrXY- 
(tren)“+ [252] systems are well character&d. 

The CoX( tr%n)NH,“+ system is again one of considerable isomeric com- 
pIexity (Scheme 13). 

Independent investigators [ 213,253 3 have characterised three CoCI(trien)- 
(NH3)2’ isomers, but it is not known if these are identical. A single crystal X- 
ray analysis of the isomer which has the slowest rate of base hydrolysis 

TABLE 13 

Kinetic parameters for the aquation and base hydrolysis of some aniono(quadridenkte 
~oiyamine~(ammine)cobait(IiI) complexes 

Complex 
&I 0 

kOU Ref. 
(M-1 s-‘) 

_,~ ___~___F.~ 
Base hydrolysis 
cirs-ar-CoCl( trien)( NHa)- 1.0 298.2 10.6 253 
ck-P,-CoCi( trien)( NH3 )‘+ 1.0 298.2 4s x 104 253 
cis-@2’-CoCi( trien)( NHs)2+ 1.0 298.2 2.3 x 10’ 253 
Red-CoCI( tren)( NHa)2+ a 1.0 298.2 380 96 
Purple-CoCl( tren)( NHa)2* b 1.0 298.2 2.0 x 1O-2 96 
hzrns-CoCl(cyclam)(NH3)2+ 0.21 298.2 = 1.4 x 104 

+ cl- 0.21 297.2 1.2 x 104 259 
0.21 273.2 4.0 x 102 259 

trans-CoCi( cyclam)(NHs)2* 
+ NH, 0.51 273.2 1.7 259 

Complex 
G) TK) 

Ref. 

Aquation 
Red-CoCI( tten)( NHa)2+ 
Purple-CoClf trctn)(NHs)2+ 
ftan.s-CoCl(cyciam)(NHa)Z* d 

-+ cl- 

frans-CoCl(cyclam)(NHa)2+ e 
-, NH3 

0.1 299 15 x10-5 255 
0.1 299 7.4 x lo-5 255 

0.51 298.2 7.3 x 10-s 259 

0.51 298.2 4.2 x 10-l’ 259 

s 100% retention f96,258 1. 
b 15% retention [96,258]. 
’ Ea = 95.5 kJ moi-l, AS2ae* = -146 J K-l mol --I [259]. 
d E, = 122 kJ mol-‘, L&sa:: = +19 J K-l mol-1 12591, ~1 = 0.51 M. 
e p = 0.51 M. 



@oxi = 10.7 M-’ s-l, 298 K, p = 1.0) [253] shows this to be the Ah-cis-a! 
form [254] (Scheme 13). The other two isomers isolated by Dwyer base hydro- 
lyse much more rapidly (Table 13) and are believed 12531 to have the & and p\ 
configurations. A complex analysing correctly for [CoCl(trien)(NHJ)]Clz 
was also isolated by Pearson et al. (681 but this may be an isomeric mixture 
as the base hydrolysis rate (hOH = 160 M-’ s-‘, 298 K, 1_1= ?) [ZSS] does not 
agree with that obtained for the pure &sir form. Another possibility is that 
the isolated complex is mainly the red form of CoC~(tren)(N~~~*+ as, at that 
time, the commercially available “triethylenetetramine” contained consid- 
erable quantities of tren [ 2571. 

Although onIy two geometric isomers (Scheme 14) are possible for CoCI- 
(tren)( NHs)*+, and two (red and purple) have been isolated [96,222,255,258] 
there is controversy with regard to the assignment ]96,255). 

AA-&-& 

X X 

trans trans trans 

SCHEME 13. The 14 possible CoX(trien)(NHJ) *+ isomers. Nomenclature is that of Dwyer 
[ 253,254 1. 

NH3 Cl 

p-red 1961 C-purple [ 96 J 
12 (2551 P f2551 

SCHEME 14. Geometric isomers possible for CoClf tren)( NH3)2*. The assignment of the 
red and purple forms is from reference 1961. * 

* Note that the isomer assignments in Table IV of ref. 96 are incorrect and should be 
reversed. 
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Base hydrolysis studies show that the red form reacts about lo4 times fas- 
ter than the purple form. This is explained in terms of Puns activation by the 
coordinated chloride as the red form has two rapidly exchangeable protons. 

(I%, = 3.2 X 10’ M-’ s-‘, 298 K, fl = 1.0 M, for the two most readily exchanged 
protons in the red form: h,, (max) = 7 X 10’ M-’ S-I, 298 K, p = 1.0 M, for 
the purple form). The additional reactivity is thought to come from the dif- 
ference in the ease of distortion to a five-coordinate intermediate as the geo- 
metry assigned to the red form (Scheme 14) shows that this is nicely poised 
for such an event, despite almost equal strain energy in both isomers [96]. 

Of the macrocyclic complexes [ 260,261] onIy trans-CoCl(cy~lam)(NH,)~’ 
has been studied in any detail [259]. One unusual feature of this complex 
is that NH3 loss competes with chloride reIease in acid soIution, a situation 
not often encountered in Co(III) amine chemistry but more characteristic of 
the Cr(IfI) analogues. This ready loss of unidentate amine may be a relatively 
unrecognised feature of cobalt( III) macrocyclic complexes as Co( tet)( NH3)23+ 
(tet = 5,12-dimethyl-7,14-diphenyl-l,4,8,1l-tetrazacyclotetradeca-4,1l-diene) 
produces Co(tet)(NH,)(OH,)3’ in hot water-methanol in 10 min 12621. 

E..BIS(DIAMINE)-UNIDENTATE SYSTEMS 

This section is dominated by complexes of the type CoX(en)a(A)“‘, where 
A is a unidentate aliphatic or aromatic heterocyclic amine. These were first 
investigated by Meisenheimer and his students and the results were published 
in a rather neglected “classic” paper in Annalen [263]. The general synthetic 
method developed by Meisenheimer and used essentially unchanged by sub- 
sequent investigators f264--2671 is to stir an aqueous slurry of transfCoClz- 
(en)-L]C1 with slightly more than the calculated amount of the amine, which 
is dissolved in ethanol if it is not soluble in water. Reaction time varies from 
a few seconds (MeNH2) [264] to several days (isoquinoline) [267]. Despite 
much qualitative study, the influence of the nature of the amine on the prod- 
ucts of the reaction remains speculative (Scheme 15). 

SCHEME 15. Reaction products identified from trans-lCoCl2(en)z JCI plus amine. 

A number of investigators have tried to correlate the basicity of the amine 
with reactivity but the general conclusion is “the marked influence of basicity 
on complex formation may sometimes be overshadowed by the effect of 
other factors which cannot be strictly defined at present” [ 266 J _ It is obvious 
that a more quantitative study of this interesting reaction is desirable. 

For a number of amines, the stereochemistry of the chloropentaamine 
product has been unambiguously established as cis by resolution of the race- 
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mic mixture. (A tram configuration would be achiral.) Table 14 lists the 
complexes that have been resolved and it can be reasonably assumed that a 
trans + cis stereochemical change from parent to product is characteristic of 
this reaction. The &s-configuration for racemic [CoCl(en)zpy](NOx)z has 
been confirmed by an X-ray crystal structure [439]. 

Perhaps a simpler method of geometric assignment can be made on the 
basis of the C-13 NMR spectra where resonances due to the ethylenediamine 
carbon atoms are apparently diagnostic of the stereochemistry. It has been 
shown for several cis- and trans-CoXY(en)7_‘c pairs that only one en-C reso- 
nance is observed in tram complexes but two or more are observed for the 
racemic cis [ 277,279]. However, this method has not been tested with trans- 
CoX(en)l_( A)“+ systems and would not be applicable to Cr(II1) complexes. In 
fact, CoX(en)2(NH3)“+ is the only Co(III) system of this type where both 
cis and trans forms have been characterised. This latter complex is made by 
oxidation of the coordinated thiocyanate in tram-CoC1( NCS)(en)z’ [ 2801. 

TABLE 14 

Sign of rotation at the NaD Iine and absolute configuration of the less soiuble diastereo- 
isomeride of some cis-CoCl(en)z(A)‘* salts a 
________________._. _--_ . . _._ .._ _ ___.__._._ _._ _ _ . ___ .._._.-. .-.. ----. -.--. 
Resolving A 
agent b 
- .-.-- ------ - - -....- -. -- - 
NH4( +)BCS ( +)-NH3 

(+)-NH3 = 

Ref. A Ref. 

