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Chapter 12 Coordination Chemistry IV:
Reaction and Mechanisms

| Share some characteristics with reactions of other

molecules.

Have some additional features because the

molecules have more complex (geometries,
rearrangement, metal atom etc.)

Substitution
Oxidation-Reduction
Reactions of Coordinated Ligand

!i"ll-ll_-f'}-._‘_' + 4 MH: — [CulMNH 0 (H O -] + 4 H-O




. History and Principles

—_

The unification of reaction theory is still a goal of
chemists.

The ability to predict products and choose
appropriate reaction condition to obtain
the desired products is still a matter of art
as well as science.

Understand the electronic structure of the compounds
and their interactions.




. History and Principles

the pass between the reactants and products is
always the lowest energy pathway and must be the
same regardless of the direction of the reaction — the
principle of microscopic reversibility.

Transition state VS Intermediate
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. History and Principles

A number of parameters can be obtained from Kkinetic
experiments.

Order, rate constant — the power of the reactant
concentration, the speed of reaction.

T — free energy, enthalpy and entropy of activation.
P — volume of activation




12-2 Substitution Reactions;
Inert and Labile compounds

Substitution or replacement

[Cu(H,0)s]*" + 4 NH; = [Cu(NH3)4(H,0),]*" + 4 H,0

blue much more intense blue

[Fe(H,0)¢]™ + SCN™ = [Fe(H,0)5(SCN)]** + H,0

very pale violet red

[Fe(H,0)s(OH)]** + HY —— [Fe(H,0)¢]""

yellow colorless (very pale violet)
[Fe(H,0)6]”" + CI” —— [Fe(H,0)s(CD]*" + H,0 Compounds such
peos as these that react
[Fe(H,0)s(CD])** + PO,>~ —— Fe(H,0)s5(PO,) + CI~ rapidly are called
— ) e | abile.
Fe(H,0)s(PO4) + SCN™ —— [Fe(H,0)5(SCN)]** + PO,
red t

Fe(H,0)5(SCN)*" + F~ — [Fe(H,0)5(F)]*" + SCN~
[Fe(H20)5(SCN)] [Fe(H,0)s(F)] Inert or robust

colorless




12-2 Substitution Reactions;
Inert and Labile compounds

labile, inert vs stable, unstable

! !

kinetic terms thermodynamic terms

[Fe(H-,0)s(F)]*" = | Stable but labile

[Co(NH3)6)>t + 6 H30T = [Co(H,0)]*" + 6 NH,' (AG® < 0)

}

Unstable but inert Inen_‘ compounds are easy to study
Labile compound — How?

General rules Relationship with LFSA

Slow Reactions (Inert) Intermediate Fast Reactions (Labile)

3 : . 9 § 9 . . z ;
d’, low-spin d*, d°, and d° d', d*, high-spin d*, d°, and d°

5 B = E - : 7
Strong-field d° (square planar) Weak-field d° % Ll A L



12-2 Substitution Reactions;
Mechanisms of Substitution

TABLE 12-1
Classification of Substitution Mechanisms

Stoichiomertric Mechanism

Dissociative Associative
Intimate S-Coordinate Transition Stare 7-Coordinare Transition State
Mechanism for Octahedral Reacrant for Octahedral Reactant
Dissociative activation D Iy
Associative activation I A

Alternative Labels

Syl lim 552 lim
(limiting first-order (limiting second-order
nucleophilic substitution) nucleophilic substitution)

- E
-y
3 2
-
= g
. o

N

Sl
= 3
= i

MX+Y MY + X

Extent of reaction Extént of reaction



- 12-3 Kinetic Consequences of Reaction Pathways
; Dissociation (D)

The kinetic raw and other experimental evidence to
find out the mechanism of a reaction.

Dissociation

ML<X = MLs + X

ML< + Y ML s

The steady-state hypothesis:

1. A very small concentration of a intermediate
2. The rates of the formation and reaction of the
iIntermediate must be equal.

d[ML5]

i = ki[MLsX] — k_{[MLs][X] — k>[ML5][Y] = 0
¢



12-3 Kinetic Consequences of Reaction Pathways
; Dissociation (D)

. Solving for [ML ;]
WL <A _ﬁ‘ MLs + X =
¥, _— ki [MLsX]
MLs + Y —— ML5s) 1Ls] )= — .
' ' k[X] + ko[ Y]

The rate raw for the formation of the product

d[MLsY]
(df

d[MLsY]  kok[MLsX][Y]
di k_[X] + ka[Y]




12-3 Kinetic Consequences of Reaction Pathways
; Interchange ()

Interchange
k
MLsX + Y — ML:X:Y
=
k,
ML XY ———— MlLigX = X

A rapid equilibrium between the incoming ligand and
the 6-coordinate reactant forms an ion pair or loosely
bonded molecular combination.

