Kinetic of Inorganic Reactions

Prof. Dr. Rehab Al Hassani

Introduction

Ligand substitution reactions
= Octahedral Complexes
= Square Planar

Textbook: B. Douglas, D. H. McDaniel, & J.
J. Alexander, Concepts & Models of

Inorganic Chemistry, 2" edition, Wiley,
New York




Some Chemistry of Transition Metals




What are reaction mechanisms?

Detaill step-hy-step analysis: of reaction
patiaway.

/.E. Seguence: of reactions invelved in the
CONVErSIoN: ofi reactants to Preducts

Rate: Law

‘ “Viechanism refers; to detalls; of
the mechanism at the molecular level.




Reaction Profile

Consider the reaction:

M+ L=ML

M=L @ [ML]* 2 [ML] ¥ [ML]**
Collisions Activated Complex Intermediate Activated Complex

of >Energy Transition State /
\ 2

Width related to entropy
Narrow for —AS
Wide for + AS

[

Activation

[ML]™ Energy a

[ML]* [ [ML]>*

M+ L [ML]

Potential Energy
Potential Energy

ML
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Reaction Coordinate
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Reaction Coordinate




Micrescopic Reversiniliby

MICrescopIC reversipility: atequilivrum
POLA forvard and reverse: ieactions
preceed at eguallrates hackwaid and
ienwardrand along the reaction ceordinate.




Rate = Kk[L][M]
o K* o expl (FAGH/RT)
K O expl (ASH/R) exp (FAE.../RT)

East reactions ane favered hy:

s AS* more positive.

m AE. .. |ESS positive.

Note since k Is exponentially dependent on

AS * andl AE... Small changes in k are not
significant In the Interpretation: of the: rate

law.




Ligand Substitution reactions: are these In which
the coordination sphere around the metal
changes due exchange off ene ligand (lewis base)

Wiithr anether ligand.

e.qg.
= Octahedral
ML, +Y =MLY + L

[Cu(H,0)s]?* + conc. HCI =[CuCl,]* fast within
seconds

[Cr(H,0)s]=* + conc. HCI = NO Reaction

s Sguare Planar
ML, + Y= MLY + L




Examples of Substitution Reactions

CuP* + H,0 = [Cu(H,0)1%*
Substitutions reaction +NH; H -NH,

4H,0 + [Cu(NH,),]**

[Cu(NH5), 1" +HCI+H,0 — [Cu(NH;);(H,0)]*" + NH,*
Fert
[Cu(H,0),1="
l + CI-

Fast reactions

[Cu(H50)5(CNH1*




Example

[CO(NH3)6]3+ o HZO 2 [CO(NH3)6(HZO)]3+
Slow: several days

Lanility: and Inertness: Kinetic terms &

Unrelatéd 1o thermedynamic stability. of

compeund and they refer tor new: guickly a

[eaction system reaches equiliomum;

IRertness Is Kinetic stanility




Examples

M®¥- + ACN- 2 [M(CN).]?

Ke = [M(CEN), IPZIM*¥)[CN]"

Compound K; Exchange Rate
[INi(CN),]> 10=° very fast

[Fe(CN):1°= 1044 very fast
[Fe(CN):]1* 1037 very fast
[Pt(CN) 1% —1.0%° t,,» = 1 min.

— [[Ha(CN) 1z Thermodynamically stablebuit kinetically
labile, the same for [NI(CN),]1*

.é. In selutions ligand exchange Is fast but always wiith
CN-.




Thermodynamics versus Kinetics

5 Fhermoeadynamics — Stabiliby,
(Stakle/Unstanie)— K-Eommation
Constant

x Kinetics —lanility:and Inertness —rate
of replacement: of liganads, (lases)




Ligand Substitution Reactions In
Octahedrial Conmpeunds

KInEtics ol IH;Orexcnanoe
L M(H,O) + H,0*= L M(H,0*) + H,O

(see Eigure 1)




Kinetics of Water Exchange

Li*Na+*K* Rb*Cs™*
T

Be2+ Ca2*Sr2+*Ba2+

+ |

Ln3+ Ln3*Zn2* Cd?* Hg?*

b3 [ Il L]

Ni2+ Co2* Fe2* Mn2+ Cu?2+, Cr2+

| I 18 L |
102 104 106 108

Exchange rate for metal aqua complexes
Figure 1




[Langiord & Gray Classes ior Water
Exchange

Class | Very fast (diffusion contral), k =102 sec:t. The 1ons
N this class are those off alkall metals and alkaline: earths
(exceptzfor Be?* & Mg?"), Group. lIB (except for Zn?"), Cr?*
and Cu4r.