K( +)SbOT (+)-benzylamine 270 
(-)-pyridine 270 
(I)-MeNH2 271 

Na( + )SbOT (+)-MeNHz 267 
(+)&NH, 267 
(-)-benzimidazole 267 
(-)-4-benzylpyridine 272 

Na(+)AsOT (+)-benzyiamine 267 
(-)-isoquinoline 267 

268 
269 

_. __. .--.- -.- --- .---- 
(-)-aniline 
(-)-benzylamine 
(-)-cyclohexylamine 
? (-)-a2 
? (-)-NHZ(CH2)2Br 
? (-)-NHICH,CONH2 
(-)-NH, 

(+)-pyridine 267 
(+)-imidazole 267 

(-)-nButylamine 267 
(+)-4-methylpyridine 273 
(+)-N-methy!imidazole 273 
(+)-3,4_dimethylpyridine 277 
(+)-3,5_dimethylpyridine 277 
(-)-2-aminoethanol 214 
(+)-3,5_dimethylpyridine d 272 

- 
270 
270 
273 
274 
274 
275 
276 

_ __. _- _ .- ._ _.___ ___-. . . .._ -.. _--_- _._ ._ . . -._.-_- .__,. _ _._ .._- _ - _._-.- --_ 
a For a description of the A and .& arrangements of the cheiate rings in cis-M(en)aXY’*+ 
complexes see Fig. 3 in ref. 278. 
b See appendix for the abbreviations used. 
c For ck-CoBr( en)?(NHs)“+. 
d For cis-CoBr(en)2(3,5-dimethylpyridine)2*. 
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The cis- and trans-CrX(en)z(NH,)“+ analogues have recently been prepared 
[84,281,282] by the reaction of liquid ammonia on suitable chloro or bromo 
bistethylenediamine) complexes. Table 15 fists the visible absorption spectral 
parameters for the MX(en)2(NH3)nC isomers. No other CrX(en),A”+ com- 
plexes appear to have been characterised. 

The “Meisenheimer” reaction is not confined to monoamines and bridged 
dinuclear complexes of the type [CoCl(en),NHz(CH2),NHz(en)2ClCo]X4 can be 
obtained f290,291]. Careful control of the conditions can also yield unidentate 
diamine complexes such as cis-~CoCl(en)*~enH)]X~ [284,292-2941. These 
latter complexes, as well as those containing other potentially bidentate 
ligands e.g. NHI(CH1),C02R [275,295,296], NH2(CH2),CN [297-2991 or 
NH2(CH2),X (X = Cl, Br) [274,300] are of particular interest because of the 
possibility of chelation, either at a nitrogen or the Co(II1) centre, during a 
subsequent reaction. Such possibilities have been realised and are illustrated 
in Schemes 16-22. 

An interesting extension of the Meisenheimer reaction is the synthesis of a 
water soluble inorganic polymer by reacting trans-[CoCl,(en),]Cl with poly- 
vinylpyridine (PVP) to give [CoCl(en)z(PVP) ]C& * 2 Hz0 [312,313]. Poly- 
mers with up to 108 repeating units (and up to 50 Co(III) atoms) have been 
characterised (Scheme 23). 

Pentaamine complexes with other diamine ligands have not been exten- 
sively investigated. 7’r~ns-CoCl(chn)2(NHJ)2+ salts with both the racemic and 

N HZ 

H N’AcoLNH2 

+ x- 

2& 

&-I 

n = 1, x = CI: !I&. = 2.57 x IO4 M-’ s-l 
koH = 2.43 M-’ s-’ 

n = 1,X =CI: key = 1.2 x 1O-3 s-l in water 1298 J 
n = 1, X = Br: k,, = 4.5 x lo4 M-’ s-l 

n = 2, X =: Cl: ;;_=o$“o;-’ s-1 

SCHEME 16. Cyclisation and base hydrolysis of ck+CoX(en)2(NHz(CH? ),CN)** [ 297-- 
299,301] at 298 K (g = 0.1 M) [ 299 J. Note that the configuration of the isolated CoCI- 
ten)(trl) _ 2+ isomer [ 297 1, strongly supports the hypothesis that NH protons fruns to the 
anion0 group are the most labile [96]. 
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TABLE 15 

Visible absorption spectral parameters for some cis- and trans.MX(en)z(NHs)“+ com- 
plexes qb 

___.-__-_.----- ._---- -. 
Con fig. M X h max &nin x max Ref. 

cis 

ck 

Pans 

trams 

Cl% 

cis 

bans 

tram 

ci.S 

cis 

trans 

cis 

tram 

CiS 

CiS 

trarzs 

tmns 

cis 

trans 
cis 

tram 

co Cl 

Cr CI 

CO Cl 

Cr Cl c 

co OHz 

Cr OH2 

co OH2 

Cr OH2 

co Br 

Cr Br 

CO Br 

Cr F 

Cr F 

co NCS 

Cr NCS 

CO NCS 

cr NCS 

co NO, 

CO NO2 
co N3 

co N3 

525 
(73) 
506 
(54.0) 
525 
(471 
504 
(39.9) 
480 
(65) 
473 
(59.2) 
480 
(48) 
466 
(40.2) 
549 
(71) 
517 
(60.1) 
550 
(59) 
494 
(64.9) 
490 
(45.7) 
490 

(226) 
476 

(120) 
490 

(168) 
476 
C80) 
458 

(109) 

508 
(347) 
512 

(277) 

420 
(16) 
424 
(18.2) 
4 15 
(14) 
417 
(17.5) 
400 
(15) 
406 
(16.8) 
400 
(15) 
400 
(14) 

472 
(22.1) 

417 
(16.6) 
409 
(12.8) 

367 
(77) 
374 
(58.9) 
365 
(52) 
371 
(45.0) 
340 
(60) 
359 
(46.6) 
340 
(54) 
354 
(35.7) 
317 

(775) 
377 
(66.2) 
300 

(966) 
360 
(34.4) 
356 
(24.1) 

303 
(1660) 

280.283-286 

84 

280,283,285 

84 

280.284-286 

84 

280,285 

84 

286 

84 

287 

84 

84 

285,286,288 

281 

285,288 

281 

286,289 

287,289 
285 

285 

-_-- --.... ---- 
a In 0.1 M H+ for Cr(III) complexes. 
b Numbers in parenthesis are the molar extinction coefficient (M-r cm-‘). 
E A shoulder at ca. 470 nm is evident in the published figure [ 84 I_ 



y-N’% 

H2N\ / I 
NH2 

NH,(CH2$.,C~N 
/ 

Hg2+ 
H2N 

I 
NH2(CH21nCzN 

“HP 
‘Co’ 

H2N’ ‘OH 
I 

+ HgX+ 

~NHZ 

,,/N% 

H2N 
I \ / 

NH2(CH,&CsNHg 

\ 

H+ key 

n = 1, X = Cl, Br: key = rapid [ 299,302 ] 
kH, indep. of [H+] in the range 0.09-0.89 M [302] 

n = 2, X = Br: &g = rapid [302] 
t~,2 (cydisation) - 108 min, [Hg’+ J = 0.1 M, fH*] = 0.1 M 
k,, dependent on [Hi]-’ and [Hg2*] (3021. 

SCHEME 17. Hgz’ assisted hydration of a coordinated nitrile to a chelated amine [299, 
3021 at 29E! K. 

