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A. INTRODUCTION 

The interest in octahedral substitution reaction stereochemistry and the 
reaction mechanisms of such reactions is enjoying a continued upward surge. And 
while a general consensus has been reached regarding the reaction modes for most 
cobalt(III) substitution reactions; i.e., dissociation and dissociative interchangef-5, 
the ability to predict which substitution reactions will undergo stereochemical 
rearrangements during the substitution process is lacking6*‘. A few general state- 
ments can be made: 

(i) Stereochemical changes occur more often during cobalt(III) substitution 
reactions than during the corresponding reactions of other inert trivalent transition 
metal ions for which data is available; i.e., cbromium(IIl), rutbenium(III), rho- 
dium(I.U), and iridium(III)6*8~g. 

(ii) Stereochemical change (stereomobility)l” and ligand field strength ap- 
pear to have an inverse relationship within a series of metal ions with the same 
electronic conQ,uration; such as iron( cobalt(III), rhodium(III), iridium(IQ 
and platinum(N), which are all fzs 6 in inert, low spin, octahedral complexes6*lo*“. 
Only the first two show stereochemical changes during substitution reactions. 

(iii) Within a series of similar cobalt(lIf) species in which only one non- 
substituting ligand is varied, aquation stereomobility appears related to the z- 
donor abilities of the varied ligand12J3. Ho wever, the simple S,l explanation of 
the stereochemical changes observed during the spontaneous aquation reactions 
for the frans-[Co(en),LCl]“’ ions relative to the retention observed for the cor- 
responding cis ions lacks validity since induced aquations, which are more likely to 
have true five-coordinate (S,l) intermediates, often produce different stereoisomers 
than the spontaneous aquations 14-’ ‘. Extension of the z-bonding concept to base 
hydrolysis stereochemical observations also shows promise”. 

With the avai!ability of better instrumentation and the guidelines of past 
research successes and failures as guides, new significant results in this area are 
rapidly appearing. Therefore, even though Basolo and Pearson’ published a long 
chapter on stereochemical changes in octahedral complexes in their revisedtext, 
Basolo6 published a more significant and updated review with the same copyright 
year (1967). Since the Basolo review was written an appreciable number of signi- 
ficant experimental and theoretical articles have appeared which makes the current 
review both timely and important. To illustrate, examples of recent experimental 
results from Australia include induced’ ‘*lgs2 ’ and spontaneous2 D aquation stereo- 
chemistry, base hydrolysis stereochemistry lge21, differing stereochemical results 
for ion-pair and ion-triplet anation reactions22, a compilation of isomerization, 
solvolysis, ion association, and solvation effects for cis- and trans-[Co(en),Cl,]’ 
in six solvents23, etc. 

A slightly earlier review by Tobe’ also has been valuable to the reviewer. 
The well-written and now classical octahedral reaction stereochemical review by 
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Baso10*~ and modified versions thereof’ ‘-*’ are noteworthy because of their use- 
fulness for more than a decade. 

B. INTERMEDIATEZ3 AND REACTION PRODUCT STF,REOCHEMISTRY 

(i) Dissociative reactions 

Although up to thirty stereoisomers can exist for an octahedral complex 
[MBCDEFG]” produced by the general reaction 

wCDEF]“+G + [MBCDEFG]“+A (1) 

where M is a metal ion and A, B, C, D, E, F, and G are electron pair donor atoms; 
. I.e., Iigands or donor atoms of chelating Iigands, only five such isomers are ex- 
petted by normal dissociative (D)** or unimolecular (SN1)24 reaction paths from 

D CE B 

Fig. 1. General substitution stereomobility illustrating dissociative intermediates. Octahedral 
species named according to &and trans to F. The intermediates named according to the ligand(s) 
on the principal C, axis. 

a specifk [MABCDEFlm isomer as shown in Figure 1. This general scheme also 

can be used to predict substitution products for more symmetrical complexes and 

for chelated species lo The general diagram is used by letting the ligand donor . 

atoms of an actual octahedral complex replace A through F with the leaving group 
in position A, and any chelated ligands in sterically possible positions. If any of 
the products are sterically impossible they are deleted. Furthermore, two or more 
of the five products are often identical iu more symmetrical cases. Figure 2 illustra- 
tes the use of the general scheme to predict possible substitution products for an 

Coordin. Gem. Rev., 4 (1969) 243-272 
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CE 8 IL’1 

Fig. 2. Use of the general substitution stereomobility diagram for a cis complex with two biden- 
tate and two unidentate ligands. 

octahedral complex with two bidentate ligands and two cis unidentate ligands, one 
of which is replaced. Nate that isomer D is deleted since a normal chelate ring of 
five or six atoms cannot span tran~ positiuns. Note that the two D* products may 
be different for species with unsymmetrical bide&ate ligands, but are identical 
for complexes with two symmetrical ligands. The D* and t*cis isomer designations 
are the right- and ~efthand~ness of the complexes relative to the C, axk? of 

Fig. 3.. Rearran gement of tetragonal pyramid F of Fig. 1. Multiple rearrangements would give 

other isomers in addition to those S~BVII in these figures. 
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cli- complexes which have two identical unidentate ligands and two identical, 
symmetrical bidentate ligands. 

Rearrangement of the tetragonal pyramid shown in Rgure 1 to other tetra- 
gonal pyramids would also give the products labeled B, C, D, and E in Figure 1 
as is shown in Figure 3, where B*, c*, D*, and E* are anticipated transition states. 
Muhip~e rearrangements of this type would allow other isomers, such that a 

scrambling to the most thermodyna~c~y stable tetragonal pyramid should occur 
if the time of rearrangement is considerably less than the time required for the 
addition of a sixth ligaud, Currently available data do not support multiple re- 
arrangements of tbis type as frequent (or even infrequent) occurrences7. Entropy 
considerations3 appear to eliminate them for normal aquation rearrangements, 

(ii) fn~erchange reactions 

The same five product possibilities are predicted for au interchange process, 
in which one of the solvent or other nucleophilic species in the second coordina- 
tion sphere exchanges with one of the ligauds in the normal coordination sphere. 
Although seven groups are bonded to the metal in the interchange mechanism, 
two of the seven are normaby onIy weakly bonded in the dissociative interchange 
process (TJ2 * beheved to predominate in reactions of octahedral complexes of the 
first transition series. If the entering group appreciably afTects the substitution 
process, the reaction may lie on the associative side &-interchange associative) 
See, for exampIe, reference 30. If the interchange occurs cis to the leaving group 
(Figure 4) the product should have a retained configuration (G of Figure I), 

Fig. 4. Interchange reaction with cis attack; retained product results. 
Fig, 5. Enterchange reaction with trnns attack; rearrangement to isomers B, C, D, and E of Fig. 1 
should occur. 
Fig_ 6. Trigonal bipyramidal rea~angemen~ would give isomers other than those indicated in 
Fig. 1. Only the r~~~geme~ts which place B in the plane are shown; similar rearrangements for 
D in the plane could also occur. Trigonal bipyramid CE would give new isomers, too. 

Cowdins Chem. Rev., 4 (1969) 243-272 
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whereas a trms type interchange (Figure 5) should produce the other f&r isomers 
(B, C, D, and E of Figure I). The relative amounts of these latter four isomers 
should depend upon the size, shape, polarity, and bonding character of ligands B 
through’f;. The cis interchange to tram interchange ratios should depend on the 
same factors noted above for all six ligands and on the electronic configuration of 
the metal ion. Hence, isomer predictions are difficult for such reactions. 

The return of one of the trigonal bipyramids of Figure 1 to a tetragonal 
pyramid prior to the restoration of coordination number six might be possible 
through an interchange process. Such a rearrangeme& gives unique isomer possi- 
bilities (Figure 6), but appears unnecessary at present7. 