When k, << k_,

The steady-state hypothesis

d[MLsX"Y]

o = kiMLsX][Y] = k- [MLsX"Y] = k[MLsX-Y] = 0
ar




12-3 Kinetic Consequences of Reaction Pathways
; Interchange ()

If[Y] is large enough compared with [ML . X]—
Unstable transition species may be large
enough to significantly change the
concentration of the ML X, but not that of Y.

LsX])+ [MLsX-Y] and [Y]y = [Y]

! Y] - k_ﬂMLf.X'YI = A:[ML;XY] = ()
At :

k|{[M1“ = IML;XY]][Y]” — Al[MLqX'YI - A:IML;X'YI = ()

d[MLsY| k> K{[M]olY lo ko K lmlle]{}
— = kh[MLsX Y] = ; = -
dt 1+K’|'Y]”+[An}'\ ]+f\|Y|U




12-3 Kinetic Consequences of Reaction Pathways
; Interchange ()

Two variations on the interchange mechanism are [, (dissociative interchange)
and /, (associative interchange). The difference between them is in the degree of bond
formation in the first step of the mechanism. If bonding between the incoming ligand
and the metal 1s more important, it is an /, mechanism. If breaking the bond between
the leaving ligand and the metal is more important, it is an /; mechanism. The distinc-
tion between them is subtle, and careful experimental design is required to determine
which description fits a given reaction.

Rate - KIMILY] oo~ KMoV
el B |+ K'Yl

At low [Y] At high [Y]

Rate = k[M],[Y], or Rate = (k/k’)[M],
KIM]o[Y]1o/[X] First order
Second order




12-3 Kinetic Consequences of Reaction Pathways
; Association (A)

Association
k
MLsX + Y = MLsXY
—]
k.,
MLsXY —— MLsY + X

The steady-state hypothesis

dIMLsY]  kks[MLsX][Y]
dt a k—l + kg

= k|MLsX]|Y]

Second order

As with the dissociative mechanism, there are very

few clear examples of associative mechanism in
which the intermediate is detectable.

Most reaction fit better between the two extremes.




12-4 Experimental evidence in Octahedral substitutio
: Dissociation

From six coordination (octahedral)
To five coordination (square pyramidal or trigonal-bipyramidal)

The change in LFSE between these two.

Ligand field activation energy (LFAE)

12-2
Egi:fd Field Activation Energies Calculated by Angular Overlap LI.:AE CaIC.UIated .for
Strong Fields (units of e;) Weak Fields funits of eg) trlgonal_blpyramldal
L o L oooese e fransition states are
System  Octahedral  Square pyramidal LFAE — Octahedral — Square pyramidal LFAE
,- 2 0 > 2 0 - | generally the same or
o 12 10 : :i - . | larger than those for
" 2 3 i % . " | square-pyramidal.
i 2 () 2 6 5 |
. : :H 2 & 5 I
’ 7 , ; Z | Provide estimates of
o f, i ' | the energy necessary
e — X X | to form the transition
Note: For a square-pyramidal trunsition state, LFAE = LFSE (sq. pyr.) LFSE (nct. ), for o
donor only state.




12-4 Experimental evidence in Octahedral substitutio
: Dissociation

i? ."'..--';“‘.k —
E | s lII|
l‘] / I B |

FIGURE 12-3 Activation Energies N o1E / | Ea II
and Reaction Enthalpies. (a), (b), ; P \
Large £, slow reaction, (c) Small V4 \ Zaza’ i A \
E,. fast reaction. (a), (b), AH < 0, = : : 1 Il"
|..||-__'|.' equibibrium constant; AH I"".
() AH = 0, small -.'«._1||ii||"|||,|;:|
constant. In (b}, the intermediate is T ! - .
potentially detectable (h) (c)

Thermodynamic favorable (4AH) vs reaction rate (E,)

|I-||
k = Ae R7 or Ink In A

Enthalpy, entropy, activation energy



Stabilization energy (kl/mol )

M) —

12-4 Experimental evidence in Octahedral substitutio
: Dissociation

Stabilization energy for water exchange

=2700

~2800

Enthalpy of hydration (kJ/mol)

=2900

y 8Be Ti V. Cr Mn Fe Co Ni Cu Zn

=3000

: i i
; A i 8 . H Mumber of d electrons
MNumber of d electrons

The results are similar to those of the
thermodynamic case of enthalpy of
hydration




12-4 Experimental evidence in Octahedral substitutio
: Dissociation

Other metal ion facts that affect
reaction rates

1. Oxidation state of the cenfral ion
Higher oxidation states have ?2?
ligand exchange rates

[AIFg)*™ > [SiF]*™ > [PFe]” > SFg
e 4+ 54+ 6+
[Na(H,0),]" > [Mg(H,0),)*" = [AI(H50)¢)"
| 4 2 3

2. lonic radius
Smaller ions have ??7? ligand
exchange rates

V. -4
- I

[St(H,0)6]*" = [Ca(H,0)6]*" > [Mg(H,0)4]

112 pm 99 pm 66 e Higher electronic attraction



12-4 Experimental evidence in Octahedral substitutio

: Dissociation

The evidence for dissociative
mechanism

. The rate of reaction changes only slightly with changes in
the incoming ligand. (rate constant of less than a factor of
10)

. Decreasing negative charge or increasing positive charge
on the reactant compound decreases the rate of
substitution.

