. © rmeeen oL dIdY yICIU proaucts
~ 7T ervwps. ouch examples are discysseq separ
2; Oxidation-Reduction Reactions Through

ately under category (2).
Electron Transfer ‘

to electron transfer). 7
The situation for electron transfer from a meta] igp in solution is more difficult. In the first place, the
extension of orbitals is likely to be hindered by the molecyleg of the solvent. Secondly,
complex would tend to insulate the electron of th ‘
metal ions.

Electron Transfer and the Law of Conservation of
[Fe(H0))"  +

Energy. Consider the reaction 3
+
[FC(H 20)6]2;' —_ [F e* (H 20 ‘)6]2+ + [F e* ( Hzo) 6] |
l Complex ions in ground state L. -

o vnlex ions in excited state
(stable state)

(higher energy statc)




i . ilibrium [e—U
The reacting complex ion [Fe(H,0)¢]3* in its ground state (or stable state) has an equilibrium

distance of 2:05 A. Any change in this distance would increase the energy of the complex 1on. ,Sm."lar]y_’
the equilibrium Fe—_Q gj : . e , v chanee in this distancc
18 i istance in [Fe(H,0)]2* in its ground state is 221 A. Any chang 5 i
“:1(21 i €t6}1]se.thc energy of the complex ion. According to Frank-Condon principle, the nuclear pOS;t}O .
liecause e etlae(l:l:ternuclear distances in a molecule remain unchanged during electron transtl‘: TL‘; -
[Fe”(H,0), ]2+ r:)(zins n(liove too much faster than the nuclei in the specie. Therefore, the Fg-—O dlstm:ﬂe -
the Fe~O distar}:ce iucei: from [Fgglz())(,]"“r by electron transfer would, at first, be 2'05_A, Le., thg.szal X in
[Fe(H,0)6]* in its gt [ble(Hz())d complex. This distance is shorter than the Fe—Q distance of 5
Sxdited statedl wo ’?d e or ground state. Thus, [Fe"(H,0)g]* produced would be in the higher energgZI
A " While d P uld come to the lower energy or stable state by re-adjusting the Fe-O distance to
1le doing so, it has to lose the excess energv to th t Likewise, [Fe*(H,0) 1Pt produced from
[Fe(H,0)52* by electon transfer e e b FoO distance of 2:03 A in its stable state
Therefore [Fe*(H pegrc ansfer would, at first, have the Fe—O distance of 2-05 A In its sta
Dies dju’stin N ZF)G] prOduced would also be in an excited state and would come to the ground state
Afte b prodﬁctsec e-0 distance to 2:05A. While QOing so, it also loses the excess cnergy to the SYSte”;;
and [Fe(H,0). P+ OII{ILC to th; stable states, these? are in no way different from reacting species [Fe(H,0)6]
Thus. electron6 tra‘nsf nge they can again participate n elgct_ron transfer and.can aguain liberate cnergy.
b €r between two ions of the same metal in aqueous solution would lead to constant
s ion of energy. But, this is contrary to the law of conservation of energy. However, the law is not

violated if the metal-ligand distances in both the complex ions are, somehow, made the same prior to
electron transfer between them.

. In the above example, the ions [Fe(H,0)4]?* and [Fe(H,0)4]** can have the same Fe-O distance falling
in between 2:05 A and 2:21A. It has been calculated that minimum energy is required to bring Fe-O
dlst;mce in both the species to the same value of 2:09 A. Let E, be the energy required to produce
[Fe (H,0)6)*" and [Fet(H,0)¢)** species having the same distance of 2:09 A in each.” Then

E, = Energy of {[Fe*(H,0)g2* + [Fe*(H,0)s]**} — Energy of {[Fe(H,0)s]*" + [Fe(H;0)6]**}

The electron transfer process when all the four species have the same Fe-O distance of 2:09 A may-
thus be represented as ' :

[Fe*(H,0)6]** + [F'e#(HzO)GP+ ——  [Fef(Hy0)¢)*" + [Fe*(H,0)6)**

After the electron' transfer, [Fe#(H;0)¢]2" and [Fe#(H,0)g]** species produced would come to the
ground states by releasing energy exactly equal to the energy E, which was required for the formation of
the reacting species [Fe#(H20)6]2+ and [Fe#gHZO)_(,]H. In this way no net energy change would occur
during electron transfer between the ions to yield different oxidation states of the same metal.

In the case of electron transfer between ions of different metals M and M' the probability of electron
ransfer from MZ2* to (M')3+ may be different, say, more than the probfwblllty pf electrgn transfer from
(M')3+ to M2*. In that event the backward r_eactlon may.not oceur. Thlg case is tl_ms different fr(_)x_n the
oné involving electron transfer between the 10ns of the same m_etal in which there is equal probability of

veen the forward and the backward reactions. Thus, electron transfer between ions
electron transfer befwee late the law of conservation of energy.

of different metals does not vio ‘ AL TR (8 |
) ' -estriction placed on electron transfer
. in States of Metal Tons. Another restricti
Electron Transfer and Segal in solution phase is that, leaving aside the clectrons that are to be
between ions of the same M same electron spin. Let us consider the case of

. essentially the
transferred, the two 1008 should ‘h?:e The ammonia ligand is of a moderate crystal field strength. It

[Co(NH3) 6]2+__[C0(NH3}6] + Co(NHs) J3* but cannot do so in [Co(NH3)(,]2+_ \\.ritl‘\ the rcsplt that Co in
ring 1n [Co(INH3 t6ate (t 6) and in the latter complex, it is in the {ugh spin state

the Jow spi ]f - [CZ(%(NH3)6]2+ to [Co(NHy)]*" is not allowed if both the fons
n transfer 110 ectron transfer occurs, the excitation of one or both the ions

[n order that eleC become the same (barring the spin of

ins of both the ions
tron spins re considerable energy. Thus, the electron transfer

causes electron spin pat
the former complex 15 1
(fzgsegz). As such, the electro
are in their ground spin states. e
is required to such an extent tha e iously reaui
: This wou

clectron being transferre
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i i It than, say, the electron transfer from [Fe(HzO) %
2* to [Co(NHy)¢]*" is more difficult than, lexes. i 1o
[r;’(t)al(];l[z((:)(;g\jyﬂlgith I?eEI I Slnd Fe(II) are in high spin state in these complexe

i in Solution Phase
ism of Electron Transfer Reactions i ‘ . |
Mecrl;?n robability of an electron leaking through a potential energy barrier (that v_vould be IMpenegy, .
d]i?]pto classical mechanics) is a well known phenomenon. A§ already ment30ned, electrop can b,
accorf rfd from distances which are considerably larger than the distances essential for actual coljig;,
:)r? It]lfeerreactants Thus, “electron tunneling effect” is directly related to the phenomenon of extension "
electronic orbitals in space. . . .
Electron transfer reactions are generally quicker th?n those mYOIVI}Ig the exchan
metal ions. These, however, can be conveniently studied by Radioactive Exchange
techniques.

Two types of transition states or intermediates are generally formed during electron tr
These are : Quter Sphere Transition States and Inner Sphere Transition States.

ge of ligands on the
as well ag by NMR

ansfer T€actiong

Outer Sphere Transition States. When the inner coordination spheres of two
remain intact in the transition state (i.e., intermediate) of an electron transfe

outer sphere transition state. The mechanism of electron transfer through suc
outer sphere mechanism.

Inner Sphere Transition State. When the coordinated ligand of one complex ion forms q bridge wisy
the other complex ion in the transition state of an electron transfer reaction, it is called inner sphere

transition state. The mechanism of electron transfer through such a transition state is called inner sphere
mechanism.

reacting compley iong
¥ reaction, it ig called ap
h a transition state is calleq

Both the mechanisms of electron transfer have been discussed below in some details.

1. Outer Sphere Mechanism. If the reductant and the oxidant com
inner coordination shells are saturated, the rate of ligand exchange woul
of the formation of a ligand bridge would be neglighle. However, the
between such pairs of complex jons is quite fast. This cannot be ex
the dissociation of an atom or a group, or exchange of a coordinate
are inert. Such electron transfer reactions would obviously occur t
shall now consider some examples of electron transfer reactions occ

1. [Co(NH;)¢]2+ - [Co(NH;3)6]3* System. Consider the reacion

plex ions are both inert and if their
d be very small and the possibility
observed rate of electron transfer
plained by any mechanism involving
d ligand, since both the complex ions
hrough outer sphere mechanism. We
urring through this mechanism

[CoNH3)* + [CoNHa)e* — [CoNHy)GJ* + [Co(NH3) 2t

Since the reacting [Co(NH3)6]3* ion is an inert com
shell, the exchange of coordinated ammonia ligand
slow. The coordinated NH3 ligands do not have any other lone pair through which they can form a bridge
between the two cobalt jons. Hence, an inner sphere transition state of the type [(NH;)sCo-(NHs)-
Co(NH;)s]%* is not possible. Therefore, electron transfer from [Co(NH3)6]2* to [Co(NHs3)g]3* must occur

through outer Sp.here mechanism in which inner coordination shells of the reductant, i.e., [Co(NH;)g?*
and the oxidant, j.e., [Co(NH3)¢13*, in the Iransition state remain intact,

The outer sphere electron transfer process is s/ow because of the fOIIOWing reasons :

(7) Since the Co-N distances in the oxidant and the reductant complex ions are appreciably differer
considerable energy of activation is required to ex

cite the two j identical Co=N distances

(because only then the electron transfer between these two ion:VSvég?s c:gcﬁf)ve i :
(if) The electron being transferred from [Co(NH;), 12+ ; . 1 i< already engaged
in M-L sigma bonding** (the conf; 3)s** occupies an €g orbital which is already :

guration of Co(Il) in {onks /52 delinking of this
electron from Co(II) would, therefqre, Tequire more enzzrgy. € complex ion is ¢ 2g €%g)- The de

\\_’v



. : ione are different.
(ifi) The spin states of Co(I1) and Co(I11) in the reacting complex 1ons are diffe
2. [Fe(CN)qJ+- - [Fe(CN)g]3- System. Consider the reaction

Al 4"
[FC(CN)(,]4‘ + [FC(CN)(,]:;' _ [Fe(CN)6]3~ 4 [F.C(CN)G; tion shells are Fully
Both the reacting complex ions are inert towards substitution and their coordina
saturated,

S are

) _ , omplex ion
The isotopic exchange studies confirm that the coordinated CN- ligands of both the comp The

‘ \ 4= is ruled out.
ot exchangeaqple. Therefore, the formation of an inner sphere bridged transition'stac 1S
electron transfer in the ab

N oy enfrior nism.
OVe reaction, thercfore, proceeds through outer sphere mecha

The observed rate of electrop transfer is fast. This may be due to the following rcasons :

! : ‘ . ,ncr 7y iS
_(1) The Fe-C distances in both the complex ions are almost the same. s e
Iequired to make the Fe-C

: fhagtos g ol ransfer may
distances in the two complex ions identical so that electron t
occur.,

s ‘ . . tron
_ (7)) 'Leaang aside the electrons that are to be transferred, both the metal ions have the same elec
Spin. This facilitates the transfer of electrons.

e i . 4_ |
] (zu)_ The electron under transfer is in fg orbital (electronic configuration of Fe(ll) in [Fe(CM)gl s
%¢) which is not engaged i

gaged in M-L sigma bonding. Therefore, the delinking of this electron from Fe(Il) is
easy.

(iv) The ligand CN- is unsatu

rated and the presence of unsaturated and/or conjugate ligands on the
reductant facilitates the electron tur

nelling.

(v) CN-is a pi acceptor ligand, i.e., it can form pibond by accepting electrons from the ty, orbitals

of the. metal ion. Such ligands always stabilise the lower valency of the metal ion which implies that
such ligands stabilise the product formed due to acceptance of electrons.

3. [Os(dipy)3]2+f [Os(dipy);)3* System. The’reaction

[Os(dipy);]** + [Os(dipy);* — [Os(dipy);]** + [Os(dipy);]2*

cannot occur through inner sphere mechanism because both the complex io

ns are nert and their coordination
shells are fully saturated.

The observed reaction rate is Jast due to the following reasons

() The Os-N distances in both the complexes are almost the same.
required to make the Os-N distances in the two complexes identical.

(}ii) The ligand dipyridine 7\ 7\ is a pi acceptor and is highly conjugated. This facilitates
_N —_—

i N
electron tunneling.

