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L earning Objectives: by the end of this course you should be ableto

1) Understand distinction between outer sphere and inner sphere electron transfer.

i) Describe how rearrangement of solvent and internal atom coordinates affects the rate of
outer sphere electron transfer.

iii) Use the Marcus cross relation and discuss the relation ship between &, AG* and AG®

iv) Understand that a bridging group (atom or molecule) is required for inner sphere electron
transfer.

V) Distinguish factors that indicate if electron transfer occurs by an outer or inner sphere
mechanism.

Vi) Understand what a catalyst is and the principal ways that a catalyst affects the rate of a
chemical reaction.

vii)  Understand the concept of the catalytic cycle and the principle of microscopic reverse.

viii)  Illustrate the basic mechanisms of some catal ytic reactions incorporating a kenes.

iX) [llustrate the basic mechanisms of some catal ytic reaction incorporating al kanes.
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Electron Transfer Reactions

One definition of chemistry could be ‘ The study and manipulation of valence electrons’ . The transfer

of electrons between molecular compounds is therefore an extremely important phenomenon.

We will be considering electron transfer between inorganic complexes. There are two mechanisms
by which inorganic complexes transfer electrons. The outer sphere mechanism and the inner
sphere mechanism. The outer sphere mechanism is important because of the analogy that can be
drawn between electron transfer in metal complexes and e ectron transfer in metalloenzymes. The
inner sphere mechanism is important because atom transfer (bond breaking/formation) can be

concomitant with electron transfer. Both are important for photosynthesis.
Outer sphere electron transfer occurs between complexes that do not undergo substitution. No new
bonds are broken or formed.

Inner sphere electron transfer occurs between complexes via a bridging ligand. At least one of the
complexes needs to be labile to allow the bridge to form. Bonds are broken and formed.

Recap

Substitution: Inert vs labile octahedral complexes

Electron configuration important (LS = low spin)

I nert L abile
d® d*'LS, d°LS, d° d°, d', &, d" HS, d°HS, d" HS
L ow spin complexes High spin complexes
Strong field ligands CO, CN’, PR3 Weak field ligands H,O, NH3, CI°
All 2 and 3" row complexes All 1% row H,O complexes
Most Co(lll) Most Co(ll)




Outer sphere electron transfer

MEDTL o+ ML ML+ MO
oxidant (O) reductant (R)
is reduced isoxidised

Mechanism

1. Formation of precursor complex

M (a+1)+LX + M L IM (a+1)+|_|)|(||||| M b+|_yl Precursor complex

y

2. Activation/reorganisation of precursor complex. Electron transfer. Relaxation to successor complex

I\/I(a+1)+L')'("'“ M' b+|—y kET ; lMa+|—)2""" |\/|‘ (b+1)+Lyl Successor complex

3. Dissociation of successor complex

. K i :
Ma+L)'("""M (b+1)+|_y &» Ma+|_x + M (b+1)+|_y

Formation of precursor complex and dissociation of successor complex are fast. Electron transfer slow

T.S. (electron has equal

A
<« probability to be on
A + either metal)
AG
G
precursor
reactants complex
X successor
complex
Y AG° P products

reaction coordinate



remember from thermodynamics, driving force AG® = -nFAE®
k=67x10°M7st 3 24~
[Ru*(NH9)g?* + [RuNHg)g® ————  [RIF(NHIel™ + [RUNHI™ | o1t eychange
[Ru(NHz)g]*"%* E° = +0.051v reactions (M and

o 14 >M* are isotopes).
k=10"M"s AG°=0
[Co*(NHa)gl?* + [Co(NHg)g® ——————  [Co*(NHg)d®" + [Co(NHg)gl*")

[Co(NH3)g]®2" E° = +0.058
k=13x103Mm7s?
[V(H,0)g] 2+ [RU(NH3) 6]3+ > [V(H20)6]3+ + [Ru(NH3)6]2+ Cross reaction

[V(H,0)g) 372" E® = -0.255 v

So why isthere such alargerange of rates?