45 - 76 % 

x = ct X=Br 
kOH(M-’ s-l ) 200 820 independent of R 
fzz (M-’ S-I) -60 - 100 dependent on R 

SCHEME 18. Proposed reaction path for the formation of Co(en),(gly)2’ from the base 
hydrolysis of cis-CoX(en)?(NH*CH2C02R)‘* [275,295] at 298 K (g = 0.3 M) [275]. 
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/‘ 
I fin2 

H2N\ ,N’-b, 
I 

m2 + 

H2N 
P&~ 

ROH 

\ I 
$0 

kHg(298) = 1.76 x 10-2 nw d 
kHg(298) = 1.13 x 1O-2 M”’ s-l 
k&298) = 1.76 x 1O.-2 M-’ s-’ 

~ = 0_66 M 18031 

I~~J298) > 0.8 M-’ s-’ I 

X = Ci, R = Me: 
X = Cl, R = Et: 
X = Cl, R = iPr: 
X = Br, R = as above: 

R = Me: 
R= Et: 

R = iPr: 

X=Cl,R=H: 
X = Cl, R absent 

khyd(298) = 2.6 x lo-* s-' 
khva(298)= 7.1 x 1O-3 s-' 
tzh,&(305) = 3.0 x 10-3 s-1 
kh,.d dec. with inc. ,u, 
k,,,(298) = 1.1 x 10-S s-1 
k,,,(298) = 1.18 x 1W3 s-l 
kH(313) = 9.0 X 1o-6 s-’ 

k,,(313)= 1.98 x 10-S s-1 
kH cat. by Pb*+ [30?] 

1_1= 0.66 M [303 I 
/.I = 0.66 M 13031 
g = 4.0 M [304] 
see also ref. 305 
p = 0.66 M 1303 1 
g= 1.0 M [306] 
/.I = 1.0 M [307] 
/J = 1.0 M [3071 

SCHEME 19. Proposed reaction paths for the cyclisation and hydrolysis of some cis-COX- 
(en)z(NH,CH2COzR)2C complexes [303-307,441]. 

active ligand have been prepared by the action of liquid ammonia on the 
dichloro complex [314,315], Kinetic parameters for the aquation and base 
hydrolysis of some ~~Q~s-COX(AA)~(NH~)*’ complexes are listed in Table 16. 

Reaction of trans-Co(OH)(tmd),(OHz)’ with aqueous ammonia, highly 
buffered with NazHAsO,,, slowly yields trans-Co(tmd)2(NHJ)z3+ 13201, but 
truns-Co(tmd)zC1c reacts with aqueous amines to form Co(OH),(tmd)z” or 
Co(OH)(tmd)z(OH,) . *+ However, frans-[CoC12(tmd)2]C10G, dissolved in DMA, 
readily forms cis-CoCl(tmd),(A)2’ (A = NH,, MeNH*, benzylamine). The reac- 
tion with heterocyclic aromatic bases Euch as pyridine, is much slower. The 
cis stereochemistry of the resulting pentaamine has been confirmed by resolu- 
tion [ 2141. 

The &s-C&X.( AA)2(A)2’ (X = Cl, Br) complexes are potentially useful 
precursers for the synthesis of hexaamines, Co(AA),(A)(NH,j3’, via displace- 
ment of the coordinated halide by liquid ammonia. (See ref. 321 for a 
kinetic study of this reaction.) Such syntheses have been achieved with AA = 

en and A = NHz, py, 3,4-Me*-py and 3,5-MeZ-py. In all cases, the cis geom- 
etric configuration is substantially retained, but while for A = NH3, there is 
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Rl =R2 =H: koa = 260 M-’ s-*, 46% A 

RI = H, R2 = Me: koH = 280 M-’ s-j, 66% A 
RI = Rz = Me: kOH = 240 M-’ s-f, 82% A 

SCHEME 20. Proposed reaction paths for the hydrolysis of cis-CoBr(en)z(NH&H#ON- 
(R, R2))2’ at 298 K (p = 1.0 M) [ 274,309 J. For khvd data see ref. 308. 

considerable optical retention [322,323], for the heterocyclic amines, the 
chiral chloro yields mainly the racemic hexaamine [277], 

An extensive series of Co(N4)(aminoalcohol)3+ complexes (Scheme 21) 
(containing the CoONS chromophore) have been prepared with N4 = 4 NH3, 
Zen or ZR-chn 13241. Also in this class are the M(N,)(aminoacid)2+ chelates 
[ 325-327,438], of which the 2-carboxylpyridine and 2-carboxylhyrazine 
chelates (Scheme 24) are members [328]. 

(i) Reaction rates 
Complexes described in this section have provided a fruitful source of sys- 

tems for aquation, base hydrolysis and halide assisted reaction rate studies 
(Tables 17-19). The kinetic parameters for many of these reactions have 
been reviewed in 1974 (literature cited to 1972) [Xl and not all the data have 
been reproduced here. 

The aquation and halide assisted aquation reactions appear to proceed 
with full retention of stereochemistry, but base hydrolysis reactions usually 
result in some isomerisation. The steric course taken during the base hydrol- 



/NW2 

I P 
H2N\ / Nff2(CH21&xZMe 

l-4 NycaL 
+ x- 

2 \-NW, 
I 

1 k hy6 (to give Y - OH) 

fN% 
H2N\ / I NH2V3?,),Y 

‘-G-J 
A... I Lw, 

f NH2 

I 

A’ 

H2M, /NH2\*2 

H,q;q 

%N 

A0 ,:: 

L8i2 - 
I 

2 

Aol, 
Ha 

I 
<NH* 

Y = Br: 77% az produced at IOH-] = 1.0 M [2?4] 
21% az produced at [OH-] = 0.05 M [ 274 ] 

x= CI: k’oH(298) = 23 M-’ s-‘, /it = 0.1 M 13101 

X = Y = Br: 
khyd(298) = 2.4 M-’ s-l, ,U = 0.1 M f310] 
kOH(298) = 180 M-’ 5-l & = 1.0 M [2743 
k&298) = 3.3 x 1O-J S-* &t = 1.0 M f274] 
12,(298) = I.1 x x0-2 s-1 Jo = LO M f274) 

X = OH, Y = CI: k&298) = 1.1 x IO4 s-* /.t = 1.0 M 12741 
x = Cl, Y = OH: ko,(298) = 20.6 M-’ s-’ /.t = 0.1 M [310] 
X = Br, Y = OH: ko,(298) = 167 M-’ s-l p = 0.1 M [310] 

ho,(298) = 190 M-’ s-* &.t= LOMf274] 
X=OH,,Y=OH: !z.,(298) = 1.53 x 1O-s s-~ fi=O.O3M[311] 

(&I = 109 kJ moI_‘, &$29Rs = +21 J K-’ IXIO~-‘) [311]. 

SCHEME 21. Hydrdysis, chelation and cyclisatioz~ rates of home cis-CoX{en)Z(NHz- 
(CHz)zY)“+ complexes [274,300,310,311]. 

ysis of a reasonable series of optically active cis-CoX(en),(A)*’ (X = Cl, Br) 
compIexes has recently been determined [2’72]. Unfortunately, the visible 
absorption spectral parameters for the trons_Co(en),(A)(oll,)3‘ complexes are 
unknown and the amount of frczns-Co(OH)(en),fA)2+ produced has had to 
be established indirectly. Nevertheless, these data (Table 18) provide a sig- 
nificant advance on the information avaifable on the stereochemistry of this 
reaction. 

Despite a considerable interest in redox reactions in Co(IIf) chemistry, 
the easify prepared cis-CoX(en)&A)“* systems have been almost neglected 
apart from the use of Fe(II) as a reductant (Table 20). A study of the Fe2+ 
+ CoCl(en)~(NH2(CH,),0H)Z’ reaction in acidic aqueous solution, and 
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f 
NH2 

f 
N’-‘2 

HZN\ / I 
NH2 @Xi, L$C&f? H2N 

I 

Pi 

OH- 
NH2KH&02R 

. ..-.___) ‘Co’ 

I 

kc+t 

HzNLN+c’ 

H$4’ ‘OH 
I 

<NH, 

a-i- 
/ khyd 

/ 

f-+*2 

H2N\ / I 
NH,KH,f@; 

/co\oH 

* ROH 

‘-‘zN 
I 

\“‘N”, 

X = Cl, It = Me: k OH = 12.8 M_-’ s-r 

khyd = 0.22 M-’ s-l 
X=Cl,R=H: k OH = 9.3 M-* s-l 
Uncoordinated ester: kh,.d = 0.148 M-l s-r. 

SCHEME 22. Consecutive hydrolysis steps for cis-CoCl(en),(NH~(CHz)5C0~R)Z+ at 
298 K (p = 0.1 M) 1296 J. 