Class/ I Exchange-rate constants are between 107-108 sec.
The divalent: first row transition' metall ions; (except for V==, Cr=*
& Cuz*) asywellras Mgz and the trivalent lanthanide 1ois.

Class 111 Exchiange-rate: constants are between 1 and 10 sec:
t. This class includes Be=*, V=", Al>*, Ga** andi several trivalent
first=row: transition: metal ions:

Class IV'  Exchange rate constants; between 10° to) 10-Y sec.
Member of the set are Cr°*, Co°*, Rh*H, Ire* and Pt#*. Inert.




Eactors that affect water exchange

substitution reactions
lonic potentiall = g/r; charge & size of metall iens

lons with Righrienic petential — slow reactions
Suggesting that the mam conttibution to the activation

energy 1s the
d-electronic configunation

—metal 1ons i strong LESE,— slow substitution




Spectroelectrechemical Series

CN=phen—=NO;=en=NH;~py=H,0=C, 0,2 =0H>E =57
=CI"=Br=I-

In streng field metal 1ens In

O, — highi spin d® such as Ni"*

& low spin :'such as Rh(T), In(l), Ni(Il), Pd(IT), Pt{I) &
Square planar Au(TLL) are

React faster than d® & d°

Hor Cu*" & Cr?*' the fast exchange is due to Jahn-Teller
distortion in the ground state which makes the axial bonds
longer than the equatorial bonds.




Mechanism; ofi Ligand Substitution in O,
Compoeunds

MLX +Y — ML.Y + X
Where X 1S leaving group

Y. 1S enicring group
Wide AS +

l

Consider the tollowimng mechanism

MLX < IML.] + X
i

[ML.]+Y — ML.Y

IDissociative pathway-ID-type

ML \MLY

Potential Energy

>
Reaction Coordinate




Factors that affect the Strength
of V=X Bend

Ver-Xo Electrostatic

-|ncrease pesitve charge, M-X
PeRA Strengtien

-IAcrease size off metal center, M-X
pond weaken

, INCrease negative charge om X,
V=X 100Rd Strengthen:

, INCrease size ofi leaving group;, W=
X lhendweaken

), Increase negative
en other ligands, M=X bond weaken

, Increase size off other ligands,

M-X bond weaken




Rate lLaw for Dissociative Mechanism
Rate = d[L:MY]/dt =Kk, [L-M][Y]

Apply the

d[L-M]/0t = 0 =k [L-MX] = K [LMIXT —

Ko[[ILsMILY]
U [LsM] = K [LsMX T/ (K, [XT+K[Y])

& Rate = (KyKkoILMXILYD)/ (K 1 [X1 + K [Y1)




Dissoclative Mechanism, D-type




Aguation or acid nyarelysis

Aduation or acid lydrelysis

L.MX"™ + H,0— [L:M(H,0)]"*! +X-
Anation

[L-M(H,0)JP*L + Y- LMY + H,0




L.M-X —LM—X — LM....

/A +Y

Activation Energy Y
Vibrational Energy l
-X
LSM'Y C—— LSM“

Y

The rate Is insensitive to the identity of Y,
Implication is that both entering and leaving
groups are weakly bound in the transition
state. This Is known as Dissociative interchange

(19)-




Plausible Mechanism for |, Dissociative

Interchange et

For short lived
Intermediate, or TS

K
L.MX +Y # (L.MX,Y)

>

ML X +Y

<L/
[ML,Y,X]

ML,Y

k2
(L.MX,Y) — (LMY,X)

fast
(LSMY,X) — LSMY +X -

Reaction Coordinate

P
(@)]
-
]
c
L
©
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Q
]
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The magnitude off K depends on the ionic chaxge being
larger' when Y and the metal complex: are of opposite
charge.

The likelihood of Y present in the outersphere depends
on [ Y], as indicated in step 1.




Rate LLaw! for Disseciative Interchange

The experimental parameter accessible here is the initial
concentration of the reactant complex: [IL-IVIX|  which 1n
solution containing Y. exists' parxtly in the form of
outersphere complex

[L-MX], = [L:MX] + [L.MX,Y]

K = ki/k;, = [L.MX,Y /Y] L-MX]

L [L-MX,Y] = K[Y][L-MX]

& [L-MX], = [L:MX] + K[Y][L-MX]
Hence

[LMX] = [LMX],/(1 + K[Y])

Rate = -dIL-MX/dt = k [L-MX, Y]
Rate = kK, K[L-MX],[Y]/(1 + K[Y])




Assoeciative (a) Mechanism

k

VX Y 2 L MXY

MXY = LMY + X
Rate = Kk, [L.MX][Y1/ (k. +k,)

Nerexample: fior ©




Associative Interechange (I.) Mechanism

L,M-X = L.M—X — L:M....X
Activation Energy i 5

Vibrational Energy Y

LM......X
Y

The entering group (Y) Is strongly bound, and rate is
sensitive to Y. Implication is that the entering group
and leaving group are strongly bound in the transition
state. This Is known as Associative interchange. (l.)




Summary.
Inerganic Reaction: Mechanisms

Intimate

| | | |
d I 2| |

d
SN, (lim) SN SN, SN, (lim)*
StoIchiometric

SN, & SN, are net good models for inerganic
[eaction mechanisms.>




Summary.
L.LMX +Y = LMY + X
Rate = aflLaVIX] I/ 1B]Y])
Limitingl cenditions:
1. BIY] =>=4; [Ef the reaction should lae: first
erder.

2. BlY]<=1; & the reaction should be second
erder.

3. BIY]=1 O the reactioni should e of mixed
Qlder.

A always second erder as long as the finall step Is
not reversible.




Substitution Inert 1ons

Co%*, Cré*, Rhe*, Ire%, Pt4 & Ni2*




|ntimate Mechanisms

Nature of leaving & enterng| groups

LEVI=X = eV X
Eer dissociative mechanism rate! s dependent
therleavingl greup

.. VI-X bend strengti
" - donor o-donor like N, HF
=denor= @ + filled m=ernital
e.g. Br-O~C,» RO~ RN=
e-acceptor— o-denor + empty
erbitals e.g. CO




Liganads

0)-0/0)810) fs

H=PR.=SCNF=IF=CH -, CO=CN=Brr=Cl
=NH-=0OH

=ACCEPLONKS —

= CO~C,H,>CN=>NO,>NCS=>I->Br-




Leaving| groups erder: for O,
COMPOUNAS

HCO,>> NO; > |I'— H,0—~ Brr=Cl—
SO, = SCNr=EF>CH,COO =NCS*
>NO,>NH,.>0H=>CN-




Size ofi the Cooerdination Sphere &
Metal ION

Large Coordination; Sphere favers asseciative
mechanism
Small Ceoerdination; sphere favers disseciative d-
type pathwway:
e.d. 15t —> Oh favors D-type

24— Oh may be A-type

3rd — Oh favors A-type

Compare water exchange in [Rh(H;0) > &
[Ir(H,O)( " 1:3




v1. Periodic Table . ., . . .r
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Coordination Sphere




Mechanism
| Leaving group
e.g.
[Co(NEL)s X +H,0— [[Co(INH5 )5 (H,0) >
[Co(NHz);(H,OF +Y= — [Co(NHx),(Y)]*

Rate 1s dependent on leaving group and 1S
mdependent on enterng group.

.e. Co-Xt bond breaking 1s the rate determinimg
step.

Evidence?




Aguation or acid nyarelysis

Aduation or acid lydrelysis

L.MX™ + H,O0— [L.MH,0)]> ! +X-
Anation:

[L.M(H,0)]"" + Y- >LMY" + H,0




Rate constants for acid aguation; off some O,, Compounads
of Co(l11l) of the type [Co(NH,);()]°* at 25 C

Compound k (sect)

[Co(NH>): 13 |2.5x104
[CoNHL) (N0 )2 2. 7x10>

[Co(NH.):(1)]2* 8.3x10
[Co(NH-)x 5.8x106
[Co(NH>)x 1.7x10°
[Co(NH-)x 1.2x10°
[Co(NH-)x 8.6x108
[Co(NH.)- 2.1x10°
[Co(NH-)- 5.0x1010




Limiting Rate constants for anation by Y and water
exchange (k.) at 45 C [Co(NH,):(H,O)]**

k (sec™) K/Ko | Rate is insensitive to entering
group

100x1.07°
100x107°
24x10°
2Ax10°
16x10-°
5.8x10°
7. X107




Example
[Ru(edia)(H,0)]- + L — [Ru(edta)l]
[Ru(edta)L] + H,0— [Ru(edta)(H,0)]+ L

Rate constants fior substitution oy LK) of
[Ru(edia)(iH,0) 1= andifor aguation kK, Of
|RuU(eata)(H,0)]at 25°C

L ki (Msec™) k. (sec™)
Pyidine 6.3x10° 0.061
NCS- 2. (X107 0.5
CH,CN 3.0x10 3.2




Liganads

pyridine




Steric Effect ofi Inert LLigands

Crowding aroundtthe metalrion will
[etard the rate off reactions that 6ecur
By 2l a-type mechanism: and te Speed
U these: eeclrrng via a d-type
MEChanISm.




Steric Effect




Electronic Effect of Inert Ligands

m-donation by a cis ligand T-otbital of trans ligand

into the p component of is L to d2sp3 hybrid.
an empty d2sp3 hybrid.




Rearrangement

N"\N

o« O/Q
\
¢ \,Lﬁ

Ttdonation from trans Ligand can occur upon rearrangement to
Trogonal bipyramidal




Activation Parameters

AH* Enthalpy: of activation is a measure ofi the
Relght of the energy, barrier, particularly bend
strengths within and between reactants, Which
must be everceme te attain the transition state;

IT AR <Dy 5y, then bondiis broekeniduring
activation wher D = disseclation energy.-

AS=: relates to prolbability of reaction-iit Includes
contributions from steric bulkand orientation of
reactants

ASH — O for unimelecular reactions
+ for dissoclative

TThe more negative the value of

AS* the lower the reaction rate.




Activation Parameters

k o AGY; more thermodynamically favered reactions proceed faster:

IHamoend's, postulate: Twoiconsecutively: occuring states that have similar enengy
aleng a reaction ceordinaie willfimvelve: enly: small structural reorganization.

O
@
7
Y
o)
O

logK

Slope = 1 for disseciative; I.e. TS or intermediate falls late in the reaction
coordinate; I.e. preduct-like

Slope — 0.5 for associative, TS or [x] falls early in the reaction coordinate;
I.e. reactants-like.

VelUmE eifacVvation == aiSSeelatiVe s = easseeliative




Activation| Parameters, The Eyring Equation

k = RT/NhelS#Ra-AHT/RT

KNHh/RT = elSH/Ra-AHZ/RT
— aASTI/Ra-AHT/RT
Kesr = € €

Where Niis Avogadro’si Numbern= 6.02x10%° mol*
H = Plank’s constant = 6.6x10-3* J.S.

1 Slope = -AH:/R
Note : AH: =E_ -RT




Ligand Substitution Reactions on
Sguare Planar Complexes

d® metal ions such as [Au'!!, Ni'!, Pd!!, Pt!,
Rht and It | usually form four coordinate
sguare planarcompoeunds;, especially wWith
streng ligands.

X
L .
L/M\L
ML, X +Y — ML,Y + X

Rate = k,[ML,X] + k,[Y][ML,X]




Mechanism for Sg. Substitution

tbp
Frgenalfpipyramidalimay: be: an Intermediate
fior A type of TS for I,

5-Co0ldINate SPECIES may. ve Iselated as In

INI(CN)=]>"and canrloe isolated as sali of
[Co(en);]>*

Reactivity order Nit'*>=Pd">Pt"




NUcleephilicity order el sguare: planar
COMpounads:

CN~CO>PR.>H=>I>CI=H,0

Leaving greup: order;
H,O=CI= 1= H=PR.=CO~CN-




Rate Law

Rate = (k; + K,[Y])[ML;X]
Indicate two parallelf reaction patas.

IR the presence: ofi a large excess off the enterng
ligand [[Y] remains constant threugheut the reaction

Rate = -d[MLXJ/dt = ks [MILX] Where Kgpe =K

ko[ Y]
A plet of k.. Versus [Y];

Straight line with ki = Intercept and ks 1S the
Aucleephilicity strength’ of Y.




Rates of reaction of

K. = k1 + k2[Y]

—

[Y]

Rate ofi reaction of trans-[Pt(py),Cl, inmethanol @ 30/C as a
function ofi the concentration of entering ligand.




Rate LLaw

Note allligands have the same Intercept; K,
Implying that they: gor threugl the Ssame SPECIEs.

Ko IS diffierent friom one ligand te another.

Since the enly species present 1n selution in
addition to the ligands; IS the selvent molecules
RIS Implies that the selvent Is invelved in the
first term andi the secend term 1R the liganad
participation




SuUmmany.

TWo pathways are invelved:

(1) first order in complex (ki), dees not
Invelve Y In rate determining step. his
MEchanistic pathway:Is selvent meaiated:

(2) first order in complex and Y (k,), Y
Invelved In rate’ determining step




Mechanism

L

L—pt—X +S -

L

SELOVEVE




Pathway, 2




Summary.

Bt reactions: Proceed viar an: assecliative
PrECESS: (A),, INVeIVIng a tigenal bipyianid
transitien state: Is there: any: chemical
Justificatien: fer this transition: State?

(DrViany five coprdinate transition metal
complexes; are known, e.g., Ee(CO)x:,
[Col,(CO);] * , [NI(CN)s]*

(I MLEX compleXes arer stercally ana
electronically: unsaturated anad have space: for

Y 10 coordinate.




Evidence

Rate law IS consistent with associative
mechanism

Charge on the metal center-has no effect on
e rate: of reaction

Steric effect=significant Increase In rate was

ehsenved ferless hindered ligands, trans- IS
flaster than ¢is

C.H:=2Ne-C.H,>2,4,6-Nes-C.H,:
Note trans=ecIs

For the substitution reaction
Pt(PEt,),RClI + Y- — Pt(PEt,),RY + CI-




Rate law

S =solvent

SChematic representation of parallel
[eactions




Effect of Entering & Leaving
Ligands; on Rate

Rate constants for ligand displacement in seme
sguare planar Pt(l) compounds

Trans-[Pt(py),Cl, + Y — trans[Pt(py), Y Cl] + Cl-
Y TC ky,(M-sec) Np,

CH,OH 25 2.7x107 00

CH30Or 25 very: slow <2.4

Cl 30 4.5x10 3.04
30 4.7x10 3.07
30 1.55x10 3.58
30 1.07x10! 5.46
25 4.00 7.14
25 249 8.93




Effect of Entering & Leaving
Ligands; on Rate

Rate constants for ligand displacementin
some sguare planait Pu(ll)rcempotinads
trans-[Pt(dien)X]> + py —
trans|Pt(dien)(py) 2t =X

X k. (Mlsect)
CN- 1.7x108
SELE 3.0x10”
I 1.0x10>
CI 3.5x10
1.9x10-3
very fast




Factors affecting rate of substitution
1. Nucleophilicity

PtCI Py, + Y - — PICIY Py, + CI

Standard Reaction, and methanoel as a standarnd

nucleophile; abaserwithr unshared pait oi:
electrons such as NH;, I, CI, R, PR,

N, = logk,(Y)/k,(CH,OH) = logk,(Y) —
logk, (CH;OH)

Eacterst Afilect: Nucleephilicity

Basiciity

Oxidation potential of Y




Nucleophilicity order

Shis; = gk (Y)/K;(solvent)

S = nucleephilicity discriminating factor
| =>Br - >Cl->>F-

PR, = AsR; > SbR, == NR,

Sulphur = Oxygen

Soft bases' are better nucleephiles for Pt as
it IS’ & sefit acid




Trans —ligands & trans effect

“he! trans effect Is defined as; the

effiect of a ceprdinated ligand tpen the rate: of
supstituien of ligands; eppoesite: 1o It.

Eer Pt |1 compounds the: erder of trans effect

H,O~OH —~ NH; ~NR; <Cl-—~Br- < SCN -
I F=NQ e~ CHE = EH# = PR3~ ASR. ~
H - < olefins —~ CO — CN-







Trans effect in synthesis

o NH,
| NH, |
Cl— pt —ClI Cl— pt —ClI

Ci Cl




Try

SYRURAESIS| 6ff ¢/5'and ira/ns- 1ISemMEers of
[PLCIL (NS (PPRS) ] QIvVERF the reactants
PRI, NH and [PiCl, %




Origin ofi the: trans-effect-

Electronic (IVielecuilair @ritals)

s 0-denor ligands suchias [, R, Increase
electron; density: around the metal.

B T-acceptor ligands suchias €0, CN-, PR5, p-
pack bending weaken the bend trans to It.




Trans-effect
T.S. Tpy o-donor 1-acceptor

Q,:< QW Ql'/

CAT A X

SO,
Ground state ‘9‘




Steric Effect ofi Inert LLigands

Steric effect Is unclear
Trans-Pt(PEL;),RCl] + y — trans-[Pi(PEt;),RY | + CI

R Solvent Y=CN Y =SC(NH2)2
CH; methanol” 3.6l 3.30
C.Hx DMSO veny: last 0:532
0-C H,CH methanol  0.234 0652
o0-C.H,CH, dmso 3.54 0:106
2,6-C,H;(CH;), methanol  8.49x10-° 4.94x10~
2,6-C.H,(CH;), dmso 3.17x102  9.52x107




Steric Effect

Steric efifect Is significant, nints ter dissociative
patiaway,

L&, altheughrassoeciative: pathway. s feasihle b
disseciative: pathway, may. PECOE OpPEerative in
e presence ofi Bulky: Ligands.




Conclusion

(I 1 st order In sulestrate and nucleophile;

() ks (selvent) and ks (Enterng igand)- selvent Is
Important

A RUMBErK of factors determinge reactivity.
(D Nucleophilicity - different firems basicity

() c/s;and trans effiects - kinetic effects, not the
same as trans Influence - thermodynamic effect

()’ Leaving| group. efifect
(V) Rate depends on| the metalt V]
Predictive synthesis.




Redox Reactions

Electron-transfer
A+B — A +B
|l Inner: sphere

Transition state mvolve mierpenctrationg coordimation: Sphene or:
bridgmg ligands or interaction: between reactants, whichi is
common to; both'coerdimation sphere & serves as chanmnel

through which electron tlows.

Taube & Meyen Crzt & Cr
Co(H,0)** (Labile) & [Cr(NH;)-Cl[*" (innext)

Co(H,0) > & [CH{NH,),CIF* S [Co(H,0), P + [CICHH,0), P ¢
SNH4"




Inner sphere

[Co(NH,):CI]?* + Cr?* = [Co(NH,):CICr]**
[Co(NH,):CICr]** — CrCI*" + [Co(NH,):]*
[Co(NH,). ]2 + 5H* = Co2* + 5NH,*

Creh Inert tor substitution wWith
K = 2.9%x10-8 M-1sec? for Cl- anation of Cre*
=or the reduction k = 6x10° Msec

b Cr-Cl could not have been fermed: fream
substitution of free. Cl°




Outer-sphere Electron Transfer

Ihe Interaction; BEtWEER the exidant and

reductant at the time: ol electron transier Is
small, therefore the coordination shells are
Intact; 1.e. threugh space , diffusion control




Example Outer-sphere Electron
TFranster

[Fe(me,bipy) -1=" + [Fe(bipy) -1°" =
[Fe(mesbipy) 1>+ + [Fe(bipy) -]

Rate = k [Fe(me,bipy) ;17" [Fe(bipy) 5]

= 10% M1sect

Rate of substitution Is — 10% Miisec

Eer outer sphere the redex rate must be
aster than the substitution rate