Factorsthat affect therate of outer sphere electron transfer

¥ ¥ ¥ ¥
AG = AGt + AGO + AC;I
energy to bring energy needed energy required for
reactants together for solvent reorganisation of bond
(including overcoming reorganisation lengthening/compression
coulombic repulsion) to make interacting
orbitals the same energy
i) AG,*. Energy is required to reorganise the solvent.
S s S S +b)+
S S S ¢ S S S S _|(a )
s T s e S s |b+ S oy °S S
S | S S S OH S
< L///II"‘M ||<“‘\\\L L///,,Mlm_\\\\L < Hzolln,,,_M ”_‘.\\\\\OHz Hzol//,,Mlm“\\\OHg
* S —_— *
s ! s S L S s o OH, s
S s s .S s s g ¢S
S
S g s S S S g S

precursor complex
Solvents that interact strongly with complexes (e.g. via hydrogen bonding) will reduce the rate of

electron transfer

i) AGi*. Metal-ligand bond lengths will change when the oxidation state of the metal changes.
The Frank-Condon principle states that because nuclel are much more massive than electrons, an
electronic transition occurs much faster than the nuclel can respond. Complexes must adjust their
M-L bond lengths before el ectron transfer.



OH, OH,
HZOI’II/ E \\\\\OHZ HZOI//I// g \\\\\OHZ
Fe*)) Fe'l)
Hzo\\\\\\\ E II/I///OHzHZO\\\\\\\ E I///,,IOH |dent|ca| bond
Fe(l11)-O = 2.05A OH, OH, lengthsin T.S.
Fe(I)-0=221A L 1
OH / \
‘ ? OH, OH, OHz
Hzo/llu,, *||-“\\\\OH2 HZO//"' ||||‘\\\\OH2 Hzo//,, | \\\OH2 HZO////,,'. 4“‘\\\\\OH2
Fe \ (Fe exll Fell
HzO/T | OH,H07 | | NOH, 07 | NOHa 0 | oy
OH, OH z 2
OH, 2 OH,

Fe-O Fe-O
compression  elongation

Orbital energies must be of equal for electron transfer to occur (but not sole requirement)
Why not transfer electron then relax bonds?

Potential energy diagrams

R = potential energy surface of reactants + environment
P= " products "

1. Where did energy come from to 'activate' the electron ?

s R —Els pr T p oy pea

(viloation of conservation of energy)

a photon could provide the required energy.

Reaction coordinate



Self exhange
AR R

Ar A, (r = average bond length)

ArR A:I':t

Arp

Ar A

At |, the requirement of equal orbital energiesis met allowing the possibility of electron transfer.

How does electron move from reactant to product?

At |, électronic-vibrational coupling (AEC) determines the probability kg (transmission coefficient)

that an electron will transfer. kg increases with increasing AEc.

P R

A R

Wavefunction is reactant-like at the | eft of the
well. When get to crossing point turn on mixing
due to coupling. (only near the crossing point is

thisimportant). Large AEc meanslarge

probability of crossing to product-like well on

right.




AG* oc U(AG®)? ( however seeinverted Marcus region)

AG* o (Ar)? (i.e. small changes in bond lengths = large changes in AG¥)

Self Exchange Reaction Configuration k(M?tsh Ar A

[Cr(H,0)e]” 1 [Cr(H0)e]* |  tageq / togEq. 10” 0.3
g *~g g *~g

[V(H,0)e]” / [V(H,0)e]*" tog € | tog €y 10 0.2
g ~g g ~g

[Fe(H:0)s)”" / [Fe(H0)e]* |  tag'ey [ tog €y 4 0.15

[Ru(H20)¢]”*/ [RU(H0)e]* | to’ey / tog ey’ 4x 10° 0.05

[Fe(phen)s] ™/ [Fe(phen)s]* | togey / tog ey 10° 0.01

Electron transfer requiresorbital overlap and occurs between orbitals of the same symmetry
o

SN

+H

L
H
cr?* )

Orbital symmetry

In On field g5 isc*: €5 — €4 transition = large change in bond length. *Slow" electron transfer
L

L + poor overlap (ligand sterics)

In O field tog is /n*: tog — tog transition = small change in bond length. ‘Fast’ electron transfer
L

L better overlap (depends on ligands)



Overlap

2nd and 3rd row metals generally faster that 1% row due to better overlap of 4d and 5d orbitals. (Also
due to stronger ligand fields bond length distortions will be smaller).