- 

L 

SCHEME 23. ICoCl(en)#VP)]Cla [312,313] (x = 0.2-0.6, n = 19-108). The 
of the chelate rings is speculative. 

chirality 

SCHEME 24. l3is(ethylenediamine)(picolinato)cobalE(III) and bis(ethylenediamine)- 
(2-carboxylatopyrazine)cobalt( III) complexes [ 3281. 
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TABLE 20 

Kinetic parameters for the reduction of some COCI(N~)~+ complexes with Fe(H) 

NS P 
(M) 

kFe 
(M-‘ s-l) 

Ea f&98+ 
IkJ (J K-* 
mol-’ ) mol-’ ) 

Ref. 

-__I .__.. ..-. - .- --_. ----_-_ .-..____ _- _--__- 

WH3h 

tetren a 
(trien)(NHs) a 
(dien)( en) a 

(dien)(tmd) a 
fenMNH3) 
(enMNH3) b 
(pnhfNH3) c 
(en)z(MeNH?) 
(en)GtNHz 1 
(enh(nPrNHz) 
(en)-,(nBuNH2) 
(enMNH?CCH2)4W 

fen);?(N%(C% )GW 
(en)2W) 

4enkd3-Cbv) 
fienM3-Me-w) 
(enh(3,5-Mez-py) 

0.34 299.0 7.1 x 104 
1.0 298.2 1.35 x 10” 
1.7 298.7 1.60 x 1O-3 
1.0 298.2 <lo-* 
1.0 298.2 2.5 x x0-6 
1.0 298.2 6.0 x 1O-6 
1.0 298.2 8.0 x lO+j 
1.0 298.2 1.4 x 10-S 
1.0 298.2 1.8 x 10-s 
1.0 298.2 6.6 x 10-s 
1.0 298.2 2.5 x 1O-5 
1.0 298.2 2.72 x 1O-5 
1.0 298.2 2.70 x lo-” 
1.0 298.2 2.58 x lO+ 
1.0 298.2 2.03 x lo-’ 
1.0 298.2 4.68 x 1O-s 
0.6 298.2 4.38 x 10-s 
1.0 298.2 3.11 x 10-s 
1.25 d 298.2 4.1 x 10-a 
1.25 e 298.2 2.92 x 10-s 
1.0 298.2 7.88 x IlO4 
O-i2 313.2 1.1 x 10-s 
1.0 298.2 2.1 x 10-s 
1.0 298.2 5.8 x 104 
1.0 298.2 4.62 x 1OA 

63 
52 
61 

58 
58 
56 
58 
58 
55 
61 
71 
67 

-96 382 
-22.5 383 

-96 384 
385 
386 
385 
386 

386 
387 
387 
386 

-137 385 
-138 385 
-144 385 
-141 385 
-134 385 
-152 381 
-127 385 

-58 313 
-67 313 

440 
312 
440 
440 
440 

-_- ___ . _. ----- --.-_ -- 
e Geometric configuration unknown; b trans isomer; c cis(?) isomer, but configuration of 
pn rings unknown; d H,S04 = 0.5 M; e H2S04 = 1.0 M. 

with organic solvents, has been reported [3813. The rate of Fe@) reduction 
is essentially independent of [H”] (0.14-0.43 M) and only slightly increases 
with increasing ionic strength. With increasing concentrations of organic sol- 
vents there is an increase in k?, M” and ASzse* and a plot of log k~ VS. 
[organic solvent] is linear for ethanol and acetone, but markedly curved for 
DMF and DMSO. For a comparison of refated Fe(D) reductions of Co(III) 
complexes (especially CoX( NH3)5 ,+) in aqueous-organic solvent mixtures, 
the reader is referred to the recent work of Matthews and Watts [ 3821. 

(ii) Aqua complexes 
Aqua complexes of CofIII) are weak acids and pKa values for the equili- 

brium 

cis-Co(en)2(A)(OH2)3+ + cis-Co(OEI)(en),(A)*” + H’ (25) 
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are given in Table 21. The change from aqua to hydroxo causes a marked 
increase in the propensity for isomerisation and racemisation (Scheme 25). 
Kinetic parameters for the racemisation of aqua 

t-Co(en)z(NH3)(OHz)3+ ;: Kt = t-Co(OH)<en)z(NH,)2’ + H’ 

1 hl 1 hz 

c-Co( en)z( NH,)(OH#+ = K, -’ c-Co( OH)( en)l( NH3)2+ + H’ 

kl(333.2) = 7.5 x 10-e s-1 
h2(333.2) = 3 x 1O-5 s-’ 
&(333.2) = 6 x 1O-4 

SCHEME 25. Rate constants for the isomerisation of aqua and hgdroxo bis(ethylene- 
diamine)( ammine)cobalt( III) compIexes [ 287,388 1. 

and hydroxo complexes of this type are listed in Tables 22 and 23. The 
reason for the ca. lo3 rate increase for the racemisation of the hydroxo rela- 
tive to the aqua is not well understood. No 180 exchange was observed in the 

TABLE 21 

p& values for some cis-Co(en),(A)(OHz)B’ complexes. (For additional entries see Note 
added in proof) 

A 

NH3 
trans-NH3 
MeNH2 
MeNHz 
iPrNHz 
nBuNHz 
BzNH, 
NI%(CHz)zNHs 
NHz(CH2 WH 

an 
2-MeO-an 
PY 
PY 
3,5-Mez-py 
Imidazole 
Cr(NH&OH; 

Co(NH&OH32+ 

fl (Ml 

0.03 

0.03 
2.0 
0.1 
0.03 
0.03 
0.1 
0.03 

:::3 
0.03 
0.03 
0.1 
0.1 
0.03 
2.0 
2.0 
1.0 

1.0 

T(K) PK, Ref. 

298.2 5.83 349 
5.80 388 

298.2 5.71 349 
323.8 5.50 273 
273.2 6.44 361 
298.2 6.16 349 
298.2 5.99 349 
298.2 5.05 292 
298.2 5.48 349 

298.2 298.2 6.12 5.50 310 311 
298.2 5.40 311 
298.2 5.47 349 
273.2 6.29 361 
273.2 5.00 370 
298.2 5.26 349 
323.8 5.65 273 
323.8 6.40 273 
298.2 5.16 182 
303.2 5.29 
308.2 5.41 
313.2 + 5.53 
323.2 a 5.76 
333.2 = 5.98 
298.2 5.75 b 161 

a Extrapolated values. b Also determined in the presence of added electrolytes. 
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TABLE 22 

Kinetic parameters for the raeemisation of some cis-Co(en)&A)(oH~)~* ions in 0.1 M 
acid 

A lo9 11298 (s-p E, 

(kJ 
mo1-1) 

:ii3 
M&H* 
EtNHz 
BzNH2 
cyclohexNH2 
PY 
3,5-Me2-py 
Imidazole 
N-Me-imidazole 

22.5 
1.8 
1.7 
2.0 

3i.i 
413 
7.7 
2.7 
1.8 

118 -_ 3 388 
150 +82 273 
156 4101 267 
155 4100 267 
157 4109 403 
135 +57 273 
164 +138 403 
152 +102 273 
153 is7 267 
158 -4108 273 

racemisation of cis-Co(OH)(en),(NH,)” [3883 and a twist mechanism may 
be likely, as these racemisation reactions are characterised by high activation 
energies. Such a twist mechanism could be facilitated by deprotonation at an 
NH site in basic solution. 

(iii) Chiropfical properties 
Although cis-[CoX(en),(NH,)]X, (X = Cl, Br) were some of the first octa- 

hedral complexes to be resolved [269,433 J, the chiral properties of the relate< 
ci.s-CoX(en),(A)*” complexes received little attention until recently [ 2671. 
ORD and CD spectral parameters have now been determined (600-300 nm) 
for most of the complexes listed in Table 14 and the references cited therein 
should be consulted for further details. 

The absolute configuration of the (+)- or (-)-CoCl(en)z(A)** ions are based 
on the assignment of the A configuration of the chelate rings [278] to (+)- 

TABLE 23 

Kinetic parameters for the racemisation of some cti-Co(OI-I)(en)z(A)2+ ions at pH = 8, 
p = 2.0 M (NaC104) 

.- 

A 

_. 