. Steric crowding on the reactant complex increases the rate
of ligand dissociation.

. The rate of reaction correlates with the metal-ligand bond
strength of the leaving group, in a linear free energy
relationship (LFER).

. Activation energies and entropies are consistent with
dissociation. (volume of activation AV, ,; positive or
negative?) -




12-4 Experimental evidence in Octahedral substitutio
; Linear Free Energy Relationship (LFER)

Many kinetic effects can be related to
thermodynamic effects by a LFER

The bond strength of a metal-ligand bond (a thermodynamic
function vs the dissociation rate of that ligand (a kinetic function).
the equilibrium constant (thermodynamic) vs the rate constant.

has to be linear relationship

Jp AH®
Ink=InA—— and InK = ~—— Ao
RT RT R

Kinetic thermodynamic

E,vs AH"
In molecular bonding term, a stronger bond between the metal
and the leaving group results in a larger activation energy.

|(_‘mNII_~,_]_;};]3' + H,0 —— [Co(NH3)s(H,O)]"" + X~



12-4 Experimental evidence in Octahedral substitutio
; Linear Free Energy Relationship (LFER)

Many kinetic effects can be related to
thermodynamic effects by a LFER

The bond strength of a metal-ligand bond (a thermodynamic
function vs the dissociation rate of that ligand (a kinetic function).
the equilibrium constant (thermodynamic) vs the rate constant.
has to be linear relationship

FIGURE 12-5 Linear Free Energy
In ¥ = and [Co(NH;)sX]™ Hydrolysis |

[he log of the rate constant 18 plotted |

against the log of the equilibrium r:’f
k constant for the acid hydrolysis

reaction of [ColNH -.:.;_'"{|'\' ions Y
- "

Measurements were made at 25.0°C i .
o g 4 3 4
vsS Points are designated as follows: e :
_a _— F . ; ~ =T¥) = o

In molecular bond iX =CdX =B ’ ‘
and the IeaVIng g[ 'l.-?-."‘-:'tull.';u::.l -.|. PEETISSI0N 1TUIT 71 1 |

C. H. Langford, fnore. Chem., 1965,

4. 265, Data for F~ from 5. C. Chan

J. Chem. Soc.. 1964, 2375, and for I | I
. from R. G. Yalman, Inorg. Chem., 1.0 0.0 1.0
I(' o(NI I-l' 1962, [, 16. All other data from log hul

A. Haim and H. Taube, fnorp



For the first-order region
(large [Y]);

The rate constant are all
relatively close to that for
water exchange —
dissociative mechanism

TABLE 12-3

12-4 Experimental evidence in Octahedral substitutio
; Linear Free Energy Relationship (LFER)

Limiting Rate Constants for Anation or Water Exchange

of [Co(NH;3)sH,0]** at 45°C.
[Co(NH3)sH,0]™ +

Y™

- [l_"nr,"~.'||.”5t.:-||'1 iyt

+ H-0

For the second-order
region

Ni—OH; + L == Ni—OH;'L

Ni—OH,'L — Ni—L + H,0

i 'IJ kil k ..-l.f.lr_'f-“ Reference
H,0 1.0 E
M3 1.0 h
S0, 24 ¢
] 021 d
WS (.16 d
TABLE 12-4
Rate Constants for Substitution on [Ni(H;0)¢]**

! koKo (108 M~ 57! Ko(M™! ko(10%s™!)
CH,PO,’ 29() 10 0.7
CH+COO0 100 !