Ligands that have extended n-systems e.g. Phen, bipy etc can assist electron transfer.

Phen Bipy

Electronic Configuration

Energy isrequired if acomplex has to change electron configuration to allow electron transfer.

e.g.

NH; ]2+ NH; 3+ NH; 3+ NH, ]2+

H3N///,,C |”“‘\\\\\NH3 H3N///,,C ||||-\“‘“NH3 H3Nyy,,. III"\\\\\NHg H3Ny,, |”"“\\\\NH3

(0] (0]
HN" |\NH3 N | YNH, HN" ‘\NH3 HN™ |\NH3
NH; NH; NH; NH,
pr— \
N\
e_ T
—_—

Think of electronic reorganisation being concomitant with bond elongation and
compression.
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Quantitative inter pretation of outer sphere electron transfer reaction rates
2

w = work term (energy required to bring two reactants together), A = total reorganisation energy

(includes solvent reorganisation and bond length changes of reactants)

For many reactions involving complexes of same charge or if the reactants are effectively fixed in
space such asin aprotein W =~ Q. Therefore
+ A AG° ’ A
AG= — 1+ — =
4 A . . AG — A
and for a self exchange reaction AG™ = 0.

Note that a thermodynamic parameter (AG°ag) is being used in a kinetic expression

AR P R P

\j

reaction coordinate

Recap
Eyring equation relates rate constants and free energy of activation

+
K = k_ﬁT e— AGIRT G

reaction coordinate
k = rate constant, kg = Boltzmann constant, AG* = free energy of activation (kinetic), AG® = free

energy of reaction (thermodynamic).

11



rem AG’ is negative for a spontaneous reaction

¥ (predi
o ~ predicted 1956)
wh;n AGo =L AG=0 (verified 1986)
A and AG <A AG>0 Normal Marc;us Inverted
but also AG® > AG¢> on Region Region -
-1
AGi ks

AG° (eV)

In theinverted region therate (k) decreases as the thermodynamic driving for ce increases!

Thisismost easily visualised using a potential energy diagram

3. Marcus Inverted Region AG¢ >0

AG°3>2>1

reaction coordinate

The Marcus inverted region is probably important in photosynthesis where wasteful back
electron transfer reactions (which are highly exothermic) are prevented.

12
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M ar cus cross-r elation
Sdlf exchange reaction AG°=0
cross reaction AG®° < 0

Marcus related the cross reaction to the two self exchange reactions.

(log Kag)*
4 log( Kaakes
2

kag = rate of crossreaction: kaa, ksg = self exchange rates. Kag = equilibrium constant of reaction

A 1

1/2
kag = (kaaksgKagfag) faB =

Z = collision frequency for hypothetical uncharged complex (10'-10**Ms?). Can calculate the rate

of electron transfer cross reaction ki, if other parameters are known.
kaps== (KaakesKag)
1
or AGAiB = E(AGAiA + AGB$B + AGXB>

e.g.
kAB =7

Mno, + Fe(CN)g" MnO2Z +  Fe(CN)~

o) R
MnO; + € MnOs% E°=056V
FeCN)e*+ € — >  Fe(CN)g™ E9=036V

) K ] .
MnOs + MnoZ 24 MnOs2Z + MnO;  kaa =3600M1s?
keg

Fe(CN)s™ + Fe(CN)g* Fe(CN)g> + Fe(CN)g® kgg =300 M s

Rem: AG® = -RTInK
0
and AG® = -nFAE" (nFAE >
therefore -RTINK = -nFAE” k=¢eRT

(O0- R)

o (38.94(0.56-036) _,, 3

KaB=
Kag = (3600 x 300x 2.4 x 10 Y2 =51x 10° M~ 1s?