(iii) Birnolecdar reactions 

True bimolecular nucleophilic substitution reactions (SsN2 or A)28 should 
also produce the same five isomers. Again several factors (the same ones noted 
above) determine the relative isomer ratios. Again, attack near the leaving group 
(c&s attack) produces a retention of co~~ra~on. With reference to A of Fig. f, 
attack by G above the BCDE plane will produce isomer G if A is displaced. A 
2:4: 1 octahedral wedge (Figure 7) is the logical intermediate for such bimolecular 

(4 (b) 

Fig. 7. Bimolecular or associative intermediates for octahedral substitution reactions; (a) penta- - 
gonal bipyramid of pseudo Dsh symmetry; (h) octahedral wedge of pseudo C& symmetry. 

retention reactions31, which differ from the corresponding interchange retention 
reactions only in the relative amounts of bond making and bond breaking in the 
trausition state of lowest energy. Attack from a position well removed from the 
leaving group (tram attack) will logically give the other four isomers. For example, 
again with reference to species A of Figure 1, a group G attacking [MABCDEFjm 
in the CDF face is expected to produce isomer C or D when A is displaced, Sim- 
ilar attack of facial regions DEF, EBF, and BCF should produce D or E, E or 3, 
and B or C, respectively_ Again steric or electronic effects will give varied isomer 
ratios. 

Attempts to rationalize the activation energy and mechanistic observations 
for octahedral substitution reacticns in terms of crystal field theory32, ligand field 
theory33, and molecular orbital theory’4*35 are less than satisfactory in terms of 
predicting reactions which will give stereochemical changes. None of the calcula- 
tions give results which allow the trigonal bipyramid to compete with the tetra- 
go& pyramid for d6 ions. One reason is the lack of non-bonding interactions in 



the calculations. Iu fact, bath the crystal field10*32 and ligand @eld33 calculations 
suggest the pentagonal 5ipyramid as the logical intermediate for 8 stereochemical 
changes, even thouf;‘n it is a bixolecuIar intermediate-in direct opposition to 

mechanistic coo5usions that most of the reactions are more dissociative than 
associative’-5. 

C. AQUATXON S~OC~~C~ CHANGES 

In water, aquation is syuonymous with the term acid hydrolysis. For octa- 
hedral complexes both terms imply the general reaction 

[MABC~~F]~~H~~ + ~MBC~~F(H~O)ln-u~Au (2) 

using %he symbolism developed in Section B(i). The term spontaneous equation 

means that no catalyst has been added, in contrast to induced aquation reactions, 
which are chemically or photochemic~y catalyzed. 

Aquation stereochemistry has been studied for a large number of cob~lt(I~~ 
complexes. Sometimes the aquation reaction is followed by an isomerization reac- 
tion, and in a few cases the latter is so rapid that the aquation stereochemistry is 
di&ult, if not impossible, to follow. Systematic resuhs for the spontaneous aqua- 

TABLE I 

SPONTAHECWJS AQUAWON ST&FtEOCHE?&ISTltY AND ACXIVATION PA RAMETERS FOR SOME tranS-CQBALT- 

(III) COMPLEXW 

[C!oABCDEF]“+&O --t [COBCDEF(H~O)]“-~~-A* 

A i?CDE 

Cl- SS-trien 
Cl- RR, SS-2,3,2-tet 

Cl- <enk CI- (en)+ 
CI- (ef& 
Cl- (en)2 
Ci- (en)+ 
C1- RS-2,3,2-tet 
Cf- (en& 
CP (enk 
cl- cychim 
Cl- cycIanr 
cl- {en)2 
Br- W&k 

F 

CT- 
%- - 

NCS’ 
Br- 
cs- 
NJ- 

cl- 
lm- 
PYO2- 
Cl- 
OH- 
NW3 

NHJ 

k fsec-‘, 2SY AH*, kcal AS*, ea. % stereo- Ref.* 
mofe- f change 

3.5 x 10-3 25.5 i-16 100 36,37 
b 25.1 i-9 9s 7 

1.6 x 1W3 25.9 +20 75 5 x 10-8 30.2 ?!-9 60 & IO “3:s 40 
4.5 x 10-S 24.9 +3 50 41 
3.5 x m-5 26.2 -514 35 38,42 
2,2 x 10-4 22.5 0 20 43 

b 23.7 
1; 

0 
8.2 x 10-S 22.5 0 : 
9.8 x lO-‘$ 20.9 -2 0 45 
1.x x 1o-6 24.6 -3 0 46 
1.2 x 10-Z 18.1 -7 0 46 
3.4 x 10-T 23.2 -11 0 47 
6.3 x 10-6 23.3 -4 0’: 48,49 

* AH* and AS” values based on recent wWs of Tobe3. 
b Unpublished; see ref. 3. 
c Stereochemistry based on tran~-[Co~3)4cND~)Br]~” aquation2*. zmns-[Co(NH&&i,]+ 

shows about 55 f 10% stereochemical change, k = 2-1Ws* AH* = 23.4 AS’ = 9 fief. 1481. 

Cmrd&z. Chem. Rev., 4 (1969) 243-2?2 
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tion of several cobalt(III) complexes for which both stereochemical and activation 
parameter data is available are given in Table 1. The enthalpies of activation (AH*) 
entropies of activation (B*) are based largely on a recent compilation by Tobe3. 
The corresponding cis isomers for which data is available show complete retention 
of configuration during the spontaneous aquation reactions. A comparison of the 

TABLE 2 

ACTIVATION PARAhlJXERS FOR THE SPONTANEOUS AQUATION OF SOhlE COBALT(III) COMPLEXEZ? 

[CoL4L’ClI’+H20 + [CoL&‘H,O]“+r+Cl- 

COI?pkC AH= (cis) AS* (cisl AH* (Irons) AS’ (rrans) 

L4 L’ 

tram ion rearranges but cis ion does not 
en2 OH- 23 t1o 26 +20 
en2 Cl- 213 -5 26 t14 
en2 Br- 233 t5 25 t3 
en2 NCS- 20 -14 30 t9 
en2 NJ- 21 -4 224 0 
trianb Cl- a21 -6 253 +I6 

J720 -3 
RR, SS-2,3,2-tet Ci- c 0 25 i9 
both cis and trans ions aquate with retention of configuration 
en2 NH3 24& -4 23 -11 
en2 N02- 22 -3 21 -2 
cyclam cl- I&I -6 24) -3 

a AH* (kcal/mole) and AS’ (e-u.) values based on compilation,by Tobe”. 
b trien complexes: SS-trien for &cis and tram species; see ref. 37 for a detailed discussion of 

coordinated trien configurations. 
c Unavailable, see ref. 3. 

activation parameters for a number of cis and rrans ions are shown in Table 2. 
Results to date suggest several tentative conclusions: 

(i) No apparent relationship exists between reaction rate and stereochemical 
change. Hence, no AG’ relationships are found since 

k = RF: exp (- AG*/RT) (3) 

from transition state theory, where k is the specific rate constant, R is the gas law 
constant, T is the absolute temperature, IV is Avogadro’s number, h is Planck’s 
constant, and AG* is the free energy of activation. As written any changes in the 
transmission coefficient is included in the activation free energy. Furthermore, the 
equation is valid for an assumed equilibrium between the ground and activated 
states. Even though no regularities can be observed from the free energy of activa- 
tion, a breakdown into enthalpy and entropy of activation terms indicates regular- 
ities (ii) and (iv). 

(ii) The tram ions which exhibit stereochemical changes during aquation 
have higher entropies of activation than do the isomers which aquate with reten- 
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tion of configuration3. Tobe has interpreted this observation to mean that “. . . the 
grosser aspects of the steric course of aquation are determined in the rate-deter- 
mining transition state”, and has concluded that the entropy of activation can be 
used, at least in complexes with four amine groups cis to the leaving group, to 
decide which reactions undergo at least some stereochemical change. He suggests 
that the higher entropies imply an incident if not actual trigonal bipyramid, whereas 
the lower entropies are associated with an incipent tetragonal pyramid, or at least 
a retained reaction product; i.e., an interchange or solvent dissociated reaction 
doesn’t change the arguments. Alternatively, the higher entropy of activation could 
result from a change in spin state. Both spin-free and triplet states allow the tri- 
gonal bipyramid to compete better energetically with the tetragonal bipyramid’ 1P33, 
and higher entropies are associated with higher spin states. 