NH3 

MeNliz 
3,5-Mez-py 
Imidazole 

IO6 fiZ98(S 
-1 Y 

1 Ea (kJ AS;;, Ref. 
noI-’ ) (J K-? 

mol -1 ) 

2.55 138 +102 273,388 
7.2 123 +60 273 

30 122 +69 273 
7.0 128 +76 273 
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Fig. 2. Typical CD spectra of A-cis-CoCl(en)*(afkyiamine)2+ 
(en)z(aromatic tertiary amine)2* (- - - - - -) [267,271-2731. 

(- 1 and I\-cis-CoCi- 

CoC1(en)2(NHz)2’ [ 276,286,323] and the complexes with A = alkylamine are 
related &o this by a comparison of the ORD or CD spectra [267,271]_ How- 
ever, the ORD or CD spectra of complexes with A = aromatic tertiary amine 
are not obviously related to those with A = alkylamine (Fig. 2) and absolute 
configurational assignments have been made by comparing the CD spectra of 
the related aqua ions with that of A-(+)-Co(en),(OH,)2”’ 126’71. 

It has been suggested that the difference in chiroptical parameters between 
the two classes of amines can be related in some way to the bonding effects 
of the n-system of the heterocyclic ring f267,277]. 

F. BIDENTATE-TRIDENTATE COMPLEXES 

With symmetrical polyamines, there are four geometric isomers possible for 
this class of complex (Scheme 26). All of these have been characterised by 
single crystal X-ray studies; however a complete set for a particular amine 
system has only been indirectly established. 

Two isomeric forms for CrCl(en)(dien)*+ have been isolated but only those 
with configuration IV have been reasonably investigated [30,31,214]. 

In an investigation to determine the influence of chelation on aquation 
rate, Pearson et al. 1681 prepared a number of COCKY’ complexes includ- 
ing CoCl(en)(dien)2’ and measured the rate of chloride release in acid solu- 



m IL? 

SCHEME 26. Possible geometric isomers for bidentate-tridentate complexes. 

tion. Unfortunately, the isomeric composition and purity of the complexes 
prepared was not well established and the rate data obtained cannot be 
validly used to interpret the influence of chelation [ 28 J . Sadly, similar remarks 

TABLE 24 

Isomer assignments for some [ CoCl(AA)( ABAO) ]X, systems a--d 

Configuration 
(Scheme 26) 

I II III IV Ref. 

(en) (dien) w 215,218,410 
(pn) (dien) %,D ;,e c H, I(?) 212 
(ibn) (dien) 2 2 1 2 (?) 212 
(N-iPr-ibn) (dien) 3 2 212 
(stien) (dien) 2 2 212 
(tmd) (dien) d, e, f a, b c h 412 
(N-Me-~md) (dien) IV, v I’, II I, IE 212,414 
(N-Eu-tmd) (dien) 1 1 212 
(N-hex-tmd) (dien) 2 212 
(bn) (dien) 1 212 
(2,3-tri) (dien) 1 212 

(en) (W) ; a 216,415,416 

(pn) (dpt) P z 212 

(ihn) (dpt) 2 2 212 
(stien) (dpt) 2 2 212 
(tmd) (dpt) k, 1 i, j, m, n 412 

(ibn) (cytam) 1 404 
(en) (tri) 1 298,299 - 

a The configuration of the underiined isomers has been established by single crystal X-ray 

analysis. 
b Arabic numeiais refer to the number of forms assinged to a particular configuration. 
c As ZnC$ salts, except the last two entries. 
d See Appendix for ligand abbreviations. 
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must also be made with regard to a recent study of the influence of chelation 
on the rates of Fe2’ reduction of CoC1(N5)z+ complexes [385,386]. Further 
investigations of the CoCl(en)(dien~*+ system were made by Bosnich and 
Dwyer 14041 who isolated two isomers. The major component (w) was 
assigned to configuration IV (Scheme 26) and this was subsequently estab- 
lished by singIe crystal X-ray analysis [405-4071. The minor component was 
assigned to either of configurations II and III (Scheme 26). w-CoCl(en)(dien)*’ 
has also been prepared from the reaction of ~~Q~s-CoCl~(dien)(NH~)* 1408, 
4273 with ethylenediamine f405,408]. 

In 1968, Gainsford and House reinvestigated the CoX(en)(dien)“+ system 
and isolated isomers (n and K) corresponding to configurations I and II respec- 
tively [ 2181. Isomer III has not yet been synthesised for this system [409]. 

Using methods similar to those in Scheme 27, and also the reaction of 
CoCl,(ABA) [411,428-432) with diamines, a considerable number of isomers 
were prepared for various CoX(AA)(ABA)“+ systems (Table 24) [212]. The 
tetrachlorozincate(I1) salts proved admirably suitable for isomer separation 
by fractional crystallisation techniques [412]. 

For symmetric di- and triamines, only configuration I is potentially chiral 
and the resolution of d-CoCl(tmd)(dien)2+ confirms the assignment of this 
isomer to this configuration [412,413]. 

Co( II) + en + dien + 02 

1 Cl04 - 

[ (en)( dien)CoOzCo( en)( dien)]( Cl0414 [213,217,2231 

1 6 M HCI + Z&l?_ 

n + K-[CoCi(en)(dien)]ZnCl4 
I 
1 c104- 

K-[CoCl(en)(dien)](C104)2 
+ n-CoCl( en)(dien)2+ 

Co(NOz)3(dien) + en 

I 6-8 M HCl + ZnC12 

w-[ CoCI( en)( dien) ]ZnCld 

SCHEME 27. Synthetic routes for the production of 71, K and w-CoCI(en)(dien12+ 121% 
218,404,410]. 

However, the introduction of an asymmetric diamine (e-g. 1,2-diamino- 
propane or N-methyl-1,3_diaminopropane) almost doubles the number of 
potential geometric isomers and these seven forms will all be potentially 
chiral (Scheme 28). 

A single crystal X-ray structure of the violet {+]szO-V-[CoCl(N-Me-tmd)- 
(dien)] ZnCL * (from the less soluble (+)BCS salt) shows this to have the 

* Symhols in the braces give the sign of the CD extrema at the cited wavelength. 



cm 

X 



fRS1 -II-Ct G?S) -II-H&l 

f 
NH2 

HN\ 7”” 

H N/c<N, ! 

I 534 

--2a 
+61 

2 

f ‘MC? 
NH; 

SCHEME 29. Isomeric interconversions for some CoX(N-Me-tmd)(dien)Ri (X = Cl, OHz) 
comptexes. Numbers on the arrows (reading downwards) are 10’ &~H(s-’ ), E, (kJ moi-’ f 
and &2q8F (J K-l mol-’ ) in f.O NI HClU~ f4t4 1. Prefixed signs refer to the sign of the 
CD maxima at the cited wavelength. See Scheme 35 for the proposed mechanisms for the 
isomerisation reactions. 



296 

I-(R)--mer-chloro was obtained from this by decomposition with HCl/ZnCl,. 
Changes in the CD spectrum with time for these chloro complexes (and 

the corresponding aqua isomers produced in situ by Hg2+ assisted aquation) 
have been interpreted in the following scheme (Scheme 29). 

A knowledge of the isomerisation rates has permitted a more controlled 
synthesis of any particular isomer rather than reliance on the method of 
fractional crystallisation from an isomeric mixture. 

A similar situation exists with the CoX(pn or ibn)(dien)“+ systems and 
the seven possible geometric isomers have been isolated for both diamines 
12121. A single crystal X-ray structure [244] of B-[CoCl(RSpn)(dien)]ZnCl, 
shows this isomer to have the configuration illustrated in Scheme 30. The iso- 
lated isomers can be grouped into two non-interconvertible series corresponding 
to the alternative modes of coordination of the diamine and structural assig-n- 
ments have been made by a comparison of these with the CoCl(en)(dien)2* 
isomers of known configuration. 

Chromium( III) complexes of the type [ CrCl( AA)(dien)] ZnC1, have been 
obtained from CrC13 - 6 Hz0 dehydrated in DMSO followed by addition of 
dien and the diamine (AA = en, pn, tmd). The isolated salts are isomorphous 
with the w, H and h-Co(II1) isomers respectively and are assigned to configu- 
ration IV (Scheme 26) on this basis f31 J. This is in agreement with the pre- 
vious [212] assignment of H-fCoCl{pn)(dien)]ZnC& (Scheme 30) to confi- 
guration IV (Table 24). 