Kexp=1.3x 10*M1¢

13



Reactants kag calc (M'sY) Kag Obsd (M7's™)
[Co(Phen)s]®* + [Ru(NH3)e]* 35x10° 1.5x 10™
[Co(en)s]*" + [V (H,0)g]*" 3.1x10° 5.8x 10"
[Ru(NH3)e]** + [V (H,0)g]* 2.2x 10° 1.3x 10°
[Fe(H,0)6]*" + [V (H,0)]** 1.6 x 10° 1.8 x 10°
[Fe(H,0)q]* + [Ru(NH3)e]** 1.0x 10° 3.4x10°

Reasons for Keac VS Kopsg differences

1. Cross relation assumes that activation process of each reactant is independent of the other and that
the activated species are the same in the self exchange and the cross reaction. But if the reactants

have opposite charge they will attract each other and Zag >> Zaa and Zgg therefore fag >> 1.

2. If AEc is small, transmission coefficient k < 1. Not al transition states with AG > AG* go to

products.
KT ~ AGRT KT _ AGTRT
k = —E € VS k :Ke|—ﬁ €
"adiabatic" "nonadiabatic"

3. Not outer sphere (Inner sphere?)

14



Inner sphereelectron transfer

Inner sphere electron transfer is mediated by a bridging ligand.
i) Reductant and oxidant share aligand in the precursor and successor complex.
ii) On activation the electron is transferred between the metals.

iii) The ligand may transfer between complexes.

M”'L5X + M"'YS {LSM'”—X—M'”YJ + vy

O R

{L5M”|—X—MI”Y4 i» {LSMII_X_M'IIIYJ

v LM —x—M"vd Y+ xmMYg
o Y+ {LeM'—x—M"vd —— LM'x + MMy

In O, complexes dissociation of aligand isrequired to form bridge

[Co*(NH3)g]*" +  [Cr(H0)¢]** [Co(H,0)g]*" + [Cr(H0)l** + 6NH3

6 3 5,2 3
outer sphere mechanism
add CI’

2+ 2+ Co(H,0)g]** + [Cr(H,0)sClI**+ 5NH
[Co(NH3)sCl]“™+  [Cr(H,0)g]*" —— [Co(H0)] [Cr(H20)sCl] 3

6 5.2 3

tg to e tag &g tg k=6x10° M2
inert labile labile inert

inner sphere mechanism (Cl” transfer)

NH H,O |4t
3 2 H,0

H,0

\\\\\

B

Cr
7 7
sl l\|lH3 ek ||420

Conclusive proof of inner sphere mechanism
If we use [Co(NH3)sCl]?" at start and add CI™, CI""is not in final product.

15



However ligand transfer is not a requirement of inner sphere mechanism

[IrClgl®™  + [Cr(H0)” —— [rClg®  +  [Cr(H0)g*

5 3.1 6 3
tog tog €q tog tyg
Cl H,0
| ¢ H20
Cl—Ir—=Cl Cr—H,0
CI/ | OHz/ |
Cl H,0

Transfer is determined by relevant bond strengths Ir-Cl + Ir-OH; vs Cr-Cl + Cr-OH,

Factorsthat affect therate of inner sphere electron transfer reactions

ET
A
bridging bridging
complex complex
formation scission
G

L Assoc

reaction coordinate

Self Exchange

i) Formation of the bridging complex can be the rate limiting step (k;). This will be dependent on
how inert or labile the complexes are. (ker Vs ky). It is aso possible that dissociation (kg) is the rate

limiting step.

16



Formation of bridging complex is rate determining
bridging
complex
formation

bridging
complex
cission

L Assoc

Yy

reaction coordinate

ii) Electronic configurations. o* (‘ey’) orbitals interact strongly with bridging ligand. Orbital

symmetries of metal o* and bridging ligands facilitate electron transfer. Massive acceleration in

rates from outer to inner sphere can be achieved.

Reaction HOMO LUMO Acceleration ISOS
Cr** + Co* o* c* ~10%
Cr* + Ru** o* k (T0) ~10°
VvV + Co* TT* c* ~10°
V2 + RU* P n All OS

o —k
T/ T* #

cr?t co*t
Large reorganisation

for Co>" OS. 1S much
faster

|
f
cr’t RO

Reorganisation of Ru®*
less than Co®*

Cl
e.g. E

M (c*)

17

TTTRyY
LA
V2+ CO3+

Co®" Reorganisation

IS faster

M(c*)

He e
iR
v¥* R

Easily go OS.
No reorganisation




iii) Bridging ligand. Inner sphere electron transfer is very sensitive to bridging ligand.
1) The bridge connects the two metals.