(iii) Aquation reactions of cobalt(II1) give retained configurations unless the 
group trans to the leaving group has unpaired electrons and the four groups cis 

to the leaving group do noti3. This observation has been used in the past to imply 
that trarzs hydroxo or chloro ligands must rearrange toward a trigonal bipyramid 
in order to labiliie the leaving group; e.g., ref. 50. The results with cyclamen should 
dispel the idea that the tram ligands with extra unshared pairs must rearrange. In 
fact, the enthalpy of activation for one of the cyclam complex reactions is con- 
siderably lower than the corresponding ethylenediamine complex reaction, even 
though the cyclam species reacts without rearrangement. The induced aquation 
results discussed below in Section C(ii) are most readily interpreted if the spon- 
taneous aquations of at least some of the stereomobile species are not simple dis- 
sociation processes. The fact remains though that many cobalt(III) complexes with 
four amine donors with negligible 7c interactions cis to the leaving group and a 
rr donor ligand tram to the leaving group do undergo at least partial stereochemical 
changes during spontaneous aquation; whereas cobalt(II1) complexes with one or 
more z donor ligands cis to the leaving group aquate without any stereochemical 
change. 

(iv) The complexes for which changes in configuration occur during spon- 
taneous aquation of the tram but not the cis ions exhibit spontaneous aquation 
activation parameters 

AH*(cis) -C AH’(trans) (4) 
and 

AS*(cis) I AS’(trans) (5) 

That is, a comparison of both the cis and tram complexes in Table 2 indicates 
that invariably the stereomobile tram ions are inherently less inclined to react in 
terms of enthalpy than are the retentive cis species. On the other hand, species 
which react with retention of configuration for both isomers have tram ions with 
lower enthalpies of activation than the corresponding cis species. It appears prob- 
able that if these latter tram complexes needed more energy for spontaneous aqua- 

Coordin. Chem. Rev., 4 (1969) 243-272 
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tion, stereomobility might have been observed for these as well. In fact, isomeriza- 
tion and retentive aquation energetics can be fairly similar. For example, the reac- 
tion path which allows the isomerization of trans-[Co(en),NH,H,O]?.* is only 
about five k&/mole less favored than the water exchange, which goes by retention 
of con6gurations1. 

Attempts to calculate which complexes should rearrange and which should 
not have not been too successful to date. Noting that the ground states for a d6 
trigonal bipyramid and a d6 pentagonal bipyramid (the two intermediates which 

can give rearrangement) are triplet states, Spees, Perumareddi, and Adamson 
conclude by ligand field calculations that the pentagonal bipyramid is the one 
which should compete with the tetragonal pyramid for cobalt@) complexes, 
anyway. This conclusion is at odds with the general interpretations made for 
cobalt(III) complexes by most investigators in the fieldl-‘. The molecular orbital 
approach of Yatsimirskii34D3 5 when modified to give energies for species in which 
all groups are not equal does indicate that the trigonal bipyramid rather than the 
pentagonal bipyramid has the lower energy, but for real species with parameters 
based on spectral data the trigonal bipyramid does not compete with the tetragonal 
pyramid by such calculations . 52 However, the fact that good results are not ob- 
tained by such calculations should not be surprising considering the number of 
approximations made in the calculations. Normally no modification of 0 bond 
strength is made in going from one geometry to another even though electronic 
interactions should change appreciably in going to a trigonal or pentagonal bi- 
pyramid due to repulsion between antibonding electrons in the dxp and or dx2+ 

orbitals and the G electron pairs in the xy plane. Furthermore, most calculations 
have not included ligand-ligand repulsions, considerations of the solvent inter- 
actions of the outer sphere, or the interactions of the incoming group, which must 
affect the energy of the system in an interchange process to some extent. 

The entropies of activation also tend to affirm the idea that these reactions 
should be treated as interchange reactions rather than as simple dissociative 
processes. A comparison of the dS* values in Tables 1 and 2 with those for water 
exchange about aluminum(III) and g-llium(III)53 are enlightening_ Aluxninum(III), 
which is smaller than cobalt(III), exhibits water exchange with an entropy of 
activation of +28 e-u., consistent with a dissociative (D or S,l) process in which 
disorder occurs as the transition state is approached; whereas, gallium(III), which 
is larger than cobalt(III), has an entropy of activation of -22 e-u., as expected 
for an associative (A or S,2) reaction which undergoes the ordering of an added 
group in the transition state or activated intermediate. The entropies of activation 
for the cobalt(III) species are intermediate, consistent with the interchange (Id or I.J 
process. The arguments favoring the 1, mechanism over the I, one for cobalt(III) 
complexes have been detailed elsewhere’-‘. 

A recent aquation study by Lincoln and Strankss4 with the cis [Co(en),- 

‘(OH) vo4N- and P(NH3)4(OH) PO411 - anions is inconclusive since isomer- 
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ix&ion reactions are too fast for the investigators to separate from the aquation. 
LincoIn and Srankss4 do bring out au interesting point regarding the calculations 
of dntropies of activation. If one realizes that the rate of an interchange reaction 
is dependent on water av~labili~, a specific rate constant that excludes the water 
concentration from the observed rate constant gives an entropy of activation which 
differs from a water inclusion value by 8 e.u. 

Chemicaliy induced aqua&n reactions have yielded some surprises. In fact, 
the induced aquations of cobalt@.Il) species as tabulated in Table 3 are indicative 

TA3LE 3 

sl’oW’=o% DS. CfIEMICALLY INDUCED AQuAlrON COBALT(lII) STFiRECXXEMKSTRY’ 

iWd&W+ i-H& + [Co(en)~L(HzO)]N-x+xr 

Reactant Product 
LX Li=&O 

o~Srereuchemical chnnge 

Spontaneous EiUNO 

n+-cis (pa& 
cis (N32 

D*-Cis N&X 
D+-CiS CINJ 
D*-CiS cl2 

cis Ci3r 
D*-CfS HZON, 
D*-CfS HtOCi 

cis H,OCi 
cis HzOBr 

n*-cis NH&I 
D*-CiS NHzBr 
D*-CfS NHaNa 

tram &I;), 
rrans N3Cl 
mms ClN3 

rrizm Cl3 

trams CIBr 
tfam BrCi 
traas x&OCI 
trans (HzO), 
trans HzON3 
trans NH&l 
trans NHsNs 

N3%0 

N2H20 

N&X20 

Clrr,O 
CiH20 
C&&O 
<H20)2 

@-W)z 

G-w)2 

(H20)2 

NH3H20 
m3H20 

NHJH~O 

I6 frffm (84 D*) 
<5 

16 troths (84 D*)= 

2% Pans (79 D*)@ 

24 trans (77 D+)~ 

0 (loo JP) 
0 ftc@ D*j 

o-5 

0’ 
0’ 

0 

27 

0 Little 
0 

28 

40 

40 
0% 

0= 

l Data based &g&y on tabulation by LoeIiger and Taub@_ 
b Reaction rate considered accelerated by the reaction sequence HONO S NOf+OH- (fast, 

reversible): NO++LsM-N3- -+ LSM-f-Na f +N1O t 
f L5M-N3- fH+ 3 LSM+HN3 
* L&S-CI-+Hg+* -+L&f+HgCi~, etc. 
* Ref. 17. 
f Ref. 20. 
= Ref. 3. 

Gxw&n~ C&m. J&w., 4 11969) 243-2XE 
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of the dif%iculty in predicting reaction stereochemistry of transition metal ion sub- 
stitution reactions. 

Whereas cis-[Co(en)&&J* reacts slowly with water to give 100 % cis- 

[Co(en),C1(H,0)]2’, Sargeson14 noted that the addition of Hg* induces a rapid 
aquation reaction which gives a mixture of cis- and rr~~~-cCo(en)zClfH,0)J2+. A 
more recent studyt’ indicates 

None of the mirror image (L*) isomer was observed in either the spontaneous or 
the chemically induced aquation reactions of the optically active dichloro ion. The 
mechanistic implications are discussed below. 