While expansion of the ring size of the diamine appears to have little effect 
on the number of isomers isolated [412], the use of dpt with two fused six- 
membered chelate rings appears to restrict the stereochemistry to configura- 
tions II and III (Scheme 26, Table 24). Indeed, Co(II1) complexes with dpt 
in a facial configuration do not seem to have been characterised [41’7]. 

The structures of cy- and P-CoCl(en)(dpt)2’ salts [216,415,416] show these 
to differ only in the configuration of the set-NH proton between the fused 
six-membered planar chelate rings (cf. OL- and P-CoCl(tetren)*‘, Scheme 5). 
Strain energy minimisation calculations performed for various ring conforma- 
tions of the cr-(Ht) and &(H+) (Scheme 26, III and II) isomers, indicate that 
the energy difference between the most stable conformers is quite small 
(1.7 kJ mol-‘) and in favour of the cu-isomer [415]. 

Also included in this section are complexes where the anion0 donor is part 
of the chelate ligand. Thus the preparation 14181 of both mer-N- and racemic 
sac-N-Co(i-DTMA)(en)~~ (Scheme 31) (i-DTMA = diethylenetriaminemono- 
aceticacid f419]) illustrates the COON+ chromophore in such systems. 

(ii Structure-reactivity patterns 
In view of the considerable complexity of the CoX(AA)(ABA)“+ systems, 

a number of reaction rate studies have been undertaken to try to establish 
quantitative s~~cture-reacti~~y patterns. Tables 25-28 summa&e the accu- 
mulated kinetic data for aquation, isomerisation, racemisation, He;“’ assisted 
aquation and base hydrolysis reactions. 
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(A) 

(H) 

tB, 

SCHEME 30. Possible geometric isomers for ~oX(RSp~)(dien)R~. Isomers for CoX(ibn)- 
(dien) nt are similar except that two methyl groups are attached to the carbon atom in the 
diamine ring. 

YNH2 2+ 
N- -0 

l I 
'CO/ 

H,N/ ‘NH, I / 
NH2 

SCHEME 31. Isomers of Co( i-DTMA)(en)2* (4 18 J. 
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TABLE 26 

i3ase hydrolysis rate parameters for some MCI( AA)( ABA)*’ complexes (g = 1.0 M) 

M AA ABA Isomer k2w E, &298= Ref. 
(configuration) (M-1 s-1 ) (kJ mol-’ ) (JK-’ 

mol-’ ) 

co 
co 
c!o 

co 
co 
co 
co 

2 
co 
co 
co 
co 
co 
et 

ct tmd dien tw 
cr pn dien (IV) 

en 
tmd 
Me-tmd 

en 
tmd 
Me-tmd 
en 

Me-tmd 
Me-tmd 
en 
tmd 

en 
tmd 
en 

en 

dien 
dien 
dien 

dien 
dien 
dien 
dN 

dien 
dien 
W 
dpt 

dien 
dien 
tti 

dien 

7T (1) 
d (11 
v (1) 
K (II) a 
a {II) 
II (II) 
13 (II) 

II (III) 
I (III) 
ty (III) 
i (III) 

w (IV) 
h (IV) 
(IV) b 

(IV) 

26.6 
138 

7.57 

3 x104 
5.0 X lo5 83 
1.2 x 10s 93 
2.2 x 103 

6.2 x 10” 53 
Very fast 
8.6 x 103 
2.8 x lo3 102 

7.26 
10.6 123 

2.43 

7.33 106 
x 10-S 
7.67 x 1O-3 
8.46 x 1O-3 

+94 
+82 

+135 
+175 

i-35 

+175 

+179 

+60 

420 
413 
414 

420 
413 
414 
420 

414 
414 
420 
413 

420 
413 
298,299 

30 

- 
a For the structurally related trans(0, CI)-CoCl(gly)(dien)2+, koH(298) = 1.3 X lo4 M-’ s-’ 
(p = 0.1 M) [420]. b For the bromo complex, koH(298) = 11.8 W’s_* (p = 0.1 M) [299]. 

TABLE 27 

Rate parameters for the Hg*+ assisted aquation of some [MCI(AA)(ABA)]ZnC14 complexes 
(T=298K,j_f=l_OM) 

-. -. -- -_-~ 

M AA ABA Isomer 103k298 Ref. 
(configuration) (M-l s-’ ) 

__._____.-._ -.._-__.-_ ___-_ . . .._ --...-.---_-. -- 

Co en dien 71 (I) 14.9 a 11 
Co en dien fc (II) 5.21 a 11 
Co en dien w (IV) 4.95= 11 
Co tmd dien h (IV) 47.4 30 
c!o Pn dien H (IV) 5.58 30 
Co en tri (IV) b 528 299 
Cr en dien (IV) 23.6 30 
Cr tmd dien (IV) 21.6 30 
Cr pn dien (IV) 22.6 30 

a Activation parameters are cited in ref. 11, but these are probably composite as HgCI+ also 
assis.tS the aquation. r? For the bromo complex, 1031i’z9s = 1390 (p = 2.04 Mf [299]. 
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TABLE 28 

Rate parameters for the isomerisation and racemisation of some Co(AA)(dien)(OH2)3+ 
complexes (‘I’ = 298 K, ~_t = 1 .O M) 
--_A-_ 

AA Reaction a 107&s -G Ref. 

(s-’ 1 (kJ mol-I) $“= 
mol-’ ) 

__---____-___ -._-- _--.__-. -...- ~-- 
en K(H) + n(1) 1.2 124 i-31 11 
tmd d(1) + AA(I) 9.1 130 +68 413 
Me-tmd A-( R)-(I) + AA-(R)-(I) 53.4 124 +61 414 
Me-tmd tR)-tIII) + (RWU 31.9 135 +95 414 
Me-tmd (R)-(II) + AA-(R)-(I) 11.2 91 -63 414 

--- 

a Roman numerals in parentheses refer to the configurations shown in Scheme 26. 

These isomeric systems have the advantage that only the stereochemistry 
within a particular series is influencing the reaction rate, i.e., inductive, con- 
jugative and charge effects and the centr::l metal are constant. On the other 
hand, when investigating such features as the effect of chelation or ring size 
on reaction rate, it is necessary to ensure &hat a common stereochemistry of 
the reacting species is established. Schem$? 32 summa&es the available data. 

Aquation and Hg” assisted aquation rates are not particularly sensitive to 
changes in stereochemistry, although from the limited data configuration IV 
(Scheme 26) appears to be the most inert. Nor is the “grease effect” [68,237] 
of the chelated ethylene bridges particularly marked as there is only a decreas 
of about 20 in the aquation rate in going from CoCl(NH,),” to w-CoCl(en)- 
fdien)” (Scheme 32) and this reduction in rate may be due to other factors. 

In contrast, base hydrolysis rates are markedly dependent on the stereo- 
chemistry and rate increases of up to lo3 are observed (Table 26) for isomers 
assigned to configurations II and III (Scheme 26). These configurations are 
characterised by the leaving group cis to the set-NH of a planar (meridional) 
RNH(CH,),NH(CH,),NHR polyamine group. Enhanced rates for base hydrol- 
ysis are also observed for more chelated polyamines containing this structural 
feature (Scheme 32). While no proton exchange rates have been measured in 
these systems, the enhanced acidity of this type of set-NH proton appears to 
be well established and will be of considerable help in structural assignments. 