+

+
(NH3)sCo—0O ?‘ + Cr¥g

2
(NH3)sCo—0O ;‘ 2+
T + Crx)
Q O
.
Cr™ (ag)
R=H Me Ph ‘Bu
kM1t 7.2 0.35 015 9.6x10°

Increasing bulk of R slows binding of Cr?* to bridge

2) Transfer can be a two step process from metal to ligand then ligand to metal. This
circumvents the simultaneous reorganisation energy of both complexes that is required for

outer sphere.

k=4x103M?
2+

_| 3+ Must be OS /C 3
(NH3)5CO|”—N/ \> + Cr2+(aq) _ = (NH3)5CO_N _\ + Cr (20)

0w k=17.4M"s"

m_ 7 \ Coordination of Cr?* / o [z

(NH3)5Co'"' N . o (NH)Co"—N 3
—  NHz ™ (@) IS s — + O

_— NH,

) ot
Cr* (aq) A

. L
~ 5

(NH3)5C0”|—N@>—/(§H
2

|

3+
Cr(ay)

ligand mediates electron transfer

18



How do we distinguish if electron transfer isouter or inner sphere?

|s there avacant coordination site?

Is there a substitutionally labile reactant?

Has ligand transfer occurred?

Are there large differences in rate on addition or substitution of potentially bridging

ligand?

A good test isto compare electron transfer rates of N3 and NCS™ complexes.
E.. (AG°’s) of N3 and NCS complexes are similar.
If kNg_/ kNCS— ~1 (OS) If kN3_/ kNCS— >> 1] (IS) Thisis because N3 IS Wmmetric.

@) R Kns. !/ Knes: rxn type
[(NH5)sCoX]* cr** 10 IS
[(NH5)sCoX]** v 27 intermediate
[(NH5)sCoX]** Fe* >3x 10° IS
[(NHg)sCoX]** Cr(bipy)s* 4 oS
[(H,0)sCoX]* cr** 4x 10" IS

M-N=N=N-M M-N=C=S-M

‘faster' electron transfer

A.O. energies are more uniform

M.O. 'smoother’

'slower' electron transfer

greater difference between A.O. energies

M.O. 'rougher’

19




Catalysis

Catalysisisinvolved in the production of approximately 90% of the chemicals currently used
in industry and forms the basis of technologies designed to remove or prevent noxious
chemicals detrimental to the environment. Through the action of enzymes, catalysis also plays

acentra rolein thelife cycle.

Catalysisis a kinetic phenomenon. A catalyst increases the rate that a reaction reaches
equilibrium but does not affect the position of the equilibrium. If a catalyst changed the
position of equilibrium the second law of thermodynamics would be contravened.

A T.S

Reactants AGC; -

Products

reaction coordinate

Amongst other properties, a good catalyst will give high yields of the desired product. i.e the
catalyst affects the product distribution of a reaction. This is not because the catalyst has
changed the position of equilibrium but because most catalytic reactions are run under

non-equilibrium conditions.

In homogeneous catalysis AG” ~ 90 — 140 kJ mol ™ at RT possible.

But product distribution sensitive to differencesin AG” of < 4 kJ mol™

20



e.g. asymmetric catalysis. Product enantiomers have the same ground state energy but AG” s are

different.

Kinetics determines selectivity. No thermodynamic difference between the products

reactant

Enantiomer A ki > ks Enantiomer B

AAGH kdmol ™t
14 — 100°C

12 — 0°C

10 —

0 10 20 30 40 50 60 70 80 90 100 k4/k,

0 80 90 94 95 96 97 98

Product distribution sensitive to very small changes
eg. at 0°C 80% ee to 95% ee requires a AAG* of < 2 kJmol™

c.f. AG difference between gauche and anti conformations of butaneis 3.76 kJ mol™

Me Me
Me

Me
21
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How does a catalyst work?
Bond breakage and formation are integral to al chemical reactions and are a consequence of
the redistribution of valence electrons. MO theory provides a convenient way to understand

the factors that effect bond breaking/forming processes.

1. Orbital overlap and directionality. Two atoms (molecules) must be physically within the

same region of space if reaction isto occur.
A catalyst can act as a template increasing the probability and preferred directionality of

orbital interactions.