Hence very little energy is

(iif) The electron under transference is present in fp, orbital which is not engaged in ML Siema
bonding. Hence, this electron can be easily detached from the metal ion,

(iv) Except for the electron which is being transferred, the two metal ions have the same ol

iv
spin. e | |

i i eristics of electron transfer reactions occurring through
e the main characteris
Let us now summaris _
anism : | | | | | ‘

LiER o fer reactions occur between those metal ions which are either both inert with their

1. Electron transfer S

ted or ope of the complex ions is inert with its coordination shell saturateq, In
Cl;m{dinatlon Shne;lnsessgai coordinated ligands would be a bridging ligand.
the latter case,

_ : if M-L distances in the reductant and the
9. Electron transfer between ions of the same metal is fast if o

ectron

i ion.
unsaturation or through conjugatio
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4. The rate of electron transfer depends upon the polarising power of the central mety| ion.

5. Electron transfer is fast if the electron being transferred is present in a fr orbilal
present in an e, orbital.

0. Elcclro‘;t transfer is fast if the coordinated ligands present on the System are pj acceptors.

7. Electron transfer is fast if the clectron spins of the (wo complex iong (lcaving
being transferred) are the same.

and ig slow ifit;
S

aside the clectrong

2. Inner Sphere Mechanism. Electron transfer reactions proceeding through inner <
generally have one inert and one labile reactant. The inert reactant has a coordinatec
capable of forming a bridge. A few cxamples of electron transfer reactions proceed

. : ; . ing throug|
sphere transition states (i.e., Intermediates) are discussed below in Examples 1-4.

1 inner
Example 1. Consider the following reactions :

(@) [Cr(Hy0)s]** + [Co(NH;)e]3* —> [Cr(H,0)6]3* + [Co(NH;), 2+

(6) [Cr(H0)6]** + [Co(NH3)s(H,0)]3* — [Cr(H,0)4]3+ + [Co(NH3)5(H,0)2+

() [Cr(H;0)6]** + [Co(NH3)s(OH)]2* — [Cr(H20)5OM)P* + [Co(NH; ) (1,0, 2

The reductant in all these reactions js [Cr(H;0)6]%* which is a very labile complex ion and cap easily
lose a HO molecule. The order of the rate of electron transfer in the above reactions is (gq) << (5) < (c) Y

In reaction (a), the oxidant [Co(NH;3)6]3* is an inert complex ion with no coordinated ljga
of forming a bridge with the reductant. Electron transfer in this reaction, therefore, cannot oce
inner sphere mechanism and the rate of electron transfer would be slow. .

In reaction (), the oxidant [Co(NH3)5(H,0)]3+ is again inert but the coordinated H,0 is capable of
forming a bridge, though a very weak one, with the reductant leading to the formation of the intermediate
bridged complex [(HZO)5Cr—(HZO)—Co(NH3)5]5+. The oxygen of the coordinated H,0 has one
un-engaged lone pair of electrons through which it can associate with the reductant. The formation of an
aqua bridge has been established by HyO'8 exchange studies. The reaction (b) thus proceeds through
inner sphere mechanism and is much faster than the reaction (a). : i

In reaction (c), the inert oxidant [Co(NH3)5(OH)]2* has a co-ordinated OH- ligand which is capable

of forming a fairly strong bridge with the reductant leading to the formation of the bridged intermediate
4+

H
[(HQO)S Cr-0- CO(NH;;)SXJ . Since OH bridge is stronger (i.e., stabler) than aqua bridge. the energy

of activation required to form OH-bridged intermediate would be less than required for the formation of

aqua-bridged intermediate. Reaction (¢), therefore, proceeds through inner sphere mechanism and is
more facile than reaction (b).

Example 2. Consider the reaction :

(d) [Cr(H30)4]** + [Co(NH;)s X2+ —Water | [Cr(H,0)5X]1** + [Co(NH,); (H,00™

which has been studied in aqueous phase in the presence of radioactive free X- ligand (where X~ is F~, CI,
Br~ or I7) and it has been observed that the product [Cr(l-]zo)SX]2+ shows an almost complete absen.ce of
radioactivity. This observation confirms that it is the X~ ligand initially attached to the inert 0x1fiam
"[Co(NH;3)5X]2* which gets transferred to the reductant, This cannot happen if X- completely dissocnatfif
from the oxidant and becomes free. Therefore, (le intermediate or the transition state must have X
associated with both the oxidant and the reductant. This observation provides an jndirect proof for the

formation of inner sphere or bridged complex in the transition state. The mechanism of reaction () may
thus be represented as follows :

(1) [Cr(H,0)6]%" + [Co(NH ), X]2* —Slow ., [(H0)5Cr - X — Co(NHy)sJ* + H,0'
(if) [(H30)5Cr— X — Co(NH;)4]% My‘m?—) [Cr(H,0)s X]?* + [Co(NH3)5(H20)]2+

fast



The rate of reaction (d) is thus given by

2
r = k (Conen. of [Cr(H;0)6]2*) x (Concn. of [Co(NH3)sX]*")

20 hlllc
as also been observed that the rate of clectron transfer in the reaction depends Ul)_on tlglc’n: C(‘:cl); b,
wracter (and not the basicity) of (he halide ion X~. The rates arc thus in the order 7> B uld be its
It is obvious that the stronger the nucleophilic character of the halide ion, the greater wo
capability to form a Cr—X-Co bridge

Example 3. Consider the reaction given below :

0

Ith
charact

oo T | A 1
© DR=C=0—ComHy ' + [Cr(H,0)6)°" ——> [(11,0)5Cr—0 1} }o—co(Nl‘mjl
Oxidant Reductant : C
|
R
' i
'] rolysis + -
" LROXCE=0; 0=t U oo Loy + [(H,0)5—Cr—0—E—R]
. _
R

Evidently, the COOR group forms a bridge between the ‘oxidant and the reductant so that the above
reaction proceeds through

; : : 1gh inner sphere mechanism. This readily explains why the rate of electron
transfer in reaction (e) is fast compared to reaction (a). The rate of reaction is further increased if R is
unsaturated or conjugated since this factor is known to facilitate clectron transfer.
Example 4. Consider the reactions given below :

() () [CrONH)SNCS) ™ + [CrH,0) > ——— [(HyN)s

Cr—NCS—Cr(H,0)9)] "
Oxidant

Reducant

(if) [(H3N)sCr—NCS—Cr(H,0)5] " 2oy 11,00 + [Cr{H-0)s(NCS)] ™

() (i) [Cr(NH3)sN3]™" + [Cr(H,0) >

> [(H3N)sCr—N=NeN—Cr(H,0))]
Oxidant

Reducant '
: _ L4+ hydrolysis 2+ . ‘ %
(i) [(HN)SCr-N=N-N-Cr(H0)5]"" <=5 [CHNH SO0 + [Cr(TlOpny)?
The electron transfer reaction (g) is found to be faster than (N. This can be explained if we assume
inner sphere mechanism for both these reactions.

The bridged transiticn state of reaction (f) is less stable and hence would require more energy for s
formation compared to the energy required for the formation of the bridged transition state o

ate of reaction (g).
As a result, the electron transfer reaction (g) is faster than (f). The Cr-NCS-Cr bridge is less stable
Betanice S—,Cr linkage is weaker than N-Cr linkage whereas Cr-N-N-N-Cr bridge is more stable

as it
acquires greater stability through resonance. -

att 5) for all the above mentioned electron transfer reactions is
ed energy of activation (E,) for a . : R e e

fou 1F<ghtz l())g Sveer:ly low (aggut 3-4 keal mol™") and the entropy change (AS) is found to be negative.

our

If a dissociative step, like the one shown below
[Cr(NHp)X]?* —— [Co(NH)s]*" + X
i ions gy of activation would have been considerably
ini these reactions, the cnergy of activation wou
were the rate-determining step 10 ok
high and AS (= Sproducts ~ Speactants) Would have been positi

‘ that in electron transfer reactions occurring through inner spherct:‘ mecfh:-:mir.u‘ an
et frqm_ albO\;fansferred from one complex ion to another. However, the transfer of electron is
atom or a group Is also
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S ‘T 1 thc electlon tl‘anstel pl'OCCSS’
ot ca Sed b:, he ato or c g 0 p ] -9 I f(ﬂ Cd. h . v 4

2 \Vh]Ch 1S t an . . ke T t Bl l th !
th( o nl. ”i) t‘d Cl:; intel n]CdiﬂtC WhiCh thc n bl c aks ) B vC ¢ p|0(1l|(: S n 0 e
() idant in [hlS Il g

| The lransfer or pg,,.
e which o upon thelrfl:st,(‘:gnit;é,;htﬁgsfqﬁthe‘prOduCt'S that are
5 . 1 1 i ) : .
transfer of the bndgxc;xg sti?,Ter(x):le%iatc' To illustrate this point, 1€ Ollowing reaction -
: -om the bridge
possible from

the oxidang and

2+ [Clslr—=CI=Cr(H,0),1°
(h) () [Il‘Cl(»]z_ + [Cr(H20)6)™ [ 5Bridgcdinlcrmcdiatc

. ) 3
0 I. Electron tmnsfc:_% UrCIG] + [Cl‘(H 20)(, ]3+
@7) [ClS Ir—Cl-Cr(H 20) 3 ] 2. Hydrolysis
idoi : e red althoy
- - idging Cl atom has occurre
e reaction, no transfer of bri ' -~
ol tht:i g%z:ihe reductant [Cr(H,0)s]?* to the 0.x|dant.[IrC|?] f Tl]] © ? k:thr?n h . _
tra_nsferrel breaking of the bridge in the intermediate. Since the fina 2[: oducts o reaction, viz,
pngr(tj?(;—{leo; 13* are more stable than [erls(HzO_)]z“ and [Cr(HZO)Sq]I § Fhe oth'cr possible prod
?)rrlidg[;e:i iniem()mediate, the latter readily breaks up in a manner shown in 4 (if) to give these produ

gh an electron

has been
transfer obvigy

sly occurs
3 [ITC]6]J‘

ucts of the

cts.
Let us now summarise the main characteristics of electron transfer reactions

inner sphere mechanism :

1. In order that electron transfer occurs through inner sphere mechanism, one of the complexes
should be inert and the other one labile. The inert complex ion

should have a ligand capable of bridging
both the complex ions during the formation of the intermediate. :

occurring through

2. Electron transfer reactions occurring through inner sphere mechanism are Jaster than similar reactions
occurring through outer sphere mechanis

3. The rate of electron transfer increases if the

bridging ligand has unsaturation or extended conjugation
in its structure.
4. The rate of electron transfer also increases with increase in the nucleophilic character of the
bridging ligand.

5. Alongwith the transfer of eléctron, the bridging 1i
another. But it is not alw

gand is also transferred from one complex ion to
ays necessary. The transfer or non-transfer of the bridging ligand depends upon
the relative stabilities of the products that are possible from the bridged intermediate.

TWN LY DN vrmm ~m e e



SUBSTITUTION REACTIONS OF SQUARE PLANAh COMPLEXES

bstitution reactions of square planar (SPL) complexes, exhaustive studies have been

As regards su
plexes of Pt(Il). This is because these complexes are slow towards

made only on square planar com

substitution and are thus easier to study..

bstitution reactions of square planar complexes appears to be associative Sy2
N

The mechanism of su
rather than dissociative Sy'. This may be inferred from the following observations :

I. In the case of square planar complexes of Ni(II), Pd(II) and Pt(II), fi x )
d, one s and three p) of comparable energies can be made ava)ilable fcfr gigrlr\,/: gg:]%ti);] n]ctsa} orbitals (one
ligands are to be sigma-bonded with the metal ion, only four of the five orbitals of theglﬁet ll]]‘.:e only four
up for this purpose. The fifth orbital can easily accommodate electrons from the attack'a lo]r.l are used
other words, 2 five-coordinated intermediate or an “activated complex” gets formed from a fi ing lganfi. In
SPL complex through an associative Sy mechanism. our-coordinated
2. The rates of substitution reactions of SPL complexes are sensiti '
the following reactionsp: five to the nature of the reacting

complex. For example, amongst
rans [NiCl(o-toly)(PEta)o]” + py  —— rans [Ni(py)(o-tolyl)(PEt3),)2* + CI-
rans [PACIo-tolyD(PEG)* + py  —— trans [PApy)(o-tolyl(PEG) I -+ CI- ot
trans [PtCl(o—tolyl)(PEt3)2]+ + py —> trans [Pt(o-tolyl)(PEt3),]* P -(2)
(2), which, in turn, is about 100,000 times faster-.t.i)(;z

reaction (1) 18 50 times faster than reaction

reaction (3)-
It is know
squure planar Pd

xpands its coordination number with greater ease than ]
he

i that the square planar Ni(ll) e : :
expands its coordination number with much greater eas
e

(11) and the square planar Pd(IT)




E

than the square planar Pt(11). Thus, there exists a parallelism between the reactivity of the square pla
complexes of these metal ions and the ease with which these ions expand their coordination num;::r
Such a relationship clearly indicates the formation of an intcrmediate or an “activated complex” withr{l
higher coordination number during the substitution reactions of SPL complexes of Ni(Il), Pd(I1y apg
Pt(11). This type of intermediate or “activated complex” is formed in such reactions only through g,
associative Sy? mechanism.