Studies with the D*-cis and tram isomers of [Co(en),N,XJ+ type species are 
equahy important. Whereas the D* species where X = CI spontaneously aquates 
with complete retention of co~~guration, the Iig’* induced aquation yields about 
X6 % fruns aquation product. Conversely, although the frans ion where X = Cl 
aquates with about 20 % stereochemical change, the Hg’” induced aquation reac- 
tion gives very little, if any, cis product. Furthermore, the intermediates in these 
induced reactions appear to be five coordinate ones in~much as the HONO 
catalyzed aquations for similar species but where X = N, give identical stereo- 
chemical product compositions as do the Hg2* aquations where X = Cl. (See 
Table 3 far detaiIs and references.) If the leaving group had an effect on the reac- 
tion stereochemistry, changing from chloride to azide should show some variation 
in stereomobility, Azide is known to be more strongly bonded to cobalt(III) than 
is chloride. Evidence for this is found in the spontaneous aquation reactions of 
chloroazido compiexes; i.e., these reactions only yield aquaazido species. 

Assuming the nitrous acid and mercuric ion induced aquations involve five 
coordinate intermediates, the product stereochemistries indicate that two inter- 
mediates are involved in cis induced aquations. The appropriate intermediates are 
the BD and F intermediates of Fig. 2. The lack of any inverted or racemic product 
eiiminates the CE intermediate. The antibonding effect caicufated for the inter- 
mediates generated by the loss of one chloride from cis-[Co(en),Cl,]* (Table 4) 
are consistent with the experimental results inasmuch as the trigonal bipyramid 
with the chloro Iigand in the trigonal plane has 16,OfKI cm-’ (about 46 kcaI.) less 
antibonding repuIsions than the trigonal bipyramid with the chloro Iigand in the 
axial position. As noted earlier, however, these cafculations make the tetragonal 
pyramid much more stabie than either trigonal bipyramid, but steric and solvation 
effects are completely neglected in such calculations. 

The lack of racemization during the advent of some stereochemical change 
in these induced aquations eliminates seven coordinate and other intermediates of 
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TABLE 4 

ANTI3OMING EFFEC2-S FOR SEVERAL COEALT(III) COMPLEXES AND iNTERMEDIATES 

cis-[Co(en)2ClJ+ 
{Co[en)zCI)2*tetragonal pyramid 

Cl ln plane 
(Co(en),C1)2ftrigonal bipyramid 

Ci at xy coordinate 
{Co(en)zC1)2’trigonal bipyramid 

Cl in axial position 
cis-ICo[en)2Ci~~O)12’ 
rrans-~Co(en)2ClIH20)1”+ 

d-orbital ant~b~~di~~ 
energies (kKja 

8, a, 16, 69, 69 
0, 8, 8,46, 69 

4, 4, 26, 34, 63 

8, 8,26, 26, 63 

2, 8, IO, 67, 69 
0, IO, IO, 67, 69 

Total spin-paired d6 
antibonding effccr lkKJ b 

64 
32 

68C 

84* 

40 

40 

2 Calculations based on angular parameter mode1s5-56 used for MLs species by Yatsimirskii3~-35 
as nsodifreds’ to allow for complexes with nonequ~~ent Jigands. kK = 1000 cm-’ = 2.86 kcalj 
mole. Parsmeters based on spectral data tabulated by Wentworth and Pipers’, but using nomen- 
clature of Yatsimirskl13Q*3s. drr(en) = 23 kK; dn(en) I 0 kx; do(C1) = 23 kx; dz(Ci) = 8 kk”; 
do(HzO) = 21 k& &(KzO) = 2 kK. 
b Calculations assume electrons are paired in Iowest energy orbitals. L 
c If intermediate is ground state triplet, intermediate tota1 antibonding effect = 76 kK (pairing 
energy). 
d If intermediate is ground state triplet, intermediate total antibonding effect = 84 kK (pairing 
energy). 

appreciable bond formation. The seven coordinate intermediates which give rrans 
products from cis reactants also give some inverted cis products, contrary to the 
induced aquation results. 

One curious result-whereas the nitrous acid induced aquation of cis- 
!XW&(N3)23+ exhibits considerable (N 16 z) stereochemical change, the H* 
induced aquation appears to give only a little f e 5 %)_ The latter result is similar to 
the spontaneous reaction of the cis-azidochtoro complex and suggests the possibility 
of an interchange or concerted reaction. The corresponding trans-diazido ion ex- 
hibits very little steseomobility using either HONO or H” induction. 

Substitution reactions of cobalt(II1) can also be induced by photochemical 
d-d excitation, (Excitation of the charge transfer bands yields mainly redcx re- 
actions.) The aquation quantum yields for the d-d transitions are quite small, 
especially when compared with the d-d excitations of ~hromium(IH)~ 8_ Unfostun- 
ately, the stereochemical information available on cobalt(Hli) photochemical sub- 
stitution reactions is only fra~eut~58y5g. 

Similar to the spon~~o~s and che~ca~y induced substitution reactions, 
the trans-[Co(en)zClz]* ion undergoes photochemical aquation with some isomer- 
ization6’, Unfortunately, the percent of stereochemical change is unknown be- 
cause the study 6o only followed the production of cis-iEC~(en)~cl(H,O~~*“. The 
corresponding D*-cis dichloro ion aquates with at least 50 % retention6’, and whi!e 
a loss in optical activity was observed, the cause co&d have been photoracemiza- 
tion, photoisomerizatiou, or photoaquation, More information on this topic, still 

Cawdin. Chem. Rev., 4 (1969) 243-272 
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in its infancy, can be found in two recent review articless8*5g. Note that the 
cobalt(III) complexes without any z-donor ligands other than the displaced ligand 
do not undergo any stereochemical changes during either spontaneous or induced 
aquation reactions. Hence the conclusion may be drawn that cobalt(III) complexes 
with four amine type ligands may undergo stereochemical change during aquation 
if, and only if, the Gfth unreplaced ligand is a x-donor. 

Since cobalt(III) complexes with stronger field nitrogen donors such as bi- 
pyridine do not show rearrangement during substitution, attempts to correlate 

ligand field strength and stereochemical change have been made by the present 
writer”‘“. Basolo6 has concurred. 

One question has not been answered to date: Which is more important, that 
one group is a z-donor, or the overall ligand field strength? Aquation studies with 
complexes containing weaker field ligands should give the answer. Unfortunately, 
cobalt(III) complexes with several oxygen donor ligands and a halide or two are 
not available in appropriate stereochemical forms. Use of the cis and “trans” 
isomers of K[Co(NH,),(CO,),] (ref. 62) for stereochemical studies63*64 has led 
to the discovery that the “truns” isomer is mainly [Co(NH,),(CO,] [ci~‘co(NH~)~- 
(CO,),] plus some aquation products, but no evidence for stereomobility has been 
obtained65. Similarly, studies with /?-diketone complexes have led to an extreme 
example of the octahedral trans effect (i.e., trans-[Co(acac),(NO,)J aquates 
orders of magnitude faster than the corresponding cis isomer66g67 but no direct 
aquation stereomobility has been observed). 

Of related interest are the acid cleavage reactions of dimeric complexes bridged 
with hydroxo ligands. No changes in configuration have been observed during the 
acid cleavage of [(en)8Co(OH),Co(en)J4+ with either perchloric or nitric acid- 
the only product is the cis isomer6* of [Co(en),(H,0),]3’. Other cleavage reactions 
of [H8)4Co(OHLCo(NH8)414+ and C~~~~4~~~~~~H),~~~~,~4~~14~ prob- 
ably give retention reactions as wel16*. The latter system is difficult to study 
since the [CO(C,O,),(H,O),]~- ion decomposes rapidly to cobalt0 species. Ad- 
dition of nitrate to the dimeric oxalate ion while adding sufficient acid to maintain 
a slight acidity gives a [CO(C,04),(NOJJ3- p s ecies (along with some cobalt(I1) 
decomposition products) 6g. The dinitro ion has infrared spectral properties con- 
sistent with a cis configuration 6g. However, no information is available as to the 
stereospecificity of the latter reaction. 