HoN NH- N N
=0 O= cu ;C( )
N\_JN - N\_/N
No Cu®*

» oligomers + small amount of 1

2. Orbital energy. Perturbation of the reactant orbital energies by interaction with a catalyst

can change reaction rates.

enhanced nucl eophi lic enhanced <olvol y5| S
substitution ,X_A?

enhanced acidity —> H_®_|_|

H H
steric hindrance -/4 (l RN -
7 ;r\ enhanced acidity
oC” Zg €O

3. Orbital symmetry. A bond forming reaction requires interacting orbitals of the same symmetry.

The frontier molecular orbitals and hence symmetry may change on interaction with a catal yst

N
S H, 7\<—> symmetry forbidden 0%
M

o (D@ (—n) o Howo
o .
C n° LUMO

I

HOMO T CC—? QC— —\@
S o %

22



Some Terminology

Precatalyst: The transition metal complex that is added to areaction. The true catalytic species
usually results from a preliminary reaction or event (e.g. ligand dissociation) of the precatal yst
before binding of the substrate and catalysis can occur.

c|:o
WW\PPh3 -PPhs aH
Pth—Rh\‘ PhyP—R  PPhs

| PPh; ocC

H

(18 ¢) (16 €)

no space for substrate space for incoming substrate
‘closed shell* configuration electron 'deficient’

Turnover/Activity: Moles of product per second per mole of metal precatalyst.

Lifetime/Stability: Common catalyst decomposition reactions are hydrolysis, metal cluster
formation and ligand degradation. Some decomposition products catalyse the formation of
undesired products. The product may also poison a catalyst.

Resting state: The catalyst may be in equilibrium with another complex that does not
catalyse the reaction but can act as a‘reservoir’ for the catalyst.

PhsP. Cl PhsP. cl PPh
2 N’ Nt N
/ s
PhsP Ph3P/ \CI \PPh3
catalyst resting state

Fundamental Reactions

Dissociation/association, oxidative addition/reductive elimination and insertion/extrusion are
the most common elementary steps that support a catalytic cycle and conform to the principle
of microscopic reverse.

Principle of microscopic reversibility

The mechanism of a reverse reaction must be the same as the mechanism for the forward
reaction under the same conditions. This results because the least energetic pathway in one
direction must be the least energetic pathway in the other direction. i.e. The intermediates and
transition state must be the same in either direction. One consequence of thisis that a catalyst

for a forward reaction will be a catalyst for the reverse reaction.

23



Homogeneous Transition Metal Mediated Catalysis

4 5 6 7 8 9 10
Ti V Cr Mn Fe Co Ni
Zr Nb Mo Tc Ru Rh Pd
Hf Ta W Re Os Ir pt

fewer d-electrons

high coordination numbers
high oxidation states
oxophilic

prefer hard ligands

lower coordination numbers
lower oxidation states
strong bonds with w-acid
and softer ligands ( e.g.
alkylsand H)

undergo reductive
elimination/oxidative
addition

Reactivity of complexes 1%, 2" > 3

Catalytic activity 1%, 2" > 3rd

M-H, M-C, M-M bond strengths 2", 3¢ > 1%

Late metals are used in most catalytic reactions involving M-C and M-H bonds (notable
exceptions are Ziegler Natta polymerisation (Ti, Cr) and alkene epoxidation (Ti, Mn)

Also M-H and M-C bonds of the later metals are less sensitive to water and oxygen

24




Some catalysis of unsaturated substrates

| somerisation of alkenes

Alkene isomerisation is a useful reaction for the synthesis of certain steroids and using

mixtures of alkene isomers as feedstock.

Two mechanisms have been recognised. Catalytic mechanisms are usually depicted as cycles.

L(n+1)M H L ()M
u - 1 Rh—
R/E L |\/| HN E/W’ LM ‘\&
R
/¥r _ / N\ |_ / R/¥|—
LM -H LM LM
/ R
L ,M-H
c-akyl/ B-hydride elimination (more common) n-alyl
route

Internal alkenes are thermodynamically more stable than terminal akenes. Isomerisation

gives mixtures of thermodynamic products.

N =t L/

e.g.