Both the cis-CoCl(en),(A)” and CoCl(AA)(ABA)” systems appear to 
aquate without isomerisation. However, the resulting aqua ions are geometri- 
cally mobile and racemisation (Tables 22, 28) and isomerisation have been 
observed (Table 28). While the racemisation reactions could proceed via a 
twist mechanism or a water exchange mechanism (via a trigonal bipyramid, 
Scheme 33), isomerisation reactions are thought to proceed mainly via the 
latter. Scheme 34 illustrates the proposed aquation-isomerisation paths for 
fc-CoC1(en)(dien)2’ [ 111. While no contribution via the unsymmetrical trigona 
bipyramid was observed in this case, this intermediate probably participates 
in the isomerisation paths postulated for Co(N-Me-tmd)(dien)(OHz)3f 
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(NH-,)* 17.6 (0.86) 

rcr 
kc-(en)(NH3)3 

bans-( trien)( NHS) 

mer-(en)(NH3)3 

. YN 

/ 
“\,,,“’ I 

N’I’N 
N 

P-fdien)( Nl-is)z 

tran.s-( en)2 (NH31 
2.9 (1.25, 273 K) 

W-(dien)(NHx)z 
- (1.7) 

a-( trien)(NHs) 
- (10.7) 

ck-( en)2( NHS) 
4.2 (8.1) 

(Ht)-&-(trien)(NHa) (HI)-fll-(trien)(NHx) 
- (4.8 x 104) (Ht)-8;-(trien)(NHJ) 
(Hi)-&(trien)(NHs) 
-(2.3 x 105) 

po/cL 
N’I ‘N 

*’ 
I 

(Hi)-K-(en)(dien) 1.78 (3.0 X 104) n-(en)(dien) 2.56 (26.6) w-(en)(dien) 0.94 (7.26) 

(Hr)-P-(en)(dpt) 213 (2.2 x 103) d-(tmd)(dien) 43.0 (138) h-(tmd)(dien) 2.16 (10.6) 

(H&)-a-(tmd)(dien) 56.5 (5.02 X 105) V-(Metmd)(dkn) 30.7 (7.57) (en)(tri) 30.6 (2.43) 

(HI)-II’-(Metmd)(dien) 88.6 (1.2 x 105) .V-WetmdKdien) 33.4 (-1 
(Ht)-a-(en)(dpt) 116 (8.6 X 103) 
(Ht )-I-(~~etmd)~dien) 35.7 (v. fast) 
(Ht)-II-(Metmd)(dien) 82.2 (6.2 x 104) 
(H?)-i-(tmd)(dpt) 174 (2.8 x 103) 
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(Ht)-cr-(tetren) 
0.36 (3.5 x 104) 
(HL)-p-( tetren) 
0.97 (1.0 x lo4 est.) 

acu-( tetren) 

SCHEME 32. Structure-reactivity patterns in some COCI(NS)~+ systems with increasing 
chelation. Numbers below the configurations are 10’ k,,(298)(s-*) followed by ko~- 
(298)(M-’ s-‘, p = 0.1 M) in parentheses. 

(Scheme 29, {+bD-I--( R)--OH?, + (i-)490-II’-(R)--OHZ)_ The major dif- 
ference in the two chloro starting materials (tc-Cl and (+]s80-I-(R)-Cl, con- 
figurations II and III respectively, Scheme 26) is in the position of the sec- 
NH-mer-dien proton and in acid solution, complexes with configuration III 
cannot fold the NH, ends of the dien towards the leaving group, whereas 
those with configuration II are nicely poised to do so (Schemes 28, 29 and 
35). 

The simplest interpretation of these data is that the dissociative chloride 

‘I 
;lHZ 

H2N-CO 

\I 
‘a 

*’ 
0 NH2 

,A% ,--- 

YN,[ ,C’ 
/N’-‘z 

H2N\ / I @‘42 

rat-cls-Ot+ 

/ 

f 

frms-oH2 rat-cis- OH2 

SCHEME 33. Racemisation of cb-Co(en)2(A)(OH,)3+ via a trigonal bipyramid interme- 
diate and a water exchange mechanism [ 28, p. 2501. 
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release path in these Co(II1) complexes does not proceed via the trigonal 
bipyramid intermediate as the kinetics can be accounted for without direct 
isomer&&ion fl1,239]. Yet there is the observation that the nonreplaced 
chelate groups can influence the aquation rates of CoCl(i;5)*+ complexes to 
a considerable extent. 

“tXp7 O%YofH 0-h’-OH2 

SCHEME 34. proposed mechanism for the isomerisation of K -+ rr-Co( en)( dien)(OHz)3* 
in acidic solution f 111. 

The best documented of these is the “six-membered ring effect” [31,413, 
422,423] fist noted by Pearson et al. 14211, where the replacement of 1,2- 
diaminoethane by 1,3diaminoproPane as a bidentate chelate caused a dra- 
matic increase in the rate of aquation. On the other hand, no such effect is 
manifest in the analogous (and in many cases, isomorphous) Cr(III) systems 
[30,31,424,425]. 

Three theories as to the origin of this ring size effect have been considered: 
(a) steric strain theory [68,423,428] 
(b) steric interaction theory [422,424,425] 
(c) distortion theory [413,414]. 

The increased rate of truns-CoC12(tmd),‘relative to trans-CoC12(en)z+ was orig- 
inally ascribed to release of steric strain (mainly in the “bite” of the chelate 
ring) in forming a dissociated transition state [28,423]. This hypothesis was 
rejected on the grounds that the isomorphous trans-CrC1z(tmd)2’ analog 
should have similar ring strain and yet no rate increase was observed [422, 
424,425]. 
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tion energies 1301) aImost independent of the size of the diamine chelate 
ring (Table 25). Here an associative interchange mechanism is thought to be 
operative and the 3 fold rate increase observed for the chelates, relative to 
Crcl(NH,),z+, is attributed to a more open site adjacent to the leaving group 
1301. 

G. TRIDENTATE-BIS( UNIDENTATE) SYSTEMS 

Scheme 32 illustrates the five geometric isomers possible for the CoX- 
(ABA)(A?)** system. Reaction of mer-CoC13(dien) with aqueous NH, pro- 
duces trans-CoCl,(dien)(NH3)‘, Co(dien)(NH,),3’ and isomers of CoCl(dien)- 
(NH3)**+ [214]. Four forms have been isolated and the K-CoCl(dien)(NH3)22+. 
isomer has been characterised as the (HJ)-mer-dien-cis-diammine by single 
crystal X-ray methods 12141. The missing isomer is apparently the mer-dien- 
truns-diammine form but more work is required to obtain reproduciljie syn- 
thetic methods. 

H. BIDENTATE-TRIS( UNIDENTATE) SYSTEMS 

Mer and fat isomers are possible in this system (Scheme 32) and both been 
characterised for CoX(en)(NH3)3”t (X = OH, OH?, Nj, Cl, Br, NO*) [434,4353. 
These complexes have been prepared by the reaction of trans-[CoBr2(en)- 
(NH3)2]Br with 10% aqueous ammonia [434]. The s9Co NMR spectra of mer- 
and fuc-Co(OH)(en)(NH,),2+ show no change in solution over 90 days at 
298 K, suggesting that rner- =: f&z-OH isomerisation does not occur. 

Also included in this class is the Co(gly}(~me)(NH3)2~ complex (tame = 
CH3-C(CH2NH2)3) which has been resolved with K-(+)-SbOT [436]. 

I. SUMMARY AND CONCLUSION 

What generalisations can be made as to the present “state of the art” in this 
area of coordination chemistry? 

It should be realised that anionopentaamine complexes are only a small part 
of the arsenal of compounds available to coordination chemists and many of 
the difficulties in our interpretation of reactivity associated with these are 
only part of the wider problems of inorganic reaction mechanisms. Perhaps, 
at best, we have a clarification of the problems that remain to be solved and 
the pitfalls that may beset the unwary. One of the latter, that has not thus 
far been discussed, is a Co(II) catalysed reduction path that can easily be 
mistaken for aquation [442]. 

Anionopentaamine complexes will continue to be used to investigate the 
more subtle nuances of inorganic reaction mechanisms and the pentaammines 
especially, provide relatively simple systems. However, this very simplicity 
may restrict the full realisation of stereochemical mobility that is possible in 
a more complicated system. 
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It seems that the most outstanding problem is the one of the stereochem- 
istry of aquation (Sect. F) - the trigonal bipyramid vs. the square pyramid 
transition state in COC~(N~)~~ systems and probably associated with this is 
the problem of the mechanism of racemisation of Co(N5)0HJ3+ systems 
(Tables 22 and 28). 

The reviewer believes that more studies involving variation of reactivity and 

steric course with variation in non replaced ligand will eventually provide a 
solution to these problems. We are beginning to see useful structure-reac- 
tivity patterns emerging but, as with most of chemistry, continual testing 
and probing of our currently accepted thecries is required. 