3. Consider reactions of the type

[PL,Cly ] + Y _ 120, [PLyClaaY] + Cl-

(4)
Here L is a unidentate ligand and n can vary from 0 to 3. The complexes [PtL,Cly ] and [PtL,Cl;,Y]
can be neutral or charged species depending upon the nature of L.

The rate of reaction (/) in such cases is found to be represented by the expression
1= ky (conen. of [PtLyCla_g] X [YD * ley (conen. of [PtL,Cly ]) .(5)

The above ratc law suggests that substitution of CI” by Y in reaction (4) follows two independent

" pathways. The reaction rate for the first reaction path is given by

r =k (concn. of [PtL,Cla_q] % Yn

indicating that the rate-determining step is bimolecular and the mechanism involved is associative Sy2.

.(6)

The reaction rate for the second reaction path is given by
r = ky (concn. of [PtL,Cls_s])

which indicates that the mechanism of the second reaction path 19 §uch that the step inv_olving the attack
of the ligand Y is fast and does not constitute the rate-determining step of the reaction. The second
reaction path is believed to consist of a slow aquation reaction, viz.,

[PULClyy] + H0 —2 [PULACl3n(H20)] + CI7 NG
followed by a fast rcplaccnﬁent of coordinated H,O by the ligand, as shown below :
[PLoCl3_n(H20)] + ¥ —2% s [PL,ClynY] + HO 4 . (8)

Reaction (7), being slow, is the rate-determining step of the second reaction path. We shall now
discuss the mechanism of this step.

Sx! mechanism. Suppose the mechanism for step (7) is Sy involving the following reactions :

[PLaClas] - —22¥ s [PL,Clyg] + CI7 ()

[P, Clay] + H0 —2 [PLCls_0(H,0)] .. (10)
In that case, the rate of reaction (r) would be given by .

r=ky (Concn. of [PtL,Cls_,] . (1D

) . . 3
Sn* mechanism. Suppose the mechanism for step (7) is Sy2 involving the reactions :

I
: [PthCl4__n] .+ HZO S—ovv.) [PthCl4_n(H20)] fast [PthCl3_|\(H20)] + Cl" .(12)
In that case, the rate of reaction (r) would be given by

r =k (Conen. of [PtL,Cly_,]x [H,0] ) .(13)
Since water is present in large excess, its At te
i , 1ts concentration remaji kife O ce the ra
of reaction is represented as s « 2 n remains practically constant. Hen

r =k, (Concn. of [PtL, Clg. n].) (14)
1 2 :
: Tll“?‘ both Sy and»SN mechanisms for reaction (7) yield the same expression for the rate constant,
viz.. 1= ky (Conen. of [PtLyCla4]), as given in the rate law equations (11) and (14)

7Y
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Ithas been observed that there is very fittle variation in the rates of aquation (i.¢.. 5 Of' r(’Ipf aquation
of CI" by H,0) of complexes such as [PICI3]2 , [PICIy(NH,)] |, [PICTy(NHy),] and [p(Cl(N”J)]ll'bond which
of these complexes proceeds through an Sy' mechanism, it would involve breaking of P=C O e of the
.bccomcs mncreasingly difficult in going from [PC4]% to I,l’l(Nlh)]CI]‘. This would happen beeals Jhould
(I{n)ccr::ease’m the positive charge on the complcxcﬁslfrom 2 to +I. Therefore, the rates of aq.ualtl(:" ‘;sitivc
cli'ir Zital??fl'?l(le'.abl" In going from a complex of lower positive charge to a complex of h!g;fl cr:: this is

g roma complex of higher negative charge to a complex of lower negative charge). S0

contrary to experiment ; i i actions of square
. al observations | rotn 1o prrlol I tion reactions

y / S, ) A s >l out 1n the aqua

planar complexes of PL(I). an Sy mechanism is rulec I

rat

The increase in positive charge on (he complex would make the breaking of Pt-Cl bond more difficult

but it would m i 5,
ake ' [ s e o1y S

but it would mak .the {01 T Of Pt—OH, bond casicr. In an Sy2 mechanism, l.hc two cffects '1rCViqq ‘5\.3

mechanjs‘ | a resu t., the reaction rate for the aquation of the above mentioned complexes vid Sx
m should be virtually the same irrespective of the charge on the complex, as is S s e

The - S ind; ke |
> efabove observations clearly indicate that the aquation reaction (7) and the general substitution i
(4) follow the Sn? mechanism.

The SN2

mechanism for the substitut eacti : mav be illustrated as
follows - bstitution reaction of square planar complexes may

Z axis
Y+ Y\ i B
A X i

A : X A A S T
\ / o \ R movement /\

of Y and Xinthe M X

M —> Ve "o
/_ N X plane containing i
AN T LN | | 5
S | B———A B A

£ BMX starts changing from
120° to 90° and £ BMY starts
changing from 120° to 180°

v
A—Y Ar—— ¥
s, X AN
/M\ E /M\
B——————A B———A

: X
The ligand Y attacks M from +Z direction (probably by utilising the empty p, orbital of the metal) to
form a five-coordinated square pyramidal intermediate which then transtorms into a more stable trigonal
bipyramidal intermediate. This again gets converted to another square pyramidal intermediate containing
the leaving group X along ~Z direction.” The removal of X from this intermediate yields the substituted
square planar complex. Although the trigonal bipyramidal intermediate should be more stable than the

two square pyramidal intermediates proposed in the above mechanism, the energy of conversion of the
square pyramidal intermediate to trigonal bipyramidal intermediate and vice-versa shoud be very small

for this mechanism to be operative.

tion (4), the concentration of the ligand, viz., [Y], is much less than the concentration of

ince in reac , , o e o
t S]which acts both as a medium for the reaction and as a ligand, the fraction of molecules of the
water ,

bstrate [PtLyCla-n] reacting through the first reaction path is far less than the fraction of molecules
r -n ; : ) e
ls-:acsting througnh the second path in which water also acts as a ligand.

Tr t e . | i i,

o Effec' ] hed aroup to direct substitution into a position trans (i.c., opposite) to itself is

o Oftf]t:z attta(ézlchga group has a marked influence on the rate of a reaction. Consider the
called the trans eifect.



“substitution reaction : C,Hy

Cl 2
(Ll Cl

Since CI- has greater trans effect than NHa, the CI~ trans to CI” and not the one which is trans 1o NH
3

is replaced by C2Ha. |
Now, consider the substitution reaction :

Cl - (I:I =
Cl—‘Plt—‘C2H4 + NHy —> - H3N~"Il)t--C2H4 + or A
(Ijl ' Cl

Since C,Hy has greater trans effect than Cl-, the CI~ trans to CoHy and not the one which i trans to CJ-
. is replaced by NH3. s

The trans effect has been made use of in syn.thesising certain specific (cis or trans) complexes,
instance, the cis and trans diamminedichloroplatinum (II) complexes have been synthesised separ'at lor
keeping in view the trans effects of CI- and NHj, as illustrated below : €ly, |

Cl NH;

K al? Cl NHa|
\Pt/ NHg_ \Pt/ NHg_ \Pt
/ \ —>C' / \ -Cl / \
Cl Cl , Cl e NH;

_CI» Cl
HN NH3] Z* HaN NH; | cl NH
3 3
>C | = > = XX
HaN NHg HaN cl oN N\ |

The order of ligands for the increasing trans effect is roughly as :
H>0 < OH™<NHj3 < RNH, <py <CI" <Br" <SCN™ =1"=NO, =[SO3;H] ™= PR;=S8C(NH;), <NO
=CO =C,H, =CN~

The ligands showing high trans effect are those which can form pi bonds by accepting d orbital
electrons from Pt(II).

Theories of Trans Effect. The trans effect is a kinetic pheonomenon affecting the magnitude of
activation energy of a reaction. The stability of both the ground state (i.e., square planar complex before
substitution) and of the activated complex can, in principle, affect the activation energy required for fhe
substitution reaction. Therefore, any factor that changes the stability of the ground state and/or which
changes the stability of activated complex would be a contributor to the trans effect shown by the
attached ligand. There are two theories of trans effect of which one relates to the ground state and the
other to the activated complex. These are briefly discussed below.

1. The Polarization Theory. This theory is primarily concerned with the effects on the gr
state. Let us consider two bonds L-M and M-X trans to each other in a
square planar complex. Suppose the ligand L is more polarizable than @ 6
the ligand X. The primary charge on the metal ion polarizes the electron F M
charge cloud on L and thus induces a dipole in L. The dipole in L, in
turn, induces a dipole in M, as shown, ’

und

-



e charge in the ligand X

because of the presence
lated to its trans effect.

The orienta .

SR tio o s :
which is trang to Ln O}igns dipole on the metal ion is such that it repels the negativ
f;f L. According to thisuile » the ligand X would be less attracted by the metal ion

1S is | heory, the polarization of a ligand should be directly re

18 largely true for | :
mention of the trang effrecl;ltgaf'}qs which do not form pi bonds with the metal ions. The theory makes no
of ligands present in the activated complex.

. 2. The pi Bondin
Lf;n?S ,“.'h'ch are pi ac%e':;lt:r:ry' This theory satisfactorily explains the trans effect of tho
X isiift»\ In which an attacheq lio;: }c)ll acids like phosphine, CO, olefins, etc. Consider a square planar
ligand tUated trans to L. ACCordzi%nnt L is a pi acid whose trans effect we want to investigate. The ligand
effect ?nf]emoVe the d orbita] elec% 0 pi bonding theory, there is a correlation between the tendency of a
trigon' : 1€ transition state ip the ml;]s.fro'.ﬂ the metal ion by pi bonding and the magnitude of their trans
al bipyramida] geometry (FigSuz)stltutlon reaction of a square planar complex is proposed to have a

Z axis

Y axis
¥\1A Y: T )
\ / x\ A1 l XZ plane
M movement of v
~Trovementol.”
L/ \ Y andIX inXZ
plane-
¥

se attached

- A2
X-axis / L ke* %
/ )
Y axis - /

A1 X R

VAR I~
% M —> Oz removalof X \ / -
J daxz and extension of ~ M FX
p‘ane £ LMY to 180° L/ \
A2 Yy a i

_Fig. 2. Mustration of pi bonding theory of trans effect.

The trigonal bipyramidal transition state can be stabilised i . . :
ligand L overlaps with a non-bonding filled dn orbital of ltf: l:ittz}\lletgmfggnpz; oirbbntald(p, dorm* ) of
square planar complex is shown to be in XY plane and the pi bonding is show?x be?:]v o g the-
bonding orbital (say, d orbital) of the ligand L and filled d,, orbital of the metal. It ?Se i lthe Pty Pl
figure that electrons from dy; orbital are withdrawn away from the incoming nucle.ophile ;_edar il
pi bonding thus stabilising the trigonal bipyramidal transition state. uring M-L

Although the pi bonding theory proposes stabilisation of the trigonal bipyramidal state. th :
evidence that the M—X bonds are longer when they are placed trans to'a ligand with a strong trans Z;‘?‘e:j

than when they are placed cis to such a group even in the_ ground state. Therefore, a ligand with a stron
as well as the transition state. The present view, therefore, is thagt

trans effect, affects the ground state as : .
both the effects, namely, polarizatioq .Whlch weakens the bonds in the ground state and pi bonding which
stabilises trigonal bipyramidal transition state contribute towards the trans effect shown by an attacheq
ligand. The extent of contribution by each depends upon the nature of the ligand.

OXIDATION—REDUCTION REACTIONS
s can occur either through atom or group transfer or through electron

tegories are discussed below.

tom or Group Transfer
d in terms of atom or group transfer,

Oxidation-reduction reaction
transfer. Reactions of both the ca

1. Oxidation-Reduction Reactions Through A i
In several cases oxidation—reduction reactions can be explal
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LABILITY AND INERTNFESS OF OCTAHEDRAL
Labile and Inert Compleyes. Complexey

their coordination sphere by other ligands qr¢

which cither do not permit exchange of ligandy

inert complexes. It should be .cl.early

do with its thermodynamic stability.

but kinetically it is labile.