(iii) Chromium(i1.) aquation reactions 

As opposed to the cobalt(III) species just discussed, relatively few chro- 
mium(III) ions appear to exhibit any stereochemical change during aquation. Re- 
tention of configuration appears to be the general rule for most chromium aqua- 

tion reactions. In fact, the few chromium(III) amine complexes which show such 
changes appear to do so in competition with nitrogen bond breaking rather than 
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just showing simple halide d~spIa~men~ ‘*. For example, while appro~mately 
14 % cis aquation products appear during the ttans-[Cr(en),Cl,] + aquation’%, the 
results are complicated by ca. 10% release of ethylenediamine. One case of 
stereochemical change” 

~-c~~-~~r(~en)Cl~] + 9 8-ci~-[Cr(tri~n)Cl~=O)]2 f (7) 

may be due to nitrogen rearrangement. In fact, the authors assumed a retention 
aquation reaction followed by rapid isomerizatiun by au&logy with the retention 
observed for the co~espo~ding cobalt(III) aquation. The possibi~ty of a contirted 
reaction path is possible and should not be eliminated. Isolation of the correspond- 
ing cc-c& aquachloro complex may be necessary in order to solve the ambignity- 

Several other c~omium(K~) compiexes have been studied where no rear- 
ranged aquation products have been found but where an upper limit of rearrange- 
ment has been given. Pertinent data are collected in Table 5. 

TABLE 5 

CiTROMtUhf(uI) AQUAnorV Si-?ZREGCIEE~CAi. CHANGE lXMIlS= 

RemraM tigmtd~sl % Stere~eochemicul Reference 
disp faced chasge 

a-cis-fCr(trien)Cl# cl- SOP 70 
trans-[Cr(eri)&l,)f cl- (-9O=A .S 14= 69 

en (-10%) 
~~u~*~~cn~*~r=]~ Br- 5 4’ 71 
zrans-tcr@EX,).&l,l+ Cl’ < Sd 72 
ri-am-[Cr(NH&XBr]+ Br- (>870/,) < SQ 72 
cis-[Cr(e&Clz] + cl- < Id 69 
cis-[Cr(en)J3r~l+ Br - < sa 71 
cis-[Cr(en)~(HzO)Br]z* 23s” < 1Od 71 
c&-[Cr(en)zfNCS)cll+ Cl- (>966/@ I 4 73 
ciS-[Cr(NHs),(H~O)C1]‘f cl- S 5 72 

* See reference; 68 ior references to more retention reactions. 
b The &cis product may arise from product isametition or equation (see text). 
c The cis product may arise from reactant iscmerization or aquation. 
d Expe&xents pr&ude the detection of sterwchemkal changes up to this firnit. 

Ra~on~~on of the greater retention which is normally observed for 
chromed aquation reactions is often done in terms of n-donor considera- 
tiox~s~~. This line of reasoning suggests that when fewer elecoCons exist in the rts 
metal orbitals, x-donation from a l&and is less apt to perturb the system sufficiently 
for a change in con@uration. The conclusion is also in agreement with the small 
differences in rate found for base and acid hydrolysis for c~o~~~* especially 
when compared” with cobalt@II). Utiortunately, calculations using just the d-like 
orbit& invariably indicate that the energy difference between the tetragonal pyra- 
mid, which gives only retention of caption, and the trigonal bipyramid, 
which allows changes in conBguration, is less for chromium@lI) than for cobalt@II) 

Gwrdin. C&m. Rev., 4 (Z969) 242-272 
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0 

db dp 

Fig. 8. Extra energy required for trigonal bipyramidal intermediate relative to tetragonal pyramid 
basedono-0 -0 crystalfietdorl--l-¤Iigand fieldwherenospin change,andspinchange to 
ground state of intermediate are used* respectively, based on ref. 8 and ref. 33. Lower diagram is 
angular overIap model calculations for 20 ‘A n donation; I is for no change in spin from ground 
state and l is for ground state of the intermediate, based on Yatsimirskii, ref. 34, 35. 

as shown in Figure 8. The steric, salvation, and a-bonding effects, which are dif- 
ficult to consider quantiatively in these systems apparently shift the relative energies 

to a eonsiderab1e extent. 

(iv) Acpafion of ofher Czerf mefal ions 

Stereochemical data for the aquation reactions of other inert metal ion octa- 
hedral complexes are very limited. Platinum(IV), rhodium(III), and ruthenium(III) 
complexes appear to undergo substitution reactions with almost complete retention 
of co&guration in all cases for which stereochemical data is availab1e6*76. The 
information on inert, spin-paired iron(E) is less certain. Iron@) forms some inert 
complexes with two diimine bidentate Iigands (e.g., ophen and bipy) and two 
monodentate Iigaads, provided the latter are high in the spectrochemical series: 
ligands such as nitro, cyauo, or fulminate 78 Complexes with weaker fie1d mono- . 

dentate ligands have quintet or triplet ground states78*79. Therefore, water sub- 
stitution gives labile species not amenabfe to classical stereochemical studies. How- 
e- er, the tris(diimine) complexes of iron race&e faster than substitution by 
water takes place *‘, hence stereomobility should be observed in the bis(diimine) 
iron(U) species. 
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D. BASE HYDROLYSlS STEREOCHEWCAL CHANGES 

(i) CobaZt(II1) reactions 

Convincing evidence has accumulated for the conjugate base nature of 
cobalt(III) amine base hydrolysis reactions1*7*77. For an acidopentammineco- 
balt@I) ion the dissociative conjugate base (S,lCB) reaction sequence is 

[CO(NH,),X]~ + + OH- @ DW&),WWXIC + Hz0 03) 
Conjugate base 

followed by the slower, rate determining step 

K4NH,h(NWXI + -+ [Co(NH,),(NHz)]‘+ +X- (9) 

and the-rapid pickup of water and subsequent proton transfer 

IWNH,L(NHJ12+ + H2O + + CCoWH,MOW12 + (10) 

If a negligible amount of the conjugate species is present the rate law is that ex- 
pected for a second order reaction, first order in complex and first order in hy- 
droxide’l. 

An interchange pathway, catalyzed by conjugate base formation, where S is 
any second (or outer) sphere species of charge s: 

ECoWH,),Xl 2c - P+ OH- $ [Co(NH,),(NH,)X]+ - Ss+ H20 (11) 

[Co(NH,MNH,M + - Ss 3 [CO(NH,),(NH,)S]~+ ’ +X- (12) 

[Co(NH,),(NH,)SI’+’ + H20 + [Co(NH,),sl”-’ +OH- (13) 

can also be a useful way of considering some of the resultss2. Evidence for the 
interchange process is found in the concentration dependence of the Bailar in- 
version reactions [see section D(ii)], the isotope fractionation studiess3 with 

CCo(NH,)sFI 2f, and the base hydrolysis stereochemistry of trams-[Co(NH,),- 

(’ 5NH,Wl (‘304)2 in the presence of added azide ions4. The base hydrolysis stu- 
dies of Buckingham, Olsen and Sargeson21*84 with trans-[Co(NH3),(‘5NH3)X]2f 
ions, where X- = Cl-, Br-, and N03-, are interesting in this mechanistic con- 
sideration. Normally the base hydrolysis product is 50 3~ 5% cis-[Co(NH,), 

(“NH,) (OH)12+ and 50 2 5% is trans-[Co(NH3)4(15NH3) (OH)12+. The au- 
thors” interpreted the results in terms of the SJCB intermediate shown in Figure 
9a, where the two trigonal edges next to the somewhat negative NH2 ligand 
statistically add water only half as fast as the tram edge. Alternate explanations 
are either some retention of the tram structure by a tetragonai pyramid plus a 
more statistical distribution in the trigonal pyramid, or an interchange process 

. 

Coordin. Chem. Rev., 4 (1969) 243-272 
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3 

PI bl 

Fig. 9. Conjugate base species postulated for WU~-[CO(NH~)~(‘~NH~)X]~~ base hydrolyses; 
(a) SJCB and (b) interchange conjugate base, where L, or Lt is a ligand entering cis or tr~s to 
leaving groups CI-. 

catalyzed by the conjugate base. The latter statistically gives 50 % of each product 

since half of the faces are truns and half are cis to the “NH, ligand (Figure 9b). 

Furthermore, in competition experiments between water (or hydroxide) and azide, 

70% of the azido product is cis-[Co(NH,),(‘5NH,)N,]2C, but only about 40% 

of the aqua product obtained after acidification shows rearrangements4. (The con- 

clusion of the investigatorss4 that the azide acts statistically through a trigonal 

bipyramid is in opposition to electrostatic considerations, since water is more apt 

to approach a negative group than is the azide ion, whereas the product ratios are 

in the reverse order). On the other hand, base hydrolysis competition experiments 

with [Co(en),(NH,)X]‘+ type species (X as above) with azide and thiocyanate 

indicate that the product stereochemical distributions are the same for the aqua 

and the anated productlg. 