NCS 6 0.6
F b (1.8
HI 0.15 2
H-0

MHy h] 0.15

CHsN, pyridine + 0.15

C HyNs, pyrazine 2.8 0.15
NHA(CH4)sNMe4” 0.4 0.02




12-4 Experimental evidence in Octahedral substitutio
- Associative Mechanism

TABLE 12-5
Effects of Entering Group and cis-Ligands on Rates

Much less common

Rate Constants for Anation

Entering [CHH-O U NHH 0]
Ligand Lihy g ol T v e
MCS

NO,

Ll 24 1 )

B 0 diy

l fhiie

CEFLCO0




Much less common

TABLE 12-5

12-4 Experimental evidence in Octahedral substitutio
- Associative Mechanism

Effects of Entering Group and cis-Ligands on Rates

Entering

fioand

Rate Constants for Anation

[CHNH H,0

Eri gy

TABLE 12-6 4
Rate Constants for EDTA)(H50)]™ Substitution
. i 1 P i i

Ligand y ) AH™ (kdmol ) AST L] mol } ‘e
Pyrazine SO e 3.7 £ Q.5 My
[somcotinamide B - Bl 6.6 + 0.5 LA =
Pvridine oAy S0
Imidazole LREG & HE I
S5CN 27+ M) 89 + 0.5 iy i d
CHLUN ) ==} 8.3 +£ 0.5 oy 4
' e —

l TABLE 12-7 :
& Rate Constants f E (EDTA](HED)IJ" Substitutior
Ia Livand Lkt &
I < [Tunlx'.lr‘:lll:umu.lu_' ii?l% |
Wh 2 d CH-.CN 13
y ' SCN 3T




12-4 Experimental evidence in Octahedral substitutio
; The Conjugate Base Mechanism

[Co(NH;)sX]*" + OH™ —= [Co(NH73)4(NH»)X]™ + H-O (equilibrium) (1)
[Co(NH3)4(NH;)X]™ — [Co(NH3)4(NH-)]*" + X (slow) (2)
[Co(NH1)4(NH»))*" + H,0 — [Co(NH3)5(OH)]*"  (fast) (3)

Overall,
[Co(NH4)sX]*" + OH™ —— [Co(NH3)s(OH)]>" + X

The ligand trans to the amido or hydroxo group is frequently
the one lost

Additional evidence

1. Base catalyzed exchange of hydrogen from the amine groups
takes place under the same conditions.

2. The isotope ratio (180/160) in the product in 180-enriched water is

the same as that in the water regardless of the leaving group. (no

associative)

RNH, compounds react fast than NH,. (help to form 5-coordinate)

A plot of Ink,, versus InK,,, is linear.

When substituted amines used (no protons), the reaction is very

slow or nonexistent.

ok




12-4 Experimental evidence in Octahedral substitutio
; The Conjugate Base Mechanism

H.N NH-, " H NH C| HN FH.O H.N ™ H
.ﬁ 59 i Co ‘Co—NH, Co
H,N Cl H.N? | ™) H,N H.N” | “SoH
NH > NH, NH NH
Lal )
—+—N" ) ——N" ] =N ] —N" )
|H,N NH, _,~ (HN_ | .NH, . [IHN | NH, |.40 [H,N ‘NH,
f{.“‘-‘ — L Co » \'“_ ’(, 0 3 s -
H,N NH, H.N” | “NH, HN”T Nl H.N? | “oH
Ll z Cl ' ' NH,
o \-;
() ) .."\
H,N NH
'[ILI
FIGURE 12-6 Base |!E_'--.Jrl‘|} sis of [Coltren i NH +Cl Isomers, (a) |.|,_‘-_|_'.|_r'|-:I aroup C17y treinis to - ) h
deprotonated nitrogen bl eaving '__']'|1|_|§'\-ll'| iy Lo '.lL'F"I-l[l.'ILI.I;'I.f MIrogen. (a) is [ faster than Iil‘\‘ OH K!I-
). indicating that rrans substitution is strongly favored. (Data from D. A, Buckingham,
P J. Creswell. and A. M 'L;.;l.l‘__"u‘u-n_ Inore. Chem., 1975, 14, 1485.) . 5!

The reaction in (a) is 10* times faster than that in (b)




: The Kinetic Cheate Effect

The increased energy M

needed to remove the

first bound atom and
the probability of a

reversal of this first |

step
The ligand must bend
and rotate to move the

12-4 Experimental evidence in Octahedral substitutio

sow | M

 CH,

NH,—CH,”

OH,
fast o )

NH,
— M '
",

l CH,
NH,—CH,”

free amine group away

iy '\.,T "

NH,CH,CH,NH,

from the metal.

The concentration of
the intermediate is low
and the first

OH,
H,0O — M

OH,

dissociation can
readily reverse

This kinetic chelate effect reduces the
rates of aquation reactions by factors

from 20 to 10°.




12-5 Stereochemistry of Reactions

A common assumption is that reactions with dissociative
mechanisms are more likely to result in random
isomerization or racemization and associative
mechanisms are more likely to result in single-product
reactions; however, the evidence is much less clear-cut.

P O
- u,_\___cl “NH, o0 HY! = SNH,
e 0 —3 0 B
a” LSS0 o1 | SNE;
NH_J NH_»F
Cl (] o H
H,N” 7| “NH; == { N 1 N g H,N
Co 0 Ny
c1” | “nNH, N H.N"
H,N__J/ H-N_FH
A (h)
FIGURE 12-7 Mechanisms of Base Flivdrolysis of A-cis-[Colen)»Cla]". (2) Retention of confizu
ration in dilute hydroxide. (b) Inversion of configuration in concentrated hydroxide

The higher concentration of ion pairs [Co(en),Cl,]*-OH-




12-5 Stereochemistry of Reactions

Temperature dependence
In the substitution of ammonia for both chlorides in
[Co(en),CL,]*
At low T: there is inversion of configuration
At high T: there is retention
Small fraction of trans
No complete explanation of these reactions

In some cases, a preferred orientation of the other ligands
may dictate the product.
the a form of trien complexes is more stable than the fform




12-5 Stereochemistry of Reactions
; Substitution in trans complexes

retention
X : . Y
Dissociation mechanism and Sl laz 5
stereochemical change; B B B trans
a3

three different pathways
Square-pyramidal intermediatg

—_— Y
.-"’R ‘
. o
x| A
/q_B 23 frpl— —
e et ~
X—7” = é Ll
S
tigonal- ’
bypyramidal B
intermediate with Y= fren
B in the trigonal )
” plane
.;r.;r.;r.;r.;rsrsrsr.z 3 £D'7 \I-f
tigonal- o ? _— A
bypyramidal @ e
intermediate with X o e

B in the axial
position




12-5 Stereochemistry of Reactions
; Substitution in trans complexes

TABLE 12-8
Stereochemistry of Acid Aquation

[Colen),LX]"" + H-0 —— [Colen)LH,0]"' """ + X

cis-L X % cis Product treis-L X %o cis Product

OH Cl 1M OH Cl 75

OH Br 100) OH Br 73

Br Cl [ i) Br Cl a()

Cl Cl [ (3 Br Br )

Cl Bi [ O} Cl Cl 35

N, Cl 100 Cl Br 20,

NCS Cl 100 NCS l 5070

NCS Br 100 MH+ Cl (1

NO- Cl 100 NO, Cl 0

Source: Data from I Dasolo and B. G. I TABLE 12-9

& Sons, New York, 1967, p. 257. Stereochemistry of Base Substitution

[Colen),LX]" + OH = [Cu{en),LOH]"" + X
O cis Product

cis-L X A Racemic" A rrans-L X % cis Product
OH Cl ol i6 OH Cl 04
OH Br 06 OH Br o)
Cl | 21 16 Cl Cl 3
Cl Br 30 Cl Br 3
Hr CJ 40 Br Cl 0
M4 Cl al M Cl 13
NCS | 56 24 MNCS Cl T6
NH Br 50 i) NCS Rr B
MH- Cl g () 24 NH, Cl 16

NO; Cl 46 20 NO, Cl 6



12-5 Stereochemistry of Reactions
; Substitution in trans complexes

Effect of the leaving ligand X.

TABLE 12-10

Rate Constants for Reactions of [Co(en);(H;0)X]"" at 25°C, k(107> s~ ")

X cis —* trans trans —* cCis Racemization H-O Exchange
OH 2000 300 — 160
Br 5.4 16.1

Cl 24 7.2 2.4

N4 2.5 7.4 —
NCS 0.0014 0.071 0.022 0.13
I[_~H 0012 (). 6% ~(.015 1.0
NH3 < (.O001 (.002 0.003 0.10
NOG- 0,012 0.005 — ==

SourcE: Adapted with permission from B. G. Wilkins, The Study of Kinetics and Mechanism of
Reactions of Transition Metal Complexes, Allyn and Bacon, Boston, 1974, p. 344, Data from
M. L. Tobe, in 1. H. Ridd, ed., Studies in Structure and Reactivity, Methuen, London, 1966, and
M. N. Hughes, J. Chem. Soc.. A, 1967, 1284,



12-5 Stereochemistry of Reactions
; Substitution in cis complexes retention

three different pathways L

—— e gl

i | i
Y
=

P B! /\» | f% Lm

o e
2 tigonal
- | -
bypyramidal ” /B1 >
intermediate with vV A
B in the trigonal
I plane
B
- *""“I_{‘,,'f
tigonal- B B - (/_‘j \
bypyramidal g H 0>
intermediate with V s e B B
B in the axial A @‘4‘%— — T 7
position o T /A




12-5 Stereochemistry of Reactions
; Isomerization of Chelate Rings

™~ &% - —t A ahs
(L = T = J ] ) = ( } = c
.“) "'.i r (_ ( . _. ‘."._ }
A \ \
() W Wil
trigonal twist tetragonal twist; perpendicular

Cl
3 a'”;___:-r C' e r"_E-:.:“* g "l -

= : : Co AN 'Co.

— ok s \ e —— \ '

i — P4 aN Yo T N v
\ A a-A B-A
tetragonal twist; parallel Only possiblé; trigonal twist

FIGURE 12-10 Twist Mechamsms for Isomenzation of M{LL), and [Coltrien)Cl,|” Complexes
(a) Trigonal twist. The front triangular face rotates with respect to the back tnangular face. (b) Twist
with perpendicular nngs. The back rning remains stationary as the front two nngs rofate clockwise
() Twist with parallel rings. The back ring remains stationary as the front two rnings rotate counter-
clockwise. (d) [Col(trien)Cls] «-3 1somenzation. The connected nngs limit this isomenzation 1o a
clockwise trigonal twist of the front triangular face

Which one?




12-6 Substitution Reactions of Square-Planar Complexes
; Kinetics and stereochemistry of square-planar substitution:

Square-planar substitution reactions frequently show two term rate laws.

Rate = k[Cplx]
11 ‘--lllll lllll :.
O T ;: T
g Pl
N ¥ e .
4
~ Q . \
I ' I f I Y ¥ | ' ] I ]
r 5 _"\? 2 %
| A I % L. 5 g | 4
" FIGURE 12-11 The Intcrchange
Mechamism in Square-Planai

Heactions. (a) Direct substtution

by Y. (b) Solvent-assisted

substitulion
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12-6 Substitution Reactions of Square-Planar Complexes
: Evidence for associative reactions

. CN

TABLE 12-11
Rate Constants and LFER Parameters

trans-Ptl.;Cls + Y

——

[ R D BT R = Dl DA B i i DB B = U DB i D DB

iE i

] sl

i £
Gi

» trans-PiL-ClY + CI

k(10 M5

L= PEt;(s = 1.43) ure

} L=pyis=1)

PPl 249,000 .03
SCN 180 171 5.75
l 107 236k 5.46
Bi 3.7 .93 4118
MNa |.55 0.2 1,54
NO, (1658 0.027 .22
MNH; 0.47 3.007
| 45 (124 3.4

SOURCE: Rate constants from U, Belluco, L. Cattalini, E Basolo, R, G, Pemsoun,
and A. Turco, J. Am. Chem. Soc.. 1965, 87, 241: PPhy and np, data from
R. G. Pearson, H. Sobel, and J. Songstad, J. Am. Chem. Soc., 1968, %0, 319

NoTe: s and m are nucleophilic reaction parameters explained in the text

Pt(ll) is a soft acid, so soft ligand react
more readily

- SCN | > Br - N

y = NO, = py = NH; Cl CH.OH



12-6 Substitution Reactions of Square-Planar Complexes
: Evidence for associative reactions

TABLE 12-12
Rate Cunstants

[Pt(dien)X]" + py — [Pu(dien)py]>® + X
(Rate = (ky + ks[pyD[Pt(dien)X]™)

X ke (MY 571
N0y, very fast

Cl 53 % 1072
Br 35 X 1077
| 1.5 % 107
N 1.3 x 1077
SCN 4.8 X 107
NO- 3.8 X 1079
CN 28 X 107

SOURCE: Calculated from data in F. Basolo,
H. B. Gray, and R. G. Pearson, J. Am. Chem. Soc.,
1960, 82, 42(M),

The order of ligands is nearly the reverse
The bond-strength effect of the metal-to-
ligand it bonding — ?27?




12-6 Substitution Reactions of Square-Planar Complexes
: Evidence for associative reactions

log ky = smp; + log k¢

ky = rate constant for reaction with Y
k¢ = rate constant for reaction with solvent
5 = nucleophilic discrimination factor (for the complex)

M = nucleophilic reactivity constant (for the entering ligand)

and A. Turco, J. Am. Chem
™S Il = TN

TABLE 12-11
Rate Constants and LFER Parameters for Entering Groups

trans-Ptl,Cl, + % » trans-PtL-ClY + ClI -
& .| | Each of the parameters s
PP 249000 . | and ng may change by a
e 150 il 15| factor of 3 from fast

Ty 1ih 340 o .

By .1« | reactions to slow reactions,
N .55 >+ | allowing for an overall ratio
MO 0,68 0.027 3.22 6 :
NH, 0.47 . | of 10°in the rates.
] .45 (024 3.04
SOURCE: Rate constants [rom U, Belluco, L. Cattalini, FE Busolo, K. G. Pewson

S, 1965, 87. 241: PPh+ and Ty Qi from
- N - sl L '



NH; NH, NH,
- er , Cl ,
) NH,—Pt—NH, = Cl—Pt—NH; >~ Cl—P
| . i
NH, NH, NH,
Cl Cl Cl
NH, NH, .
) CI—Pt—CI — C1—R—Cl » CI—P
I :
Cl NH, NH,
NH, NH, NH,
Cl , Cl _
) py —PL— py = py—Pt—Cl - Cl l|’l
| i
NH, NH, NH,
NH, Cl Cl
| Cl- Cl
1 py —Pt—py —= py—Pt—p) - py—Mt
NH, NH, Cl

It is possible to prepare specific
isomers different ligands

The order of trans effect

CN ~ CO ~ C;Hy = PH; ~ SH; > NO;

12-7 The Trans Effect

Cl

NH;

FIGURE 12-12 Stereochemistry

and the trans Effect in Pu(Il)

Reactions. Charges have been

omitted for clarity. In (a) through (I},

the first substitution can be at any
posIton, w ith the second controlled
by the trans effect. In (g) and (h),
hoth substitutions are controlled by

the lability of chloride,

Py

py —Pt —NH;4

Py -

Cl

|
NH;

Py

Pt—NH,
i

NH,

NH,

~Pt—Cl

NH,

cl

Cl—Pt—NH,

Br

NH,

= (]

Cl
. P\'

Cl
= Py

Py
= (]

Py
—— |‘|\

= NHj;

Cl

-Pt—NH,

|

Py

Pt—NH,

Cl

Pt— NH;

NH,

Py

Cl

Cl

Py

Py

OH

py —Pt NH,
Cl
Cl

py —Pt— NH;
cl
NH,

py —Pt—py

NH,

PX
py —Pt—NH,
NH,

~ H,0



12-7 The Trans Effect
; explanations of the trans effect

Sigma-bond effects

Two factors
Weakening of the Pt-X bond
Stabilization of the presumed 5-coordinate transition state

FIGURE 12-13 Activation Energy

ind the trans Effect. The depth of the

enerey curve for the imtermediate and
the relativi |Il.".:.:||l\ aof the twi
maxima will vary with the specilic

reaction. (i) |'| wWir frians ctect I' T

=)

FIGURE 12-14 Sigma-Bonding

Effect. A strong o bond between P
and T weakens the Pt— X bond

H > PR, > SCN I ~ CHj - Br = (] NH; > OH




12-7 The Trans Effect
; explanations of the trans effect

Pi-bond effects

Stabilization of the presumed 5-coordinate transition state

Strong st—acceptor bond —
charge is removed from Pt —
the entrance of another ligand to form a 5-coordinate species

Jt-acceptor properties only

C,Hy ~ CO > CN NO, =>SCN =1 =Br >=C(Cl = NH; > OF

Overall trans effect
CO ~ CN™ ~ C,Hy > PR3 ~ H > CH; ~ SC(NH3); > Cg¢Hs

NO;, ~SCN ~1" >Br >CI > py,NHy ~0OH ~ HyU



12-8 Oxidation-Reduction Reacions
; Inner- and outer-sphere reactions

Inner-sphere reaction; two molecules may be connected by a
common ligand

Outer-sphere reaction; two separate molecules

TABLE 12-13
Rate Constants for Outer-5phere Electron Transfer Reactions”

i i ¥
M

Oxidant [Cri{bipy 4] Ru(NH4),
CollvH NH b.Y [ .1
™ H |
{ ~NH U
ICiNH: i MNO)
[ColNH4 st HA-0) 5 1)
[ColMNH )51 by [}

[ColNH1)s5(Br) 5 % 10 1.6 % 10

(Lo N H

The rates show very large differences; depend on the ability of
the electrons to tunnel through the ligands

Ligands with 1t or p electrons or orbitals that can be used in
bonding provide good pathways for tunneling.




12-8 Oxidation-Reduction Reacions
; Inner- and outer-sphere reactions

Change on electron transfer — change in bond distance

A higher ox. #leadsto ___ bond

Form high spin Co(ll)

To low spin Co(lll)

e, orbitals are antibonding

Removal electrons from these orbitals — more stable compound
and shorter bond distances, large LFSE.

Inner-sphere reaction

dissociation and bridging

[Co(NH3)s(CD]** + [Cr(H0)6]"
Co( 1) oxidant Cr(ll) reductont Cotlll) Cr(ll)
|Ij,'\'|!,_'|,1{'4~||{";:-['|':H-.H|.-.|I' » il.'\HHI:(1|ii'|'ll'|'IH~{}:-.|! (2)

Electron transfer

[(NH1)sCo(CDHCr(H-O)s]”" + H.O0 —— ic“x'H_l-.f'ml-[:i!li:' - iI{_'llf-('I'IHrf}I:r- (3)

Association and separation



12-8 Oxidation-Reduction Reacions
; iInner- and outer-sphere reactions

Inert
Not allow formation of
bridging speciies

Labile
But the prallels in the rate
constants of the two speies

TABLE 12-13
Rate Constants for Outer-Sphere Electrog Transfer Reactions®

{2 xrdand

[ColNH;)s(NH )| 6.9 X 10~

ICo i NH ()] | B 1}

[CoiNH;)5(0H])] 3 [ix 4 10
[CoilNH ;)51 N04)] 3.4 » 10
[ColNH st HA(0)) i ) 14
[ColNH-siUlL & X 10 2.6 L)
[Cii NH - )siBr)] 5 x 10 | .t {1

[CoiMH:)s(1)] 6.7 = 10




12-8 Oxidation-Reduction Reacions
; iInner- and outer-sphere reactions

Inner-sphere mechanism

TABLE 12-15

Rate Constants for Reactions
with [Co(CN)s]?~

O xviclant
[ColNH sl FY -
[CoiNH)=(OH)T

[CoiNH1)s(NH1)]’
[CoiNH ;n-f..\i.'*&:-lm'
[Co{NH )a( N+
[Co(NH 3)<(Cl1)|>




12-8 Oxidation-Reduction Reacions
; Inner- and outer-sphere reactions

Inner-sphere mechanism;
Overall rate usually depends on the first two step
(substitution and transfe

bridging ‘-

CH;C—O

()
CH,NCH,C—O0
1.I
O=CHC 0

0

HOCH-C—0Q

{ f 'l .'I J

.Ir{II:.'III"' CESTEN TS _III-'-' r-".'r' Tl
1 3
. |('|'“_‘”!r.| - » D"

Benzi

+ 5 NH; + [Cr{H,0)sL]"

(o)

F HA0

MMenis

ate 15 difficult o reduce




12-8 Oxidation-Reduction Reacions
; Inner- and outer-sphere reactions

|

The rate for Co compounds with other bridging ligands is
frequently as much as 10° larger than the rate for
corresponding Cr compounds

TABLE 12-17
Rate Constants for Reduction of Isonicotinamide (4-Pyridine
Carboxylic Acid Amide) Complexes by [Cr(H,0)6)**

Oxiclant ks (M ' 577)

QO

|-__‘-.'E{_.{-" CHN)Cr(Hy0)51™  geems to depend

more on the rate of |
electron transfer __
[(NI1,C—C<H,;N)Co(NH;)< | from Cr2* to the

bridging ligand

()

0

. N o = .+ electron transfer
NH.C—C.H.N)JRu(NH,). 13+ €
(NI - SriqEN J | from Cr2* to metal 5 ¥ 10

lllll




12-8 Oxidation-Reduction Reacions
; conditions for high and low oxidation number

The overall stability of complexes with different charges on the M

; LFSE, bonding energy, redox properties, the hard and soft
character

High oxidation # vs Low oxidation #

- 2. .

Mno4 H Cr'04 ’ SOft I|gand TABLE 12-18

FeO,%, AgF,, cyanide Electrode Potentials of Cobalt and Copper Species

RUF5! PtFG! OSF6 Culll)-Cuil) Reactions (V)

V(CO);, Cr(CO),,

I-vs CI<—
Fe(CO);
hard ligand ammonia «—
CulHH-Cuif)) Reactions , (V)
. ge ':-Li'..lu'q" 20 — Cuis) +0.337
Strong oxidizing agent (CuNHa P + 2e~ = Cu(s) + 4 NH: 0.05

Colll-Cal 1) Reactiomns V)
Co(lll) more stable . Colb-Cotlh Reacuions oot
LFSE Col'apy + e ==Co*aed = = e g rgng

F0. 108

high spin Co(ll)
low spin Co(lll)




12-9 Reactions of Coordinated Ligands
; hydrolysis of esters, amides, and peptides

The properties of ligand(organic compound) will be change by
coordinated to the metal.

)
|
&
B
N H O H O - H H O
HN I”-‘ 2 | | HN_ 12 |
HN 0O’ H-N ( ( MN—C 4 Hll\f—":T_?\” H + N—C—C
—NH> l NH>, ./ '
0 : I H R O H R
H S R
0
F
Y
0




12-9 Reactions of Coordinated Ligands

; template reactions
The formation of the cyclic compound by coordination to a metal ion.

NH

O
P NH, | '[ NH
NH

NH, & =
N |

-"x__

,.:-_'.f-'::: "--.__‘_“.__‘__ .
§) =3
8]
|- Amino-3-iminoiso

O
|-Keto-3-imino
isoindoline indolening

Phthahe
anhydride

—

H-P"h i
o . g I-\-'\-\. — LH' .l'} 1
|'|;I M\r; N al V’I |

IkL"‘\.\d_::p_::i-"'
Cui 1l chthalocvanine




12-9 Reactions of Coordinated Ligands

; template reactions
Imine or Schiff base

- _SH ~__S

NH,  H N N

Geometric; formation of the complex brings the reactants into
close proximity with the proper orientation for reaction
Electronic; complexation may change the electronic structure
sufficiently to promote the reaction




12-9

Reactions of Coordinated Ligands

; electrophilic substitution

Electrophilic Substitution on Acetylacetone