Many metal complexes are catalysts for isomerisation. Rhodium catalysts tend to be the most rapid.

25



Addition to alkenes. Hydrogenation and hydrofor mylation (‘foxo’ process)

2 R4
Ry Rs Ry /Ra o [ R Rs  OH
=—=( * Hz+CO - H) \\HW
H
R> R4 R2 Ry M i R4
Anti-Markovnikov addition
Hydrogenation
Rh(CO)(H)(PPhy); (18 €, Rh)
-PPh,
R
R/\ ‘\\\\\H —/
PhsP——Rh=——PPh,
16 €, Rh
(16 € RN) . )
H . PhaPy,
PhsF/,,, | ANCH2CHRR (18 ¢, Rh) " Rh——
OC( \ \H (186, Rh ) co
Oxidative addition PPh;
RDS (changein
Ox. St.)
(16 €, Rh')
H ‘\\\\\CHchzR
2 . PhsP——Rh——PPh;
oc”

M echanism can change dependent on if alkene or H, adds to metal first.
Rh(CO)(H)(PPhg); is selective for terminal alkenes. Isomerisation can compete with

hydrogenation.

Other precatalysts include RhH(PPh3)s, (good for internal and termina alkenes). Can do
asymmetric.

26



Hydroformylation

Rh(CO)(H)(PPhs3);
o -PPh,
~ A __~
R H \\\\H —
PhsP —Rh—PPhj
)/> o
(16 €, Rh))
H
e
I PhsPr,,, |
PhsFr, | WNCCHCHAR (18eRN) RN ‘
3
oc/ ‘ "~ (18 ¢, Rh'" (|:O
PPhs
RDS can be either
(Ejl)i(}nAddn. Or Red. 4 o (16 ¢, Rhl)
: I
WNCCHACHAR \\ PhaP— h\—\\CPHFfr(\: "
Ph3P—Rh—PPh3 (16 ¢ Rh) éc( 3
(18e Rh)
CO
\\CH2CH2R
Ph3P—Rh—PPh3
oc”

Other common precatalyst is Co,(CO)g (Otto Roelen 1938 discovered hydroformylation using
this precatalyst). Isomerisation and hydrogenation can be competitive. Can do asymmetric
hydroformylation.

Isomerisation can be useful. Hydroformylation of terminal alkenes is much quicker than
internal alkenes due to akene/ligand sterics at metal.

NN HICO

- e /\/\/W (Linear aldehydes
AN are desired)

e.g.
Other carbonylations proceed by similar mechanisms to give arange of products

Nu O Nu
V\\CCHZCHZR OH = acids
PhyP—Pd—FFh, OR = esters
NR, = amides

e.. OoC
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Alkene/CO copolymerisation

Copolymerisation of CO and Alkenes
In the early 1980's Shell were investigating the use of cationic palladium phosphine
complexes as catal ysts for the methoxycarbonylation of ethene (methyl propionate).

O
Pd(OA C)2

—— +Cc0O ——*
PPhg, TSOH OMe
MeOH

Using chelating bis-phosphines it was found a high molecular weight polyketone was formed.

0O
Pd(OAc), M m
_—— + CO ——
dppp, TsOH n PPh,  PPR,

MeOH dppp

Pre-catalystsfor CO/alkene copolymerisation

Ehz _‘2+ O/w/R O/w/R
/\ /NCMe NCMe 2 Me _\+

(CHz)n  Fd N\Pd/ N\Pd/
PN N [B(3,5-(CF3)2CeH3)d]
NCMe —N NCMe —N NCMe
Ph,
n = 1-4 (3 best) © R © R

Important features:

i) chelating bidentate ancillary ligands seem to be required

i) weakly coordinating anions

iii) Electrophilic metal centre required to bind akene but not too electrophilic or CO binds too

strongly and inhibits copol ymerisation.
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Mechanism of CO/alkene Copolymerisation

Co-polymerisation is usually performed in protic solvents and mainly in methanol.
i) what is the catal ytic species?

End group analysis shows esters and ketones. Catalyst can be hydride or methoxy complex.