The base hydrolysis stereomobility of the cobalt(M) bis(ethylenediamine) 

complexes has been discussed recently in terms of electromeric effects18, electron 

transfer8 5, and spin changes lo. The overall stereochemical changes which are ob- 

served are noted in Table 6. The base hydrolysis stereochemistries can be ration- 

alized in terms of the two conjugate base trigonal bipyramidal intermediates avail- 

able after proton removalg5 [(BD) and (CE) in Figure 21, and the leaving groups 

appear to have very little effect on the product stereochemistry’g3g3. Even so, the 

SNICB explanation does not satisfactorily account for all base hydrolysis observa- 

tions unless an interchange, ion-pair, or related concept is coupled with the con- 

jugate base mechanism as noted above. 

The observed stereochemistries for the base hydrolysis reactions noted in 

Table 6 are in agreement with the idea and calculations noted in the aquation 

section, namely that z-donors tend to occupy trigonal plane positions in the bi- 
’ 8 pyramidal intermediates _ Whereas this concept gives only D* and tram products 

from D* reactants in the induced aquation reactions (i.e., ethylenediamine is not a 

n-donor), D*, L*, and cram products all logical products if the conjugate base of 

ethylenediamine is formed, since the conjugate base is a strong 7c-donor. (Recent 

evidence for the n-donor character of RNH- is found in the conjugate base studies 

of tris(aminoacido)cobalt(III) species; the conjugate base species are paramagne- 

ticg6 as expected for strong n-donation). With reference to Figure 2, the (CE) 
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TABLE 6 

THE AQUEOUS BASE HYDROLYSIS SZEKEOCHEMSTRY OF COBALT@U) ETEXYLFNZDZAh%XM COMt’IJXES 

[Co(en)~LX]“+ + OH- + iCo(e&L(OH)P” + X- 

Reactant Stereochemical changesf %I” Reference cis Reactant 

L X trans-wis tram-cis D*-+L* conjugate base 
intermediates 
based on Fig. 2b 

OH<-’ ci- 
OH’-’ Br- 
NCS- C1- 
NCS-’ Br- 
NC%-’ NO- 

NH3 Cl- 
NH3 Br- 
NH3 ‘N0j- 
N3’-’ c1- 
NO3’-’ c1- 
NO,t-’ NCS” 
Cl’-’ CI- 
a’-’ Br- 
CY- DMA 
CT- DMF 
CT- DMSO 
w-’ Cl- 

94= 
90 
76 
81 
70 
64, 76f 

63’ 
270 
6b 
12 
5 
5 

0 

3 

4 
20 

30 
22, 26’ 
23, ZS’ 
23, 14’ 
411 
33 
50 
63 

3 
42’ 
82’ 
60 

-=I t3* 86-88 
86 

24 43,89 
89 
90,91 

15, 24’ 19,92 
17, 26’ 19,92 
f.5’ i9,92 

l&43 
21 45,84 

94 
16’ 84 

84 
122 
122 
I22 
84 

(SD) > (CE)” 

:BD) > (CE) 

OaW ;r WEI 

a The percent figures are probably good to about 5 o/e since smafi spectral differences between one 
study and another often give resuhs which di&r considerably; see footnotes f and g. 
b The intermediates are based on the assumption that dissociative conjugate base reactions with 
trigonal bipyramidal intermediates occur; cf. ref. 95. 
* Ref. 38 suggested a lower value; ref. 87 suggested a trans-trans equilibrium refuted by ref. 88; 
value quoted from ref. 86 may include some isomerized product. 
d Ref. 86 had a higher value (36%) refuted by ref. 87; the smaller D* -+ L* value is more consistent 
with (BD) > (CE). See Table 8 for more details. 
p Jndeterminant since small errors give farge ditherences; see ref. 18. Similar configurational chang- 
es have been observed where X- = OAc- and F-, ref. 98 and 99. 
* Second number refers to values from ref. 92. Relative purity in the studies difficult to ascertain. 
* Original study, ref. 43, listed 13 0A and 49 oA but ref. 15 absorption values considered preferable 
(ref. 7). 
h Ref. 7 lists 13 % but references cited list 6 %. 
f Probably high; see ref. 87; may be concentration dependent. 
1 Based ou composition of ECo(en)~HzOCll 2f after aciditkation. See Table 7 for total experimeu- 
tat results. 

TABLE 7 
ACDXFZED BASE HYDROLYSIS PRODUCXS FOR SOME Cis-[CO(en)3C;l(soL)]2~ COhZPLEXES 

WIl’EZ MLXED PRODUCIS’22 

DMA 16 46 14 24 
DMF 18 13 13 56 
DMSO 10 47 21 22 

Coonfin. Gem. Rev., 4 (1969) 243-272 
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intermediate should occur more often if E is not a good z-donor, and as indicated 
in Table 6, only with nitrite, a n-acceptor, does the -(CE) intermediate appear 
favored over the (l3D) intermediate. The only other ligand in the table which is 

not a z-donor is ammonia, but ammonia should be a fairly strong acid relative to 
ethylenediamine’ *, so that the (BD) intermediate can predominate. The F end of 
ethylenediamine DF should be a stronger acid than the D end (since NH3 trans 
to a halide is deuterated more rapidly than if cis to the halide)20, and it appears to 
be”, so the BF edge (CE) should not be as suited for nucleophilic addition as the BD 
edge. But the recent stereochemical results lg show that the stereochemistry requires 
a little extra attack on the negative side which is not too likely. The earlier valuesg2 
require more than a two to one attack along the wrong side if the simple inter- 
pretation is maintained. Even more seriously difficulties arise with the thiocyanate 
complex if a simple SNICB trigonal bipyramidal explanation is adhered to since 
one of the two open edges predominates infinitely over the other one10*g5_ Once 
again an interchange or similar modification can ease the dilemma, but such a 
modification does not make for predictability in other reactions. 

Recently reported stereochemical changes during base hydrolysis include the 
[Co(N,N’-bis (L-2- amino-3-phenylpropyl) D,D-1 ,2-diaminocyclohexane)C12 J +ion 
of /3-c& configuration to a tran~ configuration lo ‘. The same change was obtained 
upon heating, so the base hydrolysis reaction occurs in such a way as to relieve 
steric strain’ O O. 

The cis-[Co(glycine),(NO,),I- preparation fromfac-[Co(glycine)3] appears 
to involve a stereochemical change loI, but the reaction conditions of the prepara- 
tion (hot solution and long reaction time) preclude any conclusions as to me- 
chanism, although basic conditions suggest labilization to give the most thermo- 
dynamically stable product. This change is consistent with the observation that the 
conjugate base species of the tris species is paramagneticg4, and an earlier sug- 
gestion lo that cobalt(III) stereomobility is related to the availability of a non- 

TABLE 8 

PRODUCTS FORhfED IN THE BASE HYDROLYSIS OF D*-CiS-[cO(tXl)~c12j+ 

Approximate molarity % Approximate 
D*-clcp OH- Total D*-CIOH t*-CIOH D*-OHOH L*-OHOH reaction time, 

trans sec. 
~ -~~ 

O-lb 0.03 77’ 22 1 0 0 50 
0.03b 0.03 84= 12 1 1 3 45 
O.lb 0.1 81’ 10 2 2 5 20 
0.1 0.2 72’ 4 1 10 13 
0.1 0.3 66’ 3 2 12 16 :5’ 
0.3 0.3 63c 1 1 16 20 50 

n Column headings indicate the two monodentate ligands coordinated in the bis (ethylenediamine) 
cobalt(W) species. 
b Not all of the dichloro ion is consumed at the lower hydroxide concentrations. 
c Breakdown of trans products is questionable, but total appears consistent. 
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singlet state of moderate energy. The magnetic moments observed for the amino 
acid conjugate base species and the bond strength parameters of the triplet iron 
species isolated by Konig and Madeja7g suggest that the triplet excited states as 
well as completely spin-free quintet states need to be considered in detailed me- 
chanistic considerations. Furthermore, a triplet ground state exists for both the 
d6 trigonal bipyramid and pentagonal bipyramid, logical intermediates for stereo- 
chemical rearrangements33. 