COMPLEXES
which permiy quick exchange
called 1abjle complexes,
orin which the exchange
understood that, in general, inerty
For instance, the complex [Ni(CN
This is evident from the following lig
very fast i 5 CN)'
ACNy - — — : i (Mo
O O emamaiz” THCN MNP s -
, i ‘ ’ - .;{//“ 1118
her hand, the complex [Coy NHs), P is (lzernzodyliamlcal.’\‘ unstable but kincicall
‘]e other h: 3 . “
| ,O'lzl*:c complex in aqueous solution remains und
inert.

e
./ . e il\'ls‘ l].u
ccomposed cvep over a period of several day
' 13 by the ligand H,0.
being no exchange of the ligand NIH; by

of one or more ligands from
On the other hand, comp/e.rw:
of ligands is slow are /moyw as
€8s of a complex has nothing (0

B g nf [
)a)? s thermodynamically sabl
and exchange reaction -



ntcrpfcmﬁ"“ of Lability and Inertness of Transition Metal Complexes

Atlcmp;s h;\; E)veeelll] E111slacde to explain lability and inertness of transition metal complexes on the b_gsns
yalence DO rystal field theory. The valence bond theory is simple in approach put offers

0 1 ' =
aly @ partial explanation for the lability and inertness of complexcs. The crystal field theory, however

xplains the phenomenon more satisfactorily.

The Valence Bond Theory. According to the valence bond theory, transition metal complexes
undefgo‘“g S.ubStltUth'n reactions through the dissociative Sn! mechanism ,would be labile if the bonds
holding the ligands with the central metal ion are comparatively weak and would be inert if such bonds
arC comparatively strong. Since the outer nd orbitals are associated with higher energy than the inner
1-1)d orbitals, the metal—ligand bonds utilising metal hybrid orbitals containing contributions from
outer nd ql'bltals would be less stable than the metal—ligand bonds utilising metal hybrid orbitals containing
contributions from inner (n-1)d orbitals. This implies that outer orbital octahedral complexes in which
(he metal 10n utilises “ST‘P}Qd 2 hybridised orbitals for metal—ligand bonding would permit relatively
casier _deh“l_“_“g of the outgoing ligand compared to the inner orbital octahedral complexes in which the
metal fon utilises (n—1)d?ns np3 hybrid orbitals for metal—ligand bonding. Thus, according to the valence

pond tl?eOl.‘y, all outer orbital complexes would be labile and all inner orbital complexes would be inert
if substitution reaction proceeds through Sy! mechanism.

It may be noted, bowever, that since the metal-ligand bonds in inner orbital complexes are quite
strong and hence require considerable energy for their dissociation, the inner orbital complexes would
prefer to follow an associative Sx? mechanism rather than a dissociative Sy' mechanism in their substitution
veactions. 1t follows from above that the outer orbital complexes. would follow the dissociative Sn!
mechanism in their substitution reactions. The dissociative Sy! mechanism is also preferred for outer
orbital complexes because these would need to utilise an additional higher energy nd orbital for the
formation of seven-coordinated intermediate in the Sy mechanism. - *

Some inner orbital complexes containing metal ions with at least one empty (n=1)d orbital which can
accommodate electrons from the incoming nucleophile would facilitate the formation of seven-coordinated
intermediates.  Such complexes would, therefore, be labile. Examples of such labile inner orbital
octahedral complexes are : '

I. Octahedral complexes of Sc**, Y3+, Ze%, Cet (all d0 systems)

2. Octahedral complexes of Ti**, V4 Mo’* (all d' systems)

3. Octahedral complexes of Ti?", V3*, Nb3*, Mo** (all d2 systems)

Some inner orbital complexes in which the metal ions have at least one electron in each of the three
(n-1)d orbitals (which are left out of hybridisation) will have to accommodate electrons from the incoming
nucleophile into an outer higher energy nd orbital. Such complexes would, therefore, form seven-

coordinated intermediates with difficulty and would thus be inert._ Examples qf inert inner orbital
complexes are the octahedral complexes with d*, d 4, d5 and d® metal ion configurations.

s of labile and inert inner orbital octahedral complexes are shown in Table 1

TABLE |
f Labile and Inert Octahedral Inner Orbital Compelxes

Metal jon configuration

Metal Ion Configurations 0
| Reactivity Remarks

Metal lon Configurations

e TN Labile Three vacant (n—1)d orbitals
# OO0 QLY

o @‘@@ Labile Two vacant (n=1)d orbitals

, ORI o
‘;3 888@:, @::@: _@Q ——@:‘ ]ner.l No vacant (n-1)d orbital
b @@@'@@ —@—Q_@-@ L_I_ni-——

No vacant (n-1)d orbital
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: .ceptions to the above generalisations are :lls()ll\ll;):;)'l}/-c’ lr)::"'mtu\::ll:glzr(ﬁcl:lhulli}l comp|cxcq
2o C'\ELPUQI; ation arc predicted by VB theory to be fal st T Mg 10 this theopy, .. Of

Ni(ll) with d* C‘:"“v!’;”:[ id metal orbitals for metal--ligand bonding but experimentally (hey ., oung ()

- U“.hls'c 'm(]ip.(l)]x:’;; (]).\ll:l‘r(cxccplions are, however, well explained by the crystal (ielq theory, lo

inert. This and some : "

Crystal Field Theory. Before we dlisclu.?ls l::;: (Tir[}‘;zl;lell:(lizlg l&lg{(:\l/ i Ctl(: ;Z'f)ll\d(ll'r],:)l,‘,c(I,l,]g,l;;;,cgl:] ';nd laly
lﬂll(;‘(il':'l] complexes, it would be worthwhile , : Y and g
:;(C'rl'\'uli()n energy. ‘ | | |
Activation Energy. Activalio.n energy IS dcl‘m.c:d as ,’/]{‘i:",]i’[?.\‘,,, ;-.(,q””,(‘,(‘/.’() ransform, e
complex into the transition state (1.‘c.. the mlcrm(.dulltc).b d : g a ll(‘)n’ Cﬂiugy is made ll‘p o cncrgy
changes due to changes in metal--ligand bond lengths, bon angles, ligand ~ligand repulsions, e
ficld stabilization energies (cf. Chapter 27), etc.

Crystal Field Activation Energy (CFAE). Crystal field activ.alion energy is defined as the
in the crystal Jield stabilisation energy (CFSE) when the reacting complex g transformeq |
transition state (i.e., the intermediate). Thus,

CFAE = CFSE of Intermediate — CFSE of Reacting complex

The crystal field activation energy is only a part of the overall activation energy. Since the £eometries
of the reacting complex and the intermediate are different, the order and extent of splitting of d orbitals
the metal ion in the two species would be different. Hence, CFSE of the reacting complex woulq e
different from the CFSE of the intermediate.

Evaluation of CFAE. The following assumptions are made for calculating CFSEs from which
CFAE:s are easily calculated : ' :

I. The geometry of the reacting complex is assumed to be octahedral even if all the six lig
not identical. ’

.(,'(1 Cl i [

Change
o fhe

ands are

2. Inter-electronic repulsions amongst the d electrons are assumed to be negligible.
3. The Dq (cf. Chapter 27) for the reacting complex is assumed to be the same as Dq for its intermediate,
D ol

4. The Jahn-Tellar effect (cf. Chapter 28) which causes distortions in octahedral geometries, is assumed
to be negligible. Actually the Jahn-Tellar distortions are quite appreciable in some 6-coordinated complexes.

Because of the above drastic assumptions, some of the calculated CFAEs come out to be ncgative as
is evident from Tables 2 and 3. However, such CFAEs, when calculated by employing more exact but
very tedius calculations, come out to be either zero o small but are never negative. Therefore, for
determining the reactivity of a complex by this over-simplified crystal field approach, the negative
CFAEs can be roughly taken as zero.

According to the crystal field theory,

L. If the calculated CFAE jg negative or z - I i lergy
e Rl Cro or low, the r ¢ would require less €l
for its transformation nto the intermediate. ' & o Jmcomplexivoy )

2. If the calculated

CFAE is high, the reacting ¢
X : . ) Y con
Into the intermediate. - pte

: TR mation
X would require more cnergy for its transform

T : arison
dart of tota] activation energy, a valid comp’™

“FAE is op] a
of lability on the basis of CFAE can b yal , qctivation
€ made only if 4 other factors which contribute to the ‘Kd ica

energy are more or less the Same.  This impl; ider
: : Plies that he complex c or less !
< ' - xes should be more or :
except for the configuration of the meta] 1018 and thege should bé involved indsimilar type of reactions:
CFAE and Sy' Reacti : in
AR proceedi:g thfglcltll(])rés.] Let us NOW Interpret the lability of octahedral complexes l.nvoh-,c'dns
the Sy! reactions wro dgtl N nllecll]mamsm. We have already estab|jg| d that, under normal condi’;
N ] oceed through the low : : 1ed that, w ! e
Mtermediates. °F energy Sp 'ntermediates instead of higher cners)

"20i ! B — R
Boing Sy Substitutiop reactions through SP intermedi
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iven in Table 2. The co ati
g nfigurations of metal ions are shown to vary from d to d 10,

TABLE 2

Crystal Field Activat :
ation Energics (in Dq) of Octahedral Complexes undergoing Sy' Reactions

through t

le - .
W\folmalmn of Square Pyramidal Complexes as intermediates
——veak Field Complexes Strong Ficld Complexcs
System CFSE for : CFSE for :
Octahedr . 2 —
c0m|)lexleasl S(l“%c“c pyramidal | CFAE | Octahedral | Square pyramidal [ CFAE
do : omplexes complexcs complexes
7l A 0 0 0 0 0
4 P - 457 057 -4 - 457 O
4 = -914 - 114 -8 -9-14 s
4 2 - 10:00 200 -12 ~10-00 2:00
45 0 =914 -314 -16 ~14:57 1-43
4 8 0 0 - 20 - 1914 0-86
a; -8 - 457 - 0:57 - 24 - 20:00 4-00
= i - 914 - 114 - 18 - 1914 ~ 114
7 ; - 1000 2:00 - 12 ~ 10:00 2-00
i - - 914 - 314 -6 -914 =314
0 0 0 0 0 0

From Table 2, we draw the following conclusions ;

b 17. A;nongst lt})le weak field octahedral complexes, those containing metal ions with 4, d L d? d*, d>,
d d’, d a.nc‘i d gonﬁguratlons, have negative or zero CFAEs and would, therefore, be labile whereas
those containing d3 and d® configurations of metal ions have positive CFAEs and would, therefore, be

slow to react.

2. Amongst the strong field complexes, those containing metal ions with d%, d!, d2, d7, d® and 4'°
configurations, have negative or zero CFAEs and would, therefore, be labile whereas those containing
d3, d%, d5, d6 and d? configurations of metal ions have positive CFAEs and would, therefore, be slow to
react. Amongst these complexes, the order of reactivity on the basis of CFAEs is d® < d? ~ d% < d* < d3.

CFAEs and Sy? Reactions. As discussed earlier, an OW intermediate requires less energy for its
formation than the PBP intermediate. The Sn? reactions, therefore, proceed through lower energy OW
intermediates rather than PBP intermediates. The CEAES of oct_ahedral complexes with metal ions
having d% to d'0 configuations undergoing Sy? substitution reactions through OW intermediates are
shown in Table 3 :

TABLE 3
Crystal Field Activation Energies (in Dq) of Octahedral Complexes undergoing
SNZ Reactions through the formation of Octahedral Wedge Complexes as Intermediates

Weak Field Complexes Strong Field Complexes
- CFSE for: - CFSE for :
System _ﬂe—d—lﬂT 6ctahcdra| CFAE Octahedral Octahedral CFAE
Ocni:plexes wedge complexes complexes | wedge complexes
co
By PR o ol 0 ° 0
40 p _ 608 ~2:08 ~4 —6:08 - 208
d! - g 868 ~ 068 -8 - 8:68 - 068
43 -12 g9 ~2.79 - 16 - 16:26 - 026
4 -6 B T 0 ~20 - 18:86 114
5 0 B - 208 ~ 24 - 29-37 363
16 _4 s 068 18 - 1898 - 098
d’ i ~1020 1-80 - 12 . '2?,8 e
8 - lé 879 _2:79 - 3 Rk 3 2'73
& P R 0] .o~
d |
L—-——""_——
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We draw the following conclusions from Tablec 3 :

I. Amongst the weak ficld octahedral complexes, those containing metal jong with 0 e

dS, d7. d? and d!9 configurations, have cither negative or zero CFAEs, Such complexes \v’o( l(‘] (/', d4
b . & : . ) t

be labile. The complexes with metal ion configurations of 3 and «® haye POsitive CrA Es. T

therefore, be slow to react.

2 st the strong field octahedral complexes, those containjp T g

7 9Among'sot o have cither negative or 7(’21‘0 CFAEs. § |g metal ions wigy do d! g2 .
d’, d? and @'Y configurations, 1ve cither negativ zero GRAES, Such Complexes v 4 Ld2 g
‘labile. The complexes with metal ion configurations of 3, d°, d% ang d® have polq,'u' ’“ (,ﬁfhcrcfore, be
complexes would, therefore, be slow to react. i ¢ h\c CFAEs, These
dS<d3~dS<ds. St these compleyeg i

From the combined data given in Tables 2 and 3, we conclude that

1. Octahedral complexes with metal ion configurations of 3 and Spin-paired ¢5 and 6
extent %) would be slow to react by Sn! or Sy2 mechanism (strong ligand fielq CaUSe(:nd to some

Pairing of

electron spins). Similarly, octahedral complexes with metal ion configuration of 4% (e
Ni(Il) would be slow to react whatever be the strength of the ligand field and whatever EZ.EhZOrr:plfxes o
. €chanism

of their substitution reactions.
2. Octahderal complexes with metal jon configurations of 49, ¢
and 419, would be labile by either of the two mechanisms.