N T = P\Pd/\ I . <P\Pd | oo P\Pd/co "
<P/Pd\ <P/ \H p/ v <P/

© o)
P +
" o /N _co | AN g N /\\_I
< Pd Pd\ /Pd OMe —= /Pd OMe
=" oMe = oMe P Y P Y
@] @]
R o |7 R l +
€tc < _I N co < \ _I
- Pd -— - Pd OMe
OMe S/ \/\’(
O @)
Propagation rate determines formation of polyketones or propionates. Chelating bidentate
ligands enforce cis-coordination of the growing polymer chain and vacant coordination site.
In mono-phosphine compl exes cig/trans isomerisation prevents propagation.
P
R_ CO |* AN BN e 1T MeoHn  MeO
Pd —— /Pd — d —_— W(\
' 7Y e 0
O O
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iii) Why is there strict alternation of CO and ethylene in the co-polymer? Double CO or

double ethene defects are rarely observed.

Double CO insertion is thermodynamically unfavourable and will not occur.

Double ethene insertion is thermodynamically favourable by ~ 80 kJ mol ™
An ethene/CO ratio of 10:1 still gives strict alternation until the CO has been consumed.

Explanation: The acyl intermediate coordinates via the carbonyl oxygen to Pd to give a

metallocycle. Formation of the metallocycle has two consequences

1) Prevents double ethene insertion as the ethene is not a strong enough donor to displace the

Pd-O bond and
2) Prevents 3-H elimination
/Pol
Pd
CO
e}
L - T
AN P
pd! \/<P | /\’)‘\ Pol 7\ /2
~H ° Pd--... H Pol
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Catalysis of saturated substrates

Dehydrogenation of alkanes

Essentially the reverse of hydrogenation of alkenes.

Ry Rs Ry R3
H \ / H > — +
/N k
R> R4 2 R4
Bond Dissociation bond energy (kJ mol™)
C-H 400-415
H-H 432
C=C (n) 260-275

AHpn = 2 X 400 (C-H) — [432 (H-H) + 275 (C=C)] =93 kJmol™ (endothermic)

Very slow compared to hydrogenation. Lots of energy (heat) is required 150-200 °C. The
catalyst needs to be stable at high temperature. From the principle of microscopic reverse it
should be expected that the same type of catalysts that hydrogenate akenes aso
dehydrogenate alkanes.

ptBu2 tgy (H2 acceptor)
<~ "H
r.\
H Hy oo 'BU
i e
t
F|>tBu2 TBUZ
Ir<H Ir
H| |
PtBUZ PBU2

\_ T Y/

Addition of an H, acceptor helps to drive the reaction by removing H, and formation of 2 x
C-H bonds (AHx, = O, thermoneutral reaction)
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Internal alkenes are more stable than terminal alkenes. Distribution of mainly thermodynamic

products

PMe;

'PryP—Rh—Cl

PMes

10 27 63

Borylation of alkanes

Organoboranes are very useful intermediates for alarge range of organic compounds.

Ry Rs O\ O\ Ry Rs
H H + B-H — Bﬁ—< *H
\ I / / ?
Ra R4 o) O Ry Ry
H-Bpin
Bond Dissociation bond energy (kJ mol™)
C-H 400-415
H-H 432
B-H 464
B-C 472

AHpn = [415 (C-H) + 464 (B-H)] - [432 (H-H) + 472 (B-C)] =

M

X 7

= -25 kI mol™ (exothermic)

: | i|\/|=Rh,|r

150 °C

O
5 \

Regiospecific for terminal C-H bonds
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7 N\ \
=N N=
O\ 0.5 [IrCI(COD)], O\
+ B-H g
o/ 25-80°C /B "

More recently, functionalisation of arenes at room temperature has been achieved. Many

functiona groups on the arene can be tolerated.

Mechanism still unclear but probably involves metal boryl intermediates

P4

PinB““‘/""r""""H
e.g. H BPin

B-C bond formation could be via oxidative addition of C-H/reductive €imination of B-C or
o-bond metathesis

@)
H—CR; + M—B<
O
\v O
H— /O Mﬁ$<

M B\ ; : O

| 0 -

CR3 H CR3
0X|dat|Ve add|t|0n/ G_bond metathes|s
reductive elimination \\» /

@)
ReC—B_ * M—H

O

Theoretical evidence suggests o-bond metathesis.

33