J. APPENDIX 

Abbreviations used 

IMeN = CH,NHz 
EtNH2 = CH3CH2NH2 
nF’rNH2 = CH3(CH2)zNHz 
iPrNH2 = (CH3 )zCHNH? 
nBuNH2 = CHZ(CH~)~NHZ 
iBuNH2 = (CH3)&HCW~NH2 
secBuNH2 = CH$H~CH(NH~)CHJ 

cyclOhexNH2 - NH2 

B2NH2 = 
0 

CH NH 2 2 

4-Me-b2 - CH, 
a- 

CH2NH2 

4-MeO-bz = CH,O CH,NH~ 

.?-Cl-b2 - 

2,4-CIZ-bz - Cl 

4-Cl-bz = CL 
-o- 

CH2NH2 

3,4-Q-b2 = CI CH2NH2 
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a-Cl-Ph(CH&NH,. CI KH,),NHz 

PY - 

CH,CH, 

3-Et-&y = 

3-Cl-py - 

W3 
3.5-h+?, -DY l 

3.4-Me,-PY = 

4-Me-py - C& N 

4-Et-PY = 

4-MeO-PY = CHjO 

- 
N-Me-h&d = I N-CHJ 

iv-/ 
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2-MeO-an - 

3-Me-an - 

3,4-Me*-an = 

Q 0 

OCY 
3-MeO-dn = 

NHz 

CHz-CH, 

2-Me-a2 = 
CHANH 
t 

z 

en = NHz(CH~)~NH~ 
pn = NHzCH(CH3)CH2NH2 
tmd = NH2(CH2):,NH1 
ibn = NH&(CH,)~CH~NH2 
sbn = N~~CH(C~~)CH~CH~)N~~ 
bn = NHz(CHz)aNH:! 
Me-tmd = CH3NH(CH2)3NH2 
N-iPr-ibn = (CH3)zCHNHCH2CH(CH3)NHz 
N-Bu-tmd = CH3(CH2)aNH(CH2)~NH2 

N-hex-tmd - 

cl- 

NHfCH,13N+ 
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stien I) 0 0 

QQ 
CH-CfW 

i 
NH2 *Hz 

cytam = NH21TNH2 

dien = NH2(CH2)2NH(CH2)~NHz 
dpt = NH,(CH,),NH(CHz)3NHz 
2,3-tri = NH1(CH2)2NH(CH2)3NH2 
tri = NH~(CH2),N=C(NH,)CH,NH~ 
trien = NHz(CH,)zNH(CH2)zNH(CH2)2NH2 
tren = N[(CHz)2NH2 33 
trenen = N[(CH:!!2NHz Iz(CH&NH(CHz fzNHz 
Metrenen = N[(CH&NH2 ~~(CH~)~N(CH~)(CH~)~NH~ 
tetren = NH2(CH2)zNH(CH~)2NH(CH2)zNH(CHz)2NH2 
penten = [NH2(CH2)2 IzN(CH~)~N~WH~)~NHZ 12 
cyclam = 1,4,8,11-tetraazacyclotetradecane 
teta = meso-5,7,7,12,14,14-hexamethylcyclam 

ox = c*o?q 2- 

AC = CH&02- 
gly = NH2CH2C02 - 
sarc = CH3NH+CH2C02- 
bet = (CHJ)3NCH2C02- 
al = CH$H(NH2)COIL- 
y-amine-but = NH1(CH2)3C02- 
e-amino-cap = NH2(CH2)4C02- 

pro - 

c%-amino-ibut = (CH3)2C(NH2)C02- 
ornithine = NH,(CH2 )$H(NH2]COz - 
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NTAH;? = N[(CH,),C%H](CHz)SO2 - 
DMF = (CH&NCOH 
DMA = (CH3)2NCOCH3 
DMSO = (CH3)2S0 
NH,[(+)BCS] = ammonium (+)a-bromc-camphor-n-sulphonate 
K[ (+)SbOT] = potassium (+)-tartrato(--2)antimony( III) oxide 
Na[( +)AsOT] = sodium (+)-tartrato(-2)arsenic( III) oxide. 

NOTE ADDED IN PROOF 

The kinetic parameters for the aquation of CoBr(RNH2)52+ (R = Me, Et, 
nPr and nBu) have been reported [443] and are listed in Table 29. 

TABLE 29 

Kinetic parameters for the hydrolysis of some CoBr(RNH2)s2+ complexes in 0.05 M HNOs 
at 298 K a 
-- 
R k ELI As 2m3+ 

W’) (kJ mol-I) (J K-r mol-‘) 
~___.____---.. -__-.__-- 

Hb 5.97 x 10-6 99.5 -19.6 
Me 2.86 X 1O-4 88.6 -23.4 
Et 8.93 x 10-4 89.0 -12.5 
nFr 10.9 x 10-4 89.0 -12.1 
nBu c 14.5 x 10-4 89.4 -7.1 

a Data from ref. 443. 
b Data from Table 4. 
c Rate estimated by extrapolation of dioxane/HNOs data to zero dioxane. 

Simple anation and solvent exchange reactions of CO(NH~)~(DMSO)~’ in 
DMSO are complicated by reactions in which the conjugate base of this com- 
plex undergoes internal redox to Co(I1) or relatively rapid substitution. These 
conjugate base reactions are eliminated by tbe addition of H’. The solvent 
exchange reaction is thought to proceed via a dissociative interchange (I,) 
mechanism and is characterised by an activation volume, enthalpy and entropy 
of +lO cm3 mol-‘, 123 kJ mol-’ and +61 J K-i mol-‘, respectively [442]. 

Naik and Nanda [4443 have measured the effect of ion-pairing (using 
maleate and phthalate ions) on the aquation of CoCI(NHJ)s2+ [444]. The 
results are interpreted in terms of Scheme 36. At 313 K, values of Kip for 
oxalate, sulphate, malonate, succinate, maleate and phthalate are 33.4, 33.5, 
32.2, 28.4, 24.0 and 26.9 with rate enhancement factors (/zl(ip)/k,) of 1.97, 
2.20, 2.25,2.28, 2.72 and 2.90 respectively (II = 0.3 M, NaClO,). Values of 
% = 100.3 kJ mol-‘, ASzg8* = -28.5 J K-l mol-’ and 12,(298) = 1.47 X 10T6 
S --I are calculated from the data in the 313-323 K range. These compare 
favourably with the kinetic parameters for the aquation of COCL(NH~)~‘+ in 
Table 4. About lo---15% of the carboxylato product is thought to be formed 
via the interchange [/zs(ip)] path [444]. 
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CoCl(NH,),?+ + H,O ‘2 CO(NH,),(OH,)~+ + Cl- 

CoCI(NH& *+ f Lz - 2 [COCI(NH~)~ * L] 

[COCI(NH~)~ - L] + Hz0 = [CO(NH~)~(OH~) - L]’ + Cl- 

[COCI(NH,)~ * L] Irjo CoL(NH& + + Cl- 

~CO(NH~)~(O~~) - L]‘= CoL(NH&+ + Hz0 

Co(NH3)5(0H2)“+ + L2- % fCo(NH,)s(O&) - Ll’ 

SCHEME 36. Aquation-anation of CoCi(NH&2+ with L*- [ 57,72,444 1. 

A study of the reaction between Co(NH,)s(0H,)“‘/Co(OH)(NH~)52C/MoO~z~ 
in weakly basic solution f445] alIows the additional entries to Tables 5, 7,9 
and 21. Similarly, an anation study of Co(NH,),(OH,)“+ with phthalate ions 
14491 allows additional entries to Table 7. 

Finally, the reader’s attention is drawn to a review on acid catalysed aqua- 
tion reactions 14501 which expands part of Section A(iii), and also to the use 
of the quinquiden~te ligand, tpen, N,N,~‘-tris[2-(2’-pyridyl)ethyl]ethylene- 
diamine which forms [Co,(tpen)20,](C10Q)a [451]. 

TABLE 21 
_~-.-_-_..~__-______-____- 

A p T pK, - Ref. 
-- --..- -.- _ _-_..__ __. ______ __._ 

Co(NHs)s(OH,)“+ 1.0 2932 6.39 445 
1.0 298.2 6.55 446 
0.3 293.2 6.22 447 
0.145 298.2 6.24 448 

---- _.___ -._-.-___.I_.___._____I__ 
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