It is evident from the above discussion that both the VB and CF theories are in complete agreement
to predict the lability of d°, d!, d2, spin-free d4, d>, db, d7, d% and 410 Systems and inertness of 3 and
systems. But the two theories are in disagreement for predicting the character

spin-paired d4, d° and d©

of d8 system. While the VB theory predicts that complexes with 8 configuration of metal jons would be
-labile, the CF theory predicts them to be inert. The experimental evidence is in favour of the prediction
made by the CF theory. For example, the rate of substitution in weak field octahedral Ni(Il) (d3)

complexes is found to be much slower than in similar weak field (or spin-free) Fe (I1) (%) and Co (ID (d7)

complexes.
Lability of Non-transition Metal Complexes
According to VB theory, all non-transition metal octahedral complexes are outer orbital complexes and
are, therefore, labile. They react through dissociative Sy! mechanism, The CF theory also predicts that all
non-transition metal octahedral complexes would be labile since the CFAEs in these cases are zero irespective
of whether the reaction proceeds through Sy ! or Sn? mechanism.
Factors controlling Lability of Non-transition Metal Complexes. The relative lability of non-transition

metal complexes depends upon the following factors :

l.. Chargeutl)n the central metal atom. The greater the positive charge on the central metal atom, Phe
lesser is the lability of the complex. For example, the lability of [AIF]3~, [SiF,]2~ and [PFg]" (the oxidation
number of Al Si and P being +3, +4 and +3, respectively), decreases in the order of their mention. Thus,
the complex [PF4], in which the oxidation number of the central metal atom is highest, is the least labile.

2. Size of the central metal jon. T he smaller the size of the central metal ion, the lesser L\_‘ {/'t’
lability of the complex. This is easily understandable if we assume that the bonding in non-transition
metal complexes is predominantly jonic. The smaller the size of the metal ion for a pa}ticulur lig““d'.the
smaller would be the metal—ligand bond length and the greater would be the metal—ligand attractiot
Thus, amongst the aqua complexes [Mg(H,0)4]2t, [Ca(H,0)4]2* and [St(H,0)4]2*, the Mg-complex 'S,
the least labile and lability increases as we move from M g-complex to Ca-conz1plgx a,nd from Ca-complex

to Sr-complex.

3. Charge to ionic size ratio. The greater the ratio of the charoe > complex to the size of the
central metal ion, the lesser H’()]Léld be the lability of the c'gmpclecxm’:?liuosn tfc/:r( t%oe”llgaec;tion involving the
exchange of H,0 by H,0* (O* is g O). : ’

' - [MH0))™ +.H0% — M(H,0)sH, 0% + 1,0,

', d2, spin-free d%, dS 46 47 49




glgnlt‘:g:]]llxrﬂfl::oz::?(lﬁ;: ‘[Izj:i‘l(l:‘l‘é())(‘l*‘ [Mg(H,0)4]2" and [AI(HL,0), ]}, decreases in lhc' m‘dgr (()f'th:i‘:z-
lcast labile whereas [Na(H1,0))* ¢ complexes, [AI(H,0)6]" with largest charge/radius ratio of 0-01s

i e v reas INa(H;0) , with smallest charge/radius ratio of 1-05 is the most labile. The radin of
Na®, sare 0:95,0:60 and 0:50 A, respectively.
4. Gceometry of the compleyx

complexcs, offer better sites for 1 Tetrahedral and square planar complexes, compared 1o OCtath.mI
and the licands, the 9;11151;.() ‘[l 1¢ attack of an incoming ligand. Hence, for the same set of the mc;a/ll()lll
SRS, : planar and tetrahedral ¢ : ; : the octahedrd
- ' 1°C ' 'es 0 ) 3 an the ocle
complexes. il complexes are more labile th

SUBSTITUTION REACTIONS OF OCTAHEDRAL COMPLEXES

MOM of 1h<‘3 klne}lc studies on the substitution reactions of octahedral complexcs have been carricd
out in aqucous medium.  Consider a substitution reaction of octahedral complex [MAsX]"" in the
presence of a ligand Y~ in aqueous medium. Since water also acts as a ligand and is much morc abundant
than Y, it is always the aquation of the complex [MAsX "™ that occurs first (reaction 1) :

[MAX]™ + H,0 > [MAg(H0)]0 1+ + X~ . (D

The ligand Y~ would then replace the coordinated Hy0 to give [MAsY]™ provided Y~ is present in
appreciable amount (reaction 2)

[MA5(H,0)](mD* + v~ » [MAsY]™ + H,0 .. (2)

Since all substitution reactions in aqueous medium proceed through the reaction of the complex with
water, it is imperative to study the mechanism of substitution in reactions of complexes with water. The
reaction in aqueous medium in which a water molecule replaces a coordinated ligand from the complex
species is termed as aquation reaction or acid hydrolysis (reaction 1). The reaction in aqueous medium in

which the anion of water, i.e, OH™ ion. replaces a coordinated ligand from the complex species is known
as base hydrolysis :

[MAX]™ + OHT — [MASOH]"" + X~ (3

Since some OH- ions are always present due to auto-ionization of HzO.,.somc [MAOHI"™ is always
formed alongwith [MAs(H,0))™ ! during the hydrolysis of [MAsX]™ even in neutral aqucous medium.

Mechanistic studies on the hydrolysis of a number of octahedral comp_lcxes of Co(111) and other metal
ions are reported in literature. We shall, however, deal with only a few typical cases.
ACID HYDROLYSIS OF OCTAHEDRAL COMPLEXES

A. Mechanism of Acid Hydrolysis When No Inert Ligand* in the Complex is a pi Donor or a pi

e | hat is, the rate-determining step is that in which the bond

ism uation, the slow, that 15, T2 T : p 1s that m which the bond

M ‘!ndSN‘ lﬁeCh?mS odﬁi:g five-coordinated complex as an intermediate which then quickly reacts with
-X dissociates to pr

water, as shown below :

[M/\5X]n+ slow N [MAS](MIH + X~ “.(4)
M|+ HO _fs L, [MAs(H0) " )

Rate of aquation = ki (concenlration of [MAX]""
a .

tion, the slow, i€ (he rate-determining step is that in which a seven-
In Sy* mCERADEEE Qf ?q]l::ed v:/hich then readily gives up the leaving group X to yield the aquated
: : o i for
coordinated intermediate 1

product, as shown below

slow i ne+
) _slow 5 1MAX(H,0)] . (6)
[MASX]H‘ i H2O fast 0] Siad + X~
T ) i— [Mas(H:0)] )
5

: — hed to the metal ion in the product also.
- hh remains attac
x is ONc whic

g e )] Ic.
* An inert Jigand in the reacting comp

,_______7___.;——-__,_,-—'-’,.:_:—;——_:—' =




Ratc of aquation = k7 (concentration of [MAX]" « [H,0])

Since HyO is present in large abundance, its concentration, viz., [H,0], remaing con

k> (concentration of [MAsX]* x constant)
k" (concentration of [MAsX])

Thus, both Sy' and SN2 pathways of aquation predict that the rate of the re
only on the concentration of the complex [MAsX]"™. This fact has been verified cxpcrimcntal]y

It follows from the above discussion that kinetic measurements of the aquation proce .
establish whether the aquation reaction follows Sy! or Sn? mechanism. We shall have tSS |W0u'd ‘dilto ‘
other factors which can help. These factors are : /. Charge on the Substrate 7. Strep(;) r(/)ok to some
Leaving Group Bond 3. Inductive Effects of Inert Ligands 4. Stability Constants ) s of Metal~

; . Solvati :
and 6. Steric Effects. The role of each factor in establishing the pathway of the aquat(i)o‘nalt;)on /‘{ffects
been discussed below. process has

stant, Hencc,

Rate of aquation

Il

action wouyld be dependem

| 1. Charge on the Substrate. It has been observed during the aquation of several octahedrq|

| complexes of Co(Ill) and some other metal ions that an increase in the positive charge o the reac,,-:la
specie decreases its rate of aquation. For instance, the rate of aquation of cis [Co(en)2Clz]+ is soméé
hundred times faster than the rate of aquation of cis [Co(en),CI(H,0)]2*, as shown below -

cis [Co(en),Ch]* + H,0 —B,  cis [Co(en),CI(H,0)P* + CJ-
cis [Co(en),CI(H,0))2* + H,0 —Slowy s [Co(en),(H,0),13* +
Similarly, the rate constants for the aquation of complexes [RuCl;]3-, [RuCl3(HZO)3]0

decrease regularly with increase in the positive charge, the rate constants being 1-0
~1078 57!, respectively.

and [Ru(H,0);C1p2
s, 2-1x10°6 571 ang

The above ovservations favour a dissociative Sy! path for the aquation process since the increase in
i positive charge on the substrate would obviously render the dissociation of the leaving group from
metal M more difficult, resulting in the slower reaction by this mechanism.

Had the aquation occurred through S\2 path, the increased positive charge on the substrate would
not have made any significant impact on the rate of the aquation process. This is because the increase in
charge would not only make the breaking of the M=X bond more difficult but would also make the
formation of the M-H,0 bond more easy. In other words, the two processes involved in the formation of
the 7-coordinated intermediate from the octahedral complex are kinetically affected in opposite directions
with the result that the rate of the overall aquation process, if it takes place through S\? mechanism,
would remain practically unchanged with any change in the charge on the substrate.

2. Strength of M-X, i.e, Metal—Leaving Group Bond. The obscrved rate constants for the aquation,
viz., acid hydrolysis of [Co(NH3)sX]2* are given in Table 4,

It is evident from the data given in Table 4 TABLE 4

6 P y Y\ 2+
that the rate of aquation goes on decreasing with Rate Constants for the Acid Hydrolysis of |Co(NHy)sXI|

increase in the basicity of the leaving group X~ [Co(NH3)sX]2* + H,0 —— |Co(NH3)s(H20)* + X
Since the strength of the M-X bond is directly

roportional to the basicity of the group X=; we ) : Dissociation '
Ic)anpalso say that the rate of aquation goes on Leaving Group X- consta(r]:t)of X Kaquation
decreasing with increase in the strength of the b ‘——.3—‘—
M-X bond. This indicates that the rate- CF,CO0- 2.0 x 10-14 55 % 10
determining step in the aquation process does CCLCOO~ 5.0 x 10-14 5.4 x 107
involve the dissociation of the M—X bond. The CHCLCOO- 20 » 1013 1.6 x 107
data thus clearly support a dissoc‘iativef S{\]l CH,CIC00~ i 1045 B 10

i aquation reaction of the %
c'?c?;l?:c?rflngo:;le;he ; , CHiCH,C00~ | 66 x 10710 | 03x 107 |
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3. Inductive Effects of Inert Ligangs, : - : - ain coordinatcd to
s metal fon during the SUbStiluli(mL As already mentioned, the ligands which remain ¢

rcactions of the it . o i ands. It has been
obscrved that the rate of the aquation fEaciion complex are referred to as incrt lige

. [Colemalsubtd. pYICIP* + Hy0 — [ Cofenyy(subld. py)H,0F" + CI (8)
var?e}s] wltchotg]telﬁa}i]zcxlttc)}:n(;f' the inert ligand, (subtd. py stands for substituted pyridine, i.¢c., pyridinc in
wh;c -Olhanism for react; 'S TCplaced. b)f any other substituent). This again points towards a dissociative
SN’ mec ion (8). This is because the greater the basicity or clectron-donating power of

the inert ligand, the greater would be the accumulati nati arge ich woald result in
casier heterolytic dissociation of Co-CJ bong. ion of negative charge on Co which

i Stal?llh?{ (t:(()lns_.tams' A study of stability constants of [Co(NH3)sX]2* with different leaving
groups, .revled s tha ‘(‘j‘_mg the aquation of the complex, the leaving group X~ is present in the product as
well as ltl: t:le nzit_cnne. ltz}te mfth]e form of a solvated anion. This mecans that X~ and the intermediate are
formed by the dissociation of the Co-X bond which get solvated i i Thus, the aquation of
[Co(NH})5X]2+ occurs through get solvated immediately. us, q

Ha)sAl" a solvation-assisted dissociation mechanism. (Solvation lowers the energy
of the intermediate and thus makes the reaction more facile).