(ii) Bailar inversion reactions 

One of the most interesting stereochemical results in coordination chemistry 
dates back to 1934 when Bailar and Auten”’ noted that D*-[Co(en),Cl,]+ reacts 
with an aqueous paste of Ag2C03 to give a [Co(en),(C03)]+ product which has 
more inverted than retained product. The relative configurations were deduced by 
reverse chemical reactions with aqueous hydrochloric acid and a comparison with 
other reactions thought to give retention of configuration’02*‘03. Optical rotatory 
dispersion and circular dichroism studies lo4 verified the conclusion. A number of 
other studies have been conducted iu order to learn more about this 
tion 86~87~105*107. Together the studies indicate a concerted reaction since 

D*-[Co(en)2Ci2]t + OH- + [Co(en),CI(OH)]+ + Cl- 
tram > D* > L* 

D*-[Co(en)2C1(OH)]C + OH- + [Co(en),(OH),]’ + Cl- 
D* + tram and L* 

But, 
D*-[Co(en),CI,] t -f-OH- -P [Co(en)2(OH)2]f + XI- 

tram and L* > D* 

The concentration dependence can be accommodated by 
(i) a tram attack inversion such as is shown in Figure 10; 

0’ C 

Fig. 10. Possible mechanism for the Bailar inversion of [Co(e&Cl,] +. 

reac- 

(14) 

(1% 

(16) 

(ii) an intermediate with one monodentate ethylenediamine, provided both 
chlorides are replaced prior to rechelation (since if only one chloride is removed 
prior to recombination the chlorohydroxo species should also be inverted); 

(iii) a cis ion-pair mechanism in which the first chloride released from the 
complex sufficiently blocks cis attack during the second chloride replacement 

Coordin. Chem. Rev., 4 (1969) 243-272 
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(which would require the second sfep to be faster than diffusion of the chloride); 
and 

(iv) a trigonal twist mechanism. 
The latter two are considered unlikely on the basis of diffusion rates and the 
relative amounts of inversion noted at vatious concentrations, respectively. The 
apparent silver and hydroxide ion stereochemical dependence do rule out a simple 
S,lCB reaction, even though an unsymmetrical trigonal bipyramid couldaccom- 
modate any individual set of data for the reaction”. However, the role of silver 
in the inversion is a little uncertain at the presence since silver ion is unnecessary 
at higher hydroxide ion concentrations and the studies conducted at lower con- 
centrations normally only give partial hydrolysis in the absence of the silver ion. 

Related inversions have been observed for the base hydrolyses of the op- 
tically active isomers of [Co(en),BrCllf (ref. 108), [Co(en),Br,]+ (ref. 108), and 

L.-&l L--#!I 

Fig. 11. [Co(trien)ClJ+ base hydrolysis inversion stereochemistry. 

[Co([-]pn)2C12]+ (ref. 105). Base hydrolysis reactions with other bidentate ligands 
and with other monodentate ligands do not show such inversions, nor do the cor- 
responding bis (ethylenediamine) complexes of other metals. 

Several D* 3 L* type inversions have been observed with tetradentate li- 
gands, where the movement of one end of the D*-a-c& isomer converts the species 
to a L*+cis isomer as in Figure 11. Ions which undergo such a ~*-a to L*-/I3 in- 
version during base hydrolysis include [Co(trien)Cl,] f ; the original article’0g 
indicated retention, but reanalysis Ilo after the base hydrolysis of the ~4s had 
been reported’ l1 suggests inversion. [Co(trien)Cl(OH)]+ also gives inversion” g, 
but the [Co(NSSN)X,]+ ions do not ‘12. Steric factors coupled with the base hy- 
drolysis probably are responsible for the trien inversions. Similar tetradentate in- 
versions probably occur in the a-cis-[Cr(trien)ClJ+ aquation discussed previously 
and appears to occur in the reaction of amino acids with D*-a-cis-[Co(L,L-a,a’- 

dimetbyltrien)C1H,0)]2+ (ref. 113). Again ring mobility is probably responsible. 
A multistep reaction involving the rearrangement of two terminal ends of a 

linear sexadentate ligand’ l4 is an inversion of the type under discussion” 5 as is 
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one of the following two reactions--the reaction of ethylenediamine with [Co- 

(PDTAN- or the corresponding reaction116 with [Co(EDTA)]“. Although the 
original investigators considered the reaction with the PDTA complex as inversion 
and the one with the EDTA complex as 2/3 retention’16, other assignments of 
relative configurations suggest that the two reactions are retention and 2/3 inver- 
sion, respectively” ‘*l17. The difference depends on the PDTA methyl group, 
which is situated such that it can be considered as responsible for weakening the 
two chelate rings on the end next to the methyl group. Addition of ethylenediamine 
to one of the weak positions followed by the addition of irnother one to the other 
carboxyl coordination positions, and the complete removal of the PDTA is then 
followed by a third ethylenediamine ligand addition giving a retained configura- 
tion, using the MacDermott and Sargeson” * and Douglas, IIaines, and Brush- 
miller’ l7 assignment of configuration. On the other hand, in the EDTA complex 
the in-plane (ONNO) ring strain places one end of the first ethylenediamine mole- 
cule in the plane, but if the other three carboxyl groups have an equal probability 
of being removed, only the one on the same nitrogen as the one first removed gives 
retained configuration, so 2/3 of the product is inverted. For more details on this 
and other Bailar inversions, see refs. 8, 110, 118, 119. 

As in the case of aquation reactions, stereochemical change is not observed 
for the base hydrolysis reactions of rhodium(III) or ruthenium(III)8~‘20-‘22. 
Furthermore, no evidence has been presented to indicate any appreciable stereo- 
chemical changes for base hydrolysis reactions of chromium(LlI), In light of the 
lower sensitivity of the chromium(II1) complexes to hydroxide, this reviewer would 
be surprized if much is uncovered except in the cases of ring strain or other ring 
opening reactions, Such are observed in isomerization and racemization reac- 
tions* of chromium(III). 

E. ANATION AND ANION EXCHANGE STEREOCHEMICAL CHANGES 

Anation reaction stereochemistry has been relatively neglected. An anation 
reaction can be represented by the general equation 

[M(SOL)BCDEF]“+ +X- -+ [MXBCDEF]“-’ +SOL (17) 

where SOL is a solvent molecule. That is, anation is the reverse of solvolysis. 
Even though less is known about anation stereochemistry than would be desirable, 
some interesting stereomobility has been observed for the cobaltamine systems, 

and retention has normally been noted for anation reactions of the other inert 
ions. 

Coordin. Ciiem. Rev., 4 (1969) 243-272 
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(i) Aqueous anation reactions 

Aqueous anation reactions normally appear to yield products with-the same 
stereochemistry as the corresponding aqua complexes. For example, [Co(en),NO,- 

WzO)12 + anation products have retained configurations’23, and in dilute aqueous 
solution the reactions of trans-[Co(en),C12]+ with nitrite gives about 70% trans- 

and 30% cis-[Co(en)2(N0,),]f,124 similar to the stereochemistry of the normal 
aquation reaction of the trans-dichloro ion 38. On the other hand, Norris and 
Tobe have been able to vary the reaction conditions such that the dinitro 
product is essentially all cis or all trans. In the presence of cobalt(H) and ethylene- 
diamine a catalyzed redox reaction produces the trans ion. The cobalt@) inter- 
mediate is thought to contain one ethylenediamine and three nitrite ligands and to 
abstract Cl from the reactant producing the cis-nitrochloro species, which gives 
the cis-dinitro species by a normal aquation and anation path. The trans-dinitro 
results by a catalyzed path are still under investigation’24. Such redox possibilities 
must be kept in mind in other apparent substitution reactionss5. 

