
Electron transfer reactions

Taube identified two principal mechanisms of redox reactions for metal complexes:

[Fe(CN)6]4- + [Mo(CN)8]3- →      [Fe(CN)6]3- + [Mo(CN)8]4-

Fe(II)      Mo(V)      Fe(III) Mo(IV)
Note: the rate of electron transfer is faster than cyanide exchange

Inner-sphere mechanism
 electron transfer proceeds via an atom transfer process
 the electron donor and acceptor complexes share a bridging 

ligand

Henry Taube
(Nobel Prize in 1983)

Outer-sphere mechanism
 electron transfer proceeds without atom transfer and bridging 

ligands (i.e., it occurs without making or breaking bonds)
 the transferred electron essentially tunnels from the donor to 

the acceptor

Here, a chloride ligand serves 
as a bridging ligand 
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General comparison of inner-sphere and outer-sphere electron transfer

Outer-sphere mechanism: 

A + B → [A---B]
formation of precursor complex

[A---B] → [A---B*]
formation of activated complex*

(not shown in the figure, but 
discussed later)

[A---B*] → [A----B+]
electron transfer

[A----B+] → A- + B+

dissociation of ion pair

*Formation of [A---B*] includes 
reorganization of solvent 
molecules and changes in ligand-
metal bond lengths

one-electron process

two-electron process
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Inner-sphere mechanism (Taube, Nobel Prize in 1983)

Electron transfer in which bonds are being broken and formed

General mechanism: 

Similar to the mechanism for outer-sphere, except for the structure of the 
activated complex

Activated complex has a common bridging ligand between the metal ions. 
(electron transfer occurs via the bridging ligand)

Example used by Taube to demonstrate the inner-sphere mechanism:

[Cr*Cl(H2O)5]2+ + [Cr(H2O)6]2+ →  [Cr*(H2O)6]2+ + [CrCl(H2O)5]2+

Cr(III) Cr(II) Cr(II) Cr(III)
inert labile labile inert

Activated complex: [(H2O)5Cr*--Cl--Cr(H2O)5]

Note that the chloro ligand apparently remains bound to Cr(III)!
* Isotopically labeled Cr was used here. In fact, many of the early studies on electron transfer 
used isotopically labeled metals and ligands!
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Another example for the inner-sphere mechanism:

[CoCl(NH3)5]2+ + [Cr(H2O)6]2+ →  [Co(NH3)5(H2O)]2+ + [CrCl(H2O)5]2+

Co(III) Cr(II) Co(II) Cr(III)
inert labile labile inert

Activated complex:

Electron transfer is much faster than reactions that remove or add Cl- from/to the 
inert complexes → suggests that Cl- moves directly from one complex to the other 
during the reaction.

The rate-determining step of inner-sphere reactions is often the electron 
transfer step. There are exceptions, however.
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Example where electron transfer is not rate-determining:

[RuCl(NH3)5]2+ + [Cr(H2O)6]2+ →  [Ru(H2O)(NH3)5]2+ + [CrCl(H2O)5]2+

Ru(III) Cr(II) Ru(II) Cr(III)
inert labile inert inert

When both product complexes are inert, the dissociation of the bridge after 
electron transfer is rate-limiting
Here: Dissociation of [RuII(NH3)5(-Cl)CrIII(OH2)5]4+ is rate-limiting

There are also reactions in which the formation of the bridging complex is rate-
limiting. These typically have similar rate constants for a variety reaction partners.

Example:

[V(aq)]2+ + [CoL6]3+ →  [VL(aq)]3+ + [CoL5(H2O)]2+

V(II) Co(III) V(III) Co(II)
inert inert labile labile

Here: the rate-determining step is the substitution of a water molecule from V(II), which is 
inert. 
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Second-order rate constants for some inner-sphere reactions

* should read: [CoCl(NH3)5]2+

*
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Evidence for an inner-sphere process can come from reactions where a ligand 
is transferred from an inert reactant to an inert product (see examples on slides 
3 and 4)

An inner-sphere mechanism is likely when ligands transfer, and when good 
bridging groups are present.

Good bridging ligands: Cl-, Br-, I-, N3
-, CN-, SCN-, pyrazine, 4,4’-bipy, etc.

Oxidation of Ru(II) by Co(III):

k = 100 L mol-1 s-1

k = 0.016 L mol-1 s-1

The vastly differing rate constants clearly suggest that the bridge must be playing a 
major role in the electron transfer process! 
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Quantitative treatment of reaction rates: MARCUS THEORY

rates depend on the ability of electrons to tunnel through 
the ligands (faster rates for ligands with  or p orbitals)

Rudolph Marcus

Outer-sphere mechanism (Marcus, Nobel Prize in 1992)

 electron transfer proceeds without atom transfer and bridging 
ligands (i.e., it occurs without making or breaking bonds)

 the transferred electron essentially tunnels from the donor to 
the acceptor

Outer-sphere mechanism in (simple) electron self-exchange reactions:

[Fe(H2O)6]2+ + [Fe(H2O)6]3+ → [Fe(H2O)6]3+ +  [Fe(H2O)6]2+

Such reactions can be studied by isotopic labelling, NMR, EPR, etc.
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[Fe(H2O)6]2+ + [Fe(H2O)6]3+ → [Fe(H2O)6]3+ +  [Fe(H2O)6]2+

a) Reactants (weak outer-sphere complex)
b) Reactant complexes distorted into the same geometry
c) Products

Note that the H2O-Fe bond lengths are quite different 
for the Fe(II) and Fe(III) complexes!

For electron transfer to occur, both complexes need to 
distort into the same geometry (i.e., the bond lengths 
should be the same) → (b)

Only then can the electron jump from Fe(II) to Fe(III) 
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Importance of distortions (bond length changes):

[Co*(NH3)6]3+ + [Co(NH3)6]2+     → [Co*(NH3)6]2+ + [Co(NH3)6]3+ SLOW
[Ru*(NH3)6]3+ + [Ru(NH3)6]2+     → [Ru*(NH3)6]2+ + [Ru(NH3)6]3+ FAST

Differences in Metal - Nitrogen bond lengths: 
Co(II)-N vs. Co(III)-N 0.22 Å
Ru(II)-N vs. Ru(III)-N 0.04 Å

It is clear from the rate of the reactions that faster electron transfer occurs 
when the bond lengths do not change significantly!
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Potential energy curves for self-exchange reactions

When a weak outer-sphere complex is established 
(by overlap of suitable donor and acceptor 
orbitals), electron transfer can occur

Franck-Condon principle: Electronic transitions 
are much faster than nuclear reorganizations!
(implies that after transition, the product has the 
same nuclear coordinates as the reactant → same 
bond lengths)

For the Fe2+/Fe3+ self-exchange after electron 
transfer: 
The Fe3+ complex would be expanded
The Fe2+ complex would be compressed 
Both situations are energetically unfavourable!

[Fe(H2O)6]2+ + [Fe(H2O)6]3+ → [Fe(H2O)6]3+ +  [Fe(H2O)6]2+
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Potential energy curves for self-exchange reactions

Electron transfer is only favourable when the 
nuclear coordinates of reactant and product 
are identical!
 This nuclear configuration is achieved at the 

crossing of the two parabolas (marked by *), 
and is induced by thermal fluctuations / 
vibrations

 The energy required to achieve this state is 
‡G (Gibbs free energy of activation)

 The larger the difference in the nuclear 
configurations of reactant and product 
(parabolas are far apart), the larger ‡G

 = reorganization energy (energy required to move all nuclei of the reactant to positions 
they adopt in the product without electron transfer)
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Potential energy curves for self-exchange reactions

Rate constant for electron transfer (ET):

𝑣𝑁 
: Nuclear frequency factor (frequency at which 

the two complexes get to the transition state, TS)

κ𝑒: Electronic factor (probability of ET once the TS 
is reached; κ𝑒 ranges from 0 to 1)

‡G is given by the MARCUS EQUATION:

∆𝒓𝑮𝜭 = standard reaction Gibbs energy (obtained from the difference in standard potentials 
of the redox partners);  = reorganization energy

Note that ∆𝒓𝑮𝜭 = 0 for self-exchange reactions!

𝑘𝐸𝑇 𝑣𝑁κ𝑒𝑒 ∆‡ /

∆‡𝐺
1
4 λ 1

∆𝑟𝐺ϴ

λ
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∆‡𝐺
1
4 λ

 depends on changes in metal-ligand bond lengths and changes in 
solvent polarization (reorientation of solvent molecules)

Therefore, a small value of  and a 𝜿𝒆 close to 1 (often with good overlap of 
donor and acceptor orbitals) leads to fast electron self-exchange!

A small value of  can be achieved when:
 Electrons are removed from / added to non-bonding orbitals (not much 

change in M-L bond lengths to be expected)
 Metal centre is shielded from solvent (not much change in solvent 

polarization / reorganization energy) 
e.g., buried redox centres in proteins have very small  values!

𝑘𝐸𝑇 𝑣𝑁κ𝑒𝑒 ∆‡ /
From the rate constant equation it is clear that the rate increases as ∆‡𝐺 decreases 

For self-exchange reactions, the Marcus equation simplifies to 

From this equation it follows that ∆‡𝑮 decreases with smaller values of 
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Correlation between rate constants and electron configuration for electron self-exchange

eg: * (sigma-antibonding); t2g: non-bonding or -bonding

Bipyridyl ligand: -acceptor (allows for delocalization of metal electrons → results in smaller )         
also: the bulkiness of the hydrophobic ligand acts as a solvent shield (decrease in )
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For non-self-exchange reactions, ∆𝒓𝑮𝜭 is not zero (i.e., the two parabolas are 
positioned at different energies)! 

a) Self-exchange (∆𝒓𝑮𝜭 = 0)
b) Activationless ET (∆‡𝑮 = 0)
c) Inverted region (∆‡𝑮 increases and the rate decreases)

From (a) to (b): as ∆𝒓𝑮𝜭 becomes more favourable, the reaction rate increases
At (b): When ∆𝒓𝑮𝜭 becomes equal to -, the rate is maximal (no activation energy!)
From (b) to (c): When ∆𝒓𝑮𝜭 decreases further, the rate decreases!  
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At first glance, the inverted region is counterintuitive since reaction rates should 
increase (and not decrease) when ∆𝒓𝑮𝜭 becomes more negative.

Marcus predicted the inverted behaviour in the 1950s (MARCUS THEORY), but it 
took three decades to prove its existence experimentally. 

Dependence of kET on ∆𝒓𝑮𝜭 for the Ir complex in MeCN. ∆𝒓𝑮𝜭 was varied by 
using different R groups. 

Inverted region