5. Solvation Effects. It is observed that the rate of aquati al );C1J2*
_ _ quation of [Co(NH3)sCl1]2*, [Co(en)(NH3)3C1}*",
[Co(en)(diene)CI]%* and [Co(tetraene)CIJ2* complexes decreases in the order of their mention. In these

complexes, en is ethylene diamine, diene is diethylenetriamine and tetraene is tetracthylenepentamine. It

is apparent from the above order that the rate of aquation goes on decreasing as the extent of chelation in
the reacting complex goes on increasing.

Although the above order can, to some extent, —H N HzN\NH—\H —HN P H TNNH -\ e
be explained by S\? (trans) attack of water i —J"—' 2 —1* 2

on the complex, yet it cannot explain \Co \Co/
satisfactorily the relative rates of aquation | :

of highly chelated species such as HN/ ' \Cl HN/ ' \Cl
[Co(en)(diene)C1)%* and [Co(tetraene)CI]?* B &Ni Ho - i \N‘ Hy

whose structures are as shown : 3

However, the solvation theory explains the relative rates of aquation of all the chelated complexes
mentioned above in a satisfactory manner. According to the solvation theory,

1. In aqueous medium, the reacting species, the intermediates and the products are all present in the
hydrated state.

2. The hydration of any specie decreaées its energy and thus stabilises it. The extent of stabilisation
is related to the extent of hydration of the species.

3. The greater the charge and the smaller the size of the specie, the greater would be the extent of its
hydration and hence the extent of 1ts stabilisation.

‘ . ermediate formed during aquation through SN mechanism is smaller in size
thanplt“l]\]ee sf;z:;lc-goo;?:iri‘szgdl‘ijr:f;?mediate formed through Sx? 11‘1;9111.2\11:131111. The ﬁ\;c-coc?rdmatled intermediate
being smaller in size would get hydrateq.and thus get sta nzel t.o a ég_reta er cl:(xtm}: t S\aT the seven-
coordinated intermedi;te- The greater stability of ﬁve—_coordmate mlcn:;el\a e mzll es the Sy' mechanism
- : 3.2 mechanism for the aquation of the octahedral complexes. The presence of

ore feasible than the S\ diene, tetraene, €tc., 10 place of unidentate ligands like NHj, causes an
(_lhelating , agle“t§ suc;lﬂa: Ceor:qp]‘ex ic’m without causing any appreciable increase in the steric overcrowding
Increase in the size oI th

hown above).
. (refer to the structures s |
around the central Co(I1I) 10 _( f the complexes [Co(NH;)S'Cl]Z+ (smalle_r size) al}d [Co(e ) (NH),CI2*
(bi ik e the a%u?ttll?: p?’ocess involves Sy! mechanism, the aquation reactions can be represented
igger size). Assuming tha

as follows : - _ oWy [Co(NH3)sDhyarated  Cliyarated
[CO(NH3)5Cl]hydmted 3+
_ 120, {Co(NH3)sH2Olhydrated .. (9)

[CO(N H})S]%x;dmted fast




1 - !
[CO(mM(NH3):ClR e —2 s [Colem)(NH2)3 ]S irared

NEPYe) ey
TG 1o Y r = [Co(en)(NH 1)y HyO 1 e
ast

Clﬁy(lmlcd

[Co(cn)(NH3)4 3

34
hydrated

- (10)
The intermediate [Co(en)(NH3)3]3* of the chelated complex is bigger in size than the imcrmc‘diat
c

[Co(NH3)5]3* of the complex containing unidentate ligands, _The former s, thercefore, Stabiliseq
hydration to a /lesser extent and thus requircs more cnergy for its formation than the latter. Ag il‘r o
the rate-determining step in the aquation of the chelated complex [C'o(cn)(NH3)‘;C”z»» Csult,
than that in the complex containing no chelate, j.e., [Co(NH,4)5Cl172+, Similarly, it can be dedyc
chelate complex of a bigger size would be aquated at a slower rate th

size provided the chelate rings which increase the sizes of the chelate

Z complexes do

appreciable change in the steric environments around the central metal jons.

6. Steric Effects. As is well known, an increase in the bulk
increase in the steric overcrowding around the metal ion Javours a dissociative Sy
disfavours an associative Sn? mechanism. This places at our disposal a convenient meg
the mechanism of aquation by varying the bulk of the ligands and studying the rates of aq

of the ligands which can Cause g,

mechanispy, an(
ns of predicting
uation.

here is increasing overcrowdine
ceeding through a dissociative

ction increase with increase in
the steric over-crowding. This clearly supports a dissociative Sy! mechanism for the aquation reaction,

[ H, CI H, 7t r He  OHp 1, q2¢
N : N N
/ \ / \
HaC \ l / CH, i HoC \ ' 7,
H é Cio (I.TH o H Cl) Cio | (1D
CH
A ‘NLFN’ | k=32x1055 Z\N/ i \N/ 2
[ He Cl Ha | | H2 cl Hy |
[ H, cl nz Thfdi [ Ha. OH, nz i
N
{ \ 7/ N\ \
HoC \ ‘ //CH . Hy G \ l //CH .
- (12)
| CHs “Co HiC | — | _CHs "Co_ HyC™ | (12
HC‘(/ i \ CHa W bag o ; CHo
N"f‘N (k=60 x 10™s ) N N
ey g TRy L SCED N
—+ -
B K;z cr i B nz OH; H 2+
£33 \ / \
Hl N l Ao +H0 HG N\ ‘ g (13)
H <l:C‘°'H5 w0 b =er H cI:C2H5 TN iy
ZN// ! \N/ 2 (k=60 10557 2}\]// | \N/ .
Wiy et ¢ el i o o SR TN

[ H, Cl nz 1+ : !- “2 OH, g, ]2
N‘t__ \'——N
/ \ / \ 4)
HC\R //CH +Ho0 HC\R //CH .
l C 3 H30 2 : l 3 Qo H3C I

Co =
CHz "\ H3C -Cl ~CHs_ "\ HiC
HCZ | \Cgy =42 x 1055 | HCC , CH
N N s N
Ha Cl Ha X | M cl Ha |



It is well known tha
five-membered ring, The

than a complex contajy

dissiociative Sy!' mechan

reaction represented by

Egs. 11-14. This is due {

ethylenediamine which fo

refl
1
ism.

Eq.

rms a ﬁ\r

16; Ore, a complex co

€ a five-member
This has been found
15, proc
0 the fact th

t | T MvUOL FARIT V. HEAU TTUN MEUHAINIDVI
a4 SIX-membered ch

ed chel

C-membered ring,

ela.tc,”“g produces more steric strain in the complex than a
ntaining a six-membered chelate ring should be aquated faster
ate ring provided the reaction proceeds through a
ceds much }2 })C‘SO f’xl’CI'il11Clltal|_y. For c,‘.(amplc, the aquation
at propylenedi: dster .than the aquat'mn rcactions 'representcd by

pylenediamine ligand forms a six-membered ring compared to

Ho Cl
H, + -
HoG N\—t7N\ 1 ot <HOw oty )2
2 Py

N | .~ CH / ]

LHe col ofr +H,0 HaC SCHz .. (15)
HZC\ / |l \CH2 -Crr- ‘ " C/CHQ C|O CH\2

N N | k=1000x10% 7| 2N NP
L H2 Cl H, N— N

._ L Ho Cl Ho

[t must be remembered . i '
size but do not pl‘odu]ca:zlzi;lrt ff)r _S‘E}‘laf types 91 Com'plexes. in which the coordinated ligands differ in
solvation effects are more i pP'lCCla e change n steric environment around the central metal ion. the
intel'preled. i 1R bae . ‘”711701.tant than the steric effects and as such the rates of aquation should be
faster (k = 180103 IS_IO solvation effects. For instance, the rate of aquation of [Co(NH3)4Cl,]* is much

: . .0 s7') than the rate of aquation of [Co(en),Cl]" (k = 3-2x1073 s7') due to solvation
effect. Steric enviornments around the metal ion in both the complexes are similar.

On the other 1.1and3 if the substitution of the ligands causes considerable steric overcrowding around
the centrgl m,etal. ion, it is the steric effect which becomes more important than the solvation effect, as
happens in aquation reactions represented by Eqs. 11-14. :

In the case of complexes in which the substitution of ligands causes noderate increase in steric over-
crowding around the central metal ion, both effects (i.e., solvation and steric) determine the rate of aquation.

It clearly follows from the above discussion that a dissociative m.echanism in which breaking of bond
is much more important than making of bond is operat?ve dgripg the acid hydrolysis of ogtahedral complexes
in which no ligand is a pi donor or a pi acceptor. A dissociative S\ mechanism involving the formation of
a square pyramidal intermediate is apparently closest to the actual mechanism of acid hydrolysis of these

complexes and explains satisfactorily most of the experimental observations.

Donor
and [Co(en),(NH3)C1)**, represented

When the Inert Ligand is a pi

:«m of Acid Hydrolysis .
B. Mechanis £ cis complexes [Co(en)(OH)CT"

Let us consider aquation reactions 0

as follows : A e -‘ .
OH ;
... (16)
__+._H—2—O Co
e | ,
(k= 1200x107°s7) —"OHQJ
L en
- en —134_
"‘ 2+ /NH3
Ll Co\ (7
= |
~cl l
(k=005 x107°s7) —OH_,_J
o [ aquation of
) ‘ re Wi different, the rate 0 aquation o
25 ' ts of reactions 16 and 7815 ?;ﬁ:;:y Even if we take into account the
: te.const® 2 ¢ of the other complex-
e seen, the 1 faster than tha
As o b CI]* being much 12

s Col en)z(OH)
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difference in the basicitics of OH=and NHj ligands and (he difference in the ¢
it is still difficult to explain such a wide difference in the rates of
take into consideration the pi bonding capability of the O - ligand,

The coordinated OH* ligand has filled P orbitals which arce capablc of
orbitals of the central metal jon. The coordinated NHy ligand, however, |;
pair in NHjy is alrcady used up in coordination. The §p intermediate fo
[Co(en)y(OH)CI]* has an empty %sp3 hybrid orbital of (he central metal i

p orbital of coordinated OH- ligand forming a pi bond. This pi bond
shown below :

F e 7 72+ F
-G~ +H20
C.o Gl slow fast
c ' c
Q (o))
OH

SP intermediate stabilised by pi bonding

through pj bonding makes the aquation of cjg [
quation of cis [Co(en)z(NH3)Cl]2+ whose SP intermedj

Stabilisation of Sp intermedijate
much easier than the a
pi bond.

Let us now consider 3
represented as follows :

_ arges o
aquation of thege

forming pi boy
a8 no such orbita] -
rmed during the
N which can over
tabilises the SP

quation reactions of trans complexes [Co(en)z(OH)Cl]‘ and [Co(

N the twq Comy)
Cxe
Complexeg un gg‘(cx

d with

s the op

4quatiop :
!ap With 4 fille,

d
lntcrmcdiate as
€n 24
Co——p,
' ~(18)
o)
H

Co(en)z(OH)Cl]‘ complex
ate cannot pe stabilised by

en)(NH;)CIj2-,

| fecid s I
+H20. 9
HO cl < HO OH, ~(19)
/ (k =160 X1075 5-1 /
i en ] L en J
— 1 2+ F en 1°
+H,0 - (20)
| HaN cl —e—> HN OH,
| (k =0:034x10-5 -1
o i ] 3 en i
|
| The rate constants of reactions 19 anq 2 show that aquation of trans i

| [Co(en),CI(OH)]* complex is also much faster than the aquation of trans
i ootema(NHA)CIP complex. However, the empty a2yt hybuiy -opger o
central metal ion in SP intermediate ig incapable of forming pi bond with the
filled p orbital of coordinated OH- ligand because of lack of Symmetry, as shown.
This rules out the possibility of the formati i
aquation of trans [Co(en),CI(OH)]* complex. The fact, however, remains that
the aquation of hydroxy trans complex [Co(cn)ZCl(OH)

I is much faster than
that of the ammonia complex [Co(en),CI(NH3) 12+, This points out that the aquation

‘ DT s Lo i ROy ML

lr- en

e
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4. Inall cases, aquation involves a dissociative Sy' mechanism and not an associative Sy2 mcchﬂniqm

Some other pi bonding inert ligands containing filled p orbitals are N1 2 . CI, Br, etc. The mechypig
of aquation of complexes containing thesc ligands is the same as of complexes containing Q- ;. M

. : . lig,
The rates of aquation of such complexes arce dircctly related to the pi bonding capability of lhcgid”d'
nery

ligand.
C. Mechanism of Acid Hydrolysis When the Inert Ligand is a pi Acceptor

The mechanism of aquation of complexes having an inert pi acceptor ligand lying cis of trans {
leaving group is different from the mechanism of aquation when the inert ligands arc either pi dono0 .
b i ing IS or
are capable of forming pi bonding. S

1. Mechanism When Inert Pi Acceptor Ligand is Trans to the Leaving Group. Conside
aquation of trans [O2NCo(en),CIJ*. In this complex, one of the filled f2g orbitals of Co capy overla r\lhc
an empty p orbital of NO, group to form pi bond. The electron charge of l2g orbital woy|q Shif[pn]\/llh
towards NO; group to maximise pioverlap. This results in a decrease of the electron charge from am[?rg
the leaving CI- group. The lone pair of electrons of the attacking H,0 ligands would, thercfo:Q

experience lesser repulsion from t2g ~~
electrons from the direction cis to the N
leaving group (or trans to the NO, o) a
group). As aresult, the attack of H,0O A\ / -c. \ 4

on the central Co atom from a position /\' /\‘ Fo——0oH,
cis to the leaving group becomes easier O 0 //

in the presence of such pi bonding, as

shown. ‘ N_ ' N_N

The presence of a pi acceptor. ligand like NO; in the complex would make the formation of the
Co-OH; bond easier and would thus favour an associative Sn? mechanism Jor aquation. A dissociative
Sx! path for the aquation of trans [O2NCo(en),CIT* complex is unlikely because due to the electron-
withdrawing inductive effect of NO; group, the bonding electrons of Co-Cl bond are pulled towards Co
making in the dissociation of the Co—Cl bond to release CI- difficult.

2. Mechanism When Inert pi Acceptor Ligand.is Cis to the Leaving Group. The extent of pi overlap
when NO, group is cis to the leaving group is less than when it is trans to the leaving group.
Hence, the withdrawl of £, electron charge from around the
leaving CI- group would be less and, therefore, the formation o~

) o (ST K i xes Containin
of Co-OH; bond would not be as easy in the cis as it isin  Rate Ofp‘i\‘!\“citc'g;‘ogflS;f:‘ﬂi;e:dsOn g
the trans complex. Consequently, the aquatign of cis (Rates of‘z{quation ST isomers of
[O;NCo(en),CI]* would be slower than the aquation of the [H3NCo(cn),C1]%* arc given for comparison).

TABLE 5

trans isomer. But, it would still be faster than the aquation Coninlek Rate constant & (s-)
of, say, cis or trans [H3NCo(en),CI]2* isomer in which the i + 08 x 10
inert ligands are incapable of forming pi bonds with the filleq [ trans [OZNCO(C‘WC”” 0%:1 165
g orbitals of the central metal ion. These facts are Nustrated | trans [H3NCo(cn),CI2*[ 003 Rt
clearly by the data given in Table 5. : : cis [0NCo(en),CIJ* LGS 2
s S i cis [H3NCo(en),ClJ2" 0-05 x 107
Aquation of other complexes containing inert pi acceptor

R . . I path.
ligands such as CO, CN-, etc., also proceeds through an associative SN2 rather than a dissociative Sy' pat

Intermediates formed during aquation of complexes containing incrt pi acceptor “g“"d; [é:z
fully borne by experiment that aquation of cis [ACo(en),X ]t complex always yields lo‘oxi‘llarly,
[ACo(en)z(H20)]™*D* complex where A is an inert piacceptor ligand such as NO,, CO, CN-, ec. lSm T
aquation of trans [ACo(en),X,]"* complex always yields 100% trans [ACo(en),(H,0)]m D+ comp e.)«-m the
observation can be explained by assuming that H,O attacks the reacting species from a position c,]-zmidﬂl
leaving group (or trans to the inert pi acceptor ligand) resulting in the formation of a pentagonal bipy!



pPBP) intermediate. However the f i
’ becausc 1t

s : - ormati AR TR | A .
Loquires the readjustment of four et ation of this intermediate is energetically ullﬂwmu'ab/c

al -ligg AR 1 ) .
gand bonds to accommodate the incoming H;O ligand.

An alternative intermedi
ediate requiri

. ) A | ACQOT AIYOT- 1 H '

leaving X~ groups in equivalent polqlilll' g l‘LSSCI energy for its formation and having incoming H,0 and
dcscribed carlier. The formation oL[; !onls odic OClﬂ!lc(Iral wedge (OW) intermediate vl
incoming group H,0 occupy e(]lli\’ﬂr(_l:::ll 511 symmetric intermediate in which the leaving group X and

: ' alent sites, requires mini i '
energy compared to the cnergy of PBP imcrmgd_‘ctquncs minimum movement of ligands and is of lower
1ate.

The experi i
perimental observation that

with the retention of geometry can aquation of complexes containing pi acceptor ligands prOCCCdS

also be explained satisfactorily, as illustrated below :

iy 1 OH, |1+
N\——
» y
- Co

& L
e OH, —‘ (n+1)+

trans | OW intermediate trans

BASE HYDROLYSIS OF OCTAHEDRAL COMPLEXES

4 Hydrolysis of octahedral complexes in the presence of OH~ ions is known as the base hydrolysis. The

ase hydrolysis is known Fo proceed with a faster rate compared to the acid hydrolysi§ of (;ctal;cdratl

comple).(es. Base hydrolysis 1s a ‘second-order reaction, being first-order with respect to OH™ and first

order with respect to the complex ion. The rate of base hydrolysis (r) is thus represented as .
r = k[complex][OH"]

f the base hydrolysis by taking into consideration the octahedral

We shall discuss the mechanism o
ase hydrolysis of these complexes has been very well studied.

ammine complexes of Co(l1l) since the b

Mechanism of Base Hydrolysis

Two mechanisms have been given in liter
complexes. These are Sy? and Sy'(CB) mechanisms.

Sn2 Mechanism for Base Hydrolysis. According to this mechanism, the ligand OH", being a strong

nucleophile, attacks the ammine complex,
[Co(NH;)s X+ OH”

[Co(NH3)5X(OH)]+

(r)is represented as

¢ = k[complex ion] [OH7]
{ {he experiment

ature to explain the base hydrolysis of octahedral ammine

as shown below :
_slow_, [Co(NH3)s X(OM)T*
MBSy [Co(NHy)s (O + X

Accordingiy, the rate of hydrolysis

al obscrvations, two important

However, the above mechanism fails to explain somc 0




of which are as follows : ‘ e e
1. At high concentration of OH~, the recaction rate beQO|11cs Tlmrfl):slr‘m(lepende{n ofOH“co;zCe
and appears to be first-order with respect to the complex ion only. This observation ¢
by a simple Sy2 mechanism. : |
2. According to a simple Sy? mechanism, the rate qf base hydrolysis shou|q be directly related g
strength of the nucleophilic character of the EltaCklilg hg_,_and. However, thc.re are severa| Cqually g the
nucleophiles other than OH=, such as [NCS]~ NO;™, N3, “_/h_ose concentrations ( strong
hydrolysis of the ammine con_lplcxes. In other wonds, the la’les of hydl'Olysis of a
independent of the concentrations of these nucleophiles and are dependent only or
the complex ion. The fact why OH™alone and no other strong nucleophile shoy]
base hydrolysis cannot be explained by a simple Sy2 mechanism.

Nirat,
n
annot be €Xplaine

mmine complexeg are
1 .the concentratiop of
d influence the rate of

Sn'(CB) Mecahnism for Base Hydrolysis. The ab.ove mentioned an several othe ;
can be explained satisfactorily by the SN!'(CB) mechanism proposed by Garrik. SN'(CrBO)b:g:gtlofns
substitution, nucleophilic, unimolecular, conjugate base. The main features of this mechanism are discSSS:(g
below.

1. In organic chemistry, there are several instances in which OH=act
these reactions depend upon the concentration of the OH- added. Such
following acid-base equilibrium :

AH + OH™ = A + H,0
where AH is an organic compound with a removable hydrogen and A—is its conjugate base (CB),

S as a catalyst but the rates of
eactions generally involye the

e (0)

Since the ammine complexes of Co(III) also have removable hydrogens, occurrence of an acid-age
equilibrium similar to (/) was proposed by Garrik as the first step in their base hydrolysis :

[Co(NH3)sCI]™" + omH~ é‘ [Co(NH3)4NH,ClT* + H,0 (i)
Ammine complex CB of ammine complex
2. Because the conjugate base (CB) produced in (ii) contains a coordinated NH3 ligand which, being
a pi acceptor, is also capable of forming pi bond with Co(1I1) in the five-coordinated intermediate more
efficiently than in seven-coordinated intermediate, the better pi-stabilised five-coordinated intermediate
was proposed to be formed from the conjugate base in the second step :

! k
[Co(NH;)4NH,CI]* — [Co(NH;),NH, ]2+ + Cl— ... (i)

CB of amminc complex Five-coordinated
Intermediate

The pi-bonding NH,~ ligand also helps in the dissociation of CI~ from Co(Ill). The effect of pi

bonding on the stability of intermediates has already been discussed in the section dealing with acid
hydrolysis of octahedral complexes.

3. The five-coordinated intermediate [Co(NH;3)4NH,]2* then quickly reacts with H,0 to give the
final product of hydration :

[CO(NH3)4N]{2]2+ + HOH —— [CO(NH})5OH]2+ e ()

Explanation for the Observed Reaction Rates in Different Cascs

l. Experimentally observed second-order kinetics (as. also some other features) can be explained
satisfactorily by Sy'(CB) mechanism provided the equilibrium (if) is established quickly and the amount
of the conjugate base (CB) present at equilibrium is small, j.e., K is small.

Since reaction (iii) involves the dissociation of CI~ from the conjugate base, it is supposed t0 EC
slower than reactions (ii) and (iv). The reaction (iii) thus constitutes the rate-determining step of the

overall reaction. Reaction (iv) involves the acceptance of a proton from H,0 by the basic —NH; ngUP%
This reaction is assumed to be the fastest. The rate of hydrolysis (r) is, therefore, given by the rate 0
step (iif). Thus,

= k (concentration of [Co(N Hs) 4NH,CIJ") ()




From reaction (ii),

__ Conen. of [Co(NH;)4NH,CIJ*
Concn. of [Co(NH 3)5CI** x[OH ]
= K(Concn. of [Co(NH3)sCIJ** » [OH])
r = kK (Concn. of [Co(NH;)sCI]2* = [OH7])

K (Concn. of [Co(NH3)sCIJ2* » [OH] ) ...(Vif)

. l2. As mentioned earlier, the rate of base hydrolysis tends to be almost independent of [OH ] at very
high concentrallon_of OH~ ions. This observation can be explained by Sy'(CB) mechanism as follows : If
the amount of QH added is very large, there would be very little change in the concentration of OH™as a
result of the acid-base equilibrium reaction (ii). In other words, the concentration of OH=can be taken as
constant so that the rate of hydrolysis, as given by reaction (vii;, becomes

.,.(vi)

<. Concn. of [Co(NH3),NH,CI]*
.. Rate of hydrolysis,

r = k' (Concn. of [Co(NH;)sCIJ>* * constant)
= k" (Conen. of [Co(NHy)sCIT*) A vikt)

Thus, at very high concentration of OH-, the rate of h i 1 n the
concentration of the complex ion. , s depend om0

: 3. Ligands such as NOz", [NCS]~, N3, etc., are as strong nucleophiles as OH™ but they do not
influence the rate of hydrolysis of ammine complexes. This observation can be explained as follows :
Although the anions mentioned above are as strong nucleophiles as the OH—, yet they are not as strong
bases as the OH— In fact, these anions are much weaker bases than OH*and hence none of them is able
to extract a proton from the ammine complex to yield a conjugate base of the complex by reaction (if). In
the absence of the formation of a conjugate base (CB), the hydrolysis of the complex cannot proceed
through Sy!(CB) mechanism.

Hydrolysis of ammine complexes brought about by NO;~, [NCS], N5~ etc., can, however, be explained
by the conventional associative Sy? or dissociative Sy! mechanism as follows : Since during the hydrolysis,
water molectiles are present in much more abundance than the anion NO,~, N3~ or [NCS], it is the H,0
molecule rather than the N4, NO,~or [NCS] anion which would have the chance to attack the complex ion
or its intermediate through an Sn? or Sx! mechanism. The product of hydrolysis, in general, is, therefore.

the aquated species, as illustrated below :

S\t Path :

N3 NO3 o INCST [Co(NH3)s X(H,0)** —= [ColNH )5 (H O™ +X~
slow :

[Co(NH3)sX]? + H0

S\! Path : -
N H>0

i 4
|5+

NT. NO7or [NCS] 1w oee 2 e, -

[Co(NHa)sX[2* + B0 = > [Co(NH, )5 [ + X~ —o—> [CoNH ) (H0)F" -
is (r i both the mechanisms is given by

The rate of hydrolysis (r) according to : .

’ 7=k (concn. of [Co(NH3)5)\]2+) x)

ndent of the concentration of N3, NO,~or [NCS]~ present.

2 that the ammine hydrogens trans to Cl- arc 100 times
4. It has been Ve”ﬁe? bglﬁrﬁesf&c(tég)szccoﬁ)]ﬁ complexes of Co(I1) and Rh(I11). Both the metal 1ons
sto 2

more acidic than those c! 3 ) - moval of a proton from NH group trans to Cl—is casier
. re, the remov ) B : s

have the same configuration 2, Tl]ere]vé)],« Thus, the formation of CB of cis [M(en),Cl]" isomer (which

than its removal from NHa group cis to &5 - , he formation of CB of trans [M(en),Cly]Tisomer

asier than t . . N -
contains NH; groups trans t0 CI") should be 28" fore, the base hydrolysis of cis [M(en)Cl]" isomet

i i H, groups cis to CI') and, t+h.e o M = Rh(11T) or Co(111). This has been found to be
(which contains NH2 & Pl [M(en)2C12] isomer (

should be quicker than that ©
so experimentally.

and is, evidently, indepe




i ‘ e lccB) mechanism, the format; _
s For any complex to hydrolysc through an SN](CEgnlains e ling ac;(,ll'noln of i

g But this is possible only if the complex i Esrolyse e ic hydrogen
llC]tB) i ncn:ll:;icx lnol éonitaining any acidic hydg'ogcl:ll\;’;lFor cxwmpI\e the C‘(’)f:’ﬂ’ Il Mechanigy, other
e i “his is ft be so experimentally. | ample, plexes (o ’
Sy'(CB) mechanisi. This is found ‘t?ld [Co(CN)qOI~l]3", it rates of hydralyets P ’-’[ : (CN)SBFJL hn
|Co(CN)gl]3-~ hydrolysc slowly to yic b | irolyses do not proceed throUgh Sy!(CR 1a Gpe/'zde;,/ of Oly-
concentration indicating thereby (hat.tllycul ziogc)'/; "}‘o mdls o her cxamplg ( )mcohamsm ol

. ains ¢ acidic h : ( Hher exa , the rates : |

of these complexes contains any y yridy! o diny s dlpyridy]) cr fes ofhydm,yS'S g

+ and [Co(dipy)2(OAc),]" (wWhere py is : | indepenge
[CS(IC’)?;I);HC-{II_QH ‘i‘:(:hlcczg 'll‘)a}:])éc of 6 to 12 indicating that their hydrolyses dq 10 oce ependent of Q-
cone

§ 1 u :
hanism. Neither pyridyl nor dipyridyl complex has any acidic hydrogen, " through Sn'(CB)
mech: :

Even those complexes which do coﬂt[ain 'rem(ovab]E:Fh%lgiT.\?)g 61:\?:1 b]L3IE Whic./;dare Cfficult o pe removed
i 3 soqtive charge on the complex on (e.g., [I'C 5 3175 would find it ext e
due to high nega & Hence the hydrolyses of such complexes also woy|q not prfc;ziﬁ (tl;]fﬁcui]t
roug

to form their conjugate bases. . \ mpl
Sx'(CB) mechanism and the rates of their hydrolyses would be independent of Qy- concentration, 15"
‘ .

has been found to be so experimentally.

6. The reaction of [Co(en),(NO,)CI]* with NOy~ produces [Co(en)(NO,),]* in non-aqueous dimeg, :
sulphoxide (DMSO) medium. The rate of reaction is slow (f1, =5 — 6 hours) and is independent ofﬂ?
concentration of NO,~. The following mechanism has been proposed for the reaction - =

+ slow 2+ =
C NO, + ClI
[CO(CI]) »(NO, )Cl] m [ 0(?“) 2 2 ] i)

~ +
[Co(en), NO, J** +NO; Iﬁs’é{) [Coten); (NO,), ] ..(xiif)
The addition of a small amount of OH™ reduces the ¢/, to a few seconds, i.e., it increases the reaction
rate appreciably. This catalytic action of OH~ in non-aqueous medium can be explained satisfactorily by
Sn'!'(CB) mechanism, as illustrated below : 2
[Co(en);NO,CI]*. + OH- o fash 5 [Co(en)(en-H)NO,CI] + H,0 xiv)
DMSO Conjugate Base
(en-H is ethylene diamine from which one H* has been removed)

[Co(en)(en-H)NO,CI] D—fsls;—g [Co(en)(en-H)NO,]* + CI- )

Conjugate Base

[Co(en)(en-H)NO,I* + NO3  —  [Co(en)(en-H)NO),] o)
- (ovii)

[Co(en)(en-H)(NO,),] + H,O ‘—D—SST‘J [Co(en),(NO,),]* + OH-

The dissociation of Co—Cl bond in the conjugate base [Co(en)(en-H)NO,CI] is easier due to the presence
of pi bonding NH™ group compared to the dissociation of Co-Cl bond in the complex [Co(en);NO:CI]" in
the absence of OH-. This explains why the rate-determining step (xi7) is comparatively slower with 712 = 5-6
hours than the step (xv), with £, = a few scconds although both of them are kinetically slow steps. Also,
tcl;falc))/;IC‘ consumed in step (xiv) is regenerated in step (vvii), thus, explaining that the action of OH" is

Some other bases (such as piperidi e :
i, iling T same madut Ths sualyis st e e
follows : : nvolving the consumption and regeneration of the base (B) are 85
[ColemsNOLCII" + B & [Coeny(en-H)NOKCI] + BH* i)
[Co(en)(en-H)NO,CI] + BH* + NO5” %i_) [Co(en)2(NO),T* + B . (xix)

A simple Sy} or Sn? mechanism is incapable of ini
. e explai : : = er bas€
(B) in the above reaction in non-aqueous medium, Plaining the catalytic action of OH- or any atl

g




then the

2 mechanism,
7. If base hydrolysis of an s

. ammine complex occurs through an assoctative. Nrcase the reaction ratc.
conversion of QH-tg g better nucleophile (but a weaker base) would obviously inc h the presence oo
!f, on the other hand, base hydrolysis occurs through an Sy!(CB) mechanism for wmc} [ retard the reaction.
is @ must, then the conversjop of OH" to a better nucleophile (but a weaker base) would T

It has been observed that f

ile
~is a better nucleoph

. . or all reactions occurring through Sy2 path, HO,™ is a be

than OH". The anion HO,™ can be gencrated by the action of Hy0, on OH™:

10, + OH™ = H,0 + HO; < woulld
Therefore, if the rate of base hydroysis increases with the addition of H,Oy, an Sn? meChaan drolysis
be operative because H,0, converts QY- to a better nuclcophile. However, if the rate of base )(’3 S fio
decreases with the addition of H30,, an Sy!(CB) mechanism would be operative because thc conc

- ) » erted to
?lfOO-H hecessary for the production of the conjugate base would decrease since OH™ gcts conv
2 -

(K > 150)

_ | se
Experimentally, it has been observed that the addition of H,0, actually decreases the rate of ba

hydrolysis of ammine complexes of Co(IlI). This observation strongly favours an Sy'(CB) mechanism for
these complexes. g '

. ol s, , l
8. The isotopic exchange studies on base hydrolysis using '8OH- unambiguously support the Sn'(CB)
mechanism for base hydrolysis of ammine complexes of Co(IIl) and not a pure Sy or Sy? mechanism.

Stereochemistry of Int'ermediates of Base Hydrolysis

Let us consider the base hydrolysis of the complex ion [Co(en),AX]". Assuming that thf? hydrol}_'sis
occurs through an Sn!(CB) mechanism, the rate-determining step yields a five-coordinated intermediate
[Co(en),(en-H)AT", as shown below :

[Co(en),AX]* + OH™ - == [Co(en)(en-H)AX] + H,0

..(xx)
Conjugate base
(CofemenHAX]  —=>  [Cofen)(enHAT" + X- ()
(CB) Five-coordinated N
7 intermediate
s Co(en),A(OH)]* (i)
[Co(en)(en-H)A]" ——> [Co(en),

fast 7
The five-coordinated intermediate can, in principle, have the following two geometries :

1. Square Pyramidal (SP). The formation of a five-coordinated square py.ramidal’i_ntcnncdi :
no movement of ligands which remain z_1t_tached with Co(I1I) after the dls_soc1at|911 of X~ from the conjugate
base. Therefore, under normal conditions (i.e., in the 31?59“_06 of pi bonding), the Square pyramidal
~ intermediate is more stable than the other possible trigonal P‘P}/'a{‘“da‘ ('tl)‘EP),lT\tcrmcdnam. The formation
of a square pyramidal intermedaite from the conjugate base is illustrated below :

ate requires

~ A qn+ B A '}(r\tm
\ / -X \Co/
Co - ? / \
N / \NH LHZN s
i txns - SPintermediate .
ra
i ) 0 - A '}(n+1)+
L= HaN ™7 |
| O N \‘
\ )‘/ ' LN \ e \
\ - 0
\\ Co \\\ /\/ &
\
\ \ N \ » NH
AN, | wONS
R ket e ot
B Ha - SP intermediate




Evidently, if the base hydrolysis procceds throggh the format'?:l]dori:?ni?r:l?l:i ggrl]‘aml_dal lntermedia[
the geometry of the product and of the reacting ammine complcf :’l"(’ il va(;'\lcd b th“:lSmCF the altackj,
water molecule would preferentially approach the metal through the : Y the leaving group

2. Trigonal Bipyramidal (TBP). The formation of‘ a _HVe-cpor(‘ilmatcd trigonal bipyramidal intermediatc
requires movement of some of the Co—ligand bonds. This ob\_'lO:JS 4 rrequxres SOIme energy. Hence, Unde,
normal conditions, a trigonal bipyramidal intermediate is less likely Fo orm. However, in the Presence of 4
coordinated ligand such as -=NH; or >NH™ in the intermediate which is capable Of'forming pi bong Wit
the central Co(Ill) ion, the TBP intermediate becomes more stable than the Sp Intermediate This ;
because the amount of energy released due to pi bonding far exceeds the €nergy requireqd for thls
formation of TBP intermediate. e

Since the intermediates formed during base hydrolysis of ammine complexes of Co(I1r), contajp
bonding ligands such as -NH5 or >NH~, a TBP intermediate is expected to be more stable thap an Sppl
intermediate.,

A trigonal bipyramidal intermediate gives a mixture of cis and trans products irrespective of the f
whether the reacting complex has a cis or a trans geometry. We can, therefore, predict the geometn ac;
the intermediate formed during base hydrolysis of a complex proceeding through an SN!(CB) mechanijs,:)1
If the product has the same geormnetry as that of the reacting complex, the intermediate formed wouylq be
square pyramidal. On the other hand, if the product is a mixture of cis and trans forms, irrespective of
the type of the geometry of the reacting complex, the intermediate formed would be trigonq/ bipyramidy
Experimental studies on the geometries of the products formed during base hydrolyses of ammine

The stereochemistry of the base hydrolysis of [Co(en),AX]* complex is shown below -

1

; .
. : ;o 1
HaN— 2 ; HaN— o't HaoN
NH; /NHQ %\,NH,Z
- 1 <
(i) -H* Change of # 2,4 e !
5A Co X3 ——> 5A—C§ = —> 5A Co !
(ii) =X from 180° to 120° S~ \i
4 HoN 4HoN ‘]l\
NH 4
N—NH, N—NH HaN —
6 6 6
Trans reactant SP intermediate TBP intermediate
(unstable) (stable)
£
+ H20 through £2,5 or 4,5 ot triangular plane e
[ e o
S£05
a3d
I\
\ +
e v
2IN TN H2N ~ HoN
NH, I NH, 2' " NH;
HO——Co——
J N2+ A——Co——NH, A——CS——OH
A HO/ | 7
HoN _HaN
: HaN Z % N\—NH,
cis products trans product




z
1 NHo—~ 3
1
N N e 0 2 i NH22 - /r\IIH
- A N
—_ 3 ()-H* s . -~ co !
5X Co NH X Co——NH3 —> 4 HQN::" 0\‘) or A \\¥ 1
¥NH2 2 NH, NH, 6
6 'éle B 4
CIS reactant SP intermediate TBP intermediate TBP interme-

(unstable)

(stable) diate (stable)
2
+ H,0 through £ 2,4 or £ 3,4 of the plane \ 5
(0]
NH; NHo s
/ /) <
HoN——Co——NH, + HO——Co——NH; Q
=)
H2N =]
e NH2 \NHz _9{5
cis products 6
+ Ho0 through £ 1,3 or £ 1,6 of the plane Lf
vy +
HoN— & HoN OH HoN
/NH2 \ NHZ
A—/Co-—-NH2 + A—/Co——NHz A——Co——0OH
HO \ HoN \ HaN
NHz " N\=NH, \NH,

cis products

The sterochemistry of the base hydrolysis of any other ammine
similar manner.

trans product

complex can be presented in a