(ii) Non-aqueous anation reactions 

The anation of cis-[Co(en)2N02@MS0)]2+ in dimethylsulfoxide appears to 
give complete (> 95 %) retention with chloride, nitrite, and thiocyanate ions, even 
when ion pairs are involved125, similar to the aquation of nitrohalo complexes. 
A number of earlier studies with cis and trans-[Co(en),NO,X]“’ complexes also 
found only retention’_ 

Stereochemical changes do occur in anation reactions of the bis(ethylene- 
diamine) complexes of cobalt(III) when the fifth non-reacting ligand is a halo 
entity; see Table 9. Probably the most interesting results are those of Fitzgerald 
and Watts22, who have noted the cis-[Co(en)2(SOL)X]Zt . . .Y- ion pair (where 

TABLE 9 

NON-AQUEOUS ANATION STEREOCHEMICAL CHANGES 

[Co(en),X (SOL)]” f Y- + [Co(en)tXYJc + SOL 

x SOL Y SoIvent 

Cl DMF C1 DMF 
CI DMF SCN DMF 
Br DMF Br DMF 

Cl DMSO Ci DMSO 

Cl DMSO Cl DMA 

Cl DMSO Cl TMS 

StereocAemistr~n 

cis + tram 
cis * trans 
cis(IP) + > 50% tram 
cis(IT) -+ < 50% tram 
cis + 4045 oA tram 
cis(IP) 3 > 50% tram 
cis(IT) + < 50% tram 
cis(IP) 3 > 50% tram 
&IT) 3 < 50 % zfans 

Reference 

126 
126 
22 

127 
22 

22 

* IP = ion-pair with Y-: IT = ion-triplet with 2Y’. 
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SOL = DMF and X- = Y- = 3r- in DMF and where SOL = DMSO and 
X- = Y- = Cl- in DMA or TMS) gives primarily trans-dihalo products whereas 
the corresponding ion triplets give predominately cis-dihalo products. Also, trans- 

products giving way to c&products as the concentration increases has been ob- 
served for SOL = DMSO and X” = Y- = Cl- in DMF acd for SOL = DMSO 
and X- = Y- = Br- DMA and TMS, but the mechanisms for these reactions 
appear to be different. The product stereochemistry is consistent with the pre- 
dominance of an ion pair positioned opposite the complexes’ SOL and X- Egands 
(Le., faces DFC and BCF of the D*-cis reactant of Figure 2) and an ion triplet 
with the second anion adjacent to SOL and/or X- of the complex. The possibility 
of ion multiplets effecting the stereochemistry of the reaction products has long 
been suspected, but is often not observed. 

Inasmuch as synthetic chemistry is conducted in concentrated solutions, the 
concentration aspects of anation stereochemistry are very important. The above 
results will undoubtedly lead to a flurry of activity in this research area. 

(iii) Anion exchange reactions 

A number of reactions in which one anion is replaced by the same anion 
(labelled) or another anion show stereochemical changes. The o*-eis-[Co(en),C&]’ 
ion reacts with Cl- in methanol to give 72 to 84 % trans-dichloro and 14 to 16 % 
L*-dichloro, and the rest (if any) is retained as D*-dichloro, according to a com- 
parison of optical and 36Cl- results7*‘28. The trans-dichloro isomer in methanol 
appears to give almost complete retention’ based on opticallzp and exchange< 
data13’. The &-isomer in methanol appears to give a1most complete stereoche- 
mica1 rearrangement (cis to trans) with the azide ion131, and about one-third tram 

and one-third mirror imagelzg with SCN-. The D*-cis-[Co(en),CIJf . . . Cl- ion 
pair appears to give a slightly different product isomer ratio than thefree ion 7W128- 
The ion pair gives about 84% trans and 16% racemic product. 

In addition to the ethylenediamine complexes of cobalt(II1) which show 
stereochemical changes during anion exchange, the cis-[Co(diars),Cl,ff ako iso- 

merizes from the cis-dichloro to the trans-chlorothiocyanato (W 100 %), and %Zl- 
exchange indicates mainly tr~ns product 132. Furthermore, the racemization and 
isomerization reactions of complexes with anions predominantly occur by way of 
exchange reactions as do many of the chelated anionic ligand reactions6*‘. Inas- 
much as no net chemical substitution occurs, the isomerization and racemization 
reactions will not be discussed further in this review. The reader should refer to 
references 6 and 8 for more details. (The trigonal twist possibilities, which avoid 
any substitution, have been detailed 133-135, but appear unnecessary and unlikely 
in most reactionsf35-136_) 

Cowdk CJzem. Rev., 4 (1969) 243-272 
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F. NON-AQUEOUS SOLVOLYSIS STEREOCHEMICAL CHANGES 

Reactions in solvents other than water have been conducted with the hope 

that less mechanistic ambiguity would result. Whereas a number of interesting 
anation (Section E) and kinetic parameter results are available, only a limited 
amount of good stereochemical data on solvolysis reactions in anhydrous solvents 
is available. 

Once again most of the data on stereochemical changes is based on the cis 

and trans isomers of [Co(en),Cl,lt or the bromochloro and dibromo derivatives 
which give analogous results. Whereas in water both isomers undergo two solva- 
tion steps as noted above in Section C, only one solvation step to cis-[Co(en)&l- 
wm12+, where SOL = solvent, occurs spontaneously in DMF, DMSO, and 
perhaps in DMA23*126s127, regardless of which isomer is the reactant. Any trans 
solvent containing species appear to isomerize to the cis species, so that the actual 
stereochemistry of the direct substitution reaction is uncertain, but stereochemical 
change appears to predominate the trans-dichloro solvolyses in these solvents. In 
methanol and tetramethylene sulfone only isomerization is observed82*130*137-13g. 
Studies in liquid ammonia indicate considerable stereochemical change” *140-142. 

In fact, tram and inverted cis products are the major products at low temperatures, 
i.e., a non-aqueous Bailar inversion. 

The corresponding trien complex D*-a-cis-[Co(trien)C12]+ undergoes D*-CL 

to L*+ inversions in both ammonia’43*‘44 and ethylenediaminelti. Only optical 
rotation data is available, so the amount of trans product, if any, in the ammonia 
reaction is indeterminant. However, by analogy with the base hydrolysis results 
(Section D) and the one US. two ring movements necessary for the change to L*$ 

as. trans suggests that the L*-j? isomer is the major component of the product. 
Some solvent exchange studies by Lantzke and Watts14’ indicate that some 

stereochemical changes occur for the series 

Co(en),Cl(SOL,)* + + SOL, + Co(en),Cl(SOL,)* + + SOL, (13) 

where SOL, = DMA and SOL, = DMF or DMSO (cis to - 17 % tram); SOL1 = 
DMF and SOL, = DMSO (cis to - 17 % trans); and SOL, = H,O and SOL2 = 
acidified DMSO (tram to - 17 % tram). These numbers are only approximate and 
are based on the statistical probability of the two different trigonal bipyramids for 
the cis complexes (Fig. 2). $etra calculated using that percentage appeared close 

the experimental results. For a trms isomer, though, the percentage should be 33 %, 
since the two trigonal bipyramir’s are mirror images of each other and each gives 
l/3 trans product statistica:!y. Other solvent exchange reactions were also in- 
vestigated, but no meaningful stereochemistry could be obtained. 

One final example is a reaction which has been suggested to be an octahedral 
inversion reaction-the benzene-[Cr(CO),] reaction in the benzene tricarbonyl- 
chromium srthesis 146*147. Fischer envisions the reaction as an umbrella type 
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involving three CO groups. Other mechanisms are also possible for this reaction, 
howeverf47. 

In conclusion, the elucidation of stereochemical changes in octahedral sub- 
stitution reactions through non-aqueous solvent studies is bound to give added 
insight into the relationships which exist between reaction stereochemistry and 
nucleophiles, complexes, and environments. The fragmentary results which are 
available at the present suggest that the nature of the complex is most important. 
In other words a delicate balance of metal and ligand properties are necessary in 
order for any stereochemical changes to occur_ The non-aqueous results so far 
indicate the only major stereochemical roh that solvents play in the direct substitu- 
tionreactions is altering the ion-pairing or solvoIysis probabilities, which in turn 
may aiter the stereochemistry to some extent. More studies with other first row 
transition element complexes are needed, but the lack of completely characterized 
series of complexes for these elements has caused a heavy reliance on cobalt(III) 
amines, where the odds for success are considerably greater based on past ex- 
perience- 
